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Abstract: Mining generates significant amounts of waste that can represent a source of contamination
for areas close to the extraction area, generating a negative impact both on the environment and the
health of people. This study aims to evaluate the radiological risk derived from exposure to natural
radionuclides contained in tailings from Peruvian gold mines and to establish whether the tailings
can be used as raw materials in building materials. The mine tailings come from a mining project in
the northern highlands of Peru. Radon exhalation was measured using Rad7 in a closed chamber
and activity concentration of 226Ra, 232Th, and 40K radioisotopes by gamma spectrometry using NaI
3” × 3” detector. Maximum activity concentrations measured for 226Ra and 232Th were 15.38 Bq kg−1

and 11.9 Bq kg−1, respectively; meanwhile, activity concentration for 40K ranged from 182.7 Bq kg−1

to 770.8 Bq kg−1. All activity concentrations were below the worldwide average except for 40K. The
radon exhalation rate varied from 2.8 to 7.2 mBq kg−1 h−1. The gamma index (Iγ), and radiological
parameters, including the Radium equivalent activity (Raeq), and the external hazard index (Hex),
being below the recommended levels by UNSCEAR, ensure the safe use of these mines tailing to
produce a geopolymer cement.

Keywords: gold mine tailings; radon exhalation; activity concentration; radiological hazard; gamma
spectroscopy

1. Introduction

Mining is an essential component in the progress of human civilization and has a
significant impact on the economies of numerous countries worldwide. Geopolymer
cement is a sustainable alternative to traditional Portland cement, made by using industrial
waste materials such as mine tailings [1]. In recent years, the use of geopolymer cement
in infrastructure projects has been growing due to its low carbon footprint and potential
for reducing the environmental impact of construction [2,3]. In Peru, where mining is a
significant industry, the use of mine tailings in geopolymer cement production presents
an opportunity to create a more sustainable building material. However, the use of such
materials as an additive may raise concerns about the possibility to have higher than
recommended concentrations of radionuclides in the final product [4]. Studies carried out
at gold mines across the world have indicated that the average concentration of primary
radionuclides in gold mine tailings is in some cases comparably higher than the worldwide
average [5,6]. On the other hand, studies have shown that copper [7–9], gold [10–12],
and iron [13–16] mine tailings can be used as a partial substitute for cement in concrete
construction, improving its compressive strength and reducing heavy metal pollution in
the environment [17]. Recently, scientists have investigated the utilization of mine tailings
in the construction industry as a substitute for cement in concrete, with varying degrees
of substitution, or as an ingredient in the production of cement [18–20]. Peru is one of the
leading producers of metals in the world, and its mining industry contributes significantly
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to the economy of the country. However, mining also generates large amounts of mine
tailings, which are a byproduct of mineral extraction and can be harmful to the environment
and the health of people if not managed properly.

Mine tailings are solid waste produced during mineral processing and may contain
toxic substances such as heavy metals and radioactive substances [21]. To mitigate the
effects of mine tailings, various techniques have been developed, such as the proper and safe
handling of mine tailings, the revegetation and rehabilitation of areas affected by mining
activities, and the reuse of mine tailings in other sectors, such as construction [22,23]. The
use of mine tailings in construction is one of the main ways to recycle these wastes and
reduce their environmental impact [24]. This approach is aligned with the principles of the
circular economy, which is based on designing more sustainable systems that maximize the
reuse and recycling of resources, reduce waste generation, and minimize the environmental
impact of human activities [25]. Certain metal ores, and some copper and gold deposits,
have been found to have associated naturally occurring radioactive materials (NORM).
Although the concentration of NORM is generally low in most natural materials, any
activity involving the extraction and processing of materials from the earth can result in an
increased NORM concentration. Like all building materials containing NORM, cement is
also a source of 222Rn inside homes. Thus, from a radiological protection viewpoint, it is
essential to know the contribution of building materials to the levels of radon concentration
in indoor air since radon is considered a carcinogen by the World Health Organization [26].
Radon emanation is the fraction of radon atoms produced in the grain of material that can
escape to interstitial space depending on its location within the grain at the time of 226Ra
disintegration. Those atoms move through the pores of the material until it reaches the
surface and is released into the indoor environment; this process is commonly referred to
as radon exhalation [27]. The exhalation of radon from building materials is influenced by
the concentration and distribution of 226Ra in the material, as well as physical properties
such as porosity, particle size, water content, and permeability [28,29]. Several external
factors can also affect the radon exhalation rate, including atmospheric pressure, humidity,
and temperature [30]. The measurement of the radon exhalation rate from these materials
can help to select suitable building materials from the radiological point of view. On the
other hand, if a dwelling has already been constructed, the radon exhalation from building
materials can be measured to identify appropriate mitigation strategies such as ensuring
adequate ventilation and conducting air testing. Common building materials generally
have a minimal impact on indoor radon levels; however, some of them may have elevated
levels of 226Ra and can be significant sources [31–33]. In the case of new building materials
made from mining tailings, it is important to conduct a radiological study to determine
whether they are suitable for use as building materials.

This study aims to provide data on the concentration of natural radionuclides and
radon exhalation to establish if selected gold–copper Peruvian mine tailings can be conve-
nient to be used in the production of geopolymer cement. The materials and methods used
included the collection and preparation of the samples, radon exhalation rate measurement,
and gamma-spectrometric analysis. The radon mass exhalation rate and activity concentra-
tions of 226Ra, 232Th, and 40K were determined for mining tailings samples. Radiological
parameters such as the radium equivalent (Raeq), gamma index (Iγ), alpha index (Iα), and
external hazard (Hex) were evaluated to assess the radiation risk associated with the mine
tailings. The results of this study will contribute to the understanding of the potential
environmental and health impacts of using mine tailings in geopolymer cement production
and provide important information for stakeholders in the construction industry.

2. Materials and Methods
2.1. Sample Collection and Preparation

A total of 5 mine tailings samples from a gold mine were collected and analyzed. The
mining company provided tailings samples selected for their chemical and geomechanical
properties, to be assessed for use in a brick production feasibility project. These samples
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were representative of the entire volume of tailings produced during the exploitation, based
on previous studies conducted in brick manufacturing. The location of the mine is indicated
on the map in Figure 1.
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In a mining operation, it is necessary that the mining tailings contain a certain amount
of water to form a pulp, which allows them to be transported. Once the tailings samples
have been obtained, it is necessary to extract the excess water to carry out the brick
manufacturing processes. Approximately half a ton of tailings was received, with an
approximate solid content of 25%. Then, for the drying process, the pulp was sedimented
by gravity to separate the supernatant water from the fine tailings. The liquid portion
was discarded due to its low solid content. The solid portion was directly separated into
large trays with an approximate weight of 4 kg for subsequent drying in a furnace at a
temperature of around 50 ◦C [34]. The granulometric analysis of each sample allowed us to
determine the D80 (mesh size of the opening of the sieve through which 80% of the solid
that is being sieved passes). D80 values were 50.10 mm; 135.78 mm; 134.25 mm; 125.27 mm;
and 134.92 mm for each sample, respectively [35].

Crystal phases were analyzed using X-ray diffraction (XRD). XRD analysis was per-
formed using a Bruker D8 Discover model with a copper anode (CuKα = 0.15418 nm), a DC
current of 40 mA, and an acceleration voltage of 40 kV, with a Lynxeye detector with energy
selectivity. The analysis was conducted over a range of angles (2θ) from 5◦ to 80◦ in 0.02◦

steps. The reference intensity ratio (RIR) method was used to calculate the composition of
the crystal phases and the amorphous portion.

Compositional analysis was conducted using X-ray fluorescence (XRF). The X-ray
fluorescence analysis was conducted using the wavelength-dispersive X-ray spectrometer
(WDXRF) Bruker S8 TIGER model, with a rhodium (Rh) anode, a DC current of 170 mA,
and an acceleration voltage of 60 kV, with collimators with an aperture angle of 0.23◦

and 0.46◦, in addition to the following analyzers crystals: PET, LIF (200), LIF (220), and
XS-55, and two types of detectors: scintillation counter and flow proportional. The oxide
evaluation model was employed, and the measurement time was 8 min for each sample.
The fused bead method was used for sample preparation.

2.2. Gamma Spectrometry Analysis

Approximately 1000 g of the samples was placed in airtight containers (85.4 mm and
138 mm for internal diameter and filling height, respectively) and kept in the laboratory for
30 days to achieve secular equilibrium between 226Ra, 222Rn, and their short-lived progeny.
The tightness of the cylindrical containers was ensured by covering the O-ring surface cap
with high-vacuum grease. A leakage test was conducted using the AlphaGuard instru-
ment operating in diffusion mode as a continuous radon monitor within an accumulation
chamber made of methacrylate.
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Gamma spectra were acquired for 86,400 s using an 3” × 3” NaI spectrometer. The
MAESTRO®-32 (ORTEC, USA) MCA Emulation software (version 7.01) was used for
peak identification, the setting of regions of interest (ROI), and the determination of net
peak areas. Reference material IAEA-412 was placed on a tightly sealed petri plate and
used for efficiency calibration. The extended relative method of activity determination
(ERMAD) was used for quantification as the samples differed in geometry, composition, and
density from the reference material [36]. The efficiency transfer factor required by ERMAD
was estimated using the ETNA software (Laboratoire National Henri Becquerel, France,
version 5.5) [37]. All of the samples were carefully placed into high-density cylindrical
plastic containers, filling them completely.

For a 95% confidence level of peak detection, the minimum detectable activity (MDA)
concentration in units of Bq kg−1 was calculated by [38]:

MDA =
2.71 + 3.29

√
2BR × tC × FWHM× F/ECAL

ε× Pγ × tC
(1)

where BR is the total background count rate; tC is the live time of the count; FWHM (≤8.5%
for 137Cs) is the width of the spectrum curve, which is measured between two points
(in energy units); F is the factor necessary for the desired coverage; ECAL is the energy
calibration factor to convert FWHM into channels; ε is the efficiency of the detector at the
energy of the measured gamma-ray; and Pγ is the gamma-ray emission probability.

2.3. Radon Exhalation Rate Measurement

For granular materials, the exhalation surface area is difficult to calculate accurately
because it strongly depends on particle size according to Tuccimei et al. [39]. Therefore, in
these cases, it is common to express the radon exhalation rate in terms of mass [40,41]. The
radon mass exhalation rate was determined using a RAD7 instrument (Durridge Company
Inc., Bedford, MA, USA) by the closed chamber method. A stainless-steel accumulation
chamber with a cylindrical design was built for the purpose of exhalation measurements.
The tightness test for the stainless-steel accumulation chamber was carried out by placing
a sample of uranium ore inside this chamber and measuring the growth of the radon
concentration in a closed loop using the RAD7 instrument. Leakage and back-diffusion
have a significant impact on the accumulation chamber. However, if the measurement of
radon exhalation is carried out over a short period (less than 24 h), it is possible to ignore
these effects as other authors have considered [42,43]. The stainless-steel accumulation
chamber was connected to the RAD7 instrument, creating a closed circuit as shown in
Figure 2.
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The radon concentration C(t) within the cylindrical stainless steel accumulation cham-
ber can be described by the radon mass transfer equation as presented by [44]:

dC(t)
dt

=
E(t)S

VC
− λRn C− λLC− λBDC (2)

The solution can be written as:

C(t) = Cs + (C0 − CS)e
−λe f f t (3)

where Cs represents the equilibrium radon concentration, C0 is the initial radon concentra-
tion, E(t) is the radon exhalation rate, S is the exhalation area, VC is the free volume of the
closed chamber including the RAD7 measuring system, and the effective decay constant
is λe f f = λRn + λBD + λL. The terms λBD, λL, and λRn represent the back-diffusion, the
radon leak rate, and decay constant of radon, respectively. The accumulation of radon
within the closed chamber is characterized by a linear increase in radon concentration over
the first 24 h [45,46]. Then, the radon mass exhalation rate E (Bq kg−1 h−1), considering
λBD and λL, which are negligible for a short sampling period, can be obtained by [39]:

E = (m + λRnC0)
VC
M

(4)

where m (Bq m−3 h−1) is the initial slope of radon growth in the accumulation chamber in
the first 24 h, and M is the mass of the sample.

2.4. Evaluation of Activity Indexes and Radiological Hazard Parameters

The presence of natural radioactivity in building materials is commonly assessed
through the evaluation of natural radionuclides 40K, 232Th, and 226Ra. The radiological
assessment of the studied mine tailings can be considered based on the indexes proposed
for building materials as they will make up a significant proportion of their composition.
However, the distribution of these radionuclides in the building materials being studied is
not uniform.

2.4.1. Gamma Index (Iγ)

The Gamma index quantifies the effect of three radioactive isotopes 226Ra, 232Th, and
40K (Bq kg−1) present in building materials and is calculated using Equation (5) given by
the European Commission [47]:

Iγ =
C226Ra

300
+

C232Th

200
+

C40K

3000
(5)

Building materials with a gamma index ≥ 1 possess the potential to result in annual
effective doses surpassing 1 mSv. On the other hand, the value of the gamma index < 1
indicates the safe use of the analyzed material [47].

2.4.2. Alpha Index (Iα)

The alpha index is a term used to describe an excess of alpha radiation that may be
present in a room due to the presence of the radon exhaled from building materials [48,49]:

Iα =
C226Ra

300
≤ 1 (6)

The activity concentration of 226Ra must not exceed 300 Bq kg−1, to prevent exposure
to indoor radon concentrations greater than 300 Bq m−3, which is recommended by the EU
and ICRP as the action level for indoor radon exposure in dwellings [48,50].
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2.4.3. External Hazard Index (Hex)

This index assumes that the walls are thick, without windows or doors [51]. The
external hazard index, designated as Hex, calculates the expected radiation dose that results
from the emission of γ-rays from building materials. For the radiation risk to be considered
low, the Hex value must be less than 1.

Hex =
C226Ra

370
+

C232Th

259
+

C40K

4810
(7)

2.4.4. Radium Equivalent Activity (Raeq)

The radium equivalent activity index (Raeq) was developed as a means of representing
the activity concentrations of 40K, 232Th, and 226Ra as a single quantity, taking into con-
sideration the associated radiation hazards. Furthermore, Raeq takes into consideration
that the concentration activity of these radionuclides in building materials is not uniformly
distributed and therefore does not emit an equal dose of radiation. Raeq is calculated using
the following equation [51]:

Raeq = C226Ra + 1.43C232Th + 0.077C40K (8)

The maximum permissible dose rate for any building material is 1 mSv y−1, which is
equivalent to 370 Bq kg−1 of Raeq [52].

3. Results and Discussion
3.1. Granulometric and Mineralogical Analysis

Grinding processes were used to extract the maximum amount of mineral, varying
the grain size. Table 1 provides a detailed range of grain sizes for each tailing sample.

Table 1. Range of grain size in each mining tailing sample.

Samples Grain Size (µm)

REL-1 (10–50)
REL-2 (78–135)
REL-3 (25–134)
REL-4 (27–125)
REL-5 (134–192)

X-ray diffraction analysis has been performed to determine the mineralogical compo-
sition of the mine tailing samples. Table 2 shows the concentration of crystal phases in the
samples.

Table 2. Concentration (%) of observed crystal phases in the mining tailings samples analyzed
by XRD.

Samples REL-1 REL-2 REL-3 REL-4 REL-5

Quartz 74.5 79.4 21.5 29.6 81.0
Pyrite 8.0 2.0 16.3 14.9 2.7

Muscovite 0.9 1.5 11.2 11.6 1.5
Kaolinite 0.8 1.1 9.9 9.2 1.0

Others 15.8 16.0 41.1 34.7 13.8

3.2. Assesment of Radon Leakage from the Stainless-Steel Accumulation Chamber

To assess the radon leakage from the stainless-steel accumulation chamber, the con-
centration of 222Rn was monitored over a 15-day period with data collected every 30 min.
Considering that the initial radon concentration in the chamber, C0, is nearly zero at the
beginning of the accumulation process or assuming that the initial radon concentration



Atmosphere 2023, 14, 588 7 of 11

inside the chamber is significantly smaller than the saturation [53], Equation (3) can be
simplified as:

C(t) = Cs

(
1− e−λe f f .t

)
(9)

The dataset was fitted using the exponential function in the form of Equation (9).
The best fit for the growth of radon concentration, which estimates a concentration equi-
librium value of 2957 Bq m−3, is represented by the red line in Figure 3. A value of
(0.0077 ± 0.0001) h−1 was obtained for the effective decay constant, which is very closed
to radon decay constant λRn = 0.0076 h−1. Thus, the radon concentration leakage can be
considered negligible from the stainless-steel accumulation chamber since λe f f = λRn [54].
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concentration inside the accumulation chamber.

3.3. Activity Concentrations of 226Ra, 232Th, and 40K

Table 3 shows the activity concentrations for 226Ra, 232Th, and 40K in Bq kg−1. The
activity 226Ra was determined from 1760 keV peak from 214Bi, the activity of 232Th was
determined from 2614 keV peak from 208Tl, and the activity of 40K was determined from
1460 keV peak. The MDA was 6.6 Bq kg−1 for 226Ra, 6.2 Bq kg−1 for 232Th, and 32 Bq kg−1

for 40K. The variation in the activity concentrations of 226Ra was found in the range from
BDL to 15.4 Bq kg−1 with a mean value of 11.5 Bq kg−1. 232Th varied in the range from
BDL to 9.0 Bq kg−1 with a mean value of 8.77 Bq kg−1. 40K ranged from 182.7 Bq kg−1

to 770.8Bq kg−1, with a mean value of 479.1 Bq kg−1. The average activity levels of
226Ra, 232Th, and 40K in building materials worldwide are 35 Bq kg−1, 30 Bq kg−1, and
400 Bq kg−1, respectively [55]. REL-4 and REL-5 have values higher than the global average
for 40K. In the case of the other radionuclides, all values are below worldwide levels. The
contents of 226Ra, 232Th, and 40K in REL-1 compared to those in other samples are of
interest because of its smaller grain size (10–50 µm). The very low radium content in REL-1
and REL-2 could be explained by the higher proportion of quartz in their composition,
which is 74.5% and 79.4%, respectively, as indicated in Table 2. REL-1 and REL-2 were
simultaneously extracted from the same mine zone and subjected to different flotation
processes; there is no significant difference in the 226Ra and 232Th content. Meanwhile,
REL-1 and REL-2 were simultaneously extracted from a different zone of REL-3 and
REL-4. The last two samples had the lowest proportion of quartz with 21.5% and 29.6%,
respectively. These results show that the radionuclide contents are higher than in tailings 1
and 2, indicating heterogeneity in the concentration of the radionuclides depending on the
extraction area. Finally, REL-5 has the highest amount of quartz, which could indicate that
it has the lowest amount of natural radionuclides. However, as shown in Table 3, it has
values comparable to REL-3 and REL-4 tailings. One possible explanation is that REL-5
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was subjected to a grinding process that produced larger grain sizes, which increases the
effective surface area for interaction with the chemical agents used in the flotation process,
resulting in less impact on the concentration of natural radionuclides. At the same time, the
flotation liquid has a significant potassium content, which could explain the higher levels
of this element in samples REL-4 and REL-5. However, it is important to consider that the
concentration of different chemical agents in the flotation liquid is not homogeneous, as
dosing varies depending on the mineralogy, which is notably variable in a mine.

Table 3. Activity concentrations of 226Ra, 232Th, and 40K (Bq kg−1) in mining tailing samples.

Samples
Activity Concentrations in Bq kg−1

CK40
(Bq kg−1)

CRa226
(Bq kg−1)

CTh232
(Bq kg−1)

REL-1
REL-2

183 ± 9
229 ± 11

BDL
BDL

BDL
BDL

REL-3
REL-4

461 ± 22
771 ± 37

9.1 ± 1.4
15.4 ± 2.4

5.5 ± 2.2
8.9 ± 3.6

REL-5 752 ± 36 9.9 ± 0.5 11.9 ± 1.2
BDL: Below detection limit.

3.4. Radon Mass Exhalation Rate

Table 4 summarizes the radon mass exhalation rate for all samples and the slope of the
fitted line, denoted as “m” (radon concentration versus time). The radon mass exhalation
rate (ER) varies from (2.80 ± 0.34) mBq kg−1 h−1 to (7.20 ± 0.65) mBq kg−1 h−1 with
an average value ± 1σ of (5.32 ± 1.73) mBq kg−1 h−1. The five mine tailing samples of
different grain sizes and calculations show different exhalation rates. Percentagewise, the
difference between the radon exhalation rate of the sample with the lowest exhalation,
REL-2, and the sample with the highest exhalation, REL-4, is 88%. The slope values are
small due to the low radon exhalation rate, which in turn is conditioned by the poor 226Ra
content in samples. Sample REL-4 has a higher content of 226Ra, possibly due to the lower
quartz content and the possibility that the other minerals that make up this tailing may
host a higher content of radium. In general, the values of radon mass exhalation rates from
the mine tailing samples analyzed are relatively low, as indicated by these results.

Table 4. Slope and radon mass exhalation rate in mining tailing samples.

Samples m + ∆m [Bq m−3 h−1] ER + ∆ER [mBq kg−1 h−1]

REL-1 0.97 ± 0.07 4.40 ± 0.39
REL-2 0.98 ± 0.07 2.80 ± 0.34
REL-3 1.02 ± 0.07 5.90 ± 0.53
REL-4 1.11 ± 0.08 7.20 ± 0.65
REL-5 1.04 ± 0.07 6.30 ± 0.55

3.5. Activity Indexes and Radiological Hazard Parameters

Mean values of Gamma and Alpha indexes (Iγ, Iα), radium equivalent Raeq, and
external hazard Hex parameters are represented in Table 5. The Gamma Index Iγ in all
samples was ≤0.5, corresponding to the exemption dose criterion of 0.3 mSv y−1, so this
material can be considered exempt and can be used as secondary raw material to produce
cements without restrictions [47]. Similarly, all estimated alpha indexes Iα for the analyzed
mine tailing samples fell within the range of 0.02 to 0.08, with an average of 0.03. These
values were also within the recommended level of Iα < 1, which corresponds to indoor
radon concentration of less than 300 Bq·m−3. Radium equivalent activity (Raeq) in mine
tailing samples were (52.64 ± 32.27) Bq kg−1, and the external hazard Hex was 0.14 ± 0.09.
The external hazard index Hex is below one and falls below the safe recommended level.
The radium equivalent Raeq values of the cement samples are lower than the recommended
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level of 370 Bq m−3 [47,55]. As can be evidenced from Equations (5) and (7) if Iγ is less
than 1, Hex is also expected to be less than 1 because one equation is derived from the other.
Therefore, Hex is not necessary to be calculated if previously known that Iγ < 1.

Table 5. Average values of activity indexes and radiological hazard parameters.

Sample Iγ Iα Hex Raeq

REL-1 0.08 0.02 0.05 19.93
REL-2 0.10 0.02 0.06 23.52
REL-3 0.21 0.05 0.14 52.42
REL-4 0.35 0.08 0.24 87.48
REL-5 0.34 0.05 0.23 84.85

4. Conclusions

The levels of 226Ra, 232Th was found significantly below the maximum allowed levels.
Only in the case of 40K, levels were slightly above the global average. The radon mass
exhalation rate values were consistent with the levels of 226Ra measured through gamma
spectrometry. In general, the radon exhalation rate from the mine tailing samples is below
the global average. The radiological indexes were below the permissible limits in these
mine tailings; therefore, they are safe to use as raw material to produce cement. However,
given the heterogeneity of results, it would be advisable to conduct a study for each tailings
batch. Incorporating mine tailings into cement production can lead to a decrease in waste
release and an improvement in the utilization of natural resources.

The results of the leakage test showed that the system has good tightness, so it can be
assumed that the leakage is negligible.

The levels of exhalation found in the tailings to be used as raw material to produce
geopolymer cement are very low compared to those reported in other studies. The radon
exhalation in the final product should be still lower due to the change in physical properties.
At the same time, the gamma radiation could be even more attenuated in the finished
material as self-absorption occurs due to the density of the final product.

Mine tailings from different Peruvian mines would be studied with the aim of being
used as raw material to produce building materials or for other purposes.
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