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The major share of the total radiation exposure in human beings is from natural sources and hence its

measurement is vital to the fundamental understanding of radiation exposure. Natural background

gamma radiation of 72 outdoor sites and 32 indoor sites covering all 14 districts of Kerala, a southern

state of India, was monitored over a period of two years. Thermo Luminescent Dosimeters (TLDs) and

a radiation survey meter were used for the detection. Kollam district (2.32 mGy per year) showed the

maximum and Malappuram district (0.64 mGy per year) showed the minimum outdoor values. In the

case of indoor radiation, a house in Palode, Thiruvanathapuram district and a house in Thumpamon in

Pathanamthitta district showed maximum radiation dose levels (1.69 mGy per year and 1.64 mGy per

year, respectively). Indoor environments showed higher radiation dose than the outdoor environment

which may be attributed to the contribution from construction materials. The highest Annual Effective

Dose (AED) was observed in Chavara area as it is located in a High Background Radiation Area (HBRA).

The highest radiation values were observed in concrete houses. Since most of the studied houses were

concrete except three or four, no significant difference was observed in the radiation level. In the

present study, the maximum indoor to outdoor ratio (I/O) was obtained from a house in Pathanamthitta

district. In certain sites it was found that the indoor dosage levels were 1.5 times higher than the outdoor

levels, as almost all the sites had outdoor gamma dosage above the world average. These results have

a high importance as the values are not common and very specific to this region.
Environmental signicance

The southern state of Kerala (one of the southern provinces of India, on the Arabian Coast) is a region where the background radiation is among the highest
reported in the world. This region is under constant research on the possible health aspects. This work was completed as part of a national mission on the
assessment of background radiation in India. In this context, the work reported in this manuscript was to understand the natural background radiation in the
entire state. It is also all the more important to understand the situation of background radiation within houses (indoor radiation) as the state has the highest
population density in India. This is the rst report covering an entire state of India which is known to have the highest background outdoor radiation. The values
of both indoor and outdoor radiation have been compared with the world average and with respect to some other countries. To the best of our knowledge, this is
the rst report on comprehensive data on the indoor and outdoor radiation of an entire province anywhere in the world, having such a high population density.
A clear cut understanding of the magnitude of background radiation is the rst step towards understanding the environmental implications.
1. Introduction

Natural background radiation is produced from sources of
terrestrial and extra-terrestrial origin. The measurement of the
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effects of radiation exposure from terrestrial and extra-terres-
trial sources is vital to have sufficient information about the
distribution of radionuclides and radiation levels existing in the
environment.1 Taking into account the total radiation exposure,
more than 80% of the dose has a natural origin.2 Cosmic radi-
ation, terrestrial radiation, radon along with its decay products
and radionuclides which enter into the body due to ingestion
are considered to be the prime sources of natural background
radiation as their dose rates are much higher when compared to
the other sources.3 Various regions of the world are exposed to
high dose rates of background radiation due to the uncharac-
teristic occurrence of thorium in monazite sands as well as the
presence of uranium and its decay products in rocks, soil, and
groundwater.4 We are exposed to signicant amounts of
Environ. Sci.: Atmos., 2022, 2, 65–72 | 65
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Fig. 1 Study area – Kerala.
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radiation from radon and its decay products when compared to
other sources. Uranium, thorium and potassium are the prime
sources attributed to the natural radioactivity observed in soil
and building materials. Activities such as mining and milling of
heavy minerals and sands, their waste management plus the
usage of detrimental construction materials are considered to
have made the general public indoors exposed to dosage from
220Rn and 224Ra.5–10

Environmental gamma radiation levels can be measured
using a variety of instruments like G. M. counters, high pressure
ion chambers, portable and airborne gamma spectrometers and
scintillation survey meters. However, these instruments give
instantaneous readings at the time of measurement. In order to
evaluate the integrated background radiation levels many types
of passive detectors are being employed in environmental
monitoring. The advantages of passive detectors for environ-
mental monitoring are that they are small, cheap, and reusable,
do not require in situ electronic power supply and can be used in
a large dose range. Amongst them the most widely employed
environmental passive systems are based on luminescence
detectors such as thermoluminescence (TLD), photo-
luminescence (PLD) or optically stimulated luminescence
detectors (OSLD). Luminescence phenomena are named aer
the type of radiation used to excite or to stimulate the light
emission.

Kerala, which is situated in the southern part of India, is
known for the localized high background radiation levels due to
thorium containing monazite sand. A number of studies have
been carried out in the past few decades in Kerala by many
researchers all over the world with a view to assess the risks and
effects of long-term exposure to natural radiation, particularly
with respect to human inhabitants. Most of these studies were
focused on the high background radiation areas of the state. But
there are no data available in the literature on natural gamma
radiation levels distinguishing various areas across the state. In
addition, a state wide indoor radiation level study is also lacking
which is equally important since the state has one of the highest
background radiation areas in it. Therefore, comprehensive
indoor as well as outdoor environmental gamma radiation
monitoring was carried out in this study across the state of
Kerala using TLDs. TLDs use a cumulative method which is
more active than electronic measurement due to its time
consuming measurement.

2. Materials and methods
2.1. Study area

Kerala is wedged between the Arabian Sea in the west and
Western Ghats in the east with an area of approximately 38 863
km2 and the width varies between 35 and 120 km. The entire
state of Kerala can be divided into three geographical regions,
the eastern mountainous terrain, the central midlands (rolling
hills), and the western coastal plains. The eastern mountainous
highlands rise to an average height of 900 m, with a number of
peaks well over 1800 m in height. It accounts for 48% of the
total land area of Kerala. The Midlands, lying between the
mountains and the lowlands, is made up of undulating hills
66 | Environ. Sci.: Atmos., 2022, 2, 65–72
and valleys. It is about 40% of the total land area. The western
coastal plain of Kerala runs approximately 580 km in length
covering 10% of the total state area. It is made up of numerous
shallow lagoons known locally as kayals, river deltas, backwa-
ters and shores of the Arabian Sea.

The entire state is divided into 14 districts. All the districts
were covered in this study for the indoor as well as outdoor
natural gamma radiation level measurements. In total, 72
outdoor and 32 indoor sites were monitored for two years
continuously on a quarterly basis using TLDs (Fig. 1).
2.2. Description of the thermoluminescence dosimeter

Measurements of natural gamma radiation levels were carried
out using TLDs based on CaSO4:Dy Teon discs. TLD is
a passive device for the measurement of gamma dose and in
this the dose is acquired and stored for a long period of time
until the system is stimulated by heat. The doping concentra-
tion of Dy in TLD discs was optimized to make it specically
suitable for environmental dosimetric purposes. The measured
dose rates include both terrestrial and cosmic ray components.
Prior to deployment; these TLDs were annealed at 250 �C for
a period of 3 h in an oven with air circulation. The TLD discs
were made from a homogeneous mixture of CaSO4:Dy powder
and Teon resin taken in a weight ratio of 1 : 3. Discs of this
mixture weighing 280 mg each were rst cold pressed and then
subjected to a 400 �C h�1 heat treatment so that they become
strong as well as exible. These discs were xed in machine
identiable aluminium cards. The cards were annealed at 250
�C for 3 hours and subjected to various degrees of exposure to
a 137Cs gamma radiation source.
2.3. Measurement of background radiation

Two types of TLDs were used for the study, one type for outdoor
survey (areawise, one TLD per 625 km2) which was deployed
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Natural background outdoor gamma radiation levels across
different districts of Kerala

District
Range (mGy
per year)

Average (mGy
per year)

Kollam 0.97–4.27 2.32
Kottayam 0.67–1.17 0.99
Ernakulam 0.81–1.05 0.95
Idukki 0.99–1.17 1.06
Thiruvananthapuram 0.85–1.53 1.20
Thrissur 0.53–0.85 0.71
Pathanamthitta 0.77–1.03 0.95
Palakkad 0.53–0.83 0.72
Alapuzha 0.56–1.10 0.83
Kozhikode 0.65–1.11 0.77
Malappuram 0.54–0.76 0.64
Wayanad 0.62–0.73 0.66
Kannur 0.71–1.19 0.89
Kasaragod 0.60–1.12 0.79
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above 1 to 2 m from the ground level and another for indoor
survey (one TLD per 1 000 000 population). 72 Outdoor sites
and 32 indoor sites were monitored for the study. TLD batches
were deployed for a 3 month period in the open environment at
different locations and the work was completed in seven
batches. TLDs were sent to BARC for analysis. A handheld
survey meter was used for on time monitoring of background
radiation.

2.4. Dose evaluation

The proper dose evaluation for a passive monitoring system
involves many parameters. Some of them can be considered as
permanent properties because they are independent of the
changing aspects during the monitoring period. These param-
eters are normally determined during type testing and they
provide the performances and features of the system. The
criteria and procedures for environmental radiation monitoring
systems using passive dosimeters are described in some inter-
national standards [IEC91b], including tests for linearity, batch
homogeneity, reproducibility, detection threshold, photon
energy response, angular response and stability.

Passive detectors need to be prepared, packed, and trans-
ported to the eld site and, aer the eld exposure, returned to
the laboratory for the readout. Therefore, the detectors receive
not only the dose in the eld, but also undesired doses during
these procedures. The transit dose Dt is a measure of this
additional contribution and it should be subtracted from the
eld readouts

D ¼ [M � N � Fad � F(E,Q)] � Dt � SD

D ¼ eld dose, M � detector readout, non-radiation induced
component subtracted, N ¼ calibration factor, ICF ¼ individual
correction factor (ICF ¼ 1 for batch calibration), Fad ¼ fading
correction factor, F(E,Q) ¼ energy and angular response
correction factors, Dt ¼ transit dose, SD ¼ self-dose correction.

3. Results and discussion

Primordial radionuclides are omnipresent in the environment
in trace concentrations in all soils; of these, gamma emitting
radionuclides such as 238Th, 232U series and 40K are the major
contributors to the irradiation of human body from external
sources. Among different rock types, igneous rocks like granite
were found to have higher radiation dosage levels whereas
sedimentary rocks showed lower levels with exceptions wherein
some shale and phosphate rocks consisted of higher amount of
radionuclides.11 The presence of springs and quarries in certain
regions can sometimes increase the background radiation to
signicant levels.12

Natural ionizing radiation contributes to around 80% of the
collective radiation dose in the world population.13 Humans
may receive radiation dose either through external or internal
exposure. Cosmic rays and terrestrial gamma rays are the prime
contributors to external exposure whereas radon progeny and
40K are the major contributors to internal exposure.14

Geomagnetic eld, altitude and solar cycle inuence the
© 2022 The Author(s). Published by the Royal Society of Chemistry
external dosage received from cosmic radiation while the
concentrations of radioactive potassium and radioactive
components of natural uranium and thorium radioactive decay
chains inuence the variation in the external dose received from
terrestrial radiation.11 Locations situated in high altitude
regions have 10–12% more background radiation than low
lands.15 Additional sources like urbanisation, industrial waste,
weapon testing and radioactive waste also contribute to the
background radiation level.16,17
3.1. Annual outdoor gamma dose rate variation in selected
sites across different districts of Kerala

Estimation of natural terrestrial gamma dose rate is important
as it is the prime external source of irradiation the human body
is exposed to. It also helps in the identication of potential
health risks and the data generated could be used as a tool for
environmental monitoring.18 The annual outdoor gamma
radiation levels in 72 sites across different districts of Kerala
were monitored. Table 1 depicts the range and average of the
gamma dose rate measured in various districts across the state.
The reported national average of outdoor natural radiation in
India is 0.734 mGy per year.16,19 Out of the 14 districts moni-
tored, only Wayanad (0.66 mGy per year), Malappuram (0.64
mGy per year) and Thrissur (0.71 mGy per year) districts fell
within the national average. Dose levels at all the other sites
surpassed the world average value of 0.48 mGy per year.20

Among the 14 districts, Malappuram (0.64 mGy per year),
Wayanad (0.66 mGy per year), Palakkad (0.72 mGy per year) and
Thrissur (0.71 mGy per year) recorded lower annual mean dose
values. Very high dose values were observed in Kollam (2.38
mGy per year) which is about 5 times higher than that of the
world average. This (Kollam) region is situated in the high
background area of the state.21,22 Wayanad and Idukki are the
two districts that fall in the high altitude region. Both have an
average elevation of 903 MSL (Wayanad)23 and 1200 MSL
(Idukki),24 respectively. Neutron contribution from cosmic rays
uctuates from 8% near the sea level to about 35% 4000 meters
Environ. Sci.: Atmos., 2022, 2, 65–72 | 67
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above sea level (m.a.s.l). This may lead to regions located at high
elevations having more radiation dose values than regions at
low elevation.25 The annual average dose values recorded for
Wayanad and Idukki were 0.66 mGy per year and 1.06 mGy per
year, respectively. So, there was a signicant difference in
outdoor gamma dose value measured for these (Wayanad and
Idukki) districts. Furthermore, we could not observe signicant
changes in the gamma dose levels with altitude difference
within the state. Therefore, it may be concluded that the radi-
ation dose from geographical features (soil and rock charac-
teristics) is more predominant in determining the radiation
dose in the study area than the effect of cosmic ray
contributions.
3.2. Indoor radiation levels: a comparison with the outdoor
data

Presence of radionuclides in the walls, oors and ceilings of
houses could enhance the natural radiation background expo-
sure as they contain 226Ra, 232Th, their associated decay prod-
ucts and 40K.26,27 A study carried out in Iran to analyse ve prime
construction materials, such as cement, gypsum, cement
blocks, brick and gravel, found that the highest values for mean
concentrations of 226Ra and 232Th were obtained for cement
Table 2 Indoor gamma radiation levels across different districts of Kera

District Location
Out
(mG

Kollam Chavara 2.67
Kottayam Athirampuzha 0.94

Vakathanam 1.05
Ernakulam Maradu 0.92

Kuthatukulam 0.80
Muvattupuzha 0.88
Paravur 1.04
Eloor 0.95

Idukki Kumali 1.00
Thiruvananthapuram Palod 1.40

Neyyatinkara 1.29
Thonakkal 1.52
Kallar 0.84

Alappuzha Mavelikara 0.99
Thrissur Mayanoor 0.52

Kaipumangalam 0.84
Vetilapara 0.75

Pathanamthitta Thumpamon 0.76
Konni 1.03

Palakkad Vadakancheri 0.79
Nelliyambathi 0.82

Kozhikode Perambra 0.83
Koyilandi 1.10

Malappuram Parapanagadi 0.70
Manjeri, Payanadu 0.66

Wayanad Mananthavadi 0.72
Sulthanbatheri 0.62

Kannur Chembra 1.18
Thalassery 0.76

Kasaragod Manjeshwaram 0.89
Kanchangad 0.69
Chittazhikal 1.12

68 | Environ. Sci.: Atmos., 2022, 2, 65–72
samples and the lowest values for gypsum. In the case of 40K,
the highest and lowest values of mean concentrations were
obtained from bricks and gypsum, respectively.12,28 A total of 32
sites were monitored, almost covering the entire districts in the
state of Kerala to obtain the data for both indoor and outdoor
natural background gamma radiation levels. The outdoor data
are part of the total 72 sites mentioned in the previous section.
The results obtained from this study are presented in Table 2.
The indoor dosage values for this study ranged between 0.68
and 1.69 mGy per year with an average value of 1.05 mGy per
year. The variation in factors like altitudes (mid, low and
highlands), soil and rock characteristics, meteorological
conditions and the ventilation rates among different sampling
locations must have inuenced the differences observed in the
indoor gamma dose.29 Most of the houses monitored recorded
a high indoor gamma dose when compared to outdoor gamma
dose. The houses monitored were mainly constructed using
cement and bricks/cement and cut stones (laterite). The roof
characteristics could be divided into three types such as
concrete, tiled and mixed roofs (concrete and tile), respectively.
The basements of the houses were generally constructed using
stones (e.g., Charnackite). The houses largely had cemented
oors. Few houses had different oor types such as marble,
granite, mosaic or vitried tiles. Houses with oors of mixed
la

door (O)
y per year)

Indoor (I)
(mGy per year)

Indoor–outdoor
ratio (I/O)

1.58 0.59
1.10 1.17
1.12 1.06
1.02 1.10
0.88 1.09
0.90 1.02
1.00 0.96
0.79 0.83
1.11 1.10
1.69 1.20
1.32 1.02
1.62 1.06
1.18 1.39
1.14 1.15
0.68 1.30
1.15 1.36
1.26 1.66
1.64 2.13
1.03 1.00
1.08 1.36
1.31 1.58
0.69 0.83
0.96 0.87
0.82 1.16
0.84 1.26
0.75 1.03
0.68 1.08
0.96 0.81
0.79 1.03
0.99 1.11
0.90 1.29
0.92 0.82

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of mean I/O (Indoor/Outdoor) ratios with other
studies

Study Area I/O Reference

Kerala, India 1.13 This study
Province of Camagüey, Cuba 1.45 30
Province of Cáceres, Spain 1.30 31
Rio Grande do Norte, Brazil 1.30 32
Ireland 1.48 33
Austria 1.65 13
USCEAR 1993 (mean of 42 countries) 0.8–2.02 13
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nature, i.e., a combination of both cement and other materials
(granite, marble, mosaic and tiles), were also present. In the
houses that are located in rural areas, the residents prefer to
open windows on most of the days while in houses that are in
close proximity to roads having heavy traffic, especially the ones
that are located close to the cities, oen experience considerable
amount of dust. Therefore, residents opt to close the windows;
moreover, they also seal the holes and gaps kept in place for
ventilation (generally found in the upper wall of the houses just
below the roof to prevent dust from entering their houses).
There has been a considerable change in the constructional
pattern of houses in Kerala especially in terms of roong
characteristics in the last 30 to 40 years. A shi in the usage of
reinforced concrete from the conventional tiled roong is
observed. Some houses that were monitored have both concrete
and tiled roong. This type of mixed roong was observed in
relatively old houses that had undergone renovation. The
synergistic effect from the presence of the radionuclides within
the building materials and insufficient ventilation must have
elevated the indoor gamma dose levels29 in the houses with
respect to outdoor dose levels in the study area. The houses
located at Mayanoor in Thrissur District were made of cement
and cut stones with mixed roong where tiled roong was more
prevalent compared to concrete. This dwelling (Mayanoor)
recorded the lowest indoor gamma dose value (0.68 mGy per
year) in our study. The lower outdoor gamma radiation levels in
the Mayanoor area and the adequate ventilation provided by the
dominance of tiled roong must have contributed to the lower
indoor gamma dose value. Houses at Palod (1.69 mGy per year),
Thonackal (1.62 mGy per year), Thumpamon (1.64 mGy per
year) and Chavara (1.58 mGy per year) recorded relatively higher
indoor gamma dose values compared to the rest of the houses
monitored. Higher indoor values were observed for houses
made of cement and bricks with concrete roong. Bricks tend to
have high 40K content making them an efficient contributor to
indoor radiation (Mehdizadeh et al.,28 2011; Shahbazi-Gahrouei
et al.,12 2013). Insufficient ventilation prevailed in these (Palod,
Thonackal, Thumpamon and Chavara) houses. Construction
design hindered the free ow of air into and out of the houses to
an extent. Therefore, factors such as ventilation, building
materials and outdoor gamma radiation levels existing in these
areas may have contributed to the observed increased indoor
gamma dose levels.

We have further calculated the indoor to outdoor (I/O) ratios
and the values are presented in Table 2. The average I/O ratios
observed for the present study was 1.13 which is lower than the
average I/O (1.95 � 20%) values for typical houses in India.19

However, high I/O ratios were obtained for dwellings in
Thumpamon (2.13) in Pathanamthitta, Nelliyampathi (1.58) in
Palakkad and Vetilapara (1.66) in Thrissur, respectively. The
house in Chavara that recorded the lowest I/O ratio (0.59) is
located in the high background radiation area of the state. This
lower ratio is the result of the contribution from higher outdoor
radiation existing in this region. Furthermore, the house was
chiey made of concrete that may have provided a shielding
effect on the outdoor radiation.22 Otherwise, one would expect
at least same indoor dose values as that of the outdoor, since the
© 2022 The Author(s). Published by the Royal Society of Chemistry
outdoor values are anyway high. Therefore, we can conclude
that concrete could act as both a shield and a source of radia-
tion depending upon the location of the house.

Table 3 depicts a comparison of mean indoor to outdoor
ratios of the present study with different studies across the world.
The mean I/O value (1.13) obtained for the present study falls
within the range of I/O values measured for 42 countries.13 At the
same time, I/O ratios obtained in this study are lower when
compared to other studies in Cuba, Spain, Brazil, Ireland, and
Austria. Higher background outdoor gamma radiation received
in some sites of the study area must be the main reason for the
lower I/O ratio. The high background radiation is the result of the
presence of monazite sands.22 Generally, houses located at high
altitudes have efficient insulation facilities and room heating
facilities. This can actually lead to an increase in the concentra-
tion of radon particles and the daughter nuclei inside the houses.
This may eventually lead to an increase in gamma dose in indoor
environments.34 In the case of countries situated near the
.equator such as India there is more ventilation in houses,
especially for reducing heat inside the houses. Kerala being
located in a tropical environment has houses with increased
ventilation. This can lead to the reduction of radon levels within
the dwellings (radon concentrations are inversely proportional to
ventilation).34 In addition, the amount of moisture in the indoor
environment of the houses was observed to be quite high during
the study period. High humidity could increase the water content
on walls, oors and in the atmosphere thereby leading to
possible effective shielding of indoor gamma radiation that
emanates mainly from within the building materials.35 However,
it is difficult to make a general statement on this reduced indoor
value in Kerala as in a few study areas, the values are bit high
depending on the kind of construction materials used.

The average annual indoor vs. outdoor gamma dose rate
correlation plot (Fig. 2) shows that there is a small positive
linear relationship between the indoor and outdoor dosage
rates. Here the value for the reciprocal of the slope (average of
indoor to outdoor gamma radiation dose) is 1.22. This value
agrees well with the value (>1) observed for regions having
normal background radiation where U, Th and K exist in the soil
in the order of 20, 20 and 400 Bq kg�1, respectively.22 In India,
the average indoor to outdoor gamma radiation doses
measured particularly in dwellings that have tiled or cemented
oors, concrete walls and ceilings, were found to be around
1.2.19 Majority of the houses that were monitored in our study
have concrete ceilings, cemented walls and oors.
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Fig. 2 Average annual indoor vs. outdoor gamma dose rate (mGy per
year).

Table 5 Annual effective dose (AED) level across different sites of
Kerala

District Location
AED (mSv per
year)

Kollam Chavara 1.798
Kottayam Athirampuzha 1.066

Vakathanam 1.108
Ernakulam Maradu 1.000

Kuthatukulam 0.866
Muvattupuzha 0.898
Paravur 1.006
Eloor 0.822

Idukki Kumali 1.092
Thiruvananthapuram Palod 1.634

Neyyatinkara 1.316
Thonakkal 1.602
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The mean indoor value measured in this study is 1.059 mGy
(Table 4) which is fairly close to the value obtained for indoor
gamma radiation studies at Hungary, Germany and Sweden.
However, the observed value (1.059 mGy) exceeds the national
(India) average of 0.604 mGy. Compared to the average indoor
gamma dose values of countries such as France, Denmark,
Poland, Ireland, Netherlands and United Kingdom we have
obtained a higher indoor dose level. The large deviation in the
observed mean dose value from the national average maybe
attributed to the change in the construction pattern specically
in terms of the building materials used for construction of
dwellings in the study area. Inclination towards usage of
concrete for the construction of dwellings and preference of
masonry materials such as granite (mainly exported) for
ooring and various other interior applications is on the rise.
These factors must have synergistically contributed to the
increased gamma dose level observed in indoor environments.

3.3. Annual effective doses (AEDs)

AEDmainly depends on the construction material of the houses
or buildings. It is necessary to measure radiation levels inside
indoor environments, as most humans spend considerable
amount of time (80%) indoors.45 In order to estimate the Annual
Table 4 Comparison of the mean indoor radiation from the present
study with studies in other countries

Study area Dose (mGy) Reference

Kerala 1.059 This study
Indian average 0.604 35
Poland 0.6395 36
Germany 0.9986 37
Hungary 1.0177 38
Denmark 0.7446 39
France 0.760 40
Irelanda 0.561 41
Netherlandsa 0.561 42
United Kingdoma 0.543 43
Swedena 0.964 44

a Cosmic radiation excluded.

70 | Environ. Sci.: Atmos., 2022, 2, 65–72
Effective Doses (AEDs), one has to take into account the
conversion coefficient from the absorbed dose rate in air to the
effective dose and the occupancy factor. UNSCEAR recom-
mended outdoor and indoor occupancy factors of 0.2 and 0.8.11

The occupancy factor is the proportion of the total time during
which an individual is exposed to a radiation eld, implying
that 20% of the time is spent outdoors, on average, around the
world. The total AED for 32 sites was calculated using the
following formula

Total AED (mSv per year) ¼ AED (mSv per year) outdoor +

AED (mSv per year) indoor ¼ D (nGy h�1) � 8760 (h per year) �
0.2 � 0.7 (Sv Gy�1) � 10�6 + D (nGy h�1) � 8760 (h per year) �

0.8 � 0.7 (Sv Gy�1) � 10�6

In the present study, Chavara area of Kollam district recor-
ded the highest AED value (1.798 mSv per year) while the lowest
value (0.65 mSv per year) was observed at Mayanoor area of
Thrissur District (Table 5). The presence of monazite rich
coastal sand deposits elevates the outdoor gamma radiation
levels in certain parts of Kollam district.22,46 Chavara lies close to
the high background radiation area of the state. Both annual
Kallar 1.114
Alappuzha Mavelikara 1.110
Thrissur Mayanoor 0.650

Kaipumangalam 1.090
Vetilapara 1.160

Pathanamthitta Thumpamon 1.466
Konni 1.030

Palakkad Vadakancheri 1.022
Nelliyambathi 1.214

Kozhikode Perambra 0.718
Koyilandi 0.990

Malappuram Parapanagadi 0.798
Manjeri, payanadu 0.806

Wayanad Mananthavadi 0.746
Sulthanbatheri 0.668

Kannur Chembra 1.006
Thalassery 0.784

Kasaragod Manjeshwaram 0.970
Kanchangad 0.860
Chittazhikal 0.960

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Comparison of the annual effective dose from background
radiations

Study area

Annual effective dose
(AED), mSv per year

ReferenceRange Mean

Kerala 0.650–1.798 1.042 This study
USA 0.609–2.459 1.060 47
Finland 0.701–3.855 1.288 48
Cuba 0.468–0.630 0.510 30
Regions falling under
normal background
radiations

0.760 13

Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 4

/2
9/

20
26

 5
:2

3:
31

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
mean outdoor and indoor gamma radiation level is quite high
in Chavara when compared to other monitored sites (Table 5).
Mayanoor recorded the lowest annual mean outdoor and indoor
gamma radiation levels in the state (Table 5). However, all the
monitored sites exceeded the mean AED value (excluding high
background regions of Kerala and Tamil Nadu) for India which
is estimated to be 0.44 � 0.13 mSv per year. The mean AED
obtained for the present study is 1.04 mSv per year which
slightly exceeds the world mean AED value of 1 mSv per year.11 A
comparison of the AED values obtained in the present study is
made with the values reported from USA, Finland, Cuba and
other regions falling under normal background radiations and
is given in Table 6. The value obtained from our present study is
closer to the value reported from USA.

4. Conclusion

The present study aimed at nding out the natural background
gamma radiation levels in indoor and outdoor environments
across the state of Kerala. It was found that the average annual
outdoor natural background radiation dosage at all sites across
Kerala ranged from 0.53 to 4.27 mGy per year which is much
above the average world annual dosage of 0.48 mGy per year.20 It
was found that the southern regions of the state have higher
radiation dosage than the other regions. The p.resence of
Monazite rich sand deposits in coastal areas of the Kollam
district contributes to the high outdoor radiation dosage
observed in the region, i.e. the average annual outdoor dosage
rate was about 5 times higher than the global average. The high
background radiation area of Kollam–Arattupuzha coastal belt
recorded the highest value among the study areas. Average
annual indoor and outdoor gamma dose rates showed a positive
correlation. The indoor to outdoor gamma radiation ratio
varied from 0.59 to 2.13. It was found from the indoor to
outdoor dosage ratio that the radiation dosage in the indoor
environment is higher than that of the outdoor environment in
most of the houses. The construction materials used for
building the houses may have contributed to this higher indoor
dosage. In the last three decades, the construction pattern and
building materials for house construction have undergone
a signicant shi in Kerala, showing a lineage in opting for
concrete structures for houses. 90% of the houses under the
© 2022 The Author(s). Published by the Royal Society of Chemistry
study have concrete walls and 60% of houses have concrete
walls with concrete roof. Since houses devoid of proper venti-
lation design are on the rise, adequate measures are required
for efficient reduction of the indoor radiation.49 This strategy is
a key recommendation for the study area to annul the potential
ill effects caused as a result of exposure to elevated indoor
radiation dose. This study is expected to support carving out
a detailed radiation map of the state.
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