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Abstract: This study investigates the spatial and temporal distribution of the artificial radionu-
clides 1°T and 23U in the Western Mediterranean Sea, focusing on their connection to radionuclide
sources and circulation dynamics. Taking advantage of unprecedented precision of accelerator mass
spectrometry, both tracers were firstly investigated in 2013. Here, we examine tracer observations
obtained along four stations (re-)visited during the TAIPr02022 expedition in May 2022. Distributions
of both 12°T and 23U were related to water masses and clearly linked to local circulation patterns:
a tracer-poor surface Atlantic inflow, a thining of the tracer minimum at intermediate depths, and
a higher tracer signal in Western Mediterranean Deep Waters due to dense water formation in the
Algero-Provengal basin. The comparison to 2013 tracer data indicated recent deep ventilation of
the Tyrrhenian Sea, the mixing of deep waters and enhanced stratification in intermediate waters
in the Algero-Provengal basin due to a temperature and salinity increase between 2013 and 2022.
We estimate an overall 1T increase of 20% at all depths between 0 and 500m with respect to 2013,
which is not accompanied by 23°U. This suggests either the lateral transport of 12 from the Eastern
Mediterranean Sea, or an additional source of this tracer. The inventories of 12°T calculated for
each water mass at the four stations point to the deposition of airborne releases from the nuclear
reprocessing plants (La Hague and Sellafield) on the surface Mediterranean waters as the more
likely explanation for the 12°T increase. This work demonstrates the great potential of including
measurements of anthropogenic radionuclides as tracers of ocean circulation. However, a refinement
of the anthropogenic inputs is necessary to improve their use in understanding ventilation changes
in the Mediterranean Sea.

Keywords: 236U; 1297; tracer; artificial radionuclides; Mediterranean Sea; atmospheric source

1. Introduction

The ocean plays a key role in regulating Earth’s climate system through the redis-
tribution and storage of heat and gases in its interior. This process is primarily driven
by dense water formation (i.e., ventilation), which only occurs in limited regions of the
world’s ocean [1]. Similarly to the global ocean, the Mediterranean Sea displays regions
of active deep water formation (Figure 1, blue circles); however, this process occurs here
at a faster pace and with a high spatial and temporal variability [2]. The easily accessible
deep water formation sites in the Mediterranean Sea and the rapid time of water turnover
(about ten times shorter than in the global ocean), allows for the detailed observation
and measurement of circulation patterns of one of the most ventilated water bodies [3-5].
Because of its circulation processes and its rapid response to global warming, studies

J. Mar. Sci. Eng. 2024, 12, 2039. https:/ /doi.org/10.3390/jmse12112039

https:/ /www.mdpi.com/journal /jmse


https://doi.org/10.3390/jmse12112039
https://doi.org/10.3390/jmse12112039
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0001-9107-7254
https://orcid.org/0000-0001-5149-2218
https://orcid.org/0000-0001-7991-9121
https://orcid.org/0000-0002-0313-2557
https://orcid.org/0000-0001-7316-1655
https://doi.org/10.3390/jmse12112039
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse12112039?type=check_update&version=1

J. Mar. Sci. Eng. 2024, 12, 2039

2 of 20

identify the Mediterranean Sea as a potential “miniature ocean laboratory” suitable to
better understand the global ocean’s response to climate change and a valuable tool to
predict future scenarios [4-6].
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Figure 1. Map of the Mediterranean Sea with locations of nuclear reprocessing plants (black dots),
and arrows of surface (red) and deep (blue) circulation pathways. Locations of deep (dark blue
circles) and intermediate water (light blue circles) formation are also shown here. SF = Sellafield;
LH = La Hague; MC = Marcoule.

1.1. Circulation and Water Masses of the Study Area

The Mediterranean Sea is a mid-latitude, semi-enclosed sea connected to the Atlantic
Ocean through the narrow Strait of Gibraltar, where water, salt, heat and other properties
are exchanged between the basins (Figure 1). The Mediterranean Sea is composed of two
basins of similar size (i.e., a Western and an Eastern Basin, WMED and EMED), connected
by the Sicily Channel [7]. Circulation within the Mediterranean Sea, as described in more
detail in e.g., Millot [2], is schematically divided into three circulation cells; a shallow inter
basin circulation as well as two deep overturning cells, located each in the WMED and the
EMED. The upper branch of the inter basin circulation cell is occupied by Atlantic Water
(AW) entering the Mediterranean Sea at surface and flowing eastwards while increasing
in salinity and density due to net evaporation (Figure 1, red arrows). The lower branch of
the inter basin circulation cell is represented by the Levantine Intermediate Water (LIW),
which forms in the Levantine basin and from there flows back westwards between 200 and
600 m and eventually outflows into the Atlantic Ocean through the Strait of Gibraltar
(Figure 1). The transit time of LIW from the formation region to the Gulf of Lion is estimated
to be around 10 years (y) [2]. The second circulation cell is characterized by the formation
of the Eastern Mediterranean Deep Water (EMDW) in the EMED, mainly in the Adriatic
Sea by Bora winds. In a similar manner, deep water is formed in the Gulf of Lion in the
WMED, which represents the third circulation cell. Regional cold and dry winds, Mistral
and Tramontane, lead to rapid cooling of the AW and strong evaporation, which triggers
convection of AW and its mixing with underlying, warmer and saltier LIW finally forming
the Western Mediterranean Deep Water (WMDW). Further, another intermediate water is
the Western intermediate water (WIW), only formed in case of moderate deep convection
(if the AW only mixes with LIW but not with WMDW [2,8]). Yet, deep water formation
in the Mediterranean Sea shows strong temporal variability. An example is the intense
deep water formation event observed between 2004-2006 which marked the beginning of
the Western Mediterranean Transition (WMT; [9]). This deep water formation event was
preconditioned by dry and cold winters and persistent winds in the Gulf of Lion, which led
to a near-complete renewal of the WMDW within two years throughout the whole western
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basin (i.e., Ligurian Sea, Balearic Sea, and Algerian basin) [10,11]. A second climatological
event, known as the Eastern Mediterranean Transient, occurred in the 80/90s and deeply
affected the circulation in the EMED by shifting deep water formation from the Adriatic
to the Aegean Sea. This strong deep water formation determined an uplift of Ionian deep
waters and consequently affected the characteristics of waters in the WMED [11,12].

1.2. Artificial Radionuclides as Tracers of Water Masses

Circulation pathways and timescales, including mixing and advection, can be tracked
using unreactive, soluble chemical compounds released into the marine environment with
time-dependent input functions (i.e., transient tracers). The most commonly used tran-
sient tracers in ocean studies are the man-made chlorofluorocarbons (CFCs) and sulphur
hexafluoride (SFs) [13]. However, in recent years and owing to the advancements in accel-
erator mass spectrometry (AMS), artificial radionuclides iodine-129 (*2°T) and uranium-236
(¥%U) have emerged as new and powerful oceanic tracers, as discussed in Casacuberta
and Smith [14] and references therein. These are long-lived tracers (half-life T; ;, = 15.7 My
and Ty, = 23.5 My, respectively) conservatively transported by oceanic currents due to
their inertness. Whereas 12T has been widely used as an oceanographic tracer since 1980
(e.g., [15-17]), 2°U measurements were enhanced more recently through technological
improvements in compact AMS systems [18]. Further, T has a potential to act like a
proxy due to its long half-life and provide information about partitioning of other shorter
lived radionuclides of radiological concern such as 1317 (half-life T; /2 =8d) [16]. Both 1291
and 23°U have been emitted into the atmosphere and subsequently, or directly, into the
oceanic mixed layer by nuclear bomb tests occurring between 1945 and 1980 as well as by
nuclear accidents such as Fukushima and Chernobyl [16,19]. Nuclear Fuel Reprocessing
Plants (NFRPs) further contributed to the presence of these radionuclides in the ocean.
Among these, the two largest facilities are located in La Hague (France) and Sellafield (Great
Britain). Unlike the atmospheric input from global fallout, NFRPs are point-like sources.
These facilities mostly discharge liquid radioactive waste that is transported lateraly by
ocean dynamics [20], and a much smaller airborne fraction [21] that is often overlooked in
oceanographic studies.

In the last decade, the combination of 12°T and ?**U has emerged as a novel tool for
ocean circulation studies with a growing number of investigations that have unveiled new
pathways of water masses, their provenance and mixing, and estimated circulation transit
times in the Arctic Ocean and the Nordic Seas [14,22,23].

1.3. 1297 and 231 in the Mediterranean Sea

A first basin-wide study of '2°T and 23U was conducted in 2013 by Castrillejo et al. [24],
which provided useful benchmark values of radionuclide concentrations, and the first quan-
titative estimates of radionuclide sources in the Mediterranean Sea. The study of Castrillejo
etal. [24] added to prior studies that measured a single depth profile of 2%°U in the Ligurian
Sea (Station DYFAMED; see Figure 2) in 2001 [25] and 2013 [26] and others that provided
1291 concentrations in surface waters off the Rhone estuary [27,28]. Yet, these studies already
pointed to the limitation of using '2°T and 23°U as transient tracers in the Mediterranean Sea,
due to poor understanding of their local sources and historical releases (input functions).
Unlike in the Arctic Ocean, where the major source of these tracers is their liquid release
from NFRPs, the main input of 12°T and 2*°U to the Mediterranean Sea is global fallout (1 kg
and 11 kg of 1?°T and 2%°U released in the basin, respectively) and the nuclear reprocessing
plant of Marcoule (a total accumulation of 70-90 kg and 10-20 kg for '2°T and?**U, respec-
tively). Artificial radionuclides released by Marcoule (MC in Figure 1) were introduced
into Mediterranean waters through atmospheric deposition and direct discharges via the
Rhone River [29]. On the other hand, the influence of the Chernobyl nuclear accident (1986)
on tracers’ distribution was found to be negligible in the region, since deposition of 22U
occurred primarily in the vicinity of the accident area, and 1’1 was dispersed primarily
to the North (not affecting the Mediterranean Sea) [30]. However, the study of Castrillejo
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et al. [24] reported concentrations of both artificial radionuclides that would suggest an
additional source to the Mediterranean Sea (e.g., atmospheric contribution of the active
NFRPs of La Hague and Sellafield), but concluded that further data would be necessary to
validate such conclusion.

Here, we present a new study in the Western Mediterranean Sea that investigates
1297 and 230U distributions using a selection of new data collected during the TAIPr02022
expedition in May 2022. This study only covers 4 of the 24 hydrographic stations, which
correspond to the ones previously occupied during a GEOTRACES expedition in May-June
2013 (Figure 2). The overarching goals of this study are to (1) better constrain the spatial
distribution of 12T and 23°U along the water column and in prominent water masses of the
WMED; and (2) assess the decadal changes in the tracers’ concentration and distribution
between 2013 and 2022. We discuss the results in the context of their general input history,
with a focus on constraining new sources of radionuclides and whether these are observed
in the deep waters formed in the WMED. This is a very first step towards the determination
of input functions in the region, which are essential for future precise assessment of water
age through transit time distribution models.

® TAIPro2022

f 6°E
20°E 3

—
10°E
Figure 2. Map of the Mediterranean Sea with locations of the stations sampled for 12°T and 2%°U in
2013 as part of the GA04S-MedSeA2013 expedition (white circles); and in 2022 during the TAIPro2022
cruise (black circles). The four stations discussed in this work were sampled during both expeditions
and are marked as red stars (with name of stations reported; DYF = DYFAMED).

2. Materials and Methods
2.1. Sampling for Artificial Radionuclides

The TAIPro-2022 cruise was conducted in the framework of the Med-SHIP program [31]
and thanks to a trans-national access project funded by the EUROFLEETS+ European
Project. The cruise took place on board of the RV Belgica (from Toulon to La Spezia) in
May 2022 and covered 24 hydrographic stations in the WMED along a north-south tran-
sect from the Ligurian Sea to the Tyrrhenian Sea as well as 5 sites west of Sardinia in
the Algero-Provencal basin (Figure 2). These stations revisited sites that were previously
sampled for 2°U, 12T or both radionuclides (red stars in Figure 2). Stations 14, 21 and
24 were first sampled in 2013 during the GEOTRACES GA045-MedSeA expedition [24].
The fourth is the so-called DYFAMED station, which was previously sampled for 22U
in 2001 and 2013 [25,26]. During the TAIPro-2022, seawater was collected at each station
from 15-17 depths doubling the depth resolution of 2013. The seawater was collected using
Niskin bottles mounted on a rosette equipped with sensors for conductivity, temperature,
and depth (CTD). At the repeated stations, 3 L of seawater (total fraction, i.e., not filtered)
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were collected in plastic cubitainers and stored at dark and room temperature conditions
until further extraction of 22°U and '®I in Ziirich.

2.2. Extraction and Measurements of 2T and 23U

The isotope isolation and measurement was conducted at ETH Ziirich based on the
methods adapted by Casacuberta et al. [32] and described in more detail in Wefing et al. [33]
and Christl et al. [34]. Briefly, for the extraction of 1291 about 250 mL of seawater were
spiked with 1.5 mg of Woodward lodine (WWI; 1271). The amount of '¥’T added to each
sample is about 3 orders of magnitude more than the natural amount in seawater (i.e.,
60 ppb), thus the only purpose of adding it is to account for the chemical losses of '2°T, and
to obtain measured atomic ratios of 12°I/1?’T in the order of 10712, After letting the spike
equilibrate with the sample, the aliquots were oxidized to iodate using saturated Ca(ClO),
solution, then reduced to iodide using NayS,05 and NH,OH*HCI. The reaction mixture
was raised to pH 5-6 before passing through a preconditioned DOWEX 1 x 8 ion exchange
resin to purify and retain the iodine. Then, 2.25 M KNOj3 was used to elute the iodine into
an acidified AgNOs solution and it was precipitated as Agl. The precipitate was dried,
mixed with Ag powder and pressed into cathodes for AMS measurements.

The processing of 23U consists of a pre-concentration and a purification step. In
short, seawater samples of 3 L were acidified using 3 mL of concentrated HNO; (25%)
and spiked with 1 pg of 233U (acidic solution, PTB 2014-1126). Then, Fe(OH); (equivalent
of ~250 mg of Fe>* solution) was added to the sample and precipitated as Fe;O3 using
concentrated NH4OH solution. The Fe;O3 precipitate was redissolved in 8 M HNO3 and
passed through UTEVA columns to purify U. The extracted U was co-precipitated with
Fe;O3 and thermally oxidized to UO. The extracted U was co-precipitated a final time with
Fe(OH); (equivalent of 3 mg of Fe>*) and a few drops of NH,OH. Finally, the precipitate
was mixed with Nb powder and pressed into AMS cathodes.

Processed samples were measured at the Laboratory of Ion Beam Physics (LIP) at ETH
Ziirich using the 300 kV Multi-Isotope Low Energy AMS (MILEA) system [35]. The final 12
and 230U concentrations were calculated from the 121/1271, 233U /238U and 23°U /238U atom
ratios by multiplying it with the known amount of WWI (*27T) or 233U spike added during
the isotope extraction procedure and subtracting the concentration of the blanks [36].

2.3. Data Processing and Quality Control

During processing, each batch of 2T and 2*°U samples (n = 12 in total) included
one blank (milliQ-water), processed as a sample and used to assess data quality and
quantify uncertainties.

For %1, four replicates of an internal standard (a large sample collected in deep
Atlantic waters) were processed in different batches to check the reproducibility of the
method, resulting in a mean concentration of 1.3 x 10% at kg~! and a standard deviation of
2.7%. Nevertheless, we here include a larger uncertainty that accounts for all the replicates
of such internal standard throughout the whole year of measurement (mean concentration
1.9 x 108 at kg 1). Therefore, we included 5% as the final uncertainty for all '*I results.
Blanks of %I (mean of 1.9 x 10° at kg ') were 1.5-2 orders of magnitude lower than the
concentrations in seawater samples. Measurements were normalized with 11 in-house
standard “C2 diluted”, which resulted in a correction of 1.1 (i.e., all standards measured at
(91 £ 2)% of the nominal value). A final quality check was performed once results were
plotted as profiles and within the hydrographic context of temperature and salinity, as well
as by comparing it with other tracers. In the particular case of 12’1, we identified 6 samples
with results that were not consistent with the rest of the parameters (marked in Table A2
with “*”), which we have excluded from the results and discussion (i.e., not plotted in
figures). Most probably these samples had analytical issues during the radiochemistry
steps that could be related to the weight of the WWI spike or errors in noting the final
volume of seawater analyzed.
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For the normalization of the 230U /238U ratios, the in-house ZUTRI standard was mea-
sured approximately every six samples [35]. A total of 12 ZUTRI standards were measured,
yielding an average correction factor of 1.4, (i.e., all standards measured at (70 &= 1)% of the
nominal value). The blank contribution for 2*U was 0.075 + 0.056 x 10° atkg~! (n =7),
and represented less than 1% of the total 22°U content in the samples. The analysis of the
blanks also allowed for a detection limit of 0.7 x 10° at kg ! to be established, which was
calculated as 3 times the standard deviation of the blank average. The final total propagated
uncertainty of 3% for the 23°U concentrations accounts for measurement error, standard
normalization, blank correction, 233U spike concentration, and sample weighing. For qual-
ity control of the U data, the ?>U concentrations obtained by AMS were compared to those
calculated using the salinity-?**U relationship for the Mediterranean Sea proposed by Pates
and Muir [37] (see Appendix A). All our results clustered between 3.4 and 3.8 pg kg,
which is within the expected values for the Mediterranean Sea and thus indicate good
accuracy of the AMS measurements. As a final measure for quality control, the 2°U /233U
relation of all samples was monitored to verify that values did not drift away from the
natural value.

2.4. Water Masses Definitions and Column Inventory Calculations

In order to understand the vertical and spatial tracer distribution, the water masses
of each location and depth are identified with the help of potential temperature (¢) and
salinity. The identification is conducted by applying these hydrographic properties in
thermodynamic diagrams known as T-S or 8-S diagrams, and adopting previously defined
values in the literature [8,38,39]. The main water masses in the WMED are the AW, the
intermediate waters (LIW and WIW), the WMDW, and the TDW. Ranges of values for these
water masses are based on literature and provided in the Appendix A (Table A1).

Column inventories of 12T and 2°U were calculated by first interpolating vertical
profiles with 1m depth bin and then integrating them from surface to bottom depth or
within the extent of the different water masses of the region (i.e., Surface, AW, LIW, and
WMDW). The units obtained from the column inventories are atoms per square meter
(atm™2).

3. Results
3.1. Vertical Distribution of '*°T and 23U in the Mediterranean Sea

Along the water column, the radionuclide concentration ranged between (7.2 4- 0.4) x 107
and (15.8 & 0.8) x 107 at kg~!, and between (11.4 & 0.4) x 10° and (18.7 4 0.3) x 10°
at kg~! for 12T and 2%°U, respectively (Figure 3, Table A2). The results exceeded natural
background levels of '2°T (1-2 x 107 at kg~! [16]) by one order of magnitude and 23°U
concentrations expected from atmospheric weapon tests (6 x 10° at kg ! [19,40]), namely
global fallout (Figure 3). All results, including >*U obtained from the AMS system and
2361 /238U atom ratio, are displayed in Table A2, though not all are discussed below as part
of the results.

Generally, both tracers showed similar trends along the water column with homoge-
neously mixed or increasing concentrations with depth in the shallow waters (0-300 m),
followed by a strong decline and again invariant or increasing concentrations at high depths
(below 2000 m, Figure 3). More specifically, 2°I concentrations within the first 100 m ranged
between 9.8-15.7 x 107 at kg~ !. At around 100-200 m, values of '?°T remained constant
between 100 and 300 m at around 12-13 x 107 at kg~! that were followed by decreasing
concentrations below that depth (except for station DYFAMED). Minimum concentration
of 7.2-8.6 x 107 at kg~! of 12T was encountered at 1000-2250 m. 2**U profiles showed
a similar pattern to 12’ (when removing the outliers at DYFAMED and Station 21, see
Section 2.3 for details) (Figure 3). Surface waters contained high concentrations of 26y
between 12.4 and 16.2 x 10° at kgfl, though with lower variability compared to 1291 The
highest 2°U concentrations are centered at around 100-200 m, with maximum values of
17.0-18.7 x 106 at kg~!. Then, 23°U concentrations sharply dropped before they slightly
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increased towards the very deep waters starting below 1000-1750 m. Recorded minimum
values were 10.8-12.0 x 10° at kg~!. The increase in very deep waters below ~1500 m for
both tracers was more distinct for 1?1, particularly at station 24.
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Figure 3. Vertical profiles of 12°T (a) and 23°U (b) concentrations in 2022 along the four repeated
stations. Vertical lines represent values of global fallout of each tracer.

3.2. Spatial Distribution of 121 and 236U in the Mediterranean Sea

1297 showed significant variability in surface waters, ranging from 9.8 to 15.8 x 10 at
kg~!. Surface waters in the Algero-Provengal basin (stations 21 and 24), located closer to
the inflow of Atlantic Water, contained lower tracer concentrations and differed more from
the lower lying LIW than in the Ligurian and the Tyrrhenian Sea. While at station 24, 1291
increased towards the LIW reaching maximum values, the concentration of this radionu-
clide decreased in surface waters along the water column at DYFAMED and station 14. In
general, station 24 showed the highest scatter of 12°I of all stations along the water column,
with maximum concentrations of 15.2 x 107 at kg~ ! in intermediate waters and an increase
in deep water towards the seabed by 4.8 x 107 at kg~!. In comparison, the maximum at
the remaining stations was at 12.7-13.2 x 107 at kg~ !.

For 236U, surface waters also showed spatial heterogeneity with values ranging from
12.4 to 16.4 x 10° at kg !, with lower concentrations in the Algero-Provencal basin. Con-
centrations of 2%°U increased sharply between 0 and 100 m at station 24 as well as station 21
(from 12.4 to 17.9 and from 13.5 to 18.7 x 10° at kg~!, respectively) and remained constant
or only minimally increased with depth at station 14 and DYFAMED (from 16.2 to 16.3 and
from 16.4 to 17.1 x 10° at kg !, respectively) (Figure 3). In intermediate waters, elevated
values of 230U were found at both station 21 and 24, with a maximum of 18.7 x 10° at kg !
at 100 m at station 21.

3.3. 1297 and 23611 in Mediterranean Sea Water Masses

Using the water mass classification provided in Table A1, AW was found to be centered
between 25 and 100 m in all four stations and characterized by temperatures of around
13.6-17.0 °C and salinities of 37.2-38.4. High tracer concentrations were found here with
a mean of 12.9 x 107 at kg~! (¢ = 0.10) and of 15.7 x 10° at kg~ ! (¢ = 0.11) for 1?°1
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(Figure 4a) and 23U (Figure 4b), respectively. In this water mass, we observed increasing
concentrations with depth. In the Algero-Provencal basin, the AW showed lower uranium
concentrations (12.3-15.7 x 10° at kg~!) than in the Ligurian (~17.5 x 10° at kg~ !) and
Tyrrhenian Seas (~16.5 x 10° at kg~ !). Another water mass is the LIW, whose core can be
identified as a hook-like inversion in the 0-S diagrams (Figure 4). The upper boundary of
LIW displayed amongst the highest concentrations of both radionuclides (station 21, 100 m:
13.1 x 107 at kg~! ?Tand 18.7 x 106 at kg~! 23U). Unlike in the AW, 236U concentrations
in the LIW were more invariant with depth, with mean values of 13.0 x 107 at kg ! for 12°1
(¢ =0.11) and 16.7 x 10° at kg~ for 2°U (¢ = 0.07).

291107 atkg™"]
22 ‘ 18
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Salinity

Figure 4. 6-S Diagram for the four stations of the study. Lines represent isopycnals, colours
show concentrations of 12°T (a) and 23°U (b). Circles identify data within different water masses
(AW = (Mediterranean) Atlantic Water; LIW Levantine Intermediate Water; WIW = Western Interme-
diate Water; WMDW = Western Mediterranean Deep Water). Samples in the top left side of the panel,
not included in any circle, represent surface waters of Atlantic origin.
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Deeper in the water column lies the WMDW, divided into new and an old components
(WMDWn, WMDWo0) as referring to pre- and post-WMT-event in the mid 2000s. Tracer
concentrations continuously decreased with depth to a minimum of 4.3 x 107 at kg™!
for T and 10.8 x 10° at kg~! for 220U at 1000-2250 m, depending on the station. Below
that depth, increasing concentrations of both tracers were found at every station, with the
highest elevation of 23°U at station 21 (with a 10% increase from 2500 m to bottom depth).
Values ranged between 7.2-14.5 x 107 at kg~ ! for 12T and varied between 12.3-14.6 x 10°
at kg~! for 3°U. At station 14, transitional Eastern Mediterranean Deep Water (tEMDW)
between 750 and 2000 m contained 8.1 x 107 at kg~! of '®T and 11.7 x 10° at kg ! of 2°U,
which was slightly lower than the underlying Tyrrhenian Deep Water (TDW) with mean
values of 8.6 x 107 at kg~! for 1T and 12.2 x 10° at kg~ for 2%°U.

4. Discussion
4.1. Temporal Variability in the Western Mediterranean Sea

The results of stations 14, 21, and 24 were compared to previous 2T and 2*U measure-
ments of the GEOTRACES GA045-MedSea expedition in 2013 [24], which are represented in
Figure 2. Station DYFAMED lacked historical '?°T data, but had additional 2*°U profiles
collected in 2001 and 2013 [25,26]. The tracer concentrations followed similar patterns in
2013 and 2022 at all stations (Figure 5), although the depth resolution improved in 2022.
The main differences to 2013 are an increase in 2>°U concentrations in very deep waters
(e.g., below 2000 m at station 21 and below 1500 m at station 14) and a decrease of 12-20%
in surface waters (25 m) in the Algero-Provencal basin. On the contrary, 1297 increased in
all locations in surface and intermediate waters between 0 and 500 m, particularly in the
Algero-Provencal basin, with values going from 9.12 to 14.22 x 107 at kg~! (station 21,
100 m). This trend was also observed in very deep waters, for example, concentrations of
1297 increased from 5.42 to 8.12 x 107 at kg~ ! at station 14 at 2000 m between 2013 and 2022.

At DYFAMED, the 236U depth profile showed drastically decreasing concentrations
in surface waters (0-100 m) compared to 2001. Values decreased from 30 to 17.13 x 100
at kg~! in surface waters and increased in deep water by about 35%. These surface
concentrations highlight the effects of the NFRP Marcoule shutdown in 1997. This finding
suggests that between 2001 and 2013, waters from the surface were transported by deep
convection, for example, during the WMT in this decade [10], and resulted in increasing
tracer concentrations in deep waters. No major renewal event similar to the WMT was
observed after 2013 [41], which explains why 2*U concentrations below 1000 m remained
constant in the last decade.

At station 24, radionuclide-rich waters transported 2°U deeper in the water column,
thus filling the former tracer minimum observed in 2013 at 1000 m (Figure 5 station 24).
Maximum 2**U concentrations at station 21 and 24 in 2022 were reached at 100 m compared
to 250 m in 2013. Also, peaks of maximum salinity, minimum oxygen, and a decrease in
temperature were situated closer to the surface in 2022 (Appendix A Figure A1).

In general, a change in both tracers and hydrographic properties indicates a variation
in ocean dynamics, while a change observed only in radionuclide concentrations is referred
to differences in their source(s). These two results indicate that the LIW was encountered in
shallower waters already at 100 m in 2022. A possible reason is an intensified stratification
of the upper layers, which prevented the LIW to further propagate into deep waters. The
stratification resulted from a warming and salinification of LIW, which is especially the
case for station 24, but also observed at station 21 (Figure Al). Average temperatures
and salinities in AW and LIW between 100 and 500 m increased at all stations in the last
decade, adding to an increase rate in salinity by +0.02-0.03 y~! and in temperature by
+0.06 °C y~! in the Algero-Provencal basin, and lower rates of +0.01 °C y ! and +0.04 y !
for temperature and salinity, respectively, in the Tyrrhenian Sea (Figure A1). These trends
were consistent with previously reported warming and salinification rates of LIW in the
Ligurian Sea between 2007 and 2017 as a result of weakened deep convection in the Gulf of
Lion in winters, after year 2014 [42]. The moderate cooling of AW and LIW in those years
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changed the properties of intermediate waters, but did not result in a large production of
WMDW [42].
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Figure 5. Depth profiles of 22U (orange) and %I (purple) concentrations along four stations
(panel a-d) in the Western Mediterranean Sea in 2013 and 2022 (and 2001 for DYFAMED). Note
that dashed lines represent profiles shape when analytical outliers were removed.

4.2. Relative Ages of Water Masses in the Western Mediterranean Sea

As the radionuclides were not released into the environment before anthropogenic
activities in the 1950s, high tracer concentrations are an indication of recently ventilated
waters (i.e., young water masses). However, since we would not expect any local inputs
after the shutdown of Marcoule in 1997, we should observe a decrease in concentrations
both in (sub-)surface waters (AW and LIW), as well as in deeper waters (WMDW), if deep
convection occurred. Both historical and recent data show overall concentrations exceeding
the natural levels and global fallout signal (see Figure 3) confirming the Mediterranean Sea
to be in general characterized by young water masses. Lower 23U in LIW in the Tyrrhenian
Sea compared to the Algero-Provencal basin suggest an increase in concentrations along
the pathway of LIW in the WMED from east to west. However, this pattern cannot be
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seen as clearly with 12°I. At station 24, we found decreasing concentrations of %I in
the Ligurian Sea despite increasing water age and enhanced concentrations of LIW. The
latter observation could result from the high stratification observed at this location, which
indicates that the 12T could be confined at this depth, unable to further propagate into
deeper waters. Other possible explanations are a subduction in AW and LIW transporting
the high tracer concentrations at the surface of station DYFAMED to station 24, where the
elevated 1?°T settled at deeper depths, or that the water with enhanced concentration at 100
and 200 m is WIW. This water mass probably contributed high 1?°T from the surface into
intermediate depths.

The rapid ventilation of the deep Mediterranean Sea enhances tracer concentrations
close to the seabed. Above that layer, the lowest tracer concentrations in the Mediterranean
Sea are found at ~1000 m [41,43,44], a zone defined as the Tracer Minimum Zone (TMZ)
by previous studies (e.g., [45]). This slow ventilated layer at mid-depths is a unique
characteristic of the Mediterranean Sea and corresponds to the oldest waters in the water
column [41,46]. The TMZ was observed in this study for both tracers throughout the whole
WMED with the lowest concentrations in the Tyrrhenian Sea. Although the TMZ appeared
to be less pronounced for radionuclides compared to gas tracers, as reported in Li and
Tanhua [41], some of its patterns of distribution in the water column could still be observed.

The TDW had lower tracer concentrations than the WMDW, indicating presence of
older water masses in the Tyrrhenian Sea than in other regions. This finding is consistent
with that of Schneider et al. [46], who reported increasing water ages in the Tyrrhenian Sea at
every depth with mean ages reaching around 100 years. Lower water ages are calculated in
the Algero-Provencal basin and decrease again towards very deep waters below the centre
of the TMZ at around 1000 m. Newer water from deep water formation enters the WMED
in this basin, leading to enhanced ventilation and higher tracer concentrations below the
TMZ [41,45]. We found increasing trends in radionuclide concentrations with depth in the
Algero-Provencal basin and the Ligurian Sea starting below 1000~1750 m of ~35% for 121
and from ~12% for 2%°U. The increasing tracer concentrations with depth clearly indicate
decreasing water ages below 2000 m compared to the upper lying waters in the TMZ.
Also, higher dissolved oxygen at stations 21, 24, and DYFAMED points towards younger
water masses (Appendix A Figure Al). Tracer concentrations in the deep Tyrrhenian Sea
increased only slightly towards the seabed compared to the TMZ. The increase in both
tracers is centered at higher depths in comparison to the other basins and is lower for
the radionuclide '?°I. This is probably because deep water in the Tyrrhenian has different
sources than the remaining basins. The upper half of the deep water (750 m-2000 m) is
affected by the inflow of EMDW with high water ages and potentially low radionuclides
concentrations and only the TDW below 2000 m is influenced by WMDW with higher
tracer values.

4.3. Recent Ventilation of Deep Western Mediterranean Sea

In the Tyrrhenian Sea, the concentration of both tracers increased below 1000 m
(Figure 5, station 14) in the last decade. At 2000m, increases from 5.42 to 8.12 x 107 at kg™~!
of T and from 10.27 to 12.28 x 10° at kg ! of 22U were observed. Concentrations were
higher both in the tEMDW and the TDW. In addition, dissolved oxygen was enhanced by
about 5% (from 178.9 to 186.9 umol kg~ !) starting at 500 m, which indicates a ventilation of
deep water in this basin in the last decade. This either occurred between 2013 and 2016 or
after 2018 according to the reported intense ventilation until 2016 and declining ventilation
between 2016 and 2018 by Li and Tanhua [41]. Taking both oxygen and tracer observations
into consideration, one can infer that the WMT influenced the Tyrrhenian deep waters after
2013 by the entering of WMDWn in this basin, introducing newer water with higher tracer
concentrations into deep layers. Similarly, increasing CFC-12 concentrations were reported
from 2011 to 2016/18 [9,41] and new observations of the gas tracer SFs collected in 2022
also show an increase with respect to 2016 (T. Tanhua, personal communication).
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In the Algero-Provencal basin, §-S-diagrams in 2013 were characterized by inversions
in waters below 2000 m [24], distinguishing between WMDWo before the WMT and
WMDWn after this renewal event in the mid 2000s. In 2022, this inversion was not as
distinguishable and only a minor curve is visible in the diagram below 2000 m (Figure 4),
indicating that WMDWo and WMDWn mixed 17 years after the WMT (further reflected in
overlapping 2°U concentrations in both years). Nevertheless, the slight curve of the 6-S
diagram below 2000 m in 2022 aligns with enhanced '?°T (increase of 19% at station 21),
therefore suggesting a potential increased contribution of deep waters that have been more
recently ventilated and that have not undergone full mixing.

4.4. Additional Sources of 121 to the Western Mediterranean Sea

Higher '?° concentrations in AW and LIW in stations 21 and 24 and at surface of
DYFAMED suggest a substantial recent supply of 12°I into the Mediterranean Sea. In order
to investigate this further, column inventories were calculated for each radionuclide at
every station and all years available (Figure 6). Results show an almost unchanged 23U
content over the past decade with increase only ranging between 0.1 to 1.2 x 10'? at m 2
(which corresponds to the inventory estimated uncertainty of 3%). Station 14 displayed
a strong temporal variability in 22U column inventories; nevertheless, the differences
observed are an artifact due to samples only being available below 1000 m depth in 2013.
When comparing the 2013 inventory to that of 2022 calculated only below 1000 m depth
(brown bar chart shown in Figure 6), we still observe an increase in 23U content in deep
waters. Nevertheless, these findings cannot be overall conclusive in light of the lower
sampling resolution of 2013.
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Figure 6. Column inventories of 12T and 236U along the four stations (panel a-d) in the WMED. The
different colors of the stacked bar chart represent inventories in different water masses in the WMED
for years 2013 and 2022 (when data available), and for 2001 for 23U in DYFAMED. For the purpose
of the figure, we used the following definitions: surface = 0-25 m; AW = 25-100 m; LIW = 100-500 m;
deep water = 500 m-bottom. Note that, in 2013, 236 at station 14 was only available below 1000 m
so for comparison we reported inventories below this depth for 2022 as well (brown columns). The

inventories uncertainty are 5% for 12°T and 3% for 23°U.
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On the contrary, 1?°T inventories increased in every station within a range of 41.1 to
80.9 x 10'2 at m~2 between 2013 and 2022 (depending on the station). These values are 3 to
6 times above the 5% uncertainty estimated for the '?°T inventories and therefore indicate
a significant increase in '?°I inventories over the period of observation. This increase is
observed throughout the water column, yet when accounting for the percent increase of
1291 inventory in different water masses, we found that the highest increase occurred in
the surface waters and the AW. These waters displayed an average increase of ~320% in
1297 inventory from 2013 to 2022, while all other layers showed a less pronounced but still
remarkable percent increase that ranged between 18-65% for AW, 3-20% for LIW, and
15-25% for deep waters. In particular, stations 21 and 24 were those where the strongest
increase occurred in all water masses, except the deep waters that saw the largest increase
at Station 14. The observed increase in ?°T inventories, but the missing increase in 236y,
strongly suggests an additional source of 1?°T into the WMED and particularly to the
Algero-Provencal basin. Since the major increase is at surface, the most likely hypothesis
points to an atmospheric source from the European NFRPs of Sellafield and La Hague.
This was already pointed by other studies in the North Adriatic Sea [47], in rainwater
samples collected South of Spain [48]) and was further investigated in Castrillejo et al. [24]
by looking at air parcel trajectories. The latter study found that potential inputs of 12°
from La Hague and Sellafield would be small compared to liquid inputs from Marcoule.
However, considering that Marcoule’s activities already ceased 30 years ago, these new 121
data clearly show that the atmospheric inputs from NFRPs could be more important than
previously considered.

In fact, one could take the average surface inventory between stations 21 and 24
(5.3 x 10'2 at m~?) and a surface area of 35,500 km? that encompasses the Algero-Provencal
stations, and estimate an average total '*’ inventory that could be compared to the atmo-
spheric releases of NFRPs. When doing this calculation, we obtain a surface inventory of
1.88 x 10?® atoms in the Algero-Provengal basin (see Table A3 for parameters used for this
estimation). Such an inventory would represent ~4% of the combined gaseous releases from
La Hague and Sellafield (which was ~4.6 x 10** atoms) in 2022. Mesoscale winds Mistral and
Tramontane could have transported air masses over France into the Mediterranean Sea via the
Rhone and the Aude valley, respectively, and deposit a substantial amount of '#I, particularly
to the Algero-Provengal basin. However, a more detailed study of air trajectories should be
performed in order to validate these back-of-the-envelope calculations.

5. Conclusions

This study investigated the distribution of the two long-lived radionuclides *°T and
236U in the Western Mediterranean Sea in 2022, as well as the temporal variability in
these two tracers in the last decade. Results are based on the new samples acquired
during the TAIPr02022 expedition at four repeated stations from the previous GEOTRACES
cruise in 2013. The highest tracer concentrations were found in upper intermediate waters
between 100 and 200 m depth and the lowest at the 1000-1750 m depth layer. Radionuclide
concentrations in shallow waters were relatively low in the Algero-Provengal basin and
higher in the Tyrrhenian and the Ligurian Sea. Enhanced concentrations in very deep
waters were observed at most stations. Overall, the distribution of both tracers can be
explained by the general circulation patterns, namely the inflow tracer-poor Atlantic Water
through the Strait of Gibraltar, the westward transport of intermediate waters with high
tracer concentrations, the oldest waters centered in the tracer minimum zone and finally
their increase in deep and ventilated waters.

The main features of the observed temporal change in the last decade were the ventilation
of the Tyrrhenian deep waters, the homogenization of Western Mediterranean Deep Waters in
the Algero-Provencal basin, and the increase in heat and salt content in Levantine Intermediate
Waters in the latter basin. Results also show an unexpected increase in I inventories in
surface and Atlantic waters, a feature that was not observed for 22°U. This finding leads to the
conclusion that an additional input of 1T into the Mediterranean Sea has not been accounted
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for in previous studies. Based on our observations of '?°I inventory increase, particularly in
the Algero-Provengal basin, atmospheric contributions from the nuclear fuel reprocessing
plants of La Hague and Sellafield are the most likely trigger of such increase.

Since the aim of this study was to observe temporal variability in '2°T and 2%°U, we
here only analyzed four stations where both tracers were available; nevertheless, further
regional observations of 1?I are available and, once measured, they will be complementary
to this study, providing further insights on the circulation and evolution of the Western
Mediterranean Sea at a finer resolution. Furthermore, the addition of A1*C and ventilation
tracers (both measured at same stations of 12°I during the cruise) will provide additional
information about water ages and ventilation timescales.
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LIW Levantine Intermediate Water
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NFRP Nuclear Fuel Reprocessing Plant
tEMDW Transitional Eastern Mediterranean Deep Water
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T™Z Tracer Minimum Zone

WIW Western Intermediate Water
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Appendix A
2361] Concentrations from 238 U-Salinity Relationship
238U-salinity relationship of [37] is defined as:
[28U]a1e = (0.0931 +0.0016) x Salinity (A1)

238U concentrations in nanograms per gram seawater (ng g~ ') were subsequently con-

verted into the unit (at kg~!) with the use of the Avogadro constant N4 = 6.022 x 10% mol !
and the molar mass of 233U = 238.03 g mol 1.
236U in [at kg~!] was then calculated by

236 u

Poul(atks ™) = |y

X [238 U} calc (AZ)

:| meas

equal to the data process from AMS-results as in Section 2, solely using calculated instead

of measured 238U.

Salinity Salinity 0, [umol kg™"] 0, [umol kg™"]
37 38 39 37 375 38 385 39 395 2
0 160 180 200 220 240 260 280 160 180 200 220 240 260 280
W ﬁ,\',‘ 0 0
3
500 500 j i 500 500
f |
1000 1000 + 1000 1000
E.1500 1500 I E 1500 1500
£ £
& 2000 2000(|¢ & 2000 2000
* [}
2500 2500 2500 2500
3000 2013 3000 72001 3000 3000
Station 24 . 2022 Dyfamed |2%5 Station 24 Dyfamed
3500 3500 3500 3500
14 16 18 20 22 14 16 18 20 22
Temperature [°T] Temperature [°T]
- -1
Salinity Salinity O, [umol kg i O, [umolkg™']
37 38 39 37 375 38 385 39 395 (1)50 180 200 220 240 260 280 (1)60 180 200 220 240 260 280
M 500 j-i 500 500
3 1000 1000 1000|
—_ 1
E ‘ 1500 E1500 1500
£ -
2 a
22000 2000 &2000 2000
2500 2500 2500 2500
3000 3000 3000 3000
Station 24 { Station14 Station 21 Station 14
3500 3500 3500 — 50 ) 3500
14 16 18 20 22 14 16 18 20 22

Temperature [°T]

Temperature [°T]

Figure A1. Comparison of Salinity (red), Temperature (blue) and Dissolved Oxygen (black) data

from 2013 and 2022 along four stations in the Western Mediterranean Sea.

Table Al. Parameter ranges used in this study to distinguish different water masses. We here report

also the references where these ranges where originally defined.

Water Mass Abbreviation Pot. Temp Salinity Oxygerll Reference
°C umol kg
Atlantic Water AW >14,16.4 >36.5 >230
Algero-Provengal: 38-38.3 [8,38,49]
Levantine Intermediate Water (east) LIW >13.5 >38.47 >164 [8,38,39,49]
Western Intermediate Water WIW 12.0-13.0 38-38.3 [8]
West Medit. Deep Water-new WMDWn 12.90 38.485 185 [38]
West Medit. Deep Water-old WMDWo 12.87,12.75-12.8 38.44-38.46 179 [11,38]
West Medit. Deep water WMDW 12.8-12.9 38.4-38.45 195-205 [39]
Tyrrhenian Dense Water TDW 12.85 38.46 [8]
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uncertainty for 20U. Bad quality data for 12T (excluded from Results and Discussion) is marked here with “*".

Table A2. Data of temperature, salinity, oxygen, 230U, 238U,236U /238U ratio and %1 of single stations collected in the TAIPro2022 expedition. Each seawater sample
is assigned to a water mass. The reported uncertainties for the radionuclide concentrations are based on internal standard replicates for 12°T and total propagated

. Depth .. Pot. Temp Oxygen 236U Concentration 238U Concentration Boy/2B8U 1291 Concentration
Station n Water Mass Salinity oC wmol kg 105 at kg1 ng kg 102 at kg~ 107at kg~
Station 21 1 surface 37.37 20.22 231.75 13.47 + 0.33 3.56 + 0.09 1493 + 52 11.54 + 0.55
Algero-Provencal Basin 26 AW 37.60 16.55 249.43 14.75 + 0.29 3.70 + 0.06 1576 + 41 13.25 + 0.63
38.5988° 54 AW 37.76 14.68 250.82 15.66 + 0.39 3.71 + 0.07 1668 + 53 12.05 + 0.57
5.5982° 100 AW/LIW 38.22 14.08 200.55 18.70 + 0.34 3.63 + 0.06 2035 + 49 13.10 + 0.62
date: 23 May 2022 200 LIW 38.66 14.30 178.66 16.28 + 0.33 3.52 + 0.05 1828 + 46 12.01 + 0.57
300 LIW 38.67 13.96 168.12 18.26 + 0.41 4.01 + 0.08 1800 + 54 12.01 + 0.58
500 LIW/WMDW 38.62 13.52 168.62 13.96 + 0.29 3.76 + 0.09 1466 + 46 9.97 + 0.47
750 WMDW 38.56 13.25 175.61 12.84 + 0.30 3.77 + 0.08 1346 + 42 9.79 + 047
1000 WMDW 38.53 13.10 181.56 12.08 + 0.34 3.75 + 0.09 1275 + 47 7.80 + 0.37
1250 WMDW 38.51 13.01 185.71 11.94 + 0.33 3.73 + 0.10 1265 + 48 *12.51 + 0.59
1500 WMDW 38.49 12.95 189.96 12.98 + 0.34 3.83 + 0.08 1340 + 45 8.71 + 0.42
1750 WMDW 38.49 12.93 191.91 13.50 + 0.39 3.63 + 0.07 1468 + 51 *4.29 + 0.21
2000 WMDW 38.49 12.92 192.92 14.56 + 0.52 3.45 + 0.06 1667 + 67 9.34 + 0.44
2250 WMDW 38.49 12.92 192.96 13.90 + 0.63 341 + 0.05 1610 + 78 8.68 + 0.41
2500 WMDW 38.49 12.92 192.59 12.86 + 0.38 3.61 + 0.07 1408 + 51 9.43 + 0.45
2750 WMDW 38.49 12.92 192.63 13.04 + 0.40 3.63 + 0.07 1421 + 51 9.11 + 043
2838 WMDW 38.49 12.92 192.45 14.27 + 0.85 3.75 + 0.09 1505 + 98 11.79 + 0.55
Station 24 2 surface 37.23 20.87 228.00 12.36 + 0.41 3.38 + 0.05 1446 + 53 9.82 + 0.47
Algero-Provengal Basin 25 AW 37.21 17.02 246.96 12.33 + 0.36 347 + 0.07 1405 + 49 12.51 + 0.60
40.2007° 50 AW 37.43 15.12 249.46 13.88 + 0.39 343 + 0.06 1598 + 52 15.81 + 0.75
5.4998 100 WIW/LIW 38.13 14.20 211.64 17.89 + 0.32 3.66 + 0.05 1930 + 45 14.22 + 0.67
date: 24 May 2022 201 WIW/LIW 38.44 13.73 204.75 17.86 + 0.32 3.72 + 0.07 1900 + 49 15.21 + 0.72
300 LIW 38.62 13.90 176.36 15.85 + 0.35 3.65 + 0.07 1717 + 51 11.82 + 0.57
501 LIW/WMDW 38.64 13.63 174.27 14.55 + 0.32 3.73 + 0.06 1540 + 42 9.50 + 0.45
751 WMDW 38.58 13.34 178.13 13.06 + 0.28 3.70 + 0.07 1394 + 40 8.81 + 0.42
1000 WMDW 38.54 13.17 179.72 12.02 + 0.25 3.75 + 0.09 1267 + 60 7.71 + 0.37
1251 WMDW 38.52 13.05 184.71 12.33 + 0.25 3.73 + 0.08 1308 + 40 9.53 + 0.46
1500 WMDW 38.50 12.98 187.98 12.53 + 0.25 3.57 + 0.05 1387 + 35 8.05 + 0.38
1751 WMDW 38.49 12.94 190.74 12.63 + 0.36 3.68 + 0.07 1358 + 47 9.48 + 0.45
1883 WMDW 38.49 12.93 191.87 12.58 + 0.28 3.76 + 0.06 1320 + 36 8.60 + 0.41
2251 WMDW 38.49 12.92 193.26 12.86 + 0.34 3.65 + 0.08 1392 + 47 10.53 + 0.50
2500 WMDW 38.49 12.92 193.23 13.69 + 0.29 3.50 + 0.05 1548 + 40 11.76 + 0.56
2751 WMDW 38.49 12.92 193.16 13.54 + 0.27 3.49 + 0.05 1531 + 38 13.38 + 0.64
2799 WMDW 38.49 12.92 192.97 13.04 + 0.36 3.70 + 0.10 1392 + 55 8.84 + 0.43
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Table A2. Cont.

. Depth .. Pot. Temp Oxygen 236U Concentration 238U Concentration Boy/ABU 129T Concentration

Station n Water Mass Salinity oC umol kg1 105 at kg1 g kg 102 at kg~ 107at kg~

Station DYFAMED 1 surface 38.18 21.08 235.99 16.35 + 0.58 3.48 + 0.07 1858 + 76 15.67 + 0.75

Ligurian Sea 26 AW 38.34 14.29 268.53 17.29 + 0.63 3.53 + 0.10 1934 + 89 13.41 + 0.64

43.4180° 50 AW 38.39 13.64 225.86 17.79 + 0.76 3.55 + 0.08 1983 + 97 13.42 + 0.65

7.8683° 100 AW/LIW 38.49 13.66 216.54 17.13 + 0.55 3.61 + 0.07 1877 + 71 12.17 + 0.58

date: 25 May 2022 200 LIW 38.67 13.94 175.69 16.73 + 0.49 3.54 + 0.06 1868 + 62 12.72 + 0.61

300 LIW 38.69 13.90 171.13 15.16 + 0.40 3.65 + 0.07 1640 + 54 12.05 + 0.58

401 LIW 38.68 13.78 171.37 14.73 + 0.64 3.59 + 0.07 1622 + 77 *16.65 + 0.79

500 WMDW 38.63 13.57 172.07 13.83 + 0.63 3.66 + 0.07 1495 + 75 9.93 + 0.48

751 WMDW 38.57 13.30 176.07 12.78 + 0.40 3.69 + 0.07 1369 + 51 *13.68 + 0.65

1001 WMDW 38.53 13.13 181.79 12.09 + 0.28 3.60 + 0.07 1328 + 41 8.77 + 0.42

1250 WMDW 38.51 13.03 185.98 13.18 + 0.69 3.52 + 0.06 1481 + 82 *12.93 + 0.62

1501 WMDW 38.50 12.97 188.90 11.79 + 0.36 3.58 + 0.07 1303 + 46 8.57 + 0.43

1750 WMDW 38.49 12.94 191.40 12.35 + 0.40 3.58 + 0.07 1363 + 52 8.73 + 0.44

2001 WMDW 38.49 12.92 192.58 12.55 + 0.46 3.59 + 0.07 1381 + 57 9.67 + 0.47

2250 WMDW 38.49 12.92 192.37 13.02 + 0.31 3.52 + 0.07 1460 + 45 *14.49 + 0.70

2319 WMDW 38.49 12.92 192.26 12.79 + 0.33 3.54 + 0.07 1428 + 45 10.54 + 0.50

Station 14 1 surface 38.05 21.43 230.43 16.19 + 0.44 3.67 + 0.10 1743 + 67 13.88 + 0.66

Tyrrhenian Sea 24 AW 38.14 15.45 256.50 16.74 + 0.44 3.58 + 0.11 1848 + 74 11.80 + 0.56

39.7197° 50 AW 38.17 14.37 246.66 16.86 + 0.48 3.70 + 0.11 1801 + 74 12.52 + 0.60

11.8708° 101 AW/LIW 38.44 14.28 215.16 16.30 + 0.40 3.50 + 0.07 1841 + 57 11.19 + 0.53

date: 20 May 2022 200 LIW 38.75 14.58 182.82 17.02 + 0.52 3.69 + 0.12 1825 + 82 13.18 + 0.62

301 LIW 38.81 14.46 176.55 16.04 + 0.56 3.59 + 0.09 1768 + 76 12.47 + 0.59

500 LIW 38.82 14.27 179.07 15.41 + 0.46 3.52 + 0.08 1728 + 65 11.30 + 0.54

751 tEMDW /LIW 38.73 13.89 180.11 13.66 + 0.49 3.72 + 0.15 1452 + 79 9.26 + 0.45

1001 tEMDW 38.62 13.40 181.18 12.35 + 0.35 3.71 + 0.10 1316 + 51 8.62 + 0.42

1250 tEMDW 38.58 13.27 182.10 11.52 + 0.38 3.76 + 0.06 1211 + 45 9.13 + 0.44

1500 tEMDW 38.58 13.26 182.52 11.35 + 0.43 3.77 + 0.08 1190 + 52 7.16 + 0.35

1751 tEMDW /TDW 38.55 13.14 184.08 10.84 + 0.59 3.55 + 0.07 1207 + 69 7.43 + 0.36

2000 tEMDW /TDW 38.53 13.08 185.65 12.26 + 0.49 3.62 + 0.11 1340 + 67 8.12 + 0.39

2250 TDW 38.52 13.04 187.08 11.77 + 0.35 3.53 + 0.07 1317 + 47 7.44 + 0.36

2501 TDW 38.51 13.01 188.20 11.87 + 0.33 3.63 + 0.10 1292 + 51 9.56 + 0.46

2750 TDW 38.50 12.99 188.83 12.65 + 0.29 3.69 + 0.10 1355 + 49 8.90 + 0.43

3001 TDW 38.50 12.99 189.05 12.53 + 0.33 3.60 + 0.14 1376 + 63 8.49 + 0.41

3250 TDW 38.50 12.99 189.36 11.93 + 0.34 3.72 + 0.08 1268 + 45 8.42 + 0.42

3481 TDW 38.50 12.99 189.10 12.48 + 0.31 3.67 + 0.08 1346 + 45 8.61 + 0.42
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Table A3. Values of '?°T gaseous release for calculation of required atmospheric input to justify the
surface inventory of 127 in the Algero-Provengal (AP) Basin. Data of gaseous releases were obtained
from https:/ /cdn.orano.group/orano/docs/default-source /orano-doc/ groupe/ publications-reference /
environnement-edition-2023.pdf?sfvrsn=2f8da5a_10 (accessed on 3 November 2024; Orano La Hague)
and https://www.gov.uk/government/publications /radioactivity-in-food-and-the-environment-rife-
reports/rife-28-radioactivity-in-food-and-the-environment-2022 (accessed on 3 November 2024; UK
Government for Sellafield).

Gaseous Release Total Release Total Release Surface Inventory AP Basin Surface Area Surface Inventory AP Basin
Bq Bq at atm—2 km? at
La Hague 47 x 10° 6.5 x 10° 4.6 x 10% 5.3 x 10'? 35,500 1.9 x 10%
Sellafield 1.8 x 10°
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