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ARTICLE INFO ABSTRACT

There are very few data available of 2*°U in marine sediment cores. In this study we present the results from the
first oceanic depth profile of 2*°U in a sediment core sampled in the North Atlantic Ocean, at the PAP site
(4500 m depth, Porcupine Abyssal Plain (PAP) site, 49°0’ N, 16°30’ W). Additionally, the sediment core was
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Inventory radiologically characterized through the measurement of anthropogenic *”Cs, 2*°Pu, 24°Py, '?°I and '*C and
ugf natural 2'°Pb, *“°K and %?°Ra.
239-+240p,, The measured 2°U concentrations decrease from about 90-10° at g~ * at the seafloor down to 0.510%at g~ * at

6 cm depth. They are several orders of magnitude lower than the reported values for soils from the Northern
Hemisphere solely influenced by global fallout (i.e. from 2700-10° to 7500-10° at g~ ). 2*°U/?*3U atom ratios
measured are at least three orders of magnitude above the estimated level for the naturally occurring dissolved
uranium. The obtained inventories are 1-10'% at m ™2 for 2*°U, 80 Bq m ™2 for **’Cs, 45 Bq m~ 2 for 239*240py
and 2.6:10'2 at m ™2 for '?°I. Atomic ratios for 22°U/?*°Pu, 1%7Cs/2%°U and !?°1/2°°U, obtained from the in-
ventories are 0.036, 0.11 and 2.5 respectively. Concentration profiles show mobilization probably due to bio-
turbation from the abundant detritivore holothurian species living at the PAP site sea-floor. The range of 2°°U,
137¢s, 239+240py and 2% values, inventories and ratios of these anthropogenic radionuclides are more similar to
the values due to fall-out than values from a contribution from the Nuclear Fuel Reprocessing Plants dispersed to
the south-west of the North Atlantic Ocean. However, signs of an additional source are detected and might be
associated to the nuclear wastes dumped on the Eastern North Atlantic Ocean.

1. Introduction the environment (Steier et al., 2008; Wendel et al., 2013; Winkler et al.,

2012 and references therein).

Uranium-236 is a long-lived radioisotope (Ty,» = 2.35107 yr)
(Flynn et al., 1972) that decays by alpha emission to 2**Th and is an
almost entirely anthropogenic isotope. It is produced in nuclear reactors
through the capture of a thermal neutron by ***U or 2**Pu (followed by
alpha decay of 2*°Pu), or in nuclear weapon tests from the >**U(n,
3n)?%%U reaction induced by fast neutrons. It is also naturally produced
in inferior amounts by galactic cosmic ray induced secondary neutrons
and by neutrons originating from (o, n) reactions in the natural ter-
restrial environment. These processes lead to natural >*°U/?*®U atom
ratios that range from 10~ * (i.e. estimated for typical rocks) to 10~°
(i.e. maximum value measured in uranium ores) (Steier et al., 2008).
However, the amount of ?*®U in the environment mainly has an an-
thropogenic origin, leading to isotopic ratios between 102 and 10~ * in
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A total amount of 35 kg of mobile **U coming from natural sources
has been estimated (Christl et al., 2012; Steier et al., 2008 and refer-
ences therein). On the other hand, (i) between 900 and 1400 kg of 236y
were released globally during the period of atmospheric nuclear
weapons testing (Sakaguchi et al., 2009; Winkler et al., 2012), (ii) in-
ventories of 95 * 32 kg have been recently assessed for the liquid
effluents coming from the nuclear fuel reprocessing plants (NFRP) in
Britain (i.e. Sellafield and Springfields), and in France (i.e. La Hague)
(Christl et al., 2015), and (iii) about 100 kg of >*®U were dispersed over
eastern Europe as a consequence of the Chernobyl accident (Castrillejo
et al., 2017). The Sellafield and La Hague effluents dominate the con-
centrations of 23®U in the North Atlantic and Arctic Oceans
(Casacuberta et al., 2014, 2016).
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Up to now, due to the difficulties in the measurement of low
236J/2381 ratios, the availability of **U measurements in the en-
vironment was limited. After the improvement of the analytical de-
tection techniques, AMS (Marsden et al., 2001), ICP-MS (Ketterer et al.,
2003) or TIMS (Richter et al., 2010), 22°U concentrations data in sev-
eral environmental compartments have become available in recent
years. Furthermore, recent studies demonstrate the potential use of 23U
as an oceanic circulation (Christl et al., 2013; Sakaguchi et al., 2012),
coral (Nomura et al., 2017; Winkler et al., 2012) and ice core (Wendel
et al., 2013) tracer.

However, the biogeochemical characteristics of anthropogenic *°U
in seawater and particles are still not well constrained (Sakaguchi et al.,
2012), e.g. its main oxidation state in the ocean is undetermined and
also how this affects effectively to its scavenging by particles. Fur-
thermore, preliminary results point out to a possible speciation between
the dissolved and the particulate phases in seawater, which favours the
236y concentration in the sediment (Eigl et al., 2017; Sakaguchi et al.,
2012). Finally, it is necessary to better constrain the anthropogenic 23°U
released, especially from the NFRP, and more particularly of Sellafield,
and its pathways through the Atlantic and Arctic oceans. Recently, it
has been modelled 2*°U inputs from the NFRP, but further studies will
be needed in order to increase the accuracy of the estimations (Christl
et al., 2015). This is of primary importance in order to use 236y /238y,
and also '2°I/?%¢U, as a sensitive tool for the calculation of tracer ages
and ventilation rates in the North Atlantic domain (Casacuberta et al.,
2016).

Pu as opposed to U is considered almost exclusively anthropogenic.
Plutonium has a very different geochemical behaviour than uranium, it
is complex because different valences plutonium isotopes coexist and
constitute inorganic and organic ligands. In seawater it is a particle-
reactive element that is exported in the water column with the sinking
particles, and is re-mineralized in deep waters or stored in the sea-bed
sediment (Chamizo et al., 2015). 21°Pb is a particle reactive tracer of
natural origin widely used for core dating purposes (San Miguel et al.,
2003) and evaluation of particle export fluxes (Le Moigne et al., 2013).

137Cs and 1?°I behave in seawater as a conservative tracer, with its
distribution governed by physical transport ocean currents processes
(Perianez et al., 2016; Villa-Alfageme et al., 2015). Natural uranium is
conservative in water (Owens et al., 2011) and the same behaviour has
been predicted for 236y (Casacuberta et al., 2014). However, 2°°U ad-
sorption properties in marine sinking particles and its mobility in the
sediments is not well constrained. The four anthropogenic radio-
nuclides have a contribution in seawater from fallout and they have
been regularly released from NFRPs such as Sellafield and la Hague
(Chamizo et al., 2015; Peridnez et al., 2016; Villa-Alfageme et al.,
2015).

Therefore, there are several challenges that still must be solved
when using anthropogenic 2*°U as a tracer: i) to define its biogeo-
chemical behaviour, ii) furthermore, it is necessary to better constrain
the anthropogenic 2°°U sources and specially quantify the NFRP annual
releases and its pathways through the Atlantic and Arctic oceans. We
investigated these topics, through the analysis of a marine sediment
core collected in the North Atlantic at the Porcupine Abyssal Plain
(PAP) site.

The analysis of a combined set of radionuclides with different
sources (i.e. anthropogenic and naturally occurring) and with different
behaviours in seawater (i.e.particle reactive, and conservative) is cru-
cial to investigate on the biochemistry of anthropopgenic %*°U.

A full analysis of the artificial and natural radionuclides con-
centrations in the core was carried out additionally to 2*°U. *°I (T,,
2 = 157 x 107 yr) (Raisbeck and Yiou, 1999), ***Pu (T,
, =241 x 10* yr) (Prindle et al., 1978), 240py (T2 = 6.5 X 10® yr)
(Ahmad et al., 2007), **C (Ty,, = 5.73 x 10° yr) (Pettitt et al., 2003)
were measured through AMS and '*’Cs (T, ,, = 30.17 yr) (Juget et al.,
2016), °K (T1,, = 1.248 x 10° yr) (Mougeot, 2017), >°Pb (T,
2 = 22.3 yr) (Villa et al., 2003)and ?**Ra (T1,, = 1.6 x 103 yr) (Villa
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Fig. 1. Map of the sampling site. Porcupine Abyssal plain (PAP) site. Located in the North
Atlantic Ocean.

et al., 2005) were measured by gamma spectrometry.

Our results combine a very broad dataset of radionuclides that will
be used to i) provide radioecological information of artificial and nat-
ural radionuclides in a North Atlantic sediment i) provide a first ap-
proach to the transport pathways and biogeochemical behaviour of
236(J in the environment and iii) analyse the different sources of **°U to
this marine sediment.

2. Sampling and methods
2.1. Sample collection and site description

The sediment core was collected at the PAP site (Fig. 1), at 48°
48.2'N and 16° 27.3'W and 4934 m depth, during the cruise D341 on-
board R.R.S Discovery in July 2009 (Le Moigne et al., 2013). The
samples were obtained using a multicorer and were sectioned into 0.5-
or 1-cm intervals. Samples were stored frozen and returned to the
shore-based laboratory for subsequent analysis. The Porcupine Abyssal
Plain (49° N and 16° 30’ W), PAP site, is located on the boundary be-
tween the subpolar and subtropical gyres of the North Atlantic (Villa-
Alfageme et al., 2014), adjacent to the Irish continental margin.

Porcupine Abyssal Plain megabenthos includes a large number of
marine invertebrates. These animals are increasing in number as more
phytodetritus falls to the seabed (Kalogeropoulou et al., 2010). Since
1996, an important change has taken place in the numbers of creatures
living over a large area of the North Eastern Atlantic sea floor. Sea
anemones, brittle stars, polychaete worms, sea spiders and particularly
sea cucumbers on the deep sea floor have all increased significantly in
numbers (Billett et al., 2001).

2.2. Actinides measurement

2.2.1. Reagents

For 2%°U AMS determinations, it is very important to minimize the
2387 and 23U contaminations introduced by reagents, spikes and la-
boratory materials. Therefore, the reagents used during the sample
preparation were of the highest purity grade and glassware was avoided
when possible. To prepare the AMS cathodes, an ultra-pure iron solu-
tion supplied by High Purity Standards (HPS, England) was used.
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TEVA® and UTEVA® cartridges in a vacuum box, supplied by Eichrom
Technologies LLC (France), were used for the final U and Pu purifica-
tions.

The 2*Pu and ?*3U spikes, necessary to control the corresponding
chemical recoveries, were obtained from the certified reference mate-
rial R15-20 supplied by National Physical Laboratories (NPL, United
Kingdom), and the certified reference material IRMM-058 supplied by
the International Atomic Energy Agency Radiometrics Laboratory in
Monaco (IAEA-MEL), respectively.

Before being used for this work, the presence of the isotopes of in-
terest in these solutions was studied by AMS. Significant traces of 2°°U
were found in the case of the 23U spike, with an atomic abundance of
103, This background was substracted from the final 2*°U/>**U AMS
ratios.

2.2.2. Actinides measurement

Different sediment aliquots, ranging from 3 to 5 g each, were used
for the 2°>24°py and 2*U determinations. About 1 pg of the corre-
sponding tracers were added to each aliquot. Given the nature and
potential sources of anthropogenic radioactivity at the studied site, the
samples were not expected to contain Pu isotopes and >*°U in refractory
forms. Therefore, a simple leaching procedure, based on the addition of
HNO; and H,0, in a hot plate at atmospheric pressure, was applied to
put in solution the Pu or U, following the guidelines given in Sakaguchi
et al. (2009). Pu or U isotopes were purified using TEVA" or UTEVA®
resins, according to their general elution behaviours reported by Ei-
chrom. The sputter targets for the AMS measurements were prepared in
an iron oxide matrix by a preliminar coprecipitation with Fe(OH); and
a final oxidation at 800 °C for 2 h. Non-reusable quartz crucibles were
used in this final stage to avoid contamination. Details about the che-
mical procedures can be found in (Chamizo et al., 2008, 2015).

AMS determinations were carried out on the 1 MV CNA AMS facility
in 2013 using Ar gas as stripper. The Pu AMS measurement technique is
described in Chamizo et al. (2008). Details about the 23°U AMS mea-
surement technique are given in (Chamizo et al., 2015). Briefly, acti-
nides (Ac) are extracted from the Cs-sputter ion source as Acl®0~ at
35 keV, stripped to Ac®* in Ar gas stripper at 670 kV terminal voltage
with about 11% yield, and finally counted from the total energy signal
provided by a gas ionization chamber. The different isotopes of interest
(239-240.242py for Pu analysis and 233236238( for 236U studies) were
measured sequentially using the so-called Slow Sequential Injection
System.

The necessary homogeneity test for the studied samples was per-
formed by analysing the 23*2*°Pu concentration in two different ali-
quots of three different samples. Results from Table 1 show that the
reproducibility of the results is excellent.

The whole methodology (sample preparation and measurement
technique) was successfully validated through the measurement of a set
of reference materials affected by different actinide sources supplied by
the IAEA: IAEA-Soil-6, surface soil from Austria solely influenced by
global fallout; IAEA-375, soil collected from a farm close to Chernobyl;
IAEA-385, sediment from the Irish Sea; IAEA-384, from the former
French nuclear test site at Mururoa and Fangataufa; and the IAEA-RGU
uranium mineral (Chamizo et al., 2015). Background values of about

Table 1
*”"0Pu activity concentration obtained in two different aliquots of three different
samples from PAP site sediment.

Sample M (g) 239+240py (mBq g~ 1) + 1o
PAP-0-0.5 3,41 0,293 0006
0,62 0,310 0010
PAP-1-1.5 5 0,312 0010
3,01 0,340 0006
PAP-2-2.5 5,03 0,192 0004
2,35 0,182 0004
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10° atoms have been obtained for plutonium isotopes, as explained in
(Chamizo et al., 2008). As for 2*°U, abundance sensitivity for the
2361/238( ratio of 5 x 10~ !! has been estimated (Chamizo et al.,
2015).

2.3. 1*C measurement

2.3.1. Sample preparation

Both organic and inorganic carbon fractions were prepared from the
sediment to be radiocarbon dated. In both cases, the main idea is to
convert the carbon into CO,, and then reduce it to graphite in the so
called graphitization process.

For the inorganic fraction, CO, was obtained through acid leaching
with phosphoric acid under vacuum conditions. CO, was transferred to
a manual graphitization line based on (Hajdas et al., 2004). There CO,
was reduced to graphite by the addition of H2, using cobalt as a cata-
lyst, at 625 °C. Standard and blank samples used to normalize and
background correction in these samples were prepared in the same
graphitization line. Oxalic Acid II from NIST (Mann, 1983) was used as
the standard, and C1 material from IAEA was used as a blank (Rozanski
et al., 1992).

For the organic fraction, the carbonate was eliminated by acid
leaching with HCI 0.5 M, in order to get a higher concentration of or-
ganic carbon in the sediment. Total organic fraction was graphitized
using a combined system of an elemental analyzer and an AGE system
(Wacker et al., 2010c). The elemental analyzer combusts the sample to
CO, and this is automatically transferred to the AGE system to be re-
duced to graphite. As with the inorganic fraction, standard and blank
samples were prepared also in AGE to ensure the maximum similarities.
Fossil wood was used as a blank in this case.

In both cases the objective is to get approximately 1 mg of carbon
for the AMS measurement. The graphite, mixed with the catalyst, is
pressed in the target and is ready to be measured.

2.3.2. AMS measurement

14C measurements were performed at a Micadas system (Wacker
et al., 2010a) at CNA. Micadas is an AMS system optimized for radio-
carbon detection at very low energies, using a terminal voltage of
200 kV. It follows the sample principles of operation as other AMS
systems. Samples are sputtered in the ion source and C- ions are ex-
tracted as a beam. After a first magnetic selector, ions are accelerated
and the stripping process changes the state of charge of the ions.
1 + ions are selected to further filtration in the high energy side, and
are finally detected in a gas ionization counter. Stable isotopes are
measured in the high energy side by several Faraday cups.

Each sample is measured for about 60 min in several cycles to en-
sure the stability of the measurement. Data analysis is performed with
the software BATS(Wacker et al., 2010b), obtaining the final results.
Results are reported as advised in Stuiver and Polach (1977), corrected
by fractionation (Stuiver and Polach, 1977).

In order to validate our procedures, covering the whole sample
preparation and measurement, our laboratory participated in the Sixth
International Radiocarbon Intercomparison (SIRI) that provided the
latest set of samples for laboratories to check their AMS facilities for 1*C
dating A set of SIRI samples including a total of thirteen samples (seven
wood samples, two bone samples, and one each of barley mash, char-
coal, carbonate and humic acid), and additionally C7 and C8 IAEA re-
ference samples, were prepared following routine procedures used in
our lab. Finally, a general good agreement in the results was achieved
(Santos-Arévalo et al., 2015). The achieved blank levels for the so-
called IAEA-C1, Carrara marble, and for the carbonate sample Dou-
blespar from Iceland, kindly provided by Prof. J. Heinemeier, range
from 0.002 to 0.004 F'*C (F stands for fraction of modern carbon),
which is equivalent to approximately 50,000-45,000 years BP or
a'*C/'2C ratio of ~3 x 107 '° (Calvo et al., 2015).
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Fig. 2. 2°°U (at g7 1), "I (at g~ 1), *’Cs (mBq g~ ') concentrations at the PAP site sediment core, from surface to 10.25 cm depth. Uncertainties correspond to 1 sigma.

2.4. 2°I measurement

2.4.1. Sample preparation

In order to obtain the '?°I concentration in the samples, a carrier-
addition method applied. A total of 3 mg iodine carrier (Woodward Inc.
Iodine) were added to 2 mg sediment. Then, the isotopic ratio measured
by Accelerator Mass Spectrometry (AMS) is approximately the ratio
between '2°I from the sediment and stable iodine from the carrier. Solid
NaOH (6 g, Panreac, PA-ACS-ISO) is added to the mixture in a nickel
crucible and heated in an oven for 1 h at 150 °C, then for 2 h at 200 °C
followed by 3 h at 275 °C. The melt is extracted, centrifuged and all
species are then reduced to iodide by the addition of 0.1 M NaHSO3
(prepared from Na,yS,0s, Panreac PA-ACS) to the supernatant. After
that, in order to oxidise iodide, NaNO, (Panreac PA-ACS) is added and
the solution is acidified with 6 HNO3 (Panreac 65% PA-ISO). Iodine is
then extracted into chloroform (Panreac) in a separating funnel and
back-extracted into aqueous NaHSO3 solution. These purification steps
are repeated twice. Saturated Ba(NOs), (from Panreac PRS) is then
added in order to precipitated exceeding SOs- as BaSOz and avoid
precipitation of Ag,SOs afterwards. Finally, Agl is precipitated by the
addition of AgNO3 (Merck, ACS reagent, =99.0%) mixed with Nb
powder (<45 pum, 99.8%, Sigma-Aldrich) and pressed into a Cu
cathode for AMS measurement. More details can be found in (Szidat
et al., 2000).

2.4.2. AMS measurement

1291 AMS measurement are described (Gémez-Guzman et al., 2012).
Measurements were carried out at the 1 MV AMS facility at the Centro
Nacional de Aceleradores in Sevilla (CNA, Spain). Iodine is extracted as
I- from a Cs sputtering ion source at 26 keV. Characteristic currents at
the low energy side are between 1 and 5 pA. After a first magnetic
deflector, ions are injected into the tandem accelerator. The terminal
voltage is 1 MV and the selected charge state is 3+, for which trans-
mission is approximately 9%. 2°I>* ions are detected in a gas ioniza-
tion chamber after a magnetic and an electrostatic deflector, while
12713+ jons are measured as a current in a Faraday cup. Machine
12911271 ~ 3 x 10~ '3, which is

114

background values are typically

155

typically one order of magnitude under the isotopic ratios measured for
real samples. Chemical blanks were prepared routinely every four or
five samples and showed results slightly higher than the instrumental
blank.

AMS measurements are performed relative to standards with known
1291 /1271 ratios. The used '2°I standards were made by repeated dilu-
tions from NIST SRM 3230 Iodine Isotopic Standard Level I, with a
certified '?°1/'%’I ratio of (4.920 + 0.062) x 10~ '°. Calibration
standards with '2°1/'?] ratios of about 107, 107 !*, 10?2 and 10~ '3
were measured obtaining an agreement between all of the measured
calibration standards and their nominal values in a wide dynamic range
(Gémez-Guzman et al., 2012).

2.5. Gamma spectrometry

Total ?!°Pb activity was determined by its gamma emission at
46.5 keV, *?°Ra activity was estimated from the 295 and 352 keV y-rays
emitted by its daughter isotope 21*Pb. For 2*®Ra gamma emission from
228p¢ (338.4, 911.1 and 583 keV) was used. “°K was estimated through
1460.8 keV emission. *’Cs was measured by its emission at 662 keV.
The absolute efficiencies of the detectors were determined using cali-
brated sources, and corrections were made for the effect of self-ab-
sorption of low energy gamma-rays within the sample.

Each sample was counted for 1-3 days, and activity values were
standardised using IAEA reference materials (IAEA-444 and IAEA-447).
The specific activity (in Becquerels per kilogram) of each sediment
sample was calculated from the detector efficiency, gamma intensity
and sample weight. All values are reported as the activity on the date of
sampling. Uncertainties reflect one sigma counting statistics. The main
gamma-ray detector was a low-background Canberra high-purity ger-
manium (HPGe) GCW-3023-S well-type coaxial detector surrounded by
a 10 cm thick, high-purity lead shield and antiCompton NalI(Tl) annular
crystal.

The validation of the gamma-ray spectrometry methodology was
based on the successful participation on several intercomparison ex-
ercises promoted by ICRM working group related to efficiency cali-
bration and coincidence-summing correction (Lépy et al., 2012)
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Fig. 3. 2°°U (at g~ 1), 2°°72%°pu (mBq g 1), '°Po (mBq g~ ') concentrations at the PAP
site sediment core, from surface to 10.25 cm depth. In the case of 2°°U, the surface
maximum is not represented. Uncertainties correspond to 1 sigma.

(Vidmar et al., 2008), together with the strongly measurement of IAEA
certified materials (Mantero et al., 2015) or the comparable results
against those obtained with other techniques as alpha-particle spec-
trometry (Jiménez-Ramos et al., 2010). It was also determined the
Minimum Detectable Activity (MDA) of system 40K, 137Cs, 219ph, 226Ra,
obtaining respectively 20 mBq/kg, 0.1 mBq/kg, 11 mBq/kg, and 9
mBq/kg (Hurtado et al., 2006).

3. Results and discussion
3.1. Concentration depth profiles

Fig. 2 shows the depth profiles in the sediment core from 0 to
10.5 cm for the radionuclides considered conservative in seawater: 12°I,
137Cs and 2%U. Fig. 3 presents the particle reactive 2'°Pb and 2*°Pu,
together with 26U from 0.75 c¢m depth (i.e. without the surface max-
imum), for comparison. All the results are displayed in Table 3.

Specific activities of naturally occurring radionuclides *°K, *'°Pb
and %?°Ra in the core samples are shown in Table 2. The measured
values are quite similar to those of typical marine sediments (Laissaoui
et al., 2013; San Miguel et al., 2003; Villa et al., 2009). 226Ra activity
was fairly constant along the core, this is expected, since the deposition
of *?°Ra from particle scavenging or redisolution from water is negli-
gible and we are measuring the concentrations of **°Ra naturally pre-
sent in the sediment (see Table 2).

Table 2
210pg, 226Ra, 4°K concentrations at the PAP site sediment. Uncertainties correspond to 1
sigma.

Sample Depth (cm) 21°Pb +0 2?Ra +0 “K(mBq =*o

(mBq (mBq g™ h

gh g
PAP-0-0.5 0.25 103 4 16 2 70 9
PAP-0.5-1 0.75 133 20 18 3 90 10
PAP-1-1.5 1.25 160 10 17 1 71 8
PAP-1.5-2 1.75 83 3 18 2 91 8
PAP-2-2.5 2.25 73 5 19 3 90 15
PAP-2.5-3 2.75 61 2 19 1 98 7
PAP-3.5-4 3.75 90 10 17 1 95 9
PAP-4-5 4.25 100 6 20 1 91 7
PAP-5-6 5.5 98 5 19 1 94 6
PAP-6-7 6.5 50 4 20 1 90 10
PAP-7-8 7.5 45 10 20 1 140 10
PAP-8-9 8.5 42 4 21 1 140 10
PAP-9-10 9 44 2 21 2 210 10
PAP-10- 10.25 47 1 21 1 212 8

10.5
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On the contrary, there is an atmospheric deposition of ?'°Pb in the
surface ocean and a subsequent scavenging and deposition in the sea-
floor by the sinking particles. There is also a contribution of 21°Pb from
the ?°Ra decay in the sediment, therefore, it is usually calculated what
is called *'°Pb excess (*'°Pbe,), that correspond to the 2!°Pb con-
centrations excluding the contribution from 2?°Ra. An exponential
decay in depth is the simplest profile that describes *'°Pb,, (San Miguel
et al., 2004) for soils or sediment profiles where the sedimentation rates
are significant (i.e. at the cm y ! level). However the data displayed in
Fig. 2 corresponds to two maximums, one near the surface and a second
one at 4-5 cm that are very unlikely to be produced by atmospheric
deposition and subsequent mixing processes, given the extremely low
sedimentation rates that are expected in abyssal sediments (i.e
0.0014-0.032 mm y~!). A very similar shape is found for 23°*+24py,
Fig. 2 shows similar patterns for the conservative radionuclides.

The 'C profiles in the organic and the carbonate fractions differs
considerably (Fig. 4), and the two maxima are only seen in the organic
fraction. On the contrary, the *C fraction in the carbonates remains
constant in the first 6 cm depth. Pointing out that the organic phase
corresponds to a recent deposition of the sinking particles, in contrast to
the carbonates fraction.

Note that PAP site deep sea-floor is a biogenous sediment with a
deposition rate of 0.0014-0.032 mm y’1 (Carvalho et al., 2011). That
implies that most of the anthropogenic radioactivity due to fallout and
particles deposition should be located in the very first two centimetres
of the sediment. Figs. 1 and 2 shows that not only *’Cs, 2°°U and '2°I
are mobile in this core, but also refractory radionuclides such as 2'°Pb
and 2*°*24%py, One of the possible explanations for this behaviour is
that the sediment has been completely perturbed due to bioturbation
(Stordal et al., 1985). The same effect was observed in the past over the
North Atlantic Ocean for 23°*24°py and ?!°Pbex sediment depth profiles
(Buesseler and Sholkovitz, 1987).

Since 1995-1996, the number of creatures living over a large area of
the North Eastern Atlantic sea floor increased considerably, e.g. sea
anemones, brittle stars, polychaete worms, sea spiders and particularly
sea cucumbers (Billett et al., 2001). The number of the large in-
vertebrates increased by at least a hundredfold. One sea cucumber
species, Amperima rosea, increased its number from 2 to 3 individuals
per hectare to more than 6000 (Billett et al., 2010). These species work
over the sediment on the sea floor, where they feed, and the sediment is
quickly processed. It used to take the animals two and a half years to
reprocess the sediment, but after 1996 it took less than 6 weeks (Bett
et al., 2001). These creatures feed at the surface of sediment by filtering
them and the two different maxima might correspond to the depths
where they excrete.

Mobile radionuclides (*2°I and **’Cs) penetrates even deeper in the
core (below 10 cm), whereas 2°°*2*°py and 2!°Pb remains mainly in
the first 7 cm.

Uranium in seawater is usually oxidized to hexavalent uranium,
which is highly soluble as the uranyl ion UO}" x U(VI) is the major
form of U in oxic surface (Cumberland et al., 2016) waters, hence 23U
is considered a conservative radionuclide in seawater, as '2°I or *"Cs.
However, note that U(IV) would be the major form in anoxic waters
(Maher et al., 2012). However, in the sediment analysed 236y behaviour
differs from the one of '*°I and '*"Cs. First, most part of the 23U is
accumulated on the surface of the sea-bed sediment, 80-10° at g~ in
surface versus 10-10° at g~ ! and exclusively 2*°U present this pattern,
this increase might be due to an additional source of 2>°U in the sedi-
ments that will be later described. When the results for 2*°U are zoomed
in for deeper depths and compared with the profiles of conservative
(Fig. 2) and particle reactive (Fig. 3) radionuclides, we find out that in
this sediment the behaviour of uranium is more similar to the particle
reactive radionuclides profiles.

The speciation of uranium (U) in water might undergo several
changes in the presence of the ligands commonly found in natural
waters also in the sediment U(VI) is reduced to U(IV) in the anoxic
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Table 3
236y, 239py, 1291, 14C (in carbonates and in the organic fraction) and 137Cs concentrations at the PAP site sediment. Uncertainties correspond to 1 sigma.
Sample Depth (cm) 2367 (10° at g’l) 23%py (10° at g’l) 14¢C carbonates (pMC) l4c organic (pMC) 137¢s (mBq g’l)
PAP-0-0.5 0.25 86 6 208 4 71.2 0.3 85.2 0.4
PAP-0.5-1 0.75 9.0 0.7 208 5 69.6 0.3 60.7 0.3 1.10 0.20
PAP-1-1.5 1.25 5.1 0.4 221 7 68.9 0.4 58.5 0.3
PAP-1.5-2 1.75 6.3 0.4 168 3 68.6 0.3 54.9 0.3 0.30 0.08
PAP-2-2.5 2.25 3.0 0.4 133 3 69.8 0.3 78.3 0.3
PAP-2.5-3 2.75 1.2 0.4 113 5 67.1 0.3 53.9 0.3 0.50 0.10
PAP-3.5-4 3.75 2.3 0.4 215 6 68.5 0.4 48.0 0.3 1.00 0.20
PAP-4-5 4.25 3.6 0.4 265 8 68.7 0.3 56.2 0.3 1.00 0.20
PAP-5-6 5.5 0.5 0.2 194 6 68.4 0.3 61.7 0.3 0.40 0.10
PAP-6-7 6.5 0.2 0.7 48 3 63.6 0.3 46.9 0.2
PAP-7-8 7.5 0.00026 0.12 30 1 57.6 0.3 49.9 0.3
PAP-8-9 8.5 0.00026 0.13 11 2 49.4 0.3 43.9 0.2 0.15 0.07
PAP-9-10 9 0.4 0.3 12 1 39.1 0.2 38.2 0.2
PAP-10-10.5 10.25 0.0 0.2 17 1 37.0 0.2 31.8 0.2
120 rectangle method to integrate the radionuclides concentration.
1 O Carbonates fraction 239pu/24%py ratios are fairly constant in depth, 0.155 + 0.019
100 4 Organic fraction atom ratios, the values are slightly lower than the reported one for the
| general fallout in the Northern Hemisphere (i.e. de 0.178 = 0.019 for
+ the 0-30° northern latitude (Kelley et al., 1999)), and far from the atom
80+ - ratio in marine sediment reference sample, IAEA-135, collected close to
— 1°eeely oe ® the NFRP, 0.21 at at™! (Chamizo et al., 2015). Thus, according to
(23 60 %-g K ¢ @ o 239p1/24%py ratios, no plutonium contribution from the NFRP is de-
Z | ¢ & i 5 tected in the core from the PAP site. This would be expected since
é') = Sl f plutonium is a very particle reactive radionuclide, and even if assuming
40 P @ that part of the releases from the NFRP are headed southwards, plu-
1 » tonium would be fast scavenged from the surface by the sinking par-
20 ticles and by remobilization of the sediments of the continental plat-
] form before it reaches PAP site.
236(J/239py atom ratio is 0.41 + 0.03 at surface, but drops to values
g 0 ' 2 ' 4 ' 6 ' 8 10 at the 0.03-0.01 interval for most of the samples, this is in agreement
depth (i) with the expected ratios for marine sediments impacted by global

Fig. 4. '*C (pMC) concentrations at the PAP site sediment core, from surface to 10.25 cm
depth in the carbonates and organic fractions. Uncertainties correspond to 1 sigma.

sediment (Maher et al., 2012) and this is probably happening at the PAP
site bed-sediment, since U(IV) minerals are highly insoluble and im-
mobile (Morris and Raiswell, 2002). This is the reason why most of the
2367 is found in the depths affected by bioturbation but, just like
239+240py; do not reach the deepest layers, down to 10.5 cm, as **’Cs
and '*°I do.

The significant increasing of *°U in the first layer and the fact that
this increasing is specially significant for 2*°U, and in comparison with
the other radionuclides, suggests the existence of a specific source of
236( in the area, additional to fall-out. It is usually assumed that most of
the liquid discharges carrying the radionuclides from the NFRP enters
into the Norwegian Coastal Current (Christl et al., 2015); however,
some evidences are found that part of the releases might be distributed
South-Eastern into the North Atlantic Ocean (Gomez-Guzman et al.,
2013; Villa-Alfageme et al., 2015). Nevertheless, according to the
concentration data provided by Villa-Alfageme et al. (2015), it is un-
likely that the increase measured in our core corresponds to *3°U re-
leases from the NRFP. The cause of this increase is examined in the next
sections, including inventories and the evaluation of the complete data-
set of radionuclides.

3.2. Isotopic ratios and inventories

Table 4 presents different isotopic ratios for the measured anthro-
pogenic radionuclides and in Table 5 are shown their inventories in the
sediment core and **°U/?*°Pu and '*’Cs/?3¢U ratios calculated from
these inventories. Inventories were calculated using a straightforward
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fallout or NFRP (i.e. of about 0.1-0.02 (Chamizo et al., 2015)). This
confirms a higher mobility of >°U in relation to plutonium. The total
ratio 2°U/?*?Pu provided by the inventories, 0.0357, is clearly lower
than the ratio measured in IAEA-135, Irish Sea, 0.1, but higher of the
ratio measured in the reference samples IAEA-412 at the Pacific Ocean,
exclusively affected by fallout, with a ratio of about 0.02 (Chamizo
et al., 2015).

On the other hand, '?°I/2*U increases with depth, suggesting a
significantly higher mobility of **°I within the sediment. The analysis of
the ratio '3”Cs/?3°U confirms a different behaviour of 2*°U in relation to
conservative *2°I and '®’Cs in the sediment, since these ratios also in-
creases with depth. When we compare the isotopic ratio from PAP site,
810!, to the one measured in the Japan Sea (39°32.56'N), 2.4 10~ '°
(Sakaguchi et al., 2012), we detect a higher contribution of 236 at PAP
site than in the Japan Sea, in relation to '*’Cs inventories. A similar
contribution for both radionuclides from global fallout would be ex-
pected at both sites, as they are located at similar northern latitudes
(49°N and 39°N, respectively). This result suggests the existence of an
additional source of 2%°U in the area.

To explore the existence of an additional source in the area in re-
lation to other radionuclides we compare the inventories of 23°*240py
and ¥"Cs (see Fig. 5 and Table 5) and the ratios 137¢s /1291 and
239+240p; /1375 in different marine sediments (see Fig. 6 and Tables 4
and 5).

137Cs inventories, though slightly higher than in other areas (Fig. 5
and Table 5), do no differ significantly at the PAP site and at the
Mediterranean Sea, being this last one more influenced by the Cher-
nobyl accident. On the contrary 2°*24°py inventories at PAP site are
twice higher than the ones at Bermuda and the Mediterranean Sea.

The ratios 3”Cs/*?°I are very variable within the Irish sea, affected
by direct releases from Sellafield. The isotopic ratio at the PAP site is
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Table 4
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Atom ratios 2°Pu/2*°Pu, 23°U/2%%Pu, 1%7Cs/?°°U and '2°1/2°°U measured at the PAP site sea-bed sediment core, from surface to 10.25 cm depth. Uncertainties correspond to 1 sigma.

Sample Depth (cm) 239py,/240py (at at™ 1) 2365239 =240py (at at~ 1) 187¢s/230U (at at™ 1) 1291236 (at at™ 1) 137Cs/12% (at at™ 1)
PAP-0-0.5 0.25 0.145 0.007 0.41 0.03 0.14 0.03
PAP-0.5-1 0.75 0.154 0.008 0.17 0.03 1.7 0.2 0.10 0.03
PAP-1-1.5 1.25 0.148 0.011 0.023 0.002 2.6 0.7
PAP-1.5-2 1.75 0.137 0.006 0.037 0.003 0.07 0.02 1.8 0.8 0.035 0.013
PAP-2-2.5 2.25 0.155 0.008 0.023 0.003 2.3 0.3
PAP-2.5-3 2.75 0.141 0.013 0.010 0.004 0.6 0.2 7 3
PAP-3.5-4 3.75 0.132 0.008 0.011 0.002 0.60 0.15 4.6 0.8 0.13 0.03
PAP-4-5 4.25 0.136 0.009 0.014 0.002 0.38 0.09 3.4 0.6 0.11 0.03
PAP-5-6 5.5 0.173 0.012 0.0026 0.0011 1.1 0.6 26 21 0.04 0.02
PAP-6-7 6.5 0.19 0.02 0.005 0.014 30 88
PAP-7-8 7.5 0.17 0.02
PAP-8-9 8.5 0.15 0.03
PAP-9-10 9 0.18 0.04 0.036 0.027 15 17
PAP-10-10.5 10.25 0.15 0.03
Table 5 4 06
236y, 1291 239+240py and 137Cs inventories calculated in the sediment core from PAP site. o
There have been included results from published inventories from sea-bed sediments, o ® 137Cg/129]
continental sediments and in the seawater column (Assinder et al., 1993; Bressac et al.,
2017; Casacuberta et al., 2014; Garcia-Orellana et al., 2009; Gascé et al., 2006; Gomez- N 239D 17137 —
Guzman et al., 2013; Sakaguchi et al., 2012). b © #Pu/tSrCs L IJ‘
8 © 0,4 2
. g g
Inventories > PAP SITE o
T. 29 )
236U 239+240Pu 1291 137CS 236U/239Pu 137CS/ 9 é—)
(at (Bqm™?) (at (Bq (at at™1) 236y (Bq =3 & 3
m~?) m %) m? at™h) 5 Lo2 &
SRR &
PAP site 1,04E 4,51E+01  2,62E 83,08 0.0357 7,98E- 2 Irish Sea SW Spain  Mediterranean
sediment  +12 +12 11 S Estuary Sea
Marine 1,50E  3,06E+00 1,30E 74,1 0.022 2,45E- ° o o
Sediment +11 +13 10 0 [ o 00
Continental 1,30E  5,00E+01 1,20E 2600  0.23
sediment  +13 +14 Fig. 6. Ratios '*’Cs/ '?°I (mBq at ) and 2*°~2°pu/**’Cs (Bq Bq ') in sea-bed sediment
Seawater 1,50E 4,87E+01 3,40E 1652 1,21E- cores collected in different locations: the first two columns correspond to the Irish Sea
column +13 +14 10 (Assinder et al., 1993), third column is the PAP site (this paper and finally respectively
Estuary in South West Spain (Gasco et al., 2006) and Mediterranean Sea (Garcia-Orellana
et al., 2009)).
100 50
* 137Cg © accident (San Miguel et al., 2004) and finally, since the half-life of *’Cs
© L 40 is 30 yr, lower values than the ones measured 10 years ago would be
75 o 239py ° expected in the present. '3’Cs/*?°I at the PAP site, 3.210 ! Bqat ™!, is
PAP SITE s . s
. Mediterranean -~ within the expected values for an atmospheric deposition from fallout
% Sea L3 E and gaseous emissions from the NFRPs; the slightly higher values
o o measured at PAP site than the ones at SW Spain and the Mediterranean
@ 50 @ . 129
- Japan Sea z Sea., Probably correspopds to a lower contribution of the ““°I gaseous
g % 20 ¢ emissions from NFRPs in the area.
- g 239+240p; /137(s at PAP site is 0.54 Bq at~ ! and strongly diverge
25 4 B from the values at the Irish Sea, 0.2-0.08 Bq at ™! and the fallout values,
Bermuda Mediterranean r 10 below 0.4 Bq at . This is due to the high contribution of 23°*24°py, to
¢ Sea the inventory ratio. The existence of an additional 23°*24°Pu source is
o hypothesized.
0 0 We conclude that the inventories and the isotopic ratios at this PAP

Fig. 5. Inventories of '*’Cs (mBq g~ ) and 2*~2*°pu (mBq g~ ') in sea-bed sediment
cores collected in different locations: Bermuda site (Buesseler and Sholkovitz, 1987),
Japan Sea (Sakaguchi et al., 2012) and Mediterranean Sea (Garcia-Orellana et al., 2009)
and PAP site (this paper).

between the ratios in sediments affected by NFRPs, 7-3.2 10~ '° Bq
at™!, and in estuarine and deep-sea marine sediments associated to
fallout, below 1-10™!' Bq at™?, at the South-West Spain and the
Mediterranean Sea. Note that in the Northern Hemisphere, on one hand
there is an additional input for '2°I associated to the gaseous emissions
from the NFRPs that is preferential in certain areas according to the
direction of the winds (Reithmeier et al., 2007). On the other hand,
some areas in Europe. e.g. Mediterranean Sea, are significantly affected
by '3’Cs deposition of the atmospheric releases from the Chernobyl

site core correspond to a marine sediment sample with a main con-
tribution of fallout. The contribution of an additional source, unrelated
to NFRP should be further explored.

3.3. Radioactive sources

In the previous sections some signs of an additional radioactive
source were observed and should be further investigated. If we assume
a similar contribution of global fallout at the PAP site (49°N) and at the
Japan Sea (39°N), similar anthropogenic radionuclides inventories in
the corresponding sediment cores would be expected, taking into ac-
count that both locations can be considered open-ocean sites, where the
atmosphere constitutes the only significant source of natural lithogenic
and anthropogenic material. However, >3°U inventory at the PAP site is
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almost an order of magnitude higher, despite the depth differences (i.e.
4000 m and 2800 m depth, respectively) (Table 5). The origin of this
increase is not associated to higher particle fluxes at PAP site that
would scavenge more 2*°U in the North Atlantic Ocean than at the
Japan Sea. Because carbon export flux from surface to 2000m is similar
in both locations 2 gCm ™2y~ ! (Henson et al., 2012; Honjo et al., 2008)
and then a similar scavenging of **°U at the PAP site and Japan Sea
should be assumed. The influence of Saharian dust in the radionuclides
input and scavenge at the PAP site should be further investigated, but
differences of one order of magnitude for **U deposition are not ex-
pected (Pham et al., 2017).

There is a small fraction of the discharges from the NFRPs that do
not reach the Norwegian Coastal Current and, on the contrary, is dis-
persed to the south-west of the North Atlantic Ocean. This is suggested
by a model that predicts the fate of 1?°I and '3’Cs releases from the
NFRP in the North Atlantic Sea (Perianez et al., 2016; Villa-Alfageme
et al., 2015). However, the higher inventories of >3°*2*°py and 2*°U in
the sediment core cannot be associated to this fraction. In the case of
particle reactive plutonium, it will be scavenged from the water before
arriving to the PAP site. In the case of conservative 2°°U, according to
Villa-Alfageme et al. (2015), the contribution of NFRP to the, also
conservative, 12°I concentrations at the PAP site is lower to the con-
tribution of fallout. If a similar trend were maintained for 236U, this
fraction of the NFRP releases could not account for the 2*°U increase of
almost one order of magnitude in the sediment. Similarly, using the
same dispersion model (Peridfez et al., 2016), they estimated negligible
concentrations of *’Cs in the sediments at the PAP site area.

We believe that the higher values of 2**Pu and ?**U might be as-
sociated to leakages from the dumped nuclear wastes located in several
locations of the Northeast Atlantic, close to the coasts of Galicia and
Ireland (IAEA, 2015). In a routinely survey carried out in 1992 to these
wasted, elevated concentrations of several radionuclides, e.g. 4c,
137¢s, 2*'Am and 2*°*240py, indicating leakages from the packages
(IAEA, 2015). These leakages are increasing preferentially the con-
centration of 2*°U at the surface of the PAP site in contrast to the less
mobile plutonium. Perianez et al. (2016) showed in their model that the
137Cs contribution from these leakages to the sea-bed should not have
radioecological implications; though it could be the cause of the sig-
nificant increase in the radionuclide concentrations of *°U and
239+240py and, to a lesser extent, '’Cs. The lack of data from other
marine sediments in the area and the lack of data regarding the radi-
ological composition and the age — and this is of key importance in the
case of radionuclides of short half-lives such as '*’Cs - of the dumped
nuclear wastes prevents us to reach definitive conclusions and further
studies are suggested.

4. Conclusions

Most of the anthropogenic radioactivity due to fall-out and particles
deposition should be located in the very first centimetres of the sedi-
ment, however '*”Cs, 22U and '?°I and even the most particle reactive
radionuclides >'°Pb and 2*°*2%°Py are mobile in this core that presents
two maximums in depth. This indicates that the sediment has been
possibly perturbed due to bioturbation.

In the sediment analysed **°U behaviour differs from the one of
conservative and mobile *2°I and '*”Cs. When the results for >*°U are
zoomed below the surface and mobile and a refractory responses are
compared we find out that in this sediment the behaviour of uranium is
more similar to a particle reactive radionuclide. This points out to a
possible reduction, due to the anoxic conditions of the sediment, of 26U
from mobile U(VI) to more refractory U(IV).

The higher inventories of 23°U, 2*°*2%%py and to a lesser extent
137Cs, measured at the PAP site in comparison to other marine sedi-
ments from the Northern Hemisphere are not associated to a higher
particle export at the PAP site and the contribution from Sellafield and
La Hague Nuclear Reprocessing Plants is also discarded. Sediments
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might be influenced by the potential leakages from the dumped nuclear
wastes located nearby in several locations of the Northeast Atlantic.
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