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INTRODLCTIQN. Numerous hypotheses have been advanced to  explain Apol l o  16 s i t e  geology and i t s  

re la t i on  t o  the geologic h i s to ry  of the !unar highlands (see rev isu  I n  111). in te rpre ta t ion  o f  
the geologic h i s to ry  o f  the s i t e  was hampered f o r  several years by a lack of extensive chemical 

and detai led pet ro log ic  Information f o r  returned rocks and by re l iance on the ea r l y  PET 
macroscopic rock c l a s s i f i c a t i o n  system [21. Under the impetus o f  both the Highlands l n l t l a t i v e  
and Apollo 16 Workshop, an abundance of data I s  I n  hand t h a t  enables a new lock a t  the  geology of 

the 16 s i t e  and i t s  lmpl icat lons f o r  lunar evolution. 
REGIONAL GEOLOGY AND GEOCHEMISTRY. The o r i g i n  o f  the  Descartes Mountain mater la ls has been a 
vexing photogeological problem since the  pre-mission voleanlc In terpre ta t ion  was discredi ted 
131. Two major contending hypotheses have emerged: (1)  they are a lobe of c l a s t i c  Imbrium e J d a  
14, 51; and (2) they represent Nectar is  basln eJecTa modified by lmbrlum secondaries I6,71. 
Three observations suggest t h a t  the l a t t e r  I s  a more l i k e l y  Interpretat ion:  (1 )  t he  Nectar is  . 

basin r i m  i s  less than a basin radius f ran  the Apol lo 16 s i t e  and major quan t i t i es  o f  mater ia l  
from t h a t  impact would be expected. (2) The Descartes mountalns are not  a unique landform 181; 
they extend south of the  16 s i t e  f r m  Abulfeda t o  Sacrosbcsco (noted by 191) i n  an arc  broadly 
concentric t o  t he  A l t a l  scarp of Phe Nectar is  basin. (3)  Chaotic, dune-like topography of t he  
Descartes mountains i s  s l m i l a r  t o  t h a t  of u n i t s  near the lmbrium Apennines and Or ien ta le  
Cordi l  lera. The obJectlon t h a t  t he  Descartes mater ia ls do not  resemble the  Nectar ls  basin 
Janssen Fm. 151 i s  I r re levant ;  wide var ia t ions  i n  eJecta mrphologies occur concent r ica l ly  around 
a l l  basins 191. The Descartes mountalns are most probably Nectarls e jec ta  and have been p a r t l y  
sculptured by secondary debr is  f r c n  lmbrlurn. 

Orb i ta l  data suggest t h a t  the regional chemical canposit ion of the clrcum-Nectaris highlands 
I s  dominantly anor thos l t  i c  gabbro (AI2O3 26-28%), w i th  subordinate amounts o f  low+ WEEP (LKm) 
110, 111. This canposlt lon i s  In  marked contrast  t o  t h a t  of t e r rae  surrounding the r ims of the  
lmbriwn and Seren i ta t is  basins (KREEP-rIch/norItic-A1203 209) 110,121. Moreover, ano r thos l t i c  
gabbro i s  sparse i n  lmbrlum eJecta both w i th in  the Apennines and a t  Fra Mauro. The chemical 
composition of e jec ta  f ran  large, post-Nectaris c ra ters  such as Theophllus and ls idorus 
demonstrate t h a t  Nectar is  e jec ta  I s  no t  dm lnan t l y  n o r i t i c  t o  depths o f  less than 10 km. Thus, a 
100 km c ra te r  near t h e  Apol lo 16 s i t e  would produce an anor thos i t tc  gabbro impact melt. 
HOW MUCH IMPACT MELT AT APOLLO 161 Although lmpact melt brecclas make up a b w t  30% of the  
returned rock sample 1131, Apol lo 16 s i t e  na te r l a l s  are not  30% melt f o r  two reasons: (1)  
sampl lng strategy a t  the s i t e  1141 was such t h a t  p h y s l c a v  coherent melt rocks may be 
overrepresented, particularly a t  the key Descartes s ta t ions  (4, 5); (2) melt rocks by volume are 
between 65 and 90% melt, the  remainder belng Included cold c lasts;  i n  fact, the  c las t /mat r lx  
boundary I s  usual ly  a r b i t r a r y  1151. The Ideal way t o  estimate the t o t a l  volume of pure mel t  i s  
t o  c l ass i f y  the s t a t l s t l c a l  l y  large rake and sol 1 samples petrographicai 1 y and t o  make 
appropriate correct ions fo r  c l a s t  contents. Such analysis, based on the s o i l  petrographic data 
of 1161, suggests t o t a l  mel t  volumes ranging of 4 t o  12%. The highest mel t  f r ac t i on  seen i n  any 
sol  i I s  16$, ha l f  the value obtained by lumping a1 I melt brecclas as pure melP. Thus, impact 
melt may cons t i t u te  less than 105 of s i t e  mater la ls by volume. Where does t h i s  mel t  carre fran? 
APOLLO 16 IMPACT MELTS. Lunar melts produced by the same Impact tend t o  be both t e x t u r a l l y  
diverse and chemical l y  homogeneous 1171. Detai led study of Apol l o  16 mel ts has i d e n t l f l e d  four 
chemically defined mel t  groups 1181. Of these, two ( 3  and 4 of 1181) are very alumlnous and low 
i n  KREEP (Fig. 1). They may have been produced by smal I -crater  impact-melting i n t o  Al- r ich 
c l a s t i c  rocks found a t  the  site. 

The other two groups have special bearing on the question of basin provenance. Group 1 (16- 
20% A1 203; Fig. 1 ) are maf i c  LKFM melt rocks, s l  l g h t l  y more WEEP-rich than the  Apol l o  15 nblack 
and whiten melt-rock matrix, interpreted as lmbrlum basin lmpact melt by 1191. Age data (new 
constants) f o r  Apol lo 16 melt rocks by cmpos l t lona l  group are shown I n  Figure 2. Although 

S t a t i s t i c s  are sparse, two group 1 rocks c lus te r  sround 3.86 AE, near the preferred age of the 
lmbrlum basin (3.85 AE; 1201). Group 1 melts are about 10% of  the t o t a l  melt rock population. 
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Group 2 melt rocks (20-2511 AI2O3; Flg. 1) form 801 of the melt rock population. These mel ts - 
have KREEP rar-arth pat te rns  1211 and an aluminous LKFM composition (Flg. 1) .  The spread i n  
canposit ion w i th in  t h i s  group I s  large compared t o  t h a t  of t e r r e s t r l a i  impact mel t  sheets, such 
as Manlcouagan 1221, but  n o t  much greater than the  spread i n  canparable data f o r  the  Apol lo 17 
nmelt-sheetn (Fig. 1). These melt rocks display a pronounced peak a t  about 3.92 AE (Fig. 2). 
Chemical and age data suggest single-event formation o f  these rocks a t  about 3.92 AE. 

The LKFM cunposlt lon of the  group 2 melt rocks suggests t h a t  they were formed by an impact 
t ha t  has excavated samewhat deeper than would a large c ra te r  in  t h i s  reglon (usual ly  << 10 km). 
Elsewhere on the Moon, the  LKFM canposit ion i s  associated w i t h  basin eJecta (Apol lo 15-lmbrium; 
Apollo 17-Serenltatis). The d i s t i n c t i v e  composition and age o f  the  group 2 rocks suggest a 
separate basin impact a t  3.92 AE: the  logical  condidate IS Nectaris. Th is  date f o r  k c t a r i s  i s  
the same as tha t  proposed as the r e s u l t  of a d i f f e r e n t  l i n e  o f  reasoning 1231. 
CONCLUSIONS Low-K KREEP mi t rocks (most abundant type a t  Apol l o  16) cannot be produced by a 
smal l impact i n t o  t yp i ca l  h ighlands c rus t  (AI2O3 26-28s). Smal l c ra te r i ng  o f  c rus ta l  regions o f  
n o r i t l c  canposit ion could conceivably produce t h i s  melt t y p e ,  but such regions do not  e x i s t  
around the Apol lo 16 slte. A more p laus ib le  explanation I s  t ha t  the  group 2 melt rocks were 
formed by a large basln impact a t  3.92 AE, probably Nectaris. The obJectlon t h a t  baslns do not  
e jec t  large melt masses I s  lessened by the inference t h a t  pure melt of group 2 composition makes 
up, a t  most, 3 t o  9s by volume of the deposits a t  the Apol lo 16 site. If group 1 mel ts represent 
lmbrium basln impact melt, the  f rac t i on  o f  lmbrium melt a t  Apol lo 16 i s  less than l j  of the  t o t a l  
depos it volume. 

The interpretation of 3.92 AE as the age of Nectar is  I s  s i g n i f i c a n t  t o  lunar c ra ter lng  
history. I f  t h i s  age i s  correct, the maximum age o f  the oldest  highlands surface i s  4.0 t o  4.1 
AE (based on the density o f  prlmary impact c ra ters  > 20 km diameter 1201). Thus, (1)  there  I s  no 
in  s i t u  primordial lunar surface dating from the c rus ta l  formation per iod (4.2 t o  4.3 AE; 1241); -- 
and (2) the  c ra ter  equ i l ib r ium diameter w i th in  the lunar highlands may be much larger than i s  
curent ly  believed. The l a t t e r  in terpre ta t ion  suggests t h a t  the t o t a l  highland megaregolith 
thickness may be as much as a f ac to r  of ten higher than the cur rent ly  quoted value (1-2 km 1251). 
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Fig. 2. Itlstogram a€ avallabh age data [ 2 1 ]  for Apollo 16 
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