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A B S T R A C T   

The measurement of 226Ra and the identification of 226Ra-bearing minerals are important for studying the 
behavior of radium in the environment. Various instruments for measuring 226Ra are currently used: among the 
radiometric techniques that measure in bulk (no spatialization), there are gamma spectrometers and alpha 
spectrometers. Other instruments such as SEM-EDS can map the chemical elements thus providing information 
on the distribution of 226Ra, but are limited for ultra-trace analyses on natural geomaterials. Finally, autoradi
ography techniques can locate radioactivity, but are limited to the identification of the contribution of 226Ra 
when the 238U series is complete. 

This study focuses on spectroscopic autoradiography, a method for measuring both the energy of the alpha 
particle emissions and their positions on the autoradiograph. A gas detector based on a parallel ionization 
multiplier technology was used for this purpose. Alpha particle energy is dependent on the emitting radionu
clides. In order to track the 226Ra, the energy spectrum of the 238U series was studied with modeling software. It 
appears possible to apply a thresholding on the energy spectrum to discriminate the 226Ra from the first alpha 
emitters of the 238U decay chain (i.e. 238U, 234U and 230Th, all below 5 MeV). 

The developed method was applied to a U-mill tailing sample prepared as a thin section. The sample was 
heterogeneous in terms of radioactivity and was not at secular equilibrium with 238U, as expected. The 226Ra was 
identified and localized, and different regions of interest were also analyzed with SEM-EDS elements cartog
raphy. This revealed 226Ra-rich barite (BaSO₄) phases measured at 3 ppmRa on average and containing no ura
nium; and uranium in siderite (FeCO3), showing a strong 226Ra deficit compared with secular equilibrium. 

Spectroscopic autoradiography opens up possibilities for the analysis of heterogeneous geological samples 
containing natural alpha emitters such as 238U and 226Ra: the 226Ra can be localized and quantified at ultra-trace 
content, and the method developed can also identify newly (young) uranium phases by measuring 238U/226Ra 
activity disequilibrium.   

1. Introduction 

226Ra is the fourth alpha emitter of the 238U decay chain. With a half- 
life of T1/2 = 1600 years, 226Ra is naturally present in soils at an average 
concentration of 32 Bq/kg, i.e. about 1 ppt (UNSCEAR, 2010). It is one of 
the main NORMs (Naturally Occurring Radioactive Material) encoun
tered in the environment but can also be encountered and released by 
various extraction industries (oil, shale gas, coal, phosphate and 

uranium mines) (INTERNATIONAL ATOMIC ENERGY AGENCY, 2010) 
(INTERNATIONAL ATOMIC ENERGY AGENCY, 2004) (World Health 
Organization, 1993) (Ahmad et al., 2021) (Jirásek et al., 2020) (Baetslé, 
1991) (Ballini et al., 2020) (Chautard et al., 2020). 226Ra is also known 
to be the radioactive decay father of 222Rn, a volatile naturally-occurring 
radioactive noble gas. 

The mobility of 226Ra in the environment is mainly governed by 
water/rock interactions according to different retention processes at the 
water/mineral interface (mainly sorption onto clay minerals, metal oxy- 
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hydroxides, organic matter; or co-precipitation processes in SO4- and 
CO3- bearing minerals) (INTERNATIONAL ATOMIC ENERGY AGENCY, 
2014) (Bordelet et al., 2018) (de Boissezon et al., 2020) (Leermakers 
et al., 2016) (Lestini et al., 2019) (Robin et al., 2017). The low 
elementary content of 226Ra in soils and rocks can make the analyses 
complex and thus impact the understanding of 226Ra mobility. 

Several direct or indirect chemical and nuclear techniques are 
commonly used, but all are limited either in the spatial resolution or the 
detection limit of 226Ra, and therefore do not allow a precise determi
nation of the 226Ra-bearing phases. Table S1 (supplementary) summa
rizes the detection limits, as well as the advantages and drawbacks of the 
different techniques for measuring 226Ra. 

Instruments based on elementary chemical analysis, such as the 
electron probe microanalyzer (EPMA) with X-ray analysis, scanning 
electron microscope with energy dispersive spectrometer (SEM-EDS) 
and wavelength dispersive spectrometer (WDS) (McGee and Keil, 2001), 
are also capable of mapping the chemical elements. With a high spatial 
resolution (1 μm (Cocherie et al., 1998)), their detection limit ranging 
between 100 and 1000 ppm is however not suitable for ultra-trace 
analysis such as for 226Ra (Çubukçu et al., 2008) (Angileri et al., 
2018). For higher concentrations, such as for natural uranium, chemical 
mapping is more appropriate and has the advantage of being 
non-destructive. 

Among the mass spectrometers, the SIMS (secondary-ion mass 
spectrometry) can also provide information on the radium distribution 
(Rollog et al., 2020) (Becker, 2003). The possibility of imaging the 
radium is very interesting for making the association with its miner
alogy, using complementary measurements by SEM. The detection limit 
of SIMS is about 1 ng/g, and its spatial resolution can approach 50 nm 
(Kollmer et al., 2013). The operating principle of SIMS is based on a local 
isotopic analysis, by focusing a primary-ion beam on a sample. Mass 
spectrometers and SIMS are used for both nuclear forensic and isotopic 
analysis (Song et al., 2016). The distribution of 226Ra in barite at the 200 
μm scale has been reported using the TOF-SIMS technique (Klinkenberg 
et al., 2014). The small mass-analysis geometry, the matrix effect on 
quantification, and difficult access to such apparatus can be disadvan
tages (Song et al., 2016). 

The conventional methods for a bulk measurement of radium in 
geomaterials are alpha and gamma spectrometry. 226Ra decays with 
alpha emissions at 4.784 MeV and to a lower intensity (3.6 %) with 
gamma emissions at 186.2 keV. 

Alpha spectrometry offers good efficiency and a high signal-to-noise 
ratio, for example a detection limit of 0.6-0.1 mBq/g measured in sed
iments ((Tinker et al., 1995) (Hou and Roos, 2008)), which allows very 
low elementary concentrations down to the ppq to be detected. How
ever, this technique often requires a rather elaborate preparation of the 
sample: in order to be able to interpret the alpha spectra, it is preferable 
to chemically separate the Ra by carrying out an active deposition in the 

form of a thin layer by electrodeposition on a metal disc (Mvondo et al., 
2017) (Thakur et al., 2021). Gamma spectrometry has the advantage of 
being non-destructive, with minimal sample preparation. However, the 
standards must be in the same configuration and density as the samples. 
The detection efficiency is lower than that for alpha spectrometers 
(Tinker et al., 1995), which can lead to longer counting times. The same 
applies to the detection limit, which is a few orders of magnitude higher 
than that for alpha spectrometers (>50 mBq) (Hou and Roos, 2008). The 
superposition of the 235U peak at 185.7 keV with the 226Ra peak causes 
complications commonly encountered in the analysis of uranium rich 
samples (Thakur et al., 2021) (Déjeant et al., 2014). 

Alpha-digital autoradiography has been investigated for the map
ping and quantification of global alpha emissions in rocks using a par
allel ionization multiplier (PIM) detector (Angileri et al., 2018) (Sardini 
et al., 2016) (Angileri et al., 2020), with measurements of ultra-trace 
concentrations (ppb) of radium in 226Ra-doped celestine samples 
(Billon et al., 2020), and in more complex mixtures (Billon et al., 2024; 
Besançon et al., 2022). However, the samples in these two studies con
tained only 226Ra and its radioactive daughters, which were partially in 
secular equilibrium with it. In this case, the radium mapping was 
directly and merely proportional to the local alpha count (in each pixel). 

A more recent study on PIM detectors led to the development of a 
method called spectroscopic autoradiography (SA) (Lefeuvre et al., 
2022). This work demonstrates the possibility of spatializing the alpha 
energy with a PIM detector during an alpha autoradiography measure
ment. The alpha energy is dependent on the emitting radionuclides. 

The objective of this contribution is therefore to determine whether 
SA measurement with a PIM detector can be used to discriminate 226Ra, 
in the form of quantitative mapping of low 226Ra content in geo- 
materials, and potentially containing all or part of the 238U and 235U 
series radioisotopes. To do this, the daughters of 226Ra that are in 
equilibrium are used, as they can be more easily discriminated by their 
high specific initial emission energies. The method associated with this 
selection is developed in the following section. 

2. 226Ra discrimination using Spectroscopic Autoradiography 

2.1. Spectroscopic autoradiography using a PIM detector 

The methodology developed herein is based on the real-time auto
radiography of alpha and beta particles using the BeaQuant gas detector 
(Donnard et al., 2009a) (Donnard et al., 2009b) (Donnard et al., 2009c). 
Samples to be analyzed are prepared in the form of geological thin 
sections (a 30 μm thin section of geomaterial attached to a glass slide, 
with dimensions of 45 mm × 30 mm), preferably carbon-coated. The 
procedure is as follows. A sample is placed in a dedicated sample holder. 
The alpha particle count begins with the interaction of the alpha parti
cles (emitting from the sample surface) with the gas: the gas atoms are 
ionized, creating primary electron/ion pairs along the path of the par
ticles. The PIM structure of the detector, including parallel 
micro-meshes and a pixelated anode, allows the acceleration of the 
primary electrons with enough energy to ionize more atoms (here called 
the avalanche). Then, electrons drift to the pixelated anode and create a 
signal that enables the radioisotopes emitting the radioactivity from the 
thin-section surface to be localized. This gas-detector technology is ad
vantageous for analysing large areas (up to 20 × 20 cm2) with a good 
sensitivity (the background level count is 6.3 × 10− 4 cps/mm2 for alpha 
(Lefeuvre et al., 2022)). 

The interactions of the alpha particles in the gas enable various 
measurements to be made, such as the energy deposited in the detector, 
and the length of the tracks. This allows the measurement of both the 
emission energy of the alpha particles and their position of emission 
(this duality of measurement is the SA). Not all events recorded by the 
machine are relevant for energy measurement, with only a small pro
portion (efficiency close to 4.4 %) of events being selected for recon
structing an energy spectrum (Lefeuvre et al., 2022). Some 
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EDS energy dispersive spectrometer 
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characteristics of the SA were indeed measured such as the energy res
olution of 7.3 % (~800 keV FWHM) for energies measured between 3 
MeV and 9 MeV. However recent developments have improved the ef
ficiency (Lefeuvre et al., 2022), which in the present paper is near 14.8 
%. This improvement has been made possible thanks to the use of a 
supplementary assumption in the algorithm which sorts the particles 
(see supplementary S2). This change does not affect the measured en
ergy spectrum. Note that the higher the efficiency, shorter the acquisi
tion time will be, since counting uncertainties are linked to the square 
root of counts. A model (not described here) estimates that 2000 counts 
in the energy spectrum are sufficient to limit uncertainties due to the 
statistical effect, under optimal conditions. 

However a new method is needed, to be able to select only the 226Ra 
among the other emitters contributing to the energy spectrum of the 
alpha particles. Knowing that the source is relatively thick (30 μm of 
geomaterial) and that the energy resolution of the SA is poor (~800 keV 
FWHM at 4.6 MeV) compared to the resolution of silicon alpha spec
trometers (semiconductor ~ 18 keV FWHM at 5.5 MeV (PIPS® Detectors 
Passivated Implanted Planar Silicon Detectors)), the conditions are not 
optimal for isolating 226Ra from the bulk (degraded) spectrum. In other 
words, the low energy resolution of the energy spectrum obtained by the 
BeaQuant smoothes the staircases observed by classical alpha spec
troscopy. The reconstruction of a source energy spectrum using simu
lation tools is needed to understand the energy signal and associate the 
alpha energy spectrum to a226Ra count. The detection limit of alpha 
autoradiography using the BeaQuant is around 2 ppm for U at secular 
equilibrium (Sardini et al., 2016), and ppb of 226Ra have already been 
measured (Billon et al., 2020). We expected to find a detection limit 
between 0.1 and 1 ppb of 226Ra using SA. 

2.2. Modeling and method development 

To study the correlation between the alpha energy spectra and their 
226Ra counts we used AASI software, a code developed for simulating 
energy spectra in alpha spectrometry, based on the Monte-Carlo method 
(Siiskonen and Pöllänen, 2005). This software allows to specify different 
properties for the source and for the detector. The characteristics of the 
alpha detector (Canberra PIPS A450) were the following: silicon semi
conductor, modelling diameter = 24 mm, energy resolution = 18 keV 
FWHM, thickness of the active volume = 200 μm, dead layer thickness 
= 0.05 μm. The source was positioned 12 mm from the detector. 

2.2.1. Source model 
The simulated source contained the 238U series having the eight 

alpha emitters {238U, 234U, 230Th, 226Ra, 222Rn, 218Po, 214Po, 210Po} in 
secular equilibrium. Their initial emission energies ranged from 4198 
keV to 7687 keV (Fig. 1). The source material was uraninite (UO2) with a 
density of 10 g/cm3. The geometry of the source was 30 μm thick, 32 mm 
in diameter. 

The energy resolution of the simulated detector is configurable, and 
we used 18 keV FWHM (optimal resolution) and 800 keV FWHM 
(degraded resolution). The simulated spectra of the source are shown on 
Fig. 2 (E0 is the emission energy of an alpha particle when leaving the 
source). Each spectrum of the different elements of the 238U series is 
plotted separately, together with the measured sum. In the case of 
optimal energy resolution (Fig. 2A) the impulse response for one 
radionuclide is a staircase shape “falling” at the radionuclide’s initial 
emission energy value. If the resolution is degraded (Fig. 2B), the im
pulse overflows beyond the initial emission energy value. Another 
aspect of the source is the proportion of alpha leaving the source-sample 
relative to alpha reaching the detector, which is influenced by the 
thickness of the source. This loss of efficiency is quantified by the FE 

Fig. 1. 238U series with corresponding alpha initial emission energies (in red). The 226Ra daughters selected in the rectangle have the highest alpha emission energies 
(above 4784 keV, which is the emission energy of 226Ra), reaching 6002 keV for 218Po and 7687 keV for 214Po. 
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emission fraction (described in greater detail in (Billon et al., 2019)) 
estimated by sample simulation. 

2.2.2. Energy thresholds and associated assumptions 
The objective is to select the 226Ra contribution (or proportion) from 

the alpha energy spectra of a thick source obtained with a degraded 
resolution (see Fig. 2 B). It is not possible to locate accurately the 226Ra 
contribution in this degraded spectrum, because the peaks are not 
differentiable, in contrast to alpha spectroscopy of thin sources. Several 
assumptions and dedicated developments were therefore developed and 
are summarized in this section. 

To locate 226Ra, the assumption is made that 226Ra is in secular 
equilibrium with its daughters, i.e. if Ax is the activity of radioelement x, 
then {A226Ra = A222Rn = A218Po = A214Po = A210Po}. This assumption is 
valid at least for the first four radionuclides, because in this part of the 
decay chain, these radioisotopes each have a short half-life (Fig. 1). The 
case of 210Po will be detailed separately (see section 2.3.2). Moreover, 
radon is a gaseous element and could well escape from the rock matrices. 
The radon loss must be prevented to reach radioactive equilibrium with 
226Ra. The problematic of 222Rn will be emphasized in section 4.3. The 
daughter elements of 226Ra selected in the rectangle on Fig. 1 corre
spond to the portion of the optimal energy spectrum above the value of 
4784 keV (Fig. 2 A). Under these conditions, the counting rate of alpha 
particles having an emission energy higher than this value is propor
tional to the 226Ra activity (in 4π sr). Considering the degraded energy 
resolution (Fig. 2 B), proportionality is not preserved with this energy 
threshold. The present study proposes to define in every spectrum 
(optimal or degraded) a proportionality (or conversion) factor k8 be
tween the net alpha count rate N8α(E0 > ET) (count/s) for particles 
having an emission energy E0 above a certain energy threshold ET, and 
the total (in 4π sr) 226Ra activity ARa (Bq) according to: 

k8(ET) =
ARa

N8α(E0 > ET)
(1) 

It should be emphasized that N8α represents a surface counting rate 
measured by SA in a given region of interest (ROI), whereas ARa is an 
activity (in 4π sr) related to the same ROI. A second k5(ET) factor can be 
defined, where only the five radionuclides of radium and its daughters 
are considered for the calculation of N5α (still with the same spectrum 
used to calculate k8 and N8α): 

k5(ET) =
ARa

N5α(E0 > ET)
(2) 

The k factor has been defined previously in a very general case. In the 
remainder of this section, the more specific case of secular equilibrium 
will be considered. In the case of the degraded spectrum, these k factors 
are renamed k8d and k5d. For different energy thresholds ET, k8d and k5d 

vary not only in absolute value (Fig. 3 A), but also their associated error. 
Indeed, in the case of k8d, the three 226Ra parent elements {238U, 234U, 
230Th} can have reconstructed energies that exceed the threshold and 
therefore will be counted as contributing to 226Ra alpha events (Fig. 2 B, 
degraded spectrum). The error associated with k8d can be determined 
according to the threshold ET thanks to an error ξ_k8d(ET) = (|k5d-k8d|/ 
k5d) × 100, where k5d is taken as a reference value, because it does not 
take into account the pollution from the 226Ra father elements. 

The k8d factor error as a function of the energy threshold ET is plotted 
in Fig. 3 (B) for the case of a source where the whole 238U series is at 
secular equilibrium. This error can be interpreted as the effect of a 
"pollution" of the 226Ra fathers related to the energy resolution. With a 
threshold at 5200 keV the ξ_k8d = 1 %, however with a threshold at 6 
MeV, it becomes negligible (ξ_k8d = 0.01 %). 

The error introduced by the "pollution" of the 226Ra fathers is not the 
only criterion for the choice of threshold. One must also be interested in 
the efficiency of the event selected by this threshold. In order to have a 
criterion on this proportion that does not depend on the instrument (but 
only on the spectrum) an efficiency ε2 was defined (equation (3)): this 
corresponds to the number of alphas selected above the threshold ET 
(integral of the spectrum above ET), referred to as N′5α (E0>ET) (i.e. only 
for Ra and daughter counts) with respect to all the alpha included in the 
measured energy spectrum N’α (integral of the spectrum). The total 
energy spectrum count N’α is limited between 3 MeV and 9 MeV ac
cording to the SA characteristic. Then we write: 

ε2 (ET) =
N′

5α(E0 > ET)

N′
α

x100 (3) 

This efficiency is calculated according to the threshold (ET), always 
assuming that a degraded spectrum of a sample be at secular equilibrium 
(Fig. 4). The efficiency obviously decreases as the threshold increases. 
With a threshold fixed at 5500 keV the efficiency is 20 %, and the ξ_k8d 
= 0.3 % (and k8d(5500 keV) = 21.2 ± 0.06). 

Another parameter that influences the general k8 factor is the energy 
resolution of the detector. In the present paper, this resolution could 
change depending on the geometry of the detector or its internal tech
nologies. For ET = 5500 keV, the ξ_k8 was plotted as a function of the 
energy resolution (see supplementary S3). 

2.3. Impact of 238U series disequilibrium on the measurement of radium 

The simulations presented just above allowed a suitable energy 
threshold to be found for converting a surface counting rate to a 226Ra 
activity (in 4π sr) in the sample, in the case of secular equilibrium. 
However, different radioactive disequilibria can be encountered in 
natural or anthropized samples, and are difficult to predict, requiring 
that the conversion factor be validated for different disequilibrium 

Fig. 2. Alpha energy spectrum of 238U series; left (A) is the optimal energy resolution spectrum (18 keV FWHM) obtained by AASI simulations. Right (B) is the 
degraded energy resolution spectrum (800 keV FWHM) obtained from (A). The black distribution is the sum of the contributions of the eight radioelements. A 
threshold (ET) is placed at 4784 keV on the energy spectra. 
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states. It is therefore necessary to determine to what extent this 
disequilibrium can influence the measurement of radium with the 
method developed in the previous section. A disequilibrium corre
sponding to an excess of 226Ra is referred to as U/Ra <1 and a 
disequilibrium with a shortage of 226Ra is referred to as U/Ra >1. 

2.3.1. Cases of shortage (U/Ra >1) and excess (U/Ra <1) of 226Ra 
Such disequilibria are associated with the following U and Ra alpha 

emitter groups: U group = {238U, 234U} and Ra group = {230Th, 226Ra, 
222Rn, 214Po, 218Po, 210Po}. 

A disequilibrium U/Ra = 0.1 was simulated using AASI (depletion in 
U). Using an energy threshold of 5500 keV, a k8d_URa0.1 of 21.22 was 
calculated (equation (1)). The relative difference (deviation) between 
k8d_URa0.1 and k8d at equilibrium (21.2) is very low (0.11 %). In the case 
of a ratio U/Ra <1 the contribution of the U group in the calculation of 
k8 is less than for an equilibrium state (U/Ra = 1). As there is less 
pollution, the deviation is necessarily small. The relative error on 
k8d_URa0.1 compared to a reference “k5d_ URa0.1” is 0.033 %. 

Furthermore, for an excess of uranium (U/Ra >1), the contribution 
of the U group to an alpha count having an emission energy higher than 
ET increases with the U/Ra ratio. The deviation of k8d defined as Dk_8d =

100 x (|k8d_URa>1 – k8d|)/k8d was determined for varying U/Ra ratios and 
for two ET values (5500 keV and 6000 keV). As a reminder, k8d is the 
value for secular equilibrium (when U/Ra = 1) and Dk_8d is plotted in 
(Fig. 5) for different U/Ra >1 values. When ET = 5500 keV, Dk_8d varies 

linearly with the disequilibrium state, and non-negligible values are 
expected. Dk_8d stays below 2 % for U/Ra <10. It is still possible to 
decrease this deviation by being more restrictive on the threshold, using 
for instance ET = 6 MeV (see red circles in Fig. 5). Under these condi
tions, Dk_8d is lower than 1.6 % for U/Ra <100. However, it is important 
to bear in mind that the efficiency ε2 decreases when employing a higher 
threshold. At a threshold of 5.5 MeV, a large excess of uranium can 
generate a large deviation in k8 (and thus on the quantification of the 
226Ra count), because the contribution of the U group to the emission 
energies higher than ET becomes not negligible, and also because the 
radium content is small. 

2.3.2. Case of 210Po 
Another disequilibrium to be studied is within the Ra group, between 

226Ra and 210Po (which is at the end of the decay chain). This disequi
librium is generally observed for instance when 226Ra is remobilized or 
when 222Rn degasses. The time needed to find a stable activity (equi
librium) is about 200 years (~10 times the half-life of 210Pb). 

In the extreme case of total absence of 210Po, the k8d_Po (ET = 5500 
keV) = 21.74 (using equation (1)for a degraded spectrum, where the 
contribution of 210Po was set to zero). The deviation relative to equi
librium Dk_8d_Po = (k8d_Po - k8d)/k8d) is 2.5 %. After 22 years of closed 
system, half of the 210Po radioactivity expected at secular equilibrium 
will be present, decreasing this deviation to 1.3 %. Finally, the impact of 
210Po equilibrium is also considered as negligible for quantifying the 
radium, because when counting alpha having emission energy higher 

Fig. 3. For the degraded energy spectrum (source at secular equilibrium), k factors vs energy threshold (A) and ξ_k8d vs energy threshold (B) calculated from the 
spectrum Fig. 2B. 

Fig. 4. Efficiency ε2 of 226Ra signal with respect to spectral signal vs threshold 
on energy spectrum (case of secular equilibrium and degraded spectrum). 

Fig. 5. Deviation of k8d: Dk_8d = (k8d_URa>1 – k8d)/k8d vs U/Ra ratio (disequi
librium) at two different energy thresholds ET. 

H. Lefeuvre et al.                                                                                                                                                                                                                                



Journal of Environmental Radioactivity 273 (2024) 107392

6

than 5500 keV, the area corresponding to the 210Po alpha count alone is 
small compared to the sum of the other four alpha emitters of the Ra 
group. Indeed, the energy emission of 210Po (5304 keV) is slightly lower 
than the chosen energy threshold of 5500 keV. 

2.4. Samples 

The first studied sample is a U ore sample in the form of a thin section 
(thickness 30 μm), which comes from the Cigar Lake mine site (Canada). 
The ore deposit is part of the Athabasca Basin and is located approxi
mately 430 m below the surface. It was formed by three stages of U 
mineralization (from the three major fluid events), and the youngest 
event is estimated to be at least 19 Ma ago by U–Pb chemical dating 
(Fayek et al., 1997). The U mineralization consists mainly of uraninite, 
with accompanying coffinite, in a clay-rich matrix dominated by illite 
and chlorite. The average uranium content of the samples is high 
(around 15.9 %) and can reach up to 30 %. Considering the age of the 
deposit, the elements of the 228U series are at secular equilibrium. 

The second sample is made of 226Ra-doped celestine (SrSO4). It was 
obtained by crushing a natural centimetric-size celestine monocrystal, 
resulting in grain sizes ranging from 200 μm to 1 mm (described as 
“sample S3” in (Billon et al., 2020)). These fragments of celestine, 
initially not radioactive, were immerged in a 226Ra spiked solution for 
25 weeks. Dissolution/recrystallization processes took place on the 
grain surfaces, allowing the incorporation of 226Ra in the celestine 
crystal lattice ([Ra–Sr]SO4 solid solution). The crystal fragments were 
then embedded into epoxy resin. Gamma spectrometry was performed 
to measure 226Ra mass activity (or specific activity) AmRa = 6410 Bq/g 
(256.4 Bq for 0.04 g). Using alpha spectroscopy, 226Ra was found to be at 
secular equilibrium with 222Rn, 218Po, and 214Po, but the 210Po was not 
at secular equilibrium with 226Ra and its daughters. The proportion of 
210Po was measured at 35 % of the equilibrium state (Billon et al., 2020). 
This sample was used by (Billon et al., 2020) to map and quantify 226Ra 
by alpha autoradiography; for this material, alpha mapping was simply 
proportional to 226Ra content, as 226Ra and its progeny were the only 
alpha emitters present. 

The third studied sample, depleted in uranium, referenced 9693-3, is 
a mill tailing coming from the former uranium mines exploited by 
COMUF in Gabon (Billon et al., 2024). Previous mineralogical analysis 
described a composition mainly of quartz, feldspars, mica/illite, chlorite 
and kaolinite and many accessory minerals like siderite, Fe and Ti ox
ides, and sulfate- or sulfide-bearing minerals. The site is now remediated 
and is under radiological and environmental monitoring. Concentration 
activities of 55.5 Bq/g for 226Ra and 103 Bq/g for 230Th have been 
measured by gamma spectroscopy bulk measurement. 238U have been 
measured at 336 ppm by bulk analysis (~4 Bq/g). This sample is more 
complex than the other two, because it is neither in secular equilibrium 
238U, nor supposed to contain only 226Ra and daughters. Moreover, it is 
mineralogically heterogeneous. It is therefore studied more carefully by 
microscopy to try to determine the 226Ra content of the mineral phases 
of interest. The studied carbon-coated thin section 9693-3 was observed 
using a scanning electron microscope (SEM) (JEOL type JSM-IT500, 
IC2MP at Poitiers University). The observations were performed in the 
back-scattered electrons (BSE) imaging mode using the following con
ditions: acceleration voltage 15 kV, probe current 1 nA, working dis
tance 11 mm. The SEM was coupled with a Bruker QUANTAX energy 
dispersive spectroscopy (EDS) X-ray analyzer (resolution <125 eV for 
X-Rays) allowing chemical analyses with a counting time of 40 s. 

3. Calibration and samples analysis 

3.1. Calibration of k8 factor with the U ore sample 

The thin slide was positioned in a custom-made sample-holder, then 
placed inside the detector chamber. The acquisition time was 37074 s 
(~10 h). A counting rate of N = 190.0 cps was measured on the bulk 

autoradiography image. The measured counting rate corresponding to 
the contribution of the eight alpha emitters of the 238U series. It was 
possible to calculate the Ra activity (ARa), because at secular equilibrium 
the proportion of alpha particle emissions is the same for each of the 
eight emitters. Therefore, the counting rate of 226Ra alone is NRa = 23.75 
cps (1/8 of N). The alpha particles coming from the source surface were 
detected with a detection internal efficiency ε = 80 % (Sardini et al., 
2016). The activity in 4π sr which takes into consideration the space 
volume of detection (2π sr) and the alpha particles stopped inside the 
sample itself (estimated by simulation), lead to an emission fraction FE 
= 25 % (Billon et al., 2019) if the thickness of the source is considered as 
higher than the range of alpha particles in the source. The relationship 
between the 226Ra activity in the source and the 226Ra counting rate of 
the autoradiography is NRa = ARa × ε × FE; the value of 226Ra activity 
was found to be ARa = 118.75 Bq for the ore sample. 

The alpha energy spectrum was measured using the SA method, and 
plotted in red on Figure S4 (A). It is compared with the alpha spectrum of 
the ore sample at secular equilibrium (in blue) acquired at the higher 
detector resolution, however for comparative purposes the resolution of 
the blue spectrum has been degraded histogram. By counting all the 
events after the energy threshold (ET = 5500 keV) on the red spectrum, 
the total bulk count N8α = 6.13 cps. Finally, the k-factor can be calcu
lated according to equation (1), leading to k8(5500 keV) = 19.4. 

3.2. Determination of the k8 factor with the celestine-Ra sample 

Another possibility for calculating the k8 factor of the PIM detector is 
to use a sample with a known 226Ra content, such as 226Ra-doped cel
estine. The activity (Bq, in 4π sr) for alpha of the 226Ra-doped celestine 
sample ARa can be deduced from its mass activity AmRa measured by 
gamma spectrometry (see section 2.4). The alpha particles are emitted in 
an effective grain volume VeG = 2.20 × 10− 4 cm3 (Billon et al., 2020). 
Given a density of ρ = 3.95 g/cm3, the corresponding mass is m = 8.69 
× 10− 4 g, and the corresponding alpha particle activity for 226Ra in this 
volume is ARa = 5.57 Bq in the whole section (with ARa = AmRa. m). 

The energy spectrum of the celestine sample measured with SA after 
an acquisition time of 432377 s (~5 d) is plotted in red on Figure S3 (B). 
By applying the energy threshold at ET = 5500 keV, the 226Ra counting 
flux of N8α = 0.285 cps is measured with the SA. This gives a k-factor for 
radium quantification k8(5500 keV) = 19.5 with the celestine-Ra 
sample. 

Another method to obtain the ARa activity value is the same as the 
one used for the ore sample (see section 3.1): using the autoradiography 
bulk counting rate and the knowledge of radionuclide activity effi
ciency. A counting rate of N = 6.7 cps was measured on the bulk auto
radiography image. For the 226Ra-doped celestine, the contribution of 
226Ra is not 1/8 (as for the ore sample) but is 1/4.35 according to the 
alpha spectroscopic measurement (section 2.4). The radium counting 
rate is therefore NRa = 1.54 cps (1/4.35 of N). Then, by applying the 
efficiency ε and the emission fraction FE, the 226Ra activity is ARa = 7.7 
Bq. This second method leads to a calculation of k8(5500 keV) = 26.6 
(according to equation (1)). 

The calculation of k8 is preferred according to the first method 
applied on the celestine sample, as there are fewer intermediary effi
ciency factors and therefore fewer potential sources of errors. The 226Ra 
doped celestine can be used as a standard for the measurement and for 
the quantification of 226Ra activity, with k8 = 19.5 for the PIM detector 
and by using an energy threshold ET = 5500 keV. 

3.3. Quantitative mapping of 226Ra for the U-mill tailing sample 

3.3.1. Quantitative mapping of 226Ra 
Alpha autoradiography of the 9693-3 sample was performed with the 

BeaQuant system (PIM detector) under the same conditions as for the 
ore and the 226Ra-doped celestine sample (same sample-holder, same 
sample position). The thin section (30 μm thick, 45 × 30 mm2) was 
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carbon coated to make it conductive, in order to act as a cathode inside 
the detector. The result of the autoradiography is shown in Fig. 6 (A), in 
the form of a radioactivity count at the surface. The acquisition time to 
obtain the image was 612007 s (about 7 days), and the surface counting 
rate of alphas was N = 3.44 cps. The alpha energy spectrum corre
sponding to the radioactivity was also measured with the PIM detector 
by applying the SA method (Lefeuvre et al., 2022). This energy spectrum 
is displayed in red on Fig. 6 (B) and corresponds to the bulk spectrum. It 
is compared to a spectrum from an alpha chamber (in blue on Fig. 6 (B)) 
measured with a Canberra semiconductor whose energy resolution has 
been post-treated by convolution using a Gaussian filter. This compar
ison also allows the energy measurement of the PIM detector to be 
calibrated (see (Lefeuvre et al., 2022)). The red spectrum shows over
counting at an energy below 3800 keV, due to the reconstruction 
method. 

For the first step, the developed method was directly applied to 
measure the bulk 226Ra activity (ARa) with the PIM detector. It was 
determined by the total count rate after the energy threshold (5.5 MeV) 
in the red spectrum, multiplied by the k8 conversion factor (19.5) 
calculated with the 226Ra-celestine sample (described in paragraph 3.2). 
A bulk 226Ra activity of 2.40 Bq was determined for the whole sample. 

Next, the combination of the spectral measurement modality and the 
autoradiography from the PIM detector was employed to map the spatial 
distribution of 226Ra. Firstly, this spatialization was performed by 
selecting only those autoradiography events (or alpha counts) that were 
above the energy threshold of 5500 keV (226Ra and descendants), 
creating a radium map. Secondly, by means of a calibration measure
ment, this radium map of surface counts was converted point-by-point 
into a real 226Ra activity map in Bq of each pixel of the section, by 
dividing the counts by the acquisition time and multiplying by the k8 
factor. The result of the 226Ra mapping is shown on Fig. 7 using a 50 μm 
pixel size. 

The characterization of the distribution of 226Ra with respect to fa
ther elements such as uranium was investigated in section 3.3.2. For 
that, the total count selected in the whole range of the alpha energy 
spectrum was utilised (i.e. not only the count after the energy 
threshold). 

3.3.2. Proportion of 226Ra to other alpha emitters 
A map comparing the proportions of the activities of all the alpha 

emitters on the one hand and 226Ra on the other hand, is proposed by 

combining two maps.  

- Map 1 The 226Ra map called “Ra”, obtained by a threshold at 5.5 MeV 
on the energy spectrum, i.e. following the method previously 
described (Fig. 7).  

- Map 2 The map of all alphas found in the energy spectrum between 3 
MeV and 9 MeV, in order to obtain a count which is the sum of 
the U and Ra groups, called “TOT” (Fig. 8). 

The point-by-point division of these two maps Ra/TOT provides in
formation on the proportion of radium activity in relation to the other 
elements (especially with U), i.e. the disequilibrium state. Before 
dividing the two maps, a convolution filter (3x3 kernel {0, 1, 0}, {1, 2, 
1}, {0, 1, 0}) was applied to each map, allowing the alpha distributions 
to be diffused in order to fill the empty pixels. This new map is called 
"Ra/TOT map". The result is plotted in Fig. 8 (A) for the 9693-3 sample. 
The count ratio measured in each image pixel (50 μm) is then of value 

Fig. 6. (A) Autoradiography of 9693-3 sample with PIM detector (open in Beamage software). The color scale (right) indicates the net count in each pixel (pixel size 
30 µm). (B) alpha energy spectrum for the same sample, with PIM detector (in red) and alpha spectroscopy chamber (in blue). The two spectra are normalized by 
their integral. The different regions of interest (ROIs) studied below are shown in (A) using rectangles. 

Fig. 7. 226Ra quantitative map for the 9693-3 sample in Becquerel scale (226Ra 
activity (4π)) and in count scale (226Ra and descendants counts are proportional 
with 226Ra) using the BeaQuant PIM detector 
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Ra/TOT <1 (with a theoretical maximum value close to Ra/TOT = 0.3: 
it may however be higher because of the poor statistic of the counting in 
some pixels of (1) and (2) map). Theoretical values of Ra/TOT can be 
predicted thanks to the modeling for the degraded spectrum and for 
different disequilibrium states: Ra/TOT = 0.24 at secular equilibrium of 
238U; Ra/TOT = 0.05 when only 238U and 234U are present; Ra/TOT =
0.30 when only 226Ra and 4 daughters are present; Ra/TOT = 0.27 in the 
case of an equilibrium from 230Th to 210Po. 

The Ra/TOT map enhances some contrasts between Ra and other 
emitters (of the U group) in different areas that can be selected for 
supplementary analysis. To avoid the background due to a poor statis
tical count and to easily identify regions of interest, a limit was applied 

on the TOT map to select and display only pixels above 4 counts (see 
Fig. 8 B). Pixels having a value lower than 4 counts are masked in white 
in Fig. 8 B. 

3.3.3. Determination of the Ra- and U-bearing mineral phases of the 
different ROI 

3.3.3.1. Analysis of ROI_1. The region of interest labelled ROI_1 (on 
Fig. 6 A), which defines an area of 3.2 × 2.4 mm2, was observed with the 
SEM and then compared to the alpha autoradiography to determine the 
mineral phases carrying the different radioactive signals (see Fig. 9(A) 
and (B)). 

Fig. 8. Ra/TOT map for 9693-3 sample, (A) with no restriction on counts in Ra and TOT counting; (B) by selecting only pixel with count > 4 on TOT with energy 
between [3,9] MeV. 

Fig. 9. Analysis in ROI_1: in SEM, BSE mode, some small barites (Ba) are indicated with arrows (A), by autoradiography of all alpha (B), and by Ra/TOT map (C) 
where the contrast in blue is disequilibrium U/Ra > 1 (U alone) and the signal in yellow is U/Ra < 1 (enriched in 226Ra). The Ra/TOT average of each sub-ROIs is 
calculated and given in the table. Sub ROI_1_1 corresponds to a siderite grain, while sub-ROIs 1_2, 1_3 and 1_4 correspond to small grains of barite that appear in 
white in SEM-BSE image (and showed with white arrows). 
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Four sub-ROIs of radioactivity emission referred to as 1_1, 1_2, 1_3, 
and 1_4 were identified. EDS point analyses were used to identify the 
following mineral phases: barite (BaSO4) (grain size ~ 5 μm) in 1_2 and 
1_4; slightly larger barite for 1_3 (grain size ~ 45 μm), barite in every 
case being associated with the organic matter phase (continental plants). 
The mineral in 1_1 (~300 μm) consists of siderite (FeCO3) (concretional 
shape), and a local EDS measurement performed at the edges of the 
siderite concretion showed inclusions of P (2.1 %), Pb (19.1 %), S (2.3 
%), V (11.2 %), and U (1.1 %). Note that the distributions of radioac
tivity on the autoradiography appear wider than the size of the bearing 
mineral phases observed with SEM: this is due to the lower spatial res
olution of autoradiography compared to SEM (depending mainly on the 
alpha range), and also on the fact that SEM and autoradiography do not 
probe the same sample volume. The interaction volume of SEM is below 
the μm3 scale, while alpha particles emitted from a depth of about 25 μm 
can be detected at the surface. Therefore some minerals below the 
sample surface (not observed on the SEM picture) can provide a signal 
on an autoradiography image. This is particularly true for small crystals 
such as barite (5 μm). 

Information on the proportion of 226Ra compared to the other 
emitters of the series is well illustrated in Fig. 9 (C) using the Ra/TOT 
map. There is an observed inhomogeneity between the sub-ROIs. In zone 
1_1 the ratio Ra/TOT = 0.10 appears distinctly lower than the three 
others (Ra/TOT >0.30). The 226Ra content is indicated in Table 1 (see 
below). 

3.3.3.2. Analysis of ROI_2_1. Fig. 10 highlights the SEM and autoradi
ography analysis of ROI 2_1 (this ROI is localized in Fig. 6 A). ROI_2_1 is 
another example presenting small barite grains (average size ~ 5 μm) 
near the organic phase visible on Fig. 10 (C, D). The quartz (visible on 
Fig. 10 (A, B)), being not radioactive, facilitates the localization of the 

autoradiography with SEM images. The average signal of the ratio Ra/ 
TOT = 0.30 is also comparable to 1_2, 1_3 and 1_4 ROIs (see Table 1). 

3.3.3.3. Analysis of ROI_3_1. Fig. 11 shows the analysis of ROI_3_1 (and 
this ROI is localized in Fig. 6 A). For ROI_3_1, the signal is more 
dispersed than for the previous ROIs and the activity level is lower. 
Siderite cement, highlighted by iron content on the EDS chemical map 
(yellow on Fig. 11 B), appears correlated to the autoradiography signal 
outlined in white in Fig. 11 (D). The presence of V (1.3 %), P (1.1 %) and 
S (0.6 %) inclusions is also notable, but in lower concentrations than for 
1_1 Sub-ROI. The Ra/TOT measurement on Fig. 11 (C) for this siderite- 
bounded contribution outlined in black is 0.12. The U content is 
measured at 2.2 wt % locally. 

3.3.3.4. Analysis of ROI_4. The results of the following ROI_4 analysis 
are shown in Fig. 12. The ROI_4 zone is interesting because it combines 
the two possibilities seen before of superimposing the barite and siderite 
visible on the SEM image in Fig. 12 (A, C) on the same spot. The smaller 
barite emits a "strong" autoradiography signal around the larger siderite 
(Fig. 12 (B)). The interpretation of the autoradiography signal is more 
difficult in this case, and Ra/TOT = 0.17 is measured in this spot 
((Fig. 12 (D)).). 

3.3.4. Generalized analyses in several ROIs 
The study of all the ROIs highlighted in Fig. 6 (A) was also gener

alized, i.e. 15 areas were analyzed, the results being summarized in 
Table 1. 

The estimation of the 226Ra concentration in the mineral phases 
(column 6, Table 1) of each ROI requires the identification of those 
minerals. The mass of material corresponding to barite and siderite was 
calculated from the SEM backscatter images. The atomic number Z of 

Table 1 
Analysis of radium content in the 9693-3 sample (with SA method measurement) and of uranium content in different ROIs. The uncertainty in the226Ra content 
measurement (in ppm) was calculated with statistical uncertainty (sqrt(N) on the NRa measured).  

ROIs Total alpha count (c/s) in 
Autoradiography 

Ra count with 
SA (NRa x time) 

TOT count in 
spectrum (with SA) 

Surface area 
(μm2) 
(SEM) 

226Ra content 
(ppm) 
(with SA) 

226Ra mass 
activity (Bq/g) 
(with SA) 

Mineral 
phases (EDS) 

Ra/TOT 
(SA) 

U ( %) 
(EDS) 

Bulk 3.44 75317 315781 8.9 × 108 1.42 ± 0.004 
× 10− 3 

52 ± 0.02 ρ_mean 2.35 
g/cm3 

0.24 – 

1_1 3.69 × 10− 3 37 353 62206 5.87 ± 1 ×
10− 3 

218 ± 36 Siderite 0.10 1.1 % 

1_2 8.83 × 10− 3 368 1048 1337 2.40 ± 0.1 89026 
±4641 

Barite 0.35 – 

1_3 1.14 × 10− 2 413 1271 1531 2.35 ± 0.1 87252 
±4293 

Barite 0.32 – 

1_4 2.42 × 10− 3 71 234 132 4.69 ± 0.6 173974 
±20647 

Barite 0.30 – 

2_1 6.31 × 10− 3 202 677 402 4.38 ± 0.3 162527 
±11435 

Barite 0.30 – 

2_2 1.73 × 10− 3 73 244 98 6.50 ± 0.8 240933 
±28199 

Barite 0.30 – 

3_1 1.23 × 10− 2 104 820 120259 7.55 
±0.8 × 10− 3 

280 ± 27 Siderite 0.13 2.2 % 

3_2 2.33 × 10− 3 67 245 283 2.06 ± 0.3 76575 
±9355 

Barite 0.27 – 

3_3 2.10 × 10− 3 57 204 304 1.63 ± 0.2 60646 
±8033 

Barite 0.28 – 

4 8.32 × 10− 3 124 705 – – – Siderite +
Barite 

0.17 0.67 % 

5 4.22 × 10− 3 46 287 70300 6.46 ± 1 ×
10− 3 

239 ± 35 Siderite 0.16 0.8 % 

6 2.39 × 10− 3 92 288 104 7.72 ± 0.8 286124 
±29831 

Barite 0.32 – 

7 1.44 × 10− 2 522 1504 3557 1.28 ± 0.06 47454 
±2077 

Barite 0.35 – 

8 1.08 × 10− 3 62 169 2043 0.266 ± 0.04 9816 
±1247 

Barite 0.37 – 

9 3.83 × 10− 3 156 583 1374 0.10 ± 0.08 36723 
±2940 

Barite 0.27 –  
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Fig. 10. Analysis of ROI_2_1 (see Figure 6) in SEM, BSE mode (A), by autoradiography of all alpha (B), in SEM, BSE magnified for observing small barite grains (C), 
zoom on barites (Ba) identified in white contrast on SEM image (D). (C) is a magnification of the yellow rectangle area presented in (A), and (D) is a magnification of 
the green rectangle area presented in (C). 

Fig. 11. Analysis of ROI_3_1 showing siderite as alpha emitter: SEM image in BSE mode (A), SEM-EDS chemical map (B), Ra/TOT map (C), Autoradiography of all 
alpha (D). The siderite is not easily identified in BSE mode because it occurs as cement between the grains, but siderite is highlighted in EDS map by the presence of 
Fe, displayed in yellow colour. 
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the elements is proportional to the grayscale level of the SEM image, 
allowing a threshold to be set and the mineral of interest to be isolated. 
Then the surface area of the mineral was calculated using ImageJ 
(ImageJ) software (see supplementary S5 for an example). The thickness 
of the effective active volume was fixed at 22 μm which corresponds to 
the average ranges of the alpha particles detected for the 226Ra mea
surement; and the mass of material is the calculated volume multiplied 
by the density of the phases. The average 226Ra content in barite-ROIs is 
3.1 ppm, and the average 226Ra content in siderite is 6.6 ppb. The 238U 
concentration (column 10, Table 1) was measured with the EDS probe of 
the SEM. 

For the measurement of bulk 226Ra, a concentration of 1.42 ppb of 
the whole section of the sample 9693-3 was found. This value is the bulk 
226Ra activity (2.40 Bq, see section 3.3.1) divided by the mass (m) of the 
sample (and then converted into ppb). The mass of the sample was 
estimated based on an average calculation of the density ρ_mean = 2.35 
g/cm3 and the porosity from the SEM measurements (see supplementary 
S6). The volume of the sample was estimated for an effective thickness of 
22 μm and the porosity was subtracted from the volume. This gave mass 
m = 46.0 mg, and mass activity was calculated as 52 Bq/g. 

4. Discussion 

A previous study has highlighted the possibility of using the PIM 
detector to quantify 226Ra in celestine samples (Billon et al., 2020). The 
objective of the present study is to be able to quantify 226Ra in a section 
of geo-materials containing any type of emitter (except the 232Th series 
which is excluded for the moment). The contribution of the 235U chain is 
also excluded. Indeed, the proportion (in relative mass) of 235U/238U is 
0.72 %, and for an ore at secular equilibrium the proportion of A 
(235U)/A(238U) activities is 4.59 %. The developed method to 

discriminate 226Ra works with uncertainties mainly related to the 
number of particles counted (statistics). The activity must be sufficient 
to be able to measure a representative energy spectrum. In the selected 
ROIs the total number of counts in the energy spectrum ranges from 169 
to 1504 (see Table 1). It is therefore important to work in "relatively 
large" ROIs compared to the pixel size, with appropriate acquisition 
times to allow sufficient counts for each ROI studied. 

4.1. Homogeneous standard sample 

Since the ore sample was at secular equilibrium, it was expected that 
the relative proportions between 226Ra and the other emitters such as 
uranium would be identical at all points on the surface. The measured 
Ra/TOT map is shown in Fig. 13 (A), and the distribution of Ra/TOT 
ratios for each image pixel in Fig. 13 (B). This distribution is not totally 
gaussian and a heterogeneity in the Ra/TOT map can be observed. The 
linearity between the distribution of the Ra count versus the TOT count 
Fig. 13 (C) suggests that this heterogeneity is not due to a statistical 
effect, but rather the imperfection of the sample surface, as variations in 
its thickness induce additional charges which are measured by the de
tector (see (Lefeuvre et al., 2022) for details about the charge readout). 
Nevertheless, it is possible by distribution fitting to measure an average 
ratio of Ra/TOT = 0.22 corresponding to this sample, instead of an ex
pected value of Ra/TOT = 0.24. The same observation, and the average 
Ra/TOT measurement of 0.28 was made for the reference sample of 
226Ra-doped celestine (see Supplementary S7) instead of an expected 
value of Ra/TOT = 0.30. 

4.2. Analysis of U-mill tailing sample from bulk to mineral heterogeneities 

The bulk 226Ra activity (2.40 Bq) measurement on the thin section of 

Fig. 12. Analysis in ROI_4: SEM, BSE mode (A), autoradiography of all alpha, barite (Ba) is associated with a strong alpha radioactivity signal, while siderite (Sid) 
indicates a weak signal (B), SEM image zoom on the spot with siderite (Sid) and barite (Ba) included into the siderite (C), Ra/TOT map; the contrast between siderite 
(Sid) and barite (Ba) is visible despite superimposing them on the same spot (D). 
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the 9693-3 sample with SA gives a mass activity of 52 Bq/g (i.e. 1.42 ×
10− 3 ppm), which is consistent with a bulk measurement by gamma 
spectrometry giving 55.2 Bq/g. The mapping of 226Ra and more 
particularly the Ra/TOT map for the 9693-3 sample show localized 
heterogeneities of the radium distribution with respect to the 238U 
series. 

In Table 1, the 226Ra contents are measured in mineral phases with 
sufficient gross alpha activity (barite and siderite). Thanks to the 
thresholding on the alpha energy spectrum measured in the ROIs, it has 
been clearly shown that the 226Ra content differs greatly between the 
two phases, which are in a totally different radioactive equilibrium state. 
Using SA, the measurement of 226Ra thanks to its daughter isotopes is 
consistent with a trapping of 226Ra on barite. The measurements on 
siderite suggest the quasi-absence of 226Ra in this iron carbonate, thus, 
the alpha activity principally comes from the uranium recently absorbed 
in these secondary phases. For barite, the error on the 226Ra content is 

low as the U/Ra ratios are also low. Conversely, for siderite, the relative 
error on the 226Ra content is certainly higher because the U/Ra ratios are 
high. Nevertheless, these results, when analyzed in the light of the well- 
known retention properties of carbonate- and sulfate-bearing minerals 
towards U and Ra respectively ((Ithurbide et al., 2010), (Jones et al., 
2011), (Lestini et al., 2019), (Billon et al., 2024), and references 
therein), are consistent with a significant 226Ra deficit in siderite with 
respect to barite. 

As the 9693-3 sample is depleted in U after its chemical extraction in 
the mill, heterogeneities between 226Ra and its alpha-decay fathers {U, 
Th} are to be expected. This is the case for example in ROI_1 where the 
heterogeneity between 1_1 and 1_2 (Fig. 9 (C)) is clearly visible in terms 
of the Ra/TOT ratio. As the two are spatially very close (only 830 μm 
apart), they can be compared because they undergo the same signal 
variations on the traces of the alpha particles. The distribution of the Ra/ 
TOT ratio values for the 15 sub-ROIs analyzed on the 9693-3 sample is 

Fig. 13. Ra/TOT map for uranium ore sample (50 µm pixel size) (A), and 1D distribution of Ra/TOT pixels value of the map A (B), distribution of Ra count versus 
TOT count (for a larger pixel size of 800 µm) (C). 

Fig. 14. Ra/TOT ratios in 9693-3 selected ROIs in blue, compared with U ore (secular equilibrium) Ra/TOT bulk ratio in red and the 226Ra-doped celestine (excess of 
226Ra) in green. 

H. Lefeuvre et al.                                                                                                                                                                                                                                



Journal of Environmental Radioactivity 273 (2024) 107392

13

plotted in Fig. 14 and compared with the values of the two reference 
sources (U ore and 226Ra-doped celestine). 

Four Ra/TOT values are below the ratio corresponding to secular 
equilibrium (line shown in red on Fig. 14): they correspond to ROIs with 
siderite and low 226Ra activity but a high concentration of U as 
confirmed in Table 1 with uranium present between 0.67 % and 2.2 % 
measured by EDS. These enrichments are consistent with a remobiliza
tion of uranium after the ore treatment, and a subsequent retention by 
siderite (Ithurbide et al., 2010). 

The contributions above the ore line (shown in red) on Fig. 14 are 
then associated with areas (see Table 1) that do not contain uranium (or 
negligibly, compared to the measured autoradiographic signal). There is 
thus an excess of 226Ra. These radium-rich phases are associated with 
barites (see Table 1) that are well known to incorporate 226Ra in the U- 
mining environment by means of solid solution mechanisms (Ithurbide 
et al., 2010) (Fernández-González et al., 2013) (Besançon, 2022) (Rey
mond et al., 2023) (Billon et al., 2024). These values are close to the 
Ra/TOT value of celestine (in green on Fig. 14) which does not contain 
uranium. Discrepancies with higher values may be explained by the 
presence in non-equilibrium of 226Ra decay products. 

For distant ROIs on the thin section, the Ra/TOT measurement 
approach also succeeds in identifying disequilibrium despite the het
erogeneity highlighted with the U ore sample. It is possible to validate 
these findings by means of the correlation made between the mineralogy 
and the different Ra/TOT level of SA. The variation created by unde
sirable heterogeneity is less important than the variation due to a strong 
U/Ra >1 disequilibrium. In addition, it should be borne in mind that the 
comparison between autoradiography and SEM can be limited: autora
diography can detect alpha emitted from a depth of 30 μm, while SEM 
analysis is only effective inside the first μm of material (interaction 
volume between electrons probe (15 kV) and sample). 

4.3. Limitations 

222Rn is a volatile gas generated after the radioactive decay of 226Ra. 
This gas may escape from the sample (Baskaran, 2016) if no precaution 
is taken. In such a case, the equilibrium between 226Ra and its daughters 
is not verified. In the present study, the porosity of the samples was filled 
with resin, which is supposed here to prevent the escape of 222Rn (IN
TERNATIONAL ATOMIC ENERGY AGENCY, 2014). Measurement was 
always made more than 30 days after the manufacture of the thin sec
tions, in order to verify the equilibrium with 226Ra. Concurrently, the 
spectral response in alpha spectrometry is a good indicator to assess 
whether radon is escaping. For future developments concerning the 
mapping of 226Ra, the determination of radon fluxes emanating from the 
studied samples should be assessed experimentally (Baskaran, 2016). 
This bulk measurement could be obtained by using solid state detectors 
such as polycarbonate films. The rate of emanation of 222Rn depends on 
the local porosity of the host mineral, and the resulting radon gas 
diffusion properties (Hellmuth et al., 2017). A possible emanation of 
222Rn from the sample results in an underestimation of 226Ra, mainly 
due to the decreased contribution of 214Po to the alpha spectrum. This 
contribution represents the majority signal above the 5.5 MeV energy 
threshold used to quantify 226Ra from the alpha spectrum. 

The method developed here is mainly constrained by the limitation 
of acquisition time, but remains reasonable for a one-week-long acqui
sition. However, it is necessary to acquire a sufficiently large number of 
events to compensate for the statistical uncertainties related to the 
counting and the low sensitivity of the variations of the quantities that 
are measured for the various states of equilibrium (more particularly 
when U/Ra <1). 

Another limitation comes from the complexity of geological 
matrices. The calibration of radium counting is only effective if the 
sample studied has the same configuration as the calibration source 
(grain density and thickness) to warrant the same emissions of alpha 
particles from minerals below the sample surface. The studied minerals 

in this paper exhibit the same range of density: 3.95 g/cm3, 4.6 g/cm3 

and 3.96 g/cm3 respectively for celestine, barite and siderite. Therefore, 
no significant matrix effect in the measurement is to be expected. The 
thickness was assumed to be 22 μm. For a better measurement of 226Ra 
content, the density and thickness must be considered. For this, the 
emission fraction FE of the radioactivity depending on these two char
acteristics must be taken into account in the conversion factor k8 (5500 
keV). A possible approach to measure the thickness would be the use of 
X-ray μ-tomography which can reach spatial resolutions of 300 nm. In 
addition, imperfections on the sample surface can create non-negligible 
artefacts for energy spectrum measurements. Preparing the thin-section 
sample requires precision and flatness. 

Finally, we emphasize that an important perspective of this work is 
to better estimate the uncertainty associated with the quantitativity of 
the 226Ra measurement using SA. This could be achieved by a detailed 
study of the estimation of SA error sources. These are complex and 
encompass various aspects related to the acquisition of the alpha spec
trum itself (SA method, counting statistics, grid heterogeneity), source 
geometry (thickness, roughness) and radon escape. A comparison of 
bulk 226Ra content, measured either by SA or by other existing tech
niques such as mass spectrometry, would also be necessary in the future. 

5. Conclusions 

The local measurement of 226Ra naturally occurring in geo-materials 
using a non-destructive method was here achieved. The method used a 
spectroscopic autoradiography (SA) measurement which is the combi
nation of an imaging modality and a spectroscopy modality for alpha 
particles. This is possible for thin-section sample analysis, using a PIM 
detector. A sample of a U-mill tailing was studied in detail, and it was 
possible to quantitatively map 226Ra among other emitters such as 238U. 
The spatial resolution of this discrimination was about 50 μm. Com
plementary SEM measurements were carried out to identify the carrier 
phases of 226Ra and uranium radioactivity. By utilizing the energy 
spectrum of the alpha particles, an indicator on the proportions of 226Ra 
in relation to its fathers was measured: Ra/TOT. This ratio allows us to 
be predictable for the measurement of so-called young uranium, which 
in this case study is associated with siderite. Indeed, in the sample, 
heterogeneities between U and Ra were observed: U can recrystallize or 
be trapped by retention processes in the mineral phases (clays, oxides, 
siderite), resulting in young uranium. Radium is preferentially trapped 
in barite, contents of the order of 3 ppm being measured. 

From an improvement perspective, the measurement of radium is 
only possible if the 226Ra is in equilibrium with its daughters and in 
particular with the 222Rn. This equilibrium must be assessed, and cor
rected if it is not the case. In this study, the contribution solely of the 
238U series was considered in the samples. However to move towards an 
ideal measurement of 226Ra in highly complex matrixes, the cases of 
other naturally radioactive chains such as 232Th should be considered. 
The energies associated with this chain range from 4012 keV for 232Th to 
8784 keV for 212Po, and secular equilibrium is reached in 57 y (10 times 
T1/2 = 5.7 y for 228Ra). Their presence would inevitably generate an 
error on the 226Ra count. But a bulk study of alpha spectrometry would 
allow their activity to be quantified. Moreover, the alpha energy of the 
212Po is above the energy of 214Po (238U series), so a discrimination of 
the 232Th series in the presence of the 238U series could be studied 
directly with the SA of the PIM detector. 
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