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dis t r ibu tary-channel  and channel-mouth-bar d e p o s i t s  , 
,and cover a r e l a t i v e l y  small a r ea  (approx. 4 m i 2 ) ,  
They a r e  l a t e r a l l y  i n  contac t  with th inne r  delta- 
f r o n t  sandstones.  

Blessing Area 

__I_ _ _  
t-has a similar h i s t o r y  t o  
re l a r g e r ,  fault t r a c e r -  -- ~- 

a r e  more s inuous,  e a r l y  growth r a t i o s  are much 
l a r g e r  (inaximum of 101, and r o l l o v e r  is s u b s t a n t i a l  
(Fig.. 5).  
s t e a d i l y  wi th  time. Persistent s t r u c t u r a l  highs on 
t h e  basinward margins of f a u l t  blocks are probably 
unde r l a in  by r e s i d u a l  s h a l e  masses (Bruce, 1973); 
elsewhere along t h e  F r i o  t rend ,  s i m i l h r  s h a l e  masses 
became d i a p i r i c .  

Hydraulic i s o l a t i o n  of geopressured Lower F r i o  
sandstones near  Blessing is similar t o  the ,Cuero  
area: downfaulted a g a i n s t  Vicksburg s lope  s h a l e  on 
t h e  landward s i d e  of t h e  f a u l t  block,  upfaul ted  
a g a i n s t  t r a n s g r e s s i v e  Middle-to-Upper F r i o  s h a l e  on 
t h e  bsslnward s i d e ,  and o v e r l a i n  by Middle F r i o  in-  
terbedded sand and shale (Fig. 4). 
sured sandstones i n  t h e  Blessing Prospect  a r e a  

i n  Cuero, and probably re$<&ent both d i s t r i b u t a r y  
and de l t a - f ron t  f a c i e s .  Ind iv idua l  t h i c k  sand- 
s tones  tend t o  t h i n  and pinch out  basinward, where- 
as landward they  tend t o  s p l i t  u p  i n t o  numerous - 
t h i n  sandstones due t o  o v e r a l l  expansion of t h e  
s e c t i o n  near  t h e  growth f a u l t .  

\ 

Growth ra t ios  on most f a u l t s  decrease  

\ 

Thick geopres- 

- (Fig,  6) axe l a t e r a l l y  more; cont inuous than those  

_I___ _ _ -  - -  -_ - -  --- ----- - __ - _ _ _ ~ - -  ~ - - 

P 1  ea san t Bayou 

I n  t h e  P leasant  Bayou Prospect ,  e a r l y  s t r u c -  
t u r a l  development was cha rac t e r i zed  by widely 
spaced down-to-the bas in  f a u l t s  with s u b s t a n t i a l  
r o l l o v e r ,  cond i t ions  similar t o  t h a t  of Blessing.  
I n  past-Frlo t h e ,  s a l t  withdrawal and d i ap i r i sm 
becahe a c t i v e  and superimposed s u b s t a n t i a l  s t r u c -  
t u r a l  r e l i e f  on earlier s t r u c t u r e s .  Crestal 
f a u l t s  developed over Danbury Dome, while  growth 
r a t e s  on r e g i o n a l  down-to-the-basin f a u l t s  dec l ined  
t o  less than  1.1. Pos tdnahuac  s t r u c t u r e s  were en- 
t i r e l y  d i f f e r e n t  f rom ' those  a c t i v e  e a r l y  i n  Frio 
time, i n  contra'st.  $0 the P e r s i s t e n t  s t r u c t u r a l  
s t y l e s  of Cuero and Blessing (Fig. S)'.. 
s t r u c t u r a l  s t y l e  w i th  time are c h a r a c t e r i s t i c  of 
s a l t  t e c t o n i c s  i n  t h e  Gulf Basin.  

v o i r s  (Fowler, 1970) was v i r t u a l l y  i d e n t i c a l  t o  
t h a t  for Bless ing ,  and was e n t i r e l y  a resu l t  of 
e a r l y  f a u l t  growth. 
i n  t h e  P leasant  Bayou area are ex tens ive  and hfghly 
permeable; whole c o r e  ana lyses  commonly r e p o r t  per- 
m e a b i l i t i e s  i n  excess of 1000 md, and the producing 
sandstone . .  ( t h e  "C" sand) covers  approximately 25 

* m i '  (Fig.  6 ) .  'Va r i a t ion  In e l e c t r i c '  log  cha rac t e r  
wi th in  ind iv idua l  sandstones is a t t r i b u t a b l e  p r i -  
mar i ly  t o  t h r e e  phenomena: (1) downdip pinchout ,  
(2) s p l i t t i n g  'up of sandstones due t o  expansion 
i n t o  growth f a u l t s ,  and (3) l a t e r a l  changes from 
channel f a c i e s  t o  de l t a - f ron t  fac ies . '  

Changes i n  

I s o l a t i o n  of deep s t r u c t u r e  sandstone reser- 

Thick geopressured sandstones 



ABSTRACT 

.De t i l ed  a n a l y s i s  of geologi  a 1  and sefsmfc 
d a t a  from seve ra l  geopressured geothermal a r e a s  
(Cuero, Blessing,  Pleasant  Bayou) r e v e a l s  e imi la r -  
i t i e s  i n  s t r u c t u r a l - s t r a t i g r a p h i c  r e l a t i o n s h i p s  
that form geopressured a q u i f e r s  a s  well a s  d i f f e r -  

I n  t hese  examples, geopressured sandstones are 
i so l a t ed  on t h e  updip s i d e  by downfaulting aga ins t  
shelf-s lope shales, and on t h e  downdip s i d e  by up- 
f a u l t i n g  a g a i n s t  t r ansg res s ive  marine shales, 
Moreover, they are i s o l a t e d  above and below by 
t h i c k  sequences of t r a n s g r e s s i v e  s h a l e  o r  interbed-  
ded sandstone and sha le .  

Prospect ive r e s e r v o i r s  a r e  found where d e l t a i c  
and a s soc ia t ed  sandstones ( 'd is t r ibutary channel ,  
d e l t a  f r o n t ,  ba r r i e r - s t r andp la in )  were deposi ted 
seaward of major growth f a u l t s  and near  t h e  she l f  
margin. S t r u c t u r a l  development i n  t h e s e  areas be- 
gsn with rap id  movement of r e l a t i v e l y  s t r a i g h t  t o  
s inuous down-to-the-basin growth f a u l t s  wi th  nar- 
row t o  wide spacings and varying amounts of r o l l -  
over ,  
by continued but  slower movement of most growth 
f a u l t s .  
p i r ism superimposed a dome-and-withdrawal-basin 
p a t t e r n  on t h e  ear l ie r  growth-fault  s t y l e .  

, 

Later s t r u c t u r a l  movement was charac te r ized  

In  t h e  P leasant  Biyou a r e a ,  l a t e  sa l t  d i a -  

- IL__-I--- _ _ _  _l___l_l_l - - - - r .__ 1 _ _ _ _  - - - _  
INTRODUCTION 

S t r u c t u r a l  i n t e r p r e t a t i o n  of geothermal pro- 
spec t  areas on a s i t e - s p e c i f i c  l e v e l  is necessary 
t o  p red ic t  r e s e r v o i r  s i z e  and t h e  p o t e n t i a l  volume 
of f l u i d s  t h a t  can be withdrawn from geopressured 
sandstones.  Comparative s t r u c t u r a l  i n t e r p r e t a t i o n  
on a r eg iona l  scale i s  important (1)  t o  understand 
t h e  reasons  f o r  t h e  accumulation of excess  f l u i d  
pressure ,  (2)  t o  i d e n t i f y  f a c t o r s  which d i s t i n g u i s h  
good :qua l i ty  prospec ts  from poor q u a l i t y  prospec ts ,  

s t y l e  t o  a i d  explora t ion  f o r  and eva lua t ion  of 
prospec ts  i n  areas of poor subsur face  c o n t r o l .  

The h i s t o r y  of syn-depos i t iona l  s t r u c t u r e s  
that create geopressured geothermal r e s e r v o i r s  can 
be recons t ruc ted  by means of s equen t i a l  isopach 
maps. In  t h e  case of-shallow-water depos i t ion ,  i t  
can u s u a l l y  be  assumed t h a t  contemporaneous s t r u c -  
t u r a l  r e l i e f  is  much g r e a t e r  than t h e  relief of 
d e p o s i t i o n a l  topography, so t h a t  an  isopach map is  
e s s e n t i a l l y  a p a l e o s t r u c t u r a l  map as  w e l l ,  ne- 
g l e c t i n g  e f f e c t s  of compaction. By removing t h e  
hor i zon t  a1 component of post  -d e p o s i t  i o n a l  f.aul t d is- 
placement from t h e  isopach map, an  approximately 
p a l i n s p a s t i c  reconstructxon can be obtained,  Rela- 
t i v e  r a t e s * o f t  f a u l t  movement a r e  quant i f ied  i n  
terms of t h e  Browth r a t i o  (or expansion tndex),  de- 
f ined  as t h e  r a t i o  of downthrown th i ckness  t o  up- 
thrown th ickness ,  This  type  of a n a l y s i s  is p a r t i c -  
u l a r l y  u s e f u l  f o r  s t r u c t u r a l l y  complex &teas such 
a s  Pleasant.Bayou. Whereas deep s t r u c t u r e  maps may 
show t h e  superimposed e f f e c t s  of d i f f e r e n t  s t r u c -  
t u r a l  s t y l e s ,  i nd iv idua l  isopach maps u s u a l l y  show 
a s i n g l e  s t y l e  and a re  t h e r e f o r e  e a s i e r  t o  inter- 
pret .  

,--- - 
- - --- - __I and 4 3 )  to develop gene ra l  modZ1s of s t r u c t u r a l  

- 

. 



STRUCTURAL DEVELOPMENT OF AREAS 

S t r u c t u r e  and s t r a t i g r a p h y  of t h r e e  areas 
(Figs.1,Z) were s tudied  i n  d e t a i l  a s  p a r t  of t h e  
process  of prospect eva lua t ion .  (1 )  The Cuero a r e a  
(Bebout e t  a l ,  1979), in D e W i t t  County, is on t h e  
Eocene Lower Wilcox growth-fault t r end ,  on t h e  
southwestern f r i n g e  of the Rockdale Delta system 
(Fisher  and McGowen, 1967). (2)  The Blessing pro- 
spec t  (Morton et a l ,  1981) i n  Matagorda County is 
on t h e  Oligocene F r i o  growth-fault  t rend ,  within 
t h e  Houston Delta system (Galloway e t  a l ,  in  
press ) .  (3) The Pleasant  Bayou prospect (Bebout 
e t  a l ,  1978) i n  Brazoria  County .is a l s o  on t h e  F r i o  
t rend and within t h e  Houston Delta system, but is 
under la in  by mobile s a l t  which has  complicated t h e  
s t r u c t u r a l  development 
Ranch Fie ld  (Loucks, 1978; Berg e t  al., 1979) ,  i n  
Hidalgo County on t h e  Vicksburg t rend ,  has  a l s o  
been s tudied  but i n  less d e t a i l ;  i t  was not  a pro- 
spect but provides  an i n t e r e s t i n g  c o n t r a s t  i n  
s t r u c  t u r d  q t  y l e  , 

f a u l t  systems has  been ou t l ined  by Winker and Ed- 
wards ( in  p re s s ) ,  i n  which changes in  s t r u c t u r a l  
s t y l e s  and stress regimes $re explained i n  terms of 
progradat ion of t h e  contifieft tal  s lope.  The major 
d r iv ing  f o r c e s  are g r a v i t a t i o n a l  i n s t a b i l i t y  of t h e  
c o n t i n e n t a l  s lope  and d e n s i t y  inve r s ions  caused by 
sand-shale sequences overlying s a l t  o r  undercorn& 
pacted s lope  sha le .  Diapi rs  o r i g i n a t e  In  a com- 
pressional regime a t  t h e  base of t h e  s lope;  once 
s t a r t e d ,  they  cont inue  t o  move because of t h e  den- 
s i t y  inQersion.  Down-to-the-basin growth f a u l t s  
o r i g i n a t e  I n  an extens iona l  regime a t  t h e  she l f  
margin. 
basinward, growth f a u l t s  and s h a l e  d i a p i r s  may con- 
t i n u e  t o  move', bu t  a t ' s  g r e a t l y  diminished r o t e .  
S a l t  d i a p i r s ,  on t h e  o the r  hand, cont inue  t o  be 
very*mobi le  and t h e r e f o r e  tend t o  dominate l a t e  
strui?tgral developeng-.  I - _--- - - -- - -- 

Cuero Area 

A f o u r t h  a r e a ,  t h e  McAllen 

A model f o r  evolu t ion  of T e r t i a r y  growth- 

Af t e r  t h e  she l f  margin progrades f a r t h e r  

__- _ _  - - - 
- -  - 

I n  t h e  Cuero area', f a u l t s  are sub-para l le l  and 
f a i r l y  c l o s e l y  and evenly spaced (Fig. 3). 
f a u l t  movement was r e l a t i v e l y  SBOW, wi th  small 
growth r a t i o s  ( less than 2)  and minor r o l l o v e r  
(Fig, 4,s). This s t y l e  is  t y p i c a l  of the Lower 
Wilcox t rend which r e p r e s e n t s  t h e  i n i t i a l  growth 
f a u l t i n g  i n  t h e  Texas Gulf coas t .  The small amount 
of r o l l o v e r  sugges ts  t h a t  t h e  f a u l t s  f l a t t e n  out  a t  
cons iderable  depth,  and probably pene t r a t e  Lower 
Cretaceous carbonates .  Decollemenr may occur i n  
t h i n ,  non-d iap i r i c  J u r a s s i c  s a l t ,  similar t o  t h a t  
which occurs  along t h e  southwestern margin of t h e  

t i o s  decl ined t o  less than 1.1, and r eg iona l  basin- 
ward t i l t i n g  was superimposed on t h e  earlier 
s t r u c t u r e s  (Fig. 5 ) .  
' 

f a u l t  block downdip, and are i s o l a t e d  on the updip 
side by e a r l y  downfaulting a g a i n s t  o l d e r  (Midway) 
s lope  shales, on t h e  downdip s i d e  by up fau l t ing  
against  Middle Wilcox t r ansg res s ive  shales; and 
above by an interbedded sand-and-shale sequence 

s t o n e s  (Fig. 6) appear ,  on t h e  b a s i s  of electrfc- 
log  p a t t e r n s  and whole c o r e  i n  one w e l l ,  t o  be 

Early 

_. __ EastL&xas-Basin,- In  -post-Wlcox-tAne, - g r w t W  

Geopressured sandstones occur i n  t h e  second 

' (Fig. 4). The best-developed geopressured sand- 



. .  

. - .. 
. 

, 

McAllen Ranch Area 

Evolution of s t r u c t u r e s  i n  t h e  McAllen Ranch 
a r e a  (Fig. 4) is similar t o  t h e  Blessing a rea  ex- 
c e p t  t h a t  t h e  f a u l t s  f l a t t e n  out  a t  very  shal low 
depth,  r e s u l t i n g  i n  extreme r o l l o v e r  and a very  
large hor rzon ta l  component of displacement.  Most 

downfaultimg aga ins t  Jackson s lope  shale, downdip 

I 

-/______C__- _II 

I-_ -_ --_ - - - " - - - - - a f i h ~ $ c L s b u  ecfloni-i  s-&% pr=emuii- iu  e t o  

pinchouts ,  and t h e  over ly ing  t r a n s g r e s s i v e  Upper 
Vicksburg s h a l e  wedge. 

be a n t i c i p a t e d  i n  a r e a s  of d i a p i r i c  a c t i v i t y  in-  
c lude  (1) numerous f a u l t s  of small displacement 
wi th in  major f a u l t  blocks (Bruce, 1973; Evamy 
e t  a l ,  1978) ; (2) "back-to-back" f a u l t s  (Evamy 
et a l ,  1978) a s soc ia t ed  wi th  d i a p i r s ;  (3) major 
up-to-the bas in  (Spindler , 1977) o r  "counter- 
r e t i o n a l "  (Evamy e t  a l ,  1978) f a u l t s ,  a l s o  a s soc i -  
a t e d  wi th  d i a p i r s ;  and (4) s a l t  d i a p i r i m  contemp- 
oraneous wi th  shelf- inargin growth f a u l t i n g  ( in  con- 
t r a s t  t o  Pleasant  Bayou where d iap i r i sm p o s t d a t e d  
growth f a u l t i n g )  i n  areas where s a l t  is extremely 
mobile,  

Addi t iona l  s t r u c t u r a l  complicat ions.which can 

- -  _-- _- - I x - -  - I ---- --- 
STRUCTURAL-STIUTICRA+~~~C RKLATIONSHIPS 

S t r u c t u r a l  c o n t r o l s  on sandstone q u a l i t y  and 
geometry are st i l l  a ma t t e r  of specu la t ion ,  be- ' I  

cause of t h e  mal l  number of a r e a s  which have been 
s tudied  i n  s u f f i c i e n t  de t a i l  . In  gene ra l ,  however, 
i t  appears  that t h e  more proximal d e l t a i c  facies 
tend t o  make th i cke r  and more permeable r e s e r v o i r s  
than do the 'more  d i s t a l  f a c i e s .  Condi t ions favor- 
a b l e  f o r  Rydraulfc i s o l a t i o n  of proximal f a c i e s  
allowing f o r  t h e  accumulation of geopressure in -  
c lude:  
probably extended cons ide rab le  d i s t a n c e s  landward 
of the. she l f  brbak; (2) l a r g e  f a u l t  displacement 
t h a t  Gff e c t i v e l y  sea led  high-permeabili ty sand- 
s tones  a g a i n s t  s l o p e  sha le s ;  and (3) an  over ly ing  
t r a n s g r e s s i v e  sequence, so That i n  t h e  basinward 
bounding f a u l t ,  r e s e r v o i r  sandstones are upfaul ted  
a g a i n s t  t r a n s g r e s s i v e  shales r a t h e r  than sandstones 

.which could d r a i n  t h e  r e s e r v o i r ,  
t hese  hypotheses w i l l  r e q u i r e  a l a r g e r  d a t a  set, 

(1) l a r g e  f a u l t  block's where a c t i v e  f a u l t s  

, 

- -  

Confirmation of 
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Fig.  1 Regional  t r e n d s  of growth f a u l t e d  she l f  margins  i n  t h e  northwestern Gulf of Mexico, showing 
l o c a t i o n s  of geopressured-geothermal s t u d y  areas. 

Fig.- 2 
and cross s e c t i o n s  (Fig.  4 ) .  

Approximate c o r r e l a t i o n  of s t r a t i g r a p h i c  i n t e r v a l s  used f o r  cons t ruc t ion  of i sopach  maps (Fig. 5 )  

Fig .  3 S t r u c t u r e  maps on tops  of i n t e r v a l s  of p rospec t ive  geopressured geothermal r e s e r v o i r s .  . .  

Fig. 4 Dip s e c t i o n s  of four  geothermal s tudy  areas, wi thout  v e r t i c a l  exaggera t ion .  Numbers on 
s t r a t i g r a p h i c  u n i t s  r e f e r  t o  Figure 2 .  

Fig.  3 S e q u e n t i a l  isopach maps of t h r e e  geothermal  s tudy  areas wi th  h o r i z o n t a l  component of pos t -  
d e p o s i t i o n a l  f a u l t i n g  removed. Numbers of s t r a t i g r a p h i c  u n i t s  r e f e r  t o  F igure  2 .  

Fig .  6 Extent of optimum sandstone development,  
based on e l e c t r i c - l o g  p a t t e r n s  ( th i ckness  , absence  
of shale breaks, la teral  c o n t i n u i t y ) ,  f o r  t h r e e  

. geothermal  study areas. 

Fig .  2 Approximate c o r r e l a t i o n  of s t r a t i g r a p h i c  
i n t e r v a l s  used for cons t ruc t ion  of i sopach  maps 
(Fig.  5 )  and c r o s s  s e c t i o n s  (Fig.  4). 
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