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Abstract: Radon is a naturally occurring noble radioactive gas that poses significant health risks,
particularly lung cancer, due to its colorless, odorless, and tasteless nature, which makes detection
challenging without formal testing. It is found in soil, rock, and water, and it infiltrates indoor
environments, necessitating regulatory standards and guidelines from organizations such as the
Environmental Protection Agency, the World Health Organization, and the Occupational Health and
Safety Agency to mitigate exposure. In this paper, we present various methods and instruments for
radon assessment in occupational and environmental settings. Discussion on long- and short-term
monitoring, including grab sampling, radon dosimetry, and continuous real-time monitoring, is
provided. The comparative analysis of detection techniques—active versus passive—is highlighted
from real-time data and long-term exposure assessment, including advances in sensor technology,
data processing, and public awareness, to improve radon exposure evaluation techniques.
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1. Introduction

Radon, a naturally occurring radioactive gas, poses a significant health risk when it
accumulates in enclosed environments such as buildings or underground operations. It
is a byproduct of the decay of radium, which, in turn, is a decay product of uranium-238.
This colorless, odorless, and tasteless gas is challenging to detect without formal testing.
Radon is commonly found in soil, rock, and water, generated from the decomposition of
radium in these materials. As it seeps into buildings through cracks or openings, radon
can accumulate at levels that are harmful to human health, particularly in basements and
ground-floor constructions due to their proximity to the ground [1]. Outdoor environments,
though they pose lower risks, can also exhibit elevated radon levels, especially in areas with
high uranium content in the underlying geology [2]. Occupational settings such as mines
and certain construction areas are known for potential radon exposure [3,4]. Exposure to
high levels of radon is associated with an increased risk of developing lung cancer. When
radon gas is inhaled, its radioactive progeny, particularly alpha particles from the decay of
radon into polonium-210 in the uranium decay chain, can become trapped in the lungs and
potentially damage lung tissue cells, leading to lung cancer [5]. Radon is thus a significant
environmental and public health concern. Radon exposure is exacerbated in areas with
poor ventilation, as the gas can accumulate to dangerous levels. Furthermore, radon levels
can vary significantly from one location to another, making it crucial to conduct regular
testing to ensure levels remain within safe limits.

Long-term exposure to elevated levels of radon has been linked to an increased risk
of developing lung cancer, particularly in smokers [6]. The alpha particles emitted during
the decay of radon and its progeny can damage lung tissue and DNA, leading to the
development of cancerous cells [7]. This risk is further compounded by the fact that radon-
induced lung cancer does not exhibit specific symptoms, making it difficult to detect until
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it has reached an advanced stage [8]. As such, mitigation strategies, such as improving
ventilation and conducting regular radon testing, are essential for reducing the risk of
exposure and protecting public health.

To address this concern, regulatory standards and guidelines have been established
by organizations such as the Environmental Protection Agency (EPA), the World Health
Organization (WHO), and the Occupational Safety and Health Administration (OSHA).
These standards aim to protect the general public and workers from the harmful effects
of radon exposure. The EPA, for example, has set the radon threshold in indoor air
at 4 picocuries per liter (pCi/L) [9], while the WHO recommends exposure limits of
100 becquerels per cubic meter (100 Bq/m?) for indoor environments and 300 Bq/m? for
occupational settings [10]. OSHA has set a permissible limit of 1000 picocuries per liter
(1000 pCi/L) for an 8-h time-weighted average in occupational settings [11]. In this paper,
we describe methods and instruments used to assess radon levels in public environments
and occupational settings.

2. Assessment Methods for Occupational and Environmental Radon Exposure

Various methods and techniques are available for assessing radon levels in both
occupational and environmental settings. These settings require different approaches due
to variations in anticipated radon concentrations and exposure durations.

2.1. Occupation Radon Methods

In occupational settings, radon assessment methods involve measuring radon concen-
trations in indoor workspaces and assessing worker exposure levels. Methods used include
long-term monitoring, short-term monitoring, grab sampling, radon exposure modeling,
radon dosimetry, continuous real-time monitoring, radon mapping, and indoor quality
assessment.

Long-term and short-term monitoring involves the continuous measurement of radon
levels over periods, ranging from several months to a year [12] and a few days for short-
term monitoring [13,14], to capture average concentrations and identify fluctuations. Grab
sampling, which collects air samples at specific intervals, is less commonly used in occu-
pational settings due to its limitation in capturing variations in radon levels across the
workday [15].

Radon exposure modeling uses computer simulation and mathematical models to
estimate workers’ potential exposure to radon based on factors such as ventilation rates,
building characteristics, and work activities. This method is used in addition to direct
measurement methods [16]. Radon dosimetry involves workers wearing dosimeters to
measure personal exposure to radon over a specific period [17], while continuous real-
time monitoring uses automated devices to provide real-time measurements of radon
concentration [18]. The most uncommon method is radon mapping, which involves
creating a spatial map of radon concentrations in work or public environments [19]. Some
studies combine indoor quality assessment with radon monitoring methods to measure
radon concentration together with the presence of other indoor air pollutants, such as
carbon dioxide, volatile organic compounds, and particulate matter [20].

Radon in Mining Settings

Radon exposure risks in mining settings are notably higher compared with general
commercial and residential settings [21]. Miners in uranium, thorium, and ore mines are
exposed to higher levels of radon progeny. These radioactive decay products can attach
to lung tissue during inhalation, increasing the risk of lung cancer [21]. This elevated risk
results from the levels of radon exposure and the duration of exposure. As such, the health
implications of radon exposure in occupational settings are multifaceted, impacting the
physical health of miners and health and safety regulations within the mining industry.

Kreuzer et al. [22] provide an understanding of the linear relationship between radon
exposure and lung cancer. This insight emphasizes the unique occupational hazards
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miners face. In 2017, Daniels and Schubauer-Benrigan discussed the variance in radon
exposure across different workplaces, stating the need for updated and enhanced measures
in mining industries [23]. The scope is further broadened beyond uranium mines by Fan
et al., advocating for tailored monitoring strategies for accurate assessment and radon
protection [24]. These studies advocate for policy changes and enhancements in monitoring
and regulatory practices.

2.2. Environmental Radon Methods

The investigation of radon assessment in environmental contexts is essential for
understanding the potential health risks associated with radon exposure [1]. Given that
radon is a primary cause of lung cancer in non-smokers [5], the importance of effective
assessment strategies cannot be overstated. These strategies play a critical role in identifying
areas with elevated radon levels and informing the development and implementation of
necessary mitigation measures to safeguard public health.

Short-term monitoring, a method commonly used in environmental settings, involves
the use of charcoal canisters or continuous radon monitors to measure radon concentrations
over a period of 2-7 days [11]. Long-term monitoring, another method prevalent in envi-
ronmental contexts, utilizes alpha track detectors or electret ion chambers to measure radon
concentrations over a longer period, typically ranging from 3 months to 1 year [20]. Grab
sampling, on the other hand, entails collecting air samples in containers such as activated
charcoal canisters or grab sampling bags for a short period (minutes to a few hours) and
then analyzing the samples in the laboratory to determine the radon concentration [25].

Soil gas monitoring is another important method involving the measurement of
radon concentration in soil gas. This is achieved through techniques such as soil gas
probe sampling or sub-slab sampling, followed by analysis of the samples for radon
concentrations [26]. Additionally, building diagnostics employ various methods and
instruments, including real-time monitoring, passive or active dosimeters, and radon
mapping techniques, to assess radon levels within structures [15].

Retrospective Radon Dosimetry

Retrospective radon dosimetry is a technique used to assess past exposures to radon,
especially in cases where real-time monitoring is not possible. This method finds appli-
cation in historical exposure assessment, legal cases involving past radon exposure, and
epidemiological studies [27]. It enables the assessment of lung cancer risk associated with
residential radon exposure by analyzing long-lived radon decay products like polonium-
210 (210Po) implanted in glass surfaces. This assessment facilitates the understanding and
quantification of health risks from previous decades in epidemiological contexts [28]. In
legal contexts, this technique supports legal evaluations by providing evidence of past
radon exposure levels due to inadequate safety measures [27]. Additionally, retrospective
radon dosimetry aids in historical exposure assessment in areas where monitoring was
never implemented, assisting in the reconstruction of radon exposure levels over long peri-
ods. This reconstruction utilizes the alpha-emitting decay products of radon, embedded in
various materials like glass, to estimate radon levels [29].

e  Glass implantation method for retrospective radon dosimetry

The glass implantation method is significant in retrospective radon dosimetry. This
method utilizes common glass items found in homes as natural detectors of radon decay
products. Alpha particle tracks on glass surfaces are counted for radon assessment in
indoor spaces [29].

This glass implantation method relies on the use of external track detectors that are
temporarily fixed to the glass surface. Alpha particles from radon decay products such
as polonium-210 impact these glass surfaces, not the glass itself. After exposure, it is the
detector that is etched to reveal the tracks caused by these alpha particles, allowing for
analysis of historical radon presence and concentrations. This is non-destructive to the
glass, as it is never etched or altered during the process [29].
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Optical or electron microscopes are used to analyze glass items, allowing for the precise
counting and analysis of the alpha tracks on the glass surfaces. The historical reconstruction
of radon exposure levels is achieved by estimating the density and distribution of the
damage tracks [30].

This method was discussed and detailed in the seminal study published in Nature
334, in 1988, pp. 338-340, which demonstrated the utility of glass as a retrospective radon
dosimeter [31]. The study provided valuable insight into long-term radon exposure levels
in indoor environments, confirming that glass reliably records radon exposure levels. The
glass implantation method remains a crucial tool, offering insights into past environments
and exposures that would otherwise go undetected.

e CD/DVD method for retrospective radon dosimetry

This method utilizes common digital storage media, mainly Compact Discs (CDs) and
Digital Versatile Discs (DVDs), as more innovative ways of measuring radon exposure. The
polycarbonate layers in these discs react to alpha particles from radon decay, making them
useful for radon radiation measurement [32].

The polycarbonate plastic and reflective metal used for data storage also capture alpha
particles from radon decay products, leaving tracks similar to glass.

The analysis of radon exposure on discs involves subjecting them to a chemical etching
process. This process entails treating the polycarbonate layer with a chemical solution
that selectively erodes material along the paths damaged by the alpha particles, thereby
revealing the tracks in a pronounced manner. These tracks are then examined under a
microscope for a quantifiable count and measurement [33].

This method stands as innovative due to the use of abundant and low-cost materials
readily available in most settings, both residential and office [34].

e  Comparative analysis of the glass implantation method and the CD/DVD method

Retrospective methods such as the glass implantation and CD/DVD methods provide
critical data for assessing historical radon exposures. Each method has its own unique
advantages, limitations, and ideal conditions for use. Table 1 below presents a comparative
analysis of the two methods. The choice between these methods depends on the specific
requirements of the study, available resources, precision needs, and the environmental
context [35].

Table 1. Comparative analysis of the glass implantation method and the CD/DVD method.

Criteria

Glass Implantation Method CD/DVD Method

Accuracy

Accuracy varies; generally, within a factor of
2-3 at best by an order of magnitude.

Comparatively better accuracy is observed,
with less variability in results.

Ease of Implementation

Requires access to specific types of glass and
specialized microscopic equipment; can be
challenging to implement widely.

Easier implementation due to widespread
availability and affordability of CDs/DVDs
and simpler analysis process.

Potential Limitations

Requires historical glass that has been
undisturbed.

Quality and age of CD/DVD may vary, and
environmental conditions may affect track
preservation. Outdated in technology.

Preferable Conditions

Ideal for detailed studies in historical buildings
or long-occupied residential homes where
glass has not been disturbed.

Suitable for broad and cost-effective screening
in residential and office environments. This
method is good for preliminary assessments.

Contributions to the Field

Provides highly reliable data for detailed
exposure assessment and scientific studies.

Facilitates widespread, basic radon exposure
assessments.

Reference(s)

[29,31,36]

[34,35]
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3. Comparative Analysis of Radon Detection Techniques

Choosing the most appropriate radon detection technique depends on specific needs
and circumstances. One of the primary considerations is whether to use an active or passive
technique.

Active techniques include devices like Continuous Alpha Radon Monitors (CARMs)
and Electro-Static Precipitation (ESP) detectors (Table 2), which are ideal for short-term
studies due to their real-time data and high sensitivity [37]. However, they are more
complex and costly to operate.

Table 2. Radon-specific techniques and comparison.

Technique Advantages Disadvantages Cost Sensitivity Measure'ment Ideal for
Duration
Alpha spectrometry of radon  Real-time data; high Expensive; complex . . Shgrt-term
e setup; power High Highest Days to weeks  studies; source
progeny (CARMs) sensitivity - . A
required identification
ESP detectors—concentrate Expensive; complex; Research;
Highest sensitivity L ! Highest Highest Days to weeks specialized
radon for alpha spectrometry power required A
applications
Charcoal canlsters—adsorl? Simple; inexpensive Requires lab analysis; Low Moderate Days to weeks Short—tferm
radon for laboratory analysis delayed results sampling
ATDs—record alpha particle . Long._teljm Reqmres. S_pemahZEd Months to Lon‘g_te.rm.
integration; easy analysis; delayed Moderate Moderate monitoring;
tracks years .
deployment results screening
Measure ion Long-term
EICs mobility Easy to use; low cost Lower sensitivity Low Moderate Months to monitoring;
changes due than others years .
screening
to radon

Passive techniques, such as charcoal canisters, alpha track detectors (ATDs), and
Electret Ionization Chambers (EICs), are favored for long-term monitoring due to their
simplicity and cost-effectiveness, although they typically offer delayed results and lower
sensitivity [37].

4. Assessment Tools for Radon Exposure

Modern radon measuring techniques are commonly categorized as passive or active,
each offering distinct advantages and limitations tailored to specific evaluation needs.

Studies comparing active and passive techniques have highlighted the accuracy and
reliability of active techniques in various settings, such as educational institutions and
homes [38]. Passive techniques, on the other hand, rely on diffusion and natural decay for
measurement, offering long-term exposure assessments and simpler deployment without
the need for a power supply. Examples include alpha track detectors (ATDs) and Electret
Ionization Chambers (EICs) [39]. Charcoal canisters are widely used due to their simplicity
and affordability, adsorbing radon gas passively for later quantification using gamma
spectrometry or liquid scintillation counting, which is frequently used [39,40]. ATDs
capture radon decay alpha particles on a sensitive film, providing good sensitivity and
long-term integration [41]. EICs measure changes in ion mobility to provide integrated
exposure data, offering low cost and ease of use but lower sensitivity compared with other
methods [10]. Additionally, radon measuring techniques can be categorized based on
measurement duration. Short-term measurements span a few days to weeks, are useful for
examining seasonal changes or sharp shifts in radon levels, and can be conducted using
CARMs or activated charcoal canisters. Long-term measurements, typically taking months
to years, are suitable for assessing average exposure and compliance testing and can be
conducted using charcoal canisters, ATDs, or EICs.
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5. Accuracy and Reliability of Radon Assessment Tools

Accuracy and reliability can vary depending on specific tool models, calibration,
and environmental conditions. Table 3 demonstrates the accuracy and reliability of each
technique.

Table 3. Accuracy and reliability of radon assessment tools.

Technique Accuracy Reliability References

Continuous Alpha Radon . e 3 - Requires complex setup and power

Monitors (Carms) - High sensitivity (0.2 and 4 Bq/m”). source. [42]

Electrostatic Precipitation - Highest sensitivity (exceeds - Limited field applications due to [5]

(Esp) Detectors CARMs). complexity and cost.
Charcoal Canisters - Moderate sensitivity (3—-10 pCi/L). ) Standardlzed‘mf_et'hod with good [39]
reliability.
Alpha Track Detectors (Atds) - Moderate sensitivity; varies with - Generally rehgble. for long-term [40]
brand and type. monitoring.
Electret Ionization Chambers - Moderate sensitivity; varies with - Reliability can be affected by [10]
(Eics) model and calibration. environmental factors.

6. Empirical Evaluation of Radon Detection Methods

The comparative analysis of various radon detection methods is substantiated by
actual sampling results. The results highlight the distinct advantages and limitations of
both passive and active radon detection methods, as well as the context-specific suitability
of short-term and long-term monitoring approaches.

1.  Long-term monitoring results:

Alpha Track Detectors (ATDs): Long-term monitoring using ATDs over a year in
residential settings has revealed an average concentration of 200 Bq/m?; these findings
are consistent with those reported in other high-radon areas, providing reliable data over
extended periods, crucial for assessing long-term exposure risks [12].

2. Short-term monitoring results:

Charcoal Canisters: Short-term measurements using charcoal canisters have shown
radon concentrations varying from 150 to 600 Bq/m?. These variations are seen particularly
in basements and ground floors, indicating the influence of building characteristics and
ventilation on radon accumulation. These short-term methods are invaluable for initial
assessments and in scenarios requiring quick results [13].

3. Continuous real-time monitoring results:

Continuous Alpha Radon Monitors (CARMs): Real-time monitoring with CARMs has
indicated occasional spikes in radon levels of up to 800 Bq/m? in specific environmental
conditions such as storms. This method’s ability to capture real-time fluctuations is essential
for settings where levels might change rapidly, such as during certain industrial processes
or in geographical industrial processes [38].

4. Grab sampling results:

This technique has demonstrated radon concentrations ranging from 100 to 700 Bq/m?
at different times of the day. The significant intraday variability captured by grab sampling
is more relevant in occupational health studies where worker exposure may vary with
activity and time [25].

5. Comparative analysis of detection techniques:

Active vs. Passive Techniques: Comparative analysis has revealed that active methods
like CARMSs provide higher sensitivity and real-time data, which are advantageous in
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environments with expected rapid changes in radon levels. Passive methods such as ATDs
and EICs offer cost-effective solutions for long-term monitoring, suitable for residential
radon risk assessment and compliance testing. These methods, though less sensitive,
provide essential data for evaluating chronic exposure [37].

7. Limitations of Radon Detection Methods

In discussing the various methods of radon detection, it is important to acknowledge
that the limitations of each method can affect the reliability and accuracy of the results.
Table 4 below summarizes the limitations of radon detection methods.

Table 4. Limitations of radon detection methods.

Detection Method

Charcoal Canisters

Limitation Impact References
Humidity can saturate the charcoal,
Sensitivity to humidity reducing adsorption and leading to [42,43]
underestimation.

Charcoal Canisters

Temperature changes affect the
diffusion rate of radon and its
adsorption by charcoal, potentially
affecting the results.

Temperature-dependence [43,44]

Electret Ion Chambers

Sensitivity to static charges, thus

requiring frequent recalibration. 431

Requires calibration

Alpha Track Detectors

Though they have the ability to detect
cumulative exposure, alpha track
Long integration time detectors offer no insight into [46]
short-term fluctuations or sudden
radon increases.

Continuous Radon Monitors

Excessive costs limit accessibility for
High cost widespread residential use and [47]
routine testing.

Continuous Radon Monitors

Reliant on continuous power
Power dependency supplies, which can be limited in [47]
areas with power issues.

8. Challenges in Assessing Radon in General Environments

Assessing radon in the environment presents various challenges due to the unique
characteristics of radon and the variability of its sources and concentrations. Below are
some of the primary challenges:

Variability of Radon Concentrations: Radon concentration levels can vary extensively
in various geographical areas and may also change over time in fluctuation in environ-
mental factors such as humidity, temperature, and atmospheric pressure. This fluctuation
means that a single measure is not representative of the exposure risk in a location; there-
fore, comprehensive testing is essential to accurately assess radon levels [48]. Detection
and Measurement Techniques: Because radon is odorless, tasteless, and colorless, its de-
tection requires specialized equipment, necessitating the use of sensitive and accurate
detection devices [49]. Determining a suitable detection method is essential, as it can influ-
ence the reliability and accuracy of the measurements; also, the calibration of instruments
and the standardization of measurement protocols are critical challenges [5]. Health Risk
Assessment: The quantification of the health risks associated with cumulative radon expo-
sure requires complex modeling, and this is further complicated by the need to consider
individual susceptibility, lifestyle factors, and concurrent exposures to other indoor air
contaminants [20].

Mitigation and Remediation: Radon mitigation, particularly in old structures, requires
tailor-made site-specific solutions that include cost considerations while still remaining
in compliance with safety standards and guidelines [50]. Public Awareness, Policy, and
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Financial Barriers: Public awareness of radon health risks and the necessity of testing
and mitigation remain critical yet difficult. Radon testing and mitigation may be too
expensive for individuals and organizations, requiring financial incentives or subsidies
to promote widespread testing and mitigation. These issues demonstrate the need for
combined education, regulation, and financial aid to decrease radon exposure risks. Radon
management involves coordinated policymaking and implementation [50,51].

9. Best Practices in Radon Exposure Monitoring and Assessment

The implementation of best practices in radon exposure assessment and measurement
is critical for accurately determining radon levels and effectively mitigating health risks.
Several key practices are outlined below:

Utilization of Approved Measurement Devices: Radon measurement accuracy relies
on instruments that adhere to national or international standards. Regulatory agencies,
including the EPA (US), certify specific precision instruments. Short-term and long-term
detectors are recommended based on assessment needs [10].

Strategic Placement of Radon Detectors: Proper detector placement is crucial for
obtaining precise measurements. Detectors should be placed on the lowest occupied floor
level, away from air currents, excessive humidity, and exterior walls, at a minimum height
of two meters above the floor. This placement ensures measurements that accurately
represent the radon levels occupants are primarily exposed to [52].

Long-term Testing for Accurate Exposure Assessment: Long-term testing for over
90 days provides a more precise representation of average annual radon exposure, consid-
ering seasonal variations. This approach offers a comprehensive perspective on long-term
exposure [53].

Adherence to Closed-House Conditions: In short-term testing, maintaining closed-
house conditions for at least 12 h before and during the testing period is essential. This
minimizes the impact of external airflow exchange on radon concentration levels, enhancing
measurement accuracy [39,53].

Repeat Testing and Professional Assessment: When results approach or exceed the
threshold, repeat testing is advised to confirm the need for mitigation measures. In complex
environmental contexts requiring comprehensive evaluation, engaging certified radon
professionals is recommended [54,55]. Application of Quality Assurance and Control:
Quality assurance measures and control procedures, such as duplicate testing and spiked
samples, can ensure the reliability of radon measurements [56].

Compliance with National Guidelines and Standards: Adherence to guidelines and
standards from health and environmental agencies ensures that radon testing and mitiga-
tion efforts align with best practices [5].

Educational Initiatives: Public health initiatives should educate building residents
about the hazards of radon and the importance of conducting tests and implementing
mitigation measures. Awareness campaigns can promote sound decision-making and
encourage proactive measures [51].

Mitigation and Post-Mitigation Testing: Following the implementation of mitiga-
tion measures, conducting post-mitigation testing is crucial to verify the effectiveness of
interventions in reducing radon levels.

10. Recommendations for Improving Radon Exposure Monitoring

Enhancing radon exposure evaluation techniques is crucial for improving assessment
accuracy and the efficacy of mitigation strategies. Several key areas for improvement
include the following:

Advancements in Sensor Technology: Efforts to develop low-cost, highly sensitive,
and portable sensors are underway. Current active techniques, such as Continuous Alpha
Radon Monitors (CARMs), offer high sensitivity but are costly and complex. Research
focusing on miniaturization, material innovations, and cost reduction could make these
sensors more accessible for wider field applications. Additionally, exploring emerging
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sensor technologies, such as biosensors that use biomolecules sensitive to radon, shows
promise for low-cost, real-time detection [57,58]. However, further research and validation
are needed for their widespread adoption. Improving Data Processing and Analysis:
The development of automated analysis tools for passive detectors, such as alpha track
detectors (ATDs) and Electret Ionization Chambers (EICs), could streamline analysis and
improve accuracy [59]. The manual analysis of these detectors can be time-consuming and
subjective.

The integration of real-time monitoring with data analytics using artificial intelligence
(Al) algorithms could help identify temporal trends and potential sources and predict
exposure fluctuations, offering deeper insights. Standardizing and harmonizing data stor-
age and sharing by establishing standardized data formats and sharing platforms would
facilitate data analysis across studies and regions, enabling broader assessments and risk
prediction. Accessibility and Public Awareness: Efforts to reduce the cost of assessment
tools and services are crucial, as high costs associated with some techniques prevent their
widespread adoption. Strategies such as government subsidies, innovative financing mod-
els, and open-source technology development could increase accessibility [54,56]. Investing
in public education and awareness campaigns is essential for raising awareness about
radon risks and the importance of assessment, encouraging individuals and communi-
ties to take preventive measures. Developing user-friendly tools and resources, such as
mobile applications and online platforms, can provide easily accessible information and
guidance on radon testing and mitigation strategies, empowering individuals to manage
their exposure risks [60].

11. Conclusions

Detection and measurement are the main challenges in managing radon exposure
due to its imperceptibility. Regulatory bodies such as the EPA, WHO, and OSHA have
established limits to safeguard public and occupational health. The choice between active
and passive detection methods for radon assessment involves trade-offs in cost, sensitivity,
and suitability for different settings. While active techniques like Continuous Alpha
Radon Monitors and Electrostatic Precipitation Detectors offer real-time data with high
sensitivity, they are costly and complex. In contrast, passive devices such as charcoal
canisters and alpha track detectors are more affordable but less sensitive and require
longer testing periods for results [61]. The variability of radon concentration levels due
to geographical and environmental factors necessitates an integrated approach to radon
assessment, highlighting the importance of long-term monitoring for accurate exposure
risk assessment. Mitigating radon risks, especially in older buildings, requires tailored,
cost-effective solutions that comply with safety standards. Public awareness and policy
interventions are essential to increasing testing and mitigation efforts, underscoring the
need for public education, regulatory control, and financial support to mitigate potential
risks from radon exposure [39].

Future advancements in radon exposure assessment should focus on developing low-
cost, highly sensitive, and portable sensor designs to enhance accessibility. Emerging sensor
technologies with high sensitivity in passive detectors have the potential to revolutionize
radon detection and risk assessment. Additionally, integrating real-time monitoring and
analytics could significantly improve the accuracy and efficiency of radon measurement,
along with the development of automated tools for passive detector analysis [10].

Author Contributions: Conceptualization, P.C.R.; methodology, M.K. and P.C.R.; software, M.K. and
P.C.R,; validation, M.K. and P.C.R,; formal analysis, M.K. and P.C.R,; investigation, M.K. and P.C.R.;
resources, M.K. and P.C.R; data curation, M.K. and P.C.R.; writing—original draft preparation, M.K.
and P.C.R,; writing—review and editing, M.K. and P.C.R; visualization, M.K. and P.C.R,; supervision,
P.C.R,; project administration, P.C.R.; funding acquisition, P.C.R. All authors have read and agreed to
the published version of the manuscript.



Sensors 2024, 24, 2966 10 of 12

Funding: This research was funded by National Research Foundation (Support for Y-rated Re-
searchers Programme), Grant number—CSRP23030380716.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Kreuzer, M.; McLaughlin, J. Radon. In WHO Guidelines for Indoor Air Quality: Selected Pollutants; World Health Organization:
Geneva, Switzerland, 2010.

2. Haanes, H; Finne, I.; Skjerdal, H.; Rudjord, A.L. Indoor and Outdoor Exposure to Radon, Thoron and Thoron Decay Products in
a NORM Area with Highly Elevated Bedrock Thorium and Legacy Mines. Radiat. Res. 2019, 192, 431-439. [CrossRef] [PubMed]

3. Tukkaraja, P; Bhargava, R.; Sridharan, S.J. Radon in Underground Mines. Min. Technol. Work. Title 2021. [CrossRef]

4. Jasaitis, D.; Pe¢iuliené, M. Natural Radioactivity and Radon Exhalation from Building Materials in Underground Parking Lots.
Appl. Sci. 2021, 11, 7475. [CrossRef]

5. Baskaran, M. Radon Measurement Techniques. In Radon: A Tracer for Geological, Geophysical and Geochemical Studies; Baskaran, M.,
Ed.; Springer Geochemistry; Springer International Publishing: Cham, Switzerland, 2016; pp. 15-35; ISBN 978-3-319-21329-3.

6. Lorenzo-Gonzaélez, M.; Torres-Duran, M.; Barbosa-Lorenzo, R.; Provencio-Pulla, M.; Barros-Dios, ].M.; Ruano-Ravina, A. Radon
Exposure: A Major Cause of Lung Cancer. Expert Rev. Respir. Med. 2019, 13, 839-850. [CrossRef] [PubMed]

7.  Degu Belete, G.; Alemu Anteneh, Y. General Overview of Radon Studies in Health Hazard Perspectives. J. Oncol. 2021, 2021,
€6659795. [CrossRef] [PubMed]

8.  Elsesmita; Ermayanti, S.; Fitrina, D.W. Effect of Radon and Lung Cancer Risk: A Narrative Literature Review. Biosci. Med. ].
Biomed. Transl. Res. 2022, 6, 2691-2698. [CrossRef]

9.  Gross, E.L. Evaluation of Radon Occurrence in Groundwater from 16 Geologic Units in Pennsylvania, 19862015, with Application to
Potential Radon Exposure from Groundwater and Indoor Air; U.S. Geological Survey: Reston, VA, USA, 2017.

10. World Health Organization. WHO Handbook on Indoor Radon: A Public Health Perspective; World Health Organization: Geneva,
Switzerland, 2009; ISBN 978-92-4-154767-3.

11.  Grzywa-Celinska, A.; Krusinski, A.; Mazur, J.; Szewczyk, K.; Kozak, K. Radon—The Element of Risk. The Impact of Radon
Exposure on Human Health. Toxics 2020, 8, 120. [CrossRef] [PubMed]

12.  Silva, A.S.; Dinis, M.d.L. Assessment of Indoor Radon Concentration and Time-Series Analysis of Gamma Dose Rate in Three
Thermal Spas from Portugal. Environ. Monit. Assess. 2022, 194, 611. [CrossRef] [PubMed]

13. Li, L.; Coull, B.A.; Koutrakis, P. A National Comparison Between the Collocated Short- and Long-Term Radon Measurements in
the United States. J. Expo. Sci. Environ. Epidemiol. 2023, 33, 455. [CrossRef]

14. Chu, M.C.; Kwan, KK.; Kwok, M.W.; Kwok, T,; Leung, ] K.C; Leung, K.Y,; Lin, Y.C.; Luk, K.B.; Pun, C.S.J. The Radon Monitoring
System in Daya Bay Reactor Neutrino Experiment. Nucl. Instrum. Methods Phys. Res. Sect. Accel. Spectrometers Detect. Assoc. Equip.
2016, 808, 156-164. [CrossRef]

15.  Mancini, S.; Vilnitis, M.; Guida, M. A Novel Strategy for the Assessment of Radon Risk Based on Indicators. Int. J. Environ. Res.
Public Health 2021, 18, 8089. [CrossRef]

16. Vienneau, D.; Boz, S.; Forlin, L.; Fliickiger, B.; de Hoogh, K.; Berlin, C.; Bochud, M.; Bulliard, J.L.; Zwahlen, M.; R6osli, M.
Residential Radon—Comparative Analysis of Exposure Models in Switzerland. Environ. Pollut. 2021, 271, 116356. [CrossRef]
[PubMed]

17.  Marsh, J.W,; Laurier, D.; Tirmarche, M. Radon dosimetry for workers: Icrp’s approach. Radiat. Prot. Dosimetry 2017, 177, 466—474.
[CrossRef] [PubMed]

18. Galli, G.; Cannelli, V.;; Nardi, A.; Piersanti, A. Implementing Soil Radon Detectors for Long Term Continuous Monitoring. Appl.
Radiat. Isot. 2019, 153, 108813. [CrossRef] [PubMed]

19. Minda, M.; Téth, G.; Horvath, I; Barnet, I.; Hamori, K.; Téth, E. Indoor Radon Mapping and Its Relation to Geology in Hungary.
Environ. Geol. 2009, 57, 601-609. [CrossRef]

20. Ajrouche, R; Ielsch, G.; Cléro, E.; Roudier, C.; Gay, D.; Guillevic, J.; Laurier, D.; Le Tertre, A. Quantitative Health Risk Assessment
of Indoor Radon: A Systematic Review. Radiat. Prot. Dosimetry 2017, 177, 69-77. [CrossRef] [PubMed]

21. Mudd, G.M. Radon Sources and Impacts: A Review of Mining and Non-Mining Issues. Rev. Environ. Sci. Biotechnol. 2008, 7,
325-353. [CrossRef]

22.  Kreuzer, M,; Fenske, N.; Schnelzer, M.; Walsh, L. Lung Cancer Risk at Low Radon Exposure Rates in German Uranium Miners. Br.
J. Cancer 2015, 113, 1367-1369. [CrossRef] [PubMed]

23. Daniels, R.; Schubauer-Berigan, M. Radon in us workplaces: A review. Radiat. Prot. Dosimetry 2017, 176, 278-286. [CrossRef]

24. Fan, D.; Zhuo, W.; Zhang, Y. Occupational exposure to radon in different kinds of non-uranium mines. Radiat. Prot. Dosimetry

2016, 170, 311-314. [CrossRef]


https://doi.org/10.1667/RR15403.1
https://www.ncbi.nlm.nih.gov/pubmed/31390308
https://doi.org/10.5772/intechopen.101247
https://doi.org/10.3390/app11167475
https://doi.org/10.1080/17476348.2019.1645599
https://www.ncbi.nlm.nih.gov/pubmed/31318276
https://doi.org/10.1155/2021/6659795
https://www.ncbi.nlm.nih.gov/pubmed/34381503
https://doi.org/10.37275/bsm.v6i15.669
https://doi.org/10.3390/toxics8040120
https://www.ncbi.nlm.nih.gov/pubmed/33327615
https://doi.org/10.1007/s10661-022-10157-x
https://www.ncbi.nlm.nih.gov/pubmed/35879585
https://doi.org/10.1038/S41370-023-00521-5
https://doi.org/10.1016/j.nima.2015.11.093
https://doi.org/10.3390/IJERPH18158089
https://doi.org/10.1016/J.ENVPOL.2020.116356
https://www.ncbi.nlm.nih.gov/pubmed/33387778
https://doi.org/10.1093/RPD/NCX065
https://www.ncbi.nlm.nih.gov/pubmed/28510733
https://doi.org/10.1016/J.APRADISO.2019.108813
https://www.ncbi.nlm.nih.gov/pubmed/31349111
https://doi.org/10.1007/s00254-008-1329-6
https://doi.org/10.1093/RPD/NCX152
https://www.ncbi.nlm.nih.gov/pubmed/29036475
https://doi.org/10.1007/s11157-008-9141-z
https://doi.org/10.1038/bjc.2015.324
https://www.ncbi.nlm.nih.gov/pubmed/26393888
https://doi.org/10.1093/rpd/ncx007
https://doi.org/10.1093/rpd/ncw026

Sensors 2024, 24, 2966 11 of 12

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Papp, Z.; Dezso, Z. Measuring Radon Progeny and Thoron Progeny in Air by Absolute Beta Counting Subsequent to Grab
Sampling. Radiat. Meas. 2006, 41, 617-626. [CrossRef]

Georgy, C.; Rafael, Z.; Ivan, B. Radon Monitoring in Groundwater and Soil Gas of Sakhalin Island. J. Geosci. Environ. Prot. 2015, 3,
48-53. [CrossRef]

Giaritzoglou, I.; Aslanoglou, X.; Stamoulis, K.; Alexandropoulou, S.; Ioannides, K. Radon Retrospective Dosimetry in Different
Environments. HNPS Adv. Nucl. Phys. 2020, 27, 77-80. [CrossRef]

Improved Adjustment for Covariate Measurement Error in Radon Studies: Alternatives to Regression Calibration—ProQuest.
Available online: https:/ /www.proquest.com/openview /6553e074dadb236606d9689a5184cf91/1?pq-origsite=gscholar&cbl=
18750 (accessed on 16 April 2024).

Ramola, R.C.; Gusain, G.S.; Prasad, G. Retrospective Assessment of Indoor Radon Exposure by Measurements of Embedded
210Po Activity in Glass Objects. Atmos. Environ. 2008, 42, 9123-9127. [CrossRef]

Sun, K,; Steck, D.J.; Field, R.W. Field investigation of surface-deposited radon progeny as a possible predictor of the airborne
radon progeny dose rate. Health Phys. 2009, 97, 132. [CrossRef]

Samuelsson, C. Retrospective Determination of Radon in Houses. Nature 1988, 334, 338-340. [CrossRef]

Pressyanov, D.; Mitev, K.; Georgiev, S.; Dimitrova, I. Radon Mapping by Retrospective Measurements—An Approach Based on
CDs/DVDs. |. Environ. Radioact. 2010, 101, 821-825. [CrossRef] [PubMed]

Pressyanov, D.S. Retrospective Measurements of Thoron and Radon by CDs/DVDs: A Model Approach. Radiat. Prot. Dosimetry
2012, 149, 464-468. [CrossRef] [PubMed]

Pressyanov, D.; Buysse, J.; Van Deynse, A.; Poffijn, A.; Meesen, G. Indoor Radon Detected by Compact Discs. Nucl. Instrum.
Methods Phys. Res. Sect. Accel. Spectrometers Detect. Assoc. Equip. 2001, 457, 665-666. [CrossRef]

Dimitrov, D.; Pressyanov, D. The CD/DVD method as a tool for the health physics service and ventilation diagnostics in
underground mines. Radiat. Prot. Dosimetry 2018, 181, 30-33. [CrossRef]

Fleischer, R.L. Serendipitous Radiation Monitors: Past Radiation Doses Can Be Measured by Studying the Tracks That Speeding
Particles Have Left in Ordinary Solids—Detectors That Just Happened to Be There. Am. Sci. 2002, 90, 324-331. [CrossRef]
Abojassim, A.A. Comparative Study between Active and Passive Techniques for Measuring Radon Concentrations in Groundwa-
ter of Al-Najaf City, Iraq. Groundw. Sustain. Dev. 2020, 11, 100476. [CrossRef]

Moore, M.E.; Keillor, M.E.; Kasparek, D.M.; Day, A.R.; Glasgow, B.D. Electrostatic Precipitator Collection Efficiency Studies Using
Atmospheric Radon Progeny as Aerosol Analogs for Nuclear Explosion Radionuclides. J. Environ. Radioact. 2023, 270, 107306.
[CrossRef] [PubMed]

USEPA. Radon Publications, Webinars, and Videos. Available online: https://www.epa.gov/radon/radon-publications-
webinars-and-videos (accessed on 15 March 2024).

Reevaluation of the United States Radon Reduction Strategy: Rationale for a Tiered Approach to Risk Mitigation—ProQuest.
Available online: https://www.proquest.com/openview /aa4d4df0e993768c4bbd619e7988d579/1?pq-origsite=gscholar&cbl=
18750&diss=y (accessed on 16 April 2024).

International Atomic Energy Agency. Design and Conduct of Indoor Radon Surveys; International Atomic Energy Agency: Vienna,
Austria, 2019; pp. 1-110.

Sumesh, C.; Kumar, A.; Tripathi, R.; Puranik, V. Comparison Study and Thoron Interference Test of Different Radon Monitors.
Radiat. Prot. Dosimetry 2013, 153, 309-315. [CrossRef] [PubMed]

Iimoto, T.; Tokonami, S.; Morishita, Y.; Kosako, T. Application of Activated Charcoal Radon Collectors in High Humidity
Environments. J. Environ. Radioact. 2005, 78, 69-76. [CrossRef] [PubMed]

Vargas, A.; Ortega, X. Influence of Environmental Changes on Integrating Radon Detectors: Results of an Intercomparison
Exercise. Radiat. Prot. Dosimetry 2007, 123, 529-536. [CrossRef] [PubMed]

Leontaris, F.; Boziari, A.; Clouvas, A.; Kolovou, M.; Guilhot, J. Procedures to measure mean ambient dose equivalent rates using
electret ion chambers. Radiat. Prot. Dosimetry 2020, 190, 6-21. [CrossRef] [PubMed]

Oliveira, C.S.; Malheiros, B.; Pires, K.; Assuncao, M.; Guedes, S.; Correa, J.; Paschuk, S. Low Energy Alpha Particle Tracks in
CR-39 Nuclear Track Detectors: Chemical Etching Studies. Nucl. Instrum. Methods Phys. Res. Sect.-Accel. Spectrometers Detect.
Assoc. Equip. 2021, 995, 165130. [CrossRef]

Radulescu, I; Calin, M.R.; Luca, A.; Rottger, A.; Grossi, C.; Done, L.; Ioan, M.R. Inter-Comparison of Commercial Continuous
Radon Monitors Responses. Nucl. Instrum. Methods Phys. Res. Sect. Accel. Spectrometers Detect. Assoc. Equip. 2022, 1021, 165927 .
[CrossRef]

Yarmoshenko, I.; Vasilyev, A.; Malinovsky, G.; Bossew, P.; Zunié, Z.S.; Onischenko, A.; Zhukovsky, M. Variance of Indoor Radon
Concentration: Major Influencing Factors. Sci. Total Environ. 2016, 541, 155-160. [CrossRef]

George, A.C. An Overview of Instrumentation for Measuring Environmental Radon and Radon Progeny. IEEE Trans. Nucl. Sci.
1990, 37, 892-901. [CrossRef]

Angell, WJ. The US Radon Problem, Policy, Program and Industry: Achievements, Challenges and Strategies. Radiat. Prot.
Dosimetry 2008, 130, 8-13. [CrossRef]

Novilla, M.L.B.; Johnston, ].D.; Beard, J.D.; Pettit, L.L.; Davis, S.F.; Johnson, C.E. Radon Awareness and Policy Perspectives on
Testing and Mitigation. Atmosphere 2021, 12, 1016. [CrossRef]


https://doi.org/10.1016/J.RADMEAS.2005.10.011
https://doi.org/10.4236/GEP.2015.35006
https://doi.org/10.12681/hnps.2753
https://www.proquest.com/openview/6553e074dadb236606d9689a5184cf91/1?pq-origsite=gscholar&cbl=18750
https://www.proquest.com/openview/6553e074dadb236606d9689a5184cf91/1?pq-origsite=gscholar&cbl=18750
https://doi.org/10.1016/J.ATMOSENV.2008.09.020
https://doi.org/10.1097/HP.0b013e3181ac4c15
https://doi.org/10.1038/334338a0
https://doi.org/10.1016/j.jenvrad.2010.02.009
https://www.ncbi.nlm.nih.gov/pubmed/20303628
https://doi.org/10.1093/rpd/ncr314
https://www.ncbi.nlm.nih.gov/pubmed/21778159
https://doi.org/10.1016/S0168-9002(00)00794-4
https://doi.org/10.1093/rpd/ncy097
https://doi.org/10.1511/2002.27.324
https://doi.org/10.1016/J.GSD.2020.100476
https://doi.org/10.1016/J.JENVRAD.2023.107306
https://www.ncbi.nlm.nih.gov/pubmed/37820504
https://www.epa.gov/radon/radon-publications-webinars-and-videos
https://www.epa.gov/radon/radon-publications-webinars-and-videos
https://www.proquest.com/openview/aa4d4df0e993768c4bbd619e7988d579/1?pq-origsite=gscholar&cbl=18750&diss=y
https://www.proquest.com/openview/aa4d4df0e993768c4bbd619e7988d579/1?pq-origsite=gscholar&cbl=18750&diss=y
https://doi.org/10.1093/rpd/ncs118
https://www.ncbi.nlm.nih.gov/pubmed/22833318
https://doi.org/10.1016/j.jenvrad.2004.03.037
https://www.ncbi.nlm.nih.gov/pubmed/15465180
https://doi.org/10.1093/rpd/ncl161
https://www.ncbi.nlm.nih.gov/pubmed/17077091
https://doi.org/10.1093/rpd/ncaa061
https://www.ncbi.nlm.nih.gov/pubmed/32488254
https://doi.org/10.1016/J.NIMA.2021.165130
https://doi.org/10.1016/j.nima.2021.165927
https://doi.org/10.1016/j.scitotenv.2015.09.077
https://doi.org/10.1109/23.106733
https://doi.org/10.1093/rpd/ncn105
https://doi.org/10.3390/atmos12081016

Sensors 2024, 24, 2966 12 of 12

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Panteli¢, G.; Celikovi¢, 1.; Zivanovié, M.; Vukanac, I.; Nikoli¢, J.K.; Cinelli, G.; Gruber, V. Qualitative Overview of Indoor Radon
Surveys in Europe. |. Environ. Radioact. 2019, 204, 163-174. [CrossRef]

Tsapalov, A.; Kovler, K. Short- versus Long-Term Tests of Indoor Radon for Risk Assessment by Monte-Carlo Method towards
Effective Measurement Strategy. Indoor Air 2022, 32, €13166. [CrossRef]

USEPA. A Citizen’s Guide to Radon the Guide to Protecting Yourself and Your Family from Radon Indoor Air Quality (IAQ); USEPA:
Washington, DC, USA, 2016.

Kitto, M.E.; Murphy, C.; Dixon, S.L.; Jacobs, D.E.; Wilson, J.; Malone, J. Evaluating and Assessing Radon Testing in Multifamily
Housing. |. Public Health Manag. Pract. 2022, 28, E525. [CrossRef]

Rottger, A.; Rottger, S.; Grossi, C.; Vargas, A.; Curcoll, R.; Otahal, P.; Hernandez-Ceballos, M.A_; Cinelli, G.; Chambers, S.; Barbosa,
S.A.; et al. New Metrology for Radon at the Environmental Level. Meas. Sci. Technol. 2021, 32, 124008. [CrossRef]

Almayahi, B.A.; Ali, A.H. Fabrication of Biosensor for the Assessment of Radon and Lead Levels in the Blood. Heliyon 2023, 9,
€19591. [CrossRef]

Li, M.-X,; Li, Q.-Y;; Li, R-M.-]; Lin, S.-T; Liu, S.-K,; Tang, C.-].; Xing, H.-Y,; Zhu, ].-J.; Yue, Q. Low Radon Concentration
Measurement with a Radon-Dissolved Liquid Scintillator Pilot Detector. arXiv 2023, arXiv:2308.07160.

Alkufi, A.A; Abojassim, A.A.; Oleiwi, M.H. Use of Air Things Radon Detector in Liquid Samples (Serum and Urine). Appl. Radiat.
Isot. 2024, 207, 111265. [CrossRef]

Radon Awareness Week 2024 | CDC. Available online: https://www.cdc.gov/radon/awareness.html (accessed on 15 March
2024).

United Nations Scientific Committee on the Effects of Atomic Radiation. Sources, Effects and Risks of Ionizing Radiation, UNSCEAR
2020 Report: Report to the General Assembly, with Scientific Annexes A and B; UN: San Francisco, CA, USA, 2022.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jenvrad.2019.04.010
https://doi.org/10.1111/ina.13166
https://doi.org/10.1097/PHH.0000000000001392
https://doi.org/10.1088/1361-6501/ac298d
https://doi.org/10.1016/j.heliyon.2023.e19591
https://doi.org/10.1016/j.apradiso.2024.111265
https://www.cdc.gov/radon/awareness.html

	Introduction 
	Assessment Methods for Occupational and Environmental Radon Exposure 
	Occupation Radon Methods 
	Environmental Radon Methods 

	Comparative Analysis of Radon Detection Techniques 
	Assessment Tools for Radon Exposure 
	Accuracy and Reliability of Radon Assessment Tools 
	Empirical Evaluation of Radon Detection Methods 
	Limitations of Radon Detection Methods 
	Challenges in Assessing Radon in General Environments 
	Best Practices in Radon Exposure Monitoring and Assessment 
	Recommendations for Improving Radon Exposure Monitoring 
	Conclusions 
	References

