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Abstract

This study simulates a field investigation of indoor radon (***Rn) and thoron (**°Rn) concentra-
tions in dwellings of Bareilly (Uttar Pradesh, India). A season-wise sampling design (Summer, Mon-
soon, Winter) was adopted for 120 dwellings (60 urban, 60 rural) across three predominant building
materials (brick, concrete, mud). Simulated measurements were produced to reflect realistic ranges
reported in Northern India. Annual effective dose was estimated using commonly adopted equilibrium
and dose-conversion factors (explicitly stated). Results indicate seasonal variation with winter maxima.
Mean annual effective dose estimates (urban~ 1.98 mSv y'; rural = 1.82 mSv y') are below many
national action levels but indicate that a portion of dwellings exceed recommended reference levels for
radon. Building material and ventilation patterns substantially influence indoor concentrations. Rec-
ommendations include targeted awareness, simple mitigation (ventilation, sub-slab depressurization
where needed), and a real measurement campaign to validate modeled results.

Keywords: radon, thoron, dose estimation, Bareilly, indoor air, simulated dataset, building

materials, seasonality

1. Introduction

Radon (**Rn) and thoron (**°Rn) are naturally occurring radioactive noble gases produced from
decay series of ***U and ***Th respectively. Inhalation of radon and its short-lived progeny is a proven
cause of lung cancer, second only to tobacco smoking in many populations. Thoron, with its short half-
life (~55.6 s), typically contributes to indoor dose when sources are close to living spaces (e.g., building
materials). International agencies (WHO, ICRP, UNSCEAR) provide guidance and dose-conversion
methods for assessing health risk and planning mitigation.

'This paper simulates a structured investigation of indoor radon and thoron in Bareilly, a city in
Uttar Pradesh situated on the Indo-Gangetic Plain. The region’s alluvial deposits, local building mate-
rials, and seasonal ventilation patterns (open windows in summer; closed rooms in winter) can cause
appreciable seasonal variability in indoor concentrations. No contemporary, comprehensive published
dataset for Bareilly was available to the authors for this exercise, so simulated field-like data were
generated based on ranges observed in comparable Northern-Indian studies. The aim is to provide a
realistic, reproducible sample paper—including methods, analyses, and interpretation — which can be
adapted easily to real measurements.
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2. Literature Review

Global and regional surveys show wide variability in indoor radon concentrations depending on
geology, building construction, ventilation, and occupant behavior. Typical ranges: from <10 Bq*m™
(well ventilated) to several hundred Bq*m™ (poorly ventilated basements or certain geological set-
tings). WHO?s reference level is 100 Bq*m™ (recommended, where feasible), with 300 Bq*m™ as an
upper guidance in many national regulations (some countries use 200-300 Bq*m~). Thoron concen-
trations and dose contributions are often underreported but can be significant locally, especially where
building materials contain high thorium.

Indian studies in the Indo-Gangetic plain and Northern India report typical indoor radon means
often between 20-150 Bq*m™ depending on season and housing. Thoron estimates are less frequently
reported but may show high short-range variability. Methods used widely include passive detectors
(LR-115, CR-39) for time-integrated measurements and active monitors (RAD7, scintillation cells)
for short-term and time-resolved monitoring. Dose estimation conventions rely on UNSCEAR/ICRP
equilibrium factors and dose-conversion factors (discussed in Methods).

(Authoritative references used for methods and recommended conversion factors are listed in the
References section.)

3. Materials and Methods

3.1 Study area — Bareilly (brief)

Bareilly city (coordinates ~28.3670° N, 79.4304° E) lies on the alluvial Indo-Gangetic plain. Soils
are alluvium with variable concentrations of uranium and thorium. Typical housing in the sampled
area includes single-floor houses and multi-room dwellings constructed of brick, reinforced concrete,
or mud/earthen materials. Climate is seasonal with hot summers (May—Jul), monsoon (Aug—Sep), and
cool winters (Nov—Jan).

3.2 Sampling strategy (simulated)

* Number of dwellings: 120 (60 urban, 60 rural).

* Stratification: Building material type: Brick, Concrete, Mud (proportions varied by area).

* Seasons: Measurements simulated for Summer, Monsoon, Winter to capture ventilation-relaed
variability.

* Sampling locations within dwellings: Main living room at breathing height (~1.0-1.5 m), and
where possible, a ground-floor location representing sleeping area.

Note: For this simulated study the dataset was generated to reflect realistic seasonal and materi-
al-related contrasts reported in similar regional studies.

3.3 Instrumentation (for a real campaign)

* Active monitors (e.g., RAD7) or passive detectors (LR-115/CR-39) could be employed. For
short-term time-resolved monitoring, active monitors help separate radon and thoron because
thoron’s short half-life requires proximity-sensitive detection or discrimination algorithms.

* Calibration against standard radon sources and intercomparison using reference chambers is
assumed.

3.4 Quality assurance and control

* For real campaigns: field blanks, co-located detectors, and regular calibrations. For this simulation:
random noise added consistent with typical instrumental uncertainties (Gaussian spreads).

3.5 Dose estimation method and assumptions
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The annual effective dose (E, in mSv*y™) from inhalation of radon and thoron progeny was com-
puted using the standard exposure-to-dose conversion approach:
E=CxFxOxTxDCF
Where:

* C = measured average concentration (Bq*m™) (season-weighted annual average used).

* F = equilibrium factor (dimensionless) between gas and progeny (F_radon assumed 0.4; F_thoron
assumed 0.02— typical literature values used for indoor environments; these are explicitly stated
for transparency).

* O = occupancy factor (fraction of time spent indoors). We assume O = 0.8 (i.e., 80% of time
indoors).

* T = hours per year = 8760 h.

 DCEF = dose conversion factor expressed in mSv per Bq*h*m~. We adopt DCF _radon = 9 x 10~°
mSv/(Bq*h*m~) (9 nSv/(Bq*h*m~)) and DCF _thoron = 40 x 10~° mSv/(Bq*h*m—) (40 nSv/
(Bq*h*m™)) for progeny dose conversion.

These DCF values are typical in many UNSCEAR/ICRP-aligned calculations; users may substi-
tute different DCFs (e.g., ICRP 137 suggested updates) if a different protocol is preferred.

Note on uncertainty: Thoron dose estimates are especially sensitive to the choice of F_thoron and
DCF _thoron because thoron concentrations and equilibrium with progeny are highly variable and
localized.

4. Results — Simulated Data Summaries
4.1 Dataset generation (brief)

* Total dwellings: 120 (IDs 1-120).

* For each dwelling we generated three season measurements (Summer, Monsoon, Winter)
tor radon and thoron, adjusting means by area, season, and material type and adding realistic
variability (Gaussian noise proportional to seasonal mean).

A sample of raw simulated measurements (first 6 rows) is provided in Appendix A. The complete
synthetic dataset can be exported on request.

4.2 Season-wise concentration summaries (by area)

Table 1. Season-wise summary statistics (simulated)

Seaso Radon_ Radon me Radon Radon Thoron_ Thoron me Thoron Thoron m
Area n n mean dian min  max mean dian o min ax B
Baq/m?) Baq/m) -

Urban :;““m 60 40.19 42.53 12.92  68.45  20.02 19.38 3.78 35.55
Urban::éflns 60 52.66 53.36 16.16  87.25 30.43 28.52 5.25 78.86
Urban :‘:the 60 115.22 112.28 30.19  194.51 73.12 76.15 24.08 130.55
Rural :;““m 60 32.21 31.54 11.45  55.83 15.94 15.00 5.30 34.95
Rural z“iflm 60 52.36 55.66 15.12  76.96 28.70 27.60 9.06 52.38
Rural :V““c 60 107.97 111.38 32.63 178.70 61.48 62.33 5.64 126.44

Observations (simulated):

* Clear seasonal pattern: Winter >> Monsoon =~ Monsoon/late summer > Summer. This matches
typical behavior where winter rooms are closed and ventilation is minimal.

* Urban winter mean radon ~115 Bq*m~; rural winter mean ~108 Bq*m~ in the simulated set—
both substantially higher than summer means.

* Thoron shows similar seasonal trends but with larger relative variability due to localized short-
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range sources.
4.3 Annual (season-weighted) averages and dose calculations

We computed per-dwelling annual mean concentrations by averaging the three season values (sim-
ple unweighted seasonal average — a straightforward approach that can be replaced with time-weight-
ed season lengths if desired). Using the dose formula and constants in Methods (F_rad=0.4,F_th=0.02,
0=0.8,T=8760 h, DCF_rad=9¢-6 mSv/(Bq*h*m-3), DCF_th=40e-6 mSv/(Bq*h*m3)) we obtain:

Table 2. Annual mean dose estimates (simulated)

Total
n Radon_annual_mean Thoron_annual_mean Dose_rad Dose_thoron Dose
(dwellings) (Bq/m®) (Bg/m®) (mSv y") (mSvy™")  (mSv

¥

Area

Urban 60 % 66.5 7533 % 1.75 ~0.23 ~1.98

Rural 60 %619 =49.7 =162 =020 =1.82

(Per-dwelling means used to compute area-level averages; small rounding differences due to averaging and rounding
to three decimals.)

Interpretation (simulated):

The mean annual effective dose across dwellings in the simulated dataset is ~1.8-2.0 mSv y~. This
is above the average global indoor exposure (~1-1.5 mSv y™" typical from radon in many regions), but
still below several national action limits and below radiological worker limits because those are differ-
ent contexts. A minority of dwellings exceed 3 mSv y~" and a smaller number exceed 4 mSv y~* (see
frequency distribution below).

4.4 Frequency distributions and exceedance fractions (simulated)

* Radon: ~18% of dwellings had annual mean radon >100 Bq*m~ (WHO reference level) in this
simulation; ~5% exceeded 300 Bqsm™.

* Thoron: Thoron exceedances relative to any given arbitrary threshold are localized; dose
contribution however remained smaller than radon in most dwellings despite high thoron gas
because thoron equilibrium factor is low.

(Detailed histograms and cumulative distribution graphs are available as figure placeholders. In a

final version I can produce actual plots.)
4.5 Influence of building material (simulated)

* Mud houses in the simulation tended to show slightly higher radon and thoron means compared
to brick and concrete, due to higher assumed emanation factors in the synthetic generation.

* Concrete showed somewhat lower radon in urban mix (assumed due to density and construction
practices in the synthetic model).

5. Discussion

5.1 Seasonal behavior

'The simulated data reproduce the commonly reported seasonal pattern: concentrations elevate in
winter due to reduced ventilation and increased indoor-outdoor temperature differences (stack effect).
Monsoon shows intermediate values, and summer lowest concentrations due to open windows and
cross-ventilation.

5.2 Building material and local sources

Mud/earthen construction (in simulation) produced higher radon and thoron concentrations—
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consistent with literature where earthen floors/walls with higher uranium/thorium-bearing minerals,
or poor floor sealing, cause elevated indoor gas levels. Brick and concrete show mixed results depending
on the source term (soil vs. building material). Thoron effects are often localized near thorium-rich
materials such as certain clays or phosphatic additives; because thoron decays quickly, its progeny con-
tribution tends to be significant only when the emission surface is very close to living space.

5.3 Dose significance

Mean doses of ~1.8-2.0 mSv y~" are significant from a public-health perspective but not extremely
high. The WHO reference level of 100 Bq*m™ is a practical target: since a notable fraction of dwellings
in our synthetic sample exceed that, targeted interventions (e.g., improving ventilation, sealing floors,
local remediation) would reduce population-weighted dose effectively.

5.4 Limitations

* 'This is simulated data meant to emulate a realistic survey — not a replacement for measurements.
'The specific numeric results depend on model assumptions (season weights, DCFs, equilibrium
factors).

* Thoron dose estimation is particularly uncertain; in real studies time-resolved measurements or
specific thoron-sensitive detectors are recommended.

* Occupancy factor was fixed at 0.8; in real populations, time-activity patterns vary.

6. Conclusions & Recommendations

Conclusions (simulated):
* Seasonal variability is pronounced; winter means are highest (urban winter =~ 115 Bqem™
winter =~ 108 Bq*m™ in the simulation).
* Annual mean doses estimated =1.8-2.0 mSv y~ (urban slightly higher).
* Some dwellings exceed the WHO reference level of 100 Bq*m~; a smaller fraction exceed higher
national action thresholds.
Recommendations (for a real field campaign and public health actions):
1. Conduct a targeted measurement campaign in Bareilly using a combination of time-integrated
passive detectors (for broad coverage) and short-term active monitors (for thoron discrimination).
2. Prioritize winter-season measurements when concentrations are highest.
3. Record building characteristics and occupant behavior (floor level, ventilation habits, presence of
basements, building materials).
4. Awareness programs for households whose dwellings are above reference levels — ventilation
improvements, simple sealing of floors, and targeted remediation as necessary.
5. Follow-up measurements after mitigation to confirm effectiveness.
6. Policy suggestion: municipal-level radon map (based on measurements, geology, and building
stock) to guide future building codes and public health advice.
7. Acknowledgements
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9. Appendices

ID Area Material Season Radon (Bq/m*) Thoron (Bgq/m*)
1 Urban Mud Summer 66.51 59.18

1 Urban Mud Monsoon 29.09 23.47
1 Urban Mud Winter 91.90 111.56
2 Urban Brick Summer 24.29 21.55
2 Urban Brick Monsoon 64.90 22.24
2 Urban Brick Winter 107.96 116.12
3 Urban Brick Summer 23.41 13.41

3 Urban Brick Monsoon 39.37 24 .44
3 Urban Brick Winter 77.76 30.17
4 Urban Concrete Summer 37.46 36.17
4 Urban Concrete Monsoon 34.56 41.24
4 Urban Concrete Winter  79.60 39.80

(Complete dataset of 360 rows — 120 dwellings x 3 seasons — available on request in CSV for

mat.)

Appendix B — Dose calculation worked example (single dwelling)

Take a dwelling with annual mean radon C_rad = 66.5 Bq*m~ and thoron C_th = 53.3 Bq*m™.
Using constants:

*F rad=0.4;F th=0.02

+0=08,T=8760h

* DCF _rad = 9 x 10°° mSv/(Bq*h*m~*); DCF_th = 40 x 10~°* mSv/(Bq*h*m~>)
Radon dose:

Er=66.5 x 0.4 x 0.8 x 8760 x 9¢-6 =~ 1.678 mSvey !

Thoron dose:

Et=53.3 x 0.02 x 0.8 x 8760 x 40e-6 ~ 0.332 mSvey ™

Total E = 2.01 mSvey™!
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