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spectrum of mesostasis in a named “Tear Drop” chondrule, a spherule object from a primitive chondrite, of
Elephant Moraine 14017 (EET 14017) shows a broad feature indicating amorphous phase, which is a common
characteristic of primitive chondrule mesostasis. Weak intensities of 825 and 858 cm™' peaks were observed
in the glassy mesostasis, probably originated from olivine below the surface. A plagioclase-rich chondrule
(PRC-1) of EET 14017 was investigated with Raman spectroscopy, which contains two different occurrences of
plagioclase: lath-shaped and interstitial grains. The strong intensity of 488 and 505 cm ™' (plagioclase) and
weak intensity of 461 cm™! band were observed on the lath-shaped plagioclase. The weak 461 cm™! peak
from the plagioclase is probably from the subsurface quartz. Raman spectrum of interstital plagioclase in PRC-1
shows 488 and 505 cm ™! bands and weak pyroxene bands. Depth profiling conducted on the interstitial plagio-
clase clearly shows that pyroxene exists below the surface. High-lateral resolution and well-resolved depth pro-
filing with the confocal Raman spectroscopy allows us to identify tiny grains and investigate hidden phases
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underneath the surface without destruction of extraterrestrial materials.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Raman spectroscopy is based on a Raman scattering phenomenon.
When a laser with a specific wavelength is injected into a sample, a fre-
quency of photon changes to be higher or lower than that of initially in-
cident laser, this is called a Raman Effect [1]. Raman spectroscopy
provides information of vibrational and rotational energy of molecular
bonding using Raman Effect. In Raman spectroscopy, however, some
scattered light could result in peaks from surrounding phases when
focus is out or the targeted phases are small and close to each other. It
is often observed that spectral signatures from surrounding and/or sub-
surface minerals are mixed into the spectra of the primary target when
analyzing terrestrial and extraterrestrial rocks with an out-of-focus
laser. Confocal Raman spectroscopy is effective to observe phase
change with depth and to analyze a small grain in a rock sample by re-
moving out-of-focus signals using a pinhole aperture. Intensity of a
component-specific band with the distance from sample surface to
depth is obtained by change of laser focus, which provides information
on structural changes as a depth profile. Spatial resolution of confocal
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Raman spectroscopy in X, y, and z directions is better than that of con-
ventional Raman spectroscopy because signals from neighboring phases
are easily removed. When surrounding and/or subsurface minerals
generate fluorescence with the interaction with the incident laser,
these fluorescent photons cannot pass through the pinhole aperture.
Thus the signal only from the focused area is detected by the confocal
Raman spectrometer.

Raman spectroscopy has been used extensively in all areas of geol-
ogy [2], including identification of minerals in meteorites [3-8], their
classification [9,10], and shock effects on their parent bodies [11,12].
The most advantage of Raman spectroscopy is to non-destructively
identify mineral polymorphs. For instance, it is difficult to distinguish
SiO, polymorph by back-scattered electron (BSE) imaging, energy dis-
persive spectroscopy (EDS), and wavelength dispersive spectroscopy
(WDS) using an electron microprobe. But with Raman spectroscopy;, it
is quick and easy to identify and separate quartz, cristobalite, tridymite,
and stishovite because their Raman spectra are remarkably different
[13]. Raman is also a powerful technique to probe glass and crystalline
structure of minerals [4,14]. Previous Raman and infrared spectroscopic
studies for olivine in terrestrial and extraterrestrial rocks showed that
peak positions of olivine increase with increasing forsterite content
[MgO/(MgO + FeO)], and thus one can estimate the composition of
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olivine (forsterite content) using Raman spectroscopy [15] and IR spec-
troscopy [16]. Confocal Raman spectroscopy has been widely used to
study fluid inclusions in terrestrial rocks by removing signal from sur-
rounding matrix [17-19].

Extraterrestrial rock samples, especially for chondrites, have been
studied with Raman spectroscopy providing structural information on
mineral components [e.g., 20,21,22]. Chondrites are specific type of cos-
mic sedimentary rocks formed in the early Solar System, including
spherical objects (so called chondrules), metal, fine-grained matrix,
and refractory inclusions [23]. Chondrites have experienced various de-
grees of aqueous alteration and thermal metamorphism on the parent
bodies [24,25]. Based on petrographic observations and mineral chem-
istry, chondrites are divided into petrologic types 1 to 6. The degree of
thermal metamorphism increases from type 3 to type 6, that of aqueous
alteration increases from type 3 to type 1 [26]. Raman spectroscopy can
be used to determine the lowest petrologic type (type 3.0-3.9) of chon-
drites, by using the ratio of peak intensity between D (disordered) and G
(graphitic) bands and the full-width at half-maximum (FWHM) of D
band of organic materials in matrices of chondrites because those are
sensitive to thermal metamorphism [10,27,28].

Chondrules of primitive chondrites (type 3) generally consist of oliv-
ine and pyroxene grains and glassy mesostasis, formed by rapid cooling
of chondrule melts [29]. Thermal metamorphism on the parent bodies
could have resulted in recrystallization of secondary plagioclase from
mesostasis. Primary plagioclase has been occasionally observed in
type 3 ordinary [30-33] and carbonaceous chondrites [34-37]. Experi-
mental studies showed that plagioclase crystallizes directly from melts
of chondrule compositions at slow cooling rates <~1 °C/h [38]. Because
compositions of plagioclase and glassy mesostasis are similar, it is
necessary to identify their structural differences using spectroscopic
analysis. Probing the presence of primary plagioclase in chondrules is
important to reveal the crystallization processes of chondrules in
primitive chondrites. In this study, we explore phases of chondrule
components whether they are crystalline or amorphous using a confo-
cal Raman spectroscopy. We also provide well-resolved Raman spectra
of micrometer-sized minerals, and introduce identification of minerals
underneath surface in an ordinary chondrite found in Antarctica.

2. Experimental Method
2.1. Sample Description

Elephant Moraine 14017 (EET 14017) is an ordinary chondrite
weighed 11.8 g, found in the Elephant Moraine, West Antarctica, by
Korea expedition for Antarctic meteorites (KOREAMET) in 2014-15 sea-
son. A small chip from the meteorite was mounted in a 1-in. disk using
epoxy. A thin section from the mount was polished with diamond lap-
ping films (12,9, 3, and 1 pm grit size), followed by diamond suspension
(0.2 um particle size) for the combined study with electron microprobe
and Raman spectroscopy. Stereomicroscopic image of the section of EET
14017 shows very well defined chondrules from dark matrix (Fig. 1).
The abundance of chondrule is ~73 vol%, a matrix content is ~26 vol%,
and metal is rare (<1 vol%). Based on the relatively large chondrule
size (from ~0.4 to ~2.6 mm with an average of ~0.9 mm), rare metal,
and glassy mesostasis of chondrules, the EET 14017 is classified as an
LL-group ordinary chondrite and petrologic type 3.

2.2. Electron Microprobe Analysis

The polished thin section of EET 14017 was coated with approxi-
mately 25 nm thick carbon film for electron microprobe analysis. Min-
eral chemistry was studied with a field emission electron probe
microanalyzer (FE-EPMA; JEOL JXA-8530F) at Korea Polar Research In-
stitute (KOPRI) using a 15 keV accelerating voltage, 20 nA beam current,
beam size of ~1 pm, with five wavelength dispersive X-ray spectrome-
ters (WDS). Qualitative analysis with an energy dispersive spectrometer

Fig. 1. Stereomicroscopic image of a polished thin section from the EET 14017. The white
rectangles indicate studied chondrules: Tear Drop in Fig. 5 and plagioclase rich chondrule
(PRC-1) in Figs. 6, 7, and 8.

(EDS) was performed at 10 keV for small regions <2 pm to minimize vol-
ume where X-rays are generated. Natural and synthetic mineral stan-
dards from Smithsonian and JEOL including albite, MgO, SiO,, Al,03,
microcline, wollastonite, fayalite, MnO, Cr,03, and TiO, were used.
Counting times on peak were 20 s. The mean atomic number (MAN)
method and ¢(pZ) method of Armstrong/Love Scott were used to cor-
rect background and matrix effects, respectively [39,40]. X-ray elemen-
tal maps of chondrules were obtained using the EPMA with a focused
beam, a 100 nA beam current, dwell time of 10 ms per pixel, and with
pixel size of 1.2 pm. A BSE image in Fig. 7B was obtained with a field
emission scanning electron microscope (FE-SEM; JEOL JSM-7200F) at
KOPRI using a 5 keV accelerating voltage, 4 nA beam current.

2.3. Raman Spectral Analysis

After observations and analyses with EPMA and SEM, we removed
carbon film using a diamond suspension (0.2 um particle size) on the
sample because silicate mineral phases in the carbon-coated section
are not distinguished with a reflected-light microscope of a Raman sys-
tem. Raman experiments were performed at Thermo Fisher Scientific
Korea using a DXR2xi system equipped with a diode-pumped, solid
state laser and using 532 nm excitation. The power of the laser was
tuned as 9.1 mW (on the sample surface, measured out of a 10x objec-
tive). Acquisition consisted of ~0.2 s exposer time with 600 scans. The
step size for both depth profiling and Raman line scan was 0.6 pm. The
possible distance for depth profiling depends on a working distance of
objective lens. The working distance of 100x objective used in this
study is 500 um. The DXR2xi system was operated with the Thermo
OMNIC acquisition software. Calibration of the spectrometer was
checked on a silicon wafer before the analytical session.

The DXR2xi system used in this study is equipped with an electron
multiplied charge-coupled device (EM CCD). The EM CCD amplifies
transmitted Raman signals by producing electrons when laser photon
impinges camera. It enables to get a large signal-to-noise ratio (S/N)
in a short time. Therefore, it is possible to analyze samples that are easily
damaged by laser, and to obtain high-resolution Raman imaging within
a short time. Raman spectra of olivine in a chondrule of EET 14017 with
and without EM CCD were obtained at the same site (Fig. 2). Note that
the results did not show any change in Raman peak position. The S/N
of Raman spectra was obtained by dividing the maximum intensity of
signals by that of noise, the value was ~35 without EM CCD and ~51
with EM CCD. All data in this study were obtained with EM CCD.
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Fig. 2. Electron multiplied charge-coupled device (EM CCD) on/off comparison of Raman
spectra of olivine in a chondrule of EET 14017 where 825 and 858 cm~! bands are
observed. The signal-to-noise ratio (S/N) is ~35 without EM CCD and ~51 with EM CCD.

3. Results and Discussion

Both lateral and depth resolutions in confocal Raman spectroscopy
analysis are determined by magnification of objective lens and wave-
length of laser [41]. The theoretical lateral resolution of DXR2xi system
is ~0.7 um using a 532 nm laser and a 100x objective from the equation
of 1.22N\/NA based on the Airy function, where \ is the wavelength of
laser and NA (the numerical aperture of the objective lens) is 0.9 in
this study. A line profile on a chondrule in the EET 14017 was obtained
with a step size of 0.5 um (Fig. 3A-C), smaller than the theoretical lateral
resolution, to determine the experimental lateral resolution of the con-
focal Raman for silicate minerals in this study. Bright red color denotes
olivine, dark red color for pyroxene, and sky blue color for plagioclase,
respectively, in the combined X-ray elemental map of Mg Ko (red), Ca
Ko (green), and Al Kot (blue) (Fig. 3A-B). The white line on the Fig. 3B
shows the positions of Raman measurements at the boundary between
olivine and pyroxene. The series of Raman spectra are shown in Fig. 3C.

MgCaAl ¢
Start

The olivine bands (825 and 858 cm™!) [e.g., 15,42] and pyroxene main
bands (665, 690, 1013, and 1031 cm™!) [e.g., 8,43] are observed. The
peak intensities of olivine bands decrease and those of pyroxene
bands increase toward the grain boundary. Normalized intensities of ol-
ivine peaks (at 825 cm™!) obtained near the grain boundary in the py-
roxene region decrease to 0 (Fig. 3C). The lateral resolution defined by
the distance between upper 84% and lower 16% of normalized intensi-
ties of olivine peaks (at 825 cm™!) is ~1.0 um with the DXR2xi confocal
Raman system, when 532 nm laser and 100x objective are used (Fig. 4).
The 16-84% resolution is given by Gaussian criterion and comparable to
0.85 x 0.85 x (1.22N\/NA/2) [44,45]. Thus, the experimental lateral res-
olution of ~1.0 pum in silicate minerals using the DXR2xi system is
about ~3 times worse than the theoretical value.

The EET 14017 chondrite is classified as petrologic type 3 because
chondrules are clearly defined and glassy mesostasis is observed in
numerous chondrules. A typical chondrule with glassy mesostasis is
shown in Fig. 5. Olivine (dark gray), pyroxene (gray), mesostasis
(light gray), and metal (white) are observed in the BSE image of the
“Tear Drop (TD)” chondrule (Fig. 5A). Site 1 and 2 are the analyzed po-
sitions to get Raman spectra and depth profile on the olivine and
mesostasis regions, respectively. Although it is easy to distinguish oliv-
ine and pyroxene grains from mesostasis, it is difficult to probe whether
the phase of mesostasis is amorphous or crystalline. Raman spectra of
olivine and mesostasis obtained from sites 1 and 2 are presented in
Fig. 5B. Raman spectrum of olivine shows peaks at 825 and 858 cm ™!
that are main bands of olivine [15,42] and that of the mesostasis
shows broad feature indicating it is amorphous [2,46]. Weak intensities
of 825 and 858 cm ™! peaks are also observed in Raman spectrum of
glassy mesostasis, probably originated from olivine underneath the sur-
face. Two lines of evidences support it. It is well known that Raman in-
tensity of a crystal is significantly stronger than that of glass. The
theoretical depth resolution is defined by the equation of 2\n/(NA)?
[41], where N is the wavelength of laser (532 nm), n is the refractive
index of glass (~1.4) and NA is the numerical aperture of the objective
lens (0.9). It is ~2 um and thus ~3 times poorer than the theoretical lat-
eral resolution. However, the calculated depth resolution is given with-
out considering the effect of refraction thus generally underestimated
by a factor of ~2 [47,48].

Depth profiling was performed to confirm the presence of olivine
under the glassy mesostasis and the result is shown in Fig. 5C. Raman
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Fig. 3. (A) Combined X-ray elemental map in Mg Ko (red), Ca Ko (green), and Al Ko (blue) of olivine and pyroxene in chondrule showing different locations with Raman measurements.
Bright red color denotes olivine, dark red color for pyroxene, and sky blue color for plagioclase. (B) Magnification of the white rectangle in (A). The white line shows Raman measurements
across the grain boundary between olivine and pyroxene. (C) Raman profile of 10 points from the white line in (B) are visible at right. Ol = olivine; Px = pyroxene. The peak intensities of
olivine band (825 and 858 cm™"') decrease and those of pyroxene band (665, 690, 1013, and 1031 cm™!) increase across the boundaries of olivine and pyroxene.
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Fig. 4. Normalized Raman intensity at 825 cm™' with varying distance from olivine grain.
The experimental lateral resolution defined by width between 16% and 84% level is
calculated to be ~1.0 pum.

intensity of the 825 cm ™! peak (one of the main bands of olivine) is pre-
sented in color with scale bar. Note that red area (Raman intensities
around 6000 at the 825 cm ™! peak) represents olivine and blue area

site1 ...

mesostasis

Y site 2

825/0I

(Raman intensities around 100) for glassy mesostasis. The color of
Raman intensities on the surface at site 2 appears blue and that of the
apparent depth of 5 um appears red by increasing the peak intensity
of olivine. The result indicates that glassy mesostasis is present on the
surface and olivine exist below the surface. Considering that both the
apparent thickness and depth below the surface are generally about
half of the true values [47], we estimate the olivine is present at the
depth of ~10 um.

Through the observations done with optical microscope and the BSE
images obtained with the EPMA and SEM, we found a plagioclase-rich
chondrule (PRC-1) in the EET 14017, which contains two different oc-
currences of plagioclase: lath-shaped and interstitial plagioclase
(Fig. 6). PRC-1 shows porphyritic texture with euhedral olivine grains,
low-Ca and high-Ca pyroxene, and minor metal. Olivine is nearly
forsterite (F099.5 + 0.2; 20) and contains ~0.5 wt% of CaO (Table 1).
Low-Ca pyroxene is close to enstatite composition (Wo00.9 +
0.2En97.9 4 0.4) and high-Ca pyroxene has variable amount of CaO
(4.1-20.5 wt%) and minor TiO, and Al,O5 (Table 1). Lath-shaped plagio-
clase containing small amount of Na,0 (~0.7 wt%) generally occurs in
the core (Fig. 6 and details in Fig. 7), whereas interstitial plagioclase hav-
ing more Na,O (~1.3 wt%) is present in the outside of the chondrule
(Fig. 6 and details in Fig. 8).

Fig. 7A-B shows lath-shaped plagioclase together with high-Ca
pyroxene, and mesostasis. Texturally the lath-shaped plagioclase
crystallized from a melt, followed by high-Ca pyroxene. The detailed
texture of the mesostasis is shown in the BSE image obtained with
FE-SEM at 5 keV accelerating voltage (Fig. 7B). The mesostasis
consists of two different phases (dark and light gray colors) of
100-200 nm in width, which are too small to be chemically identified
with EDS or WDS.
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Fig. 5. (A) Backscattered electron (BSE) image of a “Tear Drop” chondrule with glassy mesostasis (light gray color) in EET 14017. Dark gray color denotes olivine, gray color for pyroxene.
(B) Raman spectra of site 1 (black line) and 2 (blue line) in (A) showing main bands of olivine (825 and 858 cm™') and glass features, respectively. (C) Depth profiling of Raman band
intensities of 825 cm ™! peak at site 2. A full Raman spectrum is acquired in every pixel, but only Raman intensities of 825 cm™' peak are imaged to distinguish glass and olivine.
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Fig. 6. Combined X-ray elemental map in Mg Ko (red), Ca Ko (green), and Al Kot (blue) of
plagioclase-rich chondrule (PRC-1) in EET 14017, which contains both lath-shaped
and interstitial plagioclase. The white squares indicate the regions in Figs. 7 and 8.

To confirm whether the plagioclase grains in Fig. 7A are crystalline
and to get structural information, it is necessary to use Raman spectros-
copy. Raman spectra were acquired at site 3 on a lath-shaped plagio-
clase and site 4 on mesostasis region. Raman spectra on the surface
and at a nominal depth of 5 pm at site 3 are shown in Fig. 7C. Main
bands of plagioclase (488 and 505 cm™!) [12,14] are observed on the

Table 1

surface, indicating plagioclase grains are crystalline. A weak intensity
of 461 cm™ ! band is also observed on the surface of site 3. Since the ex-
perimental lateral resolution of the Raman spectroscopy in this study is
~1.0 pm (Fig. 4) but the depth resolution is much poorer, the weak band
of 461 cm™!is likely caused by subsurface minerals. Raman spectrum of
site 3 at anominal depth of 5 um clearly shows 461 cm™ ! band as well as
main bands of plagioclase (488 and 505 cm™!) (Fig. 7C). Since the
461 cm~! band is not consistent with main bands of olivine and
pyroxene adjacent plagioclase, we obtained Raman spectra of a
mesostasis region (site 4 in Fig. 7B) between plagioclase and high-Ca
pyroxene, having 461, 508, 668, and 1013 cm™! bands (Fig. 7D).
Hence the 461 cm ™! peak in Fig. 7C could be originated from mesostasis
which is expected to be present under the lath-shaped plagioclase. De-
spite that the width of the mesostasis is only ~2 um (Fig. 7B), Raman
spectrum from the mesostasis unlikely contain peaks from adjacent
minerals under confocal mode giving the experimental lateral resolu-
tion of ~1.0 pum.

As aforementioned, chondrules in primitive chondrites (type 3) gen-
erally retain glassy mesostasis resulted from rapid cooling rate (up to
~2000 °C/h) [26]. Most of mesostases in the chondrules of EET 14017
also remain as amorphous as seen in Fig. 5. However, Raman spectrum
of the mesostasis in PRC-1 (Fig. 7D) shows several sharp peaks, indicat-
ing it is not an amorphous phase but consists of tiny minerals as seen in
Fig. 7B. A quantitative analysis for individual phases of the mesostasis
using WDS is difficult due to their small sizes (100-200 nm in width).
Instead, qualitative chemical composition of the mesostasis region was
acquired using EDS, consisted of ~70 wt% SiO,, ~17 wt% Al,03, ~9 wt%
Cao, ~1 wt% MgO, ~1 wt% FeO, ~1 wt% Na,0, and <1 wt% TiO,. Based
on the composition, silica and plagioclase will be most likely for the
phases in the mesostasis. It is also supported by dark and light gray
colors in the BSE image (Fig. 7B). Thus, the observed 461 and
508 cm ™! bands may be from submicrometer-sized quartz and plagio-
clase in the mesostasis, respectively. Previous studies for silica-rich
chondrules and clasts suggested that they can be originated from
silica-rich precursors, probably formed by fractional condensation in

EPMA analyses of minerals in the plagioclase-rich chondrule (PRC-1) from the Elephant Moraine 14017.

Olivine Low-Ca pyroxene High-Ca pyroxene Lath-shaped plagioclase Interstitial plagioclase
(n" = 20) (n=10) (n=9) (n=10) (n=9)
Average 20 Average 20 Average 20 Average 20 Average 20
SiO, 41.97 0.39 58.57 0.55 52.71 3.68 46.34 1.30 47.69 1.81
TiO, 0.08 0.06 0.15 0.08 1.28 1.10 0.02 0.04 0.03 0.04
Al,05 0.32 0.32 0.67 0.30 3.46 217 32.05 0.93 30.64 1.87
Cry03 0.16 0.15 0.48 0.07 1.05 1.18 0.02 0.03 0.03 0.01
FeO 0.51 0.25 0.85 0.24 1.37 2.06 0.21 0.19 0.46 0.37
MnO 0.01 0.03 0.04 0.05 0.28 0.32 nd nd
MgO 56.17 0.44 38.82 0.24 22.70 10.55 0.82 0.19 1.03 0.24
Cao 0.52 0.13 0.50 0.11 16.58 11.33 18.87 0.51 17.81 1.04
Na,0 0.01 0.02 0.00 0.01 0.05 0.10 0.68 0.21 1.26 0.77
K,0 nd* nd 0.00 0.02 nd 0.00 0.01
Total 99.74 0.60 100.08 0.70 99.50 0.71 99.01 0.65 98.96 0.70
4 oxygen 6 oxygen 8 oxygen
Si 0.990 0.007 1.971 0.013 1.885 0.068 2.160 0.048 2220 0.078
Ti 0.001 0.001 0.004 0.002 0.034 0.030 0.001 0.001 0.001 0.001
Al 0.009 0.009 0.026 0.012 0.147 0.096 1.760 0.059 1.681 0.104
Cr 0.003 0.003 0.013 0.002 0.030 0.035 0.001 0.001 0.001 0.000
Fe 0.010 0.005 0.024 0.007 0.041 0.064 0.008 0.007 0.018 0.015
Mn 0.000 0.001 0.001 0.001 0.009 0.010 nd nd
Mg 1.976 0.008 1.948 0.011 1.206 0.505 0.057 0.013 0.071 0.016
Ca 0.013 0.003 0.018 0.004 0.639 0.445 0.942 0.029 0.888 0.052
Na 0.000 0.001 0.000 0.001 0.004 0.007 0.061 0.019 0.114 0.070
K nd nd 0.000 0.001 nd 0.000 0.000
Total 3.003 0.003 4.005 0.007 3.994 0.019 4.990 0.013 4.995 0.036
Fo 99.5 0.2
Wo 0.9 0.2 34.0 239
An 93.9 1.9 88.6 6.8

n': number of analyses. nd*; not detected. Detection limit is 0.02 wt% (30) for SiOs, TiO», and Cr,05, 0.03 wt% for FeO and MnO, 0.01 wt% for Al,05, MgO, and Na,0, and 0.005 wt% for CaO

and K;O0.
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Fig. 7. (A) Backscattered electron (BSE) image of lath-shaped plagioclase (gray color) in plagioclase-rich chondrule (PRC-1) of EET 14017. Bright gray color denotes high-Ca pyroxene, dark
gray color for mesostasis. (B) Magnification of the white rectangle in (A). (C) Raman spectra acquired on the surface and at a nominal depth of 5 um of site 3. Main bands of plagioclase
(488 and 505 cm ™) are observed on the surface while 461 cm ™" band is also observed at 5 um nominal depth. Pl = plagioclase. (D) Raman spectrum of mesostasis (site 4) in plagioclase-rich

chondrule (PRC-1) showing 461, 508, 668, and 1013 cm ™.

the solar nebula [13,49]. The bulk composition of PRC-1, however, is
similar with that of a typical type I chondrule [50,51] and the mesostasis
in chondrule of primitive chondrite has a similar composition to the EDS
result of the mesostasis of PRC-1 [52]. Crystalline mesostasis composed
of plagioclase and silica of PRC-1 is very similar to those of plagioclase-
rich chondrules in the reduced CV chondrites [35]. A dynamic crystalli-
zation experiment showed that both the lath-shaped plagioclase and
fine-grained plagioclase in the mesostasis can be formed at slow cooling
rate (<~10 °C/h) but no silica phase was reproduced [33]. The presence
of quartz in the mesostasis of PRC-1 may suggest that the chondrule
cooled slower than typical type I chondrules. The weak intensities of
668 and 1013 cm™! bands in the mesostasis are expected to be gener-
ated from subsurface pyroxene grains if considering the Mg-poor com-
positions of the mesostasis.

The 461 and 508 cm™ ! bands are different from the characteristic
bands of quartz (464 cm ™) and anorthitic plagioclase (505 cm™'), re-
spectively. The observed peak shift of quartz and plagioclase may result
from structural and/or compositional changes in those minerals [53,54].
The 464 cm™! band of quartz at atmospheric pressure can shift toward
the lower wavenumber due to tensile normal stress at the low pressure
and temperature [53]. Thus the 461 cm™' band observed in the
mesostasis of PRC-1 chondrule may give an insight into the thermal
and shock histories in the solar nebula. Raman peaks of plagioclase
vary with structural and compositional change. The 508 cm ™' band ob-
served in the mesostasis is a characteristic peak of albitic plagioclase
[54], which is unlikely the Na-poor composition of the mesostasis. The
Raman peak shift of plagioclase in the mesostasis might be due to
poor crystallinity of tiny plagioclase grains.

An interstitial plagioclase grain (gray), olivine (dark gray), high-Ca
pyroxene (light gray), and metal (white) are observed in PRC-1

(Fig. 8A). Site 5 is the analyzed region with 2 um width and 10 um
depth for Raman spectroscopy. The largest plagioclase grain in the
chondrule is ~20 um wide. Fig. 8B shows Raman spectra of plagioclase
obtained from the surface and a nominal depth of 5 pm at site 5 under
confocal mode. Raman spectrum obtained from the surface has peaks
at 488 and 505 cm ™! that are the main bands of plagioclase [14,55]
and weak peaks at 700 and 980 cm™! that are the main bands of pyrox-
ene. Thus the interstitial plagioclase grain in Fig. 8A is crystalline and
weak peaks at 700 and 980 cm ™' are likely from a subsurface pyroxene.
Raman spectrum obtained from the nominal depth of 5 um has strong
668, 682 and 1013 cm~! bands of pyroxene but weak 488 and
505 cm™ ! bands of plagioclase. Note that the peak intensity of pyroxene
increases remarkably with increasing depth as in the depth profiling
result (Fig. 8C) and that the true thickness of the plagioclase and
positional depth of the pyroxene may become twice the nominal
depth [47]. Raman intensities of the 1013 cm ™' peak (one of the main
bands of pyroxene) are shown in color with scale bar. Note that the
red color (Raman intensities around 2500 at the 1013 cm™! peak)
represents pyroxene while the blue color (Raman intensities of 100)
represents plagioclase. By decreasing the peak intensity of pyroxene,
the color changes from red to blue. Considering the effect of refraction
[47], pyroxene is estimated to be present at ~10 um depth under the
plagioclase.

The co-occurrence of lath-shaped and interstitial plagioclase in the
PRC-1 may constrain cooling history of the chondrule in the solar neb-
ula. The crystallization sequence of the PRC-1 inferred from the texture
is olivine, low-Ca pyroxene, followed by plagioclase, high-Ca pyroxene,
and mesostasis. Lath-shaped plagioclase generally occurs together
with high-Ca pyroxene and mesostasis, whereas interstitial plagioclase
is present without mesostasis between olivine and pyroxene in the
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Fig. 8. (A) Backscattered electron (BSE) image of interstitial plagioclase in plagioclase-rich chondrule (PRC-1) of EET 14017. (B) Raman spectra of site 5 in (A) with varying depth. The blue
line shows Raman spectrum collected from surface of site 5 and red line shows that from a nominal depth of 5 um. (C) Composite image of Raman band intensities of site 5. A full Raman
spectrum of each pixel is acquired, but only relative intensities of spectra for plagioclase (Pl) and pyroxene (Px) are imaged.

PRC-1. Lath-shaped plagioclase contains less Na,O (~0.7 wt% in
average) compared to interstitial plagioclase (~1.3 wt%) (Table 1).
The dynamic crystallization experiments from olivine-rich chon-
drule melts showed that lath-shaped plagioclase crystallized at
faster cooling rates (>~50 °C/h) and interstitial plagioclase formed
at slower cooling rates (<~10 °C/h) [33]. Both the less Na,0 content
in the lath-shaped plagioclase and the co-occurrence of mesostasis
are consistent with fast cooling rates. On the other hand, the more
Na,O content in the interstitial plagioclase and the absence of
mesostasis agree with slow cooling rates. Although the lath-shaped
and interstitial plagioclase grains in the PRC-1 have different shape,
Na,O content, mineral assemblage, and inferred cooling rate, Raman
peaks from the both plagioclase are almost identical (Figs. 7C and 8B),
implying that Raman spectroscopy has some specific limitation for
providing constraints on the cooling history of chondrules in the
solar nebula.

In spite of some limitation, Raman spectroscopy has advantages
over other spectroscopic methods (e.g., nuclear magnetic resonance,
X-ray scattering, and X-ray absorption spectroscopy) in the study of
extraterrestrial materials. Raman spectroscopy is a non-destructive,
in-situ, and fast analytical method without complex sample preparation
and any significant damage on the sample. High-lateral resolution and
well-resolved depth profiling with the confocal Raman spectroscopy
enable us to reveal submicrometer-sized phases and to investigate
hidden phases underneath the surface without destruction of the
sample. Especially a combined study of Raman spectroscopy together
with electron microprobe is powerful for the thorough study to

understand the structure and chemistry of mineral components of
extraterrestrial materials.

4. Conclusion

The experimental data presented here provide identification of
chondrule minerals and subsurface mineral phases through depth pro-
filing in a primitive chondrite. An experimental lateral resolution of the
Thermo Fisher Scientific DXR2xi system for silicate minerals is ~1.0 pm
when a 100x objective and a 532 nm laser are used. Raman spectrum
of mesostasis in the TD chondrule of EET 14017 confirms that the
mesostasis remains amorphous and depth profiling results demonstrate
the presence of olivine under the glassy mesostasis in that chondrule.
Raman spectra on a lath-shaped plagioclase in PRC-1 show main
bands of plagioclase (488 and 505 cm™!) and weak intensity of
461 cm™! band. Raman spectrum from the mesostasis adjacent to the
lath-shaped plagioclase shows sharp 461 and 508 cm~' bands,
suggestive of submicrometer-sized quartz and plagioclase in the
mesostasis. The weak 461 cm ™! peak from the lath-shaped plagio-
clase is probably from the subsurface quartz in the mesostasis. The
mesostasis composed of crystalline plagioclase and quartz in PRC-1
may imply that the chondrule cooled slower than typical type I chon-
drules. Raman spectrum of interstital plagioclase in PRC-1 shows 488
and 505 cm™ ! bands and weak pyroxene bands. Depth profiling con-
ducted on the plagioclase clearly shows that pyroxene exists below
the surface. Confocal Raman spectroscopy can non-destructively
probe submicrometer-sized phases and subsurface minerals in a
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short time without complex sample preparation, which could be
powerful to study extraterrestrial materials.
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