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SiO2-Bearing Chondrules in the Murchison (C2) Meteorite 
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Two chondrules in the Murchison C2 meteorite have been found that contain segregations of glass that are 
essentially pure silica, associated with low FeO crystalline phases and other (possibly cryptocrystalline) 
glasses. In each case the compositions of crystalline phases and glasses indicate an equilibrium assemblage 
that can be interpreted in terms of a magmatic cooling trend. This indicates that the cooling rate was slow 
enough to permit nucleation and crystallization of equilibrium phas,s, and that part of the cooling history 
involved an isothermal state for some period of time before a quench took place. This is consistent with the 
three-stage cooling process determined experimentally by Planner and Keil ( 1982). Slow cooling suggests 
these chondrules were surrounded by an insulating medium, possibly dense gas or dust. 

INTRODUCTION 

Much discussion has appeared during the past decade over the nature of discrete inclusions in 
carbonaceous chondrites. Some inclusions have clearly had histories that involved their total or 
partial melting into obvious melt-droplet chondrules. The processes involved in the formation of 
other kinds of inclusions, especially those with baroque shapes and absence of glass, are not fully 
agreed upon and are the subjects of ongoing discussion. 

Fuchs et al. ( 1973) made distinctions between several morphological types of inclusions and 
this was amplified by Olsen and Grossman (1978). These workers have concluded that among the 
numerous inclusions, melt-droplet chondrules are relatively rare; most of the inclusions result 
from histories that do not involve melting. Other workers, however, have taken the view that 
virtually all of the inclusions they have seen in thin sections of carbonaceous chondrites ( especially 
the much-studied Allende and Murchison chondrites) are melt-droplet chondrules or the pro-
cessed remnants thereof (Mcsween, 1977a,b; Richardson and Mcsween, 1978; Mcsween, 
1979; Desnoyers, 1980; Roedder, 1981). During this decade of active discussion about these 
features, very little detailed work has actually been done on those inclusions in carbonaceous 
chondrites that no one would argue are not melt-droplet chondrules-objects that are 
morphologically round and contain both crystalline phases and glass. 

During the past year, I have begun a project to examine melt-droplet chondrules from the C2 
meteorite, Murchison. The first object of this work is to determine how similar clear-cut 
melt-droplet chondrules in Murchison are in their mineralogies and petrographic relationships to 
the much-studied melt-droplet chondrules in the ordinary chondrites. The second object is to 
determine whether there exists within this single C2 meteorite any genetic relationship between 
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224 Chondrules and their Origins 

obvious melt-droplet chondrules and the other types of inclusions for which origins are not 
necessarily simple and obvious. 

MELT-DROPLET CHONDRULES IN MURCHISON 

Olsen and Grossman (1978) illustrated a histogram of diameters of melt-droplet chondrules 
in Murchison (their Fig. 10D). Their sample was obtained by hand-picking from the surfaces of 
fragments of the meteorite and, to a small extent, from chondrules encountered in thin sections. 
They reported data on only 27 chondrules that ranged in diameter from 175 micrometers to 1081 
micrometers. Their data show a mode around 300 micrometers and a computed mean of 420 
micrometers. 

Since the time of that work, freeze-thaw methods have been employed on Murchison. About 
20 grams of randomly chosen fragments have been disaggregated, yielding an impressive popula-
tion of objects, some of which had never been seen by any workers in the course of extensive 
thin section examinations over many years (e.g., corundum-melilite-anorthite-diopside aggre-
gates; Bar-Matthews et al., 1982). They also yielded a population of obvious melt-droplet 
chondrules that were set aside for study. The real diameters of these have been measured and an 
analysis of their size distribution, compared to populations of other kinds of inclusions found in 
Murchison, has been made (Olsen, unpublished data). 

A total of 434 chondrules were released by freeze-thaw methods on about 20 grams of 
Murchison. If these 434 chondrules represent the total chondrule population in the approximately 
20 grams of Murchison that were disaggregated, then they comprise less than 0.001 % by volume of 
the meteorite. [Olsen and Grossman (1978) estimated less than 2% by volume, clearly a large 
overestimate.] Even if the estimate of less than 0.001 % is off by many orders of magnitude, which is 
highly unlikely, the absolute abundance of melt-droplet chondrules in Murchison is very low. It is 
probable that only those chondrules with unaltered glass in them survive freeze-thaw extraction. 
There is, however, no reason why alteration should be size-selective. Thus, the population 
obtained here can be considered to be a representative sample. 

Approximately 100 chondrules were randomly selected and prepared for study: half in 
polished section, and half in thin sections. Thus far, 20 have been studied in great detail by optical 
and scanning electron microscopy. Two of them were found to bear free silica; this paper deals 
with the results on those two. 

METHODS 

These chondrules have been studied by scanning electron microscope (SEM) in both 
secondary electron and back-scattered electron modes. Analyses were performed using a solid-
state detection system with the output corrected by an on-line, dedicated computer. Some analyses 
were repeated by electron microprobe (EMP) (solid-state detection, using a different correction 
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E. J. Olsen: SiO2-bearing chondrules in Murchison 225 

algorithm) to test consistency. EMP, however, lacks the visual resolution necessary to observe 
certain small features; the SEM method was superior. 

CHONDRULE3A 

This chondrule (Fig. 1) is 280 micrometers in diameter as it appears in polished section. It is a 
porphyritic chondrule and consists of an interior of blocky to rounded anhedral crystals of enstatite 
(Fs 1.0) that range from 30 to 100 micrometers in their longest dimensions. These are separated 
from each other by linear to cuspate patches of glass, within which are microlites of augite (Fs 0.0) 
that are as large as 2 micrometers; the majority, however, are much smaller, down to less than a 

Fig. 1 Chondrule 3A, 280 micrometers in diameter. Silica pods are the darkest shade of gray. 
Pale gray patches are residual glasses (col. 5 in Table 2). Medium gray shades are enstatite. Small, 
whitish-gray grains are calcic-pyroxene. Bright white is metal. (During section preparation a grain 
was plucked out of the approximate center of the chondrule, leaving a hole.) 
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226 Chondrules and their Origins 

few hundredths of a micrometer. Because of these augite microlites, the glass appears to vary 
somewhat in composition from point to point, depending on the varying abundance of them. 

Glass is most abundant around the outer portion of the chondrule, forming a "crust" from 10 
to 30 micrometers thick (as it appears in polished section) that encloses the more porphyritic 
interior. Within this "crustal" region are numerous round to elliptical pods, 5 to 15 micrometers in 
longest dimension, of essentially pure silica. 

Within the interior, over twenty irregular-lobate to circular patches of metal occur, ranging 
from 8 to 32 micrometers in their longest dimensions. The largest of these occurs as an elongated 
mass partially along one edge of the chondrule, overlaid in part by a thin layer of glass. The metal is 
low in Ni (5%) and contains up to 1% Cr (Table 1). One small anhedralgrain of forsterite (Fa 0.8) 
was found enclosed in enstatite on three sides and by glass on the fourth side. 

Analyses of crystalline phases are given in Table 1. The bulk composition of the chondrule 
was measured by three methods: ( 1) the beam was enlarged and moved along a zig-zag pattern 
until the entire area was scanned; (2) the same method was used with a small beam size (2 
micrometers); and (3) a small beam was stepped at 5-micrometer intervals along a grid pattern 
over the entire area, and counting was done for a fixed time at each point. All three methods gave 
essentially the same result (Table 2). Since the metal contains virtually all of the iron in the 
chondrule, the bulk composition of the non-metal portion was easily computed (Table 2). 

Table la. Mineral analyses of chondrule 3A. 

PYROXENES OLIVINE 

Si02 57.26 56.22 58.77 57.99 54.88 55.94 43.30 
Al20 3 0.89 1.72 1.20 3.74 5.35 5.79 0.00 
Cr20 3 0.33 0.49 0.32 0.00 0.00 0.00 0.00 
FeO 0.69 1.35 0.47 0.00 0.00 0.00 0.83 
MgO 37.98 36.60 39.32 23.71 18.99 19.32 54.88 
eao 0.26 0.37 0.26 15.71 20.86 18.92 0.00 
Sum 97.41 97.39 100.35 101.16 100.08 100.00 99.01 

Wo 0.5 0.7 0.5 32.4 44.1 41.3 
Fs 1.0 2.0 0.7 0.0 0.0 0.0 
En 98.5 97.3 98.9 67.6 55.9 58.7 
Fa 0.8 

METAL 
Fe 93.45 93.65 92.69 
Ni 5.01 5.26 5.00 
Cr 0.69 1.09 0.78 
Sum 99.15 100.00 98.47 
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Table lb. Mineral analyses of chondrule 4B. 

PYROXENES 
SiO2 51.60 53.49 54.87 54.83 58.60 58.51 
TiO2 3.49 2.11 1.25 2.11 0.00 0.00 
Al2O3 4.41 4.20 3.78 3.58 1.52 1.87 
FeO 0.94 0.67 0.92 0.00 0.00 0.00 
MgO 18.44 19.10 20.55 20.46 37.57 37.07 
eao 19.25 20.35 18.62 18.93 0.36 0.32 
Sum 98.13 99.92 99.98 99.92 98.99 97.77 

Wo 42.2 42.8 38.9 39.9 0.7 0.6 
Fs 1.6 1.1 1.5 0.0 1.3 0.0 
En 56.2 56.l 59.6 60.1 98.0 99.4 

METAL 
Fe 94.00 93.82 94.29 
Ni 5.30 5.46 5.35 
Cr 0.27 0.27 0.00 
Sum 99.57 99.56 99.64 

PLAGIOCLASE 
SiO2 49.50 49.95 48.35 48.96 
Al2O3 31.08 31.31 30.98 31.31 
eao 18.35 17.84 17.54 18.51 
Na2O 1.05 0.83 0.76 1.23 
Sum 100.98 99.94 97.62 100.01 
An 91 92 93 89 

COOLING HISTORY OF CHONDRULE 3A 

The bulk composition of the silicate portion of the chondrule is very closely represented by 
the quaternary CaO-MgO-Al2O 3-SiO2, which has been studied experimentally by Osborn et al 
(1954). The bulk composition plots just inside the primary phase field of forsterite; the first 
crystalline phase that should appear on cooling of a complete melt is forsterite at approximately 
1500°C. Under conditions of equilibrium crystallization, the melt would move to the pyroxene 
boundary and enstatite would form by reaction of the melt with forsterite, exhausting all of it. 
Enstatite would be joined by calcic-pyroxene just before the melt hits the pyroxene-tridymite 
cotectic. 
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Table 2. Analyses of bulk chondrules and glassses within them. 

Chondrule 3A Chondrule 4B 

2 3 4 5 6 7 8 

SiO2 58.24 46.40 98.87 98.19 63.81 56.89 49.38 45.99 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al2O3 7.27 5.79 2.27 1.39 16.84 17.04 33.89 27.29 
Cr2O3 0.55 0.59 0.00 0.00 0.18 0.00 0.00 0.00 
FeO 0.10 20.27 0.00 0.00 0.39 0.80 0.00 0.00 
MnO 0.00 0.00 0.00 0.00 0.37 0.00 0.00 0.00 
MgO 28.85 22.98 1.27 0.00 4.19 15.60 0.00 3.43 
CaO 3.37 2.68 0.00 0.35 10.02 8.71 18.20 12.89 
K20 0.00 0.00 0.00 0.00 0.00 0.11 0.00 0.00 
Na2O 1.62 1.29 0.00 0.00 2.45 0.85 0.01 0.00 

Sum 100.00 100.00 102.42 99.93 98.23 100.00 101.48 98.97 

I. Chondrule 3A bulk, metal-free (normalized to 100%). 
2. Chondrule 3A-All metal oxidized and added to silicates (normalized to 100%). 
3. Chondrule 3A-Silica pod. 
4. Chondrule 3A-Silica pod. 
5. Chondrule 3A-Glass surrounding silica pods (ave. of 4 analyses). 
6. Chondrule 4B bulk, metal/ sulfide-free (normalized to 100%). 

7-10. Chondrule 4B-Glasses within chondrule (see text). 
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Analyses were made of the glass surrounding the pods of silica (Table 2). The analyses 
necessarily include microlites of augite, which (as stated earlier) cause small variations in the 
composition of the glass, depending on their abundance. Since augite was precipitating at the same 
time as pods of silica separated, the composition of the glass plus any microlites adjacent to the 
pods must represent the local bulk composition of the glass associated with the silica. A series of 
points on glass were analyzed around the pods, with large crystallites (micrometer-size) of 
pyroxene being avoided. When these analyses were averaged and plotted in the quaternary, the 
point lies on the pyroxene-tridymite cotectic at 1300°C. 

The silica pods run as high as 99% SiO2 and contain mainly only minor amounts of Al2O3 

and MgO or CaO. As it is now mounted, no thin section is possible without danger oflosing the 
chondrule. The phases referred to as glass all luminesce brilliantly under the electron beam, which 
is often an indication of a glassy state. It is possible, however, that cryptocrystalline devitrification 
has occurred. The silica pods, viewed at 8000x in back-scattered electron mode, reveal no 
noticeable differences in composition within them. 

Texturally, the pods could appear to represent liquid immiscibility; however, I can make no 
judgment about that. It may well be that the pods are masses of tridymite microlites that separated 
from the liquid. 

This chondrule appears to have undergone a cooling history that at least approached 
equilibrium. (The small grain of forsterite is apparently an unreacted remnant of the earliest 
crystalline phase.) The last liquid concentrated around the outside as a crustal layer. (Admittedly, 
the chondrule is seen in only two dimensions and this feature may only be apparent.) Based on its 
petrography and composition, this chondrule is different from melt-droplet chondrules in the 
ordinary chondrites, which show nucleation around their exteriors with residual glass primarily in 
their interiors. 

CHONDRULE 4B 

This chondrule is 275 micrometers in diameter (Fig. 2). Petrographically, it is different from 
chondrule 3A. It consists of two rounded crystals of enstatite, each 100 micrometers in the longest 
d.imension and separated from each other at two positions along the edge, and several small 
crystals of enstatite, 20 to 30 micrometers, along the opposite edge. The interior consists of a 
filigree of skeletal crystals of augite and plagioclase (An 89-93) with interstitial lenses of glass of 
three distinct compositions: one glass is composed of essentially Si, Al, and Ca oxides with 
occasional small amounts of Na (normatively it is plagioclase with excess silica and/or alumi-
na); another glass (found around the outer edge of the chondrule) has, in addition, variable 
amounts of Ti, Mg, and Fe; and the third, relatively abundant glass, is almost pure silica with 
minor Al and a trace of Ti. This latter glass occurs in the interior of the chondrule and is always 
surrounded by skeletal crystals of plagioclase. 

Small blebs of metal (5.3% Ni, 0.27% Cr) occur together at one edge and are associated with 
the enstatite grains. An unusual Ti-Cr oxide was found associated with an augite crystal. 
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230 Chondrules and their Origins 

Fig. 2 Chondrule 4B, 275 micrometers in diameter. Enstatites are dark gray and along the edge 
of the chondrule. White dendrites are plagioclase. Dark gray interior patches are glasses. Metal at 
edge is bright white. Chondrule has a hole in the southeast quadrant. (Fragment at left edge, 
outside the chondrule, is Murchison matrix.) 

COOLING HISTORY OF CHONDRULE 48 

The bulk composition of this chondrule was measured in the same way as described for 
chondrule 3A (Table 2). As with 3A, bulk silicate 4B falls into the quaternary Ca0-Mg0-Al20 3-

Si02 (Osborn et al, 1954). The bulk composition lies in the primary phase field of pyroxene at 
approximately 1325°C. Equilibrium crystallization begins with pyroxene, is joined by plagioclase 
at approximately 1275°C, and proceeds to the pyroxene-plagioclase-tridymite eutectic at approx-
imately 1250°C. 

The presence of silica surrounded by calcic plagioclase indicates that the cooling path 
approximated equilibrium. The texture indicates that the cooling was slow enough for nucleation 
of equilibrium phases, but too fast to permit significant crystal growth. The texture also indicates 
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that initial nucleation and crystallization took place at the outer edge of the chondrule, where the 
largest crystals are, and proceeded inward. This is the more normal texture observed in chondrules 
of the ordinary chondrites and experimentally-made chondrules. In experimental systems, plagio-
clase nucleates with difficulty and may often be bypassed metastably (Mcsween, 1977a ). The fact 
that the plagioclase did nucleate in this chondrule suggests that the cooling rate was initially 
relatively slow. 

DISCUSSION 

Magmatic crystallization to the stage of separation of a silica phase occurs in eucrites. 
Presumably, the process there involves fairly large melt pools with sufficient insulation to allow 
cooling slow enough for equilibrium to be approximated. In the instances of these two chondrules, 
3A and 4B, the cooling rate must have been slow enough to permit a similar approach to 
equilibrium. Recently, Brigham et al. (1982) have reported three silica-bearing chondrules, one 
each in three H3 ordinary chondrites: Bremervorde, Dhajala, and Sharps. In those three cases, the 
bulk compositions are very different from the Murchison chondrules. Their chondrules are all high 
in FeO. In one case, Sharps, the silica occurs intimately mixed with fayalite. In Dhajala and 
Bremervorde, silica laths are embedded in pyroxenes of varying Fs content. In addition, the bulk 
composition of the Bremervorde chondrule is high in silica: SiO2 = 70%, FeO = 13%, MgO = 
17%, and minor CaO. This bulk composition plots essentially in the system MgO-FeO-SiO2 

(Bowen and Schairer, 1935) in the primary phase field of cristobalite at 1700°C. In this chondrule, 
the silica laths radiate inward from the rim where nucleation must have taken place. All three of 
these chondrules are low in Ca and Al. 

Based on their descriptions of these silica-rich chondrules, it appears that silica is not a phase 
at the end of a line of magmatic descent but rather an initial phase, due to the sil~ceous bulk 
composition of the parent material. Brigham et al ( 1982) offer the suggestion that this may imply 
an unusual, unsampled parent body. 

Chondrule 3A in Murchison is from parent material essentially free of FeO and unlike any 
known meteorite in bulk composition. Were we to suppose that the metal now present in the 
chondrule were due to reduction of FeO during the melting process, the hypothetical parent 
material would have the computed composition shown in Table 2. This "parent" material is also 
unlike any known meteorite type. 

Arguments of this type are, however, spurious. The volume sampled by any chondrule is very 
small compared to the crystalline scale of homogeneity of many well-known meteorite types. The 
chondrules in Murchison have volumes of only 0.011 cubic millimeters, and those described by 
Brigham et al. (1982) range from only 0.034 to 0.113 cubic millimeters. 

In order for chondrules 3A and 4B to follow an approximate equilibrium cooling path, it is 
necessary that they not quench. This suggests that the surrounding "atmosphere" was relatively 
dense. It could have been dense with other chondrules, each radiating heat and mutually retarding 
each other's cooling rates. Within each chondrule, nucleation and crystallization of each solid 
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phase creates a retardation of cooling rate as the latent heats of crystallization are released. On the 
other hand, the "atmosphere" may have consisted of a dense gas or dust, relatively opaque to 
infrared. In either event, a cooling rate slower than a quench rate is implied by the mineralogy and 
glass compositions in these two chondrules. 

Recent experimental work has come to the same conclusion; in order to realize the textures 
and mineral compositions in chondrules in unequilibrated ordinary chondrites, Planner and Keil 
(1982) have demonstrated that cooling must take place in three steps: (1) from the liquidus (or 
near liquidus) at a rate of 300° to 4000°C per hour to about 1300°C; (2) an isothermal stage at 
1300°C for an unknown period of time; and (3) a final stage quench that preserves "residual melts 
as vitreous or fine-crystalline material" (Planner and Keil, 1982). 

Similarly, Nagahara ( 1982) and Tsuchiyama et al (1980) have concluded that cooling rates 
must be retarded in order to obtain the textures and compositions observed in chondrules of 
ordinary chondrites. They postulate a dense gas as an insulating agent. 

The isothermal plateau indicated by the work of Planner and Keil (1982) is 1300°C. The 
temperature of the liquid at which the silica pods separated in Murchison chondrule 3A is also 
1300°C. This is probably fortuitous. It is also possible that this is a measure of the real temperature 
at which an isothermal state of unknown duration set in. Such a temperature may be dictated by a 
dynamic set of conditions in which gas, dust, and cooling chondrules, each releasing latent heats of 
crystallii.ation, together cause a halt in cooling until a perturbation causes the system to cool at 
quench rates. For chondrule 4B the nucleation of plagioclase and the formation of silica indicate 
an isothermal plateau at about 1250°C prior to a quench. 

Experimental workers conclude that some crystallites must be present in order to form the 
textures seen in chondrules in the ordinary chondrites; that is, total melting cannot take place. This 
means that chondrules must form from initially crystalline material. As such, they are not primary 
solids, but secondary. Their precursors may be only dust or dust aggregations, but necessarily 
crystalline at least at a cryptocrystalline scale. Any kind of rapid input of energy, such as lightning, 
would be inefficient and tend to blow apart such material (Cameron, 1982). A slow input of 
energy is indicated. In addition, the isothermal or near isothermal plateau indicated by chondrules 
3A and 4B and by experiments indicate a slow initial cooling rate. Both of these conditions might 
be accommodated by the model of Cameron (1982). Grain clusters migrating into the central 
region of the primitive solar nebula would undergo partial evaporation of less refractory compo-
nents and could partially melt. Movement outward along a gradual temperature gradient would 
permit slow cooling. Acceleration into colder regions with lower grain density would facilitate a 
final quench. 

The compositions of chondrules 3A and 4B (Table 2) are refractory. Based on the Fa and Fs 
contents measured, their oxidation states are low; p{O2) is approximately 10-15 to 10-20 atmo-
spheres at temperatures between 1250°C and 1300°C (Mueller, 1964), the isothermal plateaus 
indicated earlier in this paper. The liquidus temperatures are, as noted earlier, 1500°C and 
1325°C, respectively, although it seems apparent that in order to retain nuclei these temperatures 
were not reached, or were reached rapidly and cooling ensued before all pre-existing crystalline 
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phases were totally melted. It is also possible that the precursor solid material was richer in less 
refractory components and these components were evaporated off, leaving a more refractory 
residuum that almost completely melted, as discussed by Cameron (1982). 

CONCLUSIONS 

The two Murchison chondrules described in this paper are each approximate equilibrium 
assemblages of crystalline and glassy phases. Kinetically, these could not have formed by a rapid 
quench process. They appear to require slow cooling and probably an isothermal stage before 
quenching. This is consistent with the sequence of events determined experimentally by Planner 
and Keil (1982). 

In studying other Murchison chondrules, they run the gamut from refractory and reduced to 
less refractory and oxidized (i.e., FeO-rich). Such a range of objects may offer glimpses into all 
stages of evolution of the enigmatic particles called chondrules. 
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