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Abstract: Textures of chondrules in the unequilibrated ordinary chondrites 

have been summarized on the basis of the processes of their formation inferred 

from the results of previous experiments. The chondrules studied are classified 

by their textures into the following four groups: (1) those formed by complete 

melting of the precursor materials, (2) those formed by incomplete melting of 

the precursor materials, (3) "lithic fragments" or "lithic chondrules" formed 

through low temperature heating of the precursor materials, and (4) complex 

chondrules formed by accretion of two chondrules or by squeezing out the liquid. 

Groups (1) and (2) are further classified into different subgroups depending on 

their texture and constituent minerals. The subgroups in group (1) include bar

red olivine chondrules, radial pyroxene chondrules, and glassy chondrules. In 

group (2), the subgroups are porphyritic olivine and pyroxene chondrules, por

phyritic olivine chondrules, and porphyritic pyroxene chondrules. The porphy

ritic olivine and pyroxene chondrules include the following specific types: normal 

porphyritic olivine and pyroxene ones without relict minerals, chondrules with 

relict minerals, chondrules which are Ca- and Al-rich, which have been intensive

ly heated, and which are metal-rich. The conditions of formation of these differ

ent chondrules have been estimated by comparing them with the experimentally 

reproduced textures. Group (1) is interpreted to have been heated at above

liquidus temperatures, about 1500° C, and cooled at rates of 104-1020 /hr, with 

most suitable rates of 1030 /hr for barred olivine chondrules, and 102-1 ° /hr, with 

most suitable rates of several tens0 /hr for radial pyroxene chondrules. Group 

(2) was heated at subliquidus temperatures (probably between 1200-1000° and 

1500 °C, and cooled at various rates, relatively rapidly for porphyritic olivine 

chondrules and slowly for euhedral tabular pyroxene. Group (3) without spher

ical form was heated near or below solidus temperatures. 

1. Introduction 

Recent chemical and petrological studies of individual chondrules in type 3 or

dinary and carbonaceous chondrites have revealed that they were formed from pre-ex

isting materials which would have been composed of several different components (i.e. 

GOODING et al., 1980; GROSSMAN and WASSON, 1982, 1983; NAGAHARA, 1981a, 1983; 

RAMBALDI, 1981; RAMBALDI and WASSON, 1982). The specific origin of chondrules 

or mechanism(s) of heating the precursors, however, has not been identified. 

Chondrules have nearly uniform size, mostly ranging from 0.1 to 2.5 mm in dia

meter, and show variable chemical compositions and textures. Chemical composition 

is the most important factor for the estimation of precursor materials and the mecha

nism of formation. Texture is also an important factor, especially in determining the 

physical conditions of melting and crystallization, and their mechanism(s) of formation. 
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Experiments have been performed to reproduce chondrule-like textures to estimate 

the temperature and cooling rate of their formation (TsuCHIYAMA et al., 1980; Tsucm

YAMA and NAGAHARA, 1981). Major results of the experiments are as follows: I) 

texture of chondrules and crystalline phase(s) in them are defined by complex factors, 

such as bulk chemical composition, heating temperatures, and cooling rate, 2) bulk 

chemical composition affects the textures and crystalline phases, 3) maximum heating 

temperature largely affects the texture; barred, radial, and glassy textures were formed 

from entirely molten liquid, whereas porphyritic texture was easily formed from par

tially molten precursor materials, 4) cooling rate does not significantly affect the tex

ture, but affects the crystalline phases, 5) cooling rate for producing various textures 

varies widely between 104-1 ° /hr in the temperature range 1600-1200°C, and cannot be 

obtained by cooling by radiation in extremely low gas pressure, and 6) according to the 

experiments by PLANNER and KEIL (1982), porphyritic texture can be also reproduced 

from an entirely molten state by cooling with a temperature plateau. 

Based on the above experimental results, textures of natural chondrules can be in

terpreted in terms of their formation temperature and cooling rate. 

Modal ratios of chondrules with different textures in ordinary chondrites are near

ly the same; porphyritic chondrules with 45% porphyritic olivine and pyroxene, 25% 

porphyritic olivine, and 10% porphyritic pyroxene 10%; barred olivine sometimes 

with minor amounts of pyroxene 7 % , radial pyroxene sometimes with minor amounts 

of olivine 10%; glassy or cryptocrystalline 2% (GooDING and KEIL, 1981-: NAGAHARA, 

1983). Within each type, size and amount of crystals are variable, s; , g various 

appearances. 

In this paper, textures of chondrules in the type 3 ordinary chondrit described, 

and conditions for the formation of most of them can be roughly est1, :d by com-

parison with the experimental results. The samples observed were ALii /7033 (LL), 

-77015 (L), -77278 (LL), -77299 (H), and -77304 (L) chondrites from Antarctica, the 

former two being considered to be paired with ALH-77011 (McKINLEY et al., 1981). 

Photographs shown here are all in ALH-77015 chondrites. 

2. Chondrules Formed Through Complete Melting of the Precursor Materials 

2 .1. Barred olivine chondrules 

Barred olivine (BO) chondrules are spherical and composed of olivine bars and 

glassy or devitrified groundmass. Sometimes a thick olivine shell encloses the chon

drule (Fig. l a), though the mechanism of shell formation is not known. The width 

of olivine bars varies mostly from 10 to 100 µm (Figs. 1 b and le). Experimental re

sults show that barred olivine texture is formed from an entirely molten liquid and that 
the width of the olivine bars increases with decrease in cooling rate. It is formed at 

cooling rates of 104-102 0 /hr, with most suitable rates of 103 0 /hr in order. 

Rare BO chondrule composed of two parts with different barred widths is present 

(Fig. l d). Olivine bars form several bundles (Figs. l e  and lf) with various widths; these 

chondrules should be called "radial olivine" chondrules, because of different crystal

lographic orientations of olivine fibers. 

Groundmass of BO chondrules is mostly glassy or devitrified (Figs. l b  and le), but 



Fig. la. Barred olivine (BO) chon

drule with olivine shell. BO 

chondrule would have been once 

entirely molten and cooled rela

tively rapidly (faster than [()3
° 

/ 

hr). Transmitted, plane polar

ized light. 

Fig. lb. Enlarged view of olivine 

bars <�l Fig. la. The width of 

olivine bars becomes wider with 

decrease of cooling rate. Width 

of olivine bars of this chondrule 

is about the average of natural , 

ones. It resembles the experi

mentally produced one (Fig. Se 

of TsucHIYAMA et al., /980), 

which was cooled at a rate of 

several thousands O /hr. Trans

mitted, plane polarized light. 

Fig. Jc. BO chondrule with clear 

glassy groundmass. Olivine bars 

in this chondrule are slightly wider 

than those in Fig. la and I b. This 

chondrule would have once entirely 

molten and cooled at several 

thousands O /hr at high tempera

tures. Transmitted, plane polar

ized light. 
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Fig. Id. BO chondrule composed 

of two parts with dfflerent barred 

olivine widths. The origin of this 

texture is not known. Radial 

pyroxene texture with two different 

widths was experimentally formed 

at a cooling rate of 5° /hr from 

an entirely molten state. Trans

mitted, plane polarized light. 

Fig. le. BO chondrule made up <�f' 

several bundles <�/' narrow olivine 

hars. This is interpreted to have 

cooled more rapidly than those in 

Figs. la  and Jc. This should he 

called a "radial olivine" chondrule. 

It resembles the experimentally 

produced one (Fig. 6 of TsucHI

Y AM A et al., /980), and the cool

ing rate is estimated to he about 

several thousands u /hr. Trans

mitted, plane polarized light. 

Fig. If BO chondrule composed 

<�l many bundles of olivine hars 

which are wider than those in 

Fig. le. It would have cooled at 

rates nearly the same as those for 

chondrules in Figs. la and Jc, 

though the nucleation was dffler

ent. Transmitted, plane polarized 

light. 



Fig. I g. BO chondrule of which 

groundmass consists of slender 

pyroxene and glass. It would 

depend on the cooling rate at 

lower temperature and chemical 

composition whether the ground

mass is crystalline or glassy. 

Transmitted, plane polarized light. 

Fig. Jh. BO(P) chondrule of which 

olivine partly reacted with the 

residual liquid to form pyroxene. 

This chondrule would have been 

cooled rapidfv at high tempera

ture and slowly enough to have 

reacted with liquid at lower tem

peratures. The reaction relation 

between olivine and liquid is 

observed only in such BO( P) 

chondrules and it is not found in 

porphyritic chondrules. Trans

mitted, plane polarized light. 

Fig. Ii. Enlarged view of the oli

vine bars and pyroxene in Fig. 

lh. Pyroxene grows where olivine 

became slender; that is, the rela

tion of resorption of olivine by 

pyroxene is observed. Olivine 

bars contain many blebs of trap

ped liquid which indicates rapid 

cooling at crystallization of oli

vine. It is ofien observed in the 

natural chondurles (e. g. IKEDA, 

/980), though it is not found in 

the synthetic ones. Transmitted, 

plane polarized light. 
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in some places slender pyroxene is present (Fig. I g). Further, olivine reacted with 

the residual liquid to form pyroxene (Figs. I h and Ii), indicating relatively slow cool

ing rates at subliquidus temperatures. 

The bulk chemical compositions of BO chondrules are rich in MgO and poor in 

Si02 and FeO. About half of BO chondrules are more enriched in Al203 (up to 8 wt % ) 
and CaO (up to 6 wt%) than other textural types of chondrules (0.5-4, 0.5-3 wt%, 

respectively) (N AGAHARA, 1981 b ). 

2 .2. Radial pyroxene chondrule 

Radial pyroxene (RP) chondrules show rounded shape and are composed of fibrous 

pyroxene and glassy groundmass. The amount of groundmass is much less than that 

in the BO chondrules. The width of pyroxene fibers varies from I to several tens of 

micron meters (Figs. 2a and 2b). 

Experimental results show that radial pyroxene texture is formed from an entirely 
molten liquid which is rich in pyroxene component and that the width of pyroxene 

fibers increases with decrease of cooling rate. It is formed at a cooling rate of 102-I 0/hr, 

with most suitable rates of several tens of O /hr. 

Euhedral to subhedral olivine grains are sometimes present in RP chondrules 

(Fig. 2c). It is not known whether the olivine crystals are relict or were crystallized 

from liquid before pyroxene fibers. The presence of olivine crystals indicates that 

pyroxene did not crystallize under an extremely supercooled condition, which would 

be different from the case for BO chondrules. However, pyroxene fibers contain much 

trapped liquid (Fig. 2d) indicating relatively rapid cooling during crystallization of pyrox

ene. Pyroxene fibers are often extremely narrow and may be too small to be resolved 

under the microscope (Fig. 2e). 

The bulk chemical composition of RP chondrules is more enriched in Si02 than 

BO chondrules, indicating that the precursor materials of RP chondrules melted 

thoroughly at lower temperatures than BO chondrules. 

2.3. Glassy chondrules 

Glassy (GL) chondrules show spherical shapes and are composed entirely of glass 

which is usually devitrified. Some GL chondrules show a zoned texture (Fig. 2f), of 

which two parts have slightly different chemical compositions. 

The bulk chemical composition of GL chondrules is rich in Si02 and FeO, indicat

ing that they have lower liquidus temperatures than chondrules of other textural types. 

The precursor materials with low liquidus temperatures easily melt completely, and 

therefore the GL chondrules may not be the result of intensive heating and extremely 

large cooling rates. 

3. Chondrules Formed Through Incomplete Melting of the Precursor Materials 

3. I. Porphyritic olivine and pyroxene chondrules 

Porphyritic olivine and pyroxene (POP) chondrules are composed of olivine and 

pyroxene phenocrysts and groundmass, and usually show spherical shapes. The 

mode of occurrence of olivine and pyroxene varies: namely, chondrules with euhedral 



Fig. 2a. Radial pyroxene ( RP) 

chondrule. Residual liquid was 

trapped near the nucleation site. 

This chondrule would have been 

entirely molten and cooled rela

tively slowly, probably at ahout 

JOO-' /hr. Transmitted. plane po

larized light. 

Fig. 2h. RP chondrule in which 

pyroxene fibers are wider than 

those in Fig. 2a. This would 

have been cooled more slowly 

than the former, prohahly at a 

rate less than several tens '-' /hr. 

Transmitted, plane polarized light. 

Fig. 2c. RP(O) chondrule which 

contains radial pyroxene and suh

hedral olivine grains (upper right 

and lowest middle). Olivine and 

pyroxene are not in reaction re

lation. It is not known whether 

the olivine grains are relict or 

crystallized hefore pyroxene.fibers. 

This relation indicates that con

trary to the harred olivine texture, 

radial pyroxene texture was not 

formed under an extremely under

cooled condition, that is. it cooled 

relatively slowly. This is consist

ent with the experimental result 

that radial pyroxene texture was 

formed at cooling rates much less 

than those for barred olivine tex

ture. Transmitted, plane polarized 

light. 
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Fig. 2d. Enlarged view of radiat

ing pyroxene. Pyroxene contains 

many hlehs of trapped liquid indi

cating relatively rapid cooling at 

high temperatures. Unlike the 

olivine bars in the BO chondrules, 

pyroxene bars in RP chondrules 

are not in the same optical 

orientation and often do not con

tinue fi·om one end to the opposite 

end of the chondrule. Trans

mitted, plane polarized light. 

Fig. 2e. RP chondrule in which 

pyroxene fibers are too narrow to 

he distinguished separately. It 

would have cooled more rapidly 

than other RP chondrules in Figs. 

2a-2c. Transmitted, plane po

larized light. 

Fig. 2f Glassy (CL) chondrule with 

zoned texture. The interior is 

glassy and the exterior is micro

crystalline. The interior is more 

enriched in Si, Fe and Ca than 

the exterior. DODD (1978) re

ported a similar chondrule in the 

Manych chondrite. This would 

have been once entirely molten 

and cooled rapidly (more than 

103 " /hr). Transmitted, plane 

polarized light. 



Fig. 3a. Porphyritic olivine and 

pyroxene (POP) chondru/e. Short 

prismatic low-Ca clinopyroxene 

(gray) is more abundant than 

polyhedral olivine (white). Both 

olivine and pyroxene are euhedral. 

Transmitted, plane polarized light. 

Fig. 3h. POP chondrule with eu

hedral to suhhedral pyroxene and 

poik ilitically enclosed olivine 

grains. As mentioned in Fig. 4, 

olivine grains are considered to 

he relict and pyroxene to have 

crystallized from a liquid. This 

chondrule resembles the experi

mentally produced porphyritic 

pyroxene texture ( Fig. 7 <�l 

NAGAHARA, /983), which shows 

that pyroxene with such clear 

euhedral shapes would have been 

formed at slow cooling rates (less 

than 102 � /hr ). Transmitted, plane 

polarized light. 

Fig. 3c. POP chondrule with euhed

ral large olivine phenocrysts and 

acicular pyroxene in the ground

mass. This texture resembles the 

experimentally reproduced one by 

PLANNER and KEIL (1982) which 

was cooled at rates of 300-450 u 

/hr from super-liquidus tempera

ture down to suhsolidus tempera

ture with an intermediate tempera

ture plateau he/ow liquidus. 

Transmitted, plane polarized light. 
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100 µm 

Fig. 3d. POP chondrule composed 

of euhedral olivine (white) and 

subhedral to anhedral pyroxene 

(gray). This would have cooled 

slowly, though it is not clear 

whether it was once completely 

molten nor how fast it cooled. 

Transmitted, crossed polars. 

Fig. 3e. POP chondrule with 

pyroxene crystals grown along 

the outline of the chondrules. This 

texture suggests that pyroxene 

nucleated or grew from an en

tirely molten state. Transmitted, 

crossed polars. 

Fig. 3f Porphyritic pyroxene(PP) 

chondrule. This type of ch(m

drule is rare as compared with 

other types of porphyritic chon

drules. According to experimental 

results, this would have been 

cooled slowly, probably less than 

/02 0 /hr from either subliquidus 

or superliquidus temperatures. 

Transmitted, plane polarized light. 
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olivine and pyroxene (Fig. 3a), euhedral pyroxene and subhedral to anhedral olivine 

(Fig. 3b), euhedral olivine and dendritic pyroxene in groundmass (Fig. 3c) and sub

hedral pyroxene (Fig. 3d). 

It is not known whether these chondrules have been once completely molten or 

not, though poikilitically enclosed olivine in pyroxene phenocrysts may be relict 

(N AGAHARA, 1983). Experimental ly, porphyritic texture was inevitably formed from 

incompletely molten states ; however, the results of PLANNER and KEIL ( 1982) show the 

possibility of porphyritic texture from completely molten states through cooling with a 

temperature plateau. Phenocrysts often grow along the outline of chondrules (Fig. 

3e) indicating crystallization of those crystals from liquid. Rare porphyritic pyroxene 

chondrule is observed (Fig. 3f). 

The bulk chemical composition of POP chondrules varies widely, indicating var

ious liquidus temperatures. 

3.2 .  Porphyritic chondrules with relict minerals 

Large relict olivine has a dusty appearance (Figs. 4a-4d), and is easily defined. 

Surrounding the relict olivine, clear olivine overgrows and small euhedral olivine and/ 

or pyroxene grains are present in the outer portion of the chondrules. 

In some POP chondrules, euhedral olivine phenocrysts (Figs . 4e and 4f) and some 

poikilitically enclosed olivine chadacrysts in euhedral pyroxene (Fig. 4g) contain dusty 

inclusions l ike those in the large relict olivine grains and are similar in appearance. 

They are also considered to be relict. These poikilitical ly  enclosed relict olivine grains 

suggest the possibility that olivine chadacrysts without dusty inclusions are also relict 

(Fig. 4h). The proportion of POP chondrules with poikilitic texture is about 40-50 
% of all chondrules, which means that large amounts of chondrules would not have 

been completely molten. 

The bulk chemical compositions of relic-bearing chondrules are not anomalous 

and are within the range of porphyritic chondrules, indicating that the presence of relic 

minerals is due to heating temperature and not due to bulk composition. 

3 .3. Unusual chondrules 

Chemically very rare chondrules with Ca- and Al -rich compos1t10n are observed 

(Fig. 4i). Their bulk chemical compositions are mainly composed of Si02 , Al203 , MgO 

and CaO, which is quite different from usual chondrules composed mainly of Si02, 

FeO and MgO. They consist of phenocrysts of spinel (pure MgAl204), small amounts 

of olivine, and abundant fassaite phenocrysts in the glassy groundmass . Experimen
tal results in the system Di-An (TsucHIYAMA, private commun.) show that the cooling 

rate would be 1-100 °/hr, which is consistent with relatively slowly cooled chondrules 

(N AGAHARA and KuSHIRO, 1982). 

Highly crystalline chondrules without liquid (glass) are often observed. Some 

of them seem to be intensely heated chondrules (Fig. 4j). Others do not show any 

evidence for chondrule origin. FoooR and KEIL  ( 1975) considered the large clasts 

with granular poikilitic texture as "lithic fragments". It is difficult to distinguish wheth

er such fragments were chondrules or parts of large bodies ; however, those in Fig. 4.i 

present the possibility that at least some of them are severely heated chondrules. 
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Fig. 4a. Typirnl relict olivine-

hearing chondrule. Relict olivine 

seen in the center <�l the chondrule 

is large and dusty, and has high 

FeO and low CaO contents. 

Newly crystallized olivine which is 

small and clear surrounds the relict 

olivine. Existence of relict min

erals indicates incomplete melting 

()l the precursor minerals. Trans

mitted, plane polarized light. 

Fig. 4h. /hid. Large ovoids are 

holes made hy IM A heam. 

Fig. 4c. Relict olivine, surrounded 

hy newly crystallized olivine and 

pyroxene. Microporphyritic oli

vine and pyroxene would have 

heen formed in the presence of 

nuclei ; that is, they would have 

overgrown on the pre-existing 

olivine and/or pyroxene. Trans

mitted, plane polarized light. 



Fig. 4d. large relict olivine with 

dusty inclusions. This clast is 

composed mainly of ref ict olivine 

surrounded by minor amounts of 

newly crystallized olivine crystals . 

This is interpreted to have been 

heated to about !400° C and sub

sequently cooled relatively rapidly. 

Transmitted, plane polarized light .  

Fig. 4e. POP chondrufe with olivine 

containing dusty inclusions like 

large relict olivine in Figs. 4a-4d. 

These olivine chadacrysts may 

al so be relict minerals. Trans

mitted, crossed nicols. 

Fig. 4 f Enlarged view 4 an oli

vine chadacryst in Fig. 4e. Dusty 

inclusions are mostly metalic 

iron , and the opaque rectangular 

crystal is spine/. This chondrule 

is considered to have heen heated 

up to suhliquidus temperature. 

Transmitted, plane polarized light. 
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20 ]Jffi 

200 l,.tffi 

Fig. 4g. En/urged view of another 

olivine chadacryst with dusty in

clusions. Plane polarized light. 

Fig. 4h. Part of POP chondrule 

with a poikilitic texture, where 

a large euhedral pyroxene oiko

cryst includes the small olivine 

chctdacrysts without dusty inclu

sions. Based on the similarity to 

Figs. 4 f and 4 g, these olivine 

chadacrysts are also considered to 

he relict. Transmitted, crossed 

nico/s. 

Fig. 4i. Rare Ca-Al-rich chondrule. 

It consists <J/' ahundant fassaite 

and small amounts ol olivine and 

spine/ phenocrysts. Bulk chemical 

composition is intermediate he

tween those <�l CAi's in the car

honaceous chondrites and most 

chondrules in the ordinary chon

drites. Based on the experimental 

results in the system Di-An, 

cooling rate is estimated to he 

102 " /hr, which is consistent with 

those for other chondrules. 

Transmitted, plane polarized light. 



Fig. 4j. Highly crystalline chon

drule composed <�/' barred to 

granular olivine ( light). anhedral 

pyroxene ( gray) in the outer por

tion, and interstitial plagioc/ase. 

This would have been cooled 

much slowly ( less than /'' /hr) or 

held at high temperatures (nwre 

than /000 C) for a long duration. 

Transmitted, crossed nico/s. 

Fig. 4k. Highly crystalline chon

drule which is rich in metallic 

FeNi and troilite. Crystalline 

phase is olivine. This chondrule 

is considered to have been cooled 

extremely slowly or held at high 

temperatures for a long duration. 

Transmitted, plane polarized light. 

Fig. 41. Metal-rich porphyritic oli

vine chondrule. Metal grains are 

present in the interstices and 

cracks of olivine phenocrysts, like 

those formed in experiments under 

a reducing condition. The metal 

b/ebs are considered to have been 

formed as immiscible droplets at 

the time of crystallization. Trans

mitted, plane polarized light. 
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M ost of the chondru les described above are poor in or lack metal and troi l ite ; 

however, some contain abundant meta l  and tro i l ite blebs. The metal and troi l ite i n  

the latter chondru les have spherical shape and seem to  have been formed from l iq uid 

by l iquid immiscibi l i ty. As the eutectic temperature of metal-troil ite is 988°C. such 

chondrules would have been heated at least I 000°C. It is not obv ious whether the 

heating mechanism for such chondru les is the same as that for usual chondrules. 

3.4. Porphyritic olivine chondru/es 

Porphyritic ol iv ine (PO) chondrules contai n ol iv ine phenocrysts of various mor

phology. Some are euhedral and granular (Fig. 5a), and some are skeletal or hopper 

(Fig. 5b and 5c). Ground mass of some chondrules is clear glass (Figs. 5b and 5c), 

dendritic and crystal l ine (Fig. 5c), devitrified glass ( Fig. 5d), or microcrystal l ine ( Figs. 

5e and 5f). Some PO chondru les show spherical shapes, and others show i rregular 

shapes. Especial ly those with microcrystal l ine groundmass usually show irregu lar 

shapes and heterogeneous size d istribution of ol iv ine phenocrysts (Fig. 5f). Those 

with spherical shapes would have been largely molten, a lthough those with i rregu lar 

would have been part ly molten. 

These chondrules would have been heated up to less than I 500°
C, mostly less than 

I 200°C, and cooled re latively rapid ly. 

4. '"Lithic Fragments" 

The term " l i th ic fragment" is used mainly in two different ways. Some use this 

term for highly crystal l i ne coarse-grained fragments as mentioned in  Subsection 3.3, 

whereas others use it for fine-grained irregular-shaped materials which are considered 

not to have been heated at above-sol idus temperatures. 

These fine-grained, irregular-shaped materials are, however, considered to be 

products of lower temperature heat ing of the same precursor materials as chondrules. 

Absence of l iquid was responsible for the non-spherical shape, but it obscured the out

l i ne duri ng accret ion to chondrites (Fig. 6a). Some of them are coated by thick fine

grained rims, which are cal led "dark-zoned" chondrules by DODD and VAN ScHUM US 

( 1 97 1 )  (Fig. 6b). As DODD and VAN SCHUM US have pointed out, these contain only 

ol ivine as large crystals and the size d istribution of phenocrysts varies widely (Fig. 6c). 

This  group often contains abundant metals and tro i l ite which are irregular in  shape 

(Figs. 6d and 6e) . This fact supports thei r low-temperature heating (below I 000°C). 

The d ifference of temperature would have induced the difference between PO chon

drule in Fig. 5f and "l i thic fragment" in Fig. 6,  wh ich can be attributed to the different 

heat ing hi story. Rarely a fragment composed of two parts with d ifferent grain sizes 

is observed ( Fig. 6e). This texture resembles experimental results of low-temperature 

heating of the precursor mineral aggregates (Fig. 6f ). 

5. Complex Chondrules 

Some chondru les show accreted or compound features (Fig. 7). These features 

ind icate that accretion and col l is ion often happened while they were sti l l  unsol id ified 

(probably at tem peratures h igher than I OOOuC).  



Fig. 5a. Porphyritic olivine (PO) 

chondrule consisting of granular 

olivine phenocrysts and brown to 

purple clear glass. This chondrule 

would have been nearly or com

pletely molten and cooled rela

tively rapidly. It resembles the 

experimentally produced porphy

ritic olivine texture (Figs. Id and l e  

of TsucHIYAMA and N AGAHARA, 

/98 / ) ,  which were heated at sub

liquidus temperature and cooled 

at a rate <�f several thousands 0 
/ hr. 

Transmitted, plane polarized light. 

Fig. 5b. PO chondrule with eu

hedral lo skeletal olivine grains 

and clear glass. This texture 

resembles the experimentally pro

duced one (Fig. 4 �f TSUCHIYAMA 

et al.. /980). This texture was 

formed when heated near the 

liquidus temperatures and cooled 

relatively rapidly, probably at a 

rate greater than one thousand u 
/ 

hr. Transmitted, plane polarized 

light. 

Fig. 5c. PO chondrule with eu

hedral hopper olivine phenocrysts 

and dendritic groundmass. Based 

on the experimental results on 

the olivine texture ( DONALDSON, 

1976), this chondrule may have 

been formed from entirely molten 

liquid at a cooling rate of several 

thousands O /hr. However. if it 

were not entirely molten, it must 

have been cooled at a greater 

rate. Transmitted, plane polar

ized light. 
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100 µm 

200 l,lm 

Fig. 5d. PO chondrule with eu

hedral olivine phenocrysts and 

devitrffted groundmass. It would 

have been heated to near the 

liquidus temperature and olivine 

grew on the nuclei. Transmitted, 

plane polarized light. 

Fig. 5e. PO chondrule. Size dis

tribution 4 phenocrysts is wide 

and the groundmass is crystalline. 

It would have been partly molten. 

The maximum temperature of 

heating was about 1300-l 500c C. 

Transmitted, plane polarized light. 

Fig. 5 f: PO chondrule. Internal 

texture resembles that of Fig. 5e. 

Its irregular outline indicates the 

presence of a small amount of 

liquid ; this chondrule would have 

been heated up to a temperature 

lower than that of Fig. 5e. Trans

mitted, plane polarized light. 



Fig. 6a. "Lithic fragment" con

sisting of sporadic large olivine 

grains and microcrystalline ground

mass. Absence of liquid (glass) 

and irregular outline indicate that 

this would not have been molten. 

Probably it was not heated to 

solidus temperature. It resembles 

the subsolidus experimental re

sults, in which heating was made 

at temperature lower than the 

liquidus temperature. Transmit

ted, plane polarized light. 

Fig. 6b. "Dark zoned chondrule" 

( DODD and VAN SC HUMUS, 197 / ) .  

The interior is composed of olivine 

phenocr ysts with heterogeneous 

size distribution and microcrys

talline groundmass. Similarly to 

"lithic fragment" in Fig. 6a, it 

does not contain glass and would 

not have been molten. The maxi

mum heating temperature would 

have been about !000 ° C. The 

rim consists <�f abundant troilite 

and fine-grained silicate minerals. 

Fig. 6c. Enlarged view of the in

terior of Fig. 6b. Shape <�f olivine 

is ambiguous, and the groundmass 

is rich in olivine. Transmitted, 

plane polarized light. 
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1 00 µm 

1 00 µm 

Fig. 6d. Metal-rich chondru/e with 

zonal structure produced hy dif� 

ference in grain size. It does not 

contain large crystals and glass, 

indicating that heating tempera

ture was probably he/ow the 

solidus ; however, it shows a 

smooth outline, which requires a 

relatively long heating duration. 

Transmitted, plane polarized light. 

Fig. 6e. "Lithic ji-agment" com

posed of two portions with differ

ent grain sizes. The lower le.Ii 

portion is coarser than the upper 

right portion. It would have been 

accreted while they were still 

ductile. Transmitted, plane polar

ized light. 

Fig. 6f Enlarged view of the finer 

portion 4 the fragment <�l Fig. 

6e. It consists <�l aggregates of 

frne-grained olivine crystals and 

interstitial dusty materials. It 

closely resembles experimentally 

produced microporphyritic tex

tures (Figs. lg-Jj and 2 f -2h �l 

T SUCHIYAMA and NAGAHARA, 

1981), which were produced hy 

heating to temperatures much 

lower than the liquidus tempera

ture. Transmitted, plane polar

ized light. 



Fig. 7a. Chondrule with a complex 

texture. Large central body shows 

radial olivine and pyroxene tex

ture, where olivine (white) is 

coarse and pyroxene (gray) is ftne

grained. Olivine and pyroxene 

fibers grow in different orienta

tions. Outer zone on the right 

shows pyroxene radial texture. 

It is not kno wn whether the 

smaller chondrules accreted to the 

larger one while still molten or 

they were formed Fom liquid 

squeezed out from the large hody 

and crystallized separately. Trans

mitted, plane polarized light. 

Fig. 7b. Compound chondrule in 

which a small fine-grained barred 

olivine chondrule was incorporated 

into the large irregular chondrule 

which is composed of large olivine 

crystal and fibrous groundmass 

consisting of pyroxene and liquid. 

KEIL et al. ( /978) found a com- ·· 

pound chondrule in the Inman 

chondrite in which a small spher

ical barred olivine chondrule is 

included in a large porphyritic 

chondrule. Transmitted, plane " 

polarized light. 

Fog. 7c. Compound chondrules 

with radial olivine textures. Most 

accreted chondrules show the 

same texture and those with dif� 

ferent textures are rare. This 

indicates that the similar chon

drules were formed in a narrow 

space and they easily collided 

while they were still unsolidifted. 

Transmitted, plane polarized light .  
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6. Summary 

Textures of chondrules in ordinary chondrites are interpreted on the basis of re

cent experimental results. Major difference of textures would be due to temperature 

of heating, cooling rate and chemical composition of the precursor materials .  Ex
perimental results offered an important information for the interpretation of dif

ference in texture of chondrules. Barred olivine or radial olivine texture is formed from 

an entirely molten liquid and by rapid cooling ( 1 04- 1020/hr) from relatively MgO- and 

often CaO- and Al20:1-rich and Si02-poor precursors. Radial pyroxene texture is 

formed by slow cooling (I 02- I  O /hr) from relatively Si02- and FeO-rich precursors. 

On the contrary, porphyritic texture is formed in the presence of nuclei, that is, 

through incomplete melting of the precursor materia ls with various compositions. 

Euhedral pyroxene phenocrysts would have been formed at the smallest cooling rate 

(less than I 0° /hr), and olivine phenocrysts were formed at various cooling rates. PLAN

NER and KErL (1982) produced porphyritic texture by cooling from completely molten 

states with a temperature plateau ; however , it is difficult to consider such a cooling 

condition in the natural nebula. 

These results show that the most abundant porphyritic chondrules were possibly 

formed through incomplete melting of the precur sor minerals, which means that most 

chondrules were heated below their liquidus temperatures, probably I 500''C or less. 

Further, fine-grained "lithic fragments" are interpreted to be lower temperature pro

ducts of precursor aggregates. 
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