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Abstract
This study aims to investigate the radioactivity of adobe in Angola, where it is a widely used building material. Sixty sam-
ples have been collected from three remote areas of the country with different geological backgrounds (Cabinda, Huambo, 
Menongue). Activity concentrations of 226Ra, 232Th and 40K have been determined by gamma-ray spectroscopy and radiation 
hazard indices were also calculated. The area Huambo shows elevated 226Ra and 232Th values which can be explained by its 
older geological formations. 40K concentrations are low in general. Regarding external radiation risk, adobe from Angola 
is safe to use as building material.
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Introduction

Radiation exposure originates mainly from natural sources 
[1]. Human population is exposed to two types of natural 
radiation: (1) internal exposure is due to inhalation or inges-
tion of radionuclides which release alpha, beta and gamma 
radiation inside the human body, (2) external exposure is 
mostly due to the more penetrable gamma radiation from 
surrounding environment. Amongst natural sources con-
tributing to external exposures, terrestrial radionuclides and 
cosmic radiation are the biggest contributors [1, 2]. Building 
materials also significantly contribute to the exposure of the 
population to natural radioactivity [3] as they contain terres-
trial radionuclides. The main radionuclides responsible for 

terrestrial radiation are the members of the 238U and 232Th 
series together with 40K [1, 2]. From radiological point of 
view the relatively long half-life (1640 years) and the wide-
spread abundance in the environment make 226Ra and its 
decay products the most important isotopes in the 238U decay 
chain. Therefore, concentrations of these radionuclides sig-
nificantly affect the radiation exposure of the population, 
which varies from place to place depending mostly on the 
geology of the studied areas.

Many investigations on natural radioactivity of building 
materials have been carried out worldwide. These studies 
contributed to the elaboration of regulations applicable 
nationally or regionally [2, 4–7]. In Africa, only a few coun-
tries followed the path of detailed investigation of natural 
radioactivity. Reviewing studies made in Africa, highly dif-
ferent results can be found depending on the focus of the 
research. For example, taking as reference the worldwide 
median of UNSCEAR [7], activity concentrations of pri-
mordial radionuclides in soil are in the range of the reference 
in Zambian building materials from Lusaka [8], but higher 
in Namibian soils [9]. In terms of dose, in Cameroon, an 
investigation on rocks and soils for outdoor effective dose 
rates showed variable results depending on the geology of 
the studied area, reaching values three to four times higher 
than the recommended limit of 0.07 mSv year−1 by the 
UNSCEAR [10, 11]. In Kenya, studies have also shown 
annual effective doses higher than the reference in certain 
areas [12, 13].
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As seen above, natural radiation in Africa varies con-
siderably depending on the location. In Angola, there is no 
record of studies on natural radiation. Adobe is one of the 
most used building materials both in villages and suburban 
areas, and it is the most widespread building material of 
families with low income. It is easily accessible, and it has 
an advantage of keeping a favorable indoor temperature in 
tropical climate. In this work, the studied building material 
is adobe and the focus of the study is the contribution of this 
building material to external radiation exposure. Adobes are 
made of soil and water, sometimes mixed with organic mat-
ter, and dried at ambient conditions. Because of the simple 
manufacturing of adobes, they preserve the radionuclide 
content of the source soil. It is important to note that soil 
composition is determined by the geological composition 
of the mother rock.

This study aims to determine the activity concentrations 
of 226Ra, 232Th and 40K in Angolan adobe, and evaluate the 
risk of external exposure of the population living in adobe 
houses. Another aim is to classify the building materials 
by using international indexes like the radium equivalent 
index  (Raeq) and the activity concentration index (I). Taking 
into account local differences on the background radiation, 
gamma dose rates measured in situ and those calculated 
from the activity concentrations of the radionuclides, found 
in the building materials, are compared. Being the first such 
research done in Angola, it will contribute to the Angolan 
and African natural radioactivity database, serving as refer-
ence for further studies.

Studied areas

Angola is the sixth biggest African country with a 
1,246,700 km2 area. The western part of the country is sur-
rounded by the Atlantic Ocean along a 1650 km long coast-
line. The geographical landscape of the country varies from 
north to south as follows; a tropical forest at the north part, 
a fine coastal line along the ocean, an interior plateau in the 
center, and a dry savannah from south to south east.

Three different areas were chosen for this study based on 
their different geographical position and geological back-
ground. These are Cabinda at the north, Huambo in the 
central part and Menongue more towards the south (Fig. 1). 
These three localities belong to three different provinces. 
Below an overview of each province is provided. The infor-
mation summarized is mostly from “Notícia Explicativa da 
Carta Geologica de Angola”, a summary of the geology of 
Angola made by the National Institute of Geology in 1977, 
which was reviewed and updated in 1992 [14]. It is impor-
tant to note that the reconstitution of the Angolan Geological 
map is still ongoing.

Cabinda

In Angola most of the main cities have the same name as the 
province they belong to. This is the case of Cabinda which is 
the main city of the Cabinda province. It is located at 12° 12′ 
E and 5° 30′ S with a mean altitude of 1 m above sea level 
(Fig. 1). The province of Cabinda is an enclave located at the 
North-West part of the country. Its climate is tropical humid.

The geology of the province is characterized by various 
formations aging from Precambrian to Holocene, including 
Pleistocene marine deposits at the coastal area.

Huambo

Huambo is the capital city of the Huambo province. It is 
located 1700 m above the sea and the coordinates are 15° 45′ 
E and 12° 48′ S (Fig. 1). The province of Huambo is located 
at the central part of the country. Its climate is tropical highly 
influenced by the altitude and the cold current of Benguela.

The geology of the province consists of old (Archean to 
Proterozoic) metamorphic (gneiss, micaschist, metasediments) 
and igneous (granite, rhyolite to andesites) rocks. At Huambo 
city Paleocene-Eocene laterites were also mapped.

Menongue

Menongue is the main city of the Cuando Cubango province. 
It is located at 17° 41′ E and 14° 39′ S with an elevation of 
1300 m above sea level (Fig. 1). The province of Cuando 
Cubango is located at the south west part of the country. Its 
climate is semi-desert influenced by the desert of Namibe.

Its geology is based on Archean mostly gneiss and Pro-
terozoic rhyolite-andesite and Tertiary–Quaternary Kalahari 
sediment formations.

Materials and methods

In‑situ ambient gamma dose rate

The portable device FH 40 G-L10 (Thermo Fisher Scientific 
Inc.) was used to perform the in situ ambient gamma dose 
equivalent rate measurements. The detection limit of the men-
tioned survey meter goes from 10  nSvh−1 to 100  mSvh−1 and 
from 30 keV to 4.4 MeV regarding the gamma energies. Meas-
urements were done in the living rooms of 45 houses at two or 
three different points, at 1 m height.

Building material sampling

A total of 60 adobe samples were collected in the three study 
areas, making 20 per area. The materials were sampled from 
(i) pieces of remaining adobes after construction, (ii) pieces 



355Journal of Radioanalytical and Nuclear Chemistry (2020) 323:353–364 

1 3

took directly from houses, and (iii) soil used to make the 
adobe, in a few cases. The sampling sites were selected ran-
domly within the studied cities (Fig. 1).

Sample preparation

The sample preparation was carried out in the Lithosphere 
Fluid Research Lab at the Eötvös Loránd University, Buda-
pest. Samples were dried at lab temperature (around 20 °C) 
at least for a month. Then they were powdered and sieved 
below 0.5 mm diameter to ensure homogeneity. Afterwards 
the homogeneous samples were dried in an oven at 40 °C 
until constant weight is reached.

The dry, homogeneous samples were poured into sam-
ple holders made of High-Density Polyethylene (HDPe) 
which are proven to be radon-tight [15]. There was a need 
to artificially compact the sample in the sample holder in 
order to avoid a later self-compaction, because it could 
have led to an empty space inside the sample holder where 
222Rn can accumulate. Such inhomogeneity leads to false 
results [15]. After the filling, samples were left on rest for 
a minimum of 30 days to ensure the secular equilibrium 
between 226Ra, 222Rn and its daughters.

Fig. 1  Sampling points in (1) Cabinda, (2) Huambo and (3) Menon-
gue on the sketch of the geological map of Angola [14]. Geologi-
cal features on the map are as follows, (a) Pleistocene to Cretaceous 

marine sediments, (b) Archean to Proterozoic rocks, (c) Belts of the 
upper Proterozoic (Pan-African of age), (d) Sedimentary from Ter-
tiary to Quaternary, (e) Mesozoic to Paleozoic sediments
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Gamma‑ray spectroscopy

Gamma-ray spectroscopy measurements were carried out 
at the Centre for Energy Research, Hungarian Academy of 
Sciences, Budapest. An n-type HPGe detector (Canberra 
GR1319) with a relative efficiency of 13%, and a Canberra 
DSA-2000 acquisition system were used with a low back-
ground chamber [15]. The energy resolution (FWHM) is 
1.53 and 1.99 keV at 662 and 1332 keV, respectively. The 
peak-to-Compton ratio is 42.8:1 at 1332 keV. Dead-time 
losses during the experiments never exceeded 0.05%. The 
efficiency transfer method was applied for the determina-
tion of the full-energy-peak efficiency for the extended 
samples in close-in geometry. More details on the meas-
urement method are explained by Kis et al. [15].

Samples were measured for 42–120 h (samples with 
lower radioactivity needed more time) to reach good sta-
tistics. The determination of 226Ra was made from gamma 
lines of 222Rn daughters, 214Pb (242, 295 and 352 keV) 
and 214Bi (609, 1120 and 1765 keV), assuming the secular 
equilibrium inside the sample holder. 232Th was evaluated 
using gamma lines of 212Pb (239 and 300 keV) and 228Ac 
(338, 463, 911, 965 and 969 keV) assuming the secular 
equilibrium in the 232Th chain as well. K-40 was evaluated 
from its own peak (1461 keV).

Hazard indexes calculations

For the qualification and classification of building mate-
rials, hazard indexes were determined from the activity 
concentrations of 226Ra  (C226Ra), 232Th  (C232Th) and 40K 
 (C232Th).

Radium equivalent index  (Raeq)

Radium equivalent index  (Raeq in Bq kg−1) is one of the 
most commonly used indexes in literature. This index 
allows to calculate the specific activity concentration of 
the sample and to evaluate the radiation hazard associated 
to it. The equation below (Eq. 1) determining the  Raeq 
index is established considering that 370 Bq kg−1 of 226Ra, 
299 Bq kg−1 of 232Th and 4810 Bq kg−1 of 40K produce 
the same gamma dose rate. Limit values of  Raeq are the 
following: for building materials 370 Bq kg−1 [16] to keep 
the external dose below 1.5 mSv year−1, for industrial use 
740 Bq kg−1, for roads and railways 2200 Bq kg−1, for 
landfill materials 3700 Bq kg−1.

(1)Raeq = C226Ra +
10

7
C232Th +

10

130
C40K

Activity concentration index I

The unitless activity concentration index (I, Eq. 2) recom-
mended by the Radiation Protection (RP)112 [17], was 
applied for further comparison purposes. Calculation of 
this index is based on the following assumptions: the room 
size is 4 m × 5 m × 2.8 m, all structures (walls, floor and 
ceiling) are made of the same material with density of 
2350 kg m−3, no windows or doors exist, and it also takes 
into account a background cosmic and terrestrial dose rate 
of 50 nG year h−1 [17]. The main aim of this index is to 
show whether the annual dose due to the excess external 
gamma radiation in a building may exceed 1 mSv year−1 
[17]. For materials used in bulk amounts the recom-
mended limit of this index is I ≤ 1, whilst for materials 
with restricted usage it is I ≤ 6.

Dose estimations

In this work annual effective doses (AED) were determined in 
two distinct ways: in the first method it was determined from 
the in situ ambient gamma dose equivalent rate measurements 
(AED-measured) and in the other it was calculated from the 
activity concentrations of 226Ra, 232Th and 40K of the building 
material (AED-calculated).

In‑situ ambient gamma dose equivalent rate 
measurements (AED‑measured)

The AED-measured was determined by converting the ambi-
ent gamma dose equivalent rate values measured in situ from 
nSv h−1 to mSv year−1.

Calculated annual effective dose (AED‑calculated)

The AED-calculated  (De in mSv year−1; Eq. 3) was deter-
mined from the absorbed dose rate  (Da in nG year h−1) tak-
ing into account the annual indoor occupancy time (T = 0.8 
× 24 h × 365.25 d = 7012.8 h year−1) and the dose conversion 
factor (F = 0.7 SvG year−1) [17]. According to the RP 112 
[17],  Da can be calculated from the equation below (Eq. 4) 
if we consider a room with dimensions of 4 m × 5 m x 2.8 m, 
wall thickness of 20 cm and wall density of 2350 kg m−3. A 
50 nG year h−1 background radiation is assumed.

(2)I =
C226Ra

300
+

C232Th

200Bq kg−1
+

C40K

3000Bq kg−1

(3)D
e
= 10−6TFD

a

(4)D
a
= 0.92C226Ra + 1.1C232Th + 0.08C40K
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Statistics

Descriptive statistics as mean, average and standard devia-
tion have been determined using the software program 
“Origin”. The data also have been summarized in box and 
whisker plots for a comparison of the results obtained at 
different studied locations.

Pearson correlation coefficients [18] have been deter-
mined for the variables using the software program “Stat-
graphics”. All the statistical tests were performed at the 95% 
confidence level, in this program.

Results

Measured 226Ra, 232Th and 40K activity 
concentrations

Average and standard deviations of the activity concentra-
tions in Bq kg−1 are 26 ± 7, 36 ± 5, 45 ± 17 in Cabinda, 
87 ± 20, 81 ± 21, 82 ± 15 in Huambo and 27 ± 10, 30 ± 10, 
73 ± 40 in Menongue for 226Ra, 232Th and 40K, respectively 
(Table 1; Fig. 2a–c).

Table 1  Summary of averages, standard deviations and ranges of activity concentrations, Radium equivalent index  (Raeq), I index and calculated 
and measured annual effective doses

Location Activity concentrations
(Bq kg−1)

Raeq (Bq kg−1) I index Annual effective dose-
measured (mSv year−1)

Annual effective 
dose-calculated 
(mSv year−1)226Ra 232Th 40K

Cabinda Average 26 ± 7 36 ± 5 45 ± 17 81 ± 13 0.28 ± 0.05 0.6 ± 0.13 0.4 ± 0.06
Range 45–15 49–27 92–28 121–56 0.42–0.19 0.86–0.48 0.50–0.22

Huambo Average 87 ± 15 81 ± 21 82 ± 15 209 ± 45 0.72 ± 0.15 1.5 ± 0.32 0.8 ± 0.2
Range 116–49 121–39 105–50 273–113 0.95–0.39 2.28–1.12 1.11–0.47

Menongue Average 27 ± 10 30 ± 10 73 ± 40 76 ± 24 0.26 ± 0.08 1.04 ± 0.16 0.3 ± 0.06
Range 56–15 57–17 155–21 145–44 0.51–0.16 1.24–0.64 0.62–0.18

Fig. 2  Box and whisker plots of (a) 226Ra, (b) 232Th and (c) 40K activity concentrations (Bq kg−1) of the studied adobes from the three different 
areas

Table 2  Correlations among the 
three studied radionuclides

Location 226Ra and 232Th correlation 226Ra and 40K correlation 232Th and 40K correlation

Cabinda R = 0.66 R = 0.62 R = 0.36
P-value = 0.0014 P-value = 0.0036 P-value = 0.115

Huambo R = 0.55 R = 0.19 R = 0.5
P-value = 0.012 P-value = 0.41 P-value = 0.023

Menongue R = 0.8 R = 0.23 R = 0.48
P-value = 0.0001 P-value = 0.338 P-value = 0.0312
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Correlations among 226Ra, 232Th and 40K activity 
concentrations

Correlations between 226Ra and 232Th was found to 
be 0.66 in Cabinda with a P value of 0.0014 (Table 2; 
Fig. 3a), 0.55 in Huambo with a P-value of 0.012 (Table 2; 
Fig. 3b) and 0.80 in Menongue with a P-value of 0.0001 
(Table 2; Fig. 3c). According to this result, in all areas 

the mentioned radionuclides have a statistically significant 
relationship.

Correlations between 226Ra and 40K show the following 
results: 0.62 with a P-value of 0.0036 in Cabinda (Table 2; 
Fig. 4a), 0.19 with a P-value of 0.41 in Huambo (Table 2; 
Fig. 4b) and 0.23 with a P-value of 0.338 in Menongue 
(Table 2; Fig. 4c). Statistically significant relationship is 
found in Cabinda, but not in the two other areas.

Fig. 3  Correlation between 226Ra and 232Th in a Cabinda, b Huambo and c Menongue

Fig. 4  Correlation between 226Ra and 40K in a Cabinda, b Huambo and c Menongue

Fig. 5  Correlation between 232Th and 40K in a Cabinda, b Huambo and c Menongue
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Results of correlations between 232Th and 40K are as fol-
lows: 0.36 with a P-value of 0.115 in Cabinda (Table 2; 
Fig. 5a), 0.50 with a P-value of 0.023 in Huambo (Table 2; 
Fig. 5b) and 0.48 with a P-value of 0.0312 in Menongue 
(Table 2; Fig. 5c). Here we have statistically significant rela-
tionship in Huambo and Menongue, but not in Cabinda.

Raeq and I hazard indexes

Averages and standard deviations of the  Raeq index are 
81 ± 13 Bq kg−1 in Cabinda, 209 ± 45 Bq kg−1 in Huambo 
and 76 ± 24 Bq kg−1 in Menongue. For the I index, aver-
ages and standard deviations are 0.28 ± 0.05 in Cabinda, 
0.72 ± 0.15 in Huambo and 0.26 ± 0.08 in Menongue 
(Table 1; Fig. 6a, b).

Doses

Measured in situ ambient gamma dose equivalent rates pre-
sent the following averages and respective standard devia-
tions: 0.6 ± 0.13, 1.5 ± 0.32 and 1.04 ± 0.16 mSv year−1 in 
Cabinda, Huambo and Menongue, respectively (Table 1; 
Fig. 7). Averages of the annual doses calculated from the 
activity concentration of the radionuclides in building 
materials with respective standard deviation are: 0.4 ± 0.06, 
0.8 ± 0.2 and 0.3 ± 0.06 mSv year−1 in Cabinda, Huambo and 
Menongue, respectively (Table 1; Fig. 7).

Discussion

Influence of geology on natural radiation in Angola

The influence of geology on the spatial distribution of natu-
ral radiation has been proven by many studies [19–22]. Dif-
ferent gamma dose values can relate to different geological 
backgrounds [23–25]. It is important to recall that the stud-
ied building material (i.e., adobe) is made of the local soil, 
which develops via weathering process from the surrounded 

rocks. The composition of the source rock eventually con-
trols the natural radioactivity of the soils of the area [26] and 
therefore of adobes. Results of present study have shown 
different levels of radioactivity at the three studied areas of 
Angola that have different geological backgrounds [14]. As 
seen in the results, the North part (Cabinda) and the South 
part (Menongue) show the lowest average activity concentra-
tions: 26 ± 7, 36 ± 5, 45 ± 17 and 27 ± 10, 30 ± 10, 73 ± 40 
for 226Ra, 232Th and 40K, respectively. Adobe samples col-
lected in Cabinda are mostly made of soils derived from 
rocks belonging to Pleistocene marine sediment formations 
consisting mostly of sand deposits. Adobe samples from 
Menongue are from soils formed from rocks belonging to 
Eocene-Pliocene sand formations. In contrary, the central 
part of the country (Huambo) with Archean metamorphic 
(gneiss and micaschist) and Proterozoic metasediment for-
mations shows the highest average activity concentrations 

Fig. 6  Box and whisker plots 
of (a) the Radium Equivalent 
Index (Bq kg−1) and (b) the 
unitless activity concentration 
index I [17]

Fig. 7  Comparison between the effective doses calculated from activ-
ity concentration of the building materials (AED-calculated) and 
measured in  situ (AED-measured); (1) AED-calculated, (2) AED-
measured at the three different studied areas
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(Fig. 2a–c; [14]). The above described formations are known 
for their potential to contain elevated concentrations of radi-
oactive minerals [27].

Geochemistry of the studied radionuclides

In order to understand the mutual effects of the three stud-
ied radionuclides, 226Ra, 232Th and 40K, it is important to 
analyze their correlations and consequently, their relation-
ships. The strongest correlation between 226Ra and 232Th is 
found in Menongue (R = 0.8, Fig. 3c). The lithology made 
up of Eocene–Pliocene sediment formations in Menongue is 
rather homogeneous [14]. In areas with such a characteriza-
tion, correlations between 226Ra and 232Th are expected to be 
high [28]. This strong correlation, found between 226Ra and 
232Th, may be explained by the similar geochemical behav-
ior of the parent and progeny nuclides, which infers similar 
responses to the soil and environmental processes that affect 
their distribution [26]. Uranium and thorium have the same 
replacement capacity of a nucleus in the lattice of a mineral 
because of their radius length. Moreover, despite the fact 
that uranium tend to be more mobile than thorium during 
weathering processes, studies have proven the immobility of 
uranium due to adsorption or co-precipitation by amorphous 
Fe-oxyhydroxides [27]. Therefore, Dequincey et al. [29] had 
the same result of uranium and thorium accumulation in the 
indurated ferruginous cap of African laterites, and of their 
secondary redistribution into the profile.

Regarding the correlation between 226Ra and 40K, the only 
area with a statistically significant relationship is Cabinda 
(Fig. 4). Samples from Cabinda were taken at the littoral 
part where chemical weathering is not profound, whereas, 
in the interior part of the country (Huambo, Menongue) not 
only the rocks but the soils are highly weathered [30, 31]. 
Both studies by Wilford et al. [32] and Dickson and Scott 
[33] explain the influence of the weathering process and the 
topography on the radionuclide distribution [34]. Potassium 
is more easily weathered and leached out than radium in 
soils because of its higher solubility and probably hygro-
scopic feature. Moreover, upper horizons in soils are poor 
in potassium because of the plant uptake [35].

Contrariwise, to the results from the correlation between 
226Ra and 40K, statistically significant relationship exists 
between 232Th and 40K in Huambo and Menongue but not 
in Cabinda (Fig. 5). In some cases for instance when thorium 
is hydrated [27], the behavior of potassium and thorium is 
similar during the weathering process. In these cases, both 
elements are mobile during the weathering process as dem-
onstrated on the study of Dickson and Scott [33]. Conse-
quently, the average potassium and thorium content of soils 
reflect the average of the rocks content on the same elements 
from which they are derived. However, the differences in 
soil radioelement concentrations are relatively small [34].

Overall, the correlation among radionuclides is the 
strongest between 226Ra and 232Th in all areas which was 
also found in adobes and soils, for instance, by Szabó et al. 
[36] and El Afifi et al. [37]. However, as extensively dem-
onstrated by Wilford et al. [32], in the study about different 
Australian soils, weathering processes and topography might 
have a big influence on the behavior of the radionuclides, 
consequently their distribution in the soil.

Measured, calculated and estimated levels in this 
study

Activity compared to worldwide levels and to other 
countries with similar studies

Because in Angola there are no studies about radiation of 
building materials, it was more adequate to compare the 
results of our study to similar materials in other countries 
(Table 3). In that regard, apart from adobe, we used soil, 
red-soil bricks, mud-bricks, soil and clay bricks because the 
conservation of the radionuclides content is similar consid-
ering that the manufacturing process does not change the 
initial composition of the building material [36]. It is also 
important to note that studies related to the radiological 
assessment of the adobe building materials are scarce. The 
worldwide median concentrations in soils (35, 30 and 400 
Bq kg−1 for 226Ra, 232Th and 40K, respectively) determined 
by UNSCEAR [7] will be used as reference values.

Amongst all the studied radionuclides, highest average 
values are found in Huambo, at the central part of the coun-
try (Fig. 2a–c). Measured activity concentrations of 226Ra 
and 232Th are lower in Cabinda (26 ± 7, 36 ± 5 Bq kg−1) and 
Menongue (27 ± 10, 30 ± 10 Bq kg−1) but more than two 
times higher in Huambo (87 ± 20, 81 ± 21 Bq kg−1) than the 
reference values (30, 40 Bq kg−1, [7], Fig. 2a, b). Regard-
ing 40K, all measured samples are below the reference ([7], 
Table 3).

Activity concentrations in this study are also comparable 
to those found in different studies from other countries as 
seen in Table 3. Average values of 226Ra in Cabinda and 
Menongue are the same within standard deviation as Hun-
garian adobe [36], Australian mud-bricks [38], Bangladesh 
and Egyptian red clay bricks [39, 40], as well as Cameroo-
nian and Spain soils [26, 41], whereas in Huambo they are 
higher. If the average is considered for all samples together 
(47 ± 30 Bq kg−1), the value is higher than the world ref-
erence value (Table 3) raising the attention to a potential 
radiation risk if pore structure is advantageous for radon and 
thoron exhalation [42, 43]. This is the topic of another paper 
in preparation of the authors.

Regarding the values of 232Th in Table 3, Huambo (cen-
tral) belongs to the group with highest averages (above 81 
Bq kg−1). Cabinda and Menongue values are in the same 
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range as those from most of the countries but lower than the 
world reference value. The average of all samples together 
(49 ± 26 Bq kg−1) is slightly higher than the reference value 
[7].

All activity concentrations of 40K from present study are 
much lower compared to most values contained in Table 3. 
The distribution of 40K can be highly variable because it 
can be controlled by physical processes such as soil redis-
tribution (erosion/deposition) and by processes of leaching/
sorption in the soil complex [26, 32, 33]. These reveal sig-
nificance of geology, local climatic conditions and physical 
processes which are crucial to the radionuclide distribution.

Indexes compared to international and recommended 
limits

Values of the Radium Equivalent Index,  Raeq, are higher at 
the central part of the country (Huambo) and lower at the 
south part of the country (Menongue). None of the results 
is higher than the recommended value of 370 Bq kg−1 [16].

Values of  Raeq from the present study are compared to 
other countries as seen in Table 3. Values of the adobe from 
the central part (Huambo) are higher (209 Bq kg-−1; Fig. 6a) 
than most chosen reference countries, being only lower than 
the clay bricks from Finland (241 Bq kg−1; [16]) and those 
from Australia (218 Bq kg−1; [38]).

As for the I index, results from this study show average 
values three times higher in Huambo (0.72) than both other 
studied areas (Cabinda, 0.28 and Menongue, 0.26; Fig. 6b). 
All calculated values are lower than the recommended limit 
of 1. However, some maxima values from Huambo (0.95, 
0.94) are very close to the recommended limit (Fig. 6b). 
Comparing to other studies as shown in Table 3, averages 
from the central part, Huambo, are just lower than the red 
clay bricks from Bangladesh (0.91; [39]) and higher than 
all others, whereas, from Cabinda (0.28) and Menongue 
(0.26) the averages are lower compared to all other studies 
(Table 3, Fig. 6b). If we consider the average of the I index 
for all samples (0.42), the value is higher than that of Hun-
garian adobes (0.35) and Nigerian soils (0.33) [44, 45], but 
lower than values found in other studies (Table 3, Fig. 6b).

Measured and estimated effective doses

The annual effective dose was determined according to two 
different procedures (Methods Section (f).). In one hand, it 
is calculated from the radionuclides activity concentration 
of the building material and the other hand, it is the result 
of an in situ measurement.

All the results of the estimated dose calculated from the 
radionuclides activity concentration of the building mate-
rial are lower than the recommended limit of 1 mSv year−1 
[7] (Fig.  7). However, results from the direct gamma 

dose rate measurement indicates that values measured in 
Huambo (1.5  mSv  year−1; central part) and Menongue 
(1.04 mSv year−1; south part) are higher than 1 mSv year−1 
(Fig. 7).

In all cases measured values are higher than calculated 
ones by a ratio of 1.8, 1.9 and 3.9 in Cabinda (north), 
Huambo (central) and Menongue (south), respectively 
(Fig. 7). This indicates the influence of other sources than 
the building material, namely that of the cosmic rays and 
radionuclides from the soil [23, 46].

In other hand, if we compare AED-calculated results 
from Cabinda (north) and Menongue (south), we will find 
slightly higher values in the north (0.4 mSv year−1 in Cab-
inda versus 0.3 mSv year−1 in Menongue) but if we compare 
AED-measured results for the same areas, the north presents 
much higher values (0.6 in Cabinda versus 1.04 mSv year−1 
in Menongue). The main difference between the areas is 
the altitude (1 m in Cabinda, 1354 m in Menongue). This is 
similar to the results of Achola et al. [12] who found very 
different ratios between the directly measured values and 
those calculated from radionuclide concentrations varying 
generally from 1.3 to 7.3, and up to 45.5 in one particular 
case. Furthermore, it has also been demonstrated and con-
firmed by studies made in different parts of the world that 
dose exposure highly depends on the altitude [6].

Conclusion

From the three studied areas in Angola two, Cabinda (north) 
and Menongue (south) show 226Ra and 232Th activity con-
centrations in adobe building material in the same range as 
most international works focusing on similar type of mate-
rials. Whereas, Huambo (central) shows elevated values 
(116–49 and 121–39 Bq kg−1 for 226Ra and 232Th respec-
tively). Regarding 40K, values from all studied areas are low 
compared to other countries. From the correlations among 
the studied radionuclides, one may conclude that their geo-
chemical behavior is an important factor determining their 
abundance. Based on the determined  Raeq and I building 
material qualification indexes, adobe building material from 
Angola is safe to use in radiological point of view. However, 
a closer look at the geology of the source material is strongly 
recommended when old metamorphic and igneous rocks, 
and their mechanical fragments are present. The annual 
effective doses showed different ranges for different meth-
ods of determination. Values determined from direct meas-
urements are higher than those estimated from the activity 
concentrations of the building materials. It is because not 
only the geology influences the external radiation dose of 
the population living in adobe houses, but also the altitude 
of the settlement.
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