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Meteorites are rocks that once were part of planets or large asteroids, and usually contain a
great amount of extra-terrestrial iron. Nowadays, the meteorite business is booming and the
demand is increasing all over the world, whereas supply (originating especially from
Morocco and Algeria) is limited. Thus, specimens presented as meteorites often turn out to be
common Earth rocks or old smelter and castoff iron dubbed as a “meteor-wrong”. In the
present study a compact handheld instrument based on fast-response multi-elemental analysis
technique, i.e., laser induced breakdown spectroscopy (LIBS), has been used to identify
specific major elements (Ni and Co) and trace elements (Ga and Ir), in order to discriminate a
certified iron meteorite with respect to a suspected meteorite fragment and a pig iron product.
Furthermore, a calibration free LIBS method has been used to quantify the main elements Fe,

Ni and Co in the iron meteorite and Fe, Mn, Si and Ti in the other two fragments.
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In the last years, especially in the Saharan region, meteorite hunting and business have
increased markedly due to the high attention given to space material studies and discoveries.
In particular, nowadays Morocco is one of the main exporters of meteorites in the world
(Khiri et al. 2017). Most meteors burn only for a few seconds, and that brief period of heating
makes meteorites unique and fascinating. In particular, fierce temperatures cause surfaces to

literally melt and flow, so producing a number of features, such as regmaglypts (thumbprints),
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fusion crusts, specific orientations, contraction cracks and rollover lips, which are unique to

meteorites (Benedix et al. 2014).

These extra-terrestrial objects, especially iron meteorites, may, however, be confused, either
faithfully or by purpose, with terrestrial rocks or manmade iron objects that simulate some
typical features of true meteorites. After a careful analysis, a specimen, which is thought or
suspected to be an iron meteorite, may show up to be a “pseudometeorite”, or affectionately
and humorously named “meteor-wrong”. These materials are attracted by a magnet, and
include terrestrial iron oxides such as magnetite, dark black rocks such as basalt, and many
different types of man-made iron by-products such as slags from old smelters and castoff iron
that have corroded over time. In particular, slags often feature very rough, burned and melted
glassy (vitreous) surfaces, and the presence of vesicles (gas bubbles) created by escaping
gases. Many slags show flow features in the glass, and some have flat surfaces when

solidified in a restricted space.

Genuine meteorites tend to look different from ordinary terrestrial rocks lying around them,
but their preliminary identification in the field needs a practiced eye. In particular, meteorites
do not contain the common earth mineral quartz, and generally do not present vesicles,
whereas when gas escapes from a cooling molten material, it creates small pinprick holes and
cavities on the surface. Thus, if a suspected meteorite looks like a sponge, with lots of tiny
holes, it is probably a terrestrial volcanic rock or a slag, so an experienced eye will
immediately identify this as a meteor-wrong (Notkin 2011). Most meteorites, especially iron
meteorites, feel much heavier in the hand than an ordinary earth rock should, and contain a

significant amount of extra-terrestrial Fe and Ni, thus the first step in identifying them is the
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magnet test, i.e., they stick to a magnet. Many Earth rocks are also attracted by a magnet, so

this is not a definitive test, but represents a preliminary proof to further analysis.

Visual and magnetic methods are thus not exhaustive for an unequivocal identification, that
requires an adequate laboratory analysis in order to ascertain the extra-terrestrial origin of
suspected, especially iron, meteorites (Notkin 2011). In particular, Ni is a rare element on the
earth but most often present in meteorites. Hence, if visual inspection and the magnet test are
positive, the presence and content of Ni should be verified, together with that of some
diagnostic trace elements such as Ga, Ge and Ir. With respect to the various destructive and
expensive traditional analytical techniques generally used, the elemental determination
performed by laser induced breakdown spectroscopy (LIBS) shows significant advantages,
including sensitivity to light elements, versatility, minimal destructivity, rapidity, relatively
low operating costs, and the possibility of in-field operations (Cremers and Radziemski 2006,
Harmon et al. 2013, Senesi 2014). In previous studies, bench-top (Thompson et al. 2006, De
Giacomo et al. 2007, Dell’ Aglio et al. 2010, Cousin et al. 2012, Hornackova et al. 2014) and
portable (Senesi et al. 2016) LIBS systems showed promise in meteorite analysis. Very
recently a portable handheld LIBS instrument, associated with a multivariate calibration
treatment of the LIBS spectra acquired in the ultraviolet (UV) and infrared (IR) spectral
ranges, was used successfully for the in situ quantitative measurement of Si, Al, Mg, Ca, Ba,
Na and Fe mass fractions in weathered terrestrial meteorite analogues (black steel slag and
impact glasses) (Gomez-Nubla et al. 2018). In particular, the LIBS predicted concentrations
were in good agreement with the certified concentrations measured by XRF. However, a
simple and more compact handheld LIBS instrument has not yet been demonstrated for the

identification of true meteorites and their discrimination from meteor-wrongs.
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In this study, a handheld LIBS instrument was used for the first time to measure the
qualitative differences in the elemental composition among a classified and certified iron
meteorite named Agoudal, a suspected meteorite fragment and a pig iron product. Further,
the quantification of the major elements Fe, Ni and Co in the iron meteorite and Fe, Mn, Si
and Ti in the other two samples was attempted using a calibration free (CF)-LIBS method.
The performance of LIBS for the rapid discrimination between meteorites and so-called

meteor-wrongs has been evaluated.

Materials and methods

Samples

The samples of this study were a certified meteorite, a suspected meteorite fragment and a

pig iron produced from the iron industry. The certified meteorite sample was a 51-mm-long
fragment of the Agoudal meteorite (Figure 1a), which was discovered and collected from the
nearby village in the High Atlas Mountains in Morocco (Chennaoui Aoudjehane et al. 2013,
Meteoritical Bulletin Database 2014). This meteorite consists of abundant coarse-grained
kamacite (a-Fe, Ni), with a ratio Fe:Ni between 90:10 and 95:5, schreibersite (Fe,Ni)sP,
rhabdite (tetragonal schreibersite) and troilite (FeS) (Chennaoui Aoudjehane et al. 2013,
Schmieder et al. 2015). The guantitative ICP-MS analysis ascertained a content of 5.5% m/m
Ni and 4.1 mg g Co, and trace levels of Ga (58 pug g%), Ir (< 0.04 pg g*) and Au (~ 1 pg g™),
thus this meteorite is assigned to the IIAB magmatic iron group (Chennaoui Aoudjehane et

al. 2013).

This article is protected by copyright. All rights reserved.



The suspected meteorite (Figure 2) was collected in a dry valley in the High Atlas Mountains
in Morocco, which was located half way from the villages of Imilchil and Agoudal, close to
the site where the Agoudal iron meteorite was discovered. Based only on visual inspection
and field tests the fragment (Figure 1b) was identified as an iron meteorite, but its
composition was totally unknown, thus only a detailed chemical analysis in the laboratory
might guarantee its genuineness. The pig iron sample (Figure 1c) was an intermediate
product of the iron industry originated from an industrial source, and consisted of a very
brittle iron-carbon-silicon alloy obtained by smelting in a blast furnace an iron ore as the

basic ingredient before further processing to produce the desired grades of steel.

< Figure 1 here>

< Figure 2 here>

Handheld LIBS

A portable, compact handheld LIBS instrument named NanoLIBS (B&W Tek, Newark, DE,
USA) was used to analyse the samples. The instrument consists of a miniature-diode-pumped,
solid-state, short-pulsed laser emitting at the wavelength of 1064 nm with a maximum output
of 300 mW, a pulse duration of 500 ps and a maximum pulse energy of 150 pJ, and operating
at a high repetition rate, i.e. between 1 and 5 kHz. Measurements were performed by placing

the instrument against the sample surface and then the analysis was started via a trigger.

The spectra were recorded by a compact spectrometer operating in the non-gated mode with

an overall resolution of 0.4 nm over the entire wavelength acquisition range from 180 to 800

nm, i.e. from UV to visible. The integration time of the spectrometer was set at 4 ms, which
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corresponds to twelve laser pulses for a 1-kHz laser. The spectrometer and the acquisition

settings were controlled by a liquid crystal display (LCD) touch screen panel.

The system is equipped with a rastering beam that covered an area with a diameter of about
300 um. As the samples were not homogeneous, ten different positions were analysed and
each measurement lasted about 6 s. On each position a total of 150 spectra corresponding to
1800 laser shots were acquired and averaged to obtain a single spectrum. The average LIBS
spectra were stored in the analyser and accessed using a Linux operating system with graphic
user interface (GUI) by downloading via Wi-Fi or Ethernet. Then, the spectra were analysed
qualitatively using the NIST database, and quantitatively by applying the CF-LIBS method

implemented by proprietary software (LIBS++ by Marwan Technologies).

For safety reasons, the laser output was controlled automatically by a sensor installed in the
analytical head, so that the laser could operate only when the analytical head was in contact
with the sample. The NanoLIBS instrument is designed to operate primarily as a handheld
device outdoor in the field, thus it is provided with a rechargeable Li-ion battery allowing up
to 8 h of operation. However, it can also operate indoor while connected to AC power. The
whole system is enveloped in a lightweight and compact (mass and dimensions of

approximately 1.8 kg and 26 cm x 10 cm x 30 cm, respectively), handheld body.

Scanning electron microscopy and X-ray fluorescence spectrometry

The reference quantitative analysis of the suspected meteorite sample was conducted by

scanning electron microscopy (SEM) coupled with microanalysis. The instrument used is a

field emission SEM (Zeiss SIGMA 300 VP) operated in both high vacuum and variable
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pressure modes with a resolution of ~ 10 nm, and was equipped with backscattered electron
(BSE) detectors, an in-lens secondary electron (SE) detector and a cathodoluminescence (CL)
detector. The elemental composition was measured by two energy dispersive X-ray
spectroscopy (EDS) systems equipped with silicon drift detectors (SDD) of 60 and 44 mm?

having a resolution of 123 eV (Bruker).

The pig iron sample was analysed preliminarily by X-ray fluorescence (XRF) spectrometry
using a MagiX FAST simultaneous XRF instrument (PANalytical B.V., Holland) equipped
with a 300-pum brass filter, a 1-mm Pb beam-stop and a 4 kW Rh Super Sharp end-window

Tube set at 60 kV and 66 mA to obtain the optimal measurement of heavier elements.

Results and discussion

Qualitative LIBS analysis

The analysis of the broad emission spectra measured on the three samples showed that the
main components of the Agoudal meteorite were Fe, Ni and Co, whereas those of the other
two samples were Fe, Mn, Si and Ti. All the spectra featured an intense background
especially in the wavelength range of 200-300 nm where multiple lines of the major matrix

element, Fe, appeared.

The laser energy used in the handheld LIBS instrument was lower than that used in
conventional LIBS, so producing a smaller-sized, lower intensity plasma yielding a lower,
short time continuum radiation. However, the spectrometer was used in the non-gated mode

and about twelve ablations occurred during one gate time, thus the appearance of a
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background signal was unavoidable. Similar effects were observed by other authors (Afgan et

al. 2017) in analysing steel samples by a handheld LIBS system.

Due to the dominant presence of Fe lines in the spectra of the three samples, the main
differences among them could be revealed only when examining the specific spectral ranges
from 215 to 240 nm (Figure 3a) and from 330 to 355 nm (Figure 3b). In particular, in the
spectral range 215-240 nm, besides several emission lines of the major elements Co Il and Ni
I, the specific signals of the typical trace metals Ga | (at 225.503 and 229.787 nm) and Ir |
and Ir 1l (at 220.809, 226.633 and 230.422 nm) were evident in the iron meteorite spectrum,

but not in that of the other two samples.

< Figure 3 here>

Differently, in the more crowded range 330—355 nm the typical spectral lines of Ti I (at
332.294, 332.946, 334.941 and 336.121 nm) and Si Il (at 333.982 nm) were present in the pig
iron sample, but not in the iron meteorite and in the other fragment. Further, the spectrum of
the iron meteorite in this range featured some specific spectral lines of Ni I at 336.957,
338.057, 339.105, 341.348, 342.371, 345.857, 349.296 and 352.454 nm, Co | at 340.512,
343.158, 344.364 and 347.402 nm and Ir | at 351.364, which were not present in the other
two samples. Thus, the handheld LIBS instrument was able to identify and discriminate the
qualitative chemical elemental composition of the three samples examined by showing a
number of relevant differences among them. In particular, the absence of Ga and Ir in the
suspected meteorite fragment, which was erroneously classified by all field tests as a true iron
meteorite, indicated that this fragment is actually a meteor-wrong, probably an old, rusted

cast iron residue.
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The NIST DataBase values (NIST ASD Team 20I8) of the spectroscopic parameters of the
most intense spectral lines of the major elements identified in the samples are listed in Table
1. Only the most intense lines, which were not overlapped by signals of other elements, were
selected for the further quantification process. In particular, in the pig iron sample the C
signal at 247.856 nm was overlapped by Fe signals because of the high concentration of Fe
and the low resolution of the miniaturised spectrometer, whereas the spectral lines of Co, Ni,
Ga and Ir could be identified in the Agoudal meteorite sample because of reduced Fe line
interferences. Furthermore, self-absorbing lines featuring high values of gi-Ax were
identified and discarded from quantification, because self-absorption weakens their intensity,
thus the concentration of the corresponding elements could be underestimated with an impact

more marked on major elements than on trace elements.

< Table 1 here>

Quantitative CF-LIBS analysis

On the basis of the most intense, reproducible and sensible spectral lines, the major elements
chosen to be quantified by CF-LIBS analysis were, respectively, Fe, Ni and Co for the iron
meteorite, and Fe, Mn, Si and Ti for the other two samples. The LIBS measurement of the C
content in iron materials is still a challenging task even when using conventional bench-top
LIBS systems, because most of the C lines appear in the VUV range, i.e. they are absorbed in
air. Further, the strongest detectable C line at 247.856 nm is located in the range of the

crowded Fe spectrum.
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In the case of iron meteorites, a particularly important issue concerns the determination of
their quantitative elemental composition as they are classified on the basis of either their Ni
content or on the different phases in which they crystallise. Iron meteorites can be further
assigned to various subclasses on the basis of trace element (mainly Ga, Ge, Ir) contents that
are influenced markedly by the cooling history of the meteorite, and can therefore provide
important information on their parent bodies (Goldstein and Scott 2009). Although the
emissions peaks of some of these trace elements (Table 1) have been detected, no
quantification has been attempted before now because of the large uncertainties of the CF-
LIBS method when determining elemental mass fractions lower than hundreds of ug g™

(Dell’ Aglio et al. 2010).

The CF-LIBS procedure implies the assumption of the existence of the Local
Thermodynamic Equilibrium (LTE) in the plasma, and its correct application requires the
accurate determination of several parameters of the laser induced plasma, including its
temperature and electron density, which can be measured by the intensities and profiles of
spectral emission lines (Ciucci et al. 1999, Cremers and Radziemski 2006). In this work, the
excitation temperature (Te) values obtained by the Fe Boltzmann plot of all spots analysed
was about 12000 K for all samples, whereas the electron density (Ne) values obtained by the
Stark broadening of the hydrogen line were 5.63 x 10*” cm™ for the Agoudal meteorite and
5.29 x 10'" cm™ and 7.69 x 10> cm™®, respectively, for the suspected meteorite and the pig
iron samples. These results confirmed that the LTE condition was fulfilled (Tex > 5000 K, N
> 1016 cm™) in the plasma generated by each sample examined. Further, the plasma
conditions of all samples were comparable as the experimental uncertainty of Tex and Ne
values were of 10-15%. Some slightly higher deviations might be due to small differences in

the ablation efficiency and/or to the different dimensions of the sample grains and/or minerals.
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The quantitative composition of the Agoudal meteorite obtained by the CF treatment of data
measured by the handheld LIBS instrument showed some differences from the corresponding
data obtained in a previous study by a portable p-LIBS system (Senesi et al. 2016) and the
reference ICP-MS data from the literature (Chennaoui Aoudjehane et al. 2013) (Table 2).
Although the Fe content was in good agreement, differences were found for Ni and Co
contents measured by the three techniques. The differences between the two LIBS systems
might probably be due to the double-pulse LIBS setting used in the portable system, which
improved its sensitivity, and to the low resolution of the spectrometers used in the handheld
system as a consequence of the intense spectral background. Further, the differences
observed between LIBS and ICP-MS data might be ascribed to the much greater amount of
sample (about 1 g) that can be analysed by ICP-MS, which reduces markedly the matrix
effects, with respect to the amount analysed by LIBS, which is a point analysis technique able
to consider only a very small portion of the sample corresponding to the dimension of the
focused laser spot. However, an improvement of the analytical performance of LIBS, so to
approach, from the statistical point of view, the values obtained by other techniques, could be

achieved by moving the sample during LIBS analysis in order to ablate different points.

The quantitative composition of the pig iron and the already ascertained meteor-wrong
samples measured by the two CF-LIBS systems, EDS-SEM and XRF are shown in Table 3.
Also for these samples a good agreement was shown between the two techniques for the Fe
content. In the case of the pig iron sample, also the Ti and Si contents measured by XRF were
quite similar to those obtained by the handheld LIBS instrument, whereas the content of Mn

appeared overestimated by LIBS.
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<Table 2 here>

<Table 3 here>

No detectable amounts of Ni and Co were found in the meteor-wrong sample by either EDS-
SEM or LIBS (LOD = 0.009% for Ni and 0.003% for Co), which was confirmed by BSE
imaging and EDS X-ray mapping. The BSE image (Figure 4, left) showed the presence of
spheroidal graphite (grey zone) and microstructures consistent with iron materials containing
P (black zone). The EDS X-ray elemental maps (Figure 4, right) indicated a marked presence
of Fe and P and a minor presence of C, whereas Mn was not detectable. Although P and S,
which are generally present as sulfide and phosphide accessory minerals, could be detected
by LIBS in the deep UV range, between 175 and 190 nm, this would require the use of an
argon purge that was not available in the handheld instrumental configuration used in this
work. Thus, even if the quantitative data obtained by traditional techniques are not always in
good agreement with LIBS data, the quantitative results obtained appear enough to suggest
that the suspected meteorite fragment was a meteor-wrong, and very probably consisted of an

ancient fragment of cast iron.

<Figure 4 here>

Conclusions

The results of the direct LIBS analysis of the documented Agoudal iron meteorite, a
suspected meteorite fragment and a pig iron sample demonstrated the good performance of
the handheld LIBS instrument when used for the rapid and trustable authentication of iron

meteorites. In particular, the qualitative analysis made by the handheld LIBS system, even if
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equipped with a low resolution spectrometer, allowed the identification of the major elements
Fe, Ni and Co and the trace elements Ga and Ir only in the iron meteorite, which confirmed
the high potentiality of this technique in discriminating a true iron meteorite sample from a
meteor-wrong sample. However, the LIBS quantitative data were only partly satisfactory, and
require adequate improvements of some LIBS instrumental parts to increase the analytical

sensitivity.

In conclusion, the handheld LIBS instrument appears to represent a promising advanced
technical tool to obtain a fast, reliable, non-destructive, in-field chemical analysis and
identification of the extra-terrestrial origin of metallic objects with respect to human artefacts,
so being able to discriminate between a true meteorite and a meteor-wrong. Furthermore, the
preliminary chemical classification of iron meteorites could be used in the near future to
identify and recognise mislabelled/unlabelled dubious meteorite specimens in museums and

private collections.

Acknowledgements

The authors acknowledge Davide Manzini from MADAtec s.r.l. and B&W Tek for providing
us the use of NanoLIBS handheld instrument and are grateful to Dr. A. Bove, head of raw
materials quality control laboratories at llva Taranto Steelworks — ILVA GROUP for the pig

iron sample and XRF analyses.

This article is protected by copyright. All rights reserved.



References

Afgan M.S., Houa Z. and Wang Z. (2017)
Quantitative analysis of common elements in steel using a handheld p-LIBS instrument.

Journal of Analytical Atomic Spectrometry, 32, 1905-1915.

Benedix G.K., Haack H. and McCoy T.J. (2014)
Iron and stony-iron meteorites. In: Davis A.M. (ed.), Meteorites and cosmochemical
processes, vol. 1 of Treatise on Geochemistry (Second edition). Elsevier (Amsterdam),

267-285.

Chennaoui Aoudjehane H., Garvie L.A.J., Herd C.D.K., Chen G. and Aboulahris M.
(2013)
Agoudal: The most recent iron meteorite from Morocco. 76th Meeting of the Meteoritical

Society (Edmonton, Canada), abstract 5026.

Ciucci A., Corsi M., Palleschi V., Rastelli S., Salvetti A. and Tognoni E. (1999)
New procedure for quantitative elemental analysis by laser-induced plasma spectroscopy.

Applied Spectroscopy, 53, 960-964.

Cousin A., Sautter V., Fabre C., Maurice S. and Wiens R.C. (2012)

Textural and modal analyses of picritic basalts with ChemCam laser-induced breakdown

spectroscopy. Journal of Geophysical Research, 117, E10002.

This article is protected by copyright. All rights reserved.



Cremers D.A. and Radziemski L.J. (2006)

Handbook of laser-induced breakdown spectroscopy. Wiley (Chichester).

De Giacomo A., Dell’Aglio M., De Pascale O., Longo S. and Capitelli M. (2007)
Laser induced breakdown spectroscopy on meteorites. Spectrochimica Acta Part B, 62,

1606-1611.

Dell’Aglio M., De Giacomo A., Gaudiuso R., De Pascale O., Senesi G.S. and Longo S.
(2010)
Laser induced breakdown spectroscopy applications to meteorites: Chemical analysis and

composition profiles. Geochimica et Cosmochimica Acta, 74, 7329-73309.

Goldstein J.1., Scott E.R.D. and Chabot N.L. (2009)
Iron meteorites: Crystallization, thermal history, parent bodies, and origin. Chemie der Erde,

69, 293-325.

Goémez-Nubla L., Aramendia J., Fdez-Ortiz de Vallejuelo S. and Madariaga J.M. (2018)
Analytical methodology to elemental quantification of weathered terrestrial analogues to
meteorites using a portable laser-induced breakdown spectroscopy (LIBS) instrument and
partial least squares (PLS) as multivariate calibration technique. Microchemical Journal,

137, 392-401.

Harmon R.S., Russo R.E. and Hark R.R. (2013)

Applications of laser-induced breakdown spectroscopy for geochemical and environmental

analysis: a comprehensive review. Spectrochimica Acta Part B, 87, 11-26.

This article is protected by copyright. All rights reserved.



Hornackova M., Plavéan J., Rakovsky J., Porub¢any V., Ozdin D. and Veis P. (2014)
Calibration-free laser induced breakdown spectroscopy as an alternative method for found

meteorite fragments analysis. The European Physical Journal Applied Physics, 66, 10702.

Khiri F., Ibhi A., Saint-Gerant T., Medjkane M. and Ouknine L. (2017)

Meteorite falls in Africa. Journal of African Earth Sciences, 134, 644—657.

Meteoritical Bulletin Database (2014)
Entry for Agoudal: http://www.lpi.usra.edu/meteor/metbull.php?code=57354 (Date last

accessed: 15 September 2013).

NIST ASD Team (2018)
NIST atomic spectra database (version 5.5.2). Available: https://physics.nist.gov/asd.

National Institute of Standards and Technology (Gaithersburg, MD).

Notkin G. (2011)

Meteorite hunting: How to find treasure from space. Stanegate Press (Tucson, USA).

Schmieder M., Chennaoui Aoudjehane H., Buchner E. and Tohver E. (2015)

Meteorite traces on a shatter cone surface from the Agoudal impact site, Morocco.

Geological Magazine, 152, 751-757.

Senesi G.S. (2014)

Laser-induced breakdown spectroscopy (LIBS) applied to terrestrial and extra-terrestrial

This article is protected by copyright. All rights reserved.



analogue geomaterials with emphasis to minerals and rocks. Earth-Science Reviews, 139,

231-267.

Senesi G.S., Tempesta G., Manzari P. and Agrosi G. (2016)
An innovative approach to meteorite analysis by laser-induced breakdown spectroscopy.

Geostandards and Geoanalytical Research, 40, 533-541.

Thompson J.R., Wiens R.C., Barefield J.E., Vaniman D.T., Newsom H.E. and Clegg
S.M. (2006)
Remote laser induced breakdown spectroscopy analyses of Dar al Gani 476 and Zagami

Martian meteorites. Journal of Geophysical Research, 111, E05006.

Figure captions

Figure 1. Fragments of the Agoudal meteorite (a) the suspected meteorite (b), and the pig iron

sample (c).

Figure 2. The suspected meteorite (shown at left above) and its location (shown by the red

marker on the map at upper right).

Figure 3. LIBS spectra in the ranges from 215 to 240 nm (a) and from 330 to 355 nm (b) of

the Agoudal iron meteorite, the suspected meteorite and the pig iron sample.

Figure 4. BSE image (left) and EDS X-ray elemental maps of C, Fe, P in a selected area of

the meteor-wrong fragment.
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Table 1.

Spectroscopic data* of the main atomic emission lines identified in the samples examined
(source: NIST ASD Team 2018)

Element Mc(nm)  E~Ex(eV) Ay (10°s™) 9i—Jk
Col 340.512 0.432-4.072 1E +0 10-10
343.158 0.101-3.713 6.6E -1 8-6
344.364 0.514-4.113 5.5E +0 8-8
347.402 0.582-4.149 4.5E +0 6-8
Fe Il 238.203 0.0-5.203 3.8E +01 10-12
258.587 0.0-4.793 7.15E +0 10-8
259.939 0.0-4.768 2.35E +01 10-10
Fe l 293.690 0.0-4.220 1.26E +0 9-9
302.064 0.0-4.103 6.83E +0 9-9
404.581 1.484-4.549 7.76E +0 9-9
438.354 1.485-4.312 5.50E +0 9-11
Gal 225.503 0.0-5.497 6.30E -2 2-2
229.787 0.102-5.497 111E-1 4-2
Irl 220.809
226.633 0.784-6.253 153E-1 8-10
230.422 0.351-5.731 3.28E -1 10-10
351.364 0.0-3.528 3.7E -1 10-12
Mn 11 293.770 6.184-10.404 8E +0 9-11
294,921 1.175-5.377 1.37E +01 5-7
Ni | 336.957 0.0-3.678 1.3E +0 9-7
338.057 0.423-4.089 3.9E +0 5-3
339.105 0.0-3.655 59E -1 9-9
341.348 0.165-3.796 1.9E -1 7-5
342.371 0.212-3.833 9.9E -1 3-3
345.857 0.212-3.796 3.0E +0 3-5
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349.296 0.109-3.658 2.9E +0 53
352.454 0.025-3.542 5E +0 -5
Ni 1l 216.555 1.041-6.764 2.4E +01 10-10
217.515 1.254-6.952 1.06E +01 6-6
221.648 1.041-6.632 4.1E +01 10-12
222.296 1.041-6.616 9.8E +0 10-10
227.021 1.156-6.616 1.66E +01 8-10
227.877 1.68-7.119 1.7E +01 86
Till 332.294 0.151-3.881 4.78E +0 10-10
332.946 0.135-3.858 3.28E +0 8-8
334.941 0.049-3.749 2.02E +01 10-12
Sil 288.158 0.781-5.082 6.51E +0 5-3

* Wavelength (A), lower and upper energy (Ei—Ex), statistic weight (gi—gx) of the transition
levels, and probability for spontaneous emission (A).

Table 2.

Mass fractions (in % m/m) of Fe, Ni and Co in the Agoudal meteorite measured by different
techniques

Element  ICP-MS™  CF-LIBS™  CF-LIBS
Fe 94.1 94.94 +0.43 96.85

Ni 5.5 472+043 255

Co 0.41 0.58+0.3  0.60

"Reference ICP-MS data from the literature (Chennaoui Aoudjehane et al. 2013).
“Portable p-LIBS data (Senesi et al. 2016).
““Handheld LIBS data of this work.
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Table 3.

Mass fractions (in % m/m) of Fe, C, Si, Mn, Ti and P in the meteor-wrong and pig iron
samples measured in this work by different techniques

Element  EDS-SEM CF-LIBS XRF CF-LIBS
Meteor-wrong  Meteor-wrong  Pig iron Pig iron

Fe 96.67+156  97.18 92.4 95.93

C 1.33+1.08 <0.008" 4.92 <0.008

Si 0.68 + 0.08 1.91 2.08 1.43

Mn <0.24” 0.91 0.158 2.51

Ti <0.18" <0.0009" 0.118 0.12

P 1.32 £0.57 <0.0013" 0.104 <0.0013"

“Limit of detection by LIBS
“Limit of detection by EDS-SEM

a)
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