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I l'b.?s f i n a l  rcp#-,rt is a 6.1.t 3f l e d  r ~ v i e u  of our rt-search e f f n r t s  from : 1 
I 1 June : Y ~ O  t o  30 q p r i l  1933. Dtiring this i n t e r v a l  o u r  work Gas funded i n  its 
I 

i 
! e n t l r e t y  through agrepsent  %AG5-35 snd  S u p p ! + ~ ~ n t s  I 1  and Y2 t o  t h i s  agreement.  

t I 
The f o c u s  of our vork has k e n  "The P e t r o l o g i c  and G e o p h y s f c s l  Source  of I 

i long-Lsvelength Crust a1 Vagnet i c Anomal tes," The r e s e a r c h  r e v i  eued h e r e  Gas the 
i I 

1 

t t h e s i s  subject o f  C h a r l e s  S c h l i n g c r ,  a graduate  student of B.  D. "arsh,  t h e  a 

r !  n c i p a l  i n v e s t i g a t o r .  
t i 

Our s t u d y  ?-as s;ecffically addressed t h e  ~ x a g n e t i c  m i n e r a 3 c . q  and z s d n e t i c  
L 

I pru;.+rtit-s  of tkre d e e p  c r n s t  ns they  pertain to the intet2recatfon of iong- 

i u a ~ c l e ~ g t h ,  or r e g f o r a l ,  crastal zagnetic a n o a a l i e s  i n  satcl l l te  magnetic data  
I 

1 and neqr-surf a c e  ragnet f c  bats. Our c o n c l u s i o n s  hsve relevance to the  I 
I b n d c r s t a ~ d i n g  of regioqal ~ a g ~ e t i c  a n o a z l i e s  in troth P X O  and FAGSAT (magnetic r - 

! I 
r i i p ; d  x a g u r i n g  s a t e l l i t e  z i ~ s ~ o . ; s )  d a t a .  Ke a y  a l s o  b r i n g  t h e s e  results to 

r \ e a r  on Crob:-~s of n a g i i e t l r r t t i o n  at Gcptn i n  t h e  earth's  crllst. t ; e c c s s a r f l p ,  

th:s research has k e n  7 2 :  rif abx;ed end irlrerdf s c i p l  ir.=rp. i k i r z  are t'r,rse :I 
+c-.-~rsh:e studies, eq.-h of vhfch erand aianc. The f i r s t  m d  se.-orl< of t : .cse  

I 

and ? a % ~ r a t ? r y  rre-i;;.-s f i 3 ~  L9io:en =-id i e s t e r a a i c n ,  Sorthern  

Y:.r.sy, - 2  ?--;-:n t ' i :  -,:t?rs * I : ; - E ~ ~ Y S  .>f h i g F - ~ r a f e  pranlfte 
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of Utah, respect ive ly  along w i t h  the Ph.D. d i s s e r t a t  
provide a sa t i s fac to ry  completion o f  the grant. 

;:, , % , ; -,.;'. . - - .?.;*!..,;a .r .'-!. .; .?, st . .... .*c'. .' . : : , A r 
j% . . r :. : :- . t 

c v +,x k*, , , -.. 1 ,  . = .;.5 

: , ; ' *.,,. ;.. , # ',., 
I .  C - .  . 

aut  hged;  by Drs . Bruce D. 5- 
Univers i ty  and the Un ivers i tv  
i on  t o  the JHU o f  Dr. ~ c h l i n g e r  

The thes is  w i  11 serve as an invaluable reference t o  the magnetic prop- o r t i e s  o f  
the Earth 's  c rus t  f o r  NASA geophysicists and the s c i e n t i f i c  community for  years 
t o  come. Data determined f o r  the Lafoten and Vesteraalen, Norway igneous and 
metamorphic rocks g ive "hard" numbers which can be appl ied t o  m ~ d e l s  o f  the 
c rus t  where the rocks are inaccessible. 

I feel t ha t  t h i s  investment has paid o f f  very handsomely. 

LY- 
Herman Thomas 

.-Science Advisor 

Concur w i th  the  comment^ of Dr. Thomas 

Technical o f f i c e r  
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4 - I ,  

Tt~is f i!i;ll r e p o r t  is a d c t n i  l ed  rc lv ic i~  oL ollr ret;c;ircl~ c f t o r t s  f ro lJ  

1 June 1980 t o  30 A p r i l  1983. During t h i s  i n t e r v a l  o u t  work was funded i r r  its 

e n t i r e t y  through agrcelacnt NAG5-35 and Supp lencn t s  /I1 i ~ u d  1 2  t o  t h i s  agreement. 

The f o c u s  o f  o u r  work has been "The P e t r o l o g i c  and Ccopt rys ica l  Source  of 

Long-Wavelength C r u s t a l  Plagnet i c  Anomalies. " The resc.irch reviewed h e r e  was t t le 

t h e s i s  s b b j e c t  o f  C h a r l e s  S c h l i n g e r ,  a g r a d u a t e  s t u d e n t  of  B. D. k!arsh, t h e  

p r i  n c i p z l  i n v e s t i g a t o r .  

Our s t u d y  has  s p e c i l i c a l l y  addres sed  t h e  magne t i c  mineralogy and magnetic  

p r o p e r t i e s  of  t h e  deep  c r u s t  as they  p e r t a i n  t o  t h e  i n t e r p r e t a t i o n  of long- 

wave leng th ,  o r  r e g i o n a l ,  c r u s t a l  magnet ic  anomal i e s  i n  sa te l l i te  magnet ic  d a t a  

and  n e a r -  s u r f a c e  magne t i c  da t a .  Our c o n c l u s i o n s  have r e l e v a n c e  t o  t h e  

u n d e r s t a n d i n g  o f  r e g i o n a l  magnet ic  anomal ies  i n  both  POCO and :dAGSr\T (magnet ic  

f i e l d  measur ing  sa te l l i t e  mis s ions )  d a t a .  We may a l s o  b r i n g  t h e s e  r e su l t :  t o  

b e a r  on problems of  m a g n e t i z a t i o n  a t  dep th  i n  t h?  e a r t h ' s  c r u s t .  N e c e s s a r i l y ,  

t h i s  r e s e a r c h  has been m u l t i i a c e c e d  and i n t e r d i s c i p l i n a r y .  There  ate t h r e e  

s e p a r a b l e  s t u d i e s ,  e a c h  of which s t a n d  a lone .  The f i r s t  and second o f  t h e s e  

ace: 

1) A s y n t h e s i s  of  a v a i l a b l e  i n f o r m a t i o n  of  r e g i o n a l  magnet ic  

anomal i e s  and  t h e  m a g n e t i z a t i o n  of  metamorphic and igneous  rocks.  

2) A d e t a i l e d  f i e l d ,  a n a l y t i c a l ,  and e x p e r i m e n t a l  s t u d y  o f  i n - s i t u  

and  l a b o r a t o r y  specimens from Lofo ten  and V e s t e r a a l e n ,  N o r t h e n  

Noway,-a t e r r a i n  t h a t  o f f e r s  exposu res  of  high-grade g r a n l i t e  . 

f acies r o c k s  t h a t  have a s s o c i a t e d  r e g i o n a l  magne t i c  and g r a v i t y  

anomal ies .  

T h e s e  two s t u d i e s  are h e r e  reviewed b r i e f l y .  A comple t e  d e s c r i p t i o n  is  g iven  i n  

t h e  a t t a c h e d  copywr i t ed  manuscrfpc. T h i s  work is t h e  s u b j e c t  o f  s e v e r s 1  c o n c i s e  

p a p e r s  t h a t  are now i n  p r e p a r a t i o n .  

*----.-/ 
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Kcgional, or  I ~ n g - ~ i i ~ e l c ~ ~ g t l l ,  ~ i l n g ~ ~ e t i c  arlolnalics , i n  both s d t c l l i t c  and 

are:--surfiicc magnet ic  d a t a ,  a r e  corwso~~ ly ubscrved  ove r  c o n t i n e n t a l  c r u s t .  The 

cxp la r l a t io t l  of t h e s e  anomal i e s  has  has  remained cnignra t ic  by r e q u i r i n g ,  f o r  

c r u s t a l  o r i g i n ,  l a t e r a l l y  e x t e n s i v e ,  t h i c k ,  h i g h l y  magnet ic ,  and aeep  s e a t e d  

s o u r c e s .  A rev iew of t h e  d a t a ,  ma themat i ca l  modeling,  p h y s i c a l  i n t u i t i o n ,  and 

p u b l i s h e d  l i t e r a t u r e  unequ ivoca l ly  demonst rate t h e  n e c e s s i t y  of a deep c r u s t a l  

o r i g i n  of t h e s e  f e a t u r e s .  We a l s o  e v a l u a t e  t h e  s u g g e s t i o n  t h a t  c e r t a i n  anona- 

l ies  i n  satel l i te  d a t a  r e s u l t  from i n a d e q u a t e  o r b i t  c o n y u t a t i o n s .  The p r i n c i p a l  

s o u t c e  of e r r o r  i n  s u c h  c a l c u l a t i o n s  rests w i t h  t h e  adop ted  g r a v i t y  f i e l d  nodel .  

Such e r r o r s  may p l a y  a r o l e  on ly  f o r  lower ampl i tude  anomal i e s  i n  o l d e r  POGO 

sa te l l i t e  da ta .  

Our main c o n t r i b u t i o n ,  however, is a d e t a i l e d  f i e l d ,  a n a l y t i c a l ,  and 

e x p e r i m e n t a l  s t u d y  of  rocks  from Lofo ten  and V e s t e r a a l e n ,  Nor thern  tiorway, a 

high-grade p r o v i n c e  of deep  s e a t e d  o r i g i n  w i t h  a s s o c i a t e d  r e g i o n a l  magnet ic  and 

g r a v i t y  anomalies .  We can  c l e a r l y  see t h a t  t h e s e  rocks  have a bulk  magnetic  

c h a r a c t e r  o f  s u r p r i s i n g  u n i f o r m i t y ,  w i t h  s u s c e p t i b i l i t i e s ,  h y s t e r e s i s ,  and C u r i e  

t e m p e r a t u r e s ,  d e f i n e d  s o l e l y  by n e a r l y  pu re  magnet i te .  S t a b l e  remanence is 

o b s e r v e d  o n l y  i n  samples  from SW Lofo ten  and is neve r  of s i g n i f i c a n t  magnitude. 

The carrier of t h i s  remanence i n v a r i a b l y  a p p e a r s  t o  be h e m a t i t e  with 5 t o  10  

mole p e r c e n t  i l m e n t i t e  i n  s o l u t i o n .  C o n t r a r y  t o  s p e c u l a t i o n  t h e  t h e r n a l  enhan- 

cement of magne t i c  s u s c e p t i b i l i t y ,  t h e  Hopkinson e f f e c t ,  is no t  impor t an t  in 

t y p e  l i t h o l o g i e s .  Rocks from t h e  d e e p e s t  p a r t  of t h e  s e c t i o n  have t h e  l a r g e s t  

a v e r a g e  s u s c e p t i  b i l i t i e s ,  5 x 1 0 ~ ~  ( cog .  s. Gauss i an  u n i t s ) ,  and magnitudes of nrm 

( n a t u r a l  remsnent  magnet i  z a t i o n ) ,  5 ~ 1 0 - ~ e m u / ~ .  These  v a l u e s  of  s u s c e p t i b i l i t y ,  

t o g e t h e r  w i t h  t h e  obse rved  v i s c o u s  c h a r a c t e r  of t h e  nrm, s u g g e s t  t h a t  t h e s e  gra-  

n u l i t e  f a c i e s  l i t h o l o g i  es ( p a r t i c u l a r i  l y  t h o s e  o f  SW Lofoten)  are p e r f e c t  

examples  of deep  c r u s t a l  s o u r c e s  of  t y p i c a l  r e g i o n a l  magne t i c  a n o a = l i e s .  

. P . 2 .  .- . 
--a - 
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Yurtl~erruore,  t h e s e  low :-nd i n t e r n ~ e d i a t c  prcssurc  g r n r ~ u l i t e s  dcf  i n r  il u n i q u e  

n a g n e ~  ic pe t ro logy ,  e s p t ? c i a l l y  f o r  rnal i c  colnposit ions .  A t  h igher  gratles of 

metanorphisn  (high-pressure  g r a n u l i ~ c s  and e c l o g i t e s )  o r  l o r e r  grades 

( g r e e n s c h i s t  and amphibo l i t c  f a c i e s )  such  nragnetite bcaring ;~r;seaSlages w i l l  be 

u n s t a b l e  and only  weakly magnetic. 

Uniform remanence of t h i c k  and l a t e r a l l y  e x t e n s i v e  sources  of r e g i o n a l  

magnet ic  anomalies i s  u n l i k e l y .  I n  provinces  analogous t o  Lofoten and 

Ves te raa len ,  'Q', t h e  r a t i o  of nrm t o  induced magnet iza t ion,  w i l l  t y p i c a l l y  be 

113 t o  1/2 w i t h  nuch of t h e  nrm composed of  a v i scous  renanent magaeti:!ation, o r  

vrm. The c h a r a c t e r i s t i c  time of r e g i o n a l  metamorphism, c r a t o n i c  cool ing,  and 

u p l i f t ,  however, which is sorite hundreds of m i l l i o n s  of y e a r s ,  is two t o  t h r e e  

o r d e r s  of magnitude g r e a t e r  than  t h a t  of uniform geomagnetic p o l a r i t y .  I n  addi-  

t i o n ,  t h e  c r u s t  of s t a b l e  c r a t o n s  is comonly  polymetanorphic. F i n a l l y ,  only a 

s i z e - l i m i t e d  class of magnetic phases can hold s t a b l e  remanence under t h e  time- 

t empera tu re  c o n d i t i o n s  of t h e  deep c r u s t ;  t h i s  is e v i d e n t  from S e e l ' s  theory  of 

magnet ic  v i s c o s i t y  and e x t e n s i o n s  by va r ious  workers. 

T h i s  evidence and t h e s e  conc lus ions  may be used t o  c o n s t r a i n  models of 

deep c r u s t a l  s o u r c e s  of r e g i o n a l  magnetic anomalies over  s t a b l e  c ra tons .  It 

por t r ;&ys  t h e  deep c r u s t  as a h i g h l y  magnetic u n i t ,  de f ined  by metamorphic grade,  

w i t h  a C u r i e  i s o t h e r m  of 57S0C (magnet i te)  and magne t i za t ion  p a r a l l e l  t o  t h e  

ambient geomagnetic f i e l d  ( induced and viscous  components). C o l l e c t i v e l y  t h e s e  

r e s u l t s  l e n d  both credence and c o n s t r a i n t  t o  geophys ica l  s p e c u l a t i o n s  of h igh ly  

magnet ic  deep c r u s t a l  s o u r c e s  of r e g i o n a l  m g n e t i c  anomalies. 

Pub l i shed  a b s t r a c t s  of t a l k s  on t h i s  m a t e r i a l  p resen ted  at n a t i o n a l  

(Am. Ceophys. U. and Geol. Soc. Am.) meetings a r e  a t t a c h e d  i n  Appendix I. 



The t h i r d  of our s t u d i e s ,  co~:rplerilentitig t l ~ t *  o t l ~ c r  two, is an cxperl iarnti i l  

study on m[:netism of Y c j O q  ( inag~ir t i tc . )  a t  high-pressurt ' ,  t a k i n s  {idvantage of a 

diamond a n v i l  type  p r e s s u r e  cell. Uuring tht. ca letldar ycixrs '81 and ' 82  

S c h l i n g e r  held  a p r e d o c t o r a l  fellowship a t  the  Geoptiysical Laboratory of the  

Carriegie I n s t i t u t i o n  i n  Wastiington, D.C., working w i t 1 1  t h e  guidance of l)r. U. 

Mao and Oc. P. Bell .  D r .  P. Wasilewski of NASA's Goddard Space F l i g h t  Center  

also se rved  a s  an a d v i s o r  on t h i s  e f f o r t ,  a s  d i d  Prof. ti. L). Marsh. During t h i s  

t ime  i n t e r v a l  S c h l i n g e r  has devoted h i s  t i n e  t o  b u i l d i n g  a nonmagne t i c  diamond 

a n v i l  type  p ressure  c e l l  f o r  use i n  a s e n s i t i v e  cryogenic  squ id  nagnetoneter .  

Plagnetometers of t h i s  type  a r e  a b l e  t o  n o n i t o r  minute cllanges i n  nagtiet ic moment 

2 o f  5*10-~ernu (5*10-~l A-in ). H e  also spent t ime l e a r n i n g  how t o  use t h e s e  types  

o f  d e v i c e s  and e x p l o r i n g  p o t e n t i a l  problems wi th  making t h e  a c t u a l  measurements. 

Not u n l i k e  nos t  exper imenta l  programs t h i s  work has met wi th  a number of 

d e l a y s ,  sometimes as l o n g  as 4 t o  6 months. A s  of t h i s  w r i t i n g ,  however, a non- 

magnet ic ,  Be-Cu a l l o y ,  diamond-anvil type  p r e s s u r e  cell w i t h  s a p p h i r e  a n v i l s  and 

3 a sample c a p a c i t y  of 0.5 m is o p e r a t i o n a l  and a v a i l a b l e  f o r  experimentation.  

T h i s  i n  i t s e l f  is a major h u r d l e  overcome. A b r i e f  h i s t o r y  of t h i s  p ressure  

cel l 's  development is g i v e n  here. 

I n  e a r l y  1981 S c h l i n g e r  began working wi th  a diamond a n v i l  c e l l ,  which Dr .  

P e t e r  WasiLewski a t  Goddard Space F l i g h t  Center  had i n  h i s  possess ion.  I n  t ime 

i t  became c l e a r  t h a t  t h e  sample volume a v a i l a b l e  wi th  diamond a n v i l s  was inade- 

qua te .  Even with  a c ryogen ic  magnetometer one could  not r e s o l v e  t h e  s i g n a l  of 

t h e  sample from that of t h e  p r e s s u r e  c e l l .  A t  t h a t  t i n e  s y n t h e t i c  sapph i re  

a n v i l s  were ordered.  These have a y i e l d  stress of 1 5 . 1 0 ~  Pa o r  so ,  equ iva len t  

3 t o  15 kb, and they a l low a much l a r g e r  sample, something approaching 0.5 mm . 
A t  t h i s  same time i t  a l s o  became apparen t  t h a t  a n  e n t i r e l y  new pressure  c e l l  was 



Sct~lLnger  tllen cor l t i l c~cd  Dr. A. Cut~il of Hrustr-:JclLn~ar~, I n c . ,  of 

Clcvt.Lat~d, uhio. Dr. Gnl t ra  k ind ly  agreed t o  o spcci.al olle-tirne c d s t i n g  of a 

Be-Cu a l l o y  t h a t  incorporaic:i high p u r i t y  m a t e r i a l s .  This stock was produced 

d u r i n g  t h e  sunnr r  and f a l l  of !9YZ. The ~ l n t e r i a ?  tlas a c o a ~ p o s i t i o n  of 2X Be and 

9dX Cu. The hardness  is r e p o r t e d  as itockwell C 3 9  (A. Culls, pe r sona l  com- 

municat ion,  1983) and t h e  a l l o y  has a rernanent n ~ n g n e t i r a t i o ~  of eoulg 

( I  A o r  l e s s .  The components of the  p r e s s u r e  ce l l  were oachinad a t  the  

Geophysical  Laboratory  and s e n t  t o  Brush-Wellman f o r  hea t  t r e a t n c n t  i n  high- 

p u r i t y  argon gas t o  avoid ox ida t ion .  I n  1-lay of 1983 ttle p r e s s u r s  c e l l  was 

8 f i n a l l y  o p e r a t i o n a l  and ready f o r  t e s t i n g .  P r e s s u r e s  of 6.3 kh (6.3010 Pa) 

have been a t t a i n e d  and we f o r o e e  no problerns ach iev ing  h igher  y ressures .  

We had hoped t o  complete a s e r i e s  of exper iments  b e f o r e  t h e  conclus ion of 

t h i s  g r a n t  per iod,  however, unforseeab le  de lays  have f o r c e d  us  t o  postpone our 

p lans .  Even so ,  t h e  f a c t  t h a t  t h e  c e l l  is o p e r a t i o n a l  and ready f o r  use is 

r e a s s u r i n g .  A s  an  A s s i s t a n t  P r o f e s s o r  i n  Geophysics a t  t h e  U n i v e r s i t y  of Utah, 

S a l t  Lake Ci ty ,  S c h l i n g e r  w i l l  s e t  up t h e  a p p a r a t u s  necessa ry  f o r  c o n t i n u a t i o n  

of t h i s  work. These p l a n s  a r e  c o n t i n g e n t  of course  upon t h e  a v a i l a b i l i t y  of 

equipment and r e s e a r c h  funds, 

I n  summary, we f e e l  t h a t  o u r  accomplishments d u r i n g  t h e  t h r e e  y e a r s  of 

r e sea rc l ;  suppor ted  by agreement NAC5-35 and t h e  Supplements 111 and #2 a r e  s i g n i -  

f i c a n t  i n  a  number of ways, and of s u b s t a n t i a l  b e n e f i t  to NASA, t h e  s c i e n t i f i c  

community , and ourse lves .  We have made c o n s i d e r a b l e  p r o g r e s s  towards a s c r i b i n g  

both  petrologic and geophys ica l  s i g n i f i c a n c e  t o  t h e  deep-seated sources  of 

r e g i o n a l ,  o r  long-wavelength, c r u s t a l  magnetic anomal ies ,  o u r  o r i g i n a l  goal .  We 

have a l s o  set up a r e s e a r c h  program t o  examine magnetic c i u s t a l  minera l s  a t  the  

range of pres@,tres  found i n  t h e  c r u s t ,  and e v e n t u a l l y ,  a t  h i g h e r  p ressures .  
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T h e  Johns Hopkins Univ., Baltimore,  Xd. 21 21 8) 2. SC!IJ,2ir05!16 
P.WAS1LE;;SX.i (SASA/Coddard Space F l i ~ h t  Centcr,  
A s t r o c h r r i s t r y  Branch, Greenbelt ,  Md. 20771) 3. C.p!. Scl11 i112er 

Dcpt. Earth L Plane ta ry  Sci .  
In  r e c e n t  yea r s  cons iderab le  a t t e n t i o n  has  heen I'hc Johns Hopkins Univ. 

devoted t o  understanding t h e  pe t ro log i c  and gcn- Bnlt i?orc ,  >id. 21216 
physical sou rce  of r eg iona l  magnetic anonal ics .  (301) 338-7054 
X p r o f o m d  l a c k  of rock magnetic d s t a  h a s  fos- 
t e r e d  unconstrained speculat ion.  Exposures of 4. GP 
Precaz~brfan  g r a n u l i t e  f a c i e s  assemblages and 

0 
r e t rog raded  equ iva l en t s  i n  Lofoten & Vesteralen 5. ?:one 
r*5ich show r eg iona l  magnetic and g r a v i t y  anoma- 
l i es  p e ~ i c  examination of t h e  magnetic mineral- 6. 0 
ogy and a t t e n d a n t  p r o p e r t i e s  of rocks wi th  an 
cndisputed  deep c r u s t a l  o r ig in .  From f i e l d  7. 0% 
rezsu reyen t  of s u s c e p t i b i l i t y  and l a b  s tudy of 
!;?2.I and i ts  response t o  AF & thermal  demagneti- 8. a )  a s  above 
z a t i o n ,  h y s t e r e s i s  phenomena, Curie temperature, b )  none 
iind pe t rography  s e v e r a l  conclusions are apparent.  c) s tuden t  rate  apgl ies  
i h e  o x i d i z i n g  r e t rog rade  a z p h i b o l i t e  f a c i e s  event 
h a s  cons ide rab ly  diminished t h e  a c t u a l  and poten- 9. C 
t i a l  xagne t i za t i on  of  in te rmedia te  & f e l s i c  comp- 
o s i t i o n s ;  t h i s  is w e l l  d isplayed by the  i n t r u s i v e  
s n g e r i t e s .  Re l a t i ve ly  incense and s t a b l e  KREI 
(0.7 ~ / n )  is c o n s i s t e n t l y  c a r r i e d  only by a fami- 
l y  of re t rograded  Archeon migmati t ic  gne isses  i n  
S'n' Lofoten, For t h e  average sample, however, Q<1 
and NT?2f is  reduced t o  n i l  w i th  AF demagnetization. 
Coerc ive  f i e l d s  a r e  t y p i c a l l y  2000 A/m. I n  
g e n e r a l  t h e  exposures from the deepest  l e v e l s  
(SW Lofoten) possess t h e  .argest  induced magneti- 
z a t i ons :  2-3 X/m ( f o r  H= 40 ~ / m ) .  This  is c l e a r  
ev idence  t h a t  the magnet izat ion of in te rmedia te  & 
e l k a l i c  r eg ions  o f  t h e  deep c r u s t  is d ic taced  by 
t h e  modern geomagnetic f i e l d  through induced and 
v i scous  etfects and o f  course by thermally a c t i -  
vated enhancement processes  such a s  rap id  VKf 
a c q u i s i t i o n  and t h e  Hopkinson e f f e c t .  These 
conc lus ions  are i n  gene ra l  agreement wi th  specu- 
l a t i o n  from geophysical modeling. 

- - _ ___-. ... ------ - 



(1) Sype yrlur altrtnct in  the sp3cr below, usin2 f r n h  I t l x k  r.lrlton r i l t l to~~.  fo l low t l ~ r  
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SChLI::GF.R, Char les  PI., and FLUSH, Bruce D., Dcpt. of Ear th  & I11;\netary 
Sc iences ,  Johns Ilopkins U n i v e r s i t y ,  na l t imorc ,  EU) 21218 

~~epraperinterpretationofregional(longwavelt.ngth)map;neticanomalics 
depends c r f : i c a l l y o n t h e m a g n e t i c  mineralogy and i t s m a g n e t i c b e h a v i o r  
i n  t h e c r u s t  inques t i on .Precambr i~n l i tho log i c s  of deep c r u s t a l  o r i g i n ,  
w e l l  exposed inI.ofotenandVesteralen, permit  s y s t e m a t i c  e v a l u a t i o n  of  
t h e s e  variablss.CurietemperaturesoE samples f r o m a l l l i t l ~ o l o g i e s  imply 
t h a t  n e a r l y  s t o i c h i o m e t r i c  magne t i t e  is t h e  doninant  magnetic n i n c r ~ l  
of  t h e  deep c r u s t .  The c h o i c e  o f C u r i e i s o t h e m f o r r e g i o n ~ 1  s t i l d i e s  is 
t h e r e f o r e  cons t ra ined  t o  l i e  in  t h e  i n t e r v a l  55.;-575°C. A l t e r n a t i n g  
f i e l d  demagnet iza t ion of NRM, h y s t e r e s i s  phenomena, and s ~ s c e p t i b i l i ~ y  
i n d i c a t e  cha t  rheassumpt lonof  inducedmagne t i za t ion  is a l s o a p p r o p r i a t e  
i n  model l ing r e g i o n a l  anomalies.Tl~eoccasio~rnl inc idence  of i n t e n s e  and 
s t a b l e  NkY i n  rocks of bo th  metamorphic and igneous  o r i g i n  r e s u l t s  f ron  
e x s o l r ~ t i o n  of  % l p n  s i n g l e  domain opaque oxicie p a r t i c l e s  i n  c l inopyroxcne 
vh ich  we t c . i t a t i v e l y  i d e n t i f y  a l s o  a s  magnet i te .  One may observe  t h i s  
phase us ing  conven t iona l  o p t i c a l  methods,~iowever,  p r e c i s e  chemical  and 
m i n e r a l o g i c a l  i d e n t i f i c a t i o n  r e q u i r e s  e l c c t r o n  microscopy o r  p o s s i b l y  
x-ray methods. Fine g ra ined  opaque i n c l u s i o n s  a r e  a l s o  found i n  primary 
(?) amphiboles,  b u t  t h i s  h o s t  is  uncommon r e l a t i v e  t o  t h e  i n c l u s i o n  
b e a r i n g  cl inopyroxene.  Retrograde metamorphism of  g r a n u l i t e  f n c i c s  
assemblages t o  amphibo l i t e  f a c i e s  (and t r a n s i t i o n a l )  e q u i v a l e n t s  in- 
volves  t h e  i ron- t i t an ium o x i d e s  and s u l f i d e s  i n  t h a t  g a r n e t ,  s p h e n e , o r  
anphib.>le are produced a t  t h e i r  expense. These m i n e r a l o g i c a l  changes 
a r e  accompanied by r e d u c t i o n s  i n  NRM and s a t u r a t i o n  ID! i n t e n s i t i e s  
and cc ! scep t ib i l i ty .  I n  summary, t h e s e  rocks  s u g g e s t  t h a t  model l ing o f  
t h e  deep c r u s t  nay s a f e l y  assume induced magne t i za t ion  wi th  a Cur ie  
i sotherm corresponding to  magnet i te .  
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Thu sources o r  r c g i o n a l  magne t i c  anomal i e s  a r c  usual  l y  
tnken t o  c o i n c i d e  w i t h  t h e  lower o r  deep c r u s t ,  h u t  t h e  
pctrolo)yicandmsp;nc?tfc c h a r a c t e r  h a s  o n l y  r e c e n t l y b e e n  
cons  idercci.  Through d e t a i l e d  f  i e l d  work i n c l u d i n g  4,500 
tneasurements i n  L o f o t e n  and V e s t c r a a l e n ,  NorthNorway, 
2nd l a b o r n t o r y , a n ~ l y t i c a l ,  e x p e r i m ~ n t a l ,  and thco- 
rtbt i c a l  c o n s i d e r a t i o n s ,  s e v e r a l  impor t an t  general con- 
c l t ~ s i n n s  emerge. 1)  The t h e r m a l  entlancernent o f  masnet ic  
s i ~ s c c p t  i b i l i t y ,  o r  Hopkinson e f f e c t ,  is o f  minimal impor- 
t a n r e .  2) Cnducednndviscousmagnetizationofhip,t i-grade 
rocks  is d e f i n e d  s o l e l y  by  mul t i -domainmagne t i t ewi th  
Curiepointsbetween555and57S°C ( 4 4 o f  4 5 s a m p l c s ) c o n -  
t a j n i n g b u t  1 -2%ulvosp ine l .  3)Uniformrcmanentrnagne- 
t i z a t i o n o f  l a t e r a l l y  e x t e n s i v e ,  t h i c k , c r u s t a l s o u r c e s  
is u n l i k e l y ;  t h e  c h a r n c t e r i s t i c t i m e o f  c o o ? i n g a n d  up- 
l i f t  i s  2 t o  3 o r d e r s o f  m a g n i t u d e ~ r ~ a t e r  t l i a n t h a t o f  
uni form geornagtretic p o l a r i t y ,  s t a b l e  c r a t o n s  are  poly- 
ne tamorphic ,  and,  the time-temperaiure c o n d i t i o n s  i n  t h e  
deepcrustdonotfavorstabilityof f o s s i l r e m a n e n c c .  4 )  
Lowsnd intermediatepressuregranulitesdefinenunique, 
h i g h l y ~ a g ~ e t i c p e t r o l o g y ,  e s p e c i a l l y  f o r m a f i c  rocks ,  
v h i c h  a t  h i g h e r g r a d e s  (high-pressuregranulitesandeclo- 
g i t e s )  and lower  g r a d e s  ( a m p h i b o l i t e a n d  ~ r 9 e n - s c h i s t  
f a c i e s )  is u n s t a b l e a n d  nonmagnetic .  T h i s i , ; e s p e c i a l l y  
e v i d e n t  frompetrographicandmagneticpro~ertiesof 
Lofo ten  and V e s t e r a a l e n  samples  and from e x p e r i m e n t s  (e.g. 
GreenhKingwood).  5) I n S W L o f o t c n t h e r o c k s  f r o m t h e d e e p -  
e s t s e c t i o n  have  t h e  lccgestaveragesusceptibilities, 
0.005 (c .g . s . ) , andnnn ,  0.0005emu/p,.This e v i d e n c e  por- 
t r a y s t h e  l o w e r c r u s t a s a  highlymagnet izedunitwhoae 
spatinlpositiondependscriticallyonrnetamorphic g r a d e  
w i t h a C u r i e i s o t h e m o f  575"Candmagnet izat ionpars l le l  
t o t h e m b i e n t f i e l d . T h i s g i v e s c r e d e n c e t o g c o p h y s i c a 1  
s p e c u l a t i o n s o f  h i g h l y m g n e t i c d e e p c r u s t a l  s o u r c e s  of  
r e g i o n a l  magne t i c  nnoma! ies. 
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