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ARTICLE INFO ABSTRACT
Editor: Filip M.G. Tack This work reports the first dataset of ***U and 2**U in sediment cores taken from the Barents Sea, with the aim to better
understand the source terms of anthropogenic uranium in the Arctic region. Concentrations of >°U and 2**U along
i{s?’WDrdS.' with '¥7Cs, and 2**U/2*°U atomic ratio were measured in six sediment profiles. The cumulative areal inventories of
2353 235U and 2*3U obtained in this work are (3.50-12.7) x 10'! atom/m? and (4.92-21.2) x 10° atom/m?, with averages
Barents Sea values of (8.08 + 2.93) x 10'" atom/m? and (1.08 + 0.56) x 10'° atom/m? respectively. The total quantities of
Sediment 2%y and #**U deposited in the Barents Sea bottom sediments were estimated to be 507 + 184 gand 7 + 3 g, respec-
Source term tively, which are negligible compared to the total direct deposition of 2*°U (6000 g) and 2**U (40-90 g) from global
Dating fallout in the Barents Sea. The integrated atomic ratios of >**U/?**U ranging in (0.98-1.57) x 10~ 2 reflect the pre-

dominant global fallout signal of *°U in the Barents Sea sediments and the highest reactor-***U contribution accounts
for 30 = 14 % among the six sediment cores. The reactor-2>°U input in the Barents Sea sediments is most likely
transported from the European reprocessing plants rather than related to any local radioactive contamination. These
results provide better understanding on the source term of anthropogenic >*°U in the Barents Sea, prompt the oceanic
tracer application of >>°U for studying the dynamics of the Atlantic-Arctic Ocean and associated climate changes. The
236y-233y benchmarked age-depth profiles seem to match reasonably well with the reported input function history of
radioactive contamination in the Barents Sea, indicating the high potential of anthropogenic **U->**U pair as a useful
tool for sediment dating.
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1. Introduction

In the recent decade, 2°U (%4 = 2.34 x 107 y) has been recognized as
a promising oceanic tracer and successfully applied to investigate circula-
tion pathways and timescales in the world oceans (Casacuberta et al.,
2016; Castrillejo et al., 2018; Villa-Alfageme et al., 2019; Wefing et al.,
2019). In contrast to its natural production, for which the global inventory
is about 35 kg, >1000 kg of >*°U in the environment is of anthropogenic
origin and was released via human nuclear activities. The primary sources
of anthropogenic 2*°U include global fallout (about 900-1400 kg) of
atmospheric nuclear weapons testing (Sakaguchi et al., 2009; Steier et al.,
2008; Winkler et al., 2012) and discharges (about 250 kg) from the two
European nuclear fuel reprocessing plants at Sellafield (SF) and La Hague
(LH) (Castrillejo et al., 2020). In addition, releases from nuclear accidents
(e.g., Chernobyl accident) (Lin et al., 2021) and local sources (e.g., Studsvik
research facility) (Qiao et al., 2021) made minor contributions.

Though ?°°U released from different sources are expected to have
characteristic 2*°U/?38U isotopic ratios, the ubiquity of natural 2*4U al-
ters the 2°°U/23%U ratios and makes it difficult to distinguish 2°°U
source terms in the environment (Qiao et al., 2017). Very recently, ad-
vances in the accelerator mass spectrometry (AMS) technique open up
the possibility to determine another anthropogenic uranium isotope 2>>U
(ty, = 1.59 x 10° y) at environmental levels (Hain et al., 2020). This en-
ables the application of 2>*U-2%°U pair to identify the origin of >*°U (Hain
et al., 2020; Lin et al., 2021; Lin et al., 2022b; Qiao et al., 2022; Qiao
et al., 2021; Qiao et al., 2020), because the 2**U/2*°U ratios, only replying
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to the burn-up history of the nuclear fuel, are not altered by the biogeo-
chemical processes along the transport pathways.

The production of *3U is mostly by fast neutrons via >**U (n,3n) 2°U
reaction or directly by 2**U-fueled devices in nuclear weapons tests, and
nearly no 2>U can be produced in civil nuclear facilities such as thermal
power reactors or reprocessing plants (Hain et al., 2020). The integrated
2335230 atomic ratio for global fallout signal in the ocean was estimated
to be (1.40 + 0.15) x 10~ 2 after the termination of atmospheric nuclear
weapons testing in the 1980s (Hain et al., 2020), whereas sources associ-
ated with the civil nuclear industry were at the level of 1 x 10~ 7-1 X
10~ % (HELCOM MORS Discharge database, n.d.; Naegeli, 2004). It should
be noted that due to different source inputs between 2>U and 2°°U from
the atmospheric weapons testing, 2>*U/?*°U atomic ratios higher than the
integrated value of (1.40 + 0.15) X 10~ 2 have been reported for global
fallout during 1950s-1970s in regional natural archives (Hain et al.,
2020; Lin et al., 2021; Qiao et al., 2022).

The Barents Sea is a shelf sea with an average depth of 230 m and a total
area of 1.6 million km? (Carmack et al., 2006). It is bordered by Svalbard to
the northwest, Franz Josef Land to the northeast, Novaya Zemlya to the
east and the coast of northern Norway and Russia to the south (Fig. 1).
The 500-m depth isobath delimits the Barents Sea towards the west and
the polar basins in the north (Johannesen et al., 2012). The Barents Sea
consists of three main types of water masses (Loeng, 1991): 1) warm, saline
Atlantic water (temperature > 3 °C, salinity >35) from the North Atlantic
Current (NAC); 2) cold Arctic water (temperature < 0 °C, salinity
<34.3-34.8) from the north; and 3) warm, but not very salty coastal
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Fig. 1. Main surface currents and water transport systems in the Barents Sea region and sampling locations of sediment cores in this work.
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water (temperature > 2 °C, salinity <34.7). Northward-flowing ocean cur-
rents transport warm Atlantic water eastwards and northwards into Arctic
Ocean, whereas southward-flowing ocean currents transport cold Arctic
water southwards back to the Barents Sea.

It is well known that sediments may act as a repository for a variety of
contaminants including radionuclides (Durrant et al., 2018; Knies et al.,
2006; Muz et al., 2020; Zaborska et al., 2011). Sediments with high content
of clay minerals (e.g. smectite) and rich in organic carbon have the highest
repository potential (Knies et al., 2006). Knowledge about sediment charac-
teristics and dispersal in the marine environment is important to under-
stand variations in the radionuclide content in sediments. The process of
sedimentation is controlled by physiogeographic parameters like distance
to shore, seabed bathymetry and ocean currents (Knies et al., 2006; Knies
and Martinez, 2009). Coarse-grained sediments are mainly deposited in
coastal zones, whereas fine-grained sediments are transported and depos-
ited in deeper water. Further, shallow banks have generally little sedimen-
tation of finer sediments due to strong ocean currents. Sedimentation along
the marginal ice zone in the northern Barents Sea is also affected by physi-
cal and ecological processes related to sea ice coverage and melting (Falk-
Petersen et al., 2000; Falk-Petersen et al., 1998). Sea ice may carry contam-
ination particles that may be released during ice melting. During winter, sea
ice formed in the Kara Sea travels around the northern tip of Novaya
Zemlya and into the Barents Sea south of Franz Josef Land, further south-
west towards Svalbard and Spitsbergen (Dethleff et al., 2000; Heldal
et al., 2002; VIinje and Kvambekk, 1991). Contamination from the Kara
Sea, which has several dumping sites for radioactive wastes (AMAP,
2015), can thus be transported to the marginal ice zone in the Barents Sea.

Anthropogenic radionuclides entered the Barents Sea during the
atmospheric nuclear weapons testing in 1945-1980 through both global
(stratospheric) fallout and regional (tropospheric) fallout primarily from
the Novaya Zemlya test site (Smith et al., 1995; UNSCEAR, 2000). The Nor-
wegian Coastal Current (NCC) and Atlantic water also transport radioactive
substances released from the Chernobyl accident, SF and LH northwards
into the Barents Sea and the Arctic Ocean (Brown et al., 2002; Kershaw
and Baxter, 1995; Kershaw et al., 2004; Kershaw et al., 1999). Besides,
radioactive releases from the operation of local nuclear installations, sub-
marine incidents (e.g. Komsomolets) and waste dumping activities (Novaya
Zemlya) have also contributed to the total inventory of radioactivity in the
Barents Sea (AMAP, 2015; Baxter et al., 1995; Gwynn et al., 2016). The
Barents Sea is also surrounded by industrial and defense enterprises, and
by sea and river ports that are used to transport nuclear materials and radio-
active substances (Yakovlev and Puchkov, 2020). These are potential
sources of radioactive contamination.

Our earlier works have demonstrated the power of 2*°U/2%°U as a
sensitive fingerprint for distinguishing reactor sources from the fallout of
atmospheric nuclear weapons testing in complex marine systems (Qiao
et al., 2021; Qiao et al., 2020). Therefore, in this work, we aim to explore
the 233U-2°U paired tracer to understand the sources, levels and transport
passages of anthropogenic uranium in the Barents Sea and to reveal the
impact of historical radioactive releases and local nuclear activities on the
marine environment. Six sediment cores were sampled in the Barents Sea,
and analysed for *°U and 23U, along with 2*U and **’Cs, to obtain in-
sights into both geographical variations (spatial variations) and changes
as a function of time (temporal variations).

2. Material and methods
2.1. Sample collection and preparation

Six sediment cores were collected onboard R/V “Johan Hjort” in
August-September 2015 using a “Smggen” box corer (30 X 30 cm inner di-
mensions). The cores were collected using PVC tubes (10 cm i. d. X 40 cm
length). They were cut into 1 cm slices between the depth of 0-10 ¢cm, and
2 cm slices from 10 cm to the bottom onboard the ship. The samples were
stored at — 20 °C until further preparation took place at Institute of Marine
Research (IMR), Bergen, Norway. At IMR, the samples were freeze-dried
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using a CHRIST ALPHA 1-4 freeze dryer until the constant dry weight
was achieved. The samples were homogenized using a Retsch Planetary
Ball Mill PM 100.

Seawater temperature and salinity were measured at all sampling sites
using a SeaBird Electronics SBE911 CTD (Conductivity-Temperature-
Depth) profiler mounted on a General Oceanics rosette carousel equipped
with 12 of 2.5 L Niskin bottles.

2.2. Sampling sites

The sampling locations are shown in Fig. 1 and details on each sampling
site are summarized in Table 1. Seabed information near the sites is summa-
rized below according to the Mareano mapping of the Barents Sea (www.
mareano.no).

Station 773 is located within the NCC close to the Norwegian coast. This
station is the one with the highest surface seawater temperature (10.45 °C).
The salinity of surface seawater at this station (34.23) is affected by inputs
of freshwater from land. Due to the transport of radioactive contamination
with the NCG, slightly higher levels of **’Cs were found in this area com-
pared to other parts of the Barents Sea (Skjerdal et al., 2020). The seabed
near the station is gravelly sand.

Station 800 is located at the northwest of Bear Island. Based on tem-
perature and salinity in surface and bottom water (Table 1), it is clear
that the seawater at this station largely consists of Atlantic water. This
area may, however, be affected by Arctic water flowing in from the
north (Loeng, 1991). Sediments in the area adjacent to station 800 con-
tain mainly gravelly sand.

Station 808 is located within the ice melting zone at the west coast of
Spitsbergen in the Svalbard Coastal Current, which is a continuation of
the East Spitsbergen Current. The salinity of the surface seawater shows
alarge degree of Arctic character. The seabed in the surrounding area of
the station consists of sandy gravel/mud and sand with gravel, stone
and block.

Station 834 is located at the relatively shallow Central Bank in the Ba-
rents Sea. The dominating water mass at the surface is likely a mixture of
inflowing Atlantic water and seasonally heated meltwater. This is con-
firmed by temperature of 5.70 °C and salinity of 34.87. The temperature
and salinity of bottom seawater are 0.57 °C and 35.03, implying it is a mix-
ture of Atlantic water cooled during winter and/or possibly mixed with
cold, high-salinity water from ice freezing and brine release during winter.
Sediments at station 834 contain mud and sand with gravel, stone and
block.

Station 848 is located in the Storfjorden at Spitsbergen. The dominant
water mass here is the East Spitsbergen Current with characteristics of Arc-
tic water. The temperature in surface and bottom seawater is 1.27 and
—1.83 °C, respectively, and salinities in surface and bottom seawater are
33.45 and 35.05, respectively. The extremely cold and saline bottom
water is quite common in Storfjorden because of ice freezing and brine re-
lease during winter (Skogseth et al., 2005). In nearby areas, the bottom con-
sists of gravel and mud-containing sand, sandy gravel and gravel.

Station 883 is located at the northeast coast of Svalbard, within the ice
melting zone, and the water masses are clearly of Arctic origin. Sediment
consists of mainly sandy mud.

2.3. Standards, reagents and materials

Uranium standard solution (1.000 g/L in 2 mol/L HNOj, NIST,
Gaithersburg, MD) was used after dilution as a standard for 2381 measure-
ment. All reagents used in this work were of analytical grade and prepared
using ultra-pure water (18 MQ-cm). UTEVA resin (100-150 pm particle
size, Triskem International, Bruz, France) was packed in 2-mL Econo-
Columns (0.7 cm i.d. X 5 cm length, Bio-Rad Laboratories Inc., Hercules,
CA) for the chromatographic purification of uranium. FeCl; solution
(0.05 g/mL of Fe) was pre-purified by passing through a UTEVA column
to remove any trace amount of uranium. The detailed preparation proce-
dure was reported elsewhere (Qiao et al., 2015).
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Table 1

Sample information.

Station Sampling date Latitude Longitude Echo  Seawater Seawater
D (°N) (°E) depth temperature ("C) salinity

Sedimentation
rate based on

Length Sedimentation Reference station

of core rate reported

(m) Surface Bottom Surface Bottom (cm) (mm/y) =0 an d .233U
data in this work
(mm/y)
773 16/08/2015  70.65 32.30 289 10.45 3.03 3423 34.69 14 0.6 Mareano ID-R1225 (70.47°N, 31.72°E), 1.0
NGU report 2015-038
800 22/08/2015  74.88 16.86 285 7.72 3.95 3495 35.05 155 1.1 Mareano ID-R1695 (74.81°N, 17.64°E), 2.0
NGU report 2020-024
808 26/08/2015  77.61 13.42 147 3.25 3.69 30.70 35.02 10 1.7 Mareano ID-R1823 (77.69°N, 11.25°E), 1.5
NGU report 2019-027
834 02/09/2015 75.26 37.06 175 5.70 0.57 34.87 35.03 12 1.4 Average of Mareano ID-R1776 (74.68°N, 1.5
36.10°E) and Mareano ID-R1819 (76.30°N,
36.62°E) in NGU report 2018-018
848 06/09/2015 77.30 19.58 162 1.27 —1.83 3345 35.05 15 1.9 Average of Mareano ID-R1676 (76.12°N, 1.2
17.77°E) in NGU report 2018-001 and
Station SB-3 (76.58°N, 20.00°E) in
Heldal et al., 2002 (Heldal et al., 2002)
883 22/09/2015 79.36 27.36 293 0.61 0.65 33.82 3483 10 1.0 Estimation in this work 0.8

2.4. Analytical method for determination of **’Cs

The '3”Cs activity concentration in the samples was determined by
gamma spectrometry at IMR using the 661.7 keV gamma peak. The analyt-
ical method is accredited under the standard ISO 17025. The calibration
and validation sources are traceable to national standards (Eckert&Ziegler
1404-79-01 and 102166A). The samples (varying from 46.0 to 72.5 g dry
weight) after homogenization were transferred to 60 mL polypropylene
(PP) counting geometries. Two low-background ORTEC High Purity
Germanium (HPGe) detector systems were used for *’Cs measurement,
i.e., an N-type coaxial HPGe-detector (model no. GMX-M5970P-S) with
preamplifier (model no. 257 N) equipped with X-Cooler electric cryostat
cooling system and DSPEC multichannel analyser; and a P-type coaxial
HPGe-detector (model no. GEM-S8530P4-RB) with preamplifier
(model no. A257P) equipped with X-Cooler III electric cryostat cooling
system and DSPEC-50 multichannel analyser. Relative efficiencies of
the two detectors were 47 % and 52 % at 1.33 MeV, respectively.
Counting times varied from approximately 59,000 to 404,000 s. Analyt-
ical uncertainties are given as expanded uncertainties in the results
using a coverage factor of k = 1, including uncertainties in sample prep-
aration, calibration standards, calibration methods, counting statistics
and background correction.

2.5. Analytical methods for determination of U isotopes in sediment

The radiochemical method used for uranium isotopes determination
in sediment was modified based on our earlier study (Qiao et al., 2015).
1-10 g of each sample was ashed overnight at 450 °C in a muffle oven.
60-100 mL of aqua regia were added to leach the sample on a hotplate
for 30 min at 150 °C followed by 2 h at 200 °C. The leachate was weighed
and an aliquot was taken for direct measurement of >*®U after 10,000 times
dilutions with 0.5 M HNO3 by a triple quadrupole inductively coupled
plasmas mass spectrometry (ICP-QQQ 8800, Agilent). The ICP-QQQ instru-
ment was equipped with an Xt-skimmer core and a concentric nebuliser
under hot plasma conditions. The typical operating conditions of the instru-
ment have been given elsewhere (Qiao and Xu, 2018).

To the remaining leachate, 10 % NH3'H,0 was slowly added to
adjust the pH to 8-9. The sample was centrifuged at 3000 rpm for
10 min to discard the supernatant. The residue was dissolved with con-
centrated HNOs; to a final concentration of 3 mol/L HNO3. The sample
solution was loaded onto a 2-mL UTEVA column which was pre-
conditioned with 20 mL of 3 mol/L HNO3. The UTEVA column was
rinsed with 40 mL of 3 mol/L HNOs3, followed by 20 mL of 6 mol/L
HCI. Uranium was finally eluted with 10 mL of 0.025 mol/L HCL.

A 100-pL aliquot of uranium eluate was taken and measured for 2°U

after 1000-10,000 times dilution to calculate the chemical yield of ura-
nium. To the remaining uranium eluate, 2 mg of Fe (as purified FeCl; solu-
tion) was added, and the sample was adjusted to pH > 9 with 25 %
NH3'H,O0 to co-precipitate uranium. The precipitate was dried at 100 °C
in an oven and baked for 8 h at 700 °C in a furnace. The sample was pressed
into aluminium sputter target holders for the AMS measurement of
23652381 and 22U/2%°U by the 3-MV tandem accelerator facility VERA
(Vienna Environmental Research Accelerator) at the University of Vienna,
Austria. The AMS measurement details for 2*°U/***U and 2*3U/**°U have
been reported elsewhere (Qiao et al., 2021). The concentration of 236y or
2330 in each sediment is obtained by multiplying the **°U/>*®U or
233(5/2%81 atomic ratio measured by AMS with the 2*®U concentration mea-
sured by ICP-QQQ.

3. Results and discussion
3.1. 236, 233y and *¥’Cs concentration and inventory

The overall results obtained in this work are summarized in Table 2.
Depth profiles of 236y and 2%3U concentrations (atom/kg), together with
137Cs concentrations (Bq/kg), are shown in Fig. 2. The maximum 2¢U con-
centration ((16.2 + 0.16) x 10° atoms/kg) obtained in this work is similar
to that in Philippine Sea sediment ((16.3 * 0.07) x 10° atoms/kg, exclud-
ing the top 0-6 cm affected by terrestrial input) (Qiao et al., 2022), but a
factor of 3 and 5 lower than those in the Japan Sea ((48.6 = 0.76) x 10°
atoms/kg) (Sakaguchi et al., 2012) and Atlantic Ocean sediments ((86 =+
6) x 10° atoms/kg) (Villa-Alfageme et al., 2018), respectively.

The cumulative areal inventories of 22°U and 23U for the six investi-
gated sites in the Barents Sea are in the range of (3.50-12.7) X 10t
atom/m? and (4.92-21.2) x 10° atom/m?, respectively. >°U inventory
originating directly from global fallout was estimated to be (1.78 =+
0.05) x 103 atom/m? based on Japanese soil data (Sakaguchi et al.,
2010), which is more than one order of magnitude higher than our re-
sults. Sakaguchi et al. (2012) have also observed nearly one order of
magnitude lower 2*°U inventory ((1.50 + 0.13) x 10! atom/m?) in
the bottom sediment of the Japan Sea compare to that in the water column
((1.37 £ 0.09) x 10" atom/m?), indicating a very limited scavenge (ca.
1.1 %) of anthropogenic uranium from water column into sediment in
the open ocean. This is reasonable as uranium is highly soluble in the
open ocean where =2 % of the total amount of dissolved uranium in sur-
face waters is estimated to adsorbed by particles (IAEA, 2004). A 23°U in-
ventory of 1.04 x 10'? atom/m?, which is comparable to the maximum
value obtained in this work (1.27 x 102 atom/m?), was found in the sed-
iment from the North Atlantic Ocean Porcupine Abyssal Plain site, which
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was excluded from the impact of the European reprocessing plants (Villa-
Alfageme et al., 2018). Associated with higher particle load and sedimenta-
tion rate, a higher areal cumulative inventory of *°U compared to this
work was reported in a sediment core from the Philippine Sea ((2.79 =+
0.20) x 102 atom/m?). Up to date, the highest sedimentary >*°U inven-
tory in the range of (3.16-3.53) x 10'® atom/m? was reported for the Bal-
tic Sea (Lin et al., 2021), which was related to the significant input of 236y
from the two European reprocessing plants.

A recent study estimated the direct deposition of global fallout >**U in
the 50°N latitude belt to be ((1.15 + 0.10) x 10! atom/m? based on the
published peat core data (Lin et al., 2021). >**U inventories in the Barents
Sea sediment obtained in this work are about 4-19 % of the directly depos-
ited global fallout inventory. Data on the sedimentary inventory of anthro-
pogenic 2*3U is very limited. So far, the only available >**U sedimentary
inventories were reported for the Philippine Sea (Qiao et al., 2022) and Bal-
tic Sea (Lin et al., 2021), with corresponding values of (3.12 = 0.41) x
10'° atom/m? and (2.42-2.85) x 10! atom/m?, respectively. All these
reported 2*3U inventories are higher than those ((4.92-21.2) x 10°
atom/m?) obtained in this work, especially for the Baltic Sea sediments
whose 23U inventories are 1-2 order of magnitude higher than those in
the Barents Sea. As global fallout of atmospheric nuclear weapons testing
is regarded as the sole source of anthropogenic 2**U in the environment,
lower 233U inventories in the Barents Sea indicate less significant scaveng-
ing of global fallout uranium into bottom sediments here compared to other
areas. This is a consequence of lower depositional flux from global fallout in
higher latitude belts and less particle load in the Barents Sea compared to
the continental slope of the Philippine Sea and semi-closed Baltic Sea. Be-
sides, anoxic conditions in Baltic Sea sediments as well as additional 233U
inputs from the large Baltic catchment areas make the uranium deposition
in the Baltic seabed even more pronounced compared to other marine
systems. Taking the average inventories of 2°°U ((8.08 + 2.93) x 10'!
atom/m?) and 2**U ((1.08 = 0.56) x 10'° atom/m?) as representative
for the Barents Sea (1.6 million km?), the total quantities of **°U and
233U deposited in the bottom sediment were estimated to be 507 + 184 g
and 7 * 3 g. They are negligible compared to the total direct deposition
of 2°°U and #**U from global fallout (mainly on the Northern Hemisphere
with an area of 255 million km?) into the Barents Sea, which are 6000 g
(1000 kg of 2*°U global inventory x 1.6 million km?/255 million km?)
and 40-90 g (7-15 kg of U global inventory (Lin et al., 2021) x 1.6 mil-
lion km?/255 million km?), respectively.

Significant correlation between 2*°U and 2**U inventory at the six sam-
pling sites in the Barents Sea was observed (r = 0.90, p < 0.05, n = 6);
whereas correlation between inventories of '*’Cs and 2°°U (r = 0.47,n =
6) or between **’Cs and 2**U (r = 0.54, n = 6) is not significant. 137Cs in-
ventory in this work range in 103-428 Bq/m?, in the higher end compared
to ¥7Cs inventories (13-304 Bq/mz) reported for sediments in the Japan
Sea which are primarily originating from global fallout (Otosaka et al.,
2006). That potentially indicates additional input of *’Cs from other
sources besides global fallout, such as the Chernobyl accident and releases
from European reprocessing plants. Observations from Norway's national
monitoring programme Radioactivity in the Marine Environment (RAME;
www.dsa.no) indicate that the Norwegian coastal current is still supplied
with Chernobyl contamination from land areas that received Chernobyl
fallout (Skjerdal et al., 2020).

3.2. Anthropogenic uranium sources as determined by 2**U/?*°U atomic ratios

23315236 atomic ratios were applied in a two end-member model to
calculate the contribution of >**U from global fallout and nuclear reactor.
The proportion (P,) of reactor->*U can be obtained using Eq. (1), with de-
tailed derivation reported elsewhere (Qiao et al., 2020).

Nz, r Ry — R

P.,%= =
Ny, r +Nozs,r  Rf — R,

®

where Ny, r and Nag, ; refer to the atomic number of *°U from global fall-
out and nuclear reactor, respectively; R,, Ry and R, respectively represent
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the 2*3U/?3°U atomic ratio of the sample, global fallout and nuclear reactor.
Here we assume Ry = (1.40 = 0.15) X 10 %and R, = 1 x 10~7. Uncer-
tainties of P, were calculated based on the law of uncertainty propagation
detailed in our earlier study (Lin et al., 2022a; Lin et al., 2022b).

Thereby, 2*°U concentrations associated with nuclear reactor and global
fallout input are calculated for the sediment depth profiles as demonstrated
in Fig. 3. The overall >*U/?%°U atomic ratios obtained in this work vary
within (0.18-4.30) x 10”2 The integrated 2335/236U atomic ratios
((0.98-1.67) x 10~ 2) based on the 2>U and ?3°U inventories in the six sed-
iment cores are close to the representative global fallout value (1.40 =+
0.15) x 10~ 2, implying prominent impact of global fallout *°U in the
study sites of the Barents Sea. Based on the nuclear reactor derived 2°U
concentration in the sediment cores (Fig. 3), the cumulative areal invento-
ries for reactor->>°U are calculated to be in the range of (3.88-27.4) x 10'°
atom/m?, with an average of (1.63 + 1.00) X 10! atom/m?. The highest
reactor->>°U inventory was found at station 773 ((2.74 + 1.71) x 10'!
atom/m?), whereas the lowest reactor->°U inventory (3.88 = 0.41) X
10'° atom/m?) was observed at the east coast of Svalbard (station 883).

It is very difficult to relate the reactor 2°°U input to any local radio-
active contamination in the Barents Sea and its surrounding area,
e.g., Komsomolets. Though elevated levels of '3”Cs have been reported
in seawater collected inside a ventilation pipe of Komsomolets and
close to the wreck (collected 1-3 m or so above the ventilation pipe),
no significant elevation in **’Cs concentration in sediments around
the wreck has been measured (Gwynn et al., 2018; Skjerdal et al.,
2020). No elevated concentrations of Pu isotopes, >*'Am or 2*®U have
been observed around Komsomolets either (Flo, 2014). In contrast to
137Cs, which is relatively volatile, actinides (e.g., uranium, plutonium and
americium) released from the Chernobyl accident were hardly reported
in the Barents Sea marine environment (Baxter et al., 1995; Gwynn et al.,
2012). Thus, the most likely source of reactor >3°U in the Barents Sea is
from the European nuclear reprocessing facilities LH and SF transported
northwards by the NCC and Atlantic water.

3.3. Temporal and spatial variations of 236y, 233y and ¥ Cs deposition

Age-depth correlations for the six sediment cores were obtained based
on reported sedimentation rates (Table 1) for locations nearby those inves-
tigated in this work. In most cases, the first occurrences of >*U and 2*°U
peaks are observed in the 1960s (Fig. S1). In some cases, the increase of
236y concentrations continued until the late 1990s or 2000s, e.g., in stations
773, 848 and 883. We appreciate the large uncertainty in the age-depth
calculation based on the sedimentation rate reported for adjacent locations
in earlier studies. For example, 2>*U and 22U peaks were observed in sed-
iment layers formed before 1920 in the sediment core from station 800,
which is clearly not the case. This implies that instead of relying on previ-
ously estimated sedimentation rates, we could use the first peaks of 233y
and 2*°U to anchor the period of 1960s in the sediment core.

There is a significant correlation (r ranging within 0.56-0.95, p < 0.05,
n ranging within 10-13) between the temporal distribution trends of >**U
and ?**U concentrations except for core 834, whereas the *”Cs seems sig-
nificantly correlated to 2*°U temporal distribution only in sediment cores
773 (r = 0.72,p < 0.01,n = 12) and 883 (r = 0.91, p < 0.01, n = 10).
This might be related to different input functions between **”Cs and anthro-
pogenic uranium, as well as their different physical-chemical properties
along their transport pathways (Ashraf et al., 2014; Klinkhammer and
Palmer, 1991). A sediment input function for **’Cs in the Barents Sea
was constructed by Smith et al. (Smith et al., 1995) based on the histor-
ical record of '3”Cs concentrations measured in Arctic Ocean surface
waters from a region (71-73°N, 20-30°E) where Norwegian Sea water
is transported into the Barents Sea (Kershaw and Baxter, 1995). Although
the data exhibit a fallout peak in the 1960s, a larger signal is evident in
the 1980s associated with maximal Sellafield releases of **’Cs in the mid-
1970s into the Irish Sea, with a water transit time of 5 to 6 years between
the Irish, North and Norwegian Seas (Livingston and Killworth, 1988)
and/or contamination from Chernobyl accident. Higher ¥ Cs input in the
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Fig. 2. 1¥"Cs, 2*°U and #**U concentrations in the sediment cores from the Barents Sea with age-depth correlation estimated based on 2**U-*°U data in this work (numbers in

the right-Y axis are the years of corresponding sediment depths and the grey rectangles correspond to year 1960 * 5 as identified by the onset of global fallout

signal).

1980s was reflected in depth profiles of most investigated stations except
for 773 and 800. The mismatch in the temporal deposition of **’Cs for
stations 773 and 800 (Fig. S1) again might be associated to uncertainties
in sedimentation rate used in the age-depth calculation.

As the primary source of >*°U and 23U in the Barents Sea sediment
cores is from the global fallout. Therefore, we used the first occurrence of
global fallout derived->>°U and 233U peaks in each sediment profile to
benchmark the age of the corresponding layer as 1960 =+ 5, thereby the
sedimentation rate (assumed to be constant) can be simply calculated
using the onset depth divided by 55 (i.e., the interval between the sampling
year 2015 and 1960). It can be seen from Table 1 that the sedimentation
rate obtained from 2*°U and 2**U data agree generally well with the refer-
ence stations, except for stations 773 and 800. The >**U-2*3U benchmarked
age-depth profiles for stations 773 and 800 seem more reasonably to match
the reported input function of ¥ Cs in the Barents Sea (Fig. 2 and Fig. 3).
The identified depth reflecting significant deposition of global fallout
233 and 2°°U in each sediment core is further validated by the correspond-
ing 2%3U/**U atomic ratio, where in all cases the **U/?%°U atomic ratios
are comparable to the representative global fallout value of (1.40 +
0.15) x 10~ 2 (Fig. 3). This highlights the potential of the anthropogenic

23352365

236(J2%3(J pair as a robust tool for sediment dating and a useful complemen-

tary to e.g., the more traditional 2! °Pb-dating method. We notice that there
are still substantial ?>°U and 2*®U at the bottom of all six sediment profiles,
this might imply that the uranium isotopes are moving down through the
profile due to the high solubility of uranium in marine conditions.

Among the investigated stations, the highest *U and ***U inventories
were observed south of Svalbard (station 800) while the lowest were
observed at station 883. Although all six stations are located far from the an-
ticipated contamination sources, station 800 is the closest and station 883 is
the farthest away. The reprocessing signal is transported to the area around
station 883 with the North Atlantic Current and the West Spitsbergen
Current, which is the northernmost extension of the North Atlantic
Current. The West Spitsbergen Current splits in two north of Svalbard,
and one branch flows eastwards. A small amount of the reprocessing sig-
nal in this branch may thereafter reach station 883 and enter the Barents
Sea from the north. The contamination signal is probably diluted to lower
levels on its way around Svalbard. Our results do not indicate that sea ice
transport is an important process in the area around station 883.

The spatial distribution for anthropogenic uranium is somewhat differ-
ent to *7Cs, where the highest was observed in the western coast of
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Svalbard (station 808) and the lowest in the central Barents Sea (station
834). Somewhat higher inventory at station 808 may be due to the presence
of fine-grained sediments. Further, as this is an ice melting area, sea ice
transport cannot be ruled out. Low levels at station 834 at the Central
Bank may be related to little sedimentation of fine-grained sediments due
to strong ocean currents. Earlier studies in the Barents Sea have confirmed
a correlation between '3’Cs concentration and grain size, i.e. sediments
with a high percentage of fine-grained particles have relatively high values
of '*”Cs (Fpyn and Svaren, 1997). Compared to **”Cs, uranium is less
particle-reactive, thus high fine-grain particle loads would enhance the
accumulation of **”Cs more significantly than uranium. This might be a fac-
tor to influence the spatial distribution variation between **’Cs and anthro-
pogenic uranium in the study region. Similar to the present study, Feyn and
Sveeren (1997) also observed the highest levels of **”Cs in the Spitsbergen
area. They suggested that phytoplankton in this biologically-productive
polar front area actively transports '*”Cs to the sediments and thereby scav-
enges the water for radiocesium throughout the production period. How-
ever, an attempt to confirm this through laboratory experiments did not
succeed (Heldal et al., 2001).

U-233/U-236 (atomic ratio)

5x
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As discussed in our earlier work (Qiao et al., 2022), uranium can be
transported from the water column into the bottom sediment by several
pathways including direct deposition to sediments by fallout debris con-
taining 26U, scavenging of dissolved 2>°U from the surface by sinking par-
ticles coupled with demineralization, reduction of uranium under anoxic
condition followed by deposition to the seafloor, and in-situ production of
2360 from 24°Pu. In the Barents Sea, the deposition efficiency of global fall-
out 25U may be associated to both particle load and the scavenging of dis-
solved uranium from the water column, whereas the reprocessing derived
2350 should be mostly in soluble form.

4. Conclusion

This work presents the first dataset on temporal and spatial distributions
of 2%5U and #**U in the Barents Sea sediments, and provides insights on de-
positional history, source terms and transport pathways of anthropogenic
uranium in the study region. The results reveal that the majority of anthro-
pogenic uranium deposited in the Barents Sea bottom sediments originated
from global fallout. The impact of the historical *°U releases from

0 e ;
L 4 2010 o LA ] Ll |
14 14 7 \‘ ; - 2010 il i / 4 2010
o e J2o0 21 oA 7 1 .
o] = {190 3 | A e ; 42000 2 S
o | 41980 4 : i 7 1 7
4 H H & A A 3 4
£l & 41970 57 / 11990 ° |
it A TR ] 4 1990
o Jk 11960 “; 7 &,‘A_NA\K o 4
o o J1es0 ] & A A A 5
el i 8 1 N K ) \ - 1980
—_ [ - 1940 r | A —.A.—| 1 ; i 4 |
o gl | 9 - / -4 1970 ¢ : | \
3 ® 41930 o B . : \
~ t 10 \\ 1 $ 1 e —
90 J1920 11 A L ; ) | ‘l 1
101 : 1 e } I H 1960 Bl S
- Vi 11910 12 ! ’ 8 i
_D‘ . ? 41900 137 A 7‘—/ -4 1950 = 2 4 1960
E_ L) {1800 147 L 2 O Hgg/
1® e o - H
Al st. 773 { 1980 [° st. 800 | 140 10+ st. 808 - 1950
T T T
0 2x10™° 0 2x10% 9 210"
et i R e e , :
0 1x10'° 0 1x10' 0 1x10'
0 5x10 ( 5x10 0 5x1072
0 L 0 ......... 0 I Y - ‘. Rt Y A T B AR A RST Si] LO WAk A P 1
1] e 412010 1. R 2010 it . - 4 2010
] s S 5] SN 42000 14 i | | 4 2000
2 ] Ay ] . o
2 N 42000 3 as B 11990 2 \ ./‘ 1 1990
-1 / g | B
] L X 4 R 11980 o1 if: / | 1 1980
] \ 41990 5 ~ i
4 . \ o1 Y J 90 fi B T 4 1970
5+ \ ] - -+ 1960 i
s * P —*—i/ 41980 7 , 2L . . - 11960
2 6 ' 8- BT J1880  °7] i ./ ] 1950
—r 1 * ke ok 4 #
271 1 ] | 41970 94 H ’:‘ - 1940 61 Vo 1 1040
1 1 — A HyH _ [ | | ]
= | - 1? ] i 1= E 11930
1 e | B . T 4
9 e ] / e " '\ - 1920
1™* > o {1910 |
10 41950 13 “ry o Wi 41910
1k ) 14 " 0 | 3 1900
114wl L ] |y = = 1
Sl st. 834 { 1940 15 W st. 848 1 1890 10+ st. 883 J 1890
T IO LR P LRSI P T TS o, S . JOT FUSC. I ST
0 2x10'° 0 2x10"° 0 2x10"°
T P G
0 1x10'° 0 1x10'° 0 1x101°

NR U-236 concentration (atom/kg) or GF U-236 concentration (atom/kg)

Fig. 3. 2*3U/?*°U atomic ratio and ***U concentrations derived from global fallout (GF) and nuclear reactor (NR) in the sediment cores from the Barents Sea with age-depth
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correlation estimated based on
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European reprocessing plants to the Barents Sea sediments is insignificant.
Besides, the contribution of 2%°U from local nuclear activities to the Barents
Sea marine environment is unlikely to occur. Our work contributes to
baseline knowledge in the oceanic tracer application of 2°U for studying
the dynamics of the Atlantic-Arctic Ocean and associated climate changes.
It also demonstrates that 2*°U->*3U can be potentially used as benchmarks
in the age-depth model for sediment dating.
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