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GEOLOGIC CHARACTERISTICS OF A PORTION 
OF THE SALTON SEA GEOTHERMAL FIELD 

Abstract zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The examination of d r i l l  cu t t ings  

and core samples from t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMagmamax 

Nos. 2 and 3 and Woolsey No. 1 w e l l s  

i nd i ca te - tha t  t h e  sequence of sedi-  

mentary rocks i n  t h e  Sal ton Sea 

geothermal f i e l d  from the  sur face t o  

below zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4000 f t  (1200 m) can be  div ided 

i n t o  th ree  categor ies:  (1) cap rock, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(2) unal tered reservo i r  rocks, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 3) hydro thermally a1 t er ed reservo i r  

rocks. 

t he  sur face  t o  a depth of approxi- 

mately 1100 f t  (350 m) i n  a l l  t h ree  

w e l l s .  The uppermost 600 f t  (200 m) 

of t he  cap rock cons is ts  of uncon- 

so l ida ted  si l t ,  sand, and gravel .  

The i n t e r v a l  from 600 t o  1100 f t  (200 

t o  350 m) cons is t s  of anhydrite-r ich 

evapor i tes i n  a carbonate-clay matr ix 

and has l ow permeabil i ty. 

evidence t o  suggest t h a t  t h e  cap rock 

has undergone se l f -seal ing through 

t i m e  as a r e s u l t  of t h e  c i r c u l a t i o n  

of ho t  b r i n e  through t h e  rocks. 

s e n t i a l l y  unal tered rese rvo i r  rocks 

extend from a depth of 1100 f t  (350 m) 

t o  approximately 3000 f t  (900 m). 

The sequence cons is t s  p r i nc ipa l l y  of 

well- indurated shales, s i l t s t o n e s ,  

and sandstones cons is t ing  of clastic 

quar tz  and fe ldspar  g ra ins  cemented 

The cap rock extends from 

There is 

Es- 

(d 

with calcite and/or si l ica. The 

mineralogical  and t e x t u r a l  changes 

t h a t  occur a t  depth can b e  a t t r i b u t e d  

t o  t h e  process of hydrothermal altera- 

t ion.  A l terat ion has occurred i n  a 

chemically open system and t h e  im- 

por tan t  var iab les  i n  t h e  a l t e r a t i o n  

scheme have been temperature, perme- 

a b i l i t y ,  b r i n e  composition, and rock 

composition. The t r a n s i t i o n  from 

unal tered t o  a l t e r e d  rese rvo i r  rocks 

is marked by t h e  replacement of cal- 

c i te  by epidote.  

ance of ep idote co r re la tes  reasonably 

w e l l  wi th  the  top of t h e  a l t e r a t i o n  

zone as determined i n  o ther  s t u d i e s  

by electr ic l og  analys is .  B i o t i t e  

and c h l o r i t e ,  p o t e n t i a l  i nd i ca to rs  

of a l t e r a t i o n  zones, are considered 

t o  b e  of d e t r i t a l  o r i g in  r a t h e r  than 

hydrothermal or ig in .  The primary 

e f f e c t  of hydrothermal a l t e r a t i o n  on 

t h e  rese rvo i r  rocks i n  t h e  Sal ton Sea 

geothermal f i e l d  has been t h e  reduc- 

t i o n  of poros i ty  and permeabi l i ty  

wi th depth. Petrographic ana lys is  

ind ica tes  t h a t  poros i ty  and perme- 

a b i l i t y  i n  the  f i e l d  i s  enhanced by 

the  presence of f rac tu res  i n  shales.  

Spontaneous p o t e n t i a l  (SI?) l og  cor- 

r e l a t i o n  is poss ib le  f o r  t h e  w e l l s  

The f i r s t  appear- 

-1- 



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

studied and the  geologic p i c tu re  

t h a t  emerges from the  cor re la t ion  s a l i n i t y ,  and porosi ty/permeabi l i ty  

scheme is t h a t  of a s t r u c t u r a l  

basin whose a x i s  l ies t o  the  north- 

w e s t  of Magmamax No. 2. Geothermal vo i r  rocks on the  per iphery of t h e  

production cha rac te r i s t i cs  vary f i e l d  o f f e r  good production possi- 

wi th depth and pos i t ion  i n  the  b i l i t i e s .  

f i e l d  as a r e s u l t  of temperature, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i gradients  i n  the  reservo i r .  The 

data suggests t h a t  unal tered reser- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Introduction 

It has been determined on t h e  

bas i s  of  geological' and geophysical 

evidence2 t h a t  t he  sequence of sedi-  

mentary rocks i n  t h e  Sal ton Trough 

is approximately 20,000 f t  (6000 m) 

th ick .  F ie ld  work i n  t h e  fo lded 

sedimentary rocks along the  margins 

of t he  trough' and t h e  examination 

of cu t t i ngs  from t h e  13,443 f t  

(4097 m) Wilson No. 1 w e l l  near 

Brawley i nd i ca te  t h a t  t h e  e n t i r e  

20,000 f t  (6000 m) sequence is  com- 

posed of d e t r i t u s  from t h e  Colorado 

River .3 Only minor contr ibut ions 

appear t o  have come from t h e  Choco- 

late Mountains and peninsular ranges 

t h a t  border the  trough. Unaltered 

d e l t a i c  sediments i n  t h e  Sal ton 

Trough have a r a t h e r  unif  o m  composi- 

t i o n  consis t ing predominantly o f  

quartz and calcite with subordinate 

amounts of dolomite, fe ldspar ,  c lay  

minerals,  mica, and t h e  common acces- 

sory m i n t e r a l ~ . ~  Data from t h e  

present  study and several previous 

ones 1 y 4 y 5  have been compiled t o  make 

a geologic map and c ross  sec t ion  of 

t he  Sal ton Trough t h a t  includes the  

Sal ton Sea geothermal f i e l d  (Figs. 1 

and 2). 

The present  study is based on t h e  

examination of d r i l l  cu t t i ng  samples 

from th ree  w e l l s  located i n  t h e  w e s t -  

c e n t r a l  por t ion  of the  Sal ton Sea 

geothermal f i e l d :  Magmamax zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANos. 2 

and 3 and Woolsey No. 1 (Fig. 3) .  

The Magmamax Nos. 2 and 3 w e l l s  were 

d r i l l e d  t o  t o t a l  depths of 4368 f t  

(1331 m) and 4000 f t  (1219 m), re- 

spect ive ly ,  i n  1972. Woolsey No.  1 

was d r i l l e d  t o  a depth of 2400 f t  

(731.5 m) i n  1972 and deepened t o  

3490 f t  (1064 m) i n  January 1977. 

A t  t h e  time of deepening Woolsey 

No. 1, core samples w e r e  taken over 

the  i n t e r v a l s  2565 t o  2605 f t  (782 

t o  794 m) and 3417 t o  3437 f t  (1041.5 

t o  1048 m). 

d r i l l e d  by the  Magma Power Company 

f o r  geothermal purposes. The de- 

t a i l e d  h i s to ry  and c h a r a c t e r i s t i c s  

of these and o ther  w e l l s  i n  t h e  

Sal ton Sea geothermal f i e l d  can b e  

found i n  Ref. 6. 

All t h ree  w e l l s  w e r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
id 
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Fig. 1. Location of the  Sal ton Sea geothermal f i e l d  and nearby f a u l t s  i n  

A l l  of t h e  cu t t i ng  samples from 

the  th ree  w e l l s  were examined micro- 

scopica l ly .  Spec i f i c  samples were 

se lec ted  f o r  petrographic,  x-ray d i f -  

f rac t i on ,  and microprobe ana lys is .  

Porosi ty measurements and petro- 

graphic ana lys i s  w e r e  done on co re  

samples from the  Woolsey No. 1 and 

S t a t e  of Ca l i fo rn ia  No. 1 w e l l s .  The 

observat ions recorded, a n a l y t i c a l  

data gathered, and conclusions drawn 

are presented herein.  

Imperial  Valley (modified from Ref. 4) .  
s t i pp led  pa t te rn .  

Basement rocks are ind icated by t h e  
The c ross  sec t i on  i n  Fig. 2 is  drawn across l i n e  A-A'. 

I n  terms of an overview, t h e  d r i l l  

cu t t i ng  da ta  ind ica tes  t h a t  t h e  sedi-  

mentary sequence i n  t h e  study area 

from the  sur face  t o  below zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4000 f t  

(1200 m) can be divided i n t o  th ree  

categor ies:  (1) cap rock, (2) es- 

s e n t i a l l y  unal tered reservo i r  rocks,  

and (3) hydrothermally a l t e r e d  res- 

ervo i r  rocks. The d iv is ion  of 

categor ies as a funct ion of depth 

f o r  t h e  w e l i s  studied is shown sche- 

mat ica l ly  i n  Fig. 4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-3- 
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Fig. 2 .  Cross section of  the Salton Trough and the Salton Sea geothermal f i e l d .  There is  no ver t ica l  
exaggeration. 
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Fig. 3 .  Well locations i n  the Salton Sea geothermaLfield. The shaded area 
is the region investigated i n  th i s  report. 
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Fig. 4. The three general rock 
categories i n  the sedimentary 
sequence of the Salton Sea geo- 
thermal f i e l d  . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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The Cap Rock zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The cap rock of  a geothermal 

system is  t h e  th i ck  l aye r  of low- 

permeabi l i ty  rock t h a t  ove r l i es  o r  

caps t h e  more permeable rese rvo i r  

rocks. It is analogous t o  a l i d  on 

a bo i l i ng  pot.  F i r s t ,  i t  serves as 

a l im i t i ng  b a r r i e r  f o r  c i r cu la t i ng  

convection cur ren ts ,  preventing them 

from d i ss ipa t i ng  heat  and discharging 

f l u i d s  a t  t h e  surface. Second, i t  

has t h e  p o t e n t i a l  f o r  serv ing as a 

thermal i nsu la to r ,  allowing heat  

t o  b e  re ta ined i n  t h e  reservo i r  and 

thereby cont r ibu t ing  t o  t h e  bui ldup 

of temperature i n  the  geothermal 

sys t e m .  

There has been no de ta i l ed  study 

of t h e  l i t h o l o g i c  u n i t s  t h a t  make up 

the  cap rock of t he  Sal ton Sea geo- 

thermal system, although t h e  rocks 

encountered i n  the  upper p a r t s  of 

geothermal w e l l s  have been t rea ted  

i n  a genera l  way i n  a number zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 

papers deal ing wi th  t h e  geology of 

the  Sal ton Trough. The uppermost 

sequence of rocks i n  the  area has 

been described as: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 A hard, dense shale-s i l ts tone-  

c lay  sec t i on  t h a t  a t t a i n s  a 

th ickness of 2000 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3000 f t  

(600 t o  900 m).  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 

0 A p a r t i a l l y  consol idated 
5 

On t h e  bas i s  of observat ions of 

c lay-s i l t -evapor i te  series. 

d r i l l  cu t t i ng  samples from th ree  

w e l l s ,  I f e e l  t h a t  t h e  lat ter  is  t h e  

more appropr ia te cap rock descr ip t ion .  

Hard, dense sha les  and s i l t s t o n e s  are 

present i n  t h e  l i t h o l o g i c  column b u t  

occur below a d i s t i n c t  boundary bet- 

ween the  cap rock and t h e  underlying 

reservo i r  rocks. Also, petrographic 

ana lys is  ind ica tes  t h a t  t h e  sha les  

and s i l t s t o n e s  underlying t h e  cap 

rock have apprec iab le f r a c t u r e  perme- 

a b i l i t y ,  thereby l im i t i ng  t h e i r  ef-  

fec t i veness  as aqui tards.  

I n  t h e  v i c i n i t y  of t h e  Magmamax 

w e l l s ,  Randall and Towse and Palmer 

have determined on the  bas i s  of l og  

analyses t h a t  the  rese rvo i r  rocks 

occur a t  r e l a t i v e l y  shallow depths,  

t he  top of t he  sandstone sec t i on  

being a t  a depth of 1100 t o  1200 f t  

(340 t o  370 m). 

reservo i r  rocks a t  shallow depths i n  

t h a t  area is supported by analyses 

of d r i l l  cu t t i ng  samples. 

bas i s  of these observations, t h e  cap 

rock i n  the  southwestern por t ion  of  

t he  geothermal f i e l d  can b e  l im i ted  

t o  t h e  sequence of sediments extend- 

ing from the  sur face t o  a depth o f  

1100 f t  (350 m). 

5 8 

The ex is tence of 

On t h e  

D r i l l  cu t t i ng  samples taken a t  

30-ft i n t e r v a l s  w e r e  analyzed from 

the  Magmamax 2 and 3 and Woolsey 1 

w e l l s .  

ana lys is  f o r  the cap rock are 

presented schematical ly i n  Fig. 5. 

The r e s u l t s  of t he  sample 

-7- 



f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. - 

8 
Fig. 
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--300 

........ .- --..*... 

Fig. 5. Li tho log ic  logs of cap rock compiled on t h e  b a s i s  of d r i l l  cu t t i ngs  
samples. Locations of samples shown i n  Figs.  6 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 are ind icated.  Samples 
w e r e  taken every 30 f t .  

It should be pointed ou t  t h a t  t h e  in- 

herent  d i f f i c u l t i e s  i n  working w i th  

d r i l l  cu t t i ng  ‘samples are: 
1 

Local and/or s u b t l e  d i f fe rences  

i n  l i tho logy  tend t o  be  

“smoothed out.” 

Contamination of samples can 

occur by sloughing of material 

from above t h e  i n t e r v a l  being 

d r i l l e d .  

The f ine-grained components of 

loose ly  consol idated sedimen- 

t a r y  rocks tend t o  become sus- 

pended i n  the  d r i l l i n g  f l u i d  

and are not  co l lec ted  i n  t h e  

cu t t ings  sample, thereby re- 

-8- 

s u l t i n g  i n  a sample t h a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis 

not  representa t ive  of t h e  

formation. 

As a r e s u l t  of these problems, t h e  

da ta  presented i n  Fig. 5 should b e  

in te rpre ted  as a representa t ion  of 

t he  gross fea tu res  of t h e  l i t h o l o g i c  

sect ion.  Any sub t le  and/or l o c a l  

va r ia t i ons  i n  the  sec t i on  may no t  

have been de tec tab le  by means of cut- 

t i ngs  ana lys is .  

The cu t t i ngs  samples i nd i ca te  t h a t  

t he  material i n  t h e  uppermost 600 f t  

(200 m) of t h e  Magmamax w e l l s  con- 

sists of unconsolidated silt, sand, LJ 
9 

and gravel .  Van de Kamp has found 



t h a t  near-surface cores taken w i th in  

the  Sa l ton  bas in  invar iab ly  conta in  

considerable amounts of l acus t r i ne  

mud. Also, t h e  d r i l l i n g  logs from 

11 geothermal w e l l s  i n  t h e  Sal ton 

Trough i n d i c a t e  abundant c lay at  

shallow depths. Therefore, it is  

probable t h a t  t h e  cu t t i ng  samples 

from Magmamax zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 and 3 have been de- 

p le ted i n  f ine-grained components i n  

the  process of d r i l l i n g  and sample 

acqu is i t ion .  With a c lay -s i l t  matrix, 

t he  near-surface sediments would have 

low permeabi l i ty  and, therefore,  

would be  considered a v iab le  cap rock. 

The por t ion  of t h e  l i t h o l o g i c  sec- 

t i o n  depicted i n  Fig. 5 t h a t  appears 

t o  f u l f i l l  t h e  funct ion of a cap i n  

the  strict sense is t he  500-ft 

i n t e r v a l  between the  depths of 600 

-9- 

Fig. 6. Fine-grained massive anhy- 
d r i t e  from Magmamax 2; depth, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA970 f t  
(290 m). Cross po la r izers ,  350X 
magnif icat ion.  

and 1100 f t  (200 t o  350 m). This 

i n t e r v a l  cons i s t s  pr imar i ly  of 

anhydrite-r ich evapor i tes,  varietal 

forms of which are f ine-grained mas- 

sive anhydr i te  (Fig. 6 ) ,  coarse- 

grained anhydr i te  (Fig. 7), o r  

anhydr i te crystals i n  a carbonate 

and/or c lay matrix (Fig. 8). A l l  

of these rocks are consolidated and 

are not read i l y  f r i ab le .  These 

photomicrographs show t h a t  ' the 

evapor i tes have tex tu res  consist-  

ing  of in ter lock ing gra ins,  a 

f ea tu re  t h a t  cont r ibutes t o  low 

permeabil i ty. 

The presence of anhydr i te  i n  t h e  

cap rock is i n  agreement wi th thermo- 

dynamic predic t ions.  Gypsum is a 

common p r e c i p i t a t e  from sea water, 

but  i ts  s t a b i l i t y  f i e l d  is l im i ted  

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 .  Coarse-grained anhydr i te  from 
Magmamax 2 ;  depth, 870 f t  (265 m). 
Crossed po la r izers ,  140X magnifica- 
t ion.  



Drawing 1 egend 

Calcite Anhydrite Hole i n  
t h i n  section 

Fig. 8. Coarse-grained anhydr i te  i n  a carbonate matrix from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMagmamax 2; 
depth, 820 f t  (250 m). Crossed po la r i ze rs ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA400X magnif icat ion ( l e f t ) ;  
drawing of s a m e  ( r i gh t ) .  
knocked ou t  by the  gr inding operat ion i n  making the  sect ions. )  

(The holes i n  t h i s  and later t h i n  sec t ions  w e r e  

t o  sur face  and near-surface environ- 

ments. During b u r i a l  and diagenesis,  

gypsum undergoes dehydration and is 

converted t o  anhydr i te.  The rela-. t he  Woolsey w e l l  (see Fig. 5). To 

t i v e l y  th i ck  sequence of evaporite- explain s u b s t a n t i a l  d i f fe rences  i n  

r i c h  deposi ts  i n  the  Sal ton bas in  

are i nd i ca t i ve  of t he  long sequence 

of in termxt tent  -"Salton Seas" t h a t  

have ex is ted  i n  t h e  past .  

w e l l s .  

the  discrepancy is t o  assume t h a t  a 

f a u l t  is present  i n  t h e  v i c i n i t y  of 

One way of accounting f o r  

10 

the  thickness of t he  cap rock i n  

adjacent w e l l s ,  Randall has postu- 

l a t e d  the  ex is tence of numerous 

r i g h t - l a t e r a l  s t r i k e - s l i p  f a u l t s  i n  

t h e  Sal ton Trough with o f f s e t s  of 

1 km o r  more. 

which i s  i n  accord wi th t h e  p l a t e  

5 

mere is an apparent lack  of cor- 

r e l a t i o n  between t h e  uppermost por- 

t ions  of t he  Woolsey and Magmamax 

Str ike-s l ip  movement, 

-10- 



tec ton ic  regime of the  Sal ton Trough, 

can be  used t o  account f o r  t he  ap- 

parent  vert ical  movement of t h e  cap 

rock i n  t h a t  t h e  cap rock i s  roughly 

wedge-shaped, thickening toward t h e  

w e s t  and thinning toward t h e  north,  

east, and south. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cBd zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

7 

A t  t h e  bottom of t h e  cap rock 

sequence there  appears t o  b e  good 

s t r a t i g r a p h i c  co r re la t i on  between 

the  th ree  w e l l s  as ind icated by t h e  

t h i n  coa l  seams t h a t  serve as marker 

horizons. Shallow coa l  seams are 

common i n  t h e  Sal ton Trough and are 

usua l ly  re fe r red  t o  as carbonaceous 

material o r  l i g n i t e  on the  d r i l l i n g  

logs. 

Facca and Tonani l l  have theor ized 

and showed empir ica l ly  t h a t  hot water 

c i r cu la t i ng  i n  a hydrothermal system 

can produce a l t e r a t i o n  and deposi t ion 

along flow paths i n  t h e  cap rock, 

thereby reducing permeabi l i ty .  I n  

t h i s  manner, a geothermal system can 

be se l f -sea l ing  by producing and/or 

res to r ing  i ts  own cap rock. 

are several l i n e s  of evidence suggest- 

ing t h a t  t h e  cap rock associated with 

t h e  Sal ton Sea geothermal f i e l d  has 

been se l f -seal ing.  Direct evidence 

of sel f -seal ing phenomena i n  t h e  

There 

v i c i n i t y  of t h e  Sal ton Sea is pro- 

vided by Batz le  and Simmons,12 who 

have examined samples of cap rock 

from t h e  Dunes area of the  Sal ton 

Trough wi th  a scanning e lec t ron  

microscope. They i n t e r p r e t  minute 

v e i n l e t s  and f l u i d  inc lus ion t r a i n s  

t o  be microcracks t h a t  have been 

"healed" by the  p rec ip i t a t i on  of 

minerals from c i r cu la t i ng  f l u i d s .  

Less-direct evidence of se l f -sea l ing  

comes from t h e  thermal spr ing ac- 

t i v i t y  i n  t h e  area, which tends t o  

be concentrated along the  traces of 

f ault-induced linements zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. l3 

reports14 ind i ca te  t h a t  considerable 

thermal spr ing and geyser a c t i v i t y  

took p lace i n  what is now t h e  Sa l ton  

Sea geothermal area. The cur ren t  

discharge rate from feeb le  hot 

spr ings probably does not exceed 

20 gal/min,13 os tens ib ly  ind ica t ing  

t h a t  cap rock perf o ra t ions  along 

f a u l t  p lanes have been gradual ly 

sealed through t i m e .  

ence t o  suggest t h a t  t he  process of 

crack production and subsequent seal- 

ing is  not l im i ted  t o  t h e  cap rock 

bu t  occurs i n  rese rvo i r  rocks as w e l l .  

Early 

There is evid- 

This w i l l  be discussed fu r the r  i n  a 

later sect ion.  

, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUnaltered Reservoir Rocks 

Technical ly, t he re  are no un- examined as p a r t  of t h i s  study. 

presence of thermal spr ings a t  t h e  

The 

a l t e r e d  sediments i n  t h e  cu t t i ngs  LJ 
-11- 



sur face  i nd i ca te  t h a t  hot b r ines  have 

penetrated the  e n t i r e  sedimentary 

sec t ion ,  and i t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis reasonable t o  ex- 

pect t h a t  they have permeated t h e  

rocks along t h e  rou te  t o  t h e  sur face 

whenever they have been a b l e  t o  do zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs o .  

The brine-induced a l t e r a t i o n  e f f e c t s  

i n  t h e  uppermost reservo i r  rocks are 

pr inc ipa l l y  s i l i c i f i c a t i o n  and c lay  

mineral  react ions.  An example of 

the  la t ter  is t h e  r.eaction i n  which 

k a o l i n i t e  and montmori l lonite are 

transformed t o  c h l o r i t e  and/or 

i l l i t e .  
13,15 

With t h e  exception of p y r i t e  

minera l izat ion,  discussed below, t h e  

a l t e r a t i o n  of rocks above 2700 f t  

(800 m) i n  the  Magmamax w e l l s  and 

above 3300 f t  (1000 m) i n  the  Woolsey 

w e l l  is sub t le  enough t o  be  detect -  

a b l e  only by means of ca re fu l  x-ray 

d i f f r a c t i o n  ana lys i s  o r  de ta i l ed  

petrographic s tud ies .  The po in t  t o  

be  emphasized is t h a t  these altera- 

t i o n  e f f e c t s  have not  changed t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
petrophysCcaZ properties (e.g., poros- 

i t y  and permeabi l i ty)  of the  res- 

ervo i r  rocks any more than t h a t  

normally expected during the  process 

of l i t h i f i c a t i o n  via b u r i a l  d i -  

agenesis. The geochemist o r  pe t ro l -  

og i s t  who spec ia l i zes  i n  hydrothermal 

a l t e r a t i o n  schemes would r e f e r  t o  

these rocks as being moderately 

a l t e red .  

d i f f e r e n t i a t i n g  between the  uppermost 

reservo i r  rocks and t h e  deeper ones 

However, f o r  t he  sake of 
16 

t h a t  exh ib i t  a l t e r a t i o n  of petro- 

physical  p roper t ies ,  t h e  terms 

"unaltered" and "altered" w i l l  be 

used here. 

The f i r s t  appearance of ep idote 

has been used t o  mark t h e  t r a n s i t i o n  

from unal tered t o  a l t e r e d  rock. The 

epidote isograd corresponds reason- 

ably w e l l  with t h e  "top of t h e  

metamorphic zone" as determined by 

Randall through log  ana lys is .  
5 

P y r i t e  is  present  a t  a l l  depths 

i n  the  th ree  w e l l s ,  and t h e  ubiqu i ty  

of s u l f i d e  minera l izat ion throughout 

the  geothermal f i e l d  is a t t e s t e d  by 

Skinner et aZ. (p. 324), by 
7 

Helgeson (p. 135), and by the  d r i l -  

l i n g  logs compiled by numerous w e l l -  

s i te geologis ts .  Figure 9 shows the 

manner i n  which p y r i t e  i s  d is t r i bu ted  

i n  the  Magmamax w e l l s .  

s a l i e n t  represents  the  d i s t r i b u t i o n  

i n  the  cap rock; t h e  lower s a l i e n t ,  

which bu i lds  up gradual ly over a 

2000-ft i n te rva l ,  represents  t h e  d is-  

t r i bu t i on  i n  the  reservo i r  rocks. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs 

ind icated by the  sketches i n  Fig. 9, 

the  p y r i t e  i n  t h e  reservo i r  rocks 

occurs as f resh ,  well-formed c r y s t a l s  

t h a t  f i l l  voids; t he re  i s  l i t t l e  doubt 

t h a t  they are hydrothermal i n  or ig in .  

On t h e  other  hand, t h e  p y r i t e  i n  the  

near-surface environment is f ine-  

grained, massive, and black-brass i n  

color and i s  i n te rpre ted  as being a 

normal product zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o  diagenesis i n  

s u l f i d i c  cap rock sediments. Helgeson 

1 7  

The upper 
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I .. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 -  

500 - 

1000 - 

1500 - 

2000 - 

2500 - 

3000 - 

3500 - 

4000 - 

4500 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(p. 135)7 shows a s i m i l a r  d i s t r i b u t i o n  

of p y r i t e  (plus epidote and hematite) 

f o r  t h e  I I D  w e l l  No. 2. 

The sharp t r a n s i t i o n  between the  

cap rock and t h e  underlying sequence 

of una l te red  clastic sediments prob- 

ab ly  represents  t h e  lower boundary 

of the  Brawley Formation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof Ple is-  

tocene age. 

in te rpre ted  as an unconformity by 
5 Randall (p. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 4 )  on the  bas i s  of 

s t r u c t u r a l  arguments, whereas earlier 

workers "18 have considered the  en- 

t i re Miocene-Pleistocene sequence i n  

the  Sa l ton  Trough as being conform- 

ab le .  I n  t h e  Magmamax Nos. 2 and 

3 w e l l s ,  t he  zone of unal tered 

reservo i r  rocks is about 1600 f t  

(490 m) th ick ,  extending from a depth 

of about 1100 f t  (340 m) t o  near ly  

2700 f t  (820 m). 

the  zone of unal tered rocks is  near ly  

2200 f t  (670 m) th ick ,  extending from 

about 1100 f t  (340 m) t o  near ly  

3300 f t (1000 m) . The eastward 
thickening of the  zone of unal tered 

rocks over the  study area is a r e s u l t  

of t he  gradual ly  increas ing depth t o  

the  zone of a l t e r e d  rocks over t h e  

same i n t e r v a l .  This phenomenon is  

re la ted  t o  t h e  heat  d i s t r i b u t i o n  i n  

t he  geothermal f i e l d  and has been zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 

described and documented by Randall 

and w i l l  be discussed i n  more d e t a i l  

In a later sect ion.  

The i n t e r f a c e  has been 

I n  Wools'ey No. 1, 

The unal tered sequence i n  t h e  

'Magmamax and Woolsey w e l l s  cons is t  

-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Depth, ft 

Approximate 
percent o f  p y r i t e  i n  

c u t t i n g  samples 
0 1 2 3  

I iageni  t i c  p y r i t e  

t 

Hydrothermal p y r i t e  
( r e s e r v o i r  rocks) 

Fig. 9 .  The abundance of p y r i t e  
i n  d r i l l  cu t t ings  from the  Magma- 
max 2 and 3 w e l l s .  The sketches 
ind ica te  the  form of t h e  p y r i t e  
c r y s t a l s  i n  the  cap rock and 
reservo i r  rocks. 



i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Crossed pol ari zers P1 ane-pol ari zed 1 i ght Drawing 

Crossed polarizers Plane-polarized 1 ight Drawing 

Drawing 1 egend 

Quartz Fel dspar Calcite Biotite Chlorite Lithic Hole in 
fragment t h i n  section zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Lt Fig. 10. Photomicrographs of unaltered calcareous sandstone from the 1240- 
to  1270-ft (378- t o  388-m) interval  i n  Magmamax 2.  
bar i n  drawings = 0.1mm). 

120X magnification (sca le 
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of indurated sandstones, s i l t s t o n e s ,  

shales,  and a few t h i n  coal  seams. 

Annotated photomicrographs of 

calcareous sandstones and a sha le  

from the  unal tered zone i n  Magmamax 2 

are shown i n  Figs. 10 and 11. The 

sandstone cons is t s  of subangular 

clastic gra ins  of quar tz  wi th minor 

fe ldspar ,  mica, c h l o r i t e ,  and l i t h i c  

fragments. The rocks are w e l l -  

cemented with calcite, and in te r -  

s t i t i a l  pores are not read i l y  

apparent i n  t h i n  sect ions of these 

p a r t i c u l a r  samples. Other sandstone 

specimens i n  the  unal tered sequence 

exh ib i t  po ros i t i es  of g rea te r  than 20%. 

The mineral  assemblage of t h e  f ine-  

grained sha le  (Fig. 11) is bes t  

determined by means of i ts x-ray d i f -  

f r a c t i o n  pa t te rn ,  shown i n  Fig. 12.  

The x-ray ana lys is  ind ica tes  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe pres- 

ence of quar tz ,  c a l c i t e ,  c h l o r i t e ,  

i l l i t e ,  mica, and fe ldspar .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe 

c h l o r i t e  and i l l i t e  are considered 

t o  be hydrothermal a l t e r a t i o n  prod- 

u c t s  der ived from precursor kaol in- 

i t e  and/or montmoril lonite. The 

brown specks of material evident i n  

the  t h i n  sec t ion  photomicrograph are 

b i t s  of organic debr is .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Crossed polori zers P1 ane-pol ari zed 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi gh t  Drawing 

Drawing 1 egend 

Quartz Calcite Matrix Organic 
debris 

Fig. 11. Unaltered sha le  from the  2000- t o  2060-ft (610- t o  630-111) i n t e r v a l  
i n  Magmamax 2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA305X magnif icat ion (sca le  ba r  adjacent t o  drawing = 0.05 mm). 

-15- 



l ' l ' l ' l ' l ' l ' l ' l ' l ' l ' l ' l ' l ' l '  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Unaltered sandstone, Magmamax zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2, 1240 t o  1270 f t  (378 t o  388 m) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

. . . . . . . . . Una1 tered shale, Magmamax 2, 2000 t o  2060 f t  (610 t o  630 m)  

C - Chlorite Q 
I - I l l i t e  
Q - Quartz 
C ' -  Calcite 
F - Feldspar zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Q 

t 

60 56 52 48 44 40 36 32 28 24 20 16 12 8 4 0 
28 

Fig. 12.  X-ray d i f f r a c t i o n  pa t te rns  of unal tered sandstone and unal tered 
sha le  from Magmamax 2. 
respect ive ly .  

Photomicrographs are shown i n  Figs.  10  and 11, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Hydrothermally Altered Reservoir Rocks 

THEORETICAL ASPECTS OF THE 
ALTERATION SCHEME 

The minera log ica l  and t e x t u r a l  

changes t h a t  occur i n  rocks a t  depth 

i n  the  Sal ton Sea geothermal f i e l d  

can b e  a t t r i b u t e d  t o  the  process of 

hydrothermal a l t e r a t i o n .  On the  

bas i s  of previous geological  s tud ies  

i n  the  Sal ton Trough 3916 and t h e  

petrographic analyses done as p a r t  

of t h i s  study, i t  appears t o  b e  a 

rocks was  o r i g i n a l l y  similar t o  t h a t  

of t h e  over ly ing sequence of unal tered 

rocks discussed earlier. It i s  clear 

t h a t  t h e  minera log ica l  changes t h a t  

have occurred i n  going from t h e  

unal tered t o  the  a l t e r e d  sequence of 

rocks have not  been isochemical. 

Hydrothermal a l t e r a t i o n  has occurred 

i n  an  open system and the re  has been 

s ign i f i can t  mass t r a n s f e r  of chemical 

cons t i tuents  dur ing the  process. 

The important var iab les  i n  the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

c 

hp.: reasonable assumption t h a t  t he  

mineralogy of the  a l te red  rese rvo i r  been temperature, b r i ne  composition, 

a l t e r a t i o n  scheme appear t o  have 

-1 6- 



and the  o r i g i n a l  rock composition. 

Within the  temperature range of t h e  

Magmamax w e l l s  (<3OO0C), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- rock perme- 

a b i l i t y  i s  a l s o  an  important var iab le .  

Sandstones and s i l t s t o n e s  exh ib i t  

appreciable a l t e r a t i o n  as a r e s u l t  

of being i n f i l t r a t e d  by hot ,  high- 

s a l i n i t y  b r i nes ,  whereas t h e  less- 

permeable sha les  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAshow r e l a t i v e l y  

minor e f f e c t s ,  Heat-induced tex tu ra l  

and mineralogical  changes (i.e., 

metamorphism) are l i k e l y  t o  be  en- 

countered i n  sha les  i n  the  deeper 

por t ions of t h e  reservo i r  and would 

tend t o  make the  a l t e r a t i o n  e f f e c t s  

r e s u l t i n g  from permeabi l i ty  d i f -  

ferences less conspicuous. 
19 

Helgeson (p. 362) has pointed 

out t h e  dichotomy t h a t  has evolved 

i n  t h e  manner i n  which pe t ro log i s t s  

and geochemists study metamorphic 

processes. The pe t ro log i s t  tends t o  

th ink i n  terms of solid-phase equ i l i -  

b r i a ,  emphasizing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArock composition as 

a primary va r iab le ,  whereas t h e  

aqueous geochemist tends t o  th ink i n  

terms of rock-water i n te rac t i ons ,  

emphasizing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf l u i d  composition as a 

primary var iab le .  I n  s tud ies  of 

anc ient  metamorphic t e r r a i n s ,  t he  

pe t ro log i s t ' s  view tends t o  p reva i l  

i n  t h e  l i t e r a t u r e  because l i t t l e  can 

be  determined about t h e  f l u i d  phase 

t h a t  might have been present  during 

metamorphism. I n  areas of "active 

metamorphism" such as t h e  Sal ton Sea 

geothermal f i e l d ,  much can be learned 

-17- 

about t h e  f l u i d  phase coexis t ing wi th  

the  rocks; therefore,  it is reason- 

ab le  t o  express mineral s t a b i l i t i e s  

i n  terns of f l u i d  compositions. 

Phase diagrams t h a t  dep ic t  mineral  

s t a b i l i t y  f i e l d s  i n  terms of tempera- 

tu re  and chemical composition of t h e  

coexis t ing aqueous f l u i d  were devel- 

oped by Hemley,20 Hemley and Jones, 

and Helgeson19 and have been used i n  

a number of geothermal-related 

s tud ies  . Hemley-Helgeson diagrams - or ,  

more simply, a c t i v i t y  diagrams - f o r  

the  Mg-Ca-H and Na-K-H systems are 

shown i n  Fig. 13. Two sets of  

s t a b i l i t y  f i e l d  boundaries have been 

drawn on each p lo t ;  the  do t ted  l i n e s  

denote the  s t a b i l i t y  f i e l d s  a t  25OoC, 

the s o l i d  l i n e s  a t  300OC. The former 

is representa t ive  of condi t ions i n  

the production zone of Magmamax 1; 

t he  l a t te r ,  t he  production zone i n  

S i n c l a i r  4 .  These two w e l l s  w e r e  

chosen because of (1) the  avail- 

a b i l i t y  of br ine  analyses and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2) 

the  s i g n i f i c a n t  temperature d i f -  

ferences i n  the two production zones. 

The open and s o l i d  circles represent  

the  b r ine  chemistry of Magmamax 1 and 

S i n c l a i r  4 ,  respect ive ly .  The dia- 

grams ind i ca te  the b r ine  i n  Magmamax l 

is compatible wi th a low-grade c lay  

mineral assemblage, whereas t h e  b r ine  

from the  deeper and ho t te r  S i n c l a i r  4 

w e l l  is compatible with a higher 

grade ch lor i te- fe ldspar  assemblage. 

Note t h a t  ne i the r  of t h e  two br ines  

21 
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Fig. 13. Act iv i ty  diagrams showing phase r e l a t i o n s  i n  t h e  Sal ton Sea geo- 
thermal system a t  2 5 0 O C  (dotted l i nes )  and 3OO0C ( s o l i d  l i nes ) .  
s o l i d  circles dep ic t  b r i ne  chemistry from Magmamax 1 and S inc la i r  4,  
respec t ive ly  . 

Open and 

f a l l  w i th in  the  s t a b i l i t y  f i e l d  of 

z o i s i t e  (epidote), thereby pred ic t ing  

the  absence of t h a t  mineral at  the  

two sites assuming chemical equi l i -  

brium has been a t ta ined.  The useful- 

ness of a c t i v i t y  diagrams is apparent: 

they p red ic t  the  mineralogy of t h e  

rock a t  depth i n  the  geothermal f i e l d  

on t h e  bas i s  of temperature and b r i n e  

chemistry. A de ta i l ed  explanat ion of 

t he  theory and const ruct ion of ac- 

The d e l t a i c  sediments t h a t  con- 

s t i t u t e  the  rese rvo i r  rocks i n  t h e  

Sal ton Sea geothermal f i e l d  can be  

described chemically by means of t h e  

complex system K 0 - CaO - A1203 - 
2 

MgO - FeO - Si02 - C02 - H20, and 

commonly, Na20, Fe 0 and S.  I n  

developing a model t o  assess t h e  

observed mineral  assemblages as w e l l  

as those t h a t  might be expected a t  

grea te r  depths i n  the  f i e l d ,  i t  be- 

2 2' 

t i v i t y  diagrams is  given i n  Appendix l, 

and f u r t h e r  comparison of t he  Mag- 

mamax 1 and S i n c l a i r  4 w e l l s  w i l l  b e  

given i n  a later sect ion.  

comes necessary t o  reduce the  complex 

system t o  a simpler subsystem t h a t  

has been s tud ied  i n  some d e t a i l ,  

namely, CaO - A 1  0 - Si02 -C02  - H20.  2 3  

-18- 



Figure 14b, which has been compiled 
22 from the  work of Stor re  and Nitsch, 

shows t h e  i sobar i c  phase re la t i ons  a t  

2 kbar i n  the  subsystem as a funct ion 

of temperature and mole f r a c t i o n  of 

C02. The A1203 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- CaO - Si0  composi- 

t i o n  t r i a n g l e  (Fig. 14a) dep ic ts  t h e  

mineral phases i n  the  subsystem. I n  

t he  T-X p l o t ,  the  ca lc i te-anor th i te-  

quar tz  (CAQ) t r i a n g l e  is adequate t o  

descr ibe t h e  phase re la t i ons .  The 

shaded arrow represents  a poss ib le  

reac t i on  path wi th increas ing depth 

f o r  t h e  Sal ton Sea geothermal f i e l d .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

kd 

2 

co2 

It has been recognized i n  t h i s  
13  

study as w e l l  as i n  prevous ones 

t h a t  calcite is a pr inc ipa l  component 

of unal tered rese rvo i r  rocks and 

epidote is  common i n  a l t e r e d  rocks. 

Moreover, the  gradual  disappearance 

of calcite with depth coincides wi th  

the  development of epidote as an  

a l t e r a t i o n  product. The C02-evolving 

react ion,  

calcite + 3 anor th i t e  

(p lag ioc lase fe ldspare)  +water b: 

2 z o i s i t e  (Fe-free epidote) 

+ carbon dioxide, 

is a p laus ib le  means of accounting 

f o r  t h e  minera log ica l  observations 

as w e l l  as t he  presence of abundant 

C02 a t  shallow depths i n  the  geo- 

thermal f i e l d .  

un ivar ient  l i n e  represent ing t h i s  

reac t ion  i n  Fig. 14b is near i n f i n i t y ,  

The s lope of t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ad 

co2 
thereby making the  s ign  of dT/dX 

d i f f i c u l t  t o  determine experimentally. 

Various theo re t i ca l  means of estimat- 

ing the  s ign  of dT/dX 

ambiguous r e s u l t s ,  thus t h e  univar ient  

l i n e  is drawn v e r t i c a l l y  i n  Fig. 14b. 

I f  dT/dX is pos i t i ve ,  i t  is clear 

t h a t  t h e  t r a n s i t i o n  from calcite zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto 

z o i s i t e  (epidote) w i l l  occur wi th  

increas ing temperature. It has been zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
shown t h a t  the  phase r e l a t i o n s  de- 

p ic ted i n  Fig. 14b w i l l  occur a t  

lower temperatures i f  t h e  pressure 

is reduced; f o r  example, the  in- 

va r ien t  po in t  labeled X is a t  approxi- 

mately 44OOC a t  1 kbar.23 

i f  the s i g n  of dT/dX 

the  ca l c i t e -zo i s i t e  t r a n s i t i o n  w i l l  

be  l a rge ly  a pressure-dependent 

phenomenon. It is  emphasized t h a t  

whether t h e  s ign  of dT/dX 

t ive o r  negat ive,  a mechanism exists 

f o r  t h e  ca lc i te-epidote t r a n s i t i o n  

t o  occur wi th increas ing depth. 

have l e d  t o  
co2 

co2 

Therefore, 

is negat ive,  
co2 

is posi- 
co2 

Grossular i te-andradi te garne t  has 

been found i n  cu t t ings  from the  

deepest w e l l s  i n  the  Sal ton Sea 

f i e ld ,24  and so i t  is reasonable t o  

extend t h e  reac t i on  path i n  Fig. 14b 

i n t o  t h e  garnet  f i e l d  by meaning of 

t he  reac t ion  

4 z o i s i t e  (Fe-free epidote) 

+ quar tz  

g rossu la r i t e  (garnet)  

f 5 anor th i t e  + 2 water. 
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600 - 

G+A+ H2 0 

~ Z+Q I 
500 

I A '  I 

300 - 
Pfl uid = 2 kbar 

300 I 

A 

I I 1 I 

0 0.05 0.1 
Mole f r a c t i o n  C02 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Fig. 14. The CaO-A1203-Si02-H20 system. (a) Mineral compositions. The 
calcite-anorthite-quartz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(CAQ) triangle is used to depict phase relations 
on the T-XC0 plot. 

The shaded arrow represents a possible reaction path for the Salton Sea 
geothermal field that is consistent with observations. 
modified from Winkler. 

(b) Temperature-mole fraction C02 plot at Pfluid = 2 kbar. 
2 

The T-XCO plot is 
22 2 
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According t o  the  T-X p l o t ,  wool- 

a s t o n i t e  i s  another phase t h a t  might 

be expected a t  grea te r  depths. How- 

ever, pressures of 2 kbar are real- 

ized only near t h e  bottom of t he  

20,000 f t  (6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkm) sequence of sediments 

i n  the  Sal ton Trough. The pressures 

i n  t h e  deepest d r i l l h o l e s  i n  the  

Sal ton Sea f i e l d  (8100 f t )  are less 

than 1 kbar. 

co2 

CHARACTERISTICS OF HYDROTHERMALLY 
ALTERED RESERVOIR ROCKS 

The t r a n s i t i o n  from unal tered t o  

a l t e r e d  rocks i n  the  Sal ton Sea f i e l d  

is usua l ly  r a t h e r  subt le .  X-ray d i f -  

f r a c t i o n  ana lys is ,  geophysical log- 

ging, and petrographic ana lys is  have 

been used by var ious  workers t o  de- 

tect t he  onset  of a l t e r a t i o n  i n  

rese rvo i r  rocks. X-ray d i f f r a c t i o n  

techniques are t he  most s e n s i t i v e  

ind ica tors  of a l t e r a t i o n  and the  only zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
means by which the onset of clay 

minera l izat ion can be  detected.  

However, c lay  mineral  transformations 

do no t  appear t o  have a profound 

effect on the  pet rophys ica l  prop- 

erties of rese rvo i r  rocks; there fore ,  

a t r a n s i t i o n  based on these reac t ions  

is more of academic than p r a c t i c a l  

i n t e r e s t .  Geophysical logging has 

been used t o  d e t e c t  t he  depth a t  

which a l t e r a t i o n  begins t o  e f f e c t  t h e  

petrophysical  p roper t ies  of the  rock, 

but  t h i s  technique su f fe rs  from t h e  

5 

f a c t  t h a t  i t  can not decipher t h e  

mineralogical  c h a r a c t e r i s t i c s  of t h e  

a l t e r a t i o n  scheme. I n  t h i s  study, 

the na ture  of t he  t r a n s i t i o n  w a s  

determined by petrographic ana lys is .  

Both the  chemical (mineralogical) and 

physical  changes t h a t  r e s u l t  from 

a l t e r a t i o n  can be detected by t h i s  

method. 

The ex ten t  and conf igurat ion of 

t he  zone of a l t e r e d  rocks as deter-  
5 mined by electric l og  i n te rp re ta t i on  

is shown i n  Fig. 15a. The t r a n s i t i o n  

t o  a l t e r e d  rocks i n  each w e l l  was 

chosen on the  bas i s  of shaly  rocks 

acquir ing carbonate-l ike character-  

is t ics on the  electric log,  i.e., 

high r e s i s t i v i t y  accompanied by low 

permeabil i ty. It i s  i n te res t i ng  t o  

note t h a t  the  f irst appearance of 

epidote i n  the  Magmamax and Woolsey 

w e l l s  as determined from cu t t i ng  

samples i n  t h i s  study corresponds 

q u i t e  c lose ly  t o  Randall 's p icks f o r  

the top of the alterat ion zone i n  the 

same w e l l s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 2660 f t  ( 8 1 1 m )  vs 

Randall 's 2680 f t  (817 m) f o r  Mag- 

mamax zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2,  2710 f t  (826 m) vs Randall 's 

2700 f t  (823 m) €or Magmamax 3 ,  and 

3300 f t  (1006 m) vs Randall 's 3400 f t  

(1036 m) f o r  Woolsey 1. Some d a t a  on 

the  f i r s t  appearance of epidote i n  

o ther  w e l l s  is ava i l ab le  from Muffler 

and White.13 

occurs at  3450 f t  (1052 m) and i n  

Sportsman No. 1 a t  3830 f t  (1167 m). 

Although the  da ta  base is q u i t e  

I n  I I D  No. 1, epidote 
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OMagmamax 2 
Magmamax 3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 IID 1 Salton Sea 
0 Sportsman 1 

Salton Sea zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe Woolsev 1 

I 5000 f t  

Probable heat zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(b) 

Fig. 15. A l te ra t ion  zone contours. (a) The top of t h e  metamorphic zone i n  
the  Sal ton Sea geothermal f i e l d  as determined by electr ic logs. 
are drawn on t h e  bas i s  of l ogs  from 1 3  w e l l s .  (b) The top of  t h e  zone of  
a l t e r a t i o n  as determined i n  t h i s  study by the  f i r s t  appearance of ep idote 
i n  d r i l l  cu t t ings .  
from f i v e  w e l l s :  Magmamax 2 and 3, Woolsey 1 ( t h i s  s tudy) ,  IID 1, and 
Sportsman 1. 

Contours 

Contours modified from Randall5 on t h e  b a s i s  of da ta  

scanty, i t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis worth not ing t h a t  t h e  

contours of t he  epidote isograd i.e., 

t he  f i r s t  appearance of  epidote,  are 

concentr ic wi th the  probable heat  

a x i s  as defined by Randall 

pa t te rn  of subsurface isotherms as 

determined by Palmer. 

I n  t h i n  sec t ion ,  t h e  most obvious 

e f f e c t  of hydrothermal a l t e r a t i o n  i n  

sandstones and s i l t s t o n e s  is t h e  re- 

placement of interst i t ia l  calcite 

cement w i th  epidote and, t o  a lesser 

extent ,  si l ica.  The photomicrographs 

5 
and t h e  

25 

i n  Fig. 16 represent  sandstones from 

the  bottom (TD) of Magmamax 2 

(4340 f t ) .  

texture,  and mineralogy of t h e  

d e t r i t a l  g ra ins  (quartz,  fe ldspar ,  

ch lo r i t e ,  b i o t i t e ,  and l i t h i c  f rag- 

ments) are very similar t o  those of 

the  unal tered sandstones i n  Fig. 10. 

The sample i n  Fig. 16a i s  cemented 

with coarse-grained epidote,  whereas 

i n  Fig. 16b the  i n te rs t i t ia l  material 

is composed of a f ine-grained in te r -  

growth of ep idote and si l ica. Other 

Note t h a t  t he  g ra in  s i z e ,  
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Plane-polarized light Drawing Crossed pol ari zers zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
120x 305X 

Crossed pol ari zers Plane-polarized light Drawing 
12ox 305X 

Quartz Feldspar Crystal1 ine Epidote- Edge zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 
epidote s i l ica t h i n  section 

cement 
( f i ne-grai ned) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Circled areas in the 120X photomicrographs delimit the 
Fig. 16. Hydrothermally altered sandstones from the 4340-ft (1323-m) level 

(TD) in Magmamax 2. 
field of view in the 305X photomicrographs. 
drawings = 0.05 mm. 

The scale bar adjacent to 
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common pore- f i l l i ng  minerals i n  

a l t e red  sandstones are py r i t e ,  

spha le r i t e ,  and hematite. 

I n  t h i n  sec t ion ,  a l t e red  sha les  

look very much t h e  same as t he  

unal tered va r ie t y .  I n  samples from 

below 3500 f t  (1050 m) i n  t he  Mag- 

mamax w e l l s ,  d i f f use ,  f ine-grained 

c l o t s  of ep idote occur i n  some sha ly  

rocks. F i l l ed  and un f i l l ed  f rac tu res  

are common i n  shales;  more w i l l  b e  

sa id  about t h i s  i n  a later sect ion.  

Macroscopically, a l l  a l t e r e d  rocks 

tend t o  be greenish gray i n  co lo r ,  

whereas unal tered rocks are brown, 

red,  whi te,  b lack,  o r  gray. 

Electron microprobe analyses w e r e  

made of c h l o r i t e ,  b i o t i t e ,  and epi-  

dote i n  an a l t e r e d  sandstone from 

4340 f t  (1323 m) i n  Magmamax 2. The 

analyses w e r e  made with an eight-  

channel Applied Research Laborator ies 

microprobe operated a t  a 15-kV ac- 

ce le ra t ing  po ten t i a l ,  a 0.5-vA beam 

cur ren t ,  and a minimum beam s i z e .  

The method of Bence and Albee26 and 

the  matr ix cor rec t ion  f a c t o r s  from 

Albee and Ray27 w e r e  used t o  reduce 

the  r a w  data .  Natural  si l icate 

minerals were used as standards. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
* 

* 
Reference t o  a company o r  product 

name zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdos2 not  inp ly  approval o r  
recommendation of t he  product by the  
Universi ty of Ca l i fo rn ia  o r  t h e  U.S. 
Energy Research & Development 
Administrat ion t o  the  exclusion of 
o thers t h a t  may be su i tab le .  

The complete ana ly t i ca l  r e s u l t s  are 

presented i n  Appendix B. 

of c h l o r i t e  and b i o t i t e  analyses are 

presented graphica l ly  on an AFKM 

(aluminum-iron-potassium-magnesium) 

pro jec t ion  i n  Fig. 17, and the  re- 

s u l t s  of de ta i l ed  epidote analyses 

are presented i n  Fig. 18. Thin sec- 

t i on  photomicrographs of t h e  epidote 

g ra ins  from t h e  4340-ft level of 

Magmamax 2 are shown i n  Fig. 19. 

LwJ The r e s u l t s  

Petrographic ana lys is  i nd i ca tes  

t h a t  two types of c h l o r i t e  are present  

i n  a l t e r e d  rese rvo i r  rocks; (1) very  

f i n e  grained hydrothermal c h l o r i t e  

t h a t  i s  t h e  product of c lay  mineral  

reac t ions  and (2) coarse-grained 

c h l o r i t e  of d e t r i t a l  o r i g in .  The 

l a t te r  type zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis prominent i n  a l l  sand- 

stones and s i l t s t o n e s ,  a l t e r e d  and 

unal tered. Detrital c h l o r i t e  g ra ins  

can b e  expected t o  have widely d i f -  

f e r i ng  chemical compositions and y e t  

f i v e  ou t  of s i x  g ra ins  analyzed from 

the Magmamax 2 sample f a l l  i n t o  a 

f a i r l y  s m a l l  composition f i e l d  

(Fig. 17). This suggests t h a t  t h e  

coarse-grained d e t r i t a l  c h l o r i t e  

particles i n  t h e  a l t e r e d  sample have 

equ i l ib ra ted  w i th  the  coexis t ing 

br ine.  Coarse-grained d e t r i t a l  bio- 

t i te  is a l s o  found i n  a l l  rese rvo i r  

rocks and there  i s  no reason a p r i o r i  

t o  be l ieve  t h a t  i t  is of hydrothermal 

o r i g in  as has been reported i n  pre- 

v ious s tud ies  . The microprobe 

analyses of n ine  b i o t i t e  g ra ins  from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs; 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/ I I I I I I \ 4 I I ! \ \ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 0.1 0.2 0 . 3  0.4 0.5 0.6 0.7 0.8 0.9 1.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

MgO/MgO + FeO (moles) 

FeO/ , I I '  I I I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. 17. Mineral compositions. (a) Compositions plotted on the projection 
plane of an AFKM (Thompson) projection. 
common minerals are indicated by lines or fields. 
and biotite compositions in a single sample from the 4340-ft (1323-m) level 
(TD) in Magmamax 2. Total assemblage is quartz-potassium feldspar-epidote- 
biotite-chlorite-pyrite-hemitite. 

The range of compositions for 
(b) Range of chlorite 
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I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(b  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Fig. 18. Resul ts of microprobe ana lys i s  of zoned ep ido te  g ra ins  from t h e  
4340-ft (1323-m) level i n  Magmamax 2. 
of t h e  p i s t a c i t e  end-member, Ca2FeqSi3012(0H). Note: i d e a l  ep idote 

Contours represent  the  mole percent 

composition i s  Ca2A12FeSi 0 (OH)': 
3 1 2  

Fig. 19.  Thin sec t i on  photomicrographs o f  ep ido te  g ra ins  i n  a sample from 
4340-ft (1323-m) level  (TD) i n  Magmamax 2. Magnif icat ion, 170X. Detai led 
compositions of these g ra ins  as determined from microprobe ana lys i s  are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
shown i n  Fig. 18. 
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W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

i w  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

a s i n g l e  sample (Fig. 17) exh ib i t  a 

wide v a r i e t y  of Fe/Mg r a t i o s  and T i  

valves (see Appendix B) ,  support ing 

the  view t h a t  they are of d e t r i t a l  

o r i g in  and suggesting t h a t  they equi l -  

i b r a t e  wi th  b r i n e  a t  3OOOC much less 

read i l y  than does ch lo r i t e .  

Detai led microprobe ana lys is  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
two epidote g ra ins  has enabled com- 

pos i t i ona l  contours t o  be  drawn i n  

terms of the  mole percent of t h e  

p i s  tacite (Ps) end-member 

(Ca2Fe3Si3012). The epidotes exh ib i t  

s i g n i f i c a n t  zoning (Ps 27 t o  Ps 38) 

bu t  t h e  p a t t e r n  is not  a regu la r  one. 

One notab le  fea tu re  i s  t h a t  t h e  Ps 

content tends t o  b e  low i n  t h e  

"corners" and along edges. Nuclea- 

t i on  of hydrothermal mineral g ra ins  

tends t o  occur along the  edges of 

voids (see Fig. 20) and there fore  

t h e  growth p a t t e r n  can be i n te rp re ted  

as one t h a t  began i n  the  "corners" 

and proceeded inward toward the  mid- 

d l e  of t he  void. The composition of 

epidote is  repor ted t o  be a st rong 

funct ion of t h e  oxygen fugaci ty  l e v e l  

present  i n  t h e  rock during the  pro- 

cess of hydrothermal a l t e r a t i o n .  

A s  t he  f02  level increases the  Ps 

component i n  ep idote increases con- 

comitantly. Therefore, i t  appears 

t h a t  t he  epidotes i n  Fig. 1 9  grew 

under condi t ions of increas ing oxygen 

fugaci ty  levels, i.e., t h e  b r ine  be- 

came more oxidiz ing during on-going 

a l t e r a t i o n .  

28 

Fig. 20. Well-formed epidote c r y s t a l s  
i n  p a r t i a l l y  f i l l e d  f r a c t u r e  i n  
shale.  
2750-f t (840-m) level i n  Magmamax 2. 
Magnification, 370X, plane-polarized 
l i g h t .  

The sample is from t h e  

THE EFFECTS OF ALTERATION ON 
RESERVOIR PROPERTIES 

The obvious e f f e c t  of hydrothermal 

a l t e r a t i o n  on the  r e s e q o i r  rocks i n  

t h e  Sal ton Sea geothermal f i e l d  has  

been the  reduct ion of poros i ty  and 

permeabil i ty. Epidote and si l ica are 

t he  p r inc ipa l  pore- f i l l i ng  minerals 

produced during high-temperature 

a l t e r a t i o n .  They rep lace '  calcite and 

anhydr i te,  t he  cementing agents pro- 

duced during diagenesis (Fig. 21). 
11 

Facca and Tonani in t roduced' the 

concept of t h e  se l f -sea l ing  geo- 

thermal f i e l d  t h a t  was discussed 

earlier. 

one: hot  b r i ne  i n f i l t r a t e s  permeable 

Their  concept i s  a simple 
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Fig. 21. Large f r a c t u r e  i n  sha le  
completely f i l l e d  wi th  anhydr i te.  
The sample is from the  3630-ft 
(1110-m) level i n  Magmamax 2. 
Magnif icat ion, 52X, crossed 
po la r izers .  

rock and deposi ts  minerals i n  the  

pore space, thereby decreasing the  

poros i ty  and permeabil i ty. The pro- 

cess is bene f i c ia l  when i t  serves t o  

create an impermeable cap rock over 

a shallow geothermal reservo i r .  It 

is detr imenta l  when i t  reduces poros- 

i t y  and permeabi l i ty  i n  rese rvo i r  

rocks. 

Porosi ty measurements were made on 

core samples from two intervals i n  

Woolsey No. 1 and th ree  intervals i n  

S t a t e  of Ca l i fo rn ia  No, 1. The re- 

s u l t s  are p lo t ted  i n  Fig. 22, and a 

de ta i l ed  l i s t i n g  of t h e  da ta  is pro- 

vided i n  Appendix C. 

r e s u l t s  i nd i ca te  a reduct ion i n  

porosi ty wi th depth. This is a com- 

The p lo t ted  

mon c h a r a c t e r i s t i c  of sedimentary 

basins and is l i k e l y  t o  be enhanced 

i n  the  Sal ton Sea geothermal f i e l d  

by hydrothermal a l t e r a t i o n  e f f e c t s .  

It is  expected t h a t  t h e  magnitude 

of vertical poros i ty  gradients  would 

vary wi th respec t  t o  loca t ion  w i th in  

the  geothermal f i e l d ,  becoming s teeper  

toward t h e  center .  It should b e  

noted t h a t  Woolsey No. 1 and S t a t e  

of Ca l i fo rn ia  No. 1 are approximately 

equ id is tan t  from t h e  heat  a x i s  of t he  

f i e ld .5  Therefore, the  d a t a  p lo t ted  

i n  Fig. 22 are l i k e l y  t o  be  com- 

p a t i b l e  i n  t h a t  t he  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtwo w e l l s  rep- 

resent  areas with poros i ty  g rad ien ts  

of similar magnitude. 

I n  t h e  area studied,  geophysical 

log  and d r i l l  core da ta  ind ica te  t h a t  

the  rese rvo i r  strata d i p  westward 

toward the  center of the  geothermal 

resource a t  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 t o  10' angle 

(Fig. 23). In  t h e  presence of a 

vertical poros i ty  gradient ,  t h e  dip- 

ping strata become progressively 

deeper and concomitantly less porous 

and permeable i n  going from t h e  

periphery of t he  f i e l d  i n  toward t h e  

center  of t he  heat  ax is .  Measured 

po ros i t i es  of unal tered sandstone 

core samples from tHe 2570-ft (783-m) 

level i n  Woolsey No. 1 are over 20% 

(Fig. 22), and po ros i t i es  of over 30% 

have been estimated f o r  d r i l l  cu t t i ng  

chips from the  same i n te rva l .  

cor rec t ion  shows t h a t  t h i s  same sand- 

s tone sequence occurs a t  t h e  3050-ft 

Log 

-2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8- 



W 

1000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASi l t s tone  - Shale 
Open symbols - Woolsey 1 
Closed symbols - Sta te  of Cali fornia 1 

' 

4000k zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn I I - 

5000 

6000 

7000 

. * *  A i 

Fig. 22. P l o t  of poros i ty  vs depth f o r  cores from Woolsey 1 and S t a t e  of 
Cal i fo rn ia  1 w e l l s .  Note the  sharp decrease i n  poros i ty  wi th  depth. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Magmamax 2 Magmamax 3 Magmamax 1 Woolsey 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2000 

3000 

4000 

1- Cap rock 

Una1 tered reservoir rock 

Hydrothermally a1 tered reservoir rock 

Indication zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  dip o f  sedimentary strata 

Direction o f  decreasing porosi ty/permeabil i ty $- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. 23. E a s t - w e s t  c ross  sec t i on  through the  Magmamax and Woolsey w e l l s  

depic t ing d i r e c t i o n a l  mode of poros i ty  gradients .  
types - cap rock, unal tered rese rvo i r  rocks,  and hydrothermally a l t e r e d  
rocks - are my c l a s s i f i c a t i o n s  based on petrographic ana lys is .  
between rock types are those determined i n  t h i s  repor t .  

The th ree  rock 

Boundaries 

(930-m) level i n  Magmamax zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 and, 

therefore,  i s  wi th in  the  zone of 

hydrothermal a l t e r a t i o n .  The pore 

space has been w e l l  f i l l e d  wi th 

ep idote and the  poros i ty  is estimated 

t o  b e  less than 10%. 

Admittedly, the  hypotheses con- 

cerning poros i ty  g rad ien ts  i n  t h e  

geothermal f i e l d  are based on d a t a  

from a small number of w e l l s .  Since 

a knowledge of porosi ty/permeabi l i ty  

gradients  is of importance i n  plan- 

ning f o r  f u t u r e  production of t he  

resource, an e f f o r t  should and w i l l  

be made t o  corroborate t h e  hypotheses 

with da ta  from o ther  w e l l s .  
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THE SIGNIFICANCE OF FRACTURE 
POROSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND PERMEABILITY 

It is  noteworthy tha t  f r a c t u r e s  

provide a subs tan t i a l  por t ion  of t h e  

permeabi l i ty  and reservo i r  capaci ty 

i n  a number of geothermal f i e l d s ,  

e.g., Geysers, Otake, Lardere l lo ,  

Wairakai, and Broadlands. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA*' While 

the  primary in tegranular  poros i ty  i n  

a rese rvo i r  is sub jec t  t o  i r r e v e r s i b l e  

se l f -seal ing,  f rac tu res  can be con- 

s idered as "renewable" poros i ty  

and/or permeabi l i ty  because they can 

be reac t iva ted  subsequent t o  being 

f i l l e d  o r  sealed. The f rac tu re-  

producing mechanism may be e i t h e r  

na tu ra l  se ismic i ty  (many geothermal 

f i e l d s  are located i n  tec ton i ca l l y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(a )  Crossed pol ari zers 

active areas) o r  na tu ra l  hydraul ic 

f rac tu r ing  resu l t i ng  from high f l u i d  

pressures i n  the  reservo i r .  
30 

The rese rvo i r  rocks i n  the  Sal ton 

Sea geothermal f i e l d  are extensively 

f ractured,  espec ia l l y  t he  shales.  

Fracture widths range from a few 

micrometres t o  1 cm. The nature  of 

cu t t i ng  samples d id  not  permit m e  t o  

estimate f r a c t u r e  length o r  su r face  

area. Most of the observed f r a c t u r e s  

i n  4-in.-diam core samples from S t a t e  

of Cal i forn ia  No. 1 and 3-in.-diam 

cores from Woolsey No. 1 extend 

beyond the  sample boundaries and 

exh ib i t  o f f s e t .  The loca t ion  of t h e  

Sal ton Sea f i e l d  on an active spread- 

ing zone4 os tens ib ly  can account f o r  

the  myriad f rac tu res  i n  the  reservo i r .  

(b) Plane polarized light 

Fig.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24 .  Calcite vein i n  sha le  from the  3630-ft (1110-m) l e v e l  i n  Magmamax 2. 
The c a l c i t e  has been mechanically twinned subsequent t o  deposi t ion,  ind icat -  
ing renewed stress along an o ld  f rac tu re .  
t he  f i e l d  of view i n  (b) . Area out l ined  i n  (a) represents  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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(a) Plane polarized light zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(b) Crossed pol ari zers 

! 

! zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Fig. 25. Calcite-epidote ve in  i n  s h a l e  from t h e  3820-ft (1167-m) l e v e l  i n  
Magmamax 3. 
c a l c i t e - f i l l e d  f r a c t u r e  t h a t  w a s  subsequently re f rac tu red  w i th  ep idote 
f i l l i n g  the  second f rac tu re .  
v i e w  i n  (b). 

The composite ve in  i s  i n te rp re ted  as or ig ina l l y  being a 

Area o u t l i n e  i n  (a)  represents  t h e  f i e l d  of 

Evidence f o r  t h e  "renewabil ity" of 

f r a c t u r e  porosi ty/permeabi l i ty  sub- 

sequent t o  sea l ing  i s  exhibi ted i n  

Figs. 24 and 25. In  Fig. 24 t h e  

calcite i n  a sealed f r a c t u r e  has been 

mechanically twinned and deformed 

subsequent t o  deposi t ion,  ind ica t ing  

t h a t  there  has been renewed stress on  

the  o ld  f rac tu re .  

in te rpre ted  as represent ing a calcite- 

f i l l e d  f r a c t u r e  t h a t  has been reac- 

t i va ted  ( re f ractured)  and subsequently 

Figure 25 is  

r e f i l l e d  wi th  epidote.  Observations 

of cathodoluminescence of calcite 

ve in  f i l l i n g s  reveals two o r  more 

episodes of c a l c i t e  deposi t ion i n  

many samples. This f u r t h e r  corrobo- 

rates t he  "renewabil ity" of f rac tu res .  

I n  d r i l l  cu t t i ng  samples, open f rac - '  

t u res  manifest  themselves as p lanar  

sur faces coated w i th  a t h i n  l aye r  of 

a f r ac tu re - f i l l i ng  mineral.  Such 

samples are common i n  t h e  cu t t i ngs  

from Magmamax zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANos. 2 and 3. 

Well  Log Correlation 

Spontaneous p o t e n t i a l  (SP), re- 

s i s t i v i t y ,  and temperature logs  have 

been commonly run i n  the  Sal ton Sea Spontaneous p o t e n t i a l  (SP) logs g ive  

geothermal w e l l s  subsequent t o  d r i l l -  

ing and p r i o r  t o  s e t t i n g  l i n e r s .  
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q u a l i t a t i v e  ind ica t ions  of t he  rela- 

t ive sandiness/shal iness of sedimen- 

ta ry  strata and provide good indica- 

t ions  of s t r a t i g r a p h i c  boundaries. 

As such they are use fu l  f o r  corre la-  

t i o n  purposes and have been zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso u t i -  

l i z e d  i n  t h i s  study (Figs, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA26 t o  28). 

Spontaneous p o t e n t i a l  l o g  cor- 

r e l a t i o n s  f o r  t h e  Magmamax and 

Woolsey w e l l s  are given i n  Fig. 26. 

The use of shading and dot ted connect- 

ing l i n e s  is intended t o  he lp  t h e  

reader  v i s u a l i z e  t h e  co r re la t i ons  

proposed here. The sequence of 

regu la r ly  a l t e r n a t i n g  sand and sha le  

beds over ly ing a major sha le  break 

i n  t h e  v i c i n i t y  of 2000 f t  (625 m) 

i n  Woolsey 1, 2250 f t  (700 m) i n  

Magmamax 1, and 2500 f t  (775 m) i n  

Magmamax 2 and 3 is t h e  most read i l y  

co r re la tab le  i n t e r v a l  i n  t h e  sec t i on  

and is, therefore,  use fu l  i n  estab- 

l i s h i n g  the  co r re la t i on  p a t t e r n  among 

the  four  w e l l s .  

establ ished,  i t  has been poss ib le  t o  

make o ther  unambiguous co r re la t i ons  

above and below t h e  key i n te rva l .  

The geologic p i c t u r e  t h a t  emerges 

from the  proposed co r re la t i ons  is  

t h a t  of a s t r u c t u r a l  bas in whose axis 

o r  center  l ies t o  the  northwest of 

Magmamax 2. 

with t h e  c ross  sec t i on  of t h e  Sal ton 

Trough i n  Fig. 2, and the  magnitude 

of t h e  d ip  of t he  strata co r re la tes  

w e l l  wi th  the  d ip  measured i n  cores 

taken from Woolsey No. 1. The cap 

With t h e  pa t te rn  

The p i c t u r e  is  compatible 

rock i n  the  four  w e l l s  produces a 

r a t h e r  fea tu re less  SP curve and as 

such i s  read i l y  recognizable a t  t h e  

top of each log. 

between una1 te red  and hydro thermally 

a l t e r e d  reservo i r  rocks i s  not  ap- 

parent i n  the  SP logs.  

The t r a n s i t i o n  

The i n t e r v a l  from approximately 

2370 t o  2650 f t  (725 t o  810 m) i n  

Woolsey No. 1 has been ca re fu l l y  

s tud ied and i s  shown i n  diagrammatic 

form i n  Fig. 27. The most notable 

fea tu re  i n  the  i n t e r v a l  is  t h e  th i ck  

sandstone bed extending from 2450 t o  

2540 f t  (747 t o  774 m). The poros i ty  

has been estimated i n  t h i n  sec t i on  t o  

b e  a t  least 30%, t he  h ighest  found i n  

cu t t ings  from th ree  w e l l s .  Port ions 

of t he  sandstone i n t e r v a l  from 2570 

t o  2585 f t  (783 t o  788 m) w e r e  re- 

covered as core,  and the  poros i ty  w a s  

measured i n  t he  laboratory.  The 

average poros i ty  of th ree  samples w a s  

21% (see  Table C 1 ,  Appendix C). The 

sandstones are cemented with s i l ica 

and calcite. The sha les  exh ib i t  

numerous f rac tu res ;  some t h e  r e s u l t  

of s o f t  sediment deformation (e.g., 

t he  c lay- f i l l ed  f r a c t u r e  i n  Fig. 27), 

other  the  r e s u l t  of hard-rock de- 

formation ( c a l c i t e  and p y r i t e  ve ins  

i n  Fig. 27) 

A co r re la t i on  of the  SP l og  wi th  

the  d r i l l  cu t t i ngs  log i s  shown i n  

Fig. 28. The problems encountered 

with cu t t i ngs  were discussed i n  an 

earlier sec t ion .  The p a r t i c u l a r  
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Legend zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Magmamaxi I Magmamax zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 I 
Spontaneous- 

po ten t ia l ,  mV 
10 

-11+ 
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Fig. 26. Spontaneous potential log correlation of the Mag- 
mamax and Woolsey wells. The SP curve is 
a recording v s  depth of the difference between the poten- 
tial of a movable electrode in the borehole and the fixed 
potential of a surface electrode. The SP is useful to: 
(1) detect permeable beds, (21 give qualitative indica- 
tions of bed shaliness, and c3) locate bed boundaries and 
permit correlation. 
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problems of t h e  "smoothing'' and d is-  

placement of f ea tu res  is  evident when 

the  two logs  are compared. The gross log. Again, t h e  shaded por t ions of 

f ea tu res  of t h e  SP log are mirrored 

i n  t h e  cu t t i ngs  ana lys is ,  bu t  i t  is  

clear t h a t  t h e  p lo t t i ng  of p rec ise  

production i n t e r v a l s  would be d i f f i -  

c u l t  i f  based so le l y  on the  cu t t i ngs  

the  logs are meant only t o  a i d  t h e  

reader 's eye and are intended t o  have 

no other  s ign i f icance.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A Comparison of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATwo Geothermal Wells 

S i n c l a i r  No. 4 and Magmamax No. 1 

are two producing geothermal w e l l s  i n  

t he  Sal ton Sea geothermal f i e l d .  

S i n c l a i r  4 produces from deep res- 

ervo i r  rocks [4400 f t  (1340 m)] 

whereas Magmamax 1 produces from 

r e l a t i v e l y  shal low rocks [1900 f t  

(580 m)]. It is usefu l  and informa- 

t ive t o  compare a number of character-  

ist ics of the  two production regimes. 

The S i n c l a i r  4 w e l l  was completed 

t o  a depth of 5300 f t  (1615 m) i n  

June 1964, and production character-  

is t ics a t  t h a t  t i m e  were 450,000 lbs /h r  

(20% s t e a m )  a t  a wellhead pressure of 

250 p s i  and temperature of 165OC. 

The w e l l  has been used as production 

f o r  mineral  ex t rac t ion  operat ions and 

w a s  recondit ioned as a geothermal 

test f a c i l i t y  i n  1973. 

production c h a r a c t e r i s t i c s  f o r  similar 

flow rates (15% steam) are 220 p s i  a t  

21OOC. Magmamax 1 was  completed t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a depth of 2805 f t  (855 m) i n  January 

1972, and t h e  average production 

c h a r a c t e r i s t i c s  a t  t h a t  time w e r e  

410,000 l bs /h r  (13% steam) a t  a w e l l -  

31 

More recent  

32 

-37- 

head pressure of 115 p s i  and tempera- 
31 

t u r e  of 175OC. It is cur ren t ly  

being used as t he  production w e l l  f o r  

t he  San Diego G a s  and Electric Com- 

pany's geothermal test f a c i l i t y .  

More recent  production da ta  f o r  

similar f low rates (10% s t e a m )  are 

275 p s i  a t  210OC. 
33 

The p r inc ipa l  c ross  sec t i on  i n  the  

block diagrams of Fig. 29 i n t e r s e c t s  

Magmamax 1 and S i n c l a i r  4. The iso- 

thermal contours i n  Fig. 29a have 

been drawn on t h e  bas i s  of d a t a  from 

Palmer. The regions i n  t h e  diagram 

character ized by widely spaced iso- 

thermal sur faces are i n te rpre ted  as 

being sand-rich. The b a s i s  of t h i s  

i n te rp re ta t i on  i s  t h a t  permeable sand 

reservo i rs  permit t he  c i r c u l a t i o n  

and/or convection of br ine,  which 

serves t o  diminish the  l o c a l  thermal 

gradient ,  thereby resu l t i ng  i n  widely 

spaced isotherms. For the  opposi te  

reasons, c lose ly  spaced isotherms are 

i n te rpre ted  as shaly  layers.  The 

isotherm pa t te rn  i n  the  v i c i n i t y  of 

t he  500-m depth suggests t h a t  a 

6 



1 

100,000 0 100,000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
concentrat ion,  -ppm 

Br ine composition 
(4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Fig. 29. Magmamax and S i n c l a i r  w e l l  comparisons. (a) Block diagram of 
isothermal sur faces i n  the  v i c i n i t y  of t h e  Magmamax and S i n c l a i r  w e l l s  (see 
i n s e t  l oca to r  map) i n  the  Sal ton Sea geothermal f i e l d .  
from Palmer.6 (b) Comparison of reservo i r  c h a r a c t e r i s t i c s  i n  t h e  Magmamax 1 
and S i n c l a i r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 w e l l s .  Sand ana lys is  and co r re la t i on  between w e l l s  from 
Towse and Palmer,8 top of metamor h i c  zone from Randall,5 and da ta  on 
per forated i n t e r v a l s  from Palmer.g (c) Comparison of b r i ne  composition i n  
Magmamax 1 and S inc la i r  4 .  

Temperature d a t a  
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300-m-thick sandy laye r  extends be- 

tween the  two w e l l s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThis i n te rpre ta-  

t i o n  is supported by the  sand ana lys is  

based on geophysical logs  t h a t  i s  

shown i n  Fig. 25b.8 The Magmamax 

w e l l  has been per forated i n  t h i s  

uppermost sand sequence; the  S inc la i r  

w e l l  i s  per forated i n  deeper reservo i r  

rocks. 

fo ra ted  zones i n  t h e  two w e l l s  i s  

l i k e l y  t o  b e  q u i t e  d i f f e r e n t ,  because 

the  rese rvo i r  i n  S inc la i r  4 i s  wi th in  

a deep zone of a l t e r e d  rocks according 

t o  Randall,5 and t h e  Magmamax 1 res- 

ervo i r  is i n  unal tered reservo i r  

rocks. 

The permeabi l i ty  of t he  per- 

There is a s i g n i f i c a n t  d i f fe rence 

i n  t h e  b r i n e  chemistry a t  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtwo 

sites mani fested, in  terms of t h e  

sca l ing  rate during production. The 

b r ine  a t  Magmamax 1 has t o t a l  d is-  

solved s o l i d s  of 175,000 ppm, 

whereas t h e  t o t a l  f o r  S inc la i r  No. 4 

is near ly  twice as much, 300,000 ppm. 

34 

32 

Although the  test  faci l i t ies a t  both 

w e l l s  have had sca l ing  problems, 

those a t  Sinc la i r  4 have been more 

severe because of t h e  higher s o l u t e  

content of t he  br ine.  The d i f fe rence 

i n  b r i n e  chemistry a t  t h e  two sites 

can be  a t t r i b u t e d  t o  temperature, as 

i l l u s t r a t e d  by Helgeson (p. 143). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Appendix A 
The Construction and Use of Activity Diagrams zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Brief  de f i n i t i ons  of some geologic and chemical terms used i n  t h i s  paper 

are given f o r  t h e  convenience o f ’ t he  reader.  

a c t i v i t y  diagrams are based on t h e  treatise by Hemley and Jones.’l) 

(The const ruct ion and use  of 

Metamorphism. The mineralogical  and t e x t u r a l  adjustment of s o l i d  rocks 

t o  phys ica l  and chemical condi t ions imposed a t  depth i n  t h e  ear th .  

Hydrothermal A l terat ion.  A type of metamorphism i n  which mineralogic and 

t e x t u r a l  changes are brought about i n  rock by t h e  perco lat ion of ho t  so lu t ions  

and gases through f r a c t u r e s  and in tegranular  pore space. 

Diagenesis. A l l  of t h e  chemical, phys ica l ,  and b io log i ca l  changes, 

modif icat ions,  o r  transformations undergone by a sediment a f t e r  i t s  i n i t i a l  

deposi t ion and during the  process of l i t h i f i c a t i o n ,  exc lus ive of metamorphism. 

Act iv i ty .  The concentrat ion as modified by t h e  e f f e c t s  of t h e  so lvent  

and s o l u t e  on one another; t h e  thermodynamic o r  e f f e c t i v e  concentrat ion.  

Act iv i ty  (a) is re la ted  t o  concentrat ion (m) by t h e  expression a = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAym, where 

y i s  t h e  a c t i v i t y  coe f f i c ien t .  

Equil ibr ium Constant. I n  t h e  reac t ion  

bB + CC dD + eE , 

the equi l ibr ium constant ,  K, is represented by the  expression 

d ( a c t i v i t y  of D) ( a c t i v i t y  of E ) ~  

( a c t i v i t y  of Bib ( a c t i v i t y  of c)‘ 
K =  

Hydrolysis. A reac t i on  i n  which one of t h e  decomposition products of 
+ + 

water, e i t h e r  H 

r a t i o  i n  so lu t ion .  

cat ion,  e.g., K , chemically equiva lent  t o  the  quant i t y  of H+ consumed must 

be re leased t o  t h e  so lu t ion .  

mineral  and an aqueous so lu t ion  is b e s t  i l l u s t r a t e d  as t h e  sum of two 

equations (a and b):  

o r  OH-, is se lec t i ve l y  consumed thereby changing t h e  H /OH- 

I n  t h e  hydrolysis of a si l icate mineral ,  an  amount o f  
+ 

The hydro lys is  reac t i on  between a si l icate 

3 KAlSi308 + 2H20 

K-f e ldspar  K-mica 

KA13Si3010(OH)2 + 2K+ + 6Si02 + 20H- , (a) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-43- 



2H zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ + 20H- * 2H-0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L 

3 KAlSi308 + 2H+ KA13Si3010(OH)2 + 2K’ + 6Si02 . 
+ + Note t h a t  reac t ion  t o  the  r i g h t  consumes H and releases K . 

Hydration. Hydration d i f f e r s  from hydro lys is  i n  t h a t  i t  involves a 

chemical combination of water wi th  another substance without t h e  selective 

consumption of H+ o r  OH-. For example: 

A1203 + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 2Al(0H)3 (Gibbsite) . 
Hydrothermal a l t e r a t i o n  r e s u l t s  from t h e  reac t i on  of minerals wi th  t h e  

components of an  aqueous so lut ion.  

complex, involving hydrolysis,  hydrat ion,  and o the r  reac t ions .  In s p i t e  of 

t h e  complexity of the  process, f i e l d  s tud ies  of hydrothermally a l t e r e d  ter- 

ranes show recurr ing a l t e r a t i o n  pa t te rns ,  i.e., c e r t a i n  mineral  assemblages 

are c h a r a c t e r i s t i c  of s p e c i f i c  a l t e r a t i o n  zones. 

and experimental s tud ies  has ind icated t h a t  (1) hydro lys is  i s  quan t i t a t i ve l y  

the  most s ign i f i can t  process involved i n  t h e  a l t e r a t i o n  scheme and (2) t h e  

zonal a l t e r a t i o n  pa t te rns  ref lect t he  degree .of hydro ly t i c  decomposition of 

si l icate host  rocks. 

The process of  hydrothermal a l t e r a t i o n  is 

The co r re la t i on  of f i e l d  

Hydrolysis reac t ions  such as 

-+ 
1.5 K-feldspar + H+ == 0.5 K-mica + 3 quar tz  + K 

(same as a + b above) involve th ree  s o l i d  phases and an aqueous phase. 

convention, the  a c t i v i t y  of s o l i d s  i s  taken as un i ty ;  there fore  t h e  equ i l i -  

brium constant has the  simple form 

By 

+ K P -  a K  
+ ’  

a H  

+ +  
and the  system a t t a i n s  equi l ibr ium a t  a s p e c i f i c  a K  / a H  

temperature and pressure.  

r a t i o  a t  a given 

Laboratory inves t iga t ions  i n  t h e  K20- and Na20-Al 0 Si0  -H 0 systems 

have d e a l t  wi th  a number of hydro lys is  reac t ions  t h a t  are important t o  t h e  

study of hydrothermal a l t e r a t i o n .  

2 3 -  2 2 

Some reac t ions  inves t iga ted  experimental ly 

L o w ,  
i n  t h e  potassium-bearing and sodium-bearing systems are: 
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W 

+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.5 K-feldspar + H+ * 0.5 K-mica + 3 quar tz  + K 

K-mica + H 

1.17 a l b i t e  + H+ + 0.5 Na-montmorillonite + 1.67 quar tz  + N a  

, 
+ + 1.5 H20 1.5 k a o l i n i t e  + K+ , 

+ 

+ + 3 Na-montmorillonite + H + 3.5 H20 3.5 k a o l i n i t e  + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 quar tz  + N a  . 
Note t h a t  i n  each reac t ion ,  t h e  equi l ibr ium constant  can be expressed i n  terms 

of aK+/aH+ o r  aNa+/aH+. 

terms of temperature and t h e  t o t a l  K C l / H C l  o r  N a C l / H C l  r a t i o  i n  so lu t ion  are 

given i n  Figure Al. 

t o t a l  pressure is  approximately 1 kbar. 

The experimental r e s u l t s  f o r  t he  four  reac t ions  i n  

Quar tz  i s  present  i n  t h e  experimental assemblage, and 

In  Fig. A2, t h e  reac t i on  curve da ta  a t  3OOOC f o r  t h e  systems K20- and 

Na20-A1203-Si02-H20 (dotted l i n e s  i n  Fig. Al) are combined t o  produce a 

mineral  s t a b i l i t y  diagram zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor t h e  five-component K20-Na 0-Al 0 -Si0 -H 0 2 2 3  2 2  

35( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 
30( 

J 
c, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
CCI 
L 
a 
P 

k- 
El 

25( 

I I I I 

. e  0 0 

Kaol 

I I *  I 0 ,  I 

lo1 lo2 lo3 lo4 lo5 
m KCl /m HC1 

I I I I 
( t  

K a o l i n i t e  

lo2 lo3 lo4 lo5 
m NaCl/m HC1 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV 
I 

Fig. A l .  Reaction curves f o r  t h e  systems K20-A1203-Si02-H20 and Na2O-Al203- 
Si02-H20 from Hemley and Jones. 21 Curves were estab l i shed by approaching 
equi l ibr ium i n  both d i rec t i ons ,  e.g., by p lac ing fe ldspar  i n  a so lu t i on  
wi th a K C l / H C l  r a t i o  w i th in  the  K-mica f i e l d  and a l t e r n a t i v e l y  by p lac ing 
K-mica and quar tz  i n  a so lu t i on  wi th  a K C l / H C l  r a t i o  w i th in  t h e  K-feldspar 
f i e l d .  It should be noted t h a t  Hemley and Jones' da ta  extends from 300 t o  
5OOOC and has been extrapolated t o  25OOC i n  t h i s  f igure .  
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system. 

mKCl/mHCl-mNaCl/mHCl-To C, which would incorporate a l l  of t h e  d a t a  ava i l ab le  

i n  Fig. A l .  Note t h e  s i m i l a r i t y  between Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA2 and Fig. 13b i n  the  tex t .  

I n  Fig. 13,  t h e  coordinates are expressed i n  terms of activi t ies t h a t  can be 

der ived from concentrat ion da ta  i n  a number of ways. Helgeson (pp. 367-375) 

uses an extended form of t h e  Debye-Huckel equation ( the  Delta approximation) 

f o r  ca lcu la t ing  activi t ies. 

Figure A2 represents  a sl ice i n  t h e  th ree  axis p l o t  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
u 

19 

It there fore  fol lows t h a t  composition da ta  f o r  so lu t ions  i n  equi l ibr ium 

wi th  coexis t ing rock can be  used t o  p red ic t  rock mineralogy. 

done i n  Fig. 1 3  f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMagmamax 1 and S i n c l a i r  4. 

This has been 

,-Na-rnontrnori 11 oni te 

lol t 
rn KCl/rn HC1 

Fig. A2. Mineral s t a b i l i t y  r e l a t i o n s  
i n  t h e  system K20-Na20-Al203- 
SiO2-H2O a t  3OO0C and approximately 
1 kbar. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Appendix B 
Tables of Chemical Analyses zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Table B1. Chemical analyses of c h l o r i t e  from 4340-ft (1420-m) depth i n  
Magmamax 2. 

C l a  c2 c3 c4 c5  C6 

sio2 27.9 27.8 28.0 27.5 27.6 25.4 

T i 0 2  0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.o 0.0 0 .o 0.1 0 .o 0.1 

20.6 21.1 19.4 20.5 20.5 21.6 
A1203 

FeO 21.5 21.3 23.5 23.6 22.3 26.9 

MgO 17.3 17.3 16.6 15.6 15.9 12.5 

12.6 12.2 12.3 12.4 13.1 13.3 
H2° 

Number of 
a n a l y t i c a l  

po in ts  5 4 6 5 4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 

%umbers C 1  through C6 r e f e r  t o  n ine  i l id iv idual  c h l o r i t e  g ra ins  from t h e  
sample. The chemical formula f o r  ch lo ra te  C 1  is: 

[Mg5. 215Fe3. 636A12 .552 [A12.358si5.642 20 '(OH)16.999 
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Table B2. Chemical analyses o f  b i o t i t e  from 4340-ft (1420-m) depth i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
LJ 

Magmamax 2. 

B l a  B2 B3 B4 B5 B6 B7 B8 B9 

sio2 36.2 36.1 36.4 34.0 35.9 34.9 35.6 34.5 34.8 

T i 0 2  2.8 3.2 0.8 2.8 0.9 2.4 3.3 2.5 1.7 

17.6 16.2 17.7 20.2 18.1 18.3 17.1 18.4 18.9 *l2'3 

i FeO 19.9 17.8 16.1 20.2 19.1 20.4 18.0 20.7 18.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Mgo 10.4 13.1 14.2 17.4 11.8 11.0 13.0 10.2 10.9 

0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 MnO b 

9.6 8.3 7.9 10.3 8.6 7.9 8.1 8.7 8.6 K2° 

Na20 0;l 0.1 0.5 0.1 0.1 0.1 0.1 0.1 0.2 

3.3 5.1 6.3 4.9 5.4 4.9 4.7 4.8 5.8 H2° zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Number zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 
ana ly t i ca l  

po in ts  5 6 6 6 3 3 2 4 3 

%umbers B 1  through B9 refer t o  nine i nd iv idua l  b i o t i t e  g ra ins  from the 
sample. The chemical formula f o r  b i o t i t e  B 1  is: 

[K1. 883Na0. 039 [&2. 390Fe2. 56OMnO. 019 [TiO .318A10 .747] 

[si5.557A12 .4430203 OH3 .07 

bMnO content  of 0.1 w t  % represents  the average of 12  analyses o f  random 
b i o t i t e  gra ins.  The range of  va lues w a s  from 0.08 t o  0.2 w t  %. 
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Table B3. Chemical analyses of 
f e ldspar  from 4340-f t 
(1420-m) depth i n  
Magmanax 2. 

Fla F2 F3 

sio2 63.9 63.9 64.1 

18.6 18.8 19.0 
A1203 
F e0 0.1 0.1 0.2 

CaO 0.1 0.1 0.1 

17.2 17.7 17.8 

0.6 0.5 0.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK2O 
Na20 

Number of 
a n a l y t i c a l  

po in ts  5 4 5 

%umber F1 through F3 r e f e r  t o  th ree  
ind iv idual  f e ldspar  gra ins from t h e  
sample. The chemical formula f o r  
fe ldspar  F1 is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 

[K1 .018Na0 .005Ca0.0051 

3+ 
[%. 017Fe0.003Si2. 964'81 . 

-49- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

E- 1- 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 0 0 0 0 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 0 0 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Grain E-1,  27 points  

E-2- 1 

Grain E-2, 39 po in ts  

Fig. B1. Epidote gra ins  contoured i n  
Fig. 19. Open c i r c l e s  represent  
po in ts  of microprobe analyses. 
Arrows ind i ca te  po in ts  f o r  which 
chemical analyses are given i n  
Table B4. 



Table B4. Se lec ted  ep ido te  ana lyses  from 4340-ft (1420-m) depth  i n  Magmamax 2. 

E- 1- la E-1-2 E-1-3 E-2-1 E-2-2 E-UP E-2AVc 

sio2 36.6 36.3 37.3 37.4 35.9 36.9 36.8 

24.2 20.6 21.8 22.3 21.2 22.4 22 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.o A1203 

14.5 19.9 18.2 16.8 18.3 17.2 17.2 Fe203 

T i 0 2  0.0 0.4 0 .o 0.3 0.1 0.1  0.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
z i CaO 23.2 23.4 23.1 23.7 23.4 23.1 23.4 

, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMnO 0.1 0.1 0.4 0.2 0.2 0.2 0.2 

1.4 0.0 0.0 0 .o 0.9 0.1 0.3 H2° 

%umbers E-1-1 through E-2-2 r e f e r  t o  a n a l y t i c a l  p o i n t s  on  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtwo i n d i v i d u a l  
The g r a i n s  of ep ido te .  

chemical formula f o r  ep ido te  E-1-1 is: 
For i ns tance ,  E-1-1 r e f e r s  t o  p o i n t  1 on g r a i n  1. 

3+ 
[ca1.991m0.007 rA12 .222Fe0.872 rsi2 .935*lO .065 1 2  1 (OH)0,786 

bAverage of 27 ana lyses  of e p i d o t e  g r a i n  E-1. 

Average o f  39 ana lyses  of e p i d o t e  g r a i n  E-2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC 
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Appendix C 
Porosity Measurements of Core Samples zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Table C 1 .  Poros i t y  measurements of c o r e  samples from Woolsey No. 1 and S t a t e  
o f  C a l i f o r n i a  (SOC) No. 1. 

Water 
co r rec ted  Sample Sample Ca lcu la ted  

Sample Depth, g r a i n  weight ,  volumesb po ros i t y ,  
Well Descr ip t ion  f t  dens i tya  g cm3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA% 

Woolsey 1 

Woolsey 1 

Woolsey 1 

Woolsey 1 

Woolsey 1 

Woolsey 1 

Woolsey 1 

Woolsey 1 

Woolsey 1 

Woolsey 1 

Woolsey 1 

Woolsey 1 

Woolsey 1 

Woolsey 1 

Woolsey 1 

Woolsey 1 

Woolsey 1 

Woolsey 1 

SOC 1 

SOC 1 

SOC 1 

SOC 1 

SOC 1 

SOC 1 

Black shale 

Black shale 

Black shale 

Gray shal 'e 

Gray s h a l e  

Gray shale 

L t .  g ray  sandstone 

L t .  gray sandstone 

L t .  g ray  sandstone 

Gray shale 

Gray shale 

Gray shale 

Green-gray s h a l e  

Green-gray shale 

Green-gray shale 

Green-gray s h a l e  

Green-gray shale 

Green-gray s h a l e  

Gray s i l t s t o n e  

Green-gray 
si l ts tone  

Dk. g ray  s i l t s t o n e  

Gray s i l t s t o n e  

Gray s i l t s t o n e  

L t .  gray  s i l t s t o n e  

2568 

2568 

2568 

2568 

2568 

2568 

2570 

2570 

2570 

2589 

2589 

2589 

3418 

3418 

3 418 

3419 

3419 

3419 

4525 

4592 

4842 

4847 

4847 

4848 

2.847 

2.847 

2.847 

2.717 

2.717 

2.717 

2.660 

2.660 

2.660 

2.755 

2.755 

2.755 

2.679 

2.679 

2.679 

2.684 

2.684 

2.684 

2.71 

2.75 

2.76 

2.69 

2.67 

2.69 

8.433 

12.877 

13.380 

15.117 

15.345 

9.199 

7.882 

12.272 

14.194 

9.233 

11.996 

7.859 

12.019 

7.855 

7.482 

10.848 

7.517 

7.835 

21  995 

20.833 

17.007 

38.790 

20.806 

29.415 

3.700 

5.875 

6.030 

6.825 

6.810 

4.243 

3.750 

5.791 

6.819 

4.200 

5.334 

3.570 

5.350 

3.445 

3.320 

4.900 

3.362 

3.530 

9 .oo 
8.20 

6.60 

15.27 

8.30 

11.82 

19.9 

23.0 

22.1 

18.5 

17.1  

20.2 

21.0 

20.3 

21.7 

20.2 

18.4 

20.1 

16.1 

14.9 

15.9 

17.5 

16.7 

17.3 

9 99 

7.5 

6.5 

5.4 

6.2 

7.4 

a 

bVolumes determined by means o f  a Ruska mercury porometer. 

Grain d e n s i t i e s  determined by means of a Beckman pycnometer. 
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