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Abstract: Petrographic and mineralogical study of the PCA 91082 CR chondrite 

was performed using a scanning electron microscope (SEM) and an electron 

microprobe analyzer (EPMA). The present study shows that this meteorite has some 

unique petrographic and mineralogical properties which have not been observed in 

other CR chondrites. (1) About 40% of chondrules contain silica-pods in their 

outermost parts. Silica was probably formed by the adhesion of SiOrrich materials 

during chondrule formation. (2) Chondrules in PCA 91082 experienced a lesser 

degree of aqueous alteration than those in other CR chondrites. Only the peripheries 

of chondrules are altered in PCA 91082. Fe contents in the phyllosilicates in 

chondrules are higher than the values reported in other CR chondrites in which 

chondrules are altered into their cores. In Yamato (Y)-793495, the extent of aqueous 

alteration is similar to that in PCA 91082. Fe contents of phyllosilicates in chondrules 

in Y-793495 are also higher than those in the more altered CR chondrites. (3) PCA 

91082 contains constituent components which experienced various alteration 

conditions. One phyllosilicate clast in PCA 91082 contains a Ca-sulfate component 

with magnesian phyllosilicates. Probably the clast experienced aqueous alteration on 

a parent body. The aqueous alteration condition of the clast was probably similar to 

that of Cls. 

1. Introduction 

CR chondrites were first defined as a group of carbonaceous chondrites by 
McSWEEN (1979). Recently the CR chondrites have been established as a new 
chemical group due to the discovery of new samples from Antarctica and the Sahara 
desert (e.g. WEISBERG et al., 1993; BISCHOFF et al., 1993). Petrological, mineralogical, 
and chemical investigations of CR chondrites have revealed the properties of the this 
group. Their properties were summarized by WEISBERG et al. (1993). PCA 91082 is 
one of the most recently recognized CR chondrites (MASON, 1993). It was tentatively 
classified as a CR chondrite by MASON (1993), because the amount of matrix in this 
meteorite is much lower than in the other CR chondrites. I investigated the petrology 
and mineralogy of the PCA 91082 using a scanning electron microscope (SEM) and 
an electron microprobe analyzer (EPMA). The present study shows that this 
meteorite has some unique petrologic and mineralogical properties which have not 
been observed in other CR chondrites. The Yamato (Y)-793495 CR chondrite was 
also studied for comparison. 
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2. Samples and Methods 

A polished thin section (PTS) of the PCA 91082, 15 and a PTS of the 
Y-793495,91-1 were studied using an SEM and an EPMA. A detailed SEM 
observation was carried out with a JEOL JSM-840 equipped with an energy dispersive 
spectrometer (Link system). EPMA analysis was performed by a JEOL JXA-733 
microprobe operated at 15 kV accelerating voltage and 9 nA beam current for 
silicates and oxides; and 15 kV and 20 nA for Fe-Ni metal. Bulk compositions of 
refractory inclusions, chondrules and matrix were analyzed by defocused beams ( �40 
µmin diameter for inclusions and chondrules, and �20 µm for matrix) at 15 kV and 9 
nA. Correction by the BENCE and ALBEE (1968) method was used for the analyses of 
silicates, oxides, and bulk compositions of the inclusions, chondrules and matrix, and 
the ZAF method for Fe-Ni metal and sulfide. Special deconvolution programs were 
applied to correct for X-ray overlaps of K13 and Kll' lines between some elements such 
as Ti and V, Ca and P, S and Co, and Co and Fe. Detection limits of EPMA analysis 
based on the BENCE and ALBEE correction for minor elements (wt%) were: Si02, 
0.08; Ti 02, 0.08; Al203 , 0.07; Cr 203 , 0.08; V 203 , 0.07; FeO, 0.10; Ni 0, 0.13; MnO, 
0.10; MgO, 0.07; ZnO, 0.20; CaO, 0.05; Na20, 0.06; K20, 0.05; P205 , 0.13; S03 , 

0.04; Cl, 0.09. 
The modal abundances of components ( chondrules, matrix, etc.) were de

termined by point counting using transmitted light microscopy. Compositional 
mapping of some constituent components of this meteorite was performed by a JEOL 
JCM-733 mk II microprobe operated at 15 kV accelerating voltage and 120 nA. 
Counting time for each pixel ( dwell time) was 40 ms. 

3. Petrology and Mineralogy 

3.1. General description 
PCA 91082 is composed of chondrules, refractory-rich inclusions, mineral 

fragments, phyllosilicate clasts, dark inclusions, and matrix. Modal analysis of 
components of this meteorite shows that the matrix (+dark inclusions)/ 
(chondrules+fragments) ratio is 0.49 (Table 1). This ratio is called here the matrix 
abundance. This value is lower than the values in the other CR chondrites, 0.59-1.85 
(WEISBERG et al., 1993). The true matrix abundance in PCA 91082 may be perhaps 
smaller than this value, because relatively large mineral and chondrule fragments 
(30-50 µm across) were included as matrix during point counting. This meteorite is 
highly weathered. Rust staining was observed in most chondrules. Metal particles in 
chondrules are weathered at their margins. The thickness of weathered metal margins 
is <3 µm. Metal grains in the matrix are more weathered than those in chondrules. 
KALLEMEYN et al. (1994) reported that PCA 91082 shows a weak lineation; however, 
the PTS investigated in this study does not to show a lineation. 

3.2. Refractory-rich inclusions 
Refractory-rich inclusions are rare and much smaller than the chondrules, except 

for one Ca and Al-rich chondrule (1 mm across). They are 50-300 µm across. As in 
the other CR chondrites (e.g. WEISBERG and PRINZ, 1990; WEBER and BISCHOFF, 
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Table 1. Abundance (vol %) of components in the PCA 9l082 and 
Renazzo. 

Chondrules+chondrule fragments 
Refractory inclusions 
Matrix+dark inclusions 
Number of points 
Matrix (+DI) abundance 

PCA 91082 

66.7 
0.7 

32.6 
2900 
0.49 

Renazzo 

54.0 
1.0 

37.5 
2000 
0.83 

Modal abundance of the constituent components was determined by 
point counting using transmitted light microscopy. Data of Renazzo 
are from WEISBERG et al. (1993). Matrix (+DI) abundance was 
calculated by the equation (matrix+dark inclusions)/(chondrules+ 
chondrule fragments). 
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1992), type A (or type A-like) inclusions are the most abundant. Compact type A 
inclusions in PCA 91082 have melilite cores with euhedral to subhedral spinel crystals 
( <5 µm in diameter) disperse in them, and are more abundant in the outer regions of 
the melilite cores. Tiny perovskite crystals ( <2 µm across) are also included in the 
melilite cores. This inclusion has a Ca-pyroxene (diopside) rim (up to 10 µm thick). 
Fluffy type A-like inclusions were also found. They are aggregates of nodules which 
are composed of melilite cores rimmed by anorthite and diopside, and sometimes 
olivine. Euhedral to subhedral spinel is enclosed in melilite. Interstices of the objects 
are filled by matrix-like material. The texture of the fluffy type A-like inclusions is 
similar to that of the fluffy type A inclusions in Allende except for the presence of 
olivine in their rims (Fig. la) and the absence of secondary minerals such as nepheline 
and andradite (e.g. MACPHERSON et al., 1988). 

Amoeboid olivine inclusions were not observed in the PTS investigated. A few 
olivine-rich inclusions were observed. They contain abundant olivine and interstitial 
feldspathic materials. A Ca- and Al-rich chondrule (CAC) was observed. It is 
composed mainly of anorthitic plagioclase (> An98 _8), olivine, Ca-pyroxene ( augite 
and pigeonite; Fig. 2), and a small amount of glass. Similar Ca- and Al-rich 
chondrules have been reported from a CR chondrite (WEISBERG and PRINZ, 1990) and 
CV chondrites and one ungrouped chondrite (plagioclase-olivine inclusions; SHENG et 
al., 1991 ). But the CAC investigated is different from plagioclase-rich inclusions 
which contain Ti-Al-pyroxene and melilite (type C CAis; WARK, 1987). A small 
amount of silica phase was observed in some areas in the interior of the CAC 
investigated (Fig. lb). A CAC which contains a small amount of silica was observed 
in Coolidge (NOGUCHI, 1994). Different from the case of the CM chondrites (e. g. 
MACPHERSON et al., 1988) these refractory-rich inclusions do not show evidence of 
aqueous alteration. 

Table 2 shows some representative compositions of melilite, diopside, and spinel 
in the compact type A and fluffy type A-like inclusions. Melilite is gehlenite-rich 
(Ak5-Ak 12). Similar gehlenite-rich melilite ( �Ak6) was found in El Djouf 001 
(WEISBERG, personal communication). The melilite is compositionally similar to that 
in the fluffy type A CAis in Allende (e.g. MACPHERSON and GROSSMAN, 1984). 
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Fig. 1. Backscattered electron images ( Figs. la-h, j-1) and a secondary electron image 
(Fig. Ji) of the PCA 91082 chondrite. (a) An enlarged image of a fluffy type A-like 
inclusion. This inclusion is composed of aggregates of nodules which are 
composed of melilite and spine/ cores rimmed by anorthite (pl), diopside (cpx), 
and sometimes olivine (ol). Different from the fluffy type A inclusions in Allende, 
the rim of this inclusion contains olivine. (b) Interior of a Ca and Al-rich 
chondrule. This chondrule is composed mainly of plagioclase and Ca-pyroxene 
(augite). In some portions of this chondrule, aggregates of tiny silica (indicated by 
arrows) were observed. (c) A partially altered porphyritic olivine pyroxene (POP) 
chondrule. The outline of this chondrule is sinuous. Phyllosilicate (gray) is 
observed in the outermost part of the chondrule. The thickness of the phyllosilicate 
layer is < 30 µm. This irregularly-shaped chondrule has a fine-grained rim that fills 
depressions in the chondrule surface and renders the chondrule spherical. ( d) An 
enlarged image of Fig. 1 c. Silica exists as small dark pods. Their grain sizes are < 5 
µm. Some pods are included in pyroxene. (e) The outermost part of a POP. Silica 
pods are also observed in this chondrule. They have elongated shapes and are 
larger than those in Fig. Id. Mesostasis is indicated by an arrow. (f) The outermost 
part of a PO. Different from its interior, the outer zone of this chondrule is 
composed of euhedral plagioclase, pyroxene, and silica. The mineralogy of the 
chondrule core and rim indicates that the chondrule margin is more siliceous than 
the core. 
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Fig. 1. (Continued) 
(g) A type 11 porphyritic olivine (PO) chondrule. Chondrule glass which contacts 
the matrix shows alteration. The thickness of the phyllosilicate layer is <40 pm. (h) 
A dark inclusion. The outline of this dark inclusion is relatively sharp. but not all 
the outlines of dark inclusions are necessarily sharp. Magnesian low-Ca pyroxene 
fragments are rimmed by phyllosilicates (gray). Grain sizes of matrix minerals in 
this dark inclusion are coarser than the host matrix. Many f'erroan olivine crystals 
(< JO wn across) are observed. (i) A framboidal aggregate of magnetite. The 
framboidal aggregates occur in dark inclusions. They are formed by abundant 
fine-grained(< I 11m across) and rare coarse(< JO µm across) pure magnetite. (j) 
The matrix of this meteorite. Grain sizes of matrix materials are < 3 µm (most are 
sub-,un), except for mineral fragments. (k) A phyllosilicate dast. This clast is 
composed mainly of phyllosilicate. (/) An enlarged image of Fig. Ji. The clast is 
composed of coarse ( < 30 µm across) and fine-grained (suh-11m) phyllosilicates. 
Ca and S are concentrated in a relatively bright area indicated by arrows. 
Abbreviations: me!, melilite; sp, spine!; pv, perovskite; low-Ca px, low-Ca 
pyroxene; cpx, Ca-pyroxene (diopside and augite); pl, plagioclase; ph. phyllosili
cate; sit, silica phase; met, Fe-Ni metal; of, olivine; gl, chondrule glass. 
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Fig. 2. A pyroxene quadrilateral diagram showing compositions of pyroxenes in refractory
rich inclusions, chondrules, and matrix in PCA 91082. Pyroxenes in chondrules are 
low-Ca clinopyroxene and augite. There is also pigeonite; primary orthopyroxene is 
rare. Chemical composition of Ca-pyroxene in type A and A-like inclusions is 
different from that in a Ca-and Al-rich chondrule (CAC). Ca-pyroxene in type A and 
A-like inclusions is diopside. On the other hand, Ca-pyroxene in a CAC is augite and 
has similar chemical composition to that in ferromagnesian chondrules. 

Diopside in the CAis contains <3.5 wt% Al203 (Fig. 3b). It is plotted near the 
Ca(Mg,Fe)Si206 apex in the Wo-(En+Fs)-Al203 diagram (Fig. 2b) because the 
concentration of the Ca-Tschermakite (CaTs) component is low. FeO, MnO and 
Cr203 concentrations in diopside in the CAis are lower than those in chondrules. 
They are <0.5, <0.2, and <0.2 wt%, respectively. There is a compositional gap in 
Cr203 wt% between Ca-pyroxene in the type A and A-like inclusions and that in a 
CAC and ferromagnesian chondrules. The former contains <0.2 wt% Cr203 , the 
latter >0.5. In the Wo-(En+Fs)-Al203 diagram and the pyroxene quadrilateral 
diagram (Fig. 2), Ca-pyroxene in a CAC cannot be distinguished from pyroxene in 
ferromagnesian chondrules. In a plot of Al203 vs. Ti02 wt% (Fig. 3b ), it forms the 
trend which is different from a trend of Ca-pyroxene in ferromagnesian chondrules. 
The spinel contains <0.35 V203 wt% and <0.23 FeO wt% (Table 2). These values 
are consistent with the spinels in other CAis (WEISBERG and PRINZ, 1990). Fa content 
of olivine in a fluffy type A-like inclusion and the CAC tends to be more magnesian 
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Table 2. Selected compositions of melilite, diopside, and spine/ in the compact type A and 
fluffy type A-like inclusions. 

Type of CAI Compact Fluffy 
mineral mclilite melilite 

Si02 

Ti02 

Al203 

Cr203 

Y20, 
FeO 
MnO 
MgO 
CaO 
ZnO 
Na,O 
Total 

24.26 
bd 
33.08 
bd 
na 
bd 
bd 

1.79 
40.36 
na 
bd 
99.49 

24.09 
bd 
33.06 
bd 
na 
bd 
bd 

1.49 
39.84 
na 
bd 
98.48 

Compact Fluffy Compact Fluffy Fluffy 
plag diopside diopside spine! spine! 

53. 15 
1.45 
3.22 
0.56 

na 
0.26 
0. I I 

20.04 
19.84 
na 
0. 14 

98.77 

54.63 
bd 

1.60 
bd 
na 
bd 
bd 
17.58 
25.84 
na 
bd 
99.65 

bd 
0. 12 

70.94 
bd 

(l.35 
0. 13 

bd 
29. 13 

0.27* 
bd 
bd 
99.94 

bd 42. 17 
bd bd 
7 1.JO 35.94 
bd bd 
bd na 
0.23 bd 

bd bd 
28. 13 bd 
0. 08 * I 9. 97 

bd na 
bd bd 
99.54 98.08 

na: not analysed; bd: below detection. 
*: These data arc probably due to contamination from the surrounding melilitc crystals 

because grain sizes of these spinets are small (slightly larger than 5 ttm). 

Ca-px in PCA91082 
(a) 6 

5 

� 4 

!, 
2 

solar ratio 

5 10 15 20 

FeO (wt%) 

(b) 7 

6 

� 
5 Ca- and Al-rich 

--- chondrule 

l 
4 

o
"' 3 

i= 2 

0 

39 

D 

25 

Fig. 3. Relationships between (a) FeO and MnO 
and (b) A/203 and Ti02 in Ca-pyroxene in PCA 
91082. FeO and MnO contents in Ca-pyroxene in 
type 1 chondrules are positively correlated. A/203 

and Ti02 contents in the Ca-pyroxenes are positive
ly correlated. Two trends can be shown: one is for 
Ca-pyroxene in a CAC and some ferromagnesian 
chondrules and the other is for that in most of the 
ferromagnesian chondrules. 
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Fig. 4. Compositions of olivine in the PCA 9 J082. 
(a) A histogram of Fa mo/ %. Relationships 
between (b) FeO and MnO, and (c) FeO and 
Cr20;. Figure 4a shows that olivine in type I 
chondrules has <Fa, (an average of Fau,). 
Olivine in type I/ chondrules ranges from Fa20 to 
Fa 70. There is a compositional gap between olivine 
in the type I and II chondrules. There are positive 
correlations between FeO and MnO, and between 
FeO and Cr203 contents, in olivine in type I 
chondrules. In Fig. 4b, olivine in each type II 
chondrule is enclosed by closed curves. There are 
two trends in Fig. 4b. In each trend, FeO and 
MnO wt% in olivine are positively correlated. 
Olivine in some type II chondrules and in a dark 
inclusion plots on or slightly below the line with 
the inclination of the solar Fe to Mn ratio. There is 
no obvious correlation ( or there is a slightly 
negative correlation) between FeO and Cr103 

concentrations in olivine in type II chondrules. 

than that in the ferromagnesian chondrules (Fig. 4a). MnO concentration of the 
olivine in the refractory-rich inclusions is lower than that in most of the 
ferromagnesian chondrules (Fig. 4b). 

3.3. Chondrules 
3.3.1. General description 

Ferromagnesian chondrules observed in this meteorite are porphyritic olivine 
(PO), porphyritic olivine pyroxene (POP), and barred olivine (BO) chondrules. BO 
chondrules are much rarer than porphyritic chondrules. Radial pyroxene and 
cryptocrystalline chondrules were not observed in the PTS investigated. The scarcity 
of chondrules other than porphyritic chondrules is common to other CR chondrites 
(e.g. WEISBERG et al., 1993). The diameter of the largest chondrule is 1.9 mm. The 
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average diameter of 64 chondrules is 0 .8±0.4 (l a) mm. WEISBERG et al. (1993) 
reported that the average diameter of CR chondrules is 0 .8 mm. KALLEMEYN et al. 
(1994) also reported that the average chondrule diameter in CR chondrites, including 
PCA 91082, ranges from 490 to 770 µm. The average chondrule diameter is smaller 
than those in the CV chondrites (1 mm; GROSSMAN et al. ,  1988) . 

Most of the PO and POP chondrules contain magnesian olivine ( <Fa5 ) and 
low-Ca pyroxene (Fs 1 .6) .  The Fs content in low-Ca pyroxene is less than <9 mol % 
(most are <Fs5) (Fig . 2a) . Chondrules containing these magnesian olivine and low-Ca 
pyroxene are type I chondrules . They usually contain Fe-Ni metal spherules in the 
chondrule margins . Abundant multilayered type I chondrules are common to other 
CR chondrites (WEISBERG et al. , 1993; BISCHOFF et al. , 1993). In the porphyritic 
chondrules, calcic plagioclase and Ca-pyroxene (augite) are often observed in 
addition to olivine and low-Ca pyroxene . Aluminous spinel was not observed in the 
ferromagnesian chondrules . Olivine phenocrysts concentrate in the chondrule cores 
and low-Ca pyroxene phenocrysts occupy the chondrule margins . Devitrified brown 
glass and in some cases clear glass were observed in the interior of the chondrules . 
Therefore, the extent of aqueous alteration in these chondrules is relatively low. The 
outermost parts of the chondrules are usually composed of relatively small grains 
( <30 µm across) of low-Ca pyroxene, augite, ±plagioclase , ±silica , ±olivine , 
±chondrule glass, and phyllosilicates . Olivine is rare in the chondrule margins and 
there was no olivine crystal which contacts silica . Silica-bearing chondrules will be 
described later. 

Phyllosilicates were observed within only 20-50 µm from the chondrule margins 
(Fig. le) . Under an optical microscope, many chondrule margins are brown, as is 
common to other CR chondrites (WEISBERG et al., 1993). The occurrences of 
phyllosilicates in magnesian chondrules suggests that the phyllosilicates replace 
mainly chondrule glass, and low-Ca pyroxene, plagioclase, and Fe-Ni metal spherules 
are also replaced (e.g. Fig. ld) . The sinuous outline is a common feature of 
chondrules in PCA 91082 (Fig. le ) In some cases, these irregular-shaped chondrules 
have fine-grained rims that fill depressions in the chondrule surface and render the 
chondrule spherical (Fig. le) . The fine-grained rims are probably composed mainly of 
serpentine because compositions of the rims are similar to those of the matrix . 
3 .3 .2 .  Silica-bearing chondrules 

It is interesting that some pod-like objects are observed near the outer Fe-Ni 
metal rich zones in layered chondrules . Figures ld and e show enlarged images of the 
outermost parts of type I chondrules . Such pod-like objects are up to 10 µm in 
diameter . They are mainly composed of Si02 (96.14-99 .14 wt%) and contain minor 
amounts of Al203 (0. 24-0 .59 wt%), FeO (0.46-1.27 wt%), MgO ( <0.07-0.48 wt%), 
CaO ( <0.05-0 .17 wt%), and Na20 ( <0. 06-0.23 wt%). Figure 1f shows the outer 
zone of a PO chondrule which is composed of euhedral plagioclase, pyroxene, silica, 
and mesostasis. It is not clear whether these pods are crystallites or amorphous 
material, although their morphology (Fig . lf) suggests that some are tridymite . 
WEISBERG et al. (1993) observed chondrule rims of other CR chondrites in details by 
SEM; however, no silica-pods were reported. 

Chondrules which include Si02 pods and almost FeO-free ferromagnesian 
silicates have also been reported from Murchison CM2 chondrite (OLSEN, 1983). 
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OLSEN (1983) observed two such chondrules among 20 chondrules investigated. In 
PCA 9 1082, however, 28 chondrules contain such silica pods among the 64 chondrules 
investigated. Mineral species are almost the same between silica-bearing chondrules 
in Murchison and those in PCA 91082, but their relative abundances are different. 
Chondrules containing silica pods in Murchison contain Fe-Ni metal in their cores, 
and do not have a layered structure. The two chondrules in Murchison have Si02-rich 
compositions (>50 wt%) . On the other hand, in the two chondrules in PCA 91082, 
the chondrule cores contain abundant olivine phenocrysts and seldom have silica 
pods. The chondrule cores in the silica pod-bearing chondrules are almost identical to 
the those in the silica-free chondrules in terms of mineralogy and chemistry. This 
means that in silica-bearing chondrules only the chondrule margins contain higher 
Si02 content and not the chondrule cores . Thicknesses of the chondrule margins vary 
and are generally thin ( <70 µm). Therefore, bulk compositions of the silica-bearing 
chondrules overlap those of silica-free chondrules (Fig. 12). 
3 .3 .3 .  Type II chondrules 

There are some PO and BO chondrules including ferroan olivine, and small 
amounts of ferroan augite, ferroan low-Ca pyroxene, chromite (Yer: 0 .91 �0.99; 
Ti02 : 0 .83�1.26 wt%; V203 : 0.57�0.93 wt%; ZnO: not detected), Fe-Ni metal and 
chondrule glass. Olivine in the ferroan chondrules shows compositional zoning . For 
example, in a ferroan PO, olivine phenocrysts show zoning from Fa24 to Fa69 . Relic 
magnesian core was not observed in ferroan olivine phenocrysts . Chondrules 
containing ferroan olivine (> Fa20) are called here type II chondrules. Phyllosilicates 
are observed where chondrule glass contacts to the matrix (Fig . lg). Because the 
amount of chondrule glass is higher than that of most of the magnesian chondrules, 
the reaction front of the altered zone can be clearly shown (Fig . lg) .  The thickness of 
the phyllosilicate layer is <40 µm . 
3.3 .4 .  Composition of olivine, pyroxene, and Fe-Ni metal 

A histogram of Fa content shows that olivine in type I chondrules have less than 5 
mol % (Fig . 4a), and an average of Fa 1 . 6 . This value is consistent with the data from 
other CR chondrites (e. g. WEISBERG et al. , 1993) . Olivine in type II chondrules ranges 
from Fa20 to Fa70 (Fig. 4a) . There is a compositional gap between olivines in type I 
and II chondrules . 

There are positive correlations between FeO and MnO, and between FeO and 
Cr203 contents in olivine in type I chondrules (Fig. 4b and c) . Olivine in type II 
chondrules shows tow trends (Fig . 4b) . In each trend, FeO and MnO concentrations 
in olivine in type II chondrules are positively correlated. There is no obvious 
correlation ( or slightly negative correlation) between FeO and Cr 203 concentrations 
in olivine in type II chondrules (Fig. 4c). CaO content in olivine in type I and II 
chondrules is >0 .05 wt%. Selected data of olivine in type I and II chondrules are 
shown in Table 3 .  

Pyroxenes in type I chondrules are low-Ca clinopyroxene and augite . Figure 2a 
suggests that there is also pigeonite and that primary orthopyroxene is rare . Low-Ca 
pyroxene in type II chondrules contains >Fs43 _2 . Although augite is often observed in 
type II chondrules, only one good analysis was acquired (Fs37 _ 8) due to the small grain 
size ( <5 µm) . In the Wo-(En + Fs )-Al203 diagram (Fig. 2b), pyroxenes in type I and 
II chondrules are plotted in the same area. 
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Table 3. Selected compositions of olivine, low-Ca pyroxene, Ca-rich 
pyroxene, and plagioclase in chondrules. 

Chondrule Type I Type I I  Type I Type I 
mineral 

--- . ----------

Si02 

Ti02 

Al20:, 
Cr20, 
FeO 
MnO 
MgO 
CaO 
Na20 

Total 

olivine olivine low-Ca px Ca-rich px 
-------- ----"-�---- -- --- - - --�------------------

42. 28 35.69 58.70 54. 1 6  
bd bd 0.08 0.87 
bd bd 0.68 2 .0 1  
0.57 0.28 0.95 0. 74 
1 . 65 35.65 1 . 62 1 . 57 

bd 0.96 0. 1 8  0.46 
55.08 27.07 37.25 20.79 
0.22 0.26 0.4 1  19. 32 

bd bd bd 0.06 

99.80 99.91  99.87 99.98 

bd: below detection. 

Type I 
plag* 

---�--------

43.98 
bd 
34. 88 
bd 
bd 
bd 
0.5 1 

19.95 
0.23 

99. 55 

# :  Stoichiometry of plagioclase in chondrules in this meteorite is not 
good, and MgO is always detected in a small amount. 
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Relationships between FeO and MnO, FeO and Cr203 , and Al203 and Ti02 in 
low-Ca pyroxene are similar to those in augite. FeO and MnO contents in low-Ca 
pyroxene in type I chondrules is positively correlated (Fig. 5) as is the case of olivine 
in the same chondrules (Fig. 4b). Low-Ca pyroxene in type II chondrules plots along 
a line with inclination of the solar Fe to Mn ratio. Cr203 concentrations in pyroxenes 
are >0.5 wt%. Different from the case of olivine, the correlation between FeO and 
Cr203 in the pyroxenes is not clear. A}i03 and Ti02 contents in the pyroxenes are 
positively correlated. As described previously, Ca-pyroxene shows two trends (Fig. 
3b). Some Ca-pyroxenes in type I chondrules are plotted in the area where pyroxenes 
in a CAC are plotted : The similar two trends are shown in Ca pyroxenes in 
chondrules in the Allende CV3 chondrite (NOGUCHI , 1 989). Selected analyses of 
pyroxenes in type I chondrules are shown in Table 3. 

Fig. 5. Relationships between FeO and MnO in 
low-Ca pyroxene in PCA 91082. FeO and MnO 
contents in low-Ca pyroxene in type I chondrules 
are positively correlated. Low-Ca pyroxene in 
type II chondrules plots along a line with the 
inclination of the solar Fe to Mn ratio. The low-Ca 
pyroxene coexists with olivine, which is plotted 
slightly below the line with the inclination of the 
solar Fe to Mn ratio in Fig. 4b. 
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Type I chondrules often contain plagioclase as laths and sometimes micro
phenocrysts (Fig. lf). Microprobe data of such plagioclase crystals usually contain 
MgO (average 0.85 wt%) and FeO (average 0.33 wt%) (Table 3). Preliminary TEM 
observation shows that the crystallinity of such plagioclase is good. However, sub-µm 
sized precipitates which were reported from plagioclase in CAis in Allende (BARBER 
et al., 1984) have not been found yet. 

Many metal grains in chondrules are kamacite (Fig. 6). Taenite was not observed 
in the PTS investigated. Fe-bearing sulfides in this meteorite are troilite or pyrrhotite 
and pentlandite. Figure 6 shows the relationships between Ni and minor elements 
(Co, Cr, and P). Compositional range of Ni, Co, Cr, P contents are 4.1-17.0, 
0.14-0.61, below detection-1.29 wt%, and below detection-0.75, respectively. Ni 
and Co contents of Fe-Ni metal in the peripheries of chondrules are lower than those 
in the cores of chondrules (Fig. 6a). There is a positive correlation between these 
elements with a solar Ni:Co ratio. These data are consistent with those of WEISBERG et 
al. (1988, 1993) and LEE et al. (1992). 
3.3.5. Composition of phyllosilicates in chondrules 

Figure 7 and Table 4 show chemical compositions of phyllosilicates in chondrules 
in PCA 91082. The (Si+ Al)-Mg-Fe and (Mg+ Fe )-Al-Si diagrams indicate that most 

1 . 2  
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0.6 0 

� 
..... 0.4 � 
0... 

0.2 

Fe-Ni metal in PCA 91082 

• Cores 
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Fig. 6. Relationships between (a) Ni and Co, (b) Ni 
and Cr, and (c) Ni and P, in Fe-Ni metal in PCA 
91082. Ni and Co contents of Fe-Ni metal in the 
chondrule margins are lower than those in the cores 
of chondrules. There is a positive correlation 
between these elements with the solar Ni:Co ratio. 
These data are consistent with those from other CR 
chondrites (WEISBERG et al. , 1988, 1993; LEE et al. , 
1992). 



Petrology and Mineralogy of PCA 91082 45 

of the phyllosilicates in type I chondrules are the mixtures of serpentine, Al-rich 
serpentine ( or chlorite) and smectite . The proportion of each phase probably depends 
on the bulk compositions of the altered materials (in other words, the proportions of 
low-Ca pyroxene, plagioclase, chondrule glass, and Fe-Ni metal) . The phyllosilicates 
in type II chondrules have more restricted compositions than those in type I 
chondrules (Fig. 7) . The Fe/(Mg+ Fe) ratios in the phyllosilicates in type II 

(a) Si+Al type I 0 chondrules 

type II 
• chondrules 

• phyll clast 

l\1g.__....__..__-"+_.,.__�-"--���� Fe 

(b) l\1g+Fe 

Murchison CM2 

the other CR chondrites 

Fig. 7. Chemical compositions of phyllosilicates in chondrules and a phyllosilicate clast in 
PCA 91082. (a) A (Si+Al)-Mg-Fe diagram. (b) A (Mg+Fe)-Al-Si diagram. 
Compositions of phyllosilicates in chondrules in Murchison CM2 chondrite 

(NOGUCHI, unpublished data) and in the other CR chondrites (WEISBERG et al., 1993), 
and in the Orgueil Cl chondrite ( TOMEOKA and BUSECK, 1988). Compositions of some 
minerals are also indicated. These diagrams are plotted based on atomic ratios in this 
paper. These diagrams indicate that most of the phyllosilicates in type 1 chondru/es are 
the mixtures of serpentine, Al-rich serpentine (or chlorite) and smectite. The 
phyllosilicates in type JI chondrules have more restricted compositions than those in 
type I chondrules . The phyllosilicates in type II chondrules are the mixtures of Al-rich 
serpentine or chlorite and smectite (Fig. 7b). The Fe/( Mg+ Fe) ratio of the 
phyllosilicates in PCA 91082 is higher than that in other CR chondrites. Abbreviations : 
serp , serpentine; chi, chlorite; smec, smectite; erst , cronstedtite; ames, amesite; bert, 
berthierine; Al-sp, aluminous spine/; an, anorthite; ab, a/bite; Ca-px, Ca-pyroxene; 
lo w-Ca px, low-Ca pyroxene; of, olivine. 
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Table 4. Selected compositions of phyllosili
cates in chondrule margins. 

Chondrule 

Si02 

Ti02 

Al203 

Cr203 

FeO 
NiO 
MnO 
MgO 
CaO 
Na20 
K20 
P205 

S03 

Total 

Type I Type I Type I I  

40. 1 9  37. 32 33.32 
bd bd 0. 1 2  

1 . 00 1 . 29 7.47 
bd bd bd 
35.96 35 . 67 35.43 
bd bd bd 
0.60 0. 19  0. 1 1  
2 .38 5 .65 4.57 
0.20 0.06 bd 
1 . 86 1 . 30 1 .5 1 
0.40 0.22 0.4 1  

bd bd 0.36 
0.30 0.34 0.54 

82. 89 82.04 83. 84 

bd: below detection. 

chondrules are as high as the highest Fe/(Mg+ Fe) ratios in the phyllosilicates in type I 

chondrules (Fig. 7a) . The phyllosilicates in type II chondrules are the mixtures of 

Al-rich serpentine or chlorite and smectite (Fig. 7b) . 

Figure 8 shows the relationships between the compositions of chondrule glass , 

plagioclase , and phyllosilicates in type I and II  chondrules . The distinctions between 

unaltered chondrule glass , weakly altered chondrule glass , and phyllosilicates are 
based only on the total wt% ;  the boundaries are 97 and 90 wt% , respectively. 

Because various amounts of fine crystals, such as plagioclase , are often observed as 

relicts in weakly altered glass , the compositions of the weakly altered chondrule glass 

overlap with those of unaltered chondrule glass,  and rarely with phyllosilicates (Fig. 

8) . In Fig. 8, the weakly altered chondrule glass is plotted in two regions; one is the 

same region of chondrule glass and another region is situated among the regions of 

plagioclase , chondrule glass , and phyllosilicates. The data suggest that the weakly 
altered chondrule glass is composed of the phyllosilicates and relict plagioclase and 

glass . In type II chondrules , there are reaction fronts in chondrule glass as shown in 

Fig. lg .  A compositional gap between unaltered and weakly altered chondrule glass 
and phyllosilicates corresponds to the compositional change at the reaction fronts . 

WEISBERG and PRINZ ( 199 1a ,  b)  and WEISBERG et al. ( 1 993) reported on the 

phyllosilicates in the chondrules in Al Rais , Renazzo , and Y-790112. In Al Rais and 

Renazzo , many chondrules are altered into their cores . Phyllosilicates in their 

chondrule cores in are optically greenish to l ight brown and Al-rich ( 10-15 wt% 

A l203) .  These data suggest that they are the mixtures of chlorite and smectite . 
Chondrule rims are optically green to light brown and compositionally the mixtures of 

Fe-rich serpentine and smectite . Like the Algerian and other Antarcf" CR chondrites 
(WIESBERG and PRINZ,  1 99 1a ,  b ;  WEISBERG et al . ,  1993 ; BISCHOFF et al . , 1993) , 



Petrology and Mineralogy of PCA 91082 

(a) Type I chondrules 

Mg+Fe • plagioclase 

o glass 

* weakly altered glass 

1:,. phyllosilicates 

Al Si 
an ab 

(b) Type II chondrules 

Mg+Fe 

an ab 

o glass 

* weakly altered glass 

1:,. phyllosilicates 

Fig. 8. Comparison of chemical compositions of plagioclase, chondrule glass, weakly altered 
chondrule glass, and chondrule phyllosilicates in type I and type II chondrules in PCA 
91082. These diagrams are plotted based on atomic ratios in this paper. The boundaries 
between unaltered chondrule glass, weakly altered chondrule glass, and phyllosilicates 
are determined based only on the total wt%; the boundaries are 97 and 90 wt% ,  
respectively. Because various amounts of fine crystals, such as plagioclase and 
Ca-pyroxene, are often observed as relicts in weakly altered glass, the compositions of the 
weakly altered chondrule glass overlap with those of unaltered chondrule glass, and 
rarely with phyllosilicates. The phyllosilicates in type II chondrules have more restricted 
compositions than those in type I chondrules. A compositional gap between the unaltered 
and weakly altered chondrule glass and phyllosi/icates corresponds to the compositional 
change at the reaction fronts. Abbreviations are the same as those in Fig. 7. 
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phyllosilicates are observed in the chondrule margins in PCA 91082. However, the 
compositions of the phyllosilicates in PCA 91082 are different from the phyllosilicates 
in the outer layers of chondrules in Y-790112 as well as Al Rais and Renazzo (Fig. 7). 
It is clear that Fe contents of the phyllosilicates in PCA 91082 are higher than those in 
the three CR chondrites. In Fig. 7, EPMA analyses of the phyllosilicates in 
chondrules in Murchison CM2 chondrite are also plotted (Noaucm, unpublished 
data). The phyllosilicates in chondrules in Murchison are plotted in different areas 
from those in PCA 91082 and the other CR chondrites . The data suggest that 
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Fig. 9. Compositional mapping of a POP chondrule and a phyllosilicate clast in PCA 91082. (a)-(c) 
Intensity maps of a POP: (a) Mg Ko: line, (b) Na Ko: line, and (c) Ca Ko: line. (d)-(f) Intensity 
maps of a phyllosilicate clast: (d) Ca Krr line, (e) S Ka line, and (f) Fe Ka line. Ca and Na 
concentrations in chondrule glass varies from the chondrule core to the chondrule margin in this PO 
chondrule. Ca concentration decreases and Na concentration increases from the core to the margin. 
The large decrease and increase of these elements are shown where the mode of olivine (Mg-rich 
grains in Fig. 9a) decreases and most of the Fe-Ni metal spherules (black grains in Fig. 9a) are 
situated (compare Fig. 9b and c with Fig. 9a). Such compositional zoning of chondrule glass can be 
seen in both silica-bearing or silica-free type I chondrules. Intensity maps of the phyllosilicate clast 
show that where both Ca and S are concentrated, Fe is depleted (Fig. 9d-f). Ca and S enriched areas 
appear sporadically in the clast. The largest Ca and S enriched area is indicated by arrows in Fig. I l. 
The shapes and occurrences of the Ca and S enriched areas suggest that they are perhaps heavily 
altered Ca-rich pyroxene rims on low-Ca pyroxene. 
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constituent phyllosilicates are different between CR and CM chondrites. TEM 
observation and AEM analysis of the phyllosilicates in chondrules in Murchison 

(NOGUCHI et al., 1 993) and Y-791 1 98 (AKAI and KANNO,  1986) show that the 

phyllosili cates in chondrules in CM chondrites are mixtures of cronstedtite and 

berthierine or chlorite . In CM chondrites,  chondrule phyllosil icates with similar 

compositions to those in CR chondrites occur only in a small amount on a sub-µm 

scale (NOGUCHI et al., 1993) .  Alkaline element concentration in the phyllosilicates in 

chondrules in PCA 91082 is higher than that in other CR chondrites. This problem 
will be discussed later. 

3 . 3 .6 .  Compositional zoning of chondrule glass in type I chondrules 

Ca and Na concentrations in chondrule glass varies from the chondrule cores to 

the chondrule margins in PO and POP chondrules (Fig. 9c and d) . Ca concentration 
decreases and Na concentration increases from the cores to rims . In some cases, K 

concentration increases as well as Na at the chondrule margins . Large decrease and 

increase of these elements are shown where the mode of olivine (Mg-rich grains in 

Fig. 9a) decreases and most of the Fe-Ni metal spherules (black grains in Fig .  9a) are 

situated (Compare Fig. 9b and c with Fig. 9a) . Such compositional zoning of 

chondrule glass can be seen in both silica-bearing or silica-free type I chondrules . 

However ,  these conspicuous compositional changes in chondrule glass were not 

observed in each type II chondrule . Major element compositions of chondrule glass in 
type II chondrules are more homogeneous than those in type I chondrules (Fig . 8) . 

The conspicuous compositional variation of chondrule glass within each type I 

chondrule is one of the unique petrographic properties of this meteorite . For 

example , most chondrule glass in Y-793495 does not show such definite compositional 
change within each chondrule . The compositional variation of fresh and weakly 

altered chondrule glass in Y-793495 is smaller than that in PCA 9 10 82. 

3.4. Dark inclusions 
CR chondrites contain dark inclusions (e.g. WEISBERG et al., 1 993 ; BISCHOFF et 

al., 1 993 ; ENDREB et a!., 1 994) . PCA 91082 also contains some dark inclusions. Their 
sizes are less than 600 µm across . Different from the case of Acfer 059 and El Djouf 

00 1 (BISCHOFF et al., 1 993 ; ENDREB et al., 1 992, 1 994) , the boundaries between dark 

inclusions and matrix arc not always sharp . Dark inclusions are optically opaque to 

dark brown . They are composed of fine-grained silicates (anhydrous and hydrous 
ones) ,  opaque minerals (magnetite and sulfides) , and Ca-carbonate . The pwportions 

of these minerals vary among dark inclusions . These observations are consistent with 

the previous studies (e.g. WEISBERG et al., 1 993 ; BISCHOFF et al., 1 993 ; ENDREB et al., 
1 994) . 

Although petrographic features of the dark inclusions are basically similar to 

those of the matrix , there are also some petrographic differences between the dark 

inclusions and the matrix . Figure 1 h shows a dark inclusions in this meteorite . The 

extent of aqueous alteration shown in this dark inclusion seems to be higher than that 

in the matrix . Replacement of low-pyroxene fragments by phyllosilicates is more 

obvious than that in matrix (Fig. lh ) .  Grain sizes of matrix minerals of this dark 

inclusion are larger than in the host matrix . The matrix of the inclusion contains not 

only magnesian olivine fragments whose compositions are very similar to those in 
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Fig. JO. Chemical composlfwns of the matrix in PCA 91082. (a) A 
(Si+Al)-Mg-Fe diagram. (b) A (Mg+Fe)-Al-Si diagram. Composi
tions of the matrix in Murchison CM2 chondrite (Noc;ucm, 
unpublished data), the matrix average compositions in Renazzo and 
EET 87770 (ZOLENSKY et al. , 1993), and compositions of some 
minerals are also indicated. These diagrams are plotted based on the 
atomic ratios in this paper. This figure suggests that fine-grained ( < 3 
µm across) materials of the matrix are mainly composed of olivine, 
serpentine, smectite, and Fe-bearing phase(s) (Fe-Ni metal, magne
tite, and sulfides). The average composition of the Renazzo matrix 
has a slightly higher (Si+Al)l(Si+Al+Mg+ Fe) ratio than most of 
the ratios of the PCA 91082 matrix. The average composition of 
EET 87770 (ZOLENSKY et al. , 1993) has a similar (Si+Al)I 
(Si+Al+Mg + Fe) ratio to the ratios of the PCA 91082 matrix. 
Abbreviations are the same as those in Fig. 7. 

type I chondrules but also many fine-grained ( <10 µm across) ferroan olivine crystals 
(Fa25-Fa30). Figure 4b shows that their FeO to MnO ratios are near the solar ratio . 
Cr203 and CaO concentrations of these olivine crystals ( <0.08-0.16 and <0 .05-0.04 
wt%, respectively) are lower than the olivine with similar FeO concentration in type 
II chondrules (0 .16-0.62 and 0.17-0 .48, respectively). The ferroan olivines in the 
dark inclusion were perhaps not derived from type II chondrules . Figure 10 suggests 
that this dark inclusion contains ferroan olivine and augite , and that the phyllosilicate 
content is low. The Fe/(Mg+ Fe) ratio of the olivine component is around 0.45 (Fig. 
10a) , higher than that in the ferroan olivine with 5-10 µm in diameter. These data 
suggest that finer olivine is more ferroan than coarser olivine. In the matrix of a dark 
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inclusion, some data show that Ca and S are positively correlated. The texture where 
Ca and S show a positive correlation is not different from that of the surroundings. 
Perhaps the carrier phase of Ca and S is very fine (sub-µm) and dispersed. It is 
different from the case of a phyllosilicate clast which will be described later. 

Aggregates of framboidal magnetite are shown in the dark inclusions (Fig. l i). In 
some dark inclusions , they are much more abundant than in others. Magnetite in dark 
inclusions is almost pure Fe304 . The NiO concentration of magnetite from a 
framboidal aggregate is <0.15 wt%. Its MnO, MgO, and Cr203 concentrations are 
below the detection limits. This is consistent with ENDREB et al. (1994). 

3.5. Matrix 
The matrix appears opaque under an optical microscope. The matrix of PCA 

91082 is composed of fine-grained (sub-µm) olivine , pyroxene, and phyllosilicates , 
and opaque minerals (Fe-Ni metal and sulfides) (Fig. l j ). Except for the silicate 
mineral fragments , most of the fine-grained mineral grains in the matrix are too fine 
to be identified by SEM and EPMA. 

Chemical compositions of olivine, low-Ca pyroxene, and Ca-rich fragments in 
the matrix show that most of them are similar to the compositions of these minerals in 
both type I and I I  chondrules (Figs. 3 ,  4 ,  and 5). Many Fe-Ni metal grains in the 
matrix are highly altered. Fe-Ni metal in the matrix also has similar composition to 
that in chondrules (Fig. 6) . Therefore, most of these minerals were probably derived 
from chondrules. 

Figure 10 suggests that fine-grained ( <3 µm across) materials of the matrix are 
mainly composed of olivine, serpentine, smectite , and Fe-bearing phase(s) (for 
example, Fe-Ni metal , magnetite , and sulfides). The average composition of the 
Renazzo matrix (ZOLENSKY et al. , 1 993) has slightly higher (Si+ Al)/(Si +Al+ Mg+ Fe) 
ratio than most of the ratios of the PCA 91082 matrix. The average composition of 
EET 87770 (ZoLENSKY et al. , 1993) has a similar (Si+Al)/(Si+Al+Mg+Fe) ratio to 
the ratios of the PCA 91082 matrix. TEM studies of the matrices of CR chondrites 
show that they are composed of olivine, saponite , and serpentine (ZoLENSKY, 1991; 
ZoLENSKY et al. , 1993). The lower (Si+Al)/(Si+Al+Mg+Fe) ratio of the PCA 91082 
matrix is probably due to a lower abundance of smectite in it. 

3. 6. Phyllosilicate clasts 
There are some phyllosilicate clasts in PCA 91082 that are different from dark 

inclusions (e.g. WEISBERG et al. , 1993; BISCHOFF et al., 1993; ENDREB et al., 1994). 
These phyllosilicate clasts are composed mainly of phyllosilicates with small amounts 
of fine-grained (sub-µm in size) opaque minerals and fine-grained ( <3 µm) anhydrous 
minerals . Figure lk is a BEi photograph of a phyllosilicate clast. It is composed of 
relatively large phyllosilicates with its interstices filled by finer phyllosilicates (Fig. 11). 

Chemical compositions of the phyllosilicate clast in Fig. 11 plotted on a 
(Si+ Al)-Mg-Fe diagram (Fig. 7a) suggest that it is composed mainly of phyllosilicates 
with a very small amount of olivine. The (Si+ Al)-Mg-Fe and (Mg+ Fe )-Al-Si 
diagrams (Fig. 7) show that the phyllosilicates in the clast are the mixtures of 
serpentine and smectite. The phyllosilicates in the clast have similar compositions to 
the phyllosilicates in the Orgueil CI chondrite (ToMEOKA and BusECK, 1988) . The 
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Fig. I I. Relationships between ( a) CaO and 
S03, (b) FeO and S03, and (c) Fe, Ca, and S 
atomic % in a phyllosilicate clast in PCA 91082. 
In a plot of CaO vs. SO, ( Fig. 1 I a), most of the 
analyses of the phyllosilicate clasts are plotted 
near the origin and correspond to phyllosili
cates. in the figure, there ere two trends . The 
first one is plotted along the CaO axis. The 
second trend shows a positive correlation be
tween CaO and S03 wt% . Analyses which 
form the second trend have a negative correla
t ion between FeO and S03 contents (Fig. 1 lb). 
These two plots indicate that the high S03 

contents in some analyses do not result from the 
higher abundance of Fe-bearing sulfides ( or 
sulfates) but a component which includes both 
Ca and S. The materials which are responsible 
for the Ca and S enrichment are probably 
Ca-sulfate(s). Although the atomic ratio be
tween Ca and S of gypsum and anhydrite is 
unity, the ratio suggested from spot analyses of 
the phyllosilicate clast is higher than unity ( Fig. 
1 1  c ). Therefore, a Ca-carbonate component 
,nay be associated with a Ca-sulfate component. 

phyllosilicates in Orgueil are composed of saponite and serpentine (ToMEOKA and 

BUSECK,  1988) .  

The CaO wt% of the phyllosilicate clast shows an interesting correlation with the 
S03 wt% (Fig. 1 1) .  In a plot of CaO vs. S03 (Fig .  1 l a) ,  most of the analyses of the 

phyllosilicate clasts are plotted near the origin and correspond to the phyllosilicates. 

In the figure , there are two trends . The first one is along the CaO axis .  In the second 
trend , there is a positive correlation between CaO and S03 wt% . Analyses which 

form the second trend have a negative correlation between FeO and S03 contents 

(Fig .  1 1  b) . These two plots indicate that the h igh S03 contents in some analyses do 
not result from the higher abundance of Fe-bearing sulfides ( or sulfates) but a 

component which includes both Ca and S .  Intensity maps of Ca, S ,  and Fe K(Y lines 

show that where both Ca and S concentrate , Fe is depleted (Fig . 9d-f) . Ca and S 
enriched areas appear sporadical ly in the clast . The largest Ca and S enriched area is 
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indicated by arrows in Fig. ll .  The shapes and occurrences of the Ca and S enriched 
areas suggest that they are perhaps heavily altered Ca-rich pyroxene rims on low-Ca 
pyroxene. The materials which are responsible for the Ca and S enrichment are 
probably Ca-sulfate(s). The atomic ratio between Ca and S of gypsum and anhydrite 
is unity. However ,  the ratio suggested from spot analyses of the phyllosilicate clast is 
higher than unity (Fig. l l c). Therefore , a Ca-carbonate component may be associated 
with a Ca-sulfate component. 

4. Bulk Compositions of Components in PCA 91082 

Bulk compositions of refractory-rich inclusions, chondrules , and the matrix of 
PCA 9 1082 are plotted on (Si+Al)-Mg-Fe and (Mg+ Fe)-Al-Si , and Al-Na-Ca 
diagrams (Fig. 1 2) .  Major element compositions of these components in PCA 91082 
(Fig. 12a and b) are similar to those in the CV3 chondrites belonging to the reduced 
group (McSwEEN, 1 977) ,  such as Efremovka (e.g. NOGUCHI ,  1994). As described in 
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0 chmdrules (silica
bearing) 
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free) 

a phyll. clast 
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Fig. 12 . Bulk compos1twns of refractory-rich 
inclusions, chondrules, a phyllosilicate clast , 
and the matrix in PCA 91082. These diagrams 
are plotted based on the atomic ratios in this 
paper . Major element compositions of these 
components in PCA 91082 are similar to those 
in the CV3 chondrites belonging to the reduced 
group ( McSWFEN, 1977),  such as Efremovka 
(e.g. N0Guc111, 1994). Because the extent of 
aqueous alteration shown in PCA 91082 chon
drules is low, the bulk compositions of ch<m
drules in this meteorite were probably not 
changed greatly by the aqueous alteration pro
cesses. Analyses of the matrix are fairly 
hornogeneous on the Si-Mg-Fe diagram ( Fig. 
12a). Because the bulk composition of the · 
matrix was analyzed by defocused beams (20 
tim in diameter) ,  the proportions of constituent 
minerals of the matrix are homogeneous on a 
scale of 20 wn. The Nal(Al+Na+Ca) ratios of 
,nost of the matrix analyses are higher than 
those in refractory-rich inclusions, the phyllo
silicate clast , and most of the chondrules ( Fig. 
12c). Nal(Al+Na+Ca) ratios of some chon
drules are as high as those of the matrix. They 
are type JI chondru/es. Abbreviations: al, 
olivine; low-Ca px , low-Ca pyroxene; Ca-px , 
Ca-pyroxene; an, anorthite; ab , a/bite ; ne, 
nepheline; Al-sp, aluminous spine!. 
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the previous section, parts of chondrules are replaced by Fe-rich phyllosilicates. 
However , the extent of aqueous alteration shown in chondrules is low. Therefore , the 
bulk compositions of chondrules in this meteorite were probably not changed greatly 
by the aqueous alteration processes. Bulk compositions of silica-bearing chondrules 
overlap those of silica-free chondrules. Analyses of the matrix are fairly 
homogeneous on the Si-Mg-Fe diagram (Fig. 12a). Because bulk composition of the 
matrix was analyzed by defocused beams (20 µm in diameter) ,  proportions of 
constituent minerals of the matrix are homogeneous on a scale of 20 µm. In Fig. 1 2c, 
chondrules are plotted near the anorthite component. The Na/(Al+ Na+Ca) ratios of 
most of the matrix analyses are higher than those in refractory-rich inclusions , one 
phyllosilicate clast, and most of the chondrules (Fig. 12c) . Na/(Al+Na+Ca) ratios of 
some chondrules are as high as those of the matrix. They are type I I  chondrules. 

5.  Discussion 

5.1. Formation of silica-bearing chondrules in PCA 91082 
As described in Section 3.3 , many type I chondrules in PCA 91082 contain silica 

pods. Silica pods are observed in the outermost parts of the chondrules. Silica is 
associated with low FeO crystalline phases (low-Ca pyroxene, Ca pyroxene, and 
plagioclase) ,  glass and phyllosilicates. At least four mechanisms to form these 
silica-bearing chondrules can be considered. They are ( 1 )  crystallization from 
SiOrrich chondrule melts , (2) fractional crystallization of chondrules , (3) reduction 
of the outermost parts of chondrules , and ( 4) accretion of silica-rich materials on 
chondrules. 

Bulk compositions of chondrules in this meteorite are not especially SiOrrich , 
although SiOrrich chondrules are more common in this meteorite than in the CV3 
chondrites (Fig. 12a). Therefore, in contrast to the case of silica-bearing chondrules in 
Murchison CM2 chondrites , the first mechanism is ruled out. 

If the fractional crystallization of chondrules had been the mechanism to form 
silica-bearing chondrules , residual chondrule melts must have been efficiently 
segregated into the peripheries of the chondrules. To segregate residual melts and 
then to form compositional zoning of chondrule glass , a special cooling history is 
needed. In the earlier stage of chondrule crystallization, relatively rapid growth of 
olivine must have occurred, following by slow crystallization of olivine and low-Ca 
pyroxene in the later stage to form porphyritic texture. Bulk compositional ranges of 
both silica-bearing and silica-free chondrules overlap each other (Fig. 10). Composi
tional zoning of chondrule glass within each chondrule was observed in both kinds of 
chondrules. Compositions of minerals in both kinds of chondrules cannot be 
distinguished from each other. Therefore , it is difficult to form the silica-bearing 
chondrules only by fractional crystallization. Furthermore, if such a special cooling 
history had occurred, chemical compositions in olivine and pyroxene in chondrules in 
PCA 91082 would have been different from those in the other CR chondrites because 
these minerals contained minor elements in higher amounts during rapid growth. 
However, there is no difference between chemical compositions of these minerals in 
PCA 91082 and those in the others. Therefore , the second mechanism is not 
plausible. 
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To explain the positive correlation between Ni and Co contents in Fe-Ni metal in 
chondrules, the reduction of chondrules has been proposed (LEE et al., 1992; ZANDA 
et al. , 1993). However, compositions of ferromagnesian silicates seem not to support 
the reduction process. WEISBERG et al. (1993) reported that the Cr203 and FeO 
contents of olivine in the chondrule margins are slightly higher ( up to 0. 7 and 1.4 
wt%, respectively) than those in the chondrule cores, and that Ti02 , Al203 , and FeO 
contents of low-Ca pyroxene in the margins are slightly lower (up to 0.1, 0.9, and 0.6, 
respectively) than those in the cores. In PCA 91082, compositions of olivine and 
low-Ca pyroxene in the chondrule margins overlap those in the chondrule cores. Even 
if olivine and pyroxene in the rims were to be FeO-free by the reduction process, it 
seems to be difficult to enrich enough Si02 to crystallize the silica phase in chondrule 
melts, because FeO contents in olivine and pyroxene are, at best, a few wt%. 
Moreover, it is difficult to increase Na and K, and decrease Ca in chondrule glass in 
the chondrule rims only by reduction. Therefore, the third mechanism is ruled out. 

If silica-rich materials had accreted on some chondrules, such materials would 
have been formed somewhere in the nebula. Such materials contain more Si02 , 

Na20, and K20, and less Al203 and CaO. If the accretion of silica-rich materials on 
chondrules had occurred, it must have occurred when chondrules were partially 
molten, because there is no textural sharp boundary between silica-bearing chondrule 
rims and chondrule cores. Gradual changes of Na20, K20, and CaO contents were 
probably accomplished by diffusion during the cooling stage of chondrules. The 
outline of the multilayered type I chondrules in this meteorite is sinuous (Fig. le). 
Silica was often observed in the swells of the sinuous chondrule margins. One 
silica-bearing microchondrule (50x 100 µm) whose mineralogy is the same as that in 
the margins of silica-bearing chondrules was found. These data may support the idea 
of adhesion of silica-rich material. In contrast to the case of ordinary chondrites, 
fayalite-silica assemblage was not observed in this meteorite. Therefore, two 
mechanisms can be thought to form silica-rich materials : gas-solid separation before 
the complete condensation of Si (e.g. BRIGHAM et al., 1986) and disequilibrium 
condensation (e.g. WASSON and KROT, 1994). 

In CR chondrites, oxygen isotopic compositions of bulk chondrites and 
constituent components plot on a mixing line with an inclination of O. 7 (WEISBERG and 
PRINZ, 1991a, b; WEISBERG et al., 1993). Chondrule margins have heavier oxygen 
isotopic compositions than their coexisting cores even in the case of almost unaltered 
chondrules (WEISBERG et al. ,  1992). The data can be interpreted by adhesive growth 
of chondrule precursor materials with different oxygen isotopic compositions on 
molten chondrules or unequilibrated oxygen isotopic exchange between chondrules 
and ambient gas. As a result, adhesion of silica-rich materials on chondrules is the 
most plausible mechanism. In this case, the adhered materials must have had 
different oxygen isotopic compositions, or an oxygen isotopic exchange reaction must 
have occurred. 

5.2. Comparison of chemical composition of phyllosilicates in chondrules and 
matrices in PCA 91082 and Y-793495 

Because there are abundant unaltered chondrules, the extent of aqueous 
alteration of chondrules is low (e.g. WEISBERG et al., 1993; BISCHOFF et al. , 1993) in 
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both PCA 91082 and Y-793495 . Only chondrule margins are altered in them . Major 

element compositions of the chondrule phyllosil icates in PCA 91082 are similar to 

those in Y-793495 although the Fe/(Si +Al+  Mg+ Fe) ratios of the chondrule 

phyllosilicates in  PCA 91082 tend to be higher than those in Y-793495 (Figs . 7a and 

13a) . Figure 1 3  suggests that some exceptional data in Fig .  1 3a are probably due to 

relict chondrule glass , plagioclase , pyroxene , and Fe-bearing phase(s) . Figure 13 
suggests that the chondrule phyllosil icates in Y-793495 are the mixtures of smectite , 

Al-rich serpentine ( or chlorite ) ,  and serpentine . The Fe/(Si + Al+ Mg+ Fe) ratios of 

matrix in Y-793495 are lower than those in the chondrule phyllosilicates (Figs . 14a 

(a) 
Si+Al 

(b) 
Mg+Fe 

the other CR chondrites 

type I 
0 

chondrules 

phyJlosilicate 
clast 

Fig. 13. Chemical compositions of phyllosilicates in chondru/es and a 
phyllosilicate clast in Y-793495. (a) A (Si+Al)-Mg-Fe diagram. (b) 
A ( Mg+ Fe)-Al-Si diagram. Compositions of phyllosilicates in the 
other CR chondrites (WEISBERG et al. , 1 993) and compositions of 
some minerals are also indicated. These diagrams are plotted based 
on atomic ratios in this paper. Major element compositions of the 
chondrule phyllosilicates in PCA 91082 are similar to those in 
Y-793495 although the Fe/(Si+Al+Mg+Fe) ratios of the chondrule 
phyllosilicates in PCA 91082 tend to be higher than those in 
Y-793495 (Figs. 7a and 13a). Some exceptional data in Fig. 13a are 
probably due to relict chondrule glass, pyroxene, and the Fe-bearing 
phase(s). The chondrule phyllosilicates in Y-793495 are the mixtures 
of saponite, Al-rich serpentine (or chlorite), and serpentine. Abbre
viations are the same as those in Fig. 7. 
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Fig. 14. Chemical compositions of the matrix in Y-793495. (a) A (Si+Al)-Mg
Fe diagram. (b) A (Mg+Fe)-Al-Si diagram. Compositions of the 
matrix average compositions in Renazzo and EET 87770 (ZOUNSKY 

et al. , / 993) and those of some minerals are also indicated. This figure 
suggests that the matrix of Y-793495 is the mixtures of saponite, 
serpentine, and olivine. Abbreviations are the same as those in Fig. 7. 
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and 1 3a). This tendency is common to the case of PCA 91082 (Figs. 7a and 10a). 
Figure 14 suggests that the matrix of Y-793495 is the mixtures of saponite, serpentine, 
and olivine. In Figs. 13 and 1 4, compositions of a phyllosilicate clast and a dark 
inclusion are also indicated. The dark inclusion in Y-793495 is the mixtures of 
serpentine and smectite with a small amount of Al-rich serpentine or chlorite and relic 
olivine. The phyllosilicate clast in Y-793495 is the mixtures of Al-rich serpentine ( or 
chlorite ), serpentine, and saponite. In contrast to the case of the phyllosilicate clast in 
PCA 91082, most spot analyses of the phyllosilicate clast in Y-793495 exceed 90 total 
wt%. Therefore, it is suggested that it also contains abundant relic olivine. The 
Fe/(Si + Mg+ Fe) ratios of the phyllosilicate clast are at the lowest end of the range of 
the ratio in matrix and similar to those in a dark inclusion. 

The (Si+ Al)-Mg-Fe diagrams show that the Fe/(Fe+ Mg) ratios decrease in the 
following order : phyllosilicates in chondrules, matrices, and phyllosilicate clasts in 
both meteorites (Figs. 7, 10, 13, and 1 4). The extent of aqueous alteration in Renazzo 
and Al Rais chondrules is higher than that in PCA 91082 and Y-793495. The Fe 
contents in the phyllosilicates in chondrules in these less altered CR chondrites are 
higher than those in the more altered CR chondrites. However, more investigation is 
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needed to demonstrate the idea that Fe contents in phyllosilicates decreased as 
aqueous alteration proceeded because compositions of chondrule phyllosilicates in 

Renazzo do not differ from that in Al Rais although these meteorites experienced 

different degrees of aqueous alteration (WEISBERG et al. ,  1993) .  

Irrespective of  type I or  II chondrules,  unaltered and weakly altered chondrule 

glass in PCA 9 10 82 contains more Si02 and less Al203 than those in Y-793495 . 

Na20+ K20 contents in the glass in PCA 91082 are also richer than those in Y-793495 

(Fig. 1 5 ) .  Crystallization of silica in PCA 91082 chondrules is probably related to 

these compositional differences . It is remarkable that some analyses of unaltered and 

weakly altered chondrule glass in PCA 91082 show high K20 concentrations (up to 3 

wt%) .  Such chondrule glass is observed only in the chondrule margins . Na20 and 
K20 concentrations in phyllosil icates in PCA 9 1082 are higher than those in 

Y-793495 . Average Na20 and K20 contents in phyllosilicates in PCA 91082 are 1 . 1 5 

and 0 . 26 wt% .  Those in Y-793495 are 0 .35 and 0 . 1 6  wt% . There is a positive 

correlation between Al203 and Na20+ K20 in phyllosilicates in chondrules in 

Y-793495 (Fig. 15b) . However, there is no correlation (or weak negative correlation) 

between them in PCA 91082 (Fig. 15a) .  Na20+ K20 concentrations in the matrix in 

PCA 9 1082 are higher than those in Y-793495 as is the case of the phyllosi l icates in 

chondrules . Na20 and K20 contents in the matrix are lower than those in the 
phyllosil icates in both PCA 91082 and Y-793495 (0 .82 and 0 . 1 1  wt% in PCA 910 82 ; 

0 .32 and 0 . 10 wt% in Y-793495) .  Because the alkaline elements to Al atomic ratios in 

phyllosilicates do not exceed 1 ,  there is no phyllosilicate which is plotted near the 

ordinate in Fig . 1 5 .  The C I-normalized abundance of Na in CR chondrites varies 
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Fig. 15. Relationships between Al203 and 
Na20+ K20 in plagioclase,  chondrule glass , weakly 
altered chondrule glass, and phyllosilicates in 
magnesian chondrules in (a) PCA 91082 and (b) 
Y-793495. Na20+ K20 contents in chondrule glass 
in PCA 91082 are higher than those in Y-793495. 
Crystallization of silica in PCA 91082 is probably 
related to these compositional differences. There is a 
positive correlation between Al203 and Na20+ K20 
in phyllosilicates in chondrules in Y-793495. 
However, there is no correlation ( or there is a weak 
negative correlation) between them in PCA 91082. 
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among chondrites (KALLEMEYN et al., 1994) . The abundance in Renazzo is about 0.45 .  
The values in PCA 91082, Y-793495, and heavily weathered Acfer 059 are about 0.35, 
about 0 .18, and 0.15 . There is a possibility that compositions of phyllosilicates in 
chondrules and the matrix in Y-793495 may be slightly modified by terrestrial 
weathering . 

5.3. A phyllosilicate clast in PCA 91082 and its implication for the aqueous alteration 
condition 

As described in Section 3 .6, a phyllosilicate clast contains a Ca-sulfate 
component with magnesian phyllosilicates . The possibility of the presence of a 
Ca-sulfate component is important in considering the aqueous alteration conditions of 
this meteorite . Before we go further, we have to consider the possibility of Ca-sulfate 
as a terrestrial weathering product . However, the possibility is probably low, because 
the coexisting phases and the occurrences of Ca-sulfates (e.g. gypsum) formed by 
terrestrial weathering are different from those observed in this meteorite. GooDING 
(1986) shows that gypsum coexists with clay mineraloids, K-Fe-sulfates [jarosite : 
KFe3 + iS04)z(OH)6] ,  cryptocrystalline rust, zeolites, and secondary alkaline feldspar 
in terrestrial weathering products in Antarctic meteorites . 

The terrestrial weathering products occur as fracture filling materials of fusion 
crusts, or decomposition products of glass and plagioclase in interior samples of 
achondrites (GooDING, 1986) . However, in this case, the appearance of a Ca-sulfate 
component is restricted to a specific area in the phyllosilicate clast as shown in Figs. li 
and 9a-c and in a specific dark inclusion. The texture of the clast suggests that it is a 
heavily altered chondrule . Because alteration in most of the chondrules is low, heavy 
alteration shown in the clast does not result from terrestrial weathering. The area 
where the Ca-sulfate component is concentrated on was probably a Ca-pyroxene rim 
around a low-Ca pyroxene phenocryst . If so, the texture suggests that Ca-pyroxene 
was replaced by a Ca-sulfate component and phyllosilicates by the aqueous alteration. 

This study shows that there is a compositional difference between the 
phyllosilicate clast and the matrix . Phyllosilicates in the phyllosilicate clast are more 
magnesian than the host matrix . Phyllosilicates in heavily altered CM chondrites and 
some heavily altered carbonaceous chondrites like Y-86720 are more magnesian than 
those in weakly altered CM chondrites (e.g. ZoLENSKY et al . ,  1993) . This 
compositional difference results from the participation of magnesian olivine and 
pyroxene in aqueous the alteration process . Therefore, the texture and composition 
of the phyllosilicate clast suggest that some phyllosilicate clasts in PCA 91082 seem to 
have been chondrules which suffered severe aqueous alteration . After aqueous 
alteration, constituent components which experienced different degrees of aqueous 
alteration were agglomerated . This interpretation is plausible because CR chondrites 
are breccias (e.g. WEISBERG et al., 1993; BISCHOFF et al. , 1993). 

Phyllosilicates in a phyllosilicate clast in PCA 91082 have similar composition to 
those in CI chondrites and are associated with a Ca-sulfate component . CI chondrites 
contain Ca-sulfate . It is thought that Ca- and Mg-sulfates in Cls were formed during 
aqueous alteration on a CI parent body. (e.g. RICHARDSON, 1978; FREDRIKSSON and 
KERRIDGE, 1988). Ca-sulfates in CI chondrites occurs in veins . The occurrence is 
different from that in this clast . The different occurrences of Ca-sulfates between this 
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clast and CI chondrites were perhaps due to different permeabilites of starting 

materials. Probably the phyllosilicate clast in PCA 91082 also suffered aqueous 

alteration on a meteorite parent body . According to ZoLENSKY et al. ( 1989 , 1993) , the 

temperature (50-150°C) and water/rock ratio of aqueous alteration of CI and CR are 

similar , but f02 of aqueous alteration of CI reaches a higher level than that of CR. 

However , because the phyllosilicate clast in PCA 9 10 82 contains a Ca-sulfate 
component and contains only a small amount of Fe-sulfide component, this clast 

probably experienced aqueous alteration under higher f02 and lower fS2 conditions, 

l ike CI chondrites. The data perhaps suggest that the CR parent body was layered or 

that there was more than one parent body which experienced different degrees of 

aqueous alteration . 

6. Conclusions 

1 )  PCA 91082 contains abundant chondrules as described by MASON ( 1993) . 

This meteorite contains small amounts of refractory-rich inclusions . 

2) Chemical compositions of low-Ca pyroxene , olivine , and Fe-Ni metal in 
PCA 9 1082 are within the range of the CR chondrites which were investigated by 

WEISBERG et al . ( 1993) . 

3) Chondrules in PCA 91082 contain abundant glass in their interior . Only the 

chondrule margins show alteration . Phyllosilicates in chondrules are Fe-rich and 

Al-poor. Fe contents in the phyllosilicates in chondrules are higher than the values 

reported in other CR chondrites . Ca-carbonates were not observed in the rims of 

chondrules in PCA 91082 . 

4) About 40% of investigated chondrules in PCA 91082 contain silica in their 
outermost parts . Silica was probably formed by the adhesion of SiOrrich materials 

during chondrule formation . 

5 )  Compositions of phyllosilicates in chondrules and matrices in PCA 9 1082 

and Y-793495 are different from each other . The compositional differences would be 

due to the difference of starting materials (mainly compositions of chondrule glass) , 
the extent of aqueous alteration and perhaps terrestrial weathering . 

6) A phyllosilicate clast in PCA 91082 contains a Ca-sulfate component with 

magnesian phyllosilicates. Probably it experienced aqueous alteration on a parent 

body . The aqueous alteration condition of the phyllosilicate clast was probably similar 

to that of Cls .  PCA 910 82 contains constituent components which experienced 

various alteration conditions . 
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