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Abstract On Feb 15 2013 a meteorite exploded extremely intense above the city of Chelyabinsk Russia. We studied three
representative fragments of the Chelyabinsk meteorite which preserved at least part of fusion crust and show different degree of shock
metamorphism. One of the fragments is almost intact with only fractures another fragment contains thin shock-induced melt veins and
the third consists mainly of shock-induced melt pockets and thick veins. The little shocked fragment preserved the initial petrographic
and mineral chemical features of the parent asteroid of Chelyabinsk including coarse-grained texture homogeneous compositions of
olivine and pyroxene and blurred chondrule outlines but can be recognized which indicate a high degree of thermal metamorphism and
a petrographic type of 5 of chondrites. The high and homogeneous FeO contents of MgFe-silicates ( Fa: 27. 9mol% ~28.2mol% ; Fs:

23.3mol% ~23.7mol%) and the low abundance of Fe-Ni metal classify Chelyabinsk into LL group ( low FeO and low metal) . The
classification of Chelyabinsk as a LLS ordinary chondrite confirms previous work and there was no other type of lithic clasts. Fractures
in silicate minerals more abundant maskelynite eutectic texture of troilite and metal presence of silicate shock melt veins chromite—
plagioclase intergrowth and melt pockets were observed in order of increasing shock degree. However no high-pressure polymorphs of
silicates have been found in the shock melt pockets or veins. Olivine fragments within the melt pockets and veins and those at their
walls show significant chemical heterogeneity similar to the typical texture of olivine transforming to ringwoodite or wadsleyite in other
heavily shocked meteorites. The absence of ringwoodite and wadsleyite is likely due to retrograde metamorphism at high post-shock
temperature. This suggests a very severe impact event on the parent asteroid of Chelyabinsk.
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Fig.4 Characteristic of shock vein in Chelyabinsk-

(‘a) BSE image of silicate vein composed of fine silicate grains opaque phases and rounded silicates; ( b) fine silicate matrix ( dashed yellow box in
a) grain sizes gradually increase from the outer rims of the melt vein towards the inner cores ( dashed line) ; (¢) plagioclase changes to maskelynite
circle 1 is the analysis location of Raman 1 (f) ; (d e) marked with yellow box in (a) showing chemical heterogeneity circles are the analysis
locations ( f) respectively; (f) Raman spectrums of maskelynite and olivines; (g) Mg in shocked olivines. Grain 1 and 2 represent the grains in
(d e) respectively. The averages of the analyses are indicated by solid lines
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Fig.6 BSE images of Chelyabinsk7

(a b) size of matrix from core to edge becomes smaller eutectic of
troilite and metal; ( ¢) network of thin sulfide veins; ( d) fine chromite
- ( bright grey) —plagioclase ( dark grey)
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1 (1.2.7) (wWi%)
Table I  Chemical compositions of olivine from the Chelyabinsk meteorite ( Chelyabinsk4 2 7) (wt%)

Chelyabinsk2 Chelyabinsk-4 Chelyabinsk7

Si0,  37.2~39.9 38. 1 37.7~38.7 38.2 37.5~38.2 37.9 37.6 ~38.2 37.9 37.4 ~38. 1 37.8

TiO, < 0.04 <0.11 n. d. n d. < 0.06 < 0.06
Al, 04 < 0.04 <0.11 <0.11 < 0.28 < 0.11
Cr, 05 < 0.04 < 1.12 0.16 < 0.06 0.03 ~0.06 0. 04 < 0.06

FeO  23.8~25.6 24.9 25.0~26.1 25.5 25.1~25.7 25.4 24.5~26.2 25.3 25.2~25.6 25.4
MnO  0.44 ~0.49 0.46 0.44 ~0.48 0. 46 0.42 ~0.48 0. 46 0.41 ~0.48 0. 45 0.40 ~0.50 0.45
MgO 35.1~36.6 36.0 35.2~37.0 36.6 34.9 ~36.4 35.8 35.5~36.9 36.0 35.4~36.9 36.0

CaO  0.02~0.11 0. 08 < 0.10 0.06 ~0. 18 0.13 < 0.39 0.13 < 0.12
Na, O < 0.04 < 0.07 <0.11 < 0.10 < 0.08
K,0 < 0.02 < 0.06 < 0.03 < 0.04 < 0.04

98.6 ~100. 4 99.5 99.6 ~102.5 101.0 99.0 ~100. 4 99. 8 99.2 ~101.7 99.9 98.7~100.7  99.8
Fa 27.5~28.3 27.9+0.3 27.4-~29.2 28.1+0.5 27.9~29.1 28.4+0.4 27.7~28.7 28.2+0.4 27.8~28.6 28.3+0.3

in. d.

2 (1.2.7) (wt%)
Table 2 Chemical compositions of pyroxene from the Chelyabinsk meteorite ( Chelyabinsk4 2 ) (wt%)

Chelyabinsk2 Chelyabinsk-4 Chelyabinsk7

Si0, 54.5~55.3 54.8 54.5~55.4 55.0 54.1~55.0 54.4 54.3 ~54.9 54.7 54.3 ~55.2 54.8

TiO, 0.12~0.51 0.22 n d n d 0.14 ~0.36 0.24 0.17 ~0.22 0.19 0.13 ~0.26 0.19
ALO; 0.12~0.49 0.27 0.12 ~0.25 0.18 0.18 ~0.36 0.28 0.13 ~0.30 0.21 0.17 ~0.38 0.25
Cr,0; 0.08 ~0.27 0.15 0.05 ~0. 68 0.21 0.10 ~0.22 0.15 0.04 ~0.13 0. 09 0.11 ~0.19 0.15

FeO 15.0~15.5 15.3 15.0~15.7 15.5 15.5~16.5 16.0 15.3 ~15.7 15.4 15.4 ~15.7 15.6
MnO  0.46 ~0.49 0.48 0.42 ~0.50 0.46 0.43 ~0.51 0. 46 0.44 ~0. 46 0.45 0.45 ~0.47 0. 46
MgO 27.4-~28.0 27.6 27.2~28.6 27.5 26.9 ~27.4 27.1 26.8 ~27.4 27.2 26.7 ~28. 1 27.5

CaO0  0.59~0.84 0.71 0.58 ~0.90 0.76 0.71 ~0.91 0. 84 0.72 ~0.91 0.78 0.72 ~1.01 0. 86
Na,O  0.03 ~0.04 0.04 < 0.07 0.03 0.02 ~0.13 0.09 < 0.03 0.02 < 0.07 0.03
K,O < 0.02 0.01 0.01 ~0. 03 0.01 < 0.04 0.03 < 0.02 0.01 < 0.04 0.01

99.4 ~99.9 99.6 99.3 ~100.7 99.8 99.2~99.9 99. 6 98.6~99.9 99.0 99.4 ~100.0  99.8
Fs 23.0~23.6 23.3+0.2 23.2~24.0 23.6+0.3 23.8~25.2 24.4+0.7 23.5~23.8 23.7+0.2 23.5~24.2 23.7+0.4
Wo 1.2~1.7 1.4+£0.2 1.13~1.78 1.5+0.2 1.39~1.80 1.7+0.2 1.25~1.82 1.5+0.2 1.38~2.0 1.7+0.3
En 75.0~75.7 75.3+0.2 74.5~75.3 74.9x0.2 73.1~74.3 73.9+0.7 74.4~75.2 74.8+0.4 73.8~75.1 74.6+0.7

PMD( %) 0.9 1.3 2.9 0.8 1.7
( 5. 3 .
— N Fa
( 6a). PMD 1.1% ~1.8% . Chk2
( 6b) - Fa 27. 5mol% ~ 28. 3mol% 27.9
. ChkZ 0. 3mol% ; Chk- Fa
- 27. 4mol% ~29. 2mol% 28.1 0. 5mol%

( 6c); - Fa 27.9mol% ~ 29. 1mol% 28.4
( 6d). +0. 4mol% ; Chk Fa 27. Tmol% ~

28. Tmol% 28.2 +0. 4mol% Fa
3.3 27.8mol% ~ 28. 6mol% 28.3 +0.3mol% ( 1),

1 2 FeO  MnO
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3 (1.2.7) (wt%)
Table 3 Representative analyses of plagioclase from the Chelyabinsk meteorite ( Chelyabinskd 2 &) (wit%)
Chelyabinsk2 Chelyabinsk-4 Chelyabinsk7
1 2 1 2 1 2 1 2 1 2
Si0, 66.2 65.0 65.2 65.8 65.2 64.8 65.6 64.7 64.3 63.6
Al, Oy 22.8 22.5 21.3 21.2 22.3 22.4 22.1 20. 4 21.9 21.7
FeO 0.93 0.73 0.77 0.33 1.65 1.11 1.01 0.76 0.92 1.09
MgO 0. 09 0. 06 0.17 0. 06 0.22 0.32 0.22 0.19 0.22 0.31
Ca0 1. 80 1. 82 2.03 2.20 0.84 0.77 2. 60 2.51 0.41 0.79
Na, O 8. 86 8. 65 9.71 9.43 9.07 8.93 9.65 9.79 8. 67 9.27
K,O0 1.17 1.17 1.01 1. 14 2.20 2.43 0.26 0.19 2.36 1.70
Total 101.9 100. 5 100. 2 100. 2 101.5 100.9 101. 6 98.5 98.9 98.6
(0=8)
Si 2. 865 2.855 2.877 2. 898 2.855 2.852 2.854 2. 895 2.876 2.859
Al 1. 160 1. 163 1.109 1. 100 1. 149 1. 161 1. 134 1.077 1. 153 1. 150
Fe 0.034 0.027 0.028 0.012 0.061 0.041 0.037 0. 029 0.035 0.041
Mg 0. 006 0. 004 0.011 0. 004 0.014 0.021 0.014 0.013 0.014 0.021
Ca 0. 083 0. 086 0. 096 0. 104 0.039 0. 036 0.121 0. 120 0.020 0.038
Na 0.743 0.737 0. 831 0. 805 0.771 0.763 0.813 0. 850 0.751 0. 808
K 0. 065 0. 065 0. 057 0. 064 0.123 0. 136 0.014 0.011 0.135 0.097
An 9.3 9.7 9.8 10.7 4.2 3.9 12.8 12.3 2.2 4.0
Ab 83.4 83 84.5 82.8 82.6 81.5 85.7 86. 6 83 85.7
Or 7.3 7.4 5.8 6.6 13.2 14.6 1.5 1.1 14.9 10.3
N Fs
Ca o
Chk4 Fs PMD
(2.9%) 2% . Chk2 Fs
23.3 +0.2mol% Wo 1.4 0. 2mol% ; Chk4d
Fs 23.6 £0.3mol% Wo 1.5 0. 2mol%
Fs 24.4 £0. Tmol% Wo 1.7 £0. 2mol% ;
Chk—=7 Ca Fs  23.7 £0.2mol% Wo 1.5 =
0. 2mol% Fs  23.7 £0.4mol% Wo 1.7
0.3mol%( 2) , MnO ( 2
Fs 7.3mol% ~ 10.3mol% Wo
42. 0mol% ~46. 0mol% -
) 7  Chelyabinsk
° A ( vein) ( pocket) ( host)
K Ca.Na. K, O Na,0  CaO.
N Chk-7
Chk1  Chk-2 Ca.Na  K( Fig. 7 Chemical compositions of plagioclase from the
3 7. Chelyabinsk meteorite
Plagioclase in the veins and pockets are more enriched in K,O and
4 depleted in Na, O and CaO compared with host grains. Solid symbols
represent grains in the host and open symbols are from veins or pockets
4.1
FeO/( FeO + MgO) o Fa
Chk4 .2 7

(27.9mol% . 28. 1mol%

28. 2mol% ) Fs ( 23.3mol%
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