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Chemical properties of elements in
the ocean

« Conservative : vertically no change, good correlation
with salinity. (longer oceanic residence time: >105 years)

Cs (2.2 nmol/kg), K(10.2 mmol/kg), U(13 nmol/kg)
Dissolved form: Cs*, K*, UO,(CO;),*

« Slight surface depression (longer oceanic residence time: >10¢
years)

Sr(90 umol/kg), Ca(10.2 mmol/kg)
Dissolved form: Sr2*, Ca2*

« No-conservative (plutonium isotopes, *1Am) (short
oceanic residence time: 103-10* years)

Nutrient-type: Ag(0.5-35 pmol/kg), | (0.2-0.5 umol/kg)
Surface depression: Co(0.01-0.1 nmol/kq)



Tracers of metal cycling in the
ocean

Radionuclides reflect behaviors of corresponding
stable elements.

137Cs =» Cs, 9°Sr =» Sr, %0Co = Co
« Advection and diffusion processes =»137Cs, 3H
* Mineralization and dissolution = SrS0O,, CaCO,
« Biogeochemical processes; biological uptake (organic
complexation), sinking of biogenic particle, and

remineralization in deep water due to bacterial
decomposition = Th isotopes, Pu isotopes, *'Am

Cs — clay mineral interaction in coastal water
Cs — organic matter interaction

137Cs: 1Bg/kg =1.37x10°n/kg=2.28 fmol/kg
20Sr: 1Bg/kg =1.31x10°n/kg=2.2 fmol/kg
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Fig. 14b. Along the lines 570 km west of Bikini Atoll (Unit: cpm/1).
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Fig. 14a. The distribution of radioactivity in sea water on the vertical section
perpendicular to the North Equatorial Current along the lines 150 km west of Bikini

0 12¢ 14° 16* 18°N
j—
I 550 I |
-
100 100
200

Fig. 14c. Along the lines 1,300 km west of Bikini Atoll (Unit: cpm/1).
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1961-62 Large scale nuclear tests
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Figure 1. Marine discharges of caeslum-137 from Sellafield, 1953-2008
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Tablk | The maxmum “Csconantration in each box, including the ssmpling lattude, longitude, and the year of ooccqurrence

Box Yeaur Date Latitude Longitude wICs (Bq m ) Depth m) MRIREFNO”
1 1957 26-Sep Q.0 15800 115+ 11 0 Miyake1961

2 1959 11-Sep 39.57 14413 78+ 15 0 Miyake 1961

3 1966 21-Jan 29,88 23997 M 485 0 Folom1968

4 1958 7-Nov 4.9 13498 12415 0 Miyake 1961

5 1980 1-Mar 16.73 19048 47 4047 0 Noshkin1999

6 1978 2%-Apr -1.32 14546 10+ 30 0 Domanov1984®
7 1978 24.Feb -4.07 27673 67420 0 Domanovi984*
8 1978 2.Apr ~7.31 15826 85426 0 Domanovi984*
9 1978 2Am ~11.51 23189 21464 0 Domanov1984®
10 1966 8-Nov ~38.12 17890 12467 0 FolomI1968

11 1966 13-Mar ~28.58 25848 10415 0 Folom1968

12 1966 2%-Aug ~41.32 2773 10433 0 Folom1968

13 1962 6-Jan ~67.15 67.78 63404 0 Nagaya 1964

14 1964 1-May 4118 13702 %6415 0 Nagaya 1970
15 1960 &Nov -9.48 11342 93428 0 Folom1968°
16 1960 27.0ct ~11.97 11543 10 4 3.1 0 Folom1968°
17 1966 17-Nov -55.97 17567 17452 0 FolomI1968

18 1981 15-Jul 70.00 17.50 77423 3 Casso1984°

19 1979 31-Aug 62.00 400 135 + 41 0 Kautsky] 987°
20 1986 9 May 54.35 1107 2410 + 506 0 DHIG99%97

21 1980 15-Jul S1.73 058 36,304 + 36 0 MAFF99%

22 1974 2-Nov 54.43 35642 204,314 + 61294 3 MAFF9999°
23 1974 13-Dec 50.50 100 27 + 86 0 MAFF9999°
24 1967 24-Jul 58.57 35622 1,409 4+ 423 0 MAFF9999°
25 1986 22.Sep 41.41 2932 360 4+ 28 2 Busseler] 991
26 1986 1-May 43.52 1645 245 4+ 192 0 Franic1993

27 1980 10-Aug 33.12 28856 31 4034 2 Cochran1987
28 1978 13.Feb 13.18 29692 21462 0 Domanovi984*
29 1961 2Aug 8065 30403 544035 0 Broecker1968
30 1966 14-Mar 48.50 15367 184 1.1 0 FolomI1968

31 1968 15-Jul 30.90 12900 10422 0 Saruhashi 1975
32 1966 22.Jun .20 11532 16 +0.74 0 FolomI1968

33 1966 16-Feb 54.67 17500 23456 0 FolomI1968

% 3% was used as the standard devia tion, because meas wrament error was not included in the reference. * MRIR EFNO is reference of the data and Ested

in Table S4 and b (ESI).

A WCSEEIIN1974E(ZT A1)y B TEAISNT=( 200 kBg m3)

Inomata et al. J. Environ. Monit., 11, 116-125 (2009)
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Vertical distribution of 137Cs Vertical distribution of plutonium
Concentration in radioactivity dumping ~ Concentration in radioactivity dumping

¥7Cs concentrations in the water column #9240p; concentrations in water columns
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Hirose et al., J. Environ.Radioact., 43, 1-13 (1999)
lkeuchi et al., Sci. Total Environ., 237/238, 201-212 (1999)
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Seawater sampling:
Large-volume sampling
(more than 100 L)

Injection of 100 L
GoFlow Type sampler
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— -

. Water sampling using a

\‘% Rosette

Multi-bottle sampler

To collect water samples
of each 20 liters from 36
different depth layers



Formation of bottom water
In the North Atlantic

(b) Maier-Reimer and Hasselmann
0 : =

Figure 10, Tritium concentrations
along the north-south GEOSECS sec-

1

non i the western Atlantic. (a) Mea-

surements made in 19720 (b) The model

depth [m]

00 of Maier-Reimer and Hasselmann [ TO87].
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Direct evidence using tritium data for throughflow from the Pacific into the
Indian Ocean. R.A. Fine, Nature, 315, 478 (1985).
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Temporally integrated estimate of the Indonesian throughflow using tritium
Jean-Baptiste et. al.,Geopys. Res. Lett., 31,L.21310

i P —— ‘_","-,.'.'_'_',L'_'_'.—_‘_' .

A Pacific Ocean
Estimation from Tritium budget
Flow: 8.6 ¥4 Sv

transit time: 10.5y

T R . ........

115° 120 125°  130° 135 140°

Figure 1. Location of the hydrographic stations and
schematic diagram of major currents: NEC: North Equator-
ial Current, SEC: South Equatorial Current, NECC: North
Equatorial CounterCurrent, MC: Mindanao Current.
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Figure 3. Estimate of the tritium inventory change (decay-
corrected to 1981) at the entrance of the Indonesian Seas
between the start of the tritium injection and the vear 1989
(in % of the 1989 value).



Tracer use of 14C

Plate 5.8.17 (see p. 444)
Near-bottom radiocarbon
distribution where bottom
depth is at least 3500 m.
Both WOCE and
GEOSECS data were used
in preparing this objective
map. The flow of
Circumpolar Deep Water
northward along the
western Pacific island arch
system and then clockwise
north of the equator is
strongly implied.
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40°S

Near Bottom Values A'C%.
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J. Candela, “Meduterranean Water and Global Circulation”, Ocean circulation & climate, Vol. 77 of
International Geophysics Series, Eds G. Siedler, J. Church, J. Gould, Acdemic Print, Spain, 2001.
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Effective half-lifex1o0*

Area Boxes 137Cs
North Pacific 01-05 14 % 3
Equatorial

Pacific 06-07 23 * 12
South Pacific 08-12 26 * 11
All Pacific 01-12 21 = 9
North Indian 15 20 + 2¢
South Indian 16-17 22 + 6
All Indian 15-17 20 + 2
North Atlantic 25+28 19 + 4+
Central Atlantic 29 24 + 6%
South Atlantic 30 20 £ o6*
All Atlantic 25-30 20 + 3%
All Oceans 20 = 10

h . WYL o YO Dl s PR |
Datd HI'INCUL TS Stuly

*: ITAEA, Worldwide marine radioactivity studies (WOMARS) Radionuclide levels in oceans and seas, IAEA-TECDOC-1439, 104, 2005.

0@ of B7Cs 88

~

=+ 3L B ]
(2006 Revised)
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*+: Povinec et al., °°Sr, 137Cs and 23%-240Py concentration surface water time series in the Pacific and Indian Oceans - WOMARS results, Journal of

Environmental Radioactivity 81 (1), 63-87, 2005.
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Fig. S1. 3-D 137Cs in the Pacific Ocean before Fukushima accident in 2011

Aoyama et al., Geophys. Res. Lett., 35, L01604 (2008)
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Biogeochemical Processes
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Figure 7 Conceptual diagram depicting components of the ‘biological pump'. CO;, is taken up by phytoplankton and organic
matter is produced. As this organic matter is processed through the marine food web, fecal pellets or aggregates are produced,
a portion of which sink from the surface waters to depth (1). As organic matter is processed through the food web, DOC is also
produced. DOC is removed from the surface waters to depth via physical mixing of the water by convective overturn (2). DOC and
DIC are also actively transported to depth by vertically migrating organisms such as copepods that feed in surface waters and
excrete and respire the consumed organic carbon at depth (3).



Plutonium as a biogeochemical

tracer: Research on plutonium in the ocean
until the 1980s

Level of 239.240Py concentrations in the
oceanic waters

Global distribution of 23%9.240Py concentrations
In seawater

Vertical distribution of 23°.240Py concentrations
In the open ocean water column

Inventory of 239.240Py in the water column
239,240Py in sediment trap samples
Chemical speciation of 239:240Py in seawater



Geographical distribution of 23°240Py concentrations in surface

water

Content of 239:240py in surface water
in the Pacific ( 1968 ~1973 )
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Distribution of 23°*240py in surface water
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Surface 23°.240Py concentrations in the ocean in 2000
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North Pacific

Vertical profile of #***°Pu in the western North Pacific
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South Pacific

Vertical profiles of 2°Pu in the South Pacific (mBg m™)
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238, 240

Pu GLOB:
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Plutonium in sediment trap
samples

* Detection of plutonium in deep
sediment trap samples

Livingston and Anderson, Nature, 303, 228-230 (1983)
 Verification of rapid sinking processes

» Estimation of residence time of
plutonium in surface waters using
sediment trap data

Fowler et al., Deep-Sea Res., 30, 1221-1233 (1983)



Speciation of plutonium in
seawater

* Plutonium have several valence states Iin
natural waters. = Pu(lll), Pu(lV), Pu(V),
Pu(VI)

« Complexation of plutonium with ligands
depends on the valence state. Pu(lll), Pu(lV)
=>strong complex; Pu(V), Pu(Vl) = weak
complex

* Chemical form of plutonium in seawater
Dissolved form = Pu(V, VI)
Particulate form = Pu(lll, 1V)

Nelson et al., Earth Planet. Sci. Lett. 68, 422 (1984)



Concentrations of particulate Th
in surface waters (pM)

Particulate 2% 2Py concentration
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The particulate metal concentrations correlate
with the concentration of the strong
organic ligand in PM.

Plutonium exists Pu(lV) complex
In marine particulates.

Hirose, Sci. Total Environ., 173/174, 195 (1995)
Hirose and Aoyama, Anal. Bioanal. Chem. 372, 418

(2002)
Hirose et al., Deep-Sea Res I, 50, 2679 (2003)
Hirose, TheScientificWorldJOURNAL, 4, 67 (2004)



Trend of Ocean Plutonium
since 1990

* Analysis of temporal variation of
plutonium concentration in seawater

Surface
Vertical distribution

» Construction of database of plutonium
concentrations in seawater

* Reproduction of plutonium distribution
in the ocean due to OGCM model
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Fig. 7. Apparent half-residence times of “*~“*Pu in surface
waters of each Pacific Box. The BGC half-readence times are
Hirose and Aoyama,  'epresented by values in parenthess.
Deep-Sea Res. Il, 50, 2675-2700 (2003)
Aoyama and Hirose,
TheScientificWorldJOURNAL, 4, 200-215
(2004)



Reproduction of vertical distribution of plutonium by a

simple scavenging model.

To predict increasing depth of Pu

maximum layer.
Year Hirose, Radioprotection-Colloq.,
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2891240py concentration (mBgy/l)
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Reproduction of vertical profiles
of plutonium from OGCM model
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Fukushima Daiichi Nuclear
Power Plant Accident

 Six nuclear reactors exist in this
area.

« Explosions due to hydrogen release
occurred in outer housing of the first
and third reactors. Explosions of the
No.1 and No.3 reactors happened
on 12 and 14 March, respectively.
Explosion due to incomplete cooling
of spent fuel pool in the No.4
reactor happened on 15 March.

 As a result of meltdown of nuclear
fuels, large amounts of radioactivity
have been released in the

atmosphere, which stated on 12
March 2011.
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Detection of high radioactivity in seawater
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First results (Sampling date: March 24\1} (Data: MEXT web site)
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137Cs activity / Bq m?3
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Radioactivity emitted from
Fukushima Daiichi NPP

Total amount of radioactivity emitted in the
atmosphere from No. 1, No. 2, and No. 3
reactors. (Major radioactivity emission
occurred in15-16, March 2011.)

640 PBqg (Radioactive noble gases.
Radioiodine. Radiocesium and others)

1311 160 PBq (Chernobyl: 1800 PBq)
8"Cs 15 PBq (Chernobyl: 86 PBq)

(Japanese government report)

1 PBq = 105 Bq




What kinds of radionuclides were
released in atmosphere?

1. Major radionuclides:
Radioactive noble gases 133Xe (half life: 5.25d)

Radioiodine 1311 (half life: 8.04d)
132Te-132| (half life: 78h)
Radiocesium 137Cs (half life: 30y)

134Cs (half life: 2.06y)

2. Minor radionuclides:
Radioactive noble gas  #Kr (half life: 10.7y)
Radiosrontium 908r (half life: 28.8y) beta emitter
89Gr (half life: 50.5 d)

other gamma emitters (149Ba-'40La (12.8d), 12°"Te(33.5d) others)
alpha emitters :plutonium isotopes




- 00:00UTC 18MAR2011

1 |
1e—09 1e-0B 1e-07 1e-06 1e—05 0.0001 0.001 0.01 0.1 1

b 00:00UTC 21MAR2011

oy

1206 180 120W 50N B I e

1 |
le-09 1e-0B 1e-07 1e-06 1e-05 0.0001 0.001 0.01 0.1 1

c 00:00UTC 24MAR2011

190% 180 120% 50W 0 608 SPRINTARS

1 I
1e—09 1e-08 1e-07 1e-06 1e-05 0.0001 0.001 0.01 0.1 1

Figure 1. SPRINTARS simulation for March (a) 18, (b) 21 and (¢) 24 of mear-surface mass comcentration of particles emitted contin-
wously from the Fukushima Daiichi Nuclear Power Plant since 1200 UTC. March 14. The concentration indicaed is relative to that
within a few tems kilometers around the power plant. Each range of color coatours coresponds 10 one order of magnitude.

Results of model
simulation:

Higher radioactive
Deposition occurred
In the northern North
Pacific.

Takemura et al., Sora
2011



Total amount of the Fukushima-derived
radionuclides injected into ocean via
atmosphere

1. First approximation:a half amount of total

atmospheric release was injected into
ocean. 137Cs: 7.5 PBq

(JAEA)
2. Estimation of IRSN '37Cs: 10 PBqg

3. Estimation from marine observed data by

Aoyama
137Cs: 10-13 PBqg



Direct release of radioactive
contaminated water from the
Fukushima Daiichi NPP |

1.concentration in contaminated water: 5.2
TBg m-3 of 131
flow out period (4/1-6): estimation of total
release (137Cs 220TBqg/day)(TEPCO):

2.7 PBg 3!l 0.9 PBq 37Cs
2. First estimation by IRSN

total release of 13’Cs 2.5 PBqg

3. Estimation from 13’Cs concentrations in seawater and
ocean model(Tsumune et al., 2012)

Total release of 3’Cs 3.5 PBqg




Direct release of radioactive
contaminated water from the

Fukushima Daiichi NPP ||

Estimation of direct release of 13’Cs: (kawamura
et al., J. Nucl. Sci. Technol., 48, 1349—1356 (2011))

3.58 PBq
Second estimation of IRSN: 27 PBq

Estimation of JCOPE: 14.8 PBq
Estimation of Sirocco: 4.2 PBqg
Estimation of NOAA: 3.6 PBq

(Masumoto et al., Elements 8, 207-212 (2012))



2nd Estimation of direct release 3’Cs by IRSN
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137Cs activity (Bg)

Fig.
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Evolution of quantities of > Cs in seawater at more than 5km from the coast.
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Total release amounts of radionuclides
from the Fukushima NPP

« Total amounts of atmospheric emission
137Cs: about 12-15 PBgq (Aoyama’s

estimation)

 Direct release as radioactive contaminated
water

137Cs: about 3.5 PBQ (Tsumune’s estimation)
* Total amounts JAEA: 8.4 PBqg
137Cs: about15-19 PBq IRSN: 12.5 PBq
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"Cs inventory PBq (10" Bq)

Estimates of total releases from Fukushima
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Atmospheric Fallout -— Direct Ocean Discharge —

Estimate by
Aoyama

r~Tereer T T T T T T T T T T T T T

Total weapons testing 137Cs N. Pacific = 69 PBq

Total Chemobyl releases 137Cs worldwide = 60 PBq

Total Chemobyl releases 137Cs to ocean worldwide = 15-20 PBq
Total Fukushima releases- 137Cs atmospheric <10 to >35 PBq

- 137Cs direct ocean discharge <1 to >27 PBq




Summary of budget of 13’Cs in the North Pacific

Ocean
* Global fallout as of 1970 290 + 30PBq @

« Observed inventory as of 2002 85 PBq P

« Estimated inventory as of 2011 69 PBq P

* Fukushima direct discharge 3.5+0.7 PBq °©
« Fukushima atmospheric deposition 12—15 PBq ¢
* (Chernobyl global release in 1986 85 PBq ©)

a: Aoyama, M., Hirose, K., Igarashi, Y., J. ENVIRON. MONITOR., 8, 431-438, 2006
b: Aoyama unpublished data

c: Tsumune et al., 2011,

d: this study

e: IAEA, Proceeding of an International Conference, Vienna, 8-12 Apr. 1996



Radionuclides released In

marine environments

131 (half-life: 8.04 d)

Effects of 13| for marine organisms are not important
because of its shorter half life. After three months, a
level of 13| decreases three orders of magnitude
lower than initial level.

137Cs (half-life: 30 y): very important

134Cs (half-life: 2.04 y): 134Cs/137Cs ratio(=1)
Sr(half-life: 28 y), 89Sr(half-life: 50.6 d): 89Sr/%0Sr
ratio(about 12,initial time); 2°Sr/137Cs

ratio (0.5-6.5x10-2)

Other radionuclides: 3°Cl,1291,3H and plutonium
(radionuclide compositions in direct release differed
from atmospheric emission,)



Chemical form of released
radionuclides In seawater

137Cs,134Cs: ionic (dissolved), low affinity with
particulate matter. A typical tracer of water mass.
(very small portion of 3’Cs may be vertically
transported in deep water.) Cs behaviors are similar
to alkali metal ions such as potassium.

131]: complicated chemical form (I-, 1057, organic(?))
Dissolved in seawater as anionic ions.

08r, 89Sr: ionic (dissolved), low affinity with
particulate matter.

Pu: particle reactive; Pu(V): dissolved, carbonate
complex ;Pu(lV): particulate, organic complex



134Cs (left) and 37Cs(right) in April-May 2011

NYK ships : Brown
MR11-03: light blue , Honda et al., 2011(11:00 today)

KT11-06:Blue

¢ 10 1 17

10°

1000 Bg m3

B4cs /Bqm™
g

17 17 1
i L 1

Aoyama et al., Biogeosciences, 10, 3067-3078, 2013



Radiocaesium activity in 4
Region D
Region C

120° 150° 180° —150° -120° —90°

120° 150° 180° —150° -120° —90°

Fig. S3 Region of interest A, B, Cand D



Region A
1 03 L T T | T [ T T T | B [ T T | T [ T T T T [ R Ll T T [ T T T T
: 2 : : : :

Region D

{
|
i

Region A e 10

12200 1507

T S

activity / Bq m?

e S e -
- i & : : E ]
l} 5 ok o
L7 . I
101 L= L !

3/11 4/30 6/19 8/8 9/27 11/16 1/5
2011 2012
Date

] 134CS o 137CS
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Summary: temporal and spatial
distribution of

Fukushima radiocaesium

« Fukushima radiocaesium deposited on wide
area in the North Pacific Ocean, especially in
western part of subarctic gyre and subtropical

gyre.
* |n the eastern North Pacific Ocean, maximum

134Cs activity was ca. 10 Bg m3 in April/May
2011.

« Detected '3*Cs was Fukushima origin and '3/Cs
was Fukushima+ pre-existing bomb origin.



|l. Effects of direct release of cooling water from the Fukushima

o: sites

near reactors
0: sites 15 km
off coast

Daiichi NPP
1. Temporal change of %Sr in surface water near reactor site
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Povinec et al., Environ. Sci. Technol., 46, 10356-10363 (2012)



Effects of Fukushima Daiichi NPP accident
Temporal changes of surface 37Cs and °Sr

137 90 . . -3
Cs and = Sr concentrations in surface water (Bqm )

137Cs 90Sr sea TEPCO
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89Sr/gOSr activity ratio in surface water

Temporal change of 89Sr/°°Sr and 9°Sr/13’Cs
activity ratios in surface water near the reactor site
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89Sr/90Sr ratio decreased according

to the half life of 89Sr.

90Sr/mCs activity ratio in surface water
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137Cs concentrations in surface waters (model simulation)
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137Cs concentrations in surface waters (model simulation)
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Model simulated 13’Cs
Concentrations in surface
water

15 Nov. 2011
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Tsumune et al., Biogeosci. Discus., 10, 6259-6315 (2013)



Radioecological effects to
marine organisms

« 131: enriched by sea weeds (since half life of 13l is
short, radioecological effects to marine organisms are

low.)

« 137Cs: concentration factor of marine organisms is
relatively low. (137Cs is enriched in soft tissue of fish.)
Since biological half time of '3’Cs is relatively short,
137Cs concentrations in marine organisms decrease
according to decline of 13’Cs concentrations in
seawater. The concentration factor of 3’Cs is 10 -
100 for marine organisms.

« 998r: concentration factor of marine organisms is
relatively low. (°°Sr is enriched in bone of fish.)



Radionuclides in sediments

137Cg 134Cg 89Sr 90Gr 239,240py 238Py

e Odaka 3km 600 570 140 44 043 -
« lwasawa 3km 1000 970 42 10 0.45 -

6/2 sampling, unit: Bg/kg TEPCO

. Partition coefficient of 137Cs between seawater and sediment. 1000

(BG seawater: 1-2 mBqg/L, BG sediment: 1-4 Bq/kg)

. Partition coefficient of 9°Sr between seawater and sediment : 100

Estimation of '3’Cs and °°Srconcentration (Bg/L) from
their concentration in sediments

Odaka 3km 0.6 (137Cs) 0.44 (99Sr) 1.4 (w97cs/ %sr)

e lwasawa 3km 1 0.10 10
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