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plinary non-destructive protocol
for the analysis of stony meteorites: gamma
spectroscopy, neutron and muon techniques
supported by Raman microscopy and SEM-EDS

Riccardo Rossini, abcd Daniela Di Martino, *ab Toluwalase Agoro, d

Matteo Cataldo,abd Giuseppe Gorini,ab Adrian D. Hillier,d Matthias Laubenstein, e

Giulia Marcucci, abd Maya Musa, af Maria Pia Riccardi,gh Antonella Scherillod

and Massimiliano Clemenzaab

The physical and chemical characterisation of meteorites is of paramount importance in the study of the

formation of the Solar System. In this work we show the feasibility of a complete set of non-destructive

measurements to perform such a characterisation using a stony meteorite as a mock-up sample. The

identification of the sample as a meteorite was performed by means of gamma ray spectrometry, which

identified the presence of cosmogenic 26Al. Time-of-Flight Neutron Diffraction (ToF-ND) enabled the

mineralogical phase quantification and the analysis of the presence of strains and substitutions in each

mineral. Neutron Resonance Capture Analysis (NRCA), Neutron Resonance Transmission Imaging (NRTI)

and Muonic Atom X-Ray Spectroscopy (MAXRS) allowed a study of the presence and the space

distribution of certain elements. Furthermore, micro-Raman Spectroscopy (mRS) and Scanning Electron

Microscopy with Energy-Dispersive X-ray Spectroscopy (SEM-EDS) were also considered in order to

validate the protocol.
1 Introduction

The non-destructive characterisation of valuable samples like
meteorites is of paramount importance in terms of sample
conservation and measurement repeatability. Meteorites are
a heterogeneous class of samples which are typically classied
by means of average destructive quantication and petrological
observation. The latter ones, despite being technically non-
destructive, require the extraction of a thin section, which is
a destructive procedure. In general, the dominant physical
characterisation techniques used to analyse meteorites make
use of probes with a small depth of penetration in materials (<1
mm), such as X rays and electrons. We refer to them as surface
techniques. The aim of this study is to make use of physical
characterisation techniques based on radiation with a long
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average range in materials (centimeters) to study the volume of
the sample instead of its surface. Examples of such radiation are
neutrons, muons and gamma rays. These bulk techniques
enable to study also the internal part of the sample without
causing major damage to the specimen. Meteorites are impor-
tant for their scientic-cultural meaning, but their character-
isation could also entail relevant implications on the knowledge
on the cosmogenesis and the formation of the Solar System.

In this framework, a completely non-destructive protocol is
presented, which makes use of bulk techniques to characterise
the elemental, mineral and radio-isotopic composition of the
sample.1,2 Passive techniques, such as the collection of the
radiation emitted by the sample, were also considered (in
particular the collection of gamma rays, which is a bulk
technique).

The rst important procedure to carry out is to determine
whether or not a received sample is a meteorite. On this
purpose, gamma ray spectrometry is used to look for the pres-
ence of certain radionuclides which are formed by nuclear
reactions involving primary cosmic rays and which have half-
life smaller than the time of existence of the Earth atmo-
sphere (around 109 years).3 The presence of such nuclides
conrms the fact that the sample spent long periods of time
outside the Earth atmosphere and therefore it may prove its
meteoric origin. The main cosmogenic radionuclides with these
J. Anal. At. Spectrom., 2023, 38, 293–302 | 293
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Fig. 1 Scheme of the analysis protocol described in this work.
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characteristics, ordered by decreasing half-life, are:1 26Al (t1/2 =
7.6 × 105 years), 60Co (t1/2 = 5.27 years), 22Na (t1/2 = 2.6 years),
54Mn (t1/2 = 312 days), 46Sc (t1/2 = 84 days) and 48V (t1/2 = 16
days). If the sample fall is recent (for instance, a time less than
5s of 22Na has passed, about 10 years, where t1/2 = s ln 2) one
could perform standard gamma ray spectrometry. Otherwise,
high-sensitivity and low-background gamma ray spectrometry is
needed, as the long half-life of 26Al (the only one le in this
latter case) implies it has a small activity. This is also required
whenever the sample is just too small to have an acceptable
activity for standard gamma ray spectrometry.

It is then important to characterise the mineral and
elemental composition of the sample. The former analysis is
carried out by exploiting the Time-of-Flight (ToF) technique to
perform Neutron Diffraction (ND) from a pulsed thermal-
epithermal neutron beam. ToF-ND enables mineralogical
phase characterisation and quantication in the bulk of the
sample, due to the long range of neutrons in most materials,
with respect to other particles.

A qualitative bulk elemental characterisation is made
possible thanks to the analysis of the absorbed neutron spec-
trum during the exposition of the sample into a thermal-
epithermal pulsed neutron beam. Neutron Resonance Capture
Analysis (NRCA)4 consists in the study of the captured neutron
spectrum by timing the gamma rays promptly emitted aer
each beam spill. This technique returns a bulk information on
the whole analysed area. On the other hand, Neutron Reso-
nance Transmission Imaging (NRTI)5,6 consists in the acquisi-
tion of a space-resolved Time-of-Flight neutron spectrum in
transmission by means of a neutron beam monitor. As
a consequence, NRTI allows elemental mapping. Therefore,
NRCA and NRTI spectra are complementary and they return
consistent information. Furthermore, in the case of NRTI,
information is space-resolved, whereas in NRCA it is averaged
on all the part of the sample crossed by the neutron beam.
Neutron techniques were applied to meteorites a few times.7,8 A
combined ToF-ND and neutron-capture imaging protocol has
already been applied to chondrites, particularly to the Chelya-
binsk meteorite.9

Muonic atom X-ray Emission Spectroscopy (mXES), a novel
technique for elemental characterization, is also exploited.
mXES is a method based on the detection of high energy X-rays
emitted by the sample aer negative muon irradiation. This
irradiation causes the formation of muonic atoms, whose
characteristic X-ray emission allows the elemental character-
isation of the sample. The shape of the muon energy loss curve
dE/dx (the Bragg peak) enables such measurements at different
depth into the material, by tuning the muon beam
momentum.10–14 Even though the sensitivity to trace elements is
still not optimised, this technique enables the non-destructive
quantication of major elements in the bulk of a sample, and
it is therefore a unique quantitative probe of the internal
elemental composition of a sample.

It has been decided to introduce two consolidated surface
techniques, such as Raman spectroscopy and Scanning Electron
Microscopy, in order to validate the protocol. Furthermore,
these methods allowed a more complete overview on the
294 | J. Anal. At. Spectrom., 2023, 38, 293–302
sample, enabling space-resolved mapping measurements.
These techniques should be applied on a thin section (R003, see
next section), which is typically available for many meteorites as
it is used for petrological observation. Micro-Raman Spectros-
copy (mRS) is used to identify the main mineral phases present
in the sample in a space-sensitive way, even though the tech-
nique is basically qualitative. By Scanning Electron Microscopy
in BackScattered Electrons (BSE-SEM) imaging it is possible to
characterise the morphology of a surface by mapping the local
average atomic number Z in greyscale. In this way, it is possible
to identify different structures in order to study their elemental
composition with the EDS microprobe. The space-sensitive
quantitative elemental characterisation in this protocol is per-
formed on the thin section R003 by means of Energy Dispersive
X-ray Spectroscopy (EDS), consisting in the collection of the X-
ray spectrum emitted while Scanning Electron Microscopy
(SEM) is running.

The whole protocol, schematised in Fig. 1, has been tested
for the rst time on a supposedmeteorite coming from a private
collection. This is the rst time a completely non-destructive
bulk and surface analysis protocol is applied to a meteorite.
2 Materials and methods
2.1 Samples

The analysis protocol has been applied on an supposed mete-
orite, coming from the Middle East desert, which has belonged
to a private collection for more than 20 years. During this
period, the sample was cut into 2 massive pieces in order to
extract a standard petrological (thickness 30 mm) thin section
for transmitted light observations, which was used to identify
the sample as a chondrite, a class of stony meteorites.15

These samples, which are shown in Fig. 2, have the following
features:

� Sample R001 is a 12.61(36) g tip of the chondrite, with size
22.23 × 33.11 × 13.17 mm3;

� Sample R002 is a 14.65(14) g central slice of the chondrite,
with size 26.95 × 35.97 × 6.41 mm3;

� Sample R003 is a standard petrological thin section (30 mm
thick) obtained from sample R002.

The average density, measured on samples R001 and R002, is
(2.1 ± 0.1) g cm−3. From the thin section analysis we identied
the presence of aluminium in cracks and ssures, a clear
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 The three samples from the same meteorite studied in this
work: R001 and R002 are bulk samples, whereas R003 is a standard
petrological thin section.

Fig. 3 Comparison between the normalised background at LNGS
(lower curve, red), with a depth of 3400 mwe, and the background at
the radioactivity laboratory at the University of Milano-Bicocca MIB
(upper curve, blue), at sea level. Spectra are normalised in time of
measurement and mass of germanium in each detector.
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evidence of the fact that the thin section polishing was made
with alumina. As it was not possible to quantify aluminium,
which is a key element in this sample, from the thin section. As
a consequence, one of the two surfaces of sample R002 has been
polished in order to perform EDS on it. The polishing was
carried out with SiC with grain size 18 mm and 15 mm and with
diamond paste with grains of 3–6 mm, 1–3 mm and nally 0.25
mm.
2.2 Low-background gamma ray spectrometry

In order to optimise the bulk characterisation of the radioiso-
topes present in the sample, a low-background High-Purity
Germanium detector (HPGe) was used, located at the STELLA
(SubTErranean Low Level Assay) laboratory16 within the
subterranean Laboratori Nazionali del Gran Sasso (LNGS)
underneath the Gran Sasso mountain, at a depth of 3800 mwe
(meters of water equivalent). In particular, it is a p-type coaxial
low-background HPGe detector from ORTEC (the relative effi-
ciency at the 1332.52 keV peak of 60Co is 84%, the energy
resolution 1.9 keV).

Fig. 3 shows the comparison between the gamma ray back-
ground at the STELLA facility at LNGS (lower curve) and the one
measured at sea level in the radioactivity laboratory of the
University of Milano-Bicocca (MIB, upper curve). Both spectra
are normalised to count rate and detector mass, which is
approximately proportional to the efficiency. The gamma ray
background at LNGS is about two or three orders of magnitude
lower than the one at MIB. The huge difference between these
spectra results from the great depth of LNGS under the Gran
Sasso mountain, but also from the choice of low-radioactivity
materials in the construction of the detector and the LNGS
facility itself.

In order to obtain the activity of 26Al, the Monte Carlo (MC)
simulation code Arby, based on the CERN soware package
Geant4,17 was used to calculate the Full Energy Peak (FEP) effi-
ciency of the 26Al emission, taking into account the sample
geometry and composition, the detector geometry and the
absorption of radiation by the detector dead layers and the
sample itself. As the MC is carried out by simulating single-
This journal is © The Royal Society of Chemistry 2023
isotope decays, considering all electromagnetic, strong and
weak processes which may occur, it returns the value of effi-
ciency weighed by the branching ratio of the selected peak
(3BR). The sample composition used in the MC simulation is
the same obtained by means of the EDS campaign described in
the previous section. The FEP efficiencies are used to obtain the
activity from the count rate of each peak, which is calculated by
Gauss-tting.
2.3 Time-of-ight neutron diffraction (ToF-ND)

The INES diffractometer at the ISIS Neutron and Muon Source
in Didcot (UK) has been used.18 It is endowed with a completely
motorised and programmable sample holder (x–y–z–u) and 9
neutron detection banks, featured with 16 3He detectors each.
In addition, it also hosts the instrumentation for the neutron
resonance measurements, as described in the next section.

The 50 Hz pulsed neutron beam is produced by the spall-
ation of 800 MeV protons (supplied by a synchrotron having
total current 210 mA) against a tungsten target. As slow neutrons
are required for Tof-ND and many other applications, a water-
based moderator is used to thermalise the neutron beam,
obtaining a quasi-Maxwell distribution with kT = 25 meV, cor-
responding to room temperature.

For each investigated spot, 9 histograms were acquired, one
for each detection bank, and standard Rietveld renement
procedure has been applied to extract the required information.
In order to perform these analyses, the GSAS soware has been
used.19 In particular, the analysis was divided into two parts:

� Phase analysis, a multi-spectral renement on all banks
excluding the one at smallest 2q angle (forward scattering) with
the objective of identifying and quantifying the phases present
in the sample;

� Peak shape analysis, a renement on the highest-2q bank
only (back scattering) in order to extract information about the
peak shape and the crystal structure. The reason for the choice
J. Anal. At. Spectrom., 2023, 38, 293–302 | 295
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Fig. 4 Monte Carlo simulation on SRIM of the beam penetration into
the sample (10 k events). Upper: 20MeV per c run, lower: 40 MeV per c
run. The drawn bands show the depth of the Al layer (0.10 to 0.15 mm)
and the meteorite (over 0.15 mm).

JAAS Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 3

/1
5/

20
26

 9
:3

2:
04

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
of this spectrum for this task relies both on its optimal spectral
resolution and the minimised sensitivity to the thickness of the
sample, provided it is approximately below 1 cm, as in this case.
These considerations are made particularly for the INES
geometry and might not hold in general.18

ToF-ND measurements were applied on two 2 × 2 cm2

regions for each sample, in order to verify the uniform distri-
bution of mineral phases in the whole sample. The neutron
beam of irradiation for each spot corresponds to an integrated
proton current of 1500 mAh on the spallation target, totalling
around 8 h 30 min of measurement for each of the 4 regions.

2.4 Neutron resonance capture analysis (NRCA) and neutron
resonance transmission imaging (NRTI)

The neutron-based qualitative elemental characterisation is
carried out while performing ToF-ND at INES. In particular,
NRCA is performed by means of three time-resolved YAP
detectors positioned below the INES detection banks, outside
the neutron beam. Typically, the three spectra are consistent
with each other and they are merged. As the resulting spectrum
is relative to the whole inspected area, it does not allow
elemental mapping. The low-ToF region of the spectrum,
around 30 ms aer the beam spill, is saturated by the noise and
therefore it does not contain crucial information. On the other
hand, NRTI is made possible at INES by a n-GEM (neutron Gas
Electron Multiplier) detector20 in transmission with respect to
the beam. The resulting information can be visualised bymeans
of bi-dimensional maps, but the space resolution is limited by
the current space resolution of n-GEM detectors (around 0.75
mm). In this case, as the n-GEM detector has a good neutron/
gamma discrimination, all the ToF interval between two beam
spills (25 ms) is usable, even the rst 30 ms. In principle, the
quantication of some elements may be possible, but further
simulation and calibration on the INES setup is needed and it is
scheduled to be carried out in the next years.

2.5 Muonic atom X-ray emission spectroscopy (mXES)

The mXES measurement is performed at the RIKEN facility at
the ISIS Neutron and Muon Source, UK. The technique consists
of two sets of measurements at different momentum of the non-
collimated negative muon beam: one at 20 MeV per c and one at
40 MeV per c. In this work, this technique was applied only to
sample R001. The sample was wrapped in an aluminium foil, to
facilitate the positioning on the sample holder, and placed
10 cm aer the beam exit, with two HPGe detectors positioned
15 cm from the meteorite. Aluminium is also a reference for the
depth selection during the measurements, since it acts as an
interface between the interior and the exterior of the sample.

The analysis procedure consists in peak identication and
quantication of the related count rate by Gauss-tting for each
peak and each value of beam momentum. At this point, each
peak is weighed according to the efficiency curve of the detec-
tion system in that conguration, obtained by MC simulation
on the Arby interface for Geant4.17

In order to understand at which depth is released the energy
of the muon beam at the various values of the beam
296 | J. Anal. At. Spectrom., 2023, 38, 293–302
momentum, MC simulation on SRIM21 are also carried out,
taking into account a 3% momentum spread. Both values of
momentum were simulated (10 k events each) obtaining the

Bragg curve
dE
dx

ðxÞ. The depth interval in which most energy is

released corresponds to the area analysed by the technique,
since most muonic atoms are formed in that depth interval. The
results, reported in Fig. 4, show that in the 20 MeV per c run the
measurement is sensitive to the aluminium foil and the surface
of the sample (few mm), whereas the bulk of the sample (∼1.5
mm) is being investigated in the 40 MeV per c run.
2.6 Micro-Raman spectroscopy (mRS)

A Renishaw in-via reex m-spectrometer coupled in confocality
with a Leica optical microscope has been used. It is endowed
with two laser sources: a 632.8 nm, 25 mW He–Ne laser and
a 514.5 nm, 100 mW solid state laser. The detection system
consists in a Charged Coupled Device (CCD) and two different
This journal is © The Royal Society of Chemistry 2023
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motorised diffraction gratings with 1800 lines per mm and 3200
lines per mm. The microscope is featured with 3 long working
distance objectives, 5 × (0.12 numerical aperture – NA), 50 ×

(0.75 NA), 100 × (0.75 NA), and 2 short working distance
objectives, 20 × (0.40 NA), 50 × (0.50 NA). Further details on the
experimental setup are available in ref. 22.
2.7 Scanning electron microscopy in backscattered electrons
(BSE-SEM) with energy dispersive X-ray spectroscopy (EDS)

The instrument used for this purpose is a Tescan FE-SEM Mira
3XMU-series equipped with an EDAX spectrometer based on an
Apollo XL Silicon DriDetector (SDD). The instrument has been
set to work at 15.8 mm working distance with a 20 kV acceler-
ating voltage and 12 mA beam current. The relative elemental
quantication is calculated from the EDS spectrum by the ZAF
method. This technique is based on the comparison of the area
under Ka emission peaks with standards, correcting the effect
given by average atomic number (Z), self-absorption (A), and
uorescence excitation (F) on the X-ray emission. Details on the
EDS measurements can be found in ref. 22.
3 Results and discussion
3.1 Low-background gamma ray spectrometry results

The choice of using low-background gamma ray spectrometry in
an underground laboratory as LNGS was made due to the ex-
pected age of the sample, as described in Section 2.2.

Aluminium-26 is a b+ emitter,23 which decays on a 1808 keV
excited state of 26Mg as a main decay channel (Branching ratio
BR 82%).24 This state promptly de-excites to the ground state of
Table 1 Estimation of the activity of 26Al for the two samples using 180

Sample Mass (g) Isotope Peak (keV)

R001 12.61(36) 26Al 1808
R001 12.61(36) 26Al 2319
R002 14.65(14) 26Al 1808
R002 14.65(14) 26Al 2319

Fig. 5 Time-normalised gamma spectra of the source-uncorrelated
background (lower curve, black, 30 days of measurement) and the two
meteorite bulk samples (upper curves, blue & red, 16 days of
measurement each). The three-peak signature of the presence of 26Al
is highlighted: 511 keV annihilation peak, 1808 keV g emission and 2319
keV sum peak.

This journal is © The Royal Society of Chemistry 2023
26Mg by emitting a single 1808 keV gamma ray. As a conse-
quence, the presence of 26Al is marked by the 1808 keV gamma
peak, the 511 keV e+e− annihilation peak and the 2319 keV sum
peak, as the excited state of 26Mg has a negligible half-life
(4.76$10−13 s). The time-normalised gamma spectra of back-
ground and of the two bulk samples (R001 and R002) are shown
in Fig. 5. The background acquisition lasted 30 days, whereas
the measurements of the samples lasted 16 days each. All other
peaks correspond to primordial radioactivity normally present
in Earth rocks too (40K, 232Th chain, 238U chain).25

The activity of 26Al was estimated from both the 1808 keV
and the 2319 keV peak, as the probability of random 511 keV
and 1808 keV coincidences can be neglected due to the low
activity of the sample.

The resulting values for the specic activity of 26Al are re-
ported in Table 1 (efficiencies are simulated as specied in
Section 2.2). These values are t-Student condent with each
other and their weighted value returns an estimation for the
specic activity of 26Al in the whole sample:

A = (0.92 ± 0.06) Bq kg−1

A rough estimation of the amount of 26Al in Earth rocks can
be given by the concentration of this isotope in ground-level
dust,26 i.e. 0.07 ± 0.03 particles per m3. Calculating the
concentration of 26Al in our samples we get (9.5 ± 0.8)$1014

particles per m3, and the difference between these values is
around 13 standard deviations (calculated by t-Student test). As
a consequence, this value is not consistent with the typical
amount of 26Al contained in Earth rocks27 and one can conclude
that the sample is a meteorite. The slight difference in the
values of A for the two samples, which can be observed in Table
1, is also present in the quantication of all the measurable
fossil radioisotopes in the samples, which is reported in
a previous work.28 However, the uncertainty introduced by MC
systematics makes these values consistent with each other.
3.2 ToF-ND results

In this section, the analysis of one spot in sample R002 is pre-
sented, as the four diffractograms are consistent with each
other.

The tted spectrum of bank 6 (2q = 73.1°) coming from the
multi-spectral t for phase analysis is depicted in Fig. 6. The
main mineral phases identied in this sample are forsterite
(olivine, Mg2SiO4), enstatite (pyroxene, Mg2(Si2O6) and magne-
tite (cubic Fe3O4). Furthermore, troilite (FeS) and kamacite (Fe–
Ni alloy with Fe : Ni ratio around 95 : 5, originating from Ni
8 keV and 2319 keV peaks

Counts/h Activity (mBq)
Specic activity
(Bq kg−1)

0.90 � 0.05 12.2 � 1.4 0.97 � 0.09
0.22 � 0.02 12.2 � 1.8 0.97 � 0.17
0.97 � 0.05 12.6 � 1.4 0.86 � 0.10
0.21 � 0.02 12.6 � 1.9 0.86 � 0.14
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Fig. 6 Rietveld-refined multi-spectral ToF-ND measurement for
phase analysis, spectrum of Bank 6 (2q = 73.1°). Phases: forsterite
(pink), enstatite (light blue), magnetite (black), troilite (brown), kamacite
(orange), plus the aluminium (violet) of the sample holder. Experi-
mental points are shown in gray, the background fit in green, the
refined spectrum fit in red and the residuals in blue. Colors refer to the
online version. Reduced c2 = 7.31.

Table 2 Results of the phase analysis on the ToF-ND pattern on R002

Phase
% wt
over crystalline component

Forsterite 56.0 � 0.5
Enstatite 30.2 � 0.5
Magnetite 5.89 � 0.14
Troilite 6.1 � 0.3
Kamacite 0.80 � 0.03

Fig. 7 Running of the a crystal cell parameter as a function of the
relative amount of Fe substitutions. The two extremes in this plot are
forsterite (without Fe, abscissa = 0) and fayalite (without Mg,
abscissa = 1). Using the value for a obtained in forsterite with ToF-ND
(circle, see Table 3) it is possible to estimate the amount of Fe
substitutions using the Vegard law (solid line).
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substitutions) have also been found. As the sample was con-
tained in an aluminium holder during the measurements, Al
has also been added in the renement, but it was subtracted
from the mineral phase quantication. The quantitative results
of phase analysis are reported in Table 2, where each phase is
reported in % wt over the total crystalline component.

In peak shape analysis only the three major phases were
added and the cells were rened in order to extract cell
parameters a, b and c, which are presented in Table 3. In
particular, the value of a for forsterite resulted to be (4.7703 ±

0.0002) Å, which lies in between the nominal values for for-
sterite Mg2SiO4 (4.7540 Å) and fayalite Fe2SiO4 (4.8211 Å). As
these two phases share the same lattice structure, the Vegard
law29,30 can be applied, which assumes that the value of the cell
Table 3 Results of peak-shape analysis on the ToF-ND pattern on
R002

Phase a (Å) b (Å) c (Å)

Forsterite 4.7703 � 0.0002 10.2323 � 0.0006 5.9967 � 0.0003
Enstatite 18.2515 � 0.0017 8.8631 � 0.0009 5.1970 � 0.0005
Magnetite 8.3994 � 0.0005 8.3994 � 0.0005 8.3994 � 0.0005

298 | J. Anal. At. Spectrom., 2023, 38, 293–302
parameter grows linearly from the forsterite to the fayalite value
as the ratio of Fe substitutions increases. This procedure is
depicted in Fig. 7. In this way, it was possible to estimate the
amount of Fe substitutions as (24.3 ± 0.3)%.

It is typically possible to estimate the amount of Ni in
kamacite with a similar procedure. However, it was not possible
in this case due to the negligible amount of kamacite, which did
not allow this quantication. As a consequence, wemanually set
a 95 : 5 ratio between Fe and Ni, later conrmed by EDS
measurements as reported in Section 3.6. Nevertheless, the
described procedure of kamacite calibration by means of the
Vegard's law may be interesting in the study of iron meteorites,
where the major phases are typically kamacite and taenite.7

It is also possible to study the texture and strains in the
crystals, on a few specic neutron beamlines.31 Indeed, the
lattice alterations can give information about the extreme
conditions withstood by the sample during its formation and its
fall in the atmosphere.
3.3 NRCA and NRTI results

The NRCA measurements were carried out together with the
ToF-ND data acquisition. The interesting 40–160 ms region in
time-of-ight of the NRCA spectrum is presented in Fig. 8
together with the peak identication performed with the ENDF/
B-VIII.0 database of neutron-capture cross sections.32 No other
relevant structures were visible in the full 30–1000 ms time-of-
ight NRCA spectrum. It was obtained by merging the four
sampled spectra as they were all consistent with each other. The
region of interest is below 3 keV, i.e. over 30 ms, in order to avoid
the gamma ray background promptly generated during spall-
ation and moderation. This technique allowed to identify the
presence of Fe, Mn and Co. The fact that Mn and Co peaks are
larger than the Fe one is not due to energy resolution, but it is
a direct consequence of the shape of the resonance in the cross
section around the peak energy.

Regarding NRTI, the analysis on the sole sample R002 is here
presented, as no difference has been identied between R001
and R002. Furthermore, having sample R002 constant
This journal is © The Royal Society of Chemistry 2023
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Fig. 8 The 40–160 keV zoom of the NRCA spectrum on sample R002
with peak identification by means of the ENDF/B-VIII.0 database,
accessed through the KAERI website.32 In the inset the full NRCA
spectrum is displayed, with the same axes.
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thickness, no further corrections are needed, which should be
applied to sample R001 as it has a more complex geometry. The
main results of NRTI applied to sample R002 are reported in
Fig. 9. The total transmission coefficient, calculated on the
Fig. 9 NRTI integrated transmission coefficient on sample R002 (up),
showing the uniformity of the sample, and NRTI spectrum on R002
(down) with peak identification by means of the ENDF/B-VIII.0 data-
base, accessed through the KAERI website.32

This journal is © The Royal Society of Chemistry 2023
integrated spectrum, shows that the sample has a uniform
neutron absorption within the space resolution of the detector
in use (750 mm). The neutron transmission spectrum is also
presented in the same gure with peak attribution. It is
important to notice that the NRTI spectrum in the (40–160) ms
range is complementary to the NRCA spectrum in the same
range, as one would expect. This technique allows the identi-
cation of Fe, Mn and Co, enabling the investigation of all the
neutron energy range as the n-GEM discriminated gamma rays
from neutrons. As a consequence it makes possible the study of
the time-of-ight spectrum from 0 to 30 ms too, which was
excluded by NRCA.

Unlike the ToF-ND and neutron-capture analysis of the
Chelyabinsk meteorite,9 whose inhomogeneities made it inter-
esting to perform Neutron Tomography (NT), in this case the
sample proved to be homogeneous at mm scale inspected by
NRTI. We therefore decided not to further analyse these data.

3.4 mXES results

The four main elements have been quantied in the bulk on the
40 MeV per c run data, i.e. investigating around 1–2 mm under
the surface (as one can derive from Fig. 4). The % wt of the main
elements are: O (30.6 ± 0.9)%, Si (23.6 ± 0.1)%, Mg (23.2 ±

0.1)% and Fe (22.6 ± 0.1)%. These elements are the main
constituents of the mineral phases observed by ToF-ND, as
a consequence these two techniques return consistent results.
In Section 3.6 these results are discussed and compared to the
results of EDS.

3.5 mRS results

The m-Raman mapping spectroscopy conrms the predomi-
nance of forsterite and enstatite on the thin section, which can
be considered representative of the whole sample. This is
because many portions of the thin section were analysed,
returning consistent results. The mRS spectra of these two
phases, obtained on sample R003, are reported in Fig. 10 with
the band attribution.33 In addition, traces of diopside (pyroxene,
CaMg(Si2O6)), hematite (iron oxide) and quartz (tectosilicate,
SiO2) were identied, along with traces of laser-induced anhy-
drite.34 In particular, the Raman signal is visible only in
Fig. 10 Raman spectra of forsterite (up, black) and enstatite (down,
red), with peak identification.33
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Fig. 12 Example of two iron-based relics (Fe–S left and Fe–Ni right) as
seen by BSE-SEM with same level of contrast. The Fe–Ni relic appears
brighter (higher atomic number Z) than Fe–S and both are surrounded
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chondrules, whereas the inter-chondrular matrix appears
almost completely Raman-inactive. Fig. 14 shows an overview
on the chondrules cross-mapped with mRS and EDS: two
chondrules have been studied with both techniques (A and B),
whereas two different chondrules were used as mock-ups to
understand the main mineral phases (chondrule C, studied
with mRS) and the difference in the composition of glass and
forsterite (chondrule D, studied with EDS). Detailed results
from mRS and EDS mapping can be found in a previous work.22

It is crucial to make use of mRS for phase identication as the
identication of phases can be cumbersome in ToF-ND and
therefore mRS may lead in the ToF-ND data analysis.
by a gray area, corresponding to the oxidised metal.

Fig. 13 Comparison between elemental composition of Fe–Ni and
Fe–S structures, obtained by means of 5 EDS measurements for Fe–Ni
and 8 ones for Fe–S.
3.6 BSE-SEM and EDS results

It has been decided to study with these techniques the same
structures in sample R003 investigated with mRS, but other
Raman-inactive portions have also been analysed, like the intra-
chondrular glass and the metallic relics. For example, the study
of chondrule D (see Fig. 14) allowed to identify the richness of
the intra-chondrular glass in certain elements such as Si, O, Ca,
Na & Al, whereas the surrounding forsterite contains Mg, O & Si
above all. The BSE-SEM and EDS mapping measurements are
extensively presented in a previous work.22

The EDS elemental composition, obtained by repeating the
EDS measurement on 20 spots identied as made of forsterite
or enstatite (10 spots each) by mRS, is reported in standard box
plots in Fig. 11. It is important to observe the different amount
of Si, O and Mg, the three main constituents of these two
minerals. Furthermore, one can observe the presence of Fe
substitutions in both minerals. The amount of substitutions in
forsterite can be estimated as Fe/(Fe +Mg)= (23± 5)%, which is
t-Student consistent (t = 0.29) with the estimation that can be
obtained with the ToF-ND applying the Vegard law (24.3 ±

0.3)%. The amount of Fe substitutions in enstatite has not been
calculated due to the big relative uncertainty on the amount of
Fe.

Some Fe-based relics have been studied too. This part of the
probing resulted in the identication of two classes of metallic
structures: a Fe–Ni alloy and a Fe–S mineral. An example of the
aspect of these relics at BSE-SEM can be seen in Fig. 12. All these
relics were surrounded by an iron-based oxidised material. The
elemental quantication of these two classes of iron-based
Fig. 11 Comparison between the elemental composition of forsterite
and enstatite crystals, obtained by means of 10 EDS measurements for
each mineral.

300 | J. Anal. At. Spectrom., 2023, 38, 293–302
structures is reported in Fig. 13. This analysis is consistent
with ToF-ND in identifying relevant quantities of magnetite
(iron oxide) together with iron compounds with sulfur (troilite)
and nickel (kamacite). Those latter phases can be considered
Raman-inactive, which is the reason why the inter-chondrular
matrix is totally black when observed by mRS. The Fe : Ni ratio
in the le box in Fig. 12 has been used in dening the kamacite
atomic composition for the ToF-ND data analysis.

In order to have a complete elemental composition on the
sample avoiding the overestimation of aluminium due to the
thin section treatment method, repeated wide-range EDS
measurements were carried out on the polished surface of
sample R002. In particular, 100 s EDS measurements were
carried out on 5 × 6 mm non-intersecting areas in standard
SEM conditions, returning the composition reported in Table 4.
The results on the rst four phases (normalised totalling 100%)
are all consistent within 3s with the values obtained by mXES
(evaluation made with the t-Student test).

A great effort is being made in trying to make these NRCA
and NRTI quantitative techniques and mXES more sensitive to
low-concentration elements. This would be useful in order to
skip the use of a statistically-relevant EDS campaign for
elemental quantication. In fact, EDS still requires a polished
surface, obtained with a destructive procedure, which can also
alter the microstructure of the sample.
This journal is © The Royal Society of Chemistry 2023
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Fig. 14 Combined mRS and SEM-EDS mapping study on four chondrules on the thin section R003. Further details can be found in a previous
work.22

Table 4 EDS average composition of sample R002, obtained by
means of 20 measurements on 5 × 6 mm areas on a polished surface

Element % wt Element % wt

O 28.1 � 0.6 Ni 1.44 � 0.11
Si 23.0 � 0.4 Na 0.51 � 0.04
Fe 22.5 � 0.7 Cr 0.46 � 0.04
Mg 18.7 � 0.3 Mn 0.29 � 0.05
Al 1.66 � 0.08 K 0.145 � 0.016
Ca 1.65 � 0.05 P 0.04 � 0.02
S 1.5 � 0.3 Co
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4 Conclusions

In conclusion, this multidisciplinary protocol enables the
characterisation of the sample in a non-destructive way. In
particular, gamma ray spectrometry allows to identify the
sample as a meteorite by searching for the presence of cosmo-
genic radionuclides. If the sample fall is recent (less than about
ten years), standard gamma ray spectrometry can be performed,
whereas in case of an older fall, low-background gamma ray
spectrometry is required. In this case, the presence of 26Al is
a marker of the meteoric origin of the studied sample.

It is of crucial importance to notice that the overlapping of
surface and bulk techniques is not only a cross-check, because
they all return signicant information which help the inter-
pretation of other data and contribute to the characterisation of
the sample.
This journal is © The Royal Society of Chemistry 2023
In fact, ToF-ND enables the user to perform mineral phase
quantication and lattice analysis, provided a hint on the
present phases which can be given by a few mRS measurements.
We also gave an estimation for the amount of Fe substitutions is
forsterite which proved to be consistent with the EDS elemental
quantication. However, a thorough mapping of the sample
surfaces by means of mRS can yield a precise mineral phase
spatial distribution, which can not be obtained with ToF-ND. In
some minor phases such as kamacite, the amount of Ni
substitutions had to be extracted from a SEM-EDS campaign.

Finally, NRCA and NRTI return a marker of the presence of
certain elements (in this case Co, Fe, Mn) while mXES quanties
the weight ratio among the main elements in the sample (O, Si,
Mg, Fe). However, a consolidated technique such as SEM-EDS is
still required for a trusted, complete and quantitative elemental
characterisation, even though it requires a thin section or
a polished surface.

Above all, this analysis protocol would enable to insert
a meteoric sample into the standard meteorite classication
framework without any destructive measurement. This sample
proved to be a good mock-up for testing this protocol, whereas
more tests are expected to be applied on catalogued meteorites
from various classes. Furthermore, research and development
is being carried out in order to be able to extract quantitative
information on the elemental composition from NRCA and
NRTI at INES.
J. Anal. At. Spectrom., 2023, 38, 293–302 | 301
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