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Abstract: Radionuclides can be incorporated through ingestion and within the human
body, they become a source of internal exposure. Therefore, identifying and quantifying
the radionuclides present in food is an important step in environmental monitoring and
radiological protection. From this perspective, the activity concentrations of *K, **Ra,
**Ra and *Th were calculated for six organic crop samples: avocado, cabbage, carrot,
persimmon, pineapple and onion, from the PEPB (stands for Pedra Branca State Park),
Conservation Unit. Radionuclide analysis wasconducted using gamma spectrometry with
the use of a High Purity Germanium (HPGe) detector in conjunction with the Genie 2000
software package. The activity concentrations of the radionuclides were calculated based
on simulated detection efficiencies. The highest activity concentration of “’K was obtained
for the carrot (101.83 + 15.47) Bq.kg™ and the highest effective dose value, 1.64 uSv.year
!, was obtained for avocado. The concentration of *Ra activity was below the minimum
detectable activity in all samples. Concentrations of **Ra were only detected in cabbage
and carrots. Activity concentrations of **Th were detected in all samples, although at low
levels. Estimated ingestion doses are within the limits established by the ICRP 119. Thus,
the consumption of these organic foods grown in the PEPB is radiologically safe.

Keywords: gamma spectrometry, committed effective dose, organic crop, Pedra Branca
State Park.
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Dose Efetiva Comprometida por
Ingestao de Alimentos Cultivados no
Parque Estadual da Pedra Branca

Resumo: Os radionuclideos podem ser incorporados por meio da ingestdo e no corpo
humano, tornam-se uma fonte de exposi¢do interna. Por conseguinte, identificar e
quantificar os radionuclideos presentes nos alimentos ¢ um passo importante na
monitorizagao ambiental e na protegao radiologica. Nesta perspectiva, as concentragoes
de atividade de K, **Ra, **Ra e **Th foram calculadas para seis amostras de cultivo
organico: abacate, couve, cenoura, caqui, abacaxi e cebola, do Parque Estadual da Pedra
Branca (PEPB), Unidade de Conservagao. A analise dos radionuclideos foi realizada por
espectrometria gama com o uso de um detetor de germanio de alta pureza (HPGe) em
conjunto com o pacote de software Genie 2000. As concentraces de atividade dos
radionuclideos foram calculadas com base em eficiéncias de detecao simuladas. A
concentra¢io de atividade mais elevada de *’K foi obtida para a cenoura (101.83 + 15.47)
Bq.kg" e o valor mais elevado de dose efetiva, 1.64 uSv.ano™, foi obtido para o abacate.
A concentragio de atividade do *** Ra ficou abaixo da atividade minima detectével para
todas as amostras. Concentracdes de atividade do ** Ra foram encontradas somente na
couve e na cenoura. Concentracoes de atividade de **Th foram detectadas em todas as
amostras, embora em baixos niveis. As doses estimadas por ingestao estao dentro dos
limites estabelecidos pela ICRP 119. Portanto, o consumo desses alimentos organicos
cultivados no PEPB ¢ radiologicamente seguro.

Palavras-chave: espectrometria gama, dose efetiva comprometida, cultivo organico,
Parque Estadual da Pedra Branca.
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1. INTRODUCTION

PEPB is a Conservation Unit (UC) located in the municipality of Rio de Janeiro.
Administered by the State Environment Institute (INEA), it covers an area of just over
12,000 hectares and encompasses 17 neighborhoods in the West Zone. The park is located
between the geographical coordinates 22053'5" south latitude - 43034'36" west longitude -
2304'21" south latitude and 43022'46" west longitude [1].

Figure 1: PEPB highlighted on the maps of Rio de Janciro state and municipality
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Source: Modified from INEA(2013).

The site offers various types of activities, including hiking along its many trails,
horseback riding, various observation points and diving in its waterfalls and rivers [1]. Its
geological formation is made up of a group of rocks with different lithologies, involving
granitoids and gneisses [2]. The presence of these rocks presupposes higher concentrations
of natural radionuclides [3]. Despite UCs conceptually not allowing agricultural practices,

however, at the time of the park's creation, family farmers already living in the region, due to
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historical reasons, remained in that locality. In 2003, a group of farmers transitioned from
conventional agriculture to organic farming following the creation of AGROPRATA (Rio
da Prata Farmers' Association), an association of family farmers. Its members then began

taking actions linked to environmental preservation [4].

Organic farming encompasses an agricultural system with sustainable techniques that
do not allow the use of chemical inputs (fertilizers, pesticides) either for fertility enhancement
or pest control [5]. The application of fertilizers can lead to increased doses of ionizing
radiation in the population because fertilizers contain natural radionuclides from the uranium
and thorium series, and studies show that the raw materials used in the production of

phosphate fertilizers have a high concentration of uranium [6;7].

Radionuclides can be incorporated through ingestion, and within the human body,
they become a source of internal exposure. Therefore, identifying and quantifying the
radionuclides present in food is an important step in environmental monitoring and
radiological protection. From this perspective, the activity concentrations of *K, **Ra, ***Ra

and **Th were calculated in six samples of organic fruits and vegetables grown in PEPB.

2. MATERIALS AND METHODS

Six foods - avocado, cabbage, carrot, persimmon, pineapple and red onion - grown at
PEPB were purchased at an organic market. At the Laboratory of Environmental Analyses
and Computational Simulation/Federal University of Rio de Janeiro (LAASC/UFR], its
Portuguese acronym), the edible parts were selected and processed to make them
homogeneous, without dehumidification, i.e., in natura. The samples were stored in a 500
mL polypropylene container sealed with plastic glue (to prevent **Rn leakage), the masses
were measured on a Gehaka balance (model BG 4000) with an accuracy of * 0.01 g, and the
containers were wrapped in PVC film for storage in a freezer at a temperature of - 18°C

during 45 days to ensure secular equilibrium [8, 9]. In the event of incidents, it is
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recommended to analyze fresh food, since the moisture content can reach 95%, which
implies efficiencies similar to those of water, with deviations of less than 1% for all energies

[10]. Figure 2 shows two samples prepared for analysis.

Figure 2: Organic pineapple and persimmon samples

Source: Authors.

The gamma-ray spectra were obtained using a Canberra vertical coaxial HPGe
detector, model GC3020, with a relative efficiency of 30% and an energy resolution of 1.816
keV for the 1332.5 keV peak of “Co. The multichannel system used was a Canberra DSA
1000 (Digital Spectrum Analyzer) with 8192 channels.

The counting time to obtain the area under the photopeak of interest of samples and
background was 28,000s [11]. The background was determined by using an empty container
identical to the one used to store the samples. To record the spectrum on the HPGe detector,
the containers with samples, prepared as described above, are placed on a polystyrene support

(absorber) of approximately 2 mm thickness. Figure 3 shows the data acquisition system.
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Figure 3: Data acquisition system: (a) detector shielding and sample counting place; (b)dewar; (c)
multichannel DAS 1000

Source: Authors.

The energy calibration of the detection system was carried out with sources with
gamma emissions that coincide with or are close to the areas of interest in the spectrum.
The certified standards used were *’Cs, “’Co, *Na and *K, totaling 5 experimental points
of energy 661.6 keV, 1173 keV, 1332.5 keV, 1274 keV, and 1460 keV. The only certified
source that matches the emission energy studied is *K, while the other energies atre
determined from the calibration curve adjustment, starting at channel zero and energy O
keV and passing through all the energies of the calibration sources mentioned. Verification
of the calibration and quality control was performed using a 500 ml beaker containing a
sample in secular equilibrium from the Laboratory Intercomparison Program - Institute of
Radiation Protection and Dosimetry. The emissions tracked in this study are from the
nuclides '*Pb, 2"Bi, **Ac and *K, with gamma emission at energies of 238.6 keV, 609 keV,
911 keV and 1460 keV, respectively. These radionuclides have been selected on the basis

of their probability of emitting gamma radiation at these energies. Table I shows the
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radionuclides of interest, the transition isotopes (progeny), the gamma-ray energy lines used
to determine the activity concentrations of **Th, **Ra, **Ra and *K, and their

corresponding emission probabilities.

Table I: Transition isotopes and emission probability

Radionuclides Transition isotopes Energy (keV) P, (%)
28Th 212pp 238.6 43.6
226Ra 214Bj 609 45.5
228Ra 228Ac 911,1 25.8

WK - 1460 10.66

The activity concentrations of **Ra, **Ra and **Th were determined by the gamma
energies emitted by the decay products *'*Bi, **Ac and *'*Pb, respectively, after secular
equilibrium was established. The *“K is a single gamma emitter at 1460 keV. The condition
of secular equilibrium is when the half-life of the parent radionuclide is much longer than

the half-life of its daughter radionuclides. The consequence is equal activity. [9, 11].

The 2#?Rn, a gaseous descendant of **Ra, can easily escape the sample, which prevents
the secular equilibrium activity of **Ra with **Pb and ?'*Bi within the sample. For these
radionuclides to reach equilibrium with #°Ra, five to seven half-lives of *Rn (3.82 days each)
are required, or approximately 30 days. Some scientific literature questions the 30 days,
considering it too short to establish equilibrium. Thus, the 45 days have been adopted in
more recent articles for analytical safety [9]. This time allows for the stabilization of the short-
half-life decay products **Ac (6.15 hours) and **?Pb (10.6 hours), which enables the detection
of #Ra and **Th [11].

The LabSOCS computer programme was used to simulate efficiency values according
to energy, as well as self-attenuation corrections. The simulation eliminates the requirement

for radioactive sources when determining efficiency curves. The energy values were selected

in advance, with intensities in keV of: 45, 60, 80, 100, 150, 200, 300, 500, 700, 1000, 1400
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and 2000. The geometry was reproduced in LabSOCS software by inserting the sample
characteristics and the sample holder (polypropylene container, 500 mlL). As already
mentioned, the moisture content in some vegetables implies efficiencies similar to those of

water, indicating a reduced effect of self-attenuation, especially for the energy range used,

238.5 keV-1460 keV.

The efficiency simulation software calculates the densities. A geometry was generated
tor each of the samples due to the difference in density, which ranged from 0.90 to 1.04

g/cm? and an efficiency curve was obtained for each of them.[11].

The radionuclide activity concentration was calculated according to Equation 1 [12].

AC = — (1)
& Py.t.m

Where AC is the specific activity concentration of the radionuclide (Bq.kg™); Nv is the
net area under the photopeak of interest; € is the detection efficiency of the system at the
energy of interest; Py is the transition probability of the measured gamma ray (y); m is the
mass of the sample (kg) and t is the counting time (s).

Equation 2 was used to calculate the minimum detectable activity (MDA) per unit

mass (Bq. kg™) [13].

k2+vV8ko
s.m.t.Py

MDA =

(2)

Where o is the standard deviation of the background radiation from the shielding plus
the sample holder measured over a time, t is the measurement time (s), m is the sample
mass(kg), Py is the probability of emitting a certain energy; € is the energy detection efficiency

and k is the percentage of measurements outside a defined interval from the mean value

[defined as 5%, k= 1.96].
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The effective dose was calculated based on the annual food consumption published by

the IBGE (2020) [14], according to Table II and the dose coetficient from the ICRP 119[15].

Table II: Annual food consumption

SAMPLE ANNUAL CONSUMPTION
(kg.year?)
Avocado 3.212 (%
Cabbage 0.438
Carrot 0.328
Persimmon 3.212 (%)
Pineapple 0.401
Red onion 2.482

(*) Foods not mentioned in the IBGE consumption table fall into groups according to their classification,
L.e. other fruits.

Equation 3[16] was used to calculate the committed effective dose.
Def = Df x U x AC (3)
Where Def corresponds to the annual effective dose (uSv.year™); Df is the dose coefficient

published by ICRP 119 (Sv.Bq!); U is the amount of food consumed in a year (kg); AC is

the specific activity concentration of the radionuclide in the food (Bq.kg™)

3. RESULTS AND DISCUSSIONS

To calculate the activity concentration of the natural radionuclides *K, **Ra, **Ra
and ***Th and estimate the dose due to their ingestion, six organic vegetables grown in the
PEPB by farmers affiliated with AGROPRATA, sold at certain fairs, were analyzed. The
concentration of “K activity in all samples was above the minimum detectable level, allowing
the effective dose to be estimated based on the consumption of the analyzed foods. Table

III shows the obtained values for all samples analyzed.

OPEN aACCESS
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Table III: Activity concentration of “’K and annual effective dose

ACTIVITY
SAMPLE CONCENTRATION EFFECTIVE DOSE
(Bq.kg) (uSv.year)

Avocado 74.45 + 11.67 1.64
Cabbage 81.23+12.78 0.25
Carrot 101.83 + 15.47 0.23
Persimmon 33.10+6.01 0.96
Pineapple 25.55+5.18 0.08
Red onion 64.80 + 10.42 0.56

The highest activity concentration of K was obtained for the carrot (101.83 + 15.47)
Bq.kg', and the highest effective dose value, 1.64 uSv.year”, was for avocado. The lowest

activity concentration of *K and effective dose values were obtained for the pineapple,

(25.55 + 5.18) Bq.kg ! and 0.08 pSv.yeat, respectively.

Table IV shows the comparison between the results obtained for the concentration of
specific activity of *K of some fresh samples from the present work and those from the

reference literature.

Table IV: Comparison of 40K activity concentrations (Bq.kg -1)

REFERENCE PERCENTAGE
SAMPLE PRESENT WORK [11] DIFFERENCE
(*0)
Pincapple 2555+ 5.18 49.00 + 5.16 -47.9
Carrot 101.83 + 15.47 119 +7.98 -14.4
Cabbage 81.23 +12.78 94.94 + 6.85 -14.4

When the activity concentrations in this study were compared with the reference, it
was found that carrots and cabbage showed the same percentage difference: -14%. The

largest difference was observed for pineapple at -47%. Negative values indicate lower *K

OPEN aACCESS
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activity concentrations in organic products compared to conventional ones. Although the
author of the reference work analyzed samples in nature by gamma spectrometry, with the
same counting time, the discrepancies can be explained because the samples analyzed by [11]
are from conventional crops. The variation between organic and conventional management
methods reflects the complexity of the interaction between factors that influence the mobility

and migration of natural radionuclides from the soil to the plant.

Concentrations of *’K activity were found in all samples analyzed, which was expected
since it is a naturally occurring element found in most foods and is an important component

of biological structure [17].

Table V shows *K activity levels from the literature with the range of values obtained

in this study.

Table V: */K activity concentrations (Bq.kg™) references

“K ACTIVITY
SAMPLE CONCENTI}ATION REFERENCES
(Bq.kg)
Avocado 251 +£7 [18]
Cabbage 975+ .76 [19]
507.5 + 27.76 [19]
Carrot
398.85 £ 6.89 [20]
Persimmon - NA
. 33.63 £ 0.38*
Pineapple 351 + 3,085 [21]
Red onion 68 + 16 [22]
All samples 25.55+£5.18-101.83 £ 1547 Present study

*Fresh sample **Dry sample NA-Not available.

References “K  activity concentrations ranged from (33.63 £ 0.38* to 975 + 76) Bq.kg.
While in the present study, the variation was (25.55 + 5.18 to 101.83 £ 15.47) Bq.kg™.

OPEN aACCESS

Braz. J. Radiat. Sci., Rio de Janeiro, 2026, 14(1): 01-18. e2757. @ ®




=l
BJRS

Santos et al.

The concentration of *Ra activity was below the minimum detectable level in all

samples. Concentrations of **Ra activity were only detected in cabbage and catrots.

Concentrations of **Th were detected in all samples, although at low activity
concentrations. Table VI shows the activity concentration of **Ra and **Th and the annual

etfective dose for the analyzed samples.

The different activity concentrations of radionuclides in different types of plants are
the result of various factors, including the propensity to accumulate certain types of
radionuclides and the possibility that the same radionuclide may accumulate in a particular
compartment of the plant. In addition, the ability of plants to uptake long half-life
radionuclides is mainly controlled by their degree of chemical accessibility and the fact that

they remain within reach of their roots [17, 23, 24].

Natural radionuclides are absorbed with other nutrients and accumulate in different
organs, including edible ones. This uptake is complex and depends on various factors such as
the plant species, the conditions and concentrations of radionuclides in the soil and agricultural
practices that can cause a mechanical redistribution of radionuclides. It is also important to

note that plants have variable nutrient requirements throughout the year [25, 26].

Table VI: **Ra and ***Th activity concentration and annual effective dose

ACTIVITY CONCENTRATION ANNUAL EFFECTIVE DOSE

SAMPLE (Bq.kg-1) (uSv.year)
28Ra 28Th 28Ra 28Th
Avocado - 028 +0.15 - 0.06
Cabbage 2.84+1.19 0.94 £0.49 0.86 0.03
Carrot 1.31 £ 0.57 1.34 + 0.68 0.30 0.03
Persimmon - 1.04 £ 0.54 - 0.24
Pineapple - 0.56 +0.29 - 0.02
Red onion - 0.99 + 0.51 - 0.09
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Natural radionuclides are absorbed with other nutrients and accumulate in different
organs, including edible ones. This uptake is complex and depends on various factors such as
the plant species, the conditions and concentrations of radionuclides in the soil and agricultural
practices that can cause a mechanical redistribution of radionuclides. It is also important to

note that plants have variable nutrient requirements throughout the year [25, 20].

The root uptake of radionuclides depends on the state of the metal in the clay-soil
particle-minerals mix and its availability to plants. In contrast, metals present in the
atmosphere are deposited on various surfaces of the plant body. The deposition
concentration varies over time due to wind, rain and the washed off metals reach the soil and

become available for plant uptake [27].

Potassium is a macronutrient, the name given to the nutrient that plants absorb in
significantly more quantity than micronutrients. It is an element that is actively involved in
enzyme activation, stomatal activity, photosynthesis, sugar transport, starch synthesis,
protein synthesis, as well as water and nutrient transport. Several factors influence potassium
absorption such as: soil moisture, higher soil moisture generally means greater availability of
potassium as it increases its movement to the plant roots and improves availability; aeration
and oxygen levels in the soil, air is necessary for root respiration and potassium absorption;
soil temperature, as it increases the physiological activity of the plant which leads to greater

absorption of the element [28].

Despite the limitation of a small number of samples due to the difficulty of obtaining
the products, as they come from family farms and are not always available for sale, the
results contribute to the preliminary compilation of data on the activity concentrations of
radionuclides present in these organic vegetables grown in the PEPB, which are frequently
consumed by visitors to the site, and the doses to which they are exposed as a result of

their consumption.
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The activity concentrations of **Ra showed values below the minimum detectable
activity. The levels of activity concentration of **Ra and **Th ranged from (1.31 + 0.57 to

2.84 £ 1.19) Bq.kg! and (0.28 £ 0.15 to 1.34 £ 0.68) Bq.kg!, respectively.

The extremely low activity concentrations of these radionuclides may suggest the

absence of chemical fertilizers, since these can increase their concentrations.

4. CONCLUSIONS

Activity concentrations of *’K were found in all samples, while for radionuclide ““Ra,
the values were below the minimum detectable level in all samples. Concentrations of **Ra
and **®Th were very low, resulting in a low committed effective dose. It is fundamental to
note that the products marketed by AGROPRATA are certified, which means that they are
inspected by specific entities. In this sense, the authors of this research are continuing their
studies on the vegetables produced in the region, including soil analysis, to verify if the data
obtained can suggest the absence of artificial fertilizers and also the concentration levels of
natural radionuclide activity in the soils where organic food is grown. The estimated values
for doses due to ingestion are within the limits set by the ICRP 119, which is 1 mSv/year,
for individuals in the general public, upon which the ANSN standard NN 3.01 [29] is based.

Thus, the consumption of these organic foods grown in the PEPB is radiologically safe.

ACKNOWLEDGMENT

The authors would like to thank INEA (Instituto Estadual do Ambiente) for
authorizing the research (INEA authorization n°. 27/2021) and FAPER] (Fundac¢io Carlos
Chagas Filho de Amparo a Pesquisa do Estado do Rio de Janeiro).

OPEN aACCESS

Braz. J. Radiat. Sci., Rio de Janeiro, 2026, 14(1): 01-18. e2757. @ ®




=l
BJRS

Santos et al.

CONFLICT OF INTEREST

All authors declare that they have no conflicts of interest.

REFERENCES

[1] Instituto Estadual do Ambiente, Trilhas: Parque Estadual da Pedra Branca. Rio de
Janeiro: Instituto Estadual do Ambiente, INEA, https://feemetj.org/wp-

zontent/uploads/guia trilhas pepb.pdf (2013).

[2] BARBOSA, D.R. Geoturismo, Geodiversidade e Patrimonio Geomorfologico no
trecho sul do Parque Estadual da Pedra Branca (Rio de Janeiro),
https://www.sinageo.org.br/2018/trabalhos/5/5-142-268.html (2018).

[3] BUFFON S. A., Integracao de dados geofisicos e geoldgicos na avaliagio ambiental e
epidemiolégicade radiagoes naturais (radonio) no escudo Sul-Riograndense (RS-Brasil).
Dissertacao (Mestrado em Engenharia), Escola de Engenharia, Universidade Federal do
Rio Grande do Sul, Porto Alegre (2002).

[4] CAMARA , A. A. F., O outro e sua identidade: politicas publicas de remogio e o caso
dos agticultores doparque estadual da Pedra Branca/R]. Revista Brasileira de Politicas
Priblicas, vol.3, n.2 (2013).

[5] FONSECA , M. F. D. A. C., Agricultura organica. Regulamentos técnicos e acesso aos mercados
dosprodutos orginicos no Brasil. Nitersi—Rzo de Janeiro. PESAGRO,
https://ciorganico.agr.br/wp- content/uploads/2012/07/Agricultura Organica.pdf
(2009).

[6] UMISEDO, N. K., Dose de radiacao ionizante decorrente do uso de fertilizantes
agricolas. Tese deDoutorado, Universidade de Sao Paulo,
https://www.teses.usp.br/teses/disponiveis/6/6134/tde- 21082007~
173505/publico/TeseFinal Nancy.pdf (2007).

[7] YAMAGUCHI N.; KAWASAKI ,A.; ITYAMA , 1. Distribution of uranium in soil
components of agricultural fields after long-term application of phosphate fertilizers.
Science of the total environment, v. 407, n. 4,p. 1383-1390 (2009).

[8] GARCEZ, R. W. D.; DUTRA, R. W.; SANTOS, A. M.; SILVA, J. M.; COSTA, A. M.
Study of K-40, Ra-226, Ra-228 and Ra-224 activity concentrations in some seasoning

OPEN aACCESS

Braz. J. Radiat. Sci., Rio de Janeiro, 2026, 14(1): 01-18. e2757. @ ®



https://feemerj.org/wp-zontent/uploads/guia_trilhas_pepb.pdf
https://feemerj.org/wp-zontent/uploads/guia_trilhas_pepb.pdf
https://www.sinageo.org.br/2018/trabalhos/5/5-142-268.html
https://ciorganico.agr.br/wp-content/uploads/2012/07/Agricultura_Organica.pdf
https://ciorganico.agr.br/wp-content/uploads/2012/07/Agricultura_Organica.pdf
https://ciorganico.agr.br/wp-content/uploads/2012/07/Agricultura_Organica.pdf
https://www.teses.usp.br/teses/disponiveis/6/6134/tde-21082007-173505/publico/TeseFinal_Nancy.pdf
https://www.teses.usp.br/teses/disponiveis/6/6134/tde-21082007-173505/publico/TeseFinal_Nancy.pdf
https://www.teses.usp.br/teses/disponiveis/6/6134/tde-21082007-173505/publico/TeseFinal_Nancy.pdf

=l
BJRS

Santos et al.

and nuts obtained in Rio de Janeiro city, Bragil. Food Science and Technology, Campinas, v.
39, p. 120-126, 2019.

[9] LEWICKA, S.; PPOTROWSKA, B.; LUKASZEK-CHMIELEWSKA, A;
DRZYMAY.A, T. Assessment of natural radioactivity in cements used as building

materials in Poland. International Journal of Environmental Research and Public Health, v. 19, n.
18, p. 11695, 2022. DOL: https://doi.org/10.3390/ijerph191811695

[10] KAMINSKI S; JAKOBI, A., WILHELM, C., Uncertainty of gamma-ray spectrometry
measurement of environmental samples due to uncertainties in matrix composition,

density, and sample geometry. Applied Radiation and Isotopes, v. 94, p. 306-313 (2014).

[11] LOPES, J.M. Dose efetiva comprometida devido aos radionuclideos K-40, Ra-226, Ra-
228 E Th-228 contidos nos alimentos da dieta da populagao do estado do Rio de
Janeiro. Tese ( Doutorado), Programa de Engenharia Nuclear/ COPPE/Universidade
Federal do Rio de Janeiro, 2018.

[12] INTERNATIONAL ATOMIC ENERGY AGENCY. Guidelines for Radioelement Mapping
Using Gamma Ray Spectrometry Data. INEA-TECDOC-1363, IAEA, Vienna (2003).

[13] CURRIE, L. A. Limits for qualitative detection and quantitative determination.
Application to radiochemistry. Analytical chemistry, v. 40, n. 3, p. 586-593, 1968.

[14] INSTTTUTO BRASILEIRO DE GEOGRAFIA E ESTATISTICA (IBGE). Pesquisa de
Orgamentos Familiares 2017-2018: Avaliagao nutricional da disponibilidade domiciliar de alimentos
no Brasil. IBGE, Rio de Janeiro, 2020 . Disponivel em:

https://www.ibge.gov.bt/estatisticas/sociais/saude/24786-pesquisa-de-orcamentos-
familiares- 2.html (2020).

[15] INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION
(ICRP). Compendium of Dose Coefficients based on ICRP Publication 60. ICRP
Publication 119. Annals of the ICRP, 41(Suppl.), 2012.

[16] NASREDDINE, L., EL. SAMAD, O., HWALLA, N., BAYDOUN, R, HAMZE, M.,
& PARENT-MASSIN, D. (2008). Activity concentrations and mean annual effective
dose from gamma-emitting radionuclides in the Lebanese diet. Radiation Protection

Dosimsetry, 131(4), 545-550.

[17] MUTHU, H., KASI, R., SUBRAMANIAM, R. T., & BASHIR, S. (2022). Radioactivity
concentration and transfer factors of natural radionuclides **Ra, **Th, and “K from peat

soil to vegetables in Selangor, Malaysia. Nuclear Technology and Radiation Protection, 37(1),
57-64.

Braz. J. Radiat. Sci., Rio de Janeiro, 2026, 14(1): 01-18. e2757. @ ®



http://www.ibge.gov.br/estatisticas/sociais/saude/24786-pesquisa-de-orcamentos-

=l
BJRS

Santos et al.

[18] ELSAMAD, O., ALAYAN, R., & BAYDOUN, R. (2011). Environmental radiation
monitoring survey in Lebanon. Lebanese Science Journal, 12(1), 10.

[19] EL AOUIDI, S., MEJJAD, N., BENKDAD, A., & LAISSAOUI, A. (2023, October).
Calculating the Dose Rate of Natural Radioactivity in Vegetables from an Agricultural
Area, Fl Jadida, Morocco. In Biology and Life Sciences Forum (Vol. 26, No. 1, p. 117).
MDPIL.

[20] PRIHARTI, W., & SAMAT, S. B. (2016). Radiological risk assessment from the intake of
vegetables and Fruits in Malaysia. Malaysian Journal of Analytical Sciences, 20(6), 1247- 1253.

[21] SALEH, D. S., AHMAD, S. T., & KAREEM, S. R. (2022). Determination of the
potassium content in fruit samples by gamma spectrometry to emphasize its health
implications. ARO-THE SCIENTIFIC JOURNAL OF KOY.A UNIVERSITY, 10(2),
02-72.

[22] BADRAN, H. M., SHARSHAR, T., & ELNIMER, T. (2003). Levels of /Cs and *K in
edible parts of some vegetables consumed in Egypt. Journal of Environmental Radioactivity,
67(3), 181-190.

[23] PAIVA, Joao D. S. D. Remediagao por fitoextra¢ao de contaminacao radioativa por
espécies nativas de manguezais. 2018. Tese (Doutorado em Tecnologias Energéticas e
Nucleares) Universidade Federal de Pernambuco, Recife.

[24] LIMA, 1. A. F. S. Acumulagao de Ra-2206, Ra-228, Th-228 e K-40 em raizes de Ipomoea
batatas (I..) LAM. 2019. 120 f. Dissertacao (Mestrado em Quimica) — Universidade
Federal Rural de Pernambuco, Recife, 2019.

[25] GOLMAKANI, S., MOGHADDAM, M. V., & HOSSEINI, T. (2008).
Factorsaffecting the transfer of radionuclides from the environment to plants. Radiation
Protection Dosimetry, 130(3), 368-375.

[26] ABBADY, A. (2006). Level of natural radionuclides in foodstuffs and resultant annual
ingestion radiation dose. Nuclear Science and Technigues, 17(5), 297-300.

[27] GUPTA, D. K., CHATTERJEE, S., DATTA, S., VORONINA, A. V., & WALTHER,
C. (2017). Radionuclides: accumulation and transport in plants. Reviews of Environmental
Contamination and Toxicology Volume 241, 139-160.

28] MOUHAMAD, R., ALSAEDE, A., & IQBAL, M. (2016). Behavior of potassium in soil:
a mini review. Chemistry International, 2(1), 58-69.

Braz. J. Radiat. Sci., Rio de Janeiro, 2026, 14(1): 01-18. e2757. @ ®




=

BJ RS Santos et al.

[29] AUTORIDADE NACIONAL DE SEGURANCA NUCLEAR (ANSN). Reguisitos
basicos de radioprotegio e seguranca radioldgica de fontes de radiagio: ANSN-3.01. Resolugao
CNEN/CD n° 344, de 2 de julho de 2025. Rio de Janeiro: ANSN, 2025.

LICENSE

This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate
if changes were made. The images or other third-party material in this article are included in the article’s
Creative Commons license, unless indicated otherwise in a credit line to the material.

To view a copy of this license, visit http://creativecommons.org/ licenses/by/4.0/.

OPEN 8ACCESS

Braz. J. Radiat. Sci., Rio de Janeiro, 2026, 14(1): 01-18. e2757. @ ®




