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ABSTRACT AND OVERVIEW 

The Geothermal Prograin a t  V.P.I. & S.U. has two goals.  The 
immediate goal is the  economic develop- 
ment of  geothermal energy i n  the  eas te rn  U.S. A paper by Lambiaee, 
Dashevsky, Costain, Gleason and McClung summarizes estimated and mea- 
sured temperatures a t  the  base of the  Atlant ic  coas ta l  p la in  i n  New 
Jersey, Delaware, Maryland, Virginia and North Carolina based on 
geothermal gradients  measured i n  66 holes .  The gradients  range from 
16 to 5OoC/km. Basement surface temperatures a t  several  locat ions a re  
estimated t o  be above an economically useful  4OOC; the  highest  i s  
91OC. From t h i s  information, t he  most promising and best  documented 
area for  development of geothermal energy chosen by the  authors is the  
Delmarva peninsula near Cr i s f i e ld ,  MD. This i s  the locat ion of the 
f i r s t  deep geothermal test well on the  East coast  which i s  t o  be 
d r i l l e d  within a month. 

t o  loca te  sites favorable t o  

The second and long term goal of the Geothermal Program i s  t o  uee 
the  determined values of heat  flow i n  conjunction with other  geologic 
da ta  i n  order t o  reach a b e t t e r  understanding of observed var ia t ions  
i n  heat flow. Knowledge of the r e l a t i o n  between geology and heat flow 
w i l l  permit exploration for  and evaluation of geothermal resources by 
i n d i r e c t  methods involving poten t ia l  f i e l d  data  and geologic s e t t i n g  
instead of by d i r e c t ,  expensive d r i l l i n g  methods. Costain, i n  "Geoth- 
ermal Exploration Methods and Resul t s ,  Al tant ic  Coastal Plain," 
reviews t h i s  p ro jec t ' s  work on locat ing,  evaluating and in te rpre t ing  
geothermal resources by geophysical techniques. He discusses the  use 
of heat  flow, grav i ty ,  magnetic and seismic da ta  i n  the  Atlant ic  coa8- 
t a l  plain as well as i n  the  Piedmont and Valley and Ridge provinces. 
The v a l i d i t y  of t h i s  approach i s  demonstrated i n  a report  by Perry on 
"Heat Flow i n  the At lan t ic  Coastal Plain." The heat flow values of 18 
coasts$ pla in  holes  are between 1.1 and 2.0 HFU (1HFU = 10 
cal/cm -sec.). High heat  flow values a re  usual ly  associated with 
g rav i ty  lows, as predicted by in t e rp re t a t ion  of the  lows as expres- 
s ions of burried radiogenic, g r a n i t i c  heat sources. In the Ports- 
mouth, VA, hole ,  the  heat flow a t  the center  of the grav i ty  anomaly i r  
1.4 HFU, whereas the heat  flow i n  a hole d r i l l e d  on the  flank of the 
anomaly is  1.1 mu. 

The d i r e c t  information obtainable from d r i l l  holes i n  the  coas ta l  
p l a in  complements and constrains  the  geophysical exploration techni- 
ques. Gleason presents "Study of PreCretaceous Basement below t h e  
Atlant ic  Coastal Plain," which summarizes the r e s u l t s  of h i s  compila- 
t i o n  of well da ta  for  New Jersey, Delaware, Maryland, Virginia,  North 
Carolina and Georgia. The compilation cons is t s  of information from 
the  l i t e r a t u r e  and data  obtained by t h i s  pro jec t .  It includes 1) 
locat ion of holes ,  2) depths t o  basement and 3)  nature of basement 
rocks. Structure  contour maps of the basement surface a re  preeented 
for  North Carolina and Georgia. 

Costain, Perry, Dashevsky and Higgins report  four new heat  flow 
values from the  Piedmont i n  "Heat Flow and Heat Generation." The SM2 
d r i l l  hole i n  the  Siloam Pluton, GA has a heat flow of 1.58 HFU. The 
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W 
ED1 d r i l l  hole i n  the Cuffytown Creek Pluton, SC has a heat flow of 
1.62 HFU. highest reported t o  da te  fo r  the  
Piedmont of the southeart  U.S. The other  two heat flow determinatidns 
are 0.94 HFU fo r  the  Palmetto 1, GA hole ,  and 1.05 HFU for  the Boles- 
v i l l e  4, NC hole. Coetain and Perry, i n  t h e i r  discussion of the  
"Linear Relation between Heat Flow and Heat Generation," use there  
addi t ional  heat flow values i n  ref ining the l i nea r  r e l a t i o n  for  the 
small, post-metamorphic plutons and as a bas is  for  discussing the  
probable causes some plutons f a i l  t o  follow the  same l i n e a r  re la t ion .  
They bel ieve t h a t  the varying thicknesses of  the plutons a re  primarily 
responsible. Points such as t ha t  from Bolesvi l le  4, which f a l l  above 
the  l i n e ,  are from large synmatamorphic plutons which are believed t o  
be more deeply rooted than the  rmall, post-metamorphic plutons. The 
point for  Palmetto 1 i s  the  only value t h a t  f a l l s  s ign i f i can t ly  below 
the  l ine ,  in te rpre ta t ion  tha t  the  Palmetto pluton 
i e  a th in  body of rock. Up t o  now i t  has not been a l ack  of 
hypotheses so much as lack  of da ta  which prevented un understanding of 
the  deviations from the l i nea r  re la t ionship  between heat flow and heat 
generation. Costain and Perry suggest t h a t  determination of the  
thickness of the provide a test 
of whether the thickness of the heat source is an e s sen t i a l  component 
of the l i nea r  re la t ionship ,  a test which is now feas ib le  with the  
start-up of our VIBROSEIS r e f l ec t ion  seismology system. 

These two valuer a re  the  

which leads t o  the 

Bolesvi l le  and Palmetto plutons w i l l  

Discussion of the  behavior of U i n  the radiogenic, g ran i t e  heat 
sources continues with two papers. Speer presento a paper e n t i t l e d  
"Prograde metamorphism of the peli t ic rocks i n  the  contact aureole and 
xenol i ths  of the Liberty H i l l  pluton, South Carolina." The paper is  
concerned with the de ta i led  petrology and is wri t ten for  submisrion t o  
a professional journal ,  but the importance of the  conclusions is  sum- 
marized i n  an introduction. The behavior of U during the magmatic 
s tage is  s t rongly affected by the  inward migration of f lu id  a t  the 
present ly  exposed leve l .  Sinha, Hall and Sans report on the weather- 
ing h i s to ry  of the W I N  1 d r i l l  hole i n  "Correlation of Radioelement 
Content t o  Sur f i c i a l  Weathering Processes." During weathering, var i -  
ous elements have d i f f e r ing  mobi l i t i es ,  from extremely mobile U t o  
v i r t u a l l y  immobile A1 and T i .  Weathering ind ic ies  are found t o  be 
he lpfu l ,  but the authors find the study of an intermediately mobile 
element more useful i n  understanding the processes of weathering. S r  
is such an element. They find tha t  Sr  has been mobiieed by weathering 
processes t o  a depth of 600 f e e t  i n  the  d r i l l  core and, by implica- 
t i on ,  U a l so .  
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RESEARCH OBJECTIVES 

The objec t ive  of t h i s  research i s  t o  develop and apply ta rge t ing  
procedures fo r  the  evaluation of  low-temperature radiogenically-der- 
ived geothermal resources i n  the  eas te rn  United S ta tes  u t i l i z i n g  geo- 
log ica l ,  geochemical, and geophysical da ta .  

The optimum sites f o r  geothermal development i n  the  tectonical ly-  
s t a b l e  Eastern United S ta tes  W i l l  probably be associated with areas  of  
r e l a t i v e l y  high heat  flow derived from c r u s t a l  igneous rocks contain- 
ing r e l a t i v e l y  high concentrations of radiogenic heat-producing ele- 
ments. The s torage of commercially-exploitable geothermal heat a t  
access ib le  depths (1-3 km) w i l l  a l so  require  favorable reservoi r  con- 
d i t i o n s  i n  rocks overlying a radiogenic heat  source. In  order t o  
systematical ly  loca te  these sites, a methodology employing geological,  
geochemical, and geophysical prospecting techniques is  being developed 
and applied.  The d i s t r i b u t i o n  of  radiogenic sources within the  igne- 
ous rocks of various ages and magma types w i l l  be determined by a cor- 
r e l a t i o n  between radioelement composition and the  bulk chemistry of 
the  rock. Surface sampling and measurement of the  radiogenic heat- 
producing elements a re  known to  be unre l iab le  a s  they are preferen- 
t i a l l y  removed by ground-water c i r cu la t ion  and weathering. The corre- 
l a t i o n  between the  can be measured 
r e l i a b l y  from surface samples) and radiogenic heat  generation i e  being 
ca l ibra ted  by de ta i led  s tudies  a t  a number of loca t ions  i n  the  eas te rn  
United S ta tes .  

bulk chemistry of the  rock (which 

I n i t i a l  s tud ies  are developing a methodology f o r  the loca t ion  of 
radiogenic heat sources buried beneath the insu la t ing  sedimentary 
rocks of the Atlant ic  Coastal Plain.  Choice of a d r i l l  s i te  i n  the  
At lan t ic  Coastal Plain with a high geothermal resource poten t ia l  
depends on favorable: 

(1)  concentration of radiogenic elements i n  g r a n i t i c  rocks 
beneath a sedimentary in su la to r ;  

(2)  thermal conductivity of the  sedimentary in su la to r ;  
(3) thickness of the sedimentary insu la tor ;  and 
(4) reservoi r  conditions i n  the permeable 

sedimentary rocks overlying the radiog- 
en ic  heat  source. 

3 

Because i t  i s  not  economically f eas ib l e  t o  se l ec t  d r i l l i n g  sites on 
the  Atlant ic  Coastal Plain without geophysical and geological models, 
it i s  advisable t o  base the  development of these models on a substan- 
t i a l  and accurate da ta  base which can be p a r t i a l l y  derived from the 
exposed rocks of the  Piedmont and enhanced by basement s tud ies  beneath 
the  Atlant ic  Coastal Plain.  

vi 



PERSONNEL OF PROGRAM 

October 1, 1978 - March 30, 1979 

GEOLOGY AND PETROLOGY, Lynn Glover 111, Principal Investigator 

J. A. Speer, Research Associate 
S. S. Farrar ,  Research Associate 
S. W. Becker, Research Associate 
8. J.  Gleason, Research Associate 
G. Russell,  Research Associate 
W. Russell, Analytical Chemist 
J. Reil ly ,  Graduate Research Assistant 
C. Newton, Graduate Research Assistant 
P. Kaygi, Graduate Research Assistant 

GEOCHEMISTRY, A. Krishna Sinha, Principal Investigator 

J. R. Sans, Research Associate 
S. T. Hall, Research Associate 
D. McKay, Research Associate 
B. tianan, Graduate Research Assistant 
S. Dickerson, Laboratory Aide 
C. R. Miner, Laboratory Aide (part-time) 
P. Stock, Laboratory Aide 

GEOPHYSICS, John K. Costain, Principal Investigator 

A. H. Cogbill,  Research Associate 
L. D. Perry, Research Associate 
J. J. Lambiase, Research Associate 
S. Dashevsky, Research Specialist 
M. Svetlichny, Research Spec ia l i s t  
B. U. Sans, Research Spec ia l i s t  
W. McClung , Research Spec ia l i s t  
S. Higgins, Research Spec ia l i s t  
T. H. Arnold, Laboratory Aide (part-time) 
M. McKinney, Laboratory Aide 
G. Schafer, Laboratory Technician (part-time) 
B. Thoreson, Computer Programmer (part-time) 
R. Bard, Computer Programmer (part-time) 
R. A. Davis, Co-op Student 
R. Laczniak, Graduate Research Assistant 

ADMINISTRATIVE ASSISTANT 
Margaret Paterson 

v i i  



SECBETARIES 
Sandra Long 
Tish Glosh 
Nhury Schurig 
Marjorie Dellers 

DWTSMAN-PHOTOGRAPHER 
David Brown 

SEISMIC 
W. 
W. 
H. 
G. 
D. 
It. 
C. 
M. 
C. 
J. 

AKD DRILLING 
G. Coulson, Supervisor and Core Driller 
Shumate, Laboratory Instrument Maker 
Neuburg, Research Associate 
Dean, Core Driller @'erator 
Thomas; Core Driller Helper 
Bowman, Core Driller Helper 
Conway, Laboratory Technician 
Friedly,  Laboratory Technician 
Greene, Laboratory Technician 
Sheridan, Laboratory Technician 

viii 



TALKS GIVEN TO DATE 
W 

Evaluation of the geothermal potent ia l  of hot springs i n  Northwestern 
Virginia, American Nuclear Society, Denver , Colorado, April ,  1977 
(Speaker: P.A. Geiser, University of Connecticut). 

Structural  controls  of thermal springs i n  the  Warm Springs Anticline, 
by P.A. Geiser and J.K. Costain, Southeastern Geological Society of 
h e r i c a ,  Wiaston-Salem, North Carolina, April 1977 (Speaker: P.A. 
W e e r ) .  

Low-temperature resources of the  eas te rn  United S ta tes ,  Second NATO- 
CCMS Meeting on Dry Hot Rock Geothermal Energy, U s  Alamos Sc ien t i f i c  
Laboratory, U s  Alamos, New Mexico, June 1977 (Speaker: J.K. Costain). 

Low-temperature geothermal resouFces of the  eas te rn  United S ta tes ,  
Geological Society of  Washington, Washington, D.C., October 1977 
(Speaker: J.K. Costain). 

Low-temperature geothermal resources i n  the  eastern United S ta tes ,  
1977 Annual Meeting of the Gological Society of America, November 1977 
(Speaker: J.K. Costain). 

Low-temperature geothermal resources i n  the eas te rn  United S ta tes ,  
Potomac Geophysical Society, November 1977 (Speaker: J.K. Costain). 

Geothermal reeource poten t ia l  of the  eastern United S ta t e s ,  Geothermal 
Resource Council Special Short Course No. 7, '%eothenaal Energy: A 
National Opportunity" (The Federal Impact); Washington D.C. May 1978 
(Speaker: J.K. Costain). 

. Geothermal resource poten t ia l  of the eas te rn  United S ta tes ,  Nordic 
Sgmpoeium on Geothermal Energy, Gothenburg , Sweden, Hay 1978 (Speaker: 
J.R. Costain). 

Geothermal resources of the  Atlant ic  coas ta l  p la in ,  t h  Energy Technol- 
ogy Conference and Exposition, Washington D.C. February 1979 
(Speaker: J.K. Costain). 

Geothermal resource poten t ia l  of the  Atlant ic  Coastal Plain,  North- 
South Carolina sec t ion .  of the American I n s t i t u t e  of Mining Engineers, 
Raleigh, Noth Carolina, March 1979 (Speaker: J.J. Lambiase). 

Geothermal resource poten t ia l  of the  Atlant ic  Coastal Plain,  by J.J. 
Lambiaee, S.S. Dashevsky, R.J. Gleason and J.K. Costain, 2nd Symposium 
on the  Southeastern Coastal Plain,  Americas, Georgia, Harch 1979 
(Speaker: J.J. Lambiasel. 

Detailed temperature logging as a useful too l  fo r  l i tho logic  interpre-  
t a t ion ,  by J.J. Lambiaee, M. Svetlichny, S.S. Dashevsky, B.U. Sans, 
and J.K. Costain, American Association of Petroleum Geologists Annual 
Meeting, Houston, Texas, Harch 1979 (Speaker: J.J. Lambiase). u 

ix 



LJ ABSTRACTS PUBLISHED TO DATE 

Geiser, P.A. and J . K .  Costain. 1977. Evaluation of the geothermal 
potent ia l  of the hot springs of northwestern Virginia. Abstracts 
of ANS Topical Meeting on Energy and Mineral Resource Recovery. 
Golden, Colorado, April 12-14, p. 33. 

Geiser, P.A. and J . K .  Costain. 1977. S t ruc tura l  controls  of thermal 
springs i n  the Warm Springs a n t i c l i n e ,  Virginia. Abstracts, Geol. 
SOC. America SE Section, Winston-Salem, North Carolina. 

Costain, J.K., L. Glover 111, A.K. Sinha. 1977. Low-temperature geoth- 
ermal resources i n  the  eastern United States. Program with 
Abstracts, Annual Meeting of Geological Society of America, Seat- 
t l e ,  Washington. 

Costain, J .K .  and A.K. Sinha. 1978. Relationship between heat flow and 
heat generation i n  the southeastern United States. Program with 
Abstracts, Geological Society of America, SE Section Meeting, 
April.  

Costain, J .K .  A new model for  the l i n e a r  re la t ionship  between heat 
flow and heat generation. Transactions, American Geophysical 
Union. 59:p. 392. 

Becket, S.W. 1978. Petrology of the Cuffptown Creek pluton. Geol. SOC. 
h e r .  Abstracts with Programs, v.  10. 

Farrar ,  S.S. 1979. Tectonics of the f a u l t  bounded Raleigh block, east- 
ern Piedmont, North Carolina. Geol. SOC. Amer., Abstracts with 
Programs. v. 11. 

Farrar ,  S.S. 1979. Lithology and metamophism of Raleigh block, eastern 
Piedmont, North Carolina. Geol. SOC. Amer. Abstracts with Pro- 
grams. v.  11, p. 177-178. 

X 



PAPERS SUBMITTED FOR PUBLICATION SI 
Low-temperature geothermal resource potent ia l  of the eas te rn  United 
States. J. K. Costain, L. Glover, 111, and A. K. Sinha. Submitted f o r  
publication i n  EOS, Transactions, American Geophysical Union, 

Nature and d i s t r i b u t i o n  of geothermal energy. Proceedinge: Klamath 
F a l l s  Symposium on Geothermal Energy, i n  press. L.J.P. Muffler, J.K. 
Costain, D. Foley, E.A. Sammel and W. Youngquiet. 

Geothermal resource potent ia l  of the Northern Atlant ic  Coastal Plain. 
J.J. Lambiase, S.S.Dashevsky, J.K. Cootain, R.J.  Gleason and W.S. 
McClung. 1979. Submitted t o  Science. 

Heat flow i n  western Virginia and a model for  the  or ig in  of thermal 
springs i n  the folded Appalachians. L.D. Perry, J.K. Costain and P.A. 
Geiser. 1979, i n  press,  Journal of Geophysical Research. 

Prograde Metamorphism of the p e l i t i c  rocks i n  the  contact aureole and 
xenoliths of the Liberty H i l l  pluton, South Carolina. J.A. Speer. 
1979. Submitted t o  American Journal of Science. 

Tectogenesis of the rocks surrounding the Winnsboro Intrusive Complex: 
W.C. Bourland and S. Farrar.  1979. Submitted t o  Geologic Notes, South 
Carolina Development Board , Division of Geology. 

PAPERS PUBLISHED 

Speer, J .A.  1978. Molybdenum mineralization’in the Liberty H i l l  and 
Winnsboro plutons, South Carolina. Ec. Geol., v. 73, p.558-561. 

Glover, L. 111, 1979. General geology of the East Coast with emphasis 
on potent ia l  geothermal energy regions: a deta i led  summary. Pro- 
ceedings: A Symposium of geothermal energy and i ts  d i r e c t  uses i n  
the  eastern United S ta tes  - Geothermal Resources Council Special 
Report No. 5 ,  p. 9-11. 

Costain, J.K. 1979. Geothermal exploration methods and resu l t s :  Atlan- 
t i c  Coastal Plain.  Proceedings: A Symposium of geothermal energy 
and i ts  direct  uses i n  the eas te rn  United States  - Geothermal 
Resources Council Special Report No. 5 ,  p.13-22. 

.xi 



PROGRESS 

xii 



A. GEOLOGY AND PETROLOY 

Lynn Glover, 111, Principal Investigator 

J. A. Speer, Research Associate 

6 .  S. Farrar, Research Associate 

S .  W .  Becker, Research Associate 

R. J. Gleason, Research Associate 

W .  Russell, Geologist/Analytical Chemist 

A-1 



Operations Summary--January-March 1979 

During the report  period, J. A. Speer, S. S. Farrar ,  and S. W. 
Becker concentrated t h e i r  e f f o r t s  on several  technical  papers summar- 
iz ing  project-funded aspects  of Piedmont geology. B. J. Gleason 
divided h i s  t i m e  between o f f i c e  and laboratory work concerning Coastal 
P la in  basement s t u d i e s , .  and various a c t i v i t i e s  requir ing t r ave l  away 
from VPI & SU. 

Speer completed a paper e n t i t l e d  "Prograde metamorphism of the  
p e l i t i c  rocks i n  the  contact aureole and xenol i ths  of the  Liberty H I 1 1  
pluton, South Carolina" and has submitted it t o  the  American Journal 
of Science for  publication. Speer a l so  spent four days i n  Wilmington, 
N.C., overseeing the d r i l l i n g  of Coastal Plain dr i l l -ho le  114 t o  base- 
ment. Approximately one week was devoted t o  preliminary petrographic 
and microprobe analyses of a short  sect ion of core from t h i s  hole.  
Speer, Far rar ,  and Becker collaborated on a paper, "Field r e l a t ions  
and petrology of the  post-metamorphic, coarie-grained grani tes  and 
associated rocks i n  the  southern Appalachian Piedmont," which was pre- 
pared for  the  upcoming I.U.G.S. Caledonide Project, convening i n  
Blacksburg, Va. i n  September, 1979. 

Far rar  completed a paper, co-authored with W. C. Bourland, on 
"Tectogenesis of the rocks surrounding the  Winnsboro in t rus ive  com- 
plex," which w i l l  be published i n  Geologic Notes (South Carolina 
Development Board - Division of Geology). In addi t ion,  Farrar  f in- 
ished the  t e x t  geologic maps fo r  
t he  southern Raleigh b e l t  and adjacent Carolina slate b e l t ,  N.C.", and 
he attended a re la ted  meeting with I. Zietz  and R. Hatcher i n  Washing- 
ton,  D. C. Following the completion of the  Butterwood Creek d r i l l  
hole ,  Farrar  prepared a l i t ho log ic  log of the core from t h i s  locat ion.  

In addi t ion t o  co-authoring the Caledonide Project  paper with 
Speer and Farrar  , Becker performed petrographic and microprobe ana- 
lyses  of sect ions of basement core from Dort, N.C. In addi t ion,  she 
has been preparing a paper for  publ icat ion e n t i t l e d  "Petrology of the  
Cuffytown Creek pluton" work by Summer, 
1979. 

of "Correlation of aeromagnetic and 

and expects t o  complete t h i s  

Gleason spent approximately one quarter  of the  report period on 
work performed away from V.P.I.& S.U.. Ten days were spent monitoring 
the  d r i l l i n g  of Coastal Plain dr i l l -ho les  915, 815-A, and f14-A, base- 
ment holes  located respect ively i n  Jacksonvi l le ,  Folkstone, and South- 
por t ,  N.C. Lambiase prepared and presented da ta  a t  a 
s i te  se l ec t ion  meeting a t  Los Alamos Sc ien t i f i c  Laboratory on poten- 
t i a l  hot dry  rock si tes a t  Wallops Is land,  Va.  and Stumpy Point,  N.C. 
Gleason a l s o  attended the  annual meeting of the  Northeast sect ion of 
the  Geological Society of America. A t  VPI & SUB Gleason prepared 
Coastal Plain basement depth and l i thology da ta  and presented it a t  
t he  deep geothermal well s i te  se l ec t ion  meeting held i n  Blacksburg i n  
January. Georgia Coastal Plain basement da ta  were used t o  prepare a 
generalized s t ruc ture  contour map of the basement surface.  A l l  ex is t -  
ing basement da ta  for  the Atlant ic  Coastal Plain were prepared fo r  

Gleason and J. 
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computerized f i l i n g .  Gleason a l so  logged the shor t  basement core 
segments from Coastal Plain dr i l l -ho les  P15 and 114 a s  well as  i n i t i a l  
core sec t ions  from dr i l l -ho le  #25-A. Petrographic s tud ies  of basement 
from holes 015 and P25-A were i n i t i a t e d .  

W 

Lynn Glover, 111 and Richard J .  Gleason attended the  Deep Hole 
Select ion Panel meeting a t  Blacksbury, VA on January 16-17 and pre- 
sented a regional i n t e rp re t a t ion  of basement heat  sources. The Cris- 
f i e l d ,  MD deep test  s i te  was selected by the  panel. Glover also 
attended a Department of Energy budget and planning meeting held i n  
Washington, DC on January 30-February 1, 1979. An a r t i c l e ,  "General 
geology of the  east coast  with emphasis on po ten t i a l  geothermal energy 
regions: I11 appears i n  Special  
Report No. 5 ,  A Symposium of Geothermal Energy and i t s  Direct Uses i n  
the  Eastern United S ta tes .  

a deta i led  summary" by Lynn Glover, 

In the  following report, Speer presents h i s  paper on "Prograde 
metamorphism of the p e l i t i c  rocks i n  the  contact aureole and xenol i ths  
of the  Liber ty  H i l l  pluton, South Carolina." Gleason repor t s  on the  
current  s t a t u s  of the Atlant ic  Coastal P la in  basement da ta  compila- 
t ion. 
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PROGRADE METAMORPHISM OF THE PELITIC ROCKS IN THE CONTACT 
AUREOLE AND XENOLITHS OF THE LIBERTY HILL PLUTON, SOtplg CAROLINA 

J. Alexander Speer 

The following sect ion describes the contact metamorphiam of the 
Liberty Hi l l  pluton. This paper, wri t ten primarily f o r  profersional 
pe t ro logis t s ,  has been submitted t o  the  American Journal of Science. 
The work leaas  t o  several  conclusions which increase the  underrtandiag 
of the var ia t ions  i n  heat production and the behavior of U aad Th i n  
the  Liberty H i l l .  These conclusions can be applied t o  other  gran i te r  
which the  Liberty H i l l  c lose ly  resembles. 

A f l u i d  phase, dominantly water, flowed from the country rock 
i n t o  the  gran i te .  Because erosion has removed the  top portion of the  
or ig ina l  pluton, a sec t ion  through the  bottom 
of the pluton. The inf lux of water may thus represent the  lower ha l f  
of a Convection c e l l  of magmatic-"grotmd" water established by the  
cooling pluton. This movement of the  f lu id  phase, with i ts  attendant 
chemical gradients ,  provides a mechanism for  changing mineral arrem- 
blages, isotopic  compositons, and t ransport ing t r ace  elements. 

the exposed grani te  is 

Movement of the f lu id  phase i n  a convection cel l  has reveral  
implications fo r  the  Liberty H i l l .  In the  magmatic s tage,  U and 2h 
could not have been transported outward a t  the leve l  cur ren t ly  expored 
i n  the  pluton because the dominant flow d i r ec t ion  was inward. The 
chemical gradients  d id  cause d i f f e ren t  U- and Th-bearing accerrory 
minerals t o  form i n  the  rim and core of the  pluton. In the  core,  U 
and Th reside i n  a l l a n i t e ,  zircon, t i t a n i t e ,  and apa t i t e .  In  the r i m ,  
i n  addi t ion t o  the above minerals, u ran in i te ,  t h o r i t e ,  and renotime 
provide sites for  U and Th. The two a88embhge8 may d i f f e r  i n  t h e i r  
response t o  subsequent hydrothermal a l t e r a t i o n  and weathering. 

I f  convection cells a re  a common feature  of the coarse-grained 
grani tes ,  sytematic enrichment of U and Th may occur a t  c e r t a i n  levelr 
under idea l  conditions. Areal var ia t ions  i n  U and Th have not been 
observed i n  the Liberty H i l l ,  perhaps because of a low sample density.  
Extensive sampling, which may not be possible i n  the southeast ,  would 
be needed t o  de tec t  small var ia t ions  i n  U and Th. Enrichment of U and 
Th may a180 be l i m i t e d  because of the subdued nature of the convection 
cell  around the Liberty Hill, compared t o  the more vigorous convection 
c e l l s  around plutons i n  the  western U.S. The depth of emplacement of 
the Liberty Hi l l  is grea te r  than tha t  of the shallower western plu- 
tons,  which decreases the porosity of the rocks and inh ib i t s  c i rcula-  
t ion .  

The upward concentration of U and Th i n  the cont inental  c rus t  i e  
an a t t r a c t i v e  hypothesis t o  explain the l i nea r  r e l a t i o n  between heat 
generation and heat flow. Whether the  upward concentration is only 
generally t rue  as a r e s u l t  of processes act ing over geologic time or 
i s  t rue  for a l l  l o c a l i t i e s  i s  a question of primary i n t e r e s t .  Several 
methods have o r  can be used t o  invest igate  t h i s  question: 
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1. d r i l l  many, very deep holes i n  d i f f e ren t  l i tho logies  i n  an 
area there the s t ruc ture  is  well underrtood; 

2. 
n i f i can t  topographic or s t ruc tu ra l  r e l i e f  is  developed; 

3. 
lu t ion  whose depths of formation can be determined. 

study a number of d i f f e ren t  l i t ho log ie s  i n  an a.rea tihere sig- 

study a group of  rocks of similar age, composition, and evo- 

A t  present the  th i rd  is t h e  only method avai lable  i n  the  southeast to 
study the  poss ib i l i t y  of decreasing U and Th with increasing depth. 
The following paper demonstrates the  e f f o r t  required t o  obtain one 
data  point. 

The work on t he  contact aureole of the  Liberty H i l l  a l so  produced 
an explanation of the magnetic anomaly enc i rc l ing  the pluton. Hag- 
ne t i c  anomalies occur around several  of the  other  plutons. These mag- 
ne t i c  anomakies are a result of the contact metamorphism and can be 
used t o  iden t i fy  the  geologic features  of similar plutons buried under 
the coastal  plain.  
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ABSTRACT. The Liberty Hill pluton, South Carolina, one o f  tne 

ca. 300 y. old, coarse-grained granites of the southeast U.S.A.  Pied- 
mont, is surrounded by a contact metamorphic aureole that ranges in 
width up to 4 km on the The country rocks have an earlier, 
regional greenschist facies assemblage of chlorite + vermiculite + 
epidote + albite + quartz. The mineral isograds encountered toward 
the granite contact are: vermiculite-out, epidote-albite-out which 
coincides with cordierite-biotite-andesine-in, chlorite-out, K felds- 
par-in, and magnetite or muscovite-out. Andalusite, sillimanite, gar- 
net and orthopyroxene appear in the xenoliths. The successive contact 
metamorphic facies are greenschist, amphibolite, and granulite. Elec- 
tron microprobe analyses indicate that the Fe-Mg minerals vary syste- 
matically in composition with metamorphic grade. The most prominant 
change is the Fe enrichment of the silicate assemblage in the aureole, 
resulting from a succession of continuous reactions which consume the 
Fe-Ti oxides, muscovite, and chlorite to produce cordierite and biot- 
ite. 

surface. 

The stimated pressure for the contact metamorphism is 4.5 kb 
(4.5 x 10 Pa), which corresponds to a depth of emplacement of between 
15 and 18 km for the Liberty Hill pluton. The temperatures estimated 
for the xenoliths are 670-740°C. Maximum estimates of temperature in 
the aureole are 680°C at the contact and less than 610°C in the outer- 
most aureole. PH 0 is thought to be about half Ptot in the xenol- 
iths. d e  Liberty Hill 
pluton has a core of biotite-amphibole granite with granulite facies 
xenoliths and a border comprised of biotite and muscovite-biotite 
granite with amphibolite facies xenoliths. This geometry suggests a 
radial variation in intensive parameters within the granite, most 
likely temperature, oxygen fugacity, and water fugacity. 

6 

PH20 canno$ be determined for the aureole. 
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Introduction 
W 

The g r a n i t i c  rocks of the  southeastern Piedmont have been divided 
i n t o  several  groups on the  bas i s  of age, composition, and f i e l d  
appearance (Butler  and Ragland, 1969a; Ful lagar ,  1971; Wagener and 
Howell, 1973; Wright -- e t  a l . ,  1975). The Liberty H i l l  i s  one of the  
ca. 300 m.y. post-metamorphic g r a n i t i c  plutons included i n  the  eastern 
subgroup of  coarse-grained g ran i t e s  (But ler  and Ragland, 1969). Pre- 
vious geologic mapping indicated t h a t  it has a cordierite-bearing, 
thermal metamorphic aureole (Bell -- et  al . ,  19741, which i s  similar t o  
the  contact  aureoles of several  o f  the  other  plutons i n  the same 
group. 

This paper is a r e s u l t  of a study of the  magmatic and post-conso- 
l i d a t i o n  evolution of these gran i tes .  Examination of the contact  
metamorphism o f f e r s  a b e t t e r  opportunity f o r  estimating intensive par- 
ameters of  pressure,  temperature, oxygen fugacity,  water fugacity,  and 
t h e i r  va r i a t ion  following emplacement than does study of  the g ran i t e  
alone. The r e s u l t s  a l s o  provide cons t ra in ts  on the  regional condi- 
t i o n s  during in t rus ion ,  and, t o  a lesser ex ten t ,  on the  o r ig in  of the 
magma. In addi t ion,  the  aureole of the  Liber ty  H i l l  provides a c l e a r  
p ic ture  of some mineral chemistries and metamorphic react ions t h a t  
occur i n  the  contact metamorphism of low grade slates which are o f t en  
disregarded because of t h e i r  fine-grain s ize .  

Geologic Se t t ing  

The Liber ty H i l l  pluton l ies within the  Carolina S la t e  b e l t  of 
South Carolina,  i n  Kershaw, Lancaster and Fa i r f i e ld  Counties (Figure 
A-1.1). It was f i r s t  described as a d i s c r e t e  pluton by Overstreet and 
B e l l  (1965a,b), who determined an age for  the pluton of 245 + 30 m.y. 
by lead-alpha da t ing  of zircons.  Lead-alpha dat ing methods-are com- 
monly unre l iab le ,  however, and a whole-rock Rb/Sr age of 299 + 8 m.y. 
(Ful lagar ,  1971) i s  probably a more accurate date .  Reconniiissance 
mapping of t he  ent i re  pluton was done by Wagener (1977). Geologic 
maps of sec t ions  of the pluton have been published by B e l l  e t  a l .  
(1974) and by Shiver (1974). Petrographic descr ipt ions of the g ran i t e  
a r e  given by Sloan (19081, Watson (19101, Butler and Ragland (1969a), 
Wagener and Howell (1973) and Wagener (1977). A de t a i l ed  study of the 
petrology of t he  Liberty H i l l  pluton has been completed (Speer, i n  
preparat ion) .  Gravity da ta  have been co l lec ted  (Popenoe and Bell, 
1975) and in te rpre ted  fo r  the  e n t i r e  pluton by Bell and Popenoe 
(1976). Aeromagnetic measurements have been made i n  the eas te rn  t h i r d  
of the pluton (U.S.G.S., 1970). 

-- 

The Liber ty  H i l l  pluton comprises three  major t ex tu ra l ly  and min- 
e ra log ica l ly  d i s t i n c t  f ac i e s  (Figure A-1.1). The predominant fac ies  
cons is t s  of a very coarse biotite-amphibole g ran i t e  and quartz moneon- 
i t e .  The second f ac i e s ,  which occurs along the northern and eas te rn  
margin of the pluton, cons i s t s  of a very coarse-grained b i o t i t e  gran- 
i t e .  This border fac ies  on the northern margin of the pluton (Figure 
A-1.1)  contains  a l k a l i  fe ldspar  phenocrysts up t o  10 cm long and prom- 
inant  muscovite. The border fac ies  i s  loca l ly  separated from the main W 

A- 7 



Figure A-1.1. Geologic and sample locat ion maps of the Liberty H i l l  
pluton, South Carolina. The contact between the Caro- 
l i n a  S la te  be l t  metavolcanic rocks and phy l l i t e s  is  not 
sharply defined and only t h e i r  general d i s t r ibu t ion  is  
shown. The e a s i l y  recognizable contact metamorphic 
aureole i s  best  developed i n  the  phyl l i tes .  The con- 
t a c t  of the Dutchman's Creek gabbro is from McSween 
(1972). KR1, 2, and 3 are the  locat ions of the bore 
holes encountering xenoliths.  The sample numbers i n  
the  map a t  the  lower l e f t  r e f e r  t o  the  locat ion of 
hornfele samples. The geology and samples of the area 
surrounding the Fort H i l l  and Dry Branch t raverses  a re  
shown i n  Figure A-1.3. 

A-8 



. .St31 ilnt Hill Llbrly Hill \ Com&n 

l0K.l Holocene to Cretaceous Coastal Plain deposi! 

pelitic hornfels --- shear zone 

Liberty Hill Pluton 

coarse - grained, biotite granite 

E l  coarse- grained, amphibale granite 

. .. area of fine-grained granite dikes 
and stocks which intrude the 
coarse - grained granite 

FI Carolina Slate belt1 v, volcaniclastic 
rocks; p , pelitic phyllites 

A-9 



pluton by a s t r u c t u r a l l y  conformable, discontinuous screen of hornfels  
which i s  bes t  developed on the northern edge. The t h i r d  and youngest 
fac ies  i s  a fin.e- t o  medium-grained b i o t i t e  g ran i t e  t h a t  intruded the  
western part of the pluton i n  the form of la rge  dikes and small 
stocks.  

The boundary of the  pluton i s  i r r egu la r  on a sca l e  of a kilometer 
and i s  believed t o  be a r e s u l t  of l i t -pa r - l i t  in t rus ion .  Country 
rocks mixed with a la rge  volume of g ran i t e  cons t i t u t e  the  outer  xenol- 
i t h s .  The sca l e  of i r r e g u l a r i t y  i n  the  contact  introduces uncertainty 
i n  the determination of the  dis tance of hornfels  samples from the  
g ran i t e  contact .  

The three-dimensional shape of the pluton i s  an asymmetric funnel 
The igneous lay- 

of tabular  a l k a l i  fe ldspar  c r y s t a l s  
The geome- 

as suggested by the  igneous layering (Figure A-1.1). 
er ing is  defined by the  alignment 
and the o r i en ta t ion  of tabular  xenol i ths  of country rock. 
t r y  agrees with the  grav i ty  model of Bell and Popenoe (1976). 

The Liberty H i l l  pluton i s  emplaced mainly i n  the  Carolina S la t e  
b e l t  which cons is t s  of  weakly metamorphosed pyroc las t ic  and e p i c l a s t i c  
rocks. Many of the o r ig ina l  tex tures  are preserved. The regional  
metamorphism, considered t o  have been i n  the  low-pressure, greenschis t  
f ac i e s  (McCauley, 1961; Wagener, 1968; But ler  and Ragland, 1969b; Sun- 
de l iu s ,  1970; Randazzo, 1969, 19721, probably occurred between 520 and 
430 m.y. ago (But le r ,  1972; Butler and Howell, 1976). The deposi- 
t i ona l  age of the  Carolina S la t e  b e l t  rocks is  most l i k e l y  Cambrian, 
based on paleontological evidence (S t .  Jean, 1973), several  Rb-Sr iso- 
topic  ages ( H i l l s  and Butler ,  1968; Ful lagar ,  1971; Black and Fulla- 
ga r ,  1976; Black, 1978a,b) and U-Pb determinations on zircons (Wright 
and Seiders,  1977). Several suggestions have been made for  forma- 
t i ona l  names of l i t hos t r a t ig raph ic  un i t s  present i n  the Carolina S la t e  
b e l t  based on work i n  loca l  areas (Conley and Bain, 1965; Stromquist 
and Sundelius, 1969; Secor and Wagener, 1968; Wagener, 1970). As the  
nature  of any l a t e r a l  f ac i e s  changes between these type areas i s  unk- 
nown and interbedding o r  s t r u c t u r a l  r e p e t i t i o n  of s imi l a r  rock types 
i s  common, no attempt has been made t o  apply these designations i n  the  
v i c i n i t y  of the  Liberty H i l l  pluton. 

The Carolina S la t e  b e l t  enclosing the  Liberty H i l l  pluton com- 
p r i se s  mainly metamorphosed pyroclast ic  and hypabyssal rocks of 
intetmediate t o  f e l s i c  compositions which are amphibolites and green- 
stones.  P e l i t i c  rocks a r e  volumetrically s ign i f i can t  only on the  
eas t e rn  margin of the Libery H i l l  pluton (Figure A-1.11, although they 
occur throughout the  area. This work concentrates on these p e l i t i c  
rocks,  i n  which the  contact aureole i s  bes t  developed (Figure A-1.1). 
The p e l i t i c  rocks are phy l l i t e s  with a g ra in  s i z e  of genera l ly  l e s s  
than 0.04 mm, and a re  massive to  f ine ly  lami- 
nated. They were o r ig ina l ly  mudstones and s i l t s t o n e s .  Calcareous 
rocks and fine-grained greywackes a r e  loca l ly  interbedded with the  
metapel i tes .  Sedimentary s t ruc tu res  such as graded-bedding and 
cross-bedding, a s  w e l l  a s  s t ruc tu res  r e su l t i ng  from penecontemporane- 
ous deformation, a r e  loca l ly  preserved. These reg iona l ly  metamorp- 

br ight  green i n  co lor ,  
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hosed p e l i t i c  rocks contain quartz,  c h l o r i t e ,  white mica and 
plagioclase ( a l b i t e )  as well as lesser amounts of  vermiculite,  epi- 
dote ,  and opaques. Compositions were determined for  metapeli ter 
representa t ive  of the  d i f f e ren t  grades of contact metamorphism (Table 
A-l.l)*. The methods of  analysis  and ca lcu la t ion  fo r  AFM and AKF pro- 
jec t ions  are given i n  Appendix A-1.1. Other analyses of S la te  Belt 
phy l l i t e s  have been presented by Laney (1910), Pogw (1910), Stuckey 
(1928), Conley (1962) , HcCauley (19611, Butler (1964) Sundelius 
(1970) and Seiders (1978). A comparison of a l l  these rock analyaer i n  
AF€l project ion i s  shown i n  Figure A-l.2a. Bocks with extremely alumi- 
nous compositions reported i n  the  l i t e r a t u r e  have been omitted because 
they are from areas of  intense hydrothermal a l t e r a t i o n  associated with 
base and precious metal deposi ts  i n  the  Carolina S la t e  b e l t .  Average 
greywacke and shale  compositions (Wedepohl, 1969) are a l so  included 
for  comparison. There i s  a wide range of  compositions i f  a l l  the 
ava i lab le  analyses are considered. phy l l i t e s  i n  the  area of 
t h e  Liberty H i l l  pluton the  analyses are f a i r l y  similar and the  range 
smaller, except for  t he  CaO, Na20, and K20 contents.  The var iab le  
content of these oxides r e s u l t s  i n  the  spread of Avalues  among the 
samples i n  the  AFM and AKF Fe/Fe+Mg for 
a l l  samples lies between 0.56 and 0.72 and l ies t o  the  iron-rich r ide  
of the average greywacke and shale  (Figure A-l.2a). With increasing 
metamorphic grade, water content decreases from 3.6-6 percent t o  1 
percent o r  less. No other  systematic chemical changes with meta- 
morphic grade are noted. 

For the  

project ions i n  Figure A-1.2. 

On t he  northwest, the  Liberty H i l l  pluton i s  adjacent t o  the 
Great F a l l s  metagranite (Figure A-1.11, which evidently includes the 
Pleasant H i l l  g r an i t e  of Shiver (1974) and the  "granite northwest of 
Heath Springs" of Wagener (1977). It i s  a monzogranite with var iab ly  
developed gneissosi ty  consis t ing of quartz ,  microcline,  plagioclase 
(An2s,lo) , b i o t i t e ,  white mica, epidote,  c h l o r i t e ,  garnet ,  zircon, and 
opaques. It has yielded a Rb/Sr i so topic  age of 554 + 63 m.y. (Fulla- 
gar ,  and appears t o  have been metamorphosed aF a grade similar 
t o  tha t  of the surrounding Carolina Slate b e l t .  The contact between 
the  Liberty H i l l  and Great Fa l l s  g ran i t e s  may be a f a u l t  contact.  
Outcrop and f l o a t  along t h i s  zone cons is t s  of  s i l i c i f i e d  rocks and 
quartz  veins.  Bell and Popenoe (1976) have interpreted t h i s  t o  be an 
extension of the boundary f a u l t  of the Tr iass ic  Crowburg basin. 

1971) 

Petrography 

P e l i t i c  hornfelses  from the  Liberty H i l l  contact aureole and 
xenol i ths  were col lected from a l l  areas of the  pluton. Rocks outs ide 
the  aureole were a l so  sampled and examined (Figure A-1.1). Because 
rocks with p e l i t i c  compositions are most abundant on the  southeastern 
margin of the pluton, t h i s  area was studied i n  d e t a i l  t o  determine the 
prograde metamorphic sequence. Two t raverses  were sampled i n  the 
drainage basin of Quarter Creek, one along a stream south of Fort H i l l  
and one along the west fork of Dry Branch Creek (Figure A-1.3). A 

* Tables A-1.1 t o  A-1.9 a re  i n  Appendix A-1.3. 
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previous analyses 
overage greywocke 

F = total iron os FeO MgO * M F' = totot iron os FeO+ MgO+ MnO 

Figure A-1.2. ( a )  AFH projection through a l k a l i  fe ldspar  showing com- 
posi t ions of the f ive  Carolina S la t e  b e l t  phy l l i t e s  i n  
the v i c i n i t y  of the  Liberty H i l l  pluton from Table 
A-1.1 ( la rge ,  so l id  c i r c l e s ) .  For comparison, previ- 
ously reported analyses of Carolina Slate b e l t  phpl- 
l i tes are included (small circles), references fo r  
these a re  given i n  the t ex t .  The average greywacke and 
shale  a re  from Wedepohl (1969). (b)  AKF' diagram show- 
ing compositions of  the  Carolina S la t e  b e l t  phy l l i t e s  
i n  the v i c i n i t y  of the Liberty H i l l  pluton. 
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Figure A-1.3. Detailed geologic and loca t ion  map i n  the  v i c i n i t y  of 
the  Fort  H i l l  and Dry Branch t raverses .  The char t  
above shows va r i a t ion  of mineralogy and mineral chemie- 
t r y  along an E-W p r o f i l e .  The isograds,  defined by the 
f i r s t  or l a s t  appearance of a given mineral i n  the pel- 
i t i c  rocks,  a r e  isoreaction-grads (Winkler, 1974) .  The 
g ran i t e  i n  t h i s  sec t ion  of the  Liberty K i l l  pluton is  a 
b i o t i t e  g r a n i t e ,  with an igneous lamination which d ips  
t o  the  northwest a t  about 30'. It i s  believed tha t  the 
isograds p a r a l l e l  t h i s  a t t i t u d e .  
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rhallow g ran i t e  contact dipping 30-40" i n  t h e  area northwest of  t h e  
t raverses  i s  indicated by the  igneous f o l i a t i o n  of the g ran i t e  and 
substantiated by gravi ty  and magnetic modeling (Bell and Popenoe, 
1976; Dunbar and Speer, 1977). It is  believed t h a t  t he  isogradic sur- 
face8 pa ra l l e l  t h i s  contact and d i p  a t  t he  same shallow angle. Addi- 
t ional  samples were obtained from the  xenol i ths  encountered in  the 
three d r i l l  holes: KRl ,  KR2, and KR3 (Figure A-1.1) d r i l l e d  to  the  
depths of 129.5 m (425 f t ) ,  and 406.6 m (1334 f t ) ,  
respectively.  

128.0 m (420 f t ) ,  

The mineral sequence i n  the  samples from the two t raverses  i n  t h e  
metamorphic aureole as well as the  minerals present in  t h e  pel i t ic  
xenol i ths  and country rocks are shown i n  Figure A-1.3. Mineral assem- 
blages for  a l l  samples are given i n  Appendix A-1.2. The isograds are 
defined by the  f i r s t  o r  l as t  appearance of a given mineral i n  the  pel- 
i t i c  rocks and as such are isoreaction-grads (Winkler, .1974). 

Before the  emplacement of the Liberty H i l l  pluton, t h e  pelitic 
country rocks were subjected to ,  o r  were undergbing, a regional  meta- 
morphism i n  t h e  greenschist  facies .  The regional  metamorphic assem- 
blage is  vermiculite + white mica + c h l o r i t e  + a l b i t e  + epidote + 
quartz + opaques. sec t ion  appears t o  be b i o t i t e  occurs 
loca l ly  and i s  believed t o  be vermicul i te  as discussed i n  the  sec t ion  
on mineralogy. Its sporadic occurrence i s  a r e s u l t  of e i t h e r  va r i ab le  
rock compositions o r  only loca l  attainment of su i t ab le  metamorphic 
conditions.  Vermiculite i n  the  mineral assemblages of  t h e  Carolina 
S la te  b e l t  phy l l i t e s  i n  the  v i c i n i t y  of  t he  Liber ty  H i l l  pluton indi-  
ca tes  conditions below b i o t i t e  zoue according t o  Velde's (1978) exami- 
nation of similar assemblages i n  prograde metamorphic sequences. 
Velde's (1978) conclusion about the  metamorphic s t a b i l i t y  i s  ve r i f i ed  
i n  the  Liberty H i l l  aureole;  the  vermicul i te  disappears before the  
appearance of b i o t i t e  i n  the  aureole.  

What i n  t h i n  

A t  the  outermost edge of the contact aureole,  only sub t l e  changes 
i n  mineralogy, tex ture ,  and modes r e s u l t  from the  thermal e f f ec t s .  
Most noticeable i s  the  disappearance of the  b io t i t e - l i ke  vermicul i te  
and appearance of euhedral porphyroblasts of magnetite. That these 
c rys t a l s  represent an increase i n  the  modal amount of  magnetite is  
indicated by the increase i n  the  t o t a l  magnetic f i e l d  a t  the  beginning 
of the metamorphic aureole (Figure A-1.4). Between the  euhedral mag- 
net i te - in  isograd and the cord ier i te - in  isograd, the area i s  re fer red  
t o  as  t he  outermost aureole (Figure A-1.3). Within the  outermost 
aureole,  t he  mineral assemblage i s  muscovite + c h l o r i t e  + epidote + 
a l b i t e  + magnetite + i lmenite + quartz.  Megascopically t h e  rocks are 
indis t inguishable  from the Carolina S la t e  b e l t  phy l l i t e s  outs ide t h e  
aureole. 

The f i r s t  new mineral phases t o  appear i n  the  aureole are cor- 
d i e r i t e  and b i o t i t e .  Coincident w i t h  t h e i r  appearance i s  the  disap- 
pearance of epidote i n  the  metapeli tes as w e l l  as the  abrupt change i n  
plagioclase composition from a l b i t e  t o  andesine. These changes occur 
about 2.5 km from the contact and def ine the  beginning of the  outer  
aureole. outer  aureole are d i s t i n c t l y  d i f -  The p e l i t i c  rocks of the 
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Figure A-1.4. P ro f i l e  along the sec t ion  A-A' (Figure A-1.1) of the 
magnetic anomaly near the Fort H i l l  t r averse ,  taken 
from aeromagnetic da ta  (USGS, 1970). A t  the  edge of 
the  outermost aureole ,  magnetite i s  produced from non- 
magnetic oxide minerals and c h l o r i t e .  Signif icant  
amounts of magnetite are produced a t  the cord ier i te - in  
isograd by reac t ion  ( 2 ) .  With the disappearance of 
c h l o r i t e ,  magnetite i s  consumed i n  several  successive 
cordierite-producing reac t ions  (10, 11, 12) u n t i l  i t  
disappears.  The Liberty H i l l  has B uniformly higher 
magnetite content than the country rocks. / 
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fe ren t  from those f a r the r  from the  g ran i t e  and r ead i ly  dis t inguishable  
as hornfelses.  They are grey and have about the same gra in  s i z e  as the  
Carolina S la t e  b e l t  p h l l i t e s ,  which i s  too fine-grained t o  produce 
meaningful modal analyses. They are spotted with irregularly-shaped 
porphyroblasts of c o r d i e r i t e  up t o  2 mm i n  s i ze .  These porphyroblasts 
a r e  most r ead i ly  v i s i b l e  on weathered surfaces  and are crowded with 
inclusions of quartz ,  plagioclase and opaques. A t  t he  lowest grades,  
c o r d i e r i t e  appears t o  make up no more than 20% of the  volume of the  
c o r d i e r i t e  porphyroblasts. With increasing metamorphic grade, t h i s  
percentage increases. 

The decrease,  by v i sua l  estimates, i n  modal amounts of c h l o r i t e  
and muscovite with the  appearance of b i o t i t e  and c o r d i e r i t e  a t  the  
beginning of the outer  aureole suggests the reac t ion  

c h l o r i t e  + muscovite + quartz  - c o r d i e r i t e  + b i o t i t e  + H20 
(1) 

The junp i n  plagioclase composition from a l b i t e  t o  sodic andesine and 
the disappearance of epidote a t  the  same time as the formation of cor- 
d i e r i t e  and b i o t i t e  by reac t ion  1 may indica te  a more complex reac t ion  
such as 

c h l o r i t e  + muscovite + epidote + An + quartz  + 0 c o r d i e r i t e  + b i o t i t e  + An + magnetite + H20 
(2) 

The appearance of s ign i f i can t ly  l a rge r  modal amounts of magnetite by 
reac t ion  2 is  i l l u s t r a t e d  by the  more rapid rise of t he  t o t a l  magnetic 
f i e l d  a t  the  cord ier i te - in  isograd than a t  t he  magnetite-in isograd 
(Figure A-1 .4). 

30 

Even with the disappearance of c h l o r i t e  by reac t ion  2 soon a f t e r  
the appearance of c o r d i e r i t e  and b i o t i t e ,  c o r d i e r i t e  apparently con- 
t inues t o  increase i n  modal amount with a concurrent decrease of mus- 
covi te .  The oxides,  e spec ia l ly  magnetite, which have previously been 
increasing i n  abundance from the  outermost aureole ,  a l so  begin t o  
decrease i n  modal amount. This suggests a second cordierite-producing 
reac t ion ,  i d e a l l y  summarized as 

muscovite + magnetite + quartz  * 
c o r d i e r i t e  + b i o t i t e  + H20 

(3 )  
The decrease i n  the  niodal amount of magnetite by reac t ion  3 following 
i t s  increase by reac t ion  2 i s  i l l u s t r a t e d  by the  peaking of the  total  
magnetic f i e l d  a t  the  chlorite-out isograd (Figure A-1.4). The tran- 
s i t i o n  from the 3 can be 
i l l u s t r a t e d  i n  the AKF diagram of Figure A-1.2b. The bioti te-cor- 
d i e r i t e  t i e  l i n e  crosses  both the muscovite-chlorite and muscovite- 
magnetite t i e  l i nes .  Because the  muscovite + c h l o r i t e  decomposition 
begins as  a lower temperature reac t ion  and the c h l o r i t e  is consumed 
f i r s t ,  t he  only remaining crossing t i e  l i n e s  are b io t i t e - co rd ie r i t e  
and muscovite-magnetite. 

cordierite-producing reac t ion  2 t o  reac t ion  

The next new mineral phase to  appear i n  the  aureole is a l k a l i  
fe ldspar ,  which marks the  beginning of the  inner aureole.  A l k a l i  
fe ldspar  does appear r a r e l y  outs ide the  isograd of Figure A-1.3, but 
only a s  a r e l i c t ,  d e t r i t a l  mineral. The hornfelses  of the inner 
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aureole a re  f a i r l y  dark, almost black, and have increased in gra in  L J  s i ze  t o  0.1 pgn or  less. Porphyroblasts a r e  abeent. Locally, the 
micas are aligned p a r a l l e l  to  the gran i te  contact ,  making the rocks 
semi-schists. Metamorphic r ec rys t a l l i za t ion  has destroyed most: of the 
f ine  sedimentary textures  i n  the inner aureole. 

h o v e  the alkali feldspar-in isograd , cord ie r i t e  continues t o  
increase i n  amount while muscovite and b i o t i t e  decrease. Oxide miner- 
a l s  are f a i r l y  uncommon, as qua l i t a t ive ly  indicated by the  megnetitc 
f i e l d .  No aluminum sil icate mineral occurs i n  the  aureole,  as would 
be expected i f  a l k a l i  feldspar were produced from the decomposition of 
muscovite + quartz by the react ion 

muscovite + quartz + 
aluminum sil icate + K feldspar + H20. 

(4) 
the a l k a l i  feldspar probably forms as a result of an addi- Therefore, 

t i ona l  cordierite-producing react ion;  
muscovite + magnetite + quartz + 

cord ie r i t e  + K feldspar + H20. 
(5 )  

Immediately a f t e r  the appearance of a l k a l i  fe ldspar ,  the  last 
traces of magnetite disappear i n  most rocks. Locally, muscovite 
r a the r  than magnetite may disappear. Whether there  is disappearance 
of  muscovite or  magnetite by react ion 5 i s  control led by the  rock com- 
posi t ions.  As shown i n  Figure A-1.2b, the  rock analyses of Table 
A-1.1 f a l l  on the  muscovite s ide  of the cord ier i te -b io t i te  t i e  l i n e  
and accounts for  the more common disappearance of magnetite. As the  
gran i te  contact i s  approached, the  remaining muscovite does soon 
disappear i n  most The disappearance of 
both muscovite and magnetite h a l t s  the cordierite-producing react ions 
3 and 5 .  The r a r i t y  of aluminum silicates and the abundance of cor- 
d i e r i t e  i n  the Liberty H i l l  hornfelses suggest t ha t  react ion 5 i n  res- 
ponsible for  the eventual disappearance of muscovite i n  most rocks. 
Muscovite + quartz p e r s i s t  l oca l ly  i n  bioti te-poor rocks and eventu- 
a l l y  may decompose by reac t ion  4 t o  form the  scarce aluminum s i l i c a t e  

, minerals found i n  the outer xenol i ths ,  

rocks of the inner aureole. 

Muscovite t ha t  i s  t ex tu ra l ly  d i s t i n c t  occurs i n  some rocks of the 
inner aureole. Whereas the muscovite preaent i n  the lower prograde 
sequence conforms t o  the weak sch i s tos i ty  and occurs as d i sc re t e  
gra ins ,  t h i s  d i s t i n c t i v e  muscovite occurs as l a rger  p o i k i l i t i c  grains  
or iented a t  a l l  angles t o  the fo l i a t ion  o r  as  intergrowths and over- 
growths on b i o t i t e .  Because of t h i s  tex tura l  evidence, it i s  believed 
tha t  t h i s  muscovite is a r e s u l t  l a rge ly  the 
reversal  of react ions 3 and 5 .  

of retrograde react ions,  

The p e l i t i c  hornfelses of the xenol i ths  resemble the hornfelser 
of the inner aureole except for  a coarser  grain s i ze  of 0.2 mm or  
less, and garnet porphyroblasts, rYhich, though small i n  number, a re  
3-5 mm across The garnets a re  
commonly surrounded by a r i m  of f e l s i c  minerals devoid of b i o t i t e .  
Large p e l i t i c  xenol i ths  contain i r regular  1-5 cm veins of f e l s i c  gran- 

i n  rocks of appropriate composition. 

h-, 
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Li 
i te .  Whether these veins a re  segregations of p a r t i a l  m e l t  from the  
p e l i t i c  xenoliths or  in jec t ion  of molten mater ia l  from the  grani te  i s  
unknown. 

Several addi t ional  mineral phases appear i n  the xenoliths t h a t  
a re  not present i n  the aureole. They a re  garnet ,  orthopyroxene, and 
the aluminum s i l i c a t e s :  andalusi te ,  s i l l iman i t e ,  and f i b r o l i t e .  The 
metamorphic mineral assemblages observed i n  the  p e l i t i c  xenol i ths ,  
which a l so  contain quartz,  plagioclase and a l k a l i  fe ldspar ,  are: 

(1) 
(2 )  s i l l iman i t e  + muscoviFe 
( 3 )  

(4) 
( 5 )  
(6 )  orthopyroxene + b i o t i t e  

( 7 ) b i o t i t e  
(8) 
The f i r s t  three assemblages have been found i n  xenol i ths  from the 
outer par t  of the Liberty H i l l  pluton, which i s  a b i o t i t e  gran i te .  
Assemblages 4 t o  6 are  confined t o  the amphibole-biotite g ran i t e  i n  
the center of the Liberty H i l l  pluton. Assemblages 7 and 8 a re  ubi- 
quitous. The d i f f e r ing  assemblages found i n  the  two g ran i t e  types 
suggest t ha t  the inner xenol i ths  reached a higher grade of metamor- 
phism, shown by the presence of orthopyroxene, and tha t  there  may be a 
continual s p a t i a l  var ia t ion  of intensive parameters such a s  tempera- 
tu re ,  water or  oxygen fugacity i n  the pluton as w e l l  as the  contact 
aureole. 

i n  the  coarse,  b i o t i t e  gran i te  
co rd ie r i t e  + b i o t i t e  + muscovite 

andalusite + cord ie r i t e  + b i o t i t e  + muscovite 
i n  the coarse,  amphibole-biotite gran i te  
orthopyroxene + garnet + cord ie r i t e  + b i o t i t e  
orthopyroxene + cord ie r i t e  + b i o t i t e  

i n  both types of coarse gran i te  

garnet + cord ie r i t e  + b i o t i t e .  

There is no petrographic evidence indicat ing the react ions lead- 
garnet o r  orthopyrox- 

The aluminum s i l i c a t e s  a re  thought t o  form by the  decomposition 
ing to  the formation of the aluminum s i l i c a t e s ,  
ene. 
of muscovite by react ion 5 ,  perhaps, as w e l l  a s  by the react ion 

co rd ie r i t e  + muscovite -+ 

aluminum s i l i c a t e  + b i o t i t e  + quartz + H 0 
( 6 )  

On the bas is  of the mineral phases present,  garnet is  believed t o  
r e s u l t  from the react ion 

2 

b i o t i t e  + cord ie r i t e  + quartz + 
garnet + K feldspar + H20 

(7) 
and orthopyroxene by the  decomposition of b i o t i t e  + quartz according 
t o  the react ion 

b i o t i t e  + quartz - orthopyroxene + 
K feldspar + H20 

(8 1 

Accessory minerals observed i n  the metapeli tes a t  a l l  metamorphic 
grades i n  the aureole and xenoliths a re  a p a t i t e ,  zircon, tourmaline, 
and a l l a n i t e .  Iron su l f ides  a re  pyr rhot i te  i n  the  xenol i ths  and inner 
aureole and pyr i te  i n  the outer and outermost aureole.  Chalcopyrite 

i, 
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is  scarce but widespread. Exsolved pentlandite i n  pyrrhot i te  waa 
observed i n  several  samples. Marcasite i s  a common alteration product 
of  the pyrrhot i te .  The common oxide minerals are  magnetite and a man- 
ganiferous i lmenite.  In most cases they have well-developed exsolu- 
t i o n  features .  Because the oxides pa r t i c ipa t e  i n  the  metamorphic 
react ions,  t he  phases present and t h e i r  abundances change with rneta- 
morphic grade. The oxides of the outermost and outer aureole are 
abundant i lmenite and magnetite. As the  inner aureole is  approached, 
magnetite disappears and i lmenite becomes less abundant. Magnetite i a  
usual ly  absent i n  the  xenol i ths  and i lmenite i s  scarce. 

Mineral Chemistry 

Compositions of coexisting mineral phases i n  polished t h i n  aec- 
t ions  were analyzed on a nine-spectrometer, automated ARL-EMX e lec t ron  
microprobe using well-characterized s i l i c a t e s  and oxides as standards. 
The da ta  were converted t o  oxide weight percentages by a computer pro- 
gram based on the  alpha fac tor  correct ion scheme of Ziebold and ail- 
v i e  (1964) as extended by Bence and Albee (1968) using the correct ion 
fac tors  of Albee and Ray (1970). Mineral formulas and components i n  
Tables A-1.2 t o  A-1.9 were calculated using the computer program 
SUPERRECAL of Rucklidge (1971). The program a lso  ca lcu la tes  a s to i -  
chiometric amount of water and adds it t o  the oxide weight percen- 
tages.  

B io t i t e  

B io t i t e  analyses a re  l i s t e d  i n  Table A-1.2. Their atomic r a t i o s ,  
Fe/(Fe+Mg), vary from 0.38 t o  0.67 with a small and poorly defined 
sympathetic increase i n  te t rahedra l  aluminum content from 2.4 t o  2.7 
(Figure A-1.5a). Total in te r layer  and octahedral s i te occupancies a re  
less than the  idea l  values.  On the  whole, the b i o t i t e s  l i e  t o  the 
aluminous side of an intermediate composition between the end members 
anni te ,  s iderophyl l i te ,  phlogopite and eas toni te  (Figure A-1.5a). The 
more magnesian and less aluminous b i o t i t e s  occur i n  the outer aureole. 
The b i o t i t e s  general ly  become more i ron  r i c h  and aluminous with 
increasing metamorphic grade (Figure A-1.5a). The ti tanium content of 
the  b i o t i t e s  is  var iab le ,  showing an increase with both metamorphic 
grade and i ron content of the b i o t i t e .  Figure A-1.5b i s  a plot of the 
number of t i tanium atoms i n  the formula uni t  versus Fe/(Fe+Mg) of the 
b i o t i t e .  A l l  the b i o t i t e s  coexist  with i lmenite,  which i s  the only 
o ther  s ign i f i can t  titanium-bearing phase. 

As discussed i n  more detail  below, the Fe/(Fe+Mg) r a t i o  of the 
b i o t i t e  r e s u l t s  from increasing metamorphic grade. The accompanying 
change i n  t i tanium and te t rahedral  aluminum contents may be the r e su l t  
of e i t h e r  the  va r i a t ion  i n  metamorphic conditions,  independent of the 
Fe/(Fe+Mg) r a t i o  of the  b i o t i t e ,  o r  the Fe/(Fe+Mg) r a t i o  which i n  tu rn  
i s  a r e s u l t  of the  metamorphic grade and mineral assemblage. The 
weaker trend of increasing te t rahedra l  aluminum content with increas- 
ing titanium content could be explained as the r e s u l t  
subff i tut ivy t o  r e t a i n  charge balance of 
2 A l  + T i  . But t h i s  does not explain the basic cause of the t i t a -  

tar: the neces 
+ (Mg,Fe) nd the  type 2Si 

L4 nium o r  aluminum var ia t ion .  
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Figure A-1.5. (a) Bio t i t e  compositions of the Liber ty  all horn- I 

f e l se s  of Table A-1.2 projected onto the  phlogopite- 
annite-eastonite-siderophyllite f i e l d  * Biotite of the  

. xeaol i ths  (open c i r c l e s )  are d i f f e ren t i a t ed  from the  
b i o t i t e  of the aureole ( f i l l e d  circles). A weakly 
defined compositional trend progresses from outer  
aureole to inner aureole t o  xenol i ths .  (b) Octahedral 
titanium content of the Liberty H i l l  hornfelses  b i o t i t e  
plot ted against  Fe/(Fe+Mg) contents. The symbols are 
the same as i n  Figure A-1.5a. The t i tanium contents 
c l e a r l y  separate  the b i o t i t e s  of the d i f f e r e n t  meta- 
morphic grades even when t h e i r  Fe/(Fe+Mg) values over- 
lap  a t  the  higher metamorphic grades. 
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Guidot t i  -- e t  a l .  (1977) demonstrated what they believed was a 
temperature dependent change i n  the  t i tanium sa tura t ion  l i m i t  of biot-  
i t e  i n  comparable mineral assemblages over a range of Fe/(Fe+Mg) 
values of  b i o t i t e s .  '@e ti tanium content of  the Liberty H i l l  contact 
aureole b i o t i t e s  a l so  appears t o  be l a rge ly  a function of increasing 
metamorphic grade, because t i tanium va r i e s  f o r  b i o t i t e s  which have 
similar Fe/(Fe+Mg) values and t h a t  can be ordered i n t o  lower and 
higher metamorphic grade assemblages of t he  inner aureole and outer  
and inner xenol i ths  (Figure 5b). (1975a) have shown 
t h a t  the  amount of te t rahedra l  aluminum is  independent of Fe/(Fe+Mg) 
over most of the b i o t i t e  compositional range. The work of Chin- 
ner(1960) and Mueller (1972) shows t h a t  the  aluminum content i n  the  
b io t i t e s , cou ld  r e f l e c t  the continual change i n  the oxygen 'and water 
fugac i t ies .  Rutherford (1973) found t h a t  b i o t i t e  becomes more alumi- 
nous with increasing temperature and/or oxygen fugaci ty  i n  peralumi- 
nous systems. As  discussed i n  the petrology sec t ion ,  there  is  a var i -  
a t ion  i n  oxygen fugaci ty  with increasing metamorphism i n  the aureole.  
There i s  c e r t a i n l y  an increase i n  Whether o r  not these 
are s u f f i c i e n t  t o  cause the va r i a t ions  i n  te t rahedra l  aluminum i s  unk- 
nown. In summary, the  Fe/(Fe+Mg) r a t i o ,  t i tanium content and perhaps 
to a lesser ex ten t ,  t e t rahedra l  aluminum content of the b i o t i t e s  vary 
w i i b  metamorphic conditions i n  the aureole.  Variations of T i ,  S i ,  and 
A1 may not be independent of 
one another,  both t o  r e t a i n  charge balance and t o  obtain b e t t e r  dimen- 
s iona l  f i t  o f  the te t rahedra l  and octahedral l ayers  i n  the  b i o t i t e s .  

Guidotti  -- e t  a l .  

temperature. 

associated with changes i n  Fe/(Fe+Mg) 

The absolute  t i tanium contents of the b i o t i t e s  a r e  higher than 
those reported by Guidotti  -- e t  a l .  The problem of systematic 
compositional e r r o r s  of d i f f e ren t  workers involving small amounts of a 
component are no doubt as important here  a s  i n  the case of muscovite6 
(Guidot t i  and Sass i ,  1976). However, an a t t r a c t i v e  a l t e r n a t i v e  expla- 
na t ion  i s  t h a t  the  t i tanium s o l u b i l i t y  i n  b i o t i t e  decreases with 
increasing pressure,  a compositional r e l a t i o n  s imi la r  t o  tha t  found 
for  synthe t ic  phlogopites by Robert (19751, suggesting tha t  the con- 
f in ing  pressure of the  Liberty H i l l  contact aureole may have been 
lower than i n  the  area described by Guidot t i  -- e t  al. 

(1977). 

(1977).  

B i o t i t e  only r a r e l y  occurs as inclusions i n  garnet .  In the  ~am-  
p l e  which was microprobed, K3-1068, the  included b i o t i t e  i s  more 
magnesian than the  matr-ix b i o t i t e  (Table A-1.2). This i s  the  only 
place i n  the  Libery H i l l  hornfelses  where a mineral composition 
g r e a t l y  d i f f e r s  on a t h i n  sect ion sca le .  Z t  may be a result  of  e i t h e r  
an e a r l i e r  prograde b i o t i t e  enclosed i n  a growing garnet o r  a reequi- 
l i b r a t i o n  of the  garnet-included b i o t i t e  pair  with decreasing tempera- 
t u r e ,  t he  garnet-matr ix  b i o t i t e  pa i r  ceasing t o  reequi l ibra te  a t  a 
higher temperature because of the  g r e a t e r p i s t a n c e s  involved. As w i l l  
be seen i n  the  sec t ion  on physical conditions of metamorphism, the 
garnet-included b i o t i t e  pa i r s  yield much lower temperatures than do 
the garnet-matrix b i o t i t e  pairs. 
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Chlori te  

The ch lo r i t e s  outs ide the vermiculite-out isograd are r i p i d o l i t e s  
and brunsvigites according t o  the c l a s s i f i c a t i o n  of Hey (1954). They 
have Fe/(Fe+Mg) values grea te r  than 0.5 (Table A-1.3). The ch lo r i t e s  
of the outermost with a range 
of Fe/(Fe+Mg) values of 0.43-0.37 (Figure A-1.6). The ch lo r i t e s  coex- 
i s t i n g  with co rd ie r i t e  i n  the o u t j r  aureole a re  r ip ido l i t e s .  They are 
the l e a s t  iron-rich ch lo r i t e s  found and have a narrow Fe/(Fe+Mg) r a t i o  
of 0.32-0.34 (Figure A-1.6). 

Cordier i te  

aureole a re  more magnesian r i p i d o l i t e s  

Cordierite i s  chemically homogeneous and the compositions from 
grain t o  grain in .  t h in  sect ion a re  uniform. For the samples analyzed, 

I Fe/(Fe+Mg) ranges from 0.51 t o  0.25 (Table A-1.4). The least iron- 
r ich  co rd ie r i t e  occurs a t  the beginning of the outer  aureole and i ron  

I content increases inward with metamorphic grade. The manganese con- 
tent of the co rd ie r i t e  is  small but exhib i t s  a systematic decrease 
from 4.3 t o  1.7 mol percent of the Mn-cordierite end member from the 
outer t o  inner aureole. Cordier i tes  of the xenol i ths  have generally 
less than 1 mol percent of the manganese end member. This appears t o  
be the only va r i a t ion  of manganese 
content of co rd ie r i t e  with metamorphic grade. Manganese may help t o  
expand the s t a b i l i t y  f i e l d  of cord ie r i t e  t o  lower temperatures, a r o l e  
eimilar t o  tha t  of manganese i n  garnet (Dasgupta -- e t  al . ,  1974). 

Epidote 

recorded instance of a systematic 

Epidote + a l b i t e  occur i n  the rocks of the outermost aureole and 
The composition of 

an average of c l inozois i te7g  pis ta-  
country rocks i n  
the epidote var ies  a l i t t l e  about 
c i t eZO piemontitel (Table A-1.5). 

place of a ca lc i c  plagioclase.  

I 

I Feldspars 
~ 

The plagioclase of the  Carolina S la te  b e l t  phy l l i t e s  and outer- 
most aureole i s  Ang. change i n  plagioclase composition a t  
the  cordier i te- in  isograd coincides with the disappearance of epidote 
from the p e l i t i c  rocks. The calcium i n  t h e  plagioclase i s  believed t o  
come from the decomposition of epidote by react ion 2 a s  discussed ear- 
lier. The rapid plagioclase compositional change may be an e f f e c t  of 
the  p e r i s t e r i t e  solvus, but t h i s  cannot be determined from the availa- 
b l e  samples. No coexisting a l b i t e  and andesine were found. The pla- 
gioclase remains an unzoned sodic andesine, within a narrow composi- 
t i ona l  range, i n  a l l  peli t ic rocks of the outer and inner aureoles.  

The rapid 

Compositions of plagioclase from the xenol i ths  f a l l  i n to  one of 
two compositional groups: An36 and An12,22. The more sodic plagioc- 
lase  coexis ts  with garnet ,  suggesting equi l ibra t ion  of the anor th i te  
content of the plagioclase and the grossular  content of the  garnet by 
a reaction s imilar  t o  the following; 

ca l c i c  plagioclase + b i o t i t e  + g a r n e t  
+ K feldspar + sodic plagioclase + H 2 0 .  

( 9  1 
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The a lka l i  fe ldspars  are microcline microperthites with a f a i r l y  
narrow compositional range around Org5. Rare compositional extremes 
of Or58-0rg2 determined by microprobe analyses probably represent sdm- 
pling of la rger  volumes of the exsolved phases. 

Garnet 

The Liberty R i l l  garnets  are almandine-pyrope so l id  solut ions 
with small amounts of g rossu la r i t e  and spessar t ine.  They have a nar- 
row compositional range about the  average of Alm Py14 Sp5 G r 2  (Table 
A-1.6). Some garnet porphyroblasts are textur!!ly zoned but no cor- 
responding chemical zoning was detected.  The t ex tu ra l  zoning of t he  
p o i k i l i t i c  garnets i s  defined by varying modal amounts and s i zes  of 
the  b i o t i t e  and quartz inclusions.  Chemical inhomogeneity within a 
gra in  and from grain than 2 mol X 
almand ine . t o  gra in  i n  a t h i n  sec t ion  i s  less 

MUS cov i t e I 
The white micas analyzed are muscovites with only minor paragon- 

.te and celadefi te  so l id  solut ion,  Na/(Na+K) 0.09 and 
Fe+Mg)/(Fe+Mg+Al 0.15 (Table A-1.7). The s m a l l  paragonite and 

Mg-celadonite contents decrease from the  outer t o  the  inner aureoles 
as ant ic ipated.  The Fe-celadonite content is  more erratic, making the  
t o t a l  celadonite coatent var iable .  The sums for  the  in t e r l aye r  sites 
fo r  some of t he  musco i t e s  i n  the  outermost aureole and country rocks 
are par t icu lar ly  low i n  K + Na, suggesting they are i n  par t  i l l i tes .  

Orthopyroxene 

The orthopyroxenes are hypersthenes with a narrow range of compo- 
s i t i o n s  near Woo Fs En Mn (Table A-1.8). Aluminum con- 
t en t  var ies  betw6en I!! *ind 3!04weigh9percent alumina. 

Vermic u l  it e 

In t h i n  sect ion,  t he  "biot i tes"  i n  the  Carolina S la t e  b e l t  phyl- 
l i t es  i n  the  v i c i n i t y  of the Liberty H i l l  pluton a re  small (<0.05 mm) 
f lakes  commonly intergrown with muscovite and c h l o r i t e  and are f a i r l y  
rare. They are readi ly  dis t inguishable  from the  green c h l o r i t e  by 
t h e i r  tan t o  brown pleochroism and higher birefringence. This biot-  
i t e - l ike  mineral does not have the  composition of b i o t i t e  (Table 
A-1.9), r a the r ,  it has a composition similar t o  the  c h l o r i t e s  but with 
s l i g h t l y  higher potassium and calcium contents.  The occurrence of a 
s imi la r  mineral i n  metamorphic rocks below the  b i o t i t e  isograd has 
been recent ly  discussed by Velde (1978). He interpreted the  mineral 
88  being vermiculite resu l t ing  from prograde, regional  metamorphism. 
The vermiculite occurrence i n  the  Carolina S la t e  b e l t  is  similar t o  
the other  occurrences summarized by Velde (1978). 
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. Petrology of the ferromagnesian phases 
the  AFM f ac i e s  type 

Understanding the progressive metamorphism of the p e l i t i c  rocks 
i n  the Liberty H i l l  pluton requires  explanation of both the succession 
of mineral assemblages and the  va r i a t ion  i n  mineral chemistries.  
These da ta  fo r  the  ferromagnesian s i l i c a t e  phases described i n  the 
previous sec t ions  are summarized i n  the AFM project ions of Figure 
A-1.7a-b. The most s t r i k i n g  fea ture  of  the  project ions i s  t h a t  the 
mineral assemblages become more i ron  r i c h  with increasing metamorphic 
grade. The g rea t e s t  change takes place from the  outer  to  the inner 
aureole (Figure A-1.7a). The xenol i th  assemblages (7b) l i e  t o  the  
iron-rich s i d e  of t he  aureole assemblages. The orthozyroxene-bearing 
assemblages reverse t h i s  i ron  enrichment trend (7b).  There are too 
few aluminum si l icate-bear ing rocks t o  determine t h e i r  compo9itional 
behavior with changing metamorphic grade. 

The chemical analyses of Carolina S la t e  b e l t  phy l l i t e s  i n  the 
v i c i n i t y  of  the  Liber ty  H i l l  (Table demonstrate t ha t  the  i ron  
enrichment of the  s i l i c a t e  assemblages does not r e s u l t  from a syste- 
matic change i n  rock chemistry. Rather, the pa r t i c ipa t ion  i n  the 
react ions of iron-bearing oxide minerals and iron-bearing s i l i c a t e  
minerals aot included i n  the  AFM project ion r e s u l t s  i n  an increasingly 
iron-rich si l icate assemblage. The presence of i ron  i n  non-si l icate  
phases a l s o  causes many of  the s i l i c a t e  assemblage compositione t o  
f a l l  on the  magnesian s ide  of the  range of p h y l l i t e  .compositions 
(Table A-1.1) i n  Figure A-1.7 as well as Figures A-1.8 and A-1.9 pre- 
sented below. No doubt a l a rge r  range of Fe/(Fe+Mg) rock values is 
present than those analyzed. But i n  most cases, the  s i l i c a t e  and rock 
compositions can be made t o  coincide by including the coexis t ing oxide 
minerals o r  epidote  which would p lo t  on A t  the  higher 
metamorphic grades,  where almost a l l  the  oxides have reacted t o  form 
s i l i c a t e s ,  the  bulk s i l i c a t e  chemistry approaches tha t  of the rock 
chemistry. 

A-1.1) 

the i ron  end. 

The pos i t ion  of the  t i e  l i n e s  and compatibi l i ty  t r i ang le s  fo r  the 
Liber ty  H i l l  hornfelses  i s  affected by the  intensive parameters of 
temperature, pressure,  water fugaci ty  and oxygen fugacity.  The con- 
t a c t  metamorphism caused by the  Liberty H i l l  pluton was probably 
l a rge ly  i sobar ic ,  and constant pressure i s  a good assumption for  the  
small area covered contact aureole shown 
i n  Figure A-1.3. This means temperature and water and oxygen fugaci- 
t ies  are the  only s i g n i f i c a n t l y  varying intensive parameters i n  the 
metamorphism. 

by the  two t raverses  of the  

Figure A-1.8 i l l u s t r a t e s  the  loca t ion  of the  mineral isograds and 
the compositional change of the coexis t ing Fe-Mg phases with dis tance 
from the g ran i t e  contact  along the two aureole  t raverses .  The eyste- 
matic and progressive changes i n  mineral chemistry with increaeing 
metamorphic grade demonstrate the  importance of compositional control  
by continuous metamorphic react ions.  This i s  fur ther  substant ia ted by 
t h e  widespread occurrence should otherwise be 
univar iant  assemblages. The other  s ign i f i can t  fea ture  of Figure A-1.8 

i n  the aureole of what 
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Figure A-1.7. AFM projection showing mineral compositions and t h e i r  
t i e  l i n e s  for  hornfelses of the Liber ty  H i l l  contact 
aureole. Rock compositions from Table A-1.1 are 
included and shown as  dots .  ( a )  Mineral compositions, 
projected from muscovite, of the  aureole mineral assem- 
blages showing i ron  enrichment of the si l icate minerals 
going from the outer t o  inner aureole. (b)  Mineral 
compositions, projected from K fe ldspar ,  of the  xenol- 
i t h  mineral assemblages. i d  
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Figure A-1.8. Variation i n  composition of the  Fe-Mg s i l i c a t e  mineral 
phases with d is tance  from the  Liberty H i l l  Contact 
along the Fort  H i l l  and Dry Branch t raverses  (Figure 
A-1.3). Isograd locat ions are indicated a t  the l e f t .  
Because heat  t r ans fe r  by conduction i s  an exponential 
function, temperatures i n  the  aureole would decrease 
exponent ia l ly  away from the g ran i t e .  The symbols are:  
c i rc les - -b io t i te ;  t r iangles-chlor i te ;  squares--cor- 
d i e r i t e ;  hexagons--epidote; inverted open triangles- 
-vermiculite. Magnetite i s  a par t  of a l l  mineral 
assemblages beyond the magnetite-out ieograd. The 
heavy l i n e s  connect the  phases of the rocks believed t o  
be par t ic ipa t ing  i n  the  same continuous react ions.  
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is the  f a i r l y  abrupt changes i n  pos i t ion  slope o r  d i r ec t ion  of the  
compositional va r i a t ion  a t  the  appearance or disappearance of a min- 
eral phase. As demonstrated below, these changes are a r e s u l t  of a 
d i f f e r e n t  continuous metamorphic reac t ion  character iz ing o r  predomi- 
nat ing i n  the  mineral assemblage between each isograd. 

Thompson (1976a,b) has shown t h a t  continuous and discontinuous 
reac t ions  i n  the  system K 0-FeO-MgO-Al2O3-SiO2-H20 can be e f f ec t ive ly  
presented i n  i sobar ic  T-X($e-Mg) sect ions.  Combination and super-po- 
s i t i o n  of the  d ivar ian t  loops and discontinuous react ions located by 
experimental work on end member compositions should predict  the proba- 
b l e  progressive metamorphic mineral assemblages and compositional 
changes. A sequence of possible  continuous and discrntinuous reac- 
t i ons  fo r  the  Liberty H i l l  hornfelses  have been located on a 
T-X(Fe-Hg) sect ion (Figure A-1.9). = PH 0 
= 4.5 kb, which i s  the  estimated t o t a l  pressure a s  discussex i n  t i e  
following sect ion.  The configuration i s  s imi la r  t o  Thompson's 
(1976a,b) Figures 1 C  and 5. Figure A-1.9 i s  meant t o  be la rge ly  sche- 
matic with respect  to  temperature because the  experimental data  for  
many of the  react ions are in su f f i c i en t  t o  permit construct ion of an 
accurate T-X(Fe-Mg) sect ion.  Additional components o r  conditions of 
PHzO less than Pt tal w i l l  a l so  change the  temperatures of react ions.  
However, a re lae ive  framework of compositions and temperature was 
obtained using, i n  addi t ion  to  Thompson's work, the  experimental work 
of  Se i f e r t  (1970,19761, Hensen and Green (19731, Chat ter jee  and Johan- 
nes (19741, and Holdaway and Lee (1977). The addi t iona l  react ions 11, 
12, and 16 t h a t  occur i n  the  Liberty H i l l  aureole,  f o r  which there  i e  
no experimental data ,  are located according t o  the sequence and compo- 
s i t i o n s  which are observed. The aluminum s i l i c a t e  phase t r a n s i t i o n ,  
andalusi te  to  s i l l iman i t e ,  is  not included. The compositions of the 
coexis t ing mineral phases from Tables A-1.2 t o  A-1.9 are plot ted so 
t h a t  fo r  each coexis t ing Fe-Mg mineral assemblage the  points for  biot-  
i t e  coincide with the l i n e s  drawn for  t he  b i o t i t e  compositional var ia-  
t ion .  B i o t i t e  was chosen because it i s  ubiquitous.  

The diagram is  drawn for  P 

The reac t ions  involving the f e r r i c  minerals do not s t r i c t l y  
belong i n  the  T-X(Fe-Mg) sec t ion ,  which is defined only for  ferrous 
i ron.  However, the  decrease and eventual disappearance of f e r r i c  
iron-bearing mineral phases i n  the contact aureole necess i ta tes  the 
incorporation of the i ron  as ferrous i ron  i n  the product mineral 
phases. the  loops which denote the  
compositions of the  coexis t ing reac tan ts  and products should touch on 
the  i ron  s ide  to  include the f e r r i c  oxide phases, as well as epidote 
a t  lower metamorphic grades. In Figure A-1.9, the  representat ion of 
the  continuous react ions as loops assumes t h a t  the  i ron  oxides are 
excess phases s imi la r  t o  quartz.  

To show the  complete reac t ions ,  

A t  the  lowest metamorphic grades i n  the country rocks and outer- 
most aureole,  the  react ions responsible for  the compositional varia- 
t i o n  of the  mineral phases are only p a r t l y  known. With the  disappear- 
ance of vermiculite a t  the  beginning of the  outermost aureole,  
c h l o r i t e  becomes much more magnesian (Figures A-1.6, A-1.8, A-1.9). 
The balance of the i ron i s  probably incorporated i n  the euhedral mag- 
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Figure A-1.9. T-X(Fe-Mg) section at PH20 - 4 .5  kb for the continuous 
and discontinuous Hill con- 
tact metamorphic aureole. Bracketed numbers refer to 
numbered reactions 'in the text. Loops are for continu- 
ous reactions, horizontal lines are for discontinuous 
reactions. Experimental data for the location of reac- 
tions are from Seifert (1970, 1976), Hensen and Green 
(1973), Chatterjee and Johanneo (19741, and Holdaway 
and Lee (1977). Additional reactions 11, 12, and 16 
are located according to the sequence and compositions 
which are observed in the hornfelses of Liberty Hill 
pluton. The effects of the aluminum silicate boundar- 
ies are not shown. Mineral compositions: solid cir- 
cles--biotite; solid squareo--cordierite; solid trian- gles-chlorite; open circles-- garnet ; open 

triangles--orthopyroxene; and inverted open triangles-- 
vermiculite. 

reactions for the Liberty 
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n e t i t e  c r y s t a l s  which appear a t  the same t i m e .  No detec tab le  
compositional change occurs i n  the outermost aureole un t i l  t he  cor- 
d i e r i t e - in  isograd, suggesting t h a t  no continuous react ions occur i n  
the  outermost aureole.  

LJ 

Several mineralogic changes which take place a t  t he  cord ier i te - in  
isograd are summarized by reac t ion  2. Epidote and a l b i t e  disappear 
abrupt ly  while c h l o r i t e  l i nge r s  u n t i l  i t s  disappearance a t  the  chlor- 
ite-out isograd. This ind ica tes  t h a t  between the  cord ier i te - in  and 
chlorite-out isograds the  continuous reac t ion  1, c h l o r i t e  + muscovite - c o r d i e r i t e  + b i o t i t e  + H20,  occurs. Mineral compositions vary 
along the loop for  t h i s  reac t ion  i n  Figure A-1.9, suggesting t h a t  
reac t ion  1 should be wr i t ten  

ch lo r i t e (1 )  + b i o t i t e ( 1 )  + cord ie r i t e (1 )  + muscovite * 
ch lo r i t e (2 )  + b i o t i t e ( 2 )  + cord ie r i t e (2 )  + H20 

where the products, ch lo r i t e (2 )  + b i o t i t e ( 2 )  + cord ier i te (21 ,  are more 
i ron  r i c h  than the reac tan ts .  This reac t ion  ceases when the  c h l o r i t e  
i s  consumed. I f  the  coexis t ing i ron  oxide is ignored, t h e  cord ier i te -  
b i o t i t e  s ide  of the three-phase t r i a n g l e  c o r d i e r i t e  + b i o t i t e  + chlor- 
i t e  l i es  on the  i ron  s ide  of the  c h l o r i t e  compositions i n  Figure 
A-1.7a. This topology agrees with t h a t  suggested by Albee (1972) but 
d i f f e r s  from t h a t  observed by Tewhey and Guidot t i  e t  - a l .  (1975b) for  these coexis t ing minerals i n  rocks from Maine 
Thompson (1976a) would predict  both s i t u a t i o n s ,  where the  d i f fe rence  
i s  a r e s u l t  of d i f f e r i n g  bulk chemistries.  The Liber ty  H i l l  horn- 
f e l se s  a r e  evident ly  more i ron  r i c h  than the  Maine rocks. 

(10) 

and Hess (1974) 

The rapid decrease of modal magnetite and the cont inual  increase 
of c o r d i e r i t e  a f t e r  the chlorite-out isograd can be explained by reac- 
t i o n  3, muscovite + magnetite - This r eac t ion  
i s  shown as a continuous reac t ion  i n  Figure A-1.9 with an iron-enrich- 
ment trend with increasing metamorphic grade. This i s  based on t h e  
observed assemblages and suggests t h a t  reac t ion  3 should be more prop- 
e r l y  wr i t t en  as 

co rd ie r i t e (1 )  + b i o t i t e ( 1 )  + magnetite + muscovite 
+ quartz  * cord ie r i t e (2 )  + b i o t i t e ( 2 )  + H20 

(11) 
where co rd ie r i t e (2 )  and b i o t i t e ( 2 )  are more i ron  r ich than cordier-  
i t e ( 1 )  and b i o t i t e ( 1 ) .  That these compositional changes do not begin 
u n t i l  some dis tance  from the chlorite-out (Figure A-1.8) suggests t h a t  
reac t ion  11 does not  begin immediately a t  the  chlor i te-out  isograd. 

c o r d i e r i t e  + b i o t i t e .  

The appearance of a r e s u l t  o f  
reac t ion  5 ,  c o r d i e r i t e  + K fe ldspar  
+ HZO. Because of the iron-enrichment of the  s i l i c a t e  assemblage bet- 
ween the  a lka l i  feldspar-in and muscovite- or magnetite-out isograds 
(Figure A-1.8), r eac t ion  5 is  b e t t e r  wr i t ten  as: 

co rd ie r i t e (1 )  + b i o t i t e ( 1 )  + magnetite + muscovite + quartz  
-+ cord ie r i t e (2 )  + b i o t i t e ( 2 )  + K fe ldspar  + H20 

where the products co rd ie r i t e (2 )  and b i o t i t e ( 2 )  are more i ron  r i c h  
than the reac tan ts  co rd ie r i t e (1 )  and b i o t i t e ( 1 ) .  Except fo r  the  pro- 

a l k a l i  fe ldspar  i s  believed to  be 
muscovite + magnetite + quar tz  - 

(12) 

0 
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ductioa of alkali feldspar in reaction 12, reactions 11 and 12 are 
identical. They result in overlapping Fe-Mg compositions of the coex- 
isting cordierite and biotite (Figure A-1.8) and occur under very 
similar conditions. For these reasons, these two continuous reactions 
are drawn with their loops nearly coinciding in Figure A-1.9. They 
are also shown as terminating at the discontinuous reaction magnetite 
+ muscovite + quartz + biotite + cordierite + K feldspar + H20. 

section of Figure A-1.9 is an intricate interre- 
lationship of discontinuous and continuous reactions. As demonstrated 
thus far, the rocks between the isograds record that they were under- 
going continuous reactions and this would explain the widespread 
occurrence of univariant assemblages. The significance of the iso- 
grads with respect to the T-X (Fe-Mg) The 
epidote- and albite-out and cordierite-, biotite-, and oligoclase-in 
isograd, summarized by reaction 2, is a terminal, discontinuous reac- 
tion, but hardly one effectively represented in an AFM projection. 
The "monomineralic" isograds, magnetite-in, chlorite-out, K feldspar- 
in, muscovite- or magnetite-out, and possibly vermiculite-out, repre- 
sent change from one continuous reaction They do result 
in a change of but only for the 
rock and fluid compositions of the As evi- 
denced by the experimental work and petrography of other localities 
used to construct Figure A-1.9, these continuous reactions occur over 
a much wider Fe-Mg compositional range. Because of the limited compo- 
sitions of the Carolina slate belt phyllites in the Liberty Hill con- 
tact aureole and metamorphic conditions bringing the occurrence of the 
continuous reactions close together, the monomineralic isograds mark 
the end of one and beginning of another continuous reaction. 

Tie T-X (Fe-Mg) 

section is not as simple. 

to another. 

Liberty Hill hornfelses. 
the topology of the AFM projection, 

As suggested in the case of the outermost aureole and reaction 
11, a continuous reaction need not begin immediately after the stop- 
ping of the previous reaction. A certain temperature or fluid compo- 
sition change may need to occur for the rock compositions present. A 
similar situation is believed to take place above the muscovite- or 
magnetite-out isograd until the occurrence of the various reactions 
giving rise to the mineral assemblages of the pelitic xenoliths. The 
compositions of cordierite and biotite above the muscovite- or magne- 
tite-out isograd, S659 and S712, have nearly the same compositions as 
the cordierite and biotite assemblage of a xenolith, K3-306, associ- 
ated with orthopyroxene-bearing assemblages. In another cordierite- 
biotite pair from a xenolith, S89, the biotite is more magnesian. The 
biotite is also more alminous, suggesting that some of the iron in 
the other biotites may be ferric iron. The variation may also be a 
result of differing bulk compositions or distribution coefficients. 
In Figure A-1.9, these cordierite-biotite pairs have been plotted 
schematically as vertical lines drawn to show their trend. These 
lines differ from the other lines in the figure because they do not 
represent a reaction. The mineral compositions move off these lines 
when the minerals are involved in additional reactions, The remaining 
reactions and mineral assemblages at higher metamorphic grade occur in 
the xenoliths. 
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W The appearance of the aluminum s i l i c a t e  minerals by react ions 4 
or  6 causes thoee assemblages t o  be controlled by the continuous reac- 
t ion 

aluminum s i l i c a t e  + b io t i t e (1 )  + cord ier i te (1)  + quartz 
+ b i o t i t e ( 2 )  + cord ier i te (2)  + K feldspar + H20 

(13) 
where the  reactants  a re  more magnesian than the products (Figure 
A-1.9). It produces co rd ie r i t e  at the expense of aluminum silicates 
and with only the  small amounts of muscovite remaining from react ion 
11 and, i n  addi t ion t o  the rock compositions, accounts for  the r a r i t y  
of aluminum silicates i n  the Liberty H i l l  hornfelses.  

A t  higher metamorphic conditions i n  the  xenol i ths ,  the  b io t i t e -  
co rd ie r i t e  assemblages pa r t i c ipa t e  i n  the continuous react ion 7 t o  
produce garnet.  The mineral compositions suggest the react ion should 
be wri t ten 

cord ier i te (1)  + b io t i t e (1 )  + quartz + cord ier i te (2)  + 
b i o t i t e ( 2 )  + garnet + K feldspar + H20 

(14) 
where the products a re  more magnesian than the reactants  (Figure 
A-1.9). Carnet could have a l so  been produced by the  discontinuous 
reac t  ion 

aluminum sil icate + b i o t i t e +  
garnet + cord ie r i t e  + K feldspar + H20 

(15) 
which is  located a t  the in te rsec t ion  of continuous react ions 13 and 
14. Because of t h e  r a r i t y  of aluminum s i l i c a t e  minerals i n  the horn- 
f e t se s ,  react ion 15 was probably unimportant. 

A t  the  high grade end of the T-X(Fe-Mg) diagram, ti continuous 
orthopyroxene-producing react ion has been added. The b i o t i t e s  and 
co rd ie r i t e s  of the orthopyroxene-bearing assemblages a re  more magne- 
s i a n  than those without orthopyroxene (Figure A-1.5b). In addi t ion,  
the  b i o t i t e  coexisting with orthopyroxene i s  less aluminous. For 
these reasons, the  idea l  react ion for  the appearance of orthopyroxene 
by the  decomposition of b i o t i t e  + quartz by react ion 8 has been 
expanded t o  

b i o t i t e ( 1 )  + cord ier i te (1)  + quartz + orthopyroxene 
+ cord ier i te (2)  + b i o t i t e ( 2 )  + K feldspar + H20 

(16) 
The products b i o t i t e ( 2 )  and cord ier i te (2)  are more magnesian, and 
b i o t i t e ( 2 )  i s  less aluminous than the reac tan ts  b i o t i t e ( 1 )  and cor- 
d i e r i t e ( 1 ) .  Because no data  a re  ava i lab le  fo r  the react ion,  i t s  loca- 
t i o n  i s  schematic and governed only by the l imited Liberty H i l l  data.  

The in te rsec t ion  of the continuous react ions 14 and 16 occurs a t  
the  discontinuous react ion 

b i o t i t e  + garnet + quartz  3 

cord ie r i t e  + orthopyroxene + K feldspar + H 0 
(17) 

Because most orthopyroxene i n  the  Liberty H i l l  xenoliths occurs i n  
garnet-bearing assemblages, t h i s  discontinuous react ion 17 i s  probably 
the important orthopyroxene-producing react ion i n  the Liberty H i l l  
hornfelses.  

2 
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The high-temperature continuous reaction above the discontinuous 
reaction 16 is 

cordierite + orthopyroxene -f garnet + quartz 
(18) 

where, with increasing temperature, the garnet becomes more magnesian 
and the cordierite more iron rich according to the work of EIensen and 
Green (1972, 1973). The four- pha se assemblage 
garnet-orthopyroxene-cordierite-biotite observed in the xenoliths 
represents either conditions at the discontinuous reaction 17 or at 
conditions above it with biotite persisting as a result of the addi- 
tional component, titanium. For this reason the line representing the 
biotite compositions for reaction 18 is dashed. 

Physical Conditions of Metamorphism 

Pres sure 

An estimate of the pressure during granite emplacement can be 
made from the assemblage cordierite + garnet + orthopyroxene + quartz, 
which was calibrated by Hensen and Green (1973) and reviewed by Hensen 
(1977). the indicated pressure 
is 4.5 kb (4.5 x 10 Pa). The aluminum silicate minerals in the xenol- 
iths are andalusite and sillimanite as well as fibrolite. Some of the 
sillimanite coexists with muscovite, alkali feldspar and quartz. Thus 
the thermal metamorphism of the Liberty Hill contact aureole occurred 
at pressures below the aluminum silicate triple point and above the 
intersection of the andalusite-sillimanite transition and decomposi- 
tion of muscovite + quartz. Using the muscovite stability data of 
Chatterjee and Johannes (1974) and the aluminum silicate stability 
data of Richardson et al. pressure brackets of 5.5 and 4 kb 
are obtained. These pressure brackets agree with the estimated pres- 
sure of 4.5 kb better than the aluminum silicate stability data of 
Holdaway (1971) which would yield brackets of 3.5 and 2 kb. In addi- 
tion, the higher pressure bracket is consistent with the intersection 
of the granite melting and muscovite + quartz decomposition curves at 
about 3.8 kb, pressure estimate if the muscovite- 
bearing xenoliths were enclosed in a granitic magma. This pressure 
estimate increases if W 0 is less than P total' if the granite departs 
from the haplogranite system, or if the muscovite is not the end-mem- 
ber composition. 

For the xgnoliths in drill hole KR3, 

(19691, -- 

which is a minimum 

2 

Temper at ur e 

Temperature estimates can be made from the partitioning coeffi- 
cients of Fe and Mg among coexisting phases and from a petrogenetic 
grid using experimentally determined reactions. Figure A-1.9 incorpo- 
rates the applicable experimental results of metamorphic reactions for 
a petrogenetic grid at the estimated pressure. Because the compoai- 

temperatures are maximum estimates. The aesemblages of %e inner 
xenoliths with garnet and orthopyroxene result from temperaturea above 
discontinuous reaction 15, biotite + aluminum silicate - garnet + cor- 
dierite + K feldspar at 790OC. Inner aureole temperatures lie between 

tional relations in Figure A-1.9 are drawn for PH 0 = Pt al, all 
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680' and 630OC. Temperatures in the outermost aureole and country 
rocks lie below 610OC. 

U 

Assuming the xenoliths reached the temperature of the enclosing 
magma, a minimum temperature estimate for the xenoliths can be made 
from the solidus reaction in the water-saturated haplogranite system. 
At 4.5 kb this would lie between 640' and 650OC (Luth -- et al., 1964). 

Most metamorphic geothermometers based on Fe-Mg partitioning 
involve garnet and can be applied only to the garnet-bearing assem- 
blages in the xenoliths. There are several garnet-cordierite and gar- 
net-biotite geothermometer calibrations which offer an opportunity for 
comparison. Perchuk's (1977) empirical geothermometere, based on 
natural assemblages calibrated with an amphibole-garnet geothermome- 
ter, yield median temperature estimates of 702 + 67OC for garnet-biot- 
ite and 666 + 6OoC for garnet-cordierite pairs. The number following 
the plus-minGs is the temperature spread on either side of the median. 
Thompson's ( 1976b) geothermometers, similarly based on natural assem- 
blages, give slightly greater temperature estimates of 740 - + 90°C for 
garnet-biotite and 707 + 87OC for garnet-cordierite pairs. In thi8 
same range is the 730'C-temperature estimate for the orthopyroxene- 
garnet-cordierite geothermometer-geobarometer of Hensen and Green 
(1973). The highest temperature estimates are 830 + 49OC for the gar- 
net-biotite geothermometer calibrated with oxygen Tsotopes by Goldman 
and Albee (1977) and 841 + 148OC for the garnet-biotite geothermometer 
experimentally calibrated-by Ferry and Spear (1978). 

The various geothermometric technique8 applied to the garnet- 
bearing xenoliths give a large estimated temperature range of 
606O-989"C. The variation in temperatures obtained for the same gar- 
net-biotite or garnet-cordierite pairs using the different authors' 
geothermometers indicates that most of the temperature range results 
from the different calibrations. Several other, more geologic reasons 
may further explain the variation in temperature estimates from any 
particular geothermometer. The temperature may vary from xenolith to 
xenolith. Sample S79, which occurs at the margins of the pluton, 
gives a consistently lower temperature estimate which may reflect a 
lower marginal temperature. The mineral pairs from drill hole KR3 
give a smaller but still wide range of temperature estimates. Holda- 
way and Lee (1977) found that variations in XH 0 will change the com- 
positions of coexisting phases at a fixed totaf pressure and tempera- 
ture, The water pressure may not be the same within all Liberty Hill 
xenoliths, or similar to the water pressures of rocks used to calib- 
rate the geothermometers. Without specification of the other coexist- 
ing phases, the compositions of an individual mineral pair may be 
insufficient for temperature determination. The mineral assemblages 
of the Liberty Hill hornfelses are fairly aimilar to one another but 
differ substantially from the assemblages in the rocks used to calib- 
rate the geothermometers, Finally, the varying temperature estimates 
derived from different mineral pairs may also reflect the varying 
extent of each mineral's participation in retrograde reequilibration 
of Fe and Mg. The occurrence of compositional toning in garnet in 
contact with other ferromagnesian minerals has been the widely used 

W 
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way t o  document a retrograde process (Tracy -- e t  al . ,  1976). No zoning 
was detected i n  the  Liberty H i l l  hornfels  garnets .  However, two popu- 
l a t ions  of b i o t i t e  compositions, one group as inclusions i n  garnet ,  
t he  other  group as the  matrix b i o t i t e ,  were found i n  one sample, 
K3-1068 (Table A-1.2). The included b i o t i t e s  y ie ld  temperatures SO" 
t o  100°C lower than the  garnet-matrix b i o t i t e  pa i r s .  The included 
b i o t i t e s  are believed t o  be an earlier, prograde b i o t i t e  enclosed i n  a 
growing garnet because of the absence of zoning i n  the  garnet as would 
be ant ic ipated by the  reequi l ibra t ion  of the  garnet-included b i o t i t e  
pa i r  with decreasing temperature. 

For the  Liberty H i l l  xenol i ths ,  the  high temperature estimates of  
830 + 49OC by the  Goldman and Albee (1977) garnet-biot i te  geothermome- 
ter znd 841 + 148°C by the  Ferry and Spear (1978) garnet-biot i te  
geothermometer are probably 00 high. A t  such temperatures orthopy- 
roxene-bearing assemblages w 1 uld be expected t o  be more abundant. The 
remaining estimated temperature range of  670"-740°C i s  re la t ive ly  
small and there  i s  no bas is  on which t o  narrow it fur ther .  The esti- 
mated temperatures of  the  xenol i ths  l i e  above the g ran i t e  solvus of  
645°C and a t  the  high end of the estimated aureole temperatures. 

Water Pressure 

There i s  no evidence t o  suggest t ha t  water pressure was less than 
t o t a l  pressure i n  the  aureole. I f  it were, t he  a c t i v i t y  o f  water 
would have been successively buffered by the  dehydration react ions 
(10, 11, and 12) with increasing metamorphic grade. That PH 0 was 
less than Pto al i n  the  xenol i ths  is  suggested by the  contrzst ing 
temperature esLmates.  The maximum temperature estimate for  P H ~ O  = 
4.5 kb from Figure A-1.9 places the  xenol i ths  above 790OC. The geoth- 
ennometers yield lower temperatures a t  about A 100°C drop i n  
t h e  discontinuous reac t ion  15 b i o t i t e  + s i l l iman i t e  + quartz - cor- 
d i e r i t e  + garnet + a lka l i  fe ldspar  + H 0 has been shown by Holdaway 
and Lee (1977) t o  be feas ib le  i f  the  wazer pressure is  about ha l f  the  
t o t a l  pressure of 4.5 kb, PH20 = 0.5 Ptotal = 2.3 kb. 

700OC. 

Holdaway and Lee (1977) state tha t  formation of the  
+ b i o t i t e  + cord ie r i t e  + a l k a l i  feldspar + quartz 

t h e i r  da a wrth Kerrick's (1972) diagram for 
i s  less than PEotal, o r  a gran i t e  melt would be 

g ran i t e  melting a t  d i f f e r ing  p a r t i a l  water pressures,  Lee a-.d Holdaway 
(1977) show t h a t  the co rd ie r i t e  + garnet + a l k a l i  feldspar-bearing 
assemblage would m e l t  a t  4.5 kb t o t a l  pressure a t  conditions of XH20 
grea ter  than 0.5. Textural evidence is  not su f f i c i en t  t o  argue for  
t he  presence o r  absence of a m e l t  generated from the p e l i t i c  xenol i ths  
because the  xenol i ths  were enclosed i n  a g r a n i t i c  magma. The composi- 
t i ons  of the p e l i t i c  xenol i ths ,  however, do not d i f f e r  systematically 
i n  the  components which would be l o s t  i n  the generation of a g r a n i t i c  
l iqu id ,  which argues against  melting of the xenol i ths  and suggests 
t h a t  the  water pressure must have been low. 

td 
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ti Oxygen Fugacity 

The buffering assemblage for oxygen in the Liberty Hill granite 
probably involves iron-titanium minerals in a reaction suggested by 
Carmichael et al. (1974) for hornblende-bearing granites as -- titanite + magnetite + phlogopite + quartz -t 

annite + K feldspar + ilmenite + tremolite + 02. 

This buffer of the Liberty Hill granite differs from the ilmenite-mag- 
netite buffer of the Carolina Slate belt phyllites. In the outermost 
aureole, the oxygen buffer includes ilmenite-magnetite until the con- 
sumption of magnetite in most rocks by reactions 10 and 11 in the 
inner aureole. Ilmenite remains as the only oxide, and with increas- 
ing metamorphic grade, it also disappears, and titanium apparently is 
incorporated into biotite. Continuing in toward the center of the 
pluton, a border phase of biotite granite separates the country rock 
from the amphibole-biotite granite. The absence of hornblende sug- 
gests that the buffer of the border phase is 

(20) 

(19) 

annite + 0 -t magnetite + K feldspar + H 0 2 2 

which eventually gives way to the buffer of reaction 19 in the cen- 
tral, amphibolite-biotite granite. 

In the sequence of metapelites from the country rock beyond the 
outermost aureole to the xenoliths in the Liberty Hill granite the 
oxygen fugacity would have been buffered during metamorphism by a suc- 
cession of assemblages: magnetite-ilmenite in the country rock up to 
the inner aureole; ilmenite + Fe-Ti silicates or biotite + cordierite 
+ magnetite + K feldspar in the then biotite + magne- 
tite + K feldspar in the xenoliths of biotite granite border phase; 
and the buffer of the amphibole-biotite granite represented by reac- 
tion 19 for the inner xenoliths. These successive reactions are indi- 
cative of the difference in the oxygen fugacity between the granite 
magma and the pelitic country rocks. The oxygen fugacity of the gran- 
ite wa8 probably lower than that of the country rock and decreased 
along the intermediate buffers toward the granite. 

Differences in water and oxygen fugacity on a small scale can be 
seen in a xenolith encountered between the depths of 316 and 360 m 
(1038-1083 ft) in the KR3 drill hole; the assemblages garnet-cordier- 
ite-biotite and orthopyroxene-garnet-cordierite-biotite occur inter- 
layered on a centimeter scale. According to Figure A-1.9, this indi- 
cates variable temperature; more likely it is caused by the 
variability on a small scale of oxygen fugacity, partial water pres- 
sure, or both. 

inner aureole; 

Variations in oxygen fugacity and water pressure may also account 
for the high and low grade metamorphic assemblages of the inner and 
outer xenoliths, although temperature variation cannot be discounted. 
The high grade xenolith assemblages occur in the amphibole-biotite 
granite whereas the lower grade xenolith assemblages occur in the 
biotite and muscovite-biotite granites of the borders of the eastern 
half of the Libery Hill pluton. The granites are otherwise identical 
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and may d i f f e r  i n  mineralogy la rge ly  as a r e s u l t  o f  the inf lux  of 
water from the  enclosing country rocks. In  the  least, t he  oxygen 
fugacity buf fers ,  react ions 19 and 20, d i f f e r  between the  two gran- 
i t es .  

Conclusions 

The Liberty H i l l  contact aureole i s  a good i l l u s t r a t i o n  of con- 
t a c t  metamorphism of low-grade, argi l laceous rocks. Examination of 
the  var ia t ions  i n  mineral chemistry and the  changes i n  mineral assem- 
blages es tab l i shes  the  re la t ionship  of the  continuous and discontinu- 
ous metamorphic react ions which occur i n  such s i tua t ions  and the domi- 
nance of the  continuous react ions.  can be seen t h a t  the  isograds 
i n  t h i s  case do not correspond with the  discontinuous react ions.  
Rather, the  isograds represent the  change from one continuous react ion 
t o  another i n  the  rocks with increasing metamorphic grade. This 
change, i n  la rge  measure, depends on the  bulk chemistry. The pa r t i c i -  
pation of near ly  a l l  mineral phases i n  the  continual metamorphic ree- 
qu i l ib ra t ion  i s  well demonstrated and shows the  d i spa r i ty  between 
idea l  and real mineral react ions.  Reactions i n  the  aureole i l l u s t r a t e  
the importance of the oxide minerals,  which are of ten  ignored i n  dis-  
cussions of s i l icate  assemblages, metamorphic reac t ions  and mineral 
chemistries.  The behavior of the oxides a l so  accounts for  the  changes 
i n  s i z e  of the  magnetic anomaly enc i rc l ing  the pluton. 

It 

It is tempting t o  regard the metamorphism of the  Liberty H i l l  
aureole i n  terms of a progressive increase i n  temperature. A rela- 
t i v e l y  rapid emplacement of the Liberty H i l l  magma may have allowed 
the rate of heating t o  equal o r  exceed tha t  of react ion.  Rather than 
a progressive metamorphism, the  hornfelses may represent the  d i r e c t  
c r y s t a l l i z a t i o n  of the  o r ig ina l  rock t o  the f i n a l  assemblage, This 
may he lp  t o  explain the  lack of  and 
tex tures  r e su l t i ng  from incomplete react ions near isograds. Tempera- 
t u re  i s  probably the  most important var iab le ,  but the mineral reac- 
t i ons  should be considered a r e s u l t  of increasing metamorphic grade, 
which includes changes i n  p a r t i a l  f l u id  pressures and oxygen fugacity 
as w e l l .  

chemical zoning i n  the  minerals,  

The metamorphic rocks c l e a r l y  represent a contact metamorphism, 
but the  mineral assemblages are equally representat ive of a low pres- 
sure  regional metamorphic fac ies  series. Using a mineralogic r a the r  
than genet ic  de f in i t i on  of  the metamorphic f ac i e s ,  the  common low- 
pressure fac ies  series of metamorphism, both regional and contact ,  i s  
greenschis t ,  amphibolite, and granul i te .  The t r a d i t i o n a l  fac ies  of 
t he  Liberty H i l l  contact aureole would be muscovite-, amphibole-, and 
pyroxene hornfels  facies .  

The estimated conditions of metamorphism of the  contact aureole 
reveal several  features  about the  Liberty H i l l  pluton and the gock 
which it intruded. The estimated pressure of 4.5 kb ( 4 . 5  x 10 Pa) 
corresponds t o  a depth of 15-18 km during emplacement. The estimated 
temperatures of 670"-740°C and water pressure of about ha l f  the  t o t a l  
pressure i n  the xenol i ths  probably r e f l e c t  the conditions of the  gran- 
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i t e  melt ,  the  gran i te  was j u s t  above o r  a t  
the  solidus (Kerrick, 1972). Temperatures i n  the aureole were lower, 
with a maximum temperature estimate of about 68OOC i n  the inner 
aureole,  with temperature decreasing away from the contact.  Thermal 
e f f ec t s  a re  evident up t o  4 km from the contact on the present ero- 
s ional  surface,  although t h i s  is not perpendicular t o  the thermal gra- 
d ien t .  That dis tance i s  about 2 km. Country rock temperatures were 
less than 600OC; and below conditions of the b i o t i t e  zone. There is  
no indicat ion of the water pressure i n  the aureole and it may have 
been equal t o  the t o t a l  pressure, o r  a t  the very l e a s t  buffered by the  
dehydration react ions occurring i n  the aureole. 

The Liberty H i l l  g ran i te ,  which i s  la rge ly  a hornblende-biotite 
gran i te  has a r i m  of b i o t i t e  and muscovite-biotite g ran i t e  on i t s  
northern and eas te rn  border. The amphibole-bearing grani te  of the 
i n t e r i o r  contains p e l i t i c  xenol i ths  i n  the granul i te  facies .  The 
b i o t i t e  and bioti te-muscovite gran i te  on the  r i m  contains p e l i t i c  
xenoliths i n  the amphibolite facies .  These phenomena are  believed t o  
r e s u l t  i n  par t  from the s p a t i a l  var ia t ion  i n  temperature, as indicated 
by the geothermometers, oxygen fugacity,  a s  ,indicated by the contrast-  
ing oxygen buffers  of the magnetite-ilmenite the country rock and 
react ion 19 for  the i n t e r i o r  of the gran i te ,  and water content,  with 
water migrating i n  from rock, lowering the water pressure of the  
inner aureole. 

which a t  4.5 kb indicates  W 

and 
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Appendix A-1.1. Methods of Rock Analyses 

Compositions of  t he  f i r s t  three rocks of Table A-1.1 were 
obtained by wet chemical analysis  of powder s p l i t s  dr ied a t  105OC. 
Si0 wae determined gravimetr ical ly  following a sodium carbonate 
fusfon and double dehydration with perchloric acid. A1203 was deter-  
mined by difference from the R203 separation corrected for  Ti02 ,  Fe203 
and P Os. T i 0  was by a colormetric determidation with sodium perox- 
ide from the  0 separation. FeO was solutioned with su l fu r i c  
acid/hydrofluorig acid in '  the  presence of a known quant i ty  of c e r r i c  
ion,  with t i t r a t i o n  of the excess c e r r i c  ion with a standard ferrous 
ammonium s u l f a t e  solut ion.  Total i ron was determined by t i t r a t i o n  
with a standard potassium dichromate so lu t ion  and Fep03 obtained by 
correct ing for  ferrous i ron.  MnO, MgO and CaO were determined by 
atomic absorption on a hydrofluoric/hydrochloric/perchloric acid solu- 
t ion .  Na20 and K 0 were otained by flame emission ana lys i s  on the  
same solut ion.  Sam- 
ples  were heated t g  aOO°C and the evolved water absorbed i n  magnesium 
perchlorate and weighed for  combined water. A l l  elements i n  analyses 
4 and 5,  except f e r r i c  and ferrous i ron  and water, were determined by 
atomic absorption using a hydrofluoric/nitric/hydrochloric acid and 
d i lu ted  t o  5 % .  FeO was determined on a 0.5 gram sample using a hydro- 
f luo r i c / su l fu r i c  acid digest ion,  followed by a dichromate t i t r a t i o n .  
Fe 0 was calculated from the  t o t a l  i ron  corrected for  FeO. H20- was 
degekined  a t  105OC and los s  on ign i t ion  a t  1000°C by difference.  

bj 

P 6 was determined by an alkalimetric method. 

Rock compositions i n  the AFM and A'KF' projections (Figures 
A-1.2a and A-1.2b) a re  uncorrected for  the  oxide minerals. A l l  i ron  
i s  t rea ted  as FeO, and CaO i s  corrected fo r  a p a t i t e  and c a l c i t e  from 
the  rock analyses. AFM and A'KF' values for  the  rock and mineral com- 
posi t ions are calculated according to:  

A A 1  0 - 3 ( K 2 0 )  
A' = At,J3 - K 2 0  - Na20 - CaO 
F = FeO 
M = M g O  
F' = FeO + MgO + MnO 
K = K O  

where the  elemengal values are molecular proportions. 
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Appendix A-1.2. Observed Mineral Assemblages i n  the  
Liberty H i l l  Contact Aureole and Xenoliths 

The underlined minerals ind ica te  those for  which microprobe com- 
posi t ions were obtained. The mineral abbreviations are:  

and 
si1 
f i b  
as 
b t  
cd 
chl. 
ga 
kSP 
PC 
e P  
verm 

andalusi te  
s i  11 imani te 
f ib ro  1 i t e  
aluminum s i l i c a t e  
b i o t i t e  
c o r d i e r i t e  
c h l o r i t e  
garnet 
K fe ldspar  
plagioclase 
epidote 
vermiculite 

An 
OPX 
42 
m s  
m t  
il 
PY 
PO 
Pn 
CP 

plagioclase An-content 
orthopyroxene 
quart  e 
mus cov i t e 
magnetite 
ilmenite 
p y r i t e  
pyr rhot i te  
pent land i te  
chalcopyri te  

accessory minerals include: zircon, a p a t i t e ,  
tourmaline, a l l a n i t e  

Underlined mineral abbreviations ind ica te  the  phase has a microprobe 
composition. 
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Xenoliths u 
i S652 

1 S664 

S668 

S672 

S6102/107 

S6127 

I 56130 
~ 

i S6133 

S6136 

I 

I 

u 
I 

*x-cd-bt-Kap,-An20-qz-po-pn-cp-py - 
Cd-bt-Ksp-pc-qz 

ga-cd-b t-K~p-An~~-qz-il-po - 

ga-cd-b t-Ks~-An~~-qZ - S6140 

K2-304 cd-b t-ksp-pc-qz 

K2-308 opx-cd-bt-Ksp-AnlO-qz 

K2-309 Cd-bt-Ksp-pC-qZ 

K2-310 cd-bt-bp-pc-qz 

K3-3-6 -- cd-bt-h24’qZ’mt-i1 - 
K3-438 gar-cd-bt-a-An12qz 

7 

K3-439 opx-bt-An38-qZ 

K3-444 &a-cd-b t-Ks@n24-qz - 
K3-465 

K3-47 2 opx-b t-Anj7-qZ 

K3-1068 ga-cd-bt-Ksp-An21-qz 

K3-107 4 opx-gs-cd-bt-K~pAn~~-qz-po-pn-py 

- 
- 
- 

A-47 
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Aureole 

S659 

S660 

S661 

5662 

5663 

S675176 

S678 

5679 

S680 

S68l 

S693 

s.79 

S712 

S715 B cd-bt-m-ksp-pc-qt 

S716 --7 cd-b t--Ksp-pc-qt-ilat 

S717 cd-b t-ma-ksp-pc-q z-il-mt 

S718 -- cd-b t*-pc-qZ 

S720 cd-bt-ms-pc-qe 

S721 -- cd-btw-pc-ksp-qt-mt 



6, S731 epims-Anl-qz 

S81 ep-chl-ms-pc-qt 

582 ep-chl=m-pc-qc 

S88A ep-chl=ms-Anl-qz 

sals ep-chl=-An2=q 1 

S816 e p - c h l a  -pc-qt 

- 
- 

A 4 9  
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W Table A-1.1 
Compoeitioas of metapelite rocks 

from the xenoliths and contact aureole of the 
Liberty Hill pluton, S.C. 

1 2 3 4 5 

Si02 61.82 62.76 63.36 64.6 62.0 

17.65 16.74 16.83 17.0 16.2 "2'3 
no2 1.13 1.10 0.88 1.1 1.1 

Fa0 3.57 3.86 4.73 2.9 2.6 

4.91 3.99 3.56 3.8 4.7 F*2°3 
MllO 0.10 0.11 0.10 0.9 0.17 

w 2.62 2.19 2.17 1.4 3.0 

ClO 0.84 2.60 0.09 1.2 2.0 

3.92 2.17 1.93 4.2 3.0 

Na20 2.43 2.78 0.43 2.3 1.9 
K2° 

p205 

HzO+ 
y- eo.1 eo.1 

0.12 0.16 0.06 c0.02 0.08 

1.07 1.16 6.01 0.5' 1.6' 

100.18 99.82 100. 15 99.82 98.45 

1. AS6-140, garnet-cordierite-biotite-K feldspar-plagiocluequartz 

2. AS6-75. cordierite-biotite-muscovite-1: feldspar-pllgioclarequartz 

3. AS6-78. chlorite-muscovite-biotite-plagioclase-qw-2 county rock 

4. AS7-32, fibro1ite-Cordierite-biotitc-muscovita-plagioclare- 

5. AS7-26, cordirrita-ehlotite-biotite-muscovite-plagioclue-quartr 

1-3. Analysis by Andrew S. Wreath 4 Son, he., Harrisburg, PA. 
4-5. Analysis by Skyline Labs, Inc., Wheat Ridge. CO. 

xenolith hornf e 1s. 

aureole hornfels. 

phyllite. 

K feldspar-quartz xenolith hornfels. 

aureole hornfels. 

' LO88 OU I&tiOU St ~ooooc 
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Table A-1.2 

Hicroprobe analyses o f  bio t i t e  

I59 S66l 5664 5668 8681 56107 56140 S79 S712 1714 1716 8718 S?21 S723 

Si02 35.49 36.05 34.46 33.47 35.79 34.96 34.34 33.69 35.30 34.74 34.12 36.12 35.46 35.57 
AlzO3 19.75 19.84 19.98 16.U 19.37 19.35 19.49 18.75 19.71 20.45 19.39 19.44 19.10 M.58 
?Con 21.82 U.97 19.56 21.88 19.71 22.39 22.71 21.69 20.71 21.81 21.07 18.82 19.41 16.21 

3.49 2.66 2.15 4.51 3.24 3-80 3.53 4.18 3.36 2.94 2.88 3.11 3.33 2.18 
0.16 0.24 0.14 0.U 0.17 0.08 0.13 0.07 0.17 0.20 0.15 0.30 0.30 0.26 

c.0 0.02 0.03 0.0 0.02 0.01 0.01 0.02 0.03 0.0 0.06 0.01 0.04 0.02 0.02 
7.47 11.66 7.39 8.00 7.97 6.64 6.36 6.26 7.52 6.62 7.26 9.30 7.82 11.66 
0.11 0.09 0.14 0.04 0.11 0.07 0.09 0.07 0.08 0.11 0.10 0.10 0.09 0.25 

no0 
9.52 9.73 8.77 8.bb 9.66 9.60 9.04 9.65 9.88 8.91 9.M 9.U 9.56 8.94 

=20 
K20 
H20* 4.00 4.04 3.83 3.76 3.96 3-91 3.89 3.83 3.96 3.93 3.86 4.01 3.92 3.93 
Sum 101.8b 100.33 96.42 96.38 100.00 100.86 99.60 98.24 100.71 99.77 98.44 100.78 99.01 97.60 

? o m  baaed 011 24 (0.08) 

si 5.316 5.342 5.368 5.335 5.412 5.313 5.286 5.271 5.334 5.301 5.299 5.392 S.416 5.419 
Al 2.684 2.658 2.612 2.665 2.586 2.687 2.714 2.729 2.666 2.699 2.701 2.608 2.584 2.581 

8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.OOO 8.600 

Al 0.810 0.807 1.068 0.365 0.863 0.778 0.822 0.727 0.844 0.977 0.847 0.812 0.853 0.751 
Ti 0.393 0.296 0.253 0.W1 0.369 0.134 0.409 0.492 0.382 0.337 0.337 0.349 0.382 0.250 
Fe 2.7% 1.979 2.556 2.917 2.493 2.846 2.924 2.838 2.618 2.782 2.736 2.350 2.479 2.065 
1In 0.020 0.031 0.019 0.018 0.022 0.011 0.017 0.009 0.022 0.025 0.020 0.038 0.039 0.034 no 1.668 2.576 1.723 1.900 1.7% 1.505 1.459 1.460 1.695 1.505 1.681 2.069 1.780 2 . 6 4  

5.616 5.689 5.621 5.740 5.343 5.575 5.631 5.527 5.561 5.627 5.621 5.618 5.533 5.75i 

c. 0.006 0.005 0.0 0.004 0.002 0.002 0.003 0.005 0.0 0,010 0.002 0.006 0.003 0.003 
I@ 0.033 0.027 0.041 0.011 0.032 0.02l 0.027 0.023 0.025 0.034 0.030 0.029 0.027 0.074 

1.856 1.871 1.791 1.730 1.894 1.886 1.805 1.9% 1.929 1.778 1.930 1.8S2 1.892 1.814 

2 

K 1.819 1.839 1.750 1.715 1.859 1.861 1.775 1.926 1.9Ob 1.735 1.897 1.816 1.862 1.737 

5724 8726 5727 8728 S732 589 U306 K3b38 U444 W 6 5  U472 1(31068' K310682 IC31074 

si0 36.80 36.87 37.74 36.61 38.16 36.29 35.64 34.60 34.80 35.09 34.86 35.41 35.43 35.33 
Al2O3 20.23 19.11 19.15 19.55 22.18 21.03 18.05 17.91 17.55 18.51 14.98 17.59 17.13 16.42 
I.o* 16.18 14.80 14.38 14.60 15.51 18.12 22.38 22,14 23.09 21.73 23.22 21.90 20.19 21.39 
Ti02 1.62 1.81 1.57 1.53 2.51 3.18 3.56 4.43 5.22 4.62 4.70 4.47 4.53 4-92 
1InO 0.22 0.32 0.21 0.27 0.17 0.16 0.24 0.08 0.11 0.09 0.14 0.11 0.03 0.09 
c.0 0.01 0.0 0.0 0.03 0.0 0.0 0.02 0.01 0.02 0.0 0.04 0.51 0.14 0.01 
B@O ll.% 12.25 12.95 13.43 7.93 8.28 7.45 6.61 6.93 6.66 7.63 7.66 9.03 8-7b 
a 2 0  0.24 0.26 0.29 0.16 0.16 0.15 0.19 0.10 0.11 0.04 0.01 0.26 0.23 0.08 
K20 8.77 9-50 9.36 8.90 9.25 9.79 9.53 9.55 9.54 9.92 9.81 8.81 8.90 9.63 

4.06 4.02 4.07 4.04 4.09 4.05 3.95 3.87 3.93 3.93 3.83 3.93 3.93 3.93 
SUM 100.09 98.93 99.72 99.11 99.99 101.05 101.06 99.33 101.34 100.61 99.26 100.25 99.56 100.56 

Fomulaa b a ~ d  OII 24 (0,OB) 

si 5.427 5.500 5.555 5.427 . 5.564 5.374 5.411 S.353 5.300 5.346 S.457 S.393 5.398 5.38s 
Al 2.573 2.500 2.445 2.573 2.416 2.626 2.589 2.607 2.700 2.654 2.%3 2.607 2.602 2. 

8.000 8.OOO 8.000 8.000 8.OOO 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8 

Al 0.942 0.860 0.877 0.842 1.409 1.043 0.642 0.619 0.450 0.669 0.221 0.550 0.474 0.335 
ti 0.180 0.203 0.174 0.170 0.277 0.3Sb 0.407 0.516 0.598 0.529 0.553 0.512 0.519 0.564 
?e 1-995 1.046 1.770 1.810 1.899 2.244 2.842 2.865 2.941 2.769 3.040 2.789 2.572 2.726 
m 0.027 0.041 0.026 0.034 0.022 0.020 0.031 0.011 0.015 0.012 0.019 0.014 0.005 0.012 no 2.629 2.723 2.841 2.968 1.730 1.827 1.687 1.524 1.574 1.512 1.781 1.739 2.052 1.986 

5.773 5.673 5.688 5.825 5.336 5.489 5.609 5.535 5.578 5.491 5.616 5.603 5.621 5.624 

4% 0.002 0.0 0.0 0.004 0.001 0.0 0.003 0.002 0.004 0.001 0.008 0.018 0.023 0.002 
0.069 0.076 0.083 0.046 0.047 0.043 0.057 0.031 0.032 0.012 0.005 0.077 0.069 0.023 

K 1.650 1.807 1.757 1.683 1.727 1.849 1.897 1.885 1.8% 1.927 9.960 1.711 1.729 1.873 
1.720 1.883 1.840 1.733 1.774 1.892 1.907 1.919 1.890 1.940 1.972 1.805 1.822 1.898 

*total iron u ?eo 
*rcalculatod to give 24 (0.08) 

lmatrix b iot i te  
Zbiot i te  included In garnat 
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Table A-1.3 

Microprobe analpeee of chlorites 

8726 872t 8728 

n.24 26.20 
21.31 21.97 
17.62 16.59 
0.29 0.29 
0.50 0.49 
0.0 0.0 
19.17 19.77 
0.0 0.03 
0.01 0.02 
11.80 11.60 
38-98 96.96 

26.07 
24.80 
16.84 
0.10 
0.50 
0.0 
19.74 
0.0 . 
0.0 
11.99 
100.04 
- 

sal 182 

26.49 26.70 
22.85 21.82 
19.64 19.23 
0.08 0.08 
0.66 0.63 
0.05 0.02 

0.03 0.04 
0.02 0.0 
11.82 11.66 
100.11 98.61 

18.47 ia.43 

a3 

25.60 
25.07 
20.12 
0.0 
0.69 
0.0 
17.04 
0.0 
0.0 
11.84 

m3T 

So40 SI8A 

24.45 24.79 
24.10 23.55 

0.0 0.12 
0.65 0.52 
0.0 0.04 
16.94 13.84 
0.0 0.02 
0.0 0.02 
11.37 11.40 
96.14 99.25 

ia.65 25.15 

Toorrulaa b a e d  on 18 (0.011) 

So80 So17 

27.16 24.85 
23.84 25.36 
24.46 20.77 
0.11 0.0 
0.44 0.65 
0.07 0.0 
11.72 16.12 
0.07 0.0 
0.40 0.0 
11.58 11.68 
99.87 99.45 

8; 2.858 2.707 2.606 2.685 2.?44 2.591 2.576 2.605 2.809 2.549 

.OOO 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 
A! -142 1.293 1.394 1.115 1.256 1.409 1.424 1.395 1.191 1.451 

Al 1.399 1.383 1.527 
Ti 0.022 0.023 0.008 

kl 0.043 0.043 0.042 
2.892 3.645 2.941 
0.0 0.0 0.0 
0.0 0.006 0.0 % 

K 0.001 0.003 0.0 
5.049 5.935 5.925 

**ca1Culatad to l ive  18 (0,OH) 

I. 1.491 1.434 1.408 

2 

&total iron aa reo 

1.415 1.386 1.581 1.568 1.497 1.716 1.614 
0.006 0.006 0.0 0.0 0.009 0.008 0.0 
1.665 1.652 1,703 1.643 2.210 2.116 1.782 
0.051 0.055 0.059 0.056 0.046 0.059 0.056 
2.791 2.823 2.570 2.660 2.168 1.808 2.465 

0.006 0.008 0.001 0.0 0.004 0.014 0.0 
0.005 0.0 0.0 0.0 0.003 0.053 0.0 
947 5 .761 5.917 .932 5.913 5.927 5.942 5 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Table A-1.4 

Microprobe analyses of cordierite 

5659 5661 S66b $668 S68l 86107 t614O 879 5712 5714 5716 8718 8 l l f  

Si02 49.26 50.00 47.33 58.04 49.23 58.43 46.99 47.94 58.4) 48.34 41.23 48.09 b8.U 
u20, 33.98 34.11 31.49 32.00 33.35 33.03 31.83 32.49 33.29 33.70 32.00 33.66 33.26 
FCO* 9.39 5.74 10.99 9.73 8.18 10.92 11.11 10.75 8.62 9.27 9.M 6.02 1.82 

0.03 0.06 0.0 0.0 0.02 0.03 0.0 0.01 0.0 0.0 0.53 0.20 0.21 
Mlo 0.36 0.Y 0.27 0.28 0.41 0.24 0.26 0.15 0.38 0.41 0.40 0.6b 0.11 

woo 7.80 10.16 5.97 7.46 1-80 6.73 6.40 6.27 1.52 7-16 6.82 0.bl 7-61 
a 2 0  0.13 0.15 0,17 0.09 0.12 0.10 0.12 0.12 6.14 0.11 0.19 0.13 0.13 

c.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.39 0.Ql 0.0 

K20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.01 0.01 0.0 
sum rn 

si 4.969 4,974 5.046 S.020 5.024 4.987 4.392 5.019 4.993 4.962 4.916 4.946 4.982 
n 0.002 0.004 0.0 0.0 0.002 0.003 0.0 0.001 0.0 0.0 0.042 0.015 0.017 
N 

Al LOO5 2.977 3.003 2.961 3.03) 2.998 2.917 3.028 3.036 3.047 2.990 3.041 3.0U 
F. 0.792 0.478 0.980 0.850 0.698 0.941 0.987 0.941 0.743 0.796 0.834 0.587 0.611 

0.031 0.04s 0.024 0.025 0.036 0.021 0.023 0.014 0.034 0.041 0.035 0.056 0.050 
no 

1.994 2.029 1.952 2.037 1.920 1.995 2.024 1.934 1.933 1.932 1.940 1.941 1.909 

1.171 1.506 0.948 1.162 1.186 1.034 3.014 0.919 1.156 1.095 1.010 1.298 1.182 
Ihr 

ca 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.044 0.001 0.0 
na 0.025 0.029 0.035 0.018 0.024 0.020 0.024 0.024 0.028 0.028 0.039 0.026 0.027 

0.025 0.029 0.035 0.018 0.024 0.OU 0.024 0.024 0.028 0.028 0.084 0.020 0.021 
K 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.001 0.001 0.0 

5723 s724 s726 5127 5728 5732 589 E3306 U 4 3 8  E3444 U S 6 5  

Si02 56.52 48.33 48.36 49.43 51.05 9 . 2 3  49.28 b8.50 41.56 48.39 48.20 
A1203 28.27 U . 4 5  33.58 32.55 31.97 33.33 34.10 31.90 32.36 33.08 33.60 
F& 5.02 5.67 5.07 5.03 4.43 7.43 9.32 9.15 9.79 10.86 10.20 
Ti02 0.20 0.0 0.21 0.02 0.0 0.20 0.0 0.0 0.03 0.02 0.02 
&lo 0.57 0.51 0.77 0.72 0.87 0.36 0.29 0.41 0.13 0.20 0.14 
c.0 0.06 0.02 0.07 0.08 0.11 0.0 0.0 0.0 0.10 0.0 0.0 
w 7.37 8.88 9.13 8.9s 8.57 8.10 7.18 7.02 6.59 6.94 6.65 
Nap0 0.36 0.26 0.50 0.53 0.46 0.09 0.21 0.17 0.24 0.07 0.06 
K20 0.0 0.0 0.0 0.07 0.0 0.0 0.0 0.0 0.03 0.01 0.0 
Sum 98.39 98.12 97.70 97.21 97.46 96.76 100.42 97.17 96.83 99.58 98.88 

0 1 0 6 8  U l O t b  

48-36 48.85 
32.78 33.20 
9.37 9.10 
0.03 0.01 
0.14 0.28 
0.0 0.0 
7.18 7.12 
0.10 0.04 
0.0 0.01 

97.91 99.21 

Formulas baaed on 18 orygans 

s i  5.670 4.936 4.961 5.076 3.209 4.931 4.987 5.074 5.010 4.918 4.913 5.017 5.012 
T i  0.OU 0.0 0.016 0.002 0.0 0.016 0.0 0.0 0.002 0.002 0.002 0.003 0.001 
Al 0.315 1.06b 1.023 0.922 0.791 1.0S3 1.013 0.926 0.987 1.020 1.026 0.980 0.98? 

6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6 .000 6.000 6 . w  

N 3.021 3.081 3.036 3.017 3.053 3.048 3.0% 3.007 3.030 2.990 3.059 3.028 3 - 0 2  

np 1.103 1.352 1.396 1.371 1.303 1.261 1.083 1.095 1.035 1.064 1.023 1.110 1.088 
1. 0.422 0.284 0.435 0.432 0.378 0.649 0.789 0.800 0.863 0.934 0.880 0.813 0.033 

* 0.049 0.040 0.067 0.063 0.075 0.032 0.02s 0.037 0.012 0.017 0.012 0.013 0.024 
1.573 1.880 1.897 1.865 1.757 1.942 1.897 1.932 1.909 2.016 1.916 1.936 1 . 9 a  

c. O.ooC, 0.002 0.008 0.009 0.012 0.0 0.0 0.0 0.001 0.0 0.0 0.0 0.0 
na 0.070 0.051 0.099 0.107 0.091 0.019 0.041 0.03s 0.049 0.014 0.013 0.020 0.009 

0.076 0.054 0.108 0.126 0.103 0.019 0.041 0.035 0.064 0 .015 0.013 0.020 0.016 
K 0.0 0.0 0.001 0.010 0.0 0.0 0.0 0.0 0.004 0.001 0.0 0.0 0.001 

*total  iron u ?eo 
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W Table A-l .5 

si 
Al 

Microprobe analyses of epidote 

883 S84B S88A $817 $818 

Si02 36.72 36.66 36.04 38.26 37.14 

FO203* 11.01 13-13 11.30 13.19 9.67 
111203 27.93 27.56 21-46 23.63 28.40 

Ti02 0.0 0.0 0.0 0.0 0.0 

w 0.05 0.05 0.07 0.01 0.04 
m20 0.0 0.0 0.01 0.0 0.01 
K20 0.0 0.0 0.0 0.0 0.0 

tho 0.4l  0.26 0.75 0.32 1.68 
c.0 22.48 23.47 22.30 23.49 21.51 

UzO** 1-91  1.94 1.89 1.90 1.92 

Formul.~ bud 011 13 (0.011) 

sum 100.51 103.07 99.82 100.80 100.67 

2.872 2.823 2.851 3.015 2.915 
0.128 0.177 0.149 0.0 0.085 
3.000 3.000 3.000 3.015 3.000 

c. 
K 
19a 

M o l  x P I  
Mol x Cr 
M o l  x Pt 

2.4446 2.324 2.410 2.194 2.5U 

0.006 0.006 0.008 0.001 0.005 
0.648 0.761 0.673 0.782 0.567 
0.031 0.017 O.OS0 6.021 0.111 

1.084 1.937 1.890 1.983 1.794 

1.884 1.937 1.891 1.983 1.796 

19.9 23.2 20.5 26.1 17.3 

0.0 0.0 0.0 0.0 0.0 

3.131 3.108 3.141 2.999 3.203 

0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.002 0.0 0.002 

79.1 76.3 77.9 73.2 79.4 
0.9 0.5 1.5 0.7 3.3 

*total iron u Fez03 
**calculated to give 13 (0,OH) 
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Table A-1.6 

Hicroprobe analyses of garnets 

M107 $6140 179 U4f a444 U465 U l W  U 1074 

si02 31-12 3S.91 3S.05 36.99 37.31 38.10 38.00 38.27 
22.42 22.16 23.10 23.06 22.58 20.55 20.13 20.00 
35.43 36.24 36.27 35.65 35.06 3S.33 3S.40 34.70 

a203 
I&* 

0.33 0.07 0.21 0.16 0.11 0.14 0.10 0.08 
2.37 2.57 1.92 1.27 1.72 l.S9 2.20 1.95 &o 

c.0 0.08 0.70 0.67 0.S6 0.01 0.03 0.81 0.06 
3.43 3.03 2.58 3.07 4.33 3.43 3.18 4.10 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.02 0.01 0.02 0.01 0.01 0.02 0.01 0.02 

101.02 100.70 100.62 101.57 101.96 99.99 99.99 99.98 

-2 

nso 
H.20 
G O  

To& baaed OIL 12 oxygen8 

sum 

si 2.934 2.093 2.080 2.9U 2.929 3.055 3.061 3.067 
ti 0.009 0.004 0.013 0.009 0.007 0.008 0.006 0.00s 
Al 0.057 0.103 0.168 0.07s 0.064 0.0 0.0 0.0 

3.000 3.000 3.000 3.000 3.000 3.063 3.067 3.072 

hl 1.031 2.001 2.079 2.06 6 2.025 1.9 42 1.911 1 .sa% 
Tb 2.343 2.442 2.436 2.3SO 2.302 2.369 2.390 2.326 

9.404 0.363 0.309 0.455 O.SO7 0.410 0.302 0.490 
O.lS9 0.17s 0.131 0.08s 0.11s 0.108 0.156 0.132 

c. 0.075 0.067 O.OS0 0.047. 0.069 0.071 0.070 0.074 
H. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1: 0.002 0.001 0.002 0.001 0.002 0.002 0.001 0.002 

2.981 3.M9 2.936 2.937 2.994 2.960 2.999 3.024 

m i  x ~lln 78.6 00.1 89.0 00.0 76.9 00.1 79.7 76.9 
Kol X Pyr 13.6 ll.9 10.S 1S.S 16.9 l3.8 12.7 16.2 
Kol X Sp 5.3 S.0 4.5 2.9 3.0 3.6 5.2 4.4 
-1 X Gr 2.5 2.2 1.9 1.6 2.3 2.4 2.3 2.4 
* t o t a l  ima u IC0 

I 
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Table A-1.7 

Hicroprobe analpsee of muecovite 

8661 $681 1712 8714 8716 8724 S726 8727 883 8841 8815 8817 8818 

47.16 45.57 45. 
35.75 36.01 36. 
3.42 3.34 3. 
1.35 0.82 0. 
0.01 0.0 0. 

c.0 0.0 0.0 0.0 0. noa 0.86 0.39 0.36 0. 
tb20 0.31 0.27 0.36 0.  
K g 0  10.32 8.32 10.34 10. 

14 44.10 45.19 47.10 47.35 47.07 48.05 45.85 47.5 
18 34.81 33.69 29.72 35.87 36.59 35.66 35.44 36.0 
i7 3.38 3.40 2.52 1.94 3.62 2.46 3.36 2.7 
I5 0.69 0.33 1.08 0.71. . 0.0 0.08 0.0 0.0 
I7 0.01 0.09 0.07 0.01 6;Or 0.01 0.02 0.0 

I7 0.53 0.71 1.19 0.79 0.96 1.02 1.02 0.8 

15 10.70 8.24 9.76 9.57 9.86 5.73 8.93 8.0 

I 0.0 0.0 0.0 0.0 0.0 0.10 0.04 o.a 
13 0.44 0.48 0.51 0.48 0.42 0.21 0.38 0.3 

13 
I7 
3 
12 
16 
15 
:6 
16 
I7 

45A2 
34.11 
3.79 
0.80 
0.Ol 

4 
6 

3 

#C 
3 
3 
4 

m 
a 

I 46.30 
34.46 

1 4.04 
0.09 

I 0.06 
I 0.05 
I 0.76 
I 0.45 
' 9.03 

U;O* -4.46 4.59 4.53 4.53 4.41 4.36 4.33 4.59 4.63 4.55 4.49 4.58 4.48 
I- 100.19 101.28 101.37 101.29 99.18 96.49 96.30 101.27 103.20 98.11 99.53 100.32 99.73 

lomlmr bared 011 24 oxygcns (0.011) 

111 b.110 6.154 6.027 6.007 6.007 6.208 6.515 6.182 6.090 6.323 6.120 6.223 6.193 
A 1  ,890 1.846 1.973 1.993 1.993 1.792 9.485 1.818 1.910 1.677 1.mO 1.777 1.607 

600 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.OOO 6.000 8.OOO 6.000 

Al 3.505 3.650 3.639 3.720 3 . 9 3  3.661 3.359 3.700 3.669 3.880 3.6% 3.788 3.623 
ti 0.081 0.133 0.082 0.035 0.071 0.034 0.112 0.070 0.0 0.008 0.0 0.002 0.010 
le 0.426 0.373 0.370 0.399 0.384 0.391 0.292 0.212 0.392 0.271 0.375 0.299 0.452 
Iln 0.001 0.002 0.001 0.008 0.001 0.010 0,009 0.001 0.00$ 0.008 0.002 0.007 0.007 
no 0.173 0.077 0.072 0.073 0.107 0.145 0.246 0.144 0.185 0.200 0.203 0.168 0.152 

x.185 4.135 4.163 4.175 4.146 4.242 4.018 4.128 4.251 4.366 4.274 4.264 4.243 

c. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.014 0.006 0.007 0.008 
Ha 0.080 0.068 0.092 0.085 0.116 0.128 0.137 0.121 0.105 0.054 0.098 0.091 0.117 
K 1.767 1.385 1.145 1.762 1.855 1.444 1.723 1.596 1.627 0.962 1.520 1.348 1.540 

1.847 1.453 1.837 1.836 1.971 1.572 1.859 1.715 1.733 1.029 1.624 1.446 1.664' 
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Table A-1.8 

Microprobe analyses of orthopyroxenes 

5668 K3 472 fl 1074.2 

46.39 49.08 48.71 
3.05 1.51 2.81 
35.85 36.77 34.72 
9.12 0.15 0.U 
1.02 1.17 1.09 
0.06 0.23 0.10 
12.53 11.77 12.28 
0.01 0.0 0.0 
0.01 0.01 0.03 
99.03 98.71 99 * 90 

si 1.881 1.977 1.935 
Al 0.119 0.023 0.065 

2.000 2.000 2.000 

Al 0.027 0.049 0.067 
ca 0.0 0.0 0.0 ns 0.758 0.107 0.727 
Fe 1.216 1.171 1.154 
IQ 0.035 0.040 0.037 
n 0.004 O.OO5 0.004 
K 0.001 0.001 0.002 
us 0.0 0.0 0.0 

2.043 1.982 1.995 

m 1  2 vo 0.12 0.53 0.23 
m i  L FS 60.46 60.75 60.03 
-1 X Ea 37.67 36.65 37.63 
m i  L nu 1.75 2.07 1.91 

* r o d  iron am Fa0 
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Table A-1.9 

Microprobe analyses of vermiculites 

2a.m 32.09 
21.88 21. ss 
0.01 0.05 
0.38 0 . u  
0.15 0.29 

12.05 13.10 
0.01 0.07 
0.15 0.32 

84 86.35 

20.30 18.50 

A 0.266 0.257 
P 0.486 0.442 

*tot8l iron .I Pa0 



STUDY OF THE PRE-CRETACEOUS BASEMENT 
BELOW THE ATLANTIC COASTAL PLAIN 

R. J. Gleason 

INTRODUCTION 

An inves t iga t ion  of the  poten t ia l  for low-temperature geothermal 
energy resources i n  the  At lan t ic  Coastal Plain requires  de t a i l ed  know- 
ledge of two aspects  of the  (1)  
the  l i tho logy  and s t r q t u r e  of rocks below the  Coastal Plain sediments 
(henceforth re fer red  t o  as "basement"), and (2)  the thickness and 
l i tho logy  of the  overlying sediments. It i s  necessary t o  know the  
basement l i tho logy  because some c r y s t a l l i n e  rocks a r e  highly radiog- 
enic  and produce r e l a t i v e l y  high quan t i t i e s  of hea t ,  whereas other  
types of c r y s t a l l i n e  rock a r e  r e l a t i v e l y  "cold". Knowledge of the 
sediment thickness and l i tho logy  is required because thicker  sect ions 
provide more insu la t ion  for the  underlying radiogenic heat producers, 
and some l i t ho log ie s  have lower thermal conduct ivi t ies  and are there- 
fore  b e t t e r  insu la tors .  

geology along the eas te rn  seaboard: 

Basement depth and l i t ho log ic  information may be obtained from a 
v a r i e t y  of sources, including regional grav i ty  and magnetic s tud ies ,  
seismic inves t iga t ions ,  and subsurface well data.  The following die- 
cussion focuses on the  ongoing compilation of a l l  basement well da ta  
from the entire Coastal Plain, appl ica t ion  of the data  t o  the  present 
Department of Energy-VPI & SU heatflow determination d r i l l i n g  program, 
and petrographic/petrologic s tud ies  of basement d r i l l  cores col lected 
during the course of the  project .  

BASEMENT WELL DATA COMPILATION 

A systematic state-by-state compilation of a l l  ex is t ing  data  for 
wells d r i l l e d  t o  basement beneath the  Atlant ic  Coastal Plain has been 
underway s ince 1977. This compilation has involved an exhaustive lit- 
erature search for  each state, including review of professional jour- 
nals, o i l  and gas repor t s ,  and U.S. as well as s t a t e  geological survey 
publ icat ions.  In several  cases ,  geologis ts  a t  various s t a t e  surveys 
have been able  t o  provide addi t iona l  da ta  regarding basement wells i n  
t h e i r  states. While continuing d r i l l i n g  and discovery of new da ta  
sources require  periodic updating of the  compilation, da ta  f i l e s  are  
a t  present complete for New Jersey,  Maryland, Delaware, Virginia,  
North Carolina, and Georgia. The compilation of South Carolina data  
i s  not yet f inished.  

Figures A-2.1 t o  A-2.5 show the d i s t r i b u t i o n  and nature of baee- 
ment well da ta  for  the  s t a t e s  completed to  date.  Symbols for  each 
well designate the  type of da ta  present ly  recorded, -- i .e.,  basement 
l i tho logy ,  depth t o  basement, l i tho logy  and depth, o r  locat ion of a 
basement well with no supplementay da ta .  A t  locat ions near the w e t -  
ern edge of the  Coastal Plain,  several  wells have of ten  been d r i l l e d  
a t  approximately the  same locat ion;  one symbol represents  a l l  wells i n  
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Figure A-2.1; Map showing locations of wells d r i l l e d  to  basement 
in  New Jersey and nature of data included in  VPI & 
SU compilation. 
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W such cases. A b r i e f  summary of each s t a t e  campilation is  presented 
below. 

New Jersey 

Eighty-nine basement wells have been included i n  the compilation 
fo r  New Jersey (Figure A-2.1). Of these wells, only twenty were 
d r i l l e d  t o  depths of  grea te r  than 500' (152 m ) ,  indicat ing the over- 
whelming concentration of da ta  a t  shallow depths c lose t o  the edge of 
t he  Coastal Plain.  For seventy-two of  the  eighty-nine wells,  no 
l i t ho log ic  descr ipt ion of basement rock has been found, while for  the 
remaining seventeen wells , general  descr ipt ions are avai lable .  Depth 
t o  the top of pre-Cretaceous rock has been recorded for  every New Jer- 
sey well. 

De 1 aware 

A t  present,  forty-nine wells d r i l l e d  t o  basement have been iden- 
t i f i e d  i n  Delaware (Figure A-2.2). A l l  of these wells a re  located i n  
Newcastle County. Fourteen of these wells have been d r i l l e d  t o  depths 
exceeding 500' (152 m); only one of them exceeds 1500' (457 m):  a 
Shell  O i l  test well i n  Deakyneville d r i l l e d  i n  1961, t o  a depth of 
2312' (704.7 m). Basement da ta  south of t h i s  well i s  non-existent. 
No basement l i t ho log ic  descr ipt ions have been found fo r  any of the 
Delaware vells; basement depths have been recorded for  a l l  but four of 
the  wells. 

Maryland 

Eighty-six basement wells are  presently included i n  the compila- 
t i o n  of Maryland data  (Figure A-2.2). is  a paucity of data  i n  
the  eas te rn  par t  of the s t a t e ,  with only two deep test wells, the Ohio 
O i l  Habnond w e l l ,  and the Socony-Vacuum Bethards well located on the 
Maryhnd portion of the Delmarva peninsula. The remainder of the 
basement wells a re  located within approximately 50 kilometers of the 
edge of the Coastal Plain. Amajori ty  of the  wells included i n  the 
compilation were d r i l l e d  t o  depths exceeding 500' (152 m) , but only 
nineteen, including the two wells on the  peninsula, were d r i l l e d  t o  
depths g rea t e r  than 1500' (457 m). Basement l i thology is  known fo r  
t h i r t y  of  the  eighty-six wells; depth t o  basement i s  recorded for  eev- 
enty-six of the  Maryland wells. 

There 

Virginia 

One hundred and eighty-one basement wells have been ident i f ied  i n  
Virginia t o  da t e  (Figure A-2.3). This la rge  number of wells,  compared 
t o  the number i n  the preceding s t a t e s ,  i s  due t o  inclusion of many 
more shallow water wells near the edge of the Coastal Plain. A l l  but 
ten  of the  Virginia wells are located within 50 kilometers of the 
western boundary of the Coastal Plain. Fifty-one of the Virginia 
wells were d r i l l e d  t o  depths exceeding 500' (152 m ) ,  but only eleven 
were d r i l l e d  deeper than 1500' (457 m). I n  the deepest sect ion of the 

hd Virginia Coastal Plain,  the Delmarva peninsula, only one deep o i l  
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Figure A-2.2: Map showing locations of w e l l s  d r i l l e d  t o  basement 
i n  Delaware and Maryland and nature of data 
included i n  VPI & SU compilation. 
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Figure A-2.3: Map showing locations of wells d r i l l e d  to  basement 
in  Virginia and nature of data included in  VPI & 
SU compilation. 
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tes t ,  the J. and J. Enterprises Taylor well, provides any information 
about the basement below the Coastal Plain. Of the  one hundred and 
eighty-one basement wells i n  Virginia,  basement l i thology descr ipt ions 
have been compiled fo r  one hundred and thirty-one. Depths t o  basement 
have been recorded for  one hundred and seventy-four wells. 

North Carolina 

The compilation of basement wells i n  North Carolina includes four 
hundred and forty-five well locat ions (Figure A-2.4). This extremely 
la rge  number r e l a t i v e  from a la rge  
number of shallow water wells l i s t e d  i n  various s t a t e  survey l i t e r a -  
t u re ,  but there  are a l so  a considerable number of deep o i l  and gas 
tests. seventy four of the basement wells a re  located more 
than 50 kilometers from the edge of the Coastal Plain. Fifty-one 
wells encountered pre-Cretaceous basement a t  depths exceeding 1500' 
(457 m);  thirty-four of these reached basement a t  depths exceeding 
3000' (915 m) . The deepest of these,  the Esso #l Hatteras Light well, 
penetrated basement a t  9878' (3010.8 m). Basement l i thology is  
recorded for  three hundred and fifty-nine North Carolina wells, while 
basement depth i s  known for  one hundred and forty-five.  

t o  other s t a t e s  results primarily 

In f a c t ,  

Georgia 

Ninety-three basement wells have been catalogued for  the s t a t e  of 
Georgia (Figure A-2.5). Although t h i s  number seems low r e l a t i v e  to  
the  number of wells compiled for  Virginia and North Carolina, consid- 
erable  information is  o i l  and gas 
exploration wells t ha t  were d r i l l e d  because of the proximity t o  the 
petroleum-producing Gulf Coast province t o  the west. Only nineteen of 
the l i s t e d  Georgia wells are shallower than 500' (152 m ) ,  and s ix ty-  
f i ve  of the  wells reached basement a t  depths grea te r  than 1500' (457 
m). The ninety-three Georgia basement wells a re  f a i r l y  evenly d i s t r i -  
buted across the Coastal Plain of the s t a t e .  Basement l i thology i s  
known for  seventy-seven of the wells, and depth t o  basement i s  known 
for  seventy-nine of the wells. 

avai lable  concerning the myriad of 

The overa l l  compilation of basement well data  from New Jersey t o  
Georgia (present ly  excluding South Carolina) exhib i t s  a severe paucity 
of data  i n  deeper par t s  of the Coastal Plain north of North Carolina. 
In addi t ion,  the  d i s t r ibu t ion  of data  north of North Carolina i s  
s t rongly skewed toward the western edge of the Coastal Plain,  where 
buried basement rocks a re  encountered a t  shallow depths. Because of 
the poor d i s t r ibu t ion  and lack of deep w e l l  data  i n  the northern par t  
of the Coastal Plain,  only a few general izat ions can be proffered con- 
cerning basement l i tho logies  and depths t o  basement * i n  t h i s  area.  The 
b e t t e r  d i s t r ibu t ion  and grea te r  number of deep wells i n  North Carolina 
and Georgia a re  su f f i c i en t  for  constructing general basement l i thology 
and s t ruc ture  contour maps. 
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Figure A-2.4: Map showing locations of wells d r i l l e d  to  basement 
in  North Carolina and nature of data included i n  
VPI & SU compilation. 
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Figure A-2.5: Map showing locations of wells d r i l l e d  to  basement 
in  Georgia and nature of data included in VPI & SU 
compilation. 
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Correlat ions of  basement geologic trends w i l l  not be discussed i n  
the  present report .  Few samples of basement mater ia l  have been stu- 
died by VPI d SU personnel; after the compilation of South Carolina 
da ta  has been completed, e f f o r t s  w i l l  be devoted t o  obtaining and ana- 
lysing chip o r  core samples from selected wells. 

h, 

DEPTH TO BASEMENT 

The d i s t r i b u t i o n  of  Coastal Plain wells for  which depths t o  the  
pre-Cretaceous rocks are avai lable  is  too heavily concentrated near 
the  edge o f  the  Coastal Plain t o  allow construction of an accurate 
s t ruc tu re  contour map of  the basement surface'between New Jersey and 
Virginia.  In  North Carolina, however, basement wells i n  the deeper 
sec t ion  of the Coastal Plain are f a r  more numerous, and when combined 
with ex i s t ing  seismic da ta  (Skeels, 1950; Bonini and Woollard, 1960), 
may be used t o  the  North Carolina 
basement. This map i s  presented as Figure A-2.6, and represents a 
more complete and ref ined version than previously published maps 
(Spangler, 1950; Bonini and Woollard, -1960; Dennison et a l . ,  1967; 
Flawn, 1967; Maher, 1971; Brown et a l . ,  1972). Because t h i s  map has 
been constructed t o  aid i n  estimation of basement depths a t  several  of 
t he  Department of  Energy funded Coastal Plain d r i l l  holes i n  North 
Carolina, contours are drawn i n  English measures. Estimates of depths 
t o  basement derived from t h i s  map proved f a i r l y  accurate for  f ive  
holes  d r i l l e d  fo r  the  project  - actual  depths t o  basement i n  theae 
wells were a l l  within 1-2% of predict ions.  These dr i l l -ho les  were a l l  
less than 2000 f e e t  deep; somewhat less accuracy might be expected i n  
areas where the  Coastal Plain sediments are thicker  and the basement 
d i p  i s  correspondingly s teeper .  

prepare a s t ruc tu re  contour map of 

Deep w e l l  da ta  (deeper than 1500' o r  457 m) are ac tua l ly  more 
numerous i n  Georgia than i n  North Carolina (s ixty-f ive i n  GA vs .  f i f -  
ty-one i n  NC),  but t he  f a r  grea te r  area of deep basement and the smal- 
ler t o t a l  number of wells with reported basement depths i n  Georgia 
preclude a s t ruc tu re  as t ha t  pre- 
sented fo r  North Carolina: Figure A-2.7 is a generalized map of the 
Georgia basement surface,  and while it is  somewhat speculative i n  cer- 
t a i n  areas, it should be a more accurate portrayal  of the  configura- 
t i o n  of the  pre-Cretaceous surface than those presented i n  other  
accounts based on fewer da t a  (Applin, 1951; Herrick and Vorhis, 1963; 
Flawn, 1967; Maher, 1971; Brown et a l . ,  1972; Cramer, 1974). 

contour map for  Georgia as refined 

A prerequis i te  t o  the  evaluation of low-temperature geothermal 
resources along the  Atlant ic  Coastal Plain is  the  accurate prediction 
of  sediment thickness overlying a basement heat source. Sediment 
thickness is  important i n  the determination of the  insulat ing capabil- 
i t y  of t he  Coastal Plain sediments and i n  the  extrapolat ion of mea- 
sured temperature gradients  t o  the base of t he  Coastal Plain sequence. 
The thickness o f  Coastal Plain sediments i s  a l so  an important consid- 
e ra t ion  i n  the  ca lcu la t ion  of the cost  of  d r i l l i n g  t o  basement a t  any 
pa r t i cu la r  location. The present da ta  compilation enables predictions 
of  the depth t o  basement t o  be made with reasonable accuracy i n  North 

6, Carolina, and with a lesser degree of accuracy i n  Georgia. Depth 
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Figure A-2.6: Structure contour map of pre-Cretaceous basement 
beneath North Carolina Coastal Plain. 
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Figure A-2.7: Generalized structure contour map of pre-Creta- 
ceous basement beneath Georgia Coastal Plain. 
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estimates between New Jersey and Virginia must be computed by Li 
interpolation and extrapolation between known basement w e l l  (and 
local ly ,  seismic) data points. Depths to pre-Cretaceous basement have 
been estimated for each of the heat flow test holes which have been 
dri l led to date. These data are presented i n  Table A-2.1. 
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Table A-2.1: Estimated depLSro LO Iraaslu=uc ku wauLaL c A Q A L I  dri l l -holes .  

&J Coastal Plain 
Drill-hole P Location 

Estimated depth 
t o  basement 

60 
59 
57 
56 
55 
54 
53 
52 
51 
50 
49 
48 
47 
46 
45 
43B 
41 
40 
39A 
38 
36 
35 
34E 
34c 
34 
33 
32A 
31C 
30A 
29 
28A 
27 
26 
25A* 
24 
23 
22 
21 
20 
19 
18 
17 
16A* 
16 
1SA 
15* 
14A* 
14* 

Hampton, VA 
Near Sunnybank, VA 
Near At lan t ic ,  VA 
Near Eas tv i l l e ,  VA 
Tasley, VA 
N r .  Greenwood, DE 
Snow H i l l ,  MD 
N r .  Whiteburg, MD 
Kingston, MD 
Rehoboth, MD 
N r .  Oak Hall, VA 
N r .  At lan t ic ,  VA 
Sal  isbury 
No. Salisbury, MD 
N r .  Hebron, MD 
North of Ocean City,  MD 
Sea G i r t ,  N J  
Fort  Montnouth, N J  
Forked River, N J  
At lant ic  City,  N J  
Cape May, N J  
SE of Dover, DE 
Assawoman Bay, DE 
N r .  Ellendale, DE 
Lewes, DE 
N r .  Blackwater. MD 
Cr i s f i e ld ,  MD 
Salisbury,  MD 
Ocean City, 
Wallops Island, VA 
N r .  Cheriton, VA 
Hampton, VA 
Isle of Wright, VA 
Portsmouth, , VA 
Norfolk, VA 
Virginia Beach, VA 
So. of Virginia Beach, VA 
N r .  Barco, NC 
Elizabeth C i t y ,  NC 
N r .  Stumpy Point, NC 
Engelhard, NC 
N r .  Morehead C i t y ,  NC 
Kinston, NC 
N r .  Havelock, NC 
N r .  Folkstone, NC 
Camp LeJeune, NC 
Nr. Southport, NC 
East Wilmington, NC 

2175'-2250' (665-685 m) 
2900'-3500' (884 - 1067 m) 
$6300' ($1920 m) 
3025' - 3150' (920-960 m) 
$5300' (~1615m) 
4100' ($1250 m) 
$6500' ($1980 m) 
$5450' ($1660 m) 
d600' ($1400 m) 
$5500' ($1675 m) 
$5600' ($1700 m) 
$6350' ($1935 m) 
$5300' ($1615 m) 
~4650' ($1415 m) 
Q4400' ($1340 m) 
$8500' ($2590 m) 
~2075' (633 m) 
~1100' ($335 m) 
~3275' (~1000 m) 
$5300' (~1615 m) 
6250' (1905 m) 
3200'-4000' (975-1220 rnl 
6300'-7600' (1920-2320 m) 
M500' ($1370 m) 
550'-6500' (1675-1980111) 
$3350' ($1020 m) 
a250' ($1300 m) 
1\14625' ($1410 m) 
M500' ($2590 m) 
$7500' ($2285 m) 
3025'-3150' (920-960 m) 
2050'-2150' (625-655 m) 
1350'-1420' (410435 m) 
1828' (557 m) 
2250'-2350' (685-715 m) 
$3100' (dl45 m) 
3400'-3700' (1035-1125 m) 
3850'-4150' (1175A1265 m) 

5750'-5940' (1755-1810 m) 
5850'-6200' (1785-1890 m) 
4365'-4565' (1330-1390 m) 
680' (207 m) 
2725'-2775' (830-845 m) 
1615'-1640' (490-500 m) 
1648' (502 m) 
1525' (465 m) 
1263' (385 m) 

2900'-3350' (885-1020 d 

6d kBasement encountered i n  dr i l l -ho le  
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DEPARTMENT OF ENERGY FUNDED BASEMENT DRILL-HOLES 

To da te ,  basement samples have been obtained from seven d r i l l -  
holes which were funded as par t  of the  W I  & SU Geothermal Project o r  
Targets of Opportunity, Project of The Department of Energy, (Figure 
A-2.8). These dr i l l -ho les  were the  C. D. Hopkins e t  a l .  w e l l  (JE-1) 
i n  Jesup, GA, holes d r i l l e d  by VPI & SU i n  Sussex Co., VA (PT-11, and 
b r t ,  three  heat flow test holes d r i l l e d  by Gruy Federal, 
Inc. i n  Kinston, NC (#16-A), Camp LeJeune, NC (#15),and Wilmington, NC 
(#14), and a hole  d r i l l e d  t o  basement i n  Portsmouth, VA (f25-A) by 
Gruy Federal, Inc. This l a s t  hole is  present ly  being extended in to  
the basement by the  W I  & SU d r i l l .  

NC (DO-l), 

The Hopkins well was discussed i n  a previous report  (VPI 61 
SU-5648-31, and heat f l o d g r a d i e n t  data  were presented for  PT-1 i n  the 
same report .  Sixty-four f ee t  of core were obtained from DO-1 i n  l a t e  
1978, with more coring scheduled fo r  completion by Summer, 1979. 
Coastal Plain d r i l l  holes #l6-A, #15, and 114 were a l l  completed bet- 
ween December, 1978 and January, 1979. Chip samples of basement rock 
were obtained from hole #16A, and short  cores of basement rock were 
obtained from holes #15 and #14. Basement is curren t ly  being cored in 
hole P25-A. 

Petrologic s tud ies  of basement samples from DO-1, C.P. # I s  14, 
15, 16A, and 25A are a l l  i n  i n i t i a l  s tages ,  In the  course of t h i s  
work, s tud ies  w i l l  include petrography, chemistry, age-dating, and 
microprobe analyses of the cores from DO-1, C.P. #'s 14, 15, and 25-A, 
and petrographic and microprobe analyses of the chip samples from C.P. 
#16-A. 



Figure A-2.8: Map showing location of holes d r i l l e d  to  basement for 
which basement samples have been collected as part 
of  the DOE-VPI & SU Geothermal Project. 
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CORRELATION OF RADIOELEMENT CONTENT TO 
SURFICIAL WEATHERING PROCESSES 

A. IC. Sinha, S. T. Hall and J .  8. Sans 

The evaluation of any gecrhemical correlations to predict the 
extent of radioelement redistributLot has to be based on the recogni- 
tion of the original (magmatic) sites in the granitoid rocks. Infor- 
mation on site locations provided by fission track maps only permit 
documentation of uranium (and thorium) not of the 
initial (magmatic) distribution. 

as observed today, 

The mobility of uraniua has been documented in great detail by 
mumerous researchers. The question that still remains unresolved is 
the distinction between losses generated by low temperature meteoric 
water or post-crystallization and significantly later hydrothermal 
fluids. 

Most of the plutons, if not all, in the southeastern U.S. being 
Therefore the 
ir made more 

studied have undergone both types of fluid interaction. 
problem of separating 
acute. 

the meteoric water related lorses 

Our preliminary data on U-Pb dioequilibrium studies (VPI 6 SU 
report 5648-3) strongly suggests redistribution of uranium about 200 
m.y. on methods that can be used to 
understand recent losses of uranium. 

ago and in this report we report 

1. The differential mobilities - of uranium - and thorium 

Although uranium has been demonstrated 

- -  
to be extremely mobile in 

any oxidizing environment, thorium appears to be more resieant to 
solution transport at non-magmatic (lower) temperatures. In a study 
of the radioelement distribution in the Woodstock granite in Maryland, 
the variations io uranium content can be demonstrated to be related 'to 
surficial weathering processes. On the other hand, the thorium abun- 
dances were clearly related to magmatic distribution and even rhowed 
zoning in the pluton. in U/Th ratios could be accounted 
for by uranium depletion, and for the Woodstock pluton, we can eUgg88t 
an empirical relationship: 

where Th is the thorium concentration 
in ppm, and DI is Differentiation Index (normative Q + Or +Ab) 
expressed in percent. 

The changes 

Th= (7.0.731) (DI) + 74.8, 

A similar exercise has been attempted on the s o n  pluton, where 
the WIN-1 hole is located. U/Th the 
best fit line has a steeper slope than simple U loss lines suggesting 
depletion of uranium in both core and surface samples during weather- 
ing processes. As such, we have attempted to show by the use of trace 
elements that the weathering process may have affected samples -to 
depths of nearly 500'. 

In correlation diagrams of U vr. 
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2. Use of differential mobilities of elements - 7- - cis 
The abundance of the element strontium is primarily controlled by 

the volume of because the partitioning 
coefficient of Sr between melt and feldspars is significantly greater 
than 1 ( KD of Sr for K-feldspar is 3.9 and plagioclase is between 1.5 
to 4.4; Hanson, 1978). AB feldspars are the first minerals to alter 
to clay, by 
solution transport is likely to change in the bulk rock. 

feldspars present in a rock, 

loes of Sr (which does not partition into clay minerals) 

Figure 1 suggests that Sr loss has occurred to depths of nearly 
SO0 feet and perhaps as deep as 600 feet. The element titanium (shown 
as Ti021 is extremely immobile in most metamorphic processes, of which 
weathering can be considered to be a low temperature-pressure type. 
As such, samples which have not suffered any type of alteration would 
show a positive correlation between Ti and Sr. It can be seen from 
Fig. 1 that such a correlation exists for most the core samples. How- 
ever, three samples from depths of 80' ,  290' and 500' fall off the 
trend and apparently appear to have lost strontium suggesting that 
weathering may have caused this depletion. 

When surface samples are plotted on the same diagram, they gener- 
ally show strontium contents similar to the unaffected core samples. 
This is in contradiction to the apparent strontium loss to nearly 500' 
as seen in the core. A possible mechanism to explain this discordancy 
would be if the strontium removed from feldspars by weathering were to 
be tied up in calcite which is present in most surface samples. 

To check the validity of this interpretation, four samples (three 
were acid washed in cold dilute 

The analyses of the acid washed samples are given in Table 
from the surface and 80' core sample) 
HC1 acid. 
1. 

Surface sample 1 2 3 Core 80' 

Before leaching Ti% .37 16 .39 .27 

Sr (ppm) 382 310 360 14 2 

Aft e r 1 eac hing Ti% .38 .16 .39 .27 

Sr (ppm) 108 90 384 152 

It can be seen that for samples 1 and 2, although the Ti content 
did not change, there was a substantial loss of strontium. Sample 3 
from the surface showed essentially no change and appears to be as 
fresh as the deeper parts of the core. The core sample gave similar 
values between the leached and unleached fractions. The preliminary 
data from only four samples suggests that calcite bound strontium is 
easily removed and in those samples where strontium loss has occurred 
with no carbonate precipitation, i.e. feldspar alteration to clay, the 
lattice bound strontium in feldspars cannot be removed by dilute acid 
solutions. LJ 

!, 
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This process needs t o  be more rigorously tes ted  by using more 
samples for  acid analyses of suboptical  
presence of c lay i n  feldspars.  Additional problems t h a t  need t o  be 
addressed include: i) iden t i f i ca t ion  and separation of c lay frac- 
t i ons  re la ted  t o  higher temperature hydrothermal a l t e r a t ion  versus 
lower temperature c l ay  produced by weathering. ii) iden t i f i ca t ion  of 
the  nature of t he  chemical gradient induced i n  the  rock by the  two 
types of a l t e r a t ions .  

leaching and a more de ta i led  

Parker Weathering Index 

Uranium is thought t o  be red is t r ibu ted  by weathering processes. 
Hence, we have calculated several  weathering indices based on major 
element chemistry and compared them with uranium abundance down the 
length of a core. We have calculated the indices described by Ruxton 
(1968) and Parker (1970). The weathering index suggested by Parker 
seems t o  be the  most useful ,  because it is  universal ly  applicable and 
involves the fewest assumptions. 

About twenty o r  twenty-five chemical analyses have been done for  
each core depending on the  length of the core. Some of the cores con- 
t a i n  abundant pegmatites, apl i tes ,  a l t e r ed  zones, f rac tures  and s l ick-  
ensides.  For such cores ,  the  Parker Weathering Index does not exhibi t  
an obvious pat tern.  

For the  remaining cores,  which are r e l a t i v e l y  f r ee  of dis turbing 
influences,  t he  pa t te rn  is  r e l a t i v e l y  consis tent .  The Parker Index is  
f a i r l y  low a t  the surface indicat ing For example, 
the  W I N - 1  core has a Parker Index of about 81 near the  surface.  Down 
t o  a depth of  about 200 meters the Parker Index e i t h e r  remains about 
t he  same o r  increases s l i gh t ly .  Below 200 meters, the  Parker Index 
increases systematicglly. For example, i n  the  WIN-1 core the Parker 
Index increases from about 82 a t  200 meters t o  86 a t  400 meters. A t  
deeper depths the Parker Index does not f luc tua te  much except when 
pegmatites, e t c . ,  are encountered. The var ia t ions  i n  uranium concen- 
t r a t i o n  seem t o  be sympathetic with the var ia t ions  i n  the Parker 
Weathering Index, but there  appears t o  be ho cor re la t ion  with thorium 
concentrations. 

a weathered rock. 

Summarv 

Preliminary geochemical analysis  of WIN-1 core by using various 
techniques suggests some measurable degree of weathering t o  depths of 
near ly  500'. The leaching experiments need t o  be more rigorously pur- 
sued and the  two generations of c a l c i t e  need t o  be analyzed for  d e l t a  
018 and Sr87/Sr86 r a t i o s .  It w i l l  permit an understanding of the 
nature of the f lu id  so we can discriminate between fresh versus marine 
water in te rac t ions .  Preliminary samples a re  being processed for  such 
s tudies  and r e s u l t s  should be avai lable  for the next r epor t ,  
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Figure 1 .  Correlation diagram between mobile strontium and immobile 
titanium. Numbers by dots indicate depth i n  feet. See 
text  for discussion of  resu l t s .  
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Geothermal Exploration Methods and Results 
Atlant ic  Coastal P la in  

John K. Costain 

Introduction 

The f i r s t  systematic e f f o r t  t o  estimate the  geothermal resource8 
of the  e n t i r e  United S ta tes  was made by the  U. S. Geological Survey i n  
1975 and published as USGS Circular-726 (White and Williams, 1975). 
This study has been updated by a second assessment and published a8 
USGS Circular  790 (Muffler, 1979). Muffler and Cataldi  (1979) pro- 
posed the use of a consis tent  terminology f o r  geothmnal resource 
assessment. The 'geothermal resource base' i s  defined as a l l  of the 
thermal energy i n  the  ea r th ' s  c r u s t  under a given area, measured from 
the  mean annual temperature. The 'accessible  resource base' i s  tha t  
p a r t  of the resource base which is  shallow enough t o  be tapped by pro- 
duction d r i l l i n g ,  and is divided i n t o  'useful '  and ' res idua l '  compo- 
nents .  The 'useful '  component i s  defined as thermal energy tha t  could 
be extracted a t  cos t s  competitive with other  forms of energy a t  rome 
specif ied future  t i m e .  This useful  component is  defined a s  the 
'geothermal resource' .  Much exploration remains to  be done before the  
nature  and extent  of the  geothermal resource i n  the eastern United 
S ta tes  can be adequately defined. 

Exploration fo r  geothermal resources i n  the  eastern United S ta te r  
takes  place i n  a geologic environment qui te  unlike t h a t  of the weat  
where generation of e l e c t r i c  power from geothermal energy is  well 
documented. Use of geothermal energy i n  the  east will probably f i r s t  
be or iented toward non-electric appl icat ions using r e l a t i v e l y  l o r  
temperature f l u i d s  as  a source of energy f o r  space heating and indur- 
t r i a l  processes and systems. 

This paper b r i e f l y  discusses  the  geophysical techniques we have 
used t o  inves t iga te  the  geologic framework of po ten t i a l  geothermal 
resources of pa r t s  of the  eas te rn  United S ta tes .  Geothermal resource8 
i n  the  Appalachian Mountain system and the Atlant ic  Coastal P l a in  can 
be grouped i n t o  four types: 

I) Radiogenic heat-producing g ran i t e  buried beneath a th ick  

11) Normal geothermal gradient resources,  
111) Warm water emanating from f a u l t  zones, 
IV) Hot-dry-rock i n  regions of abnornial geothermal gradient .  

blanket of sediments of low thermal conductivity,  

Resource I i s  the  pr incipal  subject  of  t h i s  paper. Resource I1 
i s  widely ava i lab le  throughout much of the United S ta tes  and i s  die- 
cussed by Sammel (1979). Resource 111 has been recognized i n  the 
eas te rn  United S ta tes  s ince before 1884 (Rogers, 1884) .  Resource IV 
i s  described by P e t t i t t  (Symposium on Geothermal Energy and its Direct 
Uses i n  the Eastern U.S., held i n  Roanoke, VA, A p r i l  5-7, 1979. Spon- 
sored by Geothermal Resources Council (GRC)). 
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Op t imum sites for  the development of  geothermal energy i n  the  
eas te rn  United S ta tes  w i l l  probably be associated with the  f la t - lying,  
r e l a t i v e l y  unconsolidated sediments t ha t  underlie the  Atlant ic  Coastal 
Plain (Figure C-1.1). In many locat ions,  these sediments are known t o  
yield large quan t i t i e r  of water. The water i n  these sediments a t  any 
gLveri depth i s  ho t t e r  i n  eome locat ions than i n  others  and depends on 
t h e  loca l  value of the  geothermal gradient.  The gradient  depends on 
the heat flow through the  rocks and on the  thermal conductivity of  t he  
rocks. In  a series of extremely important papers Birch et  a l .  (19681, 
Lachenbruch (1968), showed tha t  t he  loca l  heat  
flow has a well-defined re la t ionship  t o  the  concentration of uranium 
(U) and thorium (Th) i n  f resh,  unweathered samples of g ran i t e  col- 
lected from the surface of the ear th .  The immediate implication of  
t h e i r  observation i s  t h a t  the  d i s t r ibu t ion  of U and Th i n  the  upper 10 
t o  20 km (33,000 t o  66,000 f t )  of the  ea r th ' s  c r u s t  i s  primarily res- 
ponsible for  the heat  flow i n  
the eastern United S ta tes .  

and Roy e t  a1.(1968) 

observed l a t e r a l  var ia t ions  i n  surface 

One of the pr incipal  object ives  of the  geothermal program a t  V i r -  
g in i a  Polytechnic I n s t i t u t e  and S ta t e  University i s  t o  loca te  rela- 
t i v e l y  young (330 mi l l ion  years old and younger) U- and Th-bearing 
grani te  i n  the  basement rocks beneath the  sediments of  the  Atlant ic  
Coastal Plain.  The ta rge t ing  procedure in tegra tes  the  d i sc ip l ines  of  
geology, geochemistry, and geophysics. Geologic and geochemical tech- 
niquee a re  being applied t o  the rocks i n  the Piedmont i n  an e f f o r t  t o  
understand the ages, chemistry, and a rea l  d i s t r i b u t i o n  of exposed 
grani te  plutons (eee paper by Glover, GRC Symposium). Geophysical 
techniques include the in t e rp re t a t ion  of g rav i ty  and magnetic poten- 
t i a l  f i e l d  da ta ,  as well as seismic data; and are being applied t o  
both the Piedmont and the  Coastal Plain.  

Warm water emanating from f rac ture  zones (resource 111) is not 
the  pr incipal  focus of t h i s  paper. Nevertheless, it i s  appropriate t o  
mention t h i s  known resource. The o r ig in  of the  hot springs i n  the  
eastern United States has been discussed by several  authors 
(Rogers , 1884; Reeves, 1932; Hewett and C r i c h a y ,  1937; Stose and 
Stoee, 1947; Dennison and Johnson, 1971; Lowell, 1975; Costain et  al.,  
1976; Geiser, 1976; Hobba et  a l ,  1977; Hobba et a l . ,  1978). Perry e t  
a l .  (1979) proposed a model for  the  hot springs i n  Virginia t h a t  we 
bel ieve appl ies  t o  most of the  hot springs i n  the  eas te rn  United 
S ta tes .  Before discussing the geologic framework fo r  t he  hot springs 
i n  Virginia it selected geophysical methods 
we have used t o  date i n  the  eas te rn  United S ta tes  fo r  the  exploration 
of geothermal resources. 

W i l l  be useful  t o  review 
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Geophysical Exploration of Geothermal Resources 
i n  the Eastern United S ta tes  

It i beyond the scope of t h i s  paper t o  discuss i n  d e t a i l  the 
various geophysical, geochemical, and geological techniques tha t  a r e  
commonly used t o  evaluate geothermal resources. The exploration meth- 
ods used a re  dependent upon the nature of the geothermal resource. 
Many of  the  conventional geophysical methods of exploration a re  d is -  
cussed by Dobrin (1977) and a re ,  of course, not r e s t r i c t e d  to  geother- 
m a l  appl icat ions.  We have used several  kinds of geophysical data  dur- 
ing the course of our geothermal They are  discussed b r i e f l y  
below before summarizing the results of our s tud ies  on the Atlant ic  
Coastal Plain.  

program. 

Heat flow. The most important geophysical data  for  the explora- 
t i o n  of geothermal resources i n  the eas t  consis t  of values of regional 
and loca l  heat flow flowing towards the surface of the ear th .  Heat 
flow, q, is described by the  conduction equation 

q = K G  

where the un i t s  of q a re  ca lo r i e s  per square cm per see,  K is thermal 
conductivity (mi l l i ca lo r i e s  per cm-sec--OC), and G i s  the geothermal 
gradient i n  O C / K m  (1 OF/100 f t  = 18.23 OC/Km). This equation appl ies  
only t o  the t ransport  of heat by conduction. Heat t ransport  by f lu id  
convection (hot water) is much more e f f i c i e n t .  Any successful geoth- 
ermal system must incorporate both conduction and convection. A hole 
d r i l l e d  t o  a depth o f ,  say,  300 m (1000 f t )  w i l l  usually encounter 
d i f f e ren t  rock types,  each with a d i f f e ren t  thermal conductivity,  K. 
Because q i s  constant a t  any depth i n  the hole , then as K decreases 
the  geothermal gradient ,  G, w i l l  increase t o  keep the product KG con- 
s t an t .  Simply s t a t ed ,  t h i s  means tha t  fo r  any given heat flow, the 
highest  temperature gradients  occur i n  rocks with the lowest thermal 
conduct ivi t ies .  Shales i n  the Valley and Ridge province of the Appala- 
c ian Mountain System w i l l  have temperature gradients  t ha t  a re  much 
higher than those found i n  holes d r i l l e d  in to  dolomite CaMg(C0 ) . For 
the  same value of the  heat flow, q ,  higher temperatures 3 w h l  be 
reached a t  shallower depths i f  holes are d r i l l e d  i n to  th ick  sequences 
of shale r a the r  than in to  dolomite. Shale i& a b e t t e r  irisulator. The 
unconsolidated sediments of the Atlant ic  Coastal Plain have an even 
lower thermal conductivity. 

A major unresolved problem i n  geology and geophysics i s  the rea- 
son for  regional and loca l  var ia t ions  i n  surface heat flow, For the 
deve lopent  of a geothermal resource, it i s  apparent t ha t  the combina- 
t i o n  of high heat flow and low thermal conductivity w i l l  result i n  the 
highest  subsurface temperatures a t  the shallowest depths. It ii beyond 
the scope of t h i s  paper t o  speculate on the many hypotheses advanced 
t o  explain l a t e r a l  var ia t ions  i n  surface heat flow. One undiiputed 
explanation, however, i s  tha t  var ia t ions  i n  l a t e r a l  and ve r t i ca l  con- 
centrat ions of U and Th i n  basement rocks W i l l  r esu l t  i n  subs tan t ia l  
var ia t ions  i n  heat flow (Birch e t  a l . ,  1968). 
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The generation of heat by the  process of radioact ive decay is one 
of sonversion of mass t o  energy according t o  Einstein’s  equation, 
E.mc Only three  elements have isotopes with long enough h a l f l i v e s  
t o  be important for  radioact ive heat generation i n  rocks. These are 
i rotopes of U, Th, and potassium (K). Radioactive.isotopee of these 
elements have he l f l i vce  of the  order of 1 b i l l i o n  years o r  more. The 
heat contr ibut ion,  H, i n  calories/gram per year from the radioact ive 
decay of these isotopes is given by the  equation 

H = 0.72U + 0.20Th + 0.27K 

h, 

where U i s  i n  pa r t s  per mi l l ion  (ppm) Th i s  i n  ppm thorium, 
and K i s  i n  per cent potassium (Birch, The constants i n  t h i s  
equation have been revieed s l i g h t l y  by Rybach (1976). Thorium i s  usu- 
a l l y  more abundant than uranium i n  g ran i t e ,  the  Th/U r a t i o  f a l l i n g  
between 3 and 4. Most of the  heat  produced comes from U and Th; only 
about 10 - 15% comes from K. The U, Th, and K concentrations of the 
Cuffytown Creek pluton i n  South Carolina are about 10 ppm U, 33 ppm 
Th, and 3.7% K. Thus t h i s  g ran i t e  generates about 15 ca lo r i e s  per  
gram per year. The dens i ty  of the  g r a n i t e  i s  about 2.67 grams E ~ S  
cubic centimeter.  The g ran i t e  therefore  generates about‘ 12 X 10 
ca lo r i e s  per cubic cm per sec,  o r  about 20,000 watts per  cubic m i l e .  
In f a c t ,  most of the  heat flowing towards the  surface i n  the  Cuffytown 
Creek g ran i t e  comes the  rad ioac t ive  decay 
of isotopes of U, Th, and IC. 

Grani t ic  rocks r e l a t i v e l y  enriched i n  U and Th (concentrations as 
high o r  higher(?)  than the  Cuffytown Creek) occur l o c a l l y  i n  the  
basement rocks beneath the  sediments of the  Atlant ic  Coastal Plain. 
The concentrations of U and Th i n  the  g ran i t e s  a re  low, a few p a r t s  
per mi l l ion ,  higher than those i n  adja- 
cent rocks i n  the basement. In e p i t e  of these low concentrations,  
l a rge  volumes of g ran i t e  with U and Th w i l l  increase subs t an t i a l ly  the  
rubrurface temperature. Thus, higher temperatures w i l l  be found a t  
rhallower depths within the overlying sediments. Radiogenic heat i s  
i n  addi t ion t o  the  normal heat  flow around and beneath the  g ran i t e  
plutons and can be g rea t e r  by more than a fac tor  of 2 than the  back- 
ground heat flow t h a t  cons t i t u t e s  the  normal heat leaving the ear th .  
In some pa r t s  of New England, for  example, radiogenic heat from gran- 
i t e  cons t i t u t e s  two-thirds of the  t o t a l  heat flow leaving the  ea r th  i n  
tha t  area (Birch e t  al., An understanding of the  d i s t r i b u t i o n  
of g ran i t e s  and of U and Th i n  the  basement rocks i s  therefore  impor- 
t a n t  t o  def ine loca t ions  where the  highest  temperatures w i l l  occur a t  
the  shallawest depths. 

uranium, 
1954). 

from the  heat generated by 

but theae concentrations a re  

1968). 

Granite plutons a r e  exposed i n  the  Piedmont Province northwest of 
t h e  Atlant ic  Coastal P la in  (Figure C-1.1). These exposed basement 
rocks a r e  concealed’ t o  the southeast  by a seward-thickening wedge of 
sediments beneath the  Atlant ic  Coastal Plain.  ‘Few holes  have been 
d r i l l e d  through the  sediments t o  basement, but the  sediment thickness 
is  known t o  be about 3 tan (9900 f t )  a t  Cape Hat teras ,  N.C. 

u 
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88' 

16' 

14' 

Figure C-1.1. Locations of shallow (300 m) heat flow hole8 
d r i l l e d  on Atlantic Coastal Plain are shown a i  
small dote .  
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W Figure C-1.2 i l l u s t r a t e s  the  e f f e c t  on subsurface temperature 
where basement rocks a re  covered with a th ick  sequence of sediments of 
r e l a t i v e l y  low thermal conductivity. Moderate amounts of heat-produc- 
ing elements occur i n  the basement rocks, concentrated primarily i n  
gran i te .  The concentrations fjsumed a e not unreasonable. Heat gener- 
r t i o n r  of 15 HGU (1 HGU 10. cal/cm per sec) have been determined 
by UI i n  gran i te  plutons exposed i n  the Piedmont. In New England, 
exposed grani te  plutons loca l ly  have heat productions of 24 HGU (Birch 
et a l . ,  1968). The leftmost curve i n  Figure C-1.2 i s  the temperature- 
depth p ro f i l e  i n  basement c rys t a l l i ne  rocks tha t  contain no heat-pro- 
ducing elements, and a re  not overlain by sediments. As U and Th are 
added t o  produce f i r s t  10 HGU and then 20 HGU, the  subsurface tempera- 
ture (and therefore  the  geothermal gradient)  increases.  Final ly ,  i f  
U- and Th-bearing grani te  i s  blanketed by sediments t h a t  have a re la -  
t i v e l y  low thermal conductivity, the  subsurface temperature i s  
increased fur ther .  The r e l a t i v e l y  unconsolidated sediments of the 
Atlant ic  Coastal Plain tha t  ove r l i e  gran i te  plutons i n  the  basement is  
the  geologic environment of high geothermal resource poten t ia l  i n  the  
eas t .  Heat flow and the geothermal gradient should be higher over 
these gran i tes  i f  the gran i tes  contain modest concentrations of U and 
The holes d r i l l e d  by the  Department of 
Energy on the t o  determine the  
geothermal gradient and heat flow were based primarily on the  
in te rpre ta t ion  of grav i ty  and magnetic po ten t ia l  f i e l d  data .  

Cravity da ta .  The magnitude of the grav i ta t iona l  f i e l d  a t  any 
locat ion on the surface of the ea r th  depends loca l ly  on the  d i f f e ren t  
rock typee a t  depth. Different rock types have.different  dens i t ies .  
Same rocks weigh more than others .  Granite is  the least dense of the  
igneous in t rus ive  rocks tha t  occur i n  large V O l ~ m e 8 .  Since g ran i t e  i s  
less dense than the country rocks in to  which it has been emplaced, a 
negative grav i ty  anomaly r e s u l t s  (Figure C-1 3 ) .  I f  , however , gran i t e  
was emplaced i n  country rock tha t  was - also g r a n i t i c  i n  chemical compo- 
e i t i o n ,  then the grav i ty  f i e l d  w i l l  - not be well-defined over the  gran- 
i t e  and addi t ional  geophysical and/or geological techniques must be 
used. 

3 

. 

Locations of shallow (300 m) 
Atlant ic  Coastal Plain during 1978-79 

An important consideration i n  the ta rge t ing  of concealed radiog- 
enic gran i tes  beneath Coastal Plain i s  
an understanding of the regional geologic framework (see paper by Glo- 
ver, t h i s  volume). In the absence of a gravi ty  o r  magnetic anomaly an 
Understanding of the regional geology and the possible nature  of conc- 
ealed basement t rends i s  important. Relatively few holes have sampled 
the basement t o  date.  

the sediments of the  Atlant ic  

Magnetic data .  The normal (approximately symmetrical) magnetic 
dipole f i e l d  of the ear th  i s  d i s to r t ed  by the  presence of  magnetic 
minerals i n  rocks, Granite 
plutons usual ly  contain a small percentage of magnetite. me f i r s t  
s t ep  i n  the  in t e rp re t a t ion  of aeromagnetic da ta  i s  t o  subtract  the 
ea r th ' s  dipole  f i e l d  and examine the  'magnetic anomalies' t ha t  remain 
(see Costain, 1979 for  a general summary of the descr ipt ion and 
in te rpre ta t ion  of magnetic anomalies). An excel lent  magnetic anomaly 

the  most important of which i s  magnetite. 

W 
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associated with a grani te  exposed i n  the  Piedmont i s  shown i n  Figure 
C-1.4. Similar gran i te  bodies concealed beneath the sediments of the 
Atlant ic  Coastal Plain might be detected by t h e i r  magnetic signature8 
i f  the depth of bu r i a l  is not too grea t  and i f  metamorphism has not 
destroyed the magnetic propert ies  of the mineral assemblages. Exami- 
nat ion of ex is t ing  magnetic data  obtained over the Coastal Plain sug- 
ges t s  t ha t  g ran i t i c  plutons occur i n  the  basement. 

Figure C-1.4. Circular magnetic anomaly associated with the 
Liberty Hill-kershaw grani te  pluton. Northwert- 
trending l i nea r  anomalies are Triassic  diker.  

Seismic data.  Standard techniques of r e f l ec t ion  seismology are 
e s sen t i a l  t o  define the subsurface geometry of  a potent ia l  geothermal 
resource i n  the  eastern United States .  In general ,  r e f l e c t i o a  eeir-  
mology o f f e r s  the highest  resolut ion of any geophysical method used t o  
invest igate  subsurface geology. In par t i cu la r ,  r e f l ec t ion  eeirmology 
i s  appropriate t o  

1) determine depth t o  c r y s t a l l i n e  basement, 
2) define f a u l t s  i n  the  basement and/or overlying sediment8 cts, 
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3) examine l a t e r a l  and v e r t i c a l  changes i n  ve loc i ty  i n  the  
sedimentary sec t ion  which can then be correlated with 
l a t e r a l  changes changes i n  
thickness of po ten t ia l  deep aquifers .  

i n  thermal conductivity or 

Figure C-1.5 show8 a r e f l ec t ion  seismic sect ion recent ly  obtained 
(February, 1979) near Salisbury, M. The r e f l ec t ion  tha t  or ig ina tes  
from the basement i s  well-defined as are several  other  r e f l ec t ions  
from within the overlying sedimentary section. 

Excellent r e f l ec t ion  seismic da ta  can be obtained on the  Atlant ic  
Coastal Plain. Proper recording procedures are e s sen t i a l  i n  order to  
aseure tha t  the desired r e f l ec t ions  a re  not obscured by mult iple  (Dob- 
r i n ,  1976, p. 89) re f lec t ions .  

c-11 
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Origin of the Hot Springs of Virginia 

parte of West 
Virginia there  a re  approximately 100 springs tha t  have temperature8 
ranging from s l i g h t l y  above the mean annual a i r  temperature ( 9  - 12 
O C ;  48 - 54 OF) t o  about 41 O C  (106 O F ) .  In Virginia, nearly a l l  of 
the warm springs formations of Middle 
Ordovician age where these formations a re  brought t o  the surface by 
a n t i c l i n a l  folding. The geographic d i s t r ibu t ion  of the springe has 
been described by Reeves (1932) and smnnarized by Sammel (1979) 

The h o t t e s t  springs are located i n  the Warm Springs an t i c l ine  i n  
Bath and Alleghany groups of springs 
known a s  the Warm Springs, Hot Springs, Healing Springs, and Falling 
Springs occur. Each group of  springs cons is t s  of a t  l e a s t  three eepa- 
r a t e  springs i n  c lose proximity. The group a t  Warm Springe i e  made up 
of three springs within about 30 m (100 f t )  of each other  and a for th  
about 250 m (820 f t )  t o  the  southweet, A t  Hot Springs, e ight  warm 
springs occur over an area of about 4000 square m (6 square milea) .  
Healing springs cons is t s  of three separate springs l ee s  than 3 m 
apart .  Fal l ing Springs are made up of  a number of flow8 and seepages 
a t  a generally lower temperature (25 O C ;  77 OF m a x )  than the other 
warm springs i n  the Warm Springs Anticline,  and with a much grea te r  
discharge (250 L/sec= 3960 gpm = 9,700,000 gpd) than any other warm 
springs i n  the  region. The flow rate of Hot Springs i s  63 t / eec  (- 
998 gpn = 1,438,000 gpd) a t  a maximum temperature of 41 O C  ( I06 OF). 

A t  Bolar Spring, the flow r a t e  is  130 L/sec (12060 gpn =2,900,000 gpd) 
a t  a maximum temperature of 22 *C (72 OF). Flow ra tee  a re  taken from 
Sammel (1979). 

In the  northwestern par t  of Virginia and adjacent 

appear t o  issue from limestone 

Counties i n  Virginia where four 

Rogers (1884) and Reeves(1932) both concluded tha t  the warm and 
moderately warm springs issue from rocks of Cambrian and Ordovician 
age where these formations rise from considerable depth as  the result 
of  a n t i c l i n a l  folding of sedimentary rocks. Rogers proposed tha t  sur- 
face water enter ing the rocks a t  t h e i r  outcrop i n  high ridges ainks t o  
considerable depths along j o i n t s  and fissures u n t i l  it reaches a 
permeable bed, and then rises along t h e  d i p  of t h i s  bed t o  i t 8  outcrop 
i n  an adjacent val ley.  According t o  Reeves (1932, p. 26), however, 
some of the  an t i c l ines  a re  broken by thrus t  f a u l t s ,  but he s t a t e s  t ha t  
there  is no pos i t ive  evidence tha t  any of  the warm springe a re  along 
f a u l t s .  Reeves fur ther  concluded t h a t  most of the springe of the 
region undoubtedly are not so located,  and t h a t  few of the epringr a re  
probably fed by water r i s i n g  along f a u l t  planes o r  through fieeureo 
bordering f a u l t  planes. Reeves (1932, p. 28) concluded tha t  the 
springs are produced by meteoric ( r a i n )  water enter ing a permeable bed 
along i t s  outcrop at  crest or  limb 
of one an t i c l ine  and r i s ing  t o  the surface where the same bed crop8 
out a t  a lower al t idude i n  another an t i c l ine ,  the temperature o f  the 
waters being an expression of the normal ea r th  temperature i n  the deep 
syncl inal  basins through which the  water c i r cu la t e s  Reeves' hypothe- 
sis is  s imi la r  t o  Rogers' i n  t ha t  i t  a t t r i b u t e s  the temperature of the 
springs t o  normal ear th  temperatures. It d i f f e r s  from Rogers' hypoth- 
esis i n  tha t  it predic t s  movement through permeable bed8 from one 

a r e l a t i v e l y  high a l t i t u d e  on the  
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an t i c l ine  t o  another r a the r  than movement through j o i n t s  and f i s su res  
from an a n t i c l i n a l  r idge t o  adjacent val leys .  

Rogers (18841, Watoon (19241, Reeves(1932) and Hobba e t  al .  
(1977) a l l  concluded t h a t  the  spring waters a re  of meteoric or ig in .  
The occurrence of igneouo s i l l s  and dikes  i n  Highland County, Va. 
ruggeeted t o  Denniaon and Johnson (1971) an a l t e r n a t i v e  heat  source 
o ther  than deep c i r cu la t ion  of meteoric water. Igneous in t rus ions  a re  
exposed j u s t  30 km (20 m i l e s )  north of  Hot Springs, Va. They sug- 
gested tha t  a deep s t i l l -cool ing  pluton provides heat t o  the thermal 
rpringr centered i n  Bath County, and t h a t  the  pluton is e i t h e r  the  
source of the  dikes i n  Highland County, or possibly represents  a l a t e r  
thermal pulse re la ted  t o  the  38th p a r a l l e l  f r ac tu re  zone, which has 
been an east-west zone of sporadic igneous a c t i v i t y  from late Precam- 
br ian to  Eocene time. 

A h o l e  approximately 305 m (1000 f t )  i n  depth was d r i l l e d  i n t o  
the  Beekmantown dolomite i n  the  Warm Springs a n t i c l i n e  about 8 km 
southwest of Hot Springs, Va. s p e c i f i c a l l y  fo r  the  purpose of obtain- 
ing a r e l i a b l e  heat flow determination (Costain et al., 1976). The 
geothermal gradient  in the hole was 9.3 OC/Km (0.5 OF/100 f t ) .  The 
thermal conductivity of the  Beelanantown dolomite was 12.4 
mca&/cm-sec-°C. The heat  flow i s  therefore  about 1.2 EFU (1 HFU = 
10 cal/cm -sex). This is  a representa t ive  heat flow value for  the  
region and does uot support the  hypothesis of a s t i l l - coo l ing  pluton 
a t  depth. 

2 

The gradient within the  core of the  Warm Springs Anticl ine is  
about 10 ' C / b  i n  the Beetrmantown Dolomite. I f  t h i s  low gradient  is  
maintained t o  grea te r  depths,  water would have t o  c i r c u l a t e  t o  a depth 
of only approximately 3 Ian (10,000 f t )  t o  be heated t o  the tempera- 
tures observed at the  surface.  Since the thickness of sediments i n  
the  area is  grea te r  than 4 lan (13000 f t )  , deep c i r cu la t ion  of meteoric 
water completely within the  sedimentary sec t ion  i s  possible .  It then 
remains t o  iden t i fy  the ground water recharge area for  the spr ings and 
the  fac tors  t ha t  cont ro l  locat ions where the spr ings discharge. 
Per ry  e t  a l . ,  1979) proposed the  following model. 

A l l  of the  warm springs i n  the  va l l ey  are grouped near topo- 
graphic gaps associated with v e r t i c a l  t ransverse f r ac tu re  zones 
( l i nea r s ) .  The l imited da ta  ava i lab le  suggest t h a t  f a u l t s  and/or 
j o i n t @  play an important r o l e  i n  the  loca t ion  of the  spr ings,  s ince  
gaps have developed only along these zones. The Warm Springs an t i -  
c l i n e  is  a doubly-plunging a n t i c l i n e  with a near-ver t ical  t o  over- 
turned northwestern limb. The r e s i s t a n t  S i lu r i an  qua r t z i t e s  a r e  res- 
ponrible for  the  high r e l i e f  i n  the  area.  It is  postulated t h a t  
meteoric water en te r s  the  fractured S i lu r i an  qua r t z i t e s  and possibly 
adjacent carbonate u n i t s  along s teep  t o  v e r t i c a l  bedding planes on the  
northwest limb of the a n t i c l i n e ,  extends t o  depths s u f f i c i e n t  t o  heat  
the  water, and then rises rap id ly  along the  e s s e n t i a l l y  east-west 
t ransverse f rac ture  zones which i n t e r s e c t  the  bedding-plane permeabil- 
i t y  a t  depth. A c r o w  sec t ion  of t h i s  model or iented approximately a t  
r igh t  angles t o  the  t ransverse f rac ture  zones is shown i n  Figure 
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HOT SPRING GAP O U N N S  GAP 
RECHARGE AREA &CHARGE AREA 

SCALE 

Figure C-1.6. Hypothetical  v e r t i c a l  crosa s e c t i o n  a t  Hot 
Springs ,  V irg in ia ,  Sec t ion  i r  or iented a t  approx- 
imate ly  r i g h t  anglee to  transverse fracture  zone8. 
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C-1.6. In t h i s  model, ground-water flow l i n e s  a re  shown with an 
eaeen t i a l ly  v e r t i c a l  o r i en ta t ion  beneath the  recharge areas. They 
diverge a t  ,depth and in t e r sec t  the t ransverse f r ac tu re  zones. The 
temperature of the water issuing from springs located along the tran- 
averse f rac ture  zones depends t o  a la rge  extent  on the  degree of mix- 
ing tha t  ha6 taken place as  the meteoric water rises rap id ly  t o  the  
eurface along the r e l a t i v e l y  permeable f rac ture  zone. 

In support of t h i s  model, t o  be a co r re l a t ion  be- 
tween the coincidence of water gaps, the occurrence of warm spr ings,  
and the presence of nearby steeply-dipping t o  v e r t i c a l  qua r t z i t e  u n i t s  
in areas  other  than the Warm The warm spring (22 
O C ;  72 O F )  a t  Bolar occurs i n  the  same geologic se t t i ng .  

there  appears 

Springs Anticline.  

Geothennal Exploration of the Atlant ic  Coastal Plain 

During 1978-79, 49 holes  were d r i l l e d  t o  a depth of approximately 
300 rn (1000 f t )  on the  Atlant ic  Coastal Plain.  The geographic d i s t r i -  
bution of the holes  is shown i n  Figure C-1.1. The locat ions of  the  
d r i l l  sites were chosen on the  bas i s  of: 

1) gravi ty  da t a ,  
2) magnetic da ta ,  
3) known thickness of Coastal Plain sediments, 
4) apparent thermal anomalies based 

determined in ex i s t ing  holes ,  
5 )  much of the  ava i lab le  basement core da t a ,  
6) su i t ab le  sites for  the evaluation of the radiogenic plu- 

7 )  proximity t o  energy markets. 

on geothermai gradients  

ton model, 

The sediments of the Atlant ic  Coastal Plain include a number of 
semi-confined ' leaky'  aqui fe rs .  These aqui fe rs  are separated by rela- 
t i v e l y  impermeable sediments. The water present i n  the  pore space of 
each semi-confined aquifer  may have a d i f f e r e n t  'energy per un i t  
weight' ,  otherwise defined as 'hyraul ic  head' ,  h. Three quan t i t i e s  
determine the value of h a t  any point i n  an aquifer :  the e leva t ion  of 
the point above an a r b i t r a r y  reference l eve l  (basement) , the  pressure 
energy ( the  higher the f lu id  pressure the  g rea t e r  the pressure 
energy), and the k ine t i c  energy (speed a t  which water moves through 
the pore space of the aqui fe r ) .  I f  there  were no confining beds, the  
value of the hydraulic head ,h, would be approximately the  same any- 
where i n  the sediments above basement (except f o r  small d i f fe rences  
associated with var ia t ions  i n  ground-water ve loc i ty ) .  

The fundamental equation of groundwater flow is governed by 
Darcy's Law, 

V = P(dh/dl) 

where V i s  the 'Darcy ve loc i ty '  o f  ground water flow. The ac tua l  vel- 
oc i ty  of water through where n i s  the  
porosity of the aquifer .  P is  the permeability of the  aqui fe r ;  t he  

the pore space i s  given by V/n 
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W 'hydraulic gradient '  is dh/dl. The equation simply states tha t  water 
flows from a higher energy state (hydraulic head, h )  t o  a lower energy 
state, always. The difference i n  energy states i s  accounted for  by 
energy l o s t  due t o  f r i c t i o n  as the water moves through the pore space 
of the  aquifer .  The presence of confining beds causes d i f f e ren t  
values of  h t o  occur i n  d i f f e ren t  A hole d r i l l e d  in to  the 
aediments o f  t he  values of h ,  
which would r e s u l t  i n  upward (or  downward) flow i n  the  hole and pre- 
vent t he  determination of an accurate geothermal gradient.  For t h i s  
reason, each hole  was cased t o  i t s  t o t a l  depth and cemented t o  prevent 
c i r cu la t ion  between aquifers .  Convection i n  or near a hole can result 
i n  an unre l iab le  geothermal gradient determined i n  a shallow (300 m) 
hole. 

aquifers .  
Coastal Plain w i l l  encounter d i f f e ren t  

Te1~per8tureS were measured a t  i n t e rva l s  of 2.5 m (8 f t )  i n  each 
hole.  Average gradients ,  G ,  were determined i n  each hole by the 
least-squares f i t  of a s t r a i g h t  l i n e  over the e n t i r e  in te rva l  of the 
hole below a depth of about 50 m (160 f t ) .  An attempt was made t o  
recover two sediment core samples, each 8 m (25 f t )  i n  length from 
each hole.  Core recovery was var iab le  because of the  unconsolidated 
nature of t he  sediments. Thermal conductivity,  K, was determined i n  
the  laboratory using needle probe techniques. 

Temperature p ro f i l e s ,  geothermal gradients ,  and thermal conduc- 
t i v i t i e s  are reported i n  a series of  progress reports  (Costain e t ,  
8 1 . 3  1977, 1978, 1979). 

Because the d i f fe rence  i n  concentrations of U.and Th i n  basement 
rocks a f f e c t s  the geothermal gradient  i n  the overlying sediments, i t  
was important t o  s i te  several  holes both on and o f f  po ten t ia l  f i e l d  
anomalies. The Portsmouth gravi ty  anomaly (Figure C-1.3) i s  an excel- 
l e n t  example of a negative grav i ty  anomaly over a presumed buried 
g ran i t e  pluton. Amagnetic anomaly i s  a l so  present.  The sediments 
here  are about 600 m (1900 f t )  i n  thickness.  A hole  was d r i l l e d  tha t  
encountered g ran i t e  a t  a depth of  about 600 m a  and 90 rn (300 f t )  of 
continuous g ran i t e  core (BQ) are now being recovered. Determinations 
of heat  generation, age, and chemistry w i l l  be made on t h e  core. A 
heat  flow value w i l l  a l so  be determined over t he  9O-m in te rva l  i n  the 
g ran i t e  t o  confirm the value of heat flow determined i n  the  overlying 
sediments. The geothermal gradient i n  the  hole over the grav i ty  ano- 
maly is about 42 OC/Km; t he  gradient  i n  a hole d r i l l  nearby (12  km) 
but off  t he  anomaly i n  the  same l i t ho log ic  sequence of sediments is 27 
'C/Km. We regard t h i s  as exce l len t  confirmation of the radiogenic plu- 
ton model. 

Lambiase e t  a l .  (1979) discuss i n  d e t a i l  the d i s t r ibu t ion  and 
values of the  geothermal gradients  obtained i n  the holes d r i l l e d  on 
the  Atlant ic  Coastal Plain.  promising area t o  da te  appears 
t o  be between Cr i s f i e ld ,  Md., and Oak Hall, i n  southern Maryland 
and northern Virginia on the  Eastern Shore (Figure C-1 , I ) .  Higher 
gradients  (SO OC/Km) were found elsewhere, fo r  example within the 
l a rge  negative g rav i ty  anomaly i n  the v i c i n i t y  of Chesapeake Bay, but 
the  depth t o  basement there  is less. 

The most 
Va. 

&d 
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Geothermal Resource Potent ia l  of t h e  
Northern Atlantic Coastal Plain 

J.  J .  Lambiase, S. S. Dashevsky, J.  K. Costain, 
B. 'J. Gleason, and W. S. McClung 

Abstract 

Geothermal gradients determined i n  66 exploratory holes i n  the  
temperatures w i l l  

The t ransmiss ib i l i ty  of 
Plain must be determined before 

Atlantic Coastal Plain suggest t h a t ,  i n  many areas ,  
be i n  excess of 60" at  the  basement surface. 
the deep aquifers  beneath the Coastal 
the f e a s i b i l i t y  of a geothermal resource can be evaluated. 
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Geological and geophysical inves t iga t ions  of the sedimentary 
wedge and basement beneath the Atlant ic  Coastal Plain are i n  progress 
as par t  of a program sponsored by the Department of Energy t o  explore 
the low-temperature geothermal resource po ten t i a l  i n  the eas te rn  
United S ta tes .  Exploration i s  based on a proposed model (Costain, e t  
-' a1 1979) t h a t  p red ic t s  optimum sites fo r  the  development of g e o t h e v  
mal resources i n  the  Atlant ic  Coastal Plain. Granite plutons with 
moderate concentrations of U and Th occur i n  the  c r y s t a l l i n e  basement 
underlying the Coastal Plain.  These g ran i t e s  are sources of heat  t h a t  
i s  produced by the  na tu ra l  radioact ive decay of uranium and thorium 
isotopes (Birch, F., 1954). Because thermal conduct ivi ty  of  the  b a s -  
t a l  Plain sediments i s  low, the sediments w i l l  a c t  as a thermal insu- 
l a t o r ,  and e l eva te  temperatures a t  the  base of and within the  wedge of  
sediments. I f  a t h i ck  sedimentary sec t ion  occurs above a radiogenic 
g ran i t e ,  isotherms w i l l  be warped upward and higher temperatures w i l l  
occur a t  shallower depths.  

Two important aspects  of  the  resource poten t ia l  of the At lan t ic  
Coastal Plain are the  temperature gradient and the basement surface 
temperature, t h a t  i s ,  the maximum temperature a t  the  base of the Coas- 
t a l  Plain sediments. The la t ter  i s  a function of both the temperature 
gradient  and the  local thickness of the Coastal P la in  sediments. 

During 1978, 49 exploratory holes ,  each approximately 300 m i n  
depth, were d r i l l e d  i n  New Jersey,  Delawaref Maryland, Virginia  and 
North Carolina (Figure (2-2.1). The l o c a t i  ns were chosen t o  test the  
proposed radiogenic pluton model (Costain, t a l ,  1979), and t o  loca te  
areas  with a high po ten t i a l  fo r  geotherm 1 dGelopment. The holes  

flow i n  t he  hole  between aqui fe rs  with d i f f e r e n t  hydraulic heads. 

u 

were cased t o  t h e i r  t o t a l  depth and cemen i ed t o  prevent ground-water 

Pr ior  t o  the 1978 d r i l l i n g  program, ex i s t ing  holes  i n  the  Atlan- 
t i c  Coastal Plain were logged fo r  temperature. Thermal grad ien ts  i n  
s ix teen  of these holes  are shown i n  Figure C-2.1. Geothermal gra- 
d i en t s  i n  these holes  were determined from d i s c r e t e  temperature mea- 
aurements made a t  i n t e rva l s  of  2.5 m. 

Gradients i n  the 49 new holes d r i l l e d  s p e c i f i c a l l y  f o r  the  geoth- 
ermal program were determined from temperature measurements made a t  
0.5 m intervals  by a rapid response thermistor probe (t ime constant = 
1 8 )  t ha t  was moved down the  hole  continuously a t  5 m per minute. 
Comparative temperature logs made with the  two systems i n  a hole  i n  
thermal equilibrium showed agreement between geothermal gradients  t o  
within 0.1 O C / k m  over the  e n t i r e  hole.  

Geothermal gradients  were calculated by f i t t i n g  a least  squares 
' s t r a i g h t  l i n e  t o  measurements of temperature and depth. The gradients  

given a re  within 2% of thermal equilibrium, and are calculated over a 
depth in t e rva l  t h a t  s t a r t s  below the obvious inf luence of ground water 
c i r cu la t ion  and extends t o  the bottom of the hole. 

Figure C-2.1 shows the d i s t r i b u t i o n  of hole  loca t ions  and geoth- 
W ermal gradients  i n  the northern Atlant ic  Coastal Plain.  With the 
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exception of two holes i n  New Jersey, gradients along the coas t l ine  of 
New Jersey, Delaware, and Maryland are low with values t h a t  are be- 
tween 16 OC/km and 30 "C/km. Eigher gradients occur throughout most 
of the Delmarva Peninsula where values are between 30 "C/km and 46 
"C/km (Figure C-2.1). Near Chesapeake Bay, temperature gradients  are 
the highest of any i n  the f ive  state area with values t h a t  vary bet- 
weeu 39 ' C / h  and 50 OC/km. A gradient of 40 OC/h was determined i n  
one hole i n  northeastern North Carolina. Other new exploratory holes 
i n  t h i s  area have thermal gradients between 31 OC/km and 35 OC/km. In 
eoutheastern North Carolina, gradients  are lower, and vary from 22 
OC/h t o  32 *C/b. 

Basement surface temperaturea were extrapolated by extending the  
overal l  geothermal gradients from the temperatures measured a t  the  
bottom of the exploratory holes t o  the  estimated depth of the  basement 
surface.  Basement surface depths were estimated by in te rpola t ing  be- 
tween known basement well control  With adjustments fo r  regional t rends 
i n  basement topography. 

Estimated basement surface temperatures are displayed on Figure 
C-2.2. Values vary from 21 OC t o  91 O C .  In southern Virginia,  esti- 
mated teinperatures are r e l a t i v e l y  low despi te  high geothermal gra- 
dients .  This is  primarily because basement occurs a t  a shallow depth. 
In New Jersey, estimated temperatures are low because low geothermal 
gradients coincide with areas  where the basement surface i s  shallow. 

Generally, basement surface temperatures on thh klmarva Penin- 
aula ere expected t o  be high (Figure C-2.2). Along the Atlant ic  
Coast, geothermal gradients are  reEatively low, but the th i ck  sequence 
of Coastal Plain sediments (up t o  2.34 km) r e s u l t s  i n  high basement 
surface temperatures. On t he  western margin of the  Peninsula, gra- 
d ien ts  are  higher,  but the Coastal Plain i s  thinner (average thickness 
i s  approximately 1.52 km). The estimated basement surface tempera- 
tu res  a re  s l i g h t l y  lower than those along the  Atlant ic  Coast (Figure 
c-2.2). 

The temperature predicted by extending the near-surface geother- 
mal gradient t o  basement has been found t o  be accurate fo r  several  
locations i n  the  Coastal Plain.  , Near Jesup, Georgia, basement was 
encountered a t  a depth of 1.33 lan. At t h i s  depth, t he  temperature 
estimated from the average gradient  over the  upper 296 m is 60 OC. 
This i s  ident ica l  t o  the 60 O C  basement surface temperature t h a t  we 
measured. 

Baeement was reached i n  four exploratory holes d r i l l e d  during 
1978. These holes were d r i l l e d  t o  depths up t o  500 m t o  i den t i fy  the 
basement rock type. Basement surface temperatures predicted by the  
gradients i n  the upper 300 m are within 3% of the  measured values. 

Basement surface temperature W i l l  be less than predicted i f  t he  
geothermal gradient decreases with depth due t o  an increase i n  thermal 
conductivity of the  Coastal Plain sediments. Thermal conductivity 
varies with sediment type, and there are rapid l a t e r a l  and v e r t i c a l  
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Figure C-2.2. Estimated basement surface temperatures in the 40 
Temperatures are in holes drilled during the 1978 program. 
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facies  changes within the Coastal Plain (Brown, P. M., e t  a l ,  1972) 
tha t  make l i t ho log ic  prediction d i f f i c u l t .  Generally, the deeper sec- 
t i on  of the northern Coaetal Plain i s  more sandy than the top 300 m; 
t h i r  tends t o  increase thermal conductivity i n  the  deeper par t  of the  
rect ion r e l a t i v e  t o  the upper par t .  

Compac- 
t ion increases grain-to-grain contact by decreasing porosity and, 
therefore ,  water content. Introduction of cement i n to  a sedimentary 
uni t  a l so  w i l l  increase thermal conductivity by decreasing porosity 
and replacing water with mater ia l  of higher conductivity. 

Thermal conductivity w i l l  increase i f  compaction occurs. 

Recent results from a hole tha t  we d r i l l e d  t o  basement (540 m) 
near Portsmouth, Virginia suggest t ha t  i n  some locat ions the thermal 
conductivity of Atlant ic  Coastal Plain sediment does increase with 
depth. This causes a decrease i n  the geothermal gradient with depth, 
and consequently, a basement surface temperature t h a t  is  lower than 
expected. In the Portemouth hole,  i f  the average geothermal gradient 
i n  the upper 300 m remained constant t o  the basement surface,  the  
predicted temperature would be 39 O C .  However, the measured tempera- 
ture a t  tha t  depth is 36 O C .  

The uncertainty of actual  depth t o  basement can introduce an 
uncertainty i n t o  the  prediction of basement surface temperatures. In 
many areas  control  i s  poor, and a difference of 100 m between the 
ac tua l  depth t o  basement and the estimated depth could cause an e r r o r  
i n  temperature estimation of up t o  5 O c .  

Several other fac tors  a re  involved i n  the evaluation of the 
geothermal resource poten t ia l  of the Atlant ic  Coastal Plain. Availa- 
b l e  markets and cos ts  obviously a re  e s sen t i a l  t o  evaluate the  
resource, but it i s  beyond the scope of t h i s  report  t o  discuss eco- 
nomic factors .  Energy market considerations for  t h i s  area have been 
discussed eisewhere (Toth, W. J. and Paddison, F. C., 1979). 

The geothermal resource is expected t o  be a hydrothermal 
reeource. the deep aqui fe rs  i s  an e s sen t i a l  
fac tor  because water i s  the medium by which the  heat  a t  depth is  
t ransferred t o  the surface.  The yield must be su f f i c i en t  t o  meet 
energy demands. This is  p a r t i a l l y  an economic problem, but it a l so  
involves the i n t r i n s i c  porosity and t ransmissivi ty  of  the aquifer .  
Unfortunately, there  i s  a paucity of da ta  concerning the hydrology of  
deep aqui fe rs  i n  the northern Atlant ic  Coastal Plain.  A test hole  
near Norfolk, Virginia (Brown, D. L., 1968) penetrated the th ick  Cre-  
taceous sand un i t  t ha t  i s  the basal un i t  throughout much of the north- 
e rn  Coastal Plain.  Reasonably good poros i t ies  were reported from the 
lower par t  of the  sect ion t o  the t o t a l  depth of 786 m. Also, e l e c t r i c  
logs from older wells on the  Delmarva Peninsula i n  Virginia suggest 
t ha t  the baeal po ten t ia l  aquifers  (VA 
Water Control Board, 1974). 

The yield of water from 

sands of the Coastal Plain are 

The geothermal gradients and t h e i r  a r ea l  trend6 are  va l id ,  but 
speculation between o r  below d r i l l  holes must be done with caution. 
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The unknown d i s t r ibu t ion  of radiogenic heat sources in the  baaement i d  
makes geothermal gradients s t r i c t l y  site spec i f ic  so t ha t  continuity 
between test holes i s  uncertain. 

The basement temperatures displayed i n  Figure C-2.2 indicate  tha t  
there  are several  areas beneath the northern Atlant ic  Coastal Plain 
t h a t  a r e  expected t o  have temperatures Temperatures in 
the  59 O C  t o  70 O C  range a r e  being used successfully fo r  di le t r ic t  
beating of ' 7,000 apartments i n  the  Paris Basin, France (Bur, 
Bechercbes Geol. Nninieres, 1978), and it is  ant ic ipated tha t  8100,000 
apartments w i l l  be geothermally heated by 1990. 

above 60 'C. 

A t  present,  the a rea l  d i s t r ibu t ion  of isotherms beneat the 
Atlant ic  Coastal Plain,  and the groundwater hydrology a t  dept 1 , i r  
poorly defined. it is h p o s s i b l e  t o  estimate the rmte a t  
which heat could be extracted a t  any locat ion or  t o  predict  the l i f e -  
time of the  resource. However, the  avai lable  da ta  suggest t ha t  la sub- 
s t a n t i a l  geothermal resource does e x i s t  beneath the Atlantic Coastal 
Plain. 

Xherefore, 
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Heat Flow i n  the  Atlant ic  Coastal P la in  
* 

L. D. Perry 

Heat flow values are now complete for  s ix teen  holes  i n  the Atlan- 
t i c  Coastal Plain. Figure C-3.1 shows the  locat ions of the  valuer .  
Table C-3.1 l ists the  values along t 2 t h  loca t ions ,  in te rva le ,  gro- 
d i en t s ,  and conductivity values.  Tables C-3.2 through C-3.19 l i e t  
individual  thermal conduct ivi ty  values from each hole.  

Core recovery has been var iab le  because some of the sediment8 a r e  
unconsolidated. Recovery ranges from zero i n  some sandy foramtione t o  
twenty-five f e e t  i n  muds and clays.  Where recovery was s u f f i c i e n t ,  
t he  heat  flow was determined from the  mean thermal conductivity and 
the  least squares gradient from the same depth as the  core. For exam- 
ple ,  i n  Hole C19, a heat  flow value of 2.0 + 0.3 HFU was obtained from 
the  gradient  over the  in t e rva l  196.7-205.8-rn and the  thermal conduc- 
t i v i t y  values of the  core from the in t e rva l  198.3 - 202.4 m. In holee 
where the  gradient  was near ly  constant above and/or below the  cored 
sect ion,  and used t o  determine the  
heat  flow. In C19 a gradient  of 57.05 + 0.77 *C/Km was determined 
from the  in t e rva l  187.1-221.7 m and when- appplied t o  the same mean 
thermal conductivity value gave a heat flow of 1.9 + 0.1 HFU. The 
r a t iona le  for  extending the  observed thermal conducrivity value8 t o  
the  gradient  of a l a rge r  i n t e r v a l  i s  t h a t  i f  the  gradient  remains con- 
s t a n t  the  conductivity must  a l so .  A t h i r d  s i t u a t i o n  a r i s e s  i n  C19 and 
several  o ther  holes.  In some holes ,  a f t e r  recovering core from an 
in t e rva l  a t  the  bottom of the  hole,  no temperature log could be 
obtained from the  same i n t e r v a l  because of a f au l ty  cementing job 
which plugged the In t h i s  care ,  
t he  last  observed gradient i s  assumed t o  extend t o  the  depth of the 
thermal conductivity values.  

t h a t  gradient was a l so  calculated 

bottom several  meters of the hole.  

The values completed t o  date confirm the model t ha t  g rav i ty  low8 
are associated with basement radiogenic heat sourcea. Heat flow 
values of 1.6 HFU, 1.8 HFU, and 1.85 HFU a r e  s i g n i f i c a n t l y  higher than 
normal and a r e  associated with a grav i ty  low on the  Virginia Penin- 
s.:la. The gravi ty  low a t  Stumpy Point, NC, i s  coincident with a heat 
flow of 1.9 HFU. Hole C25 a t  Portsmouth, VA was d r i l l e d  i n  the center  
of a gravi ty  low and has a heat  flow of 1.4 HFU. Hole C26 on the 
f lank of t h e  same low i s  more The d i f f e r -  
ence i n  magnitude and Wallop's Island 
probably suggests a higher heat production i n  the c rus t  a t  Wallop'o 
Is land.  Core samples from basement a t  Portsmouth a re  being prepared 
f o r  analysis  of U and Th content now and w i l l  be reported next quar- 
ter. 

near ly  normal a t  1.1 HFU. 
of the  anomalies a t  Portsmouth 
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Figure C-3.1. Location of  heat flow val  es i n  t e Atlantic mas- 
ta l  Plain (unites are 10 cal/cm -sec) .  4 9 
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TABLE C--3.1 
ESTIMATED 
BASEMENT SURFACE 

( K H )  ( ‘ C )  
CON11 SIGl.lfl (N) HEAT FLOW DEPTH TEMPERfiTUWF HOLE LATITUDE LONGITUDE INTERUAL(M) GRAUIENT SIGMA(R€GR* N )  

( ‘C/KM) 

C;OUTliPORT 7 N .C 
C l 4 A  33 58.00 77 58.20 60-463 32 1: 4‘65 

s 385 

,495 

505 

,210 

84 

1.36 

1.84 

32 

28 

31 

31 

21 

36 

51 

81‘ 

85 

WILUINGTONI N.C. 
C14 34 12.00 77 53r40 

SNEADS FERRY9 NeC. 
C l S A  34 31.60 77 27.30 

JACKSONVILLE? N.C. 
c: 1 5 34 39.00 77 19.00 

KINSTOWJ~ N . C .  
C l l k  35 15.70 77 35.30 

CHERRY POINT,  N.C. 
C.16 34 54.70 76 53.30 

BEAUFORT1 NICI 
C17 34 46.30 76 38.70 

ENGLEHARDI N.C. 
C18 35 31.20 75 59.26 

STUHPY POINT,  N.C+ 
C19 35 45.12 75 47.65 

w 
0 

45-380 29 * 
30-4 75 31 * 
50-500 30 * 
69-217 23 * 
00-308 %2 * 
45-302 25 $ 

49-304 36 * 
1.94 

3 s 330 s 18 ( 14 ) 1 e9f0.1 
3.3&0.18(14) 2 . 0 f 0 . 3  

2 .1 f0 .6  3+9f0191(15)  

1.78 

t 95 

1.22 

1.08 

-94 

,557 

53-269 
187.1-221 7 
196.7-205r8 
248.1-296.3 

ELIZANETH C I T Y *  N.C. 
c20 36 16.81 76 12.50 

BELLCROSS, N,C. 
c21 36 19.59 76 63.54 

CREEDS? VA.  
c22 36 36.38 76 00.43 

OCEANAr VA. 
C23 36 40.09 76 02.62 

NORFOLK , VA , 
1224 36 57.40 76 16.20 

44 

55 

so 

49 

50-313 31 * 
23-308 33 * 
89-307 34 * 
75-296 38 * 

1.34 
1.5i0.2 3.430.45(25) 

3*4+0145(25) 1 s7f013 
3.730.96(12)  0 . 9 t 0 . 2  
3.7f0.96(12)  l r l f 0 . 4  

17-316 
152.4-173r3 
161.7-174.3 
252.8-316.7 
303.2-308.5 

SUFFOLK P ‘Mi 
c25 36 51.01 7 6 . 2 8 ~ 8 3  39 21-307 

295 5-309 9 
43 * 
26.85*0.39(0.996, 2 3 ) l  



.. . .. -_ . .. . .. . "  . . . 
- - 

HEAT 6 1  nu 

1.14 
1 It0 * 2 
1.1+0.3 

1 a44 
1.510.1 
1.5to.2 
1 a4f0.1 
1 *ltO. 1 

1.854 
1.7t0.4 
2.010.4 

1.54 
1*440.4 
1.6+0.4 

1.64 
1 e6t0.2 
1.7*0.2 
l.ltO.5 

lt340.3 

c 
tioi r l .AT I 1  U I i t  LClNG ITUDE GRADIENT SIGMA(REGf2i  N )  COND s I GMn ( N ) 

( 'C/hM) 

SUTFOI I\ P VA 
C?5A 36 51.01 76 -W*83 

I S L E  OF WIGHT? V6. 
( :?h 36 54.51 76 42-13 

25-554 39 * .557 36 

35-303 
268.9-303.4 
294.1-304.3 

. 4:! 2 6 

tiAMPTl~N P VA 
C.?7 37 05.53 74 22.21 

CHFRITONv VA 
C'7R 37 17.79 75 55eP6 

75-307 40 * 
30-314 
108.6-242.2 
211.3-225.8 
292.9-309.3 
296.3-308.3 

WALLOPS ISLAND? VA 
c29 37 56.60 75 27.27 75-295 

16362-185.2 
272.8-305.1 

67-303 
CJ OCE6N CITY? Mn 
w 
w 
I L'30 38 18.61 75 07.07 

5ALISRUHY I HIt 
c31 38 20.55 75 36.43 

30 1 2.59 

1-46 

91 

65 77-303 
222.7-229 7 
223 2-238 * 1 

CRISF IELrtI MD 
c 3.2 38 00.97 75 49.57 60-294 

156.8-172.3 
164.6-172rR 
286.7-311.9 

1 + :?8 71 

GOLDEN HILL9 MD 
c:33 38 24.13 76 11.19 40-301 

252 e 0-3 12 9 
1.11 61 

RSSAWOHAN RAY* DE 
C34E 38 29.90 75 05.82 

ELLENDALE DE 
c34c 38 44.58 75 27.71 

LEllESr DF 
c34 38 48.18 75 11.67 

47-294 29 * 2.12 

1 r36 

1 e83 

75 

59 

65 

75-293 3.5 * 
75-284 29 * 

DGVER, UE 
c:35 39 06.70 75 27.69 38 * 



HOLE LATITUDE LONGITUDE 

CAPE nnrI NJ 
C36 39 00.03 74 54.16 

ATLANTIC C I T Y ?  NJ 
C38 39 22.76 74 27.24 

FORKED RIVER? NJ 
c39 39 50 .44  74 10.87 

SEA G I R T ?  NJ 
r:41 4 0  7.26 74 2.25 

OCEAN C I T Y ,  MD 
c43 38 26.09 75 03.57 

SALXSCURY? MD 9 c45 38 23.93 75 91.40 
w 
N SALISBURYI Mt l  

C465 38 23.P6 75 34.49 

CiALISBURY t HD 
1147 38 19.91 75 30.66 

WAT I Q V I  L.I.E? VA 
1248 37 56.06 75 30.60 

W I T I ~ A H S ~  v4 
c49 37 57.52 75 35.64 

40-294 

75-294 

75-279 
220.5-228.6 
219.2-252.7 

75-307 

50-296 

43-376 
150*2-181*2 
166.9-177.8 

50-318 

34-318 
204.3-228.2 
224.3-232.6 
295.6-301.9 

38-31 1 

50-302 

SO-314 
207r0-243.0 
209.9-221r6 
292.3-317.6 
308-3-31706 

RtHOLcE TH t HI1 
C 5 0  38 02.12 75 40.28 

KINGSTON* HD 
c:51 3% 04.89 75 43.53 

PRINCESS 6NElEr MD, 
C52 38 19.50 75 34149 

80-316 

65-31 1 

78-31 1 

TABLE C-3.1 

GRADIENT SIGHA(REGRI N )  
( ‘C/Kfl) 

26 $: 

30 * 
30 I 
33.9751+00(0*9881 16)2 
31.53i0.13(0.999? 66)l 

26 * 
36 * 

36 1 

30 * 
25.91f0+19(0.997, 47)l 
41.35f0*99(0+992? 16)2 
57.62f3$87(0.953? 13)2 

34 * 
3s * 

. . . . .- . . . . . . . , . _ ~ _  ~ . .  - . .  . .  . . .~ . . ~ -  . . 

42 #. 

42 X 

37 * 

COND SIGHA(N) HEAT FLOW 

ESTIMATED 
HASEMENT SURFACF. 
DEFTH TEMPERATURF 
(titi) ( ‘ C )  

le91 62 

1.62 60 

1.054 
1.1fO.1 
1 . O f O .  1 

1.00 40 

,335 20 

e633 34 

2.60 (33 

1.46 57 

1 .5‘? t* 

1.67 8 

1.40 7 

1.54 6‘ 



TABLE C-3.1 

ti0LE LATITUDE LONGITUDE 

SNOW H I L L ,  MIt 
cs3 38 10.30 75 22.84 

BRIDGEVlL1.E 9 DE 
c54  38 46.71  7J 37.81 

1ASLr:YI UA 
c55 37 42.53 75 42.85 

EhSTVI I  LEI V A  
c!% 37 21.26 75 59.56 

A i L m r I c .  VA 
c57 37 53.24 75 30.03 

!WITH F'OIMTr VA 
c59 37 53.02 76 15.09 

CI 

G, C 6 0  37 03.98 76 19.28 
& tIANPTnNI VA 

cia i 56 31.71. 76 52.53 

INTERVAL(t4) 

75-308 

23-302 

25-282 
161,9-176.9 
165.1-173.7 
268.3-297 + 5 

40-290 

50-307 

50-293 
13518-162*5 
268.9-300.7 

35-305 
239.3-304.0 
278.2-284.8 
45-316 

GRADIENT SIGflA(REGR? N )  
( ' C / K E o  

33 II: 

35 * 
40 * 
31.3460*39(0*996~ 30)l 
29*42f0+40(0.997r 17)2 
49.1040188(0.992, 28)3 

34 * 
34 t 

48 * 
49.84f0174(0.989, 53)l 
34.35f0*44(0*993r 48)3 

LSTIHATED 
EW3FflENT SURf fU.E 

(kH) ( ' C )  
HEAT FLOU r t ~ r  r i i  TEMPERATURE 

1 e34 
1.3f0.2 
1,260.2 
1.5f0.2 

1. Gvadient f rom the londest linear interval which includes the cored section 
2. Gradient from the cored section 
3 .  Gradicnt extrapolated to the cored section 
4 .  Best hcat flow value (the ueighted mean usinsi the inverse o f  Lhe error as the weightin3 factor) 
5 .  Grsdient still shows disturbance due to drilling and cementinlr the hole * Averase dradient from most recent temperature 10s 



TABLE C-3.2 c-3.2 
THERfiAL CONDUCTIVITY VALUES FROM CORE: OF DRILL HOLE C19 

(SAflPLES ARE 2.680 C f i  I N  DIAMETER BY 11270 Cf i  THICK) 
SAtIPLE DEPTH ti* SAflFLE DEPTH Klr 

NAME (METERS) NAME (METERS) 

. . . . . . - . . . "  . . . . * .  . . . ... . - ~  ~~.~ . , ,  . . -. . ..~, . , ~ ~~~~~~ . . . . . . .. . .. 

c) 
I w c. 

e 

C19- 
C19- 
019- 
C19- 
C19- 
C19- 
C19- 
C19- 
C19- 
C19- 
C19- 
C19- 
C19- 
C19- 

650.5 
651 r 5  
6 5 2 r 5  
653 * 5 
654 $ 5  
655 5 
656 5 
657 5 
658 a 5 
659 5 
661 a 0  

662 * 0 
663 0 
664 S O  

198.3 
199.6 
198.9 
199.2 
199.5 
199.8 
200r 1 
200 e 4 
20.0 7 
201r0 
201 .5 
201.8 
202 * 1 
202 4 

3.2 
3.1 
3.3 
3.3 
3.2 
3.6 
3.1 
3r7 
3.3 
3.2 
3 r l  
3.4 
3.2 
3.4 

C19- 
C19- 
C19- 
C19- 
C19- 
C 1 9 -  
C19- 
C19- 
C19- 
C19- 
C19- 
C19- 
C 1'9- 
C19- 

954.5 
955 r 5 
956. 5 
957.5 
958 5 
959 * 5 
960 6 5 
961 - 5  
963.5 
966 r 5 
967 5 
960 S 
969 5 
970 0 5 

290 s 9 
291.2 
291 r S  
291 $ 8  
292 I 2 
,29215 
292 8 
2931 1 
2 9 4  0 
294.6 
294 9 
295 2 
295 5 
295 r 8 

HEAN 3.56 
STANDARD DEVIATION Or72 

3 r  1 
3 . 9  
3.9 
3.6 
4.2 
4.6  
3.6 
3.6 
2 . 4  
6.5 
3.5 
3.3 
4.1 
3.3 

c 



c24- 
c24- 
C24- 
C24- 
c24- 
c24- 
C24- 
c24- 
C24- 
C24- 
C24- 
c24- 
C24- 
C24- 
C24- 
c24- 
c24- 
C24- 

535.5 
536 5 
537 15 

J39.5 
540 5 
541 a5 
542.5 
543.5 
544.5 
545.5 
546 5 
547.5 
3 4 0  * 5 
549 I S  
550.5 
551 * 5  
552 5 

538. 5 

163.2 
163.5 
163.8 
164 e 1 
164.4 
164.7 
165.0 
165 4 
165.7 
166.0 
166.3 
166.6 
166.9 
167.2 
167 5 
167.8 
168.1 
168.4 

MEAN 
S T 4 N D A R D  DEVIATIQN 

3.51 
0.68 

3.1 
3.1 
3.1 
3. t 
3 . 2 
3.1 
3.2 
3.3 
3.1 
3.1 
3.4 
3.2 
3.2 
3.2 
3.1 
3.3 
3.0 
3.3 

C24- 
C24- 
C24- 
C24- 
C24- 
C24- 
c24- 
c24- 
C24- 
C24- 
C24- 
c24- 
c24- 
c24- 
C24- 
c24- 
C24- 

353 5 
555 5 
556 e 5 
557.5 
558 I 5 
559.5 
1000.0 
1000.0 
1000.0 
1000.0 
1005.0 
1005 0 
1005.0 
1005 0 
1005.0 
1005,o 
1OO:i.O 

168.7 
169a3 
169.6 
169.9 
170.2 
170.5 
304 0 8 
304 8 
304.6 
304.8 
306 3 
306.3 
306 6 3 
306 3 
306 3 
306 * 3 
306.3 

3.4 
4.4 
4.4 
4.3 
4.3 
3.6 
3.3 
3.0 
5.5 
5.7 
4.4 
3.7 
3.2 
3.3 
3.1 
3.1 
3.1 



TABLE C-3. -  c - 3 . 4  
THERMAL CONDUCTIVITY VALUES F'ROM CORE OF D R I L L  HOLE C25 

(SAMPLES ARE 2.680 CM IN DIAMETER BY 1.270 CM 1 H I C K )  
SRHPLE n w T u  K t  SRHPLE OEFTH K* 

NAME (ME TERS ) NAHE (METER':) 

C25- 975 6 0 297 2 4.9 C25- 907 J 301 rO 5.4 
C25- 976.0 297 s 5 5.7 C25- 988 e 5 301 e3 4.9 
C25- 977.0 297.8 6.4 C25- 989 5 301.6 4.7 
C25- 983 0 299 6 7.3 C2"Y 990 0 301 e0 4.4 
C25- 984.5 3OOe 1 4.5 C25- 991 e 0 302 1 4.7 
C 2 5 -  905.5 300 + 4 5.3 C25- 992.0 302 . 4 4e3 
C25- 906.5 300 7 5.1 

HEAN 5.20 
STANDARD D E V I A T I O N  0.86 

X I  * .I.JNITS OF K MCAL/CM-SEC-'C 

c, 
I w 
OI 

C c 



c-3.5 TAPLE C-3.5 
THERMAL CONDUCTIVITY VALIJES FROM k(?RT: OF D R T L I .  HOLE C 2 6  

(SAMPLES ARE 2.680 CH IIJ DIAMETER B'r 1.270 Ctl 'THICK) 
SAMPLE DEPTH tit SAMFLE I K P l  t i  R t  

NAflE (METERS) NhME (METERS 1 ---- --_-- *--- 
296.1 
296.4 
2P8 6 
298 L 9 
299 t 2 
299 r 5 
299.8 

C26- 
C26- 
C26- 
C26- 
C26- 
C26- 
C26- 

--------I 

984 * 5 
985.5 
986 5 
987 r 0 
988 0 
989.0 
9 or0 f 

. -- - - -- - - - - _-- - - - - --- - - 
300 9 1 6.3 
300 4 5r6 
300 * 7 519 
300 8 4.9 
301 r 1 5.8 
301 r 4  4.3 
301 r8 319 

HEhN 5149 
STANDARD DEVIATION 0.68 

c 



C28- 696 * 5 
C28- 697 + 5 
C28- 698.5 
C28- 699 5 
C28- 700 5 
C28- 701 5 
C28- 702.5 
C28- 703 5 
C28- 704 5 
C28- 705 I 5 
C28- 706 e 5  

C28- 707 r 5 
C28- 708.5 
C28- 709 + 5 
C28- 710r5 
C28- 71 1 5 
C28- 712.5 
C28- 713 5 
C28- 714 r 5 
C28- 715 r 5 
C28- 716 5 
C28- 717 5 
C28- 718 5 
C28- 719.5 
C28- 720r 5 
C28- 72 1 5 
C28- 722.5 
C28- 723 . 5 
C28- 724 e 5 
C28- 725 5 

212.3 
212.6 
212.9 
213.2 
213.5 
213.8 
214 1 
214.4 
21417 
215.0 
215.3 
215.6 
216.0 
216.3 
216.6 
216.9 
217.2 
217.5 
217.8 
218.1 
218.4 
218.7 
219.0 
219r3 
219r6 
219.9 
220 r 2 
220'. 5 
220 8 
221 I 1  

3.2 
3.4 
3.4 
3.4 
3.6 
3.9 
3.3 
3.2 
3.2 
3.0 
2.9 
2'. 8 
2.8 
2.9 
3.0 
2.8 
3. 1 
3.0 
3.7 
3.7 
3.4 
3.7 
3.0 
3.2 
3.7 
3.4 
34 4 
3.1 
3.3 
3.1 

C28- 975 5 
C28- 976 r 5 
C28- 977.5 
C28- 978 5 
C28- 979.5 
C28- 980 5 
C28- 981 5 

C28- 983 5 
C28- 984 * 5 
C28- 985 t 5 
C28- 986 5 
C28- 987 5 
C28- 988 5 
C28- 989 5 
C28- 990rS 
C28- 991 .5 
C28- 992 5 
C28- 993 5 
c20- 994.3 
C28- 995.5 
C28- 996.5 
C28- 997.0 
C28- 998.5 
C28- 99915 
C28- 1001.0 

1 C20- 982.5 

c2a- 1002.0 
c2a- 1003.0 
C28- 1004,O 

297 3 
297 r 6 
297 9 
298 2 
298 e 6 
298 9 
299 2 
299 5 
299 8 
300.1 
300 4 
300.7 
302 $ 0  
301 13 
301 * 6 
301 e9 
302 2 
302 r S 
302 * 8 
303.1 
303 4 
303 7 
303 9 
304 3 
304 6 
305.1 
305.4 
305.7 
306.0 

2.2 
2.2 
2.2 
2.3 
1.8 
2.1 
2.1 
2.2 
2.2 
2.1 
2r 1 
2.1 
2 .0  
1.9 
2.0 
2.0 
2r0  
1.9 
2.0 
2.0 
2.1 
2 / 3  
2.3 
2.3 
2.3 
2r3  
2.3 
2r2 
2.1 

HEAN 2.70 
STANDARD nEUIATION 0.62 

$...UNITS OF K HCAL/CN-SEC-'C 



C29- 584.5 
C29- 585 e 5 
C29- 58615 
C29- 587 J 
c29- 500.5 
C29- 589.5 
C29- 590e5 
C29- 591.5 
C29- 592.5 
C29- 593.5 
C29- 594r5 
C29- 595.5 
C29- 5Y6.5 

178e2 
178.5 
178.8 
179.1 
179.4 
17917 
180.0 
180.3 
180.6 
180.9 
181 12 
181.5 
181 e8 

2.8 
3.4 
3.6 
5.  1 
4.8  
5e2 
4r9 
4.6 
5.1 
6.2 
4r9 
4.1 
5.1 

HEAN ‘ 4,15 
STANbARD DEVIATION 0.85 

*...UNITS OF K = HCAL/C?I-SEC-’C 

c29- 
C29- 
C29- 
C29- 
C29- 
C29- 
C29- 
c29- 
C29- 
C29- 
c29- 
c29- 

598 r 5 
599 e 5 
9‘20 t 5 
991 e 5  

992 r 5 
993 * 5 
994.9 
995.5 
996rJ 
997 5 
99%. 5 
999. 5 

182.4 
582.7 
301.9 
302.2 
302e.5 
302.8 
303.1 
303 e 4 
303 * 7 
304 0 
304 e3 
304 e 6 

4 . 2  
317 
4.1 
4.2 
411 
3.7 
3.9 
3.0 
3.0 
3.4 
3.4 
3 ,5 

c 



B 
0 

TABLE C-3.8 C-3 e 8 
THERMAL CONDUCTIVITY VALUES FROH CORE OF D R I L L  HOLE C30h 

(SAMPLES ARE 2.680 CM I N  DIAHETER ICY lrZ7O Cfl  1 H I C K )  
SAMPLE DEPTH K* SAHPLE DEPTH KS 
NAME (METERS) NAME ( METERS 1 
_________----------_____^_______________-----------------------.------------ 
C30- 241.5 73.6 3.5 C30- 1016.0 309 7 2.7 
C30- 242 5 73.9 3.2 C30- 1017.0 310.0 2.5 
C30- 243 5 74.2 3.0 C30- 1018.0 310.3 2.5 
C30- 244.5 74.5 4.0 C30- 1019.0 310.6 2.4 
C30- 245 5 74.8 3.6 C30- 1020.0 310.9 2.5 
C30- 246.5 751 1 3.2 C30- 1021.0 311.2 2.4 
C30- 247.5 75.4 4.1 C30- 1022.0 311.5 2.3 
C30- 335.5 163.2 4.3 C30- 1023.5 312.0 2.3 
C30- 536 e 5 163.5 3.5 CJO- 1024.5 312.3 2.4 
C30- 557.5 163.8 3.7 C30- 102505 312.6 2.5 
C30- 538 e 5  164 e 1 3.8 c30- 102h.5 312 e 9 2. 5 
C30- 539.5 164 e 4 3.4 C30- 1027.5 313.2 2.5 
C30- 540.5 164.7 3.4 C30- 1029.0 313.6 2.6 
C30- 1009.0 307 9 5 2.6 C30- 1030,O 313.9 2.6 
C30- 1010.0 307 8 2.5 C30- 1031.0 314.2 2.7 
C30- 1011.0 308 2 2.0 C30- 1032.0 314.6 2.7 
C30- 1012.0 308 t 5 2.8 C30- 1203.5 366 0 2.4 
C30- 101300 300 e 8 3.0 C30- 1204.5 367 e 1 2.2 
C30- 1014.0 309 + 1 2.9 C30- 1207.5 368 0 2.0 
C30- 1015.0 309 4 2.6 

MEAN 2.89 
SThNnARD D E V I A T I O N  0 57 

$.+.UNIIS OF K = MCAL/CM-SEC-'C 

c c 
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C 
TAFLE C-3.9 c-3.9 

THERHAL CONDUCTIVITY VALUES FHOH.CORE OF D R I L L  HOLE C31 
(SAHF'LES ARE 2.680 CH I N  DIAMETER BY 1.270 CM THICh) 

SAMPLE DEPTH K* SAHPLE DEPTH K*  
NAME (HETERS) NAHE (METERS) ........................................................................... 

C31- 732.5 223 3 3r1 C31- 982 5 299 5 3.7 
c31- 733.5 223 6 2.5 C31- 983.5 299 r 8 3.7 
C31- 734.5 223 9 3rl C31- 984 r 5 300s 1 3.7 
C31- 735.5 224 I 2 4.2 C31- 986 5 300 7 3.4 
C31- 736.5 224.5 3.8 C31- 987r5 301 r O  3.1 
031- 737.5 224 t 8 4.5 c31- 980 .5 301.3 3r0 
C31- 738.5 225.1 6 r 6  C31- 989.5 301 r 6  2 .5  
c31- 739.5 225 9 4 4 r 1  C3 1- 990.5 301 r 9  2.8 
C31- 740.5 225 + 7 3.9 C31- 991 e5 302 e 2 2.8 
631- 741.5 226 0 4r0 C31- 992 5 302 5 2.7 
C31- 742r5 226 3 4.2 C31- 992.5 302.5 2.5 
C31- 743 5 226 6 4.1 C31- 993r5 302 6 8 2.8 
C31- 744.5 226 * 9 3r9 C31- 994.5 303r 1 2.8 
C3 1- 745 e 5 227 2 4.1 C31- 9'95.5 303 4 2.5 
C31- 746.5 227.5 4.0 C31- 996.5 303 7 2.7 
C31- 747.5 227 8 4r0 C31- 997.5 304.0 2.7 
C31- 980.5 298 r 9 3*4 c3i- 998.5 304 3 2.8 
C31- 981.5 299 e 2 3rS C31- 999.5 304 e 6 3 r 0  

MEAN 3r45 
STANDARD D E V I A T I O N  0.81 

X. . U N I T S  OF K = HCAL/Cfl-SEC-'C , 



TABLE C-3.10 C-3.10 
THERMAL CONDUCTIVITY UCILUES FROM CORE OF DRILL HOLE C32 

(SAMPLES ARE 2.600 Ci l  I N  DIAMETER BY 1.270 CM THICK)  
SAMPLE DEPTH K* SAMPLE DEPTH K f  

NAME (METERS ) NAME (METERS) 

C32- 
C32- 
C32- 
C32- 
C32- 
C32- 
C32- 
CJ2- 
C32- 
c32- 
c32- 
C32- 

541 e 5  
542 * 5 
543.5 
544.5 
545 I5 
546 5 
547.5 
548 5 
549.5 
550 5 
551 $ 5  
552 0 5 

1.65,O 
165.4 
16507 
166.0 
166.3 
166.6 
166.9 
167 2 
167.5 
167.8 
160.1 
168.4 

3.1 
3.1 
3 0 0  
2.7 
2.5 
2.9 
3.0 
2.6 
2.7 
3.2 
2 * 7 
3.1 

MEAN 3.00 
STANDARD DEVIATION 0.50 

*...UNITS OF K = MCAL/CM-SEC-'C 

C32- 
C32- 
C32- 
C32- 
C32- 
C32- 
c32- 
C32- 
C32- 
C32- 
c32- 

553.5 
554.5 
555 * s 
556 5 
557 * 5 
a48 5 
559 I 5  
960 5 

1019*0 
102005 
'1034 e 5 

r c  

16807 
169.0 
169.3 
169.6 
169.9 
170.2 
170.5 
170.8 
310.6 
311.0 
31s L 3 

2.9 
2.9 
2.9 
2.7 
2.8 
2.7 
2.9 
2.5 
3.0 
4.1 
4 . 8  

CJ 
I 
E 
w 

c 
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TABLE C - 3 . 1 1  

C 3 3 - 1 0 1 3 , 5  300 t 9 
C 3 3 - 1 0 1 4 * 5  309.2 

5 .4  
4 . 1  

MEAN 4 . 5 0  
STANOARIS T ( E V I A T I 0 N  0.78 

* . + * U N I T S  OF K a MCAL/CH-SEC-'C 

c33- 1015.fi 309.5 4 . 0  

/ 

w 

, 



TABLE C-3.12 C-3.12 
lHERMAL CONDUCTIVITY UhLUES FROM CORE' OF DRILL HOLE C39A 

(SAMPLES ARE 2.680 cti J N  Iriant'Tm PY 1.270 cn THICK) 
SAMPLE nEFTH K *  SAMPLE IIEPTH K* 
NAHE (METERS) NAME (METERS) 

C39- 723.5 
C39- 724.5 
C39- 732.5 
c39- 733.5 
c39- 734.5 
c39- 735.5 
C39- 736.5 
c39- 757. J 

220 5 
220 . 8 
223 3 
223 e 6 
223 9 
224r2 
224 0 5 
224 8 

3.2 c39- 739.5 225.4 3.2 
2.8 C39- 740.5 225 * 7 3.1 
2.9 C39- 741 e 5  226 0 3.6 
3.3 C39- 742.5 226 3 3.4 
3.1 c39- 744.5 226 9 3.7 
3.6 c39- 745'05 227 t 2 3.2 
3.4 C39- 746.5 227 5 31 1 
4 . 1  

MEAN 3.31 
STANDARD DEVIATION 0.33 

$ . * , U N I T S  OF K = HCAL/CM-SEC-'C 

G G 



C40-- 764A 
C40- 7468 
C40- 765A 
C40- 7658 

C40- 7678 
040- 760 
C40- 769A 
C40- 769B 
C40- 770 
C40- 966A 
C40- 9668 

c40- 7 6 7 ~  

232 9 
227 t 4 
233.2 
233 2 
233 8 
233.8 
234 1 
234.4 
234 4 
234 16 
294 t 4 
294 4 

3.2 
4 .5  
2.9 
3.2 
5.5 
4.9 
1 e 6  
4 e 0  

4.3 
3.9 
7.0 
4.9 

NEAN 4.79 
STANDARD DEVIhTION 1.3R 

*r..UNITS OF K f flChL/Cfl-SEC-'C 

C40- 
c40- 
C40- 
C40- 
C40- 
c4v- 
C40- 
C40- 
C40- 
C40- 
C40- 
C40- 

967 
967 
971A 
9718 
973A 
973B 
973c 
97311 
9854 
985B 
9874 
907E 

294.7 
. 234.7 

296 0 
296 t 0 
296 * 6 
296 t 6 
296.6 
296 6 
300 s 2 
300 2 
300 8 
300 8 

5.5 
6.4 
4.2 
4.3 
6.0 
6.9 
6.7 
615 
4.6 
4.3 
5.6 
4.1 



C41- 013 247 7 2.6 
C41- 814 248 e 0 2.9 
C41- 815 248 3 3.0 
C41- 816 248 6 2.9 
C41- 964 293 0 3.2 
C41- 965 294 * 1 3.1 
C41- 975 297 2 4 . 6  
C41- 976 297 4 4 .7  
C41- 977 297 8 4 .8  
C41- 978 298 0 2.4 

MEhN 3*87 
STANDARD DEVIATION 0.95 

* . , *UNITS OF K HCAL/CH-SEC-'C 

C41- 
C41- 
C41- 
C41- 
C41- 
C41- 
C41- 
c41- 
C41- 
C41- 

979 
980 
98 1 
902 
983 
984 
986 
987 
9884 
9888 

298.3 
298 6 
298 9 
299 2 
299' 3 
299 6 
300 * 4 
300.9 
301 . 1 
301 1 

4.3 
4.5 
3.9 
4.8 
5.2 
3.3 
5.9 
3.9 
3 * 6  
3.8 

c 
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TABLE C-3.15 

c43- 
c43- 
c43- 
c43- 
c43- 
c43- 
c43- 
c43- 
c43- 
c43- 
c43- 

550.5 
551 .5 
552 5 
554.5 
555. 5 
556 5 
557.5 
558. 5 
559 * 5 
560.5 
561 a 5  

167.8 
168.1 
168.4 
169.0 
169.3 
169.6 
169.9 
170.2 
170.5 
170.8 
171 i 1 

, 3.3 
2 .9  
3.0 
2.9 
3.2 
3.1 
3.4 
3.2 
3.7 
3.7 
3.6 

flEAN 3.35 
STANDARD DEVIfiTION 0.38 

C43- 562.5 
C43- 563.5 
C43- 564.5 
C43- 566.5 
C43- 567.5 
c43- 568.5 
C43- 569.5 
C43- 571.2 
C43- 572.3 
C43- 573.2 
C43- 1039e5 

171 e 4  
171 e 8  

172.1 
172.7 
173.0 
173.3 
173.6 
174.1 
174 9 4 
174.7 
316.13 

3.5 
3.7 
3.5 
3.3 
3.0 
31 1 
2.3 
4.3 
3.7 
3.9 
2.9  

. .  



. , . . . .. . . ~ . .. . . - . . . . I .I_...__-_ .~ 

C-3.16 TABLE C-3.16 
THERMAL CONDUCTIVITY VALUES FROM CORE OF DRILL HOLE C46 

(SAMPLES ARE 2.680 CM I N  aIAMETER BY 1.270 CM THICK) 
SAHPLE DEPTH K *  SAMPLE DEPTH K t  

(METERS) NCIME (HETEHS ) NAME ........................................................................... 
C46- 739.5 225 . 4 3.3 C46- 752 7 229 I 4  4.2 
C46- 740.5 225.7 3.3 C46- 753.5 229.7 4.3 
C46- 741.5 226 6 0 3.3 C46- 754.0 229.0 4 .2  
C46- 742.5 226 3 3.6 C46- 966.5 294 6 2.3 
C46- 743.5 226.6 3.1 C46- 967 15 294 9 2.4 
C46- 745.5 227.2 3.5 C46- 968.5 295 2 3.1 

C46- 747.5 227.0 3.7 C46- 970.3 299.7 2.6 
C46- 746.5 227 5 3.8 C46- 969.0 295 4 3.7 

C46- 740.5 220 1 3.9 C46- 971.3 296.1 2.6 
C46- 749.5 220 e 4 3.7 C46- 973.3 296 7 3.2 
C46- 750.5 228 + 8 4.3 C46- 974.3 297 0 3.7 
C46- 751.5 229.1 4 . 4  C46- 97513 297 e 3 2.9 

MEAN 3.46 
STANDARD DEVIATION 0.61 

.UNITS OF K = MCAL/CM--SEC-’C 

6 ‘  



TABLE C-3.17 

c) 
I 
P 
\o 

c55- 
C55- 
C55- 
C55- 
c55- 
c55- 
C55- 
c55- 
c55- 
C55- 
C55- 
C55- 
c55- 
C55- 
C55- 
C55- 

545.5 
546.5 
547.5 
548.5 
549 I5 
550.5 
552 . 5 
553.5 
554.5 
555, 5 
556 e 5 
557.5 
558.5 
559.5 
560 6 5 
561 + 5  

166.3 
166.6 
166.9 
167.2 
167.5 
167.8 
168.4 
168.7 
169.0 
169.3 
167.6 
169.9 
170.2 
170.5 
170.8 
171 1 

MEAN 3.81 
STANDARD DEVIATION 0.74 

4.7 
4.0 
3.9 
4.0 
4.0 
4.3 
4 .2  
3 .7 
3 . 9  
3. n 
3.7 
3.7 
4.3 
4.2 
4.8 
5 . 8  

C55- 562.5 
C55- 563.5 
c55- 564.5 
C55- 565.5 
CSS- 566.5 
c55- 944.5 
c5.5- 945.5 

c55- 949.5 
C55- 950.5 
C55- 969.5 
c5s- 970.5 
CJJ- 972.5 
c55- 973.5 
c55- 974.5 

CS5- 946.5 

YI**UNITS OF K = MCAL/CM-SEC-'C 

171.4 
171.8 
172.1 
172.4 
172.7 
287.9 
288 2 
288 5 
289.4 
289 e 7 
295 5 
295 El 
296 4 
296 7 
297 0 

4.8 
4.0 
4.4 
4.3 
3.8 
3.6 
3 . 1  
3.6 
2.8 
2.7 
2.5 
3.1 
3.0 
2.9 
2 . 5  



ThELC C-3.18 C-3.18 
THERHAL CONDUCTIVITY VALUES FROH CORE OF DRILL HOLE C59 

(SAHPLES ARE 2.680 CH I N  IIIAtiETER BY 1.270 CH T H I C K )  
SAHPLE DEPTH K t  SAMPLE DEPTH ti * 

NAME (HETERS 1 NAHE (MElE.R!;) 
_-__-I--________-_-____________________I----------------------------------- 

C59- 477.5 145.5 3 .1  cs9- 433.5 150 4 2.7 
C59- 478 I 5 145.8 3.0 c59- 494.5 150 7 2.9 
c59- 479.5 146.2 2.9 c59- 495.5 151 $ 0  2.e 
C59- 401.5 146.8 2.9 C53- 496.5 151 e 3  2.9 
C59- 402.5 147.1 3.3 C59- 497.5 151 * 6 3.1 
C59- 403.5 147.4 2.6 c59- 498.9 152.1 2.5 
c59- 484.5 147.7 2.6 c59- 499.9 152.4 3.1 
C59- 405.5 140.0 2.5 CS9- 500.9 152.7 2.6 
C59- 406.5 140.3 2 . 5  C 5 9 -  JOt.9 153 0 2.7 
C59- 407.5 148.6 2.6 C59- 502.9 153.3 3.1 
C59- 488.5 140.9 2.7 CJ9- 979.5 290 6 3.0 
C59- 489.5 149.2 2 .7  C59- 980.5 290 9 3.7 
CS3- 990.5 143.5 2.5 C59- 901.5 299 2 4.7 
C59- 491.5 149.8 2.7 C59- 902.5 299 S 4.8 
c59- 192,s 150.1 2.7 c59- 983.5 299 e8 3.9 

HEAN 2.99 
STAPIIARD D E V I A T I O N  0.50 

*.,rUNITS OF K ss HCAL/CH-SEC-'C \ 

c c 
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C-3.19 TABLE C-3.19 
THERMAL CONDUCTIVITY VALUES rROfl  CORE OF D R I L L  HOLE C 6 0  

NAME (METERS) NAME (METERS 1 

(SAMPLES ARE 2.680 CM IN DIhMETER RY 1.270 Cfl THICK) 
ti* DEPTH K* SAHFLE SAMPLE DEPTH 

C60-  918.5 280 0 4.8 C60- 924 7 281.8 4.0 

C60- 920.5 280 6 3.6 C60- 926.9 282.5 4.2 
C60- 919.5 280 3 5.5 C60- 925.9 282 2 4.5 

C60- 921.7 280 e 8 4.3 C60- 927 e 9 282 8 4.5 
C60- 922 7 281 e2 4.3 C60-  928.9 283 e 1 3.7 
C60- 923.7 281 e 5  3.1 

MEAN 4.23 
STANDARD DEVIATION 0.64 

*,+.UNITS OF K = HCAL/CM-SEC-'C 

" ** I 



Lithologic Analysis of Sediment Samples from the 
Intermediate Dr i l l ing  Program 

Michael Svetlichny 

During the  period October 1, 1978 - Harch 15, 1979, 32 holes were 
completed as  par t  of  the Atlant ic  Coastal Plain d r i l l i n g  program. In  
each of the  300 m deep holes ,  d r i l l  cu t t ings  were col lected a t  3.0 m 
in t e rva l s  and sealed i n  a i r t i g h t  p l a s t i c  bags t o  prevent sediments 
from drying out.  

A t  least two attempts were made t o  recover core i n  each hole. A 
minimum of 15 m was cored. Recovery of unconsolidated, clean sand 
frequently was poor because mater ia l  tends t o  be washed away by the  
coring process, and sediments were not always retained i n  the  core 
ba r re l  by the  core catcher.  In an e f f o r t  t o  maximize core recovery 
and minimize d r i l l i n g  cos ts ,  one coring in te rva l  was selected t o  be 
within a th ick  (t15 m) sequence of clayey, s i l t y ,  o r  consolidated sed- 
iments, was made near the maximum depth 
of 300 m. Detailed analyses of the  cores has begun, but there  are no 
r e s u l t s  t o  report  as yet .  

Lithologic descr ipt ions of the d r i l l  cu t t ings  have been completed 
for  each hole;  the  r e s u l t s  are presented as a t ab l e  following t h i s  
text .  The descr ipt ions are based on Folk's (1974) c l a s s i f i ca t ion .  
Each category r e f l e c t s  the  proportion of gravel ,  sand, and s i l t  plus 
c lay  i n  tha t  sample. In  cases where well-sorted gravel was present,  a 
d i s t i n c t i o n  was made between granules,  pebbles, and cobbles. Simi- 
l a r l y ,  t he  sand f rac t ion  was subdivided in to  very f i n e ,  f ine ,  medium, 
coarse,  and very coarse sand. I f  s i l t  and c lay  occurred i n  equal pro- 
portion, they were co l l ec t ive ly  referred t o  a s  mud. Whole and frag- 
mented macrofossils  were reported as  she l l s .  

and the other  coring attempt 

Selected samples from each hole a re  being wet sieved with a num- 
proportion of sedizient 

This work began recent ly  so t ha t  the data  
The r e s u l t s  t o  da te  a re  included in the  t ab le  tha t  

ber 230 U.S. 
t h a t  i s  f ine r  than 4.0 phi. 
set is incomplete. 
follows t h i s  text ,  

standard s ieve t o  determine the  
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c 
NO. 41 Cea Girt, N1 

IHlFRvAL 
(-1 

0-21.3 

21.3-24.4 

24.4-27.4 

27.4-30.5 

30.5-33.5 

31.5-39.6 

39.6-42.7 

42.7-45.7 

w 45.7-40.0 
VI 

48 .&51 .R 

51 -8-54.9 

54.9-57.9 

57.9-61.0 

61.0-64 .O 

64.0-67.1 

mTIoJ-Ac;E CfSCRXpzIoN 

Ki rkwood 

Kirkwoad Slightly si l ty  m e  
dimkmsrse sand 
with granules 

dim-cdarse smd 
with granules 

dimcoarse sand 
with granule8 

sl ightly granular 

Kirkwood Slightly s i l t y  m+ 

Kirkwood s l ightly silty m e  

Kirkwoad Si l ty  coarse sand, 

Kirkwood 

Kirkwood Qarse said 

Kirkwood 

Shark River Cbarse sandy and 
mnasquan granular ntd, 

Shark River- Slightly g 
mnasquan andcoarsefmdy 

muY 

Shark River- Clayey coarse sand 
mnasquan 

Shark River- Slightly si l ty  
Manasquan coarse sand with 

s l ightly m 

&me granules and 
inilurated sand fraq- 
nents 

No sanples 

30.5-33.5 6.02 12.7 

No saples 

Shark River- Slightly granular 
Flanasquan clay 

shark River- Slightly granular 
Ranaequan clay 

Shark River- s l ightly coarse 
Ranasquan sandy clay 

57 . W l  .O 0.45 69.1 

G 



67.1-70.1 

70.1-73.2 

73.2-76.2 

76.2-82.3 

82.3-85.3 

85.3-103.6 

103.6-106.7 

106.7-109.7 

109.7-112.8 

112.8-115.8 

115.8-118.9 

118.9-121.9 

121.9-128.0 

128.0-131.1 

131.1-134.1 

134.1-137.2 

137.2-140.2 

140.2-143.3 

143.3-146.3 

146d.c149*4 

Shark River- 
Manasquan 

Shark River- 
Planaspran 

vincentom 

vincentowr 

Vincentowr 

Vincentow 

vincentorm 

Hornerstown 

Hornerstom 

Tinton 

Tinton 

Sandy Hook 
member 

Sandy mok 
Menber 

Sandy Hook 
member 

Sandy Hook 

Sandy ?bok 
member 

Sandy Hook 
Member 

Sandy m k  
m b e r  

Sandy Hook 

67.1-70.1 0.88 53.1 Slightly granular 
clay 

Slightly fine 
sandy mud 

tb sanples 

Limy s i l t y  clay 76.2-79.2 0.55 

Limy s i l t y  clay with 
minor granules 

slightly glauconitic 85.3-88.4 0.55 
fine sandy limy mu3 91.4-94.5 0.59 

No sanples 

Slightly coarse sandy 
limy m u d  with glau- 
conite 

Slightly sandy 
micaceous limy m l d  

Glauconitic sandy 
clay 

Glauconitic clay 

Slightly fine sandy 
clay 

Micaceous s i l t y  
clay 

Slightly fine sandy 
clay 

s l ight ly  fine sandy 
lfmy micaceous clay 

No sanples 

s l ight ly  limy glau- 
conitic clay 

G l a m i  t ic mice 
ceoua clay 

GlauJanitic mica- Minor shell 
m u s  clay 

Qayw, @a- shells 146.3-149.4 1.F 35.8 

64.4 

64.4 
62.9 

109.7-112.8 0.52 65.8 

ii2.8-115.8 0.86 53.7 

118.9-121.9 1.30 43.5 

121.9-125.0 0.43 69.8 

128.0-131.1 0.19 84.4 

c 



- .  

Q 
149.4-152.4 

152.4-164.6 

164.6-167.6 

167.6-176.8 

176.8-179.8 

179.8-185.9 

185.9-lrrS. 0 

189.0-201.2 

201.2-204.2 

204.2-207.3 

207.3-210.3 

210.3-216.4 

216.4-219.5 

219.5-222.5 

222.5-225.6 

225.6-228.6 

Member 

Sandy R30k 
Member 

Shrewbury 
Member 161.5 

Navesink 

Navesink 
173.7 

Mt .  Laurel 

Mt. Laurel 
182.9 

Wntmah 

Wmonah 
198.1 

MarshalltoHl 

-1 ishtorm 

aglishtom 

Ehqlishtowl 

hgl i sh tom 

Englishtorm 

Englishtbn 

"_ .. , .- ..". .. . . 

itic fine rn 

Qayey, glwcon- 
itic fine sand 

w y  fine-medim 
sand 

Si l ty  glauconitic 
limy sard 

PWUy glauconitic 
sand 

Limy fincaoarae 
micaceous sand 
with glauconite 

~arne a s  176.8-179.8 
but no maree sard 

Fllddy f inocaarse  
sand 

w y  f i ~ i u n  
micaceous sad, 
s l igh t ly  lfmy 

Granular mediun 
sandy m u ¶  

Slightly Mndy mud 

w y m e ( l i u n  sard 

Slightly sandy 
micaceous clay 

Granular pebbly 
f ine sand with 
miner silt. 

Granular fine sard 
with miner silt 

S i l ty  RKdiuW 
coarse Ssnd wlth 
granules 

Slightly s i l t y  
war= llmy l3ard 
with granules and 
pW1- 

shells 

Shclla from 161.5- 
164.6 

shells from 192.0- 
198.1 

- 

152.4-155.4 
158 2k161.3 

I I 
167.6-170.7 

176.8-179.8 

182. P185.9 

185.9-189.0 

189 .e192 .o 

201.2-204.2 

207.3-210.3 

1.90 
1.63 

2.27 

2.64 

1.00 

2.87 

2.25 

.64 

1.20 

34.5 
38.0 

30.6 

27.5 

s0,o 

25.9 

30.7 

61.1 

45.5 

219.5222.5 12.6 07.3 

223 A-22fJ.6 3.67 21.4 



......... ... . . . . . . . . . . . . . . .  .. .~ . . . . . . .  ....... 

228.6-231.6 

231.6-234.7 

234.7-237.7 

237.7-240.8 

240.8-243.8 

243.8-253.0 

253.e259.1 

259.1-262.1 

262.1-265.2 

265.2-268.2 

260.2-274.3 

274.3-277.4 

277.4-289.6 

289.6-292.6 

292.6-295.7 

c 

Erg1 ishtom S1 ightly Si1 t y  
coarse limy sand 
with granules and 
claystone frag- 
mts 

mgl i sh ton  W y  medfun- 
aiarse sand with 
granules and 
pebbles 

pngl ishtow Mddy med im- 
amcse sard with 
granulee and 
1 ignite 

coarse sand, 
s l igh t ly  gran- 
ular. 

~ n g l  ishtowr plddy mediun- 

coarse sandy 
micaceous m d  

-mY 

sl ight ly  fine sandy 
mud 

-=Y 

-=Y Slightly fine sandy 
mud 

f#?rdrantville pine sandy limy m d  

tferchantville Slightly granular 

mrchantville s l igh t ly  sandy clay 

fine sandy clay 

No sanples 

234.7-237.7 3.81 

237.7-240.8 3.83 

NO sanples 

256.0-259.1 0.59 

20.8 

20.7 

63.0 

265.2-268.2 1.08 48.1 

268.2-271.3 0.78 56.3 

274.3-277.4 0.46 68.4 

mrchantville N3 simples 

m o t h y  QaY Minor shell 

Slightly fine sandy 
clay 

mothy 
292 .(5295.7 0.23 81.1 

c 



1- 
(METERS) 

0-15.2 

15.2-18.3 

18.3-4 2.7 

42.7-40.8 

48.8-51.8 

51.8-61 .O 

61.0-64.0 

64.0-73.2 

e 73.2-91.4 f 
Ul 
4 

91.4-94 -5  

94.5-182.9 

182.9-185.9 

185.9-189.9 

189.9-195.1 

195.1-198.1 

198.1-201.2 

, 201.2-210,. 3 

210.3-213.4 

213.4-234.7 

234.7-240.0 

FuRMATIm-AGE DescRIFTIcM 

Glauconitic fine- 
medim sand 

Glauconitic mu3dy 
fine - mediun sand 

Limy s i l t y  fine 
glauconitic sand 

Limy clay 

Micaceous clay 
with some gravel 

M~caceolLs clay 

Micaceous s i l t y  clay 

Micaceous limy clay shells 
with m e  gravel 

S i l t y  micaceous clay 
w i t h  mne gravel 

S i l t y  clay 

Limy clay shells 
152.4-170.7 Missing 

Clay Shells 

Limy clay Shells 

Abundance of mica, Aburlant shel ls  
lignite, and gravel 

Limy s i l t y  micaceous 
clay w i t h  l igni te  

Micaceous clay 

Limy micaceolrs clay shells 
with sun@ gravel 

Limy mfcaceous clay Minor shel ls  

S i l t y  micaceous clay 

Fine sand 



0
 

C
-58 



c 
ND. 39A 

INTERVAL 
(PILTERS) 

0-9.1 

9.1-24.4 

24.4-27.4 

27.4-67.1 

67.1-85.3 

Forked River, H1 

Pine-fnediun yellow 
S m d  

Pine-mediun yellow 
sand 

Granular nediun- 
coarse yellow and 
grey sand 

S i l t  66th mT%r 
moults of  nediun 
C)[Mrse sand 

Pintmediun sand 
with mme silt 

_ _  

125.0-140.2 S i l t y  fintrnediun 
black sard with 
granules. . 

140.2-149.4 Pinrmediun yellow 
sand with fine 
black grains 

149.4-161.5 Si l ty  sand 

161.5-210.3 

210.5213.4 

213.4-219.5 

Granular f i m c w r s e  
l i gh t  grey smd With 
Cine black grains. 
Slightly W l y .  

' RATIO PERcm 
c c m m  SmPuSSIEvED (XmsE/FINE FMES 

No saples 

No samples 

Becomes mostly mediun 
sand toMlrd end of 
interval 

Sane m a l l  pbbles 

interval 
at begiming of 

Granules and pebbles 
in upper part of 
interval 

Si l t  increases Over 
interval. Qlcllk 
from 137.2-140.2 

Stme silt a t  end 
of interval 

Grains increase 
from fine to f i e  
mrtm aver the 
interval. silt great- 
est at mid-interval. 
Granules from middle 
to end of interval. 
Chalk from lS8;5-161.5 

Nb sanples 

Sam as 161.5-210.3 



219.5-243.8 

243.8-256.0 

256.0-262.1 , 

262.1-271.3 

271.3-286.5 

286.5-298.7 

Granules with 
Coarea sand 

Light grey clayey 
gravel 4 t h  minor 
anoint of fine 
black sand 

s 1  ightly gravelly 
light grey sand 

ssndy l ight  grey 
clay with minor 
cmou?ta of granules 
and pbbles 

s i l t y  grey clay 
w i t h  minor amnnts 
of fine black sand 
and granules 

c 

NO Mnples 

c 



... . --._-_I..I... ,....._l.""....I~ ",^ .. . ..". . . . . . "̂ .".I .. .. 

c 
ND. 38 Atlantic City, NJ 

INTeRvAt 
(METERS) mwATra+-m Ll?SCRI€TIoN 

C 

0-21.3 Granular f i m a m r s e  Grain size decreases 

21.3-36.6 Fimrnediun sand. 

Mnd wcc interval 

Minor aamt of silt 
a t  mid-interval 

coarse sand 

with granules 

36.6-70.1 Granular fine- 

70.1-73.2 Fine-mediun sand 

73.2-76.2 No sanples 

76.2-82.3 S i l t y  fine-aaarse S i l t  decreases wer 

82.3-91.4 ?ine-mcdiun sand 

sard interval 

with gome silt ard 
granules towwd end 
of interval 

91 -4-94.5 Granlilsr medim 
coarse aand with 
some silt 

94.5-103.6 Ffncmedim Mnd 
with mfne silt 

shells. Granules 
increase tovlrril end 
of interval 

103.6-106.7 S i l t y  fine-coarse shells 

106.7-109.7 S i l t y  granular 

sand 

shell hash 

109.7-115.8 S i l t  with shell 
hash and stme 
granules 

115.8-121.9 

121.9-134.1 

S i l t y  d i w e o a r s e  
send 

S i l t  with nediun shells 
eMd in center of 
intetval 

134.1-140.2 Finceoaree sand 



~I . " " " .  . ..__ . . . . . . . . . . . . . 

140.2-143.3 

143.3-146.3 

146.3-149.4 

149.4-161.5 

161'.5-179.8 

179.8-189.0 

189.0-198.1 

198.1-210.3 

N ' 210.3-213.4 

213.4-249.9 

249.9-253.0 

253.0-256.0 

256 .o-277.4 

with some silt 

silt with minor 
w u r t s  of COorBb 
s a d  

FimlmdiUI Ssnd 
wlth minar smomts 
of silt 

S i l t  

Mediuwaaarss sand 
w i t h  minor amovrts 
of silt 

silt with medium- 
w r n e  d throqhout intewal 

sand content Uecreaset 

No sanplas 

Fine sand wlth 
minor w u r t s  of silt 

Medimwoara aand 
with incteasing silt 

siltyracdiun sand 
w l t h  shall hash 

Medim sand shells a t  bcgimfng 

Fine sandy silt 

S i l t  and granules Minor JhellS 

of interval 

rim-cosrse'ssnd 
wlth minor (movlts 
of silt, pebbles 
and granules 

c c 



............ . . . . .  ~ . . . . . . . . . . . . .  ~~ .. ~ _ _ .  . . . . . . . . . . . . .  ._ . . . . . . . . . . . . . .  . . . . . . . .  . . . .  ” ~ 

0-45.7 

45.7-61.0 

61 .W64 .O 

64.0-73.2 

73.2-82.3 

82.3-97.5 

97.5-106.7 

106.7-112.8 

0 
OI f 112.5-125.0 
G, 

125.0-131.1 

131.1-149.4 

149.4-1 58.5 

158.5304.8 

3 A-24.4 

No sanples 

S i l t y  marse sand 
with sane granules 
and pebbles 

No sesnples 

Si l ty  w r s e  sand 
with m e  granules 
and pbb1CS 

Granules - pebbles 

Granules - pebbles 

Granular-pebbl y 
medim-amrse sand 

Granular grey silty 
sand with mute pebbles 

Grey s i l t y  fins- 
medim sand with 
m e  peWles and 
shell  hash 

rimmedim smd, 
sl ight ly  s i l t y  

~ P P I a u  

Fine to very coarse 
clean Band, 

OWrk sandy clay 

No samples 

No sanples 

Core recovery €ran 
139.3-144.8 

shells 

No sanples. Oore 
recovery from 
303.0-306.6 

DIsrmARE 

Becames more sandy 
tomrd end of intewal 

c 



. . ~  . . - . . . . . . . . . . . .. ,. .. . . . . - .  -.. .. - . . . .  ~. . . . . ~ -~ ~. 

24.4-27 4 

27.4-36.6 

36.6-57.9 

57.9-70.1 

70.1-73.2 

73.2-106.7 

106.7-109.7 

109.7-125.0. 

125.Q-164.6 

164.6-179.8 
0 

-P 
d 

179.8-185.9 

185.9-295.7 

295.7-298.4 

c 

Grey s i l t y  fine - 
coarse sand 

Very finecoarse 
clean sand 

MuMy fine sand 

cine sanly clay 

Muddy sand 

Grey limy clay 
With gravel 

timy clay with 
gravel 

gravel 

Cored 

Limy clay with 

W y  sard with 
minor gravel 

Pine sand and l imy  
clay with minor 
gravd  

Cored 

Be-s 1- sandy 
towrd end of interval 

she l l s  

-ant shells 

mmdant shells 

NO samples 

Abudant shells 

Abudant shells 

m e r i e s  frm 
164.6-161.0 and 
172.2-1 79.5 

she l l s  

Minor shells. Highly 
calcareous be low 277.6 m 

Recovery fram 
295.7-298 4 

c 



0-39.6 

39.6-45.7 

45.7-57.9 

57. a-118. 9 

118.9-160.9 

160.9-170.7 

170.7-210.3 

210.3-222.5 

222.5-228.6 

CI 
I 

OI cn 
228.6-256.0 

256 A-298.7 

298.7-309.3 

F& m p l e s  

Pine-aredim sand Lignite 
with acme thite clay 

Very fine sandy clay 

Very f i w  fine sand 

Cared 

Si l ty  fine l h y  sand 

Limy clayey sand and 
gravel 

S i l t y  fine-very 
coarse sand 

Limy clay 

Very fine-fine sand 
with limy clay 

Qred 

Below 100.6- highly 
calcareous 

No earnplea 

Recovery fran 
160.9-170.1 

-118, l igni te  

shel ls  

pbvldant shells 

Indurated fragments 

shell fragments 
of s i l t y  sand. Shells 

Recarery fran 
307.8-309.3 



NO. 34C Ellendale State lYee Parest, U3 

0-33.5 

33.545.7 

45.7-61 .O 

Very clean coarse 
sand and gravel 

s i l ty  very cb(lrg0 
sand and gravel 

61 .O-76.2 clay and gravel 

76.2-82.3 

82.3-88 4 

88.4-97.5 

97 5-100 6 

c) 100.fi149.4 
I 
6 
6 149.4-179.8 

Clay and gravel 

S i l t  and gravel 

Clay and gravel 

S i l t y  clay with 
grwel  

Clay and gravel 

Altemting s i l t y  
and fine sandy clay 
with minor gravel 

179 .&182.9 s i l t y  cobbles 

182.9-185.9 

185.9-213.4 

213.4-240.8 

240 .a-249.9 

Cored 

s i l t y  fine to very 
m r s e  Mnd with 
gravel 

Fine glauamlt ic  
sard with txme 
m a l i u n  Mnd and 
granules 

249.9-310.9 . line glauxmitic 
sand 

310.9-318.1 Oared 

. "  . . - . . . .  ~.~ . .  .. . . . .. .. . . , . . .... 

COmRiTS 

Na samples 

Gravel is in alter- 
nating increasing 
and decreasing 
anourts 

shells 

shells 

shells 

NO sanples 

Recovery from 
192.3-196-1 

Recovery fran 
310.9-318.1 

c 



..l__l ~. .  . . . .  . . . . . . . . . . . . . . . . . . . . .  . ........ 

c 
No. ME Assawman Bay, ne 

INTERVAL 
(-1 

6 4 2 . 7  

42.7-67.1 

67.1-73.2 

73.2-137.2 

137.2-140.2 

140.2-143.3 

143.3-158.5 

158.5-164.6 

164.6-183.0 

183.6189 .O 

189.0-192.0 
CJ 
I 

QI 
w 

192.0-21 3.4 

213.4-268.2 

268.2-289.6 

289.6-295.7 

295.7-301.1 

Fine sand 

FimHnediun well 
rovlded sand.Sane 
verycaaraa sand 
od gravel 

Very fine-fine sand 

FinclAediun sand 
with organic mud 

Fine-mediun sand 

Fine-medim sand 
with organic nu3 

Elediun-aMrse sand 

Qred 

Clay 

m y  fine-mdiLQ 
sand 

Clay 

smne sand and gravel 

Clay and silt 

S i l t y  c lay with 

sandy clay 

Cored 

C 

shells 

Minor shclls 

Shells 

shells 

Shells 

Ghells 

W e r y  from 
178.9-182.0 

shells 

shells 

shells 

Shells 

Recovery frm 
299.3-301.1 

mR!mNl 



9.1-15.2 

15.2-27 

27.636.6 

36.6-45-7 

45.7-54.9 

54.9-97.5 

97.5-185.9 

185.9-219.5 

219.5-265.2 

265.2-295.7 

295.7-304 .E 
ab 

sand 

silty fine sand 

PfnefnediUn sand 

S i l t y  vary fine 
sandy clay 

silty film ssnd 

FlediumaMrsa clean 
sand 

clay. Glauconitic 

m s t l y  clay with 
silt and sand 

m s t l y  clay with 
fine sand and silt 

Limy clay with 
fine sand 

sand 

silty fine sandy 

clay. gme fine 

Ablndant shel ls  

Shells 

shells are ablndant 
to 76.2, then decrease 

Grades downmrd 
into clay. shells 

Ghells 

shells. Cora recovery 
from 239.6-247.5 

shells 

s m  caw mIutD - m e t y  from 
2%. 5304.5 

c c 



~. ~ ~ 
.... . ." . .. ..... ~ - 

NO. 52 Princess &me, M) 

-I. 
(-1 

0-18.3 

18.3-146.3 

146.3-176.8 

176.8-204.2 

204.2-213.4 

213.4-222.5 

222.5-240.8 

240.8-262.1 

c) 
I 
OI 262.1-295.7 

295.7-308.8 

FCRMATION-AGE DE3CRIpnCN 

Fine  clean sard. 

Clay a d  gravel 

Clay and gravel 

Limy C l a y  With 
gravel 

Cared 

Green limy clay 
with gravel 

Sandy limy clay 
with gravel 

51 ightly granular 
1fmy clay 

Cared 

Missing 

(167.6-176.8 - lfmy 
clay) Minor shells 

Minor shells 

Shells 

Recovery from 
215.5.221.0 

shells 

shells. Gravel 
increases t h r o q b a  
interval 

Shells 

Recavefy from 
299.6-303.8 



0-24.4 si1 t y  c lay  

24.4-121.9 clay with very 
coarse sand an3 
gravel decreases toward cnd 

Minor &f!llS. Sand 
and gravel fraction 

of intental 

121.9-213.4 Slightly gravelly Minor shells 
clay 

213.4-274.3 Fine to matm 
sandy clay 212.tb221.3 clay 

a r e  recovery frm 

274.3-289.6 si lty c lay  

289 6-297 8 clay 

297 .&306.8 

c 

Recovery f r a  
297.8-300.8 

c 



...__~__".I... ._ . . .- .. _. - . . . . . . ,. . .. . . .. . 
~ .~ 

C 

21.3-27.4 

27.4-51.8 

51.8-57.9 

57 .+61.0 

61.0-131.1 

131.1-137.2 
c) 
f 
2 137.2-146.3 

146.3-161.5 

161.5176.8 

176.8-210.3 

210.3-213.4 

213.4-228.6 

220.6-737.7 

237.7-298.9 

298.4-306.0 

cXR!furnICN rolwwrs 
Clean f i n e  medim Shells 
sand with gravel 

Fine - d i m  sand Shells 
with gravel ard clay 
lenses 

Very fine - mediun Shells 
sand 

Fine - Miun sand Shells 
with c lay  lenses 

Nne - medim sand shel l s  
with gravel 

Fine to medim sandy Gravel fraction 
clay with sane grwel increases wlth 

depth up to 100 m 

Silty fine - mediun Shells 

Fine Bandy lfmy shclls 
clsy 

FIuddy medim - shells 
m r m  l fmy sand 

Fine - coarse sandy &ells 
lfmy clay with 
stme gravel 

sand 

mddy fine - mediun bhells 
Sand wlth gravel 

Ltmy clay 

Fine smdy clay, Shells 
sl ightly granular , 

C o d  Recwery €ran 
229.8-237.4 

Nne d y  limy clay shclls. slightly 
237.7-253.0 

Cored ' Recaveryfran 
298.4-299.3 

RATIO PEftmm 
SMPLESSIEVED Co9Rse/F'INE FINES 



NO. 47 Salisbury Airport, RD 

0-185.9 shclls 

RATIO P E m  
SAMPtESSIEVED co9RsE/F'lNE FINES 

185.9-262.1 G 1 m i t i C  fill@ mre recovery €ran 
sand 233.2-240.3 

262.1-295.7 Slightly glauconitic &ells 
.fine sand 

firoqbut the sanplcs 
are lirnestane 
fragments and asphalt 
believed to have been 
wash4 from the sur- 
face and into the 
mll as drilling 
occurred. Pa recovery 
€ran Becond core. 

C 



..~.. . . . . -  .. .. ".ll. -.- - .. . . -. - ~ - - 

CJ 
I 
4 
w 

M). 46 Salisbury, off Z i o n  Ibad, MD 

lNTEFO&L 
(-1 

0-39.6 

39.6-45.7 

45.7-57.9 

57.9-67.1 

67.1-76.2 

76.2-100.6 

100.6-103.3 

103.6-112.8 

112.8-115.8 

115.8-125.0 

125.0-131.1 

131.1-152.4 

152.4-155.4 

155.4-171.0 

171.0-176.8 

FURMATION-AGE a3cRIrncN 

Very fins-fine clean 
sand with quartz 
gravel 

S i l t y  fine sand with 
gravel, s l ight ly  
glauxwritic 

Fine sand 

Very finomediun 
sand with gravel 

Pine and 

Finwnediun satd, 
sl ight ly  g l a m i t i c  

silty mediecoarse 
sand 

Very fine-medim 
sand, sl ight ly  
glauconitic 

Very f imabar se  
sand with gravel 

s i l t y  fine sM*3 
d t h  same gravel 
and marme sand. 
Glauconitic 

s i l t y  clay with 
some sand and 
gravel. Gl8U.X%tftiC 

s i l t y  fine satd 
with mar= satd 
and gravel 

s i l t y  clay with 
sand and gravel 

Fine-marse sand 
with gravel 

s i l t y  fine grey 

Sane coarse sand 
and silt near end 
of interval 

Sane clay near 
bottom of interval 

she l l s  

*lls 

Minor shells 

she1 1 s 

RATIO PERCENT 
sF#pLEsSIEVED C(WISE/FINE FINES 



176.8-132.a 

182.9-189.0 

189.S222.5 

222.5-231.6 

231.6-240.8 

240.8-243.8 

243.8-246.9 

? 
246.9-259.1 * 
Xi9.1-271 i 3 

27l. 3-289.6 

289.6-294.4 

294.4-305.0 

sand with amc coarse! 
send. Glauconitic 

Granular mtddy sand 

Very f i n o f i n e  nand 
with om@ coarse 
send 

Fine sandy limy clay, Becaming more gravelly 
s l igh t ly  glauconitic an3 shelly tomrd ad 

of interval 

Cored 

Very fine-fine limy 
sand. Glauconitic 

Sandy clay, s l ight ly  
glsuewritic 

Slightly granular 
fine-vcry fine 
limy IMnd. Qau 
amitic 

S i l t y  f ine sand 
with gravel 

Pine sandy clay 
grading into s i l t y  
fine sand 

s i l t y  fine SanLY 
with gravel 

S i l t y  fine sand 

Cored 

Recovery from 224.9- 
230.1 

Minor shells 

shel ls  

grells 

*lis 

Recovery fran 294.4- 
298.6 

c c 



0-27.4 

27.4-36.6 

36.6-67.1 

67.1-73.2 

73.2-103.6 

103.6-106.7 

106.7-109.7 

0 109.7-112.8 I 
4 
VI 

112.9-125.0 

125.0-189.0 

189.0-192.0 

192.0-201.2 

201.2-214 -9 

214.9-222.5 

222.5-283.5 

283.5-295.7 

295.7-304 -8 

Pine clean sml, 
sl ight ly  glauconitic 

S i l t y  fine sand 

Very f i m f i n e  clean 
sad 

Very fimrnediun 
clean smd 

Si l ty  fine swd 

Fine sandy clay 

S i l t y  fine sand 

Fine sandy clay 

S i l t y  fine sand 

Fine sandy clay 

S i l t y  clay with 
gravel 

with gravel 

gravel 

Cord 

Pine sandy clay 

S i l t y  clay with 

Fine silty clay 

Fine 8andyclay 

Oor& 

Alternating s i l t y  
and sandy clay 

Alternating s i l t y  
snd satdy clay 

Alternating s i l t y  
and sardyclay 

Alternating s l l t y  
and sandy clay 

Alternating silty 
and ssnrlyclay 

Attcmating s i l t y  
and d y  clay 

Abvdant shells 

Ellells 

Ghal ls  

IWovery from 
297.2-304.8 



~~ - . . . . . . . . . . .. __I._ ... - . 

No. 43 Ocean City, WO 

rtmmmL 
(m) POIIMATICN-AGE: 

0-3.0 

3.0-9.1 

9.1-12.2 

12.2-15.2 

15.2-24.4 

24.4-30.5 

30.5-36.6 

/ 

36.6-39.6 
d 
I 
4 39.6-45.7 
OI 

45.761 .O 

61 .&73.2 

73.2-103.6 

103.6-112.6 

112-8-121 e9 

121-9-125.0 

125.fh149.4 

149.4-152.4 

152.4-155.4 

U!!SCRIPTf(M c c m m  
Fine to mcdiun sand 

Clay ard s i l t y  fine €hells 
Mnd 

s i l t y  clay 

s i l t y  fine ssnd shells 

s i l t y  fiIte-nadiun Minor &ells 
nand with gravel 

Fine-wry UmrBe 
nand with silt 

s i l t y  medim sholls 
Very ~~~ Mnd 

Gravel, s a d  
and silt 

and gravel 

s i l t y  clay Minor ahslls 

S i l t y  COE4Cz*I Mnd 

Sandy clay, 
s l ight ly  glauconitic 

S i l t y  clay shells 

Clay shells 

s i l t y  fine-caarse 
nard with gravel 

S i l t y  flne-mdim Minor shells 
S S ~  with gravel 

very f i e v e r y  

gravel 

Pine-medim sand 
with samc plarta 
gravel 

s i l t y  Line-medim 
sand with gravel 

COE4CBe Mrd snd 

c c 



c-77 



NO. 43A dcean City, MD 

1- 
(raxms) FtxwmlaJ-AGE IEXRIPTION CCmENls 

0-61 

61.0-70: 1 

70.1-88.4 

88.4-121.9 

121.9-125.0 

very tine to ncdim 
Band 

Fine to cbllrae Abvldmt ~heiis 
Band 

Pine to cblltae 
sand 

Mcdiun bo m r a e  Minor rhell8 
sand 

137.2-140.2 

0 
4 140.2-167.6 

167.6-189.0 

189.0-204 -2 

204 2-210 -3 

plcdiun to very Rlnor shells 
coarm sand 

Fine to Inedim shells 
micaceous wnd. 

cbllrao sand 
Siltynsdim to shall8 

210.3-231.6 Nne to very comae Minor shells 
sand 

231.6-240. I line to lmdim sand Mfnor shells 
with am very 
aMraa ssnd 

240 8-259 1 

259. l-MB. 2 

268.2-280.4 Fine to very coarse Ghclls 
asnd 

RATIO PeRCLNF 
WMPLCSSIRRD CWSPJFINE PI= 

30 5-33.5 -6.09 14 10 
51.8-54.9 7.36 11.96 

73.2-76.2 6.33 13.65 
82.345.3 15.80 5.95 

91 e4-94.5 10.70 8.55 
100 -6-103.6 12.30 7.52 
112.8-115.8 8.54 10.48 

131 1-134 1 14.95 6.27 

131 1634 e 1  14.95 6.27 

143.3-146.3 12.16 7.60 
161.5-164.6 15.44 6.08 

162.9.185.9 9.12 9.88 

19 8.1-201.2 11.35 8.10 
\ 

210.3-213 -4 20.35 4.68 
228.6-231 e6 29.53 3.28 

234.7-237.7 26.91 3.58 

240.&243.8 38.77 2.51 

259.1-262.1 20.96 4.55 

268.2-271 e 3  6.61 13.14 

e 



, . ". ~.~ . _ .  .... " . . . .  II 
~~ .~. 

Q 
280.4-283.5 Fine to very coarse shells 

sand 

283.5-289.9 S i l ty  d i m  to very shells 
coarse sand 

289.9-297.8 -red Recovery from 
289. %297.8 

Siltymediun to shells 297.8-313.9 
mars3 sand 

31 3.9-320.0 S i l t y  fine sand w i t h  Minor shel l s  
aofne very cwrs3 grains 

3213.0-338.3 Silty mediwcoatse Minor shel l s  
sand wlth m e  very 
m r s e  grains 

338.3-341.1 Pine to nedfm sandy Minor shells 
nrril. Sam grwel. 

341.1-344.4 S i l t y  fine sand with Minor shel l s  
arna coclr8e grains. 

c) 344.4-347.5 
I 

-4 
m y  fine to medim Minor shells 
sand With aome gravel 

347.5353.6 F h  ssnd With Minor shel ls  
coarse grains. 

Siltymediun to Minor shells 
c(Mr8e sard. 

-red Recovery from 

353.6-364.0 

364 -0-373.1 
364.8-373.1 

283.5286.5 10.52 

C 

298 7-301 a8 16.86 5.60 
307-8-310.9 18.60 5.10 

329.2-332.2 11.48 8.01 

8.86 

347.5350.5 26.16 3.68 



NO. 33 Cambridge, MD 

6-15 

15.2-21.3 S i l t y  grey clay 

21.3-33.5 s i l t y  grey clay 

33.5-48.8 Pine ssndy silt 
with pebbles 

48.8-115.8 Grey clayey silt 

115.8-121.9 sandy grey silt 

121 .!+137.2 Light grey fine- 
medim sand 

c) 137.2-158-5 s l igh t ly  granular 
I grey s i l t y  fine 

sand Q, 
0 

158.5-164.5 Nnt swdygrey 
silt 

164.5178.3 Obred 

178.3-192.0 

192.0-201.2 

201.2-207.3 

207.3-216.4 

215.4-222.5 

Fine black sandy 
grey silt with 
acme medimcoarse 
sand 

Granular l ight  
clayey grey silt 
with pebbles 

S i l ty  l ight  grey 
clay 

Pine-aMrsa sandy 
dark grey silt 

Fine-coaret sandy 
grey silt with 
some clay 

C 

No eanples 

Shclls toward erd of 
interval 

Decreasing eand 
over interval. 
shells. 

Ghells 

shells a t  beginning 
of interval. Some 
dark grey silt a t  
center of interval 

S i l t  increases over 
interval 

Rscweries from 
170.7-172.5 Md 
176.1-178.3 

Clay a t  center of 
interval 

Fine b lack  sand. 
Ghells 

shells 



c 
222.5237.7  

237.7-253.0 

253.0-256.0 

256.0-298.7 

298.7-312.4 

Slightly pebbly 
coarse ssndy tal 

¶my clay 

Red clay 

Slightly coarse 
sandy dark grey 
s i l t y  red clay 

Red clay 

Qred 

_".. ...I , , ., . .. -.- ~. " _  ". ..̂I. .- . .. I_ ..... ~ - .. .~ _ _  _ _ ~ _  .. .. ... ..... . . .  

c 
Sand decreasing w e r  
interval 

Sane dark grey silt 
a t  center of interval. 
(LMrse sand near end 
of interval 

Increasing fine- 

286.5. Same grey 
silt at  end of 
interval 

Recovery from 
309.7~312.4 

n#diun sand up to 



NO. 32A Crisfield, MD 

ImERvAL. 
(KErERs) m T I m - m  

(1-12 

12.2-36.6 

36 .Wl. 0 

61.0-64.0 

64.0-85.3 

85.3-94.5 

94.5-106.7 

c) 
I 106.7-112.8 oa 
N 

112.8-152.3 

152.3-161.5 

161.5-164-6 

164.6-173.7 

173.7-192.0 

192.b2fi .6 

231.6-237.7 

237.7-262.1 

Limy clay 

Clay, s l igh t ly  s i l t y  

Limy s i l t y  clay 
with gravel 

s l igh t ly  limy clay 
with minor gravel 

c lay with mall 
anomt of fine sand 
and gravel 

Fine sandy clay 
with gravel 

limy clay with 
gravel 

clay with gravel 

s i l ty  fine sandy 

s i l t y  fine d y  

Mddy shell hash 

Limy clay 

Limy clay 

cored 

s i l t y  fine sandy 
limy clay 

timy muddy f ine  
sand with minor 
gravel 

sand 
Limy s i l t y  fine 

Limy s i l t y  fine 
d, Slightly 
g l a m l t i c  

mm SAMPLES SIEVED 

shells 

shells 

shells 

shells 

Sells increasing 
i n  abdance throtqb 
out interval 

Abvldant ghell 

shells 

Recovery from 
164.9-172.5 

shells 

&lls 

*lis 

. Shells 

262 ,l-ZtiS. 2 c Limy silty fine 

G 



268.2-271.3 

271.3-277.4 

/ 277.4-310.4 
V. 

Y 

g1aueonitic sand 

Limy silty fine 
sard, sl ightly 
g l a m n i t i c  

Limy s i l ty  Pine 

Limy clay, s l ightly 
g lmmnit ic  

gl8rr?onitiC Sand 

310.4-318.0 Cored 

shells 

She1 1 s 

Recovery from 
310.4-316.1 



. . I ., ... . . .-. " . .  . . ,  

NO. 31C Salisbury, HD 

IHlERvAL 
(-1 mTIoN-Ac;E 

0-36.6 

36.6-51.8 

51 3-57.9 

57.9-64.0 

64.0-91.4 

91.4-97.5 

97.5-100.6 

100.6-112.8 

112.8-131.1 

7 131.1-134.1 ' 134.1-158.5 

158.5-185.9 

185.9-198.1 

198.1-253.0 

253.0-271.9 

271 .9-274.9 

274.9-289.6 

289.6-292.6 

c 

---- 

IRSCRI~ION C a m m  

Na eanplcs 

MediulPcUarse sand 

Medimcoarse g l a u  
mitic Ssnd 

Mcdimcuarse aand 

rlne-medim Band shells 

silty* Shells 

very fine 8andy 
S i l t  

s l ightly g l a v  
ami t i c  fine sand 

sandy silt wlth 
friable sandstone 
fragments 

S i l t y  fine sand 
with friable sand- 
stone fragnmts 

s i l t y  sand 

.\ Shells , 
shclls 

shells 

Shells 

shells 

Minor shells. 
core recovery 
fran 222.8-228.0 

RATIO 
SmPLIsSIRIED COARSEYPINE 

48 .8-51 -8 

73.2-76.2 

94.5-97.5 

106.7-1M. 7 

115.8-118.9 

131.1-134.1 

140.2-143.3 

189.0-192.0 

198.1-201.2 
222.5225.6 
234.7-237.7 
246.9-249.9 

268.2-271.3 

274.3-277.4 
280 4-283 5 

289.6-292 6 

25.13 

9.73 

3.59 

12.51 

7.57 

16.09 

12.59 

14.34 

6.19 
13.66 
12.19 
8.95 

5.20 

4.24 
1.82 

3.97 

peRcp#T 
PINes 

3.83 

9.32 

21.80 

7.40 

11.67 

5.85 

7.36 

6.52 

13.91 
6.82 
7.58 

10.05 

16.12 

19.07 
35.51 

20.14 

c 





NO. #)A -8n c i ty  Airport, 

IrnRVAL 
(HEI'E!S) FWWATION-AIGE CtBCRIPlWM 

0-54.9 Collmbia Gr. 

54.9-61.0 Colunbia Gr. Wry fine SMdy silt 

61.064.0 Yorktowr S i l ty  fine-medim 

64 Jk67.1 Yorktowr s i l t y  fine-mediun 

67.1-70.1 Yor k t o n  Miun sand and 
granules 

70.1-73.2 Yorkton very mll sorted 
mcdiun quartz sand 

73.2-76.2 Yorkton wedim quartz ssnd 

76.2-85.3 Yorktom verywell mrted 
medim pvrrta sand 

c) 85.3-88.4 Yorktowr s i l t y  fine-mdiun 
sand and granules 

88.4-91 -4 Yorktoh s i l t y  fim-medim 
sand 

91.4-94.5 Yorkton s i l t y  fine sand 

94.5-97.5 Yorktorn clayey-silty fine 

97.!j-100.6 Yorkton Mim sand with 

100.6-103.6 Yorkton ? i ~ m e d i u n  sand 

sand 

sand 

I 
ob 
ch 

sand wlth granules 

granule8 

with granules 

with granules 
103.6-106.7 Yorktorn Fint+mSdim sand 

106.7-115.8 Yorktan s i l t y  fine s a d  

115.8-118.9 YOKktOrn S i l t  

NO sanples 

118.9-121.9 Yorkton morly sorted s i i t y  Winor shells 
ssd with granules 



~- ~ .., .. ~~ . . .  . .. . . . . . . .. . .. . 

c 
slightly micaceous 

124.9-128.0 Yorktomr s i l t y  f i m r r d i u n  

128.0-131.1 Yorktown Si l ty  fine $and shells 

131.1-134.1 Yorktom Fine sandy silt 

134.1-137.2 Yorktow S i l t y  fine Mnd 
with sane cwrse 
grains 

sand 

and g?SllUlSS 

137.2-140.2 Yorktow Si l ty  fine $and 

140.2-143.3 Yorktown QaY 

143.3-146.3 Yorktomr Poarly sorted s i l t y  

146.3-149.3 Yorktomr Very fine sandy silt 

149.3-152.4 Yorktom Si l tyvery  fine sand 

152.4-163.1 Yorktam t@ sanpl- 

Sand 

with granules 
CJ 

4 

163.1-170.7 cored Recovery from 

170.7-192.0 Yorktomr S i l t  

163.1-167.0 

192.0-195.1 Yorktorrn No saples 

195.1-204.2 St. ~ W ' S  S i l t  

204.2-207.3 St. Hnry's S i l t  and cwrae Sann 

207.3-234.7 St. Msry's S i l t  droptank mmation 
extends fran 219.5 
234.7 

234.7-237.7 

237.7-240.8 

240.0-246.9 

Calvert 

Qlvert 

Calvert 

Calcareous fine 
sandstone with silt, 
granules, a d  black 
shale 

Calcareous fine mnd- shclls 
stana with silt, 
granules, black shale 

Calcareous s i l t y  shells 
very fine d e b m e  



with sane coarser 
grains and black 
shale! 

calcareous silty-very -lis 
fine sendstom with 
black shale 

calcareous fine Abudant shells 
sandstone 

calcareous fine Abmdant shells 
SSndStone 

calcareolls fine Abundant shells 
sanelstone 

calcareous fine Abvldant shells 
SSndStonC 

sl ight ly  calcareous m k l y  cemented. 
fine?InKliun sand shel ls  
with silt and 
granules 

Calcareous fine sand makly cemented 
with silt and 
heavy minerals. 
sumo granules 

Calcareous fine sand Weakly cemented. 
with clay and silt e l l s  

calcareous flne Weakly cemented 
sad With silt 

calcareous fine- weakly cemented. 
mediun sand with shells 
silt 

calcareous f i w  Weakly cemented 
sand with silt, 
granules, and 
heavy minerals 

s l ight ly  cal- Wakly cemented 
careous fine sand 
and silt 

calcareous fine- Weakly cemented 
medim sand wlth 
heavy minerals 

Calcareelrs fine- Weakly cemented 

246.9-249. Calvert 

249.9-253.0 Calvert 

253.0-256.0 Calvert 

256.0-259.1 Calvert 

259.1-262.1 Calvert 

262.1-265.2 Calvert 

0 
I 265.2-271.3 Calvert m 

Q, 

271.3274.3 Calvert 

274.3-277.4 Calver t 

277.4-280.4 Calvert 

280.4-283.5 Calvert 

283.5-286.5 Calvert 

286.5-289.6 Calvert 

289.6-292.6 Calvert 

c c 



c 

292.6-295.7 

295.7-298.7 

298.7-301.8 

301.8-304.8 

.304.8-307.2 

307.2-314.9 

Qlvert 

Calvert 

Calvert 

Calvert 

y 06.1 
Q, 

6.1-48.8 

48.8-88.4 

88 -4-91.4 

91.4-134.1 

114.1-161.5 

161.5-164.6 

164.6-170.7 

170.7-173.7 

173.7-176.8 

176.8-179.8 

179.8-279.8 

nlediun sand w i t h  
heavy minerals 

Calcareous fine sand Wakly cemented. 

Ollcareous fine sand Wakly cemented. 

Calcareous fine sand Wakly cemented. 

Calcareous fine sand Nakly cemented 

shells 

shells 

and granules shells 

No srmplcs 

Cared Recovery from 
307.2-314.9 

rescRIPTIaQ cam= 
Clay with some silt 

pine sandys i l t  and Increasing motnts 
some clay of shells 

Si l ty  shell hash 

Si l ty  shell hash 
with gome clay 

Clayey silt she1 1 s 

Clay w i t h  same silt 
in  upper part of 
interval 

Missing 

Clay with silt 

FIR@ sandy silt Shells 
with scnne clay 

Clay with sane 
silt 

Missing 

Limy clay with Shells throqhout 

C 

VIRCINIA 



%, 8 m
 

r
 

N
 

c-90 



. . . , . . , . .. . .~ ~ .- ."... .. . 
. ... . . .. .. . -. . ~- .. " ~~. . ...... . " . . . . -..-. 

c 
NO. 59 Smith mint ,  VA 

INT!3WAL 
(-1 

0-21.3 

21.3-24.4 

24.4-51.0 

51 .&100.6 

100.6-140.2 

CJ 140.2-145.4 
I 

145.4-153.3 W 
c 

153.3-161.5 

161.5-298.1 

m T I o N - F G e  CESXIFTIaJ 

F i ~ m e d i u n  sand 
with minor silt. 
silt fraction 
increases markedly 
in l a s t  3 meters 

S i l ty  fine sand 
with clay 

Fine sandy s i l t y  
shell hash with 
clay 

S i l t y  limy clay 

Slightly sandy 
limy clay with 
gome silt 

Cored 

S i l t y  limy clay 
4 t h  f ine sard. 
Minor granules. 

Granular fine black 
sandy silt with 
limy clay. 9am 
pbbles near 
bbttan third of 
interval ' 

*red ~ 

RATIO PmcmT 
amlmrs SFEIPLESSIEVED CC#RSE/FIHE FIHES 

Shells 

Shells 

shells 

shells 

No smples 

Recovery f r m  . 
145.4-153.3 

shells 

Minor shells 

Recovery from 
298.1-299.9 

c 



. .  ~ . . . . .. . . . . . . - .  -. . ~ - .. . , . ........ ~~~ . -....-. 

c 

SO .5-36.6 

36.6-39.6 

39.6-45.7 

45.7-85.3 

85.3-91.4 

91.4-97.5 

97.5-109.7 

109.7-112.8 

112.8-118.9 

118.9-121.9 

121.9-131.0 

131.0-140.2 

140.2-152.4 

152.4-161.5 

161.5170.7 

IIGsCRIrnIau 

very f i e f i n e  clean 
ssnd, ml1 sbrted. 

clay, wmt fine sand shall8 
and gravel 

clay, sand and Shells 
gravel 

Fine ssndy clay &ells 

s i l t y  fintaMrac Abudant shclls 
glaucanitic eand 
ad gravel 

s i l t y  fine g lamn-  -ant shells 
itic d 

very ceartm glaucorr- Atnndant shells 
itic sand 

Meditecoarse Abvldant shclle 
glauconitic eand 
with minor clay 

Clay with ~ o m c  f ine  Shells 
glauconitic sand 

wuddy f i n e a r s ?  pbvdant shells 
g l a w n i t i c  sand 

Claywith mme Shells 
coarse glauconitic 
sand and gravel 

Muwy fine g l a v  Abvlaant shel ls  
m i t i c  sand 

?ine sandy clay Abudant shells 

S i l t y  fine srnd, m a n t  shel ls  
sl ightly glauconitic 

Clay wi th  %omc shells 
f ine coarse sand 

clay with sane gravel 
Very fine sandy shel ls  

c 



. .  ......... .. I 

. .--... ........ . . . . . .  - ..-.....-......I 

c 
170.7-1 75.3 

175.3-189.0 

189.0-201.2 

201.2-208.2 

M4.2-219.5 

219.5-222.5 

222.5-243.8 

243.8-259.1 

259.1-274.3 

274.3-277.4 

277.4-289.6 

289.6-298.7 

298.7-307.8 

Limy silt 

Silty-very fine 
e n d y  limy clay 

Limy silt 

Limy s i l t y  c l sy  

Limy s i l t y  very 
fine !3and 

Fine sandy silt. 
Gand increases i n  
size md moult 
tomrd end of 
interval. -11 
pebbles decreasirg 
in  anant throu#t- 
out the interval. 

S i l t y  fine-medim 
Mnd 

Fine emly silt, 
s l ight ly  granular 

sard. Miner 
silt a t  top of 
interval 

Limy clay 

Cored 

flmmedim s i l t y  

Shells 

Abvrdant she1 1 s 

shells 

shclls 

Abvdant she l l s  

Decreasing anomt 
of shells tomrd 
end of interval 

Decreasing size of 

interval 

shells 

shells thoqhout 

*lls 

shells 

No recovery. 

c 
shells 

Recovery from 
175.3-184.4 



. . . .. . ~-i". ." ... . .  . . - . ~ ~ .I. . . . . . .~. i . . . .-. ~~ . . I .......... ~~ . , 

NO. 56 Eastville, VA 

INIFRVAL 
(nemLs) FCRMATION-m 

O-*l'J.? 

15.2-24.4 

24.4-36.6 

36.6-51.8 

51.0-54.9 

54 A-161.5 

161.5-295.7 

c 

S i l t  with increas-.q 

Gray clayey silt 

Clay with silt 

fine Mnd 

Pine Mndy S i l t  
with granules and 
pWles 

Clayey silt 

Pine sandy silt 
with m e  clay, 
granules and 
pW1- 

Gray clay with 
ame silt awl minor 
anovrtcl of fine Sand 

I 

Sane lime a t  en- of 
interval 

&ells tow9rd end 
of interval 

shells 

~haiis 

Ghells. obre tearvery 
frm 119.2-122.8 

\ 

C 



$55 Tasley, VA 

INTEmAL 
(-) mTIm-AGe UBXRIPTIOW 

0-3.0 Yel low s i l t y  sand 

3.0-9.1 

9.1-27.4 

27.4-30.5 

S i l t y  fine sandy 
clay 

Clean fine ye l low 
sand 

clean fine-medim Shells 
grey sand 

30.5-33.5 Fine sand 

33.5-36.6 

36.6-45.7 

45.7-51.8 

51 .8-54.9 

F~ne-mediu sand 

M y  fine sand 

S i l t y  fine sand shells 

Muddy fine sand 

CJ 54 .+loo. 6 Fine sand grading Aburdant shells 
into medim sard I * 

VI fm 85.3-91.4 

lOO.ri146.3 Very coar'gc sand pbvdant shells 
becoming s i l t y  
fine b coarae 
near cmter of 
interval 

146.3-161 . 5 claywith fine 
8and and gravel 

Minor &ells 

Nne sandy clay shclls 161 5166.1. 
with minor gravel 

166.1-173.7 Cord Recovery from 
166.1-172.8 

Limy Clay with shell8 173.7-179.8 
mat€? tine sad 
and gravel 

179.6-189.0 clay with sad shells 
and grevel 

189.0-195.1 clay and fine 
sand 
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/ 195.1-222.5 

222.5-283 5 

283.5-297.5 

Clay a d  gravel she l l s  

tiny clay with &el 1 s 
varying anomts 
of gravel, fine 
sand, and silt 
thro@wut 
interval 

Cored Recoveries €run 
287.7-289.9 and 
295.4-297.5 

c 



. , .- 
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NO. 49 Withans, VA 

21.3-30.5 

30.5-143.3 

143.3-1 55.4 

155.4-179.8 

179 8-189.0 
c) 
I 189.0-201.2 w u 

201.2-2134.2 

204.2-207.3 

207.3-220.1 

2k.l-222.5 

222.5234.7 

234.7-237.7 

237.7-259.1 

259.1-286.5 

286 5-295.7 

295.7-307.8 

IEsmIFTIM 

Granules, pbbles, 
cobbles of 

quartz and chert 
tdth shale and 
lignite 

Muddy granules wfth 
aane cobbles of 
w r t z  and chert. 
shale 

e r e  granules than 
W e ,  but less 
CObbloS 

Limy clay 

Clay  

Limy clay 

and lfmy clay 
S i l tyue ry  fine sand 

C l a y  with sane 
gravel 

Limy clay w i t h  
gomc gravel 

shells 

Same gravel between 
152.4-155.4. shells 

shells 

shells 

shells 

*lis 

Shells 

Cored Recovery from 
211.5-220.1 

Limy clay shells 

Clay shtlls 

Missing 

Limy clay shel ls  

Fine "ndy limy Pbvdant shells 
clay 

Limy clay Shells 

No solnples 



m
 

t- 
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K). 48 . Wattsville, VA 

I m L  
(-1 

0-18.3 

18.3-21.3 

21.3-24.4 

24.4-27.4 

27.4-128.0 

128 .O-137.2 

137 2-143 3 

143.3-164.6 

164.6-173.7 

173.7-228.6 

228.6-283.5 

283.5-295.7 

Fine to medim sand 

Pinomcdim sand 
w i t h  sane clay 

Fine-medim sand 

F~ne-dim s a d  
dth 8ome clay 

Finemedim sand 
with sane clay 

Fine-medim “ n d y  
clay 

Clayey fine-medim 
sand 

Fine sandy clay. 
gme silt a t  end 
of interval 

S i l t y  fine sand 
with Born0 clay 

M i s s i q  

Fine sandy clay 
with silt 

Fine sand dth 
anc clay 

Shells 

*€l s 

Shells 

shells 

shells throqhout 
but more abvdant 
a t  mid interval 

shells 



.. . . , . . " _ _  ...... . . 

NO. 29 wal lop I s l a d ,  VA 

-L 
(nerws) m T I c N - p L ; E  DESCRIOICN 

0-6." 

6.1-12 2 

12.2-30.5 

30.5-33.5 

33.5-36.6 

36 .H2.7  

42.7-57.9 

and 

c lay  

Ffne d a ~ i i s  

S i l t y  fine sand Minor shel ls  

Fine Mndy silt 

clay shel l s  

Mostly silt with shel l s  
some clay a d  gravel 

57 .9-64.0 Clay with fim Mnd Abvdant shells 

64.0-73.2 

73.247.5 c) 
I 
Y 

0 
0 

97.5-118.9 

118.9-134.1 

134.1-155.4 

155.4-158.5 

158.5164.6 

164.6-167.7 

167.7-182.9 

182.9-198.1 

198.1-201.2 

201.2-207.3 

207.3-210.3 

c 

S i l t y  fine-medim wudant fdlells 
wnd 

Si1 t y  clay shells 

clay 

clsy 

Clay 

Clay 

Oared 

Clay with chalk 

Clay 

Clay 

30.5-31.6 2.47 28.8 

48.8-51.8 0.56 64.0 

79.2-82.3 5.23 16.1 

97 5-100 e 6  1.33 42.9 
109.7-112.8 1.36 42.4 

Shells 124.9-128.0 . 13 88.6 

Minor shells 134 1-1 37.2 .19 84.3 
149.3-152.4 .16 86.4 

wvrdant shells 155.4-19.5 1.62 38.2 

she l l s  158.5-161.6 .23 81.3 

Missing 

Recovery fran 
178.0-182.9 

Shells, Minor shells 195.1-198.1 .28 78.1 
fran 195.1-198.1 

Shells 

she l l s  

She1 1 s 207.3-210.3 .% 64.2 

C 



Qsy Abudht shells 210.3-213.4 

213.4-216.4 Clay Minor shells 
216.4-219.5 Slightly fine sandy Minor shells 

clay 

219.5-231.6 QaY 

231.6-234.7 Silty fine sandy 
/ grmel 
234.7-246.9 Qay 
246.9-249.9 

249.9-253.0 Clay 

253.0-265.2 QaY 

265.2-268.2 Qay 

Qay 268.2-286.5 

Qay 

Qay 

c1 286.5-289.6 

0 289.6-298.7 
8 * 
c 

298.7-304.8 Cored 

Minor shells 

No sanples 

shells. No shells 
frcm 256.0-259.1 

Minor shells 

Minor shells 

b @ r y  frm 299.3- 
304.8 

1.69 

.88 

219.5222.5 

231.6-234.7 

259.1-262.1 69 

.92 283.5-286.5 

.22 295.7-298.7 

. .- . _II__....___ ,. _I ... . .. ~~~ .- ... .. - 

37.3 

53.1 

59.2 

52.0 

81.8 



No. 28A 

INlpeRvAt 
(-1 

0-33.c 

33.536.6 

36.6-39.6 

39.6-42.7 

4 2.7-45.7 

45.7-48.8 

c1 
I 
c. 48.8-54.9 0 
N 

54.9-64.0 

64.047.1 

67.1-73.2 

73.2-76.2 

76.2-79.2 

79.2-82.3 

a2.3-97.5 

97.5-106.7 

Yor Morn 
uitx- 

Y o r k o n  
Miocene 

Yorktom 
Ftiaclme 

Yorkton  
Miocene 

YocMon 
Miocene 

st. rnry's 
r8hcene 

St. ClarfPs 
niocme 

5t. Mary's 
Miocene 

St. Mary's 
Miocene 

St. Mary's 

St. rgry's 

st. mry's 

-Ptank 

very fine sandy silt 

S i l t  

very fine sandy silt 

very fine sandy 
silt, slightly 
grander  

very fine sandy silt 
with m e  coarse 
sand 

very fine sandy silt 

Slightly granular 
very fino Mndy 
silt 

S i l ty  fine sand 

very fine smdy 
silt, s l ight ly  
granular. Sane 
l ign i te  

wry fine sardy 
silt, fnlghtly 
granular 

S i l t y  very fine 
sand 

veryflnesandy 
silt 

Very fine sandy 

RATIO PERCENT 
CCmENTs SAMPLESSIEVED c(#FIsE/FINE FINES 

Surface casing set 
by myhew lo00 

shal ls  

shal ls  

slells 

shells 

*lis 

Missing 

shells 

sha l l s  

shel ls  

shells 

.shells 

shells 

S w l l s  throqhout. 
(91.4-94.5~1 ightly 
granular). 

c 



silt 

106.7-109.7 Chaptank Silt shells 

Wry fine Sanay stells 109.7-115.8 Chamk 
silt 

115.8-125.0 Choptrmk silt and clay stells 

125.0-143.3 Choptank Silty clay shal1S thrO@CWt. 
(140.2-143.3-slightly 
shelly) 

143.3-146.3 Colvert Silty clay with shalls 
Ifmestone €rag- 
mnts 

Silt and clay 145.3-152.4 Slightly 146.3-204.2 Calvert 
shellv 
152.4h4.2 no shells 

204.2-2Q7.3 Calvert Claywith lime 
Stone fragments 

0 I 207.3-213.4 Calvert Clay and silt 

8 213.4-222.5 Calvert 8red Recovery €ram 
c 

212.1-221 .o 

out except for: 

and 243.8-246.9-shells 

222.5280.4 Calwrt clay and silt tw shells throyb  

240.8-243.8- 
slightly shelly 

286.4-295.7 Chickahiny Clay and sllt 

Cord -cry €ran 295.7-304.8 
297.2-304.8 



e3 
I 
0 c. 
Y 

c- 

.- . .. , . . . ~ _ _  ~. . . -1.. -. 

INTERVAL 
(-1 

0-3.0 

3.0-6.1 

6.1-9.1 

9.1-12.2 

12.2-1 5.2 

15.2-18.3 

18.3-24.4 

24.4-27.4 

27.4-30.5 

30.5-33.5 

33.536.6 

36.6-61 .o 

61.0-64 .O 

64.0-94.5 

mnwm 
Colmbia Gr. 
P1 iamc 

Cblunbia Gr. 
Pl iocena 

Cblunbia Gr. 
P1 iocene 

Colunbis Gr. 
e1 iocene 

Yorkton 
Miocene 

Yorkton 
Miocene 

Yorkton 
Miocene 

Yorkton 
Miocene 

Yorkton 
Hicxene 

Yorkton 
M i o c e n e  

Yorktom 
Miaceno 

Yorkton 
Miocene 

Yorkton 
niocena 

Yorktom 
uiocem 

S I  ightly granular 
fimmediun SMd 

fine Mnd 

Slightly granular 
fine sand 

Large pbbly fine 
t6 mediun sand 

Fine sand 

slightly granular 
s i l t y  fine sand 

?inerrdim sand 
wlth heavy minerals 

Pebbly, granular 
fine aand. !3me 
rotndd sandstone 
fragments 

Si l ty  fine sand. 
sane coarse grains. 

Pine sand with 
heavy minerals 

S i l ty  very fine to 
fim sed  wlth 
heavy minerals 

vary fine to fine 
sand with heavy 
minerals 

... . . , 

sl ight ly  micaceous 
very fine to fine 

minerals 

vary fine to fine 
sand wlth heavy 
minerals 

Mfd with heavy 

CcmPIds 

Mlnor shells 

Minor shells 

Minor shells 

Minor &ells 

shtlls 

shalls 

MImr shells 

shells 

Shalls 

shells 

shel ls  

Shells 

Aburdant shells 

shells 

c 



c 
94.5-128.0 

128.0-131.1 

131.1-134.1 

134.1-161.5 

162.5.179.8 

179.8-182.9 

182.9-189.0 

189.0-1 92.0 

c) 

0 
v, 

* ' 192.0-198.1 

198.1-201.2 

201.2-204.2 

204.2-207.3 

M7.3-210.3 

210.3-216.4 

216.4-219.5 

219.5-225.6 

225.6-228.6 

Calvert very fine to fine 
Miocene sand with heavy 

Calvert Very fine to fine 
Mimen@ sand 

minerals 

Mattaponi Very fine to fine 

Mattaponi very fine to fine 

U.Cretaceous sand 

U.Cretaceaus d y  shell hash 

Mattapmi 
U.Cretaceous 

Mattaponi 
U.Cretsceous 

Hattaponi 
U.Cretaceaus 

Bttaponi 
U.Cretaceous 

Mattaponi 
U.Cretaceous 

Mattapmi 
U.Cret8ceous 

Mattaponi 
u.Cretaceous 

Mattaponi 
u.Cretaceous 

Mattapmi 
U.Cretaceous 

Transitional 
Bed 

Transitional ' 
Bed 

Transitional 
Bed 

Silty very fine 
sandy shell hash 

Glauconitic silty 
very fine sand 

Glauconitic fine 
to mediun  ssnd 

Glauconitic silty 
fine sand 

Glauconitic silty 
fine sand. Sane 
coarse sand. 

Glauconitic fine 
to coarse sand 

Glsuebnitic coarse 
sand 

Glauconitic mediun 
to c0L)rBc sand 

Gl8uconftid. fine 
to marse sand 

Glauconitic fine 
to coarse sand 

Transitional Glauconitic fine 
Bed to mar= sand. 

Sane sandstone 
fragments. 

c 
shells 

shells 

Abvldant shel'ls 

Shells 

shells 

Shells 

Shells 

Minor shells 

Minor shells 

Minor shells 

Minor shells 

Shells 

Minor shells 

Minor shells 

Minor shells 
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c) 
I 

' C  
0 
CI, 

228.6-214.7 

234.7-240.8 

240.0-243.8 

243.0-249.9 

249.9-253.0 

253.0-256.0 

2%. 0-259.1 

259.1-262.1 

262.1-265.2 

265.2-268.2 

268.2-271.3 

271.3-274.3 

274.3-277.4 

277.4-280.4 

280.4-286.9 

286.5289.6 

Transitional 
Bed 

hansi t ional 
Bed 

Trans1 t ional 
Bed 

Patwent 

Patwent 

Patwent 

Patuxent 

Patuxmt 

Patwent 

Patwent 

Patwent 

Patwent 

Patwent 

Patuxent 

Patment 

Patwent 

289 .ti-292.6 

C 

Patuxent 

Sam as 225.6- 
228.6, but no 
sandstone frag- 
mts 

G l a m i t i c  fine 
to medim sand 

Si l ty  fine to 
warm d 

G l a m i t i c  fine 
tomedim srm6 

Glami t i c  s i l t y  
fine Mnd 

G l a m i t i c  s i l t y  
fine to mrae sand 

Glauconitic flne 

I 

sandy silt 

Rne ssndy silt 

G l w c b n i t k  Silty 
fine to mark 
sand 

Flna sandy silt 

Si l ty  fine to 
coaree d 

Glauconitic s i l t y  
fine d 

Glaueanitic fine 
sandy silt 

Si l ty  fine to 
ooarsa sand 

Glauobn i t iC  s i l t y  
tine to medim sand 

G l a m i t i c  s i l t y  
fine to a m r e  sand 
with mme FeEblcs 
and granules 

Febbly, fine 
sandy silt 

Minor shells 

Minor shells 

sralls 

Minor shells 

Minor shel ls  

Minor shells 

Minor shells 

Minor shells 

Minor shel ls  

Minor shells 

Rinor shel ls  

Minor &ells 

Minor shalls 

Minor shells 

Minor shells 

slclls 

Minor shells 

c 



C
-107 



c) 
I 

ii 

0-3.0 

3.69.1 

9.1-12-2 

12.2-15.2 

15.2-18.3 

18.527.4 

27.4-33.5 

33.536.6 

36.6-42.7 

42.7-48.8 

48 .&51.8 

51.8-54.9 

54.944.0 

64.0-67.1 

67.1-70.1 

70.1-75.0 

75.0-82 .d 

colunbia Gr. 

mlmhia Gr* 

YorMbn 

Yorktown 

Yorkton 

Yorkton 

Yotktolm 

YorMbn 

Yorktbn 

Yorktbn 

Calvert 

Calvcrt 

Calvert 

Calvert 

silty fine sard 

Fine M n d y  silt 

Silty fine ssn;i 

silty fine to d i m  
Sand 

Silty fine Mnd 

Silty vcry film Mnd 

Silty fine MIld 

flfshw P W l Y  
silty fine sand 

Fin@ pmd 

Fine sand 

slfghtly granular 
silty fine !sad 

Fine sand 

Fine Mnd 

rim to medim sand 

Fine d 

Fine sand 

85.3-91.4 Calvert mdiun, slightly 
calcareous nand 

91.4-94.5 Calvert w i m  ta GQarsQ 
snnll, slfghtly 
glauamitic 

94.5-1UO.C; NMvj- Glsueanitlc sand 

ldo.(i106.7 Uanjsnay Greensand, a1 ightl y 
calcareous 

C 

Minor shells 

Minor shells 

Abvdant Shalls 

Rburdant shells 

Abmdant shells 

gwlls 

a r c  reowcry fmm 
79.6-82.3 

c 



106.7-121.9 W a t b - P d  

121.9-124.9 H8ttopbni 

124.9-128.0 FIattopbnf 

128.0-134.1 Watbpd 

121.1-137.2 Patuxent 

13' 2-149.3 Patuxent 

149.3-152.9 Patuxent 

152.6170.7 Patuxent 

170.7-1%.7 Patuxent 

173.7-185.3 patuxen? 

c) I 185.9-192.0 patwent 

3 192.0-195.1 Patuxent 

195.1-198.1 eatuxent 

I- 

198.1-201.2 Patuxent 

201.2-210.3 Patuxent 

210.3-213.4 Patuxent 

213.4-219.5 Patuxent 

219.5-225.6 Patuxent 

225. G231.6 Patwent 

231.6-234.7 Patuxent 

234.7-237.7 Patuxent 

237.7-243.8 Patwent 

c 
Gmnsand 

Glawwnitic sand 

Si l ty  fine sand Mtnor shells 

S i l ty  fine to med- Pnor stells 
iun d, sl ight ly  
g l a m i  tic 

mdim Band, 
s l igh t ly  glallcanitic 

Medim coarse smd 

Fine to msdiun sand, 
slightly gl8UxJnitic 

Fine to mcdiun sand 

Si l ty  fine asrd 

Medlun _sqrd_ 

medim sand shells 

Silty fine sard 

Si l ty  fine-medim 

Silty fine sard 

sand 

QMrsa sand 

Verycoarse sand 

Si1 t y  very warm 
sand 

Granular very m a r e  
sand with si1 t, 
s l ight ly  calcareous 

Very coarse sandy Shells 
granules, calcareous 

Granular s i l t y  fine Shells 
sand 

61 ightly granular 

Granular s i l t y  fine 

s i l t y  fin@ Mnd 
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sand 

243.0-249.9 Patwent 

249.9-253.0 Patwent 

253.0-256.0 Patwent 

256.62fB.2 Patuxent 

,268.2-277.4 Patuxent 

277.4-200.4 Patwmt 

200.4-283.5 Patwent 

283.5-286.5 Patuxmt 

206.5-292.6 Patuxmt 
c) 
1 

g 292.G295.7 Patuxent 
w 

295.7-304.8 pata-t 

Slightly granular 
s i l t y  fine sand 

s i l t y  fine-medirn 
sad 

Si l ty  granular 
mcdiun ssnd 

Fine d y  silt 

Si l ty  fine-mdim 
sand 

S i l t  

wcdiun ssrdy silt 

Granular medilm- 
owrw ssnd with 
minor silt 

s i l t y  mcdilm-cuaras shel ls  
sand 

F i d i u n  sand 

QXCd Rcooveries frcm 
296.0-296.6 
298.4-301 8 

- c c 



3.0-6.1 

6.1-27.4 

27.4-30.5 

30 5-39.6 

39.6-57.9 

n.9-61.0 

61.044.0 

64.0-73.2 

73.248.4 

88.4-94.5 

I- 
I- 
I- 

94 . 547.5 

97.5103. ri 

115.8-118.9 

118.9-131.1 

131.1-134.1 

134.1-140.2 

140.2-182.9 

Fine  to Ndiun 
light sand 

Si l ty  light sand 

Fim to  medim 
grey - 
Si l ty  light sand 

Fine to mcdiun sand 

Fine sandy silt 

Silty-fine light sand 

Pine to mcdiun light 
sand 

Very  fine to malim 
sand 

Very  fine to fine 
grey sad 

Sandy grey silt 

Silty f i m i m  
light sand 

Fine-mediun 
light sand 

Fine grey sand 

rA-Wiun 
light sand 

Light mddy silt 

v e r y  fine to fine 
1 ight sand 
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\ 

182.9-192.0 

192.6210.3 

210.3-216.4 

7-26.4-219.5 

219.5222.5 

222.5-228.6 

228.6-231.6 

231.6-271.3 

271.3-295.7 

1 295.7-310.9 

c) 
I 

CI 
c 
N 

I 

Fine  to medim 
grey sand 

Fine  to ncdiun 
glauconitic sand 

sandy silt 
1 ine to medim 

Fine to medim 
l ight sand 

sandy 8ilt 

Fine  to medim 
l ight Mnd 

Light Mndy silt 

Pine to medim 
glauconitic sand 

Medim to coarse 
g l a m n i t i c  sand 

rn oaring attempts. Recoveries from 
297.2-298.1 and 
299.3-302.7 

c 



0-91.4 

91.4-131.1 

131.1-182.9 

182.9-189.0 

189.0-192.1 

192’. 0-216.4 

216.4 277.4 

277.4-280.0 

c) 
t E 280.0-286.5 

w 

2886.5-289.6 

289.6-291.6 

291.6-301.8 

301.8-307.8 

307.8-310.8 

310.9-317.0 

317.0-323.1 

323.1-329.2 

Minor shells 

Glarxmitic clay Minor shel ls  

Fine sand and limy 
clay 

Shells 

Limy glauconitic shells 
clay 

Fine sand ant¶ l h y  
nu3 with some gravel. 

Slightly granular I /  
glauconitic limy 
clay 

Limy m u 3 y y  fine to 
medim glauxmitic 
sand with m e  g mel. 

clay 

Limy nudd) fine Minor shells 
to medim smd 
with siw- grm 

Minor shells 

Clc ’y ’\ne CJ Minor shells 
m@d ndaadwi th  

gravel 

Fine sandy limy Minor shells 
clay with m e  
gravel 

Limy sandy clay 
with sane gravel. 

Pine sandy clay 

Limy clay with m e  
fine glauconitic sand 
ad gravel 

S1 ightly 1 lmy c l h  

c 



c) 
I c 
F 

329.2-332.2 

332.2-368.8 

368 .e-374.9 

374.+378.0 

378.6381.0 

381 .o-387. 1 

387.1-396.2 

396.2405.4 

405.4-408 4 

408.4-41 1.5 

411.5-423.7 

423.7-426 7 

426.7-435.9 

435 a-38 -9 

438 .+448.1 

448.1-457.2 

457.2-475.5 

475. 5-478 .i 
478 .W81.6 

481.G493.8 

(I' 

and glauabnitic fine 
sand 

timy clay 

s l ight ly  limy fim 
sandy clay 

Fine sandy limy clay 

s i l t y  limy clay 

Fine ssndy limy 
clay 

s l ight ly  l imy  f ine 
sandy clay with 
some gravel 

Limy clay 

S i l ty  fine sandy 
clay with m e  
gravel 

Gl- i tk  Clay 

Limy clayey f ine 

S i l t y  clay with 
mme gravel 

M y  f ine to very 
coaree santl 

Limy clay 

Clammit ic  limy clay 

s l ight ly  glauconitic 
l imy  clay 

W y  fine to coarse 
Band 

Si l ty  fine aand 

Limy clay 

Qey 

Fine to medim 

sand 

tdth gmc gravel 

Minor Shells 

Minor shells 

399.3-402.3 H b d W  

Shells 

Minor rhel ls  

420.6-423.7 H i s s i n g  

c 



. . ..... ..l__l... - 
_I .. .... 

493.0-496.8 

496.0-499.9 

499.9-502.9 

M2.%519.5 

519.5-527.3 

527.3-563.8 

563.0-51i6.9 

5 6  .9-%9.9 

esndy rimy clay 

No Mnples 

Muddy fine to Aledim shells 
sand with m e  gravel. 

Fine sandy llmy clay 

FMdy fine tb 
medfun sand with 
m e  gravel 

Muddy fine sand 
with 8une gmvel 

Silt 

Mddy fine ssnd 
with m e  gravel 

Minor shells 

Minor shells 

Shells 



a 
I 

br 
I- - 

NO. 24 Norfolk, VA 

INTERVAL 
’ - V I  F(XIPIATIaS-ACe ~ I P T I C N  

0-3.0 

3.04.1 

6.1-42.7 

42.7-51.8 

51.8-94.5 

94.5-137.2 

137.2-140.2 

140.2-143.2 

143.2-146.3 

146.3-152.4 

152.4-161.5 

161.5-170.7 

176.7-179.8 

179.8-274.3 

274.3-280.4 

280.6295.7 

295.7-306.3 

306.3-31 5.5 

c 

Fitn+mediun sand 

S i l t  with minute 
anavrt of fine sand 

NnHlKdiun sand Minor &ells 

Brow s i l t y  fine- 
nwdiun sand 

Fimmediun sand Shells 
with grey silt 

Grey s i l ty  fine- 
Alsdim sand a t  103.6-106.7 

S i l t y  clay shells 

Shells. h l l  hash 

No sanpl- 

S i l t y  clay shells 

Slightly s i l t y  
fim ElIwXl 

Pine sandy, silt w i t h  
clay 

Oared RKxnrery fran 
163.1-170.7 

Pill0 Srlndy S i l t  with shells 
clay 

Clay  w l t h  mme silt shells 

Pine sandy s i l t y  
clay 

Silty clay with 
some fine s8nKl 

Oared 

No simples 

Recovery from 
306.3315.5 

c 



0-118.9 Slightly s i l t y  fine 
to medim sand 

118.9-121.9 Pfne-aaarse Bard 
with same silt. 
shell hash. 

121.9-134.1 S i l t y  fine-malim 
eancl. shell hash 

134.1-158.5 Fine sandy S i l t  

158.%70.7 Silty fimn#rliun 
sard 

170.7-173.7 Slightly fine sandy 
mu9 

173.7-181.7 Pine sandy silt 
with sane clay 

cuwm 
shells. S i l t  Prom 

coarse grains from 
27.4-118.9. Fine- 

85.3-106.7 

shells 

Shells 

Shells 

shel ls  

181.7-189.3 Cored 

189.3-237.7 Pine sandy clayey 
silt wlth eome 
granule3 

237.7-249.9 

249.9-295.0 Fine-lnedfun s i l t y  
sand wlth sane clay 

295.0-302.7 Cored 

Recovery from 
181 -7-185.6 

Minor shells 

tb sanples 

Minor she!lls 

Recwery from 
295.0-302.7 



NO. n creeds, VA 

0-12.2 

12.2-27.4 

27.4-30.5 

30.5-33.5 

33.5-39.6 

39.6-42.7 

76.2-79.2 

79.3-82.3 

82.3-88.4 

88.6106.7 

106.7-118.9 

118.9-131.1 

c 

Grey a d  tan s i l t y  
fine sand with Feb- 
bles. S i l t  increase5 
tomrd e d  of inter- 
V d l  

P i m m e d i u n  eand 
with aame silt i n  
mid-interval 

rim sandy grey and 
tan m t d  w i t h  arne 
-1- 

Fine ssndy grey and 
tan clay w i t h  same 
pebbles ard silt 

shell haah with 
g m l a s  and coarse 
d 

Pine s s n l y s i l t y  
C l s y  with ame 
-1- 

s i l t y  shell rmh 
with fine 
black sand 

SMdY S i l ty  Shell 
hwh 

with mall momt 
of fine black Mnd 

S i l t y  shall hwh 

Fine suuly silt. 
me11 hbah snd clay 
increase t,cnard 
crd of interval 

s i l t y  fina-cntdim 
sand. -11 hssh. 

Pine sandy silt 

Minor shells a t  end 
of interval 

Miner -11s a t  end 
of interval 

ninor shells 

&a& decreases aver 
interval. &re clay 

c 



Q 
131.1-134.1 

134.1-146.3 

146.3-149.4 

149.4-198.1 

198.1-204 8 

204.8-210.3 

210.3-213.4 m 
?. 213.4-231.6 
)I. 

231 .ti-249.9 

249.9-271.4 

271.4-292.6 

292.6-294.1 

294.1-301.7 

NO. 21 Bellcross, NC 

Si l ty  fine sandy 
shell hash 

Pim Mndy silt 

S i l ty  finonedim 
Mnd 

Fine sandy clayey 
silt with sune 
grwel  

Cored 

Slightly fine sandy 
clayey silt. 
Slightly gravelly 

Fine Mndy clayey 
silt, s l igh t ly  
gravelly 

Fine sandymxl 

S i l t y  fine black 
sand with sane 
granules 

Fine black sady 
silt wlth,amc 
granules 

CI-y silt with 
fine black sstd 

Cored 

24 639.6 Fine send 

than silt a t  end 
of interval 

Minor shells. sand 
increases throtqhout 
interval 

Ptinor shells 

Recovery f r a  

&ells 

198.4-204.8 

Minor shells. 
b r e  claymy t m r d  
cnd of interval 

Minor shells. S i l t  
increases wer inter- 
val 

BwaminJ less asdy  
and more clayey 
over interval 

Il*cwery frm 
294.1-298.1 

NQITHCmxm 



39.6-79.2 

79.2-103.6 

Fine-medim sand 

Fine-medim s a d  
and shell hash 

Light brow silt in 
73.2-76.2 

103.6-125.0 

125.0-131.1 

131.1-134.1 

134.1-137.2 

137.2-140.2 

140.2-146.3 
n 
1 
N 
I- 

146.3-149.4 

149.4-155.4 

155.4-161.5 

161.5-164.6 

164.6-117.6 

167.6-170.7 

170.7-179.8 

179.8-182.9 

Fine-coataa aMd 
and mfnor abvlts 
of silt 

Pine-coarse .sandy 
silt and minor 
moults of clay 

S i l t y  clay w i t h  
fine sand 

S i l t y  fimmedim 
sand and minor 
anomts of clay 

Clay 

S i l t y  finemedim 
sand and miner 
aavrts of clay 

Pine-morae send 
and Bane silt 

S i l t y  clay awl 
minor moults of 
fine sand 

Fine-coarse sand 
and shell hash 
with minor anomts 
of silt 

Clayty silt nd 
m e  sand 

S i l t y  f i ecoarse  
Mnd and She11 hash 

S i l t  with earn clay 
and fine sand 

Cored 

Pintcoarse 
sandy silt 

shells 

Shells 

Shells 

Shells 

sholls 

Shells 

&ells 

Shells 

shells 

'shclls 

f&jcovery €ran 172.5- 
178.9 

She1 1 s 

C c 
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c 
182.9-189.0 Pine SarKly silt 

189.0-192.0 S i l t y  fine-medim 

and limy clay 

sand 

192.0-195.1 S i l t y  limy clay 

195.1-21 3.4 Pine sandy s i l t y  
limy clay 

211.4-216.4 Fimmediun sand 

216.4-228.6 S i l t y  fine-me!diun 
sand and minor 
namts of clay 

silt and gne clay 

sand snd ama 
clay 

228.6-231.6 Fimmediun sandy 

231.6246.9 S i l t y  fine-mcdiun 

246.9-249.9 
c) 
I 
c 
N + 

249.9-289.6 

289.6-295.7 

295.7-304.8 

S i l t y  limy clay 
with minor anrnnts 
of fine sand 

clayey silt 

Limy clayey silt 
and fine sand 

C O C e d  

Pine sandy l imy 

c 
shells 

shells 

Minor shells 

Sand increases in 
s ize  and anomt over 
Lho interval. €hells 

shclls 

silt increases over 
interval. shells 

shells 

sholls 

shells 

and increases over 
the interval. she l l s  

shel ls  

Recovery €ran 
2B.9-304.5 



c
 

W
 

c-122 



d 
271.3-277.4 

277.4-280.4 

280.4-298.7 

298.7-307.8 

amovlts of l h y  

Limy clayey silt shclls 

clay and granules 

with fine smd 

silty limy clay 
with fine sand 

She1 1 s 

Silty fine-mediun Shells 
sad and minor 
anavlts of limy clay 

cored Roawery fran 
300.8-303.9 

/ 



. . __ .. . . . 

No. 19 Stunpy Point, NC 

INRRVAL 
(RErErrs) 

0-12.2 

12.2-18.3 

18.3-33.5 

93.5-48.8 

48.8-61.0 

61 . M 4  .O 

64.0-91.4 

91.4-109.7 

c) 
I 

N 109.7-125.0 .c. 
c 

125.&131.1 

131.1-170.7 

170.7-195.1 

195.1-198.1 

198.1-202.7 

202.7-243.8 

243.8-283.5 

283.5-289.6 

289.6-296.3 

C 

Post Mi- 

Late Miocene 

Late Pliocene 

Late Miocene 

Late Miocene 

Late Miocene 

Late Miocene 

Late Miocene 

Late Miocene 

Mid. Miocene 

Mid. Miocene 

Mid. Mi- 

Mid. Miocene 

Miun grain sand 

Pine-medim white 
sad wlth minor 
anaunt of silt 

s i l t y  c lay with m e  
fine sand 

clay w i t h  minor 
anaurts of fine sand 
atd silt 

sandy clay 

:;%la; 
Finemdim white 
sad with minor 
silt and clay 

Sandymurl snd 
heavy mineral s 

clayey. s i l t y  eand 

Sam mud 

Sandy clay 

Gceen-gray clay 
with minor fine 
sand and silt 

Cored 

Gray sandy clay 

Green clay 

sandy green clay 

Oared 

shel ls  

shel ls  

Aburdant shells 

fhells 

Shells 

No sanples 

Aburdant shells 

shells 

Shells 

shells 

Shells 

Shells 

Shells 

Recovery fran 

Shells 

Wnor shells 

%el 1 s 

Fkcovety fran 
289.6-296.3 

198.1-202.7 

C 



Q 
IWPERVAL 
(=IF) 

0-15.2 

15.2-36.6 

36.6-45.7 

45.7-40.8 

48.8-54.9 

54.9-76.2 

76.2-82.3 

82.3-94.5 

94.5-97.5 

97.5-125.0 

125.0-128.0 

128-0-131.1 

131.1-134.1 

134.1-137.2 

137.2-146.3 

146.3-158.5 

1%. 5-207.3 

207.3-216.4 

216.4-234.7 

234.7-249.9 

m m -  LE!xRIPTIm c@wE?m 
Post Miocene Mite clayey sand Shells 

Post Miocene Gray sandy clay Shells 

Post Miocene mrk gray sandy clay Shells 
w i t h  granules 

Post Mfocene Clayey fine sand &ells 

Post Miocene Clayey sand Shells 

Post Miocene Sandy s i l t y  c lay Shells 

Late Miocene Limy clay Shells 

Late Miocene Sandy shell l i m e  

Late Miocene Sandy clay Shells 

Late M~acene Sandy shel l  lime 

Late Miocene Sandy clay Shells 

Late Miocene Wim-coarse shells 

Stone 

Stone 

sandy limy clay 

Late Miacene M i m  sandy clay sholls 

Late Miocene M i m  coarse sand she l l s  

Late Miocene Sandy s i l t y  clay shells 
with phoqhate 

Middle Miocene Ffne sandy l f m y  
clay 

Middle Miocene sl ight ly  sandy clay 

shel ls  

Shells 

Cored Recovery fran 
207.3-216.4 

01 igocene slightly sandy clay Shells 

Oligocene Clay with minor fine Shells 

with phosphate . 

sand 



. .  ~ . . . .......-I ~ . . I .  

249.9-262.1 Claibrne Pine-mediun sandy Shells 
clay with phosphate 

stbne with phoqhate 
2fi2.1-286.5 Claiborne sandy shell l ime- 

286.5-298.7 Claiborne Slightly sandy Shells 
silty. clay 

299.7-307.8 Cared 

C'' 



0-15.2 

15.2-39.6 

39.6-85.3 

85.3-91.4 

91.4-94.5 

94.5-97.5 

97.5-103.6 

103.6-106.7 

106.7-137.2 

CJ 
I 
c 
U 

137.2-140.2 

140.2-158.5 

158.5161 5 

161.5-192.0 

192.0-201.2 

201.2-265.2 

265.2-288.0 

38.0-297.2 

Fine-medim sand 

Fine smd 

very fine to fine 
sand, shell hash 

RATIO PERCDJT 
c m  ~ E S S I E V E D  CCUGtSEVFIM?S FINES 

shells 

Shells 

70.1-73.2 contains 
green clay 
76.2-82.3 Brown clay 

57.761.0 Clay 

B M1 s i l t y  clay T Pine \ sandy bmm clay Minor shells 

Brown clay 

~ o m r  clay 

Hinor shells 

Hinor shells 

Pine-aredim sandy 
clay 

Fine sundy tan Abvldant shells. 
clay Limestone 

fragments 

Tan clay shells 

Muddy fine sand Aburdant Shell6 
with m e  gravel 

Light tmr clay 

W Y  wry fin+ Shells 
fine limy smd 161.5-176.8 Brown 
with -e gravel clay incxldd 

1@;9-185.9 B r m  
clay incllded 

ODred Recwery from 
194.2-199.6 

lrMdy very fine- Abvldsnt shells 
fine lfmy B(rnd with minor grivel .. 

limy clay 
Very Line s a d y  tan 

-red Recbvery fran 
288.6.289.0 



CJ 
I c. 
N m 

NO. 16 cherry m i n t  mrlne Base, K: 

cesQufTI6I 

with same silt an 

INRRVAL 
(rnff i )  FccwATIoN-Ac;E 

0-39.6 Fine-mcdim sard 

clay 

with fine shell 
hash 

39.6-94.5 F i b i m  sard 

94.5-134.1 

134.1-161.5 

161.5-185.9 

185.9-195.1 

195 1-259 1 

283.5-292 -6 

,292.6-301.4 

Minor shells 

Mlnor shells 

Minor shells 

@le118 

Recovery fran 
301.1-301.4 

C' 



N0.c . Kinston, Nc 

0-6. I 

6.1-82.3 

82.3-89.9 

89.9-118.9 

118.9-121.9 

121.9-125.0 

125.0-137.2 
c) 
I 
c. 137.2-158.5 N 
\o 

158.5-167.6 

167.6-173.7 

173.7-175.9 

175.9-183.5 , 

183.5-198.1 

Fine sandy clay 

Fim-medim sand 
with minor m~nnts 
of silt 

Cared 

Fine-medium sand, 
Sane silt ~ r d  
pebble size 
ooquina fragments 

.,, , , . , , ~  . . .,. ,. . .. I_ . .  . ~ ~ .  . , . ..... ~ . .. 

c 

Si l ty  fine-mediun sand 

RATIO PERCesT 
CM4EWE SAMPLES SIEVED C-WFINES FINES 

Sand decreases over 
interval 

Sane clay betwen 
36.6-39.6. Minor 
shells 

Recovery f r m  
82.3-86.0 

Shells 

Fine-medhrn sand 
Fine-coarse sand 
with increasing silt 

Fine-inediun sand 
with some silt and 
coarse grains 

sand w i t h  sane 
coarse grains 

Fine-medim sard 
with sane silt and 
coarse grains 

Si l ty  f i d i m  
sandwithaome 
red clay and 
coquina fragments 

Cared 

Finemedium sand 
and shell hash with 
coquina fragments 

S i l t y  fimmediun 

Shells 

shells 

she l l s  

&ells 

Recovery from 
175.9-178.3 

198.1-219.5 Fine sandy red and 
grey clay with fine 
shell hash and m e  



. .- ... . . ..... . ... , . .  I_ .... ~ . .  ~ ~. .~ 

219.5-222.5 

222.5-225.6 

silt 

No sanples 

S i l t y  fina-aosrrPe Shells 

fragments 

W clay with fine 
send, qranules, and 
pcbbl- 

sand. COquiM 



......... I__.____. ............ . .... .......... . . . .  . . .  

0-54.9 

54.9-243.8 

243.0-240,0 

240 .8-246.9 

246.9-262.1 

262.1-265.2 

0 265.2-268.2 
1 
I- 
w * 268 2-274.3 

274.3-295.7 

295.7-304.0 

304.0-313.9 

313.9-317.0 

317.0-320.0 

320 .O-332.2 

332.2-3M.6 

3M.6-362.7 

362.7-369.1 

well sorted fine 
clean white sand 

very fi-fine grey 
sand 

Creyarrl yellow 
silt with 8ane very 
fine sand 

S i l t y  very fine 
sad. Fine shell 
hash 

Y e l l o r ,  silt to very 
f ine sand 

Limy clay 

Yellow silt to very 
f ine sand 

Very fine sand. 
Fine Shell hash 

Y e l l o w  silt to very 
fine sand 

Limy mu3 

Limy clay and silt 

Limy silt 

Limy s i l t y  clay 

Limy s i l t y  very 
fine sard 

Limy very fine d y  
clsy 

Yellow s i l t y  very 
fine sand 

cored 

shells. Heavy 
minerals. 
Y e l l o w  clay a t  enl 
of interval 

Sane bite clay 
throughout 
interval 

Recwery fran 

RATIO PEKcm 
SFMpLEsSfevED c(#RsE/FINEs FINES 



366.4-369.1 

369.1-378.0 

378 .o-387. 1 

c1 
I c. 
w 
N 

Yellow sllty very 
fine ssnd 

silty very-fine sand 
and lhyclay 

yellow silt 

clay 
Limy fine Ssdy 



ER. 1% 

IWll3WAL 
(-1 

0-18.3 

18.3-79.2 

79.2-85.3 

8 5.3-20 1.2 

clay with Sdme silt 

S i l ty she l l  hash 
with some clay, 
granules and 
pebbles 

S i l t y  clay with 
sane granules 

Silty shell hash 
with fine-coarso 
sand and minor 
aourts of clay, 
granules and pebbles 

201.2-359.7 

n 
A 359.7-362.7 
w w 

362.7-365.8 

365.8-368.8 

368.8-371.9 

371.9-374.9 

374.9-426.7 

426.7-445.0 

445.0-448.1 

Fine sandy limy 
clayey silt with 
granules and pebbles 

Fine-medim sand 
with some silt 

Fine-medim sandy 
silt wlth sane 
granules and 
pebbles 

Fine-medim sand 
with silt and sane 
clay 

Pine-dim sandy 
m l d  with granules 
and pebbles 

Fine-mediw sarrd 
with same m l d  

FitW+medim sandy 
l i y  m l d  

well m r t d  fine 
sand with some m d  

Fine sandy clay with 

clay content in- 
creases 
throughout 
them intervals: 
103.6-106.7 
115.8-118.9 
155.4-1 58.5 
176.8-179.8 

shells. Q a y m t e n t  
increases from 
228.6-231.6 

Shells 

Shells 

Shells 

Shells 

shells 

shells 

shells 



448.1-460.2 

460.2469.4 

469.4-472.4 

472 4484 

silt 

Fine sandy silt with Shells. e r e  recovery 
limy clay fran 447.4-454.8 

well sorted flne 
sand with gome mud 
and fine shell hash 

well sorted fine 
sand with fine 
shell hash 

Muddywall aorted 
fine sand with fine 
shell haah 

c 



\ 

0 
I c 
w 
v1 

0-6.1 

6.1-12.2 

12.2-42.7 

42.7-54.9 

54.9-61 .O 

62.0-97.5 

97.5112.8 

112.8-115.8 

115.8-121.9 

121.9-167.6 

167.6-176.8 

176 33-179.9 

179.9-lR2.9 

182.9-189.0 

189.0-192.0 

192.0-201.2 

201.2-207-3 

207 E21 3.4 

213.4-216.4 

216 4-219.5 

219.5225.5 

Si l ty  very fine limy 
sad 

Fine-medim limy 
sand 

Limy fine sann 
Fin+m3!un limy 
smd 

Fine sad 

No sanples 

Fine limy s i l t y  
smd 

Very fine smdy 
lhny 

Very fine sandy 
clay 

S i l ty  fine lhny Jmd 

Limy silt 

Clay 

Si l ty  fine ycllow 

Limy s i l t y  clay 

S i l ty  fine p l l w  

Silty c ley  

Sand 

w r y  f i n e f i n e  sard 

sand 

Limy mllaqy fine sand 

Limy mud 

very tine silty 

RATIO PeRcPrp 
SMPLESSSIEVED CrnE/FINES FINEX 



225.5-228.6 

228.6-240.2 

240.2-254.2 

254.2-266.7 

266.7-304.8 

304.0-307.8 

307.8-320.0 

CJ 
I 

CI w 320.0-326.1 
rn 

326.1-338.3 

338.3-341.3 

341.3-362.7 

362.7-38 5.6 

385.6-390.1 

limy clay 

Limy muMy f ine 
sand 

s i l t y  yellow f ine 
sand 

s l igh t ly  llmy clay 

cored 

Limy s i l t y  f ine 
Sand 

Limy m d  

Limy muddy fine 
sand, s l igh t ly  
granular 

timy auMy f ine sand 

~ l m y  muMy grsvel 

~imymuddy f ine sand 

Limy s i l t y  fine 
sand with some gravel 

Limy muddy f ine 
sand with some gravel 

me meter recovered 
fran f i r s t  coring 
attempt between the 
interval 254.2-258.8. 
Recovery fran 259.1- 
261i2 on Becond 
attempt. 

Basement core Recovery €ram 
385.6-390.1 

C' G 



..-.,. I - c 
NO. 14A Southport, fsc 

ItmERmL 
(-1 

0-3.0 

3.0-6.1 

6.1-18.3 

10.3-45.7 

45.7-57.9 

57.9-67.1 

67.1-97.5 
~ 

97.5-118.9 

c) 
I 
I- 118.9-204.2 
w 
4 

225.6-231.6 

231.6-246.9 

246.9-262.1 

262.1-265.2 

265.2-274.3 

Coarse sand 

Pine sand 

Fine-mediun sand 

Fine  sand 

Fine sand with silt 

Fine sand 

S i l t y  fine sand, 
highly calcareous 

Fine sand with 
sme clay, highly 
calcareous 

Fine-mediun sand 
and BQne silt, 
highly calcareous 

Fhe-mediur sand 
w i t h  sane silt and 

calcareous 
clay, highly 

Fine-mediun smd 
and wrne silt, 
highly calcareous 

sand, highly 
calcareous 

s i l t y  clay, highly 
calcareous 

s i l t y  fine sand 
with some clay, 
highly calcareous 

Fine sandy s i l t y  
clay, highly 
calcareous 

Muddy fine-n#diun 

Pine-medirn sandy 

?mm 

Shells 

cbarse sand and 
minor mmts of 
clay 9.1-12.2. Shells 

shells 

shells 

Shells 

shel ls  

Shells 

shel ls  

sheiis 

shel ls  

RATIO PERCm 
SPMPLES SIEVED CCWSE/FMES FINES 

Shells 

v 

c 



274.3-335 3 

335.3-362.7 

32.7-370.3 

376.3-381 .O 

381.0-390.1 

390.1-393.2 

393.2-396.2 

396.2-399.3 d 

i;: 

399.3-405.4 

405.4-408.4 

408.4-411.5 

s i l t y  fine sand 
with clay, stone fragments 
highly calcareous a t  317.0-320.0 

Shells. Limy sand- 

No sanples 

Cored Recovery fran 
362.7-367.6 

clayey fine sand with Shells 
m e  clay, highly 
calcareous 

s i l t y  fine sand Shells 
and sune clay, 
highly calcareous interval 

and mme silt, 
highly calcareous 

s i l t y  f ine sand Shells 
an3 m e  clay, 
highly calcareolss 

Pine sand and shel ls  
minor mom- of 
clay, hfghly 
calcareous 

s i l t y  f ine sand Shells. 
and gqne clay, 
highly calcareous 

well sorted fine 
sand 

Clayey fine sand Shells 
and silt, highly 
calcareous 

Clay increases over 

clayey fine sand shells 

c 



W 
HEAT FLOW AWD HEAT GENERATION 

J. R. Costain, L. D. Perry, S. Dashevsky, 
W. S. HcClung, and S. P. Higgins 

Figure C-5.1 shows locat ions of holes d r i l l e d  t o  da te  by VPILSU 
and sMrmarizes heat flow values i n  the  southeastern United S ta tes .  
Table C-5.1 summarizes geothermal gradients ,  thermal conductivi 'ties, 
and heat flow determinations ava i lab le  t o  da te  for  t h i s  contract .  
This t a b l e  appears i n  each repor t ,  beginning with vPI6Su-5103-4, and 
is per iodica l ly  updated as thermal conductivity and heat flow determi- 
nat ions are completed. S l igh t  changes i n  the gradients  t h a t  w i l l  
appear i n  Table C-5.1 are the  r e s u l t  of relogging these holes as they 
reach thermal equilibrium. Changes i n  gradients  a r e  not expected t o  
be more than a few percent. 

Four new heat flow values have been determined for  holes SM2 i n  
the  Siloam g ran i t e ,  pM1 i n  the  
Palmetto g ran i t e ,  and BL4 i n  the  Rolesvi l le  pluton. The temperature 
loge are shown i n  Figure C-5.2 and thermal conductivity values a r e  
given i n  Tables C-5.2 through C-5.5. Heat generation values a re  given 
i n  Tables C-5.6 through C-5.9. 

The heat  flow value determined for  hole SM i n  Siloam g ran i t e  is 
1.58 HFU (1 HFU = heat flow u n i t  = This is  the  
weighted average of the  lower two in t e rva l s  i n  the  hole. The inverse 
of t he  standard deviat ion of each value was used as the  weight factor .  

Hole ED1 i n  the  Cuffytown Creek g ran i t e  has a heat flow value of 
1.62 WU. lower ha l f  of the  hole  and appears 
very r e l i a b l e .  

i n  hole  PM1 i n  the  Palmetto 
g r a n i t e  is 0.94. This appears t o  be a r e l i a b l e  steady state value,  
because t h e  three  in t e rva l s  a r e  not s ign i f i can t ly  d i f f e ren t  i n  heat  
flow but the  gradients  and thermal conductivity values are. 

The bes t  value for  kL4 i n  t he  Rolesvi l le  pluton is 1.05 and is  
the  weighted mean of  heat  flow values from three  separate  in t e rva l s  
and one value from an i n t e rva l  which includes the  other  three.  This 
fourth a l l  inc lus ive  i n t e r v a l  is  hc luded  because the  mean conductiv- 
i t y  values of  the  three  shor te r  i n t e rva l s  a r e  not s ign i f i can t ly  d i f -  
f e r en t  ( l eve l  = 0.99); whereas the  gradient8 are s ign i f i can t ly  d i f f e r -  
en t  ( level = 0 .99 ) .  

ED1 i n  the  Cuffytown Creek g ran i t e ,  

cal/cm 3 -sec). 

This value is  from the  

The weighted mean of th ree  in t e rva l s  

C-139 
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TABLE C-5.1 * 
n t 2  

RL3 

RI.0 

RL5 

PETERSBURG G R A N T T G ,  
SUSSEZ CO., VA. 

PT 1 

P A G E L A N D  PLUTON, 
LAWCASTER CO., S.C- 

PG 1 

LAKESIDE 
C U R B E E L A N D  Coo, VA-  

LK 1 

36"47'17" 78e25@04w 2/24/70 

35O57'05" 78e20'00" 2/23/78 

35O43' 36" 780 19 '45" 2/24/78 

SUtl t lARf QQ t1P .At  FLOY DATA 

36049045' 77019'15' 10/21/77 

39092 02" 80027 '51 2/17/78 

3t041'25" 78°0U*52* 9/16/77 

212.6 

121.9 

196.3 

21 1.5 

25 3.0 

213.4 

205.0 

29.7-209-7 
104.7- 120.7 
192.2-209.7 

92.4- 129.9 
42.4- 96.9 
97.4- 129.9 

104.0-194.0 
104.0-129.1 
131. 2-1 99.2 
151.5-193.8 

22.3-209.8 

72.3- 129.8 
132.3-209.8 

22.3- 690 8 

99.7-159.7 
197.2-209.1 

32.5-2OS.O 
32.5- 75.0 
77.5- 165.0 

167.5-205-0 

59.3-209.3 
59.3- U 1 . R  

121.3-190.3 
164.1-204.3 

FAPCH 15, 1979, C-5.1 

18-92  t0.07 (73) 7-23  +O.SI (14)  1.37 t o . o i * *  

14-06 t0.08 (36) n.03 t0.w (27) 1-13  to.141 

17.60 40.10 (9) 7.30 t0.38 (7) 1.27 jO.081 
18-71 i0 .14 (9) 7.16 eO.31 (6) 1.34 i0.071 

13.57 tO.15 (22) 8.22 t0-70  (12) 1.12 *0,11* 
13.79 i0 .10  (14) 7.09 * l - O f l  (15) 1-09 fU.161 

15-61 * 0 - 0 8  (36) 6.93 i0.61 (37) lo08 t0 .1  

13-60 +Oil5 (7) 7113 j0.63 (8) 0.98 +0.10 
16-83 t0.07 (17) 7-05 *Om62 (17) 1.19 i o - 1 1  

15.21 iO. lS  (10) 6-86 t0.56 (10) 0.90 f0.10 

16.31 t0.03 (76) 
15.57 i0 -22  (20) 
16.02 e0.06 (29) 
16.87 +0.03 (32) 

10.18 tO.04 (27) 6.67 20.54 (25) 1.21 *0-101 
19.20 t0 -12  (26) 6.57 iO.57 (25) 1.26 t0.121 

11.71 fO.08 ( 1 0 )  
15.31 i0 .23  (18) 
1U.73 tO.06 (36) 
12.83 t0 .03  (10) 

11.96 i0 .07  (58) 
11.49 t0 ,07  (10) 
19.30 t0.17 (10) 
13.31 +0.05 (17) 



c c 
?ABLE C-5.1 * 
PEGn A ? I f E  BCLT. 
COOCHL8UD COO,  VA- 

e t i  

SlIflflAPT OF HEAT PLOW D R t A  

37095*56m 78e05*37n 9/21/77 13.27 fO.15 (65) 6.37 t0.99 (90) 

15-00 tO.09 (34) 6.30 f0.9R (37) 
8-39 t0.27 (9) 7.22 t0-34 (3) 

200.0 

299.0 

208.3 

210.0 

210.0 

1220.0 

4 1-8-20 1. R 
41.6- 59.3 
116.8-190.3 

0.85 +I). 191 
6-61 +0.05fi 
0.97 t0-161 

1.62 tO.09 

0.90 tO.08 
0.83 tO.10 
1.00 tO.OO 

CUrCTtOWA 
E D C C I I E t D ~  S.C. 

ED 1 62.5-290.0 
62.5-175.0 

171.9-289.1 

PALRETTO 
COWETA CO.. GA 

eat  33@29'55" 89@41*5RW 6/11/78 R9.5-19R.5 
19q.5-160.0 
161.9-205.0 

19.74 f0.09 (118) 6.10 f0.54 (20) 
t1 .92  f0.14 (21) 7 . 4 ~  t i . 1 0  (e) 
17-08 20.03 ( 9 0 )  5.86 2O.QR (20) 

27.5-20 7.0 
27.5- 55.0 
57.5- 110.0 

112.5-120.0 
122.5-157.5 
160.0-205.0 

99.0-296.0 
30.6-82.0 

102.5-1 98.0 
163.5-206.0 

19.52 t0.12 (73) 
12.15 e1.20 (12) 
13.62 t0 .03  (22) 
26.80 91.38 (e) 

7.R3 90.21 (15) 

1R.5R f0 .03  (32) 
17.61 f0.07 ( 6 5 )  
1R.87 +0.05 (Q2) 
20.59 i0 .07  (76) 

1R.88 f O o O R  (19) 

8.19 io .59  (m) 

9.00 90. 24 (2) 

8.22 20.51 (6) 
8-20 t0 .72(11)  

8.31 t0.23(9)  
8.11 to. 46 (5) 

7.90 tO.73 ( 8 2 )  

8.15 ? O . R 6  (12) 
8.05 to.93 ( 8 )  

7-82  t0.93 ( lo )  

I. 19 90.09 
1.00 +O. 17 
1.12 90.11 
2.11 f0. tu 
0.65 t 0 . m  
1.53 to. 09 

1-47 ta . ie  
1.02 t?. 1A 
1.5U t0 .17 
1.61 20.10 

33"28 4 la 830 1 1 * 3rjW 6/10/7 8 sn2 

2U9.1- 1059. ? 
209.1- 519.1 
539.1- 8U9.1 
899.1-lO'i9.1 

19.95 +0.13 (OS) 6.62 f1.19 (PR) 
16-39 t0.03 (32) 6.72 +1.51 (35)  
14.72 +0.04 (35) 6.38 90.97 (36 )  

9.36 f0.07 (19) 6-79 f0.94 (12) 

0.9646.181 
1.10 f0.251 
0.94 i0 .151 
0.63 t0.091 



rnBLE c-5.1 * 
STATE P A R f l  

RARCA 15, 1979, C-5.1 

~. 

GOOCHLAND CO., V A .  37090 @ 0 1 W 77048*06W 5/22/78 207.5 27.5-101.5 15-03 20.10 (72) 
32.5-100.0 15-50 50.11 (28) 
102.5-207.5 15.10 20.30  (92) 

SF1 

d i E L P S  DODGE 

PO1 
DfiVIDSOW C o o ,  N-C- 

, 
35042'29W 80002@19W 3/20/78 630.0 50.0-630.0 13.58 t0,05(117) 

250.0-550.0 14.11 20.07 (61) 
/ /I 

1 - INDICATES BERT FLOP VALnE I S  W i t  PAODOCT OF A REAR GAILDIENT AID A NEAN TNBBflAL CONDUCTIVITY 
3 - VALItF 11 PARENTHESES IS  THE NURBER O? TEHPEPATVRE POINTS OR THE NIJ!lPTR O F  THERRAL COWDOCTfVITY VRLUES 
0 - THERHAL CONDUCTIVITY VALUES PROM 1.270 C(I THICK SARPLRS 
5 - GRADIENT FROn THE SEDIREWTARY COVER OF TRE PLrJTOI 
6 - GRADIENT FROR WITHIN THE PLUTON 



E l 5 ]  (ill. , , 
FRANKLIN COUNTY, N.C. 

FEBRUARY 24. 19t9 

le 
TEMPERATURE, *C 

0 -  

I 

\ i  
200 

"'1 , RL4 

\\ 

0 
FRANKLIN COUNTY, N.C. 

FEBRUARY 24. 19t9 

17 le 
TEMPERATURE, *C 

COWETA COUNTY, GA. 
JUNE II, IST9 

- 

GRADIENT. *C/Kn 
0 3 Q 6 0  

O C  I a 

PM I 

i 
i 
'I 

GRADIENT, *C/Km 
0 30 Bo 

0 

300 
ie 19 20 21 2 2  

TEMPERATURE, *C 

Figure C-5.2. Temperature loge of hole6 €or which new heat flow 
values are reported. 



c-5.2 T m L E  c-5 .2  

SAMPLE DEFTH K t  SAMFLE IlEPTH ti* 

THERMAL CONDUCTIVITY VALUES FROM CORE OF r m I u  HOLE EUJ: 
(SAMPLES ARE 2,680 CH IN DIANE'IER FY 1.270 Ctf THICK) 

NAHE (HETERS) NAME (METERS) 

EDl--606 9 
ED 1-6 15 2 
EDl-623 6 4 
E111-631* 6 
ED 1 - 639 8 
Ell-656 e2 
Ell -664 4 
ED1-672e6 
EDl-70514 
ED1 -713 .6 

ED1-738.2 
~ni-730. o 
EM-754.6 
ED1-762.8 
ED1-772 4 
Em-779 2 

185.0 
167.5 
190.0 
192.5 
195.0 
200.0 
202 5 
205 0 
214.7 
217.5 
222 e 5 
225 * 0 
230 0 
232 5 
235.4 
237 e 5 

7.57 
Ye22 
9.61 
8.63 
9.09 
8.99 
9.19 
9.17 
9.29 
8.75 
9.19 
9.50 
9.58 
9.20 
9.26 
8.90 

ED1-787. 4 
E [I 1-795 6 
EDi-803.8 . 
EDl-812.0 
Elll-U20.2 
ED1-828*4 
ED1-853.0 
ED1-669.4 
EU1-88S. S 
EDl-894 0 
EDl-910.9 
Ell-926 8 
EV1-934 * 0 
ED1-943.2 
EDl-951 4 

240.0 
242 5 
245.0 
247.5 
250.0 
252 5 
260 0 
265 0 
269 e9 
271.5 
277 b 
282.5 
284 7 
287.5 
290 0 

9.33 
8.88 
9.15 
9.32 
9.42 
9.05 
9.21 
8.95 
9.19 
9.25 
9.37 
8.07 
f1.96 
9.40 
9.20 

/ 

HEAN 9.18 
STfWDARD DEW1 AT ION 0.23 

$.,.UNITS OF K = HCAL/CM-SEC-'C 



c 

Ptl t -35.0 
Pfll-42.5 
F'Hl-4510 
Ffll-47.5 
Pfll-50 8 0 
PHI-50.0 
Ptll -52 5 
Pf l l - -95 .0  
FH1-57 5 
Pfll-60 0 0 
Pfll-65 0 
PH1-70.0 
PMl-.80.0 
PH1-82 I 5 
PMl-85 0 
PH1-900 0 
PH 1-92 5 
Pfll-95.0 
PH1-97.5 
PM1-100 IO 
I 4 1  - 100.0 
Pfll-105.0 
Fwl-107.5 
Pfll-115.0 
F'fll-117 e 5 
rn1- 120.0 

PHI-125 0 0 
FW 1-1 27 5 
Ffl 1 -1 32 r 5 

135 0 0 

rani- 122 5 

35.0 
42.5 
45.0 
47.5 
50.0 
50.0 
52.5 
5500 
57.5 
60.0 
65.0 
70.0 
8 0 0 0  
8205 
85.0 
90.0 
92 .!5 
95.0 
97.5 
100.0 
10010 
105.0 
107r5 
115.0 
117.5 
120.0 
122.5 
125.0 
127.5 
132.5 
135.0 

6.48 
6.72 
7018 
5.57 
6020 
6.59 
6.30 
5176 
5092  
6.41 
6.47 
6.34 

10.25 
7.98 
4.35 
6.63 
7*13 
6.52 
4.43 
6.00 
5.74 
6108 
6.62 
5.61 
5.25 
6.04 
5175 
6.40 
5.28 
6.83 
5.82 

flEAt8 6.25 
STANDARD D E V I  AT1 ON 0.91 

**..tJNJ.TS OF K 1 flCALICfl-SEC-'C 

PHl-137 5 
Pfll -1 4 0  0 
Pfll -145 0 0 
Pfll -1 47 5 
PMl-152 0 5 
PMl -1 55 0 
PHl-157 0 5 
Pfll-160 0 
PHl-162.5 
PM1-165*0 
FMl -167.5 
FHl-167.5 
PH1-170 0 
PH1-172 5 
PH1-175 0 
PH 1-1 77.5 . PHl-180.0 
FHl -182 S 
Pfll-185.0 
PH1-190 * O  
PWl-192.5 
Pfll -1 95 0 
PHl -1 98 0 
PHl-200 0 
PMl-202 0 5 
Pfll-205.0 
FHl-207.5 
Pfll -210.0 
Pfll -236 0 
PHl-288 + 8 

137.5 
14000 
145.0 
147.5 
15205 ' 

155.0 
157.5 
160.0 
162.5 
165.0 
167.5 
167.5 
170.0 
172.5 
175.0 
17705 
180.0 
182 5 
185.0 
190 0 
192.5 
195.0 
198.0 
200 I O  
202.5 
205.0 
207 5 
210.0 
236.0 
288.8 

6.51 
5.35 
5.73 
4019 
8.92 
6.81 
7.74 
6.47 
5084 
6.24 
6.81 
5.84 
6.50 
6.03 
J.83 
5.57 
5.55 
5.20 
5.52 
6.43 
5.14 
5.83 
5.56 
5.62 
5.96 
6.56 
5.12 
6.14 
7051 
6.26 



.I n EC I,. E I: - 5 . .I r,. 5 . 4  
'I'IiERtiAL C O N I I l I C . T I V I l Y  VALUES FROM COKE OF- DRILL HOLE R L 4  

(swwi.Es ME 2.600 en r t t  DIAMEI'ER P!Y 1,270 cn it~icti)  
SCiMF'Lt: DC(Z1H ti t SAHF'LE DEF'IH k* 

1J A 11 E (IlE'fEkS ) NnnC (HETEHS ) 
_. ,. _- _. .".__I ._ __ . _ _  _. _ _ _ _  _ _  __ - - . _ _  -.  -_ - _- ... .- -- -- ---- .-- ------ -- ̂ _.. - -- -.--- - --------- - -- -- - 
RL. 4 - 2 1 3 65 0 8.13 I;' L 4 -- 4 35 132.5 6.66 
R l . 4  -22J 67.5 7.46  fiL4,-443 135.0 8.QQ 
RL4-227 70.0 6.01 RL 4 - 45 1. 137.5 6.55 
R1.9-238 72.5 7r.Xl PL 4 -4  59 140.0  7-96 
R l  4-246 75 .0  6, 1 R  Rl.4-467 142.5 6.67 
RL4-254 77.5 6 25 RL 4 -4 7 6 145 0 7.68 
rti ,4  -262 00.0 6.2% R1.4 - 4.84 147,'; 6.63 
R l  4-270 82.5 6 . 4 1  RL4-489 l 4 Y . O  6 . R 3  
Rl.. 4-279 05.0 6 e 36 ftl. 4 - 4 9 2 14919 4 + 05 
R'L 4-287 07.5 6.05 RL.4 300 t52.5 6.70 
RL. 4 - 295 9040 5 .75  RL4-500 155.0 7.83 
R L 4 -. 3 0 3 92.5 6 e 21. RL4-,337 157.5 6.72 
Rl. 4 -3 1 2 95.0 7 r l Y  RL4-525 160.0 8 .52  
RL 4 .- 3 20 97.5 6.86 RL4-533 162.5 7.21 
RL4-328 100.0 6.82 RL4-541 165.0 7.50 
Rl. 9 - 3 3 6 102.5 6.77 Rl.4-549 167.5 6.84 
RL4-344 105.0 6.24 RL4-550 170.0 6 06 
RL 4 -- 35 1 107.5 6.34 RL4-SC15 172.5 7.54 
RL4-361 110.0 6.06 RL4-.574 175.0 7.67 
RL4-369 112.5 6*R6 RL4-582 177.5 7.05 
RL 4-377 115.0 7.20 RL4-590 180.0 6.62 
RL4-385 117.5 S.R1 R L 4 - 53 5 i a i  .5 6.73 
RL4-394 120.0 6.00 RL4-607 185.0 .!> * 74 
TrL 4-- 402 122.5 5 i 4 0  RL4-615 187.5 6.06 
RL4-410 125.0 6.97 RL4-623 130.0 7.04 
Rl. 4 -4 18 127.5 6.81 Rl.4-637 192.5 6.09 
Rl. 4 - 4 26 130.0 8.16 K L 4- 640 195.0 7 I 0 4  

MEAN 6.04 
STAI?DARD UEVI&7'fC)N 0.66 

$ $  .UNIlS OF tc: = HCAI./CM.-.E:EC-*'C; 



c) 
I 
I- s 

SH2-90 27.5 
SH2- 148 43.0 
SH2- 156 47.5 
SH2- 164 50.0 
SH2- 180 55r0 
SH2-189 57.5 
SM2-197 60.0 
SH2-205 62.5 
SH2-238 72.5 
stl2-246 7510 
SH2--262 80.0 
SH2-2?1 82.5 
stl42-279 85.0 
SM2-287 87.5 
SH2-303 92.5 
Stl2-344 105rO 
Stl2-351 107.5 
SH2-361 110.0 
SH2-369 112.5 
SH2-377 115.0 
SH2-385 117.5 
SH2-394 120.0 
SH2-4 10 125.0 

MEAN 7.85 
STANDARD FEUIATION 0.74 

7.31 
7.63 
6.87 
7.12 
7.51 
7.50 
7 * 63 
9.06 
8r74 
9.74 . 
7.14 
7.16 
7.33 
8.11 
7.54 
9.14 
8.23 
7.54 
7.70 
9.67 
7.16 
0.39 
9.15 

sti2-435 
SM2-451 
M2-476 
SH2-484 
$32-492 
sti2-508 
SH2-,517 
SH2-533 
SH2-541 
SM2-549 
SH2-566 
942-574 
SH2-590 
SH2-607 
SH2-6 15 
942-632 
SM2-640 
SH2-64R 
SH2-664 
SM2-673 
SM2-681 
SH2-689 

132.5 
137r5 
145.0 
147.5 
150.0 
155.0 
157.5 
162.5 
165.0 
167.5 
172.5 
175.0 
180.0 
18510 
187.5 
192.5 
195.0 
197r5 
202 5 
205.0 
207 5 
210.0 

8.68 
6.99 
7.81 
7r49 
7.17 
7.19 
7.25 
8.46 
0.61 
7.82 
7.50 
8.30 
8.09 
8.62 
7r87 
7.48 
7.92 
7.20 
7.73 
7.40 
7r60 
6.58 



I 

i 

C1IFFYTI)WN CREEK 
C IJF F Y T 0 W N CREEK 
ClW'F Y TOWtJ CREEK 
CUtFY'TOWN CREEK 
CUFFYlOWN CREEK 
CI.IF'f'YTOWN CREEK 
CI!FFYTOUN CREEK 
CUTTYTOWN CREEK 
C:I.IFFY T OWN CREEK 
CllFFY 1UWN CREEK 
CIIFFYTOWN CHEEK 
CIII'FYTOWN CHEEK 

CUFFYTOWN CREEK 
CIJFFYTOUN CREEK 
CIJFFYTOWN CHEEK 
CUFFY TOWN CREEK 

cuFFY.rowtt CREEK 

MEAN 
STANDARD D E V I A T I O N  

sc E r l l - - O l l  
SC ED1-093 
sc EU1-110 
SC ED1-134 
SC ED1-144 
SC EDl-154 
SC ED1-176 
SC ELll--10S 
SC ED1-205 

sc ED1-233 
SC ED1-245 
SC EDl-254 
SC ED1-266 
SC EDl-275 
SC €31-277 
SC EDl-284 

sc Erli-221 

2.61 
2.61 
2.61 
2.64 
3.61 
2.61 
2.63 
2.62 
2.62 
2.62 
2.62 
2.62 
2.62 
2.67 
2.63 
2.62 
2.67 

2.63 
0.02 

7.4 
10.3 
9.4 

10.5 
9.2 

10.0 
10.7 

11.0 
10.7 
11 e6 
9.3 

11.7 
12.3 
12.3 
11.4 
11.4 

10.5 
1 .J  

n.8 

35.6 
30.1 
34.0 
28.7 
35.3 
33.3 
32.0 
30.7 
34.9 
30 4 
35.3 
31.3 
36.0 
37.1 
37.3 
31 r9  
32.5 

33.4 
2.6 

3.6 
3.6 
3.6 
3 . 6  
J . 6 
3.7 
3.0 
3.6 
3.8 
3 * 6 
3.6 
3.7 
3.6 
3.7 
3.7 
3.7 
3.5 

3.6 
0.1 

4.8 
2.9 
3.7 
2.7 
3.0 
3.3 
3.0 
3.5 
3.2 
2.8 
3.0 
3.4 
3.1 
3.0 
3 * 0. 
2.8 
2 . 9  

3.2 
0 . 5  

10.8 
11.7 
11.9 
y.1.7 
11.8 
12.1 
12.4 
11.0 
13.0 
12.0 
1.1.4 
11.4 
13.5 
14.3 
14.2 
12.7 
13.0 

1 2 . 4  
1 .o  

c c 

\ 



TALLE C-5 7 MEA1 GENERATION DATA FROM COKE OF DRILL HOLE PHI c--5 7 
HEAT FENERnTIONv 

SAMF'LE' NO* TIENSITY? URANIUM TtfORIUfl rOTASSIUM RATIOv A X 10- 13 
CALXfl3- SEC LOCATION riC-mi(n) GMjCfl3 (U) sPPH (TH) rP'F'I1 ( K )  P X  TH/U - - -  --.-------------------I-----el----c---l----=---=-------------------------------------- -------- -. -.---- -.--- ----- -.-_._ -_-- I------ ~ .--_-_._- -_-___.-_-- .________-__-__-__. a -_______.-__ -----------I=-----I----- ---- _ _  __.^_ 

-----c-----------------------------------..----------------------------------- 

F'ALIIE T TO- 1 GA FH1-02R 2.71 3.2 27.0 3.3 8.5 7.2 
T'r'lL ) E T  TO- 1 Fa Ffll-039 3.72 3.0 25.1 3.5 8.3 6.8 
P k L l i t  11 0- 1 GA FM1-050 2.70 2.0 26.6 3.4 9.5 6.7 

PALMElTO-1 GA PH1-077X 2.68 7.0 34.3 2.6 7.9 13.9 
PAL t1E T TO- 1 GA PM1-086 2.73 3.2 24.4 2.8 7.7 6.7 

'P~LMETTO-  i m P M L - Q ~ ~  2.75 3.0 34.9 3.3 11.7 8.5 
PAl.tIETT0- 1 GA FHl-105 2.73 2.0 23.1 3.3 8.3 6.3 

CJ PALflETTO-1 GA PMl-120 2.67 3.1 30.2 3.4 9.7 7.6 
PALMETTO-1 GA PH1-129 2.72 2.9 24.7 3.5 8.5 6.7 I 

w 
VI 

PhLMETTO-1 GA PHl-165 2.74 3.3 25.1 3.5 7.7 7.0 
w 

PALHETTO-1 m PHI-175 2.73 2.9 26.3 3.2 9.1 6.9 

PALMETTO-1 GA F'fll-196 2.73 3.1 30.2 3.8 9rR 7.8 
FALflF.TT@- 1 GA FHl-205 2.67 2.9 28.6 2.9 9.7 7.1 

MEIW 2.72 3.1 27.5 3.3 9.0 7.2 

PAI HETIO-1 en PHI-061 2.77 2r9  ?Et. 4 3.6 7.9 7.3 
rc 

F'ALMEl TO-1 GA PHl-141 2r73 3.7 26.2 3.1 7 4 7.4 

PhLHE TTO- 1 GA ~ n i - i w  2.73 3.1 31.9 3.4 10.3 8.0 / 

S T ~ N I I A R D  DEVIATION * '  0.02 0.2 3.2 0.3 1.2 0.6 
i 

' / '  *. . . INUICATES SAMPLE NOT INCLUDEIl IN STATISTICS (A-MEAN > 2*STANDARLt UEVIATION ) 
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c3 
I c ul 

w 

iM SM2-0x0 
GA SN2-074 
GA Sfl2-007 
GA SEI,?-102 
GA SI12-ill 
GA Sfl2-120 
GA Sti2-129 
GA Sll2-135 
GA SflZ-141 
GA sflz-151 
GA SH2-160) 
GA Sfl2-149 
GA Sfl2-176 
GA SH2-181) 
GA SM2-190 
GA Sfl2-199 
GA Sfl?-2OE\ 

kF A N  
5 1 ktJtIARL1 IWJ I AT I ON 

* +  * v .INDICATES SAMPLE NO1 

2.67 
2 * 65 
2 . 6 6  
2 .65  
2 . 6 3  
2.64 
2 .64  
2.65 
2.67 
2.64 
2.65 
2.66 
2 .65  
2.63 
2-63 
2.66 
2 . 6 7  

2.65 
0.01 

INCLVDLD IN S T A I  I S T I C S  

7 . 5  
7r2 
7,2 
8 . 5  

10.3 
A14 
7r0 
0.3 
7 . 5  
8 . 6  

17 .6  
9.9 
8.6 

20.9 
10.0  
9 .9  

10.0 

27.9 
23.2 
29.3 
31.6  
31 e9 
29.5 
31 e4 
31 .s 
23.4  
31.1 
2 7 . 8  
3 9 . 3  
28.1 
32.9 
27 .8  
26.0 
26.0 

3r 1 3 . 7  
3 . 0  3 . 2  
3 .6  4 . 1  
3 . 5  3 . 7  
4 . 0  3 . 1  
4 .7  3 . 8  
4 .1  4 . 1  
4 .4  3 .8  
4 . 1  3 .1  
4 . 3  3.6 
4 . 5  1 . 6  
4 . 3  4 . 0  
4 . 0  3 . 3  
3 . 9  1 e 6  
4 . 1  2.8 
4.0 2.6 
4 . 0  2.6 

29.0 4 .b 3 . 4  
4 . 0  0 . 4  0 .5  

0 . 6  
1 . 2  . 

Y . 8  
R.9 
9.9 

11 .0  
1 2 . 1  
0 . 9  

1 0 , b  
1 1 . 1  
9 .3  

1 1 . 1  
16.1 
1 3 . 4  
10.6  
10.6 
1 1 . 4  
11.1 
11.2 

10.7 
1 . 2  



LINEAR RELATIONSHIP BETWEEN HEAT FLOW 
AND HEAT GENERATION 

J. K. Costain and L. D. Perry 

Figure C-6.1 shows the re la t ionship  between heat flow and heat 
generation for  a l l  holes avai lable  t o  da te  i n  the southeastern United 
S ta tes .  Table C-6.1 summarizes heat flow and heat generation values 
used i n  the  l i nea r  re la t ionship.  t he  exception of values noted 
i n  Table (3-6.1, a l l  of the values def ine a l i nea r  re la t ionship  of the  
form: 

With 

Q = 0.65 + 8 . l A  
(regression coef f ic ien t  = 0.991) 

The addi t ion of values (0 = 1.58, A = 10.7) from hole SM2 i n  the  
Siloam g ran i t e  and (Qz1.62, A=12.4) from hole ED1 i n  the Cuffytown 
Creek grani te  provide much needed confirmation of the l i nea r  r e l a t ion  
i n  the  region above Q = 1.13 and A = 6.0. 

It i s  noteworthy t h a t  an excellent l i nea r  re la t ionship  between 
heat flow and heat generation has now been established for  the  smal- 
l e r ,  post- and pre-metamorphic plutons i n  the  southeastern United 
S ta tes .  the  only values tha t  did not f a l l  on the  l i nea r  
re la t ionship  

Q = 0.65 + 8 . 1 A  
were near o r  i n  the  la rger  syntectonic plutonic complexes such as the  
Rolesvi l le  ba thol i th  (RL2), Castal ia  pluton ( C S l ) ,  and Petersburg 
ba thol i th  (PTl ) .  The addi t ional  value ( 4 ~ 0 . 9 4 ,  Ax7.2) from hole PMl 
i n  the  Palmetto g ran i t e  f a l l s  well below the  so l id  l i n e  i n  Figure 
C-6.1. The Palmetto gran i te  i s  considerably smaller than e i t h e r  the  
Castal ia /Rolesvi l le  complex or  the  Petersburg grani te .  The current 
explanation for  t he  f a i lu re  of the Rolesvi l le /Castal ia  complex and 
Petersburg ba thol i th  t o  obey the  r e l a t ion  

q = 0.65 + 8 . 1 A  
i s  t h a t  t h i s  complex is  considerably thicker  than the  bodies which 
def ine the  r e l a t ion .  The grea te r  thickness increases the  observed 
heat flow. 

Previously, 

In  the  Palmetto the  heat flow is  less than predicted and the s i m -  
p l e s t  model is  tha t  the  Palmetto i s  not deeply rooted. What influence 
o r  control  the Brevard zone, which apparently d ips  under the Palmetto, 
may have exerted i s  unknown. simple test of t h i s  explanantion can 
be devised. I f  the  Palmetto is small, then i ts  contr ibut ion t o  the 
heat flow i s  small. The heat flow observed must have three compo- 
nent s : 

A 

1. the contribution from the  mantle 

2. t he  contribution from U & Th i n  the country rock underlying 

3. a small and size-dependent contribution from the Palmetto 

p = 0.65 HFU 

the Palmetto 

gran i te  
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TAP1.E C-6.1 
REAT FLOW ( g )  A I D  BEAT PRODUCTION ( A )  VALUES FDOU PLUTONS OF TAR SOOTSPASTERN UISTTSD STATES 

LOCATION LATITUDE LON G I ?  VDE Q, CA L/C fl* - S CC r 1 0- 6 

LIBERTY ALLL-KERSHAW PLUTON, LANCASTER CO. , S.C. 
K R  3 30°32* 10" ~ 0 0 4 4  9 51" 1.05 . 5.4 

R I O N  PLUTOII, ?AIRPIEL@ CO., S.C. 

UN 1 300 lR@48" 91°00'02" 

R K  1 36 O 23' 12" 7A05A ' 0 0 "  
RX 2 32025*31m 7 0 ° 0 1 ' 5 3 ~  
RX 3 32O25* 39" 7A053'42" 

R O K R O R O  UETAGRANTTE, PEASOR CO. , It. C. 

1.47 19.2 

0.98 
0-97 
0.86 

0.2 
4.0 
2.6 

SLATE BELT, PERSON co., n.c. 
SB 1 36"19*90N 7 1 ~ 5 0  900" 0.99 3.3 

ROLESVILLR DATUOLITH IItD CLSTALft  PLUTOR (CS1) , F R A N K L I N  CO., N.C.* 
36"OQ' 15" 7Ro 07 9 3-  I. eo 

R L 4  3500 3' 36* 78019'45" 1-05 

cs 1 
RL 2 36°47'2An 78°25'04m 1-30 

5. c 
5. 0 
4-7  

PETERSBURG GRANITE, SUSSEX CO. ?A. * 
PTl  36099'45w 77019' 15" 1.24 

60 1 

STLORU GRANITE, G R E E N E  CO., GA. 
su 1 32027' 17" 83008'53" 
s a 2  33O2R@41" 83O 11'3Sn 

1.53 
1. S A  

PALWETTO GRANITE, COWETR CO., GA+ 

en 1 3 3 O  29 ' 55" 9400 1 SR" 0.99 
CUFPYTOWB CREEK CRAItITt* EDGEFIELD, SC 

1.62 ED1 , 33°55'11" 82'07' low 

11.1 
10.7 

> 7.2 

12.0 

*.-,.indicates valiio which does not f i t  l inear relat ion 
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a 0.6 
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ED1 

HOLE 0 A 

KR3 1.05 5.4 

R L4 WNI 1.47 10.2 
R X I  0.98 4.2 
RX2 0.97 4.0 

PM 1 RX3 0.86 2.6 
SBI 0.94 3.3 

0 . 0  SMI 1.53 10.9 

SM2 I 5 8  10.7 
PMI 0.94 7.2 
ED1 I 6 2  124 
CSI 1.44 5 6  

RL2 L3; f y  F0 R L4 

v K R 3  
B K X ~  

te.0 
4 .%( 

Y0 
A J  00° 

ORO 
0) 

1 
q = q * +  DA 

q = 0.65 + 8 . I A  

c/ 

vOO/ 

I 
I I I I I I I I I I I I 

8 IO 12 2 4 6 0 

HEAT GENERATION, A ( X  1 0 - l ~  CALI C M ~  - SEC) 

Figure C-6.1. Linear relationship between heat flow and heat 
production for the S.E. United States. 
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I f  the heat  flow from the Palmetto d r i l l  hole i s  p lo t ted  versus 
the  average heat  generation of the adjacent country rock (Q = 0.94, A 
= 2.6 HFU) the  point p lo t s  j u s t  above the  posi t ion predicted by the  
l i nea r  r e l a t ion .  The d i f fe rence  between the observed heat flow and 
the heat flow predicted by a heat  generation of 2.6 HGU could be con- 
strued to  be the  contr ibut ion from the Palmetto gran i te .  

The addi t ion  of hole  RL4 fur ther  emphasizes the perplexing nature  
of the  Rolesvi l le  pluton. Previous grav i ty  models ( see  Progress 
report  for April  1, 1978 - June 30, 1978) suggest a depth of 14 h fo r  
the Rolesvi l le .  This i s  consis tent  with t h e  thickness of the heat  
producing layer  in fer red  from Figure C-6.1 for  Hole CSl. RL4 p lo t s  
more near ly  on the  8.1 km l i n e  of Figure C-6.1. The gravi ty  da t a  sug- 
gest  t h a t  the  Rolesvi l le  i s  thinner  but it is d i f f i c u l t  
t o  reconci le  a difference of 6 km suggested by the heat flow-heat pro- 
duction re la t ionship .  Reflection seismic s tudies  of the  Rolesvi l le  
pluton and Palmetto gran i tes  are planned to  determine whether o r  not 
t he  observed re la t ionship  between heat flow and heat generation is 
control led by the  thickness of the pluton. 

beneath R U ,  

* U.S. GOVERNMENT PRINTING OFFICE: 1- 1lQJ 
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