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Abstract: Radon, an element of natural radiation, is considered one of the leading causes of lung
cancer worldwide. In Bangladesh, radon has been clarified as a foremost source of radiation exposure.
Potential natural-radiation-induced elevated cancer risks were estimated in Bangladesh previously
for the population. In this survey, as a very preliminary study in the country, comparative indoor
radon (222Rn, Rn) and thoron (220Rn, Tn) concentration/population exposure was determined for the
multistoried dwellings of south-western areas of Dhaka city. RADUET was used to assess annual Rn
and Tn concentrations in determining the primary inhalation dose for the population. The annual
effective dose of Rn and Tn was evaluated in this study for dwellings at 0.3 mSvy−1, constituting
a Tn dose contribution of an average of 40% with a dwelling-based wide range of 10–96%. Thus,
Tn should not be neglected for Bangladesh while estimating radiological inhalation dose from the
indoor environment. Again, the equilibrium factors, F of Rn and Tn, were determined by short-term
measurement at averages of 0.6 and 0.02, respectively. Furthermore, using questionnaire estimation
by principal component analysis, PCA following the dwelling characteristics, human lifestyles, and
estimated long-term indoor Rn and Tn concentrations, this paper discussed indoor atmospheric/Rn
factors for the investigated multistoried dwellings in Dhaka city.

Keywords: Dhaka city; population exposure; radon and thoron; equilibrium factor; PCA; radon factors

1. Introduction

In Bangladesh, elevated fatal cancer risk due to natural radiation exposure was ob-
tained for the population [1]. The countrywide regions exhibited higher background
radiation levels and soil natural radionuclide contents, i.e., 226Ra and 232Th [2–6]. Radon
(222Rn, Rn), a naturally occurring radioactive gas formed consecutively through the de-
caying of uranium, thorium, and radium, has been clarified as a practical environmental
component to investigate the internal exposures due to natural radiation in Bangladesh [2,7].
As a radioactive gas, Rn decays, formulating progenies that stay in the air as a single cluster
or attach to the existing aerosol particles by generating radioactive aerosols [8]. While
humans breathe, Rn progenies come into the lungs from the air, emitting alpha rays to
lung tissues through decaying and finally causing lung cancer at a particular exposure
stage. Thus, Rn exposure is considered a prominent environmental cause of lung cancer
after smoking [9–11]. In Bangladesh, lung cancer is found to be one of the most prevalent
cancer diseases, and the prospect of Rn exposures, i.e., high Rn exhalation rates, exists in
the country; however, Rn-induced lung cancer risks are unknown for the country due to
insufficient nationwide systematic measurements and unknown/undetermined parameters
required in Rn risk models [7]. The previous Rn studies of Bangladesh [12–18] conducted
with SSNTDs, solid-state nuclear track detectors of CR-39 and LR-115, are summarized
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in a recent comprehensive review [7]. The Rn concentrations in different dwelling types
and regions were higher than the world average, the countrywide average of other Asian
countries of India, China, or Japan, and the reference levels of WHO and ICRP. As for
the parameter affecting Rn concentration, previous studies assumed indoor ventilation.
However, the impact of dwelling characteristics and human lifestyles on indoor ventilation
is unknown and has been concentrated on in this research. In Bangladesh, systematic
Rn surveys characterizing the indoor Rn spatiotemporal dynamics, factors affecting in-
door Rn levels, national factors of indoor Rn distribution, suitable equilibrium factor F,
or arithmetic mean on indoor Rn level are lack in determining the presumable internal
dose for the population or establishing a reference level as part of controlling Rn exposures.
Rn equilibrium factor RnF was measured in Bangladesh with an extensive wide range of
0.04–0.97 [12] compared to the UNSCEAR recommended value [19]. It is crucial to deter-
mine suitable values for RnF for dose estimation and reasons for the significant variation.
On the contrary, thoron (220Rn, Tn), an isotope of radon capable of formulating human
lung exposure, can cause Bangladeshi population exposure due to the high content of its
parent nuclide of thorium in the Bangladeshi soil. So far, the Tn exposure in Bangladeshi
dwellings is unknown. Therefore, as part of the systematic radon study estimating indoor
Rn and Tn-induced population exposure in Bangladesh, this research focused on Dhaka
city’s multistoried dwellings by initiating a discriminative Rn and Tn survey in the country.
This very preliminary survey aims at ascertaining the country’s initial discriminative doses
from Rn and Tn; variability of indoor Rn, Tn, and their progenies concentrations; possible
factors for the indoor atmosphere (dwellings)/ Rn concentration variation, and finally,
providing recommendations for future radiological studies.

2. Materials and Methods
2.1. Site Description and Investigated Dwellings

Capital Dhaka (a city with tropical climate, average temperature of 25.3 ◦C) has
around 18.2 million residents [20]; multistoried dwellings were chosen for increasing
numbers due to population growth and urbanization. South-west regions covering around
one-fourth of the area of Dhaka city were selected for measurement following the larger
population [21] and availability of our categorized dwellings/rooms with potential Rn and
Tn exposure. As this study is very preliminary for Tn in Bangladesh, we emphasized the
rooms’ building materials, measurement distance, and ventilation pattern in selecting the
dwellings in the south-west area. Dwellings/rooms were selected following the possibilities
of radiological exposure from building materials [22] and ventilation parameters based
on our assumptions and previous Rn studies [13,14,16,18]. Dwellings were classified as
modern, having distinctive building materials, i.e., concrete, tiles, or mosaic stone with
higher ventilation choices; apartment, concrete with lower ventilation option; and traditional,
an old type made of mostly similar brick-built to the Old Dhaka area having the least
ventilation option. A total of 50 rooms were chosen for the measurement.

2.2. Measurement of Indoor Radon and Thoron Concentrations (Long-Term and Short-Term)

RADUET, Radosys Co. Ltd., Budapest, Hungary, was used to assess annual Rn
and Tn concentrations of dwellings. The literature describes its structure and calculation
procedure [23]. The detector comprises two chambers with different diffusion barriers; the
varied air exchange rates allow for simultaneously measuring Rn and Tn concentration.
One of the chambers is sensitive to only Rn activity, and another one is to both Rn and
Tn. The CR-39 chips stay on the bottom of the chambers and register the alpha particles
emitted from Rn and Tn and some of their progenies [24]. As for the etching process of
the CR-39 chips (manufactured by Nagase Landauer, Ltd., Tsukuba, Japan), a 6 M NaOH
solution at 60 ◦C for 24 h was adopted. After etching, the chips underwent natural drying
at the laboratory for a day (22 ◦C). RADUET calibration was performed using the reference
laboratory of Hirosaki University, Japan, maintaining procedures [25,26]. Image-J and
microscope methods were used for track evaluation to determine Rn and Tn concentrations.
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The lower detection limit of Rn and Tn concentrations were determined for RADUET as
2 Bqm−3 and 6 Bqm−3, respectively [27].

We performed both long-term (around one year in 50 dwellings by RADUETs) and
short-term (a few days to 1-month in representative dwellings) indoor Rn and Tn con-
centration measurements. Annual concentration estimation with RADUET represents the
general room conditions covering the impact of environmental and human lifestyle on
average Rn and Tn data. So far, in Bangladesh, the clarification of the temporal variation
of indoor Rn and Tn concentration by continuous measurement and associated factors is
unknown/lacking. As the dwelling room condition (i.e., closed up) commonly exhibits
high Rn concentration; and the open window condition exhibits lower Rn level [11], we con-
sidered short-term estimation in closed room conditions to primarily understand the room’s
highest potential level of exposure. During the measurement, rooms were kept closed to re-
duce disturbance in Rn and Tn from prospective environmental factors and indoor human
activities. We estimated the simultaneous indoor–outdoor atmospheric conditions (temper-
ature, pressure, and humidity) with Thermo Recorder TR-73U (T&D CORP., Matsumoto,
Japan) during the short-term measurement to identify possible atmospheric parameters
affecting the temporal variation of Rn and Tn concentrations. The indoor ventilation rate
(h−1) was assessed by the tracer gas decay method [28,29]. The CO2 gas concentration
was measured by CO2 Recorder RTR-576 (T&D CORP., Matsumoto, Japan). Dwelling
aerosol concentration (µg/m3) was measured by a laser particle counter DC170-PM (Dylos
Corp.). The RnF and TnF were estimated in each representative dwelling category. RAD7
(Durridge Co. Inc., Bedford, MA, USA) was used for measuring simultaneous Rn and
Tn concentrations. This device relies on an active method of assessing Rn (CRn) and Tn
(CTn) focusing on the spectral analysis of their progenies collected through electrostatic
collection. A portable silicon semiconductor working level WLx monitor (Pylon Electronics
Inc., Mississauga, ON, Canada) was adopted to assess their progenies (a few days). The
monitor measures Rn and Tn progenies collected by filter paper through its solid-state
detector. The equivalent equilibrium concentrations of Rn (CRn,EEC) and Tn (CTn,EEC) in
Bqm−3 from WL were evaluated by the equations [30,31] below:

CRn,EEC = WL × 3700; CTn,EEC = WL × 275

The equilibrium factors (RnF and TnF) were calculated by [32,33]

RnF or TnF =
CRn,EEC

CRn
;

CTn,EEC

CTn
;

2.3. Questionnaire Estimation

A questionnaire was applied to determine influential parameters affecting indoor
atmosphere/ Rn concentrations. The questionnaire content was fixed based on the au-
thor’s consideration of Rn dose parameters and the assumptions of previous Rn studies in
Bangladesh [12–18]. In addition, the questionnaire content of nationwide Rn surveys of
Japan carried out by the Rn team of the National Institute of Radiological Sciences (NIRS)
was learned in designing the content [34–36]. Questionnaire estimation was performed by
the authors by recording the dwelling parameters (i.e., building materials, detector posi-
tions in rooms) during in situ measurement and interviewing the owner/representative
person of each dwelling. The multivariate analysis method (principal component analysis,
PCA) [37–40] was used for questionnaire estimation using IBM SPSS Software version 25.

3. Results and Discussions
3.1. Estimation of Indoor Radon and Thoron Concentrations in Dwellings of Dhaka City

Estimation results using RADUET are presented in Table 1. Rn concentration is
relatively low (3 ± 2 Bqm−3 to 20 ± 3 Bqm−3), showing an insignificant difference among
our dwelling categories. While comparing with previous long-term studies for Dhaka
city/Bangladesh (Table 1), our study determined a relatively lower Rn level. In this study,
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detectors were primarily set up on upper floors (2nd to 10th) to understand the foremost
impact of building materials on indoor Rn and Tn concentration. Our study focused on the
concrete building, a common type for multistoried dwellings in Dhaka city, which presented
a lower Rn level. A diverse pattern of Rn concentration was found in previous studies
for concrete-based dwellings in Bangladesh [7]. As observed, the Dhaka city dwellings
(especially those with characteristics of modern type) exhibited elevated natural ventilation
rates due to the high-rise room conditions and mechanical ventilation options. In this study,
the ceiling fan was determined to be the most prominent mechanical home appliance in our
investigated dwellings. Many modern dwellings presented the use of air conditioning in
parallel with ceiling fans. Moreover, around 85% of dwellings presented the availability of
kitchen exhaust fans in our study. These might be the probable reasons for having lower Rn
levels obtained in our study. Studies [41–43] clarified similar influences of ventilation, usage
of mechanical appliances, and building factors affecting indoor Rn reduction/variation.

Table 1. Long-term radon and thoron concentrations in the multistoried buildings of Dhaka city and
comparison with countrywide studies using SSNTDs.

Location Parameter Radon Concentration
(Bqm−3)

Thoron Concentration
(Bqm−3) Reference Studies

Countrywide Range 3 to 2616 Not available [7]
Dhaka city Range 37 to 170 Not available [13]

Dhaka city
Range

AM ± SD
GM

3–20 7–56
This study8 ± 5 16 ± 12

7 14

On the other hand, obtained long-term Tn concentration (7 ± 2 Bqm−3 to 56 ± 8 Bqm−3)
was higher than Rn (Table 1). The apartment and traditional types presented larger variabil-
ity of Tn concentrations (Bqm−3 arithmetic mean, AM = 17, standard deviation, SD = 14,
geometric mean, GM = 14,) and (AM = 19, SD = 13, GM = 16,), respectively, compared
to modern (AM = 12, SD = 4, GM = 11). Potentially altered Tn diffusion length due to
dwelling characteristics (older type settings, building materials, exhalation rates, or wall
surface status) and atmospheric or human-lifestyle-oriented ventilation rates in apartment
and traditional styles might be the probable reasons for larger Tn variabilities. As the
distribution of Tn gas typically depends on the distance from the room wall [44,45], we
focused on the wall distances for RADUETs. The Tn concentration measured in the modern
type was found to be lower (<20 Bqm−3) for different wall distant positions. Instead, apart-
ment and traditional styles expressed relatively elevated levels (i.e., 56 Bqm−3) although
detectors were positioned at more than 50 cm from the wall. Therefore, the chance of Tn
exposures in the apartment and traditional types might be high. We assessed gamma dose
rates for all the dwellings’ wall surface/indoor air using an integrated gamma dosimeter
(RPL dosimeter, Chiyoda Technol Corporation, Ibaraki, Japan). The obtained dose rate
varied from 0.23 to 0.42 µSvhr−1, representing a probable radionuclide source in the room
wall (possibly parent of Tn or other).

In the case of short-term measurement, Rn concentration provided some temporal
variation (9–84 Bqm−3) due to the atmospheric parameters (temperature, pressure, humid-
ity, and ventilation rate). Tn concentration was derived as an elevated level (15–428 Bqm−3).
The atmospheric temperature difference between the monitored room and outside was
identified as a significant (p < 0.05) parameter of Tn variability. It is noted that our explored
room was adjacent to the house’s kitchen. During a one-month continuous assessment in
rooms close to the kitchen, we observed a relatively extended period of the family’s cook-
ing habits, which might be one of the foremost reasons for changing indoor atmospheric
conditions in the investigation room. Additionally, we applied a mechanical fan (the fore-
most human lifestyle for Dhaka city), which altered the indoor natural ventilation rate of
0.2 h−1 up to 1.2 h−1, sufficiently reducing the Tn concentration at the position close to the
wall. This indicates a possibility of spatial distribution or altering the Tn diffusion length
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due to ventilation in Dhaka city dwellings. This diffusion-mechanism-based indoor Tn
distribution from the wall was also ascertained for Japanese and Chinese dwellings [46,47].

3.2. Potential Dwellings/Indoor Radon Factors for Dhaka City: Questionnaire Analysis

This study demonstrates the factors focusing on dwelling characteristics (i.e., cate-
gories, building materials, year of construction), monitored room/measurement conditions
(i.e., window usage/materials, detector’s distance from walls), and dweller’s lifestyle
(i.e., room occupancy, usage of home appliances). No prior systematic information exists
in Bangladesh on how the indoor parameters depend on each other. PCA based on the
correlation matrix was employed for all questionnaire parameters through, which the
correlation coefficients for each of them can be observed. The coefficient is simply the corre-
lation matrix of included variables. The significance level (p-value) associated with each
correlation for parameters was investigated. Method of extraction and varimax rotation
was employed in the factor analysis by two principal components.

The PCA plot (Figure 1) indicates parameter interaction by Component 1 (PC-1 cov-
ering 20% of total variance) and Component 2 (PC-2 covering 13% of total variance).
Parameter positions in the PCA plot identify the groups with their elements (marked with
ellipse shape), in which the variables can affect each other positively; and negatively to
the opposite group in the plots. Parameters under the human lifestyle of activities in the
kitchen (cooking and water usage) are correlated with water usage in the bathroom (group
on the right in the plot). Following the lifestyle of food preparation for Dhaka city, kitchen
activities are found in our study as mostly longer, possibly because of the curry-based cook-
ing system. This might offer long periods of water usage (cooking and cleaning), altering
the indoor atmospheric conditions. PC-1 comprises strong positive loadings for cooking
time, source (Rn), and water usage. Previous Rn studies in Bangladesh clarified ventila-
tion as one of the foremost Rn parameters [7,48] for which our study newly determined
building characteristics and human lifestyle parameters. The natural ventilation level has
been clarified as an indoor factor (strong positive loading by PC-2). We obtained a group in
the plot (right upper side consisting of natural ventilation and building characteristics) for
which the measured room’s dwelling airtightness and windows number are identified as
ventilation parameters. PC-2 expresses a group in the left middle of the plot where usage
of air conditions and mosquito coils (indoor aerosol source for Dhaka city) is found to have
strong positive loadings. Another group is in the plot’s upper left, ensuring the profound
impact of human activities in altering natural ventilation.

Based on the parameter’s significant values (p < 0.05) obtained interactively with the
correlation matrix analysis, dwellings (modern, apartment, and traditional) can be categorized
in the criteria of construction age, building materials, window material, room types, home
appliances, air tightness, number and occupancy for dwellers, room door/water usage,
considerable outdoor source of Rn, and the measured Rn, Tn concentrations. Based on the
correlation matrix, we compared variables for the three dwelling types; the coefficients were
obtained at 0.48 for building year, 0.32 for air tightness, 0.61 for window usage in summer
hours per day, and 0.30 for Tn concentration. This indicates relatively older settings and
airtight rooms with somewhat elevated Tn for traditional dwelling types. Alternatively,
home appliances express coefficients of (−0.50), occupant’s number of (−0.54), outdoor
source status of (−0.35), window materials of (−0.44), cooking material of (−0.37), room
occupancy of (−0.49), door and ceiling fan usage of (−0.43) and (−0.36), and Rn concen-
tration of (−0.32) in comparison to the dwelling types; which that indicated dwellers of
the modern house are larger in number, staying extended period in dwellings with home
appliances and door usage. Overall, the older dwellings are different (p < 0.05) from the
new ones in terms of air tightness, building materials, ventilation, and Tn concentrations.
Our findings will be effective in explaining the high Rn concentration of old dwellings in
Bangladesh [14].
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and component 2 (PC−2).

As significant Rn parameters, building characteristics (dwelling category, building
materials, outdoor Rn source, presence of kitchen near the living room, material and
usage of window, water source), human lifestyle (cooking time, water usage), suffi-
ciency/satisfaction on indoor ventilation by residents are determined. Distinctive building
materials, i.e., mosaic stones or tiles, are used in multistoried buildings, especially in
modern dwellings, which might be a source of Rn. Dwelling structures (steel, glass, or
polymer as window or door materials) of modern type might affect indoor Rn increasing
airtightness. Correlation analysis indicated that dwellers’ dissatisfaction with indoor ven-
tilation is also a factor in augmenting Rn; with Rn, window usage presents a negative
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coefficient (−0.34), along with cooking time (−0.50) and water usage (−0.34). Window
usage in Dhaka city multistoried buildings might enhance air exchange with outside fresh
air and thus reduce indoor Rn concentration. A study [49] clarified that the room window
affects the air exchange rate, meteorological conditions, and airtightness in altering indoor
Rn concentrations. Kitchen activities are associated with changing indoor atmospheric
conditions [50–52]. Longer cooking may change the ventilation rate (due to the exhaust fan
usage), dwelling atmospheric temperature and pressure, and water content in the building
materials of Dhaka city. Thus, cooking and water usage may impact the exhalation rate
and pumping effect of Rn and Tn from building materials forming radiological exposures
following the environmental mechanism described by studies [53,54]. In the PCA plot, they
mostly stand in opposite positions of Rn, being possible countermeasures approach for
indoor Rn in Dhaka city. In the absence of proper ventilation due to aging/cracks of build-
ing materials/energy efficient strategy, studies [42,55] determined elevated accumulation
of Rn gas in the upper floor apartment buildings for which bidirectional ventilation was
found to be more effective than unidirectional type in reliable Rn gas reduction. Obtained
primary Rn factors in this study, window materials and usage, or dwelling category might
formulate indoor conditions as the diverse energy efficient conditions, which might even
affect the indoor Rn variation of our investigation.

3.3. Preliminary Indoor Radon and Thoron Equilibrium Factors (RnF, TnF) in Dhaka City

RnF and TnF were determined by short-term measurements for representative modern
(5th floor), apartment (2nd floor), and traditional (2nd floor) types of dwellings. Detectors
were placed in the middle of the room, keeping closed room conditions. The average
RnF and TnF were obtained as 0.6 and 0.02, respectively. Rn concentrations of apartment
and modern types show higher levels than traditional (Table 2). RADUET data achieved
through the long-term estimation presented a similar tendency of somewhat elevated levels
for apartment and modern types. As shown in Table 2, the apartment type expressed an
elevated average RnF of 0.8; the investigated room’s position was adjacent to the kitchen,
which might increase the aerosol concentrations in the measurement room enhancing the
Rn progeny attachment. On the other hand, our estimation of Tn equilibrium factor TnF
was found to be different in average values for the three types of dwellings: apartment
(0.03) > modern (0.02) > traditional (0.01). The review paper explaining worldwide TnF [33]
expressed a larger variation (0.003–0.14) based on the detector’s positions of the room’s
building materials (i.e., wall); most of the measurements were within at least 10 to 20 cm
from foremost Tn source (breathing zone). Our investigation was conducted far from the
source (at least greater than 50 cm from the wall due to the difference in room size), and
we missed systematically assessing important parameters investigation (ventilation rate,
aerosol number concentration, or atmospheric condition information). Thus, we cannot
compare our values with a specific indoor environmental condition worldwide. However,
based on the influence of RnF, we primarily assume factors (indoor ventilation, possible Tn
source, or aerosol number concentrations).

Table 2. Assessment of Rn and Tn equilibrium factors in multistoried buildings of Dhaka city based
on very preliminary study (AM ± SD, GM).

Dwelling Types
(Room Numbers)

Radon Concentration
Bqm−3

Radon Equilibrium
Factor

Thoron Concentration
Bqm−3

Thoron Equilibrium
Factor

Modern 14 ± 4, 14 0.4 ± 0.2, 0.4 32 ± 12, 30 0.02 ± 0.01, 0.02
Apartment 18 ± 3, 17 0.8 ± 0.2, 0.8 30 ± 17, 27 0.03 ± 0.02, 0.03
Traditional 9 ± 3, 9 0.5 ± 0.2, 0.5 31 ± 16, 27 0.01 ± 0.0004, 0.01

Dhaka was demonstrated as one of the top cities in the world for kitchen aerosol
exposure, relying mostly on only natural ventilation as an exhaust system [56]. Moreover,
outdoor sources (i.e., traffic, industrial activities, or transboundary pollution) lead Dhaka
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city to extreme aerosol pollution [57]. An aerosol study [58] conducted in apartment-type
dwellings of our measurement areas indicated that a dwelling’s biomass burning could
pose aerosol pollution for several dwellings. Following the location of aerosol pollution in
Dhaka city clarified by the studies [57,58] and considering Dhaka city is one of the most
densely populated by inhabitants, we performed a second-time in situ survey on additional
experiments of RnF in a western area of the capital. The hourly measurement of Rn and
Tn concentrations (around one month by RAD7) and indoor Rn progeny concentration
(grab sampling method) were carried out in a modern type (5th floor) multistoried dwelling.
Atmospheric parameters and aerosol number concentrations were also assessed. The room
was also kept closed to avoid human activities, and the measurement point was close to
the wall to observe the room wall strength, especially for Tn gas. One of the RADUETs was
previously set up in one bedroom of the building (3rd floor of the same building), which
exhibits a significantly lower annual concentration level of Rn = 8 ± 2 Bqm−3; Tn = below
the lower detection limit. However, in our survey, indoor Rn and Tn concentrations, Bqm−3

were (AM = 31, SD = 15, GM = 27) and (AM = 171, SD = 87, GM = 147), respectively. Thus,
our assessment expressed much higher Rn and Tn levels than the long-term estimation in
the same building. Although the building materials are similar for rooms on the 3rd and
5th floor, material collection during the building construction work (i.e., bricks, cement, or
sand) might be from different sources at various times, posing distinctive source strengths
even in the same dwelling. Primarily the assessed atmospheric conditions (temperature,
pressure, and humidity) were determined as one of the foremost factors in larger Rn time
variation. Overall, the average indoor RnF was measured at 0.4 ± 0.2 with a range of 0.2
to 0.9. One of the factors affecting the variation of indoor progeny concentrations was the
outside temperature measured at other common spaces in the dwelling and indoor aerosol
concentration measured by particle counter DC170-PM (the correlation coefficient between
aerosol number concentration and radon progeny concentration is 0.6). The indoor–outdoor
temperature difference is the indicator of ventilation and is associated with the outdoor air
supply [59]; thus, the temperature-driven ventilation rate of summer might influence the
aerosol attachment mechanism with Rn progeny; and entry of aerosols from the outdoor or
adjacent kitchen through the window/door gap, and finally affecting the RnF.

3.4. Internal Population Exposures for Dhaka City: Annual Effective Dose from Indoor Radon
and Thoron

Using the long-term Rn and Tn concentrations, a population-based annual effective
dose was obtained by the UNSCEAR formula [19,60]:

E = C × F × OF × DCF

E = annual effective dose from Rn and Tn (mSvy−1), C = average concentration of Rn or
Tn (Bqm−3), F = equilibrium factors of Rn or Tn, we used UNSCEAR recommended value
of 0.4 for Rn and 0.02 for Tn; similar values were obtained in our short-term estimation of
the equilibrium factor in Section 3.3 (second-time in situ radon F survey following aerosol
and atmospheric condition measurement determined average Rn equilibrium factor as
0.4), OF = home occupancy time (7000 h), DCF = dose conversion factor, (Rn = 9 nSv
(Bqm−3h)−1); Tn = 40 nSv (Bqm−3h)−1).

Our estimated total internal dose (0.30 mSvy−1) is lower than the world average [61].
In the case of Rn, the average internal dose was estimated at 0.20 ± 0.13 mSvy−1 ranging
from 0.01 to 0.50 mSvy−1. modern and apartment types expressed around similar Rn dose
levels (average 0.22 ± 0.14 mSvy−1; 0.20 ± 0.10 mSvy−1, respectively) exhibiting relatively
higher levels than traditional (0.14 ± 0.12 mSvy−1). modern and apartment types are based on
concrete walls, having tiles or mosaic stone, whereas traditional is mainly made with brick
or concrete without coating or painting. We assume that their building material source
is also different by region. Moreover, other distinctive dwelling factors (i.e., ventilation)
could impact the distribution of Rn gas indoors and the exposures from Rn progenies.
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In the Tn case, the average annual effective dose was measured at 0.1 mSvy−1 with
a range of 0.03 to 0.3 mSvy−1. Tn demonstrates an average of 40% with a 10–96% range
of total inhalation dose from Rn and Tn. The estimated Tn dose level is similar to the
world average; however, its contribution to total inhalation dose is much higher than the
world average of 10% [61,62]. Hence, Tn could not be neglected while estimating inhalation
dose from natural radiation for Bangladesh. Dwellings under the apartment and traditional
types expressed more significant variations (representing Tn dose as 0.1 ± 0.08 mSvy−1

and 0.1 ± 0.07 mSvy−1, respectively) than modern (0.07 ± 0.02 mSvy−1). In general, the
main contributor of Tn dose in a room is the Tn progeny of Pb-212, having a relatively
longer half-life of 10.6 h, which might be influenced by Dhaka city’s diverse indoor ven-
tilation parameters in terms of attaching to indoor aerosol particles and distribution into
rooms positions.

4. Conclusions

The country’s very preliminary comparative indoor atmospheric Rn and Tn concentra-
tion, equilibrium factors, and population inhalation dose were assessed in 50 multistoried
buildings of south-western Dhaka city. This study’s newly estimated dwelling Tn concen-
tration for Bangladesh expressed a relatively larger time variation (15 to 428 Bqm−3) with
some possibilities of potential factors’ (atmosphere, lifestyle, or source strength) impact.
Rn or Tn equilibrium factors were found to be varied with investigated dwelling types,
measurement positions, room size, and influence of human activities (aerosols). The Rn-
and Tn-induced internal dose in our study of 0.3 mSvy−1 expresses a safer level. Tn dose
contribution to total inhalation dose varies for the investigated dwelling types. Using ques-
tionnaire analysis by PCA, we primarily identified human-lifestyle-oriented parameters
as activities in the kitchen (i.e., cooking, water usage) and bathroom (i.e., water usage
for cleaning). The newly indicated interactive ventilation parameters will be helpful in
explaining assumed Rn factors (ventilation) by previous studies. Our study was conducted
in the most populated area of the capital with several dwelling/room types, a future
systematic study covering all regions of the capital, building spatiotemporal dynamics
assessment for indoor Rn and Tn gas, factor analysis with adequate dwelling numbers, and
understanding indoor progeny distribution for complex indoor aerosol dynamics following
sources (cooking, traffic) is strongly recommended.
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