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A chondrule fragment has been found in the Piancaldoli (LL3) chondrite that contains prolate silica 
spheroids embedded in a matrix with an approximate low-Ca pyroxene (Fsl4) composition. Although 
compositional and textural evidence supports metastable coexistence of two liquid phases, neither phase is 
preserved as glass. The matrix has a fan-spherulitic texture, and many of the silica spheroids contain dendritic 
cristobalite(?). Silica interdendrite voids near the two-phase interface do not modify the smooth curvilinear 
outline of the interface, indicating that the iron magnesium silicate matrix had congealed prior to 
cristobalite(?) crystallization from the silica-rich phase. Available data suggest that this imrniscibility is 
formed upon cooling from the melt. A temperature near 1275°-1300"C, based on phase composition, is 
thought to be the temperature at which these coexisting liquids last approached metastable equiltbrium. 

INTRODUCTION 

A nearly rectangular chondrule fragment measuring 0.61 X 0.43 mm in a thin section of the 
Piancaldoli (LL3) chondrite has spheroids embedded in a spherulitic host material. Three sides of 
this fragment are bounded by angular outlines. The fourth side has a smooth curved surface 
thought to represent the original chondrule surface. Along this curved surface spheroids are closely 
packed to form a rim ~100 µm thick. Interior to this rim, spheroids are present in trains or are 
isolated in the matrix. The distribution of spheroids is not unlike enstatite spherulites observed in 
experimentally devitrified magnesium silicate glass beads heated to temperatures between 
800°-925°C for up to 175 hrs. As observed in the chondrule, the experimental charges have a rim 
along the spherule surface, and spherulites isolated or as trains embedded in glass interior to the 
rim. 

It was hoped that the known thermal conditions used for devitrifying the glass charges could 
be used to infer that the chondrule had been reheated within a prescribed temperature-time 
framework. Detailed investigation of the chondrule showed, however, that separation of silica 
from the melt was responsible for spheroid development, the implication being that a mechanism 
other than devitrification could produce the textural similarity. 

Occurrence of silica in several chondrules from ordinary chondrites has recently been 
addressed by Brigham et al. (1982). With their conclusion that silica-bearing chondrules could be 
the product of several different physical processes, the present investigation has developed with 
two objectives. The first is to document phase relations and compositional data that indicate a 
different mechanism of formation for the chondrule despite overall textural similarity with 
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236 Chondrules and their Origins 

devitrified samples. The second objective is to identify the mechanism responsible for the 

chondrule's phase assemblage and estimate thermal conditions consistent with the documented 

data. These objectives, in conjunction with the work of others, may broaden our understanding of 

the presence of silica in some chondrules. 

DESCRIPTION 

The experimentally devitrified charge shown in Fig. 1 a was formed from a glass bead heated 

to 8000C and maintained there for 173.5 hrs. The rim and spheres consist of radially oriented 

fibrils of orthoenstatite (determined from X-ray diffraction) and the matrix is isotropic glass. The 

charge is a synthetic magnesium silicate of enstatite composition (Table 1). A silicon X-ray map 

(Fig. 2b) and electron microprobe data (Table 1) indicate that spherulites, surrounding glass, and 

bulk sample composition are nearly indistinguishable in composition. The sample texture, 

consisting of spherulites and spherulitic rim, is reproducible and forms only upon reheating of 

glass. For comparison, continuously cooled samples with similar composition, which nucleate a 

Fig. 1 Rim structure and spheroid distribution in (a) experimentally devitrified magnesium 
silicate glass sample and (b) chondrule fragment from the Piancaldoli chondrite. Transmitted light 
photomicrographs. 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1983chto.conf..235P


1
9
8
3
c
h
t
o
.
c
o
n
f
.
.
2
3
5
P

H. N. Planner: Chondrule fragment from Piancaldoli 

Wt.% 

Si02 

Ti02 

Al20 3 

Cr2O3 
FeO 
MnO 
MgO 
eao 
Na20 
K20 
Total 

(1) 
98.87 

0.01 
0.23 
n.d. 
0.64 
n.d. 
0.36 
0.05 
0.16 
0.09 

100.41 

Table l. Electron microprobe analyses. 
(2) (3) (4) 

56.46 60.11 60.01 
0.08 0.0 0.0 
2.02 0.05 0.05 
0.55 0.01 0.06 
8.94 0.02 0.01 
0.24 0.0 0.0 

28.67 39.04 39.77 
1.75 0.11 0.05 
0.08 0.0 0.0 
0.03 0.0 0.0 

98.82 99.34 99.95 
I. Silica-rich phase forming spheroids in chondrule fragment. Average of 4 analyses. 
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(5) 
60.20 
0.0 
0.05 
0.0 
0.0 
0.0 

39.71 
0.05 
0.0 
0.0 

100.01 

2. Iron magnesium silicate with nearly stoichiometric low-Ca pyroxene (Fs 14-Wo4 ) composition, which 
forms the matrix phase within the chondrule. Average of 9 analyses. 

3. Bulk composition for experimentally devitrified sample. Average of 73 analyses. 
4. Average of 11 analyses along traverse across spherulite in experimentally devitrified sample. 
5. Glass adjacent to spherulite represented by (4). Average of 11 analyses. 

n. d. = not determined. 

crystalline phase after being undercooled to s::lOOO°C, yield a spherulitic texture without rim 
(Planner, 1974, pp. 10-18). 

The Piancaldoli fragment shown in Fig. 1 b is assumed to be part of a chondrule because one 
fragment edge forms a smooth curved surface. A fine-granular rind, similar in composition to a 
Tieschitz chondrule rind (Kurat, 1970), coats this curved surface and the adjoining angular outline 
along the fragment's upper surface, as oriented in Fig. 2c. Assuming that the rind coated the 
chondrule as it remained an isolated object in space (Christophe Michel-Levy, 1976), presence of 
the rind along the angular outline is evidence that the chondrule texture, which predates 
fragmentation, developed while the chondrule resided in space and not after it had agglomerated 
with surrounding chondritic material. A minimum apparent diameter for the original chondrule is 
estimated at 1.4 mm. In the plane of the thin section only 14% of the chondrule is represented by 
the fragment. It is very possible that additional phases present in the original chondrule are not 
represented in this fragment. 

Interior to the densely packed spheroid rim, spheroids have a prolate ellipsoidal form (Fig. 
1 b ). These ellipsoids are arranged as trains centered about double lines separated 25 µm (Fig. 2c) 
that appear to project inward from the rim. Each double train, in tum, is arranged in parallel and at 
a regular spacing of about 90 µm. The density of the spheroids drops significantly 300 µm from 
the chondrule's curved surface. 

The spheroids consist of silica (Table 1) with minor amounts of iron (0.53-0.80 wt.% FeO), 
MgO (0.29-0.43 wt.%), and Al20 3 (s::0.40 wt.%). Many display a rib-like structure visible in 
transmitted light. Electron micrographs, such as Fig. 3, reveal dendrite arms s::5 µm wide with 
cubic and octahedral orientations typical of cristobalite (Fenner, 1913). These dendrites and their 
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238 Chondrules and their Origins 

Fig. 2 (a) Backscatter electron micrograph for portion of experimentally devitrified glass sphe-
rule showing rim, glass, and isolated spherulite. Radiating cracks are associated with spherulites. 
Botryoidal outline marks devitrification front between rim (on right) and isotropic glass. (b) Silicon 
X-ray map for same area as (a). (c) Backscatter electron micrograph of Piancaldoli chondrule 
fragment showing densely packed silica (dark grey) spheroid rim along curved chondrule outline 
and spheroid trains. Matrix with approximate low-Ca pyroxene composition identified as medium 
grey. Fine-granular rind is found along curved surface (on right) and angular outline (top). (d) 
Silicon X-ray map for same area as (c). 

interdendrite voids do not perturb the smooth curvilinear outline of ellipsoidal surfaces suggesting 
cristobalite (?) crystallization from a silica-rich phase after the iron magnesium silicate matrix had 
congealed. 

The matrix to the spheroids has nearly stoichiometric low-Ca pyroxene (Fs14-Wo4) composi-
tion (Table 1). Variability is small with magnesia and silica ranging from 28.0-29.1 wt.% and 
55.9-57.4 wt.%, respectively. Compositional gradients near silica spheroids are negligible, except 
where matrix is tightly confined by spheroid distribution. The matrix textural form is described 
here as xenomorphic-granular, although the grains do not actually represent individual crystals. 
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H. N. Planner: Chondrule fragment from Piancaldoli 239 

Fig. 3 Backscatter electron micro-
graph showing cristobalite(?) den-
drites and interdendrite voids within 
silica ellipsoids (dark grey) and the 
unperturbed interface between 
spherulitic iron magnesium silicate 
matrix (medium grey) and silica. 

Instead, each grain consists of a fan-spherulite with an off-centered extinction cross visible under 
crossed nicols. Many of the extinction crosses are centered in proximity to silica spheroids, 
suggesting that these spheroids acted as nucleation sites for spherulitic growth. All spherulites fan 
out in one common direction. 

Metallic iron-nickel and troilite are present in the chondrule fragment but are restricted in 
distribution to the outer half of the densely packed spheroid rim (i.e., along the original chondrule 
periphery). Both phases, generally <2 µm in diameter, are located within silica and not the 
interstitial magnesium-bearing material. 

DISCUSSION 

Based on textural appearance, the synthetic magnesium silicate spherule and chondrule 
fragment shown in Fig. 1 represent a striking side-by-side comparison. Both materials have a rim 
along a curved peripheral boundary and spherical masses embedded in glassy matrix. It was hoped 
that the devitrified sample with its known thermal history could be used to explain the chondrule 
as a glassy chondrule having responded to reheating. Detailed investigation, however, supports an 
interpretation that the similar appearance between materials is in fact the result of two different 
phenomena. 

A comparison of those features indicating a difference in material processing follows. 
Spherically-shaped volumes formed by devitrifying the synthetic material consist of radially 
oriented enstatite fibrils. Spherulite composition differs little from surrounding isotropic glass. 
Unlike the devitrified sample, the chondrule is compositionally segregated. Spheroids do not 
consist of fibrils but cristobalite(?) dendrites. Confocal arrangement of dendrites is lacking. The 
matrix in which the spheroids are embedded consists of fan spherulites instead of isotropic glass. It 
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240 Chondrules and their Origins 

is interpreted, therefore, that despite similarity in spheroid distribution between synthetic 
magnesium silicate charge and chondrule, the features in the chondrule do not represent 
devitrification. 

More feasible explanations for the phase relations in the chondrule are cristobalite crystalfua-
tion from melt or amorphous phase separation. From equilibrium phase diagrams of systems such 
as MgO-iron oxide-SiO2, Mg0-Al2O3-SiO2, and CaO-MgO-Al2O3-SiO2 , it is reasonable to suspect 
that silica in this chondrule either precipitated at liquidus temperatures or coprecipitated with 
pyroxene along a cotectic. If either of these conditions occurred, certain interrelationships between 
silica and the iron magnesium silicate matrix would be expected. First, assuming that silica 
precipitated with dendritic form and the iron magnesium silicate matrix represents the melt from 
which silica has crystallized, the interdendrite area within silica spheroids (Fig. 3) should be filled 
with this matrix material (i.e., the matrix should form reentrants into the silica). Contrary to this, 
the interdendrite regions are void. Interdendrite voids suggest a phase transformation following 
formation of the silica-rich spheroids. Prior to this transformation the iron magnesium silicate 
matrix had congealed because it retains its smooth curvilinear outline (Fig. 3) opposite areas of 
dendrite growth, which is accompanied by a specific volume decrease. If as expected by dendrite 
habit (Fenner, 1913) the transformation was in forming cristobalite, then the precursor phase must 
have been either silica-rich melt or glass. 

Secondly, cristobalite precipitated experimentally from magnesium, and iron oxide-silica 
melts typically exhibit crystal habits described as octahedra, cubes, or stout prisms (Bowen and 
Andersen, 1914; Van Vlack, 1960). Crystal outlines may be subhedral. The geometric form of 
silica (Figs. 2c and 3) in contact with matrix in this chondrule does not conform with these 
observations. Instead, the smooth curvilinear outline suggests that the silica phase was originally 
non-crystalline. 

For the condition that cristobalite and pyroxene coprecipitated from the melt, the matrix 
surrounding the silica spheroids should be polycrystalline. The matrix in the chondrule does 
exhibit a grain-like texture; however, the grains are fan-spherulites and not single crystals. 
Spherulite formation in the matrix is consistent with fibril growth in viscous liquid or a glass. 

The chondrule phase relations are more readily explained as derived from two coexisting, 
originally non-crystalline materials rather than cristobalite crystallizing from melt with or without 
pyroxene. This phenomenon, known as phase separation, is common to many of the alkaline 
earth-silicate melts (Greig, 1927; Seward et al, 1968). Under equilibrium conditions itis observed 
at the silica-rich end of binary systems at temperatures exceeding 1692°C. One of the two melts 
commonly has >95 wt.% SiO2, the other varies considerably with temperature. Phase separation 
can extend to the subliquidus region upon failure to nucleate a crystalline solid (Stevens, 1972), 
resulting in two metastable liquids. 

An evaluation of the thermal conditions necessitating phase separation in this chondrule is 
obtainaple from the matrix composition. Major constituents (>2 wt.%) for the matrix are SiO2, 

MgO, and FeO in decreasing proportions. Alumina, at 2 wt.%, is taken into consideration because 
even this small proportion significantly reduces the immiscibility field (Greig, 1927; Wood and 
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H. N. Planner: Chondrule fragment from Piancaldoli 241 

Hess, 1980). The solvus used is that determined for the MgO-Al2O3-SiO2 system by Galakhov et 
al. (1976) as presented by Hess (1980). The appropriate iron-free ternary composition was 
obtained by recalculating FeO to an equivalent amount ofMgO. This has the effect of translating 
the matrix composition parallel to the silica-poor side of the immiscible dome outline in the system 
MgO-iron oxide-SiO2 (Bowen and Schairer, 1935), thus minimizing a temperature error caused 
by addition of iron oxide. 

The solvus temperature corresponding to the adjusted matrix composition in the MgO-
Al2O3-SiO2 ternary is approximately 1275°C. A less sensitive temperature estimate given by the 
silica composition is about 1300°C. These temperature-composition relationships represent 
metastable phase separation according to the data of Galakhov et al (1976) and Ol'shanskii 
(1951). The low viscosities, extrapolated from magnesium silicate binary data (Bockris et al., 
1955; Urbain et al, 1982), indicate that the matrix phase at 13000C is significantly above its glass 
transition temperature. Considering that glass transition for pure natural silica is known to be 
~ 1 lOOOC (Bruckner, 1970), the phase separation is of the liquid-liquid vs. glass-glass type. 

The thermal history for this chondrule cannot be fully evaluated because little of the total 
chondrule is sampled. The chondrule reported upon by Olsen (1982) from the Murchison (C2) 
chondrite, which similarly contains silica ellipsoids, contains large volume fractions of enstatite. 
The phase assemblage in the Murchison chondrule is consistent with a cooling process initiated 
above the liquidus at 1550°C (Olsen, 1982). In an experimental charge that produced a radial 
pyroxene chondrule-like texture, Tsuchiyama et al (1980) observed micron-sized spheroids of 
glass aggregated in evenly dispersed rosettes within a low-Ca pyroxene [ crystalline (?)] matrix. 
This texture resulted from controlled cooling from 1525° to 9300C at 24°C/hr and may indicate 
liquid-liquid phase separation, although not recognized as such by Tsuchiyama et al. (1980). 

These observations suggest that the melt now represented by the Piancaldoli chondrule 
fragment was derived from fractional crystallization. Phases responsible for fractionation could 
have resided beyond the fragment outline. As the chondrule cooled and fractionation continued, 
the residual melt became metastable and encroached on the two-liquid solvus, which resulted in 
phase separation. 

CONCLUSIONS 

Similarity in spheroid distribution between the synthetic magnesium silicate charge and 
chondrule fragment shown in Fig. 1 is the result of two different phenomena. Unlike the 
devitrification features of the synthetic charge, the chondrule has a texture and mineralogy 
consistent with metastable liquid-liquid phase separation at temperatures near 1275°-1300°C. 
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