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Abstract

Fine-grained assemblages of majorite and glassy grains are for the first time identified in a shock-induced melt vein
in an H chondritic meteorite. The bulk chemical composition of these aggregates is similar to that of diopside
CaMgSi;Og in the host rock. Both majorite and glassy grains are Ca-rich and their formulae can be approximated as
(Mgo.esFe.09Cag26)Si03 and (Mgpa3Feg0sCag72)Si03, respectively. These Ca-rich assemblages are dissociation
products of the host diopside and were produced at ~ 18-24 GPa by a shock event. The CaSiOs;-rich glass is inferred
to have crystallized in a perovskite structure, but was vitrified during the pressure release.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Olivine, high-Ca pyroxene, low-Ca pyroxene,
and plagioclase are the major constituent minerals
of chondritic meteorites. Ultrahigh-pressure poly-
morphs of olivine (wadsleyite, ringwoodite), low-
Ca pyroxene (majorite, akimotoite, and perov-
skite-phase), and plagioclase (hollandite-phase)
have previously been discovered in shock-induced
melt veins in ordinary chondrites by analytical
transmission electron microscopy (ATEM), X-ray
diffraction, and Raman spectroscopy [1-8]. Ultra-
high-pressure minerals not only record the pres-
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sure—-temperature histories of the impact events in
chondrite parent bodies, but also provide clues to
understanding the structure and dynamics of the
deep Earth (e.g. [9-11]). As for high-Ca pyroxene,
Malavergne et al. first discovered majorite with
augite composition in a shocked Martian meteor-
ite [12]. However, high-pressure phase transition
of high-Ca pyroxene has not been discovered in
ordinary chondrites, probably due to the rela-
tively low abundance of high-Ca pyroxene among
major silicates.

High-pressure experiments have demonstrated
that diopside CaMgSi,O¢, which is one of the
Ca-rich end-members of the pyroxene quadrilat-
eral, dissociates at high temperatures with increas-
ing pressure into the assemblages of high-pressure
phases including MgSiOs-garnet (majorite)+
CaSiOs;-perovskite, MgSiO;-ilmenite (akimotoite)
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Fig. 1. Backscattered electron image of a shock-induced melt vein in the Y75100 chondrite. The shock vein contains rounded to
irregular fragments of the host chondritic rock. The fragments are entrapped into a fine-grained matrix of silicate, metal and troi-
lite, and transformed into high-pressure phases, such as hollandite (Hol), majorite (Maj), jadeite (Ja), and wadsleyite (Wad) [15].

+CaSiOs-perovskite, and MgSiOs-perovskite+
CaSiOs;-perovskite [13]. In this study, we describe
the first evidence for high-pressure transformation
of diopside into Ca-rich majorite and perovskite
in a shock-induced melt vein in an H chondrite.

2. ATEM observations

We examined the Y75100 meteorite collected in
Antarctica, which is an ordinary chondrite classi-
fied as an H6, mainly consisting of olivine, low-Ca
pyroxene, high-Ca pyroxene, plagioclase, kama-
cite and troilite. It is highly shocked and has the
highest shock stage (S6) of a scheme of six stages
(S1-S6) of shock classified by Stoffler et al. [14]. It
contains shock-induced melt veins of less than
1 mm in thickness. In these veins, rounded to
irregular fragments (~ 10-100 um in size) of the
host minerals are enclosed in fine-grained (<5
um) mineral aggregates [15]. We used ATEM to
characterize the microstructures of the shock
veins by conventional TEM imaging techniques,

to identify mineral phases on the basis of quanti-
tative energy-dispersive X-ray spectroscopy (EDS)
and selected area electron diffraction (SAED).

Specimens for the ATEM observations were re-
moved from a polished thin section and prepared
as thin foil by Ar ion bombardment at 3 kV and
0.5 mA. In order to minimize the structural dam-
age by Ar" beam heating, ion milling was done
using a liquid-nitrogen-cooled specimen holder.
The TEM observations were conducted using a
JEOL 2010 instrument with an accelerating vol-
tage of 200 kV and equipped with the Noran
Voyager EDS system. k-Factors for the major el-
ements were determined using standards of natu-
ral olivine, pyroxene and feldspar. The procedure
for the thickness corrections of the k-factor is
described by Fujino et al. [16].

Laser Raman spectroscopy clarified that shock
veins contained polycrystalline fragments of high-
pressure minerals, such as ringwoodite, wadsley-
ite (Mg;SiO4 polymorphs), akimotoite (MgSiO;
polymorph), hollandite-phase (NaAlSi;Og poly-
morph) and jadeite (Fig. 1) [15]. The fine-grained
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Fig. 2. Transmission electron micrograph of a shock vein in Y75100. Low-Ca majorite (Maj) coexisting with Fe-Ni alloy (Fe-
Ni). Low-Ca majorite occurs in coarser grains (1-3 um) than Ca-rich majorite. SAED pattern taken from low-Ca majorite in the
center of the micrograph is presented in the inset.

Table 1
Representative ATEM microanalyses of minerals in the shock vein in the Y75100 chondrite

Low-Ca majorite Ca-rich majorite Ca-rich glass Ca-rich aggregate
Oxide (Wt%)
Na,O 0.58 1.40 1.09 0.75
MgO 28.77 21.87 7.29 17.04
ALO; 2.86 0.74 2.47 0.44
SiO, 54.96 56.41 51.88 54.07
K,O 0.03 0.00 0.25 0.09
CaO 2.83 12.06 32.24 20.96
TiO, 0.13 0.12 1.03 0.39
Cr,03 0.81 0.82 0.61 0.61
MnO 0.52 0.52 0.30 0.21
FeO 8.52 6.07 2.85 5.43
Formula (O=12)
Na 0.08 0.19 0.16 0.10
Mg 3.02 2.33 0.82 1.86
Al 0.24 0.06 0.22 0.04
Si 3.88 4.04 3.90 3.97
K 0.00 0.00 0.02 0.01
Ca 0.21 0.93 2.60 1.65
Ti 0.01 0.01 0.06 0.02
Cr 0.05 0.05 0.03 0.04
Mn 0.03 0.03 0.02 0.01
Fe 0.50 0.36 0.18 0.33

Total cations 8.02 8.00 8.01 8.03
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Fig. 3. Transmission electron micrographs of the assemblage of Ca-rich majorite (Maj) and Ca-rich glass (Gla). (A) Both phases
occur as fine grains (100-400 nm). The small spots in majorite grains are the damage caused by the electron beam during the
EDS analysis. (B) SAED pattern of Ca-rich majorite along [001] zone axis. (C) The diffuse electron scattering from Ca-rich glass.
Some diffraction spots from neighboring Ca-rich majorite crystals overlap, because the Ca-rich grains are smaller than the diame-

ter of the selected area aperture.

matrix of the veins is dominated by majorite or
low-Ca pyroxene [15]. These minerals indicate the
generation of high pressures and high tempera-
tures by an impact event on the parent body of
the chondrite.

In the area examined by ATEM, low-Ca major-
ite forms relatively large crystals (~1-3 um), and

their interstices are filled by opaque minerals,
such as kamacite and troilite (Fig. 2). Fe-rich in-
clusions are often enclosed as tiny blebs (< ~ 100
nm) inside the majorite crystals. These occur-
rences resemble that of majorite in the shock veins
in the Sixiangkou (L6) chondrite [17]. Low-Ca
majorite crystallized from shock-induced melt,
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Fig. 4. SAED patterns of cubic Ca-rich majorite with space
group la3d. (A) A diffraction pattern along the [001] zone
axis. The diffraction spots of (200), (600), (200) planes are
due to multiple diffraction. (B) SAED pattern of Ca-rich ma-
jorite by tilting from the orientation of panel A. The spots
from multiple diffraction ({2n 0 0}: rn=odd) are absent.
Some extra spots come from the neighboring Ca-rich major-
ite crystals.

which is supported by the incorporation of Na
and Al in these majorites [15,17].

Very fine-grained assemblages with crystals sev-
eral um in size are found in one of the shock veins
(Fig. 3A). It is adjacent to an aggregate of
NaAlSizOg-hollandite or assemblages of majori-
te+FeS+FeNi. Individual grains are 100-400 nm
in diameter. These aggregates consist of two kinds
of grains. SAED patterns taken from the crystal-
line phase are consistent with a majorite (garnet)
structure (Fig. 3B). The systematic absences of
{2n 0 0} reflections of majorite with n=odd sug-
gest its space group is Ja3d (cubic), but not a
tetragonal symmetry with space group I4i/a
(Fig. 4; see [18]). Quantitative chemical analyses
by ATEM revealed that it has a pyroxene stoichi-

ometry, with the composition (Ca,MgFe)SiO;
(Table 1). Its average composition is EngsFsgWoy
(Fig. 5). This majorite is enriched in Ca and poor
in Al in comparison with the low-Ca majorites
crystallized from melt in the matrix of the shock
veins. Both low-Ca and Ca-rich majorites have
neither modulated structure nor twinning, which
are reported in synthetic majorite with a tetrago-
nal (I4,/a) symmetry [18-21].

Another phase coexisting with Ca-rich majorite
shows a diffuse ring pattern and does not show
diffraction contrast in any specimen tilt. There-
fore, it is amorphous (Fig. 3C). Nevertheless, it
also has pyroxene stoichiometry Enp;FssWo7,
(Table 1, Fig. 5). We also analyzed Ca-rich ma-
jorite plus glass aggregates using ATEM with a
broader electron beam (~1-2 pm in diameter).
The average composition of these aggregates
is EngFsgWoy3. This composition is similar,
though not identical, to the chemistry obtained
by electron microprobe analyses of diopside
(Eng7Fs¢Woy47) in the host rock. The grain sizes
of Ca-rich majorite and glass are not small
enough (100400 nm in size) to allow the precise
bulk compositions with respect to the electron
beam size (~ 1-2 um in diameter) in ATEM anal-
yses. Therefore, slight differences in composition

CaSiO3 (Wo)

(En) (Fs)

Fig. 5. Chemical compositions of various phases obtained by
ATEM and plotted in a ternary MgSiO;—FeSiO;-CaSiO; di-
agram. Crosses are low-Ca majorite, open circles are Ca-rich
glass, and open squares are Ca-rich majorite. Filled circles
are the compositions of Ca-rich majorite and glass assem-
blage analyzed by a broad electron beam (~1-2 um in di-
ameter).
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between Ca-rich aggregates and host diopside ap-
parently result from this analytical uncertainty.

3. Discussion

Significantly Ca-rich majorite was first reported
in the Shergotty Martian meteorite [12]. In that
occurrence, it is also associated with amorphous
material that is highly enriched in Si and Al. The
chemical composition of this majorite is almost
identical to augite (EngsFsyoWojs) that is com-
monly observed in the host rock. This majorite
formed by a solid-state reaction from augite
[12]. In Y75100, Ca-rich majorite and glass have
quite different compositions, especially with re-
spect to Ca of the host diopside, but the bulk
composition of their aggregates is nearly the
same (Fig. 5, Table 1). This suggests that Ca-
rich majorite and glass are dissociation products
of diopside in a solid-state reaction.

There is also the possibility that Ca-rich major-
ite and glass formed from shock-induced melt.
However, the Al content in the Ca-rich majorite
is low (less than 1 wt%) as in diopside (~0.6
wt%), compared with low-Ca majorite (up to
~4 wt %) as a liquidus phase. If the Ca-rich
majorite also crystallized from melt, it would
have a higher content of Al,Os3, mainly derived
from melted plagioclase of the host rock. In addi-
tion, Ca-rich assemblages do not contain Fe-rich
interstitial phases, although they are in direct con-
tact with low-Ca majorite+FeS+FeNi assemblag-
es, and liquidus majorite abundantly contains
such phases. Therefore, the crystallization of Ca-
rich assemblages from a chondritic or an isolated
diopside melt is not plausible. Alternatively, this
assemblage is more likely the dissociation product
of diopside.

Ca-rich majorite and glass considered in this
study have a granular texture. In the dissociation
process in pyroxene, fine symplectitic intergrowths
are expected, because rates of cation diffusion in
pyroxene are much more sluggish in comparison
with those in olivine [22-24]. However, Ca-rich
assemblages were heated by surrounding hot
shock melt (its temperature is greater than
~1900°C as described below). Rates of cation

diffusion in diopside could be large enough to
produce granular grains rather than symplectitic
intergrowths, if host diopside in Y75100 dissoci-
ated at temperatures close to the solidus temper-
ature of the bulk chondrite.

Ca-rich glass is complementary in composition
to Ca-rich majorite in the breakdown products of
diopside under ultrahigh pressure. This glass is
especially rich in CaSiOs; component. According
to high-pressure experiments in CaSiOs, a phase
with the perovskite structure is stable above ~ 12
GPa and ~1000°C, but it retrogressively trans-
forms into glass on the release of pressure [25,26].
Therefore, Ca-rich glass in Y75100 could have
initially formed as Ca-rich perovskite and subse-
quently vitrified during decompression. Its granu-
lar shape also suggests that Ca-rich glass was
originally crystals and did not form by quenching
from the residual melt following the crystalliza-
tion of Ca-rich majorite.

According to Gasparik [27,28], the solubility of
the CaSiO3 component in MgSiO3 majorite is at
most ~ 14 mol% in the pressure range ~ 16-22
GPa above 1650°C in the system MgSiOs—
CaSiO;. Gasparik also reported that the structure
unknown ‘CM-phase’ with En < gWo~49 compo-
sition formed in the pressure range ~ 16-18 GPa
[27]. This CM-phase was further deduced to have
a majorite structure resulting from immiscibility
in majorite solid solution [28]. Ca-rich majorite
in this study has a chemical composition
(EngsFsogWoye) close to the system enstatite—diop-
side, but has an intermediate CaSiO3; content be-
tween that in low-Ca majorite and that in the
CM-phase noted in Gasparik’s phase diagram.
In the present study, the formation of Ca-rich
majorite is due to the metastable reaction or is
due to the fact that some Fe content may signifi-
cantly decrease the immiscibility gap between the
low-Ca majorite and the CM-phase (assumed as
Ca-rich majorite). Further phase equilibria studies
of Fe-bearing diopside are necessary to reveal the
solubility of CaSiO3 in majorite and the nature of
the CM-phase.

The occurrence of high-pressure phases pro-
vides some constraints on pressure and tempera-
ture during a shock event. Majorites, both low-Ca
and Ca-rich in Y75100, have a cubic symmetry.
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This is consistent with previous studies on Al-
poor majorite in ordinary chondrites [29,30].
The tetragonal distortion from cubic majorite is
thought to be caused by cation ordering in its
octahedral sites with decreasing temperature [31].
In shocked chondrites, the cubic symmetry of Al-
poor majorite was preserved due to a very high
cooling rate (higher than ~ 103°C/s), which pre-
vented cation ordering [18]. The cooling rate of
shock veins could be much faster than previously
deduced rates based on shock experiments [14].
Langenhorst and Poirier [32] estimated the solid-
ification time of shock veins by thermal modeling.
They concluded that the contribution of adiabatic
cooling is almost negligible during quenching of
shock veins. Thus, the very high cooling rate de-
duced by the present study would be mainly
caused by the thermal conduction before the de-
compression process.

The assemblage of majorite plus Ca-rich perov-
skite (now glass) is stable at ~18-24 GPa at
~1100-2100°C based on the phase diagram of
CaMgSi,O¢ [13]. The solidus temperature of the
bulk chondrite is ~1900°C in this pressure range
[33]. Above this temperature, diopside chemically
reacts in a melting process with the surrounding
minerals. Hence, the condition for the dissocia-
tion should not exceed ~1900°C and ~24
GPa. This is consistent with the formation of
ringwoodite, akimotoite and NaAlSi;Og-hollan-
dite found as polycrystalline aggregates in the
shock veins in Y75100. According to the melting
experiments of the Allende carbonaceous (CV3)
chondrite, low-Ca aluminous majorite is a
liquidus phase between 14 and 26 GPa [33]. In
the H chondrite, FeO content is significantly low-
er than that in the CV3 chondrites. Therefore, the
liquidus temperature and the phase relations in
the H chondrites at high pressure and temperature
are not exactly the same as those in Allende.
However, such experimental results indicate that
the crystallization pressure of the bulk chondrite
melt is tentatively between 14 and 26 GPa assum-
ing that equilibrium crystallization of low-Ca ma-
jorite occurred in Y75100. Although high-pressure
minerals are not common in most H chondrites
[15], the parent body of the H chondrite would
have locally experienced similar shock pressures

as those in some shocked L chondrites such as
Tenham and Sixiangkou, also yielding aluminous
majorite from a shock melt [17,34].
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