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ABS TRACT 

Our s tud ies  o f  rock samples from geothermal 
boreholes use a combination of mineralogy, l i g h t  
s t a b l e  isotopes, f l u i d  i n c l u s i o n s  and o t h e r  methods 
o f  geothermometry. 
e f f e c t i v e  and r a p i d  when a p p l i e d  t o  p r a c t i c a l  prob- 
lems o f  exp lo ra t i on  a t  Cerro P r i e t o .  
t o  p r e d i c t  temperatures and make q u a l i t a t i v e  s ta te -  
ments about permeab i l i t y  du r ing  d r i l l i n g .  
p r e d i c t i o n s  were l a r g e l y  subs tan t i a ted  when the  
boreholes were subsequently tes ted .  
t i m e l y  in fo rmat ion  helps determine f i n a l  depth and 
the  s i t i n g  of f u tu re  we l ls .  
zones o f  d i f f e r e n t  pe rmeab i l i t y ,  and d i s t i n g u i s h  
between the  na tura l  recharge , d i  scharge , and heat ing  
regimes o f  the  geothermal system. Thus the  e f f e c t -  
i v e  hydrology and i t s  e v o l u t i o n  i n  t h e  na tu ra l  
s t a t e  can be described. Al though these concepts 
were developed as a r e s u l t  o f  ou r  s tud ies  i n  the  
Sa l ton  Trough, we be l i eve  t h a t ,  w i t h  s u i t a b l e  
mod i f i ca t i ons ,  they can be a p p l i e d  t o  var ious  
d i f f e r e n t  types o f  geothermal f i e l d s  elsewhere. 

This approach has proved cos t  

We were ab le  

Our 

Th is  k i n d  o f  

We can a l s o  i d e n t i f y  

I n t r o d u c t i o n  

This paper and the  two accompanying papers 
on Cerro P r i e t o  (Hoagland and E l  ders , 1978; Olson 
and Elders,  1978) i l l u s t r a t e  o u r  b e l i e f  t h a t  
m ine ra log i ca l  and i s o t o p i c  s t u d i e s  shou ld  be a 
p a r t  o f  t he  normal rou t i ne  o f  i n v e s t i g a t i o n  o f  
geothermal boreholes . For modest incremental  
costs,  c e r t a i n l y  on l y  a few percent  o f  t h e  cos t  
o f  d r i l l i n g ,  such s tud ies  o f  subsurface samples 
p rov ide  use fu l  and t i m e l y  i n fo rma t ion .  To be * 

most e f f e c t i v e  we use a combinat ion o f  mineralogy, 
' i so tope geochemistry , and geothermometry. No one 
o f  these methods alone i s  adequate i n  o u r  exper i -  
ence, b u t  together  they suppor t  each o the r .  

These s tud ies  i n v e s t i g a t e  t h e  r e s u l t s  o f  
water/rock reac t ions .  These r e s u l t s  a r e  impor- 
t a n t  f o r  two reasons: f i r s t l y ,  the  reac t i ons  have 
a dramat ic e f f e c t  on the  po ros i t y ,  pe rmeab i l i t y ,  
and o t h e r  physical  p roper t i es  o f  t h e  rocks,  and 
secondly, they leave a record  i n  t h e  rocks  o f  
t h e  hyd ro log i ca l  and thermal regime. We can 
t h i n k  o f  a h igh  i n t e n s i t y  hot-water geothermal 
f i e l d  s imp ly  as being a the rma l l y -d r i ven  f r e e  
convec t ion  system. But  i n  add i t i on ,  we can a l so  
t h i n k  o f  i t  as chemical pump t r a n s p o r t i n g  var ious  
components around the  system. Some components a re  

concentrated i n  the  f l u i d  system, o thers  move 
through the  rock system as they a re  d isso lved o r  
p r e c i p i t a t e d  as t h e  f l u i d  moves through a tempera- 
t u r e  g rad ien t .  
increases dens i ty  and reduces p o r o s i t y  and per -  
meab i l i t y ;  however, incongruent d i s s o l u t i o n  a t  
g ra in  t o  g ra in  contac ts  usua l l y  has the  same e f -  
f e c t  , reducing the  permeabi 1 i ty . Thus these k i  nds 
o f  water/rock reac t i ons  a re  s e l  f - 1  i m i  t i n g  and 
would come t o  a s t o p  were i t  n o t  f o r  the  competing 
e f f e c t s  o f  hyd rau l i c  f r a c t u r i n g  and f a u l t i n g  which 
generate f r a c t u r e  permeabil  i ty  ( E l  ders 1977). The 
r e s u l t s  o f  these processes can be t raced  i n  t h e  
rocks e f fec ted .  

P r e c i p i t a t i o n  o f  minerals obv ious l y  

Hydrothermal Mineral  ow 

The most obvious a p p l i c a t i o n  of mineralogy i s  
t o  he lp  make c o r r e l a t i o n s  between w e l l s  , i n  o r d e r  
t o  determine the  s t r u c t u r a l  r e l a t i o n s  o f  t he  aqu i -  
fe rs .  Such s tud ies  can a s s i s t  e l e c t r i c  l o g  co r re -  
l a t i o n s .  
reveal t he  pa t te rn  o f  hydrothermal mineral  i z a t i o n .  

However, e l e c t r i c  l ogs  do n o t  e a s i l y  

The f i r s t  o f  o u r  t h r e e  papers a t  t h i s  meet ing 
(Hoagland and Elders,  1978, t h i s  volume) shows how 
speci f i c  minerals form i n  response t o  water/rock 
reac t ions  under s p e c i f i c  cond i t ions .  Some o f  
these mineral  assemblages appear t o  be p r imar i  l y  
c o n t r o l l e d  by temperature. Thus the  d iagene t i c  
assemblage, the  i l l i t e / c h l o r i t e  assemblage, and 
the  c a l  c-a1 umi num s i  1 i ca te  assemblage can be used 
t o  determine the  temperatures a t  which they were 
i n  e q u i l i b r i u m  w i t h  b r i n e .  As w e l l  as being used 
t o  p r e d i c t  temperatures from c u t t i n g s  ob ta ined 
wh i l e  d r i l l i n g ,  c o r r e l a t i o n  o f  these mineral  assem- 
blages across a geothermal f i e l d  can revea l  t h e  
pa t te rn  o f  temperature d i s t r i b u t i o n  i n  th ree  
dimensions. 

Other mineral  assemblages are  i n d i c a t i v e  o f  
the  d i  r e c t i o n  o f  temperature change. When ho t  
b r i ne  ascends i n t o  c o l d e r  rocks i n  a discharge 
zone, quar tz  and potassium feldspar p r e c i p i t a t e ,  
forming the  quar tz -adu lar ia  assemblage. 
c o l d  water  descending i n t o  h o t t e r  rocks w i l l  pre- 
c i  p i  t a t e  carbonate and s u l  f a t e  , forming the  
ca l  c i  te-anhydr i  t e  assembl age. 
p r i n c i p l e ,  map o u t  t h e  p a t t e r n  o f  f l u i d  f l ow  i n  a 
geothermal f i e l d  from t h e  mineralogy. 

S i m i  1 a r l y  , 

Thus we can , i n  

Rapid i d e n t i f i c a t i o n  o f  minera l  assemblages 
i s  e a s i l y  achieved us ing  X-ray d i f f r a c t i o n .  
use an automated system which produces quant i  t a -  

We 
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t i v e  modal analyses. -However, these analyses 
are augmented by o p t i c a l  microscopy f o r  several 
reasons. F i r s t l y ,  t he  de tec t i on  l i m i t  f o r  
minera ls  i n  t h e  microscope i s  lower. Secondly, 
t e x t u r a l  C r i t e r i a  h e l p  t o  d i s t i n g u i s h  between 
d e t r i t a l  and a u t h i  genic mineral s . Furthermore , 
we can use t h e  t e x t u r e s  t o  study the  sequence 
o f  minera l  format ion i n  rocks and i n  m ine ra l i zed  
f rac tu res  t o  determine t h e  h i s t o r y  o f  water/rock 
react ions.  F i n a l l y  , tex tu res  g i ve  i n fo rma t ion  
on the  degree o f  s e l f - s e a l i n g  by p r e c i p i t a t i o n  
i n  pore spaces. 
be associated w i t h  discharge than w i t h  recharge, 
because o f  t h e  h ighe r  r a t e s  o f  f low t o  he ex- 
pected. Discharge regimes have smal 1 e r  areas 
than the broader  , more d i  f f u s e  , recharge regimes 
which surround them. 

S e l f - s e a l i n g  i s  more l i k e l y  t o  

L i  ght Stab1 e Isotopes 

Many s t u d i e s  o f  t h e  s t a b l e  isotopes of water  
’ and gas samples from geothermal w e l l s  aim a t  

determin ing t h e  o r i g i n s  o f  t he  f l u i d s  and t h e i r  
temperatures o f  reac t i on .  Whereas f l u i d s  tend 
t o  be w e l l  mixed and t h e r e f o r e  g i ve  averages 
over a whole w e l l  o r  even over a whole aqu i fe r ,  
rock samples g i v e  i n fo rma t ion  on the  d e t a i l e d  
v a r i a t i o n s  i n  a d r i l l e d  sec t i on  and on the  
changes which have occurred w i t h i n  it. For  t h i s  
reason, t h e  second o f  o u r  th ree  papers i n  t h i s  
ser ies (Olson and Elders, 1978, t h i s  volume) 
s t resses t h e  i s o t o p i c  r a t i o s  o f  minera ls .  The 
study concentrated on c a l c i t e  because carbonates 
can be much more e a s i l y  prepared f o r  ana lys i s  
than s i l i c a t e s ,  and because c a l c i t e  i s  ub iqu i -  
tous, except a t  t h e  h ighes t  temperatures. 

The i s o t o p i c  r a t i o s  o f  c a l c i t e  were used t o  
c a l c u l a t e  t h e  temperatures o f  equi 1 i b r a t i o n  be- 
tween ca l  c i t e  and water. 
perature, t h e  oxygen i so tope  values o f  c a l c i t e s  
become l i g h t e r .  
range o f  values i s  found. I n v a r i a b l y  the  
l i g h t e s t  oxygen values a re  i n  ve in c a l c i t e ,  w i t h  
p rog ress i ve l y  heav ie r  values i n  sandstones , 
s i l t s t o n e s  and shales. This  i s  because o f  lower 
water t o  rock  r a t i o s  i n  rocks o f  lower  permeabil- 
i t y .  Therefore, i n  a d d i t i o n  t o  g e t t i n g  tempera- 
t u r e  i n f o r m a t i o n  , i f  d i f f e r e n t  i s o t o p i c  r a t i o s  
occur i n  rocks a t  t h e  same temperatures, we can 
determine water / rock r a t i o s .  This a l lows study 
o f  v a r i a t i o n s  i n  the  e f f e c t i v e  p e r m e a b i l i t y  o f  
aqui fers  i n  space and t ime. 

With i nc reas ing  tem- 

However, a t  any given depth a 

Geot hermome t ry 

A t  f i  r s t  s i  gh t  , i t  may seem redundant t o  
use m ine ra log i ca l  and geochemical geothermometers 
i n  an a c t i v e  geothermal system where temperatures 
can be measured d i r e c t l y .  However, a t  t h e  tem- 
peratures encountered a t  Cerro P r ie to ,  d i  r e c t  
measurements i n  boreholes are t ime  consuming and 
d i f f i c u l t .  Normally weeks o r  months e lapse 
before t h e  w e l l s  r e t u r n  t o  thermal e q u i l i b r i u m  
a f t e r  d r i l l i n g .  Therefore, such i n d i  r e c t  tem- 
perature est imates are use fu l  t o  i n t e r p o l a t e  
between ac tua l  measurements and t o  make p red ic -  
t i o n s  be fo re  temperature l ogs  can be made. I n  - 

a d d i t i o n  t o  t h e  two methods r e f e r r e d  t o  above, a 
number o f  o t h e r  methods are ava i l ab le .  These in -  
c l  ude t h e  thermal a1 t e r a t i o n  index o f  carbonaceous 
ma te r ia l s  and t h e  use o f  f l u i d  i n c l u s i o n s .  

A t  Cerro P r i e t o  we p lan  t o  t e s t  t h e  a p p l i -  
c a h i l  i t y  o f  v i  t r i n i  t e  re f l ec tance  techniques t o  
t h e  carbonaceous m a t e r i a l s .  We have s u c c e s s f u l l y  
used f l u i d  i n c l u s i o n  measurements t o  es t ima te  
temperatures. 
c r y s t a l s  grow i n  con tac t  w i t h  f l u i d .  When viewed 
i n  t h e  microscope, these inc lus ions  are seen t o  
c o n s i s t  of l i q u i d ,  vapor, and sometimes daughter 
c r y s t a l s ,  p r e c i p i t a t e d  from the  t rapped b r i n e .  
hea t ing  an i n c l u s i o n ,  wh i l e  observ ing i t  i n  t h e  
microscope, we can determine the  temperature a t  
which the  vapor bubble disappears. 
p r i a t e  pressure c o r r e c t i o n ,  t h i s  i s  t he  temperature 
a t  which the  h o s t  c r y s t a l  grew. The method i s  
simple, r a p i d ,  and accurate t o  a few degrees. 
i s  independent o f  permeabi 1 i t y  , water / rock r a t i o s  , 
o r  o f  water  chemist ry .  
analyses o f  geothermal waters , i t  gives Val ues 
Val i d  f o r  volumes sma l le r  than t h a t  o f  a c r y s t a l  , 
r a t h e r  than averaged over  a whole a q u i f e r .  

I n c l u s i o n s  o f  f l u i d  a re  t rapped when 

By 

With an appro- 

It 

Un l i ke  methods based on 

Departures from Equi 1 i b r i  um 

I n  most cases we have found t h a t  the r e s u l t s  
o f  these d i  f f e r e n t  approaches agree w i t h  each 
o t h e r  and w i t h  d i r e c t  measurements i n  the w e l l s .  
This has g iven us a h i g h  degree o f  confidence i n  
the  methods. I n  c e r t a i n  cases, however, t h e  
d i f f e r e n t  data suggest t h a t  the samples o f  rocks 
a re  no t  i n  e q u i l i b r i u m  w i t h  the  f l u i d  a t  t he  
temperatures measured i n  the aqui f e r s  . 
response r a t e  o f  these d i f f e r e n t  parameters t o  
temperature changes i s  d i f f e r e n t .  A downhole tem- 
perature reco rde r  measures a temperature a t  a 
g iven i n s t a n t .  A f l u i d  i n c l u s i o n  records the  
temperature a t  some t ime i n  the  p a s t  when a c rys -  
t a l  grew. Both t h e  minera l  assemblages and t h e  
i s o t o p i c  r a t i o s  depend on e q u i l i b r i a  be ing estab-  
l i s h e d  between wa te r  and rock, and t h i s  requ i res  
a s u f f i c i e n t l y  h i g h  r a t i o  o f  water t o  rock.  This  
water/rock r a t i o  depends on a combination o f  t he  
e f f e c t i v e  p e r m e a b i l i t y  and the t ime elapsed. 
Therefore, these c r i t e r i a  add another dimension 
t o  the  s tudy o f  geothermal systems, the  t ime 
dimension. 

The 

Ue b e l i e v e  t h a t  l a c k  o f  cons is tency between 
t h e  d i f f e r e n t  methods i s  i n d i c a t i v e  o f  a d i sequ i -  
l i b r i u m  caused by changing cond i t i ons .  
t he re fo re ,  make q u a l i t a t i v e  statements about t h e  
s tage  o f  e v o l u t i o n  o f  a hydrothermal system, i t s  
re1  a t i  ve age , t h e  d i  r e c t i o n  o f  temperature change , 
and about i t s  wa te r / rock  r a t i o s  and r e l a t i v e  per-  
m e a b i l i t i e s .  

We can, 

We can, t h e r e f o r e ,  i n  p r i n c i p l e  d i s t i n g u i s h  
systems which a r e  c o o l i n g  from those t h a t  a re  
heat ing.  Furthermore, the temperature in forma- 
t i o n  recorded i n  t h e  rocks may be the  bes t  way o f  
determin ing the  i n i t i a l  cond i t i ons  i n  an a q u i f e r  
before the  e f f e c t s  o f  d r i l l i n g ,  p roduc t i on -  
induced draw down and recharge, and r e i n j e c t i o n  
occur. 
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Speci f i  c Examples 

The f i gu re  shows the  l o c a t i o n s  o f  several  
exp lo ra t i on  w e l l s  d r i l l e d  i n  1977 and 1978 a t  
Cerro P r ie to .  Our s tud ies  t o  da te  have concen- 
t r a t e d  on these step-out we l l s  r a t h e r  than w e l l s  
i n  the produc t ion  f i e l d  because a major explora- 
t i o n  program i s  under way t o  determine t h e  s i z e  
o f  the  resource. Based on i n v e s t i g a t i o n s  du r ing  
the  f i r s t  s i x  months o f  our s tudy  a t  Cerro 
Pr ie to ,  we made p red ic t i ons  about s i x  u e l l s  
(Elders e t  a1 . , 1977). The two which are  f u r -  
t hes t  from t h e  produc t ion  f i e l d  appeared t o  l i e  
ou ts ide  the  geothermal f i e l d ;  two others seemed 
t o  be somewhat marginal as p roduc t ion  w e l l s ;  
however, t h e  remaining two appeared t o  be s u i t -  
ab le  fo r  product ion.  These p red ic t i ons  have 
been v e r i f i e d  i n  p rac t i ce .  Table 1 compares some 
o f  our i n t e r p r e t a t i o n s  w i t h  t h e  ac tua l  measure- 
ments. 
as a t e s t  o f  ou r  methods and concepts. We f e e l  
they have surv ived the  t e s t .  

We i n i t i a l l y  o f f e r e d  these p red ic t i ons  

0 Wells studied in this 

0 Producing Wells 

report 

GEOTHERMAL 

0 1 2 3  

I kilometers 

TABLE 1 
COMPARISONS BETWEEN INFERENCES FROM LABORATORY MEASUREMENTS OF WELL SAMPLES AND DOWNHOLE MEASUREMENTS 

Maximum Downhol e Depth o f  Date 
Well No. Synopsis o f  ou r  Pred ic t ions  Temperature Measured Measurement Measured 

P r i  an No hydrothermal a1 t e r a t i o n .  Has unusua l ly  102 "C 
No. 1 low geothermal g rad ien t  f o r  t he  Sa l ton  

Trough. L ies  ou ts ide  geothermal f i e l d .  

2670 m 12/41 77 

M- 92 Low hydrothermal a1 t e r a t i o n  and permeabil-  84 "C* 1750 m 2/24/77 
i t y .  
Outside the  poss ib le  product ion f i e l d .  

Temperatures l e s s  than 210°C a t  2100 m. 

M-91 Moderate t o  h igh  hydrothermal a1 t e r a t i o n  311 "C 
o n l y  below 2000 m. 
Temperatures h igher  than 300°C below 2100 m, 
maximum 320°C. 

peratures . 
f u l l y  developed. 
and temperature reve rsa l s  present. Hot 
water  may have r e c e n t l y  entered t h i s  area. 
Temperature 302°C a t  1341 m. 

M- 48 Good permeabi l iZy and moderate t o  h i g h  degree 327OC 
o f  a l t e r a t i o n .  Some zones o f  low pe rmeab i l i t y  
occur i n  the  ho t  zone. Temperatures h ighe r  
than 300°C a t  we l l  bottom. 

probably up t o  350°C. Should be successful  
bo th  from the  p o i n t  o f  view o f  temperature 
and permeab i l i t y .  

Moderate permeabi 1 i t y  . 

M- 90 Lower p o r t i o n  has good pe rmeab i l i t y  and tem- 302 "C 
High temperature minera ls  n o t  

Producing zones l o c a l  i z e d  

M- 84 Good pe rmeab i l i t y  and h i g h  temperatures 347°C 

2220 m 711 0177 

1385 m 1/21 /78 

1251 m 1211 5/77 

1700 m 211 5/78 

*Measured du r ing  d r i l l i n g ,  n o t  an e q u i l i b r i u m  temperature. No data a v a i l a b l e  below 1800 m. 

A l i m i t e d  study made on w e l l  M-94 exempli- sec t ion  s tud ies  o f  12 sandstones, f l u i d  i n c l u s i o n  
measurements o f  18 c r y s t a l s  o f  ve in  c a l c i t e ,  and 

o f  about 230°C a t  1300 m and about 200°C at' 2100 m. 
We also suggested t h a t  t h i s  we l l  l i e s  on the  margin 
of the  f i e l d  b u t  i t  had f low o f  h o t  water  through 
a f rac tu re  system a t  about 1290 m depth. 

f ies  the  use o f  these techniques t o  a s s i s t  
decision-making w h i l e  d r i l l i n g .  When t h i s  we l l  6 i so tope temperatures. We p red ic ted  temperatures 
reached 2100 m depth we were asked t o  make a 
r a p i d  examination o f  the  we1 1 products. Two 
working days a f t e r  rece iv ing  t h e  samples, we 
repor ted  on X-ray analyses of 12 shales, t h i n  It was 
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decided t o  deepen the  w e l l .  A t  2420 m t h e  rocks 
showed a much h igher  degree of i n d u r a t i o n  and a 
f i e l d  t e s t  showed poor permeab i l i t y .  
o ra to ry  s tud ies  o f  samples from 2505 m gave 
fl u i  d i n c l  us ion temperatures o f  250°C. 
both t h e  minera l  assemblages and t h e  i s o t o p i c  
measurements suggested temperatures i n  the  
range 200-230°C. 
the next  w e l l  s i t e  programmed was abandoned. 

Our l a b -  

However , 

The w e l l  was n o t  continued and 

ADDlications t o  t h e  I m p e r i a l  Val ley 

The concepts descr ibed above were r e f i n e d  
a t  Cerro P r i e t o  bu t  were developed dur ing  o u r  
s tud ies o f  geothermal systems i n  the Imper ia l  
Val ley o f  C a l i f o r n i a ,  d u r i n g  the past f i v e  years 
(Elders, 1978). For example, the  Dunes system 
i s  a prime example o f  a discharge system. 
S i m i l a r l y ,  t h e  i n t e r p l a y  between t h e  quar tz-  
adu la r ia  assemblage and t h e  c a l c i t e  assemblages 
i s  c l e a r l y  demonstrated a t  East Mesa. I n  t h a t  
f i e l d  d i s e q u i j i b r i u m  between w a t e r  and rock i s  
w e l l  seen, as i t  i s  e v i d e n t  t h a t  t h e  rocks were 
former ly  heated by a d ischarge system and a r e  
now being cooled by recharge as the system pro-  
gressed from a f r e e  t o  fo rced convective regime. 
E a r l i e r  s tud ies  o f  t h e  Sa l ton  Sea Geothermal 
F i e l d  showing t h e  r e l a t i o n  o f  temperature t o  
mineral assemblages have r e c e n t l y  been f u r t h e r  
elaborated. 
ences from Cerro P r i e t o .  For example, w a i r a k i t e  
and prehn i te  are absent and above 325OC andrad i te  
garnet i s  s tab le .  
correspondence between i s o t o p i c  temperatures and 
f l u i d  i n c l u s i o n  temperatures i s  seen. Both docu- 
ment l a r g e  temporal f l u c t u a t i o n s  i n  temperature 
on the f lanks  o f  the system (Elders, 1977b; 
Freckman , 1978). 

There a r e  some s i g n i f i c a n t  d i f f e r -  

I n  t h i s  f i e l d  a s i m i l a r  

Conclusions 

A combination o f  mineralogy and iso tope geo- 
chemistry i s  p rov ing  t o  be an e f f e c t i v e  t o o l  t o  
study geothermal f i e l d s  and t o  a s s i s t  i n  exp lo ra-  
t i o n .  A t  Cerro P r i e t o  we are  c u r r e n t l y  mapping 
mineral assembleges and i s o t o p i c  r a t i o s  across the 
product ion f i e l d  as a r e c o r d  o f  i t s  hydro logy i n  
the n a t u r a l  s t a t e .  The model which w i l l  emerge 
should have some bear ing  on resource assessment 
and f i e l d  management. We would a l s o  l i k e  t o  a t -  
tempt the same type o f  s tudy  i n  a v a r i e t y  o f  
d i f f e r e n t  geothermal f i e l d s .  It i s  c lear ,  f o r  
example, t h a t  t h e  d i a g n o s t i c  minerals i n  a b a s a l t i c  
t e r r a i n  would be d i f f e r e n t .  However, they cou ld  
be i d e n t i f i e d  by a s i m i l a r  approach t o  the  one we 
have used a t  Cerro P r i e t o .  

I n  making asser t ions  about the  p r a c t i c a l i t y  
o f  our methods we are  conscious t h a t  X-ray 
d i  f fractometers and mass spectrometers are n o t  
normally found around d r i l l i n g  r i g s .  A t  Cerro 
P r i e t o  t h e  most e a s i l y  recognized e f f e c t  o f  
post-deposi t i o n a l  a1 t e r a t i  on i s  a progress ive 
c o l o r  change i n  the  shales from brown t o  tan,  
through l i g h t  gray, t o  dark gray. The change 
brown t o  l i g h t  gray occurs a t  the d iagenet ic  t o  
i l l i t e / c h l o r i t e  t r a n s i t i o n .  The rocks from t h e  
c a l  c-a1 umi num s i  1 i c a t e  zone have a deci dedly  

h o r n f e l s i c  appearance. We hope t o  develop, as the 
r e s u l t  o f  our  i n t e n s i v e  l a b o r a t o r y  study, s imple 
c r i t e r i a  which can be a p p l i e d  t o  d i f f e r e n t  f i e l d  
s i t u a t i o n s  . Perhaps pe t rograph ic  microscopes w i t h  
heat ing  stages w i l l  be found around d r i l l i n g  r i g s  
i n  t h e  fu tu re .  
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