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 Application of neutron activation analysis to micro 14 

gram scale of solid samples 15 

Shun Sekimoto1, Naoki Shirai2, and Mitsuru Ebihara2 16 

1Research Reactor Institute, Kyoto University, 2-1010 Asashiro-nishi, Kumatori, Sen-nan, 17 

Osaka 590-0494, Japan  18 

2Department of Chemistry, Tokyo Metropolitan University, 1-1 Minami-Osawa, Hachioji, 19 

Tokyo 192-0397, Japan  20 

Abstract 21 

An instrumental neutron activation analysis (INAA) procedure for analyzing extremely 22 

small samples was developed and applied to two kinds of extraterrestrial samples. A few 23 

mg of the Allende meteorite as well as the JB-1 basalt can work well as a reference 24 

sample for a relative method. To evaluate the applicability of this INAA procedure, 25 

detection limits are presented and compared with the elemental contents in a potential 26 

sample to be analyzed. The possibility of reuse of neutron-irradiated samples for mass 27 

spectrometry was noted by indicating degree of increase in isotopic abundance for noble 28 

gas and long-lived radioactive nuclides. 29 

Keywords 30 

Neutron activation analysis, relative method, magnetic spherule, Kilabo chondrite  31 

Introduction 32 

Neutron activation analysis (NAA) has been used in various research fields, such as geo- 33 

and cosmochemistry, environmental science, biology, archeology, etc. Since instrumental 34 
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NAA (INAA) is a non-destructive and multi-elemental analysis method, it is suitable for 35 

precious samples and, especially, for such specimens as those highly desired to be neither 36 

physically decomposed nor chemically dissolved. Meteorites are the best example for 37 

such samples. Chondritic meteorites (chondrites) and iron meteorites contain relatively 38 

high contents of Co and Ir compared with those in the earth crust. As Co and Ir have high 39 

sensitivity in NAA, they can be good markers for the identification of such 40 

extraterrestrial materials [1, 2]. In NAA of chondrites, a few tens mg of specimen is 41 

commonly used. For such a case, a few hundred μg kg-1 of Ir and a few hundred mg kg-1 42 

of Co can be reliably determined. When an extremely small size (e.g., micro gram) of 43 

samples such as micrometeorites recovered on the Earth surface and tiny particles 44 

returned from extraterrestrial asteroids are to be analyzed by INAA, the conventional 45 

INAA procedure used for a few tens mg [3] is not suitable. For such tiny samples, 46 

neutron irradiation with high neutron flux and long irradiation time (namely, high neutron 47 

dose) is required. For the irradiation with high neutron dose, polyethylene bags for 48 

holding samples are not usable because they are prone to radiation damage. Polyethylene 49 

bags are also not suitable for holding tiny grain samples. It is, therefore, very important to 50 

design an appropriate sample holder for irradiating small grain samples. 51 

In this study, we aimed to develop the INAA procedure for analyzing a single grain of 52 

down to micro and sub-micro grams in mass. At first, we present the INAA procedure 53 

applicable to such samples. As we use a relative method for quantification, the 54 

preparation of reference samples and the evaluation for their suitability are of concern 55 

and, therefore, described in detail. Then, two typical examples for the application of the 56 

proposed procedure are shown with limited scientific discussion. From those experiments, 57 

the applicability of the procedure is described from several viewpoints including 58 

detection limits and the degree of increase in isotopic abundance induced by neutron 59 

irradiation. 60 

Experimental 61 

Sample preparation for test samples 62 
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Two different types of small samples (a meteoritic grain and a magnetic spherule) were 63 

targeted in this study. For the meteoritic grain sample, a chunk of the Kilabo (LL6) 64 

chondrite was crushed and a single piece was picked. A magnetic spherule (6.5 µg) was 65 

separated from the Pacific Ocean sea sediment by a hand magnet. A quartz disc (9 mm 66 

φ x 1 mm thickness) with a small pit (1 mm φ x 0.3 mm depth) was used for neutron 67 

irradiation of these small samples. Each sample was carefully placed into the pit. The 68 

manner in which the spherule sample is placed into the pit in the quartz disc is shown in 69 

Supplementary Information. Then, the disc was covered with a quartz disc (9 mm φ x 1 70 

mm thickness) and the sample holder assembly was wrapped tightly with high-purity 71 

aluminum foil.   72 

 73 

Sample preparation for reference samples 74 

Two reference samples with different elemental compositions were used; the Allende 75 

meteorite powder (1.66 mg) prepared by the Smithsonian Institution (USMN 3529; split 76 

22 and position 6) and the basaltic rock reference sample JB-1 prepared by Geological 77 

Survey of Japan (1.12 mg). Each sample was sealed into a synthesized quartz tube (1 mm 78 

inner φ and 2.7 mm outer φ x 35 mm length), which was then wrapped with Al foil for the 79 

safety.  80 

 81 

Neutron irradiation  82 

The Kilabo piece and the magnetic spherule, together with the two reference monitor 83 

samples, were placed in an aluminum irradiation capsule (10 mm φ x 75 mm length). The 84 

neutron irradiation was performed for 45 hours at the hydro-irradiation port of Kyoto 85 

University Reactor (KUR) in Kyoto University Research Reactor Institute (KURRI) 86 

under 1MW operation, where thermal and fast neutron fluxes are 1.6x1013 n cm-2 s-1 and 87 

7.8x1012 n cm-2 s-1, respectively.  88 

 89 

Gamma-ray spectrometry for test and reference samples 90 

Gamma rays emitted from irradiated samples were measured using Ge semiconductor 91 

detectors at KURRI. After irradiation, test samples were transferred into new (non-92 

irradiated) quartz holders of the same size as used for irradiation and subjected to 93 
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gamma-ray counting. Measurements were repeated with different cooling intervals and 94 

total of 10 and seven elements were determined for a meteorite piece and a magnetic 95 

spherule, respectively. Among the ten elements determined for the piece of the Kilabo 96 

meteorite, Na, La, Sm and Au were determined with measurement time of 110,000-97 

120,000 sec after a few days cooling. The rest of elements (Sc, Cr, Fe, Co, Ni and Zn) 98 

were determined with measurement time of 110,000-140,000 sec after two weeks cooling. 99 

For the magnetic spherule, Na, Cr, Fe, Co, Ni, Ir and Au were determined. Gamma-ray 100 

counting for the spherule was done within a day for Na-determination and within a week 101 

for the rest. Gamma-ray spectrometry for reference samples was completed in the same 102 

manner as described in Ebihara et al. [4].  103 

 104 

Geometry-correction in gamma-ray counting  105 

In relative method of INAA [3], test samples and reference samples are usually 106 

prepared in the same shape and measured at the same position in gamma-ray counting for 107 

simplifying the data reduction procedure and reducing analytical uncertainty. In this study, 108 

however, both sample shape and counting position were largely different between the test 109 

samples and the reference samples. Because the sample size was different by three orders 110 

of magnitude in mass and, hence, the induced radioactivity was similarly different, the 111 

counting position was changed to keep the counting loss smaller than 10%. The piece of 112 

Kilabo and the magnetic spherule were measured as closely as possible to the Ge detector 113 

surface while the reference samples were placed at 8 cm apart from the detector surface. 114 

Although the reference samples were sealed into quartz tubes, they could be regarded as 115 

point sources just like the tiny test samples when they were place at such position. The 116 

difference in counting efficiency between the two positions was corrected by using 117 

commercially available checking sources of radioactivity.   118 

 119 

Data reduction  120 

Nuclear data related to this study are summarized in Supplementary Information. An (n,γ) 121 

reaction was used in NAA for all elements except Ni, for which an (n,p) reaction was 122 

used. The elemental contents were determined by a relative method. Some elements (Sc, 123 
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Cr, Fe, Co, Ni and Sm) were determined by using both reference monitors and two sets of 124 

results were consistent. Allende was used for the determination of Na, Ir and Au while Zn 125 

and La were determined by JB-1. Only upper limits were calculated for Ir in the piece of 126 

Kilabo and for Sc, Zn, La and Sm in the magnetic spherule. The definition of an upper 127 

limit has been reported elsewhere [4]. Certified values for Allende and JB-1 given by 128 

Jarosewich et al. [5] and by Imai et al. [6], respectively, were used for reference values.  129 

Results and discussion 130 

Consistencies in reference monitor samples  131 

For quantification in INAA, two reference samples (the Allende meteorite and the JB-1 132 

basalt) having different elemental contents were used. We have conducted similar INAA 133 

experiments where tiny grain samples collected by the spacecraft were analyzed by using 134 

Allende and JB-1 as reference samples. Hereafter, these experimental runs named run-2 135 

[4] and run-3 [7] are discussed in comparison with the present study, which is named run-136 

1. Table 1 summarizes experimental conditions of these three runs. It is meaningful to 137 

compare the activity of radioactive nuclides used in INAA for two different reference 138 

samples. Figure 1 compares the gamma rays counting rate per unit mass for each target 139 

element, hereafter gamma-ray intensity, among three runs. In runs 2 and 3, iron reagents 140 

(iron oxide (Fe2O3) powder or iron metal (Fe) powder) were used in addition to Allende 141 

and JB-1 as reference samples and their data are shown. The gamma rays counting rate is 142 

gamma ray counts per second and correspond to gamma ray energies designated for 143 

individual nuclides shown in Fig. 1.  144 

 145 

Table 1 Experimental conditions in run-1, run-2 and run-3a 146 
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  Run-1 
 (This work) Run-2b Run-3c 

Irradiation time (h) 45 28 19 
Thermal neutron flux (n cm-2 s-1) 1.6 × 1013 8.2 × 1013 8.2 × 1013 
Fast neutron flux (n cm-2 s-1) 7.8 × 1012 3.9 × 1013 3.9 × 1013 
Operation power (MW) 1 5 5 
Mass of reference monitors       
               Allende (mg) 1.66 2.00  1.67 
                  JB-1 (mg) 1.12 1.62 1.03 
Iron oxide (Fe2O3) powder (mg) - 2.23d - 
Iron metal (Fe) powder (mg) - - 3.17 

aNeutron irradiation in runs 1-3 was performed at the hydro-irradiation port of Kyoto University 147 

Reactor (KUR). b[6]. c[7]. d1.56 mg as Iron metal. 148 

 149 

The nine nuclides shown in Fig. 1 were determined both for Allende and JB-1. Relative 150 

gamma-ray intensities of 24Na, 46Sc and 59Fe in both reference samples are highly 151 

consistent for the three runs. Such a consistency can also be seen for Fe reagents. Kong 152 

and Ebihara [8] evaluated the consistency in elemental contents in the mg size of JB-1 153 

and confirmed that JB-1 is well homogenized for its use in mg. Figure 1 further confirms 154 

that Allende can also be used as a reference sample for mg scale of sample at least for Na, 155 

Sc and Fe. For the rest of elements, Allende and JB-1 show a small inconsistency, most of 156 

which may be due to poor counting statistics for either sample. For example, Allende 157 

tends to have relatively low contents of rare earth elements (La and Sm), whereas JB-1 158 

has a low content of Ni and Zn. Depending upon elemental contents, either Allende or 159 

JB-1 may be used for a reference sample.  160 

There appears an apparent inconsistency in Cr data between the two reference samples, 161 

with JB-1 having systematically higher gamma-ray intensity. This is undoubtedly due to 162 

an erroneous reference value (425 mg kg-1) of Cr for JB-1. If a proposed value (475 mg 163 

kg-1) [8] is instead used, an excellent consistency can be seen as shown in Fig. 1 for 51Cr. 164 
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 165 
Fig. 1 Gamma-ray intensities of 24Na, 46Sc, 59Fe, 140La, 153Sm, 58Co, 60Co, 65Zn and 51Cr in reference monitors  166 

for run-1, run-2 and run-3  aGamma-ray intensity means the gamma rays counting rate per unit mass for each target elements. bProposed value 167 
for Cr in JB-1 is 475 mg kg-1 [8]. 168 
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Elemental abundances for Kilabo and magnetic spherule samples 169 

Instrumental NAA results of the Kilabo piece and the magnetic spherule are summarized 170 

in Table 2. As for the spherule sample, elemental concentrations are also given. The 171 

magnetic spherule analyzed is characterized by high concentrations of iron (601 g kg-1) 172 

and nickel (50 g kg-1). These two elements comprise 65% of the bulk mass. Its Ir 173 

concentration (2.51 mg kg-1) also is extremely high compared with terrestrial samples. 174 

Apparently, this spherule is extraterrestrial in origin. Such spherules are called cosmic 175 

spherules and often picked up from the deep sea sediment [9]. Elemental abundances of 176 

this spherule are illustrated in Fig. 2, where abundances are normalized to CI chondrite 177 

values [10]. Data for the other magnetic spherules from our previous work [11] are also 178 

indicated for comparison. Based on the elemental composition, magnetic spherules can be 179 

classified into two groups: one group have high CI-normalized abundances of Ir, Co, Ni 180 

and Fe (siderophile elements), and low abundances of Cr and Sc (lithophile elements), 181 

whereas another group have unfractionated CI-normalized abundances of both 182 

siderophile and lithophile elements. The magnetic spherule analyzed in this study 183 

apparently belongs to the former group. There has not been reported for Sc values for this 184 

group. It now becomes obvious that Sc is even lower than Cr in their CI-normalized 185 

abundances. 186 

Table 2 Elemental contents in Kilabo and magnetic spherule analyzed by INAA in this 187 

study 188 

  
  

Kilabo 
Content 

Spherule 
Content              Concentration 

Sm 0.38 ± 0.04 pg < 0.4 pg < 0.06 mg kg-1 
La 2.6 ± 0.3 pg < 1.6 pg < 0.24 mg kg-1 
Sc 22.2 ± 0.4 pg < 1.8 pg < 0.27 mg kg-1 
Fe 0.576 ± 0.007 μg 3.90 ± 0.05 μg  601 ± 8 g kg-1 
Na 7.93 ± 0.12 ng 0.406 ± 0.008 ng 62.5 ± 1.3 mg kg-1 
Co 0.589 ± 0.008 ng 20.4 ± 0.2 ng 3140 ± 40 mg kg-1 
Cr 4.60 ± 0.04 ng 1.06 ± 0.06 ng 164 ± 9 mg kg-1 
Ni 14.5 ± 0.3 ng 328 ± 4 ng 50 ± 1 g kg-1 
Au 0.62 ± 0.03 pg 0.59 ± 0.05 pg 0.091 ± 0.007 mg kg-1 
Zn 1.4 ± 0.1 ng < 0.98 ng < 0.1 g kg-1 
Ir < 0.068 pg 16.3 ± 0.4 pg 2.51 ± 0.06 mg kg-1 

 189 
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The Kilabo sample analyzed in this study is a small silicate piece. Therefore, its 190 

chemical composition cannot be the same as that of the bulk Kilabo meteorite. As no 191 

mineralogical and petrological information is available for the Kilabo piece sample, the 192 

detailed cosmochemical discussion cannot be developed. Here, only Ni and Co contents 193 

are concerned. Cobalt and Ni are known to behave similarly cosmochemically [12] as 194 

well as geochemically. Both elements tend to be hosted in metals in ordinary chondrites 195 

like Kilabo. Figure 3 shows the relationship between Co/Fe and Ni/Fe ratios for the 196 

Kilabo piece. In addition, data for CI chondrite [10], LL6 chondrite (bulk) [13] and metal 197 

separate of LL6 and L6 chondrites [14] are also shown for comparison. The solid line 198 

represents the Co/Ni ratio of CI chondrite, on which the Kilabo piece sample is placed 199 

along with LL6 bulk and metal samples. This suggests that the Kilabo piece contains a 200 

tiny metal grain inside. A similar chemical characteristic was observed in tiny silicate 201 

grains recovered from the asteroid Itokawa by the Hayabusa spacecraft [7]. Their Co/Fe 202 

and Ni/Fe ratios are similar to those of the Kilabo piece, falling on the CI line as seen in 203 

Fig. 3.  204 

  205 

Fig. 2 CI-normalized abundances of Ir, Co, Ni, Fe, Cr and Sc in cosmic spherules 206 
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aOpen symbols indicate spherules which have high CI-normalized abundances of Ir, Co, Ni and 207 

Fe (siderophile elements), and low abundances of Cr and Sc (lithophile abundances). bSolid 208 

symbols indicate spherules which have unfractionated CI-normalized abundances of both 209 

siderophile and lithophile elements. 210 

As the Co/Ni ratio in the Kilabo piece is chondritic, the kilabo piece might contain 0.5-211 

0.6 pg of Ir if we assume that the Ir/Co and Ir/Ni ratios in the Kilabo piece are equal to 212 

those in CI chondrite [10]. Although only an upper limit was derived for the Kilabo piece, 213 

it is clear that Ir is depleted in the tiny metal grain that the Kilabo piece contains. From 214 

the view point of Ir-depletion, Kilabo and Itokawa grains thus appear alike. 215 

 216 
Fig. 3 Correlation between Co/Fe and Ni/Fe ratios in several astromaterials 217 

a [10]. b [13]. c [14]. d [7] 218 

 219 

Detection limits  220 
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Detection limits of the 11 elements measured in this study are estimated under the present 221 

experimental condition. A detection limit is defined as a value corresponding to three 222 

sigma of background counts at the peak area of the gamma-ray emitted by a nuclide of 223 

interest. Calculated values are listed in Table 3, in which data for the previous 224 

experimental runs (run-2 and/or run-3) also are shown for comparison. Detection limit 225 

values were obtained based on data on either or both of the samples analyzed in 226 

individual runs. The detection limit values for run-1 (this study) are higher than those for 227 

runs-2/3 by factors of 2 to 20. Detection limits are dependent on experimental conditions 228 

such as the sample size, irradiation time, neutron flux, gamma-ray counting time and 229 

counting efficiency. In INAA, the detection limit is also largely controlled by the co-230 

existing elements in the matrix. Therefore, detection limit values are to be regarded as 231 

information values but the values in Table 3 must be informative in the analysis of similar 232 

samples to those analyzed in this study, for example, micro meteorites, meteorite pieces 233 

and cosmic spherules.  234 

Table 3 Detection limits for individual elements 235 

 Detection limit (pg) Concentration range 
in Chondrite c 

Content range in 
Chondrite of 0.05 

micro-g (pg) 
This work a 

45 h irradiation 
(1MW) 

Previous work b 
28 h irradiation 

(5MW) 
Na 20 1  1800 - 6900 mg kg-1 90 - 345 
Sc 0.4 0.03  6 - 11 mg kg-1 0.30 - 0.55 
Cr 40 4  2650 - 4160 mg kg-1 133 - 208 
Fe 2800 270 18 - 38 % 9100 - 19000 
Co 3 0.4  480 - 1100 mg kg-1 24 - 55 
Ni 340 110 e,f 1.1 - 2.6 % 550 - 1285 
Zn 150 12 18 - 315 mg kg-1 0.9 - 15.8 
La 0.5 0.1  235 - 585 µg kg-1 0.012 - 0.029 
Sm 0.1 0.02  140 - 294 µg kg-1 0.007 - 0.015 
Ir 0.3 d 0.02 e,f 380 - 1070 µg kg-1 0.019 - 0.054 

Au 0.02 0.01  120 - 330 µg kg-1 0.006 - 0.017 
a Calculated for the piece of Kilabo, unless otherwise noted. b Calculated for Itokawa particle 236 

(0.017-0.048 µg), unless otherwise noted. c Data from [15]. d Calculated for spherule (6.5 µg).  237 

e Calculated for Itokawa particle (1.66 µg). f Obtained by run-3 (19 h irradiation under 5MW 238 

operation). 239 
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 240 
To evaluate the applicability of the INAA procedure described in this study, the 241 

deduced detection limits are compared with the estimated elemental contents in 0.05 µg 242 

of chondritic meteorites [15] in Table 3. It is obvious that Na, Cr, Fe, Co and Ni can be 243 

easily determined for 0.05 μg of chondrite by INAA with 45 h irradiation under 1MW 244 

operation (this work), while INAA with more than 28 h irradiation under 5MW operation 245 

is required to determine Sc, Zn, Ir and Au. Even with the highest neutron doze (53 h 246 

irradiation under 5 MW operation) available at KUR, La and Sm may not be determined 247 

for such a small sample.  248 

 249 

Degree of increase in isotopic abundance induced by neutron irradiation 250 

As INAA is a nondestructive method of elemental analysis, the same sample once 251 

subjected to INAA can be reused for different analytical purposes. For such a case, effects 252 

caused by neutron irradiation are of concern. Major concerns are the induced 253 

radioactivity and the increase in isotopic abundance including the production of long-254 

lived radioactive nuclides. Scientifically, the latter case is important by far and, therefore, 255 

is considered here. In order to make the evaluation of degree of the increase in isotopic 256 

abundance meaningful, used are the data from the experiment at run-3 [7], where 1.66 µg 257 

of a tiny grain from the asteroid Itokawa was irradiated by neutrons under the condition 258 

listed in Table 1. Assuming the elemental composition of bulk LL chondrite [15] for this 259 

grain, the number of produced nuclides with neutron irradiation was calculated based on 260 

the Monte-Calro simulation code (MVP 2.0) [16] and the reaction cross section data 261 

(JENDL-4.0) [17]. Both stable and unstable (radioactive) nuclides could be produced and 262 

the result is summarized in Table 4. In calculation, the position of control rod, 263 

temperature of the reactor core, and the combustion rate of nuclear fuel were all taken 264 

into consideration, because the neutron irradiation of run-3 was performed near the 265 

reactor core and, therefore, these factors affect the neutron energy spectrum. The 266 

produced nuclides in Table 4 are grouped into stable nuclides (21Ne, 22Ne and 38Ar) and 267 

long-lived radioactive nuclides (36Cl, 26Al and 10Be). These nuclides are typical 268 

cosmogenic nuclides and radionuclides produced by nuclear reactions triggered by 269 

cosmic rays and commonly detected in extraterrestrial materials like meteorites. 270 
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Table 4 Production of some cosmogenic nuclides from 1.66 µg of LL chondrite by 271 

neutron-induced reaction in INAAa 272 

Target 
nuclides Reaction Produced 

nuclides 
Number of 

Produced nuclides 
Number of nuclides 

(original) 
Stable nuclides (noble gas)-production 

24Mg (n,α) 21Ne 1.58 × 108 1.15 × 107 
25Mg (n,α) 22Ne 5.21 × 107 3.49 × 108 
37Cl (n,γ), β- 38Ar 7.97 × 106 1.78 × 107 

Radioactive nuclides-production 
35Cl (n,γ) 36Cl 2.53 × 109 9.06 × 102 
39K (n,α) 36Cl 3.24 × 107 9.06 × 102 
27Al (n,2n) 26Al 1.30 × 105 3.73 × 103 
13C (n,α) 10Be 3.03 × 104 2.07 × 103 

aUnder the condition of run-3 in Table 2. 273 

In Table 4, the calculated values are compared with numbers of corresponding nuclides 274 

observed in extraterrestrial samples. For stable nuclides (of noble gases), measured values 275 

for a different Itokawa grain are given for comparison [18]. It is well acknowledged that 276 

noble gases are extremely sensitive in mass spectrometry. As seen in Table 4, calculated 277 

values and measured values in the Itokawa grain are mostly comparable for all three 278 

nuclides. For long-lived radionuclides, concentrations in the Gold Basin L4 chondrite (a 279 

shower sample, UA-1188) [19] are given for comparison in Table 4. These data were 280 

obtained by accelerator mass spectrometry. The measured values are smaller or much 281 

smaller than the calculated values, with the difference varying by an order to six orders of 282 

magnitude. Evidently the reuse of neutron-irradiated samples should not be allowed for 283 

noble gas mass spectrometry and accelerator mass spectrometry for the study on noble 284 

gas nuclides and long-lived radioactive nuclides, respectively.  285 

Conclusions 286 

In considering the cosmochemical importance of small grain samples, we developed the 287 

INAA procedure for analyzing micro gram scale of solid samples. For quantification in 288 

this INAA procedure a relative method using the Allende meteorite and the JB-1 basalt 289 

was used. From a detailed comparison in the gamma-ray intensity for individual nuclides 290 
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between Allende and JB-1, it was confirmed that a few mg of Allende and JB-1 can be 291 

used as reference monitors for a relative method and that Cr data in JB-1 should be the 292 

proposed value of 475 mg kg-1.  293 

Using this INAA procedure, elemental abundances for the Kilabo grain as meteoritic 294 

sample and a magnetic spherule were obtained. This spherule sample was judged to be 295 

extraterrestrial in origin from its Ir concentration and seemed to be similar to the other 296 

spherules analyzed previously which have high CI-normalized abundances of siderophile 297 

elements and low abundances of lithophile elements. The Kilabo grain appeared to be 298 

similar to the silicate grain recovered from the asteroid Itokawa by the Hayabusa 299 

spacecraft based on its Co and Ni contents.  300 

To evaluate the applicability of this INAA procedure, detection limit values were 301 

deduced. In 0.05 μg of chondrite sample, Na, Cr, Fe, Co and Ni can be easily determined 302 

by this INAA procedure with 45 h irradiation under 1MW operation, while INAA with 303 

more than 28 h irradiation under 5MW operation is required to determine Sc, Zn, Ir and 304 

Au. From evaluating degree of the increase in isotopic abundance induced by neutron 305 

irradiation, evidently the reuse of neutron-irradiated samples should not be allowed for 306 

noble gas mass spectrometry and accelerator mass spectrometry for the study on noble 307 

gas nuclides (21Ne, 22Ne and 38Ar) and long-lived radioactive nuclides (36Cl, 26Al and 308 
10Be), respectively.  309 
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Supplementary information 379 

The manner in which the spherule sample is placed into the pit in the quartz disc is shown 380 

in Figure 1. 381 

 382 

 383 

Nuclear data related to this study are summarized in the following Table 1. 384 

Table 1 Data of measured nuclides [S1] 385 
Element Nuclear 

reaction 
Thermal 
neutron 
cross section 
(barn) 

Produced 
nuclide 

Half life γ-ray energy 
used for 
determination 
(keV) 

11Na 23Na (n,γ) 0.53 24Na 14.96 h 1369 
21Sc 45Sc (n,γ) 27 46Sc 83.8 d 889 
24Cr 50Cr (n,γ) 15 51Cr 27.7 d 320 
26Fe 58Fe (n,γ) 1.3 59Fe 44.5 d 1099 
27Co 59Co (n,γ) 37.2 60Co 5.27 y 1332 
28Ni 58Ni (n,p) 0.5a 58Co 70.9 d 811 
30Zn 64Zn (n, γ) 0.74 65Zn 244.3 d 1115 
57La 139La (n,γ) 9.2 140La 40.272 h 1595 
62Sm 152Sm (n,γ) 206 153Sm 46.27 h 103 
77Ir 191Ir (n,γ) 920 192Ir 73.8 d 317 
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79Au 197Au (n,γ) 98.7 198Au 2.69d 411 
aFast neutron cross section [S2]. 386 
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