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Abstract 

There are very few radioactive environmental reference materials (RM) traceable to the International 

System of Units. Existing radioactive RMs for environmental samples that can be measured by mass 

spectrometry are even more limited and their characterisation does not always include relevant parameters 

such as isotopic ratios. This paper focuses on the development of two environmentally relevant candidate 

RMs, one liquid and one solid, which could be used for routine quality control measurements.  

The liquid RM was prepared by spiking seawater sampled from the North Sea, and therefore the matrix is 

representative of a real environmental sample, while the solid RM was prepared using a synthetic approach 

by spiking a mixture of silica precursors before a sol-gel reaction. The homogeneity, between-bottles and 

within-bottles, of both RMs was assessed using gamma-ray spectrometry and mass spectrometry. For the 

liquid RM, the variation among sub-samples was due mainly to the within-bottle variance, and was lower 

than 1 %, for all the radionuclides tested. For the solid RM, the 241Am content measured with gamma-ray 

spectrometry revealed a statistically significant variation between-bottles, but was lower than 1 %. The 238U 

and 239Pu contents, measured by mass spectrometry, showed higher measurement variability (~5 %), with 

the main contribution coming from within the bottles.  

 

Introduction 

Radioactive elements are present in the environment, either naturally or due to anthropogenic activities 

such as operation of nuclear power plants, mining, weapons testing (in the past) or accidents (Adeola et al., 

2023; Nies, 2018; Salbu et al., 2015; Valkovic, 2000). The European Atomic Energy Community (Euratom) 

provides dose limits for exposure of members of the public to ionising radiation and radionuclides due to 

unplanned exposure situations (Euratom, 2013). Therefore, in every country, periodic analysis of 

environmental samples (soils, sediments, waters, plants, etc.) are conducted to ensure that authorised levels 

are not exceeded.   

Common radioactive pollutants can be detected using their emitted radiation. Gamma-ray spectrometry, for 

example, has been widely used, notably because it is non-destructive (Semkow et al., 2002). However, for 
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long-lived radionuclides, radiometric techniques are not the most appropriate to detect low levels of 

contamination (low efficiency of some gamma rays; time-consuming alpha-particle spectrometry). Mass 

spectrometry techniques, such as accelerator mass spectrometry (AMS) and inductively coupled mass 

spectrometry (ICP-MS), possess high sensitivity and low detection limits (Ben Yaala et al., 2019; Zheng et 

al., 2022), and can also provide the quantification of different isotopes of the same element, provided their 

half-lives are long enough, which may not be easily achieved with common radiometric techniques. Mass 

spectrometry can also be used to derive isotopic ratios (Lariviere et al., 2006). This is especially interesting 

for uranium isotopes, where a deviation from natural isotopic ratios can reveal anthropogenic contamination 

of the environment (Barrado et al., 2024; Boulyga and Becker, 2001; Richter et al., 1999).  

With mass spectrometry, as with any analytical procedure, it is crucial to verify and ensure the accuracy of 

the measurements. This can be done by using calibrated instruments and by regularly checking the 

instrument response with relevant standards. When environmental samples are measured, the influence of 

the sample matrix adds an additional difficulty. The sample can be liquid, solid or particulate, for example, 

with chemical species that might interfere during the measurement and introduce additional bias, commonly 

called “matrix effects” (Kadis, 2002). Therefore, “pure” radioactivity standards may not suffice to ensure 

the accuracy of an analytical procedure. Environmental reference materials (RM), whose matrices are 

similar to those of natural samples such as ground water, seawater, soil, sand, sediments, or food, are often 

used. The characteristics of such reference materials should ideally have been quantified with metrological 

techniques and be traceable to the International System of Units (SI). For radioactive measurands, however, 

the variety of environmental RMs is low, and those measurable by mass spectrometry are even more limited 

(Inn et al., 2016). Furthermore, their characterisation does not always include several elements or relevant 

parameters such as isotopic ratios (Brand et al., 2014; Vogl et al., 2013). 

Environmental RMs can be produced using two approaches: using native samples or by adding a known 

quantity of radionuclides in a blank matrix as a “spike” (Jakopič et al., 2013). Native samples have been 

collected, for example, from Chernobyl (Llauradó et al., 2001) or Fukushima (Unno et al., 2014) areas, 

industrial sites (Shakhashiro et al., 2012), and from non-contaminated areas for lower radionuclide contents 

(Pham et al., 2014). These have the advantage of being the most representative of real environmental 

samples. However, the exact content of radionuclides can be obtained only from measurements by trusted 

laboratories. Spiked RMs are usually less representative of environmental samples but tend to be more ideal 

with respect to the accuracy level of spiking and straight-forward traceability (Jerome et al., 1994; Lourenço 

et al., 2014; Peng and Wang, 2013). 

An important part of RM production is assessing homogeneity, as described in a standard on their 

production (ISO 33405, 2024). This assessment assures that the distributed RM bottles are equivalent, 

within uncertainties, and that if sub-sampling is performed the differences among sub-samples are taken 

into account in the uncertainty evaluation of the RM’s characteristics.  

Herein, two environmental RMs were produced, one liquid using a seawater matrix and one solid using a 

synthetic silica matrix, each containing a mix of 234U, 235U, 236U, 237Np 238U, 239Pu, 240Pu and 241Am. A 

spiking approach was chosen to allow a comparison between the values obtained from measurement and 

from spiking. These RMs will be used, as part of the European project MetroPOEM, in two interlaboratory 

comparisons, each involving about 15 participants, to evaluate analytical methods. This article describes 

the production methods for both RMs and the homogeneity assessment of three radionuclides, 241Am, 238U 

and 239Pu. To evaluate the homogeneity of both RMs, the variation of the content of 238U, 239Pu and 241Am 

over several sub-samples was measured using gamma-ray spectrometry (non-destructive) and mass 

spectrometry (destructive). Both within- and between-bottle homogeneity were assessed, to ensure that each 

RM bottle contained the same value for each property, within uncertainties.  

  



Materials and methods  

Materials 

Ethanol (EtOH, VWR, 96 %), tetraethyl orthosilicate (TEOS, Sigma-Aldrich, > 99 %), triethoxyoctylsilane 

(TOS, Sigma-Aldrich 97 %), hydrofluoric acid (HF, Merck, 40 %), hydrochloric acid (HCl, SCP Science, 

32 – 35 %), nitric acid Normatom® (HNO3, VWR, 68 %), hydrogen peroxide (H2O2, Merck, 30 %), 

ascorbic acid (Sigma-Aldrich, 99.7 - 100.5 %) and sulfamic acid (Labosi, 99.5 %) were used as received. 3 

mol/L HNO3, 2 % HNO3, 0.02 mol/L, 3 % H2O2, 0.002 mol/L ascorbic acid, and 0.005 mol/L sulfamic acid 

were obtained by diluting the concentrated solution with ultrapure water. 

All vials and reaction vessels were cleaned by immersing in 2 % HNO3 for 24 h, followed by rinsing with 

ultrapure water and drying in a ventilated oven at 70 °C.  

Six starting radioactive solutions were used: a solution of 241Am, two solutions of 239/240Pu, and a solution 

of 234U, 235U, 236U and 238U were supplied by the Commissariat à l’Energie Atomique (France, CEA). A 

solution of 237Np and a solution of 234U, 235U, 236U and 238U were supplied by the National Physics 

Laboratory (UK, NPL).  

Production of the liquid RM 

Approximately 250 L of seawater were sampled by Helmholtz-Zentrum Hereon in the North Sea mid-May 

2023. The seawater was filtered directly onboard during the sampling using cleaned PALL Acropak filters 

according to the Geotraces Cookbook (Cutter, n.d.). The prefilter pore diameter was 0.8 µm, with a final 

filtering diameter of 0.2 µm. Afterwards, the seawater was stabilised with the necessary amount of acid to 

reach 0.1 mol/L of HNO3, and sterilised by delivering a dose of 25 kGy using a 60Co irradiator. The raw 

seawater was measured by five partners (Technical University of Denmark, Eidgenössische Technische 

Hochschule Zürich, Physikalisch-Technische Bundesanstalt, CEA and Vinča Institut za Nuklearne Nauke 

Serbia) to determine the initial mass fractions of the radionuclides of interest. The details of this study are 

given in Appendix A.  

For the spiking procedure, the four starting radionuclide solutions (weighed accurately at CMI) were first 

mixed and diluted to yield around 100 g of a multi-radionuclide (RN) spiking mixture containing 234U, 235U, 
236U, 238U, 239Pu, 240Pu, 241Am, and 237Np. Then, 98 g of the mixture were mixed with ~40 L of seawater in 

a closed container for two weeks at 20 °C; 80 samples of 0.5 L each were aliquoted (Figure S1). The samples 

were labelled with increasing filling order, to identify any possible bias between the top and bottom of the 

container, which could be caused by sedimentation of particulate matter remaining in the seawater.  

The minimal sample size for analysis was chosen to be 5 mL, based on the approximate radionuclide 

content, to ensure that the participants could measure the characteristics of the liquid RM.   

Production of the solid RM 

The details of the formulation of the solid RM are given in Appendix B. For the preparation of the batch of 

solid RM, the four starting radionuclide solutions were mixed and diluted to yield 100 g of a multi-RN 

spiking mixture containing 234U, 235U, 236U, 238U, 239Pu, 240Pu, 241Am, and 237Np. The solutions were weighed 

accurately using the pycnometer method, at the CEA. After mixing for 24 h, 98 g, were diluted to around 3 

kg with 3 mol/L nitric acid and left to homogenise for 24 h with a magnetic stirrer at ambient conditions in 

a closed flask. The entire solution was transferred to the reaction medium, with 15 kg (72 mol) of TEOS, 

6.8 kg (25 mol) of TOS, 4.8 kg of EtOH, and 0.9 kg of 3 mol/L HNO3, and stirred for five days. The mixture 

was then separated into nine trays, using a hand pump. The weight of the liquid transferred was measured 

using a Mettler Toledo KB60 balance (range 60 kg, resolution 1 g). The trays were left at room temperature 

for 8 days until gelation occurred. They were then placed in an oven at 70 °C for five days, followed by 4 

days at 100 °C, until the mass of the solid did not vary. The resulting solid was milled for 7 h at 100 rpm 

(9 kg of solid divided among 4 mill jars). A total of 82 bottles of solid RM containing about 100 g of material 

each were produced (Figure S1). The samples were labelled with increasing filling order to identify any 

possible bias among the different trays in which the reaction mixture was transferred.  

Scanning electron microscopy 



Scanning Electron Microscopy (SEM) images were obtained from both spiked and unspiked silicate 

powders in their supplied form. All particles were transferred onto SEM stubs, which are made of 

aluminium and prepared with a layer of carbon tape. The SEM used for imaging was a Philips XL30 

equipped with an Energy Dispersive X-ray Spectroscopy (EDS) system featuring a Silicon Drift Detector 

(SDD), both sourced from remX GmbH in Bruchsal, Germany (Leifermann et al., 2023). To mitigate image 

artefacts caused by the silicate's low electrical conductivity, imaging was performed in Backscattered 

Electron (BSE) mode.  

Gamma-ray spectrometry for homogeneity studies 

For the liquid RM, one 50 mL aliquot and five 15 mL aliquots were taken from each of five bottles, labelled, 

and measured as is (Figure S2). For the solid RM, three to five 7 g aliquots and five 0.7 g aliquots were 

taken from each of eight or five bottles (Figure S3). The solid material was placed in cylindrical boxes 

(4 cm diameter for the 7 g aliquots, 1.6 cm diameter for the 0.7 g aliquots, 0.8 cm thickness), and packed 

tightly.  

An HPGe detector (Canberra) was used to measure the 241Am content and its variation among the different 

sub-samples. For the liquid RM, the 50 mL samples were measured 10 cm from the detector for ~20 h, 

while the 15 mL samples were measured in direct contact with the detector for a duration ranging from 3 h 

to 18 h. For the solid RM, the 7 g samples were measured 10 cm from the detector and the 0.7 g samples 

were measured in contact with the detector, for ~ 20 h.  

Attenuation measurements were performed using a 152Eu source and a 133Ba source with lead collimators. 

Attenuation measurements lasted between 3 and 15 h and were performed for each solid sub-sample. The 

linear absorption coefficient at 59.54 keV was obtained from the fit of the experimental curve and was used 

to correct the data obtained from the measurement of the 59.54 keV 241Am peak (Figure S4). The linear 

absorption coefficients of all 0.7 g sub-samples were similar at about 0.15 cm-1.  

The uncertainty budgets of the measurement of a single sub-sample of the liquid and solid RM are presented 

in Table S1.  

Mass spectrometry for homogeneity assessment 

For the liquid RM, three aliquots of 5 g were sampled from each of three bottles (Figure S2). Each sample 

was spiked with a known quantity of 235U (U970) and 242Pu (IRMM-049e) using the isotope dilution 

technique (Quemet et al., 2024). After spiking, samples were mixed overnight and subsequently evaporated 

to dryness on a hot plate at 150 °C. Following evaporation, 32-35 wt% hydrochloric acid was added to each 

sample and digestion was carried out overnight at 80 °C before the sample was evaporated to dryness again, 

at 150 °C on a hot plate. A 0.5 mL mixture of 6 mol/L HNO3 and 3 % H2O2 was added to each sample and 

allowed to react for 2 h prior to loading onto UTEVA resin columns (Triskem International).  

Pu was eluted using a mixture of 2 mol/L HNO3, 0.002 mol/L ascorbic acid, and 0.005 mol/L sulfamic acid, 

while U was eluted using 0.02 mol/L HNO3. Both Pu and U fractions were evaporated to dryness. 200 µL 

of 30 % H2O2 was then added to both fractions to remove the organic components before evaporation to 

dryness. The U fraction was diluted to a final concentration of 100 ng/g in 2 % HNO3. All samples were 

analysed using a Neptune Plus (Thermo Fisher) multi-collector ICP-MS. IRMM-186 was used as a standard 

to correct for mass bias, and measurements were performed using the standard bracketing method (Albarède 

et al., 2004).  

For the solid RM, four 0.5 g aliquots and one 2 g aliquot were sampled from each of five bottles (Figure 

S3). The solid powder was weighed in an aluminium crucible then placed in a ventilated oven at 105 °C for 

16 hours. The samples were then placed in a desiccator for 30 min to cool down without absorbing moisture 

and then weighed to determine their dry mass. The crucibles were then placed in a furnace at 550 °C for 16 

hours to remove the organic component. The solids were transferred to PTFE beakers and, for the 0.5 g 

samples, 1.5 mL of 68 % HNO3 and 1.5 mL of 40 % HF were added; for the 2 g samples, 7 g of 68 % HNO3 

and 7 g of 40 % HF were used. The beakers were placed on a hot plate at 200 °C for 30 min, when the solid 

was completely dissolved. Then, the acid mixture was evaporated in the same conditions and the remnant 

was dissolved again in 2 % HNO3 three times and evaporated to dryness each time.  



Prior to the measurements, 1 mL of 2 % HNO3 was added to each sample and mixed overnight. 

Subsequently, 0.5 g samples were diluted using a dilution factor of 20, and the 2 g samples a dilution factor 

of 36-40. Bi-209 (SPEX CertiPrep) was added to all samples as an internal standard to correct for matrix 

effects. Analyses were performed using a X7 Series II (ThermoFisher) quadrupole ICP-MS to determine 

the concentrations of U and Pu. Three separate calibrations with 238U (SPEX CertiPrep) were used for the 

quantification of each element. For each calibration curve, the same set of samples were analysed on the 

same day to ensure internal consistency across the measurements. In total, the procedure was repeated over 

three days – each day using a different calibration curve with the same set of samples.  

For the silica samples, the uncertainty came mainly from uncertainty of the calibration curve and from the 

peak intensity counting statistics, while for the seawater sample, uncertainty propagation of all terms of the 

isotope dilution equation using Kragten’s method was applied (Kragten, 1994). Detailed uncertainty 

budgets for the mass spectrometry measurements are presented in Table S2 and Table S3. 

 

Results and Discussion 

 

Liquid candidate RM 

Preparation of the liquid RM 

In order to choose the spiking level of the liquid RM, the raw seawater was first measured in five chosen 

laboratories (DTU, ETZH, PTB, CEA, and VINS). Mass spectrometry was used by four laboratories; the 

VINS used gamma-ray spectrometry; experimental details are given in Appendix A.  

Participants reported mainly the mass fraction of 238U. Other mass fractions and isotope ratios were 

measured by some of the participants but are not reported in this work. For example, the 236U/238U isotope 

ratio and the mass fractions of Pu isotopes were measured with AMS, but could not be measured with other 

mass spectrometry methods. For the AMS measurement of 238U, neither the instrumental settings nor the 

amount of spike added were optimized for this isotope, resulting in higher uncertainties. The activities of 

uranium and plutonium isotopes were below the detection threshold of gamma-ray spectrometry and results 

were not considered in the calculation of averages. The participants did not detect any 241Am or 237Np, 

regardless of measurement technique. 

 
Figure 1. Results of mass fraction for 238U in raw seawater, performed by three partner laboratories, using mass 

spectrometry. The orange line represents the average of the three values, and the grey lines are the mean value 

plus/minus the standard deviation among the three values. All bars correspond to the combined standard uncertainty 

(k = 1) on each result. 

 

From the average of three sets of mass spectrometry measurements, the 238U mass fraction was determined 

to be about 3 ng/g (Figure 1). Although the measurements from the participants do not agree with one 

another at k = 1, the value and ranges on uncertainties were in agreement with reported data for 



environmental seawater samples, with values between 3.0 and 3.6 ng/g for the 238U mass fraction, 

considering that the sampled seawater was diluted on the ship to acidify it (Chen et al., 1986; Owens et al., 

2011). These values were taken into account when the material was spiked with radionuclide solutions to 

yield the appropriate radionuclide content of the liquid candidate RM (Table 1). The targeted uncertainty 

for the characteristics of this liquid RM was between 1 % and 5 %. 

 

Table 1. Characteristics of the liquid RM after spiking. 

Radionuclide Natural U 239Pu 240Pu 241Am 237Np 

Approximate 

mass fraction in 

liquid RM, in ng/g 

< 60  < 1 < 0.2 < 0.2 < 1 

 

Homogeneity study 

Gamma-ray spectrometry and mass spectrometry were used to evaluate the homogeneity of the liquid RM. 

Even if the liquid RM was mixed thoroughly, the radionuclides could precipitate, either by adsorbing on 

microparticles sill present in the seawater despite filtration, or by the formation of insoluble Pu particles. 

Furthermore, radionuclides could adsorb on the walls of the containers, and this adsorption could be 

different for each RM bottle.  

Although the measurements for the 15 mL samples analysed with gamma-ray spectrometry were not 

repeated, the counting statistics were used an estimate of the repeatability of the measurement. As presented 

in Table S1, showing the uncertainty budget for each individual measurement, the main contribution to the 

uncertainty is the counting statistics, which are expected to be relatively consistent across these 

measurements. 

For each 15 mL sub-sample, the signal obtained by gamma-ray spectrometry at 59.54 keV was normalised 

by the mass of the sample. The relative variation of each measurement to the average of the twenty-five 

measurements (sub-samples) is shown in Figure 2.  

 

Figure 2. Relative variation of the gamma-ray spectrometer response on 241Am (in cps/s/g) to the average of the results, for the 

twenty-five sub-samples of 15 mL of the liquid RM. The bars represent the uncertainty of each individual measurement.  The 

orange line represents the average of the values of the sub-samples, and the grey lines represent the standard deviation between the 

values of the sub-samples. 

 

No outlier result was detected using a Grubbs test (ISO 5725-2, 2022). No outward or downward trend was 

observed, indicating the absence of any filling order bias.  

A one-way analysis of variance (ANOVA) was performed to compare the variance within bottles (five sub-

samples per bottle) and among bottles (five bottles) (Table 2). The details of the ANOVA are given in the 

supplementary information. 



 

Table 2. ANOVA for the 241Am homogeneity study on 15 mL samples. 

Variation source Mean squares F value Critical F value (Fcrit)  

(α = 0.05) 

Variance in % 

Between-bottle 1.40·10-6 0.213 2.87 sbb = 0 (sbb
2 < 0) 

Within-bottle 6.95·10-6   swb = 0.7 

 

The main contribution to the variance came from within the bottles, with swb = 0.7 %. The variance between 

bottles was negligible, with sbb
2 < 0, which agreed with the Fisher test (F < Fcrit). The variance within bottles 

was of the same order of magnitude as the counting statistics of each individual measurement, which varied 

from 0.2 % to 0.5 % (Table S1), therefore the counting statistics may contribute to the apparent within-

bottle variance. Gamma-ray spectrometry was also used to measure five 50 mL sub-samples, and the results 

are presented in Figure S5.  

 

Mass spectrometry was used to assess the homogeneity of 238U, whose chemistry is representative of all 

hexavalent U isotopes in the liquid RM. The uncertainties of the measurements were evaluated 

independently be to 0.29 % for 238U and 0.19 % for 239Pu. The main contributions to uncertainty came from 

the spike concentration (see Table S2 for the detailed uncertainty budget), and, therefore, can be used to 

estimate the repeatability of the measurement.  

The results of the 238U and 239Pu measurements are presented in Figure 3 and Figure S6, respectively, with 

the standard uncertainty presented as bars. 

 

Figure 3. Relative variation of the mass spectrometry measurements of 238U to the average of the results, for the nine sub-samples 

of 5 mL of the liquid RM. The bars represent the uncertainty of each individual measurement, at k = 1.  The orange line represents 

the average of the values of the sub-samples, and the grey lines represent the standard deviation among the values of the sub-

samples. The circled point was identified as suspicious. 

Sub-sample 14-2 was flagged as suspicious by a Grubbs test (ISO 5725-2, 2022) for 238U; therefore, the 

sample was removed from the following analyses. No upward or downward trend was observed with the 

filling order of the bottles. 

A one-way analysis of variance (ANOVA) was performed to compare the variance within-bottles (three 

sub-samples per bottle) and between-bottles (three bottles) (Table 3). The details of the ANOVA performed 

are given in the supplementary information.  

 

Table 3. ANOVA for the 238U homogeneity study on 5 mL samples. 

 Variation source Mean squares F value Critical F value  

(α = 0.05) 

Variance in % 

238U 
Between-bottle 1.27·10-4 0.08 5.78 sbb = 0 (sbb

2 < 0) 

Within-bottle 4.11·10-3   swb = 0.1 
239Pu Between-bottle 1.19·10-6  5.14 sbb = 0 (sbb

2 < 0) 



Within-bottle 4.31·10-6 0.82  swb = 0.1 

 

For both 238U and 239Pu the “bottle” parameter was not significant according to the Fisher test (F < Fcrit). 

The main contribution to the variance came from within the bottles, with sbb = 0.1 % for 238U and 239Pu; 

swb = 0 % (swb
2 was negative) in both cases. The variances calculated with ANOVA were very low, on the 

same order of magnitude as the uncertainty of a single measurement, and were below the requirements for 

the overall uncertainty of the characteristics of the reference material (1 % to 5 %). 

The results of between-bottle variance and within-bottle variance for 241Am measured by gamma-ray 

spectrometry on 15 mL samples, and for 238U measured with mass spectrometry on 5 mL samples, were 

similar. In both cases, the between-bottle variance was negligible and the within-bottle variance was 

comparable to the measurement variation. The value of the variation was below 1 %, which is within 

requirements for the liquid RM (final uncertainty of 1 % to 5 %). The sample preparation steps for mass 

spectrometry did not seem to introduce an additional variation on the results. Furthermore, the two different 

radionuclides did not seem to be distributed differently in the liquid RM; the homogeneity level of the liquid 

RM seemed to be the same for 5 mL and for 15 mL.  

These values for the between-bottle and within-bottle homogeneity are lower than those reported for non-

spiked environmental RMs, such as mineral water or seawater. For example, Spasova et al. (2009) reported 

both between-bottle and within-bottle variances of 2.5 % and Pham et al. (2011) reported a between-bottle 

variance below 10 %, using radiometric techniques, for 234U and  238U. This difference could either be due 

to the different measurement techniques, or to a more efficient mixing process.  

 

Solid candidate RM 

Preparation of the material  

The approach from Harms and Gilligan (2012) was chosen as a starting point to produce a homogeneous 

material. The other main approach to prepare spiked solid RMs is to add a radioactive solution to a slurry 

of a real sample such as soil or grass, usually in a volatile solvent, followed by evaporation of the solvent 

(Lourenço et al., 2014; Sanoit, 1994). With this approach, the radioactivity is expected to be adsorbed on 

the surface of the particles forming the RM. However, the approach chosen in this work distributes the 

radionuclides throughout the silica matrix. Furthermore, the sol-gel process enables the mixing of the 

reagents and the radionuclides together in a liquid phase to ensure homogeneity before the formation of the 

solid.  

In the publication from Harms and Gilligan (2012), a standard uncertainty of 2.5 % was chosen to account 

for the moisture content. The CEA chose to modify the reaction precursors to reduce the moisture uptake 

of the resulting silicate matrix from 8 % to around 3 %. The experimental details and results of this 

optimisation are presented in Appendix B. 

Scanning electron microscopic images of the inactive solid and spiked solid RM were taken at Gottfried 

Wilhelm Leibniz University Hannover (Figure 4). In the BSE mode (see experimental details), heavier 

elements reflect a greater proportion of the incident electrons due to their higher atomic number and charge 

density, resulting in increased brightness in the BSE images. Therefore, silicate particles are distinctly 

visible against the carbon background. The solid material comprised polydisperse particles, ranging from a 

few µm to around 100 µm.  



 

Figure 4. SEM images of the solid RM after calcination magnified 400 times (a) and 680 times (b). 

EDS spectra and elemental mappings revealed that the sample components consisted exclusively of silicon, 

carbon, and oxygen and the corresponding images are shown in Figure S7. This analysis does not permit to 

detect the radionuclides added by spiking. The O and Si atoms seem uniformly distributed over the particles.  

The material was spiked with radionuclide solutions to yield the intended radionuclide content of the solid 

candidate RM (Table 4). The targeted uncertainty for the characteristics of this solid RM was between 1 % 

and 5 %. 

 

Table 4. Characteristics of the solid RM after spiking. 

Radionuclide 
U (slightly 

enriched) 
239Pu 240Pu 241Am 237Np 

Approximate mass 

fraction in solid 

RM in ng/g 

< 50 < 2 < 0.1 < 1 < 1 

 

Homogeneity study 

Gamma-ray spectrometry and mass spectrometry were used to evaluate the homogeneity of the solid RM. 

Even if the radionuclides were mixed with the silica precursors as a liquid, several processes could lead to 

a non-homogeneous material: silica might first be formed as small nano- or micro-sized nuclei, on which 

the radionuclides might adsorb and which might precipitate. Furthermore, the speciation of the U, Pu, Am 

and Np isotopes in an organic medium is unknown, and precipitates might be formed. While previous work 

(Harms and Gilligan, 2012) did not report a high inhomogeneity (the contribution to uncertainty varied 

from 0.4 % to 4 %, depending on the radionuclides), the material prepared here comprised different 

radionuclides (U, Pu, Np), and was prepared from nitric acid and not hydrochloric (see Appendix B for 

more details on the synthesis). 

The 0.7 g samples were measured by gamma-ray spectrometry and the signal of the instrument, normalised 

by the mass of the sample, was compared for each sample. Even though measurements were not repeated, 

repeatability could be determined by the uncertainty on each measurement (Table S1). The main 

contribution to the uncertainty was the attenuation correction, around 1 %. The attenuation measurements 

were performed on each sub-sample, and an average correction was applied. Therefore, variations among 

the measurement of sub-samples may come from a difference in attenuation of the emitted gamma rays, 

resulting from a different packing of the powder in the cylindrical boxes. The estimated uncertainty for the 

attenuation correction was used as an estimate of the repeatability of the measurement. The results of the 

variation of each sub-sample from the average of the 40 sub-samples is presented in Figure 5.  

 



 

Figure 5. Relative variation of the gamma-ray spectrometer instrument response to 241Am (in cps/s/g) on the average of the results 

for forty sub-samples of 0.7 g of the solid RM. The bars represent the uncertainty of each measurement, at k = 1.  The orange line 

represents the average of the values of the sub-samples, and the grey lines represent the standard deviation of the values of the sub-

samples. The circled point was identified as suspicious.  

 

Sample 8-2 was flagged as suspicious by a Grubbs test (ISO 5725-2, 2022), and was removed from 

subsequent analyses. No upward or downward trend was observed with the filling order, indicating that the 

variation of composition was random. A one-way analysis of variance (ANOVA) was performed, to 

compare the variance within-bottles (five sub-samples per bottle) and between-bottles (eight bottles) (Table 

5). 

 

Table 5. ANOVA analysis for the 241Am homogeneity study on 0.7 g samples. 

Variation source Mean squares F value Critical F value  

(α = 0.05) 

Variance in % 

Between-bottles 4.93·10-3 3.51 2.32 sbb = 0.7 

Within-bottles 1.41·10-3   swb = 0.9 

 

The between-bottles and within-bottles variances were similar, sbb = 0.7 % and swb = 0.9 %, respectively. 

The parameter “bottle” was statistically significant (F > Fcrit), which means that the variation observed 

between the bottles cannot be explained by only the variation within the bottles. The uncertainty 

contribution coming from the attenuation correction of each individual measurement was around 1 %, 

which certainly contributed to the within-bottle and between-bottle variances. Furthermore, the values of 

both between-bottle and within-bottle variances are within requirement for the total uncertainty of the 

characteristics of the solid material (1 % - 5 %).  Sub-samples of 7 g of the solid RM were also analysed by 

gamma-ray spectrometry, and the results are presented in Figure S8.  

 

Mass spectrometry was used to assess the homogeneity of 238U and 239Pu in the solid RM. Contrary to the 

gamma-ray spectrometry measurements, the solid RM needed to be dissolved (as described in Materials 

and Methods) before analysis. Each sub-sample was analysed three times, using a different calibration 

curve. The uncertainty budget of these measurements is presented in Table S3. The main contribution comes 

from the calibration curve and from the repeatability of the measurements, for 238U, and from the signal 

intensity of the 238U peak and the repeatability of the measurement for 239Pu. 

The results of the measurements of 238U and 239Pu are presented in Figure 6 and Figure S9, respectively, 

where the average value over the three measurements is plotted for each sub-sample.  



 

Figure 6. Relative variation of the mass spectrometry measurements to the average of the results, for the twenty-five sub-samples 

of 0.5 g (dots) and 2 g (triangles) of the solid RM, for 238U. The bars represent the uncertainty of the individual measurements.  The 

orange line represents the average of the values, and the grey lines represent the standard deviation of the values. The point circled 

was identified as aberrant. 

 

The 238U and 239Pu measurements for sample 8-4 were flagged as aberrant by a Grubbs test (ISO 5725-2, 

2022) and were removed from subsequent analyses. This sample probably lost some material during 

calcination, dissolution of evaporation. No downward or upward trend was observed with the filling order 

of the bottles. No significant difference was observed between the 238U and 239Pu measurements of the 0.5 

g samples and the 2 g samples when an ANOVA was conducted by grouping the data by sample size (Table 

S4). Therefore, in the following, no distinction is made between 2 g and 0.5 g samples. 

The within-bottle homogeneity was assessed using ANOVA for each bottle and considering all three 

measurements, which gave an indication on the repeatability of measurement (Table S5). The measurement 

variance among the bottles was from 0.6 % to 4.7 % for 238U and between 2.9 % and 7.8 % for 239Pu. For 

most bottles, F > Fcrit (the variance within bottles was statistically significant). This was different from the 

gamma-ray spectrometry results, where the within-unit variance was lower than the standard uncertainty. 

Since the amounts of material tested were similar, this was probably due to an additional variability 

introduced by the sample preparation steps of calcination and dissolution. Furthermore, the uncertainty of 

the mass spectrometry measurement of a single sub-sample was higher than that of the gamma-ray 

spectrometry measurement (~ 1.7 % for 238U and ~ 6 % for 239Pu), which could also partly explain the higher 

variability observed. 

To assess the between-bottles homogeneity, the average of all three measurements for each sub-sample 

were compared using a one-way ANOVA (Table 6). 

 

Table 6. ANOVA for between-bottle homogeneity of  238U and 239Pu concentrations by mass spectrometry, on 0.5 g and 2 g dissolved 

samples. 

Element 
Mean squares 

F value 
Fcrit 

(α = 0.05) 

Variance in % 

238U 
Between-bottles 2.50 1.43 2.89 sbb = 0.4 

Within-bottles 1.75   swb = 3.8 

239Pu 
Between-bottles 4.60·10-3 1.52 2.89 sbb = 0.9 

Within-bottles 3.02·10-3   swb = 6.3 

 

The main contribution to the variance came from within the bottles, calculated as 3.8 % for 238U and 6.3 % 

for 239Pu, similar to estimations of previous analysis where repeated measurements were taken into account 



(for 238U, swb was between 0 % and 3.2 % and for 239Pu, swb was between 0 % and 4.9 %, see Table S5). The 

between-bottle variance was not statistically significant (F < Fcrit) and was calculated to be 0.4 % for 238U 

and 0.9 % for 239Pu. 

These results were different from the gamma-ray spectrometry measurements, where the between-bottle 

variance was not negligible. With the sample size very similar for both measurements, 0.7 g for gamma-ray 

spectrometry and 0.5 g for mass spectrometry, this could indicate a different distribution of 241Am compared 

to 238U and 239Pu in the solid RM. However, it is more likely that any inhomogeneity among bottles was 

masked by the higher within-bottle variance due to the sample preparation procedure, and the higher 

variation of the measurement, for the mass spectrometry measurement. The values of the within-bottle 

variance are close to the targeted total uncertainty for the solid RM (1 % to 5 %), and will be taken into 

account when establishing the uncertainty of the characteristics of the reference material. 

The results for the between-bottle and within-bottle variance were similar to those reported for natural non-

spiked soil RM. For example, Shakhashiro et al. (2011) presented a between-bottle variance of around 

0.5 % and a within-bottle variance of 2.2 % for 234U and 238U measured by alpha-particle spectrometry for 

a soil RM, and Larijani et al. (2017) reported a between-bottle variance of around 1 % for 238U measured 

by gamma-ray spectrometry, for a rock RM.  

 

Conclusion 

This work aimed to develop and characterise two environmentally relevant reference materials (RMs) - one 

liquid (seawater) and one solid (silicate) - containing various radioactive isotopes including 238U, 239Pu, and 
241Am. 

The liquid RM was created by spiking North Sea seawater with radioactive solutions and bottled in 80 

individual samples. Homogeneity was assessed at three different scales using gamma-ray spectrometry for 
241Am and mass spectrometry for 238U and 239Pu, with sample preparation steps for the latter. ANOVA of 

the liquid RM showed that, for the three radionuclides, the main contribution to variance came from within 

the bottles, while the variance among bottles was negligible. The within-bottle variance was lower than 

1 %, meeting the requirements for the uncertainty of the liquid RM. The sample preparation (removal of 

the seawater matrix and separation of U and Pu) did not seem to have an influence on the variance of the 

samples; all radionuclides measured are expected to be distributed in a similar fashion.  

The solid RM was synthesised using a sol-gel process with silica precursors, resulting in a material with 

radioactivity incorporated within the silicate matrix. The material comprised particles from around 1 µm to 

100 µm. Homogeneity was studied at three different levels using gamma-ray spectrometry for 241Am and 

mass spectrometry for 238U and 239Pu, on dissolved samples for the latter. ANOVA for 0.7 g samples showed 

that both between-bottle and within-bottle variances were similar and below 1 %. However, the between-

bottle variance was statistically significant (F > Fcrit). No upward or downward trend was observed with the 

filling order, indicating a random variation of composition. Mass spectrometry results on dissolved samples 

showed measurement variance ranging from 0.6 % to about 5 % for 238U, and from 3 % to about 8 % for 
239Pu. Within-bottle variance was statistically significant for most bottles, and between-bottle variance was 

not statistically significant by mass spectrometry measurement for any of the radionuclides. The higher 

within-bottle variance by mass spectrometry compared to gamma-ray spectrometry was likely due to 

additional variability introduced by sample preparation (calcination and dissolution). 

The between-bottle and within-bottle variance will be taken into account in the uncertainty of the 

measurands, as recommended in ISO standards. The homogeneity of both RMs was deemed suitable for 

their intended use as reference materials for mass spectrometry measurements of environmental radioactive 

samples. 
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