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Two fragments of an iron meteorite shower named Dronino were characterized by a novel technique, i.e.
Double-Pulse micro-Laser Induced Breakdown Spectroscopy (DP-uLIBS) combined with optical micro-
scope. This technique allowed to perform a fast and detailed analysis of the chemical composition of the
fragments and permitted to determine their composition, the alteration state differences and the cooling rate
of the meteorite. Qualitative analysis indicated the presence of Fe, Ni and Co in both fragments, whereas the
elements Al, Ca, Mg, Si and, for the first time Li, were detected only in one fragment and were related to its

Keywords: post-falling alteration and contamination by weathering processes. Quantitative analysis data obtained using
Dronino iron meteorite the calibration-free (CF) - LIBS method showed a good agreement with those obtained by traditional meth-
Alteration ods generally applied to meteorite analysis, i.e. Electron Dispersion Spectroscopy - Scanning Electron Mi-
DP-pLIBS croscopy (EDS-SEM), also performed in this study, and Electron Probe Microanalysis (EMPA) (literature

Scanning Electron Microscopy

data). The local and coupled variability of Ni and Co (increase of Ni and decrease of Co) determined for the
Chemical analysis

unaltered portions exhibiting plessite texture, suggested the occurrence of solid state diffusion processes un-

der a slow cooling rate for the Dronino meteorite.

©2017.

1. Introduction

The study of meteorites can provide unique information on the
chemical composition of the solar system since it was born and de-
tails on how it evolved into the Sun and planets of today. The infor-
mation that can be obtained goes back until to 4.6billionyears.
Among the known meteorites, those classified as iron and stony-iron
consist of asteroid fragments that were subjected to significant geo-
logical processing in the early solar system, including melting of met-
als and silicates and differentiation into core, mantle and crust. How-
ever, after falling the body of these meteorites experienced also a ge-
ological evolution typical of that occurring on the Earth, but at a
much smaller intensity and timescale [1]. Meteorites represent the
only available material analogues to those present in the deep interi-
ors of Earth and other solar planets, so the discrimination between
fragments that suffered terrestrial alteration and unaltered samples
can be relevant for genetic implications [1].

In the last decades, a novel, highly versatile advanced analytical
technique, i.e. Laser-Induced Breakdown Spectroscopy (LIBS) has
been widely and successfully applied to the study of various types of
terrestrial and extraterrestrial materials in the solid, liquid or gaseous
phase [2]. LIBS shows great advantages, such as no need of sample
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preparation, possibility of simultaneous multi-element analysis, fast
response, capacity of performing depth-profile analysis based on a
simple set-up, and availability of portable instruments suitable for ap-
plications in harsh environments [3—5]. In the last years, many space
agencies programs concerning Mars exploration have shown a great
interest on the application of LIBS to the analytical study of Mars
rocks and soils. In particular, a stand-off LIBS system has been de-
ployed on the Mars rover Curiosity as a part of the ChemCam analyt-
ical system that is presently used to study the geochemistry of the
Martian surface (NASA 2016) [6].

The LIBS technique has already been tested successfully for me-
teorite characterization in a number of previous works [7-13] that, in
general, have shown that the higher was the concentration of ele-
ments, the better was the agreement with data obtained by other tech-
niques. Further, little differences of the minor element presence and
content might play a fundamental role for meteorite classification.

In this study two fragments of an iron meteorite shower named
Dronino were studied using a non-conventional technique, i.e. dou-
ble-pulse micro-Laser-Induced Breakdown Spectroscopy (DP-
pLIBS) in conjunction with optical microscope, which allowed to ob-
tain a fast multi element quantitative analysis also of light elements.
Dronino meteorite was discovered by Oleg Guskov in the year 2003
near the village of Dronino in the Ryazan oblast, Russia [14]. After
this finding, scientific expeditions and meteorite hunters collected
more than 600 fragments (the largest of 250kg) totaling about
3000kg, which were found at a depth of 0.2-2m across an area of
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0.5x1.5km. The distribution of fragments suggested that the mete-
orite formed a crater of about 30m in diameter, which was probably
buried. Since no historical records of a meteorite fall exist, it is likely
that the meteorite fell before the 12th century when the area was
largely unpopulated [15]. According to Russell et al. [15], the bulk
composition of the Dronino meteorite consisted of fine-grained
ataxitic duplex texture containing kamacite (7.0£0.5wt% Ni and
0.75wt% Co) and taenite (26.3+0.5wt% Ni and 0.35wt% Co).

Successively, this meteorite has been studied extensively to inves-
tigate the alteration processes that affected its mineralogy and bulk
chemistry. Most fragments of Dronino appeared strongly oxidized,
although some metal with massive sulfide inclusions was still non—
oxidized in larger samples [16]. In a Mossbauer spectroscopy and X-
ray diffraction study of the metal portion of the meteorite
Grokhovsky et al. [16] found that Dronino consisted mainly of large
kamacite grains (20-80 um in size) of irregular shape dispersed in the
matrix and contained about 10 vol% of rounded, often elongated sul-
fide nodules of a few mm in size, with occasional small worm-like
sulfide inclusions. These nodules consisted of troilite that in some
cases appeared partially or totally replaced by Fe/Ni sulfides formed
under terrestrial alteration. All nodules appeared surrounded by Fe
hydroxides that replaced the metal, whereas some troilite nodules
contained rare tiny metal grains with 52-53 wt% Ni. Accessory min-
erals found in Dronino were chromite and Fe phosphate. Chromite
occurred commonly as small euhedral crystals included in sulfide
nodules and contained MnO (0.2-0.4wt%), TiO, (0.2wt%), and
V,0; (0.2-0.5wt%). Minute chromite inclusions were also found in
Fe phosphate, whereas no phosphides were detected, and no P con-
tent was detectable by Electron Probe Microanalysis (EMPA) in the
metal.

More recently, Yakovlev et al. [17] studied, also by X-ray diffrac-
tion and Maossbauer spectroscopy the weathering products of two
Dronino fragments found the one in a wet and the other in a dry clay
sand. Two types of alteration consisting in an internal and an external
surface layer were found in both fragments. In particular, the weath-
ering products in the fragment collected in the wet clay sand con-
sisted of magnetite (Fe;O,), maghemite (y-Fe,O;), goethite (o-
FeOOH) and probably ferrihydrite (5Fe,0;-9H,0), whereas those in
the fragment collected in the dry clay sand were ferric hydrous oxides
(FeOOH) and siderite (FeCOs).

In this study new data on the compositional and mineralogical
characteristics of the Dronino meteorite allowed to distinguish altered
from unaltered fragments, providing novel additional information on
the geochemistry of the site where the meteorite fragments were
found. Moreover, new insights about the cooling rates of the mete-
orite were inferred. The validity of LIBS quantitative compositional
results was confirmed by comparing the LIBS data with those ob-

tained by Electron Dispersion Spectroscopy - Scanning Electron Mi-
croscopy (EDS-SEM).

2. Materials and methods
2.1. Samples

Two fragments of the Dronino meteorite were examined in this
study, i.e. fragment 1 with evident effects of alteration (Fig.1a) and
fragment 2 featuring the original typical plessite texture and elon-
gated sulfide inclusions characterized by a metallic luster (Fig.1b).

The two fragments investigated had their own certification that re-
ported only the location, but not the specific site characteristics, i.e.
the description of the geo-pedological settings where the fragments
were found and collected. However, by comparing these samples
with the fragments of Dronino meteorite studied by Yakoklev et al.
[17] and accordingly with the results obtained in this previous paper,
fragment 1 could be related to a sandy, permeable, water-bearing soil
(a wet clay sand), and fragment 2 to a drier site. Due to the evident
weathering layer (rusty aspect) covering fragment 1, a portion of it
was previously cleaned off the weathered layer, and both original and
polished samples were analyzed and characterized comparatively.

2.2. The LIBS experiment

A Nd:YAG Q-Switch LIBS system (Modi, Marwan) generating
two laser beams in collinear geometry both at a laser wavelength of
1064 nm (IR) was used for the acquisition of the DP spectra. The DP
mode, which consisted of two successive laser pulses temporally
spaced of few ns or us, was adopted to improve the LIBS signal in-
tensity by coupling better the laser energy to the ablated target mater-
ial in order to obtain a more efficient generation of analyte atoms in
the excited state [2]. In the simplest collinear DP configuration used
here the two laser beams had the same propagation pathway with the
second pulse used to increase the amount of ablated material and, es-
pecially, reheat the plasma, so increasing its volume and emission.
Further, the LIBS system was coupled by an objective lens (10x NA
0.25 WD 14.75mm) to a petrographic optical microscope, which pro-
duced a spot of about 10—15 pum diffraction limited.

The DP-pLIBS analysis was performed using an energy value of
120 mlJ by firing 5 consecutive laser shots on 4 points of the original
(Fig. 1a) and polished (yellow circle in Fig. 2a) surfaces of fragment
1 and on 5 aligned points (red circle in Fig. 2b) of fragment 2.

The maximum repetition rate used was 10Hz, and the delay time
between the two laser pulses was fixed at 1ps. The LIBS spectra
were acquired with a delay of 2 ps after the second pulse, integrated
for 2ms, and then averaged. The plasma emission was collected us-

Fig. 1. Fragment 1 (a) and fragment 2 (b) of the Dronino iron meteorite.
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Fig. 2. Areas analyzed on Dronino fragment 1: polished area (yellow circle) (a); spots analyzed on the cut surface of fragment 2(red circle) (b). (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)

ing an optical fiber and the detection was performed by a double

spectrometer Avantes (AvaSpec Dual-channel Fiber Optic Spectrom-
eter), which covered simultaneously the spectral ranges 190-400nm

(with a spectral resolution of 0.2nm) and 400-900nm (with a resolu-
tion of 0.4nm). The wavelength calibration was performed by using a

spectral calibration lamp (AvaLight-CAL-Mini). After acquisition

and storage the LIBS spectra were qualitatively and quantitatively an-
alyzed using the calibration-free method (CF-LIBS) implemented by

a proprietary software (LIBS++) [18]. The use of LIBS++ to perform

CF-LIBS quantification implied that the plasma was in Local Ther-
modynamic Equilibrium (LTE) [19]. This was verified by calculating

the value of plasma parameters, i.e. the electron density (N,) obtained

by the Stark broadening of the H line and excitation temperature (T,,)

by the Fe emission lines in the Boltzmann plot.

2.3. SEM-EDS measurements
The two fragments were studied chemically and morphologically

by SEM using a SIGMA 300 VP Zeiss Sigma Field Emission instru-
ment that operated in both high vacuum and variable pressure modes
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at a resolution of ~10nm. The instrument was equipped with sec-
ondary and backscattered electron (BSE) detectors, an in-lens elec-
tron detector, a cathodoluminescence (CL) detector, and a Bruker en-
ergy dispersion spectroscopy (EDS) system with dual silicon drift de-
tectors, each of an area of 60 mm? and a resolution of 123 V.

The EDS analysis was performed to measure the qualitative and
quantitative chemical composition of the fragment mineralogical
phases. The X-ray intensities were converted to wt% by the XPP cor-
rection method [20,21] using the quantitative Oxford software sup-
port. The accuracy of analytical data was also checked using several
standard minerals manufactured by Micro-Analysis Consultants Ltd.

3. Results and discussion
3.1. Analysis of fragment 1

The DP-uLIBS averaged spectra of the unpolished and polished
portions of fragment 1 surfaces were acquired in the spectral window

200-700nm (Fig. 3). The spectra were normalized, overlapped and
the background was reduced. The emission lines of Al, Ca, Co, Fe,
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Fig. 3. DP-uLIBS spectra of the original and polished surfaces of fragment 1. Spectral windows: 280-290 nm (a); 340-365 nm (b); 385-400nm (c); 650-665 nm (d).
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Mg, Si, Ni and Li were identified in the spectra using the NIST data-
base [22]. In particular, for the first time Li was detected in Dronino
meteorite. The emission lines of Al, Ca, Mg, Li and Si were much
more intense in the spectra acquired on the unpolished surface (Fig.
3), and their pervasive presence would exclude their origin from oc-
casional surface contamination by sample handling.

The presence of Al, Ca, Mg and Si on the unpolished surface of
fragment 1, which was confirmed also by EDS-SEM data, was in-
dicative of minerals typical of clays and sands. In agreement with
Yakovlev et al. [17], these results suggested the occurrence of terres-
trial contamination during weathering. Further, the presence of Li
might be related to the Li-rich water in the swamp where fragment 1
was collected. The Li content in alkaline environments has been re-
ported previously [23,24].

To achieve information about the mineralogical composition,
quantitative analyses of Fe, Ni and Co were performed by DP-uLIBS
and EDS-SEM on the original and polished surfaces of fragment 1.
The N, ant T, values were measured to obtain by LIBS++ quantita-
tive data. For fragment 1, the N, measured was around 2.30-10"7 cm
with a variation of about 10-20%. The T,, value obtained by the
Boltzman plot (Fig. 4) was 7900+320K for all spots analyzed in all
samples. Some slight deviations were due to differences in the abla-
tion efficiency related to the surface condition of the iron meteorite.

A good agreement was apparent when comparing experimental
CF-LIBS and EDS-SEM data with EMPA data from the literature by
[15] (Table 1), which suggested an overall composition of kamacite.

To confirm the elemental composition of the polished surface,
fragment 1 was also analyzed by BSE imaging and EDS X-ray map-
ping. The BSE image acquired on the polished surface (Fig. 5a)
showed a thick altered rim (grey zone) and an unaltered area (white
zone). The EDS X-ray elemental maps (Fig. 5) highlighted an enrich-
ment of Si and Al and a depletion of Fe, Ni and Co in areas character-
ized by strong weathering effects (edges of the fragment).

3.2. Analysis of fragment 2

The DP-uLIBS averaged spectra in the spectral window 335—
365 nm obtained on fragment 2 (Fig. 6) showed the emission lines of
Fe, Ni and Co, whereas those of Al, Ca, Mg, Si and Li were absent.
These findings confirmed the optical observation that this fragment
was not altered and contaminated by terrestrial weathering.

The punctual analyses by DP-uLIBS were performed on dark and
light thin lamellae as observed under microscope (Fig. 2b). The re-
sults obtained showed that the contents of Co and Ni were very dif-
ferent on the different spots analyzed, which might be likely ascribed

to the alternance of kamacite and taenite lamellac (Table 2). The
plasma parameter (N, and T,,) values calculated from the spectra ac-
quired on fragment 2 were similar to those obtained for fragment 1,
which confirmed similar operational conditions of the instrumental
apparatus and the similarity of the matrix.

Although in some cases a lack of Co was observed, as confirmed
also by EDS-SEM analysis (Fig. 7, Table 3), the average content of
Co was in the range of 0.2—1wt%, i.e. the typical range found in iron
meteorites [25]. The inomogeneous concentration of Co and Ni might
be related to the plessite texture observed by optical microscopy and
to a fine intergrowth of lamellae of taenite and kamacite observed by
SEM (Fig.7).

The quantitative analytical data obtained by DP-pLIBS and con-
firmed by EDS-SEM indicated that an increase of Ni corresponded to
a decrease of Co. The Co and Ni distribution in kamacite and taenite
was used previously to evaluate the cooling rates of the iron mete-
orites of the IVA and IIIB group and mesosiderites [26]. Although
the Dronino meteorite was classified in the ungrouped iron mete-
orites, its composition in the diagram Co/Ni fell into two groups, i.e.
IVA and IAB [27,28]. Thus, the simultaneous quantitative variations
of Ni and Co observed in this study were in substantial agreement
with the data of Goldstein et al. [26] for the IVA-group iron mete-
orites. This finding might be explained by a solid-state diffusion
process, i.e. during cooling Co diffused out of taenite into kamacite,
while Ni behaved in the opposite way. Goldstein et al. [26] proposed
that a decrease of the cooling rate might cause a greater increase of
Co in kamacite associated to a corresponding decrease of Co in taen-
ite. Further, the solid-state inverse diffusion of Co and Ni might also
explain the formation of the observed plessite texture.

The X-ray elemental maps obtained by EDS-SEM on a small area
of fragment 2, which contained also a portion of one of the elongated
inclusions observed optically (red circle of Fig. 2b), revealed that the
elongated inclusions corresponded to iron sulfides (green area in the
S map in Fig. 8). Further, the maps of Fe, Ni and Co showed an inho-
mogeneous distribution at the microscale, which corresponded to the
aggregation of kamacite and taenite.

These results confirmed the duplex structure of the Dronino mete-
orite, which consisted of an intimate intergrowth of kamacite and
plessite (kamacite+taenite) [16]. However, differently from fragment
1, fragment 2 appeared to be enriched in taenite with respect to ka-
macite. Although LIBS and EDS-SEM represented different analyti-
cal approaches and used different spot sizes and amount of sample
analyzed, data obtained by the two techniques showed a good agree-
ment.

n{l/gk/Aaki)

b) Ei+Ek

Fig. 4. Boltzmann plot of Fe emission lines for temperature calculation of fragment 1: a) polished, 7578 °K and b) unpolished, 8220 °K.
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Table 1

Comparison of Fe, Ni and Co concentration data (average in wt%) obtained by CF-
LIBS, EDS-SEM and EMPA analyses of the original and polished surfaces of frag-
ment 1. The errors for LIBS data were calculated as standard deviation. The errors for
SEM-EDS data correspond to the instrumental error.

CF-LIBS CF-LIBS EMPA? EMPA?
Element polished surface original surfaice =~ EDS-SEM  Kamacite Taenite
Fe 91.51£1.71 94.19+2.64 95.06+1.15 922 73.1
Ni 7.56+1.23 4.76+2.56 439+1.15  7+0.5 26.5+0.5
Co 0.93+0.64 1.06+0.10 0.56+0.20  0.75 0.35

* Reference data from Russell et al. [15].

3.3. Influence of the geo-pedological location on meteorite
geochemistry

The analyses obtained in this study on the two fragments of the
Dronino iron meteorite suggested that the two samples originated
from two different environments, (i.e. a wet and a dry area). Actually,
the two fragments were quite different not only in their optical fea-
tures, but also in their chemical and mineralogical composition and
texture. Fragment 1 was a weathered sample featuring a Fe, Ni and
Co composition typical of kamacite in the unaltered portion of the
polished section, whereas the presence of Al, Si, Ca, Mg, and Li indi-
cated a more evident weathering toward the edges. These findings
provided novel information on the geochemistry of weathering of
Dronino meteorite, with respect to previous studies that revealed only
the presence of secondary minerals formed by Fe oxidization, includ-
ing maghemite, magnetite and goethite, and ferric hydrous oxides
[16,17].

In particular, the presence of Si, Al Ca, Mg and Li allowed to
evaluate the geochemical interactions occurred between the unweath-
ered bulk meteorite and the geochemistry of the site. In these very
last years, the interest in these studies was increasing in the attempt
of distinguishing between the effects of terrestrial and pre-terrestrial
weathering on mineral chemistry, and understanding the terrestrial
geochemical processes leading to the formation of secondary miner-

als. For example, LIBS data acquired on iron meteorites found on
Mars raised a great attention in the evaluation of alteration processes
that might affect their surfaces. This, in an attempt to assess weather-
ing conditions on the Martian surface by comparing the external sur-
face of iron meteorites on Mars with those found on the Earth [29].

Further, the DP-uLIBS technique associated with optical mi-
croscopy allowed to obtain data on the presence of specific mi-
crostructures occurring on the meteorite surface. For example, a dif-
ferent composition could be observed in Fig. 2b between the dark and
light regions of the particular microstructure. In particular, the dark
ones were composed of kamacite and the light ones of a Ni-rich iron
phase or phases (kamacite+plessite). The different mineralogical
composition of fragment 1 (kamacite) and fragment 2 (mainly taen-
ite) could be related to a different state of weathering suffered by the
two samples. The quantitative CF-LIBS data obtained for Fe, Ni and
Co indicated a depletion of Ni as the alteration increased (Table 1).
The correlation between the lower content of Ni and the terrestrial al-
teration due to weathering processes was previously observed and
studied on the Wolf Creek iron meteorite [30,31]. Similar to findings
of this study, these authors found that the weathered samples con-
tained less Ni than the original meteorites, which led to the hypothe-
sis that a considerable part of Ni would have been carried away in so-
lution during the weathering process.

In agreement with the studies mentioned above, the loss of Ni
during the alteration could be explained by the different water solu-
bility of Ni and Fe at various pHs. In aerated solutions Fe readily oxi-
dized to the ferric state and precipitated as ferric oxides and hydrox-
ides even at low pH (about 2-3), whereas Ni could oxidize beyond
the bivalent state, thus it did not precipitate as Ni hydroxide up to
about pH7. Therefore, Ni was much more soluble than Fe in acidic
weathering conditions, so it could be removed by the acidic circulat-
ing water in sites of active weathering. Similar conclusions were
reached also by Zubkova et al. [32] who suggested that the Ni-Fe sul-
fate and Ni hexahydrite compounds found in the Dronino meteorite
were formed by oxidation of kamacite in association with violarite
(Fe, Ni sulfide).

e

500pm

Fig. 5. SEM analyses of fragment 1. BSE image (a) and EDS elemental maps.
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Fig. 6. DP-uLIBS spectrum of fragment 2 in the spectral window 335-365 nm.

Table 2

Comparison of Fe, Ni and Co concentration values (wt%) obtained by CF-LIBS. P1
and PS5 represented the spots analyzed (see Fig. 2b) on fragment 2. The errors corre-
spond to standard deviation.

Element Pl PS5

Fe 92.30+1.56 80.54+1.44
Ni 7.14+1.74 19.46+1.85
Co 0.56+0.21 0

4. Conclusions

Results of this work confirmed the suitability of DP-uLIBS to an-
alyze the compositional and mineralogical characteristics of iron me-

500um .

teorites. In particular, DP-uLIBS equipped with optical microscope

permitted to distinguish fragments extensively weathered from those

poorly weathered, so providing insights on the geochemistry of the

sampling sites. The main difference between the two fragments ana-
lyzed was the presence of the elements Al, Ca, Mg, Li and Si only in

the extensively weathered fragment 1. The presence of Al, Ca, Mg

and Si was related to the typical minerals of clays and sands. The per-
vasive presence of Li, which was never reported so far in Dronino

meteorite, likely due to the lack of detectability of light elements by
other routinary techniques, was feasibly ascribed to contamination by

alkaline-rich fluids occurring in the swamps in which fragment 1 was

found. The different degree of terrestrial alteration between the frag-
ments was confirmed also by their different mineralogical composi-
tion, i.e. by kamacite (low Ni) as the main component of fragment 1

and by mainly taenite (high Ni) with some kamacite in fragment 2.

The lower content of Ni on the surface of the altered fragment 1 was

ascribed to the effects of acidic weathering that caused the removal of
bivalent Ni.

Further, DP-uLIBS combined with optical microscope was con-
firmed to be a promising analytical technique for investigating the re-
lationships existing between microstructures and compositions of
iron meteorites and their cooling rates. In particular, CF-LIBS data
obtained by punctual analyses of the plessite texture found on the un-
altered sample (fragment 2), confirmed its typical inhomogeneous
mineralogical and chemical composition. Finally, the local and asso-
ciated variability of Ni and Co (increase of Ni and decrease of Co and
vice-versa) suggested the occurrence of solid state diffusion
processes under a slow cooling rate in the Dronino meteorite.
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Fig. 7. SEM-EDS layered image of fragment 2. Spectrum 1 (Spl) and 6 (Sp6) represent point analyses. Spectrum 8 (Sp8) is a raster analysis of the rectangular area. The corre-

sponding data are shown in Table 3.



Spectrochimica Acta Part B: Atomic Spectroscopy xxx (2018) xxx-Xxxx

Table 3
Comparison of Fe, Ni and Co concentration values (wt%=instrumental errors) ac-
quired by SEM-EDS analyses on Sp1, Sp6 and Sp8 sites on fragment 2 shown in Fig.

7.

Element Spl Sp6 Sp8

Fe 69.83+1.15 90.70+1.15 74.93+1.15
Ni 30.17+1.15 8.19+1.15 2427+1.15
Co 0 1.10£0.20 0.80+0.20

um

Fig. 8. SEM-EDS X-ray elemental maps taken on the same area shown in Fig. 7.
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