Atmospheric Environment 375 (2026) 122014

Contents lists available at ScienceDirect

Atmospheric Environment

journal homepage: www.elsevier.com/locate/atmosenv

Radon emissions from spring outlets: multi-scale assessment of local
hotspots and regional atmospheric relevance

Sumeya B. Abdella*®, Michael T. Solomon “@®, Luca Stabile *> &, Michele Saroli?,

Giorgio Buonanno **"

& Department of Civil and Mechanical Engineering, University of Cassino and Southern Lazio, Cassino, FR, Italy
Y International Laboratory for Air Quality and Health, Queensland University of Technology, Brisbane, Qld, Australia

HIGHLIGHTS

e Direct quantification of radon flux from spring outlets.
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e Springs create hotspots but negligible urban impact.

e Boundary-layer dynamics dominate outdoor radon variability.
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ABSTRACT

Radon (**2Rn) is a radioactive gas produced from the natural decay of uranium in soil, rock, and water, posing a
significant health risk due to its association with lung cancer. While indoor radon has been extensively studied,
radon degassing from groundwater sources and its contribution to outdoor air quality remain poorly charac-
terized. This study quantifies radon emissions from spring outlets in the Cassino area (central Italy), integrating
chamber-based emission measurements with year-long atmospheric monitoring. Emission rates per unit area
reached up to 0.072 Bq m 2 s}, and atmospheric radon concentrations measured directly above spring outlets
were up to 17 times higher than concurrent background levels, with peak values reaching 287 Bq m™>.
Continuous background monitoring revealed persistent diurnal variability driven by boundary-layer dynamics,
with morning concentrations averaging 2.3 times the afternoon minimum and a clear seasonal maximum in
autumn. Despite the pronounced localized enhancement, order-of-magnitude dilution estimates indicate that the
contribution of individual spring outlets to the valley-scale atmospheric radon background is negligible. These
results demonstrate that groundwater-fed springs can generate outdoor radon hotspots while exerting minimal
influence on regional atmospheric concentrations, clarifying their role within the broader radon budget of
carbonate aquifer systems influenced by major fault structures.

1. Introduction

1.1. Background

(Walczak et al., 2016). Globally, radon poses a significant environ-
mental health risk, as it is strongly associated with lung cancer and is
considered the second leading cause of the disease after cigarette
smoking (Garzillo et al., 2017; Gaskin et al., 2018; Vienneau et al.,

Radon is a radioactive, colorless, and inert noble gas that results from
the natural decay of uranium found in rocks, soil, and water (Baltrénas
et al., 2020; Manawi et al., 2024). Because it is both colorless and inert,
radon can move freely through permeable materials and enter the at-
mosphere or indoor environments through cracks and openings
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2021). Although a substantial body of research has focused on indoor
radon levels and their health implications, its behaviors and transport in
outdoor environments are comparatively less studied (Al-Zoughool and
Krewski, 2009; Yarmoshenko et al., 2021). Outdoor radon concentra-
tions tend to be lower due to dilution and atmospheric dispersion. Global
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average outdoor radon concentrations range from 5 to 15 Bq m
(0.135-0.405 pCi L™1), with the United States reporting an average of
approximately 15 Bq m~3 (0.4 pCi L™1), compared to indoor averages of
48 Bq m3 (1.3 pCi L’l) ((EPA), 2016). While regulatory limits exist for
indoor radon, such as the U.S. EPA's 150 Bq m 34 pCi L~1) and WHO's
100 Bq m 3 (2.7 pCi L), no specific guidelines have been established
for outdoor environments ((EPA), 2016; Zeeb et al., 2009). Nevertheless,
outdoor radon concentrations can vary significantly depending on
geological, meteorological, and atmospheric conditions (Celikovi¢ et al.,
2022). These fluctuations are particularly noteworthy in regions with
uranium-rich substrates, such as volcanic or sedimentary formations,
where radon may escape from the ground into the air, potentially
leading to localized exposure risks (Al-Zoughool and Krewski, 2009). In
response to the spatial heterogeneity associated with geological con-
trols, systematic radon monitoring initiatives have been strengthened in
several countries. In Italy, for example, important developments include
the creation of two monitoring networks for radon in air (Piersanti et al.,
2025) and in water (Tallini et al., 2025).

1.2. Relevance of radon as an indicator of indoor and outdoor air quality

Radon is a crucial indicator of air quality, particularly for radiolog-
ical health risks. This radioactive gas is produced by the natural decay of
uranium present in soil and rocks, thereby contributing to exposure to
ionizing radiation (Darby et al., 2005; Zeeb et al., 2009). Elevated radon
levels indoors are especially concerning since people spend a significant
amount of time in indoor spaces, where radon can accumulate in poorly
ventilated areas, such as homes and office buildings (Rathebe et al.,
2025). Radon can also reach the atmosphere from groundwater, natural
gas, oceans, and human activities (Celikovi¢ et al., 2022). While outdoor
radon levels are usually lower, they help establish a baseline for natural
background radiation and identify areas with high geological radon
potential. Monitoring outdoor radon is essential for understanding
regional variations, which can inform zoning regulations and building
codes. Therefore, the presence and concentration of radon both indoors
and outdoors offer valuable insights into air quality in both natural and
constructed environments, informing environmental risk assessments
and public health strategies ((EPA), 2016; (AuthorAnonymous, 2000)).

1.3. Importance of studying radon emissions from groundwater

Naturally occurring radioactive elements, such as radon, originate in
rocks and soil and can dissolve into surface and groundwater
(Dothariczuk-Srédka et al., 2025; Nayak et al., 2022). Radionuclides,
including 40K, 226Ra, 232Th, 238y, and 22?Rn, have been detected at trace
levels in water sources worldwide (Choudhury et al., 2022; Sulaiman
et al., 2025). The presence of these substances can pose health risks
through radiation exposure from ingested radon, inhalation of radon
released from water, and dermal absorption during activities such as
bathing (Florou et al., 2006; Pyuskyulyan et al., 2024). Therefore,
continuous monitoring and regulation of natural radioactivity levels in
water is essential to safeguard public health.

When radon gas is emitted from groundwater sources, it can accu-
mulate in nearby outdoor and indoor spaces, particularly in poorly
ventilated environments, posing long-term exposure risks and increasing
the likelihood of lung cancer (Darby et al., 2005; Zeeb et al., 2009).
Although radon degassing from groundwater has been widely investi-
gated in hydrogeological contexts, most studies have focused on using
222Rn as a tracer of groundwater-surface water interactions rather than
quantifying its atmospheric emission flux under open-air conditions.
Direct measurements of radon emission rates from discrete spring out-
lets are scarce (Horvath et al., 2000; Sola et al., 2012), and only a limited
number of studies have quantified near-field atmospheric enhancements
(e.g., concentration transects from spring outlets) rather than evaluating
outlet emissions against a concurrently monitored atmospheric back-
ground over extended periods (Guida et al., 2014). Furthermore, the
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integration of point-source degassing measurements with long-term at-
mospheric radon monitoring remains largely unexplored, particularly in
carbonate aquifer systems influenced by major fault structures. As a
result, the relative importance of groundwater-fed springs as localized
outdoor radon hotspots compared to diffuse soil exhalation is still poorly
constrained.

1.4. Aims of the work

This study addresses these gaps by providing a field-based frame-
work to quantify groundwater-derived radon emissions in open-air
spring systems, using Cassino as a representative carbonate aquifer
system influenced by major fault structures. Indeed, Cassino, Central
Italy, represents a region with volcanically influenced and tectonically
active geology that controls groundwater radon levels, as documented in
central Italian aquifers and spring waters (Piersanti et al., 2025; Tallini
et al., 2025). This study advances current understanding in three key
ways. First, it provides direct chamber-based quantification of radon
emission fluxes from discrete groundwater-fed spring outlets under
open-air conditions. Second, it integrates these microscale flux mea-
surements with year-long atmospheric radon monitoring, enabling a
multi-scale assessment of localized enhancements relative to regional
background variability. Third, it evaluates the relative source strength of
spring degassing compared to diffuse soil exhalation, thereby clarifying
the actual contribution of groundwater outlets to urban-scale atmo-
spheric radon levels. This approach enables a quantitative multi-scale
assessment of radon emissions, from localized degassing at spring out-
lets to valley-scale atmospheric dynamics.

2. Methodology
2.1. Study area

The study was conducted in Cassino (Lazio, central Italy), located in
the Latina Valley at the foothills of Monte Cassino and Monte Cairo
(Fig. 1). The area is characterized by sedimentary formations (calcar-
eous, clayey-arenaceous, and fluvial-lacustrine) with heterogeneous
permeability, influenced by deep fault systems that facilitate the upward
migration of radon from the crust to the surface. The study area repre-
sents a carbonate aquifer system in which groundwater circulation and
spring emergence are strongly influenced by major fault structures.
Radon accumulates within the extensive carbonate aquifers associated
with the hydrostructures of the study area (Saroli et al., 2014, 2020). As
a radioactive noble gas produced by uranium decay, radon behaves as a
geochemical tracer, migrating preferentially through high-permeability
zones generated by fault-related fracture networks within the reservoir
rocks. It can also be transported along fault zones by carrier gases such
as CO4 and CH4 (Etiope and Martinelli, 2002).

The investigation focused on three spring sources that are part of a
hydrographic network originating from Monte Cassino and ultimately
discharging into the Gari River. The Cassino plain hosts an unconfined
carbonate aquifer associated with the Monte Cairo-Monte Cassino
hydrostructure, as well as a multilayered aquifer system developed
within Quaternary fluvial-lacustrine deposits. Groundwater flow
feeding the Gari springs is strongly controlled by major fault systems,
including regionally significant structures with documented Quaternary
activity, which enhance subsurface circulation and may facilitate radon
transport (Saroli et al., 2019, 2020). Three sampling sites were selected
along the Gari spring system in Cassino (Fig. 1). These sites were
selected based on their varying outlet sizes, water discharge, and tur-
bulence characteristics to enable comparison of radon emissions under
different hydrogeological and hydrological conditions. Site 1 (Gari
spring, i.e., “Sorgente del Gari”) is located behind Piazza Corte, where
groundwater emerges through fractured carbonate rocks under rela-
tively low-flow conditions and represents the primary source of the Gari
River. Site 2 (Municipal Park of Cassino, known as “Parco XV Marzo,
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Fig. 1. Geographic framework of the study area: location of Cassino (central Italy) and detailed view of the Monte Cassino area showing the three sampling sites

(springs) and the background site.

1944”) extends along a widened section of the Gari River within the
urban park area; this site corresponds to the largest outlet, characterized
by higher water discharge and localized turbulence associated with
channel morphology and hydraulic structures. Site 3 (Horti di Porta
Paldi, a public park known as “Parco del Gari”) is a historic green area
located downstream within the broader Parco del Gari. All three selected
sites feed into the Gari River, with Site 1 representing its primary source.

2.2. Measurement of radon concentration at the sampling sites

Radon levels were measured using the Aranet Radon Plus (Rn+)
sensors, wireless devices capable of detecting radon concentrations from
0 to 7900 Bq m . The sensors employ ionization chamber technology,
enabling precise, real-time radon monitoring. In addition to radon, the
sensors simultaneously recorded temperature (0-50 °C, £0.3 °C accu-
racy) and relative humidity (0-85%, +3% accuracy), providing

comprehensive environmental monitoring. The sensors recorded mea-
surements at 10-min intervals and were calibrated according to the
manufacturer's specifications before deployment.

Two complementary monitoring approaches were employed. For
continuous background monitoring, one sensor was installed on the
second-floor balcony of the Department of Civil and Mechanical Engi-
neering at the University of Cassino and Southern Lazio, in an open,
well-ventilated area approximately 180 m from the nearest spring
source. This sensor operated continuously from January 2025 to
January 2026, recording atmospheric radon levels under natural envi-
ronmental conditions and providing baseline data for comparison.

For site-specific measurements, a sensor was deployed at each of the
three spring sites. At each location, the sensor was suspended near the
spring outlet approximately 5-10 cm above the water surface to capture
radon immediately released from the water (Fig. 2). Placement on
adjacent dry land was avoided, as this would have increased the distance

Fig. 2. Details of the positioning of the sensor for in situ measurements at the three different springs.
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from the emission source and reduced sensitivity to localized degassing.
The sensor was secured using existing protective railings or fixed
structures at each site, allowing stable suspension above the water
without direct contact. Measurements were conducted for several hours
over multiple days to capture spatial variability, spanning May and July
2025.

2.3. Evaluation of the radon emission rates per unit area

To quantify radon emission rates per unit area of the spring sources, a
chamber-based accumulation method was employed at Sites 1 and 2. A
plastic storage box with a volume of 0.21 m® (80 x 60 x 43 cm), open at
the bottom, served as the accumulation chamber. Five small holes were
drilled in the top of the chamber, four at the corners and one at the
center. Ropes were threaded through the four corner holes to suspend
the entire chamber approximately 5 cm above the water surface with the
open side facing downward, while a rope through the central hole sus-
pended the radon sensor inside the chamber (Fig. 3). The configuration
prevented direct water contact while capturing radon degassing from
the water surface. Measurements were conducted during June to July
2025 (representing summer conditions) and December 2025 to January
2026 (representing winter conditions). This seasonal approach enabled
assessment of temporal variability in radon emissions and concentra-
tions between warm and cold periods. The Aranet Radon Plus sensor was
suspended inside the chamber at mid-height to monitor radon accu-
mulation over time. Measurements were conducted over 2-4-h periods
during which radon concentrations increased from background levels to
equilibrium. Each site was measured on multiple occasions (3-5 times)
across different seasons to assess temporal variability in emission rates.
Background measurements were used to establish baseline concentra-
tions for emission rate calculations. The radon emission rate per unit
area of the spring (E, Bq m? s™!) was calculated using the mass balance
equation:

(Ct - Cback)'v

E= At

(Bgm™s71) eq. 1
where C; is the radon concentration inside the chamber at time t (Bq
m™3), Cpack is the background radon concentration measured at refer-
ence location (Bq m’g), V is the chamber volume (0.21 m3), A is the
chamber base area in contact with emission source (0.48 m?), and t (s)
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represents the time duration of radon accumulation. The emission rate
per unit area of the spring was calculated from the linear portion of the
radon accumulation curve, typically observed during the first 2-4 h of
chamber deployment, before equilibrium conditions were reached.

2.4. Statistical analysis

Statistical analyses were performed using Python (version 3.12). Due
to the non-normal distribution of radon concentration data (confirmed
by Shapiro-Wilk test, p < 0.05), non-parametric tests were employed,
following established protocols for environmental radon studies (Iwata
et al., 2018; Pignatelli et al., 2025). Wilcoxon rank-sum tests (also
known as Mann-Whitney U tests) were used to compare radon concen-
trations at each site with its background level, consistent with meth-
odologies applied in previous radon monitoring studies (Fagerland and
Sandvik, 2009). Kruskal-Wallis tests followed by Dunn's post-hoc pair-
wise comparisons with Bonferroni correction were used to compare
radon concentrations among the three sites, an approach widely adopted
in environmental radon research for multi-group comparisons (Bewick
et al., 2004). Statistical significance was set at o = 0.05.

To evaluate the association between atmospheric radon concentra-
tions and meteorological parameters (temperature, relative humidity,
and atmospheric pressure), non-parametric Spearman rank correlation
coefficients (p) were calculated using hourly averaged data from the
background monitoring station. Spearman correlation was selected due
to the non-normal distribution of radon concentrations and the potential
presence of non-linear relationships between variables. Statistical sig-
nificance was assessed at o = 0.05. For descriptive purposes, the squared
correlation coefficient (p?) was used as an approximate indicator of each
variable's relative explanatory power, providing a first-order estimate of
the proportion of variance associated with the observed relationships.

Moreover, the association between background radon concentra-
tions and airborne particle concentrations in Cassino was also investi-
gated. In particular, correlations were performed with daily average
particle number and PM;( concentrations. Particle number concentra-
tion data were obtained during an experimental campaign conducted
alongside radon measurements at the background site mentioned above.
The measurements were carried out using a diffusion charger, the Par-
tector Pro 2 (Naneos particle solutions gmbh), which can measure total
particle number concentrations and size distributions of ultrafine

Fig. 3. Experimental apparatus deployed to evaluate the radon emission rate of the unit area of the two springs (Sites 1 and 2).
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particles in the range 10-300 nm with a sampling frequency of 6 s. PM;
concentrations were retrieved from the fixed sampling point placed in
Cassino by the regional Environmental Protection Agency (ARPA Lazio).
Correlations were assessed using a non-parametric Spearman rank cor-
relation coefficient calculated from daily-averaged data. In this case, p?
was similarly used to compare the relative strength of the particle
number- and PM;(-radon relationships with that observed for individual
meteorological parameters.

3. Results and discussion
3.1. Radon concentrations at monitored sites

In Fig. 4, illustrative examples of radon concentration trends
measured at the three sites, along with the simultaneous background
values, are reported to clearly illustrate the distinct behavior observed at
each site. A marked contrast emerges among the three locations. Site 2
exhibits a strong and highly elevated radon signal, consistently well
above background levels, indicating intense groundwater degassing.
Site 1 shows more moderate concentrations with fluctuations that are
comparable to background variability, suggesting a weaker or more
diffuse emission. In contrast, Site 3 is characterized by relatively stable
radon concentrations that remain consistently above background, indi-
cating persistent but less dynamic degassing conditions. These obser-
vations provide a qualitative framework for interpreting the statistical
differences among sites, which are quantified in Fig. 5.

In Fig. 5, the radon concentration statistics measured at three sites,
along with the simultaneous background levels, are presented as box
plots. At Site 1, during the monitoring period, the median radon con-
centration was 35 Bq m (interquartile range: 26-53 Bq m), signifi-
cantly higher than the concurrent background value of 18 Bq m
(interquartile range: 13-25 Bq m3 p = 0.001). However, concentra-
tions at this site remained lower than those observed at the other loca-
tions. Site 2 exhibited the highest radon levels, with a median
concentration of 287 Bq m3 (interquartile range: 157-393 Bq m~)
compared with a background median of 17 Bq m ™ (interquartile range:
14-26 Bq m~3). Concentrations at Site 2 were significantly higher than
both background (p < 0.0001) and Site 1 (p = 0.0113), as determined by
Kruskal-Wallis and post hoc pairwise comparisons. Site 3 showed in-
termediate values, with a median radon concentration of 48 Bq m—>
(interquartile range: 45-53 Bq m°), significantly higher than the
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simultaneous background (median 17 Bq m™~3; p = 0.015) but signifi-
cantly lower than Site 2 (p = 0.0092). Overall, radon concentrations
increased progressively from Site 1 to Site 3 to Site 2. On the contrary,
baseline atmospheric radon levels were consistent across measurement
periods (17-18 Bq m~>) and did not differ significantly (p = 0.977),
confirming that spatial differences observed near the spring outlets were
attributable to local groundwater emissions rather than temporal vari-
ability in background conditions. These results confirm the distinct
signal characteristics observed in Fig. 4.

The observed spatial variability is consistent with the physical
mechanisms governing radon transfer across the water-air interface.
Radon degassing is controlled by a transfer velocity coefficient that in-
creases with turbulence and water discharge. Under low-turbulence
conditions, transfer velocities are relatively small (on the order of
1075 m s™1), resulting in slower radon escape from water to air (Ongori
etal., 2015). Accordingly, the relatively stable hydrodynamic conditions
at Site 1 likely limited radon degassing despite elevated groundwater
concentrations.

More generally, radon concentrations in surface waters are regulated
by radioactive equilibrium, recoil diffusion, and losses through degass-
ing at the water-air interface (Adyasari et al., 2023; Ellins et al., 1990;
Hoehn and Von Gunten, 1989). Efficient degassing is promoted by
increased turbulence and temperature (Adyasari et al., 2023). The
substantially higher concentrations observed at Site 2, approximately 17
times background, compared with a twofold increase at Site 1, are
therefore consistent with its larger outlet size and higher discharge,
which enhance mixing and radon transfer to the atmosphere (Cartwright
and Hofmann, 2016; Cook, 2013; Mullinger et al., 2007). Together,
these results indicate that hydrological characteristics, particularly
outlet size, discharge, and turbulence, play a primary role in modulating
radon release efficiency in groundwater-fed spring systems. These
measurements confirm that spring outlets can act as localized outdoor
radon hotspots under open-air conditions.

3.2. Temporal patterns in background radon concentrations

To complement the site-specific measurements, continuous back-
ground radon monitoring was conducted over one year (January 2025-
January 2026) to characterize seasonal and diurnal variations in at-
mospheric radon levels. Understanding these temporal patterns is
essential for interpreting the contribution of groundwater sources to

Fig. 4. Illustrative example of radon concentration trends measured at the three spring sites (Site 1, Site 2, and Site 3) during the monitoring campaigns. The dashed
line represents the corresponding background radon concentration measured at the reference station. All panels share the same y-axis scale to facilitate direct

comparison among sites.
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Fig. 5. Boxplots of radon concentrations measured at the three spring sites (Site 1, Site 2, and Site 3) and corresponding simultaneous background levels. The central
red line represents the median; the box indicates the interquartile range (IQR); and whiskers extend to the 5th and 95th percentiles, excluding outliers. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

local radon concentrations and for assessing exposure risks in valley
environments like Cassino. The monitoring data revealed pronounced
diurnal patterns, with radon concentrations consistently higher at night
than during the day (Fig. 6). The dynamics of the atmospheric boundary
layer drive this pattern. During colder periods and at night, the atmo-
spheric mixing layer descends closer to the surface, reducing vertical
dispersion and enhancing the accumulation of ground-level pollutants,
including radon (Chambers et al., 2011; Zahorowski et al., 2004).
Conversely, daytime warming elevates the mixing layer, promoting
dilution and dispersion.

Radon concentrations typically increased overnight, peaking around
6:00 a.m. After this peak, concentrations declined as outdoor tempera-
tures rose and the atmospheric mixing layer elevated, promoting
dispersion. Morning peak concentrations were on average 2.3 times
higher than afternoon minimum concentrations (14:00-17:00) (Fig. 6), a
difference that was highly significant across all seasons (Wilcoxon
signed-rank test, p < 0.001). This pattern aligns with previous studies on
outdoor radon behavior, which have consistently found that radon levels
peak in the mornings, with concentrations remaining lower in the af-
ternoon (Kolarz et al., 2009; Schubert et al., 2018). The consistency of
this diurnal pattern across all seasons underscores the dominant influ-
ence of atmospheric dynamics on radon dispersion in outdoor environ-
ments, even relative to the variability of the emission factor.

In addition to diurnal variations, year-round background monitoring
data revealed significant seasonal fluctuations in atmospheric radon
concentrations. Fig. 7 illustrates the daily atmospheric radon concen-
trations measured at the background station over the one-year moni-
toring period. The dataset exhibits evident diurnal and seasonal

variability, with intermittent peak events. The mean radon concentra-
tion at the background monitoring station was highest during the
autumn (Fig. 7), while the lowest mean concentrations were recorded
during the spring. This seasonal pattern, with an autumn peak in out-
door atmospheric radon, has been consistently documented in long-term
outdoor monitoring studies and differs from the typical winter-
maximum pattern observed in indoor environments, which is due to
the reduced ventilation of the buildings during the colder season (A.
Podstawczynska et al., 2010; Bossew and Lettner, 2007; Caracci et al.,
2024, 2022, 2021).

The autumn peak observed at the background station likely reflects
the combined influence of atmospheric and soil processes. During
autumn, the progressive reduction in mixing layer height limits vertical
dispersion, while moderate surface temperatures prevent strong
convective dilution (Hayashi et al., 2015). In parallel, increased soil
moisture enhances radon partitioning from pore water into soil gas,
potentially increasing soil radon concentrations by 10-20% compared to
drier conditions (Arvela et al., 2015). These interacting factors create
favorable conditions for radon accumulation in near-surface air.

The seasonal amplitude recorded at the background station un-
derscores the importance of year-round monitoring when characterizing
baseline outdoor radon levels in geologically complex environments.

To provide a concise quantitative summary of seasonal variability,
the main statistical descriptors of atmospheric radon concentration and
meteorological parameters are reported in Table 1. Median radon con-
centrations exhibit a clear seasonal pattern, with the highest values
observed in autumn and the lowest in spring, while winter and summer
display intermediate values. The percentile ranges further highlight

Fig. 6. Median hourly radon concentrations measured at the background monitoring station during different seasons, dashed lines represent 5th and 95th values.
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Fig. 7. Daily outdoor radon concentrations measured at the background monitoring station from January 2025 to January 2026. The dashed line represents the

annual median concentration (24 Bq m~3).

Table 1

Seasonal statistics of atmospheric radon concentration and meteorological pa-
rameters measured at the background site. Values are reported as median (5th-
95th percentile range).

Radon concentration Temperature Relative humidity
(Bqm™) Q) (%)

Winter 21.2 (6.7-63.1) 12.2(7.7-17.1) 68.8% (45.3-
82.8%)
Spring 14.8 (5.3-44.7) 18.0 (11.8-26.6) 59.0% (36.2-
73.6%)
Summer  22.2 (6.8-59.3) 30.2 (23.9-39.6) 46.2% (28.9-
60.9%)
Autumn 23.8 (8.0-71.1) 19.5 (11.3-30.5) 61.3% (34.0-
79.5%)

substantial intra-seasonal variability, particularly during autumn and
winter, suggesting more frequent accumulation events under stable at-
mospheric conditions. The seasonal variation in radon concentration is
consistent with observed meteorological patterns: higher summer tem-
peratures promote atmospheric mixing, while more stable conditions in
autumn favor radon accumulation.

To further quantify the influence of meteorological conditions on the
observed temporal variability, a correlation analysis was performed
between radon concentrations and key atmospheric parameters.
Spearman correlation analysis of the hourly-averaged background
dataset (n = 4480) revealed statistically significant but moderate asso-
ciations between atmospheric radon concentrations and meteorological
parameters. Radon exhibited a weak negative correlation with air tem-
perature (p = —0.19) and a weak positive correlation with relative hu-
midity (p = 0.14), while a stronger positive correlation was observed
with atmospheric pressure (p = 0.35) (all p < 0.001). In terms of
explanatory power, individual meteorological parameters account for a
limited fraction of total radon variability (p? < 0.15), indicating that no
single variable exerts dominant control. The negative relationship with
temperature is consistent with enhanced daytime atmospheric mixing,
in which higher temperatures promote convective turbulence and a
higher boundary-layer height, resulting in more efficient vertical dilu-
tion of radon. Conversely, lower temperatures, particularly during
nighttime and colder periods, favor reduced mixing and radon accu-
mulation near the surface. The positive association with atmospheric

pressure likely reflects the stabilizing effect of high-pressure systems,
which suppress vertical mixing and prolong radon's residence time in the
near-surface layer. Overall, these results highlight that outdoor radon
concentrations are governed by multi-factorial boundary-layer dy-
namics rather than isolated meteorological drivers, despite the statisti-
cal robustness of the observed correlations.

To further test the role of atmospheric stability, the correlation be-
tween radon and airborne particle concentrations was examined.
Indeed, high airborne particle concentrations in the city of Cassino are
recognized as due to thermal inversion and a reduced boundary layer
(ARPA Lazio, 2009). The analysis revealed a moderate-to-strong, sta-
tistically significant, positive correlation between daily radon and PM;(
concentrations (p = 0.50, p < 0.001) and radon and particle number
concentrations (p = 0.34, p < 0.001) on the entire monitoring period.
These correlations were stronger (p = 0.79, p < 0.001 for PM;o and
p = 0.63, p < 0.001 for particle number) when the analysis was limited
to the colder period (November to March), i.e., when the boundary layer
is lower and thermal inversions are more frequent. These correlations
serve as a surrogate to confirm the larger effect of the mixing layer on
radon concentration relative to other meteorological parameters.

Individual meteorological parameters account for a limited fraction
of total radon variability (p?> < 0.15), whereas airborne particles, used
here as a surrogate for boundary-layer stability, explain a substantially
larger fraction of the variance (p? about 0.25 for the full dataset and up
to 0.62 during colder months for PM; ). This confirms that atmospheric
stability and mixing-layer dynamics represent the dominant controls on
outdoor radon concentrations.

3.3. Radon emission rates per unit area and seasonal variability

To quantify the radon flux from groundwater sources, emission rates
per unit area were evaluated at Sites 1 and 2 using the chamber accu-
mulation method during both summer (May-July 2025) and winter
(December 2025-January 2026) periods as described in section 2.3.

At Site 2, the calculated average radon emission rate per unit area of
the spring was 0.072 Bq m ™2 s~ ! (with a standard deviation of 0.016 Bq
m~2s1) in summer and 0.045 Bq m~2s~! (with a standard deviation of
0.019 Bq m~2 s‘l) in winter, indicating that summer emissions were
approximately 1.6 times higher than winter values. At Site 1, the

average emission rate per unit area of the spring was 0.044 Bq m 257!
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(with a standard deviation of 0.014 Bq m~2s~1) in summer and 0.055 Bq
m2s! (with a standard deviation of 0.026 Bq m~2 s_l) in winter.
Seasonal differences in emission rates per unit area were assessed using a
Mann-Whitney U test. Although median summer fluxes at Site 2 were
approximately 1.6 times higher than winter values, the difference did
not reach statistical significance. At Site 1, winter fluxes were slightly
higher than summer values; however, no statistically significant sea-
sonal difference was detected either. Overall, these results indicate that
the observed seasonal contrasts should be interpreted cautiously, as
intra-seasonal variability and limited sample size reduce statistical
power and prevent firm conclusions regarding systematic seasonal ef-
fects. These contrasting seasonal patterns between the two sites reflect
the interplay of multiple environmental factors controlling radon
emissions from groundwater. In particular, the higher summer emissions
observed at Site 2 are consistent with temperature-dependent degassing
processes. Increased water temperatures reduce radon solubility and
enhance its transfer from water to air, whereas lower winter tempera-
tures favor radon retention in the aqueous phase (Hoehn and Von
Gunten, 1989). This temperature effect is particularly pronounced at
sites with high discharge and turbulence, where efficient water-air
interface mixing facilitates rapid degassing.

To contextualize the measured emission rates per unit area, a com-
parison with reported radon fluxes from other natural surfaces is
informative. The spring emission rates per unit area observed in this
study (0.044-0.072 Bq m~2s!) exceed the UNSCEAR estimate of mean
worldwide soil radon exhalation (about 0.016 Bq m 2 s~! (UNSCEAR,
2000),) and are comparable to or higher than the upper range reported
for many soils, including fault-controlled settings. In contrast, atmo-
spheric evasion fluxes estimated for lake surfaces are typically orders of
magnitude lower (tens of Bg m~2d~}, i.e., about 10~ * Bqm 25! (Sun
et al., 2025),), reflecting weaker turbulence and distributed exchange
over larger water bodies. Fluxes measured in riverbed or sediment
contexts are also generally lower (on the order of 1073-1072Bqm 257!
(Koschorreck et al., 2022),). This comparison indicates that
groundwater-fed spring outlets can act as localized, high-intensity
degassing points, with emission rates per unit area comparable to or
exceeding typical soil exhalation rates, despite their limited spatial
extent.

Beyond process-based considerations, the magnitude of the
measured fluxes also warrants evaluation in a regulatory context. From a
regulatory perspective, European legislation establishes reference levels
for indoor radon concentrations under Council Directive 2013/59/
Euratom (European Commission, 2013), which was transposed into
Italian law through Legislative Decree No. 101/2020 (Repubblica Ital-
iana, 2020); however, these frameworks do not specify threshold values
for environmental radon emission rates per unit area or outdoor atmo-
spheric radon concentrations. Therefore, interpretation of the measured
fluxes requires comparison with international technical standards. In
China, the mandatory standard GB 50325-2020 for Indoor Environ-
mental Pollution Control of Civil Building Engineering classifies con-
struction sites according to soil radon exhalation rates. Specifically,
radon exhalation rates below 0.02 Bq m™2 s~! are classified as safe,
values between 0.05 and 0.10 Bq m~2 s™! as requiring preventive
measures, and values above 0.30 Bq m2slas necessitating mitigation
(GB 50325, 2020). In comparison, the emission rates per unit area
measured in this study remain below 0.10 Bq m~2 s~ 1; however, summer
emissions at Site 2 and winter emissions at Site 1 (0.08 Bq m—2 s’l)
approach the lower precautionary threshold. Although indoor exposure
remains the primary radiological health concern, these findings suggest
that environmental radon sources in groundwater-fed carbonate aquifer
systems may warrant consideration in land-use planning and radon risk
assessment in similar geological settings.

To further assess the potential relevance of spring outlets to the
surrounding atmospheric background, we performed a rough compari-
son of the source strength of spring degassing with that of diffuse soil
exhalation. The total emission from a spring outlet is the product
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between the radon emission rate per unit area of the spring (E, Bq m>
s™1) and the effective degassing area. Even considering the maximum
value of radon average emission rate per unit area (i.e., 0.072 Bq m 2
s! for Site 2 in summer), the total emission rate (i.e., per unit time)
would be in the range 0.1-3.6 Bq s ! if a degassing area ranging between
2 and 50 m? is adopted.

For comparison, adopting the abovementioned UNSCEAR global
mean soil radon exhalation rate (about 0.016 Bq m 2 s~! (UNSCEAR,
2000),), just 1 km? of soil emitting area would result in a total emission
rate of 16 000 Bq s~ 1. Even substantially smaller emitting surfaces (e.g.,
a few hectares) would produce source strengths orders of magnitude
greater than that of an individual spring outlet.

This comparison indicates that, although spring outlets can generate
intense radon enhancements at the microscale immediately above the
water surface, their integrated emissions are negligible relative to
diffuse soil exhalation across the broader valley floor. Consequently, the
elevated concentrations measured near the spring represent localized
degassing hotspots rather than a dominant contributor to the city-scale
atmospheric radon background. To assess whether a single spring outlet
could meaningfully affect atmospheric radon at the urban scale, an
order-of-magnitude steady-state dilution estimate can be easily per-
formed: considering the total emission of the direct source evaluated
above of 3.6 Bq s~ ! and assuming representative winter daytime con-
ditions with an effective mixing height of 100 m (Cassino may present
such limited mixing height during cold periods), a dilution over a
characteristic urban length scale of 100 m, and a mean wind speed of
1 m s}, this emission would be diluted within by an air flow rate of
about 10 000 m® s%. Under these conditions, the expected concentra-
tion enhancement would be on the order of 3.6 x 10~* Bq m~>: this
value is several orders of magnitude lower than the observed atmo-
spheric background levels (tens of Bq m™3), representing less than
0.002% of the typical background concentration. These findings indi-
cate that individual spring outlets have limited regional atmospheric
relevance despite their pronounced local intensity. These calculations
quantitatively confirm that, although spring outlets generate intense
microscale radon hotspots immediately above the water surface, their
integrated contribution to valley-scale atmospheric radon remains
negligible under realistic dispersion conditions. To provide a conceptual
synthesis of the multi-scale processes investigated in this study, Fig. 8
illustrates the contrast between localized radon enhancements above
spring outlets and their negligible contribution to valley-scale atmo-
spheric background levels.

3.4. Study strengths and limitations

This study combines direct chamber-based quantification of radon
emission rates per unit area with year-long atmospheric background
monitoring, enabling a quantitative multi-scale assessment of
groundwater-derived radon emissions. A major strength lies in inte-
grating microscale measurements from discrete spring outlets with
continuous background observations, enabling evaluation of both
localized enhancements and regional-scale relevance. The use of
nonparametric statistical methods, which are appropriate for skewed
environmental datasets, further strengthens the robustness of the anal-
ysis. Moreover, the comparison between spring emission fluxes and
diffuse soil exhalation provides a physically grounded framework for
interpreting source strength within a broader atmospheric radon budget.

Nonetheless, several limitations should be acknowledged. First, site-
specific measurements were limited to three spring outlets within a
single fault-influenced carbonate hydrogeological setting. Although
representative of similar carbonate systems, the findings may not be
directly transferable to other geological contexts without additional
validation. Second, emission rate measurements were conducted only
during summer and winter campaigns; transitional seasons (spring and
autumn) were not directly sampled for flux estimation, potentially
limiting the characterization of intermediate hydrological and thermal
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Fig. 8. Conceptual summary of radon emissions from groundwater-fed spring outlets and their atmospheric relevance across spatial scales.

conditions. Third, while the chamber-based accumulation method is
widely used and suitable for localized flux quantification, uncertainties
may arise from assumptions regarding effective degassing area, chamber
positioning, and linear accumulation intervals. Finally, the order-of-
magnitude atmospheric dilution estimate is based on simplified
steady-state assumptions and does not account for complex three-
dimensional dispersion processes; it is therefore intended as a conser-
vative first-order approximation rather than a predictive dispersion
model. The uncertainties associated with the chamber-based method are
mainly systematic and consistently affect all measurements. Conse-
quently, although they might alter the absolute values of the estimated
emission rates, they do not affect relative comparisons between sites or
seasons, ensuring the robustness of the statistical analysis.

Despite these limitations, the integrated observational design adop-
ted here provides a coherent framework for distinguishing between
high-intensity localized radon hotspots and negligible valley-scale at-
mospheric contributions. This approach may be applicable to other
groundwater-fed systems in tectonically active carbonate aquifer envi-
ronments influenced by major fault structures, where discrete degassing
points coexist with diffuse soil emissions.

4. Conclusions

This study provides a quantitative multi-scale assessment of
groundwater-derived radon emissions in a fault-influenced carbonate
aquifer system by integrating direct emission rate measurements with
year-long atmospheric monitoring. Field observations demonstrate that
spring outlets can generate pronounced localized atmospheric radon
enhancements, with concentrations up to 17 times background levels
and emission rates per unit area reaching 0.072 Bq m 2 s~l. These
findings confirm that groundwater-fed springs may act as discrete out-
door radon hotspots under open-air conditions.

Despite their high local intensity, the integrated source strength of
individual spring outlets remains limited when evaluated at the urban
scale. Order-of-magnitude dilution estimates indicate that the maximum
theoretical concentration increment attributable to a single spring
(<3.6 x 107* Bq m™>) represents less than 0.002% of the regional at-
mospheric background. Diffuse soil exhalation, therefore, remains the
dominant contributor to valley-scale atmospheric radon levels.

Background monitoring revealed persistent diurnal cycles driven by

boundary-layer dynamics, with morning concentrations averaging 2.3
times the afternoon minimum and a clear seasonal maximum in autumn.
Meteorological controls were statistically significant but individually
weak, whereas proxies of atmospheric stability (PM;o) explained a
substantially larger fraction of radon variability, highlighting the
dominant role of mixing-layer processes.

Overall, the results clarify the coexistence of high-intensity localized
degassing and negligible regional-scale contribution within
groundwater-dominated systems. By explicitly quantifying both emis-
sion fluxes and atmospheric response across spatial scales, this study
refines the understanding of radon source apportionment in carbonate
aquifer systems influenced by major fault structures and tectonic ac-
tivity. Incorporating discrete groundwater-fed emission points into
regional radon assessment frameworks may improve the representation
of spatial heterogeneity in outdoor radon distributions, particularly in
carbonate terrains where fault-controlled groundwater circulation en-
hances radon transport.
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