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Abstract — Urban environments in South-Eastern Europe are subject to a complex burden of environmental
contaminants spanning the atmospheric, hydrospheric, and pedospheric compartments. Within this multi-
pollutant framework, radon-222 (***Rn) — a naturally occurring radioactive noble gas of geogenic origin
— occupies a distinctive and frequently underestimated position. This paper presents a comparative
geophysical and epidemiological assessment of ??Rn relative to the principal chemical and physical
pollutants recorded in Tirana, Albania's capital city, integrating peer-reviewed measurement data from soil
gas, indoor air, and water matrices. Indoor radon concentrations in Tirana's educational buildings and
workplaces range from 24 to 1,058 Bg/m?, with soil-gas radon reaching values of 0.9-130.0 kBg/m?,
substantially exceeding the Albanian national reference level of 300 Bg/m® in critical sectors.
Contextualised against outdoor air pollutants (PMz.s ~47 pg/m?; NO2 ~34 pg/m?; PMio ~55 pg/m?), heavy
metal soil contamination (Ni: mean 305.9 mg/kg; Cr: 174.2 mg/kg), and microbiological water quality
deficiencies, radon emerges as the single contaminant with the highest documented carcinogenic potency
per unit exposure in the non-smoking population, responsible for an estimated 3—14% of all lung cancer
cases nationally. Predictive climate modelling under RCP 8.5 projects a 10-20% increase in indoor **?Rn
by 2050. The paper argues that radon demands immediate policy prioritisation within Albania's national
environmental strategy and European integration frameworks, and outlines evidence-based
recommendations for monitoring and mitigation.

Keywords — radon-222, indoor air quality, Tirana, multi-pollutant burden, soil gas, carcinogen, OECD environmental health,
Albania

I. INTRODUCTION

Urban air quality in the Western Balkans has deteriorated significantly over the past three decades, driven
by rapid motorisation, unregulated construction, industrial legacy contamination, and insufficient
environmental governance. Tirana, Albania's capital and home to approximately one-third of the national
population (~900,000 inhabitants), exemplifies these pressures. Measured annual average concentrations
of PMio and NO: in the city exceed both Albanian national standards and World Health Organization
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(WHO) guidelines, and in 2023 Tirana recorded the highest Air Quality Index (AQI = 65) among Albanian
cities, ranking 51st among European capital cities for outdoor air pollution [16], [19].

Within this complex environmental context, radioactive contamination — and radon (**Rn) in particular
— is systematically absent from urban pollution governance frameworks, despite constituting the dominant
source of ionising radiation exposure in the general population. According to the United Nations Scientific
Committee on the Effects of Atomic Radiation [23], radon and its short-lived decay products account for
more than 50% of the total natural background radiation dose received by humans. Globally, the
International Agency for Research on Cancer (IARC) classifies ??Rn as a Group 1 human carcinogen — a
category shared with asbestos, tobacco smoke, and benzene [14].

Albania's unique geological setting — characterised by ophiolitic sequences, granitic intrusions,
metamorphic complexes, and high-uranium Cretaceous limestones — generates elevated soil-gas radon
fluxes that are directly transmitted to indoor environments through building foundations. Tirana's urban
geology, which includes red inorganic clays of the Tirana River's second terrace and recent volcanic
formations, is particularly conducive to radon accumulation [9], [22]. Despite this, no integrated national
radon action plan currently exists, and radon is absent from Albania's air quality monitoring network.

This paper addresses the following research question: How does ?*?Rn compare — in terms of measured
concentrations, health burden, regulatory status, and future trajectory — to the principal chemical and
physical pollutants documented across Tirana's air, soil, and water compartments? We synthesise published
measurement data and epidemiological risk estimates to situate radon within a comprehensive multi-
pollutant framework, and we propose a set of evidence-based policy recommendations consistent with
OECD environmental health principles.

II. GEOLOGICAL AND ENVIRONMENTAL CONTEXT OF TIRANA

Tirana is located in the central-western part of Albania, within a NW—SE-oriented intermontane basin at
an elevation of approximately 100—180 m a.s.l. The urban area covers approximately 40 km? of the basin
floor, underlain by a heterogeneous sequence of Quaternary alluvial and lacustrine deposits, Neogene
molasse sediments, and Palaecogene flysch, with Cretaceous carbonates and ophiolitic mélange cropping
out in the surrounding hills [20].

The geological variability of the Tirana area exerts a primary control on both radon emanation from soils
and on the geochemical background of heavy metals. Soils derived from ophiolitic parent materials —
covering extensive areas to the east and southeast of the city — are characterised by naturally elevated
concentrations of nickel (Ni) and chromium (Cr), metals that are also influenced by anthropogenic inputs
from vehicular traffic and construction activities. Quaternary red clays of the Tirana River terraces exhibit
exceptionally high soil-gas radon concentrations, owing to their elevated radium-226 content and low
permeability, which promotes radon accumulation rather than diffusive loss.

The Lana and Ishém rivers, which traverse the urban area, receive substantial loads of untreated
municipal and industrial wastewater, resulting in elevated concentrations of iron, manganese, nitrates,
biochemical oxygen demand (BOD), and microbiological contamination. The Sharra landfill (~7 km
southwest of the city centre), which formerly received industrial waste and currently serves as an
uncontrolled municipal dump, constitutes an additional point source of heavy metal and leachate
contamination to surrounding soils and shallow groundwater.

III. MULTI-POLLUTANT INVENTORY OF TIRANA

A. Outdoor Air Pollutants

Monitoring campaigns conducted within the Green Lungs project (Milieukontakt Albania, 2018-2020),
covering 84 stations across Tirana, documented systematic exceedances of EU and Albanian national
standards for several gaseous and particulate pollutants. The most recent reporting from the Albanian
National Environmental Agency [3] and independent monitoring synthesises the following picture:
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Table 1. Outdoor air pollutant concentrations in Tirana vs. regulatory benchmarks.

Pollutant Measured Mean (Tirana) EU Limit / WHO Guideline Exceedance Ratio % ME:iteoe:iiﬁlggSites
PM:.s ~47 pg/m? 10 pg/m* (WHO 2021) ~4.7x 1.3% (annual avg.)
PMio ~55 pg/m? 20 pg/m* (WHO) ~2.8% Episodic exceedances
NO: ~34 pg/m? 40 pg/m* (EU) 0.85x (annual) 66.7%

CO: >>350 ppm (urban) 350 ppm (reference) >reference 98.3%
VOC >0.5 mg/m? (hotspots) 0.5 mg/m?* (EU) >1x Selected corridors
222Rn (indoor) 24-1,058 Bg/m? 300 Bg/m® (national ref.) Up to 3.5x >50% in critical zones

Sources: [19], [3], [2], [22], [24].

A critical distinction must be drawn between outdoor pollutants and indoor radon. While PMz.s and NO:
monitoring networks capture ambient concentrations in the open urban environment, ?Rn accumulates in
enclosed spaces where occupants spend the vast majority of their time (~90% of daily hours). The health
relevance of indoor radon therefore cannot be assessed using outdoor monitoring data; it requires dedicated
building-level measurement campaigns.

B. Soil Contamination: Heavy Metals and Radon

Soil geochemical surveys in Tirana's representative soils [13] documented the following mean total
heavy metal concentrations in surface horizons: Ni=305.9 + 133.0 mg/kg; Cr=174.2 + 63.7 mg/kg; Zn =
95.5£26.3 mg/kg; Cu=42.7+ 6.8 mg/kg; Pb=19.7 + 12.4 mg/kg; Cd = 0.3 + 0.6 mg/kg. Ni and Cr values
substantially exceed international soil quality reference values, reflecting geogenic enrichment from
ophiolitic parent materials superimposed on anthropogenic inputs.

Parallel investigations of soil-gas radon [9], [20] documented concentrations ranging from 0.9—1.54
kBqg/m? (low-risk alluvial sands) to 92.03—130.0 kBq/m? (inorganic red clays of the Tirana River second
terrace), with more than 50% of the urban area characterised by high soil-gas radon potential. Additional
surveys [17] recorded soil-gas radon values of 0.30-32 kBqg/m?® across metamorphic (mean 7 kBg/m?),
limestone (mean 8 kBg/m?), and lacustrine sediment formations (mean 8 kBg/m?).

Table 2. Comparative soil contamination indicators in Tirana.

Parameter Measured Range / Mean Reference / Guideline Value Health Pathway
Ni (soil) 305.9 mg/kg (mean) 50 mg/kg (Dutch SQS) Food chain; dermal contact
Cr (soil) 174.2 mg/kg (mean) 100 mg/kg (Dutch SQS) Food chain; groundwater
Pb (soil) 19.7 mg/kg (mean) 85 mg/kg (Dutch SQS) Ingestion; neurological

Soil-gas 22Rn

0.9-130 kBg/m?

n/a (source indicator)

Indoor inhalation

As (Sharra landfill zone)

Elevated (V, Mo, Co, As)

Site-specific assessment

Leachate; groundwater

Sources: [13], [9], [6], [17].
C. Water Quality Contamination

Tirana's drinking water supply originates primarily from the Bovilla and Selita reservoir system and is
generally compliant with major physicochemical parameters for tap water in the central distribution
network [21]. However, private well water in peri-urban zones shows exceedances in nitrate and ammonium
concentrations, and microbiological contamination (E. coli, total coliforms) has been recorded in the
distribution network. Rivers traversing the urban periphery (Erzeni, Ishém) exhibit elevated Fe, Mn, NOs",
and BOD, attributable to domestic and industrial discharge.

Heavy metal analysis of tap water in Tirana [1] confirmed the presence of Cd, Cr, Cu, and Pb in the
distribution network, though concentrations remained below WHO maximum contaminant levels in most
samples. The principal water quality concern in the Tirana catchment is microbiological, related to the
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absence of comprehensive wastewater treatment infrastructure. Albania operates only six wastewater
treatment plants nationally, none of which serves Tirana directly.

Radon is also present in groundwater and drinking water sources; however, radon in drinking water
contributes comparatively less (~2—5%) to total indoor air radon concentrations than soil-to-building
migration. In aquifers hosted in granitic and metamorphic terrains — which partially underlie the Tirana
basin margins — dissolved radon activities may locally exceed 1,000 Bg/L, warranting targeted monitoring.

IV. STATISTICAL COMPARATIVE ANALYSIS: THE WEIGHT OF RADON AMONG URBAN
POLLUTANTS

A. Radiation Dose Contribution

From a dosimetric perspective, radon occupies an unrivalled position among environmental pollutants
in Tirana. According to UNSCEAR [23], approximately 87% of the total radiation dose to the general
population derives from natural sources, of which radon and its progeny account for ~55% of the total
natural background dose — equivalent to an annual effective dose of approximately 1.2 mSv/year under
average exposure conditions. Indoor radon thus contributes more to cumulative individual radiation burden
than all other natural and artificial radiation sources combined.

No chemical pollutant documented in Tirana generates a quantifiable ionising radiation dose. The health
burden of PM2.s, NO2, heavy metals, and microbiological water contaminants operates via entirely different
biological mechanisms — oxidative stress, cardiovascular inflammation, neurotoxicity, and gastrointestinal
infection, respectively. Radon's mechanism is radiobiological: alpha-particle irradiation of bronchial
epithelium by 2'®Po and 2'*Po (short-lived decay products), causing DNA double-strand breaks and
malignant transformation.

B. Carcinogenic Risk: Lung Cancer Attributable Fraction

The WHO [24] quantifies a linear dose-response relationship: the risk of lung cancer increases by
approximately 16% per 100 Bg/m? increment in long-term average indoor radon concentration.
Collaborative analysis of 13 European case-control studies [7] confirmed an 8.4% increase in lung cancer
risk per 100 Bq/m?® of measured radon in homes (95% CI: 3.0%—15.8%). On the basis of these risk functions,
radon is estimated globally to cause 3—14% of all lung cancer cases, with a global median population
attributable risk (PAR) of approximately 14—-17% [18]. In Europe, approximately 19,000 lung cancer deaths
per year are attributable to indoor residential radon, representing ~1 in 10 lung cancer cases on the continent

[11].

Table 3. Comparative carcinogenic burden: radon vs. principal atmospheric pollutants in Tirana.

Pollutant TARC Class Primary Cancer Type Population ?Pt:ii{l;utable Risk Exposure Route
22Rn Group 1 Lung cancer 37140?1 l(:izgpz?nl‘z%ségzggnal); Indoor inhalation
PM..s Group 1 Lung, cardiovascular ~7% lung cancer in Europe Outdoor/indoor inhalation
NO: Group 1 (2023) Lung cancer ~4% lung cancer (EU) Outdoor inhalation

Cr(VI) in soil Group 1 Lung, nasal Occupational; low residential Ingestion, inhalation

Ni (soil) Group 1 Nasal, lung (occupational) Occupational; low residential Ingestion, contact

Pb (soil/water) Group 2A Renal, probable lung Low in Tirana general pop. Ingestion

Sources: [14], [24], [7], [18], [11].
C. Quantitative Risk Estimation for Tirana

Applying the WHO linear risk model to the measured indoor radon concentrations in Tirana's schools
and workplaces [22], [8], it is possible to estimate the lifetime excess lung cancer risk for building
occupants. For a mean measured concentration of ~200 Bg/m?® in the highest-exposure buildings and
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assuming continuous 8-hour daily occupancy over a working lifetime of 30 years, the excess relative risk
(ERR) is approximately:
ERR = 0.16 % (200/100) = 0.32 — 32% excess lung cancer risk relative to unexposed population.

For the most critical buildings, where indoor concentrations approach 1,000 Bg/m? [10], the ERR rises
to approximately 1.60 — signifying that exposed individuals face a 160% elevated lung cancer risk
compared to those in uncontaminated environments. This risk magnitude has no parallel among the
chemical pollutants documented in Tirana at their measured ambient concentrations in the non-occupational
population.

Table 4. Estimated lung cancer excess relative risk by indoor radon concentration (WHO linear model).

Setting (Tirana) Measured Rn Range (Bq/m?®) | Representative Mean (Bq/m?) ERR (%) Risk Category
Urban dwellings (national 14-1,238 ~101-120 ~16-19% Moderate
survey)
Schools (CR-39, 2012-13) 24-1,000 ~200-300 ~32-48% High
Workplaces (CR-39, 2018) 22-400 ~150-200 ~24-32% Moderate—High
Critical buildings (red clay 300-1,058 ~600-800 ~96-128% Very High
zones)
Reference (below 100 Bq/m?) <100 ~50 ~8% Low

ERR calculated per WHO [24]: 16% per 100 Bq/m?. Sources: [22], [10], [5].
D. The Synergistic Radon—PM:.s Effect

An emerging body of evidence indicates that simultaneous exposure to fine particulate matter (PM..s)
and radon progeny is not simply additive but potentially synergistic, due to the capacity of PM..s particles
to serve as carriers for charged radon decay products, increasing their deposition efficiency in the
pulmonary alveoli. In a city where annual PMa.s concentrations average ~47 ug/m* — approximately 4.7
times the WHO guideline of 10 pg/m* — the effective lung cancer hazard from radon may be enhanced
relative to predictions from radon alone. Epidemiological models have not yet been calibrated for this
combined exposure in the Balkans; this constitutes a priority research gap.

E. PM..s-Equivalent Health Impact: A Cross-Pollutant Benchmark

To facilitate comparison across pollutants with incommensurable units, the concept of PM2.s-equivalent
health impact provides a useful cross-metric benchmark. The Global Burden of Disease (GBD) study
estimated approximately 4,600 premature deaths in Albania attributable to PM2.s exposure in 2021.
Applying the WHO-derived lung cancer attributable fraction for radon (3—14% of all lung cancers in
Albania, estimated at ~1,100 new cases annually based on GLOBOCAN 2020 data), radon may be
responsible for 33—154 lung cancer cases per year in Albania — a burden concentrated in high-exposure
zones and compounded by synergy with tobacco smoking, which multiplies radon risk by a factor of ~25
[15].

In terms of years of life lost (YLL), a single lung cancer death attributable to radon, occurring at a mean
age of 65, represents ~10—15 years of life lost — a higher per-death YLL than PMa.s-cardiovascular deaths,
which tend to affect older individuals. The disability-adjusted life year (DALY) burden of radon in Albania
is therefore disproportionately high relative to the number of attributable deaths, but this burden is entirely
preventable through targeted mitigation.

V. CLIMATE CHANGE AND FUTURE RADON TRAJECTORIES

Climate change introduces a further dimension of risk amplification for indoor radon in Mediterranean
and Balkan environments. A recent modelling study for the Tirana area [4] projects, under the RCP 8.5
high-emissions scenario, a 10-20% increase in indoor *?Rn concentrations by 2050, driven by rising mean
annual temperatures (+1.5-3.0°C) and declining precipitation (—10-20%). These climate trends will reduce
building ventilation rates — as occupants increasingly seal buildings for thermal comfort and air
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conditioning — and will alter soil moisture regimes in ways that enhance radon transport from soil to indoor
air.

By contrast, PM..s and NO- trajectories in Tirana are expected to improve over the same period,
contingent on vehicle fleet electrification and EU approximation policies. Albania has demonstrated
significant progress on PMa.s-related premature mortality, with a 53.7% reduction in the rate of premature
deaths from PM:.s exposure between 2005 and 2022 [12]. If these trends continue, radon may emerge as
Tirana's dominant preventable environmental carcinogen by mid-century — a reversal that current policy
frameworks are not prepared to address.

VI. POLICY IMPLICATIONS AND OECD-ALIGNED RECOMMENDATIONS

The comparative assessment presented in this paper supports the following evidence-based policy
recommendations, consistent with OECD principles of environmental health governance, the European
Union's Directive 2013/59/Euratom (Basic Safety Standards), and WHO's International Radon Project
framework:

1. National Radon Action Plan (NRAP): Albania should develop and adopt a legally binding NRAP, setting
a national reference level of 300 Bg/m? for indoor spaces, with accelerated action below 1,000 Bgq/m?
and mandatory mitigation for exceedances in schools and public buildings.

2. Mandatory Radon Mapping: The Institute of GeoSciences (IGJEO) should lead a national soil-gas radon
atlas at 1:25,000 scale, identifying high-priority zones for building-level monitoring.

3. Integration into Air Quality Governance: Radon should be formally incorporated into Albania's national
air quality monitoring framework, alongside PM..s, NOz, and Os, with data submitted to the European
Environment Agency.

4. Building Code Reform: New construction in radon-priority zones should require sub-slab
depressurisation systems and membrane barriers as standard, consistent with BS EN ISO 11665-11 and
WHO building guidelines.

5. Educational Building Priority: Given that the Albanian population aged 6—18 spends ~6—8 hours per day
in school buildings — which exhibit some of the highest measured concentrations — a national
programme of radon measurement and remediation in educational facilities should be implemented as
a first-phase priority.

6. Climate-Adaptive Monitoring: Radon monitoring protocols should account for seasonal and climate-
driven variability, with summer and winter campaign pairs required to characterise annual mean
concentrations accurately — the relevant metric for long-term risk assessment.

VII. CONCLUSION

22Rn occupies a position of singular importance within the environmental contaminant landscape of
Tirana, Albania. In terms of radiological dose, it is the dominant contributor to population exposure to
ionising radiation, accounting for more than 50% of natural background dose. In terms of carcinogenic
potency, it is classified by IARC as a Group 1 human carcinogen with a well-characterised linear dose-
response relationship, generating an excess lung cancer risk of 16% per 100 Bg/m* — a gradient that is
directly exceeded by measured concentrations in significant portions of Tirana's built environment.

Compared to the chemical pollutants documented in Tirana's air (PMz.s, NO2, VOCs), soils (Ni, Cr, Pb),
and water (nitrates, microbiological contamination), radon is unique in three respects: (i) its carcinogenic
potency per unit exposure in the non-smoking population is the highest of any measured environmental
contaminant in the city; (ii) its principal exposure pathway — accumulation in enclosed indoor spaces —
is entirely absent from current environmental monitoring and regulatory frameworks; and (iii) its burden is
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projected to increase under climate change scenarios, in contrast to chemical pollutants whose trajectories
are expected to improve with EU approximation.

The geophysical heterogeneity of Tirana — encompassing red Quaternary clays, ophiolitic substrates,
and granitic terrains — generates a spatially variable but broadly elevated soil-gas radon potential that is
directly transmitted to indoor environments. This study underscores the urgency of integrating radon into
Albania's multi-pollutant environmental health governance framework, consistent with OECD principles
and European Union legal requirements. Failure to do so represents a significant and preventable public
health oversight.
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