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Introduction:  Lunar meteorites are valuable sources of 
information about crustal evolution of the Moon, in addition 
to Apollo/Luna samples which cover only limited regions of 
central nearside [1]. Yamato (Y) 981031 is the 7th Antarctic 
lunar meteorite of mare origin.  Among the six pre-found 
mare meteorites, Yamato (Y) 793169 and Asuka (A) 881757 
(YA) are unbrecciated mare basalts [e.g. 2, 3, 4], while Y 
793274, QUE 94281, EET 87521, and EET96008 are brecci-
ated mare basalts with some highland components.  Y 
793274 /QUE94281 (YQ) and EET87521 / EET96008 
(EETs) are respectively derived from a common source cra-
ter [e.g. 5, 6].  In this study, mineralogy of Y981031 is in-
vestigated to identify its source mare-basalt suite and to as-
sess its genetic relationship with other mare lunar meteorites.  
Sample and Methods: The polished thin section (PTS) 
981031, 53-4 is provided by the National Institute of Polar 
Research.  Analyses of mineral compositions and chemical 
mapping were done by a JEOL 733 electron probe microana-
lyzer (EPMA) and JEOL EPMA (8900 Super Probe) at the 
Ocean Research Institute, University of Tokyo.  
Results: Y981031 is a polymict, regolith breccia and is a 
diverse mixture of mineral fragments and clasts from various 
rock types.  Mineral fragments, 100-500 µm in size, are 
mostly pyroxene, plagioclase and olivine of apparent mare-
basalt derivation, with fragments of minor opaque mineral, 
such as ilmenite, chromite, and silica minerals.  These min-
eral fragments are scattered in a dark, glassy matrix.  One 
big pyroxene fragment, 2.0 mm across is zoned from pi-
geonite to augite with symplectite of faylite and silica min-
eral is found.  Exsolution of  about 1µm wide is noted. 
   This rock contains a variety of clasts, such as dark melt 
clasts, fine-grained anorthositic highland clasts, clast-poor 
impact melt clasts, mare basalt clasts, and a Mg-rich dunite 
clast.  One dark melt clast is 3 mm across and a clast-poor 
impact melt clast, 3.5 mm across, includes dendritic plagio-
clase crystals.  

The Mg-rich dunite clast (DN), 750 µm across, is appar-
ently an olivine-cumulate and consists of dominantly Mg-
rich olivine with minor plagioclase and Mg-rich high-Ca 
pyroxene.  The modal abundance in vol. % is: olivine (Fo90) 
= 88, plagioclase (An88-90) = 9, and high-Ca pyroxene 
(Wo48En48Fs6, Fe/Fe+Mg = 0.9) = 3.  The high-Ca pyrox-
enes are plotted in pyroxene quadrilateral and Fe# 
(=Fe/(Fe+Mg) molar) vs. Ti# (=Ti/(Ti+Cr) molar) diagram 
(Fig. 2 and 3).  The DN clast is clast represents a rare rock 
type, a Mg-rich dunite. The modal abundance and mineral 
composition are analogous to an Apollo 17 sample, 72415 
[7].  This clast is apparently exotic compared with mare 
component and anorthositic highland component.   

The coarse-grained (1 mm-size pyroxene) mare basalt 
clasts (MB) and associated mare pyroxene fragments are 
clustered in one corner of the thin section (Fig. 1a).  The 
basalt clasts, 0.5 – 1 mm in size, are composed of zoned 
pyroxenes from pigeonite to augite, plagioclase (An85-96), 

with mesostases including fayalite (Fo17-19), ilmenite, 
chromian ulvöspinel (Chr3Her12Ulvo81-
Chr32Her12Ulvo56), and troilite.  The composition of 
chromian ulvöspinel is close to that of A881757 [6].  The 
pyroxenes compositions are depicted in pyroxene quadrilat-
eral and Fe# vs. Ti# plot (Fig. 2 and Fig. 3 ).  The MB py-
roxenes constitute a series of trend in the Fe# vs. Ti# plot, 
which is typical of zoned pyroxenes in the Ti-poor mare 
basalt, and the trend is slightly more steep and Ti-rich than 
that of YQ and EET meteorites [5, 6].  Although the most 
primitive composition of MB pyroxenes is more Mg-rich 
than YA basalts [8], the compositional trend in Fe# vs. Ti#  
is partly analogous to those of YA meteorites [8]. 

Based on an empirical correlation between Ti# in pyrox-
ene and bulk-rock TiO2 abundance [5], a source basalt of 
MB pyroxenes is estimated to have a bulk-rock TiO2 = 1.3 –
1.5 wt %, which falls between YQ/EET basalts (TiO2 = 1.0 
wt %) [5, 6] and YA basalts (TiO2 = 1.5 - 2.0 wt%) [e.g. 2]. 
   Mare pyroxenes from MB clasts and fragments in the ma-
trix commonly feature about 1µm -wide exsolution. 
   The Y981031 contains glass spherules and spherule frag-
ments.  Pale-green glasses are larger (100 - 600 µm across) 
and mostly spherule fragments  (Fig. 1b).  Smaller, colorless 
glass spherules are 50-100 µm in diameter (Fig. 1b).  Some 
glasses show inclusions and schlieren, which are indicators 
of impact origin [9].  The pale-green glass of 600 µm in size 
contains a mineral assemblage of pyroxene and plagioclase 
(150 µm).  The both types of glasses show homogeneous 
composition within each glass, while slightly compositional 
variation between glasses are found.  Average compositions 
for the glasses are shown in Table 1.  Compared with the 
pale-green glasses, the clear glasses show higher Al2O3 and 
lower MgO, except one clear glass (CL1).  The Aluminum-
rich glasses are probably of impact origin, while others are 
pyroclastic glasses.  However, the volcanic origin of PG1, 2, 
and 3 is enigmatic, because of their lower Mg/Al= 0.7-0.9.  
Based on the criteria of Delano (1986) [9], Mg/Al is one 
indicator to distinguish pyroclastic glass (> 1.5) from impact 
glass (< 1.5).  Pale-green glasses and colorless spherules are 
also found in YQ meteorites [5].  Note that the composition 
of the both type of glasses in Y981031 is within a same 
range of YQ glass composition.   

A light brown fusion crust (0.2 - 0.3 mm thick) is found 
with abundant vesicles in it.  The fusion crust shows rela-
tively homogeneous composition and the average composi-
tion is shown in Table 1.   
Discussion: The overall texture, dark glassy matrix, the pres-
ence and compositional similarity of pyroclastic/impact 
glasses suggests close genetic relation of Y981031 with YQ 
meteorites [5], possibly derived from a common source cra-
ter.  The coarse exsolution feature of pyroxene (around 1 µm 
in width) by mare standard is also consistently recognized in 
all the Antarctic lunar mare brecciated meteorites found so 
far [5,6,8].  This indicates that mare-basalt remnants (mainly 
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pyroxene) in these lunar mare breccias preserve a common 
cooling process, implying that their source basalt experi-
enced relatively slow cooling, such as relatively slow-
cooling in a thick lave flow or lava pond.   
  The Y981031 has also some common features with YA 
meteorites which are an unbrecciated mare basalt [e.g. 10]. 
The MB clasts show very similar mineral assem-
blage/composition and coarse-grained basalt texture to that 
of YA meteorites [8].  Although the most primitive composi-
tion of MB pyroxenes is more Mg-rich than that of YA me-
teorites, Ti# variation trend with increasing Fe# is similar to 
YA meteorites.  It is noted that the MB mesostases consists 
of almost identical mineral assemblage and composition of 
the chromian ulvöspinels to that of A881757 [8].  A881757 
basalt and Y981031 commonly contains symplectic pyrox-
enes that were probably produced by shock metamorphism.  
These facts imply that mare basalt components in Y981031 
and YA meteorites, especially A881757 might have cooled 
from a similar (in composition) lava flow and have experi-
enced a similar secondary shock events, possibly an impact 
to the commonly cooled lava flow.  
Conclusions: Commonality in the overall texture, the pres-
ence and composition of pyroclastic/impact glasses suggests 
“source-crater pairing” of Y981031 and YQ meteorites.  
Similarity of pyroxene zoning trend, presence of symplectic 
pyroxene, mesostases mineral assemblies/mineral composi-
tions in the mare basalt component, and source-basalt TiO2 
implies “source-basalt pairing “ of Y981031 and YA meteor-
ites.   
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Fig.1a Photomicrograph of MB clasts (3.3 mm across)  
 

 
Fig.1b Photomicrograph of a pale-green glass spherule (left) 
and a colorless spherule fragment (right) (0.7 mm across). 
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Fig.2 Pyroxene from DN and MB clasts are plotted in pyrox-
ene quadrilateral. DN pyroxenes are clustered at the Mg-rich 
and Ca-rich corner. 
 

  
Fig.3 Fe# vs. Ti# plot for MB and DN pyroxenes.  Open 
circle for MB pyroxene and open square for DN pyroxenes.  
 
 
Table 1  Chemical compositions of pale-green glass (PG), 
colorless glasses (CL), and fusion crust (FC). 

 PG1 PG2 PG3 CL1 CL2 CL3 CL4 FC 

SiO2 47.7 48.4 47.7 45.9 42.8 45.2 39.9 45.7 

TiO2 1.5 1.3 1.0 0.5 0.3 0.4 0.5 0.7 

Al2O3 11.4 11.5 12.3 9.7 30.4 22.2 27.9 17.0 

FeO 18.6 18.4 16.9 17.9 3.7 9.3 6.8 13.2 

MnO 0.3 0.3 0.2 0.2 0.1 0.1 0.1 0.2 

MgO 6.5 6.7 8.6 14.3 4.8 7.4 8.0 9.8 

CaO 12.0 12.1 11.8 9.5 17.8 14.1 16.7 12.1 

Na2O 0.4 0.3 0.4 0.3 0.2 0.1 0.0 0.4 

Cr2O3 0.2 0.2 0.3 0.5 0.1 0.2 0.1 0.2 

Total 98.5 99.2 99.1 98.8 100.1 99.1 100.0 99.3 

Mg/Al 0.7 0.7 0.9 1.9 0.2 0.4 0.4 0.7 
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