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Plutonium isotopes in the North 
Western Pacific sediments 
coupled with radiocarbon 
in corals recording precise timing 
of the Anthropocene
Yusuke Yokoyama1,2,3,4,5*, Stephen Tims5, Michaela Froehlich5, Shoko Hirabayashi1, 
Takahiro Aze1, L. Keith Fifield5, Dominik Koll5, Yosuke Miyairi1, Stefan Pavetich5 & 
Michinobu Kuwae6

Plutonium (Pu) has been used as a mid-twentieth century time-marker in various geological archives 
as a result of atmospheric nuclear tests mainly conducted in 1950s. Advancement of analytical 
techniques allows us to measure 239Pu and 240Pu more accurately and can thereby reconstruct the 
Pacific Pu signal that originated from the former Pacific Proving Grounds (PPG) in the Marshall Islands. 
Here, we propose a novel method that couples annual banded reef building corals and nearshore 
anoxic marine sediments to provide a marker to precisely determine the start of the nuclear era 
which is known as a part of the Anthropocene. We demonstrate the efficacy of the methods using 
sediment obtained from Beppu Bay, Japan, and a coral from Ishigaki Island, Japan. The sedimentary 
records show a clear Pu increase from 1950, peaking during the 1960s, and then showing a sharp 
decline during the 1970s. However, a constantly higher isotope ratio between 239Pu and 240Pu 
suggest an additional contribution other than global fallout via ocean currents. Furthermore, single 
elevations in 240Pu/239Pu provide supportive evidence of close-in-fallout similar to previous studies. 
Coral skeletal radiocarbon displays a clear timing with the signatures supporting the reliability of the 
Beppu Bay sediments as archives and demonstrates the strength of this method to capture potential 
Anthropocene signatures.

The Earth and environmental sciences allow us to understand changes in the planets’ status through time. 
Determination of the boundary of geological epochs that represent major shifts in the Earth system and have 
therefore received interest from a wide range of research fields. Great efforts have been made by the international 
scientific community to define official geological boundaries associated with major global environmental events, 
often related to changing interactions amongst Earth’s sub-systems (e.g., Refs.1–6). The present day geological 
era is the Holocene epoch which started from 11,700 years ago (11.7 ka), and is further divided into the Green-
landian Age (11.7–8.2 ka), Northgrippian Age (8.2–4.2 ka) and Meghalayan Age (4.2 ka-present) according 
to the ICS (International Commission on Stratigraphy) of the IUGS (International Union of Geological Sci-
ences). However, since the mid twentieth century, industrialization, energy usage, and the global population 
and economy have increased dramatically, severely impacting Earth’s environment in what is often referred to 
as the great  acceleration7. Because of this, the AWG (Anthropocene Working Group) of the ICS is now working 
towards defining the time that marks the end of the Holocene and the start of the  Anthropocene8. The majority 
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of the AWG group favor the use of plutonium isotope signals recorded in geological samples as a stratigraphic 
marker because values sharply increased during the 1950s and became widely distributed due to above ground 
thermonuclear bomb  tests9,10. At present however, the use of plutonium signals as a stratigraphic marker for the 
start of the Anthropocene has only limited acceptance, and there is no consensus on a date that delineates the 
boundary between the Holocene and the Anthropocene. In what follows we have used the term Anthropocene 
to refer to the time period commencing with the appearance of plutonium signals in the geological record that 
are attributable to the first atmospheric nuclear weapons tests, namely in the period from 1954 (CASTLE BRAVO 
test, see below) to the present.

Prior to 1963 CE (Common Era), when the Partial Test Ban Treaty (PTBT) was issued to limit above ground 
nuclear bomb tests, approximately 3 tons of 239Pu had been released to the  environment9. Global fallout of Pu 
that resulted from the tests, which commenced in 1945 CE, peaked in the Northern Hemisphere between 1961 
and 1962 CE. Various geological archives have been considered as the best recorder of the  Anthropocene11. One 
of these is reef building corals since their annual banded calcium carbonate skeleton can record signals of ambi-
ent  seawater12–15. Age models are often reconstructed using these growth bands determined from X-ray images. 
However, miscounting of bandings are reported in several occasions that sometimes produce confusing pictures 
of the timing of Pu signals. For example, a coral obtained from Ishigaki Is. in Japan (Fig. 1a), located down-
stream of the Kuroshio Current (KC), displayed an earlier arrival of Pu signals than those collect from  Guam16 
(Fig. 1a). Accordingly, a thorough examination is required to establish the age model, employing a variety of 
independent layer counting methods. Clearly, corals can record climate signals such as temperature and salinity 
to understand the changes before and after the Anthropocene. Long-term baseline assessments (ca. millennial 

Figure 1.  Location of Beppu Bay and key locations in the North Pacific Ocean. (a) The US pacific proving 
ground (PPG) is located east of Guam, and the North Equatorial Current (NEC) and Kuroshio Current (KC). 
The software Ocean Data View Ocean Data View 5.4.0 (Schlitzer, R., Ocean Data View, http:// www. awi- breme 
rhaven. de/ GEO/ ODV,2003.) was used to draw the map. (b) Beppu bay is located at the entrance of Setonaikai 
Inland Sea and is connected to the Pacific Ocean via the Bungo Channel. Map was generated using GMT with 
topographic data of ETOPO1 (https:// www. ngdc. noaa. gov/ mgg/ global/ global. html). (c) Aerial photo of Beppu 
Bay. The coring site for this study is also indicated. (d) Contours indicating the water depth in meters showing 
anoxic bottom water conditions are created by the depicted bathymetric feature. The map was drawn using the 
chart distributed by the Hydrographic and Oceanographic Department, Japan Coast Guard (https:// www1. 
kaiho. mlit. go. jp/ jhd-E. html).

http://www.awi-bremerhaven.de/GEO/ODV,2003
http://www.awi-bremerhaven.de/GEO/ODV,2003
https://www.ngdc.noaa.gov/mgg/global/global.html
https://www1.kaiho.mlit.go.jp/jhd-E.html
https://www1.kaiho.mlit.go.jp/jhd-E.html
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or longer) of environments are limited though, since the time span of typical long-lived corals only cover less 
than 100  years17,18, which is far shorter than the duration of the Holocene epoch (11.7 ka).

High accumulation of sediment at coastal marine sites, in particular the anoxic ocean floor, has an advantage 
from this perspective since records can extend back further to cover the entire  Holocene19. Marine environmental 
information is retained within various sediment proxy records, e.g. oxygen isotopes, trace element geochemistry, 
organic geochemistry and so  forth20–23. Therefore, sediments, in particular obtained from coastal sites are well 
suited to discuss local environmental changes closely related to anthropogenic activities in the context of global 
environmental  changes24.

Plutonium in marine sediments has been measured from the open ocean to coastal  areas25,26 for the last several 
decades, including at several sites across the Pacific  Ocean27 where numerous nuclear weapons were tested. Thus, 
studies concerning airborne global fallout and fallout transported by ocean currents (and derived from close-in 
fallout at the test sites)  exist28. Because the different nuclear test series created a variety of 240Pu/239Pu signatures, 
the source of the Pu can be  traced25. The average 240Pu/239Pu ratio of ca. 0.18 is reported for global  fallout29,30. For 
the case of the North Pacific region, the US Pacific Proving Ground (PPG) in the Marshall Islands was used as a 
test site during the 1950s to 1960s, and corals and soil samples showed elevated ratios as high as 0.30–0.3531–33. 
This was attributed largely to the CASTLE BRAVO test which took place in March  195433.

The North Pacific Ocean is characterized as a location downstream of the North Equatorial Current (NEC) 
and Kuroshio Current (KC), which have average current speeds of 0.1–0.2 m  s−1 and 0.5–1 m  s−1, respectively. 
The wide distribution of Pu in the region shows that particulates originated from the PPG and were then trans-
ported by the NEC and KC. Compilation of previously reported Pu isotope studies in the region show that a 
240Pu/239Pu higher than ca. 0.2 is found in sediments and corals as well as seawater in widespread regions of 
the North  Pacific26. A high atomic ratio of Pu isotopes (240Pu/239Pu) of more than ca. 0.3 is known as observed 
in PPG  material32. This is significantly larger than that at all other known nuclear test sites. Hence 240Pu/239Pu 
atomic ratios higher than 0.2 are attributed to the influence of materials transported from the Marshall Islands. 
This is in line with seawater 137Cs measurements conducted in the  1950s34. An isotopic mass balance  model35 
indicates 30–40% of the Pu in the North Pacific derives from the PPG via the NEC/KC system, including in the 
years after 1963 when the PTBT (Partial Test Ban Treaty) came into effect. Sediment trap and seawater samples 
collected along the KC in southern Japan show higher Pu isotopic ratios (> 0.18), and hence lateral movement of 
PPG sourced dissolved  Pu35. Other studies investigating the NEC-KC pathways confirm this  observation27,28,35–42. 
Thus, detecting the arrival signature of PPG derived Pu, as characterized by high Pu-isotope ratios, can assign the 
timing in the material as recently following the CASTLE BRAVO test of March 1954. In sum, the North Western 
Pacific Ocean basin has a great advantage since reef building coral and PPG signals can be used to identify the 
timing of anthropogenic signatures namely nuclear bomb tests.

Here, we propose a novel method that couples annual banded reef building corals and nearshore anoxic 
marine sediments with the former age determinations being made by X-ray photos and a high-resolution sea 
surface temperature proxy (Sr/Ca) to precisely determine the start of the Anthropocene using global fallout 
signals. We demonstrate the efficacy of the methods using sediment obtained from Beppu Bay, Japan, and a coral 
from Ishigaki Island, Japan (Fig. 1).

Locations and samples. The Japanese archipelago is located in the North West Pacific where the warm 
KC flows offshore of the southern half of the islands (Fig. 1). The KC originates near the North-Eastern parts of 
the Philippines where the North Equatorial Current (NEC) bifurcates in meridional directions. Sediment cores 
obtained for this study were retrieved from the deepest part of the Beppu Bay, east of Kyushu (33° 16′ 23.5″ N, 
131° 32′ 21.5″ E, 70 m water depth), where anoxic bottom water conditions persist from boreal spring to fall due 
to a shallow sill (ca. 50 m water depth) at the mouth of the bay (Fig. 1). Well preserved past oceanic and environ-
mental conditions are expected, as confirmed by previous  studies19,43,44.

The cores were collected using a 120 cm long multiple corer, carefully preserving the sediment water 
 interface1,43,45. They underwent sedimentological analyses including CT-scanning. Sediments consist of a silty 
clay with the occasional occurrence of distinct centimeter thick coarse layers, visible in CT-scan image (Fig. 2). 
They are likely formed due to geological events such as flooding and  earthquakes1. The layers are readily traceable 
between the two cores and useful to correla te with each other (Fig. 2 & Fig. S1).

Results
Radioactivity was measured to identify the horizon of the global fall out maximum in the BMC19 S1-3 core 
(Supplementary Table S1). It is known that the signal in Japan is widely observed a year later, according to 
monthly measurements for atmospheric deposition samples since  195646. For example, observations of 137Cs 
in Japan display a 1963 CE peak associated with many nuclear bomb tests conducted in 1961 and 1962 CE. The 
constant rate of supply (CRS) age/depth model using Pb-21047 was also applied to the sediment  core43. Forty 
samples were measured for Pu-isotopes using AMS on the BMC19 S1-2 core and 239+240Pu activities ranged from 
0.6 to 6.5 mBq/g for the upper 54 cm, whereas almost no Pu activities were detected below the 54 cm bsf (below 
seafloor) horizon (Supplementary Table S1). A Pu isotopic ratio higher than 0.17 was observed for most of the 
cores above the 55 cm bsf horizon. Pu activities correspond to background levels for the AMS technique below 
55 cm bsf, and hence analytical uncertainties associated with the isotope ratios for these samples are exception-
ally large. Twelve samples of Plutonium isotope measurements were conducted on another core, BMC21S1-5 
(Supplementary Table S2).
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Discussion
Rapid growth (> 1 cm/year) of reef building corals can record high resolution seawater information in their cal-
cium carbonate skeleton (Fig. 3). Seasonal growth patterns can be traced by X-ray images, which can be counted 
like tree rings, and isotopes, while trace elements in the skeleton can be used to monitor various oceanographic 
 conditions48. Counting these seasonal density bands can provide reliable age information. However, the density 

Figure 2.  CT scan image of the Beppu Bay sediments and Pu measurements using Accelerator Mass 
Spectrometer (AMS). Horizons of geological event layers (e.g., Ev-1e, Ev-1dU etc.) can be recognized in images 
of cores and are traceable amongst cores taken from the  basin24. They are formed by turbidite created from 
Tsunamis and other events. Ev.-1a at 46.0 cm bsf is recorded in historical documents with an age consistent with 
the Pb-210 age model. Pu isotope ratios and total activities are measured using Accelerator Mass  Spectrometry63.

4

Figure 3.  Coral X-ray photos and corresponding Sr/Ca for coral obtained from Ishigaki Is. Age model of the 
corals discussed here (i.e. from  Ishigaki13 and from  Guam57) are established through coupling layer counting of 
X-ray images and Sr/Ca measurements of corals. Sr/Ca can provide sea surface temperature information so that 
growth bands of corals can independently warranted.
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bandings are sometimes unrecognizable which can cause the problem of miscounting the layers. This difference 
can be as much as 5–7  years49,50, creating a significant issue for high resolution oceanographic record preserved 
in coral skeletons. Therefore, an independent chronology to validate the X-ray image age model is necessary. 
Skeletal Sr/Ca is one possibility as the records provide sea surface temperature reconstructions since Sr contents 
in the skeleton are inversely correlated with  SST51,52. Thus, the present study established the age model using 
combined X-ray and Sr/Ca measurements applying newly developed accurate  measurements53,54 to warrant the 
age model (Fig. 3, Supplementary Table S3).

Various studies have used radiocarbon as a tracer to monitor the re-distribution of above ground nuclear 
bomb test fallout. Conventionally, the rise in radiocarbon content that occurred during the 1960s is used to moni-
tor the transfer of radiocarbon from the atmosphere to the surface  ocean55,56. However recent high-resolution 
measurements (i.e. seasonal to bi-monthly) on coral skeletons have shown that close-in fallout signatures can 
be traced using radiocarbon for some of the high fission tests conducted in  1950s13,14,57,58. An almost sixfold 
high short-lived radiocarbon peak is recorded in the coral skeleton obtained from Guam, the timing of which 
was inferred by the coral to be 1953  CE57 (Fig. 4d). The peak was interpreted as the close-in fallout materials 
transported westward from the PPG by ocean currents (i.e. NEC). This signal is also found in coral from Ishi-
gaki, southern Ryukyu Japan, situated downstream of the KC, with an increase in radiocarbon by as much as 
219 permil at 1955.6  CE13 (Fig. 4d). This indicates an average NEC-KC transport speed of 0.2 m  s−1 which is 
in agreement with the value derived from uranium measured using coral from  Japan59 (Fig. 4c), and provides 
strong support for the identification of the signal as attributable to the series of large tests carried out at the PPG 
in March and April 1954, which included the 15 MT (TNT equivalent) CASTLE BRAVO test (Supplementary 
Table S3). In addition, the coral record results from Ishigaki Is., Japan are supported by uranium isotope signals 
from Iki Is., Japan (Fig. 4c,d) and suggest that the arrival of the PPG signal at the Japanese water was 1955.6  CE13.

Plutonium isotopes are a unique proxy for understanding the source of  nuclides32, and several studies using 
sediments from the North Pacific have been reported. One such site is the sediments from Sagami-bay off Tokyo 
which was investigated for downcore variation in Pu-isotopes37. The highest broad peak of 240Pu/239Pu (ca. 0.27) 
did not appear in the same horizon as the 137Cs peak from the same sediment core but was found in a deeper 
layer. The authors concluded that the 240Pu/239Pu peak was due to the 1950s PPG close-in fall out signal, whereas 
the peak in both 240Pu + 239Pu and Cs-137 was related to global  fallout37. However, the timing of the 240Pu/239Pu 
peak was only described as sometime in the 1950s because finer resolution could not be achieved using this 
dataset due to bioturbation.

A site closer to the river mouth, where sites are characterized by higher sedimentation rates, was also studied 
for the Yangtze River estuary to identify the depth distributions of Pu-isotopes and 137Cs60. The core (140 cm 
in length) was retrieved from very shallow water in the estuary (ca. 15 m in water depth) and variations of Pu-
isotopes were measured using AMS. The results showed that the core preserved the history of above ground 
nuclear testing with respect to both global fallout and PPG close-in  fallout60. An approximately eightfold increase 
in both Pu-isotopes and 137Cs activities were seen at 70 cm bsf suggesting that the global fallout signal is recorded 
in this horizon. The 240Pu/239Pu ratio was around 0.2 for most of the sections, hence the majority of Pu was 
derived via global fallout, whereas high 240Pu/239Pu (i.e. > 0.3) are observed below 100 cm bsf suggesting that Pu 
isotopes derived from PPG were deposited at the East China Sea. These studies demonstrated that high resolu-
tion marine sediments obtained from the North Western Pacific using Pu-isotopes could identify the horizons of 
PPG close-in fallout signals during the 1950s and global fallout signals corresponding to 1963–1964 CE precisely.

The present study reports Pu-isotopes on the core obtained from Beppu Bay, Japan (Fig. 2). High resolution 
down core analysis of Pu-isotopes shows a clear peak of 240Pu/239Pu greater than 0.3 at 52.5 cm bsf in our master 
core, BMC19. The ratio drops sharply below 0.18 for depths greater than 54 cm bsf. According to the coral-
based radiocarbon and uranium signatures described above, this horizon corresponds to 1955.6 CE (Fig. 4). The 
240Pu/239Pu in sections shallower than 53.5 cm bsf also see a drop in their atomic ratio but maintain a 240Pu/239Pu 
value above 0.18. A 240Pu/239Pu higher than 0.18 is found for the upper part of the core (shallower than 54 cm 
bsf) suggesting a continuous contribution from the PPG through time as reported  previously37,39. The values 
suggest that the particles from the PPG have contributed continuously even after the 1960s. The reproducibility 
of signals was confirmed by measuring twelve Plutonium samples on the core BMC 21 also obtained from Beppu 
Bay (Fig. 1). Remarkable resemblance of the signals was observed both for isotopic ratios and total plutonium 
contents in the sediment (Supplementary Figs. S1, S2). The result of 240Pu/239Pu higher than 0.18 is similar to 
that reported from other North Western Pacific  seafloors26 including down core analyses in Sagami Bay,  Japan37. 
Measurement of Pu in sediment obtained from Hiroshima-bay40 located further inside of the Seto Inland Sea 
(Fig. 1b) showed a similar Pu isotopic ratio throughout the core and does not exceed 0.3, which suggests that 
these cores did not reach horizons pertaining to 1964 CE or 1955 CE. Thus, the current study using the sediment 
obtained from Beppu Bay is the first record to clearly capture the key signals of the peak in activity and elevated 
ratios in the Pacific basin with high temporal resolution (Figs. 2 and 4).

Total 239Pu + 240Pu activities in BMC19 core reach their maximum of 7.14 mBq/g at 48.5 cm bsf and then 
sharply drop to ca. 2.09 mBq/g. Assigning the horizon with the highest Pu isotope ratio to 1955.6 CE and apply-
ing a linear sedimentation rate the 48.5 cm bsf horizon becomes 1964 CE when applying a linear sedimentation 
rate (Fig. 4). The depth is just below the event layer (Ev-1a) as is readily recognized in Beppu Bay (Fig. 2). The 
CT scan images of both BMC19 S1-2 and S1-3 show distinct layers that can be recognized as turbidite deposited 
from past geological events, such as earthquakes and tsunamis, whose ages are determined using historical docu-
ments and Pb-210  dating1. This particular layer (i.e. Ev-1a) was deposited as a marine turbidite resulting from the 
1968 CE Hyuganada Earthquake (Mw = 7.5) off the Bungo Channel (Fig. 1b) documented in various historical 
 records24. This is consistent with 137Cs activity measurements in the core (BMC19 S1-3) suggesting that the peak 
corresponding to the 1964 appeared at the horizon just below EV-1a. Thus, the timing of the total 239Pu + 240Pu 
activity maximum, found just below the Ev-1a (1968CE) in the sediments determined using coral radionuclides 
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Figure 4.  PPG and the Global fallout recorded in the Beppu Bay sediments and coral radiocarbon and 
uranium measurements. Age model of the sediment taken from Beppu Bay is reconstructed using radioisotopes 
measurements in corals from Japan. A sharp Δ14C peak found in Ishigaki Coral at 1954.8 CE was attributed 
as the close in fallout  signature13 which is consistent with uranium isotope ratio data obtained from Iki  Is59. 
Since Pu isotopes in Beppu Bay sediments clearly show a PPG value at 52.5 cm bsf in the core BMC19, it can be 
assigned to 1955.6 CE (Red dotted arrows). A linear sedimentation rate is applied to the section between this 
depth and 24.5 cm bsf (Ev.-1b; 1993.72 CE). The drop in total Pu was attributed to 1963 CE which is consistent 
with the uranium peak found in corals obtained from Iki (black dotted line), supporting the validity of the 
Beppu Bay sediment age model. The stratigraphy also verifies that the age of Ev.-1a, found at 46.0 cm bsf as 
derived from the age model as 1968 CE, is consistent with historical documents of the Hyuganada Earthquake 
Tsunami.
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data, together with 240Pu/239Pu in the Beppu bay sediments inferred as 1964 CE, correlate well with the tight 
constraints provided by historical documents, and with the 137Cs activity peak. No major changes are detected 
around 2011 CE at the Fukushima Daiichi Nuclear Power Plant accident (Fig. 4) confirming the earlier  findings61.

We propose a method for coupling coral radiocarbon and Pu isotopes signals in anoxic sediments to precisely 
identify the start of the Nuclear Era with potential for use as a stratigraphic marker for the Anthropocene. Coral 
from Ishigaki island and sediment from Beppu Bay were used to demonstrate the efficacy of this method. The 
nearshore sediments from anoxic seafloor environments that preserve annual layers are one of the best archives 
for recording changes in local and global climate relevant to anthropogenic activities. Thus, the records will be 
well suited to identify the baseline of natural variability, to better understand human impact on the environment, 
and identify the start of the Anthropocene.

Methods
Data reported here using coral samples were previously  published13. Briefly, the methods to produce coral-based 
bomb signals are described. Slabs of coral core samples were prepared for X-ray photography and micro-milling 
to conduct chemical analysis. Coral skeletal powders were collected along the growth axis every 0.8 mm and 
Sr/Ca values were measured using ICP-OES48. The age model was established by combining layers determined 
with visual counting of X-ray photographs and seasonal changes of sea surface temperature (SST) reconstruc-
tions using Sr/Ca (Fig. 3). Age uncertainties using above-described methods are approximately 1–2  months58.

For the measurements of radiocarbon, approximately 6–10 mg of coral powder was used. Target graphite 
samples were prepared using a high-vacuum line and measured using the single stage AMS located at the Atmos-
phere and Ocean Research Institute, The University of  Tokyo62.

Sediment samples were carefully sliced into 1 cm intervals for various chemical analyses. The 137Cs content 
in the core was measured using a Ge-detector equipped with a multichannel analyzer at the Center for Marine 
Environmental Studies, Ehime University,  Japan43.

Pu isotopes were measured using Accelerator Mass Spectrometry (AMS) at the Australian National University 
with an operational terminal voltage of 4  MV63. Owing to its high sensitivity, AMS has the advantage in measur-
ing trace Pu isotopes using only a fraction of the core material to obtain high resolution data.

Data availability
Data presented in this paper is provided as tables in supplementary section. Also, any related materials regarding 
this study are available from the corresponding author upon reasonable request.

Received: 11 February 2022; Accepted: 2 June 2022

References
 1. Kuwae, M. et al. Stratigraphy and wiggle-matching-based age-depth model of late Holocene marine sediments in Beppu Bay, 

southwest Japan. J. Asian Earth Sci. 69, 133–148. https:// doi. org/ 10. 1016/j. jseaes. 2012. 07. 002 (2013).
 2. Molina, E. et al. The global boundary stratotype section and point for the base of the Danian Stage (Paleocene, Paleogene, “Tertiary”, 

Cenozoic) at El Kef, Tunisia-Original definition and revision. Episodes 29, 263–273 (2006).
 3. Head, M. J., Pillans, B. & Farquhar, S. A. The Early-Middle Pleistocene transition: Characterization and proposed guide for the 

defining boundary. Episodes 31, 255–259 (2008).
 4. Mix, A. C., Bard, E. & Schneider, R. Environmental processes of the ice age: Land, oceans, glaciers (EPILOG). Quat. Sci. Rev. 20, 

627–657 (2001).
 5. Yokoyama, Y., Lambeck, K., DeDeckker, P., Johnston, P. & Fifield, L. K. Timing of the Last Glacial Maximum from observed sea-

level minima. Nature 406, 713–716 (2000).
 6. Yokoyama, Y. et al. Rapid glaciation and a two-step sea level plunge into the Last Glacial Maximum. Nature https:// doi. org/ 10. 

1038/ s41586- 018- 0335-4 (2018).
 7. Crutzen, P. J. & Stoermer, E. F. The “Anthropocene”. Glob. Change Newsl. 41, 17–18 (2000).
 8. Anthropocene Working Group, Report Activities 2020. Newsletter of the Anthropocene Working Group (2020).
 9. Waters, C. N. et al. Can nuclear weapons fallout mark the beginning of the Anthropocene Epoch?. Bull. At. Sci. 71, 46–57. https:// 

doi. org/ 10. 1177/ 00963 40215 581357 (2015).
 10. Zalasiewicz, J. et al. The Working Group on the Anthropocene: Summary of evidence and interim recommendations. Anthropocene 

19, 55–60. https:// doi. org/ 10. 1016/j. ancene. 2017. 09. 001 (2017).
 11. Waters, C. N. et al. Global boundary stratotype section and point (GSSP) for the Anthropocene series: Where and how to look for 

potential candidates. Earth Sci. Rev. 178, 379–429. https:// doi. org/ 10. 1016/j. earsc irev. 2017. 12. 016 (2018).
 12. Yokoyama, Y. et al. Mid-Holocene palaeoceanography of the northern South China Sea using coupled fossil-modern coral and 

Atmosphere-Ocean GCM model. Geophys. Res. Lett. https:// doi. org/ 10. 1029/ 2010G L0442 31 (2011).
 13. Hirabayashi, S., Yokoyama, Y., Suzuki, A., Miyairi, Y. & Aze, T. Multidecadal oceanographic changes in the western Pacific detected 

through high-resolution bomb-derived radiocarbon measurements on corals. Geochem. Geophys. Geosyst. 18, 1608–1617. https:// 
doi. org/ 10. 1002/ 2017g c0068 54 (2017).

 14. Froehlich, M. B., Chan, W. Y., Tims, S. G., Fallon, S. J. & Fifield, L. K. Time-resolved record of (236)U and (239,240)Pu isotopes 
from a coral growing during the nuclear testing program at Enewetak Atoll (Marshall Islands). J. Environ. Radioact. 165, 197–205. 
https:// doi. org/ 10. 1016/j. jenvr ad. 2016. 09. 015 (2016).

 15. Sanchez-Cabeza, J. A. et al. Plutonium in coral archives: A good primary marker for an Anthropocene type section. Sci. Total 
Environ. 771, 145077. https:// doi. org/ 10. 1016/j. scito tenv. 2021. 145077 (2021).

 16. Lindahl, P. et al. Spatial and temporal distribution of Pu in the Northwest Pacific Ocean using modern coral archives. Environ. Int. 
40, 196–201. https:// doi. org/ 10. 1016/j. envint. 2011. 08. 004 (2012).

 17. Kawakubo, Y., Alibert, C. & Yokoyama, Y. A reconstruction of subtropical western north Pacific SST variability back to 1578, based 
on a porites coral Sr/Ca record from the Northern Ryukyus, Japan. Paleoceanography 32, 1352–1370. https:// doi. org/ 10. 1002/ 2017p 
a0032 03 (2017).

 18. Yokoyama, Y., & Esat, T. M. In Handbook of Sea-Level Research (eds. Shennan, I., Long, A., & Horton, B.) Ch. 7, 104–124 (Wiley, 
2015).

https://doi.org/10.1016/j.jseaes.2012.07.002
https://doi.org/10.1038/s41586-018-0335-4
https://doi.org/10.1038/s41586-018-0335-4
https://doi.org/10.1177/0096340215581357
https://doi.org/10.1177/0096340215581357
https://doi.org/10.1016/j.ancene.2017.09.001
https://doi.org/10.1016/j.earscirev.2017.12.016
https://doi.org/10.1029/2010GL044231
https://doi.org/10.1002/2017gc006854
https://doi.org/10.1002/2017gc006854
https://doi.org/10.1016/j.jenvrad.2016.09.015
https://doi.org/10.1016/j.scitotenv.2021.145077
https://doi.org/10.1016/j.envint.2011.08.004
https://doi.org/10.1002/2017pa003203
https://doi.org/10.1002/2017pa003203


8

Vol:.(1234567890)

Scientific Reports |        (2022) 12:10068  | https://doi.org/10.1038/s41598-022-14179-w

www.nature.com/scientificreports/

 19. Kuwae, M. et al. Multidecadal, centennial, and millennial variability in sardine and anchovy abundances in the western North 
Pacific and climate-fish linkages during the late Holocene. Prog. Oceanogr. 159, 86–98. https:// doi. org/ 10. 1016/j. pocean. 2017. 09. 
011 (2017).

 20. Mohtadi, M., Prange, M. & Steinke, S. Palaeoclimatic insights into forcing and response of monsoon rainfall. Nature 533, 191–199. 
https:// doi. org/ 10. 1038/ natur e17450 (2016).

 21. Pan, H.-J. et al. Surface ocean hydrographic changes in the western Pacific marginal seas since the early holocene. Front. Earth Sci. 
https:// doi. org/ 10. 3389/ feart. 2020. 00200 (2020).

 22. Kubota, K. et al. Equatorial Pacific seawater  pCO2 variability since the last glacial period. Sci. Rep. 9, 13814. https:// doi. org/ 10. 
1038/ s41598- 019- 49739-0 (2019).

 23. Yokoyama, Y. et al. Dust influx reconstruction during the last 26,000 years inferred from a sedimentary leaf wax record from the 
Japan Sea. Glob. Planet. Change 54, 239–250. https:// doi. org/ 10. 1016/j. glopl acha. 2006. 06. 022 (2006).

 24. Kuwae, M. et al. Human-induced marine degradation in anoxic coastal sediments of Beppu Bay, Japan, as an Anthropocene marker 
in East Asia. Anthropocene. https:// doi. org/ 10. 1016/j. ancene. 2021. 100318 (2022).

 25. Buesseler, K. O. & Sholkovitz, E. R. The geochemistry of fallout plutonium in the North Atlantic: II. 240Pu/239Pu ratios and their 
significance. Geochim. Cosmochim. Acta 51, 2623–2637 (1987).

 26. Cao, L. et al. Distribution and behavior of plutonium isotopes in Western Pacific marginal seas. CATENA https:// doi. org/ 10. 1016/j. 
catena. 2020. 105023 (2021).

 27. Yamada, M. & Zheng, J. (240)Pu/(239)Pu atom ratios in water columns from the North Pacific Ocean and Bering Sea: Transport 
of Pacific Proving Grounds-derived Pu by ocean currents. Sci. Total Environ. 718, 137362. https:// doi. org/ 10. 1016/j. scito tenv. 2020. 
137362 (2020).

 28. Yamada, M., Zheng, J. & Wang, Z. L. 137Cs, 239+240Pu and 240Pu/239Pu atom ratios in the surface waters of the western North Pacific 
Ocean, eastern Indian Ocean and their adjacent seas. Sci. Total Environ. 366, 242–252. https:// doi. org/ 10. 1016/j. scito tenv. 2005. 
08. 014 (2006).

 29. Krey, P. W., Hardy, E. P., Pachucki, C., Rourke, F., Coluzza, J., & Benson, W. K. Mass isotopic composition of global fallout plutonium 
in soil. In Transuranium Nuclides in the Environment, IAEA Symposium Proceedings 671–678 (1976).

 30. Koide, M., Bertine, K. K., Chow, T. J. & Goldberg, E. D. The 240Pu/239Pu ratio, a potential geochronometer. Earth Planet. Sci. Lett. 
72, 1–8 (1985).

 31. Noshkin, V. E. Transuranium Radionuclides in Components of the Benthic Environment of Enewetak Atoll. Preprint UCRL-80587 
(Lawrence Livermore Laboratory, 1978).

 32. Buesseler, K. O. The isotopic signature of fallout Plutonium in the North Pacific. J. Environ. Radioact. 36, 69–83 (1997).
 33. Muramatsu, Y. et al. Measurement of 240Pu/239Pu isotopic ratios in soils from the Marshall Islands using ICP-MS. Sci. Total Environ. 

278, 151–159 (2001).
 34. Miyake, Y. & Saruhashi, K. Distribution on man-made radioactivity in the North Pacific through Summer 1955. J. Mar. Res. 17, 

383–389 (1958).
 35. Zheng, J. & Yamada, M. Plutoonium isotopes in settling particles: transport and scavenging of Pu in the Western Northwest Pacific. 

Environ. Sci. Technol. 40, 4103–4108 (2006).
 36. Lee, S.-Y., Huh, C.-A., Su, C.-C. & You, C.-F. Sedimentation in the Southern Okinawa Trough: Enhanced particle scavenging and 

teleconnection between the Equatorial Pacific and western Pacific margins. Deep Sea Res. Part I 51, 1769–1780. https:// doi. org/ 
10. 1016/j. dsr. 2004. 07. 008 (2004).

 37. Zheng, J. & Yamada, M. Sediment core record of global fallout and Bikini close-in fallout Pu in Sagami Bay, Western Northwest 
Pacific Margin. Environ. Sci. Technol. 38, 3498–3504 (2004).

 38. Kim, C. K. et al. Plutonium isotopes in seas around the Korean Peninsula. Sci. Total Environ. 318, 197–209. https:// doi. org/ 10. 
1016/ s0048- 9697(03) 00399-1 (2004).

 39. Wang, Z. & Yamada, M. Plutonium activities and 240Pu/239Pu atom ratios in sediment cores from the east China sea and Okinawa 
Trough: Sources and inventories. Earth Planet. Sci. Lett. 233, 441–453. https:// doi. org/ 10. 1016/j. epsl. 2005. 02. 024 (2005).

 40. Liu, Z., Zheng, J., Yamada, M., Pan, S. & Kawahata, H. Plutonium characteristics in sediments of Hiroshima Bay in the Seto Inland 
Sea in Japan. J. Radioanal. Nucl. Chem. 288, 911–917. https:// doi. org/ 10. 1007/ s10967- 011- 1025-y (2011).

 41. Wu, J. et al. Isotopic composition and distribution of plutonium in northern South China Sea sediments revealed continuous release 
and transport of Pu from the Marshall Islands. Environ. Sci. Technol. 48, 3136–3144. https:// doi. org/ 10. 1021/ es405 363q (2014).

 42. Wu, J., Dai, M., Xu, Y. & Zheng, J. Sources and accumulation of plutonium in a large Western Pacific marginal sea: The South China 
Sea. Sci. Total Environ. 610–611, 200–211. https:// doi. org/ 10. 1016/j. scito tenv. 2017. 07. 226 (2018).

 43. Takahashi, S. et al. Characterization of mono- to deca-chlorinated biphenyls in a well-preserved sediment core from Beppu Bay, 
Southwestern Japan: Historical profiles, emission sources, and inventory. Sci. Total Environ. 743, 140767. https:// doi. org/ 10. 1016/j. 
scito tenv. 2020. 140767 (2020).

 44. Kuwae, M. et al. Sedimentary DNA tracks decadal-centennial changes in fish abundance. Commun. Biol. 3, 558. https:// doi. org/ 
10. 1038/ s42003- 020- 01282-9 (2020).

 45. Matsuoka, K. et al. Marine environmental change induced by anthropogenic activities - from a viewpoint of aquatic palynomorph 
assemblages preserved in sediment cores of Beppu Bay, West Japan. Frontiers Mar. Sci. https:// doi. org/ 10. 3389/ fmars. 2022. 843824 
(2022).

 46. Hirose, K., Igarashi, Y. & Aoyama, M. Analysis of the 50-year records of the atmospheric deposition of long-lived radionuclides 
in Japan. Appl. Radiat. Isot. 66, 1675–1678. https:// doi. org/ 10. 1016/j. aprad iso. 2007. 09. 019 (2008).

 47. Appleby, P. G. & Oldfield, F. The calculation of Lead-210 dates assuming a constant rate of supply of unsupported 210Pb to the 
sediment. CATENA 5, 1–8 (1978).

 48. Kawakubo, Y. et al. Precise determination of Sr/Ca by laser ablation ICP-MS compared to ICP-AES and application to multi-century 
temperate corals. Geochem. J. 48, 145–152. https:// doi. org/ 10. 2343/ geoch emj.2. 0295 (2014).

 49. Bautista, A. T. V., Matsuzaki, H. & Siringan, F. P. Historical record of nuclear activities from (129)I in corals from the northern 
hemisphere (Philippines). J. Environ. Radioact. 164, 174–181. https:// doi. org/ 10. 1016/j. jenvr ad. 2016. 07. 022 (2016).

 50. Bautista, A. V. et al. A historical record of the impact of nuclear activities based on 129I in coral cores in Baler, Philippines: An 
update. J. Environ. Radioact. 227, 106508. https:// doi. org/ 10. 1016/j. jenvr ad. 2020. 106508 (2021).

 51. Beck, J. W. et al. Sea-surface temperature from coral skeletal strontium/calcium ratios. Sciecne 257, 644–647 (1992).
 52. Hirabayashi, S. et al. Coral growth-rate insensitive Sr/Ca as a robust temperature recorder at the extreme latitudinal limits of 

Porites. Geochem. J. 47, e1–e5 (2013).
 53. Zheng, Y. et al. A rapid and precise method of establishing age model for coral skeletal radiocarbon to study surface oceanography 

using coupled X-ray photos and ICP-OES measurement. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 
(2022) (in press).

 54. Yamane, M. et al. Small- to ultra-small-scale radiocarbon measurements using newly installed single-stage AMS at the University 
of Tokyo. Nucl. Instrum. Methods Phys. Res. Sect. B 455, 238–243 (2019).

 55. Guilderson, T. P., Caldeira, K. & Duffy, P. B. Radiocarbon as a diagnostic tracer in ocean and carbon cycle modeling. Glob. Bio-
geochem. Cycles 14, 887–902. https:// doi. org/ 10. 1029/ 1999g b0011 92 (2000).

 56. Druffel, E. R. M. et al. Seasonal radiocarbon and oxygen isotopes in a Galapagos coral: Calibration with climate indices. Geophys. 
Res. Lett. 41, 5099–5105 (2014).

https://doi.org/10.1016/j.pocean.2017.09.011
https://doi.org/10.1016/j.pocean.2017.09.011
https://doi.org/10.1038/nature17450
https://doi.org/10.3389/feart.2020.00200
https://doi.org/10.1038/s41598-019-49739-0
https://doi.org/10.1038/s41598-019-49739-0
https://doi.org/10.1016/j.gloplacha.2006.06.022
https://doi.org/10.1016/j.ancene.2021.100318
https://doi.org/10.1016/j.catena.2020.105023
https://doi.org/10.1016/j.catena.2020.105023
https://doi.org/10.1016/j.scitotenv.2020.137362
https://doi.org/10.1016/j.scitotenv.2020.137362
https://doi.org/10.1016/j.scitotenv.2005.08.014
https://doi.org/10.1016/j.scitotenv.2005.08.014
https://doi.org/10.1016/j.dsr.2004.07.008
https://doi.org/10.1016/j.dsr.2004.07.008
https://doi.org/10.1016/s0048-9697(03)00399-1
https://doi.org/10.1016/s0048-9697(03)00399-1
https://doi.org/10.1016/j.epsl.2005.02.024
https://doi.org/10.1007/s10967-011-1025-y
https://doi.org/10.1021/es405363q
https://doi.org/10.1016/j.scitotenv.2017.07.226
https://doi.org/10.1016/j.scitotenv.2020.140767
https://doi.org/10.1016/j.scitotenv.2020.140767
https://doi.org/10.1038/s42003-020-01282-9
https://doi.org/10.1038/s42003-020-01282-9
https://doi.org/10.3389/fmars.2022.843824
https://doi.org/10.1016/j.apradiso.2007.09.019
https://doi.org/10.2343/geochemj.2.0295
https://doi.org/10.1016/j.jenvrad.2016.07.022
https://doi.org/10.1016/j.jenvrad.2020.106508
https://doi.org/10.1029/1999gb001192


9

Vol.:(0123456789)

Scientific Reports |        (2022) 12:10068  | https://doi.org/10.1038/s41598-022-14179-w

www.nature.com/scientificreports/

 57. Andrews, A. H., Asami, R., Iryu, Y., Kobayashi, D. R. & Camacho, F. Bomb-produced radiocarbon in the western tropical Pacific 
Ocean: Guam coral reveals operation-specific signals from the Pacific Proving Grounds. J. Geophys. Res. Oceans 121, 6351–6366. 
https:// doi. org/ 10. 1002/ 2016j c0120 43 (2016).

 58. Hirabayashi, S. et al. Local marine reservoir age variability at Luzon Strait in the South China Sea during the Holocene. Nucl. 
Instrum. Methods Phys. Res. Sect. B 455, 171–177. https:// doi. org/ 10. 1016/j. nimb. 2018. 12. 001 (2019).

 59. Sakaguchi, A. et al. Temporal and vertical distributions of anthropogenic 236U in the Japan Sea using a coral core and seawater 
samples. J. Geophys. Res. Oceans 121, 4–13. https:// doi. org/ 10. 1002/ 2015j c0111 09 (2016).

 60. Tims, S. G. et al. Plutonium AMS measurements in Yangtze River estuary sediment. Nucl. Instrum. Methods Phys. Res. Sect. B 268, 
1155–1158. https:// doi. org/ 10. 1016/j. nimb. 2009. 10. 122 (2010).

 61. Hain, K. et al. Plutonium isotopes (239–241Pu) dissolved in Pacific ocean waters detected by accelerator mass spectrometry: No 
effects of the Fukushima Accident observed. Environ. Sci. Technol. 51, 2031–2037 (2017).

 62. Yokoyama, Y. et al. A single stage accelerator mass spectrometry at the Atmosphere and Ocean Research Institute, The University 
of Tokyo. Nucl. Instrum. Methods Phys. Res. Sect. B 455, 311–316. https:// doi. org/ 10. 1016/j. nimb. 2019. 01. 055 (2019).

 63. Fifield, L. K., Tims, S. G., Stone, J. O., Argento, D. C. & De Cesare, M. Ultra-sensitive measurements of 36Cl and 236U at the Austral-
ian National University. Nucl. Inst. Methods Phys. Res. B 294, 126–131 (2013).

Acknowledgements
We thank three anonymous reviewers for their comments. Authors also thank H. Onishi for coring using E/R/V 
Isana of Ehime University, and Y. Saito and A. Sproson for the discussions. This study was financially supported 
by the Japan Society for the Promotion of Science (JSPS) through Grants-in-Aid Nos. 20H00193 and 15KK0151to 
Y.Y. and 21H01170 and 18H01292 to M.K. The Cooperative Research Program (19A007) of the Center for 
Advanced Marine Core Research, Kochi University partly supported this study. Authors also thank Top Global 
University Japan Project by MEXT. This paper is a contribution to INQUA commission on Coastal and Marine 
Processes and PAGES PALSEA program. 

Author contributions
Y.Y. designed the research and wrote the manuscript. M.K. collected sediment samples and conducted Pb-210 and 
Cs-137 measurements. S.T., M.F., S.H., T.A., L.K.F., D.K., Y.M., and S.P., conducted and contributed AMS experi-
ments. Y.Y., S.T., and S.H. analyzed the data. All authors contributed writing the final version of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 14179-w.

Correspondence and requests for materials should be addressed to Y.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1002/2016jc012043
https://doi.org/10.1016/j.nimb.2018.12.001
https://doi.org/10.1002/2015jc011109
https://doi.org/10.1016/j.nimb.2009.10.122
https://doi.org/10.1016/j.nimb.2019.01.055
https://doi.org/10.1038/s41598-022-14179-w
https://doi.org/10.1038/s41598-022-14179-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Plutonium isotopes in the North Western Pacific sediments coupled with radiocarbon in corals recording precise timing of the Anthropocene
	Locations and samples. 
	Results
	Discussion
	Methods
	References
	Acknowledgements


