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This paper presents a unique correlative microscopic method for the structural
characterization of extraterrestrial minerals. A fragment from the pallasite Seymchan
meteorite that consists of olivine grains mixed into a metallic iron matrix with variable
nickel content was studied from mm-down to nm-size by using the Raman Imaging and
Scanning Electron Microscopy and analytical scanning transmission electron microscopy.
Hyperspectral fast acquisition for energy-dispersive X-ray spectroscopy mapping of a
couple of mm2 large area correlated with additional hyperspectral Raman analysis of
smaller regions in the same area on one hand, and hyperspectral analytic STEM
investigations at the atomic resolution, on the other hand, provided valuable
information about the chemical composition, bonding, and crystallography. The
analysis revealed particles of troilite, schreibersite, and forsterite but also regions of
mixed iron oxides, carbonates, and amorphous carbon as well as plessite regions with
nanometre-sized taenite needles dispersed in the kamacite matrix.

Keywords: Seymchan meteorite, correlative microscopy, scanning electron microscopy, Raman, scanning
transmission electron microscopy, energy dispersive X-ray spectroscopy, electron energy loss spectroscopy

INTRODUCTION

Pallasites are exquisite meteorites made of millimeter- to centimeter-sized olivine grains and FeNi
metal alloys. The pallasites comprising the main group (PMG), about 90% of all pallasite meteorites
found on Earth, have similar composition and are thought to originate from a single asteroid body
whereas the other 10% are probably derived from five or six other asteroids. The classification of
meteorites, that provides information on the geological past, is historically based on the Fe content
extracted via wet chemistry analysis and electron microprobe. The analysis of oxygen isotope or the
isotope ratios of other noble gases (He, Ne, Ar, Kr) that have been trapped into the stone, the analysis
of the rare Earth elements content and crystal pattern information are other methods used to classify
a meteorite. Unlike chondritic meteorites that are fragments of asteroids, which avoided melting and
differentiation, the pallasites undergone thermal metamorphism that produced metal separation.
The primitive (unaltered) chondrites contain complex mixtures of micrometer sized magnesian
olivine and low-Ca pyroxene, amorphous ferromagnesian silicates, Fe, Ni-metals, sulphides and
organic phases. These meteorites also contain fractions of material that was probably vaporized and
recondensed during high-temperature transient heating events associated with the formation of
chondrules and refractory inclusions (Kereszturi et al., 2015; Bizzaro et al., 2017). The differentiated
meteorites, on the other hand, are fragments of asteroids that experienced chemical and physical
changes that led to a separation of the metallic part from silicates leading to metallic core and silicate
mantle. They are considered core-mantle mixtures, and could come from many different asteroid
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bodies with different cooling and shock histories (Fritz et al.,
2017; Hunt et al., 2018). Microstructural, chemical, and isotopic
analyzes of meteorites provide unique information on their
origin, thermochemical and shock history (Hunt et al., 2018;
Gyollai et al, 2019); The Meteorite Exchange, (2014).
Furthermore, their specific chemical composition, which
contain elements throughout the entire periodic table (albeit in
ppm concentration), is very important for the astrobiological
assessments of the necessary conditions for primordial life in the
Universe. It has been shown that interstellar medium, asteroids,
comets, and meteorites host the organic matter necessary for life.
It is also assumed that the impact of such objects (asteroids)
brought volatile organic matter to the ancient Earth. For example,
meteorites are considered major sources of carbon and reactive
phosphorus (pyrophosphate, triphosphate)—a likely
requirement for the emergence of life (Domagal-Goldman and
Wright 2016). For the progress in astrophysics and astrobiology, a
detailed investigation of meteorites down to the nano- and atomic
range became therefore necessary.

Seymchan, a differentiated meteorite classified as
heterogeneous pallasite consists of regions of pure
metal—plessite (FeNi alloy-estimated to ~34.6 vol%) and pure
silicate (~60.4 vol%) but also mesosiderite regions (Kichanov
et al., 2018). Moreover, chromite phosphate and troilite phases
(FeS) are present with a fraction of about 5 vol%. This meteorite is
the only pallasite that contains all three morphologies of olivine
grains, olivine clusters and large metal veins (Bosenberg et al.,
2012; Kichanov et al., 2018). With a Ni content of 9.51 wt%, the
Seymchan was first classified as an IEE-related iron meteorite
(Scott and Watson 1976) but was later, after a new expedition in
2004 where additional fragments were found, identified as a
main-group anomalous pallasite (Van Niekerk et al, 2007;
Wilson, 2012). Its Widmanstitten pattern-cooling rate was
estimated to be 7.1 + 1.2 K/Myr (Yang et al., 2010). Besides Fe
and Ni other elements with trace concentrations (ppm) such as:
Co (0.48 wt%), Cr, Cu, Ga, As, W, Ir, and Au were identified by
neutron-activation analysis (Wasson and Wang, 1986).

Regular bulk and microstructure investigations of meteorites
involve X-ray and infrared spectroscopy (Skulteti et al., 2020a;
Skulteti et al., 2020b), optical microscopy and Raman analysis
(Kereszturi et al, 2017; Tulej et al, 2017), metallographic
methods, X-ray tomography and other synchrotron radiation
techniques. Furthermore, bulk analyzes performed using both
X-ray methods and infrared spectroscopy help to link the
meteorites to their parent asteroids and therefore also support
the next space missions. However, each method has advantages
and disadvantages. For example, the metallographic methods are
destructive but offer microstructure information down to pm
range, on the other hand X-ray tomography and the synchrotron
radiation relied methods are nondestructive but most of them
only offer bulk-like information (Kichanov et al., 2018; Blukis
etal., 2020). Few methods based on neutron scattering can reach a
higher spatial resolution (Lehmann et al, 2017). Nano-SIMS
(secondary ion mass spectrometry) and RIMS (resonance
ionization mass spectrometry), however, deliver exact chemical
information down to nanometer scale but no information about
the crystallography (Ott and Hope, 2006). In the last decade, the
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analytical scanning and transmission electron microscopy (SEM
and TEM) investigations have proven to be an important tool for
both microstructure and crystallographic investigations of
extraterrestrial minerals (Lin et al., 1977; Vollmer et al., 2014;
Lo et al,, 2019; Vollmer et al., 2019).

In this work in addition to SEM and TEM, we apply a new
correlative microstructure analysis of the Seymchan meteorite by
using the Raman Imaging and Scanning Electron Microscopy
RISE (Jiruse et al., 2014; Schmidt et al., 2019). The RISE method is
a seamless combination of two techniques, that offers the
possibility of imaging by SEM and chemical analysis with the
attached Raman microscope. In addition, a modern X-ray silicon
drift detector that enables hyperspectral analysis in a
comparatively short time rounds wup the correlative
investigations. Furthermore, transmission electron microscopy
in scanning mode along with analytical capabilities such as
electron energy loss (EELS) and energy dispersive X-ray
spectroscopy (EDXS), provided information about both crystal
structure and chemical composition down to atomic resolution
and with the best detection limit for trace elements measured with
EELS that exist at this moment.

MATERIALS AND METHODS

A small fragment of the Seymchan meteorite metallic part was cut
and prepared for SEM and Raman investigations. The surface was
first polished with standard procedure and etched in order to
identify the plessite regions. Usually, to avoid charging effects, a
coating (C or Au) needs to be applied prior to SEM investigations.
However, in this particular case, the preparation of the sample
surface needs to be coating-free for additional Raman
spectroscopy investigation of the same area. Focused ion beam
(FIB) lamellas were additionally prepared from plessite regions
for the analytical STEM analysis.

The SEM imaging was performed using the scanning electron
microscope Sigma 300 VP (Zeiss, Oberkochen, Germany) and the
chemical analysis with the attached Raman microscope from
WITec (Ulm, Germany). The electron microscope is also
equipped with a silicon drift detector from Oxford (UK) for
EDXS that allows for fast acquisition of spectra and maps
(Schmidt et al., 2019). The energy resolution of the Oxford
EDS detector as specified by the provider is: at C Ka 50V,
F Ka —-57eV, Mn Ka -127eV. The spatial resolution—as
simulated with the Monte Carlo software (Drouin et al.,
2007)—is between 100 nm (for Fe and Ni) and 300 nm (for O,
Mg, P, and Si). The Raman measurements were performed using
a 532 nm laser with the laser power reduced to 2.5 mW in order to
minimize sample damage. The integration time was adjusted for
every spectrum to give a reasonable signal to noise ratio and
standard spectrum correction, such as cosmic ray removal and
background correction were performed directly in the instrument
software (Project FIVE, Witec).

TEM investigations such as: Energy filtered transmission
electron microscopy (EFTEM), high resolution high angular
annular dark field imaging (HAADF), EELS and EDXS
spectroscopy, were performed on FIB lamellas. The lamellas
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were investigated in TEM and STEM mode by HAADF imaging
and hyperspectral X-ray mapping. For TEM investigations a
Tecnai F20 microscope was used whereas the STEM
investigations were performed with an aberration corrected
FEI Titan G3 60-300 microscope operated at 300 kV. This
microscope is equipped with a Schotky emitter, a
monochromator, a Super X detector (Chemi-STEM technology
with four silicon drift detectors surrounding the sample) for
EDXS (Schlossmacher et al, 2010), and with a Dual EELS
Quantum Gatan Imaging Filter (GIF) for EELS (Gubbens
et al, 2010). A direct electron detection camera (Gatan-K2)
allows for detection of EELS spectra with even higher energy
resolution and detection limits. We used the Gatan’s Digital
Micrograph Software to process the micrographs, EELS and
EDXS spectra, and the VELOX software by Thermo Fisher
Scientific to acquire and process the hyperspectral EDXS
mapping. The k-method was used for the quantification of the
EDXS spectra (Goldstein et al., 1986).

RESULTS

Previous neutron tomography investigation showed that the
metal component of the Seymchan meteorite consist of a
dendrite-like complex network of metals veins (Kichanov
et al., 2018). We performed our microscopic investigation in a
large metallic region as depicted on the optical micrograph in
Figure 1A, with focus on plessite areas (FeNi-rich) and areas with
mixed Fe-Ni-P, Fe-sulfate, -oxide, -hydroxide, and -carbonate.

The inset on the SEM image in Figure 1C depicts one plessite
area from which a lamella was prepared by FIB. STEM
micrographs and EDXS maps from plessite areas are presented
in Figures 2B,D,E. These areas contain needle-like Ni-
rich—taenite particles embedded into a kamacite matrix. The
taenite needles of about 50-100 nm in diameter and 100-700 nm
in length were studied by EDXS. The needles contain Fe (43.7 +
7 wt%), Ni (54.4 + 8.8 wt%), and other elements with very low
concentrations C: 0.72 + 0.09 wt%, Si 0.81 + 0.2 wt%, P: 0.20 +
0.04 wt%, Co: 0.2-0.55 + 0.09 wt% and Cu: 0.5 + 0.06. The Niand
P contents in the kamacite grains however, vary from 4.00 to
7.50 + 1.5wt% and 0.09 to 0.23 + 0.02 wt%, respectively. Low
concentrations of C: < 0.69 + 0.1 wt%, Si < 0.43 + 0.15 wt%, and
Co: ~1.2 + 0.25wt% were also found. The Si concentration is
higher in the taenite needles while Co is dispersed in the kamacite
phase. However, the Co-Ka peak in the EDXS spectra is
overlapping with the Fe-Kp peak and due to the fact that the
energy resolution in EDX is not sufficient to separate the peaks, it
is difficult to extract the exact intensity without multiple fitting.
The P-K peak in the EDXS spectra could only be clearly visible
after long acquisition time of the spectrum image and addition of
the spectra over large regions of kamacite- and taenite phase. It
has to be noted that the SuperX detector also offers a better
detection of all elements since we have four detectors surrounding
the sample, thus detection of trace elements is possible.

The electron energy loss spectroscopy (EELS) investigations
definitively revealed the low concentration of Co (<1 wt%)
dispersed in the kamacite matrix (Figure 2C) and of Si mainly
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in the taenite needles. An energy shift of about 1.0 eV toward
lower energy was measured for the Ni-L; ionization edge
(ionization energy of the subshell L3 of the Ni atoms at
855eV) in the taenite phase, thus confirming the different
bonding of Ni in the two phases. It has to be noted that the
low concentrations of Co could only be demonstrated by using
the direct electron detection camera since its sensitivity is
definitely higher than ordinary cameras used in electron
microscopy.

The high-resolution STEM image from taenite needles and
matrix is shown in Figure 2G. The fast Fourier transform (FFT)
image calculated from an image at higher magnification, enables
the measurement of the distance between the atomic columns in a
certain orientation relative to the electron beam. The kamacite
matrix was described in the literature as a-Fe with a disordered
cubic structure (4/m —3 2/m, a = 2.86 A). We indeed observed the
strained structure on the high-resolution images due to the
collision history of the meteorite, but also due to the presence
of impurities. The FFT image (Figure 2H) from a region of
Figure 2G at higher magnification matches the mentioned body
centered cubic structure in the [111] zone axis. The element
profile in Figure 2] over one needle (Figure 2I) confirms the
relationship between Fe and Ni in taenite.

A region containing um large particles that have been revealed
by etching the surface, was analyzed in SEM by EDXS mapping
(Figure 3; Supplementary Figure S1). We identified the particles
to be schreibersite (Ni,Fe);P and one forsterite (Mg,SiO,4) (or
ringwoodite—high pressure modification of olivine—cubic
crystal structure). The schreibersite particles have dimension
between 200 nm and 2 pm and show elliptical, spherical and
needle-like shapes while the forsterite particle is about 2 pm large
and has a triangle morphology. Their location into the metallic
kamacite region and the chemical composition suggest them to be
presolar grains. However, we cannot measure their isotopic
signature in SEM or STEM.

Si and Mg condensate as forsterite and enstatite and are thought
to be present in O-rich circumstellar shell of giant stars and in
planetary nebulae (Molster et al, 2002a; Molster et al. 2002b;
Molster et al. 2002¢; Suh 2002). The silicates can be crystalline
and amorphous; thicker and cooler circumstellar shells would favor
crystalline silicates. Presolar silicates are not often observed in
meteorites because the silicates are more susceptible to
metamorphism and  chemical changes than  presolar
carbonaceous and oxide grains (Lodders and Amari, 2005).
Aqueous alteration for example erases the presolar isotopic
signatures in the silicates if the parent meteorite body
experienced much aqueous exposure. It is also difficult to locate
the presolar silicate among abundant solar system silicate that are
major constituents of meteorites, except when the particles are
embed into metallic matrix as in the case of Seymchan meteorite.
Forsterite particles were only measured by O-isotope ion imaging
with the NanoSIMS so far (Messenger et al., 2003). Iron, on the
other hand, form FeNi alloy or condensates as troilite and
schreibersite but these phases have not yet been directly
identified in the dusty circumstellar shells of M-giants because of
the very low infrared signal in spectra with a low resolution.
However, for spectra acquired with the Infrared Space
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FIGURE 1 | (A) Optical microscopy image of the Seymchan meteorite fragment of approximatively 2 cm?, (B) SEM image at low magnification, (C) SEM image of
the etched surface with the inset indicating the plessite region from where a FIB lamella was cut, and (D) STEM image of the FIB lamella.

X 1043

Counts

FIGURE 2 | (A) HAADF image of taenite needles in kamacite matrix; (B) composite image of EDXS maps: red-Ni and green-Fe, (C) EELS spectrum from the matrix
(note the low Co signal), (D) Si EDXS maps, (E) Co SI EDXS map, (F) EDXS spectrum sum over the whole area (note the low P peak), (G) HAADF image of taenite needles
in kamacite matrix, (H) Fast Fourier Transform of an area at higher magnification in (G) that indicates the [111] zone axis of cubic kamacite; (I) composite image of EDXS
maps: red-Ni and green-Fe, (J) element profile over taenite needle and kamacite phase (concentrations in wt%).
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Observatory at intermediate resolution, Kemper et al. estimated the
contribution of non-spherical metallic iron to the near-infrared
spectrum from a giant branch star (Kemper et al, 2002).
Amorphous and/or graphitic carbon, is also believed to be
present around many C-stars (Swart et al., 1983; Blanco et al., 1994).

A multiscale analysis using SEM-EDXS and Raman
microscopy is shown in Figure 4. Starting from the large scale

EDXS-mapping (Figure 4A) an interesting P-containing region
was chosen for further analysis. In the small scale EDXS-
mapping a predominantly Fe-containing phase, a mixed
Fe-Ni-P phase and some oxide-phases are apparent.
Focusing in further the Raman analysis (Figure 4B), note
that on the right-hand side spectra with similar composition
have been averaged according to the color of their position
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FIGURE 4 | Correlative Raman-SEM-EDX analysis of a Fe-Ni-P inclusion. (A) SE-image and EDXS-mapping of the whole inclusion. (B) Raman point
measurements of the matrix materials and the oxygen rich veins.

indicator on the left, both the Fe- and Fe-Ni-P phase show no contains iron oxide (y-Fe,O; maghemite), iron hydroxides
Raman signal indicating predominantly metallic phases. In the  (ferrihydrite and goethite), iron carbonate and amorphous
oxide-phase on the other hand a complex composition of  carbon. The spectral interpretation is based on reference
multiple different materials is revealed by Raman. The phase  spectra from (Hanesch, 2009).
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DISCUSSION

The goal of the measurement was actually to identify and localize
presumable elements with trace concentrations (Ca, Cr, Ti, AL, Co, Si,
P, Ga, As, W, Ir, Au) that have been confirmed by bulk
measurements using the neutron-activation technique. Our
microscopes are well suited with some of the best equipments for
this type of analytical investigations: SuperX detector for EDXS
detection and a DualEELS spectrometer and a K2 electron direct
detection camera for EELS. Therefore, we were able to measure the
Co content (<1.00 wt%) and Si (<1.00 wt%) with EELS, and Co, Si,
and P (<0.25 wt%) with EDXS. Also, we measured with the EDXS a
broad triangle-like feature centered around Ar-K (3 keV) peak. This
feature appeared in the measurements performed for this meteorite at
longer acquisition times and is slightly pronounced for the kamacite
region. Our findings are in excellent agreement with the research on
kamacite formation proposed by Goldstein and Doan (1972).
They established that below 7 wt% Ni kamacite is formed by only
one reaction path, y (taenite) — « (kamacite) + y. The phases with low
concentration of Ni (5-3-59wt% or 5.8-6.5wt%) known as
hexahedrites and hexaoctahedrites are described by this reaction.
However, the equilibrium nucleation temperature for the kamacite
was shown to be greatly increased by phosphorus presence. Above 7 wt
% Ni, kamacite is formed by either of two reaction paths depending on
the P content. The first reaction path is the same as for lower
concentrations of Ni: y — « + y and is preferred at low P contents.
At higher P contents (0.2wt%) the reaction path: y — y + Ph
(phosphide, (FeNi);P) — « + y + Ph controls the formation of kamacite.
The plessite regions we investigated in STEM showed an
average concentration of Ni lower than 7 wt%, however some
small kamacite grains contain slightly higher concentrations than
7 wt%. The crystal structure of these small kamacite grains differs
from the cubic bee a-Fe. The hkl values we measured on the FFT,
however, do not correspond to any known allomorph phase of Fe
on Earth, but correspond to the metastable tetragonal iron found in
other meteorites and it is considered to be a transitional state in the
transformation of y-phase alloy into «-phase alloy (Ramsden and
Cameron, 1966). Furthermore, the schreibersite particles we found
by etching the pure kamacite regions, and the concentration of
0.2 wt% of P indicated that the formation of some kamacite phase
also take place by the second reaction path y + Ph — « + y + Ph.
The RISE investigations of metallic parts from the Semchan
meteorite, revealed particles of troilite, schreibersite and forsterite but
also regions of mixed iron oxides, carbonates and amorphous carbon.
Assessing the morphology and composition of those particles,
and the fact that were incorporated into the metallic kamacite
matrix we assume them to have a presolar origin. The presence of
presolar grains in the Seymchan meteorite was not indicated so far.
Given that is the only meteorite that contains all three morphology
types of olivine and the presolar grains we suspect, further detailed
investigations by NanoSIMS should be considered.

CONCLUSION

A correlative investigation by using the method RISE and
scanning transmission electron microscopy was applied to

Microscopic Analysis of Extraterrestrial Minerals

investigate the Seymchan meteorite. Valuable information
about the morphology, chemistry and crystallography from
millimeter down to nanometer sizes was acquired.

The analyses revealed nanometer sized taenite needles dispersed in
the kamacite matrix. The taenite needles showed a very low content of
silicon and the kamacite a very low content of cobalt and phosphorus.
Moreover, due to the collision history of the meteorite and the presence
of trace elements in the matrix, the crystal structure of the kamacite is
highly defective and stressed. Additionally, presolar grains in the
Seymchan meteorite and regions of iron- oxide, carbonate, and
hydroxides as well as amorphous carbon were observed.
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