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QUE94201 is a new Antarctic shergottite [I]. Although its mineralogy is similar to previously known basaltic 
shergottites, QUE94201 (QUE) has distinct differences from them. QUE has larger grain sizes and contain abundant 
maskelynite, whitlockite and a wide impact melt vein enriched in P. The coarse-grained texture of pyroxene and 
maskelynite is similar to lunar meteorite Asuka881757. The largest difference of QUE from typical shergottites is 
pyroxene zoning trends which are very similar to pyroxenes of Apollo lunar mare basalts such as 12021. However, the 
low FeO/MnO ratio of pyroxene and existence of Na-rich maskelynite distinguish QUE from lunar basalts. Cooling rate 
calculations of pigeonite rim zoning constrain the cooling rate to be faster than S0C/yr (Burial depth: <30 m). This 
indicates the last stage of crystallization would occur in a shallow lava flow. 
PETROGRAPHY: QUE94201,34shows an igneous texture similar to basaltic shergottites [2]. Maskelynitized plagioclases 
and zoned clinopyroxenes dominate. Unlike normal basaltic shergottites, QUE contains a wide shock melt vein cutting 
across the PTS, and proportions of maskelynite and whitlockite are larger [3, 41. The average grain sizes of major 
crystalline phases (maskelynite, pyroxene, and whitlockite) are larger than the other basaltic shergottites [3, 41, and they 
seem to show weak preferred orientation. Pyroxene twin planes and inclusions in maskelynite look almost parallel, and 
are also nearly parallel to the impact melt vein. However, a quantitative study is needed to prove it. The PTS is partially 
surrounded by brownish fusion crust. The impact melt vein locally exhibits flow structure. Several relict or recrystallized 
phases (mainly whitlockite and maskelynite) exist in the glass. Minor phases usually crystallized in or around mesostasis. 
Mesostases are commonly associated with opaque minerals (mainly ilmenite, ulvospinel, and pyrrhotite) and consist of 
fayalite, feldspar, silica, whitlockite, and chlorapatite. Roughly estimated modal abundances of QUE94201,34 are 35% 
maskelynite, 35% clinopyroxene (pigeonite and augite), 18% impact melt, 5% whitlockite, 4% mesostases, and 3% 
opa ue minerals. Ca-sulfate (gypsum?) is present along fractures and surrounding the walls of vesicles in the melt. 8 M I  ERAL COMPOSITIONS: The representative mineral compositions of QUE are summarized in Table 1 and 2 
Maskelynite: Plagioclases in QUE are all converted to makelynites by intense shock. Maskelynites are typically lath-shaped, 
reaching up to 3.5 mm in length. Usually they contain elongated inclusions of pyroxene or oxides. Maskelynites are 
weakly zoned from An Ab,Oro to An, Ab,Or, in many grains. However, small compositional variations from one grain 
to another are observed? FeO shows sight increase towards the edge (0.3-0.6 wt%). Some maskelynites in the impact 
melt preserve euhedral crystal shapes and their compositions are identical to those of laths outside the impact melt. 
However, several grains in the melt are converted to irregular shapes and their composition shows a wider range. These 
grains contain significant contents of FeO (6 wt% or more) and MgO (2 wt% or more). 
Pyroxene: Pyroxenes are interstitial, and they are anhedral to subhedral. The-average grain size is larger than the other 
basaltic shergottites [3, 41 and the largest grain is up to 2 mm long. Pyroxenes are usually twinned, and twin plane is 
parallel to the elongated axis (possibly, c). The cores of pyroxenes are fairly uniform by BSE image and constitute nearly 
entire part of individual crystals. The outer edge of the core is irregularly shaped. Pyroxene exists as two coexisting 
clinopyroxenes of pigeonite and augite that are distinguishable only by BSE or microprobe analyses. The most magnesian 
cores of pigeonite and augite are Mg,Fe,Ca, and Mg,Fe Ca respectively. Profiles from core to rim show unique 
zoning trends similar to pyroxene from Apollo lunar mare gas&; such as 12021 [5]. The first crystallized pyroxene is 
Mg-rich pigeonite, and then Mg-rich augite crystallizes. Finally, Fe-rich pigeonite crystallizes at the rim (Fig. 1). Unlike 
other shergottites, QUE contains noFe-richaugite. Pigeonite compositionsvary to nearly Mg-free composition (Mg,Fe,,Ca,,) 
although Wo component shows little change. Minor elements also show unique zoning as the crystallizing pyroxene 
changes. Because augite contains higher A120,(2-2.5 wt%), Cr 0, (0.9 wt%), and Na,O (0.2 wt%) than Mg-rich pigeonite 
(Al 0,: -1.5 wt%, Cr20 : 0.7 wt%, N a p  0.1 wt%), these elements increase from the a r e .  Cr content shows more 
graaual increase than d. Towards the Fe-rich rim of pigeonite, these elements drop down to Al,0,=0.4-0.8 wt%, 
(3 0,=0.2-0.0 wt%, and Na,O<O.lwt%, respectively. Cr and Al decrease (Cr,O - 
1.2-0.1 wt%,Al 03=2.5-1.2 wt%) as fe# (Atomic lOOxFe/Fe+Mg) increases. ?; 
content (TiO,: 6.5-0.9 wt%) does not show systematic correlation with fe#. MnO 
increases from 0.6 wt% to 1.2 wt% as fe# increases. Fine lamellae of augite (<a 
few p m  in width) can be observed at the rim of several pigeonites. Typically the 
lamellae are parallel to (001) plane, however, coarser (100) lamellae are also 
observed. Amphibole-bearing magmatic inclusion in the pyroxene as observed in 
the other shergottite pyroxenes [6] has not been detected in this study although 
small inclusions (eg. chromite or feldspar) are found. Further study is required. M~ Fe 
The pyroxene shows intense shock effects, including faulted augite lamellae and 

Um91pD1 pymien, moing twin boundaries, and undulatory and patchy extinction. Single crystal X-ray \ pmjcctd qua(lintcr diffraction reveals streaked reflections consistent with shock effects. 
Whitlockife: QUE is richer in whitlockite than the other basaltic shergottites [3, 41. Whitlockites are typically interstitial 
laths nearly parallel to maskelynite and pyroxene laths, and their maximum length reaches up to 3 mm. No significant 
chemical zoning is detected. Whitlockite in the impact melt vein is identical in composition to that of interstitial 
whitlockite. The average composition corresponds to Ca,Feo Mg, ,N~m(Pl,OJ,. 
Mesost2zsis: Mesostasis consists mainly of fayalite, feldspar, w%itlocftite, s~lica, and chlorapatite. The @esostasis is often 
associated with opaque minerals such as ilmenite, ulvospinel, pyrrhotite, and Fe oxide (containing Fe ). These mineral 
assemblages indicate formation of f q  near FMQ buffer. Ulvospinel has very fine exsolution lamellae ( 4  pm) parallel to 
three directions and the composition shown in Table 2 is a mixture of these phases. 
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Impact melt: The impact melt vein (max. width: 2.5 mrn) seems to follow the preferred orientation of the maskelynite and 
pyroxene laths. The glass is chemically inhomogeneous, reflecting the composition of locally preexisting phases. The 
melt regionally contains pyrrhotite globules. It is notable that the melt is very enriched in P (up to 7 wt% P 0,). This will 
indicate that abundant whitlockites were melted by shock or parent magma of QUE was originally enricheain P. We also 
analyzed fusion crust (Table 2 . The low total sum is probably due to non-analyzed elements such as S. 2 IMPLICATIONS FOR QU 94201 PETROGENESIS: QUE is a very interesting rock showing mineralogy similar to 
both lunar mare basalts and basaltic shergottites. The difference from basaltic shergottites is most emphasized on the 
unique zoning trend of pyroxenes such as Apollo mare basalt 12021 [5]. QUE has also textural similarity to lunar 
meteorite Asuka881757 that is unusually coarse-grained and contains makelynite [7]. However, it is obvious that QUE is 
similar to basaltic shergottites in FeOIMnO wt% ratio of pyroxenes (30-35) and abundant Ab component of maskelynite, 
and is clearly a shergottite. The crystallization sequence from Mg-rich augite to Fe-rich pigeonite indicates cocrystallization 
of plagioclase. We estimated the cooling rate which prevents diffusive modification of fe# zoning at the Fe-rich pigeonite 
rim [8]. Our calculation shows that a cooling rate slower than 5 "Uyr cooling changes the observed profile. This result 
indicates that the pyroxene rim cooled faster than 5 "Uyr, which corresponds to a burial depth shallower than 30 m. From 
these results, we conclude that QUE pyroxene rims crystallized in a Java flow maybe with late crystallized minerals 
(whitlockite and mesostasis). This cooling history is similar to basaltic shergottites [4, 91. However, different pyroxene 
crystallization trends and P-rich composition of the impact melt and fusion crust suggest different melt composition and/or 
formation conditions from other shergottites. 
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Table 1: Representative chemical compositions of major phases and impact melt in QUE94201. 

1 2 3 4 5 6 7 8 9 10 11 12 

SiO 2 
Ti0 

A1203 
FeO 

P20s 
Total 

1: Maskelynite (Core). 2: Maskelynite (Rim). 3: Maskelynite (In the impact melt). 4: Pigeonite (Mg-rich core). 5: Augite (Mg-rich core). 6: 
Intermediate pigeonite. 7: Augite lamella in pigeonite rim (JJ(100)). 8: Pigeonite host. 9: Pigeonite (Rim). 10: Whitlockite. 11: Impact melt vein 
(P-poor). 12: Impact melt vein (P-rich). 

Table 2: Representative chemical compositions of accessory phases and fusion crust in QUE94201. - 

SiOz 0.1 0.1 30.8 98.2 56.8 67.9 1 .O 0.3 0.1 44.3 
Ti02 52.4 30.3 0 3  0.2 0.2 0.1 0.4 0.1 0.5 3.8 2.0 
Az03 45.7 2.1 0.1 2.2 26.2 16.4 13.1 7.0 
FeO 0.1 63.1 75.8 65.7 0.7 1.9 3.7 1.6 87.6 29.7 21.0 
MnO 0.7 0.6 1.4 0.1 0.1 0.1 0,4 0.6 

2: 0.2 0.1 0.6 0.1 4.7 6.4 
0.1 0.1 0.1 0.4 0.7 11.0 3 5  50.7 0.2 0.2 11.2 

Na20 0.1 0.2 3.2 1.7 1.1 
K2O 0.1 0.2 0.8 4.8 

Cr203 0.7 0.1 0.1 44.4 0.1 
V203 2.0 1.6 0.8 
NiO 0.1 0.1 

p205 0.7 42.0 3.4 
Total 101.3 98.8 76.5 99.7 102.5 100.1 99.5 95.6 88.8 97.1 97.0 

I: Ilmenite. 2: Ulvospinel. 3: Py~~hotite (Atomic Fe:S=0.93:1. 'assumingthe rest contents are all S). 4: Fayalite in mesostasis (Fo 1,6Fa97,6 Lao,8). 
5: Silica in mesostasis. 6: K-poor feldspar in mesostasis ( A I I ~ ~ ~ A ~ ~ ~ O I ~ . ~ ) .  7: K-rich feldspar in mesostasis ( A I I ~ . ~ A ~ ~ . ~ % , ~ ) .  8: 
Chlorapatite in mesostasis. 9: Fe oxide (containing ~ e ~ + )  10: Chrornite in Mg-rich pigeonite core. 11. Fusion crust. 
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