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Abstract

The present study investigates recent environmental variations and potential contamination within a
semi-enclosed marine basin by examining sediment cores, which serve as both archives and ultimate
sinks of particulate and dissolved matter. Sediment samples were retrieved using a box corer and analyzed
through high-resolution gamma-ray spectrometry to quantify radionuclide activities and determine bulk
density.

The sedimentation rate was derived from the depth distribution of excess 21°Pb, with 22°Ra used as a
supporting radionuclide for equilibrium assessment. A distinct tephra layer identified at 10.5 cm depth
was radiometrically dated to approximately 1650 AD, indicating deposition from the Kolumbo volcanic
eruption. Notably, the peak activity of natural radionuclides occurs at 9.5 cm, reflecting post-eruptive
sedimentary processes.

The lower values of the sedimentation rate observed in this deep basin, compared to the basins of the
North and central Aegean Sea, is attributed to its remoteness from direct terrestrial inputs. Furthermore,
the relationship between #?°Ra and #'2Pb delineates two distinct depositional regimes—one preceding and
one following the tephra horizon—demonstrating differences in sediment dynamics and related processes.

Keywords: HPGE; gamma-spectrometry; radioactivity; marine environment

1. Introduction

Deep-sea sediments in the Cretan basin act as archives of Mediterranean climate history. The study
of chemical and physical magnitudes (such as radionuclides and sediment composition) can recon-
struct sea surface temperatures, oxygenation events (sapropel layers through organic-rich deposits),
Saharan dust input, and support other activities related to glacial-interglacial cycles and their in-
fluence on Mediterranean circulation. As regards the reconstruction processes of the last century
in terms of the sedimentological and volcanic history, the Cretan basin recorded volcanic ash layers
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(e.g., from Santorini/Thira, Methana, and Nisyros eruptions) since these events (e.g., tephra accumu-
lation) are chronostratigraphic markers for dating and correlating events. Deep basins also recorded
mass-wasting events such as submarine landslides and turbidities, possibly triggered by earthquakes
or volcanic activity.

Deep basins in marine environments offer privileged settings for examining long-term changes in
sedimentation and the transport of tracers. Due to their relative isolation from terrestrial inputs, the
dynamics of material deposition in these regions are principally controlled by deep water circula-
tion [1]. Such conditions make these basins particularly suitable for analyzing sediment layers and
reconstructing environmental histories [2].

Radiometric techniques based on measurements of natural and artificial radionuclides are now cen-
tral to deep-sea sediment studies, acting both as tracers of marine processes and as robust chronolog-
ical markers. Isotopes including 2!°Pb and !3’Cs enable accurate dating of sediment layers, providing
age-depth relationships over the past century [3-5]. These methods help clarify patterns in contam-
inant input and their comparison with sediment characteristics sheds light on how particles and
pollutants are mobilized within the marine system [6].

Recent research has focused on the temporal reconstruction of environmental conditions in deep
basins such as those near Lemnos in the North Aegean Sea [7], as well as in other regions like the
Adriatic and the Black Sea. Radiochronological analyses were also performed on sediment cores
collected from coastal areas of the northeastern Mediterranean Sea [8]. Sediment cores from these
environments allow quantitative analysis of radionuclide activities and facilitate the assessment of
factors related to climate change and human impact. Age models constructed from ?'°Pb and vali-
dated by 1¥’Cs improve confidence in sedimentation rate estimates and historical reconstructions.

In this work, naturally occurring radionuclides were studied in a sediment core (M3A) from Cretan
basin, a semi-enclosed marine area, 25 miles northern from Heraklion port of Crete. Analyzing the
distribution of both natural and anthropogenic radionuclides in collected cores has provided new
insights into sediment accumulation and material transport with data supporting the application
of radiochronological methods previously used in similar basins. Additionally, natural radionuclide
profiles and density measurements enable interpretation of sedimentation rates and vertical varia-
tions within the study site, highlighting the interplay of environmental and anthropogenic influences
over recent centuries.

2. Materials and Methods

2.1 Study area

The coordinates of the sampling point were 35° 43’ 34.68” N, 25° 7’ 50.52” E, which is the M3A
station. The sediment core was collected with a box corer sampler from a deep basin of 1500 m. This
basin, known as the Cretan Basin, is located within the Cretan Sea, north of Crete.

The South Aegean Basin consists of three principal subregions: the Myrtoan Sea in the northwest,
the shallow Cyclades Plateau in the northeast, and the Cretan Sea Basin, which extends across the
southernmost part of the Aegean. Among these, the Cretan Sea is distinguished as both the largest
and deepest, containing two pronounced troughs in its eastern area that exceed 2400 m in depth, with
an average depth of approximately 1000 m. Serving as a reservoir of heat, salinity, and dissolved
oxygen, the Cretan basin shows elevated temperature values (above 14°C), salinity levels greater
than 38.9 PSU (usual value of East Mediterranean Deep Water is 38.7 PSU [9]), and dissolved oxygen
concentration greater than 4.9 ml/l within its intermediate and deep layers [10].

In the northern sector of the study area lies the Kolumbo submarine volcano, situated approximately
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7 km northeast of Santorini. This underwater volcanic system was the site of a major eruption in
1650 AD, an event that had profound effects on Santorini and the nearby regions. The eruption
released large volumes of volcanic gases, which, upon reaching the atmosphere, proved highly toxic
and resulted in the deaths of about 70 people on Santorini [11].

2.2 Sample preparation

Sediment samples were prepared according to the protocols outlined by the IAEA [12]. The 31-
cm sediment core was sectioned into 1 cm intervals, which were subsequently dried in an oven at
50°C for 3 days, until their mass stabilized and no further loss of moisture was observed. After
drying, each sample was weighed and finely ground using an agate mortar to ensure homogeneity.
The powdered samples were then transferred into cylindrical containers, Fig. 1 with dimensions of
6.8 cm in diameter and 1.9 cm in height, and their final masses were recorded. The samples are not
fully filled, as variations in density (Fig. 2) result in differences in sediment height. Subsequently,
the samples were sealed with paper masking tape Fig. 1 in order to maintain radioactive equilibrium
and prevent the escape of gases.

Figure 1. An empty cylindrical container and a sealed container that encloses the powdered sample

2.3 Gamma ray spectrometry measurements

Gamma-ray spectroscopy analyses were performed utilizing a high-purity germanium (HPGe) de-
tector (CANBERRA BE5030, diameter 101.6 mm, length 133.35 mm [13]). Each sample was measured
over a 24-h period. To maximize detection efficiency, samples were placed in direct contact with the
detector endcap, thereby optimizing the sample-to-crystal solid angle. The spectra of the samples
were analyzed with the SPECTRW program [14]. The detector efficiency was determined using a
reference IAEA-385 soil source (density 1.2 g/cm?®) [15]. The results were then corrected using the
TCS and ET factors, applying the EFFTRAN 4.5 software [16]. The TCS factor accounts for true
coincidence summing effects of cascade radionuclides and can reach values up to 1.3 (e.g. 2*Bi),
while the ET factor compensates for differences in geometry, density and composition between the
reference source and the samples or among the samples (e.g. density variations). To calculate the
correction factors, it was necessary to create an input file in the EFFTRAN program that describes
the geometry of the detector. After the reference source, an inert organic material (talc) with a den-
sity of 0.8 g/cm® was placed on the detector in the same container as the reference source in order
to measure the background radiation.

The specific activity or activity concentration A (Bq/kg) for each radionuclide was calculated using
Eq. (1).
_cps-TCS
T eff- I,-m
The net count rate (cps), measured in counts/s, for each photopeak was derived from the spectra,
while the sample mass (m) expressed in kg, the probability of gamma ray emission (I, ), the full energy
peak efficiency (ef f) of the detector and the correction factors (TCS, ET) were also considered in

\ET (1)
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the calculations. The net counts of the photopeaks are obtained by subtracting the corresponding
background counts.

The activity concentration of 21°Pb, ?2°Ra and 2!*Bi were determined from the counts of the photo-
peaks at 46 keV, 186 keV, and 609 keV, respectively.

The minimum detectable activity (MDA) was determined from the background spectrum. In the
spectrum, the regions of interest (ROI) correspond to the photopeaks at 46 keV, 186 keV, and 609 keV.
Eq. (2) was applied to each photopeak using a 95% confidence level:

N
Lp =2.71+3.294/B(1+ — 2
b B+ o) @

where Lp is the detection limit (in counts), B is the area of background continuum under the peak
(in counts), N is the number of channels of the ROI and M is the channels on each side of the peak
width. In this study, M = 5 was adopted. The background area (B) was determined according to:
B= %, where B; and B; are the total counts within the M channels to the left and right of the
RO, respectively.

The MDA (in Bq - kg™!) was calculated using the following equation [15]:

Lp
MDA = ———— 3
eff-I,-t-m ®)
where ef f is the the photopeak efficiency, I, is the gamma-ray emission probability, ¢ is the spectrum
acquisition time for each sample (in seconds), and m is the mass of the sample (in kg). The MDA
uncertainties were propagated from the uncertainties of By, B, the efficiency and the mass of the
samples.

2.4 Dating model

The dating model used in this study is the CF:CS model, which assumes a constant sediment flux
and a constant sedimentation rate in the study area [17, 18]. This model was selected due to its
assumptions and the specific characteristics of the sampling site. The Cretan Basin is a deep, isolated
basin where constant and stable sedimentation is expected, with minimal disturbance from terrestrial
sources. According to the CF:CS model, the constant flux denotes the steady influx of excess 210py, to
the sediment surface, while the sedimentation rate was calculated using the radioactive decay law,
Eq. (4).

A(z) = Ag - 655 — In(A) = In(A) —AZ (4)

Where, A is the activity concentration of 21°Pb,,, z refers to the depth of the sediment core in cm,
v is the sedimentation/accumulation rate measured in cm/yr, A corresponds to the decay constant
expressed in yr~'m, and A, is the activity concentration of the excess ?!°Pb for z = 0.

The activity concentration of 21°Pb,, was calculated as the difference between the total 21°Pb activity
and the #?°Ra activity (*!°Pb.,=21"Pb-??°Ra). The ??°Ra activity concentration was calculated from
the 186.2 keV (I,=3.5%) peak. This peak is indistinguishable from the ?*°U peak at 185.7 keV (I, =57%).
Therefore, the contribution of 2°U is properly subtracted. The assumptions made for the calculation
are a constant isotopic ratio, 2*U (99.3%) 233U (0.7%) and radioactive equilibrium of 2°Ra with #38U.

3. Results

The density was calculated from the measured mass of each sample and is shown in Fig. 2. The
x-axis represents the density values of the samples (g/cm?®), while the y-axis shows the depth of
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the sediment core (cm). Density varies from (0.461+0.003) g/cm® at 0.5 cm (surface sediment) to
(0.989+.003) g/cm® at 10.5 cm. A thin 1-cm layer of black material was observed at 10.5-11.5 cm,
which was identified as tephra.
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Figure 2. Density of the samples

From calculations using the CF:CS dating model, the sedimentation/accumulation rate is (0.036+0.007)
cm/yr. The tephra was dated to 1653 AD (+58 years), assuming a depth of 11 cm and considering the
minimum value of the sedimentation rate’s 1o confidence interval, which is 0.03 cm/yr. Therefore,
the tephra layer may have originated from the Kolumbo eruption.

The activity concentration of ??°Ra ranges from (16+4) to (34+9) Bq/kg, that of 2!*Bi varies from
(15+1) Bq/kg to (31+5) Bq/kg, while for total 21°Pb it ranges from MDA to (302+12) Bq/kg, Table 1.
Figs. 3a and 3b show the vertical profiles of ?**Ra and 2!*Bi, as functions of the sediment core depth,

Table 1. Table of activity concentration range of 2*°Ra, 21Bi and 2°Pb and MDA values

Energy (keV) Radionuclides Activity (Bq/kg) MDA (Bq/kg)

46 210py, MDA-(302+12)  (17.1%0.5)
186 226R, (16+4) - (34+9) (12.0£1.5)
609 214Bj (15+1) - (31+5) (6.0+0.3)

along with the dating results from the CF:CS model. The activity concentration of ?Ra increases
at a depth of 0.5 cm in the core (34 Bq/kg) and remains constant between 1.5 and 5.5 cm. Then, the
activity rises from 6.5 cm, reaching 33 Bq/kg at 8.5 cm, stabilizes for the next 1 cm, and drops again.
Between 11.5 and 31.5 cm, the activity remains nearly constant.

The activity of 2!4Bi starts at 23 Bq/kg, decreases between 1.5 and 4.5 cm, then increases, reaching a
maximum of 31 Bq/kg at 9.5 cm. Afterward, the activity drops between 10.5 and 11.5 cm and finally
remains constant from 12.5 to 31.5 cm.

Fig. 4a shows the vertical profiles of total and excess 2!°Pb alongside the dating results. The activity
concentrations of 2°Pb and #!°Pb,, decrease after 4.5 cm, with 2!°Pb,, approaching zero, as expected.

The calculated MDA values, along with their associated uncertainties, are presented in Table 1 for the
radionuclides ?2°Ra, 21*Bi and ?!°Pb. The variability of MDA with depth primarily reflects differences
in sample mass and detector efficiency. Indicative MDA values for the sample taken at a depth of
11.5 cm in the sediment core are reported in the Table.



HNPS Advances in Nuclear Physics 141

. 2268, [
0 T T T 1 2000 0 T ——— T 7 2000
. —e—i
. . - ‘ [ 1900 5 i {1900
p—— [ 1800 ——i 1 1800
! > 1700 10 1700
o9 . - . ! 1650 ] J— = 1650
€ . 5 1600 £ e 1600
S s . o ° S5 e °
< - . 1500 < e — 1500
z | ——] a 3 F—— a
&, T —— L 1200 &5 o 1400
‘ e F 1300 I —— 71300
—
ol . . . [ 1200 25 ——i - 1200
— = — i
P — L1100 — 1100
= 30
304 ———— - 1000 . 1000
T T T T T T 10 15 20 25 30 35
10 15 20 25 30 35 40 A(B p 7‘)
A Balkg) akg
(a) Activity concentration profile of **Ra (b) Activity concentration profile of B
Figure 3
o 238 - 252Th decay series
[P @74} 2000 354
-
o ’% “ [ 1900
° t &4 1800
T: wm 1700 304
1o o W 1650 -\3’
= o t 1600 =g
E 15 t‘ & 2 e
e I [ 1500 & =25
s . a @
a 2 P‘:‘( & {- 1400 §\/
. F 1300 <
}..‘ h‘\ { 1200
25 o “.‘ o pp,
’_\: "W [ 1100
30 o 4 P 1L 4000 154
0 50 100 150 200 250 300 . . . : : :
ABarke) 15 20 25 30 35 40 45
. A(?"?Pb) (Bq/kg)
(a) Activity concentration profiles of 219Pb and 2!*Pb,. In
the distribution of 2!°Pb,.,, activity concentration, the data (b) Activity concentration of 2!2Pb as a function of the
points that do not appear are close to the MDA 226Ra activity
Figure 4

The activity concentration of #Ra as a function of !2Pb activity is presented in Fig. 4b, providing
insights into the sediment dynamics of the system. Distinct systems can be identified based on
variations between **Ra and ?'?Pb, with parent isotopes U and **Th, respectively. At depths from
14.5 to 30.5 cm, the Th/U ratio is approximately 24/27.5, which is below unity. Between 11.5 and 13.5
cm depth, the ratio of Th activity to U activity approaches 1, specifically 20.5/20.3 at 11.5 cm. At
10.5 cm (tephra layer), the measured ratio is 34.3/29.8, indicating Th activity exceeds that of U. This
condition persists from 0.5 to 9.5 cm, corresponding to to samples dated after 1650 AD. Variations
in the Th/U ratios are associated with shifts in sediment composition, suggesting changes in the
geochemical characteristics of the material [19]. According to Klaver [20], rocks and pumices from
Kolumbo are characterized by elevated Th/U ratios, related to the volcano’s regional geology. The
graph exhibits a notable difference in Th/U ratios between samples at 10.5 cm and 11.5 cm depths.
Overall, the data reveal three distinct systems based on Th/U ratios: one with ratios <1 predating
1650 AD (14.5-30.5 cm), one with ratios near 1 (11.5-13.5 cm), and one with ratios >1 in post-ash
samples (0.5-9.5 cm).

4. Summary - Perspectives

In this study, the 21°Pb dating model was applied and yielded a sedimentation rate of 0.03 cm/year.
Sediment accumulation in the Cretan Basin appears to be slower than that in the deeper basins of
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the North and Central Aegean Sea, likely due to the limited terrestrial input to the region. The estab-
lished chronology of the core provides valuable insights into the distribution of natural radionuclides
and the deposition of volcanic tephra.

A tephra layer was visually identified by a distinct color change at 11 cm depth and was dated
to approximately 1653 AD, a possible correlation with the Kolumbo volcanic eruption (1650 AD)
based on the ?!°Pb dating model. Ongoing geochemical analyses aim to further characterize the
composition of this layer and to clarify the volcanic and post-depositional processes that contributed
to its formation. Notably, the highest radionuclide activity concentration was observed at 9.5 cm
depth, while the maximum sediment density occurred within the tephra layer. This elevated density
may be attributed to the presence of volcanic material within the sediment at that depth.

The application of nuclear analytical techniques enables the identification and interpretation of ge-
ological processes/phenomena that have occurred over the past century. Such methods facilitate
the reconstruction of historical trends in radioactive contaminants, thereby improving our under-
standing of their potential effects on marine ecosystems and, indirectly, on human health. Further-
more, using radionuclide activities measured in sediments, seawater concentrations can be estimated
through appropriate concentration factors, allowing the assessment of the exposure of marine or-
ganisms to both natural and anthropogenic radionuclides within the studied system.
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