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Summary

In 2010, an interlaboratory comparison (ILC) on radionuclides in soil within the framework of
the Euratom Treaty was conducted among 75 laboratories monitoring radioactivity in the
environment and foodstuff. The performance of the laboratories in determining activity
concentrations of up to 15 natural and anthropogenic radionuclides (**K, *Sr, *’Cs, 2'?Pb,
21zBi, 214Pb, 214Bi, 22 Ra, 230Th, 232Th, 234U, 235U, 238U, 238PU, and 239+240Pu) were Compared

The certified reference material IAEA-375 Soil (originating from the area affected by the
Chernobyl accident) was used in this ILC as basis for the testing material. It was reprocessed
at IRMM, further homogenized and rebottled, such that its origin was not visible to the
participants. Reference values traceable to the International System of Units (Sl) and the
International Reference System for gamma-ray emitting radionuclides (SIR) were determined
at IRMM, and the homogeneity of the material was demonstrated.

The methods of the sample preparation and measurement techniques used by the
participating laboratories are described. A robust evaluation of the performance of
laboratories is performed using three different approaches: relative deviations, E, numbers
and PomPlots.

The performance of the participating laboratories varied depending on the radionuclide
determined and method used. Gamma-ray spectrometry with respect to '*’Cs and “°K is well
controlled. The determination of **Sr proved difficult for about two-thirds of the participants,
who submitted results outside the acceptable range. Several laboratories need to improve
their analytical procedures for the uranium isotopes and #*Ra. Moreover, the results for
thorium isotopes are far from satisfactory mainly for the *°Th.

The evaluation based on the E, criterion revealed that the uncertainty estimation is poor in
many laboratories and there is a need to improve their application of uncertainty propagation.
A few laboratories were identified as highly unreliable and their measurement routines should
be promptly revised.
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1 Introduction

Within the framework of the European Atomic Energy Community (Euratom) Treaty the
European Union member states (MS) are obliged to perform measurements of the
radioactivity in their environment and to report the results to the European Commission (EC).
To verify the performance of monitoring laboratories and to ensure the comparability of
reported results regular interlaboratory comparisons (ILCs) were introduced by the EC. Since
2003, the JRC Institute for Reference Materials and Measurements (IRMM) has had the
responsibility for their organization.

The metrological approach of IRMM in conducting comparisons relies on its participation in
key comparisons among National Metrology Institutes (Watjen et al., 2008) as shown in Fig.
1. This allows IRMM to work with intercomparison samples for which it determines the
reference values traceable to Sl units and the International reference System (SIR) for
gamma-ray emitting radionuclides (Ratel, 2007). In terms of physical properties as well as
radioactivity concentrations, the IRMM intercomparison samples are generally closer to the
real samples measured in monitoring laboratories than calibration standards. Therefore, they
offer a realistic estimate of the performance of these laboratories in their monitoring tasks.

BIPM
Input = SIR@BIPM

SIR@BIPM =
provides KCRVs for
~ 60 radionuclides
National Calibra-

tion Service IRMM

Reference Value

CCRI(II)
Key Comparison

BIPM and some
NMIs world-wide

Hospitals Monitoring

REM labs
intercomparison

Industry

Fig. 1. Key comparisons of CCRI(Il) and traceability of the reference values for samples
provided by IRMM for the intercomparisons amongst monitoring laboratories (KCRV = key
comparison reference value).

The aim of this ILC was to investigate the abilities of monitoring laboratories to measure a
wide range of radionuclides in soil. It was organised according to the agreement at the
national expert meeting under the Euratom Treaty Art. 35/36 on 12-13 October 2009 at JRC-
Ispra. Depending on the participating laboratory's capabilities, the determination of activity
concentrations in soil material was requested for 15 radionuclides: “°K, *Sr, *¥’Cs, ?'?Pb,
21zBi, 214Pb, 214Bi, 226Ra, 230Th, 232Th, 234U, 235U, 238U, 238PU, and 239+240PU. The certified
reference material IAEA-375 Soil was used as a base material for the comparison samples.
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This report describes in detail all phases of the ILC organised in 2010. It starts with the
determination of the reference values and the demonstration of the material homogeneity.
Afterwards, the analytical methods used at the laboratories are described. Next, the
treatment of the data reported by the participants is described and, finally, the participants'
results are evaluated and compared. A robust evaluation of the performance of laboratories
is performed using three different approaches: relative deviations, E, numbers (ISO, 2005a)
and PomPlots (Spasova et al., 2007).

1.1  Reporting of the results

All results of activity concentrations must be reported normalised to dry mass (Bgkg™) with
the associated expanded uncertainty U (U = k-uc, where U is determined from the combined
standard uncertainty U, with a coverage factor k=2, corresponding to a level of confidence
of about 95 %). The necessary correction to dry mass had to be determined on separate
(small) subsamples. These should be taken from the bottles at about the same time as the
samples for radionuclide analysis to be representative for their water content.

For those radionuclides requiring chemical preparation we requested that a total digestion of
the samples is performed, except for the plutonium isotopes. For the plutonium analysis an
aqua regia leach was considered to be sufficient since these radionuclides are expected to
originate from the fallout.

The reference date for all results was 1 January 2010. As source of nuclear decay data, the
Monographie BIPM-5 (2004 and 2006) was recommended.

Timetable of ILC:

Dec 2009 invitation letter (Appendix 1) sent to the national representatives

Jan 2010 laboratories are nominated by the national representatives

Mar 2010 soil samples are sent to the participants via express mail (DHL) together with
the information on the ILC (Appendix 2)

Jun 2010 on-line reporting system is set up according to the requirements of the

exercise (Appendices 3-6)
Aug 2010 laboratories submit their results to IRMM
Sep 2010 laboratories submit their questionnaire to IRMM
Nov 2010 preliminary results sent to participants (Appendix 7)

1.2  Participating laboratories

The participating laboratories were mainly national research institutes, authorities and
monitoring laboratories. The national representatives in the expert group according to the
Euratom Treaty Art. 35/36 nominated 50 laboratories from EU member states (MS).
Traditionally, also other European counties (7 from pre-accession countries (AC) and 2 from
Switzerland) were invited by IRMM to participate in the ILC. In addition, 18 laboratories
worldwide were nominated by the International Atomic Energy Agency (IAEA). One of the
MS nominated laboratories declined to participate due to work overload. This laboratory is
not mentioned in the list of participating laboratories.

In total 75 laboratories (49 from MS, 7 from AC, 2 from Switzerland, 17 IAEA) registered for
the participation in the exercise and 73 laboratories finally reported results. Table 1 gives an
overview of the numbers of laboratories. The list of all participating laboratories is shown in
Appendix 8. Since the anonymity is a requirement in this programme of ILC, the identity of
the laboratories is not shown in the compilation and evaluation of the results. The order of
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the listing of participants in Appendix 8 is not the same as the laboratory number used
throughout the data evaluation in this report.

Table 1. Overview of the numbers of participating laboratories

MS AC + Switzerland IAEA Total
Nominated 50 9 18 77
Registered 49 9 17 75
Reported 49 9 15 73

1.3 Questionnaire

Participants were asked to fill in a questionnaire (Appendix 9). It was composed of seven
parts concerning the information on the laboratory, its routine measurements, determination
of water content, sample treatment, measurement methods, uncertainty budgets and some
additional information. Information in the questionnaire is essential in order to evaluate the
results of the intercomparison. Although, the laboratories were urged several times to submit
the questionnaire, 9 out of 73 participating laboratories (labs: 4, 19, 23, 26, 40, 49, 51, 54,
68) did not do so.
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2 Reference values

2.1 Test material

Top soil to a depth of 20 cm was collected on the field of the collective farm “Staryi Vishkov”,
Novozybkov district, Bryansk region, Russia, in July 1990 (IAEA, 1996). This region was
affected by the Chernobyl nuclear power plant accident in 1986. Therefore, the levels of
anthropogenic radioactivity are elevated. It is important to note, that the material was not
spiked in the laboratory.

The dried soil material of approximately 500 kg was milled in the Brjansk Centre of
Agricultural Radiology and Chemicalization. Then it was sieved (0.3 mm) and filled into 25
polyethylene bags, all from the same batch process. Afterwards, the bulk material was
homogenized in IAEA's laboratories in Seibersdorf, Austria, distributed in plastic bottles and
sterilized by gamma-ray irradiation to a total dose of 25 kGy using a ®Co source. The
homogeneity of the material was tested on randomly selected bottles by measuring uranium
in 200 mg aliquots, '**Cs, '¥’Cs and *Sr in about 6 g aliquots. It was shown by IAEA that the
variance between samples (7 bottles) does not differ significantly from the variance within
samples (3 determinations in each bottle) at the level of significance a = 0.05. Therefore, the
material was considered sufficiently homogeneous. However, there is evidence for the
presence of small hot particles which can seriously influence the measured activity
concentration of transuranium elements (no reference values for plutonium isotopes were
finally used).

AN COMMISSEH

. ! for Reference M
| stitute for Reference Mater®® B ang Measureme

and Measurements

SOIL arison materd -
|nterc0mparison material 2009 REM Laborato®
for REM Laboratori®® -

b Identificaton ™

9
“ampe Identification NO- 009

Fig. 2. Intercomparison material after reprocessing and rebottling in IRMM.
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The soil material is known as reference material IAEA-375 (IAEA, 2000). The recommended
values (“°K, ®°Sr, '°Ru, '#Sb, |, **Cs, '¥'Cs, ?**Ra, **Th) were established on the basis of
results of an ILC organized by IAEA during 1992-93. They represent overall mean values
(excluding outliers) calculated on the basis of at least 10 laboratory averages. The
information values (*®*Th, #*U, 28U, #*8pu, #9+2%py, 2*'Am) were calculated on the basis of
at least 5 laboratory averages. However, these values are based only on statistical analysis
and are not directly traceable to the Sl units.

Therefore, IAEA started a co-ordinated research project (CRP) with the aim to upgrade the
entitled intercomparison materials to reference materials with assigned property values
traceable to the SI. IRMM participated in this CRP. The full traceability was ensured by
means of calibrated standard weights, standard calibration sources for gamma-ray and
alpha-particle spectrometry, the Extended SIR for liquid scintillation counting and the use of
standard time. These new — traceable — activity concentrations were used as reference
values for the purposes of this soil ILC.

Radium (uranium) series Actinium series Thorlum series
238 234y 235
4.47 Gyr 245 kyr A 704 Myr
24pg o B Wpgy
17 min 2.8 kyr
24 2301 W 21y 232 281
241d 5.4 kyr 255 hr 18.7d 14.0 Gyr 1.91 yr
27pe 228
218 yr 6.15 hr
26p, 2pa 280, 24p,
1600 yr 114d 5.75 yr 3.66d
»p. Mpn 20p,
382d 39s 556s
23p 24p, 20p, 215p 26p 22p
3.10 min 164 ps 1384 d 1.78 ms 0.15s lrl].3 ps
24g; 210p; Mg, 212g;
.9 min 5.014d .14 min .5 min
21 E 210p, E 206p, Mpy 207pp 212pp 208pp
26.8 min ] 22.3yr 1 stable 36.1 min stable 10.6 hr stahle
Y - h 4 . 4
210 206 21 208
1.3 min 4.2 min 4.77 min 3.05 min

Fig. 3. Radium (uranium), actinium and thorium series. Green colour indicates radionuclides
for which reference values were determined, yellow colour indicates radionuclides with
indicative values.

At IRMM the material received from IAEA was reprocessed by drying, mixing (Dyna Mix
CM200 mixer during 2 hours), and filled in small units of approximately 250 g into 280 mL
amber glass bottles (Fig. 2). This way, the material was further homogenised, and — as a
side effect — the origin of the material (IAEA-375) could be concealed from the participants.
The sample for water content determination was taken and analysed with a Sartorius MA150
moisture analyser (Karl-Fischer titration). The water content was low and varied from 3.33 to
3.91 g/100 g. The mean value from all measurements was 3.49 g/100 g, with a standard
deviation of 0.13 g/100 g.

The activity concentrations were determined for primordial “°K; four members of the radium

(uranium) series 2®U, **U, #*Ra and #Th; following ?**Th and ?**U from the thorium and
actinium series (Fig. 3), respectively; and anthropogenic *°Sr and *'Cs. The results were
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published in Altzitzoglou et al. (2006). Some details from this CRP report are presented in
the following chapters (2.2 — 2.5). For 2"?Pb, '°Bi, #'*Pb, and ?'*Bi, the activity concentrations
of their mother radionuclides (***Th and **Ra) were used as indicative values. For the
plutonium isotopes no reference values were established due to an apparent presence of hot
particles.

2.2  Measurements of “°K and "*’Cs by gamma-ray spectrometry

High-resolution gamma-ray spectrometry was used to determine the activity concentrations
of the radionuclides “°K and '¥'Cs. Since the samples are measured without any prior
chemical treatment, the source preparation is very rapid and it does not alter the original
sample. Therefore, before any chemical manipulation, the samples were measured by this
method. These measurements were realized in 2006 (Altzitzoglou et al., 2006).

Sample preparation

The soil sample was shaken vigorously, using a 3D Turbula mixer (type T2C, Willy A.
Bachofen AG Maschinenfabrik, Basel, Switzerland) and was dried in an oven for 48 hours at
105 °C to constant weight. After cooling to room temperature in a desiccator, an amount of
the soil was transferred to a cylindrical container (125 mL polypropylene, Nalgene, USA) and
weighed, using an analytical balance (type 1712, Sartorius GmbH, Géttingen, Germany).
This balance is calibrated with a standard weight set (Weight set Mettler Toledo M7),
traceable to the IRMM kilogram, which is directly traceable to the BIPM kilogram by regular
direct comparisons. Two samples were prepared from each bottle. The sample mass of the
soil ranged from 39.4 to 42.0 gram. The containers were tapped 5000 times, using a tapping
machine (Dual Autotap, model DA-1, QuantaChrome, Syosset, N.Y., USA) and then placed
directly on top of the detector end-cap and measured for 4 to 12 days each.

Measurement equipment

A high-purity germanium (HPGe) detector system was used for the measurements. The co-
axial detector (CANBERRA GC3518-7500SL S/N b93106, Canberra Eurisys Benelux N.V.,
AREVA Group, Zellik, Belgium) consisted of a HPGe crystal, 58.5 mm in diameter and
53.5 mm in length, with 36 % relative efficiency and an aluminium end-cap window. The
detector was housed in a 10 cm thick Pb shield of circular intersection, lined with 1 mm Cd
and 1 mm Cu. The inner 2 cm of the Pb shield was made of highly radio-pure Pb.

The pulse processing electronic setup consisted of a multichannel analyser (MCA) and a set
of scalers. The signal was digitised after amplification and the pulse height spectrum was
acquired by a National Instruments PCIDIO-32HS 32-bit, high-speed parallel digital /O
interface (National Instruments, Austin, Texas, USA). In addition, the dead-time output
signals from the amplifier and the analog-to-digital converter (ADC) were processed by a
live-time clock gate (CBNM model LGN 7732), which processed the system clock pulses and
establishes the live-time of the measurement. A very stable quartz oscillator with a frequency
of 100 kHz provided the time base of the live-time clock gates. As a time base the legal time
in Germany on the basis of Coordinated World Time (UTC) generated at the Physikalisch-
Technische Bundesanstalt (PTB, Braunschweig, Germany) by caesium atomic clocks utilised
as primary standard of time and frequency and broadcasted through the LF transmitter
DCF77 was used. A computer-resident National Instruments PXI-6602 timing and digital I/O
module with eight 32-bit counters was used to accumulate the event pulses and clock pulses
generated in the system.
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Efficiency calibration

The detector system was calibrated for peak efficiency using single-nuclide point sources, as
well as multi-nuclide liquid standards prepared in the same geometry as the actual samples.
In addition, actual samples were spiked with known amounts of standard **Mn, ®Co, %Zn,
¥7Cs and #*'Am solutions, mixed thoroughly and measured. In this way information on the
matrix self-absorption of the soil material was obtained. The final efficiency calibration was
based on the calculation of the efficiency using the Monte Carlo computer code GEOLEP
(Solé, 1990; Lépy, 2000). The geometry and detector parameters necessary for the program
were adjusted, so that the output of the calculation matches the experimental results
obtained with the standard point sources, the liquid standards and the spiked soil. The
efficiencies calculated using GEOLEP agreed within less than 2.2 % with the experimentally
measured efficiencies.

Measurement reproducibility

The measurement reproducibility was tested by placing a sample in front of the detector and
performing the measurement and by re-positioning the sample in front of the detector and
repeating the measurement. The former tested the statistical reproducibility, while the latter
tested in addition the geometrical (repositioning) repeatability. The standard deviation for the
statistical reproducibility was 0.15 % for 6 one-day long measurements and that for the
geometrical repeatability was 0.23 % for 2 one-day long measurements. The latter includes
the statistical reproducibility as well. In the uncertainty budget a contribution of 0.2 % is
included for the geometrical repeatability.

Calculations and results

The measured data either for the efficiency or the activity determination were corrected for
background, decay and decay during measurement. The activity concentration values for
both radionuclides and for each sample are presented in Fig. 4-5. In addition, the information
on weighted mean, absolute and relative standard deviations are presented in the figures.
Statistical tests were applied to check the results for consistency. The tests utilised were
Dixon’s, Grubb’s, coefficient of skewness and coefficient of kurtosis. No outliers were found
in any of the activity concentration results, according to these tests. The uncertainty budgets
for the typical single measurement of a sample at the 1o level (k= 1) are given in Table 2.

Table 2. Uncertainty budgets for '*’Cs and “°K assessed in soil by gamma-ray spectrometry
show the typical uncertainties for a single measurement of a sample at the 16 level. The
combined uncertainty is the quadratic sum of all components (k= 1).

Component ¥7Cs (%) K (%)
Counting statistics (incl. background) 0.01 0.15
Weighing 0.02 0.02
Geometry repeatability 0.2 0.2
Dead time 0.005 0.005
Detection Efficiency 2.2 2.2
Gamma-ray emission prob. 0.235 1
Timing 0.005 0.005
Half-life 0.14 0.001
Combined uncertainty 2.2 24
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combined uncertainty of the mean (k= 1).
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2.3 Measurements of *°Sr by liquid scintillation counting

The measurement of *°Sr requires Sr to be separated from the matrix and from other
interfering radionuclides. The method we applied is based on the digestion of the sample, the
separation of Sr by extraction chromatography and the subsequent measurement of the
activity by Liquid Scintillation Counting (LSC).

Sample preparation

The material was first dried in an oven at 105 °C to constant weight. The mass of each
sample was determined gravimetrically, using an analytical balance (model AT21, Mettler-
Toledo, Greifensee, Switzerland), calibrated with standard weights (Weight set Mettler
Toledo M7) traceable to the IRMM kilogram. Sample masses of the order of 5 g were used.

The soil was heated to 200 °C for one hour and combusted for at least 4 hours at 550 °C to
reduce its mass before the microwave digestion. The sample mass reduction after ashing
was about 10 %. After adding the tracer (**Sr) for the chemical recovery determination, wet
digestion with concentrated nitric/hydrofluoric acids and hydrogen peroxide was performed
with a Mars 5 Digestion System (CEM Corp., Matthews, NC, USA). At the end the solution
was visually clear and ready for the chemical separation. The eluent of the group separation
(see chapter 2.4) contained Sr and Ra. This solution was passed through an extraction
chromatography Eichrom Sr Resin (Eichrom Technologies, Inc., Darien, Il., USA) to obtain a
pure Sr fraction. The final Sr eluate was evaporated and the residue taken up by 6 mL 0.05N
HNO; into a scintillation vial (20 mL High-Performance Packard vial, Perkin Elmer, Boston,
MA, USA) containing 14 mL of Insta-Gel Plus LS cocktail (Perkin EImer, Boston, MA, USA)
to be measured by LSC.

Measurement equipment and corrections

The assessment of *Sr was performed by measuring the samples using a Wallac Quantulus
1220 (Perkin Elmer, Boston, MA, USA) ultra low-level liquid scintillation spectrometer. The
samples were measured immediately after the separation of Sr and several times later, with
blanks introduced before and after each sample measurement. The blanks were prepared by
adding 6 mL 0.05N HNOj; into 14 mL of Insta-Gel Plus LS cocktail. The data reduction and
analysis included the background subtraction, decay correction, decay during measurement
correction, correction for the contribution of the tracer (*°Sr) and the ingrowth of Y. Since
the sample went through digestion and chemical separation, in order to isolate the strontium,
a tracer for the chemical recovery calculation was used. It was opted for %Sr, which was then
measured by gamma-ray spectrometry and the chemical recovery was calculated as the ratio
of the counts under the 514 keV gamma-ray peak of the sample to that of a reference source
(in the same geometry).

Efficiency calibration and results

For the instrument efficiency calibration, the CIEMAT/NIST °H efficiency tracing method
(Grau Malonda and Garcia-Torafo, 1982; Grau Malonda et al., 1985) was used, requiring *H
standards only. The *°Sr activity concentration values obtained are given in Fig. 6 together
with the weighted mean and standard deviation. The typical uncertainty budget for a single
measurement of a sample at the 1o level (k= 1) is presented in Table 3.
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Fig. 6. Activity concentration results of *Sr in the soil. The activity values are calculated for
the reference date 31 December 1991. All uncertainties are combined uncertainties at the 1c
level (k=1). The solid red line indicates the weighted mean and the dashed red lines the
combined uncertainty of the mean (k= 1).

Table 3. Uncertainty budget for ®Sr assessed in soil by LSC shows the typical uncertainties
for a single measurement of a sample at the 16 level. The combined uncertainty is the
quadratic sum of all components (k= 1).

Component 05y (%)
Counting statistics (incl. background) 1.5
Weighing 0.2
Dead time 0.05
Chemical recovery 3.5
Timing 0.05
Ratio *°Y/*Sr 0.1
Efficiency (incl. quenching and interpolation from curve) 1.0
Half-life 0.11
Sample stability 0.1
Combined uncertainty 3.9

2.4 Measurements of *Ra by alpha-particle spectrometry

The method, developed and validated (Decaillon et al., 2004) for ?*Ra measurement, is
based on microwave digestion, separation by extraction and ion exchange chromatography
and co-precipitation. The main problem was the large amount of barium present in the soil.
That dictated the use of small amounts of sample to avoid the preparation of bulky sources
and, therefore, high self-absorption in the alpha sources.
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Sample preparation

The material was first dried in an oven at 105 °C to constant weight. The mass of each
sample was determined gravimetrically, using an analytical balance (model AX504, Mettler-
Toledo, Greifensee, Switzerland) calibrated with standard weights. Sample amounts of the
order of 1.3 g were used. Then, the soil was heated to 200 °C for one hour and combusted
for at least 4 hours at 550 °C in order to reduce its mass before the microwave digestion or
the sample leach. The sample mass reduction after ashing was of the order of 10 %. To
determine the chemical recovery of Ra, '**Ba tracer was added at this stage. Barium, as
alkaline earth, is assumed to have the same chemical behaviour as radium (Lozano et al.,
1997; Baeza et al., 1998). In addition, '**Ba as gamma-ray emitter is easily measured. The
digestion was performed on a Mars 5 Digestion System (CEM Corp., Matthews, NC, USA).
Afterwards, the solution was visually clear and ready for the chemical separation.

The digested sample was passed through a pre-packed TRU column (Eichrom
Technologies, Inc., Darien, Il., USA) in order to separate the Ra and Sr from the actinides.
The eluate was evaporated and brought to 0.5N HCI, before loading it onto a Bio-Rad AG
50W-X8 column (Bio-Rad Laboratories, Hercules, CA, USA) to remove the alkaline metal
ions. The column was rinsed with 100 mL 1.5N HCI and the barium-radium fraction was
eluted with 60 mL 8N HNO;. The eluate was evaporated to dryness, brought to 0.1N HNO3
and the co-precipitation of Ra with Ba (as Ba(Ra)SO,) was performed.

Measurement equipment

For the acquisition of the alpha-particle spectra the Canberra Model 7401 VR (Canberra,
Meriden, CT, USA) system was used. A stainless steel shelf and sample holder are included
with each spectrometer for reproducible detector-to-sample positioning. A Canberra
Passivated Implanted Planar Silicon (PIPS) detector was used with an active area of
450 mm?. Several 7401 alpha spectrometers were supported by a single multichannel
analyser through a Canberra multiplexer and the Genie 2000 software (Canberra, Meriden,
CT, USA) was controlling the acquisition of the alpha-particle spectra.

Efficiency calibration and measurements

Two sources were used for the efficiency calibration of the alpha-particle detection system:
the Pu239-1515 electro-deposited ***Pu source and the Am241-1299 co-precipitated *'Am
source. Both sources were measured by alpha-particle counting at defined solid angle, a
primary method, to assess their activities with values traceable to the Sl units (IRMM
certificate 20040810). By calibrating the system this way the measurement and the
calibration sample geometry were kept as similar as possible.

Before each measurement, the performance of the instrument was controlled with the
previously mentioned #**Pu source. The acquisition time for the ??Ra measurements ranged
from 10 to 17 days. In the activity calculations, the *Ra decay was neglected because of its
long half-life (1600 a). The chemical recovery of Ra was assumed to be equal to that of
barium which was derived from gamma-ray spectrometric measurements of '**Ba.

Results

The activity concentration of ?*Ra was measured in 6 samples from 6 different bottles of the
IAEA-375 soil and the results are presented in Fig. 7. The contribution of the uncertainties on
the emission probability and the decay of ?°Ra were considered negligible and were not
included in the uncertainty budget (Table 4). Statistical tests were applied to check the
results for consistency. The tests utilised were Dixon’s, Grubb’s, coefficient of skewness and
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coefficient of kurtosis. No outliers were found in any of the activity concentration results. The
chemical recoveries for radium in the soil were high and ranged from 74 % to 85 %.

Table 4. Uncertainty budget for #°Ra assessed in soil by alpha-particle spectrometry shows
the typical uncertainties for a single measurement of a sample at the 1 level. The combined
uncertainty is the quadratic sum of all components (k = 1).

Component **Ra (%)
Counting statistics (incl. background) 1.5
Weighing 0.3
Dead time 0.05
Chemical recovery 3.9
Timing 0.05
Efficiency 1.1
Combined uncertainty 4.3
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Fig. 7. Activity concentration results of *°Ra in the soil. The activity values are calculated for
the reference date 31 December 1991. All uncertainties are combined uncertainties at the 16
level (k=1). The solid red line indicates the weighted mean and the dashed red lines the
combined uncertainty of the mean (k = 1).

2.5 Measurements of actinides by alpha-particle spectrometry

In the frame of the IAEA-CRP, the traceable determination of the radionuclides #*°Th, #*Th,
25y, #U and #U in the IAEA-375 soil was performed. The method used in this work,
previously developed and validated (Pilvid and Bickel, 1998; Pilvid et al., 1999; Hill et al.,
2004), is based on microwave digestion, separation by extraction chromatography and co-
precipitation. The quantitative transfer of the analyte from the matrix into solution, the
separation of the U and Th from the matrix, and the preparation of sources suitable for alpha-
particle spectrometry is described briefly.
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Sample preparation and equipment

The material was first dried in an oven at 105 °C to constant weight. The mass of each
sample was determined gravimetrically, using an analytical balance (model AX504, Mettler-
Toledo, Greifensee, Switzerland), calibrated with standard weights. Sample amounts of the
order of 13 to 15g were used. Then, the soil was heated to 200 °C for one hour and
combusted for at least 4 hours at 550 °C in order to reduce its mass before the microwave
digestion or the sample leach. The sample mass reduction after ashing was of the order of
10 %.

Prior to the digestion, known amounts of ?**Th and #*U were added as tracers (Sibbens et
al., 2004) for the thorium and uranium chemical recovery determination, respectively. The
digestion was performed on a Mars 5 Digestion System (CEM Corp., Matthews, NC, USA).
Afterwards, the solution was visually clear and ready for the chemical separation.

The digested sample was passed through a pre-packed TRU-resin column (Eichrom
Technologies, Inc., Darien, Il., USA) in order to separate the actinides from the bulk of the
matrix. Then, UTEVA resin column (Eichrom Technologies, Inc.) was used to separate
uranium and thorium. Uranium was prepared for the measurement by Ce co-precipitation
and thorium by Nd co-precipitation.

For the acquisition of the alpha-particle spectra the same Canberra Model 7401 VR
(Canberra, Meriden, CT, USA) system was used as for the ?*Ra measurements (Chapter
2.4).

Efficiency calibration and measurements

The efficiency calibration and the alpha-particle spectra measurements were done in the
same way as for the determination of ?*Ra. The thorium measurements were done with a
source-to-detector distance of 13 mm and a pressure of 1.33 kPa in order to decrease the
recoil effects. The minimum acquisition time for the thorium and uranium measurements was
7 days and it was extended according to the availability of the detection system and the
count rate of the sample.

Results for thorium isotopes

The results from the determination of ?**Th and #°Th are presented in Fig. 8-9. One sample
(7) was not taken into account in the calculation of the weighted means due to the bad
resolution (FWHM > 100 KeV) of the alpha-particle spectrum. The sample was not re-
measured due to lack of time. One sample (5) was re-analyzed (6) as suspect for hot
particle. However, both results were used for the calculation of the standard deviations. The
chemical yield for thorium ranged from 24 % to 56 %. In the activity calculations, the decay of
the thorium isotopes was neglected due to their long half-lives. For the same reason, the
decay of the chemical recovery tracer during acquisition was neglected. Peak overlapping
was also considered as negligible. The typical uncertainty budgets for single measurements
at the 1o level (k = 1) are presented in Table 5.
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Fig. 8. Activity concentration results of ?°Th in the soil. The activity values are calculated for
the reference date 31 December 1991. All uncertainties are combined uncertainties at the 16
level (k=1). The solid red line indicates the weighted mean and the dashed red lines the
combined uncertainty of the mean (k= 1). The weighted mean is calculated from the first 5
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Fig. 9. Activity concentration results of 2**Th in the soil. The activity values are calculated for
the reference date 31 December 1991. All uncertainties are combined uncertainties at the 16
level (k=1). The solid red line indicates the weighted mean and the dashed red lines the
combined uncertainty of the mean (k= 1). The weighted mean is calculated from the first 5
values, while standard deviation is calculated from all values.
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Table 5. Uncertainty budgets for *Th and 2**Th assessed in soil by alpha-particle
spectrometry show the typical uncertainties for a single measurement of a sample at the 16
level. The combined uncertainty is the quadratic sum of all components (k= 1).

Component 20Th (%) 22T (%)
Counting statistics (incl. background) 1.3 1.3
Counting statistics for the tracer 2.4 2.4
Tracer activity 0.5 0.5
Weighing 0.1 0.1
Dead time 0.005 0.005
Timing 0.005 0.005
Combined uncertainty 2.8 2.8

Results for uranium isotopes

The chemical yield for uranium ranged from 36 % to 72 %. In the activity calculations, the
decay correction for the uranium isotopes was omitted because of the long half-lives.
However, the activity of the 22U tracer was corrected for the amount of ?*U being generated
by the #**Pu tracer (activity concentrations of plutonium isotopes were determined as well).
Since the measurements were done immediately after the separation of U the ingrowth of
#8Th, daughter of 22U, was neglected. The peaks of #°U (4.152 MeV and 4.215 MeV) do
overlap with the peak of U (4.196 MeV) but the contribution of the interfering #*°U to the
2%l peak is less than 0.3 % and was considered negligible. The results for uranium isotopes
are presented in Fig. 10-12 and the typical uncertainty budgets for single measurements at
the 16 level (k= 1) are given in Table 6.

Table 6. Uncertainty budgets for 2**U, ?**U and #*®U assessed in soil by alpha-particle
spectrometry show the typical uncertainties for a single measurement of a sample at the 16
level. The combined uncertainty is the quadratic sum of all components (k = 1).

Component 24U (%) 25U (%) 28U (%)
Counting statistics (incl. background) 0.4 1.4 0.4
Counting statistics for the tracer 0.6 0.6 0.6
Tracer activity 0.5 0.5 0.5
Weighing 0.1 0.1 0.1
Dead time 0.005 0.005 0.005
Timing 0.005 0.005 0.005
Combined uncertainty 0.9 1.6 0.9
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Fig. 10. Activity concentration results of **U in the soil. The activity values are calculated for
the reference date 31 December 1991. All uncertainties are combined uncertainties at the 16
level (k=1). The solid red line indicates the weighted mean and the dashed red lines the
combined uncertainty of the mean (k= 1).
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Fig. 11. Activity concentration results of U in the soil. The activity values are calculated for
the reference date 31 December 1991. All uncertainties are combined uncertainties at the 16
level (k =1). The solid red line indicates the weighted mean and the dashed red lines the
combined uncertainty of the mean (k= 1).
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Fig. 12. Activity concentration results of U in the soil. The activity values are calculated for
the reference date 31 December 1991. All uncertainties are combined uncertainties at the 16
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All results of the characterisation study are summarized in Table 7. The comparison of the
activity concentration values determined within the CRP with those recommended earlier by
IAEA is given in Fig. 13 and shows good agreement for most of the radionuclides assessed.
More details on the characterisation can be found in Altzitzoglou et al. (2006).

Table 7. Activity concentrations of radionuclides in the IAEA-375 soil reference material
determined in the characterisation study (Altzitzoglou et al., 2006). The half-lives from
Monographie BIPM-5 (2004, 2006) were used.

Reference date 31.12.1991 Reference date 1.1.2010
Radio- Activity Expanded Activity Expanded
nuclide concentration uncertainty (k = 2) concentration uncertainty (k = 2)
(Bakg ™) (Bakg ™) (Bakg™) (Bgkg ™)
K 410 20 410 20
Ogy 116 8.0 745 5.1
¥cs 5400 200 3565 132
#5Ra 19.1 1.6 19.0 1.6
20Th 20.9 1.0 20.9 1.0
22T 21.0 0.8 21.0 0.8
24y 25.2 0.4 25.2 0.4
25y 1.10 0.04 1.10 0.04
238y 24.3 0.4 24.3 0.4
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Fig. 13. Comparison of the activity concentration values determined within the IAEA-CRP
(Altzitzoglou, 2006) with those recommended earlier by IAEA (IAEA, 1996). The expanded
uncertainties include those for the IAEA activity concentration values.

2.6 Homogeneity measurements

The reference value of a comparison material is assumed to be valid for the whole batch at
the level of a subsample with a minimum mass. Therefore, an in-homogeneity in the
radionuclide concentration increases the uncertainty of the corresponding reference value.

For gamma-ray emiting radionuclides, a dedicated homogeneity study of the soil material
was carried out at IRMM (Spasova and Vasile, 2010). For this purpose, 10 bottles of the
batch with intercomparison samples, distributed over the entire range of filled bottles, were
chosen for performing the homogeneity measurements. The homogeneity of the activity
distribution of '*’Cs and “°K in these samples was evaluated using gamma-ray spectrometry.

Sample preparation

All samples were prepared gravimetrically. After the water content determination (Karl-
Fischer titration), the soil samples were filled into containers on a balance (type 1712,
Sartorius GmbH, Géttingen, Germany). For the measurements, cylindrical polypropylene
beakers were used with a diameter of about 63 mm, a height of about 73 mm and volume of
125 mL (Nalgene, USA). From each bottle with soil material, two parallel samples of
approximately 40 g were taken (in total 20 samples). During the sample filling an electrostatic
discharge blower (lon-care, Sartorius) was used to help avoiding dispersion of the material.
To create a denser sample a “tapper” (Dual Autotap, model DA-1, QuantaChrome, Syosset,
N.Y., USA) was used (5000 taps/sample). The samples were prepared in the same manner
as the ones used for the characterisation of the material and the determination of the
reference values (Altzitzoglou et al., 2006).

Measurement equipment
A low-background HPGe detector system was used for the measurements. The semi-planar

detector (EURISYS EGMP 80-30-R No. 81086, Canberra Eurisys S.A., AREVA Group,
Montigny-le-Bretonneux, France) consisted of a HPGe crystal, 30 mm in length and 80 mm
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in diameter, with 45 % relative efficiency and a carbon epoxy end-cap window. The detector
was housed in a 10 cm thick Pb shield of square intersection, lined with 1 mm Cu. The inner
5 cm of the Pb shield was made of highly radio-pure Pb. The activity concentration of *Rn in
the laboratory during the period of the measurements was monitored.

The samples were placed directly on top of the detector end-cap and measured for 4 days
each. Data acquisition was done using the “MCA — Measurement System v1.0” of MK
System BVBA (custom made for IRMM). The spectra were evaluated with GammaVision-32
software. As the task of the performed measurements was to study the homogeneity of the
samples, only relative measurements were carried out. Therefore, no efficiency calibration
was performed and only net peak intensities were determined.

Results

The results from the gamma-ray spectrometry measurements of '*’Cs and “K in the soil
material are presented in Fig. 14-15. The uncertainties are combined standard uncertainties
and the major contribution comes from the counting statistics and the geometry repeatability.
In the figures, the red solid horizontal line indicates the average and the dashed lines
indicate the t1c level (k=1).
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Fig. 14. Count rate of “°K (1460 keV peak) in the soil. All uncertainties are combined
standard uncertainties at the 1o level (k = 1). The red solid line indicates the average and the
dashed lines indicate the + 16 range (k = 1).
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Fig. 15. Count rate of '*’Cs (662 keV peak) in the soil. All uncertainties are combined
standard uncertainties at the 1o level (k = 1). The red solid line indicates the average and the
dashed lines indicate the + 16 range (k = 1).

Evaluation of data

The in-homogeneity of the radionuclides in the matrix was evaluated using the SoftCRM
version 2.0.10 software following the certification principles for reference materials as given
in ISO/IEC Guide 35 (ISO, 2006). The data were first tested whether they follow a normal, or
at least unimodal distribution. This was done by visual inspection of normal probability plots
and histograms. If the data do not follow at least a unimodal distribution, the calculation of
standard deviations is doubtful or impossible. All individual results were normally and
unimodally distributed.

Grubbs' test was performed to detect potentially outlying individual results. Sample 7 was
flagged as an outlier at a level of significance o = 0.05 in the case of '*'Cs. No outliers were
detected for *°K. As no technical reason for the outlier could be found, all the data were
retained for the statistical analysis.

The results were then evaluated by a one-way analysis of variance (ANOVA). The between-
bottle standard deviation Spp and within bottle standard deviation S, were calculated with the
following formulae (1ISO, 2006)

MS -MS ..
Sh;, :\/ hetweenn within and SW;, — MSW[,hm (1)

where MSpetween is the between bottle variance;
MS.inin is the within bottle variance of the measurements used in the between-bottle
homogeneity study;
n is the number of observations per group.
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In some cases Sy, cannot be estimated because the calculations render unphysical
(imaginary) results (i.e. MSpetween < MSyithin). These results could be due to inadequate
repeatability of the method used for the homogeneity study. In the case of '*’Cs and “K, the
between-bottle standard deviations were calculated as 0.23% and 0.6 %, respectively. The
estimated within bottle standard deviations were 0.73% and 1.2% for ®’Cs and *K,
respectively. All standard deviations are presented in Table 8.

The in-homogeneity that could be hidden by the method repeatability is calculated by
following equation (1ISO, 2006)

" MS .. 2
uhb :\/ Mthm‘i/ (2)
n VMSM

jithin

where Vyswitnin is the degree of freedom of MSymin. This expression is based on the
consideration that a confidence interval can be established for Spp, and that the half-width of
the 95% confidence interval, converted to a standard uncertainty, can be taken as a
measure of the impact of the repeatability of the method on the estimate of Sy, (ISO, 2006).
The evaluated relative uncertainties between units upp , hidden by the method repeatability,
are given in Table 8. The uncertainty related to a possible between-bottle variation upp is
then the larger of Upy and Spp.

The finally adopted uncertainty contributions upp due to in-homogeneity are presented in the
Table 8.

Table 8. ANOVA test results for the gamma-ray emitting radionuclides.

Radionuclide K ¥'Cs
ISO/IEC 13528:2005 Ss 0.6% 0.23%
Shb 0.6% 0.23%

ANOVA Sub 1.2% 0.73%

Upp 0.6% 0.34%

Ubb 0.6% 0.34%

An alternative evaluation uses only the standard deviation upp of all measured sub-samples.
This results in an overestimation of real physical in-homogeneity, since the reproducibility of
the measurements (in particular counting statistics) is not accounted for. The mean values
and the standard deviations of the measured activity concentrations are indicated in Figs. 14-
15 by solid and dashed red lines. In relative terms, these standard deviations correspond to
Ups(*°K) = 1.34 % and ups('*’Cs) = 0.76 % which are consistent with the results given in
Table 8 when considering the intrinsic overestimation.

Homogeneity evaluation for other radionuclides

The latter approach was used in the case of radionuclides for which no additional
homogeneity study was realized (**Sr, ?*Ra, #°Th, #2Th, ‘U, U and ?®U). The standard
deviations of six (seven in the case of Th isotopes) bottles analysed during the
characterisation study were taken as indicators of homogeneity upp (chapters 2.3 — 2.5).
These values of upp, possibly overestimating the physical in-homogeneity, are presented in
Table 9.
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Final reference values

The expanded uncertainty U, of the reference value is estimated as

Uref = k ’ \/ufhar + ulfb + u;s + uszts (3)
where uchar is the combined standard uncertainty from the characterisation study;
Upp is the in-homogeneity contribution;
Usts is the long-term stability;

Usis is the short term stability contribution.

For comparison samples, the long-term stability or the long storage periods of the material
are not applicable, hence ups = 0. Uncertainty due to transport conditions was found to be
negligible (Watjen, 2008). Moreover, considering the physical characteristics of the soil
material the short-term instability can be neglected and ugs = 0. Thus, the final expanded
uncertainty Uyercan be simplified as

Uref = k ’ V ufhar + ulfb (4)

The reference values of activity concentrations for the nine radionuclides with their expanded
uncertainties are presented in Table 9. It is evident that for some radionuclides (**Sr, Th and
U isotopes) the possible in-homogeneity upp is the dominant contribution to the uncertainty of
the reference values. Due to the chosen approach (standard deviation of characterisation
data, see above), the resulting uncertainty may be overestimated.

Table 9. Reference values of activity concentrations A with expanded uncertainties Uyer
(k= 2) in the soil for the reference date 1 January 2010, together with the relative combined
standard uncertainties from the characterisation study uchsr and the relative homogeneity
contributions Upp.

Radionuclide Aver £ Urer (Bakg ™) Uchar (%o) Upp, (%)

K 410 + 21 2.4 0.6
gy 74.5 +10.1 3.4 5.8*
¥Cs 3565 + 134 1.9 0.34
*Ra 19.0 2.3 4.2 4.4
280Th 209+23 2.4 5.0*
22T 21.0+27 1.9 6.2*
24y 25.2+1.0 0.8 1.8*
25y 1.10 £ 0.11 1.8 4.9*
238y 243+1.0 0.8 1.9*

*Upp standard deviation of the characterisation dataset was used
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3 Methods used by the participating laboratories

Participants were free to use measurement methods of their own choice, preferably the
routine procedures used in their laboratories. Depending on their laboratory capabilities they
were asked to determine activity concentrations of the following radionuclides: *°K, *°Sr,
137CS, 212Pb, 2128i, 214Pb, 214Bi, 226Ra, 230Th, 232Th, 234U, 235U, 238U, 238Pu, and 239+240Pu. From
73 laboratories, which reported results, only nine (labs: 3, 4, 5, 20, 22, 27, 56, 59, 63)
determined activity concentrations of all 15 radionuclides. However, some of these reported
values were below the limits of detection (LOD).

Participants were requested to fill in the questionnaire (Appendix 9). Although the
laboratories were urged several times to submit the questionnaire, 9 out of 73 participants
(labs: 4, 19, 23, 26, 40, 49, 51, 54, 68) did not do so. The information in this chapter is
extracted from the submitted questionnaires.

3.1 Water content determination

All results of activity concentrations were instructed to be reported normalized to dry weight.
Separate moisture determination of small sample(s) not undergoing further analysis was
recommended for this purpose. No special protocol to calculate the moisture content was
distributed among participants since this is the common practice in the laboratories and it is
not a critical step for the further measurements in this type of sample matrix.

Most of the laboratories determined the water content by oven drying until constant weight at
the temperatures 102 °C (49 labs), 105 °C (6 labs), 80 °C (2 labs), 85 °C (1 lab), or 110 °C (1
lab). Only one laboratory (32) used the Karl-Fischer titration and one laboratory (33) used the
infrared lamp moisture determination balance in addition to oven drying. One laboratory (47)
did not determine the water content at all.

The mass of soil samples used for performing this determination varied from 1 g up to 250 g
with the median of 9 g. Some laboratories (1, 18, 33, 67) determined the water content
separately for each measurement method and some (5, 6, 11, 17, 25, 46, 56, 57, 61) used
more than one (up to 5) aliquot.

The water content expressed as percentage of the weighed sample was reported between
0.15% and 6.0 %, with the average 2.6 % and median 2.8%. The water content determined
by the Karl-Fischer titration was 3.2%. Four laboratories (13, 20, 70, 71) used directly the
mass of dried sample for the calculations of activity concentrations. Surprisingly, 11
laboratories (9, 12, 14, 17, 30, 31, 42, 44, 52, 58, 73) did not apply any correction although
they determined the water content. For four laboratories (7, 63, 67, 69) it is not clear how
they applied the correction. The correction factors applied were reported to be between 1.00
and 1.12, with a median of 1.03. One laboratory (37) reported value of the applied correction
factor 4.52 (1/0.2212). Three of these values are not consistent with the reported moisture
contents (labs: 22, 29, 37).

3.2 Gamma-ray spectrometry: '¥’Cs, “K, 2'?Pb, 2'?Bi, 2'*Pb, and ?"Bi

Gamma-ray spectrometry was the most often used method in this ILC. All laboratories,
except two (31, 64), used this technique. Activity concentrations of '*’Cs, “°K, ?'?Pb, 2'?Bj,
214 214n: . . )

Pb, and “'"Bi were determined exclusively by direct gamma-ray spectrometry. Only one
laboratory (31) measured the '*’Cs activity via beta decay. The vast majority of participants
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used methods routinely applied in their laboratories. One laboratory (47) is accredited for
gamma-measurements but only in water samples. Other three laboratories (3, 30, 61) do not
measure routinely gamma-ray emitting radionuclides relevant for this ILC.

Sample preparation

In most of the laboratories the sample was not specially treated before the gamma-ray
spectrometry measurement. Several laboratories (15, 24, 30, 42, 44, 52, 60, 61, 65, 73) dried
the soil before it was placed into the measurement vessel. Few laboratories (15, 17, 39, 53,
61, 66) put some efforts to — additionally - homogenise the material. One laboratory (27)
mixed the soil with activated charcoal in order to trap radon daughters. Most of the
laboratories prepared for the gamma-ray spectrometry measurement just one sample with
the mass varying from 15 g up to 600 g, whereas some participants used parallel, up to 5,
samples.

All laboratories used cylindrical containers placed directly on the detector end-cap. The
volume of the used beakers varied from 11 mL to 750 mL. In three cases (labs: 20, 30, 45)
Marinelli beakers with a volume from 200 to 500 mL were used. One laboratory (20) used in
addition a 6 mL container for a well type detector. Apparently, laboratory 5 also used some
kind of well type container since they used well detector without, however, giving any details.

Only 23 laboratories indicated in their questionnaires the precautions made in order to
achieve the secular radioactive equilibrium between ?*°Ra, **Ra and their daughter products.
However, we believe that also other laboratories hermetically sealed the containers although
they did not specify it in the survey. The storing time before the measurement varied from 20
to 40 days.

Measurement equipment

The measurements were performed mainly with commercially available gamma-ray
spectrometry systems (Canberra, Ortec, Eurisys, etc.) consisting mostly of coaxial high purity
germanium detectors (HPGe). Four laboratories (11, 12, 17, 33) used extended range
coaxial germanium detectors (XtRa), two (15, 67) used broad energy germanium detectors
(BEGe), one laboratory (33) used a low energy germanium detector (LEGe) and one
laboratory (5) used a germanium well detector. One participating laboratory (13) used two
homemade HPGe detectors, true coaxial (10 % efficiency) and planar (~5 % efficiency). The
nominal relative efficiency of the detectors varied from 5 % to 150 %.

The acquisition time varied from 1 hour up to 11 days, with the average 49 hours and median
28 hours. The data evaluation was made using commercial software. The most often used
was Genie (37 labs), then GammaVision (9 labs), Apex and InterWinner (5 labs each), etc. In
three cases (13, 33, 65), in-house developed programmes were used.

Efficiency calibration

Most frequently, the efficiency calibration was made with the use of multiple-nuclide standard
solutions or other, unspecified certified reference materials (CRM) in different measurement
geometries. Usually, the same or similar geometry as for the sample was used. Five
laboratories (1, 14, 16, 20, 30) used soil or soil-like CRM for calibration of their detectors.
Three participants (18, 27, 71) performed calibration using point sources and laboratory 27,
in addition, used efficiency transfer codes for geometry and matrix correction. Two
laboratories (1, 22) determined the efficiency of their detector systems using a CRM in
combination with the commercially available software (e.g. LabSOCS). Laboratories 12, 21,
28 and 35 used exclusively LabSOCS (or ISOCS) for performing the efficiency calibration.
Laboratories 32 and 36 used Monte Carlo simulations for the efficiency determination.
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Efficiency curves were corrected for true coincidence summing and/or self-absorption by
laboratories 3, 10, 15, 27 and 46 using software (Gespecor or Genie) or some other
calculation methods.

Corrections

Approximately one third of the participating laboratories check the background regularly.
However, the periodicity of these measurements varies significantly from weekly checks up
to one background measurement per year. Another big group of laboratories measured the
background prior to the measurement of the soil sample and typically for approximately the
same acquisition time as the sample. Some laboratories used blank samples represented by
pure water in a cylindrical beaker of the same geometry as the sample. Other laboratories
measured background without any sample placed on the detector.

Only 25 participants responded to the question about the source of the nuclear decay data.
In our information letter we recommended to use the Monographie BIPM-5 (2004, 2006),
only 12 laboratories claimed to use this source or the on-line library of Laboratoire National
Henri Becquerel (LNBH): Nucléide-LARA. Three participants used the IAEA database; other
three used the libraries of software used for the spectra analysis. The rest used some other
resources.

3.3 Chemical separation and source preparation: #°Th and ?*’Th

Alpha-particle spectrometry was applied in 19 laboratories (1, 3, 4, 5, 13, 15, 18, 20, 26, 27,
39, 49, 50, 56, 59, 62, 63, 67, 69) in order to measure the activity concentration of #°Th.
Gamma-ray spectrometry was used in six laboratories (22, 35, 45, 60, 70, 72), however three
of them (22, 35, 60) reported results below LOD. The radionuclide ?°Th has no gamma lines;
therefore it can be determined (when using gamma-ray spectrometry) only via its daughters
assuming secular equilibrium. Most of the laboratories used routine methods in order to
determine #*°Th activities, except three laboratories (3, 45, 69).

In the case of ***Th, 25 laboratories (1, 2, 7, 9, 14, 22, 29, 30, 33, 34, 35, 37, 38, 40, 41, 42,
45, 46, 48, 51, 57, 61, 70, 72, 73) used gamma-ray spectrometry and 20 participants (1, 3, 4,
5, 13, 15, 18, 20, 26, 27, 39, 43, 49, 50, 56, 59, 62, 63, 67, 69) applied alpha-particle
spectrometry. When using gamma-ray spectrometry, **Th can only be measured via **Ac
assuming equiliborium between the two radionuclides. One laboratory used
spectrophotometry without giving further specifications. Except five laboratories (3, 14, 31,
45, 61) all participants used the routine methods.

The procedure followed for gamma-ray spectrometry was the same as described in section
3.2. In this section, sample treatment and pre-concentration techniques used prior to alpha-
particle spectrometry are discussed.

Most of the participants used one or two samples with amounts varying from 0.4 g to 5.7 g.
Prior to dissolution, 12 laboratories (3, 5, 13, 18, 22, 50, 56, 59, 62, 63, 67, 69) ashed the soil
in the muffle furnace at temperatures varying from 450 to 700 °C. The majority of laboratories
(1, 3, 13, 15, 18, 20, 22, 43, 50, 59, 63, 69) applied different mixtures of acids in order to
dissolve the soil. Two laboratories (9, 62) used microwave digestion and two (5, 56) used
fusion digestion.

Chromatography was used in all laboratories in order to separate thorium from the sample.

The Eichrom resins (UTEVA, TRU, TEVA) were applied in most laboratories (1, 3, 5, 9, 15,
18, 43, 50, 59, 62, 63). The ion exchange resin Dowex was used in five laboratories (3, 13,
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22, 56, 69) and the Bio-Rad AG resin was used in one laboratory (20). Three laboratories
(22, 27, 67) used in addition the co-precipitation method.

For source preparation, the majority of participants (1, 3, 5, 15, 20, 27, 43, 50, 56, 62, 69)
used electrodeposition onto a stainless steel disc. Six laboratories co-precipitation with
fluorides and filtration onto a filter: NdF3 (13, 18, 22), CeF; (59, 63), and LaF; (67).

As tracer, the radioisotope #*Th was used in all laboratories except laboratory 62, which
used #*Th. Chemical recovery of thorium isotopes varied between 30 % and 97 %.

3.4 Chemical separation and source preparation: 2%U, 2°U, 2%y

The vast majority of participating laboratories determined activity concentrations of ‘U by
alpha-particle spectrometry. Two laboratories (52, 67) used inductively-coupled plasma
mass-spectrometry (ICP-MS) and another two (35, 45) used gamma-ray spectrometry,
however the result of laboratory 35 was below LOD. Participants used routine methods
except for three laboratories (3, 14, 61).

For the determination of 2°U three different methods were used. Alpha-particle spectrometry
was applied in 21 laboratories, two of them (13, 56) reported results below LOD. In 20
laboratories gamma-ray spectrometry was used and three (35, 37, 60) reported results below
LOD. The third method ICP-MS was used in two laboratories (52, 67). All participants stated
that they used the routine analysis procedures.

A similar situation exists for ?*®U, the most often applied method is alpha-particle
spectrometry in 25 laboratories. The second one is gamma-ray spectrometry with 23
laboratories; however two laboratories (7, 35) reported values below LOD. Since the
radionuclide #*®U does not emit gamma-rays, its activity must be measured (when using
gamma-ray spectrometry) via its daughter nuclides, usually ®*Th, assuming secular
equilibrium. Two laboratories (52, 67) used ICP-MS. One laboratory (31) declared to use the
spectrophotometer method, but without giving any further details. Laboratory 58 calculated
the activity concentration of 2®U from the **®*U/?*°U activity ratio, assuming the presence of
natural uranium (the natural activity ratio is 4.6 %). Mostly routine methods were used,
except in laboratories 3, 18 (only for gamma-ray spectrometry) and 61.

In the following, the separation and source preparation techniques related to alpha-particle
spectrometry and ICP-MS are discussed. The gamma-ray spectrometry procedures are
described in section 3.2.

Typically, one or two independent samples were prepared, with the amounts varying from
0.4 gto 5.7 g. In 13 laboratories (3, 5, 6, 13, 18, 2, 33, 50, 52, 56, 59, 62, 63, 67) the soil was
ashed before dissolution. The temperatures varied from 450 °C to 700 °C. In order to
dissolve the sample, a combination of acids (1, 3, 6, 13, 15, 18, 20, 22, 33, 39, 43, 50, 52,
59, 61, 63) was most often used. Fusion digestion was applied in two laboratories (5, 56) and
another two (9, 62) used microwave digestion technique.

Most of the participants (5, 6, 9, 15, 18, 20, 27, 43, 50, 59, 61, 62, 63, 67) used extraction
chromatography using Eichrom resins to separate uranium from the sample. Four
laboratories (13, 22, 39, 56) used Dowex ion exchange resins, three laboratories used Bio-
Rad AG resins (20, 33, 64). Some laboratories (6, 13, 20, 22, 27,) used specific co-
precipitation in combination with the separation on resins. Laboratory 3 used liquid/liquid
extraction of acid extract with methyl trioctyl ammonium nitrate in xylene followed by back-
extraction under reducing conditions and U(VI) chloro-complex purified by anion exchange.
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A majority of laboratories (1, 3, 5, 6, 15, 20, 27, 33, 43, 50, 56, 61, 64) used the
electrodeposition technique for sample preparation. Six laboratories used co-precipitation
with CeF; (59, 62, 63, 67) or NdF; (13, 22) on membrane filters. Laboratories 52 and 67
determined uranium also via ICP-MS. In this case, the sample was diluted in ultra-pure nitric
acid after separation and measured with ICP-MS.

All laboratories used ?*U as an internal tracer. In addition, laboratory 50 added iron as a
carrier. The chemical recovery of uranium varied from 44 % to 98 %.

3.5 Chemical separation and source preparation: 28pPu, 2°+24°py

Activity concentrations of #®*Pu and 2***?*°Py were determined by 21 and 26 laboratories,
respectively. All laboratories which reported results of plutonium isotopes stated alpha-
particle spectrometry as technique used. Except for two laboratories (48, 66), all of them
used the routine methods.

Most of the laboratories used one or two samples with amounts varying from 1 g to 42 g.
Participants applied different methods for the sample pretreatmet and dissolution. A great
number of laboratories (3, 5, 6, 13, 22, 37, 48, 52, 56, 59, 62, 63, 67) incinerated the soil
material before dissolution at temperatures varying from 450 °C to 700 °C. The majority of
participants (1, 6, 37, 39, 43, 56, 59, 64, 66, 13) applied different mixtures of acids in order to
dissolve the sample completely. Seven laboratories (15, 20, 22, 48, 61, 62, 63) extracted
plutonium with aqua regia. Three laboratories (3, 5, 9) used microwave digestion.

Mainly, the ion exchange technique using resins was applied for the separation of plutonium
from the sample. Six laboratories (13, 22, 37, 39, 48, 56) used ion exchange resins of
Dowex, three laboratories used the Bio-Rad AG resins (20, 64, 66). One particular Eichrom
ion exchange resin (UTEVA, TRU, TEVA, DGA) or their combination was applied in following
laboratories: 1, 3, 5, 15, 43, 59, 63. Also other laboratories (9, 27, 61, 62, 67) used extraction
chromatography, but without any detailed specifications. Only one laboratory (6) applied the
method of anion exchange in HNO; medium followed by liquid-liquid extraction in benzene.

Generally, two different methods were used for the source preparation. Electrodeposition
onto a stainless steel disc was used by 15 laboratories (1, 5, 6, 9, 15, 20, 27, 37, 43, 48, 56,
61, 64, 66, 67). The second method was co-precipitation and filtration onto a membrane
filter. Plutonium was co-precipitated with fluorides: CeF; (3, 59, 62, 63), NdF; (13, 22) or
LaF; (39, 67).

Tracer was added to the sample before the separation was carried out. All participating
laboratories used 2**Pu as a plutonium tracer, only laboratory 39 used 2*Pu. Chemical
recovery of plutonium isotopes varied between 10 and 100 %.

3.6 Determination of >*®Ra

In order to measure the activity concentrations of *®Ra, gamma-ray spectrometry was
applied in 43 laboratories. The same procedure as described in section 3.2 was followed. All
participants used the routine procedures, except laboratories 45 and 18.

Laboratories 27 and 50 applied the emanation technique using a Lucas cell. The daughter
radionuclide #?Rn is allowed to grow in for a specific period of time. The radon gas is then
transferred into a Lucas Cell and the alpha activity of the radon and its daughters is
measured by scintillation counting. Laboratory 31 described their method as an installation
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for measuring radon and thoron, but from the description we assume that its basis is also the
emanation technique. However, their result was below LOD.

Laboratory 4 used a flow proportional counter, but since no questionnaire was submitted, no
further information is available.

In four laboratories (1, 18 - applied both methods, 43, 59) alpha-particle spectrometry was
applied. Laboratory 18 ashed the soil sample at a temperature of 650 °C while laboratory 59
did not ash the sample at all. Two laboratories (18, 59) used acid digestion and one
laboratory (43) applied microwave digestion. For the separation of radium, all participants
used the BaSO, co-precipitation method. Radionuclide '**Ba was used as a tracer and
laboratory 1 reported a chemical recovery of 60 %.

3.7 Alpha-particle spectrometry

Alpha-particle spectrometry was used in order to determine several radionuclides: 2*®Pu,
239:240py, - WY WY 28y BOThH  22Th gnd *°Ra. Sample treatment and separation
techniques were discussed in the previous sections. In this section we discuss the aspects of
alpha-particle spectrometry measurements.

Most of the participants used passivated implanted planar silicon (PIPS) detectors with an
active area varying from 450 mm? to 1700 mm?. However, the most commonly used PIPS
detectors are those of 450 mm?. Seven laboratories (15, 20, 37, 43, 50, 56, 59) used a silicon
surface barrier (SSB) detector. Laboratory 52 used a grid chamber (only for Pu isotopes).
Laboratory 63 indicated the use of Si detectors without further specification.

The total acquisition time varied from 20 hours to 21 days. The data evaluation was made
mainly using commercial software like Genie (10 labs), Alpha Analyst (3 labs), AlphaVision,
MAESTRO-32, Apex-Alpha and InterWinner (2 labs each). Two laboratories (13, 33) used in-
house developed software.

Most of the laboratories used internal tracers for determination of the chemical recovery.
Mixed alpha sources prepared from the CRMs or commercial solid sources were used for the
energy calibration of alpha-detectors.

Some laboratories check the background regularly; the periodicity, however, varies
significantly from weekly checks up to one or two background measurements per year. Other
laboratories measured the background just before the measurement of the soil sample for
approximately the same acquisition time. Laboratory 27 used as background the spectrum
based on the average data of multiple background spectra taken over longer periods
(> year). Several participants found the background and reagent blank corrections negligible.

3.8 Determination of *°Sr

In total 40 laboratories reported results of *°Sr activity concentrations, all except one (61)
used routine procedures. The majority of laboratories used two or three parallel samples for
the strontium determination. The amounts of soil varied from 1 g up to 100 g. Prior to the
chemical separation of **Sr from the soil matrix, the samples were ashed in a muffle furnace
in most of the laboratories (3, 5, 6, 11, 13, 20, 22, 28, 33, 37, 41, 43, 44, 50, 52, 55, 56, 59,
61, 63, 67, 69). Temperatures varied from 450 °C up to 700 °C.
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Sample preparation

All laboratories used acids in order to dissolve the soil material. Only laboratory 5 used
pressurised micro-wave digestion of 10 g of ash in 3 aliquots and borate fusion of 1 g of ash
in 3 aliquots.

Strontium and yttrium were separated from the sample mainly by two methods: precipitation
(labs 6, 10, 11, 18, 24, 34, 37, 39, 53, 55, 61, 66) and the use of Sr Resin (Eichrom) (labs 13,
14, 20, 33, 38, 44, 50, 59) or by combination of both (labs 22, 67, 63, 64, 69). Laboratory 5
used ion-exchange chromatography in combination with oxalate precipitation. Five
participants (3, 28, 41, 43, 56) used solvent extraction. Laboratory 56 applied ion-exchange
chromatography on Dowex prior to extraction.

The source preparation was dependant on the measurement method. In total, five different
counting methods were applied for the strontium determination. Most of the laboratories (5,
6, 11, 18, 20, 24, 27, 38, 39, 44, 50, 52, 53, 55, 63, 66, 67) used gas flow proportional
counting. In this case, different precipitation procedures were used: oxalate (5, 6, 24, 38, 39,
50, 53, 67), hydroxide (27, 50, 67), carbonate (11, 18), fluoride (63), or sulphate (66).
Afterwards, the precipitate was filtered (5, 50, 63) or deposited on a stainless steel disk by
drying (11, 18, 24, 39, 55). The acquisition time varied from 1 hour to 5 days, with the
average of 33 hours.

Measurement equipment

In eight laboratories (3, 13, 14, 22, 26, 28, 59, 69) liquid scintillation counting (LSC) was
applied. The use of three different liquid scintillators was indicated in questionnaires: Ultima
Gold AB (14, 28), HiSafe 3 (22, 69) and ProSafe (13). The precipitate with strontium was
either dissolved and mixed with the scintillator or the filter paper with precipitate was put into
a vial and dissolved with acid and then mixed with scintillator (69). Packard Tri-Carb (3, 28),
Wallac Guardian (13, 69) and Quantulus (22, 59) counting instruments were used. The
measuring time ranged from 3 hours to 1 day, with the average of 11 hours.

Four laboratories (10, 34, 37, 56) used the plastic scintillation counting method. In this case,
similar procedures of source preparation were applied as in the case of proportional
counting. Laboratory 10 deposited the residue on a plate of stainless steel. In laboratories 37
and 56 yttrium was precipitated as oxalate, and in laboratory 34 strontium was precipitated
as oxalate. Laboratory 10 used a gross-alpha and -beta counter equipped with a ZnS(Ag)
detector and a plastic detector in anti-coincidence. The anti-coincidence technique was
applied also in laboratory 56. The counting time varied from 5 to 17 hours, with the average
of 10 hours.

In three laboratories (33, 41, 43) *°Sr was determined by measuring its daughter *°Y using
Cherenkov counting. Before the measurement, the hydroxide precipitate was dissolved in
1 mL of concentrated nitric acid and transferred into a scintillation vial without addition of any
scintillation cocktail. The samples were counted between 2 and 17 hours, with the average of
7 hours. In two cases (41, 43) a Quantulus counter was used and laboratory 33 used the
Hydex-Oy Triathler Multilabel Tester.

Two participants (61, 65) applied counting using Geiger-Muller (GM) detectors. Laboratory
61 used the low level GM beta counter system, model RISO, and measured the sample in 4
cycles for 180 minutes. Unfortunately, laboratory 65 did not provide any detailed information
on the used procedure.
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Calibration and corrections

The chemical recovery was determined either gravimetrically or by using radioactive tracers.
In the first case, the inactive strontium (10, 11, 14, 18, 20, 22, 37, 55, 64, 67, 69) or yttrium
(5, 24, 28, 39, 41, 43, 67) carrier was used, in the second case the sample was spiked with a
reference solution of ®Sr (6, 13, 50, 63, 67) or *Sr+*Y (28, 33). Chemical recovery of
strontium varied from 46 % to 100 %. The yield of yttrium varied from 69 % to 99 %.

Detection systems were calibrated mostly with certified solutions which were treated either
under the same conditions as real samples or used for spiking. Laboratories 10 and 66 used
calibrated solid sources for this purpose.

For the background control, most of the participants (6, 14, 22, 28, 33, 39, 41, 43, 44, 59, 66)
used blank samples undergoing the same chemical treatment as the soil sample. Others (10,
55) used an empty stainless steel disk or filter. And some laboratories (24, 37, 53, 56, 69)
applied both approaches. Four participants (6, 11, 53, 56) check background on a routine
basis, others (10, 13, 18) control it only before and after each sample measurement.

Several different software (QuantaSmart, Eclipse, etc.) were used for the evaluation of

measured data. One laboratory (22) used homemade software and five participants (24, 33,
38, 52, 56) treated the data manually.
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4 Reported results

In total, 1000 results were reported, including double results and values beow LOD. Double
results are two values reported by one laboratory for one radionuclide determined by the
same method (257 results were sent as double values). In case the two reported results
were determined via two different techniques, they were treated separately. In the third
column of Table 10 the numbers of values LOD are reported and in parenthesis are the
numbers without double results. In the fourth column, the numbers of results without double
results and values below LOD are presented for each radionuclide.

Table 10. Numbers of reported results per radionuclide

Radionuclide  Number of all Number of Number of results  Number of
reported results reported results (without double reported double
LOD (without results and those results
double results) below LOD)
K 99 0 70 29
Ogy 61 0 40 21
¥cs 102 0 72 30
#12pp 85 0 63 22
212gj 77 1 57 19
214pp 85 2(1) 62 21
214pj 87 2(1) 63 22
#%Ra 75 9(5) 50 16
20T 33 4(3) 22 7
22Th 63 0 46 17
24y 39 3(2) 28 8
25y 56 7(5) 38 11
28y 68 3(2) 50 15
238py, 32 7(5) 17 8
239+240p 38 3 24 11
Total 1000 41(23) 690 257

The individual activity concentrations (normalised to dry mass) with expanded uncertainties
(coverage factor k=2), as they were reported by the participants, are presented in
Appendix 10. If a coverage factor different from 2 was reported, we recalculated the
expanded uncertainty for k = 2.

4.1 Data treatment

Most results were reported as single results with expanded uncertainties, which were directly
taken into the further evaluations.

In case double results were submitted, the arithmetic average Az» was calculated and taken
into account for the further evaluations. The values below LOD were excluded from the
results analysis. Two different approaches were used for the estimation of the expanded
uncertainties Ujg of the laboratory mean values. In the first approach the expanded
uncertainty Uz (k= 2) of the mean activity concentration Aja, was calculated based on the
information given in the uncertainty budget submitted by the participating laboratory. The
following formula was applied
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where
Ucount 1S the counting uncertainty as given in the uncertainty budget;
n is the number of measurements;

Uoiner is calculated from the reported uncertainty budget

_ 2 2 2 2 2 2
uother - \/ummple + utracer + ueﬂ + ust + uhlank tu (6)

rest

where
Usample is the propagated uncertainty due to uncertainty in sample preparation,
ashing, separation, etc.;
Uiracer 1S the propagated uncertainty due to uncertainty in tracer activity;
Uerf is the propagated uncertainty due to uncertainty in efficiency of the detection

system;

Ust is the propagated uncertainty due to uncertainty in the activity efficiency
standards;

Upiank 1S the propagated uncertainty due to uncertainty in blank and background
measurement;

Uest  represents other propagated uncertainty contributions.

Only the counting uncertainty was considered as a random component (type A uncertainty

according to the GUM) and, consequently, divided by Jn in the combined uncertainty
calculation. Equation (6) may lead to an overestimation of Ugmer and Uz in cases where a
propagated contribution, e.g. Usample, represents a random component if this is not taken care

of by dividing by\/;. However, the Uomer was considered as a systematic component for all
samples. The counting uncertainty Ugount Was calculated from the submitted combined
uncertainty Ujzp and the uncertainty Uother

Uiy =g (7)

other

ucoum‘ =
Nevertheless, only about 16 % of double results were treated using the first approach since
most of the uncertainty budgets were inconsistent or missing.

For the majority of laboratories the expanded uncertainty U, (with coverage factor k = 2) of
the mean activity concentration Az, was calculated as an arithmetic average of the individual
reported expanded uncertainties (second approach).

In Figs. 16 to 30 the mean activity concentrations A, with corresponding expanded
uncertainties Ujap (kK = 2) are plotted in ascending order, in so-called S-plots. Again, the solid
red lines indicate the reference activity concentrations and the dashed lines the expanded
uncertainties (k = 2) of the reference values. Laboratories' codes are indicated with the
results. In Appendix 10 tables with all reported and averaged values are presented.

38/154



1400

40K

1200 +

1000 +

800 -

600

Activity concentration (Bq kg™)

N

o

o
L

200
Laboratory

Fig. 16. Laboratory results Ajs, of “°K activity concentration with expanded uncertainties Ujap
(k=2) sorted in ascending order. Red lines represent reference value Arer + Urer (k= 2).
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Fig. 17. Laboratory results Aja of °Sr activity concentration with expanded uncertainties Ujap
(k=2) sorted in ascending order. Red lines represent reference value Arr = Urer (K= 2).
Numbers indicate the laboratory code.
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Numbers indicate the laboratory code.

45

212Pb

40 A 53

w
o
I

w
S
L
(=]
S
°
*
—o—
F=y
N

N
o
L
&~
[S)
g
—o—
—o—
b ° d
o rH—e—
Fy
3
o
o
o
(%
S
-
J
-
©
8
o
©|
N
=}
H
o

Activity concentration (Bq kg™)
o
w
@
&
9
5
b
g
—e—
—o— 8
N
3

iy
[$)]
I
g —e—
®
N
©
o
=
N
©
(3]
N
o
w
2]
-]
[
©o

73

Laboratory

Fig. 19. Laboratory results A,z of 2'*Pb activity concentration with expanded uncertainties Ujap
(k=2) sorted in ascending order. Red line represents the indicative value of the mother
radionuclide (***Th). Numbers indicate the laboratory code.
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Fig. 20. Laboratory results A of 2'?Bi activity concentration with expanded uncertainties Ujap
(k=2) sorted in ascending order. Red line represents the indicative value of the mother
radionuclide (***Th). Numbers indicate the laboratory code.
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Fig. 22. Laboratory results A,z of 2'*Bi activity concentration with expanded uncertainties Ujap
(k=2) sorted in ascending order. Red line represents the indicative value of the mother
radionuclide (***Ra). Numbers indicate the laboratory code.
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Fig. 24. Laboratory results A, of #°Th activity concentration with expanded uncertainties Ujap
(k=2) sorted in ascending order. Red lines represent reference value Arr + Urer (K= 2).
Numbers indicate the laboratory code.
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Fig. 26. Laboratory results A of 2*U activity concentration with expanded uncertainties Ujap
(k=2) sorted in ascending order. Red lines represent reference value Arr + Urer (K= 2).
Numbers indicate the laboratory code.
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Fig. 27. Laboratory results A of 2*°U activity concentration with expanded uncertainties Ujap
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Fig. 28. Laboratory results A of 22U activity concentration with expanded uncertainties Ujap
(k=2) sorted in ascending order. Red lines represent reference value Arr + Urer (K= 2).
Numbers indicate the laboratory code.

0.7

238Pu

o
(o2}
I

o
o
I

o
i
L

o
w

L
—e—

Activity concentration (Bq kg™)
o
nN

2
.
= ol
©w HH
——i
—eo—
B =
—e—i
—o—
—o—

Laboratory
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4.2 Uncertainty budgets

Participants were requested to provide the uncertainty budget, which was a part of the
questionnaire, for each used method. Although 64 out of 73 participating laboratories
submitted the questionnaire, 11 of them did not fill in the uncertainty budget (labs: 8, 13, 16,
29, 31, 42, 44, 53, 63, 65, 72). The uncertainty budgets of two laboratories (47 and 60) were
not complete or were presented in general manner and, therefore, it was not possible to
evaluate them. For these reasons we were not able to analyse and evaluate the abilities to
treat the uncertainties of approximately 30 % of the participating laboratories.

The submitted uncertainty budgets were analysed and compared with the numerical values
reported with the measurement results. In average 40 % of analysed uncertainty budgets
(about 30 % of all results), ranging from 25 % (for 2?Bi) up to 60 % (for *°Sr), were
inconsistent. Surprisingly, in most of these cases the simple recalculation of the relative
combined standard uncertainty uc according to the submitted uncertainties did not agree with
the value of uc. The cases where the effect of rounding could play a role were considered as
consistent. The high number of discrepant uncertainty budgets most probably results from
the fact that the determination of the uncertainties is not well treated in these laboratories or
not enough attention is paid to these calculations. The final overview of submitted uncertainty
budgets, consistent and inconsistent budgets submitted per radionuclide is given in Table 11.

During the analysis of the uncertainty budgets we observed one of the mistakes in reporting
of uncertainties. Laboratory 39 submitted uncertainties indicating the coverage factor k = 2,
but from the uncertainty budget it was clear that these values correspond to the k= 1. In
spite of this observation the reported uncertainties were used in further analysis. This
example shows the importance of careful and attentive reporting.
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Table 11. Overview of the uncertainty budgets per radionuclide
Submitted unc.

Consistent Inconsistent Inconsistent (%)
budget
K 25* 12 12 50
Ogy 25 10 15 60
¥cs 42* 25 16 39
212py, 14 8 6 43
212g; 12 9 3 25
214pp 16 10 6 38
214pj 15* 9 5 36
#%Ra 17* 11 5 31
20T 9 5 4 44
22T 11 5 6 55
24y 9 6 3 33
25y 11* 7 3 30
28y 16* 9 6 40
28py 8 4 4 50
239+240p 14 8 6 43
total 244 138 100 41"
* one uncertainty budged was not analyzed

* average

As can be seen in S-plots (Figs. 16-30), several laboratories (11, 43, 44, 59, 63, 71)
consistently or for some radionuclides reported lower uncertainties. In this case, it is possible
that although their result is close to the reference value, the E, number is not compatible (see
chapter 5.2). On the other hand, many laboratories (4, 7, 9, 14, 26, 45, 49, 53, 54, 63, 65, 73)
reported large uncertainties for several radionuclides. Therefore, these results may appear
as E, satisfactory although the value is distant from the reference value. Most of these
participants (except labs 9, 45, 73) submitted incompatible uncertainty budgets or did not
submit any budget at all.

4.3 Additional radionuclides

Within the questionnaire the participants had the option to report additional radionuclides
measured in the soil sample. Activity concentrations of different radionuclides (***Cs, ?*'Am,
24Th, 21%Pp, #'%Pg, 28Ra, *!Ac, 2*Th, and 2®TI) were reported by 21 laboratories (2, 5, 8, 9,
15, 18, 20, 21, 27, 31, 32, 33, 45, 46, 48, 57, 63, 66, 67, 69, and 71). Laboratories 52 and 13
declared that they detected "**Cs and 2*'Am, respectively, but reported no values.

The most frequently reported radionuclide (10 laboratories) was #'°Pb. The presence of this
radionuclide is natural since it originates from the uranium series (**®U). The average value
calculated from 10 reported results is (28 + 3) Bqkg . The data are presented in Fig. 31.
From the same decay series originate also ***Th and #'°Po, but these radionuclides were
only reported by laboratories 21 and 31, respectively. Radionuclides *®Ra, #**Ac, #*Th, and
28T| originate from the Thorium series (**Th). The reported activity concentrations
correspond quite well as can be seen in Fig. 32.
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Fig. 31. Reported activity concentrations of 2'°Pb with expanded uncertainties (k = 2). The blue
lines indicate the average (without the result of lab 69) activity concentration with the standard
deviation of the data. Numbers indicate the laboratory code.
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(k= 2). Numbers indicate the laboratory code.
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Fig. 33. Reported activity concentrations of '*Cs with expanded uncertainties (k = 2). The solid
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"reference activity" concentration determined by IRMM (CRP). Corresponding dashed lines
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Anthropogenic '**Cs was reported six times (Fig. 33) and its presence in the sample results
from the soil origin — the area affected by the Chernobyl accident. In the original reference
sheet of the reference material IAEA-375 (IAEA, 2000), '**Cs is among the certified
radionuclides with the recommended value (463 + 9) Bqkg' for the reference date
31 December 1991. Recalculating this value for the date 1 January 2010, the activity
concentration of '**Cs is equal to (1.10 + 0.02) Bqkg™. The activity concentration of '**Cs
was also measured at IRMM and its value was determined to be (1.42 + 0.07) Bqkg'. The
average value calculated from the six reported results is 1.22 Bgqkg' with standard
deviation 0.37 Bg kg™ which agrees with the reference value.

Two very different activity concentrations of *'Am were reported: (0.24 + 0.05) Bqkg™ and
(5.6 + 0.9) Bqkg™" by laboratories 5 and 15, respectively. More detailed information on the
additional radionuclides can be found in Appendix 11.

4.4 Participants’ comments

Within the questionnaire participants had the opportunity to express their difficulties with the
measurements and share their comments on ILC. Most often they expressed difficulties with
the determination of #°U by gamma-ray spectrometry where the ?*Ra peak and Compton
backscatter peak interfere. Possible solutions to this problem can be found in chapter 5.3
(subchapter of ?°Ra).

Several participants complained about insufficient amounts of the soil sample. The amount of
the intercomparison material was limited to maximum two bottles (~ 500 g) per laboratory.
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We believe that this amount of sample should be sufficient for the determination of all
requested radionuclides.

Some laboratories reported problems with the dissolution of the soil material and one
participant reported problems with the determination of the water content. Another participant
had difficulties with the interference of the high content of '¥'Cs in the sample in the
measurement of *Sr. In this case, the method used for the Sr separation (combination of
precipitation and Sr resin) was most probably not selective enough for Sr.

Laboratories 67 and 5 expressed their doubts about the homogeneity of the **Sr and in
general, respectively, in the intercomparison material. However, only one laboratory reported
to us the detection of a hot particle in one of six sample aliquots used. This sample aliquot
contained Pu and Am in large excess (16 Bgkg™ in a 10 g aliquot) and traces of ?**Cm (0.05
Bqgkg™). This information and other observations led us to withdraw the reference values for
Pu isotopes. This laboratory suggested, for future ILCs, to avoid using samples taken from
the areas influenced by the Chernobyl accident or a reprocessing plant because of the
possible presence of hot particles and hence insufficient uniform distribution of the
corresponding radionuclides. However, we believe that samples from these areas are of the
highest interest and relevance for most of the monitoring laboratories. The sufficient
homogeneity of the intercomparison material is guaranteed by the proper homogenization
treatment. And in case of the presence of hot particles, the needed interventions will be
made, as in the case of Pu isotopes in this ILC.

Several participants expressed their interest to participate also in future ILCs and would
welcome samples with various types of matrix. They appreciate this kind of exercises with
the emphasis on the possible future improvement and strengthening of their measurement
routines. One laboratory stated also the need of more workshops on ILCs. Another
participant found this particular ILC challenging and interesting due to the measurement of
several radionuclides which are not determined in their laboratory on the routine basis.

One participant complained about too many questions in the questionnaire without a clear

purpose. We believe that this comprehensive report proves the benefit of all the questions
asked.
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5 Evaluation and comparison of data

Initially, the results were tested for normality and presence of outliers. However, the outlying
values were not discarded and were included in further evaluations. In order to allow a more
detailed analysis, several statistical tests — taking the measurement uncertainty and that of
the reference values into account — have been applied. Individual laboratory performance is
expressed in terms of relative deviations and E, numbers (ISO, 2005a). The "PomPlot"
graphical method is used for producing a summary overview of the participants' results
(Spasova et al., 2007).

5.1 Identification of outliers and normal distribution check

The presence of statistical outliers among the reported results was investigated using
Grubb's test at a level of significance a = 1 %, as suggested in ISO/IEC 5725-2 (1994). Only
in the case of two radionuclides, ??Bi and ?'*Pb, no extreme values were found. The
frequency histograms and normal probability plots (Figs. 34-35) showed that the data of
these two radionuclides are unimodally and normally distributed.
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Fig. 34. Normal probability plot and frequency histogram of the ?'°Bi data.
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Fig. 35. Normal probability plot and frequency histogram of the #'*Pb data.
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For 2"Bi, the result of laboratory 72 was flagged as an outlier in the first instance. The
reported value was about twice the average value reported by other participants. No further
outliers were identified on statistical grounds. After exclusion of the outlier the normal
probability plot showed (Fig. 36) that the data are normally distributed.
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Fig. 36. Normal probability plot and frequency histogram of the *'*Bi data after exclusion of the
outlier.

In the dataset of 2'?Pb, the first run of the Grubb's test identified one outlier (lab 53). In the
second and third run laboratories 26 and 42, respectively, were tagged as outliers. All three
extreme results were overestimated in comparison to the average of reported values. The
data distribution can be seen in Fig. 37.
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Fig. 37. Normal probability plot and frequency histogram of the 2'*Pb data after exclusion of the
three outliers.

For '*’Cs, four results were indicated as outliers by the Grubb's test. In the first round of
testing it was the result of laboratory 31 with very low value. In the second round results of
laboratories 44 and 72 were indicated as extreme values and in the third round, it was the
result of laboratory 26. The data set is unimodal and normally distributed after the exclusion
of the outliers as shown in Fig. 38.
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In the case of “°K, in the first round of testing the result of laboratory 72 was pointed out as
an outlier and in the second round the result of laboratory 42 was indicated. The result of
laboratory 44 was pointed out as an outlier in the third round of Grubb's test. Again, the
frequency histogram and normal probability plot (Fig. 39) showed that the data are
unimodally and normally distributed.
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Fig. 38. Normal probability plot and frequency histogram of the '*'Cs data after exclusion of the

four outliers.
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Fig. 39. Normal probability plot and frequency histogram of the “°K data after exclusion of the
three outliers.

Due to the possible presence of hot particles no reasonable statistical evaluation could be
done for the plutonium isotopes. After the announcement of the preliminary results laboratory
15 realised that for plutonium isotopes they submitted the results concerning a reference
sample instead of the intercomparison sample and asked for the correction. However, we
could not replace nor withdraw their result in that stage of ILC. This is an example of the
importance of attentive and careful reporting.

The results of laboratories 72 and 39 were detected as outliers in the first round of testing for
*®Ra. In the second round the result of laboratory 14 was marked as an outlier. The
frequency histogram and normal probability plot confirmed that the data are unimodally and
normally distributed as can be seen in Fig. 40.
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Fig. 40. Normal probability plot and frequency histogram of the **Ra data after exclusion of the
three outliers.

Only one outlier was indicated among the reported data of **Sr activity concentrations. A too
high value was reported by laboratory 28. Both, frequency histogram and normal probability
plots (Fig. 41) after exclusion of the outlier showed unimodal and normal distribution of the
data.
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Fig. 41. Normal probability plot and frequency histogram of the *°Sr data after exclusion of the
outlier.

One extreme value (lab 63) was indicated in the #°Th data set. The data of **°Th activity
concentration show normal distribution, however, the frequency histogram reveals a bimodal
distribution (Fig. 42). In the case of 2**Th, three values (labs: 31, 43, 42) were identified as
outliers in three consecutive runs of the Grubb's test. The normal probability plot is not
perfectly straight and the frequency diagram shows the distribution to be left-skewed (Fig.
43). This is due to a few data with lower values in comparison to the average.
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Fig. 43. Normal probability plot and frequency histogram of the 2**Th data after exclusion of the
three outliers.
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Fig. 46. Normal probability plot and frequency histogram of the #*U data after exclusion of
the six outliers.

For 2**U, one outlying value was identified (lab 63). The normal probability plot shows
Gaussian distribution as shown in Fig. 44. In three consecutive runs of the Grubb's test the
results of laboratories 72, 17 and 8 were indicated as outliers for 2°U. In the case of U, six
outliers were identified. Values reported by laboratories 37 and 58 were indicated in the first
round, laboratories 31 and 73 were indicated in the second round, laboratories 34 and 43 in
the third round of the test. According to the normal probability data plots the distribution of
% and #*U is more or less normal. However, the frequency plots show slightly right-
skewed distribution of the data for both uranium isotopes (Fig. 45-48).

Although some results were indicated as outliers, they are removed only for calculation of the

summary statistics. These results are still evaluated and are given the appropriate
performance ratings. In Table 12 some basic results of the statistical analysis are presented.
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Table 12. Statistical analysis of the laboratory results in soil.

40K QOSr 137CS 212Pb 212Bi 214Pb 214Bi 226Ra 230Th 232Th 234U 235U 238U 238Pu 239+240Pu
Num. of 70 40 72 63 57 62 63 50 22 46 28 38 50 17 24
results
Minimum 258 11 796 15 9.1 96 9.9 12 12 016 16 07 0023 0034 022
S Maximum 1273 175 4400 34 33 34 41 52 60 64 44 57 98 34 100
©
= Median 420 61 3435 21 21 20 19 21 21 21 24 18 26 043 030
Mean 439 65 3390 21 21 20 20 22 22 21 26 42 31 243 47
Standard o 28 432 36 49 46 49 77 98 82 6.1 9.2 17 8.4 20
deviation
o Num.of 3 1 4 3 0 0 1 3 1 2 1 3 4 1 7
= outliers
S5 o~
S8 Mean 427 620 3446 208 208 203 194 208 203 208 249 207 260 0477 028
5o
2 Standard
= anaar 44 214 205 27 49 46 4.1 49 5.0 43 50 137 84 0930 004
deviation
Num. of
4 um. © 3 1 4 3 0 0 1 3 1 3 1 3 6 5 7
= outliers
S5 o~
SR Mean 427 620 3446 208 208 203 194 208 203 205 249 207 260 0090 028
5=
iy
= Standard 0 514 205 27 49 46 4 49 50 38 50 137 65 0040 004
deviation
Ref.value 410 745 3565 21.0° 21.0° 19.0° 19.0° 190 209 210 252 110 243 ; -
Expanded
21 101 134 ; ; ; ; 23 23 27 10 011 1.0 ; ;
unc.(k=2)
Rel. exp.
5%  13% 4% - - ; ; 12%  11%  13% 4%  10% 4% ; -
unc.(k=2)

* indicative value
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5.2 Scores and evaluation criteria

Results of the participating laboratories were evaluated against the reference values using
three different approaches: relative deviations, E, numbers and PomPlots. Details on these
methods are described in this chapter.

Relative deviations

The relative deviations (the percentage differences in 1ISO 13528:2005 (ISO, 2005a)) are
calculated as

Alab - Aref
D, =100———— (8)
A
where Aip s the participant’s result, mean activity concentration;
A is the reference value.

These values are plotted in ascending order in deviation charts and the laboratories reporting
too low or too high values become more visible. For the environmental radioactivity
measurements the criterion of + 20 % from the reference value is usually used.

E. numbers

The E, number takes into account the absolute deviation of the activity concentration value
reported by each laboratory (Ajap) from the reference value (Are) and the combination of
expanded uncertainties associated to them (Ujzp and U,y (1ISO, 1997; ISO, 2005a). Strictly
speaking, tests including measurement uncertainty should be used with caution when
participants may have poor understanding of the uncertainty estimation. We have already
observed (chapter 4.2) that this is applicable for about one third of the participating
laboratories. Nevertheless, the selected performance test using E, numbers proves to be
robust enough justifying its use in this evaluation. Moreover, incorporating information on
uncertainty into the interpretation of results can play a major role in improving the
understanding of this difficult subject (ISO, 2005a).

The performance statistic E,, number is calculated as
En _ Alah Aref (9)
Ulib + Urzef
where Ay s the participant’s result, mean activity concentration;
A is the reference value;
Uar is the expanded uncertainty of the participant’s result;

Ur s the expanded uncertainty of the reference value.

When the estimation of uncertainties is consistent with the Guide to the Expression of
Uncertainty in Measurement (GUM, 2008), a measurement result with its uncertainty interval
giving a level of confidence of 95 % (corresponding to Ajp+ Uy with an expanded
uncertainty Ujap = k-Uc with a coverage factor of k= 2) will overlap with the reference value
Arerand its expanded uncertainty U,er with about 95 % probability. Therefore, E, numbers are
interpreted in the following way:

|En| <1, satisfactory, the laboratory values are compatible with the reference value

(green colour in E, numbers' charts);
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|Enl > 1, unsatisfactory, “warning signal”, the laboratory values differ significantly from
the reference value, sources of deviation should be investigated and corrected
(orange colour in E, numbers' charts);

In analogy to the interpretation of zeta-scores, a second level of critical value can be defined:

|En| > 1.5, “action signal”, there is urgent need to investigate and find the sources of the
large deviation (red colour in E, numbers' charts).

PomPlots

In order to compare the results, a modern type of graph — PomPlot — that underlines the
importance of the assigned uncertainties is applied. The PomPlot, an intuitive graphical
method, is used for producing a summary overview of the participants' results (Spasova et
al., 2007). It displays the relative deviations (D/MAD) of the individual results Az from the
reference value A on the horizontal axis and relative uncertainties (u/MAD) on the vertical
axis (Fig. 47). For both axes, the variables are expressed as multiples of MAD, which is
defined as the median of absolute deviation from the reference value

MAD = Median|D,(i =1,...,n) (10)
where D; is the difference between the reported and the reference activity concentration
Di = Alab,i - Aref (1 1)

The median absolute deviation MAD is used because of its robustness.

For every data point the uncertainty is calculated as independent sum of the reported
combined uncertainties on Ajap; and Ayer

ui2 = ucz (Alab,i )+ ucz (Aref) (1 2)
where u, (Alah,i ) = Ulah,i/k and u, (Aref ) = Uref /k (13)

reference value

result too Io‘:rv

ul/ MAD

—

/l High Undiertainty l\
i ¥ Low Significance :
3 - ; . | . ;

-4 2 0 2 :
(x-x_)IMAD

Fig. 47. Interpretation of a PomPlot (Spasova et al., 2007).

The ¢-scores, |£|=|D/u|= 1, 2 and 3, are represented by diagonal solid lines, creating the
aspect of a pyramidal structure. The (-score is a measure for the deviation between
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laboratory result and reference value relative to total uncertainty (ISO, 2005a). The points on
the right-hand side of the graph correspond to results that are higher than the reference
value whereas lower values are situated on the left. When the uncertainty is small, the
corresponding point is situated high in the graph. The most accurate results should be
situated close to the top of the pyramid. Points outside of the { =+ 3 lines are probably
inconsistent with the reference value.

5.3 Evaluation of laboratory performances

Above mentioned statistical tools were used to evaluate the performances of the participating
laboratories. This chapter is divided into sub-chapters according to the radionuclides or
groups of radionuclides.

K and "¥'Cs

*K and '¥’Cs are the most often determined radionuclides in environmental samples like soil
or sediments. Out of 73 participants, 70 and 72 reported results for “°K and '*’Cs,
respectively. Both are usually determined via gamma-ray spectrometry. Only one laboratory
(31) determined the activity concentration of '*’Cs via beta decay.

The determination of “°K and '*'Cs is the least problematic among all analysed radionuclides
with 11 % and 6 % of the results, respectively, deviating more than 20 % from the reference
values. However, few laboratories reported too low values for *’Cs (Fig. 51) and, on the
contrary, some too high values for “°K (Fig. 48) were submitted. The results of some
laboratories (26, 44, 72; lab 31 did not report a result for “°K) deviated more than 20 % from
the reference values for both radionuclides although they used routine analytical procedures.
In particular, laboratory 72 reported a value of “°K higher by 210 % from the reference value,
and for *’Cs a value lower by 38.5 %. The methods used in these laboratories should be
thoroughly investigated and the source of error identified. It is quite obvious that background
correction for *°K from the laboratory environment and efficiency calibration at the relatively
high gamma-ray energy of “°K need special attention.

In terms of E, numbers, 71 % of the results are compatible with the reference value for “K,
11 % of results trigger a warning signal and 18 % an action signal. In the case of '*'Cs, also
71 % of the laboratory values are satisfactory, while 13 % trigger a warning signal and 16 %
trigger an action signal. The evaluation of “°K and *'Cs results based on the E, criterion (Fig.
49 and 52) and its comparison with the relative deviations (Fig. 48 and 51) shows that
several laboratories underestimated their uncertainties. Although, their activity concentrations
are acceptable within 20 % from the reference values, their performance in terms of E,
numbers is triggering the action signal (labs: 8, 11, 19, 24, 43, 45 for “°K and labs: 10, 11, 16,
23, 40, 47, 58, 69, 71 for *'Cs).

As presented in the PomPlots (Fig. 50 and Fig. 53), even though the results of “°K and *'Cs
are generally very good, there are many points outside the |§| =1, 2 and 3 indicating that a
large fraction of the laboratories underestimates the uncertainties.
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Fig. 48. Deviation chart of the participants' results of “’K plotted in ascending order. Blue colour
indicates results within the range * 20 % from the reference value and red indicates results
outside this range. Numbers indicate the laboratory code.

40K

E, number
o

5703017 32081

45559326 51126574

46603837 4226773151 545

44

Laboratory

Fig. 49. E, numbers' chart of “°K activity concentrations plotted in ascending order. Green
colour indicates compatible results, orange indicates warning signal and red indicates action
signal. Numbers indicate the laboratory code.
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results outside this range. Numbers indicate the laboratory code.
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Fig. 52. E, numbers' chart of " Cs activity concentrations plotted in ascending order. Green
colour indicates compatible results, orange indicates warning signal and red indicates action
signal. Numbers indicate the laboratory code.
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Fig. 53. PomPlot of the 'Cs data. Red point indicates the reference value. Green, blue and
red solid lines indicate {-scores = 1, 2 and 3, respectively.
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QOSr

The determination of “°Sr activity concentrations obviously presents difficulties in the majority
of laboratories, since 65 % of the *Sr results deviate more than 20 % from the reference
value as can be seen in Fig. 54. Even if taking into account the high complexity of these
measurements, and using a less strict criterion (30 %), only 65 % of the participants' results
would fall within 30 % from the reference value. This is even worse performance than what
was observed in a previous ILC of milk powder where about 23 % of laboratories deviated
more than 30 % from the reference value (Spasova et al., 2008). The difference may be
attributed to the easier extraction of strontium from the milk powder compared to the soil
material.

Based on the E, criterion (Fig. 55), two thirds of all results triggered action and warning
signals, 42 % and 23 %, respectively. Four laboratories (3, 11, 20, 59) determined the *°Sr
concentrations within 30 %; however they underestimated their uncertainties and therefore
failed in terms of the E, numbers. For example, the relative expanded uncertainty reported
by laboratory 11 was only 2 % which is a highly unrealistic value.

Among all radionuclides compared in this exercise, *°Sr was determined by the highest
number of different measurement techniques. Although difficult due to the variety and
complex nature of separation methods, an attempt was made to group the results by
separation methods (Fig. 56). In each group there are outlying values but only for some
methods there are also results within the uncertainty of the reference value. The precipitation
technique appears to be slightly more reliable as can be seen also in the PomPlot (Fig. 57)
where actually only results obtained by this separation method are situated close to the top
of the pyramid. Nevertheless, some laboratories obtain far too low results also with this
method. All other separation techniques rendered unsatisfactory results. As can be seen in
Fig. 56, only single results (labs: 22 and 33) are compatible in terms of E, numbers when the
Sr resin or the combination of precipitation with Sr resin were applied. The result of
laboratory 5, which used the AG chromatography column followed by oxalate precipitation, is
14 % higher than the reference value and is compatible in terms of E, number. However, we
can not draw any final conclusion since it is the only value obtained via this method. The
method of solvent extraction showed the worst results with no value within 20 % from the
reference value and no compatible E, number. Unfortunately, several laboratories (4, 26, 27,
49, 51, 52, 54, 65, 70) did not provide information on the separation methods used.
Nevertheless, almost 60 % of the results using the precipitation technique for separation of
Sr from the soil matrix deviated less than 20 % from the reference value (Table 13).

The most frequently used counting method was gas flow proportional counting with some
outlying results but also with 66 % of results within 30 % from the reference value (Fig. 58).
The group of eight laboratories using LSC is the second largest. However, only half of the
results lie within £ 30 % from the reference value and only 25 % of values are E,, compatible.
All results obtained by LSC (except lab 28) lie below the reference value. Similarly, results
obtained with plastic scintillators and Geiger-Miiller counting are lower than the reference
value but the general performance is more favourable. The Cherenkov counting technique
was applied in 3 laboratories and none of these results lies within 30 % from the reference
value and only one (lab 33) is E, compatible. In general, as can be seen in the PomPlot (Fig.
59) and Table 14 no particular counting method can be identified as superior or inferior to
others. The reason of the discrepancies must be sought in the individual laboratories
concerned.
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Fig. 54. Deviation chart of the participants' results of *Sr plotted in ascending order. Blue colour
indicates results within the range * 20 % from the reference value, yellow indicates results
between * 20 % and * 30 % and red indicates results deviating more than + 30 %. Numbers
indicate the laboratory code.
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Fig. 55. E, numbers' chart of *Sr activity concentrations plotted in ascending order. Green
colour indicates compatible results, orange indicates warning signal and red indicates action
signal. Numbers indicate the laboratory code.
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Fig. 56. Laboratory results Aja of °Sr activity concentration with expanded uncertainties Ujap
(k = 2) sorted according to separation methods. Red lines represent reference value Aer + Uyer
(k= 2). Numbers indicate the laboratory code.
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Fig. 57. PomPlot of the *Sr data sorted according to separation methods. Red point indicates
the reference value. Green, blue and red solid lines indicate {-scores = 1, 2 and 3,
respectively. Values with unidentified separation method are not included in this plot.
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Values with unidentified counting method are not included in this plot.
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Table 13. Overview of the laboratory performances regarding the relative deviation and E,
numbers sorted according to separation methods of *Sr. The number in parentheses indicates
number of laboratories.

Precipitation Sr resin Precipitat.ion AG N . Solve.nt
(12) (8) + Sr resin precipitation extraction
(31) (1) (5)

Within £ 20 % 58 % (7) 0 % (0) 20 % (1) 100 % (1) 0 % (0)
<20 %, 30 %> 25 % (3) 50 % (4) 20 % (1) 0 % (0) 60 % (3)
Outside £ 30 % 17 % (2) 50 % (4) 60 % (3) 0 % (0) 40 % (2)

Compatible |E| < 1 58 % (7) 13 % (1) 20 % (1) 100 % (1) 0 % (0)
Warning sig. |En| > 1 17 % (2) 25 % (2) 20 % (1) 0 % (0) 20 % (1)
Action sig. |E,| > 1.5 25 % (3) 63 % (5) 60 % (3) 0 % (0) 80 % (4)

Table 14. Overview of the laboratory performances regarding the relative deviation and E,
numbers sorted according to counting methods of *Sr. The number in parentheses indicates
number of laboratories.

Gas flow F’@Sti(.) Cherenkov ~ Geiger Mller
proportional LSC scmtlllelltlon counting counting
counter (21) ®) counting (3) (2)
(4)
Within £ 20 % 24 % (5) 25 % (2) 75 % (3) 0 % (0) 100 % (2)
<20 %, 30 %> 43 % (9) 25 % (2) 25 % (1) 0 % (0) 0 % (0)
Outside £ 30 % 33 % (7) 50 % (4) 0 % (0) 100 % (3) 0 % (0)
Compatible |En| < 1 24 % (5) 25 % (2) 75 % (3) 33% (1) 100 % (2)
Warning sig. |Eq| > 1 33 % (7) 0 % (0) 25 % (1) 0 % (0) 0 % (0)
Action sig. |E,| > 1.5 43 % (9) 75 % (6) 0 % (0) 67 % (2) 0 % (0)

The results of the comparison for **Sr are not favourable at all, although all participants,
except for lab 61, treated the samples according to their routine measurement procedures.
The sources of errors must be identified and corrected in these laboratories.

212Pb, 212Bi, 214Pb and 214Bi

No reference values for #'°Pb, 2'Bi, "*Pb and *'*Bi were established. However, for the
evaluation of the reported results we used the reference values of their mother radionuclides
?Th and #°Ra as indicative values. No E, number evaluation and PomPlots were used
since there were no reliable uncertainties for the indicative values. Therefore, only relative
deviation charts are presented for the evaluation of laboratories' performance (Fig. 60-63).

Success in the determination of activity concentrations of shortlived progenies of radon
("Pb, 2"Bi) and thoron (*'?Pb, 2Bi) varied from 81 % for ?'?Pb to 61 % for #*Pb. In the
case of 2"Bi and 2"Bi, 67 % and 71 %, respectively, of the reported values deviated less
than 20 % from the indicative values. All four radionuclides are beta-decaying and emit
several gamma lines. All participants used gamma-ray spectrometry and most of them
treated the samples according to their routine procedures.
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Fig. 60. Deviation chart of the participants' results of 2"?Pb plotted in ascending order. Blue
colour indicates results within the range + 20 % from the reference value of *?Th and red
indicates results outside this range. Numbers indicate the laboratory code.
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Fig. 61. Deviation chart of the participants' results of #'?Bi plotted in ascending order. Blue
colour indicates results within the range + 20 % from the reference value of *?Th and red
indicates results outside this range. Numbers indicate the laboratory code.
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Fig. 62. Deviation chart of the participants' results of ?"*Pb plotted in ascending order. Blue
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Fig. 63. Deviation chart of the participants' results of "Bi plotted in ascending order. Blue
colour indicates results within the range + 20 % from the reference value of **Ra and red

indicates results outside this range. Numbers indicate the laboratory code.
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226Ra

The results for ?°Ra are far from satisfactory. Only 60 % of the participants determined the
concentrations within £ 20 % from the reference value and 68 % of the results are compatible
in terms of the E, numbers (Fig. 64-67). These results are even worse than those obtained in
the ILC on mineral water, where 70 % (Water-1) and 61 % (Water-2) of the results scattered
around the reference value within + 20 % (Wétjen et al., 2010). In the water comparison, the
reference values were even two to three orders of magnitude smaller. Main difference lies in
the fact that with the current soil ILC most participants (43 labs or 86 %) applied gamma-ray
spectrometry (only 15 % in the water ILC) and only four laboratories used alpha-particle
spectrometry (Fig. 66). In most of the participating laboratories, except for labs 45 and 18 (for
gamma-ray spectrometry), routine procedures were applied.

The most consistent results (all four) are derived from alpha-particle spectrometry (Table 15,
Fig. 66). In the case of gamma-ray spectrometry, participants tended to report results higher
than the reference value. The single laboratory (4), which applied gas flow proportional
counting, reported a value lower by 34 % than the reference value and the E, number
triggered an action signal. In the PomPlot (Fig. 67), the results of gas flow proportional
counting and Lucas cell are found outside of the top of the pyramid indicating incorrect
values.
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Fig. 64. Deviation chart of the participants' results of ?°Ra plotted in ascending order. Blue
colour indicates results within the range + 20 % from the reference value and red indicates
results outside this range. Numbers indicate the laboratory code.
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Fig. 65. E, numbers' chart of ?*Ra activity concentrations plotted in ascending order. Green
colour indicates compatible results, orange indicates warning signal and red indicates action
signal. Numbers indicate the laboratory code.
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Fig. 66. Laboratory results Az, of ?°Ra activity concentration with expanded uncertainties Ujap
(k = 2) sorted according to counting methods. Red lines represent reference value Arer £ Uper
(k = 2). Numbers indicate the laboratory code.
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Since the #°Ra peak at 186.1 keV is, in environmental samples, interfered by the gamma
emission from #*°U (185.7 keV) and these two gamma lines are observed as one doublet
peak, superimposed on the backscatter peak of the Compton continuum (Fig. 68), an
alternative determination of ?*°Ra via its short-lived daughter products #'*Pb and #'*Bi is often
chosen. This approach, however, offers several pitfalls as well. Not only must the sample
container be airtight in order to prevent escape of “*?Rn gas, also any air space in the sample
container must be avoided to prevent ??Rn and its daughter products from accumulating in
that space and, hence, for geometry reasons, being measured with a different efficiency than
that of the soil sample (Carconi et al., 2012).

Table 15. Overview of the laboratory performances regarding the relative deviation and E,
numbers sorted according to measurement method of *®*Ra. The number in parentheses
indicates number of laboratories.

Alpha-particle Gamma-ray Gas flow
spectrometry spectrometry proportional LUC?ZS) cel
(4) (43) counting (1)
Within £ 20 % 100 % (4) 58 % (25) 0 % (0) 50 % (1)
Outside £ 20 % 0 % (0) 42 % (18) 100 % (1) 50 % (1)
Compatible |En| < 1 100 % (4) 67 % (29) 0 % (0) 50 % (1)
Warning sig. |E,| > 1 0 % (0) 16 % (7) 0 % (0) 0 % (0)
Action sig. |E,| > 1.5 0 % (0) 16 % (7) 100 % (1) 50 % (1)

u/MAD

® Reference value
¢ Alpha-particle spectrometry
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-8 -6 -4 2 0 2 4 6 8
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Fig. 67. PomPlot of the **Ra data sorted according to measurement methods. Red point
indicates the reference value. Green, blue and red solid lines indicate {-scores = 1, 2 and 3,
respectively.
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Fig. 68. Gamma-ray spectrum of the soil sample measured with the HPGe detector.

0Th and *?Th

The results of two thorium isotopes are presented in Fig. 69-76. While for 2*Th 78 % of the
results lie within + 20 % from the reference value, for 2°Th it is only 45 %. This difference may
result from the fact that almost half of the participants do not measure activity concentration of
2Th on routine basis. Also, in terms of E, numbers the performance is much better for *Th
with 80 % compatible values and 16 % triggering action signal than for 2°Th with 50 %
compatible results and 41 % triggering action signal (Fig. 70 and Fig. 72).

Both isotopes were determined via gamma-ray or alpha-particle spectrometry. As can be
seen in Table 16, for ?°Th the performance is more or less equal for both measurement
methods although only three laboratories used gamma-ray spectrometry (Fig. 73). In the
case of *Th (Fig. 75, Table 16), the results of gamma-ray spectrometry are significantly
better in comparison to alpha-particle spectrometry. Comparison of the measurement
methods for both thorium isotopes is presented also in the PomPlots (Fig. 74 and Fig. 76).

Table 16. Overview of the laboratory performances regarding the relative deviation and E,
numbers sorted according to measurement method of *Ra. The number in parentheses
indicates number of laboratories.

230-|—h 232-|—h
Alpha-particle Gamma-ray Alpha-particle Gamma-ray
spectrometry spectrometry spectrometry spectrometry
(19) (3) (20) (25)
Within £ 20 % 47 % (9) 33 % (1) 65 % (13) 92 % (23)
Outside + 20 % 53 % (10) 67 % (2) 35 % (7) 8 % (2)
Compatible |E,| < 1 47 % (9) 67 % (2) 60 % (12) 96 % (24)
Warning sig. |En| > 1 11 % (2) 0 % (0) 10 % (2) 0 % (0)
Action sig. |En| > 1.5 42 % (8) 33% (1) 30 % (6) 4% (1)
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Fig. 69. Deviation chart of the participants' results of *°Th plotted in ascending order. Blue
colour indicates results within the range + 20 % from the reference value and red indicates
results outside this range. Numbers indicate the laboratory code.

230Th

E, number

Laboratory

Fig. 70. E, numbers' chart of #°Th activity concentrations plotted in ascending order. Green
colour indicates compatible results, orange indicates warning signal and red indicates action
signal. Numbers indicate the laboratory code.
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Fig. 71. Deviation chart of the participants' results of *Th plotted in ascending order. Blue
colour indicates results within the range + 20 % from the reference value and red indicates
results outside this range. Numbers indicate the laboratory code.
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Fig. 72. E, numbers' chart of ®**Th activity concentrations plotted in ascending order. Green
colour indicates compatible results, orange indicates warning signal and red indicates action
signal. Numbers indicate the laboratory code.
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Fig. 73. Laboratory results A of ?Th activity concentration with expanded uncertainties U,z
(k = 2) sorted according to counting methods. Red lines represent reference value Arer £ Uper
(k= 2). Numbers indicate the laboratory code.
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Fig. 74. PomPlot of the ?*°Th data sorted according to measurement methods. Red point
indicates the reference value. Green, blue and red solid lines indicate {-scores = 1, 2 and 3,
respectively.
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Fig. 75. Laboratory results A of *Th activity concentration with expanded uncertainties U,z
(k = 2) sorted according to counting methods. Red lines represent reference value Arer £ Uper
(k= 2). Numbers indicate the laboratory code.
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Fig. 76. PomPlot of the ?**Th data sorted according to measurement methods. Red point
indicates the reference value. Green, blue and red solid lines indicate {-scores = 1, 2 and 3,
respectively.
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234U 235U and 238U

A mixed performance is observed for the uranium isotopes. Most of the participants treated
the samples according to the routine procedures established in their laboratories, except for
laboratories 3, 18 (routine procedure for alpha-particle spectrometry but not for gamma-ray
spectrometry), 45, 61, and 71.

The worst performance is found for 2°°U, with 74 % of the values deviating more than 20 %
from the reference value (Fig. 77) and only 42 % E, compatible (Fig. 78). The results are
strongly method dependent as can be seen in Fig. 79 and Table 17. Since the equivalent
argumentation given above for ?°Ra holds also for ?°U (interference with **Ra and
superposition on backscatter peak), it is not surprising that the worst performance is
observed for gamma-ray spectrometry where a large number of results are far too high. For
instance, 11 laboratories (65 %) submitted results more than twice the reference value, and
only one submitted a result within 20 %. Obviously, gamma-ray spectrometry is not the
optimal method for ?®*Ra and 2**U, although, some laboratories were successful with good
determinations, especially for *°Ra.

Results for U obtained with alpha-particle spectrometry are comparably better but still not
good. Only 7 labs of 19 give results within £ 20 % from the reference value and one result is
off by more than a factor of two. Interesting to note, 58 % of alpha-spectrometric results are
accompanied by a realistic uncertainty estimate, and, therefore, are compatible with E,
numbers. The best results are those determined by ICP-MS (labs 52, 67) which can be seen
in Fig. 79 and 80 where these two values almost overlap with the reference value.
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Fig. 77. Deviation chart of the participants' results of **U plotted in ascending order. Blue

colour indicates results within the range + 20 % from the reference value and red indicates
results outside this range. Numbers indicate the laboratory code.
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Fig. 78. E, numbers' chart of U activity concentrations plotted in ascending order. Green
colour indicates compatible results, orange indicates warning signal and red indicates action
signal. Numbers indicate the laboratory code.
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Fig. 79. Laboratory results A of 2*°U activity concentration with expanded uncertainties U,z
(k = 2) sorted according to counting methods. Red lines represent reference value Arer + Urer
(k= 2). Numbers indicate the laboratory code.

80/154



235U
*
* W
- .
°
1 4
a
<
= 2
> 2 N
14 *3
” N
3 4
m Reference value
¢ Alpha-particle spectrometry &
/9/ A
%3 N Gamma-ray spectrometry N 2
J e ICP-MS X,
4 ‘ - ‘ ‘ ‘ - ‘
-8 -6 -4 -2 0 2 4 6 8
D /MAD

Fig. 80. PomPlot of the **U data sorted according to measurement method. Red point
indicates the reference value. Green, blue and red solid lines indicate {-scores = 1, 2 and 3,
respectively.

Table 17. Overview of the laboratory performances regarding the relative deviation and E,
numbers sorted according to measurement methods of **U. The number in parentheses
indicates number of laboratories.

ocvonary  pectomary 1078
(19) (17)

Within £ 20 % 37 % (7) 6 % (1) 100 % (2)
Outside £ 20 % 63 % (12) 94 % (16) 0 % (0)
Compatible |E,| < 1 58 % (11) 18 % (3) 100 % (2)
Warning sig. |En| > 1 16 % (3) 18 % (3) 0 % (0)
Action sig. |En| > 1.5 26 % (5) 65 % (11) 0 % (0)

Better, but still not satisfactory, performance is observed for the other two uranium isotopes.
For #*U, 68 % of the results, mostly obtained with alpha-particle spectrometry, are within
+ 20 % from the reference value and 57 % are compatible in terms of E, numbers (Fig. 81,
Fig. 82 and Table 18). The ICP-MS method was used in two laboratories (52, 67) with very
good results. Laboratory 45 calculated the 2**U activity via gamma spectrometric
measurement of #*U decay products assuming radioactive equilibrium (Fig. 83). Although
this result deviates more than 20% from the reference value, due to its high uncertainty it is
E, compatible. Four laboratories (1, 5, 15, 59) underestimated their uncertainties and
therefore their results are E, incompatible. On the other hand laboratories 54 and 61
reported larger uncertainties and hence their results are E, compatible or triggering warning
signal though the reported values deviate more than 30 % from the reference value.
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Fig. 81. Deviation chart of the participants' results of ?**U plotted in ascending order. Blue
colour indicates results within the range + 20 % from the reference value and red indicates
results outside this range. Numbers indicate the laboratory code.
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Fig. 82. E, numbers' chart of 2U activity concentrations plotted in ascending order. Green
colour indicates compatible results, orange indicates warning signal and red indicates action
signal. Numbers indicate the laboratory code.
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Fig. 83. Laboratory results A of 2*U activity concentration with expanded uncertainties U,z
(k = 2) sorted according to counting methods. Red lines represent reference value Arer £ Uper
(k= 2). Numbers indicate the laboratory code.
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Fig. 84. PomPlot of the ?**U data sorted according to measurement method. Red point
indicates the reference value. Green, blue and red solid lines indicate {-scores = 1, 2 and 3,
respectively.
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Table 18. Overview of the laboratory performances regarding the relative deviation and E,
numbers sorted according to measurement methods of 2**U. The number in parentheses
indicates number of laboratories.

woromaty M ooty
25) @ (1)
Within £ 20 % 68 % (17) 100 % (2) 0 % (0)
Outside £ 20 % 32 % (8) 0 % (0) 100 % (1)
Compatible |E,| < 1 52 % (13) 100 % (2) 100 % (1)
Warning sig. |E,| > 1 12 % (3) 0 % (0) 0 % (0)
Action sig. |E,| > 1.5 36 % (9) 0 % (0) 0 % (0)

In the case of ?®U, 58 % of the results lie within + 20 % and 56 % are compatible with the E,
criterion as presented in Fig. 85-88. About half of the participating laboratories used gamma-
ray spectrometry in order to determine the activity concentration of U (Fig. 87). Although
the results are comparable (Table 19), the distribution of the results of gamma-ray
spectrometry is not as uniform as for alpha-particle spectrometry (Fig. 87 and 88). For the
determination of #*®U, gamma-ray emissions following the decay of the first daughter ***Th
are often used. However, the low-energy gamma lines at 63 keV and 92.5 keV (both
doublets) are very difficult to measure due to high attenuation and interferences with X-rays
and scattered gamma-rays. Of course, the secular equilibrium between mother and daughter
radionuclides must be secured. The gamma-lines, emitted by the second daughter
radionuclide ***"Pa, at 767 keV and 1001 keV can not be used due to their very low emission
probabilities (0.317 % and 0.842 %, respectively). Detailed information on necessary
precautions and measurement conditions are presented in the paper of Hult et al. (2012). It
addresses the use of correct decay data, suitable detectors, optimised sample size,
enhanced spectral amplification, correction for peak interferences and control of background.
Again, the best results are produced by ICP-MS. Nevertheless, since only two participants
(52, 67) used this technique, no general conclusion can be made.

Table 19. Overview of the laboratory performances regarding the relative deviation and E,
numbers sorted according to measurement methods of 2*®U. The number in parentheses
indicates number of laboratories.

vy ooy S
(25) (21)

Within £ 20 % 56 % (14) 62 % (13) 100 % (2)
Outside £ 20 % 44 % (11) 38 % (8) 0 % (0)
Compatible |E,| < 1 40 % (10) 76 % (16) 100 % (2)
Warning sig. |E,| > 1 12 % (3) 19 % (4) 0 % (0)
Action sig. |[En| > 1.5 48 % (12) 5% (1) 0 % (0)
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Fig. 85. Deviation chart of the participants' results of U plotted in ascending order. Blue
colour indicates results within the range + 20 % from the reference value and red indicates
results outside this range. Numbers indicate the laboratory code.
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Fig. 86. E, numbers' chart of U activity concentrations plotted in ascending order. Green
colour indicates compatible results, orange indicates warning signal and red indicates action
signal. Numbers indicate the laboratory code.
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Fig. 87. Laboratory results A of *®U activity concentration with expanded uncertainties U,z
(k = 2) sorted according to counting methods. Red lines represent reference value Arer £ Uper
(k= 2). Numbers indicate the laboratory code.

* .
238
U ® o0 () \¢ *
* L34
. ° ¢
.
°*
¢ .
1 4
(]
<
= 2
~
s ) N
154 *3
L N
3 |
® Reference value
+ Alpha-particle spectrometry &
Y
u,ﬂ’ | Gamma-ray spectrometry ~ o
N ® ICP-MS %,
4 ‘ - ‘ ‘ ‘ - ‘
-8 -6 -4 -2 0 2 4 6 8

D/ MAD

Fig. 88. PomPlot of the ?*®U data sorted according to measurement method. Red point
indicates the reference value. Green, blue and red solid lines indicate {-scores = 1, 2 and 3,
respectively.

86/154



A summary of the performance of participating laboratories for all radionuclides is given in
Table 20.

Table 20. Performance of laboratories expressed as percentages of results within the range
of £ 20 % from the reference values and in terms of the E, criterion.

Number Results within Compatible Warning signal Action signal
Radionudlide s~ 1an9e +20% Enl < 152[Ef>1  [Ef>15
(%) (%) (%) (%)
Ok 70 389 71 17 8
0gr 40 35 (65)* 35 03 43
¥70cg 72 94 71 12 17
212Pb 63 81 ) ’ _
212p; 57 67 ] ] -
214py 62 61 ] ] -
214p; 63 71 ] ] _
226R4 50 60 68 14 18
2301 22 45 50 9 41
282TH 46 78 81 4 15
234 28 68 57 11 39
235 38 26 42 16 45
238 50 58 56 14 30

* 30 % threshold

Some results of this comparison were published, together with the concept of determining
the reference values for the comparison samples, in the open literature (MereSova et al.,
2012).

5.4 Comparison of different types of laboratories

An attempt to compare the performance of different types of laboratories, in terms of the
accreditation status and source of nomination, was made. Only the scores for main
radionuclides (*°K, *°Sr, "¥'Cs, #°Ra and uranium isotopes) were investigated.

Accreditation

One of the questions in the questionnaire (Appendix 9) was whether the laboratory is
accredited according to 1ISO 17025 (ISO, 2005b) and if yes for which radionuclides and
methods. This chapter compares participants' results with the reference values, taking into
account this aspect.

In the case of gamma-ray spectrometry, 31 laboratories out of 73 (42 %) were accredited to
measure activities of gamma-emitting radionuclides in soil matrix, 32 participants declared
that their laboratory is not accredited for this method and 10 (14 %) laboratories did not
submit a questionnaire or did not answer this particular question.

For “K and '*'Cs, all accredited laboratories reported values within +20 % from the
reference values. However, up to 20 % of these laboratories do not treat the uncertainties
properly, as indicated by the warning and action signals triggered in the E, evaluation. More
details are presented in Table 21. The PomPlot of the “°K data sorted according to the
accreditation status is presented in Fig. 89. It can be seen that none of the accredited
laboratories reported values outside of the { =+ 3 lines whereas several non-accredited
laboratories did. A similar situation can be seen in Fig. 90 for *'Cs.
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Table 21. Overview of the laboratory performances for different accreditation status for “°K and

'3’Cs results. The number in parentheses indicates number of laboratories.

4OK 137CS
Accredited Non-accredited Accredited Non-accredited
(29) (31) (31) (31)

Within £ 20 % 100 % (29) 81 % (25) 100 % (31) 90 % (28)

Outside £ 20 % 0 % (0) 19 % (6) 0 % (0) 10 % (3)
Compatible |En| < 1 79 % (23) 68 % (21) 84 % (26) 65 % (20)
Warning sig. |E,| > 1 21 % (6) 0 % (0) 13 % (4) 6 % (2)
Action sig. |E,| > 1.5 0 % (0) 32 % (10) 3% (1) 29 % (9)

The activity concentration of ?*Ra was measured by gamma-ray spectrometry in 43 out of 50
laboratories (86 %). About half of them are accredited for this method but the quality of
results does not differ significantly from the quality of results reported by the non-accredited
laboratories (Table 22). On the contrary, four laboratories which applied alpha-particle
spectrometry rendered the best results although they are not accredited for this method. The
results are presented in Fig. 91.

0

226R a
. A T ANS
* AA A
o ¢* o -
A A A A
1 4
A A
'S *
¢
(]
<
= 2 A
~
= ‘(,J//fb \X&
1 N
3 |
W Reference value
# Accredited - Gamma spectrometry &
Y
L{/SL L A Not Accredited - Alpha spectrometry (C \"@
)] A\
' A Not Accredited - Gamma spectrometry X,
4 £ : : X T
-8 -4 -2 0 2 4 6 8
D/ MAD

Fig. 91. PomPlot of the ®*Ra data sorted according to accreditation status. Red point indicates
the reference value. Green, blue and red solid lines indicate {-scores = 1, 2 and 3,
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89/154



Table 22. Overview of the laboratory performances for different methods and accreditation
status for **Ra results. The number in parentheses indicates number of laboratories.

Gamma-ray spectrometry

Alpha-particle spectrometry

**Ra Accredited Non-accredited Accredited Non-accredited
(20) (19) (0) (4)
Within £ 20 % 55 % (11) 63 % (12) - 100 % (4)
Outside £ 20 % 45 % (9) 37 % (7) - 0 % (0)
Compatible |En| < 1 70 % (14) 63 % (12) - 100 % (4)
Warning sig. |Eq| > 1 15 % (3) 21 % (4) - 0 % (0)
Action sig. |E,| > 1.5 15 % (3) 16 % (3) - 0 % (0)

All results of #**U, except for three, were determined via the alpha-particle spectrometry
method, 9 of which were accredited and 13 not. As can be seen in Table 23 and Fig. 92, the
results of accredited methods show poorer performance with only 55.5 % of results deviating
less than + 20 % from the reference value in comparison to the results of non-accredited
methods with 69 % of results within the range.
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Fig. 92. PomPlot of the U data sorted according to accreditation status. Red point indicates
the reference value. Green, blue and red solid lines indicate {-scores = 1, 2 and 3,
respectively.

In the case of U (Table 24), 17 laboratories applied gamma-ray spectrometry. Only one out
of five (20 %) accredited laboratories determined values within + 20 % from the reference
value and is E, compatible. None of the 11 non-accredited laboratories reported values
deviating less than 20 % from the reference value and only two results (18 %) were E,
compatible. Alpha-particle spectrometry was applied in 19 laboratories out of which seven
are accredited, nine are non-accredited and we have no information about the three left.
There is no difference between accredited and non-accredited laboratories, with 43 % and
44.5 % of results, respectively, deviating less than 20 % from the reference value. For E,
classification, the difference is significant with 72 % and 44.5 % compatible results for
accredited and non-accredited laboratories, respectively. From Table 25 and Fig. 93 it is
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obvious that many laboratories using gamma-ray spectrometry significantly overestimated
activity concentration of *°U, whether accredited or not.

Table 23. Overview of the laboratory performances for different accreditation status for #*U
results determined via alpha-particle spectrometry. The number in parentheses indicates
number of laboratories.

204 Accredited Non-accredited
(9) (13)
Within £ 20 % 55.5 % (5) 69 % (9)
Outside £ 20 % 44.5 % (4) 31 % (4)
Compatible |E,| < 1 45 % (4) 46 % (6)
Warning sig. |Eq| > 1 33 % (3) 0 % (0)
Action sig. |En| > 1.5 22 % (2) 54 % (7)

Table 24. Overview of the laboratory performances for different methods and accreditation
status for **U results. The number in parentheses indicates number of laboratories.

Gamma-ray spectrometry Alpha-particle spectrometry
U Accredited Non-accredited Accredited Non-accredited
(5) (11) (7) (9)
Within + 20 % 20 % (1) 0 % (0) 43 % (3) 44.5 % (4)
Outside + 20 % 80 % (4) 100 % (11) 57 % (4) 55.5 % (5)
Compatible |E,| < 1 20 % (1) 18 % (2) 72 % (5) 44.5 % (4)
Warning sig. |Eq| > 1 20 % (1) 18 % (2) 14 % (1) 11 % (1)
Action sig. |Eq| > 1.5 60 % (3) 64 % (7) 14% (1) 44.5 % (4)
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Fig. 93. PomPlot of the *°U data sorted according to accreditation status. Red point indicates

the reference value. Green, blue and red solid lines indicate {-scores = 1, 2 and 3,
respectively.
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Almost one half (20 out of 50) of the #*®U results were determined via gamma-ray
spectrometry, where 11 methods are accredited. The performance of these laboratories, with
91 % of results deviating less than 20 % from the reference value and 100 % of E,
compatible results, is much better than the performance achieved with the non-accredited
methods, with only 33 % within + 20 % from the reference value and 44.5 % E, satisfactory.
Performance is independent from the accreditation status for alpha-particle spectrometry as
can be seen in Table 25 and Fig. 94.

Table 25. Overview of the laboratory performances for different methods and accreditation
status for *®U results. The number in parentheses indicates number of laboratories.

Gamma-ray spectrometry Alpha-particle spectrometry
2y Accredited Non-accredited Accredited Non-accredited
(11) (9) (8) (14)
Within + 20 % 91 % (10) 33 % (3) 50 % (4) 57 % (8)
Outside + 20 % 9% (1) 67 % (6) 50 % (4) 43 % (6)
Compatible |E,| < 1 100 % (11) 44.5 % (4) 37.5 % (3) 36 % (5)
Warning sig. |E,| > 1 0 % (0) 44.5 % (4) 12.5 % (1) 7% (1)
Action sig. |En| > 1.5 0 % (0) 11 % (1) 50 % (4) 57 % (8)
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Fig. 94. PomPlot of the #®U data sorted according to accreditation status. Red point indicates
the reference value. Green, blue and red solid lines indicate {-scores = 1, 2 and 3,
respectively.

In the case of *°Sr, a large variety of separation and counting techniques was used. Only 14
out of 40 (35 %) laboratories used accredited methods and for five laboratories we have no
information. Although the performance of accredited laboratories is unsatisfactory with only
half of the results within £ 20 % from the reference value and compatible with the E, criterion,
in comparison to non-accredited laboratories this performance is still much better (Table 26
and Fig. 95).
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Table 26. Overview of the laboratory performances for different accreditation status for *Sr
results. The number in parentheses indicates number of laboratories.

%0g, Accredited Non-accredited
(14) (21)
Within £ 20 % 50 % (7) 19 % (4)
Outside £ 20 % 50 % (7) 81 % (17)

Compatible |E,| < 1 50 % (7) 24 % (5)

Warning sig. |Eq| > 1 21 % (3) 19 % (4)

Action sig. |[E,| > 1.5 29 % (4) 57 % (12)
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Fig. 95. PomPlot of the *Sr data sorted according to accreditation status. Red point indicates
the reference value. Green, blue and red solid lines indicate {-scores = 1, 2 and 3,
respectively.

In general, we can conclude that in most cases the performance of laboratories using
accredited methods is better; their uncertainty estimation appears to be more realistic as well
(E, compatibility). Surprisingly, in some cases, like gamma-ray spectrometry of ?*Ra or
alpha-particle spectrometry of U and U, it is vice versa and laboratories applying non-
accredited methods reported better results in terms of the deviation criterion, but not with
respect to the E, criterion due to the weakness in uncertainty estimation.

Group of nomination source

Laboratories were divided into three groups according to the source of their nomination.
Group of nomination source EU member state (MS) laboratories were nominated by their
national representatives in the expert group according to the Euratom Treaty Art. 35/36. In
addition, several laboratories from pre-accession countries (AC) were invited by JRC IRMM
to participate in this ILC. Finally, IAEA nominated the last group of laboratories worldwide.
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For “°K, the IAEA laboratories show the worst performance with 29 % of results outside the
+ 20 % range (Table 27 and Fig. 96). Performance for '*’Cs is similar in all three types of
laboratories (Table 27 and Fig. 97).

Similarly for ®Sr, the IAEA participants show the worst performance with less than 20 % of
the results E, compatible and within + 20 % from the reference value. This is also obvious
from Fig. 98. On the contrary, for ?°Ra the IAEA laboratories are the best in terms of relative
differences as well as E, numbers (Table 28 and Fig. 99).

Table 27. Overview of the laboratory performances for “°K and '*’Cs according to nomination
source. The number in parentheses indicates number of laboratories.

oK 1375
MS (48) C (8) IAEA (14) MS (49) AC (8) IAEA (15)
Within £ 20 % 92% (44) 100% (8) 71 % (10) 92 % (45) 100 % (8) 100 % (15)
Outside + 20 % 8 % (4) 0% (0) 29 % (4) 8 % (4) 0 % (0) 0 % (0)
Compatible |E,| < 1 71% (34) 88 % (7) 64 % (9) 71 % (35) 75 % (6) 67 % (10)
Warning sig. |E,| > 1 13 % (6) 0 % (0) 14 % (2) 12 % (6) 13 % (1) 13 % (2)
Action sig. |Ep| > 1.5 17 % (8) 13 % (1) 21 % (3) 16 % (8) 13 % (1) 20 % (3)
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Fig. 96. PomPlot of the “°K data sorted according to source of nomination. Red point indicates
the reference value. Green, blue and red solid lines indicate {-scores = 1, 2 and 3,
respectively.
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Fig. 98. PomPlot of the ®Sr data sorted according to source of nomination. Red point indicates
the reference value. Green, blue and red solid lines indicate {-scores = 1, 2 and 3,

respectively.
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Fig. 99. PomPlot of the ?*Ra data sorted according to source of nomination. Red point

indicates the reference value. Green, blue and red solid lines indicate {-scores = 1, 2 and 3,
respectively.

Table 28. Overview of the laboratory performances for *Sr and ?*Ra according to source of
nomination. The number in parentheses indicates number of laboratories.
QOSr 226Ra

MS(30) AC(4) IAEA(6) MS(30) AC(9) IAEA(11)

Within £ 20 % 37%(11) 50%(4) 17% (1) 53%(16) 56%(5) 82 % (9)
Outside * 20 % 63% (19) 50% (4) 83%(5) 47%(14) 44%(4) 18% (2)
Compatible [En| <1 40% (12) 25%(2) 17%(1) 67%(20) 67%(6) 73 % (8)
(@) (@) )
(4) (1)

Warning sig. [En|>1  27%(8) 25%(2) 0% (0)  10% (3 2)  18%(2

()
Action sig. [Eo|>1.5  33%(10) 50% (4) 83%(5) 23%(7) 1 9% (1)

All AC laboratories reported results deviating less than 20 % from the reference value of #*U
but in E, statistics MS laboratories are better as can be seen in Table 29. In the case of *°U,
all AC participants failed to determine the correct value and performance of the MS
laboratories is better than the one of the IAEA participants which reported results (Table 29).
For 28U, the performance of all types of laboratories is comparable as shown in Table 30.
and Fig. 102.
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Table 29. Overview of the laboratory performances for ‘U and ?**U according to source of

nomination. The number in parentheses indicates number of laboratories.
234 235
u u

MS (21) AC(4) IAEA(3) MS(26) AC(4)  IAEA(8)

3)
Within + 20 % 62% (13) 100% (4) 67%(2) 35%(9) 0%(0) 12.5% (1)
Outside * 20 % 38%(8) 0%(0) 33%(1) 65%(17) 100% (4) 87.5% (7)
Compatible [E)) <1  62%(13) 50%(2) 33%(1) 50%(13) 0% (0) 37.5% (3)
(1)

) 0%(0) 15%(4) 25%(1) 12.5% (1
(

(
Warning sig. |Eq| > 1 10% (2) 25 % (
( 75% (3) 50 % (4)

]
Action sig. [Eq > 1.5  28%(8) 25% (1

— —

) 67%(2  35%(9

Table 30. Overview of the laboratory performances for ?*U according to source of nomination.
The number in parentheses indicates number of laboratories.

238U
MS (32) AC (9) IAEA (9)
Within + 20 % 56 % (18) 67 % (6) 56 % (5)
Outside + 20 % 44 % (14) 33 % (3) 44 % (4)
Compatible |E,| < 1 56 % (18) 56 % (5) 56 % (5)
Warning sig. |E,| > 1 19 % (6) 0 % (0) 11 % (1)
Action sig. |En| > 1.5 25% (8) 44 % (4) 33 % (3)
0
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Fig. 100. PomPlot of the **U data sorted according to nomination source. Red point indicates
the reference value. Green, blue and red solid lines indicate {-scores = 1, 2 and 3,
respectively.

97/154



u/MAD

*

235U

2
: N
i4 *3
3
B Reference value
*MS N
Wy 1 AAC ¢ NS
N o [AEA X,
4 4 1 . , \
-8 -4 2 0 2 4 6
D/ MAD

Fig. 101. PomPlot of the 2**U data sorted according to nomination source. Red point indicates

the reference value. Green, blue and red solid lines indicate {-scores = 1, 2 and 3,

respectively.
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Fig. 102. PomPlot of the U data sorted according to nomination source. Red point indicates

the reference value. Green, blue and red solid lines indicate {-scores = 1, 2 and 3,
respectively.

98/154




6 Conclusions

Soil from an area affected by the Chernobyl accident was used as comparison material in
this interlaboratory comparison. The reference values traceable to Sl units were determined
at IRMM. The performance of 73 participating laboratories varied depending on the
radionuclide determined and method used (Table 20). With a few exceptions, the comparison
samples were treated and measured with routine procedures.

Gamma-ray spectrometry with respect to '*’Cs and “°K is relatively well controlled in the
laboratories. The determination of *°Sr proved difficult for 65 % of the participants which
submitted results outside the acceptable range (20 %). No improvement could be seen
compared to *°Sr determination in one of the previous ILC exercises (Wétjen et al., 2008).
The laboratories concerned, i.e. the vast majority of laboratories reporting *Sr results, are
urged to review their analysis procedures. The results clearly demonstrate that several
laboratories need to improve their analytical procedures for determination of uranium
isotopes. Mainly results of ?*U proved to be highly method dependent when gamma-ray
spectrometry rendered very poor results. This is most probably due to the lack of application
of appropriate corrections in these measurements. A similar situation was observed for ?°Ra
with unsatisfactory scores for gamma-ray spectrometry results and most probably caused by
similar reasons as in the case of **U. Surprisingly, in the case of ?*Th the results of gamma-
ray spectrometry are significantly better compared to alpha-particle spectrometry results.
However, the performance is more or less equal for both measurement methods for 2°Th.

One of the laboratories (lab 72) reported a result of 2*U 50-times larger than the reference
value. Also the results of “°K and **Ra were overestimated by a factor of 2.1 and 1.7,
respectively, by the same participant (lab 72), while the result of '*’Cs was underestimated
by almost 40 %. Similar mediocre performance is observed also for other participants (labs:
39, 14, 44). These observations are distressing and indicate that critical and prompt revision
of the measurement methods is necessary in these laboratories.

Performance evaluation based on the E, criterion revealed that uncertainty estimation is
unsatisfactory in many laboratories and there is a need to improve their application of
uncertainty propagation and implement the concept of the GUM (2008).

The results of this ILC have shown again that proficiency testing with comparison samples
bearing reference values traceable to Sl units (and SIR, where applicable) remains an
important tool to evaluate laboratory performance. More efforts on the side of the
participating laboratories are expected to turn bad ILC performance into improvement
actions, leading to the revision of existing, obviously insufficient laboratory routines. It must
be stressed that — as in any other application — only reliable methods should be used in
environmental monitoring, and gamma-ray spectrometry must be applied with the greatest
care when it comes to naturally occurring radionuclide material (NORM).

99/154



Acknowledgements

This work was possible only with the active participation of 73 laboratories in 39 countries
(listed in Appendix 8), and the support of IAEA letting us purchase such a large amount of
reference material for the purposes of this ILC. The authors would also like to thank G.
Sibbens, M. Bickel, A. Bohnstedt, J.-G. Decaillon, C. Hill, and L. Holmes for their
contributions to the establishment of the traceable reference values. Our acknowledgements
also go to our colleagues from the Reference Materials Unit of IRMM for the re-processing of
the original soil material and for determining the water content of the packaged samples. We
are grateful to B. De La Calle for discussions of the manuscript.

100/154



References

Altzitzoglou T., Bickel M., Bohnstedt A., Decaillon J.-G., Hill C., Holmes L., Sibbens G., 2006.
Characterisation of the IAEA-375 Soil Intercomparison Material for Radioactivity with
assigned values traceable to the Sl units, EUR Report 22226 EN, ISBN 92-79-01928-7.

Baeza, A., Del Rio, L.M., Jimenez, A., 1998. Procedure for Simultaneous Determination of
2232242262280 by Alpha and Gamma Spectrometry. Radiochimica Acta, Vol. 83, pp. 53-60.

Carconi, P., Cardellini, F., Cozzella, M.L., De Felice P., Fazio, A., 2012. Correction for radon
distribution in solid/liquid and air phases in gamma-ray spectrometry. Applied Radiation and
Isotopes 70, pp. 2119-2123.

Decaillon, J.-G., Hill, G., Bickel, Altzitzoglou, T., 2004. Validation of methods for the
determination of radium in waters and soil. Applied Radiation and Isotopes 61, pp. 409-413.

Grau Malonda, A., Garcia-Torafio, E., 1982. Evaluation of counting efficiency in liquid
scintillation counting of pure b-ray emitters. Applied Radiation and Isotopes 33, pp. 249-253.

Grau Malonda, A., Garcia-Torafo, E., Los Arcos, J.M., 1985. Liquid-scintillation counting
efficiency as a function of the figure of merit for pure beta-particle emitters. Applied Radiation
and Isotopes 36 (2), pp. 157-158.

GUM, 2008. Evaluation of measurement data — Guide to the expression of uncertainty in
measurement. BIPM, IEC, IFCC, ILAC, ISO, IUPAC, IUPAP, OIML. Document JCGM
100:2008, GUM 1995 with minor corrections. Online available at www.bipm.org

Hill, C., Bickel, M., Holmes, L., Bohnstedt, A., Sibbens, G., Altzitzoglou, T., 2004. Aspects of
sample preparation for the determination of actinoids in soil. Applied Radiation and Isotopes
61, pp. 283-286.

Hult, M., Andreotti, E., Gonzalez de Ordufa, R., Pommé S., Yeltepe, E., 2012. Quantification
of uranium-238 in environmental samples using gamma-ray spectrometry. EPJ Web of
Conferences 24 07005 (2012), Environmental Radioactivity 2010.
Online available at http://dx.doi.org/10.1051/epjconf/20122407005

IAEA, 1996. Report on the intercomparison run IAEA-375: Determination of radionuclides in
soil sample IAEA-375. IAEA/AL/75, Feb. 1996. Analytical Quality Control Services.
International Atomic Energy Agency, Vienna, 1996.

IAEA, 2000. Reference sheet, Reference Material |IAEA-375, Radionuclides and trace
elements in soil. Online available at http://nucleus.iaea.org/rpst/Documents/rs iaea-375.pdf

ISO/IEC 5725-2:1994, Accuracy (trueness and precision) of measurement methods and
results - Part 2: Basic method for the determination of repeatability and reproducibility of a
standard measurement method. International Organisation for Standardization Geneva,
Switzerland (1994).

ISO/IEC Guide 43-1. Proficiency testing by interlaboratory comparisons — Part 1:
Development and operation of proficiency testing schemes. International Organisation for
Standardization, Geneva, Switzerland (1997).

ISO/IEC 13528:2005, Statistical methods for use in proficiency testing by interlaboratory
comparisons. International Organization for Standardization, Geneva, Switzerland (2005a).

101/154



ISO/IEC 17025:2005, General requirements for the competence of testing and calibration
laboratories. International Organisation for Standardization Geneva, Switzerland (2005b).

ISO Guide 35:2006, Reference materials — General and statistical principles for certification.
International Organisation for Standardization, Geneva, Switzerland (2006).

Lépy, M.C., 2000. EUROMET Action 428; Transfer of Ge detectors efficiency calibration from
point source geometry to other geometries. Rapport CEA-R-5894.

Lozano, J.C., Fernandez, F., Gomez, J.M., 1997. Determination of radium isotopes by
BaSO, co-precipitation for the preparation of alpha-spectrometric sources. J. Radioanal.
Nucl. Chem. 223, pp. 133-137.

MereSova, J., Watjen, U., Altzitzoglou, T., Determination of natural and anthropogenic
radionuclides in soil - results of an European Union comparison, Applied Radiation and
Isotopes 70, pp. 1836-1842.

Monographie BIPM-5, Table of Radionuclides, 2004 and 2006. Bé, M.-M., Christé, V., Dulieu,
C., Browne, E., Chechev, V., Kuzmenko, N., Helmer, R., Nichols, A., Schonfeld, E., Dersch,
R. Bureau International des Poids et Mesures, Pavillon de Breteuil, F-92310, Sévres, France.

Ratel, G., 2007. The Systéme International de Référence and its application in key
comparisons. Metrologia 44, pp. S7-S16.

Pilvid, R., Bickel, M., 1998. Separation of actinides from a bone ash matrix with extraction
chromatography. J. Alloys Comp. 271-273, pp. 49-53.

Pilvid, R., LaRosa, J.J., Mouchel, D., Wordel, R, Bickel, M., Altzitzoglou, T., 1999.
Measurement of low-level radioactivity in bone ash. J. Environm. Radioact. 43, pp. 343-56.

Sibbens, G., Pommé, S., Altzitzoglou, T., 2004. Standardisation of low-activity actinide
solutions by alpha-particle counting at a defined solid angle. Applied Radiation and Isotopes
61, pp. 405-408.

Solé, V.A., 1990. A Monte Carlo program to calculate solid angle and transmission
corrections in counting systems. IRMM Internal Report GE/R/RN/12/90.

Spasova, Y., Pommé, S., Wétjen, U., 2007. Visualisation of interlaboratory comparison
results in PomPlots. Accreditation and Quality Assurance: Journal for Quality, Comparability
and Reliability in Chemical Measurement 12, pp. 623-627.

Spasova, Y., Watjen, U., Altzitzoglou, T., 2008. European measurement comparison of '*Cs,
*K and *°Sr in milk powder. J. Radioanal. Nucl. Chem. 277, pp. 211-215.

Spasova Y. and Vasile M., 2010. Homogeneity measurements for the EC comparison
radioactivity in soil, EUR 24649 EN, ISBN 978-92-79-18866-4.

Witjen, U., 2008. European Measurement Comparisons of Environmental Radioactivity.
Nuclear Proficiency Testing, 1* International Workshop, AIP Conference Proceedings 1036,
66, pp. 85-99.

Witjen, U., Spasova, Y., Altzitzoglou, T., 2008. Measurement comparisons of radioactivity

among European monitoring laboratories for the environment and foodstuff. Applied
Radiation and Isotopes 66, pp. 742—749.

102/154



Witjen, U., Benedik, L., Spasova, Y., Vasile, M., Altzitzoglou, T., Beyermann, M., 2010. EC
comparison on the determination of **Ra, **Ra, #**U and #**U in water among European
monitoring laboratories. Applied Radiation and Isotopes 68, pp. 1200-1206.

103/154



ion letter

Invitat

Appendix 1

aqoul wur mmmydny Jeulsiu] — needoins os@uslisem smn :jewg
€12 ¥85-71(0)-26+ X [eBUSD — 288 LLG-11(0)-2E+ (oUl W0allp — LIZ LISk L(0)-2E+ I8l
wnibleq ‘peH orye-d ‘1 |+ Damaseney

(BinoqwexnT ‘¢"H NIH1 ©Q) 1ebuizyn o ‘suassuep 'y N
(edds| ‘s3] OHr) 10O oQ 2N A 2

usliem emn

,J\.ig\\

‘Alaleouls sInoA
‘urewal | noA wouy Buuesy o} premioy Bupoo]

*(seuoreloge| omy
UBY} BI0W sjeUWIOU O} YsIM pjnoys nok j1) Anunoo inok oy Ajuoud jo uoieolpul ue
UnMm sejniisul pejos|es ay) Joj (jlews pue xejs|e) ‘euoyds|s) ‘sseippe |lew e1e|dwiod
‘uosled e|qisuodsal) sajeulplo-0o ey} Bululeluoo ‘lemsue pajeuiplood Ajjeuoleu
Inok yum sn epiaoid 0} nok jsenbal em alojaiey] "siuedpied jo Jagquinu [elo}
sy uo Buipuedsp s|qissed eq 1ybiw suondsoxe mey y ‘Aljunoo led seliojeloge| om
0} pejieuno Bq isnwW asioiexe ay) ‘jeusjew sjdwes jo sjueNsuUod Ajige(ieae o} eng

‘010¢ MENUEr 0g Aq osuodsal (paeuiplood
Ajjeuoiyeu) Jnok alinbal am ‘sueld o) Bulploooe pessoid o) Buneddiped ses o) juem
pinom noA saliojelode| Yoiym IO "esioiexe syl ul Bunedioied ul peiselsiul g pjnom
Alunoa InoA Ul sauojeloge| Uyolym areBliseAul pinod noA Ji parelosidde ag pinom §

B2l WU mmm//:dny 1suleil] — na edoins-os@usfisem amn i|lew3
€42 ¥85-7 1(0)-2E+ Xe [equeD — 288 1£5-PH(0)-ZE+ 10U I0BIP — 112 1LGFH(0)ZE+ el
wnibjeq ‘jeen 0vve-g ‘11 Bemeseney

"L1L0Z plW Ag a|qe|ieAe 8 0} uaasaloy S| odal [euly
ay] 010z Isnbny |¢ Aq (Wejshs uoleluswnoop pased-g3Mm e ela) IWNYI OHr o
s)nsal Jlay} puses o} pajsenba. aie seliojeioge| Bupedionled sy ‘1xeN ‘0102 Areniged
Jo piw Aq saliojelodge| Buyediopred sy o} Jues aq 0} pauueld ale se|dwes sy "[|os Ul
1S, Pue s9,, ‘ANAnoeolpel |eINJEU JO UolleUIWIBap oY) 1o} osiolexe uosiiedwod
Kiojeloqepiejul ue esjuebio oy Buuedeid si WNHI DHr ‘Bids| ul 6002 1eqoioQ
Jo Bupesw gg pue gg "Ly Ayeas] wolelng ey Buunp peeaife sem jeym o} Jayuny

‘asplaxe uosiedwoo Aiojeloge|iejul ueaedolng e AlenBal sesiuebio (DHp
() D oY ‘seels Jaquis|y aul Aq papodal senjea ayy jo Aljenb sy} uo pue spoyiaw
JusllaInsesw 8y} UC UONELLIOJUl 8I10W UIB)qo O} J8pI0 U| “JuswuoliAuS lisyl Ul
sjAs| AjAnoeolpel 8u) Jo siseq Jejnbal e uo (H3) uoissiwwoy ueadolng ey} WLIojul O}
(woyeln3 /gL F/0002 UOEPUSLILIO0SY UOISS|WLLCY Ul paloads Joyuny se pue) Ajeal|
woeing ay} Jo 9g puUe Ge "Uy Jepun pebijqo ele seiels lequispyy N3 ‘Mouy noh sy

‘sanbes||0D JeeQ

llos
Ul IS5 PUB SO ¢, “AlAOBOIPEI [RINTRU UO UosHedwod Aiojelogellaiul O3
Ayeel| wojeln3 ey} Jo 9¢-G¢ sejolly TBIGNS

(A1) sueyez ¢ (Is) vewzuy "W (oY) uoluis 3
(L) (s3)
suewosap ‘N A._.qv ._wm‘.w.u_uﬂmv_ 2 se|eg ollesoy P "IN
(NH) 9zouIA ¥ (33) 1exes| (n) uorufiod "y
(1) oL » (4d) euelg r-r (4d) %ca_:“n_ _W
3a
(39) 21quos 1 (AD) sepelnaweq’d uuewnaN-19|INIA N
(3a) 193ed 1 (3g)see10 T (zo) ssma__o«,_ _w
1d
(@) ues|aIN ‘d's (Is) o1puIy "W ebrupeyy oeoeg |y
(14) usuoisniy 'y (N7) unjsnaig 'd (od) no11ap "0 @isnw
(11) euuapy "o (L) ezleig 'd (n7) swwose |y
(dd) reariuep o (MS) 1peg '3 (59) eneziol Y (1d) Hewny "W
(4o) sozele 'y (3S) uossiapuy d (zo) m>o.mo§mw \W (94) &xsliyseley ‘H
1d
(IN) ueunjemy 'd ~ (NQ) uossiopuy " 4N BUZDIUIONS "N @D veaingy 1 sIN
£1206€(6002)SIHVY/IPAL/MN/S0Q"0Hr
6002 1aquiaoaQ g1 ‘[een
WAl xn
Slusliainseapy pue sjeuslel @oualalay 1o) aimisu| v.,mv ﬁa,
JHIN3O HOYV3S3d INIOr 2 -3
5 ®
NOISSINNOO NY3dodn3 Fr¥

104/154



ion letter

Informat

Appendix 2

ag ol wunrmmwidiy slswieiu] — needoing se@uafisem amn jlewl
£L7 PRSPL-ZE+ Xe4 [BIUBD — 288 LIS I-ZET IBUN 100N — LI LIS L-ET UIeL
wnifijag ‘|88 oFF2-g ‘11| Bamassliay

‘90Ul ‘s8IAeS ‘0LEZ6- IINSleig op Uo|lIAed ‘Seinsaly 18 Splod Sep [EUORELISU|
neaing 'H ‘yosieq "3 ‘plojuQuos v ‘sioydiN “H leweH YN ‘ojuawzny A ‘Asyosyn 3 ‘sumolg
0 ‘naing “A ‘g1SUuD “IW-IW ‘98 9002 PUE F00Z ‘seplonuoipeY Jo eiqe ‘S-NdIg elydesBouopy

(ABojoisl spionuolpey pesH Jojes)
usfiep amn

—fe/ ™y

‘sinoA Ajgisouls

*( needoinarda@ualjeem-amn
10 neredoins-oa@erosalsWBUE[ ) sh J0BIU0D 0] 88l |98) ‘Uosiedwos siU) 0) Joedsel Yim
suonsenb Aue sney noA J| "uosiedwod siup ul uoiedioued noA o) premio) Buioo| ale e

“Arenuspyuod
paleal) a4 ||Im snsal s,Al0pelode] Jnok ‘salilouyine 8say) Wolj Uedy "Wway o) apod qef nok
Busofosip Aq 8uop s sIYL 'v"H-NIHL ©A 1 uoissjwwo) uesdoind sy} jo $edjAles JUBAS|8l
8yl 0} pue (ajedioed o} noA pajeulwou oym) (s)aaejuasaidal [euoleu Inok o) s|gejee
apew aq [m Aiojeloge| 1noA jo eouewiopad pue synsal ay) ‘jo aieme Auiepao ale NoA sy

'L 102 PIW Ag slgelieAR q 0} Usesslo} S| esjolexe UosHedwo sy Jo Lodel [eul syl 0102

10 |[e} 8yl U] [lews Aq Jues eq |im soueuLOped s A101eI0gR| IN0A U0 uopewLioul Areujwieid

Y ‘painbel aq | synsel papodal eyl uo AUELIBOUN UONBUILLBIBP 8y} JO BJewnsa

popunoj-jem B ‘alojalel] “WINUSIIS Jaqunu “g 8yl U0 paseq aq [IM UOJeneAs a8yl

'0102 1snBny Lg su S| Bupods. 1oy suypeeq "sunsel jo Builode. 1eueiu] U 1oL yull gIM
e eja Alojelode| ok JelsiBel o) peyse aq [IiM NoA [Ldy/yole Ul sWil swWos “slreuucnsenb
paseq-pIop B BIA Palos|od aq [IM Sainpecold juswainsesw pue [eanfeue Inok
10 uoldiuosap By SealaUM ‘JaLISIU| BIA aUop aq (I Bunlodsl anfea sy Jey) suesw S|

"Jaulsu| eiA pejelado Ajued eq [im uosuedwoo siy) Joj synsal Alojelode] jo Buipodel ey

‘"W dIg ewdeBouopy asn o} pusiwiwoos! am ejep Aedep

1e8|onu O 80IN0s SY "01.0Z Alenuer | s| s)nsal LoNeuasuod AIIAIOE |[e 10} 8lep aoudiajay

g ol WL mmmsdny lswieu] — needoins ds@uafisem smn jewy
€/Z p8SbL-ZEt XB [BIUBD — 288 LLG-PL-ZE+ 16Ul 1081 — LIE LLGFL-ZE+ 8L
wnibleg 899 0¥bz-g ‘111 Bamesenay

‘Inojfe) wouj areuiBlio o) paloadxa ale sapljonUoIpe. 8Sall 8oUls ‘JUBIoINS palapisuod s|
yoes| elfal enbe ue ‘sisfAieue wnjuoinid auy) Jo4 “wnuelnid jo uoleuwlalap 8yl Jo} 1daoxa
‘pauuopad s| seidwes auy Jo uonsabip [e10} e Jey) jsenbal am ‘uojeledes pue uopesedeald
[eajwsyo Bupinbal ‘sepljonuoipel esoyl Jo4 "paudoped aq ueo sisAreue Jayunj BujoBispun
lou (s)eidwes Jews (e) Jo uopeulwlslep alnisiow sleledas Yy Cllos 8y Jo lUsSlUoo
alnisiow ayl o} uonoallod Aq paulwliglep aq pinoys sejdwes uswainsesw jo blam

fip syl ubBlem Alp ) pezjlewiou psuodel eq ISNW uopeNUSOUCD AANOR JO SYNSal Iy

*AIolelogel anoA Ul pasn seinpaaold suUlNeI Yum JUslsisuod
— a|qeodde asaym — si fgeqoid yoiym ‘@oioyo Inok jo ainpeocoid Juswainsesw e asn
ueo noA ‘(uosiedwoo nbuluesw e jo suoseal 10} Ajioud aye} yolum) Jsla| uoewlojul siul
.n_xm woly _._ﬂ.n_ﬂ. .:n_cvm+mmm h:n_mnm “_l_mnm _Dmmm “Dvmm _S._.Nnm ;._._.onm “mIoNN
18,1z ‘Adyz 1z ‘Odzyz ‘S04, 1Se Mgy iSEPIONUOIDEI BUMOIO) BU) JO SUONEIUSOUOD

uj usnif suopendis

fuaoe eyl sulwelep o nof yse em ‘senqedes sauoelode] nok uo Bupuedag

*8INQUISIP PIN0D @M UDIYM [BLSJEW Y} JO S8|dWRS [BUONIPPE 8LUOS BABL| 8M ‘8580
a1 8 Jou pinoys sy} | ‘seskleur paisenbal |[e o) Jusiolns aq o} pajoadxa si Yyolym ‘[1os jo
B 0z 1noge suleuos epodg yoed ‘ejdwes ay) Jo 1dieoal sy (needoina os@eAcsalall euel)
Jlewe Ag uuyuod oF noA Mse 0} &Yl pnom em ‘paalle eouQ Alojeloge|
InoA 0} seojaies Jellnod HA Aq sejdwes [jos eyl puses |Im em QLOZ Yolew Gl Jo
seem ayy Buung "WiNdl Aq pesjueBlo Apueseid uosiiedwod pauopusiu saoqe Ul eyedpnled
0] Alwoyine Jo (s)eaneiueseldss euoieu JnoA AQ pejeulwou useq sey AIOJeioge| INOA

‘enbes|jon reeq

110s Ul
1S, PUE SO, ‘AlAlIoBOIPE] [BANJEU UO UOSLiEdWOoD Alojelogelsaiul 93 BEEICTS

89v4£ 1 (0102)534v/d0d/ MNFE0-5' QDA DHr
0402 YoIeN 21 ‘1999

saisfiyd Jesjany
S|USLUSINSESY PUE S[ELSIE sausiajey Jo) snisu| 3
FHINID HOHVASIY INIOT

w ¥
g 2t

NOISSIWNOD Nv3d0dn3 B

105/154



Appendix 3: Registration (e-mail)
Subject: Online registration for EC intercomparison on radioactivity in soil

Dear Colleague,

As you were informed beforehand, the reporting of values will be done via Internet.
Therefore, we kindly ask you to register your laboratory via the following web site:

https://irmm.jrc.ec.europa.eu/ilc/ilcRegistration.do?selComparison=460

We have prepared the guidelines for online registration to help you with the procedure.

After the registration and confirmation of all your data you will obtain the password key
needed for the online reporting of your results. Please be aware that the deadline for
registration is 15 June 2010 and the deadline for the reporting of results is 31 Auqust 2010.

Thank you very much for your participation in the intercomparison and your co-operation in
using this online reporting tool. If you have further questions, please contact us. We will be
happy to help you.

Kind regards,

Jana Meresova
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Appendix 5: Reporting (e-mail)

Subject: Reporting results for EC intercomparison on radioactivity in soil

Dear XXXX,

Thank you very much for your registration. We are pleased to inform you that the online
reporting system is now operational. The results reporting is done via the login page using
the following URL.:

https://irmm.jrc.ec.europa.eu/ilc/ilicReporting.do

To report your results you need a password key which is unique to this intercomparison and
your laboratory.

Your password key is: XXXXX

Please note that only SUBMITTED results will be taken into account, so do not only SAVE
your results but also select the SUBMIT button. Once you have submitted your results,
please remember to send us a PDF-file by e-mail or to print the results report form and to fax
us a signed copy (Fax: +32 14 584 273). Reference date for all activity concentration results
is 1 January 2010.

The guidelines for online reporting to help you to submit your results are attached. These
guidelines explain how you can input them.

We would like to inform you that the deadline for reporting your results is 31 Auqust 2010.

Thank you very much for your participation in the intercomparison and your co-operation in
using this online reporting tool. If you have further questions, please contact us. We will be
happy to help you.

Kind regards,

Jana Meresova
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Appendix 8: List of participating laboratories

ALBANIA

Dr Elida Bylyku

Centre of Applied Nuclear Physics
Qesarake street

1000 Tirana

AUSTRALIA

Ms Atun Zawadzki

Australian Nuclear Science and Technology Organisation
New lllawarra Rd Lucas Heights NSW 2232

Mailing address: Locked Bag 2001 Kirrawee DC NSW 2232

AUSTRIA

Mag Claudia Landstetter

Austrian Agency for Health and Food Safety
CC Radiation Protection and Radiochemistry
Spargelfeldstr. 191

1220 Vienna

Mr. Johannes Klimstein
AGES GmbH

CC RARA
Derfflingerstrasse 2
4020 Linz

BANGLADESH

Dr Satyajit Ghose

Bangladesh Atomic Energy Commission
Nuclear Safety & Radiation Con

4 No Kazi Nazrul Islam Avenue

1000 Ramna, Dhaka

BELGIUM

Dr Michel Bruggeman
SCK-CEN

LRM/RNM

Boeretang 200

2400 Mol

Mr Benoit Deconninck
IRE

SEM

Rue de I'Espérance 1
6220 Fleurus

Dr Mikael Hult

IRMM

Nuclear Physics Unit
Retieseweg 111
2440 Geel
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BOSNIA - HERZEGOVINA

Ms Delveta Deljkic

Institute for Public Health of Federation of Bosnia and Herzegovina
Radiation Protection Centre

Marsala Tita 9

71000 Sarajevo

BRAZIL

Prof Brigitte Pecequilo

IPEN-Instituto de Pesquisas Energéticas e Nucleares
Radiations Metrology

Av. Prof. Lineu Prestes, 2242

05508-000 Séo Paulo

BULGARIA

CHILE

Mr Victor Badulin

National Center of Radiobiology and Radiation Protection
Public Exposure Monitoring Lab

3 Sv. Georgi Sofiyski St.

1606 Sofia

Mr Mihail Shishenkov

Executive Environment Agency
Radioactivity Measurements Laboratory
136 Tzar Boris Il Blvd.

1618 Sofia

Mr Osvaldo Pifiones

Chilean Commission of Nuclear Energy
Environmental Radioactivity
Amunategui 95

Casilla 188D Santiago

CROATIA

CUBA

Dr Zdenko Franic

Institute for Medical Research and Occupational Health
Radiation Protection Unit

Ksaverska cesta 2

10000 Zagreb

Dr Zeljko Grahek

Rudjer Boskovic Institute

Center for marine and environment
Bijenicka 54

10000 Zagreb

Mr Jorge Carrazana Gonzalez

Centro de Proteccion e Higiene de las Radiaciones (CPHR)
Lab. de Radiologica Ambiental

Calle 20 No. 4113 e/ 41 y 47 Playa

10600 La Habana
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CYPRUS

Mrs Anastasia Caballero

State General Laboratory of Cyprus
Radioactivity Laboratory

Kimonos 44

1451 Nicosia

CZECH REPUBLIC

Dr Petr Rulik

National Radiation Protection Institute
Monitoring

Bartoskova 28

14000 Prague

DENMARK

Ms Katrine Berg

National Institute of Radiation Protection
Knapholm 7

2730 Herlev

Dr Sven Nielsen

Riso National Laboratory for Sustainable Energy, Technical University of Denmark
Radiation Research

Frederiksborgvej 399

4000 Roskilde

ESTONIA

Ms Kadri Isakar

University of Tartu, Institute of Physics
Laboratory of Environmental Physics
Riia 142

51014 Tartu

Ms Eia Jakobson
Environmental Board
Radiation Safety Department
Kopli 76

10416 Tallinn

FRANCE

Dr Cédric Aubert
IRSN
DEI/STEME

31 rue de I'ecluse
78116 Le Vesinet

Dr Stéphane Scapolan

French Atomic Energy and Alternative Energies Commission (CEA)
DSM/SAC/UPSE/SPR

Centre de Saclay

Batiment 388

91191 Gif-Sur-Yvette Cedex
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GERMANY

Dr Matthias Kéhler (IAEA)
VKTA

Analytical Department

Bautzener Landstrasse 400

1314 Dresden

Dr David Tait

Max Rubner-Institut

Bundesforschungsinstitut fir Erndhrung und Lebensmittel

Institut fir Sicherheit und Qualitét bei Milch und Fisch (Standort Kiel)
LeitstelleUmweltradioaktivitat

Hermann-Weigmann-Str. 1

24103 Kiel

Mr Christoph Wilhelm (IAEA)
Karlsruhe Institute of Technology

Central Safety Management

Hermann-von-Helmholtz-Platz 1

76344 Eggenstein-Leo

GREECE

Dr Marios Anagnostakis

National Technical University of Athens
Nuclear Engineering Department
Heroon Polytechniou 9

Zografou Campus

15780 Athens

Dr Nikolaos Evagnelliou (IAEA)
National Centre for Scientific Research

INT-R / ERL

Patriarchou Grigoriou & Neapoleos

15310 Aghia Paraskevi

Dr Stavros Seferlis

Greek Atomic Energy Commission
Environmental Radioactivity
Patriarchou Grigoriou & Neapoleos
15310 Aghia Paraskevi

HUNGARY

Mr Sandor Tarjan

Central Agricultural Office
Food and Feed Safety Dir.
Fogoly str 13-15

1182 Budapest

Ms Agota Ugron

National Institute for Radiobiology and Radiohygiene
Departement of Radiohygiene

Annau. 5

1182 Budapest
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INDIA

Mr S. Chinnaesakki

Bhabha Atomic Research Centre
Room No. BB-51, Barc Hospital
Anushaktinagar

400 094 Mumbai

IRELAND

ITALY

Ms Jennie Wong

Radiological Protection Institute of Ireland
Radiation Monitoring

3 Clonskeagh Square

Dublin 14

Dr Giovanni Cherubini

ARPA LAZIO - Sezione di Viterbo
Servizio Agenti Fisici

Via Maresciallo M. Romiti 50
1100 Viterbo

Mr Mauro Magnoni
ARPA PIEMONTE
Dipartimento Radiazioni
Via Jervis, 30

10015 Ivrea

Dr Rosella Rusconi

ARPA DELLA LOMBARDIA - Dipartimento di Milano
U.O. Agenti Fisici

Via Juvara, 22

20129 Milano

Dr Roberto Sogni

ARPA Emilia - Romagna
Sezione Provinciale Piacenza
Via XXI Aprile, 48

29121 Piacenza

Dr Salvatore Zicari

ENEA - ltalian National Agency for New Technologies,
Energy and Sustainable Economic Development
Radiation Protection Institute

Strada Statale Jonica 106

Km 419.500

75026 Rotondella

LITHUANIA

Dr Beata Vilimaite Silobritiene
Environmental Protection Agency
Radiology Division

Rudnios 6-504

09300 Vilnius
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Dr Vladimir Vlaskin

Ignalina Nuclear Power Plant
Laboratory of Environment Monitoring
Druksiniu kaimas

31500 Visaginas

LUXEMBOURG

Dr Marielle Lecomte
Ministére de la Santé

Division de la Radioprotection
Villa Louvigny, Allée Marconi
2120 Luxembourg

MALAYSIA

Dr Zaharudin Ahmad

Malaysian Nuclear Agency
Radiochemistry and Environment
43000 Kajang Selangor

MALTA

Mrs Doris Gambin

Public Health Laboratory Malta
Environmental Health Directora
Evans Building

Lower Merchants Street
VLT1179 Valletta

NETHERLANDS

Dr Gerard Krijger

RIKILT - Institute of Food Safety Contaminants
Akkermaalsbos 2

6708PD Wageningen

Dr Pieter Kwakman

RIVM

Laboratory for Radiation Research
Anthonie van Leeuwenhoeklaan 9
3720BA Bilthoven

NORWAY

Dr Rajdeep Sidhu

Institute for Energy Technology
Health and Safety Department
Instituttveien 18

2007 Kijeller

POLAND
Dr Zbigniew Haratym
Institute of Atomic Energy POLATOM

Radiation Protection Measurement Laboratory
05-400 Otwock-Swierk
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Dr Jerzy Wojciech Mietelski

H. Niewodniczanski Institute of Nuclear Physics
Nuclear Physical Chemistry

Radzikowskiego 152

31-342 Krakow

Mr Wojciech Muszynski

Central Laboratory for Radiological Protection
Radiation Hygiene Department

Konwaliowa 7

03-194 Warszawa

PORTUGAL

Dr Maria José Madruga

Instituto Tecnoldgico e Nuclear (ITN)
UPSR

E.N. 10, Apartado 21

2686-953 Sacavém

ROMANIA

Dr Constanta Apostu

Public Health Division of Galati
Radiation Hygiene Laboratory
Rosiori 2

800066 Galati

Mrs Cristina Bucur

Nuclear Power Plant Cernavoda
Environmental Laboratory
Medgidiei No. 2

905200 Cernavoda

Mr Vasile Dascaleanu

Public Health Division of lasi
Radiation Hygiene Laboratory
Nicolae Balcescu 21

700117 lasi

Mrs Elena Simion

National Environmental Protection Agency
Environmental Radioactivity Laboratory
Splaiul Independentei, No. 294

60031 Bucharest

Dr Alexandru Toma (IAEA)
Institute for Nuclear Research Pitesti

Radiation Protection

Campului nr. 1

115400 Mioveni

Prof Octavian Sima (IAEA)
University of Bucharest

Atomistilor Str, 405

077125 Bucharest-Magurele
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SERBIA

Dr Aleksandar Kandic
Institute of Nuclear Sciences
Laboratory 011

Mike Alasa 12-14

11000 Belgrade

SLOVAKIA

Mrs Alzbeta Durecova

Regional Authority of Public Health
Radiation Protection

Cesta k nemocnici 1

975 56 Banska Bystrica

Ms Anna Ondruskova

Public Health Authority of the Slovak Republic
Trnavska 52

826 45 Bratislava

SLOVENIA

SPAIN

Dr Marko Giacomelli

ZVD Institute of Occupational Safety
LMSAR

Chengdujska cesta 25

1260 Ljubljana-Polje

Dr Borut Smodis
Jozef Stefan Institute
Jamova cesta 39
1000 Ljubljana

Mr Branko Vodenik
Jozef Stefan Institute
Jamova cesta 39
1000 Ljubljana

Dr Laura Ferrer

University of the Balearic Islands
Chemistry - Physics

Cra. Valldemossa km 7.5

Ed. Mateu Orfila

7122 Palma de Mallorca

Mr Juan Manuel Martinez Gutierrez
Universidad de Castilla la Mancha
Laboratorio de Radioactividad
Avenida Camilo Jose Cela S/N
13071 Ciudad Real

Dr Jose Manuel Perez Iglesias
Universidad de Oviedo

Laboratorio de Radioactividad Ambiental
Independencia 13

33004 Oviedo
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SWEDEN

Ms Lilian del Risco Norrlid

Swedish Radiation Safety Authority
Stralsakerhetsmyndigheten

17116 Stockholm

Dr Joris van Schaik

Swedish University of Agricultural Sciences
Soil and Environment

Ulls vag 17

75654 Uppsala

SWITZERLAND

Dr Sybille Estier

Bundesamt fir Gesundheit
Sektion Umweltradioaktivitat
Schwarzenburgstrasse 165
3097 Liebefeld

Dr Pascal Froidevaux
Institute of Radiation Physics
University Hospital Center
Grand Pré 1

1007 Lausanne

SYRIAN ARAB REPUBLIC

Prof Mohammad Said Al-Masri (IAEA)
Atomic Energy Commission of Syria

Radiation and Safety Department

Kafarsousah, 17 Nisan Str

6091 Damascus

TURKEY

Mr Abdullah Dirican

Turkish Atomic Energy Authority, Saraykoy Nuclear Research and Training Center
Measurement and Instrumentation

Saray Mahallesi Atom Caddesi

No:27 Kazan

6983 Ankara

Dr Hilal Haznedaroglu

TAEK, Cekmece Nuclear Research and Training Center
Rad. Meas. and Anl. Unit

Yarimburgaz Mah.

Nukleer Arastirma Mrz. Yolu

NO: 10 Kucukcekmece

34303 Istanbul

UNITED KINGDOM
Mr Keith Bulloch
Health Ptotection Agency REMS

155 Hardgate Road
G51 4LS Glasgow
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Mr Roger Benzing

Environmental Scientifics Group Limited
Nuclear Chemistry

551 South, Becquerel Avenue

OX11 0TB Didcot
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Questionnaire
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Appendix 10: Results, methods and scores of laboratories

In Tables 1 to 15 are presented the values reported by participants and in the case of double
result the calculated arithmetic means A,,. For the results marked with an asterisk (*) was
the expanded uncertainty U, calculated with the first approach - based on the information
given in the uncertainty budget. The information on used method, as reported by participants,
is included. Moreover, the information on whether the result was indicated by the Grubbs'
test (77 = 1 %) as an outlier is presented. Also, the values of relative deviation and E,, number
are present in the last two columns. The red colour indicates results deviating more than
20 % from the reference values or E, in-compatible results (the action signal). E, numbers in
black colour indicate the warning signal.

Table 1. Activity concentrations of “°K with expanded uncertainties (k = 2), used methods and
erformance scores of individual laboratories.

Lab Reported values Arithmetic means D
COdé Alab + %ab U% Alab + lJ{ab U% Used method Outlier (°/:S E,
(Bakg ) (%) (Bakg ) (%)
1 414 £ 24 6 - - Direct gamma-spec. - 1.0 0.1
392 +42 11 - - Direct gamma-spec. - -4.4 -0.4
403 + 33 8 .
3 405 £ 33 ) 404 + 33 8 Direct gamma-spec. - -1.5 -0.2
411 £43 10 .
4 413138 9 412 + 41 10 | Direct gamma-spec. - 0.5 0.0
5 400 + 21 5 - - Direct gamma-spec. - -2.4 -0.3
6 420 + 20 5 - - Direct gamma-spec. - 2.4 0.3
7 435.6 £50.5 | 12 - - Direct gamma-spec. - 6.2 0.5
484.72 +
26.45 5 :
8 48560 + 485 + 27 5 Direct gamma-spec. - 18.3 2.2
26.59 5
9 450 + 50 11 - - Direct gamma-spec. - 9.8 0.7
10 390 + 35 9 - - Direct gamma-spec. - -4.9 -0.5
450 £ 16 4 .
11 15051162 4 451 +16 4 Direct gamma-spec. - 10.1 1.6
12 443 +74 17 - - Direct gamma-spec. - 8.0 0.4
378 £ 36 10 .
13 393 £ 30 3 386 + 33 9 Direct gamma-spec. - -0.6 -0.6
406.9 + 46 11 . .
14 646.8 £ 428 66 527 + 13 26 | Direct gamma-spec. 28.5 0.8
15 413 + 21 5 - - Direct gamma-spec. - 0.7 0.1
442 £29.7 7 .
16 4491294 7 446 + 30 7 Direct gamma-spec. - 8.7 1.0
380 £ 108 28 .
17 406 + 40 10 393+75 19 | Direct gamma-spec. - -4.1 -0.2
18 382 + 26 7 - - Direct gamma-spec. - -6.8 -0.8
467 £ 24 5 .
19 488 £ 28 6 478 + 26 5 Direct gamma-spec. - 16.5 2.0
20 400 + 62 16 - - Direct gamma-spec. - -2.4 -0.2
370.3+32.36] 9 . .
21 37541319 ) 373 +32 8 Direct gamma-spec. 9.1 1.0
22 | 413+48.48 12 - - Direct gamma-spec. - 0.7 0.1
23 | 428 £21.33 5 - - Direct gamma-spec. - 4.4 0.6
24 481 +25 5 - - Direct gamma-spec. - 17.3 2.2
44599 + .
25 38.04 9 - - Direct gamma-spec. - 8.8 0.8
26 550 + 100 18 - - Direct gamma-spec. - 341 1.4
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27 434 + 27 6 - - Direct gamma-spec. - 5.9 0.7
28 355 + 54 15 - - Direct gamma-spec. - -13.4 -1.0
369 +19.39 5 :
29 398 £ 54 55 14 384 + 36 9 Direct gamma-spec. - -6.5 -0.6
397.38 =
39.72 10 .
30 402,76 + 400 +40 10 | Direct gamma-spec. - -2.4 -0.2
40.28 10
32 422 + 30 7 - - Direct gamma-spec. - 2.9 0.3
33 395 +13.8 3 - - Direct gamma-spec. - -3.7 -0.6
34 460 + 36 8 - - Direct gamma-spec. - 12.2 1.2
347 £66.4 19 .
35 348 £ 49.6 14 348 + 58 17 | Direct gamma-spec. - -15.2 -1.0
37 |1411.4+436 | 11 - - Direct gamma-spec. - 0.3 0.0
387 £54 14 .
38 434 1 72 17 411 +63 15 | Direct gamma-spec. - 0.1 0.0
39 438 + 13 3 - - Direct gamma-spec. - 6.8 1.1
389+9 2 .
40 39319 5 391 +9 2 Direct gamma-spec. - -4.6 -0.8
414 £ 52 13 * ;
41 462 £ 52 11 438 +49 11 | Direct gamma-spec. - 6.8 0.5
42 1635.41 £40.1 6 - - Direct gamma-spec. yes 55.0 5.0
43 486 + 36 7 - - Direct gamma-spec. - 18.5 1.8
258.4 + .
44 10.59 4 - - Direct gamma-spec. yes -37.0 -6.5
45 | 460 +21.16 5 - - Direct gamma-spec. - 12.2 1.7
400 + 40 10 .
46 420 £ 40 10 410+40 10 | Direct gamma-spec. - 0.0 0.0
352.21 =
69.04 20 * : ) ) ) )
47 360.33 * 356 £ 50 14 | Direct gamma-spec. 13.1 1.0
70.63 20
48 | 378.4+32.3 9 - - Direct gamma-spec. - -7.7 -0.8
49 488 + 70.8 15 - - Direct gamma-spec. - 19.0 1.1
50 444 + 26 6 - - Direct gamma-spec. - 8.3 1.0
419.4+46.8 | 11 .
51 14441492 | 11 432 +48 11 | Direct gamma-spec. - 5.3 0.4
450 + 68 15 .
52 460 £ 69 15 455 + 69 15 | Direct gamma-spec. - 11.0 0.6
553 + 69 12 .
53 563 £ 51 9 558 + 60 11 | Direct gamma-spec. - 36.1 2.3
54 417 £ 48 12 - - Direct gamma-spec. - 1.7 0.1
415.4 +18.2 4 .
55 42081273 5 418 + 23 5 Direct gamma-spec. - 2.0 0.3
441 + 68 15 .
56 491 £ 75 15 466 + 72 15 | Direct gamma-spec. - 13.7 0.8
430+ 16 4 .
57 43618 7 433 +17 4 Direct gamma-spec. - 5.6 0.9
415.773 .
58 50 450 5 - - Direct gamma-spec. - 1.4 0.2
59 429 + 54 13 - - Direct gamma-spec. - 4.6 0.3
60 410 £ 40 10 - - Direct gamma-spec. - 0.0 0.0
61 407 £ 20 5 - - Direct gamma-spec. - -0.7 -0.1
62 449 + 16.1 4 - - Direct gamma-spec. - 9.5 1.5
63 431 £10 2 - - Direct gamma-spec. - 5.1 0.9
65 450 + 90 20 - - Direct gamma-spec. - 9.8 0.4
441 £ 40 9 :
66 459 + 42 9 450 * 41 9 Direct gamma-spec. - 9.8 0.9
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410 £ 40 10 :

67 418 £ 58 14 414 + 49 12 | Direct gamma-spec. - 1.0 0.1
517.91 :

68 3708 7 - - Direct gamma-spec. - 26.3 25

69 327 £12 4 - - Direct gamma-spec. - -20.2 -3.5
397 £40 10 :

70 400 £ 42 11 399 £ 41 10 | Direct gamma-spec. - -2.8 -0.3

71 367 + 26 7 - - Direct gamma-spec. - -10.5 -1.3

72 1235£9.3 ! 1273 +9 1 Direct gamma-spec es 210.5 38.6
1311 8 1 = 9 pec. |y ' '
416 £ 119 29 . :

73 423+ 133 31 420 + 103 24 | Direct gamma-spec. - 2.3 0.1

Table 2. Activity concentrations of *Sr with expanded uncertainties (k= 2),

and performance scores of individual laboratories.

used methods

Lab Reported values Arithmetic means D
code | Awbt L_j1,aiJ Uy | At L_J1,ab Us, Used method Outlier (°/Z3 E,
(Bakg ) (%) (Bakg ) (%)
5516 11 . Liquid-scint. i ) )
3 5816 10 56.5 +5.7 10 counting 24.2 1.6
48 +10 21 Gas flow prop. i ) i
4 58+ 11 19 53.0+10.5 | 20 counting 28.9 1.5
5 | 85:15 | 18 . _ | Prop.counting after | | 444 | g
chemical sep. of Y
6 | 71x22 | 3 . . Proportional - | a7 | -0
counter
Total beta counting
10 | 68.1+84 | 12 - - | (*°Y) with chemical - -86 | -0.5
separation
52.4 £ 1 2 Radiochemical sep.
1 526 + 1.1 2 52.5£1.0 2 and prop. counter i 295 | 22
422+5.8 14 Liquid-scint.
13 129158 12 426 +5.8 14 counting - -42.9 -2.8
14 11+4 | 36 : . Liquid-scint. - | 852 | 59
counting
68.7+7.6 11 . Proportional ) ) )
18 18+78 11 70.3+7.3 10 counter 5.7 0.3
Low background
20 95.7+5.6 6 - - gross alpha/beta - 28.4 1.8
counter
64 + 10.909 17 . Liquid-scint.
22 68+ 12.121 18 66.0+11.3 17 counting - -11.4 -0.6
559 + 12 21 *Sr chemical
24 56.5+12.1 | 21 | separation, *°Y beta 242 | -1.1
571 +122 21 measurement
676 9 Liquid-scint.
26 6818 12 67.5+7.0 10 counting - -9.4 -0.6
27 42+ 6 14 - - Y-90 ingrowth - -43.6 -2.8
28 | 175+32 | 18 . . Liquid-scint. yes | 134.8 | 3.0
counting
33 | 100%42 | 42 . . Liquid-scint. - | 342 | o6
counting
Chemical sep. of
34 | 722166 9 - - strontium; *°Y - -3.1 -0.2
counting
68.3 +10.2 15 Beta plastic
37 71 +£10.6 15 | 897104 1 15 1 ointillation counter i 6.5 0.3
38 52.7+8.8 17 54.1+9.6 18 Gas flow - -27.5 -1.5
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55.4 +10.4 19 proportional counter
39 | 183+7.1 | 39 . . Liquid-scint. 754 | -4.6
counting
45.3+2.3 5 Liquid-scint.
41 50.0 + 3.0 6 47.8 +2.7 6 counting -35.9 -2.6
43 | 275%34 | 12 : : Liquid-scint. 631 | -4.4
counting
44 |42.38+1.246| 3 - - Proportional -43.1 | -3.2
counting
49 66.8 + 6.99 10 - - ? -10.4 -0.6
lon exchange
chromatography
followed by Yttrium
50 58.9+6.6 11 - - separation and beta -21.0 -1.3
counting on low
background
detector
Separation of Sr on
60.2+£2.3 4 anion exchange
51 62.8+2.7 4 column, counting% on -15.8 -11
65.3 + 3.1 5 beta counter in *"Sr-
90y equilibrium
5318 | 25 aeparaton,
52 55.0+135 | 25 rop ortionél -26.2 -1.2
57 + 14 25 proport
counting
585+7.8 13 Proportional
53 58.7+7.7 13 58.6+7.8 13 alfa/beta counter 214 1 13
54 | 117£10 | 9 . _ | Lowbeta gas flow 570 | 3.0
proportional counter
48.6+53 | 11 Separation -
55 50.3+5.5 11 Proportional -32.6 -2.1
51 9 + 56 1 1 Counter
503+9 18 Gross beta counting
56 55.2+10.9 | 20 with chemical -26.0 -1.3
60 £13 22 separation
59 | 557%54 | 10 : . Liquid-scint. 253 | -1.6
counting
61 | 6274+632| 10 . .|  Radiochemistry, 158 | -1.0
beta measurement
48.6 + 4.1 8 Proportional
63 507142 8 49.7 £ 4.2 8 counter -33.4 -2.3
101.54 £ 7.2 7 Crown ether, gas
64 96.68 £ 6.72 7 9.1+7.0 / proportional counter 33.0 2.0
60 +18 30 Chemical treatment,
65 67 + 20 30 63.5+19.0 | 30 GM counting of %Y -14.8 -0.5
69.1 +7 10 Chemical
66 71.2+7.1* 10 | separation and low -4.5 -0.3
73274 10 level beta counting
Fuming nitric acid
107 + 14 13 then gas flow
67 93.0+9.3* | 1o | Proportional counter 247 | 13
resin separation
7898 10 then gas flow
proportional counter
69 46.66 + 4.1 9 - - Direct gamma-spec. -37.4 -2.6
Prop. counter after
70 81+4 5 - - radiochemical 8.7 0.6

separation
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Table 3. Activity concentrations of '*’Cs with expanded uncertainties (k = 2), used methods
and performance scores of individual laboratories.

Reported values

Arithmetic means

L At Us | Us | Aw*Us | Uy | Usedmethod | Outler (E)/ZB E,
(Bakg) (%) (Bakg) | (%)
1 3410 £ 130 4 - - Direct gamma-spec. - -4.3 -0.8
2 3440 + 360 10 - - Direct gamma-spec. - -3.5 -0.3
3422 + 205 6 :
3422 + 205 6 3422 + 205 6 Direct gamma-spec. - -4.0 -0.6
3450 + 190 6 ;
4 3550 + 190 5 3500 £ 190 5 Direct gamma-spec. - -1.8 -0.3
5 3372 £ 154 5 - - Direct gamma-spec. - -5.4 -0.9
6 3530 + 140 4 - - Direct gamma-spec. - -1.0 -0.2
7 |13709.8+423| 11 - - Direct gamma-spec. - 41 0.3
3737.88 =
8 138.60 * 3739 + 139 4 Direct gamma-spec - 4.9 0.9
373936+ | - g pec. : :
138.65
9 3260 + 320 10 - - Direct gamma-spec. - -8.5 -0.9
10 2919 £ 270 9 - - Direct gamma-spec. - -18.1 -2.1
3299 + 64 2 :
11 3361 £ 65 5 3330 £ 65 2 Direct gamma-spec. - -6.6 -1.6
12 3905 + 940 24 - - Direct gamma-spec. - 9.5 0.4
3391 + 204 6 :
13 3396 204 6 3394 + 204 6 Direct gamma-spec. - -4.8 -0.7
3226.8 = 8
14 255.6 3250 + 361 11 | Direct gamma-spec. - -8.8 -0.8
3273 +467.2| 14
15 3540 + 108 3 - - Direct gamma-spec. - -0.7 -0.1
16 ggg? i 112 g 2878 + 145 5 Direct gamma-spec. - -19.3 -3.5
17 gg;g i (23:53523 171 3376 + 295 9 Direct gamma-spec. - -5.3 -0.6
18 3300 + 126 4 - - Direct gamma-spec. - -7.4 -1.4
19 gggg i 1\,2;23 j 3646 + 130 4 Direct gamma-spec. - 2.3 0.4
20 3600 + 520 14 - - Direct gamma-spec. - 1.0 0.1
3363.3 =
21 276.46 ° 3373 £ 278" 8 Direct gamma-spec - -5.4 -0.6
338226% | = 9 pec. : :
281.4
22 3681 £379.39] 10 - - Direct gamma-spec. - 3.3 0.3
23 3850 + 72 2 - - Direct gamma-spec. - 8.0 1.9
24 3596 + 202 6 - - Direct gamma-spec. - 0.9 0.1
25 3%81.5 11 - - Direct gamma-spec - 0.5 0.0
383.4 ' ) ’
26 4400 + 600 14 - - Direct gamma-spec. yes 23.4 1.4
27 3570 + 180 5 - - Direct gamma-spec. - 0.1 0.0
28 3095 + 340 11 - - Direct gamma-spec. - -13.2 -1.3
29 333231875 47404;?805 123 3278 + 254 8 Direct gamma-spec. - -8.1 -1.0
3378.46 =
30 |—270-28 ° | 33904268 | 8 |Diectgammaspec.| - | <49 | 08
339921+ | - g pec. : :
266.64
761.4 + 23
31 178.17 796 + 186 23 Measuring beta yes =777 | 1241
831.064 + 23
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194.48

32 3515 + 200 6 - - Direct gamma-spec. - -1.4 -0.2
33 3390 + 92 3 - - Direct gamma-spec. - -4.9 -1.1
34 3570 + 260 7 - - Direct gamma-spec. - 0.1 0.0
3390 + 538 16 :
35 3400 + 422 12 3395 + 439 13 | Direct gamma-spec. - -4.8 -0.4
3357 + 268 8 :
36 3360 £ 270 8 3359 + 269 8 Direct gamma-spec. - -5.8 -0.7
37 3492 + 362 10 - - Direct gamma-spec. - -2.0 -0.2
3348 + 460 14 :
38 3471 + 540 16 3410 £ 499 15 | Direct gamma-spec. - -4.4 -0.3
39 3543 + 106 3 - - Direct gamma-spec. - -0.6 -0.1
3062 + 6.8 0,2 :
40 3067 £ 6.4 0.2 3065 +7 0.2 | Direct gamma-spec. - 14.0 3.7
3572 + 125 3 . :
41 3721 + 130 3 3647 £ 127 3 Direct gamma-spec. - 2.3 0.4
3578.78 + :
42 158.05 4 - - Direct gamma-spec. - 0.4 0.1
43 3576 + 98 3 - - Direct gamma-spec. - 0.3 0.1
2376 :
44 7 428 0,3 - - Direct gamma-spec. yes -33.3 -8.8
3440 + .
45 261 .44 8 - - Direct gamma-spec. - -3.5 -0.4
3430 + 350 10 .
46 3540 £ 360 10 3485 + 355 10 | Direct gamma-spec. - -2.2 -0.2
3254.72 +
209 | % | cgi130 | 4 | 86 | -1.6
47 3264.16 + A + irect gamma-spec. - -8. -1.
130.56
3204.5 + .
48 564.5 8 - - Direct gamma-spec. - -10.1 -1.2
49 3964 + 462 12 - - Direct gamma-spec. - 11.2 0.8
50 3430 + 130 4 - - Direct gamma-spec. - -3.8 -0.7
3114 £ 312 10 .
51 3120 £ 312 10 3117 £ 312 10 | Direct gamma-spec. - -12.6 -1.3
52 3500 + 530 15 - - Direct gamma-spec. - -1.8 -0.1
3378 £ 170 5 .
53 3385 £ 169 5 3382 +170 5 Direct gamma-spec. - -5.1 -0.8
54 3465 +429 12 - - Direct gamma-spec. - -2.8 -0.2
3497.1 3
55 110.5 3500 + 130 4 Direct gamma-spec. - -1.8 -0.3
3502 + 150.5 4
3626 + 530 15 :
56 3795 + 560 15 3711 £ 545 15 | Direct gamma-spec. - 41 0.3
3530 + 92 3 :
57 3554 + 94 3 3542 + 93 3 Direct gamma-spec. - -0.6 -0.1
3193.671 :
58 146.908 5 - - Direct gamma-spec. - -10.4 -1.9
59 3782 + 308 8 - - Direct gamma-spec. - 6.1 0.6
60 3390 + 240 7 - - Direct gamma-spec. - -4.9 -0.6
61 3394 + 94 3 - - Direct gamma-spec. - -4.8 -1.0
62 3570 £ 75.6 2 - - Direct gamma-spec. - 0.1 0.0
63 3328 + 90 3 - - Direct gamma-spec. - -6.6 -1.5
65 3500 + 700 20 - - Direct gamma-spec. - -1.8 -0.1
3542 + 156 4 :
66 3562 + 158 1 3552 + 157 4 Direct gamma-spec. - -0.4 -0.1
3400 + 310 9 :
67 3650 £ 450 12 3525 + 378 11 | Direct gamma-spec. - -1.1 -0.1
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68 34250%7 * 1 - - Direct gamma-spec. - -4.5 -1.2
69 3210+ 80 2 - - Direct gamma-spec. - -10.0 -2.3
3409 + 160 5 :
70 3416 £ 190 6 3413 £ 175 5 Direct gamma-spec. - -4.3 -0.7
71 3164 + 126 4 - - Direct gamma-spec. - -11.2 -2.2
2186+ 7 0,3 , i i i
72 5200 £ 6 0.3 2193 =7 0.3 | Direct gamma-spec. yes 38.5 10.2
3441 + 909 26 . , i i i i
73 3446 + 915 57 3444 + 769 22 | Direct gamma-spec. 3.4 0.2

Table 4. Activity concentrations of 2"?Pb with expanded uncertainties (k = 2),

and performance scores of individual laboratories.

used methods

Lab Reported values Arithmetic means D
code | Aeb* l{,ab Us, At %ab Us, Used method Outlier (°/Z°) E,
(Bakg ) (%) (Bakg ) (%)
1 19.8+1.2 6 - - Direct gamma-spec. - -5.7 -
2 19.2+2.2 11 - - Direct gamma-spec. - -8.6 -
3 1925 26 19.5+5.0 26 | Direct gamma-spec - 7.1 -
20%5 25 O ES g pec. '
21.2+4.8 23 .
4 516137 17 214+43 20 | Direct gamma-spec. - 1.9 -
5 146 +3 21 - - Direct gamma-spec. - -30.5 -
6 21.5+1.2 6 - - Direct gamma-spec. - 2.4 -
7 26.2+5.1 19 - - Direct gamma-spec. - 24.8 -
19.57 £1.79 9 .
8 506 £ 2,50 12 20.1 £ 21 11 | Direct gamma-spec. - -4.4 -
9 19.5+5 26 - - Direct gamma-spec. - 7.1 -
10 20+2.9 15 - - Direct gamma-spec. - -4.8 -
18.13 +£1.06 6 .
11 50.76 £ 0.74 4 19.4+0.9 5 Direct gamma-spec. - -7.4 -
17+4 24 .
13 55114 18 19.6 +4.1 21 | Direct gamma-spec. - -6.9 -
14 202+24 12 - - Direct gamma-spec. - -3.8 -
15 20+1.9 10 - - Direct gamma-spec. - -4.8 -
22.3+3.6 16 .
17 55431050 | 11 22.4 +31 14 | Direct gamma-spec. - 6.5 -
18 209+1.6 8 - - Direct gamma-spec. - -0.5 -
19 21.9%2 9 229+22 10 | Direct gamma-spec - 8.8 -
238x24 | 10 v Ee 9 pec. '
20 246+4 16 - - Direct gamma-spec. - 171 -
20.59 £ 1.86 9 . .
21 50.83 186 9 20.7 1.7 8 Direct gamma-spec. - 1.4 -
22 21+242 12 - - Direct gamma-spec. - 0.0 -
23 24 +£1.33 6 - - Direct gamma-spec. - 14.3 -
24 22.3+1.06 5 - - Direct gamma-spec. - 6.2 -
26 32+6 19 - - Direct gamma-spec. yes 52.4 -
27 28.8+1.6 6 - - Direct gamma-spec. - 371 -
28 18.1+2.7 15 - - Direct gamma-spec. - -13.8 -
19.33+1.94 | 10 .
29 19591642 | 33 19.5+42 21 | Direct gamma-spec. - -7.3 -
23.28+4.06 | 17 . .
30 5369:396 | 17 23.5+3.8 16 | Direct gamma-spec. 11.8
32 21.3+14 7 - - Direct gamma-spec. - 1.4 -
33 20+2.2 11 - - Direct gamma-spec. - -4.8 -
34 222+1.6 7 - - Direct gamma-spec. - 5.7 -
25.2 +5.92 23 .
35 5531 468 18 253+53 21 | Direct gamma-spec. - 20.2 -
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37 22+2.6 12 - - Direct gamma-spec. - 4.8 -
38 | eiof {23 202:38 | 19 | Direct gamma-spec. | - 4.0 :
39 20.2+0.8 4 - - Direct gamma-spec. - -3.8 -
40 |—19%31 | 21 | 456433 | 20 | Directgamma-spec. | - | -238 | -
17+ 3.4 20 T ' )
42 | 31.52 +2.63 8 - - Direct gamma-spec. yes 50.1 -
43 19.8 £+ 3.8 19 - - Direct gamma-spec. - -5.7 -
44 15.1+1.18 8 - - Direct gamma-spec. - -28.1 -
45 [25.9+4.6102| 18 - - Direct gamma-spec. - 23.3 -
46 222é31i2?é5 ::; 222+26 12 | Direct gamma-spec. - 5.5 -
48 19.4+1.7 9 - - Direct gamma-spec. - -7.6 -
49 27.3 £8.36 31 - - Direct gamma-spec. - 30.0 -
50 18.6 £ 2.1 11 - - Direct gamma-spec. - -11.4 -
52 19431 16 19.5+3.2 16 | Direct gamma-spec - 7.1 -
20+3.2 16 T ' )
53 34.3+4.3 13 - - Direct gamma-spec. yes 63.3 -
54 19.4+3.7 19 - - Direct gamma-spec. - -7.6 -
55 ;g:g . gz fg 211436 | 17 | Direct gamma-spec. | - 0.2 i
56 ggg i gg 1; 221 +3.7 17 | Direct gamma-spec. - 5.2 -
57 22:; i’ ]g g 227+12 | 5 | Directgamma-spec. | - 7.9 .
58 [17.452 +1.222| 7 - - Direct gamma-spec. - -16.9 -
59 23.8+24 10 - - Direct gamma-spec. - 13.3 -
60 21+2.2 10 - - Direct gamma-spec. - 0.0 -
61 18.52 + 1.46 8 - - Direct gamma-spec. - -11.8 -
62 18 £1.48 8 - - Direct gamma-spec. - -14.3 -
63 19.8+1.4 7 - - Direct gamma-spec. - -5.7 -
65 214 19 - - Direct gamma-spec. - 0.0 -
66 g?g i gg 1; 21.1+£28 13 | Direct gamma-spec. - 0.5 -
67 ggg i gg lg 23.1+£3.0 13 | Direct gamma-spec. - 9.8 -
68 | 19.91+466 | 23 - - Direct gamma-spec. - -5.2 -
69 19.6 +1 5 - - Direct gamma-spec. - -6.7 -
70 | —21£18 ® | 213:23 | 11 | Directgamma-spec. | - 14 .
21.6+£2.8 13 T '
71 20+1.6 8 - - Direct gamma-spec. - -4.8 -
73 14+8 5 | 165+65 | 39 |Directgamma-spec. | - | -21.4 | -
19+4 21 T ) )

Table 5. Activity concentrations of 2'?Bi with expanded uncertainties (k= 2), used methods
and performance scores of individual laboratories.

Reported values

Arithmetic means

Lab. . 5
c:(?e Aapt L_/1,ab Uy, Aapt L_/1,atJ Us, Used method Outlier (13/:) En
(Bakg ) (%) (Bakg ) | (%)
1 19.2+1.8 9 - - Direct gamma-spec. - -8.6 -
2 20.6+4.2 20 - - Direct gamma-spec. - -1.9 -
28+ 8 29 :
3 5018 8 28.5+8.0 20 | Direct gamma-spec. - 35.7 -
24 +14 58 :
4 55113 5> 2451135 55 | Direct gamma-spec. - 16.7 -
5 18.3+10 55 - - Direct gamma-spec. - -12.9 -
6 22.9+1.8 8 - - Direct gamma-spec. - 9.0 -
7 27.2+8.8 32 - - Direct gamma-spec. - 29.5 -
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8 11 1%896 ii-gs_égg gg 11.0£ 3.9 35 | Direct gamma-spec. -47.7
9 21+6 29 - - Direct gamma-spec. 0.0
10 18.4 + 3.2 17 - - Direct gamma-spec. -12.4
11 13;3 i 1;? 13 143+£1.8 13 | Direct gamma-spec. -32.1
14 19.9+6 30 - - Direct gamma-spec. -5.2
15 20+£1.9 10 - - Direct gamma-spec. -4.8
17 2210.6851 f 142'?6 gg 212+87 | 41 | Direct gamma-spec. 1.1
18 203+1.2 6 - - Direct gamma-spec. -3.3
19 %%221212 gg 282+85 | 30 | Direct gamma-spec. 34.3
20 25444 17 - - Direct gamma-spec. 21.0
21 S;Sg i ggg 13 22.1+3.2* 15 | Direct gamma-spec. 5.1
22 23 +4.85 21 - - Direct gamma-spec. 9.5
23 14 + 2.67 19 - - Direct gamma-spec. -33.3
26 33+14 42 - - Direct gamma-spec. 57.1
27 24.3+1.8 7 - - Direct gamma-spec. 15.7
29 1172..678136.6941 gg 152+ 5.1 34 | Direct gamma-spec. -27.7
30 ;?:gg . g:gg }g 20.6+2.3* | 11 | Direct gamma-spec. 1.9
32 21.8+3 14 - - Direct gamma-spec. 3.8
33 20 +1.64 8 - - Direct gamma-spec. -4.8
34 14.7+2.8 19 - - Direct gamma-spec. -30.0
35 27<.622-;.7 35 - - Direct gamma-spec. 314
37 18.4+3.4 18 - - Direct gamma-spec. -12.4
38 1369;4?64 gg 195+50 | 26 | Direct gamma-spec. 7.4
39 222+2 9 - - Direct gamma-spec. 5.7
40 14225 18 145+25 17 | Direct gamma-spec -31.0
15+2.5 17 T )
43 19.4+8 41 - - Direct gamma-spec. -7.6
45 | 29.8+9.238 | 31 - - Direct gamma-spec. 41.9
46 221231443 fg 220+42 | 19 | Direct gamma-spec. 4.5
48 18+2.8 16 - - Direct gamma-spec. -14.3
49 26.8+15.2 57 - - Direct gamma-spec. 27.6
50 22.1 + 3.1 14 - - Direct gamma-spec. 5.2
52 19£4 21| 200+35 | 18 | Direct gamma-spec 48
21+3 14 T :
54 17.9+6.6 37 - - Direct gamma-spec. -14.8
55 9.1+5 55 - - Direct gamma-spec. -56.7
56 ;8:63 i g; gg 20.0+4.77 24 | Direct gamma-spec. -5.0
57 :::; : ::i ] ] 204+24 | 11 | Direct gamma-spec. 6.4
58 | 12.06+2.87 | 24 - - Direct gamma-spec. -42.6
59 229+7.2 31 - - Direct gamma-spec. 9.0
60 21.8+24 11 - - Direct gamma-spec. 3.8
61 21.06 + 3.1 15 - - Direct gamma-spec. 0.3
62 13.9+2.33 17 - - Direct gamma-spec. -33.8
63 23.8+7.3 31 - - Direct gamma-spec. 13.3
65 22+4 18 - - Direct gamma-spec. 4.8
66 21.8+3 14 22.0+3.0 14 | Direct gamma-spec. 4.8
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222+3 14
22+4 18 .
67 535146 20 22.8+43 19 | Direct gamma-spec. - 8.3 -
68 | 1255+4.06 | 32 - - Direct gamma-spec. - -40.2 -
69 19.6+2 10 - - Direct gamma-spec. - -6.7 -
70 2118 9 | 213+23 | 11 | Directgamma-spec. | - 1.4 .
216+28 | 13 CEe g pec. '
71 19.8+0.8 4 - - Direct gamma-spec. - -5.7 -
29+10 34 :
+ - - -
73 35116 50 30.5+12.9 42 | Direct gamma-spec. 45.2

Table 6. Activity concentrations of 2"*Pb with expanded uncertainties (k = 2),

and performance scores of individual laboratories.

used methods

Lab Reported values Arithmetic means D
code | Aapt %ab Uy | At %ab Us, Used method Outlier (°/Z°) E,
(Bakg ) (%) (Bakg) | (%)
1 19.9+1.2 6 - - Direct gamma-spec. - 5.0 -
2 13.2+1.4 11 - - Direct gamma-spec. - -30.3 -
3 <30 - - - | Direct gamma-spec. - - -
<30 -
23.3+4.8 21 :
4 559155 51 246 +51 21 | Direct gamma-spec. - 29.8 -
5 1314 31 - - Direct gamma-spec. - -31.4 -
6 20.8+14 7 - - Direct gamma-spec. - 9.8 -
7 22.8+4 18 - - Direct gamma-spec. - 20.3 -
19.81 + 2.51 13 .
8 50.09+319 | 16 20.0+2.8 14 | Direct gamma-spec. - 5.3 -
9 24 +10 42 - - Direct gamma-spec. - 26.6 -
10 20.6+3 15 - - Direct gamma-spec. - 8.7 -
1711 +1.2 7 .
11 17361 132 8 17.2+1.3 7 Direct gamma-spec. - -9.1 -
14 14.6+4.4 30 - - Direct gamma-spec. - -23.0 -
15 21.9+3 14 - - Direct gamma-spec. - 15.6 -
10 £2.95 30 .
16 1521336 55 12.6 +3.3 26 | Direct gamma-spec. - -33.5 -
19.68 £ 4.2 21 .
17 5083+274 | 13 20.3+3.5 17 | Direct gamma-spec. - 6.9 -
18 23.3+1.6 7 - - Direct gamma-spec. - 22.9 -
25.2+34 13 .
19 583148 17 26.8 + 4.1 15 | Direct gamma-spec. - 411 -
20 24.3+44 18 - - Direct gamma-spec. - 28.2 -
16.97+1.8 11 . .
21 170917 10 170+1.4 8 Direct gamma-spec. - 10.1 -
22 20+ 242 12 - - Direct gamma-spec. - 5.5 -
23 25+1.33 5 - - Direct gamma-spec. - 31.9 -
24 20+1.44 7 - - Direct gamma-spec. - 5.5 -
26 34+8 24 - - Direct gamma-spec. - 79.4 -
27 209+14 7 - - Direct gamma-spec. - 10.3 -
28 16.6 +2.6 16 - - Direct gamma-spec. - -12.4 -
20.86£3.34 | 16 . .
30 51 + 336 16 20.9 + 3.1 15 | Direct gamma-spec. 10.4
32 21.7+3 14 - - Direct gamma-spec. - 14.5 -
33 19.9 +1.58 8 - - Direct gamma-spec. - 5.0 -
34 16.5+24 15 - - Direct gamma-spec. - -12.9 -
17.9 + 3.66 20 .
35 191504 58 18.5+4.4 24 | Direct gamma-spec. - -2.6 -
37 17.7+2.6 15 - - Direct gamma-spec. - -6.6 -
38 20.6+4.4 21 21.1+4.2 20 | Direct gamma-spec. - 11.3 -
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21.6+4 19

39 15.6 + 1.1 7 - - Direct gamma-spec. - -17.7 -
18+2 11 :

40 19+19 10 18.5+2.0 11 | Direct gamma-spec. - -2.4 -

42 20.5+29 10 - - Direct gamma-spec. - 55.7 -

43 2055 24 - - Direct gamma-spec. - 8.2 -

44 [ 9.63+1.128 | 12 - - Direct gamma-spec. - -49.2 -

45 [25.4+£3.3528| 13 - - Direct gamma-spec. - 34.0 -
16.8 £ 2.6 15 :

46 71407 16 17.0+2.6 16 | Direct gamma-spec. - -10.6 -

48 18.1+1.4 8 - - Direct gamma-spec. - -4.5 -

49 26.5+5.1 19 - - Direct gamma-spec. - 39.8 -

50 152+1.4 9 - - Direct gamma-spec. - -19.8 -
22 + 3.6 16 :

52 55138 17 22.0+3.7 17 | Direct gamma-spec. - 16.1 -

53 28.9+9 31 - - Direct gamma-spec. - 52.5 -

54 19.2 + 5.1 27 - - Direct gamma-spec. - 1.3 -
18.8 £4.6 24 . :

55 50516 59 19.7+4.0 20 | Direct gamma-spec. - 3.7 -
244 +5 20 :

56 575154 50 25.8+5.2 20 | Direct gamma-spec. - 36.1 -
224+28 13 :

57 53128 12 227128 12 | Direct gamma-spec. - 19.8 -

58 [15.048 +1.866] 12 - - Direct gamma-spec. - -20.6 -

59 24+24 10 - - Direct gamma-spec. - 26.6 -

60 23.1+24 10 - - Direct gamma-spec. - 21.9 -

61 16.69 +2.3 14 - - Direct gamma-spec. - -11.9 -

62 16.7 £ 2.15 13 - - Direct gamma-spec. - -11.9 -

63 16.3+5.2 32 - - Direct gamma-spec. - -14.0 -

65 1814 22 - - Direct gamma-spec. - -5.0 -

66 [—212t3 | 14 | 518430 | 14 |Directgammaspec.| - | 148 | -

22+3 14 = g pec. '

23.1+3.6 16 :

67 543125 10 23.7 £ 3.1 13 | Direct gamma-spec. - 25.1 -

68 | 14.35+3.98 | 28 - - Direct gamma-spec. - -24.3 -

69 214+1.2 6 - - Direct gamma-spec. - 12.9 -

70 88212 | 7 & 467412 | 7 |Directgammaspec.| - | -121 | -

17+1.2 7 SE 9 pec. '

71 19.7+1.4 7 - - Direct gamma-spec. - 3.9 -
29.64 +4 13 :

72 30+5 17 29.8+45 15 | Direct gamma-spec. - 57.3 -
20+ 14 70 .

73 51£6 59 20.5+10.1 49 | Direct gamma-spec. - 8.2 -

Table 7. Activity concentrations of #'*Bi with expanded uncertainties (k= 2),

and performance scores of individual laboratories.

used methods

Reported values

Arithmetic means

é‘ggé Aapt L_/1/ab Uy, Apap * L_/{ab Uy Used method Outlier (B/:) En
(Bakg ) (%) (Bakg ) | (%)
1 20.3+1.4 7 - - Direct gamma-spec. - 71 -
2 12.8+1.4 11 - - Direct gamma-spec. - -32.5 -
3 <30 i - - | Direct gamma-spec - - -
<30 - '
4 ]gg i gg ?g 19.2+42 22 | Direct gamma-spec. - 1.0 -
5 14.8+3 20 - - Direct gamma-spec. - -21.9 -
6 20.5+1.2 6 - - Direct gamma-spec. - 8.2 -
7 22.7+3.6 16 - - Direct gamma-spec. - 19.8 -
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25.46 +2.13 8 .
8 55 66 £ 202 9 25622 9 Direct gamma-spec. 34.9
9 23+10 43 - - Direct gamma-spec. 21.4
10 23.1 £ 3.1 13 - - Direct gamma-spec. 21.9
16.25 £ 0.87 5 .
11 16.63 £ 0.75 5 16.4+0.8 5 Direct gamma-spec. -13.3
10 + 3.6 36 .
13 20+4 33 11.1+3.8 34 | Direct gamma-spec. -41.4
14 13.7+2.6 19 - - Direct gamma-spec. -27.7
15 22+3.2 15 - - Direct gamma-spec. 16.1
15.1 £2.77 18 .
16 50 % 2.85 14 176+2.9 16 | Direct gamma-spec. -7.4
17.31£1.98 | 11 .
17 195+ 344 18 184 +2.7 15 | Direct gamma-spec. -2.9
18 21.5+1 5 - - Direct gamma-spec. 13.4
25.9+4.6 18 .
19 56316 >3 26.1+53 20 | Direct gamma-spec. 37.7
20 19.7+£3.2 16 - - Direct gamma-spec. 3.9
16.26 £ 1.48 9 . . i i
21 164+15 9 16.3+1.2 7 Direct gamma-spec. 13.8
22 21+4.85 23 - - Direct gamma-spec. 10.8
23 22 +1.33 6 - - Direct gamma-spec. 16.1
24 17.7 £ 1.46 8 - - Direct gamma-spec. -6.6
26 32+8 25 - - Direct gamma-spec. 68.9
27 19.1+£1.3 7 - - Direct gamma-spec. 0.8
28 155+25 16 - - Direct gamma-spec. -18.2
21.62+3.04 | 14 . . i
30 5556 +3.16 12 22129 13 | Direct gamma-spec. 16.6
32 21+£3 14 - - Direct gamma-spec. 10.8
33 20+2.2 11 - - Direct gamma-spec. 5.5
34 16.2+4 25 - - Direct gamma-spec. -14.5
15.5+£2.44 16 .
35 1601342 51 159+29 18 | Direct gamma-spec. -16.4
37 16.4+2 12 - - Direct gamma-spec. -13.5
19+3.2 17 .
38 19630 16 19.3+3.2 17 | Direct gamma-spec. 1.8
39 15.3+0.6 4 - - Direct gamma-spec. -19.3
2125 12 .
40 25 1 3 12 21.5+27 13 | Direct gamma-spec. 13.4
42 | 30.05+2.75 9 - - Direct gamma-spec. 58.6
43 17.5+2.6 15 - - Direct gamma-spec. 7.7
44 19.875+0.905| 9 - - Direct gamma-spec. -47.9
45 [23.6+24072| 10 - - Direct gamma-spec. 24.5
179+2.2 12 .
46 188+04 13 18.4+23 13 | Direct gamma-spec. -3.2
48 15.7 +1 6 - - Direct gamma-spec. -17.2
49 21.7 +2.36 11 - - Direct gamma-spec. 14.5
50 153+1.4 9 - - Direct gamma-spec. -19.3
52 203 15 20.5+3.2 16 | Direct gamma-spec 8.2
21+34 | 16 P S g pec. '
53 23.8 +9.1 38 - - Direct gamma-spec. 25.6
54 18.6 +3.9 21 - - Direct gamma-spec. -1.9
16.4£2.6 16 . .
55 185119 10 17.5+1.9 11 | Direct gamma-spec. 7.9
245+46 19 .
56 5815 18 26.3+438 18 | Direct gamma-spec. 38.5
21.6+2.6 12 .
57 526126 1 22.1+26 12 | Direct gamma-spec. 16.6
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13.702 =

58 1206 9 - - Direct gamma-spec. - -27.7 -
59 23.2+3.7 16 - - Direct gamma-spec. - 22.4 -
60 24.8+2 8 - - Direct gamma-spec. 30.9
61 16.12+1.44 9 - - Direct gamma-spec. - -14.9 -
62 18.2+1.15 6 - - Direct gamma-spec. - -4.0 -
63 159+2.8 18 - - Direct gamma-spec. - -16.1 -
65 19+4 21 - - Direct gamma-spec. - 0.3 -
20.9+24 11 .
66 1404 11 21.2+24 11 | Direct gamma-spec. - 11.6 -
221 +£2.6 12 .
67 557+38 7 224 +3.2 14 | Direct gamma-spec. - 18.2 -
68 | 16.71+2.45 15 - - Direct gamma-spec. - -11.8 -
69 20 + 3.1 16 - - Direct gamma-spec. - 5.5 -
16.3£1.2 7 .
70 17+12 7 16.7+1.2 7 Direct gamma-spec. - -12.1 -
71 19 +1 5 - - Direct gamma-spec. - 0.3
39.67+5 13 .
72 A4t4 10 40.5+45 11 Direct gamma-spec. yes 113.9 -
16+4 25 .
73 50+8 40 18.0£5.9 33 | Direct gamma-spec. - -5.0 -

Table 8. Activity concentrations of ?*®Ra with expanded uncertainties (k = 2),

and performance scores of individual laboratories.

used methods

Reported values

Arithmetic means

23.85+4.28 | 18

éggé Aapt l{,ab Uy, At U{ab Uy, Used method Outlier (B/:) En
(Bakg ) (%) (Bakg ) (%)

1 19.4+23 12 i i Alpha spectrometry - 2.4 0.1
20.6 £2.3 11 Direct gamma-spec. - 8.7 0.5
2 11512 17 - - Direct gamma-spec. - -39.3 -2.4

3 <30 - i —— Direct gamma-spec - - -

<30 - - - )
12.22 £ 0.82 7 Gas flow prop.
4 [H272:081] 6 | 12°%08 | 7 counting I
5 1414 29 - - Direct gamma-spec. - -26.1 -1.1
6 2061 5 - - Direct gamma-spec. - 8.7 0.7
7 228+73 32 - - Direct gamma-spec. - 20.3 0.5
9 235+8 34 - - Direct gamma-spec. - 24.0 0.5
10 22.1 £ 4.1 19 - - Direct gamma-spec. - 16.6 0.7
11 122\,53 i 8% g 16.4+0.8 5 Direct gamma-spec. - -13.3 -1.0
14 40 £ 40 100 - - Direct gamma-spec. yes 1111 0.5
15 22 +3.1 14 - - Direct gamma-spec. - 16.1 0.8
17 lggg i ;gi 12 189+24 13 | Direct gamma-spec. - -0.2 0.0
18 22.3+2.8 13 i i Alpha spectrometry - 17.7 0.9
318 26 Direct gamma-spec. - 63.6 1.4
20 204+34 17 - - Direct gamma-spec. - 7.6 0.4
21 1166.'7642;55.666 gi 16.7 £ 4.5% 27 | Direct gamma-spec. - -12.0 -0.4
Gamma-spec.

22 20+7.273 36 - - (daughter products) - 5.5 0.1
26 336 18 - - Direct gamma-spec. - 741 2.2
57 189+1.5 8 i i Direct gamma-spec. - -0.3 0.0
26.2+1 4 Lucas cell - 38.2 2.9
30 23.75+4.26 | 18 23.8+4.0" 17 | Direct gamma-spec. - 25.6 1.0
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The installation of

< 42701.74 - ¢
31 - - measuring radon - - -
< 43384.88 - and thoron
32 21.2+2.8 13 - - Direct gamma-spec. - 11.9 0.6
33 20 +1.38 7 - - Direct gamma-spec. - 5.5 0.4
34 164+24 15 - - Direct gamma-spec. - -13.5 -0.8
<401 - .
35 - 402 - - - Direct gamma-spec. - - -
18.8+3.4 18 .
38 198:30 16 19.3+3.3 17 | Direct gamma-spec. - 1.8 0.1
39 45.2+4.5 10 - Direct gamma-spec. yes 138.5 5.2
21+25 12 .
40 55 1 3 14 21.5+27 13 | Direct gamma-spec. - 13.4 0.7
1773 17 .
41 181239 5% 179+ 3.4 19 | Direct gamma-spec. - -5.5 -0.3
42 | 29.12+2.63 9 - - Direct gamma-spec. - 53.7 2.9
43 19.7+4 20 - - Alpha spectrometry - 3.9 0.2
45 | 245+4116 | 17 - - Direct gamma-spec. - 29.3 1.2
246+9 37 .
46 548%14 56 247+115 47 | Direct gamma-spec. - 30.3 0.5
48 16.9+1.2 7 - - Direct gamma-spec. - -10.8 -0.8
50 16.3 + 4.1 25 - - | *°Ra by emanation - -14.0 | -0.6
15.7+ 3.6 23 .
51 169:35 51 16.3 £ 3.6 22 | Direct gamma-spec. - -14.0 -0.6
25+6.8 27 .
52 55175 30 25072 29 | Direct gamma-spec. - 31.9 0.8
53 26.3 + 11 42 - - Direct gamma-spec. - 38.8 0.7
54 33.7+17.4 52 - - Direct gamma-spec. - 77.8 0.8
16.4+2.6 16 . .
55 85219 10 175+1.9 11 | Direct gamma-spec. - 7.9 0.5
<73 - .
56 ~ 0 - - Direct gamma-spec. - - -
25.7+3.8 15 .
57 65138 14 26.1£3.8 15 | Direct gamma-spec. - 37.7 1.6
58 1?72(())26i 9 - - Direct gamma-spec. - -27.7 -2.0
59 20.3+2.1 10 - - Alpha spectrometry - 7.1 0.4
60 <33 - - - Direct gamma-spec. - - -
63 16 £ 0.5 3 - - Direct gamma-spec. - -15.6 -1.3
65 19+6 32 - - Direct gamma-spec. - 0.3 0.0
69 21+£2 10 - - Direct gamma-spec. - 10.8 0.7
16.3+1.2 7 .
70 17+ 7 16.7+1.2 7 Direct gamma-spec. - -12.1 -0.9
71 22 +1 5 - Direct gamma-spec. - 16.1 1.2
72 50+7 14 52077 15 | Direct gamma-spec es 174.4 4.1
54 +85 16 O 9 pec. |y : '
19+6 32 . .
73 53110 3 21.0+6.1 29 | Direct gamma-spec. - 10.8 0.3

Table 9. Activity concentrations of *°Th with expanded uncertainties (k = 2), used methods
and performance scores of individual laboratories.

Reported values

Arithmetic means

el Us | Ux | AwtUsw | Uy | Usedmethod | Outler (E,’/:S E,
(Bakg ) (%) (Bakg) | (%)
1 22+2 9 - - Alpha spectrometry - 5.3 0.4
15+2 13
510 13 15.0+2.0 13 | Alpha spectrometry - -28.2 -1.9
4 19+1.9 10 19.1+£1.9 10 | Alpha spectrometry - -8.6 -0.6

143/154




19.2+1.9 10
25.7+1.6 6 - - Alpha spectrometry - 23.0 1.7
221 +5.6 25
13 539+ 0 8 23.0+£3.9 17 | Alpha spectrometry - 10.1 0.5
15.5+1.8 12
15 164120 13 16.0+2.0 13 | Alpha spectrometry - -23.7 -1.6
18 27.4+28 10 - - Alpha spectrometry - 311 1.8
20 21.5+26 12 - - Alpha spectrometry - 2.9 0.2
22 <116 - - - Direct gamma-spec. - - -
26 29+4 14 - - Alpha spectrometry - 38.8 1.8
27 21.7+28 13 - - Alpha spectrometry - 3.8 0.2
<157 - .
35 211 - - - Direct gamma-spec. - - -
39 23.1+1.4 6 - - Alpha spectrometry - 10.5 0.8
245+7.644 | 3 :
45 54517644 | 31 245+7.6 31 | Direct gamma-spec. - 17.2 0.5
49 14 +1.79 13 - - Alpha spectrometry - -33.0 -2.4
50 21.1+34 16 - - Alpha spectrometry - 1.0 0.0
24.2+3.9 16
56 30+76 o5 27156 21 Alpha spectrometry - 29.7 1.0
59 13.1+£0.6 5 - - Alpha spectrometry - -37.3 -3.3
60 <175 - - - Direct gamma-spec. - - -
62 11.6+3.5 30 - - Alpha spectrometry - -44.5 -2.2
63 60 + 26 43 - - Alpha spectrometry yes 187.1 1.5
67 2092 10 - - Alpha spectrometry - 0.0 0.0
69 19.4+£2 10 - - Direct gamma-spec. - -7.2 -0.5
16.3+£1.2 7 :
70 17+12 7 16.7+1.2 7 Direct gamma-spec. - -20.3 -1.6
72 14.32+7.8 54 - - Direct gamma-spec. - -31.5 -0.8

Table 10. Activity concentrations of **Th with expanded uncertainties (k = 2),

and performance scores of individual laboratories.

used methods

Lab Reported values Arithmetic means D
code | Aav* L_j1,atJ Uy | Aampt L_J1,ab Us, Used method Outlier (°/Z°) En
(Bakg ) (%) (Bakg ) (%)
1 19+£2.2 12 i i Alpha spectrometry - -9.5 -0.6
20.5+1.5 7 Direct gamma-spec. - -2.4 -0.2
2 204 +2.8 14 - - Direct gamma-spec. - -2.9 -0.2
17+2 12
3 8x2 11 17.5+2.0 11 Alpha spectrometry - -16.7 -1.0
171+1.8 11
4 556221 ) 19.9+20 10 | Alpha spectrometry - -5.5 -0.3
5 206+1.5 7 - - Alpha spectrometry - -1.9 -0.1
7 239+4 17 - - Direct gamma-spec. - 13.8 0.6
9 19.6+3 15 - - Direct gamma-spec. - -6.7 -0.3
19.8+5 25
13 55510 ) 21.2+3.6 17 | Alpha spectrometry - 0.7 0.0
228 s
14 | 185%18 | 10 . .| From*“Acactivity | | 419 | .08
by gamma spec.
16.2+ 2.1 13
15 1690 7 16.6 + 2.1 23 | Alpha spectrometry - -21.2 -1.3
18 21.8+2.6 12 - - Alpha spectrometry - 3.8 0.2
20 19.6+2.2 11 - - Alpha spectrometry - -6.7 -0.4
Gamma-
22 24 +£2.42 10 - - spectrometry (*°Ac) - 14.3 0.8
26 32+4 13 - - Alpha spectrometry - 52.4 2.3
27 19.8+2.6 13 - - Alpha spectrometry - -5.7 -0.3
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Direct-Gamma
17.7 £ 2.06 12 232y ¢
29 18332 | 17 | assumed Ih0n - | 1130 | -07
18.84+4.36 | 23 o
21.59+258 | 12 .
30 5241 108 12 22.0+27 12 | Direct gamma-spec. - 4.8 0.3
59.4213 £
31 13.91 23 | 6374149 | 23 Specz]oe";hs‘i}gzeters yes | 2035 | 2.8
68.034 + 15.91| 23
33 20+1.3 7 - - Direct gamma-spec. - -4.8 -0.3
34 21.3+4 19 - - Direct gamma-spec. - 1.4 0.1
20.7 £ 3.58 17 .
35 5511 4.48 20 21.4+4.0 19 | Direct gamma-spec. - 1.9 0.1
37 18.2+1.8 10 - - Direct gamma-spec. - -13.3 -0.9
206 +3.4 17 .
38 529138 17 21.8+3.6 17 | Direct gamma-spec. - 3.6 0.2
39 245+23 9 - - Alpha spectrometry - 16.7 1.0
21+2 10 **Ac - direct
40 518100 10 21421 10 gamma-spec. - 1.9 0.1
226 +2.6 12 .
41 535146 20 23.1+£3.6 16 | Direct gamma-spec. - 9.8 0.5
42 34.09+3 9 - - Direct gamma-spec. yes 62.3 3.2
43 10.1603 +0.084| 52 - - Alpha spectrometry yes -99.2 -7.6
45 241 +1.7834| 7 - - Direct gamma-spec. - 14.8 1.0
21.3+2.6 12 .
46 5153107 13 214126 12 | Direct gamma-spec. - 1.9 0.1
48 19+1.2 6 - - Direct gamma-spec. - -9.5 -0.7
49 14 +1.81 13 - - Alpha spectrometry - -33.3 -2.1
50 18.9 + 3.1 16 - - Alpha spectrometry - -10.0 -0.5
21.3+3.9 18 .
51 536140 18 225+41 18 | Direct gamma-spec. - 6.9 0.3
21.3+3.7 17
56 52516 57 21.9+48 22 | Alpha spectrometry - 4.3 0.2
22.3+1.8 8 .
57 52610 9 225+1.9 8 Direct gamma-spec. - 6.9 0.4
59 11.7+0.5 4 - - Alpha spectrometry - -44.3 -3.4
61 19.19+2.88 | 15 - - Direct gamma-spec. - -8.6 -0.5
62 12.6 +3.8 30 - - Alpha spectrometry - -40.0 -1.8
63 31+15 48 - - Alpha spectrometry - 47.6 0.7
67 22.3+21 9 - - Alpha spectrometry - 6.2 0.4
69 179+1.9 11 - - Direct gamma-spec. - -14.8 -0.9
20.8+1.8 9 .
70 5090 10 209+1.9 9 Direct gamma-spec. - -0.7 0.0
72 13.65+8 59 - - Direct gamma-spec. - -35.0 -0.9
73 23+ 11 48 23.0x7.9" 34 | Direct gamma-spec - 9.5 0.2
23+ 10 43 Ol 9 pec. ' '

Table 11. Activity concentrations of **U with expanded uncertainties (k= 2),

and performance scores of individual laboratories.

used methods

Lab Reported values Arithmetic means D
code | Aebt [_J{ab Uy | Ampt (_J{ab Us, Used method Outlier (°/Z°) E,
(Bakg ) (%) (Bakg ) | (%)
1 225+1.5 7 - - Alpha spectrometry - -10.7 -1.5
<56 - - - Direct gamma-spec. - - -
19£4 21 19.5+4.0 21 Alpha spectrometry - -22.6 -1.4
20+ 4 20 T )
234 +2.1 9
4 40 +0 8 23.8+2.1 9 Alpha spectrometry - -5.6 -0.6
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5 28+2 7 - - Alpha spectrometry - 11.1 1.3

6 16.4+4.8 29 - - Alpha spectrometry - -34.9 -1.8

9 28+10 36 - - Alpha spectrometry - 11.1 0.3
22 +6.6 30

13 591 4.0 14 255157 22 | Alpha spectrometry - 1.2 0.1
22+1.8 8 * ) } }

15 26+18 8 223+1.6 7 Alpha spectrometry 115 1.6

18 31.4+3.6 11 - - Alpha spectrometry - 24.6 1.7

20 221 +3 14 - - Alpha spectrometry - -12.3 -1.0

22 18 £2.42 13 - - Alpha spectrometry - -28.6 -2.7

26 26+4 15 - - Alpha spectrometry - 3.2 0.2

27 272127 10 - - Alpha spectrometry - 7.9 0.7

30 23.7+438 20 - - Alpha spectrometry - -5.9 -0.3

33 24 +3 13 - - Alpha spectrometry - -4.8 -0.4

<443 - .

35 <604 - - - Direct gamma-spec. - - -

39 35.3+2.5 7 - - Alpha spectrometry - 40.1 3.8
28.6 +
goz32 | 3

45 3'9 n 34.1 +10.6 31 | Direct gamma-spec. - 35.3 0.8
123552 | S

50 22.6+3.9 17 - - Alpha spectrometry - -10.3 -0.6
20+54 27

52 58176 57 24.0+6.5 27 ICP-MS - -4.8 -0.2

54 27.7+46 17 - - Alpha spectrometry - 9.9 0.5
256+5 20

56 302:54 18 27.9+52 19 | Alpha spectrometry - 10.7 0.5

59 21+£0.7 3 - - Alpha spectrometry - -16.7 -3.5

61 34.93+768 | 22 - - Alpha spectrometry - 38.6 1.3

62 172+ 34 20 - - Alpha spectrometry - -31.7 -2.3

63 44 +6.8 15 - - Alpha spectrometry yes 74.6 2.7

22.36+2.88 | 13

64 558912838 | 13 22629 13 | Alpha spectrometry - -10.2 -0.8

67 23.3 +3.1 13 i i Alpha spectrometry - -7.5 -0.6
245+3 12 ICP-MS - -2.8 -0.2

Table 12. Activity concentrations of #*°U with expanded uncertainties (k = 2),

and performance scores of individual laboratories.

used methods

Lab Reported values Arithmetic means D
code | At L_J1,ab Uy | Aapt l{,ab Us, Used method Outlier (°/:S E,
(Bakg ) (%) (Bakg ) (%)
1 0.73+0.25 34 - - Alpha spectrometry - -33.6 -1.3
2 36+1.6 44 - - Direct gamma-spec. - 227.3 6
3 1£0.3 30 1.10+0.35 32 | Alpha spectrometry - 0.0
1.2+04 33 T
1.14+0.45 39
4 541064 57 1.77 £ 0.59 33 | Alpha spectrometry - 60.9 1.1
5 2+0.5 25 - - Alpha spectrometry - 81.8 1.8
7 53+1.8 34 - - Direct gamma-spec. - 381.8 2.3
10.01+2.43 | 24 .
8 1009247 | 24 10.1+24 24 | Direct gamma-spec. yes 813.6 3.6
9 1.5+1 67 - - Alpha spectrometry - 36.4 0.4
10 23+0.6 26 - - Direct gamma-spec. - 109.1 2.0
5.66 + 0.86 15 .
11 612086 14 5.88 £ 0.86 15 | Direct gamma-spec. - 434.5 5.5
13 <2 0 - - Alpha spectrometry - - -
14 1.8+£1.8 100 - - Direct gamma-spec. - 63.6 0.4
15 0.8+0.32 40 0.99 +£0.36 36 | Alpha spectrometry - -10.5 -0.3
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1.17 £0.38 32
1243 +£252 | 20 * ;
17 16.15 2.66 16 143 +2.3 16 | Direct gamma-spec. yes 1199 5.7
18 2.75+0.82 30 - - Alpha spectrometry - 150.0 2.0
20 0.81 + 0.08 10 - - Alpha spectrometry - -26.4 -2.1
1.73 £ 0.58 34 . :
21 1741058 33 1.74 £ 0.47 27 | Direct gamma-spec. - 57.7 1.3
22 1.1+£0.48 44 - - Alpha spectrometry - 0.0 0.0
26 1.8+0.8 44 - - Alpha spectrometry - 63.6 0.9
07 09+04 44 ) ) Alpha spectrometry - -18.2 -0.5
3.8+1.3 34 Direct gamma-spec. - 245.5 2.1
32 1.6+0.8 50 - - Direct gamma-spec. - 45.5 0.6
33 1.2+0.36 30 - - Alpha spectrometry - 9.1 0.3
< 2.51 - :
35 <252 - - - Direct gamma-spec. - - -
37 <4.95 - - - Direct gamma-spec. - - -
39 1.36 £ 0.19 14 - - Alpha spectrometry - 23.6 1.2
40 19205 26 210+0.55 | 26 | Direct gamma-spec - 90.9 1.8
2.3+0.6 26 T '
45 015%158 31 - Direct gamma-spec. - 67.3 1.3
50 1.16 £ 0.45 39 - Alpha spectrometry - 5.5 0.1
5o 1017 17 | 4054018 | 17 ICP-MS - | a5 | -02
1.1+£0.19 17 T ) )
54 1.74 £+ 0.78 45 - - Alpha spectrometry - 58.2 0.8
<0.8 -
56 %6 - - - Alpha spectrometry - - -
57 ]; : 8:21 gg 115+0.24 | 21 | Directgamma-spec. | - 45 | 0.2
58 4(';?;; 19 - - Direct gamma-spec. - 308.5 4.0
59 1.1+0.1 9 - - Alpha spectrometry - 0.0 0.0
60 <18 - - - Direct gamma-spec. - - -
62 0.7+0.2 29 - - Alpha spectrometry - -36.4 -1.7
63 21+04 19 - - Alpha spectrometry - 90.9 2.4
67 1.6 + 0.61 38 i i Alpha spectrometry - 45.5 0.8
1.09 £0.12 11 ICP-MS - -0.9 -0.1
70 52126 50 - - Direct gamma-spec. - 372.7 1.6
71 3+1.8 60 - - Direct gamma-spec. - 172.7 1.1
72 5.4+ 9 16 57.0+8.8 15 | Direct gamma-spec yes 5077 6.4
58.5+8.5 15 T ) )

Table 13. Activity concentrations of U with expanded uncertainties (k = 2),

and performance scores of individual laboratories.

used methods

Lab Reported values Arithmetic means D
code | At l{,ab Uy | Aapt L_J{ab Us, Used method Outlier (°/Z°) E,
(Bakg ) (%) (Bakg ) (%)
1 172+ 3.1 18 i i Direct gamma-spec. - -29.2 -2.2
21+1.5 7 Alpha spectrometry - -13.6 -1.8
2 28.5+8.2 29 - - Direct gamma-spec. - 17.3 0.5
18+4 22
3 19:4 51 18.5+4.0 22 | Alpha spectrometry - -23.9 -1.4
225+2.1 9
4 533100 9 229+21 9 Alpha spectrometry - -5.8 -0.6
5 289+2 7 - - Alpha spectrometry - 18.9 2.1
6 15.7+4.2 27 - - Alpha spectrometry - -35.4 -2.0
7 <100 - - - Direct gamma-spec. - - -
9 27 +£10 37 - - Direct gamma-spec. - 11.1 0.3
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10 28576 27 - - Direct gamma-spec. - 17.3 0.5
251 +£7.2 29
13 57514 15 26.3+5.7 22 | Alpha spectrometry - 8.2 0.3
234 s
14 | 397%20 | 50 : .| From " Thactvity | | 634 | 08
by gamma spec.
21.6+£1.8 8 *
15 52 5+18 8 22116 7 Alpha spectrometry - -9.3 -1.2
18 27.8+8.6 31 ) ) Direct gamma-spec. - 14.4 0.4
32.6 +3.8 12 Alpha spectrometry - 34.2 2.1
20 18.1+2.6 14 - - Alpha spectrometry - -25.5 -2.2
22 16 £2.42 15 - - Alpha spectrometry - -34.2 -3.2
26 22+4 18 - - Alpha spectrometry - -9.5 -0.6
57 23 + 11 48 i i Direct gamma-spec. - -5.3 -0.1
257126 10 Alpha spectrometry - 5.8 0.5
30 23.2+4 17 - - Alpha spectrometry - -4.5 -0.3
72.4521 23
16.95 Spectrophotometers
31 814342 & I 76.9+18.0 23 measures yes 216.6 2.9
19.05
32 24+6 25 - - Direct gamma-spec. - -1.2 0.0
33 26+5 19 i i Direct gamma-spec. - 7.0 0.3
253 12 Alpha spectrometry - 2.9 0.2
34 52 +40 77 - - Direct gamma-spec. yes 114.0 0.7
<153 - .
35 <803 - - - Direct gamma-spec. - - -
37 83.7+48.8 58 - - Direct gamma-spec. yes 244.4 1.2
39 34+24 7 - - Alpha spectrometry - 39.9 3.7
43 0(')0513 zi 52 - - Alpha spectrometry yes -99.9 -24.1
39.6 = .
45 12 3550 31 - - Direct gamma-spec. - 63.0 1.2
20.6 £10.5 51 .
46 55110 20 22.8+10.4 45 | Direct gamma-spec. - -6.2 -0.1
50 21.7+5.9 27 - - Alpha spectrometry - -10.7 -0.4
31.7+12.7 40 .
51 42115 36 36.9+14.0 38 | Direct gamma-spec. - 51.6 0.9
21+3.6 17 -5.3
52 55143 17 23.0+3.9 17 ICP-MS -0.3
54 29.4+438 16 - Alpha spectrometry - 21.0 1.0
25+4.9 20
56 313255 18 28.2+52 19 | Alpha spectrometry - 15.8 0.7
256 +3.6 14 .
57 564138 14 26.0+3.7 14 | Direct gamma-spec. - 7.0 0.4
Calculation from
sg | 9752 19 : C | A activity | yes | 301.3 | 4.0
18.138 .
ratio
59 19.9+0.7 4 - - Alpha spectrometry - -18.1 -3.6
60 29+8 28 - - Direct gamma-spec. - 19.3 0.6
61 35.56 + 6.42 18 - - Alpha spectrometry - 46.3 1.7
62 16.3 +3.25 20 - - Alpha spectrometry - -32.9 -2.4
63 445+6.9 16 - - Alpha spectrometry - 83.1 2.9
2241 +2.74 | 12
64 51441278 | 13 219 +238 13 | Alpha spectrometry - -9.8 -0.8
27.5+6.2 23 Gamma spec. via
66 584 162 55 28.0+6.2 22 284y - 15.0 0.6
67 24.1+£3.2 13 i i Alpha spectrometry - -0.8 -0.1
23.6+£25 11 ICP-MS - -2.9 -0.3
70 23.4+14 60 23.5+ 141 60 | Direct gamma-spec. - -3.3 -0.1
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23.6 +14.2 60
71 245+£5.2 21 - - Direct gamma-spec. - 0.8 0.0
30.35+8 26 .
72 357145 14 33.0+6.7 20 | Direct gamma-spec. - 35.9 13
63 +42 67 . . i
73 65 + 48 74 64.0 + 32.7 51 Direct gamma-spec. yes 163.4 1.2

Table 14. Activity concentrations of 2**Pu with expanded uncertainties (k = 2), used methods
and performance scores of individual laboratories.

Lab Reported values Arithmetic means D
code | AatUs | Uy | AwtUsp | Uy Used method Outlier (°/Z°) E,
(Bakg") | (%) | (Bakg") | (%)
1 0.26 £ 0.04 15 - - Alpha spectrometry yes - -
3 0600576 +i00'0011 12 060813 Oi 16 | Alpha spectrometry - - -
4 06577+i00'3216 jg 066385; 45 | Alpha spectrometry yes - -
5 0.04 £0.012 | 30 - - Alpha spectrometry - - -
9 2.83+£0.9 32 - - Alpha spectrometry yes - -
13 8821 i 8822 ;53§ 069(()529)91 43 | Alpha spectrometry - - -
15 ggg f 2; 11 33.7t4.2 12 | Alpha spectrometry yes - -
20 [0.034 £0.006| 18 - - Alpha spectrometry - - -
22 5 09; 3(1) 05T 5'3 - - | Alpha spectrometry - - -
27 <0.5 - - - Alpha spectrometry - - -
<0.28 -
37 2042 - - - Alpha spectrometry - - -
43 0'3 %%22 * 20 - - Alpha spectrometry - - -
48 :00'0%2857 - - | Alpha spectrometry - - -
49 2.83 £ 0.53 19 - - ? yes - -
52 812 i 8812 gg Od?gfgi 31 Alpha spectrometry - - -
54 0.13+0.02 15 - - Alpha spectrometry - - -
s (99582008 2 | GRS | o | mpnaswocromery | | - | -
59 0.13+0.02 15 - - Alpha spectrometry - - -
63 <04 0 - - Alpha spectrometry - - -
66 09.0(;385100..0044 4513 O(')(.)gfoi 49 | Alpha spectrometry - - -
67 8?82 i 8822 691 %%8250,? 24 | Alpha spectrometry - - -
Table 15. Activity concentrations of #°***°Py with expanded uncertainties (k = 2).
Lab Reported values Arithmetic means D
code | AevtUa | Uy | AwtUsp | Uy Used method Outlier (°/Z°) E,
(Bakg") | (%) | (Bakg™) | (%)
1 0.95+£0.03 3 - - Alpha spectrometry yes - -
3 852 f 883 191 O(.)S(())é)oi 10 | Alpha spectrometry - - -
4 83;’ f 813 gg 06416 gsi 36 | Alpha spectrometry | yes - -
5 0.286 £ 0.03 10 - - Alpha spectrometry - - -
6 0.25 +£0.04 16 - - Alpha spectrometry - - -
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3.23+£0.88 27 - - Alpha spectrometry yes
0.293 +0.082| 28 0.307 =
13 03210074 23 0.078 26 | Alpha spectrometry -
100 £12 12 .
15 99+ 10 10 99.5+10.2 10 | Alpha spectrometry yes
20 | 0.334£0.04 12 - - Alpha spectrometry -
0.28+0.085 | 30 0.320 +
22 036:0097 | 27 0.092 29 | Alpha spectrometry -
27 <0.5 - - - Alpha spectrometry -
<0.89 -
37 08705 57 - Alpha spectrometry yes
39 0.64 £ 0.06 9 - - Alpha spectrometry yes
43 ]0.3294 £ 0.034| 10 - - Alpha spectrometry -
0.1983 38
0.0762 0.244 +
48 0.2905 « " 0.071* 29 | Alpha spectrometry -
0.1188
49 2.54 +1.34 53 - - ? yes
0.17+£0.056 | 33 0.220 +
52 02720076 | 28 0.067 31 Alpha spectrometry -
54 0.26 £ 0.04 15 - - Alpha spectrometry -
0.219+0.041] 19 0.225 +
56 02310041 18 0.041 18 | Alpha spectrometry -
59 0.26 £ 0.03 12 - - Alpha spectrometry -
61 0.33£0.08 24 - - Alpha spectrometry -
62 0.3+0.09 30 - - Alpha spectrometry -
63 <0.6 - - - Alpha spectrometry -
0.242 £ 0.1 41 0.249 +
64 0256 £ 0.1 39 0.100 40 | Alpha spectrometry -
0.28 + 0.08 29 0.285 +
66 029 £ 0.1 34 0.076" 27 | Alpha spectrometry -
0.272 £0.098| 36 0.281 +
67 0289:0013| 4 0.040* 14 | Alpha spectrometry -
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Appendix 11: Additional radionuclides

Table 1: The activity concentrations of additional radionuclides reported by some
articipants. The uncertainties are expanded uncertainties (k= 2).

Radionuclide Lab. code Activity conccintration
(Bakg™)
9 1.10 £0.20
18 0.96 +0.22
e 27 1.90 £ 0.40
46 1.00 £ 0.40
67 1.40 £ 0.40
71 0.96 + 0.22
o1 5 0.24 +0.05
Am 15 5609
24T h 21 20.17 + 6.49
2 25+ 10
9 27.3+6
15 25+ 2
18 29+ 5
210py, 21 27.08+ 3.95
32 36+ 4
33 26+ 11
57 28.2+2.7
69 424+ 40
71 29+5
#0Po 31 530.25
20 19.5+3.6
#Ra 32 21.5+0.7
63 222+1.8
8 26.46 + 1.924
220 21 19.46 + 2.11
45 24.1 +1.422
48 19 +12
5 31+4
228Th 32 21.5+0.7
67 225+ 2.1
2 7.1+0.8
2087 48 56+7
66 7.1
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