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A b s t r a c t  and Overview 
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The f i r s t ,  deep  geothermal  t e s t  h o l e  (DGT-1) w a s  d r i l l e d  May- 
J u n e ,  1979 t o  a t o t a l  dep th  o f  1 .693  lan a t  t h e  C r i s f i e l d  a i r p o r t ,  
Hopewell ,  Somerset Co.,  Maryland : l o n g i t u d e  75'49.53"; l a t i t u d e  
38'0.97". Ground s u r f a c e  i s  1 .1  m above mean sea  l e v e l  and i s  t h e  
r e f e r e n c e  used f o r  a l l  d e p t h s .  This  q u a r t e r l y  r e p o r t  c o n t a i n s  prel im- 
i n a r y  r e p o r t s  on DGT-1 by t h e  Regional Geophysics and Orogenic S t u d i e s  
Labora to ry ,  Department of  Geologica l  Sc iences ,  VPISSU as  w e l l  a s  
r e p o r t s  on our  a c t i v i t i e s  f o r  the  per iod  J u l y  1 - September 3 0 ,  1979. 

Temperature measurements made i n  the  DGT-1 h o l e  a t  v a r i o u s  s t a g e s  
o f  d r i l l i n g ,  h y d r a u l i c  f r a c t u r i n g  and pump t e s t i n g  a r e  r e p o r t e d  by 
Dashevsky and McClung. The e q u i l i b r i u m  t empera tu re  a t  t h e  base  of t h e  
A t l a n t i c  C o a s t a l  P l a i n  sed iments  (1 .36  km) i s  59°C (137°F) .  Bottom 
h o l e  t empera tu re  ( 1 . 6 9  km) i s  66°C. The g r a d i e n t  i n  t h e  basement i s  
between 22 .6  and 24 .8  "C/km. The mean therm 1 c o n d u c t i v i t y  i s  3.20 
W/m-"C and the  h e a t  f low i s  between 72-79 mW/m . Thermal c o n d u c t i v i t y  
o f  t h e  o v e r l y i n g  sediments  i s  between 1 . 7 2  - 2.30 W/m-"C. With t h e r -  
mal g r a d i e n t s  o f  29.2 - 36.4  "C/km i n  t h e  A t l a n t i c  Coas t a l  P l a i n ,  t h e  
h e a t  f l  w i s  63-78 mW/m . The average  h e a t  f low a t  t h e  DGT-1 s i t e  i s  
7 2  mW/m . 
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Gleason d e s c r i b e s  t h e  basement r o c k  encountered  between t h e  
d e p t h s  o f  1 .36  - 1.69  km. It i s  a f i n e - g r a i n e d ,  mass ive  t o  lamina ted  
v o l c a n i c l a s t i c  r o c k  with a g r e e n s c h i s t  g rade  metamorphic assemblage o f  
c h l o r i t e  + muscovi te  + e p i d o t e  + a l b i t e  + q u a r t z .  The h o l e  w a s  
d r i l l e d  on the  edge of  t h e  Chesapeake g r a v i t y  low. A s  d i s c u s s e d  by 
Cos ta in  and Glover i n  the  I n t r o d u c t i o n ,  t h e r e  was a good chance t h a t  
a t  t h e  C r i s f i e l d  s i t e ,  t h e  g r a n i t e  caus ing  t h e  g r a v i t y  low would not  
be  encoun te red .  

S v e t l i c h n y  and Lambiase p r e s e n t  t h e  s t r a t i g r a p h y ,  l i t h o l o g i c  des- 
c r i p t i o n s ,  gamma l o g ,  and e l e c t r i c  log  of t he  A t l a n t i c  Coas t a l  P l a i n  
sed iments  i n  t h e  DGT-1 w e l l .  The format ions  encoun te red :  

Format i o n  
Yorktown 
S t .  Marys 
Chopt ank 
Ca lve r  t 
P iney  P o i n t  
Midway - Upper Cre taceous  
Mago t h y 
Rar i t an 
Pa tapsco  
A r  und e 1 
Pa tuxen t  
"lower a c o u s t i c a l  zone'' 

Age 
Miocene 
Miocene 
Miocene 
Miocene 
Eo c ene 

U .  Cre taceous  
U .  Cre taceous  
L.  Cre taceous  
L. Cre taceous  
L .  Cre taceous  
Pre-Cretaceous 

--- Depth of Base 
7 6 . 2  m 

106.7 
131.7 
238.4 
259.7 
338.9 
360.3 
564.5 ( ? )  
701.6 
820 .5  

1286.9 
1362.2 

I n  t h e  c o n t i n u i n g  e f f o r t  t o  a c q u i r e  t empera tu re  d a t a  and h e a t  
f low from a v a i l a b l e  w e l l s ,  Dashevsky and McClung r e p o r t  on tempera ture  
l o g s  f o r  3 d r i l l  h o l e s :  Smith I s l a n d ,  MD, 41 "C/km; P a r r i s  I s l a n d ,  
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2 SC, 3 3  O C / k m ;  and Colonels  I s l a n d ,  GAY h e a t  f low = 4 2  ( 7 )  mW/m . I n  
a d d i t i o n  t h e y  r e p o r t  on DO-1, d r i l l e d  by t h i s  p r o j e c t  a t  D o r t ,  Gates 
Co., NC. DO-1 has  a thermal  g r a d i e n t  o f  31 O C / k m  i n  t h e  A t l a n t i c  
Coas ta l  P l a i n  and 2 3  " C / h  i n  t h e  g r a n i t e  basement ,  which i s  t h e  high- 
es t  g r a d i e n t  determined t o  d a t e  i n  a g r a n i t e  i n  t h e  s o u t h e a s t  USA. 

Because of  t h e  expense of r e c o v e r i n g  c o r e  f o r  d i r e c t  s t u d y ;  sam- 
p l e  u n a v a i l a b i l i t y  f o r  p r e v i o u s l y  d r i l l e d  h o l e s  and t h e  o b l i g a t i o n  t o  
o b t a i n  a s  much i n f o r m a t i o n  a s  p o s s i b l e  from d r i l l  h o l e s ,  i t  i s  impor- 
t a n t  t o  be a b l e  t o  i n t e r p r e t  in-hole  measurements such as gamma r a y ,  
e l e c t r i c a l ,  and tempera ture  l o g s  t o  y i e l d  i n f o r m a t i o n  on thermal  con- 
d u c t i v i t y ,  p e r m e a b i l i t y ,  mineralogy and thermal  g r a d i e n t s .  McClung 
and Dashevsky f i n d  t h a t  u n i t s  with h i g h  gamma-ray r e a d i n g s  tend t o  be 
c l a y - r i c h  rocks with low thermal  c o n d u c t i v i t i e s  and h i g h e r  geothermal  
g r a d i e n t s .  D e v i a t i o n s  a r e  encountered i n  sands with abundant heavy 
m i n e r a l  c o n c e n t r a t i o n s ,  g l a u c o n i t e - b e a r i n g  r o c k s ,  o r  w a t e r - s a t u r a t e d  
r o c k s .  

Glover p r e s e n t s  a rev iew of  t h e  geology o f  t h e  e a s t  c o a s t  of t h e  
USA w i t h  emphasis on f e a t u r e s  having p o t e n t i a l  geothermal  energy 
r e s o u r c e s .  The pr imary f e a t u r e s  of  i n t e r e s t  a r e  r a d i o g e n i c  h e a t  
s o u r c e s  i n  t h e  c r y s t a l l i n e  rocks  and i n s u l a t i n g  p r o p e r t i e s  of  sedimen- 
t a r y  b a s i n  f i l l i n g s .  

Gleason p r e s e n t s  l o c a t i o n s  and i n f o r m a t i o n  a v a i l a b l e  f o r  d r i l l  
h o l e s  p e n e t r a t i n g  basement i n  South Carol . ina.  It i s  a summary of h i s  
c o n t i n u i n g  work on t h e  A t l a n t i c  C o a s t a l  P l a i n  t h i c k n e s s  and u n d e r l y i n g  
PreCretaceous r o c k s .  

The VPI&SU d r i l l i n g  program i s  c o n s t a n t l y  o b t a i n i n g  c o r e  of c rys-  
t a l l i n e  r o c k  benea th  t h e  sediments  of t h e  A t l a n t i c  C o a s t a l  P l a i n ,  an  
a r e a  about which v e r y  l i t t l e  i s  known. Becker d e s c r i b e s  t h e  287 f e e t  
o f  basement c o r e  o b t a i n e d  from t h e  DO-1 d r i l l  h o l e  near  D o r t ,  Gates 
Co. ,  NC. The r o c k  i s  a 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  
which c l o s e l y  resembles  t h e  P e t e r s b u r g ,  VA g r a n i t e  which i s  exposed 7 5  
km t o  t h e  n o r t h e a s t .  The paper by Speer ,  Becker and F a r r a r  summarizes 
four  y e a r s  of work on t h e  f i e l d  r e l a t i o n s ,  pe t rography and mineralogy 
of  t h e  post-metamorphic, coarse-gra ined  g r a n i t e s  and a s s o c i a t e d  rocks  
i n  t h e  southern  Appalachian Piedmont. The paper provides  t h e  compara- 
t i v e  d a t a  base f o r  1) b e t t e r  unders tanding  t h e  g r a n i t e s  encountered i n  
basement c o r e s  recovered  from benea th  t h e  A t l a n t i c  Coas ta l  P l a i n ,  and 
2 )  improving t a r g e t i n g  procedures  f o r  l o c a t i n g  concealed r a d i o g e n i c  
g r a n i t e s  i n  t h e  basement.  
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RESEARCH OBJECTIVES 

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  deve lop  and app ly  t a r g e t i n g  
p rocedures  f o r  t he  e v a l u a t i o n  of  low- t empera tu re  r a d i o g e n i c  a l ly -de r -  
ived geothermal  r e s o u r c e s  i n  the  e a s t e r n  United S t a t e s  u t i l i z i n g  geo- 
l o g i c a l  geochemical  and geophys ica l  d a t a .  

The optimum s i t e s  f o r  geothermal  development 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  United S t a t e s  w i l l  p robably  be a s s o c i a t e d  wi th  a r e a s  o f  
r e l a t i v e l y  h i g h  h e a t  f low de r ived  fqom c r u s t a l  igneous rocks  con ta in -  
ing  r e l a t i v e l y  h igh  c o n c e n t r a t i o n s  of  r a d i o g e n i c  hea t -producing  ele- 
ments .  The s t o r a g e  of  commerc ia l ly -exp lo i t ab le  geothermal  h e a t  a t  
a c c e s s i b l e  dep ths  (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 s e r v o i r  con- 
d i t i o n s  i n  rocks  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 .  I n  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 methodology employing g e o l o g i c a l ,  
geochemica l ,  and geophys ica l  p r o s p e c t i n g  t echn iques  i s  be ing  developed 
and a p p l i e d .  The d i s t r i b u t i o n  of  r a d i o g e n i c  sou rces  w i t h i n  t h e  igne- 
ous rocks  of  v a r i o u s  ages  and magma t y p e s  w i l l  be determined by a cor -  
r e l a t i o n  between rad ioe lement  composi t ion  and t h e  bu lk  chemis t ry  o f  
t h e  rock .  Su r face  sampling and measurement of  t h e  r a d i o g e n i c  hea t -  
producing e lements  a r e  known t o  be u n r e l i a b l e  a s  t hey  a re  p re fe ren -  
t i a l l y  removed by ground-water c i r c u l a t i o n  and wea the r ing .  The co r re -  
l a t i o n  between t h e  bu lk  chemis t ry  o f  t h e  rock  (which can  be  measured 
r e l i a b l y  from s u r f a c e  samples)  and r a d i o g e n i c  h e a t  g e n e r a t i o n  i s  be ing  
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 of  l o c a t i o n s  i n  t h e  e a s t e r n  
United S t a t e s  

I n i t i a l  s t u d i e s  are developing  a methodology f o r  t he  l o c a t i o n  o f  
r a d i o g e n i c  h e a t  sou rces  b u r i e d  benea th  t h e  i n s u l a t i n g  sed imentary  
r o c k s  of  t h e  A t l a n t i c  Coas t a l  P l a i n .  Choice o f  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  wi th  a h igh  geothermal  r e s o u r c e  p o t e n t i a l  
depends on f a v o r a b l e :  

(1) c o n c e n t r a t i o n  of  r a d i o g e n i c  e lements  i n  g r a n i t i c  rocks  

( 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  sed imentary  i n s u l a t o r ;  
( 3 )  t h i c k n e s s  o f  t he  sed imentary  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  the  permeable 

sed imentary  rocks  o v e r l y i n g  t h e  rad iog-  
e n i c  h e a t  sou rce .  

benea th  a sed imentary  i n s u l a t o r ;  

Because i t  i s  n o t  economica l ly  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  Coas t a l  P l a i n  wi thout  geophys ica l  and g e o l o g i c a l  models ,  
i t  i s  a d v i s a b l e  t o  base  the  development o f  t h e s e  models on a subs tan-  
t i a l  and a c c u r a t e  d a t a  base  which can  be  p a r t i a l l y  d e r i v e d  from t h e  
exposed rocks  o f  t h e  Piedmont and enhanced by basement s t u d i e s  beneath 
t h e  A t l a n t i c  Coas t a l  P l a i n .  
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I n t r o d u c t i o n  

J. K.  Cos ta in  and L. G love r ,  111 

This  r e p o r t  c o n t a i n s  some p r e l i m i n a r y  r e s u l t s  o f  t h e  f i r s t  d e e p  
geothermal  test i n  t h e  e a s t e r n  United S t a t e s  made a t  C r i s f i e l d ,  Md. 
The tes t  was s u c c e s s f u l  and t h e  o u t l o o k  f o r  u t i l i z a t i o n  of t h e  geoth-  
ermal p o t e n t i a l  of t h e  A t l a n t i c  Coas t a l  P l a i n  i s  encouraging .  

It has  been appa ren t  from some newspaper accoun t s  t h a t  t h e r e  
might have been a l a c k  of communication concern ing  t h e  g e o l o g i c a l  and 
geophys ica l  d a t a  base  a v a i l a b l e  b e f o r e  s e l e c t i o n  of t h e  f i r s t  deep 
geothermal  test  s i t e  'in t h e  e a s t e r n  United S t a t e s .  This  b r i e f  i n t r o -  
d u c t i o n  w i l l  h e l p  t o  c l a r i f y  1 )  why C r i s f i e l d ,  Md. , was s e l e c t e d  a s  
t h e  f i r s t  tes t  s i t e ,  2) what d a t a  base  was a v a i l a b l e  a t  t h e  t i m e  t h e  
s i t e  was s e l e c t e d ,  3 )  what tempera ture  was p r e d i c t e d  by VPI&SU b e f o r e  
t h e  d r i l l i n g  began,  and 4 )  what t empera tu re  was a c t u a l l y  measured when 
t h e  d r i l l i n g  was comple ted .  

A S i t e  S e l e c t i o n  Meeting was he ld  a t  Blacksburg ,  Va. on Janua ry  
16-17, 1979. During t h i s  meet ing  p o s s i b l e  d r i l l  s i t e s  were d i s c u s s e d  
f o r  which : 

a >  t h e  geothermal  g r a d i e n t  was known t o  be rela- 
t i v e l y  h i g h  a s  a r e s u l t  o f  t h e  VPIdSU s h a l l o w  
(300 m) d r i l l i n g  program on t h e  A t l a n t i c  Coas- 
t a l  P l a i n  i n  New Jersey, Delaware, Maryland, 
and North C a r o l i n a ,  

b )  t h e  t h i c k n e s s  of Coas t a l  P l a i n  s e d i -  
ments was not  e x c e s s i v e  and d e p t h s  
could  be reached t h a t  would r e s u l t  i n  
a c o s t - e f f e c t i v e  d r i l l i n g  program. 

No hard d a t a  were a v a i l a b l e  wi th  r ega rd  t o  w e l l  y i e l d s  of any 
deep  a q u i f e r s  i n  t h e  a r e a s  d i s c u s s e d ,  * and t h e  f i n a l  s e l e c t i o n  o f  a 
s i t e  was t h e r e f o r e  n o t  p r e j u d i c e d  by t h e  occur rence  of known o r  sus- 
pected a q u i f e r s .  

Maximum tempera tu res  p r e d i c t e d  a t  t he  base  of t h e  sed iments  by 
VPI&SU were determined by assuming t h a t  t h e  ave rage  geothermal  gra-  
d i e n t  i n  a c a s e d ,  cemented 300 m h o l e  remained c o n s t a n t  to t h e  base  of 
t h e  sed iments .  Temperatures p r e d i c t e d  'by t h i s  method would t h e r e f o r e  
be  maximum e x p e c t a b l e  t empera tu res  because  i t  was f e l t  u n l i k e l y  t h a t ,  
f o r  t h e  a r e a s  under c o n s i d e r a t i o n ,  t h e  thermal  c o n d u c t i v i t y  o f  t h e  
sed iments  would d e c r e a s e  wi th  d e p t h .  Our basement t empera tu re  p red ic -  
t i o n s  are always c a l l e d  maximum because they  a r e  based on d a t a  from 
t h e  upper 305 m where thermal  c o n d u c t i v i t i e s  might be  expec ted  t o  b e  
somewhat low i n  t h e  n o r t h e r n  p a r t  of t h e  A t l a n t i c  Coas t a l  P l a i n .  

A t  t h e  t i m e  o f  t h e  S i t e  S e l e c t i o n  Meeting i n  Blacksburg ,  an  accu- 
rate e s t i m a t e  o f  t h e  dep th  t o  basement a t  C r i s f i e l d  was n o t  a v a i l a b l e .  
A dep th  was t h e r e f o r e  computed us ing  t h e  n e a r e s t  w e l l s  t h a t  p e n e t r a t e d  
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basement ,  under the  assumption t h a t  t he  s lope  o f  t h e  basement s u r f a c e  
was approx ima te ly  c o n s t a n t  between t h e s e  wel l s .  Subsequent r e f l e c t i o n  
se i smic  d a t a  ( o b t a i n e d  b e f o r e  the  d r i l l i n g  began) i n d i c a t e d  t h a t  our 
assumption was i n c o r r e c t ,  and t h a t  t he  depth  t o  the  'basement '  r e f l e c -  
t o r  was approximate ly  1 .30  km, about  16% l e s s  t han  t h e  dep th  s t a t e d  a t  
t h e  S i t e  S e l e c t i o n  Meeting i n  Janua ry ;  t h e  maximum p r e d i c t e d  tempera- 
t u r e  would t h e r e f o r e  a l s o  be l e s s  by about t he  same amount. (The 
f i n a l  depth  and tempera ture  e s t i m a t e  were made by VPI&SU more than  two 
months b e f o r e  t h e  d r i l l i n g  a t  C r i s f i e l d  began; t h e  r e v i s e d  estimates 
were a l s o  inco rpora t ed  i n t o  our P rogres s  Report  VPI&SU-5648-5, p.  A-79 
and C-24). The impact of t h e  new se i smic  d a t a  was immediately 
r e p o r t e d  t o  DOE-Washington, bu t  i t  was c l e a r  t h a t  t h e  s e l e c t i o n  of  
C r i s f i e l d  was c o n s i s t e n t  with program o b j e c t i v e s  and the  d e c i s i o n  w a s  
made not  t o  change t h e  s i t e .  However, VPI&SU should  have  i s sued  a 
formal  s t a t emen t  about t h e  r e v i s e d  dep th  es t imate  (and t h e r e f o r e  temp- 
e r a t u r e )  t o  those  who had a t t ended  the  S i t e  S e l e c t i o n  Meet ing.  We 
r e g r e t  t h i s  o v e r s i g h t .  Subsequent d i s c u s s i o n s  between t h e  p r e s s  and 
sources  o t h e r  t han  DOE o r  VPI&SU a p p a r e n t l y  d i d  not  use t h e  updated 
e s t i m a t e s .  

The d r i l l  s i t e  a t  C r i s f i e l d ,  Md. i s  l o c a t e d  o f f  bu t  nea r  t he  
f l a n k  o f  a major  n e g a t i v e  g r a v i t y  anomaly t h a t  u n d e r l i e s  t h e  Chesa- 
peake Bay. We have named t h i s  g r a v i t y  minimum t h e  'Chesapeake Bay 
G r a v i t y  Low' (CBGL). The h i g h e s t  g r a d i e n t  we have determined t o  d a t e  
i n  the  e a s t e r n  United S t a t e s  was determined i n  one o f  our  sha l low (300 
m) h e a t  f low s i t e s  a t  Smith P o i n t ,  Va. The Smith Po in t  s i t e  i s  on t h e  
wes tern  f l a n k  o f  t he  CBGL. Based on our  growing d a t a  base  and c o n f i r -  
mat ion  o f  t he  r a d i o g e n i c  model ( C o s t a i n ,  G love r ,  and S inha ,  1980) a t  
Por t smouth ,  Va., w e  b e l i e v e  t h a t  t h e  CBGL i s  a s s o c i a t e d  wi th  a l a r g e  
r a d i o g e n i c  g r a n i t e  i n  t h e  basement .  Our c o n t r a c t  f o r  FY 80-81 i n c l u d e s  
funds t o  deepen t h e  h o l e  a t  Smith Po in t  t o  basement and t o  c o r e  
approximate ly  300 f e e t  of  basement .  The dep th  t o  basement a t  Smith 
Po in t  i s  approximate ly  0 .92  - 0.96 km. Although t h e  geothermal  gra-  
d i e n t  a t  Smith Po in t  i s  h i g h e r  than  t h a t  a t  and near  C r i s f i e l d ,  t h e  
sediment  t h i c k n e s s  i s  g r e a t e r  a t  C r i s f i e l d ;  t h e  C r i s f i e l d  s i t e  i s  as 
c lose  as  p o s s i b l e  t o  t h e  CBGL on t h e  Delmarva Penn insu la  w i t h o u t  
d r i l l i n g  on Smith I s l a n d  ( a n  a t t r a c t i v e  p o s s i b i l i t y  because  of  t h e  
p o t e n t i a l  geothermal  energy  r e s o u r c e  on Smith I s l a n d  and t h e  demons- 
t r a t e d  need t h e r e ) .  

Upon comple t ion  of  t he  C r i s f i e l d  w e l l  i t  was d i scove red  t h a t  t h e  
'basement '  r e f l e c t o r  marked t h e  t o p  o f  a poor ly  known 75-m t h i c k  
( l o c a l l y )  i n d u r a t e d  h i g h - v e l o c i t y  s e c t i o n  o f  Coas t a l  P l a i n  sed imen t s ,  
and t h a t  t r u e  c r y s t a l l i n e  basement was a t  t h e  base  o f  t h i s  i n d u r a t e d  
sequence a t  a dep th  o f  1 .36  km. Temperature a t  t h e  t o p  of  c r y s t a l l i n e  
basement was found t o  be about  58°C (137°F) .  Thus,  t h e  p r e d i c t e d  temp- 
e r a t u r e  w a s  w i t h i n  16% of t h e  a c t u a l  t empera tu re ,  and the  d i f f e r e n c e  
was e n t i r e l y  due t o  problems i n  e s t i m a t i n g  t h e  thermal  c o n d u c t i v i t y  of  
Coas t a l  P l a i n  sed imen t r s  i n  t h e  lower 80% of  t h e  sed imentary  sequence.  

F i n a l l y ,  VPI&SU d i d  not  p r e d i c t  a r o c k  type  f o r  t he  basement c o r e  
t o  be  t aken  a t  C r i s f i e l d .  The u n c e r t a i n t i e s  and p o s s i b i l i t i e s  were 
d i s c u s s e d  by Glover a t  t h e  Blacksburg meet ing i n  A p r i l ,  and aga in  
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s e p a r a t e l y  wi th  LASL d u r i n g  t h e  p lanning  s t a g e s  f o r  t h e  deep d r i l l i n g .  
I t  was po in ted  ou t  t h a t  we were d r i l l i n g  near  bu t  no t  on t h e  CBGL 
which probably  does  Because of  t h e  
high h e a t  f low a t  C r i s f i e l d  i t  was f e l t  t h a t  t h e  g r a n i t e  d i d  i n  some 
way ( i . e . ,  perhaps through a broad migmat i te  zone sur rounding  t h e  plu- 
t on )  c o n t r i b u t e  t o  the  h igh  g r a d i e n t  and hea t  f low,  but  i t  was recog- 
n ized  t h a t  a v a r i e t y  o f  c r y s t a l l i n e  We d i d  
no t  recommend the  C r i s f i e l d  s i t e  a s  a t e s t  o f  t h e  r a d i o g e n i c  model 
because o f  t h e  basement complexi ty  i n d i c a t e d  by t h e  p o t e n t i a l  f i e l d  
d a t a .  The C r i s f i e l d  s i t e  was recommended because the  high geothermal  
g r a d i e n t ,  h igh  h e a t  f low,  and moderate dep th  t o  basement t h e r e  sug- 
ges t ed  a useab le  tempera ture  nea r  t h e  base  o f  t h e  sediments  o f  t h e  
A t l a n t i c  Coas ta l  P l a i n .  P r e d i c t e d  t empera tu re  was our  f i n a l  c r i t e r -  
i o n .  r e s u l t s  o f  t h e  C r i s f i e l d  t es t  
i s  g iven  i n  the  fo l lowing  s e c t i o n s  of  t h i s  r e p o r t .  

mark a l a r g e  g r a n i t e  b a t h o l i t h .  

r o c k  t y p e s  w a s  p o s s i b l e .  

A p r e l i m i n a r y  d i s c u s s i o n  of  some 
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D e s c r i p t i o n  of  Basement Rocks from C r i s f i e l d ,  
Deep Geothermal Tes t  Well 

Richard J .  Gleason 
(OSL,  Geology and Pe t ro logy  Group) 

8 
P 

P 

P 
P 

The f i r s t  deep  geothermal  t e s t  w e l l  was d r i l l e d  a t  t he  C r i s f i e l d  
a i r p o r t ,  i n  Somerset County, Maryland. D r i l l i n g  began on May 13 and 
w a s  completed on June 1 4 ,  1979.  T o t a l  dep th  was 1693 m .  The b a s a l  
Coas ta l  P l a i n  s e c t i o n  o v e r l y i n g  basement i s  an indura t ed  u n i t  con ta in -  
ing  c l a s t s  o f '  basement l i t h o l o g y .  Because t h e  c o n t a c t  between t h i s  
u n i t  and basement was not  c o r e d ,  t h e  i d e n t i f i c a t i o n  o f  t h i s  c o n t a c t  
was i n t e r p r e t i v e ,  based on a n a l y s e s  o f  d r i l l  c u t t i n g s  , d r i l l i n g  pene- 
t r a t i o n  r a t e ,  and e l e c t r i c / g e o p h y s i c a l  l o g s ,  a l l  of  which i n d i c a t e d  
t h e  t o p  o f  weathered ( ? )  basement a t  a dep th  o f  approximate ly  1362m. 
331 m of  basement rock  were d r i l l e d .  Cores were ob ta ined  from depth  
i n t e r v a l s  o f  1418 - 1421 m y  1528-1532 m y  and 1688-1693 m.  D r i l l  cu t -  
t i n g s  were c o l l e c t e d  from the  uncored s e c t i o n s .  

Analys is  o f  d r i l l  c u t t i n g s  i n d i c a t e s  a c o n s i s t e n t  l i t h o l o g y  over  
t h e  3 3 1  m of  basement p e n e t r a t e d .  The basement i s  a grey-green , 
f ine -g ra ined  metamorphic rock ,  a t  l e a s t  i n  p a r t  o f  v o l c a n i c  o r i g i n .  
Core s e c t i o n s  v a r y  from massive t o  f i n e l y  l amina ted .  The mass ive  sec- 
t i o n s  a r e  up t o  2 meters i n  t h i c k n e s s .  Laminat ions and t h i n . b e d s ,  
where p r e s e n t  , a r e  g e n e r a l l y  a few m i l l i m e t e r s  t o  a maximum of approx- 
i m a t e l y  2 c e n t i m e t e r s  i n  t h i c k n e s s ,  and l o c a l l y  d i s p l a y  graded bed- 
d i n g .  

M i c r o s c o p i c a l l y ,  t h e  basement mater ia l  i s  composed of mass ive  
beds  wi th  g r a i n  s i z e  va ry ing  from t e n s  o f  microns t o  hundreds of  
microns  and laminae wi th  g r a i n  s i z e s  g e n e r a l l y  from 5-10 microns t o  
t e n s  of  mic rons .  Contac ts  between t h e  massive and laminated s e c t i o n s  
v a r y  from s h a r p  t o  d i f f u s e .  L o c a l l y ,  well-developed , u p r i g h t  , graded 
bedding i s  p r e s e r v e d ,  w i th  g r a i n  s i z e  g rad ing  from s i l t  t o  c l a y .  I n  
t h e  more mass ive ,  coarse-gra ined  s e c t i o n s  of  the c o r e ,  rounded and 
f l a t t e n e d  ash fragments  of  d e v i t r i f i e d  v o l c a n i c  g l a s s  occur  a long wi th  
subangular  t o  subrounded m i l d l y  s t r a i n e d  g r a i n s  of  q u a r t z  and subord i -  
n a t e  p l a g i o c l a s e .  The o r i g i n a l  minera logy  and t e x t u r e  of  t h e  m a t r i x  
were p a r t i a l l y  obscured by low-grade metamorphic r e c r y s t a l l i z a t i o n  
which produced t h e  p r e s e n t  assemblage o f  white mica ( p h e n g i t e ? )  + 
c h l o r i t e  + e p i d o t e  + t i t a n i t e  + q u a r t z  + f e l d s p a r .  I n  most of  t h e  
c o r e  s e c t i o n s  , t h e  metamorphic f o l i a t i o n ,  a s  de f ined  by t h e  o r i e n t a -  
t i o n  o f  micaceous m i n e r a l s ,  i s  p a r a l l e l  t o  bedding .  I n  more p e l i t i c  
laminae n e a r  t he  base of  t h e  lowes t  c o r e ,  'a c r e n u l a t i o n  c l eavage  was 
developed a t  a s m a l l  a n g l e  (20-35") t o  o r i g i n a l  l a y e r i n g .  The c o r e  i s  
c u t  by s e v e r a l  t ypes  o f  v e i n l e t s  and f r a c t u r e s ,  i n d i c a t i n g  t h e  poss i -  
b i l i t y  o f  s e v e r a l  e p i s o d e s  o f  s y n - ( ? )  and post-metamorphic deforma- 
t i o n .  

The C r i s f i e l d  basement m a t e r i a l  appears  t o  r e p r e s e n t  a sequence 
o f  v o l c a n i c l a s t i c  d e b r i s  which was l i k e l y  e rup ted  i n  o r  near  a subma- 
r i n e  envi ronment .  S e t t l i n g  of  such d e b r i s  th rough a f a i r l y  deep  water  
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4 
column dur ing  semi-continuous e r u p t  i o n s  of v a r i a b l e  i n t e n s i t y  and 
proximi ty ,  a s  w e l l  a s  p o s s i b l e  reworking of t h e  sequence ,  might 
account  f o r  t h e  t e x t u r e  of t h e  basement m a t e r i a l .  Subsequent t o  depo- 
s i t i o n ,  t h e  r o c k  was subjecJed t o  a g r e e n s c h i s t - f a c i e s  metamorphic 
e v e n t ,  and the  p r e s e n t  m i n e r a l  assemblage was developed .  Post-meta- 
morphic f r a c t u r i n g  and m i n e r a l i z a t i o n  f u r t h e r  a f f e c t e d  t h e  sequence.  
Subsequent d e t a i l e d  i n v e s t i g a t i o n s  will b e t t e r  d e f i n e  t h e  p a r a g e n e s i s ,  
minera logy ,  and time-framework of t h e  c r y s t a l l i n e  basement i n  t h e  
C r i s f i e l d  a r e a .  
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Coas ta l  P l a i n  S t r a t i g r a p h y  a t  DGT-1, C r i s f i e l d ,  Maryland 

Michael S v e t l i c h n y  and Joseph  J .  Lambiase 

The f i r s t  deep  geothermal  t es t  h o l e  (DGT-1) d r i l l e d  i n  t h e  Atlan-  
t i c  Coas t a l  P l a i n  province  was completed June  14,  1979. D r i l l  cu t -  
t i n g s  were sampled every  3m, and t e n  10-meter c o r e  a t t e m p t s  were made 
a t  s e l e c t e d  i n t e r v a l s  i n  t h e  Coas t a l  P l a i n  sed imen t s .  Core i n t e r v a l s  
and r e c o v e r i e s  a r e  l i s t e d  i n  Table  A-1 ;  t h e  c o r e s  have n o t  y e t  been 
ana lyzed .  P r e l i m i n a r y  l i t h o l o g i c  d e s c r i p t i o n s  of d r i l l  c u t t i n g s  have 
been completed (Tab le  A - 2 ) .  

T e n t a t i v e  geo log ic  format ion  boundar i e s  have been d e f i n e d  us ing  
d r i l l  c u t t i n g s  , a n a t u r a l  gamma r a y  l o g ,  and an e l e c t r i c  log c o n s i s t -  
ing of a s e l f - p o t e n t i a l  cu rve  and t h r e e  r e s i s t i v i t y  c u r v e s  ( F i g u r e  
A-1). The d e s c r i p t i o n s  of  t h e  c u t t i n g s  and a gamma log  from t h e  
nearby  Janes  I s l a n d  well (Som-Dc3) (Hansen,  1967) f a c i l i t a t e d  choosing 
format ion  boundar i e s  i n  the  f i r s t  461 m of DGT-I .  For t h e  remainder  
of t h e  h o l e ,  d e t e r m i n a t i o n  of format ion  c o n t a c t s  was made by comparing 
l i t h o l o g i c  and geophys ica l  d a t a  wi th  e s t a b l i s h e d  c r i t e r i a  f o r  t h e  
c o a s t a l  p l a i n  of Maryland. The format ion  c o n t a c t s ,  d e p t h s ,  and t h i c k -  
n e s s e s  a r e  d e s c r i b e d  below, and a r e  summarized i n  Table  A-3. 

Over ly ing  t h e  basement rock  a t  a dep th  of 1362 m i s  a 75 m t h i c k ,  
we l l - indura t ed  u n i t .  From d r i l l  c u t t i n g s ,  t h i s  u n i t  appea r s  t o  be  a 
l i t h o l o g i c a l l y  he te rogeneous  composi te  of b u f f ,  b lue -g ray ,  brown, and 
red s h a l e  c l a s t s ,  and g r a d u a l l y  downward i n c r e a s i n g  amounts o f  sub- 
rounded t o  subangular  sand-sized gray-green metavolcanic  f ragments .  
This  u n i t  i s  i n t e r p r e t e d  t o  be t h e  westward e x t e n s i o n  o f  t h e  "lower 
a c o u s t i c a l  zone" of J u r a s s i c  and/or  T r i a s s i c  a g e ,  which i s  b e l i e v e d  t o  
occupy d e e p ,  g r a b e n - l i k e  s t r u c t u r e s  benea th  the  A t l a n t i c  C o n t i n e n t a l  
She l f  ( S c h l e e  and o t h e r s ,  1976) .  The t o p  o f  t h i s  u n i t  i s  marked by 
major  b r e a k s  i n  t h e  gamma and e l e c t r i c  l o g s  ( F i g u r e  A- l ) ,  and an 
ab rup t  change i n  l i t h o l o g y  from s h a l e  t o  t h e  medium-to-coarse g ra ined  
sand t h a t  i s  t y p i c a l  of t h e  o v e r l y i n g  P a t w e n t  Formation.  Seismic 
p r o f i l e s  from V I B R O S E I S  L i n e  D o r - 1 ,  located east of Church Creek (Han- 
s e n ,  1978) and VPI Line  6 ,  a long  Route 413 i n  t h e  v i c i n i t y  of Hope- 
w e l l ,  show conspicuous  r e f l e c t o r s  a t  t h e  t o p  of t h i s  u n i t ,  which i s  
r e f e r r e d  t o  a s  h o r i z o n  "2". (Hansen,  1978) .  E a r l i e r  r e p o r t s  assumed 
t h a t  t h e  lower a c o u s t i c a l  u n i t  pinched out  o f f s h o r e ,  bu t  a se i smic  
l i n e  from t h e  Maryland - V i r g i n i a  p o r t i o n  of t h e  Delmarva P e n i n s u l a  
i n d i c a t e s  an up-dip wedge of t h e  lower a c o u s t i c a l  u n i t  benea th  t h e  
Outer Coas t a l  P l a i n  of  Maryland ( S c h l e e  and o t h e r s ,  1976) .  
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Figure A-1.  
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TABLE A-1. Coring i n t e r v a l s  and r e c o v e r i e s ,  DGT-1. 

n Depths a r e  recorded  i n  meters from t h e  ground s u r f a c e .  

R Attempt 

1 

2 

7 

8 

9 

I n t e r v a l  Cored 

332.0 - 341.1 

341.1 - 347.2 

347.2 - 356.3 

793.4 - 802.6 

802.6 - 811.7 

811.7 - 820.9 

946.7 - 955.9 

1250.9 - 1260.1 

1260.1 - 1269.2 

I n t e r v a l (  s) Recovered 

335.7 - 341.1 

345.4 - 345.6, 

346.3 - 346.9 

796.4 - 

804.4 - 

811.9 - 

815.1 - 

946.7 - 

951.3 - 

1253.2 - 

1260.1- - 

10 1269.2 - 1278.4 
1265.0 - 

1276.5 - 

P 

802.6 

811.7 

814.3, 

820.9 

950.1, 

955.9 

1260.1 

1264 .O , 

1268.8 

1277.5 

Recovery in Meters 

5.5 

0.8 

0.0 

6.2 

7.3 

8.3 

7.9 

6.9 

7.8 

0 .9  

A-9 



TABLE A-2. L i t h o l o g i c  d e s c r i p t i o n s  o f  d r i l l  c u t t i n g s  

A l l  dep ths  a r e  r e f e r e n c e d  t o  t h e  ground s u r f a c e ,  1.1 m above mean sea  
l e v e l .  

Format ion  

Miocene S e r i e s  
Yorktown Formation 

43 .3  - 52.5 
52.5 - 58.6 
58.6 - 64 .7  

64.7 - 67.7 

67.7 - 76.2 

Miocene Series 
S t .  Marys Formation 

76.2 - 79.3 
7 9 . 3  - 85.4 
85.4  - 8 8 . 4  
88 .4  - 91 .5  

91.5 - 106.7 

Miocene Series 
Choptank Formation 

106.7 - 115.9 

1.15.9 - 122.0 

122.0 - 128.1 

128.1 - 131.7 

Miocene S e r i e s  
Calv er t Formation 

131.7 - 152.4  

152.4 - 158.5 
158.5 - 164.6 
164.6 - 170.7 
170.7 - 176.8 
176.8 - 182.9 

L i tho logy  

F ine  sandy si L t  , whi te  
Gray s i l t  
S i l t y  g r a n u l e  s i z e d  g r a v e l .  Minor 
s h e l l s  
S l i g h t l y  g r a n u l a r  f i n e  sandy s i l t .  
Minor s h e l l s  
F ine  sandy g r a y  s i l t  

I 
1 

Gray s i l t .  Minor s h e l l s  
Dark g r a y  c l a y  and s i l t .  Minor shells 
Ligh t  g r a y  c l a y  and s i l t .  Minor s h e l l s  
Gray c l a y  and s i l t ,  s l i g h t l y  micaceous .  
Minor s h e l l s  
G r a y  c l a y  and s i l t ,  no mica .  Minor 
s h e l l s  

Very f i n e  g ray  sandy s i l t .  Abundant 
s h e l l s  
Very f i n e  t o  f i n e  sandy s i l t ,  micaceous .  
Abundant s h e l l s  from 115.9 - 118.9 
Very f i n e  sandy s i l t ,  l i g h t  g r a y .  
Abundant she1  1 s 
L igh t  g r a y  c l a y  and s i l t ,  minor amounts 
o f  f i n e  sand .  Abundant s h e l l s  

I 
I 

Ligh t  g ray  c l a y  and s i l t ,  minor f i n e  
sand .  Abundant s h e l l s  from 131.7 - 
134.2.  Minor s h e l l s  from 137.2 - 140.2 
and 143.3 - 152.4. No s h e l l s  from 
-140.2 - 143.3 
Clayey,  s i l t y  s h e l l  bed 
Gray c l a y .  S h e l l s  
Dark g ray  c l a y  
L igh t  g ray  c l a y  and s i l t  . 
Dark o r g a n i c  c l a y .  Minor s h e l l s  from 
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1 8 2 . 9  - 1 9 2 . 1  

1 9 2 . 1  - 1 9 5 . 1  
1 9 5 . 1  - 1 9 8 . 2  
1 9 8 . 2  - 2 0 7 . 3  
2 0 7 . 3  - 2 1 3 . 4  

2 1 3 . 4  - 2 1 6 . 4  
2 1 6 . 4  - 226 .2  

226 .2  - 2 2 9 . 2  
2 2 9 . 2  - 2 3 2 . 3  
232 .3  - 2 3 5 . 3  
235 .3  - 2 3 8 . 4  

Eocene Series 
Piney P o i n t  Formation 

2 3 8 . 4  - 2 5 3 . 6  

2 5 3 . 6  - 256.7 
2 5 6 . 7  - 259 .7  

Rocks o f  Midway Age and /o r  
Upper Cre taceous  ( u n d i v i d e d )  

259 .7  - 2 6 2 . 8  
262 .8  - 2 6 5 . 8  

2 6 5 . 8  - 280 .0  
280 .0  - 2 8 4 . 1  
2 8 4 . 1  - 2 9 0 . 2  

290.2 - 293.3 

293.3 - 2 9 9 . 4  

2 9 9 . 4  - 3 0 2 . 4  
3 0 2 . 4  - 3 0 5 . 4  

3 0 5 . 4  - 308 .5  

308 .5  - 3 1 1 . 5  
311 .5  - 314 .6  

314 .6  - 3 1 7 . 6  
317 .6  - 320.7 

320.7 - 3 2 3 . 7  
323 .7  - 3 2 9 . 8  

329 .8  - 3 3 2 . 9  

1 7 9 . 9  - 1 8 2 . 9  
Ligh t  g r a y  c l a y  and s i l t .  Minor s h e l l s  
from 1 8 2 . 9  - 1 8 6 . 0  
Dark g r a y  c l a y  
Clay and s i l t  
Brown and g reen  c l a y  
Gray c l a y  and s i l t .  Minor s h e l l s  
from 2 0 7 . 3  - 2 1 0 . 4  
Dark g r a y  c l a y  
G r a y  c l a y  and s i l t .  Minor s h e l l s  from 
2 2 3 . 2  - 226 .2  
Clay 
V e r y  f i n e  sandy c l a y  and s i l t ,  l i g h t  g r a y  
F ine  sandy c l a y  
Very f i n e  sandy c l a y  

Very  f i n e  sandy c l a y  and s i l t ,  
g l a u c o n i t i c .  Minor s h e l l s  from 2 3 8 . 4  - 
2 4 1 . 4  
Fine-medium sand and c l a y  , g l a u c o n i t i c  
Gray s i l t y  fine-medium sand ,  g l a u c o n i t i c  

Gray g l a u c o n i t i c  c l a y  
Gray f i n e  sandy s i l t  and c l a y ,  
g l a u c o n i t i c  
Gray g l a u c o n i t i c  c l a y  
Gray g l a u c o n i t i c  c l a y  wi th  medium sand 
Same a s  278.0 - 2 8 4 . 1 ,  bu t  
wi th  abundant mica 
Clayey fine-medium sand, glauconitic, 
micaceous 

, Clayey ,  s i l t y  fine-medium sand ,  
g l a u c o n i t i c ,  s l i g h t l y  micaceous 
Sample m i s s i n g  

g l a u c o n i t i c  , micaceous 
Same a s  3 0 2 . 4  - 3 0 5 . 4 ,  bu t  s l i g h t l y  
micaceous .  Minor s h e l l s  
Sample mis s ing  
S i l t y  fine-medium q u a r t z  s and ,  
s l i g h t l y  g l a u c o n i t i c .  Minor s h e l l s  
L igh t  g r a y  f i n e  sandy s i l t  and c l a y  
L igh t  g r a y  f i n e  sandy micaceous 

Sample mis s ing  
L igh t  g r a y  fine-medium q u a r t z  sand , 
micaceous , s l i g h t l y  g l a u c o n i t i c  
S i  1 t y  f ine-med ium q u a r t z  sand , 

' S i l t y  fine-medium q u a r t z  s a n d ,  

: s i l t ,  s l i g h t l y  g l a u c o n i t i c  
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3 3 2 . 9  - 3 3 5 . 9  
335 .9  - 3 3 8 . 9  

micaceous ,  s l i g h t l y  g l a u c o n i t i c  
S i l t y ,  c l ayey  f i n e  sand .  Minor s h e l l s  
Same as 3 3 2 . 9  - 3 3 5 . 9 ,  b u t  wi th  
p 1 a n t  rem a i n  s 

Upper Cre taceous  Series 
Magothy Formation 

3 3 8 . 9  - 3 4 2 . 0  
3 4 2 . 0  - 3 4 5 . 1  

3 4 5 . 1  - 3 4 8 . I  
3 4 8 . 1  - 3 5 1 . 2  

3 5 1 . 2  - 3 5 4 . 2  

3 5 4 . 2  - 3 5 7 . 3  
t 

3 5 7 . 3  - 3 6 0 . 3  

Upper Cre taceous  S e r i e s  
R a r i t a n  Formation 

3 6 0 . 3  - 3 6 3 . 4  

3 6 3 . 4  - 3 6 6 . 4  

3 6 6 . 4  - 3 6 9 . 5  

3 6 9 . 5  - 3 7 2 . 5  

3 7 2 . 5  - 3 7 5 . 6  

3 7 5 . 6  - 3 7 8 . 6  

3 7 8 . 6  - 3 8 1 . 6  

3 8 1 . 6  - 3 8 4 . 7  

384 .7  - 3 8 7 . 7  

387 .7  - 3 9 3 . 8  
3 9 3 . 8  - 3 9 9 . 9  

3 9 9 . 9  - 4 0 3 . 0  

4 0 3 . 0  - 4 0 6 . 0  

4 0 6 . 0  - 4 1 2 . 1 .  

4 1 2 ; l  - 4 1 5 . 2  

1 
, 

Sample mis s ing  
S l i g h t l y  s i l t y  fine-medium sand ,  
minor g l a u c o n i t e  
Fine-medium q u a r t z  sand 
S i l t y  fine-medium q u a r t z  s and ,  
micaceous ,  s l i g h t l y  g l a u c o n i t i c  
Fine-medium q u a r t z  s a n d ,  minor  
g l a u c o n i t e  and l i g n i t e  
F ine  t o  c o a r s e  q u a r t z  s and ,  c l a y  
ag g r eg a t  e s 
Fine  t o  medium sand ,  some c l a y  
aggrega te  s 

1 
1 

S i l t y  fine-medium s a n d ,  
l i g n i t i c .  Minor s h e l l s  
Same a s  3 6 0 . 3  - 3 6 3 . 4 ,  bu t  no 
l i g n i t e  o r  s h e l l s  
Reddish g r a y  s i l t y  fine-medium 
sand wi th  c l a y  a g g r e g a t e s  
Reddish s i l t y  fine-medium s a n d ,  
s l i g h t l y  micaceous 
Brown s i l t y  v e r y  f i n e - f i n e  sand ,  
l i g n i t e ,  mica and p l a n t  remains 
L igh t  brown f i n e  sandy s i l t  wi th  
l i g n i t e  and mica.  Minor s h e l l s .  
L igh t  brown s i l t  and f i n e  sand ,  
even amounts of e a c h .  S l i g h t l y  
micaceous 
Light  brown f i n e  sandy s i l t  wi th  
c l a y  a g g r e g a t e s  
Reddish brown and g r a y  s i l t y  
fine-medium sand ,  l i g n i t i c ,  minor mica 
and p l a n t  remains  
Reddish brown f i n e  sandy s i l t  
S i l t y  f i n e  sand ,  l i g n i t i c ,  s l i g h t l y  
micaceous 
S i l t y  fine-medium sand ,  no l i g n i t e  
o r  mica 
Reddish si1 t y  fine-medium sand ,  
abundant l i g n i t e  and p l a n t  remains 
L igh t  brown sandy s i l t .  L i g n i t e  from 
4 0 6 . 0  - 4 0 9 . 1  
Ligh t  brown sand and s i l t  

I 
I 
I 
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4 6 0 . 9  - 4 6 3 . 9  
4 6 3 . 9  - 4 6 7 . 0  
4 6 7 . 0  - 4 7 3 . 1  
4 7 3 . 1  - 4 7 6 . 1  
4 7 6 . 1  - 4 7 9 . 2  

4 1 5 . 2  - 4 1 8 . 2  

4 1 8 . 2  - 4 2 1 . 3  

4 2 1 . 3  - 4 2 7 . 4  

4 2 7 . 4  - 4 3 0 . 4  

4 3 0 . 4  - 4 3 3 . 5  

4 3 3 . 3  - 4 3 6 . 5  
4 3 6 . 5  - 4 3 9 . 6  
4 3 9 . 6  - 4 4 2 . 6  

4 4 2 . 6  - 4 4 5 . 7  
4 4 5 . 7  - 4 4 8 . 7  
4 4 8 . 7  - 4 5 1 . 8  

4 5 1 . 8  - 4 5 7 . 8  

4 5 7 . 8  - 4 6 0 . 9  

4 7 9 . 2  - 4 8 5 . 3  

4 8 5 . 3  - 4 8 8 . 3  

4 8 8 . 3  - 4 9 4 . 4  

4 9 4 . 4  - 4 9 7 . 5  

4 9 7 . 5  - 5 0 3 . 6  
5 0 3 . 6  - 5 0 6 . 6  
506 .6  - 509 .7  
5 0 9 . 7  - 5 1 5 . 8  

5 1 5 . 8  - 5 4 0 . 1  

5 4 0 . 1  - 5 4 3 . 2  
5 4 3 . 2  - 5 4 6 . 2  
546 .2  - 5 5 8 . 4  

5 5 8 . 4  - 5 6 1 . 5  

5 6 1 . 5  - 5 6 4 . 5  
A 

S i l t y  fine-medium s a n d )  micaceous )  
1 i g n i  t i c  
S i l t y  fine-medium s a n d ,  c l a y  a g g r e g a t e s ,  
l i g n i t i c ,  s l i g h t l y  micaceous 
S i l t y  fine-medium sand .  S h e l l s  from 
4 2 1 . 3  - 4 2 4 . 3  
Fine-medium sand ) some c o a r s e  g r a i n s  ) 
minor c l a y  c h i p s  
F ine-coarse  sand ,  c l a y  a g g r e g a t e s ,  
1 i g n i  t e 
F ine  t o  c o a r s e  sand wi th  l i g n i t e  
Mostly l i g n i t e  wi th  fine-medium sand 
S i l t y  f i n e  t o  medium sand wi th  
l i g n i t e  
Medium sand wi th  l i g n i t e  
Medium sand ,  minor l i g n i t e  and mica 
S i l t y  fine-medium s a n d )  mica ,  
l i g n i t e .  Minor s h e l l s  
S i l t y  fine-medium sand ) m i c a )  
l i g n i t e .  Minor s h e l l s .  
S i l t y  f ine -coa r se  sand wi th  g r a n u l e s .  
Minor s h e l l s  
S i l t y  medium sand ,  s l i g h t l y  micaceous 
S i  1 t y  f ine-coar  s e  sand 
S i l t y  fine-medium s a n d )  l i g n i t e  
Sample mis s ing  
S i l t y  fine-medium sand ,  some g r a n u l e s  , 
minor l i g n i t e  
Same a s  4 7 6 . 1  - 4 7 9 . 2 ,  bu t  no g r a n u l e s  
or l i g n i t e  
S i l t y  fine-medium sand and l i g n i t e .  
Minor s h e l l s .  
F ine-coarse  sand ,  l i g n i t e  from 4 9 1 . 4  - 
4 9 4 . 4 .  Minor s h e l l s  
S i l t y  f i ne -coa r se  sand wi th  s h a l e .  
She1 1 s 
S i l t y  fine-medium sand ) micaceous 
Fine-medium sand .  Minor she l l s  
S i l t y  fine-medium sand 
Fine-coarse  sand wi th  red and ye l lowish  
s h a l e .  S h e l l s  ( g r a n u l e s  i n  5 1 2 . 7  
- 5 1 5 . 8 )  
Samples contaminated  by cement from 
f l o a t  shoe 
Fine-medium sand 
Fine-medium sand wi th  mica 
S h a l e  wi th  s i l t y  f i n e  s2cnd,  micaceous.  
Fine-medium sand from 5 4 9 . 3  - 5 5 2 . 3 ,  
5 5 5 . 4  - 5 5 8 . 4  
Var ico lo red  s h a l e ,  s i l t y  f i n e  sand ,  some 
coarse g r a i n s ,  micaceous 
Red and g ray  s h a l e  wi th  s i l t y  f i n e  sand ,  
some c o a r s e  g r a i n s ,  micaceous 
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Lower Cre taceous  S e r i e s  
. Patapsco  Formation 

564.5 - 570.6 

570.6 - 573.7 
573.7 - 579.8 
579.8 - 601.1 

601.1 - 604.2 

604.2 - 613.3 
613.3 - 616.3 

616.3 - 619.4 
619.4 - 622.4 

622.4 - 631.6 
631.6 - 677.3 

677.3 - . 692.5 

692.5 - 695.6 
695.6 - 701.6 

Lower Cre taceous  S e r i e s  
Arundel Formation 

701.6 - 704.7 
704.7 - 713.9 
713.9 - 716.9 
716.9 - 726.1 
726.1 - 729.1 
729.1 - 732.2 

732.2 - 735.2 

735.2 - 756.6 

756.6 - 759.6 
759.6 - 765.7 

765.7 - 771.8 
771.8 - 811.4 

811.4 - 820.5 

Same a s  561.5 - 564.5 but  no c o a r s e  
g r a i n s  
Sha le  wi th  s i l t y  f i n e  sand and l i g n i t e  
Var i co lo red  s h a l e  wi th  s i l t  
Var i co lo red  s h a l e  wi th  s i l t ,  mica ,  
and minor l i g n i t e  
Very  f i n e - f i n e  s i l t y  s and ,  abundant 
l i g n i t e  and mica 
Medium-coarse q u a r t z  sand 
Mostly c o a r s e  sand ,  some s i l t y  f i n e  
sand ,  minor s h a l e  
S i l t y  medium-coarse sand wi th  l i g n i t e  
S i l t y  medium-coarse sand ,  r ed  and 
gray  s h a l e  
Samples mis s ing  
Shale  wi th  some f i n e  sand and s i l t .  
Micaceous from 634.6  - 637.7,  649.9 - 
652.9; l i g n i t i c  from 643.8 - 646.8,  
665.1 - 668.2 
Fine-medium sand wi th  v a r i c o l o r e d  
s h a l e .  Minor s h a l e  from 683.4 - 686.4 
F ine-coarse  sand ,  minor s h a l e  
Medium-coarse sand ,  minor s h a l e  

Fine-medium sand and s h a l e  
Sha le  wi th  f i n e  t o  medium sand 
F ine  sandy s h a l e  and s i l t  
Sha le  wi th  fine-medium sand 
Sha le  wi th  f i n e  sand 
Fine-medium s a n d ,  l i g n i t e ,  
minor s h a l e  
Fine-medium sand wi th  more s h a l e  than  
729.1 - 732.2 
Sha le  wi th  some fine-medium sand .  
Few c o a r s e  g r a i n s  from 744.4 - 747.4 
F ine-coarse  sand wi th  some s h a l e  
S i l t y  f i n e - c o a r s e  sand wi th  s h a l e .  
Minor s h a l e  from 759.6 - 762.6 
Sha le  wi th  s i l t y  fine-medium sand 
S h a l e ,  some s i l t y  f i n e  sand .  Sample 
mis s ing  from 793.1 - 796.2.  Minor 
s h e l l s  from 802.3 - 811.4 
S h a l e ,  fine-medium sand .  
Minor s h e l l s  
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U 
D 
P 

P 

B 

Lower Cre t aceous  S e r i e s  
Pa tuxen t Format i o n  

820.’5 - 829.7  
829 .7  - 832.8 
832 .8  - 838.8  

838.8 - 841.9 
841 .9  - 844.9 
844.9 - 848.0 

848 .0  - 851.0 
851.0 - 860.2 
860.2 - 866.3 

866.3 - 875.4 
875.4 - 878.5  
878.5 - 881.5  
881 .5  - 884.6 
884.6 - 887.6  
887.6 - 893.7 
893.7 - 902.9 

902.9 - 939.4 

939.4 - 942.5 
942.5 - 945.5 

945 .5  - 957.7 
957.7 - 960.8 
960 .8  - 973.0 
973.0 - 976.0 

976.0 - 979.1 
979.1 - 985.2 
985.2 - 988.2 

988.2 - 991.2 
991.2 - 994.3 

994.3 - 1000.4 
1000.4 - 1003.4 
1003.4 - 1012.6 
1012.6 - 1015.6 

1015:6 - 1018.7 
1018.7 - 1027.8 
1027.8 - 1033.9 
1033.9 - 1037.0 
1037.0 - 1040.0 
1040.0 - 1043.1 

S h a l e ,  f i n e  sand .  Minor s h e l l s  
S h a l e ,  fine-medium sand 
Fine-coarse  sand wi th  s h a l e .  
Equal amounts of each from 832.8 - 
835 .8 ,  more sand than  s h a l e  from 
835.8  - 838.8 
F ine-coarse  sand ,  g r a n u l e s ,  minor s h a l e  
F ine-coarse  sand ,  few g r a n u l e s ,  s h a l e  
Mostly c o a r s e  sand ,  some s h a l e .  Minor 
she1 1 s 
Coarse-granular  sand some s h a l e  
Medium-coarse sand ,  minor s h a l e  
Fine-medium sand ,  minor s h a l e .  Minor 
s h a l e  from 863.2 - 866.3 
F ine-coarse  sand ,  minor s h a l e  
Clean f ine -coa r se  sand .  Minor s h e l l s  
Clean f ine -coa r se  sand ,  c h a r c o a l  
F ine-coarse  sand ,  minor s h a l e  
S h a l e  wi th  fine-medium sand .  Minor s h e l l s  
Sha le  wi th  s i l t y  fine-medium sand 
S h a l e  wi th  minor s i l t y  f i n e  sand .  Minor 
s h e l l s  from 893.7 - 899.8 
S h a l e  wi th  s i l t y  f i n e  sand .  S l i g h t l y  
micaceous from 902.9 - 909.0.  Minor 
c h a r c o a l  from 936.4 - 939.4 
Fine-medium sand minor s h a l e ,  l i g n i t e  
Fine-medium sand ,  some c o a r s e  g r a i n s ,  
s h a l e  
Sha le  wi th  some s i l t y  fine-medium sand 
S h a l e  wi th  f i n e - c o a r s e  sand 
Medium-coarse sand ,  minor s h a l e  
Medium-coarse sand wi th  more s h a l e  than  
960.8 - 973.0.  S l i g h t l y  c a l c a r e o u s  
Medium-coarse sand ,  minor s h a l e  
F ine-coarse  sand and s h a l e .  Minor s h e l l s  
Medium-granular sand minor s h a l e .  Minor 
s h e l l s  
F ine-coarse  sand ,  minor s h a l e  
Fine-medium sand ,  s h a l e ,  s l i g h t l y  
c a1 ca reous  
S h a l e  wi th  s i l t y  f i n e  sand 
S i l t y  fine-medium sand ,  s h a l e  
F ine-coarse  sand ,  minor s h a l e  
Mostly c o a r s e  sand wi th  some fine-medium 
g r a i n s ,  minor s h a l e  
Clean f i n e - c o a r s e  sand 
Medium-coarse sand ,  minor s h a l e  
Clean medium-coarse sand 
Medium-coarse sand ,  minor s h a l e  
F ine-coarse  sand wi th  s h a l e  
Sha le  wi th  s i l t y  fine-medium sand 
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1043.1 - 1049.2 
1049.2 - 1052.2 
1052.2 - 1055.3 
1055.3 - 1058.3 
1058.3 - 1061.4 
1061.4 - 1070.5 
1070.5 - 1073.5 
1073.5 - 1076.6 
1076.6 - 1082.7 

1082.7 - 1091.8 
1091.8 - 1094.9 
1094.9 - 1101.0 

1101.0 - 1104.0 
1104.0 - 1113.2 
1113.2 - 1119.3 

1119.3 - 1125.4 
1125.4 - 1128.4 
1128.4 - 1158.9 
1158.9 - 1168.0 
1168 .0  - 1 1 7 7 . 2  
1177.2 - 1183.3 
1183.3 - 1192.4 

1192.4 - 1201.6 

1201.6 - 1213.8 
1213.8 - 1216.8 
1216.8 - 1219.8 
1219.8 - 1225.9 
1225.9 - 1229.0 
1229.0 - 1232.0 
1232.0 - 1250.3 

1250.3 - 1277.8 
1277.8 - 1280.8 

1280.8 - 1283.9 
1283.9 - 1286.9 

Shale  and s i l t ,  minor f i n e  sand 
Fine-coarse  sand wi th  s h a l e  
Sha le  wi th  s i l t ,  minor f i n e  sand 
S i l t y  fine-medium sand ,  minor s h a l e  
F ine-coarse  sand , minor s h a l e  
Medium-coarse sand , minor s h a l e  
Medium-granular sand , minor s h a l e  
Clean medium-coarse sand 
Fine-coarse  sand and s h a l e ,  even amounts 
o f  each 
Sha le  wi th  some fine-medium sand 
Fine-coarse  sand ,  minor s h a l e  
Mostly c o a r s e  sand ,  minor. s h a l e  and 
f ine-med ium sand 
S h a l e ,  s i l t y  f i n e  sand 
Sha le  wi th  s i l t y  f i ne -coa r se  sand 
Sha le  wi th  fine-medium sand ,  even 
amounts of each  
Fine-coarse sand , minor s h a l e  
S i l t y  f ine -coa r se  sand w i t h  s h a l e  
F ine-coarse  sand , minor s h a l e  
Clean f ine -coa r se  sand 
Fine-coarse sand w i t h  m i n o r  sha le  
Sha le  wi th  f ine -coa r se  sand 
Sha le  with minor s i l t y  s and .  Minor 
s h e l l s  from 1189.4 - 1192.4 
Shale  and fine-medium sand .  Minor 
s h e l l s  from 1192.4 - 1195.5 
Fine-coarse sand , s h a l e  
S h a l e ,  minor f i n e  sand 
Fine-medium sand , minor s h a l e  
Medium-coarse sand , minor s h a l e  
Same a s  1219.8 - 1225.9,  bu t  more s h a l e  
Medium-coarse sand , minor s h a l e  
S l i g h t l y  sandy s i l t  wi th  s h a l e .  S l i g h t l y  
micaceous from 1235.1 - 1238.1 
No samples - c o r e s  d r i l l e d  
F ine  sandy s i l t  wi th  s h a l e  and some 
g r a v e l  
Medium-coar se sand wi th  minor s h a l e  
Coarse sand wi th  some g r a n u l e s  

Pre-Cr e t  aceous 
"lower a c o u s t i c a l  zone" 

1 

1286.9 - 1290.0 Even mix tu re  of  sand ,  s i l t ,  and s h a l e  
1290.0 - 1311.3 S l i g h t l y  sandy s i l t  wi th  abundant s h a l e  
1311.3 -* 1314.3 Shale  and s i l t  
1314.3 - 1338.7 S i  1 t y  s h a l e ,  minor f i n e  sand.  P l a n t  

1338.7 - 1341.8 Sha le  , wi th  more f i n e  sand than  

1341.8 - 1362.2 S i l t y  s h a l e ,  minor f i n e  sand.  Minor 

remains from 1326.5 - 1329.6 

1314.3 - 1338.7 

l i g n i t e  from 1347.9 - 1350.9,  
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1338.7 - 1341.8 

1341.8 - 1362.2 

S h a l e ,  w i th  more f i n e  sand than  
1314.3 - 1338.7 
S i l t y  s h a l e ,  minor f i n e  sand .  Minor 
l i g n i t e  from 1347.9 - 1350.9,  
1360.1 - 1362.2 

1362.2 - 1693 .O (T.D.) Metavolcanic basement rock  

n 
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TABLE A-3.  Ge,ologic 

Formation/Stage 

Yorktown 

S t .  Marys 

Chopt ank 

C a l v e r t  

Piney Po in t  

Midway - Upper 
Cretaceous  (und iv ided)  

Magothy 

Rar i t an 

Pa t  ap  s co  

Arundel 

Pa t ux en t 

I f  lower a c o u s t i c a l  zone" 

I 
n Formation Boundar ies ,  DGT-1 

Depth (m) - -  

? - 7 6 . 2  

7 6 . 2  - 106 .7  

106 .7  - 1 3 1 . 7  

131 .7  - 238 .4  

238 .4  - 259 .7  

259.7 - 3 3 8 . 9  

3 3 8 . 9  - 3 6 0 . 3  

360 .3  - 564 .5?  

564 .5?  - 7 0 1 . 6  

7 0 1 . 6  - 8 2 0 . 5  

8 2 0 . 5  - 1 2 8 6 . 9  

1286 .9  - 1 3 6 2 . 2  

Thickness  (m) - 

? 

30.5 

2 5 . 0  

1 0 6 . 7  

2 1 . 3  

7 9 . 2  

2 1 . 4  

2 0 4 . 2 ?  

1 3 7 .  I ?  

1 1 8 . 9  

4 6 6 . 4  

7 5 . 3  

1 
I 
I 
I 
1 
1 
1 
I 
I 
1 
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The Pa tuxent  Format ion ,  466 m t h i c k  and ex tend ing  from a dep th  of 
821 m t o  1287 m ,  unconformably o v e r l i e s  t h e  lower a c o u s t i c a l  u n i t  and 
c o n s i s t s  p r i m a r i l y  o f  t h i c k  sand l a y e r s  i n t e rbedded  wi th  t h i n  l a y e r s  
of v a r i e g a t e d  s h a l e .  The q u a r t z o s e  and f e l d s p a t h i c  sands  range  from 
f i n e  t o  c o a r s e ,  and a r e  commonly g r a v e l l y  i n  t h e  b a s a l  18 m .  Clean 
b u t  poor ly  s o r t e d  sands form t h i n  beds  w i t h i n  the  l a r g e r  sand b o d i e s ,  
and t h e  m a j o r i t y  o f  t h e  sands c o n t a i n  some s h a l e .  S h e l l  f ragments ,  
l i g n i t e ,  and mica occur  i n  minor amounts throughout  t h e  format ion .  
The upper c o n t a c t  a t  821 m can b e  d i s t i n g u i s h e d  i n  t h e  d r i l l  c u t t i n g s ,  
and by prominent b r e a k s  i n  t h e  gamma and e l e c t r i c  l o g s  ( F i g u r e  A-1). 
The c h a r a c t e r i s t i c  change from t h e  P a t w e n t  t o  t h e  o v e r l y i n g  Patapsco-  
Arundel group i s  i n d i c a t e d  by t h e  presence  of t h i c k e r  l a y e r s  o f  s h a l e .  
Gamma r a y  a c t i v i t y  i s  g e n e r a l l y  h i g h e r  above 821  m where t h e  Arundel 
s h a l e  unconformably o v e r l i e s  t h e  P a t w e n t  ( F i g u r e  A-1). 

I n  t h e  Arundel (702 m - 821 m) t h e  sed iments  c o n s i s t  c h i e f l y  o f  
d a r k  co lo red  c l a y ,  s h a l e  and sandy s h a l e .  However i n  two d i s t i n c t  
i n t e r v a l s ,  from 729 m - 735 m and from 757 m - 766 m ,  t h e  Arundel i s  
p r i m a r i l y  f i n e  t o  c o a r s e  sand wi th  minor s h a l e ,  From 565 m t o  702 m 
t h e r e  a r e  a l t e r n a t i n g  beds of  sand and v a r i c o l o r e d  s h a l e  t y p i c a l  of  
t h e  Pa tapsco  Formation.  Although i t  i s  u s u a l l y  d i f f i c u l t  t o  s e p a r a t e  
t h e s e  u n i t s ,  t h e  l i t h o s t r a t i g r a p h i c  change ,  coupled wi th  major  b r e a k s  
i n  t h e  gamma and e l e c t r i c  l o g s  a t  702 m y  sugges t  t h a t  t h e  Patapsco-  
Arundel c o n t a c t  o c c u r s  a t  t h i s  d e p t h  ( F i g u r e  A-1). S i m i l a r l y ,  t h e  
upper c o n t a c t  of t h e  Pa tapsco  i s  n o t  e a s i l y  recognized  i n  t h e  s e c t i o n .  
F ine  sands  and v a r i c o l o r e d  s h a l e s ,  p a r t i c u l a r l y  g ray  and red s h a l e s  
a r e  r e p o r t e d  from t h e  upper p o r t i o n  o f  t h e  Pa tapsco ,  and i n  t h e  b a s a l  
p a r t  of t h e  o v e r l y i n g  R a r i t a n  Formation i n  Maryland (Ramussen  and 
S l a u g h t e r ,  1955) .  However, t h e  R a r i t a n  Formation u s u a l l y  c o n t a i n s  
more abundant mica than  t h e  Pa tapsco .  I n  DGT-1, t h e r e  i s  a marked 
i n c r e a s e  i n  mica c o n t e n t  above 565 m .  On t h i s  b a s i s ,  a t e n t a t i v e  
Pa tapsco  - R a r i t a n  boundary h a s  been a s s igned  a t  565 m.  

The R a r i t a n  i s  f i n e  t o  medium sands  i n t e r c a l a t e d  w i t h  v a r i e g a t e d  
s h a l e  and c l a y .  L i g n i t e  and mica a r e  common t o  abundant ,  and p l a n t  
f ragments  a r e  o c c a s i o n a l l y  seen  i n  the  upper p o r t i o n .  The upper con- 
t a c t  wi th  t h e  Magothy Formation i s  marked by a d e c r e a s e  i n  gamma ray 
a c t i v i t y  and a b r e a k  i n  t h e  e l e c t r i c  l og  a t  approximate ly  360 m (F ig -  
u r e  A-1) . 

The t o p  and bottom of t h e  Magothy a r e  d e f i n e d  by t h e  v e r t i c a l  
e x t e n t  of fine-to-medium whi t e  and buf f  q u a r t z  sand wi th  minor s t r i n g -  
ers o f  carbonaceous c l a y  and l i g n i t e .  Th i s  u n i t  i s  c l e a r l y  de f ined  by 
prominent b r e a k s  i n  t h e  gamma and e l e c t r i c  l o g s  a t  339 m and 360 m 
( F i g u r e  A-1). A s i m i l a r  p a t t e r n  f o r  t h e  Magothy i s  seen  i n  l o g s  from 
t h e  J a n e s  I s l a n d  we l l  a t  a sha l lower  dep th  (Hansen,  1967) .  

Above the  Magothy, and ex tend ing  from 260 m t o  339 m a r e  rocks  o f  
Midway age  and t h e  Upper Cre taceous  ( u n d i v i d e d )  s e c t i o n ;  t h e s e  a r e  
i n s e p a r a b l e  by l i t h o l o g y  a l o n e .  T h i s  i n t e r v a l  c o n s i s t s  o f  a l t e r n a t i n g  
t h i n  beds o f  f i n e  t o  medium q u a r t z  sand and g ray  c l a y .  G laucon i t e  
becomes a common c o n s t i t u e n t  f o r  t h e  f i r s t  t i m e  i n  t he  A t l a n t i c  Coas- 
t a l  P l a i n  s e c t i o n ;  t h e  sed iments  r e f l e c t  a change from a margina l  
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marine t o  a mar ine  d e p o s i t i o n a l  environment .  In t h e  upper p o r t i o n ,  
between 260 m and 290 m y  t h e  c u t t i n g s  a r e  mainly g l a u c o n i t i c  c l a y .  
This l i t h o l o g y  i s  c o n s i s t e n t  wi th  t h e  gamma and r e s i s t i v i t y  t r e n d s  
( F i g u r e  A-1). The e q u i v a l e n t  s e c t i o n  from the  Janes  I s l a n d  we l l  (244 
m - 325 m) i s  l i t h o l o g i c a l l y  v e r y  s i m i l a r  t o  DGT-I; t h e r e  i s  g lauconi -  
t i c  c l a y  i n  t h e  upper 37 m (Hansen,  1967). 

The boundar i e s  o f  t h e  o v e r l y i n g  Piney Po in t  Formation a r e  e a s i l y  
d i s t i n g u i s h e d  from l o g s  and c u t t i n g s .  Th i s  u n i t  i s  t y p i c a l l y  h i g h l y  
g l a u c o n i t i c ,  c l ayey  , fine-to-medium q u a r t z  sand .  Gamma l o g s  from 
DGT-1 and Janes  I s l a n d  show a h i g h ,  a l though  v a r i a b l e ,  r a t e  of a c t i v -  
i t y  between 241 m and 262 m ( F i g u r e  A-1) .  This  i s  unusual  f o r  sand 
bodies  bu t  i t  may b e  exp la ined  by t h e  h igh  c o n c e n t r a t i o n  of glaucon-  
i t e .  The c o n t a c t  of t h e  Piney Po in t  wi th  t h e  o v e r l y i n g  C a l v e r t  Forma- 
t i o n  i s  de f ined  by a major e l e c t r i c a l  log  b r e a k ,  and by abundant c l a y  
and s i l t  above 238 m ( F i g u r e  A-1). A r e g i o n a l  d i s c o n f o r m i t y  between 
t h e  two u n i t s  r e p r e s e n t s  a per iod  of nondepos i t i on  o r  e r o s i o n  d u r i n g  
t h e  Oligocene Epoch. 

The Ca lve r t  , 107 m t h i c k  and ex tend ing  from 132 m t o  238 m y  i s  
predominant ly  diatomaceous g r a y  c l a y  and s i l t .  In t he  b a s a l  9 m y  t h e  
sediments  c o n t a i n  a small  f r a c t i o n  of f i n e  sand .  A c l a y e y  s h e l l  bed 
e x i s t s  from 152 t o  158 m y  and a few o t h e r  i n t e r v a l s  c o n t a i n  minor 
s h e l l  f ragments .  A t  approximate ly  132 m y  bo th  t h e  gamma and e l e c t r i c  
l og  e x h i b i t  b r e a k s  t h a t  a r e  c o r r e l a t i v e  t o  t h e  b reaks  seen i n  l o g s  
from t h e  Janes  I s l a n d  we l l  a t  116 m ( F i g u r e  A-1) (Hansen,  1967). 
These b r e a k s ,  p l u s  t h e  appearance  of abundant s h e l l s  above t h e  b r e a k s ,  
mark t h e  Choptank-Calvert c o n t a c t  a t  approximate ly  132 m .  

The Choptank Formation conformably o v e r l i e s  t h e  C a l v e r t  and 
r anges  i n  dep th  from 107 m t o  1321 m. The h i g h l y  f o s s i l i f e r o u s  sedi-  
ments a r e  more sandy than  c l ayey  i n  t h e  upper two t h i r d s  o f  t h e  u n i t  
wi th  a g radua l  downward i n c r e a s e  i n  c l a y  from 125 m t o  t h e  b a s e .  

Overlying t h e  Choptank i s  t h e  S t .  Marys Formation (76 - 107 m) 
which i s  e a s i l y  d i s t i n g u i s h a b l e  by t h e  appearance  of g r a y  c l a y  and 
s i l t  above 107 m .  Minor amounts of s h e l l  f ragments  a r e  p r e s e n t  i n  a l l  
t h e  samples from t h i s  u n i t .  The upper c o n t a c t  with t h e  Yorktown For- 
mat ion i s  i n d i c a t e d  by a n e g a t i v e  "kick" i n  t h e  gamma log  a t  76 m ,  and 
by a cor responding  b reak  i n  t h e  s e l f - p o t e n t i a l  and r e s i s t i v i t y  cu rves  
( F i g u r e  A-1). Sand c o n t e n t  i n c r e a s e s  above 76 m ,  becoming c o a r s e  and 
g r a n u l a r  from 59 m t o  68 m .  

The Yorktown - Columbia Group c o n t a c t  cannot  be de te rmined  f o r  
DGT-1 due t o  d i f f i c u l t y  i n  c o l l e c t i n g  samples d u r i n g  the f i r s t  46 m of 
d r i l l i n g .  In t h e  J a n e s  I s l a n d  w e l l ,  t h i s  boundary was picked a t  12 m 
(Hansen,  1967); i t  i s  a n t i c i p a t e d  t h a t  t h e  boundary i n  DGT-1 i s  w i t h i n  
a few meters o f  t h a t  d e p t h .  
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Summary o f  Temperature Logging of  
C r i s f i e l d ,  Maryland Geothermal Test Hole 

Samuel S. Dashevsky and Wilson S. McClung 

D r i l l i n g  of  t h e  f i r s t  geothermal  t e s t  h o l e  (DGT-1) on the  e a s t  
c o a s t  began a t  C r i s f i e l d ,  Md. on May 13 ,  1979. Throughout t h e  d r i l l -  
ing  and t e s t i n g  phase t h e  thermal  regime was moni tored  as c l o s e l y  as 
p o s s i b l e  by V.P.I .6  S.U. Previous  measurements from i n i t i a l  h e a t  f low 
d a t a  a t  t h a t  s i t e  (Hole C32-A) i n d i c a t e d  a g r a d i e n t  of  45.7"C/km and a 
tempera ture  of  26.2"C a t  294m (965 f t ) .  E x t r a p o l a t i n g  t h i s  sha l low 
g r a d i e n t  t o  a dep th  o f  1280m (4200 f t )  where a c o u s t i c  basement was 
i n d i c a t e d  by s u r f a c e  VIBROSEIS se i smic  d a t a  ob ta ined  d u r i n g  February ,  
1979, 71OC was i n d i c a t e d  as a m a x i m u m  p o s s i b l e  t empera tu re  a t  t h a t  
d e p t h .  

During t h e  d r i l l i n g  of DGT-1 t h e  d i s c h a r g e  mud t empera tu re  was 
monitored t o  t e s t  i t s  a p p l i c a t i o n  as a method t o  de te rmine  downhole 
format ion  t empera tu res .  The d a t a  have been p l o t t e d  as d r i l l i n g  dep th  
v s  t empera tu re  of d i s c h a r g e  mud ( F i g u r e  A-2). ( A l l  dep ths  c i t e d  i n  
t h i s  s e c t i o n  are r e fe renced  t o  land s u r f a c e . )  During d r i l l i n g  t o  
1375m (4508 f t )  t h e  d i s c h a r g e  tempera ture  r o s e  from 23°C t o  37.5"C. 
The t empera ture  r o s e  d u r i n g  pe r iods  of cont inuous  d r i l l i n g .  How much 
o f  t h i s  i s  t o  be  a t t r i b u t e d  t o  t h e  geothermal  g r a d i e n t  and how much t o  
f r i c t i o n a l  h e a t  of  t h e  r o t a t i n g  b i t  and d r i l l  s t e m  is no t  c l e a r .  
Pauses i n  t h e  d r i l l i n g  o p e r a t i o n  f o r  c o r i n g ,  equipment f a i l u r e ,  o r  
l o s t  c i r c u l a t i o n  a l lows  t h e  s t and ing  column o f  mud t o  c o o l ,  and t h e  
t empera tu re  i n t e r v a l s  become redundant .  V a r i a t i o n  i n  the  mud i n t a k e  
tempera ture  due t o  weather  c o n d i t i o n s  and mixing o f  f r e s h  water a t  t h e  
s u r f a c e  f u r t h e r  compl i ca t e s  thce d a t a .  A t  p r e s e n t  t h i s  i s  no t  a u s e f u l  
t echn ique ,  bu t  s imi l a r  mon i to r ing  on f u t u r e  h o l e s  i s  recommended. 
Useful  t r e n d s  and impor tan t  d i f f e r e n c e s  may become a p p a r e n t .  This  i s  
a technique  which h a s  been shown t o  be  v a l i d  i n  w e l l s  deepe; than  1500 
meters i n  Montana and along the  Gulf Coast (Edwardson e t  a l . ,  1962) -- 

The base  of  t h e  Coas t a l  P l a i n  sed iments  ( b a s e  o f  "lower a c o u s t i c  
zone") was reached a t  1362m (4469 f t ) ;  an a d d i t i o n a l  46 meters was 
d r i l l e d  i n t o  basement ( m e t a v o l c a n i c s ) .  The Schlumberger logging  pro- 
gram i n  t h e  sediments  c o n s i s t e d  of t h e  fo l lowing :  

Dual i nduc t ion  e l e c t r i c  
S p h e r i c a l l y  focused e l e c t r i c  
S e l f  p o t e n t i a l  e l e c t r i c  
Borehole  compensated son ic  
Three- arm c a l i p e r  
Gamma r a y  
Formation d e n s i t y  
Cement bond 

Temperature was logged by VPI&SU ( F i g u r e  A-3). 

Two maximum read ing  mercury thermometers were s e n t  down on two o f  
t h e  logging  r u n s .  One thermometer s t r apped  t o  t h e  t o p  of  t h e  logging  
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t o o l s  was run t o  a dep th  o f  1398m (4586 f t ) .  The second thermometer 
was s t rapped  61m (200 f t )  f u r t h e r  up t h e  logging  c a b l e  and was run  t o  
a depth  of 1337m (4386 f t ) .  The t empera tu re  recorded  from each maxi- 
mum thermometer i s  assumed t o  r e p r e s e n t  t he  t empera tu re  a t  t h e  deepes t  
po in t  reached by t h a t  thermometer. The f i r s t  s e t  o f  thermometers 
reached t h e i r  maximum deprh 4.25 hour s  a f t e r  c i r c u l a t i o n  i n  the  h o l e  
had ceased .  A t  1398m, 47.8"C (118°F) was r e c o r d e d ,  44.4"C (112°F) was 
recorded a t  1337m. The t o t a l  dep th  on t h e  second run i n  t h e  h o l e  was 
2 me te r s  sha l lower  than  on t h e  f i r s t  run  because  d e b r i s  had accumu- 
l a t e d  i n  t h e  h o l e .  On t h e  second r u n ,  t h e  thermome-ters reached t h e i r  
t o t a l  depth  12.5 hour s  a f t e r  c i r c u l a t i o n  i n  the  h o l e  had ceased .  The 
lower thermometer' from 1396m recorded 54.4"C (130°F)  a r i s e  o f  6.6"C 
i n  8 .25  h o u r s ,  wh i l e  t he  t h e  upper thermometer from 1335m came up bro- 
ken. 

Af t e r  t h e  open-hole l o g s  were completed a t empera tu re  log  was run  
by VPI&SU. To minimize t h e  t ime spen t  i n  the  open h o l e  , t h e  log  
began a t  50m and c o n s i s t s  o f  t empera tu re  r e a d i n g s  through t e n  meter 
i n t e r v a l s  a t  spac ings  of 100 meters. I n  t h e  bottom p o r t i o n  of t h e  
h o l e ,  measurements were t aken  every  0.5m through t h e  lower t h r e e  aqui-  
f e r  zones '(1156m - 1287m), t h e  indura t ed  sed iments  (1287m - 1362m) and 
t h e  metamorphic basement (1362m - 1406m). De ta i l ed  measurements a l s o  
w e r e  made through the  cored i n t e r v a l s .  The r e s u l t a n t  l og  i s  des ig -  
na ted  DGT-1A ( F i g .  A-3) . 

Following t h e  cas ing  and cementing of t h e  1406m (4620 f t )  h o l e ,  
t h e  h o l e  w a s  t u rned  over t o  t h e  Los Alamos S c i e n t i f i c  Labora tory  
(LASL) f o r  f u r t h e r  d r i l l i n g  and h y d r a u l i c  f r a c t u r i n g .  The h o l e  w a s  
deepened t o  1693m (5554 f t )  and t h r e e  c o r e s  were c u t  ( s e e  Gleason ,  
t h i s  r e p o r t ) .  

P r i o r  t o  and a f t e r  f r a c t u r i n g  t h e  fo l lowing  s u i t e  o f  l o g s  ( w i t h  
t h e  excep t ion  o f  t h e  S p e c t r a l  Gamma Log) was run  by B i r d w e l l :  

P r e - f r a c t u r e  l o g s  P o s t - f r a c t u r e  l o g s  
Spontaneous p o t e n t i a l  Spontaneous p o t e n t i a l  
16 " and 64 normal e l e c t r i c  16 and 64 I' normal e l e c t r i c  
6 arm c a l i p e r  6 arm c a l i p e r  
3-dimensional v e l o c i t y  3-dimensional v e l o c i t y  
Temper a t u r  e 
Bo r eho l  e t e 1 ev i e we r 
Nuclear cement temp. l o c a t o r  Temperature - VPI6SU 
Neution bo reho le  compensated Bot tom h o l e  temperature-VPI&SU 
Dens i ty  borehold  compensated 
S p e c t r a l  gamma log ( K , U , T h )  by Dresser  A t l a s  
Temperature - VPI& SU 

Temper a t  u r  e 
Bo r eho 1 e t e 1 ev i e we r 

The p r e - f r a c t u r e  t empera tu re  log  ( D G T - l B ,  F i g .  A-3) ob ta ined  by 
VPI&SU began a t  1225m (4019 f t )  and reached a t o t a l  dep th  o f  1693m 
(5554 f t ) .  The log  was run 43. hour s  a f t e r  t h e  l a s t  ep i sode  o f  c i r c u l a -  
t i o n  i n  t h e  h o l e ,  and measured a bottom h o l e  temper'ature o f  66.3"C. 
This  t empera tu re  (which i s  t h e  h i g h e s t  
t empera tu re  t h a t  was recorded a t  t h a t  d e p t h  and i s  t h e  measured v a l u e  

i s  n o t  an e q u i l i b r i u m  v a l u e )  
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F i g u r e  A-3. Open h o l e  t empera tu re  log  of Coas t a l  P l a i n  sed iments  
(DGT-1A)  16 .5  hour s  a f t e r  c i r c u l a t i o n  stopped on 6 / 4 / 7 9 .  Open 
h o l e  t empera tu re  log (DGT-1B) of  lower sediments  and basement 43 
hour s  a f t e r  c i r c u l a t i o n  stopped on 6 / 1 5 / 7 9 .  
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t h a t  i s  c l o s e s t  t o  e q u i l i b r i u m .  Nine hours  a f t e r  c i r c u l a t i o n ,  a 
maximum read ing  mercury thermometer recorded  62°C a t  1693 m y  and 34.5 
hours  a f t e r  c i r c u l a t o n  the  bottom-hole tempera ture  recorded  was 65°C. 

Af t e r  complet ion o f  a l l  t e s t i n g  and c o n t r a c t  logging  i n  the  base- 
ment par t  of  t h e  h o l e ,  ano the r  tempera ture  log  (DGT-1C) was ob ta ined  
by VPI&SU from 1186m - 1693111. Three days had e lapsed  s i n c e  the  l a s t  
tempera ture  measurement , and i n  t h a t  t i m e  c o n s i d e r a b l e  tempera ture  
d i s t u r b a n c e  had occurred  i n  t h e  h o l e .  A h y d r a u l i c  f r a c t u r e  had been 
i n i t i a t e d  and propogated by pumping l a r g e  'volumes o f  s u r f a c e  water 
i n t o  t h e  h o l e .  The f r a c t u r e  was propped open with sand ,  and excess  
sand w a s  c i r c u l a t e d  out  o f  t h e  h o l e .  S i x t e e n  and one-half  hour s  a f t e r  
t h a t  l a s t  c i r c u l a t i o n ,  t empera tu re  l o g  DGT-1C was ob ta ined  ( F i g .  A-4). 
The f r a c t u r e d  zone i s  appa ren t  ak a cooled i n t e r v a l  between 1647m and 
1690m where l a r g e  volumes o f  s u r f a c e  wa te r s  absorbed h e a t  from t h e  
f r a c t u r e d  rock .  The bottom h o l e  tempera ture  had dropped t o  65.1"C due 
t o  the  cont inued c i r c u l a t i o n  o f  water.  

, 

A f t e r  r each ing  t h e  maximum depth  o f  1693m f o r  l o g  DGT-1C t h e  
probe was l e f t  on bottom f o r  the  nex t  10 hours  a t  t he  r e q u e s t  o f  LASL. 
Temperature measurements were made eve ry  minute  t o  d e f i n e  the  bottom- 
h o l e  thermal  e q u i l i b r a t i o n  curve  i n  o r d e r  t o  e s t i m a t e  the  e q u i l i b r i u m  
t empera tu re .  Fol lowing t h i s ,  a f i n a l  t empera tuare  log  (DGT-1E) was 
run (F igu re  A - 4 ) .  I n  F i g u r e  A-5 bottom-hole t empera tu re  i s  p l o t t e d  
a g a i n s t  time from 1200 h r  t o  2200 h r  on June  1 9 ,  1979. During t h e  
10-hour span of t h e  survey  t h e  t empera tu re  r o s e  0.53"C from 65.37 t o  
65.90"Cy an average  of  0.05"C/hour.  Most o f  t h e  thermal  e q u i l i b r a t i o n  
had occurred  i n  the  preceeding  19 hour s  since c i r c u l a t i o n  ceased .  In 
t h e  10 hours  moni tored ,  t h e  asymptot ic  p o r t i o n  o f  t h e  curve  was 
observed t o  approach a maximum of  67°C. Using t h e  bottom-hole temper- 
a t u r e  measured i n  DGT-1B ( p r e - f r a c t u r e  l o g )  as a minimum v a l u e ,  t h e  
tempera ture  a t  1693111 can be b racke ted  i n  the  range  66.3"C - 67°C. 
During the  a q u i f e r  pump t e s t  o f  zone 81 d i r e c t l y  above t h e  indura t ed  
sediments  ( r e f e r  t o  f i g u r e  2) t h e  tempera ture  measured was 2°C warmer 
than  t h a t  i n d i c a t e d  by p rev ious  t empera tu re  log  DGT-1B. I f  one 
a c c e p t s  t h e  tempera ture  r i s e  o f  2°C t o  be v a l i d  a l s o  f o r  t he  basement 
s u r f a c e  a t  t h e  bottom of t h e  indura t ed  sed iments  then  an e q u i l i b r i u m  
t empera tu re  can be assumed f o r  the  basement s u r f a c e  t o  be 58.8"C. 
This  coupled wi th  our  v a l u e  f o r  t he  bottom of t h e  h o l e  of  66 .3  - 67°C 
y i e l d s  an average  g r a d i e n t  between 22.6"C/km and 24.8OC/km. The mean 
thermal  c o n d u c t i v i t y  from the  basement c o r 5  .samples i s  3.20 + 0 .51  
W/m-"C y i e l d i n g  a h e a t  f low between 7 2  mW/m and 79 mW/m . InTorpo- 
r a t i n g  t h i s  wi th  t h r e e  h e a t  f low d e t e r m i n a t i o n s  i n  the  sed imentar  
s e c t i o n  o f  t h e  h o l e  (Tab le  A-4), y i e l d s  an average  v a l u e  o f  72 mW/m 
a t  t he  t e s t  w e l l  s i t e .  

2 

P 

With t e s t i n g  i n  t h e  basement s e c t i o n  completed,  a b r i d g e  plug was 
set a t  1400m (4595 f t )  and t h e  Gruy Fede ra l  a q u i f e r  t e s t i n g  program 
began.  Three zones between 1156m and 1287m (3792 f t  - 4224 f t )  were 
p e r f o r a t e d  and pumped i n d i v i d u a l l y  under t h e  d i r e c t i o n  of  Gruy Fede ra l  
I n c .  Drawdown w a s  measured with a down-hole q u a r t z  p r e s s u r e  c e l l  and 
each zone was pumped s u f f i c i e n t l y  t o  r each  a s t a t i c  drawdown f o r  t h e  
d i s c h a r g e  r a t e  e s t a b l i s h e d .  A f t e r  pumping, t h e  head bu i ldup  was moni- 

A-26 

/ 

1 

1 
I 
1 
1 
I 
1 
I 
1 
I 
I 
1 
S 

I 



A 

v) 

Q) 

0) 

L 

c 

E 
Y 

Q) 
0 
0 * 
L 
a cn 
I 
0 
Q) 
- 
m 

f 
a 
n 
Q) 

1200 

FRACTURE 

0 0 0 Y Y 
DGTIE 0 + 

0 

r- Y 0 u 

2 DGTIB 2 z DGTIC ID 

Figure  A-4.  Pre -hydro f rac tu re  tempera ture  log DGT-IB 43 hours a f t e r  
c i r c u l a t i o n  6 /15 /79 ,  and p o s t - f r a c t u r e  logs DGT-IC 1 7  hours a f t e r  
c i r c u l a t i o n  6 /18 /79 ,  and DGT-IE 30 hour s  a f t e r  c i r c u l a t i o n  
6 /19 /79 .  
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F i g u r e  A-5. Ten hour survey o f  bottom h o l e  tempera ture  a t  1693m i n  
m e t  avo1 c a n i c  basement . 
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t o red  u n t i l  s t a t i c  l e v e l  was r ega ined  i n  a l l  t h r e e  zones .  Deta i l s  o f  
t h e  a q u i f e r  tes t  are for thcoming from Gruy Fede ra l  I n c .  

Zone 111 was p e r f o r a t e d  between 1262m and 1285m (4142 f t  - 4217 
f t )  A down-hole c e n t r i f u g a l  pump set a t  180m (600 f t )  pumped t h e  
water  l e v e l  down below i t  i n  8 minutes  a t  a r a t e  o f  150 ga l -  
lons /minute .  It i s  no t  c lear  whether o r  no t  a l l  p e r f o r a t i o n s  i n  t h i s  
zone were e f f e c t i v e  i n  a l lowing  water t o  e n t e r  the- w e l l  bore  unim- 
peded. A smaller pump capab le  o f  m a i n t a i n i n g  10  g.p.m. was then  set  
a t  180m and pumped f o r  24 hour s  a t  an average  r a t e  of 14 g.p.m. The 
s t a t i c  drawdown a t  t h i s  d i s c h a r g e  w a s  approximate ly  4.6m ( 1 5 f t ) .  The 
tempera ture  o f  t h e  water  f lowing from the  p e r f o r a t e d  zone was 57.2"C 
(135°F) a t  t h e  l e v e l  of  p e r f o r a t i o n .  Pumped a t  t h e  low d i s c h a r g e  of  
14 g.p.m.,  t h e  d i s c h a r g e  t empera tu re  a t  t he  s u r f a c e  was o n l y  38°C 
(100°F) .  

Zone I12 was p e r f o r a t e d  from 1 1 8 7 m  t o  1227m (3895 f t  - 4026 f t )  
and the l a r g e  volume pump was set  a t  210m (700 f t )  depth' .  This  h o r i -  
zon was i n d i c a t e d  by l o g s  and c u t t i n g s  t o  be  a much c l e a n e r  cont inuous  
sand u n i t  t han  Zone 81. Water was produced f o r  48  hour s  a t  an average  
r a t e  o f  119 g.p.m. drawing t h e  s t a t i c  head down 84m (275 f t ) .  The 
tempera ture  o f  t h e  water a t  t h e  l e v e l  of  p e r f o r a t i o n  was 56°C (133°F) 
and a t  t he  s u r f a c e  t h e  d i s c h a r g e  t e m p e r a t u r e  w a s  5 1 ° C  (124°F). This 
s u r f a c e  tempera ture  was c o n s i d e r a b l y  h i g h e r  than  t h a t  measured du r ing  
pump t e s t s  o f  t h e  deeper  Zone #1 due t o  t h e  s u b s t a n t i a l l y  l a r g e r  t h e r -  
mal mass be ing  brought  t o  t h e  s u r f a c e  a t  a h i g h e r  v e l o c i t y  by t h e  lar-  
ge r  pump i n  Zone f 2 .  

During each pump t e s t ,  s u r f a c e  tempera ture  w a s  seen  t o  r i s e  con- 
t i n u a l l y .  Under h igh  p roduc t ion  f o r  an extended per iod  o f  t i m e  it i s  
expec ted  t h a t  t h e  d i f f e r e n c e  between the  w e l l  head and p e r f o r a t i o n  
tempera ture  would be l ess .  

Fol lowing t e s t s  o f  Zone f2, a cement r e t a i n e r  was set a t  1181m 
(3874 f t )  111 and 112 were squeezed wi th  
cement.  A s  much a s  10 meters o f  cement can be expec ted  on t o p  of  t h e  
r e t a i n e r .  

and t h e  p e r f o r a t i o n s  of  Zones 

Zone 83 was p e r f o r a t e d  between 1155m and 1170m (3792 f t  - 3840 
f t ) .  Logs and c u t t i n g s  i n d i c a t e d  t h i s  zone t o  be a c l e a n  sand w i t h i n  
a t h i c k  s h a l e  ho r i zon .  The s m a l l ,  low-volume pump was set  a t  125m 
(410 f t )  and produced a t  an average  d i s c h a r g e  o f  32 g.p.m. f o r  36 
h o u r s  r each ing  a s t a t i c  drawdown o f  30m ( 9 8  f t ) .  Down-hol e water 
tempera ture  w a s  54°C (129°F) and s u r f a c e  d i s c h a r g e  t empera tu re  reached 
35°C ( 9 5 ° F ) .  

With t h e  comple t ion  o f  Zone I13 t e s t i n g ,  a cement r e t a i n e r  was set  
a t  1140m (3742 f t )  and Zone #3 p e r f o r a t i o n s  were squeezed with cement.  

Twenty days l a t e r  tempera ture  log  DGT-1F was run and cement was 
encountered  a t  1110m. Comparison wi th  log  DGT-1G run  t h r e e  days l a t e r  
i n d i c a t e s  c o n t i n u i n g  d i s s i p a t i o n  of  h e a t  gene ra t ed  from cementing par- 
t i c u l a r l y  i n  t h e  upper 300m ( s e e  Report  # VPX&SU-5648-4). Above t h i s  

1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
I 
1 
1 

A-28 



9 

P 
P 
P 

P 

P 
P 

d u r i n g  d r i l l i n g  and t h e s e  become l a r g e  pockets  of cement.when c a s i n g  
i s  g r o u t e d  i n  p l a c e .  F igure  A-6 shows t h e  most r e c e n t  tempera ture  log 
DGT-IJ  (which i s  n e a r i n g  e q u i l i b r i u m )  i n  r e l a t i o n  to  t h e  f i r s t  temper- 
a t u r e  log DGT-LA i n  t h e  C o a s t a l  P l a i n  s e d i m e n t s ,  and DGT-1B t h e  b e s t  
r e p r e s e n t a t i v e  tempera ture  l o g  i n  t h e  basement.  The o v e r a l l  l e a s t -  
square  g r a d i e n t  from 20m t o  1080m is 34OC/km. The g r a d i e n t  from 60m 
t o  295m of  DGT-IJ i s  43.9OC/km a s  compared t o  45.8"C/km measured i n  
t h e  o r i g i n a l  h e a t  f low h o l e  C32A. This  i n d i c a t e s  t h e  l a t e s t  g r a d i e n t  
i s  w i t h i n  5% o f  thermal  e q u i l i b r i u m .  

Table  A-4 summarizes t h e  d e p t h s  of  t h e  d i f f e r e n t  h o r i z o n s  and 
zones of i n t e r e s t  i n  DGT-I.  
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DGT-lA, open h o l e  t empera tu re  log  of Coas t a l  P l a i n  s e d i -  
ments 16.5 hours  post c i r c u l a t i o n .  DGT-IB, open h o l e  t empera tu re  
log  of lower Coas t a l  P l a i n  and basement s e c t i o n  43 hours  pos t  
c i r c u l a t i o n .  DGT-lJ, cased  h o l e  t empera tu re  log  of Coas t a l  P l a i n  
sediments  t o  depth  of cement plug , 65 days pos t -comple t ion .  

A-30 ,31 



TABLE A-4 -- 
Deep Geothermal T e s t  - 1 (DGT-1) T o t a l  dep th  1693 m (5554 f t )  

Zone 

Thermal Thermal Heat 
Depth ( r e f .  land s u r f a c e )  Conduct iv i ty  Gradien t  F l  oy 

Meters Fee t  W/m-"C "Clkm mw/ m 

Unconsol idated 
Coas t a l  P l a i n  
Sediments 0 - 1287 0 - 4224 

63 + 6 - 1089 - 1139 . 1.72 + .14 36.4 + .42 - - Cores 1 and 2 331 - 347 

78 + 11 36.2 - + .18 - 2.16 + .3 - Cores 4, 5, and 6 793 - 821 2603 - 2693 

75 + 3 - 3106 - 3136 2.15 + -07 34.8 + -24 - - Core 7 946 - 956 

67 + 15 - 1250 - 1279 4104 - 4194 2.30 + -49 29.2 + .05 - - Cores 8, 9 ,  and 10 

Zone 83 p e r f o r a t i o n  1157 - 1172 3798 - 3846 

Zone #2 p e r f o r a t i o n  1189 - 1229 3901 - 4032 

Zone #1 p e r f o r a t i o n  1264 - 1287 4148 - 4223 

Indura t ed  C o a s t a l  
P l a i n  Sediments 1287 - 1362 4222 - 4467 

1362 - 1693 4467 - 5554 
' Metavolcanic  

Basement 

Core 11 

Core 12 

' Core 13 

1418 - 1421 4652 - 4663 

1528 - 1532 5012 - 5027 

1688 - 1693 5539 - 5554 
75 + - 3.20 - + .51 22.6 - + 24.8 

Hyd r au 1 i c  f r  ac t ur  e 1647 - 1693 5402 - 5554 



Comparison o f  Geothermal Grad ien t s  and Gamma Logs 
i n  Shal low Holes (300 m) i n  t h e  A t l a n t i c  Coas t a l  P l a i n  

Wilson McClung ) Samuel Dashevsky , and Br ian  Thoreson 

Geothermal g r a d i e n t s  i n  t h e  sha l low (300 m) C o a s t a l  P l a i n  t e s t  
h o l e s  a r e  be ing  compared wi th  gamma l o g s  from t h e  same h o l e s .  The 
study should y i e l d  v a l u a b l e  in fo rma t ion  concern ing  t h e - r e l a t i o n s h i p  
between thermal  c o n d u c t i v i t y )  g r a i n  s i z e  and geothermal  g r a d i e n t .  It 
i s  expected t h a t  t h e  geothermal  g r a d i e n t  and gamma log  w i l l  have a 
s i m i l a r  shape because h igh  gamma-producing u n i t s  tend t o  be  predomi- 
n a n t l y  c l a y ,  and c l a y s  have a low thermal  c o n d u c t i v i t y  so t h a t  geoth-  
ermal g r a d i e n t  i s  h i g h .  This  t r end  i s  r e a d i l y  appa ren t  i n  the  compa- 
r a t i v e  p l o t s  f o r  35 t e s t  h o l e s  t h a t  a r e  p re sen ted  on t h e  fo l lowing  
pages.  

There a r e  d e v i a t i o n s  from t h e  t r end  d e s c r i b e d  above. In  some 
c a s e s  I high  gamma v a l u e s  a r e  a s s o c i a t e d  wi th  low geothermal  g r a d i e n t s .  
Most l i k e l y ,  t h i s  i s  t h e  r e s u l t  o f  a high-gamma producing thor ium-r ich  
sand or g l a u c o n i t i c  sand wi th  a r e l a t i v e l y  h i g h  thermal  c o n d u c t i v i t y .  
Low gamma v a l u e s  a s s o c i a t e d  wi th  h igh  geothermal  g r a d i e n t s  probably 
a r e  caused by w a t e r - s a t u r a t e d  rocks  w i t h  low gamma p roduc t ion  and l o w  
thermal  c o n d u c t i v i t y .  

Occasional  i n s t a n c e s  o f  water  movement i n  or around t h e  well bo re  
have been observed t o  modify t h e  thermal  g r a d i e n t  independent ly  o f  t h e  
thermal  c o n d u c t i v i t y  or gamma r a d i a t i o n  o f  t h e  l i t h o l o g y  p e n e t r a t e d .  

De ta i l ed  comparison o f  gamma l o g s  and geothermal  g r a d i e n t s  i s  
expec ted  t o  c o n t r i b u t e  t o  an unders tanding  of t h e  hydro log ic  regime 
and p o t e n t i a l  a q u i f e r s ,  g r a i n  s i z e  and thermal  c o n d u c t i v i t y .  Th i s  
s tudy  i s  i n  i t s  i n i t i a l  s t a g e s .  
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Temperature Logs a t  Other Loca t ions  
i n  t h e  A t l a n t i c  Coas ta l  P l a i n  

Samuel S. Dashevsky and Wilson S. McClung 

SMITH ISLAND, MD 

Smith I s l a n d  i s  l o c a t e d  i n  t h e  Chesapeake Bay 12 m i l e s  o f f  shore 
from C r i s f i e l d  w i t h i n  a r e g i o n a l  g r a v i t y  low a l i g n e d  wi th  t h e  Bay. 
Three abandoned water  wel ls  were l o c a t e d  and logged f o r  tempera ture .  
I n  t h e  community o f  E w e 1 1 ,  a g r a d i e n t  of  41"C/km was determined i n  a 
245m undis turbed  w e l l  (SI-3,  F i g .  A-7). The tempera ture  a t  245m (802 
f t )  i s  25°C (77°F) .  Another w e l l  i n  Ewe11 (SI-2) was logged t o  236 m ,  
but  t h e  tempera ture  p r o f i l e  i s  d i s t u r b e d  by a producing well  1 meter 
t o  t h e  s i d e .  This  l o g  i s  shown i n  F igure  A-8 a long wi th  t h e  log  of  
SI-1 t o  76.5m on Rhodes P o i n t .  

PARRIS ISLAND, S.C. 

A tempera ture  l o g  was obta ined  i n  a 725m (2380 f t )  f lowing a r t e -  
s i a n  w e l l  on P a r r i s  I s l a n d ,  SC ( F i g u r e  A-9). The w e l l ,  f lowing a t  90 
g.p.m. wi th  a d i s c h a r g e  tempera ture  of 40.6"C ( 1 0 5 ° F ) )  i s  n o t  cur- 
rently in use. The temperature at 725m is 4 2 . 8 " C  (109°F) which indi- 
c a t e s  a g r a d i e n t  of 33"C/km f o r  an assuming mean annual  s u r f a c e  temp- 
e r a t u r e  o f  18 .7 "C  (NOM, 1973) .  

COLONELS ISLAND, GA 

Near Brunswick, GA a hydro logic  t e s t  w e l l  d r i l l e d  by t h e  U.S. 
Geologica l  Survey on Colonels  I s l a n d  was logged f o r  tempera ture  t o  a 
d e p t 9  of  829m (2720 f t )  ( F i g u r e  A-10). A h e a t  f low v a l u e  of  42 + 7 
mW/m was de te rmined .  Departure  from a l i n e a r  geothermal  gradient- in  
t h e  upper 400 meters i s  a t t r i b u t e d  t o  c o o l i n g  induced by recharge  t o  
zones of  groundwater wi thdrawal .  The anomalous tempera ture  p r o f i l e  i n  
t h e  i n t e r v a l  670m - 760m h a s  been v e r i f i e d  a s  r e a l  by r e p r o d u c t i o n  i n  
r e p e a t e d  l o g s .  The p o s s i b i l i t y  of  o b s t r u c t i o n  and hangup of  t h e  sonde 
was d iscounted  by t h e  c o n s i s t a n t  r e p r o d u c t i o n  of  t h e  curve  when logged 
from t h e  bottom upward wi th  t h e  c a b l e  i n  t e n s i o n .  It i s  hypothesized 
t h a t  t h e  zone i s  h i g h l y  permeable ,  p robably  f r a c t u r e d  c a r b o n a t e  r o c k s ,  
w i t h i n  which complex c i r c u l a t i o n  i s  main ta ined  t o  b r i n g  t h e  lower 
boundary a t  760m i n t o  thermal  c o n t a c t  with t h e  upper boundary a t  670m. 
The h igher ,  t empera ture  i n  t h e  upper h a l f  o f  t h e  zone i n d i c a t e s  water  
f low from a t  l e a s t  785m along an i n c l i n e d  f r a c t u r e  p lane  which may 
i n t e r s e c t  t h e  well bore  a t  700m. The lower more s t r i c t l y  mono-temper- 
a t u r e  zone must be a zone of  h igh  t u r b u l e n c e  and thorough mixing i n  
t h e  v i c i n i t y  o f  t h e  w e l l  b o r e .  Core was made a v a i l a b l e  by c o u r t e s y  of  
t h e  U.S. G. S. The 
h e a t  f low v a l u e  of  42 mW/m r e p r e s e n t s  a background-hea t  f low v a l u e  i n  
agreement wi th  our measurements a t  o t h e r  s i t e s  i n  t h e  Coas ta l  P l a i n ,  
Piedmont, and Val ley  and Ridge P r o v i n c e s .  The tempera ture  a t  t h e  
basement s u r f a c e  ( 1 . 3 7  km) i s  e s t i m a t e d  a t  45°C (115°F) .  

f o r  thermal  5 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 t  VPI&SU. 
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DORT-1, N . C .  

The Dor t ,  NC h o l e  was d r i l l e d  by VPI&SU i n  Coas t a l  P l a i n  sed i -  
ments over a c i r c u l a r  n e g a t i v e  g r a v i t y  anamoly and was deepened t o  
415m (1362")  i n t o  about 100 m i n t o  g r a n i t e  basement (See  Becker ,  t h i s  
r e p o r t ) .  The h o l e  i s  i n  g r a n i t e  from 325m on down. The tempera ture  
log i s  shown i n  F igure  A-11.  The thermal g r a d i e n t  i n  the  c o a s t a l  
p l a i n  s e c t i o n  o f  t he .  h o l e  i s  31"C/km and i s  23"C/km i n  t h e  deeper  
g r a n i t e  p o r t i o n  of  t h e  h o l e .  The g r a d i e n t  of 23"C/km i s  one o f  t h e  
h ighes t  determined t o  d a t e  i n  g r a n i t e  i n  t h e  s o u t h e a s t e r n  U.S. 
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GENERAL GEOLOGY OF THE EAST COAST WITH EMPHASIS ON PPTENTIAL 
GEOTHERMAL ENERGY REGIONS: A DETAILED SUMMARY 

Lynn Glove r ,  111 

Department of Geologica l  Sc iences  , Orogenic S t u d i e s  Labora tory  
V i r g i n i a  P o l y t e c h n i c  I n s t i t u t e  and S t a t e  U n i v e r s i t y  

Blacksburg ,  V i r g i n i a  24061 

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

The r e l a t i v e  s t a b i l i t y  of  t h e  Eas t  wi th  r e s p e c t  t o  ea r thquakes  
and v o l c a n i c  a c t i v i t y  does  no t  immediately sugges t  t h e  v a s t  r e s e r v e  of 
low t o  moderate  t emepra tu re  (40"-125"C?, o r  104"-260"F?) geothermal  
energy t h a t  probably e x i s t s  h e r e .  It i s  unde r s t andab ly  d i f f i c u l t  t o  
s e r i o u s l y  cons ide r  geothermal  p r o s p e c t s  i n  t h e  Eas t  a s  long a s  t h e  
word "geothermal" b r i n g s  f o r t h  an image o f  Old F a i t h f u l  e r u p t i n g  a t  
Yellowstone! Never the l e s s  , f o r  t h e  low t empera tu res  needed t o  econom- 
i c a l l y  h e a t  l a r g e  housing (3000 u n i t s )  and i n d u s t r i a l  complexes , f o r  
example, some o f  t h e  e a s t e r n  hydrothermal  r e s e r v o i r s  may be  bo th  l a r g e  
and f avorab ly  l o c a t e d  wi th  r e s p e c t  t o  p o t e n t i a l  u t i l i z a t i o n .  The 
importance of deve loping  t h i s  r e s o u r c e  i s  e a s i l y  understood from t h e  
observat ion  that  current ly  about 40% of  our f u e l  consumption is 
devoted t o  space h e a t i n g .  

Below t h e  e f f e c t s  o f  t h e  d i u r n a l  and annual  t empera tu res  v a r i a -  
t i o n  a t  t h e  s u r f a c e ,  ( s e v e r a l  hundred f e e t )  , t h e  t empera tu re  i n  t h e  
e a r t h  t e n d s  t o  show a r e g u l a r  r i s e  wi th  i n c r e a s i n g  d e p t h .  In  t h e  
f u t u r e ,  i t  may become economic i n  t h i s  coun t ry  t o  deve lop  geothermal  
sou rces  i n  deep a q u i f e r s  from reg ions  of e s s e n t i a l l y  "normal" geo the r -  
mal g r a d i e n t ,  a s  i s  c u r r e n t l y  be ing  done wi th  a g r a d i e n t  o f  33"C/km o r  
1.8"F/100 f t  i n  t h e  P a r i s  Basin (Rybach, 1979).  Secondly,  mining h e a t  
by c i r c u l a t i n g  water  th rough man-made h y d r a u l i c  f r a c t u r e s  i n  h o t  c rys -  
t a l l i n e  rocks  of t h e  basement below i n s u l a t i n g  sed imentary  b a s i n s  i s  
an e x i s t i n g  technology developed a t  Los Alamos t h a t  may have a f u t u r e  
i n  t h e  E a s t .  I f  so ,  t h e  t empera tu res  a v a i l a b l e  by t h i s  method may 
even b e  s u f f i c i e n t  t o  g e n e r a t e  e l e c t r i c  power. T h i r d l y ,  n a t u r a l  f r ac -  
t u r e  zones and f o l d  s t r u c t u r e s  t h a t  a l l o w  convec t ion  of h e a t  by t h e  
r i s e  of deeply  c i r c u l a t i n g  ground water  i n  r e g i o n s  of e s s e n t i a l l y  nor- 
m a l  h e a t  f low,  e . g .  Hot S p r i n g s ,  V i r g i n i a ,  seem t o  have immediate bu t  
more modest ( ? I  a p p l i c a t i o n  because of appa ren t  l i m i t a t i o n s  i n  temp- 
e r a t u r e ,  volume of w a t e r ,  and l o c a t i o n .  

Of pr imary i n t e r e s t  a t  p r e s e n t ,  however, a r e  e lements  of e a s t e r n  
geo log ic  e lements  i n c l u d i n g :  1 )  sedimentary  b a s i n  f i l l i n g s  o f  v e r y  
low thermal  c o n d u c t i v i t y  ( i . e .  h e a t  damming) sed imen t s ,  e . g .  water  
s a t u r a t e d  c l a y - r i c h  d e p o s i t s ,  and 2) r a d i o g e n i c  h e a t  sou rces  i n  t h e  

'This paper  w i th  minor m o d i f i c a t i o n s  appeared i n  Spec 
A Symposium of Geothermal Energy and i t s  D i r e c t  Uses 
United S t a t e s ,  pp.9-11, Geothermal Resources Counci l  
Davis , CA, 95616. 
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c r y s t a l l i n e  c o n t i n e n t a l  c r u s t ,  e s p e c i a l l y  t h e  younger g r a n i t e s  o f  Late 
Pa leozo ic  (300-260 m . y  . )  and younger a g e s .  Optimal geo log ic  frame- 
works occur  where: 1) g r a n i t e s  o f  h i g h  h e a t  g e n e r a t i n g  c a p a c i t y  
( r a d i o g e n i c  h e a t  upp l i ed  by spontaneous f i s s i o n  o f  n a t u r a l l y  occur-  
r i n g  U ,  Th,  and 48K i n  t h e  g r a n i t e ) ,  a r e  2 )  o v e r l a i n  by l a r g e  conf ined  
o r  semiconfined a q u i f e r s ,  which 3 )  a r e  i n  t u r n  b l anke ted  by t h i c k  
(wa te r  s a t u r a t e d  and c l  ay - r i ch )  s t r a t a  o f  low thermal  c o n d u c t i v i t y .  
Such frameworks appear  t o  be  most abundant east  o f  t h e  F a l l  L i n e ,  
under  the  A t l a n t i c  Coas t a l  P l a i n .  Environmental ly  c l e a n  h e a t  could be  
e x t r a c t e d  by c i r c u l a t i n g  water from an a q u i f e r  up one well, th rough a 
h e a t  exchange r ,  and then  r e i n j e c t i n g  the  water down a second w e l l .  
The op t ima l  g e o l o g i c  framework d e s c r i b e d  above i s  o f t e n  r e f e r r e d  t o  a s  
" t h e  b u r i e d  p l u t o n  concept"  and i s  t h e  p r i n c i p a l  t a r g e t i n g  procedure 
be ing  used by VPI&SU t o  e x p l o r e  the  A t l a n t i c  Coas t a l  P l a i n  g e o l o g i c  
p rov ince .  I t  could  be app l i ed  a s  w e l l  t o  many o t h e r  s u i t a b l e  r e g i o n s  
i n  the  U.S. and e l sewhere .  

From t h e  foregoing  i t  i s  c l e a r  t h a t  t he  a s p e c t s  o f  e a s t  c o a s t  
geology o f  h i g h e s t  p r i o r i t y  i n  a s ea rch  f o r  geothermal  r e s o u r c e s  
i n c l u d e :  1) t h e  t h i c k n e s s  , s t r u c t u r e ,  s t r a t i g r a p h y ,  hydro logy ,  and 
thermal  c o n d u c t i v i t y  o f  sed iments  benea th  t h e  A t l a n t i c  Coas t a l  P l a i n ,  
and 2 )  t h e  s t r u c t u r e , '  compos i t ion ,  age and i n t e n s i t y  o f  metamorphism 
and of g r a n i t e  emplacement,  and the  h e a t  p roduc t ion  of r o c k s  i n  the  
basement under the  A t l a n t i c  Coas t a l  P l a i n .  Because the  c h a r a c t e r  o f  
t h e  A t l a n t i c  Coas ta l  P l a i n  sed iments  i s  d i s c u s s e d  by o t h e r  speake r s  on 
t h i s  program, t h e  fo l lowing  i s  concerned wi th  t h e  e v o l u t i o n  o f  2) 
above ,  t h e  h e a t  sou rces  i n  t h e  basement.  

Regional  metamorphism and de fo rma t ion  p lay  a key r o l e  i n  t h e  evo- 
l u t i o n  and l o c a t i o n  o f  basement r a d i o g e n i c  h e a t  s o u r c e s .  Uranium and 
thorium i n  p a r t i c u l a r  a r e  mobi l ized  i n  f l u i d s  and g r a n i t i c  mel ts  dur-  
ing r e g i o n a l  metamorphism. Moving under t h e  i n f l u e n c e  o f  g r a v i t y ,  
thermal  g r a d i e n t s  , and de fo rma t ion ,  much o f  t he  uranium and thorium i s  
permanent ly  l o s t  from o r  homogenized i n  a metamorphic t e r r a i n .  A 
n o t a b l e  excep t ion  i s  t h e  r e l a t i v e  c o n c e n t r a t i o n  o f  t h e s e  e lements  ( U ,  
T h ,  and K) i n  g r a n i t i c  m e l t s  t h a t  m a y  c r y s t a l l i z e  and r e m a i n  w i t h i n  
t h e  zone o f  metamorphism. Thus "plums" of r ad iogen ic  g r a n i t e s  are 
s c a t t e r e d  through a "pudding" of metamorphic g n e i s s e s  and s c h i s t s  t h a t  
may  be  somewhat d e p l e t e d  i n  t h e s e  hea t  product ing  e l emen t s .  By con- 
c e n t r a t e d "  we mean about  10 p a r t s  per  m i l l i o n  (ppm) of U i n  t h e  gran-  
i t e  v s .  1-2 ppm i n  t h e  g n e i s s e s  and s c h i s t s  of t h e  metamorphic ter- 
r a i n .  Th i s  i s  h a r d l y  o r e  g rade  o r  ve ry  r a d i o a c t i v e  i n  the  usua l  
s ense !  

11 

I n  t h e  c a s e  of  t h e  Appalachian Piedmont and i t s  e x t e n s i o n ,  t h e  
basement under t h e  A t l a n t i c  Coas t a l  P l a i n ,  p a t t e r n s  of metamorphism 
and igneous a c t i v i t y  have wandered through space and t i m e  i n  a complex 
manner.  Thus t h e  U and Th concen t r a t ed  i n  g r a n i t e s  o f  one g e n e r a t i o n  
of  a c t i v i t y  may  b e  s t r o n g l y  d e p l e t e d  o r  homogenized d u r i n g  the  meta- 
morphism of  a n o t h e r .  Only g r a n i t e s  t h a t  c o n s o l i d a t e  a f t e r  t he  thermal  
peak o f  t h e  l a s t  metamorphism i n  an area are l i k e l y  t o  have r e l a t i v e l y  
h i g h  r a d i o g e n i c  h e a t  p roduc t ion .  It i s  i m p o r t a n t ,  t h e r e f o r e ,  t o  t r y  
t o  unders tand  t h e s e  p a t t e r n s  of  metamorphism and igneous a c t i v i t y  i n  
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o r d e r  t o  t a r g e t  p roduc t ive  g r a n i t e s  benea th  t h e  A t l a n t i c  Coas t a l  
P l a i n .  Ta rge t ing  of such g r a n i t e s  under t h e  Coas t a l  P l a i n  can be  
a s s i s t e d  by us ing  magnet ic  , g r a v i t y  , and se i smic  s u r v e y s ,  bu t  t h e s e  
a r e  i n d i r e c t  methods t h a t  must be  c o n t r o l l e d  by s e l e c t i v e  c o r e  d r i l l -  
ing i n t o  the  c r y s t a l l i n e  basement .  Some c o r e s  should come from meta- 
morphic basement rocks  ( t h e  "pudding") so t h a t  we can de termine  compo- 
s i t i o n ,  s t r u c t u r e ,  d e n s i t y  , se i smic  v e l o c i t y  , magnet ic  p r o p e r t i e s  , 
h e a t  product ion  and t h e  type  and age of metamorphism. Other c o r e s  
must come from young syn- t o  post-metamorphic g r a n i t e s  ( t h e  "plums") 
so t h a t  b e s i d e s  t h e i r  o t h e r  p r o p e r t i e s ,  we can a l s o  measure t h e i r  h e a t  
g e n e r a t i o n  d i r e c t l y  i n  o r d e r  t o  v e r i f y  t h e  e x p l o r a t i o n  model and t o  
s e r v e  a s  a double  check on c e r t a i n  h e a t  f low r e l a t e d  measurements made 
i n  t h e  sha l lower  w e l l s  of t h e  A t l a n t i c  Coas t a l  P l a i n .  

The n a t u r e  and t iming  of igneous and metamorphic a c t i v i t y  i n  t h e  
c r y s t a l l i n e  Appalachians ( i . e .  Blue Ridge , Piedmont , and basement 
under the  A t l a n t i c  Coas t a l  P l a i n )  a r e  t o p i c s  c e n t r a l  t o  p l a t e  t e c t o n i c  
hypotheses  f o r  t h e  o r i g i n  of t h e  Appalachians .  Because of p rev ious  
r e s e a r c h  s t i m u l a t e d  by t h i s  i n t e r e s t  we have a moderate  amount of 
background d a t a  t o  b u i l d  upon. That i s ,  t h e  d a t a  base  i s  s u f f i c i e n t  
t o  g e n e r a t e  i n t e r e s t i n g  i d e a s  about  t h e  n a t u r e  o f  p o s s i b l e  r a d i o g e n i c  
h e a t  s o u r c e s ,  bu t  i n s u f f i c i e n t  t o  v e r i f y  them. P l a t e  t e c t o n i c  models 
provide  us with r a t i o n a l  hypotheses  t h a t  e x p l a i n  some of t h e  d a t a  and 
may g i v e  us  some p r e d i c t i v e  c a p a b i l i t y  about t h e  n a t u r e  of c e r t a i n  
basement r e g i o n s .  F u r t h e r  d i s c u s s i o n  of such models ,  however , i s  bey- 
ond the  scope of t h i s  pape r .  

Some Aspects  of t h e  Geologic  H i s t o r y  
o f  t h e  Piedmont a s  a Guide t o  the  

Nature  of Heat Sources  i n  t h e  
A t l a n t i c  Coas t a l  P l a i n  Basement 

(The fo l lowing  account  g r e a t l y  o v e r s i m p l i f i e s  a complex g e o l o g i c  
t e r r a i n .  The t r e n d s  d i s c u s s e d  h e r e  a r e  n o t  wel l  documented and much 
work remains t o  be done.)  

- 

Widespread volcanism and p lu tonism (emplacement o f  g r a n i t i c  and 
gabbro ic  rocks )  du r ing  the  Eocambrian and Cambrian P e r i o d s ,  about  800 
t o  500 m . y .  ago ,  extended over much o f  t h e  Piedmont and Blue Ridge. 
The scan ty  d a t a  sugges t  t h a t  t h e s e  p l u t o n s  range  from l a r g e  t o  smal l  
i n  s i z e ,  from sha l low t o  deep l e v e l s  of  p lacement ,  and were a s s o c i a t e d  
wi th  p e r i o d s  of e x t e n s i v e  volcanism.  A l l  known rocks  o f  t h i s  age i n  
t h e  Cen t ra l  and Southern  Appalachians have been metamorphosed a t  l e a s t  
once and appear  t o  be g e n e r a l l y  c h a r a c t e r i z e d  by low h e a t  p roduc t ion .  

A more d i s t i n c t  p a t t e r n  appears  t o  have emerged i n  t h e  igneous 
and metamorphic h i s t o r y  beginning  i n  Ordovic ian  t ime ,  about 480 - 425 
m . y .  ago. I n  the  e a s t e r n  f o o t h i l l s  of t h e  C a r o l i n a  B l u e  Ridge and i n  
t h e  wes tern  Piedmont of t h e  C a r o l i n a s  and V i r g i n i a ,  g r a n i t i c  and gab- 
b r o i c  p l u t o n s  were emplaced du r ing  a r e g i o n a l  metamorphism t h a t  prob- 
ab ly  ended a b r u p t l y  a s  a r e s u l t  o f  c o o l i n g  by de fo rma t ion ,  u p l i f t ,  and 
e r o s i o n  d u r i n g  t h e  Taconic Orogeny. I f  t h e  e a s t e r n  Piedmont was 
a f f e c t e d  by t h i s  metamorphism, l a r g e  r e g i o n s  ( t h e  C a r o l i n a  S l a t e  

, .  
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B e l t s )  were never  r a i s e d  above low t empera tu res  and p r e s s u r e s  
( g r e e n s c h i s t  g rade )  . A d d i t i o n a l l y  , t h e r e  are probably  few o r  no 
Taconic age p l u t o n s  i n  t h e  e a s t e r n  Piedmont south  o f  about  F red r i cks -  
burg , V i r g i n i a .  

By l a t e s t  Ordovic ian  and S i l u r i a n  t ime,  approximate ly  400 m . y .  
ago ,  a few gabbro ic  and g r a n i t i c  p l u t o n s  were i n j e c t e d  along the  I_ cen- 
t r a l  a x i s  o f  t h e  Piedmont i n  t h e  C a r o l i n a s .  D u c t i l e  de fo rma t ion  
a f f e c t e d  some of t h e s e  p l u t o n s  , which s u g g e s t s  t h a t  r e g i o n a l  metamor- 
phism may have cont inued  from the  Taconic event  o r  may  have mig ra t ed  
eas tward  wi th  t h e  p l u t o n i c  a c t i v i t y .  The i n t e n s i t y  of igneous  and 
metamorphic a c t i v i t y  t h u s  f a r  recognized  seems d iminished  by compari- 
son wi th  t h e  Taconic ev idence  f o r  r e l a t i v e  c r u s t a l  s t a b i l i t y  a t  t h i s  
time recorded  i n  S i l u r i a n  rocks  o f  t he  Val ley  and Ridge.  

Late Devonian to  Pennsylvanian  t ime saw t h e  c e n t r a l  a x i s  of  meta- 
morphism and p l u t o n i c  i n t r u s i o n  m i g r a t e  i n t o ,  o r  a t  l e a s t  r e a c h  an 
i n t e n s i t y  maximum, i n  t h e  e a s t e r n  Piedmont .  Dat ing of t h i s  metamor- 
phism s u g g e s t s  a thermal  maximum a t  about  350 - 300 m . y .  ago (Acadian 
Orogeny).  The metamorphism d imin i shes  westward i n t o  t h e  Blue Ridge 
where i t  p a r t i a l l y  o v e r p r i n t s  t h e  e a r l i e r  Taconic metamorphism. It 
was accompanied , most ly  d u r i n g  i t s  waning s t a g e ,  by widespread pluton-  
i s m  over  a span of  about  330 t o  260 m . y .  ago .  This  produced a ve ry  
l a r g e  ( c a .  60) group o f  syn- t o  post-metamorphic g r a n i t i c  p l u t o n s .  
These Late Pa leozoic  g r a n i t e s  a r e  most abundant a long t h e  F a l l  L ine  
sou th  of  Richmond, V i r g i n i a ,  and i n  Georgia  they  t r end  westward i n t o  
t h e  r e g i o n  south  of  A t l a n t a .  This  westward t r end  i n  Georgia  appea r s  
t o  be  somewhat concordant  wi th  L a t e  Pa leozo ic  r e g i o n a l  s t r u c t u r a l  fea- 
t u r e s  t h a t  may l i n k  t h e  Appalachians wi th  t h e  Ouach i t a s .  

Because t h e  350 m . y .  Acadian r e g i o n a l  metamorphism was t h e  l a s t  
major  metamorphic event  t o  a f f e c t  t h e  e a s t e r n  Piedmont ,  g r a n i t e s  o f  
t h i s  age o r  younger have g e n e r a l l y  r e t a i n e d  much o f  t h e i r  U and Th. 
Thus they  a r e  the  b e s t  known s i z a b l e  group of  h e a t  g e n e r a t i n g  p l u t o n s  
sou th  of  New England. They commonly produce two o r  t h r e e  times as 
much h e a t  as  t h e i r  o l d e r  metamorphosed counterparts and the enclosing 
c o u n t r y  r o c k s .  

From t h e  above ,  t h e  b a s i c  p a t t e r n  i n  Middle and L a t e  Pa leozo ic  
t i m e  was eas tward  m i g r a t i o n  o f  t h e  axis o f  igneous  and metamorphic 
a c t i v i t y .  Thus i t  i s  n a t u r a l  t o  a sk  whether t h e  t r end  con t inues  i n  
t h e  basement below t h e  A t l a n t i c  Coas t a l  P l a i n .  The answer i s  - poss i -  
b l y  - yes. Within the  pas t  year s e v e r a l  r e s e a r c h e r s  have d i scove red  
d u c t i l e  de fo rma t ion  o v e r p r i n t i n g  ‘young p l u t o n s  i n  the  eas te rnmost  
p a r t s  o f  t h e  Piedmont.  I f  t h i s  foreshadows d i scove ry  o f  ano the r  s t i l l  
younger g e n e r a t i o n  of  p l u t o n i c  and metamorphic a c t i v i t y  under t h e  
Coas t a l  P l a i n ,  we must de t e rmine  t h i s  and a l s o  whether t h e s e  rocks  
w i l l  have a comparable range  o f  heat g e n e r a t i o n .  

A second p a t t e r n  i s  emerging from Piedmont s t u d i e s  t h a t  may h e l p  
i n  e x p l o r i n g  t h e  Coas t a l  P l a i n  basement f o r  h e a t  s o u r c e s .  The Late 
P a l e o z o i c  metamorphic-plutonic  - age province  i n  t h e  e a s t e r n  Piedmont i s  
subdiv ided  i n t o  s e v e r a l  NE-trending b e l t s  t h a t  have been recognized  
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f o r  many y e a r s .  Some of t h e s e  b e l t s  a r e :  C h a r l o t t e ,  Ca ro l ina  S l a t e ,  
Ra le igh ,  Kiokee, E a s t e r n  S l a t e ,  e t c .  The b a s i c  r a t i o n a l e  f o r  recog- 
n i z i n g  such b e l t s  has  involved  c o n s i d e r a t i o n s  of t h e  r e l a t i v e  i n t e n s i -  
t i e s  of matamorphism, p lu ton i sm,  and de fo rma t ion .  It now appears  t h a t  
low-metamorphic-grade b e l t s  a r e  g e n e r a l l y  syn-formal (downwarped) and 
a r e - o n l y  marg ina l ly  i n j e c t e d  by p l u t o n s  i n  t h e  age range  of l a t e s t  
metamorphism. Much o f  t h e  downwarping occurred  du r ing  t h e  p r o t r a c t e d  
per iod  of metamorphism-plutonism, and the  low g rade  t e r r a i n s ,  be ing  
more r i g i d  than  a d j a c e n t  h i g h  g rade  (and h ighe r  t empera tu re )  t e r r a i n s ,  
r e s i s t e d  i n j e c t i o n  by g r a n i t e .  Those g r a n i t e s  t h a t  d id  manage t o  
i n j e c t  t h e  margins  of t h e s e  low g rade  ( C a r o l i n a  S l a t e )  b e l t s  tend t o  
be  c i r c u l a r  i n  s u r f a c e  o u t c r o p  and t o  have i n v e r t e d  t e a r d r o p  o r  
s p i k e - l i k e  shapes .  Thus t h e i r  g r a v i t y  and magnet ic  s i g n a t u r e s  a l s o  
tend t o  be somewhat d i s t i n c t .  

B e l t s  of h i g h  metamorphic g r a d e ,  and t h e r e f o r e  o f  g r e a t e r  d u c t i l -  
i t y  a t  t h e  t ime of metamorphism, have a n t i f o r m a l  (upwarped) shapes and 
con ta in  l a r g e  c o n c e n t r a t i o n s  o f  g r a n i t e  gene ra t ed  d u r i n g  t h e  t ime of 
metamorphism and upwarping. S t r u c t u r a l  s t u d i e s  s t r o n g l y  sugges t  
wholesa le  m i g r a t i o n  of d u c t i l e  count ry  r o c k  ( t h e  "pudding") and g r a n i -  
t i c  magma ( t h e  "plums") i n t o  t h e  c r e s t s  of h igh  g r a d e  b e l t s  and away 
from the  bottoms of downwarping lowgrade b e l t s .  I f  t h i s  h y p o t h e s i s  
proves t r u e ,  h igh  g rade  b e l t s  ( u n l e s s  v e r y  d e e p l y  e roded)  should have 
h ighe r  h e a t  g e n e r a t i o n  than  low g rade  b e l t s  because  o f  t h e  g r e a t e r  
c o n c e n t r a t i o n  of  g r a n i t i c  magma emplaced d u r i n g  the  l a s t  metamorphic- 
p l u t o n i c  e v e n t .  A d d i t i o n a l l y ,  g r a n i t e s  coeva l  wi th  t h e  l a s t  metamor- 
phism i n  t h e s e  h i g h e r  g rade  b e l t s  tend t o  be l a r g e r  and more n e a r l y  
concordant  than  p l u t o n s  t h a t  p e n e t r a t e d  more r i g i d  c r u s t .  Thus t h e s e  
l a r g e  bod ies  of magma, such a s  t h e  R o l e s v i l l e  and P e t e r s b u r g ,  may b e  
50 - 60 m i l e s  long and 20 - 30 m i l e s  wide,  and l o c a l l y  sur.rounded by 
h a l o e s  of mixed rocks  (migmat i t e s )  o f  g r a n i t e  and coun t ry  r o c k .  Such 
bod ies  tend t o  produce l a r g e  e l l i p t i c a l  r e g i o n a l  g r a v i t y  lows and may 
a l s o  be o u t l i n e d  by magneric  su rveys .  

E x t r a p o l a t i o n  from t h e s e  Piedmont t r e n d s  sugges t  t h a t  we might 
expec t  t o  f i n d :  1) a c o n t i n u a t i o n  of t h i s  p a t t e r n  o f  a l t e r n a t i n g  
high-  and low-grade b e l t s  i n  t h e  basement under t h e  A t l a n t i c  Coas t a l  
P l a i n ;  2 )  a c o n c e n t r a t i o n  of t h e  g r a n i t e s  having h i g h e s t  h e a t  produc- 
t i o n  i n  and margina l  t o  t h e  h igh  g r a d e  b e l t s ;  3 )  a p o s s i b i l i t y  o f  even 
younger metamorphism and p lu tonism wi th  h e a t  p roduc t ion  r anges  d i f f e r -  
e n t  from those  measured i n  t h e  Piedmont. By combining i n d i r e c t  (mag- 
n e t i c ,  g r a v i t y ,  s e i smic )  and d i r e c t  ( h e a t  f low measurements from sha l -  
low and deep Coas ta l  P l a i n  w e l l s ,  g e o l o g i c  and geophys ica l  s t u d i e s  of 
s e l e c t e d  basement c o r e s )  methods we can develop  a knowledge o f  t h e  
basement t h a t  W i l l  e v e n t u a l l y  a l l o w  more r o u t i n e  s e l e c t i o n  o f  geo the r -  
mal s i t e s  over  bu r i ed  g r a n i t e s  of h igh  h e a t  p roduc t ion .  Although a 
beginning  has  been made by t h e  U.S.G.S. ( h i g h  and low g rade  b e l t s  do 
e x i s t  under the  Coas ta l  P l a i n  i n  North C a r o l i n a ) ,  VPItiSU, P r i n c e t o n ,  
and s e v e r a l  s t a t e  s u r v e y s ,  much work remains t o  be done ,  p a r t i c u l a r l y  
i n  o b t a i n i n g  basement c o r e  samples t o  c o n t r o l  geophys ica l -geo log ica l  
e x t r a p o l a t i o n s  on a r e g i o n a l  b a s i s .  
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Before l e a v i n g  t h i s  d i s c u s s i o n  of  t h e  Pa leozo ic  development of 
t h e  A t l a n t i c  Coas t a l  P l a i n  basement ,  t h e  anomalous c r u s t  benea th  
sou the rn  South C a r o l i n a ,  and much of Georgia  and F l o r i d a  m e r i t s  some 
a t t e n t i o n .  In  t h i s  r e g i o n  the  f ami l a r  s c h i s t o s i t y  o f  t h e  n o r t h e r n  
basement and Piedmont i s  m i s s i n g .  Poorly d a t e d ,  ve ry  low grade  v01- 
c a n i c s  near  t he  Georgia c o a s t  a r e  probably E a r l y  Pa leozoic  or Eocam- 
b r i a n  i n  a g e ,  and near  t h e  Georgia-Flor ida  b o r d e r ,  unmetamorphosed, 
n e a r l y  h o r i z o n t a l  Ear ly  and Middle Pa leozoic  sed imentary  rocks  a r e  
found i n  t h e  basement .  Much of t h i s  i s  o v e r l a i n  by Ea r ly  Mesozoic 
nonmarine sediments  and b a s a l t i c  l a v a s .  Seemingly t h e s e  d i f f e r e n c e s  
a r e  b e s t  exp la ined  by s u t u r i n g  another  c o n t i n e n t a l  fragment onto  the  
North American P l a t e  du r ing  the  l a t e  P a l e o z o i c .  Whatever t he  c a u s e ,  
t h e  obvious ly  d i f f e r e n t  geo log ic  h i s t o r y  o f  t h i s  segment of t h e  pre- 
s en t  c o n t i n e n t  s u g g e s t s  t h e  p o s s i b i l i t y  of  d i f f e r e n t  h e a t  product ion-  
h e a t  f low cha r  ac t e r  i s  t i c  s .  

F i n a l l y ,  Mesozoic and younger l ineaments  t r a n s v e r s e  (W t o  NW 
t r e n d i n g )  t o  the  r e g i o n a l  Appalachian t r end  might i n  some a r e a s  e x e r t  
a s t r o n g  i n f l u e n c e  on hea t  f low and hea t  p roduc t ion .  Probably t h e r e  
a r e  d i f f u s e  but  deep f r a c t u r e  zones t h a t  extend t o  the  lower c r u s t  o r  
m a n t l e .  In New England , they  a r e  c h a r a c t e r i z e d  by o f f s h o r e  subsea 
v o l c a n o e s ,  anomalous s e i s m i c i t y  , and La te  Paleozoic-Mesozoic emplace- 
ment of a l k a l i c  g r a n i t e  and gabbro ( ? )  p l u t o n s .  The Conway G r a n i t e ,  
be longing  t o  t h i s  t r e n d ,  has  t h e  h i g h e s t  h e a t  f low recorded  from a 
g r a n i t e  of comparable s i z e  i n  the  Appalachians.  ;n V i r g i n i a ,  numerous 
w e s t e r l y  a l igned  f e a t u r e s  sugges t  a s i m i l a r  l i neamen t .  Examples a r e  
t h e  WNW t r e n d i n g  o f f s h o r e  Norfo lk  s c a r p ,  t h e  west t r e n d i n g  c e n t r a l  
V i r g i n i a  se i smic  zone ,  and t h e  Mesozoic t o  Ea r ly  T e r t i a r y  a l k a l i c  
sha l low i n t r u s i v e s  i n  t h e  Val ley and Ridge of Highland County,  c e n t r a l  
wes te rn  V i r g i n i a  which a l s o  have h igh  U-Th c o n t e n t s .  In  South Caro- 
l i n a  a s i m i l a r  f e a t u r e  pass ing  NW th rough Char l e s ton  has  been des- 
c r i b e d  by Columbia U n i v e r s i t y  and U . S . G . S .  r e s e a r c h e r s .  
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Study o f  t h e  Pre-Cretaceous Basement Below tihe 
A t l a n t i c  Coas t a l  P l a i n  

Richard G l  eason 

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

A s  has  been d i s c u s s e d  i n  p rev ious  r e p o r t s ,  t h e  i n v e s t i g a t i o n  o f  
low-temperature geothermal  energy r e s o u r c e s  i n  the  A t l a n t i c  Coas t a l  
P l a i n  r e l i e s  upon an unders tanding  of t h e  l i t h o l o g y ,  and s t r u c t u r e  
o f  t h e  c r y s t a l l i n e  rocks  ("basement") below t h e  Coast,al  P l a i n  sed i -  
ments and 2 )  t h e  t h i c k n e s s  and l i t h o l o g y  o f  t h e  overlyiing sed iments .  
The former types  of d a t a ,  basement l i t h o l o g y  and s t r u c t u r e ,  a r e  neces- 
s a ry  t o  i n t e r p r e t  t h e  h e a t  p roduc t ion  from basement ,heat  s o u r c e s ,  
wh i l e  t he  l a t t e r  type  of d a t a  concern ing  t h e  ove r ly ing :  sed iments  a r e  
fundamental t o  t h e  e v a l u a t i o n  o f  t h e  i n s u l a t i n g  p r o p e r t i e s  of t h e  
Coas ta l  P l a i n  sed imentary  sequence .  

1 )  

Basement depth  and l i t h o l o g i c  in fo rma t ion  may be  o b t a i n e d  from 
geophys ica l  d a t a  such a s  s e i smic  i n v e s t i g a t i o n s  and r e g i o n a l  g r a v i t y  
o r  magnet ic  s t u d i e s ,  o r  th rough subsu r face  d r i l l i n g  da ta : .  A cons ide r -  
a b l e  amount o f  d r i l l i n g  d a t a  has  been publ i shed  i n  t h e  gieologic l i t e r -  
a t u r e  , i n c l u d i n g  p r o f e s s i o n a l  j o u r n a l s ,  o i l  and g a s  e x p l o r a t i o n  
r e p o r t s  , U.S. Geologica l  Survey p u b l i c a t i o n s  , and s t a t e .  survey pub l i -  
c a t i o n s .  A prev ious  p rogres s  r e p o r t  (VPI&SU-5648-5) inc luded  a d i s -  
c u s s i o n  o f  t h e  ongoing compi l a t ion  o f  basement d r i l l i n g  d a t a ,  which a t  
t h e  t ime was complere f o r  t h e  s t a t e s  of N e w  Jersey, Maryland, Dela- 
ware , V i r g i n i a ,  North C a r o l i n a  , and Georgia .  The fo l lowing  d i s c u s s i o n  
i s  a summary of t h e  compi la ton  o f  d r i l l i n g  d a t a  f o r  South C a r o l i n a .  

South C a r o l i n a  

A c o n s i d e r a b l e  p o r t i o n  of t h e  pre-Coas ta l  P l a i n  s u r f a c e  i n  South 
Caro l ina  i s  comprised of a r k o s i c  sed imentary  r o c k  o r  b a s a l t s  h i g h l y  
s u g g e s t i v e  of rocks  exposed i n  the  T r i a s s i c - J u r a s s i c  grabens  o f  t h e  
e a s t e r n  United S t a t e s  (Marine and S i p l e ,  1974; Marine , 1974; G o t t f r i e d  
e t  a l . ,  1977; Popenoe and Z i e t z ,  1977; Gohn -- e t  a l . ,  1978) .  For t h e  
purpose of t h i s  c o m p i l a t i o n ,  t h e s e  rocks  a r e  cons ide red  a s  pre-Creta-  
ceous basement .  

I- 

T h i r t y - s i x  w e l l s  which were d r i l l e d  th rough t h e  e n t i r e  C o a s t a l  
P l a i n  sed imentary  sequence have been inc luded  i n  t h e  South C a r o l i n a  
compi l a t ion  ( F i g u r e  B-1) . 'These w e l l s  a r e  unevenly d i s t r i b u t e d  a c r o s s  
t h e  South Caro l ina  Coas t a l  P l a i n ,  w i th  a l a r g e  number c l u s t e r e d  near  
t h e  Savannah River atomic energy f a c i l i t y  i n  the  s o u t h e a s t e r n  p a r t  o f  
t h e  s t a t e .  D e s c r i p t i o n s  o f  basement l i t h o l o g y  have  been found f o r  
twenty-s ix  of t h e  t h i r t y - s i x  wel l s .  Depths t o  basement have been com- 
p i l e d  f o r  a l l  t h i r t y - s i x  of t h e  w e l l s .  
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F i g u r e  B-1 .  Map showing l o c a t i o n  of wells d r i l l e d  to  basement i n  
South C a r o l i n a  and inc luded  i n  t h e  South Caro l ina  
c o m p i l a t i o n .  
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Pet rography o f  t h e  G r a n i t i c  Basement ( p o r t i o n  of  t h  )DO-1 D r i l l  Hole f i n  t h e  North Caro l ina  Coas t a l  P l a i n  

S .  W .  Becker 

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

Approximately t h i r t y  syn- and post-metamorphic p l u t o n s  c r o p  o u t  
i n  t h e  s o u t h e a s t e r n  U.S. Piedmont i n  a b e l t  t r e n d i n g  n o r t h e a s t  from 
Georgia  t o  V i r g i n i a .  Most o f  t h e  g r a n i t e s  i n  t h e  exposed Piedmont 
produce c l o s e d ,  n e a r l y  c i r c u l a r  g r a v i t y  lows.  Grav i ty  s t u d i e s  over  
t h e  Coas ta l  P l a i n  i n  e a s t e r n  North Caro l ina  and V i r g i n i a  have o u t l i n e d  
s i m i l a r  g r a v i t y  anomal ies ,  sugges t ing  t h a t  a d d i t i o n a l  g r a n i t e s  under- 
l i e  t h e  c o a s t a l  p l a i n  sed iments .  One o f  t h e  most prominent g r a v i t y  
lows (-20 mgal) s t r a d d l e s  t h e  North Caro l ina -Vi rg in i a  bo rde r  nea r  t h e  
community o f  Dor t ,  NC ( F i g u r e  B - 2 ) .  A s  p a r t  of  an ongoing s tudy  o f  
g r a n i t e s  i n  t h e  s o u t h e a s t e r n  Piedmont ,  a h o l e  was d r i l l e d  t o  basement 
n e a r  the  c e n t e r  o f  t he  Dort anomaly. Basement was encountered  a t  1060 
f e e t ;  287 f e e t  of  con t inuous  c o r e  was r ecove red ,  t o  a dep th  of  1347 
f e e t .  

L i tho logy  

The recovered  c o r e  i s  a g r e y ,  coarse-gra ined  amphibo le -b io t i t e  
g r a n i t e  t h a t  has  been sub jec t ed  t o  va ry ing  degrees  o f  b r i t t l e  f r a c t u r e  
and a l t e r a t i o n  ( F i g u r e  B - 3 ) .  Minera ls  v i s i b l e  i n  hand specimen 
i n c l u d e  s u b h e d r a l ,  p a l e  p ink  K- fe ldspa r ,  0 .5  - 2.0  cm long ;  subhedra l  
t o  anhedra l  p l a g i o c l a s e  up t o  1 . 5  cm long;  q u a r t z  g r a i n s  up t o  1 .0  cm 
long ;  and b i o t i t e  f l a k e s ,  0 . 1  - 0 .5  cm a c r o s s .  Color index (C.1 . )  
r anges  from 8 t o  1 5 .  Most p l a g i o c l a s e  g r a i n s  a r e  s a u s s u r i t i z e d  and 
t inged  p a l e  g r e e n .  I n  a few segments o f  t h e  c o r e ,  t h e  al ignment  o f  
b i o t i t e  and K-feldspar  d e f i n e s  a modera te ly  t o  s t e e p l y  d i p p i n g  f o l i a -  
t i o n  which v a r i e s  from weak t o  s t r o n g .  

L o c a l l y  t h e  g r a n i t e  i s  cut b y  s m a l l  p e g m a t i t e  and a p l i t e  d i k e s  
composed of  q u a r t z  p l u s  two f e l d s p a r s .  Near t h e  bottom o f  t h e  c o r e ,  
s e v e r a l  mafic  c l o t s  up t o  20 cm a c r o s s  are included i n  the  g r a n i t e .  

Pe t rography 

I n  t h i n  s e c t i o n ,  K-feldspar  appea r s  as m i c r o p e r t h i t i c  m i c r o c l i n e  
clouded red-brown. According t o  microprobe  ana lyrses ,  b u l k  composi- 
t i o n s  ave rage  An Ab O r  P l a g i o c l a s e  i s  unzoned and has  an average  
composi t ion  o f  A!?,,!b,;6f, ; i t  shows b o t h  Carlsbad and a l b i t e  twin- 
n i n g .  The p l a g i o c l a s e  i s  g e n e r a l l y  s a u s s u r i t i z e d  t o  e p i d o t e  + ch lo r -  
i t e  + ca rbona te  + white mica .  I n  most g r a i n s ,  t h e  e p i d o t e  i s  s t r o n g l y  
c o n c e n t r a t e d  n e a r  t he  c o r e ,  sugges t ing  t h a t  t h e  o r i g i n a l  p l a g i o c l a s e  

'This paper  w i l l  be  submi t ted  f o r  p u b l i c a t i o n  t o  "Sou theas t e rn  Geol- 
ogy" . 
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Figure  B-2. Loca t ion  map f o r  DO-1 showing g r a v i t y  c o n t o u r s  de t -  
ermined by t h e  U.S.G.S. ( 1 9 7 6 ) .  
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was normally zoned. Quar tz  g r a i n s  have undulose e x t i n c t i o n ;  myrmekite 
occur s  l o c a l l y .  

B i o t i t e  i s  p l eochro ic  t a n  t o  d a r k  brown o r  d a r k  o l i v e  g r e e n .  
Compositions p l o t  near  t h e  c e n t e r  o f  b i o t i t e  composi t ions  determined 
f o r  postmetamorphic p l u t o n s  i n  t h e  exposed ,Piedmont ( F i g u r e  B-4; Speer 
e t  a l . ,  1979) .  C h l o r i t e  has  p a r t i a l l y  r ep laced  b i o t i t e  i n  even rela- 
t i v e l y  u n a l t e r e d  r o c k s ,  and e p i d o t e  occur s  a long the  c l eavage  p l anes  
o f  s c a t t e r e d  b i o t i t e  g r a i n s .  Anhedral amphibole compr ises  § I %  of  t h e  
f r e s h  samples ( e . g .  DO-1114); i t  does  not  occur  i n  many p a r t s  o f  t h e  
c o r e  because of  t h e  e x t e n s i v e  a l t e r a t i o n .  The amphibole i s  pleo- 
c h r o i c :  X = t a n ,  Y = yel low-green,  Z = blue-green ,  w i th  2 V  - 65". 
Following the  nomenclature  of Leake (19781,  i t  i s  a p o t a s s i a n  f e r r o a n  
p a r g a s i t i c  hornblende (Tab le  B-2). 

I- 
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easton i t e  siderophy I l i  t e  
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Figure  B-4. A - P l o t  of b i o t i t e  a n a l y s e s ;  B - amphibole a n a l y s e s .  In  
each d iagram,  t h e  l i n e s  enc lose  compositons of  t he  respec-  
t i v e  phases  i n  post-metamorphic g r a n i t e s  i n  the  exposed 
s o u t h e a s t e r n  Piedmont (Speer  e t  a l . ,  1 9 7 9 ) .  -- 
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TABLE B-1. Modes of samples from DO-1 

Dol-1075 Dol-1079 Dol-1114 

Quart z 28.8 27.9 33 .1  
K- f e Id spar  22.5 1 7 . 2  18.4 
P l  ag ioc  1 ase  39 - 0  39.9 33.6 
B i o t i t e  + c h l o r i t e  8 . 9  12.6 13.2 

0 . 3  Amphibole - - 
Epidote  0 . 4  0 . 2  t r  
T i  t an i t e 0 . 4  2.2 1.1 
Opaques t r  t r  0 . 2  
Accessor ies  t r  t r  0 . 1  
no .  p o i n t s  1450 1450 1450 

S i  O2 
T i  0 
A 1  6, 
Fe 6* 
Mgo 
MnO 
CaO 

Sum 

S i  

A1t 

A1 0 T i  
Fe 
M g  
Mn 
Ca 
Na 
K 
0 

TABLE B-2. Microprobe Analyses 

1 ,  2 3 

4 8 . 5  
0 . 5  

11.1 
22.1 

7 . 3  
0 . 4  

11.1 
1 . 7  
1 . 6  
1 . 9  

99.5 

36.7 
1 . 7  

14.9 
22.2 
10.5 
0 . 3  
0 . 0  
0 . 1  
9 .8 
3 . 9  

100.0 

28.7 
0 . 0  

18 .7  
21.7 
18 .2  

0 . 7  
0 .0  
0 .0  
0 . 0  

1 1 . 7  
99 * 7 

6.49 8 . 0 0  5.64 8.00 
1.51 2.36 

2.94 4.00 
1.06 

0.52 0 .34  1 . 2 0  
0.06 5.00 0 .20  0 .00  
2.86 2.85 1 .86  
1.68 2.41 5.84 2.79 
0.06 2.00 0.04 0 .06  
1.84 0.00 0.00 5 
0.52 0.85 0.02 1 .93  0.00 
0.31 1 .91  0.00 

24.00 24.00 24.00 

1 Amphibole, Dol-1114 
2 B i o t i t e ,  Dol-1114 
3 C h l o r i t e  , Dol-1 122-5 
* A l l  Fe a s  FeO 
** H 2 0  c a l c u l a t e d  

91 

I 
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Analyses  p l o t  w i t h i n  t h e  c l u s t e r  of  a n a l y s e s  from s o u t h e a s t e r n  
U.S. postmetamorphic g r a n i t e s  ( F i g u r e  B-4) (Speer  -- e t  a l . ,  1 9 7 9 ) .  

Primary accesso ry  m i n e r a l s  i n c l u d e  t i t a n i t e  , a p a t i t e  , opaques ,  
z i r c o n ,  and a l l a n i t e .  Some t i t a n i t e  g r a i n s  e n c l o s e  a corroded opaque 
c o r e ,  s u g g e s t i n g  t h a t  some o f  t h e  t i t a n i t e  formed by a r e a c t i o n  t h a t  
consumed o x i d e s .  I n  a l l  but t he  f r e s h e s t  samples ,  t i t a n i t e  i s  par- 
t i a l l y  a l t e r e d  t o  c a r b o n a t e  + a dusky opaque m a t ,  probably r u t i l e  + 
q u a r t z .  A l l a n i t e ,  which i s  u s u a l l y  a l t e r e d ,  o c c u r s  a s  zoned, p r i s -  
ma t i c  c r y s t a l s  up t o  0 . 3  em long .  

Secondary m i n e r a l s  comprise  c h l o r i t e ,  e p i d o t e  , and c a l c i t e .  Epi- 
d o t e ,  t h e  most abundant ,  i s  o p t i c a l l y  n e g a t i v e  with 2 V  = 80-85", r t 
V ;  i t  i s  p l eochro ic  c o l o r l e s s  t o  yel low-green.  The c h l o r i t e  (Tab le  
B-2)  can be  c l a s s i f i e d  a s  a p y c n o c h l o r i t e .  

The minera logy  o f  t h e  maf ic  c l o t s  i s  t h e  same as t h a t  o f  t h e  
g r a n i t e ,  w i th  g r e a t e r  amounts of d a r k  m i n e r a l s ,  and C . I .  about  4 0 .  
B i o t i t e  i s  p r e s e n t  i n  h ighe r  p r o p o r t i o n s  than  amphibole .  Most mafic  
c l o t s  a r e  f i n e r  gra ined  than  the  g r a n i t e ,  w i th  g r a i n  s i z e  o f  t h e  major 
m i n e r a l s  r ang ing  from 0 . 1  t o  1 . 0  cm. 

F r a c t u r e s  

The c o r e  i s  c u t  by numerous f r a c t u r e s  o f  a t  l e a s t  two genera-  
t i o n s :  (1)  s t e e p l y  d ipp ing  f r a c t u r e s  ( 0 . 1  - 1.0 cm wide) f i l l e d  wi th  
c a l c i t e  + e p i d o t e  + c h l o r i t e ;  and ( 2 )  h o r i z o n t a l  f r a c t u r e s  ( 0 . 1  - 0 . 2  
cm wide)- f i l l e d  wyth c a l c i t e  a l o n e .  F r a c t u r e s  of  t h e  second genera-  
t i o n  c u t  and c l e a r l y  p o s t d a t e  those  o f  t h e  f i r s t .  

I n  the  v i c i n i t y  o f  t h e  f i r s t  g e n e r a t i o n  f r a c t u r e s ,  t h e  g r a n i t e  i s  
a l t e r e d  and g r e e n  f o r  a d i s t a n c e  of  10 t o  20 em from the  f r a c t u r e .  
Where the  c o r e  i s  c u t  by numerous f r a c t u r e s ,  t h e  a l t e r a t i o n  zones 
a s s o c i a t e d  wi th  t h e  f r a c t u r e s  o v e r l a p ,  so t h a t  t h e  c o r e  may be  c o n t i -  
nuously a l t e r ed  over  a d i s t a n c e  of more than a m e t e r .  Thin s e c t i o n s  
show t h a t  t h e  p e r v a s i v e  g reen  co lo r  o f  t h e  a l t e r a t i o n  zones i s  caused 
by t h e  presence  o f  abundant e p i d o t e  and c h l o r i t e ,  which e n t i r e l y  
r e p l a c e  b i o t i t e  and amphibole.  T i t a n i t e  g r a i n s  , wi th  euhedra l  out-  
l i n e s  s t i l i  d i s t i n c t ,  a r e  comple te ly  a l t e r e d  t o  t u r b i d  mats c o n t a i n i n g  
c l o t s  o f  opaque m i n e r a l s .  S e r i c  i t i z a t i o n  and saus  s u r i t  i z a t i  on a r e  
e x t e n s i v e l y  developed i n  p l a g i o c l a s e ,  and c a l c i t  appea r s  a s  t h e  most 
abundant saus s u r  it  i za t i o n  product  . 

The f r a c t u r e s  themselves  are g e n e r a l l y  f i l l e d  wi th  c a l c i t e ,  which 
i n  some samples e n c l o s e s  i s l a n d s  o f  e p i d o t e .  Some c a l c i t e - f i l l e d  
f r a c t u r e s  are l i n e d  wi th  c h l o r i t e .  I n  one sample (D01-1122) ,  a few 
c h l o r i t e  g r a i n s  c o n t a i n  c o r e s  o f  b l u e  f l u o r i t e .  

The second g e n e r a t i o n  f r a c t u r e s  .are f i l l e d  wi th  c a l c i t e ,  and no 
a l t e r a t i o n  of  t h e  a d j a c e n t  g r a n i t e  minera logy  i s  a p p a r e n t .  
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Deformat ion  

The Dort g 
Af t e r  i n t r u s i o n ,  

a n i t e  h a s  underg ne s e v e r a l  p e r i o d s  o f  de fo rma t ion .  
d u r i n g  c o o l i n g ,  t h e  g r a n i t e  appea r s  t o  have been 

m i l d l y  deformed and r e c r y s t a l l i z e d .  This ep i sode  o f  h igh  t empera tu re  
hea l ing  i s  suggested by t h e  aggrega te s  o f  f ine -g ra inedqquar t z  and 
f e l d s p a r  g r a i n s  t h a t  f i l l  i n t e r s t i t i a l  a r e a s  and bo rde r  l a r g e  f e l d s p a r  
c r y s t a l s .  

Af t e r  t he  g r a n i t e  c o o l e d ,  i t  was s u b j e c t e d  t o  two p e r i o d s  o f  
b r i t t l e  f r a c t u r e .  During the  f i r s t  e p i s o d e ,  s t e e p  f r a c t u r e s  formed 
and hydrothermal  f l u i d s  r i c h  i n  CO -H 0-F c i r c u l a t e d  through t h e  f r ac -  
t u r e s  , and a l t e r e d  m i n e r a l s  i n  $he a d j a c e n t  g r a n i t e  t o  g r e e n s c h i s t  
f a c i e s  assemblages.  During the  second e p i s o d e ,  t h e  g r a n i t e  w a s  f r ac -  
t u red  along n e a r l y  h o r i z o n t a l  p l a n e s .  CO - r i c h  f l u i d s  f i l l e d  the  
f r a c t u r e s  wi th  c a r b o n a t e ,  bu t  had l i t t l e  e g f e c t  on t he  g r a n i t e  miner- 
a logy .  

2 

A t  a l a t e r  t i m e ,  t h e  g r a n i t e  was u p l i f t e d ,  e roded ,  and covered by 
Coas ta l  P l a i n  sed iments .  

Comparison fo Other  Piedmont G r a n i t e s  

P e t r o g r a p h i c a l l y ,  t h e  Dort g r a n i t e  c l o s e l y  resembles  t h e  P e t e r s -  
b u r g ,  VA g r a n i t e  which c r o p s  ou t  as c l o s e  a s  7 5  km t o  t h e  n o r t h e a s t .  
Samples from t h e  P e t e r s b u r g  g r a n i t e  show t e x t u r e s  s i m i l a r  t o  those  o f  
t h e  Dort g r a n i t e  t h a t  are i n d i c a t i v e  of mi ld  de fo rma t ion  a t  h igh  temp- 
e ra tu re  (Bobyarchick ,  1978) .  In bo th  g r a n i t e s ,  b i o t i t e  i s  t h e  domi- 
nant  maf ic  m i n e r a l ;  amphibole occur s  i n  minor  amounts in bo th  t h e  Dort  
g r a n i t e  and some phases  o f  t h e  Pe te r sburg  g r a n i t e .  

Conclusions 

The basement rock  producing t h e  D o r t ,  N C ,  g r a v i t y  anomaly i s  a 
coarse-gra ined  g r a n i t e  which resembles  p e t r o g r a p h i c a l l y  t h e  synkine- 
mat ic  P e t e r s b u r g ,  VA, g r a n i t e .  The s i m i l a r i t y  o f  t h e  two g r a n i t e s  
sugges t s  t h a t  g r a n i t e s  l i k e  those  i n  t h e  exposed Piedmont occur  t o  t h e  
e a s t  under the  Coas t a l  P l a i n .  I n  a d d i t i o n ,  t h e  d i scove ry  o f  a g r a n i t e  
under a pronounced g r a v i t y  low demonst ra tes  t h a t  g r a v i t y  d a t a  can be  
used a s  an i n d i c a t i o n  o f  t h e  l i t h o l o g y  o f  basement rocks  benea th  Coas- 
t a l  P l a i n  sed iments .  
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INTRODUCTION 

Many o f  t h e  postmetamorphic g r a n i t o i d s  i n  the  s o u t h e a s t e r n  U. S.A. 
a r e  g e n e r a l l y  s i m i l a r  i n  appea rance ,  and can be  c h a r a c t e r i z e d  by t h e  
presence  o f  a coarse-gra ined  f a c i e s  w i th  K-feldspar  megacryst  s . They 
form a subse t  of  p l u t o n s  whose f i e l d  r e l a t i o n s ,  mine ra logy ,  and 
pe t ro logy  are  d e s c r i b e d  h e r e .  The d i s t i n c t  n a t u r e  o f  t h e s e  p l u t o n s  
was f i r s t  no ted  by Watson ( 1 , 2 )  , who d e s c r i b e d  t h e  mine ra logy ,  pe t rog-  
raphy,  and chemis t ry  of twelve p l u t o n s .  The s i m i l a r  pe t rog raph ic  
aspeccs  are  a r e s u l t  o f  t h e  common g r a n i t i c  composi t ions  and n e a r l y  
p a r a l l e l  c r y s t a l l i z a t i o n  h i s t o r i e s  o f  the p l u t o n s .  F e a t u r e s  such as 
c o n t a c t  a u r e o l e s ,  f l ow l a y e r i n g ,  and d i f f e r i n g  rock  f a c i e s  t h a t  are  
no t  common t o  a l l  of  t h e  g r a n i t e s  probably r e s u l t :  from t h e  p l u t o n s '  
d i f f e r e n t  geo log ic  s e t t i n g s .  

FIELD RELATIONS 

D i s t r i b u t i o n  and Geologic  S e t t i n g  

The twenty-four s e p a r a t e  g r a n i t o i d  bodies  ( F i g u r e  B-5) t h a t  com- 
p r i s e  t h e  postmetamorphic ,  coarse-gra ined  p l u t o n s  posses s  t h e  proper-  
t i e s  o f  a supergroup,  d e s c r i b e d  by P i t c h e r  ( 3 ) :  they  a r e  similar i n  
a g e ,  t e x t u r e ,  d e g r e e  o f  modal v a r i a t i o n ,  and they  have s i m i l a r  xenol-  
i t h s .  The number of  g r a n i t o i d s  i n  t h i s  group w i l l  probably i n c r e a s e  
as more i s  l ea rned  about t he  o t h e r  postmetamorphic p l u t o n s .  The 
E l b e r t o n ,  Georgia , complex c o n t a i n s  rocks  Like those  d e s c r i b e d  h e r e  , 
b u t ,  as p r e s e n t l y  mapped, a l s o  c o n t a i n s  o l d e r  r o c k s .  The Cuffytown 
Creek,  SC,  p l u t o n  i s  a p p a r e n t l y  t h e  d i f f e r e n t i a t e d  cupola  o f  a l a r g e  
p lu ton  ( 4 1 ,  t h e  main f a c i e s  o f  which may be  a coa r se -g ra ined  g r a n i -  
t o i d ;  t h e  Columbia, SC, g r a n i t o i d  c o n t a i n s  what are p o s s i b l y  a u t o l i t h s  
o f  a coarse-gra ined  g r a n i t e .  

'This paper  has  been submit ted ;or t h e  I n t e r n a t i o n a l  Geologica l  Corre- 
l a t i o n  Program, Caledonide Orogen P r o j e c t  Proceedings  Volume, VPI & SU 
Memoir f 2 .  
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Ful l aga r  and B u t l e r  ( 5 )  d iv ided  the  pos t  metamorphic p l u t o n s  i n t o  
e a s t e r n  and wes tern  g roups .  The only  d i f f e r e n c e  they  n o t e d ,  o t h e r  
than geographic  d i s t r i b u t i o n ,  i s  t h e  h ighe r  Sr c o n t e n t  o f  t h e  wes tern  
group.  

The coarse-gra ined  g r a n i t o i d  p l u t o n s  extend t o  t h e  e a s t e r n  edge 
o f  t h e  exposed Piedmont , beyond which the  c r y s t a l l i n e  rocks  are  cov- 
e red  by Coas ta l  P l a i n  sed iments .  Geophysical  d a t a  sugges t  t h a t  some 
r o c k s  below t h e  Coas t a l  P l a i n  sed iments  a r e  s imi l a r  t o  the  coarse-  
g ra ined  g r a n i t o i d s  exposed i n  t h e  Piedmont.  D r i l l  c o r e s  recovered 
from Coas ta l  P l a i n  basement i n d i c a t e  t h a t  a number o f  t h e s e  bod ies  are 
coarse-gra ined  g r a n i t e  p l u t o n s .  

The p lu tons  c r o p  ou t  i n  every  major  l i t h o l o g i c - s t r u c t u r a l  b e l t  o f  
t h e  Piedmont e a s t  of  t h e  Brevard zone ( F i g u r e  B-5). The b e l t s ,  
th rough t h e i r  d i v e r s e  s t r u c t u r e ,  compos i t ion ,  and metamorphic g r a d e ,  
provided v a r i e d  geo log ic  s e t t i n g s  f o r  the  g r a n i t o i d s .  The Inne r  Pied- 
mont b e l t  i s  composed o f  m i g m a t i t e s ,  g n e i s s e s  and s c h i s t s  o f  amphibol- 
i t e  o r  h ighe r  f a c i e s .  The Kings Mountain b e l t  i s  predominant ly  
metasedimentary rocks  i n  ‘ t h e  g r e e n s c h i s t  t o  amph ibo l i t e  f a c i e s .  The 
C h a r l o t t e  and Rale igh  b e l t s  c o n s i s t  l a r g e l y  o f  metamorphosed f e l s i c  t o  
maf ic  igneous rocks  and metasedimentary r o c k s ,  a l l  i n  t h e  amph ibo l i t e  
f a c i e s .  The Caro l ina  S l a t e  b e l t  c o n s i s t s  dominant ly  o f  i n t e r m e d i a t e  
t o  f e l s i c  p y r o c l a s t i c  d e p o s i t s  and .hypabyssa l  i n t r u s i v e  b o d i e s  as  
well as e p i c l a s t i c  rocks  t h a t  were probably d e r i v e d  from them. Rocks 
of t h e  Caro l ina  S l a t e  b e l t  have been sub jec t ed  t o  g r e e n s c h i s t  f a c i e s  
metamorphism, a l though  sedimentary  and Lgneous t e x t u r e s  have commonly, 
been p rese rved .  These coun t ry  rocks  sur rounding  t h e  g r a n i t o i d s  a r e  
o l d e r  than  mid-Paleozoic .  The youngest r e g i o n a l l y  p e n e t r a t i v e  de fo r -  
mat ion  and r e g i o n a l  metamorphism t h a t  a f f e c t e d  the  s d u t h e a s t e r n  Pied- 
mont occurred  near  t h e  end o f  t h e  Pa leozo ic  and i s  conf ined  t o  t h e  
eas te rnmost  Piedmont ( 6 , 3 5 1 .  The i s o t o p i c  ages  o f  metamorphism become 
o l d e r  t o  the  nor thwes t  a c r o s s  t h e  exposed Piedmont and a r e  b e l i e v e d  t o  
be  coo l ing  ages ( 3 6 ) .  I n  a l l  c a s e s  de fo rma t ion  ceased p r i o r  t o  t h e  
emplacement of t h e  coarse-gra ined  g r a n i t o i d s .  

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

o u t c r o p  ( F i g u r e  B-6) and range  i n  s i z e  from the  Tumerous small s t o c k s  
o f  t h e  Ben H i l l  t o  t he  Churchland a t  over  400 km . Prev ious ly  publ- 
ished p lu ton  maps used t o  compile  F igu re  B-6 a r e  t h e  Clouds Creek ( 6 1 ,  
Clover ( 7 )  , L i l e s v i l l e  (8) , Lowrys ( 9 )  , Pageland (10)  , Rabon Creek 
(9), and York ( 7 ) .  Most o f  t h e  p l u t o n s  a r e  composi te  bod ie s  with a t  
l e a s t  two mappable r o c k  f a c i e s ,  and a s  many as  s i x  i n  t h e  Siloam. 
Small volumes o f  o t h e r  rock  t y p e s ,  such as a p l i t e  o r  p e g m a t i t e ,  are  
commonly p r e s e n t .  Fac ie s  are d i f f e r e n t i a t e d  on the  b a s i s  of d i f f e r i n g  
mine ra log ie s  , t e x t u r e s  , g r a i n - s i z e s  , modes o r  t h e  presence  o r  
absence o f  euhedra l  K-feldspar  megacryst  s .  Tex tu ra l  v a r i e t i e s  are 
u s u a l l y  a l s o  d i s t i n c t  i n  bo th  mode and minera logy .  Contac ts  between 
t h e  facies may be  e i t h e r  i n t r u s i v e  o r  g r a d a t i o n a l .  An i n t r u s i v e  r e l a -  
t i o n  i s  common between f a c i e s  d i f f e r i n g  p r i m a r i l y  i n  t e x t u r e  and min- 
e r a l o g y .  Con tac t s  between f a c i e s  d i f f e r i n g  only  i n  minera logy  , how- 
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e v e r ,  a re  u s u a l l y  g r a d a t i o n a l ,  and a r e  b e l i e v e d  t o  be  caused by 
physical-chemical  g r a d i e n t s  e x t a n t  d u r i n g  o r  a f t e r  c r y s t a l 1  i z a t i o n .  

In  many o f  t he  p l u t o n s ,  a coa r se -g ra ined  f a c i e s  was in t ruded  by a 
l a t e r ,  f ine-gra ined  g r a n i t o i d .  This  r e l a t i o n  appea r s  i n  the  Appling , 
Bald Rock, Butterwood Creek ,  Churchland , Lowrys , L i b e r t y  H i l l ,  S i loam, 
Town Creek, and Winnsboro. Grada t iona l  c o n t a c t s  between f a c i e s  have 
been noted i n  the  Bald Rock, Danburg, L a n d i s ,  L i b e r t y  H i l l ,  Page land ,  
Siloam, and Winnsboro. Uniform rock  b o d i e s ,  as p r e s e n t l y  mapped, a r e  
the  C a s t a l i a ,  Clover , L i l e s v i l l e  , Pa lme t to ,  Pano la ,  Sims and York. 
The Clouds Creek and Siloam c o n t a i n  an e x t e n s i v e  f a c i e s  t h a t  conso l i -  
da ted  ear l ie r  than  the  main , coarse-gra ined  f a c i e s .  I n  t h e  Winnsboro- 
Rion and Butterwood Creek,  t h i s  ea r ly  f a c i e s  i s  a minor  component. 
In  the  o t h e r  p l u t o n s ,  t h e s e  ea r l i e r  f a c i e s  a r e  p r e s e n t  i n  rare  a u t o l -  
i t h s  . 

These f a c i e s  d i s t i n c t i o n s  are w e l l  i l l u s t r a t e d  i n  the  L i b e r t y  
H i  11 , which comprises  t h r e e  t e x t u r a l l y  and m i n e r a l o g i c a l l y  d i s t i n c t  
f a c i e s  ( F i g u r e  B-6). The predominant f a c i e s  i s  a c e n t r a l  c o r e  o f  v e r y  
c o a r s e  , b io t i t e - amphibo le  g r a n i t e  and q u a r t z  monzoni te .  The second 
f a c i e s ,  which g rades  i n t o  t h e  f i r s t  and occur s  a long  the  margin o f  t h e  
p l u t o n ,  i s  a v e r y  c o a r s e  b i o t i t e  g r a n i t e .  On the  n o r t h ,  t h i s  bo rde r  
f a c i e s  c o n t a i n s  much l a r g e r  K-feldspar  phenoc rys t s  and prominent 
f l a k e s  of  muscov i t e .  Work on m i n e r a l  chemis t ry  o f  t h e  x e n o l i t h s  and 
g r a n i t e  sugges t s  t h a t  t h i s  geometry r e s u l t s  from a r a d i a l  v a r i a t i o n  i n  
i n t e n s i v e  parameters  (most l i k e l y  T ,  f 0  and fH 0 )  w i t h i n  the  g r a n i t e .  
The youngest fac Les i s  a f ine-  t o  medium-grainei b i o t i  te-muscovi te  ( ? )  
g r a n i t e  t h a t  i n t ruded  t h e  wes tern  p a r t  o f  t h e  p lu ton  i n  the  form o f  
l a r g e  d i k e s  and smal l  s t o c k s .  This t h i r d  f a c i e s  had a h ighe r  f l u i d  
p r e s s u r e  a s  evidenced by t h e  mine ra logy .  

2 

The g r a n i t o i d s  e x h i b i t  a v a r i e t y  o f  i n t e r n a l  s t r u c t u r e s  which a r e  
i n t e r p r e t e d  t o  be  igneous f low f e a t u r e s .  These s t r u c t u r e s  a r e  impor- 
t a n t  i n  de t e rmin ing  l a t e  movement of  t he  magma, t h e  shape o f  t h e  magma 
chamber , and mechanisms o f  f i n a l  emplacement. The b e s t  developed and 
most widespread f e a t u r e  i s  l a y e r i n g  de f ined  by t a b u l a r  K-feldspar  and 
p l a g i o c l a s e  c r y s t a l s .  The f e l d s p a r s  a r e  e l o n g a t e  p a r a l l e l  t o  c , and 
a l i n e a t i o n  p a r a l l e l  t o  t h e  d i p  o f  t h e  l a y e r i n g  can be  l o c a l l y  
d e t e c t e d .  Modal m i n e r a l  l a y e r i n g  , v a r i a b l y  deve loped ,  o c c u r s  a s  con- 
t r a s t i n g  amounts o f  maf ic  m i n e r a l s  o r  K-feldspar  megac rys t s .  Th i s  
type  o f  l a y e r i n g  ranges  from $seve ra l  c e n t i m e t e r s  t o  meters i n  t h i c k -  
nes s  and occur s  a s  s h e e t s  o r  l e n s e s .  Size-graded l a y e r i n g  o c c u r s  i n  
l e n s e s  l ess  than  5 cm t h i c k .  Tabular  enc laves  p a r a l l e l  t h e  o t h e r  
t ypes  o f  l a y e r i n g ,  a n d ,  where grouped ,  t h e  enc lave  t r a i n s  are  a l i g n e d  
p a r a l l e l  t o  t he  f o l i a t i o n .  S c h l i e r e n ,  whether presumed t o  be  smeared 
x e n o l i t h s  o r  ea r ly  c r y s t a l l i z e d  m i n e r a l s ,  a r e  a l s o  a l i g n e d .  

- 

The a t t i t u d e s  o f  t he  i n t e r n a l  f e a t u r e s ,  and the  geometr ic  r e l a -  
t i o n s  between f a c i e s  w i t h i n  a p l u t o n ,  show t h a t  t he  m u l t i p l e - i n t r u s i v e  
complexes are a r c u a t e  and n e s t e d .  The c i r c u l a r  forms a re  no t  as well 
developed a s  i n  r i n g  d i k e s  o r  cone s h e e t s ,  but  t h e  p l u t o n s  do have a 
c e n t e r  of i n t r u s i v e  a c t i v i t y ,  and can be d e s c r i b e d  a s  "cen te red  com- 
p l  exes" . 
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A f a c i e s  formed from a s i n g l e  pu l se  of  magma can  be  recognized  by 
i t s  o v e r a l l  homogeneity and l a c k  o f  i n t e r n a l  c o n t a c t s .  Whether t he  
s e p a r a t e  magma b a t c h e s  a r e  cogene t i c  i n  a l l  c a s e s  h a s  y e t  t o  be  d e t e r -  
mined. 

The 3-dimensional  shapes  of  t h e  p l u t o n s  can be  d e r i v e d  e i t h e r  
from t h e  a t t i t u d e s  of  i n t e r n a l  f low f e a t u r e s  o r  from geophys ica l  
models .  Flow f e a t u r e s  i n  p l u t o n s  which have been s t u d i e d  sugges t  t he  
fo l lowing  3-dimensional geomet r i e s :  

Bald Rock: a s t eep -wa l l ed ,  e l l i p t i c a l  p ipe  
Danburg : an e l l i p t i c a l ,  asymmetric funnel  w i th  s teep  f low 

f e a t u r e s  on t h e  n o r t h  and sha l lower  f e a t u r e s  i n  
t h e  sou th  

Land i s : a s t eep -wa l l ed ,  e l l i p t i c a l  p i p e  
L i b e r t y  H i l l  : a n e a r l y  c i r c u l a r  asymmetric funne l  wi th  s t e e p  

Pa lme t to :  an asymmetr ic ,  c r e s c e n t i c  p ipe  d i p p i n g  ENE 
Si loam: an  i r r e g u l a r ,  composi te  p i p e - l i k e  body wi th  near-  

v e r t i c a l  f low f e a t u r e s  
Town Creek:  a s t eep -wa l l ed ,  c r e s c e n t i c  p ipe  

d i p s  i n  the  n o r t h  and sha l lower  d i p s  i n  t h e  south  

Only 3 p l u t o n s  have been modeled us ing  geophys ica l  d a t a :  

L i b e r t y  H i l l  (11) :  s t e e p ,  inward-dipping c o n t a c t s ,  somewhat sha l lower  
on the  sou the rn  edge;  dep th  about  6 km 

L i l e s v i l l e  ( 8 ) :  a c i r c u l a r  s h e e t  up t o  2 . 8  km t h i c k ,  deepe r  on t h e  
nor thwes t  , t h i n n i n g  around what i s  i n t e r p r e t e d  t o  
be the  f l o o r  exposed i n  t h e  c e n t e r  

Pageland (1  1)  : t h r e e  s teep-walled f u n n e l s :  two c o i n c i d e  wi th  t h e  
exposed g r a n i t e ;  t h e  t h i r d  l i e s  t o  the  northwest  
of T r i a s s i c  f a u l t s  and i s  presumed t o  be  a b u r i e d  
p o r t i o n  of  t h e  p l u t o n .  

Contac t  r e l a t i o n s  

Contac t  r e l a t i o n s  are  d i f f i c u l t  t o  obse rve  due  t o  t h e  l a c k  o f  
o u t c r o p ,  b u t  some f e a t u r e s  can be  no ted .  Con tac t s  between the  count ry  
r o c k  and g r a n i t o i d s  a r e  s h a r p  on an o u t c r o p  s c a l e  b u t  appear  t o  be  
l i t - p a r - l i t  over  t e n s  o f  meters. Aside from r a r e  s a t e l l i t e  b o d i e s ,  
s w a r m s  of  d i k e s ,  and s i l l s  do  no t  emanate i n t o  the  coun t ry  r o c k s ,  a l t -  
hough t h i n  g r a n i t e  d i k e s  d i p p i n g  inward toward the  p l u t o n  e x i s t  where 
t h e  g r a n i t e  has  been emplaced i n  r e l a t i v e l y  mass ive  c r y s t a l l i n e  r o c k s .  
S t r u c t u r e s  i n  t h e  coun t ry  r o c k  a r e  d i s t u r b e d  w i t h i n  about  200 m of  t h e  
g r a n i t e  c o n t a c t ,  b u t  appear  t o  be  l i t t l e  a f f e c t e d  by t h e  p lu tons  a t  
g r e a t e r  d i s t a n c e s .  S t r u c t u r e s  i n  the  coun t ry  r o c k  o f  t h e  L i l e s v i l l e  
are  p a r t i c u l a r l y  i n t e r e s t i n g  because  t h e  o u t e r  a u r e o l e  h a s  a s t a t i c  
metamorphic f a b r i c ,  whereas t h e  i n t e r i o r  c o n t a c t  metamorphic r o c k s ,  
i n t e r p r e t e d  t o  be the  f l o o r  o f  t h e  . p l u t o n ,  have a h i g h l y  con to r t ed  
g n e i s s i c  f a b r i c ,  sugges t ing  t h a t  t he  f l o o r  was deformed by t h e  upward 
movement of  t h e  magma. 
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V a r i a t i o n s  i n  t h e  coarse-gra ined  g r a n i t o i d s  from c e n t e r  t o  r i m  
depend on the  n a t u r e  o f  t h e  magma-wall r o c k  i n t e r a c t i o n s .  Most com- 
monly, x e n o l i t h s  i n c r e a s e  i n  s i z e  and abundance toward the  r i m .  Gra in  
s i z e  a l s o  changes l o c a l l y  a t  t he  c o n t a c t s  o f  some p l u t o n s .  A f i n e r -  
g ra ined  f a c i e s  wi th  phenoc rys t s  of  p l a g i o c l a s e  , q u a r t z ,  b i o t i t e ,  and 
K-feldspar  occur s  a long one c o n t a c t  o f  t h e  Pageland .  More commonly, 
t h e  K-feldspar  megacrys ts  are l a r g e r  near  t he  c o n t a c t s  than  i n  the  
i n t e r i o r  o f  t h e  p l u t o n ,  Changes i n  major  o r  accesso ry  minera logy  a t  
t h e  c o n t a c t  a r e  a l s o  common. For example,  amphibole may be  absent  i n  
amphibole-bearing p l u t o n s  o r  abundant muscovi te  m a y  appea r .  These 
d i f f e r e n c e s  can be  expla ined  by t h e  exchange o f  f l u i d  between t h e  
coun t ry  r o c k  and magma, bu t  major-element con tamina t ion  o f  t h e  gran- 
i t e s  i s  a p p a r e n t l y  n o t  s i g n i f i c a n t .  One e x c e p t i o n  i s  found a t  t he  
n o r t h e a s t  co rne r  o f  t h e  Winnsboro , where t h e  normally f e l  s i c  , coarse-  
g ra ined  g r a n i t e  (CI=5)  d i g e s t e d  amph ibo l i t e  and b i o t i t e  g n e i s s  t o  
become a more maf ic  (CI=10-20) , p l a g i o c l a s e - r i c h  g r a n i t e .  Exchange o f  
t r a c e  elements  and i s o t o p e s  between t h e  g r a n i t o i d s  and count ry  rocks  
h a s  not  yet  been exp lo red .  

G r a n i t o i d s  i n  major f a u l t  zones ---- 

Four o f  t h e  p l u t o n s  l i e  i n  o r  a c r o s s  major  l a t e  deformat ion  zones 
of t he  southern  Piedmont ( F i g u r e s  B-5 & B - 6 ) .  The Clouds Creek i s  
a d j a c e n t  t o  t h e  Modoc f a u l t  ( 6 ) .  The Butterwood Creek i s  c u t  by t h e  
H o l l i s t e r  f a u l t .  The Palmetto-Tyrone i s  a d j a c e n t  t o  the Brevard zone; 
t h e  deformat ion  in  t h e s e  rocks  i s  d e s c r i b e d  i n  more d e t a i l  by Higgins  
( 1 2 , 1 3 )  , whose accounts  o f  t h e  "Pa lmet to  g r a n i t e ' '  a c t u a l l y  d e s c r i b e  
t h e  Ben H i l l  P lu ton  and o t h e r  g r a n i t o i d  coun t ry  r o c k s .  The sou the rn  
t i p  o f  t h e  Siloam has  developed de fo rma t iona l  f e a t u r e s  s imi la r  t o  
those  o f  o t h e r  g r a n i t o i d s  nea r  f a u l t  zones .  Although no deformat ion  
zones have been mapped i n  t h e  v i c i n i t y  o f  t h e  S i loam,  t h e  Goat Rock 
and Modoc f a u l t s  have been e x t r a p o l a t e d  i n t o  t h a t  a r e a  ( e . g .  1 4 ) .  

The g r a n i t o i d s  a s s o c i a t e d  wi th  de fo rma t ion  zones v a r y  widely i n  
t e x t u r e  , from rocks  showing i n c i p i e n t  deformat ion  through augen g n e i s s  
t o  mylon i t e  and 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  
deformed g r a n i t o i d s  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  seen i n  t h i n  sec- 
t i o n .  The mineralogy and modes of  t h e  deformed rocks  a r e  i d e n t i c a l  t o  
those  of  t h e  undeformed rocks .  This  s i m i l a r i t y ,  and the  r e c r y s t a l -  
l i z e d  t e x t u r e s ,  sugges t  t h a t  t he  g r a n i t o i d s  were deformed and r ec rys -  
t a l l i z e d  whi le  t he  rocks  were a t  r e l a t i v e l y  h i g h  t empera tu res  and t h a t  
no subsequent  movement invo lv ing  the  g r a n i t o i d s  occur red  a t  lower 
t empera tu res .  The g r a n i t o i d s ,  wh i l e  a t  e l e v a t e d  t e m p e r a t u r e ,  m a y  have  
"Lubricated" the  f a u l t s .  An excep t ion  t o  t h e s e  o b s e r v a t i o n s  i s  t h e  
Clouds Creek, which, w i th  i ts  c o n t a c t  a u r e o l e ,  appea r s  t o  have under- 
gone a pe rvas ive  hydrothermal  r e c r y s t a l l i z a t i o n  subsequent  t o  c r y s t a l -  
l i z a t i o n .  The i n t e n s i t y  o f  deformat ion  i n  t h e  g r a n i t o i d s  may change 
w i t h i n  a small a r e a  and does n o t  always v a r y  s y s t e m a t i c a l l y  wi th  d i s -  
t ance  from t h e  f a u l t s .  This  sugges t s  t h a t ,  d u r i n g  a s h o r t  t i m e  i n t e r -  
v a l ,  approximate ly  c o i n c i d e n t  * wi th  the  i n t r u s i o n  o f  t h e s e  g r a n i t e s ,  
i n t e n s e  deformat ion  occurred  i n  narrow zones sepa ra t ed  by broad zones 
which s u f f e r e d  l i t t l e  o r  no de fo rma t ion .  
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Mesozoic f a u l t i n g  occurred  i n  the  L i l e s v i l l e ,  Page land ,  and 

L i b e r t y  H i l l .  The L i l e s v i l l e  i s  c u t  by the.  bo rde r  f a u l t s  o f  t h e  
Wadesboro and E l l e r b e  T r i a s s i c  b a s i n s .  The L i b e r t y  H i l l  and Pageland 
a r e  c u t  by what may be  e x t e n s i o n s  o f  t h e s e  f a u l t s  ( 1 0 , l l ) .  A b u r i e d  
p a r t  of  t h e  Pageland ,  a t  lower e l e v a t i o n  than  the  rest  o f  t h e  p l u t o n ,  
l i e s  i n  what may be  a down-thrown b l o c k  n o r t h  of  t h e  Pageland f a u l t  
( F i g u r e  B-6). E f f e c t s  of  Mesozoic and l a t e r  b r i t t l e  f a u l t i n g  a r e  
r a r e l y  seen  on the  s u r f a c e ,  bu t  are  f r e q u e n t l y  encountered  i n  d r i l l  
h o l e s .  Hydrothermal a l t e r a t i o n  a s s o c i a t e d  wi th  t h e  f a u l t i n g  produced 
m i n e r a l  assemblages which i n c l u d e  c a l c i t e  + q u a r t z  + h e m a t i t e  + lau- 
m o n t i t e  + K-feldspar  + a l b i t e .  Contemporaneous f i s s u r e  v e i n s  have the  
same assemblage with minor  amounts of p y r i t e  , c h a l c o p y r i t e ,  c h l o r i t e  , 
and f l u o r i t e .  A v e i n  i n  t h e  Palmetto-Tyrone p l u t o n  c o n s i s t s  of thom- 
s o n i t e  and gypsum, formed from a s u l f a t e - r i c h  aqueous f l u i d  r a t h e r  
t han  the  more widespread carbonate-enr iched  f l u i d .  

Ages 

The coa r se -g ra ined  g r a n i  t o i d s ,  long recognized  a s  "postmeta- 
morphicl' , were emplaced a f t e r  t he  La te  Pa leozo ic  metamorphism and 
p e n e t r a t i v e  r e g i o n a l  d e f o r m a t i o n ,  and b e f o r e  the  i n t r u s i o n  o f  t h e  
Mesozoic d i a b a s e  d i k e s  and t h e  u p l i f t  and e r o s i o n  which occur red  i n  
t h e  l a t e r  Mesozoic.  Ex tens ive  i s o t o p i c  age work h a s  been done on the  
g r a n i t e s  wh i l e  l i t t l e  i s  known o f  c e r t a i n  o t h e r  a s p e c t s .  The Rb-Sr 
whole r o c k  i s o t o p i c  ages  of  t h e s e  p l u t o n s  r ange  from 407 t o  264 Ma. 
Most a g e s ,  however,  f a l l  in  t he  narrower span o f  326 t o  264 Ma, w a r -  
r a n t i n g  the  more popular  d e s i g n a t i o n s  o f  "300 my-old" g r a n i t e s  (15)  o r  
t h e  "325-265 my g roup" (5 ) .  In  t h i s  s t u d y ,  t h e  407 Ma o l d  Lowrys and 
388 Ma o l d  Bald Rock have been inc luded  on p e t r o g r a p h i c  c r i t e r i a .  A 
r ev iew and d i s c u s s i o n  of  t h e  ages o f  t h e s e  p l u t o n s  has  been r e c e n t l y  
pub l i shed  ( 5 ) .  

I n  p l u t o n s  compris ing s e v e r a l  rock  f a c i e s ,  d e t e r m i n a t i o n  o f  t h e  
f a c i e s '  r e l a t i v e  ages  i s  o f  g r e a t  importance i n  deducing t h e  pe t ro -  
l o g i c  e v o l u t i o n  o f  i n d i v i d u a l  p l u t o n s .  For most p l u t o n s  , t h e  r e l a t i v e  
ages  have been e s t a b l i s h e d ,  and m o s t  f a c i e s  are about the  s a m e  abso- 
l u t e  a g e ,  a l though  some f a c i e s  of t h e  Siloam may y i e l d  d i f f e r i n g  i so-  
t o p i c  ages  ( 5 ) .  

K-Ar i s o t o p i c  d a t e s  on micas  have been de termined  f o r  a number of 
Georgia  g r a n i t o i d s  ( 1 6 ) .  Both mica K-Ar and whole rock  Rb-Sr d a t e s  
a r e  a v a i l a b l e  f o r  two p l u t o n s ,  t h e  Siloam and S p a r t a .  The s i m i l a r i t y  
i n  ages  s u g g e s t s  r a p i d  coo l ing  from t h e  t i m e  o f  c r y s t a l l i z a t i o n . ,  as  
, p e n  by t h e  Rb-Sr d a t e ,  t i m e  o f  a 28 s i g g i f i c a n t  loss  o f  

A r  a t  much lower t e m p e r a t u r e s .  P r e l i m i n a r y  A r /  A r  incrementa l -  
r e l e a s e  ages of  hornblende  and b i o t i t e  from t h e  L i b e r t y  H i l l  a r e  s i m i -  
l a r  t o  Rb-Sr a g e s ,  sugges t ing  t h a t  i t ,  t o o ,  cooled  f a i r l y  r a p i d l y .  

through- t h e  

Contemporaneous gabbro ids  

C lose ly  a s s o c i a t e d  wi th  t h e  coarse-gra ined  g r a n i t o i d s  i s  a s t r i n g  
of  postmetamorphic gabbro ic  p l u t o n s  ( F i g u r e  B-7). Horn fe l se s  occur  
around a number of  t h e  gabbro ids :  Buf fa lo  ( 1 7 1 ,  G l a d e s v i l l e  (181, M t .  
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I Gladesvi l le  
2 Presley's M i l l  
3 Mt. Cormel 
4 McCormick 
5 Calhoun F a l l s  
6 Abbevi l le  
7 Greenwood 
8 B u f f a l o  
9 Chester 

10 
I1 
12 
13 
14 
15 
16 
17 

Dutchman's Creek 
Ogden 
South Rock H i l l  
North Rock H i l l  
Mec k I en burg 
P inev i l le  
Pee Dee 
Bear Poplar  

h 

- - - _  

-- 

K I LOME TE R S  

F i g u r e  B-7. Loca t ions  of  t h e  postmetamorphic gabbro ic  p l u t o n s  i n  
t h e  sou the rn  Appalachian Piedmont.  
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Carmel (19 )  , P r e s l e y '  s M i l l  (201 ,  South Rock H i l l  ( 7 )  , Abbev i l l e ,  
Calhoun F a l l s ,  Dutchman's Creek ,  Ogden, and Pee Dee. The presence  o f  
c o n t a c t  a u r e o l e s  around t h e s e  p lu tons  p l a c e s  a maximum age on t h e i r  
i n t r u s i o n :  because r e g i o n a l  metamorphic e f f e c t s  have been o b l i t e r a t e d  
i n  t h e  h o r n f e l s  sur rounding  a gabbro ,  t h e  p lu ton  must be  "postmeta- 
morphic" , o r  younger than about 350 Ma. 

More d e f i n i t e  age r e l a t i o n s  have been e s t a b l i s h e d  f o r  t h r e e  plu- 
t o n s .  A n o r i t e - d i o r i t e  body i n t r u d e s  t h e  Coronaca g r a n i t e  ( 2 1 ) ;  t h e  
g r a n i t e  i s  da t ed  a t  278  +2 Ma. The G l a d e s v i l l e  i s  c u t  by pegmat i te  
d i k e s  da t ed  a t  339 +16 Ma7-221, y i e l d i n g  a minimum age f o r  t h e  gabbro .  
The Pee Dee gabbro-intrudes the  L i l e s v i l l e ,  which i s  326 +27  Ma(5). 
Examination of t h e  Pee Dee g a b b r o - L i l e s v i l l e  g r a n i t e  c o n t a c t  shows 
t h a t  they a r e  mutua l ly  i n t r u s i v e .  Small bod ie s  of  f i n e - g r a i n e d ,  p i l -  
low-l ike i n c l u s i o n s  of gabbro were found i n  the  g r a n i t e ,  sugges t ing  
t h a t  t h e r e  was mechanical  mixing of  t h e  two magmas. The p i l l o w - l i k e  
masses  comprise  b a s i c  magma which was c h i l l e d  i n  c o o l e r  bu t  s t i l l  
l i q u i d  g r a n i t i c  magma. 

The g e n e r a l  r e l a t i o n s  of t h e  postmetamorphic gabbro ids  , and par- 
t i c u l a r l y  t h e  r e l a t i o n s  o f  t h e  Pee Dee and L i l e s v i l l e  p l u t o n s ,  show 
t h a t  t he  gabbro ids  and coarse-gra ined  g r a n i t o i d s  were approximate ly  
contemporaneous.  Whether a cogene t i c  or  on ly  c o i n c i d e n t a l  i n t e r p r e t a -  
t i o n  i s  a t t a c h e d  t o  the  occur rence  o f  a bimodal s u i t e ,  i t  i s  c l e a r  
t h a t  t he  l a t e  Pa leozo ic  magmatic event  i n  the  sou the rn  Appalachians 
produced p l u t o n s  o f  two extreme compos i t ions ,  wi th  few i f  any 
i n t e r m e d i a t e  r o c k s .  

PETROLOGY 

Pet rography 

Modally,  most o f  t h e  rocks  a r e  monzograni tes  and q u a r t z  monzon- 
i t e s  ( F i g u r e  B-8). The s c a t t e r  o f  p o i n t s  i n t o  the  syenogran i t e  and 
q u a r t z  s v e n i t e  f i e l d s  r e s u l t s  from the  v a r i a t i o n  i n  the  Winnsboro. 
The p o i n t s  nea r  and i n  t h e  g r a n o d i o r i t e  f i e l d  show modes of  t h e  e a r l i -  
e r - conso l ida t ed  f a c i e s  o f  t he  g r a n i t e s  , and p l a g i o c l a s e - r i c h  p l u t o n s ,  
such  a s  t h e  Pa lme t to .  

The most abundant and c h a r a c t e r i s t i c  r o c k  type  o f  t h e  p l u t o n s  i s  
a coa r se -g ra ined ,  h y p i d i o r n o r p h i c - i n e q u i g r a n u l a r ,  b i o t i t e -  o r  b i o t i t e  + 
amphibole-bear ing g r a n i t e .  The f e l d s p a r s  are t a b u l a r  , and euhedra l  t o  
s u b h e d r a l .  Seve ra l  v a r i e t i e s  o f  coarse-gra ined  g r a n i t o i d  can be  d i f -  
f e r e n t i a t e d  on the  b a s i s  o f  minera logy  and t e x t u r e .  The m i n e r a l o g i c a l  
v a r i e t i e s  are:  b i o t i t e  + amphibole ,  b i o t i t e ,  and b i o t i t e  +,muscovi te ,  
a l l  o f  which can be  f u r t h e r  d i v i d e d  by t h e  presence  o r  absence of  ce r -  
t a i n  accesso ry  m i n e r a l s .  More s u b t l e  v a r i a t i o n s  a r e  de f ined  in  terms 
o f  d i f f e r e n c e s  i n  g r a n u l a r i t y ,  subdiv ided  accord ing  t o  the  s i z e  of 
q u a r t z  o r  K-fe ldspar .  The K-fe ldspars  can v a r y  from a s i z e  comparable 
t o  t h a t  of t h e  o t h e r  m i n e r a l s  up t o  s e v e r a l  times t h a t  s i z e .  A s  t hey  
i n c r e a s e  i n  s i z e ,  they  become more e u h e d r a l .  The s i z e  o f  t h e  K-felds- 
p a r s  w i t h i n  a f a c i e s  i s  g e n e r a l l y  uni form,  bu t  l o c a l  changes produce 
g r a n i t e s  t h a t  a r e  p o r p h y r i t i c  over  a l i m i t e d  a r e a  o r  t h a t  c o n t a i n  only  
a few megacryst  s .  
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Figure  B-8.  Modal d i s t r i b u t i o n  o f  a )  q u a r t z ,  K-fe ldspar ,  and 
p l a g i o c l a s e ,  and b)  q u a r t z ,  t o t a l  f e l d s p a r ,  and c o l o r  
index i n  t h e  rocks  o f  t h e  postmetamorphic ,  coa r se -  
g ra ined  g r a n i t e  p l u t o n s  of t h e  sou the rn  Appalachian 
Piedmont.  I U G S  subcommission on the  Sys t ema t i c s  o f  
Igneous Rocks c l a s s i f i c a t i o n  ( 3 7 ) .  
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A w i b o r g i t i c  t e x t u r e  i s  v a r i a b l y  deve loped ,  bu t  widespread i n  the  
coa r se -g ra ined  g r a n i t e s .  I n  c o n t r a s t  t o  t h e  ovo ida l  K-fe ldspars  man- 
t l e d  by p l a g i o c l a s e  i n  the  wiborg i t e  o f  the  r a p a k i v i  g r a n i t e s  of  Scan- 
d i n a v i a ,  t h e  K-fe ldspars  o f  t h e  coarse-gra ined  g r a n i t e s  o f  t h e  south- 
e a s t  U . S . A .  a r e  t a b u l a r  and s u b h e d r a l .  The p l a g i o c l a s e  man t l e s  a r e  
o l  i g o c l  a se  . 

The f i n e r - g r a i n e d  f a c i e s  a r e  more uni form.  They are medium- t o  
f ine -g ra ined  , 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 s ,  commonly wi th  muscovi te  + c h l o r i t e  + e p i d o t e .  They a r e  more 
q u a r t z - r i c h  and f e l s i c  than  the  a s s o c i a t e d  coarse-gra ined  g r a n i t e s  
( F i g u r e  B-8). Subsol idus  r e a c t i o n s  a r e  more prominent i n  t h e s e  f i n e r -  
g ra ined  r o c k s ,  sugges t ing  t h a t  they  were r i c h e r  i n  a f l u i d  phase ,  
which r e a c t e d  wi th  the  rock .  The f i n e r - g r a i n e d  g r a n i t e s  are  g e n e r a l l y  
younger than the  a s s o c i a t e d  coarse-gra ined  f a c i e s  and may c o n t a i n  
x e n o c r y s t s  of t h e  l a t t e r ,  which have l o c a l l y  r e a c t e d  wi th  the  m e l t .  

a l l  o t r  iomorphic-equigranul  a r  , 

The e a r l i e r  c o n s o l i d a t e d  f a c i e s  of  t he  coarse-gra ined  g r a n i t e s ,  
which are  not  inc luded  i n  F igu re  B-8, a r e  g r a n o d i o r i t e s  o r  t o n a l i t e  
and they  a r e  q u i t e  v a r i e d  i n  appearance .  I n  g e n e r a l ,  c h a r a c t e r i s t i c  
f e a t u r e s  i n c l u d e  a h igh  c o l o r  index ( C I  1 5 1 ,  f i n e r - g r a i n  s i z e ,  and 
phenoc rys t s  o f  p l a g i o c l a s e  and q u a r t z ,  i n  a d d i t i o n  t o  K- fe ldspa r .  The 
e a r l y  m i n e r a l  phases ,  pyroxene and amphibole ,  occur  i n  h i g h e r  concen- 
t r a t i o n s  i n  t h i s  f a c i e s  than  i n  t h e  res t  of  the  p l u t o n .  The p lag ioc-  
l a s e  i s  more c a l c i c  than t h a t  i n  the  e n c l o s i n g  g r a n i t e ,  and i n  some 
c a s e s ,  i n c l u d i n g  the  e a r l y  f a c i e s  o f  t h e  Butterwood Creek ,  p l a g i o c l a s e  
h a s  K-feldspar  r i m s  - an a n t i w i b o r g i t i c  t e x t u r e .  L o c a l l y ,  t h e  
K-feldspar  megacrys ts  appear  t o  have grown me tasomat i ca l ly .  These 
rocks  have r e a c t e d  wi th  t h e  enc los ing  g r a n i t e  and have been a f f e c t e d  
by the  more hydrous n a t u r e  o f  t h e  l a t e r  m e l t s .  

A f e w  a p l i t e  and pegmat i te  d i k e s ,  presumably a s s o c i a t e d  wi th  t h e  
g r a n i t o i d s ,  c u t  a l l  t he  p l u t o n s .  Small amounts o f  muscov i t e ,  b i o t i t e ,  
m a g n e t i t e ,  and g a r n e t  a r e  the  mafic  m i n e r a l s .  Large q u a r t z o l i t e  d i k e s  
c u t  t h e  g r a n i t e s  and a d j a c e n t  coun t ry  rocks;  t h e  largest, 4 km long 
and 0 . 3  km wide ,  i n t r u d e s  t h e  Town Creek. 

Mineralogy 

B i o t i t e  o c c u r s  a s  a maf i c  phase i n  a l l  the  g r a n i t o i d s .  Pe t ro-  
g r a p h i c a l l y ,  b i o t i t e s  from v a r i o u s  p l u t o n s  and rock t y p e s  d i f f e r  on ly  
i n  p l eochro ic  scheme: some are p l eochro ic  i n  shades o f  g r e e n ,  and 
some i n  red-brown. Microprobe a n a l y s e s  ( F i g u r e  B-9) show t h a t  t he  
b i o t i t e s  c o n t a i n  a l a r g e  a n n i t e  component, p l o t t i n g  a t  t h e  magnesian 
and aluminous co rne r  o f  t h e  a n n i t e  quadran t .  The T i 0  c o n t e n t  v a r i e s  2' between 1.8 and 3 .5  w t  % .  i n  any - one p l u t o n  or  rock  f a c i e s  
a re  s u p r i s i n g l y  c o n s i s t e n t  i n  t o t a l  i r o n  c o n t e n t  expressed  a s  
Fe/(Fe+Mg) . Fe/( Fe+Mg) v a l u e s  ob ta ined  f o r  s e v e r a l  p l u t o n s :  

B i o t i t e s  

Appling , c o a r s e  0 .58  
Bald Rock 0 .52  
Cas ta1  i a  0 .60  
L a n d i s ,  amphibole g r a n i t e  0 .50 
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Figure  B-9. B i o t i t e  compos i t iona l  f i e l d s  of  t h e  postmetamorphic ,  
coarse-gra ined  g r a n i t o i d  p l u t o n s  p r o j e c t e d  on to  t h e  
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The d i f f e r e n c e s  i n  Fe/(Fe+Mg) between p l u t o n s  o r  between rock  f a c i e s  
- o f  t he  same p l u t o n  a r e  b e l i e v e d  t o  r e f l e c t  d i f f e r i n g  i n t e n s i v e  parame- 
t e r s  d u r i n g  c r y s t a l l i z a t i o n .  I n  c o n t r a s t  t o  t h e  behav io r  o f  
Fe/(Fe+Mg) , t he  t e t r a h e d r a l  aluminum c o n t e n t s  o f  b i o t i t e s  i n  any - one 
p l u t o n  o r  rock  f a c i e s  a r e  v a r i a b l e ,  caus ing  the  v e r t i c a l  t r e n d s  o f  
F igu re  B-9. The r e a s o n s  f o r  t he  v a r i a t i o n s  i n  aluminum a r e  not  c l e a r .  
I n  t h e  L i b e r t y  H i l l  p l u t o n ,  t h e  t e t r a h e d r a l  aluminum c o n t e n t  o f  t h e  
b i o t i t e s  d e c r e a s e s  r a d i a l l y ,  be ing  more aluminous toward the  c e n t e r .  
Th i s  may r e s u l t  from changes i n  f 0  and fH 0 from c o r e  t o  r i m  of t h e  

2 p l u t o n  a s  evidenced by t h e  minera logy  o f  $he g r a n i t e  and x e n o l i t h s .  
The Fe/(Fe+Mg) , u n l i k e  t h e  t e t r a h e d r a l  aluminum c o n t e n t  o f  t h e  b i o t -  
i t e ,  may be  i n s e n s i t i v e  t o  t h e s e  changes and dependent  on a v a r i a b l e  
which d i f f e r e d  among t h e  p l u t o n s  and rock  f a c i e s .  

B i o t i t e s  from the  Siloam p lu ton  have the,  wides t  range  i n  aluminum 
and Fe/(Fe+Mg) c o n t e n t s  a s  expec ted  f o r  a p lu ton  composed of  many 
f a c i e s .  The v e r y  aluminous b i o t i t e s  o f  t h e  Clouds Creek c o e x i s t  with 
c o r d i e r i t e  and r e f l e c t  t h e  aluminous n a t u r e  of  t h e  r o c k .  

Amphibole occur s  i n  one o r  more f a c i e s  o f  t h e  Butterwood Creek,  
Bald Rock, Clouds Creek,  Landis  , L i b e r t y  H i l l ,  Lowrys, Pageland ,  
S i loam,  and Winnsboro p l u t o n s .  The amphibole g r a i n s ,  up t o  0 . 5  cm 
l o n g ,  a r e  p r i s m a t i c ,  and euhedra l  t o  subhedra l .  They a r e  p l e o c h r o i c :  
X = yellow-brown; Y = yel low-green;  Z = blue-green ,  and they a r e  com- 
monly twinned on (100) .  Analyses  show they  a r e  e d e n i t e s ,  fe r roeden-  
i t e s  , e d e n i t i c  ho rnb lendes ,  and f e r r o e d e n i t i r  ho rnb lendes ,  according 
t o  t h e  new nomencla ture  f o r  amphiboles ( 2 3 ) .  The composi t ions  p l o t  
c l o s e  t o  the  l i m i t  o f  Ca+Na+K t h a t  igneous amphiboles can i n c o r p o r a t e  
a t  a p a r t i c u l a r  Si  c o n t e n t  ( 2 4 )  ( F i g u r e  B-10). Amphiboles i n  any - one 
p l u t o n  have a f a i r l y  narrow range  i n  Fe/(Fe+Mg) r a t i o s ,  w i th  the  fo l -  
lowing ave rages :  

Bald Rock 0 . 5 6  L i b e r t y  H i l l  0 .61 
Land i s  0 . 5 7  P age1 and 0.64 
Lowrys 0.47 S i  l'oam 0 .52  

The p a r t i t i o n  c o e f f i c i e n t  (Fe/(Fe+Mg) i n  b i o t i t e  / Fe/(Fe+Mg) i n  
amphibole) f o r  t h e  coa r se -g ra ined  g r a n i t e s  i s  n e a r l y  1 .0 ( F i g u r e  
B - 1 1 ) .  The p o i n t s  o f  F igu re  B-11  which d e v i a t e  most from the  l i n e  a r e  
from t h e  Bald Rock and Land i s .  

Amphiboles i n  some p l u t o n s  a r e  co lor -zoned ,  and chemica l ly  inho- 
mogeneous. Zoning i s  p a r t i c u l a r l y  e v i d e n t  i n  amphiboles wi th  
"bleached" c o r e s  o r  i r r e g u l  a r  o r  s k e l e t a l  c l inopyroxene  c o r e s .  In  the  
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L i b e r t y  H i l l ,  t h e  pyroxene i s  a p a l e  g reen  s a l i t e ,  nea r  Wo En Fs 
33 18 Mn i n  composi t ion .  The "bleached" c o r e s  are  pa tches  o f  p i l e  green  o r  

c o ? o r l e s s  amphibole wi th  small i n c l u s i o n s  o f  q u a r t z .  The p a l e  g reen  
amphibole i s  a magnesio-hornblende wi th  Fe/(Fe+Mg)=0.48. This  i s  t h e  
type  of  amphibole t h a t  a l s o  i s  a d j a c e n t  t o  t h e  c l inopyroxene  c o r e s .  
The bleached c o r e s  probably r e p r e s e n t  pyroxene t h a t  h a s  been conv,erted 
t o  amphibole ( c f .  25 ) ;  they  have a l s o  been found i n  t h e  Clouds Creek 
( 6 )  and Lowrys. 

The t e x t u r e s  o f  t h e  b i o t i t e  and amphibole-bearing g r a n i t e s  sug- 
g e s t  , i n  some c a s e s ,  t h a t  b i o t i t e  c r y s t a l l i z e d  f i r s t  , and i n  o t h e r s ,  
t h a t  amphibole c r y s t a l l i z e d  f i r s t .  Wones and Dodge ( 2 6 )  sugges t  , on 
the  b a s i s  o f  exper imenta l  work, t h a t  i n  K-rich magmas, t h e  ferromagne- 
s i a n  phase t o  appear  nex t  a f t e r  pyroxene i s  dependent  on H 0 a c t i v i t y .  
The sequences b io t i t e - amph ibo le  o r  amph ibo le -b io t i t e  r e f l e c t  t h e  d i f -  
f e r i n g  H 0 a c t i v i t i e s  o f  t h e  g r a n i t e s .  

2 

2 

The g r a n i t e s  c o n t a i n  two d i s t i n c t  groups o f  a l k a l i  f e l d s p a r s :  
K-feldspar  megacrys ts  and groundmass K-fe ldspar .  The p ink  megac rys t s  , 
which are not  p r e s e n t  i n  a l l  rock  f a c i e s  and p l u t o n s ,  are  euhedra l  t o  
subhedra l  , f l a t t e n e d  pe rpend icu la r  t o  (010)  and e longated  p a r a l l e l  t o  
c .  The l a r g e s t  megacryst  observed was 15 cm long .  The megacrys ts  of 
t h e  Appling are p a r t i c u l a r l y  p l a t y ,  w i th  t h i c k n e s s : w i d t h : l e n g t h  r a t i o s  
a t  l e a s t  1 :4 :6 .  Most megacrys ts  are  p o i k i l i t i c  w i th  o r i e n t e d  inc lu -  
s i o n s  of  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 .  The e l o n g a t e  and t a b u l a r  
m i n e r a l s  are o r i e n t e d  p a r a l l e l  t o  the  megacryst  f a c e s .  Where t h e  
i n c l u s i o n s  are p a r t i c u l a r l y  abundant ,  they  d e f i n e  a t e x t u r a l  zoning i n  
t h e  f e l d s p a r s .  The K-feldspar  megacrys ts  are p e r t h i t e s  , microper th-  
i t e s  and c r y p t o p e r t h i t e s .  I n  c o n t r a s t ,  groundmass K-feldspar  g r a i n s  
a r e  s m a l l e r ,  anhedra l  micro- and c r y p t o p e r t h i t e s .  The a l b i t e  phase o f  
bo th  t h e  megacryst  and groundmass K-feldspar forms f i l m ,  b r a i d ,  p a t c h  
and v e i n l e t  p e r t h i t e .  The amount o f  p e r t h i t e  i n  t h e  megac rys t s  can  
va ry  and d e f i n e  a zoning which i s  b e l i e v e d  t o  r e f l e c t  o r i g i n a l  mag- 
ma t i c  zoning of t h e  K-fe ldspars .  

- 

S i n g l e  c r y s t a l ,  X-ray s t u d i e s  o f  L i b e r t y  H i l l  p e r t h i t e s  showed 
t h a t  a monocl in ic  p o t a s s i c  phase ( o r t h o c l a s e )  i s  t h e  dominant X- ray  
ave rage ,  bu t  weak, d i f f u s e  bands p a r a l l e l  t o  a* and - b* caused by v e r y  
f i n e  s c a l e  A l b i t e  and P e r i c l i n e  twins i n d i c a t e  t h e  p re sence  o f  twin- 
ned ,  t r i c l i n i c  m i c r o c l i n e .  This i s  c o n s i s t e n t  w i th  t h e  commonly 
observed m i c r o c l i n e  g r i d  twinning .  An Albi te - twinned ,  low a l b i t e  i s  
a l so  p r e s e n t ,  

According t o  microprobe a n a l y s e s  , t h e  exsolved phases  o f  t h e  
a l k a l i  f e l d s p a r  are n e a r l y  end-member compos i t ions ,  a t  l e a s t  as s o d i c  
o r  p o t a s s i c  as Ab and O r  Bulk composi t ions  o f  t h e  a l k a l i  f e l d s -  

9 7 '  w i t h  l ess  than  An Th i s  estimate i s  p a r s  are e ~ t i m a t e 8 ~ t o  be  O r  
more p o t a s s i c  than t h e  resu85s  o f  Whitney and S to rmer ' (27 )  and Watson 
( 2 ) ,  who r e p o r t e d  bu lk  a n a l y s e s  of megacrys ts  from some o f  t h e  Georgia  
g r a n i t o i d s  as O r  

-89 I '  

w i t h  An1-4. 60-67 

The p l a g i o c l a s e  c r y s t a l s  are sma l l e r  than  t h e  megac rys t i c  
They are white o r  l o c a l l y  g reen  a s  a r e s u l t  o f  s a u s s u r i -  K-fe ldspars .  
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t i z a t i o n .  Most p l a g i o c l a s e s  a r e  s u b h e d r a l ,  b u t  many a r e  anhedra l  
because o f  s u b s o l i d u s  r e a c t i o n s .  Composi t ional  d e t e r m i n a t i o n s  show 
t h a t  the  p l a g i o c l a s e  i s  o l i g o c l a s e  having well-developed normal o s c i l -  

and r i m s  of l a t o r y  zon ing ,  w i th  n e a r l y  unzoned c o r e s  
An A l l  g r a i n s  t h a t  were analyzed c o n t a i n  l ess  an O r  . Some 
a n k i p e r t h i t e  i s  p r e s e n t .  A d i s c o n t i n u o u s  r i m  of a l b i t e  mankles most 
p l a g i o c l a s e  g r a i n s ,  and i s  u s u a l l y  a s s o c i a t e d  wi th  myrmekite where 
a d j a c e n t  t o  a l k a l i  f e l d s p a r .  The p l a g i o c l a s e s  o f  t h e  more maf ic  gran- 
i t o i d s  and s c h l i e r e n  a r e  more c a l c i c ,  An and commonly c o n t a i n  
i n c l u s i o n s  o f  c l inopyroxene ,  amphibole ,  and k y i t i t e .  Depending on the  
a v a i l a b i l i t y  of  post-magmatic f l u i d ,  t h e  c a l c i c  c o r e s  o f  t h e  p lag ioc-  
l a s e s  are s a u s s u r i t i z e d ,  producing a more sod ic  p l a g i o c l a s e ,  e p i d o t e ,  
muscov i t e ,  c a l c i t e ,  and q u a r t z .  

O f  h30-$i 
5-10' . 

C h l o r i t e ,  muscov i t e ,  and e p i d o t e  have widespread occur rence  i n  
t h e  g r a n i t e s .  They a r e  be l i eved  t o  be p roduc t s  o f  e a r l y  post-magmatic 
r e e q u i l i b r a t i o n .  I n  c e r t a i n  i n s t a n c e s ,  p a r t i c u l a r l y  wi th  r e s p e c t  t o  
m u s c o v i t e ,  arguments can be made f o r  a late-magmatic o r i g i n .  

C h l o r i t e s  form l a r g e l y  by t h e  a l t e r a t i o n  of b i o t i t e ,  and ,  i n  some 
i n s t a n c e s ,  amphibole .  I n  f l u i d - r i c h  f a c i e s ,  a l l  o f  t h e  b i o t i t e  i s  
commonly a l t e r e d .  Analyses  o f  t h e  c h l o r i t e s  show t h a t  they  c l o s e l y  
f o l l o w  t h e  Fe/(Fe+Mg) range  of t h e  b i o t i t e s .  The c h l o r i t e s  are r i p i -  
d o l i t e s  and b r u n s v i g i t e s ,  accord ing  t o  the  c l a s s i f i c a t i o n  of Hey ( 2 8 ) .  

Muscovite and e p i d o t e  have two pa rageneses ,  as s a u s s u r i t i z a t i o n  
p roduc t s  o f  p l a g i o c l a s e ,  and a s  c o n s t i t u e n t s  o f  t h e  m a t r i x ,  where they  
a r e  commonly in t e rg rown  wi th  t h e  o t h e r  maf i c  m i n e r a l s .  In  some c a s e s ,  
t h e  m a t r i x  e p i d o t e  has  grown a s  r i m s  on a l l a n i t e .  I n  most rocks  t h e r e  
i s  compos i t iona l  e q u i l i b r i u m  between t h e  a l t e r a t i o n  m i n e r a l s  though 
n o t  between the  a l t e r a t i o n  m i n e r a l s  and t h e  pa ren t  m i n e r a l s .  I n  some 
r o c k s ,  s a u s s u r i t e  m i n e r a l s  i n  t he  hos t  f e l d s p a r  grew i n  i s o l a t i o n  from 
t h e  m a t r i x  assemblage,  r e s u l t i n g  i n  two popu la t ions  o f  e p i d o t e  and 
muscov i t e ,  each  wi th  c h a r a c t e r i s t i c  composi t ions .  The m a t r i x  e p i d o t e s  
a r e  Fe - r i ch ,  w i t h  p i s t a c i t e  c o n t e n t s  g r e a t e r  than  25%.  They a re  gen- 
e r a l l y  more Mn-rich than  t h e  Fe-poor e p i d o t e s  of t h e  i s o l a t e d  saussu-  
r i t i z e d  p l a g i o c l a s e  ( F i g u r e  B - 1 2 ) .  The m a t r i x  muscovi tes  of  t h e  
coa r se -g ra ined  g r a n i t e s  a r e  p h e n g i t e s ,  w i th  a f a i r l y  l a r g e  c e l a d o n i t e  
component, (Fe+Mg)/( Fe+Mg+Ti+Al)=O. 15 ( F i g u r e  B-13) They have a small 
p a r a g o n i t e  component, between 2 and 4 . 5 % .  The muscov i t e s  of  t h e  iso-  
l a t e d  s a u s s u r i t i z e d  p l a g i o c l a s e  c o n t a i n  much l e s s  c e l a d o n i t e  and q u i t e  
a l a r g e  p a r a g o n i t e  component,  up t o  1 7  mole % .  

Numerous accesso ry  m i n e r a l s  have been found i n  t h e  g r a n i t o i d s ;  i n  
t h e  fo l lowing  l i s t ,  t h o s e  marked w i t h  an a s t e r i s k  are  thought  t o  be  
secondary .  

a1 1 a n i  t e  hemat i te*  s p h a l e r i t e  
a p a t i t e  i lmen i t e  t h o r i t e  
carbonate*  magne t i t e  t i  t a n i  t e 
c h a l c o p y r i t e  molybdeni te  t ou rma l ine  
c o f f i n i t e  monazi te  ur  an i n  i t e 
c o r d i e r i t e  p y r i t e  
f l u o r i t e  pyrophan i t e xeno t ime 

ur  ano t ho r i an i t e 
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Figure B-12. Compositions of epidote in the granitoids. 
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F i g u r e  B-13.  Compositions of white micas  i n  t h e  g r a n i t o i d s .  
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ga lena  p y r r h o t i t e  z i r c o n  
g a r n e t  r u t  i 1 e* 

Zoned a l l a n i t e s ,  up t o  3mm long ,  and t i t a n i t e ,  up t o  2mm i n  s i z e ,  
are  the  c h a r a c t e r i s t i c  and most abundant nonopaque a c c e s s o r i e s  o f  t h e  
g r a n i t o i d s ,  a l though  one o r  bo th  are absen t  from some f a c i e s .  Allan- 
i t e s  a s s o c i a t e d  wi th  e p i d o t e  a r e  commonly rimmed by t h e  e p i d o t e .  Tex- 
t u r a l  evidence sugges t s  t h a t  t i t a n i t e  formed i n  a t  least  two genera-  
t i o n s :  a s  l a r g e ,  euhedra l  primary t i t a n i t e  and a s  sma l l ,  anhedra l  
secondary t i t a n i t e  i n t e r l a y e r e d  wi th  b i o t i t e  and rimming t h e  o x i d e s .  
Both types  o f  t i t a n i t e s  have s imi la r  composi t ions  i n  a g iven  rock .  
Aluminum and i r o n  s u b s t i t u t e  f o r  t i t a n i u m  up t o  13 and 8 mole % res- 
p e c t i v e l y .  T i t a n i t e ,  a long  wi th  r u t i l e ,  o c c u r s  with c h l o r i t e  as '  an 
a l t e r a t i o n  product  o f  b i o t i t e .  

Z i r con ,  a p a t i t e  , m a g n e t i t e  and i l m e n i t e  are u b i q u i t o u s .  Z i rcon  
and a p a t i t e  g e n e r a l l y  occur  as i n c l u s i o n s  i n  major  m i n e r a l s ,  espe-  
c i a l l y  b i o t i t e .  Commonly what appears  t o  be  z i r c o n  h a s ,  on c l o s e r  
examinat ion ,  been i d e n t i  f i e d  as t h e  i s o s t r u c t u r a l  m i n e r a l s  t h o r i t e ,  
c o f f i n i t e ,  and xenot ime.  Magnet i te  g e n e r a l l y  c o n t a i n s  l a m e l l a e  o f  
i l m e n i t e ,  a s  a r e s u l t  o f  e x s o l u t i o n  of a p r i m a r y  t i t a n o m a g n e t i t e .  
I l m e n i t e  on ly  l o c a l l y  c o n t a i n s  networks and b l e b s  o f  h e m a t i t e ,  prob- 
ab ly  as a r e s u l t  of  e x s o l u t i o n  of the  i lmen i t e -hemat i t e  s o l i d  so lu-  
t i o n .  The i l m e n i t e s  are mangani ferous ,  c o n t a i n i n g  up  t o  6 w t  % MnO. 

The s u l f i d e s  p y r i t e  and c h a l c o p y r i t e  are f a i r l y  widespread , a l t -  
hough c h a l c o p y r i t e  i s  no t  abundant .  S p h a l e r i t e  h a s  been found i n  t h e  
g r a n i t e s  nea r  metasedimentary  x e n o l i t h s  and i n  pegmat i te  and a p l i t e  
s e g r e g a t i o n s .  P y r r h o t i t e  c r y s t a l l i z e s  p a r t i c u l a r l y  e a r l y ,  and occur s  
only  as i n c l u s i o n s  i n  z i r c o n ,  a p a t i t e ,  m a g n e t i t e  , a l l a n i t e  , c a l c i c  
p l a g i o c l a s e ,  and amphibole.  Ev iden t ly  t h e  s u l f u r  f u g a c i t y  i n c r e a s e d  
d u r i n g  c r y s t a l l i z a t i o n  u n t i l  on ly  p y r i t e  was s t a b l e .  Molybdenite 
occur s  bo th  as d i s semina ted  f l a k e s  and a s  aggrega te s  i n  q u a r t z  v e i n s .  
The occurrence  of  molybdeni te  i n  t h e s e  g r a n i t o i d s  has  been d i s c u s s e d  
i n  d e t a i l  ( 2 9 ) .  Two a d d i t i o n a l  occu r rences  have been noted  s i n c e  t h a t  
work, t h e  Siloam ( 3 0 )  and t h e  Butterwood Creek. 

The remaining accessory  m i n e r a l s  , except  f o r  t hose  of  secondary 
o r i g i n  , are f a i r l y  r e s t r i c t e d  i n  occur rence .  The blue-to-brown pleo- 
c h r o i c  tourmal ine  o f  t h e  Clouds Creek has  an i n t e r m e d i a t e  composi t ion  , 
approx b a t e  1 y s c  hor  1 drav  i t e The g a r n e t s  a r e  spessar t ine-a lman-  
d i n e  s o l i d  solution:: w i th  45ie average  composi t ions  : Casta l ia  , 
Sp52A130Gr18 and Si loam, Sp A1 . The compos i t iona l  v a r i a t i o n  o f  
t h e  g a r n e t s  i s  small i n  t h e  i loam and i s  about 5 p e r c e n t  i n  t h e  Cas- 
t a l i a ,  The c o r d i e r i t e  i n  t h e  Clouds Creek has  an i n t e r m e d i a t e  compo- 
s i t i o n ,  Fe Mg Mn and c o n t a i n s  a l a r g e  amount o f  sodium, up t o  1 .25 
w t  % Na 0 , 4 ~ h i 2 f i  i i ' t y p i c a l  of c o r d i e r i t e s  i n  igneous r o c k s .  The ura- 
nium a n i  thorium ox ides  have been p o s i t i y e l y  i d e n t i f i e d  i n  on ly  two 
p l u t o n s ,  t h e  L i b e r t y  H i l l  and Town Creek. Evidence o f  t h e i r  p resence  
i n  the  form of v e r y  l a r g e  r a d i a t i o n  damage h a l o s  i n  b i o t i t e  has  been 
s p o t t e d  i n  a number of o t h e r  g r a n i t e s ,  a l t hough  t h e  m i n e r a l s  them- 
s e l v e s  do  no t  l i e  i n  the  p l ane  of  t h e  n s e c t i o n .  Some o f  t h e  r a d i -  
oha los  appea t o  be  polonium h a l o s  ( Po), a l though  they  could  be  
overexposed 138 U h a l o s  ( 3 1 ) .  

5g.  36Gr5 
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Accessorv m i n e r a l s  a r e  more than  c u r i o s i t i e s .  They p rov ide  ev i -  
dence o f  d i f f e r e n c e s  i n  chemical  and phys ica l  c o n d i t i o n s  t h a t  may not  
be  recorded by t h e  major  minera logy .  Because t h e  accesso ry  m i n e r a l s  
c o n t a i n  t h e  pr imary s i t e s  f o r  many t r a c e  e l e m e n t s ,  t h e  accesso ry  min- 
e r a l o g y  r e c o r d s  t h e  behavior  of  t h e  t r a c e  e lements  d u r i n g  c r y s t a l l  i za -  
t i o n  and subsequent  e v e n t s  such as hydrothermal  a l t e r a t i o n  and weath- 
e r i n g .  Rare e a r t h  phospha te s ,  f o r  example,  m a y  occur  i n s t e a d  of  
a l l a n i t e  nea r  l a r g e  x e n o l i t h s  o r  wal l  rocks  which have contaminated 
t h e  g r a n i t e  w i th  P. U and Th are  minor c o n s t i t u e n t s  o f  bo th  t h e  
e a s i l v  weathered a l l a n i t e s  and t h e  much more r e s i s t a n t  phosphates  , 
monazi te  and xenot ime,  and the  behavior  of  t h e s e  e lements  w i l l  be de t -  
ermined by t h e  minera logy .  

Enclaves 

Enclaves  i n  t h e  coarse-gra ined  p l u t o n s  a r e  no t  abundant , but  
encompass a wide v a r i e t y  o f  t y p e s .  

Xeno l i th s  a r e  t h e  only  enc laves  t h a t  are a n g u l a r .  The c o n s t i -  
t u e n t  rock  t y p e s  a r e  v a r i e d ,  r e f l e c t i n g  the  d i v e r s e  l i t h o l o g i e s  i n  
which t h e  g r a n i t e s  were emplaced. E p i x e n o l i t h s  a r e  t h e  l a r g e s t  , most 
common, and most e a s i l y  recognized  type  o f  x e n o l i t h .  Formed from 
nearby coun t ry  r o c k ,  they  a r e  most abundant near  c o n t a c t s .  Hypoxenol- 
i t h s ,  d e r i v e d  from t h e  coun t ry  r o c k  a t  d e p t h ,  can  b e  i d e n t i f i e d  by 
t h e i r  s i m i l a r i t y  t o  rocks  t h a t  are  found i n  t h e  Piedmont ,  bu t  n o t  i n  
t h e  v i c i n i t y  o f  t h e  p l u t o n .  

Xenocrys t s ,  n o t  a common f e a t u r e ,  a r e  l i m i t e d  t o  m u l t i p l e - i n t r u -  
s i o n  p l u t o n s .  Thev have been i d e n t i f i e d  where a l a t e r ,  f i ne r -g ra ined  
g r a n i t o i d  in t ruded  a coa r se r -g ra ined  g r a n i t o i d  and picked up l a r g e ,  
s i n g l e  c r y s t a l s  from the  e a r l i e r  f a c i e s .  A r e a c t i o n  t e x t u r e  i s  com- 
monly p r e s e n t  between t h e  x e n o c r v s t s  and f ine r -g ra ined  m a t r i x .  A l a t e  
f a c i e s  o f  t h e  L i b e r t y  H i l l ,  t h e  " x e n o c r y s t a l  g r a n i t e " ,  c o n t a i n s  up t o  
25% x e n o c r y s t s .  

Three types  of  a u t o l i t h s  have been recognized .  Most e a s i l y  iden- 
t i f i e d  are f e l s i c  m i n e r a l  s e g r e g a t i o n s  wi th  a C I S 1 .  Included i n  t h i s  
group are  a u t o l i t h s  composed e n t i r e l y  o f  'K-feldspar  megacrys ts  , which 
sugges t  an igneous o r i g i n  f o r  t he  megac rvs t s .  A second t y p e ,  compris- 
ing  s c h l i e r e n  and e n c l a v e s  o f  m a f i c  m i n e r a l  s e g r e g a t i o n s ,  can be  
i n t e r p r e t e d  as a u t o l i t h s ,  a l t hough  some m a y  be  s k i a l i t h s .  The t h i r d  
type  o f  a u t o l i t h ,  
t h e  e v o l u t i o n  o f  a g r a n i t e ,  i n c l u d e s  t h o s e  b e l i e v e d  t o  c o n s i s t  o f  a 
r o c k  f a c i e s  t h a t  was c o n s o l i d a t e d  ea r l i e r  and a t  g r e a t e r  dep th  than 
t h e  p lu ton  a t  t he  p re sen t  s u r f a c e .  This type  o f  a u t o l i t h ,  found i n  
every  g r a n i t e  examined , c h a r a c t e r i s t i c a l l y  i s  more maf ic  than the  enc- 
l o s i n g  g r a n i t e  and shows r e a c t i o n  t e x t u r e s  wi th  t h e  enc los ing  rock  and 
p o s t - c o n s o l i d a t i o n  growth o f  hydrous maf ic  m i n e r a l s  and K-feldspar  . 
A u t o l i t h s  o f  e a r l i e r  f a c i e s  g i v e  r i s e  t o  s p e c t a c u l a r  double  e n c l a v e s .  
The doubly  enc losed  enc laves  a r e  probably e i t h e r  hypoxeno l i th s  o r  even 
e a r l i e r  a u t o l i t h s  . 

which i s  perhaps  t h e  most u s e f u l  f o r  i n t e r p r e t i n g  
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S k i a l i t h s  a r e  f a i r l y  r a r e  i n  t h e  coarse-gra ined  g r a n i t e s .  The 
few examined appear  t o  be g r a n i t i c  x e n o l i t h s  t h a t  r e c r y s t a l l i z e d  i n  
t h e  younger m e l t .  Because they  were a l r e a d y  c l o s e  t o  g r a n i t e  i n  com- 
p o s i t i o n ,  t h e s e  enc laves  were a b l e  upon r e a c t i o n  t o  approach t h e  enc- 
l o s i n g  rocks i n  composi t ion ,  mine ra logy ,  and t e x t u r e  i n  t h e  t i m e  
a v a i l a b l e .  

CONTACT METAMORPHISM AND 

CONDITIONS OF EMPLACEMENT 

The n a t u r e  o f  t h e  c o n t a c t  metamorphic a u r e o l e s  o f  t h e  g r a n i t i c  
p l u t o n s  v a r i e s  wide ly .  The p l u t o n s  s t u d i e d  were probably s imi l a r  i n  
magmatic tempera ture  and shape.  The d i v e r s i t y  i n  c o n t a c t  metamorphism 
i s  t h e r e f o r e  most l i k e l y  caused by emplacement a t  d i f f e r e n t  d e p t h s  i n  
rocks  of  va ry ing  composi t ion and metamorphic g r a d e .  

Thermal a u r e o l e s  produced by t h e  g r a n i t e s  have been recognized  
around the  Clouds Creek,  Danburg , L i b e r t y  H i l l ,  L i l e s v i l l e ,  Page land ,  
Sims, Town Creek and Winnsboro p l u t o n s .  Contact  metamorphism devel -  
oped only  i n  x e n o l i t h s  has  been d e t e c t e d  i n  t h e  Palmetto-Tyrone and 
perhaps t h e  Bald Rock, SCU 1 and the  Si loam. Contac t  a u r e o l e s  are  
b e s t  developed around p l u t o n s  emplaced i n  t h e  low-grade Caro l ina  S l a t e  
b e l t .  For those  in t ruded  i n t o  mudstones,  c o n t a c t  e f f e c t s  can be  seen 
up t o  4 km from t h e  margin o f  t h e  p l u t o n .  The a u r e o l e s  can be  grouped 
a s  : 

1. t r i f a c i a l ,  composed of  g r a n u l i t e ,  amph ibo l i t e  and g r e e n s c h i s t  
f a c i e s ,  e . g .  The L i b e r t y  H i l l  and L i l e s v i l l e .  - 

2 .  b i f a c i a l ,  composed of  amph ibo l i t e  and g r e e n s c h i s t  f a c i e s .  
The Pageland ,  Town Creek and Winnsboro p l u t o n s  are examples .  These 
p l u t o n s  could be  t r i f a c i a l  i f  g r a n u l i t e  f a c i e s  assemblages were t o  be  
found. 

3 .  monofac ia l ,  composed s o l e l y  o f  g r e e n s c h i s t  f a c i e s  assem- 
b l a g e s .  The Clouds Creek and Danburg appear  t o  belong t o  t h i s  t y p e .  

Contact  e f f e c t s  a r e  d i f f i c u l t  t o  f i n d  around p l u t o n s  emplaced i n  
coun t ry  rocks  i n  which the  metamorphic g rade  i s  amph ibo l i t e  f a c i e s  o r  
h i g h e r .  In  t h i s  c a s e ,  rocks  showing c o n t a c t  metamorphism are l i m i t e d  
t o  x e n o l i t h s  and immediately a d j a c e n t  coun t ry  r o c k s .  Observed c o n t a c t  
metamorphism i n  t h e s e  x e n o l i t h s  and a u r e o l e s  i s  l i m i t e d  t o  t h e  granu- 
l i t e  and amphibo l i t e  f a c i e s ,  c o n d i t i o n s  a t  o r  above those  o f  t h e  enc- 
l o s i n g  r o c k s .  The Pa lmet to  and Siloam are examples o f  p l u t o n s  
emplaced i n  h igh  g rade  coun t ry  r o c k s .  

The c o n t a c t  metamorphism appears  t o  have been l a r g e l y  i sochemica l  
f o r  t h e  major  e lements  , a l though  exchange o f  f l u i d  phase components 
was common. The behav io r  o f  t h e  t r a c e  e lements  and s t a b l e  i s o t o p e s  i s  
n o t  w e l l  documented, b u t  they  do appear  t o  have been a f f e c t e d  by f l u i d  
phase m i g r a t i o n .  In  t h e  Rion f a c i e s  of  t h e  Winnsboro and the Danburg, 
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f l u i d  was a p p a r e n t l y  e x p e l l e d  i n t o  t h e  coun t ry  r o c k .  Most p l u t o n s ,  on 
t h e  o t h e r  hand ,  appear  t o  have absorbed water  f r h  t h e  coun t ry  r o c k ,  
a s  shown by t h e  minera logy  o f  t h e  g r a n i t e ,  a u r e o l e ,  and x e n o l i t h s .  

The mine ra i  assemblages of the  h o r n f e l s e s  are d i v e r s e ,  r e f l e c t i n g  
a wide range i n  composi t ion  of t h e  o r i g i n a l  coun t ry  r o c k s .  Commonly 
o c c u r r i n g  and i n t e r e s t i n g  mine ra l  assemblages i n c l u d e :  

amph+epid+bt+musc 
e p i  d+ c h l  + b t +mu sc 

I .  x e n o l i t h s  and innermost a u r e o l e s  

p e l i t i c  rocks  ( i n  a d d i t i o n  t o  pc+ksp+qz) 

opx+gar+cd+bt 
o px+ cd+ b t 
opx+bt  
ga r+  cd+b t 
gar+s i+bt+musc  
g a r + b t +m uyc . - 

s t a u r + g a r + s i + b t  
cd + b t +mu sc  
s i+musc 
and+ b t +mu s c 
and+ cd+ b t+mus c 
s i + c d + b t  

- 

b a s i c  rocks  ( i n  a d d i t i o n  t o  pc + qz)  

c px+ opx+ b r n  hb 1+ b t 
o p x + b r n o r  g rn  h b l + b t  
cpx+brn o r  g r n  h b l + b t  
cumm+brn o r  g r n  h b l + b t  g r n  hb l+b t+ep id  

gar+cpx+ hb 1 
g a r  + c umm+b t 
c px+ c umm+ hb 1 

- 
c a l c a r e o u s  rocks  

grossularite+cpx+trem+zoisite+cc 
trem+cpx+zo i s  i t e  

2 .  i n n e r  a u r e o l e s  

p e l i t i c  rocks  ( i n  a d d i t i o n  t o  pc + qz)  

cd+b t + k s p  
cd+ b t+mu sc 

and+cd+ b t +musc 
and+staur+bt+musc 

b a s i c  rocks  ( i n  a d d i t i o n  t o  pc + qz)  

amph+b t + e p i  d+ch l  

3 .  o u t e r  a u r e o l e s  

p e l i t i c  rocks  ( i n  a d d i t i o n  t o  pc + qz)  

c h l +  cd+ b t +mu sc  
ch l+musc +epid  - 

b t +mus c+c h l  - 

b a s i c  rocks  ( i n  a d d i t i o n  t o  pc + qz) 

n I ?  



The mine ra l  assemblages i n  t h e  o u t e r  p a r t  o f  t h e  a u r e o l e  g rade  
i n t o  the  e a r l i e r  assemblages of  r e g i o n a l  metamorphism. The t r i f a c i a l  
c o n t a c t  a u r e o l e s  c o n t a i n  a l l  t h r e e  o f  t h e  above groups o f  mine ra l  
assemblages;  t h e  b i f a c i a l  a u r e o l e s  c o n t a i n  groups 2 and 3 ;  and the  
monofac ia l  a u r e o l e s  c o n t a i n  on ly  group 3 minera l  assemblages.  

The c o n t a c t  a u r e o l e s  o f  i n d i v i d u a l  p l u t o n s  can be  q u i t e  complex, 
as  i s  t h e  L i b e r t y  H i l l  a u r e o l e ,  which i s  t r i f a c i a l .  The p e l i t i c  coun- 
t r y  rocks  have an e a r l i e r ,  r e g i o n a l  g r e e n s c h i s t  f a c i e s  assemblage o f  
vermicul  1 t e + c h l o r  i te+ epido  t e+ a l b i  t e+quar  t z . The m i n e r a l  i s o g r a d s  
encountered toward t h e  g r a n i t e  c o n t a c t  a r e :  v e r m i c u l i t e - o u t  ; e p i -  
d o t e + a l b i  te-out  , which c o i n c i d e s  wi th  t h e  cord ier  i t e + b i o t  i te+andes ine-  
i n ;  c h l o r i t e - o u t  ; K-fe ldspar - in ;  and m a g n e t i t e  - o r  muscovi te -out .  
Garnet , or thopyroxene  and a n d a l u s i t e  appear  i n  the  x e n o l i t h s .  

The e s t ima ted  p r e s s u r e  o f  emplacement o f  t h e  L i b e r t y  H i l l ,  
ob t a ined  from composi t ions o f  c o e x i s t i n g  g a r n e t - c o r d i e r i t e  p a i r s  , i s  
4 . 5  kb ,  which co r re sponds  t o  a dep th  o f  between 15 and 18 km. This  
p r e s s u r e  e s t i m a t e  i s  f u r t h e r  supported by t h e  aluminum s i l i c a t e  t r a n -  
s i t i o n  of a n d a l u s i t e - s i l l i m a n i t e ,  t h e  c o e x i s t e n c e  of s i l l i m a n i t e  wi th  
muscovi te  , K-feldspar and q u a r t z ,  and the  p o s s i b i l i t y  of igneous mus- 
c o v i t e  i n  the  bo rde r  f a c i e s  of  t h e  g r a n i t e .  Using the  muscovi te  sta- 
b i l i t y  d a t a  ( 3 2 )  and t h e  aluminum s i l i c a t e  s t a b i l i t y  d a t a  ( 3 3 ) ,  pres-  
s u r e  b r a c k e t s  o f  5 . 5  and 4 . 5  kb are o b t a i n e d .  The L i l e s v i l l e  c o n t a c t  
a u r e o l e  i s  n e a r l y  i d e n t i c a l  t o  t h a t  of the  L i b e r t y  H i l l ,  bu t  composi- 
t i o n s  o f  t h e  g a r n e t - c o r d i e r i t e  p a i r s  sugges t  a s l i g h t l y  h i g h e r  pres-  
s u r e ,  perhaps 5 kb.  P re l imina ry  work on t h e  c o n t a c t  metamorphism o f  
t h e  Pageland ,  Sims, Town Creek and Winnsboro p l u t o n s  i n d i c a t e s  t h a t  
they were emplaced a t  p r e s s u r e s  of  4 . 5  t o  5 . 5  kb.  A minimum p r e s s u r e  
estimate o f  4 kb can be  placed on the  wes te rn  p l u t o n s ,  Palmetto-Tyr- 
one ,  SCU 1,  and Si loam, a l though  t h e  p r e s s u r e  appea r s  g r e a t e r .  

Temperature e s t i m a t e s  f o r  t he  x e n o l i t h s  i n  the  L i b e r t y  H i l l  f a l l  
i n  t he  range 670 - 740°C.  Maximum es t imates  of t empera tu re  i n  the  
a u r e o l e  are 680°C a t  t h e  c o n t a c t  and l e s s  than  620°C i n  t h e  outermost  

i n  t h e  g r a n i t e .  These a u r e o l e .  PH 0 was approximate ly  h a l f  
c o n d i t i o n s ,  a$  a p r e s s u r e  o f  4 . 5  kb,  are  j u s t  above o r  a t  t h e  g r a n i t e  
s o l i d u s  ( 3 4 ) .  This  i s  a r e a s o n a b l e  r e s u l t ,  f o r  t h e  L i b e r t y  H i l l  i s  a t  
t h e  l e v e l  r e l a t i v e  to  sur rounding  rocks  where i t  completed c r y s t a l l i -  
z a t i o n .  

' t o t a l  

Conc 1 us i o n s  

Twenty-six post-metamorphic g r a n i t o i d  p l u t o n s  i n  the  s o u t h e a s t e r n  
U.S. posses s  the  p r o p e r t i e s  of a supergroup ( 3 ) :  they  a r e  similar i n  
age ,  t e x t u r e ,  deg ree  of modal v a r i a t i o n ,  and mine ra l  composi t ions  , and 
they  have s i m i l a r  x e n o l i t h s .  Compositions of  m i n e r a l s ,  from c o n t a c t  
a u r e o l e s  sugges t  t h a t  h o t ,  d r y  magmas were emplaced a t  4 - 5 . 5  kb and 
c r y s t a l l i z e d  t o  coarse-gra ined  g r a n i t o i d s  . Late r ,  f i ne r -g ra ined  
f a c i e s  formed from magmas t h a t  were c o o l e r  and wet te r .  
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These g r a n i t o i d s  are  p a r t  o f  a La te  Pa leozo ic  magmatic event  
which produced contemporaneous g r a n i t i c  and gabbro ic  p l u t o n s .  It i s  
u n c e r t a i n  whether the  two magma types  a r e  consanguineous ,  o r  whether 
t h e i r  s imul taneous  p roduc t ion  was c o i n c i d e n t a l .  

D i s p a r a t e  l o c a l  s e t t i n g s  and v a r i a t i o n s  i n  i n t e n s i v e  parameters  
produced numerous v a r i a t i o n s  i n  t h e  g r a n i t o i d s  and l e s sened  the  s i m i -  
l a r i t i e s  between them. The g r a n i t o i d s  v a r y  from homogeneous, s i l l -  
l i k e  s h e e t s  t o  m u l t i p l y  i n t r u s i v e ,  funnel-shaped complexes.  ~ Some 
g r a n i t e s  were emplaced i n  major  mylon i t e  z o n e s ,  and o t h e r s  have been 
c u t  by Mesozoic b r i t t l e  f a u l t i n g .  V a r i a t i o n s  a l s o  occur  i n  the  miner- 
a logy  and c r y s t a l l i z a t i o n  sequence o f  t h e  maf ic  and accesso ry  phases ,  
a s  well  as i n  t h e  *. e x t e n t  o f  pos t  c o n s o l i d a t i o n  r e c r y s t a l l i z a t i o n .  
Recogni t ion  o f  t he  e f f e c t s  o f  l o c a l  s e t t i n g  w i l l  a l l o w  i d e n t i f i c a t i o n  
o f  g e n e r a l  f e a t u r e s  t h a t  can be  used t o  de t e rmine  the  g r a n i t o i d s  u l t i -  
mate, common o r i g i n  d u r i n g  the  La te  Pa leozo ic  magmatic e v e n t .  
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