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Introduction:  Howardite-eucrite-diogenite (HED) 

meteorites belong to the largest group of achondrites 
and originate from protoplanet 4 Vesta. The surface of 
Vesta has been extensively affected by impacts which 
brecciated and mixed eucrite and diogenite material to 
produce a regolith and formed large basins in the south 
pole region [1]. Shock features preserved in meteorites 
due to high-velocity impacts include deformation and 
fracturing, local to complete melting, and high-pressure 
minerals. These effects can yield constraints on the pres-
sure-temperature-time history of impact on the parent 
body. 

Previous studies have reported variable shock fea-
tures preserved in eucrites, including brecciation, me-
chanical twinning, transformation of feldspar to 
maskelynite or glass, and the local formation of melt 
pockets or veins cross-cutting the stone [2]. Coesite and 
stishovite, high-pressure polymorphs of silica, have 
been reported to coexist with silica glass in Béréba [3] 
and NWA 8003 [4]. These authors estimated a shock 
pressure of ~8-13 GPa and ~8-10 GPa, respectively. The 
purpose of this study is to explore shock metamorphic 
features preserved in NWA 10658 and to constrain the 
pressure-temperature impact conditions recorded in this 
sample.  

Sample and Methods:  Regions of interest were 
identified in a thin section of NWA 10658 with a petro-
graphic microscope. Back-scattered electron (BSE) im-
ages of transformation textures and mineral chemistry 
were acquired with a JXA-8530F electron microprobe. 
Wavelength-dispersive spectroscopy (WDS) analyses 
were performed with a 15 kV, 15 nA beam. The beam 
was defocused to 5-10 µm on alkali-bearing phases. 
High-pressure minerals were identified with Raman 
spectroscopy and electron backscatter diffraction 
(EBSD) analysis. 

Results:  NWA 10658 is a polymict breccia com-
posed of two populations of ≤ 4 mm clasts embedded in 
a fine-grained matrix. The predominant clast assem-
blage consists of orthopyroxenes up to 3 mm (Fs29-

48Wo2-4) with >10 µm exsolution lamellae of augite 
(Fs10-18Wo43-45) intergrown with plagioclase (Ab7-

12An91-92Or0.1-0.6). The other clast assemblage is textur-
ally subophitic and consists of 400 µm intergrowths of 
pigeonite (Fs59Wo5-6), augite (Fs28-29Wo4-42) and plagio-
clase (Ab12-16An82-87Or0.7-2.6) [5].  

The texture of the brecciated matrix exhibits evi-
dence of brittle-ductile deformation and local melting, 
including crushed and compacted fragments. Some re-
gions have been sheared, producing glassy zones. 
Shock-induced melt pockets approach 700 µm and con-
tain rounded troilite droplets and silicate fragments. Pre-
liminary Raman data of the melt assemblage suggests 
the presence of pyroxene and garnet. 

Radial expansion cracks surround plagioclase and 
SiO2 fragments, crosscutting the melt and propagating 
into the surrounding host rock. Transformed SiO2 grains 
contain high contrast domains with polycrystalline tex-
ture in a glassy matrix. Raman spectra collected from 
the polycrystalline and homogenous regions of SiO2 
confirm the presence of coesite in silica glass.  

Feldspars up to 4 mm have been partially to com-
pletely converted to glass. Crystalline remnants in par-
tially maskelynitized grains exhibit mosaicism and/or 
planar deformation features. Plagioclases entrained in 
the shock-induced melt have been transformed to tis-
sinite, the high-pressure polymorph of clinopyroxene 
[6]. In addition, some plagioclase has been pseudomor-
phically replaced by a material exhibiting a dendritic 
texture in BSE images (Figure 1). Raman spectra col-
lected from this dendritic material are consistent with 
grossular garnet (Figure 1, inset).  

Figure 1: BSE image of dendritic texture in feldspar clast 
entrained in a shock melt pocket in NWA 10658. The lo-
cations of Raman analyses are illustrated by gold circles. 
Representative Raman spectra are given in the inset panel. 
Peak positions for grossular garnet are indicated by gold 
arrows. 
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We tested for the presence of garnet with EBSD 
(Figure 2). Preliminary EBSD phase mapping shows 
that the adjacent quenched melt and the dendritic pseu-
domorph after plagioclase are garnets. Orientation map-
ping suggests that the quenched melt garnet and the ad-
jacent garnet pseudomorph have the same crystallo-
graphic orientation, consistent with an overgrowth rela-
tionship. Additional EBSD data is needed to confirm 
these results. A comparison of the composition of pla-
gioclase clasts as well as the garnet pseudomorph was 
conducted with EPMA (Table 1).  

 
Oxides 
(wt%) 

 Grossular 
(n=4) 

 Plagioclase 
(n=7) 

K2O  0.09  0.07 
Al2O3  34.8  34.9 
Na2O  1.12  0.91 
MnO  0.03  0.02 
CaO  18.3  18.7 
SiO2  45.8  45.2 
MgO  0.02  0.02 
FeO  0.42  0.34 
Total  100.5  100.2 

 
 

 
 
 
Discussion: Although majoritic garnets are com-

mon in highly-shocked meteorites, grossular garnets are 
not. Grossular-bearing majorites have been reported in 
the shergottite NWA 8159, where they crystallized from 
shock melt at high pressure [7]. The grossular garnet in 
NWA 10658 represents the transformation from anor-

thitic plagioclase, which has not been previously re-
ported in eucrites or other shocked meteorites. The re-
action of pure anorthite to pure grossular may occur by 
the following reaction: 

 
3 CaAl2Si2O8 = Ca3Al2Si3O12 + 2 Al2SiO5 + SiO2 

3 Anorthite = Grossular + 2 Aluminosilicate + Silica 
 
However, our Raman data to date for the transformed 
plagioclase have no peaks affiliated with aluminosili-
cates or silica polymorphs. This suggests that the gros-
sular-bearing garnet observed here is non-stoichio-
metric and likely contains excess aluminum. Further 
EBSD and TEM work is needed to confirm these results 
and identify any additional phases. 

We identified abundant coesite in transformed silica 
grains, however, we found no evidence for stishovite or 
the post-stishovite polymorph seifertite in our Raman 
data. Although coesite is stable at pressures up to ~10 
GPa, it is likely to have formed metastably along with 
other SiO2 phases at higher pressure. The formation of 
maskelynite and planar deformation features in anor-
thitic plagioclase suggest a pressure up to ~24 GPa 
based on shock-recovery experiments [8]. Forthcoming 
EBSD and transmission electron microscope investiga-
tions on the shock melt are expected to provide further 
insight into pressure and temperature conditions and 
will be presented at the meeting.  
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Table 1: Chemical compositions of grossular garnet after 
plagioclase and maskelynite clasts entrained in the shock 
melt (Cr2O3 and TiO2 abundances were below the detec-
tion limit). 

Figure 2: Indexed EBSD pattern of grossular garnet with 
Ia 3d cubic structure shown in Fig. 1. 
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