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Abstract: There are many regulations related to the radiological control of NORMs (Naturally Occur-
ring Radioactive Materials) in activities such as mining, industry, etc. Consequently, it is necessary to
apply fast and accurate methods to measure the activity concentrations of long-lived natural radionu-
clides (e.g., 238U, 234,232,230,228Th, 228,226Ra, 210Pb, 210Po, and 40K) in samples characterized by a wide
variety of compositions and densities, such as mining samples (wastes, minerals, and scales). Thus, it
is relevant to calculate the radioactive index (RI), which summarizes for all radionuclides the ratio
between the activity concentration and its respective threshold activity concentration as established
by regulations, in order to classify a material as a NORM. To proceed with the determinations of
these radionuclides, two spectrometric techniques based on both alpha-particle and gamma-ray
detections should be employed. In the case of gamma-ray spectrometry, it is necessary to correct
the full-energy peak efficiency (FEPE) obtained for the calibration sample, εc, due to self-attenuation
and true coincidence summing (TCS) effects. The correction is especially significant at low gamma
emission energies, that is, Eγ < 150 keV, such as 46 keV (210Pb) and 63 keV (234Th). On the other hand,
in samples which contain radionuclides that are in secular disequilibrium with others belonging to
the same series (238U or 232Th series), like wastes or intermediate products, it is necessary to measure
some pure-alpha emitters (232Th, 230Th, 210Po) by employing alpha-particle spectrometry. A practical
and general validated procedure based on both alpha and gamma spectrometric techniques and
using semiconductor detectors is presented in this study.

Keywords: natural radionuclides; NORM; mining; gamma-ray spectrometry; alpha-particle spec-
trometry; secular disequilibrium

1. Introduction

Research related to NORMs (Naturally Occurring Radioactive Materials) has become
essential to the study of natural radionuclides, that is, radionuclides belonging to the 238U
and 232Th series, as well as 40K, which are useful in many fields related to environmental
radioactivity. These radionuclides can provide relevant information related to the exposure
to ionizing radiation levels associated with NORM samples. Today, NORM samples are
subjected to many regulations to evaluate the possible radiological risks associated with
them [1–5].

In the case of the mining industry, many NORMs are present, involving different
material types such as minerals, wastes, scales, intermediates, and final products. Con-
sequently, evaluation of the possible radiological risks to which workers are subjected is
required [6–8]. For this, it is important to be able to decide if a sample should be considered
a NORM by making use of the radioactive index (RI), which is the metric recommended
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by the standard regulations governing new building materials made using NORM wastes.
The equation for RI can be defined as follows:

RI = ∑
i

ai/air (1)

where ai is the activity concentration calculated for each radionuclide contained in each
sample and air is the minimum activity concentration for each radionuclide i at which
a sample can be considered a NORM (see Table 1 for the air values established for each
sample type [9]).

Table 1. Minimum activity concentrations (in kBq·kg−1) of each radionuclide at which a sample can
be considered a NORM, where two types of samples were taken into account: any material and the
sludges from petroleum and gas industries. (sec): Radionuclide in secular equilibrium with all its
daughters. (+): Radionuclide in secular equilibrium with its short-lived daughters.

Radionuclide All Materials Sludges from Petroleum and
Gas Industries

U-238 (sec) incl. U-235 (sec) 0.5 5
Natural U 5 100

Th-230 10 100
Ra-226+ 0.5 5
Pb-210+ 5 100
Po-210 5 100

U-235 (sec) 1 10
U-235+ 5 50
Pa-231 5 50

Ac-227+ 1 10
Th-232 (sec) 0.5 5

Th-232 5 100
Ra-228+ 1 10
Th-228+ 0.5 5

K-40 5 100

It is also necessary to consider the emission types in order to properly select a suit-
able radiometric technique. Thus, since there are several radionuclides that are pure
alpha-particle emitters such as 238U, 232,230Th and 210Po, in this study, two spectrometric
techniques were employed, based on alpha-particle and gamma-ray detection. However,
in the case of samples for which the great majority of the radionuclides belonging to
each radioactive series were in secular equilibrium, only one spectrometric technique, e.g.,
gamma-ray spectrometry, was required, making the radionuclide determinations easier.

This study aimed to develop a general and practical procedure to determine natural
radionuclide concentrations in mining samples. For this, a calibration methodology based
on the full-energy peak efficiency (FEPE) was employed for gamma-ray emitter measure-
ments, while in the case of alpha-particle emitters, it was necessary to make use of chemical
tracers to evaluate the recovery yields (Rq) after applying the radiochemical procedure.
Furthermore, several mining samples were selected to analyze a wide range of materials
that occur in mining, as well as to study the secular disequilibria between the radionuclides
belonging to the same radioactive series for each sample matrix type.

2. Materials and Methods
2.1. Materials

An extended energy range (XtRa) high-purity germanium detector was used in this
study due to the very wide energy range covered by this detector (up to about 3 MeV),
which allowed us to determine all radionuclides of interest. The XtRa detector (model
GX3519, Canberra) has a relative efficiency of 38.4% at 1332 keV (60Co) in relation to a
3′′× 3′′ NaI (Tl) detector, a full width at half maximum (FWHM) of 1.74 keV and 0.88 keV
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at 1332 keV (60Co) and 122 keV (57Co), respectively, and a peak-to-Compton ratio of 67.5:1.
Regarding the electronic system connected to the XtRa detector, a FET preamplifier (model
2002 CSL) was employed, where the bias voltage value was fixed at 3500 V.

The alpha-particle spectrometer system consisted of eight chambers, which were
equipped with ion-implanted silicon detectors of 450 mm2 (passivated implanted planar
silicon (PIPS) detectors), of which the detection efficiencies were about 25%. Furthermore,
since alpha-particles are characterized by a high stopping power, a vacuum system was
needed, which consisted of a vacuum pump (EDWARDS, model RV8) with a pumping
speed of 8.5 m3·h−1, reaching a vacuum of 2 × 10−3 mbar.

Regarding the standards selected in this work to carry out the full-energy peak effi-
ciency (FEPE) calibration of the XtRa detector described above, three certified reference
materials (codes RGU-1, RGTh-1, and RGK-1) provided by the International Atomic Energy
Agency (IAEA) were used, which contained only natural radionuclides from 238U series,
232Th series, and 40K, with certified activity concentrations of 4940(15) Bq·kg−1, 3250(45)
Bq·kg−1, and 14,000(200) Bq·kg−1, respectively [10], where the uncertainties are given at
1 sigma level. In the case of calibration of the alpha-particle detectors, a punctual source
was employed which contained 233U (4824.2 keV), 239+240Pu (5155.4 keV), and 241Am
(5485.7 keV), with a reference activity of 199.0(1.0) Bq.

Ten samples from different mines located in Spain were selected. Among these
samples, there were three scales (Scale-1, Scale-2, and Scale-3), the formation of which
was promoted by the presence of dissolved salts in a supersaturated solution; a final
product (FP); and two intermediate products which were the feed material for screening
tables (IP-1) and decanted material from inside a flotation cell (IP-2). In addition, three
wastes were taken, which were a material deposited on the bottom of a tank (Waste-1),
an osmosis residue formed on a filter press (Waste-2), and a sludge formed in a treatment
plant (Waste-3). Moreover, an ilmenite sample (Ilmenite) was chosen since it is a typical
mineral present in mining.

2.2. Methods
2.2.1. Gamma-ray Spectrometry

Regarding the efficiency calibration carried out for the XtRa detector, first, the most
intense gamma emissions were selected. The standards (RGU-1, RGTh-1 and RGK-1)
were then compacted until the chosen thickness values were reached (ranging from 5 to
50 mm), achieving an apparent density of 1.63(2) g·cm−3. After calculating the experimental
FEPEs, an empirical function was found which provided the FEPEs versus the sample
thickness (h) at each selected energy. Finally, the efficiency calculated for the standard
matrices (εc) needed to be transformed to the one obtained for any problem sample (ε) to
compensate the differences of attenuation between calibration and problem samples, where
this type of correction is more relevant as the gamma emission energy decreases [11,12].
For this, the self-attenuation factor (f ) was employed, which depended on the chemical
composition, thickness (h), which was the same for both the calibration and problem
samples), and apparent densities of the calibration and problem samples. See [13] for
a detailed explanation of the efficiency calibration methodology developed for gamma-
ray spectrometry.

The experimental FEPEs were obtained from the calibration matrices using the follow-
ing equation:

ε
exp
c (Eγ, h) = ε

exp
c (Eγ, mc) =

G− B− F− I
Pγ a mc t

(2)

where G, B, F, and I are the total number of counts for the full-energy peak of interest,
the Compton continuum, the background, and the interference term, respectively. The
interference term is considered when a full-energy peak is very close to another one
related a radionuclide of interest. Therefore, in such cases, the interference term must be
considered in order to obtain the net count (N). Pγ is the gamma emission probability (taken
from [14]); a and mc are the activity concentration and mass (obtained for each h) of the
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calibration sample, respectively; Eγ is the gamma emission energy; and t is the counting
time. See Tables S1 and S2 in the Supplementary Material for further information about the
obtained ε

exp
c .

The empirical function that best fitted ε
exp
c was of an asymptotic exponential type [13]:

εc(Eγ, h) = ar1exp(ar2h) + ar3 (3)

where ar1, ar2, and ar3 are the parameters that resulted from fitting the experimental FEPEs
versus h for each Eγ of interest (in Tables S3 and S4 (in Supplementary Material), the values
obtained for the ari parameters can be found).

Once the efficiency was obtained for the calibration sample, it was possible to calculate
ε by using the relationship between εc and ε, that is, ε = f ·εc, where the f factor can be
determined using the Cutshall model [15]:

f (Eγ, h, ηc, ρc, η, ρ) =
ηcρc(1− exp(−ηρh))
ηρ(1− exp(−ηcρch))

(4)

where h and Eγ are the problem sample thickness and the energy for which the self-
attenuation correction factor is calculated; ηc and η are the mass attenuation coefficients of
the calibration and problem samples, respectively; and ρc and ρ are the apparent densities
measured for the calibration and problem samples, respectively. The values for ηc and
η at each energy and the methodology developed for their calculation in reference [11]
are shown.

On the other hand, for samples with significant 222Rn losses (waste, scales, etc.), it
is recommendable to carry out 226Ra determination using its gamma-emission energy
(186 keV) to avoid waiting at least a month for secular equilibrium to be reached between
226Ra and 222Rn. For this, two cases were considered: with and without considering
secular equilibrium between 238U and 226Ra. For the first case, an equivalent probability
of 226Ra + 235U, P∗γ , had to be calculated at 186 keV. Thus, in this case, the 226Ra activity
concentration, a226Ra, was obtained as follows:

a226Ra =
N

P∗γ ε186keV m t
(5)

where N, P∗γ = 6.14(6)%, and ε186keV are the net counts for the full-energy peak and the
equivalent probability of 226Ra + 235U at 186 keV, and the efficiency calculated in the
problem sample matrix at 186 keV, respectively, and m and t are the sample mass and the
counting time, respectively.

For the other case, it was necessary to consider the interference term between 226Ra
and 235U, I235U, which was found using the following equation [12,13]:

I235U = A235U Pγ (235U)ε186keV t
= 0.0263 A238U ε186keV t

(6)

where A235U and A238U are the 235U and 238U activities, respectively; Pγ (235U) and ε186keV
are the 235U gamma emission probability and the efficiency calculated in the problem sam-
ple matrix at 186 keV, respectively; and t is the counting time. Additionally, in Equation (6),
A235U = 0.046 A238U [16], and a secular equilibrium between 238U and 234Th is considered.

For this second case, the a226Ra can be calculated as follows:

a226Ra = G−B−F−I235U
Pγ(226Ra) ε186keV m t

= G−B− f t
0.0351 m ε186keV t − 0.75 a234Th

(7)

where G, B, F, f, I235U , Pγ (226Ra), and ε186keV are the gross, the Compton continuum, the
environmental background expressed in counts and counts per second, the interference
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term, the 226Ra emission probability, and the efficiency calculated in the real sample matrix
at 186 keV, respectively, and t, m, and a234Th are the counting time, the sample mass, and
the 234Th activity concentration, respectively.

2.2.2. Alpha-Particle Spectrometry

The alpha-particle spectrometry technique with Si detectors is needed to determine
pure alpha emitters. The first step in alpha emitter determination is to calibrate in energy
and efficiency the employed Si detectors. For this, the punctual source previously described
in Section 2.1 was used, which was measured for 600 s using each Si detector. After the
measurement was taken by each detector, the experimental efficiency of each Si detector
was calculated using an expression analogous to Equation (2) but in the case of the alpha-
particle emitters that were present in a punctual source. Once the calibrations of the Si
detectors had been performed, it was necessary to apply the radiochemical method which
allowed us to isolate the different radioelements of interest, and in our case a radiochemical
process based on tributilphosphate (TPB) was applied (see Figure 1).

Minerals 2022, 12, x FOR PEER REVIEW 5 of 15 
 

Equation (6), 𝐴ଶଷହ௎ = 0.046 𝐴ଶଷ଼௎ [16], and a secular equilibrium between 238U and 234Th 
is considered. 

For this second case, the 𝑎ଶଶ଺ோ௔ can be calculated as follows: 𝑎ଶଶ଺ோ௔ = 𝐺 − 𝐵 − 𝐹 − 𝐼ଶଷହ௎𝑃ఊ(226𝑅𝑎) 𝜀ଵ଼଺୩ୣ୚ 𝑚 𝑡 

                                 = 𝐺 − 𝐵 − 𝑓𝑡0.0351 𝑚 𝜀ଵ଼଺୩ୣ୚ 𝑡 − 0.75 𝑎ଶଷସ்௛ 
(7)

where G, B, F, f, 𝐼ଶଷହ௎, Pγ (226Ra), and 𝜀ଵ଼଺୩ୣ୚ are the gross, the Compton continuum, the 
environmental background expressed in counts and counts per second, the interference 
term, the 226Ra emission probability, and the efficiency calculated in the real sample matrix 
at 186 keV, respectively, and t, m, and 𝑎ଶଷସ்௛ are the counting time, the sample mass, and 
the 234Th activity concentration, respectively. 

2.2.2. Alpha-Particle Spectrometry 
The alpha-particle spectrometry technique with Si detectors is needed to determine 

pure alpha emitters. The first step in alpha emitter determination is to calibrate in energy 
and efficiency the employed Si detectors. For this, the punctual source previously de-
scribed in Section 2.1 was used, which was measured for 600 s using each Si detector. After 
the measurement was taken by each detector, the experimental efficiency of each Si detec-
tor was calculated using an expression analogous to Equation (2) but in the case of the 
alpha-particle emitters that were present in a punctual source. Once the calibrations of the 
Si detectors had been performed, it was necessary to apply the radiochemical method 
which allowed us to isolate the different radioelements of interest, and in our case a radi-
ochemical process based on tributilphosphate (TPB) was applied (see Figure 1). 

 
Figure 1. Scheme for the radiochemical method used to extract the Po, Th, and U isotopes. 

The first step was to add the solutions containing the isotopic tracers: 209Po (T1/2 = 102 
years), 229Th (T1/2 = 7340 years), and 232U (T1/2 = 68.9 years). These solutions were certified 
materials with activity concentrations of 105.58(7) mBq·mL−1, 86.8(5) mBq·mL−1, and 
138.9(6) mBq·mL−1, respectively. 

Figure 1. Scheme for the radiochemical method used to extract the Po, Th, and U isotopes.

The first step was to add the solutions containing the isotopic tracers: 209Po
(T1/2 = 102 years), 229Th (T1/2 = 7340 years), and 232U (T1/2 = 68.9 years). These solutions were
certified materials with activity concentrations of 105.58(7) mBq·mL−1, 86.8(5) mBq·mL−1,
and 138.9(6) mBq·mL−1, respectively.

For the dissolution of the solid sample, 9 mL HNO3, 2 mL HCl, 3 mL HF, and 2 mL
H2O2 were added. The mixture thus obtained was evaporated to dryness and 5 mL of 8 M
HNO3 was added. Next, 5 mL of TBP (tributyl phosphate) was added [17], allowing us to
separate the Po isotopes (aqueous phase) while leaving an organic phase with Th and U
isotopes. The aqueous phase extraction was done three times. After dissolving the residue
containing Po isotopes using 10 mL of 2 M HCl, 50 mg of ascorbic acid was added to reduce
Fe3+ into Fe2+ and the sample was filtered. Finally, the sample containing the Po isotopes
was gently agitated for 6 h, with the result that the Po isotopes self-deposited onto a sheet
of silver [18,19].

By adding 20 mL of xylene and 15 mL of 1.5 M HCl to the previous organic phase, it
was possible to extract the Th isotopes into the aqueous phase, leaving an organic phase
(U). The aqueous phase extraction was done three times. It was then necessary to purify
the Th isotopes using an anion exchange resin (AG1X8 resin) [20,21], ensuring that the
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traces of U and interferences were removed. Thus, after dissolving the residue with 5 mL
of HNO3, it was evaporated to dryness and 10 mL of 8 M HNO3 was added. This sample
was transferred to a column in which the AG1X8 resin is placed. Thus, after adding 80 mL
of 8 M HNO3, the Th isotopes were extracted using 40 mL of 9 M HCl. Finally, the solution
containing Th was transferred onto an electrodeposition cell, with the result that the Th
isotopes were electrodeposited onto a stainless steel disk.

In the case of the U, 15 mL of distilled water was added to the organic phase obtained
after previously extracting the Th isotopes, achieving extraction of the U isotopes. The
aqueous phase extraction was done three times. The sample containing U was then
transferred to an electrodeposition cell and the U isotopes were electrodeposited onto a
stainless steel disk.

The disks containing the Po, Th, and U were counted in the vacuum chamber of the
alpha-particle spectrometer, and the activity concentrations of the different radionuclides
were calculated using the following equation:

aRNα =
aTr NRNα mTr

NTr m
eλRNα ∆t (8)

where RNα is the alpha-particle emitter of interest; Tr is the tracer used for RNα; NTr and
NRNα are the net counts in the region of spectrum corresponding to Tr and RNα, respectively;
aTr is the activity concentration of Tr added; mTr and m are the tracer and sample masses,
respectively; λRNα is the RNα decay constant; and ∆t is the time elapsed between the RNα

deposition onto the disk and the counting start.
The recovery yield resulting from the procedure applied for each chemical element,

RqTr, was determined using the following equation [22]:

RqTr =
NTr

ε Pα aTr t
(9)

where NTr are the net counts of tracer, aTr is the tracer activity concentration added, Pα

is the emission probability of an alpha particle (100% in our case), t is the counting time,
and ε is the efficiency of detection. Regarding the recovery yield, the steps of the radio-
chemical method that contribute mainly to the activity losses in the overall process are the
evaporations of the solutions containing the samples, the separations of the aqueous phase
from the organic phase, and the transference of those solutions from one beaker to another.
Furthermore, in the case of the Th isotopes, activity losses can also be caused due to the
purification using the column in which the resin is placed. For this reason, the activity
losses in the case of Th isotopes are usually higher than the ones obtained for U and Po
isotopes, for which the purification step is not necessary after extraction.

3. Results and Discussion
3.1. FEPE Obtention for Problem Samples

In this section, the FEPE values obtained for each problem sample (ε) versus the
energies of interest are shown. For this, it was necessary to calculate the η at each selected
energy and to apply the f factor to correct the self-attenuation effects present for the photons
emitted at each Eγ. As can be seen in Figure 2, η, f, and ε were plotted versus the Eγ values
of interest for each mining sample selected in this study.

In Figure 2, it is possible to observe that η decreased as Eγ increased for all samples,
which was consistent since as Eγ decreases, it is easier for photons to be attenuated. Further-
more, the highest η values (about 4 cm2·g−1) were found for the FP and IP-2 samples. This
was because these two samples had average atomic numbers, <Z> = 67 and 66, respectively,
that were much higher than the ones of the other samples. Furthermore, in cases where
the chemical compositions of two samples were very similar (for example, FP and IP-2),
the apparent density and thickness were the main factors that caused differences between
the self-attenuation effects of one sample type and another, which was especially true at
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energies lower than 150 keV. The chemical composition and apparent density of all samples
analyzed in this study can be found in Table 2.
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Figure 2. Obtention of the mass attenuation coefficient, η, at each energy of interest (Eγ) for several
sample matrices selected in this study, which were scale samples (from Scale-1 to Scale-3), a final
product (FP), an ilmenite (Ilmenite), wastes (from Waste-1 to Waste-3), and intermediate products
(IP-1 and IP-2). The self-attenuation correction factor, f, is shown versus Eγ for each chosen sample,
allowing us to calculate the detector efficiency for each problem sample, ε.

Table 2. Chemical compositions (each chemical element, Zi, given in %) and apparent densities (ρ, in
g·cm−3) of the mining samples analyzed in this work.

ρ, Zi Scale-1 Scale-2 Scale-3 FP Ilmenite Waste-1 Waste-2 Waste-3 IP-1 IP-2

ρ 1.32 1.00 2.66 3.69 2.73 1.08 1.07 0.98 2.16 3.30
O 48.00 49.00 42.80 39.00 33.00 50.80 53.78 54.30 44.45 40.7

Na 2.00 3.00 0.59 3.59 2.00 0.59 1.69
Mg 6.00 9.00 0.62 3.62 5.00 0.62 1.50
Al 10.00 12.00 1.50 3.00 10.00 5.50 2.20
Si 14.20 9.00 30.27 25.68 10.00 32.68 32.40
P 0.70 0.90 0.08 2.75 0.70 0.08
S 10.00 12.00 2.00 10.00
K 0.80 0.60 8.31 0.88 0.22 0.09 1.97
Ca 7.30 4.50 1.16 13.50 4.16 7.30 2.97 2.20 15.30
Ti 0.45 30.00 0.45 0.45 0.50

Mn 1.00 0.06 1.60 1.00 0.06 0.09
Fe 10.67 37.00 1.47 2.67 13.00
Cu 2.00
Ba 1.00
W 47.50 44.00
Pb 0.50

With respect to the behavior followed by the f factor for each sample, f was found to
be less than 1 for problem samples (Scale-3, Ilmenite, IP-1, IP-2, and FP) for which <Z> and
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ρ were higher than the calibration sample ones (about 13 and 1.63 g·cm−3, respectively),
within which the highest differences between ε and εc were reached for the FP and IP-2 sam-
ples (f ∼ 0.08 at 46 keV). This was consistent because as <Z> and ρ were higher than
the calibration sample values, the photon attenuation occasioned by the problem sample
matrices was higher than that resulting from the calibration sample matrix. Consequently,
the ε values obtained for those problem samples were less than εc. On the other hand, for
the other samples (Scale-1, Scale-2, Waste-1, Waste-2, and Waste-3), for which <Z> and ρ
were lower than for the calibration sample, the resulting f values were higher than 1, in
agreement with the previous reasoning where the highest f values (about 1.15 at 46 keV)
were obtained in the cases of the Scale-2 and Waste-3 samples.

Regarding the ε values obtained for each problem sample, it is possible to observe that
the behavior of the ε curve obtained versus Eγ for each sample was very similar to the other
ε curves shown in Figure 2, where ε ranged from 1.38(3)% (46 keV, FP and IP-2) to 20.9(4)%
(63 keV, Waste-2). Furthermore, note that the highest ε values were obtained for Eγ values
ranging from about 63 keV to 110 keV, which was consistent since the photoelectric effect is
more likely to take place at low energies (Eγ < 150 keV).

3.2. Determination of the Gamma-ray and Alpha-Particle Emitters: Obtention of the RI Index

The activity concentrations obtained for the radionuclides of interest using spectro-
metric techniques based on gamma-ray and alpha-particle detection are shown, as well as
the values for the RI index obtained for each mining sample. In Tables 2 and 3, the activity
concentrations are shown for the radionuclides contained in the Scale-1, Scale-2, Scale-3, FP,
and Ilmenite, and Waste-1, Waste-2, Waste-3, IP-1, and IP-2 samples, respectively.

Table 3. Activity concentrations obtained for gamma-ray and pure-alpha emitters contained in
several scale samples (from Scale-1 to Scale-3), a final product (FP), and an ilmenite (Ilmenite),
where Eγ and Eα are the emissions selected to determine the gamma-ray and pure-alpha emitters,
respectively. Furthermore, in the case of the 226Ra (186 keV), two cases were taken into account:
considering and without considering secular equilibrium between 238U and 226Ra (sec. eq. and
non-sec. eq., respectively). Uncertainties are given at 1 sigma level. (*) Radionuclides determined
using alpha-particle spectrometry.

RN Eγ, Eα (keV)
Scale-1 Scale-2 Scale-3 FP Ilmenite

a (Bq·kg−1) a (Bq·kg−1) a (Bq·kg−1) a (Bq·kg−1) a (Bq·kg−1)
238U * 4150 and 4200 4.7(8) 2.9(9) 8.5(1.9) 1140(30) 27(3)
234Th 63.29 <18 <15 <18 1380(140) 96(8)
234U * 4722.4 and 4774.6 6.3(3) 4.4(4) 9.4(1.8) 1130(30) 38(3)

230Th * 4620.5 and 4687.0 <3 <2 40(10) 1170(50) 88(4)

226Ra
185.96 (non-sec. eq.) 8658(254) 2962(95) 43,725(1015) 932(110) 113(8)

185.96 (sec. eq.) 4906(336) 1695(118) 24,998(1015) 1194(82) 106(6)

226Ra(214Pb)
295.22 8744(201) 2965(69) 50,973(2044) 1256(29) 112(5)
351.93 8607(197) 2911(67) 52,635(2109) 1291(30) 111(5)

226Ra(214Bi)
609.31 8770(203) 2911(68) 56,612(2272) 1304(30) 111(5)

1120.29 8825(230) 3021(84) 58,996(2406) 1340(35) 136(9)
210Pb 46.54 352(53) 22(12) <50 399(67) 139(12)

210Po * 5330 644(18) 38(3) 1852(27) 1440(120) 65(6)
232Th * 3947.2 and 4012.3 0.4(1.4) <1.5 14(6) 34(6) 357(11)

228Ra(228Ac)
338.42 3829(651) 1997(340) 30,719(1242) 34(8) 521(22)
911.16 3884(105) 2043(56) 34,619(1398) 27(3) 511(21)

228Th(212Pb) 238.63 3082(69) 520(13) 15,827(635) 26.8(1.6) 506(20)
228Th(208Tl) 583.19 3047(71) 513(15) 17,886(728) 29(2) 483(20)

40K 1460.83 251(60) 183(30) 2600(206) 4(7) 32(5)

As can be seen in Tables 3 and 4, it is possible to observe that the highest activity
concentration for 238U was 22,300(400) Bq·kg−1 (Waste-3), while in the cases of 228Ra (via
228Ac), 228Th (via 212Pb or 208Tl), 226Ra(186 keV or via 214Pb or 214Bi), 210Po, and 40K,
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the highest values were found for the Scale-3 sample, which were about 50,000 Bq·kg−1,
16,000–18,000 Bq·kg−1, 35,000 Bq·kg−1, 1900 Bq·kg−1 and 2600 Bq·kg−1, respectively. In
the case of 232Th and of 230Th and 210Pb, the highest activity concentrations were found
for the Ilmenite sample (357(11) Bq·kg−1) and for the IP-2 sample (2590(90) Bq·kg−1 and
1411(110) Bq·kg−1, respectively), respectively.

Table 4. Activity concentrations obtained for gamma-ray and pure-alpha emitters contained in
several wastes (from Waste-1 to Waste-3) and intermediate products (IP-1 and IP-2), where Eγ
and Eα are the emissions selected in order to determine the gamma-ray and pure-alpha emitters,
respectively. Furthermore, in the case of the 226Ra (186 keV), two cases were taken into account:
considering and without considering secular equilibrium between 238U and 226Ra (sec. eq. and
non-sec. eq., respectively). Uncertainties are given at 1 sigma level. (*) Radionuclides determined
using alpha-particle spectrometry.

RN Eγ, Eα (keV)
Waste-1 Waste-2 Waste-3 IP-1 IP-2

a (Bq·kg−1) a (Bq·kg−1) a (Bq·kg−1) a (Bq·kg−1) a (Bq·kg−1)
238U * 4150 and 4200 2.2(1.4) 7.2(8) 22,300(400) 865(20) 2510(60)
234Th 63.29 <15 <14 20,300(1500) 1290(110) 2210(190)
234U * 4722.4 and 4774.6 4.0(1.4) 6.4(8) 22,350(410) 846(20) 2560(60)

230Th * 4620.5 and 4687.0 9(3) <1.5 179(9) 895(22) 2590(90)

226Ra
185.96 (non-sec. eq.) 4117(96) 1514(55) 4216(1169) 2675(120) 1544(179)

185.96 (sec. eq.) 2356(96) 863(61) 10,226(689) 2147(145) 1989(136)

226Ra(214Pb)
295.22 4065(163) 1507(36) 179(5) 2488(57) 2020(46)
351.93 4002(161) 1509(35) 211(5) 2546(58) 2097(48)

226Ra(214Bi)
609.31 4116(166) 1536(37) 116(4) 2569(59) 2113(49)

1120.29 4172(173) 1528(46) 109(7) 2665(67) 2178(56)
210Pb 46.54 <15 <20 216(14) 704(21) 1411(110)

210Po * 5330 32(1) 3.7(8) 52(4) 682(21) 1610(230)
232Th * 3947.2 and 4012.3 3.4(1.9) <1.5 5(2) 16(2) 98(12)

228Ra(228Ac)
338.42 3074(125) 1159(198) 24(5) 55(11) 86(16)
911.16 3017(123) 1169(33) 16(3) 47(5) 81(5)

228Th(212Pb) 238.63 464(19) 34(2) 7.9(1.9) 45.1(1.8) 84(3)
228Th(208Tl) 583.19 448(20) 34(6) 10(3) 47(4) 80(4)

40K 1460.83 275(24) 69(22) 28(8) 615(21) 44(11)

On the other hand, the lowest activity concentrations were found to be 2.2(1.4) Bq·kg−1

(Waste-1), <1.5 Bq·kg−1 (Waste-2), about 111 Bq·kg−1 (Ilmenite), <50 Bq·kg−1 (Scale-2 and
Scale-3), 3.7(8) Bq·kg−1 (Waste-2), about 1.5 Bq·kg−1 (Scale-1, Scale-2, and Waste-2), about
20 Bq·kg−1 (Waste-3), about 10 Bq·kg−1 (Waste-3), and 4(7) Bq·kg−1 (FP) for 238U, 230Th,
226Ra, 210Pb, 210Po, 232Th, 228Ra, 228Th, and 40K, respectively.

Furthermore, in the case of the radionuclides determined using alpha-particle spec-
trometry, it is necessary to know the recovery yields obtained for the Po, Th, and U isotopes,
which were higher than 90%, 65%–82%, and 70%–85%, respectively.

In Table 5, the RI values obtained for each mining sample are presented. According to
the results shown in Table 5, all mining samples selected in this study can be considered
NORMs except the Waste-1 sample, which had a RI value was 1.05(7), where the RI index
related to a typical soil (Soil) was much less than 1, that is, 0.250(15). Furthermore, it is
necessary to highlight the very high RI values obtained for the three scale samples (from
Scale-1 to Scale-3), which had RI values of 23(2), 7.8(5), and 149(9), respectively. This agrees
very well with the high activity concentrations obtained for a large number of radionuclides
in the case of these three scales, which were previously shown in Table 3.
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Table 5. Radioactive index (RI) values calculated for each sample analyzed in this study as well as for
a typical soil (Soil), where a sample can be classified as NORM or non-NORM when RI > 1 or RI ≤ 1,
respectively.

Sample RI

Soil 0.250(15)
Scale-1 23(2)
Scale-2 7.8(5)
Scale-3 149(9)

FP 3.7(2)
Ilmenite 1.88(12)
Waste-1 1.05(7)
Waste-2 2.20(15)
Waste-3 2.20(11)

IP-1 6.0(3)
IP-2 6.0(3)

3.3. Secular Disequilibria between Radionuclides Belonging to the 238U and 232Th Series

In this section, the disequilibria between the radionuclides belonging to each ra-
dioactive series (238U and 232Th series) were analyzed for each selected mining sample.
Thus, in Figure 3, the ratios 234Th/238U, 234U/238U, 226Ra/238U, 230Th/234Th, 214Pb/226Ra,
210Po/210Pb, 228Ra/232Th, and 228Th/228Ra can be found for each sample.
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in this work, where the ratios selected to study the secular disequilibria between the radionu-
clides belonging to the 238U and 232Th series were: 234Th/238U, 234U/238U, 226Ra/238U, 230Th/234Th,
214Pb/226Ra, 210Po/210Pb, 228Ra/232Th, and 228Th/228Ra.

As can be seen in Figure 3, very significant disequilibria (a ratio of about 1000) were
found between 226Ra and 238U for the three scale samples, as well as for Waste-1 and
Waste-2. This fact is clearly related to the formation process of the samples, due to the
fractionation process of the radionuclides under normal operating conditions (pressure,
temperature, pH, etc.) usual in any industrial processes. In the case of the 234U/238U, the
ratios were about 1 for all samples. Another ratio that must be considered is the one related
to 234Th/238U; Ilmenite was the sample for which this ratio was the highest (about 3.5). This
significant difference between 238U and 234Th may be due to the high concentration of Fe
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in the case of the Ilmenite, which was about 37% (see Table 2). Consequently, the digestion
of the Ilmenite is very complicated, which can explain those differences between 238U and
234Th. For the 230Th/234Th ratio, the main disequilibria were observed for the Scale-3 and
Waste-3 samples, where the 230Th/234Th ratio values were about 4 and 0.01, respectively.
In order to evaluate the losses of 222Rn present in each sample, it was necessary to take the
214Pb/226Ra ratio. For this ratio, there was a sample (Waste-3) for which the 214Pb/226Ra
value was found to be about 0.05. Regarding the disequilibria existing between 210Pb and
210Po, there was a sample (Scale-3) that stood out among the others, with a 210Po/210Pb of
about 70. In addition, it is necessary to note that the differences between 210Pb and 210Po
were also relatively significant for the Ilmenite sample, where a 210Po/210Pb ratio about
0.5 was found. This may also be due to the high presence of Fe in the case of the Ilmenite,
which makes the reduction of Fe3+ into Fe2+ very complicated when using ascorbic acid,
resulting in the low activity concentration of 210Po obtained after measuring the silver disks.

On the other hand, with respect to the disequilibria occurring in the 232Th series, it
is important to highlight the ones existing between 232Th and 228Ra, where a ratio about
1000 was found for the three scale samples, as well as for Waste-1 and Waste-2. This can
prove the dependence of the RI index on time due to the 228Ra half-life (about 5.8 years). In
the case of the 228Th/228Ra, it was interesting to note that the ratios were about 1 for all
samples, except for the three wastes (from Waste-1 to Waste-3), as well as for the Scale-2
and Scale-3, where the 228Th/228Ra ratios ranged from about from 0.03 (Waste-2) to 0.5
(Waste-3).

Consequently, it is necessary to highlight the need to use both spectrometric techniques,
this being especially true in the cases of samples originating in chemical reactions such as
scales or wastes, where the secular disequilibria between the radionuclides belonging to
each radioactive series were found to be the highest in general [23,24]. Furthermore, it is
necessary to highlight the need to measure 226Ra by making use of its gamma-emission
energy (186 keV), which is recommendable for samples characterized by significant 222Rn
losses [12,13,25–27].

4. Conclusions

In the present study, a general and practical methodology was developed to determine
the natural radionuclides contained in mining samples, in which spectrometric radiometric
techniques based on alpha-particle and gamma-ray detections are employed.

In the case of gamma-ray spectrometry, a validated efficiency calibration based on the
full-energy peak efficiency (FEPE) was selected in the case of the natural radionuclides,
where a general efficiency was obtained as a function of the sample thickness (h) for each
gamma emission energy (Eγ). Furthermore, corrections related to the self-attenuation
effects of photons were needed in order to compensate for the differences of the photon
attenuations that were caused by the calibration and problem matrices, where the chemical
composition and apparent density needed to be known. In addition, it is necessary to
highlight that these corrections are important to consider, especially at low energies, that
is, Eγ < 150 keV. In the case of the alpha-particle spectrometry, it was necessary to use
solutions containing 209Po, 229Th, and 232U in order to trace the chemical behaviors of the
Po, Th, and U isotopes, respectively. In this way, it is possible to know that the sample
activity recovered after applying the radiochemical method, which can be quantified by
the recovery yield (Rq).

Regarding the calculations of the RI index carried out in order to decide if a sample can be
considered NORM, the scale samples (from Scale-1 to Scale-3) were the samples for which the
RI values were found to be the highest (23(2), 7.8(5), and 149(9), respectively) compared with
the values obtained for the other mining samples. This agrees with the activity concentrations
obtained for the radionuclides contained in these three samples, where the highest ones were
measured for these three scales, this being especially true for Scale-3.

The disequilibria between the radionuclides belonging to the same radioactive series
(238U series and 232Th series) were also analyzed for all mining samples selected in this
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study. On the one hand, in the case of the 238U series, the great majority of the 234Th/238U
ratios were about 1 and, therefore, for these sample types, it was possible to determine 238U
via 234Th by using gamma-ray spectrometry for many sample types. For the 230Th/234Th
ratios in the case of the Scale-3 and Waste-3, very high disequilibria were found, where their
ratio values were about 4 and 0.01, respectively. Therefore, for the 230Th determination, it
was necessary to make use of alpha-particle spectrometry in the cases of the samples that
originated spontaneously via several chemical reactions. Furthermore, another relevant
ratio to be considered is the 214Pb/226Ra, where it is recommended to carry out the 226Ra
determination using gamma-emission energy (186 keV) when the sample is characterized
by significant 222Rn losses.

On the other hand, in the cases corresponding to the 232Th series, the main disequilibria
took place between 232Th and 228Ra, obtaining 228Ra/232Th ratios about 1000 for the three
scale samples, as well as for Waste-1 and Waste-2. This is important to consider since the RI
index has a strong dependence on time due to the half-life of the 228Ra (about 5.8 years),
which is essential in order to valorize building materials. This makes it necessary to apply
alpha-particle spectrometry for several mining sample types, this being especially true for
the ones formed by chemical procedures.
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