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Introduction: Fine-grained, spinel-rich inclusions 

(FGIs) are a group of CAIs that are characterized by 

aggregations of nodules separated from each other by 

sinuous diopside layers; the detailed mineralogy of 

individual nodules varies, but a layered sequence of 

spinel-anorthite-Al-rich diopside is commonly ob-

served. The volatility-fractionated group II REE pat-

tern in FGIs from CV3 chondrites implies a fractional 

condensation origin [1]. While previous studies fo-

cused on relatively refractory phases (Ca-Al-rich) in 

FGIs, we show here that the less refractory phases 

have preserved important information about the for-

mation conditions of FGIs. In this study, we investi-

gated the microstructures of low-Ca pyroxene (ensta-

tite) in FGIs from Efremovka and Leoville CV3 chon-

drites. 

Methodology: Backscattered electron (BSE) imag-

es were obtained using a FEI Quanta 3D FEG-

SEM/FIB instrument. Several FIB sections were char-

acterized using a JEOL 2010F FASTEM field emission 

gun scanning TEM (STEM/TEM). 

Results: The FGI Ef1014-01 is composed of spi-

nel-rich nodules with a spinel-anorthite-Al-bearing 

diopside-enstatite layered sequence. The enstatite is 

typically a few μm thick and has a curved interface 

with the diopside layer. This CAI is surrounded by an 

AOA-like material that is mainly composed of forster-

ite and Fe,Ni metal. Forsterite displays a significant 

degree of Fe-enrichment on the edge, and some grains 

have fayalitic olivine overgrowths. Rare metal-

forsterite nodules are also present, and they are some-

times poikilitically enclosed by enstatite. The metal 

grains have altered rims that contain Cr-rich oxides, 

Fe,Ni sulfides, and Ca-phosphates. The AOA-like ma-

terial also contains CAI-like assemblages that consist 

of anorthite and Al-Ti-diopside. 

Several FIB sections that cross the interfaces of en-

statite with other phases were extracted from Ef1014-

01. Enstatite exhibits heterogeneously distributed 

stacking disorder, and some grains are almost defect-

free (Fig. 1a). The electron diffraction patterns of en-

statite can be indexed as clinoenstatite (CLEN), but 

with strong streaking along a*. HRTEM imaging of 

enstatite with a high density of stacking disorder shows 

that twinned CLEN is the dominant phase, with a mi-

nor amount of intergrown orthoenstatite (OREN) (Fig. 

1b). On the other hand, enstatite with a lower degree of 

stacking disorder is mainly untwinned CLEN. Slabs 

that correspond to multiples of 0.45 nm Si-O chains 

are also commonly observed. The interfaces between 

enstatite and diopside are often curved, but a clear re-

placement relationship is lacking. An intriguing feature 

is that enstatite and adjacent diopside often have a 

crystallographic orientation relationship, with [0 1 0]En 

// [0 1 0]Di, a*En // a*Di, and c*En // c*Di. 

Since enstatite has never been reported in FGIs be-

fore, Ef1014-01 represents a very unique sample. 

However, after we examined several other FGIs from 

Efremovka and Leoville, we found that many of them 

have a thin and discontinuous enstatite layer. Our TEM 

observations reveal that these enstatite grains are dom-

inantly untwinned CLEN, which, like Ef1014-01, also 

show an epitaxial relationship with adjacent diopside. 
 

 
Fig. 1. (a) BF-TEM image of En grains reveal a heteroge-

neous distribution of stacking disorder; (b) HRTEM im-

age of En shows the dominance of twinned CLEN. The 

insert FFT pattern shows strong streaking along a* axis. 
 

Discussion: Enstatite has been widely reported in 

chondrules [e.g. 2], in the matrices of various groups 

of chondrites [e.g., 3], in AOAs from carbonaceous 

chondrites [e.g., 4], in interplanetary dust particles [e.g., 

5], and in comet return samples [e.g., 6]. Microstruc-

tural studies have revealed that these grains are mainly 

intergrowths of CLEN and OREN [e.g., 3, 7]. Below, 

we use our SEM and TEM observations to evaluate 

four possible formation mechanisms for enstatite in 

FGIs: (1) equilibrium condensation; (2) crystallization 

from a pyroxene-normative melt; (3) transformation 

from an enstatite polymorph that formed via direct 

condensation; and (4) rapid reheating and later cooling 

of pre-condensed enstatite. 

Equilibrium condensation calculations predict that 

enstatite should condense from a gas of solar composi-

tion via a reaction between forsterite and gaseous SiO 

[e.g., 8]. Indeed, enstatite has been reported in AOAs 

from many carbonaceous chondrites [e.g., 4], and 
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many of these pyroxene grains are intimately associat-

ed with forsterite in the outer portions of the AOAs. 

The enstatite and forsterite from the AOAs sometimes 

show similar enrichment in 16O isotopes, which serves 

as a further line of evidence for the predicted conden-

sation reaction. In the equilibrium thermodynamic cal-

culations, at pressures of 10-3-10-5 bar, condensation of 

enstatite from a gas of solar composition occurs at 

temperatures between 1250 K and 1450 K [e.g., 8], 

which is within the stability field of protoenstatite 

(PEN). It is therefore possible that the originally con-

densed enstatite polymorph via the forsterite-SiO gas 

reaction was PEN, which then underwent an athermal 

martensitic transition to form low-T enstatite poly-

morphs (CLEN and OREN). However, the predicted 

cooling rate to form enstatite that is dominated by 

CLEN as found in Ef1014-01 should be close to 104 

K/h, much higher than the estimated values for Type B 

CAIs and AOAs, but is within in the range of chon-

drule cooling rates (10-104 K/h) [e.g., 9]. One possibil-

ity is that FGIs had a higher cooling rate than other 

refractory inclusions. The experimental work on the 

forsterite-SiO gas reaction shows that, although the 

reaction is kinetically sluggish, fine-grained enstatite 

can be produced over the cooling time scale of the so-

lar nebula [10]. Kinetic calculations of cation interdif-

fusion show that, at around 1350 K, a timescale of 106 

years is required to convert forsterite of 0.1 μm to en-

statite [11]. Nonetheless, if enstatite in FGIs was pro-

duced via forming thin layers on very fine-grained 

polycrystalline precursor forsterite, the reaction time-

scale is likely to be reduced significantly. The for-

mation of enstatite in FGIs by forsterite-SiO reaction 

might therefore be plausible for the rapid cooling rate. 

This mechanism, however, has difficulty in explaining 

the epitaxial growth relationship between enstatite and 

diopside. Forsterite and pyroxene have distinct crystal 

structures, and thus it is difficult to envisage that ensta-

tite formed by replacing forsterite would have an epi-

taxial relationship with diopside. 

A melting origin was proposed for enstatite in 

AOAs from CR and CM chondrites [12]. Enstatite in 

Ef1014-01 contains 1.52 wt% CaO on average, and 

many grains contain elevated Al2O3 (up to 2.14 wt%) 

and FeO contents (up to Fs3.1). This may point to an 

igneous origin, where enstatite crystallized from a melt 

of a pyroxene-normative dust, which accreted onto the 

surface of FGIs [12]. The CLEN-dominant microstruc-

ture may then have developed during rapid cooling that 

followed crystallization. However, this CAI does not 

show any textural evidence for melting or annealing, 

different from AOAs that show a compact and equili-

brated texture. 

Enstatite in FGIs may have formed by transfor-

mation from a pre-condensed enstatite polymorph. 

There are three polymorphs that have stability fields at 

high temperatures: PEN, high-temperature clinoensta-

tite (HT-CLEN), and OREN. Transformation from 

HT-CLEN would have produced antiphase domains 

due to the loss of a translational symmetry element 

during the C ⇒ P transformation [e.g., 13], which was 

not observed in the FGI enstatite. Besides, it is unclear 

if HT-CLEN has a stability field at a solar nebular 

pressure. Shearing transformation from OREN [e.g., 

14] is unlikely, since between the OREN slabs, both 

n9Å and (n+1)9Å widths of CLEN are observed. 

Therefore, the most likely precursor for the CLEN-

OREN intergrowths in FGIs is PEN. The epitaxial rela-

tionship between enstatite and diopside may have facil-

itated the condensation of enstatite via lowering the 

free energy of nucleation, since they have similar Si-O 

chain structures. 

Similar to mechanism (4), mechanism (5) is also 

capable of producing the observed structures. We can-

not distinguish between these two mechanisms. Future 

studies on the cooling rate of FGIs may be helpful. 

Our structural observations suggest that the precur-

sor of enstatite in FGIs formed by direct condensation, 

and later transformed to CLEN, which required a fast 

cooling rate. The direction condensation of enstatite 

can be achieved from a fractionated gas, which can be 

produced either by isolation of forsterite from the con-

densing gas [e.g., 15], or by repeated evaporation-re-

condensation processes [16]. It is unclear how to pro-

duce a rapid cooling rate in CAI-forming regions, but 

it might be related to turbulence and transportation 

processes in the early solar nebula. 
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