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Relic olivine found in some type 3 ordinary chondrites was the first direct evidence for the secondary origin 
of chondrules. Olivine grains enclosed in pyroxene phenocrysts of poikilitic chondrules are also considered 
to be relic minerals. The proportion of those relic-bearing chondrules is about half of the porphyritic 
chondrules, indicating that nearly half of the porphyritic chondrules were formed through incomplete 
melting of the precursor mineral clusters. Chemical and petrographic similarities between relic-bearing and 
relic-free chondrules suggest that all the chondrules were formed from pre-existing minerals through 
complete or incomplete melting. The poikilitic texture was successfully reproduced by experiments. The 
charges heated at l 5°C below the liquid us temperature for 2 minutes and cooled at a rate of 5°C/hr contain 
porphyritic pyroxene with poikilitically enclosed olivine which resembles the poikilitic texture in natural 
chondrules. This result supports the subliquidus heating of the poikilitic chondrules. Compositional and 
oxygen-isotopic diversities among individual chondrules require the clusters of minerals (mainly olivine, 
pyroxene, and plagioclase) as the precursor of chondrules, and their formation would have been at the early 
stage of the solar system. In order to give the wide range of cooling rate estimated from recent experimental 
studies, the nebula, with abundant clusters and fine-grained materials (dust), must have been present in the 
optically opaque nebula, which played a role of insulation for the cooling chondrules. The mechanism of 
heating the nebula with clusters is still unknown. 

INTRODUCTION 

Many recent petrological and chemical studies suggest that chondrules were formed from 
pre-existing minerals (i.e., Gooding eta/., 1980a; Gooding and Keil, 1981; Grossman and Was-
son, 1982; Lux et al., 1981 ). The presence of relic olivine in some chondrules of type 3 ordinary 
chondrites was the first direct evidence for the secondary origin of chondrules (Nagahara, 
1981; Rambaldi, 1981), and the oxygen-isotopic diversity of individual chondrules (Gooding et 
al., i980b, 1982; Onuma et al., 1982) is also strong evidence of their secondary origin. 

The texture of chondrules is one of the important manifestations of their origin and condition 
of formation. As Dodd (1971, 1978a,b) and Gooding and Keil (1981) have pointed out, 
porphyritic or microporphyritic chondrules are much more abundant than those of other textures 
such as barred olivine, radial pyroxene, and glassy ( or cryptocrystalline) chondrules. Dodd 
( 1978a,b) suggested that the microporphyritic chondrules are not the crystallization products of 
molten droplets, but are fragments of magmatic rocks larger than 10 cm because of irregular 
outline and low CaO contents of olivine. On the other hand, Gooding and Keil (1981) considered 
that the surface roughness of chondrules would have been dominated by later processes and that all 
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212 Chondrules and their Origins 

chondrules have the same origin. Thus, the origin of porphyritic chondrules and the difference 
between porphyritic and non-porphyritic chondrules are important problems of chondrule study. 

Experimental studies on reproducing the textures of chondrules and estimating the conditions 
of chondrule formation have continued since the early study of Nelson et al (1972), who 
duplicated barred or radial olivine texture. Tsuchiyama et al (1980) reproduced barred and 
porphyritic olivine textures from completely or incompletely melted starting materials of three 
different compositions. Tsuchiyama and Nagahara (1981) and Hewins et al. (1981) reproduced 
radial pyroxene texture with cooling rates of 1°-lOO°C/hr and 500-3000C/hr, respectively, a 
slower cooling rate than that for barred olivine texture (several thousand degrees per hour) by 
Tsuchiyama et al (1980). Planner and Keil (1982) produced porphyritic olivine and pyroxene 
texture by three-stage cooling which includes an isothermal plateau; the cooling rate from 
superliquidus temperature to 1300°C was estimated to be 300°-4000°C/hr. These experiments 
show that barred or radial texture can be easily formed from completely melted starting materials, 
but porphyritic texture, which is most common in the natural chondrules, was difficult to obtain, 
except for complex three-stage cooling. 

In this paper, the importance of incomplete melting of the pre-existing mineral clusters and 
the origin of chondrules are discussed based on petrographical observations and experimental 
results. Details of petrography and experiments will be given in the future as separate papers. 

SAMPLES AND METHODS OF STUDY 

The samples investigated in the present study were ALH-77015 (L 3.4), 77278 (LL 3.6), 77299 (H 3.7), 
and 77304 (L 3.9). Brief descriptions of these samples are given in Score et al (1981). ALH-77015 is 
considered to be paired with the other 33 Antarctic L3 chondrites (McKinley et al, 1981 ). The compositions 
of constituent minerals of chondrules were anal yred by the focused beam of the electron microprobe and the 
bulk compositions of individual chondrules by the defocused beam. 

The Pt-wire loop method was used for the dynamic crystallization experiments. The starting material 
was a mixture of bronzite (70 wt.%), olivine (20% ), and plagioclase ( 10% ), which is nearly the same as sample 
3 of Tsuchiyama et al (1980). The sample was ground into several microns in size, pressed into pellets, 
attached to the Pt-wire, and put into the furnace, which had already been heated at the fixed temperature. A 
vertical siliconit furnace was used, where oxygen fugacity was controlled to be 10-9atm at 1600°C and 
10-12atm at 1200°C by constant H2/Co2 gas mixing. The sample was cooled from the fixed temperature to 
1200°C at a linear rate automatically. After the run, the charges were mounted with epoxy and sliced into thin 
sections for petrographical observations. 

RELIC OLIVINE-BEARING CHONDRULES 

Nagahara (1981) and, independently, Rambaldi (1981) and Michel-Levy (1981), have 
found relic olivine in chondrules of different chondrites. Relic olivine, which has numerous dusty 
inclusions and shows a dirty appearance, is always present in the centers of chondrules as large or 
small anhedral grains (Fig. la,b ). The newly crystallized olivines are small euhedral clear grains, 
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H. Nagahara: Incomplete melting of mineral clusters 213 

Fig. 1 (a) Relic olivine-bearing porphyritic chondrule in ALH-77015 chondrite. (b) Relic olivine-
bearing porphyritic chondrule in ALH-77299 chondrite. (c) Overgrowth of clear olivine around the 
dusty relic olivine in a porphyritic chondrule of ALH-77015 chondrite. (d) Enlargement of dusty 
inclusions in relic olivine in (a). 

which exist in the outer portion of the chondrules. Clear olivine also occurs as overgrowth on relic 
olivine (Fig. le). The inclusions of the relic olivine often show alignment in one direction (Fig. ld). 

Rambaldi and Wasson (1982) investigated the dusty inclusions in the relic olivines, and 
showed that most are small grains of almost pure metallic iron; they said that reduction of 
iron-rich olivine to metallic iron and more magnesian olivine had occurred at the time of 
chondrule formation. 

The relic and newly crystallized olivines have different chemical compositions. The relic 
olivine is rich in FeO and shows "reverse" zoning, with the core more enriched in FeO than the 
rim. In contrast, the newly crystallized olivine is more magnesian and shows "normal" zoning. The 
rim of normally zoned, crystallized olivine grains and reversely zoned, relic olivine grains have the 
same composition. 

The relic and newly crystallized olivines are also distinguished by their CaO content. Figure 2 
shows the CaO content versus Mg/Mg + Fe ratio of the two olivines in four different chondrules 
of ALH-77015 and two of ALH-77299 chondrite. The newly crystallized olivine contains more 
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Fig. 2 Relationship between Mg/Mg + Fe ratios and CaO contents of relic and crystallized 
olivines in four chondrules in ALH-77015 chondrite (left) and two chondrules in ALH-77278 
chondrite (right). Solid symbol: relic. Open symbol: crystallized. Solid and open marks of same 
symbols are in a single chondrule. 

CaO than the relic olivine. In general, olivine, crystallized at higher temperatures or at rapid growth 
rates, contains more Cao (i.e., Donaldson et al., 1975). This fact supports the idea that the clear 
olivine crystallized from liquid when chondrules were heated, and that the dusty olivine is relic 
olivine that had been equilibrated at lower temperatures or under a more oxidized atmosphere 
before chondrule formation. 

As already mentioned, porphyritic olivine and pyroxene chondrules are the most abundant 
among all textural types of chondrules. Three different modes of occurrence of olivine and 
pyroxene are recognized: (1) olivine is euhedral and interstitial pyroxene is subhedral or anhed-
ral; (2) pyroxene is euhedral and olivine is poikilitically enclosed in pyroxene; and (3) both 
olivine and pyroxene are euhedral and exist as discrete grains. Cases 1 and 3 are less common than 
case 2, where olivine is enclosed in pyroxene. 

In case 2, discrete euhedral olivine grains are often present, in addition to olivine poikilitically 
enclosed in pyroxene (Fig. 3a). These two different olivines show the same features as the above 
described relic and newly crystallized olivines; the poikilitically enclosed olivine (Fig. 3b) often 
contains many dusty inclusions in its center (Fig.3c), while the discrete olivine is clear (Fig. 3d). 
The dusty inclusions resemble those in the relic olivine (Fig. ld), suggesting that the poikilitically 
enclosed olivine is also relic. 

These two kinds of olivine in poikilitic chondrules also chemically resemble previously 
described relic and newly crystallized olivines. Figure 4 shows the CaO content of the poikilitically 
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Fig. 3 (a) Poikilitic chondrule in ALH-77015 chondrite. (b) Poikilitically enclosed olivine in 
clinoenstatite. (c) Dusty inclusions in poikilitically enclosed olivine in (a). (d) Discrete clear 
euhedral olivine and pyroxene in poikilitic chondrule; ol=olivine, px=pyroxene. 

enclosed olivine and the euhedral discrete olivine in the porphyritic chondrule of ALH-77278 
chondrite. Poikilitically enclosed olivine has a low Mg/Mg+ Fe ratio and CaO content, while the 
clear olivine has a higher ratio and content. These textural and chemical similarities show that the 
enclosed olivine is relic and that the euhedral olivine crystallized from a liquid at the time of 
chondrule formation. 

Figure 5 shows the CaO content of poikilitically enclosed large (more than 100 µm) and 
small (less than 50 µm) olivines in three different chondrules in ALH-77015 chondrite. The CaO 
content of enclosed olivine varies depending on the grain sire; larger olivine contains less CaO than 
the smaller ones. This would be a result of diffusion of Ca at or after crystallization of surrounding 
pyroxene. Small olivine that was originally Ca-poor would have been surrounded by pyroxene 
with higher CaO and would become rich in CaO by diffusion at higher temperatures, even during 
short duration. On the other hand, large olivine was much less affected. 

Poikilitically enclosed olivine in pyroxene does not always contain dusty inclusions, though it 
is plausible that most of the poikilitic chondrules were formed by the same processes; that is, they 
would also be the products of incomplete melting of the pre-existing minerals. If this is the case, 
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Fig. 4 Relationship between 
Mg/Mg + Fe ratios and CaO 
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poikilitically enclosed olivine with or without dusty inclusions is relic, and pyroxene and clear 
discrete olivine crystallized from partially molten liquid. 

Proportions of those relic-bearing and poikilitic chondrules were measured in two chondrites, 
and the results are shown in Fig. 6. In ALH-77015 chondrite, about 10% of all chondrules have 
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Fig. 6 Proportion of relic-bearing 
and poikilitic chondrules in ALH-
77015 and ALH-77278 chondrites. 
POP=porphyritic olivine and py-
roxene chondrule. PO=porphyritic 
olivine chondrule. PP=porphyritic 
pyroxene chondrule. BO=barred 
olivine chondrule. RP=radial py-
roxene chondrule. GL=glassy or 
cryptocrystalline chondrule. 

olivine with dusty inclusions and 32% show poikilitic texture. In the poikilitic chondrules, 10% 
have dusty inclusions, and the rest (22%) show poikilitic texture without dusty inclusions. As a 
result, about half of the porphyritic chondrules and 40% of all chondrules were formed through 
incomplete melting of the precursor mineral clusters. 

EXPERIMENT AL REPRODUCTION OF POIKILITIC TEXTURE 

Factors which determine the texture of chondrules are thought to be original bulk chemical 
composition, cooling rate, maximum temperature of heating, and duration of heating according to 
petrographical observations of natural chondrules (Tsuchiyama et al, 1980) and the results of 
dynamic crystallization experiments (i.e., Lofgren, 1980). In the course of systematic experiments 
to reproduce the chondrule textures, poikilitic texture was successfully reproduced. Charges cooled 
from a temperature 15°C below the liquidus at rates smaller than lOOOC/hr contained large 
euhedral clinoenstatite phenocrysts that poikilitically enclosed small olivine grains. The result of 
cooling with a rate of 5°C/hr is shown in Fig. 7, which is similar to the natural poikilitic chondrules 
shown in Fig. 3. The size and the proportion of enclosed olivine grains would depend on the 
original grain size of the starting material, maximum heating temperature, heating duration, and 
original bulk chemical composition (especially modal ratio of olivine and pyroxene). 

The present experimental result supports the inference from petrographic observations that 
poikilitic texture was formed through incomplete melting of the pre-existing mineral clusters. It 
further shows that the cooling rate of poikilitic chondrules was smaller than those of barred olivine 
(Tsuchiyama et al., 1980) and radial pyroxene (Tsuchiyama and Nagahara, 1981; Hewins et al., 
1981 ). As a result, the range of cooling rates for various textures of chondrules is very wide, ranging 
more than four orders of magnitude ( 104 -1 ° C/hr ). 
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Fig. 7 (a) Experimentally repro-
duced porphyritic pyroxene tex-
ture with poikilitically enclosed oli-
vine. The charge was heated at 
temperature 15°C below the liqui-
dus temperature for 2 minutes and 
cooled at a rate of S°C/hr. (b) Poi-
kilitically enclosed olivine in py-
roxene shown in Fig. 6. Ol=oli-
vine. Px=pyroxene. 

Petrographic observations and experimental results reveal that the poikilitically enclosed 
olivine grains in olivine and pyroxene porphyritic chondrules are also relic, like previously 
reported relic olivine in olivine porphyritic chondrules (Nagahara, 1981; Rambaldi, 1981). 
Figure 6 shows that at least about half of the porphyritic chondrules were formed through 
incomplete melting of the precursor mineral clusters. 

There is no direct evidence for the formation of other chondrules (barred olivine, radial 
pyroxene, relic-free porphyritic chondrules without poikilitic texture, and glassy or cryptocrystal-
line chondrules) from pre-existing mineral clusters. However, the following indirect evidences 
suggest that all chondrules were formed from precursor mineral clusters: (1) bulk chemical 
compositions of relic-bearing and relic-free chondrules are indistinguishable; (2) the size ranges of 
both types of chondrules are the same; and (3) both chondrules are well-mixed and show no 
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difference in occurrence in all chondrites. Consequently, it is suggested that all chondrules were 
formed from mixtures of pre-existing minerals. This exclusively eliminates the possibility of direct 
liquid condensation from primitive solar gas for the origin of chondrules (Wood and McSween, 
1977; Blander, 1982); condensed liquid cannot contain relic minerals. 

The presence of relic olivine in various chondrules indicates that the heating temperature of 
these chondrules was between liquidus and solidus temperatures. Most chondrules have a liquidus 
temperature of 14000- l 700°C, and the solidus approximately 10000-1200°C based on the bulk 
composition and the melting experiments of chondrule-like materials and terrestrial ultramafic 
rocks. Thus, the heating temperatures of relic-bearing chondrules should have been between these 
temperatures. 

Mineral clusters that were heated at temperatures lower than those for relic-bearing 
chondrules could not form round or ellipsoidal shapes because of the presence of small amounts of 
liquid between liquidus and solidus temperatures. The amount ofliquid decreases with decreasing 
temperature, so those heated to about 12000C or below contained small amounts of liquid and 
would have failed to form round shapes; that is, they are not "droplet" chondrules. Those heated 
to subsolidus temperatures, of course, contained no liquid. They formed irregular-shaped mate-
rials such as "lithic fragments" or "inclusions" with or without small amounts of liquid (glass or 
devitrified glass), and/ or fine-grained minerals. Thus, the shape of chondrules would depend on 
the maximum temperature of heating or the amount ofliquid. The shape continuously varies from 
a completely-rounded one to an irregularly-shaped one, and therefore· cannot be one of the 
defining factors for chondrules. 

Dodd ( 1978a,b) has discussed that the microporphyritic chondules were formed by fragmen-
tation of rocks that crystallized from liquids, and that they were different in origin from the 
remelted chondrules, such as barred olivine or radial pyroxene chondrules. Though his model 
seems to explain the pattern of chemical variation among chondrules with different textures, 
microporphyritic chondrules with completely rounded shapes are difficult to form by fragmenta-
tion of bodies crystallized from wholly-melted liquid. Furthermore, rocks, once wholly melted, 
would have easily exchanged the oxygen isotopes and become equilibrated with the ambient gas, 
from which isotopically heterogeneous chondrules could not be formed. Because of their same size 
distribution, different origins for microporphyritic and droplet chondrules seem difficult to explain. 
Crystalliz.ation from incompletely melted pre-existing mineral clusters, that is, crystallii.ation in the 
presence of relic minerals as nuclei, is an effective explanation for the formation of microporphyritic 
chondrules and the difference between (micro-)porphyritic and droplet chondrules. 

The present experimental result indicates that chondrules containing porphyritic pyroxene 
with enclosed olivine cooled at slow rates. The slow cooling rate seems to be inconsistent with the 
presence of considerable amounts of Na20 in most chondrules in type 3 ordinary chondrites. 
Tsuchiyama et al (1981) investigated the volatiliz.ation of Na20 from the liquid droplets of 
chondrule compositions and revealed that Na20 is easily vaporized from the liquid under low 
oxygen partial pressure. They further showed that if chondrules were heated to about 22000C or 
above, all Na20 would have been lost during heating and cooling even at very rapid rates. 
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Grossman et al (1979) also discussed that sudden melting and rapid cooling could prevent the 
volatile loss. 

The above discussion, however, applies only to liquid droplets. The present petrographic 
observations and the experimental results show that at least half of the chondrules were not entirely 
melted. The bulk chemical composition of chondrules consists mainly of olivine, pyroxene, and 
plagioclase components, and the partially melted liquid that crystallized olivine and pyroxene must 
be enriched in plagioclase component. Such a liquid should be more polymerized than the 
completely melted chondrules, which are more enriched in olivine and pyroxene components, and 
the volatiles, especially Na20, would hardly be vaporized from the liquid. Thus, slow cooling of 
some kinds of chondrules does not necessarily conflict with the presence of considerable amounts 
of volatiles. 

Oxygen isotopic composition for individual chondrules in the type 3 chondrites is variable 
(Gooding et al., 1980a, 1982; Onuma et al., 1982), and it requires the presence of isotopically 
different solid precursors of the solar system (Onuma et al., 1982; Wood, 1981). Further, they 
would have been incorporated into the precursor materials of chondrules. Formation of chon-
drules in the early solar system from chemically and isotopically heterogeneous mineral clusters 
seems to be the most plausible explanation for the following problems: (1) mechanically aggre-
gated precursor materials can explain the chemical and isotopic heterogeneity; (2) abundant dust 
and dense gas, which were present in the early solar system, could have been an insulator for the 
cooling chondrules; and (3) the difference of optical depth has caused the wide range of cooling 
rates of chondrules. 

Though the mechanism of heating the nebula where clusters and abundant fine-grained dust 
were present is still unknown, formation of chondrules at the early stage of the solar system 
eliminates the usual several models for chondrule origin. Formation of chondrules by collision 
between small bodies (Lange and Larimer, 1973; Kieffer, 1975; Kerridge and Kieffer, 1977) 
cannot be accepted because high speed collision ( more than several km/ sec) to form silicate liquid 
(~12000C) was impossible in dense nebula. Impact origin on the large body (or bodies) 
(Fredriksson and Ringwood, 1963; Fredriksson, 1969; Kurat, 1967; Wlotzka, 1969; King et al., 
1972; Dodd, 1978a,b, 1981) is also difficult because the large body could not be present in the 
early solar system. The model of heating by internal energy of accumulation of interstellar particles 
into large particles (Clayton, 1980) does not need any external energy supply, but the assumption 
that the amorphous grains became crystals is uncertain. Thus, these models cannot satisfactorily 
explain the origin of chondrules. Therefore, another new model of heating the nebula, which 
contained mineral clusters as the precursor of chondrules, abundant fine-grained dust, and dense 
gas by a certain event, should be considered. 
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