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I t  has long been recognized that  the lunar crust  i s  chemically and 
petrologically heterogeneous, although the exact de ta i l s  of i t s  s t ructure 
remain contentious. Various models of lunar crustal structure have been 
proposed tha t  invoke la te ra l  heterogeneity [e.g., 11, vertical  variations 
[2,3], or both [4]. Recently, we presented the resul ts  of our attempts t o  
make petrologic maps of the lunar highl ands from orbital  geochemical data 
5 These maps provide data on petrologic variations i n  the uppermost 
1 unar crust. Moreover, recent studies have cl a r i  f ied the process i nvol ved 
in multi-ring basin formation [e.g., 6,  71, resulting in models tha t  
permit us t o  use basin as probes t o  understand the composition of the 
lower crust. Thus, i t  i s  now appropriate t o  reevaluate a variety of 
remote-sensi ng and 1 unar sample data t o  determine the probable chemical 
and petrologic structure of the lunar crust ,  

Composition and structure of the upper crust .  The average composition of 
the highland crust  under the Apoll o 15 and 16 orbital  groundtracks i s  t ha t  
of "anorthosi t i c  gabbro" (A1 203 26-28%) [5]. Within t h i s  area of coverage 
i s  considerabl e petrologic varl ation, ranging from deposits of "pure" 
anorthosite t o  KREEP basalt  [5]. O u r  e f fo r t s  t o  map highl and rock types 
used the Fe - Th/Ti chemical plot;  such a variation diagram readily 
separates the ferroan anorthosites (believed t o  be original crustal 
products of 1 unar primordial different iat ion [8]) from the Mg-suite rocks 
and KREEP. Of the eleven petrologic units mapped in [5], f ive  have 
"chondritic" Th/Ti ra t ios ,  indicating a f f in i ty  with the ferroan 
anorthosite su i t e  rather than w i t h  the Mg-suite or KREEP. These units 
make up  over 80% of the toal highland region covered by the Apollo orbital  
data. Assumi ng tha t  the Apol 1 o groundtracks are representati ve of the 
whole Moon, we conclude tha t  rocks of the Mg-suite represent a minor 
fraction of the upper lunar crust. The dominance of Mg-suite rocks in the 
sample collection i s  probably more apparent than real and may be mostly 
due t o  the emphasis placed on study of pr is t ine c l a s t s  from highland 
brecci as. 

A consequence of the heavy bombardment of the lunar crust  was the 
development of a thick, brecciated debris 1 ayer, the "megaregol i th"  [9]. 
The thickness of t h i s  layer has been estimated as 1-2 km [ lo - l l ]  t o  as 
much as 40 km [12], Because of the general paucity of pr is t ine plutonic 
rocks and the lunar cratering history implied by the apparent 3.92 bey. 
age of the Nectaris Basin [13,14], we favor values of tens of kilometers 
for  megaregol i t h  thickness. Mixing in such a debris layer would be 
domi nantly vertical  , anal ogous t o  mi xi ng i n  the thi  nner reg01 i ths 
developed on mare basalt  flows. Such mixing would preserve "outcrops" of 
pure rock types such as those on the petrologic maps [5]. 

Composition of the lower lunar crust ,  Evidence for  lower crustal 
composition comes from the composition of multi-ring basin ejecta ,  Of the 
el even basins covered by Apoll o orbital  chemical data, nine display 
enrichments of nori t e  i n thei r conti nuous near-rim deposits , i n contrast 

https://ntrs.nasa.gov/search.jsp?R=19870013975 2020-03-20T10:25:22+00:00ZCORE Metadata, citation and similar papers at core.ac.uk

Provided by NASA Technical Reports Server

https://core.ac.uk/display/42836698?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


t o  the  more a n o r t h o s i t i c  compositions o f  t he  i n t e r b a s i n  t e r r a i n ,  
Moreover, t h e  r e l a t i v e  f r a c t i o n  o f  n o r i t e  i n  bas in  e j e c t a  determined by 
m i  x i  ng model s increases w i t h  i ncreasi  ng basi  n diameter [4,5], Assumi ng 
these r e l a t i o n s  t o  be non-coincidental,  we suggest t h a t  t h e  lower c r u s t  i s  
composed dominantly o f  n o r i t i c  rocks (A1 Q3 I, 20%). Add i t iona l  evidence 
f o r  t h i s  n o r i t i c  composit ion comes from {he (probably) polyrnict "Very High 
Aluminum "(VHA) and "low-K Fra Mauro" (LKFM) b a s a l t  rocks, which appear t o  
be bas in  impact mel ts  1141; these rocks are n o r i t i c  i n  bu lk  chemistry. 
Given est imated fo rmat i  on energies o f  impact-basi ns [15,16] and p r o j e c t i  1 e 
penet ra t ion  depths [6], we consider  most bas in  impact mel ts  t o  have been 
generated a t  depths o f  about 30 t o  60 km i n  t h e  l una r  crust ,  If VHA and 
LKFM b a s a l t  does represent  bas in  impact melt ,  these rocks prov ide  d i r e c t  
evidence f o r  a n o r i t i c  lower c rus t .  To exp la in  t h e  l ack  o f  l una r  mantle 
ma te r ia l  i n  impact melts, Ryder and Wood [2] suggested t h a t  a n o r i t i c  LKFM 
l a y e r  e x i s t s  midway i n  t h e  c rus t .  Analysis o f  bo th  t h e  geologic s e t t i n g s  
o f  t h e  Apol lo land ing s i t e s  [17,18] and p a r t i c l e  movements dur ing  
c r a t e r i n g  f l o w  [6,19] suggest such a c r u s t a l  s t r u c t u r e  i s  not  a 
requirement, as t h e  bas in  impact me1 t sampled dur ing  Apol l o  missions 
should be contami nated w i t h  on ly  s h a l l  ow-1 eve1 c l  asts. We be1 ieve  t h a t  
t h e  a v a i l a b l e  data are  cons is ten t  w i t h  t h e  hypothesis t h a t  t h e  lower l u n a r  
c r u s t  i s  composed dominantly o f  n o r i  t e e  

A 1 unar c r u s t a l  model. Our 1 unar c r u s t a l  model i s  shown i n  F igure  1. I t  
has essent i a1 l y  two-1 ayers: anorthosi  t i c m i  xed rocks over1 i e a general l y  
n o r i t i c  c r y s t a l l i n e  basement, The contac t  between these l a y e r s  i s  
probably gradat ional  on a scale o f  k i lometers.  The Mg-suite comprises a 
se r ies  o f  p l  utons, some o f  them J ayered, t h a t  are a subordinate f r a c t i o n  
o f  t h e  c rus ta l  volume, I n  t h i s  model, t h e  c r u s t  i s  l a t e r a l l y  and 
v e r t i c a l  l y  heterogeneous on a scal e o f  tens o f  k i  1 ometers 

Our model has several imp1 i c a t i o n s  f o r  l u n a r  c rus ta l  o r i g i n  and 
evol u t i  on. Concurring w i t h  previous suggestions (see review i n  [8]), we 
be1 i e v e  t h a t  a g lobal  magma system produced an o r i g i n a l  fe r roan 
anor thos i te  c r u s t  by p lag ioc lase f l o t a t i o n  and o l iv ine lpyroxene s ink ing.  
As t h e  c r u s t  grew downward and t h e  mantle upward, t h e  res idua l  1 i q u i d  had 
a n o r i t i c  composition [2,20]; t h i s  l a y e r  formed t h e  n o r i t i c  lower c r u s t  
and eventual ly ,  a l a y e r  o f  ma te r ia l  (KREEP substratum; F igo  1)  g r e a t l y  
enriched i n  i ncompati b l  e t r a c e  elements [20,21]. P a r t i  t i  oni  ng o f  
incompat ib le elements i n t o  t h i s  KREEP 1 ayer was not  t o t a l l y  e f f i c i e n t ,  
r e s u l t i n g  i n  t h e  product ion of KREEP-rich n o r i t e s  i n  t h e  lower c r u s t  
2 Concurrent w i t h  t h i s  episode was i n t r u s i o n  o f  Mg-suite rocks t o  form 
p l  utons w i t h i n  t h e  o r i g i n a l  a n o r t h o s i t i c  c rus t .  This a c t i v i t y  was 
v i r t u a l l y  cornplete by 4.36 b e y e  ago E221. Massive ex t rus ions  o f  mare 
basal t s  [5] and cont inued heavy bombardment o f  t h e  c r u s t  fo l lowed u n t i l  
about 3.85 b.y. ago. Dur ing t h i s  i n t e r v a l ,  t h e  hot, low-density KREEP 
mate r ia l  migrated upward [23] and was disseminated through most o f  t h e  
lower crust .  Thus, basins forming around 3.9 bey.  ago incorporated a 
KREEP trace-element p a t t e r n  i n t o  t h e i r  n o r i  t i c  impact me1 t s  ( "Me1 t rocks"; 
Fig. 1).  I n  t h e  Imbrium region, KREEP basa l t s  were erupted on the  sur face 
both before  [24] and a f t e r  [25] t h e  Imbrium impact, A f t e r  t h e  heavy 
bombardment ended, mare basa l t s  cont inued t o  be extruded, forming t h e  
v i  s i  b l  e mari a. Continued study o f  1 unar sampl es and new remote-sensi ng 



data from t h e  proposed Lunar Geoscience Observer Miss ion w i l l  be requ i red  
t o  assess t h e  v a l i d i t y  o f  t h i s  l u n a r  c r u s t a l  model. 
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Vert ica l  Bulk C o m p o s i t i o n s  Former s h a l l o w  layered p l u t o n  Gabbroic a n u r t h o s i t e  s c a l e  

Whole Melt Crusta l  
c r u s t  r o c k s  l a y e r s  a 

N o m e n c l a t u r e  

1. " A n o r t h o s i t i c  norite'  2 4 - 2 5 %  

2. 'VHA basalt" 
KREEP-norite 3. 'LKFM basal t '  

4 .  'Anorthos i t ic  gabbro" 2 6 - 2 8 %  

5 .  "Norite" 

Figure 1. Proposed model o f  t h e  l u n a r  crust .  FAN r e f e r s  t o  fe r roan 
anorthosi te.  Provenance o f  bu l k  compositions i nd i ca ted  a t  l e f t  by 
arrows, See t e x t  f o r  discussion, 




