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16 ABSTRACT: The Fukushima nuclear accident in March 2001 has released a
17 large amount of reactive pollution to the environment. Of the pollutants,
18 iodine-129 is a long-lived radionuclide and will remain in the environment for
19 millions of years. This work first report levels and inorganic speciation of 129I
20 in seawater depth profiles collected offshore Fukushima in June 2011.
21 Significantly elevated 129I concentrations in surface water were observed with
22 the highest 129I/127I atomic ratio of 2.2 × 10−9 in the surface seawater 40 km
23 offshore Fukushima. Iodide was found as the dominant species of 129I, while
24 stable 127I was mainly in iodate form, reflecting the fact that the major source
25 of 129I is the direct liquid discharges from the Fukushima NPP. The amount of
26

129I directly discharged from the Fukushima Dai-ichi nuclear power plant to
27 the sea was estimated to be 2.35 GBq, and about 1.09 GBq of 129I released to
28 the atmosphere from the accident was deposited in the sea offshore
29 Fukushima. A total release of 1.2 kg of 129I from the Fukushima accident was estimated. These Fukushima-derived 129I data
30 provide necessary information for the investigation of water circulation and geochemical cycle of iodine in the northwestern
31 Pacific Ocean in the future.

32 ■ INTRODUCTION

33 A nuclear accident at the Fukushima Dai-ichi nuclear power
34 plant (1FNPP), Japan, occurred in March 2011 due to failure of
35 the cooling system after the Tohoku earthquake and the
36 Tsunami on March 11, 2011. Hydrogen explosions occurred in
37 unit 1 on March 12 and unit 3 on March 14, and in the spent
38 fuel storage building in unit 4 on March 15, as well as an
39 internal explosion in reactor 3 on March 15, 2011.1−3

40 Significant quantities of radioactive materials were emitted to
41 the atmosphere from March 12 through 24, with estimated
42 atmospheric releases of 150−160 PBq (peta becquerels, or 1015

43 Bq) of 131I and 10−15 PBq of 137Cs.4−6 These radionuclides
44 were transported and deposited over large areas of the northern
45 hemisphere; radioisotopes of cesium and iodine have been
46 observed in the atmosphere over America, Europe, and Asia.
47 Fortunately, due to the dominant westerly wind, the radio-

48nuclides were transported and deposited mainly in the Pacific
49Ocean, with less than 20% of them deposited over the land of
50Japan.1,6,7

51The damage in the containment vessel of the reactor of unit
522 at the 1FNPP due to an internal hydrogen explosion caused a
53leakage of highly contaminated water to the sea from March 25
54to April 5.3,8,9 Large volumes of contaminated water were
55produced during cooling of the reactors using fresh water and
56seawater, and some of this water was intentionally discharged
57directly to the sea April 4−20, 2011 to leave space for more
58highly contaminated water. In addition, some contaminated
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59 groundwater was also directly discharged to the sea.2,8,10 This
60 direct discharge of contaminated water to the sea has
61 significantly elevated 137Cs and 131I concentrations in seawater
62 at the coast as well as offshore, starting from March 21 and
63 rapidly increasing from March 27, with peak values on March
64 30 (47 kBq/L of 137Cs) and on April 6 (68 kBq/L) at the
65 discharge point of the 1FNPP.9 Therefore liquid discharge
66 directly to the sea was another major source of radionuclides to
67 the environment, especially to the ocean.
68

137Cs and 131I, which were two major radionuclides released
69 from the Fukushima accident, have been intensively inves-
70 tigated. However, many other radionuclides have also been
71 released to the environment, especially through the liquid
72 discharge to the sea, because of high leaching efficiency of
73 radionuclides from the damaged fuel rod materials when
74 corrosive brine water was used to cool the reactor. Among
75 these radionuclides, 129I is a fission product with relative high
76 fission yields of 0.6%. However, few data on 129I from the
77 Fukushima accident have been reported, especially in the sea
78 surrounding Fukushima.
79

129I is a long-lived radioisotope of iodine with a half-life of
80 15.7 Ma. It is a soft beta-emitter with maximum beta-energy of
81 154 keV. Therefore, 129I is less radiologically harmful, and less
82 important in view of radiation protection. However, due to its
83 high solubility and the long residence time of iodine in the
84 ocean, 129I is an ideal oceanographic tracer for investigation of
85 water circulation in the ocean,11 and a useful environmental
86 tracer for the investigation of the interaction of atmosphere and
87 seawater, as well as for the biochemical cycle of stable iodine
88 through chemical speciation analysis of 129I.12,13 131I (t1/2 = 8
89 days) is the most harmful radionuclide from the nuclear
90 accident, due to its large release during the accident, and the
91 high uptake and enrichment in human thyroid. Its short half-life
92 prevents it from being well measured in the environment to
93 evaluate the radiation risk to children exposed to the radioactive
94 contamination. The long-lived 129I provides a good analogue to
95 reconstruct levels and distribution of short-lived 131I in the
96 environment.14 In addition, iodine is highly concentrated in
97 seaweed, and some types of seaweed are popular seafood in
98 Japan and other Asian countries.15 129I discharged to the sea
99 will be concentrated in the seaweed and some sea fish,16 which
100 might cause an increased radiation to humans who consume
101 seafood from a highly contaminated area.
102 This work aims to investigate the levels and distribution of
103

129I in the sea offshore Fukushima by determination of 129I in
104 depth profiles of seawater, and to evaluate the source term and
105 budget of 129I by chemical speciation of 129I and 127I for iodide
106 and iodate in seawater profiles.

107 ■ MATERIALS AND METHODS

108 Samples and Reagents. Seawater samples were collected
109 from offshore Fukushima during the research cruise organized
110 by American scientists June 3−17, 2011 using the research
111 vessel Kaimikai-O-Kanaloa of the University of Hawaii.3 The
112 samples were stored in dark at ambient temperature before
113 analysis. Of these samples, depth profiles from 4 sampling
114 stations with distances of 40−530 km from Fukushima Dai-ichi
115 nuclear power plant (Figure S-1 and Table S-1 in the
116 Supporting Information) were used for 129I.
117 All chemical reagents used were of analytical grade and all
118 solutions were prepared using deionized water (18.2 MΩ cm).
119

129I standard (NIST-SRM-4949c), carrier free 125I (Amersham

120Pharmacia Biotech, Little Chalfout, Buckinghamshire, UK), 127I
121carrier (Woodward iodine, MICAL Specialty Chemicals, New
122Jersey, USA), TEVA extraction chromatographic resin (100−
123150 μm) (TRISKEM International, Bruz, France), and Bio-Rad
124AG1-×4 anion exchange resin (50−100 mesh, Cl form, Bio-Rad
125laboratories, Richmond, CA, USA) were used in the experi-
126ments.
127Analytical Methods for Determination of 129I Species.
128Anion exchange chromatography was used for separation of
129iodide, iodate, and total inorganic iodine from seawater. A
130schematic diagram of the separation procedure is shown in
131Figure S-2, and the separation methods are presented in the
132Supporting Information. The detailed methods for speciation
133analysis of 129I in seawater have been reported elsewhere.13

134Filtered seawater (0.5−1 L) was transferred to a beaker, and
135

125I− was added. After loading the prepared solution to an anion
136exchange column (AG1-×4 resin, NO3

− form), and washing
137with 0.2 mol/L NaNO3, iodide on the column was eluted with
1385% NaClO; effluent and wash were combined for iodate
139separation. A 1.0 mL solution of the iodide fraction, the iodate
140fraction, and the original seawater were taken to a vial for 127I
141measurement using ICP-MS. Iodine in the remaining solutions
142of the iodide and iodate fractions, as well as in the original
143seawater, was separated using CHCl3 extraction based on
144adjusting the oxidation state of iodine. The separated iodine
145from each fraction in iodide form was used to prepare AgI
146sputter target by adding AgNO3 solution for AMS measure-
147ment of 129I.
148Before extraction, the eluate of iodide from the anion
149exchange column was also measured for 125I by gamma-
150spectrometer to monitor chemical recovery of iodide during
151column separation. This measurement is used to correct the
152

127I− and 129I− concentrations in seawater.12,13

153An ICP-MS system (X Series II, Thermo, Waltham, MA)
154equipped with an Xs- skimmer cone and standard concentric
155nebulizer was used for the measurement 127I. A 1.0 mL portion
156of the separated fractions or the original seawater was diluted to
15720 mL using 1% ammonium solution, and spiked with Cs+ (to
1582.0 ppb) as internal standard. The detection limit of the
159method for 127I was calculated as 3 SD of the procedure blank
160to be 0.03 ng/mL.
161The 129I/127I ratios in total iodine samples were determined
162by AMS at the Vienna Environmental Research Accelerator
163(VERA)17 and the University of Arizona AMS Laboratory, both
164using a 3MV National Electrostatics Corporation AMS.18 The
165

129I/127I ratios in iodide and iodate samples were measured
166using the 3 MV AMS facility at the Xi’an AMS center.19 The
167machine backgrounds of the 129I/127I ratio are around (2−4) ×
16810−14. Procedure blanks using the same procedure as the
169samples were also prepared; the highest measured 129I/127I ratio
170is 2.8 × 10−13, which is significantly lower than measured
171

129I/127I ratios in the samples. No seawater from uncontami-
172nated deep ocean with 129I/127I close to preanthropogenic level
173of 2 × 10−12 in marine environment has yet been analyzed.20

174However, a 129I/127I ratio as low as 3 × 10−13 (or 5 × 105 atoms
175for a target with 0.5 mg 127I) has been measured in a procedure
176background sample, which was produced by addition of 127I
177carrier to deionized water and separation of iodine and
178measuring it using the same procedure and method as for the
179samples analyzed in this work.21 The 129I levels for any species
180presented in this work (>7.7 × 106 at/L for 129I concentration
181in >0.5 L water or 2.6 × 10−11 for 129I/127I atomic ratio) are 1−
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182 2 orders of magnitude lower than the procedure plank,
183 confirming that the applied method is well suitable for the
184 analysis of these samples.

185 ■ RESULTS AND DISCUSSION
186 Distribution of 129I in Seawater Offshore Fukushima.
187 In 4 seawater profiles offshore Fukushima, the highest
188 concentration of 129I up to 62 × 107 atoms/L was measured
189 in the surface water from the station 31 about 40 km from the

t1 190 1FNPP (Table 1). In the other 3 stations (11, 14, and 22),
191 similar 129I concentrations of (14−16) × 107 atoms/L at depth
192 20 m were observed, which is slightly lower than that at station
193 No. 31 with the value of 20 × 107 atoms/L at the same depth
194 (Table 1). At station 31, the 129I concentrations decrease with
195 increasing depth to about (10−13) × 107 atoms/L in the depth

f1 196 50−120 m (Figure 1). The decreasing 129I concentrations with
197 depth were observed at all stations. The lowest 129I
198 concentration of 0.77 × 107 atoms/L was observed at a
199 depth of 400 m at station 14, which is about 260 km offshore
200 Fukushima. A similar low 129I concentration of 1.9 × 107

201 atoms/L was measured at depth of 400 m at station 11 (the
202 most distant location 530 km from Fukushima). These values
203 are 30−80 times lower than that of the surface water at station
204 31. Relative lower concentrations of 129I in subsurface water
205 (50−400 m depth) from station 14 compared to those at
206 station 11 were measured, although station 11 is relatively far
207 from Fukushima (530 km) compared to station 11 (260 km),
208 these might be attributed to the pathway of water current as
209 well as the contaminated water plume in this area.
210 Relatively constant 127I concentrations of 55−61 μg/L were
211 observed in these seawater samples (Table 1). The distribution

f2 212 of the 129I/127I ratios (Figure 2, Table 1) is the same as for the
213

129I concentrations; the highest 129I/127I ratio of 22 × 10−10 was
214 observed at the 10 m depth in station 31, while the lowest
215

129I/127I ratio is only 0.26 × 10−10 in the water from station 14
216 at a depth of 400 m (Figure 2).

217Inorganic Speciation of 129I and 127I in Seawater
218Profiles. In seawater, especially offshore and in the open sea,
219iodine mainly exists as iodide and iodate and to a minor extent
220as organic iodine,22,23 although a high fraction of iodine in
221coastal and estuarine seawater and river and lake water was
222observed in organic form,24 and increased level of organic
223iodine was reported in some open sea waters.25 Two seawater
224samples collected in the North Sea (open seawater) and
225offshore Fukushima (surface water at station 31), respectively,
226were analyzed for both total inorganic 129I and total 129I using a
227method recently developed in our lab.26 In this method, organic
228matter was first decomposed using K2S2O8 at pH 1−2 to
229convert any organic associated iodine to inorganic form,
230followed by solvent extraction after addition of 127I carrier. The

Table 1. Distribution of 129I, 127I, 129I/127I Ratios, and Speciation of 129I and 127I in Four Seawater Profiles Offshore Fukushima
Collected in June 2011a

iodide/iodate (mol/mol)

sampling station depth (m) total 129I concn (× 107 atoms/L) 127I concn (μg/L) 129I/127I (× 10−10 at/at) 129I 127I

11 400 1.89 ± 0.40 60.44 ± 1.29 0.66 ± 0.14 NM NM
11 200 4.46 ± 0.36 60.32 ± 1.30 1.56 ± 0.13 2.89 ± 0.47 0.074 ± 0.001
11 50 9.87 ± 0.65 55.53 ± 1.24 3.75 ± 0.26 6.01 ± 0.52 0.162 ± 0.004
11 20 15.63 ± 1.07 56.40 ± 1.08 5.84 ± 0.42 8.54 ± 2.11 0.173 ± 0.005
14 400 0.77 ± 0.09 61.64 ± 1.22 0.26 ± 0.03 NM NM
14 200 2.30 ± 0.16 58.68 ± 1.00 0.83 ± 0.06 NM NM
14 50 5.68 ± 0.38 54.60 ± 1.15 2.19 ± 0.15 3.61 ± 0.28 0.185 ± 0.004
14 20 14.75 ± 0.50 56.42 ± 1.21 5.51 ± 0.22 6.08 ± 0.78 0.181 ± 0.004
22 400 3.74 ± 0.34 61.38 ± 1.36 1.28 ± 0.12 NM NM
22 200 11.80 ± 1.12 60.05 ± 1.42 4.14 ± 0.40 NM NM
22 50 14.31 ± 1.20 57.88 ± 1.18 5.21 ± 0.45 3.74 ± 0.46 0.067 ± 0.002
22 20 16.14 ± 1.25 57.46 ± 1.08 5.92 ± 0.47 3.81 ± 0.71 0.115 ± 0.003
31 120 10.47 ± 0.76 55.23 ± 1.32 4.00 ± 0.30 NM NM
31 100 10.68 ± 0.87 54.20 ± 1.10 4.15 ± 0.35 2.28 ± 0.51 0.262 ± 0.007
31 90 13.61 ± 0.93 57.95 ± 1.18 4.95 ± 0.35 3.35 ± 0.34 0.235 ± 0.006
31 50 13.31 ± 0.49 53.83 ± 1.14 5.21 ± 0.22 3.77 ± 0.40 0.270 ± 0.007
31 20 20.70 ± 0.75 60.87 ± 1.21 7.17 ± 0.30 7.40 ± 1.33 0.194 ± 0.005
31 10 62.90 ± 2.72 60.40 ± 1.39 21.95 ± 1.08 8.74 ± 0.33 0.255 ± 0.008

aNM: not measured; the uncertainties shown in the table are 2σ analytical uncertainty. The distances from the sampling stations 31 (37.52° N,
141.44° E), 22 (38.00° N, 143.0° E), 14 (37.50° N, 144.00°E), and 11(37.50° N, 147.00° E) to the Fukushima NPP are about 40, 180, 260, and 530
km, respectively.

Figure 1. Depth distribution of 129I concentration in 4 seawater
profiles (at stations 11, 14, 22, and 31; refer to Table S-1 and Figure S-
1 for precise locations) offshore Fukushima, error bars showing
analytical uncertainty.
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231 results showed no significant difference between total inorganic
232

129I and total 129I, confirming that negligible amount of 129I was
233 present in organic form in these open sea and offshore seawater
234 samples. It is therefore shown that the measured total inorganic
235

129I concentrations represent the total 129I in the seawater
236 measured in this work.
237 The analytical results of iodide, iodate, and total iodine for
238 both 129I and 127I (Table S-2) show a completely different
239 distribution of 129I compared to 127I in all seawater analyzed

f3 240 (Figure 3). 129I is mainly in iodide form, with an iodide/iodate

241 molecular ratio up to 8.7 in surface water (< 20 m) and about
242 2−3 in subsurface water (> 50 m). However, iodate is the
243 dominant species of 127I, with a relative constant molecular
244 ratio of iodide/iodate of about 0.2 (range of 0.07−0.27) (Table
245 1). In the water profile at station 31, a trend of gradually
246 decreasing iodide/iodate ratios from 8.7 in the surface water (at
247 depth of 10 m) to 2.2 in subsurface water (at depth of 120 m)

248is observed (Figure 3). 129I/127I ratios show a significantly
249different distribution for iodide and iodate, with much higher
250isotopic ratio for iodide compared to iodate (Table S-2). The
251

129I/127I ratios for iodide increase from 14 × 10−10 in the
252subsurface water to 104 × 10−10 in the surface water at station
25331, while 129I/127I ratios for iodate are more than 45 times
254lower compared to those for iodide, only (0.04−0.31) × 10−10

255(Table S-2).
256The different distribution of 129I species compared to 127I can
257be attributed to two reasons: (1) the different sources of 127I
258and 129I; (2) relatively long time to reach equilibrium among
259iodine oxidation states in the open sea. The ocean is the main
260source of iodine (127I), which accounts for more than 80% of
261iodine in the earth’s crust. Distribution of 127I species in
262seawater depends on many parameters. In the open sea
263(oxygenated seawater), iodine mainly occurs as iodate; iodide
264concentrations might increase in the coastal water and surface
265water by reduction of iodate through biological, inorganic, and
266photochemical approaches.22 Seawaters analyzed in this work
267were collected from an open sea, and the measured iodide/
268iodate ratios in these samples are typical values for the open
269sea.22,27

270Although the oxidation of iodide to iodate is a favored
271process in view of chemical dynamics of redox reactions of
272iodine in oxygenated seawater, investigation in the North Sea,
273Nordic seas, and the Arctic has shown, however, that oxidation
274of iodide to iodate in the open sea is a slow process,13 and
275chemical species of 129I in offshore water and in the open sea
276have not significantly changed during their transport from the
277North Sea to the Norwegian Sea, and further to the Arctic,
278which takes 1−4 years. The seawater investigated in this work
279was collected June 9−15, about 2.5 months after direct liquid
280discharges of contaminated water from 1FNPP. Therefore, the
281dominant iodide species of 129I should result from its source, i.e.
282that 129I was discharged to the seawater from the 1FNPP
283mainly in iodide form. Chemical species of radioiodine in
284neither the liquid discharges from the 1FNPP nor irradiated
285fuel in the reactor have been reported. However, it has been
286observed that radioiodine (131I, 123I, or 124I) in trap solution
287thermally released from the irradiated uranium or tellurium is
288mainly in iodide form (Syed M. Qaim, 2012, communication in
289NRC-9, 2012). This might imply that radioiodine in the
290contaminated water from the damaged reactor in 1FNPP might
291be mainly in iodide form. The chemical species of radioiodine
292in the precipitation of Fukushima are not yet available.
293Source Terms of 129I in Seawater Offshore Fukushima.
294There are 4 possible sources of 129I in the seawater offshore
295Fukushima: (1) direct liquid discharges from 1FNPP to the sea;
296(2) atmospheric fallout of 129I from Fukushima accident; (3)
297runoff of 129I deposited on the land to the sea; (4) global fallout
298of 129I.
299In a seawater profile collected offshore Kushiro (42° N, 146°
300E) before Fukushima accident in 2007, it has been observed
301that the 129I/127I ratios decreased with increasing depth from
3020.7 × 10−10 in surface water, 0.18 × 10−10 in depth of 500 m,
303and <0.07 × 10−10 in the deeper water (> 1000 m),
304corresponding to 129I concentration of 2 × 107 atoms/L in
305the surface water to 0.5 × 107 atoms/L at depth about 500 m,
306and then <0.2 × 107 atoms/L in deeper water (> 1000 m).28

307Similar levels of 129I concentrations of (0.8−2) × 107 atoms/L
308in surface and subsurface (> 1000 m) have also been reported
309in two water profiles collected from the Northwestern Pacific
310Ocean (35° N, 152° E and 31° N, 170° E) in 1997.29 Because

Figure 2. Depth distribution of 129I/127I atomic ratios in 4 seawater
profiles (at stations 11, 14, 22 and 31; refer to Table S-1 and Figure S-
1 for precise locations) offshore Fukushima, error bars showing
analytical uncertainty.

Figure 3. Distribution of 129I and 127I species (iodide/iodate, mol/
mol) in seawater profile of station 31 (refer to Table S-1 and Figure S-
1 for precise location) offshore Fukushima, error bars showing
analytical uncertainty.
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311 there is no other source of 129I in the Pacific Ocean except
312 global fallout (and possibly local fallout from the nuclear
313 weapons testing at Bikini and Enewetak atolls29) before the
314 Fukushima accident, the 129I level in these waters should be a
315 representative level of 129I in the Pacific Ocean. The 129I level
316 (for both 129I concentrations and 129I/127I ratios) in the surface
317 seawater (< 20 m) offshore Fukushima analyzed in this work is
318 5−30 times higher than the global fallout value, and 1.5−7
319 times higher in the subsurface water (> 400 m). A significantly
320 decreased 129I level with the increased depth in the water
321 columns, especially in the top 100 m, was observed (Figures 1
322 and 2). At station 31, more than 3 times higher 129I level at 10
323 m compared to at 20 m depth water was measured, this might
324 imply that 129I at surface (<10 m) is even higher, and difference
325 of the 129I concentration at surface water comparing to the
326 preaccident level is even bigger that just comparing with 20 m
327 and 10 m depth water. Investigation of 129I in seawater nearby
328 the discharge point of nuclear power plants in China (the
329 Pacific Ocean) has shown no significant influence of the
330 operation of NPP on the 129I levels in the seawater,30 and the
331

129I concentrations of (0.7−2.5) × 107 atoms/L in surface water
332 collected in 2−10 km distance from the discharge point of the
333 NPP, corresponding to 129I/127I ratios of (0.8−2.6) × 10−10. It
334 can be assumed that there was no significant influence of the
335 operation of the Fukushima NPP on 129I levels in seawater
336 before the accident. The elevated 129I levels in the surface
337 seawater offshore Fukushima can therefore not be attributed to
338 global fallout and the discharges from the ordinary operation of
339 the Fukushima NPP. However, the global fallout contribution
340 to the 129I levels in the subsurface waters could not be ignored.
341 During the Fukushima accident in March 2011, huge
342 amounts of radionuclides including 150−160 PBq of 131I and
343 10−15 PBq of 137Cs were released to the atmosphere.4−6 The
344 half-lives of these radionuclides are very much different from a
345 few hours (e.g., 132I) to millions of years (e.g., 129I). For easy
346 discussion, all concentrations and ratios of the radionculides
347 discussed in this work (i.e., 137Cs, 131I, and 129I) are decay-
348 corrected to March 13, 2011, the beginning of the radioactive
349 releases from the nuclear accident at the Fukushima Dai-ichi
350 nuclear power plant, if not otherwise specified. It has been
351 estimated that a total of 5.6 PBq of 137Cs released to the
352 atmosphere has been deposited over Japan and the surrounding
353 ocean (130−150° E and 30−46° N),6 and a similar value of 5
354 PBq of 137Cs deposited in the Ocean surrounding Japan has
355 also been estimated by another group.5 This means that 30−
356 50% of 137Cs released to the atmosphere during the accident
357 was deposited in the ocean surrounding Japan, indicating the
358 deposition of radionuclides from the atmosphere to the ocean
359 is one of important sources of radionuclides in seawater
360 offshore Fukushima. Up to 77 Bq/L of 131I and 24 Bq/L of
361

137Cs were measured in seawater 30 km offshore Fukushima on
362 March 23, 2011; this is more than 104 times higher than the
363 background level of 1 mBq/L of 137Cs in the Pacific Ocean,8,9

364 indicating a notable contribution of atmospheric deposition
365 into the sea offshore Fukushima.
366 It is difficult to estimate the amount of radionuclide runoff
367 from the land to the Sea via rivers, because no sufficient data on
368 radionuclide concentrations in rivers are available. It has been
369 reported that iodine can be easily absorbed in soil components,
370 especially in the soil with high organic matter.31 It can be
371 estimated that only very small fraction of iodine deposited on
372 the lands can be quickly removed to the sea through rain and
373 river runoff. Considering that only 13% of radioiodine released

374to the atmosphere was deposited on the land of Japan,7 the
375runoff of 129I from the land to the sea would not be a significant
376source of 129I in the seawater offshore Fukushima.
377Direct liquid discharges of 3.5−4 PBq of 137Cs from 1FNPP
378to the sea from 21 March to 30th April 2011 have been
379estimated.5,9 Much higher releases of 137Cs of 27 PBq (12−41
380PBq) have been estimated using a simple interpolation model
381of sparsely observed data and relatively coarse horizontal
382resolution,32,33 But a small release of 137Cs of only 0.94 PBq in
3831−6 April 2011 was estimated by Japanese government.33

384Therefore the direct discharge from 1FNPP to the sea is
385another important source of 129I in the seawater offshore
386Fukushima.
387The seawater samples investigated in this work have also
388been analyzed for 137Cs 34 using AMP (ammonium
389molybdophosphate) preconcentration and gamma spectrome-
390try measurement,35 and 0.01−1.1 Bq/L of 137Cs were measured
391in these waters, i.e. 60−1100 times higher 137Cs concentrations
392compared to the global fallout level, indicating its dominant
393Fukushima source. The 129I/137Cs atomic ratios in the analyzed
394seawater samples are calculated to be 0.41−0.62 in the top 50
395m water column and 0.8−1.7 in subsurface seawaters (> 50 m)
396at 4 stations. Cesium is considered to be a relatively
397conservative element in oceans and 137Cs has been widely
398applied as an oceanographic tracer for water circulation,36,37

399although the residence time of 137Cs is much shorter than 129I
400due to the shorter physical half-life of 137Cs and relatively
401higher adsorption of 137Cs to the particulates (especially clay
402minerals) suspending in the water column. The high 129I/137Cs
403ratios in the subsurface water might be attributed to the fact
404that a relatively high fraction of 129I in the subsurface seawater
405originates from global fallout. Based on the fact that the 129I
406concentrations in subsurface water measured in this work are
4071.5−7 times higher than preaccident values, it can be estimated
408that 12−75% 129I in subsurface water of >400 m depth
409originates from the global fallout. In addition, the higher
410analytical uncertainty of 137Cs in subsurface water samples with
411low 137Cs concentration also influences this value. By
412measurement of soil samples collected around the 1FNPP, a
413

129I/131I atomic ratio of (26.6 ± 7.5) has been reported.38

414Therefore 131I/137Cs atomic ratios in the surface water (<50 m
415depth) offshore Fukushima can be derived to be 0.015−0.023,
416or an activity ratio of 21−32. This values are close to the
417measured 131I/137Cs activity ratio of about 17.8 in coastal waters
418near the discharge point in the 1FNPP after March 25, 2011.8,9

419Based on the estimated atmospheric releases of 131I (150 PBq)
420and 137Cs (13 PBq), 131I/137Cs activity ratio in the atmosphere
421released from the Fukushima accident can be calculated to be
42211.5. Measurement of 131I and 137Cs in precipitation (rain and
423dust) over Japan from March 18 to April 29 has resulted in
424

131I/137Cs activity ratios ranging from 3.2 to 500 with a median
425of 15; the higher ratios occurred at downstream inland sites of
426radioactive plume.39 The large variation of 131I/137Cs ratio
427might also result from the different ratios of 131I/137Cs in
428different reactors. The measured 131I/137Cs ratios in air samples
429collected over Europe during March 22 to April 11, 2011 also
430highly varied, with an average of 40−100 for aerosol samples.
431Considering that only about 20% of 131I occurred in particle-
432associated forms, the 131I/137Cs ratio in the atmosphere is likely
433higher than 200.39 In addition, increased 131I/137Cs ratios with
434sampling date from March 19, 2011 onward have been
435observed in aerosols from the Fukushima area,40 indicating
436that the radioactive cloud contained more radioiodine at the
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437 beginning of the accident. This could be attributed to the
438 properties of higher volatility and longer residence time of
439 iodine in the atmosphere compared to 137Cs. In atmosphere,
440 iodine exists in both gaseous and particle-associated forms,
441 while 137Cs is mainly in particle-associated form. Removal rate
442 of particles from the atmosphere by dry and wet deposition is
443 much higher than gaseous form of iodine due to less efficiency
444 of gaseous iodine capture to droplets. Consequently, residence
445 time of radioiodine in atmosphere is longer than 137Cs
446 (particle), and therefore decreased 137Cs concentrations
447 compared to 131I in the atmosphere or increased 131I/137Cs
448 ratios with the increased time after accident were observed in
449 the atmosphere or precipitation. The relatively high 129I/137Cs
450 ratios measured in surface seawater can therefore be attributed
451 to the contribution of the atmospheric deposition in the
452 seawater offshore Fukushima.
453 In summary, 129I in the surface water likely mainly originated
454 from the liquid discharges from the Fukushima 1FNPP to the
455 sea; however, the atmospheric deposition has also a visible
456 contribution, and in subsurface waters the contribution from
457 global fallout is not negligible.
458 Amount of 129I Discharged to the Sea from the
459 Fukushima Daiichi NPP. As described above, 129I in the
460 seawater offshore Fukushima has two major sources, i.e. direct
461 liquid discharge from 1FNPP, and the atmospheric deposition
462 subsequent to the accident. From March 21, 2011, 131I and
463

137Cs concentrations in coastal seawater samples collected at 3
464 sites at the discharge channel of 1FNPP and 10 km and 16 km
465 south of the 1FNPP, as well as at 8 sites 30 km off the
466 Fukushima coastline, have been monitored by the operator of
467 1FNPP, the Tokyo Electric Power Company (TEPCO), and
468 the Ministry of Education, Culture, Sports, Science and
469 Technology (MEXT). A quite constant activity ratio of
470

131I/137Cs of 17.6 has been observed in the seawater from all
471 coastal sites near to the 1FNPP from March 26, 2011, while
472 scattered and higher 131I/137Cs ratios of >28 have been
473 observed in the seawater from the sites 10 and 16 km south
474 of 1FNPP March 21−25, 2011. A large scatter of 131I/137Cs
475 ratios of 6−20 have been observed in seawater collected at 30
476 km offshore Fukushima before April 2.8,9 Similarly lower
477

131I/137Cs ratios of 3−18 have also been observed at sites >5
478 km from the coast of Fukushima before April 2.23 The large
479 scatter before March 25 in coastal sites and before April 2 at
480 sites offshore Fukushima can be attributed to the atmospheric
481 deposition from the Fukushima accident.8,9 Large variations in
482 the 131I/137Cs activity ratios in atmospheric and precipitation
483 samples have been observed in Japan as well as at far locations
484 in Europe after the Fukushima accident.39,40 This is attributed
485 to different ratios of 131I/137Cs from different reactors in the
486 1FNPP, as well as to different behaviors of 131I and 137Cs in the
487 atmosphere. 137Cs is mainly associated with particles, while
488 radioiodine can be in both gaseous and particle-associated
489 form,40 which cause different dispersion and deposition
490 patterns of 131I and 137Cs. Therefore the 131I/137Cs ratios vary
491 in seawater, to which the atmospheric deposition has a
492 significant contribution (together with liquid discharges). The
493 constant 131I/137Cs ratio (17.6) in the seawater collected from
494 the coastal sites within 16 km of the 1FNPP confirms that the
495

131I and 137Cs in seawater offshore Fukushima is dominated by
496 the direct liquid discharges from the damaged nuclear reactor 2
497 in the 1FNPP after March 25, 2011.8,9,33 Because of the same
498 chemical properties and environmental behaviors of 131I and

499
129I, the amount of 129I directly discharged to the sea from the

5001FNPP can be estimated from the measured 131I/137Cs ratio,
501and estimated amount of 137Cs directly discharged to the sea
502from the 1FNPP. Here, we applied the estimated value of 3.5
503PBq for direct liquid discharge of 137Cs to the sea,9 the amount
504of 131I directly discharged the sea can be estimated to be 61.6
505PBq. Based on these data and the measured 129I/131I atomic
506ratio of (26.6 ± 7.5) for released radioiodine from the
5071FNPP,38 the amount of 129I directly discharged to the sea from
508the 1FNPP can be estimated to be 2.35 GBq (or 0.35 kg).
509Of the total 150 PBq of 131I and 13 PBq of 137Cs released to
510the atmosphere from the Fukushima accident,1,4 it has been
511estimated that more than 80% of 137Cs has been deposited in
512the ocean, 18% in Japanese land area, and only 1.9% was
513deposited over land areas outside Japan.41 A similar percentage
514of radionuclide deposition has been estimated by Morino et al.7

515using a 3-dimensional chemical transport model; they reported
516that 13% of 131I and 22% of 137Cs fell over the land of Japan,
51719% 131I and 10% of 137Cs were deposited over the Ocean in
518the area of 34−41° N and 137−145° E (700 km × 700 km),
519and the rest was transported and deposited in other areas,
520mainly in the Pacific Ocean. It can be estimated that about 120
521PBq of 131I was deposited in the Ocean, mostly in the Pacific
522Ocean; of this, 28.5 PBq of 131I was deposited in the sea area of
52334−41° N and 137−145° E, mainly offshore Fukushima. Based
524on the reported 129I/127I atomic ratio of 26.6,38 about 4.57 GBq
525(0.68 kg) of 129I released to the atmosphere was deposited in
526the Ocean, and about 1.09 GBq of 129I (0.16 kg) was deposited
527in the sea area of 34−41° N and 137−145° E, most in the sea
528offshore Fukushima. This estimation indicates that liquid
529discharges from 1FNPP are the major source of 129I in the
530sea offshore Fukushima, and the atmospheric deposition is the
531minor source, accounting for about 32% of the total 129I.
532If we assume the liquid discharges still remained in the 700 ×
533700 km area offshore Fukushima and mainly in the top 50 m
534water column, and it was homogeneously distributed in this
535area, 129I concentration in the top 50 m seawater can be
536calculated to be about 1 × 108 atom/L, or a 129I/127I isotopic
537ratio of about 3.5 × 10−10. This value agrees relatively well with
538the measured 129I concentration ((0.5−2) × 108 atoms/L) and
539

129I/127I ratios (2−7) × 10−10 in the surface water (10−50 m
540depth) offshore Fukushima.
541It has been estimated that Chernobyl accident released about
5421.3−6 kg of 129I to the atmosphere.23,42 A total release of 1.2 kg
543of 129I from the Fukushima accident estimated in this work is
544comparable to that released from the Chernobyl accident.
545However, the 129I released from Chernobyl accident was
546deposited in a terrestrial area, mainly in European countries,
547whereas 129I released from Fukushima accident was mainly
548deposited to the ocean.
549Reprocessing plants have released large amounts of 129I to
550the environment, especially from the two European reprocess-
551ing plants at La Hague (France) and Sellafield (UK), which
552have discharged about 5200 kg of 129I to the sea and 440 kg to
553the atmosphere (up to 2007).23 The 129I released from the
554Fukushima accident accounts therefore to less than 0.3% of the
555total 129I released from reprocessing plants. However, the 129I
556from the European reprocessing plants has been mainly
557discharged and transported to the European seas, and further
558to the Arctic.11,13,42 The contribution of 129I from the
559Fukushima accident to the Pacific Ocean is remarkable, as it
560has influenced the total inventory of 129I in the Pacific Ocean.

Environmental Science & Technology Article

dx.doi.org/10.1021/es304460k | Environ. Sci. Technol. XXXX, XXX, XXX−XXXF



561 The Fukushima-derived 129I will be therefore a useful tracer for
562 oceanographic research in this area.
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