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Abstract— The study investigated the radon emission rate and
potential radiological hazards of high-uranium-content building
materials in The Ica area of Southwestern Peru. We used a creative
technique that combined a closed chamber and active monitor, and
it was improved by a hermetic sealing method to maintain secular
equilibrium well. The results showed radon emission rates as low as
below detection limits (BDL) up to 52.3 mBq/kg-h. Our analyses
with a 3' x 3' Nal detector found radionuclide concentrations in
cement samples by gamma spectrometry. We found a high positive
correlation between radium activity concentration and radon
exhalation rate. The activity concentrations of **Ra, **’Th, and 'K
differ significantly, with maximum values reaching 60.6, 22.3, and
1074 mBq/kg-h. We consider these results significant for the safety
of materials in the Peruvian construction sector. And we also hope
that they will provide information to support radiological risk
management.
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1. INTRODUCTION

Radioactive isotopes can be found in soil, rocks, and
construction materials, pointing to significant environmental
radiation sources and health implications [1]. Environmental
radiation consists of natural internal exposure due mainly to
inhaling radon daughters or other particles (NORM) and
external exposure from gamma rays emitted naturally by
radioactive materials [2]. The external exposure, which affects
both indoor and outdoor environments, can, for the most part,
be attributed to gamma rays emitted by isotopes like *°K, as
well as intermediary decay products from the longer-lived
isotopes ?°Ra (**®U) and 2*’Th series [3]. Health risk
assessments require a comprehensive understanding of the
many sources and types of radiation associated with this
radiation exposure.

The production of building materials necessitates
extracting raw materials from quarries, leading to variations in
activity concentrations of materials like bricks, cement, and
gypsum [4]. Ionizing radiation, known to cause molecular
damage in living tissues, is quantified by the effective dose,
reflecting radiation type and tissue sensitivity. This metric
represents the overall risk associated with ionizing radiation
exposure, significantly influenced by radioactive elements in
construction materials. The impact of these materials on
indoor radiation levels poses a health risk, contingent on
factors such as material composition, local geology, and

architectural design. Since 77% of the population of Peru
resides in urban settings, spending considerable time indoors,
evaluating the radiation from building materials becomes
crucial for estimating potential risks to inhabitants. In Peru,
where regulation is guided by international recommendations,
monitoring and managing radionuclide activity in building
materials is vital. Such oversight is crucial to determine the
health risk increase from long-term exposure to elevated
radiation dose rates.

The UNSCEAR 2000 report elucidates that radon and its
decay products collectively contribute to an average inhaled
dose of 1.26 mSv/y, constituting approximately half of the
annual effective dose (2.4 mSv/y) received by individuals
from natural sources [5-7]. Notably, the International
Commission on Radiological Protection (ICRP) and the World
Health Organization (WHO) acknowledge the challenges of
radon and external irradiation from building materials as
critical public health concerns.

Radon gas, predominantly accumulating in poorly
ventilated spaces like homes, is a primary determinant of
indoor radon levels [8]. This accumulation stems from radon
exhalation, a process initiated by radon emanation. Radon
emanation refers to releasing radon atoms from the internal
structure of materials, such as soils and building materials,
into their pores [9]. The radon exhalation rate from these
materials is influenced by intrinsic factors, such as radium
content and physical properties, and extrinsic factors,
including air pressure, temperature, and relative humidity [10].
Measuring the radon exhalation rate from building materials is
imperative for assessing radiological risk levels.

Effective risk management includes ensuring adequate
ventilation and conducting air quality assessments, which are
essential for residential spaces' safety and regulatory
adherence. Additionally, evaluating the radon exhalation rate
in existing structures is crucial for devising appropriate
mitigation strategies, particularly when radon levels exceed
national regulatory thresholds. In Peru, research on radon
exposure has gained significant interest recently, with studies
such as [11,12]. However, regulations that limit the dose of
exposure to construction materials have yet to be established
due to the wait for new research that provides a more
significant amount of data from different regions of the
country and all types of construction materials.
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This study aims to evaluate the concentration of natural
radioactivity, the radon exhalation rate, and the radiological
risk indexes (Gamma index, Radium equivalent activity,
External hazard index, Internal hazard index) of the most
common construction materials in Ica, Peru. With this study,
we hope to inform public policy, improve building practices,
and increase public awareness of the impact of building
materials on radon exposure. This advice should regulate and
establish safe limits for radionuclides in building materials for
efficient supervision and control. Additionally, the
effectiveness of one method with three different settings for
hermetically sealing the container used in gamma-ray
spectrometry was also studied.

II. MATERIALS AND METHODS

A. Sample collection and preparation

Fourteen building material samples were collected from
Ica, a coastal city in Peru, for analytical purposes. To prepare
these samples for analysis, they were dried at 110 °C for 24
hours, a step crucial for removing moisture. Subsequently, the
dried samples were pulverized and sieved to achieve a uniform
particle size of 1 mm. This preparation was essential for
accurate gamma radiation measurements and determining the
radon mass exhalation rate.

The samples comprised cement and bricks procured from
principal manufacturing facilities along the Peruvian coast.
Additionally, aggregates used in concrete (such as sand and
rock) and gypsum samples were specifically sourced from
areas within the Ica region. These locations were chosen due
to their proximity to zones with notable anomalies in uranium
concentration, as reported in previous studies [13]. Figure 1 in
the study provides a detailed illustration of the extraction sites
for gypsum and aggregates, with areas denoted by red circles
highlighting regions of potential uranium mining interest.

B. Measurement of natural radioactivity

Samples of building materials sourced from diverse
manufacturers were collected and processed. Post-processing,
these samples were stored in high-density polyethylene
containers equipped with screw caps. The specifications of
these containers are as follows: an external diameter of 85.4
mm, a filling height of 139.98 mm, a side thickness of 1.96
mm, and a base thickness of 2.20 mm.

A leak test validated the radon impermeability of the
cylindrical plastic containers designated for gamma
spectrometry analyses. This test employed the AlphaGuard
(AG) equipment, configured in diffusion mode, as a radon
monitoring apparatus. The procedure was carried out within a
methacrylate accumulation chamber, as illustrated in Figure
2D. A uranium ore sample was positioned inside the
cylindrical container for this purpose. Additionally, the
efficacy of three distinct sealing methodologies applied to the
container was evaluated, as depicted in Figure 2.
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Fig. 1 The enclosed area delineated by the dotted blue line represents
the region from which natural mineral materials utilized as primary raw
materials in the construction products examined in this study are extracted.
The marked green point identifies the principal extraction site for raw
materials used in brick production. This site is situated on the central coast of
Peru, specifically southwest of Lima, in the Ica department [13].
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Fig. 2 The experimental setup for evaluating sealing methods and
assessing leakage is illustrated. On the left side, three distinct sealing
techniques are depicted: Figure 2A demonstrates the method of fully
tightening the screw cap, Figure 2B exhibits the application of Teflon tape on
the thread, and Figure 2C illustrates the process of applying high-vacuum
grease to the internal contour of the screw cap, in conjunction with covering
the thread with Teflon tape. On the right side, Figure 2D presents the
configuration within the accumulation chamber, specifically designed to
measure container leakage.

Subsequently, the containers were sealed employing a
technique that effectively minimized radon leakage, thus
ensuring the maintenance of secular equilibrium between
226Ra, ?*’Rn, and their short-lived progeny. Once secular
equilibrium was established, the samples underwent analysis
using a gamma spectrometer equipped with a 3” x 3” Nal(Tl)
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scintillation detector. This detector boasted a resolution of less
than or equal to 8.5% at the 662 keV peaks of *’Cs. In order
to standardize measurements, the cylindrical plastic containers
housing the building materials were placed on a support made
of low-density plastic. The identification of natural
radionuclides such as “°K, *°Ra, and **’Th was facilitated
through the observation of their respective energy peaks, as
delineated in Figure 3.

— |AEA-412
— Gypsum L

— Brick N°8

Fig. 3 Gamma spectral analysis of diverse materials including Gypsum,
Brick, and the IAEA reference sample.

Gamma spectral measurements for the background, various
samples, and reference material were conducted over 86400
seconds. During the analysis, full energy peaks were
identified, regions of interest (ROI) were established, and the
net areas of the peaks were calculated using the MAESTRO®-
32 MCA Emulation software. The system's minimum
detectable activity (MDA) was calculated with a 95%
confidence level. Typically, energy calibration in such
analyses is conducted using point sources, and efficiency
calibration is executed with reference materials. However, in
this particular study, energy calibration was considered non-
essential due to the radionuclide similarities between the
building material samples and the IAEA-412 (Ocean
Sediment) reference material.

The Extended Relative Method of Activity Determination
(ERMAD) was utilized to quantify activity. Notwithstanding
the consistent use of cylindrical geometry, variations were
observed in the sizes of containers and the volumes occupied
by the samples and reference material. The ETNA software
was employed to estimate the efficiency transfer factor
required for the ERMAD process to accommodate these
variations.

C. Measurement of radon mass exhalation rates

The assessment of radon exhalation from the surface area
of granular materials such as soil, rock, or building materials
presents a considerable challenge owing to the myriad factors
that influence this process. Determining this parameter
necessitates an integrated approach combining experimental
methodologies with theoretical modeling to yield reliable and

significant outcomes. The granular nature of these materials
implies that the total surface area contributing to radon
exhalation extends beyond the external surface to encompass
the surfaces of each particle. This complexity is further
amplified by the variability in grain size, shape, and radon
content, as well as the presence of intergranular voids, making
the measurement process more intricate. Consequently, it is a
standard practice in such contexts to quantify the radon
exhalation rate about mass [14,15].

For this purpose, a specially designed cylindrical stainless
steel accumulation chamber was utilized. This chamber,
characterized by a negligible radon leakage rate as
corroborated in [12], was integrated with the RAD7
instrument via two valves to establish a hermetically sealed
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circuit, as depicted in Figure 4.

Fig. 4 Experimental Configuration for Radon Exhalation: The RAD7
instrument measured the radon exhalation rate from a sample housed within
the stainless-steel accumulation chamber.

The radon concentration within the stainless-steel
accumulation chamber, represented as C(t), is governed by the
ensuing radon mass transfer equation, as delineated in the
study by [16].

dc(t) E(t)S

dt V

c

— 2pC—A,.C—A5C. (1)

In the context of radon exhalation measurement, 'E' denotes
the radon exhalation rate, 'S' signifies the surface area from
which radon exhalates, and 'V¢' represents the total volume
within the enclosed chamber, inclusive of the volume
occupied by the RAD7 measurement mechanism.
Additionally, the term "Agp' corresponds to the rate of back-
diffusion, '\.' defines the rate of radon leakage, and "Ar.'
denotes the radon decay constant.

For brief sampling durations, specifically during the initial 24
hours wherein a linear increase in radon concentration
predominantly characterizes the accumulation process within
the sealed chamber [17,18], it is feasible to consider both the
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back-diffusion rate '"App' and the radon leak rate "A.' as
negligible [19].

\/
EM :(m‘i‘ﬂ'Rnco)MC . 2

In this context, the unit (Bq.m>.h'") represents the initial rate
of increase in radon concentration within the accumulation
chamber. 'M' signifies the mass of the sample under
examination.

The term "emanation fraction" pertains to the ratio of 2*’Rn
atoms produced within the grains of the materials that
effectively migrate out of the pore space. Determining the
radon emanation fraction can be conducted according to the
methodologies outlined in [20].
f _ _Bu . 3)
CRaﬂ’Rn

In the given expression, f denotes the radon emanation
fraction, Em represents the radon mass exhalation rate,
expressed in units of (Bq.kg'.h'), and Cgrs refers to the
concentration of ??°Ra, quantified in (Bq.kg™).

D. Radiological parameters

Key radiological parameters were calculated to evaluate
radiation hazards related to the building materials utilized.
These include the Gamma index (I,), the Radium equivalent
activity (Raeq), and both the External and Internal hazard
indices (Hex, Hin).

E. Gamma Index I,

The European Commission [21], along with various
scholars [20,22], have recommended specific indices to
evaluate the surplus gamma radiation emanating from building
materials and its correlation with the annual dose rate. In this
context, the Gamma index represents the cumulative impact of
three radioisotopes commonly found in building materials
226Ra, 232Th, and *K. The following equation executes the
calculation of the Gamma index:

_Cug,  Comy C

— 232Th+ 40K ) 4
£ 300 200 3000 @

Building materials exhibiting a gamma index of 1 or
higher possess the potential to yield annual effective doses
surpassing 1 mSv. Conversely, materials with a gamma index
value below 1 are considered safe for utilization per the
guidelines established in [21].

F. Radium equivalent activity Raeq

The Radium Equivalent Activity (Raeq) is a widely
recognized index that quantifies a weighted sum of the
activities of 2°Ra, ?Th, and “°K present in building materials.
This index is formulated based on the methodology provided
in [23].
Ra,, =Cg, +1.43C;, +0.077C . (5)

The maximum allowable dose rate for any building
material is set at 1 mSv.y”!, which corresponds to a Radium
Equivalent Activity (Raeq) of 370 Bq.kg™!, as delineated in
[24].

G. External Hazard Index Hex

The External Hazard Index (Hex) is designed to estimate
the potential radiation dose from the gamma rays emitted by
building materials, assuming thick wall structures devoid of
windows and doors [23]. The computation of Hex values, as
per the methodology outlined in [23], is crucial in assessing
whether the radiation hazard posed by these materials is
negligible. For the hazard to be considered insignificant, the
Hex values must remain below the threshold of 1.

H — C226Ra C232-|-h CAOK (6)
370 259

4810

H. Internal Hazard Index Hin

The Internal Hazard Index (Hin) quantifies the internal
exposure to radon and its progeny, complementing the
External Hazard Index (Hex) assessment. As articulated in
[24], to effectively mitigate the risks associated with ??Ra, it
is necessary to reduce its maximum permissible concentration
to half of the standard limit, equating to 185 Bq-kg ™.

C C C

Hin — 226Ra + 232-|—h + 40K ) (7)
185 259 4810
It is essential to maintain the values of this index below 1
to ascertain that the associated radiation risks are considered
negligible.

. Absorbed gamma dose rate

The calculation of the absorbed gamma dose rate, arising
from the emissions of radionuclides (**°Ra, 2**Th, and “°K) and
Naturally Occurring Radioactive Materials (NORMs) in
building materials, was performed employing the
methodologies outlined in the European Commission Report
[25, 26]. The formula for this calculation is as follows:

D,(NGyh™)=0.92C,, +1.1C;, +0.08C, . (8)

The global average for the Absorbed dose rate is
documented to be 55 nGy.h™!' [27].

J. Annual effective doses rate (AED)

The computation of the Annual Effective Dose (AED)
indoors considers a conversion coefficient, transforming the
absorbed dose rate in the air (Dr) into an annual effective
dose. This coefficient is quantified at 0.7 Sv-Gy'. The
calculation further incorporates an indoor occupancy factor of
0.8, indicative of the average condition where individuals
spend about 80% of their time indoors. Additionally, T
represents the total number of hours a year, quantified as 8760
h y!, per the guidelines in [28].

AED(MSV.y ") = Dy xT x0.8x0.7x107°. (9
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III. RESULTS

Testing of sealing methods for cylindrical plastic
containers used in gamma spectrometry measurements

In order to evaluate radon leakage from cylindrical plastic
containers, radon concentration was monitored within an
acrylate accumulation chamber over 15 days, with data
acquisition occurring every 15 minutes. The average
background radon concentration within this chamber was
recorded as (13.4+10.2) Bq.m 3 (mean + standard deviation).

Results presented in Figure 5 reveal that the radon
concentration for the initial sealing method was markedly
higher, approximately 97 times greater than the average
background radon concentration, indicating its inefficiency.
While demonstrating reduced leakage, the second method still
registered radon levels about 15 times above the background
concentration. In contrast, the final method, incorporating
Teflon tape and high-vacuum grease, displayed near-perfect
hermetic sealing, signifying negligible leakage. The average
radon concentration for this method was (17.9£9.5) Bq.m 3,
statistically on par with the background radon concentration.
This finding underscores the efficacy of the third sealing
method in ensuring the air-tightness of the containers, a
critical factor in numerous studies focused on measuring ?*°Ra
activity through gamma-ray spectrometry of natural samples
[29-31].
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Fig. 5 Comparison of the time evolution of radon leakage for the three
sealing methods vs. background concentration for the plastic cylindrical
containers.

Activity concentrations of 22°Ra, 2*2Th, and “°K

The Minimum Detectable Activity (MDA) was
established at 6.6 Bq.kg™! for 2Ra, 6.2 Bq.kg™! for *?Th, and
32 Bqgkg! for “K. Table 1 delineates the activity
concentrations of 2*Ra, 2*2Th, and *’K, expressed in Bq.kg™'.
The concentrations of 2?Ra ranged from below the detection
limit (BDL) to 60.6 Bq.kg™!, averaging 39.4 Bq.kg!. The

22Th concentrations varied from BDL to 22.3 Bq.kg™!, with a
mean of 13 Bq.kg!. The “K levels spanned from BDL to
1074 Bq.kg !, with an average of 702 Bq.kg ..

According to UNSCEAR [28], the global average activity
levels for #2°Ra, 2*2Th, and *°K are 35 Bq.kg!, 30 Bq.kg™!, and
400 Bq.kg !, respectively. The Cement PR, Cement PV, Sand
G, Sand F2, Concrete, and brick samples exhibited ?°Ra
values marginally exceeding the global average. Only Cement
A and Cement PV recorded “’K values below the global
average. In contrast, the 2*?Th concentration in all samples
consistently remained below the global average.

Gypsum samples exhibited the lowest levels of all
primary radionuclides, whereas the brick samples had the
highest levels of ??Ra (60.6 Bq.kg™), **Th (22.3 Bq.kg™),
and K (1074 Bq.kg ™).

Table 1: Concentration of radioactivity for **Ra, **’Th, and
YK in powdered building material samples from the Central
Coast of Peru. BDL: Below the detection limit. *The letters
accompanying the construction materials indicate the brands
of these products.

Samples Building | Activity Concentration (Bg.kg?)
Materials * 40K 226Rg 22Th
1 Cement S 405+19 33.3+1.0 | 7.8+0.8
2 Cement PR 579+27 42.5+1.6 | 10.8+1.0
3 Cement A 347+16 31.841.2 | 7.8+0.8
4 Cement PV 356+17 43.8+1.7 9.9+1.0
5 Cement Y 821+39 30.0+1.1 9.5+0.9
6 Sand G 924+44 40.9£1.5 | 15.4+£1.5
7 Sand F1 898+43 23.8+0.9 7.7+£0.7
8 Sand F2 834440 42.1£1.6 | 13.4+1.3
9 Gypsum M BDL BDL BDL
10 Gypsum L BDL BDL BDL
11 Concrete 667+33 44.4+1.7 | 19.6+1.9
12 Rock 452421 28.71.1 | 10.8+1.0
13 Brick P8 1067+51 60.6+2.3 | 21.4+2.1
14 Brick P9 1074+£51 50.6£1.9 | 22.3£2.2

Radon mass exhalation rate and Radon emanation fraction

Table 2 comprehensively presents the radon mass exhalation
rates for all samples, encapsulating the slope "m" that signifies
the linear increase in radon concentration during the initial 24-
hour measurement period, along with the radon emanation
fraction f. A robust correlation was observed between the total
radium content and the radon mass exhalation rate in cement
samples, as depicted in Figure 6 (R?>=0.99). The radon mass
exhalation rate (EM) ranged from (4.50+0.42) mBq.kg ".h™' to
(22.34+1.30) mBqkg '.h™',  averaging  (14.01£1.04)
mBq.kg '.h™!. The average radon mass exhalation rates for
Cement and Gypsum samples aligned with values reported in
[32]. Brick samples exhibited a higher radon exhalation rate
than other materials. Gypsum samples showed minimal radon
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exhalation, correlating with their lower radium content. The
radon emanation fraction for each building material was
calculated using Equation (3), with average values of 5.9% for
cement, 8.6% for sand, 7.1% for concrete, 5.1% for rock, and
11.6% for bricks. Figure 6 illustrates a strong positive
correlation (0.99) between radium activity concentration and
radon exhalation rate in cement samples, underscoring the
significant relationship between these parameters.

Table 2: The Radon mass exhalation rate (Ey), the initial
slope of radon concentration increase (m) in the accumulation
chamber, and the radon emanation fraction (f) of the building
material samples.

Samples m (Bg.m3.h?) | Em(mBg.kgth?) | f(%)
Cement S 0.98+0.07 13.1+0.9 5.2
Cement PR 1.77+0.06 20.8+1.4 6.5
Cement A 1.30+0.07 14.5+1.1 6.0
Cement PV 1.34+0.07 21.0+1.3 6.4
Cement Y 0.93+0.08 12.9+1.1 5.7
Sand G 2.40+0.07 29.8+1.8 9.6
Sand F1 1.4440.08 13.7+1.1 7.6
Sand F2 1.04+0.07 18.8+1.1 5.9
Gypsum M 0.21+0.09 BDL BDL
Gypsum L 0.25+0.09 BDL BDL
Concrete 1 1.75+0.07 23.9+1.5 7.1
Rock C 1.15+0.08 11.1+0.9 5.1
Brick P8 2.45+0.05 52.3+2.4 13.6
Brick P9 1.25+0.06 44.2+2.1 11.6

Radiological parameters

Table 3 summarizes the range and mean + standard deviation
(SD) values for key radiological parameters: Gamma Index
(l,), Radium Equivalent (Racq), External Hazard Index (He),
Internal Hazard Index (Hin), Absorbed Gamma Dose Rate (DR
), and Annual Effective Dose (AED). Building materials such
as Cement, Sand, Concrete, and Gypsum exhibited a gamma
index of <0.5, aligning with the exemption dose criterion of

0.3 mSv.y!. The latter indicates that these materials are
classified as exempt and are suitable for unrestricted use.
Conversely, the |, values for brick samples surpass this
exemption criterion yet comply with the I,<1 criterion. This
compliance signifies that their usage does not exceed 1
mSv.y! limit, rendering them acceptable for building
construction.

Regarding Ra, all samples are deemed safe from a
radiological protection perspective, as they register values
below 370 Bqkg!, by [33]. The calculated values for the
External Hazard Index (Hex) and Internal Hazard Index (Hin)
were less than 1 for all evaluated building materials, ensuring
a minimal radiation risk associated with their use. Only the
brick samples exceeded the dose level of 55 nGy.h™! among
the analyzed samples. However, the annual effective doses
remained below the recommended limit of 1 mSv.y’!, as
suggested by [34].
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IV. CONCLUSIONS

This research thoroughly evaluates the efficacy of
different sealing techniques applied to cylindrical plastic
containers used in gamma spectrometry. Among the methods
tested, the combined application of Teflon tape and high-
vacuum grease has emerged as the most effective, as
demonstrated by its adherence to the minimum detectable
concentration (MDC) criteria, established at 44 Bq.m™>. This
innovative sealing approach is particularly adept at preserving
the container's airtightness, a critical factor for maintaining the
secular equilibrium between 2*Ra and its radon progeny.
Achieving this equilibrium is essential for indirectly
determining the radium content in the samples.
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Table 3: Average of the different radiological hazard indices for the analysed building

Building No I Raeq (Bg.kg™) Hex Hin D (nGy.h'l) | AED (uSv.y?)

material

Cement 5 0.33+0.07 36.28+6.40 0.24+0.04 | 0.34+0.05 43.21+£8.57 0.21+0.04
Sand 3 0.47+0.05 35.60+10.24 0.33£0.04 | 0.42+0.07 60.71+6.96 0.30+0.03

Gypsum - - - - - - -

Concrete 1 0.52 60 0.38 0.54 67.37 0.33
Rock 1 0.30 28.7 0.21 0.29 38.63 0.19
Brick 2 0.65+0.02 51.00+7.07 0.46+0.02 | 0.61+0.03 83+2.68 0.41+0.01

In gamma spectrometry, the precision of sealing methods
holds significant importance, especially when measuring
natural radioactivity in Naturally Occurring Radioactive
Material (NORM) and Technically Enhanced Naturally
Occurring  Radioactive ~ Material (TENORM).  The
effectiveness of the seal directly influences the accuracy and
dependability of these radioactivity measurements.
Consequently, the findings of this study play a crucial role in
informing optimal practices in gamma spectrometry, thereby
enhancing the precision of radioactivity assessments in various
materials. This advancement contributes to the more reliable
and safe handling of radioactive substances across research
and industrial spheres.

The analytical assessment of primary radioisotopes,
notably ??°Ra, 2*’Th, and “°K, in various materials yielded
insightful results concerning their concentration levels. The
detected ?*Ra content was generally aligned with or
marginally surpassed the global average. In contrast, the 3>Th
levels did not exceed the global mean in any of the analyzed
samples, while *°K exceeded this average in two instances.
Regarding radiological risk assessment, utilizing indices such
as the Gamma index (I,), only brick samples exceeded the
exemption threshold of 0.3 mSv.y' yet remained below the
more stringent limit of 1 mSv.y"!. This trend was observed
across other criteria, including the Radium Equivalent (Racg),
External Hazard Index (Hex), and Internal Hazard Index (Hin).

Furthermore, gamma dose rate calculations revealed that
Sand, Concrete, and Brick presented levels above the global
average of 55 nGy.h™! but still fell within the recommended
limits set by UNSCEAR. The latter could be attributed to the
geographical proximity of raw material extraction sites for
brick production to uranium-rich regions. Significantly, the
study identified a strong correlation between radon mass
exhalation and radon exhalation rates in cement samples,
indicating a homogenous distribution of ?*Ra in the cement's
raw material sources.

Based on the evaluated radiological indices — Radium
Equivalent (Raeq), Gamma Index (I,), External Hazard Index
(Hex), and Internal Hazard Index (Hi,) — all investigated
building materials are deemed safe for use. The values for
these radiological indices were all below the thresholds
recommended by UNSCEAR. The insights from this research
are fundamental in establishing national guidelines in Peru
aimed at regulating radiation exposure from building
materials, ensuring public safety, and aligning with
international standards. Hence, this study bears significant
implications for public health and safety regulations in the
construction sector.
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