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Abstract

The evaluation of indoor radon exposure in dwellings is done for the first time in Lubango. The corresponding annual effec-
tive dose to which the population is exposed during the wintertime was calculated. A total of 59 single-family houses and
16 public buildings were selected. The results obtained show that in 100% of the houses, the radon concentrations are below
300 Bq m~>. The values of the indoor annual effective dose vary from (2.0+0.1) to (7.0+0.2) mSv y~! below the recom-

mended maximum reference level of 10 mSv y~".

Keywords Radon concentration - World Health Organization - Annual effective dose - Lubango

Introduction

The population’s exposure to radon occurs mainly through
inhalation, resulting in irradiation of lung and, to a lesser
extent, other organs. However, under conditions of very high
concentrations in drinking water, ingestion may be the main
source of exposure to organs other than the lung. The meas-
urement of radon and its descendants has become extremely
relevant since it was recognized as the main contributor to
the dose of natural radiation to which the population is sub-
ject. Radon has been classified by the World Health Organi-
zation (WHO) as a carcinogen [1], the second leading cause
of lung cancer, after tobacco smoke, contributing between
3 and 14% of the cases. The lower the radon concentration,
the lower the risk associated with that exposure, although
there is no known low threshold for the associated cancer
risk [2-6]. The WHO established a recommended annual
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average concentration of 100 Bq m~>. However, if this level
cannot be achieved under each country’s specific conditions,
the reference level should not exceed 300 Bq m~3[1].

The radon travels inside buildings through the rocky sub-
strate, water wells, fractured rocks, drainage infrastructure,
pits, foundations, linings, cracks, and windows due to the
establishment gradients of atmospheric pressure, humid-
ity and temperature, which influence radon exhalation. The
radon concentration in the air can be measured using pas-
sive detectors, (SSNTDs, Solid State Nuclear Track Detec-
tors) like the CR-39, which is particularly well suited for
measurement in homes. This detector records the presence
of alpha particles for a period that, in most cases, is no less
than 30 days.

The number of radon studies carried out so far in Angola
is scarce. Recently three studies addressing the exposure to
gamma radiation [7], radon and thoron gas [8] and presence
of radon in water [9] have been published. Our study has the
aim to carry out a population dosimetric study in order to
determine the average concentrations of housing radon and
calculate the effective annual dose to which adults and chil-
dren are exposed in the city of Lubango, located on the Huila
plateau, Angola. In geological terms the region presents gra-
nitic formations and a large amount of magmatic rocks, but
the amount of these rocks as well as the level of natural
radioactivity are variable. A significant amount of work must
be made to assess the radiological environment under which
the Angolan population are subject to. The lack of legisla-
tion on radon exposure might be part of the explanation for
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this apparent lack of interest on the subject. Risk assessment
is important as a guide to action. Studies [10] show that
about half of the average annual dose of natural radiation
can come from radon in buildings. It is necessary to reduce
the risks of those exposed to radon concentrations above
the limit level recommended by WHO, both in homes and
workplaces. Simple mitigation procedures, such as the use
of fans, sealing floor and wall cracks, can reduce the radon
concentration in the air to acceptable levels [11].

The city of Lubango has a mineralization with large scin-
tillometer values, twenty times higher than the background
radiation. As far as it is known, studies in this area in Angola
are a novelty, and the aim is to develop a population dosi-
metric study to determine the average concentrations of resi-
dential radon, calculate the effective annual dose to which
the populations are subjected and, if necessary, recommend
mitigation mechanisms. All measurements were made dur-
ing the winter months. A new campaign is foreseen for the
summer months.

Location of study and geological setting

This study focuses on the extreme southeast of Angola in
Lubango, the capital city of Huila province, located in the
Huila plateau. It has approximately 876,000 inhabitants, an
area of 3147 km? and an average altitude of 1790 m.

Angola is in the inter-tropical region (the equator, to the
north, and the Capricorn Tropic to the south). Its climate is
dependent on predominant climatic factors such as latitude,
atmospheric circulation and the incidence of solar rays, but
also on typical and intrinsic factors of the region such as the
cold Benguela current, in the Atlantic Ocean and the topog-
raphy of the region. Angola’s climate is by nature seasonal,
characterized by hot and humid summers (October to May)
and cold and dry winters (June to September) [12]. Lubango
has an average annual temperature of 18 °C and is prob-
ably the city with the mildest and more temperate climate in
Angola [13]. Figure 1 is a graphic presentation of available
annual temperature records [13]. The location of Lubango
on the Angola map is presented in Fig. 2.

In geological terms, Lubango is characterized by gra-
nitic ornamental rocks [14]. Filled pegmatite and aplite, are
frequent, especially in the areas occupied by the migmatite
rocks. Among all these rocks of precambrian age, there is
an intimate connection, given its genesis-anatexis. From the
primitive substrate, represented by gneisses, amphibolite and
mica-shale, there are vestiges in several points of the area.
Igneous rocks of different natures and several units, such as
gabbro with or without olivine, norites, orbiting, dolerites
with or without olivine, porphyries, lamprophyre (thick-
ets), andesites, basalt-olivine, etc., outcrop in certain profu-
sion in the area. Rocks of sedimentary origin, more or less

@ Springer
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Fig.1 Graphical presentation of annual temperature records of
Lubango as of September of 2020 (adapted from [13]). Lines are only
to guide the eye

metamorphosed (sandstone and quartzites), also appear in
the area, lying directly on the granite. In terms of Economic
Geology, there are occurrences of minerals such as Native
Molybdenum, and Native Copper, Mica (Muscovite) and
Gold (this element exists, although in a small percentage, in
the alluviums of the Mungondo River, a little downstream
of the place where it is located the occurrence of mica men-
tioned above) [15-18].

Methods
Sampling strategy

In the early 1990s, Angola experienced moments of civil
war, leading people to abandon unstable regions and concen-
trate on more peaceful regions, the city of Lubango in par-
ticular. This is one of the reasons that led to the city’s urban
diversification. Thus about 37% (N =28) of the buildings
selected are predominantly adobe, while 63% (N =47) are
brick buildings. Of the assessed buildings 76% (N=57) are
of the ground floor type, 11% (N =38) are single-story, 12%
(N=9) are two-story and three-story buildings respectively.
The largest assessed building was the Lubango Central Hos-
pital, with 8 floors, contributing 1% (N=1).

To measure the radon concentration, a passive technique
was used with CR-39 detectors. These solid-state nuclear
track plastic chips of 10x 10 mm?, are integrating and light-
weight detectors, placed inside a cylindrical diffusion cham-
ber sensitive to radon, that are commonly used for long-term
radon measurements [22-26]. They have been fixed with
strong adhesive tape in order to avoid changes of position.
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Fig.2 Map of Angola and
Lubango Municipality, done
using ArcMap 10.3 [19, 20]
and its shapefiles (adapted from
MapCruzin.com [21])
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To minimize possible errors associated with environmental
variations during the placement of the detectors, they were
placed the same day in the morning by a team trained for
this purpose. To evaluate the potential of radon exposure,
164 detectors were used, 75 housing units were selected
and divided in two distinctive groups of dwellings: a first
group was composed by 16 Public Buildings in which 96
SSNTD CR-39 were deployed on the ground floors at 1 m
above the ground [27, 28] for a period of 90 days [29, 30],
during the winter, where workers and students stay most of
the time, such as public institution offices, teacher’s rooms,
classrooms, laboratories, diagnostic and medical treatment
offices, etc. A second group was composed of 59 single-
family homes in which 68 detectors were also deployed with
the same conditions, where the residents stay most of the
time, such as in the dining room or the bedrooms for 90 days,
also during the winter. The collection of all detectors was
carried out by the same team responsible for their placement
and following the same order and plan of intervention. The
detectors were placed away from the walls, preferably affixed
to furniture, cupboards, etc. On the other hand, detectors
have been placed in larger quantities in public institutions,
because there is a higher population density, more individu-
als are exposed to radon. No detectors were placed in the
house basement because the residents did not stay there for
along time. The main objective of placing all detectors 1 m

600

from the ground and all of them on the ground floor, is to
place all detectors in the same conditions, and because the
radon is denser than the atmospheric air, it accumulates in
the lower areas of the buildings, and at precisely the same
height that we remain for the longest time sitting, or even
sleeping.

In this work measurements were conducted only during
the cold season. As indicated in Fig. 1, temperatures can fall
below 10° C. During this time people have the tendency to
keep windows and doors of homes closed, facilitating the
build-up of radon inside. As a matter of habit, in this season
of the year the population of Lubango returns home just
after sunset, around 6 p.m., staying home on average 11 ha
day. These facts favor the choice of wintertime for conduct-
ing the present study since higher indoor concentrations are
expected over what could be obtained in summertime.

Radon activity concentration detection

After the 90 days period, the detectors were sealed and
transported by plane to LabExpoRad laboratory at Covilha,
Portugal. After etching chemically all detectors in a 6.25 M,
NaOH solution at 90 ° C for 220 min, the detectors were
washed with distilled water and dried for a few minutes. The
number of alpha tracks in each detector was automatically
counted using a Radosys Microscope (Fig. 3).

@ Springer
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Fig. 3 Radosys Microscope at
Covilha’s laboratory

The Radon Activity Concentration Cy, (RAC) is given by
the following equation [31]:

T, —Tpy)CF
Con = % (Bq-m™) )
and

8 -2
T, = 3 (track - mm™) 2)

where ¢ is the exposure time (in hour), CF the calibra-
tion factor of the specific batch of detectors (in Bq h
(m? track mm~2)7!), automatically provided by the Rado-
sys QC system, T, the number of tracks n, after exposure
per scanned area S and T}y, is the background track density.
The factory default for T}y, is 0.3 track mm~2 [31], but it is
recommended to obtain T}, experimentally. In this case n
blank detectors are developed and processed in the same way
as the exposed ones and the average number of background
tracks 7, in the scanned area obtained. The value of T}, is
then computed as

3

Tpy = 5

The uncertainty of radon concentration measurement,
according to norm ISO 11665-4: 2012(E9) [32], is com-
puted as:

1y %’
o, =w2<ng+7> +C§n(z) 4)

where @ is given by:

w = tC_ISV Q)
and
(%)= () +(3) +(Z) ©

@ Springer

Radon map preparation

A color map of the radon concentration distribution was
drawn using Geographic Information System [33-35].
Deterministic interpolation techniques were used, which
create surfaces from measured points, based on the Inverse
distance Weighted [36]. This interpolation assumes that
each measured point has a local influence that diminishes
with distance. Thus, points in the near neighborhood are
given high weights, whereas points at a far distance are
given small weights [37].

Annual effective dose assessment

In order to compute the annual effective dose D, we apply
the following equation proposed in the UNSCEAR (United
Nations Scientific Committee on the Effects of Atomic
Radiation) publication [38] was used:

D = CgoFTD¢p  (mSv-y™h) )

where D, is the annual effective dose per year, Cp, is the
arithmetic mean radon concentration in Bq m™> F is taken
to be 0.4 the recommended equilibrium factor value, T is
the indoor occupancy time of 7000 h per year [2], D is
the dose conversion factor for radon and its recommended
value is 9 X107 mSv (Bq h m™)~! [1]. Only values in the
wintertime were obtained in this study. From the literature
[39], it is expected that these values are higher than the ones
for summertime. The obtained annual effective dose in this
work, will thus be overestimated.



Journal of Radioanalytical and Nuclear Chemistry

Table 1 Mean radon Code

concentration for Public Locality Number of Buildi.ng Mean }_23AC
Buildings. A total number of 96 detectors materials Bam™)
detectors were deployed 1 Ademar Damido 4 Brick 81+3
2 Administragdo Municipal do Lubango 4 Brick 130+4
3 Instituto Médio de Economia do Lubango 4 Brick 99+3
4 Instituto Superior Politécnico da Huila 2 Brick 83+3
5 Escola Portuguesa do Lubango 4 Brick 119+4
6 Escola Secundaria do Lubango 4 Brick 93+3
7 Hospital Central do Lubango 4 Brick 128 +4
8 Escola 14 de Abril 4 Brick 110+4
9 Escola 27 de Margo 4 Brick 134 +4
10 Administracdo Comunal do Hoque 10 Brick 157+3
11 Administracdo Comunal da Huila 16 Brick 158 +3
12 Administracdo da Arimba 3 Brick 262+9
13 Maternidade 10 Brick 168+3
14 Escola Secundaria da Arimba 6 Brick 111+3
15 Mapel 6 Brick T1+2
16 Instituto Superior de Ciéncias da Educacao da Huila 11 Brick 223+5
I(a)lraliﬁtrggza:fgf rSa'?lorlle Famil Code Locality Number of Buildings Materials Mean RAC
Home. A ti)tal numlbegr of 68 " detectors (Bqm™)
detectors were deployed 17 14 de Abril 3 Adobe or Brick 7943
18 Arco {ris 1 Brick 109+7
19 Arimba 1 Adobe 83+5
20 Bairro da Lage 3 Adobe or Brick 103+4
21 Benfica 5 Adobe or Brick 109+3
22 CDTE Cowboy 6 Adobe or Brick 160+5
23 CDTE Nzagi 5 Adobe or Brick 89+3
24 Dr Ant6nio Agostinho Neto 1 Brick 99+6
25 Ferrovia 2 Adobe or Brick 88+4
26 Helder Neto 4 Brick 213+6
27 Jodo de Almeida 3 Adobe or Brick 111+4
28 Lalula 3 Brick 165+6
29 Laureanos 1 Brick 76+5
30 Lucrécia 3 Adobe or Brick 88+5
31 Mapunda 5 Brick 197+5
32 Minhota 2 Brick 94 +4
33 Mitcha 5 Adobe 108 +3
34 Mutundo 1 Adobe 167+10
35 Nambambi 4 Adobe 111+3
36 Senhora do Monte 5 Brick 133+4
37 Sofrio 1 Adobe 198 +11
38 Tchioco 4 Adobe 87+3

@ Springer
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Results and discussion
Radon concentration

The mean radon concentration and annual effective dose
are presented in Tables 1 and 2.

Analyzing the data on Tables 1 and 2 we conclude that
the highest and the lowest mean radon concentration val-
ues in public building, are respectively (262 +9) Bq m™
at Administragio Comunal da Arimba and (71 +2) Bq m™>
at Mapel. For single-family homes, the highest and lowest
values are respectively (213 +6) Bq m~> in Helder Neto
quarter and (76 +5) Bq m™ in Laureanos quarter.

Overall, the radon concentration values measured in
Lubango cover a wide range, between 20 and 497 Bq m~>,
with a mean of 136 Bq m~>. The lowest occurrences of
radon concentration occur in the city center. On the other
hand, higher values of radon concentration were measured
in the north western and southern regions since those areas
are near the mountains and crossed by some rivers where
granitic rocks abound.

The radon concentration values, depending on the type
of building material, brick and adobe, do not differ sig-
nificantly in terms of results due to the fact that the bricks
are manufactured with the resources existing in the soils
of the Lubango region, such as silica, alumina (clay), etc.

Similar studies were made in some other regions of
Angola during the winter, namely Cabinda, Huambo and
Menongue, although with smaller number of deployed
detectors when compared with the present study. Radon
activity concentration of 22 Bq m~>, 94 Bq m~? and
53 Bq m~* were respectively found [8]. These values are

8 T T T T T T

Public Buildings

Annual effective dose (mSv/y)

1 2 3 4 9 10 11 12 13 14 15 16

5 6 7 8
Locality

Fig.4 Annual effective dose in Public Buildings. The locality code is
the same as in Table 1
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8 T T T T
Single-Family Homes

Annual effective dose (mSv/y)
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Fig.5 Annual effective dose for Single-Family Homes. The locality
code is the same as in Table 2

lower than those found in the city of Lubango, where
larger granite areas can be found.

Annual effective dose

Using Eq. 7 values of annual effective dose have been com-
puted for public buildings (Fig. 4) and single-family homes
(Fig. 5). The annual effective dose in public buildings and
in single-family homes varied from (2.0 +0.1) mSv y~! to
(7.0+0.2) mSv y~!, higher than some places in Namibia
[40], the neighboring country. The global average of
3.4 mSv y~! is higher than the average dose from inhaling
radon from all sources, which is approximately 1 mSy y~!
[10] and is also higher than the total natural exposure to
radiation of 2.4 mSv y'1 [41]. The annual effective dose
is in the recommended action interval level between 3 and
10 mSv y~! [42].

For comparison purposes, elsewhere in the coun-
try, estimated annual inhalation doses of radon are
0.75+0.19 mSv y~! in Cabinda, 2.83+0.8 mSv y~! in
Huambo, and 1.49 +0.4 mSv y~! in Menongue, respectively
[8], lower than those recorded in the city of Lubango.

Map of radon concentration in Lubango
Municipality

For graphic and georeferencing purposes, 164 points scat-
tered around the city of Lubango were used to build a radon
map according to the method explained in Sect. 3.3. Accord-
ing to this map (Fig. 6) there is a heterogeneous spatial radon
distribution in Lubango Municipality, with relatively higher
values in the northwest region, while the lowest values were
observed in the southeast region. The number of detectors is
still relatively small for a definitive conclusion to be made.
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Fig.6 Map of radon concentra-
tion in Lubango Municipality,
made using ArcMap10.3 [19,
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Conclusion

The measured average concentration of radon gas in the
city of Lubango was 136 Bq m™, corresponding to an
added average annual effective dose to the population of
3.4 mSv y~!. The highest values were recorded at Admin-
istracdo Comunal da Arimba (public buildings) and at
Helder Neto (single-family homes). Although these results
are within the range recommended by ICRP, it will be
necessary to increase the population’s awareness of the
radon problem in residences and in the public buildings,
improving ventilation, depressurization and filtration. In
the future more data points in Lubango municipality will
be acquired to have a more comprehensive overview of
the situation.

These results will also serve as a starting point for pop-
ulation dosimetry studies of regions surrounding the city
of Lubango, and later on, the remaining municipalities of
Huila province, and other provinces of Angola.
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