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This study evaluates the uncertainties in committed equivalent dose coefficients from inhalation of radon
progeny in underground uranium mines. The work focuses on two exposure scenarios: wet drilling with good
ventilation (Job 1) and dry drilling with poor ventilation (Job 4). The use of Monte Carlo simulations informed
by the International Commission on Radiological Protection (ICRP) latest biokinetic models and parameter
probability distributions obtained from published literature, revealed that Job 4 conditions yield higher lung
dose coefficients than Job 1, despite both scenarios exhibiting similar uncertainty levels. The committed
equivalent lung dose coefficients followed lognormal distributions, with geometric means of 61.87 mSv/(mJh/
m3) and geometric standard deviation of 1.56 for Job 4 and 47.05 mSv/(th/m3) and geometric standard de-
viation of 1.58 for Job 1. The alveolar-interstitial region showed the greatest uncertainty, while the bronchial
secretory cells received the highest doses. Among systemic organs, the kidneys received the largest dose. Sta-
tistical tests confirmed significant differences between the two job types. Sensitivity analysis identified tidal
volume as main contributor to committed equivalent lung dose coefficient uncertainty. These findings support
revising model parameters and improving breathing parameter measurements to enhance dose accuracy. The
study emphasizes the necessity for enhanced ventilation, stricter air quality standards, and advanced personal
protective equipment to mitigate health risks in radon-prone mining environments.

1. Introduction

Radon progeny poses significant radiation exposure risks that require
effective protection strategies based on sound science and societal
considerations. The RadoNorm project radonorm, (https://www.rado-
norm.eu) was initiated to address these concerns by improving risk
management approaches for radon and NORM exposure situations. As
part of this initiative, Task 3.4 focused on the assessment of un-
certainties affecting dose distribution in cohort studies, with the aim of
refining the uncertainties affecting the dose-response relationship.
Specifically, this task examined how variations in model parameters
affect dose calculations for selected human organs and tissues
(https://www.radonorm.eu/workpackages/wp3-tasks/).

Epidemiological studies have shown that inhalation of radon gas and
its progeny is a major cause of lung cancer, particularly among
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underground miners and indoor workers (Hu et al., 2020; Chen, 2023;
Skubacz et al., 2023). The lung is the organ that receives the highest
dose, with approximately 95 % of this dose attributable to the inhalation
of radon progeny rather than the gas itself (Marsh et al., 2008, 2012).
This is because almost all inhaled radon gas is exhaled, whereas its
short-lived progeny deposit in the respiratory tract and deliver a sig-
nificant dose before being cleared either by absorption into the blood or
by particle transport to the alimentary tract (Papenfup et al., 2023).
Two major short-lived radon progeny, Po-218 and Po-214, decay by
alpha emission. The energy released by these alpha particles accounts
for most of the radiation dose to the lung tissue (Romano et al., 2019).
Equivalent dose coefficients to body organs and tissues following inha-
lation of radon progeny can be estimated using biokinetic models
developed by the International Commission for Radiological Protection
(ICRP). However, a major challenge in the assessment of committed
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equivalent dose coefficients to organs and tissues is that the ICRP models
are reference models with parameter values based on a standardized
reference person. By definition, these models use fixed parameter values
without associated uncertainties (Paquet et al., 2016). Therefore,
sensitivity analysis and uncertainty estimation of key parameters in
these models is essential to improve model understanding and to assess
the impact of parameter variations on dose predictions (Breustedt et al.,
2017, 2018).

Previous studies have evaluated the impact of model parameter un-
certainties on lung dose calculations following inhalation of radon
progeny in underground mining environments. One notable study by
Marsh and Birchall (2009) performed an uncertainty analysis of the
absorbed dose per unit exposure using the ICRP 66 lung model (ICRP,
1994). However, their study was based on an older dosimetric frame-
work and did not incorporate the most recent ICRP Occupational Intake
of Radionuclides (OIR) models (ICRP, 2006, 2015; 2017). In addition,
the exposure scenarios of Marsh and Birchall (2009), differed from those
considered in the present study, as they investigated wet drilling with
medium ventilation (Job 2) as well as wet drilling with good ventilation
and diesel engines (Job 0).

Unlike previous studies, the present study focuses on two specific
occupational exposure scenarios i.e., wet drilling with good ventilation
(Job 1) and dry drilling with poor ventilation (Job 4). This focus was
driven by the objectives of the RadoNorm project, in which epidemiol-
ogists sought to evaluate the impact of uncertainties in model parame-
ters on the calculation of dose coefficients employed in cohort studies of
former uranium miners at the Wismut Company in East Germany be-
tween 1946 and 2003 (Kreuzer et al., 2002, 2008, 2010; Grosche et al.,
2006).

Uranium mining by the Wismut Company, particularly between
1946 and 1989, underwent several distinct operational phases. From
1946 to 1954, mining conditions were characterized by dry drilling
techniques, lack of forced ventilation and consequently elevated expo-
sure to radon (Kreuzer et al., 2002, 2010), conditions representative of
Job 4. In contrast, the period from 1955 to 1970 saw substantial im-
provements in occupational safety, including the adoption of wet dril-
ling methods and enhanced ventilation systems (Kreuzer et al., 2002,
2010; Grosche et al., 2006). These improvements resulted in signifi-
cantly lower radon levels and reduced dust exposure, which are char-
acteristic of Job 1.

Following the implementation of various international radiation
protection and occupational safety standards after 1970, such as the
introduction of individual radon exposure monitoring, there was a sig-
nificant shift in occupational health practices in the uranium mining
sector (Grosche et al., 2006). These regulatory advancements empha-
sized the importance of evaluating the impact of these measures on
miners’ health outcomes. Consequently, it became important to calcu-
late and compare reference dose coefficients, along with the associated
uncertainties, under two representative exposure conditions i.e. Job 1
and Job 4. Readers are referred to an earlier publication by the authors
(Makumbi et al., 2024a) for a detailed discussion of the aerosol prop-
erties characterizing these two exposure scenarios.

This study focused on uncertainties arising from exposure scenarios
and biokinetic parameters of radon progeny, excluding those arising
from the dosimetric model. This is because the dosimetric model relies
on well-established nuclear decay data and fixed radiation weighting
factors published by the ICRP. Alpha particles, which are the main
contributors to dose, are fully absorbed in source regions. Therefore,
uncertainties in dosimetric parameters, such as the specific absorbed
fraction (SAF), were considered negligible (Makumbi et al., 2024a).
Unlike Marsh and Birchall (2009), who included dosimetric un-
certainties but omitted radiation and tissue weighting factors, this study
evaluates the effect of uncertainty in exposure and biokinetics on organ
and tissue dose coefficients relevant to the RadoNorm project.

A key distinction of the present work is the estimation of committed
equivalent dose coefficients rather than absorbed doses. Additionally,
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this study applies the latest ICRP models, which provide a more physi-
ologically and biologically realistic representation of human body pro-
cesses. Thus, its results contribute to a more comprehensive
understanding of uncertainty in dose assessment, ultimately supporting
more effective radiation protection strategies for radon progeny expo-
sure scenarios.

This study built on previous research conducted by the authors on
uncertainty and sensitivity analyses of committed equivalent dose co-
efficients. These earlier investigations involved a review of the param-
eters affecting the committed equivalent lung dose coefficient following
inhalation of radon progeny in underground mines, together with their
associated probability distributions (Makumbi et al., 2024a). In addi-
tion, the authors developed an in-house software tool to implement the
ICRP internal dose assessment methodology and to perform uncertainty
and sensitivity studies on calculated dose values (Breustedt et al., 2024;
Makumbi et al., 2024b).

Building on these foundations, the study used prior distributions of
biokinetic model parameters and other exposure scenario parameters
relevant to radon progeny intake in underground mines identified in the
earlier study by the authors (Makumbi et al., 2024a). Additionally, the
in-house developed software tool, INTDOSKIT, was also used to quantify
uncertainties in the calculated committed equivalent dose coefficients.
Hence, by integrating these outputs, this study improves the robustness
of dose assessments for occupational exposure to radon progeny in un-
derground mines.

2. Description of job types in underground uranium mining

Underground mining involves several subsurface techniques aimed
at efficiently extracting mineral resources (Diogo, 2020). A key chal-
lenge of this method is to maximize ore recovery and extraction effi-
ciency while minimizing waste production. This method is generally
considered cost-effective when the surrounding rock can be excavated
safely and efficiently. It also tends to have a smaller environmental
footprint than surface mining approaches (Ghorbani et al., 2023). The
process involves developing shafts and production galleries, with exca-
vation usually carried out by drilling and blasting. Once extracted, the
ore is transported to the surface for processing and concentration
(Osmanlioglu, 2022).

Underground uranium mining typically involves either wet or dry
drilling methods accompanied by the use of electrical or diesel powered
equipment (Marsh et al., 2008; ICRP, 2017). These methods have
distinct operational procedures and health implications for miners,
particularly with regard to exposure to radon gas and its progeny. The
main differences between the two methods lie in the strategies used to
suppress dust and the efficiency of ventilation systems in mitigating
radiological and respiratory hazards.

For purposes of dose assessment, miners are usually categorized
according to their exposure conditions and levels of physical exertion.
According to Marsh et al. (2008), underground mining activities
generally involve three levels of physical activity i.e. low, moderate and
high, with each of these categories corresponds to specific breathing
rates i.e. 1.0 m3/h for low exertion, 1.2 m®/h for moderate exertion, and
1.4 m%/h for high exertion. A brief description of the relevant mining
techniques for this study is given in the following subsections.

2.1. Wet drilling with good ventilation (Job 1)

In wet drilling, water is used to suppress dust during the drilling
process. This significantly reduces the number of airborne particulates,
including radioactive dust containing radon progeny. Operations using
this method are supported by forced or mechanically assisted ventilation
systems that supply fresh air at rates of between 1.5 and 4.5 m®/s per
worker (Widodo et al., 2023). Good ventilation disperses radon gas and
lowers the concentration of long-lived radioactive dust. Mine workers’
duties include operating drilling rigs, installing support systems and
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transporting ore.

When appropriate control measures are in place, exposure to radon
progeny typically remains below 0.5 working level months (WLM)' per
year (Hoffman et al., 2007). Miners performing Job 1 are exposed to
lower levels of radiation and are therefore less likely to develop occu-
pational illnesses associated with uranium mining, such as pneumoco-
niosis and lung cancer.

2.2. Dry drilling with poor ventilation (Job 4)

Dry drilling omits water based dust suppression. This, when com-
bined with poor ventilation, often at a rate between 0.1 and 0.6 m>/s per
worker (Li et al., 2019), creates hazardous working conditions. This
environment allows radon gas and its short-lived progeny to accumulate
in the mine, resulting in significantly higher exposure levels to the
miners (Kreuzer et al., 2008).

Historically, exposure levels in dry drilling operations often excee-
ded 5-10 WLM/year (Samet and Hornung, 1990). Miners performing
this job type must clear dust and debris more frequently and endure
intense physical labor in confined, poorly ventilated areas. Under these
mining conditions, the absence of effective airflow results in radon
progeny being retained for longer in breathing zones, sharply increasing
the risk of lung cancer (Grosche et al., 2006).

A study conducted by Lubin et al. (1995) directly links dry drilling in
poorly ventilated conditions to an increased risk of radiogenic lung
cancer, as evidenced by cohort studies of uranium miners in Canada and
the United States of America.

3. Materials and methods
3.1. Biokinetic models

The ICRP latest biokinetic models were used in this study to calculate
the committed equivalent dose coefficients. These models include, the
Human Respiratory Tract Model (HRTM) published in ICRP publication
130 (ICRP, 2015), Human Alimentary Tract Model (HATM) published in
ICRP publication 100 (ICRP, 2006) and the systemic models of polo-
nium, lead and bismuth published in ICRP publication 137 (ICRP, 2017).

3.2. Implementation of the ICRP methodology for internal dose
assessment in INTDOSKIT

The INTDOSKIT tool was designed such that all the information on
the biokinetics and dosimetry is imported from plain text input files.
This has the advantages of making it possible to handle any radionuclide
without any modifications in the source code in addition to minimizing
the size of the source program (Breustedt et al., 2024).

The tool comprises four main libraries, each of which is implemented
as an R script and provides distinct functions within the dose assessment
framework. The first library is the deposition model functions library,
which calculates the deposition fractions of inhaled radioactive aerosols
across various regions of the HRTM. The second library contains func-
tions for defining and solving biokinetic models to determine the
retention and excretion of radioactive substances in different compart-
ments over time. It also calculates the number of radioactive decays
within ICRP-defined source regions.

The third library contains dosimetric functions, which are respon-
sible for computing S-coefficients, effective doses and organ-specific

! The historical unit used to measure exposure to radon progeny in uranium
mining is WLM; defined as the cumulative exposure from breathing an atmo-
sphere at a concentration of one working level (WL) for a working month of
170 h. WL refers to any combination of short-lived radon progeny in 1 m® of air
that results in the emission of 1.30E+08 MeV of alpha energy (ICRP, 1993,
2017).
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doses for both ICRP target tissues and radiosensitive tissues. Lastly,
the constants library provides essential parameters such as ICRP radia-
tion and tissue weighting factors, unit conversion factors, lists of source
and target organs, and recommended time steps for generating retention
and excretion curves.

These libraries are sourced at the beginning of the dose calculations
such that the required functions can be called during program execution
instead of hard coding them in the main program. Templates of R scripts
for typical tasks were developed and guidance on their use is provided in
the documentation of INTDOSKIT (Breustedt et al., 2024).

Fig. 1 shows the steps in the ICRP methodology for calculating dose
coefficients as implemented in INTDOSKIT for this study. Reference dose
coefficients were calculated using ICRP input data for a reference adult
male and female and then validated against values obtained from the
ICRP OIR Dataviewer software. The percentage deviation of the calcu-
lated values for both males and females was determined using equation
(1). Further details on INTDOSKIT can be found in Breustedt et al.
(2024).

Calculated value — ICRP value
ICRP value

Percentage deviation = (

>x100 (@9)]

3.3. Assignment of probability distributions to model parameters

Probability distributions for the aerosol parameters in underground
mines for the two exposure scenarios in this work as well as probability
distributions for the HRTM model parameters for particle deposition and
clearance were taken from Makumbi et al. (2024a). Additionally,
probability distribution for the HATM model parameters were taken
from Kwon et al. (2020).

Probability distributions for the absorption parameters of radon
progeny were derived from several studies (Booker et al., 1969; Hursh
et al., 1969; Hursh and Mercer, 1970; Boudene et al., 1977; Chamberlain
et al., 1978; Greenhalgh et al., 1982; James et al., 1977; Butterweck
et al., 2002; Marsh and Birchall, 2000; ICRP, 2017). These distributions
account for variations in dissolution fractions, absorption and transfer
rates of lead, bismuth and polonium.

For lead as radon progeny, the rapid dissolution fraction (f;) varies
from 0.06 (Booker et al., 1969) to 0.35(Greenhalgh et al., 1982), with
other reported values ranging between 0.1 and 0.2 (James et al., 1977;
Marsh and Bailey, 2013; ICRP, 2017). Based on these data, a uniform
probability distribution with a minimum value of 0.06 and a maximum
value of 0.12 was adopted.

The rapid dissolution rate (s;) shows significant variation ranging
from 58 d ! (Greenhalgh et al., 1982) to 1000 d’l(Butterweck et al.,
2002), with additional reported values of 67 d71, 100 d7! and 250
d~1(ICRP, 2017). Due to this broad range, a lognormal distribution was
assigned to this parameter, with a geometric mean (GM)2 of 100 d !
(ICRP reference value) and geometric standard deviation (GSD)® of 3.20.

In contrast, slow dissolution rates (ss) are more consistent, ranging
from 1.3 d~! (Hursh et al., 1969) to 1.8 d~! (James et al., 1977). Given
the minimal variation, a uniform probability distribution with a mini-
mum value of 1.3 d”! and maximum value of 1.8 d~! was adopted for
this parameter. Similarly, the transfer rate of lead ions (sp) to blood
varies significantly, with reported values spanning from 0.5 d~!
(Boudene et al., 1977) to 5.7 d~! (Chamberlain et al., 1978). For this

2 GM is a statistical parameter that indicates the aggregation or typical value
of a group of quantitative observations by using a product of their values. It is a
measure of central tendency for skewed data that follows a lognormal distri-
bution and is calculated as the n™ root of the product of n numbers (Vogel,
2020; Mbaji et al., 2023).

3 GSD is a statistical parameter that is used to quantify the spread or
dispersion of data that is skewed or follows a lognormal distribution in relation
to GM (Martinez and Bartholomew, 2017).
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Fig. 1. Summary of the ICRP methodology for internal dose assessment that was implemented in INTDOSKIT.

parameter, a lognormal distribution was assigned with GM of 1.7 d?
(ICRP reference value) and a GSD of 1.73.

Literature studies showed a variation in the proportion of lead bound
to the respiratory epithelium. A study conducted by Moody et al. (1994)
reported a value of 0.25, whereas Butterweck et al. (2002) estimated a
range between 0.70 and 0.85. Other reported values include 0.32
(Greenhalgh et al., 1982), 0.40 (Booker et al., 1969), 0.50 (ICRP, 2017)
and 0.70 (Marsh and Bailey, 2013). Based on these data, the authors
modelled this parameter using a uniform probability distribution with
bounds from 0.25 to 0.70.

For isotopes of polonium and bismuth as radon progeny, the latest
ICRP publications provide distinct absorption parameters for these ele-
ments, assuming no epithelial binding and classifying them under type F
absorption (ICRP, 2017; Makumbi et al., 2024a). As a result, f; for both
bismuth and polonium were assigned a uniform probability distribution
with a minimum value of 0.70 and a maximum value of 1.00. Addi-
tionally, s; for each of these two progenies was assigned a lognormal
distribution using the ICRP reference value as GM and a GSD of 3.20.
Probability distributions for the absorption parameters of short-lived
radon progeny used in this work are presented in Table 1.

Table 1
Probability distributions for dissolution/absorption parameters for radon
progeny.

Nuclide Parameter ~ Reference Probability AP B¢
value” distribution

Polonium  f; 1.00 uniform 0.70 1.00
Sy 3.00 lognormal 3.00 3.20
Ss 0.00 constant
fp 0.00 constant
Sp 0.00 constant
fa 0.10 0.10*,"

Lead fr 0.10 uniform 0.06 0.12
Sy 100.00 lognormal 100.00 3.20
Sg 1.70 uniform 1.30 1.80
fy 0.50 uniform 0.25 0.70
Sp 1.70 lognormal 1.70 1.73
fa 0.20 0.20%f,"

Bismuth f, 1.00 uniform 0.70 1.00
Sy 1.00 lognormal 1.00 3.20
Sg 0.00 constant
fi, 0.00 constant
Sp 0.00 constant
fa 0.05 0.05%f,

f: Rapid dissolution fraction; s,: Rapid dissolution rate (d™Y); s,: Slow dissolution
rate (d~1); f,: Bound fraction; sp: Dissolution rate for the bound fraction material
(d™1); f: Fraction of material absorbed from the HATM to blood.

2 Data taken from ICRP, 2017.

b Minimum value for a uniform distribution or GM for a lognormal
distribution.

¢ Maximum value for a uniform distribution or GSD for a lognormal
distribution.

4 The probability distribution for fs parameter is derived from a correlation
with f; i.e., uncertainty is introduced on this parameter by multiplying the ICRP
reference value for ingestion of the element with the sampled value of the f,
parameter from its respective probability distribution during Monte Carlo
simulation.

3.4. Monte Carlo methods for uncertainty and sensitivity analysis

To assess the uncertainties in the dose coefficients from inhalation of
radon progeny, a parameter uncertainty analysis was performed using
Monte Carlo simulations. In this approach, probability distributions
were assigned to the model parameters, taking into account correlations
between them. These uncertainties were then incorporated directly into
the dose calculation methodology.

The extended version of INTDOSKIT, an in-house software tool
developed by the authors for uncertainty and sensitivity analysis of
calculated doses, was used to accomplish this task. The Monte Carlo
method used in this study was the same as that described in an earlier
study by the authors (Makumbi et al., 2024b). This method is graphi-
cally presented in Fig. 2.

To perform a sensitivity analysis on the calculated dose coefficients,
the model parameters of interest were grouped into particle deposition
parameters, absorption parameters and particle transport parameters.
The particle deposition parameters were themselves grouped into three
(3) sub categories and these included activity parameters such as tidal
volume (V7), breathing frequency (fr), breathing rate (B), fraction of air
breathed through the nose (F,) and the fraction of time spent in each
activity by the subject; aerosol parameters such as particle size (AMAD/
AMTD) and dispersion (o), particle density (p), shape factor (x) and
hygroscopic growth factor (hgf); subject parameters such as dead space
volume (Vp) and functional residual capacity (FRC).

The methodology for the sensitivity of dose coefficients to uncer-
tainty in the particle deposition model parameters, absorption param-
eters for radon progeny and particle transport parameters is captured in
Table 2. To achieve this, the model parameters of interest were varied by
randomly sampling each parameter from its corresponding probability
distribution, while keeping all other parameters fixed at their respective
ICRP reference values.

As an illustration, to assess the impact of absorption parameters on
the committed equivalent lung dose coefficient, these parameters were
sampled from their respective probability distributions (see Table 1) in
each Monte Carlo simulation run, while all other parameter groups such
as activity, subject, aerosol, and particle transport were held constant at
their respective ICRP reference values. This approach corresponds to
calculation method (i) in Table 2. In a separate simulation, the absorp-
tion parameters were fixed at their ICRP reference values, while the
other parameter groups were varied by sampling from their respective
distributions in each run. This corresponds to calculation method (ii) in
Table 2. Calculation approach (ii) was necessary to assess the relative
influence of the absorption parameters with reference to the other
parameter groups. The above procedure was repeated to enable a
comparison of the influence of each parameter or group of parameters as
outlined in Table 2.

3.5. Fitting a probability distribution to the generated posterior data set

A probability distribution was fitted to the posterior data set in
INTDOSKIT using maximum likelihood estimation (MLE) and the
Kolmogorov-Smirnov (K-S) test using functions of the fitdistrplus library
of R (Makumbi et al., 2024b).
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Fig. 2. Monte Carlo method for uncertainty and sensitivity studies used in this work (Source: Makumbi et al., 2024b).

Table 2
Monte Carlo simulation method for sensitivity analysis used in this work.

Parameters for sensitivity Monte Carlo simulation modifications

analysis focus

Activity i) Vary activity parameters; fix all others at ICRP
reference values

ii) Fix activity parameters at ICRP reference values;
vary all others.

i) Vary aerosol parameters; fix all others at ICRP
reference values.

ii) Fix aerosol parameters at ICRP reference values;
vary all others.

i) Vary subject parameters; fix all others at ICRP
reference values.

ii) Fix subject parameters at ICRP reference values;

vary all others.

Vary absorption parameters; fix all others at ICRP

reference values.

Fix absorption parameters at ICRP reference

values; vary all others.

Vary particle transport parameters; fix all others

at ICRP reference values.

Fix particle transport parameters at ICRP

reference values; vary all others.

Aerosol

Subject

Absorption i)

ii

=

(=7

Particle transport i

ii

=

3.6. Comparison of the two job types using a hypothesis test

To determine whether simulation outputs from the two exposure
scenarios were statistically distinct, non-parametric hypothesis tests
were applied. Specifically, the Mann-Whitney U test (implemented via
wilcox.test function in base R) was used to detect differences in central
tendency without making a normality assumption.

4. Results and Discussions
4.1. Validation of INTDOSKIT calculations against ICRP data

Table 3 shows the results of the committed equivalent dose coeffi-
cient calculations performed by INTDOSKIT using the ICRP reference
data. It also shows the validation using the ICRP data. The findings
demonstrate that INTDOSKIT reliably models radon progeny decay
chains. Specifically, the dose coefficients calculated for the inhalation of
radon progeny in underground mining environments are in good
agreement with the ICRP reference values; the largest observed devia-
tion is 6 %.

4.2. Dose calculations for the inhalation of radon progeny in underground
mines

The results of the committed equivalent dose coefficients calculated
are presented in Table 4 for the two exposure scenarios. The calculated
equivalent organ and tissue dose coefficients (mSv/ (th/m3)) for these
scenarios show variations in radiation exposure at different anatomical
sites due to the inhalation of radon progeny in underground mines.

From Table 4 and it can be observed that the highest dose coefficients
are associated to the respiratory tract, particularly in the central air-
ways, where radon progeny particles are likely to deposit due to their
particle size and inhalation characteristics. Specifically, Bronch.sec and
Bronch.bas received the highest doses, with Job 4 showing significantly
higher values (8.67E+01 mSv/(mJh/m®) for Bronch.sec and 4.22E+01
mSv/(mJh/m?) for Bronch.bas) compared to Job 1 (4.61E+01 mSv/
(mJh/m®) and 2.10E+01 mSv/(th/mB), for Bronch.sec and Bronch.
bas respectively). This implies a greater risk of radiation-induced dam-
age in these regions for workers performing Job 4.
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Table 3
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Committed dose coefficients (mSv/(mJh/m>)*!) due to inhalation of radon progeny in underground mines calculated using ICRP reference data.

Organ/Tissue INTDOSKIT (mSv/(mJh/m?)) ICRP (mSv/(mJh/m?)) Male Deviation (%) Female Deviation (%)
Male Female Male Female

Bone marrow 4.5E-03 5.6E-03 4.3E-03 5.4E-03 5 4
Colon 4.2E-03 4.7E-03 4.0E-03 4.5E-03 5 4
Lung 2.5E+01 2.6E+01 2.4E+01 2.6E+01 4 0
Stomach 7.2E-03 7.8E-03 6.9E-03 7.6E-03 4 3
Breast 2.3E-03 2.7E-03 2.2E-03 2.6E-03 5 4
Gonads 1.7E-03 3.5E-03 1.8E-03 3.6E-03 -6 -3
Urinary bladder 1.9E-03 2.3E-03 1.9E-03 2.3E-03 0 0
Oesophagus 6.1E-03 7.4E-03 5.8E-03 7.1E-03 5 4
Liver 1.3E-02 1.7E-02 1.3E-02 1.7E-02 0 0
Thyroid 3.4E-03 4.3E-03 3.3E-03 4.1E-03 3 5
Bone surface 1.2E-02 1.4E-02 1.2E-02 1.4E-02 0 0
Brain 2.1E-03 2.4E-03 2.0E-03 2.4E-03 5 0
Salivary glands 2.1E-03 2.5E-03 2.1E-03 2.5E-03 0 0
Skin 1.4E-03 1.9E-03 1.4E-03 1.9E-03 0 0
Adrenals 3.8E-03 4.4E-03 3.7E-03 4.2E-03 3 5
Gall bladder 2.2E-03 2.5E-03 2.2E-03 2.4E-03 0 4
Heart 4.2E-03 5.6E-03 4.0E-03 5.4E-03 5 4
Kidneys 5.3E-02 6.2E-02 5.4E-02 6.4E-02 -2 -3
Muscle 1.9E-03 2.2E-03 1.8E-03 2.2E-03 6 0
Oral mucosa 2.8E-03 3.5E-03 2.7E-03 3.4E-03 4 3
Pancreas 3.8E-03 4.5E-03 3.7E-03 4.4E-03 3 2
Prostate 1.9E-03 0 1.9E-03 0 0 0
Small intestine 4.4E-03 5.1E-03 4.3E-03 5.0E-03 2 2
Spleen 5.2E-03 6.3E-03 5.1E-03 6.2E-03 2 2
Thymus 2.9E-03 3.5E-03 2.8E-03 3.4E-03 4 3
Uterus 0 2.2E-03 0 2.2E-03 0 0
e (50)° 3.17 3.14 1

2 e (50) refers to the committed effective dose coefficient.

Table 4

Calculated equivalent organ and tissue dose coefficients (mSv/ (mJh/m?)) from
inhalation of radon progeny in underground mines for the two exposure
scenarios.

Organ/Tissue Job 1 Job 4
Lung 1.50E+01 2.33E+01
Bronch.bas 2.10E+01 4.22E+01
Bronch.sec 4.61E+01 8.67E+01
Bchiol.sec 2.90E+01 4.71E+01
Al 1.72E+00 2.44E+00
St. stem 1.30E-02 2.60E-02
R.marrow 4.45E-03 7.28E-03
Colon 1.97E-03 2.87E-03
RC.stem 4.37E-03 7.25E-03
LC.stem 4.42E-03 7.37E-03
RS.stem 3.94E-03 6.38E-03
Liver 5.73E-03 8.24E-03
Kidneys 5.12E-02 8.27E-02
Endost.BS 1.15E-02 1.88E-02
Brain 1.09E-03 1.70E-03
Ht.wall 4.09E-03 6.70E-03

Bronch.bas: Bronchial basal cells; Bronch.sec: Bronchial secretory cells; Bchiol.
sec: Bronchiolar secretory cells; Al: Alveolar-interstitial; St.stem: stomach stem
cells; R.marrow: Red-marrow; RC.stem: Right colon stem cells; LC.stem: Left
colon stem cells; RS.stem: Rectosigmoid colon stem cells; Endost.BS: Endosteal
bone surface; Ht.wall: Heart wall.

The high dose value of Bronch.sec is due to its relatively small tissue
mass and close proximity to the deposition sites of alpha-emitting radon
progeny, which results in elevated SAF values. It can be argued that
although the Bronch.bas region has a smaller tissue mass, its greater
distance from the source regions reduces its dose. In contrast, the Al
region receives the lowest dose due to its large mass (1.1 kg) and
reduced particle deposition in deeper lung regions, which leads to lower
SAF values.

The lung tissue itself also received significant doses, with values of
1.50E+01 mSv/(th/m3) for Job 1 and 2.33E+01 mSv/(th/m3) for
Job 4, reinforcing the importance of lung exposure in the assessment of

radon-related radiation risk. Beyond the respiratory tract, the systemic
distribution of radon progeny results in lower but non-negligible dose
coefficients in other organs. The kidneys and Endost.BS show relatively
higher dose coefficients compared to other systemic organs and tissues,
with kidney doses increasing from 5.12E-02 mSv/(mJh/m%) (Job 1) to
8.27E-02 mSV/(th/m3) (Job 4). This may be attributed to the bio-
kinetics of short-lived radon progeny, particularly the alpha-emitting
polonium isotopes i.e. following inhalation or exposure through a
wound, polonium is typically rapidly excreted in urine a pattern that is
absent or significantly less pronounced after exposure through other
routes (Leggett and Eckerman, 2001; ICRP, 2017).

The target regions St.stem, R.marrow, colon and liver received
relatively low doses, remaining in the range of 1072 to 10~ mSv/(mJh/
m®), indicating a significantly lower contribution of radon progeny to
the radiation burden in these tissues. The brain and Ht.wall target re-
gions also showed minimal exposure, with dose coefficients below
7.00E-03 mSv/(mJh/m®), suggesting a lesser effect of radon progeny on
these tissues.

Across all organs and tissues, Job 4 had consistently higher dose
coefficients than Job 1. This confirms that the exposure conditions in
Job 4 lead to greater inhalation of radon progeny, due to factors such as
higher airborne radon concentrations and differences in workplace
ventilation. The most pronounced increase was observed in the central
airways, where dose coefficients were almost doubled in Job 4
compared to Job 1, highlighting the increased risk of lung cancer and
other respiratory diseases in higher exposure scenarios.

The significantly higher doses in Job 4 suggest the need for improved
ventilation, exposure monitoring and protective measures in high-risk
underground mining environments. The systemic radiation doses,
although lower, reinforce the need for comprehensive dosimetric eval-
uations to assess long-term health effects in underground miners.

4.3. Uncertainty on committed equivalent dose coefficients from
inhalation of radon progeny in underground mines

During the Monte Carlo simulations, the convergence of the final
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approximates the ICRP benchmark.

The significant deviation of the medians from the ICRP reference
values for the two job types can be attributed to the non-linear rela-
tionship between dose coefficients and model parameters. This is
because the mean or median values of the parameter probability dis-
tributions used in the Monte Carlo simulations were not always the same
as the ICRP reference values for these parameters. Another possible
factor is the choice of probability distributions. While the selection of
probability distributions was demonstrated to have a relatively minor
effect on the central values and ranges of calculated dose distributions
when constant variance in parameter uncertainties was assumed (Klein
et al., 2010; Puncher and Harrison, 2012), this was not applicable to this
study. The discrepancy between the median dose values obtained and
the ICRP reference values can therefore be explained.

The wide uncertainty range (Q, to Qy), which is about an order of
magnitude, reflects significant variation in the calculated dose co-
efficients due to uncertainties in the model parameters. For conservative
safety assessments, it may therefore be prudent to consider values higher
than the ICRP reference. While the ICRP reference value can still be used
as a protective measure, incorporating additional statistical measures
and considering distributional characteristics could enhance protection.
This can be achieved by making adjustments to the reference value
based on higher percentiles (e.g. the 75% or 95™), adopting the mean as
the reference value, or revising biokinetic model parameters/biokinetic
model structure to reduce the degree of skewness (Makumbi et al.,
2024b).

These results underline the importance of considering both dose
distribution and uncertainty when assessing the health risks associated
with radon progeny inhalation. The variation in dose coefficients
highlight the complexity of modelling dose distributions in the respi-
ratory and systemic organs, particularly in high-risk occupational en-
vironments such as underground mines.

1.99E+02
1.99E+02
4.77E+02
2.53E+02
1.64E+01
7.32E-02
3.24E-02
3.22E-02
3.25E-02
3.27E-02
3.08E-02
9.59E-02
3.88E-01
7.82E-02
1.58E-02
3.02E-02

Max

1.33E+02
1.25E+02
3.02E+02
1.79E+02
1.15E+01
5.43E-02
2.30E-02
2.28E-02
2.30E-02
2.32E-02
2.14E-02
6.70E-02
2.71E-01
5.61E-02
1.14E-02
2.15E-02

X97.5

1.22E+02
1.13E+02
2.73E+02
1.66E+402
1.05E+01
5.00E-02
2.10E-02
2.08E-02
2.11E-02
2.12E-02
1.95E-02
6.13E-02
2.47E-01
5.13E-02
1.04E-02
1.97E-02

X95

8.64E+01
7.81E+01
1.89E+02
1.19E+02
7.02E+00
3.56E-02
1.44E-02
1.43E-02
1.45E-02
1.46E-02
1.34E-02
4.20E-02
1.69E-01
3.52E-02
7.19E-03
1.35E-02

X75

6.37E+01
5.74E+01
1.39E+02
8.79E+01
4.69E+00
2.62E-02
1.01E-02
1.00E-02
1.02E-02
1.03E-02
9.30E-03
2.92E-02
1.18E-01
2.46E-02
5.06E-03
9.43E-03

X50

4.53E+01
4.10E+01
9.91E+01
6.24E+01
2.74E+00
1.84E-02
6.41E-03
6.42E-03
6.52E-03
6.59E-03
5.91E-03
1.85E-02
7.43E-02
1.56E-02
3.28E-03
6.02E-03

X25

2.84E+01
2.57E+01
6.20E+01
3.92E+01
1.38E+00
1.15E-02
3.63E-03
3.66E-03
3.73E-03
3.77E-03
3.33E-03
1.04E-02
4.16E-02
8.84E-03
1.89E-03
3.40E-03

X5.0

2.48E+01
2.25E+01
5.42E+01
3.42E+01
1.17E+00
1.01E-02
3.12E-03
3.15E-03
3.21E-03
3.24E-03
2.85E-03
8.95E-03
3.58E-02
7.59E-03
1.63E-03
2.92E-03

X2.5

4.3.1. Comparison of committed equivalent dose coefficients from the two
exposure scenarios

The comparison of the committed equivalent dose coefficients data
between Job 1 and Job 4 as noted in Tables 5 and 6 show notable dif-
ferences in dose metrics, reflecting both job type and lung region vari-
ation. This data shows that across all lung regions, Job 4 workers
consistently receive higher doses than Job 1 workers; for instance,
looking at the data for the lung and its target regions, the GM lung dose
for Job 4is 61.87 mSv/(th/mB), compared with 47.05 mSv/(mJh/m?)
for Job 1. Similarly, in the Bronch.sec, the GM for Job 4 is 135.47 mSv/
(rnJh/mB), significantly higher than 100.26 mSv/(mJh/m?) for Job 1.

These differences are also reflected in the median and mean values,
indicating that workers in Job 4 are at greater risk of higher doses in all
lung regions, particularly in the Bchiol.sec and Al regions, where alpha
radiation from radon progeny has limited penetration. However, the
GSDs and UFs are comparable between the two job types, indicating
similar variation in dose distribution within each lung region. The Al
region shows the greatest uncertainty for both job types, with UFs of
3.32for Job 1 and 3.13 for Job 4. This suggests considerable uncertainty
in dose estimates for the deeper lung regions where deposition is more
diffuse.

Statistically, the differences in dose between Job 1 and Job 4 could
be significant, as indicated by Q. For example, the Qy for the lung in
Job 4 is 133.09 mSv/(mJh/m%) compared to 104.74 mSv/(mJh/m?) for
Job 1, and for the Bronch.sec, Qy is 302.34 mSv/(mJh/m?) for Job 4
compared to 239.55 mSv/(mJh/m?) for Job 1. The differences in dose
values are also consistent in other organs and tissues outside the respi-
ratory tract.

The differences in dose coefficients between job types suggest that
workers in Job 4 environments are exposed to significantly higher levels
of radon progeny, which has important health implications. From a
radiological health perspective, the elevated doses received by Job 4
workers, particularly in the central airways, are concerning due to the

1.48E+01
1.24E+01
2.99E+01
2.12E+01
6.57E-01
6.25E-03
1.78E-03
1.81E-03
1.85E-03
1.86E-03
1.61E-03
5.07E-03
2.01E-02
4.34E-03
9.49E-04
1.71E-03

Min

2.32E+00
2.36E+00
2.36E+00
2.29E+00
3.13E+00
2.32E+00
2.72E+00
2.69E+00
2.68E+00
2.68E+00
2.74E+400
2.74E+00
2.75E+00
2.72E+00
2.64E+00
2.71E+00

UF

1.56E+00
1.57E+00
1.57E+00
1.55E4+-00
1.87E+00
1.57E+00
1.72E4+00
1.71E+00
1.70E+00
1.70E+00
1.72E+00
1.73E+00
1.72E+00
1.73E+00
1.72E+00
1.69E+00

GSD

6.19E+01
5.61E+01
1.35E+02
8.51E+01
4.29E+00
2.53E-02
9.47E-03
9.45E-03
9.58E-03
9.67E-03
8.75E-03
2.75E-02
1.10E-01
2.31E-02
4.79E-03
8.88E-03

GM

2.90E+01
2.72E+01
6.56E+01
3.90E+01
2.86E-+00
1.19E-02
5.43E-03
5.36E-03
5.41E-03
5.46E-03
5.06E-03
1.59E-02
6.43E-02
1.33E-02
2.66E-03
5.08E-03

SD

6.80E+01
6.18E+01
1.49E+02
9.32E+01
5.12E+00
2.79E-02
1.09E-02
1.08E-02
1.09E-02
1.10E-02
1.00E-02
3.15E-02
1.27E-01
2.65E-02
5.44E-03
1.02E-02

Mean

Undisturbed
2.33E+01
4.22E+01
8.67E+01
4.71E+01
2.44E+00
2.60E-02
7.28E-03
2.87E-03
7.25E-03
7.37E-03
6.38E-03
8.24E-03
8.27E-02
1.88E-02
1.70E-03
6.70E-03

Organ
Bronch.bas
Bronch.sec
Bchiol.sec
Al

St.stem
R.marrow
Colon
RC.stem
LC.stem
RS.stem
Liver
Kidneys
Endost.BS
Brain
Ht.wall

Lung
SD: Standard deviation; GM: Geometric mean; GSD: Geometric standard deviation; UF: uncertainty factor; Min: minimum value; X2.5: 2.5% percentile; X5.0: 5th percentile; X25: 25th percentile; X50: 50t percentile; X75:

Summary statistics for organ and tissue dose coefficients (mSv/(mJh/m®)) from inhalation of radon progeny by underground miners under Job 4 exposure conditions.
75t percentile; X95: 95th percentile; X97.5: 97.5t percentile; Max: Maximum value; Undisturbed: Reference dose value for the exposure scenario.

Table 6
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well-established link between exposure to radon progeny and an
increased risk of lung cancer.

The combination of higher doses and greater uncertainty in Job 4
suggests that miners in this role are at an increased risk of radiation-
induced health issues. These findings highlight the urgent need for tar-
geted mitigation strategies in high-exposure work environments to
minimize potential health risks.

Fig. 4 presents the graphical comparison of the results from the
Monte Carlo simulation for the two exposure scenarios in form of
grouped boxplots.

4.3.2. Statistical comparison of the two job types by hypothesis testing

The primary objective of hypothesis testing was to assess whether
there were significant differences in organ-specific radiation dose co-
efficients between the two underground mining job types. The null hy-
pothesis (Ho) was that the dose distributions (or their medians, assuming
similarly shaped distributions) were similar in both job scenarios and
the alternative hypothesis (H;) was that the dose distributions for the
two groups were not similar in both job scenarios.

However, because Monte Carlo simulations revealed that the dose
data were positively skewed and could best be described by lognormal
or gamma distributions, parametric methods such as the Welch t-test
were deemed inappropriate (West, 2021). Hence, the Mann-Whitney U
test was employed, as it is robust when comparing independent,
non-normally distributed samples. Secondly, this distribution-free test
compares the ranks of values between groups and is particularly
well-suited to skewed datasets, which are common in radiation dose
modelling (Nachar, 2008; Schober and Vetter, 2020; Tai et al., 2022).

This study involved 50,000 dose samples in each group (Job 1 and
Job 4), resulting in an expected U-statistic® under the null hypothesis of
1.25E+09; calculated as the mean of the product of the number of it-
erations in the Monte Carlo simulations for the two job types. The value
of 1.25E+09 represents the midpoint of the U distribution under the null
hypothesis, assuming that the two groups have the same underlying
distribution. Therefore, deviations from this value indicate differences
in distributions.

From the data presented in Table 7, the observed U-statistics were
much lower than 1.25 billion across all organs (e.g., 844,108,874 for the
lungs) and the p-values were all 0 (p < 1.0E-16). Since the p-values are
less than the limiting value of 0.05 for all organ and tissues, there was
overwhelming evidence to reject the null hypothesis. The confidence
intervals for the differences in medians were all negative, confirming the
earlier notion of higher dose coefficients in Job 4 compared to Job 1. The
largest differences were observed in the respiratory tract, particularly in
Bronch.sec, with a median difference of up to —38 mSv/! (mJh/m>). Even
systemic organs such as the kidneys, liver and brain showed significant
dose increases, albeit to a lesser extent.

These results clearly confirm that Job 4 poses significantly higher
radiation exposure risks than Job 1. The statistical evidence decisively
supports the conclusion that the two job types are not equivalent in
terms of exposure levels. These findings are also presented in form of a
forest plot in Fig. 5.

4.3.3. Fitting probability distributions to the posterior datasets for the two
job types

Figs. 6 and 7 show histograms of the committed equivalent lung dose
coefficient (mSv/ (th/m3)) from radon progeny inhalation in under-
ground mines under Job 1 and Job 4 exposure conditions, respectively.
Both histograms show right-skewed distributions, indicating that most
of the dose coefficients are concentrated at lower values, with a gradual
decrease towards higher values. Superimposed on the histograms are
fitted posterior distributions for the normal (blue), lognormal (red) and

S The parameter U represents a test statistic used to determine whether there
is a significant difference between two independent samples.
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gamma (purple), providing insight into the best probabilistic represen-
tation of the data.

In both cases, the normal distribution fails to capture the right-
skewed nature of the data as it assumes symmetry and does not
adequately represent the long tail of higher dose coefficients. The
lognormal distribution consistently provides the best fit, closely
following the empirical data, particularly in capturing the peak and right
tail behavior. The gamma distribution also performs well, although it
deviates slightly in some regions. The preference for the lognormal and
gamma distributions suggests that the lung dose coefficients result from
multiplicative effects of independent factors such as variations in radon
progeny concentration, breathing rates and particle deposition in the
respiratory tract.

To validate the appropriateness of the fitted distribution, the
Kolmogorov-Smirnov (K-S) test was employed as a goodness-of-fit
measure. The K-S test was selected due to its non-parametric nature,
sensitivity to differences between empirical and theoretical distribu-
tions, and its applicability across various sample sizes. Its straightfor-
ward interpretation and ability to uniformly assess test statistics further
support its suitability for this analysis. Moreover, the K-S test offers the
flexibility to evaluate multiple types of distributions, making it a robust
choice for assessing the fit of complex models (Aslam, 2019; Lanzante,
2021; Cardoso and Galeno, 2023).

In contrast, other commonly used tests such as the Chi-square
goodness-of-fit, Anderson-Darling, and Shapiro-Wilk tests were
deemed less appropriate for this study because these methods exhibit
limitations such as reduced effectiveness with small sample sizes, an
inherent focus on normality, and inefficiencies when applied to
continuous or non-normally distributed data (Surucu, 2008; Ghasemi
and Zahediasl, 2012; Rana and Singhal, 2015; Luong, 2018; Khatun,
2021; Hagel et al., 2024). Consequently, the K-S test provided a more
versatile and reliable approach for confirming the suitability of the
chosen distribution in this context.

The goodness of fit was confirmed by a K-S statistic, representing the
maximum difference between the empirical cumulative distribution
function (CDF)’ and the CDF of the fitted distribution, with values of
0.0031962 (Job 1) and 0.0032078 (Job 4). As these values are below the
critical threshold of 0.01, excellent fits are implied. Therefore, it was
concluded that the committed equivalent lung dose coefficient was well
modelled by a lognormal distribution, with a GM of 47.05 mSv/(mJh/
m?®) and a GSD of 1.58 for Job 1. Similarly, the best fit for Job 4 was also
a lognormal distribution, with a GM of 61.87 mSv/ (mJh/m?) and a GSD
of 1.56.

Having accomplished this, the next step was to perform a sensitivity
analysis to identify which groups of parameters have the greatest in-
fluence on the calculated committed equivalent dose coefficients for
both exposure scenarios. Since the lung dose accounts for at least 95 % of
the effective dose following inhalation of radon progeny and was the
primary organ of interest in this study, the sensitivity analysis therefore
focused on the committed equivalent lung dose coefficient. The results
of the sensitivity analysis are presented in the subsequent sections.

4.4. Sensitivity of dose to uncertainty in the different model parameter
groups

The sensitivity of the committed equivalent lung dose coefficient to
the various parameter groups is presented in this subsection. The results
are summarized in Tables 8 and 9 for Jobs 1 and 4, respectively. The
analysis was conducted using the Monte Carlo simulation methodology
described in Table 2. This methodology quantifies the contribution of
each parameter group to the overall uncertainty in the calculated
equivalent lung dose coefficient.

7 CDF is the probability that a continuous random variable has a value less
than or equal to a given value.
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Fig. 4. Boxplots showing the comparison of dose coefficients from the uncertainty analysis due to inhalation of radon progeny in underground mines under Job 1 and

Job 4 exposure conditions.

Table 7

Hypothesis testing results from the Mann-Whitney U test for the committed equivalent dose coefficients (Jobl-Job4) due to inhalation of radon progeny in under-

ground mines.

Organ U-statistic p-value Lower bound Upper bound Conclusion
Lung 844108874 0 —16.275306486 —1.563076E+01 Reject Hy
Bronch.bas 800025624 0 —16.353386275 —1.572746E+01 Reject Hy
Bronch.sec 816563681 0 —38.116013687 —3.662982E+01 Reject Hy
Bchiol.sec 861623685 0 —20.865825302 —1.996313E+01 Reject Hy
Al 1054938447 0 —0.812080696 —7.421513E-01 Reject Hy
St.stem 869803862 0 —0.006307882 —6.021458E-03 Reject Hy
R.marrow 996700895 0 —0.001986989 —1.855644E-03 Reject Hy
Colon 991861907 0 —0.001989495 —1.858328E-03 Reject Hy
RC.stem 990531471 0 —0.002012250 —1.888697E-03 Reject Hy
LC.stem 988950724 0 —0.002050828 —1.917849E-03 Reject Hy
RS.stem 1000913275 0 —0.001817771 —1.696854E-03 Reject Hy
Liver 1000498515 0 —0.005704884 —5.340373E-03 Reject Hy
Kidneys 1002141240 0 —0.022924443 —2.148859E-02 Reject Hy
Endost.BS 996742047 0 —0.004839645 —4.523037E-03 Reject Hy
Brain 977350399 0 —0.001036001 —9.760035E-04 Reject Hy
Ht.wall 993880952 0 —0.001869726 —1.753668E-03 Reject Hy

To assess the impact of specific parameter groups, such as absorption
parameters, Monte Carlo simulations were conducted using two distinct
calculation approaches, as outlined in Table 2. The results from calcu-
lation approach (i), in which only the target parameter group was varied
while the others were held constant at their ICRP reference values, are
presented in the row labelled ‘Parameter’. Conversely, the results from
calculation approach (ii), where the target parameter group was held
constant and all the others were varied, are shown in the corresponding
row labelled ‘Parameter.other’, as described in Section 3.4. The influ-
ence of absorption parameters on the committed equivalent lung dose
coefficient, for example, is reported under ‘Absorption’ for approach (i)
and ‘Absorption.other’ for approach (ii) in Tables 8 and 9

4.4.1. Sensitivity of the committed equivalent lung dose coefficient to
uncertainty in the activity parameters of the HRTM particle deposition model
The committed equivalent lung dose coefficient resulting from the
inhalation of radon progeny in underground mining environments is
highly sensitive to activity parameters. These physiological factors
determine the quantity and characteristics of air and thus of radioactive
aerosols inhaled, thereby directly influencing deposition patterns, dose
distribution and the total radiation burden delivered to lung tissues.
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Their role is even more critical in physically demanding jobs, where
elevated respiratory activity can significantly increase the inhaled dose.

The results of the Monte Carlo simulations to assess the contribution
of these parameters to the overall uncertainty in the committed equiv-
alent lung dose coefficient indicate that the greatest uncertainty occurs
when all parameters are varied simultaneously (UF = 2.37 for Job 1 and
2.32 for Job 4). However, focusing exclusively on activity parameters
still results in a substantial UF (2.26 and 2.30 for Jobs 1 and 4, respec-
tively), emphasizing their dominant influence particularly in Job 4,
where they account for almost all of the uncertainty.

The physical relevance of these parameters is underscored by their
mechanistic links to inhalation dynamics. For instance, increased tidal
volume and breathing frequency common in high-exertion roles such as
hewing amplify radon progeny intake, resulting in higher lung doses.
The nasal fraction also matters; nasal breathing partially filters out
aerosols, whereas mouth breathing allows greater penetration of radon
progeny into the lungs. Therefore, changes in breathing patterns due to
exertion or environmental factors (e.g., heat or poor ventilation as is the
case in Job 4) increase dose uncertainty.

Notably, the lower UF observed when only ‘Activity.other’ parame-
ters are varied (1.26 for Job 1 and 1.05 for Job 4) demonstrate that,
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Fig. 6. Histogram and fitted posterior distributions to the committed equivalent lung dose coefficient (mSv/(mJh/m%)) from the inhalation of radon progeny in

underground mines under Job 1 exposure conditions.

although other inputs contribute to the dose, activity parameters are
more influential. However, dose outcomes are also affected by envi-
ronmental differences, such as variations in radon progeny concentra-
tion and aerosol characteristics between jobs. This confirms that,
although activity parameters are important, they must be considered in
the context of job-specific environmental exposures.

4.4.2. Sensitivity of the committed equivalent lung dose coefficient to
uncertainty in the aerosol parameters of the HRTM particle deposition model

Aerosol parameters have a significant impact on particle deposition
in the respiratory tract and consequently on dose estimates for radon
progeny inhalation in underground mining environments. Monte Carlo
simulations were used to assess the sensitivity of the committed equiv-
alent lung dose coefficient to aerosol parameters for Jobs 1 and 4.

In Job 1, the presence of smaller, less stable particles and fluctuating
unattached fractions significantly impacts dose variation due to aerosol
parameters. This is reflected in a GSD of 1.12 and UF of 1.25). When all
other parameters except aerosols (‘Aerosol.other’) are varied, the UF
increases to 1.56, indicating interactive effects and highlighting the
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importance of aerosol behavior in dose assessments. By contrast, Job 4
exhibits a highly stable aerosol environment with minimal sensitivity to
variation in the aerosols (both GSD and UF = 1.01). In this case, most of
the dose uncertainty originates from ‘Aerosol.other’ parameters, with a
UF of 2.32 that matches the overall UF.

Despite higher radon progeny activity concentrations, the consistent
aerosol properties in Job 4 lead to narrower dose ranges and more
predictable lung doses. The unattached fraction remains the primary
aerosol variable, but its impact is relatively minor compared to the in-
fluence of activity parameters and exposure conditions. These findings
suggest that, in Job 1, aerosol parameters alone contribute less to the
overall uncertainty in the committed equivalent lung dose coefficient,
while in Job 4, their contribution is negligible.

4.4.3. Sensitivity of the committed equivalent lung dose coefficient to
uncertainty in the subject parameters of the HRTM particle deposition model
Subject parameters influence aerosol deposition by modulating
airflow dynamics within the respiratory tract. The sensitivity analysis
results for Job 1 show that varying only the subject parameters yielded a
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underground mines under Job 4 exposure conditions.

Table 8

Statistical summary of the comparison of the sensitivity of the committed equivalent lung dose coefficient (mSv/(mJh/m>)) to parameter groups from inhalation of

radon progeny in underground mines under Job 1 exposure conditions.

Parameters Median Mean GM QL Qu SD GSD UF

All 48.44 52.01 47.05 18.59 104.74 23.00 1.58 2.37
Activity 40.69 43.09 39.04 16.13 82.68 17.95 1.55 2.26
Activity.other 38.43 38.44 38.17 29.92 47.63 4.56 1.13 1.26
Aerosol 37.18 37.27 36.93 29.04 45.55 4.31 1.12 1.25
Aerosol.other 42.52 45.16 41.14 16.75 87.14 19.04 1.56 1.56
Subject 34.75 34.77 34.73 32.78 36.66 1.10 1.03 1.06
Subject.other 47.29 50.75 46.00 18.42 101.48 22.24 1.57 2.35
Absorption 33.81 33.81 33.81 33.59 34.04 0.15 1.01 1.01
Absorption.other 47.55 50.97 46.19 18.45 102.18 22.34 1.57 2.35
Particle transport 33.54 33.54 33.54 33.15 33.91 0.21 1.01 1.01
Particle transport.other 48.55 52.19 47.25 18.74 104.60 2291 1.58 2.36

GM: Geometric mean; GSD: Geometric standard deviation; SD: Standard deviation; UF: Uncertainty factor; Qr: 2.5% percentile; Qu: 97.5t percentile.

Table 9

Statistical summary of the comparison of the sensitivity of the committed equivalent lung dose coefficient (mSv/(mJh/m?®)) to parameter groups from inhalation of

radon progeny in underground mines under Job 4 exposure conditions.

Parameters Median Mean GM QL Qu SD GSD UF

All 63.73 67.98 61.87 24.83 133.09 28.98 1.56 2.32
Activity 61.81 65.96 60.05 24.35 129.30 28.12 1.56 2.30
Activity.other 47.02 47.03 47.00 44.70 49.30 1.25 1.03 1.05
Aerosol 45.61 45.62 45.61 45.00 46.26 0.41 1.01 1.01
Aerosol.other 63.28 67.45 61.32 24.52 132.29 28.90 1.56 2.32
Subject 46.50 46.51 46.49 44.56 48.41 1.11 1.02 1.04
Subject.other 62.44 66.51 60.55 24.42 130.27 28.32 1.56 2.31
Absorption 45.71 45.71 45.71 45.43 46.00 0.19 1.01 1.01
Absorption.other 63.29 67.51 61.43 24.71 132.21 28.79 1.56 2.31
Particle transport 45.34 45.35 45.34 44.59 46.08 0.40 1.01 1.02
Particle transport.other 63.84 68.08 61.96 24.84 133.53 29.02 1.56 2.32

GM: Geometric mean; GSD: Geometric standard deviation; SD: Standard deviation; UF: Uncertainty factor; Q: 2.5t percentile; Qu: 97.5t percentile.

median lung dose of 34.75 mSv/(th/m3), which is well below 48.44
mSv/(mJh/m?) obtained when all parameters were varied and lower
than 47.29 rnSv/(th/m3) observed when subject parameters were
fixed (‘Subject.other’). A comparable pattern emerged in Job 4, where
the median dose was 46.50 mSv/(mJh/m>) for subject-only variation
versus 63.73 mSv/(th/rns) for all parameters varied and 62.44 mSv/
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(mJh/m?>) for ‘Subject.other’. These lower median, mean and GM values
suggest that subject parameters contribute minimally to central dose
estimates.

Uncertainty metrics reinforce this finding. For instance in Job 1, the
standard deviation (SD),8 and UF for subject-only variation were low at
1.10 mSv/(mJh/m%) and 1.06 respectively, compared to 23.00 mSv/

8 As a measure of variation, SD determines how much the data values deviate
from the mean or the closeness of a particular data structure from the mean
(Mbaji et al., 2023).
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(mJh/m?) and a UF of 2.37 for all parameter variation. Similar trends
were observed in Job 4, with an even lower UF of 1.04 for subject pa-
rameters. These results confirm that ‘Subject.other’ parameters are the
main sources of dose uncertainty, particularly in settings involving high
exposure, such as Job 4.

Interestingly, subject parameters had a slightly greater impact at the
lower end of the dose distribution. For example, in Job 1, Q, was 32.78
mSv/(mJh/m?>) for subject-only variation, which is notably higher than
18.59 mSv/(th/rns) and 18.42 rnSv/(th/m3) observed for all pa-
rameters and ‘Subject.other’ parameters. This suggests that subject
parameter variation slightly increases minimum dose estimates. How-
ever, these parameters had little effect on Qy values, which remained
low in contrast to the much higher extremes observed for ‘Subject.
other’. From a physiological perspective, this is to be expected, given
that Vp affects upper-airway deposition and therefore contributes
minimally to total dose.

4.5. Sensitivity of the committed equivalent lung dose coefficient to
uncertainty in absorption parameters

Absorption parameters describe the rate at which inhaled radioactive
particles, particularly radon progeny, transfer from the respiratory tract
to the bloodstream. Sensitivity analysis results show that the median
lung dose when absorption parameters are varied alone is 33.81 mSv/
(mJh/m?) for Job 1, which is substantially lower than the 48.44 mSv/
(mJh/m?) observed when all parameters are varied. Similarly, Job 4
exhibits a comparable pattern i.e. 45.71 mSv/(mJh/m®) for absorption
only variation versus 63.73 mSv/(mJh/m?) for all-parameter variation.
This trend reflects the limited sensitivity of lung dose estimates to
variation in the absorption rates.

Uncertainty metrics further support this observation. For both jobs,
the SD is extremely lowi.e. 0.15 mSv/! (th/mg) for Job 1 and 0.19 mSv/
(mJh/m?) for Job 4. The GSD and UF are both 1.01 in each case, indi-
cating that the dose outcome remains almost constant regardless of
absorption rate fluctuation. The narrow percentile range, particularly in
Job 1 (Qr = 33.59 mSv/(mJh/m>), Qu = 34.04 mSv/(mJh/m>)), high-
lights the stability and predictability of dose estimates based on ab-
sorption parameters alone.

However, when all parameters except absorption are varied, the
uncertainty profile closely mirrors that of the full-parameter simulation.
In Job 1, the median dose for ‘Absorption.other’ is 47.55 mSv/(mJh/
m?), with a UF of 2.35 nearly identical to the UF of 2.37 for the full-
parameter simulation. Job 4 shows a similar result (UF = 2.31 for ‘Ab-
sorption.other’ versus 2.32 for all parameters). These results clearly
indicate that the dominant sources of dose uncertainty lie outside the
absorption domain. While these parameters are biologically significant
for internal dosimetry, they demonstrate minor variation and influence
on lung dose uncertainty for the case of radon progeny inhalation.

4.6. Sensitivity of the committed equivalent lung dose coefficient to
uncertainty in particle transport parameters

The movement and deposition of inhaled radioactive aerosols within
the respiratory tract is governed by particle transport parameters. The
sensitivity analysis results for Job 1 show that, the committed equivalent
lung dose coefficient associated with variation in these parameters is
notably lower at a median of 33.54 mSv/(th/mS) compared to 48.44
mSv/(mJh/m?®) when all parameters are varied. Similarly, in Job 4, the
median dose is 45.34 mSv/(mJh/m>) for particle transport variation
alone versus 63.73 mSv/(mJh/m3) for the full parameter scenario.
These substantial differences highlight the limited contribution of par-
ticle transport to overall dose sensitivity.

Uncertainty metrics support this interpretation. The SD for particle
transport in Job 1 is just 0.21mSv/(mJh/m?), with a GSD and UF of 1.01
indicating extremely tight dose distributions. Job 4 shows slightly
broader but still low uncertainty (SD = 0.40 mSv/(th/m3), GSD =
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1.01, UF = 1.02). These values confirm that, although particle transport
parameters are integral to deposition modelling, they have a minimal
effect on propagated uncertainty under job-specific conditions.

Conversely, when all parameters except particle transport are varied
(‘Particle transport.other’), the uncertainty is close to that of the full-
parameter case. For instance, Job 1 exhibits a UF of 2.36 and 2.37 for
all parameters, whereas Job 4 maintains a UF of 2.32 in both instances.
This highlights that most dose uncertainty arises from other sources.
Despite their biophysical relevance, sensitivity analysis results show that
variation in particle transport parameters alone introduces minor vari-
ation to estimates of committed equivalent lung dose coefficient.

The sensitivity analysis results for this subsection are also presented
in form of grouped boxplots in Fig. 8 for Job 1 and Job 4 inclusive for a
graphical visualization.

Since the results presented in Tables 8 and 9 indicate that the
committed equivalent lung dose coefficient is most sensitive to the ac-
tivity parameters of the HRTM deposition model, further sensitivity
studies were done to identify which of these activity parameters had the
greatest influence on the committed equivalent lung dose coefficient.
The results are presented in the subsequent sections.

4.7. Sensitivity of the committed equivalent lung dose coefficient to
uncertainty in the activity parameters of the HRTM particle deposition
model

This section examines how sensitive the committed equivalent lung
dose coefficient is to individual activity parameters. Detailed results for
Jobs 1 and 4 are provided in Tables 10 and 11, respectively. The same
Monte Carlo simulation methodology described in Table 2 was
employed for the analysis, as was used in the previous subsection.
However, unlike the previous analysis, which assessed grouped pa-
rameters, this subsection focuses on the influence of individual activity
parameters. This approach enables more precise quantification of the
contribution of each parameter to overall uncertainty in the calculated
committed equivalent lung dose coefficient.

4.7.1. Sensitivity of the committed equivalent lung dose coefficient to
uncertainty in breathing frequency

The sensitivity analysis of the committed equivalent lung dose co-
efficient shows that breathing frequency has a smaller effect on the
committed equivalent lung dose coefficient compared to activity pa-
rameters and ‘Breathing frequency.other’ parameters.

For both Job 1 and Job 4, the median and mean values for breathing
frequency are consistently lower. For Job 1, the values (32.01 mSv/
(mJh/m®) and 32.04 mSv/(mJh/m®)) are significantly lower than those
for activity parameters (40.69 mSv/(mJh/m®) and 43.09 mSv/(mJh/
m3)) and ‘Breathing frequency.other’ parameters (44.92 mSv/ (th/ms)
and 45.39 mSv/(mJh/m?)). A similar trend can be observed for Job 4.
The GM also confirms the lower effect of breathing frequency.

Variation metrics, including SD, GSD and UF (6.66 mSv/(mJh/m3),
1.24 and 1.43 respectively), indicate that dose contributions from
breathing frequency are more stable and predictable. This suggests that
breathing frequency alone contributes less to committed equivalent lung
dose coefficient when compared to ‘Breathing frequency.other’
parameters.

4.7.2. Sensitivity of the committed equivalent lung dose coefficient to
uncertainty in the fraction of air breathed through the nose

The sensitivity analysis of the committed equivalent lung dose co-
efficient highlights the role of the nasal fraction in reducing lung
exposure compared to activity and ‘Nasal fraction.other’ parameters.
For Job 1, the median and mean dose values for the nasal fraction are
consistently lower, indicating its effectiveness in filtering radioactive
particles. For instance, the median and mean values (34.77 mSv/(mJh/
m?%) and 34.89 mSv/(mJh/m?)) are significantly lower than those for
activity parameters (40.69 rnSv/(th/mg) and 43.09 mSv/(th/m3))
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Fig. 8. Grouped boxplots showing sensitivity of committed equivalent lung dose coefficient to parameter groups under Job 1 and Job 4 exposure conditions.

Table 10

Statistical summary of the comparison of the sensitivity of the committed equivalent lung dose coefficient (mSv/(mJh/m>)) to different activity parameters from
inhalation of radon progeny in underground mines under Job 1 exposure conditions.

Parameters Median Mean GM QL Qu SD GSD UF

Activity 40.69 43.09 39.04 16.13 82.68 17.95 1.55 2.26
Breathing frequency 32.01 32.04 31.33 21.09 42.99 6.66 1.24 1.43
Breathing frequency.other 44.92 45.39 42.36 19.75 75.21 16.07 1.47 1.95
Nasal fraction 34.77 34.89 34.88 33.70 36.63 0.84 1.02 1.04
Nasal fraction.other 39.37 41.71 38.05 15.56 79.94 17.44 1.55 2.26
Tidal volume 43.32 43.53 40.73 19.23 68.58 15.01 1.46 1.89
Tidal volume.other 33.25 33.46 32.62 21.05 47.67 7.42 1.26 1.51
Time fraction 33.68 33.69 33.58 29.35 38.02 2.63 1.08 1.14
Time fraction.other 40.82 42.93 39.32 16.32 81.12 17.51 1.54 2.23

GM: Geometric mean; GSD: Geometric standard deviation; SD: Standard deviation; UF: Uncertainty factor; Q: 2,50 percentile; Qu: 97.5t percentile.

Table 11

Statistical summary of the comparison of the sensitivity of the committed equivalent lung dose coefficient (mSv/(mJh/m>)) to different activity parameters from
inhalation of radon progeny in underground mines under Job 4 exposure conditions.

Parameters Median Mean GM QL Qu SD GSD UF

Activity 61.81 65.96 60.05 24.35 129.30 28.12 1.56 2.30
Breathing frequency 43.30 43.34 42.31 28.23 58.22 9.09 1.24 1.44
Breathing frequency.other 67.72 69.20 64.49 29.76 119.64 25.02 1.47 2.01
Nasal fraction 52.83 53.79 53.48 45.76 66.39 5.87 1.11 1.21
Nasal fraction.other 52.73 55.76 51.05 21.32 105.84 22.88 1.54 2.23
Tidal volume 57.92 58.13 54.63 26.55 90.37 19.41 1.44 1.85
Tidal volume.other 50.60 51.61 49.98 30.49 79.06 13.01 1.29 1.61
Time fraction 45.54 45.55 45.39 39.40 51.71 3.75 1.09 1.15
Time fraction.other 61.77 65.70 60.02 24.61 125.88 27.36 1.55 2.26

GM: Geometric mean; GSD: Geometric standard deviation; SD: Standard deviation; UF: Uncertainty factor; QL: 2,50 percentile; QU: 97.5t percentile.

and ‘Nasal.other’ parameters (39.37 mSv/(mJh/m?®) and 41.71 mSv/
(mJh/m?)).

The variation metrics confirm this trend. For instance, the nasal
fraction has SD, GSD and UF values indicating greater stability. For
instance, the SD for Job 1 is 0.84 mSv/(mJh/m>), significantly lower
than the activity parameters (17.95 mSv/(mJh/m?)). Similarly, the UF
for the nasal fraction is much lower, reinforcing its predictability.

For Job 4, although the parameter values increase, they remain
lower than the values associated with the activity parameters. This
suggests that poor air quality in Job 4 likely prompts miners to breathe
through their mouths, bypassing the natural filtration system of nasal
breathing. Consequently, more radon progeny can penetrate deeper into
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the lungs, exposing sensitive lung tissues to increased radiation and
thereby elevating the risk of lung cancer.

These findings suggest that nasal fraction alone has a minor contri-
bution to the committed equivalent lung dose coefficient in Job 1 and
minimal contribution in Job 4.

4.7.3. Sensitivity of the committed equivalent lung dose coefficient to
uncertainty in tidal volume

The sensitivity analysis of the committed equivalent lung dose co-
efficient shows that tidal volume has a significant influence on exposure.
Its values are consistently higher than those for ‘Tidal volume.other’. For
instance, the results for Job 1 show that the median and mean values for



T. Makumbi et al.

tidal volume (43.32 mSv/(mJh/m?®) and 43.53 mSv/(mJh/m?)) are
higher than those for ‘Tidal volume.other’ parameters (33.25 mSv/
(mJh/m?) and 33.46 mSv/(mJh/m?)). A similar pattern is observed for
Job 4, where tidal volume values (57.92 mSv/(th/m3) and 58.13
mSv/(mJh/m?)) exceed ‘Tidal volume.other’ parameters.

The GM, GSD and UF follow the same trend, emphasizing the in-
fluence of tidal volume on the committed equivalent lung dose coeffi-
cient. The results suggest that increased depth of breathing increases the
risk of exposure, particularly in physically demanding or poorly venti-
lated environments. This suggests that tidal volume alone makes a sig-
nificant contribution to the committed equivalent lung dose coefficient
when compared to ‘Tidal volume.other’ parameters.

4.7.4. Sensitivity of the committed equivalent lung dose coefficient to
uncertainty in the fraction of time spent in each activity

The sensitivity analysis of the committed equivalent lung dose co-
efficient shows that the time fraction has a stable and predictable effect
on lung exposure, with consistently lower dose coefficients and reduced
uncertainty compared to activity and ‘Time fraction.other’ parameters.

For both Job 1 and Job 4, the median and mean values for the time
fraction are significantly lower. For Job 1, the median and mean values
(33.68 mSv/(mJh/m?) and 33.69 mSv/(th/mS)) are lower than those
for activity parameters (40.69 mSv/(th/m3) and 43.09 mSv/(mJh/
m?)). Similarly, for Job 4, the values for the time fraction (45.54 mSv/
(mJh/m?) and 45.55 mSv/(mJh/m>)) remain lower than those for the
activity parameters (61.81 mSv/(th/mS) and 65.96 mSv/(thm’3)).

The time fraction also shows lower uncertainty, as indicated by its
lower SD, GSD and UF values. For Job 1, the SD is 2.63 mSv/(mJh/m?),
significantly lower than for the activity parameters (17.95 mSv/(mJh/
m®)).These results suggest that while time fraction has a minimal effect
on lung dose coefficients, prolonged exposure combined with high in-
tensity activity could increase risks.

In summary, sensitivity analysis of the committed equivalent lung
dose coefficient shows that tidal volume has the greatest influence on
lung dose, while breathing frequency, nasal fraction and time fraction
have comparatively less effects. Tidal volume is particularly important
because deeper breaths lead to an increased deposition of radioactive
particles in the lungs. This is reflected in the consistently higher GSD and
UF values for tidal volume compared to other parameters, which high-
lights its critical role in exposure risk.

In contrast, breathing frequency contributes less to lung dose since it
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does not significantly affect inhalation depth. The nasal fraction miti-
gates exposure by filtering more radioactive particles during nasal
breathing than oral breathing, thereby reducing dose coefficients. Time
fraction also has a limited impact since it is not directly related to
breathing depth or the intensity of physical activity. However, pro-
longed exposure combined with high-intensity activities can still elevate
the lung dose.

These findings highlight the need to prioritise radiation protection
strategies targeting tidal volume, the main contributor to lung dose. Key
measures include improved ventilation, time restrictions in high-
exposure zones, respiratory protection, encouraging nasal breathing,
and optimizing work/rest cycles to reduce risks and enhance worker
safety in contaminated environments.

A graphical representation of the above results in form of grouped
boxplots is also given in Fig. 9 for Job 1 and Job 4 inclusive.

5. Conclusion

This study evaluated the uncertainties associated with committed
equivalent dose coefficients from the inhalation of radon progeny in
underground mining environments. Specifically, it compared two
occupational scenarios derived from the former Wismut uranium mines.
Job 1 involved wet drilling with good ventilation, while Job 4 involved
dry drilling with poor ventilation. The analysis revealed that Job 4
mining operations produced significantly higher lung dose coefficients
up to 1.6 times higher than Job 1 suggesting substantially elevated risks
of radiation-induced health effects, particularly lung cancer. Although
the dose coefficients in Job 4 were significantly higher than in Job 1, the
uncertainties in these values were similar. Uncertainty analysis results
revealed that substituting Job 4 conditions with those of Job 1 demon-
strated the potential for reducing lung dose coefficients by around 36 %,
highlighting the critical impact of ventilation and dust suppression.

The Bronch.sec region of the lungs consistently received the highest
doses in both scenarios, indicating that this is the most likely site for the
development of radon-induced malignancies. Outside the lungs, the
kidneys received the greatest dose among systemic organs. While not
highly radiosensitive, the kidneys may still be affected by the chemical
toxicity of radon progeny, which warrants attention in occupational
health assessments. Of all the lung regions, the Al region showed the
greatest uncertainty. Similarly, the kidneys showed the greatest uncer-
tainty among systemic tissues.
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Fig. 9. Grouped boxplots showing the sensitivity of the committed equivalent lung dose coefficient (mSv/(mJh/m®)) to activity parameters under Job 1 and Job 4

exposure conditions.
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Uncertainty analysis indicated that the dose coefficients for both job
types followed lognormal distributions with substantial positive skew,
resulting in wide confidence intervals. For Job 1, the 95 % confidence
interval ranged from 18.59 to 104.74 mSv/ (th/ms) and for Job 4 from
24.83 to 133.09 mSv/(mJh/m?3). Both sets of results exceeded the ICRP
reference value of 24.00 rnSV/(th/m3) by at least a factor of two. This
suggests that relying solely on reference values for dose assessment
could lead to a significant underestimation of the actual lung dose
received by miners, particularly in conditions involving high exposure,
such as those of Job 4.

Furthermore, a statistical comparison using the Mann-Whitney U
test confirmed that the two job scenarios had significantly different
exposure profiles and dose distributions. The test returned p-values close
to zero for all organs and tissues, well below the 0.05 significance
threshold. This rejects the null hypothesis and confirms that the dose
coefficients are distributed differently between Jobs 1 and 4. This sta-
tistical evidence highlights the need for job-specific radiological pro-
tection measures.

The sensitivity analysis revealed that tidal volume had the greatest
influence on dose coefficient uncertainty among the parameters. Deeper
breaths facilitate greater deposition of radioactive particles in the lungs,
making tidal volume a critical determinant of internal dose. In contrast,
other parameters such as breathing frequency, nasal fraction and time
fraction played a comparatively lesser role. These findings emphasize
the importance of using refined, realistic parameter values in exposure
modelling to reduce uncertainty in dose estimates.

Taken together, these findings highlight the importance of refining
operational and regulatory approaches to occupational radiation pro-
tection. Improving ventilation in underground mines emerges as a key
intervention. The significant reduction in dose coefficients observed
under Job 1 conditions shows that well-ventilated environments can
greatly reduce radon progeny concentrations and related health risks.
From an operational perspective, controlling work practices to minimize
time spent in high-exposure zones is also crucial. Optimizing work-rest
cycles, particularly during physically demanding tasks, can help limit
the inhalation of radon progeny aerosols due to deeper breathing.

Where physical activity in high-exposure areas is unavoidable, the
consistent use of respiratory protective equipment must be mandatory.
Respirator standards must reflect the elevated dose coefficients identi-
fied in this study to ensure adequate protection. Additionally, contin-
uous air monitoring in active workspaces should be standard practice to
capture fluctuations in radon progeny concentrations and inform real-
time protective responses.

From a regulatory perspective, there is a compelling case for revising
the reference dose coefficients and action levels in order to account for
the wide uncertainty ranges revealed in this study. Using higher per-
centiles of the dose distribution, such as the 75® or 95™, or adopting
mean dose values from probabilistic simulations, could yield more
conservative and realistic exposure guidelines. Updating biokinetic
models to include more accurate, scenario-specific activity parameters
would further improve the accuracy and reliability of dose assessments.
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