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Abstract–We report an occurrence of hexagonal CaAl2Si2O8 (dmisteinbergite) in a compact
type A calcium-aluminum-rich inclusion (CAI) from the CV3 (Vigarano-like) carbonaceous
chondrite Northwest Africa 2086. Dmisteinbergite occurs as approximately 10 lm long and
few micrometer-thick lath-shaped crystal aggregates in altered parts of the CAI, and is
associated with secondary nepheline, sodalite, Ti-poor Al-diopside, grossular, and Fe-rich
spinel. Spinel is the only primary CAI mineral that retained its original O-isotope
composition (D17O ~ �24&); D17O values of melilite, perovskite, and Al,Ti-diopside range
from �3 to �11&, suggesting postcrystallization isotope exchange. Dmisteinbergite,
anorthite, Ti-poor Al-diopside, and ferroan olivine have 16O-poor compositions (D17O ~
�3&). We infer that dmisteinbergite, together with the other secondary minerals, formed by
replacement of melilite as a result of fluid-assisted thermal metamorphism experienced by
the CV chondrite parent asteroid. Based on the textural appearance of dmisteinbergite in
NWA 2086 and petrographic observations of altered CAIs from the Allende meteorite, we
suggest that dmisteinbergite is a common secondary mineral in CAIs from the oxidized
Allende-like CV3 chondrites that has been previously misidentified as a secondary anorthite.

INTRODUCTION

CaAl2Si2O8 occurs in triclinic, orthorhombic, and
hexagonal structural forms. Triclinic anorthite is the
stable mineral phase commonly occurring in terrestrial
rocks and meteorites. The orthorhombic and hexagonal
structural forms of CaAl2Si2O8 are the metastable
phases and were synthesized in crystallization
experiments from a CaAl2Si2O8 melt (Davis and Tuttle
1952). In these experiments, the hexagonal phase was
only obtained when the melt quickly cooled to
approximately 1200 °C; it changes to a triclinic anorthite
during prolonged heating at subsolidus temperatures.
Nucleation and growth of the hexagonal phase were
subsequently investigated by in situ observations at high
temperature from a pure CaAl2Si2O8 melt (Abe et al.
1991; Daniel et al. 1995) and from a melt composed of

(in wt%) anorthite (70), silica (20), and forsterite (10)
(Abe and Sunagawa 1995). It was shown that in a
supercooled melt, hexagonal CaAl2Si2O8 nucleates and
grows prior to anorthite. Dmisteinbergite was also
synthesized by hydrothermal processing of CaAl2Si2O8

powder (Hong et al. 1999) and of a mixture of calcium
monoaluminate (CaAl2O4) and quartz (Borglum et al.
1993) at approximately 200–350 °C. Finally,
transformation of Ca-zeolite to dmisteinbergite and
anorthite by annealing at approximately 800 °C was
reported by Dimitrijevi�c et al. (1996).

In nature, the orthorhombic and hexagonal
CaAl2Si2O8, named svyatoslavite and dmisteinbergite,
respectively, were discovered in the Chelyabinsk coal
basin (South Urals, Russia), where they formed as a
result of high-temperature combustion of woody coal
(Sokol et al. [1998] and references therein). Igneous
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dmisteinbergite was found in association with quartz in
the pseudotachylyte-bearing fault vein in the Gole
Larghe Fault zone of the Italian Southern Alps (Nestola
et al. 2010). Rapid cooling of melt was invoked to
explain this occurrence of dmisteinbergite.
Dmisteinbergite of hydrothermal origin in association
with wairakite (CaAl2Si4O12�2H2O) was reported in
altered gabbro in Kurumazawa, Japan (RRUFF Raman
spectrum, ID R130087; Downs 2006).

Recently, the presence of hexagonal CaAl2Si2O8

was reported in calcium-aluminum-rich inclusions
(CAIs) from the CV (Vigarano-like) carbonaceous
chondrites Allende (Ma et al. 2013) and Northwest
Africa (NWA) 2086 (Fintor et al. 2013). In Allende,
coarse-grained dmisteinbergite associated with melilite,
spinel, and Al,Ti-diopside was found in a type B FUN
(fractionation and unidentified nuclear effects) CAI
STP-1 (Ma et al. 2013). In NWA 2086, needle-shaped
dmisteinbergite associated with nepheline and sodalite
was discovered in a type A CAI during a general study
of chondrules and CAIs in this meteorite by Fintor
et al. (2013). Here, we present a detailed study of the
mineralogy, petrography, and oxygen-isotope
composition of this phase in the NWA 2086 CAI, and
discuss its possible origin.

ANALYTICAL TECHNIQUES

Sample Preparation

The NWA 2086 meteorite was recovered in Rissani,
Morocco, and classified as a CV3 chondrite of shock
stage S1 and weathering grade W1 (Russell et al. 2005).
A polished thin section containing CAI #1 (Fintor et al.
2013) was made from a fragment of this meteorite. The
thin section belongs to the Department of Mineralogy,
Geochemistry and Petrology, University of Szeged,
Hungary. For an electron backscatter diffraction
(EBSD) analysis, the section was polished with diamond
films of 1–0.5 lm grit to produce flatter surfaces in the
altered portion of the CAI. Sample polishing was
finished using a 0.1 lm diamond paste to remove tiny
scratches on the surface. Ultrasonic cleaning was done
for approximately 10–20 s to remove any residual
diamond grains from the polishing procedure. After
EBSD analysis, the section was carbon-coated and
studied with electron microprobe and ion microprobe.

Petrography

The mineral chemistry of the NWA 2086 CAI #1
was studied with the University of Hawai‘i (UH) JEOL
JXA-8500F field-emission electron microprobe. Electron
microprobe analyses were performed at 15 kV

accelerating voltage, 20 nA beam current, and
approximately 1 lm beam size with five wavelength-
dispersive X-ray spectrometers. For each element,
counting times on both peak and background were 30 s.
Minerals with known chemical compositions were used
as standards. The PAP procedure was used to correct
for matrix effects (Pouchou and Pichoir 1984). Detection
limits for SiO2, TiO2, Al2O3, Cr2O3, FeO, MnO, MgO,
CaO, Na2O, and K2O were 0.02, 0.03, 0.01, 0.03, 0.04,
0.03, 0.02, 0.02, 0.02, and 0.01 wt%, respectively. To
study the distribution of dmisteinbergite and associated
primary and secondary minerals in the CAI, the JEOL
JXA-8500F was also used to collect X-ray element maps
for major and minor elements with a spatial resolution
of 2 lm pixel�1 at a beam current of 50 nA.

Raman Spectroscopy

To identify dmisteinbergite, Raman spectra were
acquired by the Thermo Scientific DXR Raman
microscope at the University of Szeged, equipped with a
diode-pumped frequency-doubled Nd:YAG laser with
10 mW maximum laser power. The sample was irradiated
by laser with a wavelength of 532.2 nm. The laser beam
was focused on the sample using a 1009 objective lens,
giving a spot size of approximately 1 lm. The instrument
has a spectral resolution better than 2 cm�1 and spatial
resolution of several lm3; a 25 mm pinhole confocal
aperture was used for each measurement. The sample
exposures were made using the DXR Raman microscope
in its autoexposure operating mode, in which the
instrument attempts to reach a specified signal to noise
ratio (S/N) during the measurement. In our case, this
ratio was approximately 100.

Raman spectra of anorthite were acquired with a
confocal Raman microscope (alpha-300, WITec) at UH,
using the 532.2 nm excitation wavelength of a
frequency-doubled Nd:YAG laser. The laser beam was
focused on the sample with a 1009 objective, leading to
an approximately 1 lm diameter spot. The calibration
of the spectrometer was checked on a pure silicon wafer
with a known major Raman peak at 524 cm�1. The
acquisition time was 5 s and each spectrum is an
average of three acquisitions.

Electron Backscatter Diffraction Pattern Analysis

Electron backscatter diffraction (EBSD) patterns of
dmisteinbergite were obtained by an HKL Nordlys
detector attached to the UH JEOL JSM-5900LV
scanning electron microscope (SEM). The SEM was
operated at a 20 kV acceleration voltage with a 70°
tilted stage and in low vacuum mode (10–20 Pa) using
an uncoated sample. The obtained patterns were
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compared with the reference crystal structures of
synthetic hexagonal CaAl2Si2O8, anorthite, and
svyatoslavite using the HKL Channel 5 software.

Oxygen-Isotope Measurements

Oxygen isotopic compositions were measured in situ
with the UH Cameca ims-1280 ion microprobe. A
primary Cs+ ion beam was accelerated to 10 keV and
sputtered the sample surface with energy of 20 keV. A
normal-incidence electron gun was applied to
compensate electrical charging on the sputtered area.
Negative secondary ions were accelerated to 10 keV and
transmitted through entrance and exit slits set to 69 and
172 lm, respectively, for a high mass-resolving power
(MRP >~ 5300) to separate 16OH� interference of 17O�.
Secondary ions of 16O�, 17O�, and 18O� were measured
simultaneously in multicollection mode with the
magnetic field controlled by a nuclear magnetic
resonance probe. Two analytical procedures were used
for the measurements.

In the first procedure, used for measurements of
spinel and melilite, approximately 1 nA Cs+ primary
ion beam was rastered over a 10 9 10 lm2 area for 90 s
to remove carbon coating, and then the raster size was
reduced to 7 9 7 lm2 area for data collection. 16O�

and 18O� were measured by multicollector Faraday
cups (FCs) of L‘2 and H1, respectively, while 17O� was
measured by an axial electron multiplier (EM). This
method has been described in detail elsewhere (Makide
et al. 2009).

In the second procedure, used for measurements of
small grains of anorthite, dmisteinbergite, olivine,
perovskite, and pyroxene, approximately 20 pA Cs+

primary ion beam was focused to approximately 2 lm
size and presputtered the sample surface for 180 s.
16O�, 17O�, and 18O� were simultaneously measured by
multicollector FC (L‘2), axial monocollector EM, and
multicollector EM (H2), respectively.

Oxygen-isotope compositions are reported as permil
deviation from standard mean ocean water (SMOW):

d17;18Oð&Þ ¼ ½ð17;18O=16OsampleÞ=ð17;18O=16OSMOWÞ � 1�
� 1000:

(1)

The deviation from the terrestrial fractionation (TF)
line is expressed as D17O:

D17Oð&Þ ¼ d17O� 0:52� d18O: (2)

The instrumental mass fractionation (IMF) was
corrected by using terrestrial clinopyroxene, Miyake-

jima anorthite, Burma spinel, and San Carlos olivine as
standards. Oxygen isotopic compositions of melilite and
perovskite were corrected by assuming that their IMFs
are similar to those of San Carlos olivine and Burma
spinel, respectively. The reported uncertainties (2rmean;
standard error of mean) include both the internal
precision of each measurement on the sample and
external reproducibility of standard measurements.

RESULTS

Mineralogy and Petrography

The dmisteinbergite-bearing CAI #1 is a compact
type A (CTA) inclusion, approximately 0.6 9 1.5 mm
in size, composed of melilite (approximately 27%),
spinel (approximately 24%), perovskite (approximately
4%), Al,Ti-diopside (approximately 2%), and
approximately 43% of fine-grained porous regions
containing intimately intergrown nepheline, sodalite,
hedenbergite, anorthite, and dmisteinbergite (Figs. 1–3).
The CAI is surrounded by a Wark-Lovering (W-L) rim
composed of spinel and Al-diopside layers (Fig. 3e).

Gehlenitic melilite (�Ak4–32) containing up to 0.74%
Na2O is the dominant mineral phase in the inclusion; it
is partly replaced by nepheline, sodalite, anorthite, and
dmisteinbergite (Table 1, Figs. 1–3). Rounded to equant
spinel grains of 2–10 lm in diameter are poikilitically
enclosed by melilite (Figs. 3a and 3b). Larger and more
irregularly shaped spinel grains occur as aggregates in
the altered portion of the inclusion and in the W-L rim
(Figs. 3a, 3c, and 3e). Spinel inclusions in melilite are
nearly pure MgAl2O4, whereas those in the altered
portion and in the W-L rim are enriched in FeO (up to
18 wt%; Table 1). Nearly pure CaTiO3 perovskite
occurs as grains of 2–7 lm in size, poikilitically
enclosed by melilite and secondary minerals (Figs. 3d
and 3e; Table 2). Aluminum,Ti-diopside coexists with
spinel and perovskite and forms inclusions in melilite.
In the altered portion of the CAI, Al,Ti-diopside
surrounds perovskite (Figs. 3c and 3d).

The altered portion of the CAI contains abundant
nepheline, sodalite, Ti-poor (<0.5 wt% TiO2) Al-
diopside, CaAl2Si2O8 (anorthite and dmisteinbergite),
grossular, nearly pure hedenbergite, ferroan olivine
(Fa<37), and pores between them (Table 2; Fig. 3).
Dmisteinbergite occurs as approximately 1–2 lm wide
and approximately 10 lm long grains with a needle-like
shape, whereas anorthite forms anhedral grains with a
more compact texture (Fig. 3b). Both dmisteinbergite
and anorthite are nearly pure CaAl2Si2O8; MgO, FeO,
and Na2O contents are generally <1 wt% (Table 2).
Nepheline and sodalite occur with anorthite and
dmisteinbergite in the altered portion of the CAI
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(Figs. 1c and 3). Hedenbergite and ferroan olivine are
concentrated in the peripheral part of the alteration zone.

Identification of Dmisteinbergite

Based on its Raman spectrum, the needle-shaped
CaAl2Si2O8 was identified as dmisteinbergite. The
characteristic Raman bands of dmisteinbergite are
at approximately 912 cm�1 (sharp strong band);
approximately 442 cm�1 (broad strong band);
approximately 327 cm�1 (medium band); and

approximately 504, approximately 801, and
approximately 893 cm�1 (three weak bands) wave
number positions (Fig. 4). Raman spectra of compact
CaAl2Si2O8 grains in Fig. 3b were characterized with
three strong peaks at approximately 487, 504, and
557 cm�1 that are indicative of anorthite (Fig. 4).

EBSD patterns of dmisteinbergite and anorthite in
the CAI #1 are shown in Fig. 5. EBSD patterns
obtained from the acicular CaAl2Si2O8 grains (Fig. 3)
were indexed as a hexagonal form of CaAl2Si2O8,
dmisteinbergite (Figs. 5a–d), based on the crystal

(b) MgCaAl

(a) BSE
200 μm

Fig. 3e

Fig. 3a

Fig. 3c

Fig. 3d

Ca,Fe-rich
silicates

mel sec
sp

Fig. 3f

sod
neph

mel

(c) ClNaCa

Fig. 1. a) Backscattered electron (BSE) image and combined elemental maps in (b) Mg (red), Ca (green), and Al (blue) and
(c) Cl (red), Na (green), and Ca Ka (blue) X-rays of a type A CAI #1 from the NWA 2086 CV3 chondrite. Regions outlined in
“a” are shown in detail in Fig. 3. mel = melilite; neph = nepheline; sec = secondary minerals; sod = sodalite; sp = spinel. (see
online version for color figure.)
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structure of a synthesized hexagonal CaAl2Si2O8 with a
space group of P63/mcm, a = 5.10 �A, and c = 14.72 �A
(Takeuchi and Donnay 1959). The compact CaAl2Si2O8

grains (Fig. 3b) were indexed as a triclinic anorthite
(Figs. 5e and 5f).

Oxygen Isotopic Composition

Oxygen isotopic compositions of individual minerals
in CAI #1 are listed in Table 3 and illustrated in Fig. 6.

On a three-isotope oxygen diagram, most data plot
along an approximately slope-1 line (Fig. 6a).
Analytical uncertainties of D17O are approximately 1&
for melilite and spinel, and approximately 2.5& for the
other minerals. The D17O values of melilite vary from
�3 to �11&, while those of spinel show a uniform
enrichment in 16O (D17O ~ �24&). Oxygen isotopic
compositions of perovskite grains in the altered portion
of the CAI (pv #1 and #2 in Fig. 3c) are depleted in
16O (D17O ~ �3&) and plot parallel to the terrestrial

(a) Ca Kα
200 μm

Ca,Fe-rich
silicates

(b) Si Kα

(c) Na Kα

Fig. 2. X-ray elemental images in (a) Ca Ka, (b) Si Ka, and (c) Na Ka. Altered portions of the CAI are depleted in Ca and
enriched in Na, Cl, and Si, suggesting open-system behavior of these elements during alteration. Calcium lost from the inclusion
appears to have precipitated outside the Wark-Lovering rim layers in the form of Ca,Fe-rich silicates (salite-hedenbergite
pyroxenes and andradite).
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Fig. 3. BSE images of the regions outlined in Fig. 1a. Region outlined in “a” is shown in detail in “b.” Red rectangles outline
SIMS spots with rastered beam of approximately 7 lm. Red cross points indicate approximately 2 lm SIMS spots. Acicular
dmisteinbergite replacing melilite is associated with secondary nepheline and sodalite. Al-di = Ti-poor Al-diopside; Al,Ti-di = Al,
Ti-diopside; an = anorthite; dmist = dmisteinbergite; Fe-sp = Fe-rich spinel; grs = grossular; hed = hedenbergite; mel = melilite;
neph = nepheline; pv = perovskite; sod = sodalite; sp = spinel. (see online version for color figure.)
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fractionation (TF) line (Fig. 6a). One perovskite grain
surrounded by spinel and melilite (pv #3 in Fig. 3a) is
relatively 16O-rich (D17O ~ �10&). Aluminum,Ti-
diopside surrounding 16O-poor perovskite (Al,Ti-di #1
in Fig. 3c) and Al,Ti-diopside associated with secondary
minerals (Al,Ti-di #3 in Fig. 3e) are similarly 16O-
depleted (D17O ~ �5&). Aluminum,Ti-diopside enclosed
by melilite (Al,Ti-di #2 in Fig. 3a) is relatively 16O-rich
(D17O ~ �11&).

Aluminum-diopside in the heavily altered portion of
the CAI (Al-di #1 in Fig. 3b) has the most 16O-depleted
composition (D17O ~ �1&); dmisteinbergite and
anorthite are less 16O-depleted (D17O range from �2 to
�5&). Ferroan olivine near the W-L rim (ol #1 in
Fig. 3e) is 16O-poor (D17O ~ �2&).

DISCUSSION

The experimental studies of synthesis of
dmisteinbergite and its natural occurrences in terrestrial
rocks suggest at least two possible formation
mechanisms of this mineral: crystallization from a
supercooled melt (Davis and Tuttle 1952; Abe et al.

1991; Abe and Sunagawa 1995; Daniel et al. 1995;
Sokol et al. 1998) and formation in a hydrothermal
environment (Borglum et al. 1993; Dimitrijevi�c et al.
1996; Hong et al. 1999; Downs 2006). Coarse-grained
dmisteinbergite discovered in the FUN CAI STP-1
most likely formed by crystallization from a
supercooled melt (Ma et al. 2013). This is consistent
with petrographic observations showing that the
dmisteinbergite is intergrown with coarse-grained
melilite and Al,Ti-diopside, and poikilitically encloses
euhedral spinel grains. Dmisteinbergite has low sodium
and iron contents, below the detection limit of the
electron microprobe, supporting the view that it is a
primary phase crystallized from a melt (Ma et al. 2013).
Moreover, dmisteinbergite together with Al,Ti-diopside
and spinel in STP-1 shows mass-dependent
fractionations in oxygen and magnesium isotopes (Holst
et al. 2013), providing strong evidence for igneous
crystallization during melt-evaporation.

Dmisteinbergite in NWA 2086 CAI #1 is texturally
different from the coarse-grained igneous
dmisteinbergite in STP-1 (Ma et al. 2013); it forms
porous aggregates of needle-shaped crystals and

Table 1. Electron microprobe analyses of Al,Ti-diopside, melilite, perovskite, and spinel in the type A CAI #1
from the NWA 2086 CV3 chondrite.

Al,Ti-di mel mel mel pv sp sp

SiO2 32.0 22.1 30.1 24.3 0.17 0.34 0.33
TiO2 13.8 0.09 0.07 0.04 57.6 0.29 0.26

Al2O3 22.5 36.4 23.9 32.4 0.80 70.5 64.4
Cr2O3 0.06 b.d. b.d. b.d. 0.03 0.14 0.15
FeO 0.30 0.40 0.89 0.84 0.15 0.22 17.7
MnO b.d. b.d. b.d. b.d. b.d. b.d. 0.04

MgO 6.4 0.65 4.4 2.5 0.09 27.1 15.3
CaO 24.5 40.3 38.7 38.5 40.0 0.45 0.20
Na2O 0.07 0.06 0.74 0.38 0.07 b.d. 0.02

K2O b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Total 99.5 100.0 98.7 99.0 99.0 99.0 98.4

Number of O 6 7 7 7 3 4 4

Si 1.194 1.010 1.385 1.119 0.004 0.008 0.009
Ti 0.387 0.003 0.002 0.001 0.988 0.005 0.005
Al 0.992 1.959 1.298 1.757 0.021 1.991 1.985
Cr 0.002 – – – 0.001 0.003 0.003

Fe 0.010 0.015 0.034 0.032 0.003 0.004 0.387
Mn – – – – – – 0.001
Mg 0.355 0.044 0.300 0.173 0.003 0.967 0.595

Ca 0.979 1.972 1.909 1.901 0.976 0.011 0.006
Na 0.005 0.006 0.066 0.034 0.003 – 0.001
K – – – – – – –
Total 3.924 5.010 4.995 5.017 1.999 2.990 2.993

�Ak (mol%) 4.3 31.6 16.4

b.d. = below detection limit; Al,Ti-di = Al,Ti-diopside; mel = melilite; pv = perovskite; sp = spinel.
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contains detectable sodium and iron contents (Table 2).
The dmisteinbergite replaces melilite together with
sodalite, nepheline, and anorthite (Fig. 3). Sodalite,
nepheline, anorthite, Ti-poor Al-diopside, grossular, and
hedenbergite are common secondary minerals in CAIs
from the oxidized Allende-like CV3 chondrites and
appear to have formed by fluid-assisted thermal
metamorphism on the CV parent asteroid (Krot et al.
1995, 1998; Brearley and Krot 2013). These
mineralogical observations suggest that this
dmisteinbergite in the NWA 2086 CAI #1 most likely
formed during hydrothermal alteration in an asteroidal
setting. Similarly porous and elongate phases, which are
compositionally close to CaAl2Si2O8 but have not been
identified, are commonly observed together with
grossular, sodalite, and nepheline in the Allende CAIs

(Fagan et al. 2007; Brearley and Krot 2013). Recently,
needle-shaped dmisteinbergite was identified in the
periphery of the Allende FUN CAI STP-1 where
melilite is partly replaced by nepheline, sodalite,
grossular, Al-diopside, and anorthite (Park et al. 2013).
Based on the morphology and textural occurrences,
which are analogous to those of dmisteinbergite in the
NWA 2086 CAI #1, we infer that the elongate feldspars
observed in many Allende CAIs (Fagan et al. 2007;
Brearley and Krot 2013) are possibly dmisteinbergite.

Oxygen-isotope compositions of primary and
secondary minerals in CAI #1 provide additional
constraints on the origin of dmisteinbergite. Spinel in
CAI #1 retained its original 16O-rich composition
(D17O ~ �24&), whereas other primary minerals—
Al,Ti-diopside, melilite, and perovskite—are relatively
16O-depleted (D17O ~ �11&). A similar O-isotope
heterogeneity is commonly observed in many CV CAIs,
but remains poorly understood: it has been attributed to
gas-solid or gas-melt exchange in the solar nebula and/
or exchange with a fluid phase on the CV parent
asteroid (e.g., Krot et al. 2008; Yurimoto et al. 2008).
Secondary anorthite, Ti-poor Al-diopside,
dmisteinbergite, and ferroan olivine in CAI #1 have
16O-depleted compositions with D17O values of
approximately �3& (Fig. 6). The D17O values of the
secondary minerals are similar to a D17O value of an

Table 2. Electron microprobe analyses of Ti-poor Al-
diopside, anorthite, dmisteinbergite, grossular,
hedenbergite, and ferroan olivine in the type A CAI
#1 from the NWA 2086 CV3 chondrite.

Al-di an dmist grs hed ol

SiO2 50.7 43.1 41.8 38.6 47.9 36.2
TiO2 0.47 0.06 0.04 0.35 0.05 0.16
Al2O3 4.03 38.1 36.8 19.6 0.8 0.61

Cr2O3 b.d. b.d. b.d. b.d. b.d. 0.12
FeO 6.46 0.48 0.54 6 27.1 31.7
MnO b.d. b.d. 0.04 0.14 0.18 0.18

MgO 12.8 1.2 0.61 0.64 0.82 30.3
CaO 24.6 18.5 19.1 33.8 22.4 0.37
Na2O 0.11 0.11 0.19 0.08 0.09 0.04
K2O 0.02 b.d. 0.03 b.d. b.d. b.d.

Total 99.2 101.6 99.1 99.2 99.4 99.7

Number
of O

6 8 8 12 6 4

Si 1.899 1.961 1.960 2.994 1.977 0.991
Ti 0.013 0.002 0.002 0.021 0.002 0.003
Al 0.178 2.045 2.031 1.790 0.039 0.020
Cr – – – – – 0.003

Fe 0.202 0.018 0.021 0.389 0.934 0.725
Mn – – 0.001 0.009 0.006 0.004
Mg 0.713 0.080 0.043 0.074 0.051 1.236

Ca 0.987 0.903 0.956 2.806 0.989 0.011
Na 0.008 0.010 0.017 0.011 0.007 0.002
K 0.001 – 0.002 – – –
Total 4.002 5.019 5.033 8.095 4.005 2.995

Fa

(mol%)

37.0

An
(mol%)

98.9 98.1

b.d. = below detection limit; Al-di = Ti-poor Al-diopside; an = anorthite;

dmist = dmisteinbergite; grs = grossular; hed = hedenbergite; ol =
ferroan olivine.
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Fig. 4. Raman spectra of dmisteinbergite and anorthite in the
CAI #1 from NWA 2086, compared with reference spectra of
terrestrial dmisteinbergite and anorthite from the RRUFF
project.
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(a) (b)

(c) (d)

(e) (f)

Fig. 5. a, c) Electron backscatter diffraction (EBSD) patterns of dmisteinbergite in the CAI #1 from NWA 2086. b, d) Indexed
patterns of “a” and “c” as a dmisteinbergite with HKL 5 software based on the P63/mcm crystal structure of CaAl2Si2O8.
e) EBSD pattern of anorthite shown in Fig. 3b. f) Indexed pattern of “e.” The brightness and contrast of EBSD pattern images
were adjusted after indexing.
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aqueous solution on the CV3 parent body inferred from
O-isotope compositions of magnetite from Allende
(Choi et al. 1997) and further support the hydrothermal
origin of the secondary dmisteinbergite.

Together with synthesis experiments of
dmisteinbergite under hydrothermal conditions
(Borglum et al. 1993; Dimitrijevi�c et al. 1996; Hong
et al. 1999) and its terrestrial occurrence in association
with wairakite, our study implies that dmisteinbergite
may coexist with hydrous minerals in chondrites.
Because of its metastability, dmisteinbergite, and
coexisting minerals, may provide important constraints
on physicochemical conditions of hydrothermal
alteration and O-isotope composition of asteroidal
water. Systematic investigation of dmisteinbergite and
associated minerals in chondrites of different petrologic
types is required to understand the conditions of its
formation and preservation.

CONCLUSIONS

Dmisteinbergite, the hexagonal form of CaAl2Si2O8,
is identified in the CTA CAI #1 from the oxidized
Allende-like CV3 carbonaceous chondrite NWA 2086
with micro-Raman and EBSD analyses. Together with

secondary nepheline, sodalite, Ti-poor Al-diopside,
anorthite, and grossular, the dmisteinbergite replaces
primary melilite. Dmisteinbergite and other secondary
minerals have similar 16O-poor compositions (D17O ~
�3&). We infer that dmisteinbergite in CAI #1 formed
during hydrothermal alteration on the CV chondrite
parent asteroid.

The mineralogy and petrography of dmisteinbergite
identified in CAI #1 and petrographic observations of
the Allende CAIs suggest that this mineral is probably a
common secondary phase in CAIs from the oxidized
Allende-like CV chondrites. It may have been
previously misidentified as secondary anorthite.
Systematic investigation of dmisteinbergite in chondrites
of different petrologic types may provide insights on its
formation mechanism(s), as well as constraints on
parent body processes.
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Ferroan olivine ol #1 �0.4 �2.4 3.6 �1.3 �2.3 �2.4

Melilite mel #1 �1.5 �0.9 4.1 �1.5 �3.6 �1.0
Melilite mel #2 �4.3 �0.9 0.8 �1.4 �4.7 �0.9

Melilite mel #3 �0.7 �0.8 4.3 �1.5 �3.0 �0.9
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