
GRAIN SIZE DISTRIBUTION AS AN INDICATOR OF THE MATURITY OF LUNAR 
SOILS. Dav id  S. McKay, Ruth M. F r u l a n d  and Grant  H. Heiken, NASA Johnson 
Space Center ,  Houston, TX 77058. 

S i ze  Parameters. S i ze  parameters of 42 A p o l l o  17 s o i l s  a r e  presented i n  
F i g .  1,  which i n c l u d e s  combined coarse f i n e  and s u b m i l l i m e t e r  da ta .  As p r e -  
v i o u s l y  shown (1,2) t h i s  p l o t  serves t o  separa te  t h e  samples a long  a  somewhat 
l i n e a r  t r e n d  i n  wh ich  t h e  c o a r s e s t  samples a r e  t h e  most p o o r l y  s o r t e d  and t h e  
f i n e s t  samples a r e  t h e  b e s t  so r ted .  

S o i l  M a t u r i t y .  I t  has been shown t h a t  w e l l  reworked o r  mature s o i l s  have 
h i g h  a g g l u t i n a t e  con ten ts ,  h i g h  t r a c k  ages, h i g h  r a r e  gas con ten ts ,  and a r e  
f i n e r  g r a i n e d  and u s u a l l y  b e t t e r  s o r t e d  compared t o  immature s o i l s  (1 $ 3 ) .  Con- 
sequent ly ,  we have d i v i d e d  t h e  samples i n  F i g .  1  i n t o  f i e l d s  r e p r e s e n t i n g  t h e  
s t a t e  o f  m a t u r i t y  o f  t h e  samples; s o i l s  coa rse r  than about  120 pm a r e  c l a s s i -  
f i e d  as immature, s o i l s  f rom 80-120 pm a r e  submature, and s o i l s  f i n e r  t han  80 
pm a r e  mature.  The average a g g l u t i n a t e  c o n t e n t  o f  each o f  t h e  t h r e e  major  
groups as determined by p e t r o g r a p h i c  a n a l y s i s  o f  t h e  90-150 pm f r a c t i o n  i s  
a l s o  shown i n  F i g .  1.  As expected,  t h e  immature s o i l s  c o n t a i n  t h e  fewes t  ag- 
g l u t i n a t e s  and t h e  mature s o i l s  c o n t a i n  t h e  most. Sample 79221 $ 1  was n o t  i n -  
c luded i n  t h e  averages because i t  i s  anomalous i n  t h a t  i t  c o n t a i n s  r e l a t i v e l y  
h i g h  a g g l u t i n a t e s  b u t  possesses immature s i z e  c h a r a c t e r i s t i c s ;  i t  i s  d iscussed 
below. I n  most cases, t h e  m a t u r i t y  s t a t e  o f  t h e  samples can be understood i n  
terms of t h e  s p e c i f i c  sample l o c a l i t y .  Fo r  example, immature s o i l s  71041 and 
71061 were c o l l e c t e d  from t h e  b l o c k y  r i m  o f  a  f r e s h  appear ing  10 M c r a t e r .  
75081 was c o l l e c t e d  f rom near  t h e  r i m  o f  Camelot and i t s  submatu r i t y  may r e -  
f l e c t  an i n t e r m e d i a t e  age f o r  Camelot. The most mature samples were c o l l e c t e d  
f rom u n d i s t u r b e d  areas away f r o m  b l o c k y  c r a t e r s .  The orange and b l a c k  g l a s s  
fo rm a  separa te  c l a s s  and cannot  be cons idered normal s o i l s .  They a r e  v e r y  
i m a t u r e  hav ing  low t r a c k  ages and l ow  a g g l u t i n a t e  contents ,  b u t  a r e  t h e  b e s t  
s o r t e d  and among t h e  f i n e s t  g r a i n e d  o f  any l u n a r  m a t e r i a l .  I t  has p r e v i o u s l y  
been proposed t h a t  these samples may r e p r e s e n t  p y r o c l a s t i c  e j e c t a  (4,5,6). 

S i ze  l l is tograms. F i g .  2  shows s i z e  h is tograms d e r i v e d  f rom t h e  cumu la t i ve  
curves f o r  a  t y p i c a l  sample i n  each f i e l d  o f  F i g .  1. F i g .  2A i s  an immature 
s o i l  (71061) hav ing  a  pronounced bimodal d i s t r i b u t i o n  w i t h  a  coarse mode (peak 
of t h e  h i s tog ram)  a t  8  mm o r  l a r g e r  and a  f i n e  mode between 31 and 62 pm. The 
o t h e r  bimodal samples hav ing  a  s i m i l a r  coarse mode i n c l u d e  71041, 75061, and 
79221. The remainder o f  t h e  immature samples d i s p l a y  a  broad r e l a t i v e l y  f l a t  
h i s tog ram w i t h  a  s i n g l e  major  mode, m o s t l y  between 31 and 62 pm. Compared t o  
immature samples, submature samples ( ~ i g .  2B) have much l e s s  m a t e r i a l  i n  t h e  
coarse s i z e  ranges above 250 pm. The major  mode o f  most o f  these samples i s  
between 31 and 62 pm b u t  i n  some i t  i s  between 16 and 31 pm. The h i s tog ram 
( F i g .  2C) o f  a  t y p i c a l  mature sample (72141) i s  c h a r a c t e r i z e d  by a  s t e e p l y  
r i s i n g  peak, and a  w e l l  d e f i n e d  mode between 16 and 31 pm. A l l  submature and 
mature s o i l s  a r e  n e g a t i v e l y  skewed and c o n t a i n  a  d e f i c i e n c y  o f  m a t e r i a l  i n  t h e  
f i n e  t a i l  compared t o  t h e  coarse t a i l  o f  t h e  h is togram.  F i g .  2D i s  t h e  orange 
g l a s s  74220; s i z e  c h a r a c t e r i s t i c s  o f  t h e  b l a c k  g l a s s  74001 a re  n e a r l y  i d e n t i -  
c a l .  

H is togram Shapes and Soi 1  E v o l u t i o n  Paths. The g r a i n  s i z e  d i s t r i b u t i o n  
o f  l u n a r  s o i l s  r e s u l t s  f rom a  s e r i e s  o f  complex i n t e r a c t i o n s  i n  t h e  r e g o l i t h  
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b u t  i t  may be p o s s i b l e  t o  unders tand s i z e  d i s t r i b u t i o n  i n  terms o f  simp1 i f i e d  
models o r  s o i l  e v o l u t i o n  paths .  I n  p a t h  1, rework ing  dominates m i x i n g .  An i n i -  
t i a l  g r a i n  s i z e  d i s t r i b u t i o n  i s  c r e a t e d  by a  s i n g l e  impact  i n t o  ha rd  r o c k .  
T h i s  g r a i n  s i z e  d i s t r i b u t i o n  has been determined e x p e r i m e n t a l l y  f o r  smal l  im- 
pac ts  i n  b a s a l t  ( 7 )  and i n  g r a n i t e  (8 )  and i s  i l l u s t r a t e d  i n  F i g .  2E. The 
s i z e  d i s t r i b u t i o n  o f  some o f  t h e  s u e v i t e  e j e c t a  f rom t h e  R ies  ( 9 )  somewhat r e -  
sembles t h i s  d i s t r i b u t i o n  ( F i g .  2F) as does t h e  s o i l  f rom t h e  r i m  o f  Cone 
C r a t e r  ( F i g .  26 ) .  I f  such f r e s h  e j e c t a  i s  now sub jec ted  t o  rework ing  and com- 
m i n u t i o n  by smal l  m e t e o r i t e s ,  t h e  coarse  m a t e r i a l  wi 11 be broken up, a d d i t i o n -  
a l  f i n e  m a t e r i a l  w i  11 be produced, and, a f t e r  pass ing  th rough  i n t e r m e d i a t e  
stages ( immature, submature), an even tua l  s i z e  d i s t r i b u t i o n  l o o k i n g  something 
1  i ke F i g .  2H m igh t  be produced. T h i s  d i s t r i b u t i o n  resembles t h a t  c a l c u l a t e d  by 
t h e  Shoemaker "bucket  model " f o r  t h e  A p o l l o  11 s i t e  and based on pro longed 
comminution o f  bedrock and r e g o l i t h -  by m e t e o r i t e s .  I f  n e a r l y  a1 1  o f  t h e  mate- 
r i a l  l e s s  than  16 pm i n  F i g .  2H were conve r ted  t o  a g g l u t i n a t e s  which were then 
d i s t r i b u t e d  among t h e  s i z e  f r a c t i o n s  where t h e y  a r e  n o r m a l l y  most abundant 
(500-16 pm), t h e  c a l c u l a t e d  d i s t r i b u t i o n  c o u l d  be made t o  resemble r a t h e r  
c l o s e l y  t h e  a c t u a l  s i z e  d i s t r i b u t i o n  o f  a  mature s o i l  (F ig .  2C) and t h e  agg lu -  
t i n a t e  con ten ts  o f  these s i z e  f r a c t i o n s  would be on t h e  o r d e r  o f  50% which  i s  
about  t h e  a g g l u t i n a t e  c o n t e n t  a c t u a l l y  p r e s e n t  i n  these s i z e  ranges i n  a  ma- 
t u r e  s o i l .  A t  any s tage a l o n g  t h i s  e v o l u t i o n  path,  a l l  o f  t h e  s i z e  f r a c t i o n s  
have had a  common h i s t o r y  and a  common degree o f  m a t u r i t y .  T h i s  f i r s t  s o i l  
e v o l u t i o n  path ,  dominated by rework ing ,  can be c o n t r a s t e d  t o  a  second s o i l  
e v o l u t i o n  p a t h  i n  which p h y s i c a l  m i x i n g  o f  d i f f e r e n t  s o i l s  dominates rework-  
i n g .  I n  e v o l u t i o n  pa th  2, a  mature s o i l  can be p h y s i c a l l y  mixed by  impact  
w i t h  an immature s o i l  o r  w i t h  f r e s h  e j e c t a .  I f  f o r  example a  s o i l  were form- 
ed by m i x i n g  h a l f  14141 ( F i g .  28)  and h a l f  72141 ( F i g .  ZC), t h e  r e s u l t a n t  
s i z e  d i s t r i b u t i o n  would be ve ry  s i m i l a r  t o  an immature s o i l  ( ~ i g .  2 A ) ,  b u t  
t h e  s o i l  would d i f f e r  f r o m  an immature p a t h  1  s o i l  i n  t h a t  d i f f e r e n t  s i z e  
f r a c t i o n s  have had d i f f e r e n t  h i s t o r i e s  and r e p r e s e n t  d i f f e r e n t  degrees o f  
m a t u r i t y .  I n  t h e  example, t h e  f i n e s t  s i z e  f r a c t i o n s  a re  comp le te l y  dominated 
by 72141 and a r e  mature whereas t h e  coa rse r  s i z e  f r a c t i o n s  a r e  dominated by 
14141 and a re  immature. It then becomes necessary t o  cons ide r  t h e  b u l k  matu- 
r i  t y  and t h e  m a t u r i t y  o f  each s i z e  f r a c t i o n  s e p a r a t e l y  and t h e  sample can be 
cons idered t o  have a  f r a c t i o n a l  m a t u r i t y .  I n  p r i n c i p a l  i t  shou ld  be p o s s i b l e  
t o  t e l l  s o i l s  which have f o l l o w e d  e v o l u t i o n  pa th  1  f rom those wh ich  f o l l o w e d  
pa th  2  by d e t a i l e d  ana lyses  o f  each s i z e  f r a c t i o n .  Poss ib le  examples o f  p a t h  
1  may be t h e  N o r t h  Ray C r a t e r  s o i l s  a t  t h e  Apol l o  16 s i t e .  A  p o s s i b l e  example 
o f  a  p a t h  2 s o i  1  may be 79221 , t h e  anomalous s o i  1  no ted  above. I n  t h i s  s o i  1  , 
t h e  coa rse r  s i z e  f r a c t i o n s  may be dominated by  Van Serg e j e c t a  whereas t h e  
f i n e r  f r a c t i o n s  may be dominated by a  more mature p r e - e x i s t i n g  s o i l  hav ing  a  
h i g h  a g g l u t i n a t e  con ten t .  A p o l l o  16 South Ray s o i l s  may a l s o  r e p r e s e n t  p a t h  
2  e v o l u t i o n  i n  which a  p r e - e x i s t i n g  mature s o i l  has had some s l i g h t  c o n t r i b u -  
t i o n ,  p r i m a r i l y  i n  t h e  c o a r s e s t  s i z e  f r a c t i o n s ,  by South Ray e j e c t a  (10 ) .  It 
i s  o f  course p o s s i b l e  f o r  a  s o i l  t o  jump back and f o r t h  f r o m  one e v o l u t i o n a r y  
p a t h  t o  t h e  o t h e r .  I n  summary, s o i l  may f o l l o w  d i f f e r e n t  e v o l u t i o n a r y  pa ths ,  
may show f r a c t i o n a l  m a t u r i t y ,  and may r e q u i r e  d e t a i l e d  ana lyses  o f  s i z e  f r a c -  
t i o n s  t o  comp le te l y  c h a r a c t e r i z e  m a t u r i t y .  
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Figure 2. Grain s i z e  histograms: A. Typical  inmature s o i l ;  B .  Typical  submature s o i l ;  C. Typical  
mature s o i l ;  5. Orange glass; E. Single impact i n t o  basa l t  from r e f .  7; F. Wornitzostheim suevi te 
from Fig.  6 i n  r e f .  9, p a r t  o f  coarse t a i l  n o t  included; G. Sample 14141; H. Possible d i s t r i b u t i o n  
f rom prolonged comminution o f  E, redrawn from Fig. 11, r e f .  10. 


