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Abstract 22 

    To reveal the in planta behaviour of caesium (Cs), the stable isotope 133Cs was administered 23 

into 3-year-old Cryptomeria japonica seedlings by the application of 133CsCl aqueous solution to 24 

the bark surface. The administered 133Cs was quantified by ICP-MS measurements, which showed 25 

transportation of 133Cs in an ascending direction in the stem. Distribution of 133Cs was visualized 26 

using freeze-fixed C. japonica woody stem samples and cryo-time-of-flight secondary ion mass 27 

spectrometry/scanning electron microscopy (cryo-TOF-SIMS/SEM) analysis. 28 

Cryo-TOF-SIMS/SEM visualization suggested that 133Cs was rapidly transported radially by ray 29 

parenchyma cells followed by axial transportation by pith and axial parenchyma cells. Adsorption 30 

experiments using powdered C. japonica wood samples and X-ray absorption fine structure (XAFS) 31 

analysis suggested that 133Cs was in the hydrated state following its deposition into tracheid cell 32 

walls.  33 
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1. Introduction 39 

    The Fukushima Daiichi Nuclear Power Plant (FDNPP) accident in March 2011 released 40 

various radionuclides and contaminated an expansive area of eastern Japan, with concentrated 41 

fallout primarily in the Fukushima prefecture [Japanese Ministry of Education, Culture, Sports, 42 

Science, and Technology, 2011; Hashimoto et al., 2012; Kinoshita et al., 2011; Yoshida et al., 2012]. 43 

Importantly, 137Cs, the radioactive isotope of caesium, has a long half-life period and its impact on 44 

crop production [Endo et al., 2013; Hiraide et al., 2015; Kiyono et al., 2013, Mori et al., 2012, 45 

Nobori et al., 2016, Ohmori et al., 2014a, 2014b, Okuda et al., 2013], the livestock industry 46 

[Fukuda et al., 2013; Iguchi et al., 2013], and forest ecosystems [Avila et al., 2001; Baeza et al., 47 

2005; Fujii et al., 2014; Hashimoto et al., 2013; Mahara et al., 2014; Yasunari et al., 2011; 48 

Yoschenko et al., 2016; Yoshida et al., 2004] is a serious concern. The environmental behaviour 49 

of 137Cs should be adequately described for current and future management practices.  50 

    Japanese cedar, Cryptomeria japonica D. Don, is the most abundant conifer in the forest 51 

plantations of the Fukushima prefecture [Ministry of Agriculture, Forestry and Fisheries of Japan, 52 

2012]. The levels of radioactivity in C. japonica wood have been analysed following the accident. 53 

Several research groups measured the 137Cs concentration in samples of C. japonica bark, sapwood, 54 

and heartwood and suggested that FDNPP-derived 137Cs was partially absorbed through the foliage 55 

and rapidly translocated into the wood of these trees [Kuroda et al., 2013a; Ohashi et al., 2014]. 56 

Concerning the in planta transportation of 137Cs, several studies have reported that the newly 57 

formed needles and pollen of C. japonica contained 137Cs [Akama et al., 2013; Kanasashi et al., 58 

2015; Nishikiori et al., 2015]. 133/134/137Cs (Cs) uptake via the bark [Sasaki et al., 2016; Wang et al., 59 

2016] and roots [Chu et al., 2015; Ertel and Ziegler 1991; Fesenko et al., 2001; Gommers et al., 60 

2005] were also documented. It is apparent from these reports that Cs are absorbed into and 61 

translocated within wood. The transportation mechanism of Cs has been considered as generally 62 

similar to that of potassium (K) [Sombré et al., 1994; Sugiura et al., 2016; Yoshihara et al., 2014; 63 

White and Broadley 2000; Zhu and Smolders 2000]. However, it has been suggested that the in 64 

planta distribution and transport dynamics of 137Cs and K are not completely alike [Buysse, et al., 65 

1995; Goor and Thiry, 2004; Kobayashi et al., 2016; Rantavaara et al., 2012]. It was also alerted to 66 

that the insufficient appreciation of the detailed in planta translocation of Cs should cause the over 67 

and/or under estimation of the environmental transfer factors of Cs [Goor and Thiry, 2004].  68 

    Based on previous studies, it is thought that Cs may be transported in the water-soluble cation 69 

state in the plant. Although the radial and axial mobility of Cs in several wood species is well 70 

recognized [Momoshima et al., 1994, Okada et al., 1993, Thiry et al., 2002], there are few 71 

documented reports of the anatomical wood properties which sustain the Cs transport. The objective 72 

of this study is to characterize the transportation and final location of Cs absorbed into living trees. 73 



It is important to understand the mechanisms behind in planta Cs translocation and the final 74 

chemical state of the absorbed water-soluble Cs in order to develop forest and wood product 75 

decontamination strategies and for future management of the forest.  76 

    One of the major difficulties in analysing Cs transportation in woody stems is the 77 

water-soluble nature of Cs. The pre-treatment process for microscopic observation, which includes 78 

cutting, sectioning, embedding, and drying, can alter the specific in planta distribution of 79 

water-soluble chemicals. Therefore, plant samples should be frozen and analysed without defrosting. 80 

Cryo-scanning electron microscopy with energy dispersive X-ray spectroscopy (cryo-SEM-EDX) is 81 

a potential technique to visualize such a water-soluble heavy metal absorbed into living plant tissue. 82 

However, the detection limit of Cs in EDX analysis is reported as ~0.01 % [Groenewold and Ingram 83 

1998] and it is potentially difficult to visualize the early stages of Cs transportation in the plant. To 84 

characterise in planta Cs transportation, cryo time-of-flight secondary ion mass spectrometry 85 

(cryo-TOF-SIMS)/SEM was used in this study. TOF-SIMS has significantly higher sensitivity for 86 

alkaline metals than that of SEM-EDX [Heard et al., 2001]. The lower spatial resolution of 87 

cryo-TOF-SIMS can be compensated by parallel analysis of the same sample using cryo-SEM 88 

[Aoki et al., 2016, Metzner et al., 2008]. The detection limit of TOF-SIMS remains insufficient to 89 

visualize trace amounts of 137Cs. Nevertheless, it has been reported that the behaviours of 133Cs 90 

and 137Cs are similar when both species are in a water-soluble state [Okuda et al., 2012, 2013; 91 

Yoshida et al., 2004].  92 

    In this study, the stable 133Cs isotope was administered into C. japonica wood samples via their 93 

bark and roots. The absorbed 133Cs was quantified by inductively coupled plasma mass 94 

spectrometry (ICP-MS) and, based on the above reasoning, the in planta 133Cs transportation was 95 

visualized by cryo-TOF-SIMS/SEM analysis. The chemical form of 133Cs adsorbed onto powdered 96 

wood was examined by X-ray absorption fine structure (XAFS) analysis using synchrotron 97 

radiation.  98 

 99 

2. Materials and methods 100 

2.1. Preparation of C. japonica samples administered with 133Cs 101 

    Experimental samples were potted seedlings of 3-year-old C. japonica, which had a total 102 

height of 1.2 m and an 8–12 mm diameter at 40 cm from the base of the stem. The peat moss soil 103 

for raising seedlings (TH-1, Oji Forest & Products Co., Ltd., Japan) was used and the pot volume 104 

was 3.6 L for each. For administration of 133Cs into the bark, absorbent cotton was bound to the 105 

stem at 40 cm from its base and the application area selected did not contain any nodes or damaged 106 

tissue. 100 mM 133CsClaq was applied onto the cotton at noon each day, ensuring that no solution 107 

spread to other bark areas. For administration of 133Cs into the roots, 35 mL of 100-mM 133CsClaq 108 



was applied onto the soil at noon each day.  109 

    The seedlings were grown in a temperature-controlled room with a light environment created 110 

using LEDs (VEFA140WZN, 130W, Altrader). The photoperiod was 12 h and room temperature 111 

ranged from 20–25°C. Samples from those seedlings administered 133Cs into the bark were 112 

collected 8 h, 24 h, 48 h, and 12 days following the commencement of treatment. An additional 113 

sample, denoted 48h+1month, was created by applying 133CsClaq as described above to the bark of 114 

a seedling for 48 h followed by a further one month of growth without any additional 133Cs 115 

administration. The seedling administered 133Cs into the roots was sampled following 9 days of 116 

treatment and denoted root-9d.  117 

    Wood samples were cut from the stems of seedlings to obtain 10-mm-thick sample disks from 118 

positions at 20 cm, 40 cm, 60 cm, 80 cm, and 100 cm from the base of the stem. The sample disk 119 

was cut into small blocks (circular sector of radius 6–8 mm and central angle of π/8) containing the 120 

bark, cambial zone, xylem, and pith. The divided sample blocks were quick-frozen with liquid 121 

Freon R22 (DuPont) at −160°C and stored at −80°C before further use. Samples were labelled 122 

according to their 133Cs administration period and sampling height (e.g. 8h-40cm). Needles at 60 cm 123 

from the base and at the top of seedlings and cones at the top of seedlings were also sampled. 124 

Seedling cultivation was conducted from September to October 2014.  125 

 126 

2.2. 133Cs quantification using ICP-MS 127 

    The frozen sample block were cut by sliding microtome at −20°C to obtain 100 μm radial 128 

sections containing bark, xylem, and pith tissue. Freeze-dried radial sections (0.1 g in total for each 129 

measurement) were treated using the wet ashing method under the following conditions: 160°C for 130 

1 h and 220°C for 2 h with 15 mL HNO3. The resulting sample solution was diluted to 50 mL and 131 

analysed using an ICP-MS instrument (Agilent 7500, Agilent Technologies). Indium and rhodium 132 

were added and used as internal standards.  133 

 134 

2.3. Cryo-TOF-SIMS/SEM analysis 135 

    The frozen sample block was fixed on the sample holder and cut by sliding microtome at 136 

−30°C in a glove box filled with dry and cooled nitrogen gas. The resulting fresh and flat transverse 137 

surface of the sample was used for subsequent analysis. The sample holder was transferred to the 138 

cryo-TOF-SIMS by a cryo-vacuum transfer shuttle. The details of the cryo-TOF-SIMS/SEM system 139 

have been reported previously [Kuroda et al., 2013b; Masumi et al., 2014].  140 

    Cryo-TOF-SIMS measurements were conducted using a TRIFT III spectrometer (ULVAC-PHI, 141 

Inc.). Positive ion spectra were obtained under the following conditions: primary ion of 22 keV 142 

Au1
+ at a current of 5 nA, raster size of 400 μm × 400 μm, pulse width of 1.8 ns (bunched for 143 



spectrum mode) or 13.0 ns (not bunched for image mode), mass range of m/z 0–1850, spot size of 144 

1.0 μm in image mode, temperature of −120 to −130°C, and a low-energy pulsed electron ion gun 145 

(30.0 eV) which was used for surface charge compensation. All images accumulated approximately 146 

2,000,000 secondary ion counts and primary ion doses for the each sample surface were 1.0–147 

1.5E+9/cm2. Obtained images were connected using WinCadence 5.1.2.8 (ULVAC-PHI Inc.) and 148 

MatLab R2014a (The MathWorks, Inc.) with PLS Toolbox 7.5.2 (Eigenvector Research, Inc.), and 149 

the colour scale was changed using ImageJ software (The National Institutes of Health, USA).  150 

    Following cryo-TOF-SIMS measurements, the same region was observed by cryo-SEM 151 

(S-3400N, Hitachi High-Technologies Corporation). To enhance the image contrast, appropriate 152 

freeze-etching was carried out at −90°C before the observation. The observation conditions were as 153 

follows: acceleration voltage of 1.5 kV, temperature of −120°C, and a working distance of 10 mm. 154 

Overlaid images of the selected cryo-TOF-SIMS ion on cryo-SEM image were prepared using 155 

Photoshop CS5 Extended (Adobe Systems Incorporated).  156 

 157 

2.4. XAFS measurements 158 

    XAFS experiments were conducted at beam line BL5S1 of the Aichi Synchrotron Radiation 159 

Centre (Tabuchi et al. 2016) for 133Cs-L3 adsorption edge by transmission mode. Ion chambers 160 

filled with gases of He:N2 = 70:30 and Ar:N2 = 15:85 were used as detectors to measure incident 161 

and transmitted X-ray intensity. Typically, approximately 40 min was required to measure one 162 

spectrum. The photon energy was calibrated using the pre-edge peak (4966 eV) of Ti K-edge. 163 

Standard 133Cs samples (133CsCl and 133CsOH) were mixed with boron nitride under an atmosphere 164 

of argon, pressed to form a tablet, and measured in an encapsulated state in a polyethylene pouch to 165 

avoid the absorption of moisture. Wood samples were freeze-dried before they were measured.  166 

    To prepare the standard wood samples containing 133Cs, sapwood of C. japonica was 167 

ball-milled and the resulting powdered wood was used. Powdered wood (0.3 g dry weight) was 168 

suspended in 30 mL of 100 mM 133CsCl or 133CsOH aqueous solutions. The mixture was agitated at 169 

room temperature for 30 minutes. The powdered wood was filtered out of solution, subjected to five 170 

washes in water, and freeze-dried. Standard powdered wood samples were pressed to form a tablet 171 

before they were measured. Obtained data were processed using Athena software (ver. 0.9.18) 172 

included in the Demeter package [Ravel and Newville 2005].  173 

 174 

3. Results and Discussion 175 

3.1. Quantification of adsorbed 133Cs 176 

    Following the designated time periods, samples taken from the C. japonica seedlings were 177 

submitted to ICP-MS quantification. The obtained results are summarized in Fig. 1. 133Cs detection 178 



was minimal in the control sample that was not administered 133CsClaq. In those seedlings 179 

administered 133CsClaq, 133Cs was detected in wood samples and the amount was largely 180 

proportional to the length of the administration period. In those samples taken at 40 cm from the 181 

base of the seedling, significant levels of 133Cs were detected for all administration periods, 182 

suggesting that most of the administered 133Cs remained in the bark. In those samples taken at 60–183 

100 cm from the base of the seedling, the amount of 133Cs detected gradually decreased with 184 

increased sampling height. In comparison with those samples above the 133Cs application area, 185 

those samples taken at 20 cm from the base of the seedling displayed less 133Cs content with the 186 

exception of the root-9d sample. The amount of 133Cs detected in the root-9d samples gradually 187 

decreased with increased sampling height. Regarding needle and cone samples, 133Cs amount in 188 

needles at 60 cm from the base of the seedling was lower than that of the stem samples at 60–100 189 

cm sampling height. Following the longest administration period of 12 days, needle and cone 190 

samples at the top of the seedling showed high 133Cs content, while needles at 60 cm sampling 191 

height contained minimal 133Cs.  192 

    Thus, 133Cs transportation in the experimental seedlings may be briefly summarised as follows: 193 

the administered 133Cs was transferred to an ascending direction of the seedling. 133Cs tends to be 194 

transferred to needles and cones at the top rather than to needles at middle heights of the seedling. 195 

After the administration of large volumes of 133Cs (12d), internal 133Cs concentrations in the plant 196 

was high. From these results, it was confirmed that the administered 133Cs was successfully 197 

absorbed into C. japonica wood.  198 

 199 

3.2. Cryo-TOF-SIMS visualization of 133Cs in freeze-fixed C. japonica wood 200 

    TOF-SIMS has two measurement modes, namely image mode, which has higher lateral 201 

resolution and lower mass resolution, and contrary spectrum mode. A typical cryo-TOF-SIMS 202 

spectrum obtained for a 133Cs-administered sample is displayed in Fig. 2. In the spectrum, mass to 203 

charge ratio (m/z) 19 ion is [H3O]+, which suggests the sample surface is in a frozen-hydrated state. 204 

K+ of m/z 39 and 133Cs+ of m/z 133 were also detected. For K+ and 133Cs+ ion mapping, we 205 

examined the mass resolution of both measurement modes. As shown in Fig. 2, K+ and 133Cs+ were 206 

clearly separated in spectrum mode measurements (Fig. 2b, 3c), and it was also possible to 207 

distinguish their signals in image mode measurements (Fig. 2d, 3e). To discuss 133Cs distribution in 208 

more detail with reference to the cell and tissue classification, K+ and 133Cs+ mapping are hereafter 209 

displayed with image mode measurements (Fig. 2d, 3e, grey regions were used).  210 

    Fig. 3 shows (a) total ion, (b) K+, and (c) 133Cs+ images of the 8h-40 cm sample (height 211 

of 133CsClaq administration). Furthermore, the ion images of K+ and 133Cs+ were overlaid onto the 212 

cryo-SEM images to clarify their distribution (Fig. 3d, 3e, 3f, and 3g). K+ was detected only in the 213 



living inner bark tissue. On the other hand, 133Cs+ was strongly detected in the outer bark region as a 214 

result of the administration. The 133Cs+ permeation rate seems to be reduced at the boundary 215 

between outer bark and inner bark tissue. The result might suggest that the permeation mechanism 216 

changed from simple diffusion to biological permeation at the boundary (Fig. 3e). In the inner bark, 217 

cambial zone, and differentiating xylem tissue, 133Cs+ was seldom detected. However, 133Cs+ was 218 

clearly detected at the innermost part of the pith (Fig. 3c and 3g).  219 

    Based on these results, we concluded that 133Cs was transported from bark to pith within 8 h of 220 

administration. Although there were no significant amounts of 133Cs+ detected in the intermediate 221 

region, the possible route of transportation may be ray parenchyma cells, which is discussed further 222 

below. Rapid transportation of the alkali metal rubidium via ray parenchyma cells has also been 223 

reported [Okada et al., 2011, 2012]. The absence of 133Cs in the intermediate region may be 224 

interpreted by considering rate of transport; the radial transportation of 133Cs via ray parenchyma 225 

cells is potentially faster than the permeation of 133Cs from outer bark to inner bark. Consequently, 226 

the concentration of 133Cs in ray parenchyma cells of the intermediate region might not be sufficient 227 

for cryo-TOF-SIMS visualization.  228 

    The next stage of 133Cs transportation was analysed by the cryo-TOF-SIMS measurement 229 

of 133Cs+ in 8h-60 cm, 48h-60 cm, and 48h-20 cm samples (Fig. 4). Concerning samples taken from 230 

above the site of administration (8h-60 cm), the transportation of 133Cs from the pith in an outward 231 

direction was clearly visualized (Fig. 4b). This result suggests that within 8 h following 232 

administration, 133Cs is able to be transported from the bark to the pith and then transported further 233 

to elevated tissue via the pith. Following 48-h of 133Cs administration, 133Cs+ was distributed 234 

throughout the tissue section in those samples taken at 60 cm seedling height (Fig. 4d). 235 

Conversely, 133Cs+ detection was less at a lower seedling height position (Fig. 4f). 236 

However, 133Cs+ axial transportation in the pith was indicated slightly in lower seedling height 237 

samples following 48 h of 133Cs administration (Fig. 4f). These cryo-TOF-SIMS images suggest 238 

that administered 133Cs could be transported in an axial direction in the pith region. The ascending 239 

nature of 133Cs transportation agreed with the ICP-MS result (Fig. 1). 240 

    Following a long administration period, 133Cs was absorbed more into the sample and the 241 

adsorbed 133Cs+ was clearly visualized as shown in Fig. 5. 133Cs was deposited on ray parenchyma 242 

cells as displayed in Fig. 5d, which supports the hypothesis of 133Cs transportation via ray 243 

parenchyma cells. Additionally, highly concentrated 133Cs was observed in axial parenchyma cells 244 

(Fig. 5f). It can thus be proposed that axial parenchyma cells contribute to the axial transportation 245 

of 133Cs in xylem.  246 

    In this study, the early radial movement of 133Cs was associated with ray parenchyma cells and 247 

pith. It was also suggested that axial parenchyma cells contribute the axial transportation of 133Cs. 248 



The ascending trend should be driven by these phenomena. After the certain period, 133Cs was 249 

detected strongly in the inner bark region in either case of the 133Cs administration via their bark or 250 

roots (Fig. 5a and 5b). Previous study suggested that the in planta transportation of 137Cs should be 251 

driven by the downward movement via the inner bark region and the upward transport in the xylem 252 

region [Buysse, et al., 1995; Goor and Thiry, 2004; Kobayashi et al., 2016; Rantavaara et al., 2012; 253 

Thiry et al., 2002]. Such mixing and recycling behaviour of 137Cs agreed with the result of the 254 

present study using 133Cs.  255 

    As for the 133Cs deposition in the xylem region, 133Cs was rapidly transported into the pith and 256 

the apparent 133Cs concentration in ray parenchyma cells should be low at the early stage as 257 

depicted in Fig. 3. Subsequently, 133Cs seemed to be deposited on ray parenchyma cells or increased 258 

in concentration in ray parenchyma cells. Following this, 133Cs diffused into neighbouring tracheid 259 

cells and finally was distributed throughout the entire wood tissue.  260 

    Based on these results, we hypothesized that the deposition of 133Cs into lignified tracheid cells, 261 

the main structure of wood xylem, is most likely via simple permeation of 133Cs in the water-soluble 262 

state, because the lignified tracheid cells perform no biological function. Thus, it may be possible to 263 

simulate the deposition of 133Cs into the wood cell walls by simple experiments whereby powdered 264 

wood samples and water-soluble 133Cs are mixed. The majority of wood biomass is xylem tissue 265 

and knowledge of the chemical form of 133Cs deposited onto xylem cells is expected to play an 266 

important role in developing decontamination techniques and safe usage methods 267 

for 137Cs-contaminated wood. To examine the chemical form of 133Cs in wood xylem tissue, XAFS 268 

measurements were conducted using 133Cs and powdered wood samples.  269 

 270 

3.3. XAFS analysis of adsorbed 133Cs 271 

    There are several reports studying the chemical form of Cs adsorbed to variable matrices using 272 

XAFS analysis. Cs can be trapped in clay minerals and form inner-sphere complexes [Bostick et al., 273 

2002; Fan et al., 2014a, 2014b; Kemner et al., 1997; Tanaka et al., 2013]. It was also reported that 274 

Cs is able to form complexes with organics such as crown ethers [Kemner et al., 1996]. Thus, 275 

XAFS analyses offer useful information concerning the chemical form of Cs.  276 

    In this study, XAFS analysis was applied to wood samples containing 133Cs. 277 

The 133Cs-administered wood samples were also measured but the concentration of 133Cs was too 278 

low to analyse its chemical form in detail. Using the 133Cs-adsorbed powdered wood samples 279 

and 133Cs standards, we obtained 133Cs-L3 edge X-ray absorption near edge structure spectra, 280 

k2-weighted 133Cs-L3 extended XAFS spectra, and their Fourier transforms as are shown in Fig. 6. 281 

In Fig. 6a, the 133Cs-L3 edge was clearly displayed. 133Cs adsorbed to powdered wood displayed a 282 

similar result to that of 133CsOH regardless of whether the powered wood was immersed 283 



into 133CsClaq or 133CsOHaq (Fig. 6b). In Fig. 6c, the major peak at R = 2–3 likely suggests a link 284 

with the nearest oxygen–meaning an outer-sphere complex–and corresponds to that of 285 

hydrated 133Cs as previously reported for the 133Cs-mineral complex samples [Fan et al., 2014a; 286 

Tanaka et al., 2013; Qin et al., 2012]. If 133Cs formed an inner-sphere complex as reported for clay 287 

minerals [Bostick et al., 2002; Fan et al., 2014a, 2014b; Kemner et al., 1997; Tanaka et al., 2013] 288 

and crown ethers [Kemner et al., 1996], the second peak should occur at R = 3–4. However, 133Cs 289 

adsorbed to powdered wood did not exhibit such a peak. These results suggest that the 290 

adsorbed 133Cs in dried wood xylem was not 133CsCl and might be in a hydrated state. The possible 291 

adsorbent may be alcoholic or phenolic OH groups in the plant cell wall matrix.  292 

 293 

4. Conclusions 294 

    Stable 133Cs isotope was administered into C. japonica wood samples via the bark and roots. 295 

The administered 133Cs was absorbed into woody stems and was transported in an ascending 296 

direction in the stem. Cryo-TOF-SIMS/SEM visualization of administered 133Cs suggested that 297 

rapid radial transportation of 133Cs occurred via ray parenchyma cells, followed by axial 298 

transportation via pith and axial parenchyma cells. In this study, 3-year-old seedlings were used and, 299 

thus, the results should be applicable to saplings and branches of mature wood in an existing forest. 300 

XAFS analysis suggested that 133Cs was in a hydrated state following deposition into xylem cell 301 

walls. Chemical treatments that result in delignification, fibrillation, and alkali metal recovery, such 302 

as a kraft pulping, might be an effective approach to safely use the 137Cs-contaminated wood xylem.  303 
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Figure captions 499 

 500 

Fig. 1 133Cs amount in C. japonica wood samples as quantified by ICP-MS using freeze-dried radial 501 

sections containing bark, xylem, and pith tissue. 502 

 503 

Fig. 2 Cryo-TOF-SIMS spectrum of a 133Cs-administered C. japonica sample; (a) m/z 0–200, (b) K+ 504 

and (c) 133Cs+ in spectrum mode, (d) K+ and (e) 133Cs+ in image mode. Grey coloured regions were 505 

used for the visualization.  506 

 507 

Fig. 3 Images obtained by cryo-TOF-SIMS/SEM analysis of the transverse surface of the 8h-40cm 508 

sample: cryo-TOF-SIMS ion images of (a) total ion, (b) K+, (c) 133Cs+. (d-e) Cryo-SEM images of 509 

bark area (red-square inset in (a)) with 133Cs+ (blue) and K+ (red) overlays (e). (f-g) Cryo-SEM 510 

images of pith area (yellow-square inset in (a)) with a 133Cs+ (blue) overlay (g).  511 

 512 

Fig. 4 Cryo-TOF-SIMS ion images of (a) total ion and (b) 133Cs+ ion for 8h-60cm sample, (c) total 513 

ion and (d) 133Cs+ ion for 48h-60cm sample, and (e) total ion and (f) 133Cs+ ion for 48h-20cm 514 

sample. 515 

 516 

Fig. 5 Cryo-TOF-SIMS images of 133Cs+ for (a) 48h1month-60cm sample and (b) root-9d-60cm 517 

sample. (c-d) Cryo-SEM images of xylem region (blue-square inset in (a)) with a 133Cs+ (blue) 518 

overlay (d). (e-f) Cryo-SEM images of xylem region (blue-square inset in (b)) with a 133Cs+ (blue) 519 

overlay (f). Arrows in (d) and (f) show the positions of ray parenchyma cells (white arrows) and 520 

axial parenchyma cells (orange arrows), respectively.  521 

 522 

Fig. 6 (a) 133Cs-L3 edge X-ray absorption near edge structure spectra, (b) k2-weighted 133Cs-L3 523 

extended XAFS spectra, and (c) their Fourier transforms obtained for 133CsCl, 133CsOH, and wood 524 

samples treated with 133CsClaq or 133CsOHaq. 525 

 526 

 527 

 528 
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