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The f irst  l u n a r  meteorite had been reccvered from Yamato Mountains by 
JARE (Japanese A n t a r c t i c  Research Expedition) p a r t y  i n  1979, but  t h e  sample 
(Yamato 791197) was kept  i n  r e f r i g e r a t e d  s tock  room a t  Nat ional  I n s t i t u t e  of 
Polar  Research i n  Tokyo, Japan before  it was charac te r ized .  Meanwhile, a 
small unusual meteor i te  c o l l e c t e d  €ram Allan H i l l s ,  A n t a r c t i c a  (ALHA81005), 
by the  U.S. par ty ,  w a s  recognized as a ' lunar  meteor i te ' ,  a meteor i te  
brought from t h e  moon (e.g. 1 ) -  Now a l l  lunar  and p lane tary  s c i e n t i s t s  and 
m e t e o r i t i c i s t s  b e l i e v e  t h a t  ALH81005 is of lunar  o r i g i n  (1) .  Subsequently, 
Yamato 791197 ar.d another  sample recovered i n  1982, Yamato 82192 have been 
described a s  second and t h i r d  lunar  m e t e o r i t e s  by Yanai asd  KojimG (2) and 
by Yanai e t  a l .  (3). A l l  t h e s e  samples are s o l i d i f i e d  s o i l s  of l u n a r  
highland, what lunar  s c i e n t i s t s  c a l l e d  r e g o l i t h  b r e c c i a .  The c l o s e s t  
precedents  have been proposed t o  be t h e  Apollo-16 and Lunar-20 r e g o l i t h  (1). 

In t h e  previous s t u d i e s  on 1ur.ar meteor i tes ,  s c i e n t i s t s  have made 
e f f o r t  t o  prove they a r e  of lunar  o r i g i n .  No ex tens ive  s tudy h a s  been 
undertaken t o  f i n d  and compare them with closesr:  l u n a r  analogs of l u n a r  
meteor i tes  among lunar  samples c o l l e c t e d  by t h e  Apollo missions.  In order  
t o  l o c a t e  the  impact l o c a t i o n  of t h e  lunar  meteor i tzs ,  o r  t o  f i n d  t h a t  a l l  
lunar  meteor i tes  a r e  der ived from t h e  same meteor i te  impacts on t h e  l u n a r  
sur face ,  o r  t h a t  they are p ieces  of a s i n g l e  meteor i te  f a l l  over t h e  
Antarc t ic  cont inents ,  we have t o  study r e g o l i t h  breccias recovered by t h e  
Apollo missions.  This  kind of lunar  rocks hzve been very poorly charac te r -  
ized up t o  da te ,  because many l u n a r  sciefitists are more i n t e r e s t e d  i n  
p r i s t i n e ,  c r y s t a l l i n e  rocks which formed primary l u n a r  c r u s t  i n  t h e  earliest  
h i s t o r y  of t h e  s o l a r  system. 

Comparisons of t h r e e  lunar  meteor i tes  are also extremely important,  
because they inform u s  a b m t  p o r t i o n s  of t h e  Moon's c r u s t  never sampled by 
e i t h e r  t h e  U.S .  Apollo or  the  Soviet  Lunar missions.  Those missions 
provided samples from only  a t i n y  reg ion  near  t h e  c e n t e r  of t h e  near  s i d e ,  
comprising about 4.7% of t h e  e n t i r e  lunar  s u r f a c e  (personal  communicaticn, 
D r .  P .  H. Warren). Thus, t h e  p r o b a b i l i t y  t h a t  meteor i te  such as Y791197 
o r i g i n a t e d  from o u t s i d e  of t h e  Apollo-Lunar sampling a r e a  is  about 95%; and 
we can be v i r t u a l l y  c e r t a i n  t h a t  c a r e f u l  s tudy w i l l  provide important new 
c l u e s  t o  t h e  Moon's composition, o r i g i n  and evolu t ion .  I f  a l l  t h r e e  l u n a r  
meteor i tes  were d i f f e r e n t ,  each sample would be worth while one l u n a r  
mission. 

I n  1979, we s tud ied  an Apollo 16 r e g o l i t h  b r e c c i a ,  60016,97, which is  
one a f  the  f e w  highland r e g o l i t h  breccias s t u d i e d  by m i n e r a l o g i s t s  and 
p e t r o l o g i s t s .  We inves t iga ted ,  chemical compositions and t e x t u r e s  of 
a mineral  c a l l e d  pyroxene, and repor ted  t h a t  i t  contained almost a l l  t y p e s  
of pyroxenes known i n  l u n a r  highland rocks.  Lunar meteorite, ALH81005 a l s o  
show s i m i l a r  t rends .  Because t h e r e  was more g l a s s  i n  t h e  me.trix of ALH 
81005 than 60016, w e  i n v e s t i g a t e d  another  samples which r e s e r b l e s  more l u n a r  
meteori tes .  NASA s c i e n t i s t s  informed u s  t h a t  60019 may be a b e t t e r  candi- 
d a t e  t o  be s tud ied  (Dr. D. Mckay, personal  communication, 1984). We a l s o  
invc x i g a t e d  ALH81005 by a n a l y t i c a l  t ransmission e l e c t r o n  microscope (ATEM), 
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which i s  capable  of ana lys ing  the  chemical composition, t e x t u r e  and atomic 
arrangements of a r eg ion  as small as 800 A. We t r i e d  t o  see whether t h e  
g l a s s  ma t r ix  w a s  produced by a n  impact which proddced t h i s  b r e c c i a  o r  by an 
impact which excavated t h i s  sample t o  l eave  t h e  Moon t o  come t o  Ea r th .  

Yamato 791197 has been b r i e f l y  desc r ibed  by Yanai and Kojima ( 2 ) .  Now, 
i n t e r n a t i o n a l  consortium s t s d i e s  on t h i s  l u n a r  m e t e o r i t e  are underway. The 
f i r s t  r e s u l t  w i l l  be p re sen ted  a t  t h e  10th Anniversary Symporsium on t h e  
A n t a r c t i c  Meteo r i t e s ,  which w i l l  be h e l d  a t  t h e  end of March, 1985, i n  
Tokyo. 

Among t h e  po l i shed  t h i n  s e c t i o n s  we examined, large areas of l u n a r  
r e g o l i t h  b r e c c i a s  60019, 14, 75, 80 and 91 are similar t o  l u n a r  m e t e o r i t e s  
ALH81005 and Y791197. They are c h a r a c t e r i z e d  by brown g l a s s  mz t r ix ,  
v a r i e t i e s  of l i t h i c  and mineral  fragments and g l a s s y  components of l u n a r  
highland r e g o l i t h s .  A l u n a r  l i g h t  matrix b r e c c i a ,  60016 h a s  smaller anaun t s  
of such glass m a t r i c e s  than 60019, but  t h e  c l a s t  materials are s i m i l a r .  
Because smaller amounts of  g l a s s  w i l l  h e l p  u s  t o  s tudy c las t  materials, we 
i n v e s t i g a t e d  60016, e x t e n s i v e l y .  

60016,97 c o n s i s t s  of t h e  f ine-grained c o m i n u t e d  c o n s t i t u e n t s  of t h e  
r e g o l i t h  such as rock,  mineral  an& g l a s s  fragments,  g l a s s  s p h e r u l e s  w i t h  
mineral  fragments,  g l a s s y  a g g l u t i n a t e s .  These are agglomerated t o  a 
coherent  rock by s i n t e r i n g  of  h o t  g l a s s  o r  by shock l i t h i f i c a t i o n .  Some 
p o r t i o n s  of t h e  glass ma t r ix  c las t s  with p l a g i o c l a s e  and mafic mine ra l  
fragments n e  more similar t o  t h e  l u n a r  m e t e o r i t e  t han  t h e  over  a l l  PTS. 
Large l i t h i c  c l a s t s  with -mfic mine ra l s  are less abundant t han  ALHA81005. 
Abundance of l a r g e  c1;sts i n  ALH81005 is a l s o  h ighe r  than t h a t  of Y791197 
( 2 ) .  A c l a s t  with hedenbergi te  (Hd) and P l a g i o c l a s e  i n  Y791.197 (2)  (4)  
should be compared with Hd i n  14321, 993 ( 5 ) ,  and s p i n e l - p l a g i o c l a s e  clast  
wi th  s p i n e l  t r o c t o l i t e .  

The g l a s s  bulk compositions of t h e  b r e c c i a  matrices and matrices o f  
glassy c l a s t s  of  60016 and ALH81005 were ob ta ined  by a broad beam (40 
microns) microprobe ana lyses  (average of 5 t o  10 p o i n t s )  and are p l o t t e d  i n  
A1203 vs .  CaO (wt. %> diagram and i n  t h e  Silica-Olivine-Plagioclase pseudo- 
t e r n a r y  system. Two groups d i s t r i b u t e  i n  a similar r eg ion .  Because g l a s s e s  
were produced by h e a t i n g  of f ine-grained fragmental  materials of l u n a r  
highland rocks,  s i m i l a r i t y  i n  g l a s s  compositions s u g g e s t s  t h a t  t hey  were 
de r ived  from similar source materials. 

Pyroxene is a s i l i ca te  mineral ,  wi th  v a r i o u s  amounts of calcium, 
magnesium and i ron .  Their compositional v a r i a t i o n s  are p l o t t e d  i n  so c a l l e d  

pyroxene q u a d r i l a t e r a l ,  which is a p o r t i o n  of  t r i a n g l e  wi th  t h e s e  t h r e e  
components a t  t h e  co rne r s .  This mineral  is probably a mine ra l  which g i v e s  
u s  t h e  most va luab le  information on t h e  components of l una r  h igh land  
r e g o l i t h s ,  because t h e h -  c m p o s i t i o n s  and i n v e r s i o n  and e x s o l u t i o n  t e x t u r e s  
are o f t e n  unique s i g n a i x r e s  of c e r t a i n  rock types .  

The chemical compositions of a l l  pyroxene g r a i n s  analysed by e l e c t r o n  
microprobe are p l o t t e d  i n  a pyroxene q u a d r i l a t e r a l  and were compared 
p rev ious ly  with those  of pyroxenes i n  nonmare p r i s t i n e  rocks complied by 
Ryder and Norman ( 6 ) .  They are a l s o  compared with those  of ALH81005 (7)  and 
Y791197 ( 2 ) .  The compositions are d i s t r i b u t e d  over  8 wide range i n  t h e  
q u a d r i l a t e r a l ,  covering cLmost al! known pyroxenes i n  nonmare p r i s t i t i  
rocks.  Pyroxenes of r a p i d l y  cooled KREEP b a s a l t s  and of t h e  most Mg-rich 
t r o c t o l i t e s  are not  p r e s e n t .  The o l i v i n e  compositions of 60016 s t u d i e d  
p rev ious ly  (6)  a l s o  show t h a t  they r e p r e s e n t  t hose  of  t h e  a5ove rock type.  

The d i s t r i b u t i o n  of t h e  p l a g i o c l a s e  compositions of l a r g e  fragments i n  

Only p re l imina ry  comparison w i l l  be made. 

These are uncommon rock t y p e s  on t h e  Moon. 
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the matr ix  of t h e  e n t i r e  PTS, fragments i n  t h e  g l a szy  c l a s t s  of 60016 are 
a l s o  similar but  some p l a g i o c l a s e s  i n  g l a s s y  c las t s  show h i g h e r  potassium 
con ten t s .  The nunber of  ALH81005 p l a g i o c l a s e  i s  t o o  small to compare them 
with 60016, but t h e  v a r i a t i o n  w i t h i n  60016 is l a r g e r  t han  w i t h i n  ALH81005. 

The s tudy of g l a s s  i n  t h e  l u n a r  m e t e o r i t e s  s u g g e s t s  t h a t  t h e  g l a s s  w a s  
r.ot produced by a m e t e o r i t e  impact which excavated t h a  mass i n t o  t h e  o r b i t  
towards t h e  Earth. The g l a s s  had been d e v i t r i f i e d  on t h e  l u n a r  s u r f a c e  
b e f o r e  t h e  excavat ion,  and new g l a s s  w a s  not  produced by t h e  l a s t  i m p a c t .  
Th i s  conclusion w a s  ob ta ined  by t h e  fol lowing f a c t s .  

The ATEM s tudy  of s u e v i t e - l i k e  g l a s s  v e i n  i n  ALH81005, r r i c z l e d  t h a t  
appa ren t ly  g l a s s - l i k e  materials are f i n e  r a c r y s t a l l i z e d  p l a g i o c l a s e .  759 
p l a g i o c l a s e  show a t e x t u r e  c a l l e d  twinning. The f a c t  i n d i c a t e s  t h a t  t h e  
g l a s s  is d e v i t r i f i e d  i n  ATEM scale. No t r u e  g l a s s  w a s  found i n  p o r t i o n s  of 
ALH81005 we examined. O l i v i n e  and pyroxene c r y s t a l s  d i s t r i b u t e  as i s l a n d s ,  
showig p o i k i l i t i c  a n o r t h o s i t e - l i k e  t 2 x t u r e .  The s i z e  of t h e  o l i v i n e  c r y s t a l  
is about a few microns. Some pyroxenes show f i n e  e x s o l u t i o n  texture, 
i n d i c a t i n g  sp inoda l  decomposition i n  the Ca-rich areas. The tweed-like 
t e x t u r e  t u r n s  i n t o  e x s o l u t i o n  by coasening of c e r t a i n  l ame l l ae .  This 
i n d i c a t e s  r a p i d  coo l ing  w i t h i n  a s u r f a c e  r e g o l i t h  b r e c c i a .  Some of  t h e  
f e a t u r e s  observed i n  ALH81005 are similar t o  those  of b r e c c i a s  observed by 
C h r i s t i e  e t  a l .  ( 8 ) .  

The composi t ional  and t e x t u r a l  v a r i a t i o n  of l i t h i c  c l a s t s  and pyroxene 
types  i n  60016 and l u n a r  m e t e o r i t e s  is l a r g e r  than i n  a l l  o t h e r  l u n a r  
b r e c c i a  types.  This v a r i a t i o n  may be due t o  t h e  i n t e n s e  impact gardening of 
t h e  r e g o l i t h  materials. I n  o rde r  t o  l o c a t e  t h e  impact l o c a t i o n  of t h e  lunar 
m e t e o r i t e s  or t o  f i n d  a l l  l u n a r  m e t e o r i t e s  are de r ived  from t h e  same impact 
or are p i e c e s  of  a s i n g l e  f a l l ,  we have t o  s tudy  more l u n a r  r e g o l i t h  
b r e c c i a s ,  employing the  exso lu t ion - inve r s ion  t e x t u r e s  and t h e  compositions 
of  pyroxene as s i g n a t u r e  of t h e  nonmare p r i s t i n e  rocks.  Such approach has 
been s u c c e s s f u l  i n  stqidying howard i t e s  and polymict e u c r i t e s  (9) .  Our 
s tudy  p resen ted  h e r e  i s  a f i r s t  s t e p  t o  do such i n v e s t i g a t i o n .  Our expe r i -  
ence with Apollo l u n a r  samples h a s  t augh t  u s  t h a t  d a t a  ob ta ined  on d i f f e r e n t  
samples from a s i n g l e  s t o n e  are o f t e n  n o t  s u i t a b l e  f o r  comparison, because 
most highland rocks  are heterogeneous mix tu res  of  fragments of o l d e r  rocks.  
D i scove r i e s  of t h r e e  l u n a r  rocks may a c t i v a t e  renewed interests i n  l u n a r  
r e g o l i t h  b r e c c i a s ,  which have not  been s t u d i e d  e x t e n s i v e l y  i n  t h e  last 
f i f t e e n  yea r s .  
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analogs and l u n a r  m e t e o r i t e s .  
References: (1) Warrer. P. H. ,  Taylor  G. J.  and K e i l  K .  (1983) Geophys. 
Res. L e t t .  10, 779-782. (2; Yanai K. and Kojima H. (1984) Abstr .  9 t h  Symp. 
A n t a r c t i c  Meteo r i t e s .  NIPR, p. 42-43, Tokyo. (3 )  Yanai K.,  Kojima H.,  and 
Katsushima T. (1984) Abstr .  9 t h  Annual Meeting. M e t e o r i t i c a l  SOC., Albuquer- 
que. (4 )  Takeda H. ,  I s h i i  T., Tagai T., and Mori H. (1985) 10th Symp. 
A n t a r c t i c  Meteorites, NIPR, t o  be p re sen ted ,  Tokyo. (5)  Warren P .  H., Taylor  
G .  J . ,  K e i l  K. ,  S h i r e l y  D. N.,  Wasson J. T. (1983) Ea r th  P lane t .  S c i .  L e t t .  
64,  175-185. (6) Takeda H. ,  Miyamoto M. and I s h i i  T. (1979) Proc.  Lunar S c i .  
Conf. l o t h ,  p. 1095-1107. (7) Ryder G. and O s t e r t a g  R.  (1983) Geophys. Res. 
L e t t .  10, 791-794. (8) C h r i s t i e  J. M . ,  Griggs D. T., Heuer A. H.,  Nord G. 
L. Jr.,  Radc l i f f  S. V., L a l l y  J. S. and F i s h e r  R.  M. (1973) Proc.  Lunar S c i .  
Conf. 4 th ,  p .  365-382. (9)  Takeda H.(1979) I c a r u s  40, 455-470. 




