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Abstract. The activities of artificial radionuclides in seawa- 3’Cs activity persisted at least until July 2011. In subsur-
ter samples collected off the coast of Miyagi, Fukushima,face waters radiocesium activity was first detected in the be-
and lbaraki Prefectures were measured as part of a moniginning of April 2011, and the water masses were character-
toring program initiated by the Japanese Ministry of Educa-ized byo; (an indicator of density) values of 25.5-26.5. From
tion, Sports, Science and Technology immediately after thed—14 May to 5-16 December 2011, the depths of the water
Fukushima Dai-ichi Nuclear Power Plant accident. The spaimasses increased with time, an indication that deepening of
tial and temporal distributions of those activities are sum-the isopycnal surfaces with time can be an important mech-
marized herein. The activities of strontium-90, iodine-131, anism for the transport of radiocesium downward in coastal
cesium-134 and -137 (i.89Sr, 131, 134Cs, and'3’Cs) de-  waters. During 4-21 February 2012, the water column be-
rived from the accident were detected in seawater samplesame vertically homogeneous, probably because of convec-
taken from areas of the coastal ocean adjacent to the poweive mixing during the winter; the result was nearly constant
plant. No'3l was detected in surface waters §m depth)  values of radiocesium activity throughout the water column
or in intermediate and bottom waters after 30 April 2011. from the surface to the bottom-(200 m depth) at each sta-
Strontium-90 was found in surface waters collected from ation.
few sampling stations in mid-August 2011 to mid-December
2011. Temporal changes 8fSr activity in surface waters
were evident, although th&Sr activity at a given time var-
ied widely between sampling stations. The activity®8r in
surface waters decreased slowly over time, and by the end of  Introduction
December 2011 had reached background levels recorded be-
fore the accident. RadiocesiufAt*Cs and!®’Cs, was found At 14:46 JST (05:46 UTC) on 11 March 2011, the Great
in seawater samples immediately after the accident. Ther&ast Japan Earthquake (M9.0) and ensuing tsunami caused
was a remarkable change in radiocesium activities in surfaceerious damage to the natural environment of Japan
waters during the first 7 months (March through Septembe(JMA, 2011a, b). At the Tokyo Electric Power Company’s
2011) after the accident; the activity reached a maximum inFukushima Dai-ichi Nuclear Power Plant (FDNPP) where
the middle of April and thereafter decreased exponentiallythree of six boiling water reactor units were operating, a
with time. Qualitatively, the distribution patterns in surface series of very large tsunami waves damaged the electrical
waters suggested that in early May radiocesium-polluted wasystems, and the external power supplies were lost because
ter was advected northward; some of the water then detacheof the earthquake. Two emergency diesel electric generators
and was transported to the south. Two water cores with higtthen quickly started up, but all alternating current power sup-
plies were lost after the two emergency generators had been
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stopped as a result of damage caused by a series of tsunamo.jp/ja/list/273/list-1.htm)|, the radiocesium activities in all
waves (NERH, 2011). the samples are reported as “not detectable (less than about
At 15:36 JST (06:36 UTC) on the day following the ac- 6-9BqL™1)” while we report the activities in mBgt! in
cident, a hydrogen explosion occurred in the Unit 1 reac-surface and subsurface samples in this paper. We furthermore
tor building as a consequence of the failure of the reactordescribe the spatiotemporal variations of the radiocesium ac-
cooling system. On 14 March a hydrogen explosion also ocivities in seawater samples collected every two months from
curred in the Unit 3 reactor building. Although the Unit 4 the coastal ocean east of Japan during the time immediately
reactor had been shut down for planned maintenance and i@fter the accident until the end of February 2012. We inves-
fuel rods were in the spent fuel pool at the time of the earth-tigated the mechanisms that control the movemenf&s
quake, an explosion occurred in the Unit 4 reactor build-in the water column from the surface to the bottom together
ing on 15 March. On the same day, an explosion that ocwith data of other complementary parameters which are not
curred in the Unit 2 reactor caused a reduction of pressuravailable on the MEXT website, including salinity, tempera-
in the suppression pool at the bottom of its containment vesture, ando;, an indicator of density of a given temperature.
sel. The explosions resulted in the release of large amount$hus, we elucidate the influence of oceanic processes on ra-
of radioactive materials into the environment. The Japaneséionuclide behavior in the coastal waters using the parame-
Government estimated the amounts®H, 13*Cs, and'®’Cs ters.
released into the atmosphere to be 160, 18, and 15 PBq, re- Activities of 13’Cs in surface seawaters after the accident
spectively, from 11 March to 5 April 2011 (NERH, 2011). have been reported (Aoyama et al., 2012; Buesseler et al.,
Results of environmental monitoring suggested #R4tand ~ 2012; Honda et al., 2012). These reports indicate that the
137Cs derived from the FDNPP were observed within three®’Cs that originated from the FDNPP migrated as far as
days after the accident in airborne dust at Fukuoka Prefec= 600 km from the shore because of near-shore eddies and
ture, western Japan, more than 1000 km from the FDNPRhe Kuroshio Current as well as airborne transportation. In
(Momoshima et al., 2012). In the early stage of the acci-the subsurface waters, elevat&ICs activities have also
dent, large amounts of wastewater had accumulated at thbeen observed (Buesseler et al., 2012). However, the verti-
sites of the Unit 1, 2, and 3 reactors because of the use ofal transport mechanisms for radiocesium in the area are not
large volumes of cooling water to prevent the occurrence offully understood. In general, two main processes are thought
a more serious nuclear accident. Although the total volumeto transport radiocesium downward: (1) sinking particles and
of highly contaminated wastewater is still unknown, signifi- (2) water mixing (e.g., diapycnal and isopycnal mixing). Be-
cant amounts of water that accumulated in the reactor buildfore the FDNPP accident, the main source of radiocesium in
ings have leaked out through underground conduits into theseawater in the North Pacific had been fallout from past nu-
ocean (Kawamura et al., 2011; Tsumune et al., 2012). Frontlear weapons tests and the Chernobyl accident (Oikawa et
numerical simulations, Tsumune et al. (2012) estimated thel., 2011). In those cases, radiocesium was deposited onto the
total amount of'3’Cs released directly into the ocean from sea surface from the atmosphere and then transported down-
26 March 2011 to be 3£ 0.7 PBq. ward by sinking particles (Fowler et al., 1987; Kusakabe
About ten days after the accident, the Marine Ecology Re-et al., 1988). For examplé3‘Cs and3’Cs that originated
search Institute started an environmental radioactivity mon-from the Chernobyl accident were detected in sediment traps
itoring study, with a particular focus on the offshore ocean,deployed at depths of 110-780 m in the North Pacific and
by taking seawater samples and performing analyses of raBering Sea within a few months after the accident (Kusakabe
dioactivity. In response to changes in societal concerns, thet al., 1988). In the case of the FDNPP accident, both the at-
monitored area of the ocean has been expanded progresiospheric deposition and the direct discharge of wastewater
sively since that time. The radioactivity data obtained dur-were important sources in seawaters off the coast of Miyagi,
ing the monitoring program have been published on the webfukushima, and Ibaraki Prefectures. Only two—three months
site of the Ministry of Education, Culture, Sports, Science after the accident, FDNPP-derived nuclides were observed in
and Technology (MEXT)Http://radioactivity.mext.go.jp/en/  subsurface waters (Buesseler et al., 2012) wh&@s activ-
list/259/list-1.htm). In this paper, we compile and revise, ities were about 100 times higher than the values before the
when necessary and if possible, the dat&48r, 1311, 134Cs,  accident (Oikawa et al., 2013). It is unlikely that transport
and37Cs activities in seawater samples collected outside thef radiocesium downward by only sinking particles occurred
area, beginning at a 30 km radius from the plant, off the coas{see Sect. 3.2.2). These results indicate that FDNPP-derived
of Miyagi, Fukushima, and Ibaraki Prefectures immediately nuclides were transported downward by vertical water mix-
after the FDNPP accident. A special revision was made foring as well as sinking particles. As for the vertical water mix-
the radioactivity data on the MEXT website that lacked er- ing, the diapycnal mixing in these coastal areas is mainly af-
ror information. Furthermore, we conducted re-analysis offected by diurnal tidal currents during the spring and autumn.
radiocesium activity derived from the AMP method instead It has been reported that the vertically homogeneous physi-
of the direct measurement. For example, on the Nuclear Regeal structure of the water column (i.ey, salinity, and tem-
ulation Authority (NRA) web pagehttp://radioactivity.nsr.  perature) results from vigorous vertical mixing of the water
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column during periods of strong tidal currents (see e.g., Mat-cs, Inc.). Bottom water samples were collected<e20 m

suura et al., 2007). In addition, during winter, the vertical above the seabed. The intermediate water samples were ob-

distributions of temperature, salinity,, and other properties tained between the surface and bottom at variable depths de-

(e.g., nutrient concentrations) indicate that the surface waterpending on the water depth of the individual stations.

are well mixed to depths ranging from one to several hun-

dred meters (Yoshie et al., 2003). Furthermore, the mixing2.2 Radioactivity measurements

of radiocesium along isopycnal surfaces could be important.

If the isopycnal surfaces deepen, for example, activity in ra-2.2.1 131, 134Cs, and13’Cs measurements

diocesium can be diluted along the surfaces, resulting in the

appearance of radiocesium at subsurface waters. Thus, digdiquots (0.5-2 L) of seawater samples taken during Phase 1

cussion of these two processes (i.e. transportation by sinkwere put into a Marinelli container and their radioactivities

ing particles and water mixing) is a key to better understandwere measured for several tens of minutes using a gamma-

ing radiocesium behavior in the coastal seawaters off Miyagiray spectrometer with a coaxial Ge detector.

Fukushima, and Ibaraki Prefectures. From samples taken in the following cruises during
Phase 2, NT11-E01, NT11-E02, MR11-E02, YK11-EOQS3,
YK11-E05, and KR11-E04 and bottom water samples and

2 Materials and methods some surface samples in 11WMO01-11WMO6, 2 L aliquots
) of seawater were used to measure radioactivity by the same
2.1 Survey areas and sampling method as above. For the remaining sample volumes col-

Th h inFig. 1. S i | lected during Phase 2, 2L or 40-60L was used for the ra-
€ survey areas are Shown in Fig. 2. seawater Samples Weig, -qqj,m analyses. After adjusting the pH of the seawa-

collected from the surface(5m depth) to near the bottom ter sample to nearly 1 with hydrochloric acid, cesium was

(~30m above the seafloor) at each sampling station (Ta- L . . i
ble 1). To elucidate the spatiotemporal distribution of the coprecipitated with ammonium phosphomolybdate (AMP;

artificial radionuclides, the number of sampling stations in- Kishida Chemical Co., Ltd.). The recovery of Cs with AMP

o .. was obtained gravimetrically. For example, we got a re-
creased as the monitoring study progressed. The momtorlngovery of 96.8% on average for samples in the KY11-E03
area was also expanded accordingly. Thus, the sampling pe-_ . Lo ; : 137 i
riod of 1yr was divided into two phases as described next. Cruise. The activity of radiocesiunt'Cs and'*'Cs) co

precipitated with AMP was measured with coaxial-type Ge
detectors (Canberra GC40 series, relative efficiency =40 %,
and Eurisys EGPC series, relative efficiency =89 %, Can-

The first cruise (KH11-E01) for Phase 1 commenced on 23P€fTa Japan KK) for afew hours. The supernatant of the AMP
March 2011 and then three other cruises (MR11-E01, KR11Precipitation was u.sed for the determinatior?sr. Inoue et
E02 and YK11-E02) followed until 7 May 2011. Since the al. (2012) have _pomted out that the cascade summing effect
objective of the first phase was to detect radionuclides resShould not be dlsrega}srded for the 604.7 and 795.8 keV pho-
leased from the FDNPP, samples were collected from onlyloPeaks emitted from34Cs when measurements are carried
eight sampling stations (1-1 to 1-4 and 2-1 to 2-4) located in0ut with the sample close to the Ge _detector. In our measure-
the western North Pacific Ocean 30 km off the coast from theMents, based on the pea‘lf/ total ratio method (MEXT, 1992)
FDNPP. In the middle of the survey period, we added severafh€ cascade summing &#‘Cs in all samples was corrected
more stations (i.e. 2-5, 2-6, 1-A, 1-B, S1, S2, S3 and S4) sd!Sing computer software (e.g., Gamma Explorer, Canberra
that the stations formed a U-shape surrounding the FDNPR/@pan KK). The detection limits df*Cs and**’Cs were
We used a Niskin-type water sampler with a CTD Systemcalculated based on three times the value of the counting
(SBE 9 plus, Sea-Bird Electronics, Inc., Bellevue, WA, USA) Statistics error, the minimum detectable activities'8iCs
) ) " ) ’ 3 .

to collect water samples. Because of the urgent nature of thénd">’Cs were expected to be 0.1-1.0 mBgifor counting
survey, during Phase 1, 500 mL or 20 L of seawater sample§Mes of tens of thousands of seconds. The radioactivities of

’ P 3 1370 i
were collected at each station. The samples were returned to “Cs and"*’Cs in the water samples were decay-corrected

a laboratory without addition of any acids. to the sampling date.

2.1.1 Phase 1 (23 March 2011 to 7 May 2011)

2.1.2 Phase 2 (9 May 2011 to the end of February 2012) 2.2.2 %°Sr measurements

On 9 May 2011, Phase 2 was implemented by expanding th&hen measurind®Sr in the water samples, we used the same
sampling area in the western North Pacific Ocean (Fig. 1c)water samples as were used for the radiocesium measure-
Seawater samples were taken from 2, 3, and 4 depths, hameiyents. The supernatant of the AMP precipitation was passed
the surface £ 5m depth), intermediate, and bottom depths. through a cation exchange resin column (Dowex 50W-X8,
During Phase 2, we used a Van Dorn-type or Niskin-type wa-100—-200 mesh, 9 cm x 32 cm) to remove Mg, one of the

ter sampler with a CTD system (SBE 19, Sea-Bird Electron-elements in seawater that would interfere with the analysis.
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Fig. 1. Locations of sampling areas in coastal areas off Fukushima, Japand sampling stations during Phase 1 (23 March 2011 to 7
May 2011)(B) and Phase 2 (9 May 2011 to 21 February 2q)
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Table 1. Sampling stations during the two phases (sampling date:Table 1. Continued.

JST).

Station Latitude Longitude Depth ()
(N) (E) Min. - Max.

23 Mar 2011 to 7 May 2011 (Phase 1)

1-1 3740.0 141°24.0 125 - 137

1-2 3735.0 141°24.0 131 - 133

1-3 3730.0 141°24.0 134 - 135

1-4 3723.0 141240 140 - 142

2-1 3716.0 141240 148 - 150

2-2 3712.0 141240 150 - 152

2-3 3706.0 141°24.0 171 - 173

2-4 3700.0 141°24.0 182 - 186

2-5 3700.0 141°15.0 146 - 147

2-6 3700.0 141°05.0 101 - 103

1-A 37°45.0 141°05.0 25 - 32

1-B 37428 141°15.0 61

S1 3748.0 141°05.0

S2 3748.0 141°15.0

S3 3656.0 141°19.5

S4 3656.5 141°05.0

9 May 2011 to 21 Feb 2012 (Phase 2)

1 38°40.0 142°00.0 327 - 341

2 38°00.0 14200.0 361 - 373

3 3720.0 142000 691 -— 744

4 3720.0 14230.0 211 - 1210

5 36°40.0 142°30.0 3477 - 4379

6 36°40.0 142°00.0 2474 - 2492

7 36°00.0 14200.0 3105 - 3430

8 36°00.0 141°30.0 1970 - 2215

9 36°40.0 141°30.0 798 - 864

10 3830.0 143°00.0 1737

11 3830.0 14400.0 7282

12 3800.0 143°00.0 1854

13 3800.0 14400.0 7567

14 3730.0 143°00.0 3264

15 3730.0 14#400.0 6798

16 3700.0 14200.0 1360

17 3700.0 14300.0 5108

18 3700.0 14400.0 6161

19 3630.0 142°00.0 2755

20 3630.0 143°00.0 7282

21 3630.0 14400.0 5846

22 3600.0 143°00.0 5971

23 3600.0 144°00.0 5836

24 35°30.0 141°00.0 120

25 3530.0 14200.0 4572

26 35°30.0 143°00.0 6228

27 35°30.0 14400.0 5761

Al 38°30.0 141°51.0 202 - 212

al 3815.0 141°51.0 212 - 218

A2 38°30.0 141°58.0 302 - 314

A3 38°30.0 14205.0 468 — 498

B1 3805.0 141154 4 - 45

www.biogeosciences.net/10/5031/2013/

Station Latitude Longitude Depth ()

(N) (E) Min. - Max.
B2 3805.0 141°22.4 74 - 76
B3 38°05.0 141°29.4 118 - 122
B4 3805.0 141°43.4 156 - 161
C1l 3745.0 141°154 55 - 59
Cc2 3745.0 141°22.4 104 - 109
C3 37P45.0 141°294 133 - 137
D1 3735.0 141°22.4 123 - 127
D2 3735.0 141°29.4 135 - 138
D3 3735.0 141°36.4 222 - 230
El 3725.0 141°22.4 132 - 138
E2 3725.0 141°29.4 153 - 157
E3 3725.0 141°36.4 228 - 243
E4 37250 141°434 338 - 352
E5 3730.0 142000 531 - 556
F1 3715.0 141°224 139 - 146
F2 3715.0 141°29.4 172 - 175
F3 3715.0 141°36.4 230 - 248
GO 3705.0 141°08.4 107 - 110
Gl 3705.0 141°154 138 - 142
G2 3705.0 141°22.4 161 - 166
G3 3705.0 141°294 205 - 216
G4 3700.0 141°450 655 - 683
H1 36°55.0 141°08.4 130 - 137
H2 36°55.0 141°15.4 152 - 158
H3 36°55.0 141°22.4 231 - 241
10 36°45.0 140°53.0 72 - 73
11 36°45.0 140°57.0 94 - 101
12 36°45.0 141°04.0 131 - 138
13 36°45.0 141°11.0 181 - 195
Ji 3625.0 140°43.0 43 - 50
J2 3625.0 14(°57.0 280 - 302
J3 3625.0 141°04.7 530 - 589
K1 36°04.0 140°43.d 23 - 33
K2 36°04.0 140¢°57.0 193 - 215
K3 36°04.0 141°04.0 470 - 499
L1 35°45.0 140°57.0 36 - 45
L2 35°45.0 141°04.0 105 - 113
L3 35°45.0 141°11.0 140 - 172
L4 35°45.0 141°18.0 640 - 850

* Because stations during each cruise were located within 1 nautical mile
from a certain point based on a GPS system, depth for each station varied
a little. For detailed information on cruises and sampling stations, see
Table 1 in the Supplement.

After the addition of sodium carbonate, the pH of the sea-
water sample was adjusted to 8 with a solution of sodium
hydroxide to co-precipitate Sr together with carbonate pre-
cipitates. The precipitates thus formed were boiled for ap-
proximately 2 h before being allowed to settle overnight. The
sample supernatant was carefully decanted and discarded,
and the carbonate precipitate was separated from the solu-
tion by centrifugation. The precipitate was dissolved in 1M
hydrochloric acid and evaporated to dryness. The residue

Biogeosciences, 10, BBIA-2013
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was dissolved in dilute hydrochloric acid and passed through The 134Cs/13/Cs activity ratio in the waters after the di-
a cation exchange resin column (Dowex 50W-X8, 100-200rect discharge (26 March 2011, Tsumune et al., 2012) was
mesh, 3 cmyp x 26 cm) for the complete removal of Ca. The apparently constant at 1.03 (Table 1 in the supplement),
activity of 2°Sr was determined by using a gas-flow-type low and a higher value than that (0.5) in the Chernobyl fall-
background anti-coincidence beta counter (e.g., LBC-471Qput (UNSCEAR, 2000). This ratio is consistent with that of
Aloka Co. Ltd., Japan) to count the beta rays emitted from0.994+ 0.03 in water samples collected at the north and south
90y at radio-equilibrium with?Sr. The detection limit of  discharge channels of the FDNPP in March and April 2011
905y radioactivity, taken as three times the value of its count-(Buesseler et al., 2011) and that of nearly 1 in the western
ing statistics error, was about 0.4 mBg'Lwith a 100min  North Pacific in April and May 2011 (Honda et al., 2012).
counting time for a 50 L seawater sample. During three cruises, KH11-E01 (28/3-9/4), KR11-E02
(11/4-21/4), and YK11-EO02 (25/4-7/5), both the intermedi-
ate and the bottom water samples were additionally collected
to clarify the vertical dispersion or advection of the radionu-
clides. The!3l, 134Cs, and!®’Cs activities and its activity
ratios in the intermediate and bottom water samples are listed
in Table 3. As expected, we detectedl, 13“Cs, and3’Cs in
The activities of'34, 134Cs and¥’Cs in the samples are the inter_mediate and bottom waters in addition to surface wa-
summarized in Table 2 together with tH&%/13’Cs and  ters during the MR11-EO1 cruise (28/3-9/4). T/ +*Cs
134c /137Cs activity ratios. ratios widely ranged in intermediate and bottom waters (Ta-
Activities of 131 were first detected in the surface wa- Pl€ 2). This wide variation might also reflect variability in
ter samples € 5m depth) collected during the first cruise sources_of atmospheric dust and directdischarge_ as shownin
(KH11-E01) from 23-27 March. After that, they varied con- the previous paragraph. About one month after direct release
siderably compared to those of radiocesium. They decrease@f contaminated wastewaters from the FDNPP relactors (on
rapidly from a geometric mean of 39.2 BqLon 23 March 26 March 2011: Tsumune et al., 2012), activities'®fCs
201110 7.0Bq L2 on 1 April 2011, and then increased again "' Subsurface waters-(5m depth) near the FDNPP (30 km
to 34.1-161Bq L in the middle of April. After that, they distance) were clearly higher than the background activities

decreased again until the end of April 2011 (Fig. 2a). Theln coastal seawater of the western North Pacific prior to the
1311/ 137Cs activity ratios were scattered in the period from accident (Inomata et al., 2009; MEXT, 2010; Oikawa et al.,
23 March to 3 April 2011. After 9 April 2011, the ratio 2011).

seemed to be converging to a value that followed its decay, . o . .
line. The variability of'31l activity and its ratio to'*’Cs in 3.2 Spatial and temporal distributions of radiocesium

surface water reflect variable contributions from the direct in seawater (Phase 2)

discharge of polluted waters and airborne dust (Chino et al. pt the stations located far from the FDNPP (e.g., Stns. Al
2011) from the FDNPP, both which have different activity g1 G1 |1 see Fig. 1c)37Cs activities were high' in sub- ’

ratios from each other (see Fig. 11 in a companion paper of, .tace waters (i.e., intermediate and bottom waters) in May
this issue by Kusakabe et al. 2013). Tsumune et al. (201214 (cruises 11WMO01 and 11WMO02: see Table 1 in the
inferred that although both nuclides in the area were derive%upplement) in Phase 2. Even at Stns. 2 to 26 located 100—
mainly from the atmosphere until 9 April 2011, they were 300 km away from FDNPP, the respective activitied¥Cs
dominated by the direct discharge after that date. and'®’Cs ranged between 0.2 mBqtand 60 mBq L1 and
The 13Cs activities in surface waters are monitored for yanveen 1.4 mBq L and 72 mBq L in the subsurface wa-

28yr as par_t of a nationwide s_urveillance_ projecF begun bejg g (100-200 m depth) in August 2011 (cruise KY11-E03,
fore the accident; these were fixed sampling stations that argapje 1 in the supplement). Similar results were observed in
approximately 6 km east of the sampling stations in Fig. 10Noyember (cruise KR11-E07). These results indicate that the
(Oikawa et al., 2013). According to those monitoring results, cpNpPp-derived radiocesium (that is, bdfiCs and'37Cs)

137Cs activities in surface waters for the five years before,, ¢ transported over 300 km horizontally and 200 m in depth
the accident (2006—2010) had apparently reached a nearlyertically.

1
constant Ierl of 1.6:0.26mBq L™, W'tQ the range of 1.1— To better understand the distribution of radiocesium
2.2mBq L. In this study, the h|gheét3ECs activity during  hr5ghout the water column in the monitored area, in
the first cruise (KH11-E01) was 26 BqE at Stn. 1-30n 24,4 following section we use data obtained for ten cruises

March and 16 250 times hlgher than the average value of th?llWMOl (9_14 May 2011) to 11WM14 (4_21 February

last five years prior to the accicier_wt. The obseri#¥€s ac- 2012), Table 1 in the supplement) to discuss spatial and tem-
tivity was a maximum (186 BqL") in surface waters{5m a1 variations of radiocesium in the coastal ocean.
depth) at Stn. 1-4 on 15 April 2011 and then declined expo-

nentially (Fig. 3).

3 Results and discussion

3.1 Activities of 131, 134Cs, and137Cs in seawater
(Phase 1)

Biogeosciences, 10, 5033047 2013 www.biogeosciences.net/10/5031/2013/
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Table 2. Hydrographic parameters, activities, and activity ratiog4, 134Cs, and!37Cs in the surface waters during four cruises (i.e.,
KH11-E01, MR11-E01, KR11-E02, and YK11-E02).

Station Cruise Sampling Depth Temp. Salinity Activity (Bgd) Activity ratio
date 3ST) (m) Q) 13y 134cgr 137cgr 131/137¢cg 134cs 137Cs

1-1 KH11-E01 23-Mar-11 1 7.5 33.7 249+ 06 141 + 05 164 + 0.6 15 +£ 01 086 + 0.04
KH11-E01 24-Mar-11 1 7.4 33.7 223+ 06 129 + 05 151 + 06 15 + 01 085 + 0.05
KH11-E01 25-Mar-11 1 7.7 33.8 35+ 03 - —

KH11-E01 26-Mar-11 1 7.8 33.8 181+ 6.1 122 + 44 164 + 51 1.1 4+ 05 074 + 0.36
MR11-E01 01-Apr-11 4 7.9 33.7 110+ 39 20 + 36 41 + 38 27 + 27 048 £ 0.99

1-2 KH11-E01 23-Mar-11 1 7.9 33.7 300+ 08 112 + 06 112 + 06 27 +£ 02 10 + 01
KH11-E01 24-Mar-11 1 7.5 33.7 169+ 06 77 + 05 83 + 06 20 + 02 093 £ 0.09
KH11-E01 25-Mar-11 1 7.7 33.8 33+ 03 07 + 018 07 £+ 0.2 47 + 1.2 1.1 + 04
KH11-E01 27-Mar-11 1 7.3 33.7 54+ 03 13 + 02 15 £+ 0.2 36 £ 05 087 += 0.19
MR11-E01 30-Mar-11 4 7.8 33.7 33+ 44 - -

MR11-E01  03-Apr-11 4 7.3 33.7 6.0 £ 37 - -

1-3 KH11-E01 23-Mar-11 1 7.9 33.8 768+ 14 214 + 09 241 = 10 32 + 01 089 £ 0.05
KH11-E01 24-Mar-11 1 7.7 33.8 574+ 09 227 +£ 07 261 £+ 0.7 22 +£ 01 087 + 0.04
KH11-E01 25-Mar-11 1 7.7 33.8 290+ 08 87 +£ 05 80 + 05 36 + 0.2 1.1 4+ 01
KH11-E01 26-Mar-11 1 8.1 33.7 153+ 60 18 + 35
MR11-E01 01-Apr-11 4 7.7 33.7 20+ 36 32 + 34 -

MR11-E01 09-Apr-11 4 8.5 335 774+ 49 476 + 47 442 + 438 1.8 £+ 02 1.1 + 02

1-4 KH11-E01 23-Mar-11 1 7.7 33.8 373+ 0.7 162 + 06 182 + 0.6 20 +£ 01 089 + 0.04
KH11-E01 24-Mar-11 1 7.8 33.7 501+ 10 152 + 06 160 =+ 0.7 37 + 02 09 + 0.05
KH11-E01 25-Mar-11 1 7.7 33.7 300+ 07 54 + 04 59 + 04 51 + 04 092 + 0.09
KH11-E01 27-Mar-11 1 7.6 33.7 120+ 05 36 + 03 39 £ 03 31 + 03 092 + 012
MR11-E01  03-Apr-11 4 8.0 33.7 116+ 39 - -

KR11-E02 11-Apr-11 5 9.0 33.5 885+ 51 665 + 52 710 £ 57 1.2 4+ 01 094 £+ 011
KR11-E02  15-Apr-11 4 9.2 335 161 + 6.6 172 =+ 8 186 + 84 087 £+ 0.05 092 + 0.06

2-1 KH11-E01 23-Mar-11 1 7.8 33.7 547+ 10 127 + 06 127 £+ 0.6 43 £ 02 10 £+ 01
KH11-E01 24-Mar-11 1 7.9 33.7 405+ 09 116 £ 06 111 £+ 06 36 £ 0.2 1.0 + 01
KH11-E01 25-Mar-11 1 7.8 33.7 250+ 07 28 + 03 31 + 03 81 + 08 09 + 0.13
KH11-E01 26-Mar-11 1 8.2 33.7 140+ 59 165 + 44 59 + 45 24 + 21 28 + 22
MR11-E01 28-Mar-11 4 7.9 33.7 70+ 50 118 + 41 196 + 50 036 + 027 060 + 0.26
MR11-E01 01-Apr-11 4 8.2 33.7 120+ 41 102 + 40 157 + 44 076 + 034 065 + 031
MR11-E01 05-Apr-11 3 8.3 33.7 497+ 44 415 +£ 42 375 £ 45 1.3 + 02 1.1 + 02
MR11-E01  09-Apr-11 5 7.9 33.7 86 £+ 26 - —

KR11-E02 13-Apr-11 4 8.9 33.6 641+ 44 480 £ 49 543 + 52 1.2 4+ 01 088 £+ 0.12
KR11-E02  17-Apr-11 4 9.3 33.6 684+ 42 880 + 59 833 £ 6.1 082 + 008 11 + 01

2-2 KH11-E01 23-Mar-11 1 7.6 33.7 420+ 09 115 + 06 128 + 0.7 33 £ 02 090 + 0.06
KH11-E01 24-Mar-11 1 8.0 33.7 3.2+ 07 163 £ 06 169 £ 0.6 21 + 01 096 £ 0.05
KH11-E01 25-Mar-11 1 8.0 33.7 180+ 06 20 + 03 26 + 03 69 + 07 077 + 0.13
KH11-E01 27-Mar-11 1 7.7 33.7 150+ 05 28 + 03 23 4+ 03 65 + 08 1.2 + 02
MR11-E01 30-Mar-11 3 8.5 33.7 87+ 47 158 + 3.2 85 + 45 1.0 + 038 19 + 11
MR11-E01 03-Apr-11 4 8.1 33.7 183+ 42 73 + 43 107 £ 46 1.7 4+ 08 068 + 0.50
MR11-E01 07-Apr-11 5 8.4 33.6 563+ 43 365 £ 35 198 £+ 37 28 + 06 18 £+ 04
KR11-E02 11-Apr-11 4 8.4 33.6 139+ 3.0 - —

KR11-E02  15-Apr-11 4 9.2 33.6 366+ 36 419 £+ 45 395 £+ 46 093 + 014 11 + 02
KR11-E02  19-Apr-11 3 8.9 33.6 188+ 29 278 + 39 316 + 44 059 + 0.12 088 + 0.17

2-3 KH11-E01 23-Mar-11 1 7.2 33.7 29.0+ 08 147 4+ 0.7 153 = 0.7 19 4+ 01 096 + 0.06
KH11-E01 24-Mar-11 1 7.9 33.8 334+ 08 121 +£ 05 122 £+ 0.6 27 +£ 01 099 + 0.07
KH11-E01 25-Mar-11 1 8.8 33.8 130+ 05 17 +£ 03 1.7 £+ 0.2 76 + 11 10 £+ 0.2
KH11-E01 26-Mar-11 1 8.2 33.8 66 + 57 82 4+ 36 28 + 42 23 £+ 40 29 4+ 45
MR11-E01 28-Mar-11 4 8.2 33.8 57+ 49 18 £+ 34 35 + 41 16 + 24 053 + 117
MR11-E01 01-Apr-11 4 8.6 33.7 82+ 40 38 £+ 35 117 = 41 070 £ 042 032 + 0.32
MR11-E01  09-Apr-11 5 8.5 33.7 141+ 3.0 - —

KR11-E02 17-Apr-11 4 9.6 33.7 490+ 36 521 + 48 533 £ 51 092 + 011 098 + 0.13

2-4 KH11-E01 23-Mar-11 1 7.3 33.7 394+ 08 151 + 06 152 + 0.6 26 + 01 099 + 0.06
KH11-E01 24-Mar-11 1 7.9 33.7 375+ 08 133 + 06 134 + 06 28 £+ 01 099 + 0.07
KH11-E01 25-Mar-11 1 7.8 33.8 120+ 05 20 + 03 27 £+ 03 44 + 05 074 £ 012
KH11-E01 27-Mar-11 1 8.4 33.8 85+ 04 12 + 0.2 16 + 0.2 53 +£ 08 075 += 0.17
MR11-E01 30-Mar-11 5 8.6 33.8 26 + 44 - —

MR11-E01 03-Apr-11 4 8.2 33.7 56 £ 34 39 £+ 42 1.2 + 40 48 =+ 17 34 + 12

MR11-E01 07-Apr-11 4 8.4 33.7 101+ 29 79 + 19 99 + 30 1.0 0.4 0.80 0.31
KR11-E02 11-Apr-11 4 9.0 33.7 126+ 3.0 - -

KR11-E02 15-Apr-11 4 9.5 33.7 3444+ 36 346 + 41 333 £ 45 10 £+ 0.2 10 £+ 0.2
KR11-E02 29-Apr-11 3 9.7 334 147+ 23 580 + 44 530 += 53 028 +£ 005 11 + 01

2-5 MR11-E01 28-Mar-11 3 9.0 33.9 118+ 07 38 £+ 05 41 + 06 29 + 04 091 + 018
MR11-E01 01-Apr-11 3 11.3 34.2 78 £ 0.6 - 20 £ 05 38 £ 11
KR11-E02 17-Apr-11 4 11.1 33.9 366+ 32 386 + 45 385 4+ 45 095 + 014 10 £+ 0.2

2-6 MR11-E01 30-Mar-11 4 7.7 335 794+ 10 65 £+ 0.6 72 4+ 06 11 + 09 089 + 0.11
MR11-E01 03-Apr-11 4 9.4 33.7 375+ 07 50 + 05 48 =+ 0.6 79 + 1.0 1.1 + 02
MR11-E01 07-Apr-11 4 9.3 33.8 251+ 35 88 + 22 -

YK11-E02 25-Apr-11 5 115 33.8 215+ 27 386 + 43 400 £+ 46 054 + 009 097 + 0.16

*« Activity of the samples was calculated for all the samples as long as total counts were greater than the background without setting any detection limit. Samples
for direct measurement by gamma-ray spectrometry were 0.5 or 2 L aliquots of the water samples in order to provide only radiocesium valub¥Catadn
137cs at sampling stations where radioiodine was not detected were excluded in this table. See Table 1 in the Supplement for all the data on radiocesium.
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Fig. 2. Temporal variation of311 activities in surface water@\) and1311/ 137Cs activity ratios in surface wate(8).

3.2.1 Temporal variation of radiocesium in surface L L B S S S R p—
seawaters

Figure 4 shows the temporal variation in the distributions of
temperature, salinity, antf’Cs activities in surface waters
from 9-14 May 2011 to 4-21 February 2012. During 9-14
May, high13’Cs activities ¢ 1.0 BqL™1) were observed in
northern and northeastern areas (from Stns. B1-3 to E1-3;
see Fig. 1c). In contrast, tHé’Cs activities at stations lo-
cated to the southeast of the FDNPP were relatively low,
specifically, 0.14, 0.035, and 0.61Bqgt at Stns. F1, G2,
and H1, respectively. However, th&'Cs activity at Stn. G1
was high (5.4 BqL?l). The relatively high activities in the &
northeastern area can be ascribed to a pattern of coastal cur-
rents. Based on a model simulation, Tsumune et al. (2012)

Surface (< 5 m)
6-49 m g
50-99 m E
>100 m

4 p>on

Cs (Bg/L)

reported that a water mass with hifHCs activity was trans- [ Q;g
ported southward along the coast by the coastal current until 10% oo F e AT 8o §§ o
April, and then that water mass was advected northward dur- : v ¥ w
ing May.

At Stns. 11-3 to L1-4 located in the southernmost area of
this study (Fig. 1¢c)3’Cs activities during 9—14 May 2011
ranged between 2.5 mBqt and 0.11BqL?! or even less
than the limit of detection (Fig. 4). The loW’Cs activities
probably resulted from a cyclonic mesoscale eddy (Aoyama
et al., 2012), which was present by the end of May (Kawa-
muraetal., 2011;_ Tsumune et_ al., 2012). The presence of th?ig. 3. Temporal variation of37Cs activities in coastal waters off
eddy was also evidenced by high temperature2Q°C) and  Miyagi, Fukushima, and Ibaraki from 23 March 2011 to 21 Febru-
high salinities ¢ 34) in the corresponding area. The eddy ary 2012.
disappeared during the period 6-10 June. Simultaneously,
137Cs activity at Stns. J1-J3 to L1-L2 increased. In particu-
lar, relatively high activities (1.0—-4.6 Bq1l) were observed  those of Stns. B1 to B4 (Fig. 1). However, thH&Cs activi-
at Stns. 11, J1, K1, and L1 near the coastline. ties were lower from 9-14 May to 6—10 June than in surface

The 137Cs activities in the surface waters at the northern-waters at Stns. B1 to B4, which are closer to the FDNPP. The
most stations (A1, A2 and A3) were generally lower than water mass salinity around Stns. Al, A2 and A3 was different
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Table 3.Hydrographic parameters, activities, and activity ratiod¥f, 134Cs, and'37Cs in the water below the surface layerg m).

Sampling Cruise Sampling date Depth Temp  Salinity Activity (BdH. Activity ratio

station (sT) m ) 13y 134cgr 137cr 131/ 137¢cs 134c5 137cs
1-1 MR11-E01 01-Apr-11 114 6.7 33.67 26+ 35 85 + 38 -

1-2 MR11-E01 30-Mar-11 121 6.5 33.64 0.44+ 4.4 - -

1-2 MR11-E01 03-Apr-11 120 6.1 33.61 16+ 33 - -

1-3 MR11-E01 28-Mar-11 122 6.6 33.65 0.65+ 47 42 + 3.6 -

1-3 MR11-E01 01-Apr-11 120 6.2 33.62 43+ 36 11 +£ 4 97 £+ 42 044 + 042 12 + 07
1-4 MR11-E01 30-Mar-11 127 6.0 33.62 20+ 43 - -

1-4 MR11-E01 03-Apr-11 127 6.5 33.65 30+ 35 048 + 38 12 £+ 40 26 + 93 041 + 353
2-1 MR11-E01 28-Mar-11 137 7.4 33.70 22+ 47 38 £ 37 86 = 46 025 + 056 044 + 048
2-2 MR11-E01 30-Mar-11 141 6.3 33.63 022+ 43 93 + 238 -

2-4 MR11-E01 03-Apr-11 172 5.9 33.60 20+ 34 21 £+ 39 34 £+ 42 058 + 12 063 + 1.37
2-5 MR11-E01 28-Mar-11 132 8.0 33.79 19+ 0.6 - -

2-5 MR11-E01 01-Apr-11 133 8.0 33.78 48+ 05 - 19 +£ 05 26 + 038

2-6 MR11-E01 30-Mar-11 83 8.3 33.81 61+ 06 21 £+ 05 -

2-6 YK11-E02 25-Apr-11 49 9.6 33.77 22 £ 3 53 &+ 5 63 =+ 5 036 + 005 085 £ 0.10

*«_m Activity of the samples was calculated for all the samples as long as total counts were greater than the background without setting any detection limit. Samples for direct
measurement by gamma-ray spectrometry were 0.5 or 2 L aliquots of the water samples in order to provide only radiocesium valué3‘CaendhCs at sampling
stations where radioiodine was not detected were excluded in this table. See Table 1 in the Supplement for all the data on radiocesium.
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Fig. 4. Horizontal distributions of temperatufd), salinity (B), and137Cs activities(C) in surface water and their temporal changes from
9-14 May 2011 to 4-21 February 2012.

from that around Stns. B1, B2, B3, and B4 (Fig. 4); the for- 13’Cs activities at all the stations gradually decreased from
mer stations had a value 6f34 psu and the lattex; 33 psu.  6-10 June 2011 to 4-21 February 2012.
This implied presence of a water mass with I6%Cs. The
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3.2.2 Temporal variation in the distribution of tivities in zooplankton at 50 m depth ranged from 0.88 to
radiocesium in intermediate and bottom waters 29 Bqg kg-wet weight! during June 2011 to February 2012,
whereas¥’Cs activities in surrounding waters at the same
The activities of'3’Cs at depths-5 m for all the stations  depth were low (10 mBqt! to 0.9 BqL1). They estimated
ranged from 2.0mBqt! to 11BqL~! with a geometric  the zooplankton-to-water activity ratio #’Cs to be (3.3—
mean of 47 mBq L during the period 4-14 May 2011. Dur- 4.4)x 10? Lkg~! which is clearly higher than the reported
ing the period 23-27 May 2011, these activities increased t@oncentration ratio of Cs for zooplankton (40 LK pub-
57 mBq L1 and then reached a maximum of 95 mBotlon lished by the IAEA (2004). However, the contribution of
6—10 June 2011. These results suggested that waters contaimeoplankton to the downward flux #’Cs through the sub-
ing the FDNPP-derived radiocesium were transported downsurface water column within a few months after the FDNPP
ward during the sampling periods. accident is thought to be small because the biomass of zoo-
To elucidate the downward transport of FDNPP-derivedplankton is not high. For example, Kaeriyama et al. (2008)
radiocesium, activities 0f“Cs at each depth were obtained showed that the integrated biomass of zooplankton in the
and are shown in Fig. 33Cs is an ideal tracer for the FD- depth interval 0-150m in coastal waters off Aomori and
NPP accident because there was'#t€s background activ-  Iwate Prefectures (to the northern neighbor of Miyagi Pre-
ity before 11 March due to its short-life. A plot of decay- fecture) ranged from 6.3 to 56.8 g-wet weightfrin Octo-
corrected™3“Cs activities versus time (Fig. 5) reveals that at ber 2005 and June 2006. By multiplying this biomass by the
Stns. D1, E1, F1, and G1 (near the FDP¥YLs activitiesata  137Cs activities in the zooplankton, we roughly estimated the
depth of 50 m increased by factors of 3—10 in about 1 monthinventory of Fukushima-derivetf’Cs in the zooplankton to
(from 9-14 May 2011 to 6-10 June 2011); the maximabe 5.5 mBg/mto 1.6 Bqn12 in the coastal areas. This range
were 0.39, 0.22, 0.37, and 0.22 Bg}, respectively. Simi-  was considerably lower than the inventory*®fCs activity in
lar results were obtained even at Stns. D3, E3, F3, and G3;oastal and open ocean waters (6.2—16 kB¢ nBuesseler
which were located about 100 km further from the coast tharet al., 2012).
Stns. D1-G1. In addition, at a depth of 100 m, the maximum Clay minerals derived from lithogenic materials are also
activity was measured at Stn. E3 (52mBgf) on 7 June  known to accumulaté3’Cs (Comans et al., 1991; Sakuma
2011 or about two weeks later at Stns. D3 (74 mBd), F3 and Kawamura, 2011). IF¥’Cs speciation experiments con-
(0.17BgL1), G3 (0.1BqLY), and H3 (0.1BgLY). The  ducted by Otosaka and Kobayashi (2012), more than 75 %
ranges oft3‘Cs activities at 50 and 100 m at these stationsof 13’Cs derived from the FDNPP accident in coastal sedi-
were comparable to those in the surface waters during Junments was adsorbed/incorporated onto/into irreversible frac-
2011 (Fig. 5). From 7-15 September 2011 to 4-21 Februtions. Because we analyzed unfiltered seawater samples in
ary 2012, the ranges &f“Cs activities in the bottom waters this study, the samples would have included soluble, col-
were similar to the ranges in the surface waters at all the staloidal, and particulate fractions. The fraction of Cs associ-
tions, with the exception of Stns. A3 and J3. No activities of ated with particles in water samples is expected to be small
134Cs in the bottom waters at these stations on 7—15 Septerbecause Cs is not very particle-reactive (e.g., its distribu-
ber 2011 were observed. The fact th#Cs was not detected tion coefficient Kq) =4 x 10° Lkg—1) compared to other
in the bottom water samples of these two exceptional stascavenging metals such as Mn, Fe, and Kh: (2 x 10° to
tions suggested that radiocesium derived from the FDNPR x 10° L kg~1; IAEA, 2004; Takata et al., 2010). Soluble
accident was not transported to such relatively great depthdorms are therefore expected to account for most of the radio-
Moreover,13Cs activities in the bottom waters (453-576 m cesium activity in seawater samples, indicating the loss of a
depth) ranged between 0.78 and 1.7 mBd throughout the  relatively low amount of the activities in waters by sinking of
sampling periods. This implied that FDNPP-derived radioce-the radiocesium in the particulate phase or the protection of
sium was transported to depths as great 290 m in coastal  radiocesium in the dissolved phase from scavenging because
waters within six months after the FDNPP accident. of its thermodynamically stable forms. It is thus unlikely that
In general, sinking particles include biogenic and redistribution of radiocesium derived from the FDNPP acci-
lithogenic materials. Zooplankton excretion is considered todent in the water column onto particles had much to do with
account for the vertical transport of sinking biogenic parti- the rapid increase of the activity in seawater at depths of 5—
cles; the production of fecal pellets acts as a biological pump@00 m.
(Honda et al., 2002). On the basis of sediment trap data As described in the Introduction, vertical water mixing can
and plankton collections, Fowler et al. (1987) previously re-account for much of the downward flux of radiocesium. Di-
ported that radioisotopes from the Chernobyl accident wereapycnal mixing in coastal areas is mainly a function of di-
removed from surface waters of the Mediterranean Sea bwrnal tidal currents, the result being a vertically homoge-
zooplankton grazing; the consumed radionuclides that hasheous structure of physical characteristics (iog,,salinity,
been packaged into the large fecal pellets sank rapidly. and temperature) of the water. In addition, during the winter,
In the coastal waters off Fukushima and Miyagi Pre- strong cooling and wind forcing of the mixed layer induce
fectures, Kaeriyama et al. (2012) reported th¥Cs ac-  convection cells that extend to depths ranging from one to a

Biogeosciences, 10, 5033047 2013 www.biogeosciences.net/10/5031/2013/
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Fig. 5. Temporal variation ot3Cs activities in seawater at each sampling depth. Error bars are less than or equal to the size of the symbols.
Activities of 134Cs were decay-corrected to 26 March 2011. Activitie$3s in bottom waters were not detected at any stations from 9—14
May to 26—31 July by direct measurement with a gamma-ray spectrometer.

few hundred meters. Figure 6 shows the temporal changesspecially at water depths of more than 100 m, were not de-
of o, in the coastal waters from 9-14 May 2011 to 4-21 tected. Thus, it is unclear that the radiocesium derived from
February 2012. The formation of a vertically homogeneousthe FDNPP accident was transported to bottom depth during
water mass during 4-21 February 2012 could be due to vigthe Phase 1 period. Indeed, processes other than diapycnal
orous vertical mixing during the winter. This vertical mixing mixing during the winter could have affected the vertical flux
contributed to the downward flux of radiocesium into bot- of radiocesium in coastal waters during the period from 9-14
tom waters, the result being nearly const&fCs activies ~ May to 5-16 December 2011.

throughout the water column at each station during February Isopycnal mixing could contribute to the transport of ra-
2012 (Fig. 5). Howevert34Cs derived from the FDNPP ac- diocesium from surface waters to intermediate and bottom
cident was observed at depths- o200 m before the winter waters. For example, chemical constituents such as the sol-
(Fig. 5). Although the formation of a vertically homogeneous uble forms of nutrients are transported or supplied along
water column during Phase 1 could be due to vertical mix-isopycnal surfaces (Sasaki and Hiroe, 2002). From spring to
ing during the winter (Fig. 6), relatively high radiocesium autumn, diapycnal mixing attributed to the combined effects
activities (especially fot3“Cs) were observed in subsurface of coastal currents and diurnal tidal currents is thought to
waters during Phase 1, at only Stns. 2—-6 (49 m depth) and Sdccount for most vertical transport (Matsuura et al., 2007).
(61 m depth) on 25 April and Stn. 1-B (30 m depth) on 5 May In this study, the homogeneous water column was not ob-
2011. However, radiocesium activities in subsurface watersserved at any station from 9—14 May to 5-16 December 2011

www.biogeosciences.net/10/5031/2013/ Biogeosciences, 10, BIB1A-2013
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Depth (m)

Fig. 6. Vertical distributions ob; and their temporal changes. Solid circles indicate sampling depths. Data taken at Stns. 1-1, 1-3 and 2-1 in
Phase 1, which were at almost the same locations as Stns. D-1, E-1 and F-1, respectively, were also plotted on the left side of the red line ir
the correspondent figures.
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Fig. 6. Continued.
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(Fig. 6). Vertical gradients of; at each depth indicated that 2

little diapycnal mixing was occurring during Phase 2. e D1 ,,,,,, e D3
Theo, values in the coastal waters at all the stations near ~ *[ R S S, "“_ ............ ]
the FDNPP from 27 March 2011 to 7 May 2011 were in »r v. 1 [ T TNst o T
the range of 25.5-26.5 (mean value: 26.0.2) during the | . L . D L
Phase 1 survey. The isopycnal lines:(25.5-26.5) reached ” | " ottomuater 104-110m ‘ _ Botom veler201-213m
bottom depths at Stns. A1-11, B3, C3, and I3 or depths of = : : :
about 200m at Stns. A3 and D3-H3 by 5-16 December =1} SU . E3)
2011 (Fig. 6). This result indicated that isopycnal surfaces = " vy *a'o T4 b o RS L
at depths of<5m became gradually deeper with time. To s T Y Seovamenn 1
investigate the behavior of radiocesium along isopycnal sur- %[ . - I - -
faces during the eight-month sampling period (from 9—14"6 Z N Bottom heer 112-1%0m | | = Botomuale: 207:220m|

May to 5-16 December 2011), we plotted #iéCs activities
againsb; at Stns. D1-G1 and D3-G3 in Fig. 7, the locations
of which correspond to stations near the FDNPP during the
Phase 1 survey (Fig. 1b). Most of the water samples at 50 m,
100 m, and bottom depths from 9-14 May to 5-16 Decem-
ber 2011 were found to be within tlag range 25.5-26.5, and
137Cs activities decreased in the order 58-h00 m (or bot-
tom depth for Stn. D1)> bottom depth. There were some
exceptions for Stns. D3 (50 and 100 m depths during 26—
31 July) and E3 (50m and 100 m depths during 5-16 De-

cember), wheré3’Cs activities were relatively low (Fig. 7); 2 . ' 1t -, 0

this result is probably attributable to the intrusion or mix- 2r . . 1T " oo et 154106m]
H . . . 2 . . Bottom water: 118-126n] ) | Bottom water: 184-196m
ing of water masses with low; and low radiocesium ac- 0° 0 0 10 10 10° 0 0 0 o
tivities. At Stn. D3, thes; of the water column at depths of 137

50-100 m during 26—31 July was different from thedur- Cs (Bq/L)

ing the time interval from 9-14 May to 5-9 July because of

the presence of a water mass with lowin the upper 100m  Fig. 7. Relationship betweefh3’Cs concentration and, at each
of the water column. This water mass was present in the upsampling depth. Dashed lines indicate thevalue range of 25.5-
per 50 m of the water column before 2631 July (Fig. 6). A 26.5. Error bars are less than or equal to the size of the symbols.
similar trend was observed at a depth of 100 m at Stn. E3

during 5-16 December 2011. On the basis of these results2013 In addition to the at heric rel th i f
we concluded that during Phase 1 some of the radiocesium; ). In addition to the atmospheric releases, the cooling o

contaminated wastewater wishvalues of 25.5-26.5 was di- the reactors with fresh water and seawater, and the release

. f highly contaminated wastewaters from the damaged re-
| I | surf h h of th f . ) . . .
uted along isopycnal surfaces, and the depth of the sur ace(‘%ctor resulted in the direct discharges of radionuclides such

became greater with time and reached about 200 m by 5-18 . o
December. Thus, radiocesium in the coastal waters was di'flf’ 9‘I’Srééi4§ S gnc_i137(;s mtot 'iheNPamﬂcE) chr?n ('I'tgu_;nunef
luted along the isopycnal lines during the spring—to—autumngosa ): t unng lugus]:f |\/|0' oyegn ker’h' € ac I:j“|fs Ok'
time interval, resulting in a relatively rapid increase in ac- rin seawaler samples oft Miyagl, Fukushima and foarak

tivities of radiocesium at bottom waters and/or 200 m depthWere relatlvgly h0|gh (.2'2. 4.3 ”?B‘TL)' suggesting that the
within two months FDNPP-derived®Sr via direct discharge of waste waters was

spread widely by the Oyashio and Kuroshio Currents, and/or
branches of those two currents. As for the atmospheric fall-
out, Povinec et al. (2012) have reported that three orders of
magnitude lower amounts were released to the atmosphere
Gthan in the case of radiocesium in March 2011. Thus, we
inought that the contribution of atmospheric radiostrontium
Input to surface waters is relatively low. Temporal changes in
the activity of%Sr in surface waters are shown in Fig. 8. The
activity of 99Sr in surface waters decreased gradually over

to 4.3mBq L. The maximum activity of 4.3mBqL" was time and at a given time varied widely between sampling
rv n.K1lon 14 r 2011 during the 11WM12~ "~ - :
observed at St © October 2011 during the stations. By the end of 2011, the activity ¥Sr in surface

cruise and it was about four times the usual background ac-
tivity (approximately 1.6 mBq L2 of the value in the past waters had reached the background levels recorded before

five years (2006-2010; MEXT, 2010, 2011; Oikawa et al., "¢ FDNPP accident.

3.3 Temporal variation of 2°Sr in the surface water

Based on the results of th&“Cs and'®’Cs radioactivity
analyses, we conducted a strontium-90 survey with a limite
number of water samples. These results are summarized
Table 4, together with activities 8fSr, 13“Cs, and3’Cs and
9051 /137Cs activity ratios. Activities of°Sr ranged from 1.2

Biogeosciences, 10, 5033047 2013 www.biogeosciences.net/10/5031/2013/
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Table 4. Hydrographic parameters, activities¥sr, 134Cs, andl37Cs. and0sr /137Cs activity ratios in the water samples.

Sampling  Cruise Sampling Depth  Temperature  Salinity Activity (B&)_ Activity ratio

station date JST)  (m) °C) 90gy 134cgx 137csx 90gy/137cs

12 KY11-E03 25-Aug-11 3 25.0 33.75 0.0029+ 0.0005 0.086 <+ 0.006 0.11 + 0.006 0.026 + 0.004
14 KY11-E03 25-Aug-11 4 255 33.82 0.0040+ 0.0005 0.094 <+ 0.006 0.11 + 0.003 0.036 + 0.004
20 KY11-E03 26-Aug-11 3 24.9 33.85 0.0037+ 0.0004 0.087 £+ 0.005 0.10 + 0.003 0.037 + 0.004
J1l 11WM11 08-Sep-11 1 22.2 33.06 0.0032= 0.0003 0.11 £+ 0.01 0.12 + 0.003 0.027 + 0.003
J2 11wM11 08-Sep-11 1 227 32.89 0.002%+ 0.0003 0.11 + 0.01 0.13 + 0.004 0.022 + 0.002
11 11wM1i1 09-Sep-11 1 225 33.13  0.0022+ 0.0004 0.084 <+ 0.006 0.10 + 0.005 0.022 + 0.004
L1 11wM12 13-Oct-11 1 20.1 31.47 0.0029+ 0.0003 0.058 <+ 0.003 0.070 =+ 0.002 0.041 + 0.005
K1 11WM12 14-Oct-11 1 19.8 32.26  0.0043+ 0.0004 0.050 =+ 0.003 0.063 =+ 0.003 0.068 + 0.008
E5 11WM12 19-Oct-11 1 19.8 33.83 0.0025+ 0.0003 0.056 + 0.003 0.069 =+ 0.002 0.036 + 0.004
10 KR11-E07  30-Nov-11 7 15.9 34.15 0.0025t 0.0004 0.038 <+ 0.002 0.048 + 0.001 0.052 + 0.008
15 KR11-E07 01-Dec-11 7 16.1 34.04 0.0022t 0.0004 0.044 <+ 0.002 0.056 <+ 0.002 0.039 + 0.007
11 11wWM13 07-Dec-11 1 14.0 33.78 0.0021+ 0.0004 0.014 <+ 0.001 0.020 + 0.001 0.11 + 0.02
H1 11WM13 07-Dec-11 1 15.4 34.07 0.0017+ 0.0003 0.019 + 0.001 0.027 <+ 0.001 0.063 + 0.013
GO 11WM13  09-Dec-11 1 13.8 33.73 0.0014t 0.0003 0.010 + 0.001 0.014 <+ 0.001 0.10 + 0.02
G1 11WM13  09-Dec-11 1 155 34.18 0.0014t 0.0003 0.013 + 0.001 0.019 <+ 0.001 0.074 + 0.017
F1 11wWM13  09-Dec-11 1 15.2 34.01 0.0017+ 0.0003 0.015 + 0.001 0.021 + 0.001 0.081 + 0.016
E1l 11wM14 10-Dec-11 1 13.7 33.70  0.0013+ 0.0002 0.005 <+ 0.0003 0.0069 + 0.0003 019 £+ 0.03
E3 11wWM14 10-Dec-11 1 13.7 33.82 0.0012t 0.0002 0.0013 + 0.0002 0.0029 + 0.0002 041 £ 0.08

* Data ont34Cs and!37Cs at sampling stations where radiostrontium was not detected were excluded in this table. See Table 1 in the Supplement for all the data on radiocesium.
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Fig. 8. Temporal variation of activities 01°Sr in the surface water sample) and temporal variation of activity ratios 8¢Sr to137Cs in
the same surface water samp(B3.

Povinec et al. (2012) reported th&Sr (an indicator of  have estimated a zonal speed of the radioactive plume as 1—
treated water being discharged from the FDNPP) ¥t 16 cms L. If the water mass with high Sr/ Cs was transported
activities in surface water at a site near the FDNPP increasedt the maximum speed, the mass could have reached Stn. E3,
markedly on 5 December 2011 to 140 and 400 Bd,Lre- about 60 km from the FDNPP, within about 3—4 days.
spectively, as a result of the release on 4 December 2011 Thus, while relatively high®°Sr activities after the dis-
of treated water that contained a considerable amount of racharge were not observed, the activity ratio®88r/13'Cs
diostrontium. The water had been stored in a tank after reincreased by an order of magnitude in early December
moval of radiocesium by absorbers. In our study, however,(Fig. 8b), and that was consistence with the timing of the sec-
an increase of radiostrontium activity, which would have pro- ond direct waste water discharge on 4 December. The Sr/Cs
vided convincing evidence for the release of radiostrontiumactivity ratio can aid in identifying the pathways of Sr and
from the FDNPP, was not observed in early December 2011Cs. This result suggested that the treated water with a high
The absence of such evidence was probably due to the facttio of activity of °°Sr to activity of13’Cs (Povinec et al.,
that the sampling stations where water samples were an€2012) was transported to stations far from the FDNPP, while
lyzed for 99Sr measurements were located far from the FD-increased®Sr activities were not observed.

NPP site (Fig. 1c). For example, at Stn. E3 the highest ratio
was observed on 10 December 2011. Aoyama et al. (2013)
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