
Abstract — Environmental radioactivity monitoring is of 

fundamental importance not only in routine situations but 

also in the event of accidental occurrences, such as the 

Fukushima incident in 2011, and in extraordinary 

situations, such as those currently experienced in war-torn 

countries with nuclear facilities. In Italy, the National 

Network for Environmental Radioactivity Surveillance 

(RESORAD), coordinated by ISIN, oversees the reliability 

of environmental radioactivity measurements. ENEA-

INMRI develops, maintains, and disseminates 

measurement standards and units in the field of 

radioactivity through inter-laboratory comparisons (ILCs), 

calibration campaigns, and performance evaluation tests. 

This work presents the results of an ILC conducted for 

RESORAD laboratories, called NORM-2021, organized 

within a scientific collaboration between ISIN and ENEA-

INMRI. The initiative focused on the measurement of 

naturally occurring radioactive materials (NORMs). 

Specifically, the aim of the ILC was to identify and quantify 

NORMs in natural volcanic sand. To perform the ILC, 

ENEA-INMRI prepared a solid reference material (MRS) 

by collecting sand samples from seven distinct volcanic lake 

sites in the Lazio region. An artificial imbalance in the 

uranium radioactive series was introduced into the MRS to 

assess the analytical capabilities of the participating 

laboratories. The results were analysed using indicators 

commonly employed in performance evaluations and inter-

laboratory comparisons [ISO, 2010; ISO, 2016]. 
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I. INTRODUCTION

Environmental radioactivity is a natural component of 

background radiation, originating from radioactive materials in 

our surroundings. Some radionuclides, like potassium-40 (40K), 

occur naturally, while others such as strontium-90 (90Sr) and 

technetium-99 (99Tc) are mainly introduced through human 

activities. Certain isotopes, including tritium (3H), have both 

natural and anthropogenic sources. Human actions, like nuclear 

weapons testing, can influence the levels and distribution of 

natural isotopes such as uranium-238 (238U). Since Earth's 

formation, radioactivity has been pervasive, with soil 

containing isotopes like 40K, radium-226 (226Ra), 238U, and 

thorium-232 (232Th) with typical average activity 

concentrations. For instance, 40K is commonly found in soil at 

levels around 370 Bq/kg, with values common ranging from 

100 to 700 Bq/kg; some other radioisotopes often exhibit 

activity concentration in the range of 10-50 Bq/kg. Monitoring 

environmental radioactivity is essential during routine 

operations, accidents (e.g., Chernobyl and Fukushima), and 

conflicts involving nuclear facilities to assess potential risks. 

In Italy, the National Network for Environmental 

Radioactivity Surveillance (RESORAD), coordinated by ISIN 

[1], is constituted by the laboratories of 21 Regional and 

Autonomous Provinces Agencies for Environmental Protection 

(ARPA/APPA) and 3 Experimental zoo-prophylactic Institutes. 

High data quality and robust measurement efficiency are 

essential to ISIN’s role in ensuring radiation protection and 

nuclear safety. Under RESORAD, ISIN promotes national 

measurement reliability programs. ENEA-INMRI [2] is 

responsible for establishing standards and conducting inter-

laboratory comparisons (ILCs). From 2020 to 2022, ISIN and 

ENEA collaborated on an ILC called NORM-2021, focused on 

measuring naturally occurring radioactive materials (NORMs) 

in volcanic sand, chosen for its high NORM content and 

logistical convenience within the Italian Lazio region. The 

objectives, methods and achieved results of this ILC are 

presented in this paper. 

II. OBJECTIVES OF THE ILC NORM-2021

The specific objective of ILC NORM-2021 was defined as 

follows: “Identification and quantification of gamma emitters 

present in a Solid Reference Material (MRS) composed of an 

environmental matrix of sand.”  

The MRS of ILC was prepared at the Laboratory of 

Radioactivity of ENEA-INMRI by collecting sand samples 

from seven distinct volcanic lake sites located in the Lazio 

region (Italy). In particular, each samples, with a volume of 1 

L, was measured through gamma spectrometry at ENEA-

INMRI, focusing on the gamma emissions of 40K and the 
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radioactive series of uranium and thorium. The sand from the 

site showing the highest concentration of NORMs, particularly 

from the thorium series, was chosen. The MRS was then 

produced using sand from the selected lake site, sampled near 

the shoreline, where the grain size is more uniform. 

In order to introduce an element of novelty and make the 

progression of the ILC more interesting for testing the 

measurement capabilities of the participating laboratories, the 

organizers agreed to introduce an artificial imbalance into the 

uranium radioactive series by spiking the sampled sand with a 

known quantity of 226Ra at the ENEA-INMRI laboratory. The 

added 226Ra was 400 Bq/kg, increasing the original activity of 
226Ra-226 by a factor of 3 (from about 200 Bq/kg to about 600 

Bq/kg). 

Each participating laboratory was required to identify and 

quantity, through gamma spectrometry systems based on 

germanium detectors, the activity concentrations of gamma-

emitting radionuclides present in a MRS with a sand matrix. 

This quantity represents the main Measured Parameter (MP) for 

the ILC. For the purpose of the ILC, the radionuclides (both 

natural and artificial) to be considered were gamma photon 

emitters with energies between 40 keV and 2 MeV.  

In the MRS to be analysed, secular equilibrium conditions 

are not guaranteed for all radionuclides in which such a 

condition might potentially be established. Data analysis 

focused on radionuclides whose activity concentration does not 

depend on this condition. However, each participant laboratory 

could implement its own procedures to achieve radioactive 

equilibrium conditions and that allow them to extend and 

enhance their radiometric analysis. Measurement methods and 

experimental details (such as the volume of MRS used, 

measurement geometry, how to establish secular equilibrium, 

and the related methodology, etc.) were left to the discretion of 

the participant. 

A further objective of the ILC was the determination, under 

measurement conditions applied to the sand sample, of the 

Minimum Detectable Activity (MDA) for some radionuclides 

not necessarily present in the sample matrix. This objective 

gave a support to the evaluation of potential sources of 

measurement error. 

III. PREPARATION OF THE MRS 

The preparation of the MRS for the ILC began in April 2021 

with the collection, carried out by personnel from ISIN and 

INMRI, of approximately 80 liters of sandy material, also 

supported by logistical assistance from ARPA Lazio.  

The sandy material, transported to ENEA-INMRI 

laboratories, underwent the following mostly physical 

preparatory steps: 

- removal of coarse interfering materials (stones, leaves, 

twigs, pine needles, etc.); 

- spreading on a large plastic sheet exposed to the sun 

outdoors until nearly completely dried (to remove the large 

amount of water present, given that the sample was collected 

near the shoreline); 

- sieving the material through a 10-mesh sieve (2000 μm). 

A portion, approximately 50 liters of the resulting material, was 

selected for subsequent treatment. Due to the impossibility of 

directly tracking the entire quantity of pretreated material (over 

60 kg), a tracking approach using 226Ra of a sub-aliquot, 

followed by dilution with identical untracked material, was 

adopted. To this end, five aliquots of 1 kg each were collected 

and individually spiked with a high-purity radionuclide solution 

of 226Ra. The spiking of the sand matrix was performed using 

the "acetone bath" technique [3, 4, 5, 6]. This method allows for 

homogeneous and quantitative deposition of radionuclides onto 

a fine-grained matrix by covering the matrix with acetone, 

adding the tracer radionuclide, evaporating the acetone, and 

subsequently adsorbing the tracer onto the matrix itself. 

Controlled evaporation was carried out with a rotary evaporator 

(Figure 1). 

Each 1 kg aliquot of dried, carefully weighed matrix was placed 

into the instrument’s glass flask and then covered with pure 

acetone. The system was rotated for approximately 1 hour at the 

temperature of a thermostatic bath set to 40°C, allowing the 

solvent (acetone) to fully imbibe the matrix. Next, the specified 

amount of 226Ra solution was added, and the system was kept 

in rotation for 2 hours to ensure homogeneous distribution of 
226Ra within the acetone.  

Subsequently, the rotary evaporator’s vacuum system was 

activated to slowly distil the solvent, permitting the 

radionuclide—concentrating during this phase—to adsorb 

evenly onto the active surface of the matrix. Once drying was 

complete, the tracked matrix was removed from the flask and 

subjected to radiometric measurement via gamma spectrometry 

to determine the activity concentration achieved.  

The distilled acetone was also measured radiometrically to 

verify and to confirm the absence of radionuclide migration into 

the solvent. 

The five prepared aliquots were finally added to the 

remaining inert sandy matrix and homogenized using a system 

for mixing granular solid materials.  

The resulting MRS was assigned the code ENEA-MRS-2438. 

It was divided into 40 aliquots, each with a mass of 1.4 kg and 

a volume of 1 L, placed in polyethylene containers with screw 

caps. Each sample was uniquely identified with the code 

ENEA-MRS-2438 #An (with the number varying from 1 to 40 

to indicate the specific aliquot used).  

  

Fig. 1. Rotating evaporation system used by ENEA-INMRI for tracking 

MRS-2438 with 226Ra using the acetone bath method 
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IV. MRS CHARACTERIZATION 

The ENEA-MRS-2438 prepared at ENEA-INMRI was 

characterized for both homogeneity and radioactivity content, 

before sending to each participant laboratory a sample of it, 

identified by the #An code and prepared as above.  

Homogeneity test was conducted successfully at the 

Radioactivity Laboratory of ENEA-INMRI by subjecting 19 of 

the 40 samples—packaged and ready for shipment to the 

participants—to spectrometric counting, treating the count 

rates, recorded at the 186 keV energy of 226Ra, with the 

ANOVA variance test. The results of this analysis did not reveal 

any heterogeneity among the analysed samples. Therefore, any 

component due to non homogeneity among the prepared 

samples has been included in the uncertainty budget for the 

determination of the ILC Reference Values. 

Reference values for the activity concentration of 

radionuclides present in the ENEA-MRS-2438 were 

determined by gamma ray spectrometry using the ENEA-

INMRI calibrated p-type HPGe detector with a relative 

efficiency of 40% . The detector is housed inside a low-

background well, constructed with 10 cm thick lead bricks, 

internally lined with copper and cadmium sheets. The setup is 

calibrated with ENEA-INMRI standard gamma-emitting 

radionuclide sources within the considered energy range. 

Additionally, for 226Ra, a supplementary calibration was 

performed using the "internal standard" method, utilizing 

activity values of 226Ra added during matrix tracing. 

Measurements were carried out in three different 

measurement geometries: 

a) Aluminium Marinelli beaker of 1 L volume; 

b) Polypropylene (PP) container of 0.1 L volume; 

c) Glass container of 0.1 L volume (two replicates on 

different samples). 

The acquired spectra were analysed to determine the net peak 

area, applying corrections for measurement geometry, counting 

efficiency, self-absorption, sum effect, background, and decay. 

Based on the spectrometric data obtained and considerations 

related to radioactive equilibria, reference values for ENEA-

MRS-2438 were assigned for each radionuclides of the three 

natural series of uranium, thorium and actinium and for 40K and 
137Cs, the only artificial radionuclide detected in the MRS. 

All the measurements were performed under standard 

conditions and the obtained reference values are therefore 

referred to the national radionuclides activity standards. sample. 

For the uranium series, the values are provided for 210Pb and 

for the radionuclides 234Th, 234mPa, 226Ra, 214Pb, and 214Bi 

assuming secular equilibrium within their respective decay 

series. The reference value for 238U was derived based on the 

measured 235U value knowing the natural isotopic composition 

of uranium. Only for two cases (234U and 230Th), despite results 

provided by some participant laboratories, measurements 

conducted at ENEA-INMRI did not allow for the production of 

a reference value. Therefore, it was determined as the average 

and median of the values provided by participants, in agreement 

with the UNI CEI EN ISO/IEC 17043:2010 standards. 

Similar considerations were applied to the thorium and 

actinium series respectively, as well as for 40K. It should be 

noted that ENEA-INMRI measurement systems are not 

dedicated to low-activity measurements; therefore, the 

detection of certain radionuclides by participants (e.g  234U, 
230Th, 232Th) does not necessarily imply false-positive results. 

V. ILC’S ORGANIZATION 

The participant laboratories were provided with instructions 

for performing measurements with their HPGe spectrometers 

and a sheet to record the results of their analyses. Each 

participant (with an assigned code) had to identify the 

radionuclides present in the sand matrix, quantify the activity 

concentration (by measurement), and determine the minimum 

detectable activity concentration (M.D.A.) under the applied 

measurement conditions, including for some radionuclides not 

necessarily present in the received sample. 

The ENEA-MRS-2438 samples were distributed to the 

participants in sealed vials (Figure 2) containing the volume of 

material requested by 

the participant itself. 

They were shipped from 

ENEA-INMRI using 

standard express 

couriers, considering 

their activity level 

below the exemption 

limits. The samples 

were delivered as a 

definitive transfer for 

scientific collaboration. 

For full traceability, 

each participant was 

required to fill out a 

Takeover Declaration, sent by ENEA-INMRI, and return it to 

ENEA-INMRI duly signed. At the conclusion of the 

measurement campaign, the received sample can be retained by 

the participant as Certified Reference Material (CRM) 

accompanied by a Calibration Certificate of the MRS-2438 

material used in the ILC, issued by ENEA-INMRI. 

VI. DATA ANALYSIS AND RESULTS 

The analysis of the results provided by each participant was 

carried out in terms of indicators commonly used in 

performance evaluations and inter-laboratory comparisons [7, 

8], including:  

a) the percentage deviation R(%) = 100 ∗ (𝑀𝑟𝑣 − 𝑀) 𝑀𝑟𝑣⁄  

between the measured value, M, provided by the participant and 

the reference value, Mrv, provided by ENEA-INMRI; 

b) the normalized error or compatibility index 𝐸𝑛 =

(𝑀𝑟𝑣 − 𝑀) √𝑈𝑟𝑣
2 + 𝑈2 − 2𝑈𝑐𝑝

2⁄   defined, in terms of extended 

uncertainty (coverage factor k=2), U, associated to M, the 

extended uncertainty Urv associated to Mrv and the uncertainty 

component, Ucp, in common to both the participant and the 

reference value provided by ENEA-INRMI. According to the 

ISO cited above, En value should be between ±1 for acceptable 

results. 

All participants performed measurements with source-

 
Fig. 2: Bottle of ENEA-MRS-2438 

prepared for ILC NORM-2021.  
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detector distances less than 5 cm, due to low activity values of 

the natural radionuclides contained in the analysed sample and 

in order to obtain enough count rate to minimize the statistical 

uncertainty. Consequently, a correction for the summation 

effect was applied both during calibration and measurement. 

Some laboratories reported radionuclides that are probably 

not present in ENEA-MRS-2438. The erroneously detected 

radionuclides were labeled as "suspicious" false positives. 

Conversely, some other laboratories did not report 

radionuclides that were certainly present in ENEA-MRS-2438, 

and these were classified as "false negatives".  

In Fig. 3 the distribution of the percentage deviation R(%) for 

each measured radionuclide is reported. 

 

 
Fig. 3. percentage deviation R(%) for each measured radionuclide. 

 

 
Fig. 4: En values of each participants for 226Ra 

 

The values of the compatibility index, En, are shown in 

Figures 4 and 5 for two radionuclides: 226Ra and 235U, 

respectively. 

From these figures, it can be observed that: 

a) the majority of the participant laboratories show an En 

value within the ±1, indicating the reliability of the RESORAD 

network for this type of measurement.; 

b) the percentage of results with an En value outside the ±1 

is greater for 226Ra than 238U, this mainly due to the artificial 

imbalance of 226Ra introduced into the ENEA-MRS-2438. 

 
 

 
Fig. 5: En values of each participants for 235U 

 

VII. CONCLUSIONS 

The Inter-Laboratory Comparison “NORM-2021” involved 

the participation of 28 laboratories from the Italian RESORAD 

network, reporting a total of 286 concentration values of 

activity, along with their associated uncertainties. The results 

show a good level of measurement accuracy.  

Moreover, the ILC provided a valuable opportunity for in-

depth discussions aimed at identifying and addressing critical 

issues observed in the measurement results. These insights were 

gained through bilateral interviews between the organizers and 

the participating laboratory, fostering a collaborative 

atmosphere that supported the continuous improvement of 

measurement practices within the network. 
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