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Abstract Prompt gamma-ray neutron activation analysis
(PGNAA) using the internal mono-standard method was test-
ed for its applicability to analyzing large solid samples includ-
ing irregularly shaped meteorite samples. For evaluating the
accuracy and precision of the method, large quantities of the
Geological Survey of Japan standardized rock powders
(JB-1a, JG-1a, and JP-1) were analyzed and 12 elements
(B, Na, Mg, Al, Cl, K, Ca, Ti, Mn, Fe, Sm, and Gd) were
determined by using Si as an internal standard element.
Analytical results were mostly in agreement with literature
values within 10 %. The precision of the method was also
shown to be within 10 % (1σ) for most of these elements. The
analytical procedure was then applied to four stony meteorites
(Allende, Kimble County, Leedey, Lake Labyrinth) and four
iron meteorites (Canyon Diablo, Toluca (Mexico), Toluca
(Xiquipilco), Squaw Creek) consisting of large chunks or
single slabs. For stony meteorites, major elements (Mg, Al,
Si, S, Ca, and Ni), minor elements (Na and Mn) and trace
element (B, Cl, K, Ti, Co, and Sm) were determined with
adequate accuracy. For iron meteorites, results for the Co and
Ni mass fractions determined are all consistent with corre-
sponding literature values. After the analysis, it was confirmed
that the residual radioactivity remaining in the sample after
PGNAAwas very low and decreased down to the background
level. This study shows that PGNAAwith the internal mono-
standard method is highly practical for determining the

elemental composition of large, irregularly shaped solid sam-
ples including meteorites.

Keywords Prompt gamma-ray neutron activation analysis
(PGNAA) . Large samples . Meteorites . Internal
monostandardmethod . Neutron activation analysis

Introduction

Prompt gamma (γ)-ray neutron activation analysis (PGNAA),
a type of neutron activation analysis (NAA), is an isotopic and
elemental analysis method which measures prompt γ-rays
emitted from the excited state of nuclei within 10−14 s after
neutron capture. A practical method for PGNAA was first
introduced in the 1960s (e.g., [1]). Since then, its use for
multi-element analysis has expanded into several different
fields of study. For instance, PGNAA can be used to non-
destructively determine several elements (e.g., H, B, N, Si, S,
Cd, and Gd) in geological materials, which are difficult or
impossible to determine by more commonly used techniques
such as instrumental neutron activation analysis (INAA). For
this reason, it is sometimes used as a complementary analytical
tool to INAA [2]. As the PGNAA system can be attached to a
neutron guide tube extending outside the nuclear reactor, it
allows a wider range of sample shapes and sizes than that for
INAA, which requires the sample irradiation inside the reactor
[3]. Despite its capability for analyzing voluminous samples,
PGNAA is also typically used for analyzing small (≤0.5 g), thin
samples [4] because the problems incurred when using larger
samples such as neutron absorption and scattering effects,
and γ-ray self-absorption effects are mostly restrained [5].

Relatively small, thin samples of meteorite chips or powders
(≤400 mg; <5 mm thickness) are effectively transparent to the
neutron beam and the high-energy prompt γ-rays emitted [5]. A
small aliquot (∼200 mg) of homogenized rock powder makes a
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good compositional standard in such a case [6]. But how does
one handle the neutron absorption and scattering effects of a
meteorite “chunk” ranging up to 1 kg in mass and several cm in
thickness? And how does one prepare elemental “standards” for
such large samples in order to determine accurate elemental
mass fractions? Sueki et al. [7] applied an internal mono-
standard method for analyzing large, irregularly shaped pottery
samples, and showed that the method was effective for mini-
mizing the problems with absorption and scattering of neutrons
and self-absorption of γ-rays. The method requires a relative
detection efficiency curve of γ-rays to be determined for each
particular irradiation and γ-ray detection setup. This study tests
the method for the analysis of large, irregular meteorite samples,
which are physically quite different from pottery samples.

Meteorites can be grouped into three basic types; stony, iron
and stony-iron meteorites. Stony meteorites, which consist of
mostly silicate minerals, are generally much coarser-grained
than potteries composed of very fine-grained (<0.1 mm) clay
minerals. The most common stony meteorites (ordinary chon-
drites) contain small spheroidal grains (known as chondrules)
or inclusions ranging from sub-mm up to cm in size. They also
contain small blebs of metal (Fe–Ni alloy) and sulfide (usually
FeS), inhomogeneously distributed throughout the meteorite.
Although iron meteorites may appear to be homogeneous Fe-
Ni alloys, most are actually made up of “bands” of a low-Ni
alloy called kamacite and a thin layer of a high-Ni alloy called
taenite. The kamacite bands can range from less than 0.1 mm to
several cm in thickness. Various amounts of sulfides, phos-
phides and carbides can also be inhomogeneously distributed
throughout the iron meteorite. Stony-iron meteorites are ap-
proximately half silicate material and half metal. Silicate crys-
tals and metal aggregates can be cm-sized or greater. Therefore,
determining the “bulk” composition of a largemeteorite sample
is a great challenge and is essentially important to determine the
genuine chemical compositions of meteorite samples for the
cosmochemical study.

One can, of course, minimize homogeneity problems by
grinding several tens of grams of a stony meteorite to powder
and analyze a small aliquot, or by slicing a small, carefully
selected slab from an iron meteorite for analysis. Both of these
methods can be very labor-intensive and time-consuming. “As
is”meteorite specimens could be surveyed by the large sample
PGNAA technique with minimum sample preparation. It is
also not always desirable or possible to breakup and/or grind a
meteorite specimen for analysis. For example, a certain spec-
imenmay be too valuable as a display piece to justify breaking
it up. Such a display piece could be analyzed by large sample
PGNAA method without disrupting its physical appearance.
Furthermore, a display piece could not be analyzed by INAA
simply because an unacceptable level of residual radioactivity
would likely remain in the sample over the long term. This is
less or none of a problem with PGNAA which uses a much
lower neutron fluence [8].

In this study, we determined the elemental compositions in
three geological rock powder samples using thermal neutron
beam PGNAA with internal mono-standard method. An
Allende meteorite standard powder sample was also analyzed
as a control. After evaluating the effectiveness of the method,
the same procedure was applied to eight relatively large, irreg-
ularly shaped meteorite specimens (four stony and four iron).
As will be shown, the large sample PGNAA method can be a
well-suited analytical technique for such meteorite samples.

Experimental procedure

Sample preparation

Large samples of standardized rock powders, JB-1a, JG-1a,
and JP-1 prepared by the Geological Survey of Japan (GSJ),
were first analyzed. These finely powdered samples can be
considered to be homogeneous in chemical composition.
Each standard rock powder was placed in a PTFE bottle
(2.5 cm diameter×2.0 cm height), which was then sealed in
fluorinated ethylenepropylene resin (FEP) film. The meteorite
samples analyzed in this study include both stony and iron
meteorites. All of these samples (except the Allende powder;
see below) were irregularly shaped chunks or thick slabs. Two
typical samples (stony and iron each) are shown in Fig. 1. The
meteorite chunk samples were cleaned with ethanol and sealed
in FEP films. The Allende meteorite was analyzed for homog-
enized powder sample as well as for chunk samples. The
Allende standard powder sample was prepared at the
Smithsonian Institution (SI) [9] and was used as a control as
well as reference sample in this study. An aliquot (257 mg) of
the SI Allende meteorite standard powder (split 11, position 11)
was sealed between two layers of FEP films. The samples used
in this study were listed in Table 1.

In order to determine some parameters for the quantifica-
tion (σxbx/σSibSi and σxbx/σFebFe ratios; see below), small-
sized chemical reagent samples containing known amounts of
individual elements concerned were prepared. These samples
were also sealed in FEP films.

Sample irradiation and counting

All of the samples were irradiated several times using the
thermal neutron beam tube extending from the JRR-3M reac-
tor of Japan Atomic Energy Agency (JAEA) (former Japan
Atomic Energy Research Institute, JAERI). We used the ther-
mal neutron beam rather than the cold neutron beam. Because
the neutron capture cross section is inversely proportional to
the velocity of neutrons, that is, the neutron energy, the emis-
sion rate of prompt γ-rays is increased with the cold neutrons,
and the dead time of the counting system becomes too high.
The beam cross-sectional area was 2.0 cm×2.0 cm, which has
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rather homogeneous neutron density. The SI Allende powder
and chemical standards were suspended in the beam using
Teflon string. For large samples, bottled standard rock powders
were suspended just like chemical standards while solid mete-
orite chunk samples were mounted on a Teflon pedestal set to
an appropriate height. Each of the sealed samples was then
irradiated for durations ranging from 5,000 to 15,000 s with a
thermal neutron flux of 2.4×107 cm−2 s−1. During the irradia-
tion, γ-ray counting was accomplished using a high-resolution
HPGe detector (30 % relative efficiency for 1.33 keV γ-ray of
60Co) equipped with a Compton-suppression system using a
bismuth germanium oxide (BGO) detector. The samples were
irradiated in He gas atmosphere in order to minimize back-
ground γ-ray contributions from atmospheric N.

Data analysis

The γ-ray spectra (except for the boron peak) were analyzed
using a conventional γ-ray spectrum analysis program. The

line width of the 478 keV γ-ray of B is Doppler-broadened
due to recoil of the nucleus during photon emission. The
broadened 478 keV peak is interfered by overlap of the Na
472 keV peak. Samples containing measurable Na required
correction of the broadened B 478 keV peak area due to the
overlapping Na 472 keV peak. The peak area contributed by
the Na 472 keV peak was estimated using a computer fitting
method [10] and subtracted from the B 478 keV peak area.

The elemental mass fractions in all samples were calculated
by the internal mono-standard method, using Si or Fe as an
internal reference element. Silicon was used for geological
standard rock powders because Si is well certified for these
samples. For stony and iron meteorite samples, Fe was chosen
because it is a major element in these meteorites and its mass
fraction can be reliably determined by other methods like
INAA and electron-probe microanalysis (EPMA). The Fe
mass fraction used for each meteorite sample was obtained
either from the same meteorite (as determined by PGNAA
comparison method analyses), from a mean literature value for

Fig. 1 Voluminous meteorite
samples analyzed in this study
(left the Allende stony meteorite
(“Allende A”); right the Canyon
Diablo iron meteorite). Scale is in
mm

Table 1 List of the samples used
in this study

a For geological standard rocks
b For meteorites
c See text
d Rough size in cm for three di-
mensions (only for solid samples)
e Smithsonian Institution Allende
standard (split 11, position 11)

Name Rock typea/typeb Fall/findc Mass (g) Remarks (size)d

Geological standard rocks

JB-1a Basalt 13.96 Powder

JG-1a Granodiorite 11.69 Powder

JP-1 Peridotite 14.32 Powder

Meteorites

Stony meteorites

Allende SIe CV3 Fall 0.2566 Powder

Allende A CV3 Fall 24.0 Chunk (3×2.5×2)

Allende B CV3 Fall 48.5 Chunk (5×3×2.5)

Kimble County H6 Find 45.9 Chunk (3.5×3×3)

Leedy L6 Fall 23.5 Sawn slab (3×3×1.5)

Lake Labyrinth LL6 Find 10.6 Chunk (2.5×2×1.5)

Iron meteorites

Canyon Diablo IAB Find 1304 Chunk (12×10×5)

Aquaw Creek IIA (anom.) Find 49.8 Sawn slab (3×3×2)

Toluca (Mexico) IAB Find 220.0 Sawn slab (8×6×3)

Toluca (Xiquipilco) IAB Find 325.0 Sawn slab (9×5×3)
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the individual meteorites, or from a mean value for other
meteorites of the same compositional group. The relative
abundance of the element to be determined and an internal
standard element, here Fe for example, in the sample, nx/nFe,
can be calculated by using the following equation [7]:

nx
nFe

¼ Cx

CFe

σFebFe ΕγFe

� �

σxbx Εγx

� �

Z
wFe rð Þη ΕγFe; r

� �
dr

Z
wx rð Þη Εγx; r

� �
dr

where n is the number of atoms, C is the count rate of a
prompt γ-ray of energy Eγ, b is the number of its γ-ray
emitted per neutron capture (emission efficiency), σ is the
effective neutron capture cross-section, w is the normalized
spatial density distribution of the prompt γ-ray source (target
element), η is the γ-ray counting efficiency, and r is the
position vector with its origin at the sample where the neutron
capture reaction occurs and its endpoint at the center of the
γ-ray detector. The σxbx/σFebFe ratio is specific to the neu-
tron spectrum at the irradiation site and to the prompt γ-ray
used for the analysis.

The σxbx/σFebFe ratios for the elements concerned were
determined by using appropriate chemical reagents prior to the
analyses of meteorite samples and shown in Table 2, where

σxbx/σSibSi ratios from this study and literatures are also
given. The integral term in the above equation was obtained
by constructing the relative counting efficiency curve for each
irradiation in order to minimize the effects of neutron absorp-
tion and scattering which cause variation of the effective
reaction volume within the sample and the effect of γ-ray
absorption by the sample itself. The relative counting efficien-
cy needs to be measured for every irradiation as it critically
depends on the geometry of the sample placed with respect to
the neutron beam and the Ge detector, and the chemical
composition of the sample. A curve of the relative counting
efficiency against γ-ray energy can be constructed by using
the prompt γ-rays emitted from an element which is relatively
abundant and uniformly distributed in the sample. The ele-
ment must emit several intense γ-rays over a wide range of
energy, but does not necessarily need to be a comparator
element. Multiple elements rather than a single element can
effectively work in some cases.

The relative counting efficiency curve was constructed by
dividing the photopeak areas of prompt γ-rays from any of Si,
Ti, Fe, Co, and Ni by their relative emission efficiencies (br).
Because some literature values of emission efficiencies
(probabilities) [11] for these elements were found to be incor-
rect, new br values for certain prompt γ-rays of the aforemen-
tioned elements were determined in this study by use of small
sized chemical reagent samples, where prompt γ-rays were
measured for samples of high-purity Si, reagent-grade TiO2,
and high-purity Fe, Co, and Ni (99.9 % of purity) using a Ge
detector whose photopeak counting efficiencies were carefully
determined. The determined br values with corresponding
prompt γ-rays are listed in Table 3. An advantage of this
method is that because the reference element is internal to each
sample, the results are insensitive to variations in the neutron
beam flux on the assumption that a reference element and an
element to be determined are homogeneously distributed in the
sample.

Results and discussion

Accuracy and precision of data obtained by the internal
mono-standard method

The accuracy of the internal mono-standard method applied
in this study was first tested using a relatively small-sized
Allende standard powder of 250 mg. The analytical results
are shown in Table 4. The weighted mean mass fractions for
most of the elements determined are consistent with literature
values or within the range reported in literatures, implying that
the accuracy of this method is as high as that of the conven-
tional method (comparison method). Data reproducibility
(precision) for most of the elements in the Allende meteorite
standard powder is satisfactory. Boron seems to be exceptional.

Table 2 σxbx/σSibSi and σxbx/σFebFe ratios (see text for definition) for γ-
ray energies of individual elements measured by using chemical reagents
and thermal neutron beam

Element Energy
(keV)

σxbx/σSibSi σxbx/σFebFe

This worka Literatureb This worka

B 478 (2.32±0.06)×104 (3.52±0.09)×103

Na 472 16.9±0.8 2.6±0.1

Mg 2,828 0.80±0.02 0.52±0.07 0.121±0.004

Alc 1,779 8.3±0.5 7.7±0.5 1.26±0.08

Si 1,273 =1 =1 0.152±0.002

S 841 11.5±0.4 1.74±0.07

Cl 1,951 225±4 34.0±0.7

K 770 32±1 30.7±0.8 4.8±0.7

Ca 1,942 12.4±0.3 11.8±0.6 1.88±0.05

Ti 1,382 187±2 202±5 28.3±0.5

Mn 314 56±2 39.9±1.5 8.5±0.3

Fe 1,725 6.6±0.1 6.5±0.2

Co 556 179±5 27.6±0.5

Ni 465 28.1±0.7 4.32±0.07

Sm 333 (1.93±0.04)×105 (2.93±0.07)×104

Gd 1,187 (1.52±0.06)×105 (2.3±0.1)×104

a Errors are due to counting statistics (1σ)
b [7]
c Decay γ-ray emitted by the 28Al decay is used, considering that bAl is
100 % and its half life is short enough (2.24 min)
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Considering individual values coupled with large counting
statistics errors, however, a value of weighted mean with a
relatively large uncertainty may be reasonable. Mass fraction
data for the replicate analysis of the same Allende meteorite
sample on different days are identical within the experimental
uncertainty.

The accuracy of the internal mono-standard method for the
voluminous samples was then tested using GSJ standardized
rock powders of JB-1a, JG-1a, and JP-1 packed in PTFE bottles
with a size of 2.0 cm height×2.5 cmϕ. In these measurements,
Si was used as an internal reference element because Si con-
tents are generally reliably determined for geological standard
rocks including the three samples tested in this study. The JB-
1a sample was analyzed three times, with the two analyses
being conducted on the same day and the remaining analysis on
the different day. The calculated elemental mass fractions along
with literature values for JB-1a are listed in Table 5. Essentially
identical values were obtained for all the elements determined
between the two measurements on the same day and no incon-
sistency was confirmed between the two data sets from differ-
ent days. Mean values of the three determinations are generally
in good agreement (within 10 %) with literature values except
for Mg, Mn, Fe, and Gd. Among these four elements, Mg and
Gd show notable exceptions (20 % and more), followed byMn
and Fe with about 10 % differences. Our data for JG-1a and
JP-1 are compared with their literature values in Fig. 2. For
both samples, all elemental mass fractions are within 10 % of
literature values with the exception of B,Mg andGd for JG-1a,
and B and Mn for JP-1, as illustrated by Fig. 2.

It may be worth noting that, even as a major (or sub-major)
element, Mg shows disagreements for JB-1a and JG-1a,
whereas such a disagreement of Mg was not observed for
JP-1. This can be understood in terms of Mg contents in these
rock samples; JB-1a and JG-1a have 4.67 % and 0.45 % Mg
contents while JP-1 contains 27.0 % Mg. As the sensitivity of
Mg in PGNAA is rather low (Table 2), it cannot be reliably
determined when its content is not high enough (≤10 %) [19].
Excepted for JG-1a, Mg results tend to be lower than corre-
sponding literature values, suggesting no overlapping of in-
terfering peak(s) over the Mg peak but the contribution of
interfering peak(s) to the background area adjacent to the Mg
peak in γ-ray spectrometry. An opposite situation can be seen
for B; a B content of JB-1a (7.88 ppm) is a few times to an
order of magnitude higher than those of JG-1a (2.6 ppb) and
JP-1 (1.0 ppm). As already mentioned, the B content needs to
be corrected for the contribution of Na. Since Na contents of
JB-1a and JG-1a are similar (2.03 % and 2.53 %, respectively),
the correction of B is larger for JG-1a compared with that for
JB-1a. The Na content of JP-1 (0.0155 %) is two orders of
magnitude lower than those for JB-1a and JG-1a and, hence, its
contribution to the broadened 478 keV B peak is negligible. A
mass fraction level of several ppm B seems to be a limit for the
reliable determination of B for silicate rock samples like JB-1a,
JG-1, and JP-1. As for Gd and Mn, PGNAAvalues are gener-
ally higher and lower, respectively, than their literature values.
Presumably, unknown interference(s) can be a reason for in-
creasing Gd values, while a similar explanation suggested for
Mgmay be applied toMn.Manganese and Gd contents of rock
samples can be much more reliably determined by INAA and

Table 3 Relative emission efficiency (probability) of prompt γ-ray, br,
determined in this study for Si, Ti, Fe, Co, and Ni using thermal neutron
beam

Element Energy
(keV)

br

This worka Literature

Lone
et al.b

Reedy
et al.c

IAEAd

Si 752 0.105±0.008 0.093 0.11 0.109

1,273 ≡1 ≡1 ≡1 ≡1
2,093 1.13±0.05 1.35 1.16 1.15

2,426 0.16±0.01 0.19 0.177 0.171

3,539 4.1±0.2 4.27 4.15 4.12

3,661 0.23±0.02 0.24 0.24 0.243

3,955 0.15±0.01 0.14 0.153 0.155

Ti 342 ≡1 ≡1 ≡1 ≡1
1,382 2.81±0.09 2.63 3.44 2.82

1,498 0.150±0.007 0.155 0.20 0.161

1,586 0.33±0.02 0.34 0.41 0.339

1,762 0.172±0.008 0.214 0.22 0.169

Fe 352 ≡1 ≡1 ≡1 ≡1
692 0.52±0.03 0.45 0.51 0.502

1,019 0.19±0.01 0.21 0.18 0.186

1,261 0.27±0.02 0.22 0.26 0.251

1,613 0.59±0.03 0.51 0.56 0.560

1,725 0.72±0.04 0.69 0.67 0.663

Co 230 ≡1 ≡1 ≡1 ≡1
277 0.93±0.03 0.77 0.921 0.943

447 0.47±0.02 0.26 0.46 0.475

556 0.81±0.03 0.50 0.789 0.802

1,831 0.252±0.009 0.239 0.36 0.237

Ni 283 ≡1 ≡1 ≡1
339 0.75±0.03 0.83 0.791

363 0.155±0.009 0.168 0.162

465 4.0±0.2 3.9 4.00

481 0.083±0.008 0.156 0.0739

843 0.12±0.01 0.32 0.0872

878 1.11±0.05 1.16 1.12

1,189 0.23±0.02 0.31 0.264

2,554 0.24±0.02 0.39 0.204

a Errors are due to counting statistics (1σ)
b [11]
c [12]
d [13]
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isotope dilution mass spectrometry, respectively, than those by
PGA. Nevertheless, as voluminous samples cannot be non-
destructively determined by these analytical methods, the

internal mono-standard method of PGNAA has a merit in
determining those elements in rock samples even though their
values are not so accurate.

Table 4 Replicate analyses results (in mg/g unless otherwise indicated) of the SI Allende meteorite powder by PGNAAwith the internal mono-standard
method (Fe as a reference) using thermal neutron beam

Element Contenta

1st meas. 2nd meas. 3rd meas. 4th meas. 5th meas. Wtd. meanb Literature valuesc

B (μg/g) 1.3±0.8 1.2±0.4 n.d.d n.d. 1.9±0.7 1.4±0.3 1–5

Na (2.0±0.5)e 3.3±0.4 3.4±0.5 2.6±0.5 2.8±0.4 3.0±0.2 3.3±0.1

Mg 120±10 110±10 (90±10) 140±20 130±10 130±10 148±1

Al 15.7±2.0 16.2±1.9 17.9±2.2 16.2±2.1 16.0±2.1 16.0±0.9 17.4±0.4

Si 162±13 169±9 152±11 159±12 160±10 158±5 160±1

S 22±1 19±1 19±1 20±1 19±1 19.8±0.4 21.0±0.3

Cl (μg/g) 329±87 320±35 277±43 280±54 309±48 302±21 218–320

Ca 17.6±1.5 17.1±1.2 16.2±1.3 17.2±1.5 15.5±1.6 16.8±0.6 18.4±0.5

Ti (μg/g) 794±85 732±55 884±86 786±91 811±85 786±64 900±50

Mn 1.2±0.1 1.3±0.1 1.2±0.1 1.2±0.1 1.2±0.2 1.2±0.1 1.45±0.04

Fef ≡236 ≡236 ≡236 ≡236 ≡236 ≡236 236±1

Co (μg/g) 656±67 666±58 730±67 586±78 659±55 663±28 662±5

Ni 15.6±0.9 13.0±0.7 14.3±0.8 15.9±0.9 13.6±0.8 14.6±0.4 14.2±0.2

Sm (μg/g) (0.53±0.12) 0.32±0.10 0.29±0.12 0.33±0.12 0.29±0.11 0.31±0.06 0.31±0.02

a Errors coupled with data from individual measurements (1st to 5th measurements) are due to counting statistics (1σ). Errors for weighted mean (Wtd.
mean) represent standard deviations (1σ). Errors due to standard deviations (1σ) are shown for literature values except for B and Cl, for which only
ranges of literature values are given because of their large scatterings
bWeighted means of values from 1st measurement through 5th measurement
c [9, 14–17]
d Not detected (below detection limit)
e Values in parentheses are not included in calculating weighted means
f A mean value of literature data (236 mg/g) is used for a reference value

Table 5 Comparison of thermal
neutron PGNAA results (in mg/g
unless otherwise indicated) for the
bottled JB-1a powder sample with
the internal mono-standard meth-
od (Si as an internal reference),
obtained from different irradia-
tions on the same day (runs 1 and
2) and from different irradiations
on different days (days 1 and 2)

a Errors accomanied with data
from individual measurements are
due to counting statistics (1σ).
Errors for mean values represent
larger values of those for runs 1
and 2
b Certified values [18]
c A certified value (245 mg/g)
[18] is used for a reference value

Element Contenta

Day 1 Day 2 Lit. valuesb

Run 1 Run 2 Mean values

B (μg/g) 7.6±0.6 7.6±0.5 7.6±0.6 8.1±0.8 7.88

Na 19±1 20±1 20±1 21±1 20.8

Mg 38±3 37±2 38±3 35±3 47.2

Al 79±5 80±5 80±5 74±5 76.5

Cl (μg/g) 180±15 175±15 178±15 165±20 171

K 11.6±0.5 11.7±0.4 11.7±0.5 11.9±0.5 11.6

Ca 67±2 68±2 68±2 64±2 66.5

Ti 8.0±0.1 8.0±0.1 8.0±0.1 8.0±0.1 7.7

Mn 1.00±0.04 1.00±0.05 1.00±0.05 1.00±0.01 1.15

Fe 70±2 70±2 70±2 70±2 63.3

Sm (μg/g) 5.1±0.2 5.1±0.2 5.1±0.2 5.4±0.2 5.07

Gd (μg/g) 5.7±0.3 5.8±0.3 5.8±0.3 5.2±0.4 4.67

Sic ≡245 ≡245 ≡245 ≡245 245
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Application to large meteorite samples

Allende chunk sample

As shown in Table 4, the internal mono-standard method is
suitable for determining elemental mass fractions in small
meteorite samples, where the samples are smaller in cross-
sectional size than the neutron beam and thin enough for not
effectively attenuating the neutron beam intensity. This is,
however, not the case for large, voluminous meteorite samples.
Therefore, experiments were performed with large samples.

An initial test of the accuracy of the internal mono-standard
method for large meteorite samples was performed on a mod-
erately large-sized (24 g) chunk of Allende (hereafter referred
to as Allende A as listed in Table 1). Because the SI Allende
standard powder sample was prepared by homogeneous
mixing, it was used as a benchmark for comparison. Two
irradiations were performed on the Allende A for testing accu-
racy as well as precision. Analytical results are summarized in
Table 6, where mean values for the Allende powder sample

(Table 4) together with literature values are compared. Between
the two measurements for the Allende A chunk sample, no
elements show disagreements beyond uncertainties due to
counting statistics (1σ). As can be seen in Table 6, mean values
of mass fractions determined in the Allende A sample are very
similar to those in the SI Allende standard powder. For most
elements, the data agree within 10%. Only the Ti andMnmass
fractions showed disagreement by slightly larger than 10 %.
Compared with the literature values, mean values of the two
determinations for the chunk sample showed disagreements of
more than 10 % for Na and Ni. In the Allende meteorites, both
Na andNi are known to reside in specific minerals (sodalite and
nepherine for Na and pentlandite for Ni), which are heteroge-
neously dispersed in the matrix material. The determination of
Mg showed systematically smaller value in not only the two
measurements on the chunk sample but also in the determina-
tions of the Allende powder sample, compared with the litera-
ture value, showing that the accurate determination of Mg
cannot be performed by PGNAA even at 15 % mass fraction
level. Except for Mg, it can be concluded that the precision and

Fig. 2 PGNAA data for bottled
GSJ standardized rock powder
samples, JG-1a (left) and JP-1
(right). Data are normalized to
literature values. An error bar for
each element indicates a range of
1σ uncertainty due to counting
statistics

Table 6 PGNAA results (in mg/g
unless otherwise indicated) for the
Allende meteorite chunk sample
(Allende A) with the internal
mono-standard method (Fe as an
internal reference) using thermal
neutron beam

a Errors for individual measure-
ments (1st and 2nd meas.) and
mean values are the same as for
Table 5 (Footnote a)
b From Table 4
c Not determined
dA mean value of literature data
(236 mg/g) is used for a reference
value

Element Contenta

1st. meas. 2nd meas. Mean values Wtd. meansb Lit. valuesb

B (μg/g) 1.3±0.4 1.6±0.3 1.5±0.4 1.4±0.3 1–5

Na 2.9±0.2 2.7±0.2 2.8±0.2 3.0±0.2 3.3±0.1

Mg 134±6 132±6 133±6 130±10 148±1

Al 17±1 15±1 16±1 16.0±0.9 17.4±0.4

Si 169±5 165±6 167±5 158±5 160±1

S 21.2±0.9 21.2±0.9 21.2±0.9 19.8±0.4 21.0±0.3

Cl (μg/g) 310±10 290±10 300±10 302±21 218–320

K (μg/g) 300±40 370±60 335±60 –c 330±80

Ca 17.1±0.7 16.5±0.7 16.8±0.7 16.8±0.6 18.4±0.5

Ti (μg/g) 900±30 890±30 895±30 789±34 900±50

Mn 1.39±0.06 1.29±0.07 1.34±0.07 1.20±0.10 1.45±0.04

Fed ≡236 ≡236 ≡236 ≡236 236±1

Co (μg/g) 740±30 690±40 715±40 663±28 662±5

Ni 16.0±0.7 15.6±0.6 15.8±0.7 14.6±0.4 14.2±0.2

Sm (μg/g) 0.29±0.02 0.33±0.03 0.31±0.02 0.31±0.06 0.31±0.02
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accuracy of the data obtained by the internal mono-standard
method of PGA are satisfactory even for chunk samples of
meteorites for practical use.

Other large stony meteorite samples

Elemental mass fractions determined for three other large
stony meteorite samples (Kimble County, Leedey and Lake
Labyrinth) are shown in Table 7. There can be seen generally
good agreement between the determined mass fractions and
those in the literatures. The Leedey meteorite shows the best
overall agreement, while Kimble County shows the largest
scatter.

The Leedey sample is a thick sawn slab of the meteorite, not
an irregular chunk like bothKimble County and Lake Labyrinth,
so the data quality is probably helped by the more uniform
analyses volume presented by this sample. All of the Leedey
data and most of the Lake Labyrinth data are compared to actual
analyses of those meteorites reported in the literature. The liter-
ature data used for comparison with the Kimble County data are
H chondrite group mean values, not actual analyses of Kimble
County, because there are no Kimble County data available for
comparison. This could explain, at least in part, why the Kimble
County data show more scatter in Table 7.

The B mass fractions in Kimble County, Leedey, and Lake
Labyrinth are all high compared to the typical ranges shown by
their respective chondrite groups as shown in Table 7. The
simplest explanation is that the meteorites were contaminated
with B. This is not an unreasonable assumption for Kimble
County and Lake Labyrinth because they are meteorite “finds,”
i.e., they were found lying on the ground and not seen to fall,

and therefore, they were likely exposed to the outside environ-
ment for a considerable length of time. Leedey, however, is a
meteorite “fall,” i.e., it was picked up soon after being seen to
fall and therefore, in principle, should be free of terrestrial
contamination. Nevertheless, the determined B mass fraction
for Leedey seems to be also a little higher than the literature
value. Boron analyses have traditionally been problematic,
because of the potential for contamination of even meteorite
falls. The element B is ubiquitous to the environment, being
used in household products, as a fuel additive, etc. Mass
fraction values often vary over a wide range within the same
meteorite group, and even analyses in the literature for the
Leedey meteorite vary by a factor of three [22]. It may be that
the B is naturally very homogeneous in chondritic meteorites.
As with past analyses, the present data are inconclusive.

Large iron meteorite samples Iron meteorites consist mostly
of metallic Fe–Ni with a scattering of sulfide, carbide, and
occasionally silicate inclusions. Compositional analyses of iron
meteorites reported in the literatures are always of the metallic
portion, free of inclusions as much as possible. So for these
initial experiments we were only concerned with elements in
the metal phase. Because Fe, Ni, and Co comprise almost
100 % of the metallic portion, only those elements were deter-
mined. The mass fractions of Ni and Co were calculated using
Fe as the internal reference element.

Samples of four ironmeteoriteswere studied; CanyonDiablo,
Squaw Creek, Toluca (Mexico), and Toluca (Xiquipilco). The
Canyon Diablo sample (Fig. 1, right) was irregular “chunk.”The
other meteorites were thick sawn slabs. Elemental mass fractions
for the four meteorites are listed in Table 8. The Co and Ni mass

Table 7 PGNAA results (in mg/g
unless otherwise indicated) for
some stony meteorite chunk
samples with the internal mono-
standard method (Fe as an internal
reference) using thermal neutron
beam

a Errors are due to counting sta-
tistics (1σ)
b H chondrite group average values
c [20–27]
d A mean value of literature data
for each meteorite is used for a
reference value

Element Kimble County (H6) Leedey (L6) Lake Labyrinth (LL6)

This worka Literatureb, c This worka Literaturec This worka Literaturec

B (μg/g) 3.0±0.2 0.40–1.13 1.9±0.2 0.38–1.21 9.7±0.6 0.44–0.56a

Na 7.1±0.4 6.4 7.3±0.4 7.3 6.3±0.4 6.35

Mg 132±5 140 147±6 149 127±6 153b

Al 11.5±0.7 11.3 11.2±0.8 11.6 11.6±0.8 11.3

Si% 172±3 169 189±5 188 190±6 190

S 23.8±0.9 20 24±1 23.4 19.4±0.9 23b

Cl (μg/g) 118±6 80 74±4 76 220±10 200

K (μg/g) 720±50 780 890±50 857 750±60 790b

Ca 13.2±0.4 12.5 12.4±0.5 12.6 13.3±0.6 13b

Ti (μg/g) 700±20 600 680±20 719 640±20 620b

Mn 2.5±0.1 2.32 2.6±1 2.61 2.5±1 2.55

Co (μg/g) 800±30 810 610±30 596 540±30 490

Ni 15.6±0.5 16 14.1±0.6 12.6 11.5±0.5 10.3

Sm (μg/g) 0.28±0.03 0.185 0.27±0.02 0.18 0.21±0.03 0.20

Fed ≡275 ≡221 ≡204
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fractions determined in all meteorites agree within 10 % of
literature values. The analysis of the Canyon Diablo chunk,
which is still covered with a weathered crust, appears to be just

as good as the analyses on the sawn slabs having fresher sur-
faces. This would suggest that no special preparation of the
surface of the meteorite is necessary (i.e., sawing, etching, etc.)
for PGNAA unless the weathering is limited only on the surface.
The elemental mass fractions were also recalculated assuming
Fe+Co+Ni=100 wt.% and showed only minor changes.

A test for the compositional difference in chemical
composition of a large meteorite sample

As PGNAA with the internal mono-standard method was
proved to be highly practical for determining chemical com-
position of voluminous solid samples, this method was ap-
plied to the large meteorite samples to see whether and how
large the compositional different is present in such samples. A
chunk sample of the Allende stony meteorite names Allende
B, which is two times bigger in mass (48.5 g) than the Allende
A (24.0 g), was chosed for this test, because Allende was well
examined in this study for powder and chunk samples. Being

Table 8 PGNAA results (in mg/g) for ironmeteorite chunk samples with
the internal mono-standard method (Fe as an internal reference) using
thermal neutron beam

Element Canyon
Diablo

Squaw
Creek

Toluca
(Mexico)

Toluca
(Xiquipilco)

Co 4.8±0.2a 4.6±0.2 5.2±0.2 5.1±0.2

Literatureb 4.66 4.35 4.89 4.89

Ni 73±5 58±2 85±2 84±4

Literatureb 70.1 54.5 78.6 78.6

Fec ≡925 ≡941 ≡916 ≡916

a Errors shown in this table are due to counting statistics (1σ)
b [24, 28]
c Amean values of literature data for eachmeteorite is used for a reference
value

Fig. 3 Mass fraction variations
for 14 elements in a voluminous
sample (“Allende B”) at three
different irradiation positions
(Pos 1–3 as shown above). Each
value is normalized to the
maximum value for each element
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similar to the case of Allende A, the Allende B chunk sample
is also partly covered with black fusion crust. The Allende B
sample was irradiated at three different positions using a 2.0×
2.0-cm neutron beam. The irradiation positions are illustrated
by the photos in Fig. 3 (upper part), with the approximate area
of the neutron beam represented by the white squares. These
three positions were chosen from completely different locations
from each other. The same suite of elements as shown in
Table 6 was determined and their compositional data are shown
also in Fig. 3 (lower part), where histogram plots of the relative
amount mass fractions of each element (relative to Si) at three
positions are compared. Each histogram is normalized to the
maximum value for easier comparison. For the most part, the
elements are uniformly distributed in the chunk sample. Only B
and Sm show significant variations at different irradiation
positions.

The chondritic meteorite is generally a mixture of fine-
grained matrix and small chondrules (0.5–2.0 mm). Besides
these constituents, the Allende meteorite contains occasionally
inclusions and xenoliths of up to cm-size. Therefore, one
would expect most elements to be uniformly distributed on
the scale of the 2.0 cm×2.0 cm beam size, with a possible
exception of elements that might preferentially occur in inclu-
sions. Most of these inclusions contain high abundances of
“refractory” elements represented by rare earth elements. The
low relative Sm values at positions 1 and 2 could possibly
imply an underabundance of refractory inclusions at those
irradiation sites. Because the Allende B sample is still covered
with fusion crust, it is not possible to visually determine the
abundance or size of inclusions at the irradiation sites. The
PGNAA procedure with internal mono-standard method de-
veloped in this study thus can be a practical tool not only to
perform the elemental quantification of large, voluminous
solid samples but also to probe the unexposed substance in
such samples.

Residual radioactivity—can it be a possible defect
of this procedure when applied to museum displays?

To evaluate the usefulness of the proposed method for analysis
of precious samples such as archaeological displays at mu-
seums, the residual radioactivity remaining in the sample is a
critical factor. Because the neutron flux used in this studywas in
the order of 107 cm−2 s−1, which is four to six orders of
magnitude lower than that for conventional NAA, the produc-
tion of neutron-capturing radionuclides is considerably re-
strained. Therefore, the residual radioactivity remaining in the
sample was very low. Themost active radionuclide just after the
analysis is 28Al but it decays quickly because of its short half
life (2.24 min). After 30 days cooling, the 24 g Allende sample
(Allende A) used for analysis had an activity of ∼4 Bq (mainly
from 60Co), as compared to the permissible level (0.1 MBq or
10 Bq/g) for a substance to be taken outside a radiation-

controlled area in most countries. Therefore, the PGNAA pro-
cedure described in this study can be applied to such samples
preserved at museums and accessed by the public.

Only possible effect caused by neutron irradiation could be
detected in isotopic compositions of noble gases [8]. Because
some halogen isotopes like 79Br and 127I have large neutron
capture cross sections for thermal and cold neutron, and mass-
spectrometry has extremely high sensitivity for noble gases,
isotopic modification could be identified for such extreme
cases as that samples have very high halogen (Br and I, for
example) contents and low (or normal) abundances of noble
gases (Kr and Xe, for example), where neutron-induced 80Kr
and 128Xe produced by (n.γ) reaction on 79Br and 127I followed
by beta-decay contributes to indigenous 80Kr and 128Xe, re-
spectively. Under the experimental condition applied in this
study, such contributions are less than 10−3 for 80Kr and 10−7

for 130Xe. The contribution of neutron-induced 80Kr is in the
range for being able to recognize the isotopic shift by noble gas
mass spectrometry, while that for 130Xe is far below the detec-
tion limit. Therefore, the sample once analyzed by PGNAA can
be safely reused for other scientific studies except for such an
extreme case.

Conclusions

(1) The accuracy and precision of PGNAA using the internal
mono-standard method was first tested using the Allende
meteorite standard powder. Accuracy of the determined
elemental mass fractions for B, Na, Mg, Al, Cl, K, Ca, Ti,
Mn, Fe, Sm, and Gd was generally good (<10 % for most
elements) compared with literature values. The precision
of the method was also shown to be good as mass fraction
data determined in the identical sample during different
irradiations on different days showed good agreement.

(2) The applicability of the PGNAA procedure using the
internal mono-standard method to voluminous samples
was tested using GSJ standardized rock powders in
PTFE-bottles. Accuracy of the determined elemental
mass fractions for B, Na, Mg, Al, Cl, K, Ca, Ti, Mn, Fe,
Sm, and Gd was generally good (mostly within 10 %).
Mass fraction data determined in identical samples during
different irradiations on the same day and different irradi-
ations on different days showed good precision.

(3) This method was then applied to chunks or sawn slabs of
stony (Allende, Kimble County, Leedey, Lake Labyrinth)
and ironmeteorites (CanyonDiablo, SquawCreek, Toluca)
for determining B, Na,Mg, Al, Si, S, Cl, K, Ca, Ti,Mn, Fe,
Ni, Co, and Sm in stony meteorites, and for determining
Fe, Ni and Co in iron meteorites. The data generally
showed good agreement with literature analyses of the
same or similar meteorites. The largest deviations were
seen in weathered meteorites, such as Kimble County.
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(4) Overall, the results seem to show that PGNAA using the
mono-standard method for evaluating elemental mass frac-
tions is a practical means of determining the composition of
large meteorite samples. Furthermore, the residual radioac-
tivity remaining in the sample is very low. Therefore,
PGNAA using the mono-standard method is well-suited
to the analysis of large chunks or polished sawn slabs
used as museum pieces, which cannot be broken-up and
sampled for normal small-sample PGNAA or INAA.
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