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ABSTRACT 

The objective of this research is to develop and apply targeting 

procedures for the evaluation of low-temperature radiogenically-derived 

geothermal resources in the eastern Untted States utilizing geological 

geochemical, and geophysical data. An optimum site for geothermal 

development in the tectonically stable eastern United States will 

probably be associated with crustal igneous rocks containing relatively 

high concentrations of radiogenic heat-producing elements buried beneath 

an insulating blanket of sediments of low thermal conductivity. 

Evaluation of plutonic rocks exposed in the Piedmont will aid in the 

interpretation of gravity and magnetic data for the Atlantic Coastal 

Plain. 

Initial results of determination of heat generation from surface 

samples in South Carolina are encouraging, especially if granitic 

igneous rocks of similar heat generation can be found beneath sedimen- 

tary insulation. With the limited number of analyses available to 

date, the later fine-grained phases of the Liberty Hill and Winnsboro 

plutons clearly have a higher overall concentration of radiogenic 

elements. 

grained samples except for one xenocrystic rock with a fine-grained 

matrix. 

All of the samples with high heat generation are from fine- 

Continued logging of existing wells in Coastal Plain sediments 

supports our earlier conclusion that these sediments do behave as 

efficient sedimentary insulators. Higher temperatures appear to be 

reached at shallower depths for wells drilled in Coastal Plain 

sediments in the vicinity of the Georgetown, South Carolina gravity law. 
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The wells are not cemented and are therefore not ideal f o r  the deter- 

mination of reliable geothermal gradients, but higher gradients could 

be caused by buried radiogenic granitic plutonic rocks which might also 

be responsible, in part, f o r  the gravity law. 

Detailed structural mapping in the vicinity of the warm springs 

in northwestern Virginia has confirmed structural control of the warm 

springs, and has revealed the existence of kink bands. The kink bands 

could be related to the development of zones of vertical permeability 

which serve as conduits in sedimentary rocks for ascending hot water. 
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RESEARCH OBJECTIVES 

The objective of this research is to develop and apply targeting 

procedures for the evaluation of low-temperature radiogenically-derived 

geothermal rescurces in the eastern United States utilizing geological, 

geochemical, and geophysical data. 

The optimum sites f o r  geothermal development in the tectonically 

stable eastern United States will probably be associated with areas of 

relatively high heat flow derived from crustal igneous racks containing 

relatively high concentrations of radiogenic heat-producing elements. 

The storage of commercially exploitable geothermal heat at accessible 

depths (1-3 krn) will also require favorable reservoir conditions in 

sedimentary rocks overlying a radiogenic heat source. In order to 

systematically locate these sites, a methodology employing geological, 

geochemical, and geophysical prospecting techniques is being developed 

and applied. The radiogenic distribution within the igneous rocks of 

various ages and magma types will be determined by a correlation between 

radioelement composition and the rock's bulk chemistry. 

and measurements of the radiogenic heat-producing elements are known to 

be unreliable as they are preferentially removed by ground water, cir- 

culation, and weathering. The correlation between the bulk chemistry 

of the rock (which can be measured reliably from surface samples) and 

radiogenic heat production will be calibrated by detailed studies at 

eight sites. 

Surface sampling 

Initial studies will develop a methodology for locating radiogenic 

heat sources buried beneath the insulating sedimentary rocks of the 

1 
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Coastal Plain of South Carolina, North Carolina, and Virginia. Additional 

heat flow and thermal gradient measurements are being made in available 

deep wells. 



INTRODUCTION 

Since t h i s  program c o n s i s t s  of s e v e r a l  i n t e r r e l a t e d  p r o j e c t s  i n  

South Caro l ina ,  North Caro l ina ,  and V i r g i n i a ,  one Federal  funding agency, 

and one S t a t e  funding agency, a b r i e f  o u t l i n e  of t h e  a d m i n i s t r a t i v e  l i n k s  

between t h e  funding agencies  and V i r g i n i a  Po l j i echn ic  I n s t i t u t e  and S ta te  

Un ive r s i ty  (VPI & SU) and t h e  c o n t r a c t u a l  o b l i g a t i o n s  of VPI & SU w i l l  

he lp  t o  u n i f y  t h e  o b j e c t i v e s  of t h e  i n d i v i d u a l  p r o j e c t s  now underway. 

ERDA Contract No. E-(40-1)-5103 i s  t h e  primary soiirce of funding 

f o r  geologic  mapping, s u r f a c e  sampling, d r i l l - s i t e  s e l e c t i o n ,  modal 

a n a l y s i s ,  major-element chemical a n a l y s i s ,  determinat ion of h e a t  pro- 

duc t ion ,  thermal conduc t iv i ty ,  and h e a t  flow, and o t h e r  a s p e c t s  of d a t a  

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

w a s  from May 1 - October 31, 1976. 

pl ishments  during t h i s  pe r iod .  

d r i l l i n g  program during t h i s  pe r iod  w a s  ERDA Contract  No. E-(40-1)-5104 

w i t h  t h e  South Carol ina S t a t e  Development Board which r e s u l t e d  i n  a 

d r i l l i n g  subcon t rac t  t o  VPI & SU. 

a one-month ex tens ion  of t i m e  without a d d i t i o n a l  funds t o  November 30, 

1976. 

tracts which are interdependent .  

October 31, 1977 d r i l l i n g  funds w i l l  be  provided from a renewal of 

Contract No. E-(40-1)-5103 as exp lo ra to ry  d r i l l i n g  b e g i n s . i n  North 

Carol ina and V i r g i n i a .  

The i n i t i a l  funding pe r iod  f o r  E-(40-1)-5103 

The p r e s e n t ' r e p o r t  sumnarizes accom- 

The primary source of funds f o r  t h e  

Contract  E-(40-1)-5104 w a s  granted 

Th i s  r e p o r t  t h u s  r e f l e c t s  t h e  i n t e r a c t i o n  between two p r i m e  con- 

For t h e  per iod December 1, 1976 - 
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DRILLING PROGRAM 

Shallow d r i l l i n g  supplemented by s u r f a c e  sampling provides  t h e  

b a s i c  d a t a  t o  e v a l u a t e  t h e  geothermal p o t e n t i a l  of r ad iogen ic  h e a t  

sources .  D r i l l i n g  equipment a t  V i r g i n i a  Polytechnic  I n s t i t u t e .  and State 

Un ive r s i ty  i n c l u d e s  a Longyear Model 38 w i r e l i n e  co re  d r i l l  w i th  a depth 

capac i ty  of approximately 3800 f e e t  of AQ co re .  During t h e  Report 

Per iod May 1 - October 31, 1976, d r i l l i n g  funds were provided by a 

subcon t rac t  w i th  our  coope ra t ive  agency i n  South Caro l ina ,  t h e  South 

Caro l ina  S t a t e  Development Board. 

No problems have a r i s e n  t o  d a t e  w i t h  t h e  d r i l l i n g  ope ra t ion .  It 

i s  a n t i c i p a t e d  t h a t  one 48-hour s h i f t  p e r  week w i l l  enable  u s  t o  con- 

t i n u e  t o  meet our  c o n t r a c t u r a l  o b l i g a t i o n s  and product ion schedules  

du r ing  the coming y e a r .  

As of November 30, 1976, a t o t a l  of over 2700 f e e t  has  been d r i l l e d  

i n  t h e  L i b e r t y  Hill-Kershaw and Winnsboro p lu tons  i n  South Carol ina.  

T h i s  exceeds ou r  a n t i c i p a t e d  footage during t h e  i n i t i a l  subcon t rac t  

pe r iod  (May 1 - November 3 0 ,  1976) wi th  South Carol ina.  

Resu l t s  of ana lyses  of t h e  d r i l l  co re  w i l l  be included i n  subse- 

quent r e p o r t s  a f t e r  a s tudy  of t h e  chemical and thermal p r o p e r t i e s  of 

t h e  co re  has  been completed. The p resen t  r e p o r t  i nc ludes  modal and 

chemical ana lyses  of s u r f a c e  samples and some p re l imina ry  v a l u e s  of 

heat product ion from s u r f a c e  samples. 

The f i r s t  h o l e  d r i l l e d  by VPI d SU w a s  d r i l l e d  i n  t h e  L ibe r ty  H i l l -  

Kershaw pluton and w a s  l oca t ed  on t h e  b a s i s  of geophysical d a t a ;  t h e  

d r i l l  s i t e  w a s  chosen c l o s e  t o  t h e  c e n t e r  of a g r a v i t y  low. 

4 
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Three holes have now been completed in the Liberty Hill- 

Kershaw pluton, the deepest being approximately 1,300 feet. Temperature 

profiles in the two shallow holes are discussed in a subsequent section. 

The deepest hole has been logged for gamma radiation and for temperature, 

but has not yet recovered from the thermal effects of drilling. A com- 

plete report on the analysis of the core and on the heat flow and heat 

production from these holes will be included in a later report. 





PROGRESS 

A. Geology (South Caro l ina)  

Lynn Glover 111, P r i n c i p a l  I n v e s t i g a t o r  
J .  A. Spee r ,  Research Assoc ia te  
S. S. Farrar, Research Assoc ia te  
S .  W.  Becker, Research Assoc ia te  

7 
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Operations 

Nine man weeks were spent  conducting reconnaissance geologic  mapping of 

t h e  Winnsboro p l u t o n i c  complex and t h e  L ibe r ty  H i l l  p lu ton  dur ing  t h e  per iod  

8/3/76 t o  10/20/76 (Fig. AI).  Moderately d e t a i l e d  mapping w a s  completed 

during the  per iod  10/20/76 t o  11/1/76 i n  the  nor thern  h a l f  of t h e  Liber ty  

H i l l  p lu ton  and i n  t h e  c e n t r a l ,  medium-grained phase of t h e  Winnsboro 

p lu ton ic  complex. In  a d d i t i o n ,  t h e  country rocks were mapped and sampled 

i n  areas t h a t  w e r e  considered important  t o  t h e  understanding of t h e  geologic  

framework and emplacement cond i t ions  of t h e  p lu ton .  

Samples c o l l e c t e d  f o r  chemical a n a l y s i s  were chosen t o  provide a good 

geographic d i s t r i b u t i o n  and t o  r ep resen t  t h e  major rock types  recognized i n  

t h e  f i e l d .  Pe t rographic  d e s c r i p t i o n s  were made from t h i n  and pol i shed  

s e c t i o n s .  Grain mounts of r e p r e s e n t a t i v e  amphiboles and b i o t i t e s  were 

analyzed f o r  major e lements  by e l e c t r o n  microprobe. Modal ana lyses  were 

performed by po in t  counting. Rocks wi th  an average g r a i n  s i z e  less than 1 mm 

w e r e  counted i n  t h i n  s e c t i o n ;  samples wi th  l a r g e r  g r a i n  s i z e s  w e r e  counted 

on s t a i n e d  rock s l a b s .  Grid i n t e r v a l s  used f o r  po in t  count ing,  ranging 

from 0 . 3  t o  7.5 mm, were chosen t o  be c o n s i s t e n t  w i th  t h e  average g r a i n  

s i ze .  Between 800 and 2000 p o i n t s  were counted f o r  each sample. The rocks 

w e r e  c l a s s i f i e d  on t h e  b a s i s  of modal percentages  of q u a r t z ,  a l k a l i  f e l d -  

s p a r ,  and p l a g i o c l a s e ,  a f t e r  S t r ecke i sen  (1976). 

The fol lowing i s  a summary of t h e  work completed on t h e  su r face  samples. 

samples s u i t a b l e  
work completed f o r  p o s s i b l e  

probe chemistry and t o t a l  samples pe t rographic  modal 
P lu ton  c o l l e c t e d  d e s c r i p t i o n  ana lyses  ana lyses  hea t  product ion 

L ibe r ty  H i l l  97 

Winnsbo r o  79 

71 31 9 23 

48 57 8 36 
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Figure Al. Index map showing l o c a t i o n s  of t h e  ca. 300 m.y. postmetamorphic 

g r a n i t i c  p lu tons  i n  North and South Carol ina.  
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Two ho le s  have been d r i l l e d  i n  the  Liber ty  H i l l  p lu ton  t o  a depth of 

approximately 400 f e e t .  

(10/28/76) a t  1000 f e e t .  

D r i l l i n g  i s  cont inuing i n  a t h i r d  ho le ,  p re sen t ly  

The core  i s  logged when i t  is  brought t o  Blacksburg. 

Sample i n t e r v a l s  are chosen f o r  petrography,  chemical a n a l y s i s ,  and hea t  

product ion and thermal  conduct iv i ty  measurements. 

work t o  d a t e  (10/28/76): 

Summary of d r i l l  core  

samples  c o l l e c t e d  
l eng th  of f o r  chemistry,  petrography,  o t h e r  modal - ho le  co re  received and hea t  product ion samples ana lyses  

K e r  1 425 f t .  1 3 1 

Ker 2 420 f t .  5 6 1 

Ker 3 910 ft. 5 2 - 

The fo l lowing  r e p o r t s  are d e s c r i p t i o n s  of t h e  gene ra l  geology and 

petrography of t h e  L ibe r ty  H i l l  p lu ton  by Speer and Becker and of t h e  Winns- 

boro p l u t o n i c  complex by F a r r a r  and Becker. 



L i b e r t y  H i l l  P lu ton  
by 

J. Alexander Speer and Susan W. Becker 

In t roduc t ion  

The L ibe r ty  H i l l  p lu ton  i s  t h e  l a r g e s t  of t h e  ca. 300 m.y. unaetamor- 

phosed g r a n i t i c  p lu tons  t h a t  occur  a long t h e  boundary between t h e  Piedmont 

and t h e  Coas t a l  P l a i n  in Virg in ia ,  North Caro l ina ,  and South Caro l ina  (But le r  

and Ragland, 1969; Fu l l aga r ,  1971; Wright,  Sinha and Glover,  1975) .  It l i e s  

i n  no r th -cen t r a l  South Caro l ina  i n  Kershaw, Lancas te r ,  and F a i r f i e l d  Counties  

(F ig .  A l )  . 
The L ibe r ty  H i l l  was f i r s t  descr ibed  as a d i s c r e t e  p lu ton  by Overstreet 

and Bel l  (1956). 

lead-alpha d a t i n g  of z i r cons .  Lead-alpha d a t i n g  methods are commonly un- 

r e l i a b l e ,  however, and a whole-rock Rb/Sr age of  299 - + 8 m.y., determined 

by Fu l l aga r  (1971), is  probably a more accu ra t e  d a t e .  

of t h e  e n t i r e  p lu ton  w a s  done by Wagener (1976). Geologic maps of s e c t i o n s  

of t h e  p lu ton  have been publ i shed  by B e l l  e t  aZ. (1974) and by Shiver  (1974). 

Desc r ip t ions  of t h e  g r a n i t i c  rocks  are given by Sloan (1908),  Watson (1910),  

B u t l e r  and Ragland (1969), Wagener and Howell (1973),  and Wagener (1976). 

Gravi ty  d a t a  has  been c o l l e c t e d  for t h e  e n t i r e  p lu ton  by Popenoe and B e l l  

(1974), and magnetic measurements have been made in t h e  e a s t e r n  t h i r d  of 

t h e  p lu ton  (U.S.G.S., 1970).  

They determined an age f o r  t h e  p lu ton  of 245 + 30 m.y. by - 

Reconnaissance mapping 

General Geolopy 

The L i b e r t y  H i l l  p lu ton  comprises t h r e e  t e x t u r a l l y  d i s t i n c t  phases .  

The predominant phase (Lhc) c o n s i s t s  of very  coarse  biot i te-amphibole  g r a n i t e  
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EXPLANATION 

MAP UNITS 

]Tkul Terti fullr  and Cretaceous Coastal Plain deposits , undifferentiated. 

Diabase d ikes ,  mostly Triassic in age. 
magnetic data; dotted where concealed. 

Field checked from 1-1 
.......... .................... . - .......... .......... 
:.:.:+:;&:.: ...... Contact aureole of the Liberty Hill pluton. 

Liberty  H i l l  p lu ton ,  consisting of a porphyritic border phase 
(Lhp), pink to white coarse-grained biotite-amphibole granite 
and quartz monzonite (Lhc) commonly intruded (Lhi) by dikes 
and small plugs of fine-grained granite ( L h f ) .  

....... 1-1 ...... Gabbro norite: Dutehans Creek Gabbro of McSween (1972). ...... 

Gneissic granite: Great Falls granite o f  Fullagar (1971) and 
Pleasant Hill Granite of Shiver (1974). 

Carolina S la te  B e l t :  
and amphibolite facies; originally argillites, tuffaceous 
argillite, and graywacke (Csa) and felsic and mafic volcani- 
clastic rock and volcanic flows (Csv). 

metamorphic rocks in the greenschist 

Contact, dashed where inferred and dotted where concealed 
/ 

50 Strike and dip of foliation 
Y 

20 Strike and dip of igneous lamination 
7 
30 Strike and dip of xenoliths 
Y 

S699 b Sample locality 

@ Drill hole 
Ker I 

2 Quarry 
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and qua r t z  monzonite. 

margin of t h e  p lu ton ,  c o n s i s t s  of a p o r p h y r i t i c  border  phase (Lhp). It 

con ta ins  a l k a l i  f e l d s p a r  phenocrysts  up t o  10  c m  long i n  a groundmass t h a t  

is s i m i l a r  t o  t h e  very coa r se  phase.  This  p o r p h y r i t i c  border  phase is 

sepa ra t ed  from t h e  main p lu ton  by a s t r u c t u r a l l y  conformable screep  of 

h o r n f e l s .  

observed i n  t h e  f i e l d .  The t h i r d  and youngest phase (Lhf) ,  r ep resen ted  i n  

FigureA2 b y . t h e  c l o s e l y  spaced h o r i z o n t a l  l i n e s ,  is f i n e -  t o  medium-grained 

b i o t i t e  g r a n i t e  which in t ruded  t h e  western p a r t  of t h e  p lu ton  i n  t h e  form of 

l a r g e  d i k e s  or  p lugs .  Between t h e  areas of f ine-grained g r a n i t e  (Lhe), t h e  

coarse-grained g r a n i t e  (Lhc), represented  i n  F igure  A2 by t h e  widely 

spaced h o r i z o n t a l  l i n e s ,  has  been in t ruded  by vary ing  amounts of t h e  f i n e -  

gra ined  g r a n i t e  (Lhi ) .  Rare a p l i t e  d ikes  and muscovite-bearing pegmati te8 

occur  throughout t h e  p lu ton .  

The second phase,  which occurs  a long  t h e  no r the rn  

No evidence sugges t ing  t h e  r e l a t i v e  ages of t h e s e  two phases  was 

An igneous lamina t ion ,  def ined  by t h e  alignment of t a b u l a r  a l k a l i  f e ld -  

s p a r  c r y s t a l s ,  is common throughout t h e  p lu ton .  

o r i e n t a t i o n  of t a b u l a r  x e n o l i t h s  of country rock.  The alignment of t h e  

x e n o l i t h s  and f e l d s p a r  g r a i n s  is more s t r o n g l y  developed nea r  t h e  margin of 

t h e  p lu ton  than  towards t h e  c e n t e r .  The d i p  of t h e  f o l i a t i o n  is moderate, 

d e f i n i n g  t h e  shape of an i r r e g u l a r  funnel  (Fig.A2).  The n e a r l y  c i r c u l a r  

p lu ton  is  s t r u c t u r a l l y  d i sco rdan t  t o  t h e  n o r t h e a s t e r n l y  t r end ing  r e g i o n a l  

s t r u c t u r e .  

t h e  f o l i a t i o n  of t h e  country rock ad jacen t  t o  t h e  c o n t a c t  is now conformable 

t o  t h e  f o l i a t i o n  and margins of t h e  p lu ton .  This  warping of t h e  s t r u c t u r e  

i n  t h e  count ry  rock,  combined wi th  t h e  presence of numerous and u s u a l l y  

l a r g e  x e n o l i t h s  of country rock,  sugges t s  t h a t  f o r c e f u l  i n j e c t i o n ,  as w e l l  

The lamina t ion  p a r a l l e l s  t h e  

During i n t r u s i o n ,  i t  deformed t h e  ad jacen t  country rock so t h a t  
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as s t o p i n g ,  w a s  important i n  t h e  emplacement of t h e  L i b e r t y  H i l l  p lu ton .  

a d d i t i o n ,  t h e  very coarse g r a i n  s i z e ,  which cont inues t o  t h e  c o n t a c t ,  sugges t s  

t h a t  t h e  g r a n i t e  w a s  l a r g e l y  c r y s t a l l i n e  when emplaced. 

I n  

Numerous outcrops of d i abase  occur i n  both t h e  country rock and t h e  

L i b e r t y  H i l l  p lu ton .  Only t h o s e  which could be t r a c e d  f o r  some d i s t a n c e  are 

shown i n  FigureA2.  Some d iabase  d i k e  traces shown i n  Figure A2 w e r e  

p l o t t e d  from magnetic surveys (U.S.G.S., 1970) and were f i e l d  checked. 

Other s t r o n g  no r thwes te r ly  t r e n d i n g  anomalies have y e t  t o  be checked i n  t h e  

f i e l d .  Diabase outcrops and boulder  f i e l d s  no t  a s s o c i a t e d  wi th  predominant 

magnetic anomalies probably r e p r e s e n t  ve ry  small d ikes .  

Petrography of t h e  L i b e r t y  H i l l  P lu ton  

The coarse-grained rocks of t h e  main p lu ton  (Lhc) and t h e  p o r p h y r i t i c  

border  phases (Lhp) are modally l e u c o c r a t i c  g r a n i t e s  and q u a r t z  monzonites 

( c o l o r  index of 2 to 10) , w i t h  b i o t i t e  and amphibole (Table A I ,  Fig.  A2) - 
Varieties con ta in ing  b i o t i t e  as t h e  only mafic  mine ra l  are rare. The coarse 

g r a i n  s i z e  p reven t s  t h e  rock from having a uniform c o l o r  i n  hand specimen. 

I n s t e a d ,  t h e  c o l o r  of each mine ra l  is  ev iden t :  pink o r  wh i t e  a l k a l i  f e l d s p a r ,  

g reen i sh  wh i t e  p l a g i o c l a s e ,  grey 

t u r e  is hypidiomorphic g r a n u l a r ,  

f o l i a t i o n .  

Tabular,  subhedral ,  p ink o r  

q u a r t z ,  and da rk  mafic  minerals. The tex- 

commonly w i t h  a d i s c e r n a b l e  f e l d s p a r  

wh i t e  a l k a l i  f e l d s p a r  is  t h e  most conspicuous 

mineral  because of i ts l a r g e  s i z e ,  u s u a l l y  0.5 t o  5.0 cm,  and l o c a l l y  as much 
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Figure A3.  Triangular diagram of modal volume percent of a lka l i  feldspar 

(A.F.), plagioclase (PC) ,  and quartz (QZ) i n  rocks of the Liberty H i l l  pluton, 

South Carolina. Solid c i r c l e s  (0) are the very coarse phase; open c i r c l e s  

(O), the fine- to  medium-grained phase; and open squares (a), apl i t e  dike 

rocks. 

PC 



F P 

1 7  

Figure,  A4-  

(FP),  c o l o r  i ndex  (C.I.), and q u a r t z  (QZ) i n  rocks  of t h e  L i b e r t y  H i l l  p l u t o n ,  

South Caro l ina .  S o l i d  c i r c l e s  (0) are t h e  ve ry  c o a r s e  phase ;  open c i r c l e s  

(O), t h e  f i n e -  t o  medium-grained phase ;  and open squa re  0 ,  a p l i t e  d i k e  rocks .  

T r i a n g u l a r  diagram of modal volume p e r c e n t  of t o t a l  f e l d s p a r  



18 

as 10 cm in the marginal phase. 

exhibiting both primary growth twins, dominantly Carlsbad twins, and albite 

and pericline inversion twins. Locally the alkali feldspar is poikilitic 

with oriented inclusions of plagioclase, quartz, biotite, and magnetite. 

These inclusions, together with differences in extinction angle nf the 

The feldspar is macro- and microperthite 
*- . 

feldspar, define an oscillatory zoning. Plagioclase grains are smaller 

(less than 1.5 cm), subhedral, and white with a greenish tint because of 

saussuritization. 

method (Smith, 1974) show that the plagioclase is oligoclase having normal 

oscillatory zoning, with cores of An 

grains, a discontinuous rim of a l b i t e  is present, usually associated with 

myrmekite. 

Optical compositional determinations by the a-normal 

On some 18-12 ' and rims of An 28-32 

Rapikivi texture is widespread and accentuated by the color 

difference between the plagioclase and alkali feldspar. Biotite, the dominant 

mafic mineral, is 5 mm or less in size. It is pleochroic dark brown to tan. 

Microprobe analyses (TableA2) 

uniformly near 0.6, and a low aluminum content, indicating that it is rich 

in the annite component. 

crystals up to 0.5 cm long. They have the pleochroic formula: 

brown; Y = yellow green; 2 = blue green, and are often twinned on (100). 

Microprobe analyses (TableA3) show that they are ferrohornblendes. They 

plot near the ferrotschermakitic hornblende field (Leake, 1968), with an 

Fe/Fe-tMg ratio near 0.6 and a silicon content in the half unit cell formula 

of 6.67 to 6.56. Primary accessory minerals include allanite, zircon, 

apatite, titanite, monazite (?),  magnetite, pyrite, chalcopyrite, bornite, 

and molybdenite. Titanite is the most abundant ac'cessory mineral; large 

allanites, up to 5 mm long, are the most spectacular, with their zoning and 

show that the biotite has an Fe/Fe+Mg ratio 

Amphibole occurs as euhedral to subhedral prismatic 

X = yellow 

1 %  
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surrounding radiation cracks. Secondary minerals include epidote, chlorite, 

calcite, white mica, albite, and hematite. 

The fine- to medium-grained rocks (Lhf), which occur as plugs and dikes 

that intrude the very coarse Liberty Hill, are modally leucocratic granites, 

(F igs .  A 2 , A 3 ,  Table Al).They are more quartz rich than the coarsc-grained 

phase and have a uniform grey color when fresh. This finer grained phase 

commonly contains xenoliths of the coarse-grained phase. Xenocrysts of 

alkali feldspar, plagioclase, quartz, and biotite from the coarse-grained 

phase, which are broken or mantled by reaction rims, are also present. 

The alkali feldspar is anhedral and 2 mm or less in size. It is micro- 

cline microperthite with Carlsbad growth twins, and albite and pericline 

inversion twins. Plagioclase is subhedral and less than 1 mm in size. 

Optical compositional determinations by the a-normal method (Smith, 1974) 

show that the plagioclase crystals have normal oscillatory zoning profiles 

Plagioclase crystals with saussuritized from cores of An 

cores have developed reverse zoning with depletion of calcium from the altered 

plagioclase. 

which in many cases is altered entirely to chlorite. Muscovite, calcite, and 

colorless clinozoisite are developed in saussuritized plagioclase. 

t o  rims of Ano. 22-18 

The sole mafic mineral is a pleochroic brown to tan biotite, 

In addition t o  the difference in grain size between (1) the coarse, and 

(2) the medium- to fine-grained phases of the Liberty Hill pluton, differences 

in several textural and mineralogical features are apparent. The coarse- 

grained phase is an amphibole-biotite monzogranite or quartz monzonite, 

whereas the fine- to medium-grained phase is a biotite monzogranite. 

Titanite is a prominent and abundant accessory mineral in the coarse-grained 

phase, but it is absent from the finer. The plagioclase is more sodic in the 
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f ine-grained phase.  

grained phase (Lhc) sugges t  t h a t  i t  w a s  an e a r l y  c r y s t a l l i z i n g  phase. 

The subhedral  t o  euhedra l  a l k a l i  f e l d s p a r s  i n  t h e  

The 

oppos i te  appears  t o  be t r u e  f o r  t h e  anhedra l  a l k a l i  f e l d s p a r s  f o r  t h e  f ine -  

grained rocks (Lhf).  Extensive s a u s s u r i t i z a t i o n  and c h l o r i t i z a t i o n  is  

developed only i n  the  f ine-grained phase (Lhf) and i s  absent  i n  t h e  enc los ing  

coarse-grained phase (Lhc). This  i n d i c a t e s  an increased  amount of autometa- 

morphism a f t e r  conso l ida t ion  of t h e  f ine-grained phase (Lhf) ,  and, perhaps,  

a d i f f e r e n c e  i n  t h e  r e s i d u a l  f l u i d  composition of t h e  two phases .  A l a t e  

r eg iona l  metamorphic o v e r p r i n t  would be expected t o  a f f e c t  both rock types  

s i m i l a r l y .  

The  a p l i t e  d ike  rocks are cha rac t e r i zed  by very low (<4.0%) modal amounts 

of mafics  o r  p l a g i o c l a s e  and by f i n e  g r a i n  s i z e .  They are e i t h e r  syenograni tes  

o r  a l k a l i  f e l d s p a r  g r a n i t e s  (Fig.  A33 Table A l ) ;  t e x t u r a l l y ,  they are xeno- 

morphic g ranu la r .  Sample S6-66 i s  a graphic  in te rgrowth  of qua r t z  and a l k a l i  

f e l d s p a r .  P l ag ioc la se  con ta ins  two broad composi t ional  zones,  co res  of 

**l7 - 2 0 

and magnet i te .  

on t h e  o rde r  of 2 t o  4 cm, and they conta in  muscovite from 1 t o  2 cm i n  s i z e .  

The mafic  conten t  i s  p r imar i ly  composed of b i o t i t e  0' and r i m s  of An 

The pegrnati tes are a l k a l i  f e l d s p a r  g r a n i t e s  w i t h  g r a i n  s i z e s  

Rocks of t h e  Contact Aureole and Xenol i ths  of the L ibe r ty  H i l l  P lu ton  

The Caro l ina  s l a t e  b e l t  border ing  t h e  e a s t e r n  p a r t  of t h e  L ibe r ty  H i l l  

p lu ton  c o n s i s t s  of a r g i l l i t e s  (Csa) r e g i o n a l l y  metamorphosed i n  t h e  green- 

s c h i s t  f a c i e s .  On t h e  western margin,  rocks of t h e  Carol ina s l a t e  b e l t  are 

f e l s i c  and in t e rmed ia t e  vo lcan ic  l a v a s  and p y r o c l a s t i c  rocks (Csv), and d ikes  

which have been metamorphosed i n  t h e  g reensch i s t  f a c i e s  and poss ib ly  as h igh  

as t h e  lower amphibol i te  f a c i e s .  Contact metamorphism by t h e  L ibe r ty  H i l l  
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pluton produced a contact aureole as much as 1.5 km wide in the argillites. 

The rocks are fine-grained, black hornfels with 1-4 nnn porphyroblasts of 

cordierite, biotite, and garnet. Original compositional banding of 1-10 mm 

is fairly common. The metamorphosed argillite shows a strong magnetic 

anomaly ( U . S . G . S . ,  1970). The volcanic rocks show only slight contact meta- 

morphic effects so that the contact aureole is not evident in the field or 

on the magnetic map. Both the argillite and volcanic rocks occur as xeno- 

liths in the Liberty Hill pluton. 

The mineral assemblages of the hornfels in the contact aureole and 

xenoliths are diverse, reflecting a wide range in composition of the original 

country rocks. Only the frequently occurring assemblages are summarized here. 

Argillite xenoliths have mineral assemblages characteristic of the pyroxene 

hornfels facies: 

(1) orthopyroxene-cordierite-biotite-K feldspar-plagioclase-quartz 

and hornblende hornfels facies: 

(1) garnet-cordierite-biotite-K feldspar-plagioclase-quartz. 

The highest grade metamorphic mineral assemblages in the contact aureole 

are characteristic of the hornblende hornfels facies: 

(1) garnet-cordierite-biotite-K feldspar-plagioclase-quartz 

(2) andalusite-cordierite-biotite-K feldspar-plagioclase-quartz. 

The metamorphic grade decreases to the muscovite hornfels facies with the 

assemblages : 

(1) cordierite-biotite-muscovite-K feldspar-plagioclase-quartz 

(2) chlorite-biotite-muscovite-plagioclase-quartz. 

The outer part of the aureole grades into t h e  earlier greenschist facies of 

regional metamorphism. An insufficient number of volcanic hornfelses have 
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been examined to give detailed mineral assemblage changes. 

increasing metamorphic grade, epidote and chlorite give way to amphibole, 

and, in one case, clinopyroxene. The volcanics also lose their original 

textures with increasing metamorphic grade in the contact aureole. 

In general, with 

Pntil compositional data on coexisting mineral phases are obtained, only 

an approximation can be made of the pressure conditions of emplacement of 

the Liberty Hill pluton. The general sequence of assemblages suggests that 

total pressure was less than 5.5 kb, but more than 2.5 kb. The development 

of the pyroxene-hornfels facies in enclaves of a granitic rock is uncommon 

and indicates that the magma was either hot, dry, or both. In any case, the 

pyroxene-hornfels facies indicates a minimum temperature of 650-700°C. The 

outer edge of the aureole was probably at temperatures less than 500°C. 

Shear Fractures and Fissure Veins 

Shear fractures and fissure veins are rarely observed in surface out- 

Crops, but are commonly encountered in the three drill holes. Shear zones 

are a maximum of 8 meters thick and exhibit slickensides and brecciation. 

The granitic rocks in these zones are dark red in color, spotted by bright 

green chlorite and epidote. 

shear zones is more pervasive than that of the autometamorphism of the fine- 

grained rocks. 

for the weathering processes leading to the production of saprolite. 

amount of displacement along the shears is unknown but probably small. 

The greenschist facies mineral assemblage of the 

It is unlike and represents too high pressure and temperature 

The 

Fissure zones up to 3 cm thick occur in curving networks. Movement, 

if any, was completed before vein filling. The most common vein minerals 

are calcite, laumontite, fluorite, pyrite, and an unidentified zeolite. 

Open fissures observed at sample locality S6-121, the Flat Rock Quarry of 

the Kershaw Granite Company, contained the assemblage: chlorite-alkali 

feldspar-quartz-calcite-fluorite-chalcopyrite-pyrite. 
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Table  A l .  Modal d a t a  f o r  t h e  L ibe r ty  Hill p l u t o n .  

N 
u 
4 m 
ff 
- c 

x l  
aJ a 
C 
H 

l4 
C 
-! 
0 
u 

~ ~~ ~~ 

Coarse-grained rocks:  

S6-47 
S6-54 
S6-56 
S6-58 
S6-65 
S6-69 
s6-7i3 
S6-73 
SG-7d 
56-86 
S6-87 
S6-88 
S6-89 
S6-90 
S6-98 
S6-110 
S6-132 
S6-135 
F6-24 
F6-25 

K e r  1-135/145 
K e r  2-1.5/11 

22.7 32.9 
25.9 25.4 
17.7 34.5 
24.5 25.5 
25.5 29.4 
20.6 31.2 
17.4 37.0 
25.6 21.0 
19.4 35.7 
23.8 31.4 
18.0 33.3 
18.7 33.9 
17.8 35.3 
22.3 34.6 
11.4 44.8 
23.5 27.9 
14 .3  38.1 
20.9 32.2 
18.4 37.0 
17.0 37.4 
38.3 21.6 
19 .1  29.1 

37.8 
41.7 
42.6 
46.8 
42.7 
40.6 
43.8 
46.5 
41.7 
37.7 
41.7 
39.5 
41.0 
37.0 
28.5 
45.2 
38.2 
41.8 
36.9 
35.. 6 
43.3 
42 .O 

Fine-grained rocks :  

S6-57 27.2 36.4 28.9 
S6-67 29.8 33.2 31.3 
S6-99 31.2 26.5 39.3 
S6-10d 31.8 33.1 28.1 
S6-101 28.0 37.2 31.9 
S6-111 28.8 32.5 32.7 

A p l i t e s  : 

S6-51 37.4 3.9 54.9 
S6-66 34.5 3.1 62.2 
S6-77 33.9 18.8 45.2 

6.5 
6 .9  
5.2 
3.2 
2.4 
7.6 
1 .7  
6.9 
3.2 
7 .1  
7 . 1  
7.9 
5 .8  
6 . 1  

15 .3  
3.4 
9.4 
5.0 
7.8 

10.0 
6.8 
9.8 

5.9 0.6 - t r  0.8 
3.2 0.2 1.7 0.5 t r  
3.0 t r  - t r  t r  
6.9 t r  - t r  t r  
2.0 0.3 0.4 t r  0.1 
4.9 0 .7  0.3 t r  t r  

'pr imari ly  b i o t i t e  and amphibole. 

' includes a l l a n i t e ,  z i r con ,  a p a t i t e ,  t i t a n i t e ,  monazite,  magnet i te ,  p y r i t e ,  

3 
cha lcopyr i t e ,  b o r n i t e ,  and molybdenite.  
xenoc rys t i c  rocks ,  f ine-gra ined  matrix w i t h  xenocrys ts  from t h e  coarse-grained 
phase.  
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Table  A2.  Microprobe ana lyses  of L b e r t y  H b i o t  . tes. 

1 2 3 4 5 

S i 0 2  36.07 

A1203  13.59 

FeO 25.71 

T i 0 2  4.29 

MIlO 0.42 

CaO 0.0 

MgO 9.93 

N a 2 0  0.07 

8.29 

3.94 

Sum 102.31 

K2° 

H2° 

36.23 

14.17 

25.70 

3.96 

0.48 

0.0 

9.44 

0.09 

7.80 

3.94 

101.81 

35.43 

13.58 

26.10 

4.13 

0.51 

0.0 

9.62 

0.11 

8.28 

3.90 

101.66 

36 .OO 

13.75 

26.04 

4.03 

0.45 

0.0 

10.58 

0.09 

8.27 

3.97 

103.18 

35.77 

13.58 

25.36 

3.77 

0.49 

0.0 

10.43 

0.08 

8.17 

3.91 

101.56 

number of c a t i o n s  based on 24 oxygens, 

5 * 4 7 7  7.927 S i  5.486 5.516 5.448 5.437 
A 1  2.436 7*922  2.484 8*ooo 2.461 7.909 2.447 7'884 2.450 

A 1  
T i  
Fe 
m 
Ms 
Ca 
Na 
K 

0.0 0.058 0.0 0.0 0.0 
0.491 0.453 0.478 0.458 0.434 
3.270 6.066 3.272 5.987 3.356 6.105 3.289 6.186 3.247 6.125 
0.054 0.062 0.066 0.058 0.064 
2.251 2.142 2.205 2.382 2.380 

0.0 0.0 0.0 0.0 0.0 
0.021 1.629 0.027 1.541 0.033 1.657 0.026 1.619 0.024 1.619 
1.608 1.515 1.624 1.593 1.596 

H 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 

F/FM 0.596 0.609 0.608 0.584 0.582 

'F6-25, L i b e r t y  H i l l  

2F6-24, L i b e r t y  H i l l  

3 ~ 6 - 5 4 ,  L i b e r t y  H i l l  

4S6-86, L i b e r t y  H i l l  

5S6-88, L i b e r t y  H i l l  
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Table A3. Microprobe ana lyses  of L ibe r ty  H i l l  amphiboles. 

1 2 3 4 

s io2 43.00 42.16 42.37 43.00 
A 1 2 0 ;  7.50 8.47 8.38 8.41 
FeO 22.18 23.21 24.75 22.22 
T i 0 2  1.83 
M-rlO 0.69 

2.06 
0.75 

1.23 

0.94 
1.97 
0.67 

CaO 10.74 10.48 10.88 10.73 

MgO 9.19 8.21 7.66 9.14 
Na 0 2.00 2.05 2.23 2.19 2 

0.0 0.0 0.0 0.0 

1.93 1.93 1.93 1.96 

S urn 99.06 99.32 100.37 100.29 

K2 O 

H2° 

- 
number of c a t i o n s  based on 24 oxygens 

6*583 8.000 S i  6.669 6.557 6.578 
A 1  1.331 8*ooo 1.443 8'ooo 1.422 8.000. 1.417 

A l  0.040 0.109 0.112 0.101 
Ti 0.213 0.241 0.144 0.227 
Fe 2.877 5.346 3.019 5.370 3.214 5.365 2.845 5.345 
xg 2.125 1.903 1.773 2.086 
Mn 0.091 0.099 0.124 0.087 
Na 0.601 0.618 0.671 0.650 

K 0.0  0.0 0.0 0.0 

H 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 

F/FM 0.583 0.621 0.653 0.584 

Ca 1.785 2.386 1.746 2.364 1.810 2.481 1.760 2.410 

'F6-24, Libe r ty  H i l l  

'F6-25, Libe r ty  H i l l  

3~6-54, Libe r ty  H i l l  

4S6-86, Libe r ty  H i l l  



Winnsboro P lu ton ic  Complex 
by 

Stewart  S. F a r r a r  and Susan W. Becker 

General Geology 

The Winnsboro complex i s  composed of two p lu tons .  The Rion p!uton, a 

medium-grained b i o t i t e  monzogranite, c o n s t i t u t e s  t h e  c e n t r a l  p o r t i o n  of t h e  

complex. The Winnsboro p lu ton ,  composed of medium- t o  coarse-grained 

g r a n i t e ,  qua r t z  s y e n i t e ,  and quar tz  monzonite, occurs  as a series of l a r g e  

l e n t i c u l a r ,  p a r t i a l l y  connected bodies  surrounding t h e  Rion monzogranite.  

Deta i led  reconnaissance mapping and sampling of t he  complex has  been 

conducted by H.  D .  Wagener (1970, 1 9 7 3 ) .  Most of t h e  complex l i es  wi th in  

t h e  Char lo t t e  b e l t ,  whereas the  southern border  i s  i n  contact  w i th  t h e  

Caro l ina  slate b e l t  (Wagener, 1970) .  The con tac t s  between t h e  g r a n i t e  and 

country rock,  as shown i n  FigureA5,  are,  f o r  t h e  most p a r t ,  those  of 

Wagener (1970), modified i n  d e t a i l  by t h i s  i n v e s t i g a t i o n .  

S t r u c t u r e  and Enclaves 

I\n igneous f o l i a t i o n  def ined  by a p lana r  o r i e n t a t i o n  of mafic  minera ls  

and f e l d s p a r  i s  common near t h e  borders  of l e n s e s  of t h e  Winnsboro p lu ton ,  

but  i t  i s  r a r e l y  v i s i b l e  i n  t h e  Won p lu ton .  Enclaves i n  these  p lu tons  

inc lude  xeno l i th s  of country rock and p o s s i b l e  a u t o l i t h s  of t h e  p lu tons .  

Xenol i ths  of b io t i t e -qua r t z -p l ag ioc la se  gne i s s ,  amphibol i te ,  q u a r t z i t e ,  

quartz-muscovi te-s i l l imani te  s c h i s t ,  and g r a n i t i c  gneiss are common i n  t h e  

Winnsboro p lu ton ,  and wi th in  t h e  margin of t h e  Rion plu ton .  The i n t e r i o r  of 

t h e  Rion p lu ton  conta ins  only sca rce ,  s m a l l  and rounded amphibol i t ic  and 

l e u c o g r a n i t i c  enc laves  which may be a u t o l i t h s .  

26 
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Attitudes of the igneous foliation parallel the planar orientations 

of the enclaves, and they are, for the most part, conformable with the 

dominant foliation in the surrounding metamorphic country rocks (foliation 

data is from Wagener, 1970). The overall pattern for the complex is a 

generally funnel-shaped steep to nearly vertical inward dip. Structural 

data is very incomplete at this time. 

Around most of its circumference, the Rion pluton is separated from 

the Winnsboro pluton by a screen of country rock. 

in contact along parts of the northern and southern border of the Rion pluton, 

but lack of outcrop leaves the possibility of a country rock screen there 

also. 

The two plutons may be 

Mineralogy and Petrology 

The Rion pluton is a medium-grained biotite monzogranite (Fig. A6). 

contains microcline, plagioclase, quartz, and biotite, with the primary 

accessory minerals zircon, apatite, allanite, titanite, magnetite, and 

scarce fluorite and molybdenite. Secondary minerals include chlorite, 

epidote, muscovite-sericite, and minor calcite. Subhedral microcline 

(0.4-1.0 cm) is consistently slightly larger than the other major minerals 

(0.2-0.4 cm). The microcline is film o r  string microperthite. Zoning in 

the plagioclase is normal oscillatory zoning, with cores of calcic oligo- 

clase grading outward to sodic oligoclase, usually with a discontinuous 

albite rim. Biotite is pleochroic yellow-brown to olive green, 

Secondary minerals are found in most samples. Chlorite replaces 

biotite, muscovite-sericite replaces plagioclase, and epidote, common in 

the saussuritized cores of plagioclase, also occurs as possible late- 
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Figure AS. Geologic map of the Winnsboro complex, South Carolina. 
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c r y s t a l l i z i n g  magmatic g r a i n s .  

i n  some p lag ioc la se  cores .  

S a u s s u r i t i z a t i o n  has  caused r eve r se  zoning 

Modal ana lyses  of t h e  Rion p lu ton ,  presented as TableA4,  a r e  represented  

i n  F iguresA6 and A7. Rion rocks p l o t  as a r e l a t i v e l y  t i g h t  c l u s t e r  i n  t h e  

monzogranite f i e l d  ( F i g .  A61 and are gene ra l ly  l e u c o c r a t i c  (Fig.  A 7 ? .  

The Winnsboro p lu ton  c o n s i s t s  of medium- t o  coarse-grained hornblende- 

b i o t i t e  g r a n i t e ,  qua r t z  s y e n i t e ,  and qua r t z  monzonite. 

t hese  rocks i s  more va r i ed  than t h a t  of t h e  Rion g r a n i t e .  The rocks con ta in  

vary ing  propor t ions  of microc l ine ,  p l a g i o c l a s e ,  q u a r t z ,  b i o t i t e ,  hornblende, 

and accessory  t i t a n i t e ,  magnetite, cha lcopyr i t e ,  p y r i t e ,  z i r c o n ,  a p a t i t e ,  

a l l a n i t e ,  and scarce f l u o r i t e .  Secondary minerals inc lude  c h l o r i t e  (usua l ly  

a f t e r  b i o t i t e ) ,  and e p i d o t e ,  se r ic i te -muscovi te ,  and ca lc i te ,  a l l  found i n  

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

The mineralogy of 

A s  i n  t h e  Rion p lu ton ,  microc l ine  i s  t h e  l a r g e s t  minera l ,  averaging 

0.5 t o  1 cm long,  w i th  a maximum of about 1.5 cm. 

mic rope r th i t e ,  t h e  Winnsboro microc l ine  i s  macrope r th i t i c  wi th  ve in ,  pa tch ,  

and combinations of p e r t h i t i c  t e x t u r e s .  P l ag ioc la se  v a r i e s  i n  composition 

(as measured by the 'a normal' method) from c a l c i c  o l i g o c l a s e  t o  a l b i t e ,  and 

is  only s l i g h t l y  zoned, a l though t h e  more c a l c i c  p l ag ioc la se  u s u a l l y  has  a 

d iscont inuous  a l b i t e  r i m .  B i o t i t e  is p resen t  i n  a l l  samples,  and i s  pleo- 

ch ro ic  dark brown t o  l i g h t  brown. Hornblende, p re sen t  i n  most samples, is  

p leochro ic ;  X = yellow-brown, Y = o l i v e  green,  Z = dark green. Compositions 

of both b i o t i t e  and hornblende vary  wi th in  t h e  Winnsboro p lu ton  (see 

microprobe ana lyses ,  Tables  A5 and A 6 ) .  

In  c o n t r a s t  t o  t h e  Rion 

Modal ana lyses  of Winnsboro rocks are given i n  TableA4 and i l l u s t r a t e d  

i n  F igures  A8 and A9. The Winnsboro rocks have a much wider modal v a r i a t i o n  
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c. 1. 

F i g u r e  A6. Rion p l u t o n .  Modal v a r i a t i o n  

(F ) -co lo r  i ndex  (C .1 . ) .  Symbols: c l o s e d  

a p l i t e .  

diagram f o r  q u a r t z  (QZ) - fe ldspa r  

c i r c l e  (O), g r a n i t e ;  s q u a r e  (D), 
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PC 

FigureA7.  Rion p l u t o n .  Modal v a r i a t i o n  diagram f o r  q u a r t z  (Q2)-a lka l i  

f e l d s p a r  (A.F . ) -p lag ioc lase  (PC) . Symbols: c l o s e d  c i rc le  (e), g r a n i t e ;  

squa re  (o> , a p l i t e .  
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Figure  A8.  Winnsboro p l u t o n .  Modal v a r i a t i o n  diagram f o r  q u a r t z  (Q2)- 

a l k a l i  f e l d s p a r  (A.F . ) -p lag ioc lase  (PC). Symbols: c l o s e d  c i r c l e  (a), c o l o r  

i ndex  less than  10;  open c i r c l e  (O), c o l o r  i ndex  g r e a t e r  t han  1 0 ;  squa re  0, 

c o l o r  index  less than  1 0 ,  and h i g h  a l k a l i  f e l d s p a r .  



Figure ~ 9 .  Winnsboro pluton.  Modal v a r i a t i o n  diagram f o r  quar tz  (QZ)-feldspar 

(F)-color index (C.I.). Symbols: closed c i r c l e  (a), co lo r  index less than 10; 

open c i r c l e  (O) ,  color  index g r e a t e r  than  10; square e), co lo r  index l e s s  

than 10,  and high a l k a l i  f e ldspa r .  The symbols are t o  f a c i l i t a t e  comparison 

x i t i .  Figure A8.  

c. 1. 
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than  t h e  Rion rocks ,  varying from t h e  a l k a l i c  edge of t he  g r a n i t e  f i e l d  t o  

g r a n o d i o r i t e ,  and from 35 t o  3% quar t z .  

of qua r t z ,  f e l d s p a r ,  and c o l o r  index are d iscussed  below. 

These v a r i a t i o n s  i n  t h e  propor t ions  

A p l i t i c  d ikes ,  u sua l ly  a few cent imeters  t o  t e n s  of cent imeters  t h i c k ,  

have in t ruded  t h e  Rion and Winnsboro p lu tons .  To d a t e ,  only t h r e e  have 

been p o i n t  counted (Table A 4 ,  F igs .  A6 andA7).  They are qua r t z - r i ch  

leuco-monzogranites, w i th  an average g r a i n  s i z e  of 1-2 mm. 

q u a r t z  g r a i n s  equal  i n  s i z e  t o ,  o r  l a r g e r  than ,  t h e  microc l ine  and p l a g i o c l a s e .  

Microcl ine i s  f i l m  mic rope r th i t e .  P l ag ioc la se  i s  h ighly  s a u s s u r i t i z e d ,  and 

has  normal o s c i l l a t o r y  zoning, wi th  co res  of sod ic  o l i g o c l a s e ,  and r i m s  of 

a l b i t e .  

They bear  rounded 

Mafic d ikes  have been noted only i n  q u a r r i e s ,  because of poor exposure.  

A complex lamprophyre d ike  a t  t h e  Anderson (Winnsboro Blue) quar ry  (S6-34, 

Fig.A5) has been descr ibed  by Witkus (1973), and Vogel and Wilband (1976). 

Seve ra l  d i a b a s i c  appearing d ikes  i n  t h e  Rion quar ry  (S6-10) have not  been 

examined f o r  t h i s  r e p o r t .  

Subdivis ion of G r a n i t i c  Rocks 

The Rion monzogranite c o n s i s t s  of a l a r g e  c e n t r a l  p lu ton  wi th  a s m a l l  

s u b s i d i a r y  body t o  t h e  w e s t .  

two bodies  may be cont iguous,  but  Wagener (1970, 1973) be l ieved  them t o  be 

separa ted  by a sc reen  of metamorphic rocks.  The small western body i s  t h e  

f i n e r  gra ined ,  and more mafic  po r t ion  of t h e  Rion p lu ton .  It averages 7% 

b i o t i t e ,  compared t o  2-3% f o r  t h e  main body. 

body of t h e  Rion p lu ton  increases g radua l ly  from about 1 mm i n  t h e  west t o  

3-4 mm i n  t h e  east. Grain s i z e  i s  c o a r s e s t  i n  t h e  sou theas t e rn  p a r t  of t h e  

The in t e rven ing  area has  no exposures ,  so t h e  

Average g r a i n  s i z e  i n  t h e  main 
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pluton, including the Rion quarry (S6-10, F6-60, F6-13). Modal compositions 

within the main Rion body indicate that a minor decrease in mafic minerals 

is associated with the increase in grain size from west to east. 

The Winnsboro pluton consists of a number of large and small lenses of 

granite with abundant enclaves of country rock. 

of Winnsboro granite with adjacent country rock appears to account for a 

large part of its modal variation. The most mafic and plagioclase-rich area 

(Wgm, Fig. A5) is adjacent to a major amphibolite unit. This mafic phase of 

the Winnsboro pluton contains more than 1% titanite, and up to 20% total mafic 

minerals. This rock type appears to have been contaminated by the amphibolite; 

to a lesser extent, other samples from this northern p a r t  of the pluton 

( S 6 - 2 7 ) ,  S6-28) may also have been contaminated. Other modal variation, 

including that of quartz content, may be due, in large part, to interaction 

with adjacent country rocks. 

This intimate association 

A small area of the Winnsboro pluton near the Rion pluton (Wgk, Fig.A5) 

is enriched in K-feldspar (squares, Fig. A8). Preliminary microprobe analyses 

0: biotite and hornblende from rocks in this area indicate that Fe/Fe+Mg is 

significantly higher in this phase than in the mafic-rich phase to the north. 

Further microprobe analyses will be necessary to compare these data to analyses 

of mafic minerals from other parts of the complex. This variation could be 

an indication of differentiation within the Winnsboro pluton. 

A contact aureole has not been delineated for the Winnsboro complex. 

The amphibolite facies metamorphic country rocks do not readily show contact 

metamorphic effects. A more detailed examination of these metamorphic rocks 

is necessary in order to make an estimate of the temperature and pressure 

of emplacement of the plutons. 
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f o r  t h e  Winnsboro P1 t o n i c  Complex. 

S amp l e  N 
U 
Ll 
(d 
3 
CY 

a, 
m 
(d 
d 
u 
0 

a d  

M a 
4 
a 

X 
0) 
-0 
5 
H 

4 
0 
d 
0 
U 

aJ 
U 
*d 
u 
0 
.rl 
n 

aJ 
4 
0 
3 

a e a 

2 

m 
Q) 
-4 
k 
0 
m 
v) 
aJ 
u 
(d 

rJ 

aJ 
U 
.14 
3 
0 
0 
m 

2 

aJ 
u 
0 
-0 
.14 
a 
al 

R i o n  P lu ton:  
S6-10 23 .2  
S6-13 28 .9  
S6-33 30 .5  
S6-31. 27 .4  
S6-36 39.0 
S6-40 31.6 
S6-41 2 5 . 6  
S6-42 3 3 . 3  
F6-3 2 6 . 1  
F6-4 2 8 . 2  
F6-10 21.6 
F6-13 3 0 . 1  
F6-19 2 2 . 5  
F6-21 25.6 
F6-2 2 20.2 
F6-40 23 .0  
76-44 20 .5  
F6-45 2 8 . 4  
F6-52 22 .4  
F6-59 25 .5  
F6-60 21 .9  

Winnsboro P l u t o n :  
S 6 - 1  2 2 . 0  
S6-2 34.4 
S6-5 20.9 
S6-8 28.8 
S6-14 26.5 
S6-17 2 2 . 2  
S6-24 30.2 
S6-25 33.5 
S6-26 2 6 . 1  
S6-27 1 9 . 1  
S6-28 2 8 . 3  
56-29 27 .8  
S6-31 9.9 
S6-32 1 1 . 3  
S6-43 2 7 . 5  
F6-20 2.9 
F6-23 27.3 

2 8 . 9  
29 .4  
2 8 . 5  
30 .6  
29.7 
23 .9  
2 8 . 0  
2 6 . 5  
2 9 . 7  
2 9 . 3  
3 4 . 3  
24 .9  
32 .9  
30.9 
39.5 
2 9 . 4  
3 1 . 0  
2 4 . 9  
24.7 
2 8 . 3  
3 0 . 1  

31.9 
8.5 

35.2 
1 8 . 3  
24.4 
1 7 . 3  
15 .9  
1 1 . 3  
21.2 
33 .0  
30.8 
27.8 
38.2 
43 .0  
1 9 . 0  
35.6 
35.2 

4 6 . 0  
39 .0  
3 6 . 2  
32 .8  
3 5 . 4  
4 1 . 3  
43.6 
37 .0  
36.9 
36.7 
4 2 . 0  
4 2 . 9  
4 0 . 4  
3 8 . 4  
38.0 
4 5 . 2  
4 8 . 0  
4G.6  
51 .5  
4 4 . 4  
G5.6 

4 4 . 5  
55 .9  
4 0 . 3  
4 9 . 4  
4 3 . 3  
55.6 
5 2 . 3  
51 .7  
46.6 
4 2 . 3  
37.9 
4 0 . 0  
4 4 . 3  
38.6 
50.0 
49.6 
30.6 

1 . 8  
2.7 
- 3.6 
- 7 . 9  
- 4 . 9  
- 2 . 8  
- 2.5 
- 3.0 
I 5 .5  
- 6 . 2  

- 1 . 3  

- 4 . 2  

2 . 1  

4.2 

2 . 3  
2 . 3  
0 .6  
2 . 1  
1.5 
1.8 
2 . 3  

0 . 5  
0 . 6  
0 . 1  
0 . 5  
0 . 4  
0 . 3  
0 . 5  
t r  

0.1 

0 . 6  

1.6 
1 . 2  
3.6 
3.5 
5 . 8  
4 .9  
1 . 6  
3.5 
6 .2  
5.6 
3 . 0  
4 . 4  
7 .6  
7 . 1  
3.5 

12.0 
- 4 . 9  1 .8  2.7 

0 . 5  t r  
0 . 7  t r  
0 . 2  t r  
t r  

t r  
0 . 5  0 . 3  
t r  t r  

0 .7  t r  

0 . 2  0 . 2  
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Table A4 (continued). 

Sample 

a, x VI 
VI LI a, a, 
(d (d a aJ .I+ a, 

rl &l U 
0 0 -4 a 4 a G 

U m H aJ 
& 
0 a 

a U P VI 
!4 -4 *I+ v) 

.I+ a a 
u 
U 
(d 

N 0 
U 4 4 
u M a, 0 U s a, c) 

(d w l-l 0 
7 rl I 0 .r( 
(d 

lY a !24 V .a (d 
2 2 

Winnsboro Pluton 
F6-30 16.3 
S6-38 16.5 
S6-62 9.7 
F6-65 13.0 
F6-66 27.0 
F6-68 18.3. 

Winnsboro Pluton 
S6-18 25.8 
S6-20 21.9 
S6-22 19.6 

(continued) : 

> 

17.7 62.1 
26.6 52.4 
29.4 54.7 
21.4 61.0 
16.6 55.0 
15.7 64.8 

10 CI: 
34.6 27.1 
40.5 24.6 
41.2 19.6 

, Winnsboro Pluton, K-feldspar-rich: 
36-23 20.4 10.4 64.1 
S6-23-2 19.7 7.7 67.1 
S6-23-3 16.2 9.8 70.2 
F6-39 19.4 9.2 67.7 

Aplites : 
S6-3 35.1 30.7 31.3 
S6-11 31.9 36.7 29.9 
S6-38 32.6 24.0 43.0 

3.9 
4.5 
6.1 
4.6 
1.5 
1.4 

- 7.4 2.8 2.2 
8.4 2.5 1.9 

- 10.7 5.9 3.0 
- 

5 .O 
5.5 
3.8 
3.7 
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Table A 5 .  Microprobe ana lyses  of Winnsboro b i o t i t e s .  

1 2 3 4 

S i 0 2  35.42 

A 1 2 0 3  1 4 . 7 4  

Fe 0 26.59 

TiO,  2.51 

W l O  0.76 

CaO 0.0  

MgO 8.66 

Ya,O 0.03 

K 2 0  7.96 

3.86 

Sum 100.53 

L 

L 

H2° 

36.23 

15.47 

24.36 

3.55 

0.67 

0.0 

9.78 

0.05 

8.54 

3.98 

102.63 

34.92 

14.08 

31.20 

4.02 

0.47 

0.0 

5.25 

0.05 

7.83 

3.82 

101.64 

35.79 

15.08 

27.35 

2 . 4 4  

0.83 

0.04 

9.26 

0.07 

8.02 

3.94 

102.82 

number of c a t i o n s  based 

5*453 8.000 S i  5.504 
A 1  2.496 8'ooo 2.547 

A 1  0.203 0.197 
T i  0.293 0.402 
Fe 3.455 6.058 3.066 5.944 
Mn 0.100 0.085 
Mg 2.006 2.194 

Ca 0.0 0.0 
!la 0.009 1.587 0.015 1.654 
K 1.578 1.639 

H 4.000 4.000 4.000 4.000 

F/FM 0.639 0.590 

on 24  oxygens 

5'448 8.000 5.482 
2.518 8*ooo 2.552 

0.086 0.153 
0.475 0.279 
4.096 5.948 3.482 6.123 
0.062 0.107 
1.228 2.101 

0.0 0.007 
0.015 1.583 0.021 1.584 
1.568 1.557 

4.000 4.000 4.000 4.000 

0.772 0.631 
~~ 

'F6-39, Winnsboro 

2S6-18, Winnsboro 

3~6-23 ,  Winnsboro 

4S6-27, Winnsboro 
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Table  A 6 .  Microprobe ana lyses  of Winnsboro amphiboles. 

~ 

-- 
1 2 3 4 

number of c a t i o n s  based on 24 oxygens 

6*596 8.000 6.542 6.751 
A 1 1.331 8'ooo 1.249 8*ooo 1.404 
S i  6.669 8.000 1.458 

'4 1 0.106 0.117 0.206 0.091 
T i  0.191 0.246 0.185 0.243 
F e  2.801 5.335 3.759 5.337 3.133 5.274 3.537 5.283 
Yg 2.122 1.062 1.594 1.215 
?.In 0.115 0.152 0.157 0.197 

Na 0.544 0.734 0.552 0.758 
Ca 1.813 2.358 1.720 2.454 1.786 2.338 1.751 2.509 
K 0 .o 0.0 0.0 0.0 
H 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 

F/FM 0.579 0.786 0.674 0.754 

'S 6- 18, Vinn s bo r o  

s6-23, Winnsboro 2 

3 ~ 6 - 2 7 ,  Winnsboro 

4F6-39, Winnsboro 

S i 0 2  43.70 

*2l2O3 7.99 

FeO 21.95 

T i 0 2  1.66 

-0 0.89 

CaO 11.09 

MgO 9.33 

K,O 0.0 

Na,O 1 .84  
L 

L 

i y  1.96 

Sum 100.41 

41.13 

8.40 

28.26 

2.06 

1.. 1 3  

10.09 

4.48 

2.38 

0.0 

1.88 

99.81 

43.38 

7.93 

24.07 

1.58 

1.19 

10.71 

6.87 

1.83 

0.0 

1.92 

99.48 

41.50 

7.98 

26.61 

2.03 

1.46 

10.28 

5.13 

2.46 

0.0 

1.88 

99.33 
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B. Geochemistry (South Carolina) 

A .  K. Sinha and B. A .  Merz 

Geochemical characteristics of igneous rocks have been used exten- 

sively by numerous workers t o  identify the nature of the magma, depth 

of crystallization and distribution of elements during crystallization. 

As an integral part of the targeting procedures for locating areas of 

h i y h  heat production (and high subsurface temperatures), 60 chemical 

nm'lvses of whole rock samples have been completed. The generic names 

r . f  t h e  rocks are at variance w i t h  those determined by modal analysis 

5t.r ,iuse n o r n a t i v e  classifications do  not prolride for hydrous mineral 

paragenesis. 

4 3  



Winnsboro Peraluminous Plutonic Complex 

Twenty-nine samples from the plutonic complex have been analyzed 

for major el-ements to determine the magmatic affinities of the complex. 

The two major igneous phases that can be recognized in the field-- 

coarse-grained Winnsboro and medium- to fine-grained Rion granites (see 

Section A)--can also be distinguished on chemical criteria (Table Bl). 

Using normative quartz, i.e., greater or less than 17%, Streckeisen 

(1976) has proposed a classification scheme for use with chemical 

analyses. All the Winnsboro pluton samples (labelled Wgn in all figures) 

have less than 17% normative Qz (see Table B2) and can be classified as 

alkali-feldspar granites to (syeno-) granites. The samples from the 

Rion pluton have greater than 17% normative Qz and can be classified as 

monzogranites o r  (syeno-)granites. 

Like the Liberty Hill complex, the variations in Na 0, K20, CaO, 2 

Si02 are not large enough to justify the use of Peackocks' index for 

assignment of a specific magma series. However, comparisons with other 

known magmatic trends, especially the Southern California batholith, on 

an AFM diagram suggest a calc-alkaline affinity. Thornton and Tuttle's 

(1960) differentian indices versus oxide weight percent values also 

indicate a calc-alkaline trend. 

The differences in the chemical trends of the two plutons are best 

shown in a Harker-type variation diagram (Fig. Bl). Although the MgO 

content for both units is rather similar, there is a marked variation 

in the total iron content. 

30% and as such have low Fe/Mg ratios, suggesting a source region that 

was either low in iron, or derivation from a magma that had already 

The Rion granites are lower in iron by nearly 
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Figure B1. Var ia t ion  diagram showing chemical d i f f e r e n c e s  i n  t h e  Winnsboro 

Complex. So l id  c i r c l e s  = Rion g r a n i t e ;  + = Winnsboro g r a n i t e ;  
x = marginal  f a c i e s .  
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undergone fractionation. A1 0 values from the Rion granites are con- 

sistently higher than those of the Winnsboro granites and may reflect 

the higher anorthite content of the plagioclase feldspars or the aluninous 

nature of the source rock. Na20/Ca0 ratios which reflect the sodic/calcic 

nature of the Flagioclase feldspars are consistently between 2.5 to 3.1 

in the core facies of the Rion. The Winnsboro granite shows a generally 

2 3  

increasing Na,O/CaO from NE to SW (further implications are considered 

later). K 0 contents of the two bodies appear to show different trends: 

The Winnsboro granite shows a slight increase with increasing S i 0  

while Ricn granite sanples show a slight decrease. 

L 

2 

2’ 

Three samples from unit Wgm (NE part of the complex) show very con- 

sistent differences from the two granite bodies. Characteristically 

they are low in Si0 

ratios are generally around one, with A1203 content intermediate between 

the Rion and Winnsboro granites. 

with high MgO, FeO, and CaO contents. K20/Na20 2’ 

Earlier work on the Winnsboro complex and surrounding country rock 

by Wagener (1973) has shown this area (Wgm) to be in contact with high 

grade (upper amphibolite facies) amphibolites and quartz feldspar meta- 

arenites. Although the silica content is nearly 7 4 % ,  the K 0 content is 

below 2.6%. Therefore, the possibility of K metasomatism accompanied by 

lowering of K20 content in the margin facies of the granite is a strong 

possibility (see also Section A). 

2 

Two samples of high perthite content (Wgk) show the highest K 2 0  and 

Na20 contents and the lowest MgO and CaO values. 

of this body in the Winnsboro granite, it is difficult to evaluate its 

genetic relationship at the present time. 

With the patchy occurrence 

Figures B 2  and B3 are preliminary contours for Differentiation 

Index (DI) and FeO + MgO. Evenewith the limited data on the Winnsboro 



Figure B2. Contour diagram, Differentiation Index (DI) to rock type. 
systematic increase in DI for unit Wg from NE to SW. 

Note the 
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granite, there appears t an iAcrease in DI going sout 

Because of the variations in the ratios of 

pattern of distribution 

in south to amphibolite in the north). 

d e p h s  6 f  '&plac&edC &f 'a& 

However, since no must! s, it is unlikely that 

chemistry as targeting -techn it is important t p t  'to 
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understand the mode of origin of these rocks. If anatectic melting of 

Slate Belt volcanic rocks result in the formation of the Winnsboro and 

Rion magma, it is likely that U, Th and alkali enrichment of the liquid 

will result. It is important to recognize that anatectic melts of 

granulite facies rocks (depleted in IT, Th, K and other low-temperature 

melting fractions) will not result in substantial enrichment of heat- 

producing elements. 
87 The available Sr /Sr86 ratios of the Winnsboro complex give initial 

values of 0.7030 I + .0014 (Fullagar, 1969) and suggest derivation from 

the lower crust. However, initial strontium isotopic ratios of meta- 

rhyolites from the Carolina slate belt are very similar--0.704 + .001. 

As such, strontium data cannot distinguish between derivation of these 

magmas at lower crustal levels or much shallower melting of volcanic 

rocks. 

- 

Generally, if a plutonic mass has formed by fractional crystalli- 

zation from a parent magma, normative quartz shows a positive corre- 

lation with nornative orthoclase, i.e., with increasing differentiation, 

alkali components also increase ( f o r  example, Skaergaard studies of 

Wager and Brown, 1967). 

strong negative correlation, i.e., with increasing normative Qtz, the 

values of normative Or decrease. 

melting or anatexis. Wagener's (1973) trace element data for K/Rb, 

Rb/Sr, and Zr also show evidences for anatexis. 

But samples of the Rion granite show a very 

This suggests a process of partial 

Attempts to further confirm this can be attempted by using Platens' 

(1965) approach of using normative AbIAn ratios of host rock and its 

melted equivalents on Q-Ab-Or diagrams. Because the samples do not plot 

near an eutectic point as defined by Bowen and Tuttle (1958) for varying 

p conditions, the data can be better interpreted by using Platens' 
H2° 
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approach. The normative A b l h  r a t i o  f o r  t h e  country rock i s  v a r i a b l e  

(3 .5-26) ,  and those of Rion and Winnsboro range from 3-10 wi th  an 

approximate average of 5. Therefore ,  t h e  p a r t i a l  equ i l ib r ium melt ing of 

v a r i o u s  Sulk compositions i n  i n i t i a l  s t a g e s  would e n r i c h  t h e  l i q u i d  i n  

o r t h o c l a s e  and qua r t z  components, and t h e  degree of enrichment w i l l  be  

g r e a t e r  i f  t h e  Ab/An r a t i o  i s  lower i n  t h e  country rock. 

s t a g e  of  mel t ing is reached when t h e  melts do not  have a c o t e c t i c  compo- 

ition. Some of t h e  a p l i t i c  d i k e s  of Wagener nay r ep resen t  t h i s  cond i t ion  

Based on the  ear l ie r  d i scuss ions  i t  appears  t h a t  t h e  Winnsboro 

The f i n a l  

complex i s  der ived by a n a t e x i s  of source rocks with v a r i a b l e  AbIAn 

(r'orna t ive )  r a t  ior. . 



. r  614. S762 57634 

': 65'.'72 66.8# 

4 .91  ~ '6.60 

Na20 4.05 3.91 3.99 4.05 3 .91  3.96 3.26 

MTlO 0.10 0.10 0 . 1 1  0.10 0.05 0.07 0.04 

T i 0 2  0.87 0.90 0.86 0 56 0 .41  0.33 0 .39  

0.53 0.49 0.47 0.21 0.17 0.08 0.16 '2'5 

TOTAL 97.37 97.45 98.42 99.63 100.21  100.47 99.83 
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Table B1 (continued). 

S7627 F18 F F2 2 1 

S i 0 2  70.84 7 1 . 0 1  71.07 71.17 71.88 71.92 72.01 

* 1 Z 0 3  13.94 15.76 15.36 15.46 15.06 15.09 15,29 

CaO 1.70 1 . 4 1  1.65 1 . 7 1  1.38 0.86 1.25 

, MgO 0.72 0.63 0 . 6 3  0.79 ., 0.58 0.34 

K 2 0  4.91 5 .81  5.54 5.53 5.5z 6.56 

FeO 3.12 2.09 2.22 2.33 1.91. 2.32 

3.65 3.24 3.16 3.46 3.44 3.73 

0. 0. 0.04 1 0.07 0.04 , <  0.06 ' 0.t 05 

T i 0 2  0.49 0.39 , 0.37 , 0 . 4 3  0.28> 0.31 .29  

0.18 0.11' I 0.06 .12 

01.26 100.55 
__I 8 :  

__ - - - - - . _- ~ 
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Table B1 ( c o n t i n u e d ) .  

ipII - 
F52 F19 Si642 S7629 F40 F2.0 F13 

S i 0 2  72.34 72.67 72.82 73.03 73.11 73.25 73.29 

15.25 15.22 15.11 19.94 15.02 15.18 15.49 A1203 

CaO 1.43 1.29 1.33 1.44 1.43 1.12 1.08 

MgO 0.51 0.56 0.55 0.57 0.48 0.55 0.36 

R2 0 5.58 5.55 5.43 5.55 5.13 5.49 5.45 

FeO 1.87 1.56 1.58 2.27 1.71 1.89 1.28 

Na20 3.44 3.65 3.45 3.32 3.77 3.50 3.65 

MLlO 0.04 0.05 0.05 0.09 0.06 0.05 0.05 

Ti02 0.28 0.22 0.21 0.36 0.26 0.28 0.14 

0.10 0.10 0.08 0.14 0.10 0.10 0.06 '2'5 
TOTAL 100.84 100.87 100.62 100.69 101.07 101.43 100.66 

- 
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Table Bl(continued) . 

S7633 F45 S7610 S7641 S7613 S7614 57616 S7626 

S io2 

*'2'3 

CaO 

MgO 

K2° 

FeO 

Na20 

MI0 

T i 0 2  

'2'5 

TOTAL 

73.41 74.15 

14.88 14.95 

1.26 1.36 

0.52 0.51 

5.29 5.22 

1.84 1.49 

3.51 3.40 

0.05 0.51 

0.26 0.18 

0.11 0.07 

101.14 101.39 

74.27 

15.04 

1.28 

0.38 

5.31 

1.34 

3.44 

0.05 

0.16 

0.06 

101.33 

74.39 

15.02 

1 . 1 7  

0.51 

5.14 

1.44 

3.47 

0.05 

0.19 

0.08 

101.47 

76.62 74.69 

14.74 13.83 

1.38 0.78 

0.39 0.39 

4.79 5.40 

1.42 2.03 

3.52 3.91 

0.05 0.06 

0.17 0.21 

0.07 0.08 

101.16 101.38 

75.64 

13.29 

0.61 

0.29 

5.65 

2.04 

3.37 

0.07 

0.23 

0.04 

101.24 

76.52 

13.13 

0.59 

0.20 

5.56 

1.84 

3.43 

0.83 

0.16 

0.02 

101.54 
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Table B2. C.I.P.W. Norms and indices for Winnsboro Pluton. 

Or 25.13 24.62 24.80 34.22 

Ab 35.20 ~ 33.99 34.3 

An" 16.89' - - '  11.41- 10.39' . 

w 10.42' 10.44 ; '  .'10.0 

Hyen - 3.16, 1 2.95 ' 2.91 

Hyfs 7.26 7.49' * 7.18 6.08' 1 .  

' Di 1.23 

t ,  "Diwo 0.60 ' j  

TOTAL 100.03 100.03 100.03 100.01 

Salic 85.39 86.19 87.14 90.59 

Femic 14.64 13.84 12.88 9.42 

A1203/Si02 0.24 0.23 0.22 0.24 

D.I. 74.50 74.78 76.74 82.85 
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Table B2 (continued). 

~~ ~ 

F4 S7623 S7634 - S 762 7 

Q 21.43 .17.14 23.85 24.44 

C 1.10 0.30 ' 0.99 G.01 

Or 28.96 38.83 33.44 29.12 

Ab 33 .03  33.36 27.63 30.99 

An 8.60 4.58 7.75 7.15 

HY 5.71 4.99 5.23 6.89 

tIyerr J.99 1 0.89 1.64 1 43.Q 

Izyfs 3.72 ' 4.10 3.59 5.09 

I 1  * ;  0.78 0.62 \ 1  0.74 0.93 

AP 0.40 1 j  0.16 . . 0.38 * 0.47 

TOTAL 100.01 100.00 190.01 " , 100.01 

S a l i c  93.12 91.72 

Femic 6.89 6.35 8.29 

A1203 / S io2 0.23 0.22 0.22 0.20 

D.I. 89.33 '.I * - ,  84.92 84.55 
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Table B2 (continued). 

~~ 

F18 S7636 F3 F2 2 

Q 24.87 

C 2.02 

Or 34.14 

Ab 27.26 

An 5.72 

*Y 4.81 

Hyen 1.56 

Hyf s 3.25 

I1 0.74 

AP 0.45 

TOTAL 100.01 

Salic 94.02 

Femic 5.99 

A1203/Si02 0.22 

D.I. 86.27 

25.75 

1.50 

32.68 

26.69 

7.26 

5.10 

1.57 

3.53 

0.70 

0.33 

100.01 

93.87 

6.13 

0.22 

85.12 

23.79 

1.10 

32.29 

28.98 

7.23 

5.39 

1.73 

3.66 

0.81 

0.42 

100.01 

93.39 

6.62 

0.21 

85.06 

25.56 

L1?. 

32.83 

29.04 

6.11 

4.55 

1.44 

3.11 

0.53 

0.26 

100.01 

94.66 

5.34 

0.21 

87.43 
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Table  B2 (continued). 

~~ ~ ~ _ _ _ ~  

S7623 (2) F21 F5 2 F19 

Q 20.92 

C 0.43 

O r  38.29 

Ab 31.17 

An 3.83 

HY 4.65 

Hyen 0.84 

Hyfs 3.81 

I1 0.58 

AP 0.14 

TOTAL 100.00 

S a l i c  94.63 

Fernic 5.37 

U203 / s io2 0.21 

D . I .  90.38 

25.77 

1.56 

32.74 

29.20 

5.39 

4.51 

1.34 

3.18 

0.55 

0.28 

100.01 

94.66 

5.35 

0.21 

87.71 

25.83 

1.18 

32.70 

28.87 

6.39 

4.28 

1 .26  

3.02 

0.53 

0.24 

100.01 

94.96 

5.04 

0.21 

87.40 

25.48 

1.09 

32.51 

30.62 

5.70 

3.96 

1.38 

2.57 

0.41 

0.24 

100.01 

95.40 

4.60 

0.21 

88.61 
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Tab’fe B2 (cont inued) .  

Or 31.89 32.57 29.99 31.99 

Ab 29.02 27.90 31.56 29.20 

6.04 6.19 6.37 4.84 An 

HY 3.99 5.13 3.98 4.41 

\ L  

Hyen 1.36 1.41 1.18 1. 

Hyfs 2.63 3.72 2.79 3.06 

I1 0.40 0.52 

AP 

TOTAL 

Sal ic  

Femic ‘ 4.70 

A 1  0 / S i 0; 0.21 0.21 

” -I - 8.34 i’ 

I ~ - - I- -- 88.07 87.50 
-_ . D . I .  . .  
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Table  B2 (cont inued) .  

-.F13 S7633 F45 
- _ _  - -  

Q 27.28 * .  27.88 29.36 

C 1.75 1.34 1.38 

O r  31.93 30.91 30.43 

Ab 30.63 29.37 28.38 

An 4.92 8 . 5.47 6.20 

HY ' 3.08 ' 4.29 3.75 

Hyen ' L .  0.89 . 1 . 2 8  1.25 , I  

Hyfs .1. 2.19 , 3.01 2 .50 

11 0.26 ' 0.49 0.34 

Ap r .  0.14 .,: 7 0.26 . 0.16 

100.00 TOTAL 100.00 100.01 ' _  

S a l i c  3 96.52 . < $  94.97 95.75 

F e d o  3.49 _ L .  5.04 4.25 

A120g.Si02 0.21 ' 1  . 0.20 20 

D . I i .  89.84 88.16 88.17 
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Table B2 (continued). 

S7610 S7641 S7613 

Q 

C 

Or 

Ab 

An 

HY 

Hyen 

Hyf s 

I1 

AP 

TOTAL 

Salic 

Femi c 

A1203/Si02 

D.I. 

29.37 

1.43 

30.97 

28.73 

5.88 

3.19 

0.93 

2.26 

0.30 

0.14 

100.00 

96.37 

3.63 

0.20 

89.06 

29.95 

1.80 

29.93 

28.94 

5.21 

3.64 

1.25 

2.39 

0.36 

0.19 

100.01 

95.82 

4.18 

0.20 

88.82 

31.02 

1.41 

27.98 

29.45 

6.32 

3.35 

0.96 

2.39 

0.32 

0.16 

100.00 

96.17 

3.84 

0.20 

88.45 
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Table B2 (cont inued) .  

57614 S7616 S7626 

Q 
C 

Or 

Ab . 

An 

HY 

Hyen 

Hyfs 

I1 

AP 

TOTAL 

S a l i c  

Femic 

A1203/Si02 

D . I .  

27.29 

0.32 

31.48 

32.64 

3.30 

4.40 

0.96 

3.45 

0.39 

0.19 

100.01 

95.02 

4.98 

0.19 

91.40 

30.82 

0.61 

32.98 

28.17 

2.73 

4.17 

0.71 

3.45 

0.43 

0.09 

100.00 

95.31 

4.69 

0.18 

91.97 

31.81 

0.44 

32.36 

28.59 

2.75 

3.71 

0.49 

3.21 

0.30 

0.05 

100.00 

95.95 

4.05 

0.17 

92.76 



Liberty Hill Pluton 

In an attempt to determine,thg crystallization history and classi- 

fication of the magma series, 22 surface samples have been analyzed for 

k'elements (Table B 3 ) .  All tlie'samples analyzed can be 

classified as,pqraluminous c rocks, with syenitic and (syeno- 

)granite affinities (Streckeisen, 1976). f 

' .  

The classification of the magma serie lkaline, calc-glkaline or . -  
peralkaline),. is generally prqv$ded - ,  by using Peackock' s Inde 

Because of tpe 4imited variations in the daFa, unreasonable 

tions would be necessary, and Peackock's infli9es were not uqgd. 

commonly used indices of Thornton an 

alkaline ,association, although in comparison with Nockold.'s (1954) 

averages of igneous rock compositions, the Liberty Hill samples lie in 

Other 

ttle (1960) sugge 

lkaline and a a,iine trends.. ~ 

r( ,c&arify the g series, 

compared with,well-known . _  alkaline and calc 

regions. The two alkaline comparisqw .were Monzol- 

Tuva (Pavlenko, 1974) and t 

Allen, 1954) +.- e data from Smithern Cali 

1948) was used to provide the calc-alkaline trend. 

diagram (Na20-Ca0-K20) the Liberty Hill data define a trend very similar 

to the calc-alkaline Southern California batholith, although slight 

enrichment in K displaces the trend towards the K-Ca line. Similar 

_ .  

- - - I -- I - - - _.- I - _ ._  _ "  .--" ~ 

On a triangular 

comparisons in AFM diagrams suggest a calc-alkaline trend although a 

slight enrichment in alkali components over the Southern California 

Batholith data is seen. 

64 
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Major element variations as shown in a Harker diagram (Fig. B 4 )  

show a major discontinuity in S i 0 2  between 67-69%. 

syenitic (normative) rocks are restricted in Si02 content between 64  and 

6 7 % ,  while all other samples (coarse- to fine-grained granites) range 

from 6 9  to 7 3 % ,  although the fine-grained samples are generally higher 

in silica. Because of the abrupt variations in Si02 content, it is 

likely that crystallization histories of the two rock types are not 

related in any simple manner. The granites are generally higher in 

total alkali content, although some of the coarse-grained xenocrystic 

rocks (with fine-grained matrix) show similar enrichment (samples S671, 

S 6 7 4 ,  SlOO). 

The coarse-grained 

The distribution of selected elements (FeWMgO; K20 and Differen- 

tiation Index) has been contoured in Figures B5, B6 and B7.  Although 

the number of analyses are limited and restricted to the eastern half of 

the pluton, generalized contours suggest a reverse zonation of the 

coarse-grained peraluminous magma. The central part of the pluton, 

syenitic in composition, is the least differentiated. Because field 

d a t a  (see Section A)  indicates emplacement as a high temperature pre- 

dominantly crystallized material, mechanical mixing could severely 

contort the relict zoning. The apparent zoning suggests that the magma 

cooled from the center outwards. However, another consideration that 

could yield similar results would involve country rock contamination. 

At the present time, no analyses of the country rocks are available to 

fully evaluate this model. 

The central area of the pluton is made up of patches of fine- 

grained rocks. Samples from these areas show a relatively higher alkali 

content, lower A1203/Si0 ratios and lower normative apatite. Con- 

sideration of the data from the variation diagrams and the intrusive 

2 
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nature of this phase, it appears to have been perhaps derived from a 

source region other than the coarse-grained phase exposed around it. 

Normal fractional crystallization of a magma results in a positive 

correlation between normative Or and Q. 

mass in the central zone of the body shows such a trend, but the coarse- 

and fine-grained granites show a negative correlation (similar to Winns- 

boro). A s  such, fractional melting (anatexis) of bulk rocks of varied 

compositions appears likely. 

The coarse-grained syenitic 

Normative plots (Q-Ab-Or-An) to determine temperatures and pres- 

sures of crystallization are difficult from the present data. The 

samples analyzed do not appear to be the lowest temperature residual 

fluids (aplites, pegmatites). Also, the two phases studied do not 

appear to be water saturated (less than 4% biotite in the fine-grained 

phase and 4% biotite and amphibole in the coarse-grained phase--see 

Section A ) .  Therefore, it is difficult to use experimental data which 

are projected for either wet or dry systems. Assuming that the most 

differentiated sample of the fine-grained phase (S6101) with normative Q 

+ Or + Ab + An = 95.53 most closely approximates the final liquid, and 

using experimental data of PH 

be approximately 7 kb at nearly 750°C. 

= 0, the depth of crystallization would 

However, better crystallization 
2 

conditions can be determined from contact aureole mineralogy. 



7 1  

Table B3. Chemical ana lyses  for L i b e r t y  H i l l  Pluton.  

~~~~ 

S6108 F25 F24 S669 S6135 S689 

SiO2 59.14 64.39 65.23 65.66 65.87 66.13 

19.23 16.07 15.88 15.87 16.69 16.21 *l2'3 

CaO 2.59 2.93 2.82 2.37 2 .23  2.31 

MgO .92 1.16 1.14 1.08 1.08 1.10 

6.71 4.75 4.81 5.58 5.91 5.91 

FeO 4.89 4.07 3.61 3.43 3.31 2.95 

K2° 

Na20 4.18 3.71 3.72 3.52 3.74 3.48 

MnO 0.08 0.08 0.07 0.07 0.07 0.05 

Ti02 0.82 0.74 0.68 0.59 0.61 0.51 

0.27 0.26 0.24 0.23 0.22 0.19 
'2'5 

TOTAL 98.85 98.55 98.19 98.40 99.71 98.84 
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Table B3 (continued). 

-~ ~ 

S688 S656 S690 S647 S686 S665 S654 S667 

Si02 

*l2'3 

CaO 

MgO 

K2° 

Fe 0 

Na20 

MnO 

Ti02 

'2'5 

TOTAL 

66.48 

16.42 

2.42 

1.10 

5.43 

3.02 

3.45 

0.06 

0.53 

0.17 

99.09 

66.66 66.80 69.00 69.14 70.34 ?0.68 70.84 

15.60 16.06 16.28 15.27 14.66 15.13 15.72 

2.41 2.28 1.95 1.76 1.75 1.65 1.44 

1.06 0.99 0.82 0.90 0.82 0.74 0.60 

5.49 5.68 5.86 6.26 5.62 5.97 5.76 

3.17 2.99 2.45 2.42 2.48 2.09 2.10 

3.61 3.35 3.47 3.24 3.36 3.42 3.24 

0.06 0.05 0.05 0.04 0.06 0.04 0.04 

0.57 0.53 0.42 0.41 0.40 0.34 0.40 

0.23 0.17 0.14 0.14 0.14 0.12 0.18 

98.84 99.90 100.42 99.58 99.61 100.16 100.32 
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Table B3 (continued). 

- 
S6110 S657 S6111 S674 S6100 S658 S671 S6101 

S i 0 2  

*l2'3 

CaO 

MgO 

K2° 

Fe 0 

Na20 

M l O  

T i 0 2  

'2'5 

TOTAL 

70.90 

15.68 

1 .81  

0.73 

5.39 

2 .15  

3.54 

0.05 

0.37 

0.15 

100.77 

71.13 

15.66 

1 .61  

0.60 

5.54 

2.00 

3.44 

0.03 

0.30 

0.13 

100.43 

71.28 

15.71 

1.54 

0.61 

5.52 

2.08 

3.45 

0.04 

0.32 

0.12 

100.66 

71.51 

15.91 

1 .58  

0.62 

5 .41  

1 .83  

3.65 

0.04 

0.27 

0.09 

100.03 

71.57 72.30 

15.81 14.82 

1.80 1 .41  

0.59 0.66 

5.33 5.49 

2 . 0 3  2.03 

3.45 3.40 

0.04 0.04 

0.34 0.34 

0.16 0.12 

101.11 100.61 

73.18 

15.52 

1.20 

0.57 

5.18 

1 . 7 2  

3.68 

0.04 

0.23 

0.09 

101.41 

73.64 

15.26 

1.34 

0.37 

5.31 

1.22 

3.71 

0.04 

0.12 

0.06 

101.05 
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Table  B4. C.I.P.W. norms and i n d i c e s  f o r  L i b e r t y  H i l l  P lu ton .  

S6108 F25 F24 S669 

Q 

C 

O r  

Ab 

An 

HY 

Hyen 

Hyfs 

01 

O l f  0 

Ol fa  

11 

AP 

TOTAL 

S a l i c  

Femic 

1.05 

40.12 

35.78 

11.21 

7.89 

1.79 

6.10 

1.73 

0.36 

1.37 

1.58 

0.65 

100.01 

88.17 

11.85 

u 2 0 3  / Si02 0.32 

D . I .  79.90 

14.71 

0.12 

28.59 

31.98 

13.08 

9.46 

2.94 

6.52 

1.43 

0.63 

100.01 

88.49 

11.52 

0.25 

75.29 

15.84 

0.00 

28.94 

32.05 

12.65 

8.63 

2.89 

5 . 7 4  

1.31 

0.58 

100.00 

89.49 

10.51 

0.24 

76.84 

15.56 

0.29 

33.51 

30.27 

10.42 

8.28 

2.74 

5.54  

1.14 

0.55 

100.01 

90.04 

9.97 

0.24 

79.34 
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Table B 4  (cont inued) .  

S6135 S689 S688 S656 

Q 

C 

O r  

Ab - 

An 

HY 

Hyen 

Hyf s 

D i  

Diwo 

Dien 

Di f s  

I1 

AP 

TOTAL 

S a l i c  

Femic 

13.40 15.27 17.27 

0.61 0.35 0.88 

35.02 35.33 32.38 

31.73 29.79 29.46 

9.65 10.34 11.00 

7.91 7.49 7.59 

2.76 

4.83 

2.70 

5 .21  

2.77 

4.72 

1.16 0.98 1.02 

0.52 0.45 0.41 

100.01 100.01 100.01 

90.42 91.08 91.00 

9.59 8.93 9.01 

A 1  2 0 I S io2 0.25 0.24 0.25 

D.I. 80.15 80.39 79.12 

16.54 

32.82 

30.90 

10.26 

7.59 

2.63 

4.96 

0.26 

0.13 

0.05 

0.08 

1.09 

0.55 

100.01 

90.52 

9.49 

0.23 

80.25 
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Table B4 (continued). 

S690 S647 S686 S665 

Q 17.75 

C 0.67 

Or 33.94 

Ab 28.66 

An 10.31 

HY 7.25 

Hyen 2.49 

Hyf s 4.76 

I1 1.02 

AP 0.41 

TOTAL 100.01 

Salic 91.33 

Femic 8.68 

A1203/Si02 0.24 

D . I .  80.35 

19.52 

1.01 

34.48 

29.23 

8.72 

5.91 

2.03 

3.88 

0.79 

0.33 

100.01 

92.97 

7.04 

0.24 

83.23 

19.94 

0.30 

37.14 

27.53 

7.85 

6.13 

2.27 

3 .86  

0.78 

0.33 

100.01 

92.76 

7.25 

0.22 

84.61 

22.97 

0.20 

33 33 

28.54 

7.80 

6.07 

2.05 

4.02 

0.76 

0.33 

100.01 

92.84 

7.17 

0.21 

84.84 
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Table B4 (continued). 

S654 S667 S6110 S657A 

Q 22.07 

c 0.33 

Or 35.21 

Ab 28.89 

An 7.39 

HY 5.18 

Hyen 1.84 

Hyf s 3.34 

I1 0.64 

AP 0.28 

TOTAL 100.01 

Salic 93.89 

Femic 6.12 

A1203/Si02 0.21 

D . I .  86.18 

24.91 

1.96 

33.93 

27.33 

5.95 

4.75 

1.49 

3.26 

0.76 

0.42 

100.01 

94.08 

5.93 

0.22 

86.17 

23.40 

1.08 

31.61 

29.73 

7.94 

5.21 

1.80 

3.40 

0.70 

0.35 

100.01 

93.75 

6.26 

0.22 

84.73 

24.36 

1.38 

32.59 

28.98 

7.11 

4.71 

0.57 

0.31 

100.01 

94.43 

5.58 

0.22 

85.94 

1.49 

3.22 
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Table B4 (continued). 

~ ~~ 

S6111 S674 S6100 S658 

9 

C 

Or 

Ab 

An 

HY 

Hyen 

Hyfs 

I1 

AP 

TOTAL 

Salic 

Pemic 

A1203/Si02 

D . I .  

24.52 

1.54 

32.40 

29.00 

6.81 

4.85 

1.51 

3 . 3 4  

0.60 

0.28 

100.01 

94.27 

5.74 

0.22 

85.92 

23.94 

1.38 

31.68 

30.61 

7.18 

4.49 

1.53 

2.96 

0.51 

0.21 

100.00 

94.79 

5.21 

0.22 

86.23 

25.06 

1.46 

31.15 

28.87 

7.80 

4.66 

1.45 

3.20 

0.64 

0.37 

100.01 

94.34 

5.67 

0.22 

85.08 

26.21 

1.00 

32.59 

28.60 

6.17 

4.85 

1.63 

3.22 

0.64 

0.28 

100.01 

94.23 

5.78 

0.20 

87.05 
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Table B4 (continued). 

S671 S6101 

Q 27.12 

C 1.87 

Or 30.19 

Ab 30.71 

An 5.29 

HY 4.19 

Hyen 1.38 

Hyf s 2.81 

I1 0.43 

AP 0.21 

TOTAL 100.00 

Salic 95.17 

Femic 4.83 

A1203 /S io2 0.21 

D.I. 88.02 

27.23 

1.10 

31.05 

31.06 

6.19 

3.01 

0.91 

2.10 

0.22 

0.14 

100.00 

96.63 

3.37 

0.21 

89.34 
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C. Geophysics (South Carolina) 

John K. Costain 

The geophysical data base will be primarily comprised of temperatures 

and geothermal gradients in existing holes and in some holes which we 

drilled ourselves, heat generation in rocks, and heat flow. In addition, 

we have obtained existing partial aeromagnetic and gravity coverage 

of those areas of interest to us. 

Geothermal gradients in existing holes in Coastal Plain sediments 

are described in a following section (Section D) in a discussion of  the 

insulating properties of Coastal Plain Sediments. 

Pertinent magnetic data, gravity data, geothermal gradients in 

plutonic rocks, heat production in plutonic rocks, and other geophysical 

data for the Piedmont are discussed herein in Section C. 

Magnetic data. Figure C-1 shows the available aeromagnetic 

coverage over the Liberty Hill-Kershaw pluton. 

pluton is well defined by a circular positive magnetic anomaly (marked 

The areal extent of the 

I 1  I t  H ) associated with the contact aureole. Flanking the magnetic high 

on either side are belts of less-pronounced lows (marked "L"). The 

positive anomaly associated with the contact aureole is not located over 

the pluton or over the contact zone but is offset about 4000-5000 feet 

from the contact zone as mapped in the field. 

. Preliminary interpretations of the aeromagnetic data have been 

made by Dr. E. S. Robinson of our Department of Geological Sciences. 

Dr. Robinson has investigated several two-dimensional models and computed 

magnetic anomalies along the profiles shown in Figure C-1 . Field 

a2 
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Figure C-1. Available aeromagnetic data over the L i b e r t y  Hill-Kershaw 
plu ton ,  S. C. 
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observations by Dr. J .  Alexander Speer over this pluton indicate that 

profile B-B' would probably be unsatisfactory for analysis since in this 

location the pluton is cut by northwest-trending diabase dikes of 

Triassic age. 

of the northwest grain in the magnetic field. The magnetic Cield along 

profile A-A' appears to be relatively undisturbed by magnetic effects 

other than those caused primarily by the geometry of the pluton. 

These dikes are strongly magnetic and account for much 

The purpose of the preliminary model studies was to confirm the 

apparent attitude of the discordant contact of the pluton with the 

country rock. Gravity studies by B e l l  and Popenoe (written communication) 

and geologic mapping have concluded that the pluton has a steep-sided 

inward-dipping shape. An inward-dipping contact is consistent with the 

model fields obtained by Dr. Robinson along profile A-A'. 

dimensional model assumes a magnetic aureole with an outcrop width of 

2000 feet dipping inward toward the center of the pluton at an angle of 

30 degrees. A non-magnetic zone in country rock parallel to the aureole 

and with an outcrop width of 3000 feet was assumed to lie between the 

magnetic aureole and the discordant contact of the country rock with 

the pluton. The non-magnetic zone was incorporated into the model in 

an attempt to reconcile the non-coincidence of the magnetic high 

associated with the contact aureole with the contact zone as mapped in 

the field. 

His two- 

According to J. A. Speer, the magnetic low at the location marked 

"X" on Figure 

xenolith of non-magnetic country rock. 

outcrop area have been observed in the interior of the pluton. 

C-1 coincides with a poorly-exposed but apparently large 

Other xenoliths of smaller 

Further 
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observations of possible coincidence of magnetic lows with xenoliths 

will be attempted. The observed local magnetic lows inward from the 

large positive magnetic anomaly associated with the contact aureole may 

thus be due in part to the presence of large xenoliths of country rock 

which are non-magnetic. 

Surface exposures are generally poor in the area, but the apparent 

correlation of a magnetic low with a xenolith is an interesting one. 

The magnetic data might provide an indication of future drill sites 

that should be avoided. 

Preliminary negotiations with the U. S. Geological Survey are 

underway to complete the aeromagnetic coverage of the Liberty Hill- 

Kershaw pluton, with funds provided by ERDA and partial support by 

the U . S . G . S .  

Gravity data. The Simple Bouguer gravity map of South Carolina 

by Long, Talwani, and Bridges (1975) is shown in Figure C-2. Several 

large gravity lows are associated with granitic-intrusive rocks in the 

Piedmont; other gravity lows to the east and southeast of the Piedmont 

may also be associated with granitic-intrusive rocks buried beneath 

Coastal Plain sediments. 

We have logged three existing holes in Georgetown County, S. C. 

(Fig. D- 4 1 ,  in the vicinity of the Georgetown gravity low. 

Figures D- 4 and D- 5, it is apparent that higher temperatures appear 

to be reached at shallower depths in the Georgetown wells, in comparison 

with the Clubhouse Crossroads Core Hole No. 1 (CCCH-1) northwest of 

Charleston, S .  C. This might be a consequence of buried radiogenic 

Comparing 

granitic plutonic rocks beneath Coastal Plain sediments in the Georgetown 
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area, or higher gradients due to lower thermal conductivity of Coastal 

Plain sediments in the Georgetown area. 
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Heat production and heat flow. A s  part of a planned intercalibration 

between several gamma-ray spectroscopy laboratories in the United States, 

20 samples from the Liberty Hill-Kershaw and Winnsboro plutons, S. C. 

were sent to laboratories of the U. S. Geological Survey and the 

University of Wyoming. Their results of uranium, thorium, and potassium 

determinations for these samples are given in Tables C-1 and C-2 along with 

computed values of heat generation. Final calibrations to the gamma-ray 

instrumentation in our own laboratory are still in progress. 

Maximum values of heat generation given in Tables C-1 and C-2 for surface 

3 samples are about 12-13 HGU (1 HGU = 10-13cal/cm -see). 

tually have a reliable heat flow-heat generation determination from our 

drill hole KER-3 in the Liberty Hill-Kershaw pluton. Values of 13 HGU 

predict a heat flow of 1.8 HF'U based on an assumed linear relationship 

between heat flow and heat production (see Report VPI&S&-5103-1, Table 

2 ,  p .  9 ) .  

those already reported for post-metamorphic plutonic rocks in Virginia 

(Reiter and Costain, 1973). For plutonic rocks buried beneath sedimen- 

tary insulators this heat flow would result in relatively high geothermal 

gradients of about 4OoC/Km (Table 2 ,  Progress Report VPIbSU-5103-1) in 

rocks of relatively low thermal conductivity of 4.5 TCU (1 TCU = 10 

cal/cm-sec-'C). 

are already known to be appropriate for Coastal Plain sediments in 

We will even- 

These values of heat flow and heat production are close to 

-3 

Average thermal conductivity values of about 4.5 TCU 

South Carolina (see following Section D on the insulating properties 

of Coastal Plain sediments). 

The heat generation determinations available to date are thus 

somewhat optimistic since (1) they predict relatively high temperatures 
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Table c-1 . Heat generation from surface samples of 
Kershaw-Liberty Hill pluton, S. C. 

Uranium, Thorium , Potassium, Heat generation, 
Sample PPm PPm Th/U % HGU 

S669 

S689 

S656 

S686 

S665 

S654 

S6110 

S6111 

S671 

S699 

1.5 

1.7 

1.8 

1.6 

2.4 

3.0 

2.4 

4.7 

6.2 

2.6 

14.6 

15.0 

10.8 

24.4 

18.9 

14.5 

16.3 

34.0 

29.2 

23 .O 

9 . 7  

8.8 

6.0 

15.3 

7.9 

4.8 

6.8 

7.2 

4.7 

8.9 

4.4 

4.2 

4.3 

4.5 

4.8 

4.5 

4.5 

4.2 

4.3 

4.6 

5.2 

5.4 

4.6 

7 . 3  

6.8 

6.3 

6.2 

11.4 

11.5 

7.7 

S6101 8.0 26.5 3.3 3.9 12.2 
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Table c-2 . Heat generation from surface samples 
of Winnsboro pluton, S. C .  

Uranium, Thorium, Potassium, Heat generation, 
Sample PPm PPm Th/U % HGU 

S7618 

S7623 

S7634 

F2 2 

F19 

F10 

S7610 

F7614 

S7643 

4.0 

2.0 

3.8 

4.4 

4.0 

3.8 

6.6 

1.7 

2 .o 

15.5 

17.2 

41.0 

35.0 

39.2 

36.4 

34.6 

16.7 

17.2 

3.9 

8.6 

10.8 

8.0 

9.8 

9.6 

5.2 

9.8 

8.6 

3.0 

4.3 

4.4 

4.2 

4.5 

4.7 

4.3 

4.1 

4.3 

6 . 1  

12.2 

11.4 

12.0 

11.3 

12.9 

5.7 

6.1 
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at relatively shallow depths in Coastal Plain sediments where they overlie 

buried hlutonic rocks , and (2) the determinations of heat generation that 

are available to date are all from surface samples, and the concentration 

of radioelements may be affected by weathering. 

Table C-3 lists values of least-squares gradients for holes KER-1 and 

KER-2 in the Liberty Hill-Kershaw pluton, and a preliminary value for KZR-3. 

Figure C-3 

The deeper hole KER-3 has not yet recovered from the thermal effects of 

drilling; this hole will be logged several more times, and an equilibrium 

temperature profile and gradient will be given in a subsequent report. 

shows temperature profiles and gradients for KER-1 and KER-2. 

The important conclusion to be reached from the gradients determined 

from KER-1 and KER-2 is that shallow holes (~125 m) in this pluton do 

not give reliable thermal gradients. 

gradient in KER-3 is closer to a reliable equilibrium value. 

drilled into a pavement surface and the effects of the resulting local 

difference in the boundary condition at the surface are clearly propagated 

downward to depths of at least 125 m. 

perturbations of gradients in shallow holes. 

The considerably higher preliminary 

KER-2 was 

We will attempt to correct for 

Gravity and magnetic potential field data are often useful in the 

interpretation of the shape and depth extent of plutonic rocks. 

reasonable assumed distributions of radiogenic elements in models of 

plutonic rocks should give values of temperature, geothermal gradients, 

heat flow, and heat generation which are in agreement with observed 

values. 

Similarly, 

We have designed a thermal model based on arbitrary distributions 

of heat-producing radiogenic elements, and flexible enough to describe a 

complex three-dimensional geologic environment. The numerical model is 

bas'ed on the concept of a point source which continually radiates heat. 
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Table C-3. Least-squares gradients in holes  drilled by VPI&SU in the  

Liberty Hill-Kershaw pluton, S. C. 

Least-squares Zero-depth 
0 

Number of 
Well Interval, m points Gradient, C/km Temperature, C 

17.31 KER- 1 81.69-124.19 18 9.15 

KER- 2 99.22-121.72 10 9.38 17.60 

KER- 3 94.50-112.0 8 15.49 16.14 

KER-3 289.50-317.0 12 14.49 16.32 

KER-3 329.50-374.5 19 15.35 16.08 
- 



TEMPERATURE, O C  

TEMPERATURE, 'C 

Figure C - 3 .  Temperature and gradient p r o f i l e s  i n  the Liberty  H i l l -  
Kershaw pluton, S . C .  
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The temperature, I-, at a distance r from a continuous point source 

of strength q is given by (Carslaw and Jaeger, 1959, p. 261): 

r v = 4 erfc - 
4iz 4IIkr 

where k is thermal diffusivity, and t is the time since intrcdiiction of 

the heat source. The complementary error function, erfc x, is defined 

as 1 - erf x where 

4 2 
dz . 2 I erf x = - 

A s  t goes to infinity, the temperature, v, at a distance 2- reduces to 

The strength, q, is the temperature to which the amount of heat 

liberated would raise unit volume of the substance (Carslaw and Jaeger, 

1959, p. 256). If the rate of heat generation, A ' ,  at the point source 

is known or assumed, then 

and 

r erfc - A' 
(4nkr) (PC) 

v =  

or 

as t goes to infinity. 
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3 The heat generation, A ' ,  in calories/cm -sec, is given by measure- 

ments of heat generation in rocks (Table C-1, C-2, this report), p 

is density, and c is specific heat. 

Any arbitrary three-dimensional distribution of heat-generating 

elements can thus be modeled by numerical integration of point-source 

distributions, and values of heat flow and generation can be computed. 

A computer program has been written during this report period to 

model plutonic igneous rocks with arbitrary geometry and distributions 

of uranium, thorium, and potassium. The method of images (Carslaw and 

Jaeger, 1959, p .  273) has been used to maintain the boundary condition of 

O°C at the (plane) surface of the earth. 

The geometry of the distributions used to model heat flow and heat 

generation must be compatible with geometries used to model gravity and 

magnetic data. The computer program has been designed to accept input 

data much of which is identical to that used in our programs to model 

gravity and magnetic data. When sufficient analyses of heat generation 

in rocks and determinations of heat flow in plutons become available, the 

program will be used to aid in the selection of optimum drilling sites 

and in the interpreration of data. 



D. I n s u l a t i n g  P r o p e r t i e s  of Coas t a l  P l a i n  Sediments 

(South Carol ina and North Carol ina)  

J .  K .  Costain 

An optimum s i te  f o r  geothermal development i n  the  t e c t o n i c a l l y  s t a b l e  

eastern United S t a t e s  w i l l  probably be a s s o c i a t e d  wi th  c r u s t a l  igneous 

rocks con ta in ing  r e l a t i v e l y  high concen t r a t ions  of radiogenic  heat-  

producing elements bu r i ed  beneath an i n s u l a t i n g  b l anke t  of sediments 

of l o w  thermal conduc t iv i ty .  Preceeding s e c t i o n s  have d i scussed  t h e  

geology, geochemistry, and geophysics of exposed c r y s t a l l i n e  rocks i n  

t h e  Piedmont of South Carol ina.  Evaluat ion of t h e s e  p l u t o n i c  rocks w i l l  

a i d  us  i n  p r o j e c t i o n s  beneath Coastal  P l a i n  sediments and i n  t h e  i n t e r -  

p r e t a t i o n  of g r a v i t y ,  magnetic’, and seismic d a t a  f o r  t he  A t l an t i c  Coas t a l  

P l a i n .  T h i s  s e c t i o n  d i s c u s s e s  t h e  thermal p r o p e r t i e s  of sedimentary 

i n s u l a t o r s .  

Locat ions of ho les  logged by u s  i n  sediments of t h e  Coas t a l  P l a i n  

during t h e  p re sen t  r e p o r t  pe r iod  (May 1 - October 31, 1976) are shown 

i n  F igu res  D-1 and D-2 .  

t h e s e  h o l e s  as w e l l  as t o  t h o s e  desc r ibed  i n  Progress  Report VPICSU-5103-1 

Table D-1  lists p e r t i n e n t  d a t a  p e r t a i n i n g  t o  

f o r  t h e  r e p o r t  pe r iod  May-June, 1976. 

p e r a t u r e s  and g r a d i e n t s  only for t hose  h o l e s  logged i n  Coas t a l  P l a i n  

sediments d u r i n g t h e  period J u l y  1 - October 31, 1976. The 

method of temperature  measurement i s  desc r ibed  i n  Progress  Report 

F igu res  D-3 through D-8 show t e m -  

WI&SU-5103-1. The h o l e s  were logged by M r .  C. S .  Rohrer, Research 

S p e c i a l i s t .  

On Figures  D-3 through D-8 , s o l i d  c i rc les  correspond t o  s t a b l e  

water temperatures and open c i r c l e s  i n d i c a t e  s l i g h t l y  u n s t a b l e  temperature 
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Aver age Average 
Bottomhole Well depth, s u r f  ace gradient , 

Well No. Latitude Longitude State temp., "C meters temp. , "C " C !Km 

CCCH-1 32" 5 3 15 I' 80" 2 1 2 5" sc 38.7 752 18.2 27.3 
--- -- 

JAS-103 
l3Al.Y-18 
HAM-50 
HAM-68 
HAM-69 
BFT-59 
BFT-4 50 
BFT-786 
BFT-787 
COL- 5 2 
COL-53 
COL-6 3 
COL-92 
COL-96 
COL-97 
CHN-136 
HO-1 
HO-35 
HO-290 
HO-308 
HO-319 
H0-337 
H0-346 
HO-321 

32O22 '05" 
32'51 '03" 
32"40'40" 
32'47 44" 
3 2 " 44 ' 38" 
32" 31' 36" 
32"40'21" 
3 2 " 15 14" 
3 2 " 15 ' 14" 
3 3" 00 ' 02" 
3 2 " 59 ' 40" 
32'28' 45" 
32 " 39 42" 
3 2 " 4 4 11" 
33 " 02 ' 56" 
32" 49 '35" 
33 " 50 ' 5 5" 
33"41'57" 
33 " 39 55 'I 
33" 4 5 05" 
33 " 42 ' 45" 
33'52' 33" 
33'50'55" 
33"44' 32" 

GEO-43 (77) 33"23'25" 
GEO-81 33'22'53" 
GEO-89 3 3 " 2 1 50" 
BRK-59 33" 24 ' 55" 
SU-69 33 " 56 ' 02" 
RIC-310 34 " 05 ' 3 5" 
MLB-112 34 * 37 ' 15 " 
KER-1 34" 31 '12" 

80"55'01" 
81"04'51" 
81 " 11 I 10" 
80'57 ' 11" 
80" 55 ' 53" 
80" 40' 29" 
80'46' 26" 
80O42'15'' 
80"42 '15" 
80" 27 20" 
80 " 2 7 ' 4 0" 
80O20' 02" 
80"39'24" 
80"27'09" 
80" 35 ' 45" 
79'57 '15" 
7 9 " 03 ' 39" 
78"53'35" 
78" 55 '45" 
78O58' 04" 
79"01'39" 
78" 39 ' 06" 
78"42' 23" 
78"50' 54" 
79'17'36" 
79"13'30" 
7 9 " 10 05" 
79"55'50" 
8 0" 20 48" 
81"02 I 15" 
79" 41 15 'I 
80"47'31" 

sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 

20.6 
24.3 
24.3 
24.5 
23.7 
25.5 
23.6 
23.0 
21.1 
21.2 
21.8 
25.4 
23.4 
24.2 
21.4 
23.1 
20.8 
19.2 
21.3 
20.9 
22.6 
19.0 
21.0 
19.0 
24.0 
23.7 
24.6 
22.2 
20.0 
20.2 
18.2 
18.5 

72 
204 
204 
229 
192 
228 
180 
157 
69 
102 
128 
173 
173 
166 
116 
123 
134 
138 
125 
109 
172 
102 
102 
114 
214 
153 
189 
179 
64 
24 G 
82 
12.5 

18.7 
18.2 
18.2 
18.3 
18.3 
18.7 
18.4 
19.0" 
19.0" 
18.1 
18.1 
19.2* 
18.4 
18.4 
18.0 
18.9 
17.7 
18.0 
18.0 
17.8 
17.8 
17.8 

17.7 
18.2 
18.3 
18.3 
17.8 
17.7 
17.5 
17.0 
16.3 

17.8 

26.4 
29.9 
29.9 
27.0 
28.1 
29.8 
28.9 
25.5 
30.4 
30.4 
28.9 
35.8 
28.9 
34.9 
29.3 
34.1 
23.1 
8.7 
26.4 
28.4 
27.9 
11.8 
31.4 
11.4 
27.1 
35.3 
33.3  
24.b 
36.0 
11.0 
14.6 
17.6 

*These are only approximations b e c a u s e  there was no contour above  19.0" f o r  interpolation. 

Table D-1. Data pertaining to holes logged in South Carolina d u r i n g  May 1 - October 31, 1976. 



Average Average 
Bottomhole Well dep th ,  surface g r a d i e n t ,  

Well No. La t i t ude  Longitude State  temp., 'C meters temp., 'C 'C/Km 

YK-147 
SP-297 
SP-297A 
P 5R 
P6R 
P 7R 
P 8R 
P 9R 
DRB-lp 
DRB- 2 
DRB- 6 
DRB- 7 
DRB-8 

AA-39 -v2 
EE-36 -K5 
GG-34 -S4 
HH-39-J3 
Y-4 2 4 9  
Y-44-06 
z-47-Ml 
BB-45 -M4 
J - l b V 5  
0-10-w2 
P -2 1 -K5 
S-18-U4 
C -1 2 -R5 
C-15-S4 
C-26-47 
G-9-C4 
G-19 -B 4 
H-15 -I 2 

35 ' 01 50" 
34' 59 30" 

33'08' 50" 
3 3 ' 1 6  ' 40" 
33'17'00" 
33'19' 35" 
33' 19'  10" 
33'17'50" 
3 3 ' 1 6  4 3" 
33'17' 15" 
33'17'05" 
3 3' 1 6  ' 5 1" 

34'25 '05" 
34'07 ' 27" 
33 ' 56 ' 22 I' 
33' 53 35" 
34 ' 38 35 
34'37 '13" 
34' 32 '08'' 
34'22'25" 
35 ' 50 47" 
35' 25' 22" 
35 ' 22 ' 53" 
35 ' 05 ' 08 
36O25'50" 
36'26 '51" 
36'26'44" 
36" 09 04" 
36'09 f54" 
36 ' 03 4 8" 

81' 01 '25" 
81'59 '10" 

81' 36 '30" 
81'44'12" 
81O35'54" 
81'44' 36" 
81' 43 51" 
81'40' 24" 
81'39'27" 
81'39'09" 
81' 3 9 ' 00" 
81'38'54" 

78 ' 36 ' 05" 
78 ' 20 ' 19" 
78 ' 11 ' 53 I' 
78' 35 ' 20" 
78'54'50" 
7 9 ' 04 4 2" 
79'17 '37" 
79'07'38" 
76' 16  '09" 
7 6 ' 12 ' 2 6" 
7 7 ' 05 19" 
76 ' 50 ' 08" 
76 ' 2 2 ' 25" 
76'36 '07" 
7 7 ' 33 ' 5 2" 
76'07'55" 
76'56'16" 
76 ' 36 40" 

sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 
sc 

NC 
NC 
NC 
NC 
NC 
NC 
NC 
NC 
NC 
NC 
NC 
NC 
NC 
NC 
NC 
NC 
NC 
NC 

19.2 
16.8 
16.8 
26.0 
23.5 
23.5 
23.5 
20.4 
27 .3  
27 .3  
27.5 
27.7 
27.4 

21.3 
22.9 
21.6 
23.5 
21.1 
20.0 
19.7 
22.0 
27.0 
23.1 
22.3 
23.5 
25.6 
22.3 
17.3 
21.4 
21.8 
18.2 

2 11 
131 
109 
389 
314 
349 
309 
223 
574 
584 
469 
589 
596 

150 
200 
100 
196 
140 
140 
160 
165 
395 
260 
260 
235 
400 
2 70 
150 
180 
315 

75 

16.2 
16.0 
16.0 
17.7 
1 7 . 7  
1 7 . 7  
17.7 
1 7 . 7  
1 7 . 7  
1 7 . 7  
1 7 . 7  
1 7 . 7  
17.7 

17 .5  
17.2 
17.7 
17.7 
16.6 
16.6 
16.7 
16.9 
16.3 
16.6 
16.5 
17.2 
15.8 
15.7 
15.4 
1 6 . 1  
16 .0  
1 6 . 1  

14.2 
6 .1  
7.3 

21 .2  
18.6 
16.7 
2 1 . 2  
12.0 
16.7 
16 .5  
17.2 
17.0 
16.2 

25.3 
28.5 
39.0 
29.6 
32.1 
24.3 
18 .8  
30.9 
27.1 
25.0 
22.3 
26.8 
24.5 
24.4 
1 2 . 7  
29.4 
18.4 
28.0 

Table  D-1. (Continued).  
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measurements, often as a result of normal convection cells in large- 

diameter wells. 

We have found that reliable average geothermal gradients in Coastal 

Plain sediments can often be obtained by subtracting the mean annual 

surface air temperature from the bottom-hole temperature, and dividing 

by the depth of the hole. 

holes, including those whose gradients have obviously been disturbed by 

ground-water circulation in the hole as a result of the establishment of 

communication between aquifers by the drill holes (VPI&SU-5103-1). For 

the present report we have attempted to obtain more accurate mean annual 

surface air temperatures, and have prepared Figures D- 9 and D-10 from data 

recently tabulated by the U. S. Department of Commerce for South Carolina 

and North Carolina (U. S .  Dept. of Commerce, 1973). The results of 

average gradients determined using bottom-hole temperatures and mean 

annual air temperatures are given in Table D-1.  

for wells in thicker accumulations of Coastal Plain sediments is about 28' C/h. 

This appears to be a valid procedure for most 

The average gradient 

One particularly useful group of holes made available to us was 

located at the Savannah River Plant on the Atlantic Coastal Plain about 

30 km southeast of the Fall line (Fig. D-1). 

in these holes are plotted to the same scale in Figure D-8. 

wells penetrate metamorphic basement rocks. 

of wells, the temperature data clearly define the top of crystalline 

basement rock at a depth of about 275 m where there is a well-defined 

inflection in the temperature profile. Where the wells penetrate the 

overlying sediments they are cemented to prevent circulation between 

confined aquifers. The gradients within the sediments are therefore 

considered to be reliable and representative of Coastal Plain sediments. 

Temperatures and gradients 

Many of the 

For each of the DRB series 
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Previous heat flow determinations in several of these holes by 

Diment -- et al. (1965) gave heat flow values of about 1.0 HFU (1 HFU = 

1 heat flow unit = 10 

Plain sediments in this location are therefore about 6-7 TCU (1 TCU = 

-6 cal/cm2-sec). Thermal conductivities of Coastal 

1 thermal conductivity unit = cal/cm-sec-"C). These values are 

consistent with the predominantly quartzose sedimentary section. To 

the east and south, thicker accumulations of clay and silt cause a 

decrease in the average value of thermal conductivity and thereby an 

increase in the insulating potential of these sedimentary blankets. 

Large and rapid changes in the geothermal gradients can be seen in 

These can be Figure D- 8 ,  particularly within the overlying sediments. 

readily explained by large differences in,the thermal conductivity between 

sand and clay. 

metamorphic rocks cannot be explained on the basis of lithologic changes. 

A more probable explanation for these gradient anomalies is that water 

is present in extensive fracture and microfracture zones penetrated by 

the wells. Because of the low thermal conductivity of water (1.4 TCU) 

the average thermal conductivity in a water-saturated fractured zone 

will be considerably less than that of the unfractured metamorphic rock 

itself which is about 6-7 TCU (Diment et al., 1965, p. 5639) .  For a 

heat flow of 1 HFLJ through water having a thermal conductivity of 1.4 

TCU, the gradient would be 67OC/Km. The observed excursions of the 

gradient in basement rock are nowhere near this value, but are just 

The prominent spikes in the gradient within the basement 
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under 3OoC/Km for most of the holes, with the exception of DRB-lp where 

the gradient anomalies are about 4OoC/Km (Fig. D-8). 

the gradient correspond to thermal conductivity values between about 

2.5 TCU and 3.5 TCU, and might be consistent with values for crystalline 

rock with wel.1-developed fractures and microfractures. The inplication 

is, therefore, that since the gradient anomalies are larger, DRB-lp 

penetrates a more extensive fracture zone than any of the other wells. 

Marine (1966, 1967a, 1967b, 1975) has inferred properties about these 

fracture zones from swabbing and pump tests and has described the water- 

transmitting properties of the fractured crystalline rock in these zones. 

Our temperature data for DRB-7 (Fig. D-8) are consistent with his con- 

clusion that this well did not penetrate rocks which are extensively 

fractured (Marine, 1966, p. D225). Injection and swabbing tests in DRB-7 

resulted in extremely low rates of flow (Marine, 1967a,Table 1). In well 

DRB-6 below a depth of 536 m relatively high rates of flow were obtained 

during injection and swabbing tests (Marine, 1967a,Table 1). Our temper- 

ature data suggest that DRB-6 is quite fractured both above and below 

this depth as evidenced by excursions in the gradient throughout the 

extent of the hole in the metamorphic basement rock. Evidence for 

Marine's "shallow fracture zone" (Marine, 1966, Fig. 4) can be found 

on our temperature log of DRB-2 (Fig. D-8). 

data appear to confirm the presence of a (sub-horizontal) fracture zone 

that apparently is found by Marine in all other wells except DRB-2. 

data suggest that the zone is also present beneath DRB-2. 

Our standard depth interval for temperature measurements is 2.5 m. 

These values of 

In this case the temperature 

Our 

A better evaluation of the degree of fracturing might be obtained by 

using a smaller depth increment. It might then be possible to correlate 
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f r a c t u r e  zones from w e l l  t o  w e l l .  For example, even wi th  a r e l a t i v e l y  

l a r g e  depth i n t e r v a l  of 2 . 5  m t h e r e  appears t o  be a similar d e f l e c t i o n  

of t h e  g r a d i e n t  curve a t  a depth of about 450 m i n  a l l  w e l l s  t h a t  

p e n e t r a t e  basement rock,  implying a cont inuous,  e s s e n t i a l l y  h o r i z o n t a l  

f r a c t u r e  zone beneath t h e s e  w e l l s .  A t  t h i s  depth i n  DRJ3-2,injection 

and swabbing tests (Marine, 1967a,p. B205, Table 1 )  i n d i c a t e  a rate of 

flow t h a t  is  over 100 t i m e s  g r e a t e r  than rates above and below t h i s  

depth . 
While d e t a i l s  of f r a c t u r e  zones beneath t h e  Savannah River P l a n t  

are no t  d i r e c t l y  r e l a t e d  t o  t h e  o b j e c t i v e s  of our own program, any new 

method of d e t e c t i n g  zones of f r a c t u r e  pe rmeab i l i t y  i n  c r y s t a l l i n e  rock 

i s  of p o t e n t i a l  importance f o r  geothermal a p p l i c a t i o n s .  P r e c i s i o n  

temperature measurements may be of some va lue  i n  e v a l u a t i n g  f r a c t u r e  

pe rmeab i l i t y .  

One of t h e  o b j e c t i v e s  of our  o v e r a l l  program i s  t o  determine t h e  

thermal conduc t iv i ty  of sedimentary i n s u l a t o r s .  

f o r  accomplishing t h i s  o b j e c t i v e  has  a r i s e n  i n  South Caro l ina ,  where t h e  

U. S. Geological Survey is now d r i l l i n g  through Coas t a l  P l a i n  sediments 

t o  basement n e a r  Charleston,  S. C. The ho le  i s  l o c a t e d  about one m i l e  

w e s t  of t h e  U . S . G . S .  Clubhouse Crossroads Core Hole No. 1 (CCCH-1) shown 

on Figure D-1 ,  and i s  des igna ted  CCCH-2. A t  t h e  p r e s e n t  t i m e ,  CCCH-2 

has  pene t r a t ed  about 400 f e e t  of b a s a l t  a t  a depth of about 3000 f e e t .  

P re sen t  i n t e r p r e t a t i o n s  cons ide r  t h e  b a s a l t  t o  be a flow w i t h i n  Coas t a l  

P l a i n  sediments;  t h e  U . S . G . S .  hopes t o  p e n e t r a t e  t h e  b a s a l t  and eventu- 

a l l y  d r i l l  i n t o  basement rocks.  We should ob ta in  an e x c e l l e n t  hea t  

flow determinat ion i n  t h e  b a s a l t  i n t e r v a l .  Since t h e  hea t  flow must 

An unusual oppor tun i ty  
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be constant anywhere in the hole, and in particular within the overlying 

relatively unconsolidated sediments of the Coastal Plain, then we should 

recover accurate estimates of the thermal conductivity of the sediments 

once we have determined a gradient log within the sediments. In order 

to ensure an accurate conduction gradient log in the sediments, funds 

have been approved by ERDA to cement CCCH-2 to prevent circulation 

between the confined aquifers within the Coastal Plain sediments. 

At a logging interval of 2.5 my the noise level in our logging 

instrumentation is less than 3'C/Km (Report VPI&SU-5103-1) . Hole 

CCCH-1 near Charleston, S. C. was logged on two separate occasions to 

check the repeatability of the system, and to verify the large variations 

in the geothermal gradient that are commonly observed in Coastal Plain 

sediments. Figure D-5 shows the close correspondence between the two 

logs. 
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E. Warm Springs Project (Virginia) 

John K. Costain 

ERDA Contract No. E-(40-1)-4920 provided funds for a geological and 

geophysical study of the origin of warm springs occurring in the Warm 

Springs anticline in northwestern Virginia during the period June 1, 1975 

- April 30, 1976 (Costain, 1976 ; Costain, Keller, and Sears, 1976 ) .  

Further aspects of this work are being continued under ERDA Contract 

No. E-(40-11-5103. Our earlier work suggested structural control of 

the occurrence of warm springs and water gaps in northwestern Virginia. 

Preliminary structural mapping by Dr. Peter A .  Geiser of the University 

of Connecticut supports structural control of the springs and further- 

more indicates the existence of kink bands in the folded sedimentary 

rocks in the Warm Springs anticline. Additional investigations by 

Dr. Geiser during the corning year will attempt to determine the relation- 

ship of the stress field that caused the kink bands to the fracture zones 

believed to control the occurrence of warm springs, and to the water 

gaps and observed offset of topographic ridges. His preliminary in- 

terpretation suggests faulting in crystalline basement rocks as the 

origin of strain in the overlying sediments. 

We have observed what we believe is a significant correlation 

between the offset of topographic ridges and the occurrence of cold 

springs elsewhere in Virginia at considerable distances from the Warm 

Springs anticline. The observed relationship is similar to that found 

in northwestern Virginia. This implies that vertical zones of enhanced 

permeability might also exist elsewhere in the southeastern United States 

114 
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and that their locations might be predicted from surface studies. 

the origin of the stress field that resulted in vertical fracture zones 

is due to faulting in basement crystalline rocks, then the absence of 

surface manifestations of hot springs elsewhere in Virginia, and pos- 

s i b l y  in folded sedimentary rocks in North and South Caroliaa as well, 

might be due to simple upward attenuation of strain, and hence vertical 

permeability, within an overlying thick sequence of sedimentary rocks. 

Further studies of a regional nature are planned in order t o  establish 

the degree of correlation between topographic offsets, springs, and 

kink bands. 

If 

The results of structural mapping by Dr. Geiser in the Warm Springs 

anticline during the period May 1 - October 31 are found on the following 
pages. 
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STRUCTURAL SETTING 

A t  the la t i tude  of t h i s  study, the Harm Springs an t ic l ine  comprises 

the  first major u p l i f t  of the folded Appalachians, east  of the  Alleghaney 

front. The 030 trend of the structure pa ra l l e l s  tha t  of the  cent ra l  

Appalachians of which it is  considered a part  (Rodgers 1970, p. 39). 

W a r m  Springs ant ic l ine  has an unusual s t ruc tura l  position as it l ies  at 

the boundary of one of the major s t ruc tura l  t r ans i t i ons  in the folded 

Appalachians termed i n  t h i s  report ,  the Roanoke recess. 

marked by an abrupt change i n  both the s t ruc tura l  trend and s ty l e  of the 

Appalachian fo ld  belt .  

The 

This region i s  

Immediately t o  the south of the study area the dominant 030 trend of 

the central  Appalachians is crossed by the 055 trend of the southern 

Appalachians i n  the  form of the Rich Patch an t ic l ine  (Butts, 1933). 

surface expression of the  s t ruc tura l  s ty le  a lso undergoes a dramatic change, 

from tha t  of the oentral  Appalachians t o  the north, which i s  dominantly 

The 

folding, t o  t ha t  of the southern Appalachians, which is  dominantly thrust-  

ing. 

Although Rodgers (1970, p. 43) suggests the fo lds  of the  southern arc 

may have formed before the cent ra l ,  the map pattern does not seem t o  agree 

with t h i s ,  ra ther  it sug&ests that the southern folds  have been superposed 

on the  central. 

believed pertainent t o  t h i s  conclusion. 

The following observations from Butts (1933) map are 

1) The curvature of 2nd order fold t races  in  the Rich Patch an t ic l ine ,  

in to  appressed crescentic shapes charac te r i s t ic  of type 2 interference 

pat terns  (see Ramsay 1967, p. 525-531) with the 030 trend as the first 

fo ld  set .  
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Tectonic Directions 

The tectonio directions (Whitten, 1966, p. 1%) uoed herein are  a 

purely geometric frame of reference based on the 1st order fold of 

bedding, (see Ramsay, 1967 , p. 354-355) 

The b tectonic direction coincides w i t h  the P i  pole t o  bedding (Figure 

la). 

the Warm Springs anticline.  

The ao plane i s  normal t o  t h i s  axis and is  the plane of best f i t  t o  

the bedding girdle. 

with b. 

The ab surface i s  the family of planes co-axial 

Prequenoy of Structure 

The term frequency i s  defined by Price (1966, p. 112) a s  "the number 

of planes of  one particular joint  set encountered i n  a l inear traverse at 

right angles t o  the joint  planes." Its usage in  t h i s  report i s  with 

reference t o  both cleavage and jointing. 

1.5' ru l e r ,  held normal t o  the set of features being measured. 

of surfaces intersect ing the ru le r  were counted and the resu l t  converted 

into surfaces/foot 

Measurements were made using a 

The number 

Cleavage Sense 

The eense of cleavage i s  the apparent direction of  rotat ion of the 

cleavage with respect t o  the normal t o  bedding. 

sense is shown in figure 2. Poles t o  cleavage and bedding are plotted on 

an equal area net with a l i ne  drawn along the great c i r c l e  connecting the 

cleavage and bedding poles. The arrow, indicating the direction from the 

cleavage t o  bedding pole, gives the sense, while the length of the l i n e  

i s  the dihedral angle between the t w o  surfaces. 

The method of determining 
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Bedding Orientation 

Area I 
Figure la. Warm Springs Anticline 

0 

0 -  Poles to bedding 
0 -  1st order fold axis 
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Bedding Orient a t ion 

Area IIr 
Figure lb. Worm Springs Anticline 

0 

0 -  1st order fold axis 
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Figure IC. Bedding Orientation 
Warm Springs Anticline 

Areas IJ,IU 

i A  

0 -  Poles to bedding 
0 -  1st order fold axis 
A- Axis of east-west 

folding F, . 
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M E T H O D  OF S E N S E  D E T E R M I N A T I O N  

Figure 2. 
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2) The abrupt termination and deflection of the 030 trending ant ic l ine,  

by the  050 ant ic l ine  south of New Castle, Virginia. 

On a larger scale, the  Roanoke recess marks the  intersection between 

the  38th Para l le l  structural lineanent and the  folded Appalachians. The 

nature of  t h i s  lineament has been described by Dennison and Johnson (1971) 

m n g  othere, as a zone i n  which both igneous and tectonic ac t iv i ty  occurred 

from the Precambrian through Eocene. 

t i nen ta l  lineamants is  poorly understood, but they are generally considered 

t o  reflect some sor t  of fundamental crustal structure (Rills, 1963, 

The or igin and significance of  con- 

P. 457464). 

METPHODS 

St rat igr aphic Boundaries 

The s t ra t igraphic  boundaries of t h i s  report  are  largely those used 

by Sears (see Costain, 1975). 

f i e l d  work were those of t he  Tuscarora quartzi te  on L i t t l e  Mountain and 

t he  extension of the  Beekmantown Dolomite north t o  Healing Springs. 

ncmenclature change has been made, the uni t  mapped by Sears as the Lincoln- 

sh i r e  format ion 

This uni t  inolades, i n  Kay8 (1956) terminology, the Lincolnshire formation, 

the  Bolarian series and the Eggleston and Moccasin formations. 

The only contacts actual ly  established during 

One 

is designated “undifferentiated Ordovician Limestones.” 

Since there  i s  neither good exposure n o r  sharp l i thologic  

contrast  between the Eggleston and the Martinsburg formations, the contact 

between the  t w o  is approximate at best. 

Juniata-Martinsburg contact which i s  also gradational. 

The same comment appl ies  t o  the 
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Structural Heasurement s 

All st ructural  messurements were made using a Brunton compass 

attached t o  a mechanical device, developed by Ceiser, which enables the 

a t t i tude  of Burfaces as small as lcm t o  be measured. The device is  

essent ia l ly  a two a i s  universal stage which permits as many as three 

directional parameters ( s t r ike  and dip of a surface, and rake o f  a l ine  

contained i n  that surface) t o  be measured by leveling the compass. 

2 

FOLDS OF BEDDING 

F i rs t  Order Fold 

It i s  d i f f i c u l t  t o  es tabl ish a regular wavelength in  t h i s  part of 

the Appalachians. Possibly this may be due t o  the s t ruc tura l  t rans i t ion  

which occurs i n  t h i s  region, which if nothing else ,  prodwes a highly 

complex map pattern. 

give-s the W a r m  Springs ant ic l ine a wavelength of about 6 miles. 

Measurements using the next structure t o  the west, 

In prof i le ,  the fold is asymmetric with a steep western limb whose 

average dip appears t o  be on the order of 50'. 

cannot be given as the t rue  dip of the uni t s  on the western limb can only 

be determined from enveloping surfaces constructed from accurately drawn 

cross sections. 

in fer  the a t t i t ude  of the 1st order structure as the ant ic l ine contains 

many higher order folds, particularly along the western margin, which can 

r e su l t  i n  deceptive readings. The reason for t h i s  can be readily seen i n  

figure 3, showing the effect of kinking, whereby measurements obtained at 

the Burface cannot be generalieed t o  any depth. 

A more aocurate figure 

Dip6 asasured i n  the f ie ld  cannot be d i rec t ly  used t o  

The general geometry of the fold as deduced from cross sections and 

general outcrop pattern, indicates a broad open fo ld ,  without the large 
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scale, abrupt limb dip changes which characterize 1st order folds  i n  

Pennsylvania and Maryland which have the geometry of large soale kinks. 

The ant ic l ine ha6 been divided into three regions. Poles t o  bedding 

from southern and central  regions (Area I) have been plotted and the data 

presented i n  figure IS. An estimate of the plane of best f i t  gives a 

ver t ica l  great c i r c l e  whose pole (the fold axis) is  Jsq. The second 

such diagram (Figure lb) from the northern end of the structure defines 
16 

a fold axis at //on. A t h i rd  fold axis deduced from the southern end o f  

the ant ic l ine (Figure I C )  i s  at & These three axes define an axial 
10 

An interest ing feature is  shown in figure la. This f i g w e  shows an 

apparently anomalous set of poles which suggest an axis  of east-west 

folding. Admittedly the data supporting t h i s  suggestion i s  not strong, 

however, the data does aquire significance i n  the Light of other structures 

which indicates similar kinematics. 

2nd Order Folds 

Second order folds  can be found only by mapping and deduction from 

cram seotion. This fold set has wavelengths on the order of 1000' with 

amplitudes on the order of 80'. In profi le  they are similar t o  tha t  of 

the 1st  order structure, with broad open forms. No further analysis of 

these folds  has been made. 

K i n k  Bands 

The weetern limb of the Warm Springs ant ic l ine contains a number of 

unusual folds  which have a kink geometry. 

most s t r ik ing  expression i n  the apparent periodic offset  of ridges along 

L i t t l e  Mountain. The o f f se t s  resu l t  from the interaction between topography 

These structures achieve t h e i r  
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and the  sudden dip reversals due t o  kinking, not t o  faulting. 

of s i m i l a r  s tructures were found on the eaatern limb of the ant ic l ine 

which forms Warm Springs Mountain. 

No evidence 

The geometry of kink folds has been described by F a i l l  (1973), the 

nomenclature used herein i s  from t h i s  paper, while the method used t o  

deduce the a t t i t ude  of the kink plane i s  also derived from t h i s  work. 

The reasoning and method used follows from the information available 

which includes: 

crossed; 2) the trace of the kink band as seen in  outcrop pattern. 

is known that both the  kink axis  and the trace of the kink band must l i e  

i n  the kink plane, locat ingthese two  l i n e s  defines the plane. The kink 

axis i s  obtained from the intersection of the bedding a t t i tudes  on e i ther  

side of  the axis. 

bedding d ip  changes are  significant and occur in  a short distance. 

t race of the kink band is obtained from the f ie ld  map (p la te  I), 

outcrop pattern of the Tuscarora quartzite was used exclusively t o  deter- 

mine the tracqasthe unit i s  eas i ly  traceable and i ts  upper and loner 

contacts are readi ly  found. The t w o  l i nes  deduced i n  this manner are 

plotted on an equal area net t o  solve the plane. 

1) the change o f  a t t i tude  i n  bedding as a kink axis is  

As it 

In practice, t h i s  i s  re la t ive ly  easy to  spot as the 

The 

The 

The s i x  kink planes found i n  t h i s  manner are shorn in figure 4. 

The planes have generally shallow dips ( 6  10'). 

the topography and the kink bands is shown i n  the reconstruction of the 

prominent offset of  the Tuscarora formation on Lit t le  Mountain west of 

Valley V i e w  (Figure 3).  

The relationship between 

Two interpretat ions are possible in t h i s  reoonstruction, both involve 

kinking about a sub-horil;ontal kink axis plus a clockwise rotat ion about 

a eecond ax i s  approximately normal t o  the kink plane (Figure 3). Moet, 



RECONSTRUCTEO KINK SURFACES 

CROSS SECTIONS 
VI E W NORTHEAST 
ATTITUDES PROJECTED ONTO PLANE OF SECTION 

Topographic Surface \ \  

S+ Tuscarora S 
Omb Martinsburg 
Oj Juniata Fm. 

0 200 400 FEET - 

E 
INTERPRETATION I 

B 

C 
Figure 3 .  Relationship between topography pographic Surface 

and kink bands. INTERPRETATION 11 
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but not a l l  the kinks are  believed t o  have the  geometry of interpretation 

11. 

is  found on the  ridge north of Chimnney Run Gap (Plate I). 

the bedding is ~ e e n  t o  gradually become more overtuned as elevation is  

gained t o  the north aut of the gap. 

kink band (labeled lmno) appears t o  have been "twisted" about the steeply 

dipping ax is  normal t o  the kink plane. The second interpretation r e su l t s  

from the same kinematics but in this case all  surfaces have remained plane. 

An example of a kink which seems t o  closely follow interpretation I 

In t h i s  case 

Thus the panel of beds lying i n  the 

Figure 5 is a photograph of a kink band in the Brai l ler  shale, west 

limb of the W a r m  Springs Anticline. 

A f i n a l  point of in te res t  i s  the relationship between the kink bands 

and water gaps. It was empirically observed tha t ,  with the exception of 

Warm Springs Gap, each gap was located in an area which had been kinked. 

Thus,in ascending e i ther  t o  the north o r  south out of a gap, a kink plane 

is  encountered. 

controlled and that the  process involved in  kinking produced an inoreased 

suscept ibi l i ty  t o  erosion. 

of massive solution - collapee breccias along U.S. Route 220 at the mouths 

of both Healing Springs and Warm Springs gaps. 

This relationship suggests that the gaps are s t ructural ly  

Some evidence for t h i s  i s  found i n  the presence 

CLEAVAGE 

Introduction 

A prominent cleavage, expressed by concentrations of  clay minerals 

and/or organic residues, i s  developed i n  a number of uni ts  in  the Warm 

Spring ant ic l ine (see Table 1). 

Ordovician Limestones have the bestAdevelopment. 

The Lurich and the undifferentiated 
cleavage 

Cleavage was found at 

every exposure of the Martinsburg formation; however, the generally poor 
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TAB= 1 

Geometric Data f o r  Solut ion Cleavage 
in the 

Warm Springs Anticline, Virginia 

-~ 

Spacing/ft - Unit SP so 
- - 

+86 - 03 
Omb +55 - 

0 lu +a3 16/ft 

3 PU +77 12 

0 lu +58 24 
9u -80 12 

ou -7 3 12 

ou +76 14 
ou +74, +8O, -70 14 
ou +78 6 

ou -80 4 

ou +74 14 
ou -7 1 18 

ou -87 22 

Oj +88 15 
ou +68 6 
ou +10 
Omb +90 - 
Omb -56 10 

ou 4 5  9 
ou +76 8 
Srh -75 - 
0 lu +73 14 

ou -78 12 

0 la +46 5/f* 

U +76 - 

OlU 439 21/ft 0 

Olu -76, -86 7/ft 0 

Olu +68, +84 11, 9 
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Table 1, continued 

ou 
Olu 
Contact Ou-omb 

Omb 

Omb 

Olu 

0 lu 
0 lu 
cknb 

ou 
ou 
Olu 

ou 
ou 
09 
ou 
ou 
Olu 

Olu 

Olu 

Olu 
ou 
Qlu 
ou 
ou 
ou 
ou 
ou 

-70 
+88, +TO?, +82 
-21, -9, -60 

-1 6 
-30 

-87 
+74, -80 

-90 

+74 
4 0  
-52 
-60 

+82 
-80 

+48 
-85 ,  -51 

-87 
-56 

-28, -78 
+78 
-78 
4 9  
-55 

+64, +18 
+84 
-26 
+81 

-64 
+62 

10 

25, 32, 41 
46 

12 
8 
12 
16 
18/ft 
40 
18 
12 

10 

12 
6 
- 

6 
7 

8, 5 
32 

4 
20/f t b 
i a  

- 
16 
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Table 1 ,  aontinued 

Mean bedding (So) - Cleavage (Sp) angle = -87' 
B = 31' 

Srh = Rose H i l l  Formation 

O j  L: Jiniata  Formation 

Omb = Martinsburg Formation 
Ou = Undifferentiated Ordovician Limestones 

Olu = Lurich Formation 
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exposure of t h i s  unit  precludes any definit ive statement on its cleavage 

development. Sporadic cleavage development i n  the more argillaceous 

l i thologies  of the Juniata and Rosehill formations was a160 found, 

olea- frequency as w e l l  as two  geometric properties of the  c l e a v w  

The 

were determined. 

between bedding and cleavage,and the cleavage "sense." 

The geometric properties found are  the dihedral angle 

These data are 

given in table 1. 

and =nee has been construoted from this data i n  t h e  table. 

between bedding and cleavage is  -87' and the mean cleavage frequency i s  

15/foot. The standard deviation of the bedding oleavage angle is large, 

which is  atypioal of this parameter as determined in other areas (Geiser 

1974a, 1976 me). 

understood. 

i n  the  mapped area were plotted on an equal area net (Figure 7). The 

poles form a p a r t i a l  g i rdle  whose pole coincides with that of the 1s t  

order anticline.  The two  maxima may simply be an artifact  of several 

effects. These effects are: 

ant ic l ine;  2) the lack of recognizable cleavage i n  the steeply dipping 

Tuscarora snd Jiniata formations; 3) the possibi l i ty  that some cleavage 

has been misidentified as jointing. 

A hidogram (Figure 6) of the bedding-cleavage angle 

The mean angle 

The significance of the large standard deviation is not 

In addition t o  the angular parameters, the poles t o  cleavage 

1) the asymnetric shape of the Warm Springs 

Cleavage of the type found i n  the Warm Springs ant ic l ine has been 

recognized at a number of  other l oca l i t i e s  i n  the Appalaohian foreland 

of Maryland, Pennsylvania and New York (Geiser, 1970; F a i l l  and Nickelsen, 

1973; Groshong, 1971; miser, 1974; Groshong, 1975) as we11 as i n  other 

mountain belts such as the Appenines (Alvarez, Engelder and Lowrie, 1976) 

and t he  Canadian Rockies (Ceiser, 1976 ms). 



8 c 
CLEAWGE BEDOfNG ANGLES 

Worm Springs Anticline 
Virginia 

t- 
W 
wl 

I I I I 1 I I I I 

150 
I I I I 1 I I I 1 

60 70 80 90 80 70 60 I 50 
( + I  ( - 1  

CLEAVAGE A BEDDING 

Figure 6 .  Histogram of  bedding-cleavage angles, Warm Spr-tngs anticline (See table  for data) .  



136 Swmory Oiagtm 
Orientofion of Solution Cleavage 

' n =  82 

0 

Contours; IoA , 3 % ,  5 %  2 7 ?4* 
Figure 7. Poles to cleavage, Warm Springs Anticline, Virginia 
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Where it has been studied the cleavage is  interpreted as a solutional 

phenomena of the early deformational history. Fini te  s t r a in  analysis by 

both Ceiser (ibid,)  and Groshong (ibid.) indicates that the cleavage 

i n i t i a l l y  forms paral le l  t o  the A ,  'Is 

shear strain.  Croshong (1975) f inds evidence tha t  the cleavage forms at 

low values of deviatoric stress (75-100 bars),  while both Wiser  (ibid.) 

and Groshong (ibid.) have independently show that  bulk etrain outside 

the cleavage zones is less than 6. 
by Geiaer of volume loss  associated with the cleavage formation indieates 

values i n  excess of l$, while Alverez, e t  . al. (1 976), report evidence 

fo r  layer para l le l  shortening of up t o  2%. 

plane of f i n i t e  s t r a in  under pure 

Finally, preliminary investigations 

The i n i t i a l  bedding-cleavage angle has been shown by the various 

workers, t o  be 90'. 

meahanisms: 

Departures from t h i s  value have been explained by two 

1) angular shear s t r a in  mcunmlated during f i n i t e  amplitude 

folding, ro ta t ing  the c l eavap  from it a i n i t i a l  re la t ione (Wiser  1970, 

1974b); 2) depth of formation of cleavage may control the i n i t i a l  a t t i t ude  

of cr, and thus the i n i t i a l  cleavage bedding angle such tha t  it i s  l e s s  

than 90' (Geiser, 1976 ms). 

Litho1op;ic Control of Cleavage 

There is an apparent correlation between cleavage development and 

lithology. The most prominent cleavage development seems t o  occur i n  

sedimentary rocks containing a high proportion of argillaceous and/or 

organic material (Fai l1  and Nickelsen, 1973). However, it is not completely 

clear  that oleavage does not develop i n  the more mature sedimentary rocks. 

Geiser (1970) hae reported it from the Keefer sandstone, while Groshong 

(1976 personal corn.) claims evidence that structures interpreted as 
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Evidence from the W a r m  Springs ant ic l ine jo in ts  

(discussed i n  the section on jointing), seems t o  lend some support t o  t h i s  

suggestion. 

i n  fa& be cleavage. 

JOINTS 

systematic jointing (Price 1966, p. 1 1 1 )  is  a pervasive E+,rtlcture 

throughout the Warm Springs ant ic l ine and was found i n  a l l  un i t s  encountered 

except the YIartinsburg where jointing is non-systematic. 

has been compiled in to  a ser ies  of contoured diagrams of poles t o  the  joint  

surfaces (Figure 8). 

in  table 2. 

The joint  data 

A suppnary of the data from these diagrams is given 

The joint  data has been referenced t o  the tectonic directions obtained 

from the bedding poles of the 1st order structure (Figure la). 

reference system was chosen 

observed between the joint  sets and the tectonic directions, (Price 

p. 113). 

as - ac jo in ts  (para l le l  t o  the 

- bc direction) and oblique jo in ts  which are at 45' t o  both the 

directions. 

diagram as well as the bedding pole diagram. 

This 

as well defined relat ions have been empirically 

1966, 

Fbllowing this observation, joint  sets are comnonly referred t o  

direction), & jo in ts  (para l le l  t o  the 

and & 
These tectonic direotions have been indicated on each joint 

The data compiled from the diagrams in  table 2, indicate that although 

there is some var iab i l i ty  from unit t o  unit ,  t h e a c  j o i n t s  are the  dominant 

set w i t h &  jo in ts  the next most  comaon. 

also found bpct apparently do not occur together i n  the same unit. The 

only joint  set which cannot be direct ly  re la ted t o  the tectonic directions 

i s  the 060-CX57 set. 

Both s e t s  of bblique jo in ts  are 
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~ igure  88.  Summary Oiogrom 
Orientation of Joints in 

Tuscororo Fm. 
n= 72 

0 

I 

180" 'OI 

Contours ; I "10, 3 "10 5 "10 
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Figure 8b. Sumrndlv oidgfom 

Orientation of Joints in 
Junhto hn. 

0 n.53 

I 
I 80° 

Contours; I % , 3 % ,  L 5 %  
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F f p = =  Bc. Summary Oiogrom 

Orientofion of Joints in 
Undif ferentioted Ordovician 

0 Limestones 

, b o  0, 

Contows; I%,  3 70, L 596 
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~ i g u = =  8d.  Summary Diagrom 

Orientation of Joints in 
8eekmontown Fm. 

0 n =  41 

Contours; I, 3 ,5, Circle Overlap 
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FfWre 8e. Summary Diagram 

Orientation of Joints in 
Lurich Fm. 

0 n403 

Contours; I O/o , 3 O/O, 5 O/O 
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Figure B f .  Summary Diagram 
Orientation of oll Joints Meoswed 

Warm Springs Anticline 
n =  369 0 

180' 01 

Contours; I TO , 3 o/o , 5 % 
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TABLE 2 

Sunuary o f  Joint Data 

Orientation of Surface Normal 
Diagram to  Pole Maxima 

1 s t  -ima 2ndmaxima 3 ~ 2  m a x i m a  n 

Tuscarora Fm. +ad& # , O W  72 

Juniata Fm. 

Una f f went iat ed 
Ordovician Limestones 

53 

126 

Joints with Frequency 
of 1 /ft 

Ektension Joints 

All Joints 

-6 3 134 

44 

Tectonic Direct ions , ac = , oblique J t s .  
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J o i n t s  with a Frequency of' Greater than l/foot 

Joint sets with the  best  development i n  terms o f  frequency (Figure 

9a) seem t o  be equally d is t r ibu ted  between the  

However, when the j o i n t s  are plo t ted  on a diagram cor re la t ing  jo in t  

frequency with or ientat ion,  then it i s  apparent t ha t  the  jo in t  set with 

t h e  highest frequency, i s  the  bc. 

have the  greatest jo in t  frequency. 

set and t h e  060-067 set. 

Thus the  m o s t  common j o i n t s  do not - 

Another noteworthy feature  i s  tha t  these j o i n t s  tend t o  form a weak 

girdle which coincide6 with t h a t  formed by t he  cleavage (Figure 7). 

these girdles axe superposed (compare Figures 9a and 7) then the  f i e l d  

observation tha t  development of jo in t ing  and cleavage seem t o  be mutually 

exclusive i s  supported, as t he  cleavage maxima along the  girdle almost 

exactly corresponds with the  jo in t  minima. 

If 

The contoured diagram (Figure 10) oorrelat ing frequency with orienta- 

t i on ,  ind ica tes  t h a t  t he  d i rec t ion  with the  highest frequency of j o i n t s  

per foot i s  about with a secondary m a x i m a  at . Poles t o  

j o i n t s  with t h e  highest frequency form a weak girdle whose pole is 

Jo in t s  with Spacing of Less than l/foot 

This jo in t  set (Figure 9) has a m c h  more unequal d i s t r ibu t ion  than 

t h a t  with the  higher frequenoy as-% j o i n t s  form a d i s t i n c t  maxima. The 

three other  weakly developed m a x i m a  reflect the  three remaining tectonic  

directions.  The 066067 jo in t  set does not produce a signif icant  maxima 

i n  t h i s  group of joints .  

"Zxtension" J o i n t s  

"Extension" j o i n t s  were recognized by the  presence of sparry o r  

f ibrous calcite as jo in t  f i l l .  This is not suf f ic ien t  evidence t o  
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*m== 9.- Summary Dogram 

Orientation of Joints with 
Spacing > I / f t .  

0 n = 235 

I800 O, 

Contours ; I %, 3'/0,5% 2 7 ?% 
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Figure 9b. Summary Diogrom 
Orientation of Joints with 

Spacing < l i f t .  
0 n =  134 



149 

Figure io. Joints kfi Spacing* l i f t .  
Frequency 

With Respect to Orientotion 
n =  235 

I 0 

180° 01 

Contours; l i f t ,  5/ft, IO/ft, E f t ,  L 20/ f t  
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categorically s ta te  that these joints  are t rue extension joints ;  1.e. jo in ts  

whose V o t a l  displacement i s  directed normal t o  the fracture surface" 

(Hobbs, Means and Williams, 1976, p. 296). The aDpearance of the ca lc i te  

fill simply means tha t  at some time i n  the h i s t o r y  of  the joint there was 

a significant displacement component normal t o  i t a  surface. 

Thr presence of two types of fill, fibrous and sparry, does suggest 

tha t  some of the jo in ts  represent an instantaneous response t o  s t ress  

(spamy f i l l ) ,  while those with fibrous f i l l  indicate response at the 

slowsr rates character is t ic  of diffusion flow laws (see n l i o t t ,  1973; 

Durney and R a m s a y ,  1973). 

types of  jo in ts  separately. 

contoured by the Mellis method are shown i n  figure 11. 

shows a single maxima corresponding t o  a plane at 

includes the b tectonic direction and is one of the set defined by the 

No attempt has been made t o  analyse these two 

Poles t o  the "extension8' j o i n t s ,  plotted and 

This diagram 

. This plane 

Joints - Discussion 

The following observations may be made of the data presented: 

1 )  - Ac jo in ts  are most comon, but the set with the greatest joint  

fkequemoy (joints/foot), form a girdle  about the 052 direction. 

2) There ex i s t s  a joint  set with s t r ikes  ranging from 060-067 which 

does not fit the tectonic directions defined by the first order structure. 

This set has been found i n  the Tuscarora quartzite,  the Juniata formation 

and the  undifferentiated Upper Ordovician Limestones. 

3) Cleavage and systematic joint development appears t o  be almost 

mutucrlly exclusive. 

Martineburg shales, o r  even individual beds having cleavage within uni ts  

Thus uni t s  with extensive cleavage, such as the 
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Figure 11. Summary Oiogrom 

Otknto tion of Extension Joi nt s 
n . 4 4  

0 

2 
c 
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generally lmkhg cleavage, w i l l  lack SyHeaaeitic joints. 

4) !hro sets of extension jo in ts  a r e  found with different  s t ra in  

histories.  

set suggesting "oreep" (fibrous fill). 

a single maxima i n  the "bb" - 3ectonio direction. 

che se t  suggesting b r i t t l e  fa i lure  (spamy f i l l )  and a second 

Pole diagrams fo r  a l l  jo in ts  heve 

In general, the  origin of jo in ts  i s  not well understood, other than 

that they r e p r e a t  some type of b r i t t l e  failure and are empirically 

observed t o  have a eynrmetrioal relationship t o  folds  (8.8. Hobbs, Means 

and Williams, 1976, p. 294; Price, 1966, p. 114). Price (1966, p. 142- 

147) indicates that joint  frequency is  largely controlled by thickness 

and lithology. 

proportional t o  the thickness of the bed and w i l l  tend t o  be higher for 

rocks with re la t ive ly  large Young8 moduli. Thus in order t o  accurately 

assess the  fac tors  controll ing jointing, joint  studies should be corrected 

fo r  the effects of thickness and lithology. A detailed study of t h i s  type 

was considered t o  be beyond the  scope of t h i s  report, although some e f fo r t  

was made i n  t h i s  direction by plot t ing the jo in ts  by formation. 

Price c i t e s  a number of studies t o  show tha t  frequency is  

With t h i s  proviso, 801136 ra ther  speculative conclusions are suggested 

by the joint  data. 

I. Joint ing pogt-dates cleavage. This conclusion is  suggested by 

the following: 

a) Cleavage of the  type found i n  the Warm Springs ant iol ine 

is known t o  pa%=date f i n i t e  amplitude folding (Geiser, 1n0, 1974; 

Groshong, 1971, 1975). 

b) In  the few places where cleavage and joints  occur together, 

j o in t s  cut cleavage. 
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c)  Due t o  the accumulation of insoluble residues along cleavage 

surfaoes, the formation of the cleavage produces a layer anisotropy normal 

t o  bedding. 

potential  inhibition t o  the formation of structures transecting it. 

The presence o f  such an anisotrophy would seem t o  provide a 

11. Some of the structures identified as jointing may be cleavage. 

This is inferred from: 

a) The coinuidence between one of the princripal joint  s e t s  and 

the cleavage girdle. 

b) The joint set with the densest spacing coincides with the 

cleavage girdle  

c )  The geomtriu problem of having si$nificant bedding para l le l  

shorteinin in  a bed with cleavage, yet no evidence of shortening in  immed- 

i a t e ly  adjaoent beds, supposedly lacking oleavage. 

d) Groshong has repox%ed (Groshong, R., 1976, personal corn.) 

evidence of  insoluble residues on joint" faces in  the Tuscarora Formation, 

111. The 060-067 joint  set may be related t o  motion on f a u l t s  with 

a l e f t  lateral component, transverse t o  the Warm Springs ant ic l ine,  Motion 

on suoh a fault set  would produce extensional effects i n  the  sector i n  

which the joint  set l ies.  The 060-067 set, which cannot be correlated 

with any of the tectonic directions, uould thus comprise a set of pinnate 

f'rautures asaociated with faul t ing (see Hobbs, Means and Williams, 1976, 

P. 294-2961. 

FAULTS 

No positively identifiable f au l t s  were found. The only loca l i ty  

where bed displacement due t o  faul t ing appears as a s t rong  probability i s  

at Fall ing Springs Gap. Although no actual fau l t  surface w a s  observed here, 
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the  Tuscarora formation can be shown t o  have a left lateral displacement 

on the order of 35-50 feet over l e s s  than 100 yards. 

STRUCT[IRE - DISCUSSION 

The key t o  understanding t5e unique aspects o f  the W a r m  Springs 

structure are believed t o  be the kink bands developed i n  the western limb 

of the fold. 

possible; they may e i ther  represent early high mode folds, i n i t i a t ed  as 

buckle8 and later modified t o  kinks (Johnson, 1970, p. 112-122; Geiser 

1976 ms), o r  they are  late superposed structures. 

Tno separate h is tor ies  for  the kinking are  considered 

The poss ib i l i ty  that they are early high mode folds  has been 

tentat ively rejected as, t o  date, the folds  have only been found on the  

steep western limb. 

fold modes should be evenly distributed along the  buckling member and no 

restricted t o  a particular part. 

Beam theory (Johnson, 1970) indicates that the various 

With regard t o  the second hypothesis, that of superposition, the 

folds  cannot be regarded as the simple result of a reactivated s t r e s s  

system coaxial with the first. Such a system would simply resu l t  in  

renewed growth of the first order structure. 

for any global leryer parallel stress, exuept one which haa a large 

deviatorio component directed subparallel t o  the fold axis. 

This condition would hold 

Such a system 

might superpose shorter wavelength folds  on the first order structure. 

However, t h i s  solution does considerable violence t o  our exis t ing  knowledge 

of Appalachian deformation whose known history shows no evidence of such 

a s t rese  system. 

An al ternat ive superposition solution which does not require suoh 

unwarranted asslrmptiono, does exist. I n  this concept, the kinking is a 
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response t o  deep seated movement on f a u l t s  wi:h a trend of about 090. 

The exact depth of t he  f a u l t s  i s  not known, however, there 3eems a 

reasonable poss ib i l i ty  t h a t  the fau l t ing  m a y  be i n  the  c rys t a l l i ne  base- 

ment par t icu lar ly  if the  deformatior, is re l a t ed  t o  a c t i v i t y  alorg the  

38th Parallel  f rac ture  zone. 

axe: 

The features  which suggest 6UCh a solution 

1) The kinematics of t h i s  system could produce na r row zones of  high 

stress with an orientat ion of close t o  t ha t  of the  F i r s t  order fold. 

This obviates the  need t o  postulate a large scale system f o r  which there  

i s  no other evidence. 

2) The gaps i n  L i t t l e  Mountain and zones of w a r m  spring development 

form linears along 050. A t  least one of these l inears ,  connecting 

Fa l l ing  Springs (Spring No. 134, Reeves, 1932) Fa l l ing  Springs Gap and 

Layton Springs (Spring No. 142, Reeves, 1932), extends beyond t h e  W a r m  

Springs ant ic l ine.  

3) ERTS imagary (NASA ERTS %1172-15312-501) shows a se t  of  

regional ly  developed l i n e a r s  p a r a l l e l  t o  t h e  090 trend. 

Two d i f fe ren t  models of basement motion can be envisioned and are 

shorn i n  figure 12. 

applied t o  the  Warm Springs structure. It does not seem possible t o  

determine, without addi t ional  study, whether t he  different  kinematics o f  

Both models would r e s u l t  i n  an external  to rs ion  being 

t h e  models shown i n  figure 12 would result i n  d i f fe ren t  sets of  structures.  

A t  t he  present, t h e  lef t  lateral s t r i k e  s l i p  motion i s  preferred, as 

such motion is suggested by t h e  060-067 j o in t  set. This jo in t  s e t ,  

which does not f i t  any of t h e  tec tonic  direct ions,  can be interpreted 

as pinnate fractures arising from such a motionalong an 090 



POSSIBLE KINEMATIC MODELS FORMING 
SUPERPOSED KINK BANDS 

Strike Slip Fault 

Figure 12. Models of basement motion producing transverse structures in Warm Springs Anticline. 
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trend. Left l a t e r a l  motion also f i t s  a l l  the observed of fse t s  o f  the 

Tuscarora Format ion. 

To summarize, the data presented herein, suggest the following general 

s t ructural  sequence. 

I. 

11. 

Formation of spaced solution cleavage. 

Fini te  amplitude folding, producing 1st  and 2nd order folds  and 

continuation of cleavage development. 

111. Development of ac, bo and oblique joint  sets. 

IV. Left lateral basement motion, along an 090 trend producing 

kinking in  the western limb of the lot order fo ld  and the 060-067 joint  

set  . 
The first three events are considered as part of the l a t e  Palezoic 

(Devonian - early Permian) deformation of the Appalachian foreland. At 

present, a l l  that can be said with regard t o  the age of  the last structural 

event i s  that it has a maximum possible age of middle Permian and a minimum 

age of Eocene or  younger. 

faul t ing may be a p a r t  of the most recent ac t iv i ty  along the  38th Parallel 

F’racture zone as reported by Dennison and Johnson (1971). 

In the  later case the transverse s t r ike  slip 

CONCLUSIONS - ORIGIN OF WARM SPRINGS, BATH COO, VIRGINIA 

The purpose of t h i s  study was t o  a id  i n  the evaluation of the proposed 

structural model (Costain, 1975) f o r  the or igin of the w a r m  springs i n  the 

Warm Springs anticline.  

i c a l l y  high regions downwards t o  a depth of about 3 km. 

on the normal motherma1 gradient and then moves westward along southeast 

dipping thrusts. 

cross-faults i n  the northwest limb o f  the anticline. 

According t o  the model, water moves from topograph- 

The water i s  heated 

The heated water i s  then postulated t o  r i s e  rapidly along 
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Three s t ructural  features are required by the proposed model. 

1) 

2) Southeastward dipping thrust faults.  

3) e o s a  faults.  

With regards t o  the existence of these features, the findings of  t h i s  

An extensive permeability is the cover rocks. 

study are as follows: 

I. Permeability: The presence of a pervasive system of jointing 

and cleavage indicates a potential  permeability i n  the cover. 

t iona l  qua l i t i e s  of the otructures suggest that any permeability of the 

rocks due t o  this system would be anisotropic. 

The direc- 

11, Southeastward dipping thrusts: N o  direct evidence o f  thrusting 

was found, however, two  lines of thought are  suggested here: 

a) The concentric geometry of the W a r m  Springs ant ic l ine,  as 

well as the  evidence given by Harris (1971), tha t  first order ant ic l ines  

are  located by thrusting, indicate a high probability that th rus t s  will 

be encountered at depth. Based on tentat ive reconstruction from exis t ing 

sections, such f a u l t s  would be expected a t  depths of 3 km or less. 

b) The presenae of thrust  f au l t s  may not be necessary for  

transverse flow of  f luids ,  as the existing joint  and cleavage network would 

seem t o  present a potential  for  flow both paral le l  (E jo in ts  and cleavage) 

and transverse (E joints)  t o  the Warm Springs anticline.  

111. Cross faul ts :  The cross f a u l t s  postulated by Costain (1975) 

were believed t o  have a surface expression i n  the ridge of fse t s  o f  L i t t l e  

Mountain (Costain, personal comm. 1976). 

has shown that  they resu l t  from the interaction between topography and 

superposed kink bands i n  the northwest limb of the ant ic l ine and are not 

Investigation of these of fse t s  

the direct  resu l t  of faulting. Despite the lack of any significant d i rec t  
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surface expression of fau l t ing ,  the  kinematics suggesteO by the  kink bands 

and t h e  060-0157 jo in t  set, su&psts tha t  t h e  Uarn Springs an t i c l ine  is cut 

by deep seated transverse f a u l t s  with a large l e f t  lateral component along 

090. Such motion could readi ly  generate narrow zones of enhanced permea- 

b i l i t y  due t o  the  formation of  pirmate f rac tures  as suggested by t he  

060-067 jo in t  set. In  addition, properly oriented pre-existing jo in t  and 

cleavage sets might a l s o  open, providing addi t ional  permeability. 

fo r  t h i s  behavior i s  suggested by the  extension jo in t  data ( P i p e  11). 

Evidence 

The f indings o f  t h i s  study then, i s  that with some slight modification, 

there does exist f i e l d  evidence which meets the requirements of t h e  struct- 

ural model for the  or ig in  of tha  w a r m  springs as proposed by Costain (1975). 

The revised model envisions downward percolation of water along jo in t  and 

cleavage systems. The water, heated on t h e  existing geothermal gradient ,  

moves laterally e i t h e r  along jo in t  o r  thrust systems. Rapid vertical 

movemen% occurs along narrow zones of jo in t ing  and f r ac tu r ing  produced by 

deep seated movement along t h e  090 trends. 

RECOMMENDATIONS 

Three areas f o r  fur ther  study are suggested: 

I. A detailed study of jo in t ing  including mapping, with pa r t i cu la r  

emphasis of t h e  zones of t h e  090 l inears .  The study should include, i f  

possible, t h e  effects of l i thology and bedcling thickness on t h e  areal 

d i s t r ibu t ion  of t h e  joints.  As t h i s  work requires  u t i l i z i n g  the  maximum 

amount of exposure, it should be done when vegetation i s  a t  a minimum. 
% ... 

11. On a regional scale fw&r evidence should be sought fo r  

interference phenomena arising'from in te rsec t ing  deformation trends. 

Ridge o f f se t s ,  similar t o  those i n  the  W a r m  Springs an t ic l ine ,  are not 
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uncomon i n  the Appalachians. If such of fse t s  are  the resu l t  of behavior 

similar t o  tha t  proposed i n  t h i s  study, then transverse %ones of  enhanced 

permeability may be a relat ively common and readily recopizable  feature 

of the folded Appalachians. 

111. Scale model studies t o  investigate the e f fec ts  of transverse 

motion on pre-existing folds would seem t o  of fe r  potential for  insight. 

Such studies should help t o  reveal how s t ra in  i s  dis t r ibuted i n  the cover 

and thus aid i n  the evaluation of the f i e ld  &.ta. 
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OVERVIEW AND SUMMARY 

I n i t i a l  r e s u l t s  of determinations of hea t  generat ion from su r face  

samples are encouraging, e spec ia l ly  i f  g r a n i t i c  igneous rocks of s i m i -  

l a r  hea t  generat ion can be found beneath sedimentary i n s u l a t o r s .  With 

the  l imi ted  number of analyses  ava i l ab le  t o  da t e ,  the later fine-grained 

phases of t he  Winnsboro and Liber ty  H i l l  p lutons,  i .e.,  the  Rion phase 

of t he  Winnsboro, c l e a r l y  have a higher  o v e r a l l  concentrat ion of radio- 

genic elements, w i t h  maximum values  of hea t  generat ion of approximately 

13 HGU. 

grained samples except f o r  one (S671) which i s  a xenocrys t ic  rock wi th  

a fine-grained matrix. 

A l l  of the samples wi th  high hea t  generat ion are f r o a  f ine -  

Because the  coarse-grained rocks are more suscep t ib l e  t o  weathering, 

t he  measured hea t  productions may be lower than from those rocks ( f ine-  

grained) that  are weathered less readi ly .  We plan t o  conduct a series 

of leaching experiments t o  i d e n t i f y  the por t ion  of uranium and thorium 

t i e d  up i n  g ra in  boundaries versus  i n t r a c r y s t a l l i n e  si tes.  

Continued logging of e x i s t i n g  w e l l s  i n  Coastal  P l a i n  sediments 

supports our earlier conclusion t h a t  these  sediments do behave as 

e f f i c i e n t  sedimentary in su la to r s .  

reached a t  shallower depths f o r  wells d r i l l e d  i n  Coastal  P l a i n  sediments 

i n  the  v i c i n i t y  of the  Georgetown g rav i ty  l a w .  

cemented, however, and the  temperatures and apparent ly  higher  grad ien ts  

Higher temperatures appear t o  be 

The wells are not  

may be influenced by convection. 

r e s u l t  of higher hea t  flow caused by buried radiogenic g r a n i t i c  p lu tonic  

rocks.which might a l s o  -be responsible ,  i n  p a r t ,  f o r  the  g rav i ty  low. 

Higher grad ien ts  here  could be the  
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Deta i led  s t r u c t u r a l  mapping i n  t h e  v i c i n i t y  of t he  warm sp r ings  i n  

northwestern Vi rg in i a  has  confirmed s t r u c t u r a l  c o n t r o l  of t h e  warm 

sp r ings ,  and has  revealed t h e  ex i s t ence  of kink bands. We are inves- 

t i g a t i n g  t h e  p o s s i b l e  r e l a t i o n s h i p  of kink bands to t he  development of 

zones of ver t ical  permeabi l i ty  which could serve as condui ts  i n  sed i -  

mentary rocks for ascending hot  water. 
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