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Isotopic signature and nano-
texture of cesium-rich micro-
particles: Release of uranium 
and fission products from the 
Fukushima Daiichi Nuclear Power 
Plant
Junpei Imoto1, Asumi Ochiai1, Genki Furuki1, Mizuki Suetake1, Ryohei Ikehara1, Kenji Horie2,3, 
Mami Takehara2, Shinya Yamasaki4, Kenji Nanba5, Toshihiko Ohnuki6, Gareth T. W. Law7, 
Bernd Grambow8, Rodney C. Ewing9 & Satoshi Utsunomiya1

Highly radioactive cesium-rich microparticles (CsMPs) released from the Fukushima Daiichi Nuclear 
Power Plant (FDNPP) provide nano-scale chemical fingerprints of the 2011 tragedy. U, Cs, Ba, Rb, K, 
and Ca isotopic ratios were determined on three CsMPs (3.79–780 Bq) collected within ~10 km from 
the FDNPP to determine the CsMPs’ origin and mechanism of formation. Apart from crystalline Fe-
pollucite, CsFeSi2O6 · nH2O, CsMPs are comprised mainly of Zn–Fe-oxide nanoparticles in a SiO2 glass 
matrix (up to ~30 wt% of Cs and ~1 wt% of U mainly associated with Zn–Fe-oxide). The 235U/238U values 
in two CsMPs: 0.030 (±0.005) and 0.029 (±0.003), are consistent with that of enriched nuclear fuel. 
The values are higher than the average burnup estimated by the ORIGEN code and lower than non-
irradiated fuel, suggesting non-uniform volatilization of U from melted fuels with different levels of 
burnup, followed by sorption onto Zn–Fe-oxides. The nano-scale texture and isotopic analyses provide a 
partial record of the chemical reactions that occurred in the fuel during meltdown. Also, the CsMPs were 
an important medium of transport for the released radionuclides in a respirable form.

Radionuclides with ~520 PBq initial total activity were released from the Fukushima Daiichi Nuclear Power 
Plant (FDNPP) as a result of the nuclear disaster that occurred after the Tohoku earthquake on March 11, 20111. 
The released radionuclides, including noble gases (Xe and Kr) and volatile fission products (I, Cs, Te, Sb, and 
Ag), contaminated the surface over ~14,000 km2 surrounding the FDNPP1–5, requiring the evacuation of some 
100,000 residents. Radioactive Cs, 134Cs and 137Cs, are the most important radionuclides contributing to the high 
radiation in the environment near the FDNPP at present because of their relatively short half-lives, 2.06 and 30.07 
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years, respectively6. About 1–7% of the Cs inventory of three reactor cores was released3, 7. Previous studies of the 
distribution and migration of radioactive Cs in the surface environment around Fukushima4–6, 8–12 indicated that 
an initially soluble form of radioactive Cs was released from the damaged reactors and spread over the Fukushima 
Prefecture and the surrounding area through dry and wet deposition3–5, 8. Subsequently, a soluble form of Cs was 
tightly bound to the interlayers of clays, such as vermiculite, and remained within the top ~5 cm of the soil3, 9, 10. 
However, Cs in the contaminated soils is heterogeneous and concentrated locally at the micron scale as hot spots, 
as revealed through autoradiography9–11, and this heterogeneity has not been fully described. A possible cause 
of the heterogeneity is the formation of Cs-rich microparticles (CsMPs), with a high Cs radioactivity per unit 
mass, found at a range of distances from the FDNPP12. This is another important route of Cs migration in the 
environments. Different from the soluble Cs, the CsMPs are sparingly soluble in water. The 134Cs/137Cs radioac-
tivity ratio of ~1 indicates that they originated from the FDNPP. CsMPs were initially considered as amorphous 
glass particles containing various elements derived from the reactors that were melted into the glass matrix12–14. 
However, recent studies have shown that the Cs concentrations are associated with discrete Zn–Fe-oxide nano-
particles embedded in a pure SiO2 glass matrix, as well as numerous nano-scale inclusions with a variety of fission 
products15, 16. The nano-texture within the CsMPs records the chemical reactions that took place during the melt-
downs inside the reactors. The sparingly soluble CsMPs were identified as dominant Cs carriers during the initial 
Cs fallout in Tokyo, Japan, and they are expected to differ from soluble Cs in terms of environmental mobility and 
health impacts15. In addition to the reaction sequence of the CsMPs formation inside the reactors, trace amounts 
of U are present in CsMPs. The origin of U and the other nuclides remains uncertain, as insulating material in the 
reactors also contains trace amount of natural U. The occurrence of U derived from inside the reactors is poten-
tially useful for understanding the reactions that nuclear fuels experienced during meltdown and even the status 
of the melted nuclear fuels in the damaged reactors17. This is crucial for developing an appropriate decommission-
ing strategy. The hypothesis of this study is that the isotopic ratio analysis in combination with atomic-resolution 
analysis reveals the source of U and the release processes associated with CsMPs from the FDNPP. The CsMPs are 
a very unique form of condensed matter that was created during the meltdown events inside the reactors at the 
FDNPP, very different from general concept of Cs release as a soluble Cs species, such as CsI and CsOH. Isotopic 
analyses of the individual CsMPs are reported for the first time. Isotopic analysis of the other nuclides, stable and 
radiogenic, also allow us to identify their sources, natural or fissionogenic.

Results
Shape, composition, and radioactivity of CsMPs.  Four CsMPs were found at three localities, which 
are hereafter labeled as OTZ3, OTZ10, KOI2, and OMR1 (Fig. 1). Detailed information on the sampling is pro-
vided in the method section. Figure 2 shows secondary electron scanning electron microscopy (SEM) images and 
energy-dispersive X-ray analysis (EDX) elemental maps of major elements of the CsMPs. In previous studies12–16, 
the shape of CsMPs has been described as spherical. In contrast, these particles appear as irregularly shaped 
aggregates rather than spheres. In addition, the radioactivity of the presently examined CsMPs ranges from 3.79 

Figure 1.  A map showing the location of the samples. This map was produced based on Furuki et al.16 using the 
power point.
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to 780 Bq (Table 1). These values are approximately thirty three times higher than that of spherical CsMPs12–16. 
The 134Cs/137Cs radioactivity ratios of the OTZ3, KOI2, and OMR1 used for the SIMS analysis are 1.06–1.08 (aver-
age 1.07), which approximately corresponds to ~26 GWd/tU according to OrigenArp calculations18. Although 
the 134Cs/137Cs isotopic ratio values are close to those of the reactor Units #2 and #3 in the FDNPP19, the specific 
reactor source could not be determined based only on the isotopic ratios, because burnups of the irradiated fuels 
in each reactor are heterogeneous depending on the positions of the fuel assemblies.

Isotopic ratio based on secondary ion mass spectrometry (SIMS) and γ spectrometry.  The 
results of the isotopic analysis of the three CsMPs, OTZ3, KOI2, and OMR1, are summarized in Table 2. In gen-
eral, the 235U/238U isotopic ratio in nature is 0.00729, whereas the ratio in non-irradiated nuclear fuel is typically 
>~0.03 due to enrichment of 235U20. As shown in Table 2, U isotopes were successfully determined to be 0.029584 
and 0.029341 in OTZ3 and KOI2, respectively, whereas U was not detected in OMR1. The U isotopic ratio for 
the standard specimen NIST SRM610 is comparable to the value in a previous report21, and the deviation of the 

Figure 2.  SEM images of CsMPs associated with the elemental maps.
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