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ABSTRACT AND OVERVIEU W 

Costain and Perry report  a new heat  flow value from the 

Petebsburg gran i t e  of 1.24 .x 10-6 cal/cm*-sec. T h i s  value 

‘lies above t h a t  p r e d i c t e d  by t h e  l inear re la t ion  as  do t h e  

Rolesville 2 and Cas ta l ia  values. The in te rpre ta t ion  of the 

l i n e a r  ‘hea t  production-heat -flow r e l a t ion  continues t o  

receive close at tent ion.  I n  t h i s  report ,  t h e  points  l y i n g  

above t h e  l ine  a r e  interpreted a s  r e s u l t i n g  from increased 

t h i c k n e s s e s  of the grani te  layer. I f  t h i s  is  true, i t  i s  an 

Important result i n  enumerating a r r a s  of h i g h  h e a t  f l o v .  

T h e  condition can be s a t i s f i e d  by rock bodies of h i g h  U and 

Th-contents or by much thicker rock bodies of lower U and  Th 

contents. 

The behav‘ior of the heat flow and temperature f i e l d s  

w i t h  d i f fe ren t  g ran i t e  country rock heat productiol! 

contrast ,  geometries, and presence a n d  absence of an 

i n su la t ing  cover are modeled by Dnnbar. His r e s u l t s  

summarize our expectations of t h e  shape and size of the 

thermal anomalies associated with t h e  radiogenic source 

ancmalies both in t h e  Piedmont and in t h e  Coastal  Plain. 

If t h e  i n t e rp re t a t ion  of t h e  l i n e a r  re la t ion  b y  Costain 

and Perry is correc t , ’grav i ty  modeling is the best method of 

locat ing low d e n s i t y  g ran i t e s  and d e t e r s 5 n i n q  their r e l a t ive  

thicknesses. Cogbill  again reports on assembling e x i s t i n q  

g rav i ty  data  as well as report ing on 

during t h e  l a s t  quarter  i n  the Coastal Plain and Piedmont. V 



Page 6 

u The l o c a t i o n  and b e h a v i o r  of U a n d  Th h a s  a l w a y s  b e e n  a 

c e n t r a l  p a r t  .of u n d e r s t a n d i n q  t h e '  o a r i a t i p n  of h e a t  

p r o d u c t i o n  among. rocks of , t h e  s o u t b q a s t .  - The problem is 

i n e x t r i c a b l y  bound up v i - t h  geoloqic s e t t i n g ,  ~ S i x  of 

r e g o r t s  from v a r i o u s  areas and d i f f e r e n t  p o i n t s  of v i e u  d a a 1 , -  

w i t h  the problem. Sinha and Wrz's p r e l i m i n a r y  U-Th-Pb, 

d i s e q u i l i b r i u m  stndies d e m o n s t r a t e  t h e  l a b i l e  bsha-vior of l~ 

uhereas Th a c t s  as a closed system. The  most l i k e l y  time of 

U loss a p p e a r s  t o  be t h e  Hesozoic, . a  ltime of e r t e n s e  v -  

f r a c t u r i n g  a n d  hydro t4 te rmal  a c t i v i t y  t h r o u g h o u t -  t h e  

Piedmont.  nerz* s l e a c h i n g .  e x p e r i m e n t s  supp lemen t  these 

re~alts, r e v e a l i n g  that the e x i s , t i n g  U and Tb are in fairly 

r e t e n t i v e  sites. Becker ana Speer find t h 3 t  fop t h e  L i b e r t y  

Hill p l u t o n  t b e  Th is p r e s e n t  i n  a l l a n i t e  as well a s  i n  

a n o r t h i t e .  The T h  is p r e s e n t  i n  f a i r l y  s u b s t a n t i a l ,  amoun t s  

in t h e  u h i q u i t o u s  a l l a n i t e  a n d  t h i s  may be t h e  major Th s i te  

i n  t h e  g r a n i t e .  S a n s  d i s c u s s e s  i n  two separate reports the 

d i s t r i b u t i o n  of K, u s  a n d  Th in t h e  g r a n i t i c  rocks of 

Haryland .  Re f i n d s  a d e p l e t i o n  of U and p r e s e r v a t i o n  of Th 

c o n t e n t s .  In t h e  Woodstock q r a n i t e  h e  finds a c o n c e n t r i c ,  Th i 

1 .  d i s t r i b u t i o n .  

In a t t e m p t i n g  t o  p r e d i c t  areas where t h e  granitic-rocks 

have h i g h  h e a t  p r o d u c t i o n s ,  knowilaq t h e  probable s o u r c e  

areas  would f a c i l i t a t e .  t h i s  search. Aanan e x p l o r e s  the 

p o s s i b i l i t y  of t h e  origin of % h e  u i n o s b o r o  p l u t o n  by c r u s t a l  , +  

a n a t e x i s ,  Hall examines t h e  e v i d e n c e  for  ,the B l u e  Ridgel 

g n a i s s e s  as t h e  possible source material  for t h e  granitesi L. 
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I n  otder  t o  h a v e  a n y  , b a s i s  'for a n y  of t h e  war!' i n  the 

soathearst, 'a d e s c r i p t i o n  of t h e  rocks t h a t  a re  p r e s e n t  is 

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

I p e t r o l o g y  of t h e  Cnf fy town  Creek A highly 

I 

I 

I 

I di f fe ren t ia ted  g r a n i t e  w i t h  a high hea t  p r o d u c t i o n  a n a  an 

I discussion of t h e  c h e m i s t r y  of t h e  'S i loaa  p lu ton ,  a ' g r a n i t e  

whose p e t r o g r a p h y  was aiscussea in, ' t h e  pte'vious r e p o r t  by 

Speer, Both  of Sans' reports c o n t a i n  d e s c r i p t i o n s  of t h e  

g r a n i t i c  rocks of Maryland,  

u n u s u a l  mine ra logy- - inc lu8 ing  Si and T e  phases,  Mer2 hass' a 
I 

The'coastal  p l a f n  d r i l l i n g  program has .only begun b u t  I 
- t w o  reports concerning t h e  - p r o g r a a  are g i v e n ,  Lalabiase * 

discusses t h e  . l i t b o l o q i c  charac te r  of. t h e  A t l a n t i c  coas t a l  

p l a i n  s e d i a e n t b d  The n a t u r e  of these s e d i m e n t s  are 

i n p o r t a n t ' f o r  they s e r v e  a s  the i n s u l a t i n g  'cover BS well a6 

control t h e  hydtoloqy in' t h e  coastal , p l a i n .  Roth determine 

t h e  extenbof a n y  geothermal r e s o u r c e ' s  in the coas ta l  p l a i n .  

CleaSon reports on the n a t u r e  of t h e  basement core r e c o v e r e d  

in t h e  J e s s u p ,  Georgia, drill hofe, ; It is cot9 such a s  this 

t h a t  p r o v i d e s  t h e  o n l y  t a n g i b l e  e v i d e n c e  of v h a t - u n d e r l i e s  . 

the  coastal  p l a i n .  . r  

. While most of t h e  repor rhea with h e  

by c o n a  act  fan heat flow 

I i m p o r t a n c e  i n  Several , are 

I w  Uazm S p r i n g s ,  V f r q i n i a .  

I 
I 

r e p o r t s  on t h e  atructutal c'sntrols of the 

I I . 
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RESEARCH OBJECTIVES 

The o b j e c t i v e  of t h i s  research is t o  d e v e l o p  a n d  a p p l y  

t a r g e t i n g  p,r.ocedures for t h e  em l u a t i o n  of l o w - t e m p e r a t u r e  

r a 8 i o g e n i c a l l y - d e r i v e d  g e o t h e r m a l  resources i n  t h e  e a s t e r n  

U n i t e d  S t a t e s  u t i l i z i h g  geological ,  geochemical, a n d  

g e o p h y s i c a l  data, 
I 

I The optimum s i tes  for geothermal development  in t h e  

t e c t o n i c a l l y - s t a b l e  Easter* United Sta t e s  w i l l  p r o b a b l y  be 

associated w i t h  areas  of r e l a t i v e l y  h i g h  heat flow ' d e r i v e d  

from c r u s t a l  i g n e o u s  rocks c o n t a i n i n g  r e l a t i v e l y  h i g h  

c o n c e n t r a t i o n s  of r a d i o g e n i c  heaF-p roduc ing  e l e m e n t s .  T h e  

s t o r a g e  of c o m m e r c i a l l y - e x p l o i t a b l e  qeothermal heat a t  

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

r e s e r v o i r  c o n d i t i o n s  in rocks o v e r l y i n g  a r a d i o g e n i c  heat 

s o u r c e .  In ' o r d e r  t o  s y s t e m a t i c a l l y  l o c a t e  these si tes,  a 

a e t h o d o l o g y  e m p l o y i n g  geological  I qsochemical, a n d  

geophys ica l  p r o p s p e c t i n g  t e c h n i q u e s  is b e i n g  d e v e l o p s d  a n d  

a p F l i e d ,  The d i s t r i b u t i o n  of r a d i o q e n i c  sources w i t h i n  'the 

i g n e o u s  rocks ,of v a r i o u s  ages a n a '  magma types w i l l  be 

t" 

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

a n d  t h e  bulk c h e m i s t r y  of t h e  rock. Surface - s a m p l i n g  and 

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

kncvn t o  be u n r s l i a b l e  as t h e y  are p r e f e r e n t i a l l y  removed by 

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

be tween t h e  b u l k  c h e m i s t r y  of t h e  rock (which can he 

9 

." 

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  hea t  i d  
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g e n e r a t i o n  is b e i n g  cal iprated 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  U s i t e d  States.  
I 

I n i t i a l  s t u d i e s  are d e t l e l o p i n g  a methodology f o r  t h e  

l o c a t i o n  of radiogenic  heat  s o u r c e s  b u r i e d  benea th  t h e  

i n s u l a t i p g  sedimentary rocks of t h e  A t l a n t i c  coas ta l  P l a i n ,  

Choice  of a d r i l l  s i t e  i n  tbe A t l a n t i c  Coastal  P l a i n  u i t h  a 

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

g r a n i t i c  rocks benea th  a s e d i m e n t a r y  

I i n s u l a t o r :  

(2) thermal c o n d u c t i v i t y  of the sedimentary 

, in s n l a t o r  : 

(3) thickness of t h e  s e d i m e n t a r y  i n s u l a t o r ;  and  

(4) reservoir conditions in t h e  permeable 

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

h e a t  s o u s c e .  

Because it is n o t  e c o n o m i c a l l y  feas ib le  t o  se&t d r i l l i n q  

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

geological  models, S t  is a d v i s a b l e  t o  base t h e ,  de rexopmen t  

of these models on a s u b s t a n t i a l  an$  accurate  d a t a  base 

which can b e  p a r t i a l l y  d e r i v e d  from t h e  exposed rocks of t h e  

Piedmont  a n d  enhanced  by basement studies beneath the  

A t l a n t i c  coas ta l  P l a i n ,  

V 
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OPERATIONS 

! During t h e ,  period 1-1-78 t o  3-31-78, 44 ,man d a y s  wety 

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

L i b e r t y  H i l l  a n d  Siloam p l u t o n s  ar.d c o n d u c t e d  r e c o n n a i s s a n c e  

s a m p l i n g  of t h e  Town Creek, Georgia, p l u t o n .  He is working 

on a p a p e r  c o n c e r n i n g  the contact a u r e o l e  of t h e  L i b e r t y  

A i l 1  p l u t o n .  Parrar  continued mapping t h e  s t r u c t u r e  and  

l i t h o l o g i e s  of t h e  n o r t h e r n  h a l f  of the Pa le igh  belt and  

e a s t e r n  C a r o l i n a  s l a t e  b e l t .  In a d d i t i o n ,  he wrote the 

. r e s u l t s  of a r e c o n n a i s s a n c e  s u r v e y  of the s o u t h e r n  R a l e f q b  

b e l t  a n a  a d j a c e n t  s l a t e  b e l t .  Becke r  c o n t i n u e d  f i e l d  u o r k  

and a n a l y s i s  of the Cuf fy town  Creek p l u t o n  a n d  i t s  contact 

a u r e o l e :  p r e l i m i n a r y  r e s u l t s  a re  p r e s e n t e d  i n  t h i s  r e p o r t ,  

Gleascn began  s t u d y  of the geology of the basement rocks 

u n d e r l y i n g  t h e  Coastal  P l a i n .  

Dur ing  t h e  p e r i o d  4-1-78 t o  6-30-78, 6 1  man days u e r e  

s p e n t  i n  t h e  f i e l d .  Parrar i n v e s t i q a t e d  t h e  relations of 

geologic s t r u c t u r e  and  l i t h o l o q i e s  t o  t h e  l o c a t i o n  of h o t  

s p r i n g s  i n  Uarm S p r i n g s ,  V i r g i n i a  a n d  Warm S p r i n g s ,  Georgia 

as well as  a s u s p e c t e d  hot s p r i n g  i n  Pearisburg, V i r g i n i a .  

B e c k e r  f i n i s h e d  f i e l d  vork for t h e  Caffytovn Creek p l u t o n  of 

South C a r o l i n a  and  u n d e r t o o k  a ganma-ray spectrometer s u r v e y  

of t h e  g r a n i t e  and its c o u n t r y  tack. speer and Becker 

f i n i s b e d  f i e l d  work for t h e  Palmetto p l u t o n  of Georgia. 

Speer a l s o  began sone f i e l d  work i n  t h e  P e t e r s b u r g  g r a n i t e .  
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U 
Baldasari coripleted a gamma-ray spectrometer survey  of t h e  

Siloam, Georgia and Liberty H i l l ,  South C a r o l i n a  p l u t o n s  a s  

well a s  t h e  adjacent c o u n t r y  rock, Rock and s o i l  samples 

were also collected in order t o  better understand the 

results of the p o r t a b l e  gamma-ray spectrometer. 

' Other a c t i v i t i e s  of t h e  petrology group included a talk 

by Becker a t  the S o u t h e a s t e r n  Geologicel S o c i e t y  of America 

meeting a t  Chattanooga, Tennessee o n  t h e  Cuff ytoun Creek 

pluton, good deal of t i n e  working 

v i t h  the  Radiation Safety o f f i c e  of t h e  University t o  

deternine and s a t i s f y  the regulations c o n c e r n i n g  f i s s i o n  

track samples, The Siloam 1 ( 6 8 8 ' ) ,  Siloam 2 (68R'), and 

Palmetto ( 6 9 2 8 )  d r i l l  holes were completed dur ing  t h i s  

quarter and were logged, A drill hole at. Pearisburg,  

Virginia was l o c a t e d  and' d r i l l i n g  begun. 

Speer and Becker spent a 

Gleason's % vork on t h e  completion of t h e  basement 

geology u n d e r l y i n g  t h e  Coastal Plain is well underway, v i t h  

Georgia being the f i r s t  s t a t e  completed d u r i n g  t h i s  period. 

He has also s t u d i e d  i n  some d e t a i l  the basement core 

recbvered from t h e  Jesup,  Georgia,' d r i l l  hole and which is 

described f a ' a  section of t h i s  report. 
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Ld 
PETROLOGY OF T A E  CUPFYTOWN CREEK PLUTON 

S. U. Becker 

The C u f f y t o u n  creek p l u t o n ,  located i n  western S o u t h  

Carolina, is o n e  of a belt of ca. 300 m.y*# unmetamorphosad 

p l u t o n s  i n  t h e  eastern Piedmont. T h i s  p l a t o n  vas selected 

f o r  s tudy  b e c a u s e  of i ts  h i g h  heat p r o d u c t i o n ,  a v e r a g i n g  

11.3 x lO-t%sl/caa-sec ( f i v e  samples, T a b l e  A - 1 )  . Detailed 

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

f a c i l i t a t e  d e t e r m i n a t i o n  of the l oca t ion  of U a n d  T h  in t h e  

g r a n i t e  and i d e n t i f i c a t i o n  of petrologic  f ac to r s  a f f e c t i n g  

t h e  d i s t r i b u t i o n  of these e l e m e n t s .  In a d d i t i o n ,  

r e c o n n a i s s a n c e  s t u d i e s  of the g r a n i t e  i n d i c a t e d  t h e  p r e s e n c e  

of an u n u s u a l  m i n e r a l o g y - q a r n e t  a n d  f l u o r i t e  are common 

a c c e s s o r y  phases-which s u g g e s t e d  t h a t  t h e  e x p o s e d  C u f f  ptown 

Creek p l u t o n  is apprec iab ly  d i f f e r e n t  i n  composition and 

p e t r o g e n e s i s  f tom p r e v i o u s l y  s t u d i e d  post-metamorphic 

g r a n i t e s .  Rork on s e v e r a l  t y p e s  of granite s h o u l d  allow 

i d e n t i f i c a t i o n  of a v a r i e t y  of processes a f f e c t i n g  t h e  

d i s t r i b u t i o n  of r a d i o q e n i c  elements. 
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TABLE A1 

U, TH, K CONTENTS AND HEAT PRODUCTION OF 
THE 'CUPPYTOWN CREEK PLUTON 

A Y  ERAGE 8.0 3 0 . 0  3.8  10.6 



The Cuffptown creek p l u t o n  h a s  p r e v i o u s l y  been referred 

t o  a s  the Edqef i e ld  g r a n i t e ,  o n e  of tu0 E d g e f i e l d  g r a n i t e s  

in S o u t h  C a r o l i n a .  T h e  o ther  E d g e f i e l d  g r a n i t e ,  . v h i c h  has 

been s t u d i e d  by Hetzgar (1977),  c r o p s  out near  t h e  town of 

E d g e f i e l d ,  a l o n q  the n o r t h e r n  border of the Kiokee b e l t .  To 

eliminate t h e  d u p l i c a t i o n  of names, s e v e r a l  workers i n  the 

area agreed t h a t  t h e  g r a n i t e  d i s c u s s e d  i n  t h i s  s t u d y  s h o u l d  

be renamed because i t  is t h e  f a r t h e r  of t h e  two g r a n i t e s  

from t h e  town of Edgefield. The p l u t o n  has been named 

(Becker, 1978) a f t e r  t h e  l a r g e s t  geographical f e a t u r e  i n  t h e  

area, the  creek t h a t  r u n s  j u s t  n o r t h w e s t  of t h e  p l u t o n .  

The o u t c r o p  area of t h e  C u f f y t o w n  C r e e k  p l u t o n  is shown 

by O v e r s t r e o t  a n d  Bell (1965, P l a t e  I). who note its q u a r t z -  

r i c h  n a t u r e .  B u t l e r  and Rag land  (1969) i n c l u d e  it i n  t h e i r  

g r o u p  of n i s c e l l a n e o u s ,  l na in ly  s y n t e c t o n i c  p l u t o n s .  Wagener 

(1977) i n c l u d e s  a s a p  of t h e  p l u t o n  i n  h i s  report a n d  

p r o v i d e s  d e s c r i p t i o n s  of a sample i n  hand  specimen a n d  thio 

s e c t i c n .  A Rb-Sr i s o t o p i c  age for t h e  pluton of 299 f 14 

m.y. vas obtained by Fullagar and B u t l e r  (1977). The 

i n i t i a l  Sr87/SrfJ6 v a s  not d e t e r m i n e d  because of t h e  very 

h i g h  r u b i d i u m  t o  s t r o n t i u m  r a t i o :  it was assumed t o  b e  

0.705 
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Low-grade metamorphic rocks of the C a r o l i n a  s l a t e  b e l t  

surround t h e  pluton (Pig,  &-l) , B o u n d a r i e s  of l i t h o l o g i c  

u n i t s  w i t h i n  t h e  s l a t e  b e l t  a re  basad on r e c o n n a i s s a n c e  

mapping, The g r a n i t e  i n t r u d e s  a b e l t  of mafic m e t a v o l c a n i c  

rocks, p r e d o m i n a n t l y  t u f f s ,  bordered t o  t h e  n o r t h w e s t  and  

s o u t h e a s t  by Beta-argil l i te,  T h e  l o c a t i o n  of t h e  c o n t a c t  

be tween the meta-argillite a n d  m e t a v o l c a a i c s  s o u t h e a s t  of 

the p l u t o n  coincides w i t h  t h a t  mapped by P i r k l e  (1977). 

Along the contact i n  t h e  c o u n t r y  rocks. n o r t h w e s t  o f ,  t h e  

p l u t o n ,  a b u n d a n t  q u a r t z  o c c u r s  and s u p p o r t s  the steep r i d g e  

n o r t h u e s t  of Cuffy town creek, s u g g e s t i n g  t h a t  t h i s  contact  

i 

ray  be a f a u l t  zone, The r eg iona l  f o l i a t i o n  t r e n d s  

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

dips v e r t i c a l l y  (Pig.  A-2) ,, It was a p p a r e n t l y  n o t  dis turbed  

by i n t r u s i o n  of the g r a n i t e ,  
i 

The Cuffytown C r e e k  p l u t o n  o c c u p i e s  a topographical ly  

h igh  area, 20 ' km*# where t.he g r a n i t e  is genera l ly  well 
4 

exposed, c r o p p i n g  o u t  as pavements  and  boulders, Host 

n a t u r a l  exposures are e x t e n s i v e l y  weathered, and fresh 

s a m p l e s  were o b t a i n e d  o n l y  from an abandoned quarry,  b l a s t e d  

r o a d c a t s ,  and a core, 316 I deep,  d r i l l e d  f o r  t h i s  p r o j e c t ,  

Fractures a n d  j o i n t s  p e r v a d e  the rock, and where one j o i n t  

set p r e d o m i n a t e s ,  the outcrop veathers i n t o  elongate  mounds 

p a r a l l e l  t o  t h e  j o i n t  d i rect ion.  Pegmati te  v e i n s  are rare, 
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i EXPLANATION 

I p e  [ Cuffytown Creek pluton 

Carolina Slate Belt 

Greenschist grade meta-argillite, phyllite, and puarte- 
muscovite schist - 
Greenschist grade metavolcanic rocks P!!J 
Contact, dashed where inferred 

/ 

* *  Maximum extent of granite at depth, inferred from 
geophysical data * * * *  

e8-56 Sample locality 

@ 
ED-l Drill hole site 
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15' 82.00' 

mar 

349 00' 

Figare A - 1 .  Geologic map of t h e  Cuffytown C t 5 e k  
p l u t o n ,  showing sample l o c a l i t i e s .  D o t t e d  l ine  indicates 
marimum extent of granite a t  depth ,  inferred from 
geophysical data (cf. Pig. A-3) . 

33.47' 30* 
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EXPLANATION 

Cuffytown Creek pluton ILLA 
Carolina Slate Belt 

Greenschist grade meta-argillite, phyllite, and 
quartz-muscovite schist 

Greenschist grade metavolcanic rocks 

Contact, dashed where inferred / 

0 

o . * ' ' o  Maximum extent of granite at depth, inferred from 
0 .  geophysical data 

25Y Strike and dip of bedding 

?Y Strike and dip of foliation 

'"t/ Strike and dip of joints 
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82' 15' 82' 00' 
34.00' 

33.47' 30" 

Figure A-2. nap showing structure in the v i c i n i t y  of 
the Cuffytovn creek plut .on,  



Page a 4 2  

and an  a p l i t e  d i k e  vas found a t  o n l y  one l o c a t i o n .  Q u a r t z  u 
veins u p  t o  3 cm across are common. 

3 

A large g r a v i t y  lou w i t h  a r e s i d u a l  Boaqaer anomaly of 

-27 mgal is c e n t e r e d  over t h e  p l u t o n .  t r l d l e l l i n g  of t h e  

anomaly, d i s c u s s e d  by C o g b i l l  i n  a p r e v i o u s  r e p o r t  

(VPIESU-5648-1), indicates  t h a t  t h e  pluton is a p p r o x i m a t e l y  

6 Ism deep and has a much greater diameter a t  d e p t h  t h a n  a t  

the surface (P ig ,  A-3). A t  a d e p t h  of 1 ka, for example, 

t h e  acdel proposes a diameter of 13 t o  20 km, in contrast 

w i t h  t h e  s u r f a c e  diameter, which v a r i e s  from 3 t o  5 kn (Pig, 

A - l ) ,  The model sugqests t h a t  t h e  exposed  g r a n i t e  is t h e  

uppermost p a r t  of t h e  p l u t o n ,  c o m p r i s i n g  rocks formed in t h e  

t o p  of a magma chamber. 

1 

Fresh samples of the g r a n i t e  are  g r e y  t o  p ink ,  The 

rock is u n f o l i a t e d ,  a n d  c o n t a i n s  quartz, p o t a s s i u a  fe ldspar ,  

and plagioclase g r a i n s  1-5 am i n  diameter, and  white mica 

flakes about 1 mm across. Scarce p h e n o c r y s t s  of q u a r t z  a n d  

potasaium'feldspar  range u p  to 1 cm long, Some samples are 

s p o t t e d  by small, red-brown specks of hematite. 
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Figure 1-3. S c b e a a t i c  cross-section of the Cuffytown 
Creek pluton,  showing h y p o t h e t i c a l  positfon of exposed 
granite, a t  t o p  of magma chamber. 
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nodal analyses (Table A-2) show t h $ t  quar tz  and t h e  t v 0  

fe ldspars  cons t i tu te  96097% of t h e  rock,. Quartz occdrS a6 

large,  anhedral gra ins  w i t h  undulose ext inct ion,  subhedral 

t o  anbedral microcline a i c rope r th i t e  is uneoned and h i g h l y  

baolinized: a small percentage of gralns are tu inned 

according t o  the Carlsbad law. Sbae grains  a re  p o i k i l i t i c  

and contain b l e b s  of quartz, Plagioclase grains ,  a l s o  

nnzoned, have a l b i t e  twinning ,  They a re  general ly  e n h e d r a l  

p a r a l l e l  t o  ( O l O ) ,  the composition plane of a l b i t e  t w i n s .  

Along grain boundaries perpendicular t o  (0-10) , t h e  crystals 

are asaal ly  anhedral, sharing i r r egu la r  gra in  boundaries 

u i t h  neighboring quartz or a icrac l ine ,  Host gra ins  a r e  

h i g h l y  se r i c i t i zed ,  containing nuierous small inc lus ions  of 

w h i t e  mica, although some grains  a r e  near ly  e n t i r e l y  

replaced by a s ingle  c r y s t a l  of uhi te  mica, 

Mhroprobe analyses show t h a t  the f e ldspa r s  a r e  neat  

ead-member compositions (Table A-3) Plagipclase ranges 

from An9Ab900rl t o  AnOAb990r1, and microcline from 

AnbAb110r89 t o  AnOAb20r98. Additional vork is needed t o  

determine whether this compositional var ia t ion is 

cha rac t e r i s t i c  of a l l  samples. 

The white mica# vhich occurs as large c r y s t a l s  and as a 

s e r i c i t i z a t i o n  product of plagioclase,  is a p h e n g i t e  

containiog 2-32 f luo r ine  (Table A-4) , Phengite is 

intermediate in composition between e n d  . ae.mbers muscovita, 

I K2A14 (A12Si6020) (OH,F)UV and ce ladonite,  

82(IYg,FeZ+) A13 (AlSi7020) (OA,P) 4. The samples analyzed 
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OPAQUES 0.2 0.5 0.4 0.1 0.6 

FLUORITE 0.4 0.2 0.2 - 1.0 

ACC. 0.1 0.1 TR TR TR 
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TABLE A3 

?lTCROPROBE ANALYSES, CUPFYTOUN CREEK FELDSPARS 

Sf02 
AL 20 3 
CAC 

66088 65086 68.34 67087 
21.15 20.81 21 073 ' 18.71 

-0a0 00 63 0.62 1.86 
1a20  11.28 11.39 10.37 00 24 

100.87 101 01 1 IOIoO8 
K2C 00 17 00 18 0.27 16; 27 
sou 101.57 

SI 
AL 
CA 
M A  
K 

CZ * 
CX 

NUMBER OF I O N S  019 THE 

2.94 2.94 
1.07 1.06 
00 0 3  0.03 
0.94 0.95 
0.01 0.01 

4.01 ' 4.00 
00 9 8  0.99 

BILS IS OF 8 ( 0 )  

2 090 
1.11 
oao9 
0.87 
0.02 

4 e 0 1  
0.98 

3. 00 
1.00 
De00 
0.02 
0a95 

u.00 
0 .  97 

A!? 2.07 2.89 8.88 90 O 
lLB 96008 96.11 89.59 20 19 
OR 0.95 1.00 1-53  9~a1 

$: cz = s u n  OF IONS IN TETOAHEDRAL SITE: cx = sun OF CA, #A,  
A I D  K I O B S o  
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T a B L E  A3, CONTINUED 

SI02 
U 2 0 3  
CAO 
@A20 
K20 
sun 

SI 
AL 
CA 
WA 
It 

E2 
EX 

AN 
&B 
OR 

69'73 
20*23 

00 13 
11.55 

O a 1 3  
101 77 

2e98 
1.02 
0,Ot 
0.96 
0.01 

4-00 
0,198 

0 ,  61 
98m66 
0,73 

64e90 
18a85 

0,o 
la27  

14e96 
99e90 

2,98 
1,02 
o m  0 
0 , l l  
0.88 

63.30 
19e79 
0,02 
0-23 

15e66  
99,oo 

2 a 9 4  
1.09 
0 , o  
0,02 
Om93 

4 e O O  4a03  
0,99 0,95 

0,o 0,lO 
11e43 2,18 
08*57 97a71 

64 6 64 
19021 
0,0 
0e51 

16,19 
100.55 

' 2e97 
4,04 
0.0 
0m04 
0,95 

4 .01  
0,99 

0,0 

95.43 
4.57 
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TABLE A4 
nTCROPBOBB ANALYSES8 CUPPYTOWW CREEK WHITE HICA 

SI02 
TI02 
AL203 
FEO* 
8GO 
UNO 
C A 0  
NA20 
K20 
EZO** 
P 
O-F 
sun 

SI 
A t  
AL 
TI 
PE 
n6 
PIN 
CA 
N A  
K 

XU*++ 
CY 
n 

1r6.63 

31.36 
6.20 

0.76 

. 1.82 
0.58 
O m  0 
00 24 
9.59 
4.48 
B o  De - 

101.66 

48.20 
0.14 

32.42 
6.43 
1.02 
0063 
o b  0 
o b  14 
7.99 
3 0 4 4  
2.37 
1000 

101.78 

45.40 
0.57 

31.22 
7.96 
1.88 
0.98 
0003 
0.31 
7.90 

.3m13 
2.81 
1.18 

101 b 01 

09.05 
0047 

30.57 

2.09 
0.60 

00 0 
7.49 
4.54 

6.59 

0. 0 

N e D o  

101e40 
- 

NUUBER OP I O N S  BASED 01 24 ( O I H I P )  

6.41 

30 34 
0.03 
0 .60  

0.05 

1.59 

0.36 

0 .  0 
00 OS 
1.37 

1 0  42 

8.06 
4.38 

6.23 
la77 

0.08 
30 17 

0.69 
0036 
00 07 
0.0 
0.06 
1064 

1 a 7 0  
4.37 
8.00 

6022 

3.16 
1.78 

o b  01 
0.69 
o b  20 
0.07 
0.0 

1.32 
o b  O Q  

1.38 
4.13 
8.00 

5.98 
2.02 
2.83 
0.06 
0.88 

00 0 
0.08 
1.33 

o b  37 
o b  1 1  

1.41 
40 25 
8.00 

6.47 
1053 
3.22 
00 os 
0.73 
Om41 
00 07 

000 
1.26 

o b  0 

1.26 
4.48 
8.00 

47043 
0.64 

31 e 0 2  
7.61 
1.73 
0 .83  
0001 
00 1s 
7.58 
4 .50  
B b n .  - 

101 S O  

60 31 
1.69 
3.-18 
0.06 
0m85 
0m34 

000 
0m04 
1.29 

0.09 

1 . 3 1  
4.52 
8.00 

*ALL IRON AS PEO, 
**€I20 CALCULATED. 

**+XU = SUR OF I O N S  It? 12-COORDINATED SITE:  CY = SOH OF IONS 
IH OCTAHEDRAL SITE: cz = sun OF IONS r i  TETRAHEDRAL 
SITE0 
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average about 40% celadoni te  end 

paragonite component. , 

mel~bet, and less t h a n  0.05 
I 

Eroun b i o t i t e  is scarce, and generally p a r t i a l l y  

a l t e r e d  t o  c h l o r i t e  and heaat i te .  

Accessory end opaque minerals form c l u s t e r s  between t h e  

feldspar and quartz  grains, T h e  s t a b l e  opaque assemblage is  

rutile p l u s  h e ~ a t i t e ,  pseudomorphed after i lmenite and 

magnetite, Former' i lmeni te  grains  a r e  composed of 

intergrown ru t i le  and hematite: euhedral magnetite g ra ins  

have been replaced t o  v a r y i n g  degrees by hematite, 

F l u o r i t e  is  present in a l l  samples examined comprising 

1/2 t o  1 modal percent of the rock. Other accessory 

minerals t h u s  f a r  i d e n t i f i e d  a r e  garnet,  zoned a i i a n i t e ,  

t i t a n i t e ,  zircon, and a r a r e  e a r t h  phosphate, 

The garnet in t h e  g ran i t e  (Table A-5) is an almandine- 

, spessar t i te .  Garnets have t h e  formula x3r223012f where X is 

8-coorinated, P is 6-coordinated8 and Z is. i n  t e t rahedra l  

coordination, Calculated formulas for the Cuff ytown creek 

garnets  do not fit t h e  standard garnet confiquration, An 

excess of a 1  appears i n  t h e  octahedral ly '  coordinated s i t e  

(P, average 2.56 instead of 2 . 0 ) ,  so t h a t  a deficiency 

appears in t h e  8-coordinated site' (average 2.32 instead of 

3 . 0 ) .  A possible  explanation f o r  this is t h e  presence of an 

addi t ional ,  u n d e t e c t e d  e ledent ,  which fs a l s o  s u g g e s t e d  by  

$he sums of t h e  analyses. Ricroprobe analyses of garnets  

generally sum t o  103-104 ut. sf, probably because  of t h e  h i g h  
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SI02  
TI02 
AL203 
F E W  
HGO 
WLJO 
CAO 
NA2Q 
K20 
Sufi 

'.' . 

S I  
T I  
Atz 
ALx 
PEX 

HG 
hU 
CA 
MA 
K 

FEY 

C X * *  
C Y  
CZ 

35.99 36. 69 36.44 37 .48  
. 0 . 2 1  0 .26  r 0 . 1 7  0.18 . ; *  
250 48 26 .26  25. 42  26 .20  
10669 11 .12  12 .37  * 12.63 

0 . 0  0.0 0.0 0.0  
26 .69  27.19 2 4 . 7 0  24.'94 * 

0.48  0.60 
0.0- . 0 . 0  1' 

0 . 7 5  0.65 
00 0 0 .0  
0 .01  0 . 0 2  0 .02  0 .02  

99 .88  102.19 99.60 102.05 I 

NUWBER OF 1 O N S . O N  THE BASIS OF 12(O) 

2 .88  

. I  

0 . 0 2  
0.10 
2.30  
0 . 0  ' 
0.72  
0. 0 
1 .81  
0 . 0 6  
0 .  0 
0 .0  

2 .87  2.92 
0 . 0 2  0.01 
0.11 . 0.07  
2 .31  2 . 3 3  
0 .0  0 .0  ' 
0.73  0 . 8 3  
0.0  0.0  
1 . 8 0  1 .67  
0.06 0.04  
0.0 0 . 0  
0.0 0.0 

2.92  
0.01 
0.07 . 
2 .34  
0 .0  
0 . 8 2  
0.0 
1.65 

-0 . 05 ' 
0.0 
0.0 

2 .30  2. 31 
28 59 2 . 5 9  
3.00  3 . 0 0  

2.33 
2.54  
3.00  

2 . 3.4 ' 
2.52  
3 .00  
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The sums shown i n  Table A-S are 

is the most probable 

tected. element. The Cuff ytoua Creek 

be an almanbine-spessartite with limited solid 

(Y3A12A13012) which V O U l d  

o n c e p t r a t i o o  of alomi 

d by radiation damage halos 

onading zircon.. 

ate  detector show 

Th, and P,  w i t h  

bbably monazite. 

analyses-  w i l l  h e l p  t o  

oved no large 

d S i ,  although . t h e  

r Th is i n d i c a t e d  byethe 
i 

radiat ion damage halos. 

ite f s u l f i d e s .  P y r i t e  is the sulfide most 

I 
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commonly associated u i t h  the f r a c t u r e s :  spha ler i te  and 

c h a l c o p y r i t e  were f o u n d  in one sample (305.2 m); in a n o t h e r  

(267.5 n ) ,  i n t e r q r o w n  Bi-Pb and Bi-Te s u l f i d e s  were 

i d e n t i f i e d  ,by microptobe a n a l y s i s .  

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

d e n d r i t e s .  Hicroprobe apalys is  shows t h e y  are  composed 

predominant ly  of In oxides. I$n o c c u r s  in - a  v a r i e t y  of 

o x i d a t i o n ,  s ta tes , ,  and its oxides are d i f f i c u l t  t o  

d i s t imga i sh ,  p r e v e n t i n q  rai'neral i d e n t i f i c a t i o n .  .fn t h i n  

secticn, the d e n d r i t e s  appear as opaque l i n i n g s  a l o n g  

clegrage traces and  grain boundaries. 

Hajor elenrent,  whole rock a n a l y s e s  of f ive samples b y  

x-say f l u o r e s c e n c e  a r e  l i s t e d  i n  Table EL-6. The h i g h  sums 

are p r o b a b l y  d u e  t o  s i l i c a  a n a l y s e s  t h a t  are 102% too h i g h .  

The rock is h i g h  i n  s i l i c a  and I O U  i n  Fee  89, and  Car A l l  

samples are s l i g h t l y  p e r a l a m i n o a s .  Corundum appears  in t h e  

norm, and  molecular (K20+ffa20+CaO)/A1203 = 0.91 ( a v e r a g e ,  

five saaples)  . 

The C u f f y t o v n  Creek p l u t o n  is bounded by a c o n t a c t  

aareole,  a p p r o x i m a t e l y  0 . 5  k m  wide,  which is best exposed OD 

t h e  n o r t h v e s t  s i d e  of the pluton. O u t s i d e  the a u r e o l e ,  t h e  
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TABLE fi6 
CflEEfCAL ANALYSES OF THE CUFFYTOUW CREEK PLUTON 

SI02 16  05 76.65 76m35 
TI02 Om06 Om06 0.06 
AS203 14m12 14m61 14m65 
P EO* Om60 O m 6 O  Om 50 
HGO Om06 0.06 .  Om 06 
fit40 Om09 O m  06 O m  06 
CAO Om58 0053 Om61 
HA20 4028 am53 4m23 
gK20 4 a98 5m02' S a 0 4  
P20S 0.02 Om02 Om 02 
SUN 101 a64  102m14 1010s8 

76m51 
O m  07 

1UmUO 
Om62 
Om 06 
O m  14 
Om 58 
4m19 
40 88 

,*o.  02 
161.47 

0 30m59 
C Om67 
OR . 28m95 
AB 35063 
81 . 2070 
El! o m  1s 
FS . 1.15 
It Om 1.1 
AP 0.05 
83 la30 , 

HP-E1 0.1s 
HY-E'S l a 1 5  

28m80 
00 79 

29.04 
37. 53 

2.45 
00.15 
1 a 0 9  
Om11 
0.05 
l a24  
Om 15 
1 a 0 9  

30.22 31mf5 
l a  16 1.20 

29032 28.42 
35.24 34m94 
2.85 2.71 
Om 15 Om 15 
Om 92 l r  27 
Om 11 0.13 
Om05 Om 05 
la06 l a 4 1  
00 1s 00 15 
00 92 1027 

76m41 
O m  06 

1s. 12 
Om45 
Om 07 
Om05 
O m  15 
4.20 
4 -99  
0.02 

101 52 

31m66 
2.55 

2% 05 
35.01 
Om60 
Om 17 
O m  81 
Om 11 
Om 05 
Om 98 
0.17 
0.81 

a. I. 
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' .  
Figure A-4 BFH diagrams i l l a s t r a t i n p  assenblaqes i n  

the country rock.. a-Greenschist '-f achs assemblage outside 
t h e  contact aureole : bo-assemblage i n  contact aureole; 
c--assemblage i n  presamed xe'noliths collected as f l o a t  
within t h e  granite boundary, 
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with its l a r g e  p r o p o r t i o n  of q u a r t z  and  l o u  c o n c e n t r a t i o n s  

of ~ e ,  Rg# and Ca,  The u b i q u i t o u s  p r e s e n c e  of f l u o r i t e  in 

the granite,  a n d  i ts abundance  i n  t h e  skarn, s u p p o r t  t h e  

h y p o t h e s i s  t h a t  t h e  g ran i te  c r y s t a l l i z e d  i n  the c u p o l a  of a 

magma chaaber, b e c a u s e  v o l a t i l e s ,  a s  v e l 1  a s  t h e  most 

d i f f e r e n t i a t e d  l i q u i d ,  uould collect n e a r  t h e  t o p  of a 

c r y s t a l l i z i n g  g r a n i t e  mush. 

To estimate t h e  p r e s s u r e  of c r y s t a l l i z a t i o n ,  n o r m a t i v e  

whole rock c o m p o s i t i o n s  were p l o t t e d  o n  a t e r n a r y  diagram 

s h o v i n g  c o m p o s i t i o n s  of minimua m e l t i n g  f o r  vary ing  

pressures a t  P820 = 0 and PH20 = P t o t  (Fig. A-S) . 
C o m p o s i t i o n s  of the g r a n i t e  p l o t  near the wet minima for 

a n o r t h i t e - f r e e  systems. The d i s c r e p a n c y  be tween t h e  

e x p e r i m e n t a l l y  d e t e r m i n e d  g r a n i t e  minima a n d  t h e  composition 

of t h e  g r a n i t e  nay  be due  t o  t h e  i n f l u e n c e  of f l u o r i n e  on  

the system, or t o  the effect of a n o r t h i t e .  Approx ima te ly  

2.6 percent n o r m a t i v e  a n o r t h i t e  is p r e s e n t ,  and t h e  a d d i t i o n  

of a n o r t h i t e  to  t h e  Q-Ab-Or s y s t e m  moves t h e  minima toward 

t h e  Q-Or j o i n ,  in t h e  d i r e c t i o n  t h a t  t h e  C u f f y t o u n  C r e e k  

s a m p l e s  are  d i s p l a c e d  from the a n o r t h i t e - f r e e  minima, The 

p r e s s u r e  s u g g e s t e d  by the d i a g r a m  is a b o u t  2.5 kb. 

After c r y s t a l l i z a t i o n  of t h e  magna and  d u r i n g  cooling, 

t h e  m i n e r a l s  c o n t i n u e d  t o  r e - e q u i l i b r a t e ,  a i d e d  by 

i n t e r a c t i o n s  w i t h  late staqe magrnat ic f l u i d s ,  Plagioclase 

a n d  m i c r o c l i n e  compositions ind ica t e  t h a t  e q u i l i b r a t i o n  

between t h e  f e l d s p a r s  p e r s i s t e d  t o  low t e m p e r a t u r e s .  



Figure A+. Itormatitre quartz-albite-orthoclase diagram 
showing compositions of C u f f  ytoun Creek granite, and 
experimentally determined minima for vet (ea20 = Ptot; 
f u t t l e  and Boueh, 1958 and Luth et al,, 1964) and dry 
systems (PHZO = 0 ;  Luth, 1969) 

W 
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Exchange of a l k a l i e s  would be f a c i l i t a t e d  by t h e  h i g h  

c o n c e n t r a t i o n  of v o l a t i l e s  ( O r v i l l e ,  1963) , To d e t e r m i n e  

t h e  temperature of c rys t a l l i za t ion ,  the v a l u e  of 2,s k b  was 

used in W h i t n e y  and  Sterner's (1977) g e o t h e r a o s e t e r  fo r  l o u  

temperature feldspars ,  The range of e q u i l i b r a t i o n  

temperatures is  350-4400C, similar to t h e  ca. 400OC 

t e r a p e r a t u r e  d e t e r m i n e d  by R h i t n e y  a n d  Storaer (1977) f o r  

p e r t h i t e s  in the Danburg, Siloam, and Stone Mountain p l u t o n s  

in Georg ia .  

The w h i t e  mica may also h a v e  changed  c o m p o s i t i o n  d u r i n g  

c o o l i n g .  P h e n g i t i c  micas more t y p i c a l l y  occur as a 

c o n s t i t u e n t  of rocks metamorphosed a t  low t e m p e r a t u r e s  a n d  

m o d e r a t e  p r e s s u r e s  than as  a primary phase of igneous rocks. 

The o x i d e s  reacted from i l m e n i t e  + m a g n e t i t e  t o  

hemati te  + r u t i l e ,  Rumble (1976) showed t h a t  i n c r e a s i n g  

oxygen fugac i ty ,  i n  this case s u p p l i e d  by t h e  late stage 

f l u i d s ,  v o u l d  d r i v e  t h e  r e a c t i o n  (Pig, A - t i ) :  

i 

1/2 0 2  t F e T i 0 3  + PeFe200 -> Ti02 + 2Fe203 

Dur ing  s o l i d i f i c a t i o n ,  c o n t r a c t i o n  probably c a u s e d  the 

e x t e n s i v e  f r a c t u r i n g  of the  rock, c r e a t i n g  passages for t h e  

p e r c o l a t i n g  f l u i d s ,  q u a r t z ,  f l u o r i d e s ,  and s u l f i d e s ,  

e n r i c h e d  i n  t h e  l a t e  d i f f e r e n t i a t e s ,  were d e p o s i t e d  a l o n g  

these p a t h s  of easy a iqra t ion .  Much la ter ,  a f t e r  u p l i f t  an8 

erosion, leaching of o v e r l y i n g  r o c k  allowed d e p o s i t i o n  of 

manganese o x i d e s  along t h e  f r a c t u r e s  by meteoric water, 
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log fo, 

I 

I 

I I I I I I I I I 

Rutile + Hematite 

Rutile +Magnetite, 

llmeni te 

Mag net i te 
-N NO 
-QFM 

Rutile 
+ I+ I 

Ilmenite I 1  
0 

I I I '  I I I I I I 

W Figure A-6. X-f02 diagram from Rumble (1977). Arrow 
I shows the direction of reaction pro6ucc.d b y  increasing f02, 
I froa'aagnetite + ilmenite to hemati te  4 rut i l e .  . 
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Uork completed t o  date  on t h e  c u f f y t o w n  Creek  p l u t o n  

i n d i c a t e s  t h a t  U and  Tb are  c o n c e n t r a t e d  i n  t h e  accessory 

m i n e r a l s  m o n a z i t e  and  z i r c o n .  F u r t h e r  work,  i n c l u d i n g  

a u t o r a d i o g r a p h s ,  microprobe a n a l y s e s ,  and  f i s s i o n  track 

stadies, are needed  t o  d e t e r n i n e  if t h e s e  e l e m e n t s  are 

p r e s e a t  i n  other sites. The d r i l l  core s h o u l d  p r o v i d e  good 

samples  for s t u d y i n g  t h e  effects of a l t e r a t i o n  on  t h e  

l o c a t i o n  of T a n d  Th; t h e  g r a n i t e  from the hole varies from 

fresh t o  s e v e r e l y  altered, In fresh rocks, U and  Th appear 

t o  be c o n c e n t r a t e d  i n  t h e  accessory phases. 

The r e a c t i o n  s e e n  i n  t h e  i r o n - t i t a n i u m  o x i d e s  p r o v i d e s  

e v i d e n c e  for a c h a n g e  in oxygen  f u g a c i t y  s u b s e q u e n t  t o  the 

c r y s t a l l i z a t i o n  of t h e  g r a n i t e .  I n  h i g h l y  o x i d i z e d  rocks, 

a r a n i u m  w i l l  be h i g h l y  n o b i l e  a s  064; in e n v i r o n m e n t s  of low 

f02, uranium w i l l  be r e l a t i v e l y  immobile as U*+, It may be 

p o s s i b l e  in f u t u r e  s t u d i e s  t o  cor re la te  t h e  l e v e l  of oxygen 

f u g a c i t y  d e t e r m i n e d  from s i l i ca t e s  a n d  i r o n - t i t a n i u m  o x i d e s  

u i t h  t h e  amount of a t a n i n m  l o s t  a f t e r  c r y s t a l l i z a t i o n .  
. 
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PROGRESS IN PISSIOI TRACK ANALYSES 

So P, Becker a n d  J, AleKander Speer 

mhs9d-a 

Three elements c o n t r i b u t e  t o  t h e  heat g e n e r a t e d  in 

rocks by r a d b a c t i V e  decay: K, Th, and U, a c c o r d i n g  t o  
d a t a  a l l ec t ed  t h u s  far, K g e n e r a l l y  creates l ess  than 10% 

of t h e  heat. p roduced ,  Even i n  h i g h l y  po ta s s i c  rocks, t h e  

c o n t r i b u t i o n  from I[ is no greater than 2.6 EGVU, a b o u t  o n e  

t h i r d  of t h e  to ta l .  Thus for n e a r l y  a l l  rocks, 0 a n d  Th 

produce most of t h e  h e a t ,  R e l a t i v e  c o n t r i b u t i o n s  from U a n d  

Th can be c a l c u l a t e d  from Rpbach's (1976) e q u a t i o n :  

, X = 0,718U 0,193Th + 1.262K 

(H in mass u n i t s ,  K i n  w t  I ) ,  

Vhen Th/U is greater t h a n  4.0, Th c o n t r i b u t e s  more t h a n  ha l f  

of t h e  h e a t  produced, The average Th/U for s a m p l e s  from t h e  

s o u t h e a s t e r n  IF. S, is  3.8, so t h a t  a s i g n i f i c a n t  p r o p o r t i o n  

of the  heat generation comes from Th. Q u e s t i o n s  c o n c e r n i n g  

the quantity and d i s t r i b u t i o n  of h e a t - p r o d u c i n g  elements i n  

the c r u s t  settle on t h e  behavior of U and  Tho 

Ucal/gm-yr# IJ and Th in ppm, 

U n d e r s t a n d i n g  t h e  b e h a v i o r  of U and Th should a i d  in 

locating areas where their c o n c e n t r a t i o n s  are h i g h ,  

r e s u l t i a g  i n  . h i g h e r  hea t  g e n e r a t i o n ,  Because  of the 

different geochemical characteristics of u and Th, and the 

v a r i o u s  processes a f f e c t i n g  t h e i r  distribution, bulk U and 
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Tb a n a l y s e s  do not s i g n i f i c a n t l y  c o n t r i b u t e  t o  u n d e r s t a n d i n g  
LJ 

t h e i r  b e h a v i o r ,  Progress  c a n  be made b y  l e a r n i n g  t h e  

l o c a t i o n s  of t h e  e l e m e n t s ,  t h e  t e x t u r a l  r e l a t i o n  between t h e  

m i n e r a l  p h a s e s  i n v o l v e d ,  a n d  t h e  abundance  of t h e  e l e m e n t s ,  

Knouledge of these U and Th 

t o  be correlated w i t h  t h e  petrologic  e v o l u t i o n  of the rocks, 

v h i c h  cap be more r e a d i l y  d e t e r m i n e d  from a s t u d y  of the 

ma j o r m $n e ralog y. 

f ac to r s  allows t h e  b e h a v i o r  of 

o u r  work on t h e  g r a n i t e s  in t h e  s o u t h e a s t e r n  Om S a  has  

i U e n t S f i e d  a t  l e a s t  four episodes subsequent t o  t h e  o r i g i n a l  

c r y s t a l l i z a t i o n  which  c o u l d  p rov ide  s u i t a b l e  c o n d i t i o n s  E or  

the s o l u t i o n ,  t r a n s p o r t ,  a n d  r e d e p o s i t i o n  of, u s a n i u a ,  which  

would complicate t h e  u n d e r s t a n d i n q  of t h e  0 and Th 

d i s t r i b u t i o n  r e s u l t i n g  from i q n e o u s  c r y s t a l l i z a t i o n ,  The 

e p i s o d e s  a r e  d e u t e r i c  a l t e r a t i o n  d u r i n g  t h e  l a s t  stage of 

magmatic c rys ta l l iza t ion ,  hydrothermal a c t i v i t y  d u r i n g  t h e  

Mesozoic(?), t h e  s u p e r g e n e  stage,  s a d  u e a t h e r f n g ,  The 

c o u n t r y  rocks have  been s u b j e c t e d  t o  the l a s t  three 

e p i s o d e s ,  a s  well as the effects of c o n t a c t  n e t a m o r p h l s ~ ,  

which corplica tes t h e  u n d e r s t a n d i n g  o f  t h e  d i s t r i b u t i o n  of 

t h e  r a d i o g e n i c  elements achieved during an ,earlier 

metamorphic  e v e n t  ( 6 )  a Such i n t r i c a t e  ge01ogi.c his tor ies  

make u n c e r t a i n  t h e  choice of criteria t h a t  s h o u l d  be u6eU t o  

locate  areas  of high  h e a t  p r o d u c t i o n  i f  t h e  only i n f o r m a t i o n  

a v a i l a b l e  is b u l k  rock U a n d  Th c o n t e n t s ,  

hi 
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Data from fission track studies in t he  l i t e r a t u r e  

i n d i c a t e  v a r i a b l e  amoun t s  and  along gra in  

b o u n d a r i e s .  Q u a n t i t a t i v e  studies show t h a t  U and Th o c c u r  

p r i m a r i l y  in accessory minerals. Q u a l i t a t i v e  fission track 

work shows s i g n i f i c a n t l y  more U d i s t r i b u t e d  along c l e a v a g e s ,  

g r a i n  b o u n d a r i e s ,  and cracks, and  associated with i r o n  and 

manganese m i n e r a l s .  The l o c a t i o n  of U is p r o b a b l y  v a r i a b l e ,  

and depends on t h e  effects of deuteric and h y d r o t h e r m a l  

a l t e r a t i o n  ’ and g r o u n d v a t e r  l e a c h i n q  supe r imposed  on the 

o r i g i n a l  igneous or metamorphic d i S t r i b U t i o n ,  Samples 

chosen f o r  q u a n t i t a t i v e  work g e n e r a l l y  have t h e  ‘least 

coapler geologic h i s t o r y :  hence ,  a l a rge  percentage of t he  U 

and Th in t 

c r y s t a l l o g r a p h i c  sites, Samples examined  b y  q u a l i t a t i v e  

b e t h o d s  have u s u a l l y  been s u b j e c t  t o  p o s t - c r y s t a l l i z a t i o n  

processes, and thus shov a Bore varied distribution. The U 

l i n i n g  grain’ b o u n d a r i e s ,  m i  OCraCks, and  Pe-[n minerals has 

been Frobablp ‘been leached, t ranspor ted ,  and  redeposited. 

Because  Th does not form 

u# it  ’is b e l i e v e d ”  t o  r e m a i n  i t e s  reache 
c r y s t a l l i z a t i o n .  

of U in minerals 

r e a d i l y  soluble c o m p l ~ x e s ,  
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During  t h e  p a s t  two months,  proqress uas made toward 

d e t e r g i n i n g  the d i s t r i b u t i o n  of U i n ’  qranit ic  rocks b y  

f i s s i o n  track a n a l y s i s ,  S e v e r a l  t h i n  sections u e r e  

i r radiated a t  t h e  0 ,  S. Geological Survey in Denver  and  have  

been r e t u r n e d  t o  t h e  R a d i a t i o n  Safety *Office a t  V P I  C SUO 

S t e p s  are c u r r e n t l y  b e i n g  t a k e n  t o  comply wit.h t h e  

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

r a d i o i s o t o p e s ,  J. A,  Speer and S, Y, Becker h a v e  p a s s e d  t h e  

course and t e s t  required of a l l  personnel i n v o l v e d  in t h e  

s t u d y  o f  r a d i o a c t i v e  material, AE+ a p p l i c a t i o n  f o r  u s i n g  an 

area i n  Dr, A. R. s inhaas  laboratory t o  examine  t h e  

i r rad ia ted  samples has been s u b m i t t e d  and is a w a i t i n g  

a F p r o v a l  by  t h e  U a i v e r s i t y  R a d i o i s o t o p e  Committee. 

P r e l i m i n a r y  work on t h e  d i s t r i b u t i o n  of U and Th has 

been performed u s i n g  t h e  e l e c t t o n  ricrprobe t o  tes t  t h e  

a p p l i c a b i l i t y  of t h i s  approach, Figure A-7,a-e, are x-ray 

s c a n n i n g  photographs of o v e r l a p p i n g  g r a i n s  of u r a n i n i t e  a n d  

apa t i t e  i n  a b io t i t e  eatr ix .  Each p h o t o g r a p h  shows the 

r e l a t i v e  c o n c e n t r a t i o n s  of one e l e m e n t  in the v a r i o u s  

m i n e r a l s ;  h i g h  c o n c e n t r a t i o n s  appear  as l i g h t - c o l o r e d  areas, 

T h e  u r a n i n i t e ,  in a d d i t l o n  t o  uranium,  c o n t a i n s  s i g n i f i c a n t  

amoun t s  of t h o r i u m  and lead,  Ca lc ium i n  the b i o t i t e  is 

concentrated i n  a ring sarrounding the u r a n i n i t e  grain, 

a p p a r e n t l y  as a r e s u l t  of r a d i a t i o n  damage. 
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F i q u r s  A7. X-ray scanning p h c t c g r a p h s  of u r a E i n i t 9  and 
a p a t i t e  grains +nclc=ed i r .  b i c t i t e ;  f i e l +  w i d t h  = 0.11  m m .  
(a )  Map s h o w l n a  g r a i n  b o u n d a r i e s ,  { k )  s c a n  for U ,  (c) scac 
f o r  Ca , s h 0 u i r . q  zone of C a - e n r i c h m e n t  i n  r a d i a t i o n - d a m a s e d  
area  of b i o t i t e ,  ( 8 )  Th sczn,  (e) Pe sczc, (f) Pb scap. 
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Similar s c a n s  of a n  a l l a n i t e  g r a i n  a d j a c e n t  t o  

p o t  a s  si urn f e l d  s p a  (Fig. A-8,a-C) show t h a t  t ho r ium i s  

h i g h l y  c o n c e n t r a t e  i n  a l l a n i t e ,  a t  1-2 w t  % 

n o t  present i n  detectable amounts.  

P i s s i o n  track work w i l l  allow more de ta i led  s t u d y  of ' 
uranium c o n c e n t r a t i o n s  t h a n  t h e  microprobe x- ray  scans .  Not 

only s b c u l d  it be p o s s i b l e  t o  d e t e r m i n e  t h e  absolute  uranium 

c o n t e n t s  of t h e  v a r i o u s  phases, but small amounts  located 

a l o n g  g r a i n  b o u n d a r i e s ,  c l e a v a g e  traces, a n d  cracks should 

- b e  detectable as v e l l .  

s t u d y  of thorium v i 1 1  require more complex  m e t h o d s .  

The  d e c a y  of Th-232, t h e  n a t u r a l l y  o c c u r r i n g  isotope, is t o o  

s l o v  t o  u s e  f i s s i o n  track t e c h n i q u e s  a n a l o g o u s  to t h o s e  used 

for I] d e t e c t i o n .  Thorium d i s t r i b u t i o n s  w i l l  be studied by a 

c o a b f n a t i o n  of microprobe, pa r t i c l e  t r a c k  mapping, and 

n e u t r o n  a c t i v a t i o n  t e c h n i q u e s .  Combined w i t h  the f i s s i o n  

track uork, these s t u d i e s  s h o u l d  p r o v i d e  a n  accurate g u i d e  

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

rocks.  



I 

potassium , feldspar 
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. .. 1 

Figure AS. X - ray  s c a n n i n q  photoqtaphs  of a l lan ' i t e  
adjacent  td potassium. f e l d s p a r ;  f i e l d  w i d t h  = 0 . 1 1  ram. (a)  
n a p  showinq q r a i n  boundary,  (b) scan for Th, showing h i g h  
c o n c e n t r a t i o n  in a l lar : i t e ,  ( c )  C6 s c a n ,  (a) K scan .  
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EETBOGBAPBIC A N D  PETROLOGIC DESCRIPTION OF A SUB-COASTAL 

PLkIH BBSELTEHT CORE PROM NEAR JESUP, GEORGIA 

Richa rd  J .  G l e a s o n  

The  A t l a n t i c  coas t a l  P l a i n  geologic p r o v i n c e  is 

composed of a sequence  of Cretaceous t o  P e c e n t  s e d i m e n t s ,  

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

Georg ia ,  t hough  becoming p r o g r e s s i v e l y  n a r i n e  toward t h e  

coas t ,  and predominantly mar ine  c a r b ' o n a t e s  in s o u t h e r n  

Georgia and F l o r i d a  (~aher, '1971). In general ,  t h e  Coastal 

Plain s e d i m e n t s  t h i c k e n  toward the A t l a n t i c  Coast, w i t h  

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

p r e d o n i a a n t  Appa lach ian  t r e n d s  t o  t h e  west (Fig.  A-9). 

Locally, s u b s u r f a c e  structures i n t e r r u p t  t h i s  t r e n d ,  most 

notably t h e  S a l i s b u r y  Embayment and S o u t h e a s t  Georqia 

Erakaysent, where o n s h o r e  t h i c k n e s s e s  of s e d i m e n t  exceed  

10,000 feet and 5,000 feet, r e s p e c t i v e l y ,  a n d  t h e  Cape Pear  

Arch, where t h e  s e d i m e n t  t h i c k n e s s  a t  t h e  coas t  t h i n s  t o  

j o s t  over 1,000 feet. Offshore, t h e  C o a s t a l  P l a i n  

c o c t i n u e s  to the edge of t h e  C o n t i n e n t a l  S h e l f .  A t  t h e  

w e s t e r n  l i m i t  of the Coastal  Plain p r o v i n c e ,  Cretaceous a n d  

T e r t i a r y  s e d i m e n t s  o v e r l i e  the Piedmont  p rov ince ,  composed 

of metamorphic  rocks  a n d  i g n e o u s  p l u t o n s .  The Piedmont  i s  

i n t e r r u p t e d  by deep, e a r l y  Mesozoic ( T r i a s s i c - e a r l y  

Jurassic) # f a u l t - b o u n d e d  t r o u g h s  of immature c o n t i n e n t a l  

' 
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figure A-9. Regional geoloqy and s truc ture  of t h e  
A t l a n t i c  Coastal Plain, showing approximate location of 
basement core #de 1. (Adapted from Waher, 1971.) 
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clastic6 a n d  mafic r o l c a n i c s ;  for example,  the Newark B a s i n  W 
of New Jersey, t h e  Richmond Basin of Virg in ia ,  and the 

Durham-uadesboro Basin of Nor th  C a r o l i n a  (Pig,  A-9). 

"Basementn as d e f i n e d  f o r  the DOE geothermal project 

c o n s i s t s  of a n y  material u n d e r l y i n g  Coastal  P l a i n  s e d i m e n t ,  

and  t h u s  may' be g e n e r a l i z e d  as npre -Cre taceous"  i n  age, 

Current  knowledge and u n d e r s t a n d i n g  of t h i s  p r e - C r e t a c e o u s  

b a E e r e n t  is d e p e n d e n t  on existing da ta  for wells which  h a v e  

p e n e t r a t e 4  t h e  e n t i r e  Coastal P l a i n  sequence ,  as v e l 1  as on 

m a g n e t i c  and g r a v i t y  data,  Because  of t h e  c o n s i d e r a b l e  

d e p t h  of much of t h i s  s equence ,  well data is somewhat 

s c a n t y ,  c o n s i s t i n g  of wells d r i l l e d  fo r  loca l  water s u p p l y ,  

and a very few deeper o i l  test wells, 

Because any p o t e n t i a l  heat s o u r c e  f o r  l o w - t e m p e r a t u r e  

geothermal energy a l o n g  t h e  A t l a n t i c  Coastal  Plain w i l l  be 

p a r t  of the u n d e r l y i n g  p r e - C r e t a c e o u s  basement ,  i t  is 

e s s e n t i a l  t h a t  t h e  l e v e l  of u n d e r s t a n d i n g  of t h i s  basement 

be . v a s t l y  %@proved. To meet t h i s  objective, research has 

been ongoing a t  VPI 6 SO and c o n s i s t s  of t v o  parts, The 

first a s p e c t  of t h i s  research is a c o m p i l a t i o n  from 

l i teratare  of a l l  e x i s t i n g  aata  for wells which p e n e t r a t e  

basement, T h i s  uork is being performed for each s t a t e  a n d  

v i 1 1  p r o v i d e  e x i s t i n g  data p o i n t s  a s  v e l 1  as a n  i n d i c a t i o n  

of areas where data  are searce. The second  aspect consists 

of direct o b s e r v a t i o n  of drilbcore samples o b t a i n e d  from 

wells vhich have penetrated and  recovered basement  material 

frcm b e n e a t h  t h e  coastal PZain.  V 
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h The first s u c h  core o b t a i n e d -  for s t u d y  was r e c o v e r p d  

from a well d r i l l e d  n e a r  J e s u p  (Wayne County)  {An  

s o u t h e a s t e r n  GeOrqia (Pig, A-9). This well v a s  located \ 

a p p r o x i m a t e l y  130 miles s o u t h e a s t  of t h e  edge of t h e  Coastal  

P l a i n  p r o v i n c e ,  a n d  basement  material  was cored from 4341' 

t o  4371' below t h e  d r i l l i n g  datum. The f o l l o w i n g  d i s c u s s i o n  

c o n c e r n s  the sta te  of the research c o n c e r n i n g  t h i s  core, and 

is i n t e n d e d  p r i m a r i l y  a s  a d e s c r i p t i v e  summary, though some 

ment ion  w i l l  be made of its r e l a t i o n  to other basement  da t a  

frcm t h e  area. 

PzeplaPs u x s a a a s  

Because  of its p r o x i m i t y  * t o  t h e  h i g h l y  p r o d u c t i v e  

p e t r o l e u m  p r o v i n c e  of the Gul f  coast, Georgia has b e n e f i t t e d  

from cons iderably  more deep d r i l l i n s  a c t i v i t y  t h a n  a n y  of 

t h e  o ther  s t a t e s  l y i n g  a l o n g  t h e  A t l a n t i c  Coastal  P l a i n  t o  

t h e  nor t h ,  A l i t e r a t u r e  survey has p r o v i d e d  a list of 80 

d e e p  wells w h i c h  penetrate p r e - C r e t a c e o u s  basement  below .t,he 

Georgia Coastal P l a i n ,  A number of ar t ic les  referring t o  

. t h i s  basement ,  based  on well-data have  b e e n  p u b l i s h e d .  

Perhaps  t h e  most c o n p l e t e  d e s c r i p t i v e  summary of baSeRent  

well. data v a s  prepared by  M i l t o n  and  B u r s t ,  (19651, 

p r o v i d e d  g e n e r a l  p e t r o g r a p h i c  summaries of basement  materi,sl- * .  

ftcm 39 wells in Georgia. 

. .  

I ,  ~ ~ 

cd 
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A g e n e r a l  i n t e r p r e t a t i o n  of t h e  basement geology i n  the 

v i c i n i t y  of the Jesup d r i l l  hole was discussed by  Applin 

(1951). Ross (1958) gave a petrographic  description of 

welded t u f f  obtained in a well from Clinch County8 

aFFrorimateky 70 &le6 t o  t he  southwest of Jesup. Bass 

(1969) descr ibed ' c r y s t a l l i n e  basement rocks of F l o r i d a  and 

s o u t h e a s t e r n  Georgia, with specif ic' a t t e n t i o n  to regional 

age relationships and t e c t o n i c  i m p l i c a t i o n s .  

I 

i 

Basement core t J e  1 vas obta ined  from the State  of 

Georgia  C. D, Hopkins g& gl. well, which was located 

a p p r o x i r a t e l p  8.5 lailes southeast of Jesup (Wayne County) 8 

Georgia, T h i s  well vas completed on December 128 1977 and 

basement aa ter ia l  was cored between 4341 '  and 4371' below 

t h e  d r i l l i n g  datum. Prom this 30' i n t e r v a l ,  a p p r o x i m a t e l y  

27.5' of c o r e  uas recovered.  The core vas t h e n  s p l i t  by the 

USGS, and h a l f  of t h e  core was sent t o  VPI C '  su for 

LL n a 1  ysis . 
H U U 2 S U A  0 ~ R s s i i ; t r & & & s a  . 

. I  i , .  

The c o t e  f s  an extremely f ine-grained,  dark gray t o  

black '  rock wftb fn t e rbedded ,  l i g h t  gray beds and laminae. 

The l i g h t  gray u n i t s  range in thickness from a feu 

millireters up t o  approx ima te ly  three centimeters. The 
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darkes t  p o r t i o n s  of t h e  core l o c a l l y  c o n t a i n  we l l -de f ined ,  

fine l a m i n a t i o n s  of less  t h a n  a millimeter i n  t h i c k n e s s  and 

elsewhere appear  massive.. The l i g h t  g r a y  zones have no 

i n t e r n a l  b e d d i n g  w i t h i n  g i v e n  u n i t s .  much of t h e  core is 

composed of rock which is i n t e r m e d i a t e  be tween these two 

e x t r e m e s ,  b o t h  i n  color and  development  of l a m i n a t i o n s .  

T h i s  i m p l i e s  t h a t  the material  i n  the core may r e p r e s e n t  a 

f a l l  r a n g e  of d e p o s i t i o n a l  c o n d i t i o n s  between those 

r e r p a n s i b l e  for t h e  f o r m a t i o n  of darker ,  well-bedded 

material and  t h e  l i g h t  g r a y ,  mass ive  u n i t s ,  

P e r h a p s  t h e  most notable characteristic of t h e  core is 

its d e f o r a a t i o n a l  fabric. Bedding o r i e n t a t i o n  of the gray 

layers v a r i e s  from s u b h o r i z o n t a l  t o  s u b v e r t i c a l ,  with 

p e r h a p s  25030% of t h e  core h a v i n g  dips steeper t h a n  6 0 0 .  

much of t h e  core has  a c h a o t i c  a p p e a r a n c e ,  w i t h  a b r u p t  d i p  

v a r i a t i o n s  and numerous fin er-scale deformation f ea tu res  

r e s e m b l i n g  drag fo lds  and  c r e n u l a t i o n s .  This p e r v a s i v e  

d e f o r m a t i o n  reseables  s l u m p i n g  of s e d i m e n t s  i n  a semi- 

c o n s o l i d a t e d  s ta te ,  with l a rger  s l u m p  b locks  d e f o r m i n g  

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

bedding. T h i s  presumed s lumping  was r e s p o n s i b l e  for small- 

scale  f a u l t s  which  loca l ly  of fse t  l a m i n a e  by up t o  s e v e r a l  

millimeters. Softer, less  consol idated p o r t i o n s  of t h e  

s e d i m e n t a r y  s e q u e n c e  a p p e a r  t o  h a v e  deformed somewhat more 

p l a s t i c a l l y ,  c a u s i n g  such  f i n e - s c a l e  features as "drag 

folds" and f i n e  c r e n u l a t i o n s  of b e d d i n g  l aminae ,  F i g u r e  



A-10 is a schematic r e p r e s e n t a t i o n  of t h e  core, i n d i c a t i n g  

bedding as well a6 fracture o r i e n t a t i o n s .  The h i g h  degree 

of d e f o r m a t i o n  is  e v i d e n t  from t h i s  f i g u r e .  

I n  a d d i t i o n  t o  t h e  a p p a r e n t  s l a 0 p  deformation, the core 

is c a t  by a large number of fine f r a c t u r e s ,  most of which 

a r e  f i l l e d  by calci te .  These fractures r a n g e  from b a r e l y  

r i s i b l e  on t h e  macroscop ic  scale up  t o  a f e u  millimeters i n  

fn a few areas t h e  calcite v e i n l e t s  open i n t o  

i rregu lar  pods a p p r o x i m a t e l y  one CR long .  T e x t u r a l l y ,  t h e  

calcite v e i n l e t s  crosscut the apparent s lump d e f o r m a t i o n  

features descr ibed  above, a l t h o u g h  s e v e r a l  o’r t h e  calci te  

veinlets, p a r t i c u l a r l y  t h e  coarser ones ,  vere formed a l o n q  

fracture zones related t o  t h e  earlier deformation. 

H a c r o s c a p l c a l l y  v i s i b l e  f r a c t u r e s ,  m n y  of which a r e  f i l l e d  

by c a l c i t e ,  are a l so  d e p i c t e d  on Figure A-10. 

on the macroscopic scale, the minera logy  of the core is  

some what i n d e t e r m i n a b l e ,  ‘due t o  t h e  f i n e - g r a i n e d  nature of 

the core Baterial. P p r l t e  is v i s i b l e  a s  d i s s e m i n a t e d  

e u b e d t a l  g r a i n s  f i n e r  t.han 0.1 m m  and as amorphous b l e b  

oriented both a l o n g  bedding  and l o n g  sone of t h e  l a r g e r  

v e i b l e t s .  A m i n e r a l o g i c a l  d i f f e r e n c e  between t h e  d a r k  a n d  

l i g h t  u n i t s  1s s u g g e s t e d  by t h e  d i f f e r e n c e  i n  ha rdness - the  

c o n s i d e r a b l y  so f t e r  n a t u r e  of t&e l i g h t  g r a y  laminae implies 

a higher clap/mica c o n t e n t  t h a n  i n  t h e  g ray -b lack  sections. 

Calcite is i a e n t i f i a b l e  in most of the coarser fractures in 

t h e  core. &part from these minimal observations, no 
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Oepth 
( F f  ET) 

4341 - 
Oepth 

4383 - (fLET) 
kdd lnO Fracture 

Pmtllr 
Dapth 
(FfCT) 

4366 - 
,4366 - 4342 - 4354 - 

-- 
4367 - 4343 - 4355 - 

- 
4356 - 4368 -. 

- 4344 - 
-c 

4357 - 4369 - 
I 

4345 - 
4370 - 4346 - 4356 - 

- 
4347 - 4371 - 4359 - 

0 

4360 - 
- 

4348 - - 
4349 - 4361 - 

- 
4362 - - 4350 - 

4351 - 4363 - 
r - 

4352 - 4364 - 
4353 - 4315 - 

. i  

Figure A-10. Pictorial representation of t h e  
orientation -of gross beddinq and .fractures in basement core 
tJe  1. Question marks indicate  missing core segments.., * I  

I 
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is p o s s i b l e  on the 
F 

further i d e n t i f i c a t i o n  of the m i a e r a l o g y  

macroscop ic  scale. 

W 

tire cote is  coraposed of "extremelg fine-grained 
1 

i a t i r  aost of which -5s groundmass finer t h a n  ' . O l  mm, 

Cluch'of, this groundmass may be as fine as .002-,005 mm. The 

bits a wel l -deve loped  pyroclastic texture, 

ef ined  by a v a r i a b l e  ut considerable content of 

a n g u l a r  phenocrysts ranging up . O S - , O 6  nm i n  s i z e ,  which 

a t e  most abundant i n  t h e  'light g r a y  . l a y e r s ,  A few loca l  

f e a t u r e s  resembling shard structures were a l s o  i d e n t i f i e d ,  

p a t t i c a l a r l y  i n  t h e  l i g h t ' g r a y  l a y e r s .  The fine g r a i n  size 

and p y r o c l a s t i c  t e x t u r e  of much of the core i m p l y  t h a t  much 

of i t  may have or ig ina ted  as' 

f r cn  v e n t s  and d e p o s i t e d  a s  

l c a n i c  ash which was 

f a l l  tuffs. 

The v a r i a b i l i t y  in d a r k p s s  of"the core ma 

i d e n t i f  5 

co nt 8 n t . 
.able in t h i n  sect i  

The darkest secti 
1 

t h e  h i g h e s t  amount of p y r i t e  and brown i r o n  oxide stain, 

w h i l e  t h e  l i g h t  g r a y  l a y e r s  h a v e  a much lower mafic content,' 

sections of the core commonty e x h i b i t .  well- 

d e v e l o p e d  m i c r o s c o p i c  laminations resembling f ine-scale 

bedding features, These l a m i n a t i o n s  are largely a result of 
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t h e  c o n c e n t r a t i o n  of opaque grains end c o n t r a s t i n g  degrees 

of brbwn s t a i n i n g  in l e n t i c u l a r  zones. The s e c t i o n s  t h a t  

e x  b i b i t  the best-de veloped  laminations c o r r e s p o n d i n g l y  

c o n t a i n  t h e  l o v e s t  amount of phenocrysts. Conversely, t h e  

l i g h t  gray l a y e r s  character is t ical ly  c o n t a i n  t h e  h i g h e s t  

pyroclastic c o n t e n t  i n  t h e  form of p h e n o c r y s t s ,  bu t  a r e  

almost a l v a y s  massive w i t h i n  t h e  layers. 

As t h e  macroscopic a p p e a r a n c e  of t h e  core s u g g e s t s ,  

much deforma tion is v i s i b l e  in t h i n  s e c t i o n .  H i c r o s c o p i c  

l a m i n a t i o n s  e x h i b i t  micro-folds and  c r e n u l a t i o n s ,  and 

offsets of these s t r u c t u r e s  indicate t h e  p r e s e n c e  of 

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

I t h e  macroscopic o n e s  which were a t t r i b u t e d  t o  s o f t - s e d i m e n t  

i 

s lumping  of t h e  core sequence .  m i c r o s c o p i c  features related 

t o  a l a t e r  d e f o r m a t i o n  ep isode(s )  a r e  a l s o  r e c o g n i z a b l e :  

felsic apophyses and v e i n l e t s  of f e l d s p a r  o r  q u a r t 2  a re  

u b i q u i t o u s  t h r o u g h o u t  t h e  core a n d  a r e  c r o s s c u t  by later 

c a rb on a t  e r e i n  let s . 

The m i n e r a l o g y  of t h e  core is r e l a t i v e l y  c o n s t a n t ,  w i t h  

slight v a r i a t i o n s  between t h e  l i g h t  gray layers and t h e  

d a r k ,  l a m i n a t e d  rock. The groundmass of t h e  core is 

composed p r i m a r i l y  of felsic material and sericite. The 

‘seticite blades h a v e  a maximum l e n g t h  of a p p r o x i m a t e l y  .005 

LJ 

hd 
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QR, while t h e  felsic g r a i n s  are  finer t h a n  ,002 mbp and are 

U n i d e n t i f i a b l e  i n  t h i n  section.' Sericite c o n t e n t  'increase6 

v i s i b l y  In t h e  l i g h t  gray layers,  vhqre it comFoses t h e  b u l k  

of t h e  groundmass;  bovever, in t h e  dark,est and best- 

laminated s e c t i o n s ,  the sericite content decreases t o  a 

groandaass accessory, u l t h  t h e  groundmass a instead being 

ccraposed almost e x c l u s i v e l y  of felsics. x-ray di f f rac t ion  

a n a l y s e s  of bo th  the l i g h t  gray and d a r k  material  v e r i f y  

t h i s  m i n e r a l o g i c a l  contrast, a s  the d i f f r ac tog rans  i n d i c a t e  

t h a t  t h e  p redominan t  mineralogy of the l i q h t  gray material 

is a 1 0 ' a n g s t r o a  uhite mica phase  w i t h  s u b o r d i n a t e  quartz 

and a l b i t e ,  vhile t h e  dark n a t g r i a l  is composed p r i n a r i r y  of 

q u a r t z  and albite. 

1 

Tbe p h e n o c r y s t  popalatiop of t h e  core is colaprised 

mostly of q u a r t ?  and al tered f e l d s p a r .  The r e l a t i v e  

a b a n d a n c e s  of these two p h a s e s  vary  between t u f f  u n i t s ,  

Feldspar  p h e n o c r y s t s  are commonly altered t o  f i n e - g r a i n e d  

calciter sericite, q u a r t z ( ? )  and o c c d s i o n a l l y  are s t a ined  

brcwn by iron oxide and l o c a l l y  ruti le.  Accessory 

phenocrysts are apa t i te ,  chlorit ized biotite, and z i r c o n .  

Although p h e n o c r y s t s  are  most a b u n d a n t  in t h e  l i g h t  gray 

t u f f  units, c o m p o s i t i o n a l l y  t h e  phenocryst p o p u l a t i o n  is 

a p p a r e n t l y  c o n 6 t a n t  t b r o n g h o o t  t h e  core, 

A m i n e r a l o g i c a l  f e a t u r e  p e c u l i a r  t o  t h e  l i g h t  gray t u f f  

layers is t h e  p r e s e n c e  of anhedral  calcite of a p p r o x i m a t e l y  

t h e  sake s i z e  r a n g e  a s  t h e  phenocrysts. T h e  o c c u r r e n c e  of 
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these grains d i s s e m i n a t e d  t h r o u g h  t h e  groundmass of these 

layers  and t he i r  p o r p h y r o b l a s t  i c  a p p e a r a n c e  i m p l i e s  a 

possible orig i n d u r i n g  a p o s t - d e p o s i t i o n a l  

re cr ys t a l l 1  z a t i o n  , 
The mafic phases  of t h e  core are p r e d o m i n a n t l y  

c o n t a i n e d  in t h e  darker sections, H i n o r  d i s s e m i n a t e d  

euhedral p y r i t e  finer t h a n  a p p r o x i m a t e l y  . O l  am is p r e s e n t  

In t h e  l i g h t  gray units: t h e  darker s e c t i o n s  of t h e  core, 
I 

h o u e o e r O  c o n t a i n  , considerable p y r i t e ,  bo th  as, e u h e d r a l  

c rys t a l s  u p  t o  .1  m m  and 'as a n h e d r a l ,  f l a t t e n e d  . l e n s e s  

local ized between a p p a r e n t  bedding  laminations, C h l o r i t e  is 

a minor  c o n s t i t u e n t  of t h e  groundmass  of a l l  b u t  t h e  
L 

l i g h t e s t  s e c t i o n s  of the core. A few well-bedded s e c t i o p s  

of the core c o n t a i n  m a l l  masses of egg-shaped g r a i n s ,  

a F p r o x i a a t e l y  ,005 R Q  I n  s ize  which appear t o  be 
I 

c o n c e n t r a t e d  a l o n g  bedd inq ,  Later microprobe work 

i d e n t i f i e d  these a s  ch lo r i t e ,  Semi-opaque masses of 

calcite, rut i le ,  and  l e u c o x e n e  are d i s s e a i n a t e d  t h r o u g h  the 

cote, presumably from a l t e ra t ion  of t i t a n i t e ,  Dark brown0 

h y d r a t e d  i r o n  o x i d e s  are t h e  remaining mafic phases  p r e s e n t  
a n d  'are t o  a large degree r e s p o n s i b l e  f a r  the da rk  color of 

much of the core. 

L 

1 .  
. j  

* .  

1 

Huch of t h e  core is cut b y  i r r e g u l a r ,  somewhat 

d i s c o n t i n u o u s  v e i n l e t s  of quartz,  a lb i t e ,  and  quartz u i t h  

a lb i t e ,  i n d i c a t i v e  of several episodes of v e i n l e t  f o r m a t i o n .  
, f 

These v e i n l e t s  are c r o s s c u t  by l a t e r  c a r b o n a t e  v e i n l e t s ,  
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/ b  some of which contain s n b o r d i c a t e  s n b h e d r a l  t o  e u h e d r a l  

qua r t z  or accessory p y r i t e .  

dbner?&& chealstr4r 

2 
> 

lzsus!r;egzg. Hicroprobe a n a l y s e s  were run on f i v e  

veinlet f e l d s p a r  g r a i n s  and over 50 f e l d s p a r  p h e n o c r y s t s ,  

The r e c a l c u l a t e d  mole p e r c e n t  a n a l y s e s  of An-Ab-Or are 

listed i n  T a b l e  A 7  and are p l o t t e d  on a f e l d s p a r  ternary 

diagram in Figure  A O l l ,  The five v e i n l e t  f e l d s p a r s  

( a n a l y s e s  1-5 in Table  A7) show a man c o m p o s i t i o n  of 96.7 

ai01 X albite ,  with values r a n g i n q  The  

An c o n t e n t  of these fe ldspar  g r a i n s  r a n g e s  from .6R t o  3.1%, 

with a mean value of 1.7%. 

from 94.5% to 98.9%. 

The phenocryst a n a l y s e s  var ied  from n e a r l y  a l b i t e  t o  

nearly orthoclase c o m p o s i t i o n ,  P i g u r e  A- 11 g i v e s  an 

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

To test  whether  the v i d e  range of c q m p o s i t i o n s  was a result 

ok g r o d p i n g  p h e n o c r y s t s  from s e p a r a t e ,  poss ib l e  u n r e l a t e d  

t u f f  u n i t s  into one  a n a l y t i c a l  p o p n l a t i o n ,  t h e  p h e n o c r y s t s  

were reanalyzed b y  i a c l a d i n g  numerous g r a i n s  from each of 

several t u f f  units. The sults showed t h a t  t h e  r a n g e  of 

compositions of p h e n o c r y s t s  within a g i v e n  t u f f  u n i t  was 

nearly a s  extreme was was t h a t  of t h e  t o t a l  phenocryst 

p o p x l a t i o i  as a whole, In fact, s e v e r a l  “phenoc rys t s ’  v e r e  

a n a l y z e d  in several l o c a t i o n s ,  a n d  compositional v a r i a t i o n  

1. 
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RECALCULATED AB-AN-09 CI3WOSI:f~OSS '3P PE'LDSPARS PROn fl1CQOPPOBF IWALYSES 

(1) 
Ca/J* 1-15a 

2.1R 
97.76 

0.04 

( 7 )  
Ga/Jrt 1-15d 

1.41 
27.29 
71.30 

(13) 
GR/.lP 1-151 

1.69 
56.16 
92.20 

(19) 
C R / J s  1-15p 

A3.91 
19.70 

( 2 5 )  
Qa/Jc 1-15v 

2.41 
95.10 
2.98 

('1) 

s. a9 

Ga/J.. 1-16f 
2.02 
68.2s 

. 29.7.3 

( 2) 
GI/J= 1-15b 

3.11 
95.77 
1.12 

( 8) 
Ga/Je l-1Se 

2.26 
81.79 
15.9s 

(19) 
Ga/Jc 1-15f 

2.23 
RS.84 
11.03 

(20) 
GWJc 1-159 

91.75 
7.25 

1.00 

(26) 
Ga/Jr. 1-16C 

0.66 
79.62 
19.71 

(32) 
Ga/Jc I - l h g  

7.37 
87.56 

10.07 

(3) 
Ca/J-: 1-20a 

2.no 
94.52 

3 . 4 ~  

(9) 
G a / J o  1-1Sf 

5.25 
1 .31  

93.42 

(15) 
Qa/J- 1-151 

0.71 
98.81 

0.49 

(211 

6.55 
R7.87 

5,50 

Ga/Je 1-15r 

(27 )  
Ga/Je 1-16h 

9.16 
70.39 
26945 

(33) 

28.32 

Ga/Je 1-18a 
3. 14 

t R .  S4  

GagJe (4 1 1-25a Ga/J- ( 5 )  1-2% 
0.60 0. R7 

1.06 0.2R 
96.33 9 R . m  

. (10) (11) 
Ga/Jc 1-15q Ga/J? 1-15b 

2.46 1.93 
89. ne 0.73 
12.66 97.14 

(16) ( 17) 
Ca/Js 1-15m Ga/J- 1-1% 

98.82 66.61 
0. RO 30.66 

0.38 2-73 

(221 (23) 
6a/Je 1-15s Ga/Je 1-15' 

5-35 3.16 
76.99 61.33 
16.66 35.02 

(28) (29) 
Ga/Je 1-l6c ,Ga/Jc 1-16d 

3.30 4.10 
76.31 1.47 
20.39 94.35 

(39) ( 35) 
Ga/Je 1-18b Ca/Je 1-lOc 

4.01 0.69 
63.35 96-65 

32.63 52.66 

8 
UI 
c 

2.43 
86.39 

(12) 
Ga/J? 1-151 

2.41 
65.  P6 
31.73 

(18) 
Ga/J- 1-150 

2.26 
60.02 
33.72 

(20) 

90.02 

(30)  

Ga/Jz 1-1Sn 
2.34 

7.69 

ea/Je 1-16s 
0.44 
99.32 . 
0.28 

(36) 
Ga/Js 1-1Rd 

1.67 
32.07 
65. a6 

c 
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Or 

Ab 

Pigute A-11. Ternary diagram of t h e  An-Ab-Or system 
s h c o i n g  veinlet fe ldspar  and f e l d s p a r  phenocryst  
c o m p o s i t i o n s  determined by microprobe analysis. 
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e v e n  w i t h i n  t h e  i n d i v i d u a l  p h e n o c r y s t s  was extreme (see 

analyses 42-46, 47-40 i n  Table A7). 

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

sod ic  c o a ~ p o s i t i o n s ,  t h e  v a r i a t i o n  is t o o  extreme t o  p r e d i c t  

phenocryst c o m p o s i t i o n s .  No d i s t i n c t i o n  c a n  be made between 

Although t h e  m a j o r i t y  of 

feldspars of c o n t r a s t i n g  c o m p o s i t i o n  based on o p t i c a l  

p r o p e r t i e s  a l o n e ,  due t o  t h e  s t a t e  of a l t e r a t i o n  of t h e  

p h e n o c r y s t s ,  It is concluded then t h a t  t h e  composi t iona l .  

v a r i a t i o n  i s  a r e f l e c t i o n  of the a l t e r a t i o n  of the o r i g i n a l  

phenoc rys t s .  V i r t u a l l y  a l l  (12 of 15) o€ the phenocrysts 

w i t h  or  c o n t e n t  greater t h a n '  52% shov u t  % analyses of 

oxides v h k h  are deficient i n  s i l i c a  and enriched in 

aluminum, and  therefore a p p e a r  t o  be better r e p r e s e n t e d  as 

p h e n g i t i c  mica a n a l y s e s  i n s t e a d  of f e l d s p a r  a n a l y s e s .  The  

analyses of these same p h e n o c r y s t s  e x h i b i t  e n r i c h m e n t  i n  

c o o b i n e d  iron p l u s  magnesium, s u p p o r t i n g  this idea.  The 

t h r e e  analyses which d i d  not shov s i l i c a  e n r i c h m e n t  and 

aluminum deficiency (analyses,' 9, 11, '29 i n  Tablf AT) were 

i n s t e a d  enriched i n  calcium an8 t i t a n i u m  by two t o  three 

.*-,,''- t i o e s  t h e  amount contained in t h e  rest of the f e l d s p a r s  

a n a l y z e d ,  

The  f e l d s p a r  phenocrysts were p r o b a b l y  o r i g i n a l l y  

a l k a l i  feldspars of a n o r t h o c l a s e  t o  s a n i d i n e  compos i t ion .  

s u b j e c t e d  t o  p o s t - d e p o s i t i o n a l  metamorphism, t h e y  were 

a l t e r e d  p r i m a r i l y  t o  a b l i t e ,  p h e n g i t e ,  and quartz. 

.3 
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Upon microprobe a n a l y s i s ,  a q i v e n  p h e n o c r y s t .  shows a 

c o m p o s i t i o n  r e f l e c t i n g  t h e  b u l k  c o m p o s i t i o n  of t h e  f f n e -  

g r a i n e d  a l t e r a t i o n  p r o d u c t s  located u n d e r  t h e  beam. The 

three K-r ich  p h e n o c r y s t s  uhich were enr iched  i n  c a l c i u n  and  

t i t a n i u m  may r e p r e s e n t  p h e n o c r y s t s  c o n t a i n i n g  more calcite 

and r u t i l e  t h a n  t b e  other more sericite-rich phenocrysts. 

some of t h e  c h e m i c a l  compotients t a k i n g  p a r t  i n  t h e  

a l t e r a t i o n  of t h e  o r i g i n a l  p h e n o c r y s t s  may have  been  

c o n t r i b u t e d  from a l t e r a t i o n  of the s u r r o u n d i n g  grOUnd&asS. 

N o n e t h e l e s s ,  the o r i g i n a l  p h e n o c r y s t s  were p r o b a b l y  

ca E p o s i t i o n a l l  y a l k a l i  f e l d s p a r s .  

$3,&&&. S i x  m i c r o p r o b e  a n a l y s e s  of ch lo r i t e  a p p e a r  

in Table  A8. Three were a n a l y s e s  of ch lo r i t e  nacleatfon 

"eggs" ( a n a l y s e s  1°3)# o n e  was of a chlor i t ized b i o t i t e  

( a n a l y s i s  Q), and two were of groundmass ch lo r i t e  ( a n a l y s e s  

S-6) . All ch lo r i t e  a n a l y s e s  i n d i c a t e  i n t e r a e d i a t e  Pe-Hg 

va r i e t i e s ,  a n d  t h e  "eggs" are  t h e  most i r o n  r i c h .  

E f i Q  gi~g. R i c r o p r o b e  a n a l y s e s  were o b t a i n e d  fo r  s i x  

grcandmass  micas ( a n a l y s e s  1-6 i n  Table A9). In a d d i t i o n ,  

t v c  K-rich f e l d s p a r  p h e n o c r y s t  a n a l y s e s  v e r e  r e c a l c u l a t e d  t o  

fit a mica formula ( a n a l y s e s  7 - 8 ) .  A l l  ax!alyses i n d i c a t e  

micas of phenq i  t i c  c o m p o s i t i o n  with s l i g h t  aluminum 

d e f i c i e n c y  i n  t h e  o c t a h e d r a l  s i tes  c a u s e d  by e n r i c h m e n t  of 

ircn a n d  magnesium (up t o  combined Pe + Hg = 0.8-0.9 per 24 

oxygen s t r u c t u r a l  f o r m u l a ) .  As expected for  p h e n g i t i c  

micas, t h e y  a t e  a l so  e n r i c h e d  i n  s i l i c a  i n  t h e  te t rahedral  

s i tes ,  c a u s i n g  aluminum d e f i c i e n c y  in these sites. In 
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f 1) 
GA/JQ 1-22n 

50.50 
30.1R 

1.181 
2. R 2  
Om 04 
Om OS 
1.0 71 
0 .03  
7.55 
4 .56  

9e. A2 

PctrulaR hasrrl on 24 oxycrcnn 

si 1.636 
' A 1  l e  364 

sun 8.000 

A 1  
Ti 
tc 
nn 
M su 1 

CR 
NA 
K 
sun 

" .  
0 
F/ 
F/ Pn 

3, 340 
Om 279 
0.130 
0.009 
Om 135 
4.087 

0.007 
0.008 
1 e 265 
1.280 

4.000 
24eOOO 

0. 400 
O . Z R 6  

S1.89 
32.10 

' 1.53 
0.0 
0.06 
0.05 , 

1.79 
0.02 
8.14 
Y.  62 

106e20 

59. 53 
30.5 1 

2.28 
0.0 
0.09 
0.07 
2.58 
0. 03 
7. 40 
4 .73  

102.22. 

QP . 45 
10.52 
1. uo 
0.0 
0.07 
0 . 0 9 ,  
1. BR 
0.03  
7.95 
4. I5 

94. 49 

f 0723 6.Y08 6.673 
1.777 1.092 1 e 327 
n. 000 8.000 R . m o  
?.ti24 3.1163 3.625 
0.0 0.0 0.0 
0.166 0.242 0.161 
Po007 0.010 0,00r 
0 .  346 0.4R7 Om 345 
f J m  lU2 9.201 4.14n 

0.007 0.010 0.006 
a. 00s 0.007 0.0nu 
l e  34s l e  196 1.396 
1.157 1,213 1.419 

0 e 000 4.000 Urn000 
21 . on0 24.000 74 e 000 

0.199 0.516 0.491 
0.313 Om 340 0.129 
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(51 
O X 1  D E/s AN PI. Et Ga/Je 1-15a 

SI 02 
A 1  203 
PP 0 
Ti 02 
Un9 
ca 0 
w 0 
l a  20 
K 2  0 
H2 0 
su u 

47.37 
32.39 

0.64 
0.23 
0.13 . 
0.14 
1.79 
0.14 
8.67 
u.49  

99.99 

Formulas hased on 29 oryqens 

si 6.322 
A 1  1.678 
SUM R.OOO 

A 1  3.416 
TI 0.023 
Fe 0.519 
nn . o.li.15 * 
RJ 0.356 
sun 6.32fl 

Ca 
l a  
I 
sn u 

0.020 
0.016 
1.476 
1.532 

4,000 

1.496 
0.599 

' 24.000 

16-93 
12.61 
I). 90 
0.31 
0.17 
0.0 
1.67 
0.12 

10.20 
4.50 

101.45 

6.243 
1 , 757 
8. 0.00 

3 . 355 
0.031 
0.550 
0.019 
0.331 
9,286 

0.0 
0,031 
1.731 
1.762 

a.noo 
24.000 

18718 
0.632 

51.52 
35.36 
2.01 
0.0 
0.12 
0.06 
1.07 
0.59 
7.66 
4.75 

103.1U 

6.497 
1.503 
8.000 

3.751 
0.0 
0.212 
0.013 
0.201 
Y o  177 

0.009 
0.104 

. 1,232 
1,384 

9.000 
24.000 

1.11A 
0.528 

( 8 )  
Ca/J+ 1 - 2 h  

U9.9A 
35.75 

1.61 
0.0 
0.06 
0.0 
1.23 
0 .38  
8.12 
0 ,  68 

101.81 

6.395 
1.605 
R.OOO 

3.7RU 
0.0 
0.172 
0.007 
0.235 
9.198 

0.0 
0.094 
1.325 
1.419 . 

4. 000 
14.000 
0 764 
0.033 
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a d d i t i o n ,  the i n t e r l a y e r  charge (K + accessory Ha + Ca) is 

reduced t o  less t h a n  1.8 per 24 oxygen s t r u c t u r a l  f o r n u l a ,  

as compared t o  a v a l u e  of 2.0 for i d e a l  muscovi te .  

Textural and m i n e r a l o g i c a l  c o n t r a s t s  between t h e  

extreme types of rock in t h e  core-the l i g h t  gray, mass ive  

l a y e r s  and t h e  da rk ,  laainated s e c t i o n s - i m p l y  t h a t  

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

t h i s  s e q u e n c e  of v o l c a n i c l a s t i c  o a t e r g a l .  In the light gray 

U n i t s ,  t h e  poorly deve loped  t o  m a s s i v e  i n t e r n a l  bedding  and  

h i g h  p y r o c l a s t i c  p h e n o c r y s t  c o n t e n t ,  a l o n g  uikh local  s h a r d -  

like ~tructures, sapport an i n t e r p r e t a t i o n  of these units a6 

ash-fal l  c rys t a l  t u f f s .  The: c o n t r a s t i n g  dark,  vell- 

l a d n a t e d  s e c t i o n s  of t h e  core e x h i b i t  f i n e  s e d i m e n t a r y  

bedding features and a reduced p h e n o c r y s t  component,  

seeingly r e p r e s e n t i n g  reworked v o l c a n i c l a s t i c  or epiclast ic  

d e b r i s  probably d e r i v e d  fron a subae r i a l  source. The 

p s e s e r v a t i o n  of f i n e  t e x t u r a l  f e a t u r e s  s u c h  as t u f f  

l a a i n a t i o n s  and a p p a r e n t  bedd ing  l a m f n a t i o n s ,  as v e l l  as t h e  

.extremely f i n e  g r a i n  size, i m p l y  d e p o s i t . i o n  in a d e e p  b a s i n  

in w h i c h  bottom c u r r e n t s  would h a v e  been too g e n t l e  t o  have 

d i s r u p t e d  t h e  s equence .  

. 

T h i s  deep b a s i n  uas probably  located in close p r o x i m i t y  

E r u p t i v e  ' v e n t s  voa ld  haye prov ided  t o  a v o l c a n i c  p r o v i n c e ,  
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v o l c a n i c l a s t i c  material which  would have i n c l u d e d  o c c a s i o n a l  

b u r s t s  of t u f f a c e o u s  d e b r i s  carried o u t  o v e r  t h e  b a s i n  as 

a s h - c l o u d s  a n d  s u b s e q u e n t l y  d e p o s i t e d  as  ash which would 

sett le out r a p i d l y  on t h e  floor of t h e  b a s i n  as f a i r l y  p u r e  

ash u n i t s ,  p r e s e n t l y  r e p r e s e n t e d  b y  the light gray s e c t i o n s  

of t h e  core, Dur ing  p e r i o d s  of r e l a t i v e  q u i e s c e n c e ,  

r e v o r k i n g  of a p r e v i o u s l y  e x i s k i n g ,  p o s s i b l y  s u b a e r i a l  

t e r r a i n  would p r o v i d e  an i n f l u x  of f i n e  clastic d e b r i s  wh ich  

presently comprises t h e  balk of t h e  darker s e c t i o n s  of t h e  

core, The a i r i q r a l o g i c a l  a n d -  g r a i n - s i z e  s i m i l a r i t y  ' of t h e  

darker  s e c t i o n s  and  l i g h t  gray l a y e r s  of t h e  core i m p l y  

s i a i l a r i t y  of s o u r c e  material: therefore, i t  is probable  

t h a t  t h e  darker  sections vere d e r i v e d  from r ework ing  of 

p y r o c l a s t i c  debr i s .  The p r e s e n c e  of p y r o c l a s t i c  p h e n o c r y s t s  

, i n  t h e  dasker rock, a l though i n  lesser q a a n t i t y  t h a n  i n  t h e  

l i g h t  gray t u f f  u n i t s ,  implies t h a t  s e m i c o n t i n u o u s  t h o u g h  

less voluminous  or more d i s t a l  eruptions of t u f f a c e o u s  

debris occurred daring much af the per iod  of d e p o s i t i o n .  

The large p r o p o r t i o n  of opaqaes p h s e n t  i n  . t h e  d a r k ,  

l a i i n a t e d ,  reworked v o l c a n i c l a s t i c  s e c t i o n s  might 'be re lated 

t o  t h e  chemical erosion of v o l c a n i c  debr i s :  iron m i g h t  be 

t a k e n  i n t o  s o l u t i o n ,  t o  l a te r  s l o w l y  precipi ta te  o u t  as 

p y r i t e  or hydrous  oxides d u r i n g  t h e  s e d i m e n t a r y  sequence .  

A l t e r n a t i v e l y ,  t h e  high opaque c o n t e n t  may i n s t e a d  have  been 

caused by exhalations of i r o n  alocq w i t h  s u l f u r  from a 

s u b t e r r a n e a n  v e n t  (or v e n t s )  T h e  r e l a t i v e l y  slow b u i l d - u p  
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of t h e  s e d i m e n t a r y  s e q u e n c e  a s  opposed t o  t h e  rap id  

d e p o s i t i o n  of t h e  ash- fa l l  t u f f  u n i t s  v o u l d  a l l o u  more time 

for t h e  p r e c i p i t a t i o n  of pyrite a n d  hydrated o x i d e s ,  t h e r e b y  

a c c o u n t i n g  for  t h e  great difference i n  mafic c o n t e n t  of the 

dark ,  bedded mater ia l  as compared to t h e  l i g h t  gray 

t a f f a c e o u s  u n i t s .  

The f i rs t  d e f o r m a t i o n a l  e p i s o d e  t o  affect  tbe core 

s e q u e n c e  a p p a r e n t l y  was t h e  r e s u l t  of s l u m p i n g  of t h e  

material w h i l e  in a s e m i - c o n s o l i d a t e d  state. This 

d e f o r m a t i o n  may have o c c u r r e d  d a r i n g  the i n t e r v a l  of 

deposition or may h a v e  c o n t i n u e d  after t h e  end of 

d e p o s i t i o n ,  The e n v i r o n m e n t  of d e p o s i t i o n  a s  v i s u a l i z e d  in 

the a b o v e  d e s c r i p t i o n  vould  h a v e  been  c o n d u c i v e  t o  s lumping .  

The s e d i m e n t s  would have been w a t e r - s a t u r a t e d ,  and  t h e  slope 

of t h e  b a s i n  floor c o u l d  have  b e e n  q u i t e  i r r e g u l a r .  I n  a 

v o l c a n o t e c t o n i c  s e t t i n g  such  as has b e e n  p roposed  for t h e  

f o r m a t i o n  of the material in the core, c o n s i d e r a b l e  seismic 

a c t i v i t y  could be e x p e c t e d  t o  c a u s e  e a r t h q u a k e s ,  l e a d i n g  t o  

i n s t a b i l i t y  and s lumping  of the s e d i m e n t a r y  s e q u e n c e  

~du_ospf i iPg  

The  m i n e r a l  assemblages p r e s e n t  in t h e  core h a v e  re- 

e q d l i b r a t e d  a t  c o n d i t i o n s  d i f f e r e n t  from those, p r e v a i l i n g  

d a r i n g  d e p o s i t i o n .  It is not p o s s i b l e  t o  d e t e r m i n e  whether  

metamorphism vas imposed by c o n d i t i o n s  accompanying  d e e p  
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b u r i a l  o r  by t h e  existence of a h i g h  geothermal g r a d i e n t  

I related t o  a l oca l  thermal e'vent, The or iginal  d e t r i t a l  

assemblage was probably composed of clay minerals (perhaps 

a i a d  layer ' i l l i t e -aontgor i l lon i te )  , quartz, and alkali 

feldspar u i t h  accessory minerals s u c h  a s  t i t a n i t e ,  apa t i te ,  

and zircon. U i t h  oetarorphisa, t he  c u r r e n t  assemblage vas 

obtained, Clay minerals were transformed t o  p h e n g i t i c  mica 

and chlor i te ,  a portion of which is p r e s e n t  a s  neggsn 

apparently representing the i n i t i a l  stages of chlor i te  

growth, T i t a n i t 0  was a l te red  t o  rutile, calci te ,  and 

quartz, and a l k a l i  feldspar was al tered t o  a lb i te ,  phenghic 
mica, and ca l c i t e ,  Calcium released d u r i n g  t h e  a l te ra t ion  

of t i t a n i t e  and feldspar appears t o  have been scavenged t o  

' fora c a l c i t e  porphyroblaste concentrated i n  many bf the ash- 

f a l l  t u f f  u n i t s ,  whi le  a lb i t e  and quarta' were recrystall ized 

and mobilized darlfig several episodes of veinlet formation. 

' l'ray diffractograas of mica-rich material from. t h e  

"core were obtained i n  an h t t e n p t  to  determine a 

~ c r y s t a l l i a i t y  index" a s  an .  index of metamorphic conditions 

tKabler, 1968: Ueaver, 1960) Kubler's indexing method was 

not applicable In this upon a half-  

peak width of the 10 angstrom mica peak, a c r i t e r i a  

dependent' upon laboratory and appara tus  conditions. NO 

case because  it r e l i e s  

' a t t e m p t  t o  standardize such parameters vas raa'de f o r  

s t u d y .  weaver's method of c r y s t a l l i n i t y  i n d e x i n g  is t o  

i v i d e  the h e i g h t  of the 10 gstrom peak a t  10.0 a n g s t r o m  

by t h e  height of the side of t h e  peak a t  10.5 angstroms. 
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This r a t i o  from four separate diffractograms r e s u l t e d  i n  a 

v a l u e  of 2.82, midway between wearer's " i n c i p i e n t "  and 

a t i n c i p i e n t  t o  weak" aetamorphisa c a t e g o r i e s .  

LJ 

A t r a n s f o r m a t i o n  from a lnd t o  a 1tS t o  a 2H s t r u c t u r a l  

polymorph d u r i n g  t h e  s t r u c t u r a l  r e a r r a n g e m e n t  t h a t  o c c u r s  in 

changing  i l l i t e  t o  m u s c o v i t e  is well documented (Reynolds ,  

1963; Velde and Houer, 1963, Hower a n d  HOuatt ,  1966: f l a r u e l l  

a n d   over, 1967). A ratio of the i n t e n s i t i e s  of t h e  2.80  

angstrom and 2.57 angs t rom mica p e a k s  was used t o  determine 

t h e  degree of d e o e l o p a e a t  of t h e  2H polymorph (Maxwell a n d  

Hower, 1967) Accord ing  t o  guidelines set by Raxwel l  and 

Hower, the v a l u e s  of this r a t i o  from f o u r  d i f f r a c t o g r a r s  

i n d i c a t e d  t h a t  the p h e n g i t i c  micas of t h e  core were 

apfroxiaate lp  75077% c o n v e r t e d  t o  the 2H polymorph. 

T h e  c r y s t a l l i n i t y  index measurements  and polymorph 

determination, along with the 10 a n g s t r o m  basa l  reflection 

of t h e  mica, ind ica tes  t h a t  it obta ined  a m o d e r a t e  t o  h i g h  

level of t r a n s f o r m a t i o n  from i l l i t e  t o  a metamorphic mica. 

lo i n t e r l a y e r e d  a o n t a o r i l l o n i t e  is p r e s e n t  and t h e  polymorph 

t y p e  is n e a r l y  a metamorphic 2n r a t h e r  than a low-grade 

d i a g e n e t i c  1Wd polymorph. 

The mica polymorph data ,  its p h e n g i t i c  c c m p o s i t i o n ,  t h e  

presence of chlor i te  "eggs" i l a p l y i n q  f o r m a t i o n  at a n  

i n c i p i e n t  n u c l e a t i o n  s t a g e ,  t h e  a l t e r a t i o n  of a l k a l i  

f e l d s p a r  t o  a l b i t e ,  sericite, and  calcite, t h e  , p re sence  of 

a l b i t e - q u a r t z  - v e i n l e t s ,  a n d  t h e  coexistence of rutile, LJ 
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calcite, and  q u a r t z  a l l  p r o v i d e  an i n d i c a t i o n  of the facies 

c o n d i t i o n s  u n d e r  which the core was aetaaorphosed. 

C o n d i t i o n s  were l i k e l y  similar t o  those of U i n k l e r ' s  (1976) 

" v e r y  loa grade." T h i s  category corresponds to c o n d i t i o n s  

just  below or a t  t h e  lower bounaary  of t h e  g r e e n s c h i s t  

facies. 

Experimental data on t h e  s t a b i l i t y  fields of several 

r e a c t i o n s  p e r t i n e n t  t o  t h e  mineral assesmblage of core Me 

1 p r o v i d e  rough c o n s t r a i n t s  on t h e  p r e s s u r e  and t e m p e r a t u r e  

a t t a i n e d  d u r i n q  metamorphism, C o n d i t i o n s  exceeded  those 

n e c e s s a r y  for a c o n v e r s i o n  from a n a l c i m e  + q u a r t z  t o  a l b i t e  

(Liou, 1971) b a t  were b e l o u  those n e c e s s a r y  f o r  the 

formation of b i o t i t e ,  O t h e r  l i m i t i n g  r e a c t i o n s  a t e  t h e  

c c n v e r s i o n  of a l b i t e  t o  j ade i te  + q u a r t z  (Nevtoa and Pyfe, 

1936). t h e  c o n v e r s i o n  of a u s c o v i t e  + calcite + q u a r t z  t o  

a n d a l u s i t e  t K f e l d s p a r  + v a p o r  (Rewitt, 1973), and  t h e  

c o n v e r s i o n  of rutile + calcite 4 quartz to t i t a n i t e  t C O ~  

(Runt and Kerrick, 1917). 

The l o c a t i o n  i a  P-T space of t h e s e  r e a c t i o n  c u r v e s  will 

vary d e p e n d i n g  upon t h e  partial:  p r e s s u r e s  of a20 and C02 

p r e v a i l i n g  d a r i n g  metamorphism. The r e a c t i o n  t r a n s f o r m i n g  

r u t i l e . 4  calcite t quartz t o  t i t a n i t e  + C02 is par t i cu la r ly  

d e p e n d e n t  on pC02. The assemblage p r e s e n t  i n  t h e  IJe 1 core 

ind ica t e s  t h a t  b o t h  C02 and E20 were p s e s e n t  i n  unknovn b u t  

substantial amounts. In order t o  re late  the  above reactions 

t o  the mineral assseablage of the core, it uou ld  be 
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n e c e s s a r y  t o  assume a specific p a r t i a l  pressure for b o t h  A20 

a n d  C02. F i g u r e  A012 is adap ted  from Thompson and Thoapson 

(1976) and s c h e m a t i c a l l y  d e p i c t s  t h e  bounding  reactions a n d ,  

t h e  s t a b i l i t y  f i e l d  of the core assesmblaqe as suming  P t o t a l  

equa l  t o  P f l u i d  f o r  a n  i n t e r m e d i a t e  CO2-H20 f l u i d .  

Combining t h e  facies  i n t e r p r e t a t i o n  w i t h  t h e  

e x F e r i r e a t a 1  c o n s t r a i n t s ,  it r e m a i n s  d i f f i c u l t  t o  s p e c u l a t e  

on specific p r e s s u r e  and t e m p e r a t u r e  co: ‘itfons. A 

t e m p e r a t u r e  r a n g e  is perhaps  225-33ooc, and  p r e s s u r e  l i k e l y  

vas below a naximun of 2-3 kb. 

Formation of late-stage c a r b o n a t e  v e i n l e t s  o c c u r r e d  . 

a f t e r  t h e  metamorphism of t h e  core. Ricroprobe a n a l y s e s  

i n d i c a t e  t h a t  t h e  v e i n l e t s  are f i l l e d  by  c a r b o n a t e s  of b o t h  

calci t ic  a nil zoned i r o n - ~ a g n e s i u r - a a n g a n  ese-r i c h  a n k e r f t e  

‘ v a r i e t i e s ,  p r o b a b l y  r e f l e c t i v e  of m u l t i p l e  episodes of 

v e i n l e t - f i l l i n g .  

. Host of t h e  c a r b o n a t e  v e i n l e t s  p r e s e n t  in t h e  core 

c r o s s - c u t  t h e  ear l ier  a lb i te -qaar tz  v e i n l e t s ,  t hough  a atinor 

a a c u n t  of c a r b o n a t e  v e i n l e t s  Ray have been g e n e r a t e d  d u r i n g  

t h e  earlier metamorphism. Host are r e l a t e d  t o  a l a t e r ,  

perhaps separate phase of h y d r o t h e r m a l  a c t i v i t y ,  however. A 

few of t h e  coarser calcite v e i n l e t s  c o n t a i n  e o h e d r a l  q u a r t z  

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

p r o b a b l y  s u b j e c t e d  t o  minimal  and  h y d r o s t a t i c  p r e s s u r e r  

solee of these la te r ,  coarser calcite v e i n l e t s  are  localized 

alcng minor  f a u l t s ,  a p p a r e n t l y  r e p r e s e n t i n g  t h e  f i n a l  
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Te m p e, ra tu re 

Pigore A-12, Schematic  pressure-temperature diagram 
for metamorphic r e a c t i o n s  in a system similar to  t h a t  of 
basement core tJe  1. The  shaded area represents t h e  
s t a b i l i t y  f i e l d  o f  the mineral  assemblage of the corer 
Ptotal is equal to P f l u i d ,  which is assumed t o  have an 
in termei l ia te  E20-CO2 composi t ion .  Figure adapted from 
Thoacson and Thompson (1976) wfth t h e ' e x c e p t i o n  of the 
rutile + calcite t q u a r t z  -> t i t a a i t e ,  vhich is estimated 
frcm Hunt and Kerrick (1977), far an intermediate 820-C02 
f l u i d  compos i t ion .  

. .. , 
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episode of d e f o r m a t i o n  a f f e c t i n g  t h e  cote sequence :  t h u s ,  it 

p o s s i b l e  t h a t  some h y d r o t h e r m a l  a c t i v i t y  accompanied t h i s  

ep isode .  

The J e s u p ,  Georgia basement  core tJe 1 i s  located i n  a 

section of Georgia where s e v e r a l  o t h e r  wells h a v e  p e n e t r a t e d  

p r e - C r e t a c e o u s  baserrent and  have  exhumed similar taaterial. 

T h i s  material has v a r i o u s l y  been  d e s c r i b e d  as  r h y o l i t i c  

laraE a n d  p y r o c l a s t i c  rocks (Applin,  19511, r h y o l i t i c  t u f f s ,  

v o l c a n i c  a s h ,  and a l te red  g r a n i t e  ( H i l t o n  a n d  Hurst, 196S), 

and welded tuff (Ross, 1958) . Pur t .her  t o  t h e  n o r t h w e s t ,  

wells have  p e n e t r a t e d  basemen t  racks more similar t o  those 

of t h e  exposed  Piedmont  ( H i l t o n  and H u r s t ,  1965). The 

r e l a t i o n s h i p  b e t v e e n  t h e  v o l c a n i c  basement  p r o v i n c e  

reFreseated by core We 1 and t h e  P iedmont- type  basement 

rccks i s  n o t  known and  is beyond t h e  scope of t h i s  r e p o r t .  

T a y l o r ,  Zietz, a n d  D e n n i s  (1968) have  d i s c u s s e d  t h e  

East Coast m a g n e t i c  anomaly which a p p r o x i m a t e l y  p a r a l l e l s  

t h e  edge. of the c o n t i n e n t a l  s h e l f  from t h e  Canad ian  

Uaritimes s o u t h  t o  a b o u t  310N l a t i t u d e ,  where it bends 

a b t a p t l y ,  t r e n d i n g  p e r p e n d i c u l a r  t o  t h e  coast ,  and  crosses 

t h e  s h o r e l i n e  a t  Brunswick,  Georgia, a p p r o r i m a t e l y  a t  t h e  

s o u t h e r n  boundary  of the basement  v o l c a n i c  p r o v i n c e  

d i s c u s s e d  above. Sou th  of t h i s  boundary,  undef orraed lower 
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* 
diraents  h a v e  *been e n c o u n t e r e d  in 

basement  wells, a n d  a l t h o u g h  it has been p o s t u l a t e d  t h a t  

t h e s e  sediments o v e r l i e  a c o n t i n u a t i o n  of t h e  v o l c a n i c  

province t o  t h e  n o r t h  (Appl in ,  1951), the natUr€  of t h e  

contact zone between t h e  o o l c a n k s  and t h e  c l a s t i c  sediments 

i s  u n c l e a r ,  

The basement  p r o v i n c e  r e p r e s e n t e d  by core #Je 1 

t h e r e f o r e  r e p r e s e n t s  a r e g i o n  of considerable t e c t o n i c  

u n c e r t a i n t y .  The very low-grade a e t a v o l c a n i c  r o c k s  s u c h  as 

those discussed i n  t h i s  report may s i m p l y  be a s o u t h e a s t  

c o n t i n u a t i o n  along s t r i k e  of Slate  B e l t  rocks of t h e  

Piedmont v h i c h  d i p  below t h e  C o a s t a l  P l a i n  i n  central Nor th  

C a r o l i n a ,  A l t e r n a t i v e l y ,  t h e y  might be r e p r e s e n t a t i v e  of a 

separate r e g i o n  of v e r y  low metamorphic grade p te-  o r  lower 

P a l e o z o i c  v o l c a n i c  rocks which  are on lapped  t o  t h e  s o u t h  by 

lo.uer Paleozoic sediments, A t h i r d  p o s s i b i l i t y  migh t  re la te  

these v o l c a n i c  rocks t o  t h e  E a s t  Coast m a g n e t i c  anomaly, 

which  may bear some r e l a t i o n  t o  the T r i a s s i c - J u r a s s i c  

b r e a k u p  of North America and Africa, A c o n c l u s i o n  r e g a r d i n g  

the full t e c t o n i c  i m p l i c a t i o n  of t h e  southeas t  Georgia 

basement vo1card.c province is n o t  p o s s i b l e  a t  t h L s  time; 

f u r t h e r  research play s h e d  l i g h t  on t h e  s a b j e c t .  

U 
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A t  this time, research is c o n t j n u i n g  on basement  core 

t Je  1, s e v e r a l  samples of variable l i t ho log ie s  from t h e  

core have b e e n  g i v e n  t o  Dr, Dewey HcLean of VPI E SU for 

p a l y n o l o g i c a l  s t u d y ,  I n  a d d i t i o n ,  samples  have been  sen t  t o  

Dr, -John S n t t e r  of O h i o  S t a t e  U n i v e r s i t y  for +*Ar/t*Ar 

v h c l e - r o c k  a g e  d e t e r m i n a t i o n s .  Comple t ion  of research on 

core IJe 1 also awaits t h e  r e s u l t s  of whole-rock a n d  trace 

e l e m e n t  c h e m i s t r y  a n a l y s e s  being performed on s i x  

charac te r i s t ic  samples  by the USGS i n  Bes ton ,  V i r g i n i a .  The 

r e s u l t s  of these f i n a l  a n a l y s e s  v i 1 1  supp lemen t  t h e  research 

p r e s e n t l y  colnpleted and d i s c u s s e d  i n  t h i s  report, and t h e  

pa lyno logy  and  * o A r / j g A r  a n a l y s e s  may p r o v i d e  some age- 

d a t i n g  cri teria w h i c h  c o u l d  a i d  i n  a tectonic a n d  g e n e t i c  

in te rpre ta t ion  of both  the core material and  the snrroanaing 

basement  p r o v i n c e .  

I n - d e p t h  research of basement  core material such a s  

cote tJe 1 p r o v i d e s  a c o n s i d e r a b l e  amount of data u s e f u l  in 

tbe i n t e r p r e t a t i o n  of t h e  basement  geology and  t e c t o n i c s  of 

t h e  s u b - c o a s t a l  P l a i n  surface. I n f o r m a t i o n  s u c h  a s  t h a t  

c o n t a i n e d  i n  t h f s  report  will be v a l u a b l e  d u r i n g  l a te r  

p r e p a r a t i o n  of a map of this basement  s u r f a c e ,  In a d d i t i o n  
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t o  t h e  data provided s p e c i f i c a l l y  concern ing  t h e  tJe 1 

basement material; t h e  i n f  orlaation g leaned  will be 

W 

a d d i t i o n a l l y  v a l u a b l e  i n  h e l p i n g  t o  i n t e r p r e t  other basement 

d a t a  from n e a r l y  wells d i s c u s s e d  i n  the l i t e r a t u r e  or 

a v a i l a b l e  a t  the state  Geological Survey. The goal of t h e  

baseient r e s e a r c h  ongoing p r e s e n t l y  a t  VPX C SU t h e n  i s  t o  

formulate  a s  complete an understanding as p o s s i b l e  of t h e  

pre-Cretaceous  basement below t h e  Coastal P l a i n  and 

ultimately, t o  u s e  this data  i n  t h e  i n t e r p r e t a t i o n  of l i k e l y  

h e a t  sources for f u t u r e  geotheraal target areas, 
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SILOAH G R A I I T E  

B.A. 8erz 

Poukteen ( 1 4 )  s a m p l e s  from t h e  Siloam, Georgia p l u t o n  

have been ana lyzed  for major element. c h e m i s t r y .  According 

t o  t h e  petrology s e c t i o n  of report  VPIGSU -5648-1, seven ( 7 )  

of these  saaples were from t h e  p o r p h y r i t i c  phase,  four (4) 

frora the mafic, w p o s s i b l y  c o n t a m i n a t e d n ,  phase,  two (2) froa 

the red%nm g r a i n e d  phase, a n d  one (1) from the g a r n e t  

bearing phase. Hovever, two of the “ p o s s i b l y  c o n t a m i n a t e d ”  

s a m p l e s  were not c h e m i c a l l y  c o n t a m i n a t e d  and  were 

indistinguishable c h e m i c a l l y  from t h e  p o r p h y r i t i c  samples, 

In t h e  a v e r a g e  c o m p o s i t i o n s  p r e s e n t e d  in Tab le  B - 1  these two 

(2) samples are i n c l u d e d  with t h e  p o r p h y r i t i c  phase. The 

p o r p h y r i t i c  and  medium g r a i n e d  phases are very similar  i n  

c o m p o s i t i o n ,  T h i s  YSIS t o  be e x p e c t e d  since t h e y  are 

#mineralogical ly  identical” (petrology s e c t i o n  c i t e d  above). 

The s ingle  gamma-ray U a n d  Th a n a l y s i s  a v a i l a b l e  for the 

Dedina g r a i n e d  phase  is n o t  s u f f i c i e n t  e v i d e n c e  t o  S u g g e s t  a 

c o n t r a s t  i n  U c o n t e n t s  b e t w e e n  the two phases, Areal 

ches ica 1 v a r i a t i o n s ,  such  as the i n c r e a s e  i n  

K20/ #2G+Wa20+CaO) from the margin t o  t h e  core of the 

p l u t o n  AS o b s e r v e d  by Radcl i f fe  a n d  Humphrey (1971)8 v e t e  

not found i n  this s t u d y ,  b u t  we have analyzed less t h a n  ha l f  

‘as many s a m p l e s  as t h e y  d id .  



W Page 8-3 

. Xn common with t h e  P o l e s v i l l e  samples, [geochemis t ry  

section report VPIESU-5103-5) t h e  Siloarn p o r p h y r i t i c  a n d  

medium grained samples, which a l l  have >17% normative (22, 

plot  on the boundaries of t h e  syenogranite and monzograni te  

f i e l d s  of Strekeisen's (1976) Or-Ab- An normative 

c l a s s i f i c a t i o n  d iagram,  The o n e  g a r n e t  bear ing sample  p l o t s  

on the a lka l i - f e ldspa r  g r a n i t e ,  s y e n o g r a a i t e  boundary and  

this reflects t h e  more felsic nature of t h i s  phase as 

descr ibed i n  t h e  p e t r o l o g y  r epor t ,  The two mafic, p o s s i b l y  

c o n t a m i n a t e d  samples, have  <17% n o r m a t i v e  QZ and a re  defined 

as c a l c a l k a l i n e  s y e n i t e s ,  

Figure B-1 shows t h e  Slloam n o r m a t i v e  Qz-Ab-Or data  

p l o t t e d  on the vater s a t u r a t e d  phase diagram, P l o t t i n g  o n l y  

t h e  p o r p h y r i t i c  and  medium grained samples results i n  a 

field occupying the r i g h t  h a l f  of t h a t  shown. It can be 

seen that the Siloam field e x t e n d s  towards lower pressures 

t h a n  do the L i b e r t y  H i l l  or Uinnsboro f i e l d s .  The l a t t e r  

plotoas a re  b e l i e v e d  t o  have p r e s s u r e s  of emplaceeent of 4-S 

K b  (gcocbeaistry s e c t i o n  repor t  VPIESU-5103-5) The Siloam 

s a a p l e s ,  other t h a n  the two mafic and one garnet b e a r i n g  

ones, have Bb/ba ratios of 2-4. The effect of an An 

coapponent on t h e  Qz-Ab-Or 2 K b  sa tu ra t ed  system is shown in 

Figure 8-2 and it  can be seen that, for the appropr ia te  

ab/An ratios, t h e  Siloam f i e l d  l i e s  a t  pressures a l i t t l e  

h i g h e r  t h a n  2 Kb. A pressure between 2 and 4 Kb is 

suggested an8 this is i n  good agreement  v i t h  t h e  results of w 
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Whitney and Storaer (1977) uho suggest, on t h e  bas i s  of two 

(2) feldspar c o m p o s i t i o n s ,  a depth of emplacement of 7-10 
u 

kQm 
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TABLE 8-1 SOMRAROI OP EXPERffiEBTAL COIDITIORS 

CBEEICAL COHPOSXTLOIS OF SILOAII SAHPLES 

A1203 
(st, dev.) 

15.26 15.70 
(0.06) I (0 .03 )  

15.41 15.35 
(0.19) 

CaO. 1.88 1.63 1085 
(st. de?.) (0.4) (0.01) ( o m  24) 

0 Q+ 96 0.82 O e 8 8  
(st. dev.) (Q.9t (0.12) 

A 2 0  
(st. der.) 

PeO 
(st. de?,) 

ua20 
(st. dev.) 

Mn 0 
(Stm de?,) 

50 17 5.72 5.29 

3.35 3 r  19 3.24 
(0.2) ( 0 ,  11) 

( O O O l j  , (0000)  ' 

Q. 05 0.04 be04 

30 18 

2.58 
( 0 .  27) 

4.67 
( 0 . 3 5 )  

4e62 
(0.21) 

39 14 
(0. 0 1) 

0. 08 
(0.0 1) 

Ti02 0.Ql I 0.40 0.39 1.08 
(et. der,) (0 .09 )  (00 03) ( 0 .  11) 

(st. de?.) (0. 05) (0.01) (0. 12) 
P2QS 0.19 g o  16 I 0020 0056 

7.0 
(2.8) 

606 
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LEACHING EXPERIHEUTS 
Y .  

B.&. Her2 
I f 

m!iract 
The results of early radioelement l e a c h i n g  experiments  

in vbich c rushed  rock samples were leached w i t h  strong 

mineral acids a re  d i f f i c u l t  t o  interpret  fo r  two reasons. 

F i r s t l y ,  the locations v i t h i n  t h e  rock ,from uhich the  

radioelements were l e a c h e d  a re  not well known ani,  secondly, 

since the action of a strong acid over a shor t  period 

, 

I 
4 

1 -  

pzobabig is not equivalent to to t h e  action, of  groondvater * 

during ueathering, the results cannot be related t o  

processes occurring i n  nature. 
$ 1  f I  

I n  this series of experiaeats, portions of a sample 
L 

from the.Rion, South Carolina, p l u t o n  vere leaches Y 

d i l u t e  acia  and a l k a l i  solutions as well as  w i t h  natural  

groundwater. Po appreciable l o s s  of e i t h e r  U or Th vas 

observed and t h i s  is  believed t o  h e  due t o  pr ior  loss of the  

readily removable radioelement fraction. 

1 

i 

qhe hypothesis t ha t  t h e  most e a s i l y  removed f ract ion of 
r 

the radioelement content i s  t h a t  h e l d  on grain boun8t 
being t e s t e d .  
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X- EU2!dS!lEYeEk 
I 

During t h e  19SOqs and e a r l y  1960as there was 

c o n s i d e r a b l e  in te res t  in the use of l e a c h i n g  e x p e r i m e n t s  as 

a way of d e t e r m i n i n g  t h e  location of U and 

a f e u  e x a m p l e s  of such exper i  n t s  are p r e s  

methods used v a r i e d  v i d e i y  as  

.. ' . +  ' $ , I  " 

* A  . : 
d t h e  r e s u l t s .  

. * I ) .  * 

Tiltoh et a l .  * (1955) leached a P recambr ian  g r a n i t e ,  

o i t h  2.7 ppm io and  41.9 ppm Th, for f i v e  m i n u t e s  in cold, 6N 

aci am8 found t ha t  34% of t h e  u a n i  4 2 %  of the Th were lost .  

A series df samples ,  r a n g i n g  in c o m p o s i t i o n  from t o n a l i t e  t o  

granite, were leachea by Brown and Silver (19 110 Hao(3) 

'was oseii" to l e a c h  t h e  samples for  f i f t y  minutes a t  room 

temperature, Up to 40% of both t h e  U a n d  Th were removed. 

Larsen and G o t t f i i e d  (1961) leached q u a r t z  monzonites and a 

1' I 

1 ' *  i i i *  

. .  

A 1 .  I '  
) 0  . .  I *  

f 

'* . I  

i 
granodiorite from t h e  'Southern 'California b a t h o l i t h  for 

1 .  

'twenty-four hours i n  approximately 2,513 H C l  on a stearn ba th  

and found that  72% to 83% of the U fr the quartz monzonite 
vas lost while  the 8t 52%. Th was not 

determined i n  t he i r  

, . I  

1 ' 1  

4 

, i  

p l e  'of grana U l k  Creek, 

their s tady  of a weathering p r o f i l e  on tha t  body. 

found t h a t  67% of t h e  0 and 90% of the Th were removed by 

leaching f o r  t w e n t y  hours a t  80-10 in 2N H C L  

French geoloqlsts routinely report U contents in the 

form cf "1J totaln and " 0  f i x e "  where t h e  fixed U is t h e  
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content a f t e r  l e a c h i n g  a sample twice u i t h  1 N  HC1 on spec ia l  

f i l t e r  paper. Por example, Barbier and  Ranchin  (1969) found  

t h a t  6SX of the  U content of a weathered saap le  and zero t o  

a b o u t  50% of t h e  U from fresh samples of the St.  S y v e s t r e  

g ran i te  (F rance )  c o u l d  be leached in t h i s  way. I n  a more 

recent experiment, Harshlaan (1972) used a s o l u t i o n ,  made up 

t o  resemble groundwate r ,  t o  l each  c r u s h e d  g r a n i t i c  saeples 

from t h e  moun ta ins  a d j a c e n t  t o  t h e  S h i r l e y  B a s i n ,  Wyoming. 

F i f t y  uiillilitres of the s o l u t i o n  v e r e  dr ipped t h r o u g h  each 

Sg saople i n  a 10-hour period. It appears t h a t  the s o l u t i o n  

i t se l f  was a n a l y z e d ,  a f t e r  use a s  t h e  l e a c h i n g  a g e n t ,  t o  

d e t e r m i n e  t h e  q u a n t i t y  of U leached, . b u t  t h e  laethod used is 

not spcif ied.  Losses of 0.2 t o  0.9% of t h e  original U 

c o n t e n t s ,  wh ich  v e r e  1 t o  7 ppm, are  reported b u t  w i t h  t h e  U 

c o n c e n t r a t i o n s  in t h e  s o l u t i o n  b e i n g  e x t r e m e l y  low, 

e x p e r i m e n t a l  error, which is not d i s c u s s e d ,  could be 

consi dera ble 

Problems arise vhen t h e  i n t e r p r e t a t i o n  of s u c h  data i s  

attempted. The material uhich has been  leached could be 

either i n t e r g r a n u l a r ,  L e .  g r a i n  boundary  material, acid 
s o l u b l e  mineral grains such as a l l a n i t e  or a p a t i t e  o r  

m i n e r a l  grains vhose  solubility has been i n c r e a s e d  by 

a e t a a i c t i z a t i o n ,  Btovn and S i l v e r  (1955) used a l p h a  track 

s t u d i e s  as a n  a i d  i n  t h e  i n t e r p r e t a t i o n  of the i r  leaching  

s t u d y  and  conc luded  t h a t  most of the r a d i o a c t i v e  elemnt 

content was t o  be found i n  a c c e s s o r y  n i n e n l s  w i t h  'less t h a n  
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10% t o  r a r e l y  more than 25% being located on g r a i n  

b o u n d a r i e s ,  On t h e  o t h e r  hand, T i l t o n  et a l .  (1955) ci ted 

a u t o r a d i o g r a p h i c  e v i d e n c e  t h a t  showed t h a t  a la rge  f r a c t i o n  

of the radioactive e l e m e n t  c o n t e n t  vas t o  be found i n  

@mineral i n t e r s t i c e s  and i n t r a c r y s t a l l i n e  fractures" and 

used t h i s  t o  c o n c l u d e  t h a t  t h e  leached U and Th came from 

sach locations. 

W 

Another problem in t h e  i n t e r p r e t a t i o n  of l e a c h i n g  data 

is in r e l a t i n g  t h e  e r e r i m e n t a l  results t o  processes which 

might  be e x p e c t e d  t o  o c c u r  in n a t u r e .  The concept of t o t a l  

and fixed 0 a s  used by French  g e o l o g i s t s  carries w i t h  i t  t h e  

l r p l i c a t i o a  t h a t  "non-fixed@@ U can easi ly  be leached from a 

rock i n  n a t u r e ,  However, i f  0 and Th b e h a v i o r  under near 

surface w e a t h e r i n g  c o n d i t i o n s  is t o  be i n v e s t i g a t e d ,  t h e  

results of t h e  l e a c h i n g  e x p e r i m e n t s  d e s c r i b e d  above might  

not have direct a p p l i c a t i o n s ,  el i ler  and ~dasls, i n  t h e i r  

study of the Boulder  creek g r a n o d i o r i t e ,  found a d r o p  of 25% 

in Th and 60% in U going from f r e s h  granodiorite t o  t h a t  

u h i c h  ha8 undergone  the first s t ages  of weathering, A t  no 

p o i n t  l a  t h e  e n t i r e  w e a t h e r i n g  p r o f i l e  wa6 t h e  Th c o n t e n t  

less t h a n  65% o f  t h e  o r i g i n a l  and,  in fac t ,  t h e  uppermost ,  

most veatbered rock material  had c o n c e n t r a t e d  0 and r e l a t i v e  

t o  t h e  fresh material. I n  con t r a s t ,  l e a c h i n g ,  a s  d e s c r i b e d  

.above, removed aore o f  t h e  Th (90% of t h e  t o t a l )  t h a n  of t h e  

ft (67%). The a u t h o r s  p o i n t  out  t h a t  the b e h a v i o r  of U was 

e s s e n t i a l l y  the 6 a n e  under  weatherinq and  l a b o r a t o r y  
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l e a c h i n g  c o n d i t i o n s  w h i l e  t h a t  of Th was v e r y  d i f f e ren t .  

Many a u t h o r s  (e.g, Adams et a l . ,  1959, U b i t f i e l d  e t  a L 8  

19S9) have s t a t e d  t h a t  U is more s o l u b l e  t h a n  Th s i n c e  U i s  

r e a d i l y ’ o x i d i z e d  from U*+ t o  us+, which  is commonly f o u n d  as 

the s c l u b i e  U022+ ion, Th has no h e x a v a l e n t  s ta te .  In t h e  

l e h c h i n q  e x p e r i m e n t s  d e s c r i b e d  above,  the p r o p o r t i o n  of t h e  

Th c o n t e n t  removed vas e q u a l  t o  or greater t h a n  t h a t  of 11. 

T h i s  shows c l e a r l y  t h e  c o n t r a s t  t h a t  might e x i s t  betveen  t h e  

effects of l a b o r a t o r y  leaching e x p e r i m e n t s  and  those 

o c c u r r i n g  i n  n a t u r e .  

A series of l e a c h i n g  e x p e r i m e n t s  was under t aken  w i t h  

two aims2 f i r s t l y ,  t o  i n v e s t i g a t e  t h e  b e h a v i o r  o€ U and Th 

unde r  c o n d i t i o n s  mote c l o s e l y  r e s e m b l i n g  w e a t h e r i n g  

conditions t b a  n d i d  earlier leachinq  e x p e r i m e n t s  and 

secondly t o  provide data which, in c o n n e c t i o n  v i t h  f i s s i o n  

t t a c k ”  and other i n v e s t i g a t i o n s ,  c o u l d  h e l p  determine t h e  

d i s t r i b u t i o n  of U and Th v i t h i n  a rock. 

I n  most l e a c h i n g  e x p e r i m e n t s ,  strong m i n e r a l  acids a re  

use4  a s  the l e a c h i n g  agents, Such acids ,  even i n  

c o n c e n t r a t i o n s  as lor as lN ,  have  pH values less t h a n  1. 

G t o u n d u a t e r  commonly has  a p~ in t h e  range 5 t o  e8  u h e r e  t h e  

g r o u n d u a t e r  f o u n d  i n  g r a n i t i c  areas has a slightly acid pH 
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and that  i n  more mafic t e r r a i n s  a s l i g h t l y  a lka l ine ,pH (Le 

Grand, 1958). 0 y rare except n s  s u c k  as h o t  s p r i n g s  .have 

pH values  s i g n i f i c a n t l y  o u t s i d e  this range. Leaching f o r  

s h o r t  pe r iods  with strong acids might not be equivalent  in 

effect t o  the leaching a c t i o n  of. groppilvater over a long 

or t h i s  reason i t  was decided to perform a series 

of e x p e r i i e a t s  using r e l a t ive ly :  d i l u t e  mineral ac id  and  

a l k a l i  so lu t ions  a6 well as n a t u r a l  groundwater, a s  the 

Leaching agents. 

S W U  QSnUh&Ler! 
The sample used ua6 a medium grained g r a n i t e  from the 

quarry i n  the main Rion p a r t  of the Uinnsboro-Rion complex 

(see map Figure  A-5, Progress rt VPICSU-5103-2). The  

quarry loca t ion  was preferred be e of the ease w i t h  which 

a large, fresh sample could be obtaineg and becauss, a t  the 

time, samples from he a rea ,  had amongst .the highest  
n t  conentrations detera inea ,  A sample, i n  ope 

piece, weighing about ' 2 6  K9 toge ther  with more than 20 

litres of groundwater from a nea rbynue l l ,  were co l l ec t ed  b y  

I ' t  

& >  

. I  1 

S,H, Becker, 

T h e ,  Rioa pluton has  been d e s c r i b e d  * ( s e e +  petroloqy 

secticn, Progress - I  Report VPICSU-5103-2) as a med,ium, grained 

b i o t i t e  zograaite, TWO QOdeS, fro@ salnpIe6 :S6-10 and 

S 6 4 3  from the Pion quarryr vert? publ i6hed -in th'e above 

e: S 6 - I O  quar t z  23.2%, plagioclase 28,p%, R- 
' 8  
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fe ldspar  46A8 others 1.9R0 S6-13 q u a r t z  28.93, plagioclase 

29.4%# R-fe ldspar  39:%, others 2.7%. Secondary  chlor i te ,  

w h i t e  mica a n d  ep idote  were p r e s e n t  a n d  t h e  accessory 

miaerals vete opaques8  z i r c o n  and  a p a t i t e  w i t h  a l l a n i t e  

being found in S6-10. The l e a c h i n g  sample is b e l i e v e d  t o  be 

similar to these samples. 

Hmwa ESE&anre 
A handspecimen of a b o u t  1 Kg was r e t a i n e d  and a l l  t h e  

other material was c r u s h e d  u s i n g  a jaw c r u s h e r  a n d  

ro l le ra i l l  a n t i 1  a sand0 w i t h  g r a i n s  r a n g i n g  from fine d u s t  

u p  to S na i n  diameter, was obtained.  It was not crushed 

farther in order t o  a v o i d  the powder ing  up  of t h e  m a j o r i t y  

of m i n e r a l  g r a i n s .  The sample was t h e n  d i v i d e d  i n t o  31  

p o r t i c n s  of 700 9 each0 numbered ?I1 t o  X31. 

T h r e e  d i f f e r e n t  l e a c h i n g  solations were used. The  

g roundwate r  collected wi th  the sample was found t o  have a pS 

of 60 t h i s  s l i g h t  a c i d i t y  a g r e e i n g  w i t h  t h e  f i n d i n g s  of Le 

Grande (1958) c o n c e r n i n g  t h e  pH of g r o a n d v a t a r  i n  acid rock 

t e r r a i n s .  A O. lN s o l u t i o n  of h y d r o c h l o r i c  acid was maae up  

from a n a l y t i c a l  grade ?IC1 and d e i o n i s e d  water and t h i s  h a d - a  

pA of 1.2. A O.la sodium hydrox ide  s o l u t i o n  prepared fron 

a n a l y t i c a l  grade B a O R  pel le t s  and deiocized water had a pH 

of 12.8. T h e o r e t i c a l l y  0.1N HCl s h o u l d  be p€i 1.07 and 0.1W 

NaOR pH 13.07 (Gordon and Ford, 1972) . 
Samples were leached by mixing t h e  700 g sample v i t b  

700 in1 of t h e  l e a c h i n g  s o l u t i o n  and a l l o w i n g  t h e  rirtate 'to 
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s t a n d  for  t h e  specified time, The  s o l u t i o n  was t h e n  

f i l t e r ed  off a n d  t h e  sample was r i n s e d  twice w i t h  d e i o n i z e d  

orate-r which v a s  alsd. f i l tered off ,  The sample was d r i e d  

unde r  heat lamps. In t h e  cases ,where  l e a c h i n g  took place a t  

temperatures a b o v e  room t e m p e r a t u r e ,  the beaker c o n t a i n i n g  

sample and s o l u t i o n ,  cove red  by a watchglass, vas h e a t e d  i n  

a v a t e r b a t h ,  Table 8-1 g ives  a summary of t h e  c o n d i t i o n s  

u n d e r  which l e a c h i n g  took p l a c e ,  

&&& 

Prior t o  l e a c h i n g ,  each 700 g saraple  was a n a l y z e d  for  U 

ani3 Tb by gamma-ray s p e c t r o m e t r y ,  The t w e l v e  leached and  

one.anleached sample, which a p p e a r  in Table B - 1 ,  a l l  had 

gamma-ray U values in t h e  r a n g e  7.3 t o  7.8 ppm and Th 29.3 

t o  31.'2 ppn. The r e p r o d o c i b i l i t y  of t h e  data was good, 

U&0.2 ppn a n d  T b k l  ppa s u g g e s t i n g  t h a t  t h e  s t a r t i n g  material 

for t h e  d i f f e r e n t  leaching e x p e r i m e n t s  vas homogeneous, 

i 

It was d e c i d e d  not t o  u s e  t h e  gamma-ray method t o  

a n a l y z e  for U a n d  Th af ter  l e a c & i n g  b e c a u s e  i t  was s u s p e c t e d  

t h a t  d i s e q u i l i b r i u m  b e t v e e n  radon, v h o s e  de 

measured gamma-rays, and t h e  parent U a n d  Th would lead  t o  

erroneous r e s u l t s ,  The d r i e d  sa lnp le s  uere, therefore, coned 

and q u a r t e r e d  down t o  a b o u t  100 9, which was powdered in a 

t u n g s t e n  carbide sha t te rbor ,  The fine powder was f u r t h e r  

coned a n d  q u a r t e r e d  t o  10 g. T h e e  small  s a m p l e s  were t h e n  

analyzed by t h e  d e l a y e d  n e u t r o n  a c t i v a t i o n  method by HOT, 

H i l l a t d ,  Jr. a t  the U.S. Geological Survey  i n  Denver. The 

\ 
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TABLE 8.1. ' SUUHARY OF EXPERIHEITAL COHDITIOIS. 

PI1 1 0.1# BaOH 1 hr room 

E16 Groundwater 1 hr 60OC 

u20  O o 1 N  HC1 1 hr 6 OQC 

824 -.1U N a O H  48  hr rooa 

1 2 s  0.1N NaOE 1 h r  60*C 

7.23 

8.16 

6.32 

6.85 

6.92 

35.5 

35.3 

35.4 

34.4 

3 4 . 5  

. ;.. 
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results are g i v e n  i n  Table B-1, It can he  seen that,  in 

comparison w i t h  the data  from t b e  ualeached sample, none of 

t h e  l eached  samples shou any appreciable  loss of either u or 

Th, The s c a t t e r  i n  t h e  d a t a  and t h e  fact t h a t  many of t h e  

leaches samples have h igher  U and Th v a l u e s  than t h e  

anleached one, are probably due largely to s p l i t t i n g  error. 

In s p l i t t i n g  the sample from 700 g t o  10 g it is  l i k e l y  t h a t  

s l i g h t l y  non-representat ive  s a m p l e  was cbta ined ,  

UsS!Esber! 
There are  s e v e r a l  p o s s i b l e  reasons  why U and Th uere  

pot  l eached  i n  t h i s  experiment.  F i r s t l y ,  l e a c h i n g  with 

d i l u t e  solutions s irpl lp  d i d  not remove t h e  U and Th whatever 

its location, A l t e r n a t i v e l g ,  t h e  U and  Th i n  t h i s  

particular s a m p l e  could be i n  stable l o c a t i o n s ,  This would 

be t h e  case i f  t h e  readily remove6 tl and Th had already been 

lost by interaction with  groundwater daring weathering, 

There is some eriaence to suggest t h a t  the second 

explanation i s  true. Lead isotopic investigations show 

t i i s e q u i l i b r i u m  b e t w e e n  r a d i o g e n i c  Pb isotopes and t h e i t  

parent 0 and Th, vhen an age for t h e  granite (300 n.y.) is 

assumed (see report  by Siaha and Herr), Purther experiments  

should be carried out on a sample which s h o w s  equi l ibr ium 

between Pb and parent  U and Th. 

It is possible t h a t  t h e  most read i ly  leached p a s t  of 

t h e  radioe lement  content of a sample is that part  h e l d  on 

grain boundaries, Current ly  we are us inq  the  fission track 
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method to test t h e  h y p o t h e s i s  t h e  s a m p l e s  d i sp lay ing  

d i s e q u i l i b r i u m  U, Th, Pb isotopes have lost grain boundary 

r a d i o e l e m e n t s  vhereas s a m p l e s  in e q u i l i b r i u m  h a r e  

a p p r e c i a b l e  grain boundary 0 and The Leachinq experiments 

w i l l  be u s e d  to  provide a d d i t i o n a l  ev idence ,  
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U 0-Th-Qb D I S E Q U I L f B R I U t l  STUDIES 

A s K O  Sinha a n d  B O A .  Herz 

Eecen t  investigations in t h e  G r a n i t e  n o u n t a i n s  of 

Uyoraing have documented the l a b i l e  n a t u r e  of uranium in 

surface v e a t b e r i n g  regimes ( S t u c k l e s  ana ~komo, im). The 
importance of s u c h  l o s s / g a i n  of uranium cannot be 

u n d e r e s t i m a t e d  b e c a u s e  e x t e n s i v e  loss 40 s i q n i f i c a n t  d e p t h s  

may have a direct b e a r i n g  on t h e '  ReaSUr@d values of heat 

production, Therefore, e v a l u a t i o n  of the m o b i l i t y  of 

UraniUR/thOriUi i n  dri l l  cores is n e c e s s a r y  i n  u n d e r s t a n d i n g  

the magni tude  of loss of uranium as corre la ted  with d e p t h ,  

I n  t h i s  section we p r e s e n t  p r e l i m i n a r y  data on some 

selected samples from three p l u t o n s  ( L i b e r t y  Hill-core, 

winnsboro  s u r f a c e  a n d  core a n 8  R o l e s v i l l e - s u r f a c e )  The U 

and Tb c o n c e n t r a t i o n s  were d e t e r m i n e d  by gamma ray  

s p e c t r o m e t r y ,  v h l l e  lead c o n c e n t r a t i o n s  v e r e  deterlalaed by 

gama-zay f l u o r e s c e n c e ,  Therefore, the a n a l y t i c a l  

u n c e r t a i n t y  i s  rather large (approx. 10%) and  we a r e  

c u r r e n t l y  in t h e  process of d e t e r m i n i n g  t h e  c o n c e n t r a t i o n s  

by i s o t o p e  d i l a t i o n  using t h e  33 cm r a d i u s  nass  

spec t go ne t e  r . 
Figure 8- 1 shows g r a p h i c a l l y  t h e  p l o t  of U*38/Pb2o* 

vermis PbOQS/PbP*@ and Thtat/Pbeo4 versus Pb2*a/Fbeo*, The 

in tezFre ta t fon  of the d iag ram is similar 40  t h a t  used f o r  

R b S r  isochron d iag rams ,  a l t h o u g h  i n i t i a l  ratios i n  U-Th-Pb 
bd 
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232 204 Th /Pb 

U23e I P b  204 
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s y s t e m a t i c s  cannot be uniquely d e t e r m i n e d  because  of 

v a r i a t i o n s  in mode16 as  related t o  e v o l u t i o n  of common l ead  
b.l 

( S i a h a  a n d  T i l t o n ,  1973; S t a c e y  a n d  Rraraers, 1975). 

O s o a l l y ,  the lead i s o t o p i c  c o m p o s i t i o n  of po tas s ium 

f e l d q a r s  gives a close a p p r o x i m a t i o n  of t h e  common lead 

ratio6 d u r i n g  aagaa f o r m a t i o n  because the U23e/Pboo* and  

Thza*#Pbto*- r a t io s  a re  i n v a r i a b l y  less than 0.1. 

As shovn in Figure B-1, the U-Pb isochrons can b e  

integrated both as open a n d  closed s y s t e m s  for the Kershaw 

* d r i l l  core data,  The choice is based on whether one uses 

t h e  measured lead i so top ic  c o m p o s i t i o n  of t h e  po ta s s ium 

feldspar from the rock, o r  t h e  t h e o r e t i c a l  value of common 

lead (300 may. old)  frola S t a c e y  and  Kramer (1975). Because  

tbe Uinasboro data  vould not fit t h e  S t a c e p  and Kralaer r a t i o  

and t b e  isochron i n d i c a t e s  a n  age of n e a r l y  208 m.y., we 

prefer t o  i n t e r p e t  the Kershaw core data  s i m i l a r l y .  It 

means t h a t  b o t h  p l u t o n s  suffered r e d i s t r i b u t i o n  of uranium 

n e a r l y  220 mopa ago and have acted as a closed sys t em since 

that time. The Kershaw core from 72' i n d i c a t e s  uranium 

e n r l c b a e n t  and is probably r e l a t ed  t o  r e p r e c i p i t a t i o n  i n  the . 

s a m p l e  'by .  ground uaters. The two s u r f a c e  s a m p l e s  from t h e  

Ulnnstoto pluton shov s i g n i f i c a n t  loss of uranium a t  r e c e n t  

t iaes ,  suggesting t h a t  even n o n - l a b i l e  uranium c a n  be  lost 

by sotface u e a t h e r i n g .  

In the Th-Ph isochron diagram, the approx ima te  

colinearity of the  data s u g g e s t s  t h a t  Th has acted as a 
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closed sys tem sin'ce the crys ta l l iza t ion  of the iagma0 This 

observation is in agreement wi th  t h a t  of stuckless and #Lono 

(1978). In an ear l ier  report ( ~ ~ 1 8 s U - S l 0 3 - 3 )  ue had 

mentioned possible loss of thorium; we 'believe tha t  t h e  l e a d  

concentrations' as  determined t h e n  were in error. As such, 
I . '  

consideration of the closed system 

respect t o  uranium is  j u s t i f i e d .  

behavior of thorium with 
, .  

< .  
A point of i n t e re s t  t o  note is t h a t  the apparent 

isochrons of 220 n o y o  fo r  t h e  IJ-Pb systems suggest no 

s igni f icant  loss since t h e  disturbance i n  the Trafssic. Ue 

interpret this t o  mean t h a t  these two plutons were exposed  

t o  meteoric waters t o  f a c i l i t a t e  remoral of uranium at  that  

time and a s  a l l  the l ab i l e  uranium was removed, subsequent 

groand water interact ion has had no observed effects. This 

timing of uranium los s  can be correlated w i t h  the uraaiU8 

deposits in t h e  Tr iass ic  basins of New Jersey and perhaps in 

others. R i t h  additional h l q h  precision data, it is 

conceivable t h a t  we can demonstrate for individual plutons 

the timing of uraaian lo s s  and develop ti p r e d i c t i v e  

capabili ty of where i t  might be concentrated along t h e  

eastern U.S. Additionally, t h e  kind of data presented here 

w i l l  permit a much bet ter  correlation of tho distri .bution of 

aranion a s  determined by f i ss ion  track mapping, Le. i f  ' t he  

l a b i l e  uranium (presumably from g r a i n  boundaries) vas lost  

daring t h e  Triassic, then there should be no primary uranior 

l e f t  along grain boundaries. 
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THE GRANITIC ROCKS OF THE MARYLAND PIEDRONT 

John €4, Sans 

Lr 

IaQBES&dP1!  

During t h e  c o n t r a c t  period from J a n u a r y  1, 1978 t o  

tlarch 31, 19788 t h e  geochemistry sec t ion  i n i t i a t e d  its 

comprehens ive  study of t h e  g r a n i t i c  rocks of t h e  Uaty land  

Piedmont,  The purpose of t h e  s t u d y  is t o  d e t e r m i n e  t h e  

chemical and isotopic  parameters which characterize a 

uranium-r ich  g r a n i t e ,  A t  p r e s e n t  it is thouqht t h a t  uran ium 

s h o u l d  be c o n c e n t r a t e d  in the most h i q h l g  d i f f e r e n t i a t e d ,  

unmetamorphosed g r a n i t i c  bodies, B e n e  we have  begun the 

s t u d y  with those g r a n i t e s  w h i c h  appear l e a s t  deformed or 

meta ~ C I  ~ h o s e d ,  

The Geologic Hap of Uaryland (Cleaves and others, 1968) 

shows nine rock units under  the " G r a n i t i c  Series" a s  

f o a u l a t e d  by ~opson (1964).  TWO of the u n i t s  located in 

Barford County hare no formal uame. In any case, t h e y  are  

s t r o n g l y - f o l i a t e d ,  metamorphosed units a n d  w i l l  not be 

c o n s i d e t e d  f u r t h e r  i n  t h e  p r e s e n t  report. O n  t h e  map, s e v e n  

of t h e  u n i t s  are i d e n t i f i e d  by t h e  following nares: 

woods tock Quartz ~onzonite ,  Guilfora Quartz tionzonite, 

E l l h o t  t c i t y  ~ r a n o d i o r i t e ,  Norbeck Q u a r t z  Diorite, Port 

Deposit Gneiss, Kens ing ton  Q u a r t z  Diorite, and Gunpowder 

Granite. Three of the u n i t s ,  namely Norbeck ,  Port-Deposit, 

a n d  Kensington a re  s t r o n g l y - f o l i a t e d ,  s y n m e t a a o r p h i c  bodies, L, 
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They have not been examined in t h e  i n i t i a l  phase of t h e  

s t u d y ,  The  remaining four named u n i t s  ate: ~oodstock, 

Gailford, Ellicott C i t y ,  aob Gunpouder. These four are t h e  

best candidates for the i n i t i a l  phase of the s t u d y  because 

t h e y  are weakly f o l i a t e d ,  postmetaaorphfc granitic u n i t s ,  

Figure 8-1 is a s k e t c h  map of Baltimore county, Baryland,  

and vicinity. This Rap shows the location and approximate 

areal extent of the four g r a n i t i c  bodies considered i n  t h i s  

report. 

Petrology has long been burdened with confusing and 

c o n t r a d i c t o r y  rock nanes. C o n s e q u e n t l y ,  ue feel t h a t  t h e  

c l a s s i f i c a t i o n  and nomenclature recommended by t h e  

Subcommission on the Systemtics of Igneous Rocks of the 

International Union of Geological S c i e n c e s  (TUGS) s h o u l d  b e  

supported with vigor. Streckeisen (1973) summarized t h e  

IOGS reaoamendations, According to  t h a t  system of 

noaeaclatore, the four granitic' bodies under cons iderat idn  

would be renamed: floodstock G r a n i t e ,  G a i l f o t d  Granite, 

Ellicott city ~ranodiorite ,  and Gunpowder G r a n i t e ,  

The Uoodstock Granite is a s m a l l  oval -shaped p l u t o n  

Located i n  westernmost Baltimore County, klaryland. See 

Figure B o 1  fop t h e  exact location, The pluton  i s  a b o u t  2.6 

kilometers long and 1.9 kiloreters wide. Pigure B-2 is a 
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Figure B - 1 .  S k e t c h  map of Baltimore and v i c i n i t y  
showing t h e  locations of t h e  w e a k l y - f o l i a t e d  granitic 
pluto  AS. Li 
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g e o l o g i c a l  s k e t c h  map of the aoodstock Granite showing the 

a c t u a l  shape of . t h e  p lu ton .  As f a r  as can be de te smined  

f roa  surface e r p o s u t e s ,  a l l  of t h e  area e n c l o s e d  by the 

heavy l h e  is Uaodstock Granite and a l l  of t h e  area outside 

t h e  line c o n s i s t s  of the p a r t  of t h e  Baltimore G n e i s s  known 

a6 t h e  Woodstock Dome. The nulabered d o t s  on the sketch map 

i n d i c a t e  t h e  locat ion of s a m p l e s  for  c h e n i c a l ,  p e t r o l o g i c  

and r a d i o e l e m e n t  a n a l y s e s .  The l o c a t i o n  of the c o n t a c t  

between granite and gneiss c a n  be es tab l i shed  f a i r l y  well on 

t h e  b a s i s  of sap ro l i t e  a n d  f l oa t ,  b u t  t h e  actual n a t u r e  of 

the c o n t a c t  is obscure, b e c a n s e  it is not exposed anyvhere .  

S i n c e  it cannot be directly demonstrated t h a t  t h e  

Woodstock Granite i n t r u d e s  the Woodstock G n e i s s  Dome, one 

must r e l y  on s e v e r a l  i n d i r e c t  l i n e s  of e v i a e n c e .  Keyes 

(1895) reported x e n o l i t h s  of g n e i s s  within t h e  Woodstock 

G r a n i t e .  tie o n l y  d e v o t e d  a few l i n e s  t o  t h e  subject: WThey 

(the x e n o l i t h s )  are c h i e f l y  of gneiss,  and occur in huge  

irregular blocks 6 t o  8 or even 10 feet (1.8 t o  2,O or  even  

3,O meters) f a  size. Sore of t h e  i n c l u d e d  masses are 

b e a u t i f u l l y  puckered a n d  wrfnkled, Being much richer in 

ferromagnesian silicates t h a n  t h e  g r a n i t e  itself, the i r  

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

background. These i n c l u s i o n s  f u r n i s h  f u r t h e r  evidence of 

t h e  e r u p t i v e  n a t u r e  of t h e  granite, The contact  phenomena 

are e s s e n t i a l l y  the same as in the S y k e s v i l l e  examples  of 

g n e i s s i c  inclusions, desc r ibed  f u l l y  f u r t h e r  on: and the 

metaacrphosed zone is, as i n  t h o s e  cases, q u i t e  narrow." 

i 
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Keyes (1895) a l s o  p r o v i d e s  two i l l u s t r a i o r i s  of t h e  

xenoliths, One is a line drawing of a x e n o l i t h  with no 

l oca l i t y  g iven ,  The second i l l u s t r a t i o n  is a photograph of 

a renolith r e p o r t e d l y  from t h e  Ualtersrille q u a r r y .  The 

q u a r r y  was v i s i t e d  but no x e n o l i t h s  c o u l d  be found. The 

q u a r r y  has b e e n  abandoned for many years, hence, it is 

flooded an8 overg rown  by v e g e t a t i o n .  The x e n o l i t h s  must  bs 

o b s c u r e d ,  Even though  e i g h t  aan-days  were devoted t o  

intensive e x a m i n a t i o n  of t h e  e n t i r e  a r e a l  e x t e n t  of t h e  

Woodstock Granit no x e n o l i t h s  were found. 
. a  

Since we a r e  u n a b l e  t o  describe a n y  of t h e  g n e i s s i c  

xenoliths o u r s e l v e s ,  Reyes@ d e s c r i p t i o n  (p. 278) of t h e  

c o n t a c t  effects is t h e  o n l y  e v i d e n c e  a v a i l a b l e .  "Bio t i t i c  

and hcrnblendic gneiss f r a g m e n t s  are d i s t r i b u t e d  through t h e  

g r a n i t e ,  The m a r g i n s  are u s u a l l y  changed c o n s i d e r a b l y  for a 

d i s t a n c e  of 1 CIU. The i n t e r i o r  of t h e  g n e i s s  pieces , i s  

p r a c t i c a l l y  a n a e t a e o r p h o s e d ,  It Is much l i g h t e r  i n  color 

t h a n  t h e  c o n t a c t  border. The c o n s t i t u e n t s  have  undergone 

much c r u s h i n g ,  and the feldspars are scarely r e c o g n i z a b l e .  

The b io t i t e  is n e a r l y  a l l  b leached ,  and  chlor i te  is very  

8bUndant. C o n s i d e r a b l e  s e c o n d a r y  e p i d o t e  and  muscov i t e  and 

'a few larqe decomposed c u b e s  of p y r i t e  ate  also present. 

The margins of the gneiss blocks are  dark-colored and much 

finer in-grain, Uo Jtraces of p r e s s u r e  are  o b s e r v a b l e ,  and 

appa ren t ly  complete . recrystallization has t a k e n  place,  

Biotite is very a b u n d a n t  i n ' s a a l l  flakes o r i e n t e d  i n  t h e  

% >  
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d i r e c t i o n  of fo l i a t ion .  A l i t t l e  plagioclase and  orthoclase 

and small q u a n i t i t e s  of p y r i t e  occur." 
bir 

Little work h a s  been done  on + h e  geology of the 

Yoodstock Granite since Keyes (1895) .  Hathews (1925) 

p u b l i s h e d  a g e o l o g i c  map of Baltimore County which showed 

the Wcodstock G r a n i t e r  Hopson (1964) reported one chemical 

a n a l y s i s ' a n d  some pet rographic  information. Crowley (1976) 

showed the Hoodstock G r a n i t e  on his map of t h e  c r y s t a l l i n e  

rocks neat Baltiaore,  Crowley has  mapped t h e  Woodstock f o r  

his f o r t h c o m i n g  geologic map of t h e  F l l i c o t t  City 7 1/2 

minute  q u a d r a n g l e  . 
The one receat development of interest is t h a t  f i v e  

water-supply wells h a v e  been d r i l l e d  w i t h i n  t h e  area napped 

a s  Woodstock G r a n i t e .  These'wells are  i d e n t i f i e d  by numbers 

assigned by t h e  S ta te  of Maryland Watet Resources 

b d m i n i s t r a t i o n ,  Two of t h e  wells 83-73-4967 and 88-73-5096 

brongb t  up granite c h l p s .  These c h i p s  c o r r e s p o n d  t o  our 
s a m p l e  numbers !I58025 and flJ8028 r e s p e c t i v e l y .  The  

remaining three wells brought up gneiss chips. C h i p s  from 

u e l l s  8-73-4876, EA-73-4733, and BA-73-5525 correspond t o  

out samples ~ 8 0 2 4 ,  "38029, an4 .RJ8045 respectively. 

A p p a r e n t l y  these three v e l l s  pierced a ' f i n g e r  of g n e i s s  

similar t o  t h e  ones vhich  e x t e n d  i n t o  t h e  western boundary 

o f  t h e  Woodstack Granite. 
> 

tr 
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DISTRIBUTION OF URA?l fUI¶ ,  TEORIU!! A N D  POTASSIUB 

IN THE UEAALY-FOLIATED GRANITIC ROCKS 

OP THE t l A R Y L A I D  PIEDHOHT 

J o h n  R. Sans 

F i f t y - e i g h t  rocks s a m p l e s  from the B a r y l a n d  Piedmont  

were. a n a l y z e d  f o r  uranium, thorium, a n d  p o t a s s i u m  by means 

of garma-ray spectroscopy, The i m p l i c a t i o n s  of t h i s  da t a  

for heat  flou are  d i s c u s s e d  i n  t h e  geophysics  s e c t i o n  of the 

repor t, T h i s  c h a p t e r  is devo ted  t o  geochemical 

i n t e r p r e t a t i o n  of t h e  f n f  ormation, T h e  four weakly-foliated 

g r a n i t i c  * p l u t o n s  of the B a r y l a n d  Piedmont  are: the 

Woodstock G r a n i t e ,  t h e  G u i l f o r d  Granite, t h e  E l l i c o t t  C i t y  

G r a n o d i o r i t e ,  a n d  t h e  Gnnpovder G r a n i t e .  The Yoadstock was 

a n a l y z e d  in d e t a i l  ( t h i r t y - n i n e  sttmples). T h s  G u i l f o r a  ( s i x  

samples), Ell icot t  City (three samples) and Gunpowder ( t e n  

s a m p l e s )  u e r e  a n a l y z e d  on a r e c o n n a i s s a a c e  basis. 

The Uoodstock G r a n i t e  i n t r u d e s  t h e  p a r t  of the 

Baltimore Gneiss known as t h e  Woodstock Dome. Twenty- three  

of the samples u e r e  from t h e  area mapped as Poodstock 

G r a n i t e ,  a n 8  t h e  r e m a i n i n g  s i x t e e n  uere from the s u r r o u n d i n g  

gneiss (lome. Sample rlJ80US\’does not fit t h i s  p a t t e r n ,  The 

sample c o n s i s t s  of c h i p s  from a well d r i l l e d  n e a r  t h o  c e n t e r  

of t h e  area mapped as Woodstock G r a n i t e ,  Bowever, the c h i p s  

are  c l e a r l y  gneiss, n o t  g r a n i t e ,  See t h e  chap te r  of f i e l d  

relations for  a more d e t a i l e d  discussion of  well data. For 
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t h e  s u b s e q u e n t  d i s c u s s i o n  here HJ804S w i l l  be c o n s i d e r e d  a s  

a s p e c i m e n  of t h e  g n e i s s  dome. 

The u r a n i u m  c o n c e n t r a t i o n  of s a m p l c s  from t h e  Woodstock 

G r a n i t e  i t s e l f  r a n g e d  from 2.0 t o  4.7 p a r t s  par m i l l i o n  

(ppr )  u i t h  a median  v a l u e  of 3 , l  ppm, In c o n t r a s t .  t h e  

u r a n i u m  c o n t e n t  of t h e  s u r r o u n d i n g  g n e i s s  dome is 

c o n s i d e r a b l y  lower. The u r a n i u m  c o n t e n t  of t h e  g n e i s s  

ranged from 0.3 t o  1,6 pppl w i t h  a median v a l u e  of 0.9 ppm. 

In other uotds. a l l  t h e  g r a n i t e  samples c o n t a i l !  2.0 ppa or 

more, a n d  a l l  t h e  g n e i s s  samples c o n t a i n  1.6 ppm u r a n i u m  or 

less. Sample 8J8062 deserves special m e n t i o n ,  b e c a u s e  it is 

t h e  o n l y  e x c e p t i o n  t o  t h i s  s i m p l e  p a t t e r n .  H38062 was a 

s a m p l e  from a set  of g r a n i t i c  d i k e s  w h i c h  cut t h r o u g h  t h e  

g n e i s s  dome as exposed a l o n g  the Patapsco River a b o u t  2.75 

kilometers s o u t h e a s t  of t h e  edge of t h e  Woodstock G r a n i t e .  

Wil l iam C. C r o w l e y  of t h e  H a r y l a n d  Geological Survey 

( p e r s o n a l  c o m m u n i c a t i o n )  has  s u g g e s t e d  t h a t  these d i k e s  may 

be r e l a t e d  t o  t h e  woodstock G r a n i t e .  llJ8062 contained 1.8 

~ p m  uranium.  This v a l u e  f a l l s  e x a c t l y  h a l f w a y  be tween  the 

louest v a l u e  f o r  the Woodstock G r a n i t e  a n d  the h i g h e s t  v a l u e  

for the Woodstock Gneiss Dome. The o r i g i n  of the g r a n i t i c  

dikes a l o n 9  t h e  P a t a p s c o  R i v e r  r e m a i n s  u n c e r t a i n .  

The Gunpowder G r a n i t e  i n t r u d e s  t h e  p a r t  of t h e  

Baltimore G n e i s s  known as t h e  Towson none. S i x  s a m p l e s  were 

froan t h e  Gunpowder G r a n i t e  i t se l f  a n d  r a n g e  from 0.7 t o  1.3 

ppm i n  u ran ium c o n c e n t r a t i o n .  Three samples were from t h e  
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Towson G n e i s s  Dome a n d  c o n t a i n  from 1.5 t o  2.3 ppm UtaPiUB. 

T h e  remaining sample  was fcom a pegmatite c u t t i n g  t h e  G n e i s s  

Dome and c o n t a i n s  6.1 pprn uranium. A l l  i n  a l l ,  t h e  u r a n i a ~  

c o n c e n t r a t i o n s  a re  very  low e x c e p t  for the pegmatite. 

The three samples from t h e  E l l ico t t  c i t y  Granodiorite 

The samples from t h e  c o n t a i n e d  from 2.3 t o  3.0 ppm uranium. 

G u i l f o r d  G r a n i t e  consisted of four a c t u a l  g r a n i t e s ,  one 

peqmatite a n d  one u a l l  rock. T h e  pegmatite and  wall rock 

contained 1.3 and 1.8 ppn uranium r e s p e c t i v e l y .  I!! 

contrast, t h e  granite sarap les  ranged from 3.9 t o  10.7 ppm 

uranium - t h e  h i g h e s t  c o n c e n t r a t i o n s  

rocks. 

of any of the a n a l y z e d  

Prom p a s t  s t u d i e s  of uranium d i s t r i b u t i o n  i n  rocks 

(Rogers a n d  Adaes, 1969A, 1969B) s e v e r a l  g e n e r a l i z a t i o n s  c a n  

be made. It is d i f f i c u l t  t o  e v a l u a t e  'Ithe uranium 

c o n c e n t r a t i o n  o f  g r a n i t e , "  b e c a u s e  g r a n i t e s  do n o t  c o n s i s t  

of a s i n g l e  p e t r o l o g i c a l  populr! t i o n .  Radiometric 

d i f f e r e n c e s  have b e e n  d e m o n s t r a t e d  b e t v e e a  d i f f e r e n t  t y p e s  

of granite. Even i n  our own s t u d y ,  the uranium 

c o n c e r k r a t i o n s  vary o v e r  an order of magnitude,  even when 

one c o n s i d e r s  only t h e  " g r a n i t e s " .  Nonetheless, t h e  uranium 

c o n c e n t r a t i o n  of an i g n e o u s  rock is closely l i n k e d  t o  its 

chemical composition. I For o r d i n a r y  rocks w i t h  s i l i c a  

contents in e x c e s s  of 70 percent, one e x p e c t s  uranium 

c o n c e n t r a t i o n s  i n  t h e  r a n g e  o f  1 t o  4 ppm. C o n c e n t x a t i o n s  

c o n s i U e r a b l y  o u t s i d e  t h a t  r a n g e  i n d i c a t e  a peculiar rock. 
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In t h i s  c o n t e x t ,  t h e  Gunpowder G r a n i t e  appears  s i g n i f i c a n t l y  

d e p l e t e d  in uranium. The El l i co t t  c i t y  and Woodstock h a v e  

f a i r l y  t y p i c a l  uranium c o n t e n t s  for s i l i c e o u s  rocks, I n  

c o n t r a s t ,  t h e  G U i l f O r d  G r a n i t e  appears somewhat e n r i c h e d  f n  

uran i um 

Lj' 

The t h o r i u m  c o n c e n t r a t i o n  in t h e  weakly-foliated 

g r a n i t i c  rocks of t h e  n a r y l a n d  Piedmont i s  much nore 
9 

variakle t h a n  t h e  uranium c o n c e n t r a t i o n .  Par t h e  Woodstock 

G r a n i t e ,  n i n e t e e n  of the saaples v a r y  from 11.4 t o  17.6 ppm 

thorium with a median of ' 14.8 ppm* The reraining three " 

g r a n i t e  samples from t h e  v e s t e r n  edge of t h e  p l u t o n  have  

only 6.3 t o  9.0  ppm t h O r L U E .  The t ho r ium c o n c e n t r a t i o n s  in 

I ,  

t h e  woodstock G n e i s s  Done are h i g h l y  v a r i a b l e .  The v a l u e s  

r a n g e  from Om7 t o  47,3 ppls thorftxa but are  m o s t l y  h i g h e r  

t h a n  t h e  v a l u e s  f r o  the woodstock G r a n i t e .  The median value 

for the gne i s s  is 16.1 ppa. Sample R138062 from t h e  g r a n i t f c  

d i k e s  a l o n g  t h e  Patapsco R i v e r  c o n t a i n s  21.9 ppa t h o r i u m  - 
I 

r 

h i g h e r  t h a n  fo r  any of t h e  s aap le s  from the Woodstock 

G r a n i  te, 

The t h o r i u r  c o n c e n t r a t i o n  of t h e  GanpoUder G r a n i t e  

v a r i e s  from 11.3 t o  29.2 ppa w i t h  a median of 27.5 ppn. I n  

c o n t r a s t  t h e  Towson Gneiss Dome c o n t a i n s  Only 3.2 t o  8.5 ppm 

thorium. The pegaa t i te  sample bas o n l y  2.4 ppa thor iufn .  

Thus, the thoriua in t h e  Gunpowder G r a n i t e  is d i s t i n c t l y  

h i g h e r  than i n  the surrounding Towson G n e i s s  Dome. T h i s  

r e l a t i o n h i p  is  t h e  opposite of t h a t  observed between t h e  

Poodstock g r a n i t e  and t h e  e n c l o s i n g  Woodstock G n e i s s  Dome, 
id 
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“ f  

The- t h o r i u m  i n  samples from ‘ t h e  ’ E i i i c o t t  c i t y  

Granodiorite rang from 17.7 

Granite varied fr 9.6 t o  12.7 

a n d  wall  r k associated w i t h  t h e  G n i l f o r d  c o n t a i n e d  1.4 and 

pa t h o r i u m  r e s p e c t i v e l y .  These t h o r i u m  c o n c e n t r a t i o n s  

are s u r p r i s i n g l y  l o v  i n  view of t h e  h i g h  uranium 

c o n c e n t r a t i o n s  in t h e  GdlforU G r a n i t e .  

8 
I .  9 

I n t e r p r e t a t i o n  of t h e  meaning of t h e  t h o r i u m  

c o n c e n t r a t i o n  ’Is s u b j e c t  t o  t h e  d i f f i c u l t i e s  d i s c u s s e d  above 
1 

f o r  uranium p l u s  some a d d i t i o n a l  ones. In s i l i c e o u s  i g n e o u s  
1 I .  

rocks s u c h  a s  t h e  ones a n a l y z e d  t this stuay, one would 

expect 10 t o  20 ppm thor ium.  A l h o s t  a l l  o f  t h e  g r a n i t i c  

ftos t h e  Woodstock, El l i co t t  City and GuilforU f a l l  

6 range, There are only four  e x c e p t i o n s .  Sample 

B58005 from t h e  E l l i c o t t  C i t y  is d i s t i n c t l y  h i g h  a t  36.1 ppm 

t h O r i U R .  The v i o u s  U i f f e r e n c  t v e e a  sample 

L13800S and t mples from t h  l l i c o t t  c i t y  

Granodiorite. The other three c e p t i o n s  a re  t h  

samples ment ione  

wooastocis Granit 

t ho r ium (6.3 t o  9 

$ 

P 

i 

qe so t h a t  t 

t h e  Gunpowder Gr 

W 
I , 
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The r e l a t i o n s h i p s  among u r a n i u m ,  t h o r i u m  and p o t a s s i u m  

for t h e  Woodstock Granite ake f a i r l y  clear. F i g u r e  ~ - 4  is  a 

p l o t  cf u r a n i u m  c o n c e n t r a t i o n  versus t h e  r a t i o  (U/R)xlO-*.  

The t r i a n g l e s  o n  F i g u r e  6-3 are da ta  p o i n t s  for  t h e  t w e n t y -  I 

I 

two a n a l y z e d  rock samples from t h e  Woodstock Granite. Note 

t h a t  o n l y  t w e n t y - o n e  t r i a n g l e s  a r e  shown, b e c a u s e  two 

samples p l o t t e d  a t  t h e  same p o i n t  (U/K = 3.9, U ppm = 4.7)- 

The d a s h e d  l i n e  is a l e a s t - s q u a r e s  fit t o  t h e  r a u  d a t a .  The 

so l ia  l i n e  is o n e  of a family of theoret ical  l i n e s  showing  

the r e l a t i o n s h i p  expected o n  F i g u r e  8-3 i f  a l l  of the 

Becrease in the U/K r a t i o  is due t c  d e c r e a s i n g  uranium 

concentration. The  dashea line (slope 3.19) is almost 

e x a c t l y  para l le l  to  t h e  solid l i n e  (slope 3422)  . Hence we 

c o n c l u d e  t h a t  all of t h e  decrease i n  the U/K r a t i o  i n  t h e  

Uoodstock G r a n i t e  is d u e  to d e c r e a s i n g  u t an ium.  I n  o t h e r  

uords, there is j u s t  a b o u t  zero c o r r e l a t i o n  b e t w e e n  t h e  

u r a n i u m  a n d  potassium c o n c e n t r a t i o n s  i n  t h e  rocks. I f  the 

rocks Freserve primary magmatic c o n c e n t r a t i o n s ,  such a 

r e l a t i o n s h i p  is s u r p r i s i n g  a l t h o u g h  poss ib le .  

Hany i n v e s t i g a t o r s  h a v e  shown t h a t  p r i m a r y  magmatic 

a b u n d a n c e s  of t h o r i u m  and u ran ium c a n  be d i s t u r b e d  h y  l a t e r  

a l t e r a t i o n  ( ~ u r l e y ,  19SO; T i l t o n  ana others, 1955: N e u e r b u r g  

and othets, 1956; L a r s e n  a n d  G o t t f r i e d ,  1961; Ragland  a n d  

others, 1967; R o s h o l t  a n d  others8 1973: Rye and Roy, 1978). 

Larqe v a r i a t i o n s  in pr imary  u r a n i u m  seem u n l i k e l y  f o r  t h e  

Woodstock Granite for a number of r e a s o n s .  (1) The 
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Pigare 8-3. Diagram showinq the re lat ionship  betveen [I 
and U/KxlO-*. 
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Woodstock is a v e r y  small pluton (2.6 km'by 1.9 km). (2) 

The rock samples from t h i s  intrusiox? a re  very uniform. They 

contain no phenocrysts, rare  xenoliths, and e x h i b i t  l i t t l e  

o r  no  f o l i a t i o n  or change in grain size. (3) The h i g h  and 

low concentrations of urapiurn seem t o  be randomly 

d i s t r i b u t e 4  over the areal extent of . t h e  pluton. (4) A l l  of 

t h e  analyzed samples are surface samples and must  be 

weathered t o  some degree. . Thus t h e  most p l a u s i b l e  

interFretation of Pigure B-1 is s i h p l y  t h a t  all o f  the 

Wobdstock samples i n i t i a l l y  had concentrations close 

t o  the  highest observe4 4U.7 p r perhaps even higher .  

The spread of uranium concentrations now obsbrved is 8ue t o  

vaiions degrees of uranium depletion by weathering. 

Figure 8-4 i s  a plot  of uranium versus U/Th ra'tio. The 

t r iangles  are again data points. Rowever, i n . t h i s  case 

three anomalous samples indicated by  circles uere ignored 

when the. least-squares fit (dashed l i n e )  was calculated 

The sclid l ines  are uranium-loss l i n e s  j u s t  as on Figure  

B-3. Zn  t h i s  case the dashed line is not exactly para l le l  

t o  t h e  sol id  lines, although it is close. Most of the 

decrease i n  U/Th r a t i o  can be acounted f o r  by uranium 

deple t ion .  Note t h a t  i f  a sample were a l s o  depleted i n  

thorium it would s h i f t  t o  the r i g h t  on the fiiagram, and the 

slope of a least=sqaares f i t  t o  such data would have a slops 

steeper than  the s o l i d  theore t ica l  lines, The three data 

points shown by c i r c l e s  f i t  such an $nterprstation,and are, 
1 
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Hgnre 8-11. Diagrasa showiaq the r e l a t i o n s h i p  between U 
and t h e  O/Th r e l a t i o n s h i p .  
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i n  f a c t ,  d e p l e t e d  i n  t h o r i u m ,  However, t h e  b u l k  of t h e  data 

fits a line with a smaller slope t h a n  t h e  u r a n i u m - d e p l e t i o n  

l i n e s .  T h e r e  seems t o  be some a p p a r e n t  t h o r i u m  e n r i c h m e n t  

as the U/Th r a t i o  decreases. T h e r e  a re  three possible 

i n t e r p r e t a t i o n s  . The first p o s s i b i l i t y  is s u p e r g e n e  

e n r i c h m e n t  of tho r iu ra .  T h i s  p o s s i b i l i t y  does not seem 

l i k e l y ,  b e c a u s e  of t h e  severe t h o r i u m  d e p l e t i o n  i n  t h r e e  of 

t h e  samples. T h e  s e c o n d  i n t e r p r e t a t i o n  is t h a t  t h e  t h o r i u m  

e n r i c b a e n t  is a magmatic effect. I f  t h e  t h o r i u m  

c o n c e n t r a t i o n s  a re  r e c a l c u l a t e d  t o  t h e  l ea s t  s q u a r e s  f i t  t o  

remove scatter and t h e n  p l o t t e d  on a map of the Woodstock 

Granite, an i n t e r e s t i n q  p a t t e r n  emerges, The p l u t o n  seems 

t o  be c o n c e n t r i c a l l y  zoned  in t h o r i u m  w i t h  low v a l u e s  of 

a b o u t  12 ppla a t  t h e  m a r g i n s  a n d  h i g h  v a l u e s  of a b o u t  17 ppm 

i n  the  c e n t e r ,  The  t h i r d  p o s s i b l e  i n t e r p r e t a t i o n  i s  t h a t  

t h e  Hoodstock G r a n i t e  is c o n t a m i n a t e d  by t h o r i u m  from t h e  

s u r r o u n d i n g  Woodstock G n e i s s  Dome which has  h i g h e r  t h o r i u m  

c o n c e n t  r a t i o n s .  T h i s  i n t e r p r e t a t i o n  seems u n l i k e l y ,  b e c a u s e  

t h e  h i g h e s t  t h o r i u m  c o n c e n t r a t i o n s  a r e  i n  t h e  c e n t e r  of t h e  

p l u t o n ,  n o t  the margins. 

Summing up, we draw t h e  f o l l o w i n g  major c o n c l u s i o n s  

a b o u t  t h e  r a d i o e l e m e n t  d i s t r i b u t i o n  in t h e  Uoodstock 

G r a n i t e .  (1) T h e  i n i t i a l  U r a n i a n  c o n c e n t r a t i o n  was 9.7 ppa 

or h i g h e r .  (2) nost s u r f a c e  samples a r e  d e p l e t e d  in u r a n i u m  

by w e a t h e r i n g  processes. (3) flagmatic c o n c e n t r a t i o n s  of 

t h o r i u m  seem t o  be p r e s e r v e d  except i n  v e r y  b a d l y  weathered 
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u samples. (4) The concentric thorium d i s t r i b u t i o n  w i t h  

highest v a l u e s  in t h e  center suggests dif ferent iat ion inward 

from the walls of the p l u t o n .  
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ELUE RIDGE GNEISSES AS POSSIBLE SOURCE 

!I ATERIALS FOR GRANITES -1 

J. SOT.  Hall 

The soles  of migmatites and  p a r a g n e i s s e s  i n  t h e  

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

careful s t u d i e s  as b e i n g  one of the R O S t  i m p o r t a n t  

c o n s i d e r a t i o n s  i n  g r a n i t e  p a r a g e n e s i s .  B n r i e d ,  high-grade 

g n e f s s e s  which are unde rgo ing  metamorphism are subjected t o  

i n c r e a s i n g l y  h i g h e r  t e m p e r a t u r e s  u n t i l  a cer ta in  l e v e l  is  

reached and  a n a t e x i s  sets i n ,  i.e., the g n e i s s  is p a r t i a l l y  

mel ted in t h e  p r e s e n c e  of H20. The r e s u l t i n g  melt is  

p r e d o r i n a n t l y  composed of q u a r t z ,  p l a g i o c l a s e ,  and a l k a l i  

felspar w h i c h  is b a s i c a l l y  a g r a n i t e  ( R i n k l e r ,  1976). 

The h i g h  grade, g r a n u l i t e  fac ies  g n e i s s i c  rocks of t h e  

Blue Ridge P r o v i d e n c e  i n  west-central V i r g i n i a  are b e i n g  

s t u d i e d  a s  a probable source of g r a n i t i c  rocks in t h e  

s o u t h e a s t e r n  U n i t e d  States. This is r e a s o n a b l e  s i n c e  these 

q n e i s ~ e s ,  t h e  L o v i n g s t o n  a n d  a n d  P e d l a r  f o r m a t i o n s ,  are sone 

of the oldes t  and  h i g h e s t  metamorphic g r a d e  rocks on t h e  

eastern c o n t i n e n t a l  margin. 

The purpose  of t h i s  s t u d y  vi11 h e  t o  see i f  it is 

possikle  t o  d e r i v e ,  c h e m i c a l l y ,  some of t h e  t y p i c a l  

s o u t h e a s t e r n  q r a n i t e s  by p a r t i a l  m e l t i n g  of t h e  Blue  Ridge 

g n e i s s e s  and s u b s e q u e n t  f r a c t i o n a l  and/or  e q a i l i b r f u a  *+ 

c r y s t a l l i z a t i o n .  T h i s  w i l l  be done by employing  g e n e r a l  



d
 

0
 

r
l 

#
 
d
 
u
 

‘
0

 
r
l 
a
 

0
 

Y
 

ia 
Q

, 

m
 

G 

a, 
U

 
4
 

b
l 

(d
 

Y
 

ai &
 

r
 

01 
ta 
0
 

,
w

 

a
 

a u c1 0
 

ii 

d
 

u 
r
(
 
1
 

0
 

G
 
4
 

@
 

U
 

at 
e
 

6
 

u) 
Y

 
rl 
s
 

a
 

0
 

0
, 

Y
 

w
 

0
 

I
 

5
 

Q
, 

Y
 

d
 
4
 

4
 

0
 

y
i 

0
 

+
J
 

‘C
I 

tu a 
0
 

Y
 

4
 

u
a

 
0

 

I
 

F
 
4
 

It 
Q

 
r
l 

Q’ 
U

 
v
( 

P
 

0
, 

* 
Y

 
0
 

0
 

L
i 

Y
 
u 0
 

Q
, 

&
 

SJ 

m 

r
l 
d
 

t!. 

Q
) 

ai c 
+
, 

u 0
 

n
 

k
 

A
 
I
 

cw 
c

w
o

 
0
 

a4 
r
l 
0
 

r
)
 

tQ u1 
d
 
e a 
A

 
c, 
Y

 
0
 

o! 
u1 
Q

) 
k
 
a
 

Q
) 

&
 

A
a 
u 
4
 

4
 

* I d 0
 

3
 co a 

u 0
 

W
 

w
 

0
 

4) 

uk 

cl 
cr 
P

 
0
 

b
l 

&
 

Y
 

ci 
0

’
 +, 
Q

) 
d
 

k
 

d
 

b’ 

I
 

k
 

cd 
C

I 
tF 

Q
 

W
 

W
 
4
 

O
I 
a
 

cr, 

m
 
4
 

E
 

Q
) 

0
:
 

c
 

A
 

1 
Y

 
UJ 
9
 

* 
id L

I. 
I
 

-rt 
It 

9
0

 
b

 
Q

 
0
 

d
 

0
 

u
 

g
o
)
 

m
a

 
w 

E
o

)
 

m
a

 
w 

‘0
 

0
 

U
 

u 0
, 
d\ 
3
 

Q
 

d
 
u rr 
0
 

0
 

i, 
v

r
b

 a
a

i
v

 
d

 

3 
3
 



Page E-48 

Ehmisal &&QZUWiE: WQ€ E&SB!t!&E 

Table 8-1 shows average chemical compositions for the Pedlar 

and Lotrinqston formati'ons and a l s o  t h e  Hinnsboro grani te ,  

exclusive of t h e  RLon, 

The Hinnsboro was chosen a s  a representa t ive  g ran i t e  

since its b u l k  composition is c lose  t o  an average of t h e  

g ran i t e s  previously s t u d i e d  in t h i s  projec t  and since it is 

post-me tamorphic and therefore c h em ica  11 y ana 
mineralogically unchanged for t h e  most par t ,  

Even though major elements a r e  not  as d e f i n i t i v e  a s  

t r a c e  elements a s  i n d i c a t o r s  of ae l t i ng . t r eads ,  .it v i 1 1  be 

necessary t o  determine i f  t h e  calculated quan t i t i e s  and  

cheaica 1 compositions of the phases s u b t r a c t e d  during 

Belting o f  t h e  Blue Ridge rocks t o  yie ld  southeastern 

g r a n i t i c  compositions a re ,  i n  f ac t ,  p lausible  a n d  co r re l a t e  

w i t h  t h e  phases seen i n  t h e  ac tua l  rocks, One method of 

ca l cu la t ing  amounts of phases subtracted d u r i n g  f r ac t iona l  

c r y s t a l l i z a t i o n  of a given parenta l  composition is t h e  basic  

least-squares  approximation in matrix form, Y = !3x8 as 

applied by Bryan, Pinger, and Chayes (1969)e  This method 

may be applied i n  increments 60 t h a t  t h e  conposi t ions of t h e  

phases be ing  subtracted o r  added can be varied as i n  c1 r e a l  

system, Nathan and Van Kirk (1978) have employed a R i a i l a r  

method whereby new phase conposi t ions and melting 

temperatures are recalculated continuously f o r  each 

incremental step of subtract ion of 2% so l id  from t h e  re l t  
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u n t i l  the quantities and c o m p o s i t i o n s  of t h e  solid phases  

f r a c k i o n a t e d  are d e t e r m i n e d  which a l l  have the same 

c r y s t a l l i z a t i o n  t e m p e r a t u r e s  appropriate  for t h e  c o m p o s i t i o n  

of t h e  ' res idual  melt. 

The problems with these models are  that they are 

a p p l i c a b l e '  for f r a c t i o n a l  c r y s t a l l i z a t i o n  o n l y  and  for l o v  

pressure f r a c t i o n a t i o r i  i n  t h a t  t h e  effects of PA20 a n d  

hydrous phases are not considered. Current m a n i p u l a t i o n s  of 

t h e s e  models are b e i n g  done t o  i n c o r p o r a t e  PH20 and h y d r o u s  

p h a s e s  for both  fractional and p a r t i a l  mel t ing .  

rr;aszr: Emm JLEu&wL %!E 
Theoretical aodels fo r  t h e  q u a n t i t a t i v e  b e h a v i o r  of 

trace elements auring various kinds of f r a c t i o n a t i o n  d u r i n g  

m e l t i n g  a n d  also for e q u i l i b r i u m  and f r a c t i o n a l  

crystallization have been d e r i v e d  and rev iewed by by several 

writers i n c l u d i n g  Shaw (1970) , Bettogen and G i  j b e l s  (1976) 8 

Arth (1976) 8 and Schilling and  Winchester (1967). Langauir 

et al. (1977) , Hanson (1938) # s c h i l l i n g  (1971) 8 Arth a n d  

Banson (1975). and others. have a p p l i e d  these models t o  

natural  systems and v e r i f i e d  t h e i r  v a l i d i t y .  

Pot e l e m e n t s  which are n o n - s t o i c h i o m e t r i c  c o n s t i t u e n t s  

of a phase ,  s u c h  a s  many t r a c e  e l e m e n t s ,  and  uhich fora 

d i l u t e  solid s o l a t i o n s ,  it is  assumed that Henry's Law and 

therefore t h e  B e r n s t  e q u a t i o n  a p p l y  d u r i n g  equilibrium where 

t h e  chemical p o t e n t i a l  of an elelaent i n  one  phase ( ) is 
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e q u a l  t c  the chemical p o t e n t i a l  of that e lemen t .  in a n o t h e r  

p h a s e  (B). 

d a t h s m a t i c a l  d e r i v a t i o n s  of t h e  N e r n s t  e q u a t i o n  by Shaw 

(1970) y i e l d e d  t h o  q e n e r a l  e q u a t i o n :  

a B X X 
+ +. * * '  -= 

d L  W o - L  KR /' K 

Li 

d w  ' 1 d F  

w -w D 1-F 
or = -  - (2) (Hertogen and Gijbels ,  1976) 

0 

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

v h i c h  c r y s t a l l i z a t i o n  o r  m e l t i n g  process is a p p l i e d .  The 

d e f i n i t i o n s  of t h e  s y m b o l s  are  a s  follows: 

w w  R mass of a t r a c e  e l e m e n t  i n  t h r !  i n i t i a l  

s o l i d  a n d  i n  a l i q u i d  formed d u r i n g  

me It i nq; 

0' 

X mass o f  t h e  i n i t i a l  s o l i d ;  

X i 

0 

mass f r a c t i o n  of phase  i i n  t h e  s o l i d ;  

KL/ s o l i d - l i q u i d  d i s t r i b u t i o n  or p a r t i t i o n  

c o e f f i c i e n t  of a trace e l e m e n t  i n  phase  i; 

D b u l k  s o l i d - l i q u i d  d i s t r i b u t i o n  c o e f f i c i e n t  

for the res idual  phases of a t race  e l e m e n t  

a t  time of separatior! of melt and r e s i d u e ;  C S l c l l  

F degree of m e l t i n g ,  i . e . 8  weight  fraction of 

melt r e a c t i v e  t o  t he  i n i t i a l  s o l i d :  
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t h e  c o n c e n t r a t i o n  of s R  L 
c , c , c o * c  a trace e l e m e n t ,  

r e s p e c t i v e l y ,  i n  the r e s -dua l  s o l i d ,  i n  a n  

i n c r e m e n t a l  l i q u i d  f r a c t i o n  formed d u r i n g  

f r a c t i o n a l  f u s i o n ,  in the p a r e n t  o r  i n i t i a l  

solid, a n d  i n  a d e r i v e d  m l t ;  

< 

L mass of  t h e  l i q u i d  formed upon  m e l t i n g :  

b u l k  d i s t r i b u t i o n  c o e f f i c i e n t  of a trace 
DO 

e l e m e n t  a t  t h e  b e g i n n i n q  of m e l t i n g .  
I,, 

Some of the d i f f e r e n t  m e l t i n g  models are: Egg&$.&& 

ne&h&Eg whereby only p a r t  of the i n i t i a l  solid is meltod; 

Bagch ~n~&Frsr; ga&$&u w h e r e b y  each b a t c h  of melt r e m a i n s  i n  

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

a n d  then t h e  melted b a t c h  is c o m p l e t e l y  removed, a l l  a t  

o n c e :  E ~ a ~ g i ~ g g l ;  fgg&m (or melting) whereby’ the melt 

p r o d u c e d  is c o n t i n u o u s l y  r emoved  from the r e s i d u a l  so l id :  

p e r c e n t a g e s  of the phases in t h e  s o l i d  remain c o n s t a n t  

d u r i n q  e q u i l i b r i u m  m e l t i n g ;  a n d  m&&s pel t ipq whereby melt 

is c o n t i n u o u s l y  remcved from t h e  solid w i t h  some melt a l w a y s  

r e m a i n i n g  i n  c o n t a c t  w i t h  t h e  s o l i d .  This is expressed a s  a 

c o m b i n a t i o n  of f r a c t i o n a l  fusion w i t h  e i ther  b a t c h  p a r t i a l  

meltinq or  some t y p e  of e q u i l i b r i u m  fusion. 
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For t h e  p u r p o s e s  af t h i s  s t u d y ,  b a t c h  p a r t i a l  mel t ing 

For t h i s  p r o c e s s ,  is considered t o  he the most a p p r o p r i a t e .  

e q u a t i o n s  (1 )  and (2) i n t e g r a t e  to: 

L 
C 1 

D(1-I?) + F 
0 

C 

! 

D u r i n q  m c l t i n q  of a r o c k  t h a t  i s  p r e d o m i n a n t l y  composed 

of p l a q i c c l a s e ,  q u a r t z ,  and  a l k a l i  f e l d s p a r ,  s u c h  a s  a 

g n e i s s ,  the c o m p o s i t i o n s  o f  the melt or melts formed would 

be e x p e c t e d  t o  l i e  along t h e  q u a t e r n a r y  cotectic i n  t h e  

wa ter-sat urated s y s t e m ,  a n o r t  hite-quartz-albite-orthoclase 

or a t  t h e  t e r n a r y  eutectic i n  t h e  system, Q-Ab-Or. In t h i s  

r e p o r t ,  Hanan s F i g u r e  B- 1 shows eutectic (minimum melt) 

c o n p o s i t i c n s  a t  v a r i o u s  p r e s s u r e s ,  where PH20 = PT, i n  t h e  

Q-l\h-Or projected s y s t e m  where  Ab/Ar! = 3, f o r  a p a r e n t a l  

* 

c o m p o s i t i o n  of a q r e y w a c k e  w i t h  K - f e l d s p r ,  i.e.8 t h e  Same 

c o m p o s i t i o n  a s  a g n e i s s .  The m a j o r i t y  of t h e  n o r m a t i v e  

Winnsboro c o m p o s i t i o n s  c l u s t e r  around t h e  7 kb, 655OC 

eutectic which  ind ica tes  t h a t  a gneiss is a p l a u s i b l e  parent  

f o r  t h e  Winnshoro  a t  these P and T c o n d i t i o a s .  

laMiniaum melt" c o m p o s i t i o n s  can be g e n e r a t e d  by a 

s t a r t i n g  h l k  c o m p o s i t i o n  of p l a g i o c l a s e ,  alkali f e l d s p a r ,  

a n d  quartz,  s u c h  as a g n e i s s ,  a n y v h e r e  w i t h i n  t h e  Q-Ab-Or- 

h n - ~ 2 0  Lcystetn However , some s t a r t i n g  compositions r e q u i r e  
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Figure B o l o  The concentration of a trace element i n  a 
melt relative t o ,  i t s  concentration i n  t.he parent rock, 
c ( L ) / c ( o ) #  v e ~ s u 6  the weight fraction of part ia l  melt, F. 
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huge  v o l u m e s  t o  d e r i v e  a r e a s o n a b l e  amoun t  of minimum 

g r a n i t i c  melt. T h e  Pedlar a n d  L o v i n g s t o n  n o r a a t t v e  

c o m p o s i t i o n s  show t h a t  t h e y  would n o t  reqaire such 

unreagonable v o l u m e s  t o  a r r i v e  a t  t h e  U i n n s h o r o  c o m p o s i t i o n .  

To look a t  the trace e l e m e n t  f r a c t i o n a t i o n  p a t t e r n s  

h e t u e e n  t h e  B l u e  Ridge rocks a n d  the U i n n s b o t o ,  e q u a t i o n  (3)  

was a p p l i e d  to U a n d  Th v a l u e s ,  Table B-1, a n d  r e s u l t s  

p l o t t e d  o n  F i g u r e  B - 1  from Hanson (1978). F o r  0 ,  D - v a l u e s  

i n d i c a t e d  t h a t  i f  a l l  t h e  U were c o n c e n t r a t e d  i n  t h e  melt 

( t h e  Y i n n s b o r o )  r e l a t i v e  t o  t h e  r e s i d u a l  s o l i d ,  i.eO8 D = 0 ,  

tbe maximum degree of m e l t i n g  i n d i c a t e d  when t h e  P e d l a r  is 

u s e d  as a parent material is 45x8 vhereas t h e  L o v i n g s t o n  

i n d i c a t e s  o n l y  30% maximum degree of melting. Th v a l u e s  for  

t h e  t c v i n g s t o n  i n d i c a t e  15% maximum degree of m e l t i n g  which  

is not c o r r e l a t i v e  w i t h  0 data  r e s u l t s .  Th c o n t a m i n a t i o n  i s  

q u i t e  poss ib le .  Th v a l u e s  f o r  t h e  P e d l a r  i n d i c a t e  SOX 

maximum degree of m e l t i n g  w h i c h  correlates well w i t h  U 

r e s u l t s  from t h e  P e d l a r  a n d  therefore i n d i c a t e s  t h a t  t h e  

Pedlar  is a p l a u s i b l e  source rock for  t h e  R i n n s b o r o .  

Tho Rb/Sr r a t i o  a n d  Sra7/Sr@b values o b t a i n e d  b y  

F u l l a g a t  a n d  Odom (1978) f o r  B l u e  R idge  s n e i s s e s  of V i r g i n i a  

and T e n n e s s e e  y i e l d  a Sr87 g r o v t h  c u r v e  f a r  too S r a f - r i c h  t o  

p r o d u c e  t h e  Sr*’/Sro6 v a l u e s  o b s e r v e d  i n  the P i e a m o n t  

p l u t o n s .  Therefore, t o  a c c o u n t  for o b s e r v e d  trace e l e m e n t  

c o n t e n t s  of t h e  P i e d m o n t  p l u t o n s ,  a source m u s t  be founa 

t h a t  is  s i m i l a r  to  t h e  B l u e  Ridge rocks b u t  with a low 



Page 8-55 

initial Rb c o n t e n t  which w i l l  y i e l d  a growth curve similar W 
to t b a t  of m a n t l e  r o c k s  a l o n g  which t h e  granites plo t .  

Then, I to account for t h e  relatively high  r a d i o g e n i c  Pb 

contents of t h e  p l u t o n s ,  Pb contamination of t h e  p a r e n t  rock 

mast also b e  assumed, 

Using future trace element eats, a p p l i c a t i o n s  of the 

various fractionation mode l s  s h o u l d  determine i f  t h e  

s o u t h e a s t e r n  granites can, in fact ,  b e  considered a s  p a r t i a l  

melts of t h e  B lue  Ridge gneisses, 

\ 



i 
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TABLE Bola  A V E R A G E  CBEnICAL COHPOSITTONS 

si02 63 86 65a01 72.91 

A1203 l4e46 15e98 15,02 

CaO 3.30 3a08  1 s  14 

Ti02 

P20S 

U 

l a65  .Os96 

4e73 5.15 

6a07 5.03 

. ?  )x 

2a80  

om09 

l e 3 5  

O e 6 7  

0.48 
a 

s o 4 7  

2e50 

2.59 3e62 

0,08 0808 

0.82 0 . 3 3  

Om46 O e l l  

0.77 l e 2 0  2a68 

I! nO 

I 

. .. .. .. . . ~ .  . ~ . .- . . .. -. . . . .. .. . -. - . . .. 
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O E I G I M  OP THE UIt?ESSORO GRANITE BY CRUSTA?, ANATEXIS 

Barry 8. Hanan 

An o u t s t a n d i n g  problem in petrology has been  t o  

determine t h e  condi t ions  f o r  t h e  f o r m a t i o n  of g r a n i t i c  

rocks, F o l l o w i n g  t h e  work of T u t t l e  a n d  Rowen (1958) many 

e x p e r i m e n t a l i s t s  (see R i n k l e r ,  1976 for  a c u r r e n t  summary of 

t h e  e x p e r i m e n t a l  d a t a )  h a v e  shown t h a t  l i q u i d s  of g r a n i t i c  

c o m p o s i t i o n  c o u l d  be p r o d u c e d  as t h e  first melts of c r u s t a l  

material a t  t e m p e r a t u r e s  in t h e  nighborhood of 65OoC i f  t h e  

melts vere water s a t u r a t e d .  These  f u s i o n  e e m p e t a t u r e s  are,  

in f a c t ,  lower t h a n  those recorded i n  t h e  m i n e r a l s  formed 

d a r i n g  high grade metamorphism of t h e  c r u s t  ( E p s t e i n  a n d  

Taylor, 1967; Carmichael, 1967; Brown and Fyfe, 1970). 

The a s s o c i a t i o n  of m e t a g r e y w a c k e  and granite i n  t h e  

c e n t r a l  and s o n t h s r n  A p p a l a c h i a n s  (Hopson, 1964 : Neathery 

and Reynolds, m a n u s c r i p t  i n  p r e p a r a t i o n )  s u g g e s t  t h a t  

p a r t i a l  f u s i o n  of m e t a g r e y v a c k e  be c o n s i d e r e d  f o r  the o r i g i n  

of t h e  g r a n i t e s ,  ~etagreywackes a t e  f o u n d  in t h e  

W i s s a h i c k o n  F o r m a t i o n ,  t i a r y l a n d  (Bopsoa, 1966) e the 

L y n c h b u r g  F o r r a t i o n ,  V i r g i n i a  (Brown, 1958) a n d  the Wedowee 

Group,  Alabama ( N e a t h e r y  and Reynolds, m a n u s c r i p t  i n  

p r e p a r a t i o n ) .  T h e s e  g r e y v a c k e s  t y p i c a l l y  lack R-feldspar ,  

have l i t t l e  m u s c o v i t e ,  a n d  have a p p r e c i a b l e  biotite, The 

Winnsboto p l u t o n  is a p o s t - m e t a m o r p h i c  g r a n i t e ,  v i t h  l i t t l e  

chemical or m i n e r a l o g i c a l  r e d i s t r i b u t i o n  s i n c e  its i n i t i a l  



Page E-60 

c r y s t a l l i z a t i o n .  The b u l k  composition of t h e  Winnsboro 

a p p r o x i m a t e s  t h e  averaqe chemical composition of t h e  

P iedBon t  g r a n i t e  p l u t o n s  examined t h u s  f a r  i n  t h e  p r o j e c t .  

uinkler a n d  r o n  P l a t e n  ( suawar fzed  by H i n k l e r ,  1967) 

showed t h a t  a s i g n i f i c a n t  amount of g r a n i t i c  melt c a n  be 

produced  by p a r t i a l  f u s i o n  of rocks of g r e y v a c k e  c o m p o s i t i o n  

unde r  c o n d i t i o n s  comparable t o  those found a t  c r u s t a l  

d e p t h s ,  The p r e r e q u i s i t e  for o b t a i n i n g  g r a n i t i c  melts by 

p a r t i a l  f u s i o n  of g r e y v a c k e  is t h a t  plagioclase,  q u a r t z ,  

muscov i t e ,  and/or biotite be present  b e c a u s e  a l l  three or 

f o u r  m i n e r a l s  a r e  r e q u i r e d  i n  order for a n a t e x i s  t o  take 

place. The minimum melt c o m p o s i t i o n  in the s y s t e m  Q-Ab-An- 

Or-820 varies w i t h  t h e  Ab/An r a t i o  pressure and degree of 

v o l a t i l e  s a t u r a t i o n .  F i g u r e  B-1 shows t h e  pos i t ion  for 

a iniaaa melt c o m p o s i t i o n s  d e t e r m i n e d  by Winkler and won 

Platen (summarized i n  V i n k l e r ,  1976) for p a r a g n e i s s  

c o n t a i n i n q  K- fe ldspa r  and  n a t u r a l  g r e y v a c k e s  wi thou t  K- 

f e l d s p a r  b u t  h a v i n g  muscov i t e  and/or  biotite. The norma t ive  

da ta  for t h e  u i n n s b o t o  p l u t o n  is also o u t l i n e d .  It is not 

l i k e l y  t h a t  t h e  Winnsboro was d e r i v e d  from p a r t i a l  f u s i o n  of 

greywackes l a c k i n g  K- fe ldspa r .  tlinimum me1 ts produced from 

g r e y u a c k e s  w i t h  quartz-plagioclase-bioti te assemblages 

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

b i o t i t e  melts i n c o n g r u e n t l y  t o  form t h e  K - f e l d s p a r  

coaponent .  Dur ing  the i n i t i a l  stages of a n a t e x i s  only a 

small f r a c t i o n  of t h e  b i o t i t e  is consumed. The’amonnt  of K- 
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f e l d s p r - c o m p o n e n t  r e l a t i v e  t o  t h e  amount of plagioclase and 

q u a r t z  components is small, resulting i n  the f o r m a t i o n  of a 

g r a n o d i o r i t i c  melt. The n o r m a t i v e  data fo r  t h e  Uinnsboro 

plo ts  arobnd t h e  e x p e r i m e n t a l  data for minimurn melts d e r i v e d  

by p a r t i a l  f&on of g n e i s s  conta ip ing  R-feldspar a t  PH20 = 

3Kb lsee Figure 1) . 
Farther o b j e c t i o n s  f o r  the p r o d u c t i o n  of t h e  Winnsboro 

g r a n i t e  by p a r t i a l  fusion of greywacke ccmes from 

e x a m i n a t i o n  of t h e  a v a i l a b l e  trace element data. Trace 

element f r a c t i o n a t i o n  c a l c u l a t i o n s  usiog average greywacke 

[Roqers a n d  Adams, 1969A, 19698) as t h e  p a r e n t  and t h e  

Rinnsboro as the derivative l i q u i d  i n d i c a t e  t h a t  t h e  U 

c o n c e n t r a t i o n  i n  t h e  Uinnsboro  can be e x p l a i n e d  by 

a F p s o x i m a t e l y  25% fnsioa of greywacke. The same 

calculat ions for Th indicate t h a t  about 15% m e l t i n g  would be 

required. O b v i o a s l y  these r e s u l t s  a r e  in conf l ic t ,  

Rubidium a n d  s t r o n t i u m  studies on greywackes from the 

P i s s a h i c k o n  Forma t ion  (Hanan a n d  Sinha, 1976; Aanan, 1976) 

and t h e  Lynchburg P o r n a t i o n  ( F u l l a g a r  and D i e t r i c h ,  1976) 

negate s imple fusion of greyvacke t o  p roauce  granites like 

t h e  Winnsboro. F u l l a g a r  (1971) showed t h a t  the Paleozoic 

igneous rocks of the Piedmont closely c o n f o r n  t o  the a v e r a g e  

m a n t l e  qrowth c u r v e  fo r  r a d i o g e n i c  s t r o n t i u m  (Rb/Sr = 

0.025). The' time i n t e r v a l  between d e p o s i t i o n  of t h e  

greywackes and c r y s t a l l i z a t i o n  of t h e  g ran i tes  is on t h e  

order of 100 m.y. f o r  most p l u t o n s ,  Rb/Sr i n  t h e  greywackes 
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ranges from 0 , 3  to  0,7  which is similar to estimates of t h e  

'UFper C d s t  made (19621 8 Gast (1960) , 
an8 Taylor (1965) the @7Sr/@6Sr ratios are greater than  

. 

'bd 
by Hurley and others 

0,720, T h i s  means t h a t  @7Sr i n  the  greywackes had evolved 

b along a crustal growth carve a t  t h e  time of t h e  proposed 

genes is  of the granites and8 therefore, the greyuackes could 

.not be parental to granites following a nant.le growth curve. 

Although partial fusion of greywacke is an acceptable 

grocees for t h e  concentration of U,  Th8 and 11 in to  granitic 

platonic  rocks, the e x i s t i n g  najor elelaent and trace element 

data does not substantiate this process w i t h  regard to  t h e  

Binnsbozo. I t  is unlikely that greywacke was t h e  source for 
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I CHRRIICAL FILE SYSTEH 

P r a n k  G a l l i g a n  and  George Crum 

An i n t e r a c t i v e  real time qeological chemical data 

system was r e q u i r e d  for ilamediate a r a l y s i s  of c h e m i c a l  

componen t s ,  i s o t o p i c  ratios,  etc. . The data  s y s t e a  designed 

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

a n d  time s a v i n q  i n t e r a c t i o n s  of the s y s t e m  a l o n g  w i t h  

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

p r o c e s s i n g .  The system is l o g i c a l l y  separated i n t o  modu les  

which all are l i n k e d  t o  a main  user i n t e r a c t i v e  d r i v e r  

r o u t i n e .  This e n a b l e s  the u s e r  t o  access m u l t i  l e v e l s  of 

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

for future  access. 

The f i l e  s y s t e m  is d e s i g n e d  i n  m o d u l a r  r o u t i n e s  t o  

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

i n t e r a c t i v e  e n v i r o n m e n t  changes. 

The main c o m p u t i n g  s y s t e m  c o n s i s t s  of t h e  c e n t r a l  

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

p r i n t e r ,  d i g i t a l  drum p l o t t e r  and disk storage system. T h i s  

comaplete s y s t e m  is  capable of p rogram e x e c u t i o n ,  s torage 

u t i l i z a t i o n  a n d  i n t e r a c t i v e  t e r m i n a l  u s a g e .  The IBH 370 is 

a. l a r g e  and c o m p l e x  system, b u t  o n l y  t h e  n e c e s s a r y  i n t e g r a l  

c o a m u n i c a t i o n s  c o n t r o l l e r  f u n c t i o n  is t o  allow a te rmina l  

v i a  telephone t o  t r a n s m i t  a n d  r e c e i v e  d a t a  t o  the main 

compute r .  The data  may be program l o g i c  or i n p u t / O u t p U t  

L4 
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i; chemical a n a l y s i s ,  The t e r m i n a l  located i n  the laboratory 

h a s  r e a l  t i a e  or immediate access to  t h e  data  f i l e  s t r u c t u r e  

and the c o n t r o l l i n g  program, The data f i l e  s t r u c t u r e  is 

log ica l ly  d i v i d e d  i n t o  specific r o u t i n e s .  These r o u t i n e s  

are.linked and run under a maih d r i v e r  vh ich  is v r i t t e n  i n  

CNS e x e c s .  T h e  e x e c  a re  c o n t r o l l i n g  protrams which r u n  in 

the env i ronmen t  of t h e  cns operat ing system. The r o u t i n e s  

are  w r i t t e n  i n  F o r t r a n  and coqpiled into load modules which 

are e x e c u t e d  by the controlling e x e c s ,  The e x e c s ,  b e i n g  t h e  

controlling process of a l l  r o u t i n e s ,  can select, e x e c u t e ,  

and c o n t r o l  the flow of i n p u t / o u t p u t .  

e-'. 

The F o r t r a n  routines are edi tor ,  f i le ,  search, list, 

statistics, and p l o t .  

The edi tor  has t v o  main functions, f i l e  o r g a n i z a t i o n  

an8 setting up t h e  data files a l o n g  v i t h  delete, rename, 

list, p r i n t ,  a n d  space. 

Each d f  (data f i l e )  can be l o g i c a l l y  d i v i d e d  i n t o  named 

b l o c k s  where each name is unique. Each block can be f u r t h e r  

s u b d i v i d e d  i n t o  named e l e m e n t s  v h e r e  each element name 2s . 

u n i q u e  to t he  b l o c k  v h i c h  it belonqs.  The e x i s t i n g  f i l e  

crganieat ion d e f i n e s  t h e  o r g a n i z a t i o n  of a l l  e x i s t i n g  d f  a s  

i n  the data base fo r  the c u r r e n t  block and e l e m e n t  -name 

s t r u c t u r e  d e f i n e d ,  The  ' f i l e  o r g a n i z a t i o n  can be e d i t e d  by 

t h e  use of the e d i t o r  coamand "EDORG". The subcommands of 

the ~ l E D O R G m  command a l l o w  t h e  user t o  ."add, rename, delete 

list" block and element names which describe the 

\ 

L+ 
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orqanitatioa of a l l  existing df  @s. mEdorq" ' aled 7 its 

snbcoamands are documented. separately; 

Thg i n i t i a l  block is spec ia l  since each .elelaent naae 

defined- fo r  t h i s  block a l lous  t h e  user t o  identify character ' e 

data i n  a l l  e x i s t i n g  d f ' s ,  A l l  other blocks and their 

element names allow the user t o  identify numeric data i n  

e r i s t f ag  d f  as. D f  *s therefore contain nonhomogeneous ilata.' 

. ¶he  information t h a t  describes the current f i l e  
1 

organization is contained in ~ a file cal led "ORGDR". The' 

data structure implemented to  r e p r e s d n t  the, black-elenent  

structure is a multiple l i n k e d  l ist structure. -This data ' 

structure allows such operations a s  addi t ional  deletion, an4 

space, management of t h e  . organization' directory t6 be 

performed b y  several  fundamental list processing routines. I- ' 

An example diagram of the data structure uti'lizkd is 

documented separately u i t h  information on f u n c t f o n a l  f i e l d s  

of each node in t h e  list :processing system, 

The access method bdaa (basic direct access method) is 

ut i l i zed  t o  allow direct access  f i l e  organization. The 

records of a fMe antler bdaa can be d i r e c t l y  accessed by' 

srzpplyinq the desired record pointer. Space for direct  

access f i l e s  is allocated i n  entirety whea t h e  f i . le.  is 

created, t h e  'amount tof space having, been 1 provided ' 

previously, Information regardkng the current d f  and 

organization asrectory f i l e s  is open to  a l l  channels o f .  

operaticn , .  
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Each df created requires Sk bytes, uhere k = 1024. The 

o r g a n i z a t i o n  d i r e c t o r y  u t i l i z a t i o n  is 1 O k  bytes. Under CHS 

o p e r a t i n g  system, space is al located in c y l i n d e r s  with each 

c y l i n d e r  beings QS6k bytes. Each c y l i n d e r  therefore can 

store 9 1  d f % .  , 

Each record in t h e  o r g a n i z a t i o n  d i r e c t o r y  has a ! 

f u n c t i o n a l  r e l a t i o n s h i p  t o  each record of any e x i s t i n g  df.3 

T h i s i f u n c t i o n  is a 1-1, onto mapping from t h e .  records of 

ORqDR fdomain)  to the:records of ,a d f  (range) The number 

of values.  (numeric or character) t h a t  a r e  stored i n  B df is 

d e p e n d e n t  on f i l e  o r g a n i z a t i o n  and cau bo determined b y  

counting a l l  eleplent  names. Block'. names serve' o n l y  I S  

qualifiers: houever ,  records i n  ORGDR which serve as b lock  - 

name f d e n t i f i e s ' d o  map into records of a d f  (these records 

being muse a). 
A l i s t i n g  of t h e  ' c u r r e n t  file o r g a n i z a t i o n  can be 

o b t a i n e d  by entering the coslmand " L I S O R G D E P .  

Blcck or element name can be added,  d e l e t e d ,  r;enamad, 

and l i s t e d .  Operat ions  performed by mEI)ORGa lcomaand effect 

a l l  existfnq d f ' s ,  Care s h o u l d  be erercised vhen using the 
*EDOBG" command and its 

t h i s  edit command subset are u n i v e r s a l l o v e r  t h e  entire data 

he user simply enters t h e  command "EDORG" t o  i n v o k e , .  I 

j ed i to r , . .  ill ur-thek 1 i n t e r $ c t i o n  
" 3  

be tween the ditor+ is i n .  the farm (question list , 

prompt from c o m p u t e r ) - ( d i g i t a l  response by user) or (enter I .  
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character s t r i n g  response from computer ) -  (character s t r i n g  

r e s p o n s e  from t h e  user). 

The user map eutar up to  20 characters for e i ther  block 

or element names; howeverr o n l y  t h e  f irst  e i g h t  characters 

are u t i l i z e d  by t h e  system. Since t h e  block a n d  e l e m e n t  

naples are required  t o  and nay be 

used b y  other  sys tems ,  it is wise. t o  choose mean ingfu l  

names. These names may be cooposed of letters of t h e  

a lphabet  (A-z), t h e  special  characters (#,-, .# 1) 8 and t h e  

d i g i t s  (0-9), t h e  first character of v h i c h  must be 

a lphabe t i c  v i t h  no embedded b l a n k s ,  

access data i n  a g i v e n  d f  
, 

When e n t e r i n g  r e s p o n s e s ,  correctiocs can be made on the 

c u r r e n t  l i n e  of i n p u t  by u s i n g  t h e  character delete symbol. 

A l l  responses e n t e r e d  by t h e  user are echoed for user 

verification. The user may f i n d  it necessary t o  use a n  

"EDORG" subcommand to.make c e r t a i n  c o r r e c t i o n s  t o  e n t e r e d  

responses not  corrected on t h e  c u r r e n t  l ine  of i n p u t .  

Add; allovs a d d i t i o n  of block or element names t o  

be made a t  t h e  e n d  of t h e  c u r r e n t  block names 

list or element name list of a block ,  Allows 

a d d i t i o n  of block or e l e m e n t  names t o  b e  laade 

before an e r i s t i n g  block name in t h e  c u r r e n t  

b lock  list or e l e m e n t  in t h e  c u r r e n t  e l e m e n t  

names list of a block. 

Deletes allows block o r  e l e m e n t  names t o  be 

d e l e t e d  from t h e  f i l e  o r g a n i z a t i o n ,  A d e l e t i o n  
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of a ' b l o c k  remove6 all e x i s t i n g  e l e m e n t  names . 

of t h e  block be ing 'de l e t ed  as well as t h e  block 

Pame. 

Ijeaalae; a l l o v s  block or e l e m e n t  names t o  be 

s e n a a e d  , i 

List; allows l f s t $ n g  of c u r r e n t  b lock  na4e list or 

e l e m e n t  name list of a g i v e n ' b l o c k  on the 

t e r m i n a l ,  

B d i t  df subcomnands allou data t o  be e n t e r e d ,  

correctea, or l i s ted  on a block by block basis  where t h e  

uses nay o p t i o n a l l y  sequence t o  . a  desired block e x p l i c i t l y  

s p e c i f y i n g  the block t o v  be edited b y ' s n p p l y i n g '  'the b lock  

name. The  u s e r  s i n p i y  e n t e r s  the contmand W D S A V  to envoke  

the d f  eaitor. A l l  f u r t h e r  i n t e r a c t i o n  b e t v e e n  the u s e r  and 

ed i to r  i s  in t h e  fora  ( q u e s t i o n  list prompt from 

computer)- ( d i g i t a l  response by user) or (character s t r i n g  1 '  

prompt from computer) - (character string r e s p o n s e  from t h e ,  

user) 

Once the b f  edi tor  has been  envoked tbe computer w i l l  

i n i t i a l l y  prompt t h e  user f o r  a d f  name. D f  names may be up 

to e i g h t  characters le t ters  of t h e  

a l p h a b e t  (A-z), the special  character #, and d i g i t s  (0-9)  , 
tbe first character of vhich  . "  must be a lphabe t i c  w i t h  no 

embedded b l a n k s ,  I f  the nane s u p p l i e d  is new, t h e  computer 

w i l l  al locate  space for a new d a t a  f i l e  with a f i l e  

o r g a n i z a t i o n  a s  desc r ibed  b y  nORGDRV ( o r g a n i z a t i o n  

l o n g  and may c o n s i s t  of 
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directory) and will i n d i c a t e  the df  is new, I f  t h e  name 

s u p p l i e d  is o l d ,  t h e  compute r  vi11 acknowledge  t h e  f i l e  w i t h  

the q i v e n  nahe is o l d ,  A l l  character f i e l d s  of new d f ' s  are  

b lanked  o u t  w h i l e  a l l  numer i c  f i e l d s  are  zeroed o u t ,  F i e l d s  

of o l d  'df's w i l l  be unaffected, Zlhen . t h e  computer  h a s  

acknculadged t h e  df,as neu or o l d ,  d f  e d i t i n g  can proceed on 

a black by block b a s i s  where the c u r r e n t  block is a l u a y s  
L ,  i d e n t i f i e d  by t h e  compute r ,  

Wove t o  t h e  n e x t  block; w i l l  nave s e q u e n t i a l l y  

from t h e  c u r r e n t  block to  the n e x t  block. The 

n8w b l o c k  ' w i l l  be i d e n t i f i e d  b y  t h e  compute t .  

Enter block name; v i 1 1  prompt the  user f o r  a b l o c k  

name a n d  move t o  t h i s  block, 

Make c o r r e c t i o n s  t o  data;  vi11 prompt the u s e r  fo r  

a n  e l e m e n t  name an8 aisplap t h e  current v a l u e  

f o r  t h i s  e l e m e n t  p rompt ing  t h e  u s e r  for  a new 

v a l u e ,  

Enter data;  v i 1 1  d i s p l a y  a n  element name prompting 

the user for a v a l u e  for a l l  e l e m e n t s  of t h e  

c u r r e n t  block , 
L i s t  data: will d i s p l a y  an s l e w e n t  name and v a l u e  

f o r  a l l  e l e m e n t s  of t h e  c u r r e n t  b l o c k  dn t h e  

. t e r m i n a l .  

Delete da ta  f i l e ;  d f ' s  c a n  be deleted from t h e  

d a t a  base by e n t e r i n g  t h e  colamand "DELSAW*@ 

followed by t h e  name of t h e  d f  t o  be de le t ed ,  

G J i  i 
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Exampre: PELSAU S168X2. , 1 

T h i s  would; d e l e t e  sample S168X2 f "  

from t h e  data base. 

Ilename; &f*s can be renamed by e n t e r i n g  t h e  

, coneand "BEUSAH" followed by t h e  original d f  

. name. and then the  d e s i r e d  neu df name. 

Example: rensam SSS67 SSS66. 

i.  This  voaZd rename sample S5567 t o  

the new name of S5566., 

Lisa data f i l e  names: A l i s t i n g  of all e x i s t i n g  d f  

names. currently in the, data base c a n  be 

obtained by entering the command VWI!SAfl", 

which lists on the terntnal, , 

Print data files; Data files may be p r i n t e d  ' a t  any 

poss ib le  locations, t h e  user's terminal, remote 

job entry stations, main computer  room. The 

I coaeaad i s  n@RTSEL?la followed. by the location 

that  t h e  pt intoat  $6 to b e  sent. The computer 

w i l l  prompt the user for t k e  names of sample 

f i les  t o  be p r i n t e d .  : 

L i s t  data f i le:  A-df way be listed on t h e  terminal 

for instant d i s p l a y  of data by enter ing!  the 

command WLLSSAV. The user will .be prompted , to 

lenter a d f  name. r l  i 

i 
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Example: LISSAM 

I 

enter sample name: 

SS389 

String is  S5589 

l i s t i n g  follous 

Space: The current p e r c e n t  of space b e i n q  u t i l i z e d  

can be found  by e n t e r i n g  the command "space". 

In a d d i t i o n ,  the t o t a l  number of files, 800 

b y t e  records in use and  t o t a l  c y l i n d e r s  on t h e  

c u r r e n t  user d i s k  is d i sp layed .  

Data e n t r y  from a n o t h e r  F o r t r a n  program is i n c o r p o r a t e d  i n t o  

the d a t a  file system. The program is ca l led  - by - 
and was modified t o  take card da ta  i n p u t ,  r u n  the  program 

and for t h e  data o u t p u t  to be e n t e r e d  in t h e  aata f i l e  

6 pste m, 

The nora program s e t u p  is as follows: 

Pormat analysis cards: Columns 73-80 of a n a l y s i s  

cards are  r e s e r v e d  for  the sample i d e n t i f i e r /  

w h i c h  must be l e f t  j u s t i f i e d  in this f i e l d .  

The sample i d e n t i f i e r  most b e g i n  v i t h  an 

a l p h a b e t i c  character and inay c o n t a i n  a l p h a b e t i c  

c h a r a c t e r s ,  t h e  c h a r a c t e r  X,  and  t h e  d i g i t s  

(0 -9)  . S i n c e  sample  identifiers may c o n t a i n  

e i g h t  characters,  s t a n d a r d  format I1 from norm 

program d e s c r i p t i o n  c a n n o t  be used. - Refer t o .  

norm procedures .  The a n a l y s i s  cards eas t  be 
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I b ,  preceded  by a modi fy  command a n d  o x i d e s  command 

card  which  o v e r r i d e  s t a n d a r d  format t l .  The 

format described by t h e  modify command must not 

use co lumns  73-80: t h e s e  co lumns  a re  r e s e r v e d  

for sample i d e n t i f i c a t i o n  , 

Data e n t r y ;  A n a l y s i s  cards may be prepared 

o f f l i n e  on a k e y p u n c h  or o p t i c a l l y  may be 

e n t e r e d  i n t o  a CHS file us ing  t h e  CHS edi tor  

i n t e r n a l  t o  I B E  370 o p e r a t i n g  system, If t h e  

cards a r e  p r e p a r e d  o f f l i ne  on a keypunck, they 

may be read in$o y o u r  CRS v i r t u a l  r e a d e r  by 

p r e c e d i n g  t h e  data deck with t h e  c o n t r o l  card 

needed  t o  read i n  the cards  in a t  a remote job 

entry s t a t i o n .  
1 

To have  t h e  cards  read from t h e  v i r t u a l  reader into a 

W 

1 C I S  f i l e  issue the c o a a a n d  "RDBDATW, The data  f i l e  may uow 

be diEplayeB on t h e  user's t e r m i n a l  by t h e  command "PPTDAT". 

This p r i n t s  t h e  data  file t o  e n s u r e  a p r o p e r  l i s t i n g ,  Next 

command i s '  the e x e c u t e  coaamand t o  r u n  the  norm program by 

the "norm" coamand. 

Ou tpu t  froa'the norm program may he p r i n t e d  a t  a n y  

possible t e r m i n a l  o r  p r i n t  s t a t i o n  desired, This l o c a t i o n  

1s 6 p e d f i e d  a f t e r  t h e  norm conatand, 

EXaPlplet norm t e r m i n a l ,  

T h i s  would e x e c u t e  t h e  norm program 

and  p r i n t  t h e  o u t p u t  a t  the terminal. 
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The u s e r  may e d i t  another  CBS d a  (a f i l e  a s i n g  t h e  CclS 

editor) o r  read a n o t h e r  data f i l e  from t h e  . v i r t u a l  reader 

u s i n g  u s i n g  t h e  ~ R D R D A T "  command, t h e n  t h e  "normn command t o  

c a l c u l a t e  the c ipw norm €or each new data  f i l e ,  

Hora i n p u t  t o  data  base; I n  a d d i t i o n  t o  prov id ing  % 

a summary p r i n t o u t  of t h e  samples, t h e  summary 

command w i l l  e d i t  sample f i les i n  t h e  CflS data 

base d e f i n i n g  s e v e r a l  alues,  b l o c k s ,  major- 

elements, a d j u s t e d - o x i d e s ,  uorn, Bart h 's- 

c a t i o n s ,  n i g g l i - v a l u e s ,  and  index are d e f i n e d  

in e n t i r e t y .  E lemen t s  sample-name and p lu ton -  

name of b lock  i d e n t i f i c a t i o n  are a l s o  d e f i n e d .  

The p r i n t o u t  p rov ided  by t h e  summary command 

w i l l  l i s t  a l l  sample I d e n t i f i e r s ,  i n d i c a t i n q  

w h e t h e r  t h e  sample  is new o r  old. S i n c e  data 

in other  areas of t h e  sample f i l e  is 

unaffected, v a l u e s  for these e l e m e n t s  may be 

d e f i n e d  by other means (editor) ei ther  before 

o r  af ter  r u n n i n g  t h e  no r@ program. 

No changes shou ld  be made t o  the block os e l e m e n t  names 

mentioned above  s i n c e  t h e  norm program w i l l  search the f i l e  

A u n i v e r s a l  p o p u l a t i o n  of all samples has now been 

b u i l t  by the edi tor ,  To this list saaples  and  data may be 

added in a c o n t i n u o u s  u p d a t e  of t h e  chemical file. C h e m i c a l  
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cases does not require t h e  

To a id  in storage a n d  speed  a n a l y s i s  

a n a l y s i s  b e i n g  performed in many 

access‘of a l l  samples, 

a subset is reqaired,  

search r o u t i n e s ,  T h e  f i l e  r o u t i n e  h a 6  t h e  c a p a b i l i t i e s  of 

setting u p  a new f i l e  which is given a name by t h e  user. 

This pane is u n i q u e  t o  a l l  f i les ,  a n d  for t h e  first time it 

is set up c o n t a i n i n g  a list of a l l  a v a i l a b l e  samples .  This 

newly  naaed  f i l e ‘  is t r a n s l a t e d  i n t o  a s u b s e t  of s a m p l e s  b y  

t h e  use of t h e  s e a r c h - r o u t i n e .  Once the‘search r o u t i n e  ha6 

created a s u b s e t  t h e  named file now. becomes a n  o ld  f i l e ,  

The d i s t i n c t i o n  between a n  o l d  a n d  new file is t h a t  a new 

f i l e  bas a list of a l l  samples and  t h e  o l d  f i l e  has a s u b s e t  

list of samples a f t e r  t h e  search routine bas been  a p p l i e d ,  

The old named file i s ’ a u t o a a t i c a l l p  s a v e d  l a  storage and may 

be u s s d ~ t e c a r s i v e l y  a t  a f u t u r e  tiihe. The file routine has 

the capabi l i t ies  of f u n c t i o n a l  o p e r a t i o n s  on ,o ld  named 

files. The operations are: add, erase, i n p u t ,  rename, copy ,  

list, i n t e r s e c t ,  and c o n c a t .  

T h i s  i s”  accompl i shed  by t h e  f i l e  a n d .  

Add; The add o p e r a t i o n  allows the u s e r  t o  cr‘eate 

a neu named f i le  which c o n t a i n s  a list of a l l  

s ia tples ,+ 

Erase: This v i 1 1  - l e t  t h e  as& delete a n y  o ld  o’r” 

new named f i l e d ,  t h u s  freeink more space for 

the user, - -  . 

Inpu t :  $he u s e k  may i n s e r t  into any named f i l e  a 

- - sample  o r  s e t  ’of sample names for  a n a l y s i s .  
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T h i s  allows t h e  user t o  i n d i v i d u a l l y  select 

samples f o r  a low l e v e l  a n h l p s i s ,  

Rename: A new o r  o l d  f i l e  may be renamed a t  any 

time, 

Copy: The copy command lets  t h e  user make c o p i e s  

of o l d  o r  new files. The  copy  name ( m u s t  be I 

other t h a n  t h e  o r i g i n a l  n a m e d , f i l e .  
. -  

’ 

L i s t :  T h i s  allows t h e  u s e r  t o  p r i n t o u t  t h e  n a k  

of a l l  t h e  o l d  a n d  new f i l e s  created. 

I n t e r s e c t :  This command performs the i n t e r s e c t i o n  

of two named f i l e s  and  creates a list of 

samples uhich is named by t h e  use r .  

Concat: Performs a un ion  of two named files, thus 

c r e a t i n g  a list of samples  which is named by 

t h e  use r .  

9he  p r o c e d u r e s  of t h e  f i l e  s t r u c t u r e  enable t h e  u8er t o  

se t  up a sample file f o r  a n a l y s i s  a n d  stores a l l  da taefor  

f u t u r e  useage.  The s t r u c t u r e  d y n a m i c a l l y  a l locates  s p a c e  

a n d  r e c u r s i v e  t e c h n i q u e s  n e c e s s a r y  f o r  i n t e r a c t i v e  

Statist ics,  up must be PSOCeSSed in A l l  f i l e s  t h a t  are set 

t h e  search r o u t i n e ,  

The search r o u t i n e  e n a b l e s  the user to p r e d e f i n e  any 

arithmetic e x p r e s s i o n  for t h e  s e l e c t i o n  and  search criteria 

perforaed on any  named f i l e  of sasples ,  The r e s u l t  is a 

subset of t h e  named f i l e  b e i n g  operated on a n d  t h e  resul ts  

are r e w r i t t e n  i n t o  t h e  named file, R e c u r s i v e l y  t h e  user may 

W 

f 
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repeat with di f fe ren t  search c r i t e r i a  u n t i l  t h e  subset of 

samplis is sat isf ied,  

The search c r i t e r i a  o r  e x p r e s s i o n  m u s t  b e  se t  up i n  a 

nam8d.fi .h system similar t o  the f i l e  routine operations, A 

name for  the expression f i l e  i s  required along w i t h  the 

e x p r e s s i o n  to  be entered'by t h e  user in to  t h a t  f i l e ,  The 

search has two main sections, the file setup and  the  search 

on t h e  samples. T h e . f i l e  s e t u p  h a s  e i g h t  commands: add,  

copy. list, erase, intersect,  concat, rename and i n p u t  

search string or the expression. 

Add: Requeat the name of t h e  uev search f i l e  t o  

. be given by t h e  aser. 

'Copy: Creates a copy of t h e  s e a r c h  file w i t h  a 

d i f  fereat name. 

List: Enables t h e  user t o  printout a l l  existinq 

names of the search f i l e s  os p r i n t s  the 

expression of a par t i cu la r  6earch f i l e  t h a t  the 

., .user m u s t  specify, 

Erase: The user may delete any s e a r c h  f i l e .  

Intersect: Tuo search f i l e s  mqy be l o q i c a l l y  or 

together ' to  create a searcb file named by t h e  

user. 

Concat: Two s e a r c h  i l e s  may be rogical iy  ana 

together t o  create a new search f i l e  named by 

I the user, 
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Rename: A search f i l e  name can be changed by t h i s  

c oa Band . 
I 

5 

Inpat search s t r ing :  This command allows t h e  u s e r  

t a  i n p u t  t h rough  t h e  t e rmina l  a mathematical 

expression u p  t o  130 b u f f e r  l e n g t h ,  The . 

expresston may c o n t a i n  character s t r i n g  or 

' of 

The q u a l i f i e r  between block 

_ -  

umeric v a l u e s  with 0 PeFCL t O S S  

- # ' # * 0 / 0  ' # < # > # ' I C .  

and element is t h e  semico lon ,  The f o l l o v i n g  . 

a re  examples  of search e x p r e s s i o n s :  

!!a j o r - e l emen t s ;  S i 0 2  C 69,032 t major-oxides ;  A 1  > 
5.01 

I d e n t i f i c a t i o n ;  pluton-name = L i b e r t y  H i l l  

Nora;Ab + norm:An > 3 1 , O O  

The block a n d  e l e m e n t s  of t h e  search file are  error 

checked for t h e  correct character s e q u e n c e  in t h e  

o r g a n i z a t i o n  directory. I f  a b lock  or e l e m e n t s  does n o t  

e x i s t  t h e  error is p r i n t e d  a n d  l og ic  flow r e t u r n s  to the 

main driver of t h e  chemical structure. T h i s  allows t h e  user 

to r e c o v e r  from any s e v e r e  errors and t o  c o n t i n u e  ,with t h e  

analysis. 

Once the e x p r e s s i o n  is s e t u p  i n  a search f i l e  t h e  user 

s u b s e t  of samples may ncw use t h i s  search file t o  select a 

names by a p p l y i n g  the expression t o  the named f i l e  of 

samples, This is achieved by using the search s a a p l e s  

command i n  t h e  search r o u t i n e ,  
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The search samples command w i l l  first r e q u e s t  the u s e r  

t o  s p e c i f y  what t h e  name of t h e  sample f i l e  to be searched 

i s  n a k d .  Next t h e  r o u t i n e  r e q u e s t  the user t o  select what 

search f i l e  e x p r e s s i o n  i s  to be performed on t h e  sample  

f i le.  E x e c a t i o n  of this command w i l l  process t h e  sample 

f i le '  and create a subset of samples by the e x p r e s s i o n  

cr i ter ia  a n d  rewrite t h e . s a m p l e  names into the named f i l e  b y  

t h e  user. This p r o c e d u r e  may be d o n e  w i t h  a n y  number of 

e x p r e s s i o n  u n t i l  t h e  d e s i r e d  p o p u l a t i o n  of samples is 

ach ieved .  The p r o c e s s i n g  flow r e t u r n s  t o  the main r o u t i n e  

where list, s t a t i s t f c s  or p l o t  commands may now be selected. 

The list cornsands e n a b l e s  t h e  u s e s  t o  ' p r i n t  on t h e  

p r i n t e r  or t o  s c a n  on t h e  g raph ic s  any created f i les  or 

data. The list s t r u c t u r e  r e q u e s t s  t h e  user t o  s p e c i f y  a 

named f i l e  for p r i n t i n g  a n d  for data a p a r t i c u l a r  s ample  

name mas t  be s u p p l i e d .  The l o c a t i o n  of p r i n t i n g  c a n  be 

specified on t h e  printer or t h e  h i g h  s p e e d  device.  The 

d e v i c e  may be used for large p r i n t o u t s  of data or a n a l y s i s  

needed at  a f u t u r e  time. With t h e  c a p a b i l i t i e s  of scanning 

data  an6 f i les  on the terminal the user now c a n  proceed t o  

t h e  analysis sect ion of the' main routine called s t a t i s t i c a l  

r o u t i n e .  

The s t a t i s t i c a l  routi'ie must have a saBple  f i l e  name t o  

do a n y  analysis.' This f i l e  n a m e . i s  d e f i n e d  by t h e  user, and  

may be any one f i l e  that was created from f i l e  o r  search 

r o u t i n e s .  This f i l e  or f i les  .5ay b e  a p p l i e d  t o  any one of 
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f i v e  s t a t i s t i c a l  routines. They are  r e g u l a r  Stat is t ics ,  

l i n e a r  r e g r e s s i o n ,  S t a t i s t i c a l  A n a l y s i s  Sys t em (SAS) 8 

S c i e n t i f i c  S u b r o u t i n e  Package (SSP) I a n d  the I n t e r n a t i o n a l  

Ha th  a n a  S t a t i s t i c a l  Library (IRSL) . 
T h e  r e s u l t s  from t h e  processed data  must  go i n t o  a 

named f i l e  by t h e  u s e r .  The  r o u t i n e  before p r o c e s s i n g  

s t a r t s  w i l l  r e q u e s t  $he mer t o  name the f i l e  for f u r t h e r  

u s a g e  as a p l o t  or p r i n t e d  data .  The resultant s ta t i s t ics  

' named f i l e  is saved i n  s t o r a g e  and c a n  be operated on by t h e  

commands l ist,  copy ,  rename,  delete ,  These commands are 

a p p l i c d  t o  t h e  s ta t i s t ics  f i l e  a n d  f u n c t i o n  t h e  same as 

o p e r a t i o n s  In file s e t u p  a n d  s e a r c h  f i l e  s e t u p ,  No 

n e c e s s a r y  e x p l a n a t i o n  is n e e d e d  s i n c e  t h e y  are s imilar  i n  

s t r u c t u r e .  

The regular statistics r o u t i n e  r e q u i r e s  one f i l e  name 

set t o  do the  performed c a l c u l a t i o n s ,  They c a l c u l a t e  

s t a n d a r d  d e v i a t i o n ,  s t a n d a r d  error, maxiurn, minium, a v e r a g e ,  

a n d  r a n g e  of i n p u t  data .  

The l i n e a r  r e g r e s s i o n  r o u t i n e  requires two f i l e s  of 

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

p r i n t e d  a re  the slope,  i n t e r c e p t ,  maxiurn, minium, a v e r a g e ,  

and r a n g e ,  A c o e f f i c i e n t  c o r r e l a t i o n  is c a l c u l a t e d  a l o n g  

w i t h  errors a n d  r e s i d u a l s .  The  p r i n t o u t  may be on the 

t e r m i n a l  OS the high speed p r i n t e r  f o r  f u t u r e  r e f e r e n c e .  

The S t a t i s t i c a l  A n a l y s i s  System, Scien t i f fc  S u b r o u t i n e  

Package, a n d  the I n t e r n a t i o n a l  Math a n d  S t a t i s t i c a l  L i b r a r y  
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are not implemented  as of t h i s  p u b l i c a t i o n .  P u t u r e  

i n t e t a c t i o n  requires f u r t h e r .  development.  

The statistics r o u t i n e  o u t p u t  provides a named f i l e  

s u p p l i e d  by t h e  user which is a n  i n p u t  f i l e  t o  t h e  p l o t  

rou t ime .  

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

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

COmand8, They are  t h e  X-Y p l o t ,  ternary p l o t ,  and s u r f a c e  

I1 analysis. 

The X-Y command will r e q u e s t  t h e  user s u p p l y  a named 

f i l e  of samples which was produced  from f i l e  or Search. The 

user is then prompted for t h e  block and e l e m e n t  of t h e  X . 
coordinate and the Y c o o r d i n a t e .  4 p l o t  is then d i s p l a y e d  

an t h e  graphics  t e r m i n a l .  T h e  u s e r  may now scale, ro ta te ,  

window, or c h a n q e  t h e  axis  scale f o r  a more precise p l o t .  

When t h e  u s e r  is satisfied with the  p l o t  i t  c a n  be s e n t  t o  

t h e  d i g i t a l  p lot ter  or  a h a r d  c o p y  c a n  be made. The t e r n a r y  

p l o t  is t h e  same system of logic e x c e p t  the u s e r  will be 

working with three coordinates. 

The S u r f a c e  If a n a l y s i s  (Saapson, 1977) has not been 

implemented ,a8 of this p u b l i c a t i o n &  

The chemical file system is o r i e n t e d  toward the u s e r  

f o r ’  a q u i c k  and ready analysis. The l o g i c  flow of t h e  

entire system makes i t  feasible  t o  do l a r g e  amounts  of da ta  

ana1yd.s v i t h  t h e  i n t e r a c t i v e  user, The d e s i g n  1s f l e x i b l e  

enough t o  l s o d i f y  q u i t e  easily a n d  y e t .  simple t o  implement .  



Page E-84 c 
The main driver and commands were user lahgnage orieated for 

easy interpretation. 
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THE LITHOLOGIC CHARACTER OF 
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ATLANTIC COASTAL PLAIN SEDXKEBTS 

IN G E O R G I A ,  SOUTH CAROLIN&, AND NORTb CABOLIWA 

WITH SPECIAL REFERENCE TO THE 1978 DRILX,IOG PROGRAH 

Joseph J.  Lambiase 

INTRODUCTTO 8 

The resoarce p o t e n t i a l  of geothermal energy in 

sedimentary racks above the b a s e m e n t  rock is d .ependen t  upon, 

among other t h i n g s ,  t h e  n a t u r e  of the  rocks o v e r l y i n g  t h e  

b a s e m e n t ,  and on t h e  a v a i l a b i l f t y  and circulation of 

g r o u n d u a t e t  ( C o s t a i n  e t  a l , ,  1977) , T h e  amoun t ,  of hea t  

retained or d i s s i p a t e d  is a f u n c t i o n  of overburden 

l i t h o l o g y  and t h e  g r o u n d w a t e r  regime determines tbe amount  

of heat t h a t  c a n  be c o n v e y e d  t o  the s u r f a c e ,  R e c o v e r a b l e  

groundwater a l s o  is affected by lithology s i n c e  p o r o s i t y  and 

permeability c o n t r o l  t h e  g r o u n d w a t e r  regime, 

, 

T h e  A t l a n t i c  Coastal  P l a i n  1s a t h i c k  wedge of 

s e d i m e n t s  of C r e t a c e o u s  and y o u n g e r  ages that  e x t e n d s  from 

Mew Tork t o  Plorida, G e n e r a l l y ,  the w e d g q i s  t h i n n e s t  where 

it abuts t h e  P i e d m o n t  t o  t h e  west a n d  thic.k.est  along t h e  

A t l a n t i c  Coast. Coastal Plain sediments h a v e  a varied 

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

\. 

".\ 

! 

conglomerates. 
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Detailed i n f o r m a t i o n  about sediments and groundwater  is 

n o t  a v a i l a b l e  for  much of t h e  A t l a n t i c  Coastal  Plain. It is 

t h e  aim of t h i s  r e p o r t  to  summarize t h e  er i s t icg  d a t a  on 

sediments and g r o u n d u a t e r .  Another  gdal  is t o  p r e d i c t  the 

lithologic s e q u e n c e s  t h a t  u i l l  be e n c o u n t e r e d  i n  t h e  wells 

t o  be d r i l l e d  by Gruf Federal in e a c h  s ta te .  

. L  

Because  of the l a r g e  area c o v e r e d  by this s t u d y  (New 

Jersey to F l o r i d a ) ,  i t  is n o t  p r a c t i c a l  t o  i n c o r p o r a t e  the 

entire area into one report. VPT 8 Sums 1978 d r i l l i n g  

prograa is b e g i n n i n g  a t  t h e  n o r t h e r n  end of the Coastal 

P l a i n  w i t b  the o p e r a t i o n  progress ing  southward d a r i n g  t h e  

summer: however, a t  the time this leeport uas prepared, it 

u a s  a n ' t i c f p a t e d  t h a t  the  d r i l l i n g  program would s t a r t  a t  t h e  

south end of t h e  s t u d y  area, Consequently, this report is 

re8tricted t o  Georgia, South Carolina, and North Carolina: 

other states w i l l  be d i s o u s s e d  i n  6UbSeqaent r e p o r t s .  

R E G I O N A L  STRATIGB AP)IY 
I 

Auaeroas vorkers have i d e h t i f i e o  s t ra t igraphic  onitis 

frcra t h e  sabsvrface and 6urface of Georqia, S o u t h  Carolina, 

and Uorth C a r o l i n a  {Cooke, 1936, 1943: Richards, 1950: aaoag 

others) , and others have  correlated e t r a t i g r a p h i c  u n i t 6  over 

much brcadet area8 (Hurray, 1961: Haher, 1971: Broun e t  al., 

1972; Richards, 194s; Spangler and Peterson, 1350) .  The 

. .  



. 

Page C-4 

r e su l t s  of t h e  l a t t e r  workers i nd ica t e  tha t ,  generally,  t h e  Lj 
s t r a t ig raphy  of Georgia a n d  North a n d  south Carolina is 

comprised of equivalent s t r a t i g r a p h i c  units t h a t  can be 

corre la ted  w i t h i n  t h e  t r i - s t a t e  area, and  t h a t  the 

cor re l a t i cn  can be extended t o  the Gulf coas t  and northvard 

t h r o u g h  Virginia, Haryland, Delaware, and New Jersey. A 

generalized s t r a  t igraphy of -.Georgia, North Carolina, and 

S o u t h  Carolina is p r e s e n t e d  below; it is taken primarily 

frca Brcwn e t  a l .  (1972), Brown (1974), R i c h a r d s  (1950), 

spaagler  and Peterson (1950) 8 a n d  Cooke (1936, 1943).  

The o ldes t  rocks t h a t  most workers have i d e n t i f i e d  in 

t h e  t r i - s t a t e  a rea  a r e  of Lower cretaceous age, although 

Brown e t  al. (1972) report .  a sequence of J u r a s s i c  rocks from 

North Carol ine.  Lover Cretaceous rocks are restricted to 

Georgia and cons i s t  of sandstones, shaley sandstones, and 

sandy shales. Host reports do not assiqn formatiooal names 

t o  these rocks, and it  is not appropriate  t o  attempt this in 

t h e  present repor t ,  e spec ia l ly  because t h e  VPZ 6 SU d r i l l i n g  

program will not penetrate  these u n i t s .  For t h i s  reason, 

only rccks of Upper Cretaceous aqe and younger w i l l  be 

conside red . 

- Upper C_staceous 

The lowest u n i t  i n  t h e  Upper Cretaceous in a l l  three 

states is  the Tuscaloosa Parlaation w h i c h  ' is p r i m a r i l y  
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sandstone with lenses of shale .  f n  Georgia. and North 

Carolina, t h e  Tuscaloosa is over la in  by t h e  s a n d s  and sandy 

claps of t h e  Eutav Poraatfon: t h i s  u n i t  is apparent ly  absent 

i n  South Carolina. The Black C r e e k  Fortnation o v e r l i e s  .the 

Tascaloosa Formation in South  Carolina. It is primarily 

black skale with some fine sands and nail, and is equivalent  

t o  t h e  Cusset.a s a n d ,  (fine sand - w i t h  c l a y )  o f - t h e  . R i p l e y  

Fotmation,of Georgia. The overlying sand with c l a y  bases of 

t h e  Providence sand o f  Georgia's R i p l e y  Formation is 

equiva len t  t o  the Peedee Formation (sandy shale and s h a l e y  

sand with some limestone) of North and S o u t h  Carolina.  

TBTkJ-arY 
&&a=&. The Clayton Formation of Georgia is t h e  

only unit of Paleocene aqe in the t r i - s t a t e  area,  It is 

coglposed of ca lcareous  clay and sandy limestone, 

gp-2, The oldest  Eocene rocks a r e  t h e  fine sands 

with clay laminations of the Wilcox Group of Georgia, and 

t h e  equ iva len t  sands and shales of t h e  Black Riago Formation 

in s o u t h  Carolina and t h e  sands of t h e  Aguia Formation i n  

North caro l ina .  The McBean Formation (sand w i t h  s i l i c e o u s  

l iaestooe aad g laucon i t i c  marl) overlies t h e  Uilcox a n d  

Black Cllngo in Georgi and South Carolina. The Nanjeaoy 

Formation ( a r g i l l a c e o u s  sand) I 1s t h e  North Carolina 

equiva len t  of t h e  RcRean. The Upper  Eocene is represented 
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by t h e  Cast le  Hayne Formation (limestone) i n  North Carolina, 

t h e  Santee Limestone and Cooper Rarl  i n  Worth Carolina, and 

t h e  Twiggs Clay, Barnwell Sand a n d  Cooper War1 i n  South 

Ca r o l i  n a. 

Ujqoceng. I n  Georgia and South Carolina, t h e  Plint 

R i v e r  Formation and  the Suwanee Limestone comprise the 

Oligocene section. Both are limestone w i t h  the F l i n t  River 

being more sandy than the Suwannee. Oligocene rocks are 

apparently absent i n  North Carolina. 

figs=. The oldest  fliocene rocks i n  Georgia a r e  t h e  

sandy limestones of the Taepa Limestone: there is no 
equivalent  u n i t  in the Carolinas. Hawthorn Formation sha le s  

and l imestones ove r l i e  t h e  Tampa Limestone i n  Georgia, and 

are t h e  o ldes t  Miocene rocks i n  South Carolina, b u t  there 

are no equivalents  in Worth Carolina, Yorktoun F o r m a t i o n  

clayey eands and a a r l s  are t h e  o ldes t  Niocene u n i t s  i n  North 

Carolina, They a r e  equivalent  to the Raysor Harl in South 

Carolina, b u t  there is no corresponding u n i t  i n  Georgia. 

The uppermost Niocene u n i t  i n  all three s*.ates i s  the Duplin 

marl w h i c h  is a she1ly;sandy marl, 

gltpceng. The PliGene is represented b y  t h e  Charlton 
, .  

Forlaation (calcareous c lays  and 1iIuestonos) in Georgia and 

t h e  equiva len t  Uaccamaw Fornation (shelly sands) in the 

.carolinas, 
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QUh!2W!€Y 

e ~ g i g & ~ ~ .  The Pleis tocene of a l l ’  three states 

consists of a series of sand ucits t k a t  contain minor 

amounts Of S i l t ,  Clay8 and gravel  (DUbar, 1971).  From 

oldest t o  youngest, these a r e  t h e  Brandywine, Coharie, 

Sunderland, Uicomico, Penholoway, Talbot and Panlico 

Porraticns (Richardsqt 1969)  

.&)ocene. Eolocene s e d i m e n t s  include sands ,  silts and 

c lays  deposited along t h e  At lan t i c  coast of all three 

s t a t e s .  No s t r a t i g r a p h i c  u n i t s  have been def ined  for 

RolocenE deposits.  

STATE SUHHARIES 

EsteEsie 

m!E&kL E h  a s B h B ! t ,  

The Coastal  Plain of Georgia comprises an area of about 

86,000 kmz t o  the southeast  of t h e  fall l i n e  (Figure C - j . 1 ) .  

Coastal  Plain sediments increase in thickness t o  t h e  south 

and  east u i t h  a faarimum t 

Atlantic coast  of t h e  s ta te  Figure C-3 .1 ) .  T h e  isopachs i n  

Georgia on Figure C-1.1 were taken from Craaer (1974) and 

a r e  based on data  compiled by Herrick {1.961)* A p p l i n  and 

A p p l i a  (1964),  a n d  Woollard e t  a l .  (1957),  Generally, rocks 

>of successively younger ages are  iestricted t o  areas 

progressively c l o s e r  t o  t h e  At lan t ic  Coast. 
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The lithology of coastal  Plain s e d i m e n t s  i n  Georgia is 

qui te  variable. Carbonate sediments are  abundant in 

a d d i t i o n  t o  clays, sands, and gravels. Lower Cretaceous 

s o c k s  a re  less t h a n  30 m thick i n  t h e  e a s t  b u t  t h i c k e n  

westward t o  760 m i n  t h e  southwest (Cramer, 1974). Lover 
i 

Cretaceous socks a r e  e n t i r e l y  c l a s t i c  and  are c h i e f l y  sands 

(Cramer, 1974) . The upper  Cretaceous Series (Tuscaloosa 

Fa., Eutau  E%., Blufftown Pn., and R i p l e y  Fla.) is 760 m 

t h i c k  in t h e  'west cen t r a l  region of the Coastal Plain and is 

over 304 IS t h i c k  everywhere except near the f a l l  line 

(Appl in  and Applfn, 1967) Sands dominate the lithology 

from t h e  f a l l  l i n e  t o  approxiaately halfway t o  the Atlantic 

Coast uhete shales and clays become t h e  most, abundant 

lithology (Cramer, 1974). Sandy carbonates dominate a 

r e l a t ive ly  small area along the Atlantic Coast. 

Paleocene sediments {Clayton am.) are mainly sandy  

l imestones v i t h  scattered patches of sand (Cooke, 1943) . 
?!aximum thickness is 182.m i n  the southeast Coastal P l a i n :  

typ ica l  thickness is abont 122 0 (Cramer, 1974)." Lower 

Eocene u n i t s  (Uilcox Gp.) increase in thickness from 0 PI 

near t h e  f a l l  l i ne  to 243 II on the Atlantic Coast. The 

central region is sandy limestone. T h i s  is enclosed by an 

area of calcareous sandstone. T h e  coastal  area is 

limestome, and sandy .shale  and shaley sandstone occupy the 

western part  of t h e  coastal  P l a i n  i r !  Georgia, pl iddle  Eocene 

sediments (Tallahatta Pa, and Lisbon Pm.) are mainly 



Page C- 10 

c a l c a r e o u s  sands n e a r  t h e  f a l l  l i n e .  To t h e  s o u t h e a s t ,  t h e  

l i t h o l o g y  becomes dominated by s a n d y  limestone, and t h e  

c e n t r a l ,  south, a n d  e a s t e r n  areas have s h a l e y  l i m e s t o n e s '  < -  

(Crarer, 1974). n i d d l e  Eocene  s e d i m e n t s  a t e  o v e r  304 m ' i n  

the southeast, but are 152 t o  213 n t h i c k  i n  most p l a c e s .  

The UFFer Eocene, series (Barnwell Pm., J a c k s o n  Gp.) 5s 

mainly l i m e s t o n e  v i t h  small areas of sandy l i m e s t o n e  a t  t h e  

n o r t h .  Haxirum t h i c k n e s s  is 243 m i n  t h e  south but few 

areas have t h i c k n e s s e s  o v e r  6 1  R. 

~I 

O l i g o c e n e  s e d i m e n t s  ( F l i n t  River re.) a re  always less  

t h a n  152 n t h i c k  a n d  u s u a l l y  a r e  less thar. 6 1  m t h i c k .  

L i m e s t o n e  d o m i n a t e s  t h e  l i t h o l o q y ,  a n d  there a re  scattered 

areas of sandy l i m e s t o n e  and c a l c a r e o u s  sand (Cramer, 1974). 

t l i o c e n e  and P l i o c e n e  E e d i m e n t s  are cal.ca reous sands and 

c l ays  w i t h  some l i m e s t o n e ,  tlaxinum t h i c k n e s s  is 182 rn near 

t h e  A t l a n t i c  Coast, P l e i s t o c e n e  and R o l o c e n e  s e d i m e n t s  are  

restricted t o  a s t r i p  a l o n g  t h e  A t l a n t i c  Coast and are 

m a i n l y  s a n d s  w i t h  s a n d y  shale and c a l c a r e o u s  s a n d  (Herrick, 

1965; Herrick a n d . f o r h i s ,  1963). I4ost d e p o s i t s  are about 30 

n t h i c k ,  b u t  t h i c k n e s s e s  np t o  6 1  m o c c u r  a l o n g  t h e  A t l a n t i c  

Coast . 
EEPJlng&sa 

Thoason e t  a l .  (1956) h a v e  i d e n t i f i e d  three r e g i o n s  

w i t h  d i s t i n c t  g r o u n d w a t e r  c h a r a c t e r i s t i c s  i n  t h e  Coastal 

P l a i n  of Georgia (Figure C-1.1). Near the f a l l  l i n e  t b e  
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major aquifers a r e  t h e  Cretaceous sands of t h e  Tuscaloosa 

Potmation and the R i p l e y  Formation (Cusseta and Providence 

sands - Pigtqw' C - l D l )  wells producing up t o  1,850 gpa 

(7003 l / m )  have been reported (Le Grand, 1962), and most 

counties in this region have wells tha t  prodace 200-500 gpm 

(757-1893 l/a - La Horeaur, 1946: Le Grand, 1962). 

A second groundwater region occupies a small area i n  

t h e  soathuest' part  of t h e  s t a t e  ( F i g u r e  C-1.11. The 

principal aquifers  are the sand  members of t h e  Eocene Uilcox 

Group, especially t h e  Toscahoma sand, limestone units of 

Paleocene and Eocene age (Ocala limestone and Clayton 

Pormation), and  the Eocene ' Barnwe11 Formation (Thomson e t  

-'al., 1956)m Wells in t h i s  region often *produce 500-900 gpm 

i 

(189-340 Z/Q) 

The t h i r d  groundwater region covers t h e  remainAer of 

t h e  Coaatal P l a i n  in Georgia (Figure C-1.1). Wells produce 

up to Q,OOO gpm (15#141 l / m )  i n  t h i s  area, and t h e  principal 

aquifers are limestone (Owen,' 1963a,b: Sever, 1965; Thoason 

e t  al., 1956) ' These i n c l u d e  uni ts  primarily of Paleocene 

. .  
t o  Pliocene age. 

l&~ar;f;abl U%hnlna& Snssssst 
It is anticipated tha t  the wells t o  be d r i l l e d  in 

Georgia will encounter 30-60 m~ of Fliocene t o  Holocene s a n d s  

w i t h  soae calcareous sand and clays. Under ly inq  this will 

be tliocene sediments consieting of 180 in of calcareous sands 
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and s h a l e s  i n  t h e  s o u t h e r n  p a r t  of t h e  s t a t e  a n d  90 a of 

c a l c a r e o u s  sha l e  n e a r  t h e  n o r t h ,  B e n e a t h  t h e  H i o c e n e  u n i t s ,  

a l l  wells s h o u l d  p e n e t r a t e  30 B of oligocene l i n e s ‘ t o n e  a n d  

s a n d y  l i m e s t o n e .  Prom the base of t h e  O l i g o c e n e  d e p o s i t s  t o  

the 300 a d r i l l i n g  dep th ,  a l l  wells s h o u l d  e n c o u n t e r  Upper 

Eocene l i m e s t o n e .  It is p o s s i b l e  t h a t  a f e u  u e l l s  v i 1 1  

p e n e t r a t e  a few lneters of n i d d l e  E o c e n e  l i m e s t o n e  a t  t h e i r  

base. 

Seuth careuna 
ao&nI gla s s m  

The  t o t a l  thickness of coas ta l  P l a i n  s e d i r e n t s ’  is 

g e n e r a l l y  less in S o u t h  C a r o l i n a  t h a n  i n  Georgia, The 

sediment wedge t h i c k e n s  eastward, a n d  t h e  maximum t h i c k n e s s  

a t t a i n e d  n e a r  t h e  A t l a n t i c  Coast v a r i e s  b e t w e e n  608 m and  

over 912 Q (Bonini and Hoollard, 1960). I n  S o u t h  C a r o l i n a ,  

Coas ta l  P l a i n  s e d i m e n t s  h a v e  a varied l i t h o l o g y  that 

i n c l u d e s  c a r b o n a t e s  a n d  c l a s t i c  s a n d s ,  shales ,  anil  gravels,  

However, the p r o p o r t i o n  of carbonates is less ‘in S o u t h  

C a r o l i n a  t h a n  it is i n  Georgia. 

In most places, the o l d e s t  rocks in the + A t l a n t i c  

Coastal P l a i n  are u p p e r  C r e t a c e o u s  i n  age, They  consist of 

over 486 m of s a n d s ,  shales ,  a n d  marls ( T u s c a l o o s a  Fa., 

Black C r e e k  Fm.8 a n d  Peedee Pm.) 
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Eocene rocks (Black )lingo a n d  RcBean ‘Pms., S a n t e e  

t i m e s t o n e ,  Cooper fiarl, and B a r n u e l l  Sand) are p r i m a r i l y  

s a n d s  crith some sha le ,  marl,’ and  l i m e s t o n e .  The Eocene 

sequence c a n  be up t o  213 m t h i c k .  O l i g o c e n e  sed iments  

. (F l in t  River’ Pa.) are l i m e s t o n e s  and sands t h a t  are I S  UI 

t h i c k .  Up t o  90 o of Hiocene (hawthorn Pm. a n d  DPpl in  Warl) 

shales and matls with some l i m e s t o n e  overlie the Ol igocene  

units. n i o c e n e  sed imen t s  are in t u r n  o v e r l a i n  by 8 m’ of 

Pliocene (Uaccasaw Pm.) s a n d s  and s h e l l  beds. 

P i f t g  meters of P l e i s t o c e n e  s e d i m e n t s  comprise t h e  

uppermost  segment  ‘ o f  the Coastal  P l a i n  i n  S o u t h  C a r o l i n a .  

These are p r i m a r i l y  sands, al though there are minor amounts  

of gravel, silt a n d  clay associated w i t h  each of t h e  s e v e n  

Pleistocene f o r m a t i o n s  (Brandywine, Coharie, Sunder land ,  

wicomicc# Penholoway, Talbot ,  and Pamlico Fms.) . 

E E ~ B n ! l P a a  
Several s t u d i e s  have been done  on t h e  g roundwate r  of 

South C a r o l i n a  ( S i p l e ,  1957, 1967, 1975: callahan, 1964: 

Stock and  siple, 1969), These  works p r o v i d e  a b a s i s  for 

g e n e r a l i z i n g  the g r o n n d v a t e r  regime of each s t r a t ig raph ic  

u n i t .  

The most i m p o r t a n t  aquifer i n  Sou th  C a r o l i n a  is the 

T n s c a l o o s a  Formation, 

its coarse sand and gravel 

It covers a large area, is t h i c k ,  and  

l i t h o l o q y  produce  h i g h  h y d r a u l i c  
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c o n d u c t i v i t i e s .  wells d t i l a e d  into t h e  T n s c a l o o s a '  have 

prodaced over 3,500 gpa (13,248 ~ / a )  ( ~ i p l e ,  1 9 7 5 ) ~ '  
i 1. ' r  ' c 

% . .  
1 

Another major a q u i f e r  is of Eocene age and is compri  
L 4 

i , .  
of t h e  Santee L i m e s t o n e ,  Barnwell Sand and RcBean Formation. 

Uells are ' capable  of p r o d u c i n g  2,600 qpm (9,892 l / m )  f r  

t h e  coarse s a n d s  and  l i m e s t o n e s ,  

Rost' other s t r a t i g r a p h i c  u n i t s  i n  the South  C a r o l i n a '  

Coastal P l a i n  are low-pteld a q u i f e r s .  An e x c e p t i o n  is the 

Peedee F o r m a t i o n  which is a t e n t i a l l y  p r o d u c t i v e  aquifer 

i n  the  uestern part: of t h e  Coastal P l a i n  because  of t h e  h igh  

p e r @ e a b l . l i t y  developed in its s a n d  aembers. In t h e  eastern 

Coastal Plain, the Peedee is n o t  v e r y  permeable and, 

> *  

. >  - + t  

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

Host of the heat f l o u  wells to b e  d r i l l e d  a s  part  of 

o u r  D a O , E .  program in t h e  South Carolina Coastal  P l a i n  

sediment8 are located near t h e  A t l a n t i c  Coast. It Is 

an t i c ipa t ed  t h a t  t h e  l i t h o l o g i c  sequences in these wells 

will be s i k l a r  t o  wells d r i l l e d  on Parris Is land (Richards,  

1967) and near C h a r l e s t o n  ( Gohn et a l , ,  1977), 

* I  

6 .  

1 

1 ,  

. L  

The u p p e r m o s t  u n i t s  p e n e t r a t e d  will be P 
1 ,  

t art? 20 P t h i c k ,  The6 il be u n d e r l a i n  by'150 m 
1 : . t  

of Eocene l i m e s t o n e ,  c l a y e y  s a n d s  and sands.  The 

m will p e n e t r a t e  s a n d y  clays, s a n d  with c l a y s  and silty 

sands of Upper C r e t a c e o u s  age, 
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LJ  il ’ away froat the Atlantic Coast - 

but s h o u l d  penetrate t h e  l i thologies  described above with 
, 

top  of t h e  section should be Eocene 

e well w i l l  penetrate fur ther  into 

Cretaceous sediments (primarily sands and clayev sands) than 

wells dr i l reU near t h e  Atlantic Coast. A l l  t h e  t h i c k n e s s e s  

of the previously descr ibed units are expected t o  be less 

t h a n  tbose l i s t e d  above because the t o t a l  thickness of 

Coastal ‘P la in  sediments is  less in this area. It is 

t ha t  a 300 v e l 1  v i 1 1  reach pre-Cretaceous 

basement in this location. 

/ 

#ear t h e  Atlantic Coast of North Carolina, t h e  

thickagss  of Coastal F l a k  sediment& varies  between 456 a in 
I .  

t h e  southern part of the t a t e  and more than 3040 m i n  

northern North -Carolina (B pd Uoollard, 1960) . The I *  

* i  < 
wedge thins westva out  near t h e  f a f  

. .  

(Figure C-1.1). 
‘7 1 

The Coastal Plain units of North Carolina are 

a i r y  a s  their co 

in Wortb Caroli 
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I 

The o l d e s t  rocks i n  t h e  North C a r o l i n a  Coastal  P l a i n  Li i 

are of Upper c r e t a c e o u s  age (Tusca ' loosa  F O . 8  E u t a u  Pm., 

B l a c k  C r e e k  Pm.e a n d  Peedee Pm,) They  are 342 t o  1120' m 

t h i c k ,  a d  are  s a n d s t o n e s  with sandy shale l e n s e s  a n d  soma 

l i r e s t o n e s ,  c l a y s  a n d  a a r l s  ( S p a n g l e r ,  1950) 

Tert iary u n i t s  are  r e p r e s e n t e d  by 14 t o  152 m of Eocene 

(Castle Bayne Fm,) c l a y e y  sands and sandy l i h e s t o n e ,  167 t o  

274 B of R i o c e n e  (Dttplin narl a n d  Yorktovn Pm.) c l a y e y  

sands, marls, and c a l c a r e o u s  sands, and P l i o c e n e  and 

Pleistocene sands, g r a v e l s  a n d  c l a y s .  P l i o c e n e ,  P l e i s t o c e n e  

and'8ecent s e d i m e n t s  are 18 t o  9 1  IR t h i c k .  

1 

I 

1 

f 

gE2mEw 

The numerous reports o n  g r o u a d u a t e r  in v a r i o u s  parts of 

t h e  North Carolina Coastal P l a i n  (Rondorff, 19U6; L e  Grand, 

1960; Brown, 1959; among others)  i n d i c a t e  t h a t  the major 

a q u i f e r s  are the T u s c a l o o s a ,  Peedee, Yorktovn,  a n d  Castle 

flayne f o r m a t i o n s .  T h e  coarse s a n d s  of the T u s c a l o o s a  

p r o d u c e  u p  to 300 gpm (1136 l/a) w h i l e  t h e  Peedce p r o d u c e s  

100 QFIl (379 l/a). The  Castle Hayne a n d  florktoun f o r m a t i o n s  

both p r o d u c e  up t o  1000 gpa (3785 l / m ) ,  and are c o n s i d e r e d  

t o  be najor a q u i f e r s ,  

The Black creek F o r m a t i o n  is a moderate a q u i f e r  u i t h  a 

p r o d u c t s o n  of 50 gpa (189 l / n ) .  Some of t h e  Pleistocene 

saods are l o b y i e l d  a q u i f e r s ;  other s t r a t ig raph ic  units a r e  

u n i m p o r t a n t  a s  a q u i f e r s ,  c4 
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E a W h  l!&thol_aSk Sea-s 
The 300 m wells t h a t  v i 1 1  be arilled in t h e  North' 

I .  

Carolina Coastal  P l a i n  should e n c o u n t e r  the f o l l o w i n g  

l i t h o l o g i c  sequence. A l l  t h i c k n e s s e s  are a p p r o r i m a t e .  The 

uppermost 12 II w i l l  be Eolocene sands, g r a v e l s  and c l a y s  

which w i l l  overlie a b o u t  8 Q of P l i o c e n e  sands. '  BeTow t h e  

P l i o c e n e  s h o u l d  be 60 m of H i o c e n e  sands, l i m e s t b n e s  a n d  

marls, followed b y  30 m of Eocene  sands a n d  limestones.* 

After t h e  E o c e n e  units, t h e  d r i l l  v i 1 1  pass through 1Sb , 

1 
II of Upper cretaceous s a n d s  v i t h  m i n o r  amounts of c l a y .  The 

f i n a l  4 0  II will p e n e t r a t e  c l a y s  and s a n d y  c l a y s  of Upper  

Cretaceous age, 4 

I The sequence l i s t e d  above is g e n e r a l i z e d  for the N o r t h  

CarolLna Coastal P l a i n .  In areas v i t h  an a b n o r m a l l y  t h i c k  

or thin sediment wedge, the t h i c k n e s s  of each l i t h o l o g i c  ' 

unit a n d  t h e  number of u n i t s  p e n e t r a t e d  w i l l  be d i f f e r e n t  

from tba above description. 

copcLnsIoas ' 

The p r e c e d i n g  discussion reveals several  g e n e r a l  t r e n d s  , 

about tbe A t l a n t i c  Coastal  P l a i n  i n  Georgia, South Carolina, 

an8 Worth Carolina, Upper  C r e t a c e o u s  rocks a , c c o a n t  fo r  t h e  

largest volume a n d  t h i c k n e s s  of Coastal e l a i n  s e d i m e n t s .  

L i t h o l o g y  i s  c o m p l e x  both v e r t i c a l l y  and l a t e r a i l y  
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throughout t h e  tri-state area8 b u t  a major trend is t h a t  the 

proportion of carbonate rocks decreases northward from 

Georgia t o  North Carolina. 

' The most important Coastal P l a i n  aquifers a3so are of 

Upper Cretaceous aqe8 although some Eocene u n i t s  are h i g h l y  

productive, Generally, t h e  younger sedimentary o n i t s  tend 

t o  be pcorer aqaifgrs  t h a n  the older ones. Host, wells to  be 

drilled near the At lant ic  Coast in Georgia, South Carolina,. 

and North Carolina daring VPX 6 S V s  1978 program w i l l  

penetrate 

enceun t er 

Upper Cretaceous 'sediments, and a feu may 

pre-Cretaceous basement. 

, 

' . .  

,' - 

.$ %.I 

- 1  
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G E O T H E R H A L  G R A D I E N T S  IN THE 

SOUTHEASTERU UlOITED STATES 

Samuel S. Dashevsky 

w i t h i n  t h e  p e r i o d  covered  by this r e p o r t ,  e q u i l i b r i u m  

temperature g r a d i e n t s  were determined i n  d r i l l  holes RLl, 

RL2, RL3, BL48 RLS, PTl, P G I ,  and ED1. P r e l i m i n a r y  

g r a d i e n t s  heve been determined  for S N l ,  SU2, PRl ,  and StP1. 

Locations ate shoun i n  Figure C-2.1; temperature l o g s  and  

g rad ien t s  in Figures C-2.3 and C-2.4; and gradients  a r e  

t a b u l a t e d  in Table C-3.1 in the next section. S e v e r a l  aore 

weeks are r e q u i r e d  before t h e  l a t t e r  g roup  of holes uill 

reach tbero la l  equilibrium. 

An e q u i l i b r i a a  g r a d i e n t  was a l s o  determined from d r i l l .  

hole E D l ,  a hole  d r i l l e d  by p r i v a t e  industry i n  t h e  slate 

belt of North Carolina (F igure  C-2.1). Heat flow 

d e t e r o i n a t i o n s  f o r  this s i t e  s h o u l d  be completed i n  t h e  next 

report period. 

At tempts  t o  measure an e q u i l i b r i u m  t e m p e r a t u r e  p r o f i l e  

in t h e  Jesup well i n  Geotgia (JE1) were unsuccessful due t o  

congea led  d r i l l i n g  mud l e f t  i n  t h e  hole. A preliminary 

temperature prof i le  of t h i s  well was g iven  i n  P r o g r e s s  

Report VPI&SU-5648-1. 

As r e c o n n a i s s a n c e  t o  the upcoming d r i l l i n g  program on 

t h e  A t l a n t i c  Coastal Plain, a survey was made ,of t h e  

existing deep v e l l s  in t h e  coastal  P l a i n  s e d i m e n t s  of Mew Lj 

? 
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Piqnre c-2.2. locations of existing Qsep wells logged , 

for qeotbermal gradients in the A t l a n t i c  Coastal Plain. 
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Jersey. &laware# Baryland ,  a n d  Virginia ,  Geothermal 

g r a d i e n t s  were deter,mined fo r  sixteen (16) of t h e s e  wells. 

t h e  locations of which a re  shown in Figure C-2.2. Least- 

s q u a r e  g r a d i e n t s  for these wells (piqares C-2.5' t o  C-2.7) 

r a n g e  from 15.60C/kn in Marlboro 08 to 37,90C/km in Ragovin 

.OU. Over small i n t e r v a l s  many wells have g r a d i e n t s  

e x c e e d i n g  40*C/kn (Table C-2.1). 

The effect of water c i r c u l a t i o n  a r o u n d  an a n c e a e n t e d  

ve l1  Pay  be o b s e r v a b l e  as u n s t e a d y  t e m p e r a t u r e  measurements  

and a E  upward deformation of isotherms where water flow is 

Upward from below. The i n t e r v a l  210-255 m a t  B i v a l v e  Harbor 

1 ( F i g u r e  C-2 .7 )  may e x h i b i t  t h i s  effect. Alternatively. 

the  d e c r e a s i n g  g r a d i e n t  below.210 n s a y  be the result of a 

q r a d u a l  decrease i n  t h e  thermal c o n d u c t i v i t y  o f ,  the 

rrediaents. Likewise, .downwarping of i so the rm a$ e x h i b i t e d  

i n  t h e  Ragovia  and T O Q ~ S  River o b s e r v a t i o n  wells ( F i g u r e  

C-2.5) may be t h e  result o f  f l u i d  motion from s h a l l o v  t o  

greater d e p t h  along the cased well. 

O b s e r v a t i o n  We11 1 in James City County,  V i r g i n i a  

(Pigare C-2.7) is a n  i l l u s t r a t i o n  of i n t e r n a l  a i r i n g  and 

aquifer communica t ion  r i a  a scrlgened well, S c r e e n s  are 

located a t  125 m ana  167.5 II. 

During the period cove red  by t h i s  report, the 

temperature l o g g i n g  i n s t r u r e n t a t i o n  vas apqraded t o  a 

d i g i t a l  well l o q g i n g  system. A precision F l u k e  multimeter 

is triggered by a m i c r o c o a p a t e r  t o  sample a r e s i s t a n c e  
f 
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L AT IT11 0 I? 1. ONG I TI1 D W T B  HOLE DEPWI GR A n1 EN T LCC ATION 

LOGGED DEPTR IUTFRV AL ( o c m  ) 
(0RTERS) (0 ETERS) 

ODSRRVATIOW WELL 90A 36°38'37@@ 7fi020' 18" 
CBFSAPPAKL m.* V A .  

S/ 3/78' 175.0 50.0-175.0 
. _  

5 1  2/78 

5 /  3/78 

5/  2/78 

5/1.0/78 

5/11/78 

5/12/78 

5/12/78 

110.0 37.5-140, f l  
85.0- 1 00.0 

110.0-122.5 
122.5- 132.5 

351.0 52.S-350.0 
52.2-110.0 

11 2.5-240.0 
242.5-350.0 

152.5 52.4-249.0 
. 127 52.9-129.9 .4- 1714.9 

177.4-249.9 

307.5 27.5-300.0 
27.5-165.0 

167.5-215.0 
217.5-260.0 
26 2.5-3 00.0 

219.8 52.5-200.0 
52.5-150. 0 

152.5-200.0 

185 .o 32.5- 185.0 
52.5- A5.0 
87.S-110.0 

112.5-150.0 
152.5-105.0 

190.0 55.0-19O.Q 
122.5-152.5 
1S7.5-17O. 0 
172.5- 190.0 

A NNl l  AL SURFACE TWIPRPATU RR. 

24.67* 

23.O3 t1.03 (3R) 

19.01 t O . 8 4  (6) 
3b.RO t l . 01  (5) 

27.39 *O. 11 (120) 

22.P6 tO.11 (44) 

J O . 3 6  t0.16 (80) 
30.56 f0 .?3  ( 3 0 )  . 
26.59 t0.58 (m) 
35.15 to. 71 ( 3 0 )  

37.73 20.18 ( l o o )  
35.7R t0.16 (50,)  
30.39 +0.29 (20) 

33.14 f6 .54  (7) 

32-20 f 0 . 4 4  (24) 
28-16 n0.13 (57 )  

49-95 t0.55 ( le)  
36.19 e0.29 (16) 

24.93 ?r0.59 (60) 

3 9 . R 1  f0.39 (20) 
19.21 LO.16 (40) 

31.5s 20.30 (b2) 
25-62 lt0.25 (14)' 

33.06 t0.59 (16) 
9q.02 t0.54 (10) 

23.49 t0.35 (14) 

36.18 t o - 3 3  (551 

S1.03 t1.19 (6) 
30.52 * l o 6 4  (A) 

. 30.57 ?r0.2fl (13) 
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ThR1.E C-2.1 . S I I H K A R X  OF CFOTMFRMAL t iRRDfEET DiTa 

O C R R N V ~ t L E  OW 
ATLANTIC C 0 . s  N.J. 

RUTLI?R PLACE OW 
8fJPLIWCMW CO., N.J. 

WffITBSQILLE OW 
R9RflOOTH M., N.J. 

39025*12" 74"52*12" 

3 9 0  10'21" 74032* 98" 

39OSl*22" 74Q30* 17- 

39O48* 29" 74°05* 35" 

P(rR PXISTXNP. WELLS II1 COASTAL PLAJN " J V U q  38, 1978 

620.0 

220.0 

175.0 

632.5 

335.0 

237.5 

822.5 

212.5 

60.0-620.0 
60.0-150.0 

155.0-365.0 
370.0-620.0 

77.5-220.0 
77.5-110.0 

112.5-1s0,0 
152.5-220.0 

30.0-175.0 
30.0- 70.0 
72.5- 157.5 

155.0-175.0 

80.0-635. 0 
u0.n-125.0 

13 5.0- 2 10.0 
21 5 0-4 0 5 0 
455.0-635.0 

60.0-315.0 
60.0-1 ta;o 

t i  5 .o-1 no. a 
1RS.O-19S.O 
197.5-245.0 
250.0- 3 35.0 

27.5-237.5 
107.5-237.5 
16 7.5-1W.0 

35.0-R20.0 
155.0-360.0 
p65.0~525.0 
695.0-815.0 

57.5-205.0 
62.5-105.0 

107.5-1QO. 0 
192.5-197.5 

t' 

37.85 to. 18 (ll?) 
27.59 tO.58 (1')) 
42.07 + o . m  (41) 
39.02 t0.36 451)  

36.64 co.31 (SA) 
20.19 t0.45 (14) 
43.43 f0.28 (16) 
34. 11 t o .  28 ( 7 ~ )  

30.03 tn.37 (501 
20.45 t0.23 (17) 

' 37.04 t o .  20 I->) 
1R:OO t0.51 ( 9 )  

25.19 t 0 . ~ 0 ( 1 1 2 )  

3R.01 t0.43 (l?) 
26.26 tO.22 ('47) 

29.03 t i . 0 7  (10) 

l R . O 1  to.os (37)  - 

26.84 i O . 6 1  (59) 
20.82 t0.33 (11) 
36.05 to. 1R' (14) 
55.31 *@.a5 (4) 
20.63 90.79 (12) . 
16.08 t0.02 (14) 

3 2 . ~ 9  t0.35 (GV 
35.86 tn.19 (51) 
41.77 to.73 ( in)  

2n.23 to. 11 (15s) 
32.77 t O . l l  (42) 

. 21.69 e0.22 (15) '  
15.65 t O . @ O  413) , 

15. 61 t o *  09 j 6 0 l  
t6.6.h t0.11 ( l n )  

17.56 t O . 1 6  (21) 
13.19 f0.22 (14)  

c 



id 
Page C-35 

therrcaeter  a t  intervals of 0,s m. The microcomputer has 

data storage capabi l i ty  on magnetic caset te  tape and is 

capable of data selection and transmission v ia  moden and 

raaiotelephone t o  the Computing .center a t  VPfESn i n  

Blacksburg, Virgf nia. 
Geothermal' gradients measured a t  a r a t e  o f  5 m/min by 

t h i s  s y s t e m  rep roduce  those measured b y  oar conventional 

t e c h n i q u e  using a Hneller Resistance Bridge, and do so w i t h  

greater precision and h i g h e r  resolution. 

aeasareaent of absolute temperature a t  the ice point 

agrees to  w i t h i n  0.1% w i t h  cal ibrat ion tab les  S u p p l i e d  ' b r  
\ 

the oanafacturer of t h e  thermistor probes; precision of 

temperature 'measurements is  considerably better t h a n  0. O l O C ,  
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HEAT PLOW B A D  HEAT GENERATXION 

J o K ,  Cos ta in ,  L.D. Perry, S, DaSheVSky, and  B,O, Conrad 

F i q u r e  C-3.1 shows loca t ions  of holes d r i l l e d  t o  date 

by VQIGSU i n  t h e  s o u t h e a s t e r n  Uni ted  States. Figure C-3.2 

summarizes hea t  flow v a l u e s ,  Tab le  C-3.1 summarizes 

geothermal g r a d i e n t s ,  thermal c o n d u c t i v i t i e s  and heat  f lov  

d e t e r t i n a t i o &  a v a i l a b l e  t o  da te  fo r  this contract, This 

t ab le  a p p e a r s  in each report ,  b e g i n n i n g  w i t h  VPSESU-5103-4, 

and i s  p e r i o d i c a l l y  u p d a t e d  as thermal c o n d u c t i v i t y  and heat 

flov eetermfnatioas are c o m p l e t e d ,  S l i g h t  changes in the 

g r a d i e n t s  t h a t  w i l l  a p p e a r  in T a b l e  C-3.1 are t h e  result of 

reloggfag these holes a s  t h e y  reach t h e r m a l  e q u i l i b r i u m ,  

Changes i n  g r a d i e n t s  are n o t  expected t o  be more t h a n  a few 

p e r c e n t ;  d r i l l  hole S t F l  (Figure C-2.4 i n  p r e v i o u s  section) 

was loqged  a few days after d r i l l i n g  was completed: t h e  

gradient  a n o m a l i e s  w i l l  be a t t e n u a t e d  i n  a feu ueeks. 

Access t o  two holes  drillea b y  p r i v a t e  i n d u s t r y  w i l l  

r e s u l t  in neu heat  flow v a l u e s  a t  S p r u c e  Pine, ?IC (SP3) and 

n e a r  Lexington,  NC CPDt). Both of these holes w i l l  y i e l d  

re l iab le  heat flow v a l u e s ,  changes in the g r a d i e n t  in the 

hole a t  S p r u c e  P i n e  (SP3) a r e  not c o n s i s t e n t  w i t h  c h a n g e s  in 

thermal c o n d u c t i v i t y  of core from corresponding i n t e r v a l s  in 

t h e  hcle, e s p e c i a l l y  over t h e  i n t e r v a l  below a b o u t  806 m. 

The acs t  probable e x p l a n a t i o n  for this is d e v i a t i o n  of the 

h o l e  frcm the v e r t i c a l  as t h e  d e p t h  of t h e  hole i n c r e a s e s .  
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*Pi ure C03.1. Locations of holes d r i l l e d  t o  date  b y  
VPICSW P n the southeastern Uni ted  States.. 
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Rx3 0,88 
se I Oa84 
R LI I ,44 
R L2 1.30 
RLS l a 1  3 

683 I ,O2 

Figure C-3.2. Reat flow values available  t o  date. 
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34*32* 20" 80-46* 51' 1111 8/76 27 7 316.8-40Q. 1 
336.3- 34 1.8 
344.3-356.8 
359.3-369.3 
371. 8-3R6.3 
386.8-@8 1. 8 

574.3 212.4-971.74 

21 0 146 R-219.3 
116 8- 191 3 
219.3-231.8 

211 149.3-209.3 

191.8-209.3 
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cs 1 36-06* 15' 78007'63" 2/21/78 210.6 142.2-209.7 
1e5.0-2 10.0 

14.91 
14.68 
15.06 
16.88 
14.85 
15.00 

to. 02 
to. 07 
t0.07 
to-  07 
fO. 06 
t0.13 

10.18 to.04 

1.m i0.09a 
1.02 ?0.07 
1.07 t O . 0  
1.09 t'0.01 
1.05 t0.m 
1.011 # O . l l  

j 

1.47 h . 0 5 1  

10.R3 f0 .03 (6r) 
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1 1 . ~ 0  tn.07 (17) 
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TIIBLS C-3.1 

RL2 29.7-209.7 
108.7-121.7 
192.2-209.7 

. 82.1-129.9 
82.8- 91.9 
97.4-1 29.9 

w . 7 -  89.7 
92 2-194.7 

22.3-209.8 
22.3- 69.8 
72.3-129.0 

132.3-209.0 

sq.7-19q-r 

212.8 

121.9 

196.3 

211.5 

25 3 e.0 

21 3.1 

205.0 

7.21 f0.31 (11) 1.37 f0 .071 ,  

7.16 e0.31 (6) 1.38 tb.071 
7.30 t0.3R (7( 1-27 t0.008 

1R.92 tO.07 (7") 
17.60 t0.18 (9) 
in.71 t0.m (9) 

14.06 tO*OB (36) 
13.57 tO.15 (22) 
13.79 tn.10 418) 

13.26 t0.27 (57) 
5.21 tO.23 (1% 

15.18 t 0 . O t l  (42) 

16.31 i0.03 (76) 
15-57 t0.22 (20) 
16.02 tO .06  (24) 
16.07 tO.03 ( 3 3  

8.03 t0.W (27) 1.13 t O e f 4 '  - 0  

B.22 tO.70 (12) 1.12 tO.111 
7.80 f l .08  (15) '1.09 t0.16' 

n 

R1.S 

6.67 10.51 (24) 1.21 t O . l O '  
6.57 (2% 1.26 t0.12fi 

31.7-159.7 
197.2-2B 9.7 

18.10 tO.08 (21) 
19.20 90.12 426) 

36*S9'15* 77019'15" 1.0/21/77 

11.71 t0.m (70) 
15-11 t0.23 ( 1 R )  
10.73 f0.06 (36) 
12.83 t0.03 ( l q  

32.5-205.0 
32.5- 75.0 
77.5-165.0 

167.5-2OS.O 

59.3-208.3 

121.3-148.3 
168.3-204.3 

59.3-  ai^ 
13.qb f0.07 (58)  
l t .19  90.07 (la) 
lee30 t0.17 (10) 
13.31 f0.05 ( 1 3  

37.8 1 * 2 9  78*08'52* 9/16/17 
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lS.60 tO.09 (34) 6.30 t0.98 (37) 0.97 t0.16* 

16.55 t O . 1 0  (92) 1 

1a.29 tO.16 (41) 
17.59 t0.W (66) . 

32*27*17" 83860'53' 6/10/78 210.0 27.S-207.0 16.56 20. 12 (73) 
27.5- 5S.O 12.15 *le20 (la 
57.5-110.0 13.62 fO.03 (22) 

112.5-120.0 26.40 t1.39 (6) 
122.5-157.5 18.50 t0.03 (15) 
i6n.o-205.0 m.en to.ncl (19) 

33*28*4i- E P W W  s/re/ta 210.0 27.5-210.0 18.27 t0 .m (70) 

3S50@5W 02e07'18' 5/19f76 1220.0 209.1-1059.1 16.15 f0.13 (89) 6.62 t1.19 (88) 0.96t0.10* 
209.1- 519.1 16.39 t0.03 (32) 6.72 ti.si (35) 1.10 t0.251 
534.1- 069.1 1 1 . 7 ~  to.06 (35) 6.38 to.97 (36) 0.98 tu.158 
019.1-1059.1 9.36 t0.07 (19) 6.11 +0.94 (32) 0.63 t0.091 

37e10*01" 77098*06" 5/22/78 207.5 27.5-107.5 15.03 t O . ' l O  (72) 
32.5-100.0 15.50 t0. 11 (2@) 

0 
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c, 



TABLG C-3.1 s n n n r r r  or REAT rtov DATL 

102.5-207.5 15.10 i0.30 (42) 

J U U G  3. 1978. C-3.1-0 

C- c' 

0 
I c 
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TABLE C-3.2 . 

TALRKAL COMDOCTIVITT VAtUCS ?SOB COUI Or DRILL HOLC SP3 

=rIa===an=-==Cfur=-======-a=-=-r=~----=~u=l=======-w=I=--- 
SAAPLt DEPTH T X E P l A L  COUDUCPIVITT 

W LRE (NETCRS) ?lCAL/cH -SEC-OC 

(SIMPLES AFE 2.680 C!l I N  DXWPTER 8X le270 CH THICR) 

t ILILIIICllltllIItLCLIIIIIlRIIIOItlLICICItlllll===~=w=~=-=8- 

SP3-693 211.2 - 5.u7 
SP3 -71 2 . 217.0 U.76 
SP3-789 2U0.5 . 5.8U 
593-793 2Ule 7 7.13 
SP3-812 247.5 5.52 
S P 3 -89 0 256.0 5. 50 
SP3-801 256.3 5.u7 
SP3-906 257.9 U. 98 
SP3-857 261.2 5-25 

SP 3-9 27 282.5 a. 38 
SP3-89 3 272.2 7.23 

SP3 -99 8 30U. 2 7 - 7 0  
SP3-1055 321.6 6.38 
SP3-1088 331 6 7.61 
SP3-1095 333.8  1-86 
SP3-1112 338.9 7.15 
SP3-1101 347.8 9.38 
5P3-11 U6 349.3 7.57 
SP3-1 170 356.6 31 
SP3-1179 359.u 7.79 
SP3-1198 365.1 9,32 
SP3-1231 375.2 1. 1U 
SP3-1267 386.2 9.03 
SP3 -129 5 395.7 7.93 
SP3-1322 u02.9 7.69 

121.2 6-87 
U29e 5 u* 77 

593-1382 
SP3-1uo9 
SP3-1U 16 931.6 8.37 

7.79 
7.37 

SP3-1UUO U38.9 
SP3-1096 . U56 0 
593-1501 U58.4 3.13 
SP3 9 154 5 U70e9 5.00 
SP3 - 1 5 7 ~  979.8 7-50 
393-1602 088.3 6.70 . 
SP3- 162 1 090.1 3 .33  
SP3-1652 503.5 8.1U 
503-1657 50% 0 7-64 
SP3-1680 312.0 7.55 
SP3-1707 520.3 U e  56 
SP3-1719 523.9 7.68 
~ ~ 3 - 1 7 0 7  532.5 U.57 ' 
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TABLE C-3.2 (cont inued)  

SP3-1766 
SP3-1800 
SP3-1816 
SP3-1832 
593-1073 
SP3-1877 
SP3-1896 
SP3-1936 
593-1954 
bP3-1982 
SP3-2011 
sp3-loa 1 
SP3-1067 
$P3-1697 
SP3-2125 
SP 3-2 152 
S P3 -2 1 8 1 
SP 3-22 3 8 
SP3-2267 
593-2296 
S P ~  -2320 
se3-233 1 
593-2363 . 
SP3 -2Y 1 1 
SP3-2Y38 
SP3-2Y99 
SP3 -2Y69 
9 P 3 -2 52 7 
SP3-2531 
SP34?55Y 
SP3-2983 
SP3-26 1 U  
S P3 -26a 0 
593-26 69 
SP3 -2 69 8 
SP3-2727 
SP3-2753 * 

593-2706 
SPS-28 1 s 
SP3-2883 
393-2943 

538.3 
5'48.6 
553.9 
5S8.U 
SfO. 9 
572.1 
577.9 . 
590.1 
595.6 
604.1 
612. 9 
622.1 
630.0 
639-2 
6U7.7 
655.9 . 
66Ye 8 
682.1 
691.9 
699.0 
708.4 
710.5 
726 3 
734.9 
743.1 
761.7 
752.5 
770.2 
772. I 
778.5 
787.3 
796 e 7 
809.7 
813 .5  
822.3 
831.2 
8 U O e  9 
849.2 
858.0 

897.0 
a713.7 

7.02 
6-51 
8.13. 
6.6 
7.49 .. 
3.29 
3.61 
5.30 ' 

7.28 
5.80 
6 . 9 3 ,  
7.38 
7.28 
6.94 
Y e  84 
6.61 
5 p  32 
7 , s  
6.45 u.s1 
6.29 
6.59 3 

S.1Y 
.$e82 
: 3.79 
S.48 
7-11 
7.08. , 
6. 93 
6.37 

. 7.19 
Y.53 
5.98 
6. 33  
6. 22 
7.00 
6.63 
6. 23 
2.91 
6.53 
6.96 
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kp' 
I TABLE C-3.2, (cohtinoed) 
I 

Tlf call AL CO U OUCT X t I T  ALUSS PROR CORF or NULL' n o t t ' s ~ 3  
. (SARPLES &RE 2.680 CH X I  D I L l t T C R  BY l +  270 Cll ,TlrICK) . 

= . l = - = l i L x t . . = = = = = = ~ x = = = = = ~ = - ~ L = ~ K ~ L ~ = C / ~ l l = x ~ ~ = x ~ = ~ ~ ~ ~ u ~ ~ ~ * ~  

l A H E  (RETrRS) ' llC1L/Cl-SEC*oC 

SP3-2S0!5 897.6 16.18- 
S 0 1-29 6 9 ' 5-86 
SP3-2999 6.50 
SP3-3027 9.94 
593-3029 923.2 5.85 
SP3-3057 931.8 8.03 
SP3-3 10 u 996.1 6.16 

SP 3.316 3 969.1 6.36 

tP3-3258 993 0 6.07 
S P 3 -32 86 1001.6 8-17 
593-331 3 1009.8 7.06 
813-339 9 1020.8 ~ 7.90. 
SPj-337 1 1021.5 - _  6.38 
SP3-3028 1000* 9 ' 6.60 
SP3-30 5 7 1653.7 ' 7.18 
s 03 -398 8 1063.1 6.33 
SO3 -35 17 1072.0 6. go 
$P3-3558 1088.5 , 5a03 
so3 -3 57 8 1990.6 6.u0 
SP3 ~ 3 6  14 l lO l ,$  7.72 
SP3-3635 1107.9 5-90 
SP3-3666 1117.1 6-08 
SP3 -36 95 1126.2 7.73 
s P3 *37 2 2 1130.5 7.56 

' 593-3750 1103.0 , (5.99 
SP3 -379 0 1153.2 0*8D 
593-3829 1167.1 7.82 
SP3-3809 1173- 2 7.20 

I S93 -3 8 57 117% 6 0.21 

* s a a p ~ e  DEPTH TMERAILL C Q U D U C T I ~ I T ~  

8 I C l l h t S I S L I I K l t X I I I 8 ~ ~ ~ ~ ~ ~ ~ ~ ~ E ~ ~ ~ I ~ ~ ~ ~ ~ ~ ~ X ~ ~ ~ ~ ~ E ~ E ~ ~ ~ ~ 8 ~ ~ ~ ~  

. 

SP3-3i30 95Sr 2 ,  6-84  

SP3b3196 973,s ' 7.57 

I 

I 

. A V ~ ~ A G E  6.52 
S T L l D A R D  DCTXATIOW 1.18 

I 

I 

. *  

V 



The value of 1.,02 !if 10% higher than 

. '.(1%5) '€01: sev 
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Uone of these values haveabeen corrected for  any a f fec ts  of 

Pleistocene g l a c i a t i o n , .  and s u c h  a c o r r e c t i o n  may not be 

. n e c e s s a r y .  

I The heat' €Low d e t e r s i n e d  by  us. , i n  t h e ,  P e t e r s b u r g  

, granite A t ,  S u s s e x  CO., VA (PTl,,. Tab le  C-3, Pdgure C=4)  is  

1.24 4 i fU .  Studies i n  progress  . w i l $  a t t e m p t  t o  . r e c o n c i l e  

this h i g h e r  v a l u e  with t h e  qgsritp data  and - t h e  heat  

product ion o f t  t h e  Petersbarg - g r a n i t e  (see f o l l o u i n g  

secticn). 

. The R o l e s v i l l e / C a s t a l i a  p l u t o n s  continue , t o  offer an 

o p p o r t u n i t y ,  t o  u a d e r s t a n d  the p h y s i c a l  significance of t h e  

line'ar reIq$ionship. Thez heat f lov in t h e  B o l e s v i l l e  (EL1, 

does not follou t h e .  l i n e a r  

q t  of t h e . 3 0 0  ,m,.y, p l u t o n s ,  

: bot is n o t  i h c o n q i s t e n t  ui$h p l u t o n  t h k k n e s s  as inferred 

from gravity .data: we . n e e d  a c d i t i o n a l  , , d e n s i t y  c o n t r o l ,  

P;&gUFe C-4) 

r e a a t i o n s h i p  developed$ for t h e  

-. * I bolrever. . .  

?her mail conduct  fv  y ,values fQr.'gE1, PTl,'-and RL3 are 

g i v e n  in Tables rough c-3.5, respectively. 

Eeat neration. v a l u e s  from dr l l l  coce from Poor 

3 aoantain, 6 )  and t h e  § l a t e  beLt (SBl) U,3*:1,26 HGU 

ana 3.3i0.3 B respect i r e l y .  Ura.ninm, thorium,,  and 

potassium mlae C-3.6 and C - 9 .  

reconnaissance- s of surface sasples ,from 

a b o u t  -.3;5 tJGU (Table 
I 

C-3.8). 
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T A B L E  ~ 9 3 . 3 .  

! 

i 

pF1-388 
+ E l  -397 A 
PE1-3976 
PE1 -405 A 
e t1  -405 B 
P e l  -409 
?El-41 3 
p21-414 
P E l  -42 1 
PE1-422A 
PE 1 -U 22 B 
PC1-429 
PE1-430 
PR1-438A 
PE1-4388 
PE1-445 
PEl-UU6A 

PE1-455 
P E 1 4 6 3 A  
PG1-46 38  
PE1-470 
OE1-478 
PE1-479 
PE1-497 
P31-488 
PEl-496 
PE 1-504 A 
FEl-50U R 
PR1-513 
PJ1-520 
PEl -528 A 
PEl-528B 
P!?l-S37A 
e l l  4 3 7  E 
PEl-545A 
PE1-5UsB 
.DE1 h545C 
PE1-553 
Pp.1-561 
PEl -56 9 

eEi -4060  

I 

118.3  
121.0 
121.0 
123.b 
123.4 
124.7 
125.9 
126.2 
128.3 
128.6 
128.6 
130.8 
131.1 
133.5 
133.5 
135.6 
135.9 
135.9 
138.7 
141.1 
111.1 
143.2 
145.7 
145.9 
148. 4 
l4R.7 
151.2 

153.6 
153.6 

156.4 

160.9 
160.9 
163.6 
163.6 

153.5 

166.1 
166.1 
166.1 
168.5 

173.4 
170.9 

5.35 
5.66 
8.11 
5.23 
5.29 
7.94 
b.86 
7.85 
5.53 
5.54 
6.22 
5.36 
5.49 
5.30 
5.42 
5.76 
9.67 
5.73 
5.37 
7.39 
5.29 
7.87 
8.49 
8 . U  
6.16 

8.24 
5.93 
7.91 
6.38 
6.18 
6.32 
9 .71  
6.91 
5.88 
1 - 2 8  
4.37 
6.22 
5.31 
5.57 
5.07 

5.48 

i 
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PF 1-572 
PE1-578A 
Pel -578 B 
PE 1 -586 A 
PE1-5866 
PP1-594 
PE 1 -6 1 0 A 
PE1-6108 
PPlt602 
P 31 -6 1 9 
PE1-627A 
PE1-627B 
PE 1 -63 4 
PE1-635 
PE1-643 

A? EA AG E 
ST A N D AR D DEV I AT ION 

174.3 
176.2 
176.2 
178.6 
178.6 

185.9 
185.9 
183.5 
188.7 
191.1 
191.1 
193.2 
193.5 
195.9 

181.0 

6.39 . 
7.28 

, 5.52 
6.92 
5.97 
7-42 
7.27 
0.46 
7.53 
r.93 
5.36 
6.69 
A ( 8 0  
5.13 
7.16 

6.27 
1.10 



PT 1-102 
PT1-150 
PT1- 190 
PT1-316 
PT 1-32 4 
PTl-330 
PT 1 -347 

. PTl-356 
PTl-365 
PTl-373 
PTl-381 
PTl-190 
PT1-398 
PTl-405 
PT1-UlO 
PTl-U2 3 
P T l  -U 30 
PTl-UP9 
971-446 
PTl-Y56 
PT1-470 
PT 1-475 
pt l -479 
PTl-4881 
PTl-U88B 
PTl-U90 
PT 1-493 
PT1 -UY6 
PT1499  
PTl-511 
PTl -5 16 
PTl-523 
Pvl-628 
PT 1-6 32 
Ptl-4.15 
PT 1 4 U 2  
PTl-652 
PT1-661 
PT1-665 
PT 1 -675 
DTl-676 

u3.3 
45.8 
57.9 
96.2 
98 .6  

100.4- 
105.6 
108.6 
111.3 
11.1.6 
116.1 
118.7 
121.3 
123.5 
125.0 
128.9 
131.1 
133.6 
135. 8 
138.9 
lU3.3 
l r j U  e 9 
lU5e 9 
lU8.6 

lY9.5 
150.u 
151.2 
152.0 
155.g 
157. 3 
159. U 
191.3 
192.8 
193.5 
19517 
198.7 
20115 

20J.8 
20602 

iu8.n 

,202  

7.61 
7.05 
6.99 , 

5.99 
6.61 
7.13 
7.22 
7.A7 
5.72 
6.66 
6e5h 
6 e l 0  
5 e79 
6. 19 
6.P7 
6 8'4 
6 e92 
6eUu 
6.91 
6.65 

6.93 
6.50 
6116 
6 e23 
6 . 3 3  
6eU2 
be52 
7e0u 
(5.53 I 

6e97 
7.76 
6.00 

6.70 
7.79 
be30 
4 . w  

1U.12' 

6 e 3 6  

6.217 

3 8 94' 

13.n~ 

i 

L, 

E 
Cid 
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TABLE .C-3.5. 

Li 

t 

RL3 -10 5 
PL3-152 
RL3-209 . 
PL3-217 
RL3-23U 
RL3-2U2 
I L3 -2 5 0 
FL3b.258 
RL3-27s . 
R 1.3-29 3 
IL3-291 
RL3-299 
PL3-3 16 A 
P L3-316 B 
RL3-324 
UL3-332 
PL3-3k9 L 

Rt3-357 
PL3-365 
PL3-373 
Rt3-391 
rr 13 -3 8 9 
BL3-390 
RL3-398 
k L 3 -U 0 6 

I! ~3 -30 9 s  

?IFkN. 
S T A N D A R D  D E V I A T f O l  

u3.9 
U6.3 
63.7 . 
66.1 
71.3 
73. p 
76.2 
78.6 - 83.C 
86.3 
88.7 
91.1 
96.3 
96.3 
98. A 

101.2 . 
106. I 
106.0 
108.8 
111.3 
113.7 
116.1 
110.6 
118.9 
121.3 
126.2 

7-57 
7.83 
6-67 
9.62 
7.87 
8.89 
8.93 
7.6P 
7.14 
7.90 
8.39 
8.29 
8.57 
6-23 
9.03 
7-39 
8.98 
8.09 
9.13 
6.Y8 

10.39. 
6-45 
6 - 7 9  
8.99 
7.03 
6.15 

8.03 
0.93 

*.a-OHITTEb *ROl AVERAGE VALUC- 



TAef?! C-3.6 PEAT GRNRPATIOW DATA PROR €ORk OP DRILL R0l.E 9106 c-3.6- 1 
HEAT GERI?PA?ION, 

smmr.  nrnsxm. nwrtrun TNORIUR uwnssxvn PATTO. A x 10-83 
DEFTU 10. G t l / t V ~  (n) ,@PI! (?If) ,PPI! (I() .q 711/Il CAt/Clr 3-SEC 

= = f = - ~ = t = = = * = f = = = = = = = = = = ' I ~ = = = = = = = = = = = = = = ~ a ~ = ~ f l t = . - = t 5 = ~ = O  rrrllrnrrrsrr==lrrrr===========*=r======== 

(BE? P FS 1 (PPlRT) 

116.t 3 A 1  V 1060 (2.67) 0.8 18.9 5.4 21.1 4.R 

118.9 3 90 W1066 (2.67) 0.5 2.0 1.0 4.1 0.8 

221.0 735 *106? (2.67) 2.4 R.7 6.0 3.6 ' Q . 2  

230.7 757 V106A f 2.67) 1 .Y '3.6 5.8 4 .4  h.O 

234.7 770 9106B (2.67) 4.8 5.7 5.1 1.3 5.0 . 
237.0 779 V106J (2.67) 4.2 6.7 5.3 1.6 h . 9  

250.5 922 9106A (2.67) 5.8 7.6 4 . 9  1 . 3  15.9 

253.3 83 1 Vt06P (2.67) 0 -5 8.7 3.6 1A.2 i .  s 
255.0 837 910fin (2.67) .  . '5.9 9.1 S .3  1.5 

285 .n 935 9106C q.2 5.3 0. 8 9. t)* 

328.9 1079 vioan . (2.67) 2.9 12.9 6 . 6  S.4 5.3 

332.2 inso V10bA (2.67) 0.6 5.1 5.7 9.0 2.r) 

338.6 1109 VIOIL (2.67) , 1.0 55.7- 5.6 . 53.1  *1.0* , 

3ur) 04 1130 0.6 11.4 S.0 18.1 3 . 1 

350.2 tl49 . t l O 6 t  * (2.67) . 0.6 91.3 4. 5 24.2 3.5 

mi* V A U f r S  2.3 9.2 4 .p 4.3 

STllll.DlPb DEVI hTlt!1 2. os 4 . 1 1  1.31 5 1.26 % 

6.3 . -  

. L  



REAU 2.75 3.1 6 . 0  2.3 2.0 3. u 

S T A N D R R ~  D E V I ~ T T O W  0.01 0.1 9.5 0.4 0. ? 0.3 

*VALRE OnfTTED PROH AVPRAGC: VRLlJRB. 
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TABLE C-3.0 SIIPFACF. SAl lPLFS OF PRRTLAND RECONNATSSANCR SURVEY 

SA11Fl.E DR89TTY. U P A l I U f l  TRORIBR KFflSSIUR 

c-3.8-2 
HERT G E H R R A T I O I ,  
. n x io - '=  

WOODSTOCK 
WOOCSTOCK 
W00QSTOCK 
WOCQSTOCK 

WOQDSTOCK 
WOObSTOCK 
WOOPST 0 CK 
WOODSTOCK 
WOODST ocu 
100DSTOCK 
WO Olr STOCK 
YOObSTOCU 
WOODSTOCK 
W O  ODST 0 CK 
!WOnSTOCU 
WOODSTOCK 
WO ODSTO CK 

n E A l  VALUES 
S? A H D A R D DE V I  AT I 0 N 

DE R E A ,  V A 
GIlNPOWDPR 

woowmcu 

611 ~ P Q  wn LR 
r,n n pow D PR 
GUNFOWDLR 
CB W POUD Ell 
GIINPOW DPR 
GUHPOWDER 
GI1 APOW DPR 
GlI!lFOYI)PR 
GIINPOUDGR . 
RFAB VII1UF.S 
ST AND A R D DEV I AT10 N 

(2.67) ..ASSIIflED DGSSTTY 

2.60 
2.66 

(2.67) 
7.5R 
1.59  

(7.67) 
2.65 

(2.67) 
(2.67) 
2.66 

(3.67) 
2.60 
2 . w  
2.64 

(2.67) 
(2.67) 
2. fie 
2.61 

2.60 
(2.67) 
(2.67) 
2.64 

(2.67) 
(2.67) 
(2.67) 
(2.67) 
(2.67) 
(2.67) 
(2.67) 

2.7 
0.5 
1.5 
0.9 
3.8 
2.0 
4.l) 
1 .o 
2.5 
2.4 
1 .I 
0.5 
0.9 
0.7 
0.9 
3.7 
0.1 
1.8 

2.3 
1.4 

2.9 
6 01 
0.7 
2.3 
1.1 
0 - 7  
1.2 
1.5 
1.6 
1.3 
1.0 

1.8 
1 e 6  

6.7 
9.6 

15.0 
47.1 

6 . 3  
3.0 

11.4 
12.3 
t5 .9 
14.9 
14.6 
28.3 
22.7 
18.3 
43.1 
13.15 

0.7 
21.9 

16.3 
8.n 

7.9 
2.9 

23.5 
8 .4  

27.5 
11.1 
29.2 

8.5 
3.2 

29.2 
19.3 

16* 2 
(0 .6 

6.0 
2.6 
2.6 
3.0 
1.5 
3.0 
3.7 
4.0 
3.2 
3.5 
2. e 
4.1 
4.5 
4.6 
s. 0 
3.2 
0.2 
2.3 

3.5 
0.9 

4.3 
2.2 
9.7 
7.2 
4.8 
4, 4 
4.7 
3.5 
3.5 
5.0 
5.1 

4.5 
1.3 

4.8 
3.1 
3.1 
3.6 
4.2 
3.6 
4.4 
4.7 
3.8 
4 . 1  
3.4 
4.9 
5.4 
5.5 
1.0 
3. P 
0.2 
2.8 

4.2 
1.0 

5.1 
2 i 7  
5.6 
e.7 
5.8 
5.2 
.s. (5 
4.1 
4.2 
6.0 
6.1 ' 

5.4 
1.6 ' 

3.5 
2.2 
3.9 
A.7 
4.0 
'3.3 
5.1 
3.5 
4.8 
4 .ti 
1.9 
5.7 
5.1 
4.4 
8.7 
5.1 
0.3 
5.0 

e.0 
1.5 

3.q 
4.6 
5.3 
4.4 
6.2 
3.2 
6.5 
3.1 
2.3 
6.5 
4.9 

0.7 ' 

1.5 

I 
V I '  
b) 
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LINEAR R E L A T I O N S H I P  BETWEEN HEAT FLOW 

A N D  BEAT GENERATION 

J,K, Costain a n d  L,D. P e r r y  

Figure C-4 .1  shows t he  r e l a t ionsh ip  be tueen  heat flow 
and heat generation f o r  a l l  holes ava i l ab le  t o  da te  in t h e  

southeastern Uni ted  States .  Table C-4.1 sumaariz,es heat 

flow and heat generation values used in t h e  l i n e a r  

re la t ionship ,  with t h e  exception o f  values d e r i v e d  from 

platonic  rocks with a l a rge  geographic outcrop 

(Castalia/Rolesoil le ba thol i th  and Petersbarg ba thol i th)  a l l  . 

of t h e  values define a l i n e a r  r e l a t ionsh ip  of the form: 

g = 0.65 + 7.9A 

It is noteworthy tha t :  

1) Role SB1 was d r i l l e d  i n t o  volcanic8 of the 

S la t e  Belt but sti l l  f a l l s  on t h e  l i nea r  

re la t ionship .  T h i s  is t he  only heat flow hole 

not d r i l l e d  i n t o  g r a n i t i c  rocks, The agreement 

betxeen heat flow and heat  generation is t h u s  

cons i s t en t  u i t h  the microcrack model proposed 

b y  Costain (1978) and described i n  Progress 

Report VPZbSU-5648-1. 

2) The values of heat flow/heat generation i n  the  

Cas t a l i a  Pluton (CS1) a r e  cons i s t en t  with a 

thickness  o f  approximately 14 km f o r  the 

Cas t a l i a  p l u t o n a s  noted b y  Cogbi l l  elsewhere in, 
LJ 
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q = 0.65 + 7.9.A 

HOLE 0 A 
KRS 1.05 8.4 
WNI 1.47. .10.2 
RXI 0.98 4.2 
RX2 0.97 4.0 

SBI 0.94 3.3 
RL2 1.30 6.0 
PTI 1.24 6.1 
CSI 1.44 5.6 

R X ~  0.86 2.6 

I I I I I I I I I I 1 I I 
0 2 4 6 8 IO 12 

HEAT GENERATION, A ( x  IDN3 CAL / CM3 - SEC ) ’ 

Pigare C-4.1. Linear relationship between heat 
flow and heat  qeneration i n  the Southeastern 
United States. 
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T R R L R  C-U.1 
IIEIT PLPW ((1) RND IfRAT PRODUCTION ( A )  VALIIRS FRON PLlJTONS OF TIIF SOOTHFIASTPRI UNITED STATIS 

, A ,  

LOCATZO I LAT fTUnF. LO W C I T  l't PE q, CAL/CN'-SICXlO-. 

Ll l*PETY HTLl.-KERSfIAW I'LIITOH, LANCASTPF CO. S.C. 
K R 3  340 32'20" ROOU U 5 1' 1.05 

P T I I H  I'I.IITIIW, PATRPTELD CO., S.C. 
WN 1 3 U o l A @ U P "  U1 "OR* 92" 1 . U 7  

POXFOEO NBTAGRLNITI?, TEESON CO., W.C. 
PX 1 3 6 0 7  3' 1 2 "  7805R' 00" 0 .98  
R X ?  32025'  31" 7 9 0 0 1 ' 5 3 "  0 .97  
R X 3  3 20 2 5' 39" 70053'4 2" 0 .  BH 

SLATE BFLT, PERSOW CQ. ,  N.C.  
SB 1 360 1 0 '  00" 7 U O 5 0 * 0 0 "  0 ,9u 

P O L F S V I L L F  RITIIOLTTH R I D  CISTALJA PLUTON (CS1)  , FPANKLIN C0.V N.C. 
cs 1 3 6 O O U '  1 5 "  7 ~ 0 7 *  UP 1 . u u  
n L 7  360U7' 28" 7 R O 7 5 g  flltu 1 . 3 0  

PT 1 3 60 U 9 'a 5 n 770 1 9 '  15"  1 . 2 4  
PETFASPIIRC, GRAWITI?, SUSSEX CO. , VI. 

4 . 2  
9.0 
2. fi 

3.1 

5.6 
6.0 

6 . 1  
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. t h i s  r e p o r t .  We need a d d i t i o n a l  v a l u e s  of h e a t  

flow/heat g e n e r a t i o n  t o  s t r e n g t h e n  t h e  a p p a r e n t  

c o r r e l a t i o n  b e t v e e n  g r a v i t y  and thermal da ta .  

t the present time ue c o n t i n u e  ' to  p r e f e r  t h e  

i n t e r p r e t a t i o n  t h a t  t h e  p h y s i c a l  s i q n i f  icance 

of D is related t o  a n  a p p r o x i m a t e l y  uniform 

distribution of heat  p r o d u c i n g  elements down to 

8 d e p t h  D. In s00e locations (RX1, RX2,  RX3 ,  

UNf, KR3, SB1) t h i s '  d e p t h  may c o r r e s p o n d  t o  t h e  

e f f e c t i v e  d e p t h  of p e n e t r a t i o n  of microcracks. 

I n  other l o c a t i  (CS1, RL2,  PT1) t h e  g r a n i t e s  

(and thus 0 and ) e x t e n a  belov t h e  e f f e c t i v e  

d e p t h  of p e n e t r a t i o n  of microcracks and d e f i n e  

neu ieabers of a f a m i l y  of curves v f t h  

d i f f e r e n t  v a l u e s  of D ,  as shown i n  Figure 

C-tlml, 

Piffetedt v a l u e s  of I) have a . s i g n i f i c a n t  effect ou 

t e a p e r a t u r e s ,  Fiqures  C-4.2 an6 C-4.3 show 

Llabsarface temperature d i s t r i b u t i o n s  based o n  v a l u e s  of D of 

7.9 and '14 hm, r e s p e c t i v e l y .  
Optimum sites for geothermal r e s o u r c e  development  

~001d.  of course, be associated w i t h  t h i c k ,  radiogenic 

oris 6f l a t g e  areal e x t e n t ,  Edge effects would be 

a i a i m l ,  and s u b s u r f a c e  t e m p e r a t a r e s  could b,e p r e d i c t e d  from 

Figure C-4,2 or C-4.3. F i g u r e  C4.3 e m p h a s i z e s  i n d i r e c t l y ,  I 

hoverer, 1 the importance of p l u t o n s  h i g h  i n  
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r a d i o e l e m e n t  c o n c e n t r a t i o n s  bat  v i t h  a r e l a t i v e l y  smal l  

w i d t  h / d e p t h  r a t io .  The  p r e d i c t i o n  of the s u b s u r f a c e  

temperature from F i g u r e  C - 4 . 3  v o u l d  require a correction for 

e smal l  p l u t o n :  however. the greater t h i c k n e s s ,  of course. 

makes the smaller p l u t o n  a aore a t t r a c t i v e  target t h a n  a 

l a rge r  one  v i t h  t h e  same concentration of r a d i o g e n i c  

elelnects, Small gravity anomalies lniqht  h e  a t t r a c t i v e  

targets  if t h e y  are associated with members of a younger 

g e n e r a t i o n  of p l u t o n s  h a v i n g  a greater t h i c k n e s s  ( such  as 

t h e  castalia p l u t o n )  bat t h e  same 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 l emen t s .  Uithout  c o n s i d e r i n g  edqe effects,  t h e  

t e m p e r a t u r e  at the base of 3 km of sediments increases by 

37oC i f  t h e  t h i c k n e s s  c h a n g e s  from 7 , 9  km t o  14 km b u t  the 

c o n c e n t r a t i o n  of radioelements remains at 10 HGU. Ue have 

reached a s tage  in our i n v e s t i g a t i o n s  where an a t t e m p t  t o  

measure p l u t o n  t h i c k n e s s  d i r e c t l y  using' r e f l e c t i o n  

seislaclogy is appropr i a t e .  

bi 
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G R B V I T Y  DATA IfB THE SOUTBEASTERI U l f T E D  STATES 

A i  Ii. C o q b i l l  

Efforts t o  u t i l i z e  g r a v i t y  data  t o  p r e d i c t  t h e  

of g r a n i t i c  p l u t o n s  benea th  l o c a t i o n s  and a p p r o x i m a t e  sizes 

t h e  A t l a n t i c  Coastal  Plain (ACP) have  c o n t i n u e d  a l o n g  two 

lines. F i r s t ,  major ef for t s  h a v e  been made t o  augneat our 

c o l l e c t i o n  of q r a v i t y  measurements  made on t h e  ACP, for 

there d a t a  are  more sparse t h a n  i n  the Piedmont  and because 

i n t e r e s t  in t h e  ACP 1s u n d e r s t a n d a b l y  high. A d d i t i o n a l l y ,  

we h a v e  a t t e m p t e d  t o  collect more g r a v i t y  measurements over 

exposed g r a n i t i c  rocks in t h e  Piedmont,  c o n c e n t r a t i n g  thus 

f a t  upon those g r a n i t i c  b o d i e s  for  which t h e  l i t h o l o q i e s  a n d  

s t r u c t u r e s  in t h e  s u r r o u n d i n g  c o u n t r y  racks uere more o r  

less ve11-understood.  In b o t h  t h e  Piedmont  and  t h e  ACP, 

data c o l l e c t i o n  is c o n t i n u i n g  and  i s  e x p e c t e d  t o  c o n t i n u e  

throughout t h e  sumerr Because t h e  ACP d r i l l i n g  program is 

now in progress, new data  acquired a l o n g  the ACP must  be 

r e d u c e d  a n d  a n a l y z e d  r a p i d l y  in order to be u s e f a l  t o  the 

d r i l l i n g  program, 'Ue are c o n f i d e n t  t h a t  we are i n  a 

p o s i t i o n  t o  i n t e r p r e t  the g r a v i t y  data a l o n q  t h e  ACP 

r a p i d l y ;  hence the major problem is t o  o b t a i n  those new 

measurements  t h o u g h t  needetl as soon AS possible .  

G r a v i t y  measurements  ga the red  over ,exposed p l u t o n s  i n  

t h e  pieamoat may be used t o  place bounds upon the minimum 

magnitude of t h e  d e n s i t y  c o n t r a s t  between a g i v e n  p l u t o n  and  



1 

Page C-66 

its s u r r o a n d i n q  h o s t  rocks w i t h  t h e  a i d  of Parker 's  (1974, 

1975) t h e o r y  of i d e a l  bodies, A d d i t i o n a l  c o n s t r a i n t s  upon 

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

a d e t a i l e d  knowledge  of the l i t h o l o g i e s  of the c o u n t r y  rocks 

into w h i c h  the body has i n t r u d e d ,  b u t  s u c h  i n f c r e a t i o n  is 

ra re ly  a v a i l a b l e  b e c a u s e  e x p o s u r e s  a re  sparse. Because we 
I f  

have l i t t l e  or  n o  geologic information regardinq t h e  

c r y s t a l l i n e  rocks l y i n g  b e n e a t h  t h e  h c P #  we are forced t o  

e x t r a r o l a t e  r e s u l t s  o b t a i n e d  i n  the Piedmont b e n e a t h  t h e  

s e d i m e n t s  of the ACP, I n  p a r t i c u l a r ,  i f  t h e  d e n s i t y  

contrast between a pluton and  i ts hos t  rocks can be 

c o n s t r a i n e d  t o  be l a r g e r  t h a n  a g i v e n  v a l u e ,  we c a n  place a 

bound upon the maximum d e p t h  t o  the t o p  of the p l u t o n  

b e n e a t h  t h e  s e d i m e n t s .  Hav ing  s u c h  u hound f a c i l i t a t e s  t h e  

r e m a i n d e r  of t h e  i n t e r p r e t a t i o n  f o r  t h e  size a n d  d e p t h  t o  

t h e ,  b a s e  of a p l u t o n .  

&=&sition 

d&mu Plain. G r a v i t y  m e a s u r e a e n t s  h a v e  been 

o b t a i n e d  in three separate areas of  t h e  ACP by VPI 

personnel. T h e s e  areas are (1) s o u t h e a s t e r n  Georgia a n d  

n o r t h e a s t e r n  Florida, (2) Southeastern New Jersey, a n d  (3) 

s o u t h - c e n t r a l  D e l a u a r e .  I n  each of these areas, g r a v i t y  

measurements were made using LaCoste-Romberg Model G g r a v i t y  

meters and were referenced t o  e s t a b l i s h e d  base s t a t i o n s .  

The meters u s e d  were made a v a i l a b l e  b y  boqh t h e  National 

I 
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I Geodetic S u r r e y  and t h e  U.S. Geological Survey  and  vere 

models 658, 6107, a n d  62. Data acquired in each of t h e  

ateas (1)-(3) are  t a b u l a t e d  i n  T a b l e s  C-5.10 C-5.2, and 

C-5.3, Plots of t h e  s t a t i o n  d i s t r i b u t i o n s  of these data  are 

given in F i g u r e s  C-S.1, C-5.2, and C-5.3. 

Fie have also t a k e n  a p p r o x i m a t e l y  1500 g r a v i t y  

measurements  from Champion (1975). These are a l l  located i n  

the A C P  of South Carolina. In order to f u r t h e r  increase t h e  

amber of g r a v i t y  a e a s a r e m e n t s  i n  t h e  ACP of t h a t  s t a t e 0  a n  

i n a e p e n d e n t  geophysical  company has been contracted t o  

s u p p l y  several t h o u s a n d  g r a v i t y  measurements  from Sou th  

Carolina and s o u t h e a s t e r n  V i r g i n i a .  This company has been  

c o n t r a c t e d  by t h e  Los hlanos S c i e n t i f i c  Laboratory of t h e  

U n i v e r s i t y  of C a l i f o r n i a .  Measurements  a c q u i r e d  by t h i s  

company vi11 b e g i n  t o  be a v a i l a b l e  in mid-samater. 

&g&nont. Data a c q u i s i t i o h  in t h e  P iedmont  h a s .  been 

l i m i t e d  t o  t h e  immediate v i c i n i t y  of t h e  Rolesoi l le  

b a t h c l i t h  n e a r  Raleigh, NCI To d a t e  we have s e v e n t y - f o u r  

(74) neu measurements  in t h a t  region, v i t h  more measurements  

being obtained now. These new data  are located in the 

half of t h e  R o l e s v i 1 l e  b a t h o l i t h .  The a d d i t i o n a l  

measurements  w i l l  be c o n c e n t r a t e d  in t h e  n o r t h e r n  p o r t i o n  of 

pon t h e  Castalia p l u t o n ,  which 

lies i emed ia t e ly  NE of t h e  b a t h o l i t h .  The  Castalia is 

anomalous because of its a b n o r m a l l y  h i g h  heat flow, 

- ,  

LJ c o n s i d e r i n g  its measured heat production (VPIEsU-S648-1) . 
. . ._ . .. . .. . 
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I 

Figure C-5.1. Sketch nap showing t h e  distribution of 
gravity measurements acquired by VPI petsonnel  i a  
south east ern Georgia. 
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, *  , 

.Figure CIS. 3, Sketch map showing t h e  d f s t r i b u t i o n .  of , *  

g r a v i t y  measurements acquired by VPI personnel i n  sonth-  
central Delaware, 
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The p r e s e n t  d i s t r i b u t i o n  of g r a v i t y  meaesirea-nts a 

c-93 

our 

disposal  is shown in Pigares  C-5.4 through C-S.lO, each of 

uhich shows the d i 6 t r i b U t i O n  of gravi ty  s t a t i o n s  w i t h i n  t h e  

s ta te€  of interest ,  For t h e  states  of North C a r o l i n a  a n d  

Virginia,  t h e  d i s t r i b u t i o n s  a re  e s s e n t i a i l y  t h e  same a s  

those prorideil us by B O M :  t h a t  is, n those states we have  

not yet o b t a i n e d  a s u b s t a n t i a l  number of a d d i t i o n a l  

measurements.  We d o  not e x p e c t  to o b t a i n  many new 

ieasateaents i n  the states  of New Jersey, ~ e ~ a v a r e ,  or 

Georgia doring the c o r i n g  months. However, major a d d i t i o n s  

will be made in south C a r o l i n a ,  wor th  C a r o l i n a ,  and  

s o u t h e a s t e r n  Virginia .  

, .  

The R o l e s v i l l e  b a t h o l i t h  is a g r a n i t i c  b a t h o l i t h  

located neat Raleigh, BC (VPICSU-5103-3) . Five holes  have  

been d r i l l e d  in t h i s  boay for heat flow and heat  p r o d u c t i o n  

on$. A t  l eas t  one  he r e s u l t s  t o  date, t h a t  

n s i s t e n t  w i t h  t h e  linear 

relat$on between heat flow and surface heat p r o d u c t i o n  

bsermd e l s e v h e r e  s o u t h e a s t  (VPXESU-,S618-1, Figure 

A possible explanation fo r  this is t h a t  t h e  

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

In otder t o  estimate t h e  dep of t h e  b a t h o l i t h ,  ue 

a t e d  a g r a v i t y  study of it. R e s u l t s  are a s  y e t ,  
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1 

Figure C-5.4. Sketch map showing t h e  d i s t r i b u t i o n  of 
gravity measurements available i n  Georgia, u 
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‘ I  

. Figure C-5.5. S k e t c h  map s h o w i n g  t h e  d i s t r i b u t i o n  of 
gravi ty  aeasurewnts available in South Carolina. 
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Ffqnre C-5.6. Sketch map showing the distribution of 
g r a v i t y  measurements a v a i l a b l e  i n  North Carolina. 
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zigure C-5.7, Sketch map showing t h e  d i s t r i b u t i o n  of 
gravity measurements available i n  Virginia ( t h e  Virg in ia  
portion of t h e  Delmarva p e n i n s u l a  is not shown), 
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Figure C-5.8. Sketch map showing the d i s t r i b u t i o n  of 

u g r a v i t y  measurements in Raryland. 
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e .  9 

Pigure’C-SA. Sketch  map showing t h e  d i s t r i b u t i o n  of 
gravity measurements in Delaware. 
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. .  

Pigure'c-s.io. Sketch map showing the aisttiwtia o f  
gravity aeasareaents in Xew Jersey. 
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incomElete, due i n  p a r t  t o  the a b s e n c e  of much data i n  the 

nor the rn  p o r t i o n  of t h e  b a t h o l i t h ,  h a t  some inferences 

concercaing t h e  t o t a l  

made now. 

d e p t h  of much of tho b a t h o l i t h  may be 

Figure  C-5.11 shows t h e  c o n t o u r e d  Bonguer g r a v i t y  f i s l d  

in t h e  v i c i n i t y  of t h e  b a t h o l i t h  as well as t h e  l o c a t i o n s  of 

t h e  stations u s e d  to p r o d u c e  t h e  map, Besides t h e  obvious 

g r a v i t y  minimam a s s o c i a t e d  w i t h  the b a t h o l i t h ,  tkete exis t s  
i. 

an a p p a r e n t  g rad ien t  t o  t h e  nosthuest I n  the r e g i o n a l  

Bouguer f i e l d .  I n i t i a l ,  efforts to estimate this regional 

trend were d e s c r i b e d  i n  t h e  'previous progress repor t  

(VPI C SR -56 0 8- 1 8 

F a r t h e r  efforts along the sane l i n e s  have  led t o  t h e  

third-order  t r e n d - s u r f a c e  estimate of t h e  regional Bouguer 

f i e l d  shown in ~igare , ~ - 5 , 1 2 t  this surface uas calculated 

using  the o r t h o g o n a l  po lynomia l  scheme described p r e v i o u s l y  

(VPIGSU-5648-1) . T h i s  par t icu lar  surface p r e d i c t s  regional  

values of 0 t o  +12 mgal over the b a t h o l i t b .  A simple, 

thgrd-order,  l ea  square's surface €it t o  the same d a t a  

predicts values of -8  t o  +4 mgal over t h e  b a t h o l i t h ,  b u t  5s 
1 

o t h e r w i s e  r o u g h l y  p a r a l l e l  t o  the surhce of F i g u r e  C-5.12. 
*a . 

ThLs o b s e r v a t i o n  may be used  estimate the u n c e r t a i n t y  of 

the e E t i m a t e d  regional f i e l d  a b o u t  8 mgal. Thus8 t h e  

raxiaam a m p l i t u d e  of t h e  anomaly d u e  t o  t.he b a t h o l i t h  is 

mgal, T h i  s a d m i t t e d l y  a crude estimate of 

t h e  u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e  surface8 - b u t  may be 

adequate f o r  t h e  ana lys i s  a t  hand. 
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l&.w&; su!traa* A major' d i f f i c u l t y  in t h e  u 
interpretatian of the b a t h o l i t h  is the lack of i n f o r m a t i o n  

reqardfng t h e  a p p r o p r i a t e  d e n s i t y  contrast between t h e  

b a t h c l i t h  and its host rocks, T h i s  stems c h i e f l y  from our - 

'poor ktlowlle'dge of t h e  d i s t r i b u t i o n  of the major l i t h i c  u n i t s  

s u r r o u n d i n g  t h e  b a t h o l i t h ;  the d e n s $ . t i e s  of t h e  b a t h o l i t h i c  

rocks t h e p s ' e l v e s  are known rather well froa t h e  d r i l l  core6 

and surfabe samples and g roup  r a the r  c lose ly  a b o u t  2.65 

ga/casr $!he l i thologies  of t h e  country rocks include 

per f t i c  k c h i s t s ,  granitic g n e i s s e s ,  mafic and fe ls ic  

aetavclcaD5.c rocks, and a m p h i b o l i t e s ,  D e n s i t i e s  measured on 

surface ,samples of these rocks r a n g e  from 2,64-2.91 gn/craJ, 

the h ighe r  d e n s i t i e s  being from t h e  a m p h i b o l i t e s ,  The area 

of exFoseil amphibol i tes  is re la t ive ly  small in p r o p o r t i o n  t o  

t h a t  of a l l  t h e  c o u n t r y  rocks, For this r e a s o n  t h e  

aaphihol i tes  are  presumed t o  c o n s t i t u t e  a n e g l i g i b l e  amount 

of the near-surface mass, This a s s u m p t i o n  restricts t h e  

range of allowable densities for t h e  c o u n t r y  rocks to t h e  

i n t e r v a l  2.64-2.85 gm/clat, The ac tua l  density probab ly  

falls somewhere w i t h i n  this interval but aay vary 

s y s t e m a t i c a l l y  from one l o c a l i t y  to a n o t h e r ,  Clearly,  

1 : 

thoaqb, the bulk density of t h e  country rocks must exceed j 
t 

2.45 gw/creg i n  order t o  g e n e r a t e  t h e  -43 nga l  anomaly which 

characterizes the R o l e s v i l l e ,  In the a b s e n c e  of further 

informaticn concerning t h e  host rocks, t h e  d e n s i t y  c o n t r a s t  

is only restricted t o  the i n t e r v a l  0 t o  -0.2 qm/cmS, 
. 6  

hik 
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W sQlWZ&QQ ii&&h f h Q X  18l&?4ESEUU* If We assume 
t h a t  the density contrast /heat  production cont ras t  I n  the 

Rolesvi l le  b a t h o l i t h  is constant ,  t h e n  t h e  r a t i o  of heat 

flow anoaaly/gravity anomaly mus t  a l s o  remain f i x e d ,  because 

both the heat flow f i e ld  and the g r a v i t y  f i e l d  Qependiupon 

the geometrical configurat ion of the source body i n  the same 

manner (Simmons, 1963). Although we have no rea6on t o  

expect va r i a t ions  i h  hea t  production con t r a s t  t o  ref lect  ’ 

var i a t ions  i n  d e n s i t y  con t r a s t ,  t h e  simple case o f  a s i n g l e  

source body having a constant hea t  production and constant 

dens i ty  1s a case  t o  w h i c h  ue can apply the result noted 

above. Regarding t h e ’ c a s e  a t  hand, ve may apply the heat 

flow grav i ty  field r e l a t ion  t o  t h e  Ro les r i l l e  ba thol i th  i f  

t h e  fc l lauing condi t ions  h o l d  true: 

IF 

(1) both heat prodaction and d e n s i t y  con t ra s t  a re  

uniform throughout the ba tho l i th ,  

(2) heat production w i t h i n  t h e  country rocks is slowly- 

(3) r e l i a b l e  estimates for both the 

varying or constant,  
heat f l a x  from the 

lover crust and  t h e  heat f l u x  due t o  heat 

production u i t h i n  t h e  country rocks are available.  

The aa jor  obs tac les  to the appl ica t ion  of this method t o  our 

problem l%e in t h e  assumption .that.the d e n s i t y  ~gnmg& is 

uniform-throughout , t h e  ba tho l i th ‘  a n d  t h a t ‘  ve a re  a b l e  t o  

estimate the contr ibut ion,  measured :over t h e  b a t h o l i t h ,  t o  

t h e .  beat f l o e ’  f i e l d  from’ the sarrou&iing country rocks. 

, 

. . . .  

w 
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v i o l a t i o n  of t h e  un i fo rm d e n s i t y  contrast r u l e  does not 

seriously a f f e c t  our results, p r o v i d e d  that t h e  d e n s i t y  

contrast varies s lowly .  e s t i i a t i n g  the heat f i o v  over the 

b a t h o l i t h  due t o  heat p r o d u c t i o n  w i t h i f !  t h e  c o u n t r y  rock is 

more crit ical ,  b u t ,  U n f o r t u n a t e l y  there e x i s t  few h e a t  

p roduc t  ion m e a s u r e a e n t s  away from qranitic p l u t o n s .  

Presumably t h e  hea t  p r o d u c t i o n  w i t h i n  t h e  c o u n t r y  rocks i s  

smaller t h a n  w i t h i n  the q r a n i t i c  rocks: we have assumed 

heat production v a l u e s  of 2.5 RGU for the country  rocks. 
. <  

¶he r e l a t i o n s h i p  between t h e  beat  flow fiela, aeasured 

t h e  ear th 's  s u r f a c e ,  and  t h e '  g r a v i t y  f i e l d  is upon cr near 
(Siamcns, 1967) 

* -  

t 

where 

. /  

q - v e r t i c a l  c o n p o n e a t  of t h e  rate of heat  flux 

t h r o u g h  t h e  ea r th ' s  surface due t o  t h e  source, 
I '  

G = Newton's g r a v i t a t i o n a l  c o n s t a n t ,  

A = ra te  of heat proiuction within t h e  source, 

p = density o f  the body, 

q = g r a v i t y  anomaly d u e  t o  t h e  source, 

an d 

x '= posit ion v e c t o r  o 

i c~ 

I ,  I . , I .  . * -  1 .  . . -  A .  

- _ .  , '  p .  . . +  + , -  

o b s e r v a t i o  

Note tha t  (*) assumes  t h a t  t e ex is ts  b 

both the' g r a v i t y  ' a aona ly  ana t h e  hea t  f l o  

. e . 9 .  

. .  
a .  

rewritten as 
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** 
' P = V 2 . G  s(x)/q(x) 

iaata  the density trast from t h e  

8 under t h e  assaaptions discussed 

a t  RL2. There t h e  heat  f lou and heat production 

~easuremente are 1.441 1.30 EIFU and 5.68 6.0 EGO, 

respectively. A t  ea . site the grav i ty  anomaly is 42tfj 

agal: hoverer, the' g 

p o o r l y  d e f i n e  of data. Using these values 
for beat production and heat flow, and assuming (1) a lower 

OPUB t a1 heat SIOW of 0.69 HPU, a value equal t o  the 

i n t e r c e p t  o f  the o b s e r v e d  linear heat  f lou  - heat production 

relation, and (2) a contribation of 0.15 RPU t o  the heat 

flou f i e l d  from heat p r o d u c t i o n  wi th in  the  c o u n t r y  recks. 

The contribation from the country rocks vas estimated 

assulaiaq t h a t  the heat sources fn the country rocks uere 

unifomly d i s t r i b u t e d  . t o  a depth of 7 ka. The estAmated 

d e n s i t p  contrasts  are Oo09i0.02 and 0.12e0.02 glafcns for B L l  

an ~ respectively. 

ne mad,@ for the es, each estimate 

n s i t g  contrasts t reasonable, based 

known l i tho logy  

v i t h i n  the 

. . .  
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p r o d u c t i o n  data are a c q u i r e d  from t h e  remaining three d r i l l  L;j 

i holes within the b a t h o l i t h ,  these density contrast  estimates 

will be given fa r ther  s u p p o r t ,  

& u & n g s  only p r e l i m i n a r y  g r a v i t y  modelling of t h e  . 

R o l e s v i l l e  has been  a t t e m p t e d  . t h u s  far b e c a u s e  of t h e  sparse 

data kase o v e r  t h e  platon i t s e l f  Two-dimensional models 

have been erected based upon o b s e r v a t i o n s  in te rpola ted  a l o n g  

profile A - A t  a n d  8-81 of Figure C-5.13, which shows t h e  

Bouguer anomaly over t h e  b a t h o l i t h  a f t e r  s a b t r a c t i o n  of the 

o b s e r v e d  Boaguer f ie ld ,  Usfag a d e n s i t y  c o n t r a s t  of -0110 

qm/cma, the  t o t a l  dep th  of t h e  b a t h o l i t h  among 8-81 is about 

14 km, based upon two-d imens iona l  models, Preliminary 

t h r e e - d i m e n s i o n a l  models  i n d i c a t e  t h a t  this’ d e p t h  s h o u l d  be 

increased to  15-16 km, asfng the same density c o n t r a s t .  

These d e p t h s  are lowered t o  a p p r o x i m a t e l y  6.5=7 ka i f  a 

d e n s i t y  c o n t r a s t  of -0.2’ ga/caa is appropriate ,  
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Figure C-5.13. Residual Bougner anomaly after 
subtraction of the trend surface of Figure C-12 from the 
field of Pigure C-11. 



1 
Page C - I 1 0  

EEPEREOCES 

Champion, J O Y . ,  1975. A detai led g t a v i t y  s t u d y  Of the 

Charleston, South Carolina, epicentral zone. Atlanta,, 

. GA: Georgia I a s t ,  of Technology, Tlastet's thesis, 97P0 . 

Parker, Robert L., 1974 , .  Best bounds on density and depth 

from gravity data, w - 8  2 8  p. 644-649. 

Parker, Robert L.O 1975. The theory of i d e a l  bodies fo t  

~gl;en.  a . 8  gravity interpretation, * G - ~ S .  5.. m. 
0 43e p a  315-334, 

aaoaalies, 1,  contrasts  

GB-8 38 P* u30s2* 

interpretation of heat flow 

in heat production, me & 



, ;'Ln 

' Page &.ill 

THERfiAI. EOOELING 

John Dunbar 

' 1"fRODUCTXON 
e J  

this c o n t r a c t  perrod two t h e r m a l  modeling c o m p u t e r  

programs uese developed. The first program computes 

theoret ical  h e a t  flow h n o m a l i e s  i n  reg ions  ' affected b y  

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

The acdeling t e c h n i q u e  is based on theory g iven  by'S i laaons  

(1967) and P l o u f f  (1976)', ' 2he s e c o n d  program computes t h e  

temperature f i e l d  in a h a l f  space containing three- 

d i m e n o i c n a l  sources and i n  an o v e r l y i n g  i n s u l a t i n g  layer, 

The theory for t h i s  program a p p e a r e d  in t h e  last r epor t  

(VPIESU-5648-1, pp. C-63 t o  C-73) e 

For this report  the heat f l o w  prograla was used t o  

generate theoretical heat flow anomaly n a p s  of t h e  L i b e r t y  

B i l l ,  Pagelaad and Cuffytoun Creek plutons, A t  present, t h e  

sodel parameters a r e  better de f ined  f o r  these bodies t h a n  

for any other bodies i n  the Southeast .  Even so, t h e  

Informtion is still rather s k e t c h y .  The 'eaps are, a s  a 

r e s u l t ,  presented as t e n t a t i v e  models t o  direct f u r t h e r  work 

and v i 1 1  be m o d i f i e d  a6 the model parameters become better 

known. The t e m p e r a t u r e  modeling proqram is used  to  

i l l u s t r a t e  t h e  effect t h a t  d i f f e r e n t  radiogenic sources h a v e  

on the t e m p e r a t u r e  f i e ld .  S i x  h y p o t h e t i c a l  e x a m p l e s  a re  
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g i v e n  v h i c h  p r o v i d e  some i n s i g h t  i n t o  w h a t  sort of s o u r c e  is 

r e q u i r e d  t o  produce  a u s e f u l  geothermal r e s e r v o i r .  

As a f u r t h e r  a p p l i c a t i o n ,  these two programs w i l l  

p r o v i d e  a q u a n t i t a t i v e  approach t o  t h e  i n t e r p r e t a t i o n  of t h e  

heat flow data t h a t  w i l l  be g a t h e r e d  i n  t h e  Coastal  P l a i n  of 

S o n t h e s t e r n  U.S. in t h e  coming months. A heat flow model of 

t h e  r a d i o g e n i c  s o u r c e  body could be developed based on 

g r a v i t y  and magnetic models, or seismic da ta ,  uh ich  would 

reproduce t h e  observed heat flow v a l u e s  over t h e  body. This 

heat flow model could t h e n  be used as t h e  b a s i s  for a model 

of the geothermal f i e l d  i t s e l f .  Rith t h i s  approach, 

2 , ' $  

' .  

p r o d u c t i o n  v e l l s  c o u l d  be sitea on t h e  b a s i s  of s u r f a c e  and 

s ha1 1 cw-we 11 me a s u r e  e en t S. 

HEAT FLOY MODELING IN THE PIEDEOIOT 

In order t o  p r e d i c t  t h e  h e a t  flow anomaly produced by a 

r a d i o g e n i c  body one must be ab le  t o  estimate t h e  c o n t r a s t  i a  

the r a t e  of heat p r o d u c t i o n  between t h e  body a n d  t h e  c o u n t r y  

rock and e s t i m a t e  t h e  s ize  and  shape  of t h e  body. To 

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

must a l so  be es t iaatrd.  The heat prOdUction con t r a s t s  

a s s i g n e d  t o  t h e  plutons c o n s i d e r e d  i n  t h i s  section were 

ccnpated by s u b t r a c t i n g  t h e  average h e a t  productions of 

surface samples of C a r o l i n a  Slate b e l t  a r g i l l i t e s ,  

p h y l l i t e s ,  and setaoolcanics from the average ' h e a t  (lc, 
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p r o d u c t i o n s  of surface ‘and w e l l  samples from t h e  t h r o e  

p lu toms.  Table C-6.1 g i v e s  t h e  a v e r a g e s  of t h e  samples and 

the heat p r o d u c t i o n  cont ras t s  be tween t h e  p l u t o n s  and t h e  

c o u n t r y  rock. The geometries of these p l u t o n s #  which were 

used in t h e  heat flow models8 wese taken from e x i s t i n g  

gravity models preparbi  by other wotkers. Hodels of the 

L i b e r t y  a i l 1  a n d  Paqe land  P l u t o n s  were g i v e n  ’by Bell and  

Popenae (1976). The Cuffy town C r e e k  p l u t o a  was modeled b y  

A.H. Cogbi l l  (VPIGSU-$648-1, 1978). Each Of these models is  

p lagued  by u n c e r t a i n t y  i n  t h e  d e n s i t y  c o n t r a s t  between t h e  

body and t h e  c o u n t r y  rock. Cogbi l l  i l l u s t r a t e s  t h i s  

. u n c e r t a i n t y  in his F i g u r e  C-7 (VPICSU-S648-1,1976), w h i c h  

shovs t h a t ,  for a maximum g r a v i t y  anomaly of -25 mgals, t h e  

t o t a l  d e p t h  of t h e  model c h a n g e s  from 3 km t o  over  11 km a s  

t h e  d e n s i t y  c o n t r a s t  is allowed t o  vary between the l i m i t s  

of -0.15 and -0.25 gm/cm% Bell and Popenoe (1976) show a 

s imi la r  u n c e r t a i n t y  f o r  t h e i r  d o d e l  of t h e  Pageland  p l u t o n ,  

vhich varies from about 3 km t o  a b o u t  10 km i n  t o t a l  d e p t h  

as  t h e  dens i ty  c o n t r a s t  is changed from -0.10 t o  -0.20 

gr/ca% T h i s  uncertainty i n  the qeornetry ’ of the s o u r c e  

bodies causes a c o r r e s p o n d i n g  uncertainty i n  t h e  theoretical  

heat flow anomaly. 

, .  

’ The f i n a l  model p a r a m e t e r ,  t h e  r e g i o n a l  *heat flow 

field, map be’ estimated from the  l i n e a r  r e l a t i o n s h i p  be tween 

heat flow and heat p roduc t ion .  The o n l y  well data  in the 

southeast from l o c a t i o n s  away from the i n f l u e n c e  of g r a n i t i c  
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bodies is t h e  0.9U HFO value from VPICSIl v e l 1  SB-1 near 

Roxboro, I C #  a n d  t h e  1.2 HFU value (1.0 HFU = 1.0 x 10-6 

cal/caz-sec) from USGS vel1 CCCHWI near ~ h a r l e s t o n ~  SC. 

{OSGS Open P i l e  R e p o r t  76-148).  N e i t h e r  well is v i t h i n  200 

kn of the t h r e e  p l u t o n s ,  T h e r e f o r e ,  the r e g i o n a l  f i e l d  was 

assumed t o  be a constant 0.9 HFU for  a l l  t h r e e  model areas.  

T b i S  b e a t  flow c o r r e s p o n d s  t o  t h e  a v e r a g e  c o u n t r y  r o c k  heat  

p r o d u c t i o n  of 3.08 HGU (1 HGU = 1.0 x 10-83 caljc~P-sec) on 

t h e  l i n e a r  r e l a t i o n s h i p  b e t w e e n  h e a t  flow a n d  h e a t  

p r o d u c t i o n  (VPIGSU-5103-5, p. C-26).  

The t h e o r e t i c a l  h e a t  flow anomalies a s s o c i a t e d  v i t h  t h e  

t h r e e  p l u t o n s  a t e  shown i n  F i g u r e  C - 6 . 3 L ,  C-6.3B, a n d  

C-6.3C. If t h e  assumed r e g i o n a l .  h e a t  flow of 0.9 HFH i s  

a d d e d  t o  t h e  t h r e e  anomalies, the p r e d i c t e d  heat flow a t  K R 3  

and PG1 would b e  a b o u t  0.96 HPO. A t  ED1 t h e  p r e d i c t e d  va lve  

would be 1.20 HFU, The ac tua l  h e a t  flow a t  KR3 was 

d e t e r m i n e d  t o  be 1.06 HFU (VPIESU-S103-5, p. C-S), which  is 

0.10 HPU greater t han .  p r e d i c t e d  b y  t h e  model. If t h e  

es t imate  of t h e  r e g i o n a l  f i e l d  is  in error b y  0.10 HFU, t h e n  

PG1 would be e x p e c t e d  t o  y i e l d  a h e a t  flow of 1.06 HPU a l so ,  

and the heat flow a t  ED1 would be e x p e c t e d  t o  b e  as h i g h  as 

1.30 EPU, If t h e  estimate of the anomalous h e a t  flow a t  R R 3  

is i n  error b y  0.1 HPu# t h e n  ei ther t h e  h e a t  p r o d u c t i o n  

i n c r e a s e s  w i t h  d e p t h  i n  t h e  pl \ l toa#  or t h e  b a s e  of t h e  

p l u t o n  is over twice a s  d e e p  a s  in  ell a n d  P o p e n o e ' s  

p r e f e r r e d  model,  which  would p l a c e  it near 14 km. In e i t h e r  
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case, i t  is c lear  t h a t  more heat flow and heat generation 

data are  needed i n  these study areas hefore t h e  heat flow 

m o d e l i n g  t e c h n i q u e  itself  c a n  be e v a l u a t e d .  

bb 

TEMPERATURE flODELIAG 

In t h e  f o l l o w i n g  s e c t i o n  a series of h y p o t h e t i c a l  

models is used to  demonstrate. hov r a d i o g e n i c  bodies w i t h  

d i f f e r e n t  rates of h e a t  p r o d u c t i o n  a n d  geometries affect  t h e  

temperature f i e l d .  The model region for each of t h e  s i x  

e x a m p l e s  is characterized by t h e  parameters l i s t e d  i n  Table 

C-6.2 and d e p i c t e d  i n  Figure C-6.2A. 

Hote t h a t  i f  t h e  heat flow from t h e  lower c r u s t  is 0.7 

BFU, t h e n  a l a y e r  w i t h  a heat p r o d u c t i o n  of 1.0 HGU would .  

have to be 30 km t h i c k  t o  raise the r e g i o n a l  h e a t  flow t o  

t h e  1.0 RFU assumed i n  the models. T h i s  a r r a n g e m e n t  was 

chosen so t h a t  t h e  p l a t e s  in t h e  body c o u l d  be v a r i o u s l y .  

oriented without p e n e t r a t i n g  the base of t h i s  h e a t  producing 

layer and taking on a different heat  production c o n t r a s t .  

Figures C-6.3A, C-6.38, and C-6.3C shov c r o s s - s e c t i o n s  

t h r o u g h  t h e  model region a l o n g  t h e  line X to X I  shown i n  

F i g u r e  C=6.2A0 The a n o m a l o u s  boilies A, B, a n d  C h a v e  heat 

p r o d u c t i o n s  of 10, 17 and  25 HGU r e s p e c t . i v e l y .  T h e  c o n t o u r s  

describe t h e  calculated '  temperature field. 

The a m p l i t u d e  of the thermal a n o m a l y  at  a n y  p o i n t  i n  

t h e  t e m p e r a t u r e  f i e l d  is  linearly r e l a t ed  t o  the h e a t  
W 
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p r o d u c t i o n  c o n t r a s t  of t h e  body. As a r e s u l t ,  t h e  

t e m p e r a t u r e  anomaly a t  each l o c a t i o n  i n  Piqure C-6.3C is 

2.60 (24/9) t i n e s  larger t h a n  t h e  t e m p e r a t u r e  anomaly a t  t h e  

sane loca t ion  in P i q u r e  C-6.3A. The h e a t  f l o u  a n o m a l i e s  

shown over t h e  c r o s s - s e c t i o n s  also d e m o n s t r a t e s  t h i s  l i n e a r  

re la  t i o n s h i  p. 

It is i m p o r t a n t  t o  n o t e  from F i g u r e  C-6.3 t h a t  e v e n  

v i t h  a heat p r o d u c t i o n  a o n t r s s t  of 24 HGIJ t h e r e  is o n l y  a 

s u b t l e  temperature anomaly a t  shallow d e p t h s ,  The re  are, 

however, s izeable  a n o m a l i e s  a t  d e p t h  i n  a l l  three cases. 

Piqures C-6.4AI e - 6 . 4 ~ ~  and c - 6 . 4 ~  show the effect of 

c h a n g i n g  t h e  geometry  of the anomalous  body. I n  the 

s e q u e n c e  of Piqures C-6 .3B.  C-6.4A, and C-6.4C the l a r g e r  

p l a t e s  of the body are s h i f t e d  t o  deeper p o s i t i o n s  in the 

model. A l l  o ther  model parameters a rc  h e l d  c o n s t a n t .  As 

the p l a t e s  a r e  s h i f t e d ,  the maximum a m p l i t u d e  of t h e  thermal 

anomaly a t  a d e p t h  of 2 km remains n e a r l y  c o n s t a n t ,  b u t  t h e  

l a t e r a l  e x t e n t  of t h e  anomaly varies. A t  a d e p t h  of 8 km 

the maximum a m p l i t u d e  i n c r e a s e s  as t h e  larger  p l a t e s  a r e  

moved downward. In F i g u r e  C-6.4C the p l a t e s  u s e d  i n  the 

other  examples  are  t u r n e d  on . end. The c r o s s - s e c t i o n  is  

a l o n g  tbe l i n e  Y - Pa shoun in F i g u r e  C-6.2C. T h i s  d iagram 

d e m o n s t r a t e s  t h a t  bodies  w i t h  small l a t e r a l  d i m e n s i o n s  do 

n c t  p roduce  la rge  temperature a n o m a l i e s  e v e n  i f  t h e y  e x t e n d  

t o  grea t  d e p t h s .  
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Piqurs C-6.4b s h o w  the effect of doubling the 

thickness of each plate,  wh ich  increases the maximum 

t h i c k n e s s  of the body from 7 km t o  14 ka. The heat '  

production i n  t h e  body is 10 HGU. The maximum amplitude of 

t h e  temperature anomaly a t  2 km is about  t h e  same as t h e  

maxiaura v a l u e  show in Figure  38 for  the o r g l o n a l  body w i t h  

a heat production of 17 HGU. 

These examples were intended t o  provide some 

andergtanding a s  t o  what size $latons w i t h  what rates of 

beat generation would produce s igni f icant  thermal anomalies. 

They a l so  point oat  two important f a c t s  about radioqenicallp 

derived thermal anomalies: (1) So general, the amplitude of 

a thermal anomaly over a radioqenic body w i l l  increase with 

depth. The increase is due, in part ,  t o  the f a c t  t h a t  the 

source is f i n i t e  and, in par t ,  t o  the cons tan t  temperature 

boundary  condition a t  t h e  surface. (2) The temperature 

f i e l d  is more sens i t ive  t o  differences i n  the source bodies 

a t  d e p t b  +han nearer t h e  surface. T h i s  is a direct  result 

of the boundary condition at the surface. These suggest 

tha t  the deeper t h e  production well, the nore cr i t ica l  i t s  

location w i l l  be, This would be par t i cu la r ly - t rue  for  hot- 

dry-rock wells penetrating t h e  p l u t o n  i t s e l f ,  

I, 
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Calculated Heat Flow Anomalies 
Liberty Hill Pluton 

Pageland Plutons 

Cuffytown Creek Pluton 

I I 

- 34'30' 

80.18' 
t .  

t 
C 

Fiqure C-6.1. Contour maps o f  the calculated, 'heat  flow 
ancmalies,  The areas are the surface oatcrop patterns o f ,  
each pluton,  The contour intervals for diagrams A and C are  

1 . 0  x 106 cal /cag-sec) .  0.01 HFP, For diagram c the i n t e r v a l  is 0.02 HPU ( l ' a ~ n  = Li 
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I Cross-sectional View of Model Region 
I l l  

I 
A I 

6 Klromctrn 0 - 
Map V i e w  of Model Region 

I 
0 IO eo - 

Kllomcrors . 

Fiqore C-6.2. Diaqram A shows the paraasters 
Diagran 8 is a flap view of '  

C, and c-6.4 A~ 
map view of the model region 

c h a t a e t e f i t i n q  the model region 
t h e  - model +egioi 
B~ and. e. 
for Pigare C-6.UC. 

for Pigutes C-6.3~~ B# and 
Diagram C Shows the 
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'1.4 - A  A =  IO, HGU 
1.3 - 
1.2 - 

I 

14 :B A47,HGU 
1.4 - 
1.s - 

Figure C-6.3 . Cross-sections through model regions 
from X-XS,  Figure C-6.28. The calculated temperature and 
h e a t  flow fields are shown for d i f f e r e n t  rates a t  heat 
generation ( A )  within the body. The contom interval is 
20oc. 
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I 4 

I .A I .- 

e- 

c 1 

Figure C-6.4 . C a l c u l a t e d  temperature fields associated 
with radiogenic bodies of d i f f e r e n t  qeowetries. For b o d i e s  
A, 88 and c ,  the rate of h e a t  g e n e r a t i o n  is 17 BGO. For 
body D8 t h e  rate is 10 HGU. 
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TABLE C-6.1 . HEAT PRODUCTION VALUES. 

Source NO. Averaqe Contras t  
of Sane S a m p l e s  i n  HGU i n  ACrl 

--. Carolina S l a t e  Belt 9 3 09* 

L i b e r t y  H i l l  pluton 18 5.69** 2.60 

P a g e l a n d  p l u t o n  3 5,97*** 2.88 

C u f f y t o w n  C r e e k  p l u t o n  2 9.30*** 6.21 

* P e r s o n a l  c o m m u n i c a t i o n ,  L.D. P e r r y  (1978) . 
**VPIfSU-S103-4, p a g e  c-12. 
***VPIGSU-5103-5, p a g e s  C-22 and C-23. 

TABLE C-6.2. TEHPERATURE ISSUflED FOR MODELS. 

Para mete t 

T h i c k n e s s  of 
s e d i  ment ary i n s u l a t o r  

C o n d u c t i v i t y  of t h e  
sedimentary ' l a y e r  

co nd uc  t i v i t  y of t h e  
u n d e r l y i n g  h a l f  
space 

mean a n n u a l  s u r f a c e  
t e m p e r a t u r e  

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

Heat p r o d u c t i o n  of the 
c o u n t r y  r o c k  iayer 

R e g i o n a l  heat flow 

P h y s i c a l  d i m e n s i o n s  of 
R a d i o g e n i c  body p l a t e  1 

P h y s i c a l  d i n e n s i o n s  of 
R a d i o g e n i c  body p l a t e  2 

P h y s i c a l  d imens ions  of 
R a a k o g e n i c  body  p l a t e  3 

Value A s s i g n e d  for nodels 

2kn 

4.0 x lo3  cal/csz-sec-OC 

7.0 I lo3 cal/cm2-sec-W 

1 soc 

0.0 HGU 
1 HGU = 1.0 x l o - 1 3  cal/ca3-sec) 

1.0 RGU 

1.0 BPU 

20 km x 20 km x 3 km 

15 km x 1s km x 2 km 

10 km x 10 km x 2 k m  
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STRUCTURAL CONTROLS OF THERXAL SPRINGS 

It? THE YARM SPRINGS ANTICLINE 

P.A. Gefser 

INTRODUCTION 

T h i s  r epor t  is a p r e l i m i n a r y  summary of t h e  results of 

a s t r u c t u r a l  i n v e s t i g a t i o n  on  t h e  G r i g i n  of the rma l  s p r i n g s  

in t h e  Uarm s p r i n g s  A n t i c l i n e  i n  n o r t h w e s t e r n  V i r g i n i a .  The 

i n v e s t i g a t i o n  h a s  s u q g e s t e d  a n  h y p o t h e s i s  cf d e e p  meteoric 

c i r c u l a t i o n  o n  a n o r m a l  geothermal q r a d i e n t .  An a l t e r n a t i v e  

mechanism,  of a s h a l l o u  s t i l l - c o o l i n g  p l u t o n ,  has b e e n  

rejected. 

The h y p o t h e s i z e d  s y s t e m  is based o n  e v i d e n c e  v h i c h  

s n g q e s t s  t h a t  t h e  p r e s e n c e  of d e e p  zones of e n h a n c e d  

pe rmeab i l i t y  are associated w i t h  ctoss-strike s t r i k e  

l i n e  ars . T h e s e  l i n e a r s  may ref lect  structural 

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

may be o c c u r r i n g ,  p r o d u c i n g  a zone  a b o v e  i t  i n  v h i c h  

e x t e n s i v e  f r a c t u r i n g  o c c u r s .  

THE PROBLEM 

T h e  thermal s p r i n g s  of V i r g i n i a  a r e  p a r t  of t h e  b e l t  of 

warm spr ings  o c c u p y i n g  bo th  t h e  V a l l e y  a n d  Ridge and 

P i e d m c n t  P r o v i n c e s  from P e n n s y l v a n i a  t o  Georqia. A number 
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of s t u d i e s  on t h e  o r i  in of these s p r i n g s  have  been mads and 

a re  solaaarized by C o s t a i n  (1975). I n  e s s e n c e ,  two ,models 

have  been proposed: a) shallow c i r c u l a t i o n  above  a still- 

c o o l i n g  p l u t o n ;  a n d  b) deep  c i r c u l a t i o n  of meteoric 

g r o u n d w a t e r  s t r u c t u r a l l y  c o n t r o l l e d .  

, Beat flow s t u d i e s  by C o s t a i n  (1976) have  shown no 

e v i d e n c e  for t h e  e x i s t e n c e  of a shallow p lu ton .  An 

a l t e r n a t i v e  h y p o t h e s i s  t h a t  t h e  s p r i n g s  were c o n t r o l l e d  by 

czoss faults associated w i t h  a doubly-p lunging  a n t i c l i n e  

(Costain, 1976, p. 40) was a l s o  abandoned b e c a u s e  a t  o n l y  a 

s i n g l e  l o c a t i o n  ( F a l l i n g  S p r i n g s )  was any e v i d e n c e  of 

faulting found, and  t b i s  was of a local na tuse .  I n s t e a d ,  a 

d i f f e r e n t  h y p o t h e s i s  of s t r u c t u r a l  c o n t r o l  emerged. Tho 

t h e r m a l  s p r i n g s  a r e  local ized by a zone  of t r a n s v e r s e ,  

a p p r o x i m a t e l y  east-west, f r a c t u r i o g  p o s s i b l y  associated w i t h  

f l e x i n g ,  Ev idence  for s u c h  a s t r u c t u r e  vas first r e c o g n i z e d  

from F h c t o l i n e a r s  on 0-2 and ERTS imagery. ( f i g u r e  C-7.1) 

Study of these linears on t o p o q r a p h i c  maps r e v e a l e d  t h a t  

they are associated w i t h  v a t e r  gaps, east-west t r e n d i n g  

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

trend S. 

Each area of the rma l  s p r i n g s  area i n  the Warm Springs 

Anticline c a n  be associated w i t h  one of a set of pa ra l l e l  

t r a n s v e r s e  pho to  a n d  t o p o g r a p h i c  l i n e a m e n t s  (see Dennis ,  

1967) , Field work h a s  been  focused on f u r t h e r  d e f i n i n g  

t h e s e  l i n e a m e n t s .  I n  so” doing ,  it was f u l l y  appreciated 

. 

\ 



Paqe e 1 2 6  

PI ure c-7.1. ERTS photos s h o w i n  l icears i n c l u d e  
s p r i n g  l o c a t i o n s  and l o c a t i o n  of F a l l i n a  Z p r i n s s  Linear. 
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t h a t  t h e  p rob lem.  @ f  s t r u c t u r a l  l i n e a m e n t s  is a t r u l y  

d i f f i c u l t  one, the p r i n c i p a l  problem b e i n g  t h a t  their 

i d e n t i f i c a t i o n  by u n e q u i v o c a l  s t r u c t u r a l  e v i d e n c e  h a s  y e t  t o  

be accomplished a n y w h e r e  i n  t h e  c o u n t r y .  The reason for 

this is t h a t  possible o r i g i n s  for s u c h  large-scale f e a t u r e s  

are, v i t h  a few e x c e p t i o n s ,  e s s e n t i a l l y  unknown. G e n e r a l  

a g r e e m e n t  e x i s t s  t h a t  deep-seated t r a n s c u r r e n t  f a u l t s ,  a n d  

tear faults associated w i t h  t h r u s t i n q ,  c a n  p r o d u c e  

s t r u c t u r a l  l i n e a a e n t s ,  both of which c a n  be e x p e c t e d  t o  

produce a r e c o g n i z a b l e  set of f e a t u r e s  “at  the s u r f a c e ,  iri 

terns of f o l d i n g ,  f a u l t i n q ,  a n d  j o i n t i n u .  

This k n o v l e d q e  vas u s e d  t o  e s t a b l i s h  the f o l l o w i n g  

s t r u c t u r a l  f e a t u r e s  t o  be mapped. The s t r u c t u r e s  i n c l u d e d :  

a )  j o i n t s  ar,d joint d e n s i t y  ( n u m b e r / f o o t ) ;  b) f a u l t s ;  c )  

folds. I n  a d d i t i o n ,  a d e t a i l e d  s t u d y  of the Tuscarora 

sandstone was made a l o n g  t h e  l e n g t h  of the wsst l i m b  of  t h e  

Warm S p r i n g s  A n t i c l i n e  a n d  the F a l l i n g  S p r i n g s  Lineament.. 

The f o l l o w i n g  d a t a  from these studies is c o n s i d e r e d  

s i g n i f i c a n t  in d e t e r m i n i n g  the v a l i d i t y  of +.he hypothesis of 

deep seated basement motion p r o d u c i n g  e n h a n c e d  p e r m e a b i l i t y  

in t h e  o v e r l y i n g  s e d i m e n t s .  

p a n l t i n q :  Tvo m a p p a b l e  offsets associated w i t h  east- 

vest structures were found:  a) P a l l i n g  Springs; b)  I n d i a n  

Draft. Happ inq  u n d e r t a k e n  by t h e  Army C a r p  of E n g i n i e r s  

daring t h e  construction of Gathright Dam (Gathright Dam, 

James River B a s i n ,  J a c k s o n  River, V A ,  Supplement  t o  d e s i q n  
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meaorandum i l l ;  Geology and F o u n d a t i o n s ;  Prep,  by Dept. Of 

t h e  Army, Norfolk d i s t r i c t ,  corps of E n g i n e e r s . )  also 

r e v e a l e d  a similar set of f a u l t s .  These f a u l t s  show b o t h  

normal a s  well as s t r i k e - s l i p  co laponents ;  however,  t h e  

a b s o l u t e  motion c o u l d  not be d e t e r m i n e d .  

&&: Folds associated w i t h  the e a s t - v e s t  s t r u c t u r e  

are  t h e  n o r t h w a r d  t e r m i n a t i o n  of Aide C r e e k  H o n n t a i n  and t h e  

s o u t h u a r d  t e r m i n a t i o n  of florris B i l l .  P a r t i c u l a r  a t t e n t i o n  

v a s  f o c u s e d  on the e a s t - v e s t  v a l l e y  c o n t a i n i n g  Dry Branch. 

On t h e  west l imb of Worris B i l l  A n t i c l i n e ,  t h e  O r i s k a n y -  

nilboro c o n t a c t  is of f se t  by a r a p i d  increase in d i p  a l o n g  

strike c r o s s i n g  from t h e  s o u t h  t o  n o r t h  s i d e  of Dry Branch  

Valley, Al though  there is n o  e v i d e n c e  of f a u l t i n g ,  t h e  f o l d  

seems t o  h a v e  b e e n  rotated a b o u t  an e a s t - u e s t  v e r t i c a l  

plane, in effect,  t w i s t e d .  

A f i n a l  p o i n t  s u g g e s t i n g  l a rge  scale s t r u c t u r a l  control 

c a n  b e  made r e g a r d i n g  the e n  e c h e l o n  te rmina t ion  of no r r i s  

H i l l  a n d  L i c k  H o u n t a i n  a l o n q  t h e  l i n e  of proposed l i n e a m e n t .  

L o i n t i n q :  Heaswemeat of j o i n t  sets i n  t h e  Uarm 

S p r i n g s  A n t i c l i n e  revea led  an a n o m a l o u s  set w i t h  respect t o  

t h e  qeosetry of the a n t i c l i n e  ( P i q u r e  C-7.2)  (see Geiser 

1976) . Farther mapping a l o n q  t h e  Falling springs L i n e a m e n t  

has shcwn t h a t  t h i s  s e t  is t h e  most p r o m i n e n t  in t h i s  

region. (F igu re  C-7.3) .  T h i s  j o i n t  s e t  is found elsevhere 

i n  t h e  a n t i c l i n e  b u t  seems t o  b e  much less p r o m i n e n t  f u r t h e r  

n o r t h ,  A similar o b s e r v a t i o n  vas made i n  the G a t h r i g h t  Dam 
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Figure C-7.3. steroplot of joint data, a l l  data 
Total of 808 p o l s s  combined. Contours a t  l A ,  2.S%, 3X, 4%. 

p l o t t e d .  (data from S a l l i e  Uhitlow) 
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s t u d y  (p. 11)  i n  t h e  adjacent s y n c l i n o r i n m .  Thus t h e  

anomalous joint set cuts a t  l e a s t  two f l r s t  order folds. 

&formation fabb-: Results of a petrographic s t u d y  

of s y s t e m a t i c a l l y  sampled Tuscarora q u a r t z i t e  along the 

l e n g t h  of L i t t l e  Mountain h a s  produced someuhat ambiguous 

r e s u l t s .  A series of s a m p l e s  taker. a c r o s s  P a l l i n g  S p r i n g s  

Gap does show maximum d e f o r m a t i o n  .of t h e  q u a r t z i t e  i n  t h e  

gap. Eoiaence for deformation is a iven  by sutured 

boundaries ,  deformation lamellea and  u n d u l a t o r y  and wavy 

extinction. Deformation gradual ly  d e c r e a s e s  p r o c e e d i n g  . 

northward from t h e  g a p .  decreases. However, i t  was alsc 

noted t h a t  s t r o n g  d e f o r m a t i o n  f a b r i c s  were found on t h e  

ridge itself  and o n e  gap (Dunns) seem to lack a n y  e v i d e n c e  

of defornationb 

Two a d d i t i o n a l  c o n s i d e r a t i o n s  are also p e r t i n e n t  in 

t h i s  analys is :  

l j  On a regiorial scale, two other thermal s p r i n g s  can 

be found o n  t h e  same l i n e a m e n t  a s  P a l l i n g  Springs (Figure 

C-7.1). Similar alignment of springs appears along t h e  

l i n e a a e n t  thropqh Corinqton,  V A .  Other l ineaments can be  

r e c o g n i z e d  c o n t a ' i n i n q  many of the other thermal springs ir! 

Virginia; however, t h e  e v i d e n c e  is  more tenuous, 

2) A final note is t h e  results of water well d r i l l i n g  

i n  t h e  Yarm Springs A n t i c l f n e .  Three wells have been 

d r i l l e d  i n  the lineaments crossing the A n t i c l f n e ;  i n  the 

v i c i n i t y  of Warm S p r i n g s ,  in t h e  v i c i n t t y  of Hct Springs ,  i n  
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t h e  F a l l i n g  S p r i n q s  area. Two of these u e l l s ,  a t  Hot 

Springs and at F a l l i n g  s p r i n g s ,  e n c o u n t e r e d  h o t  water-. No 

other  hot water h a s  been e n c o u n t e r e d  elsewhere in t h e  

a n t i c l i n e  a t  a n y  o ther  d r i l l  sites. 

A t  present, t h e  geoloqic e v i d e n c e  s u p p o r t s  t h e  

h y p o t l e s i s  t h a t  there exists a transverse, somewha t  d i f f u s e  

zone of d e f o r m a t i o n  wh ich  is a l so  a z o n e  of e n h a n c e d  

p e r m e a b i l i t y .  T h e  z o n e  appears t o  b e  o n  t h e  order of two 

kilometers i n  u i d t h .  There is topographic  e v i d e n c e  t h a t  

o t h e r  t r a n s v e r s e  d e f o r m a t i o n  zones may c u t  t h e  Uarm S p r i n g s  

A n t i c l i n e  in t h e  v i c i n i t y  of Hot S p r i n q s ,  H e a l i n g  Springs, 

and Warm S p r i n g s .  However, a t  t h i s  p o i n t  none of t h e  

e v i d e n c e  can be c o n s i d e r e d  c o n c l u s i v e ,  e i t he r  i n  a n d  of 

i t s e l f ,  or t a k e n  together;  i t  is, rather, s u g g e s t i v e .  

It s h o u l d  be  i n d i c a t e d  t h a t  the cature of the s t r a i n  

associated w i t h  t h e  d e e p  seated s t r u c t u r e ,  whose motion is 

e s s e n t i a l l y  t h a t  of f l e x i n g  w i t h  b o t h  s t r i k e - s l i p  as  well a s  

n o r m a l  m o t i o n ,  u o u l d  n e c e s s a r i l y  produce a z o n e  of r a the r  

d i f f u s e  strain. T h u s  i n  many respects, s u c h  a s u b t l e  zone 

is better r e c o g n i z e d  by t h e  a b s e n c e  of a set of s t r u c t u r e s  

r a the r  than b y  t h e i r  presence. 

Ct h e r  h y p o t h e s e s :  Alternative hypotheses may be 

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

are: 

1) The l i n e a m e n t s  r e s u l t  from a s t e p - u p  due t o  

t h r u s t i n g  (e.g. Dahlstrom 1970, Harris 1971). 
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2) The s t r u c t u r e s  a re  l o c a l  perturbations d u e  t o  

i n t e r a c t i o n s  b e t w e e n  growinq f o l d s  ( i .e .  8 b e t w e e n  t h e  O l i v e r  

Utn. s t r u c t u r e  a n d  t h e  Warm S p r i n g s ) .  

3) The l i n e a m e n t  is o n l y  a p p a r e n t  and d u e  t o  c h a n c e  

c o n c a t e n a t i o n s  of more homogeceous ly  d i s t r i b u t e d  s t r u c t u r e s .  

These a l t e r n a t i v e  h y p o t h e s e s  are h e l d  less t e n e a b l e  for 

several r e a s o n s :  

1) The  m i n o r  s t r u c t u r e s  b e l i e v e d  associated v i t h  the 

l i n e a m e n t  c u t  acsoss s e v e r a l  major s t r u c t u r e s ,  b u t  n o t  a t  

t h e i r  termination, a s  they v o u l d  f o r  the first h y p o t h e s e s .  

2) T h e  o r i e n t a t i o n  of the deformation effects 

associated w i t h  t h e  l i n e a r  are  consistent o v e r  s e v e r a l  

s t r u c t a r e s ,  u h i c h  would n o t  b e  e x p e c t e d  under either t h e  

s e c o n d  hypothesis or t h i r d  hypothesis. 

3) The d e f o r m a t i o n  associated with t h e  l i n e a m e n t  t e n d s  

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

h y p o t h e s i s .  

A D D I T I O N A L  WOFK 

P u t u r e  vork s h o u l d  take two a p p r o a c h e s ;  a)  a d d i t i o n a l  

f i e l d  work; and b) d r i l l i n g .  A d d i t i o n a l  field work s h o u l d  

f o c u s  on defining t h e  lineaments. The best method d e v i s e d  

to date  for mapping t h e s e  p o o r l y  d e f i n e d  s t r u c t u r e s  r e q u i r e s  

d e t e r m i n i n g  t h e  a r eas  i n  u h i c h  t h e  associated s t r u c t u r a l  
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e l e m e n t s  are a b s e n t  a s  well a s  t h o s e  areas i n  w h i c h  t h e y  are 

p r e s e n t ,  T h i s  n e c e s s a r i l y  r e q u i r e s  d e t a i l e d  mapp ing  u n t i l  

t h e  b o u n d s  of t h e  l i n e a m e n t  are f o u n d .  W i t h  regard t o  t h e  

F a l l i n g  S p r i n g s  l i n e a m e n t ,  some a d d i t i o p a l  n a p p i n g  is n e e d e d  

t o  t h e  n o r t h  b o t h  i n  t h e  J a c k s o n  River V a l l e y  a n d  o n  Coles 

f l o n n t a i n .  The most cr i t ical  area, however ,  is d e t e r m i n i n g  

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

’ has b e e n  done .  

A second t a r g e t  for mapping s h o u l d  be  t h e  n e x t  most 

p r o m i n e n t  l ineament ,  t h e  one passing t h r o n q h  Uatm Springs. 

T h e  p r o c e d u r e  for m a p p i n g  should be i d e n t i c a l  t o  t h a t  u s e d  

t o  maF t h e  P a l l i n g  S p r i n g s  L i n e a m e n t .  

I n  summary, a t  our p r e s e n t  stage of knowledge ,  n a p p i n g  

cf l i a e a r s  n e c e s s a r i l y  r e q u i r e s  d e t a i l e d  v o t k  o v e r  a f a i r l y  

e x t e n s i v e  r e g i o n  (on t h e  order  of 50 k a t ) .  It is 

a n t i c i p a t e d  t h a t  as our knouledge of these s t r u c t u r e s  is 

e n l a r g e d ,  a m e t h o d o l o g y  v i 1 1  e v o l v e ,  making t h e  work more 

e f f i c ie n t  , 
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