
Introduction: Albite is the most abundant Na-bearing 
mineral in unequilibrated, high-metal, enstatite chon-
drites (EH3s). It is rare in carbonaceous and ordinary 
chondrites where the feldspar is normally oligoclase [1]. 
Ca and K in EH chondrites occur in the sulfides oldham-
ite and djerfisherite respectively. We report here results 
from a TEM investigation of albite near an interface with 
augite in an Al-rich, Cl-bearing mesostasis from a su-
fidized chondrule. The observation is of interest because 
it bears on the question of early silicate sulfidation in EH 
meteorites [2].
Methods: Observations of chondrules from the EH3 

chondrite Sahara 97072 were done using a standard 
petrographic microscope. Chemical mapping and EDS 
analyses were performed using an FEI XL-30 SEM with 
a FEG source. TEM sections were extracted using a fo-
cused-ion beam (FIB) from an FEI NOVA dual-source 
SEM. TEM, STEM, EDS, and selected-area electron 
diffraction (SAED) were performed using JEOL 2010F, 
2000, and 4000 microscopes. EDS data were quantified 
using the Cliff-Lorimer thin-film approximation with 
theoretical k-factors. 
Petrographic observations: Sulfidized chondrules are 

typically concentrically zoned, with enstatite mantles 
enclosing sulfidized interiors (Figs. 1, 2). In the chon-
drule described here, olivine is enclosed in the mantle 
pyroxenes and in an Al-rich, Cl-bearing mesostasis. The 
sulfidized interior consists of corroded enstatite in a 
groundmass of fine-grained cristobalite, S-rich porous-
amorphous silica, and Al-rich, Cl-bearing mesostasis, 
with interspersed niningerite, troilite, and minor augite. 
TEM observations: A FIB section lifted from the in-
terface of the mesostasis with an augite grain (Fig. 2B) 
contains both crystalline and amorphous material (Fig. 
3). The mesostasis is primarily a mixture of nano-crys-
talline albite with Na-and Cl-rich material enclosed in 
aluminosilicate glass containing 1 wt% S. Most of the 
Na-and Cl-rich material was too fine-grained to posi-
tively identify except for one large grain of halite. The 
glass also contains nano-scale C-rich particles, oldham-
ite, Ti-bearing daubreelite (FeCr2S4), heidite (FeTi2S4), 
and augite as well as micron-size augite and enstatite. 
Much of the enstatite contains minor Al and Ca, and the 
augite contains 10 to 23 wt% Al2O3, 0 to 3 wt% FeO, 

~1 wt% TiO2, and ~1 wt% Cr2O3 with no detectable Na. 
One augite grain appears to have been partially replaced 
by aluminosilicate glass and aluminous pyroxene with 
interspersed veins containing troilite and oldhamite (Fig. 
3 dotted line). Daubreelite and heidite grains are located 
nearby. 
Discussion: The partial replacement of augite suggests 

it was locally sulfidized. Conversion of the CaSiO3 and 
MgSiO3 components of augite into CaS, MgS, and SiO2 
resulted in the release of silica, which together with Al 

formed aluminosilicate glass. The most likely source for 
the Ca, Ti, and Cr in the oldhamite, heidite, and daubreelite 
respectively, is the adjacent augite. The Cr- and Ti-rich 
sulfides point to its reaction with a S-rich gas, because if 
the S had come from the more abundant troilite, heidite 
and daubreelite would have been dissolved in the former 
at the inferred temperatures of sulfidation (1400 K to 
1600 K) [2-5]. At these temperatures the sulfides would 
have been molten and the silicates partially molten, with 
dissolved S concentration in the range of that observed 
in the S-rich, porous, amorphous silica, consistent with 
melting experiments of the Indarch EH4 chondrite [6]. 
The molten sulfides accumulated into grains tens of mi-
crons across, mostly within Al-rich, Cl-bearing mesos-
tasis that had separated from the cristobalite and porous 
silica (Fig. 1, 2). The pyroxene remained solid. 
Nanoscale oldhamite, daubreelite, and heidite are close 

to corroded augite grains, suggesting they are products 
of the sulfidation of these grains. The occurrence of 
nanocrystalline albite in the aluminosilicate glass im-
plies its formation as a byproduct of the sulfidation of 
augite, which is the only source of Al. The halite indi-
cates a source for Na that allowed the glass to partially 
devitrify, forming the nanocrystalline albite, which rais-
es the question of the source of the halite. Most likely 
halite requires a high partial pressure of Cl and Na in the 
sulfidizing gas.
Conclusions: Sulfidation of augite and Al-bearing py-

roxene formed aluminosilicate glass, oldhamite, heidite, 
daubreelite, troilite, and nanocrystalline albite. The oc-
currence of halite indicates a high activity of Cl and Na 
at the temperatures of sulfidation (1400K to 1600K). 
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Fig. 1. X-ray element map of a sulfidized chondrule. The yel-
low rectangle is enlarged in Fig. 2B. The color combinations 
represent different minerals according to the key in the upper 
left. ov = olivine, pl = albitic mesostasis, sil = silica, ng = nin-
ingerite, tr = troilite, en =  enstatite, k = kamacite.

Fig. 3. Annular dark-field STEM image of the FIB liftout.  The augite grain outlined in yellow  dots was partially replaced by 
enstatite, amorphous Al- and Si bearing material, olivine, and various Ti- and Cr-bearing sulfides including troilite and oldhamite. 
The A and B correspond to the yellow letters in Fig. 2. ab = albite, hd = heidite, db = daubreelite, hl = halite, od = oldhamite, als 
=   Al- and Si bearing glass, other abbreviations as in previous Figs.

Fig. 2. BSE images of the sulfidized chondrule. A) Whole 
chondrule. B) Area inside yellow rectangle in Fig. 1 showing 
location of the FIB liftout (yellow rectangle A-B). psil = po-
rous silica, au = augite, other abbreviations as in Fig 1. 
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