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Shock impact-produced mineral alterations in two thin sections of the recently found Csatalja H4 ordinary chondrite meteor-
ite are compared. Peak positions of Raman and infrared spectra of mineral clasts show peaks shifted in wavenumber relative
to unshocked reference minerals, and both peak shifts and FWHM values seem to correlate to each other. In the less
shocked thin section (Csatalja-1) a more monomineralic and homogeneous composition indicate shock pressures of
<15 GPa, while the more shocked Csatalja-2 indicates shock pressure in the 15-17 GPa range. The highest identified infra-
red peak position shifts range between —48 and +28 cm " with peak broadening between 60-84 cm ' in the case of the feld-
spars, which, together with sulphide globules, were produced by the shock itself. Feldspar spectra could be detected only by
FTIR spectroscopy, but in most cases (above the S3 shock level) the mixed type of the pyroxene-feldspar spectra (both
peaks in the same spectra) is in agreement with the shock-produced secondary feldspars. These grains are located around
crystalline borders, and probably formed by selective melting, due to shock annealing. In reconstruction of the shock history,
an early fragmentation by a lower shock effect and a later increased shock level-related vein and melt pocket formation oc-
curred, with subsequent shock annealing; temporal reconstruction of the shock event is possible only in part. The joint usage
of Raman and infrared spectroscopy provided useful insights into the shock-produced changes and their spatial
inhomogeneity, while shocked feldspar could be better detected by infrared than by the Raman method.

Key words: meteorite, shock impact alteration, ordinary chondrite, infrared and Raman spectroscopy.

INTRODUCTION by comparing infrared observations with better established
Raman measurements for phase identification and characteri-

zation (Fintor et al., 2014). The aim besides the methodological

FTIR ATR (Fourier Transform Infrared spectrometer with
Attenuated Total Reflection objective) based mineral analysis is
becoming popular as such equipment is more readily available.
Although in classical Earth sciences this method is already
used, for cosmic materials it has been less commonly em-
ployed. In this work we analyse typical meteorite minerals, in-
cluding shock-altered ones, in order to demonstrate some use-
ful capabilities of FTIR ATR and also the limits of this method,
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testing is to characterize the shock deformation and estimate
formation conditions, the extent of small-scale heterogeneity,
and to reconstruct a shock history of this meteorite. This analy-
sis provides information on early melting (Krzesinska, 2016),
thermal metamorphism (Borucki and Stepniewski, 2001) and
complex mineral formation history (Pilski et al., 2001) including
the reconstruction of the parent body's structure (Borucki et al.,
2009) and age estimation of various geological events (Halas
and Wéjtowicz, 2001).

The first specific aim of this work is to gain insight into the
characteristics of the shock-driven alteration of a recently found
meteorite. A secondary aim is to gain new experiences on
methodological aspects, using both Raman and infrared ATR
based data, as the later one is poorly standardized with few re-
sults obtained from meteorite minerals. By the joint application
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of Raman and infrared methods, shock levels and related peak
pressure and temperature values could be estimated in the
same meteorite sample by these different methods to help un-
derstand the complex processes that acted on the meteorite
parent bodies (Tyburczy et al., 1986; Przylibski et al., 2003;
Beck et al., 2005). The target object: Csatalja is a H4, S2 W2
chondrite meteorite, which was found in 2012 in Hungary, and
based on the differences between its different parts, is probably
abreccia. The meteorite shows high iron abundance (25-31%),
its main minerals are: orthopyroxene, olivine (fayalite content
1620 mol%), 15-19% reduced Ni-Fe metal and 5% troilite.
These minerals are partly metamorphosed to petrographic
grade 3—7 (usually 5).

Earlier results on the usage of IR ATR are summarized be-
low. The first study of the FTIR ATR method was by Miller et al.
(2004), who measured minerals in sedimentary rocks such as
feldspar, quartz, carbonates, and clay minerals. Detailed stud-
ies of clay minerals were obtained by Madejova and Komadel
(2001), Madejova (2003), Udvardi et al. (2014) and Kovacs et
al. (2015a). FTIR ATR was used in archaeological science to
measured pure mineral powders such as cosmetics, pigments
and ceramics (De Benedetto et al., 2002; Domenech-Carbo et
al., 2012). A comparative study of infrared spectroscopic meth-
ods was made by Lane et al. (2011), including FTIR ATR meth-
ods. Previously ATR was also used to provide standard band
positions to estimate interstellar dust composition (Morlok et al.,
2006), and for shock analysis of Martian meteorites (Koizumi et
al., 2010), to identify metasomatic alteration of meteorite olivine
(Kereszturi et al., 2015). In the analysis of shock alteration of
impact target rocks on the Earth (Basavaiah et al., 2013) ap-
plied aspects of ATR based IR spectroscopy were summarized
by Reach et al. (2012).

METHODS

Target areas of the thin sections were first identified and
roughly characterized by optical methods, then analysed by
Raman and finally by FTIR ATR methods. A polarizing micro-
scope Eclipse E600 POL was used for textural analysis and ba-
sic mineral determination. Shock stages were also initially esti-
mated by optical microscopy using the Stdffler scale. Olivines
with mosaic structure are classified as S3-S4 (mainly in the
Csatalja-1 sample shock vein, see below), while shock-an-
nealed and subgrained mixed composition mineral clasts are
classified as S5 shock stage (see below: Csatalja-1 and -2
samples), and the shock melt, occurring as a pocket (mainly in
Csatalja-2), formed at the S6 shock stage. In this work we ana-
lyse and compare these mineral alteration types.

FTIR ATR METHOD

For infrared spectroscopy and microscopy, a Vertex 70
FTIR spectrometer and Hyperion 2000 microscope were used
with Attenuated Total Reflectance (ATR) objective (Johnston
and Premachandra, 2001; Morlok et al., 2004; Chemtob et al.,
2010; Staby et al., 2016), where a high refractive index crystal
was in physical contact with the target (Ohta and lwamoto,
1985a, b). The infrared wave penetrates only a few
micrometres below the surface as an evanescent wave and
rapidly decays from the interface. The reflected beam is attenu-
ated with corresponding frequencies to the vibration mode and
overtones of the sample crystals (Ferguson, 2010). During the
infrared analysis the minerals in the thin section were contacted
by the tip of the germanium (Ge) crystal of 100 pm total diame-
ter. All measurements were performed for 30 sec at 4 cm !

spectral and 10 pm spatial resolution. Bruker Optics’ Opus 5.5.
software was used for manipulation of the resultant spectra
(e.g., baseline correction, atmospheric compensation etc.).

RAMAN ANALYSIS

Phase analytical measurements were made by a THERMO
Scientific DXR confocal Raman microscope (532 nm laser,
10 mW laser power, 100X objective lens, 25 um pinhole confo-
cal aperture) in the laboratory of the Department of Mineralogy,
Geochemistry and Petrology, University of Szeged. The focal
point diameter was ~1 um, the spatial resolution some pm® and
the spectral resolution 2 cm . In the case of olivine, the end
member spectra fitted the actual spectrum, based on the
RRUFF database (Downs, 2006). For all of the olivine points,
the spectrum of the forsterite matched the best, the fayalitedid
not appear in the sample. According to the Foster et al (2013)
diagram, which shows the peak positions of forsterite, these ol-
ivine points may fall approximately into the Fogy range. The
peak positions of minerals measured in our samples were com-
pared to unshocked Earth-based mineral standards of similar
chemistry; artificial shocked samples were also used. The feld-
spar spectra (oligoclase—labradorite) were compared to those
of Freeman et al. (2008), the pyroxenes to Huang et al. (2000),
and the olivines to Kuebler et al. (2006). The FWHM values
(measured manually in Crystal Sleuth as the width at the half of
the maximum peak intensity) were used to improve shock stage
identification; using the crystalline lattice disordering they pro-
duce what could be identified in peak changes, and the values
were compared to Rull et al. (2010) for pyroxenes and olivines,
and to Fritz et al (2005) in the case of feldspars.

For the interpretation of shock-produced changes in the
spectra, publications-based references of FWHM values were
compared to the Raman spectroscopic and FTIR measure-
ments realized in our work. The references used are from artifi-
cially produced pressure-driven laboratory-based deformation
tests, so the FWHM values are definitely from pressure-driven
crystalline lattice deformation. The unshocked olivines are
characterized by main doublet peak positions of 820 and
850 cm ' (Rull et al., 2010), with FWHM of 10 cm ' (Miyamoto
and Ohsumi, 1995). According to Miyamoto and Ohsumi
(1995), the shocked olivine with 21 cm " FWHM points to a
shock stage of 15 GPa, 900°C. The existence of shock-related
alteration beyond any solely temperature-produced FWHM
change was confirmed by the peak position shift accompanied
with an FWHM increase (see values in Tables 1 and 2). Beside
these aspects, optical analysis showed mosaic structure and
isotropic patches in these grains. This observation might sup-
port that FWHM increased not only because of elevated tem-
perature.

EMPA ANALYSIS

Elemental composition of certain units of the sample was
determined at 1-2 um spatial resolution with EMPA on the sam-
ple covered in a vacuum-deposited thin amorphous carbon
layer, using a JEOL Superprobe 733 electron microprobe with
an INCA Energy 200 Oxford Instrument Energy Dispersive
Spectrometer. The analytical circumstances were 20 keV ac-
celeration voltage, 6nA beam current and count time of 60 s for
the spot measurement and 5 min for line scan analysis. Olivine,
albite, plagioclase and wollastonite were standards; the detec-
tion limit estimated for main element identification was <0.5%
based on experience of earlier measurements with various
samples.
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Table 1
FTIR and Raman parameters of the minerals measured and the estimated expected shock stage of Csatalja-1 sample
Raman shock IR shock in- ; Number of
Mineral Optical shock level in Csatalja-1 | induced shift in Rigrgasgt';n;ﬂm duced shift in l%gﬁ?g.{" measuring
Csatalja-1 ) Csatalja-1 1 points
olivine S4 (mosaicism) 2 151-7 —2—-+5 18 4
S5 (shock annealed clast
pyroxene resorbed rim subgrained -4 13 1-5—+16 37-66 6
structure)
S3 (fractured
pyroxene chondrule fragment) -5-10 16-30 —16-+4 35-41 3
pyroxene S6 (mixed mineral melt) 1-4 12 5-14 33 6
feldspar only in mixed mineral melt (S6) +1 18 -10 70 2
Table 2
FTIR and Raman parameters of the minerals measured and the estimated expected shock stage of Csatalja-2 sample
Raman shock IR shock in- : Number of
. . . - . = | Raman FWHM Lol IR FWHM in r
Mineral Optical shock level in Csatalja-2 | induced shiftin | £y 1 duced shift in £4. 12 measuring
Csatalja-2 is Csatalja-2 Csatalja-2 Csatalja-2 points
olivine 5S4 (mosaicism) 2 16-18 3-2 11-26 4
S5 (shock annealed clast
pyroxene resorbed rim subgrained 9 15 11-12 31-39 8
structure ‘}J
S3 ( fractured
pyroxene chondrule fragment) 5 16 8 43 !
feldspar only in mixed mineral melt (S6) -1-0 14 19-32 60-84 5

In general the FWHM (characterizing the regularity of the
crystalline structure) and peak position shift (characterizing the
crystalline domain size) together provide insight into the
shock-caused alteration: while the increase in FWHM values
might be caused both by shock driven elevated pressure and
temperature or by only elevated temperature alone; however,
the occurrence of increased FWHM values together with the
peak position shift demonstrate that deformation of the crystal-
line lattice (changing the lattice parameter of the domain size)
happened together with a decrease of the crystallinity level in
general — while the thermal effect alone could increase only the
FWHM and not produce a peak position shift. The joint use of
peak positions and FWHM values analysis with both the Raman
and infrared methods supports the better estimation of shock
conditions.

RESULTS

The Csatalja-1 and Csatalja-2 samples were studied with a
focus on shock alteration. Following the Stoffler et al. (1991)
classification, various areas with different shock stages could
be separated

— S3: emergence of fractured mineral/chondrule clasts

(these are characteristic for higher shock stages too, at
70% of the brecciated, chondrule-rich part of the thin
section area);

— S4: olivine showing mosaic extinction (10% in Csatalja-2

— melt pocket, vicinity of melt pocket, shock veins; 23%
in Csatalja-2 — shock veins and their vicinity);

— S5: subgrained clasts with selective melting (pyroxenes
— 10% in shock melt pocket in Csatalja-2);

— S6: totally shock-melted rock (7%, Csatalja-1 — melt
fraction in branching shock vein, 10% in Csatalja-2 —
melt pockets).

An overview of these location types with different optically
based shock stages are shown in Figure 1. The Csatalja-1
sample contains clastic shock veins with mixed mineral clasts
suggesting selective melting, with grains of mosaic extinction
and fractured chondrules in the wall of the shock veins (Fig. 1).
The Csatalja-2 contains a melt pocket with subgrained
pyroxene, mixed casts showing selective melting (Fig. 2C, D)
and shock veins (Fig. 2E, F).

During the analysis, altogether 23 measurements of the
same point on the thin section with good IR and Raman data to-
gether were analysed, among them 8 were clean phases (in
these cases both IR and Raman methods identified only one
mineral type, characteristically around the S3 shock stage and
not above), while 15 locations showed mixed phases (usually
around S5). Below we analyse and identify minerals using
Raman and infrared spectroscopic methods (based on charac-
teristic peak positions) and their basic spectral characteristics,
then we provide the full width at half maximum (FWHM) values
to see possible IR-Raman correlation with crystalline structural
changes. The characteristics of clean and mixed phases are
described in detail in the next section.

Figure 2 shows example spectra for the observed minerals
modified by shock metamorphism according to the following
parts of the image (sample identifier and mineral identifier are
indicated in brackets):
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Fig. 1. Optical microscope images from the measured areas of the Csatalja-1 and -2 samples in transmitted light

A, B — map of thin sections of the Csatalja-1 (A) and of Csatalja-2 (B) samples, the measured points of the Csatalja-1 were taken from a
shock vein, the measured points of the Csatalja-2 sample were taken from a melt pocket; C — measuring points of Csatalja-2 sample with
mixed clasts around subgrain boundaries and fractures; D, E — measured points of the Csatalja-1 samples (D —rgt1 IR3, ol15moz IR4, E-D3

rgt2/3-4, px3a-c)

— A, B — weakly shocked, mosaic olivine (Csatalja-1,
D2ol15mozIR4, A — FTIR, B — Raman),

— C D -—weakly shocked, subgrained pyroxene lacking the
signature of selective melting (Csatalja-2, D17a, C —
FTIR, D — Raman),

— E, F — strongly shocked pyroxene in melt pocket
(Csétalja-2, D11IR3, E — FTIR, F — Raman),

— G, H-strongly shocked mixed mineral clast of pyroxene
and feldspar around fractures and subgrain boundaries
(Csatalja-2, D1a10IR4, G — FTIR, H— Raman),

— |, J — strongly shocked mixed mineral clast of pyroxene
and feldspar in melt (Csatalja-2, D1a10IR3, | — FTIR
(only feldspar), J — Raman),

— K, L — strongly shocked mixed mineral clast with much
feldspar melt (Csatalja-2, D15IR3, K — FTIR, L —
Raman).

The measuring points were selected to be representative of
the general appearance of the samples analysed, covering the
range of differently shock-altered units. The Csatalja-1 thin sec-
tion contains clastic shock veins with a small amount of mel,
whereas the Csatalja-2 thin section sample contains melt pock-
ets with mixed clasts (pyroxene clasts with feldspar melt along
the fractures and subgrain boundaries). The measuring points
in the Csatalja-1 sample were selected in shock veins and

taken of magnetite (E61), shocked pyroxenes (D2 rgti,
ol15moz, D3 px3) in shock vein (with mosaic structure and iso-
tropic patches — Fig. 3C), whereas the Csatalja-2 sample in a
shock melt pocket of feldspar melt and fewer clinopyroxenes
(augite, diopside) with selective melting, feldspar-pyroxene mix-
tures (D1a5, D1a101R2, IR4; D11 IR1, IR2, IR3, IR5, IR6), less
olivine (D1a10 IR1, D11-IR4), and pyroxene (D1a10 IR3,
D17a7) were measured (Fig. 3G). These targets were selected
as characteristic units of the thin section.

The same “pure” minerals were detected with both Raman
and FTIR spectroscopy at only a few points of the Csatalja-1
(E61 — magnetite, D2 ol15 moz IR4 — forsterite) and Csatalja-2
samples (D1a10 IR1 —forsterite, IR3 — enstatite, D1a7 — ensta-
tite, altogether in 7 cases out of 25). Most of the spectra
(Csatalja-1 — 60%, Csatalja-2 — 70%) are a mixture of the min-
erals noted above, while a pure feldspar spectrum was detected
only by infrared spectroscopy. The identification of pure versus
mixed phases is influenced by the spatial resolution differences
of Raman and FTIR-ATR microscope objectives: while FTIR
microscope works with with a 20x objective (340 pm diameter
field view area of the sample with spatial resolution of 2—4 pm),
the Raman measurements were taken under 100x magnifica-
tion objective (140 pm diameter field of view area on the sam-
ple) with spatial resolution of 1 pm.
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Fig. 2. Comparison of various shock level olivine (ol), pyroxene (px) and feldspar (fp) infrared and Raman spectra

For detailed description please see the corresponding text. In the mixed cases the peaks are marked with the acronym of the
corresponding mineral of the given peak (A-D, |, K — pure minerals, E-H, J, L — mixed phases)

SHOCK CHARACTERISTICS OF THE MINERALS IDENTIFIED

The infrared and Raman methods were useful for the shock
characterization of minerals, the shock-related parameters be-
ing described in this section. The measured IR and Raman
band positions with FWHM values are listed in Appendices 1
and 2*. The shock-produced change in peak positions and
FWHM values were compared to mineral reference data from
unshocked samples of Earth-based materials, where the
compositional reasons (measured by EMPA for the samples

analysed in this work) for changes were excluded by using the
same composition reference minerals (displayed in Appendi-
ces 1 and 2, columns 1 and 2). In general, the peak positions
shifted to higher wavenumbers in infra-red and Raman spec-
troscopy (Appendices 1 and 2 column 2, column 6) with in-
creasing shock stages (estimated initially by optical observa-
tion, then compared to Raman FWHM values of shocked min-
eral reference material, Rull et al., 2010), and show shift and
broadening of peaks (Appendices 1 and 2 columns 4 and 8)

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1416
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along with increasing shock deformation. Below we describe
the mineral types and their behaviour, and subsequently by
clean and mixed phases. The mixed phases occur in high
shock stages (S5), characterized by higher FWHM values due
to amorphisation, whereas clean phases were identified in less
shocked locations (S3).

Qlivines occur at many locations of the sample, including in
the strongly shocked area D1, which are characterized b1y
70 Fo% and low Raman shock-induced shift with +2 cm .
Olivines were abundant in the sample as mixed phases too, but
they were rare as pure phases. They mostly transformed and
the peaks could overlap with pyroxene peaks, making the iden-
tification difficult, and in mixed phases in clasts only Raman
could identify them; IR method could not do this.

The pyroxenes are characterized by 3 end-member compo-
sitions (enstatite-diopside augite, >70 En%, >40 Wo%,
30 Wo%, respectively), which have vibration bands at the fol-
lowing intervals and locations: 630-641, 670690, 725, 920,
1007, 1060 cm . High shock-induced IR shifts up to —34 cm '
due to deformation was observed; the major IR band at a posi-
tion near 861 cm ' has a shock-induced shift of -6—+14 cm .
The Raman bands of pyroxene have a shock-induced shift be-
tween—3and +13¢cm |, showing lower variation of these values
than FTIR spectroscopy.

The feldspars’ IR shifts vary between 28 and 32 cm !
whereas the Raman shifts varies between -3 and +1 cm . The
feldspars are high-T plagioclase (lingunite) with compositions
between oligoclase and labradorite. The highest IR peak shift
from an unshocked reference could be observed by feldspars
with values between —42 and +28 cm’' (Appendices 1 and 2
column 6), which could have been caused mainly by the shock
effect but also influenced by the overlapping positions with
pyroxene bands (the EMPA-based compositions were feldspar,
but Ca-rich pyroxene was detected together with less feldspar
by infrared and Raman spectroscopy) because of mixing of dif-
ferent mineral phases, and by considerable disordering of the
crystalline lattice. The IR FWHM values are very high in the
case of feldspars (60-84 cm ') together with peak shift (see the
examples in Appendices 1 and 2); these could be explained by
amorphisation due to shock-induced crystal lattice defects.
These amorphized feldspars occur only in the strongly shocked
area D1 in the melt pocket in the Csatalja-2 sample. In contrast
to the IR data the Raman shock-induced shifts of feldspars are
much smaller, with variation between —3 and +2 cm ', which is
the same scale of shifted difference between IR and Raman
methods that could also be observed in pyroxenes.

CHARACTERISTICS OF CLEAN AND MIXED PHASES

In this section the characteristic clean phases (where the
observations showed peaks of only one mineral type at the
given location) and mixed phases (where the observations
showed peaks of two different minerals at the given location) of
the minerals listed above are given, as they could provide in-
sight into the shock-driven alterations. Clean feldspar spectra
were detected only by FTIR spectroscopy (D1a5 IR1, D1a10

-

IR3, Csatalja-2), possibly because the ATR detects minerals to
~0.5 um depth below the sample’s surface, while Raman pene-
trates more deeply, to ~3 um depth. Clean phases, with both in-
frared and Raman spectroscopy, were analysed for forsterite
(D1a10 IR1 — Csatalja-2, D2/ ol15moz IR4 — Csatalja-1) and
enstatite (D1a10IR3, D17a7 — Csatalja-2), magnetite (E6/1
magn 1-3 — Csatalja-1). In other cases, pure diopside (D11 IR2
— Csatalja-2), enstatite (D11 IR3 — Csatalja-2), and forsterite
(D11 IR4 — Csatalja-2) phases were identified only by FTIR
spectroscopy, but Raman spectroscopy detected mixed
phases. In the following the mixed phases are described where
in several cases more than one mineral’s peak positions could
be observed.

Mixed phases were detected by Raman spectroscopy on
more occasions than pure phases: Csatalja-1: (4/9: 40%,
Csatalja-2: 12/15: 80%); whereas the FTIR spectroscopy de-
tected mixed phases in fewer cases (60% in Csatalja-1, 40% in
Csatalja-2). Both Csatalja-1 and Csatalja-2 contain feld-
spar-pyroxene mixed phases, which are characterized below.
Among the mixed phases observed, feldspars formed by melt-
ing around grain surfaces by the shock effect, while the olivines
and pyroxenes there were primordial — in these cases the
mixed phase reflects highly heterogeneous minerals that were
partly produced by the shock itself.

A feldspar-pyroxene mixture was observed in 7 (33%)
cases (D2 rgt1_IR3, D3rgt2, D3px3 — Csatalja-1, D1a5IR2-4,
D1a10IR2, D11 IR1, IR5-6 — Csatalja-2), which were detected
by FTIR spectroscopy, while with Raman spectra the spectra
were less mixed at these locations: with only traces of forsterite
or pure diopside being observed. The Raman technique re-
vealed forsterite in several mixed cases (3 cases: 37%, D3tgt2
spectrainthe Csatalja-1 sample, and 30% D1a5 (IR3)and D11
(IR4-6) of the Csatalja-2 sample); forsterite in mixed mineral
phases was not detected by FTIR spectroscopy, possibly as the
olivine peak overlaps with those of pyroxene. Pyroxene was de-
tected as a pure phase only in D3px3 Raman and FTIR spectra
(Csatalja-1 sample).

Alkali-rich melts (a mixture of feldspar and Ca-rich
pyroxene, which contains broad Raman and IR bands of low in-
tensity), detected by elemental mapping, were concentrated
along subgrain boundaries, while they were rare in the homoge-
neous melted material. They showed a darker grey, strewn ap-
pearance in reflected light using optical microscopy, suggesting
shock annealing. The shock melt fraction has a feldspar com-
position with a high shock-induced shift in wavenumber, indicat-
ing the S5-S6 shock stage here.

The olivine is characterized by FWHM values of 12-19,
which indicate that peak shock pressure did not reach 15 GPa,
with an estimated shock stage of between S3—S4. Detailed de-
scriptions of the areas analysed as regards shock stages
(based on optical analysis) are listed in Appendices 1 and 2,
column 10.

Amorphisation can be also measured by FWHM values,
which increases with shock stages (Appendices 1 and 2, col-
umns 4 and 8). Summarizing, the Csatalja-2 measured areas
were highly shocked with S5 (shock-annealed clasts), and S6

Fig. 3. Example features and their relations to reconstructing the shock history of the Csatalja meteorite

A - shearing of chondrule in shock vein (Csatalja-1); B — brecciation and fracturing in Csatalja-1; C — fragmentation and mechanical twinning
of pyroxene clast in a shock vein (Csatalja-1); D — fragmentation, kink bending and mosaic extinction of olivine (Csatalja-1); E — mosaic oliv-
ine in a shock vein and fracturing in the environment of the vein (Csatalja-1); F, G — fragmentation and selective melting around subgrain
boundaries of a pyroxene clast in a melt pocket, producing feldspar melt (Csatalja-2); H — collapse of shock veins producing a melt pocket
(explanation in text); the different events are marked with numbers, see corresponding details in the text (A, B, G, H — transmitted light, C-E —

polarized light, F — reflected light images)
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(shock melt in melt pockets) shock stages. While the Csatalja-1
measured areas were less shocked, with S3—-54 shock stages
(in shock veins). Total amorphisation was observed in a shock
melt pocket, while the surrounding melt of a subgrained clast
did not show any Raman signal with red laser. The S3-S4
shock stage were observed in clean phases with Raman and
FTIR spectroscopy in and around shock veins, and mixed
phases were detected at the S5 shock stage in a melt pocket. In
a very few cases, mixed clasts also occur in shock veins (rgt1,
rgt2 in the Csatalja-1 sample).

SEPARATION OF DIFFERENT SHOCK EVENTS

In meteorites shock events are often described. However,
the separation of signatures from different shock events are
less commonly reconstructed, partly as such decoding is diffi-
cult because different shock signatures could overwrite each
other. In the following section the results of such an attempt is
provided, while knowing that such a reconstruction of shock his-
tory is uncertain and several problematic features may be iden-
tified. During the reconstruction of the sequence of shock-re-
lated events, superpositional relation allowed identification of
earlier fracturing, later formation of mosaic structure, then
shock melting and collapse of shock veins. These events sug-
gest increasing shock-produced changes with time. Although
the time intervals between different shock events is unknown
and could not be estimated (e.g., many millions of years or even
minutes might have elapsed between two shock events), it is
probable that most of these features represent different, sepa-
rate shocks, thus different impact events.

The shocked areas (the fractured zone in the Csatalja-1,
and melt pockets in the Csatalja-2 sample) contain olivine,
pyroxene, feldspar melt, and metal-sulfide globules — providing
ideal targets with their complexity to identify separate different
shock signatures in the same area. The shock history of these
characteristic parts of the meteorite is described by the super-
position of shock features as follows (Fig. 3, with the minerals
influenced and shock levels produced indicated in brackets in
the list below). Although not all of the cross-cutting features
could be identified in the same, relatively small area (e.g., the
different relations could not be put into sequence of order at the
same location), these superpositional connections could be ob-
served at several locations, usually with two to three different
types together in the same location. Along with this sequence of
events, the later ones could erase those which occurred much
earlier — for example shock melting has erased the earliest
branching fractures in their neighbourhood, while no one case
was observed where a branching feature crosscut a
shock-melted area. In the following list each step represents
one potential event, each being observed in several different
parts of the samples:

1. Formation of the earliest, branching fractures, which are

overwritten by all other shock features (Fig. 3A arrows,
B black fracture indicate these fractures) (fracturing of
the parent body — breaking olivine and pyroxene miner-
als, S2).

2. Fracturing of clasts inside the parent body, sheared tec-
tonic deformation in chondrules, microfaults (Fig. 3A-D)
then formed. The sheared tectonic deformation elon-
gated the clasts and chondrules, which were frag-
mented and sheared along preliminary fractures (frac-
turing of olivine, pyroxene clasts — producing
polycrystalline, fine-grained aggregates, S2).

3. Formation of mosaic structure in olivine, mechanical
twinning of pyroxenes, planar fractures, kink-band for-

mation in olivine in the vicinity of earlier fractures. The
mosaic olivines occur inside shock veins with frag-
mented clasts and chondrules with microfaults
(Fig. 3A-E, olivine, pyroxene, S3-54).

4. Shock melting along veins, formation of feldspar melt
with metal-sulphide globules embedded inside feldspar
melts. In this phase relatively less melt was produced
than later (Fig. 3A, E, H, feldspar melt, troilite and
kamacite globules, S5).

5. Collapse of shock veins due to the progressive frontof a
new second shock wave, especially along the previ-
ously formed shock veins with the formation of melt
pockets including relatively larger melt volumes then
earlier (Fig. 3H). As the shock wave preferably propa-
gated along preliminary fractures of branching shock
veins (Sharp and DeCarli, 2006), and if the propagation
of the new shock wave was perpendicular to preliminary
shock veins and fractures, these branching shock veins
collapsed producing shock melt pockets (Sharp and De
Carli, 2006), together with sulphide globule formation.
The morphology visible in inset H is compatible with this
idea (in feldspar melt, troilite, kamacite, S5).

6. Post-shock annealing along fractures and subgrains of
mineral clasts, producing mixed mineral clasts.
Subgrain features and melting along fractures of clasts
occurred only in the melt pockets (5 phases), while in
the shock veins this was not observed. The post-shock
annealing overprinted the mosaic structure in olivine
only in the melt pockets, while in the thinner melt veins
the mosaic structure was not desfroyed. The subgrain
production was initiated by preliminary fractures and
cleavages from earlier shock events formed during
phases 1-3 of each mineral clast. The high temperature
shock-related alterations produced subgrained struc-
ture in mosaic olivines and twinned pyroxenes (Fig. 3E).
The subgrained structure might have been initiated by
the formation of high pressure polymorphs (with homo-
geneous nucleation growth — Chen et al., 2004), but in
this case the shock pressure loading time (<1 ms in
non-porous rock; Sharp and DeCarli, 2006) was too
short to form high pressure phases (S6).

DISCUSSION

In this section, observations on certain minerals are first dis-
cussed in order to see what conditions were present during their
formation. Then, the Raman and infrared analysis-based
shock-driven changes are compared to see any connection be-
tween these two groups of results. Thirdly the shock-related for-
mation conditions are outlined based on these findings.
Fourthly the possible shock history is outlined, partly to see how
far these methods allow the reconstruction process and where
are the related future perspectives. Finally some methodologi-
cal experiences are also summarized, which may be useful for
the planning of related work in the future, partly supporting the
activity of the community, including the band shift and FWHM
data as SOM in Appendices 1 and 2.

The FWHM shows crystallization rate, and not directly the
shock stage (Nakamuta and Motomura, 1999); however, it
gives insight to the shock reconstruction if completed with other
indicators such as peak position shift, as the shock could modify
the FWHM too and optically based identification of mosaic
structure also point to shock effect. For example, a brecciated
chondrule fragment has a FWHM of 30 cm ' but this may have
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been caused by weak crystallization of pyroxene due to rapid
cooling rate of the chondrule with a weak shock metamorphic
overprint. As the change in FWHM is accompanied with shift in
peak positions, pointing to the existence of shock pressure as
well as elevated temperature-driven alteration. The mosaic
olivines and pyroxenes show similar Raman FWHM of
12-16 cm ' in the Csatalja-1 sample indicating the S3 shock
stage.

Publications based references of FWHM values were com-
pared to the Raman spectroscopic and FTIR measurements of
olivines and pyroxenes in this work. The unshocked olivines are
characterized by main doublet peak positions of 820 and
850 cm ' (Rull et al., 2010), with FWHM 10 cm ' (Miyamoto and
Ohsumi, 1995). According to Miyamoto and Ohsumi (1995), the
shocked olivine with 21 cm ™' FWHM (characterized also by the
corresponding peak shift) proposed shock stage is 15 GPa,
900°C. In the sample analysed the Csatalja-1 olivines have
FWHM values varying between 15 and 17 cm ! (S3 shock
stage), whereas the FWHM values in Csatalja-2 olivines are
12-32 cm ' (S3-S5 shock stage). The Csatalja-1 olivines oceur
in the less shocked branching shock vein, while the Csatalja-2
olivine analysed occurs in a more shocked melt pocket (FWHM
= 26-32 cm ') and is moderately shocked (FWHM =
12-20 cm '). The measured olivines show mosaic extinction
and demonstrate a narrow range but different shock level alter-
ations.

Similarly to olivines, the FWHM of the major band at
1004 cm ' of unshocked pyroxenes are characterized by
FWHM values of 10 cm . According to Rull et al. (2010),
shocked pyroxenes in the S3-S4 chondrites show 16-21 cm !
FWHM at the major band of 1009 cm ' near to unshocked py-
roxenes with FWHM near to 10 cm '. The FWHM values of py-
roxenes in the Csatalja samples vary between 12 and 30 cm !
(Csatalja-1: 12-30 cm ', Csatalja-2: 15-30 cm '), which ex-
ceed the S3 shock level. The most heavily shock-annealed py-
roxenes in our sample are characterized by FWHM between
33-66cm’’ indicating S5 shock stage. Averagely the Csatalja-1
sample pyroxenes are characterized by lower FWHM
(16.8 cm ') than the Csatalja-2 sample (18.4 cm '). This is in
agreement with the olivine based slight differences in shock lev-
els from the FWHS of olivines. An increase of FWHM along with
the increasing shock level of pyroxenes was observed in the
sample, however, FWHM values do not follow optically based
shock estimation due to potential recrystallization of the mineral
clasts. These pyroxenes have shock features indicating
15—16 Pa and 1000°C conditions.

Altogether 8 measurements showed feldspars, which occur
only as mineral melt along the subgrain boundaries of strongly
shocked clasts in the shock veins of the Csatalja-1 sample and
in the melt pocket of the Csatalja-2 sample. Fritz et al. (2005)
suggest that unshocked plagioclase has Raman FWHM
12 cm ', and shocked plagioclases (5-20 GPa) are character-
ized by 13-20 cm ' of band 505 cm ', while the feldspar glass
(above 25 GPa, Fritz et al. 2005) has FWHM values >25 cm .
Comparing the two samples the feldspars in Csatalja-1 are a lit-
tle less crystallized (Raman FWHM values 14-18 cm ', aver-
age 16 cm ') than in Csatalja-2 (FWHM 13-17, average
15 cm ') due to possibly more rapid cooling in a shock vein than
in a melt pocket. In Csatalja-2 the feldspars occurred together
with forsterite in Raman spectra, while olivine was not detected
in FTIR spectra of mixed clasts. In the Csatalja-1 sample, feld-
spars occur as minor phases of nearby pyroxenes in the FTIR
spectra, while in Csatalja-2 feldspars were dominant in the
pyroxene-feldspar mixture — probably because the higher
shock effect in Csataolja-2 produced more feldspar in the
melted phase. Our Raman FWHM values of 505-511 cm '

band vary between 13 and 17 cm ' in the Csatalja-2 sample
suggesting 5-18 GPa shock influence, while the FWHM in the
Csatalja-1 sample points to 5-10 GPa.

CORRELATION ANALYSIS

The observations provided above could be used jointly to
analyse or even improve shock level estimation based on opti-
cal, Raman and infrared properties together. The measured
Raman and infrared peak shifts and FWHM values were ana-
lysed to establish correlations between these parameters and
optical observation-based shock stage estimation. There are
relatively few data points in the correlation diagrams in Figure 4
because of observational constraints from the many mixed
phases — thus although the results are uncertain, they are still
useful and fit to the expectations of shock-driven alterations and
they point to a probably fruitful future direction. Here only reli-
able data point pairs were shown, demonstrating that correla-
tion exists — however, the specific values should be gradually
improved in the future by analysing more meteorites among the
community. Correlations were calculated first between Raman
peak shift and Raman FWHM, later IR peak shift and IR FWHM
values, and finally between Raman and IR measurements. The
data values used are shown in Tables 1 and 2, however, the
correlation parameters listed could be considered only as indi-
cators of various correlations, but further analysis is necessary
with other meteorites to confirm these results.

Analysing Tables 1 and 2, both of IR and Raman shock-in-
duced shifts, indicate correlation (Fig. 4) with their FWHM pa-
rameters in the case of pyroxenes of the Csatalja-1 (F{2 =0.97)
and Csatalja-2 (R* = 0.85) samples; however, further meteor-
ites should be analysed to confirm this relation. The IR and
Raman FWHM values of Eyroxenes also indicate correlation in
the Csatalja-1 sample (R” = 0.78), whereas the Csatalja-2 py-
roxenes are characterized by lower values (R* = 0.63). The
Csatalja-1 pyroxenes are monomineralic clasts, whereas the
Csatalja-2 pyroxenes are mixed mineral clasts with selective
melting around subgrain boundaries — this could be the reason
for the difference. Subgrain formation is a transitional state to
high pressure structure, as Chen et al. (2004) described in the
case of olivine-ringwoodite and pyroxene-akimotoite transition
by “homogeneous nucleation growth” at 18 GPa, which melt
has a feldspar composition, probably in connection with stron-
ger shock effect.

The feldspars occur as mixed mineral melt with pyroxenes
and olivines in Raman spectra, and pure feldspars were de-
tected only by FTIR. However, the EMPA-based compositions
showed these grains are feldspars, but in Raman spectra in
many cases pyroxenes were the more dominant phases. In
FTIR spectra the feldspar peaks overlapped with those of py-
roxenes, hence the feldspar data were not suitable for correla-
tion calculations. At the same time it was demonstrated that the
infiliration of alkali-rich melt happened along the subgrain
boundaries and fractures of pyroxenes (Fig. 4).

The correlation of IR and Raman parameters indicates co-
temporary increase of FTIR and Raman shock-induced shift
with FWHM- see further details in Table 2 — however, unfortu-
nately these candidate correlations could not be analysed with
a larger number of data points. FWHM increases with increas-
ing shock stage in agreement with Rull et al. (2010), also along
with the increasing shift of peak positions. These features are
caused by the damage to the crystalline lattice due to increas-
ing shock stage and confirm that both methods could be used
for the estimation of shock-related levels.

In the Csatalja-1 sample, the Raman and FTIR peak shifts
vary in a narrow range compared to the references with similar
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Fig. 4A, B — correlation diagrams of shocked feldspar; C, E — correlation diagrams of shocked pyroxene;
F, H - correlation diagrams of strongly shocked pyroxenes

In subsets B and C the two points closest to each other were overlapping points,
thus separated from each other only for visualization of the numbers

compositions, while Raman and FTIR FWHM show similar vari-
ation to each other. But Raman FWHM does not exceed the
value of the strongly shocked olivines with 21 cm ', hence the
S3-54 shock stage could be expected. The difference between
Raman and IR parameters for feldspars and pyroxenes are
more characteristic when compared to olivine; generally, the IR
FWHM values are much higher than the Raman FWHM values.
The high IR FWHM of pyroxenes and feldspar could be caused
by shock heat and this frictional shock melting follows the
subgrain boundaries and fractures.

In Csatalja-2 sample, the shock-induced IR and Raman
shifts show similar trends to each other, but the IR FWHM maxi-
mum is much larger than the FWHM of Raman spectroscopy
probably due to heat effect or annealing. The comparison of IR
and Raman parameters indicates correlation in the case of less
shocked pyroxene. In the case of strongly shocked pyroxene

the Raman shock-induced shift of 1003 cm ™' correlates with
shock-induced shift, whereas the IR FWHM correlates with
Raman shock-induced shift, and IR FWHM with Raman
FWHM. The IR FWHM of shock feldspar melt correlates with
shock-induced shift, whereas IR-Raman correlate each other —
however, the data gained from this meteorite provides only an
indication of correlation. The difference in Raman and IR peak
changes might be related, as Raman is sensitive to shorter
length, and infrared to greater length ordering/disordering in the
crystalline lattice (Nasdala et al., 2004). The Raman FWHM
varies in similar range for both pyroxenes and feldspars, but
their shock-induced shift is higher in the case of feldspars than
in pyroxenes. This high IR and Raman FWHM indicate elevated
shock temperature >900 °C in the shock melt pocket.
According to Raman FWHM parameters, the feldspar melt
could be influenced also by shock annealing, and the Raman
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FWHM values <20 cm ' point to <15 GPa (Fritz et al., 2005),
while high IR FWHM values imply strong amorphisation with
peak shock pressure at 14 GPa. Polycrystalline mixed mineral
clasts are a transition stage to high pressure transformation
(Chen et al., 2004; Sharp and DeCarli, 2006; Miyahara et al.,
2010). However, high pressure phases could be not identified.
Wadsleyte crystallizes at 16 GPa, and the ringwoodite at
17-23 GPa at 1000-1200°C (Chan et al., 2004; Xie et al.,
2006). The lack of high-pressure polymorphs indicates that the
shock pressure did not exceed 16 GPa.

EVALUATION OF ESTIMATED SHOCK STAGES

In a meteorite, the shock stage-related alteration of miner-
als is usually heterogeneous, strongly influenced by the mineral
composition and by pre-shock structures, and by the conse-
guences of subsequent shock events on each other. Analysing
the optical appearance, consequence of changes of crystalline
structure, the presence of amorphous phases and mineral melt
together with Raman and infrared spectral characteristics, the
following statements may be made. Cataclasitic texture may
occur at the S3 shock stage, whereas a high amount of shock
melt in an area implicates the S5 shock stage according to the
classification of Stoffler et al. (1991). The Raman-IR parame-
ters seem to correlate with the interpreted shock stages accord-
ing to petrographic observation. The feldspars occur only in
shock veins and melt pockets around the subgrain boundaries
of pyroxene clasts. As a summary, FWHM values of pyroxenes
occasionally indicate different shock stages (S3-S4) than do
the optical observations. Csatalja-2 pyroxenes and olivines are
more strongly shocked than in the reference value of Kovacs et
al. (2015b) as the first measurement from the same meteorite.
The minerals in mixed clasts show similar shock stages to each
other in the Csatalja-2 sample (S4-S5). The Csatalja-1 has
peak shock stage inside the vein varying between S3-S5, and
the Csatalja-2 shock melt pocket is characterized by a shock
stage between S5 and S6 from the optical description and
FTIR-Raman data.

The higher shock-induced IR shift of the Csatalja-2 sample
than in Csatalja-1 is caused by a higher amount of shock melt-
ing. Comparing our Raman FWHM values to those of Kovacs et
al. (2015b) on this meteorite, the peak shock pressure some-
what exceeded 15 GPa in the case of olivines, so higher than
Kovacs et al. estimated.

FORMATION CONDITIONS

Altogether with jointly using Raman and infrared measure-
ments, in two cases S=3, in one case S=4, in three cases S=5,
and in two cases S=6 shock levels were identified. Moderate
but observable differences exist between the two characteristic
shock alterations produced and location types analysed: (1) ina
shock vein (Csatalja-1, Table 1 SOM), the witnessed shock p-T
was between 700-900°C and 10-15 GPa, and the shock veins
formed along the weakness zones, like preliminary fractures;
(2) in a melt pocket (Csatalja-2, Table 2 SOM), the peak shock
pressure reached 15-16 GPa. Because of the lack of high pres-
sure fransition phases (ringwoodite, akimotoite, maijorite,
lingunite), the shock pressure nowhere reached 17 GPa. The
feldspar occurs only as a minor phase in mixed mineral clasts
together with pyroxene with FWHM values of 12-18 cm™’,
which formed by shock melting at 900°C. Thus, the shock stage
of shocked feldspar is expected between 5-20 GPa following
the Fritz et al. (2005) classification for the Csatalja-2 sample.
The Raman FWHM values were lower in the case of pyroxenes
and feldspars, than for FTIR spectra for both the Csatalja-1 and
Csatalja-2 samples.

Similar shock-induced shift was observed for pyroxenes by
the Raman and IR methods (in contrast to the case with feld-
spars), indicating S3—-S5 values; the highest values were ob-
served in subgrained pyroxenes. The highest FWHM for
pyroxene occur in shock melt around the subgrain boundaries
of the shock-annealed clast (Csatalja-1), and in shock melt
along the fractures (Csatalja-2). Summarizing, the Csatalja-1
contains pyroxene-rich melt as shock-annealed subgrained
clasts, whereas in Csatalja-2 the feldspar is the major phase in
shock melt that occurs around the subgrains and fractures of
pyroxene formed by selective melting at weakness zones. The
highest IR FWHM values were observed in feldspar melt in
Csatalja-2, while the Csatalja-1 feldspar melt was less
amorphized. The original magmatic pyroxenes crystallized at
1100°C, which transformed to subgrained aggregate at the S5
shock stage, and shock melt with feldspar composition around
the subgrains formed at 15 GPa.

Shock-related formation of feldspars is suggested based on
their occurrence close to grain edges only at the heavily
shocked locations and also based on the signature of shock de-
formation in their infrared spectra. As feldspars were observed
only at shocked sites along grain boundaries, they are probably
secondary minerals formed by the shock event from the ele-
ments released by pyroxenes and olivines. Kamacite and
troilite globules are also secondary phases, produced in shock
veins and melt pockets with an immiscible feldspar composition
silicate melt. The shock wave propagation was more rapid
along the first-formed fractures (which could have been formed
by an earlier shock or tectonic event). While the shock-related
spectral features could be identified in pyroxenes and olivines
both by Raman and infrared methods, for feldspars only the in-
frared method was possible for this. This difference is probably
not related to the small size of the feldspars as Raman has
better spatial resolution than the infrared method, but may be
connected to the better ability of infrared observation to identify
the damaged crystalline structure of feldspars, in agreement
with some earlier findings (Gyollai et al., 2012).

The FWHM and peak shift values clearly demonstrated the
different levels of shock effects: the high infrared FWHM values
occur in mixed clasts with signatures of selective melting, while
in less shocked clasts only a minor shock-induced peak shift
was observed. Mixed phase minerals were detected both by
Raman and FTIR methods in Csatalja-2, while in Csatalja-1
only Raman detected mixed phases. The cause of this differ-
ence is probably that the measuring points of Csatalja-2 sample
were in a shock melt pocket, whereas in Csatalja-1 the
shock-related amorphization and recrystallization was not as
pervasive. The broadening of peaks implies amorphisation due
to crystal lattice broadening by heat from the shock. In contrast
to this olivine and pyroxene are primary minerals, which were
deformed and even amorphised by shock annealing.

IMPLICATIONS

The two units analysed (two thin sections) of the meteorite
with different shock-produced morphology were analysed in
more detail: branching shock veins with mineral clasts (mosaic
extinction olivine, pyroxene with isotropic patches) and a chon-
drule fragment in Csatalja-1. While in Csatalja-2 a melt pocket
with mixed mineral clasts (selective melting along the subgrain
boundaries) was analysed. The feldspars formed by selective
melting of pyroxenes along the subgrain boundaries by shock
annealing. Pure feldspar spectra could be detected only by
FTIR spectroscopy, and the highest infrared FWHM values
were observed in amorphized/recrystallized feldspar spectra,
which occur only as shocked clasts in the melt phase. Most of
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the spectra (Csatalja-1: 60%, Csatalja-2: 70%) were a mixture
of minerals formed by selective melting of olivine and pyroxene
around the subgrain boundaries and fractures. The clasts in
Csatalja-1 showed monomineralic composition, and separated
with parallel shock veins. Here the shock pressure did not ex-
ceed 15 GPa, while the Csatalja-2 mineral clasts often show
mixed mineralogy, larger shock melt volume, the pyroxene and
olivine clasts are surrounded by feldspar melt along the
subgrain boundaries, indicating >15 GPa shock pressure — but
<17 GPa as transformation to akimotoite and ringwoodite was
not observed.

Qur data indicates that both Raman and infrared peak shifts
and FWHM values seem to correlate with each other along with
the increasing shock level according to theoretical expecta-
tions. The best indication of correlation (Raman FWHM vs.
shock-induced shift) occurred in shocked pyroxene. The
shock-induced shift of peak position varied similarly in the case
of olivines and pyroxenes by FTIR and Raman spectroscopy,
but for feldspars the shock-induced shifts of peak position was
much higher in infrared than in Raman methods. The correla-
tion was stronger both for FTIR- and Raman-based parameters
in the less shocked Csatalja-1 sample.

The examples shown demonstrate the complexity of shock
level estimation. The optically interpreted S3 staged chondrule
fragments showed similar or higher spectrally based values by
comparison with S5 staged shock annealed clasts, while the
highest increase in FWHM values could be observed in shock
melt at the S6 shock stage. Generally, the measured Raman
FWHM values are smaller than the optically observed shock
stage, probably due to recrystallization, which might hide the
maximum pressure that the given mineral grain witnessed. This
fact should be considered during the comparison of modern
shock level estimation to older optically based meteorite data.
The mixed clasts (pyroxene with feldspar around the subgrain
boundaries and fractures) show Raman FWHM values around
S3-S5 depending on recrystallization, the fractured clasts with
strong mosaic structure indicates higher shock deformation
than our optical observations — demonstrating that
recrystallization modifies the shock estimation. The mixed min-
eral clasts in a shock melt pocket formed within 15-16 GPa
pressure and up to 1000°C temperature. Feldspar minerals
were identified at the heavily shocked locations along grain
boundaries and they formed as secondary minerals because of
the strongest shock event.

Some methodological findings were also achieved during
the work. The weakly crystallized minerals could be better de-
tected by infrared than by Raman spectroscopy because infra-
red spectra show long-range sfructural ordering of minerals (Xu
and Poduska, 2014). The Raman and infrared spectroscopy
also showed differences not only because of the higher magnifi-
cation and smaller field of view in Raman than infrared but also
as Raman detects 2-3 pm depth in the sample, whereas infra-

red penetrates only 0.5 pm depth. Raman spectroscopy could
also better detect the minor mineral phases, because the feld-
spar and pyroxene bands do not overlap — thus mixed clasts
could be better measured by Raman. However, the secondary
feldspars were identified only by infrared methods. Substantial
heterogeneity of the shock stage was observed across a
10-100 pm spatial distance in both the Csatalja-1 and
Csatalja-2 samples, questioning the characterization of just one
shock stage value for one meteorite.

CONCLUSIONS

Consequences of shock-produced mineral alterations were
studied, compared and put into potential temporal sequence of
order in a recently found ordinary chondrite meteorite (Csatalja)
using optical, Raman and infrared analysis. All minerals ana-
lysed demonstrated the effect of shock-related melting and
structural disordering, and formation of new minerals by the
shock. The less shocked branching veins showed mosaic ex-
tinction and isotropic patches, while in the more shocked melt
pockets new minerals (feldspars) were formed by selective
melting of pyroxenes along the subgrain boundaries.

The more shocked (S5) phases usually were mixed phases
(with high shift in peak position and larger FWHM), while pure
phases appeared around S3. Three parallel trends were identi-
fied along with the increasing shock stages: shift in peak posi-
tion, broadening of peaks and increasing the occurrence of
mixed phases. Band position shift and FWHM changed parallel
to each other, the infrared and Raman data obtained being pro-
vided as SOM for the community; for firm correlation analysis
more data is necessary from other shocked meteorites.

Using the shock features and superpositional relationships
identified, mechanical fracturing without crystalline lattice defor-
mation happened at least in two different early phases (1, 2).
Later, mosaic structure-producing shock events followed (3),
and even later more stronger shocks took place, producing melt
veins (4). Finally, by the collapse of many such veins, melt
pockets were produced (5), and subsequent shock annealing
happened (6). The maximum observed shock pressure was be-
tween 15-17 GPa. The separation of 4-5 shock events support
the identification of the earlier emergence of lower shock levels
followed by stronger shock effects.
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