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Abstract: We have studied the mineralogy and petrology of three metamor

phosed chondrites, Yamato(Y)-82104, Y-693, and Y-82002, which were previously 

classified as CS, C4 and CS, respectively. The results indicate that Y-82104 and Y-693 

should be included with the CK carbonaceous chondrites. Y-82104 and Y-693 are 

remarkably similar in mineralogy and texture (e.g., virtually identical compositions 

of olivines, Fa 29.2±0.4 vs. Fa 29.4±0.7, respectively). Thus, they are probably 

paired. The compositional homogeneity of olivine and pyroxene and degree of 

recrystallization of olivine and plagioclase are consistent with Y-82104 and Y-693 

being petrologic type 5. Y-82002 differs from most CK chondrites in mineralogy and 

petrology, but is similar to Carlisle Lakes-type chondrites which were recently 

proposed to be a new grouplet of chondrites (A. E. RUBIN and G. W. KALLEMEYN, 

Geochim. Cosmochim., 53, 3035, 1989). We believe that Y-82002 is a member of 

this grouplet. Y-82002 was previously classified as petrologic type 5, but the relatively 

inhomogeneous compositions of olivine (e.g., Fa 35. l ± 5.1 for chondrules) and low 

degree of recrystallization of olivine and plagioclase suggest that Y-82002 should be 

classified as petrologic type 3.8-3.9. 

1. Introduction 

In the process of parent-body evolution, chondrites are expected to have experi

enced diverse degrees of thermal and shock metamorphism. Such metamorphism has 

been extensively studied on ordinary chondrites, but Jess work has been done on 

other subgroup of chondrites. Metamorphosed (petrologic types 4-6) carbonaceous 

chondrites are recognized to have a close relationship to CO and CV chondrites 

(KALLEMEYN et al., 1991) on the basis of their elemental abundance patterns (KALLEMEYN 

et al., 1991; GEIGER and BISCHOFF 1991a) and oxygen isotope data (CLAYTON and 

MAYEDA, 1989; MAYEDA et al., 1987). However, most of them have many mineralogical 

and compositional features which distinguish them from CO and CV chondrites, e.g., 

abundant magnetite (SCOTT and TAYLOR, 1985; GEIGER and BISCHOFF, 1989a, 1990a), 

the presence of ilmenite and spine) lamellae in magnetite (GEIGER and BISCHOFF, 1990b) 

and Al/Mg and Zn/Mn ratios (KALLEMEYN et al., 1991). Thus, GEIGER and BISCHOFF 

( 1990a) recommended based on these features to group these metamorphosed carbo-
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naceous chondrites in an own group and recently, KALLEMEYN et al. (1991) proposed a 

new group of carbonaceous chondrites (CK or Karoonda-type) for them. 

Carlisle Lakes-type chondrites are also a newly defined chondrite grouplet (RUBIN 

and KALLEMEYN, 1989) which have petrologic and bulk compositional similarities to 

the ordinary chondrites, but are considerably more oxidized (e.g., olivine Fa= 

38--41 mol%) and have unusual oxygen isotopic compositions (WEISBERG et al., 1991). 

Currently, five meteorites are known as members of this grouplet; Carlisle Lakes 

(BINNS and POOLEY, 1979; RUBIN and KALLEMEYN, 1989), Allan Hills (ALH) 85151 

(RUBIN and KALLEMEYN, 1989), Yamato(Y)-75302 (YANAI and KOJIMA, 1987; RUBIN 

and KALLEMEYN, 1989), Y-793575 (YANAI, 1992) and Acfer 217 (WLOTZKA, 1992; 

GEIGER and BISCHOFF, 1992; BLAND et al., 1992). 
Here, we present the results of our petrographic and scanning electron microscope 

(SEM) studies of three metamorphosed chondrites from Antarctica, Y-82002, Y-82104 

and Y-693. Y-82104 and Y-82002 were previously classified as C5, whereas Y-693 

was classified as C4. A transmission electron microscope (TEM) was used to study 

microtextures of matrix minerals in Y-693 (a specimen for TEM study was available 

only from this meteorite). Although there are some early petrographic studies on Y-693 

(OKADA, 1975; SCOTT and TAYLOR, 1985) and Y-82104 (GRAHAM and YANAI, 1986), 

details on mineralogy and petrology of these meteorites are still poorly known. Our 

primary goals are to provide detailed mineralogical and petrological study on these 

meteorites and to assign chondrite and petrologic types to them. 

2. Samples and Methods 

Polished thin sections of Y-82104, Y-82002 and Y-693 have been studied using an 

optical microscope, a scanning electron microscope (JEOL JSM 840) equipped with an 

energy-dispersive X-ray spectrometer (EDS), and an electron-microprobe analyzer 

(JEOL 8600 Superprobe) equipped with wave-length-dispersive X-ray spectrometers 

(WDS). EDS analyses were obtained at 15 kV and 3 nA with a focused beam "'2 µm 

in diameter. WDS analyses were obtained at 15 kV and 12 nA with a focused beam 

"'3 µm in diameter. After petrographic characterization, three areas of matrix of Y-693 

were extracted from the thin section, mounted on TEM grids, and thinned by argon-ion 

bombardment for TEM study. Imaging and electron diffraction were performed with 

a JEOL JEM IOOCX transmission electron microscope (TEM), operated at 100 kV and 

a Hitachi H-600 TEM, operated at 100 kV. Structural identification was based on 

high-resolution imaging and selected-area electron diffraction. Qualitative chemical 

analyses were obtained with an EDS on the Hitachi H-600 TEM. The electron beam 

was usually focused to 200 A in diameter. 

3. Results 

3 .1. General petrography 

Y-82104, Y-693 and Y-82002 have similar overall textures; all meteorites contain 

blurred chondrules and mineral fragments set in semi-translucent recrystallized matrices 

(Figs. la, lb  and le). The matrices of Y-82104 and Y-693 exhibit pronounced silicate 
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(a) 

(b) 

(c) 

Fig. 1. Portions of thin sections of (a) Y-82104, (b) Y-693, and (c) Y-82002 in transmitted light. 
Chondrules in Y-82002 are smaller than those in Y-82104 and Y-693. Dark, glassy to 
microcrystalline material (indicated by arrows), probably a shock-induced melt, is seen in 
Y-82104 and Y-693. 
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blackening due to widely dispersed tiny ( < 1-5 µm) magnetite grains. No Ca- and Al

rich inclusion (CAI) was observed in any of our thin sections. Chondrules are blurred to 

various degrees, and it is often difficult to distinguish boundaries between chondrules 

and matrix. But it is obvious that Y-82002 contains more sharply defined chondrules 

than Y-82104 and Y-693. Modal abundances of recognizable chondrules and matrix in 
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Fig. 2. Compositional distributions of olivine in (a) Y-82104, (b) Y-693, and (c) Y-82002. The 
distributions in Y-82104 and Y-693 are very similar and have narrower ranges than that in 
Y-82002. The distribution in Y-82002 has a peak at Fa 37-39, significantly beyond the range 
in Y-82104 and Y-693. 
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the thin sections were estimated from microphotographs by measuring areal ratios of 

chondrules and matrix. Y-82002 has highest abundance of chondrules ( 19 vol%), and 

Y-82104 (13 vol%) and Y-693 (11 vol%) have lower, but similar abundances of 

chondrules. Recognizable chondrules have apparent diameters of 300-800 µm for 17 

chondrules in Y-82104, 200-800 µm for 15 chondrules in Y-693, and 200-500 µm for 

22 chondrules in Y-82002; but two exceptionally large chondrules are observed, one 

2 mm diameter porphyritic olivine chondrule in Y-82104 and the other 3 mm diameter 

barred olivine chondrule in Y-82002. Olivine in Y-82104 and Y-693 exhibits moderate 

to strong wavy extinction, whereas olivine in Y-82002 exhibits only weak wavy extinc

tion. Dark, glassy to microcrystalline material, which is subrounded to elliptical in 

shape and 200-700 µm in diameter, occurs in some places in the matrices of Y-82104 

and Y-693 (Figs. l a  and I b); it is probably a localized shock-induced melt. No metallic 

phase was observed in any of our thin sections. 

3.2. Y-82104 

Chondrules are mostly porphyritic olivine type; granular olivine chondrules also 

occur in lesser amounts. Olivine in chondrules is very homogeneous (the mean Fa 
content is 29.5 ± 0.5 mol%) (Fig. 2a) and contains significant amounts of Ni (-0.48 wt% 

NiO) but trace amounts of Ca ( < 0.1 wt% CaO). Pyroxene is rare in chondrules; most 

are homogeneous low-Ca pyroxene with Fs 25.2 ± 1.8 (Fig. 3a). 

Matrix consists largely of relatively coarsely recrystallized olivine (typically 

50-200 µm occasionally up to 300 µm in diameter), plagioclase (10-50 µm occasionally 

up to 100 µm), magnetite ( < 1-5 µm occasionally up to 500 µm in diameter), and minor 

amounts of low-Ca pyroxene, pentlandite and pyrite (Fig. 4a). Olivine in matrix is very 

homogeneous (Fa 29.2 ± 0.4), and not only its Fa contents but also Ni and Ca contents 

are very close to those of olivine in chondrules (-0.37 wt% NiO and <0.1 wt% CaO). 

Low-Ca pyroxene is also homogeneous (Fs 25.8 ± 1.3) and has compositions similar to 
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Fig. 3. Compositions of pyroxene in (a) Y-82104, (b) Y-693, and (c) Y-82002. Pyroxenes in 
Y-82104 and Y-693 are more equilibrated compared with those in Y-82002. 
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(a) 

(b) 

(c) 

Fig. 4. Back-Scattered-Electron ( BSE) images of matrices of ( a) Y-82104, (b) Y-693, and ( c) 
Y-82002. Olivine (01) and plagioclase ( Pl) in the matrices of Y-82104 and Y-693 are 
coarser-grained than those in Y-82002. Many tiny ( ,..,3 µm) magnetite grains (bright grains) 
are dispersed in the matrices of Y-82104 and Y-693. In contrast, most bright grains in matrix 
of Y-82002 are pyrrhotite. 
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Fig. 5. Compositions ofplagioclase in (a) Y-82104, (b) Y-693, and (c) Y-82002. Unlike olivine 
and pyroxene, plagioclase is heterogeneous in all of the meteorites. Plagioclase in Y-82002 
has a wider range of compositions than those in Y-82104 and Y-693. 
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those in chondrules (Fig. 3a). In contrast, plagioclase in matrix is heterogeneous ranging 

from An28 to An79 (Fig. 5a). Low-Ca pyroxene in matrix commonly coexists with 

plagioclase and exhibits lath-like texture (Fig. 6a); such texture has not been reported 

from other metamorphosed carbonaceous chondrites except for Y-693 (OKADA, 1975). 

Y-82104 contains a high abundance of magnetite; it occurs as micron-sized grains 

intermixed with olivine, pyroxene and plagioclase in both chondrules and matrix. 

Magnetite also occurs as relatively coarse grains (200-500 µm in diameter) which 

commonly contain lamellae of ilmenite and spinel that are typically 3-5 µm wide and 

10-100 µm long (Fig. 7a). Some coarse magnetite grains coexist with pentlandite 

( .-100 µm in diameter), minor pyrite ( .-50 µm) apatite ( .-30 µm) and chlorapatite 

("' 30 µm). All magnetites contain appreciable Cr (up to about 4 wt% Cr203). 

Representative compositions of opaque minerals are shown in Tables 1 and 2. 

3.3. Y-693 

Most chondrules are porphyritic olivine type; granular olivine chondrules occur, 

but are rare. Olivine is the dominant silicate in chondrules and is very homogeneous 

(Fa 29.8 ± 1.4). The mean Fa content ± lb, and Ni and Ca contents in olivine in 

chondrules are very similar to those in Y-82104 chondrules (-0.50 wt% NiO and 

< 0.1 wt% CaO). Low-Ca pyroxene in chondrules is also homogeneous (Fs 26.5 ± 1. 7) 

and has a composition similar to that in Y-82104 chondrules. 

The major constituents of matrix are olivine (typically 20-150 µm and occasionally 

up to 300 µm in diameter) and plagioclase (typically 10-40 µm and occasionally up to 

70 µm), and the minor constituents include low-Ca pyroxene, magnetite and pentlandite 
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(a) 

(b) 

Fig. 6. ESE images of lath-like low-Ca pyroxene contained in plagioclase in the matrices of Y-82104 
(a) and Y-693 (h). 

(Fig. 4b ). Olivine and low-Ca pyroxene in matrix are also very homogeneous (Fa 

29.4±0.7 and Fs 25.9± 1.5, respectively), and their compositions are close to those in 

the matrix of Y-82104 (Figs. 2b and 3b ). Like within Y-82104, olivine and low-Ca 

pyroxene in matrix have compositions very similar to those in chondrules. Ni and Ca 

contents in olivine in matrix are almost equivalent to those in chondrules ( ,...,0.41 wt% 

NiO and < 0.1 wt% CaO). Plagioclase is heterogeneous ranging from An 24 to An 71 

(Fig. 5b). Low-Ca pyroxene shows lath-like texture (Fig. 6b) like the pyroxene in the 

matrix of Y-82104 (Fig. 6a). 

Magnetite is abundant in both chondrules and matrix. The abundance and 

occurrence of magnetite resemble those of magnetite in Y-82104; micron-sized magnetite 

grains are dispersed in both chondrules and matrix, and coarse magnetite grains 

commonly contain lamellae of ilmenite and spinel as well as apatite and chlorapatite 

(Fig. 7b ). In places, Os-, Ru-, and S-rich particles ( < 3 µmin diameter) occur in magnet-
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Fig. 7. ( a) BSE image of a portion of a large aggregate ( ""500 µm in diameter) consisting mostly 
of magnetite ( Mag) and pentlandite ( Pn) in Y-82104. Magnetite contains lamellae of 
ilmenite ( Jim) and spine! (Sp), and apatite inclusions ( Ap). ( h) BSE image of a portion 
of a large aggregate ( ""350 µm in diameter) in Y-693. As well as Y-82104, lamellae of 
ilmenite ( llm) and .,pine/ (Sp), and apatite occur in magnetite. An Os-, Ru-, and S-rich 
particle ( PG M) is present. ( c) BSE image of an aggregate consisting of pyrrhotite (Po) 
and chromite ( Chr) in Y-82002. A network of narrow veins of Fe-oxide occurs within the 
pyrrhotite. 
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Table 1. Representative compositions of sulfides. 

Y-82104 Y-693 Y-82002 
� �- �� - --

pent. pyrite pent. 

Fe 26.06 43.30 27.31 
Ni 39.39 0.96 38.55 
Co 0.86 1.12 0.81 
Cr 0.16 0.16 n.d.* 
s 33.70 49.77 32.13 

Total 100.17 95.31 98.80 

Abbreviations: pent., pentlandite; pyrr., pyrrhotite. * not detected. 

pent. 

34.70 
28.58 

1.78 
0.18 

33.08 

98.36 

Table 2. Representative compositions of magnetite and chromite. 

pyrr. 

62.03 
0.54 
0.16 
0.15 

36.58 

99.46 

Magnetite Chromite 

Y-82104 Y-693 Y-82002 

Na20 0.25 n.d.* n.d. n.d. 
MgO n.d. 0.11 7.83 0.76 
Al203 n.d. 0.30 7.07 4.05 
Si02 n.d. n.d. 0.27 n.d. 
K20 0.20 n.d. n.d. n.d. 
Cao 0.27 n.d. n.d. n.d. 
Ti02 0.55 0.19 0.39 5.06 
Cr203 4.07 3.88 57.48 35.13 
MnO 0.07 0.02 0.20 0.38 
FeO 93.18# 94.79# 25.50 48.71 
NiO 1.13 0.25 0.05 0.08 

Total 99.71 99.54 94.16 98.81 

* not detected. 
; Total Fe is reported as Fe304. 

(wt%) 

(wt%) 

ite. They might be a kind of platinum-group-minerals (PGM) previously reported 

by GEIGER and BISCHOFF (1989b, 1991b). Pentlandite is the major sulfide. These 

mineralogical and chemical features of both silicates and opaque phases are mostly 

consistent with those reported by OKADA (1975), SCOTT and TAYLOR (1985) and GEIGER 

and BISCHOFF (1990a). 

TEM observations reveal that olivine in matrix contains screw dislocations with 

Burgers Vector b= [OOl]; dislocation densities range from 8 x 108 to 5 x 109 (Fig. 8a). 

Such high densities of dislocations are indicative of shock deformation (e.g., ASHWORTH 

and BARBER, 1975). Low-Ca pyroxenes in matrix are predominantly orthopyroxene 

that is free of clinopyroxene lamellae and contains characteristic unit dislocations 
(Fig. 8b). These microtextures are commonly observed in olivine and pyroxene in shock

metamorphosed ordinary chondrites of type 4-6 (e.g., ASHWORTH, 1985). Although 
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(a) 

(b) 

Fig. 8. ( a) TEM image of a portion of an olivine grain in the matrix of Y-693 containing 
straight screw dislocations with Burgers vector b = [001 J. ( b) TEM image of a portion of 
a low-Ca pyroxene grain with its electron diffraction pattern (inset) . The pyroxene exhibits 
only 18-A fringes along (JOO) indicating it is orthopyroxene. Unit dislocations are present 
( the most pronounced one is indicated by an arrow). 
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these shock features are rare in carbonaceous chondrites, we have recently observed 

them in the CV3 chondrite, Leoville (NAKAMURA et al., 1992) . 

3.4. Y-82002 

Chondrules are mostly porphyritic olivine type; barred olivine chondrules occur, 

but are rare. Olivine in chondrules in this meteorite is less equilibrated (Fa 35.1 ± 5.1) 
than olivine in Y-82104 and Y-693 (Fig. 2c). The olivine in chondrules contains trace 

amounts of Ca ( <0.1 wt% CaO). Ni concentrations are fairly low (-0.14 wt% NiO) 

compared with those of olivines in Y-82104 (-0.47 wt% NiO) and Y-693 (-0.50 wt% 

NiO). Low-Ca pyroxene in chondrules also has a much wider range in composition (Fs 

23.7 ± 8.2) than that in Y-82104 and Y-693 (Fig. 3c). 

Constituents of matrix are mostly similar to those in Y-82104 and Y-693, but they 
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are smaller; olivine and plagioclase range in diameter from 10 to 50 µm (Fig. 4c). Like 

olivine in chondrules, olivine in matrix (Fa 37.3 ± 2.4) has much higher Fe concen

trations and is less equilibrated than olivine in the matrices of Y-82104 and Y-693 

(Fig. 2c). It should be also noted that unlike Y-82104 and Y-693, olivine in matrix has 

significantly higher Fa contents than olivine in chondrules (Fig. 2c). Olivine in matrix 

contains comparable Ca ( <0.1 wt% CaO) and Ni ( -0.14 wt% NiO) compared to 

olivine in chondrules. Pyroxene in matrix is heterogeneous and includes both high-Ca 

pyroxene (Fs 13.0-19.7 and Wo 27.8-46.3) and low-Ca pyroxene (Fs 9.7-39.8 and Wo 

0.1-9.8) (Fig. 3c). Plagioclase has a wider compositional range (An 7-97 mol%) than 

those in Y-82104 and Y-693 with a large peak near 90 mo1% Ab (Fig. 5c). 

The opaque mineralogy of Y-82002 is distinctly different from that of Y-82104 

and Y-693. Magnetite is absent in Y-82002, and instead pyrrhotite (10-200 µm in 

diameter) is the dominant opaque phase. Pyrrhotite contains minor amounts of Ni 

( <0.4 wt%). Minor pentlandite also occurs. Ni contents in pentlandite ( -29 wt%) 

are lower than those in Y-693 and Y-82104 (both are "" 40 wt%). An Fe-rich phase, 

presumably Fe hydroxide, forms network-like veins within the sulfides; it may have 

been formed from metal by terrestrial weathering (Fig. 7c). In many places of the matrix, 

subhedral to euhedral chromite grains (10--150 µm in diameter) occur commonly in 

coexistence with pyrrhotite (Fig. 7c). Chromite occurs in two compositionally different 

types; one is rich in Fe ( ""  50 wt% FeO) and Ti ( ""  5 wt% Ti02) ,  and the other is poor 

in Fe ( "'  25 wt% FeO) and Ti ( "'0.5 wt% Ti02) .  Representative compositions of 

pyrrhotite, pentlandite and chromite are listed in Tables 1 and 2. 

4. Discussion 

Our study reveals that Y-82104 and Y-693 are remarkably similar in mineralogy 

and texture in having the features: (1) virtually identical compositions of olivine (e.g., 

Fa 29.2±0.4 vs. Fa 29.4±0.7 in matrix) and pyroxenes (Fs 25.8± 1.3 vs. Fs 25.9± 1.5 

in matrix) (Figs. 2 and 3), (2) very similar chondrule sizes and degrees of coarsening 

of matrix minerals, (3) very similar abundances of chondrules (10--15 vol%), ( 4) high 

abundances of magnetite, some of which contain lamellae of ilmenite and spinel (Figs. 

7a, b), (5) presence of characteristic dendritic texture of low-Ca pyroxene (Figs. 6a, 

b ). Based on these features, we suggest that Y-82104 and Y-693 are probably paired. 

A minor but noticeable difference seen in these meteorites is that Y-82104 has coarser

grained matrix than Y-693; we believe the difference is probably due to sample in

homogeneity. 

CK chondrites are known to have many distinct features in common (e.g., ScoTT 

and TAYLOR, 1985; GEIGER and BISCHOFF, 1989a, 1990a, b, 1991b) such as: 1) homo

geneous Fe-Mg silicates, 2) abundant magnetite, 3) heterogeneous plagioclase, 4) high 

NiO contents (0.33-0.72 wt%) and low CaO contents ( <0.1 wt%) in olivine, 5) presence 

of ilmenite and spinel lamellae in magnetite and 6) occurrence of platinum-group

minerals. Almost all these features are observed in Y-82104 and Y-693, suggesting that 

They are classified as CK chondrites. KALLEMEYN et al. (1991) suggested that both 

Y-82104 and Y -693 are probably included with CK chondrites, although they did not 

study Y-82104. Oxygen isotope data for Y-82104 and Y-693 reported by MAYEDA 
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et al. (1987) plot very close to each other within the cluster of CK chondrites in the 

three-oxygen-isotope diagram. These oxygen isotope data �re consistent with our view 

that Y-82104 and Y-693 are paired CK chondrites. 

Y-82104 was previously classified as petrologic type 5 (Y ANAi and KOJIMA, 1987), 

whereas Y-693 was classified as type 4 (OKADA, 1975; YANAI and KOJIMA, 1987; SCOTT 

and TAYLOR, 1985), although SCOTT (1985) once assigned Y-693 to type 5. Olivines and 

low-Ca pyroxenes in these meteorites show very small standard deviations in Fa and 

Fs contents, indicating that they are highly equilibrated. Both Y-82104 and Y-693 have 

relatively coarsely recrystallized olivines, 50-200 µm and 20-150 µm in diameter, 

respectively. On the basis of petrologic criteria of KALLEMEYN et al. (1991), the grain 

sizes of recrystallized olivines are consistent with a type 5 classification for Y-82104 

and Y-693. 

Y-82002 differs from CK chondrites in many respects. However, this meteorite 

has many features similar to Carlisle Lakes-type chondrites (RUBIN and KALLEMEYN, 

1989; WEISBERG et al. 1991 ). Meteorites of this type are strongly characterized by 

Fe-rich silicates (Olivine Fa= 38-41 mol % ) (RUBIN and KALLEMEYN, 1989). The most 

pronounced feature of Y-82002 is the high Fa contents of olivine (Fa 35-41) (Fig. 2c). 

Such high Fa values are not found in any type of chondrites. Other features indicating 

similarity to Carlisle Lakes-type chondrites include (1) high Ab contents (Ab 90) in 

plagioclase, (2) presence of high-Ca pyroxenes, (3) high abundance of pyrrhotite 

containing trace Ni, ( 4) presence of two compositionally different varieties of chromite. 

Based on these features, we suggest that Y-82002 should be included with the grouplet 

of Carlisle Lakes-type chondrites. 

Y-82002 was previously classified as petrologic type 5, which is much higher than 

for other Carlisle Lakes-type chondrites (e.g., Carlisle Lakes is type 3.8; ALH85151 is 

type 3.6; RUBIN and KALLEMEYN, 1989). Recrystallized olivine and plagioclase in Y-82002 

are relatively smaller in size (10-50 µm). Chondrules in Y-82002 are more well-defined. 

Olivine and pyroxene in Y-82002 are not homogeneous. The coefficient of variations 

of olivine Fa [( lb±/mean Fa) x 100] is 14.5 for chondrules and 6.4 for matrix, sug

gesting that Y-82002 is assigned to petrologic type 3.8 or 3.9 (SEARS et al., 1982). · 

Olivine in Y-82104 and Y-693 shows moderate to strong wavy extinction. Localized 

glassy material, probably a shock-induced melt, occurs in some places in the matrices 

of Y-82104 and Y-693 (Figs. l a, b). TEM observations reveal that olivine in the matrix 

of Y-693 contains high densities of screw dislocations (Fig. 8a). All these observations 

are consistent with that Y-82104 and Y-693 experienced shock pressures of S3-S4 level 

(using the criteria of STOFFLER et al., 1991). On the other hand, olivine in Y-82002 

shows only weak wavy extinction, suggesting that it has experienced milder shock 

pressures of probably S2 level (STOFFLER et al., 1 991). TEM observations also reveal 

that low-Ca pyroxene in the matrix of Y-693 is predominantly orthopyroxene containing 

unit dislocations (Fig. 8b ), suggesting that the low-Ca pyroxene initially contained 

clinopyroxene, but the clinopyroxene was transformed to orthopyroxene with unit 

dislocations by thermal annealing (ASHWORTH et al., 1984). 
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