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• First sedimentary records of anthropo-
genic uranium in the Philippine Sea.

• Depth profiles well reflect 236U and 233U
deposition histories in the study region.

• Major 236U source is global fallout (69%)
rather than close-in PPG fallout (31%).

• Scavenging by sinking particles is the
main driving process for uranium depo-
sition.
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Editor: Filip M.G. Tack
Thiswork reports thefirst high-resolution deposition records of anthropogenic uranium (236U and 233U) in a sed-
iment core taken at the continental slope of the Philippine Sea off Mindanao Island in the equatorial northwest
Pacific Ocean. Two notable peakswere observed in both profiles of 236U and 233U concentrations, with a narrower
peak in 1951–1957 corresponding to close-in Pacific ProvingGrounds (PPG) signal, and a broader peak in 1960s–
1980s corresponding to the global fallout from nuclear weapons testing. 236U and 233U areal cumulative invento-
ries in the studied sediment core are (2.79± 0.20) ∙ 1012 atom ∙m−2 and (3.12± 0.41) ∙ 1010 atom ∙m−2, respec-
tively, about 20–30% of reported 233U and 236U inventories from the direct global fallout deposition. The overall
233U/236U atomic ratios obtained in this work vary within (0.3–3.5) ∙ 10−2, with an integrated 233U/236U atomic
ratio of (1.12± 0.17) ∙ 10−2. The contribution from global fallout and close-in PPG fallout to 236U in the sediment
core is estimated to be about 69% and 31%, respectively. We believe the main driving process for anthropogenic
uranium deposition in the Philippine sediment is continuous scavenging of dissolved 236U from the surface sea-
water by sinking particles.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

The long-lived 236U (t½=2.34 ∙ 107 y) has been increasingly applied
as a promising oceanic tracer to investigate water circulation transport
pathways and timescales (Casacuberta et al., 2016; Qiao et al., 2017;
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Sakaguchi et al., 2016; Steier et al., 2008; Winkler et al., 2012). Besides
marginal natural production (35 kg), the majority (> 1000 kg) of 236U
in the environment is from anthropogenic sources including 1) fallout
of the atmospheric nuclear weapons testing estimated in the range of
900–1400 kg (Castrillejo et al., 2018; Steier et al., 2008; Winkler et al.,
2012), 2) discharges (ca. 250 kg) from the two European nuclear fuel
reprocessing facilities Sellafield (SF) and La Hague (LH) (Castrillejo
et al., 2020; Christl et al., 2015), and 3) releases from nuclear accidents
and other local input (Lin et al., 2021a; Qiao et al., 2021).

Nevertheless, 236U/238U ratios suffer from methodical difficulties to
distinguish 236U source terms because the ubiquitous naturally occur-
ring 238U alters the 236U/238U ratios along the transport. Recently envi-
ronmental concentrations of 233U have become accessible, which
opens up the application of paired 233U–236U to identify the origination
for 236U (Hain et al., 2020; Qiao et al., 2021). This is based on the fact that
the 233U/236U ratios, only depend on the utilization history of the nu-
clear fuel, are not affected by the environmental pathways 233U(t½ =
1.59 ∙ 105 y) was mostly produced during nuclear weapons testing
primarily via 235U (n,3n) 233U reaction by fast neutrons or directly by
233U-fueled devices, whereas almost no 233U is produced in thermal
power reactors or reprocessing plants (Hain et al., 2020). The represen-
tative 233U/236U atomic ratios were suggested to be (1.40± 0.15) ∙ 10−2

for global fallout (Hain et al., 2020), and 1 ∙ 10−7–1 ∙ 10−6 for sources as-
sociated to civil nuclear reactors (HELCOM MORS Discharge database;
Naegeli, 2004). It is noteworthy that the value of (1.40 ± 0.15) ∙ 10−2

represents the integrated 233U/236U atomic ratio in the ocean after the
termination of atmospheric weapons testing in 1980. However, large
temporal variations in 233U/236U atomic ratios ((0.2–15.3) ∙ 10−2)
were recorded during 1950s–1970s in regional natural archives (Hain
et al., 2020; Lin et al., 2021a) due to different source inputs of 233U
and 236U from the atmospheric weapons testing.

The use of the 233U/236U atomic ratio helps to deconvolve the origin of
236U based on the characteristic 233U/236U fingerprint to distinguish be-
tween environmental emissions from civil nuclear facilities (e.g., nuclear
reprocessing plants, Chernobyl accident, and Fukushima accident) and at-
mospheric fallout of nuclear weapons testing (Qiao et al., 2021). In
Fig. 1. Schematic watermass circulation in equatorial northwest Pacific Ocean (A) and the samp
Throughflow. The map was created using Ocean Data View software (Schlitzer, 2021).
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addition, the paired 233U–236U can be useful traces to investigate oceanic
circulation, water mass composition and mixing dynamics.

In the Pacific Ocean, themajor sources of 236U include the global fall-
out of the nuclear weapons testing and the close-in fallout of Pacific
Proving Grounds (PPG) (Eigl et al., 2017; Nomura et al., 2017;
Sakaguchi et al., 2016). The atmospheric megaton-yield explosions for
nuclear weapons testing injected radionuclide particles into the strato-
sphere, dispersed and deposited them worldwide, thus forming global
fallout (Hamilton, 2005). The period of thermonuclear weapons testing
started with the 1952 operation Ivy Mike explosion at Enewetak atoll
(Fig. 1). An intensive phase of the atmospheric testing peaked after a
three-year moratorium (1958–1961) between 1961 and 1963, mainly
due to the high yield testing at Novaya Zemlya, USSR. Later Chinese
tests at Lop Nor 1964–1980 and French tests in French Polynesia
1966–1974 contributed comparatively little to the global fallout
(UNSCEAR, 2000).

A dispersion of radionuclides debris in the troposphere during an at-
mospheric nuclear weapon test is responsible for close-in fallout
(Hamilton, 2005). An estimated 70% of the total yield of the atmospheric
tests performed by the USA was conducted at the PPG test sites Bikini
and Enewetak atolls (Fig. 1) during 1946–1958. As a consequence of
themajority of these nuclear explosions being performed at the ground
level (including barges) or even underwater, Bikini and Enewetak test-
ing is responsible for 96% of the totalfission yield from local and regional
scale nuclear weapon tests by all countries (UNSCEAR, 2000). Four
prominent 236U peaks in 1952, 1954, 1956 and 1958 have been ob-
served in Enewetak atoll coral annual bands in association with the
PPG Ivy-Mike, operation Castle, Redwing series and operation Hardtack
I explosions (Froehlich et al., 2016). In North Pacific corals from Japan
Sea, the observed 236U maxima in 1954–1955 and 1958–1959, respec-
tively, were attributed to the series of megaton tests in 1954 (PPG oper-
ation Castle) and 1958 (PPG operation Hardtack I) (Nomura et al., 2017;
Sakaguchi et al., 2016).

Our earlier studies in the sediment core in the equatorial Western
Pacific indicated the studied site contains inventories of particle reactive
radionuclides, including plutonium and americium, orders ofmagnitude
ling location of the sediment core (GeoB17409-1) studied in this work (B). ITF: Indonesian
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higher than expected from direct deposition (Pittauer et al., 2018). The
isotopic composition of plutonium shows that the minimum portion of
plutoniumoriginating from the PPG at the study site is 60%. Even though
anthropogenic uranium has been reported to be associated to particles
from the fallout of the nuclear weapons explosions, uranium is much
more soluble due to the complexation with carbonates in the open
ocean water. Up to this date, anthropogenic 236U and 233U deposition
history and the PPG effect has not been explored in the Pacific Ocean, es-
pecially in the area south of the North Equatorial Current (NEC) bifurca-
tion.

Therefore, in this work, we report high-resolution depth profiles of
236U and 233U concentrations and 233U/236U atomic ratios in the sedi-
ment core taken at the continental slope of the Philippine Sea offMinda-
nao Island. We aim to understand the sources of anthropogenic 236U
and 233U in the study region, the historical deposition and transport
pathways of 236U and 233U in the Pacific Ocean.

2. Materials and methods

2.1. Sampling site and sample preparation

The sampling site (8° 0.03′N, 126° 34.50′E) was situated offshore
from the Cateel Bay, at the continental slope of the Philippine Sea east
of Mindanao (Fig. 1). The North Equatorial Current (NEC), a westward
movingmajor current, reaches the continental margin in the Philippine
Sea and bifurcates into the northbound Kuroshio Current (KC) and the
southbound Mindanao Current (MC). This current splitting takes place
about 14°N at the surface and 20°N at a depth of 1000 m (Hu et al.,
2015). The MC therefore carries North Pacific water masses southward
passing the sampling site in this study, partially diverging them towards
the Indonesian Throughflow (ITF) (Fig. 1).

A 33 cm long sediment core GeoB17409-1was taken during the Ger-
man R/V Sonne cruise SO-228 in May 2013 from water depth of 500 m
(Mohtadi et al., 2013). The sea bottom is ruggedwith canyons,which do
not appear to be connected to the existing river system of Cateel river,
and the station was located at a terrace between such canyons, where
geophysical survey indicated several meters of layered sediment. The
core was retrieved by a multicorer with a tube diameter of 60 mm
and sliced on-board to 1 cm increments. Further processing steps to ob-
tain dry and homogenous subsamples are detailed elsewhere (Pittauer
et al., 2018).

2.2. Age-depth model

The age-depth model for the sediment core GeoB17409-1 was ob-
tained using the excess 210Pb method and validated by a combination
of Th-series radionuclides, anthropogenic radionuclides and organic
geochemical data (Pittauer et al., 2018, 2017) (Fig. S1 in supporting in-
formation). The sediment accumulation rates at the sampling site were
estimated to be 2330± 130 and 1070± 50 g ∙m−2 ∙ yr−1 for sections of
6–22 cm and 22–33 cm, respectively, using a piecewise Constant Flux-
Constant Sedimentation rate (CF-CS) model on excess 210Pb data
(Pittauer et al., 2018). The majority of the top 6 cm of sediment inven-
tory were deposited during a single brief event, likely attributed to an
influx of terrestrial material as a consequence of flooding connected
with Typhoon Bopha in December 2012 (Pittauer et al., 2018).

2.3. Standards, reagents and materials

Uranium standard solution (1.000 g ∙ L−1 in 2 mol ∙ L−1 HNO3) was
purchased fromNIST (Gaithersburg, MD), whichwas used after dilution
as a standard for the ICP-MSmeasurement to quantify 238U in sediment.
All reagents used in the experiment were of analytical reagent grade
and prepared using ultra-pure water (18 MΩ ∙ cm). UTEVA resin
(100–150 μm particle size) was purchased from Triskem International,
Bruz, France and packed in 2-mL Econo-Columns (0.7 cm i.d. × 5 cm
3

length, Bio-Rad Laboratories Inc., Hercules, CA) for the chemical purifi-
cation of uranium isotopes.

2.4. Analytical methods for determination of uranium isotopes in sediment

For 238U analysis, each sample (1–10 g) was ashed overnight at
450 °C in a muffle oven and leached with 60–100 mL of aqua regia
on a hotplate for 30 min at 150 °C and then 2 h at 200 °C. The leach-
ate was weighed and an aliquot was taken from the sample for di-
rectly measurement of 238U by inductively coupled plasma mass
spectrometry (ICP-MS) (ICP-QQQ 8800, Agilent). The ICP-MS in-
strument was equipped with an Xt-skimmer cone and a concentric
nebuliser under hot plasma conditions. The typical operational
conditions of the instrument have been given elsewhere (Qiao
and Xu, 2018). Indium (as InCl3) was used as an internal standard
and 0.5 mol ∙ L−1 HNO3 solution was used as a washing solution
between consecutive assays.

The radiochemical method used for 236U and 233U determina-
tion in sediment was modified based on Qiao et al. (2015). In
short, to the leachate after acid digestion with aqua regia, 10% (v/
v) NH3·H2O was slowly added to adjust the pH to 8–9 to co-
precipitate uranium with Fe(OH)3. The sample was centrifuged at
4000 rpm for 5 min and the supernatant was discarded. The final
residue was dissolved with 15 mL of 3 mol ∙ L−1 HNO3 and the
solution was loaded onto a 2-mL UTEVA column which was pre-
conditioned with 20 mL of 3 mol ∙ L−1 HNO3. The UTEVA column
was rinsed with 40 mL of 3 mol ∙ L−1 HNO3, followed by 20 mL of
6 mol ∙ L−1 HCl. Uranium adsorbed on the column was eluted with
10 mL of 0.025 mol ∙ L−1 HCl. The flow rate for the chromatographic
separation was controlled manually to 1.0–1.5 mL ∙ min−1.

A 100-μL aliquot of uranium eluate was taken and diluted
1000–10,000 times with 0.5 mol ∙ L−1 HNO3 for measurement of 238U
by ICP-MS to calculate the chemical yield of uranium. To the remaining
uranium eluate, 2 mg of Fe (as FeCl3 solution) was added, and the
sample was adjusted to pH > 9 with 10% (v/v) NH3·H2O to co-
precipitate uranium. The precipitate was dried in an oven at 100 °C
and then was baked in a furnace for 8 h at 700 °C. The sample was
pressed into aluminium sputter target holders for the accelerator mass
spectrometry (AMS) measurement of 236U/238U and 233U/238U by the
3-MV tandem accelerator facility VERA (Vienna Environmental Re-
search Accelerator) at the University of Vienna, Austria. The detailed
method for AMS measurement of 236U/238U and 233U/238U has been re-
ported elsewhere (Qiao et al., 2021). Concentrations of 236U and 233U,
expressed as atoms per dry weight, were respectively obtained bymul-
tiplying the corresponding 236U/238U and 233U/238U atomic ratios mea-
sured by AMS with the 238U concentration measured in the leachate
by ICP-MS.

The in-house 236U standards Vienna-KkU (236U/238U = (6.89 ±
0.32) ∙ 10−11) (Steier et al., 2008) and Vienna-US8 (236U/238U =
(1.01 ± 0.05) ∙ 10−8) (Shinonaga et al., 2014) diluted by ion (U/Fe =
1:30) were used to monitor the accuracy of the AMS measurement.
Five standard samples (3 × Vienna-US8 and 2 × Vienna-KkU) were
measured with a batch of around 30 environmental samples. The
Vienna-KkU also serve as machine blank for the detection of 233U by
AMS. In samples with low 236U content, e.g., procedure blanks, the un-
certainty of 236U/238U atomic ratio measured by AMS is mainly attrib-
uted to the counting statistics, while for environmental samples the
precision usually is limited by the reproducibility of multiple measure-
ments which is taken into account in the overall uncertainty of 1–5%
as well. Due to the low count rates of environmental 233U, the uncer-
tainty of the 233U/238U atomic ratio is dominated by counting statistics
of 233U. Quality assurance/quality control was carried out according to
Lin et al. (2021b). 232Th3+ is monitored for all sputter samples, which
is extracted as 232ThO−. Our results suggest that both 235UH3+ and
232ThH3+ hydrides were sufficiently supressed by the high stripper
gas pressure (Qiao et al., 2021). The overall results obtained in this
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work are summarized in Table 1 and made available in PANGAEA (Qiao
and Steier, 2021).

3. Results and discussion

3.1. 236U and 233U concentrations

The profiles of 236U and 233U concentrations in the sediment core
are shown in Fig. 2. The overall 236U and 233U concentrations vary
within (3–182) ∙ 105 atom ∙ g−1 and (7–278) ∙ 103 atom ∙ g−1, respec-
tively. Leaching with strong mineral acid is able to quantitatively ex-
tract anthropogenic 236U and 233U into the solution but not for the
natural 238U (Lin et al., 2021a; Sakaguchi et al., 2009). The concentra-
tions of 238U obtained are in the range of 1.2–2.8 μg ∙ g−1, approxi-
mately 7–16% lower than the total 238U concentration obtained by
alkaline fusion according to our experimental data (Lin et al.,
2021a). Nevertheless, 233U/238U ((0.1–8.1) ∙ 10−11) and 236U/238U
atomic ratios ((0.06–5.28) ∙ 10−9) obtained in this work (Fig. S2 in
supporting information) can be used to reflect their magnitude
levels and temporal distribution trends in the Philippine sediment.

The maximum 236U concentration is observed in the surface sediment
layer (0–1 cm) mostly likely related to a high terrestrial 236U input
transported by Cateel river flooding and re-suspended material from the
shelf during the period of typhoon Bopha (Pittauer et al., 2018). The 236U
concentrations within the top 5 cm sediment in the Japan Sea (39°32.56′
N, 136°40.35′ E) were reported in the range of (0.4–4.9) ∙ 107 atom ∙ g−1

(Sakaguchi et al., 2012), which are comparable to our measurement
((0.4–1.8) ∙ 107 atom ∙ g−1) for the 0–5 cm Philippine Sea sediment.
Table 1
Overall results for 236U and 233U concentrations, 236U/238U, 233U/236U, 233U/238U and 236U/239Pu

Depth
interval

Middle
depth

Age Uncert. 236U/238U
atomic
ratio

Uncert. 236U conc. Uncert. 233U/2

atomi
ratio

cm cm yr yr Atom ∙ g−1 Atom ∙ g−1

0–1 0.5 5.28E-09 1.85E-10 1.82E+07 1.83E+06 1.53E
1–2 1.5 1.91E-09 5.67E-11 6.13E+06 3.70E+05 1.12E
2–3 2.5 1.65E-09 8.05E-11 5.48E+06 4.02E+05 1.21E
3–4 3.5 3.11E-09 7.80E-10 9.42E+06 2.96E+06 4.98E
4–5 4.5 1.28E-09 8.10E-11 3.71E+06 2.95E+05 5.83E
5–6 5.5 1.96E-09 6.00E-11 5.92E+06 3.41E+05 7.40E
6–7 6.5 2011 0 3.44E-09 2.35E-10 1.06E+07 1.21E+06 4.56E
7–8 7.5 2007 0 1.46E-09 8.80E-11 6.17E+06 3.83E+05 8.30E
8–9 8.5 2002 1 1.93E-09 6.60E-11 8.33E+06 3.04E+05 1.18E
9–10 9.5 1997 1 2.00E-09 3.30E-11 8.19E+06 1.81E+05 9.60E
10–11 10.5 1992 1 2.18E-09 1.90E-10 9.50E+06 8.30E+05 1.16E
11–12 11.5 1987 2 2.98E-09 4.60E-11 1.44E+07 2.67E+05 8.80E
12–13 12.5 1981 2 3.56E-09 1.60E-10 1.59E+07 7.25E+05 1.22E
13–14 13.5 1976 2 3.84E-09 2.20E-10 1.56E+07 1.25E+06 1.31E
14–15 14.5 1971 2 3.63E-09 1.40E-10 1.58E+07 1.12E+06 1.35E
15–16 15.5 1965 3 3.46E-09 8.40E-11 1.52E+07 7.53E+05 1.45E
16–17 16.5 1960 3 2.90E-09 5.10E-11 1.18E+07 7.27E+05 1.26E
17–18 17.5 1954 3 3.88E-09 5.00E-11 1.63E+07 6.93E+05 1.11E
18–19 18.5 1949 4 2.63E-09 5.30E-11 1.11E+07 6.38E+05 1.13E
19–20 19.5 1943 4 2.34E-09 3.40E-11 9.44E+06 4.54E+05 1.22E
20–21 20.5 1937 4 1.28E-09 3.90E-11 5.89E+06 3.27E+05 7.90E
21–22 21.5 1932 5 5.76E-10 3.30E-11 2.91E+06 1.71E+05 7.80E
22–23 22.5 1926 5 6.71E-10 4.00E-11 3.09E+06 2.40E+05 4.20E
23–24 23.5 1913 5 2.71E-10 1.10E-11 1.45E+06 7.80E+04 7.70E
24–25 24.5 1900 6 2.18E-10 2.20E-11 1.54E+06 1.56E+05 2.56E
25–26 25.5 1887 7 3.20E-10 1.70E-11 1.73E+06 1.83E+05 1.99E
26–27 26.5 1874 7 1.92E-10 1.60E-11 1.08E+06 1.56E+05 3.47E
27–28 27.5 1861 8 2.15E-10 1.60E-11 1.13E+06 1.72E+05 2.06E
28–29 28.5 1848 9 1.87E-10 2.70E-11 9.52E+05 1.83E+05
29–30 29.5 1835 9 2.08E-10 8.00E-12 1.25E+06 1.26E+05 8.80E
30–31 30.5 1822 10 1.49E-10 2.90E-11 8.51E+05 1.96E+05 7.70E
31–32 31.5 1808 10 6.27E-11 1.09E-11 3.23E+05 5.73E+04
32–33 32.5 1795 11 4.26E-10 2.30E-11 2.41E+06 3.12E+05
Max. 5.28E-09 1.85E-10 1.82E+07 1.83E+06 3.47E
Min. 6.27E-11 1.09E-11 3.23E+05 5.73E+04 4.20E

a conc.= concentration; Uncert.= uncertainty; All uncertainties are expanded uncertainties
in ICP-MS and AMS measurements, uncertainties of weighing, dilution, standards and blanks b
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Comparatively, a wider range of 236U concentration (0.05–9) ∙ 107

atom∙g−1 was reported for top 0–6 cm sediment collected in 2016 from
the North Atlantic Ocean (48° 48.2′N, 16° 27.3′W) (Villa-Alfageme et al.,
2018).

A small peak at the layer between 6 and 7 cm (corresponding to the
year 2011) is suspected to be associated to the FukushimaDaiichi Nuclear
Power Plant (FDNPP) accident (see discussion later). The broad 236U peak
in the layers between 11 and 18 cm correspondswell with the significant
global fallout input from the atmospheric nuclear weapons testing
(1950s–1980s). The sharp peak in the layer 17–18 cm (corresponding
to year 1951–1957) potentially reflects the impact of the PPG close-in fall-
out (1946–1958). This is reasonable as notable 236U peaks were also ob-
served in corals from the Kume Island (26°19.14′ N, 126°45.96′ E),
Northwest Pacific Ocean (Nomura et al., 2017) and the Iki Island (33°
48.38′ N, 129° 40.05′ E), Japan Sea (Sakaguchi et al., 2016). The slight de-
crease of 236U concentration in layer 16–17 cm(corresponding to the year
1957–1963) might be related to the moratorium on all nuclear testing
during 1958–1961.

The prominent peak in the profile of 233U concentration between 12
and 16 cm clearly demonstrates the intensive global fallout from nu-
clear weapons testing during 1960s–1980s. Similar to 236U concentra-
tion, 233U concentration also show a small peak in layer 17–18 cm
(year 1951–1957) and a drop in layer 16–17 cm, this further confirms
that the close-in PPG fallout signal and the nuclear testing moratorium
are well recorded in the sediment core. This small peak is in correspon-
dence with high 233U concentrations observed in the Kume Island coral
for 1955 and 1958, respectively, thoughwith high uncertainty (ca. 40%)
for the 1955 signal (Fig. S2) (Hain et al., 2020). Similar 233U peaks were
atomic ratios in the sediment core (GeoB17409-1)a.

36U
c

Uncert. 233U conc. Uncert. 233U/238U
atomic
ratio

Uncert. 236U/239Pu
atomic
ratio

Uncert.

Atom ∙ g−1 Atom ∙ g−1

-02 3.00E-03 2.78E+05 6.14E+04 8.07E-11 1.60E-11
-02 1.32E-03 6.85E+04 9.06E+03 2.13E-11 2.40E-12 5.9E-03 1.8E-03
-02 2.24E-03 6.61E+04 1.32E+04 1.99E-11 3.60E-12
-03 1.58E-03 4.69E+04 1.27E+04 1.55E-11 3.00E-12 1.1E-02 5.0E-03
-03 1.99E-03 2.16E+04 7.57E+03 7.46E-12 2.50E-12
-03 9.46E-04 4.38E+04 6.14E+03 1.45E-11 1.80E-12 6.3E-03 1.8E-03
-03 1.06E-03 4.83E+04 1.25E+04 1.57E-11 3.50E-12
-03 2.28E-03 5.12E+04 1.44E+04 1.21E-11 3.20E-12 2.5E-03 4.6E-04
-02 2.62E-03 9.83E+04 2.21E+04 2.27E-11 5.00E-12
-03 6.60E-04 7.87E+04 5.68E+03 1.91E-11 1.30E-12 2.3E-03 2.6E-04
-02 1.85E-03 1.10E+05 2.00E+04 2.54E-11 3.40E-12 2.5E-03 4.1E-04
-03 7.60E-04 1.27E+05 1.12E+04 2.63E-11 2.20E-12 3.0E-03 2.8E-04
-02 1.44E-03 1.94E+05 2.46E+04 4.33E-11 4.70E-12 2.7E-03 3.2E-04
-02 1.31E-03 2.04E+05 2.62E+04 5.04E-11 4.10E-12 2.2E-03 2.7E-04
-02 1.40E-03 2.14E+05 2.68E+04 4.89E-11 4.70E-12 2.9E-03 4.0E-04
-02 1.04E-03 2.20E+05 1.92E+04 4.99E-11 3.40E-12 4.4E-03 6.9E-04
-02 6.00E-04 1.49E+05 1.16E+04 3.65E-11 1.60E-12 3.7E-03 6.4E-04
-02 8.10E-04 1.81E+05 1.53E+04 4.29E-11 3.10E-12 1.5E-02 4.7E-03
-02 1.09E-03 1.25E+05 1.41E+04 2.99E-11 2.80E-12 4.5E-03 8.6E-04
-02 6.70E-04 1.15E+05 8.41E+03 2.86E-11 1.50E-12 4.3E-03 1.0E-03
-03 8.60E-04 4.65E+04 5.69E+03 1.00E-11 1.10E-12 1.0E-02 1.4E-03
-03 2.13E-03 2.27E+04 6.35E+03 4.50E-12 1.20E-12
-03 1.42E-03 1.30E+04 4.50E+03 2.83E-12 9.40E-13
-03 1.57E-03 1.12E+04 2.35E+03 2.08E-12 4.10E-13
-02 7.10E-03 3.93E+04 1.16E+04 5.58E-12 1.40E-12
-02 3.75E-03 3.45E+04 7.45E+03 6.37E-12 1.10E-12
-02 6.20E-03 3.75E+04 8.63E+03 6.67E-12 1.10E-12
-02 8.72E-03 2.33E+04 1.05E+04 4.43E-12 1.80E-12

-03 1.51E-03 1.10E+04 2.19E+03 1.84E-12 3.10E-13
-03 4.59E-03 6.63E+03 3.80E+03 1.16E-12 6.50E-13

-02 6.20E-03 2.78E+05 6.14E+04 8.07E-11 1.60E-11 1.5E-02 4.7E-03
-03 1.42E-03 6.63E+03 3.80E+03 1.16E-12 6.50E-13 2.2E-03 2.7E-04

using a coverage factor of k= 1, which combine instrumental and statistical uncertainties
ased on the law of uncertainty propagation.



Fig. 2. Profiles of 236U (A) and 233U (B) concentrations in the sediment core (GeoB17409-1). Error bars represent the expanded uncertainties.
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also observed in 1954–1955 for a peat core collected from Black forest,
Germany (48°43.05′ N, 8°27.57′ E) (Fig. S2) (Hain et al., 2020) and in
mid-to-late 1950s for sediment cores from the Gotland Basin
(57°16.98′N, 20°07.23′E) and Landsort Deep (58°38.36′N, 18°16.04′E)
in the Baltic Sea (Lin et al., 2021a). To be noted, for compensating dating
uncertainty in the Philippine sediment core and facilitate more sensible
comparison, 3-year running means were used for the reported data of
Kume Island coral in Fig. S2.

To the best of our knowledge, the production of 233U in the nuclear
weapons testing was primarily associated to 1) the direct use of 233U
as fissile material and 2) fast neutron reaction 235U (n,3n) 233U with
5

the use of enriched U (so-called oralloy) as tamper material (Hain
et al., 2020). At least one experimental devicewas reportedly detonated
by the United States in 1955 at the Nevada Test Site (Operation Teapot
“MET” test) using a composite pit of 239Pu and 233U (Alvarez, 2013;
Sublette, 2020). The former Soviet Union's two-stage hydrogen bomb
tested in 1955 at the Semipalatinsk Test Site (“RDS-37”) also utilized
235U and 233U as the fissile core (Holloway, 1979). Operation Teapot
“MET” test only had a yield of 22 kt, which mainly led to a local and re-
gional fallout (UNSCEAR, 2000). While the “RDS-37” test had a much
higher yield of 3 Mt., which should eject more 233U debris into the
stratosphere and thereby result in a global fallout (UNSCEAR, 2000).
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The first thermonuclear weapon test with an oralloy tamper was re-
ported to be the Operation Castle “Nectar” test conducted by the United
States in 1954 at the PPG (Sublette, 2020). Several thermonuclear
weapon tests of the Operation Hardtack I implemented in 1958 at the
PPG were also suspected to use the oralloy tamper, as indicated by the
pronounced 233U peak in 1958 in the Kume Island coral core (Hain
et al., 2020). The peak in 1951–1957 observed in the Philippine Sea sed-
iment further pinpoints the pulse injections of 233U attributed to the
above mentioned tests during 1954–1958, probably more affected by
the close-in PPG fallout than the global fallout considering the geo-
graphical location of the sampling site. The co-occurrences of 233U
peak in mid-to-late 1950s might be used as an additional chronometer
for the onset of Anthropocene (Lin et al., 2021a). As uranium is rather
soluble in the open ocean (Choppin, 2006), the majority of 233U from
the global fallout and PPG-close in fallout would remain dissolved in
thewater columns of the Pacific Ocean after their initial depositions. To-
gether with 236U, 233U will be scavenged gradually from the water col-
umns and transported to the Philippine costal region, therefore a
broader and higher 233U peak was observed for the depths correspond-
ing to 1960s–1980s compared to the one in 1951–1957.

The slightly higher 233U concentration in 24–27 cm (1870s–1900s)
might be associated to some degree of post-depositional mixing of an-
thropogenic uranium, which have also been observed in the plutonium
and americium profiles of the sediment at 18–20 cm (Pittauer et al.,
2018). However, this post-depositional mixing was not significant for
236U, indicating different source input functions between 233U and
236U from nuclear weapons testing (Hain et al., 2020). According to
the peat core data (Hain et al., 2020), the onset of 233U peak from global
fallout appears earlier than the 236U peak. It could be that 233U deposited
in early 1950swasdownwardmigrated due to verticalmixing or biotur-
bation, but such downwardmigration did not occur in 1960swhen 236U
and other actinides (e.g., 239,240Pu and 241Am (Pittauer et al., 2018))
were deposited fromglobal fallout. Besides, “external” geological events
(such as volcanic ash fallout (Krakatoa 1883 (Latter, 1981)) or turbidite)
might also play a role in bring additional 233U via its natural production
from 232Th (232Th (n γ) 233Th → 233Pa → 233U).

The measured 236U/238U and 233U/238U atomic ratios show the same
distribution trends as 236U and 233U concentrations in the sediment pro-
file (Fig. S2). The peak levels of 236U/238U atomic ratio ((3–4) ∙ 10−9) in
1950s–1980s are lower than the two prominent peaks in 1954 ((11 ±
1) ∙ 10−9) and 1958 ((9 ± 2) ∙ 10−9) found in Kume island coral, but
comparable to the value in 1963 (4 ∙ 10−9) and the three prominent
peaks ((4–6) ∙ 10−9) in 1955–1963 observed in the Iki Island coral
(Sakaguchi et al., 2016). The 233U/238U peak value (4 ∙ 10−11) in
Fig. 3. Profile of 233U/236U atomic ratios in the sediment core (GeoB17409-1) (A) and comparis
The integrated 233U/236U atomic ratio in the peat corewas calculated as the ratio of 233U and 236

file. Error bars represent the expanded uncertainties.
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1951–1957 in the Philippine sediment is lower than the Baltic sediment
peak records ((36–41) ∙ 10−11) in mid-to-late 1950s (Lin et al., 2021a),
possibly associated to the greater atmospheric deposition of 233U from
the “RDS-37” test in higher latitude belt and shallow-water Baltic Sea.

3.2. 236U and 233U inventories

The areal cumulative inventories of 236U and 233U in the Philippine
Sea sediment were calculated to be (2.79 ± 0.20) ∙ 1012 atom ∙ m−2

and (3.12±0.41) ∙ 1010 atom ∙m−2, respectively. The temporal distribu-
tions of 236U and 233U inventories along the sediment profile are similar
to the patterns of their concentrations (Fig. S3 in supporting informa-
tion). Slightly lower 236U inventory (1.04 ∙ 1012 atom ∙ m−2) compared
to the Philippine sedimentwas found in the sediment fromNorth Atlan-
tic OceanPorcupineAbyssal Plain (49°N and16° 30′W), PAP site,which
was excluded from the impact of the Europeannuclear fuel reprocessing
plants (Villa-Alfageme et al., 2018). Referring to the inventory of dis-
solved 236U ((13.7 ± 0.9) ∙ 1012 atom ∙ m−2) in the water column of
the Japan Sea which is comparable to the global fallout 236U inventory
(17.8 ∙ 1012 atom ∙ m−2) obtained in Japanese soil (Sakaguchi et al.,
2012, 2010), 236U scavenged into the Philippine Sea sediment accounts
for about 20%.

The reports on areal cumulative inventories of 233U are rather lim-
ited. Our recent study estimated the direct deposition of global fallout
233U in the 50°N latitude belt to be (11.5 ± 1.0) ∙ 1010 atom ∙ m−2

based on the published peat core data (Lin et al., 2021a). 233U inventory
in the Philippine sediment core ((3.12±0.41) ∙ 1010 atom ∙m−2) is, sim-
ilarly to 236U, about 27% of the directly deposited global fallout 233U
inventory ((11.5± 1.0) ∙ 1010 atom ∙m−2). Two-fold higher 233U invento-
ries ((24.2–28.5) ∙ 1010 atom∙m−2)were obtained in Baltic sediment cores,
which could be explained by the high latitude of the Baltic Sea sediment
and anoxic condition favoringuraniumdeposition aswell as the additional
233U input from the catchment area and advective transport from the
North Sea (Lin et al., 2021a).

3.3. 236U source terms identified by 233U/236U atomic ratios

Depth profile of 233U/236U atomic ratio in the sediment core is dem-
onstrated in Fig. 3. The overall 233U/236U atomic ratios obtained in this
work vary within (0.3–3.5) ∙ 10−2. The surface layers (0–3 cm) demon-
strate comparable values ((1.1–1.5) ∙ 10−2) as the average of global fall-
out 233U/236U atomic ratio ((1.40±0.15) ∙ 10−2), further confirming the
terrestrial input of global fallout 236U in the surface layers of the
Philippine Sea sediment.
onwith coral from Kume Island and peat from Blackforest, Germany (B) (Hain et al., 2020)
U areal cumulative inventories from 1920 up to the corresponding year in the sample pro-
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Lower 233U/236U atomic ratios ((0.3–0.7) ∙ 10−2) are observed for
the subsurface layer (3–7 cm), which possibly indicate an input of reac-
tor signal. As Philippine has no nuclear power plants and only one re-
search rector near Manila (in-land of Philippine), this reactor signal is
suspected to be from the FDNPP accident considering the age of the sed-
iment layers (2011–2012). According to Kumamoto et al. (2014),
atmospheric-deposited radiocaesium south of the Kuroshio Extension
just after the accident had been transported not only eastward along
with surface currents but also southward due to formation/subduction
of subtropical mode waters within about 10 months after the accident.

Even though earlier studies did not find clear evidence of Fukushima
derived 236U in the surroundingmarine environment (Casacuberta et al.,
2017), we argue transport of FDNPP accident originated 236U might still
be possible. The total inventory of 236U in FDNPP Unit 1–3 with initial
235U enrichment of up to 1.9% was around 800 kg (Nishihara et al.,
2015; Sakaguchi et al., 2014; Schneider et al., 2017), thus around
270 kg in each unit (Unit 1 possibly less). As two third of the global fall-
out 236U (ca. 1000 kg) was deposited on the Northern Hemisphere
(Sakaguchi et al., 2009), considering the area (7.70 ∙ 107 km2) of Pacific
Ocean in comparison to the Northern Hemisphere (i.e. 2.55 ∙ 108 km2),
the inventory of global fallout 236U in the Pacific Ocean would amount
to about 200 kg. As the release of reactor fuel material during the acci-
dent might be far marginal compared to the global fallout inventory in
the Pacific, the changes in 236U concentration and 236U/238U ratios the
seawater and sediment might be insensitive to detect the impact of
FDNPP accident. Instead, the atomic ratios 233U/236U will be more sensi-
tive to identify reactor source of radionuclides dispersed in the environ-
ment as demonstrated in our earlier studies in the Baltic Sea (Qiao et al.,
2021).

From the layer of 8 cm downward, 233U/236U atomic ratio increases
with depth and reaches a peak value of (1.45 ± 0.10) ∙ 10−2 in the
layer 15–16 cm corresponding to year 1962–1968, and then decreased
gradually until in 22–23 cm (year 1921–1931). Much higher 233U/236U
atomic ratios ((2–3.5) ∙ 10−2) are observed for the deeper layers be-
tween 24 and 28 cm in the pre-nuclear age. This might be associated
to the aforementioned downward migration of uranium, bioturbation
and/or external geological event, where fractionation between 233U
and 236U occurred.

Slightly lower 233U/236U atomic ratios ((1.11 ± 0.08) ∙ 10−2) in the
sediment in mid-1950s compared to the values of (1.2–1.5) ∙ 10−2 in
1960s–1980s are consistent with findings that 233U was produced to a
less extent compared to 236U by the nuclear weapon devices tested be-
fore 1954 (Hain et al., 2020). The average 233U/236U atomic ratio of
(1.37 ± 0.07) ∙ 10−2 in the layers of 13–16 cm (year (1962–1968) -
(1974–1978)) coinciding with the period for most thermonuclear ex-
plosions is in good agreement with the global fallout average of
(1.40 ± 0.15) ∙ 10−2. However, the 233U/236U atomic ratio of (1.11 ±
0.08) ∙ 10−2 in the sediment core in 1951–1957 is higher than the
weighted mean 233U/236U atomic ratio of (0.29 ± 0.08) ∙ 10−2 in the
Kume Island coral during 1952–1955, but lower than the integrated
global fallout 233U/236U atomic ratio of (2.74±0.41) ∙ 10−2 for 1955 cal-
culated from the peat core data (filled green diamond symbol in Fig. 3)
(Hain et al., 2020). This further confirms the primary source of 236U in
Philippine Sea sediment in 1951–1957 was from close-in PPG fallout
(ca. 67%, obtained by applying respective 233U/236U atomic ratio of
(0.29 ± 0.08) ∙ 10−2 as PPG endmember and (2.74 ± 0.41) ∙ 10−2 as
global fallout endmember),which is in good agreementwith thefinding
on plutonium (ca. 61% from PPG) in the same sediment layer (Pittauer
et al., 2018).

Unlike for plutonium, contribution of 236U from close-in PPG fallout
in the Philippine sediment core decreased after 1958, and global fallout
became the dominating 236U source. The integrated 233U/236U atomic
ratio based on the 236U and 233U areal cumulative inventories in the sed-
iment core is (1.12 ± 0.17) ∙ 10−2. Applying a two-endmember model
with representative global fallout 233U/236U atomic ratio ((1.40 ±
0.15) ∙ 10−2) and weighted average PPG derived 233U/236U atomic
7

ratio ((0.51 ± 0.07) ∙ 10−2) based on Kume Island coral data in
1950–1958 (Fig. S2), contribution from global fallout and close-in PPG
fallout to 236U in the sediment core is estimated to be about 69% and
31%, respectively. In contrast, the portion of plutonium originating
from the close-in PPG fallout was found to be more than 60%, also in
the later period (Pittauer et al., 2018).

3.4. 236U/239Pu atomic ratios

236U/239Pu atomic ratios obtained in the sediment core are in the
range of (0.2–1.5) ∙ 10−2, with the majority falls in the range of
(0.2–0.6) ∙ 10−2 (Fig. 4). The highest 236U/239Pu atomic ratio ((1.5 ±
0.2) ∙ 10−2) is observed at 17–18 cm (corresponding to year
1951–1957). Two samples at 3–4 cm (corresponding to after 2011)
and 20–21 cm (corresponding to year 1933–1941) also show values
higher than 1.0 ∙ 10−2. Temporal variation of 236U/239Pu atomic ratios
as shown in Fig. 4 demonstrates two relatively constant levels for the
period of 1943–1965 (except the year 1951–1957) with an average
value of (0.42 ± 0.04) ∙ 10−2 and for 1971–2007 with an average of
(0.26 ± 0.03) ∙ 10−2. Larger variation in 236U/239Pu atomic ratio
((0.2–1.5) ∙ 10−2) was observed in the surface 0–6 cm sediment, likely
due to a significant portion of terrestrial material. The integrated
236U/239Pu atomic ratio for the sediment core based on the inventories
of 236U and 239Pu was obtained as (0.40 ± 0.04) ∙ 10−2.

Table S1 summaries 236U/239Pu atomic ratios analysed in different
environmental media from previously published data (Bu et al., 2017;
Chamizo et al., 2015a, 2015b; Child and Hotchkis, 2013; Eigl et al.,
2013; Froehlich et al., 2019, 2017; Ketterer et al., 2013, 2007;
Sakaguchi et al., 2009; Salmani-Ghabeshi et al., 2018; Srncik et al.,
2014, 2011; Tims et al., 2016; Villa-Alfageme et al., 2018; Wendel
et al., 2013). The typical global fallout 236U/239Pu atomic ratio for the
Northern Hemisphere is believed to be ∼0.2 (Chamizo et al., 2015a;
Ketterer et al., 2013; Sakaguchi et al., 2009; Wendel et al., 2013). Due
to the higher mobility of uranium than plutonium in the surface envi-
ronment (Ramebäck et al., 1998), large variation in 236U/239Pu atomic
ratios ranging from 0.04–14 has been reported for samples containing
radionuclides of purely global fallout origin (Chamizo et al., 2015b;
Eigl et al., 2013; Ketterer et al., 2007; Srncik et al., 2011). Sediment
IAEA-410 from Bikini atoll (11°26′ N, 164°52′ E) exhibited a 236U/239Pu
atomic ratio of (11.2 ± 0.5) ∙ 10−2, while sediment IAEA-412 from
North Pacific Ocean (22°23′ N, 152°40′ E) showed lower 236U/239Pu
atomic ratio (2.2±0.2) ∙ 10−2 (Chamizo et al., 2015b). Among themarine
sediments, the lowest 236U/239Pu atomic ratio of (0.035 ± 0.004) ∙ 10−2,
has been reported for the IAEA-384 sediment (coral sand) fromMururoa
and Fangataufa, French Polynesia (Chamizo et al., 2015a). In North Atlan-
tic sediment, 236U/239Pu atom ratios decreased from (41 ± 3) ∙ 10−2 at
surface to 1 ∙ 10−2–3 ∙ 10−2 at subsurface, with an integrated value of
3.57 ∙ 10−2 based on 236U and 239Pu inventories (Villa-Alfageme et al.,
2018). The reported 236U/239Pu atomic ratios in the Irish Sea sediment af-
fected by Sellafield releases vary from 2 ∙ 10−2 to 9 ∙ 10−2 (Chamizo et al.,
2015b, 2015a).

Apparently, our measured 236U/239Pu atomic ratios (0.2–1.5) ∙ 10−2

are at the lower end among the reported data, being 1–2 order of mag-
nitude lower than the global fallout average (∼0.2). Such low 236U/239Pu
atomic ratios is partially associated with the source inputs, and partially
attributed to the chemical behaviors of uranium and plutonium which
differ markedly in distinct ambient environments. Interestingly, except
a distinct 236U/239U atomic ratio in 1951–1957, we see similar 236U/239U
atomic ratios during the 1943–1965 period. It is well known that close-
in fallout correspond tomore refractory forms of U and Puwith different
isotopic signatures compared to the global fallout (Buesseler and
Sholkovitz, 1987), thus onewould expect variable 236U/239Pu atomic ra-
tios during the pre and post moratorium period due to the influence of
PPG close-in fallout. However, our observation on 236U/239Pu atomic
ratio indicates that the influence of PPG close-in fallout is only notable
in 1951–1957. With acknowledgement to different geochemical



Fig. 4. Depth profile of 236U/239Pu atomic ratio in the sediment core (GeoB17409-1). Error bars represent the expanded uncertainties.
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behaviour of Pu and U in themarine system, we hypothesis there might
be relatively stable source input functions and transport pathways of U
and Pu from the Pacific Ocean to the study region during 1943–1965. As
shown by 240Pu/239Pu ratios (0.263–0.293), the majority (55–71%) of
plutoniumwas constantly from PPG.Whereas for 236U, being highly sol-
uble in the open ocean, the Pacific Oceanwould be a large buffer zone to
attenuate the temporal variation of 236U input from both global and PPG
close-in fallout before it was transported to the Philippine continental
area.

3.5. Transport process of anthropogenic uranium

In principle, the transport of uranium from the water column into
the bottom sediment may have several pathways: 1) rapid downward
transport and removal to sediments of fallout debris containing 236U
at the time of atmospheric deposition; 2) scavenging and removal of
dissolved 236U from the surface by sinking particles (mostly likely
organic-rich particles) coupled with mineralization at depth; 3) reduc-
tion of uranium from soluble U(VI) into insoluble U(IV) under anoxic
condition thus deposited into the seafloor; 4) in-situ production of
236U from 240Pu thatmay be present in sediments as a result of scaveng-
ing.

Sakaguchi et al. (2012) observed higher 236U/238U atom ratios in the
topmost sediment layer of the Japan Sea than those in the seawater im-
mediately above, supporting the hypothesize that 236U in the sediment
may not originate from the dissolved phase but mainly from deposition
of particle-bound 236U. Earlier studies have suggested that the PPG
close-in fallout is more rapidly removed from the surface waters than
is global fallout due to their distinct chemical-physical forms. In global
fallout, sub-micron-sized particles are composed primarily of iron ox-
ides, result from the vaporization and subsequent condensation of nu-
clear weapons materials without any interaction with the earth's
surface (Adams et al., 1960; Buesseler, 1997; Joseph et al., 1971;
Weimer and Langford, 1978). With surface-based testing on a coral
atoll such as Bikini or Enewetak, PPG derived particles incorporate
large quantities of calcium and carbonates generated from the coral
8

matrixes (Adams et al., 1960). Taking the peak time and relatively
sharp shape into account, the pronounced peak in 1954 (Fig. 2) should
be attributed to a pulse atmospheric deposition of 236U and 233U from
nuclear weapons testing as particulate form. This is supported by the
distinctly high atomic ratio of 236U/239Pu in the sample at 17–18 cm
(corresponding 1951–1957) (Fig. 4).

The amount of dissolved uranium in surface waters that could be
adsorbed by particles has been estimated to be ≤2% of the total (IAEA,
2004), this coupled with the observation that in the open ocean ≤3% of
sinking particles at the surface actually reach the seafloor (Lampitt
et al., 2010). Nonetheless, near the continental margin of Philippines,
scavenging and removal of 236U and 233U might be accelerated due to
higher primary production and continental particle load. Estuarine,
coastal and slope sediments have been shown in many studies to re-
ceive large amounts of scavenged radionuclides from the large popula-
tion of biogenic and inorganic particles present in shallower, near-shore
locations (Pittauer et al., 2018). Though the specific primary production
rate is not available for the study region, satellite radiometer data indi-
catemore than 2-fold higher primary production rate in Philippine shelf
areas (328 g C ∙m−2 ∙ y−1) than the Pacific Ocean (132 g C ∙m−2 ∙ y−1)
(Longhurst et al., 1995). The obtained sediment accumulation rates
(2330 ± 130 g ∙ m−2 ∙ yr−1 for 6–22 cm and 1070 ± 50 g ∙ m−2 ∙ yr−1

for 22–33 cm) in the study region (Pittauer et al., 2018) are 1–2 order
of magnitude higher compare to the open oceans, for example 5–42 g
∙m−2 ∙ yr−1 in the Pacific Ocean and 7–155 g ∙m−2 ∙ yr−1 in the Atlantic
Ocean (Hargrave, 1985).

The speciation of uranium in water might undergo several changes
in the presence of the ligands commonly found in natural waters and
sediments, U(VI) is reduced to U(IV) in anoxic conditions (Maher
et al., 2013). In the open sea, thewater column ismostly under oxic con-
ditions, uranium exists primarily as U(VI)‑carbonate complexes. There-
fore, the reduction of U(VI) to U(IV) may not be the major transport
pathway for 236U and 233U from water column into sediment in the
Philippine Sea.

The in-situ production of 236U by alpha decay of 240Pu (t½ = 6564
y), which may have accumulated in the surface layers of the sediments
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over the past 60 years. From1958 to 2013, about 0.6% of the 240Pu atoms
deposited at the seafloor decayed into 236U, i.e., for the global fallout Pu
(with 240Pu/239Pu atomic ratio of 0.18±0.01), the in-situ produced 236U
would result in a 236U/239Pu atomic ratio of (0.11± 0.01) ∙ 10−2, and for
PPG close-in fallout Pu (with 240Pu/239Pu atomic ratio of 0.36 ± 0.02)
the 236U/239Pu atomic ratio would reach (0.22± 0.01) ∙ 10−2. Consider-
ing uranium is rather soluble and readily to be remobilized into the sea-
water, the real 236U/239Pu atomic ratios in the sediment should be even
lower than these calculated values. Therefore, we believe the contribu-
tion of 236U by alpha decay of 240Pu is not significant in the Philippine
sediment.

Considering the relatively constant 236U/239Pu atomic rations along
the sediment core, we believe themain driving process for uranium de-
position in the Philippine sediment should be continuous scavenging of
dissolved 236U and 233U (mostly from global fallout) in the surface by
sinking particles along the NEC and MC. The rapid downward transport
of fallout debris containing 236U and 233U is only pronounced at the time
of atmospheric deposition inmid-1950s,most likely associated to close-
in PPG fallout.

4. Conclusion and perspectives

This work presents the first dataset of anthropogenic uranium (236U
and 233U) in a sediment core collected at the continental slope of the
Philippine Sea. Two notable peaks observed for both 236U and 233U in
the sediment profile in 1951–1957 and 1960s–1980s correspond to re-
spective signal from close-in PPG and global fallout. Our estimation
based on 233U/236U signatures indicate the major 236U source in the
study region is from global fallout (69%) rather than close-in PPG fallout
(31%). Considering the relatively constant 236U/239Pu atomic ratio along
the sediment core, we believe themain driving process for uranium de-
position in the Philippine sediment is continuous scavenging of dis-
solved 236U and 233U from the surface seawater by sinking particles.
Our study provides a new insight in the depositional history of anthro-
pogenic 236U and 233U in the Pacific western boundary south of the
North Equatorial Current bifurcation, along the pathway of the south-
ward Mindanao Current. This work demonstrates the usefulness of
233U/236U for detecting the dispersion of Fukushima released radionu-
clides. Our understanding on the 236U source composition from global
and local contributions will further prompt the oceanic tracer applica-
tion of 233U and 236U, especially in the Pacific Ocean.
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Appendix A. Supplementary data

The supporting information includes one table and three figures. It
summarizes literature data of 236U/239Pu atomic ratios in different
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environmental samples (Table S1) and demonstrates the age-depth
model based on 210Pb data (Fig. S1), comparison of 236U and 233U results
obtained in this workwith literature data (Fig. S2) and depth profiles of
236U and 233U inventories in the Philippine Sea sediment core (Fig. S3).
This material is available free of charge via the Internet. Supplementary
data to this article can be found online at https://doi.org/10.1016/j.
scitotenv.2021.150482.
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