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Abstract

The aim of the current work is to study the correlations between 2*Ra and 22?Rn in soil, 2>’Rn in soil
and in dwellings a view to better predict the radiological risk of a locality. For this purpose, 22?Rn was mea-
sured at a depth of one meter from the ground surface using a Markus 10 detector. Activity concentrations
of 2*6Ra,?¥?Th and “°K were measured in soil by in sifu and laboratory 7y spectrometry with the NucScout
detector and a Nal (T1) model 802 detector respectively. 2?Rn, >°Rn and thoron progeny were measured
in dwellings using RADTRAK2®, RADUET and thoron progeny monitor detectors. 22Ra, 23>Th and 4°K
activity concentrations obtained by in situ y spectrometry were 129 4 22 Bq kg~!, 205 4 61 Bq kg~ !, and
224 + 39 Bq kg~ ! respectively, while those obtained by laboratory 7y spectrometry were 129 4 23 Bq kg~!,
205 4+ 61 Bq kg~ ! and 224 4+ 39 Bq kg~! respectively. The mean values of >?*Rn concentrations in soil
ranged from 35 kBq m~3 to 255 kBq m > with a geometric mean of 67 (18) kBq m—3. In addition, 99% of
222Rn measurement points in soil showed concentrations above 40 kBq m 3, the recommended limit value
according to the Swedish Radiation Protection Institute Regulations for classification of risk levels. The
minimum and maximum values of *°Ra obtained by laboratory and in sifu measurement are respectively,
three and five times higher than the world average value of 35 Bq kg ™! given by the United Nations Scientific
Committee on the Effects of Atomic Radiation (UNSCEAR). Moreover, 222Rn concentrations in dwellings
obtained with RADTRAK?® detector varied from 85 Bq m~3 to 410 Bq m~3, with a geometric mean of
152 (26) Bq m 3. Those measured with RADUET detectors range from 31 to 123 Bq m~> with a geometric
mean of 60 (14) Bq m—3. These indoor *?Rn concentration values are higher than 100 Bq m—>, the World
Health Organization (WHO) reference value. *°Rn concentrations and EETC varied from 36 to 688 Bq
m~> and from 1 to 22 Bq m~3 with a geometric mean of 241 (21) Bq m~3 and 8 (2) Bq m > respectively.
However, a strong correlation between >”Rn and 2*Ra activity concentrations determined by in sifu and
laboratory 7y spectrometry measurements (R? = 0.86 and R? = 0.88, respectively) was found. When there
was not a good air flow between the outside and inside of the dwelling, the correlation coefficients between
222Rn concentrations in soil and in the dwellings were R%=0.82 and R? =0.73, respectively, for the earthen
and concrete dwellings. Under the best natural ventilation conditions, these correlation coefficients decrease
significantly. Their values were R? = 0.54 and R? = 0.34 for earthen and concrete dwellings respectively. In

3

addition, a RadonEye+2 detector showed a daily accumulation of >*?Rn reaching values of 800 Bq m~ in

some dwellings when all doors and windows were closed. Architecturally, dwellings built with impervious




materials such as cement and concrete do not facilitate >2*Rn diffusion. They had lower >?*Rn concentra-
tions and effective dose than those made of earth or mud brick. These results show that 2?Rn level in soil

and those in the confined air of dwellings are strongly correlated.

Keywords: Radium-226; Radon-222; Correlation; inhalation dose; Life Excess Cancer Risk; Lifetime

Excess Absolute Risk.



Résumé

Le but de ce travail est d’étudier les corrélations entre 22°Ra et 222Rn dans le sol et, le 222Rn dans le sol
et ses concentrations dans les habitations en vue de mieux prédire le niveau de risque radiologique d’une
localité. Le 2*?Rn a été mesuré dans le sol 2 une profondeur d’un metre de la surface par le biais d’un
détecteur de type Markus 10. Les concentrations du >2°Ra, 23?Th et “°K ont été mesuré dans le sol par
spectrometrie Y in situ et en laboratoire, en utilisant respectivement les détecteurs de type NucScout et un
scintillateur Nal(T1) model 802. Par ailleurs, le 222Rn, 229Rn et les descendants du thoron ont été mesurées
dans les habitations avec les détecteurs de types RADTRAK2®, RADUET et les moniteurs des descendants
de thoron respectivement. Les concentrations de 2*°Ra, 232Th et “°K obtenues par spectrométrie ¥ in situ ont
été respectivement de 129 + 22 Bq kg~ !, 205 + 61 Bqkg~! et 224 + 39 Bq kg~! tandis qu’en spectrométrie
y en laboratoire elles ont été de 129 + 23 kg~!, 205 + 61 kg~ ! et 224 + 39 kg~ ! Bq kg™! respectivement.
Les concentrations de *2?Rn dans le sol étaient comprises entre 35 kBq m™> et 255 kBq m™—> avec une
moyenne géométrique de 67 (18) kBq m—>. Par ailleurs, 99% des points de mesure de >*’Rn dans le sol ont
présenté des concentrations supérieures a 40 kBq m~—3, la valeur limite recommandée selon le critere suédois
de classification des niveaux de risque. De plus les concentrations de >’Rn dans les habitations obtenues
avec les détecteurs RADTRAK?® ont été entre 85 Bqm3 et 410 Bq m—3, avec une moyenne géométrique
de 152 (26) Bq m—3. Celles mesurées avec les détecteurs RADUET sont comprises entre 31 2 123 Bq m >
avec une moyenne géométrique de 60 (14) Bq m~3. Ces valeurs moyennes des concentrations de radon sont
supérieures 2 100 Bq m™3, la valeur de référence de I’organisation mondiale de la santé (OMS). D’autres
part, les concentrations de 2>°Rn et les EETCs ont variés de 36 2 688 Bq m ™ et de 1 2 22 Bq m™> avec
une moyenne géométrique de 241 (21) Bq m~3 et de 8 (2) Bq m~3 respectivement. Cependant, une forte
corrélation entre les concentrations de 2??Rn et >°Ra déterminées par mesures in sifu et en laboratoire (R? =
0,86 et R? = 0,88, respectivement) a été observée. Lorsqu’il n’y avait pas une bonne circulation de 1’air entre
I’extérieur et I’intérieur de 1”habitation, les coefficients de corrélation entre les concentrations de 222Rn dans
le sol et dans les habitations sont respectivement de R* = 0,82 et RZ = 0,73 pour les logements en terre et en
béton. Dans les meilleures conditions de ventilation naturelle, ces coefficients de corrélation ont diminu€é de
maniére significative. Leurs valeurs sont de R? = 0,54 et de R? = 0,34 respectivement pour les habitations
en terre et en béton. De plus un détecteur RadonEye+2 a révélé une accumulation quotidienne de ?>Rn

atteignant des valeurs de 800 Bq m~> dans certaines habitations lorsque toutes les portes et fenétres étaient




fermées. Sur le plan architectural, les logements construits avec des matériaux étanches tels que le ciment et
le béton ne facilitent pas la diffusion du 22?Rn. Ils ont donc des concentrations en >?Rn et une dose efficace
plus faibles que ceux en terre ou en brique de terre. Ces résultats montrent que les concentrations de >?Rn

dans le sol et celles dans 1’air confin€ des habitations sont fortement corrélés.

Mots clés: Radium-226; Radon-222; Corrélation; Inhalation dose; Exces de Risque de Cancer au cours

de la vie ; Exces de risque absolu au cours de la vie.
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General Introduction

Human beings are constantly exposed to both natural and man-made sources of ionizing radiation. These
sources include cosmic rays from outer space and terrestrial radiation from the Earth, the latter being gen-
erated by various radioelements present in the Earth’s crust [1]. The level of exposure to natural sources
depends on the geological composition of the soil in a particular area. Natural and anthropogenic radioac-
tivity can lead to significant public health concerns due to the emission of ionizing radiation. Radioactive
elements such as 238U and 23?Th are typically evenly distributed in soil, but certain geological and hydroge-
ological conditions can cause their accumulation in specific regions. When these enriched areas come into
contact with the biosphere, there’s a risk of dispersing these natural radionuclides into the environment [2].

Exposure to natural radioactivity, especially radon and its progeny, presents a public health challenge.
Protecting individuals from the health effects of this radioactivity begins with monitoring radiation levels
in the environment and identifying the sources responsible for exposure. This involves implementing an
environmental sampling plan followed by on-site or laboratory radioactivity measurements. The aim of these
measurements is to determine the activity levels of naturally occurring radionuclides, including «, B, or y
emitters. The selection of measurement methods depends on their capability to measure all radionuclides in
the natural series of 223U, 233U, 232Th, and “°K, ideally [2].

Regions with mining potential are particularly important for environmental monitoring. Activities such
as exploration and ore mining can lead to surface contamination by radioactive materials like 238U, 232Th,
and 4°K, collectively known as Naturally Occurring Radioactive Materials (NORM) [3]. This contamination
may contribute to environmental pollution and increase the exposure of local residents to natural radiation.
The content and distribution of radioactive elements depend on the underlying bedrock [4, 5], varying from
one environment to another based on geological structure, mineral composition, and soil depth [1].

Radon, a naturally occurring radioactive gas, can seep from rocks into the atmosphere through cracks
and accumulate in confined spaces like homes. Notably, ??’Rn and >?°Rn, along with their progeny, con-
tribute significantly to human exposure from natural radiation sources [6]. Radon is a recognized pulmonary
carcinogen, second only to tobacco in its carcinogenic potential [7].

Numerous studies on natural radioactivity have been conducted globally, revealing high levels of ra-

dioactivity in specific areas, particularly those with mining potential [11, 12, 13, 14, 15]. These studies




have shown elevated concentrations of 233U, 232Th, and #°K in soil, as well as high levels of 222Rn and
220Rn in homes compared to international standards set by organizations like UNSCEAR, ICRP, and WHO
[16, 17, 18]. Correlations have been observed between the activity concentrations of 233U and 2*2Th in
soil and 2??Rn and ??°Rn in dwellings in certain areas [20, 21]. Factors such as soil porosity, permeability,
climatic conditions, and dwelling architecture influence the migration and accumulation of radon and its
progeny [5, 16, 17, 20, 24, 25, 37, 38].

Assessing the risk of public exposure to radon and its progeny often faces challenges, including limited
access to detection instruments in the field and public reluctance regarding the importance of radiation
measurements. Mapping radon levels is crucial for identifying high-risk areas and implementing remediation
plans, as seen in projects like CMR9009 in Cameroon. Overcoming logistical and deployment challenges in
field measurements requires alternative methods, such as estimating radon exposure and risk without direct
field measurements, based on relevant parameters.

In this study, we aimed to investigate correlations between 22°Ra and 2*Rn concentrations in soil, as
well as between 2>’Rn concentrations in soil and dwellings. We used both in-situ and laboratory gamma-ray
spectrometry to measure 226Ra, 232Th, and *°K concentrations in soil, along with solid nuclear track detec-
tion for 2*2Rn and its progeny in dwellings. Our results, presented in three chapters, provide insights into
natural radioactivity’s impact on human health and correlations between radioelements in various environ-

mental settings.



Chapter 1

Literature review

Introduction

Radiation is energy, in the form of particles or electromagnetic rays released in general by radioactive
atoms. The three most common types of radiation are alpha particles, beta particles and gamma rays. Expo-
sure to radiation is called irradiation. Irradiation occurs when all or part of the body is exposed to radiation
from a source. Irradiation can lead to gene mutations and increases the risk of cancer (long term exposure)
or radiation sickness depending on the amounts of radiation. This chapter provides some background on
natural radioactivity and its origins, describes the various interactions of photons with matter, and briefly
describes geology and radioactivity in the rock, some important phenomena and quantities which explain

radiation exposure and its effects on the body.

1.1 Geology and radioactivity in the rocks

Natural radioactivity comes from the earth, mainly in the soil. It is non-uniformly distributed according
to the pedological, mineralogical and geological characteristics of the different environments. The radioac-
tive atoms present in the environment, such as 233U, 232Th and their progeny, which constitute NORM are
also distributed in varying amounts in the geological matrix of the earth’s crust. These atoms are perma-
nently formed in soil or in the rock from cosmic radiation or sufficiently enriched under certain geological
and hydrological conditions that can lead to a uranium, thorium or potassium mining deposit.

According to their nature, the grounds and the rocks have a specific radioactivity that allows them to
be differentiated Table 1.1 presents the level of radioactivity in the different types of rocks. The detailed

analyses by nuclear plates allowed to establish three origins of the radioactivity which are[42]:

e Inclusions: These may include other minerals or rocks, a liquid, a gas, or any other form embedded

in the host mineral. There are two types of inclusions, depending on when they appear in the host




mineral: primary inclusions, which appear during the hydrothermal phase of crystallization in the
fractures of the mineral, and secondary inclusions, which are formed after the crystallization of the

mineral [42].

Fissures:

Under the action of the excessive rise in temperature and pressure, begin to crack, thus promoting the
circulation of hot water or steam within it. The intensification of this phenomenon dissolves a lot of
elements which are carried towards the empty zones generated by the fissures. The rock around the
latter is mineralized to form crystals whose nature will depend on the initial rock, on the temperature,
and on the pressure. The presence of radioelements such as 233U, 232Th and *°K in the micro-fractures

can thus induce a radioactivity with sometimes very high levels [42].

Dispersion in the essential minerals

In this case, All rocks are therefore likely to be radioactive, due to the general dissemination of the
three natural radionuclides,?*¥U, 232Th and “°K . However, they are preferentially fixed on the fine
sediments, so that the latter are more radioactive than the coarser sediments. When radioactivity is

distributed in the essential minerals, it is contemporaneous with the rock.

40K is an element that is very present in minerals essential to 2381y, 232, they are in very small
quantities and frequently associated with minerals such as rare earth and elemnts zirconium. In the
minerals, they are present as traces or impurities. Zircons, allanites and monazites are the main ra-
dioactive accessory minerals found as microscopic inclusions in rocks. Zircons are commonly found
in granites, pegmatites or syenites, gneisses and biotite contained in rocks. Allanites are present in

some granites and pegmatites. Monazites are found in biotite granitoids and their pegmatites [42].

A moderate uranium content is found in magma rocks. Analysis of several samples of acidic rocks
(granites and granulite) revealed fairly high uranium and thorium contents. [5, 42]. Moreover, a
high uranium and thorium activity concentration has been observed in granites and syenites, while
they are lower in basalts and very low in peridotites [4, 42]. In the basic rocks, radioactivity level
due to uranium and thorium is about three times lower than in the acid rocks. The average contents
vary between 1 and 2 ppm in uranium, 3 and 4 ppm in thorium. In certain rocks such as gabbros,
radioactivity due to uranium and thorium is very low. In diorites, it is average, whereas it is high in
acidic rocks. In volcanic rocks, the primordial radioactive elements 233U, 232Th and %°K are present,
but at variable levels according to their nature [42]. In the sedimentary rocks, the radioactivity is lower

because of the radioelement’s dispersion.

In addition, microscopic uranium and thorium minerals are not resistant to erosion. Nevertheless,
inclusions such as zircons and many others rich in thorium such as monazite, apatite, and xenotime

are resisting it and manage to accumulate in the placers. Unlike thorium, uranium is destroyed in an



oxidizing environment because of its chemical properties. It is therefore less present in sedimentary
rocks [43]. Accordind to Tablel.1, the sedimentary rock’s radioactivity varies according to the kind
and origin of the rock. In carbonaceous rocks and hydrocarbons such as asphalts, petroleum, mineral
waxes and gases, uranium is present in varying levels. Its content is high in phosphates, low in

phosphate clays and limestone, absent in clays. Thorium is absent in limestone, clays and phosphates

[43].

Table 1.1: Radioactivity content level in some rock

Type of rocks Radioactivity level in
the rock
High Medium low
Sedimentary Black shales sandstones and sands Simple limestones
rock
Phosphates Gneiss Coal
Potassic evaporite - evaporites sans potation
some sand basic - basic and ultra-basic
rocks
Metamorphic Quartz schist - granulite gneiss
rock
Black Schist schists amphibolite
Maber Silicate limestone Eclogite
- Amphibolite -
Magmatic rock  acidic rocks (granite intermediate rocks (di- -
family) arist)

1.2 Radium

1.2.1 Discovery and historical context

Radium was discovered by Pierre and Marie Curie in 1898. This was a period of scientific emulation:
Rontgen discovered X-rays in 1895. Henri Becquerel became interested in this phenomenon and discovered
that uranium salts emit rays that are different from X-rays. They are called uranic rays. However, Marie
Curie, interested in this discovery, studied uranium salts. She deduced from her experiments that the intensity
of the radiation was proportional to the quantity of uranium. Moreover, this radiation is independent of

external factors (light, temperature, etc.). She soon realized that this radiation was an atomic property,



specific to the atom. This is how she discovered that thorium is like uranium. Marie Curie called this
phenomenon radioactivity. Once she had studied uranium salts and oxides, she turned her attention to
the minerals containing uranium. She then discovered that certain minerals, including pitchblende (Figure
3), had a much higher radioactivity than expected. After much checking, she concluded that pitchblende

contains an unknown element that has a much higher radioactivity than uranium [44].

Figure 1.1: Pitchblende sample [44].

Pierre and Marie Curie combined their efforts to isolate this element. Pitchblende is an ore of known
composition, so they gradually separate the various constituents using known treatments. They succeeded in
isolating two highly radioactive fractions: they concluded that two new elements had been discovered. Thus,
in July 1898, they announced the discovery of polonium and in December of the same year, that of radium.
But the scientific community remained perplexed and asked to see their elements [44]. The Curie duo then
divided the work between them: Pierre Curie studied radioactivity while Marie isolated radium. Thus began
a four-year period of work, during which they published some thirty articles and several memoirs. Finally,
Marie Curie isolated 0.1 g of pure radium salt and determined the molar mass of radium: 226 g.mol~!. Pierre
Curie, for his part, discovered numerous phenomena associated with the radioactivity of radium, notably the
emission of gas (radon), light and heat. He also discovered more general phenomena such as the existence

of 3 types of radiation, which were later called «,  and y [45].

1.2.2 Radium Physico-chemical properties

Radium is only bivalent. Its chemical properties are very close to those of its counterpart, barium,
because, due to the lanthanide contraction, the radius of the Ra>* ion (0.139 nm) differs very little from

that of the Ba2+ ion (0.133 nm). Radium salts are isomorphic to the corresponding barium salts. Freshly



prepared, pure radium is white and bright, but it darkens when exposed to air (probably by formation of
nitride Ra3N,. Its density is 5.5 g cm?, higher than that of barium [45]. The precipitation of radium in the
sulphate state, possibly in the presence of barium serving as an entrainer, makes it possible to separate it
from almost all the elements. Lead, whose sulphate and nitrate are isomorphous to those of radium, can also
be used as a carrier. It has the advantage that it can be easily separated in the halide or sulfide state because,
in this form, it does not sy-crystallize with radium. The very low solubility of radium chloride and radium
nitrate in concentrated solutions of the corresponding acid is also taken advantage of to perform certain
separations. Thus, radium can be purified from the ?-emitters that accompany it in nature by precipitating it
in a mixture of concentrated hydrochloric acid and ether, after the addition, if necessary, of a few milligrams
of BaCl, as an entrainer [46].

The tendency of radium to form complexes is even lower than that of barium. The pK of the citric and
tartaric complexes are, at 25°C, 2.36 and 1.24, respectively. However, the complex with ethylene-diamine-

tetra acetic acid is strong enough to inhibit the precipitation of radium sulphate.

1.2.3 Uses of radium: Medical field and industrialization

Thanks to its radioactive properties, radium aroused enthusiasm until the 1940s. It was used in various
fields such as radiotherapy, pharmacology, industry and in everyday life. In 1900, two Germans, Walkhoff
and Giesel, discovered that radium had physiological properties. Thus, Pierre Curie, in collaboration with
leading physicians, decided to study its effects on animals. They found that radium could heal wounds and
even tumours. In June 1901, Pierre Curie and Henri Becquerel published a note together on "the physio-
logical effects of radium rays": this was the beginning of radiotherapy, which was called radium therapy or
curietherapy at the time. Thus, doctors used radium needles or applicators, "bandages, poultices (Figure 7)"
to treat tumors and other skin diseases. The results on dermatological diseases as well as on skin cancers are
very promising. This is why radiotherapy was subsequently tested on many incurable diseases of the time
(cancer, tuberculosis...) [46].

Radium was also used during the First World War to take X-rays in order to precisely locate bullets inside
the wounded and thus to facilitate surgical operations. Following the 1903 Nobel Prize and the success
of "radium therapy", radium became more widely available and its extraordinary properties were widely
promoted. Thus, from the beginning of the 20th century, radium was used to produce radio luminescent
paints. Indeed, the radium salts associated with zinc sulfidic in a varnish constitute a paint that emits a
continuous light not very intense. Therefore, the watch industry will use these paints to make fluorescent
clocks and clocks. The radio fluorescent properties of radium were also used for night lighting. A little later,
manufacturers of pharmaceutical products distributed many products containing radium with miraculous
virtues, which are not medically proven. This is how radon emanators, ointments, compresses, ampoules,

drinkable potions, wool and food supplements for animals appeared [47].



Figure 1.2: Needles and tubes used in radiotherapy [44].

1.2.4 Radium isotopes

In 1934, Iréne and Frédéric Joliot discovered artificial radioactivity, thus showing that radionuclides not
present in nature could be created, and received the Nobel Prize in Chemistry in 1935. In the medical field,
radium was officially abandoned in 1976 for radioprotection reasons and was replaced by Iridium-192 and
cesium-137 in radiotherapy. The use of radium left many polluted sites (sites where the soil or buildings
were contaminated by radium) and radioactive objects. Moreover, radium has no stable isotope, and there-
fore no standard atomic mass can be assigned to it. The longest-lived isotope, and the most common, is
radium-226 which has a half-life of 1600 years. In addition, four of its 25 possible isotopes exist in nature
in trace amounts: 223Ra, 22*Ra, 22°Ra and ?2%Ra, all four radioactive and all derived from the radioactive

decay of other naturally occurring radioisotopes [44, 45].

& — Radium 223: It is an alpha emitter with a half-life of 11 days. It was historically referred to as

actinium X, since it is the daughter isotope of actinium 227 in the decay chain of uranium 235.

& — Radium 224: It is, along with radium 228, traditionally associated with thorium, as it is part of
the decay chain of 23?Th. It was historically referred to as thorium X, as it is the direct descendant of 22Th.
Along with radium 225, it is considered a potential candidate for nuclear medicine applications because of

its short half-life (3.62 days) and the four alpha emitters present in its decay chain.

& — Radium 225: It has a half-life of 15 days, it is the precursor of actinium 225, which decays in a
chain emitting a total of four alpha particles1, making it an interesting candidate for applications in alpha-

immunotherapy. Radium itself is difficult to complex and the lack of a suitable ligand limits its applications.



To overcome this difficulty, alternative ways of binding radium are being studied.

& — Radium 226: It is the most common isotope of radium, representing more than 99% of the radium
naturally present on Earth, the other isotopes being present only in trace amounts. The average content of
radium 226 in soil is about 0.7 ng/kg (0.7 ppt). Radium-226 is present on Earth as a decay product that is
part of the uranium-238 decay chain (often called the radium series). With a half-life of 1600 years,it is very
highly radioactive, with a specific activity of 36.6 GBq g~!. This activity is practically that of the old curie
unit, conventionally equal to 37 GBq. It decays by alpha radioactivity, with an energy of 4,784 keV (94%)
or 4,602 keV (6%), and by emitting y radiation of 186.211 keV (Intensity 3.555%). Its y-radiation (direct,
or via its progeny) makes a small contribution to the terrestrial exposure to which individuals are naturally
subjected. The decay energy of pure radium gives off a specific power of 28 W/kg, which rises to 160 W/kg

when added after a few days to that of its short-lived progeny, which rapidly reach secular equilibrium [47].

& — Radium 228 is naturally present in soil in small quantities (of the order of 5 ppq) as a descen-
dant of thorium 232. It is in equilibrium in this chain with actinium 228, more easily detected by gamma
spectrometry. Because of its presence in this decay chain, it was historically called mesothorium I when it
was discovered in 1907 by Otto Hahn. It is marketed under the brand name Xofigo and as radium chloride
for medical application against bone metastases of prostate cancer. It binds to bone because of its chemical

analogy with calcium [46].

1.2.5 Health effects and risks due to radium

It was only gradually after its discovery that the danger of radium radiation became apparent. The first
to be alerted were the radium workers. For example, several deaths were observed at the Radium Institute in
London, dedicated to medical applications. This is why, in 1921, a series of recommendations and protection
rules were published: the walls of radiotherapy rooms were henceforth lined with lead and radium handling
required the use of special precautions. However, these protections were not sufficient; industry, on the other
hand, did not seem to be really concerned about the potential danger of radiation and working conditions
in the factories remained dangerous. In 1917, several cancers were reported among female workers who
used radium-based luminescent paint and refined their brushes by mouth: this was the trial of the Radium
Girls. In 1937, radium was banned for non-medical use [48]. Radium emits o and 7y radiation. The o
radiation corresponds simply to the emission of helium atoms during the disintegration of the nucleus. The
Y radiation, on the other hand, is made up of photons, like visible light or X-rays, but these carry a much
higher energy, which makes them dangerous. There is also another type of emission: 8 radiation. It can be
broken down into B radiation (positron emission) and 8~ radiation (electron emission). It should be noted

that radium and its descendants are practically not affected by this last type of radiation [48].



1.3 Radon

After the discovery of radium by Pierre and Marie Curie, other natural radioelements were discovered,
including radon. In 1900, the German Friedrich Ernst Dorn demonstrated that air in contact with radium
compounds becomes radioactive and that this phenomenon is due to a gaseous emanation from radium,
which is radon. The same year, Rutherford showed that this gas is formed during the radon decay with
the emission of an alpha particle. Radon and its progeny measurement in the environment has become an
important mission for environmental radioactivity analysis and measurement laboratories in recent years. It

is estimated that this element is the main source of natural radiological exposure for humans [1, 7].

1.3.1 Physico-chemical properties and radon isotopes

Etymologically, radon derived from radium. radon in the past was called nitens, which means bright,
indoor, colourless, tasteless and radioactive. It is invisible and was historically called emanation. Radonn is
a rare inert gas, of natural origin, it is the heaviest gas, density 9,72 kg m ~3 to 273°K that is to say 8 times
denser than the air. It liquefies at 68°C and solidifies at 71°C. Radon is measured according to its activity.
The Curie (Ci) and the Becquerel (Bq) tell us how much a radioactive material is decaying every second 1Ci
= 37109Bq = 37 billion curies per second). The radiation dose from radon and its progeny is measured in
terms of the energy they transmit to tissues (in units called gray) [49]. Radon has 33 radioactive isotopes, of
which thirty are artificial and only three are in the natural state with a range of atomic masses from 195 to

228, these are:

e Radon: ?*’Rn (T1 o= 3.8 days),
e Thoron: 22°Rn (7| /2 = 54.2 seconds),

e Actinon: ?"Rn (7j , = 3.92 seconds)

They differ from the physical parameter "T; ;" and decay by alpha emission leading to unstable polo-
nium isotopes. The three radon isotopes (radon, thoron and actinon) belong to the natural radioactive fam-
ilies of uranium 233U, thorium 2*?Th and uranium 2> U respectively. 2>’Rn belongs to the decay chain of
238U, 220Rn belongs to the decay chain of 232Th and ?'°Rn belongs to the decay chain of 2°U respectively
[2, 39]. In these three families, the three parent elements have a very long half-life and generate a series of
radioactive decay products until the appearance of a stable element: lead isotope. The different radioele-
ments formed are solids (at normal temperature and pressure) with the exception of one per family which is

the radon isotope.
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1.3.2 Radon dispersion in the environnement

Dispersion of radon in the environment depends strongly on atmospheric conditions, and the resulting
distribution is far from being homogeneous: over the continents, the radon activity decreases with increasing
altitude. There is thus a quasi-exponential profile characterized by a decrease of a factor of 2.3 when the
altitude increases by 3.7 km [50]. During the night, the temperature inversions strongly decrease the atmo-
spheric diffusion. Radon then stagnates at the ground level. Its concentration in the air can thus increase
by a factor of 10 to 100. To model, in a simplified way, radon dispersion over the continents, one generally
considers a sufficiently extended zone with a supposedly uniform flux C. The distribution of radon and radon
progeny activity in air can then be expressed only as a function of the height above ground. It is governed,

in steady state, by the following differential equations:

d dCy

d—Z[K(Z)d—Z]—%COZO (1.1)
d dC;
d—Z[K(Z)d—Z’] —AjCj—Aj1Cjy (1.2)

where j is: when j=0, the radon, and for j going from 0 to 4 its different progeny (>'®Po, 214Pb, 214Bi,
2l4po). C j 1s the concentration of radionuclide j in the air at altitude z [Bq m -3, Aj is the radioactive decay

constant of j [s~11, K(z) is the diffusion coefficient [m2 s~1], it increases with height.

1.3.3 Dispersion of natural radon isotopes

The low content of 23°U in the earth’s crust (on average 0.7% of total uranium) leads to a limited produc-
tion of 2!°Rn. Its short half-life also limits the distance travelled before decay. >!°Rn is therefore practically
absent in our environment. Even if it is produced in larger quantities, the fast decay of >’Rn induces mostly
low volume activities of this isotope in the atmosphere. In contrast, more significant amounts of >>*Rn can
migrate to the air.radon concentration in the ground varies in space, in particular according to a vertical gra-
dient, and in time, mainly according to the meteorological conditions (temperature, precipitation, barometric

pressure) and the intrinsic characteristics of the ground (geology, paedology) [50].

1.3.4 Radon in soil-atmosphere interface

Radon concentration in soils varies in space, notably according to a vertical gradient, and in time, mainly
as a function of meteorological conditions (temperature, precipitation, barometric pressure) and intrinsic soil
characteristics (geology, pedology). The amount of radon that comes to the soil-atmosphere interface per
unit of time and per unit of area is called the exhalation flux. Figure 1.3 show the process of radon emanation
in the ground to the exhalation in the atmosphere. Radon exhalation flux depends on the volume activity

of radon in soil, and the meteorological conditions. the average flux at the earth’s surface is estimated at
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2x1072 Bq m~2 s~'. As with radon concentrations in soils, radon exhalation flux varies in a temporal
manner. At the earth’s surface, the average volume activity of 22?Rn is 400 Bq m 3 [50]. Radon level in the

dwellings

Radon exhalation
4

Soil surface boundary

Radon
migration

.— Soil grain
. . T Interstitial space

Radon emanation

Figure 1.3: Schematic representation of the radon emanation [1]

According to Figure 1.4 2*?Rn infiltration in the house is favoured by convection phenomena induced by
the temperature difference between the inside and the outside of the dwelling or by a pressure difference ex-
isting between the air in the house and the air in the ground. In fact, radon originates in soil gas located under
the dwellings and in some cases, in the building materials. The radon concentrations are also dependent on
the characteristics of the dwelling: - existing transfer pathways (staircase, pipe passage...), - ventilation rate
and occupants’ routines [6]. Some studies have shown that the 2>?Rn concentrations in water vary greatly.
They can sometimes contribute strongly to the entry of >*’Rn into a room by outgassing [51]. Surface wa-
ter does not contribute significantly to airborne 2*?Rn concentrations; on the contrary, groundwater can be
a higher contributor, especially deep wells. These results highlight the accumulation of radon inside the
dwelling when there is no human activity, corresponding to a confined environment, i.e., at night, doors and
windows. The decrease in radon concentration is correlated with the resumption of human activities in the

house. During the day this concentration does not exceed 200 Bq m > with an average value of 100 Bqm—>.
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Figure 1.4: Radon ingress in a dwelling [1].

1.4 Human exposure to ionising radiations

1.4.1 Natural radiation exposure sources

These sources are different in nature depending on the physical form of the earth and its physical and

chemical constitution:

e Cosmic radiation: Cosmic radiation], of galactic or solar origin, is composed of charged particles,
mainly protons, but also o particles and heavier nuclei. These highly energetic particles (average
energy of 10 GeV) interact with the nuclei of atoms in the atmosphere by spallation and produce
secondary particles that initiate further cascade reactions, resulting in the presence of a variety of
particles: protons, neutrons, pions, kaons, muons, electrons, neutrinos and photons. The composition
of cosmic rays (in particular the ratio of directly ionizing particles to neutrons), their energy and
intensity are strongly dependent on altitude. The intensity of cosmic rays depends to a lesser degree
on other factors such as geographic latitude (due to the influence of the Earth’s magnetic field) and

solar activity [1].

e Terrestrial radiation: The natural radioactivity of the ground comes from its content of “°K as well
as uranium and thorium progeny. Their concentrations vary from one area to another and is a few

hundred Bq kg~! for “°K and a few tens of Bq kg~! for >*U and >*>Th daughters. The effective
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dose from 7y-rays inside a home is on average 1.5 times greater than in the open air. According to

UNSCEAR 2000, the world average effective dose is 0.5 mSv/year [1].

e Proper radiation: “°K is found in relatively large quantities in plants and in food. Its concentration is
of the order of 100 Bq.kg~! for cereals (dry matter) and 30 to 60 Bq 1~! of milk. At equilibrium, the
human body contains 3000 to 6000 Bq of *°K. Other radioelements, such as 2!°Pb, 2!19Bi and 2!°Po
are also present in the body, but in much smaller quantities. The world average value of the committed

dose according to UNSCEAR 2000 is 0.3 mSyv, of which nearly 60% is due to potassium-40 [1].

1.4.2 Artificial radiation sources

Exposure to artificial sources is generally observed in the workplace or by the general public in the event

of a nuclear accident:

e Occupational sources: Occupational exposure is constantly monitored by the Commission or by the
radiation protection service in some states, which publishes an annual report on this subject. Occupa-
tional radiation concerns four sectors of activity: medicine, research, nuclear power stations, industry
and public services. The medical sector is characterized by a large number of people monitored and
a relatively low collective dose, while the situation is reversed in the field of nuclear power stations

[52].

e Medical radiation sources: The distribution of doses in the body in the case of medical applications
is very heterogeneous. Moreover, the doses vary greatly from person to person and are also dependent
on age and sex. A worldwide survey has been conducted to assess the doses received by the population
from medical applications [1]. In the analysis of the results of this survey, countries were grouped into
four health levels that differ significantly in both the frequency of radiological procedures and the

doses received.

o Radiation from other artificial sources: The public is also subject to the following sources of radi-
ation: Radioactive releases into the environment from companies (hospitals, nuclear power stations,
industrial companies) using ionizing radiation. External exposure in companies or public places (hos-
pitals) where ionizing radiation generating installations or sealed radioactive sources are handled.
Food contamination; Various contributions; these are minor contributions due to smoking, high alti-
tude flights, small sources used in consumer products (watches); the irradiation is difficult to quantify,

but is on average less than 0.1 mSv/year [1].
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1.4.3 Types of radiation exposure

As presented in Figure 1.5, human exposure to radiation that reaches the body can be external or internal

depending on whether the source is outside or inside the body.

Types of Exposure

External exposure Internal exposure
Exposure due to radiation outside the body Exposure from inside the body
Radiation sources
such as radioactive Breathing,
al tc Drinking
materials, etc. and eating
- Whole-body -
exposure w
Radioactive
Local exposure materials
g9
-

Absorbed through skin,
Penetrating from a
wound

Body surface contamination

Figure 1.5: Type of exposure to radioactivity.

a — External exposure

When one is near a radioactive source or when it is in direct contact with the skin, it is called irradiation
or external exposure. External exposure is therefore related to irradiation from a distance or by skin contact,
by beams of 3, ¥, X or neutron radiation emitted by radionuclides present in the environment. It can come
from a gaseous or particulate plume where the individual is evolving, from a deposit of these particles on the
ground or at depth, or from contamination of the skin by direct contact or by immersion in water. It ceases
when the source of exposure is eliminated or sufficiently distant. External exposure can be grouped into
three main categories such as cosmic radiation exposure, terrestrial radiation exposure and proper radiation

exposure.

b — Internal exposure

Inhaling or swallowing radioactive substances, or when these substances enter the body through a wound
or through the skin, this is called contamination or internal exposure [52]. Internal exposure can result from
incorporation of radioactive substances through inhalation, ingestion, skin contamination or injury. In the

workplace, ingestion is very rare, while respiratory contamination is the most common. Although it also
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remains very rare, contamination by injury remains a constant concern for protection services because the
contamination it causes can be significant. Cutaneous contamination, on healthy skin, has few consequences
except for tritiated compounds that can cross the skin barrier. Irradiation linked to contamination inside the
body does not cease with the end of exposure to the pollutant; it will continue as long as the radionuclide is

present in the body.

e Incorporation through inhalation

Subjects immersed in a radioactive plume or in air contaminated with radioactivity can be exposed
internally as a result of inhalation of airborne radioactive materials. Inhaled radionuclides irradiate
tissues of the respiratory system as well as other organs. The committed effective dose to a subject
is determined by many physical, chemical, and biological factors, including the amount and type of
material inhaled, its deposition and retention in the respiratory system, and the subject’s breathing rate

[53].

e Incorporation through ingestion

Ingestion is the main route of intake for the public through contamination of food and water. This
contamination comes from either atmospheric emission falling to the ground or from liquid discharges
from factories. Contrary to the other routes of entry, the contamination of populations by ingestion
generally involves only infinite quantities of radionuclides that always stay at trace levels. This route
of intake also involves inhaled radionuclides that "reach" the gastrointestinal tract. Passing through the
skin or incorporation by injection It is a risk only related to a professional activity. Generally speak-
ing, healthy skin is an effective barrier to the transit of substances, whether radioactive or not, and the
risk is eliminated by wearing waterproof gloves and prohibiting workers using unsealed sources from
handling in case of skin lesions. Transfer of contamination through healthy skin will be encountered
primarily through contact with tritiated water. Wounding is a less common route of entry than inhala-
tion, but is generally more serious in terms of the level of contamination generated. Radioelements
in the body release energy as they decay. This released energy will disturb the atoms constituting the

organs and tissues through many interactions [1].

1.5 Dosimetry and protection quantities

1.5.1 Absorbed dose

The activity of a radioactive source is expressed in Becquerel (Bq) which is also the number of nuclei
that spontaneously transform per second. When radiation interacts with matter, it transmits energy to it. This
transfer is defined by the absorbed dose of which the unit is gray (Gy) which is also the deposit of 1 J kg~!.

The energy deposited at a point makes it possible to define the importance of an irradiation. The absorbed
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dose Dabs or radiation at a point, corresponds to the energy which is deposited (dE) per unit mass (dm). The
absorbed dose is given by the following relation:
dE

Dgps = — 1.3
bs dm ( )

The activity of a source is not directly related to the absorbed dose because D, varies according to the
radioelements and therefore the nature of the emitted radiation. Depending on the type of radiation, it is
possible to obtain different biological effects at equivalent absorbed dose [52]. For example, when ¢-beams
enter the material, they are braked more rapidly by the y or X radiation. They are therefore more disruptive
because they spread less their energy deposition. To take into account the nature of the radiation emitted, it

is therefore necessary to use an equivalent dose.

1.5.2 Absorbed dose rate

The absorbed dose rate, Dabs (nGy h™!) is the quotient of dD by dt, where dD is absorbed dose increment

during the corresponding dt time interval:

. dD
Dabs = 5 (1 -4)

1.5.3 Equivalent dose

Biological detriment to an organ depends not only on the physical average dose received by the organ
but also on the pattern of the dose distribution that results from the radiation type and energy [49]. For
the same dose to the organ a or neutron radiation will cause greater harm compared to y-rays or electrons.
Effectiveness of the given radiation in inducing health effect is expressed in equivalent dose. Equivalent
dose Hr as per equation 1.5 is the product of the absorbed dose D and the radiation weighting factor of the
radiation [19]. The radiation weighting factors are related to the particular type of radiation and depend on

the ionizing capacity and density.

Hr =Y WgDrg (1.5)
R

where D(7 g 18 the absorbed dose in tissue T due to radiation R. In 2007, the ICRP defined Wg values
that are grouped in the table. The equivalent dose rate (H7) is the equivalent dose based on the exposure

time (Sv yr‘l).

1.5.4 Effective dose

Various organs and tissues in the body differ in their response to radiation. For the same equivalent dose,

the detriments from the exposure of different organs or tissues are different. Equivalent dose in each tissue
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Table 1.2: Tissue weighting factors according to ICRP [53], (*) Remaining tissues: Adrenals, extrathoracic
region, gall bladder, heart, kidneys, lymphatic nodes, muscle, oral mucosa, pancreas, prostate (man), small

intestine, spleen, thymus, uterus/cervix (woman)

Tissue Tissue weighting factor Wy Y Wr

Bone-marrow (red), colon, lung, 0.12 0.72

stomach, breast, remaining tissues

()
Gonads 0.08 0.08
Bladder, Oesophagus, Liver, Thy- 0.04 0.16
roid
Bone surface, Brain, Salivary 0.01 0.04

glands, Skin
Total 1

or organ is multiplied by a tissue weighting factor Wy and the sum of these products over the whole body is

the effective dose, given by following equation [19].

E :;WTHT :;WT;WRDM (1.6)

The effective equivalent dose rate (E) is also the effective dose based on the exposure time (Sv yr!).
These factors were obtained from a reference population of equal numbers of men and women ranging in
age. Because of the normalization of all tissue weighting factor values is unity, the effective dose equals a
uniform equivalent dose over the whole body. The SI unit of effective dose is also the Sievert (Sv). Table

1.2 lists the tissue weighting factors for tissues and organs of the human body.

1.6 Biological effects of radiation

Radiation effects on an organism are physical, chemical, and biological in nature (Figure 1.6). Physical
effects are the result of energy transfer by ionization or excitation and are immediate (on the order of 10~
seconds). These effects trigger chemical changes by atomic modification or molecular bond breaking, which
result in the activation or modification of chemical reactions. This step takes about 10-6 seconds [54]. The
biochemical changes produce modifications on the structures and the vital functions which extend over a
period ranging from one second to several years. In some cases, these changes can be corrected by molecular
or cellular mechanisms, thus recovering normal functions. The effect of radiation is therefore variable and
ranges from faithful repair of a cell-to-cell death. There is a great disproportion between the number of

ionizations and excitations produced by the radiation and its biological effect. Indeed, a dose of 10 Gy,
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lethal in whole-body irradiation for humans and most mammals, corresponds to an energy absorption of 10
J per kilogram of tissue, or a temperature rise of only 2 thousandths of a degree, or 2x10!® ionizations.

Thus, only 2 out of 107 water molecules are affected by the ionization process [52].

ﬁadiation
L, Death

Ionization l « Apoptosis

ROS Genetic instability

Senescence
DNA repair DNA damage ‘

« Necrosis
Mutations and/or « Mitosis-linked
Chromosome rearrangements

Germ line Foetal

‘, \

[ Carcinogenesis ] Heritable Teratogenic
genetic defects effects

Somatic

Figure 1.6: Paradigm for the biological effects of ionizing radiation exposure at cellular level.

1.6.1 Cellular effects

The biological effects of irradiation depend on (1) the energy transmitted, (2) the type of radiation,
(3) the nature and radiosensitivity of the affected cells and (4) their physiological conditions. There is a
great disproportion between the number of ionizations and excitations produced by the radiation and its
biological effect. The latter are quantified by measuring cell mortality based on the cell survival curve,
which makes it possible to study the radiosensitivity of cells as well as the influence of physical, chemical or
biological parameters on the radiation effects. [54]. Indeed; the Temperature Effect results from the increase
in radiosensitivity with temperature. This is due to the acceleration of biochemical processes that lead to
increased free radicals and incorrect repair. While for high TEL radiation, on the one hand a strong increase

in sensitivity, on the other hand a reduction in the shoulder of the curve, i.e., reduced cell repair capacity.
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The radiosensitivity also depends on the biochemical composition of the cell at the time of exposure and

varies according to the phase of the cell cycle [54].

1.6.2 DNA and organ effects

The incorporated radioactive material decays by emitting ionizing radiation within the body. Therefore,
the radiation would affect the atoms in living cells and thereby damage their genetic material (DNA). For-
tunately, the living cells are extremely efficient at healing this damage. However, if the damage is not fixed
correctly, a cell may die or eventually become cancerous. Exposure of high level of radiation over a short
period of time could lead to some symptoms such as nausea and vomiting within hours and could sometimes
result in death over the following days or weeks. This is known as acute radiation syndrome. A low level
of radiation exposure does not cause immediate health effects, it could increase the risk of cancer over a
lifetime. Interaction of radiation with DNA could be a direct or indirect process [52]. In the direct pro-
cess, radiation would break strands of DNA. However, in the indirect process, radiation would break water
molecules surrounding the DNA (Figure 1.7). Afterwards, the broken water molecules produce free radicals
unstable oxygen molecules. The new created oxygen molecules would damage cells and organ. The cell
damage would repair itself and go back to normal or the cell damage is not repaired or is incorrectly repaired
creating a changed cell which may eventually lead to cancer, or the cell is badly damage causing the death
of this cell. When cells die there is two options: The body will recover and there is no risk of those cells
potentially turn into cancer (a few radiations damaged), and the high radiation dose could cause widespread
cell death which can lead to organ failure. All those effects described below are classified in two types;

Deterministic effects and stochastic effects [53].
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Figure 1.7: Schematic-of-how-ionising-radiation-utilised-for-radiotherapy-can-damage-DNA.
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Deterministic effects or tissue reactions of ionising radiation are referred directly to the absorbed radia-
tion dose and the severity of the effect increases as the dose increases. A deterministic effect typically has
a threshold below which the effect does not occur [53]. Stochastic effects of ionising radiation are chance
events, with the probability of the effect increasing with dose, but the severity of the effect is independent of
the dose received. These type effects are assumed to have no threshold. Cancer risk and hereditary disorders
are stochastic effects [53]. The main stochastic effects are induction of: (1) cancers in the irradiated subject,
if the mutation is induced in some somatic cell genes, (2) genetic diseases in the offspring, if the mutation is

induced in the germ cells, (3) cardiovascular diseases.

1.7 Environnemental radioactivity measurement techniques

Radioactivity has always posed serious problems to man and the environment when it is misused or
misunderstood. The techniques used to measure environmental radioactivity are dependent on the nature and
type of radiation emitted. In this section, we will limit ourselves only to the techniques used in this study to
measure radioactivity. These are in situ y-spectrometry and laboratory y-spectrometry for measuring natural
radioactivity in soil and nuclear trace detection for measuring concentrations of 2>’Rn, 2?°Rn, and their
associated progeny in dwellings. The measuring instruments used for this purpose require prior calibration in
energy and efficiency for the energy range covering the lines of the radionuclides considered. The main cause
of human external exposure to natural radioactivity is the uranium and thorium series, and the 40K . Soils,
rocks and building materials contain radioactivity at varying levels due to their mineralogical composition
[28]. In principle, the quantities to be measured are usually concentrations of the primordial radionuclides

such as 238U, 232Th and “°K. Nal (T1) scintillators (thallium-doped sodium iodide) have been used for this

purpose.

1.7.1 Techniques for measurement natural radioactivity in soil
a — In situ measurement

In situ y-ray spectrometry is a technique that involves direct measurement of radioactivity at the site. In
situ measurement of radionuclide activity in soil is more sensitive and provides more representative data than
data obtained from soil sample collection and subsequent laboratory analysis. In emergency situations, it is
crucial to assess contamination. For rapid assessment of deposited activity, a direct measurement of ambient
Y radiation is used [28]. This method allows rapid determination of activity levels of y-emitting radionuclides
at a site and the corresponding free air dose rates. Such measurements can be used to guide further actions
including, for example, radiological assessments, sampling and measurement programs [29]. It is more
easily and less expensively to make /n situ sample measurements. Consequently, it is easy to see that the

measurements taken on the site cover a large area (10 m radius and more). This gives the In situ results more
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reliability with respect to the overall radiological behaviour of the site under study. The counting statistics in
in situ measurement are obtained in a very small time [30]. In situ y-spectrometry is based on the analysis of
spectra obtained from a detector. The mechanisms dealing with the radiation-matter interaction remain valid
as well as the internal operation of the detector. In practice, on-board measurements (carbon survey) and
In situ y-ray spectrometry are common methods that have proven to be effective for direct dose assessment
in the field. Over the past few decades, many research teams around the world have used these methods
to quickly learn about the levels of radioactivity in a large environment. Examples include Brunei [31],
Turkey [32], and Japan [44, 45], where several rounds of natural and artificial radioactivity measurements
have been made. The conditions must remain good (sunny) during the whole measurement period so that the
estimated air Kerma levels are not affected by precipitation. The air Kerma rate due to natural Yy radiation
energy can thus be considered as almost equivalent to the absorbed dose rate in air at 1 m above ground
level. Other instruments have been developed for the measurement of primordial radionuclides by In situ
Y-ray spectrometry. These are less bulky than the one using the carbon survey technology and are also very
sensitive to Y radiation. This is the case of the miniature NucScout detector of the Sarad company (see
section 1 of chapter 2) and the RADEYEE PRD-ER (Appendix II) pocket flowmeter which has been the

subject of several dose rate monitoring works has led to satisfactory results [44].

b — Laboratory measurement

Conventional y-ray spectrometry methods, known as laboratory methods, require the collection of sam-
ples on site for analysis in a controlled environment. Although this has potential advantages in terms of
accuracy for individual results, when the sample is distributed over a large area that is limited to one soil
sample per 1 m2 of surface. For y spectrometry in the laboratory, measurements of radioactivity in soil
samples are made using a Canberra Nal (T1) detector. Data processing is performed by the GENIE 2000
software [?]. The efficiency calibration of the detector is performed using aqueous solutions of %°Co, 24! Am,
109Cd, >7Co, 13°Ce, 137Cs and 38Y whose emitted photon energy varies in the range 59-1836 keV. The en-
ergy calibration of the detector is performed with the reference sources °Co (1173.23 and 1332.5 keV),
133Ba (383.9 keV), 3*Mn (834.9 keV), 2*Na (511 and 1274.5 keV), 1*’Cs (661.6 ke V) from the International
Atomic Energy Agency, Vienna [47].

Only “°K is directly measured by the Nal (TI) detector because it is a gamma emitter. The activities of
232Th and 238U not being easy to determine directly by ¥ spectrometry, their descendants with which they
are in secular equilibrium have been used for this purpose. For 232Th, the 911.1 and 969.1 keV energy lines
of 228 Ac are used. On the other hand, the 1764.5, 1120 and 609.3 keV lines of 2!4Bi are used to determine

the specific activity of 2?°Ra.
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1.7.2 Techniques for indoor radon, thoron and thoron progeny measurement

The measurements quantities are usually the activity concentration of radon and thoron gas and the con-
centration of alpha potential energy by volume. There are many techniques for measuring indoor radon,
thoron and their progeny concentrations. They can be classified into three categories according to the char-

acteristics of the air detector; the latter can be active or passive (no pump, no power supply) [27].

a — Spot measurement techniques

They consist of a detector carried out over a short period of time (of the order of a few minutes or less).

The count is carried out quickly afterwards.

b — Continuous measurement techniques

Sampling is carried out continuously. Simultaneous or slightly different analysis allows to record the

temporal variations of the concentration.

¢ — The techniques giving integrated measurements

It is a detector carried out over a long period (from a few days to a year). In this case, the measurement
provides a value that is globally representative of the concentration during the period considered. This
classification is convenient, even if the limits are sometimes badly fixed, both for radon measurements and
for those of the descendants. The measurement of radon in dwellings or in a confined atmosphere is always
accompanied by the information p concerning the duration, the period of measurement and the altitude
where the measurement was made. This is due to the fact that radon concentrations vary according to the
above-mentioned parameters. The measurement must be made at a location whose location relative to nearby
natural or artificial landforms places them outside a cone with a vertical axis and an angle at the apex of at
least 1400, of which the detector point is the apex. The measurement should be carried out at a height of
between 1 and 2 meters from the ground [27].

As measuring devices, the solid nuclear trace detectors (LR115 and CR-39) and the Teflon ionization
chamber (electret) are used for this purpose. A nuclear trace is a damage zone created along the trajectories

of these particles in materials . There are two types of DSTNss:

e The massive DSTN: they are polycarbonates. Here, we used CR-39. They are sheets of Plexiglas
more or less flexible of thickness of the order of millimeters this technique was used in this work.
The traces look like cones of different sizes. These detectors record alpha particles with an angle of

incidence of 750 and an energy between 0 and 20 MeV.

e The DSTN in thin layers: it is the KODAK film type LR115. It is made of a nitrocellulose strongly

tinted in red. It can record alpha particles of energy between 1.4 and 4.7 MeV with angle of incidence
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up to 500.

The Teflon ionization chamber: it is a passive detection system for the integrated measurement of of
radon in air. A Teflon disk, heated to a negative potential of about 200 V, is inserted into an electret ionization
chamber made of conductive plastic material of a certain volume. The electrostatic field thus created inside
the chamber allows to collect on this disk the ions formed during the decay of radon and descending. As a
result of this ion collection, the potential of the disk decreases with the radon concentration. An electrometer
is used to measure this potential difference which is directly proportional to the concentration of radon
observed over the exposure period. Teflon ionization chambers were used in the first phase of this work by
means of E-perm detectors.

The measurement of radon gas does not allow direct access to the health risk. Only a dosimetric model
or the use of the equilibrium factor can be used to estimate the risk. Because the health risk is not due to
the radon gas itself, but to its decay products. With the radon equilibrium factor, we can easily access these
decay products. In homes the average equilibrium factor varies between 0.3 and 0.6 with an average value of
0.4; in the absence of an exact value, it is commonly accepted as equal to 0.4 [26]. This approach is not valid
for thoron progeny, because the concentration of thoron in a house varies considerably with the floor/wall
position relative to the detector. For this reason, it is more appropriate for health risk studies to measure the
concentration of thoron progeny directly over periods of several weeks. For studies of a phenomenological
nature, the determination of the concentration of gases and progeny is recommended [27]. The average value
of the equilibrium factor recommended for thoron is 0.02 [26].

In epidemiology, the health risk is studied as a function of cumulative exposure over 20 to 40 years.
Thus, a measurement over 6 months or 1 year is often recommended in the home for the most accurate
most accurate estimation of individual exposure to radon [27]. However, in this study, the devices used were
designed for a period of 1 to 3 months. The results of the measurement of the concentrations of radon,
thoron or their progeny at a given location are only meaningful if they are accompanied by: — the detector
modes (point, integral, or continuous);

— the duration of the detector;
— the period of measurement in the year;

— the meteorological conditions.

1.8 Current situation of Monitoring to natural radioactivity exposure

in Cameroon

Studies on the exposure and measurement of natural radioactivity in Cameroon are significantly more
advanced than in other sub-Saharan African countries in general and in the sub-region (Central Africa) in

particular. To date, this work is conducted on all ten regions of our country. In fact, the work recently carried
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out by Ndjana Nkoulou et al [56], and Ngachin et al [57] presented a study on external exposure to building
materials used in Cameroon. This study revealed that all the materials examined could be used as building
materials according to the criteria of the Organization for Economic Cooperation and Development [58].

Ben-Bolie et al [58], Mvondo et al [59, 60], measured the concentrations of 233U, 233U, 234U, 232Th,
230Th, 228Th, 22°Ra and 2'°Po in soil samples, agricultural crops and some plants collected in the localities
of Ngombas, Awanda, Bikoué¢ and Melondo. They showed that the soil-plant transfer factor values were
higher than those proposed by the IAEA. In addition, results from measurements made in the same localities
and at Ngombas in the southwestern region of Cameroon by Ele Abiama et al [61] and Beyala Ateba et al
[62] confirmed these high activity concentrations of 238U, 232Th and °K at some points and also measured
activity concentration of 233U in rocks and soils collected at locations where a radiometric anomaly had
been detected in a survey respectively. These studies reported that the areas studied have a very high level
of radioactivity and therefore present a uranium mining potential.

Furthermore, a set of work on radioactivity measurements and dose assessment was conducted in the
uranium mining areas of Poli in northern Cameroon. Most of the total dose assessed was attributed to radon
exposure and elevated levels of 2!°Po and 2'°Pb in vegetables and foodstuffs [63]. A comparative study of
public exposure to natural radiation in the uranium and oil producing areas of Cameroon was also carried
out [23]. It showed that radiation dose and radiological risk in each of theses localities are higher than the
world average values. In addition, an assessment of public exposure to natural radiation in the gold mining
areas of eastern Cameroon showed that the soils can be safely used for building materials. Nevertheless,
some recommendations have been made to stretching environmental protection in these mining areas [64].

Recently, measurements of >>’Rn concentrations in the Bauxite zone of southern Adamoua showed high
values at the threshold of 300 Bq m—3 in some dwellings [16]. A study carried out in the same region by
Bachirou et al showed that the area is a radon prone area [65]. On the other hand, several measurements of
222Rn and ??°Rn concentrations have also been carried out in dwellings in some localities in Cameroon. In
the Poli and Lolodorf uranium areas, results obtained with Electret ionization chambers (Eperm) have shown
high levels of 2>Rn in many dwellings [11]. High *>’Rn and ?*’Rn concentrations were also observed in
most dwellings in the Bikoué and Ngombas uranium- and thoron-potential areas using RADUET detectors
[22]. The work done by Bineng et al in these localities confirmed that the risk related to 2?Rn is very high
[20]. These and other studies have shown that the contribution of thoron should no longer be neglected
when assessing inhalation dose. A similar study was conducted by Takoukam et al in the economic capital
of Cameroon Douala. [12, 25]. It revealed the presence of radioactivity at high concentrations at some points
in the city.

In addition, soil samples taken from the bauxite ore deposit in the Menoua division, West of Cameroon,
also showed the presence of primary radionuclides at high levels. These results have called into question the
use of soil as a building material that may lead to increased exposure (external and internal) of the public to

natural radioactivity [13, 14]. Recent work on indoor *’Rn and radioactivity monitoring in the Far North
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region by Awé et al [66] and Koyang et al [67] have respectively shown that “°K is the main contributor to
the external radiation dose to the public and that the risk from 22?Rn is relatively low compared to the values
recommended by international bodies. The conclusion is reported by Sadjo et al. in the work investigated
in the northern region of Cameroon, where they also showed that radon concentrations vary during the day
[68].

Finally, Mbida et al. found very high concentrations in some dwellings in the town of Ebolowa in the
south of Cameroon [69]. Moreover, despite all the knowledge available on 222Rn, 220Rn and their associated
descendants, the natural radioactivity measured elsewhere and in Cameroon as presented above are so far
limited for the most part to the evaluation of the effective dose by inhalation, by external irradiation and by
ingestion.

These studies do not take into account the correlations between the concentrations of the parents in
soil and those of 22’Rn and its progeny in the dwellings on the one hand and the correlation between the
concentrations of 2??Rn in soil and in the dwellings on the other hand. Nevertheless, Gondji et al recently
examined this correlation in and showed that it is a function of the soil geology. This study in addition to
assessing the dose by inhalation and external irradiation of the public of the bauxite areas of Fongo-Tongo
has also studied these correlations which can be a major asset to establish a radon mapping based on a

number of parameters that are described in the rest of this thesis.

Conclusion

This chapter presented some basics on natural radioactivity and its origins in soil and rock. The inter-
actions between photons and matter, human exposure to natural radiation sources and the effects of these
radiations are also described and presented. A status report on the monitoring of natural radioactivity expo-
sure in Cameroon was then presented and interest in the study of correlations between radionuclides in soil

and in confined spaces was found
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Chapter 2

Material and Methods

Introduction

This chapter outlines the equipment and methods used in conducting this study. It describes the sam-
pling techniques and procedures for determining the activity concentrations of ¢ and y emitting natural
radionuclides. The experimental devices employed, such as ¥ spectrometry detectors with Nal(T1) detectors
for in-situ measurements, and the analysis of soil samples in the laboratory, are discussed. Additionally,
RADTRAK2® and RADUET detectors for 222Rn measurements, simultaneous measurements of 222Rn and
220Rn, and thoron progeny monitors for associated thoron progeny measurements are presented and detailed.
Furthermore, the various components of public radiation dose from different radiation types and associated

exposure risks are also addressed.

2.1 Study Area

2.1.1 Location and Overview

The study areas, depicted in Figure 2.1, are situated in the Menoua subdivision of the Western Region of
Cameroon. The urban core consists of Dschang and Fongo-Tongo, with an average altitude of approximately
1600 m. These areas are located on the southwestern slopes of the Bamboutos Mountains, characterized by
low plateaus dissected by small, occasionally swampy valleys [70]. The climate is sub-equatorial Cameroo-
nian, typically cold, humid, and heavily influenced by altitude, featuring a long rainy season (March to
November) and a short dry season (December to February). The average annual temperature is 22.5°C, with
an average rainfall of 1364.4 mm. The vegetation is influenced by anthropogenic activities and cultivated

crops [70].
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Figure 2.1: Location of the study areas indicating the two investigated localities.

2.1.2 Geology and Mineralogy

The area exhibits various volcanic activities and products of different facies [71]. It is underlain by an
extensive loose mantle on trachyte and forms a differentiated geological profile (including basalts, trachytes,
phonolites, rhyolites, and ignimbrites), with deposits of new bauxite minerals. Fongo-Tongo hosts a sub-
stantial bauxite ore deposit, explored since 1950 by the French Geological and Mining Research Bureau
(FGMRB) [72]. Discovered in 1957 by BUMIFOM prospectors [37, 38], this deposit is one of the re-
gion’s major bauxite reserves, estimated at 45 million tons and integral to Cameroon’s geological resources
[37, 39]. The soils are primarily granite and orthogenetic basement formations, forming the granite-gneiss
complex [13, 16]. Bauxite ore deposits in the area originate from aphyric or porphyry mid-oscine basalts,
with an average chemical composition of approximately 15.9% Al,0Os3, 13.5% FeOs, and 44.6% SiO, [75].

Figure 2.2 illustrates the geological map of the study area.
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Figure 2.2: Soil characteristics map of the study area.

2.1.3 Dwelling Characteristics

The monitored dwellings are constructed using earth bricks or cement. Cement dwellings feature con-
crete floors and walls made of earth bricks or covered with cement, with some built using cinder blocks.
These dwellings are well-ventilated with large openings, although some remain closed. In this agricultural
area, farming and livestock raising are predominant activities. Most houses utilize the main room for mul-
tiple purposes, including storage, kitchen, and a warm space during cold weather. The study conducted
measurements during the dry season (December to February), with dwellings typically having one front
door and one or more windows. Detectors were positioned 80 cm from walls and at a height of 150 cm from

the floor surface, suspended from the ceiling using strings.
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2.2 ??°Ra, >*’Th, and “’K Measurements in Soil by In-Situ y-Spectrometry
with NucScout

Y-ray spectrometry is a non-destructive measurement method used in nuclear physics to quantify various
radionuclides by analyzing emitted y-rays’ energy. This technique, based on semiconductor physics, gener-
ates energy spectra, identifying and quantifying radionuclides based on their characteristic emission lines.

High-resolution y-ray spectrometry is an effective tool for environmental measurements.

2.2.1 In-Situ y-Spectrometry with NucScout

In radiological site characterization and nuclear facility dismantling, in-situ measurements are crucial.
This method involves using a miniature Nal (T1) spectrometer, such as the NucScout, to identify and quantify

radionuclides on-site.

2.2.2 Measurement Device

Figure 2.3: NucScout gamma monitor.

The NucScout monitor measures local dose rates and the activity of up to 28 user-selectable nuclides.
It records results over time and can adjust sampling intervals. The unit includes a GPS receiver for data

localization, can be user-calibrated, and has a rugged Nal 2" x 2" detector for low detection limits.
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2.2.3 Operating principle

Figure 2.4: Principle of sampling with NucScout detector.

The "Power Off" cycle can be selected and initiated to shut down the instrument. To restart the instru-
ment, the power adapter must be briefly plugged in. The instrument operates on an internal rechargeable
NiMH battery, and a power adapter for battery charging is included in the package. It should be connected
to socket (3) on the rear panel of the NucScout. While charging, the indicator (1) illuminates, turning off
when the charging is complete. To prevent deep discharge, a safety circuit disconnects the electronics from
the battery if the voltage drops below 10.5V, independent of the main switch. The instrument is operational
once the battery voltage reaches 11.5V. Other components include: 3) Power adapter connector, 4) Standby
mode exit button, 5) Alert indicator (red LED), 6) Wireless communication antenna, and 7) Gamma probe

connector [76].

2.2.4 Measurement Principle

Measurements were conducted randomly at different points in the area, one meter above ground on a dry
wooden support, with each sample point measured for exactly 45 minutes. Data from these measurements
were stored on a USB or memory card and transferred to a PC for analysis using dvision software [77].

Calibration of the detector was done using dconfig software when connected to a PC. The detector was
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positioned at a height of one meter on a dry bench for measurements. Concentrations of 22°Ra, 2>2Th, and
40K were determined using gamma lines at 609.3 Kev for 214Bj. 2614 Kev for 28T1, and 1461 Kev for *°K,

respectively.

2.3 ?2°Ra, ?>’?Th, and “’K Measurements by Laboratory y-Spectrometry

Y-ray spectrometry based on Nal (TI) detectors is a powerful method for photon detection, utilized in

part of this thesis work.

2.3.1 Soil Sampling

Sampling of environmental samples like soil is essential for natural radioactivity measurement. Given the
complex morphology of soils in the study area, random sampling was adopted to ensure representativeness.
A one-meter square area was defined on a vegetation-free surface, and samples were collected at each vertex
and the center of the square, to a depth of 5 cm, resulting in a sample of approximately 1 kg. Samples from

the square were placed in labeled and sealed plastic bags for analysis.

2.3.2 Preparation and Conditioning of Soil Samples

After sampling, conditioning was performed at the Research Center for Nuclear Science and Technology
of the Institute of Geological and Mining Research (CRSTN/IRGM) in Yaoundé. Samples weighing about
1 kg were dried in an oven at 70°C for 48 hours, crushed to a particle size of 1 mm, and transferred to 500
cm?® plastic boxes (Marinelli beakers) with space for gaseous releases. The boxes were sealed to prevent
radon leakage and stored for at least 40 days for secular equilibrium between 2?°Ra and its progeny before

Y-spectrometry analysis [2].

2.3.3 Experimental Devices

The previous section outlined the main steps and equipment used to obtain and analyze spectra. Ra-
dioactivity measurements in soil samples were conducted using a Canberra Nal(Tl) detector Model 802 from
CRSTN/IRGM, featuring a crystal measuring 7.6 cm x 7.6 cm. It boasts a relative efficiency of 7.5% with
a resolution of 667 keV. The associated electronics include a Canberra preamplifier and an Accuspec-type
acquisition card. Figure 2.5 illustrates the measurement device used for acquisition and spectrum analysis

using the GENIE 2000 software (Canberra) [83].
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Figure 2.5: Experimental device for acquisition and analysis of emission spectra in laboratory soil samples.

2.3.4 Acquisition Chain in y-Spectrometry

The y-spectrometry measurement chain comprises several components:

e Preamplifier: Integrates the input signal to correlate with the energy deposited in the crystal, facili-

tating energy measurement.
e Amplifier: Shapes and amplifies the signal to minimize noise and obtain a Gaussian signal.

e Analog-to-Digital Converter (ADC): Converts signal amplitude into a proportional number repre-

senting the energy deposited in the crystal, creating a continuous signal.

e Multi-Channel Analyzer (MCA): Collects, classifies, and records information in different channels,

correlating energy deposited in the crystal with channel numbers.

The purpose of this chain is to convert the electrical signal into energy and count the different energies
obtained. Figure ?? depicts a simplified diagram of the y-spectrometry measurement chain.

Energy calibration is crucial for accurate measurements, involving a multi-line standard source or several
standard sources with energies close to those to be measured. The efficiency calibration of the Nal (T1)
detector in this study utilized a polynomial approximation method, typically a second-degree polynomial,
as shown in Equation (1), where E(x) represents the energy of the y-photon and x denotes a channel of the

detector.

E(x) =a; +arx + azx’ 2.1
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The coefficients ay, ap, and a3 are determined through a fit algorithm, as illustrated in Figure 2.6 dis-

playing the energy calibration curve of the detector.

1600

1400+ E(Kev)=2,66*C+21,74 i
1 R’=0,997 1

152Eu

60
1200 = Co

1000 =

800 4

Energie (KeV)

600 -
400 -

200 -

. . T v T v T . —
0 100 200 300 400 500 600
Canal

Figure 2.6: Energy calibration curve.

2.3.5 Efficiency Calibration

Within the emitted radiation from a source, only a fraction is captured by the measurement system
(detector + associated electronics). Efficiency (€) quantifies the likelihood of a gamma photon being fully
absorbed in the detector’s sensitive volume, contributing to the total absorption peak. Efficiency is defined
in two ways by equations 2.2 and 2.3 [80, 83]:

Absolute efficiency: This ratio represents the number of photons recorded relative to the total emitted
photons by the source (in all directions). Intrinsic efficiency: This ratio signifies the number of recorded

photons compared to those reaching the detector.

Q

(2.2)
n

Here, Q denotes the solid angle at which the detector views the source, considering intrinsic properties.

The efficiency calibration in this study employed a fourth-order polynomial approximation, given by:
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loge = ag +ailog(Ey) +a log(Ej,)2 +a3 log(E},)3 +...+azlog(Ey)" (2.3)

To calibrate the detector’s efficiency, a multi-energy standard was used under the same experimental
conditions as the samples. This standard comprised various radioactive sources with energies ranging from
59.54 to 1836 keV, including ®°C, Y, 137Cs, 152Eu, and **! Am. Figure 2.5 illustrates the experimental

efficiency curve characterizing our detector based on energy E,.
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Figure 2.7: Experimental efficiency curve for the detector at different gamma energies.

2.3.6 Activity Concentrations of 22°Ra, 232Th, and “°K in Soil Samples

Determining the activity concentration of *°Ra in environmental samples can be approached in two
ways. The first method involves direct determination without sample pre-treatment using the 186.2 keV
emission line, although this method requires corrections due to potential interference with the 185.7 keV
line of 2°U and is therefore infrequently used [84]. Instead, the 609.3 keV line is commonly utilized
[80, 85, 86].

The short half-lives of 23*Th (T1/2 = 24.1 days) and 2**"Pa (T1/2 = 1.17 minutes) are advantageous
as secular equilibrium with 238U is achieved approximately six months after sampling for 23*Th and ten
minutes for 2>*"Pa. However, the 766.4 keV line of 2>*"Pa may interfere with the 768.3 keV line of 2!*Bi.

In environmental samples, the 1001.0 keV line is less affected by self-absorption but has a low emission
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probability [69, 74, 75]. Table 2.1 presents the energy lines used to determine activity concentrations for

226Rq, 232Th, and “OK.

Table 2.1: Summary of the different energy lines used to determine activity concentrations.
28U-Serie  **Th  63.3(4.5) 92.6(5.4)

234mpa  765(0.21) 1001(0.7)

226Ra 186(3.3)

2l4pp  242(7.43) 295.2(19.2)  351.8(37.2)

214Bi  609.3(46.6)  1120.3(15.1)  1764(15.9)

210pb  46.5(4.1)
232Th-Serie  2*8Ac  38.3(11.4) 911.6(27.7)  969.1(16.6) 940.3(44.3)

212pp  238.5(43.6)  300.1(3.23)

212Bj 7.2(6.7) 72 1620.6(1.5)

20871 510.8(21.6) 583(86.3)  860.4(12.5) 2614.7(100)
other YOK  1460.8(10.7)

Activity concentration, expressed in Becquerel per kilogram, is determined according to the international
standard NT ISO 18589-3 [46]. The concentration is calculated using Equation (4), where Np represents the
number of counts in a given peak area at energy E, £(Ey) is the detection efficiency at energy E, Iy(Ey) is
the number of gamma rays per decay for that nuclide at energy E, . is the counting time (100,000 seconds),
and M is the mass of the sample in kilograms. The uncertainty in activity concentration (AA) is determined

using Equation (5).

2.3.7 Activity Corrections

The total absorption peak can result from the simultaneous detection of several emission lines’ total
absorption peaks or from one total absorption peak and the Compton background of another (or vice versa).
This can create background interference between the lines, leading to underestimation or overestimation of

counts, necessitating correction [80, 89, 90].

a — Self-absorption Correction

Self-absorption causes pulse loss, leading to underestimation or overestimation of efficiency, which
varies with photon energy, detector volume, effective charge, and density. Environmental samples often
differ in density from the calibration source, typically water, complicating efficiency comparisons. Self-
absorption correction becomes crucial, particularly for photons with energies Ey < 200 keV, where the

effect is significant [86, 90].
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The correction for self-absorption in a solid sample’s energy line is the ratio of the efficiency for a
reference source to the detector’s efficiency for the solid sample. This correction is applied to the activity
determined for each radionuclide line, calculated using GENIE 2000. After correction, the weighted average

activity of a non-interfering nuclide, with multiple energy lines, is determined using the formula:

A= —1’ (2.4)
N
i=1 52

1

Where A; is the corrected activity of the nth nuclide line, N is the number of lines identified and not

marked by a function, and 0y; is the uncertainty of A;. The uncertainty in activity is calculated as:
o, _1 (2.5)
Ai = :
l Zivz1 Ai

Coincidence summation occurs when at least two Y photons from a cascade decay of an excited nucleus

b — Coincidence Summation Correction

are simultaneously detected. The correction for this effect is the ratio of counts determined with and without

the summation effect [91].

¢ — Threshold and Detection Limit

When measurement results are close to background or very low, determining the minimum detectable
quantity is crucial. The decision threshold (SD) is used for this purpose, with a detection limit (LD) cor-
responding to twice the decision threshold. The gamma spectrum’s representation involves total absorption
peaks superimposed on a continuous distribution. The net area of the total absorption peak and the contin-
uous background under the peak can be determined using a Gaussian curve for the peak and a polynomial

function for the background. SD is calculated as:

SD = 4.4VR.B (2.6)

Where R is the total width at half height of the peak (in keV), and B is the average background amplitude
(in pulses. KeV~!). LD is calculated as:

8.8V R.B
LD= ——F—

~ e(E,v) xIxt @7

Where €(E, v) represents the total absorption efficiency for a given energy E and geometrical conditions, I

is the intensity of the emission line (%), and t is the acquisition time (in seconds). The detection limit for a
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multi-gamma emitter is the lowest among the detection limits calculated for its different y lines. This value
can be determined for de-ionized water filled in a Marinelli beaker and calculated using:
LD

MDA = —— (2.8)
EXYXTE

Where ¢ is the emission probability per disintegration of the selected y-ray line, € is the absolute efficiency of
the corresponding gamma line, and t is the live time of the spectrum. MDA is calculated in terms of activity

(Becquerel), dependent on the y-ray energies of the sample and the counting efficiency of the detector.
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Figure 2.8: Instrument for determining the radon content in soil Markus 10 detector.

b — Operating principle

The measurement with the instrument is done in two steps. The first is the pumping step. The instrument
pumps the air contained in soil through the probe into the measuring chamber. The pumping time (about
30 seconds) ensures that the chamber is completely filled. The detector is equipped with a pressure sensor.
The instrument can automatically decide to stop the pump if the pressure measured in the probe drops below
a given value of 0.911. When the pressure rises, the pump starts again. For each measurement performed,
the pump’s running time is always the same, guaranteeing a constant volume of air in the chamber for each
measurement.

After the pumping phase, the measurement phase begins. The instrument automatically switches on
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the measuring chamber. The electric field thus created directs the electrically charged radioactive radon
progeny to the sensor. The detector records the alpha radiation from the radon progeny. The electric pulses
delivered by the sensor are amplified then filtered in the analysis channel which allows only the counting of
the pulses corresponding to the energy coming from the >!'8Po. This filtering principle allows to ignore the
pulses coming from the 214Po, slower to occur and which can create a latent measurement background in

the chamber [94].
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Figure 2.9: schematic process of 2?Rn measurement with Markus 10 detector.

2.3.8 Geogenic radon potential (GRP)

Geogenic radon potential (GRP) is the parameter that quantifies the rate of radon escaping from the
adjacent geological formation to the atmosphere. It is an indicator of the potential of soil to be a source of
indoor radon [102]. Considering the ground of the area as highly permeable (in the order of 10~!!, 10712
and 10713), the geogenic radon potential was evaluated on the basis of the formula proposed by Neznal,

defined in the following equation [103, 104, 105]:

_ CRn
—loglok —10

Where Cg, (kBq m~3) is the radon concentration in soil gas and k (m?) is the soil permeability. High

GRP (2.9)

average values of geogenic radon potential imply a greater potential for radon migration into the soil [106].
Radon-prone areas are generally classified using the radon index (RI) based on geogenic radon potential
values. Many years of extensive research in the Czech Republic have classified radon-prone areas into three
categories based on geogenic radon potential values: low RI (GRP < 10), medium RI (10 < GRP < 35) and
high RI (GRP > 35) [103].
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2.3.9 Assessment of outdoor 222Rn concentration

Estimation of *?Rn in soil gases and in the atmosphere has been proposed as a tool for many research
purposes such as uranium exploration, earthquake prediction, groundwater transport and geothermal re-
source assessment [107]. If the soil is sufficiently porous, diffusion proceeds as if the soil were absent.
From production to exhalation into the atmosphere [108], 222Rn concentration C;Qn (Bq m~3) in air near the
ground surface is estimated by the equation (7) [19, 42]

/ d

Crn=Cox\| 5 (2.10)

Where C,, is 2>2Rn concentration gas in soil in kBq m~, d is the exhalation diffusion constant (= 0.05 cm?

s~ 1) and D is the diffusion coefficient (5x 10* cm? s™1).

2.3.10 2??Rn concentration measurements in dwellings with RADTRAK?® detec-

tors

The detector housing shown in Figure 2.10 was made of electrically conductive plastic. Through a small
slit (filter), 222Rn gas entered the detector. The trace detection material (film) inside the detector is then
subjected to the alpha particles generated by the radon gas entering the container and the decay products
formed from it. On the film, the alpha particles form small traces that are enlarged by chemical etching and
then counted under a microscope to determine radon exposure. The lowest detection limit for a tree month

measurement period is 10 Bq m—>.

Figure 2.10: RADTRAK?® passive radon detector.

Thirty detectors were deployed in Dschang and 20 in Fongo-Tongo, over a three-month exposure period.

After the exposure, the detectors were collected and returned to the RADONOVA laboratories in Uppsala,
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Sweden for analysis. The measurements were made in accordance with the standard. However, the arith-

metic mean of the radon activity concentration (Bq m~>) is given as follows [95]:

- _ 1 _
C= (l’lg — nb)m = (l’lg — I’lb).(D
- 1 (2.11)
t.Sssntp-Fe

Where ny, is the number of traces after exposure, nb is the average number of traces due to background
radiation, t is the sampling time, F, is the calibration factor, @ is the correction factor related to the calibra-
tion factor and sampling time, and Sgsy7p 1s the detector area used to count the number of etched traces in
cm?. To obtain the most accurate value, ny, is determined experimentally by reading n detectors that have not
been exposed to radon and have been processed under the same physicochemical and counting conditions.
Physicochemical and counting conditions. The value of nb can also be given by the manufacturer. The

standard uncertainty of C is given as follows:

u(C) = \/(”g - %)2 +62u%rel)(w)

()= 0 (FE) 18 5)

(2.12)

Where u,,;) represented the relative standard uncertainty, the sampling time uncertainty is not taken into

account and is therefore considered negligible.

2.3.11 Daily variations of indoor >>’Rn concentration

Figure 2.11: Real-time radon detector RadonEyes+2, for the instantaneous measurement of indoor radon

levels.
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According to Figure 2.11, RadonEye+? is an active detector for indoor radon measurement based on the
ionization principle. It measures radon levels quickly and accurately. The RadonEye RD200 PLUS2 is a
high-quality instrument for use in homes or buildings with multiple occupants. It is up to 20 times more sen-
sitive than other consumer instruments. Dosimeters should be ordered to measure the annual average radon
value. Measuring in this way provides an accredited and approved result, which is a potential requirement
of municipalities.

The measurement updates automatically every ten minutes and displays the result of the previous hour’s
measurement on the screen. The maximum concentration that the device can measure in a home is 37000
Bq m~3 [96]. The RadonEye RD200 PLUS2 measures radon levels quickly and accurately. For a normal
indoor 2??Rn level, the measurement uncertainty is about 10% for one hour of measurement. The measured
value displayed on the screen updates every 10 minutes and is based on the measurement recorded during
the last hour. The measurement data is sent via WiFi, which allows to read the data on the instrument in real
time. The have many option of transferring data from the device by connecting it to your smartphone via
Bluetooth. An excellent tool for homeowners and consultants who want to determine the radon concentration

in a building with multiple occupants, for example.

2.3.12 Simultaneous measurements of >>’Rn and >*"Rn concentrations in dwellings

with RADUET detectors

Over view

Unit: mm

Figure 2.12: RADUET Monitor for simultaneous measurement of 2?>Rn and 2°Rn.

Using commercially available passive radon-thoron discriminant detectors (RADUET), radon and thoron
concentrations were measured simultaneously. Each detector was associated with a thoron progeny monitor.
The RADUET detector is designed with two separate low and high diffusion chambers. With a different air
change rate for each chamber [97]. Each chamber contains a CR-39 chip with a size of 10x 10 mm? (Figure
2.12). The CR-39 detector records the trace of alpha particles, especially those emitted by 2!?Po (8.78 MeV)

[98]. The low scattering chamber is made of electrically conductive plastic with an interior volume of 30
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cm’. The high scattering chamber is the one used for measuring >?Rn and 2>°Rn concentrations. It contains
six 6-mm-diameter holes open in the chamber wall and covered with an electrically conductive sponge to
prevent the 2>’Rn and 2?’Rn progeny from easily entering the chamber [97]. Thoron progeny measurements
were performed using a deposition rate detector. This detector consists of CR-39 chips that are coated with
a 71 mm-thick aluminized Mylar film (Figure 2.12) in air for discrimination of high-energy alpha particles.

A total of 50 RADUET detectors were deployed in dwellings in the bauxite area of Fongo-Tongo. The
dwellings selected were those that had elevated concentrations (>200Bq m~>) during previous measure-
ments with RADTRAK?® detectors. This measurement phase was done during the period from July to
September, considered the rainy season due to the climate of the area and the heavy rainfall recorded dur-
ing the deployment of these instruments. Figure 3 shows a sample of this detector and its different parts.
RADUET detector depletion rate CR-39 chips were chemically etched for 24 h in a 6 M NaOH solution at
60°C (4). Formed alpha tracks were taken by digital photographs using a microscope. Then, the alpha track
etched on each of the photographs was evaluated using the JAVA-based image processing software IMAGE-
J developed at the National Institutes of Health. Using the alpha track densities of low and high air change
rooms and conversion factors for 2?Rn and 2?°Rn, the average radon and thoron activity concentrations

were calculated as follows [99]:

_ - an2 T anl
rn = (dL )t-(fRnl-anZ — fRn2-JTn1) (s )f-(fRnl-anz — fRn2-JTn1) (2.13)
= (d,—b).0x — (dy —b)w
With ) = £Tg2) et = (tTrgll) o?e= fRnl-anZ _fRnZ-anl
_ — anl 7 anZ
Crn=(dy—0b —(dL—b
rn = (du )l‘.(fRnl Srn2 = frRn2-frn1) (dr )f~(fRn1-an2 — fRn2-fTn1) (2.14)

— (dH —5)0)3 — (dL_B)wA].

With @ = {72 et @y = {122

Where d;, and dH represent the trace densities of alpha particles for a low and high air exchange rate
chamber in traces per square centimeters (tracks cm~2) respectively. b is the trace density due to background
in (tracks cm™2). t(h) sampling time; fg,; and fr,1, the respective calibration factors for radon and thoron in
a low air exchange rate chamber in tracks cm 2h 1ty (Bq m), respectively. fg,» and fr,,, are the respective
calibration factors for 222Rn and 2?°Rn in a high air exchange rate chamber in tracks cm~2 h~!)/ (Bq m3).

According to the ISO/IEC 98-3 guide [99], the uncertainty in the concentration (Cg,) 1s given by the

following equation:

43



i(Cra) = (0F (u*(dr) — u? (b)) — 201 @1® (b) + @5 (u” (dy) + u” (b))
+(dH Zdeerz)coz+CRn(2dH+2b)wz+CRn 2
o}

(@) + (—dy 4+ b)2u? ()~ (2.15)

#(Cru) = (3 (u*(dr) — u*(b)) — 203 0400° (b) + 03 (u? (dL.) + ()
(dL 2db+b*) W} + CTn(ZdL +2b)ay +C3, 2

) (@3) + (—dL+D)*u*(ay)""/* (2.16)
1

The detection limit C};, and Cj,, are obtained from the formulas of @3,@, and Cr, for Cg, = 0,u®(dL) =0,
Crn = 0 and u?(dy) = 0 ISO 11929).
We then obtained :

Ch, = k1_qii(0) = ki_g(@0?u*(b) — 20 0yu® (D) + 03 (u? (dp) + u? (b)) +
(df — Zdﬂb+b2)wz 2

(@) + (—dy +b)2u? ()~ /% (2.17)
o}

Crn = k1-ait(0) = ki— o (@3u (b) — 203 041> (b) + @5 (u? (dr) + 1 (b)) +
(d; —2dib+ ey

o (@3) + (—dp +b)2* (o))" (2.18)
3

o = 0.05 avec k1_g = 1.65 are often chosen by default.

The decision limit C’ﬁn of 22’Rn and C_‘#n of 220Rn sont are calculated by the following formula given by
ISO 11929 :

Chn = Cin+ k1 (07 (1 (dr) — u* (b)) — 201 0p1s” (b) + @5 (u” (dpz) + 1* (D))
(dH 2dpb + b*) 03 + Cra(2dy +2b) 1, + C, 2
o}

(@) + (—dy +b)2u? (@))% (2.19)

Chn = Crn+ki_p(03(u’ (dn) —u*(B)) — 20304* (b) + 033 (u? (d1) +u* (b))

d? —2d; b+ b*)w? + Crp(2dy, +2b) s + C> _ _
y iz 2dibt Po; szn( LE2D) 0t Cln 2 ) 4 (B (02) " (2.20)
3

The detection limit can be calculated from the expressions for iiC7, and C,,, pour C* or, more simply, by
iterations with an approximation of C* = 2 x C* in terms hand side of the following formulas. We obtained.

On with C* avec ki_q = ki_p =k

2C_;én —|—k2 { (ZdH_ZI;)g)Zuz(wl) }

!

Rn = = (2.21)
1—k2 ((gl)

o
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ZC;n + k2 { (ZdL*ZB)(ZlM"‘Z(wS) }

w3

v
Crn= NEPPYEITS (2.22)
3

The values o = § = 0.05 and thus k; ¢ = k;_g = 1.65 are often chosen by default.

2.3.13 Thoron progeny concentration measurement in dwellings

Polypropylenefilm

p

Aluminized film

Stainless steel plate

Figure 2.13: Measurement principle of thoron progeny monitor.

A total of 50 thoron progeny monitors were used in this work. These are detectors made from CR-39
at a size of 10x 10 mm? mounted on a stainless-steel plate and covered with a thin absorbent foil. The CR-
39 parts are covered with a 71 mm thick vaporized aluminium Mylar film equivalent to air. The thickness
of the Mylar film allows the detection of only the 8.8 MeV alpha particles emitted by the 2!?Po. The
calibration protocol for these monitors has been well developed [99—101] Figure 2.13 shows the prototype
of a thoron progeny monitor. After exposure in dwellings, the data processing follows the same procedure as
for RADUET. With the trace density and the conversion factor, the concentration of thoron progeny can be
obtained as equivalent equilibrium thoron concentrations (EETC). To calculate the EETC, the trace density

obtained was substituted in the following equation:

Npnp = EETC X Frpp -+ Ngo (2.23)

Where N7,p is the trace density of CR-39 in the thoron progeny detector, N, is the background trace

density, and Fr,p is the conversion factor for the thoron, Np, is the background trace density, and Fr,p
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is a conversion factor for the Thoron progeny deposition detectors [99-101]. The conversion factor was
determined based on the results of a field survey and the chemical etching condition, and it was 6.9x 1072
traces cm~2 (Bq m~3)~!. The detection limit of EETC was less than 0.01 Bq m™> for a measurement period

of approximately six months [99].

2.4 Dose assessment

2.4.1 Absorbed dose rate at 1 meter of the ground surface

Since the respective activity concentrations of >*Ra, 23>Th, and *°K measured in soil samples are known,
the absorbed dose rate in outdoor ambient air at a height of one meter above the ground was calculated using
the dose rate conversion factors of :0.462 (nGy h™!) (Bq kg~!) ~! pour le 2*Ra ; 0,604 (nGy h™!) (Bq
kg~ ~! pour le 232Th ; 0.0417 (nGy h™!) Bq kg~ !)~! pour le “°K [111]. Tt was estimated according to the

following equation:

D(nGyh™') = 0.462A, +0.604A7;, +0.0417Ak (2.24)

where Ag,, Aty et Ak are the activity concentrations of 226Rq, 232Th, and K respectively.

2.4.2 External effective dose

The annual effective dose received by an individual adult is the amount of radiation energy absorbed per
unit mass of material over a specified time. The effective dose is used to combine the doses delivered to
several different tissues or organs and to obtain an estimate of the health detriment. The effective dose due

to external irradiation, E(mSvy~!) was calculated using the following formula

E(mSvy™ ") =D x Fo X T X [Fpee + (1 = Fyee)] x 1076 (2.25)

Where F. = 0.7 is the conversion coefficient from absorbed dose to air to effective dose to adults, D is
the absorbed dose rate for each sample analyzed, t = 8760 h is the annual outdoor residence time (in h/y)

and F,.. = 0.6 is the occupancy coefficient [112].

2.4.3 Inhalation effective dose from outdoor 2*Rn
The annual inhalation dose E;,;;, (mSv) from outdoor 222Rn received by the public is therefore calculated

using the equation (8) [1].

Et{nh(msvyil) :C;Zn X Fc X F/

occ

X Fog Xt (2.26)
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Where E;nh is the inhalation dose form outdoor >*?Rn concentration that received by the public, Feq 1s
the equilibrium factor (F,, = 0.6), F;CC = 0.4 is the outdoor occupation factor per individual, and F¢ is the

dose conversion factor for 22>Rn exposure, 9 nSv (Bq h m—3) ~! [1].

2.4.4 Inhalation effective dose due to indoor >*’Rn, >*°Rn, and their progeny

The large proportion of the total inhaled dose received by the lung does not come from radon gas (>*?Rn,
220Rn and 2!°Rn) itself. In fact, according to its characteristics and physicochemical properties as an inert
and insipid gas does not react chemically with the biological tissues of the body. Its low solubility with
these same tissues also makes the radiotoxicity of inhaled radon relatively insignificant compared to that of
its immediate offspring. These are short-lived solid particle emitters with which it is in partial equilibrium.
The equilibrium radon equivalent concentration (EEC) of a mixture of radon decay products is the activity
concentration of radon in radioactive equilibrium with its short-lived progeny having the same potential
energy concentration alpha [113]. The origin of the exposure is thus due to the inhalation of the alpha
emitting radon decay products present in the domestic air breathe and their deposition in the respiratory tract
according to their size. The energy communicated to the lung tissues during the alpha decay contributes thus
mainly to the dose brought to the lung and to the induced risk of broncho-pulmonary cancer.

Exposures are estimated in terms of radon activity concentration rate (in Bq h m~>) in dwellings, while
in the professional mining environment in Working Levels months (WLM). In the case of an exposure in
a dwelling for a duration of 7000 hours which would correspond approximately to the average time spent
there and average equilibrium factor of F = 0.4, we end up with exposure of 227 Bq m—3 or WLM, which
corresponds to the exposure of a person over a period of one month of work, i.e. 170 hours and is equivalent
t0 3.54x 1073 J h m~3 in the international system [114 —-116].

For RADTRAK?® detectors, the effective inhalation dose due to radon and its associated progeny in

dwellings is given by the following equation:

Einh(mSVy_l) = Ainh X €eipp X Foce X Fry Xt (227)

A, 1s the geometric mean of the radon concentration distribution;
einn=9 nSv (Bq.h.m3)_1 is the inhalation dose conversion factor;
Foce (0,6) is the occupancy factor inside the dwelling;
Fgrn (0,4) is the equilibrium factor considered (for radon);
t = 8760 (h/y) is the exposure time [112].

For RADUET detectors, the total doses due to inhalation of 222Rn and its decay products (Eg,), and
to inhalation of 2?’Rn and its progeny (Dr,) are estimated using equations 2.28 and 2.29, and using the

conversion factors for radon concentration (Cg,), thoron concentration (Cr,), EERC, and EETC, whose
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respective values recommended by UNSCEAR are: 0.17; 0.11; 9 and 40 nSv Bq—' h=! m? [112].

Egn(mSvy™1) = (0.17 4+ 9Fg) X Cry X t X Fyee x 1076 (2.28)

Ern(mSvy™') = (0.11 X Cr, +40 x EETC) X t X Fypee X 107° (2.29)

where 0,6 is the occupancy factor inside the dwelling; t = 8760 h (24 h x 365 j) is the time of exposure in
one year (in h/y) [51, 114]. The usual occupancy factor used is F,.. = 0,8. However, this study was conducted
in sub-Saharan Africa, specifically in western Cameroon region where the minimum temperatures rarely fall
below 20°C in the shade. Most of the people surveyed work all day in the fields, at the market, or in the
open air. Other members of the public (the elderly, the retired...) who do not go to work spend more time
outside the buildings, under the trees or on the terraces of the dwellings because of the heat. Therefore,
certainly because of the cold, the public spends 80% of the time indoors. The time spent in a house for the
case of this study is estimated at 60%; an average of 14 hours per day, attributable to heat, poverty, lack of
air conditioning and lack of electricity in the area.

When the contributions of 222Rn and 22°Rn are not taken into account, the effective doses were deter-
mined on the one hand by the traditional or indirect method using the equilibrium factor between radon gas
and its direct progeny by direct measurements using the EETC directly measured from the thoron progeny

monitors deployed in the different dwellings and given by following the equation:

Egn(mSvy™) =9 x Cry X 1 X Fyee x 1070 (2.30)
Drp(mSvy™") =40 x EETC X t X Fyee X 1070 (2.31)

Recent studies have shown that the contribution of >?°Rn to internal public exposure is not always neg-
ligible compared to radon. In some places, this contribution can be higher than that of 222Rn [18, 20, 23,
25, 38]. To estimate the effective inhalation doses of 2>’Rn, radon progeny, >?°Rn and thoron progeny,

UNSCEAR proposes the following formulas respectively [112] :

Egn(mSvy™') = 0.17 X Crp X t X Fpee x 1070 (2.32)
Egnp(mSvy™1) =9 X Crpy X Frp X t X Fyee x 107° (2.33)
Ern(mSvy™1) =0.11 X Crp X 1 X Fpee x 1070 (2.34)
Ernp(mSvy™1) =40 X EETC X t X Fyee x 107° (2.35)
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Equations 2.32 and 2.34 give the direct measurements of the inhalation effective dose of radon and
thoron??°Rn. Equations 2.33 and 2.35 give the indirect measurements of the inhalation effective dose from
222Rn and thoron progeny. Equation 2.28 is the combination of equations 2.32 and 2.33, while equation 2.29
is the combination of equations 2.34 and 2.35. In the two cases, it is the sum of the dose of the gas and that

of its associated progeny.

2.5 Risk assessment

2.5.1 Excess lifetime cancer risk (ELCR)

The ELCR is the probability that an individual will contract or develop a radiation-induced cancer during
his lifetime, because of his exposure to ionizing radiation. It was estimated for this using the equation
[13, 117, 118]:

ELRC = ELCR,,; + Eiy, (2.36)

ELCR,,; = E,,; xDLxREF is the outdoor risk, ELCR;,, = E;;, x DLxREF is the indoor risk, E,,; and E;,
are the indoor and outdoor effective dose, respectively, DL is the average life expectancy of 70 years, and
RF is the risk factor (risk of fatal cancer per mSv). In its publication 106, ICRP recommends value of RF=

0,05 10~3 mSv~! for induction to stochastic effects of members to the public.

2.5.2 Excess Cancer Risk (ECR) Computer Using RESRAD-ONSITE and RESRAD-
BUILD Codes

Since most dwellings in the study are constructed with locally manufactured earthen or sand bricks, the
of 40K, 226Ra and 2>*Th concentrations in soil are input data (contaminant on source parameters) at runtime

by RESRAD-ONSITE and RESRAD-BULD codes version 7.2 and 3.5 respectively.

RESRAD-ONSITE is used to assess the ECR due to these natural occurring radionuclides in soil at the
bauxite bearing area of Fongo-Tongo. The site-specific of the area are listed in Table 2.2. The other parame-
ters are used as defaults values [119]. Together all of the above parameters were considered in the evaluation

of the risk factors.

RESRAD-BUILD allowed the assessment of radiation doses received by a resident living or working in
a house contaminated by radioactive materials. These doses are those from the different exposure pathways
(external and internal including inhalation of radon progeny inside the home). The radiological risk was

estimated over the periods of 1, 10, 30, 50, 70 and 90 years of exposure. However, 85% of the dwellings
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in the area are made of mud bricks, usually produced on the same site, and samples of these earth bricks

were analysed to obtain the concentrations introduced as input data mentioned above. Table 2.2 presented

the other input parameters.

Table 2.2: Input parameters for RESRAD codes.

RESRAD-ONSITE

Parameters
Site-Specific Data
Cover depth
Density of contaminated zone
Precipitation rate
Wind speed
Well pump intake

Porosity

Site-Specific Data
25000 m?

1m

1.8 cm? g!

0.4473 my~!
1.2ms™!
8 m

0,1

RESRAD-BULD

Parameters
Indoor/time fraction
Deposition Velocity 0.01 m s~
Resuspension rate
Occupant location in the room Centered
Ingestion rate
Room surface area and volume
Breathing rate
thickness
Type of source
Source geometry
Release air fraction
Radon diffusion rate

Number of room/Occupant

Dwellings-Specific Data
0,6

5x 107771

44661
16 m? and 40 m?
18 m> d~!

0
Volume
Rectangular
0,1
2x 10 ms™!

1

2.5.3 Risk due to radon inhalation: the absolute lifetime excess risk

Epidemiological studies on miners exposed to radon in underground caves and residential exposure of

the public to radon have demonstrated the existence of a lung cancer risk following inhalation radon and

its decay products [115, 116]. Indeed, it is the cumulative risk of an individual until a given year. The life
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span usually considered is 90 years as in the different ICRP publications. The risk due to >’Rn inhalation
is generally estimated by the Lifetime Excess Absolute Risk (LEAR), and corresponds to the individual
probability of death from lung cancer attributable to an exposure of 1 WLM (Working Level Month). This
indicator is to be compared to the spontaneous probability of death from lung cancer (Life time Baseline
Risk), over the same lifetime. It is expressed as the number of deaths per 10,000 person-years per WLM.
For radon, the exposure scenario considered is based on a constant low-level exposure of 2 WLM per year
from 18 to 64 years of age, as proposed in Publication 65 [120]. Thus, UNSCEAR and ICRP recommend
the LEAR of 5x10~*xWLM ™! as the probability of developing lung cancer from exposure to radon and
its progeny [121].

LEAR =5x 107"?WLM ' =7.85x 10" '°(F,;.Bq.h.m ™) (2.37)

with WLM=6.37 105/(Feq.Bq.h.m3). To estimate the LEAR per year for the study area, the internal
occupancy factor of 0.6 and the equilibrium factor of 0.4 for radon were used. The risk coefficients used
to analyze the Fongo-Tongo bauxite zone case were derived from the results of epidemiological studies

conducted elsewhere on populations exposed to ionizing radiation.

Conclusion

In this chapter, The study area was also presented geographically and its geology and mineralogy were
also described. Material and the different methods used to measure environmental natural radioactivity have
been presented. Activity concentrations of 22Ra, 2>Th and *°K were determined by in situ and laboratory y
spectrometry in soil samples. Dose and risk assessment parameters of external exposure were also done. The
different methods of measuring the concentrations of 2”Rn, 2°Rn, and thoron progeny were also presented
and the method of inhalation dose assessment for the case of internal exposure of the public in the bauxite
bearing area of Fongo-Tongo is briefly described. The results obtained are presented and discussed in the

following chapter.
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Chapter 3

Results and Discussion

Introduction

In this chapter, we present and discuss the results obtained in this study. The activitiy concentrations
of the primordial radionuclides were determined in soil samples by laboratory and in situ measurements,
while 222Rn concentrations were measured in soil and the 2**Rn, 22°Rn and thoron progeny concentrations
were also measured in dwellings in the bauxite bearing area of Fongo-Tongo. The statistics of the data is
summarized in figures and tables. These results and their various meanings are discussed and compared to

international reference values and to results reported. Other results are reported in the appendix of this work.

3.1 ??°Ra, **’Th and *°K activity concentration in soil

The most effective approach to measure the activity concentration of 226Ra, 232Th, and #°K in soil in-
volves creating a geographic grid of the area and conducting measurements at each point. This method
ensures a well-distributed data collection across the field, facilitating the creation of a more accurate ra-
dioactivity map of the region. However, practical field conditions often do not favor this technique. As a
result, using random sampling points to cover the entire area was considered. The samples were collected

using both in-situ and laboratory gamma spectrometry methods.

3.1.1 ??°Ra, 2*’Th and “°K activity concentrations in soil

In Fongo-Tongo, the activity concentrations of ?°Ra, 232Th, and “°K obtained through laboratory and in
situ methods varied from 106 to 170 Bq kg~! and from 93 to 201 Bq kg~! for 2*6Ra; from 119 to 295 Bq
kg~! and from 40 to 327 Bq kg~ for 2*Th; and from 188 to 458 Bq kg~! and from 49 to 321 Bq kg~ for
40K. The mean values were found to be 14823, 212454, and 230428 for *2°Ra; and 129+16, 214+67,
and 229454 for 232Th, respectively.




In Dschang, the activity concentrations of 2*Ra, 23>Th, and “°K ranged from 99 to 167 Bq kg~! and
from 98 to 181 Bq kg~! for ?*Ra; from 100 to 275 Bq kg~! and from 139 to 309 Bq kg~! for 232Th;
and from 198 to 297 Bq kg~! and from 151 to 280 Bq kg~ for °K. The mean values were calculated as
118417, 1752446, and 230428 for 22°Ra; and 138419, 231435, and 237426 for 232Th, respectively.

Figure 3.6 illustrates the box-plot distributions of these concentrations obtained through laboratory (a)
and in situ (b) measurements for each locality and for the entire study area.

According to Table 3.1, 50 of the sampling points showed concentrations higher than 151 Bq kg!, 209
Bq kg™!, and 234 Bq kg~! for 22°Ra, 232Th, and “°K, respectively, in laboratory measurements. Addition-
ally, the in situ measurements exhibited a lognormal distribution, with the mean value represented by the

geometric mean, while laboratory measurements followed a normal distribution and were represented by the

arithmetic mean.
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Figure 3.1: Boxplot distribution of activity concentration of *Ra, 23>Th, and *°K obtained by laboratory

(a) and (b) measurements.

Certainly, this is not a comparative study between in-situ and laboratory measurements. It is challenging
to make a precise comparison between the results obtained from these two methods. In-situ measurements
provide a broad overview of the accuracy of laboratory measurements. However, overall, the results from
both techniques exhibit many similarities, especially in areas where both methods were applied to measure

natural radioactivity.

Some differences noted in the results can be attributed to the nature of in-situ y-spectrometry, which
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offers a representation of source concentration across a wide horizontal plane, extending up to a radius of
10 m and a depth of 10 cm. In contrast, laboratory y-spectrometry measures radioactivity in a soil sample
collected from a 1 m? area (roughly a 70 cm radius). Furthermore, the composition of the sampled matrix
(the soil) differs between the two processes. by in-situ y-spectrometry, the sampled soil is typically compact,
heterogeneous, varying in moisture content, and containing various rocks, vegetation, and debris (such as
plants and minerals). On the other hand, in laboratory y-spectrometry, the soil matrix is dried, homogeneous,
free of debris, and uncompressed. It undergoes sieving to ensure that the solid particles it contains have
roughly the same volume. This matrix undergoes disturbances during sampling, and the radioelements
within it must achieve secular equilibrium to accurately reveal their activities. Considering the uncertainties
associated with each measurement technique (in-situ and laboratory), the values of the results obtained are

approximately comparable.

Table 3.1: Statistical parameters of 226Ra, 232Th, 49K, and 222Rn concentrations obtained by in situ and

laboratory measurements for the localities of Dschang and Fongo-Tongo.

Laboratory In situ
Locality ~ Parameters 226Ra 232Th 40K 226Ra 232Th 40K 222Rn

Fongo- Min-Max 106-170 119-295 188-458  93-201  94-327  49-321  35-202

Tongo
Median 151 209 234 126 229 239 53
AM+SD 148+£23 212+54 230428 - - - -
GM(GSD) - - - 129 (16) 214 (67) 229 (54) 69(8)

Dschang  Min-Max 99-167 100-275 198-297  98-181  139-309 1517280 48-255
Median 116 185 224 132 240 238 62
AM+SD 118£17 175+46 230+ 28 - - - -
GM(GSD) - - - 138 (19) 231 (35) 237 (26) 82(14)

The laboratory analysis of soil samples reveals significantly elevated concentrations of >?°Ra and 232Th.
Table 3.1.1 demonstrates that the minimum and maximum values of 2*Ra from laboratory and in-situ mea-
surements are respectively three and five times higher than the global average of 35 Bq kg~! [1]. Similarly,
for 232Th, these values are two and four times higher than the global average of 45 Bq kg~! [1]. These
heightened concentrations of 22°Ra and 232Th are also evident in the results obtained via in-situ y spectrom-
etry. The minimum values for 2°Ra and 2>?Th are respectively three and two times higher than the global
average, while the maximum values are six and seven times higher than the global average [1]. Moreover,
the average values of 40K, as well as the maximum values for both in-situ and laboratory methods, are below
420 Bq kg~ !, the global average value [1].

Figure 2.2 illustrates that the surveyed area encompasses a geological structure with basaltic and trachytic
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granitic rock coverings [72, 122]. Activity concentrations of *2°Ra, 23Th, and “°K vary across different
points for both in-situ and laboratory gamma spectrometry techniques. This variability can be attributed
to the non-uniform distribution of radioactivity in soil [42]. It is noted that rocks such as syenite, granite,
granulite, rhyolites, and plutonic contain high concentrations of 2381y, 232Th, and *°K [4, 5, 42]. The lower
concentrations of “°K can be explained by leaching and transport of potassium elements due to erosion
effects, drainage, and sediment accumulation in seabeds [123, 124]. Erosion or volcanic activity-induced
transfer of ores significantly alters the content and concentrations of this radionuclide in soil, with basalt
showing lower concentrations [4, 5, 42]. The presence of these rocks contributes to considerable variation in
the concentrations of primordial radionuclides across different sites, as shown in Figure 3.6. Additionally,
the soil in Fongo-Tongo may exhibit higher compactness and moisture levels compared to that in Dschang
[122, 126]. Table 3.2 highlights that primordial radionuclide activity concentrations in Cameroonian soil
exceed those in some other global regions [122-125]. However, elevated “°K concentrations are observed

elsewhere outside of this study area as well [128, 131].

Table 3.2: Comparison of 226Ra, 232Th, YK, and 222Rn activity concentration with other countries.

Country 226Ra 232Th 40K 222Rn  References
Jordan 57.7£5.4 18.1 £1.4 138.1 +40.8 [116]
Egyp t 134.7424.1 131.84+16.7 11,644 + 550 [117]
India 116.1 43.51 300.07 - [118]
Iraq 58.44 19.38 321.76 - [9]
45.71 20.33 337.02
Nigeria 64.64+28.10 110.18+46.12 1190.10+£373.62 [112]
Australia 38 45 635 - [10]
Japan 38+1 43+1 590 - [8]
Cameroon 14+2 30+3 103+12 9+2 [119]
- 390 850 - [120]
124.9 157.3 670.9 [121]
166.18 170.04 94.54 [13]
118+17(138+19) 175446 (231£35) 230+£28 (237+26) 82+56 Present study
148423 (129+£16) 21+£54 (214+67) 230428 (229+54) 69 40

3.2 222Rn, ?°Rn and their progeny concentration in the environment

Radon concentrations were assessed in soil near dwellings using RADTRAK2® detectors and soil sam-

pling points. The measured soil concentrations were utilized to categorize sites with high radon potential or
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to pinpoint areas with potential high risk following Swedish risk classification criteria [124].

222Rn concentrations within dwellings in our study were measured in two phases using different detector
types. The initial phase employed RADTRAK?® and RadonEye+ detectors during the dry season, specif-
ically between December and February. Subsequently, the second phase utilized RADUET detectors and
thoron progeny monitors during the rainy season, particularly from July to September.

The dwellings in this study were characterized by either one front door and one window or two doors
with multiple windows. Detectors were positioned 80 cm away from walls and at a height of 150 cm from
the floor, suspended from the ceiling of the dwellings.

Furthermore, radon concentrations obtained within dwellings were analyzed, interpreted, and discussed
in accordance with international reference values, site-specific geological and environmental parameters,

and comparisons with previous studies.

3.2.1 222Rn concentration in soil
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Figure 3.2: 22?Rn distribution in soil of the bauxite bearing area of Fongo-Tongo.

The 222Rn concentrations at a depth of 1 m in soil, as presented in Table 3.3, ranged from 35 to 202
kBq m~3 in Fongo-Tongo, with a mean value of 69 4= 40 kBq m 3. In Dschang, the concentrations ranged
from 48 to 255 kBq m™—3, with a mean value of 82 + 56 kBq m—3. More than half of the sampled points in
Dschang exhibited >??Rn concentrations in soil greater than or equal to 62 kBq m >, while in Fongo-Tongo,
this threshold was 53 kBq m—>.

As depicted in Figure 3.2, a majority of radon concentrations in soil surpassed the 40 kBq m > threshold,

denoted by the red line, which is considered the limit for high radon-exposure risk according to Swedish risk
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assessment criteria [124]. The variation in 222Rn concentrations across different locations may stem from
differences in geological structure and the mineralogical composition of the soil [42, 123]. The geological
structure, geochemical processes of the soil, and gas emanation rates in the region are influenced by soil
permeability [42, 72, 74, 122, 125].

Table 3.3 indicates that the average and maximum values of >?’Rn in soil in Dschang exceed those in
Fongo-Tongo, unlike the 226Ra values obtained in these two localities. This discrepancy could be attributed

to variations in soil moisture and porosity.

Table 3.3: Statistical parameters of >>>Rn concentration in soil at the bauxite bearing area of Fongo-Tongo

and Dschang.
Locality GM (GSD) Median Range
Dschang 82 (14) 62 48-255
Fongo-Tongo 69 (8) 53 35-202
Whole study area 67(18) 57,6 35-255

3.2.2 Geogenic radon potential and outdoor radon concentration

The concentrations of *’Rn in soil served as a basis for evaluating radon concentrations at the Earth’s
surface. The data, outlined in Table 3.4, are crucial as radon diffuses from the ground into the atmosphere,
where it quickly dilutes with ambient air. Subsequently, it migrates through convection into homes, where
it can accumulate to significant levels and pose carcinogenic risks to the respiratory tract [7]. Therefore,
to safeguard the population from *??Rn exposure, it is imperative to analyze 2?>Rn levels in all potential
sources, including soil, water, food, and building materials. This comprehensive analysis is vital for devising
action plans that identify areas prone to generating high indoor 2?*Rn levels, known as 2>?Rn risk areas.

Table 3.4 presents the assessment of geogenic 2>Rn potential values derived from 2>?Rn concentrations
and soil permeability, categorized as k= 107! ms™!, k= 107> m s~!, and k=10"13 m s~! [105]. According
to the Czech Republic’s classification of regions with 22>Rn potential in soil, 100%, 26.7%, and 13.3% of
measurement points exhibit a >>’Rn index with a GRP (geogenic radon potential) exceeding 35 for per-
meability values of k= 100" ms !, k=102 m s !, and k=103 m s~ 1, respectively. The distribution
of sampling points suggests that the region can be classified as a moderate >*Rn risk area, with the GRP
increasing with soil permeability. This underscores the importance of permeability as a critical parameter
in determining the mobility of 2>’Rn in soil [103]. Indeed, high permeability in soil can lead to significant
diffusion of 2?*Rn into the atmosphere, a factor heavily influenced by the geological characteristics of the

area [106, 137].
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Table 3.4: Statistical parameters of exhalation rate and GRP for the investigated sites.
Statistical parameters a (Bg.m3.s) E (Bgm 2s) C'(Bgm™3®) k=10~ k=10"12 k=101

AM 0,1587 0,033 75,6 75,6 37,8 25,2
SD 0,102 0,021 48,2 48,2 24,1 16,1
GM 0,1401 0,029 66,7 66,7 33,4 22,3
GSD 0,1029 0,022 48,9 48,9 24,5 16,3
Median 0,1210 0,025 57,6 57,6 28,8 19,2
Min 0,0725 0,015 35 35 17,25 11,5
Max 0,5351 0,112 255 255 127,4 84,9

3.2.3 Indoor **’Rn distribution using RADTRAK?® detector

Indoor 2>’Rn levels were assessed in 50 dwellings across the study area, comprising 30 in Dschang
and 20 in Fongo-Tongo. The main results are summarized in Table 3.5, revealing a range of indoor *’Rn
concentrations from 85 Bq m ™~ to 410 Bq m~3, with a mean value of 152 + 26 Bq m~3. Specifically, indoor
222Rn levels in Dschang and Fongo-Tongo varied from 85 to 250 Bq m > and from 98 to 410 Bq m—3, with
mean values of 144 + 24 and 166 + 31 Bq m—3, respectively. The study underscores that the average >**Rn

concentration in these regions exceeds the global average value of 30 Bq m~ [1].

Table 3.5: Summary of the results of 2?Rn survey using RADTRAK?® detectors.

Locality GM (GSD) Median  Range
Dschang 144 (24) 140 85-250
Fongo-Tongo 166 (31) 150 98-410
Whole study Area 152 (26) 140 85-410

GM: geometric mean, GSD: geometric standard deviation

The elevated levels of indoor >?Rn can be attributed to the architectural style of these dwellings, primar-
ily constructed with mud bricks. The emanation of 2>’Rn from these building materials likely contributes
to the increased indoor 222Rn levels. Particularly, in earthen houses where walls and floors lack cement
covering, high 2?Rn concentrations are observed. This is due to radon gas, trapped in the earth constituting
the building material, diffusing easily and accumulating in poorly ventilated houses.

Moreover, the persistently cold and damp climate of the region compels inhabitants to keep their dwelling
openings closed, reducing air exchange between the indoors and outdoors and further enhancing 2>’Rn gas
accumulation [140]. Additionally, most monitored dwellings lack ground waterproofing, allowing 2*’Rn to
emanate from the ground without attenuation. The substantial >>?Rn concentrations and variations observed

among dwellings and sites are closely tied to geological structure, ventilation conditions, atmospheric and
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climatic factors, architectural design, and residents’ lifestyle [142].
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Figure 3.3: Boxplot distribution of indoor 22*Rn at the different site and for whole study area.

The elevated levels of indoor 2?Rn can be attributed to the architectural style of these dwellings, primar-
ily constructed with mud bricks. The emanation of >?*Rn from these building materials likely contributes
to the increased indoor 222Rn levels. Particularly, in earthen houses where walls and floors lack cement
covering, high 2?*Rn concentrations are observed. This is due to radon gas, trapped in the earth constituting
the building material, diffusing easily and accumulating in poorly ventilated houses.

Moreover, the persistently cold and damp climate of the region compels inhabitants to keep their dwelling
openings closed, reducing air exchange between the indoors and outdoors and further enhancing 2>’Rn gas
accumulation [140]. Additionally, most monitored dwellings lack ground waterproofing, allowing 2*?Rn to
emanate from the ground without attenuation. The substantial 22’Rn concentrations and variations observed
among dwellings and sites are closely tied to geological structure, ventilation conditions, atmospheric and
climatic factors, architectural design, and residents’ lifestyle [142].

Therefore, soils rich in uranium are also enriched in radium and radon. Porous and permeable soils, such
as those found in the bauxite zones of Fongo-Tongo, facilitate the diffusion and migration of radon to the
surface. Previous studies conducted in this area have revealed elevated concentrations of >?°Ra and ?*’Rn in
soil [146]. These studies also indicate a correlation between 22°Ra and 222Rn concentrations in soil.

During the measurement period, the population was actively engaged in fieldwork daily and typically
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Table 3.6: Comparison of the results of the current study with those obtained in other countries.

Country Area GM Range References
Canada Ottawa 72 x 2 8-1525 [35]
China - 58 x 2 12-427 [38]
Hungary Great Hungarian Plain 166 45-609 [36]
Kovagoszoloss - 17-1083 [37]
North Macedonia - 114 30-535 [39]
South Africa West - 28-465 [40]
Cameroon Lolodorf 89 x 2 26-976 [9]
Lomié 58 x 24 27-300 [19]
Southern Adamawa 102 x 21  43-270 [6]

Fongo-Tongo 152x26  85-410 Current study

kept their homes closed, leading to the accumulation of gas indoors [16, 20, 110]. Thus, the high concentra-
tions observed in this study can be attributed to the various geological, climatic, and anthropological factors
mentioned above.

Table 3.6 compares the measured *22Rn concentrations in this study with those reported in previous
research. The maximum levels observed here are two to three times lower than the highest values reported in
other studies [17, 147-149]. Indeed, these references cite maximum 222Rn levels higher than those observed

in the study areas but within the range of 400 to 600 Bq m—> [17, 150, 151].

3.2.4 Indoor *>’Rn and %?°Rn distribution using RADUET detector.

Figures 3.4 and 3.5 illustrate the frequency distribution of 2>’Rn, ?*°Rn, radon progeny, and thoron
progeny concentrations in selected dwellings within the Fongo-Tongo bauxite area. Measurements at the site
revealed an asymmetric distribution, primarily due to the prevalence of low concentration values in many
dwellings compared to the fewer instances of high concentrations. As a result, the extreme high values
significantly impact the arithmetic mean of such a distribution. This distribution pattern was expected, given
that it reflects the outcomes of short-term (spot) sampling.

As outlined in Table 3.7, 222Rn concentrations measured with RADUETS varied between 31 and 123
Bq m~3, with an arithmetic mean of 64 + 24 Bq m—> and a geometric mean of 60 + Bq m~3. These
values fall below the 300 Bq m~ reference value recommended by the ICRP [114] and the IAEA [82].
However, they are lower than the 148 Bq m—3 threshold recommended by the United States Environmental
Protection Agency [153] and the intervention threshold of 200 Bq m—> prescribed in many EU countries
[154]. Specifically, only 12% of the 50 monitored dwellings had radon concentrations exceeding the WHO
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recommended value of 100 Bq m—3, with 88% recording concentrations below this threshold [7].

Number of dwellings

Radon concentration Bq m™ Thoron concentration (Bq m™)

Figure 3.4: Frequency distribution of 22’Rn and >?°Rn concentrations.
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Figure 3.5: Frequency distribution of EERC and EETC.

The most effective approach to measure the activity concentration of 2*Ra, 232Th, and 4°K in soil in-
volves creating a geographic grid of the area and conducting measurements at each point. This method
ensures a well-distributed data collection across the field, facilitating the creation of a more accurate ra-
dioactivity map of the region. However, practical field conditions often do not favor this technique. As a
result, using random sampling points to cover the entire area was considered. The samples were collected

using both in-situ and laboratory gamma spectrometry methods. In Fongo-Tongo, the 22Ra, 23>Th, and “°K

1

activity concentrations obtained by laboratory and in situ methods ranged from 106 to 170 Bq kg~" and

from 93 to 201 Bq kg~! for 2?°Ra; from 119 to 295 Bq kg~! and from 40 to 327 Bq kg~! for 23>Th; and
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from 188 to 458 Bq kg~! and from 49 to 321 Bq kg~! for “°K which a means values of 148+23, 212 +
54 and 230 =+ 28 and 129+16, 214+67 and 229454 respectively. In Dschang, the 2*Ra, 23>Th, and 4°K
activity concentrations range from 99 to 167 Bq kg~! and from 98 to 181 Bq kg~! for 2*°Ra, from 100
to 275 Bq kg~! and from 139 to 309 Bq kg~! for 2*?Th; and from 198 to 297 Bq kg~! and from 151 to
280 Bq kg~! for “°K. Figure 3.6 shows the box-plot distributions of these concentrations in laboratory (a)
and in situ (b) for each locality and for the whole study area which a means values of 118+17, 1752 £+46
and 230 4 28 and 138+£19, 231+£35 and 237426 respectively According to Table 3.1, 50% of sampling
points have a concentration higher than 151 Bq kg~!, 209 Bq kg~ !, and 234 Bq kg~ for 2*Ra, 23>Th and
40K respectively, in laboratory measurements. Furthermore, the in sifu measurements follow a lognormal
distribution. Thus, the mean value is represented by the geometric mean, whereas laboratory measurements

follow a normal distribution and are represented by the arithmetic mean.
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Figure 3.6: Boxplot distribution of activity concentration of 2°Ra, 2*Th, and “°K obtained by laboratory

(a) and (b) measurements.

In Fongo-Tongo, the activity concentrations of 2°Ra, 232Th, and *“°K obtained through laboratory and in
situ methods varied from 106 to 170 Bq kg~! and from 93 to 201 Bq kg~! for 2*6Ra; from 119 to 295 Bq
kg~! and from 40 to 327 Bq kg~ for 23>Th; and from 188 to 458 Bq kg~! and from 49 to 321 Bq kg~ for
40K. The mean values were found to be 14823, 212454, and 23028 for 2*°Ra; and 129+16, 214467,
and 22954 for 232Th, respectively.

In Dschang, the activity concentrations of 2?°Ra, 2>2Th, and %°K ranged from 99 to 167 Bq kg~! and
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from 98 to 181 Bq kg~! for ?*Ra; from 100 to 275 Bq kg~' and from 139 to 309 Bq kg~! for 23Th;
and from 198 to 297 Bq kg~! and from 151 to 280 Bq kg~ for °K. The mean values were calculated as
118417, 1752446, and 230428 for 22°Ra; and 138419, 231435, and 237426 for 232Th, respectively.

Figure 3.6 illustrates the box-plot distributions of these concentrations obtained through laboratory (a)
and in situ (b) measurements for each locality and for the entire study area.

According to Table 3.1, 50% of the sampling points showed concentrations higher than 151 Bq kg~!,
209 Bq kg !, and 234 Bq kg~ ! for 2?°Ra, 23>Th, and “°K, respectively, in laboratory measurements. Ad-
ditionally, the in situ measurements exhibited a lognormal distribution, with the mean value represented by
the geometric mean, while laboratory measurements followed a normal distribution and were represented by
the arithmetic mean.

Indeed, it is not a comparative study between in situ and laboratory measurements. It is very difficult
to compare with a good approximation the results of these two methods. The in situ measurements simply
allow us to have a general idea on the veracity of the results of the laboratory measurements. Nevertheless,
the results obtained from the two techniques as a whole reveal many similarities at certain points where
the two techniques for measuring natural radioactivity were practiced. Some of the differences observed
in the results can be explained by the fact that in-situ y-spectrometry gives a representation of the source
concentration on a wide horizontal plane, up to 10 m in radius and 10 cm in depth. In contrast, laboratory
?-spectrometry measures radioactivity in a soil sample collected over an area of 1 m 2 (approximately 70
cm radius). Moreover, the matrix sampled (the soil) is not the same in composition in the two processes: in
in-situ y spectrometry, the sampled soil is generally compact and inhomogeneous, more or less humid, with
various rocks, vegetation and debris of all kinds (plants, minerals, etc.). On the other hand, in laboratory
Y-spectrometry, the soil matrix is dried, homogeneous, free of any debris and not compact. In addition, it
is sieved so that the solid particles that constitute it have approximately the same volume. It is a matrix in
which the radioelements it contains have undergone disturbances during sampling and must reach secular
equilibrium in order to be able to reveal with the greatest precision, their different activities. If we take
into account the uncertainties related to each measurement technique (in-situ, laboratory), the values of the
results obtained are approximately the same.

Certainly, this is not a comparative study between in-situ and laboratory measurements. It is challenging
to make a precise comparison between the results obtained from these two methods. In-situ measurements
provide a broad overview of the accuracy of laboratory measurement. However, overall, the results from
both techniques exhibit many similarities, especially in areas where both methods were applied to measure
natural radioactivity.

Some differences noted in the results can be attributed to the nature of in-situ y-spectrometry, which
offers a representation of source concentration across a wide horizontal plane, extending up to a radius of
10 m and a depth of 10 cm. In contrast, laboratory y-spectrometry measures radioactivity in a soil sample

collected from a 1 m? area (roughly a 70 cm radius).
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Furthermore, the composition of the sampled matrix (the soil) differs between the two processes. by
in-situ y spectrometry, the sampled soil is typically compact, heterogeneous, varying in moisture content,
and containing various rocks, vegetation, and debris (such as plants and minerals). On the other hand,
by laboratory y-spectrometry, the soil matrix is dried, homogeneous, free of debris, and uncompressed. It
undergoes sieving to ensure that the solid particles it contains have roughly the same volume. This matrix
undergoes disturbances during sampling, and the radioelements within it must achieve secular equilibrium
to accurately reveal their activities.

Soil samples analyzed in the laboratory have high concentrations of 2*Ra and 232Th. As presented in
Table 3.1.1, the minimum and maximum values of >?°Ra obtained in laboratory and in sifu measurements
are, respectively, three and five times higher than the world average value of 35 Bq kg! [1]. In the case

of 232Th, they are two and four times higher than the world average value of 45 Bq kg™!

, respectively [1].
These high values of >Ra and >32Th activity concentrations are also observed for the results obtained by in
situ y spectrometry. The minimum values of >?°Ra and 23?Th are, respectively, three and two times higher
than the world average value, while the maximum values are, respectively, six and seven times higher than
the world average value [1]. Furthermore, the average values of 40K, as well as the maximum values for in
situ and laboratory methods, are lower than 420 Bq kg~!, the world average value [1].

Figure 2.2 shows that the investigated area extends over a geological structure covered by basaltic and
trachytic granitic rocks [72, 122]. 226Ra, 232Th, and *°K activity concentrations differ from one point to
another for the two techniques used: in situ and laboratory gamma spectrometry. This can be explained
by the fact that radioactivity is not uniformly distributed in soil [42]. It is reported that 23¥U, 23>Th, and
40K have high concentrations in some rocks, such as syenite, granite, granulite, rhyolites, and plutonic
[4, 5, 42]. The low concentrations of “°K can be explained by the phenomenon of leaching and transport of
potassium elements to the surface due to the effects of erosion, drainage, and an accumulation of sediments
in the seabed [123, 124]. The transfer of ores by erosion or by eruptive voice can therefore considerably
modify the content and concentrations of this radionuclide in soil [125]. It has low concentrations in basalt
[4, 5, 42]. According to Figure 2.2, the presence of the above rocks can account for considerable variation
in the concentrations of these primordial radionuclides from one site to another, as shown in Figure 3.6. In
addition, the soil of Fongo-Tongo may be more compact and moister than that in Dschang [122, 126]. In
addition, Table 3.2 shows that activity concentrations of the primordial radionuclides in soil in Cameroon
are higher than those in some other regions of the world [122—125]. Nevertheless, “°K concentrations are
also high elsewhere than in the present study [128, 131].

The laboratory analysis of soil samples reveals significantly elevated concentrations of 2?°Ra and >3 Th.
Table 3.1.1 demonstrates that the minimum and maximum values of 2> Ra from laboratory and in-situ mea-
surements are respectively three and five times higher than the global average of 35 Bq kg~! [1]. Similarly,
for 232Th, these values are two and four times higher than the global average of 45 Bq kg~! [1]. These

heightened concentrations of 2*°Ra and 232Th are also evident in the results obtained via in-situ y spectrom-
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etry. The minimum values for 2°Ra and 23?Th are respectively three and two times higher than the global
average, while the maximum values are six and seven times higher than the global average [1]. Moreover,
the average values of 40K as well as the maximum values for both in-situ and laboratory methods, are below
420 Bq kg~!, the global average value [1].

Figure 2.2 illustrates that the surveyed area encompasses a geological structure with basaltic and trachytic
granitic rock coverings [72, 122]. Activity concentrations of 22°Ra, 23Th, and *°K vary across different
points for both in-situ and laboratory gamma spectrometry techniques. This variability can be attributed
to the non-uniform distribution of radioactivity in soil [42]. It is noted that rocks such as syenite, granite,
granulite, rhyolites, and plutonic contain high concentrations of 233U, 23?Th, and °K [4, 5, 42]. The lower
concentrations of “°K can be explained by leaching and transport of potassium elements due to erosion
effects, drainage, and sediment accumulation in seabeds [123, 124]. Erosion or volcanic activity-induced
transfer of ores significantly alters the content and concentrations of this radionuclide in soil, with basalt
showing lower concentrations [4, 5, 42]. The presence of these rocks contributes to considerable variation in
the concentrations of primordial radionuclides across different sites, as shown in Figure 3.6. Additionally,
the soil in Fongo-Tongo may exhibit higher compactness and moisture levels compared to that in Dschang
[122, 126]. Table 3.2 highlights that primordial radionuclide activity concentrations in Cameroonian soil
exceed those in some other global regions [122-125]. However, elevated “’K concentrations are observed
elsewhere outside of this study area as well [128, 131].

Radon concentrations were assessed in soil near dwellings using RADTRAK?® detectors and soil sam-
pling points. The measured soil concentrations were utilized to categorize sites with high radon potential
or to pinpoint areas with potential high risk following Swedish risk classification criteria [124]. >’Rn con-
centrations within dwellings in our study were measured in two phases using different detector types. The
initial phase employed RADTRAK?® and RadonEye+? detectors during the dry season, specifically be-
tween December and February. Subsequently, the second phase utilized RADUET detectors and thoron
progeny monitors during the rainy season, particularly from July to September. The dwellings in this study
were characterized by either one front door and one window or two doors with multiple windows. Detectors
were positioned 80 cm away from walls and at a height of 150 cm from the floor, suspended from the ceiling
of the dwellings.

Furthermore, radon concentrations obtained within dwellings were analyzed, interpreted, and discussed
in accordance with international reference values, site-specific geological and environmental parameters,
and comparisons with previous studies.

The ??2Rn concentrations at a depth of 1 m in soil, as presented in Table 3.3, ranged from 35 to 202 kBq
m~> in Fongo-Tongo, with a mean value of 69 + 40 kBq m—>. In Dschang, the concentrations ranged from
48 t0 255 kBq m—3, with a mean value of 82 + 56 kBq m 3. More than half of the sampled points in Dschang
exhibited 2*>Rn concentrations in soil greater than or equal to 62 kBq m~3, while in Fongo-Tongo, this

threshold was 53 kBq m—>. As depicted in Figure 3.2, a majority of radon concentrations in soil surpassed
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the 40 kBq m~ threshold, denoted by the red line, which is considered the limit for high radon-exposure risk
according to Swedish risk assessment criteria [124]. The variation in 222Rn concentrations across different
locations may stem from differences in geological structure and the mineralogical composition of the soil
[42, 123]. The geological structure, geochemical processes of the soil, and gas emanation rates in the region
are influenced by soil permeability [42, 72, 74, 122, 125]. Table 3.3 indicates that the average and maximum
values of 22’Rn in soil in Dschang exceed those in Fongo-Tongo, unlike the 2?°Ra values obtained in these
two localities. This discrepancy could be attributed to variations in soil moisture and porosity.

The concentrations of 22Rn in soil served as a basis for evaluating radon concentrations at the Earth’s
surface. The data, outlined in Table 3.4, are crucial as radon diffuses from the ground into the atmosphere,
where it quickly dilutes with ambient air. Subsequently, it migrates through convection into homes, where
it can accumulate to significant levels and pose carcinogenic risks to the respiratory tract [7]. Therefore,
to safeguard the population from *?”Rn exposure, it is imperative to analyze 2?>Rn levels in all potential
sources, including soil, water, food, and building materials. This comprehensive analysis is vital for devising
action plans that identify areas prone to generating high indoor 2?*Rn levels, known as 2>?Rn risk areas.

Table 3.4 presents the assessment of geogenic 2*?Rn potential values derived from 2>’Rn concentrations
and soil permeability, categorized as k= 10" ms™!, k=107 ms~!, and k=10""3 m s~! [105]. According
to the Czech Republic’s classification of regions with 2>’Rn potential in soil, 100%, 26.7%, and 13.3% of
measurement points exhibit a 2?>Rn index with a GRP (geogenic radon potential) exceeding 35 for per-
meability values of k= 10 "ms ! k=102 ms !, and k=107 m s~ 1, respectively. The distribution
of sampling points suggests that the region can be classified as a moderate >’Rn risk area, with the GRP
increasing with soil permeability. This underscores the importance of permeability as a critical parameter
in determining the mobility of 2>’Rn in soil [103]. Indeed, high permeability in soil can lead to significant
diffusion of *>Rn into the atmosphere, a factor heavily influenced by the geological characteristics of the
area [106, 137].

Indoor 2*?Rn levels were assessed in 50 dwellings across the study area, comprising 30 in Dschang
and 20 in Fongo-Tongo. The main results are summarized in Table 3.5, revealing a range of indoor *’Rn
concentrations from 85 Bq m~ to 410 Bq m—3, with a mean value of 152 + 26 Bq m—3. Specifically, indoor
222Rn levels in Dschang and Fongo-Tongo varied from 85 to 250 Bq m 3 and from 98 to 410 Bq m—3, with
mean values of 144 + 24 and 166 + 31 Bq m—>, respectively. The study underscores that the average >’Rn
concentration in these regions exceeds the global average value of 30 Bq m~ [1].

The elevated levels of indoor 2*Rn can be attributed to the architectural style of these dwellings, primar-
ily constructed with mud bricks. The emanation of 2>’Rn from these building materials likely contributes
to the increased indoor 222Rn levels. Particularly, in earthen houses where walls and floors lack cement
covering, high >*Rn concentrations are observed. This is due to radon gas, trapped in the earth constituting
the building material, diffusing easily and accumulating in poorly ventilated houses.

Moreover, the persistently cold and damp climate of the region compels inhabitants to keep their dwelling
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openings closed, reducing air exchange between the indoors and outdoors and further enhancing 2*’Rn gas
accumulation [140]. Additionally, most monitored dwellings lack ground waterproofing, allowing 2*’Rn to
emanate from the ground without attenuation. The substantial 2>’Rn concentrations and variations observed
among dwellings and sites are closely tied to geological structure, ventilation conditions, atmospheric and
climatic factors, architectural design, and residents’ lifestyle [142]. Therefore, soils rich in uranium are also
enriched in radium and radon. Porous and permeable soils, such as those found in the bauxite zones of
Fongo-Tongo, facilitate the diffusion and migration of radon to the surface. Previous studies conducted in
this area have revealed elevated concentrations of 220Ra and 222Rn in soil [146]. These studies also indicate a
correlation between 2*Ra and 2*’Rn concentrations in soil. During the measurement period, the population
was actively engaged in fieldwork daily and typically kept their homes closed, leading to the accumulation
of gas indoors [16, 20, 110]. Thus, the high concentrations observed in this study can be attributed to the
various geological, climatic, and anthropological factors mentioned above. Table 3.6 compares the measured
222Rn concentrations in this study with those reported in previous research. The maximum levels observed
here are two to three times lower than the highest values reported in other studies [17, 147-149]. Indeed,
these references cite maximum 2*’Rn levels higher than those observed in the study areas but within the
range of 400 to 600 Bq m3 [17, 150, 151].

Figures 3.4 and 3.5 illustrate the frequency distribution of 2?’Rn, ??°Rn, radon progeny, and thoron
progeny concentrations in selected dwellings within the Fongo-Tongo bauxite area. Measurements at the site
revealed an asymmetric distribution, primarily due to the prevalence of low concentration values in many
dwellings compared to the fewer instances of high concentrations. As a result, the extreme high values
significantly impact the arithmetic mean of such a distribution. This distribution pattern was expected, given
that it reflects the outcomes of short-term (spot) sampling.

As outlined in Table 3.7, 222Rn concentrations measured with RADUETS varied between 31 and 123
Bq m~3, with an arithmetic mean of 64 + 24 Bq m~> and a geometric mean of 60 + Bq m~>. These
values fall below the 300 Bq m~3 reference value recommended by the ICRP [114] and the TAEA [82].
However, they are lower than the 148 Bq m—3 threshold recommended by the United States Environmental
Protection Agency [153] and the intervention threshold of 200 Bq m~ prescribed in many EU countries
[154]. Specifically, only 12% of the 50 monitored dwellings had radon concentrations exceeding the WHO
recommended value of 100 Bq m—3, with 88% recording concentrations below this threshold [7].

Moreover, 22°Rn concentrations range from 36 to 688 Bq m—3, with an arithmetic mean of 300 + 180
Bq m~3 and a geometric mean of 242 + 21 Bq m—3. These concentrations exceed 100 Bq m—> in 88% of
dwellings, with 23% having concentrations greater than 300 Bq m 3. However, it’s important to note that
there is no significant correlation between 222Rn and 22°Rn concentrations in homes. Additionally, it should
be noted that the reference level of 100 Bq m— is only applicable to 2>’Rn; no reference value has been
established yet for 22°Rn.

Nevertheless, more than half of the dwellings (65%) have 220Rn concentrations above 100 Bq m3,
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which is 17 times higher than the world average value of 10 Bq m™> [113]. All of these dwellings sur-
passed the world average value for 2°Rn concentration. Establishing an action level for 22°Rn is now of

fundamental urgency.

Table 3.7: Statistical summary of 2*>Rn, ?’Rn and their progeny concentrations in dwellings.
Statistical parameters 2*’Rn  EERC 2Rn  EETC

AM 64 26 300 9
SD 24 10 180 5
GM 60 24 242 8
GSD 14 2 21 2
Median 56 23 284 8
Range 31-123 1249 36-688 1-22

EETCs were primarily determined through direct measurements using thoron progeny monitors de-
ployed at the site. It is noteworthy that all dwellings (100%) had concentrations higher than the world
average value of 0.5 Bq m—> [113]. The measured results ranged from 1 to 22 Bq m™—>, with an arithmetic
mean of 9 + 5 Bq m ™~ and a geometric mean of 8 + 2 Bq m—>. These mean values are approximately
18 and 16 times higher than the world mean value mentioned earlier. Although the arithmetic, geometric
mean, and maximum concentration are relatively high, the maximum value does not significantly deviate
from other values in the distribution.

About 50% of dwellings have EETC values higher than the median value of 8 Bq m~—3; 43% of dwellings
recorded EETC values above 10 Bq m—3, with 2% exceeding 20 Bq m~3. The mean values of the EERC,
estimated at 26 4+ 10 Bq m~3 (arithmetic mean) and 24 + 2 Bq m3 (geometric mean), are almost twice as
high as the world mean value of 15 Bq m~> [113]. Remarkably, 92% of the houses investigated had EERC
values higher than the world average value, with no house exceeding 100 Bq m—>.

The sampling results in this study follow a lognormal distribution characterized by the geometric mean
(GM) and geometric standard deviation (GSD). However, the scattered data points could be attributed to
the considerable distance between measurement points, diverse building materials, geological variations in
the building site, architectural differences, and varying lifestyles among residents. Some dwellings also had

windows that were regularly closed or non-existent during the study period.
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3.2.5 Daily variations of indoor >>’Rn concentration
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Figure 3.7: Daily dynamic variation of 2>Rn concentrations in some dwellings: in soil and bare ground (a),
in soil and concrete ground (b). The graphs in red and blue represent the state of well-ventilated and poorly

ventilated dwellings respectively.

It has been observed that indoor 222Rn concentrations exhibit seasonal variations [155]. However, there
is also evidence indicating that indoor 2>?Rn levels fluctuate throughout the day, depending on the rate of air
exchange between indoor and outdoor environments. Figure 3.7 illustrates the daily dynamic variations of
indoor ??Rn concentrations in various monitored dwellings within the area. These dwellings were selected
based on specific construction characteristics and are represented by different colors in the figure. Interest-
ingly, the nature of the different dwelling types appears to have little significant influence on indoor >*>Rn
concentrations in this study, a finding consistent with previous research [23]. However, in dwellings with
effective natural air circulation systems, the 222Rn concentration levels notably decrease across various ar-
chitectural types. These findings underscore the influence of natural ventilation systems and daily occupancy
patterns on the accumulation of 22Rn gas indoors originating from the soil. Nevertheless, the observed dif-
ferences are likely related to the tightness of the floor, which can reduce the rate of gas emanation in certain
dwellings. Regardless, variations in indoor *?Rn levels were monitored at one-hour intervals over a period
of approximately twenty-four hours. It was noted that indoor >’Rn accumulation reached significant peaks
during nighttime and even during the day when occupants were indoors with doors and windows completely
closed, resulting in reduced ventilation and greater gas accumulation [6]. Figure 3.8 illustrates that indoor
222Rn accumulation significantly decreases in dwellings with cemented walls and concrete floors, which

effectively reduce radon exhalation from the ground surfaces of the houses.
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3.2.6 Equilibrium factor (F7,) between 2>’Rn and its progeny

According to UNSCEAR, the Fr7,, is estimated to 0.02 [113]. Table 3.7 shows that Fr, varies consider-
ably from one house to another. The values ranged from 0.01 to 0.15 with an arithmetic mean of 0.04, and a
geometric mean of 0.03; respectively 2 and 1.5 times higher than UNSCEAR value. The. Figure 3.9 gives
the probability of Fr,. This is a log normal correlation between thoron and its associated progeny. This

correlation is (R? = 0.5).
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3.3 Seasonal variations of in indoor *>’Rn, **’Rn and their progeny

concentrations: Uncertainties on their measurements

In the current study, the maximum concentrations of 2>?Rn and ?°Rn are notably elevated, significantly
deviating from the rest of the distribution. Consequently, it is advisable to conduct additional measurements
at these specific points to enhance the accuracy of risk assessments for residents. These high values introduce
considerable uncertainty into the mean concentration estimation for the study area.

Table 3.8 illustrates the seasonal variations in radon concentrations, revealing a significant disparity be-
tween levels during different seasons. Specifically, radon levels are higher during the rainy season compared
to the dry season. This phenomenon can be attributed to the cold weather during rainy periods, leading to
prolonged closure of dwellings, which in turn promotes the accumulation of 2?Rn and occasionally results

in very high concentrations.

Table 3.8: Saisnnal variation of indoor 22Rn concentration in dwellings of the whole study area.

Parameters Dry season Rainy season Ratio (Rainy/Dry)

AM 64 162 2.53
SD 24 26 1.08
GM 60 152 2.53
GSD 14 26 1.86
Median 56 140 2.5
Range 31-123 85-410 -

The methods and instruments used to measure 2>?Rn, 22°Rn, and their progeny in this study have limi-
tations inherent to experimental techniques. These limitations are highlighted by the observed uncertainty
values in some results. The RADTRAK2®, RADUET, and thoron progeny monitors are examples of solid-
state nuclear track detectors (SSNTD). These detectors expose solid material samples to nuclear radiation,
followed by etching and microscopic examination. The uncertainties mainly arise from the aging of the
detectors and their exposure to solar radiation, heat, and humidity during measurements.

It’s important to understand that direct comparisons between different types of detectors are not appro-
priate here. Differences in the distributions of >>*Rn concentrations in dwellings could be due to seasonal
variations during measurements, influenced by climate fluctuations from year to year.

Furthermore, when validating with the RADUET detector in dwellings that showed concentration peaks
during RADTRAK? measurements, significantly higher thoron concentrations compared to radon were
found. This suggests that RADTRAK? detectors may be sensitive to thoron. While it would have been

ideal to use the same type of detector throughout, the absence of RADTRAK detectors complicated this.

71



However, the RADUET detector allowed simultaneous measurement of radon and thoron, highlighting the
Fongo-Tongo region as a thoron risk zone.

Moreover, fluctuations in 2?°Rn and its progeny concentrations within a dwelling can vary over time
and space, affecting calculations such as the equilibrium factor (F7n). Deploying detectors in dwellings for
extended periods relies heavily on residents’ cooperation to ensure reliable measurements. Mishandling of
detectors by residents, such as exposure to heat or moisture, can introduce biases into the results. Addi-
tionally, uncertainties in various results can also be influenced by detector placement and specific dwelling
characteristics.

The various methods and instruments utilized in this study to measure 222Rn, 220Rp, and their associated
progeny have inherent limitations, as is common with experimental techniques. The observed uncertainty
values in certain results underscore these limitations. The RADTRAK2®, RADUET, and thoron progeny
monitors are examples of solid-state nuclear track detectors (SSNTD). These detectors involve exposing
solid material samples to nuclear radiation, followed by etching and microscopic examination. The uncer-
tainties arise primarily from the aging effect of the detectors, direct exposure to solar radiation, heat, and
humidity during measurements [156].

It’s important to note that direct comparisons between different types of detectors are not suitable in this
context. The differences observed in the distributions of 222Rn concentrations in dwellings may stem from
seasonal variations during the measurement periods. Climate fluctuations from year to year can impact the
rate of radon exhalation, as discussed later.

Additionally, a validation check with the RADUET detector in dwellings that exhibited concentration
peaks during RADTRAK? measurements revealed significantly higher thoron concentrations compared to
radon. This observation suggests that RADTRAK? detectors might be sensitive to thoron. Ideally, this
validation check should have been performed using the same type of detector throughout, but the absence
of RADTRAK detectors hindered this process. Nonetheless, the RADUET detector enabled simultaneous
measurement of radon and thoron, highlighting the Fongo-Tongo region as a thoron risk zone.

Furthermore, fluctuations in 22°Rn and its progeny concentrations within a dwelling can vary over time
and space, leading to uncertainties that influence calculations such as the equilibrium factor (F7'n). Deploy-
ing detectors in dwellings for extended periods, beyond the practitioner’s direct control, relies heavily on
residents’ cooperation and common sense to ensure reliable measurements. Any mishandling of detectors
by residents, such as scraping, exposure to heat, or moisture, in the absence of practitioners, can introduce
biases into the measurement results. Apart from handling differences and laboratory treatments, uncertain-
ties observed in various results (FTn, CTn, CRn, EETC) in this study can also be attributed to detector

placement and specific dwelling characteristics.
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3.4 Correlations between radionuclides activity concentrations

3.4.1 Correlation between 22?Rn and %2°Ra in Soil
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Figure 3.10: Correlation between 2*>Rn and >?°Ra concentrations in soil: (a) laboratory y-ray spectrometry

and (b) in situ y-ray spectrometry.

According to Figure 3.10, there is a direct correlation between >?*Rn concentrations in soil and the
measured levels of 226Ra, both at the site and in soil samples from the area. The correlation coefficients RZ
= 0.88 for the laboratory method and R? = 0.86 for the in situ method indicate a strong relationship between
222Rn and ??5Ra concentrations. Similarly, the Pearson correlation coefficients of 0.92 for the laboratory
and 0.90 for in situ measurements confirm this strong correlation.

In Figure 3.10-a and 3.10-b, for values ranging from 110 to 150 Bq kg~! and 130 to 160 Bq kg~! re-
spectively, the residuals remain relatively constant, with a slight increase for extreme values. This dispersion
of maximum values from the median is attributed to the limited number of samples, affecting the density of
the scatter plot and the accuracy of regression. In essence, closer values in the datasets result in a stronger
correlation coefficient and intensity, indicating a more reliable regression and a stronger correlation between
the two radionuclides when standard deviation between data is minimized.

The elevated levels of 22Rn concentration in soil gas at certain locations likely stem from deep-seated
sources within permeable soil. This allows 2*’Rn to easily escape from its parent, 22°Ra, and migrate to the
soil surface. Put simply, the heightened emanation of 2>’Rn at specific measurement points correlates closely
with underlying rock types, geochemical processes, physicochemical soil properties, and the presence of
226Ra in the soil. This correlation is heavily influenced by the geological structure of the area [157], a trend
supported by previous studies [118, 158].

As depicted in Figure 2.2, the study area comprises diverse rock formations like granite, basalt, gneiss,
and trachyte, along with deposits of bauxite ores [72, 73]. Granite, extracted from quarries in Dschang and

Fongo-Tongo, likely serves as a significant source of distributed >2°Ra in the region, given its known high
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uranium, thorium, and potassium content at elevated temperatures within these rocks [42]. Consequently,

areas underlain by granitic bedrock may exhibit stronger 2?>Rn emanation.
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Figure 3.11: Map distribution of ?>’Rn and >?°Ra concentrations in soil of the study area.

Figure 3.11 illustrates the distribution map of >’Rn and *?°Ra activity concentrations in the study area,
showcasing the increasing activity concentration of >2°Ra in soil with higher proximity to 2>*Rn concentra-

tions.

3.4.2 Study of Correlations Between 2>’Rn Gas in Soil and ??Rn in Dwellings

The correlation between 2*>Rn concentrations in dwellings and soil gas was investigated based on
dwelling architecture and natural ventilation systems. Monitored dwellings were either constructed with
bare earth bricks, partially covered with cement, or entirely cemented, with varying floor types. Although
ventilation parameters were not directly measured, factors allowing good air circulation, such as open win-
dows and doors, were considered. Figures 3.12 and 3.13 display the linear regression lines and correlation

coefficients for the examined cases.
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Figure 3.12 depicts the correlation between 2*>Rn gas in soil and concentrations in earthen dwellings
(Figure 3.12-a) and cemented dwellings (Figure 3.12-b). The respective correlation coefficients were R? =
0.82 and R? = 0.73, indicating a stronger correlation in earthen dwellings. This robust correlation suggests
that measuring *?’Rn gas in soil could predict concentrations in dwellings [139]. In earthen dwellings,
high levels of ?*?Rn from unpoured soil and uncemented walls are likely due to their porosity. Conversely,
cemented walls and floors attenuate 222Rn diffusion, resulting in a lower correlation coefficient.

Similarly, Figure 3.13 displays the correlation between 2*’Rn gas in soil and concentrations in earthen
(Figure 3.13-a) and cemented dwellings (Figure 3.13-b) with excellent natural ventilation. The correla-
tion coefficients were R? = 0.54 and R? = 0.34, respectively, indicating a weaker correlation in cemented
dwellings. This is likely due to building materials like cinder blocks and cement, which significantly reduce
222Rn diffusion, leading to lower correlation coefficients.

Furthermore, Figure 3.14 shows correlations between radon, its progeny, thoron, and its progeny, as
well as between radon and thoron concentrations. Weak positive correlations were observed with correla-
tion coefficients of 0.084 (radon-radon progeny), 0.074 (thoron-thoron progeny), and 0.086 (radon-thoron
concentrations). The analysis indicated that all four concentrations are independent, suggesting it’s more
practical to measure each concentration individually rather than using one to estimate the others.

Numerous studies have shown that high 2?Rn levels in dwellings can be attributed to factors such as
architecture and geological parameters like rock type, soil porosity, and permeability [16, 17, 20, 151]. Soil
rich in uranium or radium plays a crucial role in influencing *?Rn levels indoors, while soil permeability
indicates the potential for ?*Rn diffusion from subsurface to surface [24, 118, 159]. Therefore, poorly
ventilated homes on sites with these characteristics can exhibit significantly elevated >*>Rn concentrations

if the soil is not concreted and the walls are not cemented.

3.5 Dose assessment

3.5.1 Ambien Equivalent Dose Rate (AEDR) and Annual External Effective Dose
(AEED)

To estimate the radiological impact of radiation from natural radioactivity in the area, several parameters
were determined. These include the absorbed dose rate in air at one meter from the ground surface, the
annual effective doses by external irradiation and inhalation, the radioactivity indices and the probability of
ELCR (Excess Life time Cancer Risk) and LEAR (Lifetime Excess Absolute Risk).

The AEED obtained in the laboratory ranged from 0.58 to 1.62 mSv y~!, with a mean value of 1.27 +
0.27 mSv y_l, in Fongo-Tongo; and from 0.73 to 1.46 mSv y_l, with a mean value of 1.05 = 0.17 mSv
y~!, in the Dschang locality. According to Table 3.9 the average values for the whole study area are above

the safety limit of 1.00 mSv y~! [1]. According to Table 3.10, the AEDR at one meter above ground surface
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Table 3.9: Summary of the different radiological parameters obtained in laboratory.

Locality Fongo-Tongo Dschang

Parameters  Min Max Med AMSD Min Max Med AM SD Limit
AEDR 130 265 211 207 37 119 238 172 170 31 1
Gy y~")

AEED 0.8 1.62 1.29 1.27  0.22 0.73 146 1.05 1.04 0.19 1
(mSv)

ELCR;, 1.68 3.4 271 2.67 047 1.53 3.06 221 218 04
ELCR 1.12 2.26 1.81 1.78  0.31 1.02 204 147 146 0.27
ELCR 2.59 5.66 452 444 078 2.55 511 3.69 3.64 0.66 1

ranged from 130 to 265 nGy h~! and from 119 to 238 nGy h~! at Fongo-Tongo and Dschang, respectively,
with an average of 207 + 37 nGy h~! and 170 & 31 nGy h™! for soil samples analyzed in the laboratory. It
ranged from 95 to 264 nGy h~! and from 69 to 126 nGy h~!, with a mean value of 198 4 45 nGy h~! and
96 4 14 nGy h™!, for the in situ measurement in Fongo-Tongo and Dschang, respectively. The mean values

of the current studies are all above the value set of 60 nGy h 1 [1].

Table 3.10: Summary of the different radiological parameters obtained by in situ.

Locality Fongo-Tongo Dschang

Parameters Min Max Med AM SD Min Max Med AM SD Limit
AEDR 95 264 210 198 45 69 126 94 96 14 1
(nGy y 1)

AEED 0.58 1.62 127 1.22 0.28 042 0.77 0.58 0.59 0.08 1
(mSv)

ELCR;, 1.22 34 271 2.56 0.58 0.89 1.62 1.21 1.24 0.17

ELCR 0.81 27 1.8 1.7 0.31 0.59 1.08 0.81 0.83 0.11

ELCR 2.03 567 451 426 0.97 148 2.7 2.01 207 0.28 1

3.5.2 Inhalation Effective Dose

The inhalation effective dose was calculated at the free surface of the ground, in ambient atmospheric air
and in the indoor confined air. In fact, for the case of radon gas diffused from the ground and suspended in
the atmosphere, the dose was evaluated using the radon concentrations in soil. Moreover, it was estimated
in two ways according to whether the concentrations were made with RADTRAK?® detectors or with

RADUET detectors by taking into account direct thoron progeny. On the other hand, the total inhaled dose
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is estimated each time according to the measuring instrument and the inhaled dose at the free surface of the

ground.

a — Inhalation dose due to 222Rn

Table 3.11: 222Rn inhalation effective dose to the public at the bauxite bearing areas of Dschang and Fongo-
Tongo in western Cameroon: E;, and E,,; are the indoor and outdoor inhalation doses respectively.
Ein Eou
Parameters GM (GSD) Med Range GM (GSD) Med Range
Dschang 2.7(0.4) 2.7 1.6-48 0.07(0.05) 0.06 0.05-0.24
Fongo-Tongo 3.1 (0.7) 28 1.9-78 0.06 (0.04) 0.05 0.03-0.19
Whole study 2.9 (0.8) 27 1.6-7.8 0.06 (0.05) 0.05 0.03-0.24

As presented in Table 3.11, according to RADTRAK2®, 222Rn inhalation dose in the whole study area
ranges from 1.6 + 0.5 to 7.8 & 1.2 mSv y~! with geometric mean of 2.9 + 0.8 mSv y~! Taken separately,
the 22?Rn inhalation dose in Dschang ranges from 1.6 + 0.5 to 4.7 + 1.0 mSv y~!, for Fongo-Tongo ranges

from 1.9 £ 0.6 to 7.8 £ 1.2 mSv y ! with geometric mean of 2.7 & 0.4 mSv y~! in Dschang and 3.1 & 0.7

1

mSv y~ ' in Fongo-Tongo. These average values are three to five times higher than the corresponding world

average value of 1.2 mSv y~! [1]. More than half of the homes investigated in this study have a dose greater

1

than or equal to 2.7 mSv y™'; a value twice as high as its world corresponding.

The outdoor 2??Rn inhalation dose estimated between 0.05 and 0.24 mSv y~! with an average value

1

of 0.07 mSv y~! at Dschang. At Fongo-Tongo, it was estimated between 0.03 and 0.20 mSv y~! with an

! recommended

average value of 0.06 mSv y~!. These values are well below the safety limit of 0.1 mSv.y~
by the WHO and well below the ICRP reported reference levels of ImSv y~!. The annual effective dose
associated with radon from the atmospheric surface does not pose any type of health hazard to the population
and tourists in the study area [7].

According to Table 3.12, total inhalation dose due to indoor and outdoor *’Rn ranged from 1.89 to 7.93

1

mSv y'~ with a mean value of 3.16 4= 0.54 mSv y~! in Fongo-Tongo and from 1.65 to 4.97 mSv y~! with

a mean value of 2.78 4 0.52 mSv y~!

in Dschang. These values are all above the recommended dose limit
of 1.2 mSv.y~! [1]. Figure 3.15 shows the comparison diagram of the average doses in other study areas in
Cameroon [16, 18, 20, 25, 160]. However, Fongo-Tongo records inhalation dose value higher than that of

Dschang and other ore bearing areas of Cameroon.
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b —Inhalation dose due to >>’Rn, >’’Rn and its progeny

Table 3.12: Total inhalation dose E7(mSv.y~!) from indoor and outdoor >?>Rn

Parameters Dschang Fongo-Tongo Whole study area
Range 1.65-4.97 1.89-7.93 1,65-7.93
Median 2.63 2,87 2,71

GM (GSD) 2,78(0.52) 3,16(0,54) 2,90(0.88)

The annual effective dose from exposure to >’Rn in the study area has been found to vary from 0.6 to
2.5 mSv mS y~! with an average of 2.1+ 1.1 mS y~!. Similarly, the annual effective dose due to >*’Rn and

! with an average of 3.441.3 mS y~!. Figure 3.16

its progeny has been found to vary from 0.4 to 4.7 mS y~
show the distribution of inhalation dose due to 2*?Rn, 22’Rn and their progeny. The mean contribution of
222Rn to the total inhalation dose is 40% while that of ?°Rn and its progeny is 60%.

The arithmetic mean values of total inhalation dose due to >??Rn, 2?’Rn and their progeny in dwellings

of the study area was found to be 3.44+1.3 mS y~'.

This inhalation dose received by the general public
in the study area was found to be lower than the recommended value of 10 mS y~! by the International

Commission on Radiological Protection [161]. In additional, the contributions of 222Rn and 229Rn and its
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progeny to the total inhalation dose range respectively between 9-36%, and 6-68% with the average values
of 38% and 61% respectively.

It was observed that the highest contribution to the inhalation dose of 61% stems from 2>°Rn and its
progeny and the corresponding least contribution of 38% belongs to 22°Rn. Thus, 2*’Rn itself can be ne-
glected when assessing radiation dose. Indoor 2?>Rn, 2?°Rn and progeny measurements in the Bauxique
bearing area of Fongo-Tongo are continuation of the work done in several regions of Cameroon, namely
Doula city [25], the uranium and thorium bearing regions of Poli and Lolodorf, and the gold mining areas

of Betare-Oya [162].
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Figure 3.16: Box plot of inhalation dose of 2*2Rn, 22°Rn plus its progeny and the total inhalation dose in

dwellings.

The results obtained showed a significant contribution of >Rn to the total inhalation dose. It varies from
25 to 60%, 16 to 80% and from 6 to 60% in the above study areas respectively. The corresponding average
values are 20, and 44% respectively. Looking at all these results we strongly believe that it is necessary
for the international scientific community to define a reference value for >?°Rn. Table 3.13 shows the total
inhalation dose of 2*’Rn at the ground surface and of >?Rn, 22°Rn and its progeny in dwellings of the study

area.
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Table 3.13: Total inhalation dose received by the general public of the Bauxique bearring area of Fongo-

Tongo.

parameters Indoor outdoor Total

Ern  Erntrap Er Eour Ein-+our
GM(GSD) 1.2(0.4) 1.8(0.5) 3.1(0.8) 0.06(0.05) 3.16(0.7)
AM4ASD  1.3x0.5 2.1x1.1 34x1.3 0.04x0.03 3.43x1.21
Median 1.1 2.1 3.3 0.05 3.33
Range 06-25 04-47 1-67 0.03-024 1.04-6.92

3.6 Influence of the equilibrium factor on the inhalation dose assess-

ment of 222Rn and 22°Rn

Previous studies have shown that, for a good estimation of the effective inhalation doses, 222Rn and its
progeny as well as 22°Rn and its associated progeny should be measured simultaneously at the same point. In
the current work, the inhalation dose of 2?Rn was assessed using radon equilibrium factor of 0.4 proposed
by UNSCEAR. While that of ??’Rn was determined by the experimental value of the thoron equilibrium

factor of Fr,, = 0.03 obtained at the site by direct measurement of its progeny.
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Figure 3.17: Inhalation dose due to 22°Rn and its progeny in the monitored dwellings of the study area.

The effective inhalation dose from >?°Rn and its progeny, estimated at (0.11 mSv y~!), is generally
negligible compared to that of >*’Rn and its progeny (1.15 mSv y~!) in most parts of the world according
to the ICRP [114]. However, in practice, the opposite is very often observed, as was the case in the present

study where the contribution of 22°Rn (Tn and TnP) is almost three times that of 2>*Rn. For the whole study
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area, the contribution of 2°Rn and its progeny to the total effective dose varies between 6 and 70%, with an
average value of 64% (Figure 3.17). Therefore, >>’Rn through its progeny must be taken into account in the

evaluation of the dose and health risk on inhalation in indoor air.

3.7 Risk assessment

3.7.1 Excess Lifetime Cancer Risk (ELCR)

The ELCR statistical parameters values obtained by gamma spectrometry in laboratory and in situ are
summarized in Tables 3.9 and 3.10. They ranged from 2.03x 1073 to 5.67x 1073, with a mean value of
4.44% 1073, in Fongo-Tongo; and from 1.48%x 1073 to 5x11 1073, with a mean value of 3.64x1073, in
Dschang. The mean values of ECR in Fongo-Tongo and Dschang were, respectively, 1.29 and 1.06 times
higher than 0.29 x 1073, the UNSCEAR recommended limit value [1]. However, the risk values obtained
could be overestimated if, in addition to the above risk, the risk due to radioactivity from building materials
was taken into account, because more than 70% of the houses in the area use mainly mud bricks as building

material.

3.7.2 Study of Correlations between >>’Rn Gas in Soil and >*>Rn in Dwellings

The study investigated the correlation between the concentrations of >*’Rn gas in dwellings and those
in soil gas, considering different dwelling architectures and natural ventilation systems. The dwellings were
categorized based on construction materials (earthen bricks or cement) and floor types (bare or concrete).
Although ventilation parameters were not directly measured, factors such as window and door openings
were considered for assessing air circulation in the dwellings.

Figure 3.12 illustrates the correlation between 2>’Rn gas in soil and its concentrations in earthen dwellings
(Figure 3.12-a) and cemented dwellings (Figure 3.12-b). The correlation coefficients were R? = 0.82 for
earthen dwellings and R? = 0.73 for cemented dwellings, indicating a stronger correlation in earthen struc-
tures. This suggests that measuring 2>’Rn gas in soil could predict concentrations in dwellings, especially in
earthen constructions where the porosity of soil and walls contributes to higher levels of >*?Rn.

Similarly, Figure 3.13 depicts correlations in well-ventilated dwellings, showing lower correlation coef-
ficients (R? = 0.54 for earthen and R? = 0.34 for cemented dwellings) compared to poorly ventilated ones.
This difference is attributed to materials like cinder blocks, cement, and concrete that reduce 222Rn diffusion
in well-ventilated structures.

The analysis also explored correlations between radon, thoron, and their progeny concentrations, show-
ing weak positive correlations (0.084 for radon-radon progeny, 0.074 for thoron-thoron progeny, and 0.086
for radon-thoron concentrations). Additionally, the study highlighted the influence of geological factors such

as soil richness in uranium or radium and soil permeability on indoor radon levels.
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3.7.3 Ambient Equivalent Dose Rate (AEDR) and Annual External Effective Dose
(AEED)

To assess the radiological impact of natural radioactivity, parameters like absorbed dose rate in air, annual
effective doses, and cancer risk were determined. Table 3.9 summarizes radiological parameters for different
localities, indicating that average values exceed safety limits, particularly for annual effective doses. Further

analysis in Table 3.10 shows absorbed dose rates at ground level exceeding recommended levels.

3.7.4 Inhalation Effective Dose

Inhalation effective doses were evaluated for radon and thoron gases, considering indoor and outdoor
environments. Table 3.11 presents inhalation doses due to 222Rn, which were notably higher in the study
area compared to global averages. However, outdoor inhalation doses remained within safety limits.

Total inhalation doses, including 2?*Rn, 2*°Rn, and progeny, were assessed (Table 3.12), revealing val-
ues exceeding recommended limits. Figure 3.15 compares these doses with other regions in Cameroon,

highlighting elevated doses in Fongo-Tongo.

3.7.5 Risk Assessment

Excess Lifetime Cancer Risk (ELCR) values were calculated and compared to recommended limits. The
study found ELCR values exceeding guidelines, particularly in Fongo-Tongo and Dschang, indicating poten-
tial health risks associated with radiation exposure. However, it also noted the possibility of overestimation

due to factors like building materials contributing to radioactivity.

3.7.6 Long Term ECR analysis using RESRAD-ONSITE Computer Code

As shown in Figure 3.18, the TECR calculated with RESRAD-ONSITE decreased progressively over
the years, from the maximum value of 8.58x 10~ obtained at the dates T = 1 and T = 1 year to the value of
7.41x 1073 obtained at T = 100 years before decreasing significantly. This remarkable decreasing may be
due to the self-absorption of building materials or to the process of radioactive decay [163].

Similarly, >?Ra is the major contributor to the TECR at about 70% in the first year. This contribution
decreases slightly over the years before dropping significantly after 100 years. According to Table 3.14,
the maximum value of risk due to 2?°Ra obtained at T = 10 years is 7.372x107®. The ECR due to >3>Th,
on the other hand, is inversely proportional to that of ?>Ra over the period from 1 to 40 years, where it
becomes practically constant, and the maximum value obtained at T = 50 years is 9.250x107°. As for 4°K,
its contribution to the total risk remains the smallest, but it shows some slight variations before decreasing

to zero. Similar results were observed in studies conducted in the cobalt?nickel region of Lomié in Eastern
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Cameroon [164]. Table 3.14 summarizes the TECR for initially existent radionuclides and pathways at T =

0, 1, 10, 30, 50, and 100 years.
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Figure 3.18: Long-term plotting of ECR for all exposure pathways and for each primordial radionuclide

Compute with RESRAD-ONSITE.

Table 3.14: Total ECR for initially existent radionuclides and pathways and fraction of total risk, T(Years).
T Ground Inhalation Radon Plant  Meat Milk Soil Total

0 1.74 6.32 4.89 1.56 2.24 1.44 222 8.58
1 1.74 6.32 4.89 1.56 2.24 1.44 222 8.58
3 1.73 6.32 4.87 1.55 2.18 1.42 222 8.54
10 1.72 6.30 4.81 1.53 2.06 1.36 2.20 8.43
30 1.69 6.27 4.67 1.49 1.76 1.24 2.17 8.17
100 1.60 6.18 4.19 1.38 .16 9.75 2.04 7.41

x1073 x107® %1073 x107® x1073 x10% x107° x1073

3.7.7 Long Term ECR analysis using RESRAD BUILD Computer Code

RESRAD-BUILD assessed the total risk due to radioactivity from soil used in the manufacture of bricks
as a building material. The results obtained for the different exposure routes and for each nuclide as a
function of time are summarized in Table 3.15 The maximum value of the total excess risk obtained at T =

30 years is 5.19x 1072 for all the summed routes. Similarly, the value of the total excess risk for all summed
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nuclides obtained at T = 30 years is 1.89x 1072, However, it should be noted that the external pathway is

the one that contributes the most to the total excess risk. The maximum risk value for this pathway, which

is 2.33 x 1072, was obtained at T = 30 years. Nevertheless, the decrease observed beyond 30 years for the

external route would be due to the self-absorption of building materials [56, 65, 165]. Similar results were

obtained in the work carried out in the Poli uranium region [17], in the bauxite zones of Southern Adamawa

[16], and in some localities of the Centre Region, Cameroon [56].

Figure 3.19: Long-term total excess risk for each nuclide Compute with RESRAD BUILD.
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Table 3.15: Total risk of excess cancer for all exposure detail of risks.

Time (y) T =0 T=1 T =3 T =10 T =30 T =70 T =100
External  1.57x1072  1.59x1072 1.63x1072 1.76x1072 233x107> 2.32x1072 2.30x1072
Deposition  5.15x107%  522x107° 531x107° 5.64x107° 3.68x1073 3.66x1073 3.63x1073
Immersion 4.50x107!1 4.54x1071 4.65x107!1 5.06x10710 3.68x1073 3.66x1073 3.63x1073
Inhalation 1.18x107% 1.23x107% 1.36x107% 1.76x107% 3.01x1073 2.99x1073 2.96x1073
Radon  2.20x107* 227x107* 249x10~* 3.30x10™* 4.08x1073 4.06x1073 4.03x1073
Ingestion 5.39x107%  588x107% 6.82x107%  8.39x10® 1.89x1072 1.88x1072 1.86x1072
Total 1.59x1072  1.61x107%2  1.66x1072 1.79x107%2 5.19x1072 5.15x1072 5.11x1072

The results presented in Table 3.14 show that >?°Ra is the main contributor to the TCR compared to **Th

and “°K. The risk due to 2?°Ra increases progressively with time until reaching an increasing threshold after

70 years. The occurrence of this radionuclide in high concentrations in building materials increases the
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probability of accumulation of high indoor radon concentration [110]. Figure 3.19 represents the long-term
total ECR for each radionuclide.

According to Table 3.15, the pathway that contributes most to the TCR is the external pathway. Like the
other pathways, the risk increases until it reaches a value of 2.33x 1072 at T= 30 years. similarly, the total

cancer risk also increases and reaches a value of 5.19x 102 at the same date.

3.7.8 Specific risk from radon exposure: Lifetime Excess Absolute risk (LEAR)

The bauxite bearing area of Fongo-Tongo is not yet a mining site. The activities carried out for several
years on this site reveal essentially mining exploration. For this reason, the WLM results are given as an
indication because they do not reflect the reality of the exposure of the public living in an operating mine.
In practice, this risk would be higher in these dwellings if mining activities were carried out in the area.
Nevertheless, these results may be used for future work. The results in Tables 3.5 and 3.7 show increased
concentrations of 22’Rn, 2?°Rn and their progeny in dwellings in the study area. The LEAR evaluated from
RADTRAK?® detectors varies between 0.02 and 0.11% with a mean value of 0.04% and with RADUET
detectors and thoron progeny monitors, it varies between 0.01 and 0.03% with a mean value of 0.02%
for 22?Rn and between 0.01% and 0.19% with an average values value of 0.08% and 0.007% for thoron
throughout the area; approximately 6 to 11 times higher than the world average value. These different
data obtained in the present study show that the radiological risk is relatively high for the public living
permanently in the studied area. Furthermore, many studies have shown a relationship between increased
222Rn concentrations in dwellings, smoking (active or passive) and the risk of developing a lung cancer. It
has been established that this risk is proportional to the concentration of 2>?Rn in the inhaled air and the time
of exposure [166, 167, 168]. Over a lifetime, this risk increases linearly with ??Rn exposure by about 16%
per 100 Bq m—3 [158, 169].

The results of many experimental studies carried out on animals; epidemiological studies carried out in
an occupational setting among uranium miners as well as on the general public have shown that prolonged
exposure to 22>Rn can induce lung cancer. Reports published in 2011 by the National Cancer Institute reveal
that the risk incurred by an individual living in a dwelling with radon concentrations between 200 and 400 Bq
m~3 is close to that of a non-smoker living in a passive smoking atmosphere [158]. A similar study in France
showed that 5% to 12% of lung cancer cases in a year are attributable to domestic radon [167, 170, 171].
Darby et al. showed that if one considers the absolute risk of lung cancer at age 75 years for different
concentrations of 2*?Rn in the dwelling of 0, 100 and 400 Bq m~>, this estimated risk is respectively about
0.4%, 0.5% and 0.7% for a person who has never smoked, and is nearly 25 times higher (10%, 12% and
16%) for a smoker [172].

As presented in Table 3.16, 4% of dwellings exceeded 2*?Rn concentrations of 200 Bq m—>. As for

220Rn, 17% of the houses have concentrations higher than 300 Bq m—3, while 35% of the houses exceed
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concentrations of 200 Bq m™2 in thoron progeny. Comparing the results of the present work with the above
information, it is clear that the public living permanently in the study area is significantly exposed to 2*’Rn,
220Rn and their associated progeny. When combined with the exposure to smoking of the residents of some
houses in the various sites, the risk of developing lung cancer is found to be very high for many of the
members of the public involved in the present study.

Therefore, radiation protection measures must be implemented to reduce this risk. In view of the different
results above, it appears that the risk indices related to the inhalation of 2?*Rn, 2?°Rn and their progeny in
dwellings are relatively all high. From the point of view of radiation protection, the low level of a risk
index does not imply a lack of danger because any dose of ionizing radiation has a capacity to harm health.
Everything depends on the reaction of the body to whatever dose it is subjected to Determination of depleted

uranium in environmental samples by gamma-spectroscopic techniques.

Table 3.16: Excess lifetime risk parameter for 22?Rn and 22°Rn exposure in the study area for different types

of detectors.
LEAR(%)
Detector Isotopes AM SD GM Med Range
RADTRAK?® 222Rn 0.04 0.02 0.04 0.04 0.02-0.11
RADUET 222Rn 0.02 0.01 0.02 0.02 0.01-0.03
220Rn 0.08 0.05 0.07 0.08 0.01-0.19

220Rn+%2'Rn 0.1 0.05 0.09 0.09 0.02-0.21

The various data obtained in Table 3.16 show that the radiological risk is quite high for the public living
permanently in the current study area. Several studies have shown a relationship between increased radon
concentrations in a dwelling, smoking (active or passive), and the risk of developing radiation-induced lung
cancer. It has been established that this risk is proportional to the concentration of radon in the air breathed
and the duration of exposure (Darby et al. 2005). By comparing the results of the present work with the
above-mentioned information, it is evident that members of the public living permanently in bauxite bearing
area exposed to radon. Combined with the smoking exposure of the inhabitants of some of the dwellings in
the various sites, the risk of developing lung cancer is high for many of the members of the public involved

in this study. Therefore, radiation protection measures must be put in place to reduce this risk.

Conclusion

Radioactivity measurements due to primordial radionuclides at Dschang and Fongo-Tongo show high
concentrations of 2?6Ra and 2>>Th at some points, while “°K concentrations were below the reference values

prescribed by international organizations. Similarly, the concentrations of *’Rn in soil were above the
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safety limit defined by the Swedish risk classification criterion at most of the measurement points. As
for the internal irradiation, the results of measurements obtained show important concentrations of 22’Rn
and 2*°Rn in the majority of the dwellings. Indeed, >*’Rn and >*°Rn concentrations in the dwellings were
higher than the corresponding world average values. Nevertheless, it was shown that they varied from one
dwelling to another according to some specific parameters linked to the architecture and its usage and also
according to the seasons. For their relatively short-lived 22°Rn progeny, the concentrations are high wherever
measurements have been made. However, the average effective doses and the different risk indices related
to the soil for the whole study area do not reveal a danger for the population in general. From these data, it
appears that the public living in the present study area is exposed to ionizing radiation from the primordial
radionuclides, >*’Rn and 2?°Rn. This exposure certainly originates from a combination of factors related
to the geology, geochemistry, mineralogy, geography and anthropology of the area. Therefore, the rules of
radiation protection must be observed in order to reduce this risk. Indeed, the information on the Bauxite
ore is mentioned in the "study area" section. Some additional information has been added to the revised
manuscript. Nevertheless, the presence of bauxite ores cannot be used to justify hight >°Ra and 232Th
concentration in soil or radon levels in the soil and inside the houses. Indeed, the elements that influence
radon concentrations in soil and in dwellings are well known. They are among others the permeability, the
porosity, the geology of the soil on the one hand, the climate, the type of architecture, the ventilation, the use
of these dwellings or the way of life of the populations on the other hand. Moreover, the choice of the term
Bauxite in the title of the manuscript just refers to the geological and mineralogical situation of the region

which abounds considerably of this mineral.
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General Conclusion

The study investigated correlations between 22°Ra and 22?Rn concentrations in soil, and between 22>Rn
in soil and indoor air. It also evaluated the effective dose of internal radiation and radiological parameters
like AEED and ELCR to assess population exposure levels. Concentrations of 2*°Ra, 23Th, and “°K in
soil were determined using in situ and laboratory y-spectrometry methods. 22>Rn in soil was measured with
the Markus 10 detector, while 2>’Rn, 2?°Rn, and progeny concentrations were measured in dwellings using
RADTRAK2®, RADUET, and thoron progeny monitors. RadonEye+? detectors were used to monitor
daily variations in >?*Rn levels in selected dwellings in the bauxite area of Fongo-Tongo. The study area
exhibits elevated concentrations of radium-226 and thorium-232, in line with the geological composition of
its bedrock, with average concentrations surpassing the values delineated by UNSCEAR.

Approximately 6% of residences recorded radon concentrations exceeding 300 Bq m-3, the limit recom-
mended by UNSCEAR, while roughly 12% registered thoron concentrations surpassing 500 Bq m—3, the
limit proposed by Cameroon. Fongo-Tongo, alongside the Ngaoundéré area, stands out globally for its high
thoron concentrations, drawing attention from the international community to the associated risks.

222Rn concentrations in soil ranged from 35 to 255 kBq m >, with mean values of 67 (18) kBq m~> for
the study area, 69418 kBq m ™~ at Fongo-Tongo, and 82434 kBq m~* at Dschang. The mean concentrations
of 226Ra, 232Th, and *°K in soil were similar for both in situ and laboratory methods. Compared to global
data, concentrations of >?°Ra and 232Th were relatively high, while “°K was relatively low, consistent with
bauxite ore deposits.

Indoor 2?*Rn concentrations ranged from 85 to 410 Bq m~> with a geometric mean of 152 (26) Bq
m~3, varying based on ventilation and building materials. The majority of measurement points exceeded
regulatory limits, highlighting the need for expanded radon and thoron measurements across Cameroon.

The study also revealed significant variations in 2*?Rn concentrations in soil across the area. Dwellings
constructed with dense materials like cement and concrete showed lower 22Rn concentrations and inhalation
dose due to limited diffusion of ?*?Rn.

Strong correlations were found between 2>’Rn and 2?°Ra concentrations in soil using two methods (R%>=
0.86 in situ and R?= 0.88 Laboratory). For residences with inadequate natural ventilation, significant corre-
lations were observed among dwellings constructed from earth and cement, respectively.

However, with improved ventilation conditions, these correlations notably decrease, transitioning to




medium and low levels, respectively. Good natural ventilation reduced 2>’Rn levels further, especially in
homes with well-positioned windows and doors facilitating air circulation. Earthen or brick dwellings, with
or without good natural ventilation, showed stronger correlations between 2>’Rn in soil and indoor air.

From an architectural standpoint, homes constructed from cement or concrete exhibit lower radon con-
centrations compared to those built from earth. Effective ventilation of residences emerges as a crucial
strategy for mitigating domestic radon gas accumulation.

The correlation between radium and radon is contingent upon various environmental factors, architec-
tural attributes, and the efficacy of the home’s ventilation system.

Future work includes To enhance this work, integrate a greater number of dwellings in the studied area
and expand to other localities in Cameroon. Measure radon in water and assess the dose from ingestion
of radionuclides through food and drinking water. Conduct a complete study of natural radioactivity in the

study area, considering soil contamination and transfer to biota.
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Appendix

Appendix I: Additional Material and Methods

Ambient dose rate at one meter above ground level on site
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Figure 3.20: Thermo Scientific RadEye’™ PRD detector.

The absorbed dose rate is the amount of energy released by ionizing radiation into matter per unit of mass
and per unit of time. It is expressed in Gray per second (Gy/s) or in joules per kilogram per second (j/kg/s)
in the international system, but is also commonly used in nano Gray per hour (nGy/h). The contribution of
natural radionuclides to the absorbed dose rate in air depends on the activity concentration of the radioele-
ments 2>°Ra, 232Th and *°K. The ambient dose equivalent rate at one meter above the ground surface, was
measured inside and outside of homes using a handheld radiation dose rate meter (RadEye PRD-ER). The
Thermo Scientific RadEye”™ PRD personal radiation detector can detect and locate sources of radiation
generated by man-made devices such as nuclear weapons, improvised nuclear devices (INDs), or radiologi-
cal dispersal devices (RDDs) [173]. It is a very sensitive gamma ray and dose level measurement tool. Used

to detect and locate orphan sources or problematic naturally occurring radioactive material sources in scrap




yards, borders and other public places. Designed in accordance with ANSI”™ 42.33/1, 42.32 and IEC 62401

standards, its features include.

External effective Dose

The effective dose is given by the equation
Eo(mSv.y™") = [(1 = Foee-Hous + Foce-Hin) X t (3.1)

Where E,,; (mSv.y’1 is the annual effective dose H,,; and H;;, are the average absorbed dose rates in air
at 1 m from the ground (in nGy/h) outside and inside the dwellings, respectively, and t = 8760 h (24 h x
365 d) is the exposure duration and F,. is the occupancy factor considering that an individual spends 40%

of his or her time outside of the dwellings and 60% inside.

External and Internal risk index

The localities where this study was carried out mainly use locally manufactured mud bricks as building
materials. In order to ensure that the external dose due to natural gamma radiation inside the houses from
this material does not exceed the range of internationally recommended values, the external risk indices Hy,,;
and H;, were evaluated. The external hazard index was introduced to limit radiation exposure in the samples

1

to permissible dose equivalent limit of 1.00 mSv y~" and it is assessed by the equation [1, 14, 117] :

The effective dose is given by the equation

Apa  Arn Ak
Hyyy = <1 3.2
=370 T 259 T 4810 (3-2)

The external hazard index must not exceed the limit of unity for the radiological risk to be insignificant.
The maximum value of H,,= equal to unity corresponds to the upper limit of 370.00 Bq.kg~! of 2*°Ra
[1, 117, 175). Furthermore, the deposition period of >*Rn progeny in the pulmonary is also very dangerous
[25, 118]. In order to take this threat into account and reach the normal limit of 185 Bq.kg ™!, the permissible
value for 2%6Ra is reduced by half to reach the limit of the unit. It is evaluated following equation [131, 175]:

The effective dose is given by the equation

Ara  Arn  Ag
H, — <1 3.3
" 185+259+4810 - (3-3)

The H,,; and H;, risk indices must be less than 1 mSv y’l, the unit of annual effective dose from

radioactivity in building materials.

Radiation Hazard Index

The radioactivity level index has been evaluated in order to estimate the level of dangerousness of natural

primordial radionuclides in a human body exposed to gamma radiation from these radionuclides in soil. It
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is generally used under the name (radioactivity level index) and is noted Iy . It is a very important parameter
for the quality, control and monitoring of the external effective dose due to gamma radiation accumulated in
the body. It was obtained by the following equation [118, 125] :

Apa | Arn | Ak

= < .
300 i 200 - 300 — ! 34

It is the index of nuclear energy level for external radiation due to specific activity of different natural

Iy

radionuclides in a sample [176]. Its permissible limit is Iy =1 and corresponds to 0.3 mSv y~!. It is used
to evaluate gamma radiation risk level associated with naturally occurring radionuclides. The excess alpha

radiation following radon inhalation from building materials is determined using equation [127, 128] :

Iy = —Ra < (3.5)

The upper limit of Iet is unity, because a building material with a 22°Ra concentration of less than 200

Bq kg~! cannot cause a minimum radon concentration greater than 200 Bq m—>.

Presentation of the RESRAD code family

The RESRAD family codes is being developed by Argonne National Laboratory to analyze potential
radiation exposures to humans and biota from environmental contamination of residual radioactive materials.
The codes use pathway analysis to assess radiation exposure and associated risks, and to derive clean-up

criteria or allowable limits for radionuclide concentrations in the contaminated area.

e RESRAD ON-SITE: To assess the radiation exposure of a human receptor located above soils con-

taminated by radioactive materials.

e RESRAD OFF-SITE: To assess radiation exposures to a human receptor located above or at a distance

from soils contaminated with radioactive materials.

e RESRAD-BLUID: To assess radiation exposures to a human receptor in a contaminated building or

in a building housing contaminated furniture or equipment.

e RESRAD-RDD: To assess human radiation exposures during the early, intermediate, or late phase of

the response to a radiological dispersal device (RDD) incident

e RESRAD -BIOTA For assessing radiation exposures to non-human biota, including flora and fauna,

in a terrestrial or aquatic ecosystem.
Other codes namely :

e RESRAD RECYCLE
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e RESRAD BASELINE
e RESRAD CHEM

o RESRAD ECORISK content

Descriptin of the RESRAD ONSITE code
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Figure 3.21: Physical Interface of RESRAD-ONSITE Code sofware problemes and solluion

The calculation of dose and cancer risk by the RESRAD-ONSITE code is scenario-based, using user-
specified parameter values. Nine exposure pathways are provided, which can be selected or deleted to
reflect the land use scenario and receptors considered. These nine exposure pathways are: (1) direct external
radiation from radionuclides in soil, (2) inhalation of airborne radionuclides resuspended or volatilizing (H-
3 and C-14) from soil, (3) incidental ingestion of soil, (4) ingestion of plant foods grown in contaminated
soil and irrigated with contaminated water, (5) ingestion of meat and (6) ingestion of milk produced by
livestock fed contaminated forage and water, (7) ingestion of drinking water from a well or pond adjacent
to the contaminated area, (8) ingestion of aquatic food from the pond, and (9) inhalation of radon emitted
from the contaminated soil. Input information needed for the calculation includes the characteristics of the
contamination, properties of the surface, subsurface, and saturated soil strata, site-specific meteorological,
hydraulic, and hydrogeological data, and the exposure profile of the receive.

RESRAD-ONSITE modelling accounts for radiological decay and growth as well as transport, distri-
bution, and dilution in the environment, governed by the principle of conservation of mass over time. Es-

sentially all input parameters used for the calculation can be specified by the user; therefore, the user can

95



control the level of conservatism of each calculation, and apply the RESRAD-ONSITE code for screening,

site-specific screening, or site-specific assessment purposes.

Description of the RESRAD BLUID code

|2 RESRAD-BUILD : sitel.bld = s
File View Modify Help

Case
-Case
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Figure 3.22: Physical sofware Interface of RESRAD-BUILD Code

The exposures analyzed for a receptor are considered to result from direct external radiation (from con-
taminant sources and submersion in contaminated air), inhalation of airborne contaminated dust particles,
inhalation of radon, and accidental ingestion of contaminated dust particles. The building under considera-
tion may consist of up to three rooms, with air exchange between the rooms and the outside environment.
Up to 10 radiation sources and 10 receptors can be specified in a single calculation. Radiation sources and
receivers can be located in any room, with specified coordinates and characteristics such as fraction of time
in the room, breathing and accidental ingestion rate for receivers and orientation, shape, dimensions and
erosion rate for contamination sources. Contamination sources may have point, linear, planar, or volume
geometry and may be on the surface or inside the building, equipment, or furniture. Radiation shielding
between receivers and contamination sources can be specified and is accounted for in the external dose cal-
culation. Users select appropriate values of input parameters to simulate a building occupancy scenario (e.g.,

residential and office use) or catering scenario
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Appendix II: Additional Results

Ambient dose rate at one meter above ground level on site

Table 3.17: Statistical summary of indoor and outdoor ambient dose rates and external effctive dose at the

bauxite bearing areas of Dschang and Fongo-Tongo, West Region of Cameroon.
Locality Statistical parameters Indoor (2Sv.h~')  Outdoor (?Sv.h~!)  Eext (mSv.y~!)

Dschang Range 0.05-0.08 0.04-0.10 0.40-0.77
Median 0.06 0.06 0.52
AM=SD 0.06+0.01 0.06+0.01 0.53+0.08
GM(GSD) 0.06(0.01) 0.06(0.01) 0.52(0.08)
Fongo-Tongo Range 0.06-0.14 0.05-0.24 0.4-1.52
Median 0.08 0.08 0.46
AM=SD 0.09+0.02 0.09+0.04 0.774£0.23
GM(GSD) 0.08(0.02) 0.08(0.04) 0.74(0.24)
Whole study Range 0.05-014 0.04-024 0.4-1.52
Median 0.07 0.06 0.58
AM=+SD 0.07+0.02 0.0740.03 0.63+0.20
GM(GSD) 0.07(0.02) 0.07(0.03) 0.6(0.2)

External Hazard Index

The obtained values of H,,; are presented in Tables 3.18 and 3.19. The average values are 1.48 at Fongo-
Tongo and 1.32 at Dschang. H,,; values are greater than unity, and therefore, it can be recommended to the
populations of those sites to use earth as a building construction material, except in some places where the

level of natural radioactivity is relatively high.

Internal Hazard Index

The statistical parameters from H;;, are summarized in Tables 3.18 and 3.19. The maximum values of H;,
are 2.81 and 2.04, with an average value of 1.88 and 1.68, in Fongo-Tongo and Dschang, respectively. H;,
values are also greater than unity [1]. Nevertheless, to avoid excessive internal exposure to 22”Rn in these
localities, the use of earth can be recommended as a building material, provided that there is good ventilation
and air circulation in the rooms of the dwelling. Table 3.19 Summary of the different radiological parameters

obtained in laboratory.
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Table 3.18: Summary H;;,, Hyyr 1o, 1 obtained by in situ.

Locality  Fongo-Tongo Dschang
Parameters Min Max Med AM SD Min Max Med AM SD Limit
Hi, 0.9 201 1.65 1.57 032 1.25 2.04 1.68 1.68 0.19 1
Hour 0.56 1.64 13 122 029 0.92 1.64 132 131 0.16 1
Ig 0.47 1.01 0.63 0.64 0.11 0.49 09 0.66 0.69 0.09 1
L, 0.72 212 1.67 158 0.37 1.19 212 1.7 1.69 0.21 1
Table 3.19: Summary H;,, Hyy Lo, I obtained by laboratory.
Locality  Fongo-Tongo Dschang
Parameters Min Max Med AM SD Min Max Med AM SD Limit
H;, 1.36 2.81 1.82 1.88 0.37 1.36 192 157 1.6 0.15 1
Hour 1.07 235 1.41 1.48 0.33 1.29 1.58 1.29 1.29 1.02 1
la 0.53 0.85 0.76 0.74 0.08 0.49 0.84 0.58 0.59 0.09 1
L, 1.02 211 1.66 1.64 03 0.93 1.9 136 134 0.25 1

Radiation Hazard Index
Gamma radiation Index, I,

The results obtained give maximum values of I, equal to 2.12 and 2.67 at Fongo-Tongo and equal to 2.12
and 1.90 at Dschang for in situ and laboratory measurements, respectively, which are significantly greater
than or equal to 2 to 2.7 times the maximum permissible value [1]. Similarly, the mean values of 1.69 and
1.34 at Dschang and 1.58 and 1.64 at Fongo-Tongo are also above the recommended limit.

Thus, the land in the region could be exempted from all types of restrictions with respect to radiological

risks, except at certain locations where I, is very high.

Alpha Radiation Index, I,

The average values of I, are reported in Table 3.18 and 3.19 and are below the reference limit value of
unity for both study sites. Therefore, the soil bricks made at the study sites can be used as a building material
in these two localities without exposing the inhabitant to a major risk of induction of lung cancer, because

the I is below the safety limit recommended by UNSCEAR.
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ABSTRACT ARTICLE HISTORY

The aim of the current work is to study the correlation between *Rn  Received 18 October 2022
gas in soil and indoor 2?Rn concentrations. Markus 10 and RADTRAK ~ Accepted 28 November 2022
detectors were used to measure ***Rn concentrationsat 1 mdepthin oo oon

soil 30 points and 50 3dwellings respe3ctive|y. These concentrations Markus 10; RADTRAK2®:
varied from 35 kBg m™ to 255 kBg m™ with a geometric mean of 67 RadonEye+2; radon;

(18) kBq m~3, and from 85 Bq m™ to 410 Bq m™>, with a geometric  correlation; inhalation dose
mean of 152 (26) Bq m™> respectively in the soil gas and dwellings. In

additional, 99% of the measurement points had concentrations

higher than the limit value of 40 kBq m™> according to the Swedish

criterion for risk levels; 94% of the houses had radon concentrations

higher than 100Bq m>, the reference value of the World Health

Organization (WHO). When there was not a good air flow between

the outside and the inside of the dwelling, the correlation coefficients

were R*=0.82 and R?>=0.73 respectively for the earthen and con-

crete dwellings. Under the best natural ventilation conditions, these

correlation coefficients decrease significantly. Their values were R* =

0.54 and R?=0.34 respectively for the earthen and concrete dwell-

ings. Furthermore, a RadonEye +2 detector revealed a daily 2°Rn

accumulation reaching values of 800 Bq m™ in some dwellings when

all doors and windows were closed. Architecturally, dwellings built

with sealed materials such as cement and concrete, whose do not

facilitate 222Rn diffusion and transport, have lower 22?Rn concentra-

tions and effective dose than others These results show that *?Rn

gas in soil and in confined air in dwellings are strongly correlated.

1. Introduction

Humans are naturally and permanently irradiated. There are two different sources of
ionizing radiation: one source from stars in outer space known as cosmic radiation, and
another source from the earth known as terrestrial radiation. The latter is created by the
various radioelements present in the earth’s crust [1]. Exposure to the crust sources
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depends on the soil geology. For the rich minerals ores areas, the various activities related
to the ore exploration and exploitation at these sites may lead to high risks of exposure to
naturally occurring radioactive materials (NORM) Uranium-238 (**8U) series Thorium-232
(*2Th) series, and Potassium-40 (*°K) series. *?Rn belongs to the ?*®U series and con-
tributes to about a half of the human exposure from all-natural radiation sources com-
bined [2]. 2*Rn is a natural radioactive gas. It diffuses from the rock to the atmosphere
through pores and cracks and can accumulate in confined spaces in homes [2]. Its high
levels in dwellings are a public health problem. #*?Rn is ricognized as a lung carcinogen
after tobacco [3].

Current knowledge about the risk of public exposure to **’Rn, thoron and their associated
progeny is based on a sufficiently small sample size. This is justified by the fact that *?Rn
measurements require the mobilizationof a lot of material, financial and human resources.
Even when financial and material resources are available, access to a dwelling to make
a measurement or a series of measurements of the above radionuclides is not obvious
because of the public’s reluctance or even ignorance of the health importance of these
measurements. Most of the general public is unaware of the consequences of long-term
exposure to 2?Rn. In view of the many difficulties mentioned above, it is therefore important
to find an alternative solution to make a correct estimation of the health risk induced by this
exposure to *??Rn in a house or a locality without necessarily going through field measure-
ments. Hence the study of the correlation that exists between ?*’Rn gas in soil and its
concentrations in dwellings. Indeed, knowledge of the geological structure and mineralogical
composition of a soil, the climatic conditions, the type of architecture of the houses, the way
these houses are used or the lifestyle of the inhabitants of a locality can provide an excellent
prediction of the 2?Rn exposure risks of the people living there permanently.

Many studies conducted around the world and at the uranium and thorium bearing
areas in particular have revealed high levels of natural radioactivity in the environment.
This radioactivity due to 2*U and ?*2Th varied from site to site. Similarly, 2?Rn concentra-
tions measured in soil gas varied from one region to another depending on some
parameters such as the depth of the measurement point, the geological structure of
the bedrock, the porosity and permeability of the soil [4,5]. Some of these studies even
confirmed that beyond soil porosity and permeability, >*?Rn migration from the soil to the
atmospheric surface and its accumulation in dwellings were closely related to the climatic
parameters of the region [4,6-9]. In the literature, it has also been shown that concentra-
tions of 2?Rn, thoron and their associated progeny can be high within a dwelling and
even in a region [10,11]. Several studies in Cameroon and elsewhere have also found high
levels of **?Rn in some houses. They have shown that these high **Rn, ?*°Rn and its
progeny accumulations are mainly due to the type of architecture of these houses, the
geological structure of the soil and its mineralogical composition [6,9,12].

In the current work, the objective was to study of correlation between ?*?Rn gas in soil
and its concentrations in the confined air of some dwellings. To achieve this, the
RADTRAK2® and RadonEye +2 detectors were deployed in dwellings in the bauxite
bearing area of Fongo-Tongo to measure *?Rn concentrations, and to observe its daily
dynamic variations respectively. Furthermore, the Markus 10 detector was used to mea-
sure *2Rn in soil. Finally, the correlation coefficients were estimated according to the type
of architecture of the dwellings. The external effective dose and the inhalation dose due
to 22?Rn were also assessed.
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2. Materials and methods
2.1. Study areas

The study areas presented in Figure 1 made with the ArcMAP module of ArcGlIS software
version 10.5. are located in the Menoua subdivision, Western Region of Cameroon.
Dschang and Fongo-Tongo constituting the urban core of the area. Fongo-Tongo is
known to have a large bauxite ore deposit, which has been investigated by the French
Geological and Mining Research Bureau (FGMRB) since 1950 [13].

The average altitude of the areas is approximately 1600 m. The area is located on the
south-western slopes of the Bamboutos Mountains, and is dominated by low plateaus
that are strongly dissected by small, sometimes swampy valley [14]. The climate is sub-
equatorial Cameroonian generally humid and strongly influenced by altitude. Over
the year, the average temperature of the area is 22.5°C and the average rainfall is
1364.4 mm. The vegetation is strongly influenced by anthropogenic activities and culti-
vated crops [14]. The area is characterized by several volcanic activities and volcanic
products of various facies basalts, trachyte’s, phonolites, rhyolites and ignimbrites [15].
The soils are composed of the granite and orthogenetic basement formations, hence the
name granite-gneiss complex [13,16]. The bauxite ore deposits in this area are developed
exclusively from aphyric or porphyry mid-oscine basalts. The average chemical composi-
tion of these basalts is as follows: 15.9% Al,Os, 13.5% FeO3 and 44.6% SiO, [17].

Bambouto
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Figure 1. Location of the study areas.
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2.2. Characteristics of the dwellings in the study area

The dwellings monitored were built either of earth bricks and cement. Cement dwellings
were those with concrete floors and walls built of earth or earth bricks covered with
cement, or simply cinder blocks. These dwellings had large openings so that they were
well ventilated. Nevertheless, some of these dwellings kept their openings generally
closed. In this area, farming and livestock raising are the main activities of the population.
However, the houses remain closed for most of the time during some hours of the
morning when these occupants go to their various activities and will be covered only at
their return. Nevertheless, because of the wet and cold climate prevailing in this locality,
the great majority of these dwellings use the main room as a bunkhouse, kitchen and attic
with a ceiling made of bamboo to warm up and dry the various products of their crops.

In additional, the measurements with the instruments were made during the dry
season precisely between December and February. In this study, the dwellings had one
front door and one window or two doors and several windows. The detectors were
deployed 80 cm from the walls and at a height of 150 cm from the floor surface, hanging
from a string from the ceiling of the dwellings.

2.3. Indoor *??Rn measurements

2.3.1. ??’Rn measurements using passive RADTRAK2° detector

Indoor #*2Rn measurements were performed using a CR-39 closed alpha track detector,
commercially called RADTRAK2®. Thirty detectors were deployed in Dschang and 20 in
Fongo-Tongo, for three months exposure period. After the exposure, detectors were
returned for analysis to RADONOVA laboratory in Uppsala, Sweden. The measurement
were performed according to the standard 1SO11665-4 [18]. More details on the detector
characteristics are reported by a previous study [6,19]. However, the arithmetic mean of
the *’Rn concentration measured is given by the Equation (1).

1

{C: (ng—ﬁs)m: (ng—ﬁs).w
w 1

T t.Sssump-Fe

is are the number of track recorded on the CR-39 after the exposure, n; the average
number of track due to the background radiation is given by the manufacturer t, the
sampling time, F. the calibration factor, w the correction factor related to the calibration
factor, and Sssyrp, sampling time, and the detector area used for counting the number of
traces etched in cm™ respectively.

The standard uncertainty u(c) of 222Rn concentration measurement C is given as the
Equation (2).

_ A\ 2 _
{ u(€) =/ (ng = )" + Cupy(w)

ufel(w) = urzel(FC) + U,ze/(S) )
where u, represented the relative standard uncertainty, the uncertainty in the sampling
time is not considered and is therefore considered negligible.
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2.3.2. ?22Rn variation measurements using RadonEye +2 detector

The detector can connect the data anytime, anywhere, by smartphone or computer
connected to the Internet. Indoor radon concentration is well known as one of the
main causes of lung cancer in the human body. **?Rn is a gas that circulates in the air,
so it must be monitored in real time. In addition, indoor **?Rn concentrations vary with
the seasons, day and night. As show in Figure 2 he RadonEye2+ monitors the radon level
inside your home quickly and accurately.

The RadonEye +2 is an active detector for indoor 222Bn measurement, based on the
ionization principle. It measures 222Rn levels quickly and with an accuracy lower than +10%
(min. error <+0.5pCi L™". The recorded data are automatically updated after every 10 minutes
and the recording is done after every one hour of measurement for a maximum duration of
one year. The detector operates in the range of: 10°C ~ 40°C (50°F ~ 100°F), RH < 80%; and in
the range: 0.2 ~ 255 pCi/L (7 ~ 9,435 Bq m~3). On a 0.96-inch screen, you can see the result or
progress of the measurement displayed in real time [20].

2.4. ??2Rn measurements in soil using Markus 10

222Rn gas in soil were measured at different locations with Markus 10 version 1.4. This
instrument was developed by Radanova laboratories to measure the volumic activity of

S —

RADON £ YE*

i T T

| \ o

Figure 2. Real-Time radon detector RadonEyes+2.
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222Rn in soil. It has a mass of about 3 kg, with an energy resolution of less than 16 keV (a). It
is an Ortec Ultra Silicon detector with the volum of 220 x 122 x 80 cm?®, with a pumping
capacity of 1.8 1 min~" for a duration of 30 seconds, under a limiting pressure of 0.96 bar.
The duration of a measurement is typically 12 minutes, its battery has a capacity of about
70 measurements before being fully recharged for 8 hours [21].

The depth of the sampling point is determined by the length of the probe
inserted into the ground, taking into account the location of the sampling points
on the probe handle as a reference point. When the probe is buried in the soil, the
instrument is mounted on the water seal and turned on by pressing the start
button. After it is turned on, the measurement is done in two steps. The first
step is to pump the gas from the soil into the measuring chamber. When the gas
pumping phase stops. The measuring chamber is automatically actuated and the
display starts to flash. An electric field is instantly created. It directs the radioactive
222Rn progeny, electrically charged, to the detector. The detector records the alpha
radiation from the ?*Rn progeny. The electric pulses delivered by the sensor are
amplified then filtered in the analysis channel which allows only the counting of
the pulses corresponding to the energy resulting from polonium 218. This filtering
principle makes it possible to ignore the pulses coming from polonium 214, which
are slower to occur and which can create a latent measurement background in the
chamber. The device then counts the pulses and the result is displayed on the
screen. These results are expressed in kBg.m™3 of ?*Rn gas activity. The display
flashes during the measurement phase. It stabilize to signal the measurement. More
details on the principle of the measurement are reported in the manual guide and
the previous work [19,21]. The measurement was performed following the standard
ISO [22].

2.5. Geogenic radon potential (GRP)

Geogenic *?Rn potential (GRP) is the parameter that quantifies the rate of ?*’Rn escaped
from the adjacent geological formation to the atmosphere. It is an indicator of the
potential of the soil to be a source of indoor 222pn [23]. Considering the soil of the area
as highly permeable (of the order of 107", 107"%and 10™'3), geogenic ?*’Rn potential was
assessed based on the formula proposed by Neznal, defined in Equation (3) [24-26].

GRP—__ R0 3)
—log;ok — 10

where Cg, (kBq m™) is the concentration of ?*Rn gas in soil and k (m?) is the
permeability. High average geogenic ?*?Rn potential values imply a greater potential
for 222Rn migration into the soil [27]. *?Rn-prone areas are generally classified using the
222Rn index (RI) based on geogenic *??Rn potential values. Many years of extensive
research in the Czech Republic have classified *Rn prone areas into three categories
based on geogenic ?*?Rn potential values: low Rl (GRP <10), medium RI (10 < GRP <35)
and high RI (GRP >35) [25].
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2.6. Doses assessments

2.6.1. Ambient dose equivalent rates measurements and external effective dose
assessment

The absorbed dose rate measured about one meter above the ground surface, was carried
out by the personal radiation detector (RadEye PRD-ER). It has a highly sensitive Nal(Tl)
scintillation detector with a miniature photomultiplier for gamma radiation measurement
[28]. The external effective dose is obtained by applying the Equation (4).

Eext (mSV.y_1> = [(1 - Focc)-Hout + Focc-Hint] xt 4)

where F, is the occupancy factor, Hoy: and Hi,; are the arithmetic mean of ambient and
indoor equivalent dose rates and obtained by the Equation (5);

Hour = Dout X FC
Hin = Din < Fc (5)

where D, and D;, are respectively the Dose rates outside and inside the dwellings and F.
the conversion factor.

2.6.2. Inhalation effective dose from indoor ?*’Rn
The inhalation dose from indoor 2*2Rn is given by the Equation (6).

Einh = Ainh X €inp X Foce X Feq X t (6)

Where Ainh, €inns Focer Feq and t are respectively the geometric mean of the **’Rn
concentration; the inhalation dose conversion factor of 9 nSv (Bq.h.m™3)™"; the occupancy
factor of 60%, the equilibrium factor of Fo; = 0.4 representing the default value and the
time corresponds to one year expressed in hours [1].

The equilibrium factor (Feq) determines the level of radioactive equilibrium between
222Rn, and its decay products and it is used when the equivalent equilibrium concentra-
tion (EEC) of #*?Rn decay products is not directly measured. The occupancy factor (Foco) is
estimated at 60%, or 14 hours per day according to the lifestyle in tropical area.

2.6.3. Inhalation dose from outdoor ?’Rn concentration

Estimation of 222Rn in soil gases and in the atmosphere has been proposed as a tool for
many research purposes such as uranium exploration, earthquake prediction, ground-
water transport and geothermal resource assessment [29]. If the soil is sufficiently porous,
diffusion proceeds as if the soil were absent. From production to exhalation into the
atmosphere [30], **’Rn concentration C'g, (Bq m~3) in air near the ground surface is
estimated by the Equation (7) [19,31]:

d
C;?n = ng D 7)
Where Cyq is **’Rn concentration gas in soil in kBq m™, d is the exhalation diffusion
constant (=0.05cm? s~") and D is the diffusion coefficient (5 x 104 cm? s™").
The annual inhalation dose E;,;, (MSv) from outdoor 22?Rn received by the public is
therefore calculated using the Equation (8) [1].
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Eip = Chy X Foce X Feq X Fc X t (8)

Where E';, is the inhalation dose form outdoor **’Rn concentration that received by the
public, Foq is the equilibrium factor (Feq = 0.6), Focc = 0.4 is the outdoor occupation factor per
individual, and Fc is the dose conversion factor for 2*?Rn exposure 9 nSv (Bq h m™3) ' [11.

3. Results and discussion
3.1. ?*2Rn concentration distribution using RADTRAK2° detector

Indoor **?Rn were determined in 50 dwellings monitored in the area, 30 in Dschang and
20 in Fongo-Tongo. Table 1 summarises the main results observed. It shows that, indoor
222Rn ranges from 85 Bq m™> to 410 Bq m > with a mean value of 152 + 26 Bq m™. indoor
222Rn in Dschang and Fongo-Tongo ranged from 85 to 250 Bq m™> and from 98 to 410
Bgm™3, with a value mean of 144 + 24 and 166 + 31 Bq m ™ respectively. The study shows
that the average 2*?Rn concentration in these regions is higher than the world average
values of 30 Bq m™3 [1].

This high #*?Rn level can be justified by the type of architecture of these dwellings,
which are mostly built with mud bricks. The ???Rn exhalating from these building
materials would probably contribute to the increase of the indoor *?°Rn level. These
high 222Rn concentrations in earthen houses when the walls and the floor are not covered
with cement can be justified by the fact that: the radon gas, permanently trapped in the
earth which constitutes the building material, diffuses easily and escapes to concentrate
inside the poorly ventilated houses. In addition, the persistent cold and damp conditions
of the region’s climate force the inhabitants to keep the openings of their dwellings
permanently closed [32]. This reduces the exchange of air between the outdoor and
indoor of their homes and therefore further promotes the accumulation of 22Rn gas [33].
As well as the lack of waterproofing of the ground for the majority of the monitored
dwellings are not less. In fact, the bare floor of these dwellings does not attenuate the rate
of exhalation of **Rn following its emanation in the ground. The high concentrations of
222Rn and the variation observed from one monitored dwellings to another and from one
site to another are closely related to the geological structure of the area, the ventilation
parameters, the atmospheric and climatic constraints, the architecture and the lifestyle of
the people living in those houses [34].

According to Figure 3, 6 % of the monitored dwellings had ???Rn concentration above
the reference value of 100 Bq m™> recommended by the World Health Organization [3].
The large number of houses had ?*’Rn concentration between 100 and 200Bgq m™.
Similarly, 6% dwellings had indoor #*?Rn above 200 Bq m™>. And another 6% of these

Table 1. Summary of the results of 22?Rn survey using RADTRAK2®

detectors.
222pn Concentration (Bq m™)
Locality GM (GSD) Median Range
Dschang 144 (24) 140 85-250
Fongo-Tongo 166 (31) 150 98-410
Whole study Area 152 (26) 140 85-410

GM: geometric mean, GSD: geometric standard deviation.
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Figure 3. Boxplot distribution of indoor ?*?Rn at the different site and the whole study area.

monitored dwellings have a **?Rn concentration higher than 300 Bq m™>. Figure 3 shows
the Boxplot distribution of the monitored areas and the whole study area.

Furthermore, the soils in this area are of the andic, ferrallitic, trachytic, granitic and
basaltic type with a matrix that rests on an extensive and thick loose mantle developed on
trachyte that generally forms a differentiated geological profile. In addition, they present
a porous and permeable structure [14,35,36]. In the literature, it is shown that some types
of rocks such as granite and basalt can have high uranium contents [9,37]. Similarly, there
is a good correlation between the climate, the architecture, the mineralogical and
geological structure of the soil of an area, the way of life of the populations and the
concentrations of radon in the dwellings [9]. Therefore, a soil rich in uranium is also rich in
radium and radon. Porous and permeable soils such as those in the bauxite zones of
Fongo-Tongo also facilitate the diffusion and migration of radon to the free surface. Some
studies conducted in the present study area have revealed elevated concentrations of
radium-226 and radon-222 in the soil [38]. In addition, these studies have shown that
there is a correlation between radium-226 and radon-222 concentrations in soil. During
the measurement period, the population was working in the fields on a daily basis and
generally kept their homes closed. This favours an accumulation of gas inside the houses
[6,9,19]. Thus, the high concentrations obtained in the present study can be justified by
the different geological, climatic and anthropological elements presented above.

Table 2 compares ?*2Rn concentration measured in the current study to those reported
in previous works. These levels can reach maximum values two to three times the
maximum value obtained in this study [7,39-41]. Indeed, references report higher max-
imum 222Rn levels than those of the areas we studied, but they are substantially in the
range of 400 to 600 Bq m™ [7,42,43].
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Table 2. Comparison of the results of the current study with those obtained in other countries.

222Rn concentration (Bq m™)

Country Area GM Range References
Canada Ottawa 72+2 8-1525 [39]
China 58+2 12-427 [42]
Hungary Great Hungarian Plain 166 45-609 [40]
Kovagoszolos 17-1083 [41]
North Macedonia 114 30-535 [43]
South Africa West - 28-465 [44]
Cameroon Lolodorf 89+2 26-976 [9]
Lomié 58+24 27-300 [19]
Southern Adamawa 102 £ 21 43-270 [6]
Fongo-Tongo 152+26 85-410 Current study

GM: geometric mean.

3.2. Indoor ?*?Rn variation by RadonEye +2

It has been shown that indoor *?Rn varies with the seasons [45]. However, it has also been
shown that the indoor *’Rn concentration varies throughout the day depending on the
rate of air exchange between indoor and outdoor environments. Figure 4 shows daily
dynamic variation of indoor ?*2Rn in the different monitored dwellings of the area. These
are chosen according to specific construction characteristics observed and are repre-
sented by different colours. The nature of the different dwelling types has little significant
influence on indoor ?22Rn in this case, although other studies report almost the same
finding [46]. However, in the case of dwellings with good natural air circulation, the ?*°Rn
concentration level decreases considerably for these different types of architecture. These
results show that the accumulation of 2*?Rn gas in the home from the soil is clearly

influenced by the natural ventilation system and the daily occupancy patterns of the
home.
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Figure 4. Daily dynamic variation of “?Rn concentrations in some dwellings: in soil and bare ground

(a) in soil and concrete ground (b) the graphs in red and blue represent the state of well-ventilated
and poorly ventilated dwellings respectively.
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Figure 5. Daily dynamics variation of 22Rn concentrations in some dwellings: cemented walls and
bare soil (c); cemented walls and concrete soil (d). The graphs in red and blue represent the state of
well-ventilated and poorly ventilated dwellings respectively.

Nevertheless, the observed difference would probably be related to tightness of
floor, which would however reduce the gas rate emanation in some dwellings. In all
cases, we observe variations of 22?Rn level taken at intervals of one hour each for
about twenty-four hours. We then observe that indoor ?*Rn accumulation reaches
considerable peaks during the night and even during the day when the occupants
go about their business while the openings (doors and windows) of the house are
totally closed, decreasing the ventilation of house and thus favouring a greater
accumulation of gas [2].

Figure 5 shows that indoor radon accumulation decreases considerably when the
dwellings are made which the cemented walls and concrete soil. Theses reduce radon
exhalation to the ground surfaces of the houses.

3.3. 222Rn concentration in soil

222Rn concentrations at 1 m thickness in soil, presented in Table 3, ranged from 35 to 202
kBg m~> with a mean value of 69 + 8 kBq m™2 in Fongo-Tongo and from 48 to 255 kBq m™>
with a mean value of 82 + 14 kBq m~ in Dschang. Table 3 shows that more than half of
the sampled points have **?Rn concentrations greater than or equal to 62 kBq m™ in
Dschang and 69 kBq m™2 in Fongo-Tongo. These values are high according to the Swedish
risk assessment criteria [47].

The difference between %2Rn gas in soil from one location to another may be due
to geological and mineralogical constitution of the soil of the area [48]. furthermore,
variation of ??°Rn gases in soil from one point or one site to another can also be
justified by the diversity of underlying rocks [49]. That is, to geological constitution,
geochemical process in soil, to porosity and to emanation rate gas of the area
[25,43,50]
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Table 3. Statistical parameters of 2>Rn concentration in soil at the
bauxite bearing area of Fongo-Tongo and Dschang.
222Rn in soil (kBq m~3)

Locality GM (GSD) Median Range
Dschang 82 (14) 62 48-255
Fongo-Tongo 69 (8) 53 35-202
Whole study area 67(18) 57,6 35-255

Table 4. Statistical parameters of exhalation rate and geogenic 2*?Rn potential for the investigated
sites.

Geogenic 222" potential

Statistical parameters a(Bgm3s) E (Bg.m2s) C (Bqgm™) k=10"" k=10""2 k=10""
AM 0,1587 0,033 75,6 75,6 37,8 25,2
SD 0,1012 0,021 48,2 48,2 24,1 16,1
GM 0,1401 0,029 66,7 66,7 334 223
GSD 0,1029 0,022 48,9 48,9 24,5 16,3
Median 0,1210 0,025 57,6 57,6 28,8 19,2
Min 0,0725 0,015 35 35 17,25 1.5
Max 0,5351 0,112 255 255 127,4 84,9

a: Production rate, E: Exhalation rate, C: 2*2Rn emanation

3.4. Geogenic radon potential (GRP)

To protect population from 2??Rn exposure, it is necessary to analyse ?*Rn in all
sources (soil, water, food, building materials...), so that action plan take into
account the identification of areas prone to generate high levels of indoor ?*°Rn.
That is, 222Rn risk areas.

Table 4 shows the geogenic ?*Rn potential values have been assessed from the
222Rn concentration and the permeability in the soil in the order of k=10""" ms™',
k=10"" ms™" and k=10""3 ms™' [24]. According to the Czech Republic classifica-
tion to regions with 2*Rn potential in soil, 100%, 26.7% and 13.3% of the measure-
ment points have a *?Rn index with a GRP greater than 35 for permeability values
of k=10""" ms™!, k=10""2 ms™" and k=10""> ms™' respectively. The various
sampling points allow the region to be classified as a moderate 2?Rn risk area. It
shows that, the GRP increases with soil permeability. This permeability is therefore
a fundamental parameter to determine the mobility of ???Rn in the soil [25].
Indeed, the presence of a soil with high permeability can imply a strong diffusion
of ???Rn to the atmosphere and can be strongly influenced by the geological
characteristics of the area [27,51].

However, for geogenic reasons, such as the radium or uranium content of the
rock, the permeability of the rock, and also faults related to 2*’Rn mobility, the GRP
indicates a probability of accumulation of ?*Rn concentrations in dwellings depend-
ing on its type of architecture and its usage. Classification using the ?*Rn index (RI)
based on the values of geogenic **?Rn potential allows us to appreciate the correla-
tion between ???Rn concentrations in the soil and those in homes [25]. Studies have
shown that there is a relationship between *??Rn concentration in soil gas and the
underlying geology [52,53].



INTERNATIONAL JOURNAL OF ENVIRONMENTAL ANALYTICAL CHEMISTRY 13

3.5. Correlation between ?*’Rn gas in soil and ?*?Rn in dwellings

The correlation between ???Rn concentrations in dwellings and 2?Rn concentrations in soil gas
was studied according to the type of dwelling architecture and its natural ventilation system.
The monitored dwellings were made of bare earth bricks, or covered with cement for some
and exclusively with cement for others. Similarly, the floors of these dwellings were either bare
or covered with concrete. The ventilation parameters were not measured. Nevertheless, the
openings (windows and doors) that allow a good air circulation in a dwelling have been taken
into account. Figures 4 and Figure 5 show the different linear regression lines and the
correlation coefficients obtained for the cases investigated.

Figure 6 shows the correlation between ?*?Rn gas in soil and its concentrations in earthen
dwellings (Figure 6(a)) on the one hand, and between %?*Rn in soil and its concentrations in
cemented dwellings (Figure 6(b)) on the other hand. Their correlation coefficients were
respectively estimated at R*=0.82 and R?>=0.73; this correlation is stronger in the case of
earthen dwellings. This strong correlation indicated that, measuring 2*Rn gas in soil may be an
alternative to predict ???Rn concentrations in dwellings [53]. In fact, in the dwellings, ?Rn from
unpoured (or concreted) soil and uncemented earthen (or earthen brick) walls are found at
high levels. This is certainly due to the porosity of the soil and walls. In contrast, when the walls
are cemented and the floor is poured (concrete or tiled), 222pn diffusion is considerably
attenuated; this is due to the compactness of the cement and the concrete. Hence
a correlation coefficient lower than the first.

Similarly, Figure 7 shows the correlation between 2*Rn gas in soil and its concentra-
tions in earthen dwellings (Figure 7(a)) and, that between 2??Rn in soil and its concentra-
tions in cemented dwellings (Figure 7(b)). Furthermore, the dwellings in the two cases
above are very well ventilated. Their correlation coefficients were respectively assessed at
R?=0.54 and R?=0.34; this correlation is lower in the case of the cemented dwellings.
This is certainly due to the cinder blocks, the cement covering the earthen walls and
bricks, and the concrete on the floor. Indeed, these types of building materials (cinder
block, cement and concrete) considerably reduce the diffusion of indoor 22%Rn.

250
E:rthen dwellings a) 2504 Concrete dwellings b)
R’=0.82 R?=0.73
~200 L
E §zoo -
3 o
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-§ g 150 -
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£ 100 4
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Figure 6. Correlation between 2??Rn gas in soil and these concentrations in dwellings with poor
natural ventilation: earthen (a) and concrete (b).
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Figure 7. Correlation between ?*’Rn gas in soil and its concentrations in dwellings with the best
natural ventilation: earthen (c) and concrete (d).

Compared to the values presented in Figure 6 above-mentioned, the correlation coeffi-
cients in Figure 7 are generally lower. In fact, under the best natural ventilation, **’Rn gas in
home is largely carried by the wind from inside the house to the outside. The proportion of
222Rn in this type of dwellings after exhalation from its matrix and by transport in the air, is
found at low levels of concentration. This considerably reduces the correlation coefficient
between *??Rn concentrations in soil gas and those in these dwellings.

Many studies carried out elsewhere have shown that high 2**Rn in dwelling can be justified
by its architecture and some geologic parameters such as rock type, soil porosity and perme-
ability [6,7,9,43]. This means that uranium or radium rich soil is a very important parameter that
can influence #*?Rn levels in a home. Similarly, soil permeability is a good indicator of the
potential for 2R diffusion from the subsurface to the free surface of the earth [4,54,55]. Thus,
a poorly ventilated home built on a site with the above characteristics will have very high >*’Rn
concentrations if its soil is not concreted and its walls cemented.

3.6. Equivalent dose rate and external effective dose

Figure 8 presents the scatter plot between ambient dose equivalent rate and ?*’Rn
concentration in dwellings in the study area. The Pearson correlation coefficient less
than 3% was obtained, and it shows that ambient dose equivalent rate is independent
of 2*?Rn gas concentration in the study areas. Furthermore, the ambient dose equivalent
rate values measured were in the range of the Country’s background. The maximum value
of the ambient dose equivalent rate measured was 0.14 uSv h™' is obtained for a value of
222Rn gas concentration of 100 Bq m~ which is less than 166 + 31 the average value of
indoor *??Rn distribution in the study areas.

According to Table 5, indoor and outdoor ambient dose equivalent rates range from
0.05 to 0.14 pSv h™" and from 0.04 to 0.24 uSv h™' respectively with a geometric mean of
0.07 +0.03 pSv h™". External effective dose ranges from 0.4 to 1.52 uSv h™' with geometric
mean of 0.60 + 0.20 uSv h™" for the study areas. The annual effective dose from external
radiation ranges from 0.40 to 0.77 mSvy ' Dschang and from 0.46 to 1.52 mSv y ™' in
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Figure 8. Scatter plot between ambient equivalent dose rate and 222Rn in the dwellings of the at the
bauxite bearing areas of Dschang and Fongo-Tongo, Western Cameroon.

Table 5. Statistical summary of indoor and outdoor ambient dose rates and external effective dose at
the bauxite bearing areas of Dschang and Fongo-Tongo, West Region of Cameroon.

Locality Statistical parameters Indoor (pSv.h_1) Qutdoor (pSv.h_1) Eext (mSv.y_1)
Dschang Range 0.05-0.08 0.04-0.10 0.40-0.77
Median 0.06 0.06 0.52
AM £ SD 0.06 +0.01 0.06 +£0.01 0.53 +£0.08
GM(GSD) 0.06(0.01) 0.06(0.01) 0.52(0.08)
Fongo-Tongo Range 0.06-0.14 0.05-0.24 0.4-1.52
Median 0.08 0.08 0.46
AM £ SD 0.09 +0.02 0.09 +0.04 0.77 £0.23
GM(GSD) 0.08(0.02) 0.08(0.04) 0.74(0.24)
Whole study Range 0.05-014 0.04-024 0.4-1.52
Median 0.07 0.06 0.58
AM £ SD 0.07 £0.02 0.07 £0.03 0.63 +£0.20
GM(GSD) 0.07(0.02) 0.07(0.03) 0.6(0.2)

AM: Arithmetic Mean, SD Standard Deviation, GM: Geometric Mean, GSD: Geometric Standard Deviation

Fongo-Tongo with a geometric mean of 0.52 +0.08 mSv y~' for Dschang, and 0.74 + 0.24
mSv y~' for Fongo-Tongo. These values are higher than the world average values of 0.5
mSv y~' for the exposure to the terrestrial radiation [1]. However, exposure to external
radiation sources in the region is not critical.

3.7. Inhalation doses due to ?*?Rn

As presented in Table 6, **?Rn inhalation dose in the whole study area ranges from 1.6 + 0.5 to
7.8+12 mSv y 'with geometric mean of 29+0.8 mSv y~' Taken separately, the *?Rn
inhalation dose in Dschang ranges from 1.6 + 0.5 to 4.7 = 1.0 mSvy ™, for Fongo-Tongo ranges
from 1.9+ 0.6 to 7.8+ 1.2 mSv y~' with geometric mean of 2.7 0.4 mSv y~' in Dschang and
3.1+0.7 mSvy ' in Fongo-Tongo. These average values are three to five times higher than the
corresponding world average value of 1.2 mSv y™' [1]. More than half of the homes
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Table 6. 2*?Rn inhalation effective dose to the public at the bauxite bearing areas of Dschang and
Fongo-Tongo in Western Cameroon: E;,; and E,; are the indoor and outdoor inhalation doses

respectively.
Inhalation dose E (mSv y™)
Ein Eout
Parameters GM (GSD) Med Range GM (GSD) Med Range
Dschang 2.7 (0.4) 2.7 1.6-4.8 0.07 (0.05) 0.06 0.05-0.24
Fongo-Tongo 3.1(0.7) 2.8 1.9-7.8 0.06 (0.04) 0.05 0.03-0.19
Whole study 2.9 (0.8) 2.7 1.6-7.8 0.06 (0.05) 0.05 0.03-0.24

Table 7. Total inhalation dose due to indoor and outdoor 22%Rn at the bauxite

bearing areas of Dschang and Fongo-Tongo.

Total inhalation dose E; (mSv y"‘)

Parameters Dschang Fongo-Tongo Whole study area
Range 1.65-4.97 1.89-7.93 1,65-7.93
Median 2.63 2,87 2,71

GM (GSD) 2,78 (0.52) 3,16 (0,54) 2,90 (0.88)
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Figure 9. Comparative doses of the current study with dose in other mining potential areas of

Cameroon.

investigated in this study have a dose greater than or equal to 2.7 mSvy ™ '; a value twice as high

as its world corresponding.

The outdoor **?Rn inhalation dose estimated between 0.05 and 0.24 mSv y~' with an
average value of 0.07 mSv y~' at Dschang. At Fongo-Tongo, it was estimated between
0.03 and 0.20 mSv y~' with an average value of 0.06 mSv y~'. These values are well below
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the safety limit of 0.1 mSv.y™' recommended by the WHO and well below the ICRP
reported reference levels of TmSv.y~'. The annual effective dose associated with radon
from the atmospheric surface does not pose any type of health hazard to the population
and tourists in the study area [3].

According to Table 7, total inhalation dose due to indoor and outdoor #?Rn ranged
from 1.89 to 7.93 mSv y~' with a mean value of 3.16 + 0.54 mSv y~' in Fongo-Tongo and
from 1.65-4.97 mSvy~' with a mean value of 2.78 + 0.52 mSv y ™' in Dschang. These values
are all above the recommended dose limit of 1.2 mSv.y ™' [1].

Figure 9 shows the comparison diagram of the average doses in other study areas in
Cameroon [6,8,9,56,57]. However, Fongo-Tongo records inhalation dose value higher than
that of Dschang and other ore bearing areas of Cameroon.

4. Conclusion

Exposure to natural radioactivity and radon (ggRn) in particular with its progeny is
a public health problem. The challenge is often to protect against the harmful effects
of this radioactivity. This protection begins with radiological monitoring in the
environment. The radioactive source responsible for the exposure must be identified.
The deployment of detection and measurement equipment is often not easy in the
field because of the reluctance of some members of the public. They remain
suspicious of strangers and their equipment. Moreover, access to the equipment
and the descent on the field of study sometimes require the mobilization of many
logistic, financial and human means. In the particular case of indoor (ggRn) monitor-
ing and its associated progeny, the lack of awareness and ignorance of the public on
their carcinogenic effects makes the deployment of the various detectors in the
dwellings even more difficult. A radon hazard prediction technique such as the one
proposed in this study can therefore be an effective way to overcome the above-
mentioned difficulties. It is based on the existing climatic, geological, mineralogical
and anthropological characteristics of a locality. The current study carried out in the
bauxite bearing areas of Fongo-Tongo, it investigated the correlation between ?*?Rn
in the soil and its concentrations in the confined air of dwellings. In addition, the
effective dose from internal radiation was evaluated. The Markus 10 and RADTRAK
detectors were used to measure *??Rn concentrations in soil and in dwellings,
respectively. The results obtained show that the soil gas in the current study is
very rich in **?Rn in some places. Architecturally, dwellings built with sealed materi-
als such as cement and concrete, whose do not facilitate 222Rn diffusion and trans-
port, have lower 222pn concentrations and inhalation effective dose than others.
These concentrations are even lower in dwellings with many doors and windows
regularly opened and well positioned in relation to the wind movement so that the
air coming from outside can permanently expel the air highly concentrated in 2*°Rn
present inside. Therefore there is a good correlation between ?*?Rn in the soil gas
and ?*?Rn concentrations in the confined air of a house. The coefficient of this
correlation varies considerably with the geological and mineralogical constitution
of the soil, the building material, the air circulation conditions between the outside
and the inside of the dwelling and the way it is used.
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Simple Summary: This paper presents a study of radioactivity in soil that included an assessment of
radiological risk parameters and long-term health risks from exposure to naturally occurring radionu-
clides in soil at the bauxite-bearing area of Fongo-Tongo in Western Cameroon. The radionuclides
measured in the soil had concentration values above the recommended limits. However, the total
long-term excess risk at the site decreased progressively over the years, and the maximum value of
8.58 x 1073 was obtained at T = 0 years. In addition, the external pathway is the largest contributor
to the total excess risk assessed inside the building. The maximum risk value for this pathway, which
is 2.33 x 1072, was obtained at T = 30 years before decreasing sharply thereafter.

Abstract: The aim of the current work was to study natural radioactivity in soil and the correlation
between 2??Rn and ??°Ra in the ground and to assess the onsite and indoor long-term excess cancer
risk at the bauxite bearing area of Fongo-Tongo in Western Cameroon. 2?’Rn was measured in
the ground at a depth of one meter, using Markus 10 detector. 226Ra, 232Th, and “K activity
concentrations were measured in soil by two techniques, in situ and laboratory gamma spectrometry.
The mean values of 2?Rn concentrations in the ground were 69 + 18 kBqm 2 for Fongo-Tongo and
82 + 34 kBq m~? for the locality of Dschang, respectively. The mean values of 2°Ra, 2>2Th, and
40K activity concentrations obtained with in situ gamma spectrometry were 129 £ 22, 205 & 61, and
224 4 39 Bq kg‘1 for 226Ra, 32Th, and 49K, respectively, and those obtained by laboratory gamma
spectrometry were 129 £ 23, 184 + 54, and 237 + 44 Bq kg_l, respectively. A strong correlation
between 222Rn and 22°Ra activity concentrations determined by in situ and laboratory measurements
(R% = 0.86 and 0.88, respectively) was found. In addition, it is shown that the total excess cancer risk
has a maximum value of 8.6 x 1073 at T = 0 year and decreases progressively in the long term. It is
also shown that 226Ra makes a major contribution, i.e., above 70%, to the total excess cancer risk.

Keywords: radium-226; radon-222; life excess cancer risk

1. Introduction

Areas with high mining potential generally represent a very interesting field for
environmental monitoring before, during, and after mining. In the case of the sites hosting
not-yet-exploited ore deposits, activities related to exploration led to the transfer of soil
from underground to the ground surface. This action could lead to the environmental
pollution by natural radioactive materials, increasing the exposure level of inhabitants to
natural radiation. Moreover, human exposure to natural radiation sources is ubiquitous
and inescapable. Radionuclides in the earth’s crust vary from one environment to another,
depending on the soil and geological profile [1]. The content and type of radioelement
depend, therefore, on the bedrock [2—4]. A long exposure to the natural radionuclides
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(**°Ra, 232Th, and *°K) is mainly responsible for some cancers and sometimes for the effects
of genetic mutations. They constitute a real threat to human health [5-7].

Many investigations on natural radioactivity have been made in the world [8-10]. The
investigation conducted in Cameroon revealed the occurrence of high levels of radioactivity
in some specific areas of the country [11-13]. These high radioactivity levels are more
localized in areas with uranium, thorium, and bauxite mining potential. It is the case
of the natural radioactivity measurements made in Poli and Lolodorf, Douala, Fongo-
Tongo, Dschang, and Ngaoundal [13-15]. They revealed high 23817, 232Th, and %K activity
concentrations in soil compared to their corresponding world levels, as well as 2?Rn
and ??°Rn concentrations in dwellings above the WHO reference level [12,16-18]. These
mentioned studies showed that the 2?Rn level in homes depends considerably on the
type of architecture, geological structure, and mineralogical composition of soil of the
area [16,19]. A good correlation between 233U and 2*2Th activity concentrations in soil with
222Rn and ??°Rn in dwellings was found in the areas, respectively [20,21].

However, these studies have not specifically examined the correlation that may exist
between 222Rn and 2?°Ra activity concentrations in soil. 2?2Rn is a direct progeny of 22°Ra [1].
Therefore, its concentration in soil should be proportional to that of the direct parent, >*°Ra.
222Rn measurement was performed by using a MARKUS 10 detector to a depth of 1 m in
the ground. The determination of the activity concentrations of 22°Ra, 2>2Th, and *°K in
soil was performed with a Nal (TI) gamma spectrometer. In addition, the ?>’Rn and ?*°Ra
activity concentrations determined by in situ and laboratory measurements are strongly
correlated, and these correlation coefficients were determined. Radiological parameters
(AEED, Raeq, Hin, Hex, ELCR, 1y, and I«) were determined to assess the level of public
exposure to natural radioactivity in the area, and a map of the distribution of ?2Ra and
222Rn concentrations in soil was established.

2. Materials and Methods
2.1. Study Areas

The area is located on the mountainous chain region of the Western Cameroon, specifi-
cally at the southwestern flanks of the Bamboutos Mountains [22]. The climate of the area
is sub-equatorial, Cameroonian type, cold and humid, characterized by a long rainy season
(March-November) and a short dry season (December-February). The average temperature
and rainfall in the area are 22.5 °C and 1364.4 mm over the year, respectively [23,24]. The
soils are Andic type, ferrallitic, trachytic, granitic, and basaltic [22,24,25].

This area is underlain by an extensive and thick loose mantle developed on trachyte and
generally forms a differentiated geological profile, including the presence of deposits formed
by new bauxite minerals; it was discovered in 1957 by BUMIFOM prospectors [26,27]. This
locality is one of the main bauxite deposit sites in the western region of Cameroon. Its
potential is estimated at 45 million tons and is a part of the major geological reserves of
Cameroon [26,28]. Figure 1 shows a geological map of the study area.
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Figure 1. Soil characteristics map of the area.

2.2. Natural Radioactivity Measurements
2.2.1. Radioactivity Measurements in Laboratory

A total of twenty-seven soil samples (fifteen in Dschang and towel in Fongo-Tongo)
were randomly collected for a depth between 0 and 5 cm. The samples were collected,
crushed, and then dried at 100 °C for 48 h to remove moisture and mold. Then they were
crushed and filtered to a size of 1 mm, transferred to Marinelli containers of 500 cm? each,
tightly closed, and stored for at least 28 days to reach secular equilibrium between ?2?Rn
and its decay products [29,30].

226Ra, 232Th, and *°K activity concentrations were obtained by using a Nal (TI) scin-
tillation spectrometer Model 802 with a crystal size of 7.6 cm x 7.6 cm and a resolution
of 7.5% at 661.6 keV, with a 1024-channels multichannel analyzer. It was calibrated in
energy with reference sources containing 60Co (1173.23 and 1332.5 keV), 133Ba (383.9 keV),
5¥Mn (834.9 keV), ?Na (511 and 1274.5 keV), and '¥"Cs (661.6 keV) from the IAEA and in
efficiency by a multi-energy standard analyzed under the same experimental conditions
as the samples [31,32]. This standard is a blend of different radioactive sources, forming
an energy range from 59.54 to 1836 keV [® C (1173.2 and 1332.5 keV), ¥ Cs (661.6 keV),
152 Ey (14075, 1112, 964.079, and 778.9 keV), K (1460.8 keV), 1¥Cs (661.6 keV),
208T] (2614.4 keV), and 2% Ac (940.1 keV)].

After reaching secular equilibrium between ?*2Rn and its progeny, a gamma-ray line
at 609.3 KeV of 214Bi was considered to determine the activity concentration of ?2°Ra, and
a gamma-ray line at 969 KeV of 22 Ac used to determine that of 2>’Th [33]. The spectra
analysis was carried out by using GENIE 2000 (Canberra) software. 22°Ra, 232Th, and 4°K
activity concentrations in soil were determined by the following equation [17,34,35]:

Np
A =
te x I, (Ey) x e(Ey) x M

)
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where Np is the number of counts in a given peak area at energy, E; ¢(Ey) the detection
efficiency at energy, E; t. is the counting time of 100,000 s; L, (E ) is the number of gamma-
rays per decay of that nuclide at energy, E, and M, the mass in kg, of the sample. The
uncertainty on the activity concentration (AA) was obtained by the following equation [36,37]:

AA ANp\? | (AL \? | (Ae\? | [AM)?
A:\/< o) () () () @
Np I, € M
where AN, Al,, Ag, and AM are the uncertainties in the count rate, emission probability
found in the nuclear data tables, efficiency, and sample mass, respectively.

2.2.2. In Situ Radioactivity Measurements

They were performed simultaneously with sampling for laboratory analysis. Those
measurements were made randomly at different points of the area with NucScout detector
(portable Gamma Identifier-Quantifier—Dose Rate Meter) version 2018. It was installed
one meter above the ground surface on a dry wooden stand. The measurement on a sample
point took 45 min [38].

The NucScout is a high-sensitivity Na (Tl) gamma detector, with an integrated photo
multiplier and high-voltage-supply cylindrical scintillation crystal, 2”x 2”, with an energy
range of 25 keV-3 MeV (optional from 10 keV to 1.6 MeV) and resolution < 8% (Cs-137/
662 keV). It works with an integrated battery. The instrument has several options such as
the selection of the measurement cycle, the reading, and the calculation of the results of
a measurement. It has an integrated GPS that allows users to geolocate a sampling point,
or even to bring out a Maps distribution of the different measured points. The data of
the different measurements obtained on the site are stored on an a USB support or on an
SD card and transferred for analysis and to a PC [39]. These data are visualized with the
dvision software [40]. The detector is calibrated when connected to a PC, using the dconfig
software [40]. 22°Ra, 232Th, and K activity concentrations were obtained by using gamma
lines at 609.3 KeV of 214 Bi, 2614 KeV of 2%TI, and 1461 of 4k, respectively.

2.2.3. In Situ 2%2Rn in Soil Measurements

Measurements were taken at different locations with Markus 10 version 1.4. This
instrument was developed by RADONOVA Laboratories to measure the volumic activity
of 222Rn in soil, with about 3 kg and 16 keV of resolution energy (under vacuum); it is an
ORTEC Ultra Silicon detector with dimensions of 220 x 122 x 80 cm?, with a pumping
capacity of 1.8 L/min every 30 s, under a limiting pressure of 0.96 bar. The duration of a
measurement is typically 12 min, and its battery has a capacity of about 70 measurements
before being fully recharged for 8 h [41].

The principle of measurement of the device consists of two steps. The first step is the
pumping phase of the gas contained in soil. This is achieved with a probe buried one meter
in the ground. The gas is sucked from the ground into the measuring chamber for a short
period. The pumping phase is automatically stopped when the pressure in the probe drops;
when the pressure rises, the pump starts again. The pumping phase is finally stopped
when a capacity of 0.91 L is reached. The next one is automatically started and consists
of the measurement. The measuring chamber is immediately switched on. An electric
field pushes the radon progeny into the measuring chamber, where the alpha radiation
they emit is recorded. These electric pulses recorded by the sensor are amplified and then
filtered in the analysis channel, which allows only the counting of pulses corresponding
to the energy coming from the 2!8Po. A latent measuring background is created in the
ionization chamber of the system by filtering out the pulses from the 24Po. The evolution
of the measurement can be read on a screen, with each hit recorded by the sensor, until the
screen displays a fixed value to signify the end of the measurement.
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2.3. Radiological Hazards
2.3.1. Ambient Equivalent Dose Rates and External Effective Dose

Ambient equivalent dose rates in air at distance of one meter on the ground sur-
face are calculated using the conversion factor of 0.0417 (nGy h~1)/(Bq kg~!)~! for 4’K,
0.462 (nGy h_l)/(Bq kg_l)_1 for 2?°Ra, and 0.604 (nGy h_l)/(Bq kg_l)_1 for 2Th in the
following equation [1].

D(nGy h*l) — 0.462Ag, + 0.604A 7y, + 0.0417A 3)

where AR,, Ay, and Ag are the mean concentrations of each radionuclide given in
(Bq kg’l). The effective dose due to external irradiation, E (mSv y’l), was calculated
by using the following formula [42,43]:

E(mSV y*l) = Fe[FoccFp + (1 — Foec)] x D x T x 10~° @)

where F. = 0.7 is the conversion coefficient of the absorbed dose in the air to effective dose
received by adults, T is the exposure time expressed in hours, Fy, (0.98) is the impact factor
of the building material experimentally obtained on the site, and Foc. = 0.8 is the occupancy
coefficient [1].

2.3.2. External and Internal Hazard Index
External Hazard Index (Hex)

The external hazard index was introduced to limit radiation exposure in the samples to
a permissible dose-equivalent limit of 1.00 mSv y—! [1,9,44], and it is assessed by Equation (5):

ARa+ﬂ+£<1 (5)

Hext = 370 T 250 * 2810 =

The external hazard index must not exceed the limit of unity for the radiological risk
to be insignificant. The maximum value of Hex; equal to unity corresponds to the upper
limit of 370.00 Bq kg ! of 2?°Ra [1,9,45].

Internal Hazard Index (H;y)

Furthermore, the deposition period of 2Rn progeny in the pulmonary is also very
dangerous [5,44]. In order to take this threat into account and reach the normal limit of
185 Bq kg !, the permissible value for 2?°Ra is reduced by half to reach the limit of the unit.
It is evaluated by using the following equation [44,46]:

= AR Ao AR 6)

Hin = 785 T 250 " 1810 =

2.4. Excess Lifetime Cancer Risk (ELCR)

The ELCR is the probability that an individual will contract or develop a radiation-
induced cancer during his lifetime because of his exposure to ionizing radiation. It was
estimated for this by using Equation (7) [9,13,47]:

ELCR = ELCRout + ELCRin @)

ELCRout = Eout X Dy, X RF is the outdoor risk; ELCR;, = E;y D1, X RF is the indoor
risk; Equt and Ejy, are the indoor and outdoor effective dose, respectively; DL is the average
life expectancy of 70 years; and RF is the risk factor (risk of fatal cancer per mSv). In its
publication 106, ICRP recommends value of RF = 0.05 x 103 mSv~! for induction to
stochastic effects of members to the public [5].
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2.5. Excess Cancer Risk (ECR) Computer Using RESRAD-ONSITE and RESRAD-BUILD Codes

Since most dwellings in the study are constructed with locally manufactured earthen
or sand bricks, the 4K, 22°Ra, and 232Th concentrations in soil are input data (contami-
nant on source parameters) at runtime by RESRAD-ONSITE and RESRAD-BUILD codes
version 7.2 and 3.5, respectively.

RESRAD-ONSITE is used to assess the ECR due to these naturally occurring radionu-
clides in soil at the bauxite-bearing area of Fongo-Tongo. The site-specific characteristics
of the area are listed in Table 1. The other parameters are used as defaults values [48].
Together, all the above parameters were considered in the evaluation of the risk factors.

Table 1. Input parameters for RESRAD codes.

RESRAD-ONSITE

Parameters Site-Specific Data
Site-specific data 25,000 m?2
Cover depth 1m

Density of contaminated zone 1.8 cm3 g1
Precipitation rate 04473 my~!
Wind speed 12ms™!

Well pump intake 8m
RESRAD-BULD

Indoor/time fraction 0.6

Number of room/occupants 1

Deposition velocity 0.0lms~!
Resuspension rate 5x 1077571
Room surface area and volume 16 m? and 40 m3
Breathing rate 18m3d!
Ingestion rate 44,661
Occupant location in the room Centered
Shielding thickness 0

Type of source Volume

Source geometry Rectangular
Release air fraction 0.1

Radon diffusion rate 2x10 9 ms™!
Porosity 0.1

RESRAD-BUILD allowed for the assessment of radiation doses received by a resident

living or working in a house contaminated by radioactive materials. These doses are those
from the different exposure pathways (external and internal, including inhalation of radon
progeny inside the home). The radiological risk was estimated over the periods of 1, 10,
30, 50, 70, and 90 years of exposure. However, 85% of the dwellings in the area are made
of mud bricks, usually produced on the same site, and samples of these earth bricks were
analyzed to obtain the concentrations introduced as input data mentioned above. Table 1
presented the other input parameters.

2.6. Radiation Hazard Index
2.6.1. Gamma Radiation Hazard Index (I,)

The gamma radiation risk index was estimated from Equation (8) [47,49]:

Ara | Amn , Ax
I, — Ath | AK g
Y= 300 " 200 " 3000 = ®)

It is the index of nuclear energy level for external radiation due to specific activity
of different natural radionuclides in a sample [50]. Its permissible limit is I, = 1 and
corresponds to 0.3 mSv y~ L. It is used to evaluate the gamma-radiation risk level associated
with naturally occurring radionuclides.



Radiation 2022, 2

393

Activity concentration (Bq,kg™?)

2.6.2. Alpha Radiation Hazard Index (Ix)

The excess alpha radiation following radon inhalation from building materials is
determined by using Equation (9) [51,52]:

_ Ara g )

I, =
“T 200 —

The upper limit of I is unity because a building material with a 22°Ra concentration of
less than 200 Bq kg ! cannot cause a minimum radon concentration greater than 200 Bq m 3.

3. Results and Discussion
3.1. 226Rg, 232Th and 40K Activity Concentrations

In Fongo-Tongo, the 226Ra, 232Th, and 4K activity concentrations obtained by labora-
tory and in situ methods ranged from 106 to 170 Bq kg~! and from 93 to 201 Bq kg™!
for 22°Ra; from 119 to 295 Bq kg~ ! and from 40 to 327 Bq kg~ ! for ?*’Th; and from
188 to 458 Bq kg ! and from 49 to 321 Bq kg ! for *°K.

In Dschang, the 226Ra, 2%2Th, and %K activity concentrations range from
99 to 167 Bq kg~ ! and from 98 to 181 Bq kg~ ! for ??°Ra, from 100 to 275 Bq kg~! and
from 139 to 309 Bq kg ! for 232Th; and from 198 to 297 Bq kg ! and from 151 to 280 Bq kg !
for 4°K. Figure 2 shows the box-plot distributions of these concentrations in laboratory (a)
and in situ (b) for each locality and for the whole study area.
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Figure 2. Boxplot distribution of activity concentration of 22°Ra, 232 Th, and *’K obtained by laboratory
(a) and in situ (b) measurements.

According to Table 2, 50% of sampling points have a concentration higher than
151 Bq kg1, 209 Bq kg~ !, and 234 Bq kg~! for 2?°Ra, 232Th, and *°K, respectively, in
laboratory measurements. Furthermore, the in situ measurements follow a lognormal dis-
tribution. Thus, the mean value is represented by the geometric mean, whereas laboratory
measurements follow a normal distribution and are represented by the arithmetic mean.
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Table 2. Statistical parameters of 226Ra, 232Th, 40K, and 222Rn concentrations obtained by in situ and
laboratory measurements for the localities of Dschang and Fongo-Tongo.

Activity Concentration (Bq kg—1)

222
Locality Parameters Laboratory In situ Rn73
26R, 22T a0k 26R, 22T a0y (kBqm~—?)
Min-Max 106-170 119-295 188-458 93-201 94-327 49-321 35-202
Fongo- Median 151 209 234 126 229 239 53
Tongo AM £ SD 148 £ 23 212 £ 54 230 £ 28 - - - -
GM(GSD) - - - 129 (16) 214 (67) 229 (54) 69 (8)
Min-Max 99-167 100-275 198-297 98-181 139-309 151-280 48-255
Dschang Median 116 185 224 132 240 238 62
AM +SD 118 £17 175 + 46 230 £ 28 - - - -
GM(GSD) - - - 138 (19) 231 (35) 237 (26) 82 (14)

AM, arithmetic mean; GM, geometric mean; SD, standard deviation; GSD, geometric standard deviation.

Soil samples analyzed in the laboratory have high concentrations of ?2°Ra and 23?Th.
As presented in Table 2, the minimum and maximum values of 2?°Ra obtained in laboratory
and in situ measurements are, respectively, three and five times higher than the world
average value of 35 Bq kg’l [1]. In the case of 232Th, they are two and four times higher
than the world average value of 45 Bq kg !, respectively [1]. These high values of 2*Ra and
232Th activity concentrations are also observed for the results obtained by in situ gamma
spectrometry. The minimum values of ??°Ra and ?*’Th are, respectively, three and two
times higher than the world average value, while the maximum values are, respectively, six
and seven times higher than the world average value [1]. Furthermore, the average values
of 40K, as well as the maximum values for in situ and laboratory methods, are lower than
420 Bq kg !, the world average value [1].

Figure 1 shows that the investigated area extends over a geological structure covered
by basaltic and trachytic granitic rocks [27,53]. The ?2°Ra, 232Th, and °K activity concentra-
tions differ from one point to another for the two techniques used: in situ and laboratory
gamma spectrometry. This can be explained by the fact that radioactivity is not uniformly
distributed in the soil [54]. It is reported that 233U, 2%2Th, and °K have high concentrations
in some rocks, such as syenite, granite, granulite, rhyolites, and plutonic [3,4,54]. The low
concentrations of °K can be explained by the phenomenon of leaching and transport of
potassium elements to the surface due to the effects of erosion, drainage, and an accumula-
tion of sediments in the seabed [55]. The transfer of ores by erosion or by eruptive voice
can therefore considerably modify the content and concentrations of this radionuclide in
the soil. It has low concentrations in basalt [3,4,54]. According to Figure 1, the presence
of the above rocks can account for considerable variation in the concentrations of these
primordial radionuclides from one site to another, as shown in Figure 2.

3.2. In Situ 222Rn Concentration in Soil

22Rn concentrations at 1 m depth in soil, presented in Table 2, ranged from
35 to 202 kBq m~3, with a mean value of 69 + 40 kBq m~3, in Fongo-Tongo; and from
48 to 255 kBq m~3, with a mean value of 82 + 56 kBq m~3, in Dschang. According to
Table 2, more than half of the sampled points have >?’Rn in soil greater than or equal to
62 kBq m~3 in Dschang and 53 kBq m 2 in Fongo-Tongo. According to Figure 3, a majority
of the radon concentrations in soil are above the value of 40 kBq m~3, as represented by
the red line. According to the Swedish risk assessment criteria, this latter value represents
the limit for which a site presents a high radon-exposure risk [56]. The difference between
222Rn concentrations in soil from one location to another may be due to the geological
structure and the mineralogical composition of the soil in the area [54,55]. The geological
structure, the geochemical process of the soil, and the rate of gas emanation in the region
are influenced by the permeability of the soil [27,28,49,53,54].
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Figure 3. 222Rn distribution in soil of the bauxite bearing area of Fongo-Tongo.

Table 2 shows that the average and maximum values of 2?Rn in soil in Dschang are
higher than those in Fongo-Tongo. This is not the case with the ?*°Ra values obtained
in these two localities. This is probably due to the influence of soil moisture and poros-
ity. In addition, the soil in the Fongo-Tongo may be more compact and moister than
in Dschang [25,53]. In additional, Table 3 shows that activity concentrations of the pri-
mordial radionuclides in soil in Cameroon is higher than in some other regions of the
world [51,52,57,58]. Nevertheless, “°K concentrations are also high elsewhere than in the
present study [46,52].

Table 3. Comparison of 226Ra, 232Th, 40K, and 222Rn activity concentration with other countries.
. . L 22Rn
Country Activity Concentration (Bq kg—1) (kBq m-—3) References
26R, 2327, 0K
Jordan 577 £54 181+14 138.1 £ 40.8 [46]
Egypt 134.7 £24.1 131.8 £16.7 11,644 + 550 [59]
India 116.1 43.51 300.07 - [37]
Iraq 58.44 19.38 321.76 ~ [9]
45.71 20.33 337.02
Nigeria 64.64 = 28.10 110.18 £ 46.12 1190.10 £ 373.62 [51]
Australia 38 45 635 - [10]
Germany 84 72 463 -
Sweden 75 94 734
Japan 38+1 43 +1 590 - [8]
Cameroon 14£2 30+3 103 £ 12 9+2 [60]
- 390 850 - [14]
124.9 157.3 670.9 [61]
166.18 170.04 94.54 [13]
118 £17 (138 £19) 175+ 46 (231 +35) 230 + 28 (237 + 26) 82 + 56 Present study
148 £23 (129 £16) 212 £ 54 (214 £ 67) 230 £ 28 (229 £ 54) 69 £ 40

3.3. Correlation between 2*2Rn and *2°Ra in Soil

According to Figure 4, it is shown that ???Rn concentrations in soil are directly related
to those of 22°Ra measured at the site and in soil samples collected in the area. The R? = 0.88
and R? = 0.86 values were found between ?*2Rn and ??°Ra concentrations for the laboratory
method and in situ method, respectively. These high values of the coefficients obtained
for each case reveal that 2?Rn and ??°Ra are strongly correlated. Similarly, the Pearson
correlation coefficient determined for both sets of measurements is equal to 0.92 for the
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Logarithm Rn—222 (kBq m %)

laboratory and 0.90 for in situ. These respective Pearson correlation coefficients for the two
series confirm the strong correlation between the two radionuclides.

Y=0.017X +1.799 50 Y=0.018X +1.761 .
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Figure 4. Correlation between 222Rn /??°Ra concentrations in soil: (a) laboratory gamma-ray spec-
trometry and (b) in situ gamma-ray spectrometry.

For the values observed between 110 and 150 Bq kg ! (Figure 4a) and values between
130 and 160 Bq kg—1 (Figure 4b), the residual is relatively constant, and for the extreme
values, it increases slightly, which shows a dispersion of the maximum values from the
median value. This can be justified by the fact that the number of samples of the different
datasets is not very high to make the scatterplot dense enough and have a better regression.
That is, the closer in the series values are to each other, the better correlation the coefficient
and the stronger correlation intensity. This also means that, the smaller the standard
deviation is between the data, the better the regression and the stronger the correlation
between the two radionuclides.

The high values of 2?Rn concentration in soil gas at some locations certainly originate
from the deep sources of permeable soil, which allows ???Rn to easily escape from its
cradle, which is 22°Ra, and migrate to the free surface of the soil. In other words, the high
emanation of 2?’Rn at a measurement point is closely related to the nature of underlying
rock, geochemical process, physicochemical soil properties, and 22°Ra content in soil. The
correlation observed between these concentrations depends on the geological structure of
the area [62]. Similar results are reported in previous studies [47,63].

As shown in Figure 1, the area contains different rock formations, such as granite, basalt,
gneiss, and trachyte. In addition, it is characterized by a deposit of bauxite ores [26,27].
Granite, mined in quarries in Dschang and Fongo-Tongo, is probably a potential source
of 226Ra distributed in the area. It is known to have a high content of uranium, thorium,
and potassium at high temperatures in these rocks [54]. 222Rn emanation may therefore be
stronger in an area underlain by granitic bedrock.

Figure 5 shows the distribution map of 22Rn and ??°Ra activity concentrations in the
soil of the study area. It shows that the activity concentration of 22°Ra in soil increases with
the 222Rn concentration in its close proximity.
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Figure 5. Map distribution of 2Rn and *?°Ra concentrations in the soil of the study area.

3.4. Radiological Hazards

3.4.1. Ambien Equivalent Dose Rate (AEDR) and Annual External Effective Dose (AEED)

The AEED obtained in the laboratory ranged from 0.58 to 1.62 mSv y !, with a mean
value of 1.27 & 0.27 mSv y~!, in Fongo-Tongo; and from 0.73 to 1.46 mSv y !, with a mean
value of 1.05 4 0.17 mSv y~!, in the Dschang locality. According to Table 4 the average
values for the whole study area are above the safety limit of 1.00 mSv y~! [1].

Table 4. Summary of the different radiological parameters obtained in laboratory.

Locality Fongo-Tongo Dschang Limit

Parameters Min Max Med AM SD Min Max Med AM SD

AEDR (nGy/y) 130 265 211 207 37 119 238 172 170 31 1

AEED (mSv) 08 162 129 127 022 073 146 105 1.04 0.19 1

Hin 136 281 182 18 037 136 192 157 16 015 1

Hout 107 235 141 148 033 129 158 129 129 1.02 1
ELCRj, 168 34 271 267 047 153 306 221 218 04
ELCRout 112 226 181 178 031 1.02 204 147 146 027
ELCR 259 566 452 444 078 255 511 3.69 3.64 0.66

T 053 08 076 074 0.08 049 084 058 059 0.09 1

I, 1.02 211 166 164 03 093 19 136 134 025 1

AM, arithmetic mean; GM, geometric mean; SD, standard deviation; GSD, geometric standard deviation.

According to Table 5, the AEDR at one meter above ground surface ranged from
130 to 265 nGy h ! and from 119 to 238 nGy h~! at Fongo-Tongo and Dschang, respectively,
with an average of 207 4+ 37 nGy h™! and 170 4+ 31 nGy h™! for soil samples analyzed
in the laboratory. It ranged from 95 to 264 nGy h~! and from 69 to 126 nGy h~!, with a
mean value of 198 + 45 nGy h™! and 96 + 14 nGy h™!, for the in situ measurement in
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Fongo-Tongo and Dschang, respectively. The mean values of the current studies are all
above the value set of 60 nGy h=1 [1].

Table 5. Summary of the different radiological parameters obtained by in situ.

Locality Fongo-Tongo Dschang Limit

Parameters Min Max Med AM SD Min Max Med AM SD

AEDR (nGy / y) 95 264 210 198 45 69 126 94 96 14 1

AEED (mSv) 058 162 127 122 028 042 0.77 058 059 0.08 1

Hi, 0.9 201 165 157 032 125 204 1.68 168 0.19 1

Hout 0.56 1.64 1.3 1.22  0.29 092 1.64 1.32 131 0.16 1
ELCR;, 122 34 271 256 058 089 162 121 124 0.17
ELCRout 0.81 2.7 1.8 1.7 031 059 1.08 081 0.83 0.11
ELCR 203 567 451 426 097 148 27 201 207 0.28

Ia 047 101 063 064 011 049 09 0.66 0.69 0.09 1

I, 072 212 167 158 037 119 212 1.7 169 021 1

AM, arithmetic mean; GM, geometric mean; SD, standard deviation; GSD, geometric standard deviation.

3.4.2. External and Internal Radiation Hazard Index
External Hazard Index

The obtained values of Hext are presented in Table 4. The average values are 1.48 at
Fongo-Tongo and 1.32 at Dschang. Hex: values are greater than unity, and therefore, it can
be recommended to the populations of those sites to use earth as a building construction
material, except in some places where the level of natural radioactivity is relatively high.

Internal Hazard Index

The statistical parameters from Hj,, are summarized in Table 4. The maximum values
of Hj, are 2.81 and 2.04, with an average value of 1.88 and 1.68, in Fongo-Tongo and
Dschang, respectively. Hj, values are also greater than unity [64]. Nevertheless, to avoid
excessive internal exposure to 22?Rn in these localities, the use of earth can be recommended
as a building material, provided that there is good ventilation and air circulation in the
rooms of the dwelling.

3.4.3. Excess Lifetime Cancer Risk (ELCR)

The ELCR statistical parameters’ values obtained by gamma spectrometry in labora-
tory and in situ are summarized in Table 4. They ranged from 2.03 x 1072 to 5.67 x 1073,
with a mean value of 4.44 x 103, in Fongo-Tongo; and from 1.48 x 1073 to 5 x 111073,
with a mean value of 3.64 x 1073, in Dschang. The mean values of ECR in Fongo-Tongo
and Dschang were, respectively, 1.29 and 1.06 times higher than 0.29 x 103, the UNSCEAR
recommended limit value [1]. However, the risk values obtained could be overestimated
if, in addition to the above risk, the risk due to radioactivity from building materials was
taken into account, because more than 70% of the houses in the area use mainly mud bricks
as building material.

3.5. Long-Term ECR Analysis Using RESRAD-ONSITE and RESRAD-BUILD Computer Codes

As shown in Figure 6, the total ECR calculated with RESRAD-ONSITE decreased
progressively over the years, from the maximum value of 8.58 x 1072 obtained at the dates
T=1and T =1 year to the value of 7.41 x 1072 obtained at T = 100 years before decreasing
significantly. This remarkable decreasing may be due to the self-absorption of building
materials or to the process of radioactive decay [65].
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Figure 6. Long-term plotting of ECR for all exposure pathways and for each primordial radionuclide.

Similarly, 22°Ra is the major contributor to the total ECR at about 70% in the first
year. This contribution decreases slightly over the years before dropping significantly after
100 years. The maximum value of risk due to ?°Ra obtained at T = 10 years is 7.372 x 107°.
The ECR due to 232Th, on the other hand, is inversely proportional to that of ?°Ra over
the period from 1 to 40 years, where it becomes practically constant, and the maximum
value obtained at T = 50 years is 9.250 x 10°. As for 4°K, its contribution to the total risk
remains the smallest, but it shows some slight variations before decreasing to zero. Similar
results were observed in studies conducted in the cobalt-nickel region of Lomié in Eastern
Cameroon [66]. Table 5 summarizes the total ECR for initially existent radionuclides and
pathways at T =0, 1, 10, 30, 50, and 100 years.

RESRAD-BUILD assessed the total risk due to radioactivity from soil used in the
manufacture of bricks as a building material. The results obtained for the different exposure
routes and for each nuclide as a function of time are summarized in Table 2. The maximum
value of the total excess risk obtained at T = 30 years is 5.19 x 10~ for all the summed
routes. Similarly, the value of the total excess risk for all summed nuclides obtained at
T =30 years is 1.89 x 10~2. However, it should be noted that the external pathway is the
one that contributes the most to the total excess risk. The maximum risk value for this
pathway, which is 2.33 x 1072, was obtained at T = 30 years. Nevertheless, the decrease
observed beyond 30 years for the external route would be due to the self-absorption of
building materials [15,67,68]. Similar results were obtained in the work carried out in the
Poli uranium region [17], in the bauxite zones of Southern Adamawa [16], and in some
localities of the Centre Region, Cameroon [67].

The results presented in Table 6 show that 2?°Ra is the main contributor to the total
excess risk compared to 2?Th and “°K. The risk due to ?*°Ra increases progressively
with time until reaching an increasing threshold after 70 years. The occurrence of this
radionuclide in high concentrations in building materials increases the probability of
accumulation of high indoor radon concentration [68]. Figure 7 represents the long-term
total ECR for each radionuclide.
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Table 6. Total ECR for initially existent radionuclides and pathways and fraction of total risk.

T (Years) Ground Inhalation Radon Plant Meat Milk Soil Total
0 174 x 1073 632x107% 489x103 156x103 224x10% 144 x10% 222x107° 858 x 1073
1 174 x 1073 632 x107% 489 x1073 156 x1073 224x0% 144x107% 222x10° 858x 1073
3 173 x 1073 632x107° 487 x107% 155x1073 218x107% 142x107% 222x1075 854 x 1073
10 172 x 1073 630 x107% 481 x107% 153 x1073 206x107% 136 x107% 220x107° 843 x 1073
30 169 x 1073 627 x107% 467 x107% 149x103 176 x107* 124 x10* 217x1075 817 x 1073
100 160 x 1073 618 x107® 419x103 138x103 116x107% 975x 107> 204 x10"° 741 x 1073

Excess Cancer Risk

6x107°2
—e— Th-232
5100 —o—Th-228
Ra-228
Ra-226
4x107°2
—a—Pb-210
—a—-K—40
3%1002 —a— Total
2x10-02
1x10°2 B f—\
o
0 1 3 10 30 70 100 1000
Time (vears)
Figure 7. Long-term total excess risk for each nuclide.
According to Table 7, the pathway that contributes most to the total cancer risk is the
external pathway. Like the other pathways, the risk increases until it reaches a value of
2.33 x 1072 at T = 30 years. similarly, the total cancer risk also increases and reaches a value
of 5.19 x 1072 at the same date.
Table 7. Total risk of excess cancer for all exposure pathways.
ELCR
Pathway Detail T (Years)
of Risks T=0 T=1 T=3 T=10 T =30 T=70 T =100
External 157 x 1072 159 x 1072 1.63x 1072 176 x 1072 233 x 1072 2.32x 1072 2.30 x 102
Deposition 515x107%  522x107% 531 x1077 564x107° 368 x1073 3.66x1073 3.63 x 1073
Immersion 450 x 10711 454 x 1071 465 x 10711 506 x 10710 368 x 107>  3.66 x 107> 3.63 x 103
Inhalation 118x107%  1.23x107®  136x10° 176 x107® 3.01x 1073 299 x 1073 296 x 103
Radon 220 x 107% 227 x107* 249 x107*  330x107* 408 x 1073 4.06x 1073 4.03x 1073
Ingestion 539 x 1078 588 x107% 682x10% 839x10® 189 x1072 188 x1072 1.86 x 1072
Total 159x 1072 161 x 1072  166x1072 179 x1072 519 x 1072 515x 1072 5.11 x 1072

3.6. Radiation Hazard Index
3.6.1. Gamma Radiation Hazard Index, L,

The results obtained give maximum values of I, equal to 2.12 and 2.67 at Fongo-Tongo
and equal to 2.12 and 1.90 at Dschang for in situ and laboratory measurements, respectively,
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which are significantly greater than or equal to 2 to 2.7 times the maximum permissible
value [50]. Similarly, the mean values of 1.69 and 1.34 at Dschang and 1.58 and 1.64 at
Fongo-Tongo are also above the recommended limit. Thus, the land in the region could be
exempted from all types of restrictions with respect to radiological risks, except at certain
locations where 1, is very high.

3.6.2. Alpha Radiation Hazard Index, I«

The average values of I, are reported in Table 4 and are below the reference limit value
of unity for both study sites. Therefore, the soil bricks made at the study sites can be used
as a building material in these two localities without exposing the inhabitant to a major
risk of induction of lung cancer, because the I is below the safety limit recommended
by UNSCEAR.

4. Conclusions

The current work was performed to study the ?*’Rn and ??°Ra correlation that may
exist in soil and assess the onsite and in-dwellings long-term ECR in the bauxite-bearing
area of Fongo-Tongo. To achieve this, gamma spectrometry by in situ and laboratory
was used to determine activity concentrations of 2°Ra in soil. A strong correlation was
found between ?2°Ra determined from the two methods and ???Rn in the soil. The 22Rn
measurement in soil is therefore an excellent predictor of °Ra and vice versa. Radio-
logical parameters such as AEED, H;,, Hext, ELCR, I, and I were also determined to
assess the level of radiological exposure of the public. Their values were all higher than
the various corresponding safety limits recommended by UNSCEAR. The cancer risk as-
sessed with RESRAD-ONSITE following exposure to the various radionuclides decreases
from the first to the hundredth year for all the primordial radionuclides. The risk tends
toward zero after the thousandth year. The maximum value of the total cancer risk of
8.58 x 1073 was observed at t = 1 year. It should also be noted that the contribution of ?°Ra
to cancer risk is high compared to that of 22Th. 2?°Ra is therefore the major contributor
to cancer risk. A decrease in the contribution of all exposure pathways is observed from
t =1 year to t = 100 years. The risk tends to decrease considerably after 100 years. The
cancer risk due to inhalation of radon and its progeny increases and reaches a peak of
3.01 x 1073 at t = 70 years. It should be noted that RESRAD-BUILD evaluates the risk re-
lated to radon and thoron according to the concentration of radium and thorium. Given the
high concentrations of 23> Th in soil samples from the current study area, the contribution of
thoron (?*°Rn) to cancer risk is high. Nevertheless, the observed decrease over time for all
pathways and all radionuclides could be due to the self-absorption of building materials.
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