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' ABSTRACT AND O V E R V I E W  

I n  t h i s  r e p o r t ,  t h e  f i r s t  r e s u l t s  f o r  t h e  A t l a n t i c  

Coas t a l  P l a i n  d r i l l i n g  p rogram a r e  r e p o r t e d  by  t h e  

G e o p h y s i c s  g r o u p  f o r  1 7  h o l e s  d r i l l e d  i n  N e w  J e r s e y ,  

Delaware, M a r y l a n d ,  and  V i r g i n i a .  a v e r a g e  g e o t h e r m a l  

g r a d i e n t s  r a n g e  from a b o u t  25 'C/Km t o  a h i g h  o f  45 ' C / K m .  

T h r e e  s i t e s ,  S a l i s b u r y ,  MD,  C r i s f i e l d ,  MD, and  W a l l o p s  

I s l a n d ,  VA,  h a v e  s u f f i c i e n t l y  h i g h  t h e r m a l  g r a d i e n t s  t o  

w a r r a n t  f u r t h e r  s t u d y  t o  o u t l i n e  t h e  t h e r m a l  anomaly  and t o  

d i s c o v e r  i f  t h e y  a r e  a s s o c i a t e d  w i t h  a p o t e n t i a l  f i e l d  

anomaly .  Ho le  25 d r i l l e d  a t  t h e  c e n t e r  o f  a w e l l - d e f i n e d  

n e g a t i v e  g r a v i t y  anomaly  n e a r  P o r t s m o u t h ,  VA h a s  a g r a d i e n t  

o f  35 'C /Km which  i s  s i g n i f i c a n t l y  g r e a t e r  t h a n  t h e  25'C/km 

g r a d i e n t  o f  h o l e  26 d r i l l e d  n e a r b y .  T h i s  s u p p o r t s  t h e  

r a d i o g e n i c  model  and s u g g e s t s  t h a t  s u c h  g r a v i t y  lows a r e  

a s s o c i a t e d  w i t h  g r a n i t i c  r o c k s  wh ich  a c t  a s  g r e a t e r  t h a n  

n o r m a l  h e a t  s o u r c e s  b u r i e d  b y  t h e  i n s u l a t i n g  c o v e r  o f  t h e  

c o a s t a l  p l a i n .  

Dashevsky  d e s c r i b e s  h i s  work on  t h e  a p p r o a c h  t o  t h e r m a l  

e q u i l i b r i u m  o f  t h e  c o a s t a l  p l a i n  h o l e s .  The o r i g i n a l  

t e m p e r a t u r e  g r a d i e n t  i s  d i s t u r b e d  by  t h e  d r i l l i n g  a n d ,  more  

i m p o r t a n t l y ,  b y  t h e  h e a t  o f  c r y s t a l l i z a t i o n  o f  t h e  cemen t  

u s e d  t o  s e a l  t h e  h o l e s .  The h o l e s  a p p r o a c h  t h e i r  

e q u i l i b r i u m  g r a d i e n t  e x p o n e n t i a l l y  and a r e  w i t h i n  5 %  of  

t h e i r  e q u i l i b r i u m  v a l u e  a t  a p p r o x i m a t e l y  450 h o u r s  a f t e r  

c e m e n t i n g .  
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C o s t a i n ,  P e r r y ,  D a s h e v s k y ,  and Sans  r e p o r t  a new h e a t  

f l o w  v a l u e  f o r  t h e  S i l o a m  1 d r i l l  h o l e  i n  t h e  S i l o a m  P l u t o n ,  

GA o f  1 . 5 3  x c a l / c m  - s e c  ( 1 . 5 3  H F U ) .  T h i s  i s  t h e  

h i g h e s t  v a l u e  r e p o r t e d  i n  t h e  s o u t h e a s t e r n  USA.  The a u t h o r s  

c o n c l u d e  t h a t  a s i m i l a r  p l u t o n ,  b u r i e d  u n d e r  t h e  i n s u l a t i n g  

2 

c o v e r  o f  t h e  A t l a n t i c  C o a s t a l  P l a i n ,  c o u l d  e a s i l y  a c c o u n t  

f o r  t h e  h i g h  g e o t h e r m a l  g r a d i e n t s  now b e i n g  found t h e r e .  

U s i n g  t h e  e m p i r i c a l  l i n e a r  r e l a t i o n  b e t w e e n  h e a t  f l o w  and 

h e a t  g e n e r a t i o n ,  t h e  S i l o a m  p l u t o n  was o r i g i n a l l y  c h o s e n  t o  

b e  d r i l l e d  b e c a u s e  t h e  h i g h  h e a t  p r o d u c t i o n  o f  t h e  s u r f a c e  

s a m p l e s  would p r e d i c t  a h i g h  h e a t  f l o w .  C o s t a i n  and P e r r y ,  

i n  t h e i r  s e c t i o n  on t h e  l i n e a r  r e l a t i o n s h i p  b e t w e e n  h e a t  

f l o w  (Q) and h e a t  p r o d u c t i o n  ( A ) ,  d i s c u s s  t h e  i m p o r t a n c e  

o f  t h e  S i l o a m ,  i n  c o n f i r m i n g  t h i s  r e l a t i o n s h i p  g i v e n  b y  

Q ( H F U )  = 0 . 6 5  + 8.OA ( H G U )  

€ o r  y a . l u e s  o f  A g r e a t e r  t h a n  6 HGU (1 HGU = 

c a l / c m 3 - s e c )  f o r  t h e  s m a l l e r  * p o s t -  and p r e - m e t a m o r p h i c  

p l u t o n s  o f  t h e  s o u t h e a s t e r n  USA, The f a i l u r e  o f  t h e  l a r g e r ,  

s y n t e c t o n i c  p l u t o n i c  c o m p l e x e s  s u c h  as t h e  P e t e r s b u r g  and 

R o l e s v i l l e  t o  c o n f o r m  t o  t h i s  l i n e a r  r e l a t i o n s h i p  r e m a i n s  

u n e x p l a i n e d .  I t  m u s t  b e  n o t e d ,  h o w e v e r ,  t h a t  t h i s  l i n e a r  

r e l a t i o n  s t i l l  p r o v i d e s  a minimum e s t i m a t e  o f  h e a t  

t h e s e  c a s e s .  
’ ,  

R e g u l a r  readers  o f  t h e s e  r e p o r t s  a r e  aware  

l i v e l y  i n t e r e s t  i n  t h e  r e a s o n  o r  r e a s o n s  why t 

p r o d u c t i o n s  o f  n e a r - s u r f a c e  r o c k 8 ,  s u b j e c t  t o  

f l o w  i n  

of  t h e  

h e  ( “ h e a t  

v a r i e d  
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hj 
h i s t o r i e s ,  s h o u l d  g i v e  a good i n d i c a t i o n  o f  h e a t  f l o w  f rom 

t h e  e a r t h  s c r u s t  l y i n g  b e n e a t h  them. E x p l a n a t i o n s  

e v e n t u a l l y  r e g u i r e  knowledge  of t h e  g e o l o g i c  b e h a v i o r  o f  t h e  

r a d i o g e n i c  e l e m e n t s ,  p a r t i c u l a r l y  u r a n i u m  and t h o r i u m ,  wh ich  

would form t h e  b a s i s  o r  t e s t  o f  a n y  e x p l a n a t i o n .  S p e e r ,  f o r  

t h e  L i b e r t y  H i l l ,  and B e c k e r ,  f o r  t h e  Winnsboro ,  r e p o r t  f o r  

t h e s e  g r a n i t e s  on  t h e  l o c a t i o n  o f  u r a n i u m  by f i s s i o n  t r a c k  

t e c h n i q u e s .  They f i n d  t h e  m a j o r i t y  o f  t h e  U i n  a c c e s s o r y  

m i n e r a l s :  u r a n o t h o r i a n i t e ,  t h o r i t e ,  a l l a n i t e ,  x e n o t i m e ,  

z i r c o n ,  a p a t i t e ,  and e p i d o t e .  P r e v i o u s l y  i d e n t i f i e d  Th 

s i t e s  a r e  t h o r i t e ,  u r a n o t h o r i a n i t e ,  a l l a n i t e ,  and  x e n o t i m e .  

The r e m a i n i n g  U i s  a s s o c i a t e d  w i t h  a l t e r a t i o n  f e a t u r e s  o f  

t h e  r o c k s  and  m i c r o c r a c k s  as a r e s u l t  o f  a b s o r p t i o n  o r  

r e d u c t i o n  o f  m o b i l e  U+6 t o  immoble U + 4  by o x i d a t i o n  o f  i r o n  

o x i d e s  and  s i l i c a t e s .  T h e s e  s t u d i e s  d e m o n s t r a t e  t h e  

t h e o r e t i c a l  p o s s i b i l i t y  t h a t  t h e  more m a f i c  r o c k s  a r e  a b l e  

. t o  b u f f e r  t h e  oxygen  f u g a c i t y  and  p r e v e n t  u r a n i u m  l o s s  by  

p r e v e n t i n g  U+4 o x i d a t i o n  t o  h t e  more s o l u b l e  U + 6  c o m p l e x e s .  

The q u e s t i o n  r e m a i n s  on  how e f f i c i e n t  t h i s  p r o c e s s  i s  and  

how much u r a n i u m  h a s  m i g r a t e d  o u t  o f  t h e  s y s t e m .  

S a n s ,  i n  h i s  d i s c u s s i o n  o f  t h e  Woodstock g r a n i t e  i n  

M a r y l a n d ,  shows t h e  f e a s i b i l i t y  of t h e  Th b e i n g  l a r g e l y  

p r e s e n t  i n  t h e  a l l a n i t e .  

The b a s i s  f o r  m o d e l s ,  h y p o t h e s e s ,  and a s s u m p t i o n s  

c o n c e r n i n g  t h e  b e h a v i o r  o f  r a d i o g e n i c  e l e m e n t s  and  what  l i e s  

b e n e a t h  t h e  A t l a n t i c  C o a s t a l  P l a i n  r e q u i r e s  g e o l o g i c  LJ 

.. 
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k n o w l e d g e .  T h e s e  s t u d i e s  c o n t i n u e  i n  s e v e r a l  a r e a s  o f  t h e  

s o u t h e a s t .  B o b y a r c h i c k  r e p o r t s  o n  t h e  s e t t i n g  o f  t h e  

e x p o s e d  P e t n r s b u r g  g r a n i t e  o f  V i r g i n i a .  T h i s  i s  a l a r g e ,  

4000 km , s y n t e c t o n i c  g r a n i t e  w i t h  a l a r g e  e x t e n s i o n  b e n e a t h  

t h e  c o a s t a l  p l a i n .  It i s  o n e  o f  t h e  p l u t o n s  wh ich  d o e s  n o t  

f o l l o w  t h e  l i n e a r  r e l a t i o n s h i p  b e t w e e n  h e a t  f l o w  and h e a t  

g e n e r a t i o n .  B o b y a r c h i c k  f i n d s  t h e  g r a n i t e  i s  bounded b y  a 

much l a r g e r  number o f  d u c t i l e  d e f o r m a t i o n  z o n e s  and 

u 

' 2  

s u p e r i m p o s e d  b r i t t l e  f a u l t s  t h a n  p r e v i o u s l y  s u p p o s e d .  

S p e e r  and  B e c k e r  d e s c r i b e  t h e  P a l m e t t o  p l u t o n ,  G e o r g i a ,  

o n e  6f t h e  p o s t - m e t a m o r p h i c  p l u t o n s  wh ich  h a s  b e e n  d r i l l e d  

f o r  h e a t  f l o w  d e t e r m i n a t i o n .  They f i n d  t h i s  w e s t e r n m o s t  

p l u t o n  h a s  c r y s t a l l i z e d  u n d e r  a h i g h e r  w a t e r  p r e s s u r e  t h a n  

t h o s e  t o  t he  e a s t .  The h e a t  p r o d u c t i o n  o f  t h e  P a l m e t t o  

g r a n i t e  i s  s i g n i f i c a n t l y  h i g h e r  t h a n  t h e  e n c l o s i n g  g r a n i t i c  

c o u n t r y  r o c k .  

B e c k e r  r e p o r t s  on  t h e  p e t r o g r a p h y  and c h e m i s t r y ,  o f  t h e  

C u f f y t o w n  Creek d r i l l  h o l e ,  SC. She  f i n d s  t h e  r o c k s  s i m i l a r  

t o  t h e  s u r f a c e  r o c k s  wh ich  were r e p o r t e d  p r e v i o u s l y  ( B e c k e r ,  

VPILSU-5648-3). T h i s  h o l e  w i l l  b e  n t e r e s t i n g  i n  terms o f  

i t s  h e a t  f l o w  i n  v i e w  o f  i t s  h i g h  a v e r a g e  h e a t  p r o d u c t i o n  o f  

1 2 . 5  HGU. 

H a l l ,  i n  h i s  e f f o r t  t o  c h a r a c t e r i z e  t h e  m a j o r  e lement  

c h e m i s t r i e s !  o f  tbe  g r a n i t e s ,  d i s c u s s e s  t h e  r e s u l t s  f rom t h e  

Pa lme t to ,  P a g e l a n d ,  and S i l o a m  g r a n i t e s .  He f i n d s  t h e  

U g r a n i t e s  t o  h a v e  a l k a l i n e  t o  c a l c - a l k a l i n e  a f f i n i t i e s .  
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. In a continuing and intensive study of the small 

Woodstock granite in Maryland, Sans reports on the chemistry 

and dirferentiation of the granite and their concentric 

nature. This is discussed in light of his previously 

reported concentric distribution of Th (VPILSU-5648-3). 

Uranium is uncorrelated with any chemical parameter which is 

attributed to the arbitrary effects of weathering. 
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R E S E A R C H  O B J E C T I V E S  
b.  

The o b j e c t i v e  o f  t h i s  r e s e a r c h  i s  t o  d e v e l o p  and a p p l y  

t a r g e t i n g  p r o c e d u r e s  f o r  t h e  e v a l u a t i o n  o f  l o w - t e m p e r a t u r e  

r a d i o g e n i c a l l y - d e r i v e d  g e o t h e r m a l  r e s o u r c e s  i n  t h e  e a s t e r n  

U n i t e d  S t a t e . 6  u t i l i z i n g  g e o l o g i c a l ,  g e o c h e m i c a l ,  and  

g e o p h y s i c a l  d a t a .  

The opt imum s i t e s  f o r  g e o t h e r m a l  d e v e l o p m e n t  i n  t h e  

t e c t o n i c a l l y - s t a b l e  E a s t e r n  U n i t e d  S t a t e s  w i l l  p r o b a b l y  b e  

a s s o c i a t e d  w i t h  a r eas  o f  r e l a t i v e l y  h i g h  h e a t  f l o w  d e r i v e d  

f rom c r u s t a l  i g n e o u s  r o c k s  c o n t a i n i n g  r e l a t i v e l y  h i g h  

c o n c e n t r a t i o n s  o f  r a d i o g e n i c  h e a t - p r o d u c i n g  e l e m e n t s .  The 

s t o r a g e  o f  c o m m e r c i a l l y - e x p l o i t a b l e  g e o t h e r m a l  h e a t  a t  

a c c e s s i b l e  d e p t h s  ( 1 - 3  km) w i l l  a l s o  r e q u i r e  f a v o r a b l e  

r e se rvo i r  c o n d i t i o n s  i n  r o c k s  o v e r l y i n g  a r a d i o g e n i c  h e a t  

s o u r c e .  In o r d e r  t o  s y s t e m a t i c a l l y  l o c a t e  t h e s e  s i t e s ,  a 

m e t h o d o l o g y  e m p l o y i n g  g e o l o g i c a l ,  g e o c h e m i c a l ,  and 

g e o p h y s i c a l  p r o s p e c t i n g  t e c h n i q u e s  i s  b e i n g  d e v e l o p e d  and 

a p p l i e d .  The d i s t r i b u t i o n  o f  r a d i o g e n i c  s o u r c e s  w i t h i n  t h e  

i g n e o u s  r o c k s  o f  v a r i o u s  a g e s  and  magma t y p e s  w i l l  b e  

d e t e r m i n e d  b y  a c o r r e l a t i o n  b e t w e e n  r a d i o e l e m e n t  c o m p o s i t i o n  

and  t h e  b u l k  c h e m i s t r y  o f  t h e  r o c k .  S u r f a c e  s a m p l i n g  and 

m e a s u r e m e n t  o f  t h e  r a d i o g e n i c  h e a t - p r o d u c i n g  . e l e m e n t s  a r e  

known t o  b e  u n r e l i a b l e  a s  t h e y  a r e  p r e f e r e n t i a l l y  removed by  

g r o u n d - w a t e r  c i r c u l a t i o n  and w e a t h e r i n g .  The c o r r e l a t i o n  

W b e t w e e n  t h e  b u l k  c h e m i s t r y  o f  t h e  r o c k  ( w h i c h  c a n  b e  

m e a s u r e d  r e l i a b l y  from s u r f a c e  s a m p l e s )  and r a d i o g e n i c  h e a t  



PAGE 1 0  

LJ 
. g e n e r a t i o n  i s  b e i n g  c a l i b r a t e d  by  d e t a i l e d  s t u d i e s  a t  a 

number o f  l o c a t i o n s  i n  t h e  e a s t e r n  U n i t e d  S t a t e s .  

I n i t i a l  s t u d i e s  a r e  d e v e l o p i n g  a m e t h o d o l o g y  f o r  t h e  

l o c a t i o n  o f  r a d i o g e n i c  h e a t  s o u r c e s  b u r i e d  b e n e a t h  t h e  

i n s u l a t i n g  s e d i m e n t a r y  r o c k s  o f  t h e  A t l a n t i c  C o a s t a l  P l a i n .  

C h o i c e  'of a d r i l l  s i t e  i n  t h e  A t l a n t i c  C o a s t a l  P l a i n  w i t h  a 

h i g h  g e o t h e r m a l  r e s o u r c e  p o t e n t i a l  d e p e n d s  o n  f a v o r a b l e :  

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

g r a n i t i c  r o c k s  b e n e a t h  a s e d i m e n t a r y  

i n s u l a t o r ;  

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

i n s u l a t o r ;  

( 3 )  t h i c k n e s s  o f  t h e  s e d i m e n t a r y  

i n s u l a t o r ;  and 

(4) r e s e r v o i r  c o n d i t i o n s  i n  t h e  

p e r m e a b l e  s e d i m e n t a r y  r o c k s  

o v e r l y i n g  t h e  r a d i o g e n i c  h e a t  

s o u r c e .  , 

B e c a u s e  i t  i s  n o t  e c o n o m i c a l l y  f e a s i b l e  t o  s e l e c t  d r i l l i n g  

s i t e s  on  t h e  A t l a n t i c  C o a s t a l  P l a i n  w i t h o u t  g e o p h y s i c a l  and 

g e o l o g i c a l  m o d e l s ,  i t  i s  a d v i s a b l e  t o  b a s e  t h e  d e v e l o p m e n t  

o f  t h e s e  m o d e l s  on  a s u b s t a n t i a l  and. a c c u r a t e  d a t a  b a s e  

which  c a n  b e  p a r t i a l l y  d e r i v e d  f rom t h e  e x p o s e d  r o c k s  o f  t h e  

P iedmont  and e n h a n c e d  by b a s e m e n t  s t u d i e s  b e n e a t h  t h e  

A t l a n t i c  C o a s t a l  P l a i n .  
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RECONNAISSANCE G E O L O G I C  

SETTING OF THE PETERSBURG G R A N I T E  AND 

R E G I O N A L  G E O L O G I C  FRAMEWORK FOR THE 

PIEDMONT I N  SOUTHEASTERN V I R G I N I A  

Andy R. B o b y a r c h i c k  

P r e f a c e  

T h i s  a r t i c l e  i s  a r e v i s i o n ,  w i t h  a d d i t i o n  o f  new d a t a  

c o l l e c t e d  d u r i n g  Augus t  and  S e p t e m b e r ,  1 9 7 8 ,  o f  a p r e v i o u s  

a r t i c l e ,  "The P e t e r s b u r g  B a t h o l i t h "  ( B o b y a r c h i c k ,  1 9 7 7 ,  

P r o g r e s s .  R e p o r t  VPI&SU-.5103-4, p .  A-26-41) .  

A b s t r a c t  

The P e t e r s b u r g  g r a n i t e  c o m p r i s e s  t h r e e  e l o n g a t e  b o d i e s  

i n  t h e  P iedmont  o f  s o u t h e a s t e r n  V i r g i n i a  wh ich  t o g e t h e r  

u n d e r l i e  a minimum o f  4000 km"2 o f  a r e a  west o f  t h e  f a l l  

l i n e .  The P e t e r s b u r g ,  wh ich  o c c u r s  i n  p o r p h y r i t i c ,  m a s s i v e  

and  f o l i a t e d  p h a s e s ,  h a s  a t  l e a s t  o n e  f o l i a t i o n ,  i n f e r r e d  t o  

b e  a s y n t e c t o n i c  i g n e o u s  f o l i a t i o n ,  and was e m p l a c e d  i n  t h e  

wan ing  s t a g e s  o f  r e g i o n a l  p r o g r a d e  me tamorph i sm.  X e n o l i t h s  

o f  t h e  g r a n i t i c  and  p a r t i a l l y  m i g m a t i t i c  c o u n t r y  r o c k s  which  

t h e  g r a n i t e  i n t r u d e d  were s t r o n g l y  f o l i a t e d  b e f o r e  t h e  t i m e  

o f  e m p l a c e m e n t .  M e t a v o l c a n i c  r o c k s  c o r r e l a t e d  w i t h  t h e  

e a s t e r n  C a r o l i n a  s l a t e  b e l t  a r e ,  e x c e p t  f o r  p o s s i b l e  h i g h  
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g r a d e  e q u i v a l e n t s  w e s t  o f  t h e  P e t e r s b u r g  g r a n i t e ,  

a l l o c h t h o n o u s  and  bound by  m y l o n i t e  z o n e s  o r  b r i t t l e  f a u l t s .  

S t r u c t u r a l l y  l o w e r  a m p h i b o l i t e  f a c i e s  g n e i s s e s  h a v e  a n  

u n c e r t a i n  r e l a t i o n s h i p  t o  t h e  s l a t e  b e l t  r o c k s .  They c o u l d  

b e  as  o l d  a s  1 . 0  b . y .  o r  as  young a s  C a m b r i a n .  

A f t e r  emplacemen t  o f  t h e  P e t e r s b u r g  a b o u t  300 m.y.  a g o ,  

a s y s t e m  o f  l a t e  P a l e o z o i c  m y l o n i t e  z o n e s ,  i n c l u d i n g  t h e  

H y l a s  z o n e ,  formed i n  a 10-15 km wide  c o r r i d o r  b e t w e e n  t h e  

w e s t e r n m o s t  and e a s t e r n m o s t  b o d i e s  o f  g r a n i t e .  The T r i a s s i c  

Richmond b a s i n  and  a p p r o x i m a t e l y  c o n t e m p o r a n e o u s  h i g h  g r a d e  

b r i t t l e  f a u l t i n g  w e r e  s u p e r i m p o s e d  on  t h i s  c o r r i d o r ,  

p r i m a r i l y  l o c a l i z i n g  a l o n g  m y l o n i t e  z o n e s .  T h u s ,  t h e  

r e g i o n a l  f r amework  f o r  t h e  s o u t h e a s t e r n  V i r g i n i a  c r y s t a l l i n e  

P iedmont  i s  o n e  c h a r a c t e r i z e d  b y  p o s t - m e t a m o r p h i c  d u c t i l e  

d e f o r m a t i o n  z o n e s  and s u p e r p o s e d  b r i t t l e  f a u l t s .  

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

"Here t h e  w a t e r  h a s  washed t h e  g r a n i t e  
b a r e ,  and  t h i s  l o c a l i t y  i s  e s p e c i a l l y  n o t e w o r t h y .  
One e n c o u n t e r s  a l l  of t h e  p r i n c i p a l  c o n s t i t u e n t s  
o f  g r a n i t e ,  b u t  n o t  a l w a y s  e q u a l l y  and  e x a c t l y  
m i x e d .  Here a r e  c l u m p s  of p u r e  g r a n u l a r  q u a r t z ,  
t h e r e ,  e r r a t i c  c h u n k s  o f  b e a u t i f u l  ' a n d  p a r t l y  
c r y s t a l l i z e d  f e l d s p a r ,  a t  a n o t h e r  p l a c e  c r u d e  
m a s s e s  o f  f i n e l y  f l a k e d  m i c a ,  m a i n l y  b l a c k - - h e r e  , 

a r e  mica and  q u a r t z ,  m i c a  and  f e l d s p a r ,  f e l d s p a r  
and - q u a r t z ,  now b y  t h e m s e l v e s ,  now a l l  t h r e e  mixed  
t o g e t h e r .  One sees  a hardened dough whose 
c o n s t i t u e n t s ,  when i t  was s t i l l  s o f t  and f l u i d ,  
were n o t  p r o p e r l y  kneaded  t o g e t h e r  . I t  hd - - Johann  David Schopf  ( 1 7 8 7 )  

( w r i t t e n  o f  g r a n i t e  a l o n g  t h e  
James  R i v e r  i n  Richmond) 
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w i t h  p h e n o c r y s t s  f rom 1 mm t o  5 mm l o n g  ( t h e  Richmond- 

P e t e r s b u r g  l i g h t  g r a y  g r a n i t e ) ;  ( 2 )  a f i n e r  g r a i n e d  d a r k  

! i b l u e  g r a n i t e  o f  a p p r o x i m a t e l y  t h e  same c o m p o s i t i o n  ( t h e  

R i c h m o n d - F r e d e r i c k s b u r g  d a r k  b l u e  g r a y  g r a n i t e ) ;  and  ( 3 )  i n  I 

1 I t h e  v i c i n i t y  o f  M i d l o t h i a n ,  V i r g i n i a ,  a p o r p h y r i t i c  g r a n i t e  
! 

w i t h  e u h e d r a l  p o t a s s i u m  f e l d s p a r  p h e n o c r y s t s  as  much a s  5 cm I 

I 

l o n g .  Watson ( 1 9 0 6 ,  p .  5 3 4 )  assumed t h e  d a r k  b l u e  g r a n i t e  
I 

t o  b e  y o u n g e r  t h a n  t h e  l i g h t  g r a y  p h a s e  b e c a u s e  a p p a r e n t  

I x e n o l i t h s  o f  l i g h t  g r a y  g r a n i t e  i n  t h e  d a r k  b l u e  p h a s e  were  

I .  e x p o s e d  l o c a l l y  i n  q u a r r i e s  i n  t h e  Richmond a r e a .  However ,  

I Bloomer ( 1 9 3 9 ,  p .  1 4 3 )  c o n c l u d e d  t h a t  t h e  b l u e  g r a n i t e  was 

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

I g r a d a t i o n a l  c o n t a c t s  b e t w e e n  t h e  two p h a s e s ,  t h e  f i n e r  

g r a i n e d  p h a s e  r e p r e s e n t i n g  p a r t i a l l y  a s s i m i l a t e d  x e n o l i t h s  

o f  g n e i s s  o r  s c h i s t  f rom t h e  c o u n t r y  r o c k s .  Bloomer s 

i n t e r p r e t a t i o n  i s  s u p p o r t e d  by  t h e  p r e s e n t  s t u d y .  

I 
I 
1 

I 
1 

I 

I 

G r a n i t i c  r o c k s  a p p a r e n t l y  o f  i g n e o u s  o r i g i n  s o u t h  o f  

P iedmont  were shown as  " P e t e r s b u r g  g r a n i t e "  on  t h e  1928 

I g e o l o g i c  map o f  V i r g i n i a  ( S t o s e ,  1 9 2 8 ) .  S h o r t l y  t h e r e a f t e r ,  

J o n a s  ( 1 9 3 2 ,  p .  243)  r e f e r r e d  t o  unde fo rmed  l a t e  P a l e o z o i c  

I 

I 
I 
I g r a n i t e  i n  V i r g i n i a  s o u t h w e s t  o f  Richmond a s  " P e t e r s b u r g  

i g r a n i t e . "  Bloomer ( 1 9 3 9 ,  p .  1 4 1 )  s p e c i f i e d  " P e t e r s b u r g  L J  
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g r a n i t e "  as t h a t  g r a n i t e  e x p o s e d  i n  Hanover  C o u n t y ,  

V i r g i n i a ,  s o u t h w a r d  i n t o  N o r t h  C a r o l i n a .  

L d  

The p u r p o s e  o f  t h e  p r e s e n t  s t u d y  i s  t o  d e s c r i b e  t h e  

r e g i o n a l  g e o l o g i c  f r amework  i n t o  wh ich  P e t e r s b u r g  g r a n i t e  

was e m p l a c e d  and  t o  o u t l i n e  m o d i f i c a t d o n s  o f  t h a t  f ramework  

b y  p o s t - i n t r u s i o n  d e f o r m a t i o n s .  B e c a u s e  f i e l d  i n v e s t i g a t i o n  

f o r  t h i s  s t u d y  was p r i m a r i l y  r e c o n n a i s s a n c e  i n  n a t u r e ,  a 

c o m p r e h e n s i v e  d e t a i l e d  a n a l y s i s  i s  n o t  p r o v i d e d .  The b r o a d  

f r amework  t h a t  i s  p r e s e n t e d  may fo rm a b a s i s  f o r  f u t u r e  

d e t a i l e d  s t u d i e s .  

R e g i o n a l  Geo logy  

P r e c a m b r i a n ( ? )  and P a l e o z o i c ( ? )  Rocks 

Few p u b l i s h e d  d e t a i l e d  s t u d i e s  o f  t h e  e a s t e r n  P iedmont  

o f  V i r g i n i a  s o u t h  o f  t h e  James  R i v e r  a r e  a v a i l a b l e .  Goodwin 

( 1 9 7 0 1 ,  Weems ( 1 9 7 4 1 ,  P o l a n d  ( 1 9 7 6 1 ,  and  B o b y a r c h i c k  and  

G l o v e r  ( i n  p r e s s )  h a v e  i n v e s t i g a t e d  m e t a m o r p h i c  r o c k s  n e a r  

t h e  James R i v e r .  The 1963  g e o l o g i c  map o f  V i r g i n i a  

( V i r g i n i a  D i v i s i o n  o f  M i n e r a l  R e s o u r c e s )  shows m e t a m o r p h i c  

r o c k s  e n c l o s i n g  t h e  P e t e r s b u r g  g r a n i t e  i n  t h r e e  b r o a d l y  

d e f i n e d  u n i t s :  (1) mica g n e i s s ;  ( 2 )  p h y l l i t e ;  and ( 3 )  

h o r n b l e n d e  g a b b r o  and g n e i s s .  Narrow b e l t s  o f  me tamorphosed  

&, v o l c a n i c  and  s e d i m e n t a r y  r o c k s  a r e  i n d i c a t e d  n e a r  
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L a w r e n c e v i l l e ,  V i r g i n i a ,  and a l o n g  t h e  B r u n s w i c k  County-  

G r e e n s v i l l e  Coun ty  b o u n d a r y  o f  t h e  N o r t h  C a r o l i n a  s t a t e  

l i n e .  P a r k e r  ( 1 9 6 8 )  p u b l i s h e d  a r e c o n n a i s s a n c e  s t r u c t u r e  

map o f  t h e  c e n t r a l  e a s t e r n  N o r t h  C a r o l i n a  P i e d m o n t .  

C o u n t r y  r o c k s  a s s o c i a t e d  w i t h  P e t e r s b u r g  g r a n i t e  

compr ise  e i t h e r  f a u l t - b o u n d e d ,  g r e e n s c h i s t  f a c i e s  

m e t a v o l c a n i c  r o c k s  o r  m i g m a t i t i c  l a y e r e d  g n e i s s  ( F i g u r e  A l l .  

N a n - m i g m a t i t i c ,  s t r o n g l y  l a y e r e d  b i o t i t e  g n e i s s ,  

i n t e r c a l a t e d  w i t h  a m p h i b o l i t e ,  b i o t i t e  s c h i s t  and  g r a n i t i c  

g n e i s s  i s  d o m i n a n t  a l o n g  t h e  James  R i v e r  and n o r t h w a r d .  

C o a r s e  g r a i n e d ,  w e a k l y  f o l i a t e d  m e t a d i o r i t e  c r o p s  o u t  n e a r  

t h e  No t toway  R i v e r ,  s o u t h w e s t  o f  P e t e r s b u r g  and a p p e a r s  t o  

b e  bound by  m y l o n i t e  z o n e s .  

G r a n i t i c  g n e i s s  ( g r g n ) .  F i n e  t o  medium g r a i n e d ,  

s t r o n g l y  f o l i a t e d ,  v a r i a b l y  l a y e r e d  g r a n i t i c  g n e i s s  f o r m s  a 

m i g m a t i t e  t e r r a n e  b e t w e e n  t h e  e a s t e r n  and w e s t e r n  b o d i e s  o f  

P e t e r s b u r g  g r a n i t e ;  t h e  s m a l l e r  c e n t r a l  body of g r a n i t e  i s  

s u r r o u n d e d  b y  t h i s  l i t h o l o g y .  S e l v a g e s  o f  b i o t i t e  g n e i s s  

and a m p h i b o l i t e  a r e  numerous  w i t h i n  t h e  g r a n i t i c  g n e i s s  and  

o c c u r  as  d i s c o n t i n u o u s ,  i r r e g u l a r  m a s s e s  v a r y i n g  i n  s i z e  

b e t w e e n  a few cm and s e v e r a l  m .  Where u n i n t e r r u p t e d  by  

l a t e r  d i k e  i n t r u s i o n ,  t h e  g n e i s s i c  s e l v a g e s  g e n e r a l l y  l i e  

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

L i n e a t e d ,  medium t o  c o a r s e  g r a i n e d  ( 0 . 5  mm t o  0 . 8  mm) 

b i o t i t e - m u s c o v i t e  g r a n i t i c  o r t h o g n e i s s  ( c o m p o s i t i o n a l l y  

g r a n o d i o r i t i c  w i t h  . less  t h a n  10  p e r c e n t  m a f i c s )  w i t h  
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Triassic s e d h n t u y  rocks. 

Pctersbur -nit.. Mpbu--undifferentiated m i t e ;  
Mph--medfru to coarse mined. weakly or nonfoliated 
massive srunite; Bpbf--WdeMtely to stmngly foliated, 
medim grained gray 
moderately to foliated porphyritic granite. 

mite; npbp--coarse grained, 

netaaorphosed sedbentary and volcanic rocks. 
Includes: red and en variegated argillite or slate; 
penimli p u y  phyllc; p u y  to white fine grained 
crystal tuff; rhyodacitic e idote-actinolite(7)- 
plagioclase gneies; graphitic andalusite phyllita 
and schist; muscovite mchist; biotite-muscovite schist; 
chlorite schist and chlorite-amphibole-talc. Euuiva- 
lent to eaetern Carolina slate belt. 

Biotite-muscovite schist and gneiss with local pods 
of chlorite schist. Probably equivalent to mv. 

Fine Creek Mills Granite (Poland. 1976). 

Layered gneiss. 
gneies east of omternmost Petereburg granite and 
wtuorphic screens within the granite. 
Bedim grained biotite gneiss With minor amphibolite. 
lgnZ--garnetiferous muscovite-biotite schist and gneiss 
interlayered with coarse amphibole gneiss and amphibolite. 
Includce Sabot Amphibolite and Maiden8 Gneise (Poland. 
1976 ) . 
Coarse grained mctadiorite. 

Fine to medium grained. strongly foliated. variably 
layered migmatitic granitic gneiss. 
medild to coarse grained muscovite-biotite granitic 
orthogneias at Rawlings. Virginia. 

lgnl--layered intormediate to Mfic 

Dominantly 

Includes lineated. 

Geologic contact; dashed where inferred, dotted 
whese covered, queried where doubtful. 

Phase boundary in Petweburg granite; dotted where 
covered, queried where doubtful. 

Faults 

-..-..- .... 
- 
Shear or shear w n e  boundary; teeth indicate dip of 
mylonitic foliation. dashed where inferred, dotted 

---*e? where covered, queried where doubtful. Wavy dashes 
indicate shear zones. Tick on tooth edge indicates 
brittle fault present. 

Brittle fault; dashed where inferred. dotted where 
---.e covered, queried where doubtful. U--upthrown side; ' D--downthmwn side. 
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numerous thin mafic schlieren occurs at Rawlings, Virginia. 

The orthogneiss, although possessing a weak compositional 

layering of quartzofeldspathic and micaceous bands, is 

texturally and compositionally homogeneous when observed in 

larger outcrops. The regional extent of orthogneiss is 

uncertain because of its similarity in saprolitized 

exposures to fine grained migmatitic granitic gneiss. 

Therefore, the Rawlings orthogneiss is not mapped separately 

on Figure Al. 

Layered gneiss (lgn). - Complexly interlayered, strongly 

foliated gneisses have been broadly grouped into two layered 

gneiss units. Layered gneiss east of the Hylas zone and its 

southwestward projection is designated lgnl while layered 

g n e i s s ,  west of this zone is lgn2. In general, biotite 

gneiss and minor amphibolite are dominant in lgnl and 

locally occur as interdigitating metamorphic screens 

enclosed by Petersburg granite. Smaller bodies of this unit 

also appear within migmatitic granitic gneiss. 

Garnetiferous muscovite-biotite schist interlayered 

wi‘th thin (generally less than a few m) amphibolite or , 

amphibole gneiss is characteristic o‘f lgn2 south o f  the 

Appomattox River. Here, the layered gneiss is locally , 

I intensely intruded by coarse grained, slightly discordant ~ 

felsic pegmatite swarms. Rotation of angular gneiss , 

fragments by invading pegmatites was observed. It is likely 

that the well-known Amelia pegmatites (Pegau, 1932) were c 
-~ 
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c o n t e m p o r a n e o u s  a w i t h  t h e s e  d i k e  swarms. N o r t h  o f  t h e  

Appomat tox  R i v e r ,  l g n 2  i n c l u d e s ' b i o t i t e  g n e i s e  and  g r a n i t i c  

g n e i s s ,  mapped b y  P o l a n d  ( 1 9 7 6 )  a s ,  r e s p . e c t . i v e l y ,  Ma idens  

G n e i s s  and  S t a t e  F'arm G n e i s s .  T h e s e  ' r o c k s  a r e  n o t  

c h a r a c t e r i z e d  by  a b u n d a n t  d i s c o r d a . n t  ' p e g m a t i t e s .  

. .  

M e t a v a l c a n i c  ' r o c k s  :(mv). - S t r a t i f i e d  : r o c k s  p r i m a r i l y  o f  

v o l c a n i c  o r i g i p  o c c u r '  . in.  thr'e'e. n a r r o w ,  s i n u o u s  b e l t s  t h a t  

a r e  bound b y . p y l o n i t e  z o n e s  o r  b r ' i t t l e  * f a i l t s ' ' ( F i g u r e  A l l ,  

A l t h o u g h  t h e  ' b e l t s  ar 'e ' s t r u c t u r a l l $ -  d i s t i n c t  and r e g i o n a l  

metamorphism.  ' v a r i e s  f rom b e l t  to"be '1 ' t ;  i t  is a p p a r e n t  t h a t  

t h e  d o m i n a n t ,  l i t h o l o g y  ' i s  ' v e r y  f i n e  g r a i n e d ,  l o c a l l y  r e d  .and 

g r e e n  v a r i e g a t e d -  s.1at.e' . o r  a r g i l l i t e  . a t '  l ow m e t a m o r p h i c  

g r a d e .  P r e s e r v e d  o r i g i n a l '  l a y e b r i n g , .  . which  i s '  ' g e n e r a l l y  

d i s c o r d a n t  t o  t h e -  : o l d e s t  m e t a m o r p h i c  f o l i a t i o n ,  l b c a l l y  

shows weak g r a d i n g .  E a s t e r n m o s t  ' b e l t s  o f  mv r o c k s '  c o n t a i n  

. . .  
. . .  . 

. .  

s l a t e s  . a n d  p h y l l i t e s ,  d e ' r i v e d  . f r o m ' ,  t h e  'same ' o r  . s i m i l a r  

p r o t a l i t h ,  i n t e r l a y e r e d  w i t h  f i n e  . g r a i n e d  c r y s t a l  t u ' f f s ,  

r h y o d a c i E e s  v t i th '  e u ' h e d r a l  q u a r r e '  'and .coned p l a g i o c l a i e  

p h e n o c r y s t s ,  gr'eens-to'n'eb, c h l o r i t e  'schist. ' and c h l o r i t e - '  ' 

. - .  amph i b o  1 e- t a l c  s c h i s t ' .  

The . -  b e l t  o f  m v .  r o c k s  e a s t  o f  L a w r e n c e v i l l e .  is d o m i n a t e d  

i n  i t s  c e n t r a l  r e g i o n '  b y  g r a p h ' i t i c  c h i a s t o l i t e  p h y l l i t e  and 

b i o t i t e - a n d a l u s i t e - m u s c o v i t e  s c h i s t .  

However ,  f i n e - g r a 3 n e d  f e l s i c  t u f f s  a l s o  o c c u r '  i n ' t h i d  ' b e l t  

i n t e r l a y e r e d  with m o r e  a b u n d a n t '  m h s c o v i t e  s c h i s t .  'Coarse  

p y r o c l a s t i c  d ' epos i t s ' ,&-  s u c h  a s  t h o s e  ' d e s c r i b e d  by  G l o v e r  and  
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S i n h a  * ,  ( 1 9 7 3 )  and  W r i g h t  (197.5.). . f rQm t h e  w e s t e r n  Caro , l , ina  . 

s l a t e  b e l t ,  . a n d  . t h o s e  np, ted.  by  .S.+ -,S., F a r r a r  ( p e r s o n a l  . 

c o m m u n i c a t i o n )  i n  t h e  n o r t h e a s t e r n  N o r t h  C a r o l i n a  P iedmont  

were n o t  o b s e r v e d  i n  t h e  mv u n i t  i n  t h e  p r e s e n t  s t u d y .  

I .  

M e t a i g n e o u s  r o c k s .  Two ignep,us  , b o d i e s  0ccu.r- i n  the 

s t u d y  a r e a  o u t s i d e  t h e  P e t e r s b u r g  g r a n i t e .  The F i n e  C r e e k  

M i , l c l . s p  G r a n i t e  , ( f c m ,  . .  Fi8ur.e.  . * . A l l .  *cr,o,ps p u t  , i.n .t-h.e, , c o r e  . o f  a 

r e g i o n a l .  a n t i f o r m a l  s t r u c t u r e ,  .Pol,and (1976 ;  p .  .30.-36). 

. . ,  

* .  . . - .  
d e s c r i b e d  . t h e  p e t r o g r a p h y  and  s t r u c t u r e  . o f  t h i s -  r o c k ,  w h i c h , .  

i sL  . a .  .t.wo, f e l d s p a r  b i o t , i t e  , g r a n i t e . .  I t  i s  a p p a r e n t l y .  . a 

s y n m e t a m o r p h i c  . i n t r , u s i o n . i n t o  l g n 2  g n e i s s e s .  . . . . 

c . . . .  . , % .  

C o a r s e  g r a i n e d ,  ( a s  much a s  , 9 . 7  mm) , , w e a k l y  f o l i a t e d ,  . 

m i n e r  a 1 og y) I .  
a 1 l a n  i t e -. 

* .  . ,  metamophosed ( o r i g i n a l  , - .  . I  1 . .  

b i o t i t e - ~ h o r n b l e n d e ? ) - , c l i n o p y r o x e n e - p l a g i o c l a s e ,  * .  . , (An34. , t o  

An4Q) d i o r i t e  (md) , c r o p s  o u t  w e s t ,  o f  D e W i t t .  and e x t e n d s ,  

s o u t h w a r d  t o  a p p a r e n t l y  d i s a p p e a r  bene ' a th  t h e  Co.astal .  P l a i n ,  , 

n e a r .  th,e , s o u t h e a s t e r n  b o u n d a r y  of t h e  s t u d y  + r e a -  ( F i g u r e . ,  . ,  

A l )  ., The p r e s e n t ,  m i n e r a l o g y  o f  t h i s ,  . .  r o c k  . ip.  p y r i t e -  -. . 

. - /  . _  

< e - . *  - 
' 9  I I . .  

- 4 ,  , .~ 

t i t a n i t e - q u a r t z - e p i d o . t e - c h 1 o r i t e - b i o t i t e - h o r n b ~ e n d e -  . .  . .  . . .  

clinopyroxene-plagioclase w i t h  m i n o r  a c c e s s o r y  a p a t i t e .  

C r y s t a l  f o r m s  o f  p l a g i o c l a s e  a p p e a r .  t o  h a v e  b e e n  l i t t l e  

a f f e c t e d  b y  r e g i o n a l  me tamorph i sm.  P y r o x e n e  now o c c u r s  a s  

t u r b i d ,  s k e l e t a l  r e l i c t s  i n  h o r n b l e n d e  g r a i n s ,  wh ich  l o c a l l y  

. ,  

r e t a i n  p y r o x e n e  s h a p e s .  However ,  many p y r o x e n e  g r a i n s  

appea.r  , r e l a t i v e l y  u n a l t e r e d  where  th-ey a r e  s u r r o u n d e d .  by  

p l a g i o c l a s e  a n d / o r  q u a r t z .  

- G I  

G r a i n  b o u n d a r i e s  o f  t h e  - .  o r i g i n a l , . , .  
. .  
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. I  . .  i g n e o u s  r o c k  - a r b  v e r y  s t r a i g h t  w h e r e a s  t h b b e  a p p a r e n t l y  

p r b d u c e d  . . d u r i n g  iuk tamorphism,  e'spe'c'ial-k)7 i n  h o r n b l e n d e ,  a r e  
. . .  

. .  a .  
, I  . . . .  . ' . I  . I  . i r t e g t ; l a ' r .  . + . h  - * .  

. . ' a *  . . .  I _ .  I .  , . . .  

- 1 . .  . . - .  . .  * '  MeBbzoic a h d '  C e n o z o i c  .Ro'c'ks- * 

. . *  . , _ ,  - 0 . . . - *  
. I  * . - .  , . . '  . . ~  9 .  

. . . d  

' T e r r e s t r i a l  c l a s t i c  -6edi 'men't 'ary r o c k s  and c o a l  df 'Upper ' 

Tria 's ' s i 'c  a g e  ( R o b e r t s ' ,  -1.928, p i  ' 137-139)  o c c u r  ' i n '  f a u l t  o r ' .  

n o n c o n f o r m a b l e  ' c b n t a c t -  w i t h  ' c o u n t r y  roc 'ks '  'or t h e '  ' P e t e r s b u r g  ' 

g r a n i t e  * ( P i g u r e  A l l .  The-se' t o c t s ; -  k h i c h  f o r m '  t h e  dichmond'  

B a s i n  and T a y l o r s v f x l e  B a s i n ,  - a r t '  genera ' l ' ly '  ' q u a r t z  iilrko's'e'; 

s u b a r k o s e '  a n d  h e m a t i t i c '  h u d s ' t o n e '  ' w i t h '  les'se'r' I amoun t s '  . o f  

c o a l ;  +ahd '  f a n g l o m e r a t e '  a s ' i a r ' g ' i n a l  f a c i e s .  The f e a t h e r  e i g e .  ' 

o f '  ' t h e .  - C o a s t a l '  PIai 'n  ' o v e r l ' a p  i n  t h i s  ' s t u d y  a r e a  i s  

c h a r a c t e r i z e d '  b y  a t h i n '  v e n e h r  o f  gen .ek ' a l ly '  uric-onsolidated ' 

h e m a t i t i c  c l a y ' a n d  a ' r e n ' i t e ,  and  l a c - a l l y  i n  u p l a n d  a r e a s  b y  

q u a r t t  c o b b l e  . a l l u v i a l  d e p o s i t s : '  Qu'a ' ternary a i l u v i a 1  "' 

s e d i m e n t s  oc ' cu r  e x t e n s i v e l y  i n  lowlar id  * c r e e k s '  and a l o n g  ' 

m a j o r  r i v e r s ;  t h e s e  h a v e  b e e n  b m i t t e d  from ' F i g u r e  ' A i :  

. .  

_ . . .  , . . - .  

. *  

, . . .  , 

. .  

. .  ' 

, . .  
. . I  . .  * a  - - -  , I  A , . .  . . *  > *  _ .  

i 

. .. 1 . .  ' . . I  I * .  
' The P e t e r b b u r g '  G r a n i t e  . , '  

. ,  . _ . J . ) '  . I .  . . e .  , - . , '  

. -  
1 .  - .  . .  , . *  . .  G e n e r a l  ' 

" .  . I . .  . - +  ' . .  # - .  . . .  , .  

' P e t e r s b u r g '  g ran i ' t - e  ' c r o p s  o u t  . % n '  ' t h r e e  ' e l o n g a t e ,  
. .  

n o r t h e r l y ' t r e n d i n g  bod ie ' s  i n  t h e  s t u d y '  a-rea { F i g u r e '  A l )  . 
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L 
T o g e e h e r ,  g r a n i t e  & u n d e r l i e s  a'.tninimu-m- -of 4000 km "2 ' o f  a r e a  

. i n .  'the V i r g i n i a .  . P i e d m o n t . * w e s t  ? o f  t h e  f a l l  l i n e . -  ,Three  

m a p p a b l e  p h a s e s  r e c o g n i z e d  i n  t h e  e a s t e r n  P e t e r s b u r g  .pLu ton  

a r e  shown on  F J g u r e  * A I . -  r G e n e t a l l y ,  a l l  p h a s e s '  a r e  s m o d a l l y  

g r a n i t e s  :so  t h a t  t h e .  p h a s e  d e s i k n & t i o n s ' b  a r e  based ' . 'on g r a i n  

& s i z e  -and . tex t .ure . .  E x c e p t  + . f o r  c o a r s e  g r - a i n e d  p o r p h y r i t i c  

m k c r o c l 2 n s  g r a n i e t e  ,. - -which c ' o h t a i n s  euhedr 'a l '  m i c r o c l i n e  

p h - e n o c r y s t s ,  a l l  ' r o c k d  ' a r e  $ h y p i . d i b m o r p h i c  * g r a h b l a r  t o  

a l l o t r 5 o m o r p h i c  - g r a n u l a r -  and  mass ive ' .  Some ' f o l i a t e  p h a s e s  

show i n c i p i e n t  c o m p o s i t i o n a l  l a y e r i n g  . and s h a p e  o r i e n t e d  

f a b r i c s  .def ine.d . 'by q u a r t z  &lid som:e: f e l d s p a t s .  "The  ' p r i m a r y  

m i n e r a l - o g p  : compr i se s  - q u a r t z ,  p l a g i o c l a s e ,  m i c r o c l i n e  * and 

.less t h a n  - a b o u t  . f i v e  percent ugrekn-brown b i o t i t k e .  w i t h  . 'minor  

*amounts  of. m u s c o v i t e ,  a l l a n i t e .  and .  t i t a n i t e .  F o l i a t e d  and  

p o r p h y r i t i c - p h a s e s  a r e  p r e d o m i n a n t  i n  t h e  ' g r a n i t e .  M a s s i v e ,  

we .ak lyb ,  o r  n o n f o l i a t e d -  g r a n i t e .  and A - a p l i t e  d i k e s  a r e  

r e l a t i v - e l y  m i n o r '  c o n s t i t u e h t s  . ' *  - , *  1 

I . .  , .  I .  

. *  . .  I g n e o u s  P h a s e s  

I ,  

Maasive, p h a s e  (Mpbm). The m a s s i v e '  p h a s e  ' o f  t h e  

P e t e r s b u r g ' g r a n i t e  i s  a medium t o  c o a r s e  g r a i n e d ,  weak ly -  o r  

n o n f a l i a t e d ,  m a s s i v e  p i n k  - b i o t i t e  w i t h  g r a i n '  s i z e k .  of 5 .  mm 

t o  1 cm. * P o t a s s i u m  f e l d s p a r  i s  m i c r o c l i n e  o r  m i f r o p e r t h i t i c  

mic roc lF ine .  T h i s  p h a s e  c o n t a i n s  s c h l - f e r e n  - a  few cm l o n g  

formed b y  b i o t i t e  . a g g r e g a t e s ,  e s p e c i e l l y  i n  m a r g i n a l  z o n e s  i 2  
c l o s e  t o  c o u n t r y  r o c k s .  
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Porphyritic p h a s e  (Mpbp).  C o a r s e  t o  v e r y .  . c o a r s e  

. g r a i n e d ,  l o c a l l y  s t r o n g l y  l i n e a t e & , . .  m o d e r a t e l y '  f o l i a t e d  

porphyritic m i c r o c l i n e  g r a n i t e  : c r o p s  , o u t  . i n  a n o r t h w e s t  t o  

s o u t h e a s t  t r e n d i n g  b e l t  a l o n g  the medka l .  p a r t '  o f  t h e -  e a s t e r n  

P e t e r s b u r g  body and  - in  n o r t h  .or n o r t h e a s t  & r e n d i n g  b e l t s  i n  

t h e  c e n t r a l  .and western - b w d i e s .  T h i s  p h a s e  - c o n t a i n s  

e u h e d r a l  m i c r o c l i n e  p h e n o c r y s t s  *as much as' 3 cm l o n g . .  I Mo'st 

e x p o s u r e s  o f  p o r p h y r i t i c  g r a n i t e  h a v e  a r .  s t r o n g l y  l i n e a t d  

. f a b r i c  d e f i n e d  b y  o r i e n t a t i o n  o f ,  I l o n g  . * a x e s  + o f - $  , t abuldar  

. . * ,  * .  n e  p h e n o c r y s t s .  - . .  

F o l i a t e d  P h a s e .  (Mpbf).. F i n e  t o  .medium g r a i n e d  b b i o t l t e  

g r a n i t e  -(GI = 5-15 p e r c e n t )  i s  t h e  . l e a s t  ' d i s t i n c t -  and  ,mos t  

v a r , i a b l ' e  . phase  o f .  t h e  P e t e r s b u r g  - g r a n i t e ;  some v ' a r i e t i e s  ma'y 

b e .  g r a n o d i o r i t e .  Weak c o m p o s i t i o n a l ,  l a y e r i n g ,  d e f i n e d  

m a i n l y  , b y  s e g r e g a t i o n  o €  m a f i c  and - f e l s i c  m i n e r a l s ; .  i s .  best  

- e x p r e s s e d  a t  t h e  m a r g i n a l  z o n e s  o f  t h e  g r a n i t e  w h e r e '  t h i s  

p h a s e  i s  p r e s e n t .  The f o l i a t e d  p h a s e  o f  t h e  P e t e r s b u r g  

g r a n i t e  i s  d i s t i n g u i s h e d  by  a l w a y s  h a v i n g  a m o d e r a t e l y  t o  

s t r o n g l y  d e v e l o p e d  f o l i a t i o n  i n  f i n e  t o  medium. g r a i n e d ,  

r o u g h l y  e q u i k r a n u l a r  g r a n i t e .  

The r e 1 a t i o n s h i . p  o f  t h e  t h r e e ,  d o m i n a g t  ' p h a s e s  o f  

P e t e r s b u r g  g r a n i t e  i n  t h i s  p a p e r  t o  . t h o s e  o f  Watson ( 1 9 0 6 )  

and  Bloomer ( *1939)  i s  u n c e r t a i n  e c a u s e  t h e s e  e a r l i e r  

w o r k e r s  c o n c e n t r a t e d  on qu 'a r ry  l o c a l i t i e s ,  s e v e r a l  o f  which  

were  n o t  examined  f e r  t h i s .  s t u d y .  However , : i t  i s  p r o b a b l e  

t h a t  t h e  f o l i a t e d  p h a s e  ( P g f )  i s  e q u i v a l e n t  t o  " d a r k  & b l u e  
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li 
g r a n i t e "  b e c a u s e  o f  a r e l a t i v e l y  g r e a t e r  m a f i c  c o n t e n t  and' . 

f i n e -  t o  med,ium g r a i n  s i z e . ,  " L i g h t  g r a y  g r a n i t e "  p r o b a b l y  

r e f e r s  t o  t h e  m a s s i v e  p h a s e  (Pgm)', . w h i c h  i s  - u s u a l l y  p i n k . ,  

upon w e a t h e r i n g .  P o r p h y r i t i c  p h a s e s  a p p e a r  - i d e n t i c a l .  .. 

T r e n d s  o f  t h e  p h a s e  * b o u n d a r i e s  a r e  g e n e r a l l y  . d i s c o r d . a n t  t o .  

t h e -  e l o n g a t e  s h a p e  o f  P e t e r s b u r g  g r a n i t e  b o d i e s  e x c e p t  f o r  

t h e  s m a l l e r  c e n t r a l  body .  B e c a u s e  o f  p o o r  e x p o s u r e .  and . -  

l o c a l l y  w i d e l y - s p a c e d  o b s e r v a t i o n  s t a t i o n s ,  t h e s e  b o u n d a r i e s  

mus t  b e  c o n s i d e r e d  a p p r o x i m a t e ,  b u t  w i t h i n  t h e  e a s t e r n  body ' .  

t h e y  c o n s i s t e n t l y  fo rm n o r t h w e s t - t r e n d i n g  z o n e s .  A s i m i l a r  

c o n s  i s  t e n c  y *is m a i n t a i n e d  b y  n o r  t h e a s  t - t r e n d l n g  b b u n d a r i e s  

i n  t h e  k e s t e r n  b o d y .  The p o r p h y r i t i c  and f o l i a t e d '  p h a s e s  

g e n e r a l l y i l i e  i n  p a r a l l e l  b e l t s  and  ' d o  n o t  c l e a r l y  show 

r e l a t i v e  ' i n t r u s i v e  r e l a t i o n s h ~ i p s .  They a r e  c o n s i d e r e d  

approx ima ' t e ' l y  c o n t e m p o r a n e o u s .  A p l i t e s  c l e a r l y  i n t r u d e  

P o r p h y r i t i c  and f o l i a t e d  p h a s e s  as p l a n a r ,  n o n f o l i a t e d  

d i k e s .  The , m a s s i v e ,  w e a k l y  o r  n o n f o l i a t e d  p h a s e  o f  

P e t e r s b u r g  g r a n i t e  i s  o f  u n c e r t a i n  r e l a t i o n s h i p  t o  t h e  o t h e r  

p h a s e s .  

Met amorphism \ I  

Only  o n e  r e g i o n a l  p r o g r a d e  me tamorph i sm h a s '  b e e n  

i n t ' e t p r e t e d  t o  a f f e c t  r o c k s  i n  t h e  l g n 2  u n i t '  a l o n g  t h e  Ja'mes 

R i v e r  ( B a b y a r c h i c k  a n d  G l o v e r ,  i n  p r e s s ) ,  a l t h o u g h  r e c e n t  1 

Rb/Sr  i s o t o p e  s t u d i e s  o f  t h e  S t a t e  Farm G n e i s s  ( G l o v e r  - a n d -  t.l 
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o t h e r s ,  1 9 7 8 )  may. n d i c a t e .  a t  l e a s t i  some o f  t h e  t o c k s l w e r e  

me tamorphosed  p rev ious1 .y . -  - Ret rogra .de  - .metamorphism . was 

con tempara 'neous  e w i t h ,  : d . u c t i l e ,  s h e a r i n g  t h r o u g h o u t :  m y l o n i t e  , 

z o n e s  i n  t h e  s t t s d y .  area . a n d  p0s . t -da t ed  r e g i o n a l  p r o g r a d e  

metamorphism. ,  % In .  . add iC i s .n , -  d u r i n g  T r i a s s i c  ~ t i m e  f r a c t u r i n g  

and f a u l t . i n g  a t  - . d e p t h  f a c i l i t a t e d  I z e o l i t e  8 , f a c i e s ,  

, - , .  metamorphism,, .  , "  

$ * . I ,  

R e g i o n a l  Met.amorphism ( M 1 )  . I  

1 .  * 
. ,  , I  

. I  f * .  ' e  1 

, A l l  . " c o u n t r y  . r o c k s .  o l d e r  t h a n  : t h e  - P e t e q s b u r g  

h a v e  b e e n  s u b j e c t e d .  t o  r e g i o n a l  me tamorph i sm " r a n g i n g  f rom 

l o w e r  g r e e n s c h i s t  f a c i e s .  - t o  * a t '  l e a s t  Lower a p p h i b o l i t q  , 

f a c i e s .  D e s c r i p t i v e  m i n e r a l o g y  o f  g n e i s s e s  a l o n g  t h e  James 

R i v e r  i s  g i v e n , b y  P o l a n d  ( 1 9 7 6 )  and . B o b y a r c h i c k  (19761, .  I n  

g e n e r a l ,  m e t a m o r p h i c  g r a d e  i n c r e a s e s - f r o m  e a s t  .to. wesb  a l o n g  

t h e  ,.James , R i v e t . ; -  * y a n i t e  o c c u r s  ,in . p e l i t s i c  s c h i s t s  j u s t  w e s t  . . 

B s s i n  w h i l e  s i m i l a r .  a b u l k  

c o m p o s i t i o n  h o r n c l i f f ,  V i r g i n i a ,  c o n t a i n  s i l l i m a n i t e  

( P o l a n d ,  1 9 7 6 ) .  U n f o r t u n a t e l y ,  m o s t  l l t h o l o g i e s  i n  t h e  g r g n  

and l n g l  u n i t s  i n  t h e  P e t e r s b u r g  b o r d e r  z o n e s  a r e  n o t  o f  

a p p r o p r i a t e  c o m p o s i t i o n  f o r  f o r m a t i o n  o f  m e t a m o r p h i c  i n d e x  

m i n e r g l s .  > f  

Be c aus e ,  m-et av o 1 c an i e r o c k s  mv : un i t . .  a r e  

a l l p c h t h o u o u s  in p o s t - m e t a m a r p h i c  b e l t s ,  i t  i r  d i f f i c u l t  t o  

r e l a t e  t h e i r  p r e s e s t  mipe ra l . ogy  t o  MI T h e r e  d o e s  a p p e a r  t o  

http://Retrogra.de


PAGE A-16  

be an east to west increase from belt to belt, however, 

tanging from weakly metamorphosed slate in the eastern belt 

to graphitic andalusite-muscovite schist in the westernmost 

belt. . It is .not clear- whether andalusite in these schists 

is regionally significant or whether it is related to pre- 

faulting contact metamorphism. A progression within the 

western belt from phyllites to schists, and. eventuglly to 

biotite-muscovite schist with thin (less than 5 cm) 

concordant felsic segregations of metamorphic origin is 

, .  

indicative of prograde metamorphism within the belt. 

Quartzites interlayered with biotite-muscovite achist in 

mv(?) rocks west of the Petersburg granite contaid kyanite. 
I 

Here, much o f  the kyanite is fibrous in hand specimen and 

the mineral may have replaced sillimanite. 

Retrograde Metamorphism (M , 2  

Syntectonic recrystallization localized in ductile or 

‘semiductile shear zones occurred as a result of 

myloni t i zat ion post-dating regional m e  tamor phi ern 

(Bobyarchick and Glover, in prees) . Recrystgllizdtion, 

where it has been observed in amphibolite facies rocks, 

produced characteristic greenschist facies minerals 

including ,chlorite, white mica, epidote, and sodic 

plagioclase. Therefore, the metamorphism was retrogressive 

in relation to regional metamorphism in the lgn units and 
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t h e  gkgn  u n i t .  However ,  m y l o n i t e  z o n e s  o t h e r  t h a n  t h e  H y l a s  

z o n e  ( B o b y a r c h i c k  and G l o v e r ,  i n  p r e s s ) , '  e s p e c i a l l y  t h o s e  

b o u n d i n g  low g r a d e  mv r o c k s ,  h a v e  n o t  b e e n  exgmined  i n  

d e t a i l  p e t r o g r a p h i c a l l y .  Whether  r e c r y s t a l l i z a t i o n  o c c u r r e d  

i n  t h e s e  r o c k s  i s  a t  p r e s e d  

L . / *  

Z e o l i t e  Metamorphism (Hg) , 

" 4 

a r e  w i d e s p r e a d  t h r o u g h o u t  t h e  

( P r i v e t t ,  1 9 7 4 ) .  I n <  a l l  q u a r r y  s i t e s .  i n  t h e  P e t e r i i b u r g  

g r a n i t e  i n v e s t i g a t e d  f o r  t h i s  r e p o r t  z e o l i t e s  were found  i h  

f r a c t u r e  z o n e s  and a s  f r a c t u r e  ' s u r f a c e  c o a t i n g s .  I n  ' m o r e  

i n t e n s e l y  d e f o r m e d  a t e a s ,  z e o l i t e s  h a v e  b e e n ' o b s e r v e d  i n  t h e  

g r o u n d m a s s  o f  c o u n t r y  r o c k s  and  l o c a l l y  r e p l a c e  p l a g i o c l a s e .  

i 

L a u m o n t i ' t e ,  c o n f i r m e d  o p t i c a l l y  and  by  x - r a y  d i f f r a c t o m e t r y ,  

is t h e  o q l y  z e o l i t e  i d e n t i f i e d  so f a t  i n  f r a c t u r e  ( z o n e s  i n  

t h e  H y l a s  zone  and i s  u s u a l l y  accompan ied  by c a l c i t e ,  q u a r t z  

and  p y r i t e .  

B r i t t l e  f r a c t ' u r e s  t h a t  c r e a t e d  t h e  z e p l i t e  e n v i r o n m e n t  

a r e  - c o n c e n t r a t e d  a r o u n d  t h e  m a r g i n s  ' o f  t h e  Richmond - B a s i n  

and e x t e n d  n o r t h  and  s o u t h  f rom t h e  bars in  g e n e r a l l y  ' a 6  

s u p e r p o s e d  d e f o r m a t i o n  o n  o l d e r  m y l o n i t e  z o n e s .  

, (  e .  * ~ 
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S t r u c t u r e  

A d i s c u s s i o n  o f  t h e  d e t a i l e d  s t r u c t t u r e  o f  t h e  e a p t e r n  

P iedmont  o f  V i r g i n i a  is beyond  t h e  s c o p e  o f  t h i s  p a p e r .  

B o b y a r c h i c k  and  G l o v e r  ( i n  p r e s s ) ,  a n  P o l s n d  ( 1 9 7 6 )  p r e s e n t  

f o r  r o c k s  a l o n g  t h e  James  R i v e r  . i n  t h e  * n o r t h e r n  

p a r t  o f  t h e  , p r e s e n t  s t u d y  a r e a .  However ,  t h e  g e n e r a l  

s t r u c t u r a l  f r amework  d e v e l o p e d  by  B o b y a r c h i c k  and  G l o v e r  ( i n  

p r e s s )  c a n  b e  a p p l i e d  t e n t a t i v e l y  t o  t h e  t e r r a n e  s o u t h  o f  

t h e  James R i v e r  b e c a u s e  c o n t i n u i t y  o f  s t r u c t u r a l  e l q m e n t s  

h a s  b e e n , .  e s t a b l i s h e d  b y  r e c o n n a i s s a n c e  m a p p i n g .  ~ T h i s  

k i s  r e v i e w e d  b e l o w .  

i' I 

Review R e g i o n a l  Duct  i 1 e De f o r m a t  i o n s  

Two p e r i o d s  o f  d u c t i l e  d e f o r m a t i o n ,  D1 and .Dp, were 

a p p r o x i m a t e l y  c o e v a l  w i t h  r e g i o n a l  me tamorph i sm i n  r o c k s  

wh ich  r e a c h e d  g r e e n s c h i s t  o r  a m p h i b o l i t e  f a c i e s .  D1, t h e  

p r i n c i p a l  d e f o r m a t i o n a l  e v e n t ,  r e s u l t e d  i n  a p e r v a s i v e  

s c h i s t o s i t y  i n  t h e  l g n  u n i t s  ,and g r g n  u n i t  and  p h p l l i t i c  

l a m i n a t i o n  o r  s l a t y  c l e a v a g e .  i n  t h e ,  mv u n i t <  f ( S l ) . .  I n  

o u t c r o p s  . I  whe re  o r i g i n a l  s e d i m e n t a r y  o r  i g n e o u s  l a y e r i n g , - S b ,  

was p r e s q r v e d ,  S1 g e n e r a l l y  t r a n s e c t s  Sb a t  a # m o d e r a t e  

a n g l e .  Al tholugh r e g i o n a l  b u l k  c o m p o s i t i o p a l  ~, l a y e r i n g  

p a r a l l e l  t o  SI, mos t  m e s o s c o p i c  , comp,os i t i ona l  

l a ' y e r i n g  i n  g n e i s s i c  r o c k s ,  S o ,  i s  p r o b a b l y  o f ,  metamaorphic  

' I .  

LJ 
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o r i g i n ,  b e c a u s e  t h e r e  a p p e a r s  t o  h a v e  a p r o g r e s s i v e  
u 

s e g r e g a t i o n  o f  m a f i c  and f e l s i c  m i n e r a l s  p a r a l l e l  t o  

d u r i n g  me tamorph i sm.  . 

i s  o f  

s l i g h t l y  d i f f e r e n t  c h a r a c t e r  i n  t h e  mv . u n i t  t h a n  i n  h i g h e r  
D2' S 2 ,  a n o n - p e r v a s i v e  c l e a v a g e  formed d u r i n g  

i r a d e  ' r o c k s .  M i c r o s t r u c t u r e s  ' i n d i c ' a t e  t h a t  i n  a m p h i b o l i t e  

f a c i e s  * o c k s ,  D2' was accompan ied  b y  a ' s u b t l e  

r e c r y s t a l l i z a t i o n  and r e o r i e n t a t i o n  o f  b i o t i t e  f o l i a  ( S 2 )  

a x i a l  p l a n a r  t o  F2 f o l d s .  B r i t t l e  d e f o r m a t i o n ,  s u c h  as 

b e n d i n g  o r  k i n k i n g ,  i s  a b s e n t  i n  t h e  m i c a s .  W e l l  

e q u i l i b r a t e d  g r a i n  b o u n d a r i e s  and l a c k  o f  u b i q u i t o l l s  s t r a i n  

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

t e m p e r a t u r e  t h r o u g h o u t  D2 However ,  S 2  o c c u r s  as  e i t h e r  a 

s i m p l e  r o c k  c l e a v a g e  ( i n  s l a t e s  and dome p h y l l i t e s )  o r  a 

l o c a l l y  s t r o n g  c r e n u l a t i o n  o f  S w i t h  i n c i p i e n t  c h l o r i t e  

r e c r y s t , a l l i z a t i o n  a l o n g  t h e  c r e n u l a t i o n s ,  i n  t h e  mv u n i t .  

1'  

. .  

G r a n i t e  F o l i a t i o n  

I '  

FOl^ ia t iOnS  i n  t h e  .- P e t e r s b u r g  g r a n i t e  a r e  cotnplex i n  

o r i g i n . d  The f o l i a t * i o n ,  S i s  d e f i n e d  b y  p l a n a r  o r i e n t a t i o n  

o f  * t a b u l a r  m ' ic ' roc l ine  p h e n o c r y s t s ,  b i o t i t e  f o l i a '  an"d s h a p e  

o r i e n t a t z o n  o f  q u a r t z .  R e c r y s t a l l i z a t i o n  and d e f - o r m a t i o n  

e f f e c t s  a r e  ' b e s t  d e m o n s t r a t e d  by  q u a r t z .  Most g r a i n s  h a v e  

g '  

u n d u l a t o r y  e x t i n c t i o n  and show e a r l y  s t a g e s  o f  s u b g r a i n  

d e v e l d ~ m e n t  v a r y i n g  from v e r y  d i f f u s e ,  shadowy b o u n d a r i e s  t o  

s h a r p l y  d e f i n e d  b u t  i r r e g u l a r  b o u n d a r i e s .  Some q u a r t z  

-- 
'cs 
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LI 
a g g r e g a t e s  h a v e  s t r a i g h t  o r  s m o o t h l y  c u r v e d  g r a i n  

b o u n d a r i e s ,  a l t h o u g h  i n d i v i d u a l  g r a i n s  show some s u b g r a i n  

d e v e l o p m e n t .  H e r e ,  t h e  l o w e r  e n e r g y  ( s m o o t h l y  c u r v e d  ) 

b o u n d a r i e s  m i g h t  b e  o f  i g n e o u s  o r i g i n .  D e f o r m a t i o n  o f  

q u a r t z  a p p e a r s  mos t  i n t e n s e  i n  p o r p h y r i t i c  g r a n i t e  p h a s e s .  

However ,  m i c r o s c o p i c a l l y  and  m e s o s c o p i c a l l y  i n  some c o a r s e r  

p h a s e s  o f  P e t e r s b u r g  g r a n i t e  m i c a  g r a i n s  show a p o o r l y  

d e v e l o p e d  s p a r a l l e l  o r i e n t a t i o n  and  p r o b a b l y  more  c l o s e l y  

r e s e m b l e  an  i g n e o u s  t e x t u r e .  

P o s t  -me tamorph ic  D e f o r m a t i o n s  

P a l e o z o i c  p o s t - m e t a m o r p h i c  d u c t i l e  d e f o r m a t i o n  was mos t  

i n t e n s e  i n  m y l o n i t e  z o n e s  s u c h  as t h e  H y l a s  zone  

( B o b y a r c h i c k  and G l o v e r ,  i n  p r e s s ) .  ' S e v e r a l  s h e a r  z o n e s  

s o u t h . o f  t h e  James R i v e r  a r e  c o n s i d e r e d  c o n t e m p o r a n e o u s  w i t h  

t h e  Hy la8  zone  b e c a u s e  o f  t h e i r  r e l a t i o n  w i t h  t h e  r e g i o n a l  . 

s t r u c t u r e .  

T h i s  p e r i o d  o f  l o c a l i z e d  s h e a r i n g  i s  D M y l o n i t e s  and 

u l t r a m y l o n i t e s  formed i n  t h e  s h e a r  z o n e s  b y  s e m i d u c t i l e  

3 

d e f o r m a t i o n  and c o n t e m p o r a n e o u s  r e t r o g r a d e  me tamorph i sm.  

M i c r o c l i n e ,  g a r n e t ,  and  p l a g i o c l a s e  r e a c t e d  t o  s t r e s s  b y  

b r i t t l e  f r a c t u r e  and d i s l o c a t i o n .  However ,  q u a r t z  and mos t  

m a f i c  m i n e r a l s  ( h o r n b l e n d e ,  b i o t i t e ,  a l l a n i t e )  were  a l t e r e d  

and r e c r y s t a l l i z e d  t o  a f i n e  m a t r i x  o f  c h l o r i t e ,  e p i d o t e ,  

m a g n e t i t e ,  t i t a n i t e ,  and  q u a r t z .  The f o l i a t i o n  t h u s  formed d, 
i s  Sc ( B o b y a r c h i c k  and G l o v e r ,  i n  p r e s s ) .  
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D was a p p a r e n t l y  t h e  l a s t  c o m p r e s s i o n a t  d e f o r m a t i o n  i n  3 

t h e  s t u d y  a r e a .  A p p r o x i m a t e l y  ,220 mry a g o  f r a c t u r i n g  and 

h i g h  a n g l e  f a u l t i n g  were s u p e r i m p o s e d  on  t h e  c r y s t a l l i n e  

r o c k s  ( D 4 )  . ( B o b y a r c h i c k ,  1 9 7 6 ,  p .  -68 ) - .  . F a u l t i n g  o c c u r r e d  

i n  a r eas  o f  p r i o r  w e a k n e s s :  $1) a long1 p o s t m e t a m o r p h i c  s h e a r  

z o n e s ,  and  2 )  l o c a l l y  a l o n g  m a r g i n s  o f  t h e  P e t e r s b u r g  

p l u t o n .  S i l i c i f i e d  b r e c c i a  or m i c r o b r e c c i a  d e f i n e  t h e s e  

l a t e  f a u l t s .  I t  was a l s o  a t  t h i s ' t i m e  t h a t :  d i f f e r e n t i a l  

s u b s i d e n c e  i n i t i a t e d  t e r r e s t r i a l  s e d i m e n t a t i o n  t o  form t h e  

R i c h m o n d - T a y l o r s v i l l e  b a s i n ,  wh ich  c o n t a i n s  l a t e  T r i a s s i c  

s e d i m e n t a r y  r o c k s .  

/- 

Emplacement  . o f  t h e  P e t e r s b u r g  G r a n i t e  

Mapping i n  t h e  c o n t a c t  z o n e s  and  b o r d e r  f a c i e s  o f  t h e  

P e t e r s b u r g  g r a n i t e  r e v e a l e d  t h a t  i n t r u s i o n  .of t h e  g r a n i t e ,  

w h i c h  a c h i e v e d  b a t h o l i t h i c  4 p r o p o r t i o n s ,  p o s t - d a t e d  D1 

X e n o l i t h s ,  r a n g i n g  i n  s i z e  f rom r a f t s  s e v e r a l  m l o n g  t o  

mafic s e l v a g e s  . a g e n e r a l l y  e x h i b i t  p r e -  

i n c l u s i o n  m e t a m o r p h i c  f o l i a t i o n s .  L a r g e r  t a b u l a r  x e n o l i t h s ,  

p a r t i c u l a r l y  where  e n c l o s e d  b y  s t r o n g l y  f o l i a t e d  p o t p h y r i t i c  

g r a n i t e ,  now l i e  c o n c o r d a n t  t h e  g ran i . t . e  f o l i a t i o s  and 

a l l y  f r a g m e n t e d  i n t o  p l a t e s  s e p a r a t e d  by  g r a n i t e .  

T h e s e  x e n o l i t h s ,  may b e  s u r r o u n d e d  by  f i n e  g r a i n e d  f e l s i c  

a l t e r a t i o n  r i nds  a few mm w i d e .  I n  m i g m a t i t i c  r o c k s  a r o u n d  

t h e  g r a n i t e ,  SI was p l a s t i c a l l y  d e f o r m e d  by  f l o w  f o l d i n g  and w 



PAGE A-22 

h i g h  t e m p e r a t u r e  s h e a r s .  Apophyses  o f  g r a n i t e  o c c u p y  c o r e  

z o n e s  o f  f o l d s  c o n t e m p o r a n e o u s  w i t h  i n t r u s i o n  t h a t  a r e  

d e f i n e d  b y  d e f o r m a t i o n  o f  S o  and S1 Where a m p h i b o l i t e  f a c i e s  

g n e i s s  o r  s c h i s t  was i n t r u d e d  b y  g r a n i t e ,  t h e  c o u n t r y  r o c k  

was t h o r o u g h l y  r e c r y s t a l l i z e d  a s  e v i d e n c e d  b y  common o p t i c a l  

o r i e n t a t o n  o f  some m i n e r a l  a g g r e g a t e s ,  s u c h  a s  h o r n b l e n d e ,  

and  s t r a i g h t  g r a i n  b o u n d a r i e s  n o t  common t o  s i m i l a r  r o c k s  

away from t h e  c o n t a c t .  

F i n a l  emplacemen t  o f  t h e  P e t e r s b u r g  g r a n i t e  and 

f o r m a t i o n  o f  S were a p p r o x i m a t e l y  c o n t e m p o r a n e o u s  w i t h  D2 
g 

and p r o b a b l y  o c c u r r e d  d u r i n g  t h e  wan ing  s t a g e s  o f  M1 The 

g r a n i t e  i n t r u d e d  a g n e i s s  t e r r a n e  t h a t  had  a l r e a d y  d e v e l o p e d  

a t  l e a s t  o n e  w e l l  d e f i n e d  m e t a m o r p h i c  f o l i a t i o n .  The 

e l o n g a t e  s h a p e  o f  P e t e r s b u r g  g r a n i t e  b o d i e s  i n  c o n f o r m i t y  t o  

t h e  g e n e r a l  t r e n d  o f  f o l i a t i o n s  i n  t h e  m i g m a t i t e  t e r r a n e ,  

where  2 ,  h a s  p r o b a b l y  b e e n  r e o r i e n t e d  d u r i n g  i n t r u s i o n ,  and  

t h e  t e c t o n i c - i g n e o u s  n a t u r e  o f  S s u p p o r t  a s y n t e c t o n i c  

emplacemen t  o f  t h e  g r a n i t e .  C o n v e r s e l y ,  p r e - e x i s t i n g  

o r i e n t a t i o n  o f  S may h a v e  p a r t i a l l y  i n f l u e n c e d  t h e  s h a p e  

and o r i e n t a t i o n  o f  P e t e r s b u r g  g r a n i t e .  

g 

1 

The r e l a t i o n s h i p  b e t w e e n  P e t e r s b u r g  g r a n i t e  and r o c k s  

i n  t h e  mv u n i t  i s  o b s c u r e d  by  f a u l t  z o n e s .  B l u e - g r e e n  

a m p h i b o l e  and a n d a l u s i t e  t h a t  o c c u r  l o c a l l y  i n  mv r o c k s  h a v e  

no  s t r o n g l y  p r e f e r r e d  l i n e a r  o r i e n t a t i o n s  b u t  t h e i r  l o n g  

c r y s t a l l o g r a p h i c  axes  l i e  w i t h i n  f o l i a t i o n  p l a n e s .  U n l i k e  

h o r n f e l s  p r o d u c e d  by  p o s t - m e t a m o r p h i c  g r a n i t e  i n t r u s i o n  i n t o  



PAGE A-23 

‘ C a r o l i n a  s l a t e  b e l t  r o c k s ,  mv r o c k s  p o s s e s s  m o d e r a t e  t o  

s t r o n g  f o l i a t i o n s .  

R e g i o n a l  Framework 

t r a t i g r a p h y  i n  t h e  mv u n i t  i s .  s i m i l a r  t o  s e q u e n c e s  i n  

t h e  e a s t e r n  C a r o l i n a  s l a t e  b e l t  ( C o h e e ,  1 9 6 2 )  as d e s c r i b e d  

b y  P a r k e r  ( 1 9 6 3 ,  1 9 6 8 )  and W i l s o n  and C a r p e n t e r  ( 1 9 7 5 )  b u t  

d i f f e r i n g  i n  t h e  r e l a t i v e  p r o p o r t i o n s  o f  r o c k  t y p e s  p r e s e n t .  

F i n e  g r a i n e d  a s h  and  i n t e r l a y e r e d  t u f t s  probabl ’y  r e p r e s e n t  

d i s t a l  f a c i e s  i n  a p r i m a r i l y  v o l c a n i c  t e r r a n e .  A l t h o u g h  

S u n d e l i u s  ( 1 9 7 0 )  i n d i c a t e d  t h e  C a r o l i n a  s l a t e  b e l t  e n d s  n e a r  

P e t e r s b u r g  , V i r g i n i a ,  t h e  p r e s e r i t  p a p e r  e x t e n d s  s l a t e  b e l t  

l i t h o l o g i e s  a s  f a r  n o r t h  as  c e n t r a l  C h e s t e r f i e l d  C o u n t y .  

. ,  , .  

* .  

G l o v e r  and S i n h a  ( 1 9 7 3 ,  p .  2 4 3 )  showed t h a t  t h e  a g e  o f  
. 1  

v o l c a n i c  r o c k s  i n  t h e  w e s t e r n  C a r o l i n a  s l a t e  b e l t  n e a r  

R o x b o r o ,  N o r t h  C a r o l i n a ,  p r o b a b l y  r a n g e s  f rom a b o u t  740  m.y. 

t o  a b o u t  575  m.y . ;  t h i s  r a n  h p l u t o n i s m  i n  t h e  

a ( , 1 9 7 1 ) .  G l o v e r  ( 1 9  s u g g e s t e d  t h a t  t h e  
L 1  

s l a t e  b e l t  v o l c a n i c 6  a s  young as 520 m.y. i n  c e n t r a l  N o r t h  . .  

o r m a b l e  on  t h e  o l d e r  s e q u e n c e  n e a r  

7 4 )  c o n f i r m e d  t h e  y o u n g e r  l i m i t  o f  

520  m.y. a g o .  C 

ea  t o  d a t e d  r o c k  

t h e  l a c k  o f  mapp ing  i n  i n t e r v e n i n g  

a r e a s .  
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Amphibolite facies rocks in the lgn and grgn units, 

which are considered part of the Raleigh belt (see Glover 

and Sinha, 1973) in Virginia, can not be clearly correlated 

with slate belt rocks. Biotite-muscovite schist and gneiss 

in the mv ( ? )  unit west of Lawrenceville (Figure Al) are 

similar in bulk composition to lower grade rocks in the mv 

unit east of Lawrenceville. These rocks occur as irregular, 

but apparently conformable, masses within locally migmatitic 

granitic gneiss. A similar relationship was found by S. S. 

Farrar (personal communication) in the southern continuation 

of this terrane in northern North Carolina. Farrar (1977, 

progress report ,to D.O.E., V.P.I.&S.U.-5648-1, p. A-29) 

found that the Raleigh belt-eastern Carolina slate belt 

transition around the southern end of the Rolesville 

batholith is a metamorphic grade change. Tobisch and Glover 

(1969) reported that the western Carolina slate belt - 
Charlotte belt boundary is also a metamorphic isograd. 

Layered gneisses in the lgn 2 unit, which includes in 

this report all gneisses northwest .of the Hylas zone, are o f  

uncertain relationship to gneisses around the Petersburg 

granite. At the southwest corner of the Richmond basin, a 

magnetic lineament is coincident with the boundary between 

lgn 2 gneisses and migmatitic granitic gneiss. At Deep 

River in the Wellville quadrangle, coarse grained, strongly 

foliated amphibole gneiss and amphibolite lie along the 

lineament. The lineament is considerably subdued where it 

I 
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i n t e r s e c t s  7 8 '  l o n g i t u d e  b u t  s o u t h w e s t w a r d  p r o j e c t i o n  o f  i t  

a c r o s s  a g n e i s s  t e  e o f  r e l a t i v e l y  " low m a g n e t i c  r e l i e f  

i n d i c a t e s  a p o s s i b  t e r s e c t i o n  w i t h  t h e  e a s t e r n  e d g e  o f  

t h e  w e s t e r n  C a r o l i n a  s l a t e  b e l t .  C a s a d e v a l l  ( 1 9 7 7 1 ,  b a s e d  

o n  a n  a e r o m a g n e t i c  l i n e a m e n t ,  h a s  e x t e n d e d  t h e  Nu tbush  C r e e k  

f a u l t  o n  t h e  e a s t e r n  e d g e  o f  t h e  w e s t e  s l a t e  b e l t  t o  t h e  

F a l l ' s ,  V i r g i n i a ,  n e a r  t h e  n o r t h e r n  t e r m i n u s  o f  t h e  w e s t e r n  

C a r o l i n a  s l a t e  b e l t  ( V i r g i n i a  D i v i s i o n  o f  M i n e r a l  R e s o u r c e s ,  

1 9 6 3 ) .  MA i n g  f o r  t h e  p r e s e n t  s t u d y  d i d  n o t  r e v e a l  

m y l o n i ' t e s  a l o n g  t h e  m a g n e t i c  l i n ' eamen t  b e t w e e n  t h e  H y l a s  

z o n e  and  t h e  Nu tbush  C r e e k  f a u l t .  I n s t e a d ,  t h i s  l i n e a m e n t  

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

d i f f e r e n c e  b e t w e e n  l g n  2 g n e i s s e s  and  m i g m a t i t i c  g r a n i t i c  

g n e i s s .  I f  rn igma t i z  i o n  f o r m i n g  t h e  g r g n  r o c k s  and  

p e n e t r a t i o n  o f  l g n  2 r o c k s  b y  f e l s i c  p e g m a t i t e s  a r e  p a r t  o f  

m e  p r o c e s s  i n i t i a t e d  b y  emplacemen t  o f  P e t e r s b u r g  

g r a n i t e  ' o r .  e v e n  a n  e a r l i e r  h i g h  g r a d e  e v e n t ,  t h e  l i n e a r  

m a g n e t i c  anomaly  p r o d u c e d  a t  t h e  g r g n - l g n  2 b o u n d a r y  may 

t h e n  b e  c o n s i d e r e d  m e t a m o r p h i c  i n  o r i g i n .  

e 

d o t h e r s  ( 1 9 7 8 )  r e p o r t e d  a 1 b . y .  Rb/Sr  a g  

p h a s e  o f  t h e  S t a t e  Farm G n e i s s ,  wh ich  o c c u r s  

a c r o s s  t h e  James R i v e r  f rom t h e  F i n e  C r e e k  Mills G r a n i t e  i n  

a n  a n t i f o r m a l  s u c t u r e  i n  l g n  2 r o c k  ( F i g u r e  A l l . '  ( S t a t e  

Farm G n e i s s  i s  n o t  shown o n  F i g u r e  A l ) .  They s u g g e s t e d  t h a t  

a m p h i b o l i t e  and m e t a g r a y w a c k e  c o n f o r m a b l y  o v e r l i e  S t a t e  Farm 

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

e c o r r e l a t i v e  t o  S t a t e  Farm G n e i s s ;  and  t h a t  C a r o l i n a  
L .  

s l a t e  b e l t  r o c k s  (mv u n i t  i n  t h i s  p a p e r )  uncon  

o v e r l i e  t h e s e  g n e i  t h i s  c o r r e l a t i o n  i s  

a c c e p t a b l e  s h o u l d  C r e e k  f a u l t ,  o r  t h e  

a m y l o n i t e  

z o n e  on t h e  e a s t e r  t h e  w e s t e r n  s l a t e  b e l t ,  

p r o j e c t  n o t  n o r t h e a  t h e  H y l a s  zone  b 

n o r t h e r l y  t o  c o i n c  r e m a r k a b l y  l i n e a r  e a s t e r n  

b o u n d a r y  on a l a r g e  g r a n i t e  g n e i s s  complex  as Shown on  t h e  

a p  of V i r g i n i a  ( V i r g i n i a  D i v i s i o n  o f  M i n e r a l  

1 9 6 3 ) .  The r e l a t i o n s h i p ,  t h e n ,  b e t w e e n  mv ( ? )  

. <  

- 

and s t r u c t u r a l l y  l o w e r  g r a n i t i c  g n e i s  

l e  becomes  p r o b l e m a t i c ,  f o r  no  o b v i o u s  

l e  c o n t a c t  i s  p r e s e n t .  
I .  

I n t r u s i o n  of t h e  P e t e r s b u r g  g r a n i t e  a b o u t  330  m.y. a g o  

( W r i g h t  and  o t h e r s ,  ; 1 9 7 5 )  was p r o b a b l y  p a r t  o f  a l a r g e  

magmat i c  e p i s o d e  i n  what  i s  now s o u t h e a s t e r n -  V i r g i n i a  and  
” .  

n o r t h e a s t e r n  N o r t h  C a r o l i n a .  The R o l e s v i l l e .  b a t h o l i t h  
. .  , *  

( P a r k e r ,  1 9 6 8 ,  1977 ;  W i l s o n  and C a r p e n t e r ,  1975 ;  B e c k e r  and 

F a r r a r ,  1 9 7 7 ,  p r o g r e s s  r e p o r t  t o  E . R . D . A . ,  

V.P.I .&S.U.-5103-3,  p .  A-53-77) s h a r e s  s i m i l a r  t e x t u r a l  

v a r i a t i o n s ,  c o m p o s i t i o n ,  and  r e l a t i o n s h i p s  t o  c o u n t r y  r o c k s  

w i t h  P e t e r s b u r g  g r a n i t e .  A l t h o u g h  t h e  a g e  o f  t h e  ma in  p a r t  

of t h e  R o l e S V i l l e  i s  u n c e r t a i n ,  t h e  C a s t a l i a  p l u t o n  o n  t h e  

n o r t h e a s t  s i d e  o f  t h e  b a t h o l i t h  i s  a b o u t  320 m.y. o l d  
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( J u l i a n ,  1 9 7 2 ) .  B e c a u s e  t h e r e  i s  a p o s s i b l e  c o r r e l a t i o n  

b e t w e e n  p a r t  o f  t h e  S t a t e  Farm G n e i s s  and g r a n i t i c  g n e i s s  

a r o u n d  t h e  P e t e r s b u r g ,  i t  c a n n o t  b e  d i s c o u n t e d  t h a t  a n  

e a r l i e r  h i g h  g r a d e ,  m i g m a t i t i c  t e r r a n e  was i n t r u d e d  b y  

g r a n i t e ,  t h e r e b y ,  p r o d u c i n g  po lymetamorphosed  g n e i s s e s .  

However ,  t h e  e a r l y  p r o g r a d e  metamorphism m u s t  h a v e  o c c u r r e d  

p r i o r  t o  d e p o s i t i o n  o f  s l a t e  b e l t  r o c k s  b e c a u s e  t h e s e  

v o l c a n i c  r o c k s  h a v e  o n l y  e n d u r e d  o n e  r e g i o n a l  p r o g r a d e  

m e t  amorphism . 
N o n f o l i a t e d  a p l i t e  d i k e s  and f e l s i c  p e g m a t i t e s  

d i s c o r d a n t l y  i n t r u d i n g  b o t h  P e t e r s b u r g  g r a n i t e  and c o u n t r y  

r o c k s  a r e  t h o u g h t  t o  r e p r e s e n t  t e r m i n a l  i g n e o u s  a c t i v i t y  

a s s o c i a t e d  w i t h  emplacemen t  o f  t h e  P e t e r s b u r g  g r a n i t e .  

B o b y a r c h i c k  and  G l o v e r  ( i n  p r e s s )  t e n t a t i v e l y  c o n c l  

d e t a i l e d  mapp ing  a l o n g  t h e  James  R i v e r  ( B o b y a r c h i c k ,  1976 ;  

P o l a n d ,  1 9 7 6 ;  B o u r l a n d ,  1 9 7 6 )  and i s o t o p e  d a t a  o f  F u l l a g a r  

( 1 9 7 1 )  on t h e  Columbia  g r a n i t e  t h a t  r e g i o n a l  metamorphism i n  

t h e  e a s t e r n  V i r g i n i a  P iedmont  t o o k  p l a c e  a b o u t  340 m.y. a g o .  

G e o c h r o n o l o g y  and  s t r u c t u r a l  d a t a ,  t h e r e f o r e ,  i n d i c a t e  t h a t  

t h e  ' P e t e r s b u r g  g r a n i t e  was e m p l a c e d  w i t h i n  t h e  l a t t e r  p h a s e s  

o f  M1. R e l a t i v e  q u i e s c e n c e  r e i g n e d  u n t i l  t h e  v i c i o u s  

o n s l a u g h t  o f  m y l o n i t i z a t i o n  i n  l a t e  P a l e o z o i c  t i m e .  
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M y l o n i t e s  and B r i t t l e  F a u l t s  

A complex  s y s t e m  o f  m y l o n i t e  z o n e s  h a s  r e s u l t e d  i n  

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

t h e  s t u d y  a r e a ,  p a r t i c u l a r l y  w i t h i n  a 10-15 Km w i d e  c o r r i d e r  

s o u t h  o f  t h e  Richmond b a s i n  a l o n g  t h e  m a r g i n  o f  t h e  e a s t e r n  

body o f  P e t e r s b u r g  g r a n i t e  ( F i g u r e  A l l .  T h e s e  s h e a r  z o n e s  

may b e  r e g a r d e d  a s  p a r t  o f  t h e  E a s t e r n  P iedmont  f a u l t  s y s t e m  

( H a t c h e r  and o t h e r s ,  1 9 7 7 1 ,  w h i c h  e x t e n d s  a l o n g  t h e  e a s t e r n  

e d g e  o f  t h e  P iedmont  f rom V i r g i n i a  t o  Alabama.  A l l  

m y l o n i t e s  i n  t h e  s t u d y  a r e a  a r e  i n t e r p r e t e d  t o  h a v e  b e e n  

formed i n  l a t e  P a l e o z o i c  t i m e ,  p r i n c i p a l l y  p o s t - d a t i n g  M 1 .  

D e t a i l e d  s t u d i e s  o f  t h e  H y l a s  z o n e  ( B o b y a r c h i c k ,  1976 ;  

B o b y a r c h i c k  and  G l o v e r ,  i n  p r e s s )  i n d i c a t e  t h a t  d u c t i l e  

d e f o r m a t i o n  i n  D3 ’was c o n t e m p o r a n e o u s  w i t h  r e t r o g r a d e  

metamorphism w i t h i n  a m p h i b o l i t e  f a c i e s  r o c k s .  B e c a u s e  

P e t e r s b u r g  g r a n i t e  was m y l o n i t i z e d  by  some s h e a r  z o n e s ,  

d e f o r m a t i o n  m u s t  h a v e  o c c u r r e d  a f t e r  a b o u t  330 m.y. a g o .  

B r i t t l e  f a u l t i n g  l o c a l l y  s u p e r i m p o s e d  on  ‘ m y l o n i t e s  was 

p r o b a b l y  i n i t i a t e d  a b o u t  220  m.y.  a g o  ( B o b y a r c h i c k  and  

G l o v e r ,  i n  p r e s s ) .  T h e r e f o r e ,  D3 o c c u r r e d  i n  t h e  330 - 2 2 0  

m.y. r a n g e .  Some m y l o n i t e  z o n e s  i n  t h e  E a s t e r n  P iedmont  

f a u l t  s y s t e m  a r e  o l d e r  t h a n  t h i s  r a n g e .  The Gold H i l l  f a u l t  

i n  S o u t h  C a r o l i n a  i s  i n t r u d e d  by  t h e  Catawba g r a n i t e ,  d a t e d  

a t  a b o u t  330 m.y. o l d  ( B u t l e r  and F u l l a g a r ,  1 9 7 7 ) .  
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M o t i o n  a l o n g  m y l o n i t e  s y s t e m s  i n  s o u t h e a s t e r n  V i r g i n i a  

i s  u n c e r t a i n .  Low t o  m o d e r a t e  d i p s  o f  m y l o n i t e  f o l i a t i o n s  

a r e  p r e s e n t  i n  t h e  H y l a s  z o n e .  Mot ion  a l o n g  m y l o n i t e  

S y s  t e m  s i n  S O U t h e a S t e r n  ' V i r g i n - i  is u n c e r t a i n .  

y a r c h i c k ,  1 9 7 6 1 ,  s u g g e  t h r u s t  movement .  

t '  

However ,  c a t a c l a s t i c  t h r u s ' t  f a u l t s  and f o l d i n g  ' o f  Sc i n  

l a t t e r  p h a s e s  of D3 h a v e  b e e n  documen ted  i n  t h e  H y l a s  zone  

( B o b y a r c h i c k  and  G l o v e r ,  i r e s s )  ~ and f o l d i n  

Richmond i s  p o s s i b l e  f rom t h e i r  

( F i g u r e  A l l .  Dip  s y m b o l s  on  m y l o n i t e  zone  b o u n d a r i e s ,  

t h e r e f o r e ,  r e f l e c t  o n l y  t h e  p r e s e n t  m y l o n i t e  f o l i a t i o n  d i p s  

and  do  n o t  n e c e s s a r i l y  i n d i c a t e  r e l a  e p l a t e  n t o t i o n .  

. I  

A l t h o u g h  m e t a v o l c a n i c  r o c k s  i n  t h e  mv u n i t  a r e  s h e a r  

bound and a l l o c h t h o n o u s  t o  s t r u c t u r a l l y  l o w e r ,  h i g h e r  g r a d e  

g n e i s s e s ,  a n y  p o s t u l a t e d  f ramework  mus t  e x p l a i n  a p p a  

c o n f o r m a b l e  r e l a t i o n s h i p s  b e t w e e n  t h e  two t e r r a n e s  s o u t h  o f  

t h e  R o l e s v i l l e  h o l i t h ,  and  p o s s i b l e .  s i m i l a r  r e l a t i o n s h i p s  

b e t w e e n  mv ( 1 )  r o c k s  and g r g n  ' r o c k s  t o f  Lhwren 

t movement ,  t h  presumed'  w ward v e r g e n c e ,  

s o c i a t e d  w i t h  ' l a r g e  m a g n i t u d e  i s p l  a c  ement  

o f  P e t e r s b u r g  g r a n i t e  o 'ccur  o n - e i t h e r  s i d e  of 

c o r r i d o r .  An a l t  

o b l i q u e  o r  t r  e r s e  m o t i o n  

a r i n g  t r e re  a c c  n i e d  b y  f o l d i n g  w i t h i n  

n o n m y l o n i t i c  p a r t 6  of mv b e l t s ,  s t e e p l y  d i p p i n g '  SI and Sc 

f o l i a t i o n s  c o u l d  b e  e x p l a i n e d  w i t h o u t  i n v o k i n g  i n t e n s e  p o s t -  
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m p l o n i t i z a t i o n  f o l d i n g  n e c e s s a r y  t o  p r o d u c e  Sc p a t t e r n s  itn 

t h e  mv b e l t .  

R e g a r d l e s s  o f  d i s p l a c e m e n t  d i r e c t i o n s  a l o n g  t h e  s h e a r  

z o n e s ,  t h e  p r e s e n t  s t u d y  a r e a  l i e s .  a p p r o x i m a t e l y  a l o n g  t h e  

a t i , s  o f  t h e  V i r g i n i a  p r o m o n t o r y  ( W i l l i a m s ,  19781 ,  a 

s o u t h e a s t w a r d  c o n v e x i t y  i n  t h e  A p p a l a c h i a n  o r o g e n .  T h i s  

a x i s  i s  a p p r o x i m a t e l y  c o i n c i d e n t  w i t h  t h e  j u n c t i o n  zone  

b e t w e e n  t h e  c e n t r a l  and  s o u t h e r n  A p p a l a c h i a n s  . and  i s  

c h a r a c t e r i z e d  i n  t h e  A p p a l a c h i a n  f o r e l a n d  b y  n o r t h e r l y  

s t r u c t u r a l  t r e n d s  n o r t h  o f  t h e  j u n c t i o n ,  on  the  d e x t r a l  a r m  

o f  t h e  p r o m o n t o r y ,  and more  n o r t h e a s t e r l y  s t r u c t u r a l  t r e n d s  

o n  t h e  s i n i s t r a l  arm o f  t h e  p r o m o n t o r y  ( V i r g i n i a  D i v i s i o n  o f  

M i n e r a l  R e s o u r c e s ,  1963;  Wil l i ams ,  1 9 7 8 ) .  T h i s  g e o m e t r y  i s  

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

P iedmont  o f  V i r g i n i a  and N o r t h  C a r o l i n a  ( V i r g i n i a  . D i v i s i o n  

o f  M i n e r a l  R e s o u r c e s ,  1963;  S t u c k e y ,  1 9 5 8 ) .  S t u b b s  ( 1 9 7 7 )  

c o n c l u d e d  f rom a n a l y s e s  o f  l a t e  d i s c f o l d s  i n  t h e  M i l l b o r o  

F o r m a t i o n  t h a t  t h e  a r c u a t e  g e o m e t r y  o f  t h e  j u n c t i o n  z o n e  

r e s u l t e d  n o t  f rom d i s t o r t i o n  o f  a n  e a r l y  s t r u e t u r a l  t r e n d  b y  

s u p e r p o s e d  f l e x u r e  o f  t h e  o r o g e p  b u t  f rom c o n c u r r e n t  

movement o f .  m a t e r i a l  o u t  o f  t h e  j u n c t i o n .  T h u s ,  s t r a i n  

s y s t e m s  o f  p r o b a b l e  l a t e  P a l e o z o i c  a g e  a f f e c t e d  t h e  

Appaltachilans f rom t h e  e a s t e r n  P iedmont  t o  a t  l e a s t  t h e  

e a s t e r n  e d g e  o f  t h e  f o r e l a n d .  The p o s i t i o n  o f  t h e  p r e . s e n t  

s t u d y  a r e a ,  c l o s e  t o  t h e  a x i s  o f  t h e  V i r g i n i a  p r o m o n t o r y  and  

w i t h i n  t h e  zone  o f  i n t e n s e  d e f o r m a t i o n ,  may h a v e  b e e n  
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w 
r e s p o n s i b l e  .for .the complex  p o s t - m e t a m o r p h i c  s h e a r  s y s t e m s  

imposed  upon i t .  

* B r i t t l e  d e f o r m a t i o n ,  e s s e n t i a l l y  h i g h  a n g l e  f a u l t i n g  

and f r a c t u r i n g ,  has b e e n  i n t e r m i t t e n t l y  a c t i v e  i n  tb'e 

.P i edmont '  f rom t h e  E a r l y  T r i a s s i c ,  t o  a t '  . l & a s t  t h e  P a l e o c e n e .  

B o b y a r c h i c k  and G l o v e r  ( i n  d e t e r m i n e d  t h a t  l a t e  

P a l e o z o i c  m y l o n i t e s  i n  the'  H y l a s  zone  were l o c i  f o r  Mesozo ic  

d e f o r m a t i o n ,  i n i t i a t e d  a b o u t  2 2 0  m.y. a g o .  A s i m i l a r  

r e l a t i o n s h i p  a p p l i e s  t o  s e v e r a l  my . lon i t e  z o n e s  i n  t h e  s t u d y  

a r e a .  5 

' I  

Summary 1 1 

- .  

The P e t e r s b u r g  g r a n i t e  vas s y n t e c t o n i c a l l y  e m p l a c e d  

i n t o  a g n e i s s i c  t e r r a n e  ak young a s  Cambr ian  and 'poss ibmly  a s  

o l d  a's 1 b . f .  I t  i s  i n f e n r e d  t o  h a v e  b e e n  emplaced  i n  t h e  

waning  s t a g e s  o f  r e g i o n a l  metamorphism;  I ,  The r e l a t i o n s h i p  

b e t w e e n  r o c k s  . o f  t h e  e a s t e r n '  C a r o l i n a  s l a t e  b e l t  

s t r u c t u r a l l y  l o w e r  g n e i s s e s  ais o b s c u r e i i  by i n y l o n i t e  z o n e s  

andl b r i t t l e  f a u l t s ' r a n g i n g  from t h e .  l a t e  E a l e o e o i c  : t o  a t  

l e a s t  e a t l y  Mesozo ic .  Thus ,  t h e  o r i g i n a  i n t r u s i v e  . c o n t a c t s  

o f  t h e  P e t e r s b u r g  g r a n i t e  p r e s e r v e d  ~ o n l y  a l o n g  t h e  

w e s t e r n  m a r g i n  * o f  t h e  w e s t e r n  body,. a r o u n d  t h e  s m a l l e r  

c e n t r a l  body.; and p a r t i a l l y  a r o u n d  m e t a m o r p h i c  s c r e e n s  n e a r  

t h e  James  R i v e r .  
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The fundamental  s t r u c t u r a l  -framework o f  t h e  Piedmont i n  

s o u t h e a s t e r n  V i r g i n i a  i s  s t r o n g l y  i n f l u e n c e d  b y  t h e  p r e s e n c e  

o f  numerous m y l o n i t e  z o n e s ,  whose magnitude  and v e r g e n c e  a r e  

u n c e r t a i n .  I 

" .  

i 
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DESCRIPTION OF THE PALMETTO PLUTON, G E O R G I A  

J .  A l e x a n d e r  S p e e r  and S u s a n  W. B e c k e r  

The P a l m e t t o  p l u t o n ,  l o c a t e d  i n  F u l t o n ,  Coweta and.- 

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

t h e  c o a r s e - g r a i n - e d  ,. .L.at*e- .P.a.leo.zoic ' p l u t o n s  i n  the-  sou,t.h.e.ast 

U.S.A. I t  i s  o n e  o f  s e v e r a l  p o s t - m e t a q o r p h i c  p l u t o n s  i n  tbe 
. .  

. *  . .  
. .  v i c i n i t y  o f  A p l a n t . a , ( F i g u r e  A-2): . . .  * . 

. . I  
. . .  . . - .  . .  L .  

Dur 5 a x  -t h i 6, '*s.t.ud y , t h e  Pa l m  e t t o  and .Tyr o n e  p 1 u t  o n  8 w e  r e 

found  ; t o  b e  p a r t s  o f  the,*.kame pluton:,' .The ' k t h e r  n e a r b y  . .  
g r a n i t i c  b o d i e s  , a r e  . t h e  Ben H i l . 1 ; '  S t b n 9  M o u n t a i n ,  and  P a n o l a  

* .( 

I , , .  . . .  .. 

p l u t o d s ,  

. . ,  
P r e v  i o u s  Work . .  

,. * - 

Rocks f rom t h e  P a l m e t t o  p l u t o n  were  f i r s t  d e s c r i b e d  b y  

Watson ( 1 9 0 2 1 ,  who g a v e  p e t r o g r a p h i c  d e e c r i p t i o n e ,  f i e l d  
. . _ .  

o c c u r r e n c e s ,  and  c h e m i c a l  a n a l y s e s  f rom s e v e r a l  l o c a l i t i e s .  

Watson  p o i n t e d  o u t  t h e  s i m i l a r i t y  b e t w e e n  t h e  " p o r p h y r i t i c  

g r a n i t e  o f  Campbe l l  (now F u l t o n ) ,  Coweta ,  and F a y e t t e  

c o u n t i e s "  ( i.e., t h e  P a l m e t t o )  and wha t  a r e  now c a l l e d  t h e  
. I .  . I , . . ,  .-. . - . .  _ .  

L i l e s v ' i i l e  and M t .  Mourne '  p l u t o n s ,  N .  C .  C h e m i c a l  a n a l y s e s  

g i v e n  b y  Watson f o r  t h e  P a l m e t t o  g r a n i t e  a r e  l i s t e d  w i t h  

s a m p l e  l o c a l i t i e s  i n  T a b l e  A - 1 .  

Mapping o f  . t h e  e n t i r e  p l u t o n  was c o m p l e t e d  f o r  t h e  

G e o l o g i c  Map o f  G e o r g i a  ( 1 9 7 6 ) .  P r e v i o u s l y ,  o n l y  t h e  

. 
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L 

A n a l y s e s  f o r  t h e  P a l m e t t o  g r a n i t e ,  
G e o r g i a ,  f rom t h e  l i t e r a t u r e .  

P I P P P P P D I t D r P P t P O P I O I I P P D P D + i i P P D L P I P t P f r r ~ r ~ ~ P ~ ~ ~ ~ P P ~ ~ ~ ~ ~ ~ a  

1 2 3 4 
. . $ . ,  

t P t r r t P 0 I = = P 0 0 P P r t 0- & 5 P i r  r-r.=*= t = a t P t t t ir = r = PD = IC at = c = .c 8s == 

S i 0 2  63 .65  64 .40  70 .88  70 .39  
0 .37  ::;a3 20 .46  1 8 . 9 7  1 5 . 8 6  1 4 . 9 5  

2 . 3 3  
0 . 0 8  

3 . 3 8  0 . 5 9  1 . 7 9  1 . 4 6  
MnO 
CaO 
Mg 0 1 . 5 0  t r  , 0 . 9 3  0 . 9 1  

4 . 7 5  3 . 6 0  3 .94  3 . 8 1  
4 . 5 8  1 1 . 4 0  4 . 6 4  4 . 8 3  

0 .18  

2 . 2 0  0 .37  1 . 7 7  
;Xa03 

:;ao 
P O  
i g n 2 t  i o n  0 . 4 2  0 .19  0 . 4 9  

t o t a l  1 0 0 . 9 4  99 .52  1 0 0 . 3 0  9 9 . 3 1  

PIPIDIP.t’=PllPPPttlPItP=====.===t====a=======P=P===~ta========= 

l - - F r e s h . g r a n i t e ,  McCollum q u a r r y  ( l o a t i o n  B7-4281, Coweta 

. ’ 2--IC f e l d s p a r  m e g a c r y s t  f rom t h e  same l o c a i t y  ( W a t s o n ,  1 9 0 2 ) .  

n o r t h  o f  AS8-314 on e a s t  s i d e  o f  L i n e  C r e e k )  (Wat son ,  
1 9 0 2 ) .  

S t a t i o n ,  Coweta Co. (Wat son ,  1 9 0 2 ) .  

3 - -Fresh  g r a n i t e ,  McElwaney p l a c e ,  F a y e t t e  Co. (1 m i l e  

4--CB7-5, Tyrone  q u a r r y .  
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n o r t h e r n  m a r g i n  h a d  b e e n  mapped by  H i g g i n s  ( 1 9 6 6 ,  1 9 6 8 )  i n  

h i s  s t u d y  o f  t h e  B r e v a r d  f a u l t  z o n e .  H i g g i n s  d e s c r i p t i o n s  

o f  t h e  " P a l m e t t o  g r a n i t e "  a r e  a c t u a l l y  o f  t h e  Ben H i l l  

p l u t o n .  A K-Ar  b i o t i t e  d a t e  f o r  t h e  g r a n i t e  i n  t h e  T y r o n e  ' 

q u a r r y  h a s  b e e n  r e p o r t e d  by  Ku lp  and  Eckelmann ( 1 9 6 1 )  and 

r e c a l c u l a t e d  b y  T i l t o n  ( 1 9 6 5 )  a s  286 m.y. The c o a r s e -  

g r a i n e d  p o r p h y r i t i c  b i o t i t e  g r a n i t e s  o f  G e o r g i a  h a v e  b e e n  

p r e v i o u s l y  g r o u p e d  as  t h e  P a l m e t t o - t y p e  g r a n i t e  b y  Cr i ckmay  

( 1 9 5 1 )  and t h e  Ben H i l l - t y p e  b y  C o f e r  ( 1 9 5 8 ) .  

P a l m e t t o  G r a n i t e  

G e n e r a l  R e l a t i o n s  

The P a l m e t t o  g r a n i t e  h a s  a c r e s c e n t i c  o u t c r o p ,  

e l o n g a t e d  n o r t h w e s t - s o u t h e a s t ,  o f  1 4 0  km a r e a .  On ly  one 

r o c k  t y p e  was e n c o u n t e r e d  and w i t h  s l i g h t  v a r i a t i o n  i s  a 

p o r p h y r i t i c ,  c o a r s e - g r a i n e d  b i o t i t e  g r a n i t e .  The c o u n t r y  

r o c k  wh ich  t h e  P a l m e t t o  i n t r u d e s  i s  l a r g e l y  . g r a n i t i c  

g n e i s s e s  w i t h  a b u n d a n t  a m p h i b o l i t e  o n  t h e  s o u t h e r n  b o r d e r .  

The P a l m e t t o  g r a n i t e  i n t r u d e s  t h e  B r e v a r d  zone  and i s  

i n v o l v e d  i n  some d e f o r m a t i o n ,  as d i s c u s s e d  l a t e r .  The map 

d i s t r i b u t i o n  o f  t h e  g r a n i t e  and t h e  l o c a t i o n s  o f  t h e  s a m p l e s  

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

in Figure A-3  . 

2 
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Figure A-3. Geologic map of the Palmetto pluton, Fulton, Coweta, 
and Fayette counties, Georgia. 
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The P a l m e t t o  p l u t o n  . c o n s i s t s  o f  a c o a r s e - g r a i n e d ,  

hypidiomorphic-inequigranular, b i o t i t e - f e l d s p a r - q u a r t z  r o c k  

c o n t a i n i n g  m e g a c r y s t s  o f  a l k a l i  f e l d s p a r ,  2-8 cm l o n g .  The 

p e r c e n t a g e  o f  f e l d s p a r  m e g a c r y s t s  v a r i e s ,  b u t  r e m a i n s  

g e n e r a l l y  o v e r  2 0 % .  The r o c k  h a s  a v e r y  c o a r s e - g r a i n e d  

a p p e a r a n c e ,  b u t  t h e  a v e r a g e  g r a i n  s i z e  o f  . t h e  m a t r i x  

m i n e r a l s  i s  4 mm o r  l e s s .  

Modal a n a l y s e s  on  s l a b s  o f  P a l m e t t o  g r a n i t e  ( F i g u r e  

A-4 a )  

show t h e  r o c k  i s  a m o n z o g r a n i t e  t o  g r a n o d i o r i t e  

a c c o r d i n g  t o  t h e  I U G S  p l u t o n i c  r o c k  n o m e n c l a t u r e  

( S t r e c k e i s e n ,  1 9 7 6 ) .  T h i s  i s  t h e  mos t  p l a g i o c l a s e  r i c h  o f  

t h e  c o a r s e - g r a i n e d  g r a n i t e s  of t h e  s o u t h e a s t  U.S.A. The 

c o l o r  i n d e x  v a r i e s  b e t w e e n  2 and 1 3  ( F i g u r e  A-4b) and 

r e f l e c t s  t h e  v a r i e d  c o l o r  i n d e x  e v i d e n t  i n  o u t c r o p .  

T a b u l a r ,  s u b h e d r a l  t o  e u h e d r a l ,  p i n k  t o  w h i t e  a l k a l i  

f e l d s p a r  i s  t h e  m o s t  c o n s p i c u o u s  m i n e r a l  b e c a u s e  o f  i t s  

l a r g e  s i z e  (1 -8  cm) .  The a l k a l i  f e l d s p a r  i s  m i c r o c l i n e  

m i c r o -  and:  m a c r o p e r t h i t e  e x h i b i t i n g  b o t h  p r i m a r y  g r o w t h  

t w i n s ,  l a r g e l y  C a r l s b a d  t w i n s ,  and  a l b i t e  and  p e r i c l i n e  

i n v e r s i o n  t w i n s .  The a l k a l i  f e l d s p a r  i s  p o i k i l i t i c  w i t h  

o r i e n t e d  i n c l u s i o n s  o f  p l a g i o c l a s e ,  q u a r t z  and b i o t i t e ,  

wh ich  a r e . c o m m o n l y  c o n f i n e d  t o  z o n e s .  A t e x t u r a l  z o n i n g  i s  

a l s o  d e f i n e d  by  d i f f e r i n g  amoun t s  o f  p e r t h i t e .  Watson kd 
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Qz 

F i g u r e  A-4a. T r i a n g u l a r  diagram o f  model volume 
p e r c e n t  o f  a l k a l i  f e l d s p a r  ( K s p )  p l a g i o c l a s e  
( P c ) ,  and q u a r t z  ( 9 2 )  f o r  samples  from t h e  
P a l m e t t o  g r a n i t e .  The f i e l d s  a r e  from 
S t r e c k e i s e n  ( 1 9 7 6 ) .  
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Figure  A-4b. Triangular  diagram o f  model volume 
percent  o f  t o t a l  f e l d s p a r ,  l o r  index (C.I.), 
and quartz  (Qz) f o r  samples  from t h e  Pa lmet to  
g r a n i t e .  
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Ld 
( 1 9 0 2 )  h a s  found  t h e  b u l k  c o m p o s i t i o n  o f  a n  a l k a l i  f e l d s p a r  

m e g a c r y s t  t o  b e  Or67An32Anl ( T a b l e  A - 1 ) .  The s u b h e d r a l  t o  

a n h e d r a l  p l a g i o c l a s e  g r a i n s  a r e  smal le r  t h a n  t h e  a l k a l i  

f e l d s p a r ,  l e s s  t h a n  1 cm, and a r e  w h i t e .  O p t i c a l  

c o m p o s i t i o n a l  d e t e r m i n a t i o n s  b y  t h e  - a- n o r m a l  method ( S m i t h ,  

1 9 7 4 )  show t h e  p l a g i o c l a s e  i s  o l i g o c l a s e  h a v i n g  b r o a d ,  

n o r m a l  o s c i l l a t o r y  z o n i n g  o f  An t o  An2o Most h a v e  s h a r p ,  

d i s c o n t i n u o u s  r i m s  o f  a l b i t e ,  u s u a l l y  a s s o c i a t e d  w i t h  

m y r e m e k i t e .  B i o t i t e  i s  t h e  m a j o r  f e r r o - m a g n e s i a n  m a f i c  

m i n e r a l .  I t  i s  p l e o c h r o i c  d a r k  browwn t o  t a n  and o c c u r s  a s  

29 

a n h e d r a l ,  s h r e d d e d  f l a k e s .  

P r i m a r y  a c c e s s o r y  m i n e r a l s  i n c l u d e  a l l a n i t e ,  t i t a n i t e ,  

a p a t i t e ,  z i r c o n ,  a r h o m b o h e d r a l  o x i d e  now e x s o l v e d  t o  

i l m e n i t e  + h e m a t i t e ,  and  c h a l c o p y r i t e .  The t i t a n i t e  and  t h e  

l a r g e ,  zoned  a l l a n i t e s  w i t h  w i d e  e p i d o t e  r i m s  a r e  t h e  

c h a r a c t e r i s t i c  a c c e s s o r i e s  s i m i l a r  t o  t h o s e  i n  o t h e r  l a t e  

P a l e o z o i c  p l u t o n s  i n  t h e  s o u t h e a s t .  L a t e - s t a g e  magmat i c  

m i n e r a l s  i n c l u d e  f a i r l y  common m u s c o v i t e ,  a l b i t e ,  e p i d o t e ,  

and  t i t a n i t e .  D e u t e r i c  s t a g e  m i n e r a l s  a r e  h e m a t i t e ,  

m u s c o v i t e ,  c h l o r i t e ,  z o i s i t e ,  and c a l c i t e .  

A w e l l - d e v e l o p e d  i g n e o u s  f l o w  f o l i a t i o n ,  d e f i n e d  b y  t h e  

a l i g n m e q t  o f  t h e  t a b u l a r  a l k a l i  f e l d s p e r  m e g a c r y s t s  and 

x e n o l i t h s ,  p a r a l l e l s  t h e  c r e s c e n t i c  o u t l i n e  o f  t h e  P a l m e t t o  

p l u t o n  ( F i g u r e  A - 3 ) .  The a t t i t u d e s  o f  t h e  f o l i a t i o n  s u g g e s t  

t h e  p l u t o n  d i p s  t o  t h e  n o r t h e a s t .  

U 
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C o n t a c t  Me tamorph ic  E f f e c t s  kid 

The P a l m e t t o  g r a n i t e  i n t r u d e s  r e g i o n a l l y  me tamorphosed  

r o c k s  which  a r e  a b o v e  a s i l l i m a n i t e  i s o g r a d  i n  a k y a n i t e -  

s i l l i m a n i t e  me tamorph i sm ( S m i t h  - -  e t  a l . ,  1 9 6 8 ) .  I n  a s t u d y  

o f  4 o A r / 3 9 A r  i n c r e m e n t a l - r e l e a s e  a g e s ,  D a l l m e y e r  ( 1 9 7 8 )  

c o n c l u d e d  t h a t  t h e  r e g i o n a l  metamorphism o c c u r r e d  a b o u t  365 

m.y. a g o  and t h a t  t h e  c o u n t r y  r o c k s  had  c o o l e d  b e l o w  a r g o n  

r e t e n t i o n  t e m p e r a t u r e s  o f  3 0 0 - 3 4 5 O C  p r i o r  t o  t h e  emplacemen t  

o f  t h e  La te  P a l e o z o i c  p l u t o n s .  The r e g i o n a l  m e t a m o r p h i c  

m i n e r a l  a s s e m b l a g e s  o f  t h e  c o u n t r y  r o c k s  e n c o u n t e r e d  i n  t h i e  

s t u d y  f o r  t h e  g r a n i t i c  g n e i s s e s  a r e :  

b i o t i t e  + m u s c o v i t e  + e p i d o t e  + g a r n e t  

+ K f e l d s p a r  + o l i g o c l a s e  + q u a r t z  

f o r  t h e  m e t a b a s i t e s :  

g r e e n  h o r n b l e n d e  + p l a g i o c l a s e  + e p i d o t e  + b i o t i t e  + q u a r t z  

g a r n e t  + g r e e n  h o r n b l e n d e  + e p i d o t e  + b i o t i t e  

+ p l a g i o c l a s e  + q u a r t z  

The m e t a b a s i t e  x e n o l i t h s  h a v e  q u i t e  a number 

d i f f e r i n g  m i n e r a l  a s s e m b l a g e s ,  r e f l e c t i n g  d i f f e r e n c e s  

r o c k  c o m p o s i t i o n  and c o n t a c t  m e t a m o r p h i c  c o n d i t i o n s .  

a s s e m b l a g e s  a r e :  

c p x  + opx + b r n  h b l  + b t  + pc + qz  

c p x  + b r n  h b l  + p c  + qz 

c p x  + opx + b r n  h b l  + b t  + pc + qz  

c p x  + b r n  h b l  + p c  + qz 

g a r  + c p x  + g r n  h b l  + e p  + pc 

cumm + b r n  h b l  + An + b t  + q z  70 

o f  

i n  

The 
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boi 
cumm + grn hbl + An6o + bt + qz 

gar + cumm + bt + pc +qz 

The coexisting cummingtonite and brown hornblende have 

intermediate Fe-Mg compositions (Table A-2). These 

assemblages are characteristic of the hornblende- and 

pyroxene-hornfels facies and differ markedly from those 

observed and reported for the regional metamorphism. 

The metamorphic mineral assemblages of the pelitic 

xenoliths are: 

gar + si1 + bt + ms + Ksp + An30 + qz 

(1) 

gar + bt + m s  + AnlO + qz 

( 2 )  

staur + gar + si1 + bt + An6 + qz 

( 3 )  

The garner and biotite of assemblage 1 (B7407B and’ PM1-509) 

are more magnesian than those of assemblage 2 (AS7-267) 

(Table A-3 and A-4). 

These two assemblages lie either on the continuous reaction 

m s  + gar + bt + si1 + qz 

( 1 )  

or 

bt + si1 + qz + gar + Ksp 

(2) 

depending on whether the decomposition of muscovite + quartz 

to sillimanite + K feldspar has occurred or not. In the ti 
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Table. A-2 

Amphibole analyses from Palmetto hornfelses. 

S i 0  
A1 63 
Fe6 
Ti02 
MnO 
CaO 
MgO 

sum 

% 44.04 
15.36 
17.15 
0.70 
0.11 
9.80 
9.61 
1.33 
0.36 
2.05 

53.80 
2.75 

23.30 
0.15 
0.28 
0.91 

16.55 
0.16 
0.03 
2.06 

100.54 100.01 

Number of cations based on 24(0,OK) 

AIV1' 1.097 0.291 
Ti 0.078 0.016 
Fe 2.100 2.832 
Mg 2.098 3.586 
Mn 0.014 0.035 

5.387 6.760 

Pa 0.379 0.046 
Ca 1.538 0.142 
R 0.068 0.006 

1.985 0.194 

~ P ~ ~ ~ O P ~ ~ ~ P I C ~ ~ D I I I I I ~ ~ ~ D P I P I P ~ O I I I P I I P P % = ~ = = ~ ~ = ~ ~ = ~ = = ~ ~ ~ ~ = =  



Si0 
A1 63 
Fe6 
Ti02 
MnO 
C a O  
MgO 

sum 

A1 siIv 

Al” 
Ti 
Fe 
Mn 
Mg 

Ca 
Na 
K 

35.72 
19.86 
23.10 
2.75 
0.05 
0.05 
6.47 
0.10 
9.17 
3.97 

37.90 
18.85 
14.73 
1.81 
0.11 
0.06 
i3.38 
0.45 
8.33 
4.09 

38.36 
17.72 
16.63 
2.30 
0.06 
0.10 

12.99 
0.28 
8.45 
4.10 

36.44 
20.24 
17.99 
2.86 
0.13 
0.04 
9.51 
0.12 
9.50 
4.04 

35.90 
19.58 
18.16 
2.48 
0.03 
0.07 
10.75 
0.30 
9.23 
4.02 

101.27 99.71 101 .oo 100.87 100.52 

Number of cations based on 24(0,OH) 

5.392 5.558 5.603 5.398 5.350 
2.608 2.442 2.397 2.602 2.650 

8.000 8.000 8.000 8.000 8.000 

0.925 0.815 0.653 0.931 0.788 
0.313 0.200 0.253 0.318 0.278 
2.917 1.806 2.032 2.228 2.263 
0.007 0.014 0.007 0.017 0.004 
1.457 2.925 2.828 2.100 2.388 

5.619 5.759 5.774 5.594 5.720 

0.009 0.009 0.016 0.006 0.011 
0.031 0.128 0.081 0.034 0.087 
1.766 1.558 1.1574 1.796 1.754 

1.805 1.695 1.671 1.836 1.851 
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Si 
Ti 
AI 

A 1  
Fe 
Mg 
Mn 
C a  
Na 
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Tab 1 e A-4 

Garnet analyses from Palmetto hornfelses. 

P I I I P P P t O I L t L I P ~ t ~ l l ~ ~ ~ ~ ~ ~ 6 ~ ~ 6 ~ ~ ~ ~ ~ ~ ~ ~ ~ 6 ~ % ~ ~ ~ ~ X ~ ~ ~ ~ ~ ~ ~ 6 ~ ~ ~ ~  

AS7-267 AS7-314A B7407B PM1-509 
l I O I I I P I P I I e I l P I l P I P = I I = = I = = = = = = = = = = = = = = = 6 ~ = a = = = = = = = = = = = = = =  

Si0 36.85 38.14 38.16 36.98 
A1 6, 21.84 21.54 21.12 21.79 
Fe6 37.60 28.58 31.40 34.70 
Ti02 0.14 0.09 0.22 0.18 
MnO 0.94 5.13 5.11 1.86 
C a O  1.01 0.27 1.12 1.45 

2.67 5.51 3.39 3.67 
0.02 0.00 0.02 
0.01 0.01 0.01 0.04 

MgO 0.01 

1 

99.31 100.45 100.68 101.07 

Number of cations b a s e d  on 12 oxygens 

2.951 3.025 3.031 2.950 
0.009 0.005 0.013 0.011 
0.040 0.000 0.000 0.039 

3.000 3.031 3.045 3.000 

2.020 2.014 1.982 2.010 
2.518 1.896 2.092 2.315 
0.319 0.652 0.402 0.436 

0.345 0.126 0.064 0.345 
0.096 0.124 0.086 0.023 

0 * 002 0.003 0.001 * 0.003 
0.001 0.002 0.001 0.004 
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t h i r d  p e l i t i c  a s s e m b l a g e  (AS7-314A1, g a r n e t  a p p e a r s  f rom 

t e x t u r a l  e v i d e n c e  t o  b e  g r o w i n g  a t  t h e  e x p e n s e  o f  

s t a u r o l i t e .  T h i s  a s s e m b l a g e  i n d i c a t e s  c o n d i t i o n s  a t  t h a  

d i s c o n t i n u o u s  r e a c t i o n :  

me + s t a u r  + g a r  + s i 1  + b t  - 
( 3 )  

o r  b e l o w  i t  on  t h e  c o n t i n u o u s  r e a c t i o n :  

s t a u r  + qz + g a r  + s i 1  + H 2 0 .  - 
The m i n e r a l  a s s e m b l a g e s  o f  , t h e  m e t a p e l i t e  x e n o l i t h s  d o  

n o t  d i f f e r  f rom what  would b e  a n t i c i p a t e d  i n  i n n e r  P iedmont  

r o c k s  wh ich  a r e  a b o v e  t h e  s i l l i m a n i t e  i s o g r a d .  I n  o r d e r  t o  

u s e  them t o  d e d u c e  P-T c o n d i t i o n s  o f  t h e  P a l m e t t o  g r a n i t e ,  

t h e  a s s u m p t i o n  would h a v e  t o  b e  made t h a t  t h e y  

r e e q u i l i b r a t e d  w h i l e  t h e y  w e r e  x e n o l i t h s .  T h i s  i s  p r o b a b l y  

a good a s s m p t i o n  c o n s i d e r i n g  t h e i r  s m a l l  s i z e .  R i c h a r d s o n  

( 1 9 6 8 )  found  r e a c t i o n  2 t o  o c c u r  a b o v e  3 . 5  kb  o v e r  a sma l l  

t e m p e r a t u r e  r a n g e  n e a r  680°C f o r  t h e  i r o n  end-members 

b u f f e r e d  by  q u a r t z - f a y e l i t e . - m a g n e t i t e .  The t e m p e r a t u r e  and 

p r e s s u r e  would i n c r e a s e  a t  h i g h e r  oxygen  f u g a c i t i e s  and  w i t h  

s u b s t i t u t i o n  o f  magnesium f o r  i r o n .  I n  c o n t r a s t ,  o t h e r  

c o m p o n e n t s  s u c h  as c a l c i u m  and manganese  would expand  t h e  

g a r n e t  f i e l d .  The o c c u r r e n c e  o f  m u s c o v i t e ,  wh ich  h a s  n o t  

decomposed  t o  form an  aluminum s i l i c a t e ,  i n  x e n o l i t h s  o f  a 

g r a n i t i c  m e l t  s i m i l a r l y  i n d i c a t e s  a minimum p r e s s u r e  o f  3 . 5  

k b .  The o c c u r r e n c e  o f  a l m a n d i n e - r i c h  g a r n e t  r a t h e r  t h a n  

c o r d i e r i t e  i n  t h e  s i l l i m a n i t e - b e a r i n g  a s s e m b l a g e s  o f  t h e  
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x e n o l i t h s  s u g g e s t s  a minimum p r e s s u r e  o f  4 kb (Lee and 

Holdaway,  1 9 7 7 ) .  The o n l y  u p p e r  p r e s s u r e  e s t i m a t e  p r e s e n t l y  

W 

a v a i l a b l e  i s  t h e  7-9 kb r e g i o n a l  m e t a m o r p h i c  p r e s s u r e  

e s t i m a t e  o f  D a l l m e y e r  ( 1 9 7 8 ) .  

A s  i n  t h e  c a s e  o f  t h e  S i l o a m  p l u t o n  ( S p e e r ,  

VPI&SU-5648-1),  t h e  h i g h e r  p r e s s u r e  g a r n e t  + s i l l i m a n i t e  

a s s e m b l a g e  r a t h e r  t h a n  t h e  l o w e r - p r e s s u r e  c o r d i e r i t e  

a s s e m b l a g e s  i n d i c a t e s  a g r e a t e r  t o t a l  o r  w a t e r  p r e s s u r e  o f  

c r y s t a l l i z a t i o a  o f  t h e  Pa lmet to  t h a n  t h e  Winnsboro ,  L i b e r t y  

H i l l ,  P a g e l a n d  and L i l e s v i l l e  p l u t o n s .  

P a l m e t t o  G r a n i t e  i n  t h e  B r e v a r d  z o n e  

A t  t h e  n o t h e r n  c o n t a c t  o f  t h e  P a l m e t t o  p l u t o n ,  t h e  

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

m y l o n i t e  g n e i s s e s  o f  t h e  B r k v a r d  z o n e  a t  s m a l l  a n g l e s .  I n  

t h i s  a r e a ,  t h e  P a l m e t t o  g r a n i t e  e x h i b i t s  a w ide  v a r i e t y  o f  

t e x t u r e s ,  f rom r o c k s  showing  o n l y  i n c i p i e n t  d e f o r m a t i o n  

t h r o u g h  m y l o n i t e  g n e i s s  t o  b l a s t o m y l o n i t e .  .An o u t s t a n d i n g  

f e a t u r e  o f  t h e  P a l m e t t o  g r a n i t e  i s  t h e  c r y s t a l l o b l a s t i c  

t e x t u r e  s e e n  i n  t h i n  s e c t i o n .  The m i n e r a l o d y  o f  t h e  

d e f o r m e d  r o c k s  i s  i ' d e n t i c a l  t o  t h a t  o f  t h e  unde fo rmed  

g r a n i t e .  The * s i m i l a r i t y  i n  m i n e r a l o g y  ahd  t h e  

r e c r y s t a l l i z e d  t e x t u r e  s u g g e s t  t h a t  t h e  g r a n i t e  was de fo rmed  

and r e c r y s t a l l i z e d  w h i l e  t h e  r o c k s  were  a t  e l e v a t e d  ,. 
t e m p e r a t u r e  and  t h a t  no  s u b s e q u e n t  movement i n v o l v i n g  t h e  LJ 
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P a l m e t t o  g r a n i t e  o c c u r r e d  a l o n g  t h e  B r e v a r d  z o n e .  The L 
i n t e n s i t y  o f  d e f o r m a t i o n  o f  t h e  P a l m e t t o  g r a n i t e  d o e s  n o t  

v a r y  s y s t e m a t i c a l l y  w i t h  d i s t a n c e  f r o m , t h e  B r e v a r d  z o n e ,  b u t  

t h e  i n t e n s i t y  o f  d e f o r m a t i o n  c a n  c h a n g e  w i t h i n  a s m a l l  a r e a ,  

s u g g e s t i n g  t h a t  z o n e s  o f  mos t  i n t e n s e  d e f o r m a t i o n  a r e  f a i r l y  

n a r r o w  and o c c u r  t h r o u g h o u t  a b r o a d  r e g i o n .  

Heat G e n e r a t i o n  

The P a l m e t t o  g r a n i t e  i s  e m p l a c e d  i n  g r a n i t e  and 

g r a n o d i o r i t e  g n e i s s e s ,  m i g m a t i t e s  , and a m p h i b o l i t e s .  

B e c a u s e  o f  t h e i r  p r e d o m i n a n t l y  g r a n i t i c  c o m p o s i t i o n ,  t h e  

c o u n t r y  r o c k s  may h a v e  h e a t  p r o d u c t i o n s  a p p r o a c h i n g  th’ose  o f  

t h e  p o s t - m e t a m o r p h i c  g r a n i t e s .  T h i s  f e a t u r e  c o u l d  make t h e  

t h e r m a l  anomaly  a s s o c i a t e d  w i t h  t h e  g r a n i t e  p l u t o n  l a r g e r  

t h a n  t h e  g r a n i t e  o u t c r o p  i t s e l f .  F o r  t h i s  r e a s o n ,  a number 

o f  c o u n t r y  r o c k  g r a n i t e  g n e i s s e s  were  c o l l e c t e d  f o r  h e a t  

p r o d u c t i o n .  T h e i r  l o c a t i o n s  a r e  i n d i c a t e d  i n  F i g u r e  A - 3  and 

t h e i r  h e a t  p r o d u c t i o n s  a r e  l i s t e d  w i t h  t h o s e  f rom t h e  

P a l m e t t o  g r a n i t e  i n  T a b l e  A-5. The r e s u l t s  show a s h a r p  

b r e a k  b e t w e e n  t h e  P a l m e t t o  g r a n i t e  w i t h  h e a t  p r o d u c t i o n s  

b e t w e e n  6 . 8  and 1 3 . 7  HGVU and t h e  c o u n t r y  r o c k  w i t h  l e s s  

t h a n  2 . 9  H G V U .  
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W TABLE A-5 

CB7-5 
SB7-427 
SB7-428 
SB7-448 
AS7-264 
AS7-326 
AS7-328 
AS8-303 
AS8-314 
AS8-324 

3.8 
3.8 
3.7 
3.8 
3.6 

9.6 41.2 
2.7 32.9 
3.2 32.9 
3.3 30.8 
6.7 27.3 
UNAVAILABLE 
UNAVAILABLE 

5 . 0  42.4 
6.8 38.9 
3.0 29.0 

13.7 
7.9 
8.1 
7.9 
9.3 

3.5 
3.7 
3.7 

10.7 
11.3 
7.4 

ADJACENT GRANITIC COUNTRY ROCKS 

CB7-4A 
CB7-4B 
AS7-275 
AS7-289 
AS7-290 
AS7-295 
AS7-308 
AS8-323 
SB8-460 
SB8-468 
SB8-476 

2.2 4.1 
2.1 6.7 

3.1 
1.9 

2.7 
2.9 

UNAVAILABLE 

1.0 8.0 
0.5 2.9 
0.7 4.2 
3.9 8.0 

2.0 
0.8 
1.7 
4.6 

2.4 
0.9 
1.4 
4.7 

PALMETTO DRILL HOLE, PMl 

PM1-28(92) 
PM1-39(128) 
PM1-50(164) 
PM1-61(201) 
PMl-77(253)* 
PM1-86(282) 
PM1-93(305) 
PM1-141(463) 
PM1-165(541) 
PMl-175(574) 
PM1-187(613) 
PMl-196(643) 

3.2 
3.0 
2.8 
2.9 
7.0 
3.2 
3.0 
3.7 
3.3 
2.9 

7.1 
6.8 
6.9 
7.3 

13.9 
6.7 
8.5 
7.4 
7.0 
6.9 
7.8 
7.8 

27.0 3.3 
25.1 3.5 
26.6 3.4 
28.4 3.6 
55.3 2.6 
24.4 2.8 
34.9 3.3 
26.2 3.1 
25.1 3.5 
26.3 3.2 
31;9 3.4 
30.2 3.8 

3.1 
3.1 
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P a l m e t t o  D r i l l  Ho le  

A h o l e  211 m ( 6 9 2  f t )  was d r i l l e d  i n  t h e  s o u t h c e n t r a l  

p o r t i o n  o f  P a l m e t t o  g r a n i t e  (PM1, F i g u r e  A-5) .  

Core  r e c o v e r e d  from t h i s  h o l e  c o n s i s t s  m a i n l y  o f  

m o d e r a t e l y  f o l i a t e d ,  c o a r s e - g r a i n e d  g r a n i t e  w i t h  C . I .  1 0 .  

The r o c k  i s  h y p i d i o m o r p h i c  w i t h  l a r g e ,  e u h e d r a l  c r y s t a l s  o f  

a l k a l i  f e l d s p a r  ( t o  4 cm) and s m a l l e r  g r a i n s  o f  q u a r t z  and  

p l a g i o c l a s e  ( t o  1 cm) e n c l o s e d  i n  a medium- t o  f i n e - g r a i n e d  

m a t r i x  o f  f e l d s p a r ,  q u a r t z ,  b i o t i t e ,  t i t a n i t e ,  and  o p a q u e  

m i n e r a l s .  The g r a n i t e  r e m a i n s  u n i f o r m  i n  t e x t u r e  and 

m i n e r a l o g y  t h r o u g h o u t  t h e  c o r e .  

Numerous m a f i c  x e n o l i t h s ,  v a r y i n g  i n  l e n g t h  from a few 

c e n t i m e t e r s  t o  9 m e t e r s ,  were e n c o u n t e r e d  i n  t h e  h o l e .  

T h e s e  r o c k s  a r e  composed o f  b i o t i t e  w i t h  l e s s e r  amoun t s  o f  

q u a r t z  and  f e l d s p a r .  The a s s e m b l a b e  g a r  + s i1  + b t  + m s  + 

AngO + q z  was f o u n d  i n  t h e  x e n o l i t h  a t  154-163 m .  P e g m a t i t e  

v e i n s ,  v a r y i n g  i n  w i d t h  f rom 1-30  cm, c o n t a i n  q u a r t z ,  a l k a l i  

f e l d s p a r ,  p l a g i o c l a s e ,  b i o t i t e  and m u s c o v i t e .  They  a r e  

l o c a t e d  t h r o u g h o u t  t h e  c o r e ,  and a r e  commonly a s s o c i a t e d  

w i t h  t h e  m a f i c  x e n o l i t h s .  

The gamma l o g  o f  PMl a c c u r a t e l y  r e f l e c t s  t h e  r o c k  t y p e s  

e n c o u n t e r e d  i n  t h e  c o r e .  Zones  o f  r e l a t i v e l y  low c o u n t s  

c o r r e s p o n d  t o  t h e  l o c a t i o n s  of x e n o l i t h s ,  and  a n o m a l o u s l y  

h i g h  p e a k s  c o r r e l a t e  w i t h  p e g m a t i t e  v e i n s .  The g r a n i t e  
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DRILL HOLE PMI 

EXPLANATION 

COARSE GRAINED BIOTITE 
GRANITE WITH CI = 10.- 15 

COUNTRY ROCK XENOLITHS 
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ZONE OF ALTERATION 
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(in ppm) AND HEAT 
GENERATION UNITS (HGU) 

2.8.23.1.3.3 
HGU * 6.3 

3 

OSL VPl8SU 

Figure A-5. Lithologic log of drill hole PM1, with 
corresponding alteration and gamma ray 
spectrometer log. Radioactivity measurements 
increase to the right. '6, 
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produces  a n e a r l y  un i form count  r a t e  throughout  t h e  h o l e ,  as 

would b e  e x p e c t e d  from t h e  homogene i ty  o f  t h e  r o c k .  



PAGE A-59 
W 

R e f e r e n c e s  

C r i c k m a y ,  G .  W., 1 9 5 1 ,  Geo logy  o f  t h e  c r y s t a l l i n e  r o c k s  o f  

G e o r g i a ,  G e o r g i a  G e o l .  S u r v e y ,  B u l l .  58 .  

C o f e r ,  8.  E., 1 9 5 8 ,  S t r u c t u r a l  r e l a t i o n s  o f  t h e  g r a n i t e s  and 

t h e  A s s o c i a t e d  Rocks o f  S o u t h  F u l t o n  C o . ,  Ga. 

u n p u b l i s h e d  Ph.D. d i s s e r t a t i o n ,  U n i v .  o f  I l l i n o i s ,  139  

P *  

D a l l m e y e r ,  R .  D . ,  1 9 7 8 ,  40ArI39Ar  i n c r e m e n t a l  r e l e a s e  a g e s  

of h o r n b l e n d e  and b i o t i t e  a c r o s s  t h e  G e o r g i a  I n n e r  

P i e d m o n t :  t h e i r  b e a r i n g  on  La te  P a l e o z o i c  - E a r l y  

M e s o z o i c  t e c t o n o t h e r m a l  h i s t o r y .  Am.  J o u r .  S c i  2 7 8 ,  

124-149.  

H i g g i n s ,  M .  W., 1 9 6 6 ,  The Geo logy  o f  t h e  B r e v a r d  L i n e a m e n t  

n e a r  A t l a n t a ,  G e o r g i a ,  G e o r g i a  G e o l .  S u r v e y ,  B u l l .  7 7 ,  

49 p .  

B i g g i n s ,  M.  W., 1 9 6 8 ,  G e o l o g i c  map o f  t h e  B r e v a r d  f a u l t  zone  

n e a r  A t l a n t a ,  G e o r g i a ,  U.S. G e o l .  S u r v e y  Misc .  G e o l .  

I n v .  Map .1-511. 

K u l p ,  J .  L .  and F. D. Ecke lmann ,  1 9 6 1 ,  P o t a s s i u m - a r g o n  a g e s  

of micas f rom t h e  s o u t h e r n  A p p a l a c h i a n s :  A n n a l s  of t h e  

N e w  York Acad.  S c i .  - 9 1 ,  408-416.  

Lee,  M.  L .  and  M. J .  Holdaway,  1 9 7 7 ,  S i g n i f i c a n c e  o f  Fe-Mg 

c o r d i e r i t e  s t a b i l i t y  r e l a t i o n s  on t e m p e r a t u r e ,  

p r e s s u r e ,  and w a t e r  p r e s s u r e  i n  c o r d i e r i t e  g r a n u l i t e s .  

W Am. Geophys .  Union  Monograph 2 0 ,  The E a r t h ' s  C r u s t ,  

79-94. 



I .  

PAGE A-60 

R i c h a r d s o n ,  S. W . ,  1 9 6 8 ,  S t a u r o l i t e  s t a b i l i t y  i n  a p a r t  of 

t h e  s y s t e m  Fe-Al-Si-0-H.,  J .  P e t r o l ;  - 9 ,  467-488. 

S m i t h ,  J .  V . ,  1 9 7 4 ,  F e l d s p a r  Minerals ,  V o l .  1, S p r i n g e r -  

V e r l a g ,  627 p .  

Sm.i th ,  J .  W., J .  M. Wampler ,  and  M. A .  G r e e n ,  1 9 6 9 ,  I s t o p i c  

d a t i n g  and m e t a m o r p h i c  i s o g r a d s  of t h e  c r y s t a l l i n e  

r o c k s  o f  G e o r g i a .  G e o r g i a  D e p t .  M i n e s ,  M i n i n g ,  and  

Geo logy  B u l l .  80 ,  121-139.  

S t r e c k e i s e n ,  A . ,  1 9 7 6 ,  To e a c h  p l u t o n i c  r o c k  i t s  p r o p e r  

name. E a r t h s c i e n c e  Reviews  1 2 ,  1-33 .  

T i l t o n ,  G .  R . ,  1 9 6 5 ,  C o m p i l a t i o n  of P h a n e r o z o i c  

g e o c h r o n o l o g i c a l  d a t a  f o r  e a s t e r n  N o r t h  Amer ica  - i n  

G e o c h r o n o l o g y  of N o r t h  A m e r i c a ,  N a t i o n a l  Academy of 

S c i e n c e s  - N a t i o n a l  R e s e a r c h  C o u n c i l  P u b l i c a t i o n  1 2 7 6 ,  

217-218.  

Wat son ,  T .  L . ,  1 9 0 2 ,  The g r a n i t e s  and g n e i s s e s  o f  G e o r g i a ,  

G e o r g i a  G e o l .  S u r v e y  B u l l .  - 9- A ,  637  p .  



W 

PAGE A-61 

F i s s i o n  T r a c k  S t u d i e s  o f  t h e  L i b e r t y  H i l l  P l u t o n  (I) 

and Comments o n  U-Th-Pb D i s e q u i l i b r i u m  S t u d i e s  

o f  t h e  L i b e r t y  H i l l  P l u t o n  

J .  A l e x a n d e r  S p e e r  
e 

B e c a u s e  o f  t h e  i m p o r t a n c e  o f  u r a n i u m  as  a r a d i o g e n i c  

h e a t - p r o d u c i n g  e l e m e n t  and  i t s  p o s s i b l y  m o b i l e  b e h a v i o r ,  

k n o w l e d g e  o f  i t s  d i s t r i b u t i o n  and h o s t  m i n e r a l o g y  w i l l  

p r o v i d e  c l u e s  and  c o n s t r a i n t s  on  i t s  b e h a v i o r  i n  r o c k s .  Two 

f i s s i o n  t r a c k  maps o f  L i b e r t y  H i l l  p l u t o n  t h i n  s e c t i o n s  h a v e  

b e e n  r e c e i v e d  t h u s  f a r .  One i s  f o r  a c o a r s e - g r a i n e d  

g r a n i t e ,  K2-5 ( H G V U  = 5.11,  c o n t a i n i n g  q u a r t z ,  K f e l d s p a r ,  

p l a g i o c l a s e  An23,18, b i o t i t e ,  and  a m p h i b o l e .  A c c e s s o r y  

m i n e r a l s  a r e  z i r c o n ,  t i t a n i t e ,  a l l a n i t e ,  a p a t i t e ,  m a g n e t i t e  

i l m e n i t e ,  p y r i t e ,  and  p y r r h o t i t e .  The s e c o n d a r y  m i n e r a l s  

i n c l u d e  e p i d o t e ,  c h l o r i t e ,  c a l c i t e ,  and  w h i t e  mica .  The 

o t h e r  f i s s i o n  t r a c k  s a m p l e  i s  a f i n e - g r a i n e d  g r a n i t e ,  S6-100 

( H G V U  ,= 9 . 2 ) ,  w h i c h  c o n t a i n s  q u a r t z ,  K f e l d s p a r ,  p l a g i o c l a s e  

b i o t i t e .  A c c e s s o r y  m i n e r a l s  a r e  a l l a n i t e ,  z i r c o n ,  An27-10s  

a p a t i t e ,  f l u o r i t e ,  m a g n e t i t e ,  i l m e n i t e ,  and  c h a l c o p y r i t e .  

S e c o n d a r y  m i n e r a l s  a r e  c h l o r i t e ,  w h i t e  m i c a ,  and  e p i d o t e .  

C o m p a r i s o n  o f  t h e  c o r r e s p o n d i n g  f i s s i o n  t r a c k  

t h i n  s e c t i o n s  f o r  t h e  f i n e -  a i n e d  and c o a r s e - g r a i n e d  

g r a n i t e s  show t h e  u r a n i u m  d i s t r i b u t i o n  t o  b e  q u i t e  

. h e t e r o g e n e o u s .  Q u a l i t a t i v e  e s t i m a t e s  o f  t h e  number o f  
L i d  
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f i s s i o n  t r a c k s  i s  p r o p o r t i o n a l  t o  u r a n i u m  c o n t e n t  and  would 

i n d i c a t e  t h a t  m o s t  o f  t h e  u r a n i u m  i s  l o c a t e d  i n  t h e  

a c c e s s o r y  m i n e r a l s :  t i t a n i t e ,  a l l a n i t e  and  z i r c o n .  Lesser  

amoun t s  o f  u r a n i u m  a r e  o b s e r v e d  i n  a p a t i t e  and e p i d o t e .  

V a r i a b l e  b u t  s m a l l  numbers  o f  t r a c k s  a r e  a s s o c i a t e d  w i t h  

a l t e r a t i o n  f e a t u r e s  i n  t h e  r o c k s :  a m p h i b o l e  o r  b i o t i t e  

a l t e r a t i o n  t o  c h l o r i t e ,  f e l d s p a r s  t h a t  h a v e  ' u n d e r g o n e  

s a u s s u r i t i z a t i o n  o r  a l t e r a t i o n  t o  c l a y  m i n e r a l s ,  . and  Fe- 

b e a r i n g  m i n e r a l s  a l t e r i n g  t o  Fe o x i d e s  and  h y d r o x i d e s .  

Uranium a l o n g  c r a c k s  and g r a i n  b o u n d a r i e s  i s  v e r y  r a r e  i n  

t h e  c o a r s e  - g r a i n e d  g r a n i t e  and  i s  l o c a t e d  n e a r  p h a s e s  

c o n t a i n i n g  h i g h  a m o u n t s  o f  u r a n i u m .  Uranium a l o n g  c r a c k s  

and g r a i n  b o u n d a r i e s  i n  t h e  f i n e - g r a i n e d  g r a n i t e  i s  more  

common b u t  s t i l l  r e p r e s e n t s  a s m a l l  p e r c e n t a g e  o f  t h e  

u r a n i u m  p r e s e n t .  F i g u r e s  A-6 t o  A-8  a r e  p h o t o m i c r o g r a p h s  

o f  c o r r e s p o n d i n g  t h i n  s e c t i o n s  and f i s s i o n .  t r a c k  maps 

s h o w i n g  s e v e r a l  t y p e s  o f  u r a n i u m  d i s t r i b u t i o n  i n  t h e  L i b e r t y  

H i l l  p l u t o n .  

No f i s s i o n ,  t r a c k s  were found  t o  b e  a s s o c i a t e d  w i t h  

t r a i n s  of f l u i d  i n c l u s i o n s  i n  t h e  g r a n i t e s .  T h e s e  f l u i d  

i n c l u s i o n s  a r e  b e l i e v e d  t o  r e p r e s e n t  e a r l y  m i c r o c r a c k s  wh ich  

h a v e  s i n c e  h e a l e d .  T h i s  s u g g e s t s  e i t h e r  t h a t  u r a n i u m  was 

n o t  a n  i m p o r t a n t  component  i n  t h e s e  e a r l i e r  m i c r o c r a c k s  o r  

t h a t  i t  i s  i n c a p a b l e  o f  b e i n g  r e t a i n e d  a t  t h e s e  s i t e s  d u r i n g  

r e c r y s t a l l i z a t i o n .  



PAGE A-'63 

W 

A 

Figure A-b . Photomicrographs (a) and f i s s ion  track maps (b) of mafic 

c l o t s  i n  the coarse-grained granite K2-5. 

minerals are a l lan i te  ( a l ) ,  zircon (zr) ,  t i tan i te  (Tn) 

High uranium 

W and apafite (ap). The few, dispersed f i s s i o n  tracks are 

those associated with %1 tering Fe-bearing minerals and 

f eldspprs . 
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Figure A-8; Photomicrographs (a) and f i s s ion  track maps (b) of uranium 

occurring along grain boundaries i n  the coarse-grained 

granite, K2-5, (1) and f ine-grained granite, S6100, (2) . 
w 
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Q u a l i t a t i v e  e s t i m a t e s  would a s s i g n  a t  l e a s t  9 0 %  o f  t h e  

u r a n i u m  i n  t h e  L i b e r t y  H i l l  p l u t o n  t o  t h e  a c c e s s o r y  

m i n e r a l s :  t i t a n i t e ,  a l l a n i t e ,  z i r c o n ,  a p a t i t e ,  and e p i d o t e .  

P r e v i o u s l y  i d e n t i f i e d  u r a n i u m  s i t e s  a r e  i n  u r a n o t h o r i a n i t e ,  

x e n o t i m e ,  and  t h o r i t e .  The r e m a i n i n g  u r a n i u m  o c c u r s  w i t h  

- a l t e r e d  m i n e r a l s  and a l o n g  m i c r o c r a c k s .  The amount  o f  

u r a n i u m  n o t  a s s o c i a t e d  w i t h  a c c e s s o r y  m i n e r a l s  i s  s m a l l e r  i n  

t h e  c o a r s e - g r a i n e d  t h a n  t h e  f i n e - g r a i n e d  g r a n i t e s .  The 

e s s e n t i a l  q u e s t i o n  i s  w h e t h e r  ( 1 )  t h i s  o b s e r v e d  u r a n i u m  

d i s t r i b u t i o n  r e p r e s e n t s  a l l  o f  t h e  u r a n i u m  o r i g i n a l l y  

p r e s e n t  w i t h  a s m a l l  amount of m i g r a t i o n  o r  ( 2 )  t h e  u r a n i u m  

i n  t h e  a c c e s s o r y  m i n e r a l s  i s  o n l y  t h e  immoble ( u n l e a c h a b l e )  

u r a n i u m  and t h e  m o b i l e  ( l a b i l e )  u r a n i u m  h a s  m i g r a t e d  away 

e x c e p t  f o r  a n  amount t r a p p e d  l o c a l l y  i n  c h e m i c a l  s i n k s .  And 

i f  t h e  l a t t e r  i s  t h e  c a s e ,  how much o f  t h e  l a b i l e  u r a n i u m  

h a s  m i g r a t e d  o u t  o f  t h e  s y s t e m  and how much o f  i t  r e m a i n s  

t r a p p e d  i n  t h e  c h e m i c a l  s i n k s .  

The r e a d y  m o b i l i t y  o f  u r a n i u m  r e s u l t s  f rom t h e  f a c t  

t h a t  u r a n i u m  may b e  o x i d i z e d  t o  t h e  v e r y  s o l u b l e  u r a n y l  i o n .  

The U+4 t o  U +6 t r a n s i t i o n  o c c u r s  a t  much g r e a t e r  o x y g e n  

f u g a c i t i e s  t h a n  t h e  m a g n e t i t e  t o  h e m a t i t e  t r a n s i t i o n .  The 

o c c u r r e n c e  o f  m a g n e t i t e  i n  t h e  L i b e r t y  H i l l  s u g g e s t s  t h a t  

c o n d i t i o n s  t o  o x i d i z e  t h e  u r a n i u m  h a v e  n o t  b e e n  common o r  o f  

l o n g  d u r a t i o n  i n  t h e  r o c k s .  I n  a d d i t i o n ,  t h e  p r e s e n c e  o f  

m a g n e t i t e  as  w e l l  as  f e r r o u s  s i l i c a t e s  s u g g e s t s  t h a t  t h e  . 

r o c k s  a r e  c a p a b l e  o f  b u f f e r  t h e  oxygen  f u g a c i t y  and  p r e v e n t  4 d  
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u r a n i u m  l e a c h i n g .  The p r e s e r v a t o n  o f  e a s i l y  l e a c h a b l e  

u r a n o t h o r i a n i t e  and p r e s e n c e  o f  u r a n i u m  i n  c l o s e  p r o x i m i t y  

t o  i r o n - b e a r i n g  m i n e r a l  a se s  i n d i c a t e s  s u c h  b u f f e r i n g  

o c c u r r e d  and  n o t  a l l  l a b i l e  u r a n i u m  h a s  b e e n  removed from 

t h e  r o c k s .  

G r a i n  b o u n d a r i e s ,  h a l o s  a r o u n d  f e r r o u s  m i n e r a l s ,  and 

a l t e r e d  m i n e r a l s  a r e  s i t e s  wh ich  a c t  a s  c h e m i c a l  s i n k s  i n  

t h e  r o c k s .  T h e s e  s i t e s  a r e  more  d i s p e r s e d  and more 

a v a i l a b l e  i n  t h e  f i n e - g r a i n e d  g r a n i t e  t h a n  i n  t h e  c o a r s e -  

g r a i n e d  g r a n i t e .  The g r e a t e r  amount  o f  u r a n i u m  i n  t h e s e  

s i t e s  may i l l u s t r a t e  -more  e f f e c t i v e  b u f f e r i n g  o f  t h e  f i n e -  

g r a i n e d  g r a n i t e  p r e v e n t i n g  u r a n i u m  l e a c h i n g .  T h i s  more 

e f f e c t i v e  p r e v e n t i o n  o f  u r a n i u m  l e a c h i n g  a l s o  would p r o v i d e  

an  e x p l a n a t i o n  o f  t h e  g r e a t e r  u r a n i u m  c o n t e n t  o f  t h e  f i n e -  

g r a i n e d  g r a n i t e  ( 6 6 - 1 0 0 ,  5 . 7  ppmU) t h a n  t h e  c o a r s e - g r a i n e d  

. g r a n i t e  (K2-5, 3 . 1  ppmU). 

The a b o v e  d i s c u s s i o n  shows t h a t  t h e r e  i s  immoble 

u r a n i u m  i n  t h e  r o c k  i n  a c c e s s o r y  m i n e r a l s -  and l a b i l e  

u r a n i u m ,  some o f  w h i c h ,  b u t  n o t  a l l ,  h a s  m i g r a t e d  f rom i t s  

o r i g i n a l  s i t e .  T h e s e  s t u d i e s ,  h o w e v e r ,  c a n n o t  b e  u s e d  t o  

d e t e r m i n e  i f  s i g n i f i c a n t  amoun t s  o f  u r a n i u m  h a v e  m i g r a t e d  

o u t  o f  t h e  s y s t e m .  Lack  o f  l a r g e  amoun t s  of l a b i l e  u r a n i u m  

i s  n o t  i n f o r m a t i v e ;  p o s i t v e  e v i d e n c e  is r e q u i r e d  t o  

d e m o n s t r a t e  i t  e x i s t e d  and t h a t  t h e  r o c k s  o r i g i n a l l y  h a d  

h i g h e r  u r a n i u m  c o n t e n t s .  U-Th-Pb d i s e q u i l i b r i u m  s t u d i e s  

would p r o v i d e  t h e  o n l y  e v i d e n c e  o f  s i g n i f i c a n t  u r a n i u m  l o s s  LJ 
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as  w e l l  a s  i t s  t i m i n g .  Based on  p r e l i m i n a r y  d i s e q u i l i b r i u m  u 
s t u d i e s ,  S i n h a  and Merz (VPILSU-5648-3) c o n c l u d e d  t h a t  t h e  

L i b e r t y  H i l l  p l u t o n  s u f f e r e d  u r a n i u m  loss n e a r l y  230 m.y. 

a g o  and  h a s  a c t e d  a s  a c l o s e d  s y s t e m  s i n c e  t h a t  t i m e .  

However ,  as  p o i n t e d  o u t  b y  S i n h a  and Merz,  s e v e r a l  f e a t u r e s  

o f  t h e i r  e x p e r i m e n t  make t h i s  l e s s  t h a n  a c o m p e l l i n g  

c o n c l u s i o n  and o b s c u r e  t h e  m e a n i n g  o f  t h e  d a t a .  

The l e a d  i s o t o p i c  c o m p o s i t i o n  o f  K f e l d s p a r s  i s  t a k e n  

t o  g i v e  a c l o s e  a p p r o x i m a t i o n  o f  t h e  i n i t i a l  l e a d  i s o t o p e  

r a t i o s  o f  t h e  r o c k  b e c a u s e  o f  t h e  h i g h  Pb/U r a t i o s  i n  t h e  

f e l d s p a r .  Ludwig and S i l v e r  ( 1 9 7 7 )  h a v e  shown t h a t  

m u l t i c o m p o n e n t  l e a d  i s  common i n  P r e c a m b r i a n  f e l d s p a r s  w i t h  

some f e l d s p a r s  h a v i n g  an  added  206Pb component  r e s u l t i n g  

. T h i s  f rom t h e  l o n g  t e r m  d i f f u s i o n  o f  222Rn from 238u 

phenomenon a l o n e  would g i v e  t h e  a p p e a r a n c e  o f  u r a n i u m  l o s s  

i f  t h e  K f e l d s p a r s  were u s e d  f o r  t h e  i n i t i a l  l e a d  i s o t o p e  

c o m p o s i t i o n .  T h i s  may a l s o  a c c o u n t  f o r  t h e  v a r i a t i o n  i n  t h e  

206Pb/204Pb r a t i o s  o f  l e a d s  i n  m i c r o c l i n e  from a g r a n i t e  i n  

t h e  G r a n i t e  M o u n t a i n s  o f  1 4 . 3  t o  1 9 . 8  r e p o r t e d  by  S t u c k l e s s  

and  Nkomo ( 1 9 7 8 ) .  Such a v a r i a t i o n  f o r  t h e  K f e l d s p a r s  i n  

t h e  L i b e r t y  H i l l  p l u t o n ,  i f  u s e d  f o r  i n i t i a l  l e a d  i s o t o p i c  

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

s y s t e m  b e h a v i o r  o f  u r a n i u m  e v e n  i f  i t  w e r e  immoble .  I n  

a d d i t i o n ,  c o n s i d e r i n g  t h e  number o f  m u l t i s t a g e  s u b s o l i d u s  

r e e q u i l i b r a t i o n s  which  o c c u r  i n  t h e  K f e l d s p a r s ,  w h i c h  h a v e  

a n  unknown e f f e c t  on  t h e  l e a d  c o m p o n e n t ,  u s i n g  a s i n g l e  K 

dzj 



PAGE A-69 

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

j u s t i f y  . 
The s a m p l e s  f rom t h e  L i b e r t y  H i l l  d r i l l  h o l e  used  i n  

0 

t h e  d i s e q u i l i b r i u m  s t u d i e s  r e p r e s e n t  two d i s t i n c t  r o c k  

t y p e s :  f i n e - g r a i n e d ,  b i o t i t e  g r a n i t e  ( 7 2  and 9 2 4 )  and 

c o a r s e - g r a i n e d ,  a m p h i b o l e - b i o t i t e  g r a n i t e  ( 3 8 4 ,  7 9 0 ,  and 

1 3 0 4 ) .  The 2 3 0  m.y.  i s o c h r o n  i s  d e f i n e d  by  v a l u e s  o f  3 

c l o s e l y  c l u s t e r e d  c o a r s e  g r a n i t e s ,  a f i n e - g r a i n e d  g r a n i t e  

and a K f e l d s p a r  f rom a c o a r s e - g r a i n e d  g r a n i t e .  W h i l e  i t  i s  

b e l i e v e d  t h a t  t h e  c o a r s e - g r a i n e d  and f i n e - g r a i n e d  g r a n i t e s  

r e p r e s e n t  t h e  e v o l u t i o n  o f  a s i n g l e  b a t c h  o f  m’agma, i t  i s  

n o t  f i r m l y  e s t a b l i s h e d .  T h a t  t h e y  b o t h  h a v e  t h e  same 
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FISSION T R A C K  STUDY OF THE W I N - 1  D R I L L  HOLE 

S. W. B e c k e r  

Four  s a m p l e s  f rom t h e  W . I N - 1  d r i l l  h o l e  ( l o c a t i o n  

shown i n  F i g u r e  A - 2 ,  VPIbSU-5103-4) h a v e  b e e n  p r e p a r e d  

f o r  f i s s i o n  t r a c k  a n a l y s i s  a t  t h e  U. S. G e o l o g i c a l  

S u r v e y  i n  D e n v e r .  T h e s e  s a m p l e s  were c h o s e n  t o  h e l p  

a s c e r t a i n  w h e t h e r  t h e  d i s t r i b u t i o n  o f  u r a n i u m  - i n  a 

g r a n i t i c  r o c k  c h a n g e s  w i t h  d i f f e r e n c e s  i n  d e p t h .  

C o n c e n t r a t i o n s  o f  u r a n i u m  and t h o r i u m  and v a l u e s  o f  

h e a t  p r o d u c t i o n  f o r  t h e s e  s a m p l e s  ( r e p o r t e d  on p .  C - 1 2 ,  

VPI&SU-5103-4) a r e  l i s t e d  i n  T a b l e  A-6. Uranium l e v e l s  

a r e  somewhat  h i g h e r  i n  W I N  1-1865 and W I N  1-290 t h a n  i n  

W I N  1-80 and W I N  1-1779.  

A l l  f o u r  r o c k s  a r e  b i o t i t e  g r a n i t e ,  w i t h  i r o n -  

t i t a n i u m  o x i d e s  and  a l l a n i t e  a s  t h e  common a c c e s s o r y  

p h a s e s .  C h l o r i t e ,  e p i d o t e ,  m u s c o v i t e ,  and  c a l c i t e  

c o n s t i t u t e  t h e  s e c o n d a r y  m i n e r a l s .  

I n  a l l  s a m p l e s ,  t h e  h i g h e s t  numbers  and d e n s i t i e s  

o f  f i s s i o n  t r a c k s  a r e  p r o d u c e d  by  a l l a n i t e .  Opaque 

m i n e r a l s  a l s o  a r e  a s s o c i a t e d  w i t h  h i g h  c o n c e n t r a t i o n s  

o f  f i s s i o n  t r a c k s .  I n  W I N  1 -80 ,  t h e  s a m p l e  n e a r e s t  t h e  

t o p  o f  t h e  c o r e ,  f i s s i o n  t r a c k s  were  a l s o  found  

a s s o c i a t e d  w i t h  s e c o n d a r y  c h l o r i t e .  The c h l o r i t e  i s  

commonly i n t e r g r o w n  w i t h  i r o n - t i t a n i u m  o x i d e s ,  and t h e  

o x i d e s  a r e  a s s o c i a t e d  w i t h  h i g h e r  d e n s i t i e s  o f  f i s s i o n  
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Table A-6. U, Th, and heat production values of samples 

for fission 

track analysis. 

WIN 1-80 6 . 4  3 2 . 8  

W I N  1-290 8 . 1  3 1 . 4  

WIN 1-1779 6 . 5  32.4 

1 0 . 4  

1 1 . 3  

1 0 . 4  

W I N  1-1865 9.3 4 9 . 0  1 5 . 1  

i 
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W 
t r a c k s  a g a i n s t  a b a c k g r o u n d  o f  l o w e r  d e n s i t y  o f  f i s s i o n  

t r a c k s  p r o d u c e d  b y  t h e  c h l o r i t e .  I n  o n e  a r e a  o f  t h e  

s a m p l e ,  f i s s i o n  t r a c k s  d e l i n e a t e  t h e  c r a c k s .  i n  l a r g e  

q u a r t z  g r a i n s .  F i s s i o n  t r a c k s  were a l s o  found  i n  

c r a c k s  r a d i a t i n g  from a few a l - t a n * - F g r a i n s ;  c r a c k s  

s u r r o u n d i n g  o t h e r  a l l a n i t e  g r a i n s  were d e v o i d  o f  t r a c k s  

( F i g u r e  A-9, a ,  b ) .  

I n  W I N  1-290,  f i s s i o n  t r a c k s  were c o n c e n t r a t e d  on  

a l l a n i t e  and  o p a q u e  g r a i n s .  ( F i g u r e  A-10, a , b ) ;  no  

1 f i s s i o n  t r a c k s  were  found  i n  c r a c k s  o r  g r a i n  

b o u n d a r i e s .  

F i s s i o n  t r a c k s  i n  W I N  1-1779 were  a l s o  p r o d u c e d  

m o s t l y  b y  a l l a n i t e  g r a i n s  and  o p a q u e  m i n e r a l s .  T r a c k s  

a p p e a r  i n  s m a l l  numbers  a l o n g  some g r a i n  b o u n d a r i e s .  

I 

I n  Win 1-1865,  t r a c k s  a r e  p r o  by  a l l a n i t e ,  

o p a q u e s ,  and  c h l o r i t e .  T r a c k s  wer t found  a l o n g  

c r a c k s  o r  g r a i n  b o u n d a r i e s .  

The f i s s i o n  t r a c k s  show t h a t  i n  a l l  s a m p l e s ,  

u r a n i u m  i s  h i g h l y  c o n c e n t r a t e d  i n  t h e  a c c e s s o r y  

a l l a p i t e ,  and  t o  a l e s s e r  e x t e n t  i t h  t h e  i r o n - t i t a n i u m  

o x i d e s .  S e c o n d a r y  c h l o r i t e  c a n  c o n t a i n  low l e v e l s  o f  

u r a n i u m .  I n  two s a m p l e s ,  a s m a l l  amount  o f  u r a n i u m  

o c c u r s  l o c a l l y  a l o n g  c r a c k s  o r  g r a i n  b o u n d a r i e s .  

It  i s  d i f f i c u l t  t o  d e t e r m i n e  from t h e s e  s a m p l e s  

w h e t h e r  a n y  u r a n i u m  h a s  b e e n  l o s t  f rom t h e  r o c k s .  I n  

LJ W I N  1-80 and  W I N  1 -1779,  u r a n i u m  i s  l o c a t e d  l o c a l l y  



t 

A 

Figure A - q  (A) WN1-80. Photomicrograph of allanite grain and iron- 

titanium oxide; (B) correspanding fission track map. 
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a l o n g  some g r a i n  b o u n d a r i e s ,  w h i c h  i n d i c a t e s  t h a t  some 

u r a n i u m  h a s  m i g r a t e d  f rom i t s  o r i g i n a l  s i t e .  T h e s e  two 

s a m p l e s  a l s o  h a v e  r e l a t i v e l y  low c o n c e n t r a t i o n s  o f  

u r a n i u m ,  and may h a v e  l o s t  u r a n i u m  d u r i n g  a l t e r a t i o n .  

E x a m i n a t i o n  o f  t h e  t h i n  s e c t i o n s  s u g g e s t s ,  h o w e v e r ,  

t h a t  t h e  d i f f e r e n c e s  i n  u r a n i u m  c o n c e n t r a t i o n s  a r e  

p r i m a r i l y  d u e  t o  v a r i a t i o n s  i n  t h e  amount  o f  a l l a n i t e  

p r e s e n t .  Sample W I N  1-1865 c o n t a i n s  5-10  t i m e s  as  much 

a l l a n i t e  as  W I N  1-1779 ( 0 . 5 %  v s  0 . 1 %  o r  l e s s ) .  

The r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  o f  u ran ium 

a r o u n d  t h e  o p a q u e  o x i d e s  p r o v i d e  f u r t h e r  e v i d e n c e  t h a t ,  

a l t h o u g h  some u r a n i u m  h a s  m i g r a t e d ,  i t  h a s  n o t  b e e n  

l o s t  f rom t h e  s y s t e m  i n  l a r g e  a m o u n t s .  F e r r o u s  i r o n  i n  

t h e s e  o x i d e s  c a n  r e d u c e  m o b i l e  U6+ t o  i m m o b i l e  U4+ The 

r o c k s  f rom t h e  Winnsboro  c o r e  c o n t a i n  l a r g e  numbers  o f  

s m a l l  g r a i n s  o f  i r o n  o x i d e s ,  so  t h a t  much o f  t h e  

m i g r a t i n g  u r a n i u m  would b e  t r a p p e d  b e f o r e  i t  had  moved 

f a r  f rom i t s  o r i g i n a l  s i t e .  

On t h e  b a s i s  o f  t h e  f o u r  s a m p l e s  s t u d i e d ,  t h e  

d i s t r i b u t i o n  o f  u r a n i u m  c h a n g e s  l i t t l e  w i t h  d e p t h  i n  

t h e  r a n g e  25-580 meters .  The s a m p l e  c l o s e s t  t o  t h e  

s u r f a c e  d o e s  c o n t a i n  more  u r a n i u m  a l o n g  g r a i n  

b o u n d a r i e s  t h a n  a n y  o f  t h e  o t h e r  s a m p l e s , '  b u t  u r a n i u m  

i n  W I N  1-1779 a l s o  o c c u r s  l o c a l l y  a l o n g  g r a i n  

b o u n d a r i e s .  The l o c a t i o n  o f  u r a n i u m  i n  s a m p l e s  i n  t h e  

d e p t h  r a n g e  examined  a p p e a r s  t o  b e  a f u n c t i o n  of 
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c o n d i t i o n s  t h a t  a r e  h i g h l y  l o c a l i z e d - n e a r l y  on a g r a i n -  

t o - g r a i n  s c a l e  - d u r i n g  a l t e r a t i o n .  
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Ll 
PETROLOGY OF D R I L L  CORE E D - 1  FROM THE CUFFYTOWN C R E E K  

PLUTON 

S. W .  B e c k e r  

C o r e  h a s  b e e n  t a k e n  from a h o l e  299 .5  m ( 9 6 4  f t )  

d e e p ,  d r i l l e d  n e a r  t h e  c e n t e r  of t h e  C u f f y t o w n  C r e e k  

p l u t o n  (VPIbSU-5648-3, F i g u r e  A l ) .  S i x t e e n  s a m p l e s  

h a v e  b e e n  a n a l y z e d  f o r  m a j o r  e l e m e n t  c h e m i s t r y ,  and  

m e a s u r e m e n t s  o f  h e a t  p r o d u c t i o n  were made on  14  s a m p l e s  

( F i g u r e  A-11).  

I n  a d d i t i o n ,  numerous  s p e c i m e n s  h a v e  b e e n  c h o s e n  f o r  

p e t r o g r a p h i c  e x a m i n a t i o n ,  i d e n t i f i c a t i o n  o f  s u l f i d e  

m i n e r a l s ,  and  d e t e r m i n a t i o n  o f  u r a n i u m  d i s t r i b u t i o n  b y  

f i s s i o n  t r a c k  m e t h o d s .  

r 

M i n e r a l o g y  

The g r a n i t e  i s  f a i r l y  u n i f o r m  t h r o u g h o u t  t h e  c o r e ,  and 

c l o s e l y  r e s e m b l e s  s u r f a c e  s a m p l e s  i n  t e x t u r e  and m i n e r a l o g y .  

M i n e r a l s  v i s i b l e  i n  hand  s p e c i m e n t  a r e  q u a r t z  and a l k a l i  

f e l d s p a r ,  r a n g i n g  i n  w i d t h  t o  0 . 6  cm a c r o s s ,  p l a g i o c l a s e  t o  

0 . 4  cm, and  w h i t e  m i c a  f l a k e s  0 . 1 - 0 . 2  cm w i d e .  P e t r o g r a p h i c  

s t u d i e s  show t h a t  t h e  a l k a l i  f e l d s p a r  i s  m i c r o c l i n e  

m i c r o p e r t h i t e ,  and t h a t  t h e  p l a g i o c l a s e  i s  s a u s s e r i t i z e d .  

G r a i n s  o f  p l a g i o c l a s e  may b e  a l m o s t  e n t i r e l y  r e p l a c e d  by  a 

s i n g l e  g r a i n  o f  w h i t e  m i c a ,  o r  may c o n t a i n  many s m a l l  g r a i n s  6 
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Figure A-11. Lithologic and gama log of the ED1 drill hole. 
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o f  m i c a  t h a t '  a r e  o r i e n t e d  p a r a l l e l  t o  c r y s t a l l o g r a p h i c  

p l a n e s  i n  t h e  f e l d s p a r .  Q u a r t z  p l u s  t h e  t w o  f e l d s p a r s  

c o n s t i t u t e  95% o f  t h e  r o c k ;  a c c e s s o r i e s  p r e s e n t  i n c l u d e  

f l u o r i t e ,  g a r n e t ,  b i o t i t e ,  c h l o r i t e ,  a l l a n i t e ,  z i r c o n ,  and  

i r o n - t i t a n i u m  o x i d e s .  

Much o f  t h e  r o c k  i s  h i g h l y  a l t e r e d  and c l o s e l y  

f r a c t u r e d .  The t o p  185 m ( 6 0 0  f t )  o f  c o r e  i s  r e d  i n  c o l o r ,  

d u e  t o  a l t e r a t i o n  o f  t h e  f e l d s p a r s .  I n  t h i n  s e c t i o n ,  

s a m p l e s  f rom t h i s  zone  show t h a t  t h e  a l k a l i  f e l d s p a r  i s  

e x t e n s i v e l y  k a o l i n i z e d ,  and  a p p e a r s  r ed -b rown  u n d e r  c r o s s e d  

N i c h o l s ,  s u g g e s t i n g  t h a t  f i n e l y  d i s s e m i n a t e d  h e m a t i t e  i s  

p r e s e n t  t h r o u g h o u t  t h e  f e l d s p a r s .  P l a g i o c l a s e  g r a i n s  a r e  

a l s o  s t a i n e d  r e d  brown,  t o  a l e s s e r  e x t e n t .  From 185  - 270 

I 

I m ( 6 0 0 - 8 7 0  f t ) ,  t h e  c o r e  i s  somewhat l e s s  a l t e r e d ,  and  

I u s u a l l y  r e d  i n  c o l o r ,  b u t  c u t  b y  f e w e r  f r a c t u r e s .  From 

~ 

I 

I 

270-295 (872 -950  f t ) ,  t h e  r o c k  i s  g r e y  and  a p p e a r s  t o  b e  

f r e s h  i n  hand  s p e c i m e n .  I n  t h i n  s e c t i o n ,  t h e  a l k a l i  

I 

I 

I 

~ f e l d s p a r s  i s  h i g h l y  k a o l i n i z e d ,  b u t  t h e  r ed -b rown  s t a i n  i s  

a b s e n t .  
I 

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

t 

I 

s t e e p l y  d i p p i n g ,  a r e  f i l l e d  b y  a v a r i e t y  of m i n e r a l  

a s s e m b l a g e s .  Q u a r t z - f i l l e d  f r a c t u r e s  a r e  t h e  most common, 

r a n g i n g  i n  w i d t h  from a few m i l l i m e t e r s  t o  s e v e r a l  

c e n t i m e t e r s .  Many o f  t h e  f r a c t u r e s  a r e  f i l l e d  w i t h ,  or 

i b o r d e r e d  b y ,  s u l f i d e  m i n e r a l s .  P y r i t e  c o m p r i s e s  n e a r l y  a l l  LJ 
t h e  m i n e r a l s  i n  t h e s e  z o n e s ;  i n  o n e  s a m p l e  ( 3 0 5 . 2  m), i t  i s  
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i t e .  Bi-Pb and B i - T e  

s u l f i d e s  o c c u r  i n  o n e  s a m p l e  a t  267 .5  m i  Some f r a c t u r e s  a r e  

f i l l e d  b y  f l u o r i t e  ' q u a r t z ,  o t h e r s  b y  e p i d o t e ,  c h l o r i t e ,  o r  

c a r b o n a t e .  A s s o c i a t e d  w i t h  some f r a c t u r e s  a r e  b l a c k  

d e n d r i t e s ,  o r  d e p o s i t s  o f  Mn o x i d e s ,  i d e n t i c a l  i n  hand  
-- - 

_ _  

s p e c i m e n  and t h i n  s e c t i o n  t o  t h o s e  s e e n  o n  t h e  s u r f a c e  

(VPI6SU-5648-3, p .  A-22). 

M a j o r  E l e m e n t  C h e m i s t r y  

S i x t e e n  s a m p l e s  h a v e  b e e n ,  a n a l y z e d  f o r  m a j o r  e l e m e n t  

c o n t e n t .  The s a m p l e s  a r e  s i m i l a r  i n  c h e m i s t r y  t o  t h e  

s u r f a c e  s a m p l e s :  K20 = 4 . 5 9  - 5 . 2 4 ,  Na20 = 4 . 5 1  - 4 . 8 9 ,  and 

C a O  = 0 . 1 3  - 0 . 8 2 .  On a p l o t  o f  n o r m a t i v e  Q-Ab-Or ( F i g u r e  

A-121, t h e  c o r e  s a m p l e s  p l o t  near  t h e  s u r f a c e  s a m p l e s  and  

show more  v a r i a t i o n  i n  p e r c e n t  o f  n o r m a t i v e  q u a r t z .  

T h i s  v a r i a t i o n  may b e  d u e  t o  t h e  l a r g e r  s i z e  o f  t h e  

s a m p l e  p o p u l a t i o n ,  and  d o e s  n o t  t r u l y  i n d i c a t e  a n y  

d i f f e r e n c e  i n  p r e s s u r e  o f  c r y s t a l l i z a t i o n .  The C u f f y t o w n  

C r e e k  d r i l l  h o l e  i s  o n l y  300  m d e e p ,  much t o o  s h a l l o w  f o r  

a n y  d i f f e r e n c e s  i n  d e p t h  t o  a p p e a r  on t h e  Q-Ab-Or d i a g r a m .  

' The v a r i a t i o n  i n  n o r m a t i v e  q u i t r t z ,  h o w e v e r ,  i s  more  l i k e l y  

d u e  t o  p r o b l e m s  e n c o u n t e r e d  i n  c a l i b r a t i o n  f o r  s i l i c a .  I n  

a n y  c a s e ,  p o s i t i o n s  o f  g r a n i t e  c o m p o s i t i o n  on t h e  Q-Ab-Or 

p l o t  c a n .  b e  u s e d  o n l y  a s  a r o u g h  g u i d e  t o  p r e s s u r e  

c o n d i t i o n s  when no  o t h e r  i n f o r m a t i o n  i s  a v a i l a b l e  t o  

e s t ima tes  o f  p r e s s u r e .  

y i e l d  
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(I& 

Or 

F i g u r e  A-12 .  Normative q u a r t z  - a l b i t e  - o r t h o c l a s e  d iagram 
showing c o m p o s i t i o n s  o f  Cuffytown Creek 
s u r f a c e  samples  ( s o l i d  l i n e )  and c o r e  s a m p l e s  
( d a s h e d  l i n e ) .  E x p e r i m e n t a l l y  d e t e r m i n e d  
minima a r e  from T u t t l e  and Bowen, 1 9 5 8 ,  Luth 
e t  a l . ,  1 9 6 4 ,  and Luth ,  1 9 6 9 .  -- 
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U, Th, and Heat  P r o d u c t i o n  
ls 

i 

F o u r t e e n  s a m p l e  were a n a l y z e d  by gamma , r a y  

s p e c t r o m e t r y  for U and Th co in t en t  and h e a t  p r o d u c t i o n ;  

r e s u l t s  a r e  shown i n  T a b l e  A-7 .  A v e r a g e  v a l u e s  a r e  s l i g h t l y  

h i g h e r  t h a n  t h o s e  found f o r  s u r f a c e  s a m p l e s :  U = 1 0 . 2  ppm, 

Th = 3 3 . 3  ppm, and h e a t  p r o d u c t i o n  = 1 2 . 5  HGVU, v e r s u s  8 . 7 ,  

1 1 . 3  f o r  s u r f a c e  r o c k s .  A p l o t  o f  t h e s e  v a l u e s  

( F i g u r e  A - 1 3 )  shows t h a  U, Th,  and h e a t  p r o d u c t i o n  i n c r e a s e  

s l i g h t l y  w i t h  d e p t h .  
\ 

. 
The d e e p e s t  s a m p l e ,  ED 1-275, h a s  t h e  h i g h e s t  

c o n c e n t r a t i o n s  o f  U and Th and t h e  g r e a t e s t  h e a t  p r o d u c t i o n .  

The v a r i a t i o n s  i n  U and Th c o n c e n t r a t i o n s  a r e  p r o b a b l y  a 

k e f l e c t i o n  o f  t h e  d i f f e r e n c e  i n  d e g r e e  o f  a l t e r a t i o n  o f  t h e  

c o r e .  Sample  ED 1-275 i s  from t h e  g r e y  s e c t i o n  o f  t h e  c o r e ;  

s a m p l e s  f rom h i g h e r  i n t e r v a l s  r e p r e s e n t  z o n e s  t h a t  show 

p r o g r e s s i v e l y  more  a l t e r a t i o n .  T h e  d i f f e r e n c e s  i n  U and Th 

- c o n t e n t  f o u n d  i n  t h e  c o r e  s u g g e s t  t h a t ,  in zones 

e x t e n s i v e  a l t e r a t i o n ,  b o t h  'v and Th h a v e  b e e n  temov.ed from 

s y s t e m  i n  s m a l l  am'ounts ,  i s s i o n  t r a c k  d t u d i e s  o f  

s a m p l e s  t a k e n  t h r o u g h o u t  t h e '  e ,  i n  ' c o m b i n a t i o n  w 
8 

6 u l t s  o f  f i s s i g n  t r a c k s  s t ' u d i  o t h e r  g r a n i t e s ,  may a i d  

d e t e r m i n i n g  t h e  e x t e n t  o f  U t e d i s t r i b u t i o n .  
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U, Th, and K contents and heat production 

of drill core EDl. 

. .  
. .  I .  

U Th K HGVU 

ED1-93 

ED1-110 

ED1-134 

ED1-144 

EDl-154 

10.3 30.1 3.6 11.9 

9.4 34.8 3.6 12.5 

10.5 28.7 3.6 11.8 

9.2 35.3 3.6 12.4 

10.0 33.3 3.7 12.3 

ED1-176 10.7 32.0 3.8 12.6 

ED1-185 

ED1-205 

EDl-221 

ED1-233 

ED1-245 

ED1-254 

ED1-275 

8.8 30.7 3.6 11.2 

11.0 34.9 3.8 13.5 

10.7 30.4 3.6 12.3 

11.6 35.3 3.6 13.6 

9.3 31.3 3.7 11.6 

11.7 36.0 3.6 14.1 

12.3 37.3 3.7 14.6 
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'Figure A-13. Variation in U(ppm3, 'Th (ppm), and heat 
production (cal/cm -slec) with depth in 
samples from ED-1. 
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THE B E H A V I O R  OF U R A N I U M  A N D i T H O R I U M  D U R I N G  

DIFFERENTIATON OF THE WOODSTOCK G R A N I T E  

I . \  a .  J o h n  R.  S a n s  . I  , *  

The Woods tock  G r a n i t e  i s  a s m a l l  o v a l - s h a p e d  p l u t o n  

l o c a t e d  i n  s o u t h w e s t e r n  B a l t i m o r e  C o u n t y ,  M a r y l a n d .  The 

Woods tock  G r a n i t e  i n t r u d e s  t h e  p a r t  o f  t h e  B a l t i m o r e  more 

G n e i s s  known a s  t he  'Woods tock  Dome. T h i s  r e p o r t .  w i l l  

d . i s c u s s  t h e  major  e l e m e n t  and  r a d i o e l e m e n t  c h e m i s t r y  of 

f o r t y - n i n e  r o c k '  s a m p l e s  c o l l e c t e d  f rom t h e  Woodstock G r a n i t e  

and t h e  s u r r o u n d i n g  Woodstock G n e i s s  Dome. S a n s  ( 1 9 7 8 a )  

d e s c r i b e d  t h e  f i e l d  r e l a t i o n s  and  l o c a t i o n s  f o r  t hese  r o c k  

s amp1 e s -. , 

Of ,I t h e  f o r t y - n i n e  r o c k  s a m p l e s ,  t w e n t y - s e v e n  a r e  

g r a n i t e  s a m p l e s ,  t w e n t y  a r e  g n e i s s  s a m p l e s ,  and  'two a r e  

c o m p o s i t e  s a m p l e s  w i t h  b o t h  a g r a n i t i c  and g n e i s s i c  p h a s e .  

The u r a n i u m ,  t h o r i u m  and p o t a s s i u m  c o n t e n t  o f  f o r t y - t w o  o f  

t h e s e  s a m p l e s  was d e t e r m i n e d  by  gamma-ray s p e c t r o s c o p y .  The 

p r e l i m i n a r y  . i n t e r p r e t a t i o n  o f  t h e  r a d i o e l e m e n t  d i s t r i b u t i o n  

was g i v e n  b y  S a n s  ( 1 9 7 8 b ) .  The same s u i t e  o f  s a m p l e s  h a s  

now b e e n  , a n a l y z e d  f o r  m a j o r  e l e m e n t  c h e m i s t r y  b y  x - r a y  

f l u o r e s c e n c e .  A t o t a l  o f  f i f t y - o n e  c h e m i c a l  a n a l y s e s  were 

d o n e  on  t h e  f o r t y - n i n e  s a m p l e s ,  s i n c e  two o f  t h e  s a m p l e s  

c o n t a i n e d  t h e  c o n t a c t  b e t w e e n  g r a n i t e  and g n e i s s .  

. C I P W  n o r m a t i v e  m i n e r a l s  w e r e  computed  f rom t h e  c h e m i c a l  

a n a l y s e s  o f  t h e  g r a n i t e  s a m p l e s .  A good i n d i c a t o r  o f  t he '  
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d i f f e r e n t i a t i o n  .of a g i v e n  g r a r l i t e  s a m p l e  i s  

p r o v i d e d  b y  t h e  . D i f f e r e n t i a t i o n  I n d e x  The D I  i s  

s i m p l y  t h e  sum o f  n o r m a t i v e  q u a r t z ,  o r t h o c l a s e  and a l b i t e  

( D I  = Q + O r  + Ab) .  The D I  f o r  t h e  t w e n t y - n i n e  g r a n i t e  

a n a l y s e s . r a n g e s  f rom 69.,2 t o  9 1 . 5  p e r c e n t .  However,  a l l  b u t  

t h r e e  o f - t h e  s a m p l e s  f a i l  i n  the! much n a r r o w e r  r a n g e  o f  7 8 . 7  

? .  
5 . 4  p e r c e n t ,  , I  

I n  a t y p i c a l  g r a n i t e ,  onbe would \ e x p e c t  a p o s i t i v e  

n b e t w e e n  .- t h q r i u m >  anid p o t a s s i u m .  F o r  e x a m p l e ,  

R o g e r s  a,nd Adams ( 1 9 6 9 )  r e p o r t e d  t h a t  . ,  t h e . K / T h  r a t i o .  , r e m a i n s  

e a r l 8  c o n s t a n t  a t  3 x LO I i n  a l a r g e  v a r i e t y  o f  

i g n e o u s  r o c k s .  I n  c o n t r a s t ,  t h , e  Woodstock G r a n i t e  shows a 

W B  n e g a t i v e  c o r r e l a t i o n  b e t w e e n  and p o t a s s i u m .  

F u r t h e r m o r e ,  Q W S  a s t r o n g  n e g a t i v  c o r r e i a t i o n  

w i t h  t h e ’ D i f f e r e n t i a t i o n  I n d e x  ( D I )  A l e a s t - s q u a r e s - f i t  t o  

t h e  d e t a  y i e l d s  t h e  f o l l o w i n g  e m p i r i c a l  r e l a t i o n s h i p :  

3 

Th (-O,.731) (DX) + 7 4 . 8  E q u a t i o n  1 

h e r e  Th i s  t h o r i u m  o n c e n t r a t i o n  . e x p r e s s e d  i n  p a r t s  

p e r  t m i l l i o n ,  and  DI i ~ s -  D i f f e r e n  t i o n  I n d e x  ( n o r m a t i v e  Q + 

Or + . A b )  e x p r e s s e d  i T h i s  r e l a t i o n s h i p  h o l d s  o v e r  

t i r e  c o m p o s i t i  o f  t h e  Woodstock G r a n i t e  

r e s e n c e  o f  3 e u h e d r a l  zoned  g r a i n s  o f  a l l a n i t e  

t h e  Woodsto G r a n i t e  was f i r , s t  t e d  by  Keyes  ( 1 8 9 5 ) .  

Modal , a n a l y s e s  f o r  s i x  ‘ r o c k  .. samp s f rom t h e  Woodstock 

n i t e  were r e p o r t e d  - b y  Hopson ( 1 9 6 4 ) .  He’ found  t h a t  the  

m o d a 1 , a b u n d a n c e  n f  a l l a n i t e  nged f rom 0 . 1  t o  0.5 p e r c e n t .  
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Bo th  Keyes  and  Hopson t h o u g h t  t h a t  t h e  z o n i n g  and e u h e d r a l  

s h a p e  o f  t h e  a l l a n i t e  g r a i n s  s u g g e s t e d  p r i m a r y  o r i g i n .  It 

11 known t h a t  a l l a n i t e  t y p i c a l l y  c o n t a i n s  h i g h  

c o n c e n t r a t i o n  o f  t h o r i u m .  Deer and o t h e r s  ( 1 9 6 2 )  r e p o r t e d  a 

r a n g e  o f  0.35 ' to  2 .23 p e r c e n t  Tho2 i n  a n a l y z e d  a l l a n i t e s .  

We ' h a v e  found  t h a t  r o c k  s a m p l e s  f rom t h d  Woodstock 

G r a n i t e  c o n t a i n  1 2  t u  18 ppm t h o r i u m .  I f  a l l  o f  t h e  t h o r i u m  

i n  t h e  r o c k  is assumed t o  b e  i n  t h e  a l l a n i t e ,  t h e n  H o p s o n ' s  

modal  d a t a  f h p l y  a c o n c e n t r a t i o n  o f  0 . 2 4  t o  2 .05  p e r c e n t  

Tho2 i n  t h e  a l l a n i t e .  T h i s  i s  t h e  r a n g e  o f  Tho2 

c o n c e d t r a t i o n s  o h e  would e x p e c t  f o r  a l l a n i t e ,  and  s u g g e s t  

t h a t  a l l a n i t e  i s  t h e  d o m i n a n t  r e s i d e n c e  s i t e  f o r  t h o r i u m  i n  

t h e  Woodstock G r a n i t e .  The o b v i o u s  way t o  t e s t  t h i s  

h y p o t h e s i s  would b e  t o  d e t e r m i n e  t h e  Tho2 c o n t e n t  o f  t h e  

a l l a n i t e s  f rom t h e  Woodstock G r a n i t e  o n  t h e  e l e c t r o n  

m i c r o p r o b e .  

As p r e v i o u s l y  n o t e d  by  S a n s  ( 1 9 7 8 b )  t h e  Woodstock 

G r a n i t e  is c o n c e n t r i c a l l y  zoned  i n  t h o r i u m .  The z o n i n g  

o b e y s  t h e  f o l l o w i n g  e m p i r i c a l  r e l a t i o n s h i p .  

Th = ( 0 . 0 0 4 7 2 )  (D) + 1 3 . 4  E q u a t i o n  2 

Where Th i s  t h o r i u m  c o n c e n t r a t i o n  e x p r e s s e d  i n  p a r t s  

p e r  m i l l ' i o n ,  and  D i s  t h e  d i s t a n c e  i n  meters f rom t h e  

nea res t  w a l l  o f  t h e  p l u t o n .  T h i s  r e l a t i o n s h i p  seems t o  h o l d  

f o r  t h e  e n t i r e  Woodstock G r a n i t e  f rom t h e '  w a l l  c o n t a c t s  

( z e r o  m e t e r s )  t o  t h e  c e n t e r  o f  t h e  p l u t o n  ( 7 6 0  m e t e r s ) .  

O b v i o u s l y ,  s ' ince t h o r i u m  c o n c e n t r a t i o n  c o r r e l a t e s  w i t h '  
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.. 
d i s t a n c e  f rom t h e  w a l l s  a s  w e l l  as D i f f e r e n t i a t o n  I n d e x  

(Df), t h e  D I  mus t  c o r r e l a t b d  %with t h e  from' t h e  

w a l l s  o f ' 9 h e  p l u t o n .  Combining; e q u a t i o n s  1 and 2 ,  

t h e  f o l l o w i n g  r e s u l t :  

DI - 0 , 0 0 6 4 6  D + 8 4 . 0  E q u a t i o n  3 

Where D I  i s  D i f f e r e n t i a t i o n  I n d e x  ( n o r m a t i v e  Q + O r  + 

Ab) 

f rom t h e  w a l l  o f  t h  

e x p r e s s e d  i n  ' p e r c e n t ,  and  D i s  t h e  d i s t a n c e  i n  
, ,  

E q u a t i o n  3 i n d i c a t e s '  t h a t  n e a r  t h e  walls o f  t h e  

Wood s t oc  k t h e  D I  i s  ' a b o u t  8 4 . 0  p e r c e n t .  I n  

c o n t r a s t ,  n e a r  t h e  c e n t e r  ( 7 6 0  r d e t e r s  f rom t h e  wall) t h e  D I  

i s  d i s t i n c t l y  l o w e r  a t  a b o u t  7 9 . 1  p e r c e n t .  I f  o n e  c o n e i d e r s  

t h e -  r e l g t i o p s b i p  o f  D I  t o  D d i . r e c t 1 y  

t h o r i u m ,  e s s e n t i a l l y  t h e  i s  o b t a i n e d .  T h i s  

r e s u l t  is v e r y  c u r i o u s ,  b e c a u s e  o n e  would e x p e c  

t 

t 

d i f f e r e n t i a t e d  t o w a r d  t h e  c e n t e r  n o t  t h e  

m p l e , '  see Bateiaan ahd  Noklebe  ( 1 9 7 8 )  f o r  
1 

a r e c e n t  d i s c u s s i o n  o f  a z o n e  

1 '  The u r a n i u m ,  

r a n g e s '  f rom 

n o t e d  t h a t  t an ium con-c'e 

n c e n t r a t i o n .  

(Na ,  M g j  A l , ' S i ,  P ,  K, C a  
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LiJ 
samp1.e~ f.rom the Woodstock Granite. Uranium does 

correlate with any of these 10 elements. The urgnium, 

concentrations were also checked for any correlation w i t h '  

the geographic location of the sample, CIPW normative 

minerals, Barth ' s Cations, Niggli Values, and 

Differentiation Index (normative Q + Or + Ab). No 

correlations were found. Such total lack o f  correlation is 

most unlikely, if the rock samples preserve the igneous 

uranium concentrations. Furthermore, all of the samples are 

from surface exposures and must be weathered to some degree. 

Hence, we draw the following two conclusions. First, the 

initial concentration of uranium in the Woodstock Granite 

was 4.7 ppm or higher. Second, the presently observed 

variation is due to the various degrees o f  weathering of the 

rock samples. 

In summary, we draw the following conclusions about the 

distribution of thorium and uranium in the Woodstock 

Granite. (1) The thorium concentration of a rock samples 

from the Woodstock Granite can be predicted empirically from 

the Differentiation Index (normative Q + Or + Ab) of the 

sample. ( 2 )  The thorium concentration can also be 

predicted from the geographic location of the sample. In 

other words the pluton is concentrically zoned in thorium. 

( 3 )  The thorium distribution is probably controlled by the 

distribution o f  the accessory mineral allanite. (4) The 

thorium concentration is related to the differentiation of L; 
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I W 
I 
1 the pluton, but the-nature of the relationship is not clear. 

(5) Uranium concentrations cannot be predicted,'because the 

uranium has-been extensively removed by weathering.. 9 .  

c " 
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A. K. (1978). Evaluation and targeting of geothermal 

energy resources in the southeastern United States - 
I Progress Report VPI& SU- 5648, April 1, 1978 - June 30, 

1978,'pp B-33 - B-45. (Available from NTIS). " 
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SILOAM CORES 

Stephen T. Hall 

I 

One core hole each was drilled into the medium- 

grained Siloam granite and the porphyritic Siloam 

granite from the Siloam, Georgia pluton. Eighteen ( 1 8 )  

samples from each were analyzed for major element 

chemistry. 

In common with both the porphyritic and medium- 

grained Siloam surface samples, the cores from both of 

these phases calculated out to contain 17% normative 

quartz. The porphyritic core samples, like the 

porphyritic surface samples (geochemistry section 

report VPI & SU 5648-31 ,  plot on the boundary between 

the syenogranite and monzogranite fields of Streckeisen 

s ( 1 9 7 6 )  normative Or-Ab-An classification diagram. 

The medium-grained Siloam core samples also plot around 

the syenogranite-monzogranite boundary but, like the 

medium-grained Siloam surface samples, more samples 

plot within the syenogranite field. 

Table B-1 shows the ranges in alkali and CaO 

contents of both sets of core samples. Na-K-Ca plots 

.of the porphyritic Siloam core data yield a trend very 

similar to the average calc-alkaline trend given by 

Nockolds and Allen ( 1 9 5 3 ) .  The Na-K-Ca plots of the 

medium-grained Siloam core samples do not show as good 
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W 
a t r e n d  b u t  d o ,  h o w e v e r ,  c l u s t e r  a r o u n d  t h e  mos t  

d i f f e r e n t i a t e d  end o f  t h e  a v e r a g e  c a l c a l k a l i n e  t r e n d .  

A-F-M p l o t s  and S t r e c k e i s e n  s Or-Ab-An c l a s s i f i c a t i o n  

d i a g r a m  p l o t s  o f  b o t h  c o r e s  a l s o  t e n d  t o  i n d i c a t e  c a l c -  

a l k a l i n e  a f f i n i t i e s .  
* 

F i g u r e  B - 1  shows t h e  S i l o a m  c o r e  n o r m a t i v e  Qz-Ab- 

O r  d a t a  p l o t t e d  on  t h e  w a t e r - s a t u r a t e d  p h a s e  d i a g r a m .  

F i g u r e  B-2 shows t h e  e f f e c t  of t h e  An component  and 

also t h e  f i e l d s  where  t h e  s u r f a c e  s a m p l e s  p l o t .  Ab/An 

r a t i o s  f o r  b o t h  s e t s  o f  c o r e  s a m p l e s  a r e  a b o u t  4 t o  4 . 5  

and a r e  t h e r e f o r e  s i m i l a r  t o  t h e  S i l o a m  s u r f a c e  

s a m p l e s .  S i n c e  i t  would b e  u n r e a s o n a b l e  t o  e x p e c t  a n y  

s i g n i f i c a n t  c h a n g e  i n  p r e s s u r e  o v e r  t h e  few h u n d r e d  

f e e t  s a m p l e d  i n  t h e  c o r e s ,  t h e  S i l o a m  c o r e  s a m p l e s  mus t  

a l s o  b e  c o n s i d e r e d  t o  h a v e  e q u i l i b r a t e d  a t  t h e  same 

p r e s s u r e  ( b e t w e e n  2 and 4 Kb, V P I  & SU r e p o r t  5 6 4 8 - 3 )  

a s  t h e  s u r f a c e  sampl -e s .  T h a t  t h e  c o r e  s a m p l e s  a p p e a r  

n d i c a t e  h i g h e r  p r e s s u r e s  m u s t  b e  c o n s i d e r e d  a n  

t h a t  t h e  mos t  d i f f e r e n t i a t e d  g r a n i t e  was 

* .  

n o t  e n c o u n t e r e d  i n  t h e  s a m p l i n g .  

R e c e n t  gamma-ray i n v e s t i g a t i o n s  o f  t h e  S i l o a m  

s u r f a c e  Sam e6 b y  t h e  g e o p h y s i c a l  s e c t i o n  Kave shown U 

v a l u e s  t o  r a n g e  f rom 3 . 8  t o  7 . 7  ppm i n  t h e  p o r p h y r i t i c  

and  a b o u t  5 ppm i n  t h e  med ium-gra ined  p h a s e .  I Th 

c o n t e n t s  r a n g e  from 2 3 . 4  t o  3 9 . 7  ppm i n  t h e  p o r p h y r i t i c  

p h a s e  and a b o u t  3 3  ppm i n  t h e  med ium-gra ined  p h a s e .  Icd 
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S i x  ( 6 )  s a m p l e s  f rom t h e  s u r f a c e  o f  t h e  P a l m e t t o ,  

G e o r g i a  g r a n i t e  and  f o u r t e e n  ( 1 4 )  c o r e  s a m p l e s  were 

a n a l y z e d  f o r  m a j o r  e l e m e n t  c h e m i s t r y .  Of t h e  s u r f a c e  

s a m p l e s ,  t h r e e  a n a l y s e s  y i e l d e d  1 7 %  n o r m a t i v e  q u a r t z  

and f e l l  i n t o  t h e  c a l c - a l k a l i n e  t o  s u b a l k a l i n e  s y e n i t e  

c a t e g o r y  i n  S t r e c k e i s e n  s ( 1 9 7 6 )  n o r m a t i v e  Or-Ab-An 

c l a s s i f i c a t i o n  d i a g r a m .  The o t h e r  t h r e e  c a l c u l a t e d  o u t  

t o  1 7 %  n o r m a t i v e  q u a r t z  and  a r e  c o n s i d e r e d  

m o n z o g r a n i t e s  a c c o r d i n g  t o  S t r e c k e i s e n  6 

c l a s s i f i c a t i o n .  However ,  t h e s e  t h r e e  m o n z o g r a n i t e s  

f a l l  w i t h i n  t h e  same g e n e r a l  a r e a  o n  t h e  Or-Ab-An 

d i a g r a m  a s  t h e  t h r e e  " s y e n i t e "  s a m p l e s  and  would  b e  

c l a s s i f i e d  as  c a l c - a l k a l i n e  s y e n i t e s  i f  t h e y  h a d  1 7 %  

n o r m a t i v e  q u a r t z .  Wi th  t h e  e x c e p t i o n  o f  two o f  t h e  

s h a l l o w e s t  s a m p l e s  wh ich  h a v e  1 7 %  n o r m a t i v e  q u a r t z  and  

f a l l  i n t o  S t r e c k e i s e n  s m o n z o g r a n i t e  c a t e g o r y ,  a l l  o f  

t h e  P a l m e t t o  c o r e  s a m p l e s  c o n t a i n  1 7 %  n o r m a t i v e  q u a r t z  

and  a r e  c l a s s i f i e d  as  s u b a l k a l i n e  s y e n i t e s .  ' A l l  core  

s a m p l e s ,  h o w e v e r ,  f a l l  w i t h i n  t h e  same g e n e r a l  a rea  o n  

t h e  Or-Ab-An d i a g r a m  and l i k e  t h e  s u r f a c e  s a m p l e s ,  t h e  

amount  o f  n o r m a t i v e  q u a r t z  makes  t h e  d i f f e r e n c e  i n  t h e  

c l a s s i f i c a t i o n .  The m o n z o g r a n i t i c  s u r f a c e  s a m p l e s  a r e  

f rom t h e  s o u t h w e s t e r n  p a r t  o f  t h e  b o d y ,  b u t  more  
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s a m p l i n g  and a n a l y s e s  w i l l  be  r e q u i r e d  t o  d e t e r m i n e  i f  

t h e r e  i s  a n y  s o r t  o f  c h e m i c a l  g t a d i e n t  a c r o s s  t h e  

p l u t o n .  

T a b l e  B-1 shows t h e  r a n g e s  i n  a l k a l i  and CaO 

c o n t e n t s . o f  t h e  s u r f a c e  and c o r e  s a b p l e s .  Na-K-Ca and 

AFM d k a g r a m s  o f  ‘ b o t h  t h e  s u r f a c e  and t h e  c o r e  show 

c a l c - a l k a l i n e  a f f i n i t i e s  ( N o c k o l d s  and A l l e n ,  1 9 5 3 ) .  

F i g u r e  B-1 shows t h e  Qe-Ab-Or w a t e r - s a t u r a t e d  

p h a s e  d i a g r a m  w i t h  t h e  n o r m a t i v e  P a l m e t t o  s u r f a c e  and 

c o r e  semble d a t a  p r o j e c t e d  o n t o  i t .  F i g u r e  B-2 shows 

t h e .  same p r o j e c t e d  n o r m a t i v e  d a t a  “on t h e  Qz-Ab-Or 

d i a g r a m  showing  t h e  e f f e c t  o f  An c o n t e n t  on  t h e  PH20= 2 

Kb e u t e c t i c .  Both * t h e  c o r e  and s u r f a c e  s a m p l e s  y i e l d  

q u i t e  3 imi l a r  p l o t s -  and a r e  a l s o  b o t h  s i m i l a r  t o  t h e  

L i b e r t y  H i l l  p l u t o n  (VPI & SU 5 6 4 8 - 3 )  w i t h o u t  t h e  most 

d i f f e r e n t i a t e d  L i b e r t y  B i l l  s a m p l e s  The Ab/An r a t i o  

o f  t h e  P a l m e t t o  i s  a l s o  s l i g h t l y  l e s s ,  i n  g e n e r a l ,  t h a n  

f t h e s e  f a c t o r s  would i n d i c a t e  

a ’ g r e a t e r  p r e s s u r e  o f  

4 . 8  Bb) or  a loss o f  t 

d i f f e r e n t i a t e d  o r  uppe a l m e t t o  p l u t o n  

V 
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PAGELAND G R A N I T E  

S t e p h e n  R. Hal l  

Twelve  ( 1 2 )  s u r f a c e  samples  and t e n  ( 1 0 )  c o r e  

s a m p l e s  were a n a l y z e d  f o r  m a j o r  e l e m e n t  c h e m i s t r y .  n e  

o f  t h e  s u r f a c e  s a m p l e s  i s  f rom t h e  g r a n o d i o r i t e  a t  t h e  

c e n t e r  o f  t h e  P a g e l a n d  p l u t o n  and t h e  r e s t  a r e  f rom t h e .  

P a g e l a n d  m o n z o g r a n i t e  i t s e l f  ( B o u r l a n d ,  1 9 7 8 ) .  A l l  

c o r e  s a m p l e s  a r e  o f  t h e  P a g e l a n d  m o n z o g r a n i t e ,  Norm 

c a l c u l a t i o n  o f  t h e  c h e m i c a l  a n a l y s e s  and  s u b s e q u e n t  I 

p l o t 8  on S t r e c k e i s e n - s  ( 1 9 7 6 )  n o r m a t i v e  Or-Ab-An 

c l a s s i f i c a t i o n  d i a g r a m  show t h a t  b o t h  t h e  c o r e  and 

s u r f a c e  m o n z o g r a n i t e  s a m p l e s  c l u s t e r  a r o u n d  ~ t h e  

b o u n d a r y  b e t w e e n  t h e  m o n z o g r a n i t e  f i e l d  and t h e  

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

i n  t h i s  r e s p e c t  t o  t h e  S i l o a m  ( g e o c h e m i s r y  s e c t i o n ,  

r e p o r t  V P I  & SU 5648-3)  and t h e  R o l e s v i l l e  

( g e o c h e m i s t r y  s e c t i o n ,  r e p o r t  VPI & SU 5103-5)  p l u t o n s .  

The " g r a n o d i o r i t e "  s a m p l e  c a l c u l a t e d  o u t  t o  b e  1 7 %  

n o r m a t i v e  q u a r t z  and i s  c l a s s i f i e d  a s  a s y e n i t e  

a c c o r d i n g  t o  S t r e c k e i s e n - s  c l a s s i f i c a t i o n .  

T a b l e  B - 1  shows t h e  r a n g e s  i n  a l k a l i  and C a O  

c o n t e n t s  o f  b o t h  t h e  c o r e  and s u r f a c e  m o n z o g r a n i t e  

s a m p l e s  and t h e  r a n g e  o f  U and Th v a l u e s  o f  t h e  s u r f a c e  

samples .  The s y e n i t e  s u r f a c e  s a m p l e  h a s  Na20 1 4 . 0 9 ,  

K20 = 4 . 2 8 ,  CaO = 2 . 6 4 ,  U = 2 . 7 ,  and Th = 1 1 . 5  showing  
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t h a t  i t  i s  more  m a f i c  b u t  w i t h  r e l a t i v e l y  h i g h  Na. AFM 

d i a g r a m s  o f  b o t h  s u r f a c e  and c o r e  s a m p l e s  show a l k a l i n e  

t o  c a l c - a l k a l i n e  a f f i n i t i e s  w h e r e a s  Na-K-Ca , d i a g r a m s  o f  

b o t h  s u r f a c e  and c o r e  s a m p l e s  show c a l c - a l k a l i n e  

a f f i n i t i e s .  P l o t s  o f  C a O  v s .  SiOz and  FeO v s  SiOp 

show some l i n e a r  c o r r e l a t i o n s  f o r  t h e  s u r f a c e  s a m p l e s .  

F i g u r e  B-3 shows .  t h e  Qz-Ab-Or w a t e r - s a t u r a t e d  

p h a s e  d i a g r a m  w i t h  t h e  n o r m a t i v e  P a g e l a n d  s u r f a c e  and 

c o r e  s a m p l e  d a t a  p r o j e c t e d  o n t o  i t .  F i g u r e  B-4 shows 

t h e  same p r o j e c t e d  n o r m a t i v e  P a g e l a n d  d a t a  on t h e  Q z -  

Ab-Or d i a g r a m  w i t h  t h e  e f f e c t  o f  An c o n t e n t  shown. 

Bo th  s u r f a c e  and c o r e  d a t a  p l o t  i n  t h e  same . g e n e r a l  

a r e a  and Ab/ An r a t i o s  f o r  b o t h  a r e  i n  t h e  r a n g e  o f  3-4 

w i t h  a few s a m p l e s  i n  t h e  r a n g e  o f  7-8 .  C o n s i d e r i n g  

t h a t  t h e  mos t  d i f f e r e n t i a t e d  s u r f a c e  s a m p l e s  h a v e  a n  

Ab/An r a t i o  o f  b e t w e e n  4 and 5, a p r e s s u r e  o f  

emplacemen t  o f  a b o u t  3 Kb c a n  b e  i n f e r r e d  from t h e s e  

two d i a g r a m s .  However ,  t h i s  p r e s s u r e  v a l u e  i s  n o t  

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

a c c o u n t e d  f o r  i n  t h e s e  d i a g r a m s .  I n  f a c t ,  s i n c e  t h e  

P a g e l a n d  i s  s i m i l a r  i n  a g e  and  c h e m i s t r y  t o  t h e  

Winnsboro  and  L i b e r t y  H i l l  p l u t o n s  ( B o u r l a n d ,  1 9 7 8 )  and 

i f  t h e  c o n t a c t  a u r e o l e  a s s e m b l a g e s  a r e  s i m i l a r ' t o  t h o s e  

s u r r o u n d i n g  t h e  l a t t e r  two p l u t o n s ,  a c o m p a r a b l e  

p r e s s u r e  v a l u e  o f  a b o u t  5 Kb would b e  i m p l i e d .  

w 



TABLE B-1 

Chemical Ranges (in weight percent) 

Medium-grained Porphyritic 
Siloam Siloam Palmetto Palmetto Pageland Pageland 

core . surface core surface core 

3.60-4.00 3 30-3.84 3.23-3.72 3.17-3.81 3.53-4.08 

4 67-6.22 4.37-5.19 3.78-4.64 3.81-5.93 4.42-5.30 

1.41-2.03 2.07-3.51 2.98-3.73 0.85-2.49 1.26-2.11 

Na20 2 80-4.31 

5 2 O  4.71-6.74 

CaO 0.93-2.41 

2.8-9.6 

12.2-28.7 

v. 

C 
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R e p o r t .  ~ 

N o c k o l d s ,  6 .  R .  and  A l l e n ,  R . ,  1 9 5 3 .  The g e o c h e m i s t r y  of 

some i g n e o u s  r o c k  s e r i e s :  Geochem. e t  Cosmochem. A c t a .  

v . 4 ,  p .  105-142.  

S t r e c k e i s e n ,  A.., 1 9 7 6 .  C l a s e i f i c a t i o n  o f  t h e  common i g n e o u s  

r o c k s  b y  means  o f  t h e i r  c h e m i c a l  c o m p o s i t i o n .  A 

p r o v i s i o n a l  a t t e m p t :  N. J b .  M i n e r .  Mb. - H. 1, p .  

1-15.  
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Li 
A t l a n t i c  C o a s t a l  P l a i n  D r i l l i n g  P rogram 

D u r i n g  t h e  p r e s e n t  p e r i o d  ( J u l y  1 ,  1978  - S e p t e m b e r  30, ' 

1 9 7 8 1 ,  t h e  g e o p h y s i c s  g r o u p  h a s  b e e n  p r i m a r i l y  o c c u p i e d  w i t h  

t h e  i n t e r p r e t a t i o n  o f  r e s u l t s  f rom t h e  h e a t  f l o w  d r i l l i n g  

p rogram on t h e  A t l a n t i c  C o a s t a l  P l a i n .  To d a t e  ( S e p t e m b e r  

2 8 ,  1 9 7 8 )  s e v e n t e e n  ( 1 7 )  h o l e s  h a v e  b e e n  d r i l l e d  i n  t h e  

S t a t e s  o f  N e w  J e r s e y ,  D e l a w a r e ,  M a r y l a n d ,  and  V i r g i n i a  f o r  

t h e  p u r p o s e  o f  d e t e r m i n i n g  t h e  g e o t h e r m a l  g r a d i e n t  and  

t e r r e s t r i a l  h e a t  f l o w .  L o c a t i o n s  o f  t h e  h o l e s  a r e  shown i n  

F i g u r e  C - 1 . 1 .  W i t h  o n e  e x c e p t i o n  ( H o l e  43 a t  Ocean C i t y ,  

MD), a l l  o f  t h e  h o l e s  h a v e  b e e n  d r i l l e d  t o  a d e p t h  o f  

a p p r o x i m a t e l y  300 m ,  c a s e d ,  and c e m e n t e d  t o  t h e  s u r f a c e .  

Ho le  43  was c a s e d  t o  a d e p t h  o f  a b o u t  180  m .  

The h o l e s  were  d r i l l e d  by  E n e r g y  S e r v i c e s  Co. ( u n d e r  

c o n t r a c t  t o  Gruy F e d e r a l ,  I n c . ) .  The f i r s t  h o l e  was 

c o m p l e t e d  a t  F o r t  Monmouth, N J  on  J u l y  9 ,  1 9 7 8 .  Most of t h e  

h o l e s  a r e  b e i n g  d r i l l e d  w i t h  a S k y t o p  B r e w s t e r  d r i l l  which  

i s  now d r i l l i n g ,  c o r i n g ,  c a s i n g ,  and c e m e n t i n g  300-m h o l e s  

a t  t h e  r a t e  o f  o n e  e v e r y  2 . 5  d a y s .  Two a t t e m p t s  t o  r e c o v e r  

a t o t a l  o f  15 m o f  c o r e  a r e  made i n  e a c h  h o l e .  Core  

r e c o v e r y  h a s  b e e n  v a r i a b l e  d u e  t o  d i f f i c u l t  d r i l l i n g  

c o n d i t i o n s .  

Most of t h e  h o l e s  h a v e  b e e n  l o g g e d  more  t h a n  o n c e  i n  

o r d e r  t o  e s t a b l i s h  t h e  l e n g t h  of t i m e  n e c e s s a r y  t o  r e a c h  a n  

e q u i l i b r i u m  g e o t h e r m a l  g r a d i e n t .  T h i s  i s  d i s c u s s e d  i n  more 

d e t a i l  i n  t h e  f o l l o w i n g  p a g e s  by  S .  D a s h e v s k y .  
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L The d r i l l  s i t e s  were s e l e c t e d  b y  VPI&SU i n  c o o p e r a t i o n  

w i t h  S t a t e  and F e d e r a l  a g e n c i e s ,  p r i m a r i l y  on  t h e  b a s i s  o f :  

( 1 )  a v a i l a b l e  g r a v i t y  d a t a ,  

( 2 )  a v a i l a b l e  a e r o m a g n e t i c  d a t a ,  

( 3 )  known t h i c k n e s s  of C o a s t a l  P l a i n  s e d i m e n t s ,  

( 4 )  a p p a r e n t  t h e r m a l  a n o m a l i e s  b a s e d  on e x i s t i n g  d a t a ,  

. J  

(5) much of t h e  a v a i l a b l e  b a s e m e n t  c o r e  d a t a ,  

( 6 )  s u i t a b l e  s i t e s  f o r  t h e  e v a l u a t i o n  o f  t h e  

r a d i o g e n i c  model  ( P r o g r e s s  R e p o r t s  VPILSU-5103-1, 

- 2 ,  - 3 ,  - 4 ,  -5, and VPILSU-5648-1 t o  t h e  

D e p a r t m e n t  o f  E n e r g y ) ,  and 

( 7 )  p r o x i m i t y  t o  e n e r g y  m a r k e t s .  

L e a s t - s q u a r e s  g r a d i e n t s  u s u a l l y  c a n  b e  computed  f o r  t h e  

mos t  p a r t  o v e r  t h e  d e p t h  i n t e r v a l  50  - 300 m i n  e a c h  h o l e .  

Average  g r a d i e n t s  r a n g e  from a b o u t  25 O C / K m  t o  a h i g h  of 45 

O C / K m .  ( C r i s f i e l d ,  MD). Normal p r o c e d u r e  f o r  t e m p e r a t u r e  

l o g g i n g  i s  t o  s a m p l e  t h e  t e m p e r a t u r e  e v e r y  0 . 5  m ;  h o l e s  

wh ich  a r e  l o g g e d  s o o n  a f t e r  t h e  h o l e  was c e m e n t e d  a r e  

g e n e r a l l y  sampled  a t  c o a r s e r  i n t e r v a l s .  F i g u r e s  C-2.6 

t h r o u g h  C-2.9 show g e o t h e r m a l  g r a d i e n t s  o v e r  s e l e c t e d  d e p t h  

i n t e r v a l s  and e s t i m a t e d  d e p t h s  t o  b a s e m e n t  f o r  a l l  o f  t h e  

h o l e s  l o g g e d  t o  d a t e  ( O c t o b e r  2 0 ,  1 9 7 8 ) .  

Therma l  c o n d u c t i v i t y  d e t e r m i n a t i o n s  a r e  made w i t h  

n e e d l e  p r o b e s  on c o r e  o b t a i n e d  from t h e  holes. T h e  

c o n d u c t i v i t i e s  o f  s e l e c t e d  l i t h o l o g i e s  a r e  c h e c k e d  w i t h  a 

c o n v e n t i o n a l  d i v i d e d - b a r  a p p a r a t u s .  T a b l e  C-1.2 i s  a 
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r e p r e s e n t a t i v e  s a m p l i n g  o f  t h e  t h e r m a l  c o n d u c t i v i t y  o f  c o r e  

d e t e r m i n e d  wi'th n e e d l e  p r o b e  ' t e c h n i q u e s  a n d .  shbws t h e  r a n g e  

o f  t h e r m a l  c o n d u c t i v i t i e s  t o  b e  e x p e c t e d  i n  s e d i m e n t s  o f  t h e  

A t l a n t i c  Coa a 1  P l a i n .  F i n a l  d e t e r m i n a t i o n s  o f  h e a t  f l o w  

f o r  e a c h  d r  s i t e  a r e  i n  p r o g r e s s  and  11 b e  g i v e n  i n  

s u b s e q u e n t  r e p o r t s  and  p a p e r s  when e q u i  r i u m  g r a d i e n t s  

u 

h a v e  b e e n  r e a c h e d  and t h e r m a l  c o n d u c t i v i t y  d e t e r m i n a t i o n s  

a r e  complet 'e . .  

P r e l i m i d a r y  r e s u l t s  f rom t h e  h e a t  f l o w  p rogram on t h e  

A t l a n t i c  C o a s t a l  P l a i n  s u g g e s t  t h a t  a r e a s  n Maryland  and 

V i r g i n i a  w a r r a n t  f u r t h e r .  e x p l o r a t i o n  and - s t u d y .  These  a r e ,  

f rom n o r t h  t o  s o u t h :  
* I  

( 1 )  - S a l i s b u r y ,  Mary land  

( 2 )  ' C r i s f i e l d ,  Mary land  

( 3 )  W a l l o p s  I s l a n d ,  V i r g i n i a  

A d d i t i o n a l  h e a t  f l o w  h a l e s  a r e  p l a n n e d  i n  t h e s e  a r e a s  
, >  

t o  d e f i n e  t h e  g e o g r a p h i c  e x t e n t  o f  t h e  t h e r m a l  a n o m a l i e s .  

A d d i t i o n a l  ' d e t a i l e d  g r a v i t y  c o v e r a g e  i s  a l s o  . b e i n g  o b t a i n e d .  

and a26 ( F i g u r e -  C - 1 . 1 )  d r i l l ' e d  i n  V i r g i n i a  

1 c o n f i r m a t i o n  o f  t h e  r a d i o g e n i c  model . '  Ho le  

h ,  ' V A  was d r i l l e d  a t  t h e  c e n t e r  o f  a w e l l -  

\ 

d e f i n e d  n e g a t i v e  g r a v i t y  - anom y .  Ho le  26 was d r i l l e d  a t  a . -  
l o c a t i o n  away f rom t h i s  a n o m a l y ,  ' b u t  c l o s e '  enough  so  t h a t  

e s s e n t i a l l y  : h e  same s t r a t i g r a p h i c  

p e n e t r a t e d .  T h e r m a l  c o n d u c t i v i t y  d e t  m i n a t i o n s  a r e  n o t  y e t  

c o m p l e t e ;  h o w e v e r ,  t h e  g r a d i e n t  i n  h o l e  25 ( 3 5  O C / K m  i s  3 5 %  
# 

W 

0 
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TABU C-1.2,  c-1 .2-1 
REPRESENTATIVE THERMAL CONDUCTIVITY VALUES 

OF THE ATLANTIC COASTAL PLAIN 
SAMPLE LITH DEPTH K K K K 
NA& CODE (M) RUN1 RUN2 RUN3 RUN4 MEAN 

~ P P I l P I = l l r l l P l P t D ~ = l = = = ~ r l a P l = = ~ ~ = r l l P P l = r ~ = ~ l P P P ~ = ~ n = ~ x l =  

C26-971.5 296.1 7;6 6.3 7 .O 

C26-979.5 298.6 6.8 6.3 6.6 
C26-980.5 298.9 5.9 6.2 6.1 
C26-981.5 299.2 6.3 7.6 7.0 
C26-982.5 299.5 7.1 7 .1  
C26-983.5 299.8 7 . 1  7.1 
C26-984.5 300.1 7.4 7.4. 
C26-985.5 300.4 6.6 6.6 
C26-986.5 300.7 6.9 6.9 
C26-987.5 301 .O 5.8 5.8 
C26-988.5 301.3 6.1 7.5 6.8 
C26-989.0 301.5 5.9 5.5 3.8 5.1 
C26-990.0 301.8 3.9 5 .5  4.9 4.8 

C26-972.5 296.4 7.9 6.2 ’ 7.1 

C29-584.5 C 178.2 3.6 2.6 3.6 3.3 
C29-585.5 C 178.5 3.8 4.0 4.2 4.0 
C29-586.5 ZC 178.8 3.2 4.1 5.6 4.3 
C29-587.5 C 179.1 4.8 6.1 6.9 5.9 
C29-588.5 179.4 5.5 5.4 5.5 
C29-589.5 179.7 5.8 6.1 6.0 
C29-590.5 180.0 5.9 5.8 5.9 
C29-591.5 180.3 5.3 5.3 5.5 5.4 
C29-592.5 180.6 6.0 5.8 6.4 6.1 - 
C29-593.5 180.9 7.6 6.9 6.6 7.0 
C29-594.5 181.2 5.8 
C29-595.5 181.5 5.2 4.4 4.8 
C29-596.5 181.8 6.0 6.0 
C29-597.5 182.1 
C29-598.5 182.4 4.7 5.0 4.9 
C29-599.5 182.7 3.9 4.7 4.3 

C29-990.5 SZ 301.9 5.4 4.4 4.6 4.8 

C29-992.5 SZ 302.5 4.5 4.8 4.9 4.7 
C29-993.5 WSZ 302.8 4.7 4.1 4.0 4.3 
C29-994.5 SZ 303.1 4.7 5.2 4.2 4.7 
C29-995.5 2 303.4 3.7 3. l  3.7 3.5 
C29-996.5 Z 303.7 3.7 3.7 3.4 3.6 
C29-997.5 SZ 304.0 4.0 2.8 2.4 3.1 
C29-998.5 SZ 304.3 4.1 4.2 3.7 4.0 

C29-991.5 SZ 302.2 4.9 4.7 5.4 4.2 4.8 
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6d 
c-1 .2-2 

' REPRESENTATIVE THERMAL CONDUCTIVITY VALUES 
OF THE ATLANTIC COASTAL PLAIN 

SAMPLE LITH D E P T ~  K K K K 
NAME CODE (MI RUN1 UN2 RUN3 RUN4 MEAN 

DlePl l== th fP IPt tO l tPPI t tOPOPrPI  PtP=IPI'PDIP=bl--------- --------- 
C29-99965 SZ ' 304.6 4.2 3.9 4.1 

C32-541 b 5 165.1 3.7 3.7 
C32-542.5 165.4 3.6 3.7 3.7 
C32-543.5 165.7 3.8 3.4 3.6 
C32-544.5 166.0 3.6 2.8 3.1 3.2 
C32-545.5 ' 166.3 3.6 ~ 3.0 3.3 
C32-546.5 166.6 3.5. 3.4 3.5 
C32-547.5 166.9 3.6 3.4 3.5 
C32-548.5 167.2 3.1 3.1 
C32-549.5 167.5 3.9 2.9 3.1 3.3 
C32-550.5 167.8 3.7 3.8 3.8 
C32-551.5 . 168.1 3.0 3.3 3.2 
C32-552.5 168.4 3.6 3.8 3.7 
C32-553.5' 168.7 3.2 3.5' . 3.4 
C32-554.5 169.0 3.4 3.4 
C32-555.5 169.3 3.3 3.3 ' 3.3 
C32-556.5 169.6 2.9 3.5 3.2 
C32-557 .'5 169.9 3'.1 3.6 3.4 
C32-558.5 170.2 3.2 3.2 
C32-559.5 170.5 3.6 3..6 
C32-560.5 I .8 2.8 3.1 3.0 

1 

KEY TO LITHOLOGIC CODES 

S = sand 
C = c lay  
Z = s i l t  X l i g n i t i c  
M = mud ' 'W = she l ly  
SC= sandy c l ay  L = limy 
SZ= sandy s i l t  G = gravel 
SM= sandy mud H = consolidated 
CS= clayey sand V = very; grea te r  than 50% 
MS= muddy sand 1 

ZS= s i l t y  sand 
Y = glauconi t ic  

Example VLCS very l imy  clayey sand 

i 
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h i g h e r  t h a n  t h a t  ( 2 6  ' C / K m )  i n  h o l e  2 6 .  Basement  was n o t  

s ampled  a t  e i t h e r  l o c a t i o n ,  so  a t  t h e  p r e s e n t  t i m e ,  i t  i s  

n o t  p o s s i b l e  t o  d e t e r m i n e  h e a t  g e n e r a t i o n  i n  b a s e m e n t  r o c k s  

o r  t o  r e l a t e  h e a t  f l o w  t o  b a s e m e n t  h e a t  g e n e r a t i o n .  T h i s  

c o n t i n u e s  t o  b e  a n  i m p o r t a n t  o b j e c t i v e  o f  t h i s  p r o g r a m ,  

h o w e v e r ,  and  p l a n s  a r e  unde rway  t o  d e e p e n  t h e s e  h o l e s  i n  t h e  

. .  

* *  

n e a r  f u t u r e .  

The l a c k  o f  d e t a i l e d  g r a v i t y  and m a g n e t i c  c o v e r a g e  

b e t w e e n  S a l i s b u r y ,  MD ( h o l e  3 1 )  and W a l l o p s  I s l a n d ,  VA ( h o l e  

2 9 )  h a s  hampered  t h e  s e l e c t i o n  o f  h e a t  f l o w  d r i l l  s i t e s  i n  

t h i s  a r e a .  P o t e n t i a l  f i e l d  a n o m a l i e s  i n  t h i s  a r e a  a r e  much 

l e s s  w e l l - d e f i n e d  t h a n  a t  P o r t s m o u t h ,  VA where  a n o m a l i e s  i n  

b o t h  t h e  g r a v i t y  and  m a g n e t i c  f i e l d  a r e  a s s o c i a t e d  w i t h  t h e  

h i g h  g e o t h e r m a l  g r a d i e n t  d e t e r m i n e d  f o r  h o l e  2 5 .  It i s  

u n c l e a r  a t  p r e s e n t  w h e t h e r  t h e  l a c k  o f  d e f i n i t i v e  p o t e n t i a l  

f i e l d  a n o m a l i e s  b e t w e e n  W a l l o p s  I s l a n d ,  VA and S a l i s b u r y ,  MD 

i s  p r i m a r i l y  d u e  t o  i n a d e q u a t e  a n d / o r  i n c o m p l e t e  d a t a  

c o v e r a g e ,  o r  w h e t h e r  i t  i s  d u e  s i m p l y  t o  l a c k  o f  c o n t r a s t s  

i n  d e n s i t y  and  m a g n e t i c  s u s c e p t i b i l i t y  i n  b a s e m e n t  r o c k s .  

I n  e i t h e r  c a s e ,  a q u i s i t i o n  o f  a d d i t i o n a l  g r a v i t y  d a t a  i s  

n e c e s s a r y  and  i s  now i n  p r o g r e s s .  

One A d d i t i o n a l  f a c t o r  i n  t h e  g e o l o g i c  s e t t i n g  mus t  b e  

c o n s i d e r e d .  The a r e a  b e t w e e n  W a l l o p s  I s l a n d ,  VA and  

S a l i s b u r y ,  MD i s  n o t  f a r  f rom t h e  p r o j e c t i o n  t o  t h e  e a s t  o f  

t h e  " 3 8 t h  p a r a l l e l  f r a c t u r e  zone"  which  i s  u s u a l l y  assumed 

t o  t e r m i n a t e  i n  H i g h l a n d  Coun ty  i n  n o r t h w e s t e r n  V i r g i n i a .  A 
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. .  
w e l l - d e f i n e d  zone  o f  s e i s m i c  a c t i v i t y  i n  c e n t r a l  V i r g i n i a  

may b e  p a r t  o f  a n '  e ' a s t w a r d '  e x t e n s i o n  o f  t h e  3 8 t h  p a r a l l e l  

f r a c t u r e  z o n e .  We c o n t i n u e  t o  p r e f e r  t h e  i n t e r p r e t a t i o n  

t h a t  t h e  h i g h  g r a d i e n t s  b e t w e e n  S a l i s b u r y ,  MD and Wal lops  

I s l a n d ,  VA a r e  u n r e l a t e d  t o  a p o s s i b l e  e a s t w a r d  e x t e n s i o n  o f  

. . . I .  

_ _  

. I  

t h e  3 8 t h  p a r a l l e l  f r a c t u r e  zone  i n  c o n c e a l e d ' b a s e m e n t  r o c k s .  

S a m p l i n g  o f  b a s e m e n t  r o c k s  b e n e a t h  t h e  s e d i m e n t s  o f  t h e  

A t l a n t i c  C o a s t a l  P l a i n  s h o u l d  b e  g i v e n  a h i g h  p r i o r i t y  

w h e r e v e r  p o s s i b l e  a s  o u r  p rogram c o n t i n u e s .  ' 

D i s c u s s i o n s  - o f  l i t h o l o g i c  c h a n g e s  i n  t h e  ' h e a t  f l o w  

h o l e s  i n  t h e  A t l a n t i c  C o a s t a l  P l a i n  and f u r t h e r  

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

' a r e a s  and i n  o t h e r  a r e a s  w i l l  b e  f o r t h c o m i n g  i n  s u b s e q u e n t  

r e p o r t s .  

i 
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GEOTHERMAL G R A D I E N T S ,  WELL L O G G I N G  

Samuel  S. Dashevsky  

D u r i n g  t h e  p e r i o d  o f  t h i s  r e p o r t  ( J u l y  1, 1 9 7 8  - 
S e p t e m b e r  3 0 ,  1 9 7 8 1 ,  t h e  V P I & S U ~ w e - l l  l o g g i n g  o p e r a t i o n  h a s  

c l o s e l y  m o n i t o r e d  t h e  d r i l l i n g  p rogram i n  t h e  A t l a n t i c  

C o a s t a l  P l a i n .  To d e t e r m i n e  and u n d e r s t a n d  p e r t u r b a t i o n s  o f  

t h e  g e o t h e r m a l  g r a d i e n t  imposed  by  d r i l l i n g  and c e m e n t i n g ,  

t h e  300-meter  h e a t - f l o w  h o l e s  were  l o g g e d  r e p e a t e d l y  d u r i n g  

t h e  f i r s t  s e v e r a l  d a y s  and  r e l o g g e d  t h r o u g h o u t  t h e  f o l l o w i n g  

weeks .  

Most c o m p l e t e  c o v e r a g e  i s  a v a i l a b l e  f o r  h o l e s  4 0  ( F o r t  

Monmouth, NJ) and 4 1  ( S e a  G i r t ,  NJ). T e m p e r a t u r e  g r a d i e n t s  

o v e r  s p e c i f i c  i n t e r v a l s  a r e  p l o t t e d  w i t h  r e s p e c t  t o  t i m e  

e l a p s e d  s i n c e  c e m e n t i n g  ( F i g u r e s  C - 2 . 1  and C - 2 . 2 ) .  An 

e x p o n e n t i a l  c o o l i n g  e q u a t i o n  a s s o c i a t e d  w i t h  t h e  r a t e  o f  

d e c a y  o f  h e a t  o f  s o l i d i f i c a t i o n  o f  cemen t  i n  h o l e  4 1  i s  

p l o t t e d  a s  a s o l i d  l i n e  i n  F i g u r e  C-2.2.  D a t a  n o t  p r e s e n t e d  

i n  t h i s  r e p o r t  i n d i c a t e  t h a t  c o o l i n g  m i g h t  n o t  b e  s t r i c t l y  

e x p o n e n t i a l  f o r  a l l  h o l e s ,  b u t  m i g h t  h a v e  a l i n e a r  component  

a s  w e l l .  

I t  i s  w o r t h w h i l e  t o  n o t e  t h a t  t h e  s t a n d a r d  d e v i a t i o n  o f  

computed  l e a s t  s q u a r e  g r a d i e n t s  a l s o  d e c r e a s e d  e x p o n e n t i a l l y  

a s  a f u n c t i o n  o f  t i m e .  F i g u r e  C-2.3 shows t h i s  r e l a t i o n s h i p  

f o r  h o l e  4 1 .  
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Figure C-2.2. P l o t  o f  grad ient  v e r s u s  time s i n c e  cementing 
i n  h o l e  C41, Sea G i r t ,  NJ. S o l i d  l i n e  shows 

vxponcnt ia l  c o o l i n g  curve .with t h e  form o.f grad ient  = 
32.9"c/km-13.75 Exp (0.010327 x t ) .  
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u 
W h i l e  none  o f  t h e  w e l l s  d r i l l e d  d u r i n g  t h i s  r e p o r t  

p e r i o d  h a s  y e t  r e - e s t a b l i s h e d  a n  e q u i l i b r i u h  g e o t h e r m a l  

. g r a d i e n t ,  t h e  o b s e r v e d  t e n d e n c y  i s  f o r  t h e  g r a d i e n t  t o  

i n c r e a s e  o v e r  a p e r i o d  o f  t i m e  f rom a b o u t  f o u r  h o u r s - a f t e r  

c e m e n t i n g  t o  w i t h i n  10% o f  i t s  e q u i l i b r i u m  v a l u e  a t  2 5 0  

h o u r s  and  t o  w i t h i n  5% a t  450  h o u r s  a f t e r  c e m e n t i n g .  

In a c e m e n t e d  w e l l ,  a l a t g e  amount o f  h e a t  1 .  i s  g i v e n  o f f  

w i t h i n  t h e  f i r s t  s i x  h o u r s  as  cemen t  b o n d s  a r e  formed and  

r g y  i s  r e l e a s e d .  The e x t r e m e  e f f e c t  o f  c e m e n t i n g  i s  t o  

b r i n g  t h e  e n t i r e  w e l l  t o  t h e  same warm t e m p e r a t u r e  w i t h  a 

n e a r  z e r o  t h e r m a i  g r a d i e n t .  A s  c o o l i n g  b e g i n s ,  a g r a d i e n t  

w i l l  a p p e a r  s i n c e  t h e  u p p e r  s e c t i o n  o f  t h e  h o l e  c o o l s  more 

- p i d l y  i n  r e s p o n s e  t o  a g r e a t e r  d i f f e r e n c e  betwee'n t h e  - i n  

- s i t u  and t h e  cemen t  t e m p e r a t u r e s .  S u c c e s s i v e  t e m p e r a t u r e  

l o g s  o f  h o l e  40 shown i n  F i g u r e  C-2.4 e x h i b i t  t h i s  t r e n d .  

The e a r l y  l o g s  o f  h o l e  40 show t h e  t e m p e r a t u r e  p r o f i l e  

o f  a h o l e  w i t h  a h i g h  d e g r e e  o f  washou t  and  a n  i n c o m p l e t e  

cement  j o b 8  I n  h o l e  40 where  t h e  v o i d  s p a c e  f i l l e d  by t h e  

ement  was so g r e a t ,  t h e  h e a t  r e l e a s e d  was s u f f i c i e n t  t o  

e n t i r e l y  o b s c u r e  t h e  g e o t h e r m a l  g r a d i e n t .  E a r l y  t e m p e r a t u -  

r e  l o g s  show t h i s  h o l e  a s  a m o n o t e m p e r a t u r e  p l u g  b e g i n n i n g  

a t  a d e p t h  o f  150 m where  t h e  t o p  of t h e  cemen t  i s  i n d i c a t e d  

b y  a + S 0 C  s t e p  i n  t e m p e r a t u r e .  

I n  h o l e  41, t h e  c o m b i n a t i o n  of a h i g h e r  a m b i e n t  t h e r m a l  

g r a d i e n t  w i t h  a L e s s e r  d e g r e e  of washou t  a l l o w e d  t h e  

g e o t h e r m a l  g r a d i e n t  t o  show b e n e a t h  t h e  m a s k i n g  e f f e c t  o f  I$: 
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E’igure C-2.4. Successive temper e logs of+Hole C-40 
eight hours post cementing gh 1464 hoursr 
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t h e  cemen t  ( F i g u r e  C-2.5). Washout i n  t h i s  h o l e  was 

c o n f i n e d  t o  more  d i s c r e t e  d e p t h  i n t e r v a l s  t h a n  i n  C40. The 

l a r g e  p o s i t i v e  t e m p e r a t u r e  s p i k e s  a r e  a t  d e p t h s  where 

s e c t i o n s  h a v e  b e e n  washed o u t  and s u b s e q u e n t l y  c o n t a i n  l a r g e  

p o c k e t s  o f  h e a t  g e n e r a t i n g  c e m e n t .  

The m o s t  r e c e n t  t e m p e r a t u r e  l o g s  a t  t h e  t i m e  o f  t h i s  

w r i t i n g  a r e  p r e s e n t e d  i n  t h e  f o l l o w i n g  p a g e s  f o r  e a c h  w e l l :  

N e w  J e r s e y ,  F i g u r e  C-2.6 , D e l a w a r e ,  F i g u r e  C-2.7, . ,Maryland , 
F i g u r e  C-2.8, V i r g i n i a ,  F i g u r e  C-2.9. 

. I  I 

. I  

. .  
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L, 
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293. s 
C41B 

TEMPERATURE 
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. .  
, . . ,  

. . .  

. .  
. .  

I f  

Figure  C-2.5. Early  log of Hole 41 showing temperature 
g r a d i e n t  o f  21°C/km a t  3 2  hours  p o s t  cement ing .  
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Figure C-2.6. Most recent temperature logs to date in New Jersey 

*Estimated depths to basement 
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Figure C-2.8. Most recent temperature logs t o  date in Maryland 
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Ld 
HEAT FLOW AND HEAT G E N E R A T I O N  

J .  K .  C o s t a i n ,  L .  D .  P e r r y ,  S. D a s h e v s k y ,  and  B. U. S a n s  
I 

. 
F i g u r e  C - 3 . 1  shows l o c a t i o n s  o f  h o l e s  d r i l l e d  t o  d a t e  

b y  VPI&SU and s u m m a r i z e s  h e a t  f l o w  v a l u e s  i n  t h e  

s o u t h e a s t e r n  U n i t e d  S t a t e s .  T a b l e  C - 3 . 1  s u m m a r i z e s  

g e o t h e r m a l  g r a d i e n t s ,  t h e r m a l  c o n d u c t i v i t i e s ,  and  h e a t  f l o w  

d e t e r m i n a t i o n s  a v a i l a b l e  t o  d a t e  f o r  t h i s  c o n t r a c t .  T h i s  

t a b l e  a p p e a r s  i n  e a c h  r e p o r t ,  b e g i n n i n g  w i t h  VPI&SU-5103-4, 

and i s  p e r i o d i c a l l y  u p d a t e d  as t h e r m a l  c o n d u c t i v i t y  and  h e a t  

f l o w  d e t e r m i n a t i o n s  a r e  c o m p l e t e d .  S l i g h t  c h a n g e s  i n  t h e  

g r a d i e n t s  t h a t  w i l l  a p p e a r  i n  T a b l e  C-3.1 a r e  t h e  res .u l t  o f  

r e l o g g i n g  t h e s e  h o l e s  a s  t h e y  r e a c h  t h e r m a l  e q u i l i b r i u m .  

Changes  i n  g r a d i e n t s  a r e  n o t  e x p e c t e d  t o  b e  more  t h a n  a few 

p e r c e n t .  

A new h e a t  f l o w  v a l u e  d e t e r m i n e d  from t h e  t e m p e r a t u r e  

l o g  ( F i g u r e  C-3 .2)  and t h e r m a l  c o n d u c t i v i t y  d a t a  ( T a b l e  

C-3.2)  of h o l e  SMl i n  t h e  S i l o a m  g r a n i t e  ' i s  1 . 5 3  HFU = Hea€ 

Flow U n i t  - = 10-6 c a l / c m 2 - s e c ) .  T h i s  v a l u e  i s  f rom t h e  

/ 

d e p t h  i n t e r v a l  160  m t o  250 m and i s  p r e f e r r e d  o v e r  t h e  

s h a l l o w e r  i n t e r v a l s  shown i n  T a b l e  C-3.1 f o r  t h e  f o l l o w i n g  

r e a s o n s .  

Wate r  i s  c o n t i n u o u s l y  f l o w i n g  f rom t h e  h o l e  a t  t h e  

s u r f a c e  and c o u l d  b e  e n t e r i n g  t h e  h o l e  a l o n g  z o n e s  of 

a l t e r a t i o n .  The r a d i c a l  c h a n g e  i n  t h e  g r a d i e n t  ( 7 . 8 3  O C / K m  

-u t o  1 8 . 8 8  O C / K m )  a t  a d e p t h  of a p p r o x i m a t e l y  155  m ( S e e  
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RL2 36097' 17" 78e25*0Qn 2/24/78 212.8 29.7-209.7 
104.7-124.7 
192.2-209.7 

R L 3  35057' 05" 780208 00" 2/23/78 121.9 92.4-129.9 
92.4- 94.9 
97.4- 129.9 

35043'36" 78019*95" 2/24/78 196.3 54.7-199.7 
59.7- 89.7 

RL4 

Rt5 

PGTERSBlJRG G R R U I T t ,  
S ~ S S E X  co., vm. 

PT 1 

P A G R L l N D  PLOTOR. 
LAWCASTCR C 0 . e  S.C. 

PC 1 

35*51' 17" 78628'59" 2/23/78 

.. 
3604 9'45" 77619'15" 10/2 1/77 

1 

34e42'02" 00027'51" 2/17/78 

37O91:25" 78008852" 9/16/77 

PEGRATITE BELT, 

21 

92.2-194.7 

1.5 22.3-209.8 
69 8 22 3- 

72.3-129.8 
132. 3-209.8 

253.0 94.7-159.7 
197.2-249.7 

213.4 32.5-205.0 
32.5- 75.0 
77.5-165.0 

167.5-205.0 

205.0 59.3-204.3 
59.3- 81.8 

121 3-1 44 3 
164.3-209 3 

OCT 1. 1978, C-3.1-2 

18.92 t0.07 (73) 7.23 f0.39 (19) 1.37 t0.07cl 
17.40 $0.18 (9) 7-30 f o r 3 8  (7# 1.27 tO.081 
18.71 t0.18 (9) 7.16 t0.31 (6) 1.34 tOeQ7' 

14.06 i0 .08 (36) 6-03 t0.93 (27) 1 . 1 3  t O . 1 4 1  
13.57 t0.15 (22) 8.22 iOr70 (12) 1.12 f O . 1 1 1  
13.79 to.10 (19) 7.88 t 1 . m  (15) 1.09 t0.161 

5.23 t0.23 (15) 
13.26 t0.27 (57 )  

15.44 tO.08 (42) 

16.31 t0.03 (76) 

16.02 *0.06 (24) 
16.87 f0.03 (32) 

15.57 i0 .22 (20) 

18.18 t0.08 (21) 6.67 f0.54 (25) 1.21 kO.101 
19.20 io012 (26) 6.57 tOoS7 (25) 1.26 t0.12' 

11.71 tO.09 (70) . 
15.31 20.23 (18) 

12.83 t0.03 (10) 
10.73 i0.06 (36) 

13.96 e0.07 (58) 

14.30 t0.17 (10) 
13 .31  t0.05 (17) 

11.49 *O.O7 (10) 

, , .  . 



T A B L E  C-3.1 

COOCHLAND C 0 . e  VA. 
PE 1 

CnPPYTOwn 
RDCiRFIl?LD, S.C. 

En 1 

PhLOFTTO 
COWETL C O . ,  G A  

pn 1 

s L L o n n  
G R I B N E  CO., GL. 

sn i 

sn2 

SPRUCE e I m  
R I T C H E L L  CO. 1.C. 

SP3 

3704 5' 56' 78005 @ 37" 9/2 1/77 

swunrmy or newt tiom DATA 

33055' 1 l w  82007' 10- 6/10/78 

33029@55* 84*41@58w 6/11/78 

32027' 17" 83008@53" 6/10/78 

33028'41m 83011'35" 6/10/78 

35"54@50* 82007@1W 5/19/76 

200.0 

294 0 

208.3 

210.0 

210.0 

1220.0 

41.8-201.8 
4t.8- 59.3 

916.8- 194.3 

62.5-290.0 

177.5-290.0 
62.5-175.0 

30.0-208.3 
30.0- 82.5 
85.0-160.0 

162.5-208.3 

27.5-207.0 
27.5- 55 0 

112.5-120.0 
57.5-110.0 

122.5-157.5 
160.0-205.0 

27 5- 2 10 0 

209.1-1059.1 
209.1- 519.1 
534.1- 849.1 
849.1-1059.1 

1, 
OCT 1. 1978, C - 3 i t - 3  

13.27 t0.15 (65) 6.37 t0.09 (40) 
8.39 fO.27 (9) 1.22 f0.34 (3) 

15.40 t0.09 (38) 6.30 f O . 9 8  (37) 

16.55 fO.10 (92) 
14.29 t0.16 (66) 
17.59 fO.O@ (46) 

14.64 i0.08 (73) 
16.74 f0.38 (22) 
14.41 f0.74 (31) 
16.94 tO.05 (20) 

14.52 tO.12 (73) 8.19 t0.50 (28) 
12.15 f l . 2 0  (12) 8.22 f O . $ 1  (6) 
13.62 f0 .03  (22) 8.20 t0.72(11) 
26-80 t1.38 (9)  8 o O O  t0.24(2) 
7.83 tO.21 (15) 8.31 f0.23(9) 

18.88 fO.08 (19) 8.11 *0.46(5) 

18.27 f0 .08  (74) 

14.45 t0.13 (89 )  6.62 t1.19 (88) 
16.39 fO.03  (32) 6.72 fro51 (35) 
14.72 t0.04 (35) 6-38 t O . 9  (36J 
9.36 t0.07 (19) 6.74 t0.98 (32) 

0.85 t O . 1 4 '  
0.61  to.  051 
0.97 tO.16' 

1.19 f 0 . 0 9  
1.00 to.  17 
1 . 1 2  t O . 1 1  
2 .11  t O . 1 8  
0.65 iO.04 
1 . 5 3  t0.09 

0.96i0.18' 
1.10 i0.25' 
0.99 '30.15' 
0.63  t0.09' 

QI: " c 



TABLE C-3.1 OCT 1. 1978, C-3.1-4 

STATE P R R R  
COOCXLAND CO. .  VA. 

SP 1 370 9 0' 0 1- 77098 * 06m 5/22/78 207.5 21.5-107.5 15.03 t0.10 (72) 
32.5-100.0 15.50 t0.11 (28) 

0 102.5-207.5 15.10 tO.30 (42) 

P i i E L e s  DODGE 
DAV'IDSON CO. ,  N.C. 

PD1 35042*21* 800029 1 9 m  3/20/10 630.0 50.0-630.0 13.58 t0.05(117) 
250.0-550.0 14.11 20.07 (61) 

_ .  
1 - I N D I C A T E S  HEAT PLOW VALUE IS  TRC FRODOCT OF A RPAN GRADIt t iT  A I D  R REAN TAERRAL CONDUCTIVITY 
3 - VALUE Iti. PARERTRESCS IS-  TRE R U l B E R  OP TEf!PERATURE POINTS OR THE l U R B E R  OF 'TRERllAL C O N D U C T I ~ f T Y  VALUES 
r) - TllERnAL CONDUCTIVITT VALUES PROR 1.270 Cf! THICK SARPLIS 
5 - CRaDIEt iT  FROH TRE SEDIHENTARY COVER OF TAE PLOTON 
6 - GRADIENT FROR RTTRIN TRE PLUTON 
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TABLE C-3.2 c-3.2-1 
THERMAL CONDUCTIVITY VALUES 'FROM CORE OF DRILL HOLE SM1 

(SAMPLES ARE.2.680 CM IN DIAMETER BY 1.270 CM THICK) 
SAMPLE DEPTH THERMAL CONDUCTIVITY ' 

NAME (METERS 1 MCAL/CM-SEC-'C 
t O P I P t l P L P O P I P I I r l l P I t O f l t l t l r P I P I P I e l l P = = = = = = = = = = = = % a = P ~ ~ 6 ~  

SM1-97 29.6 8.24 
SM1-105 ' 32.0 8.64 
SMl-113 34.6 8.00 
SM1-121 36.8 10.29 
SM1-144 43.9 8.77 
SM1-167 51.0 8.29 
SM1-183 55.7 7.34 
SM1-207 63.0 8.48 
SM1-214 65.2 8.34 
SM1-222 67.6 8.04 
SM1-230 69.9 7.30 
SM1-243 74.2 8.77 
SM1-284 I 86.6 8.46 
SM1-309 94.0 8.53 

6.68 SM1-331 100.7 
SM1-339 103.2 8.40 
SM1-362 110.3 9.36 
SM1-370 112.6 7.83 

' SMl-385 11-7.4 8.17 
SM1-440. 134.0 8.35 
SM1-463 141.1 7.97 

, SM1-502 153.0 8.44 
SM1-510 155.4 8.47 
SMl-564. 172.0 5.47 
SM1-588 179.1 8.37 
SMI-618 188.5 8.06 
SM1-627' 191.0 8.66 
SM1-635 193.4 7.42 

195.7 8.05 
8.12 

SMl-642 

ard Deviation 0.73 
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F i g u r e  C-3.2)  i s  a s s o c i a t e d  w i t h  o n e  o f  t h e s e  z o n e s .  The 

I c h a n g e  i n  g r a d i e n t  i s ,  n o t  r e l a t e d  t o  a c h a n g e  i n  t h e r m a l  

c o n d u c t i v i t y .  A l s o ,  t h e r e  i s  a s e c o n d  a l t e r e d  zon  

d e p t h  o f  1 2 2 . 5  - 1 2 5 . 9  m c o r r e s p q n d i n g  t o  a n o t h e r  r a d i c a l  

c h a n g e  i n  t h e  g r a d i e n t  ( 2 6 . 4 0  ' C / K m  t o  7 . 8 3  o C / K m ) .  I f  

w a t e r  e n t e r s  t h e  h o l e  f rom t h e  a l t e r e d  zone  a t  155  m ,  f l o w s  

up t h e  h o l e ,  and e x i t s  by  t h e  a l t e r e d  zone  a t  122  m ,  t h e n  

t h e  g r a d i e n t  would b e  low b e t w e e n  1 2 2  m and 1 5  

o b s e r v e d .  B r i n g i n g  w a r m  water up t h e  h o l e  wopld a l s o  r a i s e  

t h e  g r a d i e n t  i n  t h e  i n t e r v a l  i m m e d i a t e l y  a b o v e  122  m a s  

o b s e r v e d .  The c h g n g e  i n  t h e  g r a d i e n t  f rom 1 3 . 6 2  O C / K m  t o  

2 6 . 4 0  " C / K m  is n o t  a c c o u n t e d  f o r  i n  t h i s  model  b u t  c o u l d  b e  

r e l a t e d  t o  a s i m i l a r  e f f e c t ' .  T h e ' f a c t  t h a t  w a t e r  i s  f l o w i n g  

a t  t h e  s u r f a c e - , p r e c l u d e s  t h e  d e t e r m i n a t i o n s  o f  a r e l i a b l e  

g r a d i e n t  f rom i n t e r v a l s  a b o v e  t h e  a l t e r e d  z o n e s ,  The 

i n t e r v a l  b e l o w  155 m e t e r s  i s  c o n s i d e r e d  t o  b e  u n a f f e c t e d  

F 

I 

b e c a u s e  o f  t h e  l a c k  o f  n o i s e  i n  t h e  g r a d i e n t .  

H e a t  g e n e r a t i o n  d a t a  f o r  t h e  same h o l e  i s  g i v e n  i n  

T a b l e  C-3.3. 

The h e a t  f low,  a t  t h e  S i l o e m ,  GA s i t e  i s  t h e  h i g h e s t  

v a l u e  we h a v e  e n c o u n t e r e d  t o  d a t e  i n  t h e  P iedmont  i n  t h e  

s o u t h e a s t e r n  U n i t e d  S t a t e s .  Assuming r p c k s  o'f s i m i l a r  h e a t  

g e n e r a t i o n  a r e  c o n c e a l e d  b e n e a t h  s e d i m e n t s  o f  t h e  A t l a n t i c  

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

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

s o u t h e a s t e r n  U n i t e d  S t a t e s ,  g e o t h e r m a l  g r a d i e n t s  of 4 5  ' C / K m  



I 

C n  SUI-032 2.63 9.4 42.7 3.7 4.5 13.3 
CA sni-OI)T 2.65 8.2 40.4 4.1 . 4.9 12.11 

SILOAN; 1 cm sn1-ons 2.63 8.7 3%. 3 3.6 4.4 12.2 
S r t o n R - i  GR SH1-077 2.63 7.2 36.2 4.3 5.0 11.1 

s1mn)r-1 GA SU1-099 2.64 7.4 39.2 9.1 5.3 11.6 
SI1 OAH-1 6 A  SHl-105 . 2.63 a. 1 25.9 4. e 4.3 8.8 

SI ~onn- i GA SUl-129 2.66 5.1 31; 8 3.9 . 6.7 sr Lnnn - i GA sni-13s 2.67 4.6 34.2 3.9 7.5 

S I  LOA U- 1 cm sn1-151- 2.65 6.9 41.7 4. U a ,o 

Sf LOAR - 1 
SI LORH - 1 

S J LOAH- 1 CA sni-093 2.66 8.7 42.8 4.5 4 .9-  13.2 

SI Loan - 1 CA sni-116 2.65 5.4 36.2 4.1 6.6 
SXLoAn - 1 G A  sn1-120 2.64 7.5 45.2 4.4 ’ 6.0 

si Loan-1 G n  sni-io1 2.66 Q. 4 29. a 9‘2 6.8 

s t  Lon R- i GA sni-160 - 2.66 - 5 . 6 ’  39.8 3.8 T.  1 10.7 
S I LOAfl- 1 GA SU1-166 2.66 9.4 31.3 5.0 3.3 11.9 
SILOAN- 1 GA SB1-171 2.68 22.2. 80. 2. 3.4 3.6 21.98 
SJ LnnR- i Gn sn?-i81 2.64 6.6 36.9 3.8 6.2 16.4 
s r m t n - i  GR ml-190 2; 67 4.8 - -  3 L 9  3.7 1.1 10. 1 . SILOAH-1 em sni-199 2.66 7.4 43. 3.6 5;8  12.4 

w a r !  v a l u = s  2.65 6.8 37. 4 .0 ’  5.6 11.1 
St andatd 4eviavians . 0.02 1.7 5, 0.4 1.3 1.5 

*. .. VZ.~II= amitten from w a n  

- 
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b 
? 
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w 
c1 
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s h o u l d  b e  found  i n  s e d i m e q t s  o f  t h e  . A t l a n t i c  C o a s t a l  P l a i n  u 
i f  a t h e r m a l  c o n d u c t i v i t y  o f  4, x 10-3  ca l / cm-"C-sec  i s  

assumed f o r  t h e  s e d i m e n t s  and i f  a heat ;  g e n e r a t i o n  o f  15 HGU 

i s  assumed i n  b a s e m e n t  r o c k s .  G r a d i e n t s  o f  45 ".C/Km a r e  

a l s o  c q n s i s t e n t  w i t h  a s e d i m e n t  t h e r m a l  c o n d u c t i v i t y  

x 10-3 ca l / cm-"C-sec  and a b a s e m e n t  h e a t  g e n e r a t i o n  

* .  L 

HGU. T h e s e  t h e o r e t i c a l  p r e d i c t i o n s  a r e  , c o n s i s t e n t  w i t h  

v a l u e s  o f  t h e  g e o t h e r m a l  g r a d i e n t  now b e i n g  de te rmi 'ned  i n  

C o a s t a l  P l a i n  s e d i m e n t s  and  d . e s c r i b e d  e l s e w h e r e  i n  t h i s  

p r o g r e s s  r e p o r t .  

I 
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‘ L I N E A R  RELATIONSHIP BETWEEN HEAT FLOW . 

AND HEAT  GENERATION^ + 

J .  IC. C o s t a i n  end L .  D . ’ P e k r y  

F i g u r e  C-4.1 shows t h e -  r e l a t i o n s h i p  b e t w e e n  h e a t  f l o w  

and  h e a t  g e n e r a t i o n  f o r  a i l ’  h o l e s  a v a i l a b l e  t o  d a t e  i n  t h e  

s o u t h e a s t e r n  U n i t e d  S t a t e s .  T a b l e  C-4.1 s u m m a r i z e s  h e a t  

f l o w  and h e a t  g e n e r a t i o n ”  v a l u e s  ! u s e d  i n  t h e  l i n e a r  

r e l a t i o n s h i p .  Wi th  t h e  e x c e p t i o n  o f  v a l u e s  d e r i v e d  ’ from 

p l u t o n i c  r o c k s  w i t h  a l a r g e  g e o g r a p h i c  o u t c r o p  

( C a s t a l i a / R o l e s v i l l e  b a t h o l i t h  and P e t e r s b u r g  b a t h o l i t h )  a l l  

o f  t h e  v a l u e s  d e f i n e  a l i n e a r  r e l a t i o n s h i p  o f  t h e  fo rm:  

1. 

Q = 0 . 6 5  + 7.9A 

( r e ‘ g r e s s i o n  c o e f f i c i e n t  = 0 . 9 9 6 )  

The a d d i t i o n  o f  v a l u e s  (Q = 1 . 5 3 ,  A = 1 1 . 1 )  f rom h o l e  

SH1 i n  t h e  S i l o a m  g r a n i t e  p r o v i d e s  much n e e d e d  c o n f i r m a t i o n  

o f  t h e  l i n e a r  r e l a t i o n  i n  t h e  r e g i o n  a b o v e  q = 1.13 and A = 

6 . 0 .  H e r e t o f o r e ,  o n l y  t h e  v a l u e  f o r  h o l e  W N 1  was a v a i l a b l e  

i n  t h i s  r e g i o n .  

P r e l i m i n a r y  h e a t  g e n e r a t i o n  v a l u e s  o f  11 HGU ( H G U  = 

h e a t  g e n e r a t i o n  u n i t  = 10-13  c a l / c m 3 - s e c )  and 1 2  HGU f o r  t h e  

s e c o n d  S i l o a m  h o l e  and t h e  C u f f y t o w n  C r e e k  h o l e ,  

r e s p e c t i v e l y  w i l l  p r o v i d e  a d d i t i o n a l  v a l u e s  i n  t h i s  r e g i o n  

when t h e r m a l  c o n d u c t i v i t y  s t u d i e s  a r e  c o m p l e t e d .  

I t  is n o t e w o r t h y  t h a t  a n  e x c e l l e n t  l i n e a r  r e l a t i o n s h i p  

b e t w e e n  h e a t  f l o w  and h e a t  g e n e r a t i o n  h a s  now been  u 
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q = 0.65 + 8.0 A 

HOLE Q A 

KR3 1.05 5.4 
WNI 1.47 10.2 
RXI 0.98 4.2 
RX2 0.97 4.0 
RX3 0.86 2.6 
SBI 0.94 3.3 
SMI 1.53 10.9 

I I I I I I I I I I I I I 
0 2 4 6 0 IO 12 

HEAT GENERATION, A ( x  IO-" CAL/CM3 - SEC) 

Figure C-4.1. 
generation for all holes available to date in the south- 
eastern United States. 

Relationship between heat flow and heat 



TABLE C-4.1 
RRAT FLOW (q) AND REAT PRODUCTION (A) VALUES FRO8 PLUTONS O? THE SOUTRRASTERN UNITED STATES 

LOCATTON LATITUDE LOR C I T  U DE 0. CAL/Cfl*-SECXlO-~ 

L I P E R T T  RILL-KERSAAI PLOTOH. LANCASTER CO., S. c. 
ItR 1 34°32*20n 8000 Q * 5 10 1.05 

RION P t n T O U ,  FAIR?IELD C0.e  S.C. 
PN 1 3401 8* 48" 9 100 8 * r )  2" 1.47 

ROFRORO RGTAGRAUITE~ PERSON CO. N.C. 
RX 1 36023* 12" 78058*0  O m  
R X 2  32025*31" 7900 1 * 53" 
wx 3 32O25* 39" 78053 * 42" 

0.98 
0.97 
0.86 

SLATE BELT, PERSON CO.. H a c .  
78050 * 00" 0.94 SB 1 3601 9 * 40" 

ROLESVKLLE BATROLIT'B AND CJISTALIA PLUTON ( C S l )  PRANKLIIl CO. I I .C.  

PL 2 3 6 0 W  28" 7n 02s 8 04" 1.30 
cs 1 3600Q* 15' 78607' @ 3" 1.44 

PETCRSPURG GRANITE, SUSSEX CO., VA. 
PT t 3604 9 * 45" 77019'15" 1.24 

SILQAR CRANITC, GRGENE CO., GA. 
sn 1 32027' 17 8 3008 53 1.53 

5.4 

10.2 

4.2 
4.0 
2.6 

3.3  

5.6 
6.0 

6. 1 

11.1 
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e s t a b l i s h e d  f o r  t h e  s m a l l e r ,  p o s t -  and p re -me tamorph ic  

p l u t o n s  i n  t h e  s o u t h e a s t e r n  U n i t e d  S t a t e s .  To  d a t e ,  t h e  

o n l y  v a l u e s  w e  h a v e  t h a t  d o  n o t  f a l l  on  t h e  l i n e a r  

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

Q = 0 . 6 5  + 7.9A 

a r e  n e a r  o r  i n  t h e  l a r g e r  s y n t e c t o n i c  p l u t o n i c  c o m p l e x e s  

s u c h  a s  t h e  R o l e s v i l l e  b a t h o l i t h  (RL21,  C a s t a l i a  p l u t o n  

( C S l ) ,  and  P e t e r s b u r g  b a t h o l i t h  ( P T l ) .  We c o n t i n u e  t o  

p r e f e r  t h e  i n t e r p r e t a t i o n  t h a t  D is r e l a t e d  t o  t h e  t h i c k n e s s  

_ _ _  

i 

o f  a l a y e r  o f  h e a t - p r o d u c i n g  e l e m e n t s  r a t h e r  t h a n  t o  a 

l o g a r i t h m i c  d e c r e m e n t .  , 

*US. GOVERNMENT PRINTING OFFICE: 1979 -640 - 0 1 'u 4 5 1  5 REGION NO. 4 
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