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Abstract: The underwater gamma-ray spectrometer KATERINA was calibrated in a special tank and
then demonstrated in the Southern Caspian Sea to determine the radioactivity levels in seawater as
well as in the sediment. The simulated marine efficiency of the in situ detection system was validated
analyzing the high energetic (1764 keV of 214Bi and 2614 keV of 28T]) gamma-ray peaks using their
known activity concentration as determined from the low energy emissions. The analysis of the
in situ gamma-ray spectra in a short acquisition time period provided quantitative data for 22°Ra
and 232Th progenies as well as for “°K. A satisfactory analysis was performed for quantifying the
observed energy peaks in the seawater and sediment measurements acquired at the south coast of the
Caspian Sea. The spectrum in the water tank was also analyzed using full spectrum analysis methods,
and the reproduced spectrum was in a very good agreement with the experimental spectrum giving
as an output the activity concentrations of the observed radionuclides.
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1. Introduction

Recently, a lot of effort has been made to provide baseline information in terms of
the naturally occurring radioactive materials of 226Ra, 232Th, their decay products, and
40K in areas of the Caspian Sea. Moreover, anthropogenic radionuclides, such as ¥’Cs,
are of high concern, since low concentrations have been released due to nuclear weapons’
test production and testing, to the reprocessing spent fuel power plant, and to nuclear
reactor accidents (such as Chernobyl and Fukushima). Seawater and sediments in marine
ecosystems are sensitive markers for assessing their quality. The concentration levels can
provide significant information to the responsible authorities for civil protection issues,
since human exposure to natural and artificial radioactivity may damage living cells and
cause chromosome aberrations and cell transformation, depending on the magnitude and
exposure period. The assessment of the gamma radiation dose from natural sources is
significant, since natural radiation is the largest contributor to the external dose of the
world population [1]. The global average activity concentration of 2?°Ra, 232Th, and °K in
the soil is 32, 45, and 412 Bq-kg !, respectively, while the maximum activity concentration
is about 1000 Bq-kg~! for 22°Ra (Sweden), 360 Bq-kg~! for 232Th (China), and 3200 Bq-kg !
for “9K (United Kingdom) [2]. As concerns the marine environment, a lot of effort has been
made to perform radiological research to determine the level of radioactivity in the marine
matrices, such as sediments/seawater [3], groundwater [4], and submarine groundwater
discharge [5-7] to evaluate/assess the radiological risk in terms of human health.

Lab-based gamma-ray spectrometry is the prominent method used to provide activity
concentration levels in many matrices (seawater, sediment, beach sand, biota, etc.) of
the marine environment [8,9]. In 2009, during a campaign along the southern coast of
the Caspian Sea [8], a special radiological study was performed regarding the activity
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concentration measurements of 22°Ra, 22Th, K, and ¥Cs and their impact on humans.
The activity concentrations exhibited values of (177 & 12), (117 £ 11), (1085 + 101), and
(131 4 4.8) Bq kg, for the aforementioned radionuclides, respectively, exceeding the
international limits. Moreover, a recent work in 2022 [9] that was also performed on the
southwestern coastline of the Caspian Sea showed interesting new results for the levels
of radioactivity in sediment samples. The activity concentrations of 2*°Ra, 2>2Th, 4°K, and
137Cs exhibited values in the sediment samples, with the measurement uncertainty (10),
that varied from 22.5 to 47.5 (with an average value of 34.4 Bq kg ! dw) for ?°Ra, from 6.5
to 18.8 (with an average value of 11.4 Bq kg~! dw) for 2*2Th, from 233.2 to 559.9 (with an
average value of 310.6 Bq kg~! dw) for 4°K, and a maximum value of 2.7 Bq kg ! dw (with
an average value of 1.4 Bq kg ! dw) for 137Cs [9].

The application of in situ detection systems for radioactivity monitoring in a spatial
and temporal manner is required for routine and emergency monitoring. In recent decades,
various tools and methods have been tested [10-15] in different areas of study, matrices,
and radioactivity levels. In recent years, a lot of effort has been made to develop instru-
ments and methods at the Marine Environmental Radioactivity Laboratory (MERL) to
directly measure the activity concentration of key radionuclides in seawater [16-18] and
sediment [19-21]. As concerns seawater measurements, the in situ underwater spectrome-
try system is calibrated in special water tanks [22] by diluting reference sources with known
activity concentrations, assuming homogeneous conditions in the water column. In special
cases, medium resolution spectrometers have also been developed for seawater measure-
ments [18]. However, the intrinsic radiation of such crystals lies in energies close to K
emissions, which is a disadvantage of applying the systems in the marine environment. 4°K
is a natural constituent of the seawater, and it emits at a critical energy line in continuous
mode for the underwater gamma-ray spectrometry in terms of the calibration exercises of
the systems [18]. The use of the 1461 keV energy line in combination with the threshold
energy line at ~50 keV [23] is suitable to energy calibrate the data for nuclide identification
(qualitative analysis) as well as for validating the quantitative results by intercomparison
exercises with the salinity meter [24,25].

The main advantage of the methodology is that it rapidly offers to the end user the
activity concentration of the gamma-ray emitters in the energy range from the threshold to
2614 keV, while its limitation is the uncertainty that is introduced in the results when the
detection system is applied in nonstatic aquatic systems.

In the next section, the quantification method and its application in the specific study
area at the southern Caspian Sea are described. The validation and reliability of the
method was performed by theoretically reproducing the experimental data in terms of the
efficiencies and response function of the detection system.

2. Material and Methods
2.1. Study Area

The experimental study is depicted in Figure 1. The study area is located in a sensitive
natural ecosystem, where a comprehensive study of the radioactivity measurements or
relevant studies with the atmospheric deposition (due to natural and anthropogenic effects)
have not been performed. The study of radionuclides via gamma-ray spectrometry was
part of this demonstration that included seawater and seabed measurements to support
existing studies on deposition processes in the areas, as well as the ecosystem interaction
with inland waters. The selected area of the coastline was located near the Mahmudabad.
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Figure 1. The area of study in the southern Caspian Sea coastal area (Muhmudabad).

2.2. Experimental Setup

The low resolution underwater gamma-ray spectrometer, named KATERINA, devel-
oped by the Hellenic Centre for Marine Research [17,23,26], was tested and calibrated in
the laboratory (using a water tank) before its deployment in the seawater. The system has
a Nal crystal (3 x 3 inches) and operates in a resolution of 7% at 661 keV (*’Cs). The
system records all gamma-ray emitters from the threshold (50 keV) to 3000 keV, which are
enriched in seawater and sediment. Special attention has been given in recent years to
provide validation with theoretical methods to the activity concentration of the natural and
artificial radioactivity [23-27] using the in situ method in the marine environment. The
sensor was mounted in the middle of the water tank, 5.5 m3 in volume, and it was thus
surrounded by one meter of water, to imitate the real marine environment for energies
below 1000 keV (due to the attenuation of the y-rays in the water). At the bottom of the
tank, an electric pump was placed to mix the water with the appropriate radionuclides
used for the calibrations to ensure homogeneous conditions. The gamma rays were utilized
to perform the energy calibration of the system. The details of the calibration experiments
in the water tanks are described in detail elsewhere [22,26]. The uncertainty was estimated
to vary from 4 to 11%, mainly attributed to the statistics of the net area peak analysis.

In order to optimize the quantification method and marine efficiency (the volumetric
full energy peak efficiency of the system when it operates in 4pi geometry in the seawater)
of the detection system, the method was repeated with the same procedure with natural
drinking water (without artificial calibration sources) on the premises of the IROST, where
all the emission energies of the radon progenies (>'*Bi and 2!4Pb) are present. The KATE-
RINA system was calibrated using a special tank filled with drinking water, which was
highly enriched with radon gas, as natural constituent of the groundwater. The calibration
tank has a cylindrical shape (2.4 m diameter and 2.4 m height). The dimensions of the tank
were selected to better simulate the marine environment suppressing the total attenuation
of the high energetic gamma ray in the water inside the tank (since the required distance of
the energetic gamma rays is more than 1 m). The detection system acquired the gamma
rays of the radon progenies, and a quantitative analysis procedure was applied. The next
step was to deploy and test the detection system for a short period of time in the southern
part of the Caspian Sea mainly to determine the levels of naturally occurring radioactivity
in the seawater as well on the seabed area, examining the case of potential contamination
due to circulation and/or accretion mechanisms.
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The system was transported from the IROST premises to the northern part of Iran
(south of the Caspian Sea), and a small research vessel was used to perform the experimental
deployments of the KATERINA system for seawater and sediment measurements. The
system was connected with a power cable. The data cable was disconnected/removed
during the measurement, and a special dummy was used for the underwater application
allowing the system to operate in a standalone mode according to the time lag of the
measurement. The schematic diagram and the underwater photo of the experimental setup
is depicted in Figure 2 for the seawater and sediment configurations (r is the effective
radius of a y-ray in the seawater or in the sediment before impinging to the crystal).

seawater

seawater

Figure 2. Schematic diagram and the underwater photo of the experimental setup in the seawater
(a) and in the sediment (b).

The '¥Cs activity concentration was investigated on the sediment, while in the sea-
water, it was below the limit of detection of the system for the specific acquisition period.
The demonstration of the system proved that the KATERINA underwater gamma-ray
spectrometer combined with the developed method is an effective tool to deduce quan-
titative data of the activity concentration applying Full Spectrum Analysis methods in
seawater spectra [21], while the analysis in the sediment was performed with an existing
methodology [20]. The energy peaks of the radon progenies exhibited high intensities and
were clearly observed after filling the calibration tank with the water source. After some
time, the gas escaped from the tank, and the concentrations were drastically reduced. First,



J. Mar. Sci. Eng. 2023, 11,725

50f12

the acquisition started on the natural drinking water observing the radon progenies peaks,
and the next day, a specific quantity of KCI (2 kg) was diluted to analyze the peak of 4°K at
1461 keV. Special attention was paid to subtract the ?!4Bi contribution in the energy range
(1400-1620 keV) of the “°K emission energy using an intensity of 2Bi of ~12% according
to the literature [7].

2.3. Full Spectrum Analysis (FSA) Technique

The typical analysis technique is the photopeak analysis. However, there are some
critical drawbacks due to the overlapping energy peaks and the introduction of systematic
uncertainty related to the background subtraction issues. The most important drawback is
the inability of the method to identify unexpected radionuclides [27] that may contribute
to the measured number of events in the selected energy window. Consequently, the
full spectrum analysis (FSA) technique was implemented in the analysis of the acquired
data in the seawater applying appropriate software. The FSA technique is based on the
reproduction of standard spectra for all radionuclides of interest. Standard spectra are
obtained experimentally by performing calibration measurements [27,28] or theoretically
by performing Monte Carlo (MC) simulations [29,30], including the geometry and detailed
characteristics of the measurement. In this work, the standard spectra were derived using
the MCNP-CP simulation code [31], which can simulate the radionuclide as a whole
(involved decay emissions) and take into account the true coincidence summing effects.

3. Results
3.1. Experimental Exercises in the Tank

The experiment concerning the calibration of the detection system in optimized condi-
tions for calibrating the system experimentally (for gamma-ray energies above 1000 keV)
took place in the premises of IROST and lasted several days. During the first day, the
measurement of radon progenies, as natural constituents of the drinking water, was ob-
tained. The experimental spectrum of the first day of acquisition is depicted in Figure 3.
The analysis for providing quantitative data was made using the simulated efficiency curve
from the calibration process of the KATERINA system. The quantification method of the
detection system was performed in the spectrum acquired in the calibration tank using
previously evaluated theoretical efficiency values via Monte Carlo for the energy range
100 to 2000 keV. In brief, the applied quantification methodology was validated up to the
energy of 2000 keV by diluting the radioactive sources with known activity concentration
into the tank. The uncertainty of the previously evaluated marine efficiency values used in
the calculations was estimated to be 4%. Details are given elsewhere [22].

The evaluated marine efficiency values of the system in the energy range (351 to
1764 keV) were used to provide results in Bq/m3 for the detected radionuclides. In more
detail, the activity concentration of 2!4Bi was analyzed and averaged at the energy lines of
1120 and 1764 keV, and the activity concentration of 2'4Pb was deduced by analyzing the
peak at 352 keV. The activity concentration of 2Tl was deduced from the analysis of the
energy peak at 583 keV, which was convoluted with the energy peak of 21*Bi at 609 keV.
The detected counting rate was corrected by subtracting the counting rate contribution
of the 214Bi observed at 609 keV, using the SPECTRW software package V8.3 [32]. The
quantitative results of the radon progenies, as well as for %Tl, are given in Table 1. It
is clearly seen that during the first day, the activity concentration of the radon progenies
was enriched in the drinking water providing a homogeneous distribution of the naturally
occurring radionuclides. The analysis of the gamma-ray energy lines of 24Bi provided
enhanced radioactivity levels compared with the other radon progeny (?!4Pb). The ratio of
the activity concentration of the aforementioned radon progenies was around 1.3 due to
the radon loss from the tank (since the aquatic system was not closed). Similar behavior
was observed in a submarine groundwater spring [33].
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Figure 3. The gamma-ray spectrum acquired during the first day of the experiment in the calibration tank.

Table 1. The quantitative data of the radon and thoron progenies in the water source.

Energy Activity Uncertainty
Isotope (keV) (Bq/m®) (Bq/m®)
214pp 352 11,380 450
214B;4 1120 14,540 710
1764 15,080 600
2087 583 1070 45

Radon is an inert gas, and it can move rather freely through porous media such as soil
or fragmented rock. When the pores are saturated with water (as in soil and rock under the
water table), radon is dissolved into the water and transported by the water flow dynamics.
Water-saturated soil with a porosity of 20% and a radium concentration of 40 Bq/kg, which
is the worldwide average in the earth’s crust, causes at equilibrium a radon concentration
in ground water of the order of 50 Bq/L [34]. The measured data of the radon progenies
(~11 and 15 Bq/L for 2*Pb and 2!“Bi, respectively) were relatively high but below the
recommended or threshold levels [34].

3.2. Field Measurements

The underwater in situ gamma-ray spectrometer KATERINA was deployed in an area
of the Southern Caspian Sea (see Figure 1). Two spectra were acquired in a short period of
time: one in seawater and another in touch geometry on the seabed. Each measurement
lasted for 1 h. The main energy peak observed in the measured spectrum came from
the “°K emission at 1461 keV. The analysis of seawater provided results only for the “°K
contribution as a natural constituent of the seawater. The activity concentration of the
40K in the seawater was found to be 7.1 + 0.6 Bq/L, taking into account the gamma-ray
intensity and the marine efficiency of the system. All other radionuclides (artificial and
natural) exhibited activity concentrations below the detection limit.
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However, several radionuclides were enriched in the sediment at the specific area of
study, since various contributions from natural and artificial radionuclides were identified.
The acquired spectrum on the sediment is depicted in Figure 4 making a smooth operation

with three channels [32].
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Figure 4. The measured spectrum using the KATERINA system placed on the seabed (1 h measure-

ment). A zoom window around 661 keV is depicted. The peaks identified in Figure 3 are clearly seen.

The arrow indicates the energy window of the emission energy of 137 s,

As concerns the analysis of the sediment, the activity concentration of the enriched
radionuclides is given in the Table 2 taking into account that the water content in the
sediment was 32%, and the wet density of the sediment was 1.8 g/ cm3. These values,
as well as the activity concentrations for the detected radionuclides, were assumed to
be homogeneously distributed within the sediment volume (maximum detection depth
1.5 m). The efficiency calculation for the sediment geometry was performed according to

the literature [20].
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Table 2. The measured quantitative data in the sediment using the KATERINA detection system.

Isotope Energy (keV) Activity Concentration (Bq/kg)  Uncertainty (Bq/kg)
2144 609 15 2
1764 20 2
208T] 2614 35 5
40K 1461 630 50
137¢Cs 661 2.1 03

Corrections for the true coincidence summing effects were not considered in the
analysis. The effect was diminished due to the distance between the detector and the
seabed (which is approximately 1.5 cm from the Nal crystal) and was considered to be
comparable to the statistical uncertainty of the net area analysis.

4. Discussion
4.1. Simulated and Experimental Efficiencies

The measured data were deduced using the experimental spectrum analysis procedure
for the observed peaks of radon progenies and the calculated activity concentration values
using the marine efficiency values up to the gamma-ray energy of 2000 keV. The activity
concentration of 21Pb, 24Bi, and 2®T] was determined applying the calibration marine
efficiency data for the low energies and was evaluated in units of volume in order to deduce
the counting rates of each energy photopeak in absolute units (Bq/m? or Bq/L in seawater
and Bq/kg in sediment). The activity concentration values of the natural radionuclides
were used to estimate the marine efficiency for the other energy lines of the emission
gamma rays of the same radionuclides. The selection of the energy lines of the gamma
rays was made taking into account the intensities (the highest provide better statistics) and
energy emission.

The previous data of the marine efficiency for quantifying the energy photopeaks observed
in seawater at high energies (above 1461 keV) did not provide validated values due to the inad-
equate tank dimensions [17,22]. The marine efficiency of the system for seawater measurements
was reproduced using the MCNP-CP software package ver 6.1 for the acquired spectra in the
new tank (with larger dimensions compared to the previous one) to better simulate the marine
environment. The simulated marine efficiency of the in situ detection system was extended
up to the energy of 2614 keV. The marine efficiency was validated with the corresponding
experimental data by analyzing the high energetic (1764 keV of ?'4Bi and 2614 keV of 2%T1)
gamma-ray peaks using their known activity concentration (as determined from the low energy
emissions at 1120 keV and 583 keV, respectively).

The updated results are depicted in Figure 5 together with the uncertainties of the experi-
mental data. The experimental uncertainties were mainly attributed to the statistical uncertainty
(4-6%) of the net area and the uncertainty of the estimated efficiency values (4%).

In this work, the efficiency values using the high energetic peaks of naturally occurring
radionuclides were determined and validated. For instance, the experimental efficiency
value of 2T1 at 2614 KeV was 0.0001004 (6%), while the reproduced simulated value was
0.000108 (5.5%). The agreement was within the uncertainties.
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Figure 5. The measured and simulated marine efficiency values from the threshold energy to 2614 keV.
The filled circles represent the experimental values while the line the theoretical reproduction values
of the marine efficiency.

4.2. FSA in the Measured Seawater Spectrum and Response Function

The experimental spectrum acquired in the tank is depicted in Figure 6 along with the
total simulated FSA spectrum (summation of 2l4pyp 214Bj 40K, 228 Ac, and 298T1), which was
calculated to fit the experimental one. All the simulated spectra were normalized to the
measurement period (live time). For the total simulated spectrum depicted in Figure 6, a
simplified fitting procedure was applied using the derived single simulated spectra for the
KATERINA system for each utilized radionuclide (314Pp, 214B4, 40K, 228 A, and 2°8T1). For
the fitting procedure, each simulated spectrum was multiplied with a free parameter o;,
which was fixed at an optimum value when the best fit of the total simulated spectrum
to the experimental one was obtained. These parameters were deduced from the fitting
procedure of the experimental spectrum and corresponded to the activity concentration of
the observed radionuclides.

The calculation was performed using as the initial value for (*%TI) the experimentally
derived value (analyzed by 583 keV) and the activity concentration for the two radon
progenies (>*Pb and ?'Bi). The incremental step of the activity concentration for the
minimization process was 20 Bq/m?3. The fitting process was terminated when the value
of x? was found to be less than the statistical uncertainty of the minimization process.
The calculation process provided activity concentration values of 11 Bq/L for the radon
progeny 214Pb and 14 Bq/L for 214Bi. The activity concentration of the FSA calculation
process for 2%8T1 and 2 Ac was 0.9 Bq/L and 3.5 Bq/L for “°K. The agreement of the
calculated spectrum using the FSA (by the minimization between the reproduced and the
experimental spectrum) for all studied radionuclides (40K, 214Pp, 214Bj, 208T], and 228 Ac)
was satisfactory (see Figure 6). The “°K photopeak in the experimental and simulated
spectra was not distinguished due to the low counting rate and due to the interference with
the energy lines emitted from 2'4Bi. Furthermore, the gamma-ray energy threshold of the
underwater detection system was clearly identified (~50-55 keV) using the system in the
low saline seawater and/or groundwater matrix [17,18].

The discrepancy at 2400 keV may be produced from the non-intense natural radioactiv-
ity contribution. The reliability of the data was first demonstrated by the good agreement
between the experimental spectrum and the theoretical one reproduced via Monte Carlo
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simulation. Moreover, the experimental marine efficiency values of the KATERINA detec-
tion system as calculated previously in the calibration tank were within the uncertainties
for the measured values of the proposed work making the system a valuable tool for

quantitative measurements in static aquatic environments in the energy range from the
threshold to 2614 keV.
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Figure 6. The measured and simulated spectra for estimating concentrations using the FSA method.
In the Y-axis, the counts represent the detected events in each gamma-ray energy.

5. Summary and Perspectives

An optimized calibration process was performed for an underwater in situ gamma-ray
spectrometer (named KATERINA) using larger tank dimensions to include and imitate the
marine environment for gamma-ray emissions above 1000 keV (such as 2%8T1 at 2614 keV).
Additionally, the FSA method was applied efficiently for the gamma-ray spectra acquired
in the tank to measure the activity concentration of the natural radioactivity enriched in the
natural drinking water with which the tank was filled.

As concerns the results of this work, the activity concentration of the radon progenies
that were enriched in the water was enhanced compared with other radionuclides due to
the mineralogy of the aquifer. The activity concentration of °K found in the seawater in
the southern Caspian Sea agreed with the salinity values. The activity concentration of the
natural and artificial radionuclides that were enriched in the sediment exhibited similar
values to those found in the literature [5,8,9], without any indication of a radiological
issue due to the low values of the activity concentration. The new calibration method was
validated using the experimental and reproduced data through Monte Carlo simulation in
the energy range from the threshold to 2614 keV rendering the system capable of offering
quantitative data rapidly even in the high energetic part. The detection system can support
routine and emergency monitoring tasks integrating the proposed method.

In future, the quantification method will be optimized using the detected natural
radionuclides enriched in the water to improve the operation of the system as a calibration-
less underwater in situ detection system up to a maximum energy of 2614 keV (without the
use of laborious work, which is costly due to the calibration tanks and reference radioactive
sources). The FSA algorithm will be developed for supporting sediment radioactivity
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analysis. Both algorithms for seawater and sediment analysis will be integrated into the
hardware for automated analysis in the case of using the underwater radioactivity detec-
tion system as an observation system for acquisition in a time-series mode. In this case,
non-heavy software is required to enhance the rapid analysis and near real-time response
in case of an emergency.
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