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For t h e  l a s t  s e v e r a l  yea r s ,  the Univers i ty  of  Texas a t  Austin 
(UTA) has analyzed t h e  geopressured t e r t i a r y  sandstones along the Texas 
Gulf Coast wi th  t h e  o b j e c t i v e  o f  l o c a t i n g  p rospec t ive  r e s e r v o i r s  from 
which geothermal energy could be recovered. Of t h e  "geothermal f a i r -  
ways" (areas w i t h  t h i c k  sandstone bodies  and es t imated  temperatures i n  
excess of  3OO0F), t h e  Brazoria fairway appears most promising and t h e  
Austin Bayou Prospect  has  been developed wi th in  t h i s  f a i r w a y - l  A t e s t  
w e l l  (DOE 1 Martin Ranch) is  c u r r e n t l y  be ing d r i l l e d  i n  t h i s  area. Pend- 
ing t h e  a v a i l a b i l i t y  o f  a c t u a l  w e l l  t e s t  d a t a ,  es t imated  r e s e r v o i r  prop- 
ert ies have been employed i n  numerical s imula t ions  t o  s tudy t h e  e f f e c t s  
of v a r i a t i o n s  i n  r e s e r v o i r  p r o p e r t i e s  on t h e  p ro jec ted  long-term be- 
havior  o f  t h e  Austin Bayou Prospect. The s imula t ions  assess t h e  sensi-  
t i v i t y  of the r e s e r v o i r  behavior  t o  v a r i a t i o n s  i n  estimated sandstone/ 
s h a l e  d i s t r i b u t i o n ,  s h a l e  compress ib i l i ty ,  and v e r t i c a l  s h a l e  p e m e a b l i t y .  
Fur the r ,  hypo the t i ca l  p r o p e r t i e s  f o r  the s t ress- deformat ion  behavior  of 
t h e  rock formations were employed i n  a very pre l iminary  study of  the po- 
t e n t i a l  ground s u r f a c e  displacements t h . a t  might accompany f l u i d  produc- 
t i o n .  

AUSTIN BAYOU PROSPECT 

It is es t imated  that the Austin Bayou Prospect  has a t o t a l  sand- 
s tone  th ickness  of 800-900 f t ,  average permeabi l i ty  (from unconfined 
cores )  of 40-60 m d ,  f l u i d  temperature i n  t h e  range of  300'F ( a t  14,000 
f t  depth)  t o  350'F ( a t  16,500 f t ) ,  and s a l i n i t i e s  i n  t h e  range of 
40,000-100,000 ppm. I t  i s  es t imated  t h , a t  the t e s t  w e l l  w i l l  d r a i n  
s e v e r a l  sandstone r e s e r v o i r s  (zones A,  B ,  C,  D,  E and F i n  F igure  1) i n  
an area of approximately 16 square mi1es.l  
i n f e r r e d  from an i n t e r p o l a t e d  spontaneous p o t e n t i a l  l o g ,  is  840 f t .  
Average p o r o s i t y  o f  a t  least  0.20 is  p red ic ted  f o r  250 f t  of  t h e  sand- 
stone;  the remaining sandstone has a p o r o s i t y  of  between 0.05-0.20 wi th  
an average value of  0.15. The t o t a l  pclre volume, water i n  pores ,  and 
gas i n  p lace  are es t imated  t o  be  60 b i l l i o n  cubic  f t ,  1 0  b i l l i o n  bbl,  
and 426 b i l l i o n  cubic  f t ,  r e s p e c t i v e l y .  

The n e t  sandstone th ickness ,  

RESERVOIR RESPONSE CALCULATIONS 

I t  is l i k e l y  that t h e  t es t  w e l l  w i l l  f i r s t  be used t o  produce from 
sand bodies l o c a t e d  wi th in  a s i n g l e  zone; t h e  s imula t ions  cons ider  pro- 
duction t o  be e n t i r e l y  from Zone E whicih has t h e  t h i c k e s t  sandstone 
bodies  (50-100 f t ) .  A series of four  axisymmetric c a l c u l a t i o n s  w a s  run 

* 
Work performed f o r  UTA under DOE Contrac t  EY-76-C-5040-1S. 
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w i t h  the S3 MUSHRM reservoir computer model. t o  s imula te  t h e  behavior  of 
l aye red  sandstone/shale sequences used t o  r e p r e s e n t  Zone E (Figure  1). 
MUSHRM inc ludes  t rea tment  of  a l l  the import.ant f lu id / rock  response 
mechanisms and their i n t e r a c t i o n s ,  that are bel ieved t o  be o p e r a t i v e  i n  
Gulf Coast geopressured geothermal reservoirs. The r e s e r v o i r  is  assumed 
t o  be a c y l i n d r i c a l  disc w i t h  r a d i u s  R = 3.63 km (corresponding t o  a block 
area of  16 square miles) and he igh t  152.4 m (500 f t ,  corresponding to  the 
t o p  and bottom of  Zone E a t  depths  of 15,300 and 15,800 f t ,  r e s p e c t i v e l y ) .  
The n e t  sand th ickness  (= n e t  s h a l e  th ickness )  i s  76.2 m (250 f t ) .  The 
r e s e r v o i r  f l u i d  is  assumed t o  be l i q u i d  water s a t u r a t e d  wi th  methane. 
The i n i t i a l  pore p r e s s u r e ,  temperature and methane mass f r a c t i o n  a t  a 
depth of 15,500 f t  are 793 b a r s  (11,500 p s i ) ,  162.7OC (325OF) and 0.007, 
r e s p e c t i v e l y .  
s t a t i c  equi l ibr ium so that t h e  i n i t i a l  va lues  of  pore p ressu re  and methane 
m a s s  f r a c t i o n  vary s l i g h t l y  over the 500 f t  reservoir th ickness .  The 
r e s e r v o i r  i s  produced a t  a cons tan t  mass r a t e  of 36.8 kg/sec (20,000 STB/ 
d a y ) ;  a l l  of t h e  production is from t h e  sandstone l a y e r s .  

The r e s e r v o i r  f l u i d  i s  assumed t o  be i n i t i a l l y  i n  hydro- 

For t h e  sandstone l a y e r s  w e  assume h o r i z o n t a l  permeabi l i ty  = 20 m d ;  
v e r t i c a l  permeabi l i ty  = 2 md; g r a i n  dens i ty  of rock = 2.63 g/cm3; i n i t i a l  
po ros i ty  of rock = 0.20; rock thermal conduct iv i ty  = 5.25 ergs/sec-cm-'C; 
rock s p e c i f i c  h e a t  = 0.963 X l o 7  ergs/g-'C; rock bulk compress ib i l i ty  = 
7.25 X 

gas s a t u r a t i o n  = 0.0 .  
p e r m e a b i l i t i e s ,  i n  t h e  case of two-phase flow, us ing  t h e  Corey formula- 
t i o n .  
sand l a y e r s  except  f o r  h o r i z o n t a l  pe rmeab i l i ty ,  v e x t i c a l  permeabi l i ty  and 
rock bulk compress ib i l i ty .  These p r o p e r t i e s ,  as w e l l  as t h e  sequencing 
of the  sandstone/shale l a y e r s ,  a r e  v a r i e d  i n  t h e  four  MUSHRM c a l c u l a t i o n s .  

cm2/dynes; i r r e d u c i b l e  l i q u i d  s a t u r a t i o n  = C.3 and i r r e d u c i b l e  
The l a t t e r  t w o  parameters  de f ine  t h e  r e l a t i v e  

For  t h e  shale l a y e r s  w e  assume i d e n t i c a l  p r o p e r t i e s  as f o r  t h e  

Figure  2 shows the numerical g r i d ,  along w i t h  the sandstone/shale 
arrangement, used i n  s imula t ion  #1 (base  case). I n  s imula t ion  #2 ( t h i c k  
s a n d s ) ,  t h e  arrangement shown i n  Figure 3 w a s  used. For t h e s e  two cases 
t h e  shale l a y e r s  a r e  assumed t o  have h o r i z o n t a l  permeabi l i ty  = 10-4 md; 
v e r t i c a l  permeabi l i ty  = 
cm2/dynes. 
v e r t i c a l  permeabi l i ty  of t h e  s h a l e  l a y e r  is  increased ten- fold  t o  
md. Simulat ion #4 (small s h a l e  C) is t h e  same as #1 except  t h e  bulk 
rock compress ib i l i ty  of t h e  shale l a y e r s  is decreased ten- fold  t o  
14.5 X 10-11 cm2/dynes. 

md; rock bulk compress ib i l i ty  = 14.5 X 10-l' 
Simulat ion #3 (h igh s h a l e  kv) is  t h e  same as #1 except  t h e  

F igure  4 shows the time-dependent p ressu re  d e c l i n e  i n  t h e  va r ious  
sandstone well- blocks f o r  a l l  four  MUSHRM s imula t ions .  For s imula t ion  #1 
(base case) the p r e s s u r e  drops i n  well-blocks (i = 1, j = 2 ,  4 ,  9) are 
e s s e n t i a l l y  t h e  same b u t  d i f f e r  s u b s t a n t i a l l y  from those  i n  well-blocks 
(i = I, j = 6 ,  7 ) .  This  c l e a r l y  i l lus t ra tes  t h e  in f luence  of  f l u i d  in-  
f l u x  from the ad jo in ing  s h a l e s .  Layers j = 2 ,  4 ,  9 are each a 50 f t  t h i c k  
sandstone body sandwiched between s h a l e  l a y e r s ,  whereas l a y e r s  j = 6,  7 
are contiguous sandstone bodies w i t h  a t o t a l  th i ckness  of 100 ft. W e  
f u r t h e r  no te ,  however, t h a t  t h e  p ressu re  drop f o r  a l l  of t h e  sandstone 
l a y e r s  is very nea r ly  i d e n t i c a l  f o r  t h e  f i r s t  year  o r  t w o ;  i n f l u x  from 
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ad jo in ing  s h a l e s  should have l i t t l e  01: no e f f e c t  f o r  p r a c t i c a l  drawdown/ 
bui ldup times employed i n  w e l l  t e s t i n g .  

Simulation #2 ( t h i c k  sands) USES t h e  same est imated p r o p e r t i e s  
f o r  t h e  sandstone and s h a l e  l a y e r s  a s  f o r  t h e  base case, bu t  t h e  n e t  
sandstone of 250 f t  i s  a s i n g l e  t h i c k  body sandwiched between 125  f t  
t h i c k  sha l e  bodies.  As shown i n  Figure 4 ,  t h e  p ressure  drops i n  t h e  
sandstone layers comprising t h e  250 ft: t h i c k  body a r e  e s s e n t i a l l y  i d e n t i -  
c a l .  The drop is nea r ly  the  same a s  f o r  s imulat ion #1 (base case)  f o r  
t < 'L 2 years; t h i s  again  i n d i c a t e s  t h a t  the f l u i d  i n f l u x  from sha l e  
l a y e r s  w i l l  be important  only f o r  long production t i m e s .  
years, h igher  p r e s su re  drops are obta ined f o r  s imula t ion  #2 ( t h i c k  sands ) ;  
t h e  importance o f  f l u i d  i n f l u x  from t h e  s h a l e s  decreases with  i nc r ea s ing  
sandstone th ickness .  Comparison of s imulat ion # 3  (high sha l e  kv) wi th  
t he  base case shows t h a t  t h e  t en- fo ld  i nc rea se  i n  t h e  v e r t i c a l  permeabil- 
i t y  of t h e  s h a l e  l a y e r s  enhances t h e  f l u i d  i n f l u x  and thus  g r e a t l y  re- 
duces t h e  long- term pressure  drop i n  the sandstone well-blocks (Figure  4 ) .  
Nevertheless ,  t h e  i n f l uence  of  t h e  i n f l u x  is  minimal f o r  t < Q 1 year. 
F i n a l l y ,  comparison of t h e  r e s u l t s  f o r  s imulat ion #4 (small s h a l e  C) 
with t h e  base case  shows that a ten- fo ld  decrease  i n  t h e  bulk rock com- 
p r e s s i b i l i t y  o f  t h e  s h a l e  l a y e r s  causes a l a r g e r  p ressure  drop i n  t h e  
sandstone well- blocks;  t h i s  e f f e c t ,  however, becomes ev iden t  only f o r  
t > 'L 10 years. 

For t > 3 

The MUSHRM s imula tor  computes po ros i t y  along with t h e  f l u i d  s t a t e  
i n  each computational c e l l  at each s t age  of a ca l cu l a t i on .  Given cu r r en t  
and i n i t i a l  p o r o s i t i e s ,  t h e  radial v a r i a t i o n  of t h e  v e r t i c a l  compaction 
of t h e  r e s e r v o i r  may be computed; t h e  compaction a t  t = 30.3 years  i s  
depic ted i n  Figure 5 f o r  each of t h e  four  r e s e r v o i r  s imula t ions .  

PRELIMINARY SUBSIDENCE STUDIES 

Estimation of t h e  v e r t i c a l  (subsidence) and ho r i zon t a l  movements 
of t h e  ground su r f ace  t h a t  might accompany r e s e r v o i r  compaction r equ i r e s  
knowledge of  t h e  s t ress-deformat ion behavior of t h e  rock u n i t s  c o n s t i t u t -  
ing  t h e  r e s e r v o i r  (Zone E )  and t h e  over ly ing  and underlying s t r a t a .  
Since such d a t a  were no t  a v a i l a b l e ,  hypo the t i c a l  p r o p e r t i e s  were used i n  
t h e  S3 AGRESS s imula tor  which couples t h e  r e s e r v o i r  response model 
(MUSHRM) with a rock s t ress- deformat ion response model.2 Figure 6 
shows an a x i a l  s e c t i o n  of t h e  conf igura t ion  t r e a t e d .  
expected t o  e n t e r  t h e  geopressured zone a t  a depth  of approximately 
10,000 ft. 
above t h a t  depth t h e  rocks may be unconsolidated.  Accordingly, t he  
formation p r o p e r t i e s  of t h e  rocks surrounding t h e  r e s e r v o i r  a r e  permit ted  
t o  be d i f f e r e n t  i n  Region I (depth < 1.0,OOO f t )  and Region I1 (depth > 
10,000 f t )  f o r  t h e  ground movement s t u d i e s .  

The test w e l l  is 

Rocks a r e  l i k e l y  to be competent i n  t h e  geopressured zone; 

We assume t h a t  t h e  Zone E sandstone/shale  l a y e r  arrangement, forma- 

I n  
t i o n  p r o p e r t i e s ,  i n i t i a l  f l u i d  state,  and t h e  imposed f l u i d  production 
a r e  i d e n t i c a l  t o  those  used f o r  r e s e r v o i r  s imulat ion #1 (base c a s e ) .  
add i t i on  t o  t h e  r e s e r v o i r  formation p r o p e r t i e s  given e a r l i e r ,  w e  assume 
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the fol lowing s t ress- deformat ion  p r o p e r t i e s  f o r  t h e  r e s e r v o i r  sandstone 
(shale) l a y e r s :  bulk  modulus o f  porous rock = 9.20 kb (0.46 kb); shea r  
modulus of porous rock = 3.45 kb (0.17 kb); bulk modulus of rock g r a i n  
= 300 kb (100 kb). Since  t h e  r e s e r v o i r  pore p ressu re  dec l ines  monotonically 
dur ing  f l u i d  production,  t h e  va lues  s e l e c t e d  are f o r  loading condi t ions .  
The overburden/underburden rocks are assumed t o  be l i n e a r l y  
t h r e e  parametr ic  AGRESS s imula t ions  were made t o  assess t h e  e f f e c t s  of 
v a r i a t i o n s  i n  rock p r o p e r t i e s .  Case A ( s o f t )  t reats  both Region I and 
Region I1 a s  unconsolidated rock wi th  bulk modulus = 25 kb and shear  
modulus = 9.375 kb. C a s e  B (mixed) t r e a t s  Region I t h e  same as C a s e  A,  
b u t  assumes the geopressured zone is f o u r  times as s t i f f  (Region I1 bulk 
modulus = 100 kb and shear  modulus = 37.5 k b ) .  I n  Case C ( s t i f f ) ,  both 
Region I and Region I1 a r e  t r e a t e d  as competent rock ( i . e . ,  bulk modulus 
100 kb and shear  modulus = 37.5 kb). 

elast ic;  

The su r face  v e r t i c a l  and h o r i z o n t a l  movements c a l c u l a t e d  by t h e  
The three AGRESS s imula t ions  a t  t = 30.3 years  a r e  shown i n  Figure 7. 

h o r i z o n t a l  movement i s  d i r e c t e d  toward the t e s t  w e l l  ( r  = 0 ) .  The com- 
bined e f f e c t  of  t h e  movements i s  t o  form a subsidence b o w l .  The main e f-  
f e c t  of an inc rease  i n  rock s t i f f n e s s  i s  t o  reduce t h e  s u r f a c e  d i sp lace-  
ments. Comparison of  Figures  5 and 7 shows t h a t  only a s m a l l  f r a c t i o n  of 
t h e  r e s e m o i r  compaction is  c a l c u l a t e d  t o  appear a s  s u r f a c e  subsidence. 

CONCLUDING REMARKS 

The parametric geopressured r e s e r v o i r  s imula t ions  s t r o n g l y  sugges t  
that f o r  sandstone th icknesses  g r e a t e r  than 50 f t ,  t h e  e f f e c t  of s h a l e  
f l u i d  i n f l u x  w i l l  n o t  be f e l t  f o r  production t imes less than one t o  t w o  
yea r s .  
times p r a c t i c a l  i n  w e l l  t e s t i n g ,  b u t  t h e  i n f l u x  from s h a l e s  w i l l  l i k e l y  
p lay  an important  r o l e  i n  determining long-term pressu re  drop i n  t h e  
sandstones ,  and a l s o  i n  t h e  associated r e s e r v o i r  compaction. The 
parametr ic  ground s u r f a c e  displacement s imula t ions  sugges t  t h a t  only  a 
f r a c t i o n  of t h e  r e s e r v o i r  compaction w i l l  appear a s  s u r f a c e  subsidence. 
It should be emphasized t h a t  the es t imated  values  f o r  r e s e r v o i r  p r o p e r t i e s  
used i n  t h e  r e s e r v o i r  response c a l c u l a t i o n s  must be confirmed by d a t a  
from t h e  DOE 1 Martin Ranch t e s t  well. 
t h e  ground s u r f a c e  movements are even more tenuous s i n c e  they a r e  based 
upon hypo the t i ca l  overburden/underburden rock p r o p e r t i e s .  

This  impl ies  that t h e  e f f e c t  can be ignored f o r  drawdown/buildup 

The pre l iminary  c a l c u l a t i o n s  f o r  
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Expected sandstone d i s t r i b u t i o n  f o r  the  t e s t  
SP log created by in terpola t ion from ex i s t ing  

(from Bebout, -- e t  a1.l) . 

Figure 2 .  Axial sect ion of the  numerical 
g r i d  and t h e  shale/sandstone arrangement 
u t i l i z e d  i n  Cases 1, 3 and 4 .  The well- 
blocks from which f l u i d  i s  produced a r e  
indicated by X. 
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Figure 3. Axial sec t ion of the numerical 
g r id  and the  shale/sandstone arrangement 
u t i l i z e d  i n  Case 2 .  The well-blocks a r e  
indicated by X .  
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Figure 5. Radial distr ibution of the 
ver t ica l  compaction of the reservoir.  
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resenroir (hatched) and the surround- 
ing rocks. 
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Axial section showing the 

Both the  bottom and the 

C 

4 

4 
n 

- 10 2 
U 

Figure 7 .  Surface ver t ica l  displace- 
ment ( l e f t )  and horizontal displace- 
ment ( r ight)  a t  t % 30.3 years for  
three choices of rock e l a s t i c  
properties. 

-285- 




