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Abstract–A medium-grade, poorly weathered CO3-type meteorite was subjected to artificial
space weathering by 1 keV protons in three subsequent steps, with gradually increasing doses
from 1011 to 1017 protons per cm2. The resulting mineral modifications were identified by
Raman spectroscopy, with specific emphasis on main minerals such as olivine (bands: 817,
845 cm�1), pyroxene (1007 cm�1), and partly amorphous feldspar (509 cm�1), considering
variation in band shift and bandwidth (full width at half maximum, FWHM). After the first and
second irradiations, variable band position changes were observed, probably from metastable
alterations by Mg loss of the minerals, while the third stronger irradiation showed band shift
dominated by amorphization. The olivine and pyroxene show weak increase in FWHM after
the first irradiation, while more changes happened after the second and third irradiations. The
flux after the third irradiation was higher than in other works, caused stronger damage in crystal
lattice, partly resembling to dimerization as described by shock metamorphism. The glassy
feldspar was characterized by high FWHM values already at the beginning, indicating weak
crystallinity already that become even less crystallized, thus their bands disappeared after the
third irradiation. Bands of hydrous minerals (goethite clay, chlorite) were not visible after the
third irradiation, confirming some earlier results in the literature. Based on our results,
moderately fresh surfaces could show stochastic but small spectral differences compared to the
fresh most meteorites by metastable mineral alterations. The interpretation of Raman spectra of
heavily space-weathered surfaces could further benefit from the joint evaluation of alteration
induced by both shock impact alteration and space weathering.

INTRODUCTION

Linking meteorites to potential source asteroids is
usually based on spectral similarity between them, however,
while meteorites present feature-rich spectra, asteroid

surface spectra are feature poor in general (Szalay et al.,
2018). This situation arises from the fact that while
meteorites are mainly fragments of intact asteroid interiors,
asteroid surfaces are heavily space weathered
(Chapman, 2004). Space weathering was studied on the
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Hayabusa samples (Kayama et al., 2011a, 2011b, Kayama
et al., 2013) also, including further recent works of
Kereszturi et al. (2014) and Gucsik et al. (2017, 2020). To
see the consequences of space weathering, artificial
irradiation was applied on an average primitive meteorite
and the results were analyzed mainly by Raman method.
Such space weathering simulating proton irradiation was
performed on the NWA 10580 meteorite, as being a
frequently occurring and poorly altered types, thus
representative to general for several meteorites. Although
there were several recent findings in linking meteorite
spectra to asteroid spectra (DeMeo et al., 2022; Kr€amer
Ruggiu et al., 2021), there are still many poorly known
aspects, which could be party explained by the better
understanding of artificial irradiation induced mineral
changes. Space weathering is a complex process (Brunetto
et al., 2015), composed of galactic and solar energetic
particles (cause implantation and sputtering), as well as UV
irradiation, impacts processes (including small-scale and
frequent micrometeorite bombardment called meteoritic
gardening) and daily temperature fluctuations.

Range of information on space weathering comes
from the Moon (Hapke, 2001; Keller & McKay, 1993,
1997), where the role of nanophase iron has been
demonstrated (Pieters & Noble, 2016). Recently, asteroid
sample return missions provided further materials to
better understand space weathering (Matsumoto
et al., 2015; Noguchi et al., 2011), also evaluating the role
of nanophase iron, oxidation states (Thompson et al.,
2016), and amorphous/Si enrichment (Matsumoto et al.,
2016). In space weathering the target darkens and
reddens (Kanuchova et al., 2015) besides the reduction of
the strength and number of spectral bands. To better
understand the consequences of the particle irradiation
component of space weathering, artificial irradiation can
be simulated by protons (Biri et al., 2012). For impact
simulation, laser-induced heating has also been used to
mimic the consequences of microscopic scale impacts
(Ferus, 2020; Ferus et al., 2020), and ultraviolet
irradiation tests have also been performed to better
understand cosmic weathering (Hapke, 2001).

Review of Current Knowledge

A number of published works have reported on the
effects of irradiation on organic materials, and in a few cases
on meteoric main minerals. Brunetto et al. (2014) observed
disordering of carbonaceous material in the irradiated
Allende meteorite. Strazzulla and Brunetto (2017) performed
irradiation experiment on Allende meteorite with He+ ions
using flux of 3 9 1016 ions per cm2, which is similar to our
third irradiation (1017 ions per cm2) considering its range.
They observed amorphization of olivine in Raman spectra
dehydrogenation and amorphization of organic material.

Baratta (2010) and Han et al. (2003) identified complete
amorphization of graphite in Raman spectra on higher
fluences in meteorites. Weber et al. (2023) have not observed
change in peak positions using Raman spectra, but found an
increase in fluorescence background in plagioclase-rich
samples. Jakubek et al. (2022) observed decreasing of full
width at half maximum (FWHM) of G band with increasing
thermal metamorphism for organic matter and not the
minerals analyzed here. Matsuoka et al. (2016) observed
graphitization of organic material with increasing laser
energies of irradiation, which could be observed rather in IR
than in Raman spectra. They concluded that irradiation
related alteration of organic material occurred rather in
sample surface.

Hoffmann et al. (2019) performed Raman mapping on
shocked howardite and observed inhomogeneity of shock
alteration, which partly resembles to irradiation influenced
alteration of minerals. Lantz et al. (2017) also noticed the
amorphization of the silicates as seen in the Lance meteorite
sample: the olivine doublet bands at about 850 and
820 cm�1 almost disappeared after irradiation in the Raman
spectrum, which arises from coupled symmetric and
asymmetric stretching vibrational modes of the SiO4

tetrahedra (Kuebler et al., 2006). These modes could be
efficiently observed under Raman with an olivine crystalline
structure. The spectral shift of the IR and Raman bands
could be due to the loss of magnesium by preferential
sputtering of the lighter Mg to relative to Fe (Hapke
et al., 1975) leading toward amorphization (Brucato
et al., 2004; Demyk et al., 2004). In the Epinal meteorite,
irradiated by 60 keV Ar+ with fluences up 5 9 1016 ions
cm�2, Raman bands at 918, 855, and 825 cm�1 from olivine
were observed, implying that the Fe content is lower than
6% using Raman spectra (Strazzulla et al., 2005). Values
lower than 10% are typical for forsterite crystals, which
imply the decrease in Fe content was due to irradiation.
Lantz et al. (2015, 2017) studied Raman spectra olivine in
Tagish Lake, Murchison and Lance meteorites, they found
the weakening of major doublet at 820 and 850 cm�1 at high
fluences. Brunetto et al. (2014) observed not only the
disappearance of major doublet of olivine in Allende
meteorite, but also the merging to a single band at
1040 cm�1.

In order to investigate these questions, we undertook
a study of proton irradiation on the NWA 10580 (CO3)
meteorite to understand the consequences on mineral
alteration and observability using Raman laboratory
methods.

METHODS

The prepared sample had size of 4 9 3 9 1.5 mm, it
was cut to a roughly smooth plane surface but was not
polished. No evident sign of Earth-based alteration could
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be identified in the sample. This is a poorly altered
primitive meteorite with a moderately unweathered
material, mainly composed of forsterite, enstatite, and
diopside, with many small chondrules, very few
calcium–aluminum-rich inclusions (CAIs), sulfide blebs,
all embedded in a fine-grained matrix. The morphology
shows the typical Ornans-type (CO) carbonaceous
chondritic texture with small chondrules and many
refractory inclusions (Itoh & Tomeoka, 1989; Zhu
et al., 2019). Approximately half of the sample volume is
composed of a roughly homogeneous matrix material.
The largest observed chondrule is sized around 250–
300 lm diameter, which seems to be a porphyritic
chondrule. The lithic fragments contain just a few
accessory minerals (e.g., troilite and FeNi) besides the
main constituent mineral phases.

The sample was analyzed before and after each
irradiation actions with Raman spectrometer, targeting the
same locations to allow recording the modifications of the
same minerals. The locations for analysis were identified
using the optical microscopic image of the Raman
instrument indicated below (marked with codes like R1/2,
R1/11, etc.). Locations were marked with letter plus number
codes, the sample was subdivided by a grid system where
codes like A2, B2, and C3 mark specific cells, while a further
number marks the number of measuring location in the
given cell, like A1/1 and A1/2, see for further details the
table captions of Supporting information. During the
measurements moderately small changes in the band
position and FWHM values were measured, which were real
and relevant values as based on the measurements of many
different minerals in the sample, which presented resemble
trends regarding of changes.

The used scanning electron microscope was a JEOL
JSM-IT700 HR, using 20 keV voltage, 6 nA beam current,
40s point, and 100 s areal integration time. Three SEM
images based examples on the morphology of the
meteorite’s texture can be seen in Figure 1 with the following
features: 1—porphyritic chondrule, 2—Ba-rich secondary
mineral, 3—fracture, 4—fine-grained matrix, 5—somewhat
weathered unit of the meteorite, 6—coarse-grained matrix, 7
—large olivine crystal, 8—troilite grain. Based on SEM
measurements of around four dozen specific locations
homogeneously arranged in the sample, these presented
olivine of Fo75.2 � 6.8 Fa24.8 � 6.8 (n = 19), pyroxene:
En34.5 � 1.6 Wo20.4 � 19.5 Fs45.1 � 18.2 (n = 13), and
small grain size (around 1 lm) anorthite were identified.
Anorthite as a feldspar was present in the matrix and
chondrule glass, similar to some other primitive chondrites
(Grossman & Brearley, 2010; Huss et al., 2006). Accessories
of troilite and FeNi metal phases also emerged. As a
secondary phase, Ba containing barite probably formed by
desert weathering on the Earth. The composition of the

FIGURE 1. Example SEM images on the morphology of the
analyzed sample. For the numbers refer to the main text.
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analyzed sample agrees with those are characteristic to the
CO3 chondrites in general (Bouvier et al., 2017). Changes on
SEM images by irradiations could not be searched for as
recording of SEM images would have required coating and
decoating of the sample with amorphous carbon layer, what
would have influenced the interpretation much.

The NWA 10580 CO3 sample was irradiated by 1 keV
protons produced by the ECR ion source at ATOMKI
(Biri et al., 2012) under vacuum conditions for three times:
15 sec (1011 ion cm�2) for the first irradiation, for 1 h
(1014 ion cm�2) for the second irradiation, and for 1 day
(1017 ion cm�2) for the third irradiation. Observations of
Ulysses and ACE satellites provided solar wind energies
that showed the largest number of protons have around
1 keV energy (Gloeckler, 2003), thus we applied the
particle bombardment using the most frequent ion type
(proton) at the most frequent energy value (1 keV). The
highest used fluence is roughly relevant to around 10–50
million years exposure duration, but only as a rough
average estimation, because of CME-s, the total dose
might differ. Note the earlier values are fluence values,
thus represent the total number of bombarding protons by
1 cm2 of the sample during the irradiation actions. When
first, second, and third irradiations are mentioned in this
work, these actions represent cumulative irradiation
events, thus at the second irradiation event, the sample
already have received the input from the first irradiation,
and at the third, the sample already contained the input
have received from the first and second together, though
these three irradiation actions differed at 1000 times.

Raman spectroscopy was applied to determine the
mineralogical characteristics. In a crystalline lattice,
excitation features emerge as phonons by the periodic,
elastic atomic arrangement, what produce vibrations in
Raman spectra. Normal modes present observable
wavelengths or frequencies, where phonons have a nonzero
frequency connected to the Brillouin zone (primitive cell in
reciprocal space) resulting in detectable spectral features.
The Raman spectra was recorded by Morphologi G3-ID
instrument produced by Malvern Instruments (Garzanti
et al., 2015) and by Kaiser Optical Systems, Inc. Raman
Rxn1 Spectrometer with NIR Laser Diode at 785 nm
wavelength, using exposure time of 30 s at 10 mW laser
power between 150 and 1150 cm�1, while the size of the
laser spot was 3 lm at 509 magnification. The spectral
resolution was 1 cm�1 and the focal depth 1.82 lm. For the
identification of Raman spectra, Bio-Rad’s KnowItAll ID
Expert software and the Morphologi software were used.
Comparative spectra of the minerals were imported from the
RUFF database by Lafuente et al. (2015).

Irradiation related changes in Raman spectra were
studied by Brunetto et al. (2014), Strazzulla and Brunetto
(2017), and Weber et al. (2022), which were used as
references in our work. The positive band shift occurs

mostly in shock-induced deformations, which were
observed in our spectra as will be demonstrated later.
Hence, shock metamorphic literature was also used in our
work for the identification of Raman spectral features,
using data from Van de Moortèle et al. (2007) (for olivine)
and Durben et al. (1993) (for pyroxene). Before the
irradiations, there were already differences in band
positions because of compositional variations (e.g., higher
original Mg content shows higher band position for the
major doublet of olivine)—however, the trends after the
irradiations were observable (see later), which influenced
the minerals in a similar manner despite their original
compositional differences. Results of Raman analysis
should be carefully evaluated in the sense that energic laser
shots might also modify the target mineral (see the
corresponding part around the end of Discussion section).
What substantially decreased the chance of influencing the
sample by the used laser energy is the fact that all of the
measurements were done manually, for example, the
operator realized each measurement one by one, carefully
adjusting the used energy for the given mineral with
starting from the lowest used energy until to receive useful
signal.

It is important to separate any possible modification
of the sample by the irradiation test and the laser shots
used during the Raman analysis. Consequences of
Raman laser usage on meteorite minerals were reviewed
by Morishita et al. (2011), indicating that sensitive
carbonaceous material in meteorites might be modified;
however, in this work, less-sensitive magmatic minerals
were mostly surveyed (olivine, pyroxene, feldspar), which
are more stable against low-energy laser-induced melting.
According to Morishita et al. (2011), the Raman signal is
influenced by laser power energy on the sample, laser
excitation wavelength, and acquisition time, as well as
described by Everall and Lumsdon (1991).

In this work a red laser was used, producing the
available lowest energy range among various lasers for
Raman analysis, and in all cases the energy was adjusted
manually to the lowest possible that provides useful
signal. Thus, although we cannot exclude the influence of
Raman laser shots on mineral modification, but the
irradiations (especially the third session) provided more
energy to the sample than the laser itself, thus expected to
have more impact on the alterations.

Before and after irradiations, the same areas were
measured by Raman spectroscopy for comparison of
changes and alteration of minerals. The accuracy of the
targeting of measurements was better than 1 lm with
high resolution, supported much by the comparison with
the previously recorded field of view using the same
instrument, what guarantees that each data series
represent the same location. The first and second
irradiations happened with roughly around the range of
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fluences like in other works (Brunetto et al., 2020; Lantz
et al., 2015, 2017), but the third irradiation happened by
higher fluence than in most of the references.

Also note that to give an exact presentation of
changes, large number of numerical values is needed,
including several tables (Table 1, Tables S2–S6), and
some similar structured paragraphs in the main text to
make the results unified and comparable, despite such
texts are not easy to read. However, the presented data
sets allow the comparison of further research works to
our acquired data, to make the tests repeatable and useful
for planning future asteroid mission detectors.

To make the text easier and readable, the large tables
were presented as Supporting information and are only
cited in the main text. Tables S1 and S2 give an overview of
measuring locations with original band positions and
FWHM values, while S2b, S3, S4, S5, S5a, and S5b contain
irradiation produced changes. The moderately large
number of values were implemented to the manuscript in
order to provide typical values for next research projects.

RESULTS

Mineral Identification

The Raman bands were identified following RRUFF
database (Lafuente et al., 2015) regarding nonirradiated
minerals. The irradiation related changes in Raman

spectra have been studied previously by Brunetto
et al. (2014) and Strazzulla and Brunetto (2017), which
were used as references in our work. The following bands
were used to identify the targeted minerals: 505 cm�1

indicate feldspar like glassy phase, 1010 cm�1 for
pyroxene, and 819 and 840 cm�1 for olivine. The band
shifts and FWHM values are calculated for the major
bands of minerals listed before (Tables S1–S4, Table 1).
Table S1 shows the summary for the identification of
minerals. The main minerals smoothly embedded in their
original meteorite texture (mainly chondrules) are olivine,
pyroxene, feldspar, magnetite, goethite, clays as native
components, while calcite is Earth-based weathering
product.

Modifications of the Raman Spectra by Irradiation

Key Minerals
In this section, the band position modifications

and FWHM changes induced by the irradiations are
presented for the main mineral components. The
values listed next according to minerals are calculated
averages; for more details, refer to Tables S5a–d.
Altogether 57 locations were measured in 5 measuring
areas of the NWA 10580 sample: olivine (7 measuring
points), pyroxene (8 measuring points), feldspar (3
measuring points), and other minerals in smaller
amount.

TABLE 1. Statistical calculations of band position and FWHM changes of minerals, the Raman shifts are indicated
in cm�1.

Irradiation First irradiation Second irradiation Third irradiation

Mineral Band Band shift FWHM change Band shift FWHM change Band shift FWHM change

Olivine 816 Average 0 4 1 �4 1 2
Min �3 �11 �1 �11 �1 �9

Max 1 13 3 9 4 9
Median 1 9 2 �6 1 4
Deviation 2 10 2 8 2 7

846 Average �9 �4 1 1 1 1
Min �17 �15 0 �1 �3 �4
Max �1 3 3 1 4 6

Median �8 �1 0 1 1 0
Deviation 8 8 2 1 3 4

Pyroxene 1014 Average �2 2 �1 3 5 �6
Min �4 �1 �3 �6 1 �11

Max 2 7 3 11 8 4
Median �1 1 �2 4 6 �7
Deviation 2 4 3 8 3 4

Feldspar-like phase 505 Average 19 �3 1 �4
Min 0 �6 �2 �11
Max 37 0 4 3

Median 19 �3 1 �4
Deviation 26 4 4 10

Note: fp bands did not emerge after the third irradiation.

Raman spectroscopy analysis of artificial space weathering effects 5



Olivine
The band 853 cm�1 shows a negative band shift,

whereas the band 817 cm�1 shows an increasing (positive)
band shift after the first irradiation. The bands 817 and
853 cm�1 show increasing band shift (changing to 823 and
854 cm�1) after the second and third irradiations (see
Table 1). Regarding FWHM values of olivine, the following
findings are relevant. The FWHM values of the 816 cm�1

band increased averagely +9 cm�1 after the first irradiation,
�6 cm�1 after the second irradiation, while +4 cm�1 after
the third irradiation (further specific values can be found in
Table S1). The band 845 cm�1 has �4 cm�1 FWHM
decrease after the first irradiation, +1 cm�1 after the second
irradiation, and increased with +1 cm�1 after the third
irradiation (further specific values can be found in
Tables S2b and S5). During the first irradiation, the fluence
was low, which could result in metastable alteration
(Rietmeijer, 1991, 1999). After weak cosmic irradiation, the
silicates (pyroxene, olivine) could be translated to metastable
state due to the formation of Si-rich islands in the crystal
structures, supported by the relocation of Fe-Mg cations in
the crystal structure (Rietmeijer, 1991, 1999).

Pyroxene
Regarding band shifts, the band 1012 cm�1 of

pyroxene shows negative band shift (decreasing wave
number value) after the first and second irradiations, and
increasing (positive) band shift after the third irradiation
(Table 1). Regarding FWHM values of pyroxene, the
following findings are relevant. The change of FWHM in
band 1012 cm�1 is 2 cm�1 after the first and second
irradiations. The change of FWHM is averagely +4 and
�7 cm�1 after the third irradiation (further specific
values can be found in Tables S3 and S5a–d).

Feldspar
Feldspar occurred as partly amorphous or glassy form

with weak signals already at the beginning from very small

grain size. This feldspar-like phase shows increasing band
shift after the first and second irradiations; after the third
irradiation, the band of feldspar disappear (at three
different measurement locations). The band shift is
averagely +19 cm�1 after the first irradiation. After the
second irradiation, the band shift of feldspar is +1 cm�1

(Table 1). Regarding FWHM values in case of 468 cm�1,
the change is �6 cm�1 during transition to amorphous
feldspar-like phase (505 cm�1). After the first irradiation,
the change of FWHM cannot be observed, but after the
second irradiation FWHM change was averagely �4 cm�1

(Table S4). The irradiation defect of feldspar was studied by
Kayama et al. (2011a, 2011b, 2013), they observed decrease
in intensity and increase in FWHM value of the Raman
band 505 cm�1 (vibration of SiO4 rings), but in our
measurements only the major band (505 cm�1) was
detected.

In summary, both the olivine (823 cm�1) and the
feldspar-like phase show increasing band shift after the
first and second irradiations. The pyroxene and olivine
show increasing band shift after the third irradiation, but
the bands of feldspar disappear finally. The band shift of
pyroxene shows negative values after the first and second
irradiations, but change to positive trend after the third
irradiation.

Figure 2 shows variation in major doublet (814,
846 cm�1 of olivine, R1, R6 locations), minor bands (670,
700 cm�1, R2/1 location), and major band (1008 cm�1,
R8/1 location). In case of olivine, the measurement at R1/6
location shows decreasing intensity after the second and
third irradiations. In case of R1/8 location, the band
846 cm�1 disappears after the third irradiation, only a
shoulder can be observed there. In case of pyroxene, both
of minor (670, 700 cm�1) and major (1008 cm�1) bands
show decreasing intensity after the second and third
irradiations. Figure 3 visualizes the average band position
changes for different minerals. Changes on SEM images by
irradiations could not be searched for as recording of SEM

FIGURE 2. Example Raman spectra for irradiated sample positions (R1/6, 1/8, 2/1, 4/8) for before and after the first, second,
and third irradiations (curves below each other).
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images would have required coating and decoating of the
sample with amorphous carbon layer, what would have
influenced the interpretation much.

In summary, the FWHM shows an increase after
the third irradiation in case of both of the major
bands of olivine. The pyroxene shows an increase in
FWHM after the first and second irradiations, but in
case of the major doublet of olivine, any significant
trend cannot be observed after the first and second
irradiations. The band 505 cm�1 of partly amorphous
feldspar shows decreasing FWHM disappeared after
the first and second irradiations, and after the third
irradiation, the bands of feldspar disappeared (see
Table S6a for further values).

Auxiliary Minerals
Because of specifically interesting changes of

phyllosilicates, their behavior is listed in this separate
part. Phyllosilicate minerals occur altogether 19 times
before irradiation, then of three cases after the first
irradiation, and one case after second irradiation. After
the third irradiation, the phyllosilicates were not detected,
and their bands completely disappeared. Phyllosilicates as
the elevated fluences might cause water loss after second
and third irradiations, thus could be not detected
(Tables S1 and S6b).

Magnetite, apatite, pyrite, marcasite, hematite,
goethite, chromite, siderite, calcite, and chlorite bands

appeared before and after the irradiations. Band
disappearance after the irradiation observed in the case of
hydrous mineral bands, like goethite (Table S6a,b). The
weakening of the bands of these minerals were also
observed after the irradiations.

The magnetite is an abundant phase, its band
appeared 7 times before irradiation, 11 times after first
irradiation, eight times after the second irradiation, and
three times after the third irradiation. The goethite band
appeared six times before irradiation, eight times after the
first irradiation, nine times after the second irradiation,
which disappeared everywhere after the third irradiation.
Siderite band appeared mostly before irradiation (15
times), rarely after irradiations (one time after the first
irradiation, three times after the second irradiation, and
one time after the third irradiation; Table S6b).

Calcite band appears four times before and four
times after the second irradiation, eight times after the
first irradiation, and two times after the third irradiation.
Chlorite band appeared four times before irradiation and
two times after the first irradiation, then disappeared.
After the third irradiation, bands of the hydrous minerals
like clay, chlorite, goethite, and in most cases, the
carbonates disappear.

Detailed numerical data and Raman spectral curves
on the earlier observations can be found in the Supporting
information, where various minor components can be seen
in Data S1, with the following acronyms: cc, calcite; q,

FIGURE 3. Band position changes (horizontal axis) at different irradiations (vertical axis) for the observed minerals (different
diagrams).

Raman spectroscopy analysis of artificial space weathering effects 7



quartz; fp gl, feldspar glass; chr, chromite; Mn-cc,
manganese calcite; ap, apatite.

DISCUSSION

In the following, the interpretation of the observed
changes are presented. The change in both FWHM and
band positions are variable in the case of olivine (both band
position increase and decrease can be observed), but this
trend became consistent after the third irradiation, due to
possible metastable change (movement Fe-Mg cations
causing Mg-loss and Si-rich parts in crystal lattice) during
the low irradiation (Rietmeijer, 2009). Similar low fluence
was used in our first irradiation. It is worth comparing
shock-driven and particle irradiation driven alterations of
the mineral lattice. According to Durben et al. (1993), the
positive band shift of olivine indicates dimer effects
(polymerization of SiO4 tetrahedra forming SiO2 molecules)
in metastable crystalline olivine. This positive band shift was
observed after the second and third irradiations (+1 and
+4 cm�1 averagely) in case of both bands of the major
doublet. However, in our tests, after the irradiations mostly
positive values were observed in band shift of 818 cm�1,
60% (+1 cm�1) after the first irradiation, 80% (+2 cm�1)
after the second irradiation, and 60% (+2.3 cm�1) after the
third irradiation (Table S2).

The band shift observed in this work increased by
increasing fluences of irradiations, where positive band
shift indicates amorphization of olivine. However, the
band 845 cm�1 showed positive band shift in less cases: in
20% after the first (+9 cm�1) and the second (+3 cm�1)
irradiations, and in 50% after the third irradiation
(+2.5 cm�1). Merging of major doublet of olivine was
observed in case of one measuring area after the third
irradiation. Increasing FWHM values after the third
irradiation was observed in case of olivine (Tables S2a,b).
The band shifts of olivine were caused by metastable
alteration after the first (and partly second) irradiation
where both positive and negative values were observed.
After the third irradiation, both of FWHM and band
shift values showed only positive trend, by the higher
fluences.

In case of pyroxene, the FWHM of band 1014 cm�1

increases after the first and second irradiations, and
shows a decrease after the third irradiation (Table S3).
Band shift was negative after the first irradiation
(�2.5 cm�1 in case of 60% of data), whereas after the
second irradiation, 20% increased (+3 cm�1) and 80%
decreased (�2 cm�1), but after third irradiation, all
analyzed mineral locations were characterized by positive
band shifts (all of data, averagely +5 cm�1). The negative
trend (decreasing values) shows Mg loss from the
crystalline structure after the irradiation (Lantz
et al., 2017); however, this change was identified by

infrared and not Raman spectroscopy in their
publication; thus, further work/analysis is needed to
verify the connection with Raman measurements.

The feldspar is characterized by increasing band shift
after the first and second irradiations, then its bands
disappeared by further amorphization and decomposition
after the third irradiation (Table S4). It has low-intensity
bands with high FWHM values before the irradiation,
indicating originally partly amorphous occurrence
(Table S4). The feldspar might be not well crystallized
originally, similar to the observations of Lewis and
Jones (2016), who found feldspars in chondritic material
recrystalize to amorphous, fine-grained component, thus
presenting less intense bands with high FWHM, and its
bands completely disappeared after the third irradiation
was heavily amorphized by the higher fluence irradiation.
This mineral phase was already poorly crystallized and very
small grained for detailed analysis. The originally small
grains could have transformed to several different products
and amorphous components, thus could not be identified
after the irradiation tests. According to Rietmeijer (1991),
feldspars were already modified during the annealing
history of chondritic amorphous material, also weakening
the crystallized structure. According to the expectations,
the less crystallized minerals (like partly amorphous
feldspars, silica, hydrous minerals) are not stable for the
used elevated fluences in agreement with Lantz et al. (2017)
and Brunetto et al. (2020).

Such alteration starts in an amorphous rim during
the bombardment of solar particles (Craig & Sears, 2011).
Alternatively, amorphous feldspar could also be formed
by thermal breakdown of high pressure, metastable
polimorphs, like hollandite due to postshock annealing
(Kubo et al., 2010, 2017), under specific proper
conditions. In their experience, the hollandite has broken
down to amorphous feldspar phase due to the electron
beam. According to Alexander et al. (1989), the matrices
of chondrites could be modified to amorphous–
semi-amorphous feldspar-rich particles due to solar
particle bombardment. Ewing et al. (2000) and Demyk
et al. (2004) also discussed that minerals become
amorphous after irradiation, and after strong irradiation,
complete disappearance of their bands could be observed
—just like in our case. Emergence of oxides or
phyllosilicates along with the decrease in feldspar bands
(as possible alteration products) at the targeted locations
could not be observed.

The band shifts of Fe-Mg bearing minerals in general
correspond to not only decomposition of their structure, but
also variation in Fe-Mg composition. Negative band shift of
Raman band indicates Mg loss causing Fe increase (Lantz
et al., 2017). This feature can be observed in more of the
measuring points of pyroxenes and olivines after the first
and second irradiations. With increasing irradiation, the less
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stable, water-bearing minerals’ bands disappeared (17 of 19
phyllosilicates containing locations) after the first irradiation
(Table S6b). The goethite bands disappear (two points of
five occurrences after the second irradiation, Table S6b).
After the third irradiation, all of the goethite bands, and
after the second irradiation, all of the phyllosilicate bands
disappear due to water loss in our measuring areas as
already been mentioned in other works (e.g., Brunetto
et al., 2020; Lantz et al., 2015, 2017).

Alteration by the Irradiations

After the aqueous alteration in the parent body, H2O
was implemented to the crystal lattice as iron oxides and
carbonates (Neubeck et al., 2014) in general. During
alteration by irradiation, decrease in band intensities can
be observed in case of phyllosilicates (R1/2, R1/9, R1/12
locations). In more cases (70% of measurements),
degradation (band disappearance) of clay minerals can be
observed already after the first irradiation (R3/1, 3, 4, 8,
12; R4/2–5 locations). The OH loss is indicated by
decreasing intensity of bands near 1600 and 3600 cm�1.
Following are the degradation of phyllosilicate minerals
by water loss (indicated in Tables S1 and S6a): the
phyllosilicate bands were present before irradiation
(Table S6b) at 17 measurement locations, while only at
two locations can be observed after the first irradiation,
and disappeared after the second and third irradiations
(phyllosilicates minerals can be observed before
irradiation at following locations: R3/1, 2, 4, 8, 12; R4/2–
5, 10, 12, 14–18, R1/2, 9,12; R2/7).

Along with the degradation of phyllosilicates after
the first irradiation, emergence of olivine and hematite
and goethite after the second irradiation (R3/1) could be
observed (Figure S7). Similar alteration was observed by
Fornaro et al. (2018) after their UV–irradiation
experiment. The transformation of phyllosilicates to iron
oxides (goethite, hematite) by chemical weathering,
however, in soils and not by irradiation was also
observed by Schwertmann (1988) previously.

Depending on the rate of water loss, phyllosilicate
minerals can produce different type of iron oxides:
Hematite occurred after the second irradiation (R1/2,
R1/11 locations) along with the disappearance of
phyllosilicate mineral bands, with the appearance of
hematite band (407 cm�1). The formation of goethite
occurs after the second irradiation (R1/10, R3/8) (less
water loss). Phyllosilicate minerals could be altered to
magnetite after the first irradiation (R4/2, 3, 5, 6) due to
complete water loss. This mineral alteration was observed
but in soils due to weathering by Hyodo et al. (2020).

Disappearance of main mineral bands could be also
observed. Feldspar bands disappeared due to
amorphization probably after the third irradiation (three

measuring areas – R2/6, a1/3, and a1/9 location).
Chlorite and siderite disappear after the first irradiation
(R1/5–6). The chlorite and siderite were weakly
crystallized before the irradiation, hence could disappear
after the first irradiation. It is possible and probable that
phyllosilicates were modified by water loss and
amorphization described by Lantz et al. (2017) due to
water loss. The decomposition of carbonate occurs above
400°C, though here at small atomic scale bonds could be
broken by the high-energy protons. However, it is worth
mentioning that the confirmation of these alterations
requires further analysis, not targeted in this work.

Weakening and disappearance of feldspar bands
during the irradiation series indicates amorphization and
weakening of crystalline lattice. Gleason et al. (2022)
found that the amorphization by shock effect of
plagioclase begins at 5 GPa and becomes a high-density
amorphous phase at 32 � 10 GPa, what partially
recrystallized afterward, here resemble process might
happened. In the Martian lherzolitic shergottite Grove
Mountains (GRV) 99027, Wang and Chen (2006)
observed plagioclase that experienced shock melting and
recrystallization. Luu et al. (2021) irradiated albite and
microcline with 3 MeV Si2+ to a maximum fluence of
2 9 1016 ions cm�2, found that amorphization of
feldspars, which is approximately two orders of magnitude
higher fluence than in our experiment. Furthermore, alkali
ions found to be important in the amorphization kinetics,
and Moroz et al. (2014) irradiated Fe-poor plagioclase
(andesine–labradorite) with nanosecond pulser laser
(1.5 9 109 Jcm�2 s�1, then 4 9 1010 Jcm�2 s�1 average
energy flux) producing nano- and submicrometer Fe
inclusion inside the layers. Zeng et al. (2021) investigated
the solar wind-produced OH/H2O in plagioclase (An50–
53), 5 keV H+ at fluence of � 1 9 1017 H+/cm2. Pure
minerals are useful references also: Yang et al. (2016)
studied alteration of olivine after laser irradiation caused
two major spectral feature changes, the maximum FWHM
of all Raman bands increased upon irradiations. Kayama
et al. (2011b) did not observed any red emission of CL
methods (in which reddening was observed by IR methods
by Brunetto et al. (2006), Lantz et al. [2015, 2017]). Gucsik
et al. (2017) detected no reddening in cathodoluminescence
spectra, but they detected blue emission as deformation
center in the shocked space-weathered Itokawa samples.
Gucsik et al. (2020) observed decreased intensity of SiO4

ring vibrations and increase in luminescence background
of Raman spectra in the shocked, space-weathered bulk
meteorites and Itokawa samples. In our work, upon
irradiations all Raman modes experienced decreasing peak
shift (downshift) by 4–6 cm�1 also. Under future tests,
further irradiation actions with pure minerals (RRUFF
database; Brunetto et al., 2014; Gucsik et al., 2020;
Strazzulla & Brunetto, 2017; Weber et al., 2022) should be
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also realized, however, this aspect was out of the
possibilities in this work.

For the exclusion of the Raman laser-induced
mineral changes, refer to the corresponding part of the
Methods section. As a summary regarding alterations
(mainly in S6a,b marked by yellow color), siderite might
transform to goethite due to Fe loss (R2/9), similar to
that observed by Liu et al. (2021). The clay bands
disappeared (R3/1) due to water loss together with the
emergence of goethite, hematite, and siderite. The origin
of calcite is especially interesting as might formed on the
Earth after the fall of the meteorite. It appears mostly
after the first irradiation, and its band disappear after the
third irradiation. Based on the published literature,
calcite might form from carbonates by irradiation during
depolymerization of SiO4 tetrahedra, though this has
been tested not by protons but neutrons (Zhang
et al., 2023). Calcite formation could also happen in clay
and amorphous carbonate mixtures (Rodriguez-Navarro
et al., 2015). However, as mentioned earlier, the
confirmation of these modifications requires further
different tests. Pyrite and chromite bands emerge mostly
after the third irradiation—however, the firm evaluation
of these observations need further work with different
observation strategy. According to Allard et al. (2012),
the irradiation induced change of redox state of Fe in the
structure could support various mineral alterations.

CONCLUSION

Artificial space weathering by 1 keV protons were
performed on the NWA 10580 meteorite at three
subsequent gradually increasing steps. Altogether 74
measuring locations were analyzed before and after the
irradiations by Raman methods, focusing on olivine,
pyroxene, and feldspar, regarding variations in band shift
and FWHM values. Other minerals, like clay, apatite,
pyrite, marcasite, goethite, hematite, chromite siderite,
calcite, and chlorite, were also detected before and after
the irradiations by occasionally including possible
decomposition. The band from less crystallized feldspar
and hydrous minerals (clay, chlorite, and goethite)
disappeared after the third irradiation possible due to the
water loss and decomposition. In several cases, the bands
of less crystallized hydrous minerals disappeared already
after the first irradiation. This observation indicates that
the rarity or lack of hydrated phases on asteroid surfaces
need not necessarily mark to exclude wet alteration rich
interior below a shallow-weathered crust—what might be
considered during the planning of the observations by
next asteroid missions.

Evaluating the band shift of olivine, no significant
trend could be observed at the major double after the first
irradiation, and after second and third irradiations only

minor increase (1 cm�1) was present. For pyroxene,
decreasing trend (�1 and �2 cm�1) at the first and
second irradiations can be observed in the average band
shift values, while after the third irradiation a moderate
increase in band shift (+5 cm�1) could be observed.
Although the shift values are small, they were parallelly
identified at several locations. According to Lantz
et al. (2017), the negative band shift of major bands of
pyroxene and olivine was caused by Mg loss, what was
supported by our tests. At even stronger irradiation (here
after the third irradiation), both olivine (+1 cm�1) and
pyroxene (+6 cm�1) showed increasing band shift due to
amorphization. The feldspar showed moderate increase
in band shift after the first irradiation, and minor change
after the second irradiation, finally the feldspar band
disappeared after the third irradiation probably by heavy
amorphization.

The olivine and pyroxene show weak increase in
FWHM after the first irradiation, and more changes
happened after the second and third irradiations. The
increase in FWHM was observed after the irradiation in
case of organic carbons as described by Morishita
et al. (2011), which is not about the same minerals
analyzed here, however, is an interesting related work.
The hydrous minerals (goethite clay, chlorite) were
observed mostly before irradiation and after the first
irradiation, in which bands decreased after the second
irradiation, and completely disappeared after the third
irradiation. These less stable Fe-bearing minerals might
be altered to more stable minerals like hematite and
magnetite after the irradiations.

The positive band shift after the third irradiation
(together with the increase in FWHM values indicating
amorphization) was identified in this research for most
minerals, while in the works of Lantz et al. (2017) and
Brunetto et al. (2020) they described only negative band
shifts in cm�1 for Mg-bearing minerals, which was
interpreted as Mg loss from crystal structure. The
difference could be that we used higher fluence after the
third irradiation than in other works, which caused
stronger damage of the crystal lattice (dimerization as
described by shock metamorphism in Johnson et al. 2003,
2007; Sharp & DeCarli, 2006; Van de Moortèle et al.,
2007; Dyar et al., 2011; Gyollai et al., 2017).

In general, the three main minerals showed
different average FWHM trends. The feldspar and
pyroxene showed increasing FWHM after the first and
second irradiations. For olivine, significant FWHM
trend of the major doublet could not be observed after
the first and second irradiations, but after the third
irradiation a minor increase (+1 to +2 cm�1) was
present. After the first and second irradiations, minor
increase can be seen in FWHM values (+2 and
+3 cm�1 averagely) in case of pyroxenes too. The

10 �A. Kereszturi et al.



feldspar was characterized by high FWHM values
while it was observable, indicating weak crystallinity
from the beginning.

Mineral changes could be also indicated some by
observations from the irradiation. In general, the bands of
hydrous minerals (phyllosilicate, chlorite, goethite) started
to diminish, while other phases emerged after the first
irradiation (including possible “alteration products” like
hematite, magnetite), and all of their bands disappeared
after the third irradiation. Thus, we straighten some earlier
results (Brunetto et al., 2020; Lantz et al., 2017) on the
water loss, and disappearance of water-bearing mineral
bands. During the irradiations, the occurrence of
Fe-bearing clay minerals decreased, and goethite and
hematite emerged, while pyrite and chromite were also
observed only after the third irradiation. Hematite and
goethite could form from clay minerals by water loss in
theory, what might have happened here, however could
not firmly proved. The degradation of clay minerals due to
Mg loss and water loss was observed by Lantz et al. (2015,
2017) and Brunetto et al. (2014, 2015), and here probably
also the same happened—but the firm confirmation
requires further analysis by more sophisticated observing
strategy. Alteration of carbonates are not described by
others after irradiations, while this feature was observed in
our irradiated sample—however, here also further analysis
is needed to gain firm results.
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Data S1. Raman spectra of minor components before
and after the irradiations.

Table S1. Summary of observed minerals at different
locations.

Table S2. Peaks and FWHM appeared before and
after all of irradiations of olivine (a) for band 816 cm�1.
(b) Peaks and FWHM appeared after all of irradiation of
olivine band 845 cm�1 (no. = measuring point ID at
measuring area).

Table S3. Peaks and FWHM appeared after all of
irradiation of pyroxene band 1010 cm�1 (no. = measuring
point ID at measuring area). The Raman IDs are
displayed at S7.

Table S4. Peaks and FWHM appeared after all of
irradiation of feldspar band 509 (no. = measuring point
ID at measuring area) Raman IDs are displayed at Fig.
S7.

Table S5. FWHM values of silicates before and after
irradiations.

Table S5a. FWHM values of silicates after the third
irradiation course, Raman IDs are displayed at Figure
S7.

Table S5b. FWHM values of silicates after the second
irradiation course.

Table S5c. FWHM values of silicates after the first
irradiation course.

Table S5d. FWHM values before irradiation.
Table S6a. Occurrence of minerals in Raman spectra

before and after the irradiations.
Table S6b. Overview of mineral phases of all samples.
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