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Abstract  16 

The objective of the current study is to investigate natural radioactivity of some building materials, the 17 

resulting long-term external and internal effective dose equivalents (EEDE and IEDE) analysis followed by indoor 18 

radon measurements as well as the assessment of some radiological risk indicators associated with radon exposure. 19 

A total of 37 samples of building materials were analyzed with a sodium iodide detector (NaI (Tl)) and the 20 

computer code RESRAD-BUILD was used for the analysis of the EEDE and IEDE of the structural elements of 21 

the houses (walls and floor). For indoor radon measurements, 140 houses were selected and in each of them was 22 

placed 01 RADTRAK dosimeter. Inhalation dose, total dose and some radiological risk indicators were calculated. 23 

The specific activities of 226Ra, 232Th and 40K for the overall sampled building materials were found to vary 24 

between 10±2–52±7, 10±1–95±10 and 31±1– 673±20 Bq kg-1 respectively. The dwelling types with bare brick 25 

walls, cement mortar plastered walls and concrete floors show EEDE and IEDE values well below the 26 

recommended limits. The corresponding dwelling types contributions to the measured average indoor radon 27 

concentration (42±12 Bq m-3) are 22%, 13% and 16% respectively. Inhalation dose resulting from the measured 28 

indoor radon concentrations varies from 0.35 to 3.24 mSv y-1 with a mean value of 0.96±0.55 mSv y-1, which 29 

represents about 65% of the total dose simulated (1.49±0.88 mSv y-1) by the RESRAD-BUILD code. The overall 30 

analysis of indoor radon-related radiological risk indicators shows low levels of risk relative to permissible limits.  31 

KEYWORDS:  Natural radioactivity, building materials, RESRAD-BUILD, indoor radon, inhalation 32 

dose, risk indicators. 33 
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1. INTRODUCTION 35 

1.1       Background 36 

Human exposure to natural radiation sources is an ubiquitous natural phenomenon that has always existed 37 

(Valentin 1994; McLean et al. 2017). The United Nations Scientific Committee on the Effects of Atomic Radiation 38 

(UNSCEAR) has estimated that 80% (2.4 mSv) and 20% (about 0.7 mSv) of average total radiation dose received 39 

by the world’s population is caused by natural and man-made radiation sources respectively (UNSCEAR 2006).  40 

The radiosensitivity of human organs and tissues which, depending on the type of irradiations (external and 41 

internal), varies considerably among individuals (HPA 2004).  The harmful biological effects of irradiation which 42 

can lead to death, result generally from the exposure to high and/or low doses of radiation over a short and/or 43 

extended period of time respectively (Valentin 1994).  44 

Among the most important contributors to external and internal exposure from natural radiation sources, 45 

we mainly distinguish gamma-ray radiations emitted by primordial natural radionuclides (40K, 238U and 232Th) and 46 

the radon isotopes (radon and thoron) and their decay products. Of this, the gamma ray radiations and inhalation 47 

of radon constitute respectively the second (0.47 mSv, 20%) and the first (1.15 mSv, 48%) largest natural sources 48 

of exposure (UNSCEAR 2008; 2019). Due to the fact that people spend most of their time (60% up to 80%) indoors 49 

(Saïdou et al. 2015; IAEA 2014; UNSCEAR 2000), exposure to natural radiation in the indoor environment could 50 

thus seriously affect population health and even become a public health problem in the world. The main sources 51 

of indoor exposure are related to geographical and geological features of soils on which homes are constructed, 52 

types of construction as well as materials used for buildings in each locality (Cosma et al. 2013; Sundal 2003). 53 

Commonly known as the Africa in miniature, Cameroon is a sub-Saharan central Africa developing 54 

country endowed with a great mining potential. From 1937 to date, mining exploration activities which were 55 

carried out on only 40% on the national territory, revealed important mineral resources. Especially, uranium and 56 

thorium (North and South region), gold, cobalt, diamond (East and West region), bauxite, copper, rutile, iron, and 57 

rare-earth metals...etc (MINMIDT 2013). In recent years, the exploration, exploitation and processing of these 58 

world class mineral resources are promoted and encouraged by the State for the country's economic and social 59 

development objectives through the granting of numerous exploration (166), exploitation (05) and quarry 60 

exploitation (70) permits (MINMIDT 2013). Although, useful for the socio-economic development, all these 61 

human activities could have damaging consequences on the environment such as the pollution by radioactive 62 

materials. 63 

About fifteen years ago, substantial studies have been carried out on population exposure to natural 64 

radiations in some regions in Cameroon.  Ngachin et al. (2007), Ndontchueng et al. (2013), Gheumbou et al. (2017) 65 

and Ndjana et al. (2018) have respectively carried out the radioactivity measurements and radiation dose 66 

assessment of cement, sand, and soil used as building materials of some localities of Cameroon. Results obtained 67 

pointed out that these building materials do not present significant radiological risks to population and could be 68 

safely used. Passive integrated radon–thoron discriminative detectors (RADUET) and thoron progeny monitors 69 

were also deployed in some dwellings of uranium bearing region of Poli (Northern Cameroon), uranium and 70 

thorium bearing region of Lolodorf (Southern Cameroun), Douala city (Littoral Cameroon) and Betare-Oya gold 71 

mining areas (Eastern Cameroon) respectively by Saïdou et al. (2014; 2015), Bineng et al. (2020), Takoukam et 72 

al. (2019) and Ndjana et al (2019).  These preliminary studies have enabled the simultaneous measurements of 73 

concentration levels of indoor radon, thoron and thoron progeny and to estimate radiation dose due to their 74 
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inhalation. More recently, RADTRAK detectors were used by Saïdou et al. (2020) to measure indoor radon in the 75 

bauxite-bearing areas in the southern Adamawa Region, Cameroon. The obtained results showed that 51% of 76 

dwellings have radon concentrations above the reference level of 100 Bq m−3 recommended by the World Health 77 

Organization (WHO).  78 

1.2       Motivation and contributions 79 

The present survey was conducted in some localities of Centre Region, Cameroon. Especially in Yaounde 80 

city, Okola, Obala, Monatélé and Mbalmayo towns. This region, which is home to the country's political and 81 

administrative capital (Yaounde), is the second most populated region in Cameroon (3,098,044 inhabitants; 17.7%) 82 

after the Far North region (3,111,792 inhabitants; 17.8%) (BUCREP 2010). The second most populated city in 83 

Cameroon, Yaounde alone represents 58.7% of the total population of the region. This strong demographic 84 

pressure, which has repercussions in the small towns (Okola, Obala, Monatélé and Mbalmayo) neighboring 85 

Yaounde, is accompanied by a very large exploitation of sand and gravel quarries used as building materials to 86 

face the high demand for housing.  87 

The objective of the current study is to provide an answer to the almost inexistent radiological data 88 

resulting from certain building materials used in the Centre region on the one hand and to measure the 89 

concentration of radon in dwellings using RADTRAK detectors as well as assess radiological risks related to 90 

exposure to radon on the other hand. This work will contribute for the first time to estimate the EEDE and IEDE 91 

received by an individual occupying a dwelling throughout his life (life expectancy: 60 years) in the study areas. 92 

This will be made possible by taking into account the composition and the thickness variability of the structural 93 

elements (bare walls, plastered walls and floor) of the dwellings in the implementation of the RESRAD-BUILD 94 

code. Finally, in associating simulation calculations and measured data, the contribution of the dwelling type to 95 

the measured indoor radon concentration will be evaluated. The contribution of inhalation dose due to indoor radon 96 

to the total dose from RESRAD-BUILD code will also be assessed for the first time in such scientific studies.  97 

2.   MATERIALS AND METHODS 98 

2.1        Survey area 99 

The Centre Region of Cameroon is located between latitudes 3° and 5° N and longitudes 11° and 13° E 100 

(Fig. 1). This region covers an area of 68 953 km2 with a total population projection for 2015 of over 4 million 101 

inhabitants (BUCREP 2010). This part of the country is under influence of a hot and humid equatorial climate of 102 

classic Guinean type with two rainy seasons (mid-March–mid-June and mid-August–mid November) interspersed 103 

with two dry seasons (mid-November–mid-March and mid-June–mid-August). The annual rainfall varies between 104 

1500 and 1700 mm per year, while the average temperature is about 24°C (Kuitcha et al. 2012; Biram-Ngon et al. 105 

2020).  106 

Three main types of soils are found in this area: ferralitic, fersialitic and hydromorphic soils characteristic 107 

of riversides and wetlands. The parent material consists essentially of rock types in the Yaounde series. Situated 108 

in the panafrican fold belt, these rock types in the Yaounde series include chlorite-rich schists, garnet- and/or 109 

kyanite-bearing micaschists and garnet- and kyanite-bearing high-grade gneisses, thought to be derived from 110 

pelites and greywackes either in a continental margin or in a passive margin environment (Nzenti et al. 1988; 111 

Ngnotué et al. 2000). They are locally intruded by metamorphosed calc-alkaline dioritic plutons.  112 
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2.2       Radioactivity in some building materials  113 

2.2.1 Primordial radionuclides in building materials 114 

Different kind of materials, especially, sixteen (16) crushed gneiss sand samples, four (04) alluvial (coarse 115 

and fine) sand samples, six (06) soil bricks samples and seven (07) portland cements samples used in building 116 

constructions were collected from different quarries and markets of Yaounde city and vicinity (Centre-region of 117 

Cameroon). These samples were oven-dried at 70°C for 2 days to ensure complete removal of moisture and some 118 

of them were crushed, homogenized and sieved with à 2 mm pore sieve. After a four weeks period (radioactive 119 

secular equilibrium between 226Ra/224Ra and 222Rn/220Rn), the activity concentrations of 226Ra, 232Th and 40K in the 120 

sealed samples were determined. 121 

Gamma spectrometry technique with a Canberra NaI (Tl) detector was used to measure the activity 122 

concentrations of 226Ra, 232Th and 40K.  Precisely, model 802 scintillation NaI (Tl) detector with a crystal size of 123 

7.6 cm×7.6 cm and a resolution of 7.5% at 667 keV, housed in a thick lead shield (5 cm) to minimize the 124 

contribution of surrounding radiations. The counting time was preset to 100, 000 s. The multi-γ-ray standard point 125 

sources of 60Co (1173.2 and 1332.5 keV), 137Cs (661.9 keV), 22Na (511 and 1274.5 keV) and 152Eu (1407.5, 1112, 126 

964.079 and 778.9 keV) were used for energy calibration. The detector efficiency calibration was made possible, 127 

with standard sources of 40K (1460.8 keV), 137Cs (661.6 keV), 208Tl (2614.4 keV) and 228Ac (940.1 keV) contained 128 

in a 500 mL Marinelli Beaker-resin volume. The spectral treatment was carried out using GENIE 2000 software. 129 

226Ra activity concentrations were estimated from the 609.3 keV (44.8%) and the 1120 keV (15.1%) ɣ-peaks of 130 

214Bi. Activity concentrations of 232Th were obtained from the 911.6 keV (26.6%) ɣ-peak of 228Ac and those of 40K 131 

were determined from the 1460.8 keV (10.67%) ɣ-peak of 40K itself. The minimum detectable activities of NaI 132 

(Tl) detector system for 40K, 226Ra and 232Th are 1.10, 0.74 and 0.43 Bq kg−1 respectively for a counting time of 133 

100, 000s (Ndjana et al. 2018). Equations (1) and (2) below were used to calculate activity concentrations (Bq kg-134 

1) of radionuclides and their corresponding combined uncertainties (IAEA 1989).   135 𝐴 = 𝑆𝜀(𝐸)𝛾 . 𝑃. 𝑀. 𝑇 136 

𝜇𝐴 = 𝐴√(µ𝑆𝑆 )2 + (µ𝑃𝑃 )2 + (µ𝑀𝑀 )2 + (µ𝜀𝜀 )2
 137 

 where S is the net area under photo peak at energy E(keV), 𝜀(𝐸)𝛾 is the efficiency of detector at particular γ-ray 138 

energy E, P is the γ-ray emission probability at energy E, M is the sample weight (kg), T is the counting time 139 

(seconds) and μ is the standard deviation.  140 

2.2.2 External and internal dose assessment using RESRAD-BUILD Computer Code.   141 

The RESRAD-BUILD computer code was designed to estimate radiation doses incurred by an individual 142 

who works or lives in a building contaminated with radioactive material. This freely downloadable software was 143 

developed by Argonne National Laboratory (USA) and is available at https://web.evs.anl.gov/resrad/RESRAD_ 144 

Family/.  In additional to the external and internal exposure pathway (direct external exposure from the source and 145 

indoor radon progeny products inhalation), the code allows analysis of many other external and internal irradiation 146 

pathways. In the RESRAD-BUILD code, the EEDE and IEDE due to direct exposure from external sources and 147 

(2) 

(1) 

https://web.evs.anl.gov/resrad/
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inhalation of radon decay products respectively, resulting from occupancy of buildings contaminated by 148 

radioactive materials for a given exposure duration are expressed as follows (Yu et al. 2003): 149 

 150 𝐸𝐸𝐷𝐸(𝑚𝑆𝑣 𝑦−1) = (𝐸𝐷/365) × 𝐹𝑖𝑛 × 𝐺 × 𝐷𝐶𝐹 × 𝐴𝑛̅̅̅̅  151 

𝐼𝐸𝐷𝐸 = 𝐾 × 𝐷𝐶𝐹 × 𝑊𝐿𝑀 152 

where 𝐸𝐸𝐷𝐸, ED, 𝐹𝑖𝑛, 𝐺, 𝐷𝐶𝐹, 𝐴𝑛̅̅̅̅ , 𝐼𝐸𝐷𝐸, 𝐾 and 𝑊𝐿𝑀 are the external effective dose equivalent, exposure 153 

duration (day), fraction of time spent indoors, geometrical factor for the infinite area, dose conversion factor 154 

((mSvy-1) (Bq g-1) -1), mean volume source concentration of the n radionuclide (Bq g-1), internal effective dose 155 

equivalent, extrapolation doses factor from uranium mines to homes and the radon progeny concentration 156 

respectively. 157 

Two room models of dimensions 4 × 5 × 2.8 m were considered for the evaluation of the total doses from 158 

the walls and floors of dwellings constructed with the sampled building materials and the effect of their thickness 159 

on this dose. For the first room model, the walls are made of bare bricks whereas for the second model, the walls 160 

are plastered with a layer of cement mortar. For both models, the floors are made typical of concrete. The EEDE 161 

and IEDE received by dwellers were evaluated for 0, 1, 10, 20, 30, 40, 50, 60 years of exposure. 162 

The RESRAD-BUILD input parameters used for dose estimation are presented in Fig. 2. Additionally, the porosity, 163 

222Rn diffusivity and density of the building materials were assumed to be 0.1, 2 × 10−5 m2 s −1 and 2400 kg m−3, 164 

respectively.  165 

2.3       Indoor radon concentration and related radiological effects 166 

2.3.1 Indoor radon concentration from building materials 167 

Although the main source of radon in the indoor environment is the basement of houses, building 168 

materials specially construction types also contribute, significantly in some cases, to increase indoor radon 169 

concentration. Thus, knowledge of the contribution of construction types to radon concentration level could be 170 

essential for the control, limitation and reduction of indoor radiations. In the steady conditions, the air quality 171 

model implemented in the RESRAD-BUILD code makes it possible to estimate the indoor radon concentration 172 (𝐶𝑅𝑛 𝐵𝑀) knowing the concentration of its precursor, namely radium-226 (𝐶𝑅𝑎), as illustrated in the below 173 

equation: 174 

 175 𝐶𝑅𝑛 𝐵𝑀(𝐵𝑞 𝑚−3) =  𝐶𝑅𝑎 × 𝜀 × 𝜆 × 𝜌 × 𝑟 × 𝐴𝑉(𝜆 + 𝜆𝑣)  176 

 177 

where  𝐶𝑅𝑎 and 𝜀 are the activity concentration of radium-226 in the building materials (Bq kg−1) and radon 178 

emanation fraction, respectively. λ and λv are the radon decay constant ( h−1) and air exchange rate (h−1) 179 

respectively. ρ and 𝑟 are the density (kg m−3) and half thickness layer (m) of the structural elements (wall and floor) 180 

of room respectively, 𝐴 and 𝑉 are the room area (m2) and the inner volume of the dwelling (m-3). 181 

2.3.2 Indoor radon concentration measurements  182 

Indoor radon concentration was measured using RADTRAK2, a passive device based on Solid State 183 

Nuclear Track Detector (SSNTD) in a closed configuration as shown in Fig. 3. These dosimeters were provided 184 

by the International Atomic Energy Agency (IAEA) in the framework of the Technical Cooperation (TC) Project 185 

(3) 

(4) 

(5) 
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CMR9009 titled “Establishing a national radon plan for controlling public exposure due to radon indoors” managed 186 

by the IAEA and the Government of Cameroon. Radtrak2 dosimeter consists of one chamber, in which is mounted 187 

a transparent plastic film made of CR-39 polycarbonate (CR-39 detector) (RADONOVA 2019). This accumulation 188 

chamber has a small opening (filter) on its lower surface, through which the radon contained in the air infiltrates, 189 

diffuses and attains equilibrium with its daughters. During its decay, trapped radon emits alpha particles which 190 

hits and leave latent tracks on the CR-39 detector (RADTRAK 2021).  For a measurement period of 3 months, the 191 

lower detection limit is 15 Bq m-3. 192 

A total of 140 dwellings were selected for this survey. Most of dwellings in the study areas (Yaoundé 193 

city, Monatélé, Obala, Okola and Mbalmayo towns) are simple type, without basement or storeys. In most cases, 194 

building materials consisted of earth, mud, sand from quarries and from river, land bricks and cement bricks. 195 

Indoor ventilation is mainly provided by the doors and the windows. Due to their limited number, each home 196 

received one RADTRAK detector. The detectors were preferably installed in the bedroom (considered as space 197 

where resident spent a lot of their time), at a height of 1.5–2.0 m from the floor and as far as possible from windows 198 

and doors in order to avoid air currents. The exposure period of detectors in dwellings was chosen between the 199 

months of October and December 2019 because it is an inter-season period, where there are rainy and dry seasons.  200 

After the measurement period, the detectors were collected and sent back to RADONOVA Laboratories in 201 

Uppsala, Sweden for tracks evaluation.  202 

Generally, chemical and/or electrochemical treatment of the CR-39 detectors is carried out in order to 203 

make alpha particles latent tracks more visible. The tracks were then counted using the tracks counting system 204 

(digital optical microscope) followed by determination of the radon exposure. According to part 4 of ISO 11665 205 

standard (2012), activity concentration (Bq m-3) was calculated from the superficial track density using the 206 

following equation:   207 𝑪𝑹𝒏(𝑩𝒒. 𝒎−𝟑) =  𝑫𝒆 − 𝑫𝒇𝑪𝑭. 𝑻𝒆    𝑤𝑖𝑡ℎ    𝑫 = 𝑵𝑺 𝑭  208 

 where De is the track density of exposed detector (tracks/m2), Df is the track density of background detectors 209 

(tracks/m2), CF is the calibration factor (Bq m-3 h / tracks/m2), N is the number of etched tracks counted by the 210 

counting system (digital optical microscope), S is the detector surface and 𝑭 is the correction factor of the counting 211 

system (microscope) given by the manufacturer determined from the counting of etched tracks with other methods.  212 

The radon concentrations uncertainties (standard deviation) were calculated at the 68% confidence level according 213 

to the ISO 11665 part 4. 214 

2.3.3 Effective inhalation dose due to measured indoor radon concentration 215 

Exposure to radon and its progeny can induce a variety of cytogenetic effects such as chromosome 216 

mutations, chromosome aberrations, etc. Those effects can be biologically damaging and result in an increased 217 

risk of carcinogenesis (Valentin 1994). It is thus essential and vital to know radiation dose attributable 218 

to indoor radon and its progeny received by population.  Two methods were used in this study to assess effective 219 

dose. Radon exposure which can be converted into effective dose was calculated in terms of WLM year-1 220 

(Raghavendra et al 2014) by using the following equation:  221 

                               𝑾𝑳𝑴 𝒚𝒆𝒂𝒓−𝟏 =  𝑪𝑹𝒏 × 𝑭 × 𝑻 × (𝟏𝟕𝟎 × 𝟑𝟕𝟎𝟎)−𝟏 222 

Additionally, the UNSCEAR model of annual effective dose, which takes into account the dissolution of radon 223 

gas in blood, using the following equation (UNSCEAR 2000): 224 

(6) 

(7)    
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𝑬𝑹𝒏(𝒎𝑺𝒗𝒚−𝟏)  = 𝑪𝑹𝒏(𝜺𝒓 + 𝜺𝒅𝑭) ×  𝑻 225 

For the two above expressions, 𝑪𝑹𝒏 is radon concentration in Bq m-3, 𝑭  is the equilibrium factor for radon (0.4), 226 𝑻 is indoor exposure time per year (0.7 × 8760 ℎ),  𝜺𝒓 = 𝟎. 𝟏𝟕 nSv (Bq h m-3)-1 is the dose coefficient for radon 227 

gas dissolved in blood and 𝜺𝒅 is the inhalation dose conversion factor (9 nSv (Bq h m-3)-1) for radon.  The ICRP 228 

conversion factor for radon (16.8 nSv (Bq h m−3)−1) was also used to determine the inhalation dose using ICRP 229 

dosimetric approach (Tokonami et al. 2020). 230 

2.3.4 Radiological risk indicators due to indoor radon exposure  231 

It is well known that after tobacco, indoor radon exposure is the second main risk factor for lung cancer 232 

(WHO 2009). The lung cancer risk from the measured indoor radon levels can be estimated from several radon 233 

risk indicators. 234 

Excess Lifetime Cancer Risk (ELCR)  235 

In radiation protection, the ELCR designates the probability / risk for an individual exposed to a certain 236 

dose of radiation to develop cancer during a specific period time. From the local Life Span (𝑳𝑺; 60y), the fatal 237 

Risk Factor (𝑹𝑭) recommended by ICRP (0.055 Sv-1) and the annual equivalent dose rate 𝑯𝒍𝒖𝒏𝒈, the ELCR was 238 

calculated using the following formula (Sherafat et al. 2019): 239 𝑬𝑳𝑪𝑹 =  𝑯𝒍𝒖𝒏𝒈 × 𝑳𝑺 × 𝑹𝑭 240 

Excess lung Cancer Risk (ECR)  241 

Excess lung Cancer Risk (ECR) is defined as the number of additional deaths per Million of Persons per 242 

Year (MPY) due to lung cancer as a result of exposure to radon and its progeny.  The ECR was estimated by using 243 

the following equation (Khatibeh et al. 1997): 244 𝑬𝑪𝑹 =  𝑬𝑭 × 𝑶𝑭 × 𝑹𝒊𝒔𝒌 𝑭𝒂𝒄𝒕𝒐𝒓 × 𝑾𝑳𝑴 245 

where 𝑬𝑭 is the Equilibrium Factor between radon and its progeny, 𝑶𝑭 is the Occupancy Factor which correspond 246 

to the fraction of time that people spend indoors. For this study, a default value of 𝑬𝑭, 𝑶𝑭 (0.4, 0.8) given by 247 

UNSCEAR 2000 were used.  𝑹𝒊𝒔𝒌 𝑭𝒂𝒄𝒕𝒐𝒓 is the lifetime risk of lung cancer mortality due to lifetime exposure 248 

to radon and its progeny. In other words, it is the number of lung cancer deaths Per Million Persons (PMP) per 249 

Working Level Month (WLM). According to the calculation models used and the epidemiological data for exposed 250 

mine workers, various scientific committees and agencies (UNSCEAR, ICRP and US-EPA) have assessed the risk 251 

coefficients which are given in Table 1. 252 

Excess Relative Risk (ERR)  253 

The ERR of radon induced lung cancer is an epidemiological indicator which accounts to the increase 254 

risk incurred by a population exposed to radon inhalation to develop a lung cancer compared to that of a non-255 

exposed population (WHO 2009).  Among the numerous models available in literature, the U.S. Environmental 256 

Protection Agency (U.S-EPA) radon risk model (EPA 2003), was used in this study to estimate the ERR resulting 257 

from indoor radon exposure. This chosen model is a scaled version exposure–age–concentration model presented 258 

by the National Research Council, Biological Effects of Ionizing Radiations (BEIR VI) committee for use in 259 

residential exposures (NRC 1999). In summary, the mathematical form of the EPA/BEIRVI model for the ERR at 260 

a given age is described as: 261 𝑬𝑹𝑹(𝒂) = 𝜷(𝒘𝟓−𝟏𝟒 + 𝟎. 𝟕𝟖𝒘𝟏𝟓−𝟐𝟓 + 𝟎. 𝟓𝟏𝒘+𝟐𝟓) × 𝝋𝒂𝒈𝒆(𝒂) 262 

(8) 

(9) 

(10) 

(11) 
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where 𝛽(= 0.0634) represents the excess relative risk per radon exposure, 𝑤𝑖  is radon exposure received in time 263 

window i before current age. The 0.78 and 0.51 coefficients represent the weights of the 15 – 24 and ≥ 25 time-264 

since-exposure windows. The coefficient 𝜑𝑎𝑔𝑒  refers to attained age. 265 

3. RESULTS AND DISCUSSION 266 

3.1. Natural Radioactivity levels and long-term radiological dose analysis 267 

3.1.1. Natural radioactivity levels in building materials 268 

Table 2 presents the statistical parameters of the activity concentrations of natural radionuclides in the 269 

investigated building materials in the study areas.  The lowest mean values of the activity concentrations of 226Ra, 270 

232Th and 40K are 13±2, 17±2 and 66±13 Bq kg-1 respectively, measured in alluvial fine sand samples.  The brick 271 

samples revealed the highest arithmetical mean value for 226Ra and 232Th which are 40±6 Bq kg-1 and 83±10 Bq 272 

kg-1 respectively.  The maximum mean concentration of 40K obtained, was in crushed gneiss sand with a value of 273 

443±94 Bq kg-1.  274 

The world average values of 226Ra, 232Th and 40K activity concentrations in the building materials are 50, 275 

50 and 500 Bq kg-1, respectively (UNSCEAR 2008).  It appears that average values of 232Th for the crushed gneiss 276 

sand and brick samples are higher than the corresponding world average activity concentrations. Therefore, the 277 

mean activity concentrations of the overall sampled building materials (Table 2) are found to be lower than the 278 

world average values. 279 

3.1.2. Long term radiological dose analysis using RESRAD-BUILD 280 

The radiological dose evaluation of the structural elements (wall and floor) of the houses made from 281 

various compositions of the sampled building materials as shown in Table 3 was carried out using activity 282 

concentrations of natural radionuclides obtained in this study. The RESRAD-BUILD input parameters for 226Ra, 283 

232Th, and 40K activity concentrations used in the simulation are presented in Table 3. 284 

Figs. 4, 5 and 6 show the EEDE and IEDE obtained according to the variation of walls and concrete floor 285 

thickness of dwellings for long-term exposure. For the room made mainly of bare brick walls and whose the 286 

thickness ranges from 10 to 20 cm, the EEDE and IEDE values range from 0.32 to 0.46 mSv y-1 and 1.40 to 2.04 287 

mSv y-1 respectively (Fig 4).  For plastered walls, the cement mortar layer covering these walls with a thickness 288 

ranging from 1 to 5 cm, presents an EEDE and IEDE which varies from 0.02 to 0.12 mSv y-1 and 0.08 to 0.43 mSv 289 

y-1 respectively (Fig. 5).  The changes in concrete thickness for soil room recovering from 10 to 60 cm gives an 290 

EEDE and IEDE ranging from 0.10 to 0.14 mSv y-1 and 0.20 to 0.40 mSv y-1 respectively (Fig. 6). The 291 

corresponding standard deviations for the above types of housing structural elements were approximately 9%, 37% 292 

and 15% respectively. 293 

These results (Fig. 4, 5 and 6) which show that the equivalent doses increase over the exposure period 294 

(up to 60 years) are well below the recommended limit of 1.5 mSv y-1 for building materials (NEA-OECD 1979) 295 

except for bare brick walls homes. It can also be observed that the effective dose equivalents and room structural 296 

elements (walls and floor) thickness show an almost linear correlation. It can be seen from Fig. 6, that from a floor 297 

concrete thickness of 30 cm, external dose decreases. This behavior of decreasing external dose when the thickness 298 

of the floor concrete is greater than 30 cm has also been reported by Risica et al. (2001), Majid et al. (2013) and 299 
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Kocsis et al. (2021).  These authors assumed that for thicknesses of concrete greater than 30 cm, self-absorption 300 

occurred.  301 

3.2.  Indoor radon concentration and annual effective inhalation dose 302 

3.2.1  Building materials indoor radon concentration  303 

The standard rooms as well as the input parameters (radium concentration, etc.) used to evaluate the 304 

indoor radon concentration from building materials are same as those described and implemented by the RESRAD-305 

BUILD code in the section above. The indoor radon concentration for the rooms made in bare brick walls, in 306 

plastered walls by a cement mortar layer and concrete covering the room floor varies from 8±1 to 12±2 Bq m-3, 307 

4±1 to 8±1 Bq m-3 and 5±1 to 10±1 Bq m-3 respectively. The corresponding mean values are 10±1, 6±1 and 7±2 308 

Bq m-3 respectively.  These results, which are similar to those obtained by Kumar et al. (2014), reveal that the 309 

indoor radon concentration from building materials in the considered standard rooms is far below the WHO action 310 

level (100 Bq m-3). 311 

3.2.2 Measured indoor radon concentration levels 312 

The results of indoor radon concentrations measured in the study areas are summarized in Table 4. The 313 

arithmetic (geometric) average concentration of indoor radon in Yaounde, Okola, Obala, Monatele and Mbalmayo 314 

buildings were 59 ± 13 (53 ± 13), 37 ± 11 (34 ± 11), 30 ± 11 (27 ± 11), 25 ± 10 (24 ± 10), 37 ± 11 (33 ± 11) Bq 315 

m-3 respectively. For the study areas, activity concentrations of radon ranges from 15 ± 10 to 140 ± 20 Bq m-3 with 316 

arithmetic and geometric means of 42 ± 12 and 36 ± 12 Bq m-3 respectively.  For the 140 dwellings chosen for this 317 

study, only three dwellings in Yaounde city have concentrations (116, 136 and 140 Bq m-3) above the World Health 318 

Organization reference level (100 Bq m-3). The lifestyle of the occupants and accumulation of dust in these three 319 

houses could be the sources of this relatively high level of radon. Furthermore, the indoor radon concentrations 320 

recorded in the study areas are well below the reference level (300 Bq m-3) given by the ICRP (2010). 321 

The histogram showing the frequency distribution of radon activity concentrations in the investigated 322 

area is presented in Fig. 7. Normality and log-normality distributions of indoor radon activity concentration were 323 

evaluated using Kolmogorov-Smirnov and Lilliefors tests. The probability values (p-values) obtained from these 324 

tests were about 1% and 1.3 × 10−4% for normality, 52% and 10% for log-normality tests respectively. Thus, 325 

the frequency distribution of indoor radon activity concentrations follows a log-normal distribution according to 326 

null hypothesis for normality assumption. 327 

The average indoor radon concentration values for each of the locality were compared with each other, 328 

as shown in Fig. 8.  It can be observed that for all these localities, radon concentrations do not present a major 329 

difference and are slightly below the world average value of 40 Bq m-3 (UNSCEAR 2000) except that of Yaounde 330 

city (about 59 ± 13 Bq m-3).   331 

3.2.3 Contribution of construction types in the indoor radon concentration levels 332 

One observes that, in associating simulation calculations and measured data, construction types, 333 

especially those with bare brick walls, cement mortar plastered walls and concrete covering the floor, present an 334 

average contribution of 22%, 13% and 16% respectively, in the average indoor radon concentration of the whole 335 

study area. These results are in agreement with those of UNSCEAR (1993) which states that 21% of indoor radon 336 

concentration comes from building materials.  337 

3.2.4 Annual exposure rate and effective inhalation dose due to measured indoor radon  338 
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The annual exposure rate and annual effective inhalation dose obtained from indoor radon measurements 339 

are presented in Table 5. For the 140 houses, radon exposure rate and effective inhalation dose received by the 340 

occupants varied from 0.06 to 0.55 WLM y-1 with a mean value of 0.16 ± 0.09 WLM y-1 and 0.35 to 3.24 mSv y-341 

1 with an average of 0.96 ± 0.55 mSv y-1 respectively. The standard deviation has been considered as uncertainty 342 

in the average calculations.   This average value of inhalation dose is lower than the world average of 1.15 mSv y-343 

1 (UNSCEAR 2000). Among the five investigated localities, Yaounde city has the highest inhalation dose (1.35 ± 344 

0.31 mSv y-1).  When considering the ICRP 137 (ICRP 2017) conversion factor 16.8 nSv (Bq h m-3)-1 for radon 345 

progeny (Fig. 9), the evaluated inhalation dose increases to 77 % (1.75±1.01) compared to that obtained using the 346 

UNSCEAR conversion factor, but remains well below the lower limit of the recommended action level of 3-10 347 

mSv y-1.   348 

3.2.5 Comparison of the RESRAD-BUILD dose model and inhalation dose from the indoor radon 349 

measured. 350 

Standard dwellings resulting from the two room models considered above are made of brick walls, which 351 

are covered with a layer of cement mortar and finally a floor covered with a layer of concrete. The total dose 352 

simulated by the RESRAD-BUILD code, received by an individual occupying this housing model, varies from 353 

2.12 to 3.50 mSv y-1 with a mean value of 1.49 mSv y-1 and a standard deviation of 0.88 mSv y-1 for an exposure 354 

period up to 60 years. The average contribution of measured indoor radon (0.96 ± 0.55 mSv y-1) corresponds to 355 

about 65% of this total simulated dose. This result is similar to that of the NCRP report 160 (2009) which showed 356 

that 68% of the total dose stems from indoor radon.  Thus, indoor radon appears to be by far the largest contributor 357 

to the natural radiation dose. 358 

3.3.   Radiological Risk indicators related to indoor radon exposure 359 

To better appreciate the radiological risks due to indoor radon exposure, three risk indicators were 360 

assessed and summarized in Table 6. These include, excess lifetime cancer risk (ELCR), excess lung cancer risk 361 

(ECR) and excess relative risk (ERR) for age group of 35 and 55.   362 

The estimated values of the ELCR across the study areas ranged from (4.53±1.47 to 10.62±4.59) x10-3 363 

with a mean value of (7.57 ± 4.38) x 10-3.  This obtained average value, is approximately 1.7 times lower the action 364 

level value (13x10-3) given by EPA (2003) for the public. This result shows that, even for prolonged exposure to 365 

radon indoors, the risk of developing fatal lung cancer by residents is relatively low in the study areas.  366 

As displayed in Table 6, the calculated ECR for all selected houses are 5.19 – 18.04, 6.77 – 20.30 and 367 

11.28 which are well below the world average values of 25–87, 32–97 and 54 reported by the US-EPA (1986), 368 

UNSCEAR (1988) and ICRP (1987) respectively.  This result shows that, at most 0.002% of people could die per 369 

year from lung cancer as result of radon exposure in the study areas. 370 

For inhabitants who are 35 years old, for the study areas, the ERR (Table 6) ranges from 0.14±0.04 to 371 

0.33±0.15 with an average value of 0.23 ± 0.13. While for those who are 55, it varies from 0.11±0.03 to 0.27±0.12 372 

with a mean of 0.19 ± 0.11. Thus, the risk of a radon-induced lung cancer death is increased by 23 and 19% for 373 

residents aged 35 and 55 years respectively in the study areas. These values are relatively lower compared to those 374 

observed in the literature. 375 

 376 
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4. CONCLUSION      377 

In this study, natural radioactivity measurements of some building materials and the related long-term 378 

external and internal doses analysis using RESRAD-BUILD computer code followed by indoor radon study and 379 

assessment of some associated radiological risk indicators were investigated. Activity concentrations of 226Ra, 380 

232Th and 40K for the overall sampled building materials (37) were found to vary between 10±2–52±7Bq kg-1, 381 

10±1–95±10 Bq kg-1 and 31±1– 673±20 Bq kg-1 with the arithmetic mean values of 28±4 Bq kg-1, 46±6 Bq kg-1 382 

and 274±58 Bq kg-1 respectively.  The EEDE and IEDE obtained according of the thickness variations of bare 383 

brick walls, cement mortar plaster layer and concrete floor of the dwelling for an exposure up to 60 years ranges 384 

from 0.32-0.46 mSv y-1 and 1.40-2.04 mSv y-1, 0.02-0.12 mSv y-1 and 0.08-0.43 mSv y-1 and 0.10-0.14 mSv y-1 385 

and 0.20-0.40 mSv y-1 respectively. Estimated indoor radon concentration from structural elements of standard 386 

rooms varies from 8±1-12±2, 4±1-8±1 and 5±1-10±1 Bq m-3 for those with bare brick walls, cement mortar plaster 387 

layer and concrete floor respectively. The corresponding mean values are 10±1, 6±1 and 7±2 Bq m-3 respectively, 388 

which together with the measured data, these dwelling structural elements contribute to 22%, 13% and 16% of the 389 

indoor radon concentration respectively. Using RADTRAK dosimeters, indoor radon concentrations measured in 390 

the 140 houses were found to vary between 15±10 and 140±20 Bq m-3 with an arithmetic mean of 42 ± 12 Bq m-391 

3. Only 3 dwellings (2.14% of the selected houses) had concentrations above the World Health Organization 392 

reference level (100 Bq m-3) and none above the IAEA recommended value of 300 Bq m-3.  The annual inhalation 393 

dose ranged from 0.35 to 3.24 mSv y-1 with an average of 0.96 ± 0.55 mSv y-1, which is lower than the world 394 

average value of 1.15 mSv y-1. In associating simulation calculations and measured data, the contribution of 395 

measured inhalation dose is about 65% of total simulated dose. This confirms that radon is by far the largest 396 

contributor to the natural radiation dose. The overall analysis of radiological risk indicators related to radon in 397 

homes such as ELCR, ECR and ERR estimated in this study indicates a relatively low level of risk compared to 398 

those of permissible limits. This present work, which contributed for the first time not only to predict the long-399 

term doses received by an individual occupying a dwelling but also to assess the contribution of the dwelling types 400 

to indoor radon levels, shows that the study areas do not present a significant radiological risk to the public. 401 

However, it would be desirable to educate the members of the public on certain habits and routine lifestyles that 402 

could increase radiological risks and harm their health. Thus, this work could be used as baseline for radiological 403 

monitoring of the area. 404 
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Tables 568 

 569 

Table 1 Risk factors for some scientific committees and agencies 570 

International committees/ 

agencies 

Cancer deaths per million person       

(PMP) per WLM 

References 

US-EPA (1986) 115 – 400          (US-EPA 1986) 

ICRP (1987) 250          (ICRP 1987) 

UNSCEAR (1988, 1993) 150 – 450         (UNSCEAR 1988) 

 571 

Table 2 Statistical parameters of natural radioactivity in common building materials used in some localities of the 572 

Region of Centre, Cameroon. 573 

  Activity concentrations (Bq kg-1) 

 Material statistical parameters 226Ra 232Th 40K 

Crushed gneiss sand  Min – Maxa 24 – 48 45 – 86 383 – 673 

 AM±CUa 32±4 54±7 443±94 

 GM±CUa 31±4 54±7 438±51 

 Na 16 16 16 

Alluvial fine sand Min – Maxa 10 – 18 11 – 25 35 – 94 

 AM±CUa 13±2 17±2 66±14 

 GM±CUa 13±2 16±2 61±13 

 Na 4 4 4 

Alluvial coarse sand Min – Maxa 15 – 24 21 – 41 31 – 425 

 AM±CUa 18±3 35±4 228±48 

 GM±CUa 18±2 34±4 119±25 

 Na 4 4 4 

Bricks Min – Maxa 32 – 52 58 – 95 49 – 204 

 AM±CUa 40±6 83±10 111±23 

 GM±CUa 39±5 81±10 94±20 

 Na 6 6 6 

Porland cement Min – Maxa 10 – 35 10 – 25 75 – 233 

 AM±CUa 26±4 18±3 173±37 

 GM±CUa 24±4 17 ±2 162±35 

 Na 7 7 7 
The Overall sampled 
building materials Min – Maxa 10 – 52 10 – 95 31 – 673 

 AM±CUa 28±4 46±6 274±58 

 GM±CUa 26±4 39±4 198±42 

 Na 37 37 37 
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a Min: minimum value; Max: maximum value; AM: arithmetic mean; CU: Combined Uncertainty (coverage 574 

factor=1); GM: geometric mean; N: number of samples. 575 

 576 

Table 3 The input parameters of activity concentrations and combined uncertainties (68% confidence level) used 577 

in RESRAD-BUILD computer code 578 

Structural elements          
of the houses Materials 

Composition of the structural 
elements of the houses 

Specific Activity (Bq kg-1) 
226Ra 232Th 40K 

Bare Walls (BW) Brick 90% Brick 36±5 75±9 100±21 

Plastering Walls (PW) Cement mortar 25% Portland Ciment 7±1 5±1 43±9 

  35% alluvial fine sand 5±1 6±1 23±5 

  20% alluvial coarse sand 4±1 7±1 46±10 

  20% Crushed gneiss sand 7±1 11±2 89±19 

  Total (Mortar) 23±4 29±5 201±43 

Floor (Fl) Concrete 10% Portland Ciment 3±1 2±1 18±4 

  30% alluvial fine sand 4±1 5±1 20±4 

  60% gravel (crushed gneiss sand) 19±3 32±5 266±56 

  Total (Concrete) 26±5 39±7 304±64 

 579 

Table 4    Activity concentrations of indoor radon  580 

 

Statistical 

parameters 

 Activity concentration (Bq m-3) 

Yaounde Okola Obala Monatélé Mbalmayo Whole study 

area 

 

Range 

 

19 – 140 

 

21 - 93 

 

15 – 64 

 

15 – 45 

 

15 - 90 

 

15 – 140 

AM±SDa 59 ± 13 37 ± 11 30 ± 11 25 ± 10 37 ± 11 42 ± 12 

GM(SD)a 53 ± 13 34 ± 11 27 ± 11 24 ± 10 33 ± 11 36 ± 12 

Median 52 30 26 24 26 34 

Na 51 22 23 21 23 140 
aAM: arithmetic mean; SD: standard deviation ((68% confidence level); GM: geometric mean;                                     581 

N: number of dwellings. 582 

Table 5. The annual WLM, effective doses and corresponding standard deviations for 140 dwellings of Centre 583 
Region, Cameroon 584 

 585 

 586 

 587 

 588 

 589 

 590 

 591 

Study area 

 

WLM/year 

Annual inhalation effective dose, mSv y-1 
Number 

of houses       UNSCEAR, 2000           ICRP 137 

  Range 
Arithmetic 
 mean ± SD Range 

Arithmetic 
 mean ± SD Range 

Arithmetic  
mean ± SD 

        
Yaounde 51 0.07 - 0.55 0.23 ± 0.10 0.44 - 3.24 1.35 ± 0.63 0.81 - 5.91 2.45 ± 1.15 
Okola 22 0.08 - 0.36 0.15 ± 0.06 0.49 - 2.15 0.85 ± 0.39 0.89 - 3.93 1.55 ± 0.71 
Obala 23 0.05 - 0.25 0.12 ±0.04 0.35 - 1.48 0.68 ±0.28 0.64 - 2.70 1.23 ± 0.52 
Monatele 21 0.04 - 0.18 0.09 ± 0.03 0.35 - 1.04 0.57 ± 0.19 0.43 - 1.90 1.04 ± 0.33 
Mbalmayo 23 0.06 - 0.35 0.14 ± 0.06 0.35 - 2.08 0.85 ± 0.41 0.64 - 3.80 1.55 ± 0.75 

        
Whole 
study area 140 0.06 - 0.55 0.16 ± 0.09 0.35 - 3.24 0.96 ± 0.55 0.64 - 5.91 1.75 ± 1.01 
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Table 6   The calculated radiological risk indicators and corresponding standard deviations from radon exposure 592 
in the whole study area 593 

 
ELRC (x10-3) 

Estimated excess lung cancer risk per 
MPY using the recommended risk 

factors (per WLM) of the following 
international agencies ERR for 35 

years 
ERR for 55 
years Study area US-EPA UNSCEAR ICRP 

       
Yaounde 10.62 ± 4.59 7.27 – 25.31 9.49 – 28.47 15.82 0.33 ± 0.15 0.27 ± 0.12 
Okola 6.72 ± 3.08 4.61 – 16.03 6.01 – 18.03 10.02 0.21 ± 0.09 0.17 ± 0.07 
Obala 5.32 ± 2.27 3.64 – 12.67 4.75 – 14.26 7.92 0.17 ± 0.07 0.14 ± 0.05 
Monatele 4.53 ± 1.47 3.05 – 10.60 3.97 – 11.92 6.62 0.14 ± 0.04 0.11 ± 0.03 
Mbalmayo 6.71 ± 3.28 4.60 – 16.00 6.00 – 17.00 10.00 0.21 ± 0.10 0.17 ± 0.08 

       
Whole study 
area 7.57 ± 4.38 5.19 – 18.04 6.77 – 20.30 11.28 0.23 ± 0.13 0.19 ± 0.11 
 
Average 
worlwide values  

13          
(EPA 2003) 25 – 87   32 – 97 54 / / 

 594 

Figure captions 595 

Fig. 1 Survey area localization. 596 

Fig. 2 RESRAD-BUILD interface with the input parameters used in the work. 597 

Fig. 3 Schematic diagram and features of radtrak2 in closed configuration with  598 

           1. Diffusion chamber (Ø = 58 mm); 2. CR-39 polycarbonate film (2.5 mm × 2 mm);   599 

           3. Bottom face of RADTRAK2; 4. Filter (air exchange) and 5. Support with ID number of device. 600 

Fig. 4 Effective dose equivalents at different bare brick wall thickness. Straight and dash lines represent internal 601 

and external exposure respectively. 602 

Fig. 5 Effective dose equivalents at different cement mortar plaster thickness. Straight and dash lines represent 603 

internal and external exposure respectively. 604 

Fig. 6 Effective dose equivalents at different floor concrete thickness. Straight and dash lines represent internal 605 

and external exposure respectively. 606 

Fig. 7 Distribution of indoor radon concentration in the whole study area. 607 

Fig. 8 Variation of radon concentration for the five localities investigated. 608 

Fig. 9 UNSCEAR and ICRP inhalation dose comparison. 609 

 610 



Figures

Figure 1

Survey area localization.

Figure 2

RESRAD-BUILD interface with the input parameters used in the work.



Figure 3

Schematic diagram and features of radtrak2 in closed con�guration with

          1. Diffusion chamber (Ø = 58 mm); 2. CR-39 polycarbonate �lm (2.5 mm × 2 mm); 

          3. Bottom face of RADTRAK2; 4. Filter (air exchange) and 5. Support with ID number of device.

Figure 4

Effective dose equivalents at different bare brick wall thickness. Straight and dash lines represent internal
and external exposure respectively.

Figure 5

Effective dose equivalents at different cement mortar plaster thickness. Straight and dash lines represent
internal and external exposure respectively.

Figure 6

Effective dose equivalents at different �oor concrete thickness. Straight and dash lines represent internal
and external exposure respectively.



Figure 7

Distribution of indoor radon concentration in the whole study area.

Figure 8

Variation of radon concentration for the �ve localities investigated.

Figure 9

UNSCEAR and ICRP inhalation dose comparison.


