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Abstract
The quantification of crystalline silica (quartz) in materials helps communicate the potential risk of exposure when the materials are 
then included in a work process that could generate an aerosol of particulate. Although many analytical laboratories have developed 
procedures for quantification of quartz in bulk samples, these procedures are not standardized and are generally limited to their 
individual needs. Therefore, the International Standards Organization (ISO) working group for silica measurement (ISO/TC146/ 
SC2/WG7 Silica) developed an international standard that describes 3 analytical methods for the determination of quartz in bulk 
samples by X-ray diffraction (XRD): the external standard method for samples prepared on filters, the internal standard method, 
and the spiking method.

This paper describes the results of an interlaboratory measurement comparison in which the 3 XRD standardized methods were 
evaluated to verify if the 3 methods produce results that agree with each other. Simple analytical systems, represented by 4 binary 
mixtures of quartz added to another mineral, were prepared. Sub-samples of the 4 test powders were delivered to the 7 
participating laboratories from 6 countries that agreed to participate in this study.

The precision of each measurement method, calculated as a percentage of quartz weight within the range 10 to 16 wt%, was 
similar for the 3 XRD methods. The repeatability SDs, sr , ranged between 0.4 and 0.8 (relative SD, RSDr , between 4.3% and 8.7%) 
for thin specimens on filter, 0.4 to 1.1 (RSDr between 4.2% and 10.6%) for the internal standard method, and 0.3 to 1.2 (RSDr 
between 3.7% and 11.9%) for the spiking method. The reproducibility SDs, sR , of the results in the studied wt% range were 
between 1.1 and 2.1 (RSDR between 12.7% and 21.5%) for the method of thin specimen on filter, 1.1 to 1.4 (RSDR between 
7.5% and 14.1%) for the internal standard method and 1.1 to 2.6 (RSDR between 9.5% and 23.7%) for the spiking method. 
These methods obtained equivalent results at 2 concentration levels of 10% and 16% in these binary mixtures. A further step 
of interlaboratory testing should be implemented to investigate the performance of the 3 methods at the lower quartz 
concentration values.
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What’s Important About This Paper?

Knowledge of the proportion of crystalline silica in bulk 
materials used in workplaces is useful to help commu
nicate the potential risk of exposure and inform risk as
sessments in many workplaces. This work reports an 
inter-laboratory study demonstrating the equivalence 
of 3 X-ray diffraction analysis methods to support their 
inclusion in a new international standard. The inter
national standard provides new support for industry 
and institutional measurements of bulk samples from 
workplaces.

Introduction

Quartz is the most common form of silica and accounts 
for approximately 12% of the Earth’s lithosphere 
(Clarke 1924). Excavating rocks, demolishing build
ings, sawing, crushing, grinding, milling, or drilling of 
materials containing quartz, and the use of quartz- 
containing powders in manufacturing are work proc
esses which generate quartz-containing dust. Exposure 
to quartz in the respirable fraction of inhaled dust is 
therefore a hazard to the health of workers in many in
dustries. Identification of the source of exposure is a 
key factor in finding strategies for effectively reducing 
the risk. Consequently, the quantification of quartz con
tent in rocks, bulk materials and products that have a po
tential risk of producing a significant respirable content 
when they are processed and become airborne in a work
place may help to communicate the potential risk of ex
posure for workers.

In the United States, all materials handled by 
OSHA-regulated facilities should be labelled according 
to the requirements of the Hazard Communication 
Standard and workers should receive proper training 
on the handling of the material if the crystalline silica 
content equals or exceeds 0.1%. In Europe, work in
volving exposure to respirable crystalline silica dust 
generated by a work process has recently been included 
in Annex I (list of substances, preparations, and proc
esses) to Directive 2004/37/EC on the protection of 
workers from the risks related to exposure to carcino
gens or mutagens at work.

Several X-ray powder diffraction methods are avail
able for analyses of components in bulk materials and 
some of them have been specifically used for quantitative 
determination of quartz, such as the internal standard 
method (eg, Taylor 1978; Hardy 1992 ; Tomaino 
1994 ; Blount and Carr 1994 ), the spiking (addition) 
method (eg Emig and Smith 1989; Renault et al. 1994; 
Salter and Riley 1994), the absorption diffraction meth
od (eg Hurst 2012), the Rietveld pattern refinement (eg 

Jordan et al. 1990; Martin et al. 2012; Stacey 2019) 
and the external standard method for samples prepared 
on filters (eg Altree-Williams 1977; Salt 1985; Carter 
et al. 1987; NIOSH, 1994; Elton and Smith 1999; 
Radnoff and Kutz 2014; ISO 16258-2:2015).

It should be emphasized that although quartz is 
found as a minor or trace component in many materials 
in the workplace, it is generally the only analyte in these 
samples for which quantification is requested. While 
identification of quartz in a sample is rarely a problem 
(Elton and Smith 1999), standard procedures for the 
quantitative determination of quartz in bulk samples 
are difficult to certify because of the variability of the 
matrices and their potential interferences (Smith 
1997). In fact, most bulk mineral powder and stone 
products, as well as atmospheric samples, usually con
tain mineral constituents with intensity peaks overlap
ping and interfering with some peaks of quartz in the 
diffraction analysis.

To help laboratories with routine analysis of quartz 
in bulk samples, the ISO working group for silica meas
urement (ISO/TC146/SC2/WG7 Silica) is developing an 
international standard for the measurement of quartz 
content in bulk samples by X-ray diffraction (XRD) 
which includes 3 common analysis procedures: an ex
ternal standard method for samples prepared on filters, 
an internal standard method, and a spiking method.

To improve the understanding of these standardized 
measurement methods for routine analysis, the ISO 
working group on silica organized a laboratory com
parison in which the 3 methods were tested to verify if 
they produced results that agree with each other. In 
this comparability study, the aim was to assess the 
accuracy and precision expected in samples at levels be
tween 10% and 16% weight quartz. Seven laboratories 
from 6 different countries, members of the WG7, agreed 
to participate in an international laboratory comparison 
for the XRD analysis of 4 artificial powder samples were 
prepared from binary mixtures of 2 components ie 
quartz and another mineral. It should be highlighted 
that determining quartz in a sample consisting of a bin
ary mixture of minerals is generally easier than in a 
multi-phase sample with many crystalline components. 
In addition, the difficulty of preparing artificial samples 
with a known and controlled analyte content increases 
as the number of added minerals increases.

Therefore, this laboratory comparison demonstrated 
the comparability of these methods and estimated re
peatability and reproducibility SDs in the specific con
ditions investigated, which included interferent 
minerals with complex diffraction patterns with a range 
of absorption coefficients.

The international standard ISO 5725-2 (2019) pro
vides a basic method for their determination; however, 
it was not possible to completely fulfil the requirements 
of this ISO standard. The limitations of this laboratory 
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comparison to comply fully with ISO 5725-2 are de
scribed in the following sections. Therefore, the results 
reported in this paper should be considered as a first 
contribution to the development of a more comprehen
sive assessment of the accuracy of the measurement 
methods. Further investigations into the capability of 
these methods to quantify crystalline silica in bulk sam
ples at sufficiently low levels are also considered neces
sary before they can be confidently utilized to quantify 
crystalline silica in samples at regulatory levels (eg 
0.1% or 1%) adopted in some countries.

Diffraction analysis methods

Three quantitative powder X-ray diffraction standar
dized methods (ISO 6868 draft standard) were tested: 

(i) “External standard method” for thin specimens 
deposited on filters.

(ii) “Internal standard method” for specimens with 
infinite thickness.

(iii) “Spiking method” for specimens with infinite 
thickness.

External standard method—thin specimen on 
filter
The external standard method was applied by measur
ing the diffraction intensity of a quartz reflection j in a 
specimen of the sample (containing an unknown con
centration of quartz). This diffraction intensity was 
then compared with a calibration curve of “quartz 
weight versus intensity” constructed from specimens 
with known (weighed) amounts of quartz. This external 
standard method was applied to thin specimens ob
tained by depositing small amounts (1 to 5 mg) of sam
ple on 25-mm filters. For this purpose, the powdered 
sample was placed in a beaker, 2-propanol was added 
and the beaker was placed in an ultrasonic bath. After 
sonication, the suspension was poured into a filtration 
apparatus and the powder was collected on the surface 
of a membrane filter. The amount of sample was calcu
lated by weighing the filter on a microbalance before and 
after the deposition. The filter was then placed on a me
tallic (eg, aluminium or zinc) support disc and mounted 
in an appropriate specimen holder for the diffraction 
analysis.

The calibration curve was constructed by analysing 
several calibration filters prepared by depositing known 
amounts (range ≈0.01 to 5 mg) of powdered quartz ref
erence material (RM). Quartz reference materials are 
usually not completely crystalline, due to a thin layer 
of disordered (amorphous silica) structure on the sur
face of each particle of approximately 0.03 µm thick 
(Gordon and Harris 1955). Therefore, it was necessary 
to correct the weight of quartz deposited on the 

calibration filters by considering the ‘crystallinity’ 
XRM of the reference material (Table 1).

This method also required the correction of the ef
fects of X-ray absorption and for the variation with 
time of the intensity of the incident X-ray beam.

When a very thin layer of powder is deposited on a 
filter, the diffraction intensities from all the phase reflec
tions in a specimen are linear functions of the irradiated 
weight of each phase. However, if the mass deposited 
on the filter (1 to 5 mg) is not thin enough, then X-ray 
radiation is partially absorbed by the specimen itself 
and the measured value is less accurate. The measured 
intensity deviates from the theoretically linear intensity 
resulting in lower reported results. Therefore, a correc
tion factor fab,j, specific for each peak j and which de
pends on the specimen absorption characteristics, 
should be calculated. The procedure for absorption cor
rection is reported in the supplementary materials.

A correction factor fem for the drift in X-ray radiation 
intensity from the day of instrument calibration was 
also applied for comparing the diffraction result on 
the specimen with that from the calibration curve (see 
supplementary materials).

The corrected diffraction intensity of a quartz peak j 
was calculated as:

IQzj,C = fab,j · fem · IQzj (1) 

The calibration function for a quartz peak j was calcu
lated from quartz weight wt and IQzj,C measured on 
calibration filters. A straight trend line, according to 
the method of least squares, was used:

IQzj,C = aj ·wt + bj (2) 

where aj and bj are the slope and the intercept of the 
line. The calibration slope and intercept were used to 
determine the quartz weight wt in a specimen from 
the value IQzj,C measured in the specimen:

wt =
IQzj,c − bj

aj
(3) 

The quartz percent weight fraction was finally calcu
lated as:

wt% = wt · 100/wtspc (4) 

where wtspc is the known weight of the specimen.

Internal standard method—infinite thickness 
specimen
Infinitely thick (>0.3 mm) specimens were prepared 
from mixtures of quartz RM with an Internal 
Standard (IS) from a mineral phase that was not present 
in the samples, and the responses from diffraction ana
lyses were used to calculate intensity ratios. This method 
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is most often applied following the reference intensity 
ratio (RIR) approach, in which a fixed weight percent 
fraction (eg, wt%IS:wt% ≈ 50:50) is used. The crystal
linity value of the quartz reference material, XRM, can 
be used to correct the weight percent of quartz.

Diffraction analyses were carried out to determine 
the intensity IQzj of a reflection j of the quartz RM, 
and the intensity IISk from a reflection k of the IS phase. 
The intensity ratio IRQzj/ISk for each combination of 
quartz and IS peaks was calculated as:

IRQzj/ISk =
IQzj

IISk
·
wt%IS

wt%
(5) 

The average value for IRQzj/ISk from several tests car
ried out in the laboratory was used as the reference in
tensity ratio RIRQzj/ISk.

To determine the quartz content in a sample contain
ing an unknown quartz concentration, a specimen was 
prepared from a mixture of the sample and internal 
standard in known proportions. Diffraction analyses 
were performed to measure the intensity of a peak 
from the IS and the most intense peak of quartz not af
fected by interference. The intensity ratio IRQzj/ISk in 
the specimen was then calculated and compared with 
the RIRQzj/ISk determined in the same laboratory:

wt% =
IQzj

IISk
·

wt%IS

100 − wt%IS
·

100
RIRQzj/ISk

(6) 

In this method, it was not necessary to consider the 
X-ray absorption factor, which is eliminated by the 
equation. In fact, the variation of absorption due to 
the variation of the relative amounts of the other phases 
present in the mixture should not significantly affect the 
ratio between the diffraction intensities of quartz and 
internal standard since such variations equivalently af
fects both the intensities. Also, the change with time of 
the X-ray radiation intensity emitted from the X-ray 
tube does not influence the reported result.

A variation of the RIR approach consisted in the con
struction of a calibration line for the variation of the ra
tio IQzj/IISk in specimens prepared with the ratio 
wt%IS/wt% distributed over the entire range of pos
sible values. Following the procedure recommended 
by Taylor (1978), a diluent/grinding amorphous phase 
was also added to the mixture (eg sample:internal 
standard:diluent = 1:1:1).

Spiking method—infinite thickness specimen
Infinitely thick specimens were prepared from the pure 
sample and from at least 2 mixtures of the sample with 
the addition of appropriate weight fractions (eg, ap
proximately the expected quartz content and half that 
value) of a quartz RM. The crystallinity value of the 

quartz reference material, XRM, used in the preparation 
of the mixture should be applied to correct the weight 
fractions of quartz.

The method assumes that the additions of quartz RM 
dopant to the sample cause negligible changes in its 
mass absorption coefficient. In practice, this assump
tion is valid if the addition of quartz dopant is relatively 
small (eg, wt%add < 20) or when the mass absorption 
coefficient of the sample matrix is known to be close 
to that of quartz.

The percent weight of quartz in the sample, wt%, 
was determined through a calibration line constructed 
for each individual sample by plotting the diffraction 
intensity results for a quartz peak j (IQzj,add0, IQzj,add1 
and IQzj,add2) vs. the quartz percent weight added to 
the sample (wt%add0 = 0, wt%add1 and wt%add2). The 
diffraction intensity of the peak should be a linear func
tion of the dopant:

IQzj,add = a j,add ·wt%add + b j,add (7) 

where a j,add and b j,add are the slope and intercept of the 
line. The percent weight fraction of quartz in the un
known sample was:

wt% =
bj,add

a j,add
· 1 −

b j,add

a j,add · 100

􏼒 􏼓

(8) 

Experimental

Samples
Four well mixed binary mixtures of powders in known 
proportions and grain size in the optimum range for 
XRD analysis were prepared using highly crystalline 
phases. The optimum size of particles in a specimen 
for an XRD analysis is in the range 1 to 10 μm and pref
erably smaller than 5 μm (Klug and Alexander 1974). 
Grain size distribution in a powder sample can be veri
fied, for instance, by laser scattering, and represented by 
its equivalent mean diameter (D50).

Three mixtures of 10% by weight Sikron SF800 
commercial micronized quartz flour and a different 
phase were prepared in the Institut für Arbeitsschutz 
der Deutschen Gesetzlichen Unfallversicherung (IFA) 
laboratory in Germany. Baryte (BaSO4), calcite 
(CaCO3), and talc (Mg3Si4O10(OH)2) were selected as 
matrix components. The baryte comes from a natural 
deposit. The finely ground material was sold as a prod
uct labelled C11. The calcite used is a very fine-grained 
product, so-called chalk (Type: Omega BLP 3). XRD 
analyses show a small portion of TiO2. Both materials 
have a grain size distribution with a substantial propor
tion of respirable-sized particles. A commercial prod
uct, Finntalc M15, was used as talc phase; according 
to the manufacturer, the material is ≈96% pure talc 
with a median particle size D50 = 5 μm.
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A fourth binary mixture was prepared at Health and 
Safety Executive (HSE) laboratory in the United 
Kingdom, by mixing 15.8% by weight of A9950 quartz 
respirable reference material in anorthite (CaAl2Si2O8) 
powder British Chemical Standard (BCS)—Certified 
Reference Material (CRM) 529 Anorthic Feldspar. 
The particle diameter range was determined using laser 
diffraction (Particle Technology Ltd, Derby, United 
Kingdom). The volume median particle diameter for 
anorthic feldspar BCS-CRM 529 was 5.45 µm with a 
90th percentile of 8.9 µm.

In all the 4 samples, at least 1 of the 3 most intense 
peaks of quartz was free from interference or showed 
little peak overlap (see supplementary materials, Fig. 
S1). The minerals in the mixtures exhibited a significant 
amount of absorption contrast; the calculated mass ab
sorption coefficients (Cu) were: μtalc = 26.34 cm2 g−1, 
μquartz = 34.45 cm2 g−1, μanorthite = 50.29 cm2 g−1, 
μcalcite = 70.94 cm2 g−1, μbaryte = 209.57 cm2 g−1.

Subsamples of the 4 test powders (bottles with approxi
mately 10 g each) were dispatched to the laboratories in
volved in the round robin. Although different sample 
portions were used for analysis in different laboratories, 
the materials were sufficiently homogenized before pre
paring the samples for dispatch to ensure that they could 
be presumed to be identical for practical purposes.

The homogenization of the 3 mixtures prepared at 
the IFA laboratory was achieved by the procedure 
that follows. First, 15 g of quartz and 15 g of the ac
companying substance were placed in a plastic sample 
container. After adding 2 steel balls, a mixer mill (la
boratory ball mill) was operated at 10 Hz for 10 min 
for an initial homogenization of the powders. Then, an
other 120 g of the accompanying substance was added 
to achieve a quartz content of 10% by mass, and the 
mixture was homogenized again in the mixer mill. 
After a subsequent manual mixing process for 5 min 
(tilting and rolling the container), the mixture was ho
mogenized again with the mill.

The powder of the fourth mixture was prepared at 
the HSE laboratory by mixing in a figure of 8 mill for 
4 hours. Subsamples from the top, middle, and bottom 
of the sample were measured before bottling. Scans 
were collected from each sample sent to the laborator
ies. Five analysts at HSE measured quartz in a random 
selection of samples before dispatch using the in-house 
method based on the internal standard method, which 
achieved a SD of 0.51.

Quartz reference materials (RMs)

Quartz RMs used by the participant laboratories
All 3 X-ray diffraction methods of quantification dis
cussed in this paper require a calibration, which in
volves the use of a quartz RM. This RM is used for 
the preparation of calibration filters in the external 

standard method, for preparation of IS-quartz mixtures 
used for RIR calculation in the internal standard meth
od, and for additions to the sample when the spiking 
method is applied. As can be seen in Table 1, different 
quartz RM were sometimes used in the same laboratory 
when different methods were applied.

Several quartz RMs are commercially available, and an 
RM can also be prepared in the laboratory. Any quartz 
RM should be characterized for particle size distribution 
and for purity/crystallinity. In fact, reliable results from 
an XRD analysis are obtained when the RM used for 
the specimen preparation has a grain size close to that of 
the samples. It is also clear that using quartz RMs with dif
ferent crystallinities for calibration purposes will lead to 
different results. Therefore, diffraction responses (or al
ternatively quartz weights) should be corrected consider
ing the crystallinity of quartz RM. The quartz RMs 
commercialized by the National Institute of Standards 
and Technology (NIST) are certified for quartz crystallin
ity, ie, the Standard Reference Materials SRM 1878a 
(XSRMa=93.7% ± 0.21% quartz; D50 = 1.59 μm—NIST 
2005) and SRM 1878b (XSRMb=96.73% ± 0.40% 
quartz; D50 = 3.33 μm—NIST 2017), where uncertain
ties of crystallinity are expressed as a 95% confidence 
interval in the absence of systematic error. Crystallinity 
of quartz reference material A9950 is certified as 89.3% 
± 3.6% (2σ) by comparison to the NIST SRM 1878a 
(HSE 2022). According to ISO 24095, following the 
work by Kauffer et al. (2002) and Stacey et al. (2009), 
the crystallinity of a quartz RM (XRM) can be determined 
by comparing the average diffraction intensity of quartz 
primary peak (̅IQz1,RM) from a number of specimens pre
pared with the quartz RM deposited on filters with that 
measured on specimens with equal masses of NIST 
SRM 1878a (̅IQz1,SRMa):

XRM = XSRM ·
I̅Qz1,RM

I̅Qz1,SRMa
(9) 

Stacey et al. (2009) experimentally determined the crystal
linity of several quartz RMs. Table 1 shows the quartz 
RMs used in the round robin with their crystallinity as
signed by laboratories and applied to correct the value 
of quartz mass in the preparation of specimens. Two in- 
house reference materials with grain sizes larger than 
NIST SRMs were determined to be 100% quartz by the 
participants, using the experimental procedure described 
in Stacey et al. (2009). Larger particle-sized dusts could 
have smaller amorphous proportions and provide higher 
XRD intensities (larger range of crystalline zones) than 
that of the NIST standards which are respirable-sized.

Quartz RMs used for the preparation of the binary 
mixtures of powders
Sikron SF800 commercial micronized quartz flour 
(Quarzwerke—Frechen, Germany) was used at IFA 
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for the preparation of mixtures. According to its manu
facturer, the SiO2 content is ≈97.5%, with Al2O3 being 
the major contamination (≈2%), and its average grain 
size is 2 μm. A9950 quartz respirable reference mater
ial, produced by HSE via a cyclonic sedimentation pro
cess from Quarzwerke Sikron F600, was used at HSE 
for the preparation of the fourth sample. According to 
Stacey et al. (2009), the A9950 quartz powder has a 
crystallinity of 89.3%.

XRD measurements
All the participants performed the analyses using 
Bragg-Brentano X-ray diffraction instrument geom
etries. The measurement conditions are summarized 
in Table 1.

Silver, polycarbonate, and PVC filters were used as 
collection substrates (Table 1). The pore size of the filter 
does not dictate the particle size collected. There are 
several mechanisms by which particles are collected 
onto filter surfaces. Impaction is one mechanism where 
particles accumulate, due to the moment of inertia, 
through a complex path of filter fibres. Pore sizes also 
get smaller as particles accumulate and they become 
more efficient at collecting smaller particulate. Liu 
et al. (1983) states that PVC filters are 96.7% to 
99.99% efficient for the collection of nanosized aerosol 
particulate, whilst 0.45 µm pore size silver filters are 
93.6% to 99.9% for particles less than 1 µm.

The 3 most intense peaks of quartz, Qz1 [101], Qz2 
[100], and Qz3 [112] were generally measured by all 
the laboratories. Each laboratory applied its own soft
ware and computational procedure that it routinely 
uses to measure the net area intensity of peaks. 
However, intensity net height was used in Lab. 4 for 
the spiking method.

The result for the primary peak, Qz1, was reported 
unless an interference affected its intensity, in which 
case peak Qz2 or Qz3 was chosen. One of the labora
tories calculated the average result from the 3 peaks 
whenever possible. Details of specimen analysis, such 
as the instrument conditions, were left to the discretion 
of the participant.

The external standard method was carried out by 
analysing up to 3 specimens deposited on filters; the 
test result was calculated as the arithmetic mean of their 
individual results.

All laboratories obtained a single test result for each 
sample, except Lab. 1, which deposited 6 specimens on 
filters from each sample and analysed them under re
peatability conditions to obtain a total of 3 test results 
for each sample.

For the preparation of infinitely thick specimens, all 
laboratories followed the standard technique of back 
packing to fill the cavity of the powder mount. 
Although this preparation technique subjects the 

particles to some crystallographic preferred orienta
tion, experimental evidence showed good measurement 
of repeatability when quartz is the analyte.

The internal standard method was applied by analys
ing a single specimen following the RIR approach and 
using corundum (Al2O3) as the IS phase, but Lab. 6 
also used anatase (TiO2) as an internal standard mater
ial. Lab. 4 followed the calibration graph approach, in 
place of the RIR. In this case, bunsenite (NiO) was used 
as the IS phase, and gamma aluminium oxide Al2O3 

powder was added to the mixture as diluent/grinding 
agent.

Analyses for the spiking method were carried out on 
3 specimens: without quartz addition and 2 specimens 
with increasing additions.

A single test result for each specimen was provided by 
all the laboratories to test both internal standard and spik
ing methods, except Lab. 1, where new specimens were 
prepared to replicate the test under repeatability condi
tions, and a total of 3 independent test results were ob
tained with the same method on the same sample.

Some laboratories did not take part in the complete 
experiment (see results in Table 2).

Statistical methods

Precision experiments
The data ‘not marred by method deviations, instrument 
malfunctions, unexpected occurrences during perform
ance, or by clerical, typographical and arithmetical er
rors’ (Horwitz 1995) from all the laboratories were 
used as the set of valid data. The Grubbs’ test (2 tail, 
at a significance level α = 0.05) outlier removal proced
ure was applied to test results obtained from all quartz 
percent weight measurements, after verification that the 
data were approximately normally distributed. The 
identified outliers were removed from the data set.

The general mean wt%i (or grand mean, ISO 5725-1) 
for sample i analysed by a measurement method m, is 
calculated from all the test results obtained by all the la
boratories, after eliminating outliers. Details on its cal
culation are given in the supplementary material.

The precision, the closeness of agreement between 
test results of a method, is expressed in terms of 2 con
ditions: the estimate of repeatability SD (sr) and the es
timate of reproducibility SD (sR). In repeatability 
conditions, independent measurement results are ob
tained with the same analytical method on identical 
test powders in the same laboratory by the same oper
ator using the same equipment within a short interval 
of time. In reproducibility conditions, independent 
measurement results are obtained with the same analyt
ical method on identical test powders in different la
boratories, with different operators using different 
equipment.
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The repeatability variance for analyses on a sample i 
is given by

s2
r,i =

􏽐nl
l=1 (nl,i − 1) · s2

l,i
􏽐nl

l=1 (nl,i − 1)
(10) 

where nl is the number of laboratories in which repeat
ability was determined, and sl,i is the estimate of SD 
from test results for sample i obtained in a laboratory.

In this preliminary study, however, repeatability was 
determined in only one laboratory where 3 test results 
wt%l,it were obtained for each sample by each method. 
A test result corresponds to a single observed value in 
the case of internal standard and spiking methods, 
while a test result from the method for thin specimen 
on filter is calculated as the arithmetic mean of analyses 
on 2 different filters. Therefore, in this case s2

r,i = s2
l,i. 

Then based on these results from one laboratory, it 
was assumed that all laboratories had the same repeat
ability s2

r,i.

The reproducibility variance is the sum of repeatabil
ity and between-laboratory variances:

s2
R,i = s2

r,i + s2
L,i (11) 

The between-laboratory variance (s2
L,i) is a measure for 

variation between all the participating laboratories, 
and the procedure for its calculation is provided in 
the supplementary material. Both s2

r,i and s2
L,i are posi

tive values, therefore repeatability describes the min
imum variability expected from an analysis, while 
reproducibility is the maximum variability in results.

Repeatability and reproducibility relative SDs, RSDr 

and RSDR respectively, can be calculated as the SD div
ided by the general mean, expressed as a percentage.

The dependence of the variance upon wt%i was not 
thoroughly investigated in this study. In fact, 3 out of 
the 4 samples were prepared with approximately the 
same quartz percent weight value of 10.0, while the 
fourth sample was prepared with wt% ≈ 15.8. 

Table 2. Quartz percent weight (wt%) in bulk samples analysed by the 3 methods.

Laboratory no. Sample 1 quartz-baryte 
Test results

Sample 2 quartz-calcite 
Test results

Sample 3 quartz-talc 
Test results

Sample 4 quartz-anorthite 
Test results

Method for thin specimen on filter

1 10.3 (11.9; 8.7) 8.2 (8.0; 8.5) 10.1 (9.3; 10.9) 17.4 (17.8; 17.1)
8.8 (7.8; 9.8) 9.1 (9.2; 9.0) 9.5 (9.2; 9.9) 16.3 (15.9; 16.8)
9.1 (8.7;9.5) 9.5 (9.3; 9.7) 9.3 (9.5; 9.1) 16.2 (16.6; 15.8)

2 8.8 (9.2; 9.8; 7.4) 6.4 (6.4; 6.3; 6.4) 7.4 (7.5; 7.4; 7.4) 13.1 (12.6; 13.1; 13.5)

3 7.4 (7.4) 7.1 (7.1) 9.4 (9.4) —

4 8.1 (7.7; 8.2; 8.5) 7.8 (7.8; 7.9; 7.6) 9.0 (8.8; 9.1; 9.1) 18.0 (18.4; 18.0; 17.6)

6 10.5 (10.5) 11.4 (11.4) 13.8 (13.8) 16.3 (16.3)

7 — — — 13.1 (15.0; 13.0; 11.2)

Internal standard method

1 11.6 12.3 11.6 16.7
10.0 10.2 10.7 15.8
9.9 10.8 11.2 15.4

2 10.1 17.9a 8.4 13.1

3 11.6 9.0 8.3 —

4 9.0 8.4 8.5 15.8

5 11.9 10.0 9.5 16.7

6 11.7 10.4 9.8 16.0

7 — — — 16.0

Spiking method

1 13.6 10.0 9.4 17.6
11.8 9.3 10.3 16.0
12.4 9.5 8.0 15.3

3 7.6 8.2 8.1 —

4 8.5 11.5 11.1 16.5

5 10.8 9.9 10.0 16.0

6 18.6a 10.6 11.5 19.5

aOutlier, discarded from data set. The test results of the method for thin specimen on filter were derived from the observed values in parentheses.
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Therefore, only a small range of wt%i values was 
investigated.

Although the 4 binary mixtures of quartz and a 
second mineral were prepared according to a specific 
ratio, the experimental procedure for making the mix
tures cannot guarantee full compliance with the ex
pected proportions. For this reason, the accepted 
reference quartz percent weight value wt%ref,i of each 
sample i, was the mean of the set of measurement results 
obtained from all the laboratories, and from all the 
methods m. A weighting factor (Mandel 1964) was de
fined for each method at a quartz percent level y, and 
used to correct for the different number of samples an
alysed by each laboratory (see supplementary material).

In this study, for each method, we consider 2 levels, a 
lower level y1 for samples no. 1, 2, and 3, with quartz 

percent weight wt%y1 and reproducibility variance 
s2
R,y1, and an upper level y2 for sample no. 4 with 

wt%y2 and s2
R,y2 (see material).

The estimate of the bias of a measurement method at 
a level y is given by the difference between the grand 
mean of test results from all the laboratories at that level 
and the accepted reference value wt%ref,y:

δm,y = wt%y − wt%ref,y (12) 

where the reference value of the lower level wt%ref,y1 is 
calculated as the average of wt%ref,i1, wt%ref,i2 and 
wt%ref,i3, and the reference value of the upper level is 
wt%ref,y2 = wt%ref,i4. The bias estimate can be positive 
or negative, and different at different levels y (ISO 
5725-4 ).

According to ISO 5725-4, an approximate 95% CI 
for the estimate of the bias of the measurement method 
can be calculated as

δm,y − A · sR,m,y ≤ δm,y ≤ δm,y + A · sR,m,y (13) 

where sR,m,y is the reproducibility SD of test results ob
tained for method m at level y, and A is a factor used to 
calculate the uncertainty of an estimate (for further de
tails, see supplementary material).

Comparison of measurement methods
The results of the precision experiments described above 
were also used to verify the equivalence of the 3 meth
ods, for the quartz percent level y1 at which the number 
of samples analysed by each laboratory was ns,m = 3 for 
all the methods. Comparisons were conducted between 
pairs of alternative methods m = 1 and 2, m = 1 and 3, 
and m = 2 and 3 by using (ISO 5725-6): 

(i) a two-tailed F-test with level of significance α = 
0.05, to check whether the variances of the 2 
methods were equal;

(ii) the difference between the grand means wt%m,y 

of the 2 methods, to check whether they were stat
istically insignificant.

Comparison of precision
The within-laboratory precision test statistic Fr for the 
comparison between alternative methods m = 1 and 
m = 2 at a quartz percent level y, is calculated as fol
lows:

Fr =
s2

r,m=2

s2
r,m=1

(14) 

where the larger variance is always the numerator and 
the smaller the denominator.

The hypothesis of equal variances is rejected if Fr is 
greater than an upper critical value Fα/2(νr,m=2 ,νr,m=1 ) or 
less than a lower critical value F(1−α/2)(νr,m=2,νr,m=1 ), and 
νr,m=1 and νr,m=2 are the associated numbers of degrees 
of freedom (for further details, see supplementary 
material).

The overall precision test statistic FR is given by:

FR =
s2

R,m=2 − (1 − 1/ns,m) · s2
r,m=2

s2
R,m=1 − (1 − 1/ns,m) · s2

r,m=1

(15) 

The hypothesis of equal variances is rejected if FR is 
greater than an upper critical value Fα/2(νR,m=2 ,νR,m=1 ) or 
less than a lower critical value F(1−α/2)(νR,m=2,νR,m=1 ) (see 
supplementary material).

Comparison between the means of methods
The difference between the grand means wt%m,y of the 
test results of 2 methods m = 1 and m = 2 tested in all 
the laboratories at a quartz percent level y is statistically 
insignificant if:

wt%m=1,y − wt%m=2,y
��������������

s2
m=1 + s2

m=2

􏽱

􏼌
􏼌
􏼌
􏼌
􏼌
􏼌
􏼌

􏼌
􏼌
􏼌
􏼌
􏼌
􏼌
􏼌

≤ 2.0 (16) 

where

s2
m=1 = [s2

R,m=1 − (1 − 1/ns,m) · s2
r,m=1]/nl,r,m=1 (17) 

s2
m=2 = [s2

R,m=2 − (1 − 1/ns,m) · s2
r,m=2]/nl,r,m=2 (18) 

where nl,r,m=1 and nl,r,m=2 are the numbers of laborator
ies participating in the repeatability experiments for 
methods 1 and 2 at quartz percent level y.

Results

The results for each sample and method from all partic
ipants to the interlaboratory comparison are given in 
Table 2. Not all the laboratories carried out the 
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analyses by the 3 methods, so some test results are miss
ing. Application of Grubbs’ test to the test results found 
one outlier in both the internal standard method and 
the spiking method data sets. These 2 test results were 
rejected.

Table 3 shows the outcomes of the experiment, ie the 
estimate of repeatability and reproducibility SDs and 
bias of the measurement methods.

The accepted reference values are wt%ref,i1 = 10.1 
(quartz-baryte mixture), wt%ref,i2 = 9.4 (quartz-calcite 
mixture), and wt%ref,i3 = 9.8 (quartz-talc mixture), so 
that an average value of 9.8 quartz percent weight rep
resents level y1. Sample 4 (quartz-anorthite mixture) 
accepted reference value is wt%ref,i4 = 16.1, which 
also represents level y2.

Measurements under repeatability conditions (3 in
dependent analyses on each sample by all the 3 meth
ods) were carried out only in laboratory no. 1, and 
the results are shown in Fig. 1.

Figure 2 shows the bias values for each laboratory with 
each method, while the estimates of bias at levels 1 and 2 
are plotted in Fig. S2 in the Supplementary materials.

The measurement results for quartz percent weight 
wt% of each sample and each method are given in the 
box-plots of Fig. 3.

Table 4 shows the results of the F-tests conducted to test 
if there is evidence that the methods have different within- 
laboratory precision and overall precision, and the results 
of the comparisons between the grand means of the meth
ods, to verify if the differences are statistically significant.

Fig. 1. Results from laboratory no. 1 for measurements under repeatability conditions, compared with assigned values (m = 1 method for 
specimen on filter; m = 2 internal standard method; m = 3 spiking method).

Fig. 2. Estimate of bias from all the laboratories for the 3 methods at both levels.
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Discussion and conclusion

General considerations
X-ray powder diffraction allows mineral phases to be 
identified and quantified based on their unique crystal 

structures, enabling individual crystalline phases to be 
distinguished from amorphous materials. It is therefore 
the preferred technique when it is necessary to distin
guish quartz from other crystalline silica phases and 
amorphous forms. The XRD technique is known to 

Fig. 3. Box-plots for the distribution of sets of data of the 4 samples analysed by the 3 methods. The dotted line shows the accepted 
reference value. The box plot is divided into quartiles and a short line marks the median (their wt% values are shown).

Table 4. Comparisons of precision and between the means of measurement methods (A and B represent each pair of methods under 
comparison).

Compared 
methods

Method for thin specimen on filter and 
internal standard method

Method for thin specimen on filter 
and spiking method

Internal standard method and 
spiking method

Comparison of precision

Within-laboratory precision

Fr 1.86 1.78 1.04

Fα/2(νr,mA ,νr,mB) 3.37 3.72 3.37

F(1−α/2)(νr,mA ,νr,mB) 0.30 0.27 0.30

Overall precision

FR 2.29 1.91 2.13

Fα/2(νR,mA ,νR,mB) 3.62 3.72 3.62

F(1−α/2)(νR,mA ,νR,mB) 0.28 0.27 0.28

Comparison between the means
wt%mA,y−wt%mB,y��������

s2
mA+s2

mB

√

􏼌
􏼌
􏼌
􏼌

􏼌
􏼌
􏼌
􏼌 1.33 1.04 0.09
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be affected by many factors that decrease its accuracy, 
and the variance of results is generally larger than that 
of other analytical techniques used to determine the 
chemical composition of materials (Madsen et al. 
2019). However, these other chemical methods are 
not sufficiently specific for the quantification of the 
crystalline form of silica.

The 3 traditional XRD methods included in the inter
laboratory experiments described in this paper were 
used to determine the abundance of a single mineral 
phase, quartz, by measuring its 3 most intense peaks 
in 4 binary mixtures. These methods are potentially 
more difficult to use when all the measured intensities 
have interference compared with full pattern methods 
like Rietveld that are potentially able to adjust for coin
cident intensities. On the other hand, they do not re
quire the identification of matrix composition and the 
determination of phase crystal structures and are gener
ally less demanding in terms of working time and the 
analyst’s skills with respect to whole-pattern methods.

There are several factors that can cause larger or 
smaller deviations in the quantification of quartz when 
determined by the methods described in this paper. 
Some of these parameters are fundamentally theoretical; 
others are more uncertain but can be conjectured. 
Among these parameters, we mainly consider: 

(i) Errors related to the absorption effect, which 
may be applied or not when using the spiking 
method.

(ii) Errors related to the sample preparation includ
ing: (i) weighing errors due to mixing small 
amounts of internal standard (RIR method) or 
quartz reference material (spiking method); (ii) 
proper mixing of sample with the internal stand
ard material; (iii) contamination during sample 
preparation: quartz is an omnipresent mineral 
and a main component of many natural/artificial 
materials; (iv) the sample grinding procedure, 
with decrease in quartz crystallinity, and thus 
XRD intensity, and other effects; (v) the mount
ing of powder sample in the sample holder, and 
the preferential orientation (internal standard 
method, spiking method); (vi) sample treatment 
for removal of interfering phases; and (viii) for 
the filter method: the loss of powder from the filter 
before analysis; the uneven distribution of powder 
deposited on the filter and the differences in pow
der distribution between the calibration filters and 
the sample filters; preferential orientation.

(iii) Errors related to the determination of the cor
rected or uncorrected intensity of a quartz peak: 
(i) Is the area determined by the sum of the abso
lute intensities between the measured peak and 
the background? Or is the peak modelled and 
the area of the modelled peak used to determine 

the intensity?; (ii) background modelling: is a 
straight line used or a polynomial and if so, which 
degree of polynomial is being used?; (iii) different 
crystallite sizes between quartz in sample and the 
spiked quartz reference material (in case a mod
elled peak area is used); (iv) long-term intensity 
drift due to the decrease in emitted X-rays over 
time (internal standard method, filter method); 
(v) choice of the right peak—free of interferences: 
if the largest quartz peak shows peak overlap, an
other quartz peak has to be chosen. Nonetheless, 
smaller quartz peaks may be influenced even 
more by small overlapping reflections; (vi) the 
procedure for intensity correction in the presence 
of small interferences (all the methods); (vii) the 
different 2Theta interval used in different sam
ples for measuring the intensity of a peak (all 
the methods).

(iv) Finally, operator errors in some steps of the ana
lysis could be an important source of error, as it 
was found in other round-robins (Madsen et al. 
2019). It should be noted that while all the la
boratories participating in the round-robin had 
considerable experience with XRD analysis of 
respirable dust deposited on filters, some of the 
laboratories had very limited experience with 
XRD analysis of bulk samples, and the round- 
robin was a learning experience.

Some of these parameters may be quantified (eg weigh
ing errors), but the influence of the individual contribu
tions is difficult to assess, as the described effects may 
also vary quantitatively (eg with preferred orientation).

The boxplot of Fig. 3 shows the results for quartz 
percent weight wt% of each sample and each method. 
The analyses carried out on filters indicate a general 
underestimation of quartz when in a mixture with bar
yte or calcite. Calcite and especially baryte show the 
greatest absorption coefficient difference with respect 
to quartz, so the slight underestimation when the meth
od for the deposition on a filter is applied to mixtures of 
quartz with highly absorbing phases could be due to an 
insufficient correction of absorption (by the transmission 
method for correction). Conversely, quartz content 
results for the same quartz-baryte and quartz-calcite 
mixtures generally show an overestimation when the in
ternal standard method is used. This slight but systemat
ic overestimation in the content of low-absorbing quartz 
might possibly be due to micro-absorption effects due to 
the presence of relatively larger particle sizes in the mix
ture of quartz with baryte or calcite, or could be related 
to some effect due to the difference in grain size between 
quartz and the other mineral in the binary mixture. 
Analyses performed with the spiking method on samples 
of quartz mixed with a high-absorbing phase, such as 
baryte, should give percent contents of quartz lower 
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than the true values when the additions of quartz dopant 
to the specimens are large enough to cause important 
changes in their mass absorption coefficients. 
However, this effect was not observed in the results of 
the interlaboratory comparison.

The issue of crystallinity value assigned to a quartz ref
erence material has been outlined in the methods section. 
In fact, different quartz reference materials produce dif
ferent diffraction intensities. Therefore, mistaken evalu
ations of quartz crystallinities will produce calibration 
lines with different slopes and the same sample analysed 
in different laboratories will yield different quartz con
tents. Different effects are produced with the 3 methods 
if the crystallinity of the quartz reference material used 
for calibration (or added to a specimen) is not considered 
or incorrectly estimated.

When using the external standard method for sam
ples of powder deposited on filters, a crystallinity over
estimation produces quartz measurements that are 
proportionally higher than the true value. A similar 
effect also occurs when using the spiking method. 
However, in this case, the effect only affects the speci
mens doped with quartz additions and not the speci
mens without quartz addition, which is also part of 
the set of specimens (usually 3) analysed by this meth
od. The result of the quartz determination will therefore 
be higher than the true value, but less than that with the 
method for samples on filters. In the internal standard 
method, a quartz reference material is used by a labora
tory in the preparation of a 50%:50% mixture with an 
internal standard, to be used for the determination of 
the RIR value. Clearly, an overestimation of crystallin
ity of that quartz RM implies that the weight fraction of 
quartz, w% in Eq. 5, actually present in the mixture 
with the internal standard will be less than 50%, affect
ing the value of the calculated RIR. Therefore, an over
estimation of the crystallinity of the quartz reference 
material will produce a proportional underestimation 
of the results obtained for quartz in all the samples an
alysed by the laboratory.

Comparison with round robin data
In the last 25 yr, a number of round-robins have been 
conducted on the determination of quantitative phase 
abundance from diffraction data, on bulk samples 
made of multi-phase mixtures in known proportions, 
with most of them analysed by a Rietveld method. 
The papers published by Madsen et al. (2001), 
Scarlett et al. (2002), León-Reina et al. (2009), and 
Fawcett et al. (2010) report the results obtained by 
each laboratory for the percentage weight content of 
all the phases present in each sample. These data were 
used to calculate the SDs of the mean at different con
centration levels. The characteristics of round-robins, 
the number of participating laboratories, the test 

samples number and phase compositions are described 
in the supplementary material (Table S1). Even though 
they were designed with different objectives, comparing 
the SDs of their results with those from the interlabor
atory experiment in this work provides important 
context.

The average SDs at the 10% wt concentration level of 
a phase were found to be approximately 1.5% in the 
analyses of both Portland cements (León-Reina et al. 
2009) and samples prepared from artificial mixtures 
of corundum, fluorite, and zincite (Madsen et al. 
2001). At the wt%≈16 level, the SDs from the same 
round-robins were 1.8 to 2.0 and 2.0, respectively. In 
the round-robin study published by Scarlett et al. 
(2002), samples of synthetic bauxite and natural granodi
orite included quartz in concentrations of approximately 
5% and 30%, respectively. At these concentration levels, 
the SDs were 1.3% and 7.4%, essentially the same as 
those obtained in the round-robin study by Madsen 
et al. (2001) (see Table S1 in the supplementary 
material). The values of the SD of the mean reported 
above are in the same range as the reproducibility SDs ob
tained in this study, using all 3 proposed methods for 
quartz at the same wt% concentration levels (Table 3). 
Much higher SD values, in the range 14% to 18% at 
the 16% wt concentration level, have been calculated 
from the results published by Fawcett et al. (2010) for a 
round-robin on challenging mixtures of pharmaceuticals 
and a silicon reference material.

Performance and comparability of the 3 
analytical methods
Standardization of methods can lead to better agree
ment between results from different laboratories, espe
cially when the experience of some laboratories is 
limited. The publication of this round-robin and of 
the ISO standard is a first step towards achieving this.

The accepted reference values of quartz percent con
tent in the 4 samples (Table 3), calculated as the mean 
values from all the valid measurements, as described 
in the statistical method section, were close to the ex
pected values based on the amounts of quartz reference 
material included in the mixtures.

The precision of each measurement method, as a per
centage of quartz weight in a sample, is expressed in 
terms of repeatability SD, sr (or relative SD, RSDr), 
and reproducibility SD, sR (or relative SD, RSDR).

The repeatability SDs calculated for the 10 to 16 wt 
% quartz range were found similar for the 3 XRD 
methods: between 0.4 and 0.8 (RSDr between 4.3% 
and 8.7%) for thin specimens on filters, 0.4 to 1.1 
(RSDr between 4.2% and 10.6%) for the internal 
standard method, and 0.3 to 1.2 (RSDr between 3.7% 
and 11.9%) for the spiking method (Table 3). 
Figure 1 shows the repeatability results in Lab. 1 
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compared with the values assigned to the 4 samples. An 
average 5% underestimation of wt% was found when 
using the method for thin specimens, m = 1, on filters 
at the level of wt% ≈ 10, while an average 11% over
estimation of wt% was found for the internal standard 
method, m = 2, at the same level. Results for analyses 
with the spiking method, m = 3, fluctuated around the 
assigned value except for the quartz-baryte sample 
where a consistent overestimation (23% on average) 
was observed.

The reproducibility SD of the results of measure
ments in the studied wt% range, from all the laborator
ies, were between 1.1 and 2.1 (RSDR between 12.7% 
and 21.5%) for the method of thin specimen on filter, 
1.1 to 1.4 (RSDR between 7.5% and 14.1%) for the in
ternal standard method and 1.1 to 2.6 (RSDR between 
9.5% and 23.7%) for the spiking method (Table 3). 
These SDs are in the same range as those calculated at 
the same concentration levels of different phases ana
lysed in other round-robins for quantitative XRD phase 
analysis.

The estimates of weight percent bias shown in Fig. 2
allow for an evaluation of the performance of each la
boratory with the 3 methods. A consistent overesti
mation or underestimation of the target value was 
found for most of the laboratories with at least one of 
the methods.

The aim of this study was also to demonstrate the 
statistical equivalence of the 3 analytical methods for 
the determination of quartz percent content in bulk 
samples.

The outcomes of the F tests shown in Table 4 show 
that the variances of the 3 methods are equal at the 
α = 5% significance level, and the differences between 
the grand means of the test results of the methods tested 
in all the laboratories are statistically insignificant. This 
comparability study was conducted only at the concen
tration levels wt% ≈ 10 and wt% ≈ 16. Therefore, it 
would be important to test the 3 methods using real 
samples over a wider quartz concentration range.

The estimates of the bias of the measurement meth
ods obtained from laboratories’ results are given in 
Table 3 and Fig. 3. An approximate 95% confidence 
interval for the bias of each measurement method is 
also shown in Table 3. Since at concentration levels 
wt% = 10 and wt% = 16 the confidence intervals of 
all the 3 methods cover the value zero, the biases of 
the 3 methods of measurements are insignificant at 
the significance level α = 5% in the studied concentra
tion range, also supporting the finding that these 3 
methods produce statistically equivalent results at the 
2 concentration levels studied.

It is clear that if these methods of analysis were to be 
used to ascertain compliance with the requirements of 
the regulations for the classification and labelling of 
chemicals, they would also have to be tested at the 

low concentration levels indicated in the introduction. 
Further investigations into the capability of these meth
ods to quantify crystalline silica in bulk samples at low 
levels are needed before these methods can be used to 
quantify crystalline silica at the threshold values ap
plied for regulatory purposes in some countries, eg 
1% and 0.1%.
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