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Abstract.  Quantifying the amount of cesium incorporated into marine sediments as a result of 31 

the Fukushima Dai-ichi Nuclear Power Plant (FDNPP) accident has proven challenging due to 32 

the limited multi-core sampling from within the 30 kilometer zone around the facility, the 33 

inherent spatial heterogeneities in ocean sediments, and the potential for inventory fluctuations 34 

due to physical, biological, and chemical processes.  Using 
210

Pb, 
234

Th, 
137

Cs, and 
134

Cs profiles 35 

from 20 sediment cores, coastal sediment inventories were reevaluated.  A 
137

Cs sediment 36 

inventory of 100 ± 50 TBq was found for an area of 55,000 km
2
 using cores from this study and 37 

a total of 130 ± 60 TBq using an additional 181 samples.  These inventories represent less than 38 

1% of the estimated 15-30 PBq of cesium released during the FDNPP disaster.   The time needed 39 

for surface sediment activities (0 to 3 cm) at the 20 locations to be reduced by 50% via sediment 40 

mixing was estimated to range from 0.4 to 26 years.  Due to the observed variability in mixing 41 

rates, grain size, and inventories, additional cores are needed to improve these estimates and 42 

capture the full extent of cesium penetration into the shallow coastal sediments, which was 43 

deeper than 14 cm for all cores retrieved from water depths less than 150 m. 44 

 45 

 46 

 47 

  48 
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1  Introduction 49 

The Tohoku earthquake and tsunami of 11 March 2011 led to multiple system failures at 50 

the Fukushima Dai-ichi Nuclear Power Plant (FDNPP).  Over the next month, cooling water 51 

releases and hydrogen explosions resulted in the largest nuclear disaster since Chernobyl.  52 

Oceanic inputs included direct cooling discharge, runoff, riverine flow, and an estimated 70 to 53 

80% of the total atmospheric radionuclide release (Aoyama et al., 2012).  While later reports 54 

indicate additional releases to the ocean (TEPCO, 2014; Kanda, 2013), the initial  
137

Cs activities 55 

measured in the FDNPP discharge channel from March to May of 2011 represent the most 56 

significant oceanic contribution to date, peaking at 68 million Bq m
-3

 on April 6
th

 2011 57 

(Buesseler et al., 2011).  
137

Cs emerged as the major oceanic contaminant warranting long-term 58 

study due to its ~30 year half-life and large release, generally estimated to be around 15 - 30 PBq 59 

(Buesseler, 2014; Charette et al., 2013; Povinec et al., 2013; Chino et al., 2011; Stohl et al., 60 

2011).  
137

Cs and 
134

Cs (t½ ~2 years) have been found with comparable activities near the 61 

FDNPP and were released with a ratio of ~1 (Buesseler et al., 2011).  Although the isotopes are 62 

highly soluble in the coastal ocean (Buesseler et al., 2012), a small percentage of the release will 63 

have been incorporated into the marine sediments and may remain associated with the seafloor, 64 

even after currents transport much of the dissolved phase away from the coast.  Initial studies of 65 

the sediments near the FDNPP have shown the widespread incorporation of 
137

Cs well above the 66 

relatively small remaining 1960’s fallout signal of 1- 2 Bq kg
-1

 (dry) (NRA, 2014b; Kusakabe et 67 

al., 2013; Otosaka and Kato, 2014; Otosaka and Kobayashi, 2013).   68 

The most spatially and temporally extensive sediment datasets have been provided by the 69 

Ministry of Education, Culture, Sports, Science and Technology-Japan (MEXT) and the Tokyo 70 

Electric Power Company (TEPCO).  TEPCO initially reported some of the highest 
134

Cs 71 

sediment activities in July of 2011 (TEPCO station 1 at 9600 Bq kg
-1

 wet) in grab samples 72 

collected within the 30 km zone around FDNPP (NRA, 2014a).  However, lacking bulk density 73 

measurements, inventory estimates have not been published for this region.  MEXT, on the other 74 

hand, reported monthly multi-corer, dry activities for homogenized 0 to 3 cm core tops from 75 

outside the 30 km zone (NRA, 2014b).  Kusakabe et al. (2013) used 30 different MEXT 76 

locations ranging from 45 to 675 m water depth to estimate a 
137

Cs sediment inventory of 38 77 

TBq for the top 3 cm.  As both datasets are limited to the uppermost layers of the sediment 78 

column, calculations using only these measurements will underestimate the total incorporation of 79 
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cesium into the sediments.  In a more recent effort, Otosaka and Kato (2014) paired MEXT cores 80 

with 10 cm Smith-McIntyre grab samples and sectioned cores ranging from 3 to 10 cm and 81 

estimated a 
134

Cs coastal inventory of 200 ± 60 TBq, decay-corrected to March 2011. 82 

Larger datasets are essential for more accurate sediment inventory calculations due to the 83 

spatial variability and local heterogeneity observed in previous coastal sediment studies from this 84 

region (Kusakabe et al., 2013; Thornton et al., 2013).  Kusakabe et al. (2013) found a 
137

Cs 85 

activity range of 170 to 580 Bq kg
-1

 with six successive multi-corer casts at nominally the same 86 

sampling site (mean and standard deviation of 330 ± 160 Bq kg
-1

 dry).  In addition, Thornton et 87 

al. (2013) reported activity fluctuations of <10 to 1500 Bq kg
-1

 at sites located between 5 and 10 88 

km of the FDNPP and from 500 to 40,000 Bq kg
-1

 within 3 km of the FDNPP.  These local 89 

anomalies were observed over distances of less than 1 km using a continuous (1 hertz) towed 90 

gamma ray spectrometer and their magnitude illustrates the importance of high spatial resolution 91 

sampling. 92 

The evolution and ultimate fate of cesium isotopes in the coastal ocean must be better 93 

constrained to assess both the short term implications of the FDNPP accident and the potential 94 

for lasting effects.  Reports that bottom water fish contain higher cesium concentrations than 95 

pelagic fish suggest that the sediments could be a continued source to bottom-dwelling biota 96 

(Buesseler, 2012).  A model study of the coastal food chain near Fukushima indicated that an 97 

additional contamination source beyond ocean water, mostly likely associated with the 98 

sediments, would be necessary to sustain the cesium levels observed in higher trophic organisms 99 

(Tateda et al., 2013).   100 

210
Pb (t ½ ~ 22.2 years) and 

234
Th (t ½ ~ 24 days), naturally occurring daughter products in 101 

the 
238

U decay series, can aid in evaluating the rates of sedimentation and bioturbation occurring 102 

in sediments from months to decades (Yang et al., 1985).  
234

Th is particle reactive and will be 103 

scavenged easily in the upper ocean, leading to a potential excess in sediments (
234

Thex).  104 

Because of its short half-life, measureable 
234

Thex is generally only observed in the top few cm of 105 

the sediment column in areas of rapid and recent mixing.  Excess 
210

Pb (
210

Pbex) is supplied via 106 

atmospheric deposition, from the decay of 
222

Rn gas, and scavenging in the water column.  In 107 

sediments 
210

Pbex represents the divergence from secular equilibrium with 
226

Ra (supported 108 

210
Pb).  If conditions are relatively stable, the 

210
Pbex inventory in a given area will represent the 109 

flux to this location averaged over the last century (~5 half-lives).   110 
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    111 

2  Methods 112 

 113 

2.1  Sample Collection 114 

Twenty sediment cores ranging in length from 6 to 20 cm were collected during cruise 115 

campaigns in May 2012 (R/V Tansei Maru), June and July 2012 (R/V Mirai), May 2013 (R/V 116 

Umitaka Maru), and September 2013 (R/V Daisan Kaiyo Maru).  Stations were located 2 to 117 

1,865 km from the FDNPP (Supplement S1).  Individual core tubes were retrieved from a multi-118 

corer and cross-sectioned at sea into 0.5 to 2 cm layers. A sample (plug) of 1 or 7 cm
3
 was taken 119 

from each layer as the cores were cross-sectioned for density calculations.  Sediment layers were 120 

preserved in sealed bags and the plug samples in capped vials.  Eight samples (0 to 5 cm) from 121 

separate core tubes (R1 to R8) were retrieved from a single cast at the location of core 13 for an 122 

analysis of local variability.   123 

 124 

2.2  Grain Size Analysis 125 

Grain size analysis was performed on a subset of ~3 cm
3
 core samples using a Beckman 126 

Coulter LS13320 particle size analyzer with capabilities of 0.4 µm to 2 mm.  Grain size results 127 

are reported as percent clay and percent fines (silt plus clay) averaged over the entire depth of 128 

each core.  Percent clay and percent fines were calculated by summing the frequency outputs 129 

from 0 to 3.86 µm and from 0 to 63.41 µm, respectively.  D50 values were determined, which 130 

signify the grain size at which 50% of the sample is smaller or larger by particle count.  All grain 131 

average size results are reported with standard deviations.  Samples from cores 15 and 16 132 

consisted of up to 42% of grains over 1 mm by mass and were processed differently due to the 133 

counter limitations.  To ensure that no prolate grains with a near 2 mm axis passed to the counter, 134 

a 1 mm sieve was placed over the sample delivery system.  The total mass of sample used, 135 

ranging from 5 to 45 grams, was determined by the counter’s optimal obscuration range or 136 

percentage of light blockage by grains (15 to 25%).      137 

 138 

2.3  Isotope Measurements 139 

Samples were dried at 40-60 °C for a minimum of 1 day and analyzed using Canberra 140 

GCW4030S germanium gamma well detectors for the following energy peaks: 46.5 keV (
210

Pb), 141 
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63.3 keV (
234

Th), 352 keV (
214

Pb), 661 keV (
137

Cs), 795 keV (
134

Cs).  Samples were counted for 142 

7 to 24 hours depending on the time to achieve counting uncertainties of less than 5% on the 143 

primary peaks.  Detectors were calibrated using a dilute pitchblende ore standard (US EPA 144 

Environmental Monitoring Systems Lab) and river sediment standard (NBS 4350 B).  Minimum 145 

detectable activities (MDAs) were calculated using 24 hour background spectra and efficiencies 146 

based on the average sample mass of 16.75 grams and sample volume of 14.5 mL (Currie, 1968).  147 

The calculated MDAs in Bq kg
-1

 were 4.2 (
210

Pb), 3.2 (
234

Th), 0.7 (
214

Pb), 0.4 (
137

Cs), and 0.8 148 

(
134

Cs).  Activities under the MDAs and those with counting uncertainties over 50% were 149 

reported as not detectable (ND).  Total uncertainties for a given sample and isotope (in Bq kg
-1

 150 

dry) represent the higher of either the counting uncertainty or 7%.  The minimum uncertainty 151 

(7%) is the average percent difference between sample activity results when duplicate 152 

measurements were made using the same and different detectors.  The total uncertainty is 153 

propagated through all activity and inventory calculations for individual sections and full cores.   154 

210
Pb activities were decay-corrected to the collection date and adjusted for supported values 155 

from 
214

Pb (assumed to be at equilibrium with parent 
226

Ra) to determine 
210

Pbex.  Since an 156 

excess of 
234

Th generally exists only in the first few cm, an estimation of equilibrium 
234

Th 157 

values at depth were used to determine 
234

Thsupported, the activity supported by the decay of its 158 

238
U parent, to calculate 

234
Thex (decay-corrected to collection).  All 

134
Cs and 

137
Cs data were 159 

decay-corrected to the date of maximum concentrations at the FDNPP (6 April, 2011; Buesseler 160 

et al., 2011).  By decay-correcting, the changes we observe can be attributed to physical and 161 

biological processes and not radioactive decay.  All final 
210

Pbex, 
234

Thex, and cesium activities 162 

for an individual layer are reported as Bq kg
-1

 dry and surface activities were calculated as the 163 

weighted (relative to layer thickness) average of layer activities for the top 3 cm of each core. 164 

Layer inventories in Bq m
-2

 were calculated for 
134

Cs, 
137

Cs, 
210

Pbex, and 
234

Thex using the 165 

following relationship: 166 

 167 

                                                          

 168 

where layer thickness was in meters, activities were in Bq kg
-1

 dry, and bulk density (kg m
-3

) was 169 

equal to the amount of dry mass of sample in the 1 or 7 cm
3
 plug divided by the total volume.  170 

All layer inventories for each isotope were summed to calculate total inventories for each 171 
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individual core except for 
234

Thex, which was only reported for the exponentially decreasing 172 

surface activities.  Because core lengths ranged from 6 to 20 cm, some core inventories would 173 

not be representative of the complete isotope profile at that location if 
210

Pbex values remain 174 

elevated at depth. 175 

We estimated the expected sediment inventories of 
210

Pbex in the coastal sediments near 176 

Fukushima, Japan using an average 
210

Pbex atmospheric delivery flux of approximately 200 Bq 177 

m
-2

·yr
-1

 to obtain an expected inventory from atmospheric input of 6400 Bq m
-2

 (200   32 years, 178 

mean life of 
210

Pb).  The atmospheric delivery flux estimate was derived from average monthly 179 

210
Pb deposition measurements from 1993 to 2001 for Tokai-Mura (Ueno et al., 2003) and from 180 

2000 to 2001 for Tokyo and Sendai (Yamamoto et al., 2006).  Since 
210

Pb is particle reactive, in-181 

situ scavenging provides an additional source, the strength of which is a function of the 182 

210
Pb:

226
Ra disequilibrium, and water depth over which the deficit is found.  Since we do not 183 

have 
210

Pb:
226

Ra profiles, we can only estimate a rough scavenging flux for 
210

Pb using a Pacific 184 

210
Pb/

226
Ra ratio of 0.75 (Tsunogai and Harada, 1980) with a deep sea 

226
Ra of approximately 33 185 

dpm per 100 kg activity (28.5°N and 145°E; Nozaki and Tsunogai, 1976).  This flux would be a 186 

linear function of water depth over which the disequilibrium applies, and ranges from 70 to 187 

7,000 Bq m
-2 

for depths of 50 m to 5000 m (1-D scavenging supply equal to 
226

Ra-
210

Pb       188 

32 years).  Thus, in most coastal settings, the dominant supply of 
210

Pb is atmospheric 189 

deposition, whereas inventories are expected to increase with depth in the shelf and slope due to 190 

scavenging processes in the water column above.  In addition, with a relatively long residence 191 

time for scavenging, ocean margins in general are sites of enhanced boundary scavenging of 192 

210
Pb (Cochran et al., 1990). 193 

 194 

2.4  Modeling 195 

While the mixing of marine sediments often occurs via spatially and temporally variable 196 

bioturbation processes, such as non-local transport, the cumulative result of sediment 197 

accumulation, mixing, and isotope decay is often modeled as a diffusive process and can be 198 

written: 199 

 200 

 

  
{        }  

 

  
{        

  

  
}  

 

  
{         }                   
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 201 

where ρ represents density, A activity of radionuclide, t time, w sedimentation rate, and λ 202 

represents the decay constant (Cochran, 1985).  To generate mixing rates (DB) using this 203 

relationship for each core, steady state, constant porosity ( ), and constant DB with depth (x) 204 

were assumed.  Equation (2) can be simplified using these assumptions to: 205 

 206 

              
  √       

   
    

         

 207 

where Ao is the activity at x = 0 (Anderson et al., 1988).  Sedimentation can be ignored if: 208 

 209 

                

 210 

Historical 
210

Pbex-derived mixing rates from locations in the northwestern Pacific for depths 211 

greater than 4000 m range from 0.1 to 1 cm
2 

yr
-1

 (Moon et al., 2003; Yang et al., 1985).  212 

Sedimentation rates for these locations were found to be 0.0001 to 0.002 cm yr
-1

.  Using the 213 

offshore mixing rates as a minimum for the coastal region near Fukushima, w would need to 214 

approach 0.12 cm yr
-1

 to be considered significant.  Therefore, sedimentation was considered 215 

negligible over the decades following the FDNPP release and Eq. (2) can be further simplified to 216 

(Cochran, 1985; Yang et al., 1985):
 217 

 218 

              
  √

 
           

 219 

A dynamic, exponential regression analysis was performed on 
234

Thex and 
210

Pbex activity (Bq kg
-220 

1
 dry) profile sections of each core using Eq. (5).  In practice, mixing rates are typically higher in 221 

surface sediments and therefore 
234

Thex profiles were used to derive DB for upper layers, when 222 

present, and 
210

Pbex was used below.  Bioturbation was assumed to be the dominate process 223 

controlling isotope distributions in the sediments although DB is a diffusive approximation of the 224 

combined effect of bioturbation and potential physical mixing processes.   225 

To model the expected changes over time in 
137

Cs profiles we used a pulse input model and 226 

the 
234

Thex- and 
210

Pbex-derived DBs (Cochran, 1985; Yang et al., 1985): 227 
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 228 

 

  
  

   

             

 229 

where A is the activity at any given depth z, Ao is the shallowest surface activity, DB is the mixing 230 

rate, and t is the time since the maximum input (6 April 2011; Buesseler et al., 2011).  Keeping 231 

all other variables constant, we modeled the cesium activity profiles to determine the time 232 

needed for average cesium activities from the top 3 cm to decrease by 50% due to sediment 233 

mixing and hence, the transport of the cesium deeper into the core.  Therefore, we have assumed 234 

that most of the cesium input to the sediments would track cesium delivery to the coastal waters.  235 

Sediment trap data in the north Pacific show rapid transport of cesium to depth, even in deep 236 

waters, within days of the input of cesium to the surface ocean (Honda et al., 2013).            237 

 238 

3  Results and Discussion 239 

 240 

3.1  Variability Between Multi-Core Tubes 241 

From a single multi-corer cast, we retrieved 8 separate sample tubes (R1 to R8) and 242 

analyzed each for 
210

Pbex, 
137

Cs, and 
134

Cs.  Core 13 was retrieved from the same location during 243 

an additional mutli-corer cast (Fig. 1).  
137

Cs activities in the top 0 to 5 cm of these subcores 244 

varied from 45 ± 3 to 220 ± 20 Bq kg
-1

 and 
210

Pbex from 140 ± 10 to 220 ± 20 Bq kg
-1

 245 

(Supplement S2).  Inventories for 
137

Cs in the top 5 cm were 1600 ± 100 to 6500 ± 500 Bq m
-2

 246 

and 5500 ± 400 to 7800 ± 600 Bq m
-2

 for 
210

Pbex.  Inventories for core 13 for the same 0 to 5 cm 247 

layer were 8000 ± 200 and 6400 ± 200 Bq m
-2

 for 
137

Cs and 
210

Pbex, respectively.  The large 248 

inventory differences for both 
137

Cs and 
210

Pbex indicate a high degree of variability between 249 

casts and between individual tubes from a single cast.  We could not obtain a coefficient of 250 

determination (R
2
) greater than 0.1 for an exponential, logarithmic, or linear regression of 

134
Cs 251 

and 
210

Pbex inventories, which confirms that the factors controlling inventories at the local scale 252 

vary for the two isotopes (Supplement S3).   253 

Although we observed large tube to tube differences in the cesium activities, the grain size 254 

results for each of the 8 subcores were relatively similar in magnitude (Supplement S4).  D50 255 

values ranged from 19 to 41 µm, percent clay from 7.3 to 12, and percent fines from 66 to 85.  256 
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Although a study of the Irish Sea found elevated 
137

Cs activities with increasing percentages of 257 

higher surface area particles (Poole et al., 1997), such as clays, we could not find any 258 

relationship (exponential, linear, or logarithmic) with an R
2
 value of greater than 0.1 between the 259 

three grain size parameters and cesium activities or inventories at this single site (Supplement 260 

S5).  
210

Pbex activities showed some relationship with percent clay in the replicate cores (R
2
 261 

values ranging from 0.34 to 0.36).  While Kusakabe et al. (2013) posited that low bulk densities 262 

could indicate finer grain sizes and abundant organic matter content, we did not see evidence of 263 

this in the replicate cores.  Although particle size characteristics do not appear to control local 264 

differences in radionuclide activities, where variations in average particle size and abundances of 265 

particle types (clays, etc) are relatively small, they may be important over larger regional scales 266 

where mineralogical differences are greater (See Sect. 3.5).     267 

 268 

3.2  Zonal Divisions 269 

Previous studies have delineated various coastal regions to estimate the total cesium delivery 270 

to the sediments near FDNPP.  Kusakabe et al. (2013) used a boundary from approximately 271 

35.5°N to 38.5°N, while Otosaka and Kato (2014) used incremental isobaths running from 272 

35.67°N to 38.50°N to create 8 separate zones (0 to 1500 m).  For consistency, we used 35.5°N 273 

to 38.5°N for our northernmost and southernmost zonal boundaries and isobaths for eastern and 274 

western divisions (Fig. 1 and Table 1).  We divided the sediment reservoir into five zones based 275 

on inventories, grain size, and mixing rate estimates from our 20 sediment cores (See Sect. 3.3 to 276 

3.7).  The northern coastal zone (NCZ, n = 6) and southern coastal zone (SCZ, n = 3) are bound 277 

by the 150 m isobath to the east.  The northern and southern boundaries of the NCZ and SCZ 278 

were shortened to 38.20°N and 36.25°N, respectively, after consideration of additional surface 279 

cores from MEXT (Kusakabe et al., 2013) (See Sec. 3.9).  The mid-coastal zone (MCZ, n = 5) is 280 

bound by the 800 m isobath to the east, and the Japanese coast, NCZ, and SCZ to the west.   The 281 

offshore zone (OZ, n = 4) is bound to the west and east by the 800 m and 4000 m isobaths, 282 

respectively.  We included core 3 (4066 m) in the OZ because of its proximity to core 4 and an 283 

under representation of deeper cores in this zone.  The remaining cores (n = 2) are located in the 284 

abyssal zone (AZ).    All result and calculations in the following sections will be discussed 285 

relative to these zones. 286 

 287 
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3.3  Grain Size Analysis 288 

 Two cores from the OZ and all cores from the NCZ, SCZ, and MZ were analyzed by layer 289 

with a Beckman Coulter counter and the results were averaged by core (Table 1).  The remaining 290 

4 cores were visually assessed with a hand lens and assigned a general size class relative to the 291 

Udden-Wentworth Classification scheme.  The NCZ cores contained the lowest percent clay (0.2 292 

to 0.8%) and yielded the highest D50 values, ranging from 160 to greater than 690 µm.  These 293 

cores were composed of relatively well-sorted sands and D50 standard deviations were generally 294 

less than 10% of the D50 value. The SCZ cores contained more poorly sorted grain assemblages 295 

and could be characterized as mostly silt-dominated with some fine sands.  D50 values for these 296 

cores ranged from 33 to 80 µm, an order of magnitude lower than those observed in the NCZ, 297 

and the percent clay ranged from 5 to 9%, an order of magnitude higher than those in the NCZ.  298 

The MCZ cores were fairly similar in characteristics to the SCZ cores and ranged from 5 to 10% 299 

clay and in D50 from 40 to 110 µm.  The two OZ cores were very fine-grained and had relatively 300 

similar D50 and percent clay values of approximately 18.5 µm and 12.5%, respectively.       301 

The average values for D50, percent fines, and percent clay reflected wide variations in 302 

grain size from the coastal to offshore regions, although for a given core the changes in grain size 303 

between individual layers from top to bottom were generally small.  We saw that as water depth 304 

increased to 5900 m, average grain sizes generally transitioned from coarser sands and granules 305 

(0.5 to 4 mm) to very fine silts and clays (<63 µm).  This broad relationship did not always hold 306 

true in the near-shore, however, as the NCZ and SCZ cores differed in average grain size 307 

characteristics but not in water depth.  Although a few cores showed D50 layer variations up to 308 

220 µm over 2 cm increments, no observable pattern existed when these fluctuations were 309 

compared with changes in isotope activities.  Conversely, many large layer to layer cesium 310 

fluctuations, like those seen in core 17, could not be explained by changes in grain size.  Despite 311 

the likelihood that some or all of the cores might contain tsunami deposits, there was no grain 312 

size evidence of fining-upward sequences in these cores, sharp layer contacts with largely 313 

differing grain sizes, or definitive indicators that would allow us to separate potential tsunami 314 

layers from sections impacted by bio-irrigation, bioturbation, or local physical processes (Sakuna 315 

et al., 2012).  316 

 317 

3.4  Cesium Activity Profiles 318 
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Average surface activities for the top 3 cm in the cores ranged from 2.1 ± 0.1 (core 2, C2) to 319 

630 ± 30 (C20) Bq kg
-1

 dry for 
137

Cs and from 0 (C2) to 550 ± 30 (C20) Bq kg
-1

 dry for 
134

Cs 320 

(Supplement S6).  The AZ cores contained no detectable 
134

Cs.  The average surface activities in 321 

the OZ ranged from 0 (C3) to 12 ± 1 (C6) Bq kg
-1

 dry for 
134

Cs, while the MCZ activities ranged 322 

from 3 ± 0.5 (C7) to 57 ± 2 (C11) Bq kg
-1

 dry for 
134

Cs.  NCZ cores 15 through 19 had a similar 323 

range of average surface activities from 19 ± 1 (C16) to 50 ± 2 (C18) Bq kg
-1

 dry.  While most 324 

surface 
134

Cs activities in the NCZ were unexpectedly low, despite their proximity to the 325 

FDNPP, core 20, located within 3 km of the FDNPP, had the highest average surface activity 326 

overall.  With the exception of this core, the cores in the SCZ had the greatest average surface 327 

activities of all zones, with 
134

Cs values ranging from 170 ± 10 (C13) to 230 ± 10 (C14) Bq kg
-1

.   328 

Cesium profiles varied strongly in shape and penetration depth between zones (Fig. 2).  329 

Cores in the AZ and OZ had either fallout-only profiles with no 
134

Cs and very low 
137

Cs or 330 

rapidly decreasing 
134

Cs and 
137

Cs activities with depth.  FDNPP-derived cesium penetration was 331 

limited to the top 3 cm in these zones.  The MCZ cores generally showed similar exponentially 332 

decreasing cesium activities with depth with the exception of core 11, which showed a 333 

pronounced peak between 1 and 4 cm.  Generally, the penetration depth of 
134

Cs was deeper here 334 

than in the AZ and OZ cores.  The SCZ cores maintained substantially higher cesium activities 335 

from 0 to 8 cm relative to most other cores and we observed both exponentially decreasing 336 

activities and vertical profiles below 8 cm.  
134

Cs was found to a depth of 18 cm in core 12 and 337 

over the full length of cores 13 (19 cm) and 14 (16 cm) in the SCZ.  While the NCZ cores had 338 

similar surface activities to those in the MCZ, most cores in this zone showed distinctive semi-339 

vertical profiles from the surface to the coring depths.  Core 17 was the only exception and the 340 

only core to exhibit activity large fluctuations with depth.  Because we observed 
134

Cs at all core 341 

bottoms and without decreasing trends in most of the NCZ cores, we could not estimate 342 

maximum penetration depths.   343 

    344 

3.5  Cesium Inventories 345 

Total 
134

Cs and 
137

Cs inventories ranged from 0 (C1) to 74,000 ± 2,000 (C20) Bq m
-2

 and 21 346 

± 1 (C3) to 73,000 ± 2,000 (C20) Bq m
-2

, respectively (Table 1).  Our inventory range for 
137

Cs 347 

was almost four times larger than those reported in Kusakabe et al. (approximately 100 to 18,000 348 

Bq m
-2

; 2013) and Otosaka and Kato (approximately 100 to 19,100 Bq m
-2

; 2014).  This could be 349 
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attributed to both greater core lengths and larger total area sampled, including the 30 km zone 350 

around the FDNPP.  Cesium inventories generally decreased with water depth.  AZ and OZ 351 

inventories were less than 400 Bq m
-2 

for both isotopes and the MCZ contained only one core 352 

inventory above 1,000 Bq m
-2

.  Excluding core 20, we observed cesium inventories on the order 353 

of 1,500 to 7,000 Bq m
-2 

in the NCZ and 4,000 to 36,500 Bq m
-2 

in the SCZ.  The cesium 354 

inventories for core 20 were double that of the next highest value and reflected a proximity to the 355 

FDNPP.  Pre-accident cores from the broader western north Pacific have been reported to 356 

contain 10s to 1000s of Bq m
-2

 of 
137

Cs (Moon et al., 2003; Lee et al., 2005).  Assuming a 357 

weapons testing delivery of 2500 Bq m
-2

 for 30° to 40° N (Bowen et al., 1980) and 1-5%  358 

delivery to the sediments, we expect an average sediment inventory of 
137

Cs less than 50 Bq m
-2

 359 

prior to Fukushima.  We observed inventories consistent with the presence of substantial 360 

weapons testing fallout in the AZ and OZ cores with inventory ratios for 
134

Cs/
137

Cs of 0 to 0.86.  361 

Larger inventories and 
134

Cs/
137

Cs  ratios of ~1 in most of the MCZ, NCZ, and SCZ cores 362 

suggested negligible contributions from weapons testing 
137

Cs, relative to the larger and more 363 

recent FDNPP source.    364 

Since many prior studies have focused on the 0 to 3 cm surface layer, we also calculated the 365 

percentage of total inventory that lay below 3 cm within each of our cores (Table 1).  366 

Percentages generally increased with shallower water depths.  We observed 75 ± 6% and 75 ± 367 

5% for 
134

Cs and 73 ± 7% and 75 ± 5% for 
137

Cs (mean ± std. dev.) below 3 cm as a fraction of 368 

the total inventory in the NCZ and SCZ, respectively.  In the MCZ, the percentage of total 369 

inventory below 3 cm was highly variable, ranging from 0 (C7 and C10) to 33% (C8) for 
134

Cs 370 

and from 10 (C10) to 36% (C8) for 
137

Cs.  The average inventory below 3 cm in the MCZ cores 371 

attributed to Fukushima (
134

Cs) was 15 ± 16%, which agreed closely with the Otosaka and Kato 372 

(2014) 
134

Cs average of 19% from core locations within the MCZ.  When we combined the two 373 

datasets for the MCZ (n = 15) the average inventory below 3 cm was 18 ± 16%.  In the OZ we 374 

saw no 
134

Cs below 3 cm in any of the cores and a range of 0 (C3) to 32% (C4) for 
137

Cs.  We 375 

did not observe any detectable amount of either isotope below 3 cm in the AZ.      376 

The core inventories from this study reflect changes in three main factors: distance from the 377 

FDNPP, water depth, and grain size.  Proximity impacted core 20, located within 3 km of the 378 

FDNPP (Fig. 3A).  Figure 3A, shows a general decrease in cesium inventories with increasing 379 

distance from the FDNPP and water depth, despite that cesium inventories for cores 1 to 19 show 380 
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little to no statistical relationship to proximity or water depth (exponential regression R
2
 values < 381 

0.25).  Grain size was a controlling factor in the near-shore NCZ and SCZ, where cores were 382 

sampled from similar water depth ranges and yet contained widely varying inventories (Table 1, 383 

Fig. 3A).  Although no trend was observed in our replicate core tubes between grain size and 384 

cesium activities, the larger differences in grain size between the SCZ and NCZ (D50s from ~30 385 

to 700 µm) did correspond to changes in total 
134

Cs inventories.  The NCZ and SCZ grain size 386 

trends mimic those observed in the Irish Sea, where an estimated 41 PBq of cesium released over 387 

40 years has been preferentially incorporated into an area known as the Sellafield mud patch 388 

(Poole et al., 1997).  In summary, proximity dominated within the 3 km zone of FDNPP, despite 389 

the high sand content of core 20 (D50 of 160 µm, percent sand ~94%), grain size was the most 390 

important difference between the NCZ and SCZ, and water depth (higher particle fluxes are 391 

generally observed over more productive coastal waters) may have contributed to cesium 392 

variability in locations such as the MCZ and OZ, where water column activities were relatively 393 

low.     394 

 395 

3.6  210
Pbex and 

234
Thex Activities and Inventories 396 

210
Pbex surface activities (0 to 3 cm average) ranged from 12 ± 3 (C20) to 1,900 ± 100 (C1) 397 

Bq kg
-1

 and generally increased with water depth, as expected, due to the increased input from 398 

water column scavenging (Supplement S6, Figs. 1 and 2).  
210

Pbex activities were lowest in the 399 

NCZ and highest in the AZ.  Intra-zonal 
210

Pbex activity ranges were smaller than for cesium.  400 

Similar to the vertical cesium activity profiles, 
210

Pbex activities remained relatively constant with 401 

depth in the NCZ.  In the other zones, activities generally decreased with core depth, but also 402 

exhibited a variety of profile shapes.  Generally, the termination of 
210

Pbex, the depth where all 403 

210
Pb is supported, was not attained within our sampling depths, with the exception of cores 3 404 

and 6 (Fig. 2).   405 

210
Pbex inventories, ranging from 2,700 ± 200 (C18) to 28,000 ± 1,000 (C1) Bq m

-2
, reflect 406 

changes in grain size, water depth and local processes, the factors that also impacted cesium 407 

inventories (Table 1, Fig. 1 and 3B).  
210

Pbex inventories generally increased with water depth as 408 

expected from scavenging.  The NCZ values were slightly lower than anticipated (average 409 

inventory of 4,000 ± 1000  Bq m
-2

) based on our expected atmospheric inventory calculation of 410 

6400 Bq m
-2 

and the SCZ values were more than twice as high as expected (average inventory 411 
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20,000 ± 10,000 Bq m
-2

).  The SCZ zone is therefore a deposition center, receiving additional 412 

particles via horizontal transport.  These trends are supported by the prevalence of sands in the 413 

NCZ cores and higher percentages of fines in the SCZ cores, similar to that observed with 414 

cesium inventories (He and Walling, 1996).  An exponential regression of 
210

Pbex inventories 415 

versus percent clay in the NCZ and SCZ indicated a strong relationship (R
2
>0.9) between grain 416 

size and inventories.  The MCZ, OZ, and AZ core inventories of 
210

Pbex were generally one to 417 

four times higher than atmospheric delivery.  This finding is similar to along the shelf and slope 418 

of the northeast U.S.A. (Buesseler et al., 1985/1986) and can be attributed to both scavenging 419 

within the water column, which is higher with increasing water depth, and horizontal transport 420 

and faster scavenging rates over boundary sediments in general. Evidence of boundary 421 

scavenging of 
210

Pb has been shown for the NW Pacific by Cochran et al. (1990) based upon an 422 

analysis of deep sediment cores and the expected inventories from water column scavenging and 423 

atmospheric sources.    424 

     Of the 17 cores that were analyzed rapidly enough to measure 
234

Thex, 15 contained 425 

234
Thex activities ranging from 17 ± 3 (C19) to 1300 ± 100 (C12) Bq kg

-1
 in the top 0 to 0.5 cm.  426 

Surface (0 to 3 cm) 
234

Thex inventories peaked at 2,400 ± 300 (C14) Bq m
-2 

in the SCZ. Most 427 

cores showed classic exponential 
234

Thex profile shapes with higher values at the surface that 428 

dropped to near zero excess values within 1 to 3 cm.  Although the lowest 
234

Thex inventories 429 

were found in the OZ and NCZ and the highest were generally located in the SCZ and MCZ, 430 

intra-zonal variability was high and more often than not inventories did not decrease with 431 

increasing depth. 432 

   433 

3.7  DB Estimates 434 

Since all of the cores showed evidence of sediment mixing, we estimated local mixing rates 435 

using 
234

Thex and 
210

Pbex activity profiles and a steady-state diffusive mixing model (Eqs. 2 and 5, 436 

See Fig. 4 for example profile).  Mixing rates in the MCZ, OZ, and AZ ranged from 0.7 (C9) to 437 

9.6 (C10) cm
2 

yr
-1

 for 
234

Thex-derived estimates and from 0.06 (C1) to 3.7 (C10) cm
2 

yr
-1

 for 438 

210
Pbex-derived estimates (Table 2).  At a given location, 

234
Thex-derived estimates were 439 

generally higher as they reflect processes occurring in the uppermost active sediment layers 440 

(Aller and Cochran, 1976).  Rates in the SCZ and NCZ suggested intense mixing, with full core 441 

210
Pbex-derived estimates starting at 11 cm

2 
yr

-1
 and the majority of rates being unquantifiable 442 
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due to the vertical 
210

Pbex profiles.  The wide range in rates was not unexpected with cores from 443 

diverse sedimentary environments and water depths.  While 
234

Thex-derived mixing rates were 444 

not correlated with water depth (R
2
<0.1) we observed an exponentially decreasing trend in 445 

210
Pbex-derived mixing rates with water depth (R

2
 = 0.96), as observed in other coastal regions 446 

where biomass, species diversity, and bioturbation decrease with depth (Henderson et al., 1999; 447 

Joydas and Damodaran, 2009).   448 

Although 
234

Thex was absent from some of the deepest AZ, OZ, and MCZ cores, we 449 

succeeded in obtaining 
210

Pbex and 
234

Thex mixing rates for most cores located in these zones.  In 450 

general, the activity profiles exponentially decreased with depth (Figs. 2 and 4) and the AZ and 451 

OZ 
210

Pbex-derived mixing rates agreed well with the observed historical rates from this region of 452 

0.1 to 1 cm
2 

yr
-1

 (Moon et al., 2003; Yang et al., 1985).  Cores from the shallowest regions (NCZ 453 

and SCZ) were the most difficult to fit with the simplified sediment mixing-only model (Eq. 5).  454 

The SCZ cores generally contained 3 layers of mixing: a 1 to 3 cm moderately fast mixing zone 455 

at the surface, a 5 to 10 cm rapid mixing layer with an almost vertical profile, and a deep mixing 456 

zone with similar mixing rates as the surface layers.  Equation (5) could not be used at all to 457 

derive 
210

Pbex mixing rates for any of the NCZ cores due to the almost vertical activity profiles 458 

throughout.  In these instances, the observed profile trends could have resulted from extremely 459 

rapid mixing or from resuspension and deposition resulting from a tsunami or storm-related 460 

event although we did not see evidence of individual storm deposits in the grain size analysis 461 

(See Sect. 3.3). 462 

 463 

3.8 Cesium Modeling of Changes in Surface Activities 464 

To explore how quickly sediment mixing could potentially reduce surface (0 to 3 cm) cesium 465 

activities over time we calculated the change in surface cesium activity, assuming a pulse-like 466 

input (Eq. 6).  The 
234

Thex-derived mixing rate was used for the depths specified in Table 2 and 467 

the corresponding 
210

Pbex-derived mixing rate was used for the rest of the core.  If no rate existed 468 

for one of the isotopes, the mixing rate from the other was applied to all depths.  The decay of 469 

137
Cs, although small over 5 to 10 years was subtracted from the profile activities after all other 470 

calculations to show changes due to mixing only.  In general, the measured cesium activity 471 

profiles for the top 3 cm matched fairly well with the pulse model output for our sampling dates 472 

using the local bioturbation rate.  Below 3 cm, the model generally followed the AZ, OZ, and 473 
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MCZ measured cesium profiles (See Fig. 4 for example profile) and underestimated the NCZ 474 

and SCZ profiles.   475 

The time until the surface (0 to 3 cm) activities decreased by 50% ranged from 0.4 (C14) to 476 

26 (C1 and C3) years for the 20 cores (Table 2).  The SCZ times ranged from 0.4 (C14) to 0.9 477 

(C13) years and the MCZ times from 2 (C10) to 15 (C8) years.  We could not model any of the 478 

cesium profiles in the NCZ using 
210

Pbex mixing rates and the two with 
234

Thex mixing rates 479 

yielded estimates from 12 (C16) to 14 (C15) years, which seemed unrealistically long when the 480 

considering the water depth and shape of the vertical profiles.  The longest time period for 481 

decrease will occur in the slow-mixing OZ and AZ regions, whose 50% reduction time varied 482 

from 6 (C4) to 26 (C1 and C3) years.   483 

               484 

3.9 Total Seafloor Cesium Inventory Calculations 485 

We estimated that the marine sediments contained approximately 100 ± 50 TBq of 
137

Cs for 486 

an area of 55,000 km
2
 (Tables 3A and 3B).  The final totals for each zone were calculated by 487 

finding the mean inventory of all cores within that zone and multiplying by the area of the zone.  488 

Zonal and final totals are reported with standard deviations for dataset (1), cores from this study 489 

only, in Table 3B.  Inventory calculations should represent underestimates of actual reservoir 490 

totals because the profiles in the highest inventory zones, the NCZ and SCZ, still showed 491 

Fukushima 
134

Cs in their deepest sample layers.  We did not calculate an inventory value for the 492 

AZ, which is extensive, but should not significantly contribute to overall inventories due to low 493 

cesium activities.  Furthermore, the cores from the greatest water depths, 1 and 2, did not contain 494 

Fukushima 
134

Cs, although it has been detected in sediments as far offshore as the Japan Trench 495 

(water depth of >7000 m; Oguri et al., 2013). 496 

To improve our inventory estimate, we added cores recovered in February 2012 by MEXT 497 

(Kusakabe et al., 2013) and from August to November 2011 reported in Otosaka and Kato 498 

(2014) (OTKA).  These provided an additional 50 locations, referred to as datasets (3) and (2), 499 

respectively.  The inventories of the shorter sediment cores were increased using the average 500 

percent 
134

Cs inventory below 3 and 10 cm determined for each zone when applicable (See Sect. 501 

3.5).  Cesium activity and inventory values from the MEXT and OTKA datasets were not 502 

changed if the depth sampled was sufficient to capture the full extent of cesium penetration.  The 503 
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additional locations did not impact the sediment inventory estimate, now 100 ± 40 TBq, and did 504 

not substantially change the distribution of cesium between zones (Tables 3A and 3B).   505 

In a final effort to further improve our inventory estimates, we utilized all earlier sampling 506 

dates from the 30 MEXT locations in Fig. 5  and calculated a total sediment reservoir estimate of 507 

130 ± 60 TBq (n = 199, Table 3B).  These locations were sampled at approximately monthly 508 

intervals starting June 2011 and are referred to as dataset (4).  As we have observed, the range in 509 

local variability can be almost as high as that on the zonal or regional scale (Kusakabe et al., 510 

2013; Thornton et al., 2013) so additional sampling at one site should not bias the zonal averages 511 

towards these repeated locations.  However, because of the much earlier sampling dates for the 512 

MEXT cores relative to our last date in September 2013 and the 3 cm sampling length, we 513 

considered the sensitivity of our inventory estimate to mixing, which could transport cesium to 514 

deeper layers between sampling events.  Using Eq. (6) and the estimates of mixing rates, we 515 

determine the average percent of cesium below 3 cm for each zone in June 2011 and used these 516 

smaller percentages instead of those in Section 3.5 to adjust the MEXT data.  After this 517 

adjustment, the total inventory estimate decreased slightly to 100 ± 60 TBq.          518 

The three approximation methods all resulted in similar total 
137

Cs sediment inventories, 519 

ranging from 100 to 130 TBq (Tables 3A and 3B).  The OZ comprised more than half the entire 520 

area but consistently totaled only 4 to 6% of the 
137

Cs sediment inventory.  The MCZ represents 521 

30% of regional surface area and contained between 15 and 18 percent of the total 
137

Cs.  The 522 

NCZ was split into two subzones to account for the extremely high inventory observed within 523 

the 3 km radius of the FDNPP.   Based on Thornton et al.’s continuous tow data, the area 524 

immediately around the nuclear facility (~3 km) showed the largest number of high 
137

Cs Bq kg
-1

 525 

anomalies relative to adjacent sediments (Thornton et al., 2013).  Core 20 confirmed that this 526 

region was distinctly higher in activity and warranted its own subzone, so as not to skew the 527 

NCZ inventory average.  The 3 km subzone adjacent to the FDNPP accounted for approximately 528 

1% of the total inventory.  Although, this inventory could change with the addition of new and 529 

deeper cores, because the 3 km subzone only comprises 0.03% of the total area, even assuming a 530 

mixed layer depth of 50 cm (cesium penetration to 50 cm; Walbran, 1996) would not change the 531 

total regional inventory more than a few TBq.  The NCZ and the SCZ, on the other hand, 532 

contributed the most cesium by far (over 70%), yet composed only 9% and 6% of the total area, 533 

respectively (Tables 3A and 3B). 534 
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Figures 5 and 6 show the spatial distribution of cesium inventories for all zones surrounding 535 

the FDNPP and illustrate both the high intra-zonal variability and the overall decrease of 536 

inventories with depth.  Included are cores from this study (n = 18), from the February 2012 537 

MEXT sampling dates (n = 30; Kusakabe, 2013), and from all OTKA dates (n = 20; Otosaka and 538 

Kato, 2014), the latter two containing adjusted cesium inventories when applicable (See Sect. 539 

3.5).  Best fit exponential regressions of these inventories versus water depth are shown in Fig. 6.  540 

As observed with the cores from this study, the complied inventories from 0 to 150 m in the 541 

NCZ and SCZ did not reflect a significant relationship with water depth (R
2
 <0.01), which we 542 

suggest reflects the importance of grain size distribution in these zones (Fig. 3A).   543 

 544 

4  Conclusions 545 

Our 
137

Cs sediment inventory estimates of 100 to 130 TBq for 55,000 km
3
 (0 to 4000 m 546 

water depth off Japan) represent the most comprehensive attempt to date for quantifying FDNPP 547 

cesium incorporation into marine sediments.  The coastal sediments contain the majority of the 548 

total TBq delivered, with inventories ranging from 100 to 125 TBq for 24,100 km
2
 (0 to 800 m 549 

water depth).  With expanded spatial coverage inside the 30 km radius of the FDNPP and 550 

improved vertical resolution in the NCZ and SCZ, our coastal inventory estimates fall between 551 

Kusakabe et al.’s (2013) 38 TBq and Otosaka and Kato’s (2014) 200 TBq.  Kusakabe et al. 552 

(2013) had calculated only surface inventories for the upper 3 cm for a similar area, thus 553 

providing a lower limit for total coastal inventories.  Otosaka and Kato’s (2014) estimate of 200 554 

TBq is higher because it was calculated using exponential water depth versus cesium inventory 555 

relationships that were derived without any NCZ cores, which effectively applied the relatively 556 

elevated SCZ core inventories to the entire NCZ and SCZ (Fig. 5). 557 

Our zonal analysis of cesium inventories, in conjunction with 
210

Pbex and grain size 558 

analyses, has provided an assessment of the total cesium inventory that will inform future 559 

studies.  We have identified key areas where more cores may improve inventory estimates.  First, 560 

additional sampling is needed to supplement sparse coverage in two regions: north of the FDNPP 561 

along the coast, from 37.70°N to 38.20°N in the MCZ, and in locations deeper than 2000 m in 562 

the OZ.  With the large observed spatial variability from scales of 1 m
2
 (between multi-corer 563 

tubes) to 10,000 m
2
 (among zones) greater numbers of cores are essential to give better constrain 564 

our estimates at present.  Second, while most MCZ and OZ cores are long enough to capture 565 
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complete cesium inventories, in the NCZ and SCZ cesium had penetrated deeper than 18 to 20 566 

cm.  More extensive and deeper coring in both zones is needed to determine ultimate penetration 567 

depths and full inventories. 568 

Both the relative inventories  of cesium in the coastal environment and estimated zonal 569 

‘recovery’ timescales have implications for bottom-dwelling biota and those that may consume 570 

demersal species.  If we assume a total 
137

Cs release to the ocean of approximately 15 to 30 PBq 571 

from the Fukushima accident (Buesseler, 2014), our calculated sedimentary inventories comprise 572 

less than 1.0% of the total release in 2011.  However, cesium concentrations in the water are 573 

decreasing and only 15 TBq remain in coastal waters (Buesseler, 2014).  Therefore, the sediment 574 

reservoir currently represents approximately 86 to 90% of the total 
137

Cs inventory (water and 575 

sediment) off the coast of Japan.  Rapid mixing in some locations may decrease biological access 576 

to these high activity sediments by transporting cesium isotopes deeper and therefore decreasing 577 

the overall activity of the more easily resuspended surface layers.  While the MCZ and OZ 578 

require more time to reduce surface activities by 50%, they do not pose as much of an 579 

environmental hazard because of their relatively low initial activities.  The areas of greatest 580 

concern are the coastal zones shallower than 150 m water depth.  Additional biological studies 581 

should take note of these zonal hotspots as cesium levels may remain elevated here much longer 582 

despite faster observed mixing rates.   583 

In addition to bioturbation, other processes impacting cesium distributions in the coastal 584 

ocean require further study.  Yamashiki et al. (2014) found that suspended particle loads in the 585 

Abukuma River Basin near Fukushima delivered over 5 TBq of cesium to the NCZ in a 10 586 

month period.  A typhoon that occurred during this time contributed more than half of this 587 

inventory over only 8 days.  While 5 TBq would account for only 4 to 5% of the total sediment 588 

reservoir, depending on where and how the particles are transported this contribution could 589 

create local hot spots.  Chemical remobilization rates of cesium from sediment pore waters have 590 

not been published for this area of Japan, but are likely less than 0.1 TBq per month for cesium, 591 

based on previous studies of the Irish Sea (Mitchell et al.,1999), and could decrease the total 592 

coastal inventory.  Even though these source and loss terms are relatively small compared to the 593 

total cesium inventory of the sediments, only long term monitoring within the study region will 594 

indicate whether decay alone or other factors are controlling cesium activities and distributions 595 

over the next decade.   596 
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Table and Figure Captions: 728 

Table 1   Grain Size Results and Isotope Inventories For Sediment Cores By Zone.  A general 729 

size was assigned to cores 1, 2, 3, and 5 after visual inspection, as grain size analysis 730 

was not possible for these cores.  All other cores are described according to the 731 

Udden-Wentworth scale with sediment classifications, C (clay), M (silt), and S 732 

(sand), and size qualifiers vf (very fine), f (fine), m (medium), c (coarse), and vc 733 

(very coarse).  The uncertainty on all inventory values represents the propagation of 734 

the counting uncertainty for each section (minimum 7%) as discussed in Section 2.3.  735 

D50, % Clay, and % Silt and Clay represent the average value for all layers within a 736 

given core and are reported with standard deviations. 737 

* Grain size results for cores 15 and 16 represent the fraction of sediment passed 738 

through a 1 mm sieve, 68% of the total sample mass for C15 and 89% for C16.  Total 739 

D50 for these samples would be higher than the reported values and the percent clay 740 

and percent silt plus clay would be lower.  The extra mass cannot be accounted for in 741 

the table values because the grain size analyzer measures by counts.  742 

ND  Not detectable 743 

--  Not analyzed 744 

1 
Decay-corrected to FDNPP discharge maximum 745 

Table 2 Mixing Rates and Model Results for Sediment Cores.  746 

NP  Not possible because no 
234

Thex present or the 
234

Thex or 
210

Pbex profiles could not 747 

be modeled by the simplified sediment mixing-only model (Eqs. 2 and 5).   748 

1 
Due to the limited number of surface 

234
Thex points, the uncertainties reported 749 

represent the higher of the standard uncertainty of the model fit for variable DB or 750 

25% of DB.    751 

2 
Values represent the time in years since the Fukushima maximum for surface 752 

concentrations (0-3 cm) to decrease by 50% via mixing (modeled).  The uncertainties 753 

reflect the mixing rate(s) used in the model.  754 

Table 3A Zonal Statistics Used for Inventory Estimates.  Cores from group (1) are from this 755 

study only.  Samples in group (2) were taken from Otasaka and Kato (2014; OTKA). 756 

Group (3) includes MEXT cores from February 2012 only and group (4) contains 757 
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MEXT cores from (3) plus additional cores from the end of June 2011 through 758 

February 2012 (Kusakabe et al., 2013).           759 

Table 3B Total 
137

Cs Inventory Results by Zone and Datasets Used 760 

Estimates of total marine sediment 
137

Cs inventories were found for this study only (n 761 

= 18) and by including datasets from Otasaka and Kato (2014) and Kusakabe et al. 762 

(2013) that were adjusted by zone based on calculated average percent inventories 763 

observed below 3 to 10 cm.  See Table 3A for group numbers.    764 

Fig. 1 Core Locations with 
210

Pbex Inventories. Larger map: contains core locations 3 to 20 765 

and the northern coastal (NCZ), southern coastal (SCZ), mid-coastal (MCZ), offshore 766 

(OZ), and abyssal (AZ) zones.  Lower right: shows core locations 1 and 2.  Some of 767 

the reported values may underestimate total inventories at the locations where 
210

Pbex 768 

continues to the core bottom (Fig. 2).     769 

Fig. 2 Sediment Activity Profiles in Bq kg
-1

 for 
134

Cs, 
137

Cs, 
210

Pbex, and 
234

Thex. 770 

Fig. 3   
134

Cs and 
210

Pbex Inventories Relative to Water Depth and D50.  Grain size 771 

distribution is shown for 16 of the 20 cores, including all of the NCZ, SCZ, and MCZ 772 

cores.  Isotope inventories for 
134

Cs (A) and 
210

Pbex (B) show general depth trends 773 

with prominent grain size effects in the NCZ and SCZ.
 
 774 

Fig. 4 Example model best fit regressions for 
210

Pbex, 
234

Thex, and 
137

Cs. for core 9.  Mixing 775 

rates derived from the 
210

Pbex, 
234

Thex profiles in the left panel were used in the 776 

cesium pulse model for the right panel.  In general, the model similarly fit the profiles 777 

from the MCZ, OZ, and AZ.  Model fits for the SCZ and NCZ were less successful 778 

due to almost vertical profiles for some cores.   779 

Fig. 5   A compilation of sediment 
137

Cs inventories from the coastal region around Japan, 780 

Japan Fukushima.  Core inventories from this study are shown as measured from May 781 

2012 to September 2013.  MEXT cores from February 2012 (Kusakabe et al., 2013) 782 

and OTKA samples from August through November of 2011 (Otosaka and Kato, 783 

2014) were adjusted as necessary by zone to include estimated inventories deeper than 784 

3 cm and 10 cm, respectively (Section 3.5). 785 

Fig. 6   Spatial Variations in 
137

Cs Sediment Inventories With Water Depth.  The measured 786 

and adjusted inventories from Fig. 5 are plotted against water depth.  The upper figure 787 

shows the exponential regression for core inventories from 0 to 150 meters, excluding 788 
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core 20.  The lower figure shows all inventories and the regression for cores located 789 

from 150 to 1500 m. 790 
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Zone No. 

Water 

Depth 

(m) 

D50 (µm) 
% Clay (<4 

um) 

% Silt and 

Clay    (<63.4 

um) 

Udden-

Wentworth 

Classification 

210Pbex (Bq m-2) 234Thex (Bq m-2) 134Cs (Bq m-2)1 137Cs (Bq m-2)1 

% 134Cs 

Inventory 

Below 3 cm 

% 137Cs 

Inventory 

Below 3 cm 

A
b

y
ss

al
 

1 5900 -- -- -- M 28,000 ± 1,000 -- ND 84 ± 3 ND 0 

2 5156 -- -- -- M 19,500 ± 700 -- ND 26 ± 1 ND 0 

O
ff

sh
o

re
 

3 4066 -- -- -- M 4,800 ± 200 50 ± 30 ND 21 ± 1 ND 0 

4 3259 18 ± 2 12 ± 2 87 ± 3 C to vfS 22,500 ± 600 320 ± 60 32 ± 5 73 ± 4 0 32 ± 3 

5 1300 -- -- -- M 15,400 ± 500 -- 190 ± 10 220 ± 10 0 13 ± 1 

6 1260 19 ± 7 13 ± 2 83 ± 9 C to fS 16,800 ± 500 1,700 ± 100 280 ± 20 370 ± 10 0 3 ± 0 

M
id

-C
o

as
ta

l 

7 546 40 ± 20 10 ± 2 70 ± 10 vfM to fS 7,900 ± 200 1,100 ± 100 55 ± 8 97 ± 4 0 29 ± 2 

8 497 50 ± 10 6.8 ± 0.7 62 ± 7 vfM to fS 16,100 ± 400 2,300 ± 100 870 ± 20 850 ± 20 33 ± 2 36 ± 2 

9 321 40 ± 10 7 ± 1 65 ± 7 vfM to fS 13,400 ± 300 800 ± 100 540 ± 30 540 ± 20 13 ± 1 21 ± 1 

10 309 100 ± 30 5 ± 1 40 ± 10 fM to mS 14,600 ± 400 1,000 ± 100 840 ± 30 840 ± 20 0 10 ± 1 

11 205 110 ± 90 7 ± 3 50 ± 20 vfM to mS 12,200 ± 400 1,500 ± 100 3,200 ± 100 2,900 ± 100 30 ± 1 32 ± 1 

S
o

u
th

er
n
 

C
o
as

ta
l 

12 125 33 ± 9 9 ± 2 74 ± 7 vfM to fS 19,200 ± 400 1,500 ± 100 4,400 ± 100 3,800 ± 100 73 ± 4 72 ± 3 

13 125 40 ± 10 9 ± 2 68 ± 9 vfM to fS 19,700 ± 400 810 ± 80 13,700 ± 300 12,600 ± 300 69 ± 3 67 ± 3 

14 65 80 ± 20 5 ± 1 50 ± 10 vfM to fS 17,400 ± 400 2,400 ± 300 36,500 ± 800 30,300 ± 600 82 ± 3 81 ± 3 

N
o

rt
h
er

n
 C

o
as

ta
l 

15 120 690* ± 60 0.3* ± 0.1 1.8* ± 0.8 mS to vcS 3,800 ± 200 200 ± 100 1,800 ± 100 1,650 ± 40 69 ± 5 69 ± 3 

16 60 540* ± 60 0.2* ± 0.1 1.1* ± 0.5 mS to vcS 4,600 ± 200 310 ± 40 2,900 ± 100 2,900 ± 100 77 ± 3 79 ± 3 

17 35 350 ± 10 0.6 ± 0.5 4 ± 4 fS to cS 6,600 ± 200 600 ± 100 6,800 ± 100 5,800 ± 100 83 ± 4 82 ± 3 

18 35 270 ± 7 0.2 ± 0.02 0.9 ± 0.2 fS to cS 2,700 ± 200 ND 6,700 ± 100 6,500 ± 100 76 ± 3 76 ± 3 

19 23 550 ± 40 0.2 ± 0.1 1.1 ± 0.6 mS to cS 3,300 ± 200 650 ± 80 5,700 ± 100 5,400 ± 100 75 ± 4 76 ± 4 

20 14 160 ± 10 0.8 ± 0.3 6 ± 2 vfS to mS 3,600 ± 200 ND 74,000 ± 2,000 73,000 ± 2,000 73 ± 5 69 ± 4 

 

Black and Buesseler, Table 1 
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Zone No. 

234
Thex -

Derived DB 

(cm
2
 yr

-1
)

1
 

Depths 

Used 

(cm) 

210
Pbex -

Derived DB 

(cm
2
 yr

-1
) 

Depths 

Used 

(cm) 

Estimated Years 

Until 50% 

Decrease in 

Surface Cesium
2
 

A
b

y
ss

al
 

1 NP 0.06 ± 0.02 1.5-5 26 ± 2 

2 NP 0.6 ± 0.2 1.5-9 10 ± 2 

O
ff

sh
o

re
 3 NP 0.07 ± 0.02 0.5-3 26 ± 2 

4 0.8 ± 0.2 0-2 NP 6 ± 2 

5 NP 0.5 ± 0.1 1.5-9 11 ± 2 

6 5.5 ± 4 0-1.5 0.09 ± 0.02 2-8 24 ± 1 
M

id
-C

o
as

ta
l 

7 0.9 ± 0.7 0-3 0.8 ± 0.2 2-8 5 ± 2 

8 2.4 ± 0.6 0-2 0.3 ± 0.1 1.5-5 15 ± 1 

9 0.7 ± 0.2 0-2 0.8 ± 0.1 2-8 8 ± 1 

10 9.6 ± 3 0-2 3.7 ± 0.4 3-8 2 ± 1 

11 1.6 ± 0.4 0-1.5 0.6 ± 0.1 1.5-10 10 ± 1 

S
o

u
th

er
n

 

C
o

as
ta

l 12 2.7 ± 0.7 0-1.5 12 ± 2 1.5-20 0.8 ± 0.2 

13 NP 11 ± 2 0-19 0.9 ± 0.2 

14 2.5 ± 0.6 0-2 22 ± 6 2-16 0.4 ± 0.2 

N
o

rt
h

er
n

 C
o

as
ta

l 

15 0.3 ± 0.1 0-2 NP 14 ± 2 

16 0.4 ± 0.1 0-2 NP 12 ± 4 

17 NP NP NP 

18 NP NP NP 

19 NP NP NP 

20 NP NP NP 

 

Black and Buesseler, Table 2 
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No. of Sample Points 

Zone 
Depth 

Ranges (m) 

Area 

(km
2
) 

% of 

Area 

(1)  

This 

Study 

(2) 

OTKA 

(3) 

MEXT 

(4) 

MEXT 

OZ 800 - 4000 30,832 56% 4 3 0 0 

MCZ 150 - 800 16,087 29% 5 10 17 77 

SCZ 0 - 150 3,309 6% 3 7 7 43 

NCZ 

Greater Area 

0 - 150 

4,731 9% 5 0 6 41 

3 km radius 14 0.03% 1 0 0 0 

Total 0 - 4000 54,973 km
2
 18 20 30 161 

 

Black and Buesseler, Table 3A 

 

    This Study (1) 
 

(1) & (2) & (3) 
 

(1) & (2) & (4) 

Zone Mean
 137

Cs (Bq m
-2

) 
Total

 137
Cs 

TBq 

% of 

Total 

TBq 

  Mean
 137

Cs (Bq m
-2

) 
Total

 137
Cs 

TBq 

% of 

Total 

TBq 

  Mean
 137

Cs (Bq m
-2

) 
Total

 137
Cs 

TBq 

% of 

Total 

TBq 

OZ 170 ± 160 5 ± 5 5.5% 
 

160 ± 120 5 ± 4 4.8% 
 

160 ± 120 5 ± 4 3.9% 

MCZ 1,000 ± 1,100 17 ± 17 17.6% 
 

1,200 ± 1,000 19 ± 16 18.3% 
 

1,200 ± 1,000 19 ± 16 14.8% 

SCZ 16,000 ± 13,000 52 ± 45 54.0% 
 

13,000 ± 6,800 44 ± 22 42.3% 
 

13,000 ± 8,700 42 ± 29 33% 

NCZ 

Greater Area 4,500 ± 2,100 21 ± 10 21.8% 
 

7,300 
± 

5,100 35 ± 24 33.6% 
 

13,000 ± 11,000 61 ± 52 47.5% 

3 km radius 73,000 1 1.1% 
 

73,000 1 1.0% 
 

73,000 1 0.8% 

Total 100 ± 50 TBq   100 ± 40 TBq   130 ± 60 TBq 

 

Black and Buesseler, Table 3B 
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Black and Buesseler, Fig. 1 
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Black and Buesseler, Fig. 2 
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Black and Buesseler, Fig. 3 
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Black and Buesseler, Fig. 4 
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Black and Buesseler, Fig. 5 
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Black and Buesseler, Fig. 6 

 


