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ldenti cation and
characterization of gamma
radiation anomalies along the
Trieste—Panarea routes
aboard R/V Laura Bassi

Behzad Salmassian, Massimiliano lurcev®, Alessio Trebbi
and Franco Coren

National Institute of Oceanography and Applied Geophysics (OGS), Centre for Management of
Maritime Infrastructure (CGN), Sgonico, Trieste, Italy

Objective: This study aimed to identify, characterize, and determine the origin of
semi-persistent gamma radiation anomalies in the Adriatic Sea along the Trieste-
Panarea transect, establishing a high resolution radiometric baseline and
assessing the in uence of environmental parameters.

Methods: In situ gamma-ray spectrometry was conducted using an RS-250 Nal
(TI) detector aboard the R/V Laura Bassi during four research cruises, covering a
total distance of over 2500 nautical miles. The spectrometer was con gured with
1024 energy channels with range 3 keV and provided a resolution of 6-7% at the
662 keV photopeak of *’Cs. More than 4000 recordings of the total gamma-ray
count rate and full-spectrum data were collected. These radiological data were
precisely synchronized and correlated with contemporaneous bathymetric, wind
speed, air temperature, and humidity data.

Results: Three persistent anomaly regions were identi ed in the Central Adriatic,
Southern Adriatic, and Strait of Otranto, with peak total counts per 10-minute
sample of 34,659, 76,854, and 32,415, respectively. Spectral analysis revealed
these are primarily sourced from natural Uranium (2**Bi, 2**Pb), Potassium (*°K),
and Thorium (?°®TI, 2'2Bi) decay series radionuclides, with a negligible
anthropogenic **’Cs contribution. Correlation analyses showed weak
relationships with environmental variables (R < 0.25 for wind, temperature,
humidity, depth), con rming the anomalies are not artifacts of atmospheric or
surface conditions but are linked to seabed processes.

Conclusion: The identi ed anomalies are natural features resulting from the
oceanographic focusing of clay-rich, radiogenic sediments in speci ¢
depositional zones. This work provides a validated methodological inspection
framework and a critical baseline for future geophysical mapping, environmental
monitoring, and radiological assessment in the research cruises.
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1 Introduction

The Marine Gamma-ray Spectrometry (MGRS) provides an
effective method to directly decode the hidden geochemical tapestry
of the sea oor, providing detailed information into its formation
and composition (Jones, 2001). Its fundamental principle lies in
detecting the gamma-ray emissions from radionuclide elements,
providing a non-invasive proxy for the mineralogical and chemical
composition of the submerged substrate ((IAEA), LAE.A., IAEA-
TECDOC-1363, 2003). This is particularly valuable in marine
environments, where continuous, high resolution spatial data can
be acquired ef ciently over large areas that are otherwise dif cult to
sample directly (Tyler, 1994). From a geological perspective, MGRS
data are indispensable for sediment provenance studies and
mapping lithological variations (Wilford and Minty, 2006).
Elevated concentrations of Thorium and Potassium, for instance,
are strongly correlated with clay rich deposits and Potassium
bearing minerals like feldspar, helping to distinguish these from
quartzes sands or carbonates (Dickson and Scott, 1997).
Geophysicists integrate these radiometric patterns with other
datasets like seismic re ection pro les and bathymetry to
reconstruct paleo depositional environments and sediment
transport pathways. A premier application of MGRS is the
identi cation of hydrothermal alteration zones associated with
sea oor vent systems. Circulating hydrothermal uids can
selectively leach, transport, and re precipitate radionuclides,
particularly Uranium and Radium decay series, creating sharp
and detectable anomalies at the sediment water interface. These
anomalies act as a direct indicator of subsurface uid ow processes
and mineralization (Beamish and Farr, 2013). Furthermore, MGRS
contributes signi cantly to structural geology and resource
exploration. Fault systems and fracture zones, which can act as
conduits for uid ow, often present as linear radiometric features.
Similarly, placer deposits containing heavy minerals like monazite
(enriched in Th) or zircon (enriched in U) can be located through
their distinct spectral signatures (Dickson and Scott, 1997). By
providing a unique window into the geochemical properties of the
sea oor, MGRS is an essential component of integrated marine
geological mapping and a powerful method for understanding uid
rock interactions at a fundamental level.

On the other hand, MGRS serves as a critical monitoring tool
for detecting and mapping the distribution of anthropogenic
radionuclides in sea oor sediments and the water column
(Aarkrog, 2003). Its fundamental principle lies in identifying the
distinct gamma-ray emissions from human made isotopes,
providing a non invasive method to trace contamination events
and assess their environmental persistence ((IAEA), LAEA.,
IAEA-TECDOC-1363, 2003). This is particularly valuable in
marine environments, where it allows for the rapid screening and
spatial delineation of contamination over large areas that are
dif cult to sample conventionally (Tyler, 1994). From an
environmental perspective, MGRS data are indispensable for
identifying the source term and dispersal pathways of
anthropogenic releases (Livingston and Povinec, 2002). The
detection of **'Cs, for instance, provides a de nitive ngerprint
of global fallout from mid 20th century atmospheric nuclear
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weapons testing, which serves as a widespread baseline for
contamination (Aarkrog, 2003). Geophysicists and
oceanographers integrate these radiometric maps with ocean
current and sedimentological data to model the long term
transport and sequestration of radioactive contaminants. A
premier application of MGRS is the investigation of major
accidental releases from events such as the Chernobyl and
Fukushima Daiichi nuclear disasters. These events introduced
signi cant quantities of **’Cs, ®°Sr, and other isotopes into the
marine environment, creating sharp and detectable anomalies that
can be tracked over time and distance (Povinec et al., 2003). These
anomalies act as a direct tracer for studying oceanic mixing
processes, sediment accumulation rates, and biological uptake
(Livingston and Povinec, 2002). Furthermore, MGRS contributes
signi cantly to monitoring compliance and environmental impact
assessment near nuclear facilities. Authorized, low level liquid
discharges from nuclear reprocessing plants can create localized
radiometric signatures that require careful distinction from global
fallout. Similarly, the technique can be deployed to survey and
locate submerged anthropogenic objects such as lost radioactive
sources or sunken vessels with nuclear materials ((IAEA), LAE.A,
IAEA-TECDOC-1363, 2003). By providing a unique window into
the presence and behavior of human introduced radioactivity in the
sea oor, MGRS is an essential component of international
radiological surveillance and a powerful method for
understanding the long term fate of anthropogenic contaminants
in the marine environment.

It is worth mentioning that, MGRS also detects cosmogenic
radionuclides, such as Beryllium-7 series, produced in the
atmosphere by cosmic ray spallation (Lal and Peters, 1967).
While their signal is often minor compared to primordial
backgrounds, "Be short half-life (53.3 days) makes it a valuable
tracer for studying recent sedimentation, particle adsorption, and
short term mixing processes in the upper water column and surface
sediments (Fitzgerald et al., 2001).

MGRS detects radiation anomalies that exhibit distinct spectral
signatures, spatial distributions, and geological contexts, each
indicative of different sources and implications. Various studies
have been conducted in this eld (Abdelhakim, 2025).
Anthropogenic anomalies, characterized by isotopes like **'Cs or
%9Co, typically arise from nuclear accidents, permitted discharges,
or historical waste dumping. These point sources often display
sharp concentration gradients and require monitoring due to their
potential ecological and health impacts. In contrast, natural
anomalies may re ect geological processes such as hydrothermal

uid venting, phosphate nodule deposits, or placer concentrations
of heavy minerals like monazite (***Th-rich) and zircon (**®U-rich).
Such anomalies provide insights into sediment provenance, mineral
resources, and active sea oor processes. Cosmogenic contributions
including "Be are generally transient and homogeneous but may
accumulate in depositional zones. Additionally, false anomalies can
emerge from methodological artefacts such as radon gas

uctuations, changes in water depth, or equipment drift. Thus,
accurate interpretation of MGRS data relies on discriminating
between these sources through spectral analysis, spatial
correlation with bathymetric or geological features, and
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comparison with established baselines ((IAEA), LAE.A. IAEA-
TECDOC-1363, 2003). These anomalies correlating their
distribution not just with proximity to known sources, but with
complex environmental parameters that govern their transport,
sequestration, and detection. A primary correlation is established
with oceanic current patterns and sediment logical parameters, as
these directly control the advection and ultimate deposition of
particle reactive radionuclides like >**Pu isotopes and **’Cs onto
the sea oor (Periazez, 2019). Crucially, atmospheric conditions
including wind speed, direction, and humidity are key parameters
correlated with the deposition and re-suspension of volatile
radionuclides following atmospheric releases, directly in uencing
the initial input function and creating depositional anomalies
(Hirose et al., 2008). Furthermore, oceanographic parameters
such as water temperature and salinity are signi cantly correlated
with the solubility, chemical speciation, and bioavailability of
radionuclides, affecting their dispersion and incorporation into
the marine food web (Povinec et al., 2003). Beyond physical
transport, research correlates anomalies with bathymetric
features; deep sea trenches and basins act as ultimate sinks,
concentrating particulate bound radionuclides, while shallow
shelves and slopes are prone to re suspension events driven by
bottom currents (Sanchez-Cabeza and Ruiz-Fernandez, 2012).
Biological parameters are also critical, as high productivity zones
can enhance the vertical ux of radionuclides through scavenging
by phytoplankton and incorporation into biological pump
processes, creating anomalies divorced from direct source input
(Fisher et al., 2013). Methodologically, distinguishing a true seabed
anomaly from a false signal requires correlation with in situ water
depth and the overlying water columns attenuation properties,
which directly impact the measured gamma-ray ux (Jones, 2001).

Advanced studies now integrate these correlations into
sophisticated dispersion models, using multi parameter data to
backtrack anomalies to their source, predict long term fate, and
differentiate between the complex legacies of global fallout, regional
accidents, and localized discharges (Periazez, 2020). Numerous
national and international programs are actively advancing ocean
gamma spectrometry to monitor marine radioactivity, support
environmental protection, and study oceanic processes. The
global Marine Radioactivity Information System (MARIS),
maintained by the 1AEA, serves as a pivotal global database with
over half a million measurements of radionuclides in seawater,
biota, and sediments, enabling trend analysis and radiological
assessments ((IAEA), 1991). These collaborative and standardized
approaches, integrating data from diverse sources like nuclear
facilities, scienti c¢ expeditions, and climate studies, are critical for
understanding natural marine processes, assessing human impacts,
and informing global policies on marine radiation safety.

Building upon this context and focusing on the complex marine
settings of the Adriatic and Tyrrhenian Seas, this study addresses
three sequential objectives: (1) to discriminate the source of semi
persistent offshore gamma-ray anomalies along the Trieste to
Aeolian Islands transects through spectral analysis; (2) to quantify
correlations between these radiometric signatures and concomitant
environmental and operational parameters, including bathymetry,
meteorological factors, and vessel operational parameters; and (3)
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to initialize the foundational framework for a real-time diagnostic
methodology. The implementation of this approach successfully
differentiates between natural, anthropogenic, and instrumental
sources, with results demonstrating strong agreement with
discrete sample analyses literature. Critically, this integrated
analysis enables, for the rst time, the generation of a continuous
map of radiometric variation along the survey track. This
advancement provides a signi cant tool for radiological
assessment and marine radiation protection. By prototyping a
system for the synergistic, real-time processing of spectral and
oceanographic data streams, this work transcends a case-speci ¢
analysis, offering a scalable framework to enhance operational
monitoring, geophysical prospecting, and environmental baseline
establishment in marine science.

2 Materials and methods

This section rst presents the study area, encompassing the
Adriatic Sea and Aeolian Islands. It then describes the R/V Laura
Bassi and its radiation monitoring system, the primary data collection
instrument. Following this, the theoretical framework underpinning
the analysis is outlined. Subsequent subsections detail the data
processing and spectral analysis methodology, de ne the ag
radionuclides for each source category, and explain the statistical
procedure for anomaly detection. Finally, the section concludes with
an analysis of the associated measurement uncertainties.

2.1 Study area: a multi-source radionuclide
environment from the Adriatic Sea to
Aeolian Islands

This study investigates a diverse marine environment stretching
from the land in uenced waters of the northern Adriatic Sea to the
volcanically active region surrounding the Aeolian Islands. This transect
presents a unique opportunity to examine how different processes
contribute to the presence of radionuclides in seawater. The aim is to
establish a framework that considers not only the underlying geology
but also a spectrum of potential sources, including hydrothermal
venting, anthropogenic inputs, and cosmogenic production.

The Adriatic Sea itself is a semi enclosed basin, exhibiting strong
latitudinal gradients. The northern Adriatic is shallow, with its
northwestern end being only meters deep, and receives signi cant
freshwater and sediment input from major rivers like the Po, which
drains a large industrialized and agricultural watershed. In contrast,
the southern Adriatic is deeper, with a maximum depth of more
than one thousand meters in the South Adriatic Pit (SAP), and
experiences greater in uence of open ocean water masses from the
lonian Sea. These characteristics make the Adriatic highly sensitive
to both terrestrial anthropogenic in uences and natural
oceanographic processes (Blake and Topalovic, 1996).

At the southern end of this transect lies the Aeolian Islands,
located at approximately southern of the Tyrrhenian Sea
(Gabbianelli et al., 1990). Panarea is distinguished from its
neighbors by its extensive submarine hydrothermal eld,
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FIGURE 1
Installation of the RS-250 spectrometer.

Radiometer
position

characterized by gas vents and fumaroles, such as those near the
village of Punta di Peppe e Maria and at Calcara beach, which alter
the local seawater chemistry. This active venting is a signi cant
point source for geogenic radionuclides, such as those from the
Uranium and Thorium decay series. This island and entire Aeolian
islands are a UNESCO World Heritage Site due to its outstanding
volcanic features (Barreca et al., 2014).

The broader region is geodynamically active, resulting from the
convergence of the African and Eurasian plates. The Aeolian Islands
represent a volcanic arc, with the Lipari Vulcano complex being
in uenced by signi cant tectonic structures like the Aeolian Tindari
Letojanni fault system. This tectonic setting provides the heat
source and uid pathways that sustain the hydrothermal activity
observed around different Aeolian Islands.

Therefore, the area of investigation encapsulates a clear gradient
from the stable, river dominated, and potentially anthropogenically
in uenced system of the Adriatic Sea to the dynamic, magmatically
active point source at Aeolian Islands. This contrast is ideal for
disentangling the signatures of diverse radionuclide sources, which
will be explored in detail in the subsequent sections.

2.2 The R/V Laura Bassi and its radiation
monitoring system

Routine monitoring of ambient gamma radiation was conducted
using an RS-250 portable gamma-ray spectrometer (Radiation
Solutions Inc.), operated with RadAssist (v6.2.83.0) and DgsAssist
(v1.7.9.0) software. This instrument is a sodium iodide [Nal(TI)]-
based system designed for the in-situ identi cation and quanti cation
of gamma-emitting radionuclides in environmental matrices.

For the present study, the spectrometer was deployed ina xed-
geometry con guration aboard the R/V Laura Bassi. The unit was
permanently installed on the vessel s upper bridge deck as it is
shown in Figure 1. This platform-mounted con guration facilitated
continuous, long-term, route-based environmental surveillance.
The primary objectives of this setup were: (1) to establish a
baseline of ambient gamma radiation levels across the survey
regions, and (2) to detect and characterize anomalous spectral
signatures indicative of elevated atmospheric radioactivity or
contamination events (lurcev et al., 2025).
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2.2.1 Gamma spectrometry system: instrument
speci cations and calibration

This subsection details the hardware, software, and calibration
procedures to ensure traceable measurements.

+ Detector: Thallium-doped sodium iodide [Nal(TI)]
scintillation crystal, 3 3 inches, coupled to a
photomultiplier tube (PMT).

+ Spectrometer Model: RS-250 (Radiation Solutions Inc.).

+ Control & Analysis Software: RadAssist (v6.2.83.0),
DgsAssist (v1.7.9.0), and OceTra (v1.1.2).

+ Calibration &amp; Certi cation: The full energy and dose rate
calibration was performed by Radiation Solutions Inc.
(Certi cate No. 67-87570, July 14, 2023). Annual re-calibration
is performed by the same company to maintain traceability.

« Calibration Source: Initial calibration has done by **”Cs with
activity 3.28 TBg/6.3 GBq source with calibration method of
transfer standard and a 10 Ci point source of Novosal
Hyposodic Salt (containing potassium at 28.5% enrichment)
was used for routine energy calibration, veri cation of Full
Width at Half Maximum (FWHM), peak tting quality, and
energy gain stability.

+ Data Format: Spectra and data were recorded in both ANSI
N42.42 and CSV formats.

+ Integration with Vessel Systems: The spectrometer was
connected to the ships internal network via Ethernet. Its
integrated GPS was synchronized with the vessels primary
GPS for spatial referencing.

It is worth mentioning that, to further support the reproducibility of
such measurements, the raw data from an equivalent monitoring setup
have been published in another article of team (lurcev et al., 2025).

2.2.2 Measurement parameters and data
acquisition

The primary radiometric variable analyzed is the Total Counts

(TC), de ned as the total gamma-ray counts accumulated over each
10-minute sampling interval.
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For all measurements presented in this study, the spectrometer
was operated with the following xed parameters:

+ Counting Time/Sampling Interval: 10 minutes per spectrum.

+ Energy Range &amp; Channels: The spectrum was recorded
across 1024 channels, covering a full energy range from 0 to
3.072 MeV.

+ Energy Resolution: Approximately 7 10% FWHM at 662
keV (~3 keV).

+ Count Rate Limits: The system was set to record up to 50,000
counts per second, with a maximum of 1,000,000 counts per
10-minute sample.

« Sample Pretreatment Procedure: Not applicable.
Measurements were conducted in situ on ambient marine
aerosols without any physical sample collection or
laboratory pretreatment. The reported activities are based
on direct spectroscopic analysis of the airborne
radionuclides intercepted by the detector.

« Output Units: Activity reported as counts per 10-minute
sampling interval. Ambient dose rate reported in Gray per
hour (Gy/h).

2.2.2.1 Parameters uncertainties

The analysis in this study is derived from radiometric data
acquisition; consequently, all stated uncertainties originate from
this process. The predominant source of uncertainty is the
integration time of the spectrometer, which is 10 minutes for
each measurement. All subsequent uncertainty calculations are
based on this interval. It should be noted that overall analytical
uncertainty can arise from both intrinsic instrument characteristics
and the data collection methodology.

2.2.2.1.1 Latitude and longitude uncertainty

The positional uncertainty associated with each gamma-ray
spectrum stems from the vessel s motion during the 10-minute
acquisition window. The R/V Laura Bassi logs GPS positions
(WGS84 datum) at one-minute intervals with centimeter-level
precision. This speci cation is documented and certi ed in the
vessel s technical manual; however, this manual is not available
online. To access it, one must contact the manufacturer of the
Kongsberg Seapath 380 (with MRU5) system directly to request the
of ine documentation for part number SEAPATH 380. However, as
the radiometer integrates signal over a 10-minute period, the
effective location of the measurement is ambiguous between the
start and end points of this interval.

For a conservative (worst-case) estimate, the following
assumptions are applied:

The vessel moves at its maximum operational speed of 13 knots
( 6.69 m/s).

The positional uncertainty is de ned as the maximum possible
displacement from the point selected to represent the integration
period (here, the midpoint).
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The vessel s GPS update interval (1 minute) contributes a
negligible error relative to the displacement over 10 minutes.

Given a 10-minute integration, the maximum temporal offset
from the representative midpoint is 5.5 minutes (5 minutes to the
interval s start + 0.5 minutes for GPS timestamp alignment). The
resulting maximum linear displacement is:

(5.5 min 13 knots  1.852 km/knot)/60 min/h  2.16 km.

Converting this to angular displacement (where 1 of latitude/
longitude 111 km):

2.16 km/111 km/  0.019 .

This is worth mentioning consideration, this conversion factor
can vary in the different regions but this amount is effectively
considerable in this working area.

Therefore, the estimated maximum positional uncertainty is
—0.019 . To conservatively account for this, reported coordinates
are rounded to two decimal places of a degree.

2.2.2.1.2 Dose rate uncertainty

The uncertainty in the calculated ambient dose equivalent rate
(H*(10)) originates from two primary sources: the intrinsic noise of
the spectrometer and the uncertainty in the conversion from TC to
dose rate. The instrument s inherent uncertainty is de ned by the
manufacturer s speci cations (RS-250 catalogue). An additional
systematic uncertainty arises from the application of the energy-
dependent conversion coef cients (Liu et al., 2022). Based on a
synthesis of these factors, a combined standard uncertainty of 1 nSv
h™ is assigned to the reported dose rates for gamma-
ray measurements.

2.2.2.2 Ancillary meteorological measurement parameters

To investigate correlations between atmospheric conditions and
radiation variations, continuous meteorological data were collected
aboard the Laura Bassi using a Vaisala WXT530 Series Weather
Transmitter. This instrument provides high-resolution, co-located
measurements of key atmospheric variables that in uence aerosol
transport, cloud formation, and air density all factors affecting
ambient radiation elds.

The xed operational parameters and measurement
speci cations for each variable are as follows (Oyj, 2023):

2.2.2.2.1 Wind

Wind dynamics in uence the advection and dispersion of
radionuclide-carrying aerosols. The sensor reports:

Speed: Resolution of 0.1 m/s, within a range of 0 60 m/s
(reportable up to 75 m/s).

Direction: Resolution of 1, across a full azimuth range of
0 360 .

2.2.2.2.2 Atmospheric pressure

Pressure is a key indicator of synoptic weather systems and
affects air density, which in turn in uences gamma-ray attenuation.
The sensor measures:

Resolution: 0.1 hPa.
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Range: 500 to 1100 hPa.

2.2.2.2.3 Air temperature

Temperature pro les affect atmospheric stability and convective
mixing, which can alter near-surface radionuclide concentrations.
The sensor provides:

Resolution: 0.1 C (or 0.1 F).

Range: 52 to +60 C ( 60 to +140 F).

2.2.2.2.4 Relative humidity

Humidity affects both aerosol particle size and the attenuation
of low-energy gamma rays. The sensor measures:

Resolution: 0.1% RH.

Range: 0 to 100% RH (Qyj, 2023).

All parameters were recorded synchronously with radiometric
data at con gurable intervals, enabling time-series analysis of
meteorological in uences on observed radiation levels.

2.2.3 Data recording research cruise legs

The data collection for this study was conducted during the
2024 2025 Antarctic campaign, the 2025 Summer campaign, and
the 2025 Antarctic campaign expeditions aboard the R/V Laura
Bassi. These campaigns were structured into four distinct legs:

+ Leg 0: 15th - 19th April, from Aeolian Islands to Trieste.

+ Leg 1: 26th August - 4th September, from Trieste to
Aeolian Islands.

¢+ Leg 2: 5th - 15th September, Aeolian Islands to Trieste.

+ Leg 3: 4th Oct - 9th November, from Trieste to
Aeolian Islands.

The geographical tracks of all four legs are illustrated in
Figures 2 6, providing a visual representation of the
spatial coverage.

2.3 Theoretical framework for anomaly
interpretation

This section outlines the theoretical framework developed to
interpret the observed anomalies in the detector s count rate. The
model conceptualizes the detected signal as a function of three
sequential physical processes: 1) the spatial and temporal
distribution of radionuclides within the detector s effective eld of
view; 2) the transport of gamma-rays from the source to the
detector through a variable medium; and 3) the nal interaction
within the detector and its subsequent response. The formulations
are developed with a focus on the key environmental and
operational parameters present in this research, deliberately
setting aside secondary effects for clarity.

2.3.1 Spatial and temporal distribution of
radionuclide sources

The primary source of the detected signal is the concentration

of radionuclides within the detector s effective window, de ned by
its solid angle and the effective penetration depth of gamma-rays in
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Radiation survey map with anomalies in leg O.

the medium (air, metal and water). The total contribution is
modeled by discretizing this volume into a 3D grid and summing
the activity of all radionuclides across all grid cells. The general form
of the total concentration is given by Equation 1:

Ctotal

N LMKk
=0000¢C(xy,2) €))

i=1x=1y=1z=1

where:

+ i is the index of the radionuclide type.
* X, Y, z, are the discrete grid coordinates.

C(i, x, y, z) is the concentration of radionuclide i in grid cell
Y, 2).
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Radiation survey map with anomalies in Leg 1.
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It is critical to note that the detected signal originates not only
from the primary photopeak emissions of each source but also
includes signi cant contributions from other gamma energy levels,
particularly from Compton scattering events and even gamma
levels with less hindrance factor.

To model the dynamic behavior, the rate of change of concentration
for a speci ¢ radionuclide in a given grid cell i is governed by a
differential equation (Equation 2) that accounts for transport and decay:

dc,

n n
E = OlkJICJ 1kijCi IiCie it + fji I]Cje It (2)
]: =

]

where:

« The rsttwo terms represent the transport into and out of
cell i, with rate constants k.

+ The third term is the radioactive decay of radionuclide i.

« The fourth term represents the ingrowth from the decay of
parent radionuclides j.

A key dependency in this model is the in uence of
environmental advection on the transport rate constants. For
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Radiation survey map interpolation in anomaly region.

instance, over short timescales, wind speed and direction are the
primary drivers, such that (Equation 3):

C kij(wind)

While parameters like humidity, temperature, and depth do not
appear directly in Equation 2, their in uence is critical as boundary
conditions. They govern the physical processes of injection and
ejection of radionuclides at the interfaces of the system including
sea-to-air ux, and sedimentation.

2.3.2 Gamma-ray transport: scattering and
attenuation

As gamma-rays travel from their source to the detector, they are
subject to scattering and absorption. The intensity | of a collimated
beam of gamma-rays after traversing a distance d in a homogeneous
medium is given by the Beer-Lambert law (Equation 4):

I = Ioe (m:r)d

©)

+ where: | is the initial intensity at the source.

« m=r is the mass attenuation coef cient (cm /g).

+ dis the areal density (g/cm ), often written as rg, where r is
the material density.

The total linear attenuation coef cient m is derived from the sum
of individual interaction cross-sections per atom (Equations 5, 6):

©)

m
— = Syt=UA
r tot

Stot = Spe * Scoh * Sincoh Spair + Strip + Sph:n:

(6)
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Where s, is the atomic photoeffect cross section, sq,, and
Sincon are the coherent (Rayleigh) and the incoherent (Compton)
scattering cross sections, respectively, Spair and Sy, are the cross
sections for electron-positron production in the elds of the nucleus
and of the atomic electrons, respectively, and Sy,,is the
photonuclear cross section.

In the real environment, the path between a source grid cell and
the detector is a mixture of air, water, and vessel structures. The
total attenuation is therefore the sum of the contributions from each
material (Equation 7):

I =1lge O (M=ry)d; )

Here, environmental conditions such as temperature and
humidity exert a signi cant indirect in uence. They alter the
density (r) of the air and, to a lesser extent, water, thereby
modifying the areal density (ry) and the overall attenuation along
the path (Krane, 1991).

2.3.3 Detector response and nal count rate
synthesis

The nal stage of the model accounts for the detectors
response. The measured total gamma-ray counts accumulated
over each 10-minute sampling interval (TC) is not a direct
measure of the incident radiation eld but a complex signal
shaped by the detector s intrinsic physics and its operational
environment. The TC pector €8N be conceptualized as Equation 8:

®

TCostector = TCreal + TCartifacts

Where:
TCrea IS the desired signal originating from the natural
radioelement concentrations including Potassium, Uranium,
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Thorium series, also possible anthropogenic radionuclides
including Cesium and Cobalt series in the study area.

TCaritacts €Ncompasses all confounding factors, including
instrumental nonlinearities (such as pulse pileup and dead time)
and also environmental condition effects on detector response (such
as temperature and humidity) which is claimed compensated
by producer.

The performance of the detector material itself is largely
governed by the physics described by the attenuation coef cients,
which determine the probability of a gamma-ray interacting within
the detector crystal to produce a countable pulse (Knoll, 2010).

2.3.4 Synthesis of theoretical contributions

The correlation between environmental parameters wind,
temperature, depth, and humidity and the total recorded TC is
not governed by a single mechanism. Instead, it emerges from the
combined and sequential in uence of these parameters on the
coef cients within the integrated model. So what will be seen in
the 4.4 Correlation with Bathymetric and other Features, will show
overall affect not only one part.

2.4 Data processing and spectral analysis
methodology

2.4.1 Raw data extraction from N42
processing

les and pre-

The extraction of spectral channel data is performed in compliance
with the certi ed ANSI/IEEE N42.42 data format standard. For the
purposes of this work, a dedicated C code module was developed to
parse the N42 XML structure and retrieve all measurement parameters.
The core routine locates the <ChannelData> element, whose
textual content contains the raw, space-separated spectrum.
A critical implementation detail is handling the optional
compressionCode= CountedZeroes attribute, which signi es that
consecutive zero-count channels are run-length encoded for example

05 denotes ve zero-count channels.

Concurrently, the module extracts essential metadata from
sibling elements, including timing information, geographical
coordinates, and energy calibration coef cients. The integrity of
the extraction process requires careful consideration of the N42.42
schema de nitions to ensure all data relationships are preserved and
correctly interpreted.

This process yielded, for each 10-minute measurement, a 1024-
channel array of raw counts and its associated metadata
(timestamp, GPS coordinates).

2.4.2 Energy calibration and spectrum
stabilization

The extracted raw channel data were converted from channel
number to energy (keV) using the linear calibration coef cients
(Energy =a Channel + b) derived from the instrument s annual
calibration and veri ed daily using the onboard “°K check source. A
background reference spectrum, representative of open-sea
conditions away from identi ed anomalies, was averaged from
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multiple recordings and subtracted from each measured spectrum
to remove the contribution of the instrument s intrinsic background
and constant cosmic component.

2.4.3 Spectral analysis and radionuclide
quanti cation

Peak identi cation: Photopeaks in the background-corrected
spectra were identi ed using a rst-derivative peak search
algorithm, focusing on the characteristic energies of the ag
radionuclides including 609.3 keV for 2Bi, 1460.8 keV for “°K,
661.7 keV for *¥'Cs,

Net peak area calculation: For each identi ed photopeak, the
net photopeak counts (NnetNnet) were calculated using Equation 9:

Nnet = Ngross Nbg (9)

where:

Ngros = total counts within the photopeak s Region of
Interest (ROI).

Npy = estimated background counts under the photopeak,
modeled from the adjacent Compton continuum via linear
interpolation between ROI boundaries.

Signal-to-noise ratio (SNR) determination:

The statistical signi cance of a radionuclide detection was
evaluated using its Signal-to-Noise Ratio (SNR). In accordance
with Currie s detection limits for gamma-ray spectrometry, the
SNR was calculated using Equation 10:

SNR = Npe=Sy (10)

net

where sy is the standard deviation of the net photopeak

counts. Under Poisson statistics, this uncertainty is expressed using
Equation 11:

q

SNy = Nbg + Ngross (11)

net

Thus, the SNR simpli es to Equation 12:

Nret — r_"\lgross Nhg

SNR = p
HNbQ + NQFOSS HNbg + Ngross

(12)

A detection was considered statistically signi cant for SNR 3,
corresponding to a con dence level exceeding 99.7% under the
assumption of normal distribution for net counts.

2.4.4 Correlation with environmental parameters

The TC and ag radionuclide net count rates per sampling time
were synchronized with co-located bathymetric and meteorological data
(wind speed, air temperature, relative humidity) using UTC timestamps.
Linear Pearson correlation coef cients (r) and the coef cient of
determination (R ) were calculated to quantify the relationship
between radiometric variables and each environmental parameter.

2.4.5 Pearson correlation formula

The linear Pearson correlation coef cient g between two
synchronized variables x for example a TC and y for example an
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environmental parameter such as wind speed for n paired
observations was calculated using Equation 13:

_ qORti X0 )
oL X )

Oy (13)

Where:

x; and y; are the individual sample points (synchronized by
UTC timestamp) indexed by i.

x and y are the sample means of the radiometric variable and
the environmental parameter, respectively.

n is the number of paired samples.

The coef cient of determination R? was subsequently derived as
R? = rfy, representing the proportion of variance in the radiometric
signal explained by the linear relationship with the environmental
parameter (Pearson, [[NoYear]]).

2.5 Flag radionuclides

The identi cation of speci ¢ ag radionuclides is fundamental
to interpreting in-situ Gamma-ray spectra in the marine
environment. These radionuclides serve as unique ngerprints,
allowing for the immediate classi cation of detected radiation into
its source of origin: natural terrestrial processes, human activities, or
cosmogenic production. For a Nal(TI) scintillator positioned on the
upper deck of vessel, the measured spectrum is a composite of signals
from atmospheric aerosols, sea spray, and ambient background
radiation. The following subsections detail the key gamma-emitting
radionuclides within each category that are most relevant for this
measurement geometry.

2.5.1 Natural radionuclide ags

The natural Gamma-ray background is dominated by the
primordial decay chains of Uranium and Thorium, along with the
ubiquitous Potassium. The most prominent spectral features
originate not from the parent nuclides themselves, but from their
short-lived progeny, which become airborne through the emanation
of radon gas ???Rn and ??°Rn and the suspension of dust and sea
spray. The primary ag for the Uranium series is the pair 2*Bi, with
its distinct 609.3 keV gamma line, and 2“Pb, emitting at 351.9 keV.
For the Thorium series, 2®Tlisa key ag, identi ed by its 583.2 keV
and high-energy 2614.5 keV emissions. The presence of the natural
background is semi-consistently con rmed by the 1460.8 keV
gamma-ray from “°K.

2.5.2 Anthropogenic radionuclide ags

Anthropogenic radionuclides are human-made and indicate the
presence of contamination from nuclear weapons testing, nuclear
accidents, or industrial releases. Their detection in the marine
atmosphere is a clear signature of such activities. The most
signi cant and persistent anthropogenic ag is '*'Cs, which emits
a characteristic gamma-ray at 661.7 keV. Its presence is often a direct
indicator of global fallout or speci c incident releases. In the event of
a recent release, 1**Cs, with its 604.7 and 795.8 keV emissions, and
131) with a dominant 364.5 keV gamma-ray, serve as critical short-
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term ags. The detection of any of these nuclides above background
levels warrants further investigation into their source.

2.5.3 Cosmogenic radionuclide ags

Cosmogenic radionuclides are produced continuously in the
upper atmosphere by the interaction of cosmic rays with atomic
nuclei. They are useful as tracers for atmospheric circulation and
mixing processes. The most readily detectable cosmogenic ag with
a gamma spectrometer is Beryllium-7 ("Be). It has a half-life of 53.3
days and produces a well-de ned gamma peak at 477.6 keV, making
it a common and identi able feature in spectra from air Iters and
atmospheric measurements. While other cosmogenic radionuclides
like *C or °Be are highly relevant in oceanography, they are pure
beta emitters and are not detectable with gamma spectrometry, thus
falling outside the scope of this in-situ measurement technique
(Povinec et al., 2008; Lee, 2017).

2.6 Statistical de nition and detection of
gamma-ray anomalies

In this study, a gamma radiation anomaly is quantitatively
de ned as a statistically signi cant elevation above the local, natural
background. Given the established variability in background
radiation across different marine regions, employing a single
global threshold is inappropriate. Therefore, a dynamic, moving-
window statistical approach was implemented to calculate anomaly
thresholds speci ¢ to each geographical area. The procedure for
de ning and identifying anomalies consisted of three key steps as it
its owchart shown in the Figure 7:

The rationale for selecting the numbers 5 and 30 is that,
according to references citing the main article from Currie (1968)
(these references do not establish a universal rule but rather share a
common empirical approach), the best method for identifying

FIGURE 7
Anomalies detection owchart.
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anomaly regions is to rst nd the location of region with the
highest anomalies and then consider 50 70% of that anomalous
area extent as the minimum anomaly extent threshold (to remove
noise effects, etc.), and then consider average of value in 5 to 10
times bigger area as the background mean.

In this study, given that after plotting the heatmap this value was 8,
which multiplied by 10 12 knots of Laura bassi speed (approximately
divided by 6, since sampling occurs every ten minutes) and by 1.852,
yields a value between 25 and 29 kilometers. Consequently, the
minimum width of the anomaly region could be adopted as 12 to 20
km, and the background mean used could have range from 60 to 200
km. In this research, 12 km (approximately 5 consecutive data points)
and 100 km (approximately 30 consecutive data points) were selected.
In areas where the data were intertwined, where multiple passes were
made such as in the southern Adriatic during the second voyage the
same 12 km and 100 km were used as the radius for the anomaly range
and the mean, respectively, instead of the count of consecutive data
points. During averaging, only the data that were utilized were used as
the criterion for the mean, and, for example, data points closer to
coastal areas even within the 100 km radius were omitted from
the analysis.

2.6.1 Establishment of local background statistics

For each measurement point, the local background mean (m)
was calculated using a dynamic, distance-based moving window.
The background area was de ned by a radius of 100 km
(approximately 30 consecutive data points along the vessel s
track). Within this radius, data points in close proximity to
coastal areas or other known anthropogenic in uences were
excluded to ensure the background represented the open-sea
natural variability. From this curated background dataset, the
local standard deviation (s) was computed using the formula:

s
(TG m)?
N 1

(14)

i

where TC; is an individual measurement, m is the local mean,

and N is the sample count. Preliminary extreme outliers were
excluded prior to this calculation to prevent in ation of s.

2.6.2 Application of the statistical threshold

A measurement was agged as a potential anomaly if its TC;
satis ed the condition:

TCi>m + 3s (15)

The multiplier n=3 de nes a high con dence level, corresponding
to a less than 0.3% probability that such a value belongs to the normal
background distribution under Gaussian assumptions. This method
follows established principles for discriminating weak signals from
variable backgrounds in radiation measurement.

2.6.3 Identi cation of persistent anomaly regions

Spatially contiguous agged anomaly points were grouped. To
distinguish a persistent offshore anomaly from transient noise, a
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candidate anomaly region was required to have a minimum spatial
extent of approximately 12 km (derived from ~5 consecutive data
points). Furthermore, for a region to be classi ed as a principal

nding a stable component of the marine environment it had to be
identi ed across two or more independent cruise legs. This multi-
leg con rmation ensures the feature is not an artifact of speci ¢
atmospheric or vessel conditions.

2.6.4 Work ow example from the central Adriatic
dataset

In a region where the dynamic background calculation for a 100
km radius yieldsm 3000 TCand s 300 TC, the anomaly threshold
ism + 3s = 3000 + (3 300) = 3900 TC. A measured value of
~12,000 TC, being approximately four times the local mean and vastly
exceeding this threshold, is robustly identi ed as a signi cant statistical
anomaly. This initial detection then triggers the detailed spectral
analysis to determine the radionuclide source.

3 Results

The Results section begins with an overview of the acquired
radiometric dataset, providing a de nition and general description
of the data. Subsequently, the TC variation is analyzed, and
anomalous points are identi ed to highlight regions of potential
anomalies. The spectral variations of these anomalous points are
then examined to investigate the possible radionuclide sources.
Following this, correlations with bathymetric and other
environmental features are explored. Finally, the analysis is
concluded with a comparison to previous studies, an
interpretation of the potential natural sources of the anomalies,
and a concise summary synthesizing the main ndings.

3.1 Overview of the acquired radiometric
dataset

The gamma-ray spectrum shown in Figure 8 was obtained by
summing the total counts over the entire 10 minute acquisition time
for each sample. The distribution of counts as a function of energy
channel is displayed, with the x axis representing the energy
calibration and the y axis the measured TC. Although the
primary data were processed from the N42 les, equivalent data
can be derived from the corresponding.csv exports. Subsequent
analysis of these spectra allows for the determination of the total
absorbed dose rate and the apportionment of dose contributions
from identi ed radionuclides.

3.2 TC variation and anomaly point nding

This section analyzes several marine anomaly regions that
demonstrated remarkable persistence across all four cruise legs.
This semi-consistency is particularly signi cant given that the legs
occurred under varying environmental and vessel conditions,
including different ship speeds, headings, temperatures, and
wind patterns.
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FIGURE 8
Typical gamma-ray energy spectrum of the instrument.

While the exact geographic coordinates of the anomalies central
points shifted slightly due to these dynamic conditions, the speci ¢
region in which it occurred remained semi-consistently xed.
Furthermore, the quantity and intensity of acoustic peaks within
these regions varied between legs; however, the occurrence of
localized peaks was a certain and reproducible feature.

The four gures referenced below (Figures 2 5) present the data
numerically for Legs 0 - 3, as de ned in Section 3.2.1. The most
prominent radiation TC peaks identi ed within these persistent
regions are quanti ed and detailed in Table 1 of this section.

The Figure 2 presents the radiation survey map for Leg O,
revealing three prominent anomalies located in the northern, and
central Adriatic Sea, as well as Strait of Otranto. These anomalies
are distinctly identi ed by an orange to red color gradient,
indicating elevated radiation levels.

A key characteristic of these anomalies is their spatial structure.
The radiation levels in the surrounding areas, even at distances of
ten kilometers or more, do not drop abruptly. Instead, they exhibit a
gradual decrease. This persistent signal, as emphasized by the data
processing algorithm, con rms that the anomalies are not transient
artifacts or instrumental noise. Furthermore, this broad spatial
continuity suggests that the source of the radiation is not a highly
localized point source, but rather indicative of a more widespread
distribution or a regional process.

Figure 3, which presents the radiation survey data for Leg 1,
con rms the persistence of the anomalous regions identi ed in Leg
0. It reveals peaks in geographically similar areas of the Adriatic Sea.
However, the precise geographic coordinates of these peaks show

TABLE1 Key anomaly coordinates.

Latitude

Anomaly region

Longitude Sample tc

Central Adriatic Sea 4309 N 14.96 E 34,659
Southern Adriatic Sea 4198 N 16.50 E 76,854
Strait of Otranto 40.15 N 18.60 E 32,415
Aeolian Islands 3870 N 15.08 E 15,176

Frontiers in Marine Science

slight variation, and their measured intensity values differ from
those recorded in the previous leg. This observed variability aligns
with the dynamic environmental and vessel conditions documented
across the cruise legs, further supporting the conclusion that these
are persistent regional features rather than instrument artifacts.

Figures 4A, B exhibits a similar pattern of anomalies,
corroborating the ndings from the preceding legs. The strategic
importance of Leg 2s data is its survey design, which involved
multiple round trip routes across the region. This dense data
collection strategy which is seen in gure a has focused as a
spaghetti section in the b was deliberately implemented to
investigate the suspected anomaly regions further.

The high resolution track lines from Leg 2 were crucial for the
reconstruction and interpolation process, directly enabling the
creation of the comprehensive map in Figure 6. In essence, this
speci ¢ segment of the cruise was dedicated to targeted data
collection to re ne and consolidate the existing evidence for these
persistent anomalies.

Figure 5 presents the data from the nal cruise leg (Leg 3),
representing the most recent transit of the R/V Laura Bassi through
the study region. The results con rm the prior observations, with
anomalies clearly present in geographically semi-consistent areas.
The repeated detection of these features across all four independent
legs, under varying conditions, provides robust validation of their
persistent nature.

Figure 6 presents a spatially interpolated radiation survey map
focused on one of the persistent anomalies, speci cally the one located
in the central Adriatic Sea. The interpolation method is the natural
neighbors or Sibson s method, which use the geometrical properties of
the Voronoi decomposition (lurcev et al., 2021). This composite
visualization integrates the data from all four cruise legs. As the map
clearly demonstrates, the interpolation process synthesizes this multi
leg dataset to reveal a well de ned and coherent anomalous region,
con rming its spatial semi-consistency and signi cance.

The central coordinates for each of these three anomalous
regions and Aeolian islands as a sample of normal point,
representing the point of highest TC within each area, are
detailed in Table 1.
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The nal interpretation regarding the origin and signi cance of
these persistent offshore anomalies is presented in the section titled
4.6 Interpretation.

3.3 Spectrum variations of anomalous
points

As detailed in the previous section, three distinct anomalous
regions were identi ed based on elevated TC. This section presents
a detailed analysis of the Gamma-ray energy spectra collected at
these speci ¢ coordinates to investigate the radionuclide
composition responsible for the observed anomalies. Although
the exact coordinates of these points are listed in Table 1, as
described in Section 4.2, these points represent temporary data
recording locations and cannot be considered xed latitude and
longitude coordinates.

Analysis of the Gamma-ray spectra from the anomalous points,
presented in Figure 9, reveals distinct photopeaks that were
identi ed as key radionuclides ags. The most prominent peaks
were identi ed as characteristic gamma emissions from
radionuclides within the natural Thorium and Uranium
decay series.

As shown in Figure 9, the key identi ers include:

+ Peaks A and B at approximately 80 120 keV, which are
mostly related to X-rays.

+ Peak C at around 186 keV, corresponding to ?°Ra.

+ Peak D at nearly 300 keV, which could be due to either ?**Bi
or 2%8T],

+ Peak E at around 360 keV, possibly from 2%Pb or 21*Bi.

* Peak F at 609 keV, corresponding to 2*Bi.

+ Peak G at approximately 770 keV, 2“Bi.

 Peak H at 930 keV, 2B,

+ Peak | at around 1120 keV, 2Bi.

+ Peak J at approximately 1260 keV,

+ Peak K at nearly 1410 keV,

+ Peak L at 1746 keV, 21“Bi.

214Bi
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FIGURE 9
Gamma-ray spectra from identi ed anomaly regions.
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The analysis focused on these high probability, high intensity
emissions from common marine radionuclides; Low intensity peaks
or subtle spectral variations in the low energy region were not
investigated. The potential presence of each radionuclide in ocean
and seawater samples was considered, and the spectral analysis was
performed using a specialized library derived from the Evaluated
Nuclear Structure Data File (ENSDF) database, maintained by the
International Atomic Energy Agency (IAEA) and the National
Nuclear Data Center (NNDC) (Bhat, 1992), taking into account
the probability of each radionuclide, its decay, and the likelihood of
its characteristic energy peaks. A speci ed agged peak energy has a
perfect match with the described spectrum of the RS-250. As
declared, the energy peak below 100 keV is part of the
background and is related to internal scatter, backscatter, and x-
ray re ections in background. The spectral feature in the 100 300
keV region is primarily a smooth continuum from Compton
scattering, which is generally negligible for radionuclide
identi cation. Other minor peaks in this area correspond to less
prominent gamma emissions (which are speci ed in the ENSDF
data sets as energy levels with a very high or very low hindrance
factor) or scattering events with a lower cross section of interaction
(which are speci ed in the ENDF/B data sets) (Be et al., 2004,
Brown, 2018; Giraldo and Ramirez, 2023).

A notable point is that °Ra and its daughter >**Bi in the decay
chain are the most prominent. Another important point is that
there can be peaks close to the 2“Bi peaks, but they are interpreted
as 21Bi because the full spectrum of this radionuclide is present.
Although similar peaks exist for ®2Eu and other radionuclides,
there is no complete spectrum including all parent isotopes and all
characteristic energy peaks to support their presence. Given the low
likelihood of unrecorded human related activities in these regions,
the data predominantly indicate natural sources. However, this does
not rule out the possibility of anthropogenic radionuclides
being present.

3.3.1 SNR consideration

With considering full expected spectrum for each radionuclide
and calculating possibility and SNR of existence of each one in
solution including all one Table 2 is calculated. It is clear these
numbers are not rigid and could change with varying percentage of
each one and even composition of radionucluides.

But important parameter is in such prediction, possibility of all
natural radionuclides are high, in order of more than ten and for
anthropogenic ones its less than one or even minus, which is

TABLE 2 SNR calculation for estimated composition.

Radionuclide (Series) Category SNR
5Ra (Uranium) Natural 11.855
Z2Th (Thorium) Natural 4505
40K (Potassium) Natural 11.614
Cosmogenic Natural 13.251
1¥7Cs decay series Anthropogenic 0.174
%Co decay series Anthropogenic 0.023

Frontiers in Marine Science

13

frontiersin.org


https://doi.org/10.3389/fmars.2026.1750403
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Salmassian et al.

meaning these are less possible and their affect is comparable with
noise and negligible.

Table 2 show the SNR in related energy channels in the
biggest peak:

3.4 Correlation with bathymetric and other
features

This subsection investigates the correlation between the
observed radiological variations (TC and spectral features) and
key accessible environmental parameters: bathymetry, wind speed,
and ambient temperature. The in uence of these factors on the
distribution and detection of natural radionuclides have
been analyzed.

3.4.1 Bathymetry

Bathymetry is a critical parameter in this context, as it directly
in uences the concentration of radionuclides in the water column,
and distributed in the atmosphere and consequently seen by
spectrometer. Shallow coastal areas, particularly near ports and
industrial sites, can exhibit elevated radiation levels due to several
factors: the resuspension of seabed sediments containing natural
radionuclides, limited water volume for the dilution of discharges,
and potential contributions from industrial activities. These factors
can signi cantly affect both acquired data and spectral shapes.
However, the focus of this research is explicitly on the off shore
sea and ocean environment. Consequently, anomalous points
identi ed in close proximity to coastal regions and port facilities
were excluded from this analysis. This ensures that the investigated
anomalies are representative of offshore processes and are not
confounded by localized terrestrial or anthropogenic inputs from
land based sources.

The relationship between water depth and radiation TC was
investigated in Figures 10, 11. Figure 11 con rms an overall inverse
correlation between depth and TC, as expected, where the measured
TC generally decreases with increasing depth.

However, this general rule is not the dominant factor in the
identi ed offshore anomaly regions. As clearly shown in the time
series trends of Figure 10, this inverse relationship is not

10.3389/fmars.2026.1750403

consistently followed at all data points. The visual map further
reveals that within the speci ¢ anomaly areas, the TC remains high
or even increases despite constant or increasing depth.

In summary, while an inverse depth correlation with TC exists
as a background trend, it is not the primary cause of the observed
anomalies. This correlation alone cannot explain the persistent high
TC features, indicating that another source or mechanism is
responsible for their occurrence.

3.4.2 Wind

The effect of these wind related mechanisms was investigated in
relation to the observed data, as presented in Figures 12, 13.
Figure 12 displays the time trend of normalized wind speed and
TC, while Figure 13 illustrates the correlation between these two
parameters. While wind is a prominent factor in uencing radiation
measurements, its role is complex. It affects readings by increasing
sea spray aerosols carrying oceanic radionuclides and by
transporting distant terrestrial materials. These mechanisms can
alter the local radiological signature. However, the analysis
concludes that wind s explanatory power for temporal variations
is not easily to con gure, specially it is important to now direction
of wind and speed of vessel along with land position. Generally, for
the identi ed semi-consistent anomalies those semi-persistent
across multiple research legs wind patterns alone cannot fully
account for the sustained elevation in radiation levels. This
suggests that while wind may act as a transient modi er, the
source cause of these semi-consistent anomalies is likely a stable,
localized source, such as a seabed emission or a concentrated
hydrological feature, whose signal is robust against short term
meteorological variations.

In summary, wind plays a role in modulating the atmospheric
concentration of radionuclides, but it is not the dominant driver of
the most signi cant and persistent anomalous features detected in
this study.

Regarding wind, there is another important issue related to its
direction. Wind is not only a scalar quantity; its direction
signi cantly affects the results. This is important because wind
can either ventilate a region or bring radionuclides into it.
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FIGURE 10
Time series of normalized depth and TC trends.
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TC per sample vs depth correlation.
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3.4.3 Temperature

While ambient temperature can in uence radiation levels
through environmental and instrumental mechanisms, the
instrumental effect is corrected via calibration. The environmental
mechanism involves temperature altering the marine boundary
layer and the distribution of radionuclide carrying aerosols. This
analysis therefore focuses solely on this atmospheric relationship.
The correlation between temperature and the TC are seen in
Figures 14, 15. Thus, there is weak reverse relation between
temperature variation seems in the Figure 15.

leg0

3.4.4 Humidity

Atmospheric humidity is a crucial parameter in environmental
radiation surveys due to its signi cant attenuating effect on gamma
radiation. Variations in absolute humidity can substantially
in uence measured TCs, potentially creating false anomalies or
masking real ones.

In this study, continuous humidity measurements were
essential for applying accurate corrections to the raw radiation
data. This correction protocol ensures that identi ed anomalies
genuinely re ect terrestrial or aquatic sources, rather than
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Time series of normalized wind and TC trends.
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FIGURE 13
TC vs average wind speed correlation.

atmospheric artifacts, thereby validating the spatial patterns
observed in the survey maps. As it is clear in the Figure 16 as
well as theoretical expected there is a direct relation between
humidity and also droplet size with measured TC. And also it is
can be seen clearly in the Figure 17 trends this is not dominant
phenomena which could described these anomalies regions, but
clearly can affect specially measured peak values.

3.5 Comparison with previous studies,
interpretation potential natural sources of
the anomalies

To validate the research hypothesis, this section synthesizes and
extends existing evidence concerning the existence and origin of the
observed anomalies. This section systematically reviews the
existence of anomalous regions, radionuclides, and sedimentary
materials previously documented in scienti c literature for areas

analogous to those identi ed in this study. The content is organized
into four regional subsections:

+ Central Adriatic Sea

+ Southern Adriatic Sea
+ Strait of Otranto

¢+ Aeolian Islands

This structured compilation will serve as a direct basis for
interpreting the potential origins and processes behind the
anomalous radiation signatures documented in this
articles ndings.

3.5.1 Northern and central Adriatic Sea

This region constitutes a critically important oceanic point,
functioning as a hydrological convergence zone where the coastal
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FIGURE 14
Time series of normalized temperature and TC trends.
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FIGURE 15
TC vs temperature correlation.

currents of Italy and Croatia meet and change direction which is
shown in Figure 18 (Frascari et al., 1988). This circulation pattern
establishes the area as a primary accumulation site for sediments.
These sediments transport a signi cant load of pollutants, including
industrial and urban discharges from northeastern lItalian and
southwestern Croatian rivers and coastal areas, combined with
historical deposits of radionuclides from global fallout, such as

FIGURE 16
TC vs relative humidity correlation.

the °°Sr peak recorded in 1963 (Franic and Bauman, 1993). Another
major process for the cross-shelf transport of particulate matter is
the generation of North Adriatic Dense Water (NAdDW). During
winter, cold, dense water formed on the shallow northern shelf
cascades down the slope, acting as a conduit for sediments and
adsorbed riverine contaminants, ultimately depositing them in the
topographically con ned Jabuka (Pomo) Pit and the Southern

Frontiers in Marine Science

17

frontiersin.org


https://doi.org/10.3389/fmars.2026.1750403
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org



https://doi.org/10.3389/fmars.2026.1750403
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org



https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2026.1750403
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org



https://doi.org/10.3389/fmars.2026.1750403
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org



https://doi.org/10.3389/fmars.2026.1750403
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org



https://doi.org/10.3389/fmars.2026.1750403
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org



https://maris.iaea.org
https://doi.org/10.1016/S0967-0645(03)00137-1
https://doi.org/10.1016/j.jenvrad.2025.107790
https://doi.org/10.1100/tsw.2004.15
https://doi.org/10.1016/j.jog.2014.07.003
https://doi.org/10.1144/qjegh2012-019
https://doi.org/10.1016/j.nds.2018.02.001
https://doi.org/10.1021/ac60259a007
https://doi.org/10.1073/pnas.1221834110
https://doi.org/10.1021/es000951c
https://doi.org/10.1097/00004032-199302000-00006
https://doi.org/10.1111/j.1749-6632.1988.tb30191.x
https://doi.org/10.1016/0025-3227(90)90011-8
https://doi.org/10.32685/2590-7468/invapnuclear.7.2023.667
https://doi.org/10.32685/2590-7468/invapnuclear.7.2023.667
https://doi.org/10.1016/j.apradiso.2007.09.019
https://doi.org/10.1016/j.dib.2025.112110
https://hdl.handle.net/20.500.14083/19269
https://doi.org/10.1016/S0265-931X(00)00139-9
https://doi.org/10.14407/jrpr.2017.42.3.158
https://doi.org/10.1016/j.jenvrad.2022.107009
https://doi.org/10.1097/00004032-200205000-00012
https://emodnet.ec.europa.eu/en/human-activities
https://doi.org/10.1029/2024JC022306
https://doi.org/10.1029/2024JC022306
https://doi.org/10.1016/0265-931X(90)90056-2
https://www.vaisala.com/en/products/weather-environmental-sensors/weather-transmitter-wxt530-series
https://www.vaisala.com/en/products/weather-environmental-sensors/weather-transmitter-wxt530-series
https://doi.org/10.1016/j.jenvrad.2020.106396
https://doi.org/10.1016/j.envsoft.2019.104523
https://doi.org/10.1016/j.envsoft.2019.104523
https://doi.org/10.1093/rpd/ncs234
https://doi.org/10.1016/S1569-4860(07)11014-7
https://doi.org/10.1016/S1569-4860(07)11014-7
https://doi.org/10.1016/S1569-4860(07)11014-7
https://doi.org/10.1016/j.gca.2010.12.024
https://doi.org/10.3390/geosciences14030060
https://doi.org/10.3390/geosciences14030060
https://doi.org/10.1016/S0166-2481(06)31016-1
https://doi.org/10.1016/S0166-2481(06)31016-1
https://doi.org/10.3389/fmars.2026.1750403
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

	Identification and characterization of gamma radiation anomalies along the Trieste–Panarea routes aboard R/V Laura Bassi
	1 Introduction
	2 Materials and methods
	2.1 Study area: a multi-source radionuclide environment from the Adriatic Sea to Aeolian Islands
	2.2 The R/V Laura Bassi and its radiation monitoring system
	2.2.1 Gamma spectrometry system: instrument specifications and calibration
	2.2.2 Measurement parameters and data acquisition
	2.2.2.1 Parameters uncertainties
	2.2.2.1.1 Latitude and longitude uncertainty
	2.2.2.1.2 Dose rate uncertainty

	2.2.2.2 Ancillary meteorological measurement parameters
	2.2.2.2.1 Wind
	2.2.2.2.2 Atmospheric pressure
	2.2.2.2.3 Air temperature
	2.2.2.2.4 Relative humidity


	2.2.3 Data recording research cruise legs

	2.3 Theoretical framework for anomaly interpretation
	2.3.1 Spatial and temporal distribution of radionuclide sources
	2.3.2 Gamma-ray transport: scattering and attenuation
	2.3.3 Detector response and final count rate synthesis
	2.3.4 Synthesis of theoretical contributions

	2.4 Data processing and spectral analysis methodology
	2.4.1 Raw data extraction from N42 files and pre-processing
	2.4.2 Energy calibration and spectrum stabilization
	2.4.3 Spectral analysis and radionuclide quantification
	2.4.4 Correlation with environmental parameters
	2.4.5 Pearson correlation formula

	2.5 Flag radionuclides
	2.5.1 Natural radionuclide flags
	2.5.2 Anthropogenic radionuclide flags
	2.5.3 Cosmogenic radionuclide flags

	2.6 Statistical definition and detection of gamma-ray anomalies
	2.6.1 Establishment of local background statistics
	2.6.2 Application of the statistical threshold
	2.6.3 Identification of persistent anomaly regions
	2.6.4 Workflow example from the central Adriatic dataset


	3 Results
	3.1 Overview of the acquired radiometric dataset
	3.2 TC variation and anomaly point finding
	3.3 Spectrum variations of anomalous points
	3.3.1 SNR consideration

	3.4 Correlation with bathymetric and other features
	3.4.1 Bathymetry
	3.4.2 Wind
	3.4.3 Temperature
	3.4.4 Humidity

	3.5 Comparison with previous studies, interpretation potential natural sources of the anomalies
	3.5.1 Northern and central Adriatic Sea
	3.5.2 Strait of Otranto
	3.5.3 Aeolian Islands
	3.5.4 Time base variation
	3.5.5 Recorded human based activities
	3.5.6 Recorded geological based activities

	3.6 Interpretation

	4 Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


