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Th i s  page r  i n c l u d e s  a br i e f  d i s c u s s i o n  of t h e  
g e o l o g i c a l  and g e o p h y s i c a l  t echn iques  we have  used  
t o  i n v e s t i g a t e  t h e  g e o l o g i c  framework o f  geo the rma l  
r e s o u r c e s  on t h e  A t l a n t i c  C o a s t a l  P l a i n ,  R e s u l t ?  
o f  t h e  r e c e n t  geo the rma l  test we€L at  C r i s f i e f d ,  
Maryland are d i s c u s s e d  

Sys t ema t i c  e f f o r t s  t o  estimate t h e  geo the rma l  
r e s o u r c e s  of  t h e  e n t i r e  United S t a t e s  have been 
made by t h e  U.  S. Geokogical Survey (White and W i f -  
f iams, 1975; M u f f l e r ,  1979; Sammel, 1979). Much 
e x p l o r a t i o n  r ema ins  t o  be done b e f o r e  the e x t e n t  of 
t h e  geothermal  r e s o u r c e  i n  t h e  e a s t e r n  United 
S t a t e s  c a n  be  a d e q u a t e l y  d e f i n e d ,  C o s t a i n ,  G love r ,  
and S inha  (1980)  d i s c u s s  t h e  geo log ic  model upon 
which e x p l o r a t i o n  i n  t h e  e a s t e r n  United S t a t e s  an 
t h e  A t l a n t i c  C o a s t a l  P l a i n  is based. 

E x p l o r a t i o n  f o r  geothermal  r e s o u r c e s  i n  t h e  
e a s t e r n  United S t a t e s  t a k e s  p l a c e  i n  a g e o l o g i c  
environment q u i t e  u n l i k e  t h a t  o f  t h e  west where 
g e n e r a t i o n  o f  e l e c t r i c  power from geo thenna l  ene rgy  
i s  well documented,  Use of geothermal ene rgy  i n  
t h e  east w i l l  p robab ly  f i r s t  be o r i e n t e d  toward 
n o n - e l e c t r i c  a p p l i c a t i o n s  us ing  r e l a t i v e l y  low- 
t empera tu re  wa te r  as a source  of energy  for s p a c e  
h e a t i n g  and i n d u s t r i a l  p r o c e s s e s  and sys tems.  

Optimum sires for  t h e  development of2 geo the r -  
mal energy  i n  t h e  e a s t e r n  United S t a t e s  w i l l  prob- 
ab ly  be a s s o c i a t e d  wi th  t h e  f l a t - l y i n g ,  r e l a t i v e l y  
unconso l ida t ed  sed imen t s  t h a t  u n d e r l i e  t h e  A t l a n t i c  
C o a s t a l  P l a i n .  Iln many l o c a t  i o n s ,  s h a l l o w  a q u i f e r s  
i n  t h e s e  s e d h e n t s  a r e  known t o  y i e l d  l a r g e  quan t i -  
t i es  of wa te r ,  U n t i l  t h e  deep  geothermal  test at 
C r i s f i e l d ,  Hd* was comple ted ,  no t  much was known 
about t h e  y i e l d  o f  t h e  d e e p e r  a q u i f e r s .  

The wat:er in t h e  a q u i f e r s  o f  the  A t l a n t i c  
Coas t a l  P l a i n  a t  any g iven  dep th  i s  h o t t e r  i n  some 
l o c a t i o n s  than  i n  o t h e r s  and depends on t h e  l o c a l  
va lue  of t h e  geothermal  g r a d i e n t .  The g r a d i e n t  
depends on t h e  h e a t  flow th rough t h e  rocks  and on 
the thermal  c o n d u c t i v i t y  o f  t h e  rocks .  I n  a s e r i e s  
of  ex t r eme ly  impor t an t  pape r s  Bi rch  e t  81. ( 1 9 6 8 f ,  
t achenbruch  ( f 9 6 8 ) ,  and Kay et al,(f9681 showed 
t h a t  t h e  local h e a r  S l o w  h a s  a wel l -def ined  r e l a -  
t i o n s h i p  ro t h e  c o n c e n t r a r i o n  of uranium (U) and 
thorium (Th) i n  f r e s h ,  unweathered samples of  gran-  
i te  c o l l e c t e d  from t h e  surfrace of t h e  e a r t h ,  The 
immediate i m p l i c a t i o n  of t h e i r  o b s e r v a t i o n  is t h a t  
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t h e  d i s t r i b u t i o n  of U and Th irz t h e  upper  IO t o  20 
km ~~~~~0~ t o  ~~~~~~ f t f  o f  t h e  e a r t h ' s  crust is  
p r k i a r i l y  r e s p o n s i b l e  €or t h e  observed  l a t e r a l  Tar- 
i a t i o n s  i n  s u r f a c e  h e a t  f low o v e r  t h e  e n t i r e  e a s t -  
e r n  United S t a t e s .  

One o f  t h e  p r inc ipa l ,  o b j e c t i v e s  of t h e  geoth- 
emal program a t  V i r g i n i a  Po ly techn ic  I n s t i t u t e  and 
S t a t e  U n i v e r s i t y  i s  t o  l o c a t e  r e l a t i v e l y  young (330 
m i l l i o n  y e a r s  o l d  and younger) U- and Th-bearing 
g r a n i t e  i n  t h e  basement rocks  benea th  t h e  sed iments  
o f  t h e  A t l a n t i c  Coas t a l  P l a i n .  The t a r g e t i n g  
procedure  i n t e g r a t e s  t h e  d i s c i p l i n e s  of geology,  
geochemis t ry ,  and geophys ic s  I Geologic and geo- 
chemica l  t echn iques  a r e  be ing  a p p l i e d  t u  t h e  rocks  
i n  t h e  Piedmont i n  o r d e r  t o  unde r s t and  t h e  a g e s ,  
c h e m i s t r y ,  h e a t  p roduc t ion ,  and a r e a l  d i s t r i b u t i o n  
of exposed g r a n i t e  p l u t o n s ,  Geophys ica l  t echn iques  
i n c l u d e  t h e  i n t e r p r e t a t i o n  of g r a v i t y  and magnetic 
p o t e n t i a l  f i e l d  d a t a ,  a s  we l l  a s  seismic d a t a ,  and 
a r e  be ing  used i n  both  t h e  Piedmont and t h e  Coas ta l  
P l a i n .  

It i s  beyond t h e  scope  of this pape r  t o  d i s -  
cuss i n  d e t a i l  t h e  v a r i o u s  g e o p h y s i c a l ,  geochemi- 
c a l ,  and g e o l o g i c a l  t echn iques  t h a t  a r e  commonly 
used t o  e v a l u a t e  geothermal  r e s o u r c e s .  The explo- 
r a t i o n  methods used a r e  dependent upon t h e  n a t u r e  
of t h e  geothermal  r e s o u r c e r  The n a t u r e  and d i s t r i -  
b u t i o n  of geothermal  energy  are d i s c u s s e d  by Muf- 
f l e r  e t  a l .  ( i n  p r e s s ) .  We have used s e v e r a l  k inds  
o f  geophys ica l  d a t a  d u r i n g  t h e  cour se  of our  geoth- 
e rmal  program ( C o s t a i n ,  1979) .  They a r e  d i s c u s s e d  
b r i e f l y  below b e f o r e  summarizing t h e  r e s u l t s  of our  
s t u d i e s  on t h e  A t l a n t i c  Coas t a l  P l a i n .  

Heat f low. The most impor t an t  geophys ica l  
d a t a  f o r  t h e  e x p l o r a t i o n  of geothermal  r e s o u r c e s  i n  
t h e  east c o n s i s t  o f  v a l u e s  of r e g i o n a l  and l o c a l  
h e a t  f l ow f lowing  towards t h e  s u r f a c e  o f  t h e  e a r t h ,  
Heat flaw , q t  is  descoibed  by t h e  conduc t iun  equa- 
t i o n  

q = K G  

where t h e  u n i ' t s  of q a r e  c a l o r i e s  p e r  squa re  cm per 
s e c ,  K i s  thermal  c o n d u c t i v i t y  ( m i l l i c a l o r i e s  pe r  
c m - s ~ c - ~ C f ,  and G is  t h e  g e ~ t h e ~ ~ l  g r a d i e n t  in 
"Cf& ( f  "F/loO f t  = 18.23 "Cf&u>. This  e q u a t i o n  
a p p l i e s  o n l y  t o  t h e  t r a n s p o r t  of h e a t  by conduc- 
t i o n ,  Heat t r ans -por t  by f l u i d  convec t ion  ( h o t  
w a t e r )  is much more e f f i c i e n t  .L Any s u c c e s s f u l  
geothermal  system must i n c o r p o r a t e  bo th  conduc t ion  
and convec t ion ,  A hule d r i l l e d  t o  a d e p t h  o f ,  s a y ,  
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300 m (1000 f t )  w i l l  u s u a l l y  encoun te r  d i f f e r e n t  
r o c k  t y p e s ,  each  w i t h  a d i f f e r e n t  t he rma l  conduc- 
t i v i t y ,  K.  Because q i s  c o n s t a n t  a t  any d e p t h  i n  
t h e  h o l e ,  t h e n  a s  K d e c r e a s e s  t h e  geothermal  gra-  
d i e n t ,  G ,  w i l l  i n c r e a s e  t o  keep t h e  product  KG con- 
s t a n t .  Simply s t a t e d ,  t h i s  means t h a t  f o r  any 
g iven  h e a t  f low,  t h e  h i g h e s t  t empera tu re  g r a d i e n t s  
o c c u r  i n  rocks  wi th  t n e  lowes t  thermal  conduc t iv i -  
t i e s .  S h a l e s  i n  t h e  Va l l ey  and Ridge p rov ince  o f  
t h e  Appalac ian  Mountain System w i l l  have tempera- 
t u r e  g r a d i e n t s  t h a t  a r e  much h i g h e r  t h a n  t h o s e  
found i n  h o l e s  d r i l l e d  i n t o  do lomi te .  For t h e  same 
v a l u e  o f  t n e  h e a t  f low, q ,  h i g h e r  t empera tu res  w i l l  
be reached a t  sha l lower  d e p t h s  i f  h o l e s  a r e  d r i l l e d  
i n t o  t h i c k  sequences  o f  s h a l e  r a t h e r  t h a n  i n t o  
do lomi te .  Sha le  i s  a b e t t e r  i n s u l a t o r .  The unconso- 
l i d a t e d  sed imen t s  o f  t h e  A t l a n t i c  Coas t a l  P l a i n  
have  an  even  lower thermal  c o n d u c t i v i t y  and the re -  
f o r e  a c t  a s  even  b e t t e r  i n s u l a t o r s .  For t h e  deve l -  
opment o f  a geothermal  r e s o u r c e ,  i t  i s  appa ren t  
t h a t  t h e  combina t ion  of  h igh  h e a t  f l ow and low 
thermal  c o n d u c t i v i t y  w i l l  r e s u l t  i n  t h e  h i g h e s t  
s u b s u r f a c e  t empera tu res  a t  the sha l lowes t  d e p t h s .  
It i s  beyond t h e  scope o f  t h i s  paper  t o  s p e c u l a t e  
on t h e  many hypo theses  advanced t o  e x p l a i n  l a t e r a l  
v a r i a t i o n s  i n  s u r f a c e  h e a t  f low. One und i spu ted  
e x p l a n a t i o n ,  however, is  t h a t  v a r i a t i o n s  i n  l a t e r a l  
and v e r t i c a l  c o n c e n t r a t i o n s  o f  U and Th i n  c r y s t a l -  
l i n e  basement rocks  w i l l  r e s u l t  i n  s u b s t a n t i a l  var -  
i a t i o n s  i n  h e a t  f l ow (B i rch  e t  a l . ,  1968) .  

G r a n i t i c  rocks  r e l a t i v e l y  en r i ched  i n  U and Th 
o c c u r  l o c a l l y  i n  t h e  basement rocks  benea th  t h e  
sed imen t s  o f  t h e  A t l a n t i c  Coas t a l  P l a i n .  The con- 
c e n t r a t i o n s  o f  U and Th i n  t h e  g r a n i t e s  a r e  low, a 
few p a r p s  p e r  m i l l i o n ,  but t h e s e  c o n c e n t r a t i o n s  a r e  
h i g h e r  t h a n  t h o s e  i n  a d j a c e n t  rocks  i n  t h e  base- 
ment .  I n  s p i t e  o f  t h e s e  low c o n c e n t r a t i o n s ,  l a r g e  
volumes o f  g r a n i t e  w i t n  U and Th w i L l  i n c r e a s e  sub- 
s t a n t i a l l y  t h e  s u b s u r f a c e  t empera tu re .  Thus,  h i g h e r  
t e m p e r a t u r e s  w i l l  be  found a t  sha l lower  d e p t h s  
w i t h i n  t h e  sed imen t s  o v e r l y i n g  t h e  g r a n i t i c  r o c k s ,  
r e l a t i v e  t o  su r round ing  a r e a s .  Radiogenic h e a t  i s  
independent  of  normal h e a t  f l ow around and benea th  
t h e  g r a n i t e  p l u t o n s  and can  be more t h a n  t w i c e  t h e  
background h e a t  f l ow t h a t  c o n s t i t u t e s  t h e  normal 
h e a t  l e a v i n g  t h e  e a r t h .  I n  some p a r t s  o f  N e w  Eng- 
l and  , f o r  example,  r a d i o g e n i c  h e a t  from g r a n i t e  
c o n s t i t u t e s  two- th i rds  of t h e  t o t a l  heat f low leav-  
i n g  t h e  e a r t h  i n  t h a t  a r e a  ( B i r c h  e t  a l . ,  1968) .  An 
unde r s t and ing  o f  t h e  d i s t r i b u t i o n  o f  g r a n i t e s  and 
o f  U and Th i n  t h e  basement rocks  i s  t h e r e f o r e  
impor t an t  t o  d e f i n e  l o c a t i o n s  where t h e  h i g h e s t  
t empera tu res  w i l l  occu r  a t  t h e  sha l lowes t  d e p t h s .  

G r a n i t e  p l u t o n s  a r e  exposed i n  t h e  Piedmont 
Province  no r thwes t  o f  t h e  A t l a n t i c  Coas t a l  P l a i n .  
These exposed basement rocks  a r e  concea led  t o  t h e  
s o u t h e a s t  by a seaward- th ickening  wedge of sedi-  
ments benea th  t h e  A t l a n t i c  Coas t a l  P l a i n  (Spee r  and 
o t h e r s ,  1479) .  The sediment t h i c k n e s s  i s  known t o  
r e a c h  a maximum of. 3 km (9900 f t )  a t  Cape H a t t e r a s ,  
N . C .  

The e f f e c t  on subsu r face  t empera tu re  where 
basement rocks  a r e  covered w i t h  a t h i c k  sequence  of  
sed iments  o f  r e l a t i v e l y  low thermal  c o n d u c t i v i t y  i s  
d i s c u s s e d  by Cos ta in  e t  a l .  (1980) .  Moderate 
amounts o f  nea t -producing  e l emen t s  occur  i n  t h e  
basement r o c k s ,  concen t r a t ed  p r i m a r i l y  i n  g r a n i t e .  

The c o n c e n t r a t  i o n s  assumed are n o t  un reasonab le .  
Heat g e n e r a t i o n s  o f  15 HGU ( 1  HGU = 10 -13 ca l /cm3 
p e r  s e c )  have  been measured d u r i n g  VPI&SU s t u d i e s  
of  g r a n i t e  p l u t o n s  exposed i n  t h e  Piedmont. I n  New 
England ,  exposed g r a n i t e  p l u t o n s  l o c a l l y  have  h e a t  
p r o d u c t i o n s  o f  24 HGU (B i rch  e t  a l . ,  1968) .  I f  U- 
and Th-bearing g r a n i t e  i s  b l anke ted  by sed imen t s  
t h a t  have a r e l a t i v e l y  low thermal  c o n d u c t i v i t y ,  
t h e  s u b s u r f a c e  t empera tu re  i s  inc reased  . The rela- 
t i v e l y  unconso l ida t ed  sed iments  o f  t h e  A t l a n t i c  
C o a s t a l  P l a i n  t h a t  o v e r l i e  g r a n i t e  p l u t o n s  i n  t h e  
basement i s  t h e  geo log ic  environment o f  h igh  geoth-  
e rmal  r e s o u r c e  p o t e n t i a l  i n  t h e  e a s t .  Heat f low 
and t h e  geo the rma l  g r a d i e n t  should  be  h i g h e r  ove r  
t h e s e  g r a n i t e s  i f  t h e  g r a n i t e s  c o n t a i n  modest con- 
c e n t r a t i o n s  o f  U and Th. Loca t ions  o f  s h a l l o w  (300 
m) h o l e s  d r i l l e d  by t h e  Department o f  Energy on t h e  
A t l a n t i c  C o a s t a l  P l a i n  d u r i n g  1978-79 t o  de t e rmine  
t h  geo the rma l  g r a d i e n t  and h e a t  f l o w  were based 
p r i m a r i l y  on t h e  i n t e r p r e t a t i o n  o f  g r a v i t y  and mag- 
n e t i c  p o t e n t i a l  f i e l d  d a t a .  Summaries o f  t h e  
r e s u l t s  t o  d a t e  of  t h i s  program a r e  g i v e n  i n  a ser- 
i e s  of  p r o g r e s s  r e p o r t s  e n t i t l e d  E v a l u a t i o n  and 
T a r g e t i n g  o f  Geothermal Energy Resources i n  t h e  
S o u t h e a s t e r n  United S t a t e s  (1979) .  

G r a v i t y  d a t a .  The magnitude o f  t h e  g r a v i t a -  
t i o n a l  f i e l d  a t  any l o c a t i o n  on t h e  s u r f a c e  o f  t h e  
e a r t h  depends  l o c a l l y  on t h e  d i f f e r e n t  r o c k  t y p e s  
a t  d e p t h .  D i f f e r e n t  r o c k  t y p e s  have d i f f e r e n t  den- 
s i t i e s .  G r a n i t e  i s  t h e  l e a s t  dense  of t h e  igneous  
i n t r u s i v e  r o c k s  t h a t  occu r  i n  l a r g e  volumes. S ince  
g r a n i t e  i s  g e n e r a l l y  less dense  t h a n  t h e  c o u n t r y  
rocks  i n t o  which i t  h a s  been emplaced, a n e g a t i v e  
g r a v i t y  anomaly r e s u l t s  ( S e e ,  f o r  example,  C o s t a i n ,  
1979, p .  20) .  I f ,  however,  g r a n i t e  was emplaced i n  
c o u n t r y  r o c k  t h a t  was also g r a n i t i c  i n  chemica l  
compos i t ion ,  t hen  t h e  g r a v i t y  f i e l d  w i l l  n o t  be 
wel l  d e f i n e d  ove r  t h e  g r a n i t e  and a d d i t i o n a l  geo- 
p h y s i c a l  and /o r  g e o l o g i c a l  t echn iques  must be  used .  

An impor t an t  c o n s i d e r a t i o n  i n  t h e  t a r g e t i n g  of  
concea led  r a d i o g e n i c  g r a n i t e s  benea th  t h e  sed imen t s  
o f  t h e  A t l a n t i c  Coas t a l  P l a i n  i s  an  unde r s t and ing  
o f  t h e  r e g i o n a l  geo log ic  framework (Glove r ,  1979 ) .  
I n  t h e  absence  o f  a g r a v i t y  o r  magnet ic  anomaly, an  
unde r s t and ing  o f  t h e  r e g i o n a l  geology and t h e  pos- 
s i b l e  n a t u r e  o f  concea led  basement t r e n d s  i s  impor- 
t a n t .  R e l a t i v e l y  few h o l e s  have sampled t h e  base- 
ment t o  d a t e .  

Magnetic d a t a .  The normal ( approx ima te ly  sym- 
m e t r i c a l )  magne t i c  d i p o l e  f i e l d  of  t h e  e a r t h  i s  
d i s t o r t e d  by t h e  p re sence  of  magnet ic  m i n e r a l s  i n  
r o c k s ,  t h e  most impor tan t  o f  which i s  m a g n e t i t e .  
G r a n i t e  p l u t o n s  u s u a l l y  c o n t a i n  a smal l  pe rcen tage  
o f  m a g n e t i t e ,  and magnet ic  m i n e r a l s  can  be formed 
i n  a c o n t a c t  a u r e o l e  i n  t h e  nos t  rocks  i n t o  which 
t h e  p l u t o n  i s  in t ruded  ( S p e e r ,  1979) .  A good exam- 
p l e  o f  a magnet ic  anomaly a s s o c i a t e d  w i t h  a g r a n i t e  
exposed i n  t h e  Piedmont i s  shown on t h e  aeromag- 
n e t i c  map o f  the Carnden-Kershaw a r e a  i n  t h e  Pied- 
mont o f  n o r t h - c e n t r a l  South Caro l ina  (U.S.G.S., 
1970) .  S i m i l a r  g r a n i t e  bod ie s  concea led  benea th  
t h e  sed imen t s  of  t h e  A t l a n t i c  Coas t a l  P l a i n  might 
be d e t e c t e d  by t h e i r  magnet ic  s i g n a t u r e s  i f  t h e  
dep th  of  b u r i a l  is not t o o  g r e a t  and i f  inetamor- 
phism h a s  no t  des t royed  t h e  magnet ic  p r o p e r t i e s  o f  
t h e  m i n e r a l  assemblages .  Examinat i o n  of  e x i s t i n g  
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magnet ic  d a t a  o b t a i n e d  ove r  t h e  C o a s t a l  P l a i n  a l s o  
s u g g e s t s  t h a t  g r a n i t i c  p l u t o n s  do o c c u r  i n  t h e  
basement . 

Se i smic  d a t a .  Standard t e c h n i q u e s  o f  r e f l e c -  
t i o n  seismology a r e  e s s e n t i a l  t o  d e f i n e  t h e  subsur-  
f a c e  geometry of  a p o t e n t i a l  geothermal  r e s o u r c e  i n  
t h e  e a s t e r n  United S t a t e s .  I n  g e n e r a l ,  r e f l e c t i o n  
seismology o f f e r s  t h e  h i g h e s t  r e s o l u t i o n  of any 
g e o p h y s i c a l  method used t o  i n v e s t i g a t e  s u b s u r f a c e  
geology.  I n  p a r t i c u l a r ,  r e f l e c t i o n  seismology i s  
impor t an t  t o  

de te rmine  dep th  t o  c r y s t a l l i n e  basement,  

d e f i n e  f a u l t s  i n  t h e  basement and/or  over-  
l y i n g  sed iment s 

examine l a t e r a l  and v e r t i c a l  changes i n  
v e l o c i t y  i n  t h e  sed imen ta ry  s e c t i o n  which 
can  t h e n  b e  c o r r e l a t e d  with l a t e r a l  changes 
i n  the rma l  c o n d u c t i v i t y ,  

examine t h e  s p a t i a l  c o n t i n u i t y  o f  deep  
a c q u i f e r s .  

Geothermal E x p l o r a t i o n  o f  t h e  A t l a n t i c  C o a s t a l  
P l a i n  

During 1978-79, 49 h o l e s  were d r i l l e d  t o  a 
d e p t h  o f  approx ima te ly  300 m (1000 f t )  on t h e  
A t l a n t i c  C o a s t a l  P l a i n .  The geograph ic  d i s t r i b u -  
t i o n  o f  t h e  h o l e s  and t h e  r e s u l t s  o f  t h e  d r i l l i n g  
program a r e  g i v e n  i n  a series o f  ' r e p o r t s  t o  t h e  
Department of Energy (VPIbSU-5648-5 and 
VPI&SU-78ET-27001-7) and a r e  a v a i l a b l e  from t h e  
N a t i o n a l  T e c h n i c a l  Informat  i o n  S e r v i c e ,  Spring-  
f i e l d ,  Maryland 22161. The l o c a t i o n s  o f  t h e  d r i l l  
s i t e s  were chosen  on t h e  b a s i s  o f :  

1 )  g r a v i t y  d a t a ,  

2)  magne t i c  d a t a ,  

3)  known t h i c k n e s s  of C o a s t a l  P l a i n  sed imen t s ,  

4 )  appa ren t  thermal  anomalies  based on geoth-  
ermal  g r a d i e n t s  determined i n  e x i s t i n g  
h o l e s ,  

5) much o f  t h e  a v a i l a b l e  basement c o r e  d a t a ,  

6 )  s u i t a b l e  s i tes  f o r  t h e  e v a l u a t i o n  o f  t h e  
r a d i o g e n i c  p l u t o n  model,  

7) p r o x i m i t y  t o  ene rgy  marke t s .  

Because t h e  d i f f e r e n c e  i n  c o n c e n t r a t i o n s  o f  U 
and Th i n  basement rocks  a f f e c t s  t h e  geothermal  
g r a d i e n t  i n , t h e  o v e r l y i n g  sed imen t s ,  i t  was impor- 
t a n t  t o  s i t e  s e v e r a l  h o l e s  b o t h  on and o f f  poten- 
t i a l  f i e l d  anomal i e s .  The Portsmouth g r a v i t y  ano- 
maly ( C o s t a i n ,  1979,  p. 20) is  a n  e x c e l l e n t  example 
o f  a n e g a t i v e  g r a v i t y  anomaly ove r  a presumed bur- 
i e d  g r a n i t e  p l u t o n .  A magne t i c  anomaly is also 

' p r e s e n t .  The sediments  h e r e  a r e  about  600 m (1900 
f t )  i n  t h i c k n e s s .  A h o l e  was d r i l l e d  t h a t  encoun- 
t e r e d  g r a n i t e  a t  a dep th  of  about  600 m ,  and 90 m 
(300 f t )  of con t inuous  g r a n i t e  c o r e  (BQ) was recov-  

e r e d .  De te rmina t ions  o f  h e a t  g e n e r a t i o n ,  age ,  and 
c h e m i s t r y  have been made on t h e  c o r e .  A hea t  f low 
v a l u e  was determined o v e r  t h e  90-m i n t e r v a l  i n  t h e  
g r a n i t e  t o  confirm t h e  v a l u e  of  h e a t  f l ow d e t e r -  
mined i n  t h e  o v e r l y i n g  sed imen t s .  The geothermal  
g r a d i e n t  i n  t h e  h o l e  o v e r  t h e  g r a v i t y  anomaly i s  
about  42 O C / K m ;  t h e  g r a d i e n t  i n  a h o l e  d r i l l  nearby 
(12  km) but o f f  t h e  anomaly i n  t h e  same l i t h o l o g i c  
sequence of sed imen t s  i s  27 "C/Km. We r ega rd  t h i s  
a s  e x c e l l e n t  conf i rma t  i o n  of  t h e  r a d i o g e n i c  p lu ton  
model.  A h o l e  100 m i n t o  basement h a s  j u s t  been 
completed a t  t h e  off-anomaly d r i l l  s i t e  confirming 
t h a t  t h e  basement rocks  a r e  n o t  g r a n i t i c .  

Lambiase e t  a l .  (1979)  d i s c u s s  i n  d e t a i l  t h e  
d i s t i b u t i o n  and v a l u e s  o f  t h e  geo the rma l  g r a d i e n t s  
o b t a i n e d  i n  t h e  h o l e s  d r i l l e d  on t h e  A t l a n t i c  Coas- 
t a l  P l a i n .  The most promising a r e a  t o  d a t e  appears  
t o  be between C r i s f i e l d ,  Md., and Oak H a l l ,  Va, i n  
s o u t h e r n  Maryland and n o r t h e r n  V i r g i n i a  on t h e  
E a s t e r n  Shore.  Higher g r a d i e n t s  ( 4 8  O C / K m )  were 
found e l s e w h e r e ,  f o r  example w i t h i n  t h e  l a r g e  nega- 
t i v e  g r a v i t y  anomaly i n  t h e  v i c i n i t y  o f  Chesapeake 
Bay, but t h e  d e p t h  t o  basement t h e r e  i s  less. 

Summary o f  R e s u l t s  o f  Deep Geothermal T e s t  a t  Cris- 
f i e l d ,  Maryland 

A S i t e  S e l e c t i o n  Meeting was held a t  
B lacksburg ,  Va. on Janua ry  16-17, 1979. During 
t h i s  meet ing p o s s i b l e  d r i l l  sites were d i scussed  
f o r  which: 

a )  

b )  

No 

t h e  geothermal  g r a d i e n t  was known t o  
b e  r e l a t i v e l y  h i g h  as a r e s u l t  of t h e  
VPI&SU sha l low (300 m >  d r i l l i n g  pro- 
gram on t h e  A t l a n t i c  C o a s t a l  P l a i n  i n  
N e w  J e r s e y ,  Delaware,  Maryland, and 
North C a r o l i n a ,  

t h e  t h i c k n e s s  of C o a s t a l  P l a i n  
sed imen t s  was n o t  e x c e s s i v e  and 
d e p t h s  could be  reached t h a t  
would r e s u l t  i n  a c o s t - e f f e c t i v e  
d r i l l i n g  program. 

ha rd  d a t a  were a v a i l a b l e  wi th  r ega rd  t o  
w e l l  y i e l d s  o f  any deep  a q u i f e r s  i n  t h e  a r e a s  d i s -  
c u s s e d ,  and t h e  f i n a l  s e l e c t i o n  o f  a s i t e  was 
t h e r e f o r e  n o t  p r e j u d i c e d  by t h e  o c c u r r e n c e  o f  known 
o r  suspec ted  a q u i f e r s .  

M a x ~ u m  tempera tu res  p r e d i c t e d  a t  t h e  base o f  
t h e  sed imen t s  by VPIdSU were de t e rmined  by assuming 
t h a t  t h e  ave rage  geothermal  g r a d i e n t  i n  a cased ,  
cemented 300 m h o l e  remained c o n s t a n t  t o  t h e  base 
of t h e  sed imen t s .  - Temperatures  p r e d i c t e d  by t h i s  
method would t h e r e f o r e  .be maximum e x p e c t a b l e  temp- 
e r a t u r e s  because i t  was f e l t  u n l i k e l y  t h a t ,  f o r  t h e  
a r e a s  under  c o n s i d e r a t i o n ,  t h e  the rma l  c o n d u c t i v i t y  
of t h e  sed imen t s  would d e c r e a s e  wi th  d e p t h .  Our 
basement t empera tu re  p r e d i c t  i o n s  a r e  cons ide red  
maxima because t h e y  a r e  based on  d a t a  from t h e  
uppe r  305 m where the rma l  c o n d u c t i v i t i e s  might be 
expec ted  t o  be somewhat l o w  i n  t h e  n o r t h e r n  p a r t  o f  
t h e  A t l a n t i c  Coas t a l  P l a i n .  . 

A t  t h e  time of  t h e  S i t e  S e l e c t i o n  Meeting i n  
B lacksburg ,  an a c c u r a t e  e s t i m a t e  o f  t h e  depth t o  
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basement a t  C r i s f i e l d  was no t  a v a i l a b l e .  A d e p t h  
was t h e r e f o r e  computed us ing  t n e  n e a r e s t  wel ls  t h a t  
p e n e t r a t e d  basement ,  , under  t h e  assumpt ion  t h a t  t h e  
s l o p e  of  t h e  basement s u r f a c e  was approx ima te ly  
c o n s t a n t  between t h e s e  wel ls ,  Subsequent r e f l e c t i o n  
se i smic  d a t a  ( o b t a i n e d  b e f o r e  t h e  d r i l l i n g  began) 
i n d i c a t e d  t h a t  o u r  i n i t i a l  assumpt ion  was inco r -  
r e c t ,  and t h a t  t h e  d e p t h  t o  t h e  'basement '  r e f l e c -  
t o r  was approx ima te ly  1.30 km, about 16% less t h a n  
t h e  dep th  s t a t e d  a t  t h e  S i t e  S e l e c t i o n  Meeting i n  
Janua ry ;  t h e  maximum p r e d i c t e d  t empera tu re  would 
t h e r e f o r e  a l s o  be  less by about  t h e  same amount. 
(The f i n a l  d e p t h  and t empera tu re  e s t i m a t e  were made 
by VPI&SU more t h a n  two months b e f o r e  t h e  d r i l l i n g  
at  C r i s f i e l d  began; t h e  r e v i s e d  e s t i m a t e s  a r e  
inco rpora t ed  i n t o  3 o u r  P rogres s  Report  
VPI&SU-5648-5, p .  A-79 and C-24). I n  l i g h t  o f  t h i s  
new seismic d a t a ,  i t  was n e v e r t h e l e s s  t h e  recommen- 
d a t i o n  o f  VPI&SU t h a t  t h e  s i t e  n o t  be changed 
because i t  was c l e a r  t h a t  t h e  C r i s f i e l d  s i t e  was 
c o n s i s t e n t  wi th  program o b j e c t i v e s .  

Upon comple t ion  o f  t h e  C r i s f i e l d  we l l  i t  was 
d i scove red  t h a t  t h e  ' basement '  r e f l e c t o r  marked t h e  
t o p  o f  a poor ly  known 75-m t h i c k  ( l o c a l l y )  indu- 
r a t e d  h i g h - v e l o c i t y  s e c t i o n  o f  Coas t a l  P l a i n  sed i -  
ments ,  and t h a t  t r u e  c r y s t a l l i n e  basement was a t  
t h e  base  o f  t h i s  i n d u r a t e d  sequence a t  a d e p t h  o f  
1.36 km. Tempera ture  a t  t h e  t o p  o f  c r y s t a l l i n e  
basement was found t o  be about 58°C (137°F) .  Thus,  
t h e  p r e d i c t e d  t empera tu re  was w i t h i n  16% of  t h e  
a c t u a l  t e m p e r a t u r e ,  and t h e  d i f f e r e n c e  was due t o  
t h e  u n c e r t a i n t y  i n  es t  h a t i n g  t h e  thermal  conduc- 
t i v i t y  o f  C o a s t a l  P l a i n  sed iments  i n  t h e  lower 80% 
o f  t h e  sed imen ta ry  sequence .  

The d r i l l  s i t e  a t  C r i s f i e l d ,  Md. i s  l o c a t e d  
o f f  but n e a r  t h e  f l a n k  o f  a major n e g a t i v e  g r a v i t y  
anomaly t h a t  u n d e r l i e s  t h e  Chesapeake Bay. We have  
named t h i s  g r a v i t y  minimum t h e  'Chesapeake Bay 
Grav i ty  Low' (CBGL). The h i g h e s t  g r a d i e n t  we have  
de termined  t o  d a t e  i n  t h e  e a s t e r n  United S t a t e s  was 
de te rmined  i n  one o f  o u r  sha l low (300 m) h e a t  f l ow 
s i t e s  a t  Smith P o i n t ,  Va. The Smith Poin t  s i t e  i s  
on t h e  wes te rn  f l a n k  o f  t h e  CBGL. Based on o u r  
growing d a t a  base  and c o n f i r m a t i o n  o f  t h e  rad iog-  
e n i c  model ( C o s t a i n ,  G love r ,  and S inha ,  1980) a t  
Por t smouth ,  Va., we s p e c u l a t e  t h a t  t h e  CBGL may 
r e p r e s e n t  a l a r g e  r a d i o g e n i c  g r a n i t e  i n  t h e  base- 
ment. The d e p t h  t o  basement a t  Smith Po in t  i s  
approximate ly  0.92 - 0.96 km. Although t h e  geo the r -  
mal g r a d i e n t  a t  Smith Po in t  i s  h ighe r  t han  t h a t  a t  
and n e a r  C r i s f i e l d ,  t h e  sediment t h i c k n e s s  i s  
g r e a t e r  a t  C r i s f i e l d ;  t h e  C r i s f i e l d  s i t e  i s  as 
c l o s e  a s  p o s s i b l e  t o  t h e  CBGL on t h e  Delmarva Pen- 
n i n s u l a  wi thout  d r i l l i n g  on Smith I s l a n d  i n  t h e  
Chesapeake Bay ( a n  a t t r a c t i v e  p o s s i b i l i t y  because  
o f  t h e  p o t e n t i a l  geothermal  energy  r e s o u r c e  on 
Smith I s l a n d  and t h e  demonst ra ted  need t h e r e ) .  

D r i l l i n g  began a t  C r i s f i e l d ,  Md., on May 13 
and was completed on  June  1 4 ,  1979. D r i l l i n g  was 
done under c o n t r a c t  to  Gruy F e d e r a l ,  I n c .  T o t a l  
d e p t h  reached  ( i n c l u d i n g  basement p e n e t r a t i o n )  was 
1693 m .  Anal.ysis o f  d r i l l  c u t t i n g s  o f  basement 
rock  (Gleason ,  1979) i n d i c a t e s  a r e l a t i v e l y  uni form 
l i t h o l o g y  o v e r  t h e  331 m o f  basement p e n e t r a t e d .  
The basement i s  a me tavo lcan ic  rock .  For a more 
complete d e s c r i p t i o n ,  see Gleason (1979) .  

Over ly ing  c r y s t a l l i n e  basement a t  a d e p t h  o f  
1362 m i s  a 75-m t h i c k ,  we l l - indura t ed  u n i t  which 
i s  a n  e x c e l l e n t  seismic r e f l e c t o r .  From d r i l l  cu t -  
t i n g s ,  t h i s  u n i t  a p p e a r s  t o  be a l i t h o l o g i c a l l y  
he t e rogeneous  composi te  o f  b u f f ,  b lue-gray ,  brown, 
and r e d  s h a l e  c l a s t s ,  and g r a d u a l l y  downward-in- 
c r e a s i n g  amounts o f  subrounded t o  subangular  sand- 
s i z e d  gray-green  me tavo lcan ic  f ragments .  For a more 
comple te  d i s c u s s i o n  r e f e r  t o  Sve t l i chny  and Lambi- 
ase (1979) .  Dril l  c u t t i n g s  from o v e r l y i n g  Coas t a l  
P l a i n  sed iments  were sampled eve ry  3 m by VPI&SU 
s t a f f ,  and t e n  10-meter c o r e  a t t e m p t s  were made a t  
s e l e c t e d  i n t e r v a l s  i n  t h e  Coas t a l  P l a i n  sed iments .  
Core i n t e r v a l s ,  r e c o v e r i e s ,  and l i t h o l o g i c  desc r ip -  
t i o n s  o f  d r i l l  c u t t i n g s  a r e  g i v e n  by S v e t l i c h n y  and 
Lambiase (1979) .  L i t h o l o g i e s  encountered  i n  t h e  
sed imen t s  above basement i n c l u d e  t h i c k  sand l a y e r s  
i n t e rbedded  wi th  t h i n  l a y e r s  o f  v a r i e g a t e d  s h a l e  
(Pa tuxen t  Formation) ; dark-colored  c l a y ,  s h a l e  and 
sandy s h a l e  (Arunde l ) ;  f i n e  t o  medium sands  i n t e r -  
c a l a t e d  wi th  v a r i e g a t e d  s h a l e  and c l a y  ( R a r i t a n ) ;  
and fine-to-medium whi te  and bu f f  q u a r t z  sand wi th  
minor  s t r i n g e r s  o f  carbonaceous  c l a y  and l i g n i t e  
(Magothy?).  Sands and s i l t s  o v e r l i e  t h e  Magothy. 

The C r i s f i e l d  h o l e  w a s  n o t  i n t ended  t o  be com- 
p l e t e d  a s  a p roduc t ion  wel l .  Limited pump tes t s  
were run  t o  de t e rmine  p o t e n t i a l  f l u i d  p roduc t ion  by 
p e r f o r a t i n g  t h e  c a s i n g .  Three  zones i n  t h e  c o a s t a l  
P l a i n  sed iments  were p e r f o r a t e d .  The fo l lowing  
r e s u l t s  of  tempera ture  l o g g i n g  and a q u i f e r  t e s t i n g  
a r e  t aken  from Dashevsky and McClung (1979) .  

Zone No. 1 was p e r f o r a t e d  between 1262111 and 
1285m (4142 f t  - 4217 f t ) .  A down-hole c e n t r i f u g a l  
pump set a t  180m (600 f t )  lowered t h e  p i ezomet r i c  
s u r f a c e  t o  a d e p t h  o f  180m below t h e  ground s u r f a c e  
i n  8 min a t  a r a t e  of  150 gpm. It i s  no t  c l e a r  
whether or no t  a l l  p e r f o r a t i o n s  i n  t h i s  zone were 
e f f e c t i v e  i n  a l lowing  wa te r  t o  e n t e r  t h e  well. A 
s m a l l e r  pump capab le  o f  m a i n t a i n i n g  10 gpm was then  
set  a t  180m and pumped f o r  24 hour s  a t  an ave rage  
r a t e  o f  14  gpm. The s t a t i c  drawdown a t  t h i s  d i s c -  
ha rge  was approximate ly  4.6m ( 1 5  f t ) .  The tempera- 
t u r e  o f  t h e  water  f lowing  from t h e  p e r f o r a t e d  zone 
was 57.2 " C  (135 OF) a t  t h e  l e v e l  o f  p e r f o r a t i o n .  

Zone No. 2 was p e r f o r a t e d  from 1187111 t o  1227m 
(3895 f t  - 4026 f t )  and t h e  l a r g e  volume pump was 
set  a t  a d e p t h  o f  210m (700 f t ) .  T h i s  second zone 
was i n d i c a t e d  by l o g s  and c u t t i n g s  t o  be a c l e a n e r  
sand  than  Zone No. 1. Water was pumped from t h i s  
zone f o r  48  hour s  a t  a n  ave rage  ra te  o f  119 gpm 
drawing  t h e  s t a t i c  head down 84m (275 f t ) .  The 
t empera tu re  o f  water a t  t h e  l e v e l  o f  p e r f o r a t i o n  
was 56 "C (133  OF) and a t  t h e  s u r f a c e  t h e  d i s c h a r g e  
t empera tu re  was 51 "C (124  OF). During each  pump 
t e s t ,  s u r f a c e  t empera tu re  was seen  t o  r ise  cont inu-  
a l l y ,  Under h igh  p roduc t ion  f o r  a n  ex tended  pe r iod  
o f  time i t  i s  expec ted  t h a t  t h e  d i f f e r e n c e  between 
t h e  w e l l  head and p e r f o r a t i o n  t empera tu re  would be  
less .  

Following tes ts  o f  Zone No. 2 ,  a cement 
r e t a i n e r  was set  a t  1181m (3874  f t )  and t h e  per fo-  
r a t i o n s  o f  Zones 1 and 2 were squeezed wi th  cement. 

Zone No. 3 was p e r f o r a t e d  between 1155m and 
1170m (3792 f t  - 3840 f t ) .  Logs and c u t t i n g s  ind i -  
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c a t e d  t h i s  zone t o  be a c l e a n  sand wit.hin a t h i c k  
s h a l e  h o r i z o n .  The s m a l l  low-volume pump was set  
a t  a d e p t h  o f  l25m (410 f t )  and produced a t  a n  
a v e r a g e  d i s c h a r g e  o f  32 gpm. f o r  36 h o u r s ,  r e s u l t -  
i n g  i n  a s t a t i c  drawdown of  30m (98  f t ) .  Down-hole 
water  t e m p e r a t u r e  was 54 "C (129 OF). A p r e l i m i -  
n a r y  e s t i m a t e  o f  p e r m e a b i l i t y  o f  #Zone 2 i s  110 rnd 
( P a d d i s o n ,  1979) .  E s t i m a t e s  made by Gruy F e d e r a l ,  
I n c . ,  however, are  75 md. 

Conc l u s  i o n s  

R e s u l t s  o f  t h e  f i r s t  deep  geothermal  test i n  
t h e  sed iments  b e n e a t h  t h e  A t l a n t i c  C o a s t a l  P l a i n  
are e n c o u r a g i n g .  E lec t r i c  l o g s  r u n  i n  t h e  Cris- 
f i e l d  h o l e  i n d i c a t e d  t h e  p r e s e n c e  o f  a q u i f e r s  a t  
depth .  The l i m i t e d  amount o f  a q u i f e r  t e s t i n g  t h a t  
was p o s s i b l e  i n d i c a t e d  t h e  presence  o f  a q u i f e r s  of  
p o t e n t i a l l y  a d e q u a t e  p r o d u c t i o n  f o r  many low temp- 
e r a t u r e  geothermal  a p p l i c a t i o n s .  The scope and 
v a r i e t y  o f  a p p l i c a t i o n s  o f  geothermal  energy  on t h e  
A t l a n t i c  C o a s t a l  P l a i n  a r e  now be ing  i n v e s t i g a t e d  
by t h e  Applied P h y s i c s  Labora tory  of  Johns  Hopkins 
U n i v e r s i t y  (Dr.  A. W. S tone ,  p e r s o n a l  communica- 
t i o n ,  1980) .  
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