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Abstract. Quantifying the amount of cesium incorporated (Aoyama et al., 2012). While later reports indicate additional
into marine sediments as a result of the Fukushima Dai-ichireleases to the ocean (TEPCO, 2014; Kanda, 2013), the ini-
Nuclear Power Plant (FDNPP) accident has proven challengtial 13’Cs activities measured in the FDNPP discharge chan-
ing due to the limited multi-core sampling from within the nelfrom March to May of 2011 represent the most significant
30km zone around the facility; the inherent spatial hetero-oceanic contribution to date, peaking at 68 million Bgin
geneities in ocean sediments; and the potential for inventorpn 6 April 2011 (Buesseler et al., 2011$’Cs emerged as
fluctuations due to physical, biological, and chemical pro-the major oceanic contaminant, warranting long-term study
cesses. Usingl%Pb,234Th, 137Cs, and3“Cs profiles from 20  due to its~ 30yr half-life and large release, generally esti-
sediment cores, coastal sediment inventories were reevalunated to be around 15-30 PBq (Buesseler, 2014; Charette et
ated. A13Cs sediment inventory of 18850 TBqwas found  al., 2013; Povinec et al., 2013; Chino et al., 2011; Stohl et al.,
for an area of 55000 kfnusing cores from this study and 2011).33’Cs and3/Cs ¢1,» ~ 2 years) have been found with

a total of 130+ 60 TBq using an additional 181 samples. comparable activities near the FDNPP and were released
These inventories represent less than 1% of the estimatedith a ratio of~ 1 (Buesseler et al., 2011). Although the iso-
15-30 PBqg of cesium released during the FDNPP disastetopes are highly soluble in the coastal ocean (Buesseler et al.,
The time needed for surface sediment activities (0 to 3cm)2012), a small percentage of the release will have been incor-
at the 20 locations to be reduced by 50 % via sediment mix-porated into the marine sediments and may remain associated
ing was estimated to range from 0.4 to 26 yr. Due to the ob-with the seafloor, even after currents transport much of the
served variability in mixing rates, grain size, and inventories,dissolved phase away from the coast. Initial studies of the
additional cores are needed to improve these estimates armbdiments near the FDNPP have shown the widespread in-
capture the full extent of cesium penetration into the shallowcorporation of:3’Cs well above the relatively small remain-
coastal sediments, which was deeper than 14 cm for all coreg 1960s fallout signal of 1-2 Bq kg (dry) (NRA, 2014b;
retrieved from water depths less than 150 m. Kusakabe et al., 2013; Otosaka and Kato, 2014; Otosaka and
Kobayashi, 2013).

The most spatially and temporally extensive sediment data
sets have been provided by the Ministry of Education, Cul-
1 Introduction ture, Sports, Science and Technology of Japan (MEXT) and

the Tokyo Electric Power Company (TEPCO). TEPCO ini-
The Tohoku earthquake and tsunami of 11 March 2011 led tajally reported some of the highe$t‘Cs sediment activi-
multiple system failures at the Fukushima Dai-ichi Nuclear ties in July of 2011 (TEPCO station 1 at 9600 Bqkgvet)
Power Plant (FDNPP). Over the next month, cooling waterin grab samples collected within the 30 km zone around the
releases and hydrogen explosions resulted in the largest n=DNPP (NRA, 2014a). However, lacking bulk density mea-
clear disaster since Chernobyl. Oceanic inputs included disurements, inventory estimates have not been published for
rect cooling discharge, runoff, riverine flow, and an estimatedthis region. MEXT, on the other hand, reported monthly
70 to 80% of the total atmospheric radionuclide release

Published by Copernicus Publications on behalf of the European Geosciences Union.



5124 E. Black and K. O. Buesseler: Spatial variability and the fate of cesium in coastal sediments

multi-corer, dry activities for homogenized 0 to 3cm core 2 Methods

tops from outside the 30 km zone (NRA, 2014b). Kusakabe

et al. (2013) used 30 different MEXT locations ranging from 2.1 Sample collection

45 to 675 m water depth to estimaté®Cs sediment inven- , o

tory of 38 TBq for the top 3 cm. As both data sets are limited TWeNty sediment cores ranging in length from 6 to 20cm
to the uppermost layers of the sediment column, calculationg/ere collected during cruise campaigns in May 2012 (RIV
using only these measurements will underestimate the tota] 2"S€i Mary, June and July 2012 (R/Wirai), May 2013
incorporation of cesium into the sediments. In a more recentR/V Umitaka Mary, and September 2013 (R/Daisan
effort, Otosaka and Kato (2014) paired MEXT cores with Kaiyo Maru). Stations were Iocgtfed 2 to 1865 km from the
10cm Smith—Mclintyre grab samples and sectioned core§PNPP (Supplement S1). Individual core tubes were re-
ranging from 3 to 10cm and estimated¥Cs coastal in- trieved from a multi-corer and cross-sectioned at sea into 0.5

ventory of 200 60 TBg, decay-corrected to March 2011. (0 2¢m layers. A sample (plug) of 1 or 7 émas taken from
Larger data sets are essential for more accurate sedgach layer as the cores were cross-sectioned for density cal-

ment inventory calculations due to the spatial variability and culations. Sediment layers were preserved in sealed bags and
local heterogeneity observed in previous coastal sedimerff’® PIUg samples in capped vials. Eight samples (0 to 5cm)
studies from this region (Kusakabe et al., 2013: ThorntonTOM Separate core tubes (R1 to R8) were retrieved from a
et al., 2013). Kusakabe et al. (2013) found3Cs activ- smgle_gast at the location of core 13 for an analysis of local
ity range of 170 to 580 Bqkg' with six successive multi- varability.

corer casts at nominally the same sampling site (mean an
standard deviation of 338160 Bqgkgldry). In addition,
Thornton et al. (2013) reported activity fluctuations<0f.0

to 1500 Bg kg at sites located between 5 and 10km of the ;¢ samples using a Beckman Coulter LS13320 particle size
FDNPP and from 500 to 40 QOO Bqkg within 3km of t'he analyzer with capabilities of 0.4 um to 2 mm. Grain size re-
FDNPP. These Iocal'anomalle's were observed over distances,is are reported as percent clay and percent fines (silt plus
of less than 1km using a continuous (1 hertz) towed gammgay) averaged over the entire depth of each core. Percent
ray spectrometer and their magnitude illustrates the impory|ay and percent fines were calculated by summing the fre-
tance of high-spatial-resolution sampling. quency outputs from 0 to 3.86 um and from 0 to 63.41 pm,

The evolution and ultimate fate of cesium isotopes in the egpactively. D50 values were determined, which signify the
coastal ocean must be better constrained to assess both tB?ain size at which 50 % of the sample is smaller or larger

short-term implications of the FDNPP accident and the po-y, narticle count. All grain average size results are reported

te_ntial_ for Iasting effects. Reports that bottom-V\_/ate_zr fish con-ith standard deviations (SDs). Samples from cores 15 and
tain higher cesium concentrations than pelagic fish suggestg -onsisted of up to 42 % of grains over 1 mm by mass and
that the sediments could be a continued source to bottoMgare hrocessed differently due to the counter limitations. To
dwelling biota (3uesseler, 2012)_' A _quel study of the gngyre that no prolate grains with a nearly 2 mm axis passed
coastal food chain near Fukushima indicated that an adg the counter, a 1 mm sieve was placed over the sample de-
(_j|t|onal con_tam|nat_|0n source beyond ocean water, mostlyiivery system. The total mass of the sample used, ranging
likely associated with the sediments, would be necessary t¢,ym 5t 45 grams, was determined by the counter's optimal

;ustain the cesium levels observed in higher-trophic organgpscuration range or percentage of light blockage by grains
isms (Tateda et al., 2013). (15 to 25 %).

210pp @1/, ~ 22.2 years) and>*Th (11, ~ 24 days), nat-
urally occurring daughter products in tR&U decay series, 23 Isotope measurements
can aid in evaluating the rates of sedimentation and biotur-
bation occurring in sediments from months to decades (Yandgsamples were dried at 40-60 for a minimum of 1 day and
et al., 1985)234Th is particle reactive and will be scavenged analyzed using Canberra GCW4030S germanium gamma
easily in the upper ocean, leading to a potential excess in sedwvell detectors for the following energy peaks: 46.5keV
iments #3%They). Because of its short half-life, measurable (21%Pb), 63.3 keV{3*Th), 352 keV £14Pb), 661 keV 3’Cs),
234They is generally only observed in the top few cm of the and 795 keV {34Cs). Samples were counted for 7 to 24 h de-
sediment column in areas of rapid and recent mixing. Excespending on the time to achieve counting uncertainties of less
210pp @1%ph,y) is supplied via atmospheric deposition, from than 5% on the primary peaks. Detectors were calibrated us-
the decay 0f2?Rn gas, and scavenging in the water column. ing a dilute pitchblende ore standard (US EPA Environmental
In sediment$1%Ph., represents the divergence from secular Monitoring Systems Lab) and river sediment standard (NBS
equilibrium with 226Ra (supported°Pb). If conditions are 4350 B). Minimum detectable activities (MDAS) were calcu-
relatively stable, thé'%Ph.y inventory in a given area will  lated using 24 h background spectra and efficiencies based on
represent the flux to this location averaged over the last centhe average sample mass of 16.75 grams and sample volume
tury (~ 5 half-lives). of 14.5mL (Currie, 1968). The calculated MDAs in Bakg

9.2 Grain size analysis

Grain size analysis was performed on a subset &fcn?
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were 4.2 £19pPb), 3.2 £34Th), 0.7 €14Pb), 0.4 37Cs), and  which the deficit is found. Since we do not h&&Pb :226Ra

0.8 (*4Cs). Activities under the MDAs and those with count- profiles, we can only estimate a rough scavenging flux for

ing uncertainties over 50 % were reported as not detectablé!°Pb using a Pacifié1%Pbh /2?5Ra ratio of 0.75 (Tsunogai

(ND). Total uncertainties for a given sample and isotope (inand Harada, 1980) with a deep s®&Ra of approximately

Ba kg ! dry) represent the higher of either the counting un- 33 dpm per 100 kg activity (2823 and 145 E; Nozaki and

certainty or 7 %. The minimum uncertainty (7 %) is the aver- Tsunogai, 1976). This flux would be a linear function of wa-

age percent difference between sample activity results wheter depth £) over which the disequilibrium applies, and it

duplicate measurements were made using the same and difanges from 70 to 7000 Bqms for depths of 50 to 5000 m

ferent detectors. The total uncertainty is propagated througlil-D scavenging supply equal ©8°Ra?1%Pb x i x zx 32

all activity and inventory calculations for individual sections years). Thus, in most coastal settings, the dominant supply

and full cores. of 219pp is atmospheric deposition, whereas inventories are
210pp activities were decay-corrected to the collection dateexpected to increase with depth in the shelf and slope due to

and adjusted for supported values fréfPb (assumed to scavenging processes in the water column above. In addition,

be at equilibrium with parent?®Ra) to determiné'%Phy.  with a relatively long residence time for scavenging, ocean

Since an excess dP*Th generally exists only in the first margins in general are sites of enhanced boundary scaveng-

few centimeters, an estimation of equilibriddfTh values at  ing of 219Pb (Cochran et al., 1990).

depth were used to determi?%‘Thsupponed the activity sup-

ported by the decay of it&8U parent, to calculaté®*The, ~ 2.4 Modeling

(decay-corrected to collection). Afi3“Cs and3’Cs data _ . _ _ _

were decay-corrected to the date of maximum concentrc'zltion:\>1_\/hIIe the mixing of marine seghments_ often occurs via spa-

at the FDNPP (6 April, 2011: Buesseler et al., 2011). By de_ually and temporally variable blot_urbat|on processes, such as

cay correcting, the changes we observe can be attributed tgon-ocal transport, the cumulative result of sediment accu-

physical and biological processes and not radioactive decaynulation, mixing, and isotope decay is often modeled as a

All final 219ph,, 234Th., and cesium activities for an indi- diTuSive process and can be written

vidual layer are reported as Bqkydry, and surface activi- 3 9 9
ties were calculated as the weighted (relative to layer thick- {p (1= @) x A} = —— {DBP 1-9) g} @
ness) average of layer activities for the top 3 cm of each core.
Layer inventories in Bqm? were calculated fof®'Cs, — —{p(1—¢)w x A} +p(1— ) LA,
X

137Cs,210ph,,, and?34They using the following relationship:
wherep represents density, activity of radionuclider time,
Inventory = Layer Thicknessx Bulk Density (1)  w sedimentation rate, and represents the decay constant
x Activity, (Cochran, 1985). To generate mixing raté¥s] using this
relationship for each core, steady state, constant por@sity (
where layer thickness was in meters, activities were inand constanDg with depth &) were assumed. Equation (2)
Bgkg™! dry, and bulk density (kgm®) was equal to the can be simplified using these assumptions to
amount of dry mass of sample in the 1 or 7cplug di- 5
vided by the total volume. All layer inventories for each iso- , it — A
. . . ivity = Aye B , 3)
tope were summed to calculate total inventories for each in-
dividual core except fof**They, which was only reported for  where A, is the activity atx =0 (Anderson et al., 1988).
the exponentially decreasing surface activities. Because corgedimentation can be ignored if
lengths ranged from 6 to 20 cm, some core inventories would
not be representative of the complete isotope profile at that™ < 4Dg ., (4)
location if21%Phy values remained elevated at depth.
We estimated the expected sediment inventori@&dtt.y
in the coastal sediments near Fukushima, Japan, using
averageé'%Ph., atmospheric delivery flux of approximately
200 BqnT? x yr—! to obtain an expected inventory from at-
mospheric input of 6400 Bqnf (200x 32 years, mean life
of 219pp). The atmospheric delivery flux estimate was de-
rived from average monthi§:%b deposition measurements
from 1993 to 2001 for Tokai-mura (Ueno et al., 2003) and
from 2000 to 2001 for Tokyo and Sendai (Yamamoto et al.
2006). Sincé'%b is particle reactive, in situ scavenging pro-
vides an additional source, the strength of which is a func- —x [
tion of the219b :226Ra disequilibrium and water depth over ACtVity = Age "V 8. ®)

Historical21%Phsy-derived mixing rates from locations in the
western North Pacific for depths greater than 4000 m range
&fom 0.1to 1 cryr—1 (Moon et al., 2003; Yang et al., 1985).
Sedimentation rates for these locations were found to be
0.0001 to 0.002 cmyrt. Using the offshore mixing rates as

a minimum for the coastal region near Fukushimayould
need to approach 0.12 cnTyrto be considered significant.
Therefore, sedimentation was considered negligible over the
decades following the FDNPP release and Eq. (2) can be fur-
"ther simplified to (Cochran, 1985; Yang et al., 1985)

www.biogeosciences.net/11/5123/2014/ Biogeosciences, 11, 5lX3%-2014
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3 Results and discussion
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3.1 Variability between multi-core tubes

20000 o~
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From a single multi-corer cast, we retrieved eight separate
sample tubes (R1 to R8) and analyzed eachf8Ph.y,
137Cs, and!®Cs. Core 13 was retrieved from the same lo-
cation during an additional mutli-corer cast (Fig. 3j’Cs
activities in the top 0 to 5cm of these subcores varied from
45+ 3 to 220+ 20 Bgkg ! and ?1%h,, from 1404 10 to
220+ 20 Bgkg ! (Supplement S2). Inventories féf’Cs
in the top 5cm were 1608 100 to 6500+ 500 Bq n2 and
5500+ 400 to 7800t 600 Bqnt2 for 21%Ph.,. Inventories
for core 13 for the same 0 to 5cm layer were 860200
MOE I E 10 E . and 6400t 200 Bg n1 2 for 13’Cs and?1%Ph, respectively.
L _‘ a XFONPP_OCore Locations The large inventory differences for botR’Cs and?1%Ph.y
©r e e e e indicate a high degree of variability between casts and be-
Figure 1. Core locations wit?1%Phsy inventories. Larger map: core  tween individual tubes from a single cast. We could not ob-
locations 3 to 20 and the northern coastal (NCZ), southern coastaain a coefficient of determination Rgreater than 0.1 for
(SCZ), mid-coastal (MCZ), offshore (OZ), and abyssal (AZ) zones. an exponential, logarithmic, or linear regressiod¥s and
Lower right: core locations 1 and 2. Some of the reported valueleopbex inventories, which confirms that the factors control-
may underestimate total inventories at the locations wh#etex  |ing inventories at the local scale vary for the two isotopes
continues to the core bottom (Fig. 2). (Supplement S3).
Although we observed large tube-to-tube differences in the
cesium activities, the grain size results for each of the 8 sub-
A dynamic, exponential regression analysis was performegores were relatively similar in magnitude (Supplement S4).
on 234The, and 21%Phuy activity (Bqkg™* dry) profile sec-  psg values ranged from 19 to 41 um, percent clay from 7.3
tions of each core using Eq. (5). In practice, mixing rates arep 12, and percent fines from 66 to 85. Although a study
typically higher in surface sediments, and theref¥hex  of the Irish Sea found elevatdd’Cs activities with increas-
profiles were used to derivég for upper layers, when ing percentages of higher surface area particles (Poole et al.,
present, and*’Ph.x was used below. Bioturbation was as- 1997), such as clays, we could not find any relationship (ex-
sumed to be the dominate process controlling isotope diStfiponentiaI, linear, or logarithmic) with aR? value of greater
butions in the sediments, althougl is a diffusive approx-  than 0.1 between the three grain size parameters and cesium
imation of the combined effect of bioturbation and potential activities or inventories at this Sing|e site (Supp]ement SS)
physical mixing processes. 210pp,, activities showed some relationship with percent clay
To model the expected changes over tim&*#Cs profiles, i the replicate coresk? values ranging from 0.34 to 0.36).
we used a pulse input model and ##Thex- and*'%he-  While Kusakabe et al. (2013) posited that low bulk densities

15000

r 10000

5000

219pp Excess Inventory (Bg m

derivedDgs (Cochran, 1985; Yang et al., 1985): could indicate finer grain sizes and abundant organic mat-
ter content, we did not see evidence of this in the replicate
A e;D»—*‘BZ, 6) cores. Although particle size characteristics do not appear

to control local differences in radionuclide activities, where
variations in average particle size and abundances of particle
whereA is the activity at any given depth, A, is the shal-  types (clays, etc.) are relatively small, they may be important
lowest surface activityDg is the mixing rate, and is the  over larger regional scales where mineralogical differences
time since the maximum input (6 April 2011; Buesseler et are greater (see Sect. 3.5).

al., 2011). Keeping all other variables constant, we modeled

the cesium activity profiles to determine the time needed for3.2 Zonal divisions

average cesium activities from the top 3 cm to decrease by

50 % due to sediment mixing and, hence, the transport of thérevious studies have delineated various coastal regions to
cesium deeper into the core. Therefore, we have assumed thastimate the total cesium delivery to the sediments near the
most of the cesium input to the sediments would track ce-FDNPP. Kusakabe et al. (2013) used a boundary from ap-
sium delivery to the coastal waters. Sediment trap data in th@roximately 35.5 to 385N, while Otosaka and Kato (2014)
North Pacific show rapid transport of cesium to depth, evenused incremental isobaths running from 35.67 to 38No0

in deep waters, within days of the input of cesium to the sur-to create eight separate zones (0 to 1500 m). For consis-
face ocean (Honda et al., 2013). tency, we used 35.5 to 38.Bl for our northernmost and

o
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southernmost zonal boundaries and isobaths for eastern ansted when these fluctuations were compared with changes in
western divisions (Fig. 1 and Table 1). We divided the sed-isotope activities. Conversely, many large layer-to-layer ce-

iment reservoir into five zones based on inventories, grairsium fluctuations, like those seen in core 17, could not be ex-
size, and mixing rate estimates from our 20 sediment coreplained by changes in grain size. Despite the likelihood that

(see Sect. 3.3 to 3.7). The northern coastal zone (NCZsome or all of the cores might contain tsunami deposits, there
n = 6) and southern coastal zone (SGiZ=3) are bound was no grain size evidence of fining-upward sequences in
by the 150 m isobath to the east. The northern and souththese cores, sharp layer contacts with largely differing grain

ern boundaries of the NCZ and SCZ were shortened tcsizes, or definitive indicators that would allow us to sepa-

38.20 and 36.25N, respectively, after consideration of ad- rate potential tsunami layers from sections impacted by bio-
ditional surface cores from MEXT (Kusakabe et al., 2013)irrigation, bioturbation, or local physical processes (Sakuna
(see Sect. 3.9). The mid-coastal zone (M@% 5) is bound  etal., 2012).

by the 800 m isobath to the east and the Japanese coast, NCZ,

and SCZ to the west. The offshore zone (@Z 4) isbound 3.4 Cesium activity profiles

to the west and east by the 800 and 4000 m isobaths, respec- - .
tively. We included core 3 (4066 m) in the OZ because of Average surface activities for the top 3 cm in the cores ranged

its proximity to core 4 and an underrepresentation of deepefr‘)r'113§'1jE 0.1 (core 2, C2) to 636 30 (C20) Bq kg’i dry
cores in this zone. The remaining cores< 2) are located  ©" 13 Cs and from 0 (C2) to 55 30 (C20) Bakg~ dry

in the abyssal zone (AZ). All result and calculations in the ' **‘CS (BSuppIement S6). The AZ cores contained no
following sections will be discussed relative to these zones. detectable'>‘Cs. The average surface activities in the OZ
ranged from 0 (C3) to 121 (C6) Bqkg ! dry for 134Cs,
while the MCZ activities ranged from80.5 (C7) to 574 2
(C11) Bqkg ! dry for 134Cs. NCZ cores 15 through 19 had a

Two cores from the OZ and all cores from the NCZ, SCZ, similar range of averalge surfage activities from19 (Cl_6)
and MZ were analyzed by layer with a Beckman Coulter ©© 90£2 (C18) Bqkg = dry. While most surfac&*'Cs activ-

counter, and the results were averaged by core (Table 1)ti€S in the NCZ were unexpectedly low, despite their prox-
The remaining four cores were visually assessed with a hangnity to the FDNPP, core 20, located within 3 km of the FD-
lens and assigned a general size class relative to the UdderNPP» had the highest average surface activity overall. With
Wentworth classification scheme. The NCZ cores containedh® exception of this core, the cores in the SCZ had the great-

the lowest percent clay (0.2 to 0.8 %) and yielded the high-€St average surface activities of all zones, wifCs values

i 1
est D50 values, ranging from 160 to greater than 690 um'@nging from 17G= 10 (C13) to 23G£ 10 (C14) Bgkg™.
Cesium profiles varied strongly in shape and penetration

These cores were composed of relatively well sorted sands ) :
and D50 standard deviations were generally less than 10 % dfepth between zones (Fig. 2). Cores in the AZ and OZ had

- oe with nd3 37
the D50 value. The SCZ cores contained more poorly sortedither fallout-only proglles with E&é ‘Cs and very I_OV\} Cs
grain assemblages and could be characterized as mostly silf! "apidly decreasing*Cs and'*’Cs activities with depth.

dominated with some fine sands. D50 values for these coreEPNPP-derived cesium penetration was limited to the top

ranged from 33 to 80 um, an order of magnitude lower than3 €M in these zones. The MCZ cores generally showed sim-

those observed in the NCZ, and the percent clay ranged frorijar exponentially decreasing cesium activities with depth

5 to 9%, an order of magnitude higher than those in the NCz With the exception of core 11, which showed a pronounced
The MCZ cores were fairly similar in characteristics to the P€ak between 1 and 4cm. Generally, the penetration depth

SCZ cores and ranged from 5 to 10% clay and in D50 from®f > 'CS Was deeper here than in the AZ and OZ cores. The
40 to 110 um. The two OZ cores were very fine grained and>CZ cores maintained substantially higher cesium activities
had relatively similar D50 and percent clay values of approx-ITom 0 to 8 cm relative to most other cores, and we observed
imately 18.5 um and 12.5 %, respectively. both exponentially decreasing activities and vertical profiles
. 5%, : T .
The average values for D50, percent fines, and percenf€/oW 8cm.~>"Cs was found to a depth of 18 cm in core 12

clay reflected wide variations in grain size from the coastal/@"d Over the full length of cores 13 (19.c¢m) and 14 (16 cm)
to offshore regions, although for a given core the changed” the SCZ. While the NCZ cores had similar surface activ-

in grain size between individual layers from top to bottom ities to those in the MCZ, most cores in this zone showed

were generally small. We saw that, as water depth increasefistinctive semi-vertical profiles from the surface to the cor-
to 5900 m, average grain sizes generally transitioned fron{d depths. Core 17 was the only exception and the only core
coarser sands and granules (0.5 to 4 mm) to very fine silts anf €xhibit Iargati fluctuations in activity with depth. Because
clays (<63 pm). This broad relationship did not always hold W€ observed*'Cs at all core bottoms and without decreas-
true in the nearshore, however, as the NCZ and SCZ corell!d trends in most of the NCZ cores, we could not estimate
differed in average grain size characteristics but not in wa-Maximum penetration depths.

ter depth. Although a few cores showed D50 layer variations

up to 220 um over 2 cm increments, no observable pattern ex-

3.3 Grain size analysis

Biogeosciences, 11, 5128137 2014 www.biogeosciences.net/11/5123/2014/
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Figure 2. Sediment activity profiles in Bq kgt for 134Cs, 137Cs, 210k, and?34They.

5129

www.biogeosciences.net/11/5123/2014/ Biogeosciences, 11, 5lX3%-2014



5130

3.5 Cesium inventories
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Total 134Cs and 13’Cs inventories ranged from 0 (C1) 50,000

to 740002000 (C20)Bgqm? and 21+1 (C3) to
73000+ 2000 (C20) Bq m?, respectively (Table 1). Our in-
ventory range for'3’Cs was almost 4 times larger than
those reported in Kusakabe et al. (2013; approximately 100
to 18,000 Bqm?) and Otosaka and Kato (2014; approxi-
mately 100 to 19100 Bqn?). This could be attributed to €
both greater core lengths and larger total area sampled, ing
cluding the 30 km zone around the FDNPP. Cesium invento- o
ries generally decreased with water depth. AZ and OZ inven-
tories were less than 400 Bqrhfor both isotopes, and the
MCZ contained only one core inventory above 1000 Btfm
Excluding core 20, we observed cesium inventories on the
order of 1500 to 7000Bqn? in the NCZ and 4000 to
36500BqnT?2 in the SCZ. The cesium inventories for core

20 were double that of the next-highest value and reflected a
proximity to the FDNPP. Pre-accident cores from the broader
western North Pacific have been reported to contain tens tc
thousands of Bq m? of 13’Cs (Moon et al., 2003; Lee et al.,
2005). Assuming a weapons-testing delivery of 2500 B¢ m
for 30°to 40 N (Bowen et al., 1980) and 1-5% delivery

5,000 [e]

100
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= 00O
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Figure 3.137Cs and?10Ph.y inventories relative to water depth and

h di ¢ di ti t D50. Grain size distribution is shown for 16 of the 20 cores, includ-
to the sediments, we expect an average sediment inven Ong all of the NCZ, SCZ, and MCZ cores. Isotope inventories for

of 137Cs less than 50 Bqnt prior to Fukushima. We ob-  134c¢ (a) and 219y (b) show general depth trends with promi-
served inventories consistent with the presence of substantiglent grain size effects in the NCZ and SCZ.
weapons-testing fallout in the AZ and OZ cores with inven-
tory ratios for134Cs/137Cs of 0 to 0.86. Larger inventories
and!34Cs /*3'Cs ratios of~ 1 in most of the MCZ, NCZ, and  crease in cesium inventories with increasing distance from
SCZ cores suggested negligible contributions from weaponsthe FDNPP and water depth, despite cesium inventories for
testing’3’Cs, relative to the larger and more recent FDNPPcores 1 to 19 showing little to no statistical relationship to
source. proximity or water depth (exponential regressigf values
Since many prior studies have focused on the 0 to 3 cmk 0.25). Grain size was a controlling factor in the nearshore
surface layer, we also calculated the percentage of total inNCZ and SCZ, where cores were sampled from similar wa-
ventory that lie below 3cm within each of our cores (Ta- ter depth ranges and yet contained widely varying invento-
ble 1). Percentages generally increased with shallower waries (Table 1, Fig. 3a). Although no trend was observed in
ter depths. We observed 7% and 75+ 5% for 3*Cs and  our replicate core tubes between grain size and cesium activ-
73+7 and 75£ 5% for 13/Cs (meant SD) below 3cm as ities, the larger differences in grain size between the SCZ
a fraction of the total inventory in the NCZ and SCZ, re- and NCZ (D50s from~ 30 to 700 um) did correspond to
spectively. In the MCZ, the percentage of total inventory be-changes in total®’Cs inventories. The NCZ and SCZ grain
low 3 cm was highly variable, ranging from 0 (C7 and C10) size trends mimic those observed in the Irish Sea, where an
to 33 % (C8) for'**Cs and from 10 (C10) to 36 % (C8) for estimated 41 PBq of cesium released over 40yr has been
137Cs. The average inventory below 3 cm in the MCZ corespreferentially incorporated into an area known as the Sell-
attributed to Fukushima$Cs) was 15t 16%, which agreed  afield mud patch (Poole et al., 1997). In summary, proxim-
closely with the Otosaka and Kato (2014fCs average of ity dominated within the 3km zone of FDNPP, despite the
19 % from core locations within the MCZ. When we com- high sand content of core 20 (D50 of 160 um, percent sand
bined the two data sets for the MCZ £ 15) the average ~ 94 %); grain size was the most important difference be-
inventory below 3cm was 18 16 %. In the OZ we saw no tween the NCZ and SCZ; and water depth (higher particle
134Cs below 3cm in any of the cores and a range of 0 (C3)fluxes are generally observed over more productive coastal
to 32 % (C4) forl3’Cs. We did not observe any detectable waters) may have contributed to cesium variability in loca-
amount of either isotope below 3 cm in the AZ. tions such as the MCZ and OZ, where water column activi-
The core inventories from this study reflect changes inties were relatively low.
three main factors: distance from the FDNPP, water depth,
and grain size. Proximity impacted core 20, located within
3km of the FDNPP (Fig. 3a). Figure 3a, shows a general de-
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3.6 210pp,, and 234Th.y activities and inventories

210pp,, surface activities (0 to 3cm average) ranged from
12+ 3 (C20) to 190Gt 100 (C1) Bgkg! and generally in-
creased with water depth, as expected, due to the increase

input from water column scavenging (Supplement S6, Figs. 1€

and 2).21%h,, activities were lowest in the NCZ and high- % 14
estin the AZ. Intrazona*°Phuy activity ranges were smaller & | I g me
than for cesium. Similar to the vertical cesium activity pro- ! ° mp:x
files, 21%Ph,, activities remained relatively constant with 6 il o e, 18
depth in the NCZ. In the other zones, activities generally de- | 1 | Exponential |
creased with core depth but also exhibited a variety of pro- ° ! T s0%03cm

|

L L L L L L
" 8
0 100 200 300 400 500 0 10 20 30 40 50 60 70

©

file shapes. Generally, the terminationfPhsy, the depth
where all?'%b is supported, was not attained within our
sampling depths, with the exception of cores 3 and 6 (Fig. 2).

210ph,, inventories, ranging from 2766200 (C18) Figure 4. Example model best-fit regressions 8PPy, 234They,
to 28000+ 1000 (C1)Bqgm?, reflect changes in grain and 137Cs for core 9. Mixing rates derived from the"%Phuy.
size, water depth, and local processes — the factors th&t *Thex profiles in the left panel were used in the cesium pulse
also impacted cesium inventories (Table 1, Figs. 1 andmodelfor the right panel. In general, the model similarly fit the pro-
3b). 210pp,, inventories generally increased with water files from the MCZ, OZ, and AZ. Modellfits for the SCZ and NCZ
depth as expected from scavenging. The NCZ valuedvere less successful due to almost vertical profiles for some cores.
were slightly lower than anticipated (average inventory of
.4000i 1000Bq m.z) based on our expected atmospheric high, and more often than not inventories did not decrease
inventory calculation of 6400 Bqnt, and the SCZ values _ = " :

; ; . with increasing depth.

were more than twice as high as expected (average inventory
20000+ 10 000 Bq n2). The SCZ is therefore a deposition
center, receiving additional particles via horizontal transport.4  pg estimates
These trends are supported by the prevalence of sands in
the NCZ cores and higher percentages of fines in the SC&Since all of the cores showed evidence of sediment mixing,
cores, similar to what has been observed with cesium invenwe estimated local mixing rates usiRefThex and210Phyy,
tories (He and Walling, 1996). An exponential regression ofactivity profiles and a steady-state diffusive mixing model
210pp,, inventories versus percent clay in the NCZ and SCZ(Egs. 2 and 5; see Fig. 4 for example profile). Mixing rates
indicated a strong relationshif > 0.9) between grain size in the MCZ, OZ, and AZ ranged from 0.7 (C9) to 9.6 (C10)
and inventories. The MCZ, OZ, and AZ core inventories of cm? yr—1 for 234The,-derived estimates and from 0.06 (C1)
210pp,, were generally 1 to 4 times higher than atmosphericto 3.7 (C10) criyr—1 for 210Ph,,-derived estimates (Table
delivery. This finding is similar to along the shelf and slope of 2). At a given location?34The-derived estimates were gen-
the northeastern USA (Buesseler et al., 1985/1986) and caarally higher as they reflect processes occurring in the upper-
be attributed to both scavenging within the water column, most active sediment layers (Aller and Cochran, 1976). Rates
which is higher with increasing water depth, and horizon-in the SCZ and NCZ suggested intense mixing, with full
tal transport and faster scavenging rates over boundary sedeore 21%Ph.,-derived estimates starting at 11€ym—! and
ments in general. Evidence of boundary scavengirfd®b  the majority of rates being unquantifiable due to the vertical
has been shown for the western North Pacific by Cochran et1%Ph.y profiles. The wide range in rates was not unexpected
al. (1990) based upon an analysis of deep sediment cores amwdth cores from diverse sedimentary environments and water
the expected inventories from water column scavenging andlepths. While?3*The,-derived mixing rates were not corre-
atmospheric sources. lated with water depthR? < 0.1), we observed an exponen-

Of the 17 cores that were analyzed rapidly enough to meatially decreasing trend iR'%Ph.y-derived mixing rates with
sure?34They, 15 containedP®*They activities ranging from  water depth R2 = 0.96), as observed in other coastal regions
17 +£3 (C19) to 1306t 100 (C12) Bgkg?! in the top 0 to  where biomass, species diversity, and bioturbation decrease
0.5cm. Surface (0 to 3cm3®*They inventories peaked at with depth (Henderson et al., 1999; Joydas and Damodaran,
2400+ 300 (C14)Bqn12in the SCZ. Most cores showed 2009).
classic exponentiad®*They profile shapes with higher val-  Although 234Theyx was absent from some of the deep-
ues at the surface that dropped to near-zero excess valuest AZ, OZ, and MCZ cores, we succeeded in obtaining
within 1 to 3cm. Although the lowest®*They inventories  21%Ph,, and23*They mixing rates for most cores located in
were found in the OZ and NCZ and the highest were generthese zones. In general, the activity profiles exponentially
ally located in the SCZ and MCZ, intrazonal variability was decreased with depth (Figs. 2 and 4), and the AZ and OZ

Activity (Bq kg™')
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Table 2. Mixing rates and model results for sediment cores. Analysis of samples from cores marked NP was not possible b&¥img no

was present or because of insufficient trend%%Thex or 210Pl:éx. Due to the limited number of surfa@é“Thex points, the uncertainties

reported represent the higher of the standard uncertainty of the model fit for valighde 25 % of Dg. The last column contains values
representing the time in years since the Fukushima maximum for surface concentrations (0—3 cm) to decrease by 50 % via mixing (modeled).
The uncertainties reflect the mixing rate(s) used in the model.

Zone No. 23%Thex- Depths 210Ph,,-  Depths Estimated years until
derivedDg used deriveddpg used 50 9% decrease in
(cmyr~1)  (em)  (cnfyr~1)  (cm)  surface cesium (m)
Abyssal 1 NP W6+£002 155 26L2
2 NP 06+0.2 1.5-9 162
Offshore 3 NP ®M74+£0.02 0.5-3 262
4 0.8+0.2 0-2 NP 6t 2
5 NP 054+0.1 1.5-9 182
6 55+4 0-1.5 009+0.02 2-8 24+1
Mid-coastal 7 ®™+0.7 0-3 08+0.2 2-8 5+2
24+0.6 0-2 03+0.1 1.5-5 151
9 0.7+£0.2 0-2 08+0.1 2-8 8+1
10 9643 0-2 37+0.4 3-8 2+1
11 16+04 0-1.5 06+0.1 1.5-10 16t1
Southerncoastal 12 .2+0.7 0-15 12t 2 1.5-20 mB+0.2
13 NP 1142 0-19 094+0.2
14 2540.6 0-2 22+-6 2-16 04+0.2
Northern coastal 15 .8+0.1 0-2 NP 14+ 2
16 04+0.1 0-2 NP 124
17 NP NP NP
18 NP NP NP
19 NP NP NP
20 NP NP NP

210ph,,-derived mixing rates agreed well with the observed a pulse-like input (Eq. 6). Thé&**Thec-derived mixing rate
historical rates from this region of 0.1 to 1 égr—1 (Moon was used for the depths specified in Table 2, and the corre-
et al., 2003; Yang et al., 1985). Cores from the shallowestsponding?!%Ph.y-derived mixing rate was used for the rest
regions (NCZ and SCZ) were the most difficult to fit with of the core. If no rate existed for one of the isotopes, the
the simplified sediment mixing-only model (Eq. 5). The SCZ mixing rate from the other was applied to all depths. The de-
cores generally contained three layers of mixing: a 1 to 3 cmcay of 13’Cs, although small over 5 to 10 yr, was subtracted
moderately fast mixing zone at the surface, a 5 to 10 cmfrom the profile activities after all other calculations to show
rapid mixing layer with an almost vertical profile, and a deep changes due to mixing only. In general, the measured cesium
mixing zone with similar mixing rates to the surface layers. activity profiles for the top 3 cm matched fairly well with the
Equation (5) could not be used at all to derf{8Phs, mix- pulse model output for our sampling dates using the local
ing rates for any of the NCZ cores due to the almost verticalbioturbation rate. Below 3 cm, the model generally followed
activity profiles throughout. In these instances, the observedhe AZ, OZ, and MCZ measured cesium profiles (see Fig. 4
profile trends could have resulted from extremely rapid mix-for example profile) and underestimated the NCZ and SCZ
ing or from resuspension and deposition resulting from aprofiles.

tsunami or storm-related event, although we did not see evi- The time until the surface (0 to 3 cm) activities decreased
dence of individual storm deposits in the grain size analysisby 50 % ranged from 0.4 (C14) to 26 (C1 and C3) years for

(see Sect. 3.3). the 20 cores (Table 2). The SCZ times ranged from 0.4 (C14)
to 0.9 (C13) years and the MCZ times from 2 (C10) to 15
4.1 Cesium modeling of changes in surface activities (C8) years. We could not model any of the cesium profiles

in the NCZ using?!%h., mixing rates, and the two with
To explore how quickly sediment mixing could potentially 2**Thex mixing rates yielded estimates from 12 (C16) to 14
reduce surface (0 to 3cm) cesium activities over time, we(C15) years, which seemed unrealistically long when con-
calculated the change in surface cesium activity, assumingidering the water depth and shape of the vertical profiles.

Biogeosciences, 11, 5128137 2014 www.biogeosciences.net/11/5123/2014/
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The longest time period for decrease will occur in the slow- ‘ 70000
mixing OZ and AZ regions, whose 50 % reduction time var- 50000
ied from 6 (C4) to 26 (C1 and C3) years.

30000

10000

4.2 Total seafloor cesium inventory calculations N
We estimated that the marine sediments contained approxi- .
mately 100+ 50 TBq of137Cs for an area of 55 000 kh{Ta-

bles 3a and b). The final totals for each zone were calcu-
lated by finding the mean inventory of all cores within that "
zone and multiplying by the area of the zone. Zonal and final
totals are reported with standard deviations for data set (1),
using cores from this study only, in Table 3b. Inventory cal-
culations should represent underestimates of actual reservoir .
totals because the profiles in the highest inventory zones, the
NCZ and SCZ, still showed Fukushim&'Cs in their deep-

est sample layers. We did not calculate an inventory value
for the AZ, which is extensive but should not significantly
contribute to overall inventories due to low cesium activities.
Furthermore, the cores from the greatest water depths, 1 angigure 5. A compilation of sediment3’Cs inventories from the

2, did not contain Fukushim&“Cs, although it has been de- coastal region around Fukushima, Japan. Core inventories from

tected in sediments as far offshore as the Japan Trench (wat#tis study are shown as measured from May 2012 to September
depth of >7000 m; Oguri et al., 2013). 2013. MEXT cores from February 2012 (Kusakabe et al., 2013) and

To improve our inventory estimate, we added cores recoyOTKA samples from August through November of 2011 (Otosaka

ered in February 2012 by MEXT (Kusakabe et al., 2013) and tho, 2014_) were adjusted as necessary by zone to include esti-
and from August to November 2011 reported in Otosaka aanated inventories deeper than 3 and 10 cm, respectively (Sect. 3.5).
Kato (2014) (OTKA). These provided an additional 50 loca-
tions, referred to as data sets (3) and (2), respectively. The
inventories of the shorter sediment cores were increased us-
ing the average perceftCs inventory below 3 and 10cm 2011 and used these smaller percentages instead of those in
determined for each zone when applicable (see Sect. 3.55ect. 3.5 to adjust the MEXT data. After this adjustment, the
Cesium activity and inventory values from the MEXT and total inventory estimate decreased slightly to #0680 TBq.
OTKA data sets were not changed if the depth sampled was The three approximation methods all resulted in similar to-
sufficient to capture the full extent of cesium penetration.tal 13’Cs sediment inventories, ranging from 100 to 130 TBq
The additional locations did not impact the sediment inven-(Tables 3a and b). The OZ comprised more than half the en-
tory estimate, now 10& 40 TBq, and did not substantially tire area but consistently totaled only 4 to 6 % of #iéCs
change the distribution of cesium between zones (Tables 3aediment inventory. The MCZ represents 30 % of regional
and b). surface area and contained between 15 and 18 % of the to-
In a final effort to further improve our inventory estimates, tal 13’Cs. The NCZ was split into two subzones to account
we utilized all earlier sampling dates from the 30 MEXT lo- for the extremely high inventory observed within the 3km
cations in Fig. 5 and calculated a total sediment reservoiradius of the FDNPP. Based on Thornton et al.'s continu-
estimate of 13 60 TBq (z = 199, Table 3b). These loca- ous tow data, the area immediately around the nuclear fa-
tions were sampled at approximately monthly intervals start-cility (~3km) showed the largest number of hig®'Cs
ing June 2011 and are referred to as data set (4). As we haudq kg~ anomalies relative to adjacent sediments (Thornton
observed, the range in local variability can be almost as higret al., 2013). Core 20 confirmed that this region was distinctly
as that on the zonal or regional scale (Kusakabe et al., 2013jigher in activity and warranted its own subzone, so as not to
Thornton et al., 2013), so additional sampling at one siteskew the NCZ inventory average. The 3 km subzone adjacent
should not bias the zonal averages towards these repeated It the FDNPP accounted for approximately 1 % of the total
cations. However, because of the much earlier sampling dateisventory. Although this inventory could change with the ad-
for the MEXT cores relative to our last date in Septemberdition of new and deeper cores, it would not change the total
2013 and the 3 cm sampling length, we considered the sensiegional inventory more than a few terabecquerels, even as-
tivity of our inventory estimate to mixing, which could trans- suming a mixed layer depth of 50 cm (cesium penetration to
port cesium to deeper layers between sampling events. Using0 cm; Walbran, 1996), because the 3 km subzone only com-
Eqg. (6) and the estimates of mixing rates, we determined thgrises 0.03 % of the total area. The NCZ and the SCZ, on the
average percent of cesium below 3 cm for each zone in Junether hand, contributed the most cesium by far (over 70 %),

r 1000

o
3
3
137Cs Inventory (Bqg m 72

100
* FDNPP

O This Study (1)
A OTKA (2)
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50
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Table 3a.Zonal statistics used for inventory estimates. Cores from group (1) are from this study only. Samples in group (2) were taken from
Otasaka and Kato (2014; OTKA). Group (3) includes MEXT cores from February 2012 only, and group (4) contains MEXT cores from (3)
plus additional cores from the end of June 2011 through February 2012 (Kusakabe et al., 2013).

No. of sample points

Zone Depthranges  Area % of 1) 2) ?3) 4)
(m) (kmz) area Thisstudy OTKA MEXT MEXT
oz 800-4000 30832 56% 4 3 0 0
MCZ 150-800 16087 29% 5 10 17 77
SCz 0-150 3309 6% 3 7 7 43
NCZ Greater area 0-150 4731 9% 5 0 6 41
3 km radius 14 0.03% 1 0 0 0
Total 0-4000 54973k 18 20 30 161

Table 3b. Total 137Cs inventory results by zone and data sets used. Estimates of total marine sédif@srihventories were found for this
study only ¢ = 18) and by including data sets from Otasaka and Kato (2014) and Kusakabe et al. (2013) that were adjusted by zone based
on calculated average percent inventories observed below 3 to 10 cm. See Table 3a for group humbers.

This study (1) L& (2)&@3) )& (2) & (4)
Zone Meaf3’Cs Total3’Cs  %oftotal Meah®’Cs  Total3’Cs  %oftotal  Meah3’Cs Total3’Cs % of total
(Bgm2) TBq TBq (Bqn?) TBq TBq (BqnT?) TBq TBq
0oz 1704160 5+5 55% 160+ 120 5+4 4.8% 160+ 120 5+4 3.9%
MCZ 1000+ 1100 17+ 17 17.6% 120@:-1000 19+ 16 18.3% 12061000 19+ 16 14.8%
SCz 1600GE 13000 52+ 45 54.0% 13006 6800 44422 42.3% 130068700 42429 33%
NCZ Greater area 450082100 21+ 10 21.8% 7300:5100 35+ 24 33.6% 1300&:-11000 61+ 52 47.5%
3 km radius 73000 1 1.1% 73000 1 1.0% 73000 1 0.8%
Total 100+50TBq 100+ 40 TBq 130+ 60 TBq

yet composed only 9 and 6 % of the total area, respectively24 100 kn? (0 to 800 m water depth). With expanded spa-
(Tables 3a and b). tial coverage inside the 30 km radius of the FDNPP and im-
Figures 5 and 6 show the spatial distribution of cesiumproved vertical resolution in the NCZ and SCZ, our coastal
inventories for all zones surrounding the FDNPP and illus-inventory estimates fall between the 38 TBq of Kusakabe
trate both the high intrazonal variability and the overall de- et al. (2013) and the 200 TBq of Otosaka and Kato (2014).
crease of inventories with depth. Included are cores from thiKusakabe et al. (2013) had calculated only surface invento-
study @ = 18), from the February 2012 MEXT sampling ries for the upper 3cm for a similar area, thus providing a
dates § = 30; Kusakabe, 2013), and from all OTKA dates lower limit for total coastal inventories. Otosaka and Kato’s
(n = 20; Otosaka and Kato, 2014), the latter two containing(2014) estimate of 200 TBq is higher because it was cal-
adjusted cesium inventories when applicable (see Sect. 3.5¢ulated using exponential water depth versus cesium inven-
Best-fit exponential regressions of these inventories versusory relationships that were derived without any NCZ cores,
water depth are shown in Fig. 6. As observed with the coreswhich effectively applied the relatively elevated SCZ core in-
from this study, the complied inventories from 0 to 150 m in ventories to the entire NCZ and SCZ (Fig. 5).
the NCZ and SCZ did not reflect a significant relationship  Our zonal analysis of cesium inventories, in conjunction
with water depth R < 0.01), which we suggest reflects the with 21%Ph,, and grain size analyses, has provided an assess-
importance of grain size distribution in these zones (Fig. 3a) ment of the total cesium inventory that will inform future
studies. We have identified key areas where more cores may
improve inventory estimates. First, additional sampling is
5 Conclusions needed to supplement sparse coverage in two regions: north
of the FDNPP along the coast from 37.70 to 38.R0n the
Our 137Cs sediment inventory estimates of 100 to 130 TBqMCZ, and in locations deeper than 2000 m in the OZ. With
for 55000 kn? (0 to 4000 m water depth off Japan) repre- the large observed spatial variability from scales of(bre-
sent the most comprehensive attempt to date for quantifytween multi-corer tubes) to 10 00(rtamong zones), greater
ing FDNPP cesium incorporation into marine sediments. Thehumbers of cores are essential to better constrain our esti-
coastal sediments contain the majority of the total TBq de-mates at present. Second, while most MCZ and OZ cores
livered, with inventories ranging from 100 to 125 TBq for are long enough to capture complete cesium inventories, in
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water depth. Additional biological studies should take note of
these zonal hot spots as cesium levels may remain elevated
here much longer despite faster observed mixing rates.

In addition to bioturbation, other processes impacting ce-
sium distributions in the coastal ocean require further study.
Yamashiki et al. (2014) found that suspended particle loads
in the Abukuma River basin near Fukushima delivered over
5TBq of cesium to the NCZ in a 10-month period. A ty-
phoon that occurred during this time contributed more than
half of this inventory over only 8 days. While 5 TBq would
account for only 4 to 5% of the total sediment reservoir, de-
pending on where and how the particles are transported, this
contribution could create local hot spots. Chemical remobi-
lization rates of cesium from sediment pore waters have not
been published for this area of Japan but are likely less than
0.1 TBq per month for cesium, based on previous studies of
the Irish Sea (Mitchell et al.,1999), and could decrease the to-
tal coastal inventory. Even though these source and loss terms
are relatively small compared to the total cesium inventory
of the sediments, only long-term monitoring within the study
region will indicate whether decay alone or other factors are
controlling cesium activities and distributions over the next
decade.

Figure 6. Spatial variations if37Cs sediment inventories with wa-

ter depth. The measured and adjusted inventories from Fig. 5 ar . S . .
plotted against water depth. The upper figure shows the exponentiae[he Supplement related to this article is available online

regression for core inventories from 0 to 150 m, excluding core 20.at doi:10.5194/bg-11-5123-2014-supplement
The lower figure shows all inventories and the regression for cores
located from 150 to 1500 m.
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