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Abstract. Radium has four naturally occurring isotopes that
have proven useful in constraining water mass source, age,
and mixing rates in the coastal and open ocean. In this study,
we used radium isotopes to determine the fate and flux of
runoff-derived cesium from the Fukushima Dai-ichi Nuclear
Power Plant (FNPP). During a June 2011 cruise, the high-
est cesium (Cs) concentrations were found along the eastern
shelf of northern Japan, from Fukushima south, to the edge
of the Kuroshio Current, and in an eddy∼ 130 km from the
FNPP site. Locations with the highest cesium also had some
of the highest radium activities, suggesting much of the di-
rect ocean discharges of Cs remained in the coastal zone 2–
3 months after the accident. We used a short-lived Ra isotope
(223Ra, t1/2 = 11.4 d) to derive an average water mass age
(Tr) in the coastal zone of 32 days. To ground-truth the Ra
age model, we conducted a direct, station-by-station com-
parison of water mass ages with a numerical oceanographic
model and found them to be in excellent agreement (model
avg. Tr = 27 days). From these independentTr values and
the inventory of Cs within the water column at the time of
our cruise, we were able to calculate an offshore134Cs flux
of 3.9–4.6× 1013 Bq d−1. Radium-228 (t1/2 = 5.75 yr) was
used to derive a vertical eddy diffusivity (Kz) of 0.7 m2 d−1

(0.1 cm2 s−1); from this Kz and 134Cs inventory, we esti-
mated a134Cs flux across the pycnocline of 1.8× 104 Bq d−1

for the same time period. On average, our results show that
horizontal mixing loss of Cs from the coastal zone was∼ 109

greater than vertical exchange below the surface mixed layer.
Finally, a mixing/dilution model that utilized our Ra-based
and oceanographic model water mass ages produced a direct
ocean discharge of134Cs from the FNPP of 11–16 PBq at
the time of the peak release in early April 2011. Our results

can be used to calculate discharge of other water-soluble ra-
dionuclides that were released to the ocean directly from the
Fukushima NPP.

1 Introduction

On 11 March 2011, an offshore magnitude 9.0 earthquake
and resulting tsunami led to several hydrogen explosions and
reactor meltdowns at the Fukushima Dai-ichi Nuclear Power
Plant (FNPP) in Japan. The accident resulted in a large-scale
release of radioactivity to the environment through atmo-
spheric fallout over land and sea, as well as direct discharge
to the ocean from water used to cool the reactors (Buesseler
et al., 2011; Chino et al., 2011).

Arguably, the largest ocean-related impact was from the
release of two cesium isotopes (137Cs, t1/2 = 30.2 yr;134Cs,
t1/2 = 2.06 yr), relatively volatile fission products that are
highly soluble in seawater (oceanic residence time of stable
Cs is∼ 330 000 yr; Broecker and Peng, 1982). The release
ratio of137Cs :134Cs, an indicator of the degree of burn up of
the fuel used and stored on site, was 1.0 (in units of activity).
Concentrations in the ocean peaked on 6 April (activities of
up to 60 000 000 Bq m−3), when direct discharge was high-
est, and as of this writing continue to make the Fukushima
event the largest accidental release of137Cs to the ocean
(Buesseler et al., 2012).

In June of 2011, an international group of scientists set
out to measure the oceanic distribution of radionuclides
released from the FNPP along the coast and offshore of
Japan (Buesseler et al., 2012). In addition to the measure-
ment of radionuclides derived from the NPP, radium isotopes
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were measured to trace the pathway of the cesium derived
from direct ocean discharges. In marine environments, ra-
dium isotopes are produced from the decay of thorium iso-
topes, which are abundant in sediments along the coastline
(Moore, 2000). Unlike thorium, radium is soluble in sea-
water, making leakage from continental margin sediments a
continuous source of radium isotopes to the ocean. Hence,
with four naturally occurring isotopes with wide ranging
half-lives (224Ra= 3.66 d, 223Ra= 11.4 d, 228Ra= 5.75 yr,
226Ra= 1600 yr), Ra isotopes have been applied to the study
of ocean mixing processes (e.g. Moore, 2000; Dulaiova et al.,
2009) and land-ocean fluxes of dissolved trace elements and
isotopes (e.g. Krest et al., 2000; Charette et al., 2007).

Our study had three main objectives for the combined
Cs and Ra isotope dataset from the June 2011 cruise. First,
we sought to determine the provenance of the surface water
(coastal vs. open ocean) associated with FNPP-derived137Cs
and134Cs. We accomplished this using228Ra/226Ra ratios as
well as water mass age estimates derived from short-lived
Ra isotopes. Second, we wanted to derive the offshore and
vertical (cross-thermocline) fluxes of Cs isotopes. Lastly, we
attempted to derive the inventory of137Cs and134Cs from
direct ocean discharge, which peaked in early April 2011.

2 Methods

Seawater samples for radium analysis were collected in
June 2011 aboard the R/VKa’imikai-o-Kanaloafrom 34 sta-
tions along the coast and offshore of Japan (Fig. 1a). Surface
radium samples were collected by pre-concentrating Ra from
1 µm prefiltered (Hytrex) seawater onto either MnO2 coated
acrylic fiber and/or MnO2 impregnated acrylic cartridges.
Samples processed with MnO2 acrylic fibers were collected
with a surface pump from a water depth of 0.5 m into plas-
tic barrels (200–300 L), then passed through the fibers at
< 1 L min−1 (Moore, 2008) (Table 1). MnO2 impregnated
acrylic cartridge surface samples were collected with paired
cartridges located downstream of the prefilter and two Cs
cartridges (Buesseler et al., 1990) (Table 2). Vertical profile
samples (1000–1500 L) were collected onto MnO2 impreg-
nated acrylic cartridges adapted to fit onto a McLane large
volume in situ pumping system (Henderson et al., 2012) (Ta-
ble 2). While the Mn fiber method scavenges Ra quantita-
tively, the Mn cartridge method does not. Hence, while abso-
lute Ra values are available for the former, only Ra isotopic
ratios are available for the latter.

While onboard the vessel, MnO2 fiber and cartridge sam-
ples were rinsed with deionized water to remove salts and
dried to dampness.223Ra and224Ra activities were measured
by alpha decay on a delayed coincidence counter (RaDeCC;
Moore and Arnold, 1996) within 2 days of collection. Sam-
ples were alpha counted a second and third time (at 4 weeks
and> 2 months) to correct for radium supported in the wa-
ter column from parent nuclide decay (224Ra from228Th and
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Fig. 1. Station map for the June 2011 cruise, including the location
of the Fukushima NPP (red star). The unlabeled station symbols
are the location of “half stations” (Table 1). The half stations im-
mediately follow the whole number stations along the cruise track
(e.g. station 28.5 falls between stations 28 and 29). Color contours
represent the current speed in m s−1 derived from AVISO satellite
altimetry data.

223Ra from227Ac). Hence, values reported here are radium in
excess of their parent isotopes. Samples were then prepared
for counting of long-lived isotopes via gamma spectroscopy.
Briefly, samples were ashed at 820◦C for 16 h in the case
of fiber (Charette et al., 2001) and 48 h for cartridges (Hen-
derson et al., 2012). The ash was homogenized, packed in a
polystyrene vial, and sealed for 3 weeks to allow ingrowth
of 214Pb from226Ra.226Ra and228Ra were measured on cal-
ibrated germanium well detectors at 352 and 911 KeV. Un-
certainties for224Ra and223Ra were in the range of 10–50 %
while average uncertainties228Ra and226Ra were 10.8 % and
2.6 %, respectively. Much of the224Ra data was below the
detection limit of our method due to its relatively short half-
life and the long water residence times within our study do-
main.

Cesium samples were collected from the surface with a
deck pump (as above) and at depth from Niskin bottles.
Cesium was extracted from seawater by pumping samples
through a column containing ammonium phosphomolybdate
resin. The resin containing Cs was loaded into a counting
vial and Cs activities were measured directly on a germa-
nium well detector at 605, 661 and 795 KeV, for134Cs,
137Cs, and 134Cs, respectively (Pike et al., 2012). Fur-
ther details on the Cs results can be found in Buesseler
et al. (2012). All Ra and Cs data are available online at
the Biological and Chemical Oceanography Data Manage-
ment Office (BCO-DMO;http://osprey.bcodmo.org/project.
cfm?flag=viewd&id=186&sortby=project).
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Table 1.Radium and Cs isotopes for stations were MnO2 acrylic fibers were used.

137Cs error 134Cs error 134Cs/137Cs 226Ra error 228Ra error 228Ra/226Ra 223Ra error 223Ra/228Ra 223Ra/228Ra PO Model
Station Depth Lat. Long. Salinity

ID (m) (◦ N) (◦ E) (Bq m−3) (dpm 100 L−1) (dpm 100 L−1) Age (d) Age (d)

19 0.5 37.505 142.995 34.138 236 5 244 4 1.0 9.77 0.20 2.87 0.38 0.29 0.031 0.015 1.08E-02 22 48.7
21 0.5 37.501 142.486 34.168 211 6 223 5 0.9 7.86 0.17 2.69 0.31 0.34 59.8

22.5 0.5 37.767 142.261 34.040 388 8 396 5 1.0 8.29 0.27 2.41 0.40 0.29 0.002 0.003 9.13E-04 68.0
23.5 0.5 37.733 142.026 33.891 475 12 476 9 1.0 6.26 0.13 2.34 0.22 0.37 0.002 0.003 8.36E-04 44.2
24.5 0.5 37.757 141.708 33.886 380 11 403 9 0.9 8.81 0.28 4.19 0.47 0.48 0.163 0.030 3.90E-02 2.0 15.8

25 0.5 37.531 141.446 33.755 582 14 595 10 1.0 9.06 0.17 3.40 0.30 0.38 0.039 0.017 1.15E-02 22 11.1
25.5 0.5 37.333 141.424 33.992 749 19 773 16 1.0 5.74 0.13 4.66 0.29 0.81 0.074 0.021 1.60E-02 17 5.4
26.5 0.5 36.745 141.404 33.678 537 14 556 11 1.0 8.39 0.28 2.28 0.45 0.27 0.007 0.006 2.89E-03 43 4.5
27.5 0.5 36.250 141.402 33.942 539 12 551 7 1.0 6.35 0.17 2.67 0.25 0.42 0.097 0.025 3.63E-02 1.9 12.2
28.5 0.5 36.244 141.717 33.687 1622 39 1705 31 1.0 8.66 0.27 4.71 0.49 0.54 0.145 0.025 3.07E-02 6.2 23.2

29 0.5 36.498 142.010 33.282 3477 70 3565 37 1.0 9.24 0.28 6.89 0.56 0.75 0.202 0.036 2.94E-02 7.5 16.2
30 0.5 36.496 142.495 33.965 720 17 738 13 1.0 6.95 0.18 1.96 0.29 0.28 0.029 0.014 1.50E-02 15 21.4
32 0.5 36.998 142.001 34.112 327 8 332 6 1.0 8.53 0.15 3.46 0.28 0.41 0.016 0.009 4.71E-03 36 36.7

Table 2.Radium and Cs isotopes for stations were MnO2 acrylic cartridges were used.

137Cs error 134Cs error 134Cs/137Cs 228Ra/226Ra 223Ra/228Ra 223Ra/228Ra PO Model
Station ID Depth (m) Lat. (◦ N) Long. (◦ E) Salinity (Bq m−3) Age (d) Age (d)

0 0.5 34.445 142.653 34.713 6.9 0.4 5.9 0.5 1.2 0.29
1 0.5 33.995 146.987 34.715 3.3 0.2 2.4 0.3 1.4 0.20
3 0.5 34.971 147.022 34.706
3 20 34.971 147.022 34.706 1.7 0.3 bd 0.0 0.29
3 50 34.971 147.022 34.713 1.8 0.2 bd 0.0 1.07
3 200 34.971 147.022 34.657 2.5 0.2 bd 0.0
4 0.5 35.502 146.999 34.335 317 9.8 315 8.6 1.0 0.01
5 0.5 35.993 147.016 34.541 25.2 0.7 23.3 0.7 1.1 0.60
6 0.5 36.500 147.011 34.576 0.25
7 0.5 36.991 147.000 34.173 202 5.3 203 4.2 1.0 0.26 1.24E-02 23
8 0.5 37.502 147.000 34.312 336 8.4 334 6.6 1.0 0.28

11 0.5 37.511 144.003 33.909 100 3.1 104 2.9 1.0 0.36 2.27E-03
12 0.5 36.996 144.004 34.350 89.1 2.0 86 1.4 1.0 0.40 2.02E-02 15
14 0.5 35.996 144.006 34.733 2.3 0.4 1.1 0.6 2.1 5.04E-04
18 0.5 36.999 143.000 34.285 204 4.7 204 3.3 1.0 0.15 3.05E-02 8.1
19 0.5 37.505 142.995 33.844 236 5.4 244 3.9 1.0 0.21 2.70E-02 50.9
19 10 37.505 142.995 no data 4.43E-03
19 20 37.505 142.995 34.228 289 6.4 287 4.2 1.0 0.32 1.43E-02
19 50 37.505 142.995 33.986 190 5.6 186 5.0 1.0 0.34
19 200 37.505 142.995 33.803 3.0 0.3 1.8 0.3 1.7 0.18 3.56E-03
20 0.5 38.000 143.003 34.436 22.2 0.7 21.9 0.6 1.0 0.39 2.87E-03 47
21 0.5 37.501 142.486 33.826 211 6.0 223 5.2 0.9 0.46 1.52E-03 53 41.8
21 20 37.503 142.491 34.241 252 5.6 247 3.7 1.0 0.47 3.60E-03
21 50 37.503 142.491 33.977 129 4.2 126 4.0 1.0 0.24 4.42E-03
21 100 37.503 142.491 33.686 51.1 1.5 46.9 1.3 1.1 0.08 4.78E-03
21 200 37.503 142.491 33.697 2.0 0.1 bd 0.0 0.15 5.43E-03
23 0.5 37.496 142.000 33.963 822 17.6 834 10.9 1.0 0.31 1.57E-03 51 34.8
23 10 37.481 142.005 34.016 920 19.2 896 11.0 1.0 0.40
23 20 37.481 142.005 34.091 993 22.8 972 15.7 1.0 0.40 8.59E-04
23 50 37.481 142.005 34.054 992 20.0 1000 10.5 1.0 0.39 7.23E-03
23 100 37.481 142.005 33.726 107 2.2 107 1.2 1.0 0.46 1.17E-03
24 0.5 38.001 141.997 34.519 43.2 1.4 42.2 1.3 1.0 0.23 3.05E-03
25 0.5 37.531 141.446 33.369 582 13.9 595 10.3 1.0 0.85 4.93E-03 36 11.0
25 10 37.520 141.446 34.032 193 4.7 200 3.7 1.0 0.85 7.09E-03
25 20 37.520 141.446 34.280 202 6.6 216 6.2 0.9 0.49 3.91E-03
25 50 37.520 141.446 33.931 117 2.5 125 1.7 0.9 0.71 3.23E-03
25 90 37.520 141.446 33.810 76.4 2.1 74.5 1.7 1.0 1.74 1.27E-03
26 0.5 36.998 141.400 33.949 460 11.0 465 8.2 1.0 0.33 1.06E-02 26 4.3
27 0.5 36.497 141.398 33.949 717 19.5 753 16.7 1.0 0.37
27 10 36.497 141.398 34.092 499 10.7 518 6.7 1.0 0.37 1.27E-03
27 20 36.497 141.398 34.141 425 11.1 415 8.8 1.0 0.31 4.25E-03
27 50 36.497 141.398 34.124 290 6.7 294 4.8 1.0 0.32 6.05E-03
27 100 36.497 141.398 34.208 35.8 1.2 34.0 1.1 1.1
28 0.5 36.006 141.399 33.983 7.9 0.6 6.5 0.6 1.2 0.34 2.49E-03 11.2
29 0.5 36.498 142.010 33.254 3477 70.3 3565 37.3 1.0 0.84 7.66E-03 29 17.6
29 10 35.996 144.006 34.022 391 8.0 390 4.7 1.0 0.36
29 20 35.996 144.006 34.282 314 7.2 333 5.2 0.9 0.31 3.67E-03
29 50 35.996 144.006 34.370 113 2.5 117 1.7 1.0 0.22 2.78E-03
29 100 35.996 144.006 34.193 30.9 1.2 29.2 1.2 1.1 0.40 8.73E-03
30 0.5 36.496 142.495 33.927 720 17.5 738 13.3 1.0 0.37 3.01E-03 46 20.6
31 0.5 36.999 142.500 33.899 440 11.0 453 8.7 1.0 0.34 6.82E-03 33 27.5
32 0.5 36.998 142.001 34.065 327 7.7 332 5.7 1.0 0.28 6.61E-04
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3 Results

The June 2011 cruise track was confined mainly to the north
of the Kuroshio Current, with the majority of stations con-
centrated within an inshore “box” as defined in Buesseler et
al. (2012) (Fig. 1). The Kuroshio acted as a barrier to south-
ward Cs transport, as evidenced by the low to non-detectible
levels of134Cs in stations within and to the south of the cur-
rent. We will use mainly134Cs in figures and data interpre-
tation since, unlike137Cs, this isotope no longer has a back-
ground inventory in the ocean from nuclear weapons testing
due to its relatively short half life. Hence, its distribution is
controlled entirely by discharged coolant waters and atmo-
spheric inputs from the Fukushima NPP. Furthermore, for
most stations north of the Kuroshio, the137Cs :134Cs activ-
ity ratio (∼ 1) was equivalent to the known value for FNPP
discharges to the ocean (Buesseler et al., 2011) such that the
spatial distribution and inventory of the two isotopes were
roughly the same within our study region. Therefore, fluxes
and inventories of137Cs are, within uncertainty, the same as
those calculated here for134Cs.

Surface samples within the inshore box had the highest Cs
isotope activities, ranging from 244–4580 Bq m−3 (Fig. 2b,
Tables 1 and 2). The outer box stations had a significantly
lower 134Cs activity range (< 2–333 Bq m−3), while stations
within the core and to the south of the Kuroshio generally
had 134Cs activities at or below the detection limit of the
method and137Cs levels (not shown) equivalent to the known
background values for this region (1–2 Bq m−3) from past
weapons testing fallout (Aoyama and Hirose, 2004). The
highest134Cs and137Cs activities (3570–4580 Bq m−3) were
associated with an eddy at station 29 (Fig. 1b; Rypina et al.,
2013). The signature of this robust cyclonic eddy is clearly
visible in AVISO altimetry-based sea surface heights and in
trajectories of real and simulated drifters. Although this fea-
ture was not completely stationary, the range of its motion
was limited and it stayed in the area from April to July.

The highest228Ra/226Ra activity ratios (0.75–0.85) were
found at stations within the inshore box, coincident with
the highest Cs isotope activities and consistent with wa-
ter masses with a largely coastal signature (Fig. 2a, Ta-
bles 1 and 2) (Yamada and Nozaki, 1986; Inoue et al., 2007,
2010). The short-lived Ra isotope distributions are reported
in the discussion section in the context of a Ra-based model
for calculating water mass age. While228Ra/226Ra is ex-
pected to decrease with distance from shore when cross-shelf
mixing is dominated by diffusion, we found many exceptions
to this rule, suggesting that offshore transport was impacted
by advection in some areas (Fig. 1b). The eddy station was a
particularly clear example, with an Ra isotopic signature that
was higher than most near shore stations, which suggests that
this station contained a significant fraction of relatively undi-
luted coastal seawater, consistent with the similarly high Cs
values at these stations.
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Fig. 2. (A) 228Ra/226Ra at surface stations.(B) Activities of 134Cs
(Bq m−3) at surface stations (from Buesseler et al., 2012). The gray
shaded area is the approximate position of the Kuroshio Current
during the cruise. Dashed lines delineate the nearshore and offshore
study areas; the Cs flux calculations herein focus on the nearshore
zone (50 000 km2).

4 Discussion

Water with high134Cs tended to have the highest228Ra/226Ra
activity ratios, indicating that much of the ocean discharge-
derived137Cs remained within the coastal zone at the time
of our cruise (Fig. 3). The one exception was at stations as-
sociated with the eddy, which was pulling in contaminated
coastal water from the vicinity of the FNPP and wrapping
it cyclonically around the outside of itself. This mechanism
produced a build-up of Cs and228Ra/226Ra near the perime-
ter of the eddy, but left the eddy core relatively free of

Biogeosciences, 10, 2159–2167, 2013 www.biogeosciences.net/10/2159/2013/
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Fig. 3.The relationship between the228Ra/226Ra activity ratio and
134Cs (Bq m−3). Note the highest134Cs in eddy at station 29 also
has a high228Ra/226Ra, suggesting that the water in this eddy came
from the cooling of the reactors with Ra-rich coastal water.

coastal-derived constituents. The larger tracer activities near
the perimeter and smaller values near the center are typical
for tracer distributions when the tracer source is located out-
side of an eddy (e.g. Rypina et al., 2013).

While the228Ra/226Ra ratios allow us to make a qualita-
tive connection regarding Cs isotope provenance within the
study region, they cannot be used to assign a precise age to
the water masses within the study region. To calculate water
mass ages, equivalent to the replacement time (Tr) of water
in the study area, we need to employ one of the short-lived
Ra isotopes for which the following model can be applied
(Moore, 2000; Charette et al., 2001):[

223Raex
228Raex

]
obs︸ ︷︷ ︸

A

=

[
223Raex
228Raex

]
i︸ ︷︷ ︸

B

e−λ223Tr , (1)

whereA is the activity ratio at the individual stations,B is
the activity ratio being supplied from sediment-water inter-
action along the coast, andλ223 is the decay constant for
223Ra. This method is based on the relative decay rates of
the two isotopes as they mix away from the source (defined
here as the shoreline), and upon the assumption that the ini-
tial activity ratio is constant. For the latter assumption, we
do not have measurements of223Ra in this exact study re-
gion so we used the crustal average ratio for223Ra/228Ra
(0.05; Rama and Moore, 1996). By normalizing the short-
lived 223Ra to the long-lived228Ra, artifacts due to mixing
are removed. The model also assumes that the open ocean
contains negligible activities of the two Ra isotopes. In the
case of223Ra, we use223Raex, which is223Ra not supported
by 227Ac in the water column and is typically well below
detection in the open ocean. In contrast,228Ra is gener-
ally unsupported in the water column by its parent isotope
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Fig. 4. Radium-derived water mass age (days) versus134Cs
(Bq m−3).

(232Th), such that typical minimum values in the Pacific
Ocean are228Ra= 0.5 dpm 100 L−1 (Huh and Ku, 1998).
Hence,228Raex is defined as228Ra corrected for this open
ocean background value. For the in situ pump surface sam-
ples, where we do not know the absolute228Ra activity, the
background value was adjusted to account for the less than
quantitative Ra recovery of the cartridges by assuming that
the226Ra activity in all samples was 8 dpm 100 L−1.

Given the 11.4 day half life of223Ra, this method is use-
ful for water mass age dating up to∼ 2 months. In the case
of 224Ra, while the same model framework described above
can be theoretically applied, its relatively short half-life of
3.66 days did not allow us to fully constrain ages for as many
stations as we were able to do with223Ra.

Radium water mass ages estimated from the surface wa-
ter samples using the above analytical expression are shown
in Fig. 4 relative to the134Cs distribution. For the stations
where the model age could be estimated, ages ranged from a
few days up to> 50 days. Given the overall low activities, the
uncertainties on the Ra ages averaged 46 % (though signifi-
cantly lower for younger ages). Unlike228Ra/226Ra, which
due to the longer228Ra half-life will retain its coastal signa-
ture for a significantly longer period of time, there was not
a significant correlation between223Ra/228Ra age and134Cs
activity. This is not entirely unexpected given that the vast
majority of the FNPP release took place in late March/early
April 2011. Hence, despite spending more time in the ocean
and being more diluted, older coolant waters from the FNPP
often had higher Cs concentrations than more recent and less
Cs-rich younger waters. This is consistent with the model re-
sults of Rypina et al. (2013). The estimated average water
mass age for stations within the inshore box was 32 days.

We compared the Ra-derived ages with an independent
estimate of the water age from an oceanographic numerical
model. Briefly, large numbers of simulated water parcels are
released at positions and times corresponding to each station,
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Fig. 5. Ra-based (red) and oceanographic-model-based (black) wa-
ter mass age at each station. The mean Ra-based age is shown by red
stars; pink line segments show the Ra age standard deviation. The
mean model-based water age is indicated by black circles, while the
ages of individual water parcels (an indication of the range of val-
ues) are shown as small black dots. The percentage of water parcels
with model-based ages> 110 days is indicated near the top of the
plot for each station.

with trajectories of these water parcels followed backward
in time until they reach the coast. In our simulations, we re-
leased 100 parcels within a 5× 5 km domain centered at each
station, every half hour during 6 h, which corresponds to the
average water sampling duration at each station. The velocity
field used to advect water parcels was inferred from AVISO
altimetry and NCEP/NCAR reanalysis wind stresses, with a
small stochastic velocity added to account for the lateral dif-
fusion and the influence of the unresolved scales. More de-
tails on the model can be found in Rypina et al. (2013).

A station-by-station comparison between the Ra-based
and numerically simulated water ages is presented in Fig. 5.
For most stations, the Ra age (within error) overlaps with
the average oceanographic model age or significant number
of the simulated water parcel ages. In general, water age de-
creases from offshore to inshore for both methods, though the
Ra-derived ages are systematically higher. This is reflected in
the mean oceanographic water age averaged over all the near-
shore stations of 27 days, compared with the Ra-based age
average of 32 days. While on average the two methods agree
quite well, our higher value could be a result of an overesti-
mate of the initial223Ra/228Ra ratio used in our model. For
example, a223Ra/228Ra ratio of 0.04 (vs. 0.05) would bring
our average value in line with the oceanographic model esti-
mate.

Buesseler et al. (2012) quantified a134Cs inventory of
26 000 Bq m−2 for the surface mixed layer of the inshore

box. This translates to 1.25 PBq for the 50 000 km2 inshore
area and an offshore horizontal flux at the time of the cruise
of 3.9× 1013 Bq d−1, using the average Ra age (32 d) or
4.6× 1013 Bq d−1 with the numerical model age (27 d).

Water column stratification will tend to constrain the ma-
jority of the Fukushima NPP release products within the up-
per ocean within the first few months after the initial release.
However, Ra isotopes allow us to quantify the vertical Cs
flux due to diapycnal mixing at the time of our cruise. Verti-
cal dispersion of a radium isotope (or any other conservative
tracer) in the ocean can typically be approximated as a diffu-
sive (rather than advective) process. For such a case, a simple
one-dimensional diffusion model can be written as

dA

dt
= Kz

∂2A

∂z2
− λA, (2)

whereA is the radium isotope activity,Kz is the vertical eddy
diffusion coefficient,z is the depth, and is the decay constant
for the isotope of interest. At steady state, this equation can
be rearranged as

Az = A0 · exp

[
−z

√
λ

Kz

]
, (3)

whereAz is the activity at depthz relative to the ocean sur-
face andA0 is the radium activity at the surface (z = 0).
Given that diapycnal mixing is a significantly slower pro-
cess than upper ocean horizontal mixing, the longer-lived
228Ra must be used to evaluate mixing across the thermo-
cline. Here we use the228Ra/226Ra ratio instead of228Ra
alone, since profile samples were collected with the cartridge
method where Ra recovery was not 100 %. In this case,Kz

can be calculated from slope (s) of a plot of ln (228Ra/226Ra)
vs. depth (Kz = λ/s2). The model assumes a constant, steady-
state source of228Ra in the surface mixed layer and does
not take into account lateral input of228Ra below the surface
mixed layer (Charette et al., 2007).

We applied this tracer-based model of vertical exchange
to 228Ra/226Ra data from station 21 (Fig. 6). This station
was chosen because it was the only one outside the influ-
ence of the eddy feature and far enough from shore such
that subsurface horizontal exchange would be minimal. Here,
we observed an exponential decrease of both228Ra/226Ra
and134Cs across the thermocline. The228Ra/226Ra activity
ratio decreased from 0.46 at the surface to 0.08 at 100 m,
while 134Cs decreased from 223 to 47 Bq m−3 across the
same depth range. Slightly higher134Cs and228Ra/226Ra
just below the mixed layer at 35 m may be the remnants
of a slightly older, coastal seawater-rich water mass. The
228Ra/226Ra data best fits aKz of 0.7 m2 d−1 (0.1 cm2 s−1),
which agrees fairly well with the available direct measure-
ments of the open-ocean vertical diffusivity (Ledwell et al.,
1998; Law et al., 2003). Note also that our estimate may
be slightly overestimated if there is a subsurface input of
228Ra from the shelf area flowing along the isopycnals.
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Fig. 6. The upper ocean distribution of228Ra/226Ra and134Cs at
station 21. The vertical gradient in228Ra/226Ra was used to derive
the eddy diffusivity (Kz) and ultimately the transport of Cs across
the thermocline within the study domain.

Combined with the134Cs within the inshore study region
(26 000 Bq m−2) and assuming relatively constant vertical
mixing rates across the study domain, we estimate a vertical
134Cs flux of 1.8× 104 Bq d−1. Hence, for June 2011, hori-
zontal mixing dispersed Fukushima NPP Cs at a rate∼ 109

times faster than vertical mixing. This is consistent with the
Buesseler et al. (2012) observation that roughly 90 % of the
134Cs isotope inventory was restricted to the surface mixed
layer.

Considerable controversy remains as to the total amount
of Cs (and other fuel and/or fission products) released from
the Fukushima NPP accident (Buesseler et al., 2012; Bailly
du Bois et al., 2012; Tsumune et al., 2011). Given that
Fukushima Cs at the time of our cruise was mostly contained
within the surface mixed layer, we constructed a simple mix-
ing model designed to estimate the total Cs released from the
site through direct discharge to the ocean:

It =
Ii

e−kt
, (4)

whereIt is the Cs inventory at time (t) before the June 2011
cruise,Ii is the Cs inventory at the time of the cruise, andk is
the rate constant for Cs removal from the study area. In this
case,k is equal to 1/Tr, the Ra-derived water mass age.

This “hindcast” model has several key assumptions. First
and foremost, we assume that the majority of the ocean dis-
charge occurred within a few days in early April 2011. This
assumption is supported by the record of Cs activities over
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Fig. 7. Radium water mass age (black) and oceanographic-model-
based water Cs age (black) at each station. The Cs age is defined as
the transit time from the Fukushima NPP to the station of interest at
the time of each station occupation during the cruise.

time at the Fukushima NPP discharge channels, which indi-
cated peak values on 6 April and significantly lower values
both before and after this time (Buesseler et al., 2011). Sec-
ond, the model requires that the Ra-based water ages within
our study area remained constant between April and the time
of our cruise. This is a reasonable assumption given that
there were no major storms or other extreme events during
that time period that would qualitatively change the charac-
ter of the lateral motion of fluid in the area. Third, we as-
sume that the Ra age and the Cs age are roughly equivalent.
Conceptually, this assumption may not be satisfied since di-
rectly discharged Cs was a point source, while the Ra source
is the entire coastline. However, the oceanographic numeri-
cal model also suggests a good correlation (Fig. 7) between
the Ra-based water age (time since the water parcel left the
coast) and Cs age (time since the parcel left the Fukushima
NPP computed from the Rypina et al., 2013 model). Lastly,
in order for the model to be strictly an estimate of the ocean
discharge-derived Cs, we must assume that no atmospheri-
cally sourced Cs was present within our study area at the time
of the cruise. This generally agrees with the results reported
in Rypina et al. (2013) and is supported by the excellent cor-
relation between Cs isotopes and90Sr, with the latter being
a non-volatile fission product and therefore could only have
been sourced from direct discharge and not atmospheric fall-
out (Casacuberta et al., 2013).

Using an average Ra age of 32 days and a June 2011
134Cs inventory (Ii) of 1.25 PBq, our mixing model suggests
that 11 PBq of134Cs (and137Cs, assuming an activity ratio
of ∼ 1) was released to the ocean through direct discharge
at the time of peak release in early April 2011. Using the
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numerical-model-based average age of 27 days, this value
increases to 16 PBq. Our direct discharge estimated range is
significantly greater (∼ 2–5 times) than an early (3.5 PBq,
Tsunume et al., 2011) and more recent estimate of direct
ocean release (5.1–5.5 PBq, Estournel et al., 2012), but gen-
erally consistent with the estimate (16.2± 1.6 PBq) obtained
by Rypina et al. (2013), and within the range of 12–41 PBq
reported by Bailly du Bois et al. (2012). The variability in
total direct ocean discharges of Cs is due to the large un-
certainties of the different transport and inversion processes
used by each study and lack of spatially distributed observa-
tions in the surrounding region, which leads to uncertainty in
the ocean inventory of Cs at any given point in time.

5 Conclusions

We have provided key estimates of Cs isotope dispersion
away from the Fukushima NPP through horizontal and
vertical-mixing processes constrained by radium isotopes. A
“hindcast” mixing model was constructed in order to pro-
vide an independent estimate of the direct ocean discharge
of Cs isotopes to the Pacific Ocean. Continued leakage of
radionuclides into the ocean at the time of our cruise, and
continued leakage at the time this article was written make
this 11–16 PBq source term for both134Cs and137Cs a lower
limit value.

At present, significant uncertainties remain as to the ex-
act pathway that Cs took (and will take in the future) from
the reactors to the sea. Though most of the atmospheric fall-
out was believed to be over the ocean (Yoshida and Kanda,
2012), fallout over land presumably led to Cs enrichment in
river runoff and potential contamination of surficial aquifers.
From column experiments using ion exchange media and lo-
cal soils, Ohta et al. (2012) found that the137Cs migration
rate was only 0.6 mm yr−1, suggesting that rain-derived Fuk-
ishima Cs will not likely lead to contamination of the local
aquifers in the near term. At the FNPP site, however, cracks
in reactor foundations combined with potentially inefficient
methods for collecting cooling water most certainly led to di-
rect radionuclide inputs to the local aquifer with the potential
for transport to the coastal ocean via submarine groundwater
discharge (SGD) (Taniguchi, 2002). Since cesium’s affinity
for particle surfaces decreases with increasing ionic strength
(Rani and Sasidhar, 2012), seawater intrusion driven by tidal
pumping or seasonal changes in the hydraulic gradient may
serve to mobilize aquifer sediment-bound Cs, thereby in-
creasing the SGD-derived Cs flux to the ocean. This subsur-
face pathway, both at the Fukushima NPP and in the wider
fallout region, is completely unconstrained at present and re-
quires further study, not only for Cs but also for other reactor
sources such as90Sr, which is much more mobile than Cs in
groundwater (Wallace et al., 2012). Radium isotopes, which
have been proven useful for quantifying SGD and associated
trace element and nutrient fluxes (Charette et al., 2008), may

play a role in resolving this issue, which may represent a
legacy source of Cs isotopes and other radionuclides to the
ocean long after the reactor clean up process has been com-
pleted.
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