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Abstract Petrologically the Lunar meteorite Miller Range ( MIL) 05035 is low-Ti augite basalt characterized by coarse gabbro
texture and massive structure non-breccia. It consists mainly of pyroxene ( 60.2%) plagioclase (27.3%) olivine ( 6.05%)
quartz (4.36%) ilmenite ( 1.25%) troilite (0.84%) with minor spinel enriched Fe and Ti contents and apatite. Symplectites are
composed of hedenbergite fayalite and quartz. The pyroxene grains are distinctly heterogeneous with exsolution lamellae. The cores are
enriched in MgO and depleted in CaO and FeO ( Fsy 4, s W04 2350) contents. By contrast the rims are rich in CaO and FeO and
depleted in MgO contents. The maskelynites are weakly heterogeneous: the rims are relatively enriched in Na,O and K,O ( Abg ;, 5
Ory ;4 0;) and the cores are inverse ( Ab, ¢,os Orgp03) - The olivine occurs as coarse grains ( Fag so5) and fine grains
( Fag 903 5s) in symplectites. The quartz can also be divided into three types: veined cloddy and helminthoid. The quartz vein is
changed into glass of silica. The residual quartz has wide Raman spectra (448 ~502cm™") implying that these quartz experienced
strong shock metamorphism and retrogressive metamorphism; cloddy quartz locates in the boundary between olivine and plagioclase or
olivine which formed filling structure with plagioclase; helminthoid quartz distributes in the symplectite assemblages. The identical
composition continued structure impact darken Phenomena correlation with fusion vein and dentical cleavage trend indicate that
symplectites are derived from pyroxene grains induced by shock retrogressive metamorphism. The integration of petrographic
observation mineral chemistry and MELTS modelling indicate that the magma evolution processes experienced following scenarios:
when the temperature decreased spinel crystallized from parent magma augite and anorthite were followed; as the temperature fell
down pigeonite ferriferous augite and hedenbergite were generated the evolution of anorthite stopped or generated a bit of bytownites
and labradorites. When the temperature continued decreasing olivine crystallized from residual magma followed by the ilmenite and
troilite quartz was enriched in Al and K intruded along the fractures between the augite olivine and plagioclase grains. When the rock
exposed on the surface of the moon because of the shock metamorphism the plagioclases were transformed into maskelynites quartz
partly changed into glass and presence of fusion veins which indicate that MILO5035 experienced strong shock metamorphism with
the degree is at least S;. This study provides convincing evidence for the early lunar magma evolution and later shock
metamorphism.
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1 MILO5035 (a) . (b) X ()
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Fig. 1 Transmitteddight photomicrograph (a) backscattered electronic image ( b) and false-color ( FC) X-ray map (c) of the
polished thin section MILO5035

Px-pyroxene; Mask-plagioclase maskelynite; Ol-olivine; Symp-symplectite assemblages; Troiroilite; Ilm-ilmenite; Q-quartz; Fv-fusion vein;
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2 MILO5035

Fig.2  Structures of lunar meteorites MILO5035

(‘a) exsolution lamellae of pyroxene; ( b) two groups of cleavage are
nearly vertical which had been cut by later shocked fractures; ( c)
the cleavage between pyroxenes and symplectite assemblages are
nearly consistent; inclusion of quartz and olivines in pyroxene; ( d)
residual plagioclase crystals in maskelynites; ( e) the plagioclases
and olivines were filled and replaced respectively by quartz; ( f)
symplectite assemblages
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Fig. 3 Shock veins of Lunar meteorite MILO5035 ( the
white dashed lines)

(a) shock vein in quartz which connected with symplectite; ( b)
shock vein in olivine and plagioclase

4  MIL05035-50
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Fig.4 The compared graph for quartz
Lunar meteorite MILO5035-50

(a) transmittedight photomicrograph and analysis position; ( b)
Bbackscattered electronic image; (¢) the compared graph for quartz
in this job melted glass standard quartz and coesite ( the standard
spectra date came from the RRUFF Project website containing an
integrated database of Raman spectra X-ray diffraction and
chemistry data for minerals in California Institute of Technology) ;
(d) the raman spectra shift in the different press condition in the lab
(Lietal. 2006 Fig 1)

glass and coesite of
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Fig.6 Contents rim to core to rim traverse of a pyroxene of Lunar meteorite MILO5035

The traverse path is illustrated in BSE image of Fig. 5
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1 MILO5035 (wi%)

Table 1 Representative electron microprobe analyses and bulk composition in MILO5035 ( wt% )

(n=25) (n=35)(n=10) (n=10) (n=12)
(n=20) (n=18) ("

Sio, 45.3 43.7 44.7 26.2 48.1 50.1 45.0 45.0 99.0 96.3 47.5 44.0 27.1 95.7 51.3
FeO 25.4 33.7 29.9 68. 1 0. 68 0. 84 0.46 0.44 0.28 1.82 22.0 31.6 67.2 2.71 37.3
CaO 12.5 15.3 8.98 0.61 18.3 16. 4 19.0 19.3 0.03 0.23 13.2 18.2 0.47 0.20 5.76
MgO 10.9 3.02 11.5 1.58 0.02 0.02 0.08 0.11 0.01 0.08 5.28 2.70 2.73 0.09 1.81
Al, Oy 1.97 1.46 1. 56 0.02 32.8 30.6 32.7 32.9 0.42 0.98 9.52 1. 40 0.04 0.41 0.54
TiO, 1.28 1.45 1.38 0.15 0.03 0. 06 0.04 0. 06 0.25 0.33 1.30 1.43 0.13 0.23 0.52
MnO 0.79 0.81 0.81 1. 65 0.02 0.04 0.03 0.02 0.02 0.21 0.31 0.78 1.89 0.11 0.96
Cr, 05 0.44 0.08 0.36 0.01 0.02 0.01 0.02 nd 0.04 0.01 0.21 0.08 0.03 0.01 0.08
Na, O nd nd nd nd 1.28 2.20 1.14 1.03 nd nd 0.32 nd nd nd nd
K,0 0.02 0.02 0.01 0.01 0.13 0.30 0. 04 0.02 0.24 0.23 0.01 0.01 0.02 0.19 0.07
Total 98.7 99.7 99.2 98.6 101.4 100.5 98.5 98.9 100.5 100.2 99.7 100.0 99.9 99.8  98.6
Fa/Fs/An

60. 8 64.9 56.6 96.7 90.2 81.4 91.6 92.3 60.2 93.5
30.2 47.5 43.4 95.5 86.2 76. 4 86.8 90.2 49.4 88.9
41.9 57.5 49.0 96.0 88.2 79.1 90.0 91.1 52.9 90. 6
Wo/Ab
35.0 44.3 25.3 13.0 21.6 12.3 9. 65 43.8
14.2 22.8 14.3 9.3 16. 8 8.16 7.56 29.3
26.3 33.4 18.5 11.1 19.2 9.75 8.79 39.1
‘n nd
((Ab; 565,65
8.79 Ang 4 5 91.1) ( 1. 8)
K.Na (Abg 55, ¢
Ory 552.15)
. K. Na (Aby,
Orl,n) (Ab,,, 0r0.73) Ca ( Ang. 1)

(Ang,) ( I. 9.

° ( Fags s06.6
97.7) MgO( Fagy 59, 6
90. 5) FeO( Fag, 796 o 95.6) . 7 MILO5035 N
( Fagg g5 5 90. 6) Cores— ; rims— ; exsolution—
; K Na-rich Pl- ; maskelynite— ;
( 7« 1o plagioclase—
5 Fig.7 Pyroxene (a) olivine (b) and plagioclase ( c)
Si0, (99.0%) ; AlLK mineral compositions of Lunar meteorite MILO5035
; Fe (1), Cores of pyroxenes ( cores) ; rims of pyroxenes ( rims) ; pyroxene
exsolution lamellae ( exsolution) ; coarse olivine ( coarse) ; K Na-
Mn.Cr Mg rich plagioclase ( K Naxich Pl); K Na-poor maskelynite

( maskelynite) ; K Na-poor residual plagioclase ( plagioclase)

((Feg 49 Tig 56 Mgy o1 Mng ) ( Aly 5 Cryy, Fey 4y) 5 O,

2 (Feg, 55 Tig 40 Mg o1 Cag oy Mg p) ( Al 5, 0.1% .

Cry 47 Fey 5 ),0,;
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9 MIL05035 —
8 MIL05035 — — —
Fig. 9 Contents rim to core to rim traverse of a maskelynite
Fig.8 Contents rim to core to rim traverse of a maskelynite with K Na-rich content in MILO5035
in MILO5035
Fe/Mn 61 Fe/Mn MILO5035
FeS. FeO  MnO Apollol2. Apollol5
Mg* ( 4.63) Mg"* ( 10). Apollo
(19.4) Mg*( 8. 22) o MIT05035 Apollo12
Cay » ( Fe, ; Mg, o (12064 ) \Apollol5( 15597 )  Apollo12( 12051 )
Mny, 3T o,) Sis  Aly o O ( 2). ( FeO + MgO) /ALO;
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Ca.Mg Si o ( Ar-Ar Fernandes et al. 2005; Joy et al. 2008) .
Fe.Ca.Mg.Al. Ti N (Joy et al.
( Do 2008) . Co/Cr (Joyetal. 2007) . An
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( 2+ 3)
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2 Apollo MILO5035

Table 2 Compared components between the Low-Ti basalts in

Apollo samples and Lunar meteorite MILO5035

MILO5035
Apollol2 Apollol2 Apollol5

( 12%64 ) ( 12%51 ) | 15pS97 ) 49 ® 0
Si0, 46.5 45.3 48.0 48.4 47.2 47.5
TiO, 3.99 4.68 1. 80 0.90 1.00 1.30
Al O, 10.7 9.95 9.44 8.85 10.5 9.52
FeO 19.9 20.2 20.2 20.7 20.7 22.0
MnO 0.27 0.28 0.30 0.33 — 0.31
MgO 6. 49 7.01 8.74 7.79 5.90 5.28
Ca0 11.8 11.4 10. 4 12.1 13.7 13.2
Na, O 0.28 0.29 0.32 0.21 — 0.32
K,0 0.07 0. 06 0. 06 0.01 — 0.01
Cr, 05 0.37 0.31 0.48 0.30 0.40 0.21
100. 2 99.5 99. 8 99.6 99.4 99.7

: Apollol2  Apollo 15 2005; MIL0O503549

Joy et al. 2007; MILO5035-6 Liu et al. 2007; MILO5035-50
3 Apollo MILO5035
Table 3~ Compared contents of minerals between the low-Ti

basalts in Apollo samples and Lunar meteorite MIL0O5035

Apollol54 63 24 7 6.0
Apollo12 69 21 1 9.0
Apollol52 62 34 — 4.0
MIL05035-29 58 35 — 6.3
MIL05035-33 - 69.2 17.2 — 13.6
MILO5035-36 63.4  29.5 — 7.0
MIL05035-50 60.2 27.3 6.05 6.40
. Apollol5 Apollol2 2005; MIL05035-29
33 36 Arai et al. 2007; MILO5035-50
6% ~ 14% 1% ~ 6%
<1% ( VLT ) ( Papike et al.

1998) . MILO5035 TiO, (0.90% ~1.30%)

o

(Fe0 =22.0%) .  (ALO, =9.52%) .

(Th=0.3x10"% (Arai et al. 2007;
Zeigler et al. 2007)
( 2005)
MIL05035 .

4.2
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10 ( FeO + MgO) AL, O,
( 2005)
Fig. 10  Plots of ( FeO + MgO) -Al, 0, and Fe/Mn for Lunar

Fe/Mn

meteorites

( Newton and Perkins 1986; Joanny et al. 1991; Elvevold and
Gilotti 2000) .
( Fagan et al. 2002; Arai et al. 2007)
(1) N

( Fagan et
al. 2008; Liuetal. 2009);(2)
( Lindsley et al. 1972; Lindsley 1983);( 3)

( <1.15GPa)
( Oba and Kobayashi 2001) ,

MILO5035

MILO5035-50 29 33 35 31
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Fig. 11
in MILO5035
(a) subhedral stretch and twist shape; (b) helminthoid shape

Symplectite assemblages with different occurrences
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Fig. 12 The comparison of bulk  symplectite and

ferrosilites in MILO5035
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47.5% TiO, 0.9% ~1.3% .
Y 12, 3).
MIL05035
. Ti/Al 1/2
Ti/Al 1/4
(Arai et al. 2007) . MIL05035
48 Ti* = 0.24 ~0.50
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Lip( xx%) - . Sp- ; Cpx—
Fig. 13 Model curve plot of crystallization sequence of Lunar
meteorite MIL 05035

Lip ( xx%) Residual melt and it” s weight percentage; Sp-spinel; Cpx—
clinopyroxene. The dotted lines represent results of fractional
crystallization modeling using MELTS ( Ghiorso and Sack 1995). The

red points represent solid — liquid interface

14% ( 64%) . 986°C
6% ( $i0,)
. . 911C
Al.Ca.K 805°C
(72%) . (21%) . (2.5%) .
(0.1%) . (1.4%) (3.2%)
MELTS
— + — N
N N + N +
( ) — — + — ( )
( 4
4.4
MIL05035 .

((Ab; 569,65 Allgg 292 3 > Aby 6042 3
Angs 5.7 3) 30 ~
45GPa( Ostertag  1983) .

~ o
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4 MILO05035
Table 4  Crystallization sequence of Lunar meteorite MIL 05035

463.59 ~ 464. 65cm (
2010)
460. 17 ~467. 93¢m ™!
522.75¢m ! 448 ~
502cm ™' 4c)
0 ~ 4.38GPa 470.94 ~
501. 80cm ™' ( 2006) ( 4d) .
30 ~45GPa
( ) o
PDF (Joy et al. 2008)
Stoffler Sy ( Stoffler et
al. 1991) .
( NASA)
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