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Abstract

An altered fluffy type A Ca Al-rich inclusion in the CR2 Renazzo carbona-

ceous chondrite was examined by combined Raman, scanning electron micros-

copy with energy dispersion system (SEM-EDS) and cathodoluminescence

(CL) mapping. Blue CL at 450 nm and orange emission at 600 nm were related

to anorthite and calcite, respectively. Raman spectra were highly fluorescent,

and only the stronger peaks of anorthite, clinopyroxene and calcite were

observed. Raman-induced fluorescence emission was measured using the

632-nm Raman laser source, up to 850 nm, and used to chart the mineral

phases. A fluorescence structured peak at 690 nm, split in three subpeaks at

678, 689 and 693 nm, was found; it is likely related to the fluorescence emis-

sion of Cr3+ from a fassaitic pyroxene in anorthite. Secondary pyroxene in the

Wark–Lovering rim does not show the peak at 690 nm; the different fluores-

cence emission from the secondary rim and the pyroxene patches within anor-

thite could be a marker to spot the primary pyroxene. From combined

imaging, the events in the altered chondrite could be sequenced. Starting from

a pristine assemblage of spinel and melilite, with little fassaite, several alter-

ation episodes occurred. Alteration in secondary anorthite, which could be

mapped by the blue CL emission at 450 nm, was followed by alkalization, with

rims of sodalite and nepheline, and subsequent formation of secondary cli-

nopyroxene, encircling the inclusion. Widespread calcite alteration, present

also in the matrix between chondrules, was the last recorded event.
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1 | INTRODUCTION

Ca Al-rich inclusions (CAIs) are among the most pris-
tine objects in the Solar System. They are formed by early
condensation of alkali- and volatile-free refractory
phases, in a highly reducing environment.[1] CAIs are
found in carbonaceous chondrites and appear as inclu-
sions from millimetre to micrometre sized, grey-whitish
in colour, irregularly shaped and often ameboidal-fluffy
structured.[1,2] Their age of 4567.3(2) My[3] possibly
slightly predates the formation of chondrules and thus
can mark the very beginning of the condensation of the
Solar System.[4] Primary mineral components are anor-
thite, pyroxene, spinel, melilite, grossite, hibonite and
perovskite; secondary reactions introduced alkali-bearing
phases like nepheline and/or sodalite, as well as other
phases like andradite, hedenbergite and secondary anor-
thite.[1] In several issues, their composite structure, the
tiny size of the crystals, often barely resolvable at optical
observation, or less, and the widespread alteration makes
the analysis of CAI a daunting task. To unravel the rela-
tions between the forming minerals, combined use of sev-
eral analytical techniques is fruitful. Chemical
differences can be enhanced by scanning electron micros-
copy with energy dispersion system (SEM-EDS) mapping,
which is composition sensitive, together with spectro-
scopic techniques, which are phase sensitive, among
which Raman spectroscopy. Raman peaks identify given
phases, and their mapping charts the phase distribution
at the micron scale. An advantage is that phases with
similar composition, which may overlap in a SEM-EDS
mapping, are detected by their distinctive Raman signa-
ture. However, Raman spectroscopy is often biased by
the defective nature of minerals in meteorites, which
experienced long-term exposition to cosmic radiation and
were shocked at several points of their history. This
results in a fluorescence that conceals the Raman signal.
Laser-induced fluorescence (photoluminescence [PL]) is
usually treated as noise when collecting Raman spectra,
but it can bear interesting compositional information.
Fluorescence micromapping obtained with Raman appa-
ratus has the potential to show, in a single Raman experi-
ment, the emitting elements that are present as
impurities or within inclusions in a phase identified by a
specific Raman spectrum. Moreover, also when the fluo-
rescence cannot be easily ascribed to a specific element,
it may show spectral features that may identify the fluo-
rescent phase. The highly fluorescent nature of the
phases composing the CAIs provides an opportunity for a
combined investigation using both Raman peaks and
fluorescence emission from the same point. Such analysis
on CAIs is expected to show in detail the distribution of
the emitting ions in the different phases.

PL and SEM cathodoluminescence (SEM-CL) in the
study of meteorites have been also used (e.g., Hutcheon
et al. and Akridge et al.[5,6]): the highly defective nature
of minerals in shocked meteorites promotes the presence
of several CL centres, which can be related to the crystal-
lization, environmental and shock history. More rarely
CL has been used in the analysis of CAI (e.g., Garcia-
Guinea et al.[7]). CL and PL, the latter either as a by-
product of a Raman or in devoted experiment, can be
considered complementary techniques. CL emission is a
radiation, typically in the UV–VIS–NIR region, induced
by an electron beam interacting with crystal defects or
colour centres, usually obtained in an electron micro-
scope. Also, PL occurs from an interaction with defects
and transition elements. The analysed signal is in both
cases a luminescence emission, but the efficiency of dif-
ferent emission centres is very different moving from
SEM-CL to PL. In addition, the two techniques have
peculiar advantages and drawbacks that allow to inte-
grate and widen the range of obtained information. The
main advantage of PL is the excellent spectral resolution;
the main drawback compared with SEM-CL is the lower
injection power and spatial resolution both in spectros-
copy and imaging modes. The main advantages of SEM-
CL with respect to PL are the higher in-depth and lateral
resolution, the continuously on-line variable injection
power as well as the concurrent use of spectral and map-
ping EDS. The main disadvantage of CL is the lower
spectral resolution, due to the hot carrier thermalization,
which results in larger full width at half maximum
(FWHM) spectra.

Here, we investigate an altered fluffy CAI in the car-
bonaceous CR2 Renazzo chondrite. In this holotypic
chondrite, we have found a highly altered inclusion, in
which the primary texture was subject of alkaline alter-
ation, followed by subsequent carbonation. The sequence
of alterations resulted in a wealth of minerals within the
grains, whose texture is hardly constrained. Highly fluo-
rescent Raman spectra were observed: the fluorescence,
which is generally considered a nuisance in the interpre-
tation of Raman spectra, was here used in connection
with the Raman emission to map the mineral phases and
their reactions. The inclusion in Renazzo CR2 is espe-
cially challenging, as highly altered, and with a complex
mineral texture. It proves particularly suitable to test the
combined information from Raman emission and laser-
induced fluorescence in the same experiment, in compar-
ison with other techniques like SEM-EDS mapping and
CL. To our knowledge, Raman fluorescence was used
here for the first time in meteoritic research.

The combination with emissions induced by CL,
SEM-EDS imaging and chemical mapping constrained
the mineral texture of the inclusion, giving a picture of
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the stages of formation, to unravel the phase relations
within the CAI and detail the onset of the alteration dur-
ing the condensation of the inclusion.

2 | MATERIALS AND METHODS

2.1 | Sample

The Renazzo CR2 meteorite is a historical meteorite,
fallen on 15 January 1824. A sample weighing 11 g from
the original 10 kg[8] is stored in the Mineralogical
Museum of the University of Parma. It appears as a black
rock with visible chondrules.

A thin section was made from the original sample
and glued in epoxid for fixing and avoiding de-gassing
during SEM-EDS analysis. Then, it was thinned and
exposed in air. The glue is about 30 microns below the
surface, and it was never reached by laser or electron
beam (Figures 1 and 2).

The sample was observed by Raman and optical CL
without coating, then carbon coated for SEM-EDS and
eventually gold coated for SEM-CL.

2.2 | Optical CL

Optical CL was performed in several selected areas of the
thin section. Images were acquired with a CITL CL
Mk5-2 cold CL apparatus (beam current of 250 μA and

10 kV and operating vacuum of 0.035 mbar), coupled
with a Leica DM 7200M standard petrographic micro-
scope. The microscope was equipped with a Leica DFC
450C high sensitivity camera, suitable to operate on
low-luminescence samples. All images were acquired at
5 � magnification, with an image resolution of
3840 � 2880 pixels, having care to maintain the exposure
time between 7 and 8 s.

An image of the Ca-Al inclusion is shown in Figure 3.

2.3 | SEM-CL

SEM-CL spectroscopy and imaging have been performed
in a S360 Cambridge SEM equipped with a GatanMonoCL
system (1800 lines/mm grating, multialkali photo-
multiplier sensitive in the range 350–830 nm). The
spectra have been collected at an accelerating voltage of
10 kV, a beam current of 10 nA and a spectral resolution
of 9 nm. The data were collected at room temperature
both in imaging and spectroscopy setting. Data collection
lasted on the average a few minutes in spectroscopy
mode, 15–20 s in panchromatic imaging and 60–80 s in
monochromatic imaging. To avoid charging effects, the
sample was beforehand covered with a 100-nm-thick gold
layer.

Only the section containing the CAI was investigated
due to the size of the sample spectrometer. A sample
spectrum and the CL image of the area from which it
was taken is shown in Figure 4.

FIGURE 1 Thin section (parallel polars) of

the Renazzo CR2 chondrite. The red ellipse

shows the location of the Ca Al-rich inclusion

[Colour figure can be viewed at

wileyonlinelibrary.com]
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2.4 | Scanning electron microscopy with
energy dispersion system

The CAI and the surrounding matrix were examined by
SEM-EDS, using a Jeol 6400 SEM, equipped with an
Oxford-INCA EDS, operated at 15 kV. Spot analyses in
the whole inclusion and a compositional map were
taken. The map was done in an area of 480 � 610 μm2,
part of which was further investigated by Raman and
fluorescence emission mapping, at a resolution 256 dpi,
during repeated scanning for 3 h and dwell time of
100 μs/pixel (Figure 5). The size of the analytical spot is
about 1–2 μm. The analytical values from the map were

used to identify the phases and obtain their mineralogical
composition. This was done using AZTEC 3.3 software
(Oxford instruments).

Compositional maps for the investigated elements are
reported as Figure S1.

2.5 | Raman mapping

Raman spectra were taken all over the inclusion, whereas
Raman mapping was done in the area shown in Figure 5.
A Horiba LabRam with 1800 lines/mm grating and a
charge-coupled device (CCD) detector with an array of

FIGURE 3 Optical cathodoluminescence

image of the Ca Al-rich inclusion. Emissions

from calcite, orange; anorthite, blue. The left

inset refers to the area imaged in Figure 5, the

right one to that imaged in Figure 4 [Colour

figure can be viewed at wileyonlinelibrary.com]

FIGURE 2 Transmitted light

microscopic images with sample in-

between (a) parallel and (b) crossed

polarizers. The red rectangle indicates

the area of the scanning electron

microscopy with energy dispersion

system (SEM-EDS) mapping in Figure 5

[Colour figure can be viewed at

wileyonlinelibrary.com]
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1,024 � 256 pixels was used. The excitation was obtained
with the 632.8-nm line of a He Ne laser and the 473-nm
line of a doubled Nd:YAG laser. A filter wheel was used
to reduce the laser power on the sample to 1 mW or less
on the sample. The wavenumber calibration was per-
formed against the Raman peak of silicon. A 100� objec-
tive with a 0.9 numerical aperture and a 150-μm confocal
hole were used. Spatial resolution was about 1 μm, and
the spectral resolution was 2 cm�1 with an accuracy of
0.5 cm�1. Collection time of the spectra ranged from 3 to
12 min (typical exposures were 60–240 s, repeated
3 times), depending upon the crystal size, the Raman
scattering efficiency, and the intensity of the background
fluorescence. Laser-induced fluorescence was always
present.

In the small area shown in Figure 5, Raman mapping
was done, with the 632-nm laser source. The area, sized
80 � 48 μm2, was sampled at a step of 4 μm along both
x and y axes. A first scan was done on the lower
wavenumber range, from 50 to 1105 cm�1, focused on
the analysis of the Raman peaks; a second scan was then
done in an extended range, from 100 to 4000 cm�1 (up to
900 nm), for the study of fluorescence.

3 | RESULTS AND DISCUSSION

3.1 | Optical microscopy

Thin section observation showed chondrules of porphyric
olivine (PO), porphyric olivine–pyroxene (POP) and

FIGURE 5 Energy dispersion system (EDS) map from

superimposed Na, Mg, Si, Ca and Al maps. Element maps are in

Figure S1. Dark blue: calcite, cc; light green: Fe Mg serpentine,

serp; dark green: anorthite, an; blue: melilite, mel; brown: sodalite,

sod; light blue-green fassaite pyroxene, px, with whitish rim of

diopside; white (external to Ca Al-rich inclusion [CAI]) olivine, ol;

black and blue: spinel, sp; brown-green: nepheline, ne. The black

rectangle indicates the area of the Figure 8 [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 4 Scanning electron microscopy cathodoluminescence (SEM-CL) image, left, and relevant emission spectrum (right). The

emission is only from anorthite (orange false colour). The green/dark green features are due to surface morphology and are specimen areas

with no CL emission [Colour figure can be viewed at wileyonlinelibrary.com]
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radial pyroxene (RP), within a matrix of Fe Mg silicate
oxides and hydroxides. Alteration of chondrules at the
boundaries in serpentine and smectite is apparent, as pre-
viously reported.[9,10] In the thin section, an elongated,
curly feature was observed (Figure 1), identified as a CAI;
it will be the focus of the present investigation.

Optical microscopy on the CAI shows a Wark–
Lovering ring of pyroxene,[1] which envelopes the entire
inclusion. Wark–Lovering rings are concentric mono-
mineralic rings, related to different condensation
phases.[11] In the inclusion, a fine mineral aggregate is
present, non-recognizable by optical microscopy alone.
Few grains, octahedral shaped and a high birefringent
phase, subsequently identified as spinel and calcite,
respectively, coexist in a low birefringent polycrystalline
matrix (Figure 2).

3.2 | SEM-EDS analyses

The map in Figure 5 shows a structure made by con-
centric rims with a core of altered spinel and melilite
grains. They are patchily distributed, in a matrix with
secondary anorthite prevailing. The assemblage of spi-
nel, anorthite and melilite is enveloped by alkaline
minerals, nepheline and sodalite, and, on an outer rim,
by fassaitic clinopyroxene. A larger fassaitic rim encir-
cles the inclusion, with composition closer to diopside
at the outer border. An irregular layer of calcite further
encircles the fassaite; calcite is also present outside the
inclusion. In the chondrite matrix, we find an assem-
blage of serpentine, Fe Ni kamacite and Mg-rich oliv-
ine. The contact between anorthite and melilite is
blurred, suggesting a pervasive and inhomogeneous
reaction. Some fassaitic pyroxene was found within the
CAI, unrelated with the above pyroxene rims. It
appears in patches few micrometres sized, together with
anorthite. The suggestion is that it is a primary phase.
Anorthite, as shown in subsequent optical CL analysis,
is convoluted and encircles spinel and melilite. We may
then assume that anorthite is mostly secondary, formed
in reaction with melilite, and that spinel and melilite
with minor fassaite were the primary minerals. The pri-
mary assemblage, together with the shape of the inclu-
sion, provides evidence to classify the CAI as a fluffy A
type CAI.

The chemical composition of the pyroxene changes
from almost pure diopside in the outer part of the
Wark Lovering rim (white in Figure 5) to that of a typi-
cal fassaite (light green). The composition of the average
rim fassaite is Ca1.00(Al0.15Mg0.72Ti0.06Fe0.05Cr0.02)
(Al0.15Si1.85)O6. The pyroxene in patches with anorthite
has a higher Al content than rim pyroxene, with average

composition Ca1.01(Mg0.35Ti0.14Al0.34)(Al0.46Si1.54)O6.
Anorthite analyses show Mg between 0.16 and 1.58 wt%,
Fe up to 1.85 wt% and eventually a variable Cr content,
between 0.05 and 0.45 Cr wt%. This relatively high
value for Cr, to our knowledge, was not previously
observed in feldspars: in the early compilation by
Smith and Brown,[12] Cr does not exceed 100 ppm. We
suggest that Cr comes from some inclusion in the
plagioclase, which however was not identified by subse-
quent Raman analysis. Due to the size of the analytical
spot, it is likely the presence of submicrometric sized
inclusions of a Cr richer phase. Neglecting Fe, Mg and Cr
the plagioclase is almost completely anorthitic
(Ca0.99Na0.01Al1.98Si2.01O8). Melilite composition on aver-
age is Ca1.95Na0.05(Mg0.18Al1.59Si1.23)O7, that is,
Geh77Ak18Na-Ak5. The spinel is almost pure spinel with
little Fe content, Mg0.89Fe0.12Al1.99O4. Sodalite crystal
chemical composition is (Na4.34Ca0.15Mg0.49K0.05)
(Si6.24Al5.54Fe0.37)Cl2O24. In this formula, we have a
charge equilibrium, at the expense of a significant devia-
tion from the stoichiometry, which expects close to
8 atoms of Na per formula unit. Such result would
require significant loss of Na.

In no point Ti-rich oxides like hibonite or perovskite
are found.

3.3 | Cathodoluminescence

CL spectroscopy showed two emissions, one orange, in
the matrix and the inclusion, the other blue in the inclu-
sion. The orange emission is interstitial, whereas the blue
one appears as a convoluted ribbon in the inclusion, bor-
dering the external rim of clinopyroxene (Figure 1). SEM-
EDS analyses on the same areas showed that the orange
emission comes from calcite, whereas the blue one from
anorthite. Shades of lighter or darker colour were
observed, but we did not find evidence that the emission
comes from phases other than anorthite and calcite. The
emission peaks were spotted by SEM-CL, and fitted to
449.2(6) and 600(1) nm, respectively for anorthite and
calcite. The two peaks appear together or not, depending
on whether the analysed area contained or not calcite
(Figure 4). A third emission, fainter at about 700 nm, was
found but could not be related to a specific phase. No fur-
ther fluorescence peaks were imaged.

The CL emission band around 450 nm was already
observed in several plagioclase[13–15] and interpreted with
the occurrence of Al O� Al centres, in turn due to
disordering in the tetrahedral cations. In anorthite, such
disordering is kinetically inhibited, and the Al O Si-
ordered configuration is thermodynamically stable up to
the melting point.[16] However, some disorder, likely
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defect induced, was observed in synthetic anorthite
quenched close to the melting point.[17]

The emission at 600 nm is consistent with the pres-
ence of Mn2+ in calcite,[18,19] exchanging for Ca. A fur-
ther emission, as well related to Mn2+, but at 540 nm in
plagioclase,[15] was not found here.

3.4 | Raman and fluorescence
spectroscopies

Raman spectra are noisy due to the very high fluores-
cence. In the inclusion only anorthite, pyroxene and cal-
cite are clearly identified by their principal peaks. In
anorthite, we have the doublet of 485–505 cm�1, related
to the breathing modes of the four-membered tetrahedral
rings,[20] in pyroxene the peak at 660 cm�1, ascribed to
the bending motion of the tetrahedral unique chain in
monoclinic C2/c pyroxenes,[21] whereas in calcite, we
observe the peak at 1085 cm�1 ascribed to the C O sym-
metric stretching at 1085 cm�1[[22]] (Figure 6). In anor-
thite, the difference in wavenumber between the peaks of
the doublet was used to determine its composition
according to Bersani et al.[23] determinative plot. The
peak difference was measured in 15 spots, with an aver-
age difference of 16.4(1.5) cm�1, which corresponds to a
95(4) % molar anorthite. Both Raman and SEM-EDS indi-
cate that a slight but not negligible amount of Na is pre-
sent in the anorthite.

Fluorescence was activated by the 473- and 632-nm
laser. In both cases, a structured feature was observed at
690 nm (Figure 7). This feature was fitted via a Gaussian

profile in three subpeaks at 678, 689 and 693 nm; it was
in most cases, but not always, found together with the
characteristic Raman peak doublet of anorthite at
485 and 505 cm�1.

The peak position and structure, with the characteris-
tic splitting and relative intensities of the split peaks,
identify the emission as that of Cr3+ in octahedral config-
uration.[24] As Cr was present in microprobe analyses of
anorthite, we could suggest that the emission is related to
some small inclusion in anorthite, which would also

FIGURE 6 Raman spectra of phases in the

Ca Al inclusion and the position of the main

peaks used for the mapping

FIGURE 7 Major fluorescence peaks (632 nm emission):

black, fluorescence from anorthite areas, likely due to Cr3+ in

pyroxene, observed from red spots in the fluorescence map in

Figure 8; red curve, fluorescence from the rim pyroxene, observed

in green spots in Figure 8. The emission from calcite is like that of

pyroxene, but with lower intensity. The corresponding range in

wavenumber is 100–4000 cm�1 [Colour figure can be viewed at

wileyonlinelibrary.com]
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account for the high Cr content. The octahedral configu-
ration of Cr3+ does not fit with a substitution in plagio-
clase, as no octahedral site is present in plagioclase.[25] A
possible candidate is Cr3+ in tiny inclusions, below SEM-
EDS spatial resolution, of pyroxene in plagioclase, yet too
small to be revealed by Raman observation: the observed
spectrum is very similar to that of Cr3+ in the investiga-
tion on the optical properties of Cr3+ in the pyroxene
spodumene[26]; moreover, the fluorescence spectra in the
lower edge of the mapped image, where pyroxene is pre-
sent in close contact with anorthite, shows the 690-nm
peak, without coexisting anorthite Raman peaks. To note,
SEM-EDS mapping could not reveal Cr-enriched areas.
At higher wavelength, a broad peak, centred approxi-
mately at 720 nm, is present together with that of Cr
(Figure 7). The position of the peak could correspond to
that found as the red emission in feldspars, related to Fe3+

exchanging in the tetrahedral sites for Al,[15] and it is the
same found in few CL spectra. The attribution is however
uncertain, as Krbetschek et al.[27] showed that Fe emis-
sion in CL should occur in anorthite at lower
wavenumber, at about 700 nm, as the position of the
peak changes in plagioclase between 740 nm in albite
and 700 nm in anorthite.

Fluorescence emissions of other phases are featureless,
basically a large peak between 750 and 850 nm. The fluo-
rescence emission in rim pyroxene was stronger than the
others, providing the basis to map pyroxene (Figure 7).

3.5 | Combined mapping

A combined analysis of the maps obtained by SEM-EDS,
CL and Raman peaks and fluorescence emissions was
performed in the small area across the fassaitic pyroxene
rim, where mapping of the Raman and the fluorescence
was done. SEM-EDS Ca and Al maps show that the
pyroxene is rimmed by a Na- and Cl-bearing phase, possi-
bly sodalite. Anorthite is not in direct contact with the
pyroxene rim, but with an interstitial Al and Ti richer
pyroxene, displayed just at the bottom as a pink hue in
Raman map in Figure 8. Anorthite secondary nature is
revealed by patches of melilite within anorthite, indicat-
ing a likely absorption reaction (Figure 5). Moreover, the
fluorescence emission map is defined by the two emis-
sions, from the structured peak of Cr3+ at 690 nm and
from the large band at 750–850 nm. The large band maps
rim pyroxene and calcite together. The two emissions
overlap the rim sodalite, not identified by Raman.

At a larger scale SEM-EDS, chemical maps together
with optical CL show a complex intergrowth of different
mineral phases. Following established patterns,[1] we find
concentric rims, which conceal the primary texture.

Spinel and melilite are only present as residual within an
altered matrix. They are transformed in secondary
fassaite and anorthite. It is not clear whether some
fassaite is primary. A reaction rim of anorthite is present
and could be sampled by CL analysis. Anorthite is a
major phase within the inclusion, which conceals most of
the original melilite. Anorthite is on its turn bordered
with sodalite–nepheline, phases of alkaline alteration,
after which secondary rim of fassaite is present. The
sequence outlines most primary grains in the inclusion
and is completed by final alteration via calcite formation.

3.6 | Comparison with other
investigation on CAIs in CR2 chondrite

CAIs in CR carbonaceous chondrites were extensively
studied. Makide et al.[28] in a comprehensive study
showed that they are mostly of the spinel–melilite kind
(118 over 166), and that in some case show grossular–
perovskite–hibonite and ultrarefractory phases.[29] They
are less abundant than in other carbonaceous chondrite
families, like CV, about 1% of the volume,[30] and small,
about 10–300 μm.[28] They are generally pristine: only
few contain phyllosilicates, carbonates and sodalite; other
phases are anorthite, and Al Ti diopside. The CAI in this
work Renazzo is off-trend for the larger size (1 � 2 mm),
and for its significant, the alteration. The composition of
the major phases, spinel, anorthite, melilite and diopside
is close to those reported for the same minerals in previ-
ous investigations,[1,28] but with a significant alkaline
imprinting. In melilite, we have a Na–akermanite compo-
nent; in anorthite, we find several analyses with signifi-
cant albite component, as shown also by the
determination of the composition by Raman. The pres-
ence of sodalite, with a highly defective composition, and
the finding of nepheline provide evidence for alka-
lization; moreover, alteration within the CAI is shown by
phyllosilicates within the inclusion. We did not find ref-
erence to a detailed analysis of the texture in a CAI with
such a pervasive alteration. In most studies, minero-
petrographic features were approached as preliminary to
oxygen or aluminium isotopic partitioning
investigation,[28] looking for as much unaltered sample as
possible.

In one of the few studies on metasomatism in carbo-
naceous chondrite, Brearley and Knot[31] showed a rather
complex picture, with enrichment in hydrate phases, Fe
rich like hedenbergite and alkali rich like sodalite and
nepheline. Here, Fe-rich and hydrate phases are absent
in the CAI, apart from a small rim, between anorthite
and the rim pyroxene at the border of the inclusion
(Figure 5).
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The CAI in the Renazzo CR2 chondrite formed as a fluffy
type A inclusion, made by spinel and melilite, possibly
with minor fassaite. In Figure 3, the optical CL shows
that calcite and anorthite are never in contact and that
calcite is present also within the matrix outside the inclu-
sion, but not in the chondrules. Compositional EDS map-
ping, Raman and fluorescence maps show that sodalite
and nepheline are in contact in the outer rim of anorthite
and form a rim in external contact with calcite and
pyroxene. Transformation in secondary anorthite has
then occurred before an event of alkali alteration of Na-

and Cl-bearing silicates. The alkali alteration is present
only in the inclusion and thus predates the aggregation
of the chondrite. The condensation of a few micrometres
thick rim of secondary fassaite enveloped most of the
grains and the whole inclusion. The picture is completed
by an outer rim of calcite. Calcite is present also in the
chondritic matrix, thus suggesting that it has occurred
after the aggregation of the chondrite.

The above scenario was supported also by Raman
spectroscopy; although only the main Raman peaks
were visible, the fluorescence on itself may provide a
map of the phases. We have observed that fluorescence
and CL signals are complementary: using the different

FIGURE 8 Comparative maps. Mg, Ca and Na, atomic distribution from scanning electron microscopy with energy dispersion system

(SEM-EDS) chemical mapping, fluo: Raman fluorescence emissions: anorthite (an) and residual fassaite are mapped red, rim pyroxene

(px) and calcite (cc) green, whereas intermediate fluorescence emission, likely related to alkali silicates is marked yellow; Raman, map from

the peaks of anorthite (blue, 485 and 505 cm�1), pyroxene (red, 660 cm�1) and calcite (green, 1085 cm�1); cathodo: cathodoluminescence

from optical cathodoluminescence, blue anorthite, orange calcite [Colour figure can be viewed at wileyonlinelibrary.com]
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wavelength of emission in laser can enhance signals
that are overlapped by stronger ones in CL. The emis-
sion in anorthite, and in barely resolvable inclusions of
pyroxene, observed in Raman-induced fluorescence at
690 nm, has strong similarities with Cr3+ emission from
pyroxene. Such emission was not observed in pyroxene
rim and could provide a difference between primary and
secondary alteration fassaitic pyroxene. Further investi-
gation in other inclusions should provide evidence for a
possible pyroxene inclusion in secondary plagioclase and
in the use of the 690-nm fluorescence peak as a reliable
marker.
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