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ABS TRACT 

Good-qual1 t y  geothtnrinal r e s e r v o i r s  d i s p l a y i n g  
secondary p o r o s i t y  e x i s t  on t h e  tipper Texas c o a s t  
(Rrazor t a  County),  s l t e  o f  t he  P l c n s n n t  Bayou 
No. 1 and No. 2 wells, and a r e  altrihrrletl to a 
moderately s t a b l e  mineral nsscmhl.tt;a, norm;il geo- 
thermal  g r a d i e n t s ,  and low I n  s i t u  ptl. Major 
a u t h i g e n l c  mJnernls  a r e  ciiIci t e ,  .q\tilrt.x, a i d  
k a o l i n i t e .  De t r iLa l  Feldspar  has bc.c?n e x t e n s i v e l y  
a l b i t i z e d  a t  depth .  Major d i a g e n e t i c  e v e n t s  over- 
lapped ,  o c c u r r i n g  i n  the g e n e r a l  o rder - -prec ip i ta -  
t i o n  of  ca l c i t e ,  format ion  of q u a r t z  overgrowths,  
a l b i t i z a t i o n ,  l each ing  of calcite to form second- 
a r y  p o r o s i t y ,  and p r e c i p i t a t i o n  of  k a o l i n i t e .  

. Seventeen Brazor i a  County water a n a l y s e s  inc lud ing  
two from t h e  P l e a s a n t  Bayou No. 2 w e l l  were ther -  
modynamically t e s t e d .  P r e d i c t i o n s  based on equi-  
l i b r i u m  thermodynamics add new i n s i g h t  on mineral 
s t a b i l i t i e s  and a re '  consis tent  wi th  t h e  paragenet-  
i c  sequence developed from pe t rog raph ic  da t a .  
Ea r ly  p r e c i p i t a t i o n  of ca lc i te  a t  sha l low dep ths  
of b u r i a l  is  p red ic t ed .  Low tempera ture  and low 
i n  s i t u  pH e x p l a i n  t h e  g e n e r a l  absence of chlo- 
r i t e .  The use of so lu t ion-minera l  e q u i l i b r i a  as a 
p r e d i c t o r  of r e s e r v o i r  q u a l i t y  is i nconc lus ive ,  
but  wel l -def ined c l u s t e r i n g  of  waters i n d i c a t e s  
t h a t  i d e n t i f i c a t i o n  of r e g i o n a l  t r e n d s  w i l l  prob- 
a b l y  be poss ib l e .  Shallow waters may be t h e  key 
t o  p r e d i c t i n g  r e s e r v o i r  q u a l i t y  a t  depth.  __ - I__-.-.--- ---_- - ~ ----- - -.- I--.-- _ _ _ - - -  - - -  

* 

INTRODUCTION 

Diagene t i c  s t u d i e s  o f  Gulf Coast , T e r t i a r y  
rocks ,  funded by DOE and conducted a t  t h e  Texas 
Bureau o f  Economic Geology s i n c e  1977, have pro- 
duced much d a t a  on t h e  r e g i o n a l  v a r i a t i o n s  i n  
d e t r i t a l  and a u t h i g e n i c  mineralogy (Rehout e t  a l ,  
1978; Loucks e t  a l ,  1979a, 1979b, 1980). Sand- 
s t o n e  c o n s o l i d a t i o n  s t u d i e s  have progressed from 
broad r e g i o n a l  r e s e r v o i r  q u a l i t y  assessment  
s t r e s s i n g  sands tone  petrography to  d e t a i l e d  CQW 

p a r i s o n  of sands  tone mineralogy and e lementa l  
composi t ion of ca lc i te  from s e l e c t e d  areas. The 
nex t  logical  s t e p  i n  t h e  e f f o r t  t o  understand d ia -  
g e n e s i s  and p r e d i c t  r e s e r v o i r  q u a l i t y  i s  to  inves-  
t i g a t e  t h e  r o l e  of po re  f l u i d s  o r  a s p e c t s  of  
water-rock i n t e r a c t  ion. Consequent ly ,  c u r r e n t  
work i s  more geochemical i n  n a t u r e  than  ea r l i e r  
work. The g o a l  is  t o  re la te  water-rock interac- 
t i o n  t o  sands tone  d i a g e n e s i s  by thermodynamically 
t e s t i n g  format ion  waters f o r  s t a b i l i t y  wi th  re- 
spect t o  r e a c t i o n  p a i r s  i ,nvolving a u t h i g e n i c  and 
d e t r i t a l  m i n e r a l s  and €or s u p e r s a t u r a t i o n  w i t h  re- 
s p e c t  t o  a u t h i g e n i c  minera ls .  I n  o t h e r  words, a 
s o l u t i o n - m i n e r a l  e q u i l i b r i a  approach was used. 
Thermodynamic f u n c t i o n s  for  n i n e  key m i n e r a l s  and 
n ine  i o n i c  speci.es have been es t ima ted  i n  2 5 O  o r  
SO0 C increments  ove r  t he  tempera ture  range 2 5 O  t o  
350' C. Seventeen Rrazor la  County F r i o  Formation 
waters froin two f i e l d s  and ,the P leasan t  Bay(Jt1 \ 

No. 2 wel l  wcare t e s t e d  ( f i g .  1). This paper 
b r i e f l y  presclit s prel iiniriary r e s u l t s ,  s u b j e c t  t o  
update  o l  tliltriiiwlyiiainic d a t a .  

- _-. 

1 P u h l i c a t i o n  at t thorlzed by t h e  Director, Bureau 
o f  Economic Geology, The i l n tve r s i ty  of Texas a t  
Aus t i n ,  7 87 12. 



DETRITAL AND AUTHICENIC MINERALOGY 
v 

Most Rrazor in  County F r io  sands tones  a r e  
l i t h i c  a r k o s c s  and f e l d s p a t h i c  l i t l i a r e n i t e s  a long  
w i t h  a s i g n i f i c a n t  number o €  suharkoscs  and sub- 
l l t h a r e n i t e s  (Loricks e t  a l ,  1980). D e t r i t a l  con- 
st i tuenls a r e  mainly q u a r t z ,  Lesser mioutits O F  
Feldspar  and rock fragments,  a n d  minor matr ix  
mcltcrlal. P l ag toc lnsc  is the d o r n i n : i n t  f e l d s p a r ,  
a l t hough  m i n o r  K-€eldspar (most ly  mic roc l ine )  is 
also p r e s e n t .  Volcanic rock f rngacnts  a r e  the  
dominant rock-fragment v a r i e t y .  Muds tone,  s h a l e ,  
c h e r t ,  and o t h e r  sed imentary  fragments occur  less 
commonly. Depos i t i ona l  m a t r i x ,  d e t r i t a l  material 
f i n e r  t h a n  20 pm, i s  composed mainly of mixed 
l a y e r  smect i te / i l l i te .  Diagenes is  h a s  modified 
t h e  d e t r i t a l  mineralogy through p r e c i p i t a t i o n  of 
cements and a l t e r a t i o n  and d i s s o l u t i o n  o f  d e t r i t a l  
g r a i n s  and a u t h i g e n i c '  cements. Major a u t h i g e n i c  
mine ra l s  are calci te ,  q u a r t z ,  and k a o l i n i t e .  M i -  
nor phases are a l b i t e ,  c h l o r i t e ,  l aumont i t e ,  and 
u n i d e n t i f i e d  c l a y  c o a t s  (Loucks e t  a l ,  1980). 
Ca-montmorillonite c l a y  c o a t s  have been i d e n t i f i e d  
i n  t h e  Catahoula Formation, t h e  updip e q u i v a l e n t  
of - t h e  -_ F r i o  FQrmation (Gallo~y_ancL.Xa&_tP8Q)L - ~ - -- - 

DIAGENETIC HISTORY 

Mul t ip l e  g e n e r a t i o n  of a r i th igenic  ca lc i te  
is  the  r u l e  in the F r i o  sands tones  of Brazor ia  
County. Major ep i sodes  *of c a l c i t e  p r e c i p i t a t i o n  
occurred  i n  s e v e r a l  s t a g e s  throughout t h e  h u r i a l  + 
h i s t o r y .  These e p i s o d e s  are r e f l e c t e d  i n  t h e  
presence  of m u l t i p l e ,  d i s t i n c t i v e  c a l c i t e  compo- 
s i t i o n s  a t  v a r i o u s  d e p t h s  (Loucks e t  a l ,  1980). 
A t  least  fou r  unique ca lc i te  cement and g r a i n  re- 
placement composi t ions  were d i s t i n g u i s h e d  i n  the  
P l e a s a n t  Bayou No. 1 and No. 2 wells. Two phases 
of non-ferroan ca lc i te  are ' p re sen t ,  one sha l low,  
preceding  q u a r t z  overgrowths,  and t h e  o t h e r  a t  
sha l low t o  i n t e r m e d i a t e  , dep ths ,  fo l lowing  q u a r t z  
overgrowths ( f i g .  2). Shallow P l e a s a n t  Bayou 
samples ( less  than  1 ,220  m )  c o n t a i n  f e r r o a n  c a l -  
c i te  as p o i k i l o t o p i c  cement' and non-ferroan cal- 
c i t e  a s  g r a i n  replacements.  

Leaching of a u t h i g e n i c  calci te  is a l s o  e p i -  
s o d i c  and is  r e s p o n s i b l e  f o r  most of t h e  secondary 

l e a c h i n g  f o l l o w s  format ion  of q u a r t z  overgrowths 
which, based on oxygen I s o t o p e  d a t a ,  formed a t  
t empera tures  of 75' t o  80'C (Loucks e t  a l ,  1980). 
Pe t rog raph ic  ev idence  s u g g e s t s  t h a t  a u t h i g e n i c  
a l b i t e  cement formed contemporaneous wi th  q u a r t z .  
Auth igenic  k a o l i n i t e  o c c u r s  mainly as a f i l l i n g  i n  

. secondary .po res  d i s p l a y i n g  a vermicular  h a b i t .  I n  
many c a s e s ,  i t  appea r s  t o  have begun forming as a 
p l a g i o c l a s e  , rep lacement .  P o r e - f i l l i n g  k a o l i n i t e  
fo l lows  q u a r t z  overgrowths and much of t h e  leach- 
ing ;  i t  formed a t  approximate ly  1 0 0 ° C ,  based on 
i s o t o p i c  a n a l y s i s ,  and appears  t o  he t h e  lost 
major authigc!ni.c cement: p r e c i p i t a t e d  ( f i g .  2 ) .  

Diagcnet i c  processes  be l ieved  r e s p o n s i b l e  f o r  
g e n e r a t i n g  c o n s t  I trient components o €  a u t h f g e n i c  
cements or c o n d i t i o n s  necessa ry  f o r  t h e i r  p r e c i p i -  
t a t i o n  or  d i s s o l u t i o n  involve  r e a c t i o n  of d e t r i t a l  
components w i th  pore fluids--organ Lc matu'rat Lon, 
smec t i te / il li te t r a n s  i t  i o n ,  1 and a 1 bi. t i za t ion  o € 
d e t r i t a l  f e l d s p a r .  Organic ma tu ra t ion  and t h e  
smect i t e / i l l i  te t r a n s i t  i on  take p lace  mainly i n  

- - p o r o s i t y  i n  t h e s e  .sandstones.-The most i n t e n s e  



s h a l e s  whereas a l b i  t i za  t i o n  goes forward i n  sand- 
s t o n e s .  Based on i s o t o p i c  d a t a  and t r ends  i n  
f e ldspa r  composition wf t h  del)tli, a l b t t i z a t i o n  Is 
i n i t i a t e d  a t  depths  s l i g l i t l y  deeper and presumiihly 
a t  s l t g h t l y  h ighe r  tempcra tures  than Lhe sinect itel' 
i l l i t e  t r a n s i t i o n  (1,oucks e t  a l ,  1980), which RC- 

co rd ing  t o  Freed (1980) begills a t  approx I ln i l t e ly  
90OC i n  Rrazor i a  C o u n t y .  Microprobe d,ita Crom 
Brazor ia  COUIILY s l r o w  tlia t a l h i  te ( A n  0-10) begins 
t o  appear i n  q u a n t i t i e s  };rester than 2 5  percent  a t  
d e p t h s  i n  excess  of 3,580 m corresiwiidiiig to  a 
tempera ture  .of approximate ly  l l O ° C ,  whereas 
K-feldspar remains l a r g e l y  una l t e red  t o  t h i s  
depth.  
c l a s e  has  a l t e r e d  t o  a l b i t e  and K-feldspar i s  on ly  
rarely preserved  ( f i g .  3). . Al .b i t i za t ion  of p l a -  
g i o c l a s e  i s  probably  i n i t i a t e d  a t  about 100OC.  
It is  a n  impor tan t  source  oE calcium; however, 
t o t a l  a l b i t i z a t i o n  of d e t r i t a l  p l a g i o c l a s e  would 
probably r e l e a s e  ca lc ium s u f f i c i e n t  t o  account f o r  
n'o more than  40 percent  of t h e  ca lc i te  cement pos- 
t u l a t e d  to be p r e s e n t  p r i o r  t o  leaching .  C l e a r l y ,  
a d d i t t o n a l  sou rces  of ca lc ium must be sought .  
P a r a g e n e t i c a l l y ,  a l b i t i z a t i o n  fo l lows  p r e c i p i t a -  
t i o n  of q u a r t z  overgrowths and, based on micro- 

Below about 3,720 m v i r t u a l l y  a l l  p lag io-  

probe d a t a ,  r e g i o n a l  geothermal g r a d i e n t s ,  and 
i s o t o p i c  d a t a ,  occu r s  n e a r l y  contemporaneous wi th  

-I- - k a o l i n i t e  yrs-sipi&atioE*-.-_ _ _  --- _ _  - __ - _ -  - I ___L_^__ -_-I__-- 

RESERVOIR QUALITY 

Auth igenic  minerals are t h e  key t o  r e s e r v o i r  * 

q u a l i t y  because they  occ lude  p o r o s i t y  and reduce 
pe rme a b i li t y . P r e d i c t i n g  t h e i r  bell av i o r  should 
e v e n t u a l l y  l e a d  t o  p r e d i c t i o n  of r e s e r v o i r  q u a l i -  
ty. The presen.ce o r  absence of t h e s e  mine ra l s  i s  ' 

c o n t r o l l e d  by bu lk  composition, t empera ture , '  and 
pore- f lu id  .composition. . 

Bulk Composition 

According t o  Loucks e t  a1 (1979a, 1980),  
model'ately s t a b l e  mine ra l  assemblages,  such as 
those  of t h e  F r i o  sands tones  on t h e  upper Texas 
c o a s t  and i n  Brazor ia  County, are necessa ry  t o  
p re se rve  h igh -qua l i ty  r e s e r v o i r s  i n  t h e  deep 
subsu r face .  Because of t h e i r  s u s c e p t i b i l i t y  t o  
d i s s o l u t i o n ,  some optimum c o n t e n t a  of u n s t a b l e  
components (20  t o  30 pe rcen t )  i s  deemed necessa ry  

. f o r  development of secondary p o r o s i t y .  However, 
i f  t h e  pe rcen t  of u n s t a b l e  grains is t oo  h igh ,  t h e  
system becomes h i g h l y  r e a c t i v e  and p o r o s i t y  is  
commonly occluded by abundant cements. 

Chemical and mechanical i n s t a b i l i t y  of  frame- , 

. work g r a i n s  i s  enhanced by h i g h e r  tempera tures .  
Higher-than-normal geothermal  g r a d i e n t s  cause  spe- 
c i f i c  d i a g e n e t i c  even t s  t o  occur  ear l ie r  in t h e  

. c o n s o l i d a t i o n  sequence and Bpec i f i c  r e a c t i o n s  t o  
be more i n t e n s e .  Matrix, espec ia l ly  t h a t  o l  vol-  
c a n i c  o r t g i n ,  i s  more r e a c t i v e .  Furthermore,  
abundant mechanica l ly  u n s t a b l e  rock  fraginents are 

. commonly de lormed producing pseudoma t r i x ,  .which 
reduces poros i t y  ntid pcrmeiibfli ty.  Thus, normal 
t h e r m a l . g r a d i e n t s  i n  Rrazo r i a  County (0 .75OC/30.5  m 
iihove and 1.38OC/30.5 m w i t h i n  hard gcopressure)  
c o n t r i b u t e  t o  i t s  s u p e r i o r  r e s e r v o i r  q u a l i t y .  



Water-Rock I n t e r a c t i o ' n  

Thermodynamic - - -  p a t a  - .  - 
t h e  work oE LOUC~CS c t  a1 (1979b, 1980). Ferronn 
c a l c t  te and p l a g i o c l a s e  composCtCons a r e '  based on 
t h e i r  work. Lncltfng aiinlyscs f o r  l a y e r  si Licntes ,  
formulas € o r  c h l o r i t e  a n d  Cn-montmoril l on i  t c  wcrc 
chosen, based on the work o f  Carroll (1970) and 
Galloway and Ka i se r  (1980) (tahl-e 1). Hccausc oE 
t h e  fragmentary n a t u r c  and l a c k  of: a v n i l a b i l f t y  of 
thermodynamic d a t a ,  especially € o r  tlic layer s i l t -  
cates,  thermodynamic f u n c t i o n s  were es t imated .  
Methods, d i f f e r  depending on minera l  c lass  and 
a v a i l a b i l i t y  of publ i shed  da ta .  .The c a l c u l a t i o n  
of change i n  f r e e  e n e r g i e s  of format ion  ( A G f )  
f o r  f e r r o a n  ca lc i te  and p lag iocJase  i s  e s s e n t i a l l y  
the  e s t i m a t i o n  of A G f  f o r  s o l i d  s o l u t i o n s  
(Kaiser e t  a l ,  1981). C a l c u l a t i n g  v a l u e s  of t he r -  
modynamic f u n c t i o n s  f o r  layer s i l i ca t e s  p r e s e n t s  
s p e c i a l  problems. Few thermodynamic d a t a  are 
a v a i l a b l e  because of composi t iona l  and s t r u c t u r a l  
complexity.  Free e n e r g i e s  can be computed a t  ele- 
va ted '  t empera tures  i f  average  h e a t  c a p a c i t y ,  en- 
t h a l p y  of fo-rmation a t  25OC, and log K of forma- 
t i o n  a t  25OC are known. Heat c a p a c i t y  was calcu- 
l a t e d  us ing  a s t ruc tu ra l  a lgo r i thm (Ilelgeson e t  
a l ,  1978). Enthalpy was e s t ima ted  us ing  a graph- 
i ca l  method of flelgeson (Kaiser e t  a l ,  1981). 
Free  energy  of format ion  was e s t ima ted  u s i n g  the  
method of Tardy and. G a r r e l s  (1974). A c t i v i t i e s  of 
i o n i c  s p e c i e s  were c a l c u l a t e d  by computenr us ing  a n  
updated v e r s i o n  of SOLMNEQ ( s d l u t i o n - m i n e r a l  equi- ' 

l i b r i u m  computa t ions)  (Kharaka and Barnes, 1973). 

Key minc ra l s  3re taken  from 

--I--i- . - -  ~ _ .__ I_ IA / -  ---_I_/--- ---- - -__ - -  
-I_ __ -- 

Water Composition Analyses of 17 Brazor ia  County 
waters, 13 Chocolate Bayou, two H a l l s  Bayou, and 
two P l e a s a n t  Bayou No. 2 waters ( f i g .  1) were 
s e l e c t e d  from t h e  l i t e r a tu re  (Kharaka e t  a l ,  1977, 
1979) a n d  t e s t e d  thermodynamically. Waters come 
from a depth  range of 2,624 t o  4,740 m and have a 
temperature range of 94O t o  150OC. They are NaCl 
waters wi th  a' t o t a l  dls'solved s o l i d s  con ten t  rang- 
i n g  from 32,000 t o  132,000 mg/L. The two P l e a s a n t  
Bayou wa te r s  are  132,000 and 108,000 mg/L from 
4,462 m and 4,740 m ,  r e s p e c t i v e l y .  Four mole 
r a t i o s  of p a r t i c u l a r  in terest  i n  e v a l u a t i n g  t h e  
e f f e c t s  of geo log ic  membranes are compared 
g r a p h i c a l l y  wi th  seawater i n  f i g u r e  4. 

S t a b i l i t y  R e l a t i o n s  
t e s t e d  f o r  r e l a t i v e  s t a b i l i t y  a g a i n s t  s i x  r e a c t i o n  
pairs ( t a b l e  2)  by p l o t t i n g  log a c t i v i t y  r a t i o s  
and p roduc t s  f o r  each  water on t h e  a p p r o p r i a t e  
s t a b i l i t y  diagram. A l l  waters a r e  p l o t t e d  as -  

Brazor i a  County wa te r s  were 

,suming a water a c t i v i t y  o f  1. S t a b i l i t y  r e l a t i o n s  
a r e  shown a t  1000. and '  15OOC a t  1 bar  r e p r e s e n t i n g  
hydropressured  c o n d i t i o n s  and a t  600 b a r s  repre- 
s e n t i n g  geopressured  c o n d i t i o n s  ( f i g s .  5 ,  6 ,  7 ,  8 ,  
9 ,  10, 11). Figures  8 and 11 e s p e c i a l l y  illus- 
t r a t e  t h e  r o l e  o €  pres su re  i n  mine ra l  s t a h i  l i t y ,  
reflect  € n e  the nitmher O F  wate r s  Involved Lit tlw . 
t c a c t i o i i  and w a t e r ' s  more p o s i t i v e  Cree energy a t  
e l e v a t e d  press l i re  (Fisher and Zen,  1971 ). 

q u a l i t y  i n  Brazor ia  County. 
ca lc i te  and f e r r o a n  c a l c i t e  cements fo l lowing  one 
ano the r  can be expla ined  geochemicalty.  
e r a l ,  ca lc i te  becomes more i n s o l u b l e  a t  h i g h e r  

C a l c i t e  q i i i l i h r  twn l a r g e l y  governs r e s e r v o i r  
Shallow iton-poor 

In gcn- 



temperature, f e r r o a n  c a l c i t e  more so than  pure 
calci te .  Waters w i t h  a [Ca2+]/[Fe2+] r a t i o  O F  
less than about 10,r)OO w i l l  f i r s t  y i e l d  f e r roan  
c a l c i t e .  The re fo re ,  t o  For in  pure  c a l c i t e  t he  v i r -  
t u a l  absence O F  f e r r o u s  t t o u  is r equ i r ed .  Pu r r  
c a l c i t e  is s t a b l e  111 s t i r face  s c a w a ~ e c  ( f i g .  5)  and 
probably would be Favored lwEoi*e i n i t t i i t i o n  of the 
smec t i  t e / i l l i  te t r a n s  t t ion i n  s u l  I idc-r iclr wii t e  rs  . 
TlierenF t e r ,  f e r r o a n  ca lc i te  might he expected in 
su lFide-poor '  geothermal waters  a t  i ntermediate and 
deepe r  b u r i a l  dep ths .  However, f e r r o a n  calci te  
can a l s o  form a t  sha l low dep ths ,  perhaps t o  t h e  
dep th  of c i r c u l a t i o n  of  meteor ic  ground water, 
where ' s u l f a t e  r e d u c t i o n  is  i n h i b i t e d  . , 

A l l  B razo r i a  County waters. a t  subsu r face  

(fig. ,  5 ) .  Waters from the  sha l lowes t  d e p t h s  c lus -  
ter c l o s e s t  t o  t h e  ca lc i te  s t a b i l i t y  f i e l d ,  con- 
s i s t e n t  w i t h  t h e  occurrence  of sha l low iron-poor 
calcite.  The deepes t  waters c l u s t e r  w e l l  i n t o  t h e  
f e r r o a n  calcite f i e l d ,  y e t  l a t e - s t a g e  f e r r o a n  c a l -  
c i t e  is absen t  i n  t h e  P l e a s a n t  Bayou wells. Here 
the  c r i t i c a l  parameter f o r  ca rbona te  equ i l ib r ium 
is pH. 
i f  not imposs ib l e ,  a t  low plI. Using a mass- 
ba lance  approach, Kharaka e t  a1 (1979) c a l c u l a t e d  
an i n  s i t u  pH of 4.1 f o r  P leasan t  Bayou waters. 
A t  a n  e q u i l i b r i u m  pH of 4, c o n c e n t r a t i o n s  of t o t a l  
d i s s o l v e d  ca rbona te  species of approximate ly  
60,000 mg/L are  r e q u i r e d  €or  calci te  p r e c i p i t a t i o n  

The p o i n t  I s  t h a t  h igh  pH f a v o r s  ca lc i te  p rec i -  

' temperatures p l o t  i n  t h e  iEerroan calci te  f i e l d  

The p r e c i p i t a t i o n  of ca lc i te  is d i f E i c u l t ,  

----eanc&Krations -&t ' - seern  u n ~ U s ~ c a l l y - h i g h . - ~  ___ - _- -_ --- -. ___ -_ 
~ 

- - -pikaeion -and h a s  a - d i r e c t  bearing' on-tEe-€fmiiig of  
ca lc i te  p r e c i p i t a t i o n  _ _  and _ - - - -  t h e  depth  a t  whi -ch-u  -_ 
occur s  .- -Because pH g e n e r a l l y  dec reases  w i t h  
d e p t h ,  calci te  p r e c i p i t a t i o n  should be expected 
e a r l y  and a t  sha l low depths. .  The absence of l a t e -  
s t a g e ,  poros i ty-occ luding  f e r r o a n  ca lc i te  i n  t h e  
P l e a s a n t  Bayou wells is t hus  a t t r i b u t e d  t o  low pH. 
Indeed, sha l low waters (numbers 1, 2 ,  3, 4, 5 ,  13, 
14, 19, and 20) p l o t t i n g  less  deep ly  i n t o  the  

s u p e r i o r  r e s e r v o i r  q u a l i t y  a t  depth .  
Brazor i a  County waters p l o t  i n  t h e  c h l o r i t e  

s t a b i l i t y  f i e l d  ( f i g .  6 )  c o n t r a d i c t o r y  t o  pe t ro -  
g raph ic  evidence. C h l o r i t e  is e s s e n t i a l l y  a b s e n t  
i n  Brazor ia  County sands tones .  Fac to r s  c o n t r o l -  
l i n g  c h l o r i t e  s t a b i l i t y  r e l a t i v e  t o  k a o l i n i t e  are 
pH and Mg-Fe l o g  a c t i v i t y  product.  Note t h a t  hy- 
drogen i o n  a c t i v i t y  i s  t o  t h e  9.2 power ( f i g .  6) .  

, A t  a pH of  4 and water a c t i v i t y  of  0.87 Pleasan t  
Bayou geopressured  waters are s h i f t e d  i n t o  t h e  
k a o l i n i t e  f i e l d  ( f i g .  7). 
unreasonable  in s i t u  v a l u e s  f o r  subsu r face  waters, 
a l l  t e s t e d  waters would p l o t  i n  the  k a o l i n i t e  sta- 
b i l i t y  f i e l d , l c o n s i s t e n t  w i th  pe t rog raph ic  ev i -  
dence. By i m p l i c a t i o n  then  , ca lc i te  l each ing  m u s t  
have preceded and/or  occurred  contemporaneous wi th  
p r e c i p i t a t i o n  o€  k a o l i n i t e  cement 
ous absence OF c h l o r t t e  is cxplnlncd by tempera- 
t u re - - i t  is t o o  low i n  Rrazorta County fo r  chlo- 
r i t e  s t a b f l i  t y .  Ilowever, P l e a s a n t  Bayou waters 
would f a l l  i n   lie c h l o r i  te  Fle ld  as t empera tures  
rise above l5O0.C t o  about 1 7 5 O C  ( f i g .  7 ) .  1 

InsoEar as k a o l i n i t e  is an i n d i c a t o r  of ac id-  
i c  waters and u n d e r s a t u r a t i o n  w t t l i  respect t o  cal- 
c i t e ,  then  sha l low wa te r s  c l u s t e r i n g  toward the 
k a o l i n i t e  s t a b i l i t y  f1el.d (small Mg-Fe log  a c t i v -  
i t y  products )  might be a n  i n d i c a t o r  of deep sec- 

-I_ ___ _- _i _ _ _  

I Eerroan ca lc i te  f i e l d  may be an  i n d i c a t o r  of  

A t  pH's of 4 t o  6, not 

The co~ i sp icu -  
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ondary p o r o s i t y .  I n c i d e n t l y ,  t hese  waters have an 
e q u i l i b r i u m  pH of approximately 6 u n d e r  hydros ta  t- 

sha l lower  wa te r s  i n  a s u b s i d i n g ,  compacting bas in  
l i k e  the Gulf Basin t o  bear some imprint  of those  
a t  depth  and presumably reservoir qiial i t y .  

( equa t ions  3 arid 4, t a b l e  2) .  
sured c o n d i t i o n s  a1 1 Rrazorta  waters  p lo t  w e l l  
i n t o  t h c  a l b i t e  f i e l d  a t  100°C, implying t h a t  
a l b i t i z a t i o n  i s  i n i t i a t e d  i n  t h e  hydropressured 
i n t e r v a l  a t  less than  1 0 0 ° C  ( f i g .  8). 
pressured  c o n d i t i o n s  the  p l a g i o c l a s e  s t a b i l i t y  
f i e l d  expands and sugges t s  t h a t  p l a g i o c l a s e  su r -  
v i v i n g  a l b i t i z a t i o n  may be preserved a t  depth  
( f i g .  3C). I n  r e a l i t y ,  a l b i t i z a t i o n  becomes more 
d i f f i c u l t  w i t h  depth.  F igure  9 shows t h a t  sodium 
metasomatism of mic roc l ine  c l e a r l y  is p o s s i b l e  i n  
t h e s e  sodium- r i c h  waters. 
of waters r e f l e c t s  a depth  c o n t r o l l e d  i n c r e a s e  i n  
t h e  [IC+]/ [Na'] r a t i o  ( f i g .  4) and in t he  
P l e a s a n t  Bayou we l l s  a loss o f  K-feldspar below 
3,720 m. 
log r a t i o  and lower s i l i c a  a c t i v i t y .  

'Thermodynamically, K-feldspar is s t a b l e  rela- 
t i v e  t o  a l b i t e ,  but less so a t  inc reased  tempera- 
t u r e s  whereas a l b i t e  is s t a b l e  r e l a t i v e  t o  plagio-  
clase.  This  means t h a t  p l a g i o c l a s e  w i l l  be a l b i -  
t i z e d  b e f o r e  K-feldspar a s  i s  the  case i n  the  
P leasan t  Rayou wel ls .  
mic roc l ine  cements w i l l  be favored i n  low-tempera- 
ture  hydropressured  waters, w i th  a l b i t e  favored i n '  
waters similar t o  seawater ( l o g  [K+]/[Na+]- 
-1.75) and mic roc l ine  i n  f r e s h e r  waters a t  even 
lower tempera tures .  F igure  9 shows t h a t  a l b i t e  
cement can form i n  t h e  f u l l  range 'of waters t e s t e d  
from Brazor i a  County a t  ' less  than  75OC, sugges t ing  
t h a t  a l b i t e  cements Formed be fo re  q u a r t z  over- 
g r o w t h L -  -- --_ 

The r e l a t i v e  s t a b t l i t y  of f e l d s p a r  v e r s u s  
k a o l i n i t e  is examined i n  equa t ions  5 and 6. Tn 
sha l lower ,  hydropressured waters p l a g i o c l a s e  is 
s t a b l e  e t  t empera tures  OF less than  100°C ( f i g .  
10). On t h e  o t h e r  hand, k a o l i n i t e  is s t a b l e  rela- 
t i v e  t o  p l a g i o c l a s e  under geopressured cond i t ions .  
Thus, k a o l i n i t e  probably  begins  forming as a g r a i n  
replacement  of p l a g i o c l a s e ,  e v e n t u a l l y  consuming 

. t h e  whole g r a i n  as d i a g e n e s i s  proceeds.  Based on 
f i g u r e  11, t h e  p r e d i c t i o n  is made t h a t  a l b i t i z a -  
t i o n  began somewhat earlier than  major p r e c i p i t a -  
t i o n  of k a o l i n i t e  . 
t i o n s ,  t h a t  is, r e l a t i v e l y  e a r l y  i n  t h e  d i a g e n e t i c  
h i s t o r y  Brazor ia  waters p l o t  i n  the  a l b i t e  F ie ld .  
.Later,  a t  i n c r e a s e d  p res su re ,  t h e  k a o l i n i t e  f i e l d  ' 

expands d r a m a t i c a l l y  t o  encompass all waters a t  
' 

presumed lower i n  s i t u  pH's. 
r e a c t i o n  p l a g i o c l a s e  = a l b i t e  is thermodynamically 
favored over  p l a g i o c l a s e  = k a o l i n i t e .  
a l b i t e  is  s t a b l e  be fo re  k a o l i n i t e ,  t hus  the  i n f e r -  
ence t h a t  a l b i t i z a t i o n  began bar l ie r .  

F i n a l l y ,  wc s p e c u l a t e  on the Fate of t h e  c l a y  
c u t a n s ,  assum'tnp, siicli d e l t c a t c  f e a t u r e s  s u r v i v e  a 
long and complex dii lf iencttc h i s t o r y .  
is t h a t  Ca-montmoril lonttc would pers is t  i n  hydro- 
pressured  waters a t  pll's g r e a t e r  than 6. I n  test- 
ed waters Na-montmoril lonite and k a o l i n i t e  ' a r e  
s tab le .  
l i k e l y  coexist  w i th  Na-montmorillonite. 

' i c  c o n d i t i o n s .  It i s  not unrensonahlc t o  expect  

' Two a l b i t i z a t i o n  r e a c t i o n s  were cons idered  
Ilnder Iiydroprcs- 

Under geo- 

The obvious c l u s t e r i n g  

The sha l lowes t  waters have the  smallest 

Furthermore,  a l b i t e  and 
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Under hydropressured condi- 

Furthermore,  t h e  

I n  s h o r t ,  

P r c d i c t f o n  

Tn geothermal  waters k a o l i n i t e  would 
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CONCLUSIONS 

1. Sandstones composed oE chemica l ly  and mech- 
a n i c a l l y  s t a b l e  g r a i n s  a r e  a prereqr i i s i  t e  €or 
p rese rv ing  good r e s e r v o i r  qual i t y  I n  the F r i o  
1:o rma t ion .  
2 .  'rhe most important c o n t r o l s  on resrhrvoir 
qi ia l i  t y  a r e  h u l k  cornposit iori, teinp?r;it.iire, pl l ,  
pressure, and ion ic  i l c t i v i t i t - s .  
7. Water d a t a  romplcinent. rcwk data  ndil inj;  new 
i n s i g h t  on paragene t t c  sequence, €n s i t u  pll, and 
r e l a t  €ve mine ra l  s t a b i l i t i e s .  
curs in t h e  hydropressured i n t e r v a l .  Carbonate , 

e q u i l i b r i u m  r e q u i r e s  e a r l y  p r e c i p i t a t i o n  of c a l -  
c i t e  i n  d i a g e n e s i s .  
p l a i n  t h e  g e n e r a l  absence O C  c h l o r i t e  i n  Brazor ia  
County . 
4. P r e d i c t i o n s  based on e q u i l i b r i u m  thermodynam- 
ics a r e  c o n s i s t e n t  w i th  petrograp.hic d a t a  suggest-  
i n g  t h a t  e s t ima ted  e q u i l i b r i u m  c o n s t a n t s  ( l o g  Kr 'S)  
are c o r r e c t  t o  one o r  two o r d e r s  of magnitude. 
5 .  The use  of so lu t ion-minera l  e q u l i b r i a  as a 
p r e d i c t 6 r . o f  r e s e r v o i r  q u a l i t y  is i nconc lus ive  and 
cannot be d e c i s i v e l y  t e s t e d  u n t i l  comparison be- 
tween areas of good and poor r e s e r v o i r  q u a l i t y  is 
made. The well-defined c l u s t e r i n g  of log a c t i v i t y  
p roduc t s  and r a t i o s  demonstrated h e r e  indica' tes 
t h a t  comparisons between r e g i o n s  w i l l  probably be 
p o s s i b l e .  The next phase of t h i s  work w i l l  evalu- 
a t e  t h e  South Texas F r i o  of Kenedy County, an a r e a  
noted f o r  deep, low-permeabili ty r e s e r v o i r s .  The * 

key t o  p r e d i c t i n g  r e s e r v o i r  q u a l i t y  a t  depth  may 
be-the sha l low waters .  

Most d i a g e n e s i s  oc- 

Low tempera ture  and pH ex- 

~ ---I 1-- -. ---- 
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Fig. 3. 
Pleasant Bayou N o .  1 and No. 2 wells. Albi te -  
anorthzte-orthoclase plots  for  20 fe ldspars .  
A. Samp-le depth 3 ,130  m ,  well No. 1 ,  average 
plagioc lase  (An 32) .  

Albi t izat ion of d e t r i t a l  fe ldspars in' t h e  

B. Depth 3,668-3,674 m ,  

_1_-- - -  C. Depth 3,918-3,921 m,  w e l l  No. 2, 
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Fig. 5.  S t a b i l i t y  diagram for the react ion 
c a l c i t e  = ferroan c a l c i t e  (equation 1,  t a b l e  2). 

'Pleasant Bay& waters s o l i d  symbols, c i r c l e  
(4,462 m) and square (4,740 m ) .  Numbers are  t h e  
Kharaka e t  a1 (1977, 1979) sample numher. 
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F i g .  6 .  S t a b i l i t y  diagram f o r  the  reac t ion  
kaolinite = c h l o r i t e  (eq. 2) .  
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Fig.  8 .  S t a b i l i t y  diagram.for the reaction 
plagioclase (An 30) = a l b i t e  (eq. 3 ) .  
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F i g .  10. 
p l a g i o c l a s e  = k a o l i n i t e  (eq. 5 ) .  

S t a b i l i t y  diagram for tire reac t ion  
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' F i g .  11. S t a b i l i t y  diagram f o r  the  reac t ion  
a l b i t e  = k a o l i n i t e  ( e q .  6 ) .  
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A u t  hi genic mineral s 
Quartz 
Cal c i t e  
Ferroan c a l c i t e  

. Kaol i ni t e  
A1 b i t e  

Chlorite 

Table 1, 

Si02 
CaC03 

Ca. 95Fe005C03 
A1 2Si 205 (OH)4 
NaAl S i  308 

Mg2.3Fe2,3A12.8Si2,6010(oH)8 

. .  

Mineral composition, 

. -. - . . . . 

Detrital minerals 
P1 agiocl ase 
(An 30) . 

Microcl ine 

Clay coats 
Ca 1 c i urn- 
montmori 11 o i t e  01 



C .  

, .  
. .  

. .  
Table 2 .  Reaction pairs". 

1. 

2. 

3 .  

4. 

C a l c i t e  + .05 Fe2+ = Ferroan calcite  + . 0 5  Ca2+ 

1.4 Kao l in i t e  + 2 .3  Mg2+ + 2.3 .Fe2+ + 6.2  H20 = Chlor i t e  + .2 H4Si04O + 9 . 2  [ I k  

P l a g i o c l a s e  + .6  Na+ + 1.2  H4SiC)4O = 1 . 3  A l b i t e  + . 3  Ca2+ + 2.4 1i20 

Microcline + Na+ = A l b i t e  + K+ 

I 

5 .  

6 .  

P l a g i o c l a s e  + 1 . 3  H+ + 3 .45  H20 

2 Albi.te + 2 "f: + 9 1120 = K a o l i n i t e  + .2 Na' + 4 114sio4° 

.65  Kao l in i t e  + . 3  Ca2+ + .7 Na+ + 1 .4  H4Si04' 

a Reactions w r i t t e n  wi th  ' A 1  immobile. 

. .  



F i g .  1. Locat ion of Chocolate Bayou F i e l d ,  H a l l s  
Bayou F i e l d ,  and P leasan t  Bayou tes t  w e l l s .  

Fig.  2. Diagenet ic  h i s t o r y ,  Chocolate Bayou- 
P leasan t  Bayou area. 
(1980) 

Modified from Loucks e t  a1 

Fig.  3. A l b i t i z a t i o n  of d e t r i t a l  f e l d s p a r s  i n  t h e  
P l e a s a n t  Bayou No. 1 and No. 2 w e l l s .  Albite-. ' 

a n o r t h i t e - o r t h o c l a s e  p l o t s  f o r  20 f e l d s p a r s .  
A. Sample depth  3,130 m, well 110. 1, average  
p l a g i o c l a s e  (An 32). 
well No. 2. 

B. Depth 3,668-3,674 m, 
C. Depth 3,918-3,921 m, w e l l  No. 2. 

Mole r a t i o s  of  S r a z o r i a  County waters ve r sus  depth and seawater (SW). 'F ig .  4. Pleasan t  Sayou (PB) waters 
a t  4,462 m and 4,740 m shown i n  l a r g e r  symbols. 

Fig.  5 .  S t a b i l i t y  diagram f o r  t h e  r e a c t i o n  
calcite = f e r r o a n  calcite (equat ion  1, t a b l e  2). 
Pleasan t  Bayau waters s o l i d  symbols, circle 
(4,462 m) and squa re  (4,740 m). Numbers are t h e  
Kharaka e t  a1 (1977, 1979) sample number. 

Fig. 6. 
k a o l i n i t e  = c h l o r i t e  (eq. 2). 

Fig.  7. 
k a o l i n i t e  = c h l o r i t e .  P leasant  Bayou waters a t  
wel lhead pH ( s o l i d )  and in s i t u  pH (open).  

Fig.  8 .  
p l a g i o c l a s e  (An 30) = a l b i t e  (eq.  3). 

S t a b i l i t y  diagram f o r  t h e  r e a c t i o n  

S t a b i l i t y  diagram for t he  r e a c t i o n  

S t a b i l i t y  diagram f o r  t he  r e a c t i o n  

Fig.  9. 
m i c r o c l i n e  = a l b i t e  (eq. 4). 

S t a b T l i t y  diagram f o r  t h e  r e a c t i o n  

Fig.  10. 
p l a g i o c l a s e  k a o l i n i t e  (eq. 5 ) .  

Fig.  11. 
a l b i t e  = k a o l i n i t e  (eq. 6) .  

S t a b i l i t y  diagram f o r  t he  r e a c t i o n  

S t a b i l i t y  diagram f o r  the  r e a c t i o n  

. .  



LEGlBlLlTY 

A major purpose of the Technical Infor- 
mation Center is to provide the broadest 
possible dissemination of information con- 
tained in DOE’S Research and Develop- 
ment Reports to business, industry, the 
academic community, and federal, state, 
and local governments. Non-DOE originated 
information is also disseminated by the 
Technical Information Center to support 

Although large portions of this report 
are not reproducible, it is being made avail- 
able only in paper copy form to facilitate 
the availability of those parts of the docu- 
ment which are legible. Copies may be 
obtained from the National Technical Infor- 
mation Service. Authorized recipients may 
obtain a copy directly from the Department 
of Energy’s Technical Information Center. 

4 ongoing DOE programs. 

@ 


