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Analytical techniques are essential in investigating the unique features of exira-terrestrial geomaterials, and the use of
in situ analytical tools is becoming increasingly common, as it facilitates a quick initial bulk chemical analysis, identification
and classification. In this work, a handheld laser-induced breakdown spectroscopy (hLIBS) instrument has been used to
identify the qualitative and quantitative composition, and generate compositional micro-maps, of a suite of iron meteorite
samples representative of the different chemical and structural classes by analysing the spectra released from the plasma
formed by the laser impact. Furthermore, the analytical performance of hLIBS was compared with that of portable X-ray
fluorescence spectrometry (pXRF). The analytical precision and accuracy of the calibration curves previously built in the
laboratory for a set of certified reference metal alloys was assessed, so that the same protocol could be used to measure
those of the investigated iron meteorites. A good agreement was achieved between hLIBS and reference data in the
quantitative estimate of the elements Fe, Ni, Co and Cu. An attempt to quantify Ga by LIBS in two classified iron meteorites
was also successful.

Keywords: handheld LIBS, iron meteorites, composition, classification, mapping.

Received 05 Apr 24 - Accepted 23 Jul 24

The chemistry, structure, shape and large mass of iron
meteorites make them some of the most unique geological
samples that can be found on Earth. These meteorites are
believed to originate from asteroids, also known as
planetesimals, which experienced an igneous evolution in
the early Solar System, ie, asteroids that melted and then
separated into a silicate mantle and crust and o metallic
core, so forming an interior structure essentially identical to
that of Earth (Haack 2018). Iron meteorites found on Earth
consist of differentiated asteroid cores, which indicate that
their parent asteroids were destroyed. The metallic core was
created when dense metal melted in planefesimals and
sank through silicate (Scott 2020). As of January 2024, the
Meteorifical ~ Bulletin  Database  (https://www.lpi.usra.
edu/meteor/) reporTed that 1365 meteorites out of a total

of 73,439 are iron meteorites, of which forty-nine are known
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falls (only 4-5% of meteorite falls) but are more abundant
among finds especially in certain areas (Haack 2018).

The elemental composition of iron meteorites consists of
90% m/m or less of Fe, ~ 4-60% m/m of Ni, with a most
common range between 5 and 10, 0.4-0.6 of Co, 0.1-0.5
of P, 0.1-2% m/m of S, and trace amounts of many other
siderophile elements, including Ga, Ge, Ir, Au, Pt, Pd, Mo, W,
Rh, Ry, and cho|cophi|e elements, inc|uo|ing Cu, Zn, As, Ag, at
highly variable mass fractions which differ by up to five
orders of mognitude (Scott 1972, 2020, Buchwald 1975).
From the structural point of view, most iron meteorites feature
a typical Widmanstétten pattern, which consists of a
microstructure that can provide information on the cooling
rate of the meteorite and the make up and size of its parent
asteroid. According to Hack and McCoy (2003), the
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mechanism of formation of iron meteorites is characterised
by the segregation of Fe and silicates upon heating caused
by the decay of specific isotopes, such as 2°Al. The liquid
Fe-Ni mixture then crystallises in a spherical body with a
rocky crust and a metallic core consisting of kamacite,
feofuring a low Ni content (from 4 to 7.5% m/m), and

taenite and tetrataenite in which Ni ranges from 20 to 65%
m/m (Chabot and Drake 1999).

Based on the presence and distribution of Widmanstat-
ten sfructures, iron meteorites are structurally classified into
three subgroups: octahedrites, ataxites and hexahedrites
(Haack and McCoy 2003). Octahedrites are the most
common type featuring a Ni content ranging from 7 to 15%
m/m and the presence of distinctly visible Widmanstétten
structures, and are further subdivided according to the width
of kamacite lamellae, from coarsest (> 3.3 mm) to finest
(< 0.2 mm). Ataxites contain a high amount of Ni (16-60%
m/m), show only microscopic spindles of kamacite, and lack
a naoked-eye visible Widmanstatten pattern. Hexahedrites
are primarily composed of kamacite, contain only 5 to 6%
m/m Ni, and lack Widmanstatten figures, but frequently
show “Neumann lines’, which are thin parallel lines
generated by the shocks undergone.

While the subdivision described above is primarily
descriptive, iron meteorites can be identified and grouped
based on their bulk chemical composition. Initially, iron
meteorites were classified info four groups based on the
content of the highly volatile siderophile elements Ga and
Ge (Buchwald 1975, Krot et al 2014). The highest mass
fraction of Ge and Ga are typical of the members of group |,
whereas the content of Ge and Ga in meteorites of groups |,
ll and IV are much lower, and those of group IV are 3-4
orders of magnitude lower than those of group I. Thanks to
improved analytical methods yielding more detailed data,
the initial four groups were split info thiteen groups, i.e, IAB,
IC, IAB, IIC, IID, IIE, IIF, IG, NICD, lE, IF, VA and VB, each
composed by at least five or more members originated from
a single parent body (Benedix et al 2000, 2014). An
additional iron meteorite group named IlIAB includes nearly
300 members (the largest group, ie, 15% of all iron
meteorites), which do not fall in any of the main groups and
are thought fo originate from an additional 50-100 parent
asteroids (Krot et al 2014, Haack 2018). Iron meteorites that
do not fall in any of these chemical groups (abouf 16%) are
called “ungrouped”, whereas those in which the mass
fractions of only one or two elements fall outside the range

typical of a specific group are called “anomalous’.

Very often, meteorites do not differ much from terrestrial
rocks, a similarity that offen compromises their recognition

and preservation, leading to their relatively rapid disap-
pearance in the landscape if they have not been seen to fall
and then promptly collected. In particular, iron meteorites
may be easily confused with man-made iron objects
simulating typical features of a true meteorite. Thus, even if
visual inspection and the magnet test are positive, the
presence and content of Ni, which is an element rare in
terrestrial rocks, but present in iron meteorites, should be
verified together with some other diagnostic trace elements
such as Ga, Ge and I, which require an adequate
laboratory analysis in order to confirm the extra-terrestrial

origin of a suspected iron meteorite (Senesi et al 2018).

The bulk characterisation and  classification of iron
meteorites mostly rely on their elemental composition data
acquired by inductively coupled plasma-mass spectrometry
(ICP-MS), instrumental and radiochemical neutron activation
analysis (respectively INAA and RNAA) or laser ablation
ICP-MS (LA-ICP-MS) (Wasson et al. 1989, 2007, Hirata and
Nesbitt 1997, Campbell and Humayun 1999, D'Orazio
and Folco 2003, Mullane et al 2004, Chernonozhkin
et al 2014, Duan and Regelous 2014), which more recently
has been used for precise determination of major and trace
element mass fracions (Zhang et al 2022, Navarro
et al 2024). Although these techniques have allowed the
acquisition of a very large set of high quality data that are
the foundations of the current understanding of iron
meteorites, They are time-consuming and of limited avail-
ability and access. Furthermore, even though the NAA
techniques are essentially non-destructive, two relevant
drawbacks are related to their use. First, the irradiated
sample remains radioactive for many years after the analysis,
thus it requires the application of handling and disposal
protocols for low-level to medium-level radioactive material
and adherence to the radiation safety regulations. Second,
the number of available activation nuclear reactors and
related irradiation facilities is declining, which also implies an
increase of analytical costs. As it regards ICP-MS, it may
present mass inferference effects, even if they can be
minimised or eliminated by various means, and involves
long and complex sample preparation steps and the
production of chemical wastes, thus it does not respond
efficiently to the demand of precise, low-cost and real-ime
measurements.

For a long time the scientific community has demanded
for the availability of lightweight, portable and robust
analytical instrumentations reinforced for use by a single
individual in a variety of environments, and able to idenfify a
large number of elements in a short amount of time directly
in the field. Portable/handheld field instruments allow
dynamic sampling, thus encouraging field geologists to
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expand their investigation and map areas where anomalies
are observed, avoiding to wait for laboratory results. In
explorative environmental projects, the benefit can be of
weeks or even months of time saving for logisfics and field
campaigns, but also for costs of the subsequent laboratory
work (Lemiere and Harmon 2021). In this context, a wide
range of analyfical spectroscopic techniques, including mass,
ion mobi|ity, millimetre wave and terahertz spectrometries,
nuclear magnetic resonance and electron spin resonance
spectroscopies, gas chromatography, as well as many
different optical spectroscopy techniques, such as X-ray
fluorescence  (XRF), Raman, near-infrared, mid-infrared,
ultraviolet—visible, and laser-induced breakdown spectros-
copy (LIBS), have been explored to be converted in portable
equipment suitable for chemical analysis in the field
(Aramendia et al 2018).

In particular, XRF and LIBS appear to satisly the
requirements for portable/handheld instruments efficient in
conducting field elemental analysis in ambient environmen-
tal conditions. For example, Gemelli et al. (2015) have used
an easy-to-handle portable (p)XRF instrument, for which a
minimum  pre-freatment of the sample is needed, to
characterise iron meteorites. However, the use of this
technique is limited by the low sensitivity for low atomic
number elements and the impossibility fo provide micro-
analysis and chemical maps. More recently, handheld (h)
LIBS instruments have been introduced and widely used for
the analysis of rocks, minerals, low atomic number elements
and elements of high economic value directly in the field
(Senesi et al 2021 and references therein, Senesi 2022).
Over the last decade hLIBS has been widely recognised as
a promising technique for in situ geochemical analysis both
in |o|oneto|ogy (Wiens et al 2020) and in terrestrial
geological studies (Harmon et al 2019, Harmon and
Senesi 2021). In particular, LIBS offers several advantages,
which include the large range of potentially detectable and
quantitatively measurable maijor, minor and trace elements,
ease-of-use, no need of reactants and sample pre-
treatment/preparation, almost no risk of sample contamina-
tion and environmental interferences, and micro-destructivity
as the removal of minimal portion of the sample after each
laser pulse produces a small crater on the sample surface.
Furthermore, the quick screening of samples with achieve-
ment of their elemental composition directly in the field
allows to rapidly distinguish between terrestrial rocks and
dubious meteorites and assume decisions with saving labour
time and laboratory analytical costs.

The main obiedives of this sfudy were to: (a) confirm that
the hLIBS insfrumentation can provide a rapid and minimally

destructive identification and quantitative analysis of iron
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meteorites based on calibration curves previously built in the
laboratory using appropriate  reference materials; (b)
establish an efficient and viable methodological approach
and protocol in order to apply hLBS analysis of iron
meteorites o|irecf|y in the field; (c) compare the data obtained
by hLIBS with those achieved by a pXRF instrumentation; and
(d) use hLBS to construct elemental micro maps of iron
meteorites to better understand their elemental and

mineralogical distribution.

Materials and methods

Iron meteorite samples

The iron meteorites investigated in this work consisted of
nineteen samples of widely variable well-known chemical
composition and representative of different chemical and
structural classes (Table 1), ranging from hexahedrite to
ataxite with Ni and Co contents ranging, respectively, from
~5to 20% m/m and ~04 to 1% m/m, and of one
unknown and unclassified sample. A detailed description of
the discovery and collection site, the structural features, the
elemental composition and the shape and form of each
meteorite sample is provided in online supporting informa-
tion Appendix S1.

In order to limit any inconsistency that might be caused
by small variations in the surface-to-instrument distance and
by random unaccounted absorption due to the surface
roughness of the sample, a minimal sample preparation has
been adopted based on the usual procedure used by
researchers and dealers to begin the characterisation of a
new iron meteorite. In particular, the analysis of the bulk
quantitative chemical composition was performed on the
cuts of each meteorite slab (Figure 1) to ensure that
the internal meteorite composition was analysed, while
avoiding any possible interference from atmospheric pro-
cesses occurred on the surface patina.

Reference materials

In order to perform the quantitative analysis of the iron
meteorite samples directly in the field, calibration curves,
which directly relate the measured intensity of an elemental
line in the hLIBS emission spectrum to the element mass
fraction of certified reference materials (CRM) measured
under the same analytical conditions, were constructed in the
laboratory. The choice of the most suitable CRMs was based
on an arduous work as the composition of the iron
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Table 1.

Chemical and structural classification of iron meteorites investigated in this work

Sample Chemical classification Structural classification Reference

(1) Agoudal Iron, IIAB From hexahedrite to octahedrite Ruzicka et al. (2015)

(2) Aletai Iron, lIE-anomalous Medium octahedrite Bouvier et al. (2017)

(3) Campo del Cielo Iron, 1AB-Main group Coarse octahedrite Wasson and Kallemeyen (2002)

(4) Cape York Iron, IAB Medium octahedrite Buchwald (1975)

(5) Dronino Iron, Ungrouped Ataxite Russell et al. (2004)

(6) Gebel Kamil Iron, Ungrouped Ataxite Weisberg et al. (2010)

(7) Hickman Iron, 1AB-Main group Medium octahedrite Gattacceca et al. (2022)

(8) Maslyanino Iron, IAB complex Fine octahedrite Ponomarev et al. (2019)

(9) Mount Dooling Iron, IC Coarse octahedrite Buchwald (1975)

(10) Mundrabilla Iron, 1AB-ungrouped Medium octahedrite Wasson and Kallemeyen (2002)

(11) Muonionalusta Iron, IVA Fine octahedrite Wasson and Richardson (2001)

(12) Nantan Iron, 1AB-Main group Medium octahedrite Wasson and Kallemeyen (2002)

(13) NWA 6903 Iron, lIAB Medium octahedrite Ruzicka et al. (2014)

(14) NWA 859 Iron, Ungrouped Plessitic octahedrite Russell et al (2002)

(15) NWA 15926 Iron, IID Medium octahedrite Pers. comm. (C. Herd 2023)

(16) Oglat Sidi Ali Iron, Ungrouped Plessitic octahedrite Bouvier et al. (2017)

(17) Saint-Aubin Iron, IAB octahedrite Russell et al. (2003) and
Weisberg et al. (2008)

(18) Sikhote-Alin Iron, IAB Coarsest octahedrite Wasson et al. (2007)

(19) Tartak Iron, IAB Medium octahedrite Ruzicka et al. (2014)

(20) Unclassified meteorite - - Found in Mauritania (2019)

meteorites studied was very variable and the CRMs selected
must include the same kind and mass fraction ranges of
elements expected to be present in them.

The CRM samples used in this work were nineteen steel
alloy samples that included mild and low steel, tool steel,
stainless steel and austenitic stainless steel with a Fe-Ni
composition similar to that of iron meteorites in order to
match the matrix effects, and containing small amounts of
siderophile (Cr, Co, Mo, W) and chalcophile (Cu, Zn, As, Sn,
Sb) elements. The CRMs used were in the form of thick
cylinders (40 x 15 mm) with flat basal surfaces physically
similar to those of the iron meteorites analysed. The certified
elemental composition of these CRMs was provided from the
Bureau of Analysed Samples, the Brammer Standard
Company, the JFE Techno-Research Corporation and the
MBH An0|yﬁco| (Table ST1).

Furthermore, as the used CRMs did not contain the trace
elements more used in the classification for iron meteorites,
ie, Ga and Ge, some iron meteorite samples (Table 1) with
ascertained mass fraction of these elements were used as
reference to build proper calibration curves for Ga and Ge.
Although the mass fraction of these two siderophile elements
in iron meteorites varies greatly (up to a factor of 10°), they
are very important taxonomically due to their strong
correlation, moderate volatility, and indiscrete value range
distribution (Wasson et al 1998, D'Orazio and Folco 2003,
Gemelli et al 2015).

hLIBS and pXRF instruments

A SciAps Z-903 (Woburn, MA, USA) handheld LIBS
instrument was used in this study (Figure 2). This instrument
includes a proprietary Nd-YAG diode-pumped solid-state
pulsed nanosecond laser at 1064 nm wavelength that
delivers a 5-6-mJ laser pulse of 1-ns pulse duration with a
nominal 100-um beam size at a 10-Hz firing rate. The pulse
rate is User—od]ustab|e at a desired |c|ser—firing rate of 1, 3,
10, 20 and 50 Hz (10 Hz is used in the Geochem Pro
mode). The instrument captures the |ighf emission from the
plasma after an adjustable delay time, which is set at 650 ns
for Geochem Pro mode, over a 3-ms integration time. The
plasma light is collected and transferred by fibre optic
cables to three spectrometers equipped with time-gated,
chorge-coup|eo| detectors (CCD), which allow to record the
spectra in a wavelength acquisition range from 190 to 950
nm, i.e, from the ultraviolet (UV) to visible and near-infrared
(VWNIR) range, so permiting the detection of one or more
emission lines for each element of interest. The detectors
feature spectral ranges and resolutions of 190 to 365 nm
with a full-width half maximum (FWHM) value of 0.18 nm,
365 to 620 nm with an FWHM value of 0.24 nm, and 620
to 950 nm with an FWHM value of 0.35 nm. Each acquired
broadband LIBS spectrum is generated by more than
23,000 channels of the spectrometer. The whole setup is
enveloped in a lightweight handheld body (Figure 2), with
mass and dimensions of approximately 1.97 kg and 27 x
22 x 7 cm, respectively.
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Figure 1. Images of the twenty analysed iron meteorites fragments.
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SciAps Z-903

(b)

Figure 2. (a) Schematic representation of the analytical protocol for the hLIBS analysis on CRMS and iron meteorites,

with the ten different random areas, twelve locations for each; (b) images of iron meteorite slab with random areas

of analysis; the twelve craters can be seen as a rectangle.

The SciAps Z-903 instrument incorporated a recharge-
able canister screwed fo the instrument, which allowed
samples to be purged during measurement with the inert
gas Ar (13 psi), and permitted plasma confinement and
enhancement of signal emission that is beneficial for laser
pulse energies greater than 1 mJ, particulary in the UV
portion between 190-300 nm. Furthermore, the instrument
used a raster grid by which the laser beam fires across the
sample surface, which can be configured to optimise
the number of points to be hit (Figure 2). This capacity is
quite useful as the initial laser shots, the number of which can
be adjusted prior to data acquisition, can be used effectively
to “clean” the sample suface from dust and bum
contamination. A miniature camera in the nose of the
instrument enables to view and optimise the correct location
of the sampled points and their documentation/archiving.
The power is supplied by a Li-ion battery that ensures
between six and eight hours of operation. Overall, the
instrument has a very safe design and does not permit any
laser operation in the air if no sample is positioned in front of
the nose, which allows the operator to perform analyses
safely both in the laboratory and in the field. Additional
useful features of this analyser include the Android operating
system, Wi-Fi, Bluetooth, USB, and Global Positioning System
(GPS). In particular, the GPS receiver further facilitates
meteorites exploration and finding position, allowing
real-ime decisions to be made with reasonable confidence.
Results and reports can be stored locally on the unit or
emailed to remote locations via the Android share function
using one of the available wireless connections. Furthermore,
the hLIBS SciAps Z-903 instrument is provided of on-board
opp|icofions, ie, the Element Pro, Geochem and Geochem

Pro, which improve substantially its analytical capability in
identifying the elements in the acquired spectra, constructing
calibration curves for quantitative analysis, and achieving
microscale mapping of defected elements (see below,
Element identification, calibration curves construction, quan-
titative analysis) by using the SciAps proprietary Profile
Builder software.

The portable XRF instrument used in this study was a
SciAps X-200 (Woburm, MA, USA) powered by an on-board
rechargeable Li-ion battery and having dimensions of 18 x
27 x 11 cm and a mass of 1.5 kg. The spectra were
acquired in Alloy mode, which allowed the quantitative
determination of the elemental composition using specific
reference libraries. Two measurements were performed for
the detection of the elements, using an X-ray tube voltage of
40 kV for high atomic number elements and 10 kV for low
atomic number ones, with an exposure time of 30 s. The
number of spots analysed by pXRF was typically fixed
between 5 and 10 due to the larger area investigated by
the beam (around 4 mm).

Acquisition of hLIBS data

All hLIBS analyses were performed at ambient air under
a constant Ar purge at a delay time fixed at 650 ns at the
beginning of the acquisition of the LIBS emission with an
acquisition time window fixed to 3 ms. The LIBS spectra
acquired were directly displayed on the instrument immedi-
ately after the analysis and the averaged spectra were
provided by and visualised on the Profile Builder software.
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Furthermore, LIBS spectra were exporfecl from the instrument
either as individual raw spectra or as averaged spectra to
the user computer by USB connection or Wi-Fi.

The bulk quantitative composition of both CRMs and
reference iron meteorites was measured by firing two prior
laser cleaning shots and then four measuring laser shots on
the twelve points located in ten randomly selected
rectangular areas where the LIBS grid patten was
positioned on the sample surface. In this way, a total of
480 LBS spectra were measured and 120 mean LIBS
spectra were recorded for each sample.

The same grid pattern was used on ten different random
areas of each meteorite sample investigated, with particular
aftention to avoid placing analytical spots on surfaces
showing any weathering or the presence of visible accessory
minerals. Three cleaning laser shots and four measuring
laser shots were used, so to record 120 mean LIBS spectra
for each meteorite. Examples of these spectra of the Aletai,

Mount Dooling and Gebel Kamil meteorites are shown in
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Element identification, calibration curves con-
struction, quantitative analysis

The Profile Builder software was used to read the average
LIBS spectra acquired using the Element Pro application, and
identify the emission lines defected and the corresponding
elements. If a change of the ablated volume occurred, it was
possible to explore the spectra and normalise them to the entire
area. Furthermore, if required, all of the detected and
undetected elements can be downloaded in a csv format
(Harmon et al 2019, Fabre et al 2022, Wise et al. 2022).

Astheintensity ofthe LIBS plasma emissionis proportional to
the mass fraction ofthe elementinthe somp|e, LIBS can be used
successfully for quantitative analysis. However, the physical
properties of the material being ablated, such as ifs
composition, crystallinity, texture, optical reflectivity, opfical
transmissivity and surface morphology, as well as the
operational parameters of the laser, such as its wavelength,
energy, pulse duration, the degree of laser energy coupling to

the sample surface and the surrounding environment, all

Figure 3. influence plasma features. Moreover, to determine the bulk
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Figure 3. Average LIBS spectra of Aletai, Mount Dooling and Gebel Kamil meteorites.
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quantitative composition of a sample, a flat surface, physically
homogeneous atthelaserbeam scale is necessary, particularly
for analyses of micrometric areas. Thus, different surface areas
must be analysed and the number of LIBS spectra to be
acquired must be decided, depending on the features, size

and smoothness of the sample.

The Geochem application installed in the instrument
includes two general calibration curves for geoscience
applications: (a) “Geochem”, which is based on different
terrestrial geological materials and National Institute of
Standards and Technology (NIST) standards; and (b) “Fe
ore”, which includes a small number of standard reference
iron ore materials from the OREAS 400 series. However, users
can construct personal specific calibration curves using the
SciAps proprietary Profile Builder software package (Harmon
et al 2019, Fabre et al. 2022, Wise et al. 2022). The latter
approach based on single-element procedures was used in
this work, using a set of previously analysed matrix-matched
CRMs and some already classified iron meteorite samples.

Based on the Geochem application, the Profile Builder
software was used to directly obtain the total area under LIBS
peoks, ie, the peok intensities (expressed in orbitrory units,
o.u.), which were used to construct beforehand, ie, in the
laboratory, the calibration curves and predict the element
mass fraction. This quonﬁficofion method, however, is
particularly sensitive to the data processing and analytical
protocol used (Fabre et al 2022).

Finally, the Geochem Pro application was used to
undertake microscale mapping with a single laser shot at a
fixed laser fiing rate of 10 Hz on 256 locations over
a 16 x 16 grid covering 2 mm? areas at 12.5-um steps.
This allowed the identification of an emission line of the
elements on the sample surface. Thus, the application
allowed the distribution of the relative elemental mass
fractions in the form of relative abundances to be obtained,
ie, the so-called “heat maps.” However, modifications to the
data acquisition procedures were required on dependence
on the size and physical characteristics of the sample.

Results and discussion

Quantitative analysis validation and verification
of CRMs

The selected steel alloy CRMs with compositions in Fe-Ni
similar to iron meteorites were used to match matrix effects and

verify the quality of the analytical protocol. Quantitative

onc1|yses forC, Al Si, P, S, Ti, V., Cr, Mn, Fe, Co, Ni, Cu, Nb, As,
Mo, Sn and W were performed using the Geochem
application. The standard deviation (s) and relative standard
deviation (RSD) values were used to predict the performance of
the analyses.

The hLBS compositional data obtained for CRMs
compared with the corresponding reference values are
shown in Table S2, whereas the elemental mass fractions of
CRMs (% m/m) measured by hLIBS versus the corresponding
reference values are plotted in Figure 4. Across a wide range
of elemental compositions, hLIBS data revealed an almost
linear relationship with reference values. For example, the
mass fractions of the relevant element Ni ranged from 0.3 to
over 30% m/m.The only elements with relatively large s values
were those present at very low mass fractions (< 0.1% m/m).

The construction of the calibration curves of the elements
detected in the CRM samples was based on the element
infensity ratio of the chosen LIBS emission line divided by the
sum of the peaks of Fe at 2739 nm and 372 nm. As an
example, the intensity ratio for the element Ni was calculated
using the lines at 349.3 nm (Figure 5) and 351.5 nm. The
emission lines chosen for the other elements were: 193.2 nm
for C, 394.4 nm for Al, 288.2 nm for Si, 213.6 for P, 334.9
nmforTi, 228.7 and 345.4 nm for Co, 327.4 nm for Cu, 206.5
and 357.9 nmfor Cr, 47 8.4 and 294.9 nm for Mn; 440.8 and
311.1 nmforV; 286 nm for As; 322.5 nm for Nb, 550.6 nm for
Mo; 284 nm for Sn and 400.9 m for W.

Most % RSD values for the elements Al, Si, P, Ti, V, Cr, Mn,
Fe, Co, Ni, Mo ranged from about 0.1 to 20%. However, for
some samples C showed RSD higher than 20%, possibly
due to the limited available mass fraction range used to
build the calibration curves. The elements As, Nb, Sn and W
were not detected in many CRMs possibly because their
contents were below their limit of detection (LOD). Further-
more, the relative weak emission lines at 9214 and 923.8
nm of atomic S, an element that is essential for the study of
iron meteorites, are generally difficult to be detected by LIBS.
This is due to the high excitation energy (> 10 eV) of S, the
relative weakness of its emission lines due to their very short
time decay (typically around 500 ns), and the low sensitivity
of the CCD detector in the S spectral region. Only in few rare
cases, ie, in meteorites containing troilite  and/or
daubréelite, the S emission line ot 9228 nm can be
detected. Furthermore, the S lines at 543.3 and 545.4 nm
are hardly observed in air at atmospheric pressure (Sallé
et al. 2004). Thus, the results indicated that the hLIBS used in
this study produced precise and accurate analyses of metal

alloys for the maijority of elements with minimum mass

fractions of 0.01% m/m (Table S2).

844 © 2024 The Author(s). Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of

International Association of Geoanalysts.

85U80|7 SUOWILLOD 3AIEs.D) 3|edldde au Aq peusenob are ssjoiie YO ‘88N Jo Ss|ni o Areiqi]8uljuO A8]i/W UO (SUORIPUOD-PUR-SWLBHW0D A8 |IMAe.d Ul |uo//:Sdny) SUoRIPUOD pue SWie | 81 885 *[202/2T/S0] Uo Akeid)8ulluO A8 |IM ‘S3d O Aq T8GZT 4B6/TTTT 0T/I0p/w00 Ao |im Areiq i euluo//Sdny wo. pepeojumoq ‘v ‘vZ0Z X06TS.T



1004 12747M
Fe
10
S
3 1
&
Y 0.1
0.01
0.01 01 1 100
hLIBS (% m/m)
1004 12749M
Fe
10
E Mn
3 14 c
(- r
s Cu ONII
§ 0.1 P o
: c
"p
0.01
0.01 01 1 100
hLIBS (% m/m)
1004 JSM M202 33-b ‘
e
10
5
g
&
Y 0.1
0.014
0.01 100

1004 JSM M200 23-c

04 1
hLIBS (% m/m)

10
5
g
2
Y 0.1
0.01
0.01 01 1 100
hLIBS (% m/m)
1001 MBH 83C
Fe
10
S
g ]
&
Y 0.1
0.01
100

100

CRM (% m/m)

0.01+

P =N

GEOSTANDARDS and

=

12748L
Fe

100

CRM (% m/m)

0.01

T
10 100

Fe
Cr

100

CRM (% m/m)

0.01

100

CRM (% m/m)

0.01

0.61 0.1 1
hLIBS (% m/m)

JSM M201 E-c

100

CRM (% m/m)

0.01+

0.1 1 10 160
hLIBS (% m/m)

-~ GEOANALYTICAL

RESEARCH

Figure 4. Elemental mass fractions of CRMs (% m/m) measured by hLIBS versus the corresponding reference values.
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Figure 5. The hLIBS spectra of CRMs of known Ni content acquired over the range 349.05-349.60 nm and showing

the emission line of Ni at 349.3 nm using the SciAps proprietary Profile Builder software.

Table 2.
Emission lines detected and the corresponding most common elements identified in the iron meteorites
studied
Element Wavelength (nm) Element Wavelength (nm)
H 656.3 Rb 79476
C 1933 Zr 4443
N 463.1; 746.8 Nb 322.5; 4059
(@] 7772 Mo 3799, 550.7
F 685.6 Rh 370.09
Na 588.9; 589.6 Pd 324.3; 340.5; 360.9
Si 288.2 Ag 328.1; 52091
P 2136 Cd 346.6
S 922.8 Sn 235.5; 270.7; 283.9
Ca 396.8; 445.5 Cs 852.11
Ti 336.1 Ba 428.31
\ 440.8 Ta 230.293
Cr 283.6; 397.7; 398.4; 427.48 w 429.461
Mn 261.8; 262.6; 356.9; 380.7; 383.4; 403.1 Ir 2156
Fe 238.2; 259.8; 259.9; 273.9; 275.6; 363.1; 364.8; 372; Pt 306.5
373.5; 406.4; 407.2
Co 228.6; 232.6 236.4; 238.9 Au 431.5; 5209
Ni 216.6; 217.5; 221.6; 227; 241.6; 300.2; 338.1; 341.5; Pb 261.4
345.9; 349.3; 351.5; 352.5; 356.6
Cu 219.2; 324.8; 521.8 Bi 306.8
Ga 4172 Pr 494; 511,1
Ge 201.9; 4742 Er 390.6

ie, Fe, Ni and Co, and several minor and trace elements,
such as P, S, Cr, Cu, Ga, Ge, Rb, Zr, Nb, Mo, Rh, Pd, Ag, Cd,
Sn, Cs, Ta, W, Ir, Pt, Au, Pb, Bi, Pr and Er, whose presence

LIBS qualitative analysis and element identifica-
tion in iron meteorites

The hLIBS spectra acquired in the range between 180
and 950 nm featured more than 200 emission lines that
allow to identify up to forty elements in the iron meteorite
samples studied (Table 2). These included the three most

abundant and always present elements in iron meteorites,

depended on the meteorite origin. Low intensity emission
lines of Ti, V and Mn and of the alkali earth elements Si, Na,
Al K, Ca and Ba were also detected in the spectra of some
samples. Furthermore, thanks to the capacity of LIBS to detect

elements with low atomic Weighf, the emission lines of the
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Figure 6. hLIBS spectra in the ranges: (a) 330-360 nm for the Aletai, Mount Dooling and Gebel Kamil iron

meteorites showing the prominent Fe and Ni emission lines; (b) 324 and 325.5 for the Dronino and Gebel

Kamil meteorites showing the weak Cu emission line at 324.8 nm; (c) 415.5 and 418.5 for the Nantan and
NWA 6903 meteorites showing the Ga emission line at 417.2 nm; and (d) 430 and 433.5 nm for the Maslyanino

and Aletai meteorites showing the weak Au emission line at 431.5 nm.

low atomic number elements H, C, N, O and F could also be
detected. In particular, the distinctive presence of the Ho
Balmer emission line at 656.3 nm is suggested to be
indicative of the presence of water in geological materials
(Thomas et al 2018). However, due to the particular
analyser chamber shape, we cannot be completely sure that
the stream of Ar gas totally eliminated air from the plasma.

Some examples of the different elemental content of the
bulk cut samples and the related LIBS spectra acquired are
shown in Figure 6 for the main elements Fe and Ni and
some trace elements, ie, Cu, Ga and Au. The pertinent line
intensity is shown to be proportional to the mass fraction, for
example Ni contents in Alefai, Mt Dooling and Gebel Kamil
are, respectively 9.88, 6.41, 206% m/m, Cu contents in
Dronino and Gebel Kamil are, respectively 30 and 464 pg
g‘]; Ga confents in Nantan and NWA 6903 are,

respectively 79.8 and 21.5 pug g™, and Au confents in
Maslyanino and Aletai 1.65 and 1.89 pg g™

Quantitative analysis of iron meteorites by hLIBS
and pXRF

The bulk elemental composition data obtained by hLIBS
and pXRF on the cut surfaces of the nineteen iron meteorites
studied, and the corresponding reference data from the
literature, together with the 1s and % RSD values are shown
in Table 3. The corresponding analytical data of an
unclassified meteorite are also reported in the same table,
in order to ascertain its unknown composition for a further
classification. The RSD% varied from < 1% to around 10%
for the most abundant elements, ie, Fe, Ni and Co. In
particular, the highest variation of hLIBS data shown by N,
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Table 3.
Elemental composition of the studied iron meteorites measured by hLIBS and pXRF compared with the
corresponding reference data with standard deviation (s) and relative standard deviation (RSD) values

Element Unit Agoudal (IIAB)
“Ref. hLIBS (n =10) 1s RSD PXRF (n =5) 1s RSD
Cr ng g’ 7.9-122 670 20 299 ; . .
Mn ng g’ 0.48-1.45 - - - - - -
Fe % m/m 93.5 93.35 0.400 0.45 93.32 0.006 0.007
Co % m/m 0.41-047 047 0.026 5.55 <LOD - -
Ni % m/m 55-5.85 5.55 0.390 7.08 598 0.002 0.037
Cu ug g'l 109-130 100 10 10 140 20 14.290
Element Unit Aletai (IllE-anomalous)
bRef. hLIBS (n =15) 1s RSD pXRF (n =10) 1s RSD
cr g g - 460 60 1304 90 10 11110
Fe % m/m 89.60 89.82 0.750 0.83 88.55 0015 0.017
Co % m/m 0.52 0.51 0.038 7.34 0.66 0.024 3.640
Ni % m/m 9.32-9.88 9.86 1.100 11.22 9.92 0.007 0.075
Cu ng g’ 95-110 130 10 7.69 270 10 3.700
Element Unit Campo del Cielo (IAB-Main group)
‘Ref. hLIBS (n =10) 1s RSD pXRF (n =10) 1s RSD
C % m/m 0.37 0.680 0.035 5.190 - - -
P % m/m 0.25 0.031 0.003 10.120 0.260 0.110 4231
S % m/m 0.40 - - - 0.032 0.003 9.38
Cr ug g'] 31-38 620 10 1.610 40 20 50
Fe % m/m 92.80 91.88 0.230 0.250 91.630 0.250 0.28
Co % m/m 0.42-047 0.42 0.015 3.560 0.710 0.031 4.37
Ni % m/m 6.5-7.13 679 0.720 10.590 6710 0.330 452
Cu ug g'] 140 270 50 18.510 400 30 7.5
Element Unit Cape York (I1IAB)
dRef. hLIBS (n =10) 1s RSD PXRF (n =5) 1s RSD
c ng g’ 140-395 4500 570 12,67 ; ; ;
P % m/m 0.14-0.20 0.028 0.005 16.45 0.340 0.001 0.36
S % m/m 0.006-0.025 - - - 0.043 0.001 329
cr by g’ 51 700 30 429 80 30 37.50
Fe % m/m 92.20 92.240 0.590 0.64 89.940 0.009 0.01
Co % m/m 0.48-0.53 0.490 0.023 479 < LOD - -
Ni ng g’ 7.58-8.27 7.250 0.560 778 9.370 0.005 0.05
Cu ug g'] 140-180 160 20 12.50 270 50 18.51
Element Unit Dronino (Ungrouped)
°Ref. hLIBS (n =10) 1s RSD pXRF (n =10) 1s RSD
Cr ng g’ 40 720 50 694 80 10 12.500
Fe % m/m 89.60 89.56 0.330 0.37 88.66 0.020 0017
Co % m/m 0.55 0.51 0.009 175 0.77 0.020 2.590
Ni % m/m 9.81 9.46 0310 329 9.49 0.008 0.080
Cu ng g’ 30 <LoD - - 340 10 2940
Element Unit Gebel Kamil (Ungrouped)
fRef. hLIBS (n =10) 1s RSD pXRF (n =10) 1s RSD
cr g g . 530 20 377 50 30 60
Fe % m/m 78.60 78.60 0.710 0.90 78.10 0.002 0.003
Co % m/m 0.76 078 0017 2.15 0.95 0.001 0.075
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Table 3 (continued).
Elemental composition of the studied iron meteorites measured by hLIBS and pXRF compared with the
corresponding reference data with standard deviation (s) and relative standard deviation (RSD) values

Element Unit Gebel Kamil (Ungrouped)

Ref. hLIBS (n =10) 1s RSD pXRF (n=10) 1s RSD
Ni % m/m 19.8-20.6 19.38 0.720 371 19.73 0.003 0016
Cu ug g'l 464 710 30 423 1190 10 0.840
Element Unit Hickman (IAB-Main group)

9Ref. hLIBS (n =10) 1s RSD pXRF (n=10) 1s RSD

Cr ng g’ - 500 10 2 - - -
Fe % m/m 91.80 91.46 0.470 0.51 90.07 0.001 0.001
Co % m/m 048 0.52 0.031 6.08 074 0.016 2.160
Ni % m/m 770 7.30 0.420 578 7.99 0.001 0.007
Cu ng g'] 162 160 20 12.50 490 40 8.160
Element Unit Maslyanino (IAB complex)

hRef. hLIBS (n =10) 1s RSD pXRF (n =5) 1s RSD
P % m/m 0.10 0.028 0.003 11.81 0.08 0.001 0010
Cr ug g'] 1.33 490 10 204 330 10 3.030
Fe % m/m 86.30 87.640 1.340 1.53 83.79 0.004 0.005
Co % m/m 0.53 0.500 0.018 3.56 <LlOD - -
Ni % m/m 9.97-12.43 11.340 1.180 10.40 1226 0.008 0.066
Cu ug g'] 339 400 110 2673 860 10 1.160
Element Unit Mount Dooling (IC)

iRef. hLIBS (n =10) 1s RSD pXRF (n=10) 1s RSD
P % m/m 0.27 0.030 0.002 577 0.14 0.002 1.200
s ug g’ 900 330 30 909 0.16 0007 4380
Cr ug g'] 28 710 150 21.13 70 30 42.860
Fe % m/m 92.55 92.41 0.670 0.72 9225 0.070 0.075
Co % m/m 0.45-0.64 0.53 0.008 1.43 0.85 0.020 1.880
Ni % m/m 596-6.41 6.35 0.590 9.29 6.30 0.030 0.480
Cu ug g'] 166200 120 10 8.33 450 40 8.880
Element Unit Mundrabilla (IAB-ungrouped)

iRef. hLIBS (n =10) 1s RSD pXRF (n =5) 1s RSD
C % m/m 1.41 0.510 0.051 9.98 - - -
P % m/m 0.21-0.31 0.027 0.001 3.19 045 0.002 0.490
S ng g’ 400 460 20 435 580 10 1720
Cr ng g’ 241-380 580 10 172 - - -
Fe % m/m 89.9 90.570 0.490 0.55 88.49 0.007 0.008
Co % m/m 0.48-0.5 0.520 0014 2.68 0.68 0.002 0.240
Ni % m/m 7.46-778 7.660 0.630 8.20 8.12 0.004 0.048
Cu ug g'] 125-159 140 20 14.29 380 50 13.160
Element Unit Muonionalusta (IVA)

kRef. hLIBS (n =10) 1s RSD pXRF (n =10) 1s RSD
Cr ng g’ 86-107 620 40 645 . . .
Fe % m/m 90.7-91.4 90.29 0.520 0.57 82.70 0.001 0.001
Co % m/m 0.39-041 0.39 0.056 14.47 076 0.010 1.320
Ni % m/m 8.2-89 8.23 0.490 593 1217 0.002 0015
Cu ng g’ 115-134 620 90 1452 630 50 7930
Element Unit Nantan (IAB-Main group)

IRef. hLIBS (n =10) 1s RSD pXRF (n=10) 1s RSD

cr g g’ 20 400 30 698 60 30 50
Fe % m/m 92.35 90.35 1.090 1.21 90.99 0.001 0.001
Co % m/m 047 0.47 0.032 6.66 <LOD - -
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Table 3 (continued).
Elemental composition of the studied iron meteorites measured by hLIBS and pXRF compared with the
corresponding reference data with standard deviation (s) and relative standard deviation (RSD) values

Element Unit Nantan (IAB-Main group)

Ref. hLIBS (n =10) 1s RSD pXRF (n=10) 1s RSD
Ni % m/m 6.68 6.85 0.810 11.84 6.95 0.001 0013
Cu ug g’ 143 610 10 164 280 10 3570
Element Unit NWA 6903 (IlIAB)

"Ref. hLIBS (n =10) 1s RSD pXRF (n=10) 1s RSD
cr g g’ ; 620 40 645 250 20 8
Fe % m/m 91.08 91.21 0.720 0.79 89.30 0.002 0.002
Co % m/m 0.52 0.49 0.036 7.37 0.78 0016 2050
Ni % m/m 8.4 8.48 0.930 10.98 9.36 0.003 0.034
Cu ug g'] - 710 10 1.41 1121 10 0.830
Element Unit NWA 859 (Ungrouped)

"Ref. hLIBS (n =10) 1s RSD pXRF (n =5) 1s RSD
Cr ng g’ - 590 50 8.47 . . .
Fe % m/m 82.75 82.81 0.640 0.77 82.88 0.020 0.023
Co % m/m 1.31 129 0.046 3.54 1.23 0.002 0.170
Ni % m/m 1593 15.22 0.590 3.86 1617 0.001 0.009
Cu ng g’ 296 340 30 8.82 130 50 38.460
Element Unit NWA 15926 (1ID)

°Ref. hLIBS (n =10) s RSD PXRF (n =5) s RSD
Cr ug g'] - 580 40 6.89 110 10 9.09
Fe % m/m 90.900 89.22 1.580 178 85.62 0017 0.02
Co % m/m 0.662 0.63 0.034 5.52 0.69 0.063 9.11
Ni % m/m 8.400 8.79 0.780 8.88 1125 0014 0.13
Cu g g 233 950 70 7.37 450 20 444
Element Unit Oglat Sidi Ali (Ungrouped)

PRef. hLIBS (n =10) s RSD PXRF (n =5) s RSD
Cr ng g’ - 650 20 3.08 - - -
Fe % m/m 8244 8345 0.610 073 81.61 0.045 0.06
Co % m/m 122 1.21 0.041 341 1.16 0011 0.95
Ni % m/m 16.34 14.99 0.460 3.06 1552 0.027 017
Cu ug g'] 3257 330 50 15.15 230 2 8.70
Element Unit Saint-Aubin (I11AB)

9Ref. hLIBS (n =10) s RSD pXRF (n=10) s RSD
P % m/m 0.2 0.033 0.003 971 0.53 0.002 0.340
Cr ug g’ ; 680 20 294 0005 2,080
Fe % m/m 88.1 88.090 0.550 0.62 83.18 0.009 0010
Co % m/m 04 0.390 0.021 5.28 0.69 0.002 0.270
Ni % m/m 11.5 11510 0.970 8.45 1424 0.005 0.037
Cu ug g'] - 650 70 10.77 590 50 8.470
Element Unit Sikhote-Alin (I1AB)

"Ref. hLIBS (n =10) s RSD pXRF (n =10) s RSD

P % m/m 0.46 0.038 0.003 7.90 0.290 0.001 0.360
S % m/m 0.28 - - - 0.360 0.001 0.390
Cr Hg 9-] 31 540 130 2407 0.028 0.001 2450
Fe % m/m 93.6-93.8 92.510 0.87 0.94 91.290 0.003 0.003
Co % m/m 0.47-0.51 0.510 0.03 596 0.740 0.001 0.090
850 © 2024 The Author(s). Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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Table 3 (continued).
Elemental composition of the studied iron meteorites measured by hLIBS and pXRF compared with the
corresponding reference data with standard deviation (s) and relative standard deviation (RSD) values

Element Unit Sikhote-Alin (I1AB)

"Ref. hLIBS (n =10) s RSD pXRF (n=10) s RSD
Ni % m/m 57-6.03 6.120 045 7.36 5790 0.002 0.030
Cu ug g'] 130-190 760 150 19.90 420 60 14.290
Element Unit Tartak (I1IAB)

Ref. hLIBS (n =10) s RSD pXRF (n=10) s RSD

Cr ug 9'1 - 710 130 18.31 100 20 20
Fe % m/m 92.13 91.47 0.48 0.52 90.90 0.070 0.070
Co % m/m 0.50 0.50 0.023 4.55 0.82 0.016 1.950
Ni % m/m 7.37 7.27 0.570 779 7.87 0.033 0.420
Cu ug g” ; 160 20 125 480 40 8330
Element Unit Unclassified meteorite

hLIBS (n =10) s RSD pXRF (n =3) s RSD
C % m/m 0.340 0011 324 - - -
P % m/m 0.033 0.003 8.46 0.20 0.006 3
S % m/m - - 0.37 0.001 0.270
Cr ug g” 540 50 926 60 10 16660
Mn ng g’ 710 30 423 - B _
Fe % m/m 89.150 0.290 0.33 83.96 0.006 0.007
Co % m/m 0.540 0.043 7.89 0.69 0.002 0.091
Ni % m/m 9.760 1.460 14.94 9.80 2.530 0.260
Cu ng g’ 440 40 9.09 380 20 5260

9 Reference data are from Ruzicka et al. (2015), ® Reference data are from Bouvier et al. (2017), € Reference data are from Wasson and Kallemeyen (2002),

9 Reference data are from Buchwald (1975), ® Reference data are from Russell et al. (2004), f Reference data are from Weisberg et al. (2010), ¢ Reference data
are from Gattacceca et al. (2022), " Reference data are from Ponomarev et al. (2019), ' Reference data are from Buchwald (1975), | Reference data are from

Wasson and Kallemeyen (2002), ¥ Reference data are from Wasson and Richardson (2001), ! Reference data are from Wasson and Kallemeyen (2002),
™ Reference data are from Ruzicka et al. (2014), " Reference data are from Russell et al. (2002), © Reference are from Personal Communication (C. Herd, UAb),

P Reference are from Bouvier et al. (2017), 9 Reference are from Russell et al. (2003) and Weisberg et al. (2008), " Reference are from Wasson et al. (2007),

¢ Reference are from Ruzicka et al. (2014).

even not exceeding 14%, might be ascribed to two causes:
(a) the Ni compositional heferogeneity in the sample, which
could not be solved by the 100-um laser beam spot size
used, even if ten spots were analysed by LIBS; and (b) the
matrix effect involved with the possible variations in sample
volumes ablated by individual laser shots at various points
along the raster grids.

The % RSD values of P, S, Cr and Cu were around 10%,
ranging from 1% to 26%. Thus, the hLIBS instrument was
able to identify trace element confents as low as a few
hundreds ug g™'. In particular, the elements Cr and Cu were
measurable by hLIBS in most meteorites ono|yseo|, but Cr at
a mass fraction often higher than the reference one, whereas
a good agreement was achieved for Cu, eg, in Agoudal,
Aletai, Cape York, Hickman, I\/\os|yonino, Mount Doo|ing,
Mundrabilla, Og|0t Sidi Ali meteorites. The poor correlations
measured for P and Cr could be related to reference values
in the CRM samples used, which were not fully covering the
range of mass fractions to be quantified.

Comparison between the data obtained from hLIBS and
PXRF (Table 3) shows how hLIBS may achieve better results
in Co quantification in some cases where Co is present at
lower values, ie, between 0.4 and 0.5% m/m, eg, Agouddl,
Cape York, Maslyanino, Nantan, or in other cases where Co
is overrated. Regarding Ni the data comparison between
the two instruments are almost always in good agreement
versus the reference data except for Nantan, Muonionalusta,
NWA 15926 and Saint-Aubin where pXRF reported higher
values, much probably due to the larger area of
investigation. Cr and Cu show high variability even between
the two techniques. Portable XRF for sure reports better results
for P and S in many of the meteorites analysed as also
reported by Gemelli et al (2014).

The p|ots of the elemental mass fractions (in % m/m)
measured by hLIBS in the iron meteorites studied versus their
corresponding reference values are shown in Figure 7. The X
error bars correspond to the s values obtained for the ten

averaged specira for each sample. The good agreement
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Figure 7. Element mass fractions (in % m/m) measured by hLIBS in iron meteorites studied, plotted versus reference

values.

between the hLBS data acquired from the cut (and
somewhat polished) meteorite surfaces and the published
reference data confirmed the efficiency of this technique in
measuring the elements in the iron meteorites studied,
particularly the major elements Fe and Ni and the minor
elements Cu and Co, which typically range from 0.1 to 1%
m/m. The best performance was shown by the most
common elements found in iron meteorites, ie, Fe, Ni, Co
and Cu, whereas in some cases the content of some
elements (e.g, Cr) measured by hLIBS was higher than those

measured by the reference technique INAA, possibly due to
sample heterogeneity. Furthermore, elements such as P and
Cr showed relatively large deviations possibly due to their
very low mass fractions that were near their LOD values (300
for P ug g and 61 pg g for Cr) (Table 4). Unfortunately, S
could be measured with good agreement with the reference
values only in Mount Dooling and Mundrabilla meteorites.
A|though C could be detected by hLIBS, CRMs with C mass
fractions close to those of meteorites studied would be
needed to obtain a more robust quantification.
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Figure 7. (continued).

Besides Ni and Co, the trace elements Cu, Ga, Ge, Ir
and Au have the greatest taxonomic significance in the study
of iron meteorites, thus the knowledge of their contents
allows a better classification of them to be achieved. To this
purpose, the Geochem application was used to build a set
of calibration curves for Co, Ni, Cu, Ga and Ge (Figure 8)
using eight iron meteorites as the standard set, so attempting
to determine the unknown Ga and Ge contents in other two
meteorites, i.e, Campo del Cielo and Nantan. Wasson and
Kallemeyen (2002) reported reference mass fractions of 87
and 79.8 ug g, respectively for Ga in Campo del Cielo

P

GEOSTANDARDS and

NS

./ GEOANALYTICAL

NCr

RESEARCH

Maslyanino (IAB complex)

100
Fe
g 107 “Ni
g Cu
3
L
(-4 1
E
g Co
B 0.1 tol
P
0.01 . - <Cr, T
0.01 0.1 1 10 100
% m/m hLIBS
Mundrabilla (IAB-ungrouped)
100 A
Fe
Ni
10 4
S
E .
& C Cr
£ 14 o A
g Cu
! F: Co
= 0.
0.01 T T T T
0.01 0.1 1 10 100
% m/m hLIBS
Nantan (IAB-Main group)
100 4
e
o 10 §
2 Ni
3
3o
& 14 'Cu
£
g Co
< o Cr
0.01 T T T

0.01 0.1 1 10 100
% m/m hLIBS

and Nantan, whereas in this work the hLIBS mass fraction
measured for Ga was 60 g g™ in both meteorites, and Ge
was not quantified possibly because its mass fraction was
very low and close fo the LOD value (348 pg g™'). Thus, any
analytical technique used for classifying iron meteorites by
measuring the presence of trace elements such as Ga, Ge
and Ir can be efficient only having available CRM samples

with similar mass fractions of these trace elements.

One of the main difficulties in measuring the bulk
composition of iron meteorites is their heterogeneity, which is
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Figure 7. (continued).
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Table 4.
Limits of detection (LOD in pg g') of some
elements measured by hLIBS in the iron meteorites
studied

Element LOD
P 300
Cr 61
Co 200
Cu 34.1
Ga 172
Ge 348
As 5.90
I 0.67
Au 0.84

influenced by the size and spatial distribution of their
constituent phases, such as the kamacite-taenite infergrowths
and accessory minerals, eg, troilite, schreibersite, chromite
and graphite. Although this is an issue related to the size of
the X-ray beam of PXRF (Gemelli et al. 2014), hLIBS offers a
solution to this problem thanks to the smaller investigated
area compared with that of pXRF. Furthermore, the raster
grid pattem used in hLIBS can be even reduced in order to
analyse a smaller area, thus avoiding, for example,
significant offsets and systematic divergences associated
with the occasional analyses of mm-sized sulfide and
phosphide crystals. In the case of iron meteorites apparently
deeply weathered and/or covered by deep rust, multiple
additional laser shots can be fired at any location on the
surface to obtain a LIBS depth profile of the sample.

The dlassification diagram based on the Ni vs. Co
contents of the ninefeen classified metfeorites and one
unclassified (blue circle) measured by hLBS and the
corresponding  compositional fields of the maijor iron
meteorite classes from the literature (Grady et al 2020) is
shown in Figure 9. The classification achieved by hLIBS for
the nineteen iron meteorites studied appeared in good
agreement with the compositional fields of the correspond-
ing chemical groups and the existing chemical classification
of the iron meteorites ano|yseo| (Table 1), thus the hLIBS
measurement procedure can be considered fit-for-purpose
when combined with petrographic and textural analysis.
Furthermore, this approach was also used successfully to
identify and classify in the IAB group the unclassified

meteorite used in this work.

Unfortunately, the P and S mass fractions determined by
hLIBS were not satisfactory in terms of precision and accuracy
to investigate the chemical evolution and petrogenesis of
iron meteorites. The mass fraction of these elements is
important as they determine the solidification behaviour and
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the distribution of maijor, minor and trace elements in iron
meteorites (Goldstein et al 2009), because they are
preferentially contained in accessory phases such as sulfides
and phosphides. Furthermore, hLIBS was able to reveal the
presence of C, eg, in graphite or cohenite (Fe3C) minerals
and of silicate inclusions contained in some iron meteorites,
eg. IAB and IIE groups, where they have readily separated
from molten metal due to their buoyancy (Scott 2020), and
thus may provide important evidence for impacts between

molten or partly molten planetesimals.

The compositions measured by hLIBS of the interior and
external surfaces of the Gebel Kamil, Mundrabilla
and Oglat Sidi Ali specimens are compared in Table 5.
Not only the Fe, Ni and Co data confimed the
extra-ferrestrial signature of these samples, but the high
contents of C, Al, Si, S and the different Fe/Ni ratio also
indicated the occurrence of weathering due to the effect of
the entrance in atmosphere and contamination on the
ground (e.g, desert varnish), as previously reported (Lee
and Bland 2003, Folco et al. 2010, Gemelli et al 2014).
The study of weathering products on meteorites has been
proposed as the basis for examining terrestrial weathering
rates (Bland 2006). Rusting of Fe-Ni metal of iron
meteorites has been widely reported where weathering
leads to variob|y dep|eteo| Ni contents (Jambon 2017),
which is in agreement with our results. Compared to pXRF
data of Gemelli et al (2014) obtained on the bulk and
external surface of a Gebel Kamil fragment, our data
indicated o|ep|eﬂon in Ni and an increase in Co, whereas
an opposite trend was shown by Fe content. These results
might be explained because pXRF is a volume technique
and, as such, is sensitive to the possible compositional
variations below the surface of the sample, due to
weathering or composition. In this respect, hLIBS analysis
would provide unique information about the in-depth

variations of sample composition.

2-D Microscale mapping

By rastering the laser along the XY-direction over a
2-mm? area of the sample surface, the hLIBS instrument can
analyse its compositional variation and provide its micro-
scale mapping at the ~100 pm spatial scale in less than 1
min. The spatial distributions of the abundances of Fe, Nii, Co,
Ga, W, V, Ca, Na and K on the surface of the Oglat Sidi Ali
meteorite are displayed in Figure 10a. The typical feature of
these “heat maps” was the dominant dark blue colour
denoting the low abundance of Fe in the central area where
the yellow and red colours were predominant indicating the
high presence of Ni, Co, Ga and W. Differently, the areas
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Figure 8. Calibration curves constructed for Co, Ni, Cu, Ga and Ge using ten iron meteorites as references.

where the red colour (high abundance) of Fe is evident, the
element V and Na (blue colour) were very low and Ni, Co,
Ga and W exhibited intermediate values (light green and
light blue). Very typical was the relatively low abundance
(dark blue colour) of K almost on all the area investigated.
Furthermore, specific compositional differences were appar-
ent in some specific spots of the map.

The “heat maps” showing the variations of Fe, Ni, Cr, Ga,
Au, Cs, Rb, W, Al, K and Ca abundances on the Dronino
meteorite surface are shown in Figure 10b. These maps
showed areas feoturing the simultaneous abundance of Fe,
Cr, Al and K, and an area where the Fe presence was very
low and that of Cr, Al and K were very high. Noteworthy, the

central area of the maps featured a high abundance of Fe,
Cr, K, Ca and some Al a simultaneous low abundance/ab-
sence of Ni, Ga and Cs and Rb. In particular, the spatial
distribution of Fe and Cr in the maps appeared to be
coherent with the geochemical of Fe-Cr composition of the
mineral chromite (FeCr,O.,4), which is an accessory mineral
found in this meteorite. Commonly, chromite occurs as small
euhedral crystals in sulfide nodules, together with minute
inclusions in Fe phosphate (Grokhovsky et al. 2005). Even if
the contents of Au and Ga found by INAA analysis
(Grokhovsky et al 2005, Russell et al 2004) were low, a
distinct presence of Au and, especially, Ga were visible in
these maps, which disﬁnguished the Dronino elemental

pattem from that of all known iron meteorite groups and,
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Figure 9. Classification diagram based on the Ni vs. Co contents of the nineteen classified meteorites and one

unclassified (blue circle) measured by hLIBS and the corresponding compositional fields of the major iron meteorite
classes from the literature. Abbreviations used: Agoudal (Ag); Aletai (Al); Campo del Cielo (CDC); Cape York (CY);
Dronino (Dr); Gebel Kamil (GK); Hickman (Hi); Maslyanino (Ma); Mount Dooling (MD); Mundrabilla (Mun);

Muonionalusta (Muo); Nantan (Na); NWA 6903; NWA 859;
Sikhote-Alin (SAl); Tartak (Ta); Unclassified meteorite (Uncl).

Table 5.

NWA 15926; Oglat Sidi Ali (OSL); Saint-Aubin (SAu);

Composition (in % m/m) and Fe/Ni ratio of the flat internal bulk cut and the external surface of Mundrabila,
Oglat Sidi Ali and Gebel Kamil meteorites measured by hLIBS

Element | Mundrabilla Mundrabilla Oglat Sidi Ali Oglat Sidi Ali Gebel Kamil Gebel Kamil
bulk cut external surface bulk cut external surface bulk cut external surface

Fe 90.57 87.31 83.45 84.14 78.60 79.69

Ni 7.66 5.63 14.99 7.40 19.38 15.16

Co 0.520 0.30 122 0.90 0.78 0.96

P 0.027 0.046 0.027 0.026 - 0.030

S 0.046 0.11 - 0.090 - 0.048

Cr 0.058 0.065 - 0.053 0.057

Cu 0014 - 0.033 0.068 0071 0.092

Mn - 0.750 - - -

Al 0.050 0910 0.025 0.890 0.029 0610

Si 0.194 3.80 0.201 241 0.085 1.83

C 0.510 091 0.300 0.52 0.620 127

Fe/Ni ratio 11.82 15.51 557 11.37 4.06 526

hence, classify Dronino as an ungrouped iron meteorite.
Such information can reveal whether a mineral is homoge-
neous at the spatial scale of the LIBS.

© 2024 The Author(s). Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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The “heat maps” are thus able to provide efficiently the
compositional differences between iron meteorites and can
also contribute to understanding the geochemical behaviour
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Fe 404.58 nm
Ca 422.67 nm
Ni 338.06 nm
Vv 437.92 nm
Ga 417.2 nm
W 429.46 nm
Co 387.31nm
K 766.49 nm
Na 588.99 nm

Figure 10. The distribution of elements (‘heat maps’) in Oglat Sidi Ali (a) and Dronino (b) meteorites obtained by

raster scanning shown in a gradient of colours that varies from red for high relative abundance to blue for low

relative abundance. The spectral lines used to construct these microchemical maps are: Fe = 404.58 nm; Ni = 227.01
and 338.06 nm; Co=387.31 nm; V=437.92 nm; Ga =294.36 and 417.2 nm; W = 429.46 nm; Na = 588.99 nm;
Ca=396.85 and 422.67 nm; K=766.49 nm; Cs = 852.11 nm; Al =396.15 nm; Cr =428.97 nm; Au=431.51 nm

and Rb =794.76 nm.

of different elements at a small spatial scale, which can
provide an invaluable insight into the process of meteorite

formation.

Conclusions

Differently from the destructive laboratory analytical
techniques that are the primary means of studying the bulk
characteristics of iron meteorites, this work attempted to
develop a methodological approach and protocol to be
used in the field based on the use of an hLIBS instrument to
achieve the compositional characterisation of iron meteor-
ites. The advantages of hLIBS include a minimal destructivity,
rapid infield elemental analyses, verification of sample

representativeness and homogeneity, recognition of any
anomaly on the spot, screening of compositional variation,
the possibility to concentrate on the most crucial regions of
mass fraction ranges so to verify the most significant
differences, and achieve a preliminary classification. Nickel
is a characteristic element of meteoritic iron. A|fhough, due to
atmospheric agents the measured Ni content is sometimes
lower than that in iron meteorites, we have demonstrated
that it is sufficient to identify them as extra-terrestrial materials.

The results of this study have shown that the hLIBS
analyses of the external surface of iron meteorites allows the
rough identification of iron meteorites in conditions where
internal, flat, or polished surfaces are unavailable, as may
occur during material discovery in the field. The calibration

858 © 2024 The Author(s). Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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Figure 10. (continued).

approach used in this work, based on the use of CRMs of
available matched reference Fe-Ni-Co alloys containing
pertinent trace elements, and natural iron meteorites of well-
known elemental composition, has proven successful for
quantitative analysis by hLIBS. Furthermore, hLIBS data were
shown to agree well with pXRF data and data reported in
the literature. Finally, the 2D compositional mapping
achieved by hLIBS has shown to be competifive with more

conventional imaging techniques such as electron probe
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404.58 nm

Ca 396.85 nm
Ni 227.01 nm
Ga 294.36 nm
w 429.46 nm
K 766.49 nm
Cs 852.11 nm
[ | Al 396.15 nm
dr 428.97 nm
Au 431.51 nm
Rb 794.76 nm

microanalysis (EPMA) and energy-dispersive X-ray (EDS), but
significantly more rapid.

Meteorifical applications can greatly benefit from the
versatility of hLIBS that represents a key-step in the evolution
of meteorite studies. The preliminary chemical classification of
iron meteorites could be used in the near future to identify
and recognise mislabelled/unlabelled and dubious mete-

orite specimens in museums and private collections. Another

© 2024 The Author(s). Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of 859

International Association of Geoanalysts.

85U80|7 SUOWILLOD 3AIEs.D) 3|edldde au Aq peusenob are ssjoiie YO ‘88N Jo Ss|ni o Areiqi]8uljuO A8]i/W UO (SUORIPUOD-PUR-SWLBHW0D A8 |IMAe.d Ul |uo//:Sdny) SUoRIPUOD pue SWie | 81 885 *[202/2T/S0] Uo Akeid)8ulluO A8 |IM ‘S3d O Aq T8GZT 4B6/TTTT 0T/I0p/w00 Ao |im Areiq i euluo//Sdny wo. pepeojumoq ‘v ‘vZ0Z X06TS.T



RN

GEOSTANDARDS and

= GEOANALYTICAL
RESEARCH

aspect of LIBS versatility is the possibility to combine this
technique with other analytical techniques, e.g, LAICP-MS, in
a single instrument that would allow the simultaneous,
comprehensive chemical and isotopic analysis of the plasma
produced by the laser. Furthermore, the recent discovery in
the Moroccan High Atlas of an iron dagger blade
highlighting o genetic relationship with iron meteorites
collected in the corresponding regions suggest that many
other artefacts involving meteoritic iron as the metal source
can be found in this region (Ibhi et al 2022). Finally, the
hLIBS instrument paves the way for the direct investigation of
extra-terrestrial bodies, and in the future, it will |ike|y be
possible to conduct direct measurements on interplanetary
sites of scientific interest.
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