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Abstract

Naturally Occurring Radioactive Material (NORM) may pose radiological risks across various industrial processes. Characterizing
NORM is challenging due to radionuclide diversity, complex material matrices, and the multiple analytical techniques required. This
study documents an Intercomparison Exercise (ICE) on the radioanalytical characterization of NORM, organized by International
Atomic Energy Agency and EEAE to evaluate participants’ abilities to implement appropriate radioanalytical techniques and
promote harmonization, thus contributing to ongoing optimization efforts into radiation protection of workers and the public.
Thirty-one laboratories from 21 countries participated and determined the activity concentrations of long-lived radionuclides such
as 40K, 238, 226R3, and 232Th in two ICE items, most through gamma spectrometry. Improper handling and insufficient testing of
equilibria status within uranium and thorium series were key sources of unsatisfactory results. Notably, laboratories’ accreditation
status did not correlate with analytical accuracy. Overall, study findings highlight improvements are needed in sample preparation,
assumptions’ validation and measurement uncertainty budget estimation procedures.

Introduction
Motivation

generation of discharges, residues, and wastes, and
finally, the decommissioning of the facilities [1]. In

Numerous industrial processes involving Naturally
Occurring Radioactive Material (NORM) follow an
extensive life cycle that includes the extraction of
materials, manufacture of products and by-products,

these industries, NORM might not be the prevailing
hazard. However, NORM should be under routine
radiological assessment, as the radiation dose may
exceed dose constraints.
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NORM is defined as a radioactive material contain-
ing no significant amounts of radionuclides other than
Naturally Occurring Radionuclides (NORs) [2]. The
potential radiation exposure from NORM in numerous
industrial sectors has been widely recognized since the
1980s. Recent recommendations have emphasized the
need for fostering inclusive and sustainable capacities
to monitor, record, and control occupational expo-
sure at workplaces. Furthermore, materials that are
of concern due to the presence of NORs are gener-
ally placed under regulatory control when the activity
concentrations exceed exemption levels. For the pri-
mordial radionuclides 233U, 232Th and their progenies
the generic exemption level is 1 kBq-kg=! [3]. For a
generic exemption decision, in case of disequilibrium,
the radionuclide with the highest activity concentration
in the decay series should be taken into account. For
40K a generic exemption level of 10 kBq-kg=! applies
[3]. These exemption levels are applicable to bulk mate-
rial, and any material with an activity concentration
below this level is deemed safe, as the annual dose for
either workers or public is expected to be <1 mSv.

For NORM or, more generally, NOR-containing
materials that are used as a building material in
dwellings, a reference level of 1 mSv per year for
the occupant applies to the excess dose received
from external exposure to gamma radiation [4]. This
excludes any additional committed dose from 222Rn or
220Rp exhalated from building materials into indoor
air. To assess compliance with the reference level the
activity concentration index I is used as calculated by
the following formula:

CRra- Crp— Ci-
_ SRa—226 | CTp-232 K40 (1)

! 300 200 3000

The index is based on the activity concentrations
(Bq-kg™') of the radionuclides *°Ra, 232Th and #°K,
and an index value of <1 (I < 1) or 6 (I < 6) when
a material will be used as bulk or superficial building
material respectively, ensures that the reference level
will not be exceeded.

To enable correct classification of all these NOR-
containing materials and to perform a robust dose
assessment when classified, accurate determination of
the NORs is of key importance. Only under these
conditions conformity to the regulatory requirements
can be adequately checked, and dose assessment as
well as optimization can be performed to minimize
external and internal exposures using appropriate pro-
tection measures. This paper will report the findings
from a Regional Intercomparison Exercise (ICE) that
was carried out among radioanalytical laboratories
in the European region of the International Atomic
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Energy Agency (IAEA). The study includes an extensive
scientific evaluation of the laboratories’ performance
for NORM analysis and makes an inventory on the
current measurement practice in the region. Through
this ICE, valuable insights in the laboratory practices
will be provided, contributing to the refinement of
measurement techniques, the enhancement of accuracy
in radiological assessments, and the development of
robust protocols for the characterization of NORM.

Radiological characteristics of NORM

The radionuclides of interest are the primordial
radionuclides 238U, 23U and 232Th together with their
progenies and the single radionuclide *°K. Uranium-
238 (Fig. 1) and 232Th (Fig. 2) are heading decay series
with multiple progeny nuclides each. The radionuclides
constituting each decay series of 238U, 235U and 232Th
will be in equilibrium when located in an isolated
system for an adequately long time [5, 6]. In such case
the activity concentration of all members of the series
can be determined at once, by estimating the activity
concentration of one member of the series, typically the
one that can be easily and reliably determined.

However, with the exception of some geological sam-
ples and unprocessed raw materials where the influence
of external factors is negligible, an equilibrium between
all the members of each decay series is frequently
absent. Such disruptions are caused by natural and/or
anthropogenic processes and -depending on the tech-
nology employed, the prevailing environmental condi-
tions and the different chemical properties between the
series’ elements—some radionuclides will be totally or
partially removed from the series while others remain
in place. Only a few members of the decay series have
a half-life that is long enough therefore they can be
affected by external conditions that disturb the equilib-
rium for a considerable period of time. This disruption
leads to variations in activity concentrations and the
formation of subseries that are shown in Table 1.

The presence of such disequilibrium and the for-
mation of the subseries has fundamental implications
for the measurement of the NORs and, eventually, the
assessment of the radiation exposure. For example,
determination of the individual subseries is a key step,
and provisions must be put in place to adequately
determine the radionuclides heading such subseries.
Therefore, determination of the radionuclidic composi-
tion should not only involve analysis of a sample using
radiometric techniques but also consider the sample’s
source history to make a preliminary identification of
the processes that may impact equilibria in the various
subseries. Additionally, it should involve the quantifi-
cation of radionuclides that are not directly measured,
by taking due consideration that the state of equilib-
rium in the measured sample may well differ from the
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Fig. 1. Uranium (238U) decay series (10 elements). Nuclear data were retrieved from LNHB [7].

Table 1. Parent radionuclides and their respective progeny(ies).

Parent Progeny

nuclide

238U 234Th, 234mPa’ 2341)a

226R 4 222Rp. 218p, 214Pb 214p; 214P0 210py,_ 210pB;
210P0 el bl bl el bl b &

222RIl 218P0 214Pb 214Bi 214P0

210Pb 210Bi, 2101)O

232Th 228Ra, ZZSAC

228R, 228 A¢

228Th 224Ra, ZZORH, 2161)0’ 212Pb, 212Bi, 208T1 (36%),
212p6 (64%)

220RIl 216P0

212py, 212B; 2081 (36%), 212Po (64%).

original sampled material, since its composition may
be altered by sampling, sample treatment, and/or the
decays in the isolated aliquot(s) through time. Finally,
information regarding radionuclide activity ratios can
aid in refining measurement uncertainty or even enable
the indirect measurement of a specific radionuclide.
All these aspects are considered within this study and
extensively discussed.

IAEA regional ICE

The TAEA is committed to promote an internation-
ally harmonized approach for the safe management of
NORM and maintains international safety standards
and guidelines to optimize radiation exposure at the
workplace by taking into account the graded approach.
It also offers technical assistance to the Member States
in applying these safety standards and guidelines in
practice. With the support of IAEA’s Regional Techni-
cal Cooperation Project RER/9/155, a Regional ICE on
Radioanalytical Characterization of NORM Samples
was jointly organized by the TAEA and the Greek
Atomic Energy Commission (EEAE). The aim of this
exercise is to assess the capabilities of the Member
States in the region to apply radioanalytical techniques
(i.e. gamma spectrometry, alpha spectrometry and lig-
uid scintillation counting [LSC]) for the characteriza-
tion of NORM in line with the TAEA Safety Standards.

Under this ICE, NORM samples were prepared
by the Environmental Radioactivity Monitoring Unit
of EEAE. The ICE was conducted between July and
November 2022 with the final full participation of
31 radioanalytical laboratories, 29 of which were
officially designated and two more were added at a
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Fig. 2. Thorium (232Th) decay series (eight elements). Nuclear data were retrieved from LNHB [7].

later time, from 21 countries within the European
region of the TAEA. Each participant was provided
two types of material: a phosphate ore (PO) and a
phosphogypsum (PG) sample. The participants were
requested to determine the activity concentrations of
the NORs by applying radioanalytical techniques of
their own choice. Individual results were evaluated in
terms of trueness and compatibility [8], on the basis of
the z-scores and ¢-scores respectively, in accordance
with ISO [9]. Furthermore, special attention was
given to the laboratories’ practices that influence
analytical performance, such as the handling and
procedures for assessment of the state of equilibria,
sample preparation, sealing techniques, measurement
geometry setups, calibration methods performed, and
corrections applied.

The most common method implemented for NORM
analysis was high-resolution gamma-ray spectrometry
(HRGS) [10]. This technique allows the determination
of almost all gamma-emitting radionuclides present in
a sample. However, to date there are no standard-
ized procedures for the evaluation of NOR in NORM
based on the above radiometric technique, except the
more generic procedures described in ISO 18589-3
[11]. A European Standard CEN/TS 17216:2023 on
the application of HRGS for radiological analysis of
building materials is currently under development. This
standard is specifically developed for the determina-
tion of 226Ra, 232Th and *°K in construction prod-
ucts. Other radiometric techniques that are used for
NORM analysis include alpha spectrometry and LSC
after radiochemical separations. While these methods
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are generally not widely applied for routine measure-
ment of NORM samples, they are well recognized.
Therefore, they were included in this ICE to allow for
a comprehensive intercomparison.

Materials and methods
Sample materials

The production of phosphate fertilizer is the primary
activity of the phosphate industry accounting for the
vast majority of global phosphate production. Phos-
phate deposits contain calcium and phosphorus, mainly
as tricalcium phosphate Caz (POy4); [12, 13], as well as
NOR at a trace or ultra-trace level. The main radionu-
clides contributing to external gamma radiation expo-
sure are 214Pb and 2'*Bi from the 233U decay series, as
well as 228 Ac, 212Pb and 29871 from the 232Th decay
series. Overall, the activity concentrations in currently
exploited POs range from 0.1 to 3 Bq/g for radionu-
clides in the 238U decay series and from 0.1 to 0.4 Bq/g
for radionuclides in the 232Th decay series [13].

Phosphogypsum is generated as a by-product of the
phosphoric acid-based fertilizer industry, consisting of
a CaSO4-2H,0O matrix [14]. During the production
process, the different radionuclides released from the
raw material follow either the phosphoric acid or the
generated by-product, according to their respective ele-
mental chemical behaviors [15]. Uranium present in the
phosphate rock solubilizes and goes into the phospho-
ric acid fraction whereas radium is co-precipitated with
the PG, which is usually stored in land surface areas
close to the processing plants. Phosphogypsum proper-
ties, in terms of density, strength, compressibility and
permeability, depend on the source of the phosphate
rock, the reaction conditions in the attack tank, and
on the deposition, age, location, and depth of the PG
within the stack. As such, the moisture content can
range from 8% to 30%, depending on the properties
of the material [13]. The 238U activity concentrations
are mostly below 0.1 Bg/g, however, higher values may
occur due to lower recovery levels of phosphate in the
attack tank. The activity concentrations of 226Ra and
its progenies are expected to range from 0.2 to 3 Bg/g,
for material derived from sedimentary PO, and to be
lower than 0.7 Bg/g for material derived from igneous
ore [13, 16]. It is also evident that activity concentra-
tions vary between stacks and between different levels
in stacks, depending on factors such as age and source
rock characteristics [13].

Sample preparation

A joint ICE was organized within IAEA’s technical
cooperation project RER/9/155 focusing on the deter-
mination of radionuclides in NORM samples aiming to

improve measurement capabilities in the region [17].
Within the context of the ICE, ~20 kg of raw mate-
rial of PO and PG were collected from a phosphoric
acid production unit in Greece. The materials were
homogenized, and subsequently, a sieve shaker was
used to separate the particles with diameter lower than
2 millimeters. The moisture content of each material
was assessed by drying a representative portion of
the samples and measuring their weight before and
after oven drying. The final dry weight was measured
after at least 15 hours of oven drying at 80°C. The
moisture was calculated as 1.30 £ 0.01% for PO and
28.70 £+ 0.28% for the PG sample. Subsequently, the
bulk materials were homogenized again and subdivided
into 40 samples each.

The methodology for homogeneity testing followed
ISO [9]. The procedure was performed at EEAE by
measuring two portions of each sample using a low
background gamma-spectrometer consisting of a Broad
Energy Germanium (BEGe) detector with a relative effi-
ciency of ~50%, a Digital Signal Analyzer (DSA1000)
and gamma-spectrometry software installed in an inter-
connected computer. For both materials, the chosen
measurand for the homogeneity check was the radioac-
tivity of the natural gamma-emitting radionuclides in
each aliquot, expressed as gammas counted by the
gamma spectrometry system. Amongst all the gamma
lines recorded in each spectrum and the possible com-
binations of their net areas, the sum of the three net area
counts of 186, 609, and 1764 keV peaks was utilized
for the homogeneity assessment. This combination was
chosen on purpose, aiming to reduce the uncertainty
of the results, due to its relatively better counting
statistics (higher sum values). The measurements were
performed under identical high repeatability conditions
and lasted 3 hours each. According to the between-
sample standard deviations (s;), which were determined
through the spectrometric analyses’ results, the PO
samples were deemed homogenous within 7.5%, while
the PG samples were considered as homogenous within
15%. The observed inhomogeneities were reasonable
for well-prepared ICE test items consisting of NORM.
Moreover, in this ICE, since it was decided before-
hand the inhomogeneities to be included in the stan-
dard deviation for proficiency assessment (opr) for
each radionuclide and material (see §2.4), the criterion
ss < 0.3-0 pr for acceptability of homogeneity could be
relaxed [9].

Finally, after assuring the sufficient homogeneity of
the test items, samples were prepared and packed by
the EEAE under the auspices of IAEA (Fig. S1). Each
sample was given a specific code and then distributed
to participants, during the Regional Workshop on
Radioanalytical Characterization of NORM samples,
which was held in Athens in July 2022 (IAEA
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ME-RER9155-2201679). A total of 80 samples were
originally distributed amongst 35 laboratories from
25 countries. Of these, only 31 laboratories from
21 countries reported their results. The list of the
officially designated participants who participated
in this ICE is presented as supplementary material
(Appendix S1, Table S1). Laboratories were informed
of their individual performance during the Regional
Workshop on Evaluation and Finalization of Intercom-
parison Exercise on Radioanalytical Characterization
of NORM Samples, held in Ankara in July 2023 (IAEA
ME-RER9155-2301382).

Methodology

Laboratories were requested to analyze both samples
and determine the activity concentrations of *0K
and radionuclides from the 238U, 233U and 232Th
decay series, expressed in Bg/kg dry mass. The esti-
mated activity concentration value for each identified
radionuclide had to be reported accompanied by its
combined standard uncertainty and the respective min-
imum detectable activity concentration (MDA), to form
a metrologically complete result [18]. Laboratories
were also asked to provide details on the uncertainty
budget components. The radionuclides under reporting
were the participants’ free choice and were not
limited to the long-lived parent ones. Furthermore, no
requirements on the sample preparation, measurement
protocol or type of radiation detection were imposed.
Laboratories were free to use their own routine
protocols and procedures, and any of the facilities or
equipment they had at their disposal.

Along with the samples, a questionnaire was dis-
tributed to all participating laboratories to obtain rel-
evant information about their methodology. Details
were asked on the sample preparation, such as sample
drying/processing, details of the container, including its
sealing and waiting time prior to gamma measurement.
For the sample’s measurement, details on the applied
detection technology, the calibration, and any relevant
corrections (e.g. true coincidence summing and self-
absorption) were asked, as well as on counting time
and data analysis. Information about the application
of standardized methods, the available quality man-
agement system (QMS) and their ISO accreditation
status were also requested. After receiving the sam-
ples, the participants had four months to report their
results.

Performance evaluation

Laboratories’ performance evaluation was based on
the comparison of the results with a consensus value
estimated from participants’ results. The consen-
sus or assigned value (xpy) for each radionuclide

Karfopoulos et al.

corresponded to the robust average (x*) that was
calculated according to Algorithm A in ISO [9].
This algorithm consists of an iterative computational
procedure that excludes outliers and is terminated
when no changes occur in the third significant figure
of the robust mean (x*) and robust standard deviation
(s*), simultaneously [9]. To optimize the assigned values
and their uncertainties, some participant results were
excluded from the dataset used as input in Algorithm A,
based on three criteria of reliability. Firstly, results with
a measurand’s value below two times the MDA were
excluded since they could be substantially inaccurate,
due to the fact that below this level, the results are
expected to suffer from a standard uncertainty higher
than 20%, approximately, when probabilities of the
error of the first and second kind are o = 8 = 0.05, as is
usually the case in ionizing radiation metrology [10, 18,
19]. Secondly, metrologically incomplete results (e.g.
not containing the MDA values) were excluded, since
they could not be checked against the first criterion.
In fact, the absence of the MDASs’ assessment and
reporting could be an indication of an insufficient QMS
in the respective laboratory, a limited participant’s
experience in the method(s) applied, or of the use of a
newly introduced or unvalidated analytical procedure,
all of which could compromise analytical quality and
negatively impact the corresponding results. Lastly,
given the high moisture content of the PG sample,
the activity concentrations -expressed on dry mass
basis—reported by participants with unacceptable
performance in moisture determination (z score > 3),
were expected to be strongly biased. Hence, these
results, as well as the results of the laboratories that
did not assess or report moisture, were excluded
from the computation of the assigned values for the
concentration of radionuclides in PG. The range of
measured moisture content of the PO sample was
very narrow, averaging 1%, which demonstrates that
the material stability was commendable during the
course of the ICE. Thus, the impact of moisture
on the computation of the assigned values was
considered negligible even when the results of a few
participants who did not report or apply corrections
for dry mass were included. It is also worth noting
there were no unacceptable performance among the
laboratories which provided an estimation of moisture.
Ultimately, <35% of the results were excluded upon
the application of the three reliability criteria listed
above. The validation of this optimization procedure
is presented as Supplementary Material (Appendix S2
and Table S2).

After optimization, using the output of Algorithm
A and considering p as the number of results used to
compute xpr and s*, the uncertainty of the assigned val-
ues, u (xpr), was calculated according to the following
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equation:

u (xpT) =1.25- % (2)

According to ISO [9], the standard deviation for
proficiency assessment (opr) should be limited when
the robust standard deviation is either very small or
very large. These limits must ensure that an acceptable
performance score is obtained when measurement error
is fit for the most challenging intended use while also
ensuring that the results unfit for purpose receive an
action signal. In this ICE, the following limiting criteria
were applied for opr:

OpT =

significant difference (at the 95% confidence level)
between the activity concentrations of the 238U decay
series’ radionuclides indicates secular equilibrium was
established in PO. On the contrary, equilibrium was
disturbed in PG, given the assigned values for 233U and
234Th were significantly lower than the values for their
progenies (226Ra, 214Pb, 214Bi, and 219Pb). Established
secular equilibrium in the 232Th decay series was also
evident in the PO confirming the finding from 238U
series, whereas in PG, the assigned value for 232Th
tended to be lower than the assigned values for its
progenies (228Ra, 228 Ac, and 228 Th) but not statistically
different. The lower assigned value for 232Th

s*,when u (xpr) < s* < xpT - \/u(a)2 + u(h)2 + u(i)?

XpT - \/u(a)2 + u(//J)2 + u()), when u (xp7) < xpT - \/u(a)2 + u(//J)2 +u()? < s*

(3)

Here u(a) is the maximum relative standard uncer-
tainty expected from radioanalytical techniques, u(h) is
the relative uncertainty related to the heterogeneity of
the moisture content among samples during the course
of the ICE, and (i) is the uncertainty component due to
inhomogeneity of the samples (7.5% for PO and 15%
for PG). A u(a) value of 20% was established for both
samples based on two empirical facts. Firstly, the vari-
ability of the normally distributed results from a group
of highly competent radioanalytical laboratories is usu-
ally smaller than 20%. Secondly, radiometric methods’
relative standard combined uncertainties and biases are
almost always lower than 20% when (i) measurement
duration is long enough; (ii) the equipment used is
appropriately calibrated; (iii) the measurand’s value is
higher than two times the MDA; and, in general, (iv)
all the analytical procedures are well performed fully
following a thoroughly evaluated laboratory protocol.
A u(h) equal to 0.5% for PO and 10% for PG was
calculated. The wide range of moisture values reported
during the ICE especially for the latter material, sug-
gests that either moisture was not stable during the ICE,
or the procedures for estimating this parameter were
not consistent among the participants. After combining
the above uncertainty components in quadrature, the
limiting factor in equation (3) became 21% for PO and
27% for PG.

Table 2 shows the assigned values (xp7), their uncer-
tainty, s* and opr for the PO and PG. In general, the
estimated assigned activity concentrations were higher
for PO, whereas the relative standard uncertainty
was higher for PG. The absence of a statistically

u (xpr) , when xpr - \/u(a)2 + u(b)2 + u(i)? < u (xpy) < s*

stemmed from two reported activity concentration val-
ues of 5.6 Bq/kg which resulted from the application of
the much more specific alpha spectrometry technique.
These two results further suggest disequilibrium within
the 232Th decay series in PG, as is the case within 233U
series. Given the high probability of disequilibrium
and the lack of information regarding the production
date of PG, participants should only have reported
results for 232Th and 238U if they were obtained by
alpha spectrometry techniques. However, only two
out of 13 participants reported alpha spectrometry
results for 232Th and one out of 11 for 238U. Thus, the
assigned values for 232Th and 233U in PG likely include
a common bias and may deviate significantly from
the true activity concentrations. Nevertheless, opr and
u (xp) were found to be high enough and they may
cover the potential common bias of those two assigned
values.

Laboratories’ performance was evaluated through z
scores (Equation 4) for trueness and zeta (¢) scores
(Equation 5) for compatibility:

Xi — XpT
= —"——— (4)
opT
Xi — XpT

(5)

¢i=
Vu? (xj) + u? (xpr)

Where x; and u (x;) are the participant’s reported
result and (combined) standard uncertainty, respec-
tively. According to ISO [9], when the uncertainty of
the assigned values is higher than 0.3 - opr it cannot be
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Table 2. Assigned values as the robust average (xpr = x*), assigned value uncertainty, u(xpr), robust standard deviation (s*), and the
standard deviation for proficiency testing (opr) for the PO and PG samples in Bg/kg (dry mass).

Analyte of Phosphate ore sample Phosphogypsum sample

interest (results in Bq/kg dry mass) (results in Bq/kg dry mass)

(NOR) Xpr u(xpr) s* opT XpT u(xpr) s* opT
40K 30.7 2.1 7.3 6.6 15.1 2.3 5.5 41
235y 28.8 1.3 4.1 4.1 3.09 0.89 2.0 0.89
238y 550 53 146 118 47 10 19 12
234Th 570 59 133 122 33.4 2.5 4.8 4.8
226Ra 539 24 93 93 348 14 47 47
214pp 522 24 58 58 335 23 53 53
214B;j 524 25 60 60 339 23 53 53
210pp 446 56 180 95 316 16 46 46
232Th 43.6 2.4 6.5 6.5 24.8 9.0 19 9.0
228Ra 47.7 2.1 4.4 4.4 36.4 3.5 7.4 7.4
228 A¢ 45.8 1.2 3.1 3.1 32.9 2.1 4.7 4.7
228Th 52.9 43 9.1 9.1 30.8 5.7 12 8.3
212pp 47.3 1.4 3.5 3.5 19.26 0.74 1.7 1.7
2081 20.1 2.0 5.1 43 8.6 1.1 2.7 2.3

deemed negligible and the use of z” scores instead of z
scores is recommended:

2= _ X TXPT (6)

Vopr? +u? (xpr)

Absolute results of these metrics lower than or equal
to 2 were considered acceptable (A). Results higher
than 2 but lower than 3 were given a warning sig-
nal (W) and results higher than or equal to 3 were
marked as unacceptable (N). Repeated warnings (W)
for a participant signal the need for further investiga-
tion towards possible optimizations in the method(s)
applied and/or equipment setup, etc., while unaccept-
able results point out that extended corrective actions
are required.

An evaluation of participants’ performance regard-
ing precision was also attempted using the results of
those metrics and considering the criteria described
below. On one hand, a combined uncertainty #(x;)
is consistent with an observed deviation x; — xpT
and could be considered correctly defined when |
¢i | < 3. On the other hand, an absolute ¢; below
3 could stem from a severely overestimated u(x;),
i.e. when u(x;) > 1.5-s* or in its more generic form
u(x;)/x; > 1.5-s*/xpr. For u(x;) to be neither overes-
timated nor underestimated severely, the conditions:
I ¢; | < 3 and u(x;))/x; < 1.5-s*/xpr should be
fulfilled simultaneously. The precision can be deemed
acceptable (A) when one of the following cases is true:

i) 1¢; | <2 when u(x;)/x; < opr/xpT;

i) 1¢; 1 <2 when opr/xpr < u(x;)/x; < 1.5-s*xpr
and x; < 2-MDA, or
i) 2 <l¢;l<3whenopp/xpr <u(xi)/x; <1.5-s*/xpr
and x; < 2-MDA.
A warning signal (W) is given for precision in the
following situations:

1) if 2 <1 ¢ | < 3 when x; > 2-MDA and
opr/xpr < u(x;)/x;j < 1.5-s*/xpr;

ii) when u(x;) is slightly underestimated or over-
estimated, i.e. if either 2 < | ¢; | < 3 when
u(x;)/x; < opr/xpr,orl ;| <2 when x; > 2-MDA
and o pr/xpr < u(x;)/x; < 1.5-s*/xpr, respectively.

Finally, having the evaluation outcomes regarding
trueness and precision of a reported result, a conclusion
about its accuracy can be drawn [21]. Accuracy can be
deemed acceptable (A) safely when trueness is accept-
able, and precision is rated as “A” or “W”. A warning
signal (W) for accuracy is generated when trueness is
acceptable, but precision is unacceptable (N), or when
trueness received a “W?, irrespective of precision score.
Accuracy is deemed unacceptable (N) when trueness is
unacceptable, irrespective of the precision score.

Results

Two samples (PO and PG) were distributed to the
participants. Overall, 31 laboratories reported results
for 40K, 233U, members of the 238U decay series (238U,
234Th, 226Ra, 214Pb, 214Bj and 219Pb) and of the 232Th
decay series (232Th, 228Ra, 228 Ac, 228Th, 212Pb, and
208T]). Most were determined through HRGS. Three

£00seou/pdi/ge0L 0L /BIoT1op//:sdny - ady



Results of the joint IAEA/EEAE intercomparison exercise

laboratories reported results obtained applying alpha
spectrometry directly for 23U, 238U, 232Th, 228Th
and #2°Ra and one laboratory reported a 22°Ra result
determined by LSC. The full results and a summary
of the methodologies and procedures are presented as
supplementary material (Appendix S3, Table S3). An
overall assessment of the results is presented in section
3.1. and a more detailed assessment in section 3.2.

Overall assessment

The variability of the activity concentration of NOR
is illustrated in Fig. 3. Activity concentrations of all
radionuclides are higher in PO compared to PG. This
is particularly evident for 23°U, 233U and 23*Th, which
differ in activity concentration by one order of mag-
nitude between the samples. In PO, the members of
the decay series of 238U present a similar distribution,
with median, first and third quartiles values consistent
with each other. The same conclusion can be drawn for
members of the 232Th decay series apart from 298T1,
In PG, median 238U and 234Th activity concentrations
are significantly lower than the activity concentration
of their progenies. Hence, equilibrium in the 233U decay
series cannot be assumed as established. The median
activity concentrations are also less consistent between
members of the 232Th decay series when compared to
PO. The median 298TI activity concentration averages
37% of the median activity concentration of its parents
for PO, and 27% for PG, resembling the decay branch-
ing ratio of 212Bi to 298T1 (see Fig. 2). The medians are
generally close to the assigned values (Fig. 3).

A summary of the performance evaluations of lab-
oratories is presented in Tables 3 and 4. For PO, the
percentage of accepted reported results ranged from
73% to 100% for trueness evaluations (z” or z), from
52% to 89% for compatibility evaluations (¢), and
from 38% to 78% for precision (Table 3). For PG,
the percentage of accepted results ranged from 53%
to 92% for trueness, from 52% to 91% for compat-
ibility, and from 27% to 91% for precision (Table 4).
The percentage of accepted results by radionuclide in
PO was almost always equal to or higher than the
percentage of accepted results for the same analyte in
PG, implying that laboratories had more difficulties
assessing radionuclide concentrations in PG. Nonethe-
less, a good overall performance of laboratories was
observed, given the percentage of warning and action
signals is generally below 40% and the fact that,
totally, more than 70% of the results were accurate
(Tables 3and 4, Figs. S2 and S3).

Higher acceptance rates and lower unreported rates
in both samples were observed for 4°K and NOR
from the 233U decay series, which suggest laboratories
had less difficulty determining these radionuclides

compared to the members of 232Th series, whose con-
centration was relatively low (close to the levels com-
monly found in soils). Moreover, the scores of accepted
precision evaluation results were almost always worse
than the accepted z” or z scores, indicating the lab-
oratories had more difficulty assessing the combined
uncertainty of their results than to determine the mea-
surand values with sufficient trueness. The above are
also supported by the overall distribution of evaluation
scores by participant group for both samples (Tables 3
and 4).

The comparison of accredited and unaccredited lab-
oratories shows that the performances regarding true-
ness of their results are equivalent (Tables 3 and 4).
On the other hand, the results of the non-accredited
laboratories were found substantially better in terms
of precision compared to the results of the accredited
ones, since for the PO 71% of the non-accredited
laboratories’ results are of acceptable precision whereas
the performance of the accredited ones is only 54%,
and the respective scores for PG are 64% for non-
accredited laboratories compared to 55% for accred-
ited ones.

Detailed intercomparison exercise results
Moisture

The reported moisture content (%content on a wet
mass basis) ranged from 0% to 2.1% for PO, with a
mean of 1% and assigned value 1.01 + 0.12%. The
moisture reported for PG ranged from 0.1% to 39.9%
with a mean of 22% and assigned value 25.5 &+ 1.9%,
which agrees with the values recorded in literature
[13]. Nearly all laboratories, except seven participants
(namely #6, #9, #13, #16, #19, #29, and #34) who did
not report moisture, had an acceptable performance
regarding PO (Fig. 4). For PG, five laboratories (namely
#9,#13,#19,#29, and #34) did not report the moisture
content; from the reporting ones three had unaccept-
able results (#14a, #14b, and #27), while the others
performed generally well.

Potassium-40

Twenty-nine 4K results were reported for PO and
23 for PG. The reported activity concentration ranged
from 6 to 226 Bq/kg for PO with a mean of 39 Bg/kg,
and from 5 to 248 Bg/kg for PG, with a mean of
34 Bq/kg, whilst the assigned activities are 30.7 + 2.1
and 15.1 £+ 2.3 Bqg/kg respectively. The lower num-
ber of reported results for PG as well as the slightly
worse performance of the reporting laboratories can be
attributed to the lower activity concentration of 4°K in
PG compared to PO (Fig. 5). In fact, some participants
were not evaluated, since they correctly reported the
result as below their detection limit or, equivalently,
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Table 3. Summary of the performance evaluations of the laboratories’ results for the PO sample. A — Acceptable; W — Warning signal;
N — Not acceptable.

Analyte  Non- Phosphate ore sample — Normalized evaluation scores
I:];));n(rizl)g Trueness Compatibility Precision Accuracy

A w N A w N A w N A w N
40K 6.5 83 3 14 72 10 17 62 17 21 79 7 14
235y 48 94 6 0 89 6 6 78 17 6 94 6 0
238y 55 87 0 13 67 20 13 67 20 13 80 7 13
2341 68 80 0 20 60 10 30 60 10 30 70 10 20
226Ra 10 83 3 14 62 3 34 62 3 34 66 21 14
214pp 52 87 0 13 73 7 20 73 7 20 80 7 13
2144 52 87 0 13 60 13 27 53 20 27 73 13 13
210py, 35 81 19 0 52 29 19 38 43 19 81 19 0
2327 58 100 0 0 86 7 7 71 21 7 93 7 0
228Ra 74 100 0 0 88 13 0 75 13 13 88 13 0
228 ¢ 52 80 13 7 73 7 20 47 13 40 60 33 7
28Th 71 100 0 0 78 22 0 67 33 0 100 0 0
212py, 52 80 13 7 67 20 13 40 27 33 60 33 7
2081 52 73 7 20 67 7 27 60 7 33 67 13 20
Participant group Phosphate ore sample — Distribution of evaluation scores
Accredited labs 87 7 6 67 13 20 54 20 26 73 20 6
Not accredited labs 84 2 14 74 9 16 71 13 16 82 4 14
Entire population 86 5 9 70 12 18 60 18 22 77 14 9

Table 4. Summary of the performance evaluations of the laboratories’ results for the PG sample. A — Acceptable; W — Warning signal,
N — Not acceptable.

Analyte  Non- Phosphogypsum sample — Normalized evaluation scores
reporting
labs (%)  Trueness Compatibility Precision Accuracy

A w N A w N A w N A w N
40K 26 74 9 17 70 13 17 57 22 22 74 9 17
235y 61 86 0 14 86 7 7 71 21 7 86 0 14
238y 65 91 9 0 91 9 0 91 0 9 91 9 0
234Th 71 78 11 11 78 0 22 67 0 33 67 22 11
226Ra 10 76 7 17 52 21 28 48 24 28 72 10 17
214pp 52 73 7 20 67 7 27 67 7 27 67 13 20
214g; 52 73 7 20 67 0 33 67 0 33 67 13 20
210pp 35 81 14 5 62 0 38 52 5 43 57 38 5
232Th 61 92 8 0 77 15 8 77 15 8 92 8 0
228Ra 74 88 0 13 75 13 13 75 13 13 88 0 13
228 A¢ 52 87 0 13 67 13 20 47 13 40 60 27 13
228Th 68 90 0 10 70 20 10 70 20 10 90 0 10
212py, 52 53 7 40 60 0 40 27 20 53 47 13 40
208 52 67 20 13 60 13 27 47 13 40 60 27 13
Participant group Phosphogypsum sample — Distribution of evaluation scores
Accredited labs 79 11 10 64 13 23 55 14 31 69 21 10
Not accredited labs 76 1 22 75 4 21 64 13 22 75 3 22

Entire population 78 8 15 68 10 23 59 14 28 71 15 15
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Fig. 3. Box-and-whiskers plots of massic activity concentration of NOR (in Bg/kg) by material. the assigned values for each radionuclide

are indicated by an x cross.

reported only the detection limit, which was compara-
ble to the assigned value. Trueness, compatibility, and
precision of 18 out of the 23 laboratories received an
“A” or “W” score for PG, and of 23 out of the 29 labo-
ratories for PO, advocating for their ability to properly
assess *OK activity concentration and its uncertainty
with easiness. Two laboratories (namely #14a and #16)
grossly overestimated 4K activity concentration and at
the same time did not estimate its uncertainty correctly
in both materials, while four more (#14b, #26, #29 and
#34) reported inaccurate *°K results for only one of the
samples.

Uranium-235

Eighteen results were reported for PO and 14 for PG.
The reported activity concentration ranged from 20 to
36 Bq/kg for PO, with a mean of 28 Bq/kg (assigned
activity 28.8 + 1.3 Bg/kg), and from 1 to 68 Bg/kg
for PG, with a mean of 8 Bq/kg. The lower activity
concentration of 233U in the PG material justifies both
the lower number of results reported for this sample

and the worse performance of the reporting labora-
tories, as the assigned value (3.09 £+ 0.89 Bq/kg) is
comparable to the MDA values reported by the par-
ticipants. Most of the results which were determined
through alpha spectrometry were found equivalent and
close to the majority of gamma spectrometry results
as well as to the assigned values (Fig. 6). The trueness
score of all reporting laboratories except one (#22
which received a warning signal) was acceptable for
the PO sample, whereas two laboratories (#29 and
#35) provided unacceptable results for the PG sample
against 12 ones which received an “A”. Similarly to
40K, precision scores were generally worse than the cor-
responding trueness performances for both materials.
Finally, apart from three laboratories, the remaining
reporting participants met the expected performance
for 235U, determining this radionuclide with satisfac-
tory accuracy.

Members of the Uranium-238 decay series

Apart from 22°Ra, the z” and ¢ score plots for the mem-
bers of 238U decay series are attached as supplementary
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Fig. 5. Z" and ¢ scores for 40K by participant for the PO and PG samples. Refer to the caption of Fig. 4 for a description of the line

patterns used in z” and ¢ score plots.

material (Figs. $4, S5, S6, S7, S8). Laboratories reported
238(J activity concentration ranging from 11 to 10 850
Bg/kg for PO and from 14 to 67 Bq/kg for the PG.
Considering that the assigned value of 238U for PO is
550 Bg/kg, one laboratory (namely #34) reported a
result 20 times higher than the “target” value. The
same laboratory also overestimated severely the
activity concentration of 23*Th and 22°Ra in both
samples. This was prob-ably due to reporting in time-
integrated counts or in a unit system other than the
widely adopted Inter-national System of Units (SI),
despite  instructions to report the activity
concentrations in Bg/kg. Accuracy (trueness and
precision) was acceptable for 22 out of 26 238U results
reported for both materials. Two laboratories (namely
#9 and #10) received a warning signal, and another
one (#16) provided highly underes-timated measurand
and uncertainty values for one of the samples.

The reported activity concentrations for 234Th
ranged from 45 to 612 Bg/kg for PO and from 22
to 41 Bg/kg for PG (excluding the abnormal results
from laboratory #34). For both samples, three results
from two laboratories (namely #6 and #34) had

unacceptable trueness and precision. A third laboratory
(#13) had one acceptable and one warning score for
trueness, but the corresponding reported uncertainty
was significantly underestimated for both materials,
leading to one warning signal and one unacceptable
¢ or precision score. Two more laboratories provided
results of acceptable trueness, but one of them (#5)
underestimated the uncertainty and the other (#22)
overestimated it at an unacceptable level, for only one
of the samples.

Twenty-nine results were reported for 22°Ra in each
sample (Fig. 7). The reported activity concentrations
ranged from 351 to 1096 Bg/kg for PO and from
119 to 1245 Bg/kg for PG (excluding laboratory
#34). Four laboratories (namely #14a, #14b, #19,
and #34) overestimated 22°Ra activity concentration
in PO by a factor of ~2, which may suggest an
oversight of the interference of 22°Ra and 235U
186 keV gamma-lines, leading the laboratories to
attribute the measured signal entirely to 22°Ra activity.
Laboratory #14b confirmed the incorrect 186 keV
counting-data handling in the questionnaire, and the
other three did not respond to the question. In PG,
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Fig. 6. Z" and ¢ scores for 235U by participant for the PO and PG samples. Refer to the caption of Fig. 4 for a description of the line

patterns used in z” and ¢ score plots.

apart from the highly overestimated results from
laboratories #29 and #34, the other five remarkable
deviations from the assigned value correspond to an
underestimation of 22°Ra activity concentration by
laboratories #5, #9, #14a, #14b and #23. From these,
laboratory #14b reported a void space above the
sample material in the measurement container, and
laboratory #9 assessed 22°Ra through its progenies
after only 7 days upon sealing of the container.
Thus, the negative bias in their results indicates lack
of secular equilibrium establishment between 226Ra
and its progenies within the volume of the aliquot.
Most laboratories correctly estimated the measurand
values for both samples, but the performance scores
worsened significantly when the precision of the
results was considered. This attests to the general
finding (§3.1) that laboratories had greater difficulty
assessing the uncertainty of the measurand values
rather than estimating these values with sufficient
trueness. Positive biases were less common than
negative biases, which may stem from lack of secular
equilibrium establishment in the 22°Ra subseries,

as most laboratories determined 226Ra through its
progenies. It is also noted that alpha spectrometry
and liquid scintillation results were equivalent but not
compatible to the gamma spectrometry results, with
acceptable trueness but unacceptable precision due to
uncertainty underestimation.

The reported activity concentration for 214Pb ranged
from 59 to 598 Bg/kg for the PO and from 19
to 550 Bg/kg for PG. Bi-214 activity concentration
was within a similar range for both materials (39 to
598 Bg/kg for the PO, and 13 to 672 Bg/kg in the PG).
Most of the unacceptable results had negative bias,
which may stem from the absence of equilibrium in
the 22°Ra subseries. This was evident in the results
of participants #14a and #14b for PG, and #14a and
#29 for PO that received action signals according to
the respective z”, ¢ and precision scores. Similarly to
other NOR, laboratories’ performance dropped when
the precision of the results was considered in addition
to the other performance metrics.

The reported 2!9Pb activity concentration ranged
from 126 to 670 Bg/kg for PO and from 179
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Fig. 7 Z and ¢ scores for 226Ra by participant for the PO and PG samples. Refer to the caption of Fig. 4 for a description of the line

patterns used in z and ¢ score plots.

to 768 Bqg/kg for PG. Alpha spectrometry results
(determination through 21°Po assuming equilibrium)
were equivalent to those of gamma spectrometry.
Trueness of the results was generally acceptable,
despite the objective complexity in the determination
of this radionuclide due to the low energy of emitted
photons and the relatively strong self-absorption
phenomenon in NORM. Laboratory performance
worsened significantly when the reported uncertainty
was considered for the overall evaluation, as 13 out
of 21 laboratories either received a warning signal for
precision or had unacceptable precision scores for the
PO, and 10 out of 21 for PG.

Members of the Thorium-232 decay series

Apart from 232Th (Fig. 8), the z” and ¢ score plots for
the members of 232Th decay series are presented as
supplementary material (Fig. S9 to S13). The reported
232Th activity concentrations ranged from 36 to
52 Bg/kg for PO, and from 6 to 53 Bg/kg for PG.
The range of the activity concentrations reported for
the remaining members of 232Th decay series in PO
was similar to that of 232Th (25 to 63 Bq/kg, overall,

excluding 208T1). The respective reported activity
concentrations in PG ranged from 5 to 272 Bq/kg.
The variability of the results and their biases from
the assigned values were systematically higher for the
PG sample, where disequilibrium within the series
due to the PG production procedures was empirically
expected and, eventually, seems to exist with high
probability (see §2.4 and 3.1).

Overall, the performance of the participants on the
determination of 232Th series’ members was assessed
for 76 results reported for each material. The activity
concentrations in PO were estimated with sufficient
trueness, as only five results were unacceptable and
another five received a warning signal. For PG, the most
biased results were those of 208Tl and 2!2Pb. About
12 results were unacceptable in terms of trueness,
five received a warning signal and the remaining
were acceptable. From the above it can be concluded
that the radiological characterization of PG was
more difficult. The poorer performance could stem
from incorrect handling of the equilibria between the
subseries, the relatively high moisture content of PG,
instability of the moisture content during the ICE,
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Fig. 8. Z" and ¢ scores for 232Th by participant for the PO and PG samples. Refer to the caption of Fig. 4 for a description of the line

patterns used in z” and ¢ score plots.

inconsistent methods for moisture determination
among the participants, or inadequate consideration of
these factors for the computation of the radionuclides’
activity concentrations on a dry mass basis, all of
which causing a higher variability of the results. Of the
152 reported activity concentrations for radionuclides
in the 232Th decay series, ~67 (44%) were deemed
imprecise as they received “N” and “W?” ratings for
precision. Therefore, the previous issue regarding the
correct estimation of the combined uncertainties occurs
for members of the 232Th series too.

Activity concentration index |

The assigned value index I (Ipr), its uncertainty u(Ip)
and o pt for PG were calculated with equation (1) using
the assigned values for 40K, 228 Ac, and 22°Ra, as well
as their uncertainties and the corresponding opr in
quadrature. Note that there was no instruction for the
participants to report I. Hence, the organizer calculated
the potential results of index I; for PG, for each labora-
tory. In the absence of a reported result for 232Th, 228Ra
activity concentration was considered for computing I;,

followed by 228Ac and then 228Th. In the absence of
226Ra, 214Ph, or 214Bi were considered. A null value of
40K was adopted when its activity was not reported.
Since PG is used as a superficial building material, it
can be exempted from all restrictions concerning its
radioactivity if I < 2, therefore E < 0.3 mSv-y~!, while
for I > 6 the annual E would be higher than 1 mSv [20].

The overall pattern of I; is similar to that of 226Ra
activity concentration, due to 22°Ra having the highest
activity concentration among the three radionuclides
considered in the calculation, and thus having the high-
est contribution to I. All laboratories except two (#29
and #34) would be in the position to characterize
PG as exempted with a confidence level >97%, since
the upper limit of the 95% confidence interval of
their result for I was below 2. Laboratory #29 could
conclude that the material is not exempted but the
potential annual effective dose (E) is within the range
0.3-1 mSv-y~! with a confidence level > 97%, as the
lower limit of the 95% confidence interval was higher
than 2 but the upper limit was clearly below 6. Finaly,
laboratory #34 could rate the radiological conformity
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of the PG as not acceptable at a confidence level > 97%
since the lower limit of the 95% confidence interval of
their result for I was significantly >6.

The underlying reason for the variability of Index
I with a clear predominance for a negative bias is
connected to the underestimation of 226Ra activity
concentration by most participants, likely due to lack
of equilibrium between 22°Ra and its progenies within
the aliquot. Index I results higher than 1.644 and lower
than 1.017, accounting for 32% of the participants,
were considered unacceptable or given warning signals
according to z scores (Fig. 9b). Performance according
to ¢ scores was worse, as ~52% of the laboratories
were given warning or action signals (Fig. 9c¢).

Discussion

Measurements were performed by the laboratories
using their routine methodology and procedures as
instructed by the organizer; newly introduced or
even short-term tested/applied procedures were out
of ICE scope and objectives. Consequently, there
was considerable diversity in e.g. sample preparation,
measurement procedures, data processing, etc., which
provides valuable insights into the current laboratory
practice in the region. A summary of these practices is
attached as Supplementary material (Table S3).

Moisture determination

Moisture determination was typically carried by des-
iccation of subsamples with varying masses (ranging
from 2 to 100 g), at different temperature intervals
(ranging from 40°C to 105°C), over designated dura-
tions (ranging from 4 hours to 2 days) or unspecified
periods (e.g. a few hours, overnight, or until a con-
stant mass was achieved). The wide range of moisture
values reported for PG may be justified by the large
variety of these practices, since the dehydration of
PG depends strongly on both temperature and time
(e.g. [22]).

Sample preparation for gamma spectrometry

Certain laboratories filled the gamma-spectrometry
containers directly with the provided samples (#2, #5,
#8, #9, #11, #12, and #19), while others implemented
different procedures, including drying, milling, or
sieving the samples. Many laboratories recognized
the importance of taking actions to achieve the best
possible accuracy and compatibility of the results,
such as filling the measurement containers in a way to
prevent a void air space above the sample matrix where
radon progenies can accumulate [23]. About half of the
laboratories explicitly indicated filling the containers to
maximum capacity or without leaving, by other means,
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any air pocket above the aliquot (#3, #4, #6, #9, #10,
#11, #13, #15, #17, #21, #22, #24, #28, #30, and #40).
For example, participant #24 covered the aliquots’
material surface with a polymer-coated aluminum foil
and filled a sufficiently thick portion of the void volume
with an epoxy resin highly impermeable to radon. On
the other hand, laboratories #2, #12, #14b, #16, #27,
#29, #35, and #38 specified a partial container filling
approach.

The geometry, volume and composition of the
containers were varied, with certain laboratories
employing Marinelli beakers, while others opted for
cylindrical and planar jars (Table $3), featuring mate-
rials such as metal, polypropylene, acrylic, polyvinyl
chloride and polyethylene. Although most container
materials are suitable for gamma spectrometry,
attention to radon diffusion through certain polymers
is necessary to achieve the best possible accuracy of
214pp,, 214B; and 226Ra results as the radon diffusion
coefficients may differ by several orders of magnitude
across different polymers (e.g. [24, 25]). Bonczyk
& Samolej [26] have also suggested that cylindrical
containers are less prone to radon leakage compared
to Marinelli beakers. While the container material
and shape can significantly affect radon permeability,
poor sealing of the container lid is often the main
cause of radon leakage. The questionnaires showed
that homogenization of the sample materials and
sealing of the containers were routine procedures
among participants. Sealing, which is necessary for
226Ra subseries’ equilibrium establishment within the
sample container, included the use of tape, aluminum
foil, polymer-coated aluminum sheet in combination
with epoxy resin, silicone, glue, bee wax, vacuum
grease, parafilm, epoxy resin and a combination of
epoxy resin and varnish. However, it was not clear
if all these sealants and sealing procedures fulfilled
their objective and to what extent, since only five
laboratories (#3, #17, #24, #27, and #40) confirmed
the radon-tightness of their measurement containers
through testing. The positive biases of 214Pb and 2!1*Bi
or *26Ra results reported by these five participants,
indicate that epoxy and silicone-based resin sealants
were less permeable to radon. In fact, this has been
previously demonstrated (e.g. [27, 28]). Unfortunately,
most procedures for testing the radon tightness are
somewhat tedious and time consuming, and therefore
often ignored. It appears that this was also the case in
present ICE. From the participants who did not test
for radon leakage, the highest negative biases for both
samples belong to the two laboratories that used glue
and vacuum grease (#9 and #13), possibly due to the
nature of these sealing materials. This speculation is
supported by the fact that radon is highly soluble in
many organic compounds including greases [29, 30].
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Fig. 9. (a) Results of the index / for PG by participating laboratory and corresponding uncertainty for an expansion factor k = 2. The solid
line at an Index | of 6 shows the limit that could result in a potential effective dose of more than 1 mSv-y~—! whereas the solid line at an
Index | of 2 shows the exemption level (below which E < 0.3 mSv/y). The black dashed and dotted lines correspond to the assigned
value for index /(1.331) and its uncertainty (0.094) for k = 2. (b) Results for z scores. Refer to the caption of Fig. 4 for a description of
the line patterns used in z” and ¢ score plots. Laboratories #16, #29 and #34 obtained an absolute z score >6, which has been
intentionally excluded from complete visual representation to avoid distorting the scale. (¢) Results for ¢ scores. Refer to the caption of
Fig. 4 for a description of the line patterns used in the plot. Laboratories #5, #9, #13, #14b, #16, #23, #29, and #34 obtained an absolute
¢ score >6, which has been intentionally excluded from complete visual representation to avoid distorting the scale. An asterisk after
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the laboratory code indicates 232Th activity concentration was estimated with radiochemical methods involving alpha spectrometry.
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Hence, radon could be adsorbed onto the sealant
outside the sample volume and potentially escape from
the container through it.

The majority of the participants stored the sealed
samples for extended time (ranging from 7 days to
3 months), to attain radioactive equilibrium within
226Ra and 228Th subseries prior to measurement.
One laboratory (#9) determined the activity of 226Ra
through its progenies as many participants did,
however, the period between sealing the container and
measurement lasted only 7 days, fact which could
be one of the possible reasons of underestimation
of radium activity concentration in both materials,
leading to an unacceptable result for PG in terms of
trueness. Most of the unacceptable results for 214Pb
and 21#Bi were also found to have negative biases,
which might be related to the absence of secular
equilibrium establishment, caused by counting the
samples before the required time for parent-daughters
activity equalization, lack of radon-tightness, a void
space above the material aliquot in the measurement
container or a combination of the previous situations.

Sample preparation for alpha spectrometry

Three laboratories reported results determined by
alpha spectrometry (#9, #22 and #38). One of them
spiked their samples with 232U and 22°Th tracers
and performed extraction chromatography (#22),
whereas a second one declared the extraction of
specific radionuclides by radiochemical isolation
without applying any kind of chromatography (#9).
The chemical recovery was >72% in all cases and
counting time ranged from 2000 s to 25 000 s. Their
results were generally equivalent to the respective ones
from gamma spectrometry except for 232Th in the PG
sample. In this case, the activity concentration results
from alpha spectrometry were significantly lower
than those estimated through 232Th progenies using
gamma spectrometry. Given the higher specificity of
alpha spectrometry for 232Th determination, the above
provides compelling evidence that secular equilibrium
within the 232Th decay series was not established
in the PG sample. In cases where equilibrium status
evaluation is difficult and the date of last modification
of a material is unknown or cannot be determined
through Bateman equation [3, 6], laboratories should
not report results for radionuclides such as 232Th, 238U
or 210Po, unless they use alpha spectrometry-based
methods. On these grounds, laboratory #24 did not
report 232Th activity concentration for the PG sample,
since they did not perform a-spectrometry but they
clearly detected disequilibrium between 228Ra and
228Th -i.e. within the 232Th series—through HRGS.
On the other hand, the laboratories that used 232Th
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progenies to assess its activity concentration, signifi-
cantly overestimated 232Th activity concentration in
PG (#2, #4, #9, #10, #19, #20, #26, #27, #28, and
#30). However, unacceptable results (N) for 232Th
were absent, a fact that is related to the common bias
of the 232Th assigned value for PG, since it is likely
that the only accurate results for 232Th were the ones
provided by laboratories using alpha spectrometry (#22
and #38).

Sample preparation for liquid scintillation analysis

One laboratory (#15) performed two-phase LSC to
determine 22Ra in PO. To this purpose, an aliquot
of the sample was digested and dissolved in HNOj;
and water to form an aqueous solution to which a
water-immiscible organic scintillator was added in a
20 ml polypropylene LSC vial (1:1 sample to cocktail
ratio). Ra-226 activity concentration was estimated
through members of the 222Rn subseries partitioned in
the organic phase (Cantaloub, 1997). The result was
acceptable in terms of trueness, but the uncertainty was
severely underestimated and must be revised.

Gamma spectrometry measurement

All the participants performed HRGS using high purity
germanium detectors (HPGe) with variable counting
durations, averaging 169 000 s. Most of the results
obtained with “large planar” detectors were of accept-
able accuracy (87% for PO and 82% for PG). The per-
centage of acceptable results in terms of accuracy when
either “reverse electrode coaxial” or “thin entrance
electrode coaxial” detectors were used was lower (78 %
for PO and 75% for PG) and dropped further when
“standard electrode coaxial” detectors were employed
(to 74% and 69%, respectively). The higher acceptance
rates in terms of accuracy when “large planar” detec-
tors were used, could be attributed to the combination
of the facts that the majority of the participants packed
the aliquots of the two ICE items in cylindrical/planar
sample geometry, while these detectors exhibit opti-
mum spectral characteristics -including their enhanced
energy response—in the energy range that is most
important for the determination of all the y-emitting
NOR in NORM, when samples of such geometry are
counted close to the detector endcap [31, 32].

Calibration

The responses to the questionnaire highlighted a variety
of calibration approaches, involving the use of mate-
rials with known activity concentrations, efficiency
transfer, Monte Carlo simulation, specialized software,
and combinations of the previous methods, equally
split. According to ISO 20042 generic test method for
HRGS [10], all these methods are metrologically sound,
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and therefore acceptable since they can provide equiv-
alent results traceable to the SI. Nevertheless, attention
must be paid to the computational procedures, which
have become increasingly popular but require consid-
erable expertise.

Data processing and assumptions

Most participants (at least 22 out of 31) made assump-
tions on the equilibrium status of the (sub)series for
the estimation of the activity concentration of parent
radionuclides such as 238U, 226Ra, 232Th, 228Ra, and
228Th in the test items. As discussed earlier, for equilib-
rium to become established within some subseries (e.g.
226Ra and 228Th), appropriate sample preparation, a
well-sealed container and sufficient waiting time are
required.

For one of the ICE items or both of them, a few lab-
oratories also referred to the assumptions and method-
ology behind the estimation of *2°Ra and/or 23°U
through the 186 keV y-peak, needed due to overlap-
ping of 22°Ra and 23U, when the activity concentra-
tion of one of these radionuclides was not determined
directly by more specific measurements (e.g. through a-
spectrometry). In this case, the signal due to the activity
of one of the two radionuclides is calculated indi-
rectly and subtracted from the 186 keV area; then, the
remaining net area is used for the determination of the
activity of the second radionuclide: For the determina-
tion of 226Ra, 235U can be calculated exclusively either
(i) through the world average 233U/233U activities’ ratio
and the measured 23#Th activity concentration, assum-
ing equilibrium between 233U and 23*#Th; or (ii) through
the activities of 233U-daughters, assuming equilibrium
within 23U series in the aliquot; or even (iii) through
the weighted mean activities resulting from both (i)
and (ii). Similarly, for the determination of 235U, the
signal in 186 keV peak due to *2°Ra activity can
be calculated exclusively through the activities of its
progenies 214Pb/21#Bi, after equilibrium establishment
for 22°Ra subseries within the sealed aliquot. Most
laboratories determined 226Ra activity concentration
by its progenies only. A few laboratories determined
226Ra exclusively by its 186 keV line (#22, #29 and
#38), whereas others considered both 226Ra progenies
and the 186 keV line (#9, #16, #24 and #40). From
the latter laboratories, one (#16) did not apply any
corrective action to resolve the interference. Most of the
participants who determined 233U through the 186 keV
peak also accounted for the overlap with 226Ra. Only
two laboratories calculated 233U exclusively through
the measured 238U/23*Th activity concentration and
the world average 238U/233U ratio (#13 and #38).

Finally, more than 10 participants stated secular
equilibrium assumptions pertaining to decay subchains
other than 22°Ra and its short-lived daughters, such
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as between 233U and 23*Th, 232Th and 228Ra/228Ac
or 228Ra and all its progenies. About 14 laboratories
reported results for 238U. Thirteen of them determined
238U assuming secular equilibrium with its gamma-
emitting progenies 234Th and 234™Pa, using the 63 keV
and (in a few cases) 1001 keV lines, respectively. One
laboratory (#24) calculated 238U as the weighed mean
of the activities which were measured individually
by the 23*Th gamma peaks at 63, 93 (doublet) and
113 keV (after correction for 227 Th interference). This
participant intentionally avoided to use also the activity
derived by the 1001 keV peak of 234™Pa due to the
high variability found in literature and the still possible
inaccuracy of this line’s intensity values as currently
provided by well-known nuclear data sources [33-35].

In this ICE, 232Th activity concentration was mainly
estimated from its gamma-emitting progenies, consid-
ering the activity concentration of 228Ra, 228 Ac, both
228Ra and 228Th, 228Ac and 2'2Pb and other combi-
nations including 2°TL. It is also worth noting that
most laboratories which reported 228Ra determined
its activity concentration through 228 Ac, given secular
equilibrium between 228Ra and 228Ac is established
within two days after any chemical disturbance. Th-
228 was determined either by direct measurement of
228Th using a-spectrometry or through different com-
binations of its progenies (*!2Pb, 212Bi, 298TI, and
224R,),

Th-232 determination using gamma-spectrometry is
one of the most debated issues in NORM charac-
terization. This nuclide is one of the three parame-
ters considered in the widely used activity concentra-
tion index I for the radiological control of building
materials (see eq. 1). However, as a practically pure
a-emitting radionuclide, 232Th cannot be measured
directly by gamma-spectrometry, but by more specific
radioanalytical techniques, such as alpha spectrometry-
based methods, which are not widely available or cost
effective for regular radiological characterization of
building materials. Hence, 23 Th concentration is usu-
ally estimated using the findings from the short-lived
gamma-emitting progenies of 228Ra and 228Th. When
228Ra and 228Th are in secular equilibrium, a standard
convention is to calculate the activity concentration
of 232Th as the weighted mean of the fully supported
228Ra/**8Ac and 228Th/?12Pb concentrations. How-
ever, when the material has undergone industrial or
chemical processing, the 232Th decay series might be
permanently out of secular equilibrium [36] and the
above convention is no longer applicable. When a reli-
able determination of 232Th is impossible, its activity
concentration in the index I formula can be replaced
by the activity concentration of 228Ra or 228Ac [37].
Ra-228 progenies are the major contributors to the
external radiation exposures from 232Th decay series
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contained in building materials, therefore the above
replacement is justified from a radiation protection
point of view and considered legally acceptable. Alter-
natively, if there is disequilibrium, the activity concen-
tration index I can be calculated using the highest of the
228Th and 228Ra concentrations [38]. The use of 232Th
over 228Ra is justified if its concentration is higher, since
228Ra activity concentration is expected to increase
until it equalizes the activity of its parent nuclide upon
secular equilibrium establishment. Nevertheless, guid-
ance on this matter is welcomed, to ensure consistency
in the assessment of dose from these types of materials.

Quality management system

Nineteen laboratories are accredited for gamma-
spectrometry measurements (Table S3), mostly under
ISO 17025. Two laboratories do not have accreditation
but are authorized/recognized by their country’s
regulatory bodies to perform characterization of
NORM. Of the unaccredited laboratories, five have
implemented a QMS, four do not have one in place
and three did not provide any information on QMS or
accreditation status. Of the participants who reported
alpha spectrometry results, two are accredited and
implementing a QMS.

About 29% of the participants had acceptable accu-
racy for all the results they reported (namely, laborato-
ries #2, #4, #8, #20, #21, #24, #28, #35, and #40). Of
these, three laboratories (33%) are accredited, another
three implement a QMS and the remainder declared
the absence of adherence to such a system. From an
alternative point of view, only 16% of the accredited
participants characterized both materials with suffi-
cient accuracy (regarding all the radionuclides of inter-
est they reported), while, in contrast, this happened
for 50% of the unaccredited laboratories. This could
be caused by a more relaxed behavior of accredited
laboratories due to “proven” analytical quality or to a
greater caution and focus or greater experience of non-
accredited laboratories, thus obtaining better analytical
results. However, the conducted questionnaire did not
provide sufficient evidence to draw conclusions about
these aspects. It is important to note that accreditation
is not mandatory for radiological characterization of
NORM in some of the countries whose laboratories
participated in this ICE. In this context, some labora-
tories choose not to obtain accreditation, as it is an
expensive process, which raises the per-sample analysis
costs for end users and leads to fewer analyses, fail-
ing to adequately address society’s safety needs. The
results obtained in this ICE show that the majority of
the unaccredited laboratories have implemented rigor-
ous quality assurance practices, which allowed them
to obtain good results. Moreover, accreditation alone
should not be considered as indisputable evidence of
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high analytical quality and reliability. Even though
accreditation is acknowledged as playing an important
role towards quality improvement, the performance of
the radioanalytical laboratories in a series of recent
ICEs or PTs, like the ones organized annually by highly
recognized and metrologically reliable entities such as
the TAEA, holds significant importance and value.

Conclusions

The joint IAEA/EEAE intercomparison exercise involved
the radioanalytical characterization of PO and PG
samples by over thirty laboratories. All the laboratories
applied (at least) high resolution gamma-ray spectrom-
etry for the characterization of the samples, showing
different degrees of success in meeting the target
measurands’ values and assessing their uncertainties.
It was observed that laboratories performed generally
well, in spite of applying different practices regarding
sample preparation, sealing techniques, measurement
geometry and calibration procedures. Participants’
performance on the precision of the results was almost
always worser than their performance on trueness and
compatibility, highlighting the need for improvement
on combined measurement uncertainty estimation.
The results highlighted differences in the activity
concentrations of the radionuclides between the two
sample types, with PO generally exhibiting higher con-
centrations compared to PG. The impact of technolog-
ical processing on the state of radioactive equilibria
between the members of each natural series in the
materials was also clearly identifiable through the dif-
ferences in the activity concentrations estimated by the
participants. Disequilibria were evident in the PG ICE
item, while in the unprocessed PO the equilibria were
not disturbed, as was theoretically expected. However,
not all participants in the ICE handled this subject
in an appropriate manner, therefore the present study
focused on these issues with added emphasis. Most lab-
oratories estimated 22°Ra and *32Th activity concen-
trations through the measurement of their short-lived
progenies assuming secular equilibria in the respective
decay series, however, only a few laboratories con-
ducted tests to validate these assumptions. According
to the above, it is clear that, if the assigned values can-
not be provided by external metrologically advanced
entities, their generation based on carefully selected
rational results of a subgroup of participants apply-
ing well documented good laboratory practices, such
as validation tests, is justified and should be always
preferred over the use of the entire results” population.
Considering that the radionuclides directly measured
are not always the ones used for hazard estimation, we
argue that ICEs focused on NORM characterization
based on a two-round exercise seem justified. Firstly,
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participating laboratories would be asked to provide
results for radionuclides directly measured by applying
their routine methodology and procedures and without
additional information about the test sample. These
results would be used for the evaluation of profi-
ciency and accuracy of the participating laboratories.
In a second phase, additional information about the
test sample, such as its history, would be provided to
the laboratories, which would be asked to interpret
their initial results to get information about the long-
lived radionuclides that are not directly measured or
to correct their initial results based on the necessary
assumptions.

Overall, the findings from this IC exercise provide
valuable insights for enhancing laboratory practices
and methodologies in the measurement of NORM,
such as ensuring the homogeneity of the aliquot and
that the equilibrium assumptions made in the determi-
nation of NORs are met (more details are discussed in
the Supplementary material, section A2). These insights
will ultimately contribute to improved quality assur-
ance in radiation monitoring and dose assessment.
Ensuring adherence to established standards is widely
recognized as crucial for maintaining the accuracy and
reliability of NORM analyses. Interestingly, this study
showed that accreditation status does not necessarily
correlate with analytical accuracy, as most of the unac-
credited laboratories demonstrated equivalent or better
performance compared to the accredited ones. Hence,
the present study emphasizes that the performance of
the radioanalytical laboratories in recent proficiency
testing or analytical quality assessment schemes orga-
nized by globally recognized and metrologically reli-
able entities, such as the IAEA, serves as the basic
proof of their current analytical quality and capabil-
ities. This evidence should be legally recognized and
utilized accordingly.
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Supplementary material

Appendix 1 - List of the Official Participants in the Intercomparison Exercise

Table S1. List of the Official Participants in the Intercomparison Exercise.

Laboratory Name

Member State

Gamma Spectrometry Laboratory, Institute of Applied Nuclear
Physics (IANP)

Albania

Environmental Monitoring Laboratory, Armenian Nuclear Power
Plant (ANPP), Armenian Nuclear Regulatory Authority

Armenia

Faculty of Veterinary Medicine

Bosnia & Herzegovina

Radiation Protection Center

Bosnia & Herzegovina

Laboratory, Institute for Nuclear Research

National Center of Radiobiology and Radiation Protection Bulgaria
Institute for Medical Research and Occupational Health (IMROH) Croatia
Radioactivity Lab for Food and Environmental Samples, State | Cyprus
General Laboratory

National Radiation Protection Institute Czech Republic
Environmental Board, Climate and Radiation Department Estonia
Mobile Laboratory, Georgian LEPL Agency of Nuclear and | Georgia
Radiation Safety (ANRS)

Greek Atomic Energy Commission (EEAE) Greece
Nuclear Engineering Department, NTUA Greece
Institute of Nuclear & Radiological Sciences and Technology, | Greece
Energy & Safety, NCSR Demokritos

teleDOS Laboratories SM PC - teleDOS Nuclear Tech Greece
MERL, 10, Hellenic Centre for Marine Research (HCMR) Greece
Department for Radiobiology and Radiohygiene, National Public | Hungary
Health Center

Radiation Protection Centre, Ministry of Health Lithuania
Radiation Protection and Noise Measurement Unit, Podgorica Center | Montenegro
for Ecotoxicological Research

Institute of Public Health North Macedonia
Institute of Nuclear Chemistry and Technology Poland
Earth Sciences Department, University of Coimbra Portugal
Radiation Protection, Environmental Protection and Civil Protection | Romania

State Research Center — Burnasyan Federal Medical Biophysical
Center of Federal Medical Biological Agency (SRC - FMBC)

Russian Federation

Department of Chemical Dynamics and Permanent Education, | Serbia
“Vinca” Institute of Nuclear Sciences

National Institute of the Republic of Serbia, University of Belgrade, | Serbia
Department of Radiation and Environmental Protection, “Vinca”

Institute of Nuclear Sciences

Public Health Authority Slovakia
Regional Authority of Public Health in Banska Bystrica Slovakia
VUIJE Trnava Slovakia
Turkish Energy, Nuclear and Mineral Research Agency (TENMAK) | Tiirkiye
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Supplementary material

Appendix 2 - Validation of the data optimization procedure

To assess the optimization and the impact of excluding data from input in Algorithm A, there
were a few control metrics in place. Firstly, the activity concentration ratios 2!4Pb/?*°Ra and 2!*Bi/**°Ra
are expected to be 1, irrespective of the ?2°Ra determination method (e.g., gamma spectrometry, alpha
spectrometry or liquid scintillation analysis), when a) NORM samples are appropriately sealed in
radon-tight containers; b) the waiting time before gamma-spectrometric measurement is longer than
approximately 30 days; c¢) the quality of the efficiency calibration of the spectrometer for the material
under examination is high; d) all the required corrections are applied during spectrum analysis (e.g.
true coincidence summing) and e) the nuclear data used are critically evaluated, up-to-date and coming
from a reputed source such as LNHB. Secondly, the ratio 2%T1/2®Th should be close to 0.3593, which
is the decay branching ratio of 2'?Bi to 2%T1 (LNHB, 2024). Thirdly, irrespective of the waiting time,
the container radon-tightness and the ?®Ra determination method, the ratio 22® Ac/*?*Ra should be close
to 1. Finally, as far as the samples are natural materials, the activity concentration ratio **U/***U should
not be significantly different than 21.713 + 0.043, considering abundance data for N(**3U)/N(**U)
calculation from NIST (2021), and half-lives data for Ti2(***U)/T12(***U) calculation from LNHB
(2024). The closer the observed ratios are to the abovementioned ones, the better the optimization of
the assigned values. The relative biases of the observed ratios are shown in Table S2, where it is evident
that their absolute values were remarkably decreased after the optimization procedure. This confirms
that the three reliability criteria adopted (see §2.4) operated well, as designed to function, and the
optimized assigned values are expected to be closer to the true activity concentrations. Hence, the
assigned values became more sensible after this data exclusion. It is also worth mentioning that if
exclusion would not have taken place, the assigned values for almost all the radionuclides in both
materials would be negatively biased by 6.1%, on average. This is a systematic or common bias that

was successfully removed and should trigger warning or action signals to the laboratories that did not

1
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fulfil the three reliability criteria (namely, laboratories #3, #5, #9, #13, #14a, #14b, #16, #19, #27, #29

and #34).
Table S2. Ratio bias prior and after data exclusion by sample type.
Assigned Ratio bias in ph(:)sphate ore sample Ratio bias in phos(})hogypsum sample
activities : () : (%)
ratio Wlthout'data After dgta Wlthout' data After dgta
exclusion exclusion exclusion exclusion
214pp/22Ra -8.3 -3.2 -94 -3.9
214Bj/?*°Ra -9.1 -2.7 -9.9 -2.8
208T1/228Th 7.6 5.7 28 22
228Ac/??%Ra -4.9 -3.9 -11 -9.6
Z8y/235U -14 -12 -43 -31
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Supplementary material

Appendix 3 — Detailed ICE Input Data and Results

Table S3. Results of the Intercomparison Exercise & Summary of the Participants’ Methods
and Procedures (attached excel file — click here to open, or open the pdf "Attachments Panel"
to view it in the attached files' list and open/save it manually).

Appendix 4 — Distributed ICE Items and Performance Evaluation Graphs

Fig. S1. Phosphate ore (left) and Phosphogypsum (right) ICE samples as distributed to the
participants.

€004eou/pdl/e601L 0 1/B10°10p//:sdRY - Add


tDAdministrator
Sticky Note
Unmarked set by tDAdministrator

tDAdministrator
Sticky Note
Accepted set by tDAdministrator

tDAdministrator
Sticky Note
Completed set by tDAdministrator


Ra 226

12
19 59

Ra-228

) (B

Accuracy performance
for the Phosphate ore
sample expressed as
percentage of results:
B Accepted
O Accepted with Warning
B Not accepted
O Not reported

Pb-214

52

>

Ac-228 TI-208

Fig. S2. Overall performance of the participants on the determination of the radionuclides of
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Fig. S3. Overall performance of the participants on the determination of the radionuclides of
interest in the phosphogypsum sample.

€004eou/pdl/e601L 0 1/B10°10p//:sdRY - Add



6 6
5 Phosphate ore ” 5 Phosphogypsum
uU-238 uU-238
44 4—
e 7 s e S omll = i e e S iy s
2 2
o 1 ﬂ o 1
8l [ | 8o}
8 uwul_u_lu & | | -
N -1 N -1~
-2 -2 —
e e e e B e e e I
4 Method 4} Method
O Gamma O Gamma
-5 7 Alpha -5 73 Alpha
SLSC SLSC
6 1 1 1T T T T T T T T T T T 1 -6 T 1 T T T T T T T 1 T
© O O 0 O M O 0 N © O T — M~ g (=] ()] o o — s 1] [ro] o~ ~ o
- - T ™ N N MO N N - = - = - o~ (2] o ™ Lo
Laboratory code Laboratory code
6 6
5-| Phosphate ore 5  Phosphogypsum
uU-238 U-238
4 4
Ot e e R e e A e e e B e s e o e i st W s i e e o e
251 2
2 14 2 14
] o
% o ﬁl—d_lr||_| ® 0+
|| | AU S [ JCJ=
N~ N 7
-2 -2
I e Al i L e e e, - ——————— - ——
4] H Method 4- Method
O Gamma 0O Gamma
-5 1 Alpha -5— 7 Alpha
0 SLSC SLSC
-6 1 1 T 1T T T 1T T T T T T T 1 -6 T 1 T T T T T T T 1 T
E22ZRRBY°°I I > e 2 2 38 84k ©

Laboratory code

Laboratory code

Fig. S4. z’ and { scores for ***U by participant for the phosphate ore and phosphogypsum
samples. Refer to the caption of Fig. 4 for a description of the line patterns used in z” and {

score plots.

€004eou/pdl/e601L 0 1/B10°10p//:sdRY - Add



6 6
5 Phosphate ore e 5 Phosphogypsum e
Th-234 Th-234
44 44
K R e --F KR e ik e --t+
2 24
g 17 g 17
20 — S o4 —
0 0
n ‘ ‘ [ . L~
-2 -2
e e e B i e e e I
4 u Method 4} Method
O Gamma O Gamma
-5 7 Alpha -5 73 Alpha
SLSC LSC
6 T T T 1 T | T \ | T -6 T 1 | T T T \
N RN EEE ® ° o g 3 8 3
Laboratory code Laboratory code
6 6
5 Phosphate ore 5 Phosphogypsum
Th-234 Th-234
44 44
e ccccrcc e - e e e —|:|—
24 2-
2 1 2 14 ’ ’
o ] o ]
§ 0 E 04 ——
8 1 ‘ 8 -1 u
-2 -2
i ol —— - - - - ——— 3 ——— e - - ——
4] Method 4- Method
O Gamma 0O Gamma
-5 1 Alpha -5— 7 Alpha
] SLSC LSC
6 T T T T T T T T I T -6 T 1 I T T T T
°© ©° o 3 8 8 ¢ @ 3 3 2 ° 8 g F 8 3

Laboratory code

Laboratory code

€004eou/pdl/e601L 0 1/B10°10p//:sdRY - Add
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score plots.



€004eou/pdl/e601L 0 1/B10°10p//:sdRY - Add

6 6
5 Phosphate ore 5 Phosphogypsum
Pb-214 Pb-214
44 4—
e Bl T R S — H
2 2
N -1 N -1~
-2 -2
S ——— sl —
4 Method 4} Method
O Gamma O Gamma
-5 7 Alpha -5 73 Alpha
5 SLSC SLSC
T T T T T T T T T T T T T T 1 ST T T T T T T T T T T T T T I
T X 1 0 M v M v O F N O N O T O M MO M 0 u u F U N N O < D
<+ N o« - v M < N N — < <+ < N - @ ™M = <+ N N
- Laboratory code T Laboratory code
6 6
5|  Phosphate ore 5  Phosphogypsum
Pb-214 Pb-214
44 4
R R R
2 2 m
|
U= U
-2 -2
BT+t =-tr—Al—Fr e, e, e, e, e, e, — e, ——————- B i e £ | B el et
4] Method 4- Method
O Gamma 0O Gamma
-5 1 Alpha -5— 7 Alpha
-9 S§LSC a3 || 10 S&LSC
ST T T T T T T T T T T T T 1 S—T T T T T T T T T T T T T T 1
T OO W O O M W O un T N O N O = o O ¢ M 0 M W wn n N O = N O
T N M M < N N «— = o~ <+ T N ™ [y} - = < N N
- Laboratory code T Laboratory code
. ’ 214 s e
Fig. S6. z" and { scores for “ "Pb by participant for the phosphate ore and phosphogypsum
samples. Refer to the caption of Fig. 4 for a description of the line patterns used in z” and {

score plots.



5 Phosphate ore 5 Phosphogypsum

Bi-214 Bi-214
44 4—
T - D - - -
24 24

N ] O ’

RIS Ea T

2 2 ‘ ‘
e e e A b e B e 3 —f ] - - - ——
4 Method 4} Method

z' score
z' score
o

O Gamma O Gamma
-5 7 Alpha -5 73 Alpha
7 SILSC LSC
6 1 1 T T T T T T T T T T T 1T -6 T 1 1 T T T T T T T T T T T 1
T X M 0 M O 0w v O F N N MO O M O M O M 0 v u u < N N O < D
f_l‘ N M ~ ‘t_r N~ N ¥ N ‘tﬁ g N (5] [Sr I = <+ N N
Laboratory code Laboratory code
6 6
5- Phosphate ore 5-  Phosphogypsum
Bi-214 Bi-214
44 44
R e e e R e e e R -t
24 2-
N nnl
H] 1 o
o 0 Cy— n 0 ——
© ©
N N
-2 -2
B = = —f - - ——— B i e £ | B el et
4] Method 4- Method
O Gamma 0O Gamma
-5 1 Alpha -5— 7 Alpha
a0 || 0 SLSC aa || 10 LSC
-6 1 1T T T T T T T T T T T T 1 -6 1T 1 T T T T T T T T T T T 1
T OO M N 0 M W un O T N N O O = U O ™M MO ™M O W un T N N O T N O
Laboratory code Laboratory code

Fig. S7. z’ and { scores for *'*Bi by participant for the phosphate ore and phosphogypsum
samples. Refer to the caption of Fig. 4 for a description of the line patterns used in z” and {
score plots.

€004eou/pdl/e601L 0 1/B10°10p//:sdRY - Add



6 6
5 Phosphate ore 5 Phosphogypsum !
Pb-210 Pb-210
44 44
T - D - - i
24 24
T i
5 . (] 5, e anl
n o
N N

=

-2 -2
e e e e T BT, e, e, e, e, e, , e, - —m——————
4 Method 4} Method
O Gamma O Gamma
-5 7 Alpha -5 73 Alpha
SLSC SLSC
ST T T T T T T T T T T T T T T T T T T T - s S I O I S s B B N
OO NMONODDODWDMONTTONTO «~— O ~M~ OO NNDODDNNT O O o M~IM~
= - NN (5] ™ NN~ N N — = — N~ ™ ™~ N =< N— MmN - N
Laboratory code Laboratory code
6 6
5 Phosphate ore 5-  Phosphogypsum
Pb-210 Pb-210
44 4

zeta score
7
]
1]
[ ]
:}
—
:—423
zeta score
bl
]
i
]
1
]
|
1

| A== [ e
= HUUU un
-2 -2
B e o B | e i e BTttt - ———————
4] Method 4- Method

O Gamma 0O Gamma
-5 1 Alpha -5— 7 Alpha
SLSC SLSC
ST T T T T T T T T T T T T T T T T T T T -6 T T T T T T T T T T T T T T T T T T T 11
OO NMOMOOAWLMONODOV—ONTNOOW— M~ DO MOOANULOMHONND T —O «— 0O WM~ M~
-— — - NN ™ MO NNNN~ < - - - N~ ™M o~ N NM— N o
Laboratory code Laboratory code

Fig. S8. z’ and { scores for *'°Pb by participant for the phosphate ore and phosphogypsum
samples. Refer to the caption of Fig. 4 for a description of the line patterns used in z” and {
score plots.

€004eou/pdl/e601L 0 1/B10°10p//:sdRY - Add



5 Phosphate ore 5 Phosphogypsum

Ra-228 Ra-228
44 44
T - D - - -
24 24

z' score
o
|
z' score
o
|

-2 -2
e, e, e, e, ——m————————— - - e e I
4 Method 4} Method
O Gamma 0O Gamma
-5 7 Alpha -5 73 Alpha
LsC LSC
6 T T T T T T T \ -6 T T T T T T T T
(32} [+ < [ w ~ - o L5 5] o ot (o] M~ - [(=]
(o] o~ (] ] [aV] ™~ (2] o~ (] L (3] o~
Laboratory code Laboratory code
6 6
5-| Phosphate ore 5| Phosphogypsum
Ra-228 Ra-228
4 4
KR e R e --F

zeta score
o -
[

zeta score

o =
[

J 1
-1 -1
-2 -2
e e ——— = ————— e, - ——————— - ——
4] Method 4- Method
O Gamma O Gamma
-5 1 Alpha -5— 7 Alpha
LsC LsC
-6 T T T T T T T T -6 T T T T T T T T
o™ < oo} wn e} ~ - 0 o« (o] o =T wn M~ - ©
o~ 2] ~— ('] o™~ (3] o~ (2] - (9] o™
Laboratory code Laboratory code

Fig. S9. z’ and ( scores for ***Ra by participant for the phosphate ore and phosphogypsum
samples. Refer to the caption of Fig. 4 for a description of the line patterns used in z” and {
score plots.

€004eou/pdl/e601L 0 1/B10°10p//:sdRY - Add



5 Phosphate ore 5 Phosphogypsum
Ac-228 Ac-228
44 44
T - D - - -
24 —— 24
£ . ‘ ‘ £ [] ’
9 o ___.!_l,_”_il_| 2 0— ——— ]
@ I | — 2 —
Hyjann MIRNINE
-2 te-} -2
e e e e B e B e i A I e
4 Method 4} Method
O Gamma O Gamma
-5 7 Alpha -5 73 Alpha
SLSC SLSC
ST T T T T T T T T T T T T T 1 ST T T T T T T T T T T T T T 1
D v < M MO 0 N F O v W O N T ™ 2 M O M M N 0 wuw < O N T n N O
o~ - M N N 5 M v S — ‘t_r (3] 3 - ‘<_r ™~ M T N N 0 -
Laboratory code Laboratory code
6 6
5-| Phosphate ore 5-  Phosphogypsum
Ac-228 Ac-228
44 44
T e e e e s e i G - -

[
L

[

[

[
]
[

[

I

-2 -2
1 = e
4] Method 4- Method
O Gamma 0O Gamma
-5 1 Alpha -5— 7 Alpha
SLSC LSC
-6 1 1 T 1T T T 1T T T T T T T 1 -6 T 1 T 1T T T 1T T T T T T T 1
n O O < O O N T O T O wn O O N o o o oMo n W © N O < T N N N D
Laboratory code Taboratory code

Fig. S10. z" and { scores for ***Ac by participant for the phosphate ore and phosphogypsum
samples. Refer to the caption of Fig. 4 for a description of the line patterns used in z” and {
score plots.
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Fig. S11. z" and { scores for **Th by participant for the phosphate ore and phosphogypsum
samples. Refer to the caption of Fig. 4 for a description of the line patterns used in z” and {
score plots.
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Fig. S12. z’ and  scores for *'*Pb by participant for the phosphate ore and phosphogypsum
samples. Refer to the caption of Fig. 4 for a description of the line patterns used in z” and {

score plots.
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Fig. S13. z’ and { scores for *®*T1 by participant for the phosphate ore and phosphogypsum
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Moisture

		Laboratory code		Phosphate ore sample						Phosphogypsum sample

				Moisture ratio reported by participants		z score		Performance  z score		Moisture ratio reported by participants		z score		Performance  z score

		2		0.020		2.011		W		0.331		1.036		A

		3		0.010		-0.019		A		0.158		-1.333		A

		4		0.003		-1.464		A		0.146		-1.499		A

		5		0.018		1.581		A		0.188		-0.924		A

		6		Unspecified		-		-		0.289		0.465		A

		8		0.010		-0.019		A		0.286		0.424		A

		9		Unspecified		-		-		Unspecified		-		-

		10		0.005		-1.076		A		0.250		-0.070		A

		11		0.007		-0.695		A		0.399		1.974		A

		12		0.010		0.036		A		0.317		0.846		A

		13		Unspecified		-		-		Unspecified		-		-

		14a		0.005		-1.076		A		0.001		-3.492		N

		14b		0.005		-1.076		A		0.001		-3.492		N

		15		0.013		0.510		A		0.322		0.911		A

		16		Unspecified		-		-		0.086		-2.319		W

		17		0.014		0.827		A		0.191		-0.879		A

		19		Unspecified		-		-		Unspecified		-		-

		20		0.010		-0.019		A		0.200		-0.755		A

		21		0.008		-0.442		A		0.312		0.781		A

		22		0.008		-0.421		A		0.285		0.409		A

		23		0.009		-0.230		A		0.187		-0.934		A

		24		0.021		2.307		W		0.256		0.013		A

		26		0.000		-2.133		W		0.293		0.520		A

		27		0.007		-0.759		A		0.004		-3.449		N

		28		0.012		0.404		A		0.270		0.205		A

		29		Unspecified		-		-		Unspecified		-		-

		30		0.006		-0.822		A		0.285		0.410		A

		34		Unspecified		-		-		Unspecified		-		-

		35		0.011		0.193		A		0.306		0.692		A

		38		0.013		0.615		A		0.287		0.438		A

		40		0.015		1.038		A		0.200		-0.755		A





Phosphate ore

		Laboratory code		Data reported by participants 										Performance evaluation

				Radionuclide		Method used		Activity concentration (Bq/kg)		1s Uncertainty (Bq/kg)		Minimum Detectable Activity (Bq/kg)		zeta score		Performance  zeta score		z' score		Performance  z' score		z score		Performance z score		Precision performance		Accuracy (overall) performance

		2		K-40		Gamma spectrometry		30		3		8		-0.197		A		-0.104		A		-		-		A		A

		2		Pb-210		Gamma spectrometry		392		60		21		-0.657		A		-0.488		A		-		-		A		A

		2		Ra-226		Gamma spectrometry		520		32		3		-0.471		A		-		-		-0.204		A		A		A

		2		Th-232		Gamma spectrometry		52		4		4		1.796		A		1.213		A		-		-		A		A

		3		Ac-228		Gamma spectrometry		41.4		2		2.814		-1.894		A		-1.341		A		-		-		A		A

		3		Bi-214		Gamma spectrometry		445		26.75		Unspecified		-2.169		W		-1.220		A		-		-		W		A

		3		K-40		Gamma spectrometry		20.8		2.2		8.853		-3.262		N		-1.439		A		-		-		N		W

		3		Pb-210		Gamma spectrometry		381		55		Unspecified		-0.826		A		-0.588		A		-		-		A		A

		3		Pb-212		Gamma spectrometry		39.8		3.2		Unspecified		-2.143		W		-2.002		W		-		-		W		W

		3		Pb-214		Gamma spectrometry		464		34		Unspecified		-1.380		A		-0.911		A		-		-		A		A

		3		Ra-226		Gamma spectrometry		464		34		Unspecified		-1.795		A		-		-		-0.807		A		A		A

		3		Ra-228		Gamma spectrometry		41.4		2		2.814		-2.169		W		-1.283		A		-		-		W		A

		3		Th-228		Gamma spectrometry		39.8		3.2		Unspecified		-2.445		W		-1.302		A		-		-		W		A

		3		Tl-208		Gamma spectrometry		14		0.9		Unspecified		-2.741		W		-1.283		A		-		-		W		A

		4		Ac-228		Gamma spectrometry		40		2		Unspecified		-2.492		W		-1.765		A		-		-		W		A

		4		Bi-214		Gamma spectrometry		517		20		Unspecified		-0.233		A		-0.115		A		-		-		A		A

		4		K-40		Gamma spectrometry		34		3		Unspecified		0.896		A		0.476		A		-		-		A		A

		4		Pb-212		Gamma spectrometry		47		2		Unspecified		-0.132		A		-0.087		A		-		-		A		A

		4		Pb-214		Gamma spectrometry		508		19		Unspecified		-0.443		A		-0.216		A		-		-		A		A

		4		Ra-226		Gamma spectrometry		513		19		Unspecified		-0.842		A		-		-		-0.279		A		A		A

		4		Th-232		Gamma spectrometry		44		2		Unspecified		0.135		A		0.061		A		-		-		A		A

		5		Ac-228		Gamma spectrometry		38.862		0.8		Unspecified		-4.792		N		-2.109		W		-		-		N		W

		5		Bi-214		Gamma spectrometry		430.44		6		Unspecified		-3.651		N		-1.444		A		-		-		N		W

		5		K-40		Gamma spectrometry		24.072		2.5		Unspecified		-2.036		W		-0.965		A		-		-		W		A

		5		Pb-210		Gamma spectrometry		202.98		9		Unspecified		-4.259		N		-2.195		W		-		-		N		W

		5		Pb-212		Gamma spectrometry		39.678		1.2		Unspecified		-4.071		N		-2.035		W		-		-		N		W

		5		Pb-214		Gamma spectrometry		418.2		7		Unspecified		-4.084		N		-1.634		A		-		-		N		W

		5		Ra-226		Gamma spectrometry		510		17		Unspecified		-0.978		A		-		-		-0.312		A		A		A

		5		Th-234		Gamma spectrometry		367.2		13		Unspecified		-3.359		N		-1.499		A		-		-		N		W

		5		Tl-208		Gamma spectrometry		33.558		0.9		Unspecified		6.054		N		2.834		W		-		-		N		W

		6		K-40		Gamma spectrometry		29.7		1.2		<5.5		-0.422		A		-0.148		A		-		-		A		A

		6		Ra-226		Gamma spectrometry		606		47		<15		1.269		A		-		-		0.723		A		A		A

		6		Th-234		Gamma spectrometry		44.7		4.1		<2.3		-8.889		N		-3.882		N		-		-		N		N

		6		U-235		Gamma spectrometry		32.4		2.9		<1.9		1.148		A		0.845		A		-		-		A		A

		6		U-238		Gamma spectrometry		587		82		<11		0.376		A		0.285		A		-		-		A		A

		8		K-40		Gamma spectrometry		30		2		4		-0.248		A		-0.104		A		-		-		A		A

		8		Pb-210		Gamma spectrometry		620		60		40		2.113		W		1.571		A		-		-		W		A

		8		Ra-226		Gamma spectrometry		550		30		1		0.288		A		-		-		0.120		A		A		A

		8		Ra-228		Gamma spectrometry		48		3		2		0.090		A		0.067		A		-		-		A		A

		8		Th-228		Gamma spectrometry		50		3		1		-0.553		A		-0.288		A		-		-		A		A

		8		U-235		Gamma spectrometry		28		2		4		-0.319		A		-0.176		A		-		-		A		A

		8		U-238		Gamma spectrometry		590		30		40		0.654		A		0.308		A		-		-		A		A

		9		K-40		Gamma spectrometry		23.3		3.6		10.8		-1.780		A		-1.077		A		-		-		A		A

		9		Pb-210		Gamma spectrometry		325		48		30.9		-1.635		A		-1.093		A		-		-		A		A

		9		Pb-210		Alpha spectrometry		369		124		Unspecified		-0.566		A		-0.696		A		-		-		W		A

		9		Ra-226		Gamma spectrometry		403		9.5		2.7		-5.231		N		-		-		-1.465		A		N		W

		9		Th-232		Gamma spectrometry		36		1.2		1.9		-2.777		W		-1.091		A		-		-		W		A

		9		U-235		Gamma spectrometry		29.4		2.3		1.9		0.244		A		0.149		A		-		-		A		A

		9		U-238		Gamma spectrometry		471		48		131		-1.114		A		-0.616		A		-		-		A		A

		10		K-40		Gamma spectrometry		31.59		0.57		3.6		0.400		A		0.126		A		-		-		A		A

		10		Pb-210		Gamma spectrometry		126		18		45		-5.409		N		-2.891		W		-		-		N		W

		10		Ra-226		Gamma spectrometry		451.3		1.5		0.86		-3.616		N		-		-		-0.944		A		N		W

		10		Th-232		Gamma spectrometry		40.99		0.68		1.4		-1.017		A		-0.372		A		-		-		A		A

		10		U-235		Gamma spectrometry		31.6		1.4		2.8		1.496		A		0.660		A		-		-		A		A

		10		U-238		Gamma spectrometry		332.7		3.3		6		-4.126		N		-1.689		A		-		-		N		W

		11		K-40		Gamma spectrometry		35.4		10		10		0.458		A		0.679		A		-		-		W		A

		11		Pb-210		Gamma spectrometry		611		48		7		2.228		W		1.490		A		-		-		W		A

		11		Ra-226		Gamma spectrometry		562		41		5		0.485		A		-		-		0.249		A		A		A

		11		Th-228		Gamma spectrometry		53.8		6.3		2		0.119		A		0.090		A		-		-		A		A

		11		U-235		Gamma spectrometry		36.2		5		1		1.442		A		1.727		A		-		-		A		A

		11		U-238		Gamma spectrometry		633		77		11		0.886		A		0.642		A		-		-		A		A

		12		Ac-228		Gamma spectrometry		48.05		0.72		1.93		1.571		A		0.671		A		-		-		A		A

		12		Bi-214		Gamma spectrometry		534.24		2.57		1.07		0.388		A		0.150		A		-		-		A		A

		12		K-40		Gamma spectrometry		29.36		1.4		5.87		-0.539		A		-0.197		A		-		-		A		A

		12		Pb-210		Gamma spectrometry		560.99		20.1		34.5		1.920		A		1.038		A		-		-		A		A

		12		Pb-212		Gamma spectrometry		48.07		0.85		1.12		0.443		A		0.198		A		-		-		A		A

		12		Pb-214		Gamma spectrometry		541.66		4.47		1.27		0.806		A		0.315		A		-		-		A		A

		12		Th-234		Gamma spectrometry		599.9		13.97		12.8		0.494		A		0.221		A		-		-		A		A

		12		Tl-208		Gamma spectrometry		16.62		0.3		0.337		-1.690		A		-0.731		A		-		-		A		A

		12		U-235		Gamma spectrometry		27.43		0.92		1.3		-0.840		A		-0.308		A		-		-		A		A

		13		Ac-228		Gamma spectrometry		41.61		0.565		Unspecified		-3.151		N		-1.278		A		-		-		N		W

		13		Bi-214		Gamma spectrometry		426.11		3.15		Unspecified		-3.897		N		-1.511		A		-		-		N		W

		13		K-40		Gamma spectrometry		30.8		2.75		Unspecified		0.023		A		0.012		A		-		-		A		A

		13		Pb-210		Gamma spectrometry		282.76		27.9		Unspecified		-2.597		W		-1.475		A		-		-		W		A

		13		Pb-212		Gamma spectrometry		42.01		1.75		Unspecified		-2.342		W		-1.414		A		-		-		W		A

		13		Pb-214		Gamma spectrometry		483.25		8.985		Unspecified		-1.481		A		-0.607		A		-		-		A		A

		13		Th-234		Gamma spectrometry		429.799		31.25		Unspecified		-2.101		W		-1.036		A		-		-		W		A

		13		Tl-208		Gamma spectrometry		13.046		0.29		Unspecified		-3.432		N		-1.484		A		-		-		N		W

		15		Ac-228		Gamma spectrometry		47.2		4.2		4.5		0.313		A		0.414		A		-		-		W		A

		15		Bi-214		Gamma spectrometry		458.2		41.2		3.1		-1.374		A		-1.018		A		-		-		A		A

		15		K-40		Gamma spectrometry		31.8		7.9		20.5		0.132		A		0.157		A		-		-		A		A

		15		Pb-212		Gamma spectrometry		50.49		4.5		1.8		0.669		A		0.842		A		-		-		W		A

		15		Pb-214		Gamma spectrometry		480.6		43.3		3.4		-0.827		A		-0.649		A		-		-		A		A

		15		Ra-226		Liquid Scintillation Analysis		457.4		4.6		5.8		-3.311		N		-		-		-0.879		A		N		W

		15		Ra-226		Gamma spectrometry		463.8		69.6		31.3		-1.019		A		-		-		-0.810		A		A		A

		15		Th-234		Gamma spectrometry		611.8		55.1		36.8		0.519		A		0.309		A		-		-		A		A

		15		Tl-208		Gamma spectrometry		16.8		1.5		1		-1.304		A		-0.694		A		-		-		A		A

		15		U-235		Gamma spectrometry		32.2		4.83		1.9		0.689		A		0.799		A		-		-		W		A

		16		K-40		Gamma spectrometry		226		25		Unspecified		7.784		N		28.338		N		-		-		N		N

		16		U-238		Gamma spectrometry		11		2		Unspecified		-10.238		N		-4.187		N		-		-		N		N

		17		K-40		Gamma spectrometry		23.3		2.4		3.2		-2.327		W		-1.077		A		-		-		W		A

		17		Pb-210		Gamma spectrometry		670		13		15		3.871		N		2.022		W		-		-		N		W

		17		Ra-226		Gamma spectrometry		555		16		0.3		0.555		A		-		-		0.173		A		A		A

		17		Ra-228		Gamma spectrometry		48.2		2.1		1.2		0.178		A		0.108		A		-		-		A		A

		17		Th-228		Gamma spectrometry		63.1		1.9		0.7		2.173		W		1.015		A		-		-		W		A

		17		U-235		Gamma spectrometry		26.7		2.4		6.6		-0.756		A		-0.477		A		-		-		A		A

		17		U-238		Gamma spectrometry		724		25		12.7		2.980		W		1.348		A		-		-		W		A

		19		K-40		Gamma spectrometry		26.1		2		3.7		-1.593		A		-0.670		A		-		-		A		A

		19		Pb-210		Gamma spectrometry		222		3		6.7		-3.969		N		-2.024		W		-		-		N		W

		19		Ra-226		Gamma spectrometry		867		33		67.1		8.020		N		-		-		3.537		N		N		N

		19		Th-232		Gamma spectrometry		39.7		0.26		0.53		-1.573		A		-0.558		A		-		-		A		A

		19		U-235		Gamma spectrometry		31.6		1.4		2.58		1.496		A		0.660		A		-		-		A		A

		19		U-238		Gamma spectrometry		393		4		8.6		-2.980		W		-1.221		A		-		-		W		A

		20		K-40		Gamma spectrometry		28.3		1.8		4.2		-0.875		A		-0.351		A		-		-		A		A

		20		Ra-226		Gamma spectrometry		441.9		26.6		0.6		-2.699		W		-		-		-1.046		A		W		A

		20		Th-232		Gamma spectrometry		41.9		2.5		1.2		-0.478		A		-0.241		A		-		-		A		A

		21		K-40		Gamma spectrometry		28		3.6		15.6		-0.653		A		-0.395		A		-		-		A		A

		21		Pb-210		Gamma spectrometry		427		52		14		-0.249		A		-0.172		A		-		-		A		A

		21		Ra-226		Gamma spectrometry		526		45.1		1.3		-0.252		A		-		-		-0.139		A		A		A

		21		Ra-228		Gamma spectrometry		51.9		3.2		2.4		1.107		A		0.865		A		-		-		A		A

		21		Th-228		Gamma spectrometry		62.7		5.4		1.8		1.421		A		0.975		A		-		-		A		A

		21		Tl-208		Gamma spectrometry		22.4		1.7		0.9		0.870		A		0.485		A		-		-		A		A

		22		Ac-228		Gamma spectrometry		44.8		1.8		1.2		-0.475		A		-0.312		A		-		-		A		A

		22		Bi-214		Gamma spectrometry		520		20.8		1		-0.137		A		-0.069		A		-		-		A		A

		22		K-40		Gamma spectrometry		27.9		2.9		3.8		-0.788		A		-0.409		A		-		-		A		A

		22		Pb-210		Gamma spectrometry		281		36.53		5.3		-2.457		W		-1.491		A		-		-		W		A

		22		Pb-212		Gamma spectrometry		45.2		1.8		0.7		-0.921		A		-0.566		A		-		-		A		A

		22		Pb-214		Gamma spectrometry		520		21.84		1.1		-0.052		A		-0.027		A		-		-		A		A

		22		Ra-226		Gamma spectrometry		538		23.134		9		-0.027		A		-		-		-0.010		A		A		A

		22		Th-228		Gamma spectrometry		40.2		9.3		10		-1.239		A		-1.263		A		-		-		W		A

		22		Th-232		Alpha spectrometry		36.5		4.1		0.032		-1.481		A		-1.019		A		-		-		A		A

		22		Th-234		Gamma spectrometry		540		44		4.4		-0.407		A		-0.221		A		-		-		A		A

		22		Tl-208		Gamma spectrometry		16.4		0.7		0.5		-1.718		A		-0.778		A		-		-		A		A

		22		U-235		Alpha spectrometry		19.6		2.3		0.045		-3.476		N		-2.125		W		-		-		N		W

		22		U-235		Gamma spectrometry		24.3		3.1		2.4		-1.328		A		-1.034		A		-		-		A		A

		22		U-238		Alpha spectrometry		555.9		56.8		0.031		0.072		A		0.043		A		-		-		A		A

		23		Ac-228		Gamma spectrometry		53.26		7.21		6.98		1.016		A		2.248		W		-		-		N		W

		23		Bi-214		Gamma spectrometry		559.34		83.65		6.79		0.399		A		0.536		A		-		-		W		A

		23		K-40		Gamma spectrometry		39.72		6.93		12.59		1.243		A		1.306		A		-		-		A		A

		23		Pb-210		Gamma spectrometry		316.23		9.49		22.01		-2.271		W		-1.173		A		-		-		W		A

		23		Pb-212		Gamma spectrometry		48.37		10.26		2.61		0.101		A		0.278		A		-		-		N		W

		23		Pb-214		Gamma spectrometry		529.47		19.96		5.31		0.247		A		0.123		A		-		-		A		A

		23		Ra-226		Gamma spectrometry		555.85		77.17		4.82		0.210		A		-		-		0.183		A		A		A

		23		Tl-208		Gamma spectrometry		43.07		0.77		1.29		10.567		N		4.836		N		-		-		N		N

		23		U-238		Gamma spectrometry		476.18		28.35		25.86		-1.240		A		-0.576		A		-		-		A		A

		24		Ac-228		Gamma spectrometry		45.0		2.8		16		-0.272		A		-0.252		A		-		-		A		A

		24		Bi-214		Gamma spectrometry		598		32		6.7		1.810		A		1.129		A		-		-		A		A

		24		K-40		Gamma spectrometry		30.7		7.2		25		-0.003		A		-0.003		A		-		-		A		A

		24		Pb-210		Gamma spectrometry		563		28		29		1.858		A		1.056		A		-		-		A		A

		24		Pb-212		Gamma spectrometry		50.3		2.2		1.9		1.129		A		0.791		A		-		-		A		A

		24		Pb-214		Gamma spectrometry		598		30		5.3		1.975		A		1.205		A		-		-		A		A

		24		Ra-226		Gamma spectrometry		603		25		5.3		1.843		A		-		-		0.691		A		A		A

		24		Ra-228		Gamma spectrometry		45.0		2.8		16		-0.765		A		-0.546		A		-		-		A		A

		24		Th-228		Gamma spectrometry		49.6		2.0		1.9		-0.696		A		-0.328		A		-		-		A		A

		24		Th-232		Gamma spectrometry		48.6		1.9		1.9		1.621		A		0.724		A		-		-		A		A

		24		Th-234		Gamma spectrometry		606		27		11		0.556		A		0.266		A		-		-		A		A

		24		Tl-208		Gamma spectrometry		17.2		1.1		2.4		-1.252		A		-0.609		A		-		-		A		A

		24		U-235		Gamma spectrometry		29.8		1.8		2.4		0.471		A		0.242		A		-		-		A		A

		24		U-238		Gamma spectrometry		606		27		11		0.941		A		0.432		A		-		-		A		A

		26		K-40		Gamma spectrometry		47.69		3.27		6.32		4.367		N		2.463		W		-		-		N		W

		26		Ra-226		Gamma spectrometry		435.45		10.12		1.19		-3.947		N		-		-		-1.115		A		N		W

		26		Ra-228		Gamma spectrometry		52.68		1.63		2.12		1.891		A		1.025		A		-		-		A		A

		26		Th-228		Gamma spectrometry		50.87		1.73		1.07		-0.437		A		-0.201		A		-		-		A		A

		26		Th-232		Gamma spectrometry		51.83		1.18		1.07		3.036		N		1.189		A		-		-		N		W

		27		K-40		Gamma spectrometry		40.26		4.03		3.47		2.099		W		1.384		A		-		-		W		A

		27		Pb-210		Gamma spectrometry		626.41		162.86		153.46		1.046		A		1.629		A		-		-		W		A

		27		Ra-226		Gamma spectrometry		632.16		49.93		0.69		1.681		A		-		-		1.005		A		A		A

		27		Th-232		Gamma spectrometry		48.3		9.18		1.35		0.497		A		0.680		A		-		-		W		A

		28		K-40		Gamma spectrometry		29.2		2.1		Unspecified		-0.512		A		-0.221		A		-		-		A		A

		28		Pb-210		Gamma spectrometry		430		50		Unspecified		-0.213		A		-0.145		A		-		-		A		A

		28		Ra-226		Gamma spectrometry		500		15		Unspecified		-1.367		A		-		-		-0.419		A		A		A

		28		Th-232		Gamma spectrometry		45		3		Unspecified		0.368		A		0.205		A		-		-		A		A

		28		U-235		Gamma spectrometry		25		2		Unspecified		-1.581		A		-0.872		A		-		-		A		A

		28		U-238		Gamma spectrometry		480		40		Unspecified		-1.064		A		-0.546		A		-		-		A		A

		29		Ac-228		Gamma spectrometry		25.1		5.3965		Unspecified		-3.748		N		-6.275		N		-		-		N		N

		29		Bi-214		Gamma spectrometry		234.4		15.0016		Unspecified		-9.936		N		-4.455		N		-		-		N		N

		29		Pb-212		Gamma spectrometry		33.2		3.652		Unspecified		-3.597		N		-3.758		N		-		-		N		N

		29		Pb-214		Gamma spectrometry		302		22.65		Unspecified		-6.606		N		-3.469		N		-		-		N		N

		29		Ra-226		Gamma spectrometry		351.2		38.632		Unspecified		-4.119		N		-		-		-2.023		W		N		W

		29		Tl-208		Gamma spectrometry		16.9		3.1434		Unspecified		-0.853		A		-0.672		A		-		-		A		A

		29		U-235		Gamma spectrometry		20.7		2.5875		Unspecified		-2.789		W		-1.870		A		-		-		W		A

		30		K-40		Gamma spectrometry		23		7.5		10		-0.991		A		-1.120		A		-		-		W		A

		30		Ra-226		Gamma spectrometry		461		5		4		-3.155		N		-		-		-0.840		A		N		W

		30		Th-232		Gamma spectrometry		40.5		1.5		5		-1.070		A		-0.443		A		-		-		A		A

		34		K-40		Gamma spectrometry		6.45		2.45		7.65		-7.521		N		-3.522		N		-		-		N		N

		34		Ra-226		Gamma spectrometry		997		33.1		9.65		11.175		N		-		-		4.938		N		N		N

		34		Th-234		Gamma spectrometry		1594000		335000		47200		4.757		N		11778.043		N		-		-		N		N

		34		U-238		Gamma spectrometry		10850		3470		3770		2.968		W		79.948		N		-		-		W		N

		35		Ac-228		Gamma spectrometry		46.52		1.19		3.27		0.405		A		0.208		A		-		-		A		A

		35		Bi-214		Gamma spectrometry		495.37		6.12		2.25		-1.129		A		-0.447		A		-		-		A		A

		35		K-40		Gamma spectrometry		32.76		3.74		10.92		0.476		A		0.296		A		-		-		A		A

		35		Pb-210		Gamma spectrometry		378.17		58.08		69.51		-0.839		A		-0.613		A		-		-		A		A

		35		Pb-212		Gamma spectrometry		46.67		3.26		1.33		-0.184		A		-0.175		A		-		-		A		A

		35		Pb-214		Gamma spectrometry		491.47		16.59		1.94		-1.026		A		-0.477		A		-		-		A		A

		35		Ra-226		Gamma spectrometry		493.42		11.36		2.1		-1.703		A		-		-		-0.490		A		A		A

		35		Ra-228		Gamma spectrometry		46.52		1.19		3.27		-0.479		A		-0.236		A		-		-		A		A

		35		Tl-208		Gamma spectrometry		18.01		0.8		0.8		-0.954		A		-0.439		A		-		-		A		A

		35		U-235		Gamma spectrometry		32.01		2.22		1.21		1.268		A		0.755		A		-		-		A		A

		38		Ac-228		Gamma spectrometry		42.1		7		1.09		-0.525		A		-1.129		A		-		-		N		W

		38		Bi-214		Gamma spectrometry		452		20		0.65		-2.261		W		-1.113		A		-		-		W		A

		38		K-40		Gamma spectrometry		28.8		2		3.63		-0.662		A		-0.279		A		-		-		A		A

		38		Pb-210		Gamma spectrometry		386		100		7.07		-0.523		A		-0.543		A		-		-		W		A

		38		Pb-212		Gamma spectrometry		43.4		7		0.62		-0.549		A		-1.045		A		-		-		N		W

		38		Pb-214		Gamma spectrometry		440		15		0.91		-2.856		W		-1.290		A		-		-		W		A

		38		Ra-226		Gamma spectrometry		514		20		10.2		-0.794		A		-		-		-0.268		A		A		A

		38		Ra-228		Gamma spectrometry		42.1		7		Unspecified		-0.763		A		-1.140		A		-		-		N		W

		38		Th-228		Gamma spectrometry		42.1		7		Unspecified		-1.315		A		-1.074		A		-		-		A		A

		38		Th-232		Gamma spectrometry		42.1		4		Unspecified		-0.314		A		-0.212		A		-		-		A		A

		38		Th-232		Alpha spectrometry		43		8.3		Unspecified		-0.066		A		-0.083		A		-		-		W		A

		38		Th-234		Gamma spectrometry		461		25		9.19		-1.702		A		-0.805		A		-		-		A		A

		38		Tl-208		Gamma spectrometry		38.3		1.5		0.72		7.205		N		3.832		N		-		-		N		N

		38		U-235		Alpha spectrometry		24		3		Unspecified		-1.458		A		-1.104		A		-		-		A		A

		38		U-235		Gamma spectrometry		24.4		4		3.17		-1.037		A		-1.011		A		-		-		W		A

		38		U-238		Alpha spectrometry		466		32		Unspecified		-1.369		A		-0.655		A		-		-		A		A

		38		U-238		Gamma spectrometry		492		40		Unspecified		-0.883		A		-0.453		A		-		-		A		A

		40		Ac-228		Gamma spectrometry		45.5		2.6		20		-0.116		A		-0.100		A		-		-		A		A

		40		Bi-214		Gamma spectrometry		595		31		7.3		1.770		A		1.083		A		-		-		A		A

		40		Pb-210		Gamma spectrometry		583		33		27		2.096		W		1.237		A		-		-		W		A

		40		Pb-212		Gamma spectrometry		50.8		2.4		2.2		1.240		A		0.924		A		-		-		A		A

		40		Pb-214		Gamma spectrometry		594		29		5.6		1.909		A		1.142		A		-		-		A		A

		40		Ra-226		Gamma spectrometry		591		37		35		1.179		A		-		-		0.562		A		A		A

		40		Th-234		Gamma spectrometry		601		27		12		0.479		A		0.230		A		-		-		A		A

		40		Tl-208		Gamma spectrometry		16.8		1.0		2.6		-1.454		A		-0.694		A		-		-		A		A

		40		U-235		Gamma spectrometry		28.7		1.5		2.0		-0.029		A		-0.013		A		-		-		A		A

		14a		Ac-228		Gamma spectrometry		52.4		24.45		Unspecified		0.268		A		1.988		A		-		-		N		W

		14a		Bi-214		Gamma spectrometry		39.05		3		Unspecified		-19.245		N		-7.455		N		-		-		N		N

		14a		K-40		Gamma spectrometry		67		78.05		Unspecified		0.465		A		5.265		N		-		-		N		N

		14a		Pb-212		Gamma spectrometry		44.58		9.16		Unspecified		-0.296		A		-0.731		A		-		-		N		W

		14a		Pb-214		Gamma spectrometry		58.85		2.58		Unspecified		-18.898		N		-7.309		N		-		-		N		N

		14a		Ra-226		Gamma spectrometry		1095.7		6.32		Unspecified		22.279		N		-		-		6.002		N		N		N

		14a		Tl-208		Gamma spectrometry		0.2		16		Unspecified		-1.233		A		-4.188		N		-		-		N		N

		14b		Ac-228		Gamma spectrometry		47.31		2.17		1.51		0.595		A		0.448		A		-		-		A		A

		14b		Bi-214		Gamma spectrometry		508.02		0.39		1.05		-0.657		A		-0.253		A		-		-		A		A

		14b		K-40		Gamma spectrometry		79.32		7.09		5.84		6.573		N		7.053		N		-		-		N		N

		14b		Pb-212		Gamma spectrometry		42.64		1.45		0.85		-2.289		W		-1.247		A		-		-		W		A

		14b		Pb-214		Gamma spectrometry		500.08		0.365		1.4		-0.887		A		-0.341		A		-		-		A		A

		14b		Ra-226		Gamma spectrometry		1062.99		1.235		14.77		21.646		N		-		-		5.649		N		N		N

		14b		Tl-208		Gamma spectrometry		21.12		1.585		0.21		0.398		A		0.216		A		-		-		A		A





Phosphogypsum

		Laboratory code		Data reported by participants										Performance evaluation

				Radionuclide		Method used		Activity concentration (Bq/kg)		1s Uncertainty (Bq/kg)		Minimum Detectable Activity (Bq/kg)		zeta score		Performance  zeta score		z' score		Performance  z' score		z score		Performance z score		Precision performance		Accuracy (overall) performance

		2		K-40		Gamma spectrometry		17		3		5		0.507		A		0.411		A		-		-		A		A

		2		Pb-210		Gamma spectrometry		300		39		8		-0.386		A		-0.332		A		-		-		A		A

		2		Ra-226		Gamma spectrometry		415		29		2		2.076		W		-		-		1.432		A		W		A

		2		Th-232		Gamma spectrometry		32		2		2		0.782		A		0.566		A		-		-		A		A

		3		Ac-228		Gamma spectrometry		26.4		1.47		2.866		-2.541		W		-1.256		A		-		-		W		A

		3		Bi-214		Gamma spectrometry		284		17.1		Unspecified		-1.879		A		-0.940		A		-		-		A		A

		3		K-40		Gamma spectrometry		13.1		2.8		11.55		-0.552		A		-0.429		A		-		-		A		A

		3		Pb-210		Gamma spectrometry		279		40.05		Unspecified		-0.864		A		-0.760		A		-		-		A		A

		3		Pb-212		Gamma spectrometry		14.2		1.175		Unspecified		-3.640		N		-2.750		W		-		-		N		W

		3		Pb-214		Gamma spectrometry		294		21.55		Unspecified		-1.282		A		-0.704		A		-		-		A		A

		3		Ra-226		Gamma spectrometry		294		21.55		Unspecified		-2.130		W		-		-		-1.170		A		W		A

		3		Ra-228		Gamma spectrometry		26.4		1.47		2.866		-2.635		W		-1.222		A		-		-		W		A

		3		Th-228		Gamma spectrometry		14.2		1.175		Unspecified		-2.861		W		-1.655		A		-		-		W		A

		3		Tl-208		Gamma spectrometry		5.67		0.402		Unspecified		-2.492		W		-1.153		A		-		-		W		A

		4		Ac-228		Gamma spectrometry		34		2		Unspecified		0.384		A		0.215		A		-		-		A		A

		4		Bi-214		Gamma spectrometry		333		13		Unspecified		-0.207		A		-0.095		A		-		-		A		A

		4		Pb-212		Gamma spectrometry		18		1		Unspecified		-1.013		A		-0.686		A		-		-		A		A

		4		Pb-214		Gamma spectrometry		332		13		Unspecified		-0.103		A		-0.048		A		-		-		A		A

		4		Ra-226		Gamma spectrometry		333		13		Unspecified		-0.816		A		-		-		-0.331		A		A		A

		4		Th-232		Gamma spectrometry		26		1		Unspecified		0.131		A		0.093		A		-		-		A		A

		5		Ac-228		Gamma spectrometry		32.103		0.8		Unspecified		-0.351		A		-0.152		A		-		-		A		A

		5		Bi-214		Gamma spectrometry		311.19		4		Unspecified		-1.150		A		-0.471		A		-		-		A		A

		5		Pb-210		Gamma spectrometry		210.33		8		Unspecified		-5.902		N		-2.159		W		-		-		N		W

		5		Pb-212		Gamma spectrometry		17.712		0.6		Unspecified		-1.623		A		-0.842		A		-		-		A		A

		5		Pb-214		Gamma spectrometry		316.11		5		Unspecified		-0.780		A		-0.322		A		-		-		A		A

		5		Ra-226		Gamma spectrometry		253.38		8		Unspecified		-5.989		N		-		-		-2.043		W		N		W

		5		Th-234		Gamma spectrometry		40.098		2.4		Unspecified		1.944		A		1.231		A		-		-		A		A

		5		Tl-208		Gamma spectrometry		14.637		0.7		Unspecified		4.532		N		2.326		W		-		-		N		W

		6		K-40		Gamma spectrometry		23.7		2.1		<13		2.782		W		1.853		A		-		-		W		A

		6		Ra-226		Gamma spectrometry		358		24		<31		0.347		A		-		-		0.206		A		A		A

		6		Th-234		Gamma spectrometry		28.2		3.7		<4.7		-1.168		A		-0.956		A		-		-		A		A

		6		U-235		Gamma spectrometry		4.15		0.46		<0.87		1.056		A		0.841		A		-		-		A		A

		6		U-238		Gamma spectrometry		67.3		8.5		<21		1.553		A		1.283		A		-		-		A		A

		8		K-40		Gamma spectrometry		11		2		5		-1.352		A		-0.881		A		-		-		A		A

		8		Pb-210		Gamma spectrometry		360		40		40		1.014		A		0.891		A		-		-		A		A

		8		Ra-226		Gamma spectrometry		390		20		1		1.716		A		-		-		0.894		A		A		A

		8		Ra-228		Gamma spectrometry		34		4		2		-0.446		A		-0.290		A		-		-		A		A

		8		Th-228		Gamma spectrometry		19		2		1		-1.960		A		-1.177		A		-		-		A		A

		8		U-235		Gamma spectrometry		2.5		1		4		-0.441		A		-0.468		A		-		-		A		A

		9		K-40		Gamma spectrometry		8		1.5		4.8		-2.605		W		-1.527		A		-		-		W		A

		9		Pb-210		Gamma spectrometry		179		26		7.3		-4.491		N		-2.798		W		-		-		N		W

		9		Pb-210		Alpha spectrometry		280		94		Unspecified		-0.380		A		-0.739		A		-		-		N		W

		9		Ra-226		Gamma spectrometry		194		4.3		7.5		-10.752		N		-		-		-3.320		N		N		N

		9		Th-232		Gamma spectrometry		11.5		0.4		0.5		-1.483		A		-1.049		A		-		-		A		A

		9		U-235		Gamma spectrometry		2.6		0.6		0.5		-0.456		A		-0.389		A		-		-		A		A

		9		U-238		Gamma spectrometry		14		8.5		35		-2.427		W		-2.004		W		-		-		N		W

		10		K-40		Gamma spectrometry		5.105		0.072		4.4		-4.393		N		-2.150		W		-		-		N		W

		10		Pb-210		Gamma spectrometry		346		42		57		0.661		A		0.606		A		-		-		A		A

		10		Ra-226		Gamma spectrometry		315.8		1.7		1		-2.361		W		-		-		-0.701		A		W		A

		10		Th-232		Gamma spectrometry		30.08		0.97		1.9		0.583		A		0.415		A		-		-		A		A

		10		U-238		Gamma spectrometry		29.6		1.9		6.4		-1.607		A		-1.042		A		-		-		A		A

		11		K-40		Gamma spectrometry		28		6		17		2.012		W		2.779		W		-		-		W		W

		11		Pb-210		Gamma spectrometry		320		22		11		0.137		A		0.076		A		-		-		A		A

		11		Ra-226		Gamma spectrometry		344		14		4		-0.225		A		-		-		-0.095		A		A		A

		11		Th-228		Gamma spectrometry		40.5		4.2		4		1.369		A		0.964		A		-		-		A		A

		11		U-235		Gamma spectrometry		4.3		0.3		1		1.286		A		0.960		A		-		-		A		A

		11		U-238		Gamma spectrometry		32.2		9.8		24		-1.003		A		-0.882		A		-		-		A		A

		12		Ac-228		Gamma spectrometry		38.69266		0.5026501		1.23		2.702		W		1.123		A		-		-		W		A

		12		Bi-214		Gamma spectrometry		342.5371		1.536225		0.899		0.170		A		0.069		A		-		-		A		A

		12		K-40		Gamma spectrometry		12.9643		0.7616794		3.35		-0.888		A		-0.458		A		-		-		A		A

		12		Pb-210		Gamma spectrometry		258.611		8.917861		8.63		-3.137		N		-1.175		A		-		-		N		W

		12		Pb-212		Gamma spectrometry		27.06856		0.4923959		0.867		8.746		N		4.239		N		-		-		N		N

		12		Pb-214		Gamma spectrometry		335.6898		2.656751		0.726		0.039		A		0.016		A		-		-		A		A

		12		Th-234		Gamma spectrometry		30.54858		1.719157		5.4		-0.947		A		-0.524		A		-		-		A		A

		12		Tl-208		Gamma spectrometry		9.142537		0.1878095		0.427		0.440		A		0.195		A		-		-		A		A

		13		Ac-228		Gamma spectrometry		23.5		0.5		Unspecified		-4.372		N		-1.817		A		-		-		N		W

		13		Bi-214		Gamma spectrometry		224.7		2.23		Unspecified		-4.833		N		-1.962		A		-		-		N		W

		13		K-40		Gamma spectrometry		8.3		2.85		Unspecified		-1.863		A		-1.462		A		-		-		W		A

		13		Pb-210		Gamma spectrometry		196.45		19.45		Unspecified		-4.749		N		-2.442		W		-		-		N		W

		13		Pb-212		Gamma spectrometry		12.8		0.65		Unspecified		-6.540		N		-3.510		N		-		-		N		N

		13		Pb-214		Gamma spectrometry		253.3		5.2		Unspecified		-3.398		N		-1.407		A		-		-		N		W

		13		Th-234		Gamma spectrometry		21.8		2.5		Unspecified		-3.299		N		-2.133		W		-		-		N		W

		13		Tl-208		Gamma spectrometry		3.7		0.15		Unspecified		-4.363		N		-1.917		A		-		-		N		W

		15		Ac-228		Gamma spectrometry		33.3		3		6.9		0.112		A		0.080		A		-		-		A		A

		15		Bi-214		Gamma spectrometry		332.5		29.9		4.3		-0.159		A		-0.104		A		-		-		A		A

		15		Pb-212		Gamma spectrometry		20.1		1.8		2.4		0.430		A		0.454		A		-		-		W		A

		15		Pb-214		Gamma spectrometry		332.9		29.9		4.2		-0.049		A		-0.032		A		-		-		A		A

		15		Ra-226		Gamma spectrometry		355.3		71.1		29.7		0.095		A		-		-		0.148		A		W		A

		15		Tl-208		Gamma spectrometry		7.95		0.8		1.3		-0.501		A		-0.268		A		-		-		A		A

		15		U-235		Gamma spectrometry		3.8		1.8		1.8		0.353		A		0.563		A		-		-		W		A

		16		K-40		Gamma spectrometry		248		32		Unspecified		7.260		N		50.137		N		-		-		N		N

		16		U-238		Gamma spectrometry		27		4		Unspecified		-1.758		A		-1.203		A		-		-		A		A

		17		Pb-210		Gamma spectrometry		383		11		5.6		3.427		N		1.360		A		-		-		N		W

		17		Ra-226		Gamma spectrometry		393		10		0.3		2.629		W		-		-		0.959		A		W		A

		17		Ra-228		Gamma spectrometry		35.5		0.8		0.8		-0.242		A		-0.106		A		-		-		A		A

		17		Th-228		Gamma spectrometry		25.2		0.6		0.4		-0.982		A		-0.560		A		-		-		A		A

		17		U-238		Gamma spectrometry		59.2		5.5		5.8		1.084		A		0.783		A		-		-		A		A

		19		K-40		Gamma spectrometry		11.9		1.5		3.06		-1.172		A		-0.687		A		-		-		A		A

		19		Pb-210		Gamma spectrometry		219		4		8.6		-5.874		N		-1.983		A		-		-		N		W

		19		Ra-226		Gamma spectrometry		333		7		14		-1.001		A		-		-		-0.331		A		A		A

		19		Th-232		Gamma spectrometry		28.1		0.3		0.69		0.366		A		0.259		A		-		-		A		A

		19		U-235		Gamma spectrometry		2.21		0.78		1.55		-0.743		A		-0.698		A		-		-		A		A

		19		U-238		Gamma spectrometry		25.7		4.71		9.43		-1.830		A		-1.283		A		-		-		A		A

		20		K-40		Gamma spectrometry		10.9		1.7		5.2		-1.477		A		-0.902		A		-		-		A		A

		20		Ra-226		Gamma spectrometry		314.9		18.9		0.9		-1.435		A		-		-		-0.720		A		A		A

		20		Th-232		Gamma spectrometry		30.4		1.8		1.6		0.610		A		0.440		A		-		-		A		A

		21		K-40		Gamma spectrometry		14.2		2.8		6.3		-0.247		A		-0.192		A		-		-		A		A

		21		Pb-210		Gamma spectrometry		344		42.2		18.2		0.614		A		0.565		A		-		-		A		A

		21		Ra-226		Gamma spectrometry		346		21.8		1.5		-0.093		A		-		-		-0.052		A		A		A

		21		Ra-228		Gamma spectrometry		41.1		1.7		1.9		1.222		A		0.581		A		-		-		A		A

		21		Th-228		Gamma spectrometry		27.9		2		1.5		-0.484		A		-0.291		A		-		-		A		A

		21		Tl-208		Gamma spectrometry		9.4		0.7		0.7		0.574		A		0.294		A		-		-		A		A

		22		Ac-228		Gamma spectrometry		34.3		1.4		1.2		0.561		A		0.273		A		-		-		A		A

		22		Bi-214		Gamma spectrometry		378		12.9		1		1.474		A		0.680		A		-		-		A		A

		22		K-40		Gamma spectrometry		12.7		1.9		3.8		-0.808		A		-0.515		A		-		-		A		A

		22		Pb-210		Gamma spectrometry		282		39.2		5.3		-0.809		A		-0.699		A		-		-		A		A

		22		Pb-212		Gamma spectrometry		20		1		0.7		0.591		A		0.400		A		-		-		A		A

		22		Pb-214		Gamma spectrometry		373		13.8		1.1		1.407		A		0.660		A		-		-		A		A

		22		Ra-226		Gamma spectrometry		392		11.8		9		2.411		W		-		-		0.937		A		W		A

		22		Th-228		Alpha spectrometry		39.8		3.5		0.038		1.345		A		0.894		A		-		-		A		A

		22		Th-232		Alpha spectrometry		5.6		0.4		0.032		-2.139		W		-1.514		A		-		-		W		A

		22		Th-234		Gamma spectrometry		41		11.5		4.4		0.646		A		1.397		A		-		-		N		W

		22		Tl-208		Gamma spectrometry		7.4		0.7		0.5		-0.938		A		-0.482		A		-		-		A		A

		22		U-235		Alpha spectrometry		2.3		0.6		0.045		-0.735		A		-0.627		A		-		-		A		A

		22		U-235		Gamma spectrometry		2.3		0.7		2.3		-0.697		A		-0.627		A		-		-		A		A

		22		U-238		Alpha spectrometry		43.1		4.3		0.031		-0.303		A		-0.210		A		-		-		A		A

		23		Ac-228		Gamma spectrometry		27.08		5.84		8.03		-0.937		A		-1.124		A		-		-		N		W

		23		Bi-214		Gamma spectrometry		178.8		26.74		4.67		-4.491		N		-2.753		W		-		-		N		W

		23		Pb-210		Gamma spectrometry		252.28		9.53		22.41		-3.425		N		-1.304		A		-		-		N		W

		23		Pb-212		Gamma spectrometry		10.46		0.79		2.65		-8.110		N		-4.781		N		-		-		N		N

		23		Pb-214		Gamma spectrometry		174.98		6.91		3.2		-6.549		N		-2.760		W		-		-		N		W

		23		Ra-226		Gamma spectrometry		177.13		24.31		2.99		-6.138		N		-		-		-3.683		N		N		N

		23		Tl-208		Gamma spectrometry		11.97		0.45		1.37		2.752		W		1.292		A		-		-		W		A

		24		Ac-228		Gamma spectrometry		34.7		3.9		15		0.409		A		0.350		A		-		-		A		A

		24		Bi-214		Gamma spectrometry		393		38		8.6		1.220		A		0.939		A		-		-		A		A

		24		Pb-210		Gamma spectrometry		316		29		21		-0.008		A		-0.006		A		-		-		A		A

		24		Pb-212		Gamma spectrometry		19.2		2.0		2.3		-0.030		A		-0.034		A		-		-		W		A

		24		Pb-214		Gamma spectrometry		391		37		6.3		1.284		A		0.971		A		-		-		A		A

		24		Ra-226		Gamma spectrometry		393		24		6.3		1.614		A		-		-		0.959		A		A		A

		24		Ra-228		Gamma spectrometry		34.7		3.9		15		-0.318		A		-0.204		A		-		-		A		A

		24		Th-228		Gamma spectrometry		19.0		1.7		2.3		-1.991		A		-1.177		A		-		-		A		A

		24		Th-234		Gamma spectrometry		33.3		3.7		9.8		-0.022		A		-0.018		A		-		-		A		A

		24		Tl-208		Gamma spectrometry		6.7		1.1		3.0		-1.235		A		-0.753		A		-		-		A		A

		24		U-235		Gamma spectrometry		1.53		0.17		0.45		-1.719		A		-1.237		A		-		-		A		A

		24		U-238		Gamma spectrometry		33.3		3.7		9.8		-1.201		A		-0.814		A		-		-		A		A

		26		K-40		Gamma spectrometry		62.49		5.54		11		7.916		N		10.203		N		-		-		N		N

		26		Ra-226		Gamma spectrometry		358.64		7.65		2.34		0.652		A		-		-		0.220		A		A		A

		26		Ra-228		Gamma spectrometry		63.04		1.89		3.6		6.731		N		3.271		N		-		-		N		N

		26		Th-228		Gamma spectrometry		44.33		1.7		1.44		2.276		W		1.346		A		-		-		W		A

		26		Th-232		Gamma spectrometry		52.71		1.27		1.44		3.078		N		2.198		W		-		-		N		W

		27		K-40		Gamma spectrometry		17.31		2.08		3.69		0.720		A		0.478		A		-		-		A		A

		27		Pb-210		Gamma spectrometry		767.53		134.85		172.27		3.323		N		9.198		N		-		-		N		N

		27		Ra-226		Gamma spectrometry		368.72		30.23		0.77		0.612		A		-		-		0.437		A		A		A

		27		Th-232		Gamma spectrometry		33.31		2.73		1.56		0.906		A		0.669		A		-		-		A		A

		28		K-40		Gamma spectrometry		12		2		Unspecified		-1.021		A		-0.666		A		-		-		A		A

		28		Pb-210		Gamma spectrometry		355		40		Unspecified		0.898		A		0.789		A		-		-		A		A

		28		Ra-226		Gamma spectrometry		335		10		Unspecified		-0.790		A		-		-		-0.288		A		A		A

		28		Th-232		Gamma spectrometry		30		2		Unspecified		0.564		A		0.409		A		-		-		A		A

		28		U-238		Gamma spectrometry		36		5		Unspecified		-0.914		A		-0.648		A		-		-		A		A

		29		Ac-228		Gamma spectrometry		61.3		5.2105		Unspecified		5.061		N		5.499		N		-		-		N		N

		29		Bi-214		Gamma spectrometry		672		41.664		Unspecified		6.975		N		5.748		N		-		-		N		N

		29		K-40		Gamma spectrometry		160		32		Unspecified		4.517		N		31.194		N		-		-		N		N

		29		Pb-212		Gamma spectrometry		82.6		8.1774		Unspecified		7.713		N		34.396		N		-		-		N		N

		29		Pb-214		Gamma spectrometry		550.5		75.969		Unspecified		2.714		W		3.727		N		-		-		W		N

		29		Ra-226		Gamma spectrometry		1245		149.4		Unspecified		5.976		N		-		-		19.279		N		N		N

		29		Tl-208		Gamma spectrometry		61.7		5.6147		Unspecified		9.267		N		20.587		N		-		-		N		N

		29		U-235		Gamma spectrometry		68		8.16		Unspecified		7.908		N		51.484		N		-		-		N		N

		30		K-40		Gamma spectrometry		22.5		7		10		1.007		A		1.595		A		-		-		W		A

		30		Ra-226		Gamma spectrometry		327.6		4.3		4		-1.449		A		-		-		-0.447		A		A		A

		30		Th-232		Gamma spectrometry		17.3		4.3		5		-0.755		A		-0.592		A		-		-		A		A

		34		K-40		Gamma spectrometry		11.2		2.58		7.24		-1.132		A		-0.838		A		-		-		A		A

		34		Ra-226		Gamma spectrometry		4039		14.94		13.9		182.056		N		-		-		79.358		N		N		N

		34		Th-234		Gamma spectrometry		61150		18960		32800		3.223		N		11236.106		N		-		-		N		N

		35		Ac-228		Gamma spectrometry		35.44		1.27		5.42		1.044		A		0.494		A		-		-		A		A

		35		Bi-214		Gamma spectrometry		318.44		5.08		3.22		-0.838		A		-0.346		A		-		-		A		A

		35		K-40		Gamma spectrometry		19.83		5.61		17.54		0.783		A		1.020		A		-		-		A		A

		35		Pb-210		Gamma spectrometry		272.62		45.01		54.54		-0.913		A		-0.890		A		-		-		W		A

		35		Pb-212		Gamma spectrometry		19.48		1.54		1.68		0.127		A		0.118		A		-		-		A		A

		35		Pb-214		Gamma spectrometry		308.35		10.74		3.27		-1.026		A		-0.456		A		-		-		A		A

		35		Ra-226		Gamma spectrometry		313.4		7.91		3.25		-2.212		W		-		-		-0.753		A		W		A

		35		Ra-228		Gamma spectrometry		35.44		1.27		5.42		-0.249		A		-0.113		A		-		-		A		A

		35		Tl-208		Gamma spectrometry		6.24		0.45		1.11		-1.985		A		-0.932		A		-		-		A		A

		35		U-235		Gamma spectrometry		7.9		2.65		1.76		1.720		A		3.815		N		-		-		W		N

		38		Ac-228		Gamma spectrometry		33.2		8		1.76		0.038		A		0.060		A		-		-		N		W

		38		Bi-214		Gamma spectrometry		298		12		0.941		-1.539		A		-0.699		A		-		-		A		A

		38		K-40		Gamma spectrometry		11.3		1.5		4.86		-1.393		A		-0.816		A		-		-		A		A

		38		Pb-210		Gamma spectrometry		350		50		6.78		0.642		A		0.688		A		-		-		A		A

		38		Pb-212		Gamma spectrometry		18.4		3		0.861		-0.279		A		-0.469		A		-		-		N		W

		38		Pb-214		Gamma spectrometry		299		10		1.27		-1.406		A		-0.618		A		-		-		A		A

		38		Ra-226		Alpha spectrometry		283		13		Unspecified		-3.463		N		-		-		-1.406		A		N		W

		38		Ra-226		Gamma spectrometry		306		29		12.6		-1.322		A		-		-		-0.912		A		A		A

		38		Ra-228		Gamma spectrometry		33.2		3		Unspecified		-0.688		A		-0.388		A		-		-		A		A

		38		Th-228		Gamma spectrometry		33.2		3		Unspecified		0.370		A		0.237		A		-		-		A		A

		38		Th-232		Alpha spectrometry		5.62		1.87		Unspecified		-2.094		W		-1.513		A		-		-		W		A

		38		Th-232		Gamma spectrometry		33.2		2		Unspecified		0.912		A		0.661		A		-		-		A		A

		38		Th-234		Gamma spectrometry		35.1		3		8.12		0.437		A		0.313		A		-		-		A		A

		38		Tl-208		Gamma spectrometry		15.8		2		1.06		3.121		N		2.778		W		-		-		N		W

		38		U-235		Alpha spectrometry		1.02		0.2		Unspecified		-2.266		W		-1.642		A		-		-		W		A

		38		U-235		Gamma spectrometry		1.6		0.2		3.48		-1.631		A		-1.182		A		-		-		A		A

		38		U-238		Gamma spectrometry		35.1		3		Unspecified		-1.058		A		-0.703		A		-		-		A		A

		40		Ac-228		Gamma spectrometry		34.0		3.8		19		0.256		A		0.215		A		-		-		A		A

		40		Bi-214		Gamma spectrometry		387		37		7.7		1.106		A		0.835		A		-		-		A		A

		40		Pb-210		Gamma spectrometry		327		25		17		0.361		A		0.219		A		-		-		A		A

		40		Pb-212		Gamma spectrometry		18.4		1.7		2.1		-0.465		A		-0.469		A		-		-		W		A

		40		Pb-214		Gamma spectrometry		383		36		5.6		1.123		A		0.833		A		-		-		A		A

		40		Ra-226		Gamma spectrometry		387		38		38		0.955		A		-		-		0.830		A		A		A

		40		Th-234		Gamma spectrometry		32.6		3.5		10		-0.187		A		-0.147		A		-		-		A		A

		40		Tl-208		Gamma spectrometry		6.3		1.0		2.5		-1.557		A		-0.908		A		-		-		A		A

		40		U-235		Gamma spectrometry		1.50		0.16		0.63		-1.756		A		-1.261		A		-		-		A		A

		14a		Ac-228		Gamma spectrometry		25.66		26.66		Unspecified		-0.270		A		-1.399		A		-		-		N		W

		14a		Bi-214		Gamma spectrometry		12.7		4.88		Unspecified		-13.603		N		-5.617		N		-		-		N		N

		14a		K-40		Gamma spectrometry		34.74		99.84		Unspecified		0.197		A		4.230		N		-		-		N		N

		14a		Pb-212		Gamma spectrometry		9.11		22.63		Unspecified		-0.448		A		-5.514		N		-		-		N		N

		14a		Pb-214		Gamma spectrometry		18.66		4.19		Unspecified		-13.297		N		-5.460		N		-		-		N		N

		14a		Ra-226		Gamma spectrometry		228.52		14.79		Unspecified		-5.946		N		-		-		-2.578		W		N		W

		14a		Th-228		Gamma spectrometry		271.57		54.04		Unspecified		4.431		N		23.977		N		-		-		N		N

		14a		Tl-208		Gamma spectrometry		0.06		34.82		Unspecified		-0.246		A		-3.330		N		-		-		N		N

		14b		Ac-228		Gamma spectrometry		9.08		3.9		2.02		-5.382		N		-4.608		N		-		-		N		N

		14b		Bi-214		Gamma spectrometry		92.25		0.63		0.94		-10.499		N		-4.245		N		-		-		N		N

		14b		Pb-212		Gamma spectrometry		4.73		3.375		0.72		-4.205		N		-7.892		N		-		-		N		N

		14b		Pb-214		Gamma spectrometry		94.08		0.565		1.18		-10.282		N		-4.158		N		-		-		N		N

		14b		Ra-226		Gamma spectrometry		119.14		2.675		12.02		-16.422		N		-		-		-4.930		N		N		N

		14b		Tl-208		Gamma spectrometry		2.12		5.955		0.84		-1.076		A		-2.530		W		-		-		N		W





Index I Evaluation

		Laboratory code		Potential Activity Concentration Index I Value		Potential Activity Concentration Index I Uncertainty		zeta score		Performance  zeta score		z score		Performance  Z score

		2		1.549		0.097		2.022		W		1.391		A

		3		1.116		0.072		-2.491		W		-1.368		A

		4		1.240		0.044		-1.419		A		-0.579		A

		5		1.005		0.027		-6.025		N		-2.077		W

		6		1.201		0.080		-1.398		A		-0.826		A

		8		1.474		0.070		1.702		A		0.911		A

		9		0.707		0.014		-12.723		N		-3.979		N

		10		1.2048		0.0075		-2.657		W		-0.804		A

		11		1.359		0.051		0.399		A		0.177		A

		12		1.3168		0.0092		-0.295		A		-0.090		A

		13		0.965		0.018		-7.320		N		-2.335		W

		14a		0.900		0.150		-2.800		W		-2.737		W

		14b		0.44		0.02		-17.238		N		-5.665		N

		15		1.35		0.24		0.083		A		0.128		A

		16		0.083		0.011		-25.973		N		-7.959		N

		17		1.488		0.034		2.718		W		0.999		A

		19		1.254		0.023		-1.458		A		-0.487		A

		20		1.205		0.064		-1.588		A		-0.800		A

		21		1.364		0.073		0.377		A		0.209		A

		22*		1.339		0.039		0.132		A		0.052		A

		23		0.726		0.086		-6.170		N		-3.858		N

		24		1.484		0.082		1.612		A		0.974		A

		26		1.480		0.026		2.772		W		0.950		A

		27		1.40		0.10		0.630		A		0.450		A

		28		1.271		0.035		-1.031		A		-0.384		A

		29		4.51		0.50		6.345		N		20.272		N

		30		1.186		0.026		-2.704		W		-0.924		A

		34		13.467		0.050		177.471		N		77.392		N

		35		1.228		0.027		-1.889		A		-0.653		A

		38		1.19		0.10		-1.307		A		-0.899		A

		38*		0.98		0.04		-5.513		N		-2.268		W

		40		1.46		0.13		0.949		A		0.834		A

		*Results for 232Th and/or 226Ra were assessed using alpha spectrometry-based methods



























































































































































































































































































































































































Summary of laboratory practices

		Laboratory code		Which type of efficiency calibration was used for gamma-ray spectrometry?		How was Ra-226 determined?		In case of using 186 keV to asses Ra-226, was U-235 interference accounted for?		What was the geometry of the container?		What was the counting time in seconds for the phosphate ore sample?		What was the counting time in seconds for the phosphate ore sample?		Was the measurement container completely filled for the phosphate ore sample?		Was the measurement container completely filled for the phosphogypsum sample? 		Was any sealing material applied to close the measurement container? 		If so, which sealant was applied?		How long was the period between sealing and measurement?		Was radon tightness of the measurement containers tested?		How was U-238 determined?		How was U-235 determined? 		How was Th-228 determined?		How was Ra-228 determined?		How was Th-232 determined?		Was self-absorption accounted for?		Were true coincidence summing effects accounted for?		Does the laboratory implement a Quality Management System?		Is the laboratory accredited?		HPGe type - Detector #1		HPGe energy range - Detector #1		HPGe relative efficiency (%) - Detector #1		HPGe type - Detector #2		HPGe energy range - Detector #2		HPGe relative efficiency (%) - Detector #2

		2		Monte Carlo simulation (LabSOCS Software)		Ra-226 progeny (undefined)		Unspecified		Unspecified		216000		216000		No		No		Yes		Tape		30 days		No		Unspecified		Unspecified		Unspecified		Unspecified		Ra-228 and Th-228		Yes		Yes		Yes		Yes		Unspecified		Unspecified		20		Unspecified		Unspecified		40

		3		Monte Carlo simulation (Geometry Composer software)		Ra-226 progeny (Pb 214)		Yes		Unspecified		54000		61500		Yes		Yes		Yes		Silicone		3 days, 7 days and  then 32 days		Yes		Unspecified		Unspecified		Pb-212		Ac-228		Ra-228		Yes		Yes		Yes		Yes		Large planar		Broad		48		-		-		-

		4		Certified Reference Materials from IAEA and the Czech Metrology Institute		Ra-226 progeny (Pb 214 and Bi 214)		Unspecified		Marinelli		172800		172800		Yes		Yes		Yes		Aluminium tape		41 to 43 days		No		Unspecified		Unspecified		Unspecified		Unspecified		Ac-228 and Pb-212		No		No		Yes		Yes		Standard electrode coaxial		Standard		43		-		-		-

		5		Mix liquid source		Unspecified		Unspecified		Cylindrical		80000		80000		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		No		No		Yes		Yes		Reverse electrode coaxial		Broad		35		-		-		-

		6		Radioactive standard and reference material		Ra-226 progeny (Pb 214 and Bi 214)		Yes		Cylindrical		335678		78938		Yes		Yes		Yes		Tape		1 month		No		Pa-234m and/or Th-234		Directly, accounting for Ra-226		Unspecified		Unspecified		Ac-228 and Pb-212		No		No		Yes		Yes		Standard electrode coaxial		Standard		38		-		-		-

		8		Certified standards and efficiency transfer (EFFTRAN software)		Unspecified		Unspecified		Cylindrical		535090		599999		Yes		Yes		Yes		Silicone gel		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Yes		Yes		Yes		Yes		Large planar		Broad		48		-		-		-

		9		Monte Carlo calculations		Ra-226 directly and progeny		Yes		Unspecified		Unspecified		Unspecified		Yes		Yes		Yes		Glue		7 days		No		Pa-234m		Directly		Unspecified		Unspecified		Ac-228, Pb-212, Bi-212 and Tl-208		Yes		No		Yes		Yes		Unspecified		Unspecified		Unspecified		-		-		-

		10		Certified source		Ra-226 progeny (Pb 214 and Bi 214)		Unspecified		Cylindrical		80000		80000		Yes		Yes		Yes		Tape		Three months		No		Th-234		Directly		Unspecified		Unspecified		Ac-228		No		Yes		Yes		Yes		Standard electrode coaxial		Standard		55		-		-		-

		11		Radioactive standard, internal reference material and efficiency transfer using EFFTRAN		Ra-226 progeny (Pb 214 and Bi 214)		Yes		Cylindrical		60000		60000		Yes		Yes		Yes		Bee wax		30 days		No		Pa-234m and/or Th-234		Directly, accounting for Ra-226		Unspecified		Unspecified		Ac-228		Yes		Yes		Yes		Yes		Reverse electrode coaxial		Broad		20		-		-		-

		12		Certified reference material and efficiency transfer (EFFTRAN software)		Ra-226 progeny (Pb 214 and Bi 214)		Unspecified		Cylindrical		80000		350000		No		No		Yes 		Tape		4 weeks		No		Th-234		Directly		Unspecified		Unspecified		Unspecified		No		Yes		Yes		Yes		Thin entrance electrode coaxial		Broad		50		-		-		-

		13		Monte Carlo calculations (Genie2k. LabSOCS)		Unspecified		Yes		Cylindrical		82315		236455		Yes		Yes		Yes		Vaccuum grease		One month		No		Pa-234m and/or Th-234		Using U-238/U-235 ratio		Pb-212		Ac-228		Ac-228		Yes		No		Yes		Yes		Large planar		Broad		27		-		-		-

		14a		Unspecified		Unspecified		Unspecified		Unspecified		22452		22453		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Yes		Yes		Unspecified		Unspecified		Unspecified		-		-		-

		14b		Reference source (CBSS2) and efficiency transfer (ANGLE software)		Unspecified		No		Marinelli		28800		28800		No		No		No		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Yes		No		No		No		Standard electrode coaxial		Standard		52		-		-		-

		15		Standard source and efficiency transfer (EFFTRAN software)		Unspecified		Yes		Cylindrical		100000		100000		Yes		Yes		Yes		Silicone and adhesive tape		More than 25 days		No		Unspecified		Directly		Unspecified		Unspecified		Unspecified		Yes		No		Yes		No		Standard electrode coaxial		Standard		25		-		-		-

		16		Reference material IARMA 117- U-238, IARMA 120- U-235, 
IARMA 004- K-40,		Ra-226 directly and progeny		No		Unspecified		170000		170000		No		No		Yes		Aluminum foil		30 days		No		Th-234		Directly		Unspecified		Unspecified		Ac-228 and Tl-208		No		No		Yes		No		Large planar		Broad		43		-		-		-

		17		Reference source and Monte Carlo simulation (PENELOPE software)		Ra-226 progeny (undefined)		Unspecified		Cylindrical		400000		400000		Yes 		Yes 		Yes 		Epoxy resin and varnish		30 days		Yes, in the past		Th-234		Directly		Pb-212 and Tl-208		Ac-228		Unspecified		Yes		Yes		No		No		Thin entrance electrode coaxial		Broad		105		-		-		-

		19		Standard		Unspecified		Unspecified		Marinelli		300000		234824		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		No		No		Yes		Yes		Unspecified		Unspecified		50		-		-		-

		20		Monte Carlo simulation (LabSOCS Software)		Ra-226 progeny (Pb 214 and Bi 214)		Unspecified		Marinelli		172800		172800		Yes		No		Yes		Tape		One month		No		Unspecified		Unspecified		Unspecified		Ac-228		Ra-228		Yes		Yes		No		No		Thin entrance electrode coaxial		Broad		40		-		-		-

		21		Monte Carlo simulation (LabSOCS Software)		Ra-226 progeny (undefined)		Unspecified		Cylindrical		>120000		>120000		Yes 		Yes 		Yes 		Aluminium tape		More than 25 days		No		Pa-234m		Directly		Pb-212 and Bi 212		Ac-228		Ra-228		Yes		Yes		Yes		No		Unspecified		Unspecified		Unspecified		-		-		-

		22		Multinuclide gamma reference source		Directly (186 keV line)		Yes		Unspecified		250000		250000		Yes		Yes		Yes		Parafilm		30 days		No		Pa-234m and/or Th-234		Directly		Th-228		Ac-228		Progeny (undefined)		Yes		Yes		Yes		Yes		Reverse electrode coaxial		Broad		70		Standard electrode coaxial		Standard		110

		23		Multi-gamma source and efficiency transfer (EFFTRAN software)		Unspecified		Unspecified		Cylindrical		86400		86400		Unspecified		Unspecified		Unspecified		Unspecified		Four weeks		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		No		Yes		Yes		Yes		Standard electrode coaxial		Standard		30		-		-		-

		24		Monte Carlo simulation (EGSnrc and PENELOPE software)		Ra-226 directly and progeny		Yes		Cylindrical		150000		150000		Yes		Yes		Yes		Polymer-coated aluminum sheet, epoxy resin and glue		57-59 days		Yes, in the past		Th-234		Directly and using U-238/U-235 ratio 		Ra-224, Pb-212 and Tl-208		Ac-228		Ra-228 and Th-228		Yes		Yes		Yes		No		Large planar		Broad		26		-		-		-

		26		Multi nuclide source		Unspecified		Unspecified		Cylindrical		100000		100000		Yes		Yes		Yes		Epoxy glue		One month		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Yes		Yes		Yes		Standard electrode coaxial		Standard		50		-		-		-

		27		Reference material from Czech Metrology Institute		Unspecified		Yes		Cylindrical		261017		243540		No		No		Yes		Silicone based resin		40 days		Yes		Pa-234m		Directly		Unspecified		Unspecified		Ac-228		Yes		Yes		Yes		Yes		Standard electrode coaxial		Standard		41		-		-		-

		28		Reference source and Monte Carlo simulation (PENELOPE software)		Ra-226 progeny (undefined)		Yes		Unspecified		Unspecified		Unspecified		Yes 		Yes 		Yes		Epoxy resin		30 days		Unspecified		Th-234		Directly		Pb-212 and Tl-208		Ac-228		Ra-228 and Th-228		Yes		Yes		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		-		-		-

		29		Monte Carlo simulation (LabSOCS Software)		Directly (186 keV line)		Yes		Unspecified		Unspecified		Unspecified		No		No		No		Unspecified		Unspecified		No		Progeny (undefined)		Directly		Unspecified		Unspecified		Progeny (undefined)		Yes		Unspecified		Unspecified		No		Unspecified		Unspecified		Unspecified		-		-		-

		30		Reference material		Ra-226 progeny (Pb 214 and Bi 214)		Unspecified		Planar		68000		68000		Yes		Yes		Yes		Tape		More than 30 days		No		Unspecified		Unspecified		Unspecified		Ac-228, Pb-212 and Bi-212		Ra-228		Yes		Yes		Yes		Yes		Standard electrode coaxial		Standard		30		-		-		-

		34		Unspecified		Unspecified		Unspecified		Marinelli		Unspecified		Unspecified		Yes		Yes		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Unspecified		Standard electrode coaxial		Standard		40		-		-		-

		35		Radioactive standard (MBSS 2) and Monte Carlo Simulation (ISOCS/LABSOCS software)		Ra-226 progeny (Pb 214 and Bi 214)		Unspecified		Cylindrical		86400		86400		No		No		Yes		Tape		Approximately one month		No		Unspecified		Directly		Unspecified		Ac-228		Unspecified		Yes		Yes		Yes		No		Unspecified		Unspecified		Unspecified		-		-		-

		38		Reference sources, Monte Carlo simulation (PENELOPE/PENNUC software) and efficiency transfer		Directly (186 keV line)		Yes		Cylindrical		>339982		>339982		No		No		No		No		Unspecified		No		Th-234 and Pa-234m		Using U-238/U-235 ratio 		Pb-212, Bi-212 and Tl-208		Ac-228		Th-228		Yes		Yes		Yes		Yes		Large planar		Broad		50		Standard electrode coaxial		Standard		70

		40		Reference source and Monte Carlo simulation		Ra-226 directly and progeny		 Yes		Cylindrical		86400		86400		Yes		Yes		Yes		Tape		20 days		Yes		Pa-234m and/or Th-234		Directly and using U-238/U-235 ratio 		Pb-212, Bi-212 and Tl-208		Ac-228		Unspecified		Yes		Yes		No		No		Large planar		Broad		50		-		-		-





plots_ore

		Ac-227		28.8		5.9		5.8		gamma		21

		Ac-227		29		1.4		5.9		gamma		24

		Ac-228		25		5.3965				gamma		29

		Ac-228		39		0.8				gamma		5

		Ac-228		40		2				gamma		4

		Ac-228		41		2		2.814		gamma		3

		Ac-228		42		0.565				gamma		13

		Ac-228		42		15		1.09		gamma		28

		Ac-228		45		1.8		1.2		gamma		22

		Ac-228		45		2.8		16		gamma		24

		Ac-228		45		2.6459759		20		gamma		40

		Ac-228		47		1.19		3.27		gamma		35

		Ac-228		47		4.2		4.5		gamma		15

		Ac-228		47		2.17				gamma		14b

		Ac-228		48		0.72		1.93		gamma		12

		Ac-228 		52.4		24.45				gamma		14a

		Ac-228		53		7.21		6.98		gamma		23

		Bi-212		22.3		4.8614				gamma		29

		Bi-212		31.13		2.65		6.86		gamma		35

		Bi-212		34.782		2.3				gamma		5

		Bi-212		40.2		3.065				gamma		3

		Bi-212		40.3		5		3.39		gamma		38

		Bi-212		43.7		2.7		3.5		gamma		22

		Bi-212		45.05		1.9		6.96		gamma		12

		Bi-212		49.1		9.7		40		gamma		24

		Bi-212		57.8		5.2		12.5		gamma		15

		Bi-214		39.05		3				gamma		14a

		Bi-214		234.4		15.0016				gamma		29

		Bi-214		426.11		3.15				gamma		13

		Bi-214		430.44		6				gamma		5

		Bi-214		445		26.75				gamma		3

		Bi-214		452		20		0.65		gamma		38

		Bi-214		458.2		41.2		3.1		gamma		15

		Bi-214		495.37		6.12		2.25		gamma		35

		Bi-214		508.02		0.39				gamma		14b

		Bi-214		517		20				gamma		4

		Bi-214		520		20.8		1		gamma		22

		Bi-214		534.24		2.57		1.07		gamma		12

		Bi-214		559.34		83.65		6.79		gamma		23

		Bi-214		594.721629393		30.8950759293		7.3		gamma		40

		Bi-214		598		32		6.7		gamma		24

		K-40		20.8		2.2		8.853		gamma		3

		K-40		23		7.5		10		gamma		30

		K-40		23.3		2.4		3.2		gamma		17

		K-40		23.3		3.6		10.8		gamma		9

		K-40		24.072		2.5				gamma		5

		K-40		27.9		2.9		3.8		gamma		22

		K-40		28		3.6		15.6		gamma		21

		K-40		28.3		1.8		4.2		gamma		20

		K-40		28.8		2		3.63		gamma		34

		K-40		28.8		2		3.63		gamma		38

		K-40    		29.36		1.4		5.87		gamma		12

		K-40		29.7		1.2		5.5		gamma		6

		K-40		30		3		8		gamma		2

		K-40		30		2		4		gamma		8

		K-40		30.7		7.2		25		gamma		24

		K-40		30.8		2.75				gamma		13

		K-40		31.59		0.57		3.6		gamma		10

		K-40		31.8		7.9		20.5		gamma		15

		K-40		32.76		3.74		10.92		gamma		35

		K-40		34		3				gamma		4

		K-40		35.4		10				gamma		11

		K-40		39.72		6.93		12.59		gamma		23

		K-40		40.26		4.03		3.47		gamma		27

		K-40		47.69		3.27		6.32		gamma		26

		K-40		67		78.05				gamma		14a

		K-40		79.32		7.09				gamma		14b

		K-40		226		25				gamma		16

		Pa-234m		531		25		42.9		gamma		38

		Pa-234m		551		39		45		gamma		22

		Pa-234m		580.77		29.05				gamma		13

		Pa-234m		592.72		18.8		70.5		gamma		12

		Pa-234m		633.6		57.1		136		gamma		15

		Pb-210		126		18		45		gamma		10

		Pb-210		202.98		9				gamma		5

		Pb-210		281		36.53		5.3		gamma		22

		Pb-210		282.76		27.9				gamma		13

		Pb-210		316.23		9.49		22.01		gamma		23

		Pb-210		325		48		30.9		gamma		9

		Pb-210		369		124				alpha		9

		Pb-210		378.17		58.08		69.51		gamma		35

		Pb-210		381		55				gamma		3

		Pb-210		386		100		7.07		gamma		38

		Pb-210		392		60		21		gamma		2

		Pb-210		427		52		14		gamma		21

		Pb-210		560.99		20.1		34.5		gamma		12

		Pb-210		576		29		29		gamma		24

		Pb-210		583.13016		33.303799		27		gamma		40

		Pb-210		611		48				gamma		11

		Pb-210		620		60		40		gamma		8

		Pb-210		626.41		162.86		153.46		gamma		27

		Pb-210		670		13		15		gamma		17

		Pb-212		33.2		3.652				gamma		29

		Pb-212		39.678		1.2				gamma		5

		Pb-212		39.8		3.2				gamma		3

		Pb-212		42.01		1.75				gamma		13

		Pb-212		42.64		1.45				gamma		14b

		Pb-212		43.4		10		0.62		gamma		38

		Pb-212		43.4		10		0.62		gamma		38

		Pb-212		44.58		9.16				gamma		14a

		Pb-212		45.2		1.8		0.7		gamma		22

		Pb-212		46.67		3.26		1.33		gamma		35

		Pb-212		47		2				gamma		4

		Pb-212		48.07		0.85		1.12		gamma		12

		Pb-212		48.37		10.26		2.61		gamma		23

		Pb-212		50.3		2.2		1.9		gamma		24

		Pb-212		50.49		4.5		1.8		gamma		15

		Pb-212		50.750784		2.41255945		2.2		gamma		40

		Pb-214		58.85		2.58				gamma		14a

		Pb-214		302		22.65				gamma		29

		Pb-214		418.2		7				gamma		5

		Pb-214		440		15		0.91		gamma		38

		Pb-214		464		34				gamma		3

		Pb-214		480.6		43.3		3.4		gamma		15

		Pb-214		483.25		8.985				gamma		13

		Pb-214		491.47		16.59		1.94		gamma		35

		Pb-214		500.08		0.365				gamma		14b

		Pb-214		508		19				gamma		4

		Pb-214		520		21.84		1.1		gamma		22

		Pb-214		529.47		19.96		5.31		gamma		23

		Pb-214		541.66		4.47		1.27		gamma		12

		Pb-214		594.38603		29.1199183724		5.6		gamma		40

		Pb-214		598		30		5.3		gamma		24

		Ra-226		351.2		38.632				gamma		29		568.6587159259		382.4008018173		754.9166300346

		Ra-226		403		9.5		2.7		gamma		9		186.2579141087

		Ra-226		435.45		10.12		1.19		gamma		26

		Ra-226		441.9		26.6		0.6		gamma		20

		Ra-226		451.3		1.5		0.86		gamma		10

		Ra-226		457.4		4.6		5.8		LSC		15

		Ra-226		461		5		4		gamma		30

		Ra-226		463.8		69.6		31.3		gamma		15

		Ra-226		464		34				gamma		3

		Ra-226		493.42		11.36		2.1		gamma		35

		Ra-226		510		17				gamma		5

		Ra-226		513		19				gamma		4

		Ra-226		514		20		10.2		gamma		38

		Ra-226		520		32		3		gamma		2

		Ra-226		526		45.1		1.3		gamma		21

		Ra-226		538		23.134		9		gamma		22

		Ra-226		550		30		1		gamma		8

		Ra-226		555		16		0.3		gamma		17

		Ra-226		555.85		77.17		4.82		gamma		23

		Ra-226		562		41				gamma		11

		Ra-226		590.61533		36.959353		35		gamma		40

		Ra-226		603		25		5.3		gamma		24

		Ra-226		606		47		15		gamma		6

		Ra-226		632.16		49.93		0.69		gamma		27

		Ra-226		997		33.1		9.65		gamma		34

		Ra-226		1062.99		1.235				gamma		14b

		Ra-226		1095.7		6.32				gamma		14a				382.4008018173		754.9166300346

		Th-232		36		1.2		1.9		gamma		9

		Th-232		36.5		4.1		0.032		alpha		22

		Th-232		40.5		1.5		5		gamma		30

		Th-232		40.99		0.68		1.4		gamma		10

		Th-232		41.9		2.5		1.2		gamma		20

		Th-232		42.1		15				gamma		38

		Th-232		44		2				gamma		4

		Th-232		48.3		9.18		1.35		gamma		27

		Th-232		48.6		1.9		1.9		gamma		24

		Th-232		51.83		1.18		1.07		gamma		26

		Th-232		52		4		4		gamma		2

		U-235		20.7		2.5875				gamma		29

		U-235		22.4		5		3.17		gamma		38

		U-235		24.3		3.1		2.4		gamma		22

		U-235		26.7		2.4		6.6		gamma		17

		U-235		27.43		0.92		1.3		gamma		12

		U-235		28		2		4		gamma		8

		U-235		28.658338		1.5287342		2		gamma		40

		U-235		29.4		2.3		1.9		gamma		9

		U-235		29.6		2.3		0.045		alpha		22

		U-235		29.8		1.8		2.4		gamma		24

		U-235		31.6		1.4		2.8		gamma		10

		U-235		32.01		2.22		1.21		gamma		35

		U-235		32.2		4.83		1.9		gamma		15

		U-235		32.4		2.9		1.9		gamma		6

		U-235		36.2		5				gamma		11

		U-235						0.1		gamma		16

		U-238		587		82		11		gamma		6

		U-238		590		30		40		gamma		8

		U-238		471		48		131		gamma		9

		U-238		332.7		3.3		6		gamma		10

		U-238		633		77				gamma		11

		U-238		11		2				gamma		16

		U-238		724		25		12.7		gamma		17

		U-238		555.9		56.8		0.031		alpha		22

		U-238		606		27		11		gamma		24

		U-238		492		40				gamma		38

		U-238		10850		3470		3770		gamma		34

		U-238 (Th-234)		476.18		28.35		25.86		gamma		23



Pb-210 (phosphoric ore)



18	9	36.53	27.9	9.49	48	124	58.08	55	100	60	52	20.100000000000001	29	33.303798999999998	48	60	162.86000000000001	13	18	9	36.53	27.9	9.49	48	124	58.08	55	100	60	52	20.100000000000001	29	33.303798999999998	48	60	162.86000000000001	13	10	5	22	13	23	9	9	35	3	38	2	21	12	24	40	11	8	27	17	126	202.98000000000002	281	282.76	316.23	325	369	378.17	381	386	392	427	560.99	576	583.13016000000005	611	620	626.41	670	Lab code





Activity concentration (Bq/Kg dry mass)







Ra-226 (phosphoric ore)



2.6749999999999998	24.31	4.3	14.79	8	21.55	30	7.91	18.899999999999999	1.7	4.3	13	14	21.8	71.099999999999994	24	7.65	30.23	38.440003920655904	20	11.8	10	24	29	149.4	14.94	2.6749999999999998	24.31	4.3	14.79	8	21.55	30	7.91	18.899999999999999	1.7	4.3	13	14	21.8	71.099999999999994	24	7.65	30.23	38.440003920655904	20	11.8	10	24	29	149.4	14.94	14b	23	9	14a	5	3	38	35	20	10	30	4	11	21	15	6	26	27	40	8	22	17	24	2	29	34	351.2	403	435.45	441.9	451.3	457.4	461	463.8	464	493.42	510.00000000000006	513	514	520	526	538	550	555	555.85	562	590.61533000000009	603	606	632.16	997	1062.99	1095.7	-1σ	14b	23	9	14a	5	3	38	35	20	10	30	4	11	21	15	6	26	27	40	8	22	17	24	2	29	34	382.4008018172604	382.4008018172604	+1σ	14b	23	9	14a	5	3	38	35	20	10	30	4	11	21	15	6	26	27	40	8	22	17	24	2	29	34	754.91663003459166	754.91663003459166	Lab code





Activity concentration (Bq/Kg dry mass)







Pa-234m (phosphoric ore)



25	39	29.05	18.8	57.1	25	39	29.05	18.8	57.1	38	22	13	12	15	531	551	580.77	592.72	633.6	Lab code





Activity concentration (Bq/Kg dry mass)







K-40 (phosphoric ore)



2.2000000000000002	7.5	2.4	3.6	2.5	2.9	3.6	1.8	2	2	1.4	1.2	3	2	7.2	2.75	0.56999999999999995	7.9	3.74	3	10	6.93	4.03	3.27	78.05	7.09	25	2.2000000000000002	7.5	2.4	3.6	2.5	2.9	3.6	1.8	2	2	1.4	1.2	3	2	7.2	2.75	0.56999999999999995	7.9	3.74	3	10	6.93	4.03	3.27	78.05	7.09	25	3	30	17	9	5	22	21	20	34	38	12	6	2	8	24	13	10	15	35	4	11	23	27	26	14a	14b	16	20.8	23	23.3	23.3	24.072000000000003	27.9	28	28.3	28.8	28.8	29.36	29.7	30	30	30.7	30.8	31.59	31.8	32.76	34	35.4	39.72	40.26	47.69	67	79.319999999999993	226	Lab code





Activity concentration (Bq/Kg dry mass)







Pb-212 (phosphoric ore)



3.6520000000000001	1.2	3.2	1.75	1.45	10	10	9.16	1.8	3.26	2	0.85	10.26	2.2000000000000002	4.5	2.4125594499999998	3.6520000000000001	1.2	3.2	1.75	1.45	10	10	9.16	1.8	3.26	2	0.85	10.26	2.2000000000000002	4.5	2.4125594499999998	29	5	3	13	14b	38	38	14a	22	35	4	12	23	24	15	40	33.200000000000003	39.678000000000004	39.799999999999997	42.01	42.64	43.4	43.4	44.58	45.2	46.67	47	48.07	48.37	50.3	50.49	50.750784000000003	Lab code





Activity concentration (Bq/Kg dry mass)







Pb-214 (phosphoric ore)



2.58	22.65	7	15	34	43.3	8.9849999999999994	16.59	0.36499999999999999	19	21.84	19.96	4.47	29.119918372400257	30	2.58	22.65	7	15	34	43.3	8.9849999999999994	16.59	0.36499999999999999	19	21.84	19.96	4.47	29.119918372400257	30	14a	29	5	38	3	15	13	35	14b	4	22	23	12	40	24	58.85	302	418.20000000000005	440	464	480.6	483.25	491.47	500.08	508	520	529.47	541.66	594.38603000000001	598	Lab code





Activity concentration (Bq/Kg dry mass)







Ac-228 (phosphoric ore)



5.3965000000000005	0.8	2	2	0.56499999999999995	15	1.8	2.8	2.6459758999999998	1.19	4.2	2.17	0.72	24.45	7.21	5.3965000000000005	0.8	2	2	0.56499999999999995	15	1.8	2.8	2.6459758999999998	1.19	4.2	2.17	0.72	24.45	7.21	29	5	4	3	13	28	22	24	40	35	15	14b	12	14a	23	25.1	38.862000000000002	40	41.4	41.61	42.1	44.8	45	45.479277000000003	46.52	47.2	47.31	48.05	52.4	53.26	Lab code





Activity concentration (Bq/Kg dry mass)







Bi-212 (phosphoric ore)



4.8613999999999997	2.65	2.2999999999999998	3.0649999999999999	5	2.7	1.9	9.6999999999999993	5.2	4.8613999999999997	2.65	2.2999999999999998	3.0649999999999999	5	2.7	1.9	9.6999999999999993	5.2	29	35	5	3	38	22	12	24	15	22.3	31.13	34.782000000000004	40.200000000000003	40.299999999999997	43.7	45.05	49.1	57.8	Lab code





Activity concentration (Bq/Kg dry mass)







Th-232 (phosphoric ore)



1.2	4.0999999999999996	1.5	0.68	2.5	15	2	9.18	1.9	1.18	4	1.2	4.0999999999999996	1.5	0.68	2.5	15	2	9.18	1.9	1.18	4	9	22	30	10	20	38	4	27	24	26	2	36	36.5	40.5	40.99	41.9	42.1	44	48.3	48.6	51.83	52	Lab code





Activity concentration (Bq/Kg dry mass)







U-235 (phosphoric ore)



2.5874999999999999	5	3.1	2.4	0.92	2	1.5287341999999997	2.2999999999999998	2.2999999999999998	1.8	1.4	2.2200000000000002	4.83	2.9	5	2.5874999999999999	5	3.1	2.4	0.92	2	1.5287341999999997	2.2999999999999998	2.2999999999999998	1.8	1.4	2.2200000000000002	4.83	2.9	5	29	38	22	17	12	8	40	9	22	24	10	35	15	6	11	20.7	22.4	24.3	26.7	27.43	28	28.658338000000001	29.4	29.6	29.8	31.6	32.01	32.200000000000003	32.4	36.200000000000003	Lab code





Activity concentration (Bq/Kg dry mass)









plots_phospogypsum

		Ac-227		11.2		2.6		4.2		gamma		21

		Ac-227		12.8		1.3		6.3		gamma		24

		Ac-228		9		3.9				gamma		14b

		Ac-228		24		0.5				gamma		13

		Ac-228 		26		26.66				gamma		14a

		Ac-228		26		1.47		2.866		gamma		3

		Ac-228		27		5.84		8.03		gamma		23

		Ac-228		32		0.8				gamma		5

		Ac-228		33		8		1.76		gamma		38

		Ac-228		33		3		6.9		gamma		15

		Ac-228		34		2				gamma		4

		Ac-228		34.01575		3.7716694		19		gamma		40

		Ac-228		34		1.4		1.2		gamma		22

		Ac-228		35		1.27		5.42		gamma		35

		Ac-228		38		4.3		16		gamma		24

		Ac-228		39		0.5026501				gamma		12

		Ac-228		61		5.2105				gamma		29

		Bi-212		11.35		2.7		9.38		gamma		35

		Bi-212		13.4		2.055				gamma		3

		Bi-212		14.883		2.1				gamma		5

		Bi-212		18.1		2		4.52		gamma		38

		Bi-212		20.4		1.3		3.5		gamma		22

		Bi-212		21.7		3.5		16.1		gamma		15

		Bi-212		24.14678		1.364662				gamma		12

		Bi-212		33.9		4.9833				gamma		29

		Bi-214		12.7		4.88				gamma		14a

		Bi-214		92.25		0.63				gamma		14b

		Bi-214		178.8		26.74		4.67		gamma		23

		Bi-214		224.7		2.23				gamma		13

		Bi-214		284		17.1				gamma		3

		Bi-214		298		12		0.941		gamma		38

		Bi-214		311.19		4				gamma		5

		Bi-214		318.44		5.08		3.22		gamma		35

		Bi-214		332.5		29.9		4.3		gamma		15

		Bi-214		333		13				gamma		4

		Bi-214		342.5371		1.536225				gamma		12

		Bi-214		378		12.9		1		gamma		22

		Bi-214		387.3853674121		36.5660920022		7.7		gamma		40

		Bi-214		393		38		8.6		gamma		24

		Bi-214		672		41.664				gamma		29

		K-40		5.105		0.072		4.4		gamma		10

		K-40		8		1.5		4.8		gamma		9

		K-40		8.3		2.85				gamma		13

		K-40		10.9		1.7		5.2		gamma		20

		K-40		11		2		5		gamma		8

		K-40		11.2		2.58		7.24		gamma		34

		K-40		11.3		1.5		4.86		gamma		38

		K-40		12.7		1.9		3.8		gamma		22

		K-40    		12.9643		0.7616794				gamma		12

		K-40		13.1		2.8		11.55		gamma		3

		K-40		14.2		2.8		6.3		gamma		21

		K-40		17		3		5		gamma		2

		K-40		17.31		2.08		3.69		gamma		27

		K-40		19.83		5.61		17.54		gamma		35

		K-40		22.5		7		10		gamma		30

		K-40		23.7		2.1		13		gamma		6

		K-40		28		6				gamma		11

		K-40		34.74		99.84				gamma		14a

		K-40		62.49		5.54		11		gamma		26

		K-40		160		32				gamma		29

		K-40		248		32				gamma		16

		PB-210		179		26		7.3		gamma		9

		Pb-210		196.45		19.45				gamma		13

		Pb-210		210.33		8				gamma		5

		Pb-210		252.28		9.53		22.41		gamma		23

		Pb-210		258.611		8.917861				gamma		12

		Pb-210		272.62		45.01		54.54		gamma		35

		Pb-210		279		40.05				gamma		3

		Pb-210		280		94				alpha		9

		Pb-210		282		39.2		5.3		gamma		22

		Pb-210		300		39		8		gamma		2

		Pb-210		320		22				gamma		11

		Pb-210		324		30		21		gamma		24

		Pb-210		327.26737		24.5799655		17		gamma		40

		Pb-210		344		42.2		18.2		gamma		21

		Pb-210		346		42		57		gamma		10

		Pb-210		350		50		6.78		gamma		38

		Pb-210		360		40		40		gamma		8

		Pb-210		383		11		5.6		gamma		17

		Pb-210		767.53		134.85		172.27		gamma		27

		Pb-212		4.73		3.375				gamma		14b

		Pb-212		9.11		22.63				gamma		14a

		Pb-212		10.46		0.79		2.65		gamma		23

		Pb-212		12.8		0.65				gamma		13

		Pb-212		13.6		2.8		0		gamma		24

		Pb-212		14.2		1.175				gamma		3

		Pb-212		17.712		0.6				gamma		5

		Pb-212		18		1				gamma		4

		Pb-212		18.4		3		0.861		gamma		38

		Pb-212		18.43589		1.7040553		2.1		gamma		40

		Pb-212		19.48		1.54		1.68		gamma		35

		Pb-212		20		1		0.7		gamma		22

		Pb-212		20.1		1.8		2.4		gamma		15

		Pb-212		27.06856		0.4923959				gamma		12

		Pb-212		82.6		8.1774				gamma		29

		Pb-214		18.66		4.19				gamma		14a

		Pb-214		94.08		0.565				gamma		14b

		Pb-214		174.98		6.91		3.2		gamma		23

		Pb-214		253.3		5.2				gamma		13

		Pb-214		294		21.55				gamma		3

		Pb-214		299		10		1.27		gamma		38

		Pb-214		308.35		10.74		3.27		gamma		35

		Pb-214		316.11		5				gamma		5

		Pb-214		332		13				gamma		4

		Pb-214		332.9		29.9		4.2		gamma		15

		Pb-214		335.6898		2.656751				gamma		12

		Pb-214		373		13.8		1.1		gamma		22

		Pb-214		383.16661		35.6667518815		5.6		gamma		40

		Pb-214		391		37		6.3		gamma		24

		Pb-214		550.5		75.969				gamma		29

		Ra-226		119.14		2.675				gamma		14b				243.9437449305		395.8881810867

		Ra-226		177.13		24.31		2.99		gamma		23

		Ra-226		194		4.3		7.5		gamma		9

		Ra-226		228.52		14.79				gamma		14a

		Ra-226		253.38		8				gamma		5

		Ra-226		294		21.55				gamma		3

		Ra-226		306		30		12.6		gamma		38

		Ra-226		313.4		7.91		3.25		gamma		35

		Ra-226		314.9		18.9		0.9		gamma		20

		Ra-226		315.8		1.7		1		gamma		10

		Ra-226		327.6		4.3		4		gamma		30

		Ra-226		333		13				gamma		4

		Ra-226		344		14				gamma		11

		Ra-226		346		21.8		1.5		gamma		21

		Ra-226		355.3		71.1		29.7		gamma		15

		Ra-226		358		24		31		gamma		6

		Ra-226		358.64		7.65		2.34		gamma		26

		Ra-226		368.72		30.23		0.77		gamma		27

		Ra-226		387.4531122068		38.4400039207		38		gamma		40

		Ra-226		390		20		1		gamma		8

		Ra-226		392		11.8		9		gamma		22		319.9159630086

		Ra-226		393		10		0.3		gamma		17		75.9722180781

		Ra-226		393		24		6.3		gamma		24

		Ra-226		415		29		2		gamma		2

		Ra-226		1245		149.4				gamma		29

		Ra-226		4039		14.94		13.9		gamma		34				243.9437449305		395.8881810867

		Th-232		5.6		0.4		0.032		alpha		22

		Th-232		11.5		0.4		0.5		gamma		9

		Th-232		17.3		4.3		5		gamma		30

		Th-232		26		1				gamma		4

		Th-232		30.08		0.97		1.9		gamma		10

		Th-232		30.4		1.8		1.6		gamma		20

		Th-232		32		2		2		gamma		2

		Th-232		33.2		8				gamma		38

		Th-232		33.31		2.73		1.56		gamma		27

		Th-232		52.71		1.27		1.44		gamma		26

		U-235		1.4995025795		0.1593372549		0.63		gamma		40

		U-235		1.53		0.17		0.45		gamma		24

		U-235		1.6		0.2		3.48		gamma		38

		U-235		2.3		0.7		2.3		gamma		22

		U-235		2.3		0.6		0.045		alpha		22

		U-235		2.5		1		4		gamma		8

		U-235		2.6		0.6		0.5		gamma		9

		U-235		3.8		1.8		1.8		gamma		15

		U-235		4.15		0.46		0.87		gamma		6

		U-235		4.3		0.3				gamma		11

		U-235		7.9		2.65		1.76		gamma		35

		U-235		68		8.16				gamma		29

		U-238		14		8.5		35		gamma		9

		U-238		27		4				gamma		16

		U-238		29.6		1.9		6.4		gamma		10

		U-238(Th-234)		32.2		9.8				gamma		11

		U-238		33.3		3.7		9.8		gamma		24

		U-238		35.1		3				gamma		38

		U-238		43.1		4.3		0.031		alpha		22

		U-238		59.2		5.5		5.8		gamma		17

		U-238		67.3		8.5		21		gamma		6



Pb-210 (phosphoric ore)



26	19.45	8	9.5299999999999994	8.9178610000000003	45.01	40.049999999999997	94	39.200000000000003	39	22	30	24.5799655	42.2	42	50	40	11	134.85	26	19.45	8	9.5299999999999994	8.9178610000000003	45.01	40.049999999999997	94	39.200000000000003	39	22	30	24.5799655	42.2	42	50	40	11	134.85	9	13	5	23	12	35	3	9	22	2	11	24	40	21	10	38	8	17	27	179	196.45	210.32999999999998	252.28	258.61099999999999	272.62	279	280	282	300	320	324	327.26737000000003	344	346	350	360	383	767.53	Lab code





Activity concentration (Bq/Kg dry mass)







U-238 (phosphogypsum)



8.5	4	1.9	9.8000000000000007	3.7	3	4.3	5.5	8.5	8.5	4	1.9	9.8000000000000007	3.7	3	4.3	5.5	8.5	9	16	10	11	24	38	22	17	6	14	27	29.6	32.200000000000003	33.299999999999997	35.1	43.1	59.2	67.3	Lab code





Activity concentration (Bq/Kg dry mass)







K-40 (phosphogypsum)



7.1999999999999995E-2	1.5	2.85	1.7	2	2.58	1.5	1.9	0.76167940000000001	2.8	2.8	3	2.08	5.61	7	2.1	6	99.84	5.54	32	32	7.1999999999999995E-2	1.5	2.85	1.7	2	2.58	1.5	1.9	0.76167940000000001	2.8	2.8	3	2.08	5.61	7	2.1	6	99.84	5.54	32	10	9	13	20	8	34	38	22	12	3	21	2	27	35	30	6	11	14a	26	29	16	5.1050000000000004	8	8.3000000000000007	10.9	11	11.2	11.3	12.7	12.9643	13.1	14.2	17	17.309999999999999	19.829999999999998	22.5	23.7	28	34.74	62.49	160	248	Lab code





Activity concentration (Bq/Kg dry mass)







Pb-212 (phosphogypsum)



3.375	22.63	0.79	0.65	2.8	1.175	0.6	1	3	1.7040553000000001	1.54	1	1.8	0.4923959	8.1774000000000004	3.375	22.63	0.79	0.65	2.8	1.175	0.6	1	3	1.7040553000000001	1.54	1	1.8	0.4923959	8.1774000000000004	14b	14a	23	13	24	3	5	4	38	40	35	22	15	12	29	4.7300000000000004	9.11	10.46	12.8	13.6	14.2	17.712	18	18.399999999999999	18.435890000000001	19.48	20	20.100000000000001	27.068560000000002	82.6	Lab code





Activity concentration (Bq/Kg dry mass)







Pb-214 (phospogypsum)



4.1900000000000004	0.56499999999999995	6.91	5.2	21.55	10	10.74	5	13	29.9	2.6567509999999999	13.8	35.66675188152351	37	75.969000000000008	4.1900000000000004	0.56499999999999995	6.91	5.2	21.55	10	10.74	5	13	29.9	2.6567509999999999	13.8	35.66675188152351	37	75.969000000000008	14a	14b	23	13	3	38	35	5	4	15	12	22	40	24	29	18.66	94.08	174.98	253.3	294	299	308.35000000000002	316.11	332	332.9	335.68979999999999	373	383.16660999999999	391	550.5	Lab code





Activity concentration (Bq/Kg dry mass)







Ra-226 (phosphogypsum)



2.6749999999999998	24.31	4.3	14.79	8	21.55	30	7.91	18.899999999999999	1.7	4.3	13	14	21.8	71.099999999999994	24	7.65	30.23	38.440003920655904	20	11.8	10	24	29	149.4	14.94	2.6749999999999998	24.31	4.3	14.79	8	21.55	30	7.91	18.899999999999999	1.7	4.3	13	14	21.8	71.099999999999994	24	7.65	30.23	38.440003920655904	20	11.8	10	24	29	149.4	14.94	14b	23	9	14a	5	3	38	35	20	10	30	4	11	21	15	6	26	27	40	8	22	17	24	2	29	34	119.14	177.13	194	228.52	253.38	294	306	313.39999999999998	314.89999999999998	315.8	327.60000000000002	333	344	346	355.3	358	358.64	368.72	387.45311220677547	390	392	393	393	415	1245	4039	-1σ	243.94374493052993	243.94374493052993	+1σ	395.88818108670142	395.88818108670142	Lab code





Activity concentration (Bq/Kg dry mass)







Ac-228 (phosphogypsum)



3.9	0.5	26.66	1.47	5.84	0.8	8	3	2	3.7716693999999999	1.4	1.27	4.3	0.50265009999999999	5.2105000000000006	3.9	0.5	26.66	1.47	5.84	0.8	8	3	2	3.7716693999999999	1.4	1.27	4.3	0.50265009999999999	5.2105000000000006	14b	13	14a	3	23	5	38	15	4	40	22	35	24	12	29	9.08	23.5	25.66	26.4	27.08	32.103000000000002	33.200000000000003	33.299999999999997	34	34.015749999999997	34.299999999999997	35.44	38.1	38.692659999999997	61.3	Lab code





Activity concentration (Bq/Kg dry mass)







Bi-212 (phosphogypsum)



2.7	2.0550000000000002	2.1	2	1.3	3.5	1.364662	4.9832999999999998	2.7	2.0550000000000002	2.1	2	1.3	3.5	1.364662	4.9832999999999998	35	3	5	38	22	15	12	29	11.35	13.4	14.882999999999999	18.100000000000001	20.399999999999999	21.7	24.14678	33.9	Lab code





Activity concentration (Bq/Kg dry mass)







Th-232 (phosphogypsum)



0.4	0.4	4.3	1	0.97	1.8	2	8	2.73	1.27	0.4	0.4	4.3	1	0.97	1.8	2	8	2.73	1.27	22	9	30	4	10	20	2	38	27	26	5.6	11.5	17.3	26	30.08	30.4	32	33.200000000000003	33.31	52.71	Lab code





Activity concentration (Bq/Kg dry mass)







U-235 (phosphogypsum)



0.15933725488609216	0.17	0.2	0.7	0.6	1	0.6	1.8	0.46	0.3	2.65	8.16	8.5	4	0.15933725488609216	0.17	0.2	0.7	0.6	1	0.6	1.8	0.46	0.3	2.65	8.16	8.5	4	40	24	38	22	22	8	9	15	6	11	35	29	1.499502579496806	1.53	1.6	2.2999999999999998	2.2999999999999998	2.5	2.6	3.8	4.1500000000000004	4.3	7.9	68	Lab code





Activity concentration (Bq/Kg dry mass)











