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Abstract: The ALH-77003 chondrite (C3) is made up of fine-grained CAi's, 

amoeboid olivine inclusions, chondrules, devitrified glass fragments, mineral frag

ments and matrix. Their bulk chemical compositions and the constituent 

mineral compositions are presented in detail, and their origins are discussed. The 

fine-grained CAI's were formed from the materials rich in fassaitic pyroxenes by 

reactions with the surrounding gas at low temperatures. Amoeboid olivine in

clusions are considered to have a cogenetic relationship with fine-grained CAi's 

and to have suffered the same reactions as the fine-grained CAi's. FeO-rich 

chondrules (fSP type), devitrified glass fragments and matrix were formed from the 

solar nebula condensates at low temperatures whereas MgO-rich chondrules (mIP 

and mSP) types were formed from high temperature condensates. 

1. Introduction 

The ALH-77003 chondrite is classified as a C3 chondrite (Antarctic Meteorite 

Newsletter, 4(2), 1981). Fine-grained Ca- and Al-rich inclusions (CAi's hereafter) 

and amoeboid olivine inclusions (AOI's) are abundantly present in the chondrite, 

supporting this assignment, and the abundant occurrence of chondrules in this chondrite 

means that it is not a CI nor CM type. The bulk chemical composition of this 

chondrite (MARVIN and MASON, 1980) gives the following atomic ratios: Al/Si, 0.10; 

Mg/Si, 1.03; Ca/Si, 0.070; and Fe/Si, 0.772. According to Wasson's criteria 

(WASSON, 1974) for classification of CV and CO types, these ratios of Al/Si and Ca/Si 

with the high ratio of chondrules/matrix of this chondrite show it to be a CO type, 

whereas the Fe/Mg ratio of 0.752 means the chondrite is a CV type. The atomic ratios 

of Al/Mn and Ca/Mn of this chondrite are 13 and 9.1, which are rather near the CM 
type and far from the values of CO and CV (KALLEMEYN and WASSON, 1981). Chon

drule sizes are also a criterion for distinguishing between CV and CO (WASSON, 1974), 

but are not used for grouping this chondrite because they range widely from 0.08 mm 
up to 1.2 mm in diameter. McSwEEN (1977c) showed that excentro-radial pyroxene 

chondrules are not observed in CV type, which includes melilite-anorthite chondrules 
instead. From this point, ALH-77003 can be classified as CO because of the occur

rence of devitrified glass chondrules equivalent in chemical composition to excentro

radial pyroxene chondrules, and because it lacks melilite-anorthite chondrules. Ac
cording to VAN ScHMUS and HA YES ( 1974), one criterion for the subdivision of CV and 
CO is the amount of opaque minerals in chondrules. However, this is not effective 

for this chondrite because some chondrules include opaque minerals abundantly where

as some do not. Hence, ALH-77003 can not be classified into CI, CM, CV and CO 
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types, and may be considered an unique C3 chondrite. 

In general, C3 chondrites consist of CAi's, AOI's, dark inclusions, chondrules, 

mineral fragments, matrix and so on. The CAi's have been well studied and are 

classified into two categories according to grain sizes of the constituents, coarse-grained 

CAi's and fine-grained CAi's. The former and the latter together with AOI's are 

further classified into several types, respectivery (MARTIN and MASON, 1974; GROSSMAN, 

1975; WARK and LOVERING, 1978; WARK, 1979; KoRNACKI, 1981; ARMSTRONG eta!., 

1981 ). Petrological and petrochemical studies on the other constituent units, chon

drules, dark inclusions or lithic fragments, mineral fragments, and matrix also have 

been performed (OSBORN et al., 1974; GREEN et al., 1971; MCSWEEN, 1977a, b, c, d; 

McSWEEN and RICHARDSON, 1977; WARK, 1978; BUNCH and CHANG, 1980). 

However most of these studies are concentrated on a few C3 chondrites, especially 

on Allende meteorite. 

In this paper, the petrological and petrochemical study of the constituents of ALH-

77003, fine-grained CAi's, AOl's, chondrules, devitrified glass fragments and matrix 

are presented, and the genetical relationships among them are discussed. 

2. Petrography 

ALH-77003 is a massive aggregate of fine to medium-grained CAi's, AOl's, 
chondrules, devitrified glass fragments, silicate and opaque mineral fragments and 
matrix. Fine-grained CAi's occur as irregular-shaped black to gray aggregates 

smaller than 0.5 mm, consisting of fine-grained materials usually finer than micron 

size, but in some medium-grained CAi's relatively large spinel grains up to several 

tens microns and/or fassaitic pyroxene grains not so large as spinel graines are rarely 
observed. These fine to medium-grained CAi's often have a thin rim, usually micron 

size in width, of aluminous high-Ca pyroxenes. They are usually free from opaque 

minerals. A botryoidal olivine incl us ion (Fig. 7f) is present. It consists of nodules, 

several tens up to one hundred microns in diameter, and interstitial materials, the for

mer being rich in spinel and the latter consisting mainly of fine-grained olivine. Tex

tual variety similar to the botryoidal olivine inclusion is observed in some fine to me

dium-grained CAi's and AOI's, showing continuous spectrum between them. AOl's 

are irregular-shaped aggregates smaller than about 0.5 mm across, consisting mainly 

of olivine graines of several to several tens micron size. AOl's sometimes include 

small amounts of irregular-shaped patches consisting of very fine-grained materials, 

and commonly comprise variable amounts of opaque minerals such as Fe-Ni metals 

and troilite. 

The chondrules, which are considered to have crystallized from molten droplets, 
occur abundantly and show clear outlines against the matrix. A variety of textures 

exists, the commonest being porphyritic to granular olivine chondrules. Barred 

olivine chondrules and porphyritic pyroxene chondrules are also observed in minor 

amounts. Typical radial pyroxene chondrules are not observed, but fine-grained 

pyroxene or devitrified glass chondrules which are equivalent to the radial pyroxene 

chondrules in chemical composition sometimes occur. A rare type of porphyritic 

diopside chondrules occurs, consisting of nearly pure diopside crystals set in clean glass 
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(Fig. 7a). 

Silicate mineral fragments are mainly olivine or low-Ca pyroxene which show 

often compositional zoning with ferrous rims. Opaque mineral fragments are 

kamacite, taenite, troilite and mixtures of them. Kamacite occurs more commonly 

than taenite. 
Devitrified or brown glass fragments show angular to subround outlines, about 

several hundred microns across. They may be fragments of larger glasses or larger 

glassy chondrules. 

The matrix is defined as aggregates of materials finer than micron size filling 
interstitial spaces between the inclusions, chondrules and mineral fragments. 

3. Chemical Compositions of Inclusions, Chondrules, 

Devitrified Glass Fragments and Matrix 

The chemical compositions of fine to medium-grained CAi's, AOl's, chondrules, 

devitrified glass fragments and matrix were obtained using a defocussed beam of an 

electron-probe microanalyzer. The correction method of the analytical data 1s 

Table 1. Chemical compositions of fine to medium-grained CAi's. Two inclusions, Nos. 71-1 
and 105, are intermediate type between fine-grained CAI and AO!. 

Na20 

MgO 

Al20s 

Si02 

K20 

CaO 

Ti02 

Cr203 

MnO 

31 34 44' 51-3 51-4 51-7 69 71-1 74 87 103 104 

8.95 9.17 0.16 4.30 8.11 2.89 3.89 5.39 7.75 7.95 5.76 5.44 
5.62 3.50 11.16 8.61 8.03 5.95 10.82 13.19 3.75 5.74 9.25 8.51 

32.50 37.53 47.98 30.31 23.88 43.94 19.38 15.16 35.01 42.36 21.05 32.61 
29.27 25.91 12.95 30.85 37.46 20.80 40.81 45.26 30.85 21.48 42.23 30.66 
1.22 1.43 
5.67 4.01 
1. 39 2 .16 

0.09 

0.00 0.38 0.01 0.73 0.16 0.08 
6.99 10.94 10.39 10.23 15.69 8.52 
2.23 0.62 1.05 0.90 1.11 0.18 

1. 33 
6.18 
1.02 

0.33 0.19 0.00 

1.18 0.18 0.19 
2.73 15.82 9.67 
0.92 0.61 0.91 
0.10 0.09 0.55 

FeO 9.66 8.80 15.79 7.53 4.64 8.90 2.95 9.30 6.51 12.99 2.18 8.03 
Total 94.27 92.59 97.29 93.55 93.59 94.34 94.81 97.27 92.40 95.46 97.16 96.56 

Na20 

MgO 

Al20s 

Si02 

K20 

CaO 

Ti02 

Cr20s 

MnO 

105 336-1 343 347-2 361-1 361-2 377 382 384 389 394-1 

3.93 6.77 5.73 
15.01 7.33 10.23 
14.86 37.49 21.37 
36.26 27.73 37.42 
0.15 1.17 0.43 
7.26 6.60 9.97 
0.57 1.58 0.41 
0.27 

4.63 8.29 8.34 8.72 2.85 6.28 2.96 3.88 
9.71 4.01 6.62 8.87 8.67 6.85 9.03 11.05 

26.72 33.56 31.27 20.45 41.85 48.65 32.10 26.60 
31.05 25.43 28.29 47.25 19.60 18.75 27.20 33.62 
0.80 1.44 1.10 0.51 0.41 1.00 0.42 0.54 
8.72 5.51 3.59 11.77 8.46 4.11 13.04 12.65 
1.40 1.55 0.99 0.88 1.80 1.16 4.06 1.22 

FeO 17.17 9.39 9.29 9.48 14.53 14.67 2.92 13.19 10.61 10.32 8.39 
Total 95.47 98.05 94.87 92.50 94.33 94.87 101.37 96.82 97.41 99.13 97.95 
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according to BENCE and ALBEE (1968), and further correction for AOI's and chondrules 

is performed by the method of IKEDA (1980), because of the heterogeneous occurrence 

of coarse-grained polyphases in them. Opaque minerals in inclusions and chondrules 

were avoided from the beam of electron-probe microanalyzer. Thus, the chemical 

compositions presented here are those of silicates and oxides in inclusions and 

chondrules. The chemical compositions of them are tabulated in Tables 1 to 6. 

3.1. The fine to medium-grained CAi's show a wide variation of chemical composi

tion (Table 1): Al20s, 19-49 wt%; Si02 , 12-48%; CaO, 2-16%; MgO, 3-12%; FeO, 

2-16%; Na20, 0.1-10%; K 20, 0.00-1.5%; and Ti02 , 0.4-4.1 %. Their composi

tions are represented mainly by various mixtures of spinel and high-Ca pyroxene. 

The chemical compositions of nodules and interstitial materials of a botryoidal olivine 

inclusion are tabulated in Table 2, the former being rich in spinel component and 

the latter being rich in normative olivine and high-Ca pyroxene components. The 

botryoidal olivine inclusion is characteristically poor in alkali contents. 

3.2. The chemical compositions of AOI's are: Si02 , 33-41 wt%; MgO, 20-38%; 

FeO, 15-34%; AI20:i, 1-8%; CaO, 1-6%; Na20, 0.01-3.3%; K20, 0.00-0.06%; and 

Table 2. Chemical compositions of AOI's together with those of nodules (68-2 and 68-4) and 
interstitial material (68-3) of a botryoidal olivine inclusion. 

Na20 
MgO 
Al20s 
Si02 
K20 
CaO 
Ti02 

Cr20s 
MnO 
FeO 
Total 

Na20 
MgO 
Al20a 
Si02 
K20 
Cao 
Ti02 

Cr20s 
MnO 
FeO 
Total 

39 42' 43 56 59 71-2 84 90 92 95 101 

3.23 0.81 0.04 0.49 0.11 2.26 0.82 0.10 0.07 0.56 0.42 
20.64 23.13 28.82 28.92 24.91 24.00 26.89 25.44 28.40 27.66 29.04 
8.10 6.07 2.74 1.90 2.88 7.77 4.03 1.46 3.70 4.49 6.43 

36.96 37.13 35.09 36.69 34.93 40.68 36.06 33.53 37.49 35.65 38.30 
0.06 
3.36 

0.02 
3.35 
0.22 

0.26 0.20 

0.00 0.00 
1.89 1.41 
0.00 0.18 

0.00 0.00 0.01 
2.57 3.96 2.13 
0.00 0.17 0.18 

0.32 
0.17 

0.00 0.00 0.00 
1.07 3.45 1.74 
0.00 0.18 0.00 
0.32 0.31 0.35 

0.00 
5.45 
0.36 
0.25 

23.21 28.65 31.09 30.84 30.59 22.91 28.14 33.91 24.49 28.75 18.69 
95.82 99.58 99.67 100.43 96.00 101.92 98.58 95.83 98.09 99.20 98.94 

110 111 304 329 385 394-2 68-2 68-4 68-3 

0.06 0.46 0.47 0.01 0.02 0.44 0.09 0.10 0.02 
30.02 27.33 30.42 33.55 37.55 24.01 12.99 14.37 28.19 
3.21 4.42 4.37 1.58 3.21 4.28 43.98 51.08 6.63 

36.55 37.07 36.38 37.52 36.97 35.34 13.38 9.46 38.65 
0.00 0.00 0.02 0.01 0.00 0.01 0.00 0.00 0.00 
2.55 3.72 2.25 1.69 2.03 5.21 7.65 7.32 7.95 
0.07 0.21 0.28 0.33 0.18 0.20 1.95 4.25 1.01 
0.41 0. 38 

24.20 25.49 24.26 22.15 14.93 26.39 13.57 10.55 18.81 
97.07 99.08 98.45 96.83 94.89 95.89 93.62 97.12 101.27 



· ---�-

1 7 
------------�-----1 __ 

Na20 I 0.94 0.87 
MgO 26.57 32.34 
AI20a 4.84 5.51 
Si02 , 53.16 48.13 
K20 0.06 0.07 
CaO 5.12 4.89 
Ti02 

Cr20a 
MnO I 0.39 0.18 
FeO 7.20 5.80 
Total ' 98.28 97.79 

49 50 
_______ I ---- ------------- --

Na20 0.65 0.36 
MgO . 29.53 39.80 
Al20a 4.14 2.36 
Si02 42.09 46.30 
K20 0.07 0.00 
CaO 3 .19 1. 73 
Ti02 0.03 0.20 
Cr20a 
MnO 
FeO 16.84 9.38 
Total 96.54 100.13 

- --------

81 303 

Na20 0.26 0.37 
MgO · 27.02 38.23 
Al203 1.09 2.20 
Si02 • 48.05 49.86 
K20 0.00 0.05 
CaO 6.06 1. 76 
Ti02 0.10 0.21 
Cr20a 1.05 
MnO 
FeO 13.27 6.59 
Total 96.90 99.27 

Table 3. Chemical compositions of IP chondrules. 

8 8-2 8-3 12 

0.34 0.35 0.35 0.46 
43.20 33.24 36.97 41.52 
1. 51 1.38 2.51 3.05 

41.15 53.55 45.41 42.91 
0.02 0.02 0.02 0.03 
1.20 2.13 1.93 2.48 

0.00 0.00 

0.12 0.17 
7.02 9.07 12.20 9.39 

94.57 99.75 99.39 100.00 

51-6 54 57 58 
- --- ------------- - -------------·-

0.40 0.84 0.20 0.40 
32.00 39.43 39.58 36.12 
2.95 3.83 1.76 3.28 

53.84 43.68 40.18 44.16 
0.01 0.03 0.03 0.00 
2.86 2.94 1.58 2.96 
0.04 0.00 0.00 0.05 

6.26 10.50 16.95 11.34 
98.37 101.25 100.25 98.31 

-'...-�� 

19 40 42 

0.13 1.12 0.30 
40.04 30.07 26.77 
2.26 4.86 1.24 

47.62 46.85 51.11 
0.02 0.10 0.00 
1.86 3.98 3.49 

0.11 

0.42 0.24 
7.32 10.80 12.81 

99.67 98.02 95.83 

60 61 62 
---------�- -�--------

0.57 1.84 1.10 
37.11 18.41 26.64 
1.95 7.54 6.57 

50.56 52.16 44.05 
0.00 0.08 0.03 
1.87 8.47 4.01 
0.00 0.16 0.03 

8.35 8.27 18.07 
100.41 96.93 100.50 

45 46 47 

0.04 0.64 0.60 
49.20 35.37 30.45 
0.89 3.79 2.53 

39.06 49.01 53.39 
0.00 0.06 0.06 
0.38 3.24 4.01 
0.00 

0.19 0.22 
8.25 8.13 5 .16 

97.82 100.43 96.42 

64 65 66 

0.49 0.41 0.56 
31.66 30.07 39.78 
2.95 5.62 2.54 

46.73 55.10 45.42 
0.02 0.00 0.00 
2.39 5.90 2.04 
0.03 0.35 0.00 

14.34 1.88 7.88 
98.61 99.33 98.22 

-----------=---- - - - - - - --- - . - ---·-----�----------=-___:____�___:__-___ -- -------·-�-- -

307 309 314 318 344 

0.46 0.23 0.69 0.23 0.68 
41.87 31. 65 32.80 28.95 38.19 
3.77 3.42 2.75 1.87 4.03 

41.12 52.01 53.95 54.99 45.33 
0.04 0.04 0.08 0.02 0.07 
3.19 3.30 3.29 4.00 4.10 
0.30 0.28 0.24 0.22 0.21 

7.56 6.68 4.76 8.57 9.80 
98.31 97.61 98.56 98.83 102.44 

369 374 
----- ------- - ·-------- --

1.92 0.50 
16.83 41.66 
6.60 3.24 

51.57 41.09 
0.12 0.05 

10.78 2.93 
0.44 0.28 

10.45 11.36 
98.71 101.11 

375 386 20 

1.00 0.04 1.12 
23.39 35.89 28.19 
4.80 2.14 13 .14 

51.32 51.34 42.91 
0.10 0.01 0.10 
7.32 2.12 7.79 
0.42 0.30 

0.12 
6.81 7.52 6.95 

95.16 99.36 100.32 

w 
00 

48 

1.11 
26.64 
5.43 

48.31 
0.11 
4.74 

0.13 
8.94 

95.41 

67 

0.41 
34.92 
3.98 :,,;" 

51.54 o· 
0.00 ..... � 
3.71 
0.00 > 

6.26 
100.82 
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Table 4. Chemical compositions of mSP, JSP and unique type chondrules. 

mSP type unique type 

23 37 102 319 322 346 397 10-4 29 

Na20 l. 70 1.37 0.85 2.75 2.30 0.98 1.20 1.61 3.02 
MgO 36.25 27.66 26.51 21.98 22.13 24.87 39.90 9.45 8.36 
A1203 4.54 2.58 2.14 4.87 3.85 1.86 3.09 8.72 10.16 
Si02 44.94 55 .16 55.57 57.01 54.38 56.44 44.90 58.61 54.15 
K20 0.02 0.04 0.00 0.04 0.05 0.06 0.05 0.00 0.13 
CaO 3.16 3.43 3.51 5.92 7.42 4.23 2.06 13.11 14.46 
Ti02 0.00 0.15 0.32 0.33 0.24 0.35 0.01 
Cr20a 1.25 
MnO 0.57 0.35 
FeO . 10.09 7.04 8.72 4.73 9.04 9.15 9.11 8.14 3.61 
Tota] i 100. 70 97.85 98.70 97.62 99.49 97.59 100.66 99.65 94.24 

-· ----------- ---- . __ 

fSP type 
----· ··-···--

38 41 44 301 323 326 339-1 339-2 353 391' 

Na20 0.91 1.26 1.17 1.12 0.76 1.59 1.82 0.89 0.16 0.32 
MgO 26.04 26.20 23.96 21.28 25.17 18.06 22.96 23.66 18.50 20.37 
Al20a 2.51 2.11 2.54 1.99 2.01 2.87 3.43 2.04 0.21 0.69 
Si02 37.73 38.73 37.71 41.46 38.61 42.60 39.39 38.38 45.56 40.44 
K20 0.06 0.03 0.05 0.02 0.06 0.07 0.05 0.00 0.00 0.00 

Cao 1.18 3.07 1. 76 2.63 3.87 6.23 3.38 1.85 6.14 6.18 
Ti02 0.24 0.17 0.23 0.37 0.27 0.10 0.12 
Cr20a 
MnO 0.40 0.34 0.36 
FeO 30.24 27.95 30.69 29.55 28.00 27.42 26.83 32.43 26.23 28.96 
Total 99.07 99.69 98.24 98.29 98.66 99.07 98.23 99.52 96.90 97.08 

Table 5. Chemical compositions of devitrified glass fragments. Nos. 80-1, 80-2 and 80-3 are 
the composition of different parts of a glass fragment. 

80-1 80-2 80-3 32.5 379 

Na20 0.70 1.14 1.55 6.66 1.63 
MgO 26.94 25.76 26.55 7.65 23.59 
A1203 1. 75 2.51 2.57 10.52 2.83 
Si02 31.70 35.16 35.76 48.03 36.37 
K20 0.05 0.04 0.02 0.17 0.01 
CaO 0.24 2.55 0.74 14.71 3.51 
Ti02 0.27 
Cr20a 0.75 0.70 0.56 0.11 
MnO 0.33 0.36 0.30 0.23 
FeO 34.09 32.28 31.43 7.24 29.10 
Total 96.55 100.49 99.47 95.32 97.31 

----·------ ·-- .. 

352 18' 

1.50 0.27 
20.99 26.90 
3 .15 0.57 

38.70 37.34 
0.17 0.00 
3.08 0.07 
0.31 0.13 

0.29 
26.29 33.38 
94.19 98.95 

-
" - - --

-_ _ -� - -
- . 

345 400 

0.98 0.35 
24.51 27.13 
1.79 1.44 

38.12 42.88 
0.01 0.04 
2.85 3.29 
0.15 0.22 

31.21 23.28 
99.62 98.64 

-----------------------
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Table 6. Chemical compositions of matrix. 

M-1 M-3 M-5 M-7 402 

Na20 0.12 0.41 0.17 0.11 0.49 
MgO 24.05 22.33 24.95 25.57 22.51 
Al20s 1. 72 1.97 2.32 2.07 2.39 
Si02 28.08 28.47 29.66 31.18 30.67 
K20 0.00 0.03 0.00 0.00 0.04 
Cao 0.23 0.47 0.52 0.42 0.39 
Ti02 0.08 0.15 0.00 0.09 0. 17  
Cr20s 0.42 0.45 0.36 0.42 
MnO 0.27 0.31 0.33 0.23 
FeO 32.78 35.1 7 30.12 30.27 34.57 
Total 87.75 89.76 88.42 90.35 91.23 

Table 7. Chemical types of chondrules. 
Ratios are in mole. 

MgO 
MgO+FeO 

0.65< 0.65> 
Al 

Na+K+Al 
',,, 

>0.65 IP mIP fJP 

<0.65 
ii 

SP mSP fSP 

Ti02 , 0.0-0.4% (Table 2). The normative components of AOI's are represented 

mainly by olivine with variable amounts of high-Ca pyroxene, anorthite and nephe

line. 

3.3. The chemical compositions of chondrules also show wide variation: Si 02, 

35-60 wt%; MgO, 8-50%; FeO, 2-33%; Al203, 0.2-13%; CaO, 0.3-15%; Na20, 

0.04-3%; and K 20, 0.00-0.13% (Tables 3 and 4), being represented by the mixtures of 

normative olivine and pyroxene with relatively constant normative plagioclase. Most 

chondrules show the mole ratios of Si02/(Si02+MgO+FeO) between 0.30 and 0.70. 
But rare chondrules have ratios larger than 0.70, and these chondrules are grouped ten

tatively into a unique type in this paper. They are chondrules No. 29 and No. 10-4, 

whose chemical compositions are presented by the mixtures mainly of intermediate 

plagioclase and high-Ca pyroxene. Common chondrules are classified on the basis 

of Al/(Al+Na+K) atomic ratios into two types, SP and IP, as shown in Table 7. 
The SP and IP types are characterized by the normative compositions of sodic (An0 _30) 

and intermediate (An30 _05) plagioclase, respectively. Each type is further subdivided 

into two subtypes on the basis of MgO/(MgO+FeO) mole ratios as shown in Table 7. 

3.4. Some devitrified glass fragments are observed in this chondrite. They never 

show spherical outlines and may be fragments of large glasses or large glassy chondrules. 

Their chemical compositions are presented in Table 5. They are remarkably similar 

in chemical composition to the matrix, except glass fragment No. 32.5. Therefore, 

these devitrified glass fragments may have been formed from materials similar to the 

matrix by melting prior to or during their accretion onto the chondrite parental body. 
No. 32.5 fragment shows a chemical composition which is similar to the devitrified 

groundmass glass of fSP chondrules. Thus it may have derived from the fragmenta

tion of large fSP chondrules. 

3.5. Chemical compositions of the matrix were already reported by IKEDA et al. 

(1981), and some additional data are tabulated in Table 6. Chemical compositions 

of the matrix are relatively uniform, as follows: Si 02 , 27-36 wt%; MgO, 22-30%; 

1: FeO, 30-40%; Al203, 0.6-3.6%; CaO, 0.07-1.8%; Na20, 0.1-0.7%; K20, 0.00-
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0.12%; and Ti20, 0.03-0.20%. They are represented by the mixtures mainly of ferrous 
olivine (Fo55 _65) and Fe-bearing minerals (Fe-sulfide, Fe-metal or Fe-oxide) with 

small amounts of nepheline, spine! and/or high-Ca pyroxene components. 

3.6. The chemical compositions of fine to medium-grained CAi's, AOI's, chondrules 

and matrix are plotted in Figs. I to 5. Metal-free and/or metal-bearing solar con

densate trends are shown for reference in Figs. 2 to 5. The two trends are constructed 

{a) 

(b) 

Ne 

Al 
Sp.An 

____ Ks 

Na K 

Kf 

�--------------" 
Na Al K 

Ab.Ne 

(a) 

(b) 

Na+K Al Ca 

(c) (c) 

Na K 

Fig. J. Atomic plotting of Al-Na-K for the con
stituent units of ALH-77003. (a): Fine 
to medium-grained CAI (open circle) 
and AO/ (solid square). (b): Chon
drules of chemical types of unique 
(open circle), m/P (solid circle), mSP 
(solid square) and /SP (open square). 
(c): Matrix (open circle). Abbrevia
tions of Sp, An, Ne, Ks, Ab and Kf 
are spine/, anorthite, nepheline, kalsilite, 
a/bite and K-feldspar, respectively. 
Solid star is the solar abundance 
(CAMERON, 1973). 

Na•K Ca 

Fig. 2. Atomic plotting of Al-(Na+ K)-Ca for 
the constituent units of ALH-77003. 
Symbols are the same as in Fig. 1. Di 
is diopside. The dashed line and small 
letters show the solar condensate trend 
(see text). 
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fassaite, diopside, spine/, gehlenite, 
anorthite, nepheline, low-Ca pyroxene 
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The dashed and dotted lines are the same 
as in Fig. 3. 

from the chemical compositions of the solar nebula condensates at several tempera

tures under the condition of total gas pressure of 1 o- 3 atm. The metal-free solar 

condensate trend corresponds to the silicate and oxide condensates, except metallic 

Fe. The compositions of the condensates at 1500, 1450 and 1440 K are quoted from 

GROSSMAN (1975). Those at 1650 and 1362 K are calculated from the data of 

GROSSMAN and LARIMER (1974). The composition of the condensate at 1000 K is  
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symbols and abbreviations are the same 
as in Fig. 4. Ak is akermanite. The 
dashed line is the same as in Fig. 3. 

assumed to equal the solar abundance because major components such as Al, Ca, Mg, 

Si and Na finish their condensation at this temperature. Below 700 K, oxidation and 

sulfurization of metallic Fe take place, and the condensate is represented by the com

position equal to the solar abundances, the metal-bearing trend coinciding with the 

metal-free trend. Symbols a, b, c, d, e, f, g and h in Figs. 2 to 5 are the chemical 

compositions of metal-free condensates at 1650, 1 600, 1 500, 1450, 1440, 1 362, 1000 

and 700 K, respectively, and d' and f' are those of the metal-bearing trend at 1450 

and 1 362 K, respectively. 

Figure I shows that the K/(Na+K) ratios of fine-grained CAi's are generally 

higher than those of AO I's and chondrules, and nearly coincide with those of the matrix 

and the solar abundances. In Fig. 2, the chondrules are plotted around the solar 

condensate trend between 1 362 and 700 K, the IP type being higher in temperature 

than the SP type. On the other hand, fine-grained CAi's and AOI's deviate from the 

high temperature trend toward (Na+K) apex. 

The matrix is extremely poor in CaO content, and alkalis are also depleted in the 
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matrix in comparison with the solar abundances. Figure 3 shows that Fe-Mg ratios 
of the fine-grained CAI's, AOI's and chondrules are variable. The ratios for chon

drules seem to be divided into two groups, magnesian and ferrous. Although the 
SP type belongs in both groups, the IP chondrules are limited to the magnesian group. 

It is characteristic that magnesian (mlP and mSP) group contains fairly constant FeO 

content. The Mg/Si ratios of fine-grained CAi's are low and variable, but those of 

AOl's, chondrules and matrix are in average equal to the solar abundances. Es

pecially the Mg/Si of the matrix is surprisingly uniform and slightly higher than the 

solar abundances. 
In Fig. 4, the fine-grained CAl's are plotted widely across the solar condensate 

trend, whereas the AOI's are limited around f. It is recognized that the chemical 

composition is discontinuous between the fine-grained CAi's and AOI's. In general, 

Al contents of chondrules are fairly uniform, indicating the constant normative plagio

clase content in them. But some unique chondru1es show high contents of Al, deviat

ing from the solar trend. These chondrules contain high normative components of 

plagioclase and high-Ca pyroxene. The Al contents of the matrix are also uniform 

and slightly lower than the solar abundance. 
In Fig. 5, AOI's and chondrules are plotted along the solar condensate trend, 

whereas fine-grained CAI's and the matrix are fairly depleted in CaO, resulting in 

their deviation from the trend. 

Figures 1 to 5 show that fine-grained CAi's are fairly rich in alkalis and FeO 
and poor in CaO in comparison with the high temperature solar condensates. The 

AOI's also contain variable amounts of alkalis and FeO, although they are plotted 

along the solar condensate trend in Figs. 4 and 5. On the other hand, the mIP and 

mSP chondrules plot along the metal-free solar condensate trend in the temperature 

range between 1362 and 1000 K except for their slightly high FeO contents. The 

fSP chondrules also show the chemical composition of the trend between 1000 and 

700 K, although they seem to be discontinuous in chemical composition to the mIP 

and mSP chondrules. The matrix is poor in alkalis and CaO and slightly poor in 

Al203 and Si02 in comparison with the solar condensates at temperatures lower than 

700 K. 

4. Mineralogy 

4.1. Inclusions 
In fine-grained CAI's, the constituent minerals are too fine to determine the species 

under the microscope. Those in medium-grained CAi's and rim pyroxenes surround

ing some fine to medium-grained CAi's were analyzed using an electron-probe micro
analyzer. In a medium-grained CAI (No. 104), nepheline, spinel and high-Ca pyroxene 

occur in igneous texture (Fig. 7d), and their chemical compositions are shown in Table 

8. The K20 contents of the nephelines are extremely low, and the CaO contents 

are also lower than those of the Allende meteorite (ALLEN et al. , 1980). The FeO 
contents of spinels are high and the mole ratios of MgO/(MgO+ FeO) are about 0.5, 

whereas the coexisting high-Ca pyroxenes are extremely magnesian, the mole ratios 

being 0.98 to 0.99. The high-Ca pyroxenes show high Al20s contents of about 14 
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Chemical compositions of spine/, nepheline, and pyroxene in fine and medium-grained 
CAi's. 
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Fig. 6. Chemical compositions (in wt %) of pyroxenes. (a) : High-Ca pyroxenes of fine to medium
grained CAi's (open circle), No. 29 chondrule of unique type (open circle with dot)  and No. 
20 chondrule of m/P type (solid circle). (b): High-Ca pyroxenes (open circle), ortho
pyroxenes (solid circle) and low-Ca clinopyroxenes (open square) in No. 1 chondrule of 
m/P. (c) : High-Ca pyroxenes (open circle), orthopyroxenes (solid circle) and low-Ca 
clinopyroxenes (open square) in some m!P chondrules. 

to 15 wt% and low Ti02 contents of 0.7 to 2.7 wt%. The CaO of the pyroxenes are 

higher than those of chondrules (Fig. 6) because of high contents of Ca-Tschermak 

molecules in the medium-grained CAI. Rim pyroxenes around fine to medium

grained CAi's show similar chemical compositions to the high-Ca pyroxenes of No. 
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104 inclusion, but the Al203 contents of the former are lower, ranging widely from 12 

to 1 wt%. 

Olivines are a main constituent in AOI's. They are heterogeneous in MgO/ 

(MgO+ FeO) mole ratios, ranging from 0.95 to 0.60, although there is a tendency 

to become more ferrous toward the margins of AOI's. 

4.2. Chondrules 

Several spinel grains are observed in the central part of No. 20 chondrule (type 
IP) as shown in Fig. 7b. Their Ti02 and Cr203 contents are low (Table 9). They 

show chemical zoning in MgO/(MgO+ FeO) mole ratios from 0.82 in the core to 

0.67 in the rim. 

Plagioclases are observed in many chondrules of the IP type. In general, they 

occur interstitial together with high-Ca pyroxenes, which means they are products 

of the latest stage crystallization in the chondrules. The An contents vary within the 

range of 60 to 85 mole percent between chondrules and also within a chondrule. 

Table 9. Chemical compositions of spine/ (Sp) and plagioclase (Pl) in chondrules of Nos. 20 (type 
IP), 12 (JP), 27 (JP), 25 (IP) and 312 (IP). 

20-1 20-2 20-3 20-5 20-6 20-8 20-9 20-14 20-17 20-18 20-19 12-4 
Sp Sp Sp Sp Sp Pl Pl Pl Pl Pl Pl Pl 

Na20 
MgO 
Al20a 
Si02 

K20 
CaO 
Ti02 

Cr20s 
MnO 
FeO 
NiO 

0.01 0.01 0.00 0.01 0.00 

21.16 22.47 22.48 17.35 19.20 

2.94 
0.72 

2.99 
0.79 

3.04 
0.98 

2.70 

0.83 
3.06 

0.60 

4.12 
1.05 

2.54 
1.15 

68.20 67.94 67.78 65.48 67.04 32.60 32.98 32.40 33.00 32.77 30.82 32.07 
0.06 0.11 0.08 0.17 0.34 45.77 44.92 46.60 45.38 45.77 48.16 47.61 
0.04 0.02 0.04 0.00 0 . 02 0.20 0.21 0.29 0.23 0.16 0.33 0.17 
0.00 

0.34 
0.15 
0.07 

10.10 
0.10 

0.00 

0.34 

0.57 
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9.29 
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0.26 
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0.04 
0.01 
0.33 

0.00 
0 . 09 
0.57 

0.00 

0.06 
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0.11 
0.00 
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0.03 
0.03 
0.56 
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8�64 99. 81 100.28 

1 12-12 27-7 27-9 27-11 27-14 27-18 27-19' 27-21 27-29 25-9 312-6 312-9 
Pl Pl Pl Pl Pl Pl Pl Pl Pl Pl Pl Pl 

I Na20 I 1.82 
MgO I 0.69 
Al203 

1 

33 .13 
Si02 45.02 
K20 I 0.13 
CaO i 16.88 

i Ti02 I 

Cr203 ! 0.00 

MnO I 0.04 
FeO I 0.53 
NiO 
Total I 98.24 

2.79 2.21 2.50 2.25 1.83 2.22 2.20 2.40 3.01 3.96 4.59 
0.56 0.81 0.46 0.59 0.35 0.47 0.46 0.62 0.99 0.67 0.61 

31.62 32.11 33.62 32.64 33.50 32.88 32.90 32.27 31.35 31.20 31.96 
46.80 47.17 45.47 47.04 46.39 45.75 45.94 46.26 47.24 47.92 47.06 

0.17 0.05 0.08 0.08 0.04 0.15 0.08 0.08 0.25 0.19 0.34 

16.09 15.94 17.05 16.50 17.58 15.91 17.12 1 6.48 14.61 14.33 14.36 

0.08 0.09 
0.04 0.24 
0.37 0.67 

0.06 0.00 0.14 0.05 0.23 
0.05 0.00 0.12 0.04 0.02 
0.51 0.36 0.40 0.56 0.67 

0.17 

0.00 
0.66 

0.00 0.00 0.05 
0. 18 0. 02 0. 14 
1.09 0.91 0.74 

98.51 99.29 99.79 99.46 100.35 98.04 99.60 98.94 98.72 99.21 99.86 
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The Or contents are lower than 2 mole%. The Si02 contents of plagioclases are 

slightly lower than stoichiometric composition, which means that they contain small 

amounts of nepheline component in solid solution. 

Pyroxens are the main constituent mineral in unique, mIP and mSP chondrules, 

although they never occur in fSP chondrules. Their chemical compositions are 

tabulated in Table 10 and shown in Fig. 6. They are high-Ca pyroxene, low-Ca 

clinopyroxene and orthopyroxene. Two types of low-Ca clinopryoxenes seem to 

occur, one being primary clinopyroxene and the other being inverted protopyroxene. 

High-Ca pyroxenes of No. 29 chondrule (unique type) are nearly pure diopside. The 

high-Ca pyroxenes of No. 20 chondrule (IP type) show chemical zoning from CaO

and Ti02-poor core to CaO- and Ti02-rich rim (Fig. 6a). In Fig. 6b, the chemical 

compositions of high-Ca pyroxene, orthopyroxene and low-Ca clinopyroxene showing 

polysynthetic twinning in No. 1 chondrule (IP type) are shown. The low-Ca clinopy

roxene is lower in CaO and Cr203 contents than the orthopyroxene. The former shows 

a dirty appearence under the microscope whereas the latter is clean euhedral crystals 

(Fig. 7c). The orthopyroxenes show chemical zoning from CaO- and Cr203-poor 

core to rich rim, and they plot above the line of Ca/Al = 1/2 as shown in Fig. 6b, in

dicating that the CaO contents form both the diopside and Ca-Tschermak molecules 

in solid solution. Pyroxenes of several other mIP chondrules are plotted together 

in Fig. 6c. There is no systematic difference in Cr 203 content between high-Ca py

roxene, orthopyroxene and low-Ca clinopyroxene, but the Na20 contents of ortho

pyroxenes are always lower than other pyroxenes. When low-Ca clinopyroxenes 

crystallize prior to orthopyroxenes, the former show polysynthetic twininng and are 

lower in CaO content (less than 1 wt%) than the latter, although low-Ca clinopyroxenes 
show high CaO content up to 8 wt% when orthopyroxenes do not occur. The ex

tremely low-Ca clinopyroxenes crystallizing prior to orthopyroxenes are considered 

to be inverted protopyroxenes. 

Olivines are a main constituent in chondrules. They also occur rarely as rims 

around small chondrules. In olivines of all mIP and mSP chondrules, the mole ratios 

of MgO/(MgO+ FeO) range from 0.995 to 0.65, and they often show remarkable com

positional zoning from magnesian cores to ferrous rims. On the other hand, the 

olivines of fSP chondrules are fairly uniform (about Fo65Fa35) or show slight Mg-Fe 

zoning. Rim olivines around some small chondrules are heterogeneous in MgO/ 

(MgO+ FeO) mole ratios and generally more ferrous than olivines in chondrules. 

Groundmass glasses represent the latest stage residual liquid of the crystallization 

of chondrules. Their chemical compositions are tabulated in Table 11. They con

tain high normative contents of plagioclase and high-Ca pyroxene. Generally, the 

groundmass glasses in IP and SP chondrules show the same atomic ratios of Al/(Al + 
Na+ K) as the chondrules. Thus the classification between the types IP and SP 

can be done from the chemical compositions of their groundmass glasses, except for 

some delicate chondrules. 

4.3. Mineral fragments 

Silicate mineral fragments occur in the matrix and they are mainly olivine, ortho

pyroxene and low-Ca clinopyroxene. Their chemical compositions are nearly the 



Table 10. Chemical compositions of pyroxenes in chondrules, No. 29 (unique type), No. 20 (IP), No. 1 (IP), No. 28 (IP), No. 27 (IP) , 

Na20 
MgO 
Al203 
Si02 

K20 
CaO 
Ti02 

Cr203 
MnO 

FeO 
NiO 

Total 

Na20 
MgO 

Al203 
Si02 

K20 

CaO 
Ti02 

Cr20a 
MnO 
FeO 
NiO 
Total 

No. 19 (IP), No. 12 (IP), No. 25 (IP) and 23 (mSP). Opx, Cpx and CaPx are orthopyroxene, low·Ca clinopyroxene 
and high-Ca clinopyroxene, respectively. 

29-1 
CaPx 

0.04 
17.55 
3.12 

51.89 
0.05 

--- -�- ----�- -- --

29-4 29-5 
CaPx CaPx 

0.03 0.02 
17.01 17.37 
3.77 3.38 

51.18 52.28 
0.03 0.03 

29-6 
CaPx 

0.05 
17.44 
3.61 

51.63 
0.05 

23.26 22.86 23.46 23.60 
1.39 2.15 1.84 1.89 
0 . 5 1 0.70 0.41 0.58 
0.36 0.31 0.40 0.26 
0.54 0.51 0.49 0.37 
0 . 24 0.01 0.02 0.03 

29-13 29-14 
CaPx CaPx 

0.03 0.13 
17.40 16.40 
3.64 5.54 

52 . 02 49.64 
0.08 0.06 

23.09 23.36 
1.59 2.22 
0.51 1.21 
0.27 0.45 
0.30 0.41 
0.00 0.00 

20-10 20-11 20-35 20-37 20-39 1-5 1-8 1-9 
CaPx CaPx CaPx CaPx CaPx Opx Opx Opx 

0.10 0.01 0.40 0.08 0.02 0.02 0.03 0.00 
21.24 16.87 21.40 17 .18 24.36 32.19 35.59 35.91 
4.45 6.21 4.41 5.10 2.98 2.66 1.42 0.81 

52.35 51.54 52.38 51. 76 53.56 55.02 55.72 57.04 
0.02 0.20 0.03 0.04 0.02 0.00 0.00 0.00 

19.80 22.18 18.87 21.43 16.89 2.61 1.10 0.76 
1.92 4.12 1.54 4.05 0.97 
0.31 0.17 0.18 0.40 0.20 1.65 1.32 0.90 
0.18 0.04 0.14 0.01 0.08 0.83 0.17 0.17 
0.30 0.19 0.97 0.24 0.74 4.61 4.77 4.40 
0.04 0.09 0.05 0.00 0.00 

98.94 98.56 99.69 99.51 98.93 99.42 100.70 101.43 100.01 100.28 99.83 99.58 100.12 100.00 

1-16 1-18 1-19 1-20 1-22 1-23 1-24 1-29 1-30 1-51 1-53 1-54 1-55 27-5 
CaPx CaPx CaPx Opx Opx Opx CaPx Opx CaPx Cpx Cpx Cpx Cpx CaPx 

0 . 08 0.19 0.08 0.00 0 .00 0.01 0.06 0.02 0.02 0.00 0.01 0.05 0.02 0.03 
18.87 15.74 22.51 34.58 33.11 35.31 22.53 33.19 19.67 38.00 38 .11 37.41 37 .19 20.73 
9.08 9.92 2.91 1.34 2.77 1.41 3.57 1. 72 4.55 0.73 1.16 1.25 1.11 3.97 

48.59 48.54 52.33 57.07 54.88 56.57 52.37 55.73 52.01 58.00 57.27 57 .14 57.31 54.06 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 

14. 71 18.67 13.37 1.27 1.89 1.17 13 .31 1. 81 16.99 0.49 0 . 53 0.39 0.49 19.74 
0.07 0.00 0.18 0.07 

2.06 1.65 1.13 1.01 1.55 1.24 1.05 1.20 2.33 0.90 0.85 0.83 0.77 1.40 
0.85 0.92 0.83 0.13 0.42 0.19 1.04 0.38 0.77 0.05 
4.78 3 .15 4.61 5.14 4.28 3.92 4.29 5 . 46 3.35 3.55 3.76 4.13 4.17 1.01 

99 . 02 98.76 97.78 100.57 98.91 99.81 98.22 99.51 99.70 101 . 77 101.69 101.38 101.12 100.98 

1-12 1-13 
Opx Opx 

0.03 0.00 
35.89 31. 31 
0.86 4.93 

56.36 52.38 
0.00 0.00 
0.80 2.38 

1.00 2.19 
0.16 0.68 
4.16 4.45 

99.27 98.31 

27-10 27-20 
CaPx CaPx 

0.10 0 .01 

20. 70 21.97 
3.56 3.64 

51 . 61 53.50 
0.00 0.00 

19.59 19 . 14 

1.26 1.08 
0.21 0.21 
0.90 0.86 

97. 92 100 .41 
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Table JO (continued). 

27-22 27-23 27-11 27-02 25-3 25-5 
Opx CaPx Cpx Cpx Opx Opx 

0.00 0.01 0.09 0.01 0.00 0.00 
38.64 22.03 39.33 39.48 38.56 39.02 
1.29 1.64 1.02 0.75 0.94 0.74 

56.55 54.07 58.55 58.43 57.03 58.27 
0.00 0.00 0.00 0.00 0.03 0.02 
0.60 19.69 0 . 70 0.48 0.63 0.56 

0.30 0.32 
0.90 0.91 0.48 0.56 0.64 0.59 
0.09 0.27 0.04 0.08 
0.56 0. 71 1.06 1.08 1.04 1.11 

98.63 99.32 101.53 101.11 98.92 100.39 

19-2 19-3 
CaPx Opx 

0.04 0.01 
22.38 35.68 
6.31 2.09 

51.81 56.31 
0.00 0.00 

15 . 49 1.15 

0.40 1. 31 
0.59 0.98 
4.47 3.62 

- - -� -- - --- -- - -- - -

19-4 19-7 19-9 19-10 
Opx Opx CaPx Opx 

0.02 0.01 0.02 0.03 
35.63 36.01 15 . 88 35.39 
1.60 1.80 14.34 2.03 

56.98 56.29 45.63 56.46 
0.00 0.00 0.00 0.00 
1.35 1 . 31 19 . 06 1. 51 

1.21 1.39 0.65 1.12 
0 . 00 0.15 0.79 0.17 
3.95 4 . 77 2.62 3.44 

101.49 101.15 100.73 101.73 98.99 100.14 

25-8 28-6 28-8 28-9 28-10 28-11 28-12 28-13 28-01 28-02 
CaPx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx 

0.04 0.01 0.03 0.13 0.16 0.01 0.02 0.00 0.00 0.05 
21. 75 30 . 86 33 . 07 32.53 31 . 10 33 .41 35 . 12 35 . 34 35.70 30 . 21 
1.84 3.74 2.98 3.54 3.77 3.96 2.41 2 . 20 2.07 3.54 

54.67 53.90 56.39 55.06 54.83 54.39 57.05 56 . 51 58.21 55.51 
0.01 0.05 0.03 0.04 0.07 0.03 0.04 0.01 0.00 0.01 

17.67 6.01 3.08 3.94 5.69 3.39 2.20 2.10 2.27 6.42 
0.48 0.34 0.55 0.48 0.32 0.26 0.26 0.28 0.44 

0.91 1.56 1.42 1.67 1.59 1.41 1.35 1.27 1.23 1.35 
0.26 0.47 0.25 0.45 0.38 0 .33 0.30 0.02 
1.14 2.08 2.55 2.40 2.01 2.24 2.36 2.30 2.10 2.58 

0.00 0.16 0.01 0.00 0.12 0.02 0.00 
98.28 99.16 100.27 100.30 100.09 99.61 101.13 100.20 101.87 100.10 

- ------- - ---

12-2 12-8 
Cpx Cpx 

0.06 0.01 
31.18 38.96 
2.18 0.91 

55.98 57.93 
0.05 0.05 
8.12 0.49 

0.84 0.53 
0.07 0.00 
1.05 1 . 13 

99.54 100.01 

- -- - -

12-10 12-03 
Cpx Cpx 

0.00 0.02 
38. 70 36.46 
1.11 1.39 

57 .17 57.74 
0 . 05 0.00 
0.52 3.86 

0.46 
0.55 0.94 
0.05 
1.22 1.02 

-- - - - -- -- --- --- - --- - - --- --- -�-� 

23-4 23-6 23-8 23-9 23-01 
Opx CaPx Opx CaPx Cpx 

0.00 0.06 0.00 0.04 0.03 
39.82 18.63 39.97 19.14 39.48 
1.26 9.21 1.36 7.89 1.01 

57.75 49 . 14 57.88 50.69 58.77 
0.00 0.00 0.01 0.00 0.00 
0.49 21.12 0.56 20.29 0.47 
0.17 0.88 0.32 0.84 0.23 
0.35 1.19 0.43 1. 31 0.37 

0.46 0.37 0.69 0.42 0.74 

23-02 
Cpx 

0.02 
39.01 
1. 31 

58.26 
0.00 
0.46 
0.28 
0.62 

1.31 

99.37 101.90 100.31 100 . 59 101.22 100.63 101.10 101.25 
-

� 
0 

0 ...... 
co 

-...I 
-...I 

8 w 

0 

::?. 
0 

w '-" 
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Table 11 .  Chemical compositions of groundmass glasses in chondrules, No. 29 (unique type), No. 

Na20 
MgO 
AI20s 
Si02 
K20 
CaO 
Ti02 
Cr20s 
MnO 
FeO 
NiO 
Total 

I 
I 

Na20 
MgO 
Al202 
Si02 
K20 
CaO 
Ti02 
Cr20s 
MnO 
FeO 
NiO 
Total 

Na20 
MgO 
Al20s 
Si02 
K20 
CaO 
TiOo 
Cr26a 
MnO 
FeO 
NiO 
Total 

Na20 
MgO 
Al20s 

Si02 
K20 
CaO 
Ti02 
Cr203 
MnO 
FeO 
NiO 
Total 

1 (IP), No. 19 (IP), No. 23 (mSP) and No. 36 (ISP). 

29-3 29-8 

5 . 65 6 . 97 
3 . 74 5 . 56 

1 7 . 1 3 1 6 . 30 
56 . 1 1  48 . 45 
0 . 08 0 . 41 

1 2 . 41 1 2 .  19  
0 . 26 0 . 27 
0 . 1 2 0 . 08 
0 . 1 0 0 . 1 7  
3 . 68 9 . 1 5  
0 . 00 0 . 00 

99 . 29 99 . 55 

29-104 29-105 

6 . 50 8 . 56 
3 . 56 5 . 00 

1 7 . 25 17 . 52 
53 . 84 46 . 45 
0 . 1 8 1 . 20 

1 1 . 1 6 9 . 24 

0 . 1 5 0 . 02 
0 . 08 0 . 10 
4 . 1 4 1 0 . 44 

96 . 87 98 . 53 

1-102 1-103 

4 . 28 3 . 62 
4 . 37 4 . 32 

1 8  . 16 1 8 . 67 
50 . 41 53 . 65 
0 . 21  0 . 09 

1 3 . 09 1 3 . 80 

0 . 1 8  0 . 1 7  
0 . 80 0 . 74 
4 . 84 4 . 89 

96 . 34 99 . 96 

23-5 23-7 

1 2 . 66 12 . 1 8 
3 . 1 6 3 . 97 

23 . 29 22 . 50 
5 1 . 76 5 1 . 54 
0 . 34 0 . 34 
5 . 24 5 . 97 
0 . 1 8  0 . 01 
0 . 26 0 . 30 

0 . 97 1 .  33 

99 . 87 98 . 1 3 

-- · -··-- - --- ---·-

29-10 

8 . 12 
3 . 22 

1 6 . 1 6  
47 . 07 

1 . 1 6  
1 2 . 67 
0 . 32 
0 . 06 
0 . 1 5 

1 0 . 44 
0 . 04 

99 . 41 

29-106 

8 . 28 
5 . 02 

17 . 54 
45 . 64 

1 . 14  
1 2 . 36 

0 . 09 
0 . 01 
8 . 39 

98 . 48 

1 -104 

3 . 80 
4 . 82 

1 8 . 76 
51 . 53 
0 . 07 

1 3 . 25 

0 . 1 8  
0 . 66 
5 . 4 1  

98 . 47 

23-10 

12 . 95 
3 . 30 

23 . 64 
53 . 74 
0 . 33 
5 . 57 
0 . 1 5 
0 . 1 6  

1 . 65 

10 1  . 48 

--- - - _ --- -·--- - ·  -- ____ .__ - -- · .  ____ -___ -_-, __ 

29-1 1 1 9-12 29-15 

6 . 41 6 . 59 6 . 64 
3 . 9 1  2 . 24 3 . 48 

1 6 . 74 1 7 . 48 17 . 47 
57 . 80 57 . 48 57 . 60 
0 . 1 3 0 . 12 0 . 28 

10 . 84 9 . 3 1 1 1 . 1 8  
0 . 32 0 . 33 0 . 30 
0 . 05 0 . 1 0 0 . 1 1  
0 . 1 9 0 . 1 1  0 . 08 
2 . 89 3 . 53 3 . 72 
0 . 00 0 . 00 0 . 08 

99 . 29 97 . 28 100 . 94 

29-107 29-Gm 1-4 

7 . 92 6 . 1 6 3 . 83 
4 . 29 3 . 70 4 . 1 6  

1 5 . 76 1 6 . 98 1 9 . 01 
45 . 08 58 . 10 52 . 88 

1 . 06 0 . 03 0 . 04 
12 . 47 1 0 . 99 1 3  . 4 1 

0 . 44 
0 . 74 0 . 10 0 . 2 1  
0 . 1 7 0 . 01 0 . 62 
9 . 63 3 . 21 5 . 01 

97 . 1 1  99 . 7 1  99 . 1 7 

1-105 1-106 1-107 

3 . 48 8 . 58 3 . 84 
4 . 40 5 . 04 4 . 41 

1 9 . 63 1 8 . 5 1 1 8 . 29 
53 . 73 45 . 80 52 . 33 
0 . 04 1 . 20 0 . 1 1  

1 2 . 84 1 1 . 49 1 3 . 20 

0 . 1 7 0 . 25 0 . 12 
0 . 90 0 . 84 0 . 74 
4 . 42 6 . 27 5 . 72 

99 . 60 97 . 99 98 . 74 

23-13  36-2 36-3 

1 3 . 04 7 . 90 8 . 02 
3 . 45 6 . 40 7 . 52 

23 . 80 1 3  . 45 12 . 78 
52 . 1 7 48 . 27 46 . 5 1  
0 . 45 0 .  1 8  0 . 1 3 
5 29 1 1 . 58 10 . 07 
0 . 1 3  
0 . 05 0 . 2 1 0 . 1 7  

0 . 2 1  0 . 1 5 
1 .  56 1 1 . 85 1 1 . 87 

99 . 94 100 . 05 97 . 22 

29-17 

6 . 30 
5 . 40 

1 6 . 05 
52 . 67 
0 . 5 1 

1 3 . 59 
0 . 1 7  
0 . 07 
0 . 09 
4 . 12 
0 . 01 

99 . 00 

1-10 

3 . 65 
4 . 8 1 

1 9 . 89 
5 1 . 04 
0 . 10 

1 3  . 1 7 

0 . 38 
0 . 44 
4 . 32 

97 . 80 

1-Gl 

4 . 00 
5 . 00 

2 1 . 27 
52 . 1 1  
0 . 1 2  

12 . 38 
0 . 73 
0 . 09 
0 . 46 
3 . 96 

100 . 14  

36-4 

8 . 29 
6 . 99 

1 3 . 49 
47 . 70 
0 . 09 

10 29 

0 . 12 
0 . 25 

1 2 . 73 

99 . 95 

29-19  29-102 29-103 
---·-· ------�- - -.. -----------· ··-·--

-7 . 55 7 . 07 5 . 67 
3 . 76 7 . 99 5 . 14 

1 6 . 90 1 5 . 95 1 6 . 1 8  
47 . 52 49 . 91 53 . 1 3 

1 . 1 0 0 . 72 0 . 1 1  
1 2 . 8 1 1 2 . 06 1 3 . 55 
0 . 32 
0 . 00 0 . 1 4  0 . 1 8  
0 . 20 0 . 1 3  0 . 1 9  
9 . 26 7 . 66 4 . 34 
0 . 01 

99 . 44 101 . 63 98 . 50 
- - - - -- - . 

1-2 1  1-3 1  1-101 

4 . 08 4 . 05 7 . 05 
4 . 98 4 . 40 5 . 36 

20 . 74 1 9 . 1 1  1 8 . 55 
52 . 1 6 53 . 95 45 . 40 
0.12 0 . 09 0 . 77 

12 . 33 12 . 5 1 1 1 . 23 

0 . 20 0 . 22 0 . 2 1  
0 . 54 0 . 46 0 . 79 
4 . 21 3 . 97 6 . 41 

99 . 36 98 . 76 95 . 77 

1-02 1 9-1 1 9-8 

3 . 55 2 . 52 2 . 70 
5 . 10 7 . 68 7 . 97 

1 9  . 1 8 23 . 09 24 . 63 
52 . 60 5 1 . 1 8 48 . 8 1 
0 . 07 0 . 00 0 . 08 

12 . 94 1 2 . 5 1  1 2 . 53 

0 . 35 0 . 22 0 . 30 
0 . 63 0 . 42 0 . 55 
4 . 1 8  2 . 45 2 . 97 

98 . 60 100 . 1 2  100 . 55 

36-5 36-6 

8 . 1 8 7 . 97 
7 . 79 6 . 20 

1 3 . 23 1 3 . 39 
45 .45 46 . 5 1 
0 . 09 0 . 07 
9 . 28 1 1 . 08 

0 . 09 0 . 1 6 
0 . 20 0 . 48 

1 2 . 53 1 1 . 1 3 

96 . 84 96 . 99 
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same as those in  chondrules, showing that most of them were derived from the dis

aggregation of chondrules. Opaque minerals occur as fragments set in the matrix. 

They are kamacite, taenite and/or troilite. Some opaque mineral grains have a rim 

of olivines. The chemical compositions of the olivines are the same as those in AO I's 

and the rim olivines around some small chondrules, indicating that the rim olivines 

around the opaque mineral grains and small chondrules formed under the similar 

conditions to the AOI's. 

5. Crystallization of Chondrules 

In general, chondrules are thought to crystallize from silicate melt droplets under 

rapid cooling conditions. In comparison with mSP chondrules, mIP chondrules 

tend to show higher crystallinity, and this means that the cooling rates of chondrules 

are systematically different between the mIP and mSP chondrules. In addition, 
relic minerals are often observed in mlP chondrules whereas they are rare in mSP 

chondrules. The fSP type also shows low crystallinity in comparison with the mIP 

type. The most fSP chondrules consist of euhedral olivine grains and black devitrified 

glasses, completely lacking in pyroxenes. Some small fSP chondrules are made up 
only of devitrified glass. Therefore, the average crystallinity of fSP seems to be slightly 

lower than that of mSP. Several examples of the crystallization of typical chondrules 

of unique, mIP, mSP and fSP types are as follows, but the crystallization of opaque 

minerals is not dealt with in this paper. 

5.1. No. 29 chondrule (unique type) 
This chondrule is spherical and about 230 microns in diameter, consisting of 

euhedral diopside crystals and groundmass glass (Fig. 7a). The chemical composi

tions of diopsides and glass are tabulated in Tables l O and 11, respectively, and shown 
in Fig. 8. The groundmass glass in the peripheral part is dark whereas the inner 

glass is clean and transparent. The clean glass shows some variation in chemical 

composition, and the glass in contact with diopside crystals is more depleted in diop

side molecules in comparison with the clean glass far from the diopside crystals. This 

is shown by the dashed line in Fig. 8 and may be due to the rapid crystallization of 

diopside crystals. The dark glass in the peripheral part shows strange chemical zona
tion within about 40 microns width in the rim. The Na20 and K20 contents increase 

toward the rim from about 6 wt% and 0. 1 wt% up to 1 0% and 2%, respectively, as 
shown in Fig. 9. The Fe contents also increase from about 3.5 wt% to more than 

10% as FeO, whereas the Si02 contents decrease from about 57 wt% to less than 44%. 
The Al2Q3 contents are constant between 16 and 18 wt%. This chemical zonation of 

the dark glass may have formed after the crystall ization of the chondrule and the forma

tion of the clean glass, because the diopside crystals in contact with the dark glass 

have the same chemical composition as those in contact with the clean glass. The 
high alkali contents of the dark glass can not be explained by the derivation of those 
components from the surrounding matrix, because the matrix has Na20 contents 

less than 0.5 wt% and K20 less than 0. 1 2  wt% and because the devitrified glass frag

ments mentioned in the Sections 3-4 never show such a zonation although they are 

in contact with the matrix. The chemical zonation of the dark glass is thought to 
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have formed by the introduction of alkalis and FeO and the loss of Si02 and CaO 
during the period after the consolidation of this chondrule and prior to the accretion 

onto the parental body of the ALH-77003 chondrite. 

(a) (b) 

(c) (d) 

(e) (/) 

Fig. 7. Photomicrographs of chondrules and inclusions in A LH-77003. (a) : No. 29 chondrules 
of unique type. Long dimension is about 400 microns. (b) : No. 20 chondrule of mlP. 
Long dimension is about 1100 microns. (c) : No. I chondrule of mlP. Long dimension 
is about 1 100 microns. (d) :  No. 104 medium-grained CAI. Long dimension is about 
500 microns. (e) : No. 43' fine to medium-grained CA I. Long dimension is about 200 
microns. (f) : A botryoidal olivine inclusion of No. 68. Long dimension is about 900 
microns. 
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5.2. No. 20 chondrule (IP type) 

This shows circular outline about 800 microns in diameter, and holocrystalline 

texture (Fig. 7b ), consisting of spinel, olivine, high-Ca clinopyroxene and plagioclase. 

Their chemical compositions are tabulated in Tables 9 and 10. Spinel grains occur 

in the central part of this chondrule and show subhedral forms of about 50 to 100 

microns in size. They zone in MgO/(MgO+ FeO) mole ratios from 0.82 in the core 

to 0.67 in the rim. Olivines occur as barred crystals in one half and euhedral pheno

crystic crystals in the other half of this chondrule. Their MgO/(MgO+ FeO) ratios 

are nearly constant at the ratio of 0.99 but the olivines become ferrous in the peripheral 

part down to 0.67. High-Ca clinopyroxenes occur as rim pyroxene surrounding the 

chondrule and as needle pyroxene radiating from the central spinel grains. These 

pyroxenes are extremely magnesian, but a systematic difference in chemical composi

tion is recognized between the rim pyroxene and the needle pyroxene. The latter is 

rich in CaO, Al203 and Ti02 and the former is slightly richer in Si02 and FeO. Plagio

clases fill interstitial spaces between the barred olivines or occur as radiating crystals 

Ca 

Hd 

Mg Fe 

Fig. 8. Chemical compositions of high-Ca 
pyroxenes (solid circle) and clean ground
mass glass (open square) in the No. 29 
chondrule. Open triangles are the 
composition of dark glass of the peri
pheral part of the chondrule. The 
dashed line is the fractionation trend 
of the clean glass. Abbreviations Di 
and Hd are diopside and hedenbergite. 
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Fig. 9. Chemical compositions of the clean 
groundmass and peripheral dark glasses 
in the No. 29 chondrule are plotted 
against the distance from the chondrule 
rim. Total Fe contents of the ground
mass glasses are shown as FeO wt% .  
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with pyroxene needles. The crystallization sequence of this chondrule is as follows : 

Firstly spinel grains crystallized, and next olivines formed the bar and phenocrystic 

crystals in either half of this chondrule. Finally, plagioclases and high-Ca clinopy

roxenes crystallized between the spinel and olivine crystals. 

5.3. No. 1 chondrule (IP type) 

This chondrule shows spherical form about 700 microns in diameter and con

sists of olivine, low-Ca clinopyroxene, orthopyroxene, high-Ca clinopyroxene and 

groundmass glass (Fig. 7c). Their chemical compositions are tabulated in Tables 

10 and 11, and shown in Fig. 10. Olivines occur as corroded grains included in low

Ca clinopyroxenes. Olivines show compositional zoning of MgO/(MgO+ FeO) 

ratios from 0.89 to 0.78. Low-Ca clinopyroxenes occur always in the peripheral 

part of this chondrule and show polysynthetic twinning. They are magnesian and 

poorer in CaO content than orthopyroxenes (Fig. I 0), and are thought to have in

verted from protoenstatite. Orthopyroxenes occur as large phenocrysts in the central 
part of the chondrule, and never contain olivine grains. High-Ca clinopyroxenes 

occur as needle crystals in the groundmass glass. The crystallization of these pyroxenes 
is shown schematically in Fig. 11, where several solidus curves of magnesian pyroxenes 
crystallizing under rapid-cooling conditions are shown in the phase diagram of the 

enstatite-diopside binary system. The pyroxene crystallization of this chondrule is 
well represented by the solidus curve of D in Fig. 11, showing the crystallization of 

primary protoenstatite followed by orthopyroxene and the final crystallization of 

diopsidic clinopyroxene. The groundmass glass is pale brownish clean glass in the 

central part and dark dirty glass in the peripheral part of this chondrule. The clean 

glass in contact with high-Ca clinopyroxene crystals is slightly depleted in the pyroxene 

molecules in comparison to the clean glass far from the crystals, as shown by the dashed 

line in Fig. 1 Oa. 

Chemical trend of the residual liquid of this chondrule is shown in Fig. 1 Ob. The 

bulk composition of this chondrule is shown by the large open circle, which corre

sponds to the melt composition prior to its crystallization. First crystallizing phase 

was olivine, and the crystallization of olivine changed the melt composition toward 

the olivine-depleted direction. Around the boundary of olivine and pyroxene liquidus 

fields the reaction between the olivines and the liquid to produce protopyroxenes took 

place, and the olivines lost their euhedral forms to be included by the protopyroxene 

crystals. Then the protopyroxenc crystals were removed toward the rim of the droplet 
by the force of surface tension of the melt droplet. Next, orthopyroxenes crystallized 

in the central part, and the composition of the residual liquid changed toward the 
pyroxene-depleted direction, as shown by the dashed line in Fig. 1 Ob. In the last 

stage, small needles of high-Ca clinopyroxenes crystallized. The residual liquid was 

rich in FeO in the last stage, and the olivine grains included in pyroxenes became 

ferrous by the exchange reaction with the residual liquid through cracks or twin bound

aries in the host pyroxenes, whereas the pyroxenes preserved their magnesia! nature 

because of low diffusivity in them. The residual liquid was finally quenched as pale 

brown clean glass in rapid-cooling condition. Protopyroxenes inverted to low-Ca 

clinopyroxenes showing polysynthetic twinning during or after the crystallization. 
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Fig. JO. Atomic plotting of Ca-Mg-Fe in (a) 
and (Mg+Fe)-Al-Si in (b) for olivine 
(solid triangle), low-Ca clinopyroxene 
(open circle), orthopyroxene (solid 
square), high-Ca pyroxene (solid 
circle), groundmass glass (open square) 
and peripheral dark glass (open tri
angle) in No. 1 chondrule. Dotted 
lines in (b) are liquidus phase bound
aries of the forsterite-anorthite-quartz 
system quoted from LEVIN et al. (1964). 
A large open circle with a dot is the 
composition of the bulk chondrule. 
The dashed line in (b) is the trend of the 
residual liquid by the fractional crystal
lization of olivines and pyroxenes. 
Abbreviations of Di, Hd, Of, Px, Di, 
An and Ab are diopside, hedenbergite, 
olivine, low-Ca pyroxene, diopside, 
anorthite and a/bite, respectively. OL, 
PX and AN are the liquidus phase fields 
of olivine, protoenstatite and anorthite, 
respectively. 

Fig. 11. Temperature-composition diagram 
showing schematic phase relations of 
enstatite-diopside binary system quoted 
from BO YD and ScHA lRER (1964) 
with slight modification. Cpx, Pen, 
Opx and Di are stable fields of high
clinopyroxene, protoenstatite, ortho
pyroxene and diopside, respectively. 
Dashed lines with arrows are schematic 
solidus curves of the psuedobinary 
system of En-Di for the rapid under
cooling crystallization of magnesian 
pyroxenes in mlP and mSP chondrules. 
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The dark dirty glass in the peripheral part of the chondrule shows chemical 
zonation like the No. 29 chondrule. As shown in Fig. 12, the alkalis and FeO con

tents increase toward the rim and the Si02 and CaO contents decrease remarkably, 

whereas the Al203 contents are constant at about 19 to 21 wt%. As for the No. 29 
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chondrule, during the period after the consolidation of this chondrule and prior to the 

accretion onto the parental body, it may have been brought into the gas rich in alkalis 

and FeO, changing the composition of the marginal glass to the dark dirty glass around 

this chondrule . 
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5.4. No. 12 chondrule (IP type) 

Fig. 12. Chemical zoning of the clean ground
mass glass and the peripheral dark 
glass in No. 1 chondrule. 

This chondrule is holocrystalline and about 800 microns in diameter. It consists 

of densely packed olivine grains and interstitial pyroxene, plagioclase and nepheline. 

Their chemical compositions are tabulated in Tables 9 and 10. Olivines show re

markable chemical zonation of Mg/(Mg+ Fe) mole ratios from 0.97 to 0.67. Low

Ca clinopyroxenes show polysynthetic twinning and occur in the peripheral part of 

this chondrule. Plagioclases associate intimately with pigeonitic pyroxenes. Small 

nepheline grains always occur in contact with plagioclase grains. Crystallization 

sequence of pyroxenes is schematically represented by the solidus curve of B in Fig. 11. 

5.5. No. 23 chondrule (mSP type) 

This chondrule is about 500 microns in diameter and consists of olivine, pyroxene 

and interstitial clean glass. Their chemical compositions are tabulated in Tables 

10 and 11. Olivine grains are euhedral to subhedral and zone from 0.96 to 0.78 in 
Mg/(Mg+ Fe) ratios, whereas pyroxenes are fairly magnesian. Orthopyroxenes and 
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low-Ca clinopyroxenes showing polysynthetic twinning occur in the peripheral part 

of this chondrule, but high-Ca clinopyroxenes occur in the central part. The crys

tallization of pyroxenes is represented by D in Fig. 11. 

5.6. No. 36 chondrule (JSP type) 

This chondrule is about 500 microns in diameter and consists of euhedral olivine 

crystals and black devitrified glass. The olivines are fairly homogeneous at Mg/(Mg+ 

Fe)=about 0.65. The chemical composition of the black devitrified groundmass 

glass is tabulated in Table 11, and is represented by a normative composition of ferrous 

olivine+ high-Ca pyroxene+ albite+nepheline, lacking in the normative orthopy

roxene component. The crystallizing phase was only olivines, and the residual liquid 

was quenched as groundmass glass. 

6. Formation of Fine-grained CAi's and AOl's 

In general, fine-grained CAi's and AOI's contain not only the components of 

high-temperature condensates of the solar nebula, but also variable amounts of low

temperature components such as alkalis and FeO (MCSWEEN, 1977c). This fact 

is an important point for origin of these inclusions and makes the formation theory 

complex. The theories on origin of these inclusions are summarized as follows : (1) 

Direct condensation from vaporized gas (MARTIN and MASON, 1974). (2) Condensa

tion in a mixing zone between supernova remnants and the solar cloud (WARK, 1979). 
(3) Various degrees of mixing of the two components, residual droplets and recondensed 

fine-grained materials (KORNACKI, 1981). (4) Devitrification of direct-condensed 

liquid droplets except some fine-grained CAi's formed by the aggregation of distilla
tion residues (COHEN, 1981). (5) Residues of throughly reacted CAi's by meta

morphism or aqueous reaction on a planetary body (ARMSTRONG et al., 1982). 

Another important point on origin of fine-grained CAi's is that typical fine-grained 

CAi's (type F aggregates of WARK (1979)) consist of spinel-rich nodules and debris, 

the nodules showing a rim structure similar to that of many coarse-grained CAi's 

(WARK, 1979). These rims around the nodules include nepheline and FeO-bearing 

minerals (WARK and LOVERING, 1977). Thus the introduction of alkalis and FeO 

into fine-grained CAi's may be due to a similar process to the formation of the rim 

structure around coarse-grained CAi's. According to MACPHERSON et al. (1981), 

the rim layering around coarse-grained CAi's in Allende were formed at a constant 

temperature by the introduction of Si, Na and Fe from the surrounding nebula gas 

and the release of excess Ca and Al. Therefore, the theory on origin of fine-grained 

CAi's must include gas reactions between high-temperature condensates and the 

surrounding gas. 

6.1. Some fine to medium-grained CAi's in ALH-77003 show a rim structure around 

them. Two fine to medium-grained inclusions Nos. 43 (Fig. 7e) and 200 consist 

of spinel, fassaitic pyroxene, and fine-grained black materials, the rims showing double 

structure of outer pyroxene rim and inner black rim. The inner black rims occur 
between the outer pyroxene rim and central medium-grained part consisting of spinel 

and fassaitic pyroxene as shown in Fig. 13b. The outer pyroxene rims are aluminous 
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Fig. 13. Schematic figures of rim structure of some fine to medium-grained CAi's. (a) : Original 
structure of the rim. (b) : Present structure of the rim after the reactions with the sur
rounding gas. 

Table 12. Chemical compositions of the inner black rims of fine to medium-grained CAi's of Nos. 
43' and 200. (]) and (2) are the chemical compositions of the products of reaction 
equations (I) and (2), respectively (see text). 

------ -------- - - ___ ; - - - - --- - - - - - -- --�---- - -·--- -···----- --- - - --

43 '-Al 
Black rim 

Na20 1 2 . 28 

MgO 4 . 36 
Al20s 41 . 84 

Si02 26 . 74 

K20 1 . 37 

Cao 1 .  83 

Ti02 

Cr20:i 0 . 07 

MnO 0 . 05 

FeO 8 . 95 

Total 97 .48 

43'-A2 
Black rim 

1 0 . 58 

4 . 67 

41 . 46 

26 . l l  

1 . 27 

2 . 35 

0 . 45 

0 . 08 

9 . 78 

96 . 74 
- - - --------

200-A 200-D 
(1) (2) Black rim Black rim 

8 . 39 7 . 02 1 4 . 0  9 . 7  

5 . 56 6 . 52 4 . 5  6 . 3  

36 .45 39 . 88 46 . 2  40 . 0  

26 .05 23 . 27 27 . 1  28 . 3  

1 . 50 1 . 06 

4 . 68 4 . 57 0 . 0  4 . 4  

0 . 64 2 . 02 

0 . 08 0 . 10 

10 . 58 1 4 . 06 8 . 1  1 1 .  3 

93 . 92 98 . 49 100 . 0  100 . 0  
- . --·------------· - --� -----· 

diopsidic pyroxenes whereas the inner black rims are very fine-grained materials rich 

in alkalis and FeO. The chemical compositions of the inner black rims are tabulated 

in Table 12. The inner black rims are thought to be formed after the formation of the 

outer pyroxene rims, and the model for origin of the inner black rims is schematically 

shown in Fig. 13. Originally, pyroxene rims are considered to be broader, consisting 

of zoned magnesian pyroxenes from inner fassaitic pyroxene to outer diopsidic py

roxene. When the surrounding gas became rich in alkalis and FeO components, 
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the inner fassaitic pyroxenes reacted with the surrounding gas to form the inner black 
rims. The possible reactions to produce the inner black rims from fassaitic pyroxenes 

are as follows, 

6Ca2MgAISi3AI0 1d-6Na + l .5Fe + 24H2 � 
Fas Gas Gas or Met Gas 

6NaAISi04+3(Mgu,Fea . 5)Al204+12Ca+4.5Mg+12Si0+24H20, (I ) 
Ne Sp Gas Gas Gas Gas 

5Ca2MgAlSisAl0 1d-4Na + 2Fe + 17H2 � 
Fas Gas Gas or Met Sp 

4NaAISi04 + Ca(Mgo . 5Feo . 5)Si20a+ 3(Mgo . 5Fe0 . 5)Al204 
Ne Px Sp 

+ 9Ca+3Mg+9SiO+ 17H20, 
Gas Gas Gas Gas 

(2) 

where Fas, Met, Ne, Sp and Px are fassaite, metal, nepheline, spine! and pyroxene, 

respectively. Equation (1) can produce black rims rich in alkalis and Al203 and poor 
in CaO, the products being similar to the inner black rim of No. 43' (Table 12). Equa
tion (2) gives the reaction products of nepheline, high-Ca pyroxene and spine!, resulting 

in CaO-bearing products similar to the rim of No. 200 inclusion. The bluk chemical 

compositions of these product assemblages by the eqs. (1) and (2) are calculated and 
tabulated in Table 12. The calculated chemical compositions well coincide with 

the compositional range of the inner black rims of Nos. 43' and 200 inclusions. 

However, the release of the excess Ca, Mg and SiO into low-temperature solar 

nebular gas is difficult because these components are main high-temperature condensates 

and can not dissolve in the low-temperature nebula gas. Two possibilities for this 

difficulty are considered. One is that the surrounding gas had a chemical composi
tion different from the solar abundances and extremely depleted in Ca, Mg and SiO. 

The other is that the released Ca, Mg and SiO species precipitated elsewhere as silicates 

or other minerals with other components of the surrounding nebula gas. In this 
case the gas species of the right hand sides of eqs. ( I )  and (2) are presented for the 

porpose of symplification. The latter possibility was chosen by MACPHERSON et al. 

(1981), but it is unknown whether the latter possibility is more reasonable than the 

former possibility or not. As already stated in the foregoing sections, some chondrules 
in ALH-77003 show a remarkable zoning of chemical compositions in their peripheral 

groundmass glass. This chemical zoning is considered to be formed by the addition 

of alkalis and FeO components to the peripheral groundmass glass and the release 

of Si02 and CaO components from the chondrules. This supports the reality of the 

release of Ca and SiO species of eqs. ( I ) and (2) from the fine to medium-grained 

CAi's. 
The central parts of the inclusions Nos. 43' and 200 consist mainly of ferrous 

spinel with minor amounts of fassaitic pyroxene. The fassaitic pyroxenes may not 
have suffered the gas reactions because they were included completely by the spinel 
crystals. 

But the ferrous spinels may have been produced from magnesian spinels by the 

following equation ; 

MgAl204 + Fe � FeAl204+Mg . (3) 
Sp Gas or Met Sp Gas 

This equation is an exchange reaction of Mg and Fe between spinels and the surround-
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ing gas, and magnesian spin els of the inclusions can become ferrous through reaction 

(3), their mole ratios of MgO/(MgO+ FeO) resulting in about 0.5, as shown in Table 8. 

In ALH-77003, many fine-grained CAi's consist of black aggregates of fine-grained 

materials similar to the inner black rims of Nos. 43' and 200 inclusions. Thus if 

they were formed by the reactions ( I )  and (2), we can estimate the original composi

tions by reversing the reaction equations. From eqs. (1) and (2), it is considered that 

the CaO and Si02 in fine-grained CAi's are expelled by the nearly twice number of 

Na00 . 5 molecules. In Fig. 14, the chemical compositions of fine-grained CAi's are 

plotted in (Ca+2Na)-Al-(Si+2Na) diagram. The fine-grained CAi's are plotted 

along the tie line of spinel and fassai tic pyroxene, and the most of them coincide with 

the chemical composition of fassaitic pyroxene. This plotting indicates that the ori

ginal materials of fine-grained CAi's in ALH-77003 consist mainly of fassaitic pyroxene 

with variable amounts of spinel. In Fig. 14 type-B CAi's (GROSSMAN, 1975) are shown 

together for reference, which are composed mainly of fassaitic pyroxene and spinel. 

The original materials of some fine-grained CAi's well coincide with the compositions 

of type-B CAi's, indicating that some fine-grained CAI's may have derived from the 

type-B CAi's by the reactions of eqs. (1) and (2). 

6.2. AOI's in ALH-77003 are also plotted in Fig. 14. They locate nearly along 

the solar condensate trend of high-temperature range. However, they include abun
dant amounts of FeO with minor alkali contents. The minor contents of alkalis 

may be introduced by the reactions of eqs. (1) and (2), but the large contents of FeO 

can not be explained by eqs. (1 ), (2) and (3) because fassaitic pyroxene and spinel are 

minor constituents in these AOI's. There are two possibilities for the introduction 

of FeO into AOl's. First idea is that the ferrous olivines of AOI's condensed directly 

from the nebula gas of high FeO activity. Secondly, the FeO contents of AOI's 

were introduced by a gas reaction after the condensation of primary magnesian olivines 

and the formation of magnesian AO I's. A possible reaction is ; 

Mg2Si04+2Fe -+ Fe2Si04 +2Mg. (4) 
01 Gas or Met 01 Gas 

This equation is an exchange reaction of Mg and Fe between the olivines of AOI's 

and the surrounding gas, and can introduce large amounts of FeO into the AOI's 

in the condition similar to that of eqs. ( I ), (2) and (3). 

Ca+ 2Na Fig. 14. Atomic plotting of(Ca+2Na)-Al-(Si+ 
2Na) for fine to medium-grained CAI's 
(open circle), AO I's (open square), and 
the intermediate type inclusions (solid 
circle) in ALH-77003. For reference, 
type-B CAi's (open triangle, quoted 
from GROSSMAN, 1975) are plotted 
together. Dashed line is the solar 
condensate trend. Abbreviations of 
Me, Fas, Px, Ol, An, Ne and Sp are 
melilite solid solution, fassaite, high
Ca pyroxene solid solution, olivine, 
anorthite, nepheline and spine!, re
spectively. 
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6.3. Two inclusions (Nos. 71-1 and 105 i n  Table 1) are fine-grained aggregates in

cluding abundant fine olivine grains and are intermediate in texture between fine-grained 

CAi's and AOI's. These intermediate inclusions are plotted between the fine-grained 

CAi's and AOI's in Fig. 14. The original materials of these intermediate type are 
considered to be a mixture of fassaitic pyroxene and olivine, and the fassaites reacted 

with the surrounding gas by reactions (1) and (2) to be fine-grained aggregates con

taining alkalis and FeO. The existence of the intermediate type indicates that the 

original materials of fine-grained CAi's and AOl 's had an intimate genetical relation 

prior to reactions ( l) to ( 4). 

6.4. In conclusion, the original materials of fine-grained CAi's in ALH-77003 were 

composed mainly of fassaitic pyroxenes with variable amounts of spinels, some in

clusions having thin zoned rims of fassaitic to diopsidic pyroxenes around them. The 

original materials of AOI's consisted mainly of olivines with minor fassaitic pyroxenes. 

When the activities of Na20 and FeO components in the surrounding gas became high, 

the reactions of ( I ) , (2), (3) and ( 4) took place. The fassaitic pyroxenes changed to 

fine-grained aggregates including alkalis and FeO, and spinels and probably olivines 

may have become ferrous, resulting in fine-grained CAi's and AOI's prior to the ac

cretion onto the parental body of ALH-77003. Some chondrules were brought into 

the similar atmosphere and suffered the addition of alkalis and FeO and the release 

of Si02 and CaO, resulting in zoned chondrules. 

7. Chondrules, Devi trifled Glass Fragments and Matrix 

The fine-grained CA i 's and AOJ's in ALH-77003 are considered to change their 

chemical compositions by reactions ( I ) to (4), and their compositions deviate more 

or less from the solar condensate trend. However, the other constituent units, mIP, 

mSP and fSP chondrules, devitrified glass fragments, and the matrix coincide well 

with the solar condensate trend except for minor modifications. The average chemical 

compositions of each type of chondrules, devitrified glass fragments, and the matrix 

are tabulated in Table l 3 with reference to the solar abundances (CAMERON, 1973) and 
the matrix of the Allende meteorite ( IKEDA, in preparation). 

7. 1 .  Matrix, devitr[fied glass fragments and fSP chondrules 

The matrix, devitrified glass fragments, and fSP chondrules show similar chemical 

compositions (Table 13), and they are considered to have cogenetic relationship. The 

matrix of ALH-77003 is very similar in chemical composition to that of the Allende 

meteorite except that the CaO content of the former is extremely depleted in com

parison with the latter. The chemical compositions of the devitrified glass fragments 

nearly coincide with the solar abundances. The chemical compositions of fSP chon

drules are decidedly different from those of the mIP and mSP chondrules, and rather 

resemble those of the devitrified glass fragments, except that the fSP shows higher 

CaO content than the devitrified glass fragments. 
The chemical compositions of the fSP type include small amounts of orthopyroxene 

normative component whereas those of the matrix are free from this component, the 

devitrified glass fragments being intermediate. In addition, the fSP, the devitrified 



62 Yukio IKEDA 

Table 13. A verage chemical compositions of mlP, mSP and /SP chondrules, devitrified glass 
fragments, and matrix in ALH-77003. MA and SA are the average composition of 
the matrix in the Allende meteorite and the solar abundances, respectively. The average 
composition of the devitrified glass fragments is calculated from Table 6 except for the 
No. 32.5 fragment which is considered to be a fragment of groundmass glass of /SP 
chondrules. The compositions of the matrices and the solar abundance are normalized 
to the total of 100 wt %. 

_......:;;;;;___�---- -�� � ------- - ----------· -

mIP mSP 

Na20 0 . 60 1 . 60 

MgO 33 . 48 28 . 47 

Al20a 3 . 64 3 . 28 

Si02 47 . 87 52 . 63 

CaO 3 . 68 4 . 25 

FeO 9 .  1 8  8 . 27 

Total 98 . 45 98 . 50 

- ------ - ------ -_.;__��-�-- ··· ··----- ------ -- -- - - - - --- --- -- _ _______; � -
.:;.....:.:· 

fSP glass- matrix MA SA fragment 

1 . 00 1 . 02 0 . 29 0 . 37 1 . 05 

22 . 62 25 . 30 26 . 88 22 . 98 24 . 74 

2 . 04 2 . 08 2 . 35 3 . 04 2 . 51 

40 . 06 37 . 00 33 . 33 33 . 94 34 . 8 1  

3 . 63 2 . 04 0 . 46 3 . 06 2 . 34 

28 . 83 30 . 1 3 36 . 68 36 . 61 34 . 54 

98 . 1 8  97 . 57 1 00 . 00 100 . 00 1 00 . 00 

glass fragments and the matrix are high in FeO, and the amounts of FeO increase from 

the fSP to the matrix. These features may be due to the following equation; 

MgSi03 + Fe + H20 � MgFeSi04 + H2. (5) 
Px Gas or Met Gas 01 Gas 

The original materials of fSP chondrules and the matrix may correspond to the con

densates during the last stage of and after the reaction (5), respectively. Equation 

(5) means the silicate condensates of low temperature range must show MgO/(MgO+ 

FeO) mole ratios of about 0. 5, coinciding with the fact that the average ratios of the 

matrix is about 0. 57 (Table 13). 

The chemical compositions of the matrix include the normative nepheline com

ponent although the fSP chondrules are free from this component. This may be 

due to the reaction : 

NaSi3Al0�+4Fe+4H20 � NaSiA104 + 2Fe2Si04 +4H2, (6) 
Ab Gas or Met Gas Ne 01 Gas 

where Ab and Ne are albite and nepheline, respectively. This equation introduces 

the normative nepheline component and also the FeO component into low tempera

ture condensates, but the amounts of FeO introduced by this equation are small in 

comparison with those by eq. (5) because the pyroxenes are a major phase and over

whelm the albite amount in the solar condensates prior to reactions (5) and (6). Reac
tion (6) may take place at the temperatures lower than reaction (5), because nepheline 

can not stably coexist with low-Ca pyroxene. 

In conclusion, the fSP chondrules are considered to be formed from the materials 

which condensed during reaction (5) and prior to reaction (6). The materials which 

were formed at intermediate temperatures between fSP and matrix became the devitrified 

glass fragments by melting and subsequent fragmentation and devitrification. The 

dust which were formed at the lowest temperatures after the reactions (5) and (6) 

became the matrix at the accretion onto the parent body of ALH-77003. The low 

contents of CaO and Na20 in the matrix may be due to the fractionation and separa-
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tion of high-Ca pyroxenes and nephelines or albites prior to or during the formation 

of dusts in the solar nebula, whereas the original materials of the devitrified glass frag

ments contain both minerals in the same amounts as the low-temperature solar con
densates. 

7.2. The m!P and mSP chondrules 

The chemical compositions of mIP and mSP chondrules are similar except for 
the Na20, MgO and Si02 contents. The mIP is poorer in Na20 and Si02 and richer 

in MgO. This means that the mlP contains larger amounts of normative olivine 

than the mSP, whereas the latter contains larger amounts of normative orthopyroxene 

and albite. According to the condensation theory of GROSSMAN and LARIMER (1974), 

the condensation of calcic plagioclase begins at 1362 K at total pressure of 1 o- 3 atm, 

and enstatite begins to condensate at about 1350 K, consuming forsterite. Below 

1100 K, enstatite exceeds forsterite in the silicate condensates, and at the same time 

plagioclase becomes sodic. This change of condensing phases corresponds to the 
solar trend from f to g in Figs. 2, 3 and 4. The average chemical composition of mIP 

corresponds to silicate condensates at temperatures higher than about 1100 K, and 

the average composition of mSP corresponds to temperatures lower than about 1100 K. 

However, these high temperature condensates should be free from FeO, although the 

mIP and mSP contain considerable amounts of FeO. Moreover, the mIP contains 

some Na20. Therefore, the high-temperature condensates must be contaminated 
by the lower temperature condensates, such as FeO and alkalis, prior to or during 

the melting events which formed silicate melt droplets resulting finally in chondrules. 

The mIP and mSP chondrules include variable amounts of opaque minerals such 

as kamacite, taenite and/or troilite. However, the amounts of these minerals are 

small for most chondrules, and the bulk compositions of these chondrules never plot 

along the metal-bearing condensate trend. Therefore, the metal condensates must 

have fractionated or separated from the silicate and oxide condensates prior to the 
formation of chondrules. It is considered that the separated metal condensates formed 

the core of primitive planetesimals whose mantles consisted of the solar condensates 

of silicates and oxides with small amounts of opaque minerals. When these plane

tesimals collided with each other, silicate melt droplets may have formed from the 

mantle materials of the primitive planetesimals (KIFFER, 1975), and some materials 

in the cores may have fragmented to form the opaque mineral fragments commonly 

observed in ALH-77003. 

The genetical relationship of the mIP and mSP chondrules with the fSP, devitrified 

glass fragments, and matrix is unknown, but it is possible that the original materials 

of the former two were formed mainly prior to or during the initial stage of reaction 

(5) and those of the latter three were produced mainly during the last stage of or after 

the reaction. 

8. Conclusions 

Conclusions of this paper are summarized as follows. 

1) Fine-grained CAI's in ALH-77003 were originally materials consisting mainly 

of fassaitic pyroxenes with variable amounts of spinels. They changed their chemical 
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compositions by reactions with the surrounding gas at low temperatures, and became 

rich in alkalis and FeO. 

2) AOI's are considered to have a cogenetic relation with fine-grained CAi's .  

The alkali contents in AOI's were introduced from the surrounding gas by the same 

reactions as those in fine-grained CAi's. 

3) The mIP and mSP chondrules were formed mainly from the high-tempera

ture condensates of the solar n ebula after the separation of metallic condensates. 

The condensation temperature for the mIP and mSP chondrules are higher and lower 

than 1 100 K, respectively ,  at total gas pressure of I o- 3 atm. 

4) Some chondrules were brought into a gas rich i n  alkalis and FeO components 

and suffered the addition of alkalis and FeO and the release of Si0 2 and CaO, resulting 

in zoned chondrules. 

5) The matrix and the original materials of fSP and devitrified glass fragments 

were made up mainly from low-temperature condensates of the solar nebula. The 

condensation temperatures of the former were sl ightly lower than the latters. The 

fractionation of high-Ca pyroxenes, nephelines and/or albites took place in the solar 

nebula, and these minerals were depleted in the matrix of ALH-77003. 
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