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Abstract

:

Raman and infrared measurements of the same locations were conducted on a northwest African (NWA) 10580 CO3 meteorite sample, before and after three proton irradiations (1 keV ion energy using 1011, 1014, and 1017 ion/cm2 fluent values), to simulate space weathering effects. In the case of Raman spectroscopy, both FWHM and peak positions of the major olivine and pyroxene bands changed after the irradiation, and the minor bands disappeared. In the FTIR spectra, the minor bands of olivine and pyroxene also disappeared; meanwhile, major IR bands of pyroxene remained visible, demonstrating both positive and negative peak shifts, and the olivines were characterised only by negative peak shifts. The olivines were characterised by negative FWHM changes for major bands, but positive FWHM changes for minor bands. The pyroxenes were characterised by elevated FWHM changes for minor bands after the irradiation. The disappearance of minor bands both of IR and Raman spectra indicates the amorphization of minerals. The negative peak shift in IR spectra indicates Mg loss for olivine and pyroxene, in agreement with the literature. The Raman spectra are characterised by positive peak shift and positive FWHM changes; the IR spectra are characterised by a negative peak shift. The Mg loss, which was detected by negative peak shifts of FTIR bands, may be caused by distortion of the crystal structure, which could be detected by a positive peak shift in Raman spectra. This joint observation and interpretation has not been formulated in the literature, but indicates further possibilities in the confirmation of mineral changes by different instruments. Shock alteration-based observations by other researchers could be used as a reference for irradiation experiments as irradiation makes a similar structural alteration, like a low-grade shock metamorphism.
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1. Introduction


Space weathering [1,2] influences the surface mineralogy of asteroids, diminishing the fingerprints of minerals in their spectra [3], making it difficult to link meteorite groups to specific asteroids [4,5]. The surfaces of airless bodies are influenced by irradiation, implantation, and the sputtering process of galactic and solar energetic particles (mainly protons and alpha particles) as well as UV irradiation, impacts, and daily temperature fluctuations. Lots of information on space weathering comes from the Moon [6,7,8], where collected samples have highlighted the important role of nanophase iron [9], while recent asteroid sample return missions also improved our understanding on space weathering; for example, on Itokawa [10,11], with further data on nanophase iron, a range of oxidation states [12], and amorphous/Si enrichment [11]. Space weathering modifies the appearance, mineral structure, and composition of asteroid surfaces with mechanical fracturing, melting, and ablation, destroying the crystalline lattice, producing amorphization, and ion implantation. A candidate parent body of ordinary chondrite meteorites, Eros’s surface was found to be depleted in sulphur [13] by space weathering, while solar wind H implantation altered the spectral slope of ordinary chondrites [14].



Our aim is to identify and understand the consequences of artificial solar wind simulating proton irradiation on the NWA 10580 CO3 chondrite meteorite, jointly evaluating infrared and Raman measurements. This is an accessible meteorite with substantial mass located at the authors’ repository home laboratory (to allow further tests in the future, improved using the first results), also being a frequently occurring, primitive, and poorly modified meteorite. Beyond the scientific aim, the survey of the observability of different bands with different spectral resolutions also aimed to see what observational capabilities are needed for an infrared detector onboard a future asteroid mission, to identify the space-weathering-related consequences.



Space Weathering Effects


Solar wind energies strongly influence the consequences of space weathering, and besides the energy level of ions, the total dose witnessed by the target also matters. The so-called fluence values are representative for solar wind exposure time-scales (e.g., [1,15,16,17,18,19]). As the time-scales of laboratory tests are substantially smaller than real-life exposure durations, so larger doses and stronger irradiations are used to counterbalance this aspect. The intensity of irradiation is characterized by various units: total fluence—the total number of ions per surface area deposited during the whole test; the total amount of energy deposited during the whole test; and the dose—the number of ions with a certain energy during a given period over a given area. The infrared and Raman spectral curves recorded before and after irradiation tests indicated modifications from mineral changes by a given level of irradiation, which are discussed and overviewed in this work.



Earlier experiments with irradiation tests are summarized below. Separated sample units were measured with Raman spectroscopy (e.g., olivine decreasing from Fo = 70–80 before the irradiation to Fo = 50–60—[1], polystyrol, and olivine [20,21]). Lantz et al. 2017 [1] noticed the amorphization of the silicates as seen on the Lance meteorite: the olivine peaks at about 820 and 850 cm−1 almost disappeared after irradiation in the Raman spectrum. This doublet is the dominant feature of the olivine Raman spectrum that arises from coupled symmetric and asymmetric stretching vibrational modes of the SiO4 tetrahedra [22]. These modes could be efficiently observed under Raman spectroscopy with an olivine crystalline structure, while they exhibited an amorphous structure and modified peaks after heavy irradiation. The authors of [1,17] studied the Raman spectra olivine of Tagish Lake, Murchison, and the Lance meteorite. They observed the complete disappearance of the major doublet at around 820 and 850 cm−1 at high fluences. Lazzarin et al. [19] observed not only the disappearance of the major doublet of olivine in the Allende meteorite, but also the merging to a single band at 1040 cm−1. The spectral shift of the IR and Raman bands could be due to the loss of Mg by preferential sputtering compared to the heavier Fe [23], leading toward amorphization ([24,25]). The change in the Fe/Mg ratio by Mg loss in the crystalline lattice of pyroxene and olivine was also observed by [26]. According to [27], the positive peak shift of olivine by irradiation indicates the modification of SiO4 tetrahedra to SiO2 in a metastable phase of olivine. For pyroxene, a negative trend (decreasing values) of band positions was observed as Mg loss from after the irradiation [1].



It is also worth mentioning that besides the charged particle irradiation, other methods have also been used to simulate space weathering processes, including micrometeorite bombardment mimicking microsecond pulse lasers (supporting amorphization, microscale melting, and volatile release, [28,29,30,31]) and ultraviolet irradiation (also causing amorphization and volatile release [20,32]), however far fewer tests have analysed the effect of temperature fluctuation (producing mechanical failures [33]).





2. Methods


During this work, the same locations of the analysed meteorite were surveyed before and after the irradiation to see the gradual change in spectra and related mineral properties. All these observations were realized both with Raman and infrared methods. The FTIR measuring areas were marked by small letters and numbers “a, b, c, d”, the Raman measuring areas were marked by capital R letters with the numbers R1, R2, R3, and R4. These are described in detail in Table 1 and Table 2 in columns 1–2 separately (names for the “IR area” and “Raman area” were given separately). The increase and decrease in peak shift is mentioned in cm−1.



For infrared spectroscopy and microscopy, a Vertex 70 FTIR spectrometer (Bruker, Billerica, MA, USA), equipped with a Hyperion 2000 microscope, was used with 15× IR objective in reflection mode. The measurements were completed with 32 scans for every location, in the 400–4000 cm−1 range. All measurements were performed for 30 s at 4 cm−1 spectral resolution. Bruker Optics’ Opus 5.5. software (Bruker, Billerica, MA, USA) was used for manipulation of the gained spectra (e.g., baseline correction, atmospheric compensation, etc.). The maximal absorbance (or IR intensity or IR maximal intensity) used in this work refers to the measurement at the position in wavenumber of the strongest v1 SiO4 vibration, with polished surface gold standards applied. The field of view using the IR 15x objective was 200 µm in diameter, and this method is applicable for the polished rock sample.



Raman spectroscopy was utilized by a Morphologi G3-ID instrument produced by Malvern Instruments [34]. The Raman spectra were used for monitoring the change in mineralogical characteristics, like identification of minerals and determination of amorphization after the irradiation. The equipment, provided by Kaiser Optical Systems Inc. (Ann Arbor, MI, USA) was a Raman Rxn1 Spectrometer (laser at 785 nm wavelength, using exposure time of 30 s at 10 mW laser power), while the size of the laser spot was 3 μm at 50× magnification. The spectral resolution was 4 cm−1, the focal depth 1.82 μm. For the identification of Raman spectra, Bio-Rad’s KnowItAll ID Expert software (KnowItAll, Austin, TX, USA) and Morphologi software (Malvern Panalytical, Malvern, UK) were used. Comparative spectra of the minerals were imported from the RRUFF database [35].



During the measurements, two values were determined: peak position and full width at half maximum (FWHM). FWHM values were calculated by measuring the width of bands at their half height manually. The accuracy of the peak position measurements was ±0.5 cm−1 based on the experience of the operator and the OPUS software manual (OPUS). Peak shifts were described where the given bands appeared before and after irradiation, and the change in maximal position was measured. The observed bands in the 600–900 cm−1 range were Reststrahlen features, while Christiansen features were beyond the considered wavelength range. No emissivity but reflectance was displayed in the vertical axis.



The meteorite sample was irradiated by 1 keV H+ protons produced by the ECR ionsource (for technical details, see [36]) at the Atomki Institute under vacuum conditions for 3 times: 15 s (1011 ion/cm2) for the 1st irradiation, for 1 h (1014 ion/cm2) for the 2nd irradiation, and for 1 day (1017 ion/cm2) for the 3rd irradiation. As a result, after each irradiation action, the meteorite had also already witnessed the earlier irradiations; thus, their cumulative consequence can be seen, although these three irradiation actions differed by 1000 times. However, in this work, the change between the non-irradiated and the most heavily irradiated samples (3rd irradiation) was analysed in order to focus on the strongest and most clearly observable changes.



The used sample NWA 10580 CO3 type meteorite is a poorly altered primitive meteorite with unweathered material, mainly of forsterite, enstatite, and diopside, hosting small chondrules, very few calcium–aluminium-rich inclusions (CAIs), and blebs of sulphides, together in a fine-grained matrix, making up about half of the meteorite. The lithic fragments contain few accessory minerals (e.g., troilite and FeNi) besides the main constituent mineral phases. The texture of NWA 10580 is typical Ornan-type (CO) carbonaceous chondritic with many refractory inclusions [37,38]. The meteorite sample was already analysed regarding the infrared measurements, which will be published in detail in Gyollai et al. (2024 (under rev.)). This work contributes to the general knowledge with the comparative evaluation of Raman and infrared analysis to better understand irradiation-produced changes.




3. Results


3.1. Mineral Identification


Raman analysis: The following bands were used to identify the targeted minerals: 1010 cm−1 for pyroxene, 819 and 840 cm−1 for olivine as the major band. The olivine has a minor band at 950 cm−1, and the pyroxene has minor bands at 340, 660, and 680 cm−1. The peak shifts and FWHM values are calculated by major bands of minerals: 819 and 840 cm−1 of olivine, 1010 cm−1 for pyroxene. The calcite was identified at 1086 cm−1 in Raman spectra before the irradiation.



Using characteristic bands, minerals were identified from the RRUFF database and the Crystal Sleuth software [35], as well as from related publications. The main bands and FWHM values used for statistics were: 849, 880 cm−1 for olivine, and 1049 cm−1 for pyroxene. Depending on the amorphization rate, the minerals were detected not only by the major bands but also by the minor bands. These minor, less intense bands disappeared earlier than the major, higher intensity bands. For example, olivine might have only one band that remained from the major doublet due to amorphization in our Raman measurements (Figure 1 and Figure 2e (R1/8)) In general, the minerals (olivine, pyroxene) have less bands after the 3rd irradiation than before.




3.2. Raman Spectral Changes


The results of the Raman analysis can be seen in Table 1 with band positions and FWHM both before and after the irradiations, where eight measuring points are shown at three measuring areas (b1, c1, d1), which were analysed in this work in the sample NWA 10580 (Figure 2).



Based on the values given in the Raman table, the band positions and FWHM of olivine (820, 850, 950 cm−1) show increasing peak shift values (between +1 and +7 cm−1) by the irradiation. In the case of pyroxene, not only the increasing peak (between +2 and +6 cm−1) shift, and increased FWHM, but the disappearance of the 658 cm−1 and 670 cm−1 bands can be observed after the irradiation. The calcite was identified in one spectrum before the irradiation at 1086 cm−1.



In the following (Figure 1), characteristic examples are presented for peak changes between the original (non-irradiated) and most heavily irradiated cases. Please also note the general decrease in Raman intensity after the irradiation.



Olivine minerals demonstrate the following features (Figure 1 and Figure 2d–h):




	
In the R1/1 area (Figure 2f), the spectrum after irradiation is characterized by decreasing intensity and increasing peak shift toward higher Raman shift in cm−1 values and increasing FWHM values. The change of band 821 is +3 (peak shift), +3 cm−1 (increase in FWHM), while of 846 cm−1 band these values are +1 cm−1 in position, and +3 cm−1 values in FWHM. The minor band at 954 cm−1 shows a peak shift of +6 cm−1 and an increase in FWHM with +5 cm−1.



	
In the R1/5 area (Figure 2d), the band of calcite (1086 cm−1, which is probably Earth-based weathering product) can be observed before the irradiation, which band disappears after the irradiation. In the case of bands 826 cm−1 and 844 cm−1, these shifted to a higher wavenumber with +3 cm−1. The olivine is characterized by less intense bands than the R1/1 area and higher FWHM already before the irradiation. The band of organic material at 1355 cm−1 disappears after the irradiation.



	
The R1/6 area (Figure 2g) is characterized by lower intensity bands than the spectrum before irradiation and higher FWHM values for olivine after the irradiation. The 817 cm−1 and 849 cm−1 major bands of olivine show an increase in peak shift by +2 cm−1 after the irradiation. The increase in FWHM is +5 cm−1 for band 817 cm−1, and +3 cm−1 for band 849 cm−1. The minor band at 955 cm−1 shows a decreasing intensity and shifted with +9 cm−1 to a higher wavenumber.



	
The R1/7 (Figure 2h) is characterized by lower intensity bands and higher FWHM values for olivine after the irradiation. The band 816 cm−1 shifted with +4 cm−1, the band 847 cm−1 with +3 cm−1 to a higher wavenumber after the irradiation. The band 816 cm−1 has +5 cm−1 and the band 847 cm−1 has +6 cm−1 increase in FWHM. The organic material at band 1375 cm−1 disappears after the irradiation.



	
The R1/8/7 (Figure 2e) spectrum has bands at 816 cm−1 and 844 cm−1 before irradiation with low intensity bands. The band at 844 cm−1 disappeared after the irradiation. The increase in FWHM values is +4 cm−1, and peak shift is +2 cm−1 of the band 816 cm−1 which can be identified after the irradiation.



	
The Raman spectra of pyroxene are displayed at Figure 2a–c.



	
The pyroxene in the b1/2 area (Figure 1 shows a decrease in intensity and increase in the FWHM value. The major band at 1009 cm−1 has +3 cm−1 peak shift and +7 cm−1 increase in the FWHM value. The minor band 658 cm−1 disappeared, and the band 680 cm−1 shifted with +6 cm−1 higher wavenumber.



	
The d1 area (R4) contains pyroxene spectra. The R4/8 (Figure 2c) spectrum of pyroxene shows a decreasing intensity after the irradiation. The minor band at 667cm−1 disappeared after the irradiation, and other bands were characterised by an increased peak shift after the irradiation: +1 (band 346 cm−1); +3 (bands 689, 1014 cm−1). The band 689 cm−1 shows +9 cm−1, and the band 1014 cm−1 shows +8 cm−1 increase in FWHM.



	
The pyroxene spectrum at R4/9 (Figure 1a) shows a decreasing intensity after the irradiation. The minor band at 661 cm−1 disappeared after the irradiation, the peak shift of other 339 cm−1 and 1009 cm−1 bands were characterized by +2 cm−1, and the 683 cm−1 band +4 cm−1. These bands show increasing FWHM about +7 cm−1 of band 683 cm−1, and +3 cm−1 both at bands 339 cm−1 and 1009 cm−1.








In summary, the bands (peak positions) and FWHM values of olivine show increasing values after the irradiation in Raman spectra; meanwhile, in the case of pyroxene, not only an increasing peak shift and FWHM, but a decreasing peak shift at 658 cm−1 and 670 cm−1 can be observed after the irradiation.




3.3. Infrared Spectral Changes


Infrared spectral analysis was realized at the same locations as the Raman measurements presented above in order to make them comparable and allow joint interpretation. The numerical results can be seen in Table 2.



The important findings shown in Table 2 and Figure 2 and Figure 3 can be summarised below. The IR spectra of olivine in the b1 area (corresponding to R1 Raman area, Figure 2 (R1/1, 5, 7, 8; see the d, e, f, g, and h panels)), the major band at 894 cm−1 can be detected, while the minor band at 978 cm−1 rarely appears. This minor band mostly disappeared after the irradiation (in 66% of IR spectra); in one case, the peak shift is characterized by −8 cm−1 decreasing value. In other cases (more usual than the disappearance of peaks), the FWHM value of the minor bands increased averagely with +4 cm−1. The major 894 cm−1 band of olivine is characterised by negative peak shift (on average −4 cm−1) between −3 and −41 cm−1 and by decreasing FWHM (between 0 and −6 cm−1). In summary, the irradiation caused mostly a negative peak shift of IR bands.



The IR spectra of pyroxene can be seen in the c1 and d1 areas in Figure 3 d1/3–5 insets. In the c1 area, the minor bands at 703 and 667 cm−1 disappeared after the irradiations, and the major band at 1046 cm−1 shifted by +19 cm−1 toward a higher wavenumber up to 1064 cm−1. At the c1 area (b1/3, Figure 3 (R1/7)), the minor band of olivine mostly disappears, whereas the major band of olivine shows a negative peak shift, and decrease in FWHM by FTIR spectroscopy. The pyroxene shows both an increase and decrease in peak positions at major bands, and also a decrease in FWHM values. However, the FWHM value of the major band decreased in two out of three cases. In the d1 area, the minor bands 940 (R4/8, R4/9, Figure 3, D1/3–4) and 693 cm−1 (R4/9, Figure 3, D1/5) disappeared after the irradiation. Those minor bands, which were all present through the whole test series (913, 660 cm−1) shifted to higher wavenumbers (+3–+7 cm−1 the band 660 cm−1, with +1 cm−1 the band 913 cm−1). However, the major band of pyroxene (1046–1064 cm−1) shifted to a lower wavenumber (−7–−25 cm−1), and was characterized by a decrease in FWHM (average with −6 cm−1).



The spectra shown in Figure 3 display the mineral mixtures before and after the irradiation (insets: R1/1, 5, 7, 8, D1/4, 5, 3) with the lower curves before irradiation, and the upper curves after irradiations. For a better comparison with Raman bands, in the text and table, the olivines are displayed at the location of R1, and pyroxene at the c1 and d1 area (Table 1 and Table 2). The spectra are named by Raman measuring position name (R1, R4) regarding a better comparison of the IR and Raman methods (between 0 and −14 cm−1), but the minor IR bands which have not disappeared show a moderate increase in FWHM (+20 …+43 cm−1) (Figure 3 (R1/7, R1/8, D1/5)).



At infrared observations in case of olivine at most of the observed minor bands disappeared, while the major band (889 cm−1) showed decrease in peak shift (between −3 and −41 cm−1) and FWHM (between −6 and +4 cm −1) after the irradiation in all cases in IR spectra. The negative peak shifts are probably caused by Mg loss from the crystal structure [1], while the irradiation-related amorphization caused the disappearance of the minor band 978 cm−1 of olivine [19,39] in the IR spectra. The possible occurrence of nanophase iron is suggested by the literature and could not be identified here; however, this meteorite contains reddish-brown parts in chondrules (iron oxides), which may support nanophase iron.



The major IR bands showed decreasing peak shifts and variable FWHM in pyroxene. The minor bands of pyroxene did not disappear but showed increasing peak shifts and increasing FWHM in the IR spectra. In the c1 area (Table 1 and Table 2: R2/1; Figure 3b), the bands 703 and 667 cm−1 disappeared; in the d1 area, the band 940 cm−1 also disappeared after the irradiation. The d1 area showed a change in FWHM between +20 and +93 cm−1 for band 660 cm−1, and +43 cm−1 for the band 693 cm−1. In summary, the pyroxene showed a decrease in FWHM for the major band (0…−14 cm−1) but the minor bands showed an increase in FWHM.



The disappearance of the Raman bands was mentioned in the references related to shock metamorphism ([27,40] for olivine, [41] for pyroxene, and [42] for feldspar). The disappearance of the bands after the irradiation was mentioned by [39] in the case of organic material, and by [43] and [1] in the case of olivine.



At Raman observations, both of pyroxenes and olivines, an increasing peak shift was shown regarding the main and minor bands, and also an increasing change in FWHM. In the case of olivine, one of the major bands (R1/8) disappeared at 840 cm−1, while in several cases, the minor bands also disappeared (660–680 cm−1 in c1 area). In the case of Raman spectroscopy, both the major and minor bands of olivine and pyroxene showed a positive Raman peak shift (increasing wavenumber of peak positions) and increase in FWHM from the irradiation. The disappearance of the mineral phase of specific peaks could be observed after the irradiation: calcite bands disappeared after the irradiation (Figure 2 inset d). In [19], merging of the olivine Raman olivine bands (820, 850 cm−1) to a single band 840 cm−1 due to irradiation was observed, which was also observed in this work near 890 cm−1.



The olivine and pyroxene were both characterised by positive average peak shifts and increasing FWHM change for major bands in Raman spectroscopy (Table 3). In the case of FTIR spectra, both olivine and pyroxene presented a negative average peak shift and decreasing FWHM change for major band (Table 3).




3.4. Comparison of Raman and Infrared Changes


In the case of IR spectra, the major bands showed a decrease in peak position (negative peak shift) and in FWHM change, but the minor bands disappeared or showed an increase in peak shift and in FWHM change (Table 2 and Table 3). Consequently, the amorphization after the irradiation can be better demonstrated by minor bands, which changed (increased peak shift and FWHM) and disappeared, partly similar to the changes observed after shock metamorphic processes [42,44]. In the case of FTIR spectroscopy, the change in FWHM and peak shift showed correlation in our data. With increasing shock stage by corresponding works, the peaks shift to a higher wavenumber and show increasing FWHM due to disordering SiO4 tetrahedra in the crystal structure; this feature was only observed in our Raman spectra. After the irradiation, the amorphization could be observed by the disappearance of minor bands and increase in peak shift and FWHM of major bands; hence, the observations in the references regarding shock metamorphism can be used here.



In FTIR spectra, the major band of olivine and pyroxene were characterised by negative peak shifts, but minor bands of pyroxenes presented positive peak shifts. In Raman spectra, all of the data were characterised by positive peak shifts (Table 1). The negative (decreasing) peak shifts of major bands indicates that FTIR is more sensitive for Mg loss (decreasing peak position [1]), but the Raman spectroscopy presented positive peak shifts of major bands and being more sensitive for general structural changes like depolymerisation of SiO4 tetrahedra, e.g., amorphization [44].



The disappearance of minor bands from IR spectra of olivine and pyroxene after the irradiation indicates amorphization, similar to Raman spectroscopy (disappearance of minor band at 667 cm−1 of pyroxene, disappearance of 844 cm−1 of olivine band in the spectrum R1/8). These results are in agreement with the literature: irradiation-related changes by amorphization in olivine were described by [39,43], who observed disordering of organic material after the irradiation by Raman spectroscopy with decreasing in intensities of most bands, and disappearance of minor bands for silicates. Similar to their observation, decreasing intensities of bands after the irradiation and disappearance of minor bands can be observed by Raman spectroscopy (Figure 2) in this work.





4. Discussion


4.1. Interpretation of Spectral Changes


The negative peak shifts observed in most cases of pyroxenes and olivines in IR spectra corresponds not only to the decomposition of the crystalline structure, but also to the variation in the Fe/Mg ratio. According to earlier results, a negative peak shift of IR band indicates Mg loss from the structure, causing the Fe ratio to increase [17]. Meanwhile, the authors of [19] observed that the shift of the ~870 cm−1 band is much larger (~12 cm−1) than a shift possibly due to the heterogeneous composition of the matrix olivines. Similar to the references, in our IR spectra, a negative peak shift for major band of minerals appeared (Table 3). The authors of [19] used H+, He+, Ar+, and Ar2+ with energies (60–400 keV, which caused larger alterations by the incorporation of nucleus distort crystal lattice due to bombarding bigger ions). In our case, the irradiation energy is 1 keV with increasing fluences after each irradiation step, and the ion size is lower as we used H+ ion with fluences 1014 and 1017 ions/sec/cm−2. In the case of Raman spectroscopy, positive peak shift of major bands and disappearance of minor bands related rather to amorphization. The Mg losses, which were detected by negative peak shifts of FTIR bands, may cause distortion of the crystal structure, which could be detected by positive peak shift in the Raman spectra.




4.2. Amorphization


The Raman spectra show an increase (positive peak shift) in major and minor band positions, which indicates amorphization for olivine and pyroxene [45], while in IR spectra, the amorphization could be indicated by the increase in peak shift and FWHM of minor bands. In a few cases, some minor bands disappeared after the irradiation due to amorphization both in our Raman and IR spectra.



According to [46], the silicates (px and ol) showed progressive amorphization due to elastic collision with ions (the process depends on the size of ion, and being higher by bombardment of Ar+ than H+), causing a shift of bands to higher wavenumbers (positive peak shift in µm) and a decrease in the intensity of minor IR bands. They observed an Mg loss of crystal lattice with negative peak shifts after the irradiations, which are similar to our data. In our case, H+ on 1 keV was used after the irradiation, but the amorphization progresses by increasing fluences and irradiation time. Such amorphization was observed in our IR and Raman spectra in the form of the disappearance of minor bands, increasing FWHM values, increasing peak position of minor bands, showing a decrease in the intensity of major bands after the irradiation (which was observed by [39]).



The positive peak shift is indicated by amorphization after the irradiation, whereas a negative peak shift is indicated by Mg loss from crystal structure after the references. The disordering of minerals after shock metamorphism are more usually studied by Raman spectroscopy in the references. Our observed positive peak shift of Raman bands has not been described by other works after irradiation. However, the authors of [47] observed a Raman peak shift due to distortion of SiO4 tetrahedra of feldspar by shock deformation [48] of crystal lattice; hence, in our case the positive peak shift could be interpreted by crystal lattice defect due to irradiation instead of shock effect.



According to [27], the positive peak shifts of olivine (which were identified by olivine and pyroxene in Raman spectra) indicate dimer effects (polymerization of SiO4 tetrahedra forming SiO2 molecules) in metastable crystalline olivine, which was observed in our Raman spectra. The polymerization of SiO4 tetrahedra is accompanied by the disordering of the crystalline structure: the SiO4 transition to SiO2 molecules. This feature is indicated by positive peak shift and increasing FWHM (in the case of olivine and pyroxene) in Raman spectra. The peak shift increased by increasing fluences of irradiations, and the positive peak shift indicates amorphization of olivine and pyroxene. A further step would be to better understand the role of microscopic impacts and related simulation; however, this is beyond the scope of this work.





5. Conclusions


The NWA 10580 CO3 meteorite was studied before and after irradiation actions with up to 1017 ions/cm2 fluences on 1 keV H+ ions, where eight points were investigated by both IR and Raman spectroscopy. The comparison of spectral features before and after the irradiation provided the following results:




	
The disappearance of minor bands of pyroxene (660 cm−1) and of olivine (978 cm−1) indicates amorphization. The increase in FWHM of minor bands of olivine and pyroxene also indicates structural disordering by the IR spectra.



	
The decreasing peak position (negative peak shift) of the major IR bands of olivine (880 cm−1) and pyroxene (1050 cm−1) indicates Mg loss in infrared spectra (Table 3). There are a lot of other works also dealing with these data (Brunetto et al. [2,19,39,46], Lantz et al. [1,17], Lazzarin et al. [18], Vernazza et al. [16]). The Mg loss can be observed better in the IR spectra than in the Raman spectra.



	
The increasing peak position (positive peak shift) and FWHM of pyroxene and of olivine in Raman spectra indicate structural disordering after the irradiations (Table 3). The disappearance of calcite peaks can be observed in one Raman spectrum after the irradiation.



	
The positive peak shift with increasing FWHM and disappearance of minor bands in minerals by Raman spectroscopy after the irradiation experiments were first observed in our work.



	
The positive peak shift, increasing FWHM, and decreasing minor bands which were observed in our Raman data after the irradiation were not observed in other works related to irradiation experiments. The positive peak shift and disappearance of minor bands were mentioned in the references only relating to shock metamorphic features. The new Raman data we provide here are complementary and coincide in trend with the also Raman-based results acquired not from irradiated but from shock-based alteration of meteorite minerals—pointing to the perspective regarding the connection between shock deformation and irradiation-modified aspects of changes in the mineral lattice.
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Figure 1. Example of optical images of the whole sample (top left); part of the target area (bottom left). Please note the many bright chondrules; meanwhile, magnified insets of the (b1) area can be seen with the microscope of FTIR (top right) and Raman (bottom right) instruments. Please also note the large number of small occasionally irregularly shaped components. The letters plus numbers mark observing locations. 
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Figure 2. Spectral curves named by Raman measuring area codes. Pyroxene: inset (a) (R4/9), (b) (R2/1), (c) (R4/8), olivine: (d) (R1/5), (e) (R1/8), (f) (R1/1), (g) (R1/6), and (h) (R1/7) are visible. Values from further examples on peak and FWHM changes are presented in Table 1 in detail. The spectral curves show every bands’ decreasing intensity after the irradiation in general. An example peak position and FWHM determination can be seen in the magnified “(i)” inset for olivine. 
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Figure 3. IR spectra before (lower curves on the images), and after the irradiation (upper curves on the images). Peak shifts and increases in FWHM value can be observed after the irradiation. Figure 2 (insets R1/5, R1/5) show the spectra of olivine at b1 area with the lower curve before (blue) and after the irradiation (red), while Figure 2 R1/8, D1/4, 5 of pyroxene. (Legend: y axis is intensity; x axis is wavenumber in cm−1). 






Figure 3. IR spectra before (lower curves on the images), and after the irradiation (upper curves on the images). Peak shifts and increases in FWHM value can be observed after the irradiation. Figure 2 (insets R1/5, R1/5) show the spectra of olivine at b1 area with the lower curve before (blue) and after the irradiation (red), while Figure 2 R1/8, D1/4, 5 of pyroxene. (Legend: y axis is 