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ABSTRACT 

The e lec t romagne t i c  and magnetic response of l una r  mascons i s  s tud ied .  

E lec t romagnet ic  models, i n c l u d i n g  spher i ca l ,  disk-shaped, and two- layered 

models, a r e  examined f o r  a range o f  va lues o f  t h e  e lec t romagne t i c  parameters, 

frequency, magnetic pe rmeab i l i t y ,  c o n d u c t i v i t y ,  and d i e l e c t r i c  cons tan t .  

The geometry and e lec t romagne t i c  p r o p e r t i e s  o f  t h e  va r ious  models used were 

based on t h e  shapes and geo log ica l  p r o p e r t i e s  of t h e  g r a v i t y  models proposed 

i n  t h e  I i t e r a t u r e .  

A two-dimensional F o u r i e r  a n a l y s i s  of t h e  a v a i l a b l e  g r a v i t y  da ta  f o r  

t h e  near-s ide o f  t h e  moon and Poisson 's  r e l a t i o n  between g r a v i t y  and magnetics 

a re  u t i l i z e d  t o  p r e d i c t  assoc ia ted  s t a t i c  magnetic f i e l d s  of t h e  l una r  

mascons fo r  an assumed I O  d i n t e r p l a n e t a r y  induc ing  f i e l d  and f o r  a range 

of magnetic s u s c e p t i b i l i t i e s  compat ib le  w i t h  t h e  mascon geo log ica l  m a t e r i a l s  

proposed i n t h e  I i t e r a t u r e .  

Using t h e  r e s u l t s  presented here, severa l  e lec t romagne t i c  and magnetometer 

experiments a re  d iscussed which cou ld  be used t o  determine, q u a n t i t a t i v e l y  

and q u a l i t a t i v e l y ,  some of t h e  geo lod ica l  and phys i ca l  aspects  of t h e  l una r  

mascons. 
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The P o s s i b l e  E f f e c t s  o f  Lunar Mascons on 

Lunar Magnet ic  and E lec t romagnet ic  Experiments 

W. E. Glenn 
S. H. Ward 

I .  I n t r o d u c t i o n  

S i l l  and B lank  (1968) suggested t h a t  t h e  presence o f  lunar  mass con- 

c e n t r a t i o n s ,  de l i nea ted  from g r a v i m e t r i c  measurements by M u l l e r  and Sjogren 

(19681, may s i g n i f i c a n t l y  a f f e c t  f u t u r e  magnetic measurements a t  o r  near 

t h e  l una r  sur face .  Ward (1968) proposed t h a t  a s tudy be made o f  t h e  

e lec t romagne t i c  response o f  these mascons i n  s t a t i c  and low-frequency 

magnet ic  f i e l d s  and we have made t h i s  t h e  o b j e c t  of ou r  p resen t  s tudy .  

Fo r  t h e  s t a t i c  case, Poisson's r e l a t i o n  between g r a v i t y  and magnetic 

b l e  magnetic anomaly map of t h e  

t a c i t  assumption t h a t  t h e  induc ing  

c a l l y  i n c i d e n t ,  un i fo rm and non 

i s  cons idered.  A range o f  magnetic 

ons 

p o t e n t i a l s  i s  u t i  l i z e d  t o  p r e d i c t  a poss 

near s i d e  of t h e  moon. We have made t h e  

f i e l d  i s  a 103 s o l a r  wind which i s  v e r t  

t ime-vary ing .  No remanent magnet iza t ion  

permeab i 

o f  t h e  d 

The 

i t i e s  has been used t o  cover  

s t u r b i  ng masses. ' 

r i go rous  boundary va lue  prob 

case e i t h e r  do n o t  lend themselves t o  

a l l  p robab le  m a t e r i a l  composit 

ems p e r t i n e n t  t o  t h e  t ime-vary ng 

easy s o l u t i o n s  o r  a r e  impossib le  t o  

so lve .  Using t h e  va r ious  models o f  mascons t h a t  have been proposed i n  t h e  

I i t e r a t u r e  we w i I I i n v e s t i  ga te  t h e  e lec t romagne t i c  s c a t t e r i  ng from: ( I 1 

a p lane- layered,  ha l f -space model i n  a normal ly  i n c i d e n t  p lane e lec t romagne t i c  

wave; (2) an i n f i n i t e l y - c o n d u c t i v e ,  t h i n  d i s k  e x c i t e d  by a un i form,  t ime-  

vary ing ,  n o r m a l l y - i n c i d e n t  magnetic f i e l d  and ( 3 )  a homogeneous, h i g h l y  

permeable sphere i n  a un i form,  t i m e  v a r y i n g  magnetic f i e l d .  
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Models hav ing  va r ious  e lec t romagne t i c  parameters, se lec ted  t o  be 

compat ib le  w i t h  t h e  r e s p e c t i v e  g r a v i t y  models, a r e  examined i n  each case. 

2 .  H i s t o r y  o f  t h e  Moon'and i t s  Bear ing  on Poss lb le  O r i g i n s  o f  Lunar Mascons 

2.1 O r i g i n  

Any theo ry  proposed t o  da te  which a t tempts  t o  e x p l a i n  t h e  o r i g i n  and 

subsequent development o f  t h e  moon and, i n  p a r t i c u l a r ,  t h e  earth-moon 

system has many inhe ren t  weaknesses. Although many hypotheses have been 

suggested i n  t h e  l i t e r a t u r e ,  t h e  c u r r e n t  c y c l e  o f  s c i e n t i f i c  o p i n i o n  g i v e s  

credence t o  t h e  f o l l o w i n g  t h r e e  p o s s i b i l i t i e s :  

I .  The moon was formed by t h e  accumulat ion o f  s o l i d  p a r t i c l e s  i n  

some o r b i t  around t h e  p r i m i t i v e  sun removed from t h e  e a r t h  and was 

l a t e r  captured i n  a d i r e c t  o r  re tograde o r b i t  by t h e  ea r th ;  

The moon was formed by t h e  accumulat ion o f  s o l i d  p a r t i c l e s  i n  t h e  

v i c i n i t y  o f  t h e  e a r t h  a t  about  t h e  same t i m e  as t h e  e a r t h ' s  forma- 

t i o n  and; 

The moon was spawned from a mol ten  e a r t h  when t h e  e a r t h  became 

dynamica l l y  uns tab le .  

2. 

3.  

Any luna r  hypotheses must account for :  ( 1 )  The lower mean d e n s i t y  

o f  t h e  moon r e l a t i v e  t o  t h e  e a r t h  which i m p l i e s  a d i f f e r e n t  b u l k  compos i t ion  

f o r  t h e  moon; ( 2 )  The r e l a t i v e l y  u n i f o r m  d e n s i t y  which i s  i n  marked c o n t r a s t  

w i t h  t h e  e a r t h ' s  rad ia l l y -dependent  dens i ty ;  ( 3 )  The su r face  topography 

and geology o f  t h e  moon; ( 4 )  The t r i a x i a l  shape o f  t h e  moon; ( 5 )  The 

presence o f  mascons which imply  a r i g i d  moon; ( 5 )  The o r b i t a l  dynamics of  

t h e  earth-moon system, and ( 7 )  The age of t h e  l una r  su r face  m a t e r i a l .  O f  

t h e  t h r e e  "Orgi n of  t h e  Moon Postu la tes" ,  I i s t e d  above, t h e  one which 



3 

presents  fewest  c o n t r a d i c t i o n s  i s  t h e  f i r s t  one. I t  lends a c e r t a i n  

c o n t i n u i t y  t o  t h e  f o r m a t i o n  o f  n o t  o n l y  t h e  earth-moon system b u t  a l s o  

t o  t h e  s o l a r  system. Urey (1968) and Baldwin (1968) among o t h e r s  have 

favoured t h  i s theory .  

The present  consensus o f  s c i e n t i f i c  o p i n i o n  would seem t o  favour  a 

moon formed by a s i m i l a r  process env is ioned f o r  t h e  ear th ;  t h a t  i s ,  i t  

Cr,rrflic z g l d  b y  a coalensence of p lanetes ima ls  a t  t h e  t ime t h e  s o l a r  nebula 

was be ing  d i f f e r e n t i a t e d  i n t o  t h e  sun and t h e  p lanets .  I t s  i n i t i a l  

temperature cou ld  n o t  have been much above severa l  hundred degrees K e l v i n  

(Kopa I ,  1962) and i t s  o r b i t  was such t h a t  i t  was probab l y  captured by 

t h e  e a r t h  1.75 b i  [ l i o n  years ago (Hibbs, 1967). L y t t l e t o n  (1967) discusses 

t h e  c o n d i t i o n s  f o r  moon capture.  

was formed by I O  t o  I O  o b j e c t s  of var ious  s i z e s  and d e n s i t i e s .  MacDonald 

3 (1965) r e v i s e d  t h e  number t o  about I O  . Gold (19561 suggests t h e  moon's 

s u r f a c e  may i l l u s t r a t e  how it was b u i l t  up over  t i m e  by t h e  c o n t i n u a l  

Urey e t  a l .  (1959) suggested t h e  moon 
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bombardment o f  i n t e r p l a n e t a r y  d e b r i s .  A f o r m a t i o n  o f  t h e  moon i n  t h i s  

manner can easi  ly e x p l a i n  t h e  moonfs shape, s u r f a c e  features,  dens i ty ,  and 

any inhomogeneit ies such as mascons. Urey (1968) has i n d i c a t e d  t h a t  t h e  

mar ia  and t h e  assoc ia ted  mascons a r e  o f  m e t e o r i t i c  o r i g i n .  He a l s o  suggests 

t h a t  t h e r e  may be a l a y e r  o f  Fs-Ni accumulat ion i n  t h e  moon's s u r f a c e  b u i l t  

up over  t i m e  by t h e  bombardment of m e t a l l i c  meteor i tes .  

d i f f e r e n c e s  between t h e  e a r t h ' s  sur face  and t h e  moon's i s  e a s i l y  exp la ined 

The s t r i k i n g  

by an absence o f  ( 1 )  an atmosphere o r  a hydrosphere and (2) l a r g e  s c a l e  

t e c t o n i s m  on t h e  moon. The lower mean d e n s i t y  of t h e  moon can be a t t r i b u t e d  

t o  i t s  f o r m a t i o n  i n  a d i f f e r e n t i a t e d  s o l a r  nebula. Numerous p o s t u l a t e s  on 

t h e  f o r m a t i o n  of t h e  s o l a r  system do argue c r e d u l o u s l y  f o r  d i f f e r e n t i a t i o n  
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o f  t h e  m a t e r i a l  t h a t  was t h e  p r i m o r d i a l  s o l a r  ma t te r .  The f r a c t i o n a t i o n  

found i n  meteor i tes ,  i n  t h e  form o f  chondrules, and i n  t h e  Widmanstaten 

f i g u r e s  of i r o n - n i c k l e  me teo r i t es  i s  good evidence fo r  t h i s  process. Also, 

t h e  inner, t e r r e s t r i a l  p l a n e t s  show a h i g h e r  concen t ra t i on  o f  heav ie r  elements, 

no tab ly  i ron ,  than do t h e  o u t e r  p lane ts .  The moon, then, was formed i n  a 

p a r t  o f  t h e  nebu lar  c l o u d  c o n s i s t e n t  w i t h  i t s  mean composi t ion.  However, 

i f  t h e  moon should be o f  t h e  same mean composi t ion as t h e  e a r t h  then i t  

must have an anomalous concen t ra t i on  o f  l i g h t e r  substances such as carbon 

(10%) or water  ( 2 - 3 % ) ,  (Kopal, 1962). 

Opik (1955, 19611, Ruskal (19601, MacDonald (1964) and Ringwood (19661, 

among o thers ,  have argued fo r  t h e  fo rma t ion  o f  t h e  moon as p a r t  of t h e  

e a r t h ' s  fo rma t ion  e i t h e r  as a many-moon theory  o r  as a coagu la t i on  o f  a 

sediment r i n g ,  a c loud  o f  d e b r i s  e n c i r c l i n g  t h e  ea r th .  The f i s s i o n  theory  

dates back t o  Darwin (1898) and a l though r e f u t e d  by J e f f r e y s  (1930) it has 

suppor t  i n  a modern approach t o  t h e  same idea by Ringwood (19601, Wise (1963, 

19691, Cameron (19631, and O'Keefe (1969). Although p l a u s i b l e ,  these l a t t e r  

two t h e o r i e s  appear less  a t t r a c t i v e  than t h e  f i r s t  one discussed and t h e  

i n t e r e s t e d  reader  may c o n s u l t  t h e  c i t e d  re fe rences  i f  more i n f o r m a t i o n  i s  

des i red. 

2.2 Thermal Cons idera t ions  and Lunar Composit ions 

Presupposing a p a r t i c u l a r  o r i g i n  of  t h e  moon does n o t  beg in  t o  s i m p l i f y  

t h e  many unanswered ques t ions  about  t h e  moon. 

h i s t o r y  o f  t h e  moon and t o  p r e d i c t  i t s  p r e s e n t - g e o l o g i c  s t a t e  r e q u i r e s  an 

assumption of i t s  composi t ion.  The r a d i o a c t i v e  element con ten t  which 

determines t h e  hea t  generated w i t h i n  t h e  moon i s  comcomitant w i t h  t h i s  

To c o n s t r u c t  a g e o l o g i c  
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assumption. The t i d a l  e f f e c t s  of  t h e  e a r t h  and sun, t h e  s u r f a c e  bombardment 

by space d e b r i s  and t h e  s o l a r  wind, among o t h e r s  a r e  f a c t o r s  t h a t  must be 

cons i dered. 

Choosing a composi t ion f o r  t h e  moon i s  t h e  most impor tan t  i n i t i a l  

assumption and severa l  i n v e s t i g a t o r s ,  f o r  example, have done t h i s  i n  o r d e r  

t o  c o n s t r u c t  thermal h i s t o r i e s  for t h e  moon. Lee (1968) has examined bo th  

a c h o n d r i t i c  moon and a t e r r e s t r i a l  moon. H is  work, Kopal 's (1966) and 

o t h e r s  suggest t h a t  t h e  moon may n o t  have mel ted throughout  a5 has t h e  

e a r t h  b u t  a p a r t i a l l y  mol ten i n t e r i o r  p a s t  and/or p resent  i s  most l i k e l y .  

V The moon should, i n i t i a l l y  a t  leas t ,  posses a he terogen ie ty  i n h e r e n t  

i n  i t s  format ion.  

and d e n s i t i e s  would ensure t h i s ,  i f  they  were n o t  subsequent ly mixed by t h e  

m e l t i n g  o f  t h e  moon. 

view. O'Leary e t  a t .  (1969 have shown t h a t  t h e  apparent c o r r e l a t i o n  o f  

mar ia  and mascons i s  n o t  un que t o  t h e  moon. 

b e l i e  t h e  very  f o r m a t i o n  of  t h e  p l a n e t s  by accumulat ion.  

adjustments and igneous processes would soon d i s s i p a t e  any such inhomogeneit ies 

i n  t h e  e a r t h .  

The accumulat ion o f  numerous p a r t i c l e s  of var ious  s i z e s  

The d scovery o f  mascons tends t o  s u b s t a n t i a t e  t h i s  

Hence t h i s  phenomenon may 

Subsequent i s o s t a t i c  

Nakamura and Latham (1969) have presented a most d e t a i l e d  a n a l y s i s  o f  

t h e  i n t e r n a l  c o n s t i t u t i o n  o f  t h e  moon. Among t h e i r  many conclus ions they 

s t a t e  t h a t  " ( I )  There must be a c o n c e n t r a t i o n  o f  l i g h t e r  m a t e r i a l  near t h e  

s u r f a c e  of t h e  moon, and ( 2 )  The deep i n t e r i o r  of t h e  moon i s  more l i k e l y  

t o  be chemica l l y  heterogeneous than t o  be homogeneous throughout,  a l though 

t h e  p o s s i b i l i t y  of chemical homogeneity cannot be r u l e d  o u t  j u d g i n g  from 

t h e  c u r r e n t  range o f  u n c e r t a i n t y  of  t h e  moment of i n e r t i a  of t h e  moon.'' They 

considered severa l  models f rom homogeneous t o  two and t h r e e  l a y e r  models. 
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They show t h a t  a l i q u i d  i r o n  co re  and a 20Km b a s a l t i c  c r y s t a l  l a y e r  a re  

compat ib le  w i t h  t h e  moment o f  i n e r t i a  c a l c u l a t i o n s .  

Van Dorn (1969) considered a h y p o t h e t i c a l  thermal model f o r  t h e  moon, 

a t  t h e  t i m e  o f  mare format ion,  comprised o f  a mo l ten  i n t e r i o r  below 200 Km 

o v e r l a i n  by a 100 Km e c l o g i t e  p l a s t i c  l a y e r  where in t h e  temperatures were 

low enough and t h e  pressures h i g h  enough t o  i n h i b i t  phase t r a n s i t i o n  t o  

b a s a l t  and a 50 Km e l a s t i c  b a s a l t  l a y e r  warm enough t o  p e r m i t  slow 

r e c r y s t a l l i z a t i o n  by d i f f u s i o n  and a 50 Km unconsol idated,  low dens i t y ,  

b a s a l t i c  su r face  l aye r  thorough ly  tu rned  i n t o  rubb le  by an ex tens i ve  impact 

h i s t o r y .  He s t a t e s  t h a t  h i s  model i s  compat ib le  w i t h  those o f  Anderson and 

Phinney (1967) and Lev in  (1966). I t  a l s o  

work of Nakamura and Latham (1969). 

Kovach and Anderson (1965) have conc 

composi t ion f rom t h e  e a r t h  b u t  can have a 

much as 8.5% o f  i t s  t o t a l  mass. I n t e r n a l  

i n  t h e  moon have been p o s t u l a t e d  by F r i c k  

appears compat i b I e w i t h  t h e  

uded t h a t  t h e  moon must d i f f e r  i n  

m e t a l l i c  co re  c o n s t i t u t i n g  as 

m e l t i n g  and d i f f e r e n t i a t i o n  

r e t  a l .  (19671, MacDonald (19631, 

Lowman (1963) and o the rs .  Kopal (1962) suggests t h a t  convec t ion  w i t h i n  an 

i n t e r n a l  l y  mel ted moon may have occur red  and i n d i c a t e s  t h a t  smal I c r a t e r s  

o f  t h e  C l a i r e s  o r  Schichard type, o r  t h a t  t h e  small  c i r c u l a r  mar ia  such 

o r  Humorum, may be r e l i c  su r face  express ions o f  t h e  tops o f  Mares C r  i s i  um 

convect  i on c e  

Hence, e 

t h e r e  i s  subs 

a mel ted moon 

Is.  

t h e r  w i t h  o r  w i t h o u t  a composi t ion s i  m i  t a r  t o  t h e  ear th ,  

a n t i a l  mathematical b a s i s  t h a t  bo th  suppor ts  and prec ludes  

and/or r a d i a l  d i f f e r e n t i a t i o n .  Whether d i f f e r e n t i a t i o n  

processes have been o p e r a t i v e  on t h e  moon o r  a r e  now t a k i n g  p lace  i s  

c r u c i a l  t o  t h e  argument f o r  ingneous processes g i v i n g  r i s e  t o  mascons. 
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o t h e r s ) ,  and t h e  igneous aspect  o f  

Apol l o  I I (The Lunar Sample P r e l i m  

' The f l a t n e s s  o f  t h e  mar ia  has 

t o  suggest t h a t  lava f l o w s  have f i  

be a concentra 

o f  a d i f f e r e n t  

always opposed 

2.3 Igneous Processes i n Support  o f  Mascon Theor ies 

The sur face  g e o l o g i c a l  evidence s u p p o r t i n g  igneous a c t i v i t y  on t h e  

moon and subsequent I y exp I a i  n i  ng mascons as a resu I t  i s  essent i  a I I y t h e  

f l a t n e s s  o f  t h e  maria, t h e  " b a s a l t i c "  composi t ion of  t h e  s u r f a c e  m a t e r i a l  

(Turkev ich e t  a l . ,  1967, 1968; G a u l t  e t  a l .  19681, t h e  presence o f  ca lderas  

on t h e  moonls s u r f a c e  (Smith, 1966; Shoemaker, 1962; Baldwin, 1963; and 

many of t h e  rock  samples re tu rned by 

nary Examinat ion Team ( I ) ,  1969). 

led many, headed by Baldwin (1963, 1968) 

led  t h e  maria.  Hence t h e  mascons cou ld  

i o n  of  lava i n  c r a t e r  bottoms (Baldwin,  1968) o r  a r e s u l t  

a ted  igneous c r u s t  (Kaula, 1969). Urey (1960, 1965) has 

t h e  idea of a mel ted moon and any l a r g e  s c a l e  lave f lows 

Sjogren (1969) b e l i e v e ,  on t h e  b a s i s  

19681, among others,  t h a t  t h e  mascons 

ava f l o w s  i n t o  and o u t  of t h e  r i n g e d  seas. 

They e n v i s i o n  a need f o r  a more complex m u l t i p l e - s t e p  process t o  produce 

mascons by la rge  s c a l e  lava f lows.  Using t h e  work o f  Conel and t io ls t rum 

(1968) as a basis,  Kaula (1969) g ives  a t h i c k n e s s  f o r  t h e  d i f f e r e n t i a t e d  

d e n s i t y  d i f f e r e n t i a l  o f  0.5 gm/cc. T h i s  dens i ty  

dwin's (1968) d e n s i t y  d i f f e r e n t i a l  o f  0.4 gm/cc b u t  

r e  a moon which has heated up t o  produce magmas a t  

o u t  o n t o  t h e  sur face.  M u l l e r  and 

o f  work by Kaula (1969) and Urey 

are  incompat ib le  w i t h  any s imple 

c r u s t  as 25 Km, and a 

i s  compat ib le  w i t h  Ba 

both ideas would requ 

t h e  present  

t h i s .  Lee ( 

O°C t h e  moon 

a r e s u , l t  wou 

ime or s metime i n  t h e  pas t .  Some thermal models may prec lude 

968) s t a t e s  t h a t  i f  t h e  moon's i n i t i a l  temperature had been 

would never have heated t o  t h e  f u s i o n  curve  of  b a s a l t  and as 

d n o t  have f r a c t i o n a t e d .  He a l s o  shows t h a t  f o r  an u n f r a c t i o n a t e d  
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moon t h e  p resen t  temperature would be 6OOOC. lower than  f o r  a f r a c t i o n a t e d  

moon. 

S t i p e  (1968) a l s o  suggests a magmatic o r i g i n  f o r  t h e  mascons b u t  h i s  

hypothes is  i s  t h a t  t h e  magma was generated by pressure  re leases a t  depth 

due t o  pene t ra t i ons  o f  i r o n - n i c k e l  me teo r i t es  t o  depths as great, as 450-670 

Km f o r  Mare Imbrium. 

work o i  shocting s t e e l  b a l l s  i n t o  concre te  he may be overextending h i s  

Although he bases h i s  c a l c u l a t i o n s  on h i s  exper imenta l  

e x t r a p o l a t i o n .  

mar ia  a re  considered t o  have evolved as homogeneous, t r a n s i e n t ,  g r a v i t y -  

wave systems from l a r g e r  impact c r a t e r s  on a c r u s t a l  l aye r  50 Km. t h i c k ,  

Van Dorn (1969, p. 693) .has a s i m i  l a r  idea: "The luna r  

f l u i d i z e d  from beneath by prompt, shock-induced m e l t i n g  i n s i d e  an i n i t i a l l y  

h o t  moon". The mathematical cons is tency  of  h i s  observa t ions  g i ves  cons ider -  
I 

a b l e  m e r i t  t o  h i s  conc lus ions .  

Igneous a c t i v i t y  has been used t o  e x p l a i n  t h e  o r i g i n  o f  va r ious  o t h e r  

su r face  phenomena on t h e  moon. 

Kar ls t rom e t  a l .  (1967) suggest t h a t  r i l l e s  and r i dges  a re  evidence of  

c r u s t a l  s t r e t c h i n g  and r a d i a l  compression o r  f o l d i n g ,  o r  t h e  r i s e  of magma 

a long f r a c t u r e s .  Domes a r e  presumed t o  be l a c c o l i t h s .  The ideas of Baldwin 

(1963) and Kopal (1962) would tend  t o  suppor t  t h i s  hypothes is .  Cameron 

(1964) suggests s inuous r i l l e s  such as Schroters  Va l l ey  were eroded by 

nuee ardentes.  However, a cause o t h e r  than igneous a c t i v i t y  has been 

c i t e d  t o  e x p l a i n  these fea tures .  For  example, G i l v a r r y  (1964) and 

L i  n g e n f e l t e r  e t  a l  . ( 1968) e x p l a i n  ri I les  as r i v e r  e ros ion .  Lunar domes 

may be I unar  "hydro1 acol ' i  ths" ,  (Kopa I ,  1962) or  t h e  resu l  t of  m i  nera I phase 

changes o r  t h e  r e s u l t  of  outgass ing o f  t h e  moon, (Baldwin, 19631, (Kuiper, 

1966). 



9 

Al though igneous a c t i v i t y  on t h e  moon draws cons iderab le  suppor t  

from the s c i e n t i f i c  community t h e r e  a r e  a few who suppor t  it w i t h  some 

reserva t ion ,  (Urey, 1960, 19651, (Kaula, 1968). They f e e l  it i s  d i f f i c u l t  

t o  accept  t h e  idea o f  volcanism i n  a smal l  body such-as t h e  moon. C r a t e r s  

t h a t  a r e  thought  t o  be v o l c a n i c  may be c o l l a p s e  s t r u c t u r e s  formed by t h e  

gradua I w i thdrawa I of water  due t o  outgass ing o f  t h e  moon (Kui  per, 1966). 

Oberbeck and Quaide (1967) and Gold (1956) submi t  hypotheses of c r a t e r  

fo rmat ion  which g i v e  r i s e  t o  assor ted morphologies t h a t  do n o t  r e q u i r e  

volcanism. G i l v a r r y  (1964) suggests t h a t  c r a t e r  morphology i n d i c a t e s  t h e  

former presence of  water  on t h e  moon's sur face.  

9641, Kar ls t rom e t  a l .  (19671, 

El-Baz (19701, and many more 

Keefe and Adams (19651 have 

suggested t h e  source of t e k t i t e s  may be lunar  v o l c a n i c  a c t i v i t y .  The low 

g r a v i t y  of t h e  moon would p e r m i t  e j e c t a  t o  escape t h e  moon and be captured 

by t h e  e a r t h .  

O'Keefe and Cammeron (19621, Cammeron ( 

Kuiper  (19591, Baldwin (19631, Kaula (19691, 

argue i n  favour  o f  vo lcanism on t h e  moon. 0 

2.4 Other Mascon Theor ies 

G i l v a r r y  (1960, 19641 has proposed t h a t  t h e  f l a t  mar ia  and var ious  

o t h e r  s u r f a c e  phenomena owe t h e i r  c h a r a c t e r  t o  t h e  e r o s i o n a l  f o r c e  o f  

water  on t h e  moon and t h a t  t h e  mascons a r e  s imp ly  i s o s t a t i c a l l y  uncompensated 

sediments l y i n g  i n  mar ia  bas ins ( G i l v a r r y ,  1969). 

Urey (1968) p o s t u l a t e d  a m e t e o r i t e  o r i g i n  f o r  t h e  mascons. Urey (1967) 
I 

has shown a s u i t a b l e  mechanism f o r  mass concent ra t ions  t o  form i n  t h e  c i r c u l a r  

mar ia  and h i s  d i s c u s s i o n  (Urey, 1968) as t h e  t h e i r  composi t ion is compat ib le  

w i t h  t h i s  idea. 
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A l t e r n a t i v e l y  it may be t h a t  v o l c a n i c  f l o w s  t r i g g e r e d  by m e t e o r i t e  

impact a r e  t h e '  cause o f  the mass concent ra t ions  as has been suggested by 

S t i p e  (19681 and Van Dorn (1969). 

2.5 D iscuss ion  and Summary 

I t  becomes apparent from t h e  prev ious  d iscuss ions  t h a t  i f  one wishes 

t o  favour  a p a r t i c u l a r  hypothes is  for  e x p l a i n i n g  t h e  lunar  s u r f a c e  f e a t u r e s  

and i n t e r p r e t i n g  p a s t  events  on t h e  moon he may f i n d  much c i r c u m s t a n t i a l  

evidence t o  suppor t  h i s  theory  and t h a t  t h e  same evidence may be used t o  

s u s t a i n  more than one theory .  

I t  seems reasonable t o  b e l i e v e  t h a t  t h e  lunar  s u r f a c e  i s  very  o l d  

and may da te  back t o  t h e  e a r l y  stages of t h e  fo rmat ion  o f  t h e  s o l a r  system, 

fo r  t h e  age de terminat ions  on severa l  A p o l l o  I I  samples y i e l d e d  dates of  

3 x I O  t o  4 x I O  years (Lunar Sample P r e l i m i n a r y  Examinat ion Team ( I ) ,  9 9 

1969). I t  i s  f e l t  t h a t  t h e  dates may even be lower than t h e  t r u e  values. 

The mascons, 

t h e  c i  r c u l a r  

o r  c e r t a i n l y  

one cou ld  be 

s i g n i f i c a n t l y ,  seem to be i n t i m a t e l y  r e l a t e d  t o  e x i s t e n c e  of 

mar ia  on t h e  moon and may have been formed as a d i r e c t  r e s u l t ,  

i n  c o n j u n c t i o n  w i t h ,  t h e  mar ia  format ion.  Apparent ly  then, 

j u s t i f i e d  i n  say ing t h a t  t h e  la rge  mass concent ra t ions  have 

been i n  e x i s t e n c e  w i t h i n  t h e  moon's c r u s t  f o r  most o f  t h e  moon's h i s t o r y .  

T h i s  i m p l i e s  t h a t  t h e  moon has n o t  been mol ten o r  even s u f f i c i e n t l y  p l a s t i c  

over  t h i s  t i m e  t o  a l l o w  i s o s t a t i c  adjustments t o  occur,  a conc lus ion  a l s o  

reached by KopaI (19621, Caputo (19651 and Urey (1968). T h i s  f a c t  would 

p rec lude tec ton ism and vo lcanism on t h e  s c a l e  wi tnessed on t h e  e a r t h .  

G i l v a r r y ' s  (1969) idea o f  hav ing uncompensated aqueous sediment 

f i l l i n g  t h e  mar ia  may be genera l i zed  t o  say t h a t ,  g i v e n  any o t h e r  e r o s i o n a l  
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and d e p o s i t i o n a l  mechanism on t h e  moon, t h e  mascons cou ld  be any k i n d  

o f  sediments. Such o t h e r  processes have been proposed by Gold (1956) and 

o t h e r s  b u t  it i s  d i f f i c u l t  t o  accept  t h a t  any sedimentary process, o t h e r  

than mass t r a n s p o r t  by water, cou ld  r e s u l t  i n  such a l e v e l l i n g  o f  t h e  mar ia  

f l o o r s .  

The complex c h a r a c t e r  o f  t h e  b r e c c i a  and t h e  amount o f  g lass  found i n  

t h e  rocks and s o i l  on t h e  lunar  su r face  (The Lunar Sample P r e l i m i n a r y  

suggests t h a t  much o f  t h e  su r face  m a t e r i a l  o f  Examination Team ( I ) ,  1969) 

t h e  moon may owe i t s  or i  g i n 

lunar  bedrock m a t e r i a l .  A 

s i gn i f i can t  I y "weather" t h e  

was p o i n t e d  o u f  e a r l  i e r  t h a  

t o  a m i x t u r e  o f  impact d e b r i s  and borken up 

ong h i s t o r y  o f  impact ing on t h e  su r face  cou 

moon's su r face  and smooth it by i n f i l l i n g .  

t h i s  eveness o f  t h e  mar ia  bottoms has been 

d 

I t  

c i t e d  as evidence t h a t  t h e  m a t e r i a l  i n  t h e  mar ia  cons is ted  o f  b a s a l t  f lows.  

However, i t  i s  d i f f i c u l t  t o  e n v i s i o n  lava f l ows  on such a l a rge  s c a l e  

o c c u r r i n g  on t h e  moon. I f  f lows occur red  they must have been e a r l y  i n  t h e  

moon's h i s t o r y ,  p o s s i b l y  i n  t h e  l a t e r  stages o f  c o o l i n g  o f  an i n i t i a l l y  

melted moon. The age o f  t h e  mascons, coupled w i t h  t h e  thermal h i s t o r i e s  

p o s t u l a t e d  f o r  t h e  moon suggest t h a t  t h e  moon may never have mel ted  (Urey, 

1968; O'Leary e t  a l . ,  1969). 

To sum up, t h e  t h e o r i e s  f o r  t h e  o r i g i n  o f  t h e  mar ia  and consequently 

t h e  mascons may be grouped i n t o  f i v e  pos tu la tes :  

( 1 )  t h e  magmatic i n f i l l i n g  o f  m e t e o r i t e  c r a t e r s  as a 

consequence o f  impact, o r  much l a t e r ,  o r  

( 2 )  m e t e o r i t e  c r a t e r s  f i  I led w i t h  lunar  s o i  I and/or m e t e o r i t e  

m a t e r i a l ,  o r  

( 3 )  o l d  sea f l o o r s ,  o r  



( 4 )  c r u s t a l  d i f f e r e n t i a t e s ,  o r  

( 5 )  a complex combinat ion o f  ( I )  ,and ( 2 ) .  

There i s  c e r t a i n l y  much l e f t  t o  be learned b e f o r e  t r u l y  d e f i n i t e  

conclus ions can be drawn about t h e  o r i g i n  o f  t h e  moon and i t s  unique 

c h a r a c t e r i s t i c s .  

c e r t a i n l y  r e s o l v e  many of t h e  problems; yet ,  undoubtedly, it w i l l  reveal  

s t i l l  f u r t h e r  i n t e r e s t i n g  enigmas t o  e x p l a i n .  

The e x p l o r a t i o n  of t h e  moon by t h e  Apol l o  crews w i  I I 

3 .  Ranges of  Poss ib le  Phys ica l  P r o p e r t i e s  o f  Mascons 

Lunar mass concent ra t ions  as d e l i n e a t e d  by t h e  work o f  M u l l e r  and 

Sjogren (1968) appear t o  be l o c a l i z e d  mass excesses assoc ia ted  w i t h  t h e  

c i r c u l a r  mar ia  o f  t h e  moon. 

a r e  l i s t e d  i n  Table I .  The mascons associated w i t h  Mares M a r g i n i s  and 

O r i e n t a l e  have s i n c e  been discounted, G o t t l i e b  e t  a t .  (1969).  O'Leary e t  

a l .  (19691, on t h e  b a s i s  of a s p h e r i c a l  harmonic a n a l y s i s  o f  t h e  g r a v i t y  

data p r e d i c t e d  f u r t h e r  mascons, i n c l u d i n g  a la rge  one located on t h e  backside 

of t h e  moon, which they  have proposed should be c a l l e d  Mare Occultum. 

Mascons proposed by M u l l e r  and Sjogren (1969) 

The lesser  anomalies, between 4 and 50 m i l l i g a l s ,  do n o t  c o r r e l a t e  

w i t h  v i s i b l e  s u r f a c e  fea tures .  No attempt,  as yet ,  has been made t o  f i t  

them i n t o  a p a t t e r n .  M u l l e r  and Sjogren (1969) have conf idence i n  t h e i r  

r e s u l t s  f o r  t h e  area bounded by - + 50° l a t i t u d e  and - + I IOo l o n g i t u d e  and 

fo r  anomaly va lues g r e a t e r  than 20 m i l l i g a l s ,  though t h e  values a r e  

approximate. 

When t h e  r e s u l t s  of M u l l e r  and Sjogren became known, severa l  s c i e n t i s t s  

suggested v a r i o u s  p h y s i c a l  models compat ib le  bo th  w i t h  i n t u i t i o n  concern ing 

t h e  g e o l o g i c a l  s t a t e  of t h e  moon and w i t h  t h e  g r a v i t y  data.  The g r a v i t y  

models proposed f o r  t h e  mascons a r e  shown i n  Tab le  2. 
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Any one or a l l  of t h e  proposed mascons c o u l d  g i v e  r i s e  t o  anomalies 

i n  sur face  magnet ic o r  o r b i t a l  e lec t romagnet ic  experiments, depending upon 

t h e  p h y s i c a l  p r o p e r t i e s ,  s ize ,  and depth of each mascon. To assess t h e  

p o s s i b l e  range of s i z e s  of such magnet ic and e lec t romagnet ic  anomal es 

r e q u i r e s  c a r e f u l  c o n s i d e r a t i o n  of t h e i r  p o s s i b l e  o r i g i n s .  I t  i s  no o u r  

purpose t o  p o s t u l a t e  p h y s i c a l  models f o r  t h e  mascons b u t  t o  use t h e  ones 

proposed by o t h e r s  i n  t h e  l i t e r a t u r e ,  and repeated i n  Table 2, t o  e f f e c t  

a cho ice  o f  s u i t a b l e  magnet ic and e lec t romagnet ic  model parameters. 

The g r a v i t y  models a r e  e i t h e r  based on b a s a l t i c  or  i r o n - n i c k e l  m e t e o r i t e  

m a t e r i a l s  and t h e  shapes vary from d i s k s  t o  spheres. 

4. S e l e c t i o n  of Models of Mascons 

To p r e d i c t  t h e  s t a t i c  f i e l d  us ing  Poisson's r e l a t i o n  between g r a v i t y  

and magnet ic f i e l d s  r e q u i r e s  no model b u t  s imply  one o f  t h e  f i e l d  components 

de f ined over  some sur face .  However, it i s  necessary t o  assume a range of 

magnetic s u s c e p t i b i l i t i e s .  For i r o n  m e t e o r i t e  m a t e r i a l  t h e  r e l a t i v e  magnet ic 

p e r m e a b i l i t y  P/k1 ,  might  range as h i g h  as 100 (Ward, 19681, whereas f o r  

m a t e r i a l s  o f  b a s a l t i c  composi t ion it may be as low as 1.001. I n  l i g h t  of 

t h e  measurements made on t h e  A p o l l o  I I  samples (The Lunar Sample P r e l i m i n a r y  

Examinat ion Team ( I ) ,  19691, t h e  range 1 . 1  t o  1.5 may be most r e a l i s t i c .  

T h i s  range should ensure a coverage of a l l  p o s s i b l e  m a t e r i a l s  t h a t  may comprise 

t h e  mascons. Admi t ted ly  t h e  upper l i m i t  o f  t h e  range i s  n o t  t o o  probable 

i n  r e a l i t y ,  b u t  it ensures t h a t  no reasonable p o s s i b i l i t i e s  w i l l  be 

over  I ooked . 
The t ime-vary ing  problems, i f  one were t o  t r y  s imply  t o  p r e d i c t  t h e  

e lec t romagnet ic  anomalies f o r  t h e  p r e f e r r e d  g r a v i t y  models, would near ly  
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a l  I be imposs ib le  t o  s o l v e  g i ven  t h e  p resen t  s t a t e  of t h e  a r t .  However, 

we can beg in  by reducing each .problem t o  a geometry t h a t  can be handled, 

whi l e  m a i n t a i n i n g  rea l ism,  and use boundary and induc ing  f i e l d  condi t ip 'ns 

app rop r ia te  t o  each model which can be mathemat ica l l y  t r e a t e d .  

s i m p l i f y i n g  assumptions which w i  t I  be made i n  each case w i l l  be  j u s t i f i e d  

and t h e  consequence of these assumptions on t h e  end r e s u l t s  w i l l  be 

discussed w i t h  t h e  purpose o f  i n t e r p o l a t i n g  a more accura te  p i c t u r e  of 

t h e  determined r e s u l t s .  

The 

I f  we assume a mascon was formed by a sphere o f  i r o n - n i c k e l  m e t e o r i t e  

(Mu1 l e r  and Sjogren, 1968; S t ipe ,  19681, i t s  c o n d u c t i v i t y ,  r e l a t i v e  

magnetic pe rmeab i l i t y ,  and d i e l e c t r i c  cons tan t  would reasonably be (Ward, 

1968) : 

/ O Y  L L /e M h p L  

5 4 c / c o  

Because t h e  c o n d u c t i v i t y  i s  h igh,  one may n e g l e c t  displacement c u r r e n t s  

and f i n d  t h e  s o l u t i o n  f o r  a sphere i n  a non -d i ss ipa t i ve  whole space i n  which 

secondary f i e l d s  a r e  assumed t o  be zero. S ince t h e  c o n d u c t i v i t y  o f  t h e  

lunar  subsurface t o  depths of o r d e r  100 km, a t  zero  frequency, i s  u n l i k e l y  t o  be 

g r e a t e r  t han  mhos/m (Ward, 19681, t h i s  s o l u t i o n  should be a v a l i d  one. 

The r e s u l t i n g  model would e s t a b l i s h  an upper l i m i t  on c o n d u c t i v i t y  and 

magnetic p e r m e a b i l i t y  f o r  a homogeneous sphelr ical mascon. We can i n f e r  from 

t h e  r e s u l t s  t h e  e f f e c t s  which w i l l  be generated by a l l o w i n g  t h e  c o n d u c t i v i t y  

of t h e  ha l f -space t o  increase and, i n  p a r t i c u l a r ,  we may es t imate  t h e  response 

when t h e  parameters o f  t h e  sphere approach those of t h e  h a l f  space. 
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Conel and 

models b e s t  f i  

Ho ls t rum (1968) and Kane (1969) have conc 

t h e  g r a v i t y  da ta  of Mu1 l e r  and S jogren ( 

uded t h a t  p l a t e  

968). We have 

developed t h e  theo ry  of  Ward e t  a i .  (1968) for  magnet ic  t h e  f i e l d  s c a t t e r e d  

from an i n f i n i t e l y  conduct ive,  t h i n  d i s k  i n  a un i fo rm t ime-vary ing  magnetic 

f i e l d ,  i n  a non-react ing whole space. The disk-shaped mascons of Urey 

(1968) composed of Fe-Ni m e t e o r i t e  o r  H-type m e t e o r i t e  m a i e r i a l  which 

have th ickness-d iameter  r a t i o s  less than 0.04 and may have c o n d u c t i v i t  es 

as h igh  as I O  mhos/m shou ld  be s u i t e d  t o  t h e  i n f i n i t e l y  conduct ive,  t h  n 

d i s k  approx imat ion.  The d i sks  of Conel and Ho ls t rum (19681, however, a r e  

composed o f  b a s a l t i c  m a t e r i a l  and t h e  approx imat ion  discussed above would 

no longer  p e r t a i n .  However, us ing  suggest ions made by Ward e t  a l .  (1968) 

we may s u i t a b l y  p r e d i c t  f i e l d s  f o r  f i n i t e l y  conduct ive  d i sks  and, as w i t h  

t h e  sphere, we may i n t e r p o l a t e  t h e  e f f e c t s  on t h e  f i e l d s  due t o  a d i s s i p a t i v e  

hal f -space.  

as a layered half-space. The d i s k  r a d i i  may be as l a rge  as 300 km f o r  

S e r e n i t a t i s  (Conel and Holstrum, 1968) and i f  one i s  c lose  t o  t h e  moon's 

sur face,  ( r e l a t i v e  t o  t h e  d iameter  o f  t h e  mascon) a ha l f -space approx imat ion 

should h o l d  near t h e  c e n t e r  o f  t h e  d i sk .  Th is  approach should g i v e  us 

an i n t u i t i v e  understanding f o r  f i e l d  changes due t o  changing va lues of  

c o n d u c t i v i t y ,  r e l a t i v e  p e r m e a b i l i t y  and d i e l e c t r i c  cons tan t .  

I n  a f u r t h e r  approach t o  t h e  d i s k  models, we t r e a t  them, l o c a l l y ,  

I n  Tab le  3 we l i s t  t h e  mascon models se lec ted  f o r  s tudy and t h e  va r ious  

The e lec t romagne t i c  parameters e lec t romagne t i c  parameters a t tached t o  them. 

a re  based on f i g u r e s  g i ven  i n  Ward, J i r a c e k  and L i n l o r  (1968, 19691, Ward, 

(1969) and J i r a c e k  and Ward (1970). 
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5. 

5.1 I n t r o d u c t i o n  

S t a t i c  Magnet ic  F i e l d  Anomalies I 

A contoured g r a v i t y  map o f  t h e  t e r r & - r i a l  s i d e  of t h e  moon has been 

ob ta ined by M u l l e r  and Sjogren (1969). T h i s  map shows t h a t  t h e  g r a v i t y  

anomalies a r e  assoc ia ted  w i t h  t h e  c i r c u l a r  mar ia  of t h e  moon. The area 

covered by t h i s  map i s  between l a t i t u d e s  - + 50" and long i tudes  - + I I O O .  

t h i s  area t h e r e  a r e  13 mascons y i e l d i n g  anomalies o f  more than 20 mgals 

c o r r e l a t e d  w i t h  c i r c u l a r  maria. 

I n  

Mathemat ica l l y  t h e  s t a t i c  magnetic f i e l d  anomaly o f  a body w i t h  c e r t a i n  

magnet iza t ion  i s  p r o p o r t i o n a l  t o  t h e  f i r s t  o rde r  d i r e c t i o n a l  d e r i v a t i v e  o f  

t h e  g r a v i t y  f i e l d  anomaly o f  t h a t  body. The d i r e c t i o n a l  d e r i v a t i v e  i s  

taken a long t h e  d i r e c t i o n  of magnet iza t ion  o f  t h a t  body. 

has been known s i n c e  Poisson 's  t ime.  T h i s  mathematical o p e r a t i o n  has been 

a p p l i e d  t o  t h r e e  of t h e  t h i r t e e n  mascons ( S e r e n i t a t i s ,  Crisium, and N e c t a r i s )  

t o  compute t h e  range o f  magnetic anomalies, which we would expec t  t o ' f i n d  

assoc ia ted  w i t h  these mascons, under va r ious  assumptions o f  t h e  c o n t r a s t  

i n  dens i t y  and s u s c e p t i b i l i t y  between mascon and t h e  remainder of t h e  moon. 

Th is  r e l a t i o n s h i p  

5.2 The Lunar G r a v i t y  Data 

The g r a v i p o t e n t i a l  map o f  t h e  l una r  nears ide  presented by M u l l e r  and 

Sjogren ( 1968) i s  actua I I y a map o f  t h e  norma I i zed spacec ra f t  acce I e r a t  i on 

i n  t h e  spacec ra f t -ea r th  d i r e c t i o n .  M u l l e r  and Sjogren (1968) exp la ined  t h e  

procedures o f  o b t a i n i n g  t h e  g r a v i t y  map i n  d e t a i l .  

The Lunar O r b i t e r  V spacec ra f t  was t racked  by t h e  Deep Space Network 

w i t h  an earth-based r a d i o  t ransmiss ion  a t  2300 Mhz. The s h i f t  ( i n  terms of 

mm/sec.) between t h e  t r a n s m i t t e d  and rece ived s i g n a l  i s  accumulated i n  a 
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doppler  c y c l e  counter  and sampled every minute, 

I O  seconds. The raw data covers - + looo i n  long 

i n  l a t i t u d e .  

every 30-seconds 

tude and from PO 

The Lunar O r b i t e r  s p a c e c r a f t  was t r a c k e d  cont inuous ly  fo r  8 

o r  every 

e t o  p o l e  

consecut ive 

o r b i t s  i n  a IO-day per iod .  The o r b i t  of  t h e  s p a c e c r a f t  has t h e  f o l l o w i n g  

c h a r a c t e r i s t i c s :  semimajor a x i s  2636 Km, e c c e n t r i c i t y  0.27, i n c l i n a t i o n  t o  

t h e  lunar  equator,  85O and o r b i t a l  p e r i o d  of t h e  s p a c e c r a f t  3 h r s .  I1 min. 

The c l o s e s t  approach t o  t h e  lunar  s u r f a c e  was 100 km a t  Z 0  N l a t i t u d e .  

The raw doppler  data were then processed through t h e  f o l l o w i n g  s teps:  

( a )  The doppler  

t h e  raw data by 

inc ludes  t h e  mo 

( b )  The res idua 

s h i f t  caused by t h e  p r i m a r y  mot ions was subs t rac ted  from 

us ing  l e a s t  square f i t t i n g  techniques. The p r i m a r y  mot ion 

ions  of t h e  ear th ,  t h e  moon, and any p l a n e t a r y  p e r t u r b a t i o n s .  

s were then f i t t e d  To a smooth curve  which cou ld  be d i f f e r e n -  

t i a t e d  t o  p r o v i d e  l i n e - o f - s i g h t  a c c e l e r a t i o n s .  These a c c e l e r a t i o n  data 

c o n t a i n  t h e  loca l  g r a v i t y  e f f e c t s .  ( c )  The a c c e l e r a t i o n  data were then 

normal ized t o  a cons tan t  e l e v a t i o n  above t h e  lunar  sur face;  100 km was 

chosen as a normal ized a l t i t u d e .  

mascons were a t  a depth of  50 km below t h e  sur face,  a n o r m a l i z a t i o n  formula 

Under t h e  assumption t h a t  t h e  t y p i c a l  

has been used ( a f t e r  M u l l e r  and Sjogren, 1968). 

5- I 

Where An i s  t h e  normal ized a c c e l e r a t i o n ,  Ac i s  t h e  computed a c c e l e r a t i o n ,  

and H i s  t h e  l o c a l  o r b i t a l  a l t i t u d e  i n  k i lometers .  ( d )  The normal ized 

a c c e l e r a t i o n  data were then coded and countured on a Mercator  p r o j e c t i o n  of 

t h e  lunar  e a r t h s i d e  hemisphere. 
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S 

p o t e n t  

where 

6.67 x 

5.3 Poisson 's  R e l a t i o n  Between G r a v i t y  and Magnetos ta t i c  F i e l d  Anomalies 

nce a g r a v i t y  f i e l d  i s  conserva t ive  it i s  d e r i v a b l e  from a s c a l a r  

a l .  For  a p o i n t  mass m , t h e  g r a v i t y  f i e l d  i s  

5-2 

G i s  t h e  u n i v e r s a l  cons tan t  o f  g r a v i t a t i o n  and has t h e  va lue  o f  
c , r i s  t h e  p o s i t i o n  v e c t o r  f rom t h e  po i  n t  mass t o  a u n i t  

t e s t i n g  mass, and 0 i s  a s c a l a r  g r a v i t y  p o t e n t i a l .  Equat ion 5-2 can be 

w r i t t e n  as 

5-3 

, then P I f  t h e  m a t e r i a l  i s  a u n i f o r m l y  d i s t r i b u t e d  mass w' i th d e n s i t y  

t h e  g r a v i t y  p o t e n t i a l  e x t e r i o r  t o  t h e  mass is 

5-4 

-2 
where r and r a r e  t h e  p o s i t i o n  v e c t o r s  of an o b s e r v a t i o n  p o i n t  and o f  

an element of mass r e s p e c t i v e l y .  V i s  t h e  volume o f  t h e  mass d i s t r i b u t i o n  

and dw i s  an element of volume. 

0 

S i m i  l a r l y ,  t h e  magnetos ta t i c  f i e l d  can be w r i t t e n  as t h e  g r a d i e n t  o f  

a s c a l a r  magnet ic p o t e n t i a l  
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where 'y/ 
Grant  and West (19651, p. 213 

i s  a s c a l a r  magnet ic  p o t e n t i a l  of a magnetic d i p o l e .  Fo l l ow ing  

-- 
i n  which X i s  t h e  magnet iza t ion  vec tor ,  de f i ned  by 

where H , z  t h e  pr imary  magnetos ta t i c  
0 

5-6 

5-7 

I 
i e l d ,  and a i s  a u n , ,  v e c t o r  

i n  t h e  d i r e c t i o n  o f  magnet izat ion,  and 

o f  t h e  magnetized m a t e r i a l .  I f  we assume t h a t  % and a are  i n  t h e  

same d i  r e c t i o n  then 

km i s  t h e  magnetic s u s c e p t i b i l i t y  

r, 

0 

A A 

x '" h ,  tl, 

Hence ( 5 - 6 )  can be w r i t t e n  as 

5- 8 

5-9 

and t h e  magnetic p o t e n t i a l  o f  a body w i t h  u n i f o r m l y  d i s t r i b u t e d  magnetic 

5-10 
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From 5-4 and 5-10 we f i n d  

D i f f e r e n t i a t i n g  5-11 w i t h  respec t  t o  Z 

5-12 

i s  t h e  v e r t i c a l  component o f  t h e  magnetic f i e l d ,  and 4~ i s  a where HZ 

t h e  v e r t i c a l  component of t h e  g r a v i t y  f i e l d ,  which i s  u s u a l l y  c a l l e d  t h e  

g r a v i t y  anomaly. 

I n  t h i s  s tudy we s h a l l  assume fo r  s i m p l i c i t y  t h a t  t h e  d i r e c t i o n  o f  

magnet iza t ion  of  t h e  mascon m a t e r i a l  i s  v e r t i c a l ,  then 

5-13 

From equat ion  5-13 we can c a l c u l a t e  a magnetic anoma,j f rom t h e  grav t y  

anomaly and t h i s  c a l c u l a t i o n  i s  s i m p l i f i e d  by us ing  F o u r i e r  Transform 

tech  n i ques . 

5.4 F o u r i e r  Trans format ion  and i t s  A p p l i c a t i o n  t o  t h i s  Problem 

We know f rom b a s i c  F o u r i e r  Transform theo ry  t h a t  a d i f f e r e n t i a t i o n  i n  

t h e  space domain becomes a s imp le  m u l t i p l i c a t i o n  i n  t h e  frequency domain 
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(e.g. Bracewel l ,  1965). When we F o u r i e r  t rans fo rm 5-13, we o b t a i n  

I 
where HZ and /JG' a r e  t h e  F o u r i e r  t rans fo rma t ions  o f  

and d g  r e s p e c t i v e l y .  K i s  t h e  frequency i n  t h e  v e r t i c a l ,  Z , 
HZ Z 

d i r e c t i o n  and j = m. 
I n  a r e g i o n  w i t h o u t  sources we f i n d ,  

V"Cay, = 0 

Upon F o u r i e r  t rans fo rm ing  5- 15 t o  t h e  frequency domai n, we ob ta i  n 

5-14 

5-15 

5-16 

Hence 

5- I7 

o r  

5-18 

where Kx a n d  K a re  t h e  frequency spec t ra  i n  t h e  x and y d i r e c t i o n s  

respec t  i ve I y . 
Y 
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S u b s t i t u t i n g  5-18 i n t o  5-14 we o b t a i n  

Signs i n  5- 

same d i  r e c t  

used o r ,  i f  

4 -2 

9 a r e  determined by t h e  d i r e c t i o n  o f  Ho. I f  H has t h e  

on as t h e  g r a v i t y  f i e l d  ( v e r t i c a l l y  downward) t h e  p l u s  s i g n  i s  

o p p o s i t e l y  d i rec ted ,  t h e  minus s i g n  i s  used. 

0 

The g r a v i t y  data of  these mascons (Cr is ium, Nectar is ,  and S e r e n i t a t i s )  

have been se lec ted  f rom t h e  coded g r a v i t y  map obta ined by M u l l e r  and Sjogren 

( l969), F i g u r e  I .  I n  o r d e r  t o  avo id  t h e  i n f  luence of any nearby mascons 

we have chosen I6 x 16 da ta  p o i n t s  f o r  each mascon. F igures 2, 3, and 4 

show t h e  countoured raw g r a v i t y  map o f  Cr is ium, S e r e n i t a t i s ,  and N e c t a r i s  

mascons, r e s p e c t i v e l y .  

The edges o f  each g r a v i t y  map have been smoothed by a Hanning smoothinq 

func t i on .  Hence t h e  e r r o r  in t roduced by da ta  t r u n c a t i o n  i s  reduced. The 

mascons a re  shown i n  F igures  5, 6, and 7. smoothed g r a v i t y  da ta  o f  these 

The smoothed g r a v i t y  da ta  

program developed on t h e  b a s i s  

I 

- 
, Cooley and Tukey (1965).  Ho 

were then  operated on us ing  a computer 

o f  t h e  Fas t  F o u r i e r  Transform A lgo r i t hm 

n 5-19 i s  assumed t o  be a z -d i rec ted  un 

of  

form 

cons tan t  magnetic f i e l d  which we assume i s  an i n t e r p l a n e t a r y  f i e l d  of 

approx imate ly  IOY,  ( I  d = Oersted) .  The r e l a t i v e  suscep t ib i  l i t i e s  

and d e n s i t i e s  of t h e  mascons used a r e  shown i n  Tab le  4 (assume km = 0 ? 

and f = 2.60 gm/c.c. f o r  t h e  l una r  s u r f a c e  m a t e r i a l ) .  

A f t e r  per fo rming  t h e  c a l c u l a t i o n  of 5-19 on t h e  g r a v i t y  data i n  t h e  

I t o  HZ i n  t h e  space domain. 
HZ 

frequency domain we inve rse  t rans fo rm 
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5.5 The H igh  Frequency Noise E f f e c t  

F igu re  8 shows t h e  magnetic f i e l d  anomaly, t ransformed d i r e c t l y  from' 

t h e  smoothed g r a v i t y  f i e l d  anomaly of t h e  Cr i s ium mascon by assuming t h a t  

H 

f i e l d  is dominated by a l o t  o f  h i g h  frequency noise.  I t  does n o t  look 

l i k e  a d i p o l e  f i e l d ,  as a un i fo rm H magnet iza t ion  body should have. 

Obvious ly  t h e  magnetic f i e l d  shown i n  F igu re  8 i s  due t o  topograph ic  v a r i a -  

t i o n ,  some smal l  bodies b u r i e d  a t  sha l low depth, a n d ' a l s o  t h e  no ise  

in t roduced by d i g i t i z i n g .  

- 

= I O  8 , km = 1.00, a n d v  = 2.60 gm/cc. We can see t h a t  t h e  magnetic 
0 

-L 

A low-pass two-dimensional rec tangu la r  f i l t e r  w i t h  f i l t e r  bandwidth 

equal t o  2/5 o f  t h e  t o t a l  frequency band i s  a p p l i e d  t o  t h e  smoothed g r a v i t y  

data. 

mascon. The magnetic f i e l d  anomaly, t ransformed from t h e  smoothed and 

f i l t e r e d  g r a v i t y  data, i s  shown i n  F igu re  I O .  A c l e a r  d i p o l e  p a t t e r n  i s  

F i g u r e  9 shows t h e  smoothed and f i l t e r e d  g r a v i t y  anomaly of t h e  Cr i s ium 

shown. 

5.6 Resu l t s  

F i v e  models w i t h  r e  a t i v e  s u s c e p t i b i l i t y  and d e n s i t y  shown i n  s e c t i o n  

5.5 have been s e t  up fo r  each mascon. F igures  I O ,  I I ,  and 12 a re  t h e  contoured 

magnetic f i e l d  anomaly o Crisium, S e r e n i t a t i s ,  and N e c t a r i s  mascons 

r e s p e c t i v e l y  w i t h  km = 1.0 andbf = 2.60 gm/cc. Both t h e  s u s c e p t i b i l i t y  

and t h e  d e n s i t y  o f  a mascon w i  I I a f f e c t  t h e  amp I i tude o f  i t s  magnetic anomaly, however 

t h e  f i e l d  p a t t e r n  would n o t  be changed by  a d i f f e r e n t  cho ice  o f  s u s c e p t i b i l i t y  

o r  dens i t y .  

i n  gammas, of Crisium, S e r e n i t a t i s ,  and N e c t a r i s  mascons versus t h e  

r a t i o  

F igu re  13 con ta ins  p l o t s  o f  t h e  peak magnetic f i e l d  anomaly, 

,,&Q , which i s  a l i n e a r  f a c t o r  i n  equa t ion  5-19. From F igu re  R m  
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13we can see t h e  s lope  o f  t h e  curve  depends on t h e  g r a v i t y  anomaly of  

t h e  mascon. 

5.7 D iscuss ion  

As descr ibed above, t h e  magnetic f i e l d  anomaly of t h r e e  mascons 

have been p r e d i c t e d  fo r  an e l e v a t i o n  o f  100 km above t h e  l una r  sur face .  

I f we assume t h a t  t h e  mascon i s  a spher i  ca I body w i t h  rad i  us 50 km and 

w i t h  i t s  c e n t e r  b u r i e d  50 km below t h e  l una r  su r face  then we would expect  

a magnetic anomaly on t h e  lunar  su r face  w i t h  ampl i tude 27 t imes t h e  va lues 

shown i n  F i g u r e  12. 

The p o s i t i o n  o f t h e  magnetic peak may be c o r r e l a t e d  t o  t h e  g r a v i t y  h i g h  

fo r  each mascon,as expected. 

f i r s t  o r d e r  v e r t i c a l  d e r i v a t i v e  of the  g r a v i t y  f i e l d  so t h a t  t h e  s i g n  o f  

t h e  magnetic f i e l d  shou ld  change when t h e  g r a v i t y  f i e l d  changes s ign .  The 

nega t i ve  g r a v i t y  anomalies shown i n  F igures  5, 6, and 7 a re  r e l a t e d  t o  t h e  

datum on t h e  g r a v i t y  anomaly data. 

p o s i t  ve g r a v i t y  anomaly everywhere then I-he nega t i ve  magnetic peaks would 

be e l  minated and a more un i fo rm negat ive  magnetic anomaly sur round ing  t h e  

p o s i t  ve magnetic h igh  would be expected. 

depends upon t h e  g r a d i e n t  of the  g r a v i t y  anomaly too. 

The magnetic f i e l d  i s  ob ta ined by t a k i n g  t h e  

I f  we change t h e  datum t o  assure a 

However, t h e  magnetic anomaly 

I f  we assume t h a t  t h e  mascons are  composed o f  magnet i te ,  we cou ld  

expec t  t o  measure a magnetic f i e l d  s t r e n g t h  of about  0.82 2 for  S e r e n i t a t i s ,  

0.66 3' f o r  Nec ta r i s ,  and 0.58 '3 f o r  C r i s ium a t  an e l e v a t i o n  o f  100 km 

above t h e  l u n a r  surface. 

The assumption t h a t  t h e  dens i t y  of t h e  l una r  su r face  m a t e r i a l  equals  

2.60 gm/cc. i s  q u i t e  a r b i t r a r y .  Bu t  t h e  dens i t y  c o n t r a s t s  between t h e  



25 

mascons and t h e  surrounding medium, L.\f 

made by Urey (19681, Baldwin (1968) e t c .  

, a r e  based on t h e  suggest ions 

6. R e f l e c t i o n  f rom a Plane-Layered Lunar Mascon Model 

6.1 I n t r o d u c t i o n  

We s h a l l  examine two- layered l u n a r  models i n  which t h e  f i r s t  l a y e r  i s  

presumed t o  be t h e  mascon and t h e  second l a y e r  i s  assumed t o  be a homogeneous 

moon composed o f  some "dry"  rock f o r  a l l  models. The o b j e c t  i s  t o  i n v e s t i -  

ga te  t h e  r e f l e c t i o n s  o f  e lec t romagnet ic  waves from mascon m a t e r i a l s  suggested 

by Urey (1968) and Conel and Hols t rum (1968).  

The t h e o r y  developed by J i r a c e k  and Ward (1970) i s  used t o  o b t a i n  t h e  

r e f l e c t i o n  c o e f f i c i e n t  and phase fo r  t h e  var ious  models chosen. The se lec-  

t i o n  of t h e  d i s t r i b u t i o n  of  e lec t romagnet ic  parameters i n  t h e  moon f o r  each 

model was based on curves which may be found i n  Ward, J i r a c e k  and L i n l o r  

(1968, 19691, Ward (1969a) and J i r a c e k  and Ward (1970). V a r i a t i o n s  o f  

c o n d u c t i v i t y  and d i e l e c t r i c  cons tan t  w i t h  frequency a r e  used f o l l o w i n g  

J i r a c e k  and Ward (1970).  Also we shal  1 o n l y  cons ider  t h e  case o f  normal 

inc idence s i n c e  t h e  e f f e c t s  of changing angles o f  inc idence and t h e  d i r e c t i o n  

o f  p o l a r i z a t i o n  a r e  examined i n  d e t a i l  i n  J i r a c e k  and Ward (1970). 

The p lane layered model r e q u i r e s  c e r t a i n  assumptions: ( 1 )  t h a t  t h e  

f i e l d s  a r e  observed a t  a p o i n t  where t h e  edge of t h e  mascon has n e g l i g i b l e  

e f f e c t ;  ( 2 )  t h a t  t h e  wave-length i n  t h e  media i s  much less than t h e  c u r v a t u r e  

of t h e  moon such t h a t  t h e  p l a n a r  model i s  a good r e p r e s e n t a t i o n  o f  t h e  r e a l  

case; ( 3 )  t h a t  t h e  two layers  a r e  homogeneous throughout  such t h a t  no d i s c r e t e  

s c a t t e r i n g  centers  e x i s t  w i t h i n  t h e  layers,  and ( 4 )  t h a t  a s u r f a c e  d e b r i s  
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l a y e r  can be neg lec ted  w i t h o u t  se r ious  consequences. 

t h e  s i m p l e s t  case f o r  o u r  study w i t h  respec t  t o  both t h e  e x c i t i n g  f i e l d  

and t h e  p h y s i c a l  models. 

Hence we a re  us ing  

6.2 Mathematical Basis 

One can w r i t e  f o r  t h e  ampl i tude r e f l e c t i o n  c o e f f i c i e n t  R , f o r  normal 

incidence, from Ward e t  a l .  (1968) f o r  example, as 

6- I 

where Z i s  t he  plane wave impedance of f r e e  space and where Z i s  t h e  
0 a 

impedance o f  a layered s t r u c t u r e .  The r e f l e c t i o n  c o e f f i c i e n t  i s ,  i n  general ,  

complex and can be w r i t t e n  i n  p o l a r  form 

6-2 

Using t h e  r e c u r s i v e  r e l a t i o n  fo r  impedance over an n- layered s t r u c t u r e ,  

Wait  (19581, we can w r i t e  t h e  impedance Za f o r  t h e  two layered moon as 

/- --f- 

i n  which 

A 

6- 3 

6-4 
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and i n  which 

The s u b s c r i p t  j r e f e r s  t o  t h e  l aye r  considered. Upon s u b s t i t u t i o n  o f  t h e  

va r ious  parameters i n t o  equat ions  6-4 and 6-5, and us ing  6-1 and 6-3, t h e  

va lues  f o r  t h e  r e f l e c t i o n  c o e f f i c i e n t  can be c a l c u l a t e d .  

6.3 P r e s e n t a t i o n  o f  Resu I t s  

F igures  14a through 21b show Cal Comp p l o t s  o f  t h e  modulus and phase 

o f  t h e  r e f l e c t i o n  c o e f f i c i e n t  f o r  t h e  e i g h t  layered mascon models d e t a i l e d  

i n  Table 5. 

The phase o f  t h e  r e f l e c t i o n  c o e f f i c i e n t  shou ld  be r e l a t i v e  t o  ?7- b u t  

because of t h e  na tu re  of t h e  computer I i b r a r y  f u n c t i o n  a l  I phase p l o t s  a r e  

r e l a t i v e  t o  zero. 

6.4 D iscuss ion  

The f i r s t  f i v e  models a re  meant t o  represent  t h e  H - t y p e o r  Fe-Ni 

m e t e o r i t e  mascons proposed by Urey (1968) and t h e  l a s t  t h r e e  models a re  

f o r  t h e  b a s a l t i c  mascons proposed by Conel and Ho ls t rum (1968). 

The mascon mode I s  of Urey ( 1968) were g i v e n  r e l a t i v e l y  h igh  va I ues o f  

c o n d u c t i v i t y  because t h e  c o n d u c t i v i t y  of i r o n  and n i c k e l  i s  h igh  and, as 

expected, t h e  r e f l e c t e d  c o e f f i c i e n t s  a r e  near u n i t y  f o r  t h e  lower f requenc ies  

examined and they  decrease a t  t h e  h i g h e r  f requenc ies  (F igures  14-19). The 

b a s a l t i c  mascons, hav ing  a much lower c o n d u c t i v i t y ,  have r e f l e c t i o n  c o e f f i c i e n t  

o f  0.5 o r  less  and show l i t t l e  v a r i a t i o n  w i t h  frequency. 
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An increase i n  magnetic permeabi I i t y  w i  I I cause a decrease i n )R I 
f o r  /blbo c $1 a t  normal inc idence ( J i r a c e k  and Ward, 1970). T h i s  

e f f e c t  i s  n o t i c e a b l e  between models 4 and 5 and between models 6, 7, and 

8 where t h e  o n l y  parameter change i s  magnetic permeabi I i t y .  I n  t h e  o t h e r  

models, where t h e  magnet ic  permeabi l i t y  a l s o  changes, t h e  lower ing  e f f e c t  

2-0 

i s  masked, a t  t h e  h i g h e r  frequecies, by an increased c o n d u c t i v i t y  which tends 

t o  inc rease I R  I . Thcis e f f e c t  i s  p a r t i c u l a r l y  no t i ceab le  between models 

I and 2. The s i g n i f i c a n c e  o f  t h i s  e f f e c t  i s  t h a t  i f  t h e  moon i s  e s s e n t i a l l y  

homogeneous, w i t h  magnetic p e r m e a b i l i t y  v a r i a t i o n s  expected, then one cou ld  

conce ivab ly  map t h e  magnetic v a r i a t i o n  of t h e  lunar  su r face  rocks. Whether 

t h e  rock  m a t e r i a l  i s  a conductor, o r  a lossy d i e l e c t r i c  can be asce r ta ined  

from t h e  ampl i tude and phase curves. 

For  t h e  f i r s t  f i v e  models, where-in t h e  c o n d u c t i v i t y  i s  h igh  and t h e  

r e f l e c t i o n  c o e f f i c i e n t  near  u n i t y ,  t h e  phase, as expected, i s  near 180'. 

A t  t h e  h ighe r  f requenc ies  where t h e  displacement c u r r e n t s  beg in  t o  become 

s i g n i f i c a n t  and t h e  ma 

r e f l e c t i o n  c o e f f i c i e n t  

t h r e e  models behave i n  

appear t o  be lossy d i e  

con begins t o  behave as a lossy d i e l e c t r i c ,  t h e  

decreases and t h e  phase depar ts  f rom 180'. The l a s t  

reverse  fashion.  A t  t h e  lower f requencies t h e  mascons 

e c t r i c s  w i t h  a phase near 180' b u t  a t  t h e  h i g h e r  

f requenc ies  t h e  d isp lacement  c u r r e n t s  dominate and t h e  phase approaches 180° 

as t h e  medium begins t o  look l i k e  a l oss less  d i e l e c t r i c .  Taken together ,  

t h e  phase and t h e  modu I us of t h e  r e f  l e c t i  on c o e f f i c i e n t  can. be d i  agnos t i  c 

o f  t h e  e lec t romagne t i c  p r o p e r t i e s  o f  layered mascon models b u t  e i  

a lone would be i n s u f f i c i e n t .  

One consequence o f  a h ighe r  conduct ive  l a y e r  a t  o r  near  t h e  

i s  t h a t  it would mask t h e  l aye r  o r  layers  below. S k i n  depths wou 

h e r  one 

unar su r face  

d be much 
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less than t h e  th ickness  of proposed g r a v i t y  models such t h a t  l i t t l e  

r e f l e c t i o n  cou ld  be expected from any under l y ing  l aye r .  

Layer ing can lead t o  o s c i l l a t i o n s  i n  t h e  curves o f  t h e  modulus and 

phase o f  t h e  r e f l e c t i o n  c o e f f i c i e n t  versus frequency as i l l u s t r a t e d  by 

Ward, J i r a c e k  and L i n l o r  (1968, 1969). I n t e r f e r e n c e  between sur face  and 

second l a y e r  r e f l e c t i o n s ,  f o r  f requencies where t h e  th ickness  o f  t h e  f i r s t  

l aye r  i s  one q u a r t e r  t h e  wave length o f  t h e  f i e l d  i n s i d e  t h e  medium, causes 

t h i s  o s c i l l a t o r y  behaviour .  For the  b a s a l t i c  mascon layers  these o s c i l l a -  

t i o n s  would occur near I O  Hz b u t  should be o f  smal l  ampl i tude due t o  t h e  4 

la rge  th icknesses assumed f o r  t h e  mascon layer .  The c a l c u l a t e d  curves of 

r e f l e c t i o n  c o e f f i c i e n t  versus frequency, f o r  these models, bear t h i s  ou t .  

The m e t e o r i t e  models examined are  s u f f i c i e n t l y  conduct ive t o  mask t h e  con t r i bu -  

t i o n  from t h e  second l a y e r  f o r  t h e  model depths chosen. Mascons o f  g r e a t e r  

th ickness  b u t  of s i m i l a r  c o n d u c t i v i t y  would n o t  complete ly  i n h i b i t  detec- 

t i o n  o f  r e f l e c t i o n s  f rom t h e  second l a y e r  and one might  expect t o  see 

o s c i l l a t i o n s  i n  t h e  phase and ampl i tude curves. 

7.  

7. I I n t rod 'uc t ion  

Elect romagnet ic  R e f l e c t i o n  from a Th in  Disk Model o f  a Mascon 

The t h e o r e t i c a l  development o f  Ward e t  a l .  (1968) f o r  t h e  magnet ic 

f i e l d s  sca t te red  by t h e  t h i n  d i s k  i n  a n a t u r a l  f i e l d  i s  mod i f i ed  s l i g h t l y  

t o  model t h e  e lec t romagnet ic  c h a r a c t e r i s t i c s  of  a t h i n - d i s k  rep resen ta t i on  

o f  a mascon. The e l e c  

se lec ted  t o  conform t o  

proposed by Urey (1968 

assumed t o  be i n  a who 

romagnet ic p r o p e r t i e s  o f  t h e  mascon models have been 

t h e  phys i ca l  d e s c r i p t i o n s  o f  disk-shaped mascons 

. The d i s k  as t r e a t e d  i n  Ward e t  a l .  (1968) i s  

e space and bo th  t h e  conduct ive  and displacement c u r r e n t s  
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of  t h e  whole space a re  neglected.  

c o n d u c t i v i t y  o f  t h e  d i s k  must be apprec iab ly  h i g h e r  than t h a t  o f  t h e  whole 

To j u s t i f y  t h i s  assumption, t h e  

space. 

a t e  as t h e  c o n d u c t i v i t y  of t h e  d i s k  approaches t h a t  of t h e  main lunar  

bedrock. 

t o  d i sks  o f  lesser  c o n d u c t i v i t y  such as would be t h e  case i f  t h e  d i s k  models 

o f  Conel and Holstrum (1968) were s tud ied .  

O f  course, t h e  assurance o f  a rea I i s t i  c approx imat ion wou I d d e t e r i  o r -  

Hence t h e  approach taken here cou ld  n o t  be a p p r o p r i a t e l y  a p p l i e d  

7.2 Mathematical Basis  

To s i m p l i f y  t h e  mathematics ( w i t h o u t  d e t r a c t i n g  from t h e  so 

chosen t o  be a uni form, t ime-vary any way) t h e  e x c i t i n g  f i e l d  i s  

f i e l d ,  Hoe app I i e d  norma 

(see F igu re  22) .  

The o b j e c t  i s  t o  f i n d  t h e  

- idt 

s h a l l  u t i l i z e  t h e  Sche 

sources (Schelkunof f ,  

u t i o n  i n  

ng magnetic 

t o  t h e  d i s k  i n  t h e  negat ive  z d i r e c t i o n  

magnetic f i e l d s  s c a t t e r e d  by t h e  d i sk . ,  We 
4 

kunof f  v e c t o r  p o t e n t i a l  G , a r i s i n g  i n  e l e c t r i c  

943) from which t h e  f i e l d s  may be der ived  v i a  

and 

7- I 

7-2 

Fo l low ing  t h e  development o f  Ward e t  a l .  (1968) we can w r i t e  f o r  

reg i ons conta i n i ng no sources 

2 
2 =,,&E& t ;*(o-  w 7- 3 

z 
( p Z t h  ) G = o ,  
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which is t h e  homogeneous v e c t o r  wave equat ion  a p p l i c a b l e  t o  t h e  reg ion  

occupied by t h e  d i sk .  

By n e g l e c t i n g  displacement and conduct ion c u r r e n t s  o u t s i d e  t h e  d isk,  

7-3 becomes 

3 

vZG = O  7-4 

f o r  t h e  reg ion  e x t e r i o r  t o  t h e  d i sk .  

I t  i s  i n t u i t i v e l y  obvious t h a t  a mgnet ic f i e l d  normal ly  i n c i d e n t  on a 

conduct ive d i s k  w i l l  generate on l y  a 8 component of t h e  e l e c t r i c  f i e l d  

E (and t h e r e f o r e  o n l y  a 8 component o f  G accord ing t o  7-21, The 

equat ion f o r  t h e  cross-product  i n  cy I i n d r i c a l  co-ordi  nates i s  

which becomes 

7-6 

There fore  7-1 and 7-2 reduce t o  

7-7 
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and 

From Morse and Feshback (1953, p. 

p"c;, - 

116) we can w r i t e  f o r  7-4 

7-8 

7-9 

o r  

7- I O  

5 

i n  which Gs i s  t h e  secondary p o t e n t i a l  e x t e r i o r  t o  t h e  d isk .  The 

uni form,  induc ing  f i e l d  has no g r a d i e n t  i n  t h e  z - d i r e c t i o n .  Therefore, 

i t  may be de r i ved  from a pr imary p o t e n t i a l  

7-1 I 

I n  accordance w i t h  7-7 t h e  nega t i ve  s i g n  i n  7-11 i s  in t roduced because 

t h e  pr imary  f i e l d  i s  d i r e c t e d  i n  t h e  negat ive  z d i r e c t i o n .  

Equat ion 7-10 has t h e  s o l u t i o n  

-7- I 2  

where g (  b )  

boundary c o n d i t i o n s .  

i s  an e i g e n f u n c t i o n  t o  be eva lua ted  v i a  app ly inq  appropridle 
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7-13 

a p p l i c a b l e  when 

of t h e  i n f i n i t e l y  conduct ing  d i sk .  Upon i n t e g r a t i n g  7-13 we g e t  

z = 0, 0 5 r < A  , s i n c e  HZ must vanish on t h e  su r face  

Since a s i n g u l a r j t y  cannot  e x i s t  a t  r = 0, then c = 0 and 

7-15 

under t h e  c o n s t r a i n t  z = 0 , 0 f r L A. 

However, we s t i l l  need a s o l u t i o n  on  t h e  z = 0 p lane f o r  

Since, by symmetry, t h e  induced e l e c t r i c  f i e l d  i s  p u r e l y  t o r o i d a l ,  

t h e  secondary magnetic f i e l d  must be p o l o i d a l  and symmetric about t h e  

p lane as must be t h e  r e s u l t a n t  f i e l d .  

z = 0 

t- l ,=Ci There fore  we may a s s e r t  t h a t  

L 

p rov  i ded 7 -  0 ) 0 7- I 7 

From 7-7 we see t h a t  

7- I 8 
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so t h a t  from 7-12 we o b t a i n  

p rov  i ded 
I 

7- 19 

Hence we have a complete s o l u t i o n  except a t  r = A which poses no 

prob lem. 

The dua I i ntegra I equat ion  7- I 5  and 7- 19 can be solved as i n Ti tchmarch 

(1937) t o  y i e l d  

7-20 

Therefore 7-12 can be r e w r i t t e n  as 

which can be reduced t o  a f i n i t e  i n t e g r a l  by a t rans fo rma t ion  due t o  

Gegenbauer (1884) as quoted i n  Watson (1952, p. 390, no. (411, as fo l l ows  

J 

R 

The t o t a l  p o t e n t i a l  i s  then 

P 

7-22 

7-23 



Using 7-7 t h e  components of t h e  magnetic f i e l d  e x t e r i o r  t o  t h e  d i s k  may be 

found. We can w r i t e  

Therefore we conclude t h a t  

' I f  

and t h a t  

7-24 

7-25 

7-26 

We s h a l l  f o r  convenience normal ize t h e  f i e l d  components o f  t h e  inducing 

f i e l d  and z and r t o  t h e  rad ius  A. Equations 7-26 and 7-27 become 

7-28 
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I n  general ,  t h e  r e s u l t a n t  magnet ic f i e l d  i n  t h e  v i c i n i t y  o f  a 

imper fec t l y  conduct ing body w i l l  be e l l i p t i c a l 1 . y  po la r i zed .  Ward (1967) 

g ives  equat ions t o  c a l c u l a t e  t h e  i n c l i n a t i o n  t o  t h e  h o r i z o n t a l  o f  t h e  

major a x i s  o f  an e l l i p s e  o f  p o l a r i z a t i o n  as 

7-30 

where 

and 

Angle Pl i s  t h e  phase of t h e  response of a subsur face conductor 

measured r e l a t i v e  t o  t h e  phase of t h e  induc ing  f i e l d .  Ward (1967) s t a t e s  

t h a t  f o r  a l l  !2 4 45' t h e  cos @ term can be s e t  equal t o  u n i t y  

w i t h o u t  i n t r o d u c i n g  se r ious  e r r o r .  Then equat ion  7-30 becomes 



37 

Ward e t  a l .  (1968, p. 626) suggest t h a t  t h e  f i e l d s  near a d i s k  o f  

f i n i  t e  c o n d u c t i v i t y  can be expressed by 

The q u a n t i t y  GF i s  t h e  s p a t i a l  v a r i a t i o n  o f  t h e  f i e l d  components and 

can be ob ta ined f rom equat ions  7-28 and 7-29. Ward e t  a l .  (1968) f u r t h e r  

s t a t e  t h a t  t h e  phys i ca l  p roper t y  f a c t o r  X - I Y  i s  separated f rom t h e  

geometr ic  f a c t o r  by making t h e  t a c i t  assumption t h a t  t h e  c u r r e n t  d i s t r i b u t i o n  

i n  t h e  d i s k  i s  independent o f  t h e  i n d u c t i o n  number, and t h a t  t h e  phase 

of t h e  secondary f i e l d  i s  independent o f  p o s i t i o n  i n  space. They g i v e  

some j u s t i f i c a t i o n  f o r  do ing t h i s .  F igu re  23 shows t h e  es t imated  in-phase 

X and quadra ture  Y response of a d i s k  i n  a un i fo rm f i e l d  as a f u n c t i o n  

o f  t h e  i n d u c t i o n  number 8 (Ward e t  a i . ,  1968). 

7.3 P resen ta t i on  of  Resu l t s  

F igures  24 and 25 show t h e  v e r t i c a l  and h o r i z o n t a l  components of t h e  

magnetic f i e l d  s c a t t e r e d  by d i s k s  o f  va r ious  s i z e s  as a f u n c t i o n  o f  
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observa t ion  e l e v a t i o n .  These r e s u l t s  p e r t a i n  t o  d i s k s  f o r  which 8 > 30 

such t h a t  eddy c u r r e n t  s a t u r a t i o n  !has been reached. The r e f l e c t i o n  f i e l d s  

e x h i b i t  maximum va lues  of  in-phase component ( X = l )  and zero  va lues o f  

quadrature component (Y=O) once eddy c u r r e n t  s a t u r a t i o n  has been 

reached, ( F i g u r e  2 3 ) .  

As can be expected from drawing an analogy between t h e  f i e l d s  about 

a conduct ive  d i s k  and about  c u r r e n t  loops, t h e  v e r t i c a l  component of t h e  

secondary magnetic f i e l d  i s  a maximum-over t h e  c e n t e r  o f  t h e  d isk,  passes 

through zero  near i t s  edge, and then becomes oppos i te  i n  s i g n  beyond t h e  

d i s k .  The r a d i a l  component v a r i e s  from zero a t  t h e  c e n t e r  t o  a maximum 

near t h e  edge of t h e  d i s k  whereupon it f a l l s  o f f  w i t h  d is tance.  

The ti I t  angles o f  F igure  26 o f f e r  a f u r t h e r  f i e l d  parameter t h a t  

e x h i b i t s  s u f f i c i e n t  v a r i a t i o n  t o  be measurable. 

A f u r t h e r  aspect  t o  consider,  which i s  f u l l y  descr ibed by Ward e t  a l .  

(19681, i s  t h e  e f f e c t  o f  v a r y i n g  t h e  angle o f  inc idence o f  t h e  induc ing  

f i e l d .  The r e s u l t ,  as seen i n  F igure  27, would be t h e  i n t r o d u c t i o n  of 

asymmetry i n  t h e  r a d i a l  component as w e l l  as i n c r e a s i n g  i t s  magnitude a t  

t h e  expense o f  t h e  v e r t i c a l  component. I n  t h e  l i m i t  of zero incidence, no 

secondary components a r e  generated. 

7.4 D iscuss ion  

As p o i n t e d  o u t  i n  7.3 t h e  r e s u l t s  ob ta ined here  p e r t a i n  t o  d i s k s  f o r  

which 8 > 30. For  example, i f  we s u b s t i t u t e  t h e  p h y s i c a l  parameters f o r  

one o f  o u r  models o u t l i n e d  i n  Table 3 i n t o  t h e  i n d u c t i o n  number, 
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7-34 

we can determine f o r  what range of conduct iv  

curves p e r t a i n .  S e l e c t i n g  a rad ius  A = 100 

and ,d/ = , f l ~  = 4 77- x I O  MKS we f i n d  t h a t  
-7 

t y  and. frequency o u r  mode 

km, a th i ckness  t = 3.75 km 

0 has t h e  va lue  0 ?- 22.2 

o r  ~ L L  2 1.82 i n  o r d e r  t o  ma in ta in  t h e  assumption 0 > 3 0 .  I f  we assume 

t h a t  a l u n a r  EM sounder experiment were 

( =t l i f )  , we would impose a c o n d i t  

I- ! 4 10 /-I% - 

to employ f requenc ies  f, 

on 

7-35 

7 
such t h a t ,  0.3 x mhos/m - (7- 3 0.3 x mhos/m. T h e r e f o r e ,  

i f  one were t o  probe t h e  lunar  su r face  w i t h  t h e  wide range of f requenc ies  

i n d i c a t e d  a good response cou ld  be a n t i c i p a t e d  fo r  any c o n d u c t i v i t y  over  

t h e  range c a l c u l a t e d  above. 

i n  t h i s  paper (c . f .  Tables 3 and 5 )  and suggested elsewhere Ward (1969a), 

Ward e t  a l .  (1968, 19691, and J i r a c e k  and Ward (1970) fo r  lunar  m a t e r i a l s  

we f i n d  they  represent  a f a i r l y  r e a l i s t i c  range of c o n d u c t i v i t i e s .  One 

p o i n t ,  however, i s  t h a t  we assumed here  t h a t  t h e  d i s k s  were i n  a non- 

d i s s i p a t i v e  whole space, by comparison, and as a r e s u l t ,  i f  one i s  dea l i nq  

w i t h  d i s k s  hav ing c o n d u c t i v i t i e s  of mhos/m or lower then t h i s  assumption 

Comparing these c o n d u c t i v i t i e s  w i t h  those usad 
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is no longer va id and one should consider the effect of the whole space. 

For an active, unar orhital electromagnetic experiment in which frequencies 

in the band I O  to Hz Kould be used, then the disk model quantitatively 

discussed above would respond at eddy current saturation; that is, a 

maximum in-phase and zero quadrature response would occur. 

4 

As another approach we could estimate the size of disk shaped mascons 

Since the disk appropriate to our assumptions of eddy current saturation. 

should be more conductive than the host rock it would be appropriate to 

use a conductivity of I O  mhos/m for the disk. Substituting this value 

for conductivity into the induction number and setting 14 = h i o  

we get for the two extremes of our frequency range that the conditions 

imposed on the radius thickness product At is 

-4 

as before, 

As two extreme examples, for illustrative purposes, inequalit,ies 

7-36 suggest that we could expect eddy current saturation in a disk hav 

a radius of I12 m and a thickness of I m ( f  = Hz) or in a disk hav 

a radius of I O  Km and a thickness of 112 m ( f  = I O  Hz). Reslistically 

these two examples might be manifested by a htgh percentage of Fe-Ni 

4 

meteorite material distribution in the lunar surface in an area of meteorite 

impact. 

electromagnetic survey, either orbital or on-surface. 

Such areas would be expected to show up as anomalies in any 
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8. A Conducting Sphere i n  a Whole Space 

8.1 I n t r o d u c t i o n  

I f  t h e  mascons a r e  i n t e r p r e t e d  as s p h e r i c a l  bod ies  o f  i r o n - n i c k e l  

m e t e o r i t e  impacted and pene t ra ted  i n t o  t h e  moon, then  t h e  c o n d u c t i v i t y  of 

t h e  mascon c o u l d  be as h i g h  as I O  mho/m (Verhoogen and Evernden, 1956). 

The purpose o f  t h i s  p a r t  o f  ou r  s tudy  i s  t o  i n v e s t i g a t e  t h e  e l e c t r o -  

magnetic r e f l e c t i o n  from such an ob jec t .  

f i e l d  i s  used t o  s i m u l a t e  t h e  i n t e r p l a n e t a r y  f i e l d  which i s  i n c i d e n t  upon 

t h e  moon. The mascon i s  assumed t o  be embedded i n  an e l e c t r i c a l l y  

homogeneous i n f i n i  e medium, such t h a t  a conduct ing sphere i n  a whole space 

i s  a s u i t a b l e  mode . Using t h i s  model we may c a l c u l a t e  t h e  r e f l e c t i o n  

c o e f f i c i e n t  bf t h e  magnetic f i e l d  on t h e  lunar  su r face  over  a b u r i e d  sphere. 

A un i fo rm a l t e r n a t i n g  magnetic 

8.2 T h e o r e t i c a l  Development 

Ana y t i c a l  s o l u t i o n s  o f  a conduct ing sphere i n  a un i fo rm a l t e r h a t i n g  

F igu re  magnetic f i e l d  have been ob ta ined by Wai t  (1951) and Ward (1967).  

28 shows t h e  geometr ica l  c o n f i g u r a t i o n  o f  a sphere, w i t h  rad ius  R , i n  

a whole space. 

e 

A un i fo rm a l t e r n a t i n g  magnetic f i e l d  w i t h  t i m e  dependence 

-jut 

8- I 

i s  a p p l i e d  i n  t h e  X - d i r e c t i o n ,  where LU i s  t h e  angu lar  frequency of  t h e  

pr imary  f i e l d  and H i s  i t s  ampl i tude ( t=O).  
0 

The propagat ion  cons tan t  of t h e  pr imary  f i e l d  i n  t h e  i n f  

w i t h  c o n d u c t i v i t y  6 , magnetic p e r m e a b i l i t y  ,d, , and d 

p e r m i t i v i t y  f, , i s  de f i ned  as 

n i t e  medium 

e l e c t r i c  
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8-2 

S i m i l a r l y ,  t h e  propagat ion  cons tan t  f o r  t h e  medium o f  t h e  sphere, w i t h  

parameters , /u, , and f, i s  

v -  

i s  r e q u i r e d  t o  assure t h a t  t he  f i e l d  i s  un i fo rm i n  t h e  

v i c i n i t y  o f  t h e  sphere. Since we know t h a t  

= 7?7/ h,  

8-3 

8-4 

where i s  t h e  wave length o f  t h e  pr imary f i e l d  i n  t h e  f i n i t e  medium, 

then t h e  c o n d i t i o n  [k, K c - 1  i m p l i e s  t h a t  t h e  r a d i u s  o f  t h e  sphere has 

to b e  much smal f e r  t han  t h e  wave length 

b, 

& . 
Fo l low ing  Ward's (1967, p. 74) development, t h e  t h r e e  components o f  

t h e  t o t a l  magnetic f i e l d  o u t s i d e  t h e  sphere can be represented by t h e  

where 
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and 

- 
I r12 -2' ! i c t i  on coef f i c i e n t  i s  t h e  r a t i o  o f  t h e  amp I i tude of t h e  

r e f l e c t e d  magnetic f i e l d  t o  t h a t  of t h e  pr imary f i e l d  

8.3 C a l c u l a t i o n  and Resu l ts  

By a p p l y i n g  t h e  c o n d i t i o n  of R F d * - b !  t o  assure t h a t  t h e  f i e l d  i s  

u n i f o r m  we have made t h e  r e f l e c t i o n  o f  magnet ic f i e l d  independent of t h e  

e lec t romagnet ic  parameters o f  t h e  i n f i n i t e  medium. I t  i s  c l e a r l y  shown i n  

equat ions 8-5, 8-6, and 8-7. Then f o r  t h e  c a l c u l a t i o n  of t h e  r e f l e c t i o n  

c o e f f i c i e n t s ,  o n l y  t h e  parameters of t h e  sphere, t"' , /. , and 'r' a r e  

cons i dered. 

As mentioned i n  Sec t ion  8.1 we assumed t h a t  t h e  mascon is composed of 

very conduct ive  m a t e r i a  I ,  ;r = 11, ~,:41'!. /,,, a For  such a h i g h  l y  
7- 
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conduct ive  body it i s  f a i r l y  reasonable t o  n e g l e c t  t h e  displacement 

cu r ren t ,  i .e.,/dLiLk z c-, 

h igh .  

( f r e e  space) t o  100, t h e  h i g h e s t  l i m i t  suggested by Ward (1968). We a l s o  

assume t h a t  t h e  mascon i s  a sphere w i t h  rad ius  25 km and t h e  p o s i t i o n  o f  

i t s  cen te r  50 km below t h e  lunar  sur face .  

p rov ided  t h a t  t h e  frequency i s  n o t  ve ry  

The r e l a t i v e  permeabi i t y ,  pzhf , range i s  chosen t o  va ry  from I 

I n  choosing t h e  frequency o f  t h e  pr imary  f i e l d  we considered two 

d i  f f e r e n t  cases o f  appl i c a t i o n :  

assumed f I Hz, and ( 2 )  f o r  t h e  e lec t romagne t i c  sounder experiment, I O  

Hz 5 f 10 Hz (Ward, 1969b). 

( I )  f o r  t h e  magnetometer experiments, we 

5 

7 

F i g u r e  29 shows t h e  in-phase component of t h e  r e f l e c t i o n  c o e f f i c i e n t  

a t  t h e  l una r  su r face  immediately aobve t h e  mascon, p l o t t e d  versus 8 = ( 

~ ~ ~ ( ~ d  1 

c o e f f i c i e n t  a t  t h e  same p o s i t i o n .  

'L 
R. F igu re  30 shows t h e  out-of-phase component o f  t h e  r e f l e c t i o n  

8.4 D i  scuss i on 

components i n  t h e  z and y 

a r b i t r a r y ;  as long as we can 

t h e  o n l y  measurement needed 

pr imary  f i e l d .  

I f  we assume t h a t  t h e  pr imary  magnet ic  f i e l d  i s  a p p l i e d  a long t h e  

z-d i rect ion, then a t  any p o s i t i o n  a long t h e  z-ax is  t h e r e  i s  no f i e l d  

d i r e c t i o n s .  The coo rd ina te  system i s  

d i r e c t i o n  of t h e  pr imary  f i e l d  I 

f i e l d  i n  t h e  d i r e c t i o n  of  t h e  

determi ne t h e  

s o f  t h e  t o t a  

For  a g i ven  pe rmeab i I i t y ,a t  very  low requencies, 0 d  I, t h e  out-of-phase 

p a r t  of t h e  r e f l e c t i o n  c o e f f i c i e n t  i s  near zero, and t h e  in-phase p a r t  approaches 

a constant .  Th i s  in-phase component of t h e  secondary f i e l d  i s  due t o  t h e  

magnetos ta t i c  response of t h e  body. A magnetometer may be used t o  measure 
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t h e  magnet ic  f i e l d  s t r e n g t h  and t h e  r e l a t i v e  magnetic p e r m e a b i l i t y  o f  t h e  

sphere may be est imated.  

when t h e  r e l a t i v e  p e r m e a b i l i t y  i s  h igh .  

The r e s o l u t i o n  power of  t h i s  e s t i m a t i o n  i s  s m a l l e r  

A t  h i g h  f requencies,  0 2 2  x I O 3  , t h e  out-of-phase p a r t  o f  t h e  

secondary f i e l d  goes t o  zero, and t h e  in-phase p a r t  sa tu ra tes  t o  a cons tan t  

va l  ue wh,i ch i s  i ndependent o f  t h e  r e l a t i v e  permeabi I i t y  of t h e  body. 

A t  f requenc ies  h ighe r  than I O 5  Hz k, R /  i s  no longer smal l e r  than 

u n i t y  and fo r  such models equat ion  8-25 would no longer  be v a l i d  (even 

though t h e  whole space i s  assumed t o  be f r e e  space, i .e. C, = 0, s . 4 .  = :(>, 

f, = 1. n t h e  low frequency range, t h e  range f o r  magnetometer 

experiment, I}. LI i s  always much less  than  I u n i t y .  

The ampli ude o f  t h e  r e f l e c t i o n  c o e f f i c i e n t  of  t h i s  model i s  about 

0.06 f o r  t h e  h igh  frequency sa tu ra t i on ,  and i s  about  0.11 f o r  h i g h l y  permeable 

m a t e r i a l  a t  zero frequency. 

9 .  Summary and Conclus ion 

9 .  I Summary 

We have at tempted t o  o b t a i n  some r a t i o n a l  measure o f  t h e  e f f e c t  lunar  

mascons migh t  have o 

have exam i ned p I ane- 

un i form harmon i ca I I y 

es t imated  a maximum 

any lunar  magnetic o r  e lec t romagne t i c  surveys. We 

ayered, disk-shaped and s p h e r i c a l  mascon models i n  

v a r y i n g  p lane wave e lec t romagne t i c  f i e l d s  and have 

nduced s t a t i c  magnetic f i e l d  f o r  t h r e e  mascons by 

app ly ing  Poisson 's  r e l a t i o n  t o  t h e  known luna r  g r a v i t y  data. 

We have shown t h a t  a s t a t i c  f i e l d  induced by an i n t e r p l a n e t a r y  f i e l d  on the  

o r d e r  of 108 cou ld  produce an anomaly of 0 . 8 2 X  f o r  S e r e n i t i e s  100 km 
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above t h e  surface,which would be approx imate ly  22 d on t h e  sur face.  

Smal ler  mascons, C r i s i u m  and Nectar is ,g ive  s l i g h t l y  s m a l l e r  anomalies b u t  

s t i  I I w i t h i n  measureab l e  range. 

The 

Resu 1 t s  presented h e r e ,  i ndi  c a t e  t h a t  a I unar o r b  i t a  I e lectromagnet i c 

sounder u s i n g  f requencies from I O 4  Hz t o  Hz cou ld  d e t e c t  any mascons 

o f  t h e  t y p e  proposed as g r a v i t y  models i n  t h e  l i t e r a t u r e  f rom h i g h l y  conduct ive,  

permeable Fe-Ni m e t e o r i t e  spheres t o  r e l a t i v e l y  low conduct ive  layered 

mascons. An a n a l y s i s  o f  an i n f i n i t e s i m a l l y  t h i n ,  i n f i n t e l y  conduct ive d i s k  

suggest eddy c u r r e n t  s a t u r a t i o n  

10-4mhos/m. A lso d i s k s  as smal 

be e a s i l y  detected.  

9.2 Conclusions 

i s  p o s s i b l e  f o r  c o n d u c t i v i t i e s  as low as 

as I O  km wide and 100 meters t h i c k  cou d 

Our r e s u l t s  i n d i c a t e  t h a t  a lunar  o r b i t i n g  e lec t romagnet ic  exper iment 

c o u l d  readi  l y  d i s t i n g u i s h  anomalous inhomogeneit ies i n  t h e  lunar  near-sur face 

such as t h e  lunar  mascons as descr ibed by g r a v i t y  models proposed i n  t h e  

l i t e r a t u r e .  The r e s u l t s  i n d i c a t e  a IO0 km o r b i t  would be s a t i s f a c t o r y  b u t  

p o s s i b l y  near  t h e  l i m i t  o f  good s i g n a l  t o  no ise  d i s c r i m i n a t i o n .  T h i s  i s  

o n l y  a good guess a t  b e s t  s i n c e  no ise  leve ls ,  p a r t i c u l a r l y  g e o l o g i c a l  no ise  

leve ls ,  would be hard  t o  p r e d i c t .  

Fur ther ,  a magnetometer w i t h  s e n s i t i v i t y  o f  0. I should eas i  l y  p i c k  

up,even i n  a 100 km o r b i t ,  any induced magnet ic anomalies associated w i t h  

t h e  lunar  mascons, assuming an i n t e r p l a n e t a r y  induc ing  f i e l d  o f  I O  2/ 's  and 

an /ec. r a t i o  p o s s i b l y  as low as 1.01. 
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Appendix I 

The va lues o f  d i e l e c t r i c  cons tan t  and c o n d u c t i v i t y  o f  pos tu la ted  lunar  

7 mascon m a t e r i a l s  f o r  f requencies o f  I Hz and 10 Hz r e s p e c t i v e l y  a re  g iven 

i n  T a b l e > .  

i s  presumed t o  obey a power f u n c t i o n  o f  t h e  form 

The change o f  d i e l e c t r i c  cons tan t  and c o n d u c t i v i t y  w i t h  frequency 

h 

where 

p ' Y  -f  

6' 
P jh, 

and both a and b a re  cons tan ts  such t h a t  a = p a t  I Hz and b i s  t h e  s lope 

o f  t h e  f u n c t i o n  on a log- log  p l o t ;  f o r  example, 

7 
A s i m i l a r  

The f u n c t  

equat ion  r e s u l t s  f o r  k when ke i s  subst  t u t e d  

onal v a r i a t i o n  used here i s  a r b i t r a r y  b u t  i t  c lose  

e f o r  (Jr' . 
y approximates 

t h e  v a r i a t i o n  o f  these parameters g iven i n  Ward, J i r a c e k  and L i n l o r  (1968, 

1969) and Ward (1969a). Above IO Hz both  6 and ke a re  taken t o  be 

cons tan t  w i t h  f requency. 

7 
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L i s t  of Tables 

Table I L i s t  of proposed Lunar Mascons and t h e i r  assoc iated g r a v i t y  

Tab 

Tab 

anomalies i n  mgals. 

Mascons and t h e i r  proposed g r a v i t y  models. Table 2 

Table 3 Elect romagnet ic  Models f o r  Lunar Mascons. 

e 4  Suscept ib i  l i t i e s  and d e n s i t i e s  of Lunar Mascons used 

i n  Poisson 's  equat ion.  

e 5  Two-layered Mascon models. 
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F i g u r e  I 

F i g u r e  2 

F i g u r e  3 

F igure  4 

' F i g u r e  5 

gure 6 

gure 7 

gure 8 

F igure  9 

Figure  I O  

F i g u r e  I I 

F igure  12 

F igure  13 

Figure  14a 

F igure  14b 

L i s t  o f  F igures  

Areas s t u d i e d  t o  p r e d i c t  s t a t i c  magnet ic f i e l d s  over  mascons. 

Raw g r a v i t y  map of C r i s i u m  mascon, i n  mgals. 

t y  map of S e r e n i t a t i s  mascon, i n  mgals. Raw grav 

Raw grav  

Smoothed 

Smoothed 

Smoothed 

Magnet i c 

i n  Is. 

Smoothed 

Magnet i c 

t y  map of  N e c t a r i s  mascon, i n  mgals. 

g r a v i t y  map of C r i s i u m  mascon, i n  mgals. 

g r a v i t y  map of S e r e n i t a t i s  mascon, i n  mgals. 

g r a v i t y  map of N e c t a r i s  mascon, i n  mgals. 

f i e l d  from t h e  raw g r a v i t y  da ta  of C r i s i u m  mascon, 

and f i l t e r e d  g r a v i t y  map of  C r i s i u m  mascon, i n  mgals. 

f i e l d  from t h e  smoothed and f i  l t e r e d  g r a v i t y  data o f  

Cr is ium mascon, i n  1( 1s. 

Magnet ic f i e l d  f o r  t h e  smoothed and f i l t e r e d  g r a v i t y  data o f  

S e r e n i t a t i s  mascon, i n  'd ' s .  

Magnet ic f i e l d  f rom t h e  smooth and f i l t e r e d  g r a v i t y . d a t a  o f  

N e c t a r i s  mascon, i n  3' ls. 

R e l a t i o n  between t h e  magnet ic anomal i e s  and t h e  r a t i o  km/(7 

of  Cr is ium, S e r e n i t a t i s ,  and N e c t a r i s  mascons. 

Ampl i tude o f  r e f l e c t i o n  c o e f f i c i e n t  over  two- layered lunar  

mascon models i n c i d e n t  w i t h  an i n t e r p l a n e t a r y  p lane wave 

source, Model I .  

Phase of  r e f l e c t i o n  c o e f f i c i e n t  over  two- layered lunar  mascon 

models i n c i d e n t  w i t h  an i n t e r p l a n e t a r y  p lane wave source, 

Model I .  
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Figure  15a 

F igu re  15b 

F igure  16a 

F igure  16b 

F igu re  

F igu re  

7a 

7b 

F igu re  18a 

F igu re  18b 

F igu re  19a 

Ampl i tude o f  r e f l e c t i o n  c o e f f i c i e n t  over  two- layered lunar  

mascon models i n c i d e n t  w i t h  an i n t e r p l a n e t a r y  p lane wave 

source, Model 1 1 .  

Phase of r e f l e c t i o n  coe 

model i n c i d e n t  w i t h  an 

Mode.1 I I .  

Ampl i tude o 

mascon mode 

Model I I I .  

f i c i e n t  over  two- layered lunar  mascon 

n te rp lane ta ry  p lane wave source, 

r e f l e c t i o n  c o e f f i c i e n t  over  two- layered lunar  

s i n c i d e n t  w i t h  an i n t e r p l a n e t a r y  p lane wave source, 

Phase o f  r e f l e c t i o n  c o e f f i c i e n t  over  two- layered lunar  mascon 

models i n c i d e n t  w i t h  an i n t e r p l a n e t a r y  p lane wave source, 

Model I I I .  

Ampl i tude o f  r e f l e c t i o n  c o e f f i c i e n t  over  two- layered lunar  mascc 

models i n c i d e n t  w i t h  an i n t e r p l a n e t a r y  p lane wave source, 

Model I V .  

Phase o f  r e f l e c t i o n  c o e f f i c i e n t  over  two- layered lunar  mascon 

models i n c i d e n t  w i t h  an i n t e r p l a n e t a r y  p lane wave source, 

Model I V .  

Ampl i tude o f  r e f l e c t i o n  c o e f f i c i e n t  over  two- layered lunar  

mascon models i n c i d e n t  w i t h  an i n t e r p l a n e t a r y  p lane wave 

source, Model V. 

Phase o f  r e f l e c t i o n  c o e f f i c i e n t  over  two- layered luna r  mascon 

models i n c i d e n t  w i t h  an i n t e r p l a n e t a r y  p l a n  wave source, 

Model V. 

Amp I i tude o f  r e f  l e c t i  on c o e f f i c i e n t  over  two- I ayered I unar 

mascon models i n c i d e n t  w i t h  an i n t e r p l a n e t a r y  p lane wave 

source, Model V I .  
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F igu re  19b 

F igu re  20a 

F igu re  20b 

F igu re  21a 

F igu re  21b 

F igu re  22 

F igu re  23 

F igu re  24 

F igu re  25 

F igu re  26 

Phase of r e f l e c t i o n  c o e f f i c i e n t  ove r  two- layered luna r  mascon 

models i n c i d e n t  w i t h  an i n t e r p l a n e t a r y  p lane wave source, 

Model V I .  

Ampl t idue of r e f l e c t i o n  c o e f f i c i e n t  ove r  two- layered lunar  

mascon models i n c i d e n t  w i t h  an i n t e r p l a n e t a r y  p lane wave 

source, Model V I I .  

Phase o f  r e f l e c t i o n  c o e f f i c i e n t  ove r  two- layered luna r  mascon 

models i n c i d e n t  w i t h  an i n t e r p l a n e t a r y  p lane wave source, 

Model V I I .  

Ampli tude of r e f l e c t i o n  c o e f f i c i e n t  over  two- layered luna r  

mascon models i n c i d e n t  w i t h  an i n t e r p l a n e t a r y  p lane wave source, 

Model V I I I .  

Phase o f  r e f l e c t i o n  c o e f f i c i e n t  over  two- layered luna r  mascon 

models i n c i d e n t  w i t h  an i n t e r p l a n e t a r y  p lane  wave source, 

Model V I I I .  

A p e r f e c t l y  conduct ing  i n f i n i t e s i m a l l y  t h i n  d i s k  o f  r a d i u s  A 

I n  a un i fo rm ha rmon ica l l y  v a r y i n g  f i e l d ,  frequency ILJ , r 2  = 

2 2  
x + y .  

Est imated in-phase X and quadra ture  Y response of a d i s k  i n  

a un i fo rm f i e l d  as f u n c t i o n s  of t h e  i n d u c t i o n  number 8 .  

F i e l d  components HZ/Ho and Hr/Ho ove r  h o r i z o n t a l  d i s k s  as 

pe rcen t  of normal ly  i n c i d e n t  p r imary  f i e l d .  

Secondary v e r t i c a l  magnetic f i e l d  as pe rcen t  o f  induc ing  f i e l d .  

Z/A i s  v e r t i c a l  obse rva t i on  d i s tance  normal ized t o  d i s k  r a d i u s  

and X/A  i s  normal ized t r a v e r s e  d is tance.  

T i l t  ang le  p r o f i l e s  ove r  h o r i z o n t a l  d i s k  i n  normal ly  i n c i d e n t  

p r imary  f i e l d .  
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F igu re  27 F i e l d s  about a h o r i z o n t a l  d i s k  i n  ha rmon ica l l y  v a r y i n g  magnetic 

f i e l d ,  ang le  o f  inc idence equal t o  60° i n  X-Z plane. 

F igu re  28 A conduct ive,  permeable sphere i n  a whole space i n  a un i fo rm 

t ime-vary ing  magnetic f i e l d .  

I n-phase component of  t h e  r e f l e c t i o n  c o e f f i c i e n t  a t  t h e  lunar  

su r face  ove r  a s p h e r i c a l  mascon. 

Out-of-phase component of  t h e  r e f l e c t i o n  c o e f f i c i e n t  a t  t h e  

F igu re  29 

F igu re  30 

lunar su r face  over  a s p h e r i c a l  mascon. 

!' 
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Mascon Name 

lmbrium 

Seren i t a t  i s 

C r  i s i urn 

Nectar i s 

Aes t u  um 

Humorum 

Humboltianum 

O r  i en ta  I e 

Smythi i 

Unnamed 

Unnamed 

G r  i ma I d i 

I r i  dum 

Lat. 

+38 

+28 

+I6 

-16 

+ I O  

-25 

+57 

-20 

-4 

-7 

-17 

-6 

+45 

TABLE I *  

Long. ACC.(mgals) 

-18 I70 

+ I 8  I70 

+58 IO0 

+34 90 

-8 60 

-40 50 

+82 40 

-95 40 

+85 40 

4-2 7 40 

+70 30 

-68 20 

-3 I - 70 

Mass 

(ZOX lunar  masses) 

20 

20 

10 

9 

6 

5 

4 

4 

4 

4 

3 

2 

-7 

* From M u l l e r  and Sjogren, (19691, Table 3 
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TABLE 2 

G r a v i t y  Model of Mascon ' 

Shape and Locat ion  

Trough- I i ke mass excess 
d i s t r i b u t i o n ,  50 x 200 
km, runn ing  east-west 
Mare I mbr i um and Seren i t a t  i s 

F l a t  c i r c u l a r  p l a t e s  

I .  ( a )  3.75 km t h i c k ,  
a t  s u r f a c e  

( b )  6.6 km t h i c k  a t  
50 km depth 

diameters = 200 km 

sur face,  diameter = 
50 km 
Mare lmbrium 

2. 3.8 km t h i c k ,  a t  

Spheres 

mare d i a .  depth (km) 

S e r e n i t a t i s  36.7 270-400 
lmbrium 61.2 450-670 

C r i  s i um 27.2 200-300 
Humor um 21.3 155-233 
Nectar  i s 16.0 116-175 
Ptolemaius 10.0 93-109 

Mare S e r e n i t a t i s  

I .  D isc  model 

( a )  r ,  = 210 km 

r2 = 265 km 

r = 150 km 

r4 = 50 km 

t o t a l  t h i c k n e s s  = 14 km 

( b )  r = 300 km 
t h i c k n e s s  = 8 km. 

2. Sphere 
( a )  b u r i e d  200 km. 
( b )  b u r i e d  50 krn. 

3 

Mare lmbrium 
Parabo I i c shape 

r = 3.38 x I O  cm. 
d = 82 km. 

Mater i a I 

N i -Fe meteor i t e  

M a t e r i a I P P  = 5 

H-type metor i  t e  
m a t e r i a l  i n  b a s a l t  

I ron  metor i  t e s  

mass x I O  kg 15 

9 30 
200 

82 
39 
17 
4 

bP= I , . I  gm/cc. 

( l f b f ) =  0.5, 

th ickness  = 30.8 
km 1 

AP= 1.0 

dp = 0.4 
basa I t  

Reference 

Mu1 l e r  and 
S jogren,  I968 

Urey, 1968 

St ipe,  1968 

Cone 
Hols 

and 
rum, 1968 

Baldwin, 1968 
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TABLE 4 

SUSCEPTIBILITIES AND DENSITIES OF LUNAR MASCONS 

USED IN POISSON'S EQUATION 

0.001 ( M a f i c  
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FIG. 22 A P E R F E C T L Y  CONDUCTING,  I N F l N l T E S l M A  LLY 
T H I N  D I S K  OF RADIUS " A "  I N  A U N I F O R M  
H A R M O N I C A L L Y  V A R Y I N G  F I E L D ,  FREQUENCY W; 
1 2  = x2 t y 2 .  
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FIG.23 E S T I M A T E D  I N - P H A S E  X A N D  Q U A D R A T U R E  Y 
R E S P O N S E  OF A D I S K  I N  A U N I F O R M  F I E L D  
AS FUNCTIONS OF THE INDUCTION N U M B E R  8 
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