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ABSTRACT 

C a l  c-s i 1 ica tes  i n the system Ca0-Fe0-Mg O-Fe, 0, -A1 203 -T i  0,-Si 0, -H,O a re  

an important group o f  rock-forming minerals found i n  d r i l l h o l e  samples from 

ac t i ve  geothermal areas worldwide. The most common metasomatic ca lc-s i1  i ca tes  

i n  geothermal systems are heulandite, laumont i te , wai r a k i t e  , prehni te  , epidote , 
garnet, sphene, clinopyroxene , a c t i n o l i t e  , and wol laston i te .  Conditions o f  

temperature , pressure , and the chemical cha rac te r i s t i cs  o f  hydrothennal f l u i d s  

associated w i th  the occurrence o f  these.minerals can be read i l y  obtained from 

d r i l  l ho le  measurements. Observations such as these a1 low c r i t i c a l  evaluat ion o f  

the re la t ionsh ips  between in tens ive thermodynamic proper t ies  and phase re la -  

t ionsh ips  o f  ca lc-s i1  i ca tes  i n  act ive  magma-hydrothermal systems. 

A d i s t i n c t  sequence o f  ca l c -s i l i ca tes  i s  found which, i n  general , r e f l e c t s  

progressive dehydration w i th  increasing temperature. Heulandite and laumont i te 

usua l ly  occur a t  temperatures below 200°C, whereas wa i rak i te  , epidote , prehni te  , 
and a c t i n o l i t e  occur w i th in  the range o f  temperatures f r o m  200OC t o  greater  than 

3OOOC. Anhydrous phases of garnet, clinopyroxene, and wo l las ton i te  t y p i c a l l y  

are found a t  temperatures greater  than 3 O O O C .  With the exception o f  laumont i te 

and wol laston i te ,  hydrothermal ca l c -s i l i ca tes  e x h i b i t  a d iverse range o f  com- 

pos i t ions.  A l ka l i s  subs t i tu te  f o r  calcium i n  heulandi te and wai rak i te ,  and 

there i s  considerable octahedral subs t i t u t i on  o f  f e r r i c  i r o n  f o r  aluminum i n  

epidotes, prehni te,  and garnet and of ferrous i r o n  for  magnesium i n  c l i n o -  

pyroxenes and ac t i no l i t es .  

pos i t ions  o f  epidote and garnet , and a c t i n o l i t e  and c l  inopyroxene represent 

I n  some cases it can be shown t h a t  coex is t ing com- 

df"bctahedra1 cat ions when compared w i th  experimen- 

metamorphic phase re1 a t  ions. 

l t o n  Sea geothermal systems there are subt le  

systematic gradients i n  the averaged compositions of epidotes w i th  increasing 

depth and temperature. D iscont inu i t ies  i n  these compositional gradients are 



c l o s e l y  associated with the appearance o r  disappearance o f  one 

phases c a l c i t e ,  prehni te,  wairaki te,  o r  b i o t i t e .  From the ava 

o r  more o f  the 

l a b l e  data there 

i s  no other  obvious systematic c o r r e l a t i o n  between observed compositional t rends 

o f  ca l c -s i1  i ca tes  and e i t h e r  depth o r  temperature i n  most geothermal systems. 

Bulk rock and f l u i d  compositions appear t o  be important f ac to rs  c o n t r o l l i n g  the  

observed compositional c h a r a c t e r i s t i c s  o f  these minerals. 

Our d e t a i l e d  study o f  c a l c - s i l i c a t e  mineral zones and coex is t i ng  phase 

re ' la t ions i n  the Cerro P r ie to  geothermal system were used as examples fo r  . 

thermodynamic evaluat ion ' o f  phase r e l a t i o n s  among minerals of va r iab le  com- 

p o s i t i o n  and t o  ca l cu la te  the chemical c h a r a c t e r i s t i c s  o f  hydrothermal so lu t i ons  

compatible w i t h  the observed c a l c - s i l i c a t e  assemblages. 

c lose c o r r e l a t i o n  between ca lcu lated and observed f l u i d  compositions. Calcu- 

l a t e d  f u g a c i t i e s  o f  O2 a t  about 320°C i n  the Cerro P r i e t o  geothermal system are 

about f i v e  'orders o f  magnitude less than t h a t  a t  the nearby Salton Sea geother- 

mal system. 

epidotes i n  the l a t t e r  system and the presence o f  prehni te  a t  Cerro Pr ieto.  

I n  general there i s  a 

This observation i s  consistent w i th  the occurrence o f  Fe3+ r i c h  

INTRODUCTION 

Mineral assemblages containing c a l c - s i l i c a t e s  are r h a r a c t e r i s t i c  o f  a wide 

og ic  environments i n  Is crust. Phase r e l a t i o n s  and 

f c a l c - s i l i c a t e s  used t o  d iscr iminate regional  meta- 

i s t r i c t s .  I n  f o s s i l  

magma-hydrothermal systems metasomatic mineral zoning o f  ca lc-s i1  i ca tes  

i t s  host rocks, 

s com- 

where 

ons . 
inten-  

s i ve  thermodynamic var iab les responsible f o r  the observed ca lc-s i1  i c a t e  mineral 

assemblages cannot be d i r e c t l y  measured. Consequently , temperatures , pressures , 
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and the chemical po ten t i a l s  o f  thermodynamic components must be predic ted o r  

in fe r red  f r o m  experimental data, thermodynamic analysis of phase re la t ions ,  iso-  

t o p i c  compositions o f  coex is t ing phases, s t ra t i g raph ic  reconstruct ions,  o r  f l u i d  

inc lus ion  analyses. 

modern geothermal systems does a l low co r re la t i on  o f  mineral compa t ib i l i t i es  with 

measured temperatures, pressures, and coex is t ing  f l u i d  compositions determined 

Deta i led studies o f  c a l c - s i l i c a t e  minera l i za t ion  i n  

from measurements and sampling i n  deep d r i l l  holes. 

t i c a l  t o  evaluat ing ca l cAs i l i ca te  phase re la t i ons  i n  geologic systems as they 

Such observations are c r i -  

provide a unique t e s t  of p red ic t i ve  methods f o r  est imat ing the in tens ive ther -  

modynamic var iab les associated with comparable paleogeologic processes. 

In  the past twenty years explorat ion of geothermal systems f o r  e l e c t r i c  

power production' has provided de ta i led  information on hydrothermal mineral 

assemblages i n  deep d r i l l  holes. Unfortunately much of the data are propr ie-  

tary o r  have been reported i n  "in-house" pub l i ca t ions  and symposium volumes 

w i t h  r e s t r i c t e d  c i r cu la t i on .  A review paper by Browne (1978) summarized the 

occurrence and d i s t r i b u t i o n  o f  hydrothermal minerals i n  several geothermal 

systems. However, t o  date there has been no current  compi lat ion o f  the vast 

data base o f  compositional re la t i ons  among these authigenic minerals. 

The purpose o f  t h i s  paper i s  t o  summarize the d i s t r i b u t i o n s ,  occurrences, 

cornpositional charac ter is t i cs ,  and thermodynamic re la t i ons  of ca l c -s i l i ca tes  i n  

explored geothermal systems. This group of minerals includes calcium s i l i c a t e s  

i n  the system CaO-FeO-Fe203-Al 0 -TiO2-Mg0-SiO2-H2O. 
2 3  

placed p a r t i c u l a r  emphasis on the dramatic metasomatic mineral 

s i l i c a t e s  i n  the extens ive ly  d r i l l e d  Cerro Pr ie to  geothermal system o f  Baja 

Ca l i fo rn ia .  We have ca lcu lated theore t ica l  phase diagrams accounting f o r  com- 

I n  our study we have 

zoning o f  ca lc-  

pos i t i ona l  va r ia t i on  and subs t i tu t iona l  order/disorder i n  these ca lc-s i1  i ca tes  

and compared them with the observed f l u i d  and mineral compa t ib i l i t i es  a t  

measured temperatures and pressures i n  deep d r i l l  holes. 
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CALC-SILICATE MINERALS IN GEOTHERMAL SYSTEMS 

Metasomatic ca lc-s i1  i ca tes  reported i n  cores and cu t t i ngs  o f  geotherma 

d r i l l  hole samples include framework s i 1  i ca tes  (calcium-teol i t e s )  , sing le  

chain s i l i c a t e s  (wo l las ton i te  and calcium clinopyroxenes) , double chain s i l i -  

cates ( a c t i n o l i t i c  amphiboles) , sheet s i 1  i ca tes  (prehni te)  , o r t h o s i l  i ca tes  

(garnet and sphene) and or thosoros i l  i ca tes  (epidote).. For reference , the - 

s to ich iomet r ic  endmember compositions o f  the ca lc-s i1  i ca tes  commonly occurr lng 

i n  geothermal f i e lds  are depicted i n  Figure 1. I n  general the hydrous phases, 

conta in ing e i t h e r  s t ruc tu ra l  o r  z e o l i t i c  water, are the most abundant ca lc-  

s i 1  i ca tes  i n  geothermal systems. Anhydrous phases inc lud ing  garnet, pyroxene , 
and wo l las ton i te  are typ ica? l y  r e s t r i c t e d  i n  t h e i r  d i s t r i b u t i o n  and abundance 

t o  the deeper-higher temperature por t ions thus f a r  explored by d r i l l i n g  i n  

ac t i ve  geothermal systems. Very -few geothermal ca lc -s i1  i ca tes  correspond t o  

the s to ich iomet r ic  analogs shown i n  Figure 1. Highly var iab le sol  i d  so lut ions 

are t y p i c a l  o f  the minerals found i n  ac t i ve  geothermal systems. 

The documented occurrences o f  c a l c - s i l i c a t e  minerals i n  worldwide ac t i ve  

geothermal systems are presented i n  Table 1. These minerals have c r y s t a l ?  ized 

w i t h i n  reservo i rs  o f  g rea t l y  d i f f e r i n g  p ro to l  i t h s  (i .e., volcanic, sedimentary, 

metamorphic) and br ine composition (4 .e .  , total d i s s o l v e d  s o l i d s ,  pH, etc.). 

The modes o f  occurrence # d i s t r i b u t i o n s  , and compositional var ia t ions  o f  spec i f i c  

ca lc-s i1  i c a t e  minerals i n  ac t i ve  geothermal systems are .out l ined below. Deta i l s  

concerning the occurrence and composition o f  these mineral 

system are presented i n  a l a t e r  section. 

n the Cerro Pr ie to  

Cal c i  um Zeol i tes  

Zeol i tes occur fn  v i r t u a l l y  every major geothernal system i n  the world 

I n  add i t ion  t o  the more common phases (heulandite, laumontite, and 

wa i rak i te )  , other  calcium zeo l i tes  which have been reported from ac t i ve  geother- 

mal systems include s t i l b i t e  , chabazite , thomsonite, sco lec i te ,  mordenite, 
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yugawaral i t e  , levyne , gismondine , and gmel i n i t e  (Browne , 1978; Kr is tmannsdot t i r  

and Tomasson, 1976) . 
The calcium teo l  i t e s  , wi th  the notable exception of wai rak i te ,  genera l ly  

are found i n  the lower temperature (foe., <2OO0C) por t ions  of ac t i ve  geothermal 

systems. Three d i f f e r e n t  fabr ics  t h a t  t y p i f y  t h e i r  occurrence are: (1) wi th in  

f rac tu res  and vesic les;  (2) as se lec t ive  replacement products of r e l i c t  

feldspars; and ( 3 )  as r e c r y s t a l l i z a t i o n  products o f  the glassy o r  

. 

ca lcareous/s i l  iceous mat r ix  of volcanic , tuffaceous , o r  sedimentary rocks. 

The on ly  appreciable chemical va r ia t i on  i n  geothermal calc ium-zeol i tes i s  

p a r t i a l  replacement of Ca++ by Na+ o r  K+, and S i 4 +  f o r  A13+ which i s  requi red t o  

mainta in  charge balance. To date there have been no analyses o f  the  content o f  

z e o l i t i c  water i n  the na tura l  occurr ing geothermal zeol i tes.  Measured com- 

pos i t ions  o f  heulandi te,  laumontite, and wa i rak i te  reported from a c t i v e  

geothermal systems are shown i n  Figure 2. The h igh  a l k a l i  content o f  heulan- 

d i t e  shown i n  the f i gu re  i s  probably due t o  the a l k a l i - r i c h  r h y o l i t i c  flows, 

t u f f s ,  and e p i c l a s t i c  sediments which make up the Yellowstone geothermal reser-  

v o i r s  rocks. 

t i t e  i s  near ly  s to ich iometr ic ,  w i th  less  than 5 mole % Na+K. 

I n  contrast  t o  heulandi te,  the composition of geothermal laumon- 

Wairaki te i s  probably the most common Ca-zeolite i n  geothermal systems and 

a l so  one o f  the few zeo l i t es  whose occurrence i s  l a r g e l y  r e s t r i c t e d  t o  geother- 

mal systems, ac t i ve  o r  f o s s i l .  I n  many ac t i ve  geothermal systems, wai rak i tes 

have c r y s t a l l i z e d  t o  temperatures i n  excess o f  2OO0C, and o f ten  coex is t  w i th  

epidote. Geothermal wai rak i tes e x h i b i t  considerable so l  i d  so lu t i on  w i th  up t o  

40 mole % o f  the analcime component f o r  the Yellowstone analyses. The reservo i r  

rock composition appears t o  exer t  some cons t ra in ts  on the Ca/Na contents o f  

geothermal wai rak i tes;  wai rak i tes r e c r y s t a l l i z e d  i n  bas ic  t o  intermediate volca- 

n i c  rock reservo i rs  (e.g., d iabasic dikes i n  the Heber f i e l d  and andesites i n  
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Otake and Onikobe) are general ly more c a l c i c  than those r e c r y s t a l l i z e d  i n  s i l i -  

c i c  reservo i r  rocks (e.9. rhyo l i t es  o f  Yellowstone and Wairakei). 

Prehni t e  

Prehni te has been reported from several ac t i ve  geothermal systems (Table 1) 

i n  which i t  appears t o  have formed a t  temperatures between 250° and 35O0C. 

occurrence o f  prehni te  i s  genera l ly  r e s t r i c t e d  t o  systems containing basic 

The 

vo lcanic  rocks (e.g. , Iceland, Heber , Kamchatka) o r  calcareous metasediments 

(e.g., Lardere l lo ,  The Geysers, Cerro Pr ieto).  I n  these systems, prehni te  t y p i -  

c a l l y  occurs as a ve in o r  amygdaloidal mineral, although i t  has been reported as 

an a l t e r a t i o n  product o f  primary plagioclase and ferro-magnesium minerals (e.g:, 

Heber and Wairakei) and as a cementing mater ia l  i n  tuffaceous (e.g., Wairakei) 

and sedimentary (e.9 , Cerro Pr ie to )  rocks. 

As w i th  metamorphic prehni tes , the major dev iat ions from stoichiometry 

r e s u l t s  from octahedral subs t i t u t i on  o f  Fe3+ f o r  A13+ (F ig.  3 ) .  

from diabasic dikes i n  the Heber f i e l d  e x h i b i t  the l a rges t  Fe/Fe+AlVI var ia t ions  

(0.01-0.27). 

perature and prehni te  cornpositon. . 

The prehni tes 

From these data there is no apparent co r re la t i on  between tem- 

Epidote 

Aside from the zeol i tes,  epidote i s  the c a l c - s i l i c a t e  minera most commonly 

reported from ac t i ve  geothermal systems. 

f r o m  v i r t u a l l y  every geothermal system i n  which temperatures exceed approx- 

imate ly  .250°C (Table 1). 

morphic mineral s t ra t ig raphy  o f  an ind iv idua l  wel l  it 

dominant ca lc-s i1  i c a t e  phase throughout the remainder o f  the wel l  . 

I n  fac t ,  epddote has be n reported 

In addition,, once epidote i s  encountered i n  the meta- 

L ike prehni te,  the major nonsloichiometry o f  epidote s o l i d  so lut ions 

resu l t s  f rom the subs t i tu t ions  o f  Fe3+ and A13+ i n  the octahedral s i tes.  

Epidotes from ac t i ve  geothermal systems are commonly zoned and may e x h i b i t  wide 

compositional var ia t ions  both w i th in  ind iv idua l  grains (e.g., P S  27-38 f o r  an 
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epidote i n  Magmamax 2 of the Salton Sea f i e l d  [Tewhey, 19771 and PS 18-31 f o r  an 

epidote i n  Profondo from Lardere l lo  [Cavarretta e t  al., 19821) and between 

grains from a s ing le  geothermal f i e l d  (e.g., PS 12-37 f o r  epidotes i n  Sass0 22 

of the Lardere l lo  f i e l d ;  i b i d ) l .  The Fe/Fe+AlVI contents o f  epidotes from f i v e  

geothermal systems (Figure 3) ranges from PS 11-40. There i s  no i nd i ca t i on  o f  

an epidote i m m i s c i b i l i t y  gap as proposed by Strens (1965) and Rai th  (1976) from. 

t h e i r  observations o f  regional  metamorphic rocks, 

. 

Epidote compositions from most geothermal systems show no obvious cor re la -  

t i o n  o f  p i s t a c i t e  content w i th  depth o r  temperature. 

content of epidotes i n  Elmore #l of the Salton Sea geothermal f i e l d  (McDowell 

However, the p i s t a c i t e  

and McCurry, 1978; McDowell and Elders , i n  preparat ion) increases abrupt ly  from 

PS 19 t o  PS 29 a t  temperatures near 325OC.  This temperature corresponds t o  the 

f i r s t  formation o f  b i o t i t e  and the l a s t  occurrence o f  c a l c i t e  w i th  increasing 

depth and temperature i n  the well. The p i s t a c i t e  content then gradual ly  

decreases on increasing temperature where epidote coexis ts  w i th  b i o t i t e .  

most Fe-rich epidotes reported f r o m  an ac t ive  geothermal system are those from 

the diabasic dikes i n  the Heber f i e l d  

these epidotes corresponds t o  s i m i l a r l y  high Fe-contents o f  the coexis t ing 

prehni te  (Figure 3 ) .  

A c t i n o l i t e  

The 

(Browne, 1977). The high Fe-content o f  

Amphiboles o f  the tremol i t e - a c t i n o l  i t e  sol  i d  so lu t i on  ser ies have been 

reported from several ac t i ve  geothermal systems a t  temperatures exceeding -25OOC 

o r  more commonly 300°C. Amphiboles i n  geothermal systems t y p i c a l l y  occur as 

very fine-grained ac i cu la r  c rys ta l s  e i t h e r  i n  f e l t e d  aggregates (sub-paral le1  t o  

randomly-oriented) o r  spherul i t i c - t y p e  c lus te rs ,  p a r t i a l l y  f i l l  i n g  uncemented 

pores ( o f  sandstones) o r  included w i th in  other  phases (e.g., feldspars o r  

c l  i nopyroxenes) . 
PS denotes the mole f r a c t i o n  of Ca,Fe,Si,O,,(OH) i n  epidote s o l i d  solut ions.  
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Compositionally, a l l  authigenic amphiboles reported from ac t ive  geothermal 

systems are low - Al,03 ((2.5 w t  %, but  genera l ly  (1.0 w t  % and dominantly 

octahedra l ly  coordinated), low - Na,O ((0.5 w t  % and dominantly occupying M4 

s i t e s )  members o f  the tremol i t e - a c t i n o l i t e  series, w i th  Mg/Mg+Fe+Mn r a t i o s  

ranging from .45-.82. Although the e x i s t i n g  data are scant, the ava i lab le  

analyses (Figure 4) c l u s t e r  i n t o  two compos t i o n a l  f i e l d s :  

of approximately 80% and 50%. 

Mg/Mg+Fe+Mn r a t i o s  

C1 inowroxenes 

Clinopyroxenes i n  ac t ive  geothermal systems are found a t  ,30OoC and have 

d i s t i n c t i v e  c rys ta l  hab i ts  which are genera l ly  un l i ke  those observed i n  other  

metamorphic rocks such as skarns, ca lc-s i1  i c a t e  hornfe ls  , o r  granul i tes.  

C1 inopyroxenes from the Larderel lo  geothermal system (Cavarretta -- e t  a1 . , 1982) 

occur i n  c a v i t i e s  and ' f ractures and form " tu rb id  microcrysta l  1 ine  masses and 

rad ia t i ng  t o  fan-shaped aggregates." 

t he  l i m i t e d  compositional data on clinopyroxenes from ac t ive  geothermal 

systems are shown i n  Figure 4. A l l  o f  these clinopyroxenes are high-calcium 

augi tes with very minor "other than quadr i la te ra l  'I components. 

contents range from 0.0 t o  0.80. Clinopyroxenes %from IID #2 of the Salton Sea 

geothermal f i e l d  (McDowell , unpublished data, 1982) c l u s t e r  I n t o  twoscorn- 

p o s i t i o n a l l y  d i s t i n c t  groups: augfte w i th  'Mg/Mg+Fe+Nn from 0.6-0.8 and near ly  

Mg/Mg+Fe+Mn 

pure hedenbergite w i th  s i g n i f i c a n t  octahedra l ly  coordinated Mn. 

Garnets 

Garnets have been reported from s i x  ac t i ve  geothermal systems (Table 1). 

These garnets apparently form a t  temperatures genera l ly  exceeding ~ 300°C. The 

garnets t y p i c a l l y  occur as f ine-grained i d i o b l a s t s  f i l l i n g  veins and pores i n  

associat ion with epidote, clinopyroxene, o r  more ra re l y ,  wol lastoni te.  

Compositionally, the garnets are dominantly andradite w i th  less than 35 mole % 
, 

grossu la r i t e  component (Figure 4); py ra l sp i te  comprises less than 5 mole %. 



. 
7 .  t , 

McDowe11 and Elders ( i n  preparat ion) have described zoned t i t a n i  ferrous andra- 

d i t e s  from the Salton Sea f ie ld .  

Wol lastoni te 

Mol l a s t o n i t e  has been described f r o m  on ly  three ac t i ve  geothermal systems 

(Table 1) : Kraf l  a, Iceland [Kristmannsdotti r, 1981) ; Tongonan, Ph i l  ippines 

(Ferrer,  1983); and Larderel lo,  I t a l y  (Cavarretta -- e t  al., 1982). I n  a l l  o f  

these l o c a l i t i e s ,  the wo l las ton i te  forms as f ib rous  o r  bladed c rys ta l s  o f ten  i n  

fan-shaped aggregates. 

depths (600-1500 m) f o r  which present temperatures range from 20O-34O0C. 

lower-temperature (i.e., <3OO0C) occurrences, the wo l las ton i te  occurs so le l y  i n  

I n  the Kra f la  geothermal f i e l d ,  wo l las ton i te  i s  found a t  

In the  

"contact metamorphic" veins f i l l e d  with andradite, hypersthene, and magnetite. 

The development o f  these veins i s  bel ieved t o  be re la ted  t o  d ike  emplacement 

(Kr istmannsdott i r ,  1981). The occurrence o f  wo l las ton i te  a t  h igher temperatures 

appears t o  be unrelated t o  l oca l  d ike emplacement as determined f r o m  ava i lab le  

wel l  l o g  data. I n  the Tongbnan geothermal f i e l d  (Ferrer,  1983), wol las ton i te  

occurs w i th in  a metacarbonate skarn assemblage a1 so conta in ing andradite, 

c a l c i t e ,  and anhydrite. 

wol laston i te-bear ing w e l l  are 284°C and no i n t r u s i v e  bodies were reported. 

Other Calc-Si 1 i ca tes  

T i t a n i t e  (sphene) has been reported from several ac t i ve  geothermal systems 

Maximum measured downhole temperatures i n  the 

geothermal 

asso- 

(Table 1) i n  which i t  occurs i n  very fine-grained, genera l ly  granular 

aggregates . 
D a t o l i t e  has been described from several w e l l s  i n  the Lardere l lo  

system (Cavarretta -- e t  al., 1982) where i t  occurs as la rge  xenoblasts n 

c i a t i o n  w i th  many o f  the higher temperature ca lc-s i1  i c a t e  minerals prev 

described. 

metagreywacke i n  The Geysers (Wore, personal communication). 

D a t o l i t e  has also been i d e n t i f i e d  i n  c a l c i t e  veins c u t t i n g  

ou s Y 
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Idocrase has been reported from a metacarbonate 

geothermal f i e l d  (Ferrer, 1983) i n  which i t  i s  assoc 

garnet (see previous sect ion) . 

skarn i n  the Tongonan 

ated w i th  wol laston i te  and ' 

Pumpel l y i  t e  has been reported f r o m  the Reykjavik and Hveragerdi geothermal 

f i e l d s  o f  Iceland (Sigvaldeson, 1962). However, the pumpel ly i te i n  these 

r e l a t i v e l y  low-temperature systems probably i s  a re1 i c t  

poss ib ly  ocean-floor metamorphic, per iod o f  hydrotherma 

1972) . 
Calc-Si1 i c a t e  Mineral Zoning 

f r o m  a previous, 

a1 t e r a t i o n  (Seki , 

The ca lc-s i1  i c a t e  minerals o f  ac t i ve  geothermal systems are commonly found 

i n  a temperature/depth re la ted  zonation. Representattve examples o f  such 

mineral  zonations i n  four  ac t i ve  geothermal f i e l d s  are given i n  Figure 5. 

emperature-depth p r o f i l e s  may not  accurately r e f l e c t  

hese c a l c - s i l i c a t e  minerals have c rys ta l1  ized, 

bv i  ous re1 a t  ionshi  ps een measured temperatures and 

the spacial  d i s t r i b u t i o n s  o f  ca lc-s i l icates ' .  

These re1at ionships are summari o r  a l l  ava i lab le  data f rom 

geothermal systems l i s t e d  i n  Table 1. 

wai r a k i t e  , are r e s t r i c t e d  t o  temperatures < 2 O O 0 C ;  wai r a k i t e  occurs t o  

temperatures o f  t e r  than 300°C. The lower temperature 

occurrences o f  p 

wairaki te.  Occu yroxene , garnet, and wo l las ton i te  are predomi- 

nant ly  r e s t r i c t e d  t o  temperatures >300°C. W i  

a l l  o f  the above-described ca l c -s i l i ca tes  can 

(300O t o  approximatefy 375OC) por 

The calcium zeo l i tes ,  exclusive o f  

and poss ib ly  f e r r o a c t f n o l i t e  overlap w i th  

the exception of the zeo l i tes ,  

cur  i n  the highest temperature 

The mineral zoning w i th  i n c r  ra tu re  re f l ec ts  

progressive dehydration o f  c a l c - s i l i c a t e  minerals. I n  general t h i s  i s  shown by 

Figure 1 where, w i th  increasing temperatures, the amount o f  teol  i t i c  o r  

11 
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s t ruc tu ra l  water .in the s tab le ca lc-s i1  i c a t e  assemblage decreases. The notable 

exception t o  t h i s  i s  apparent i n  the epidote-prehnite phase re la t i ons  given i n  

Figure 6, where epidote i s  found t o  occur a t  lower temperatures than prehnite. 

This re la t i onsh ip  i s  a consequence of d i f fe rence i n  Fe3+ s o l u b i l i t y  i n  the 

octahedral s i t e s  o f  prehni te  and epidote s o l i d  solut ions.  The maximum 

octahedral subs t i t u t i on  of Fe3+ f o r  A13+ i n  the octahedral s i t e s  of geothermal 

epidotes i s  -1.2 moles of Fe3+ per  mole o f  epidote, whereas geothermal prehni tes 

have <0.3 moles o f  Fe3+ per moles o f  prehni te  (Figure 3 ) .  The increased 

subs t i t u t i on  o f  octahedral Fe3+ i n  epidote increases i t s  s t a b i l i t y  f i e l d  t o  

lower temperatures and decreases the r e l a t i v e  s t a b i l i t y  o f  coex is t ing  prehni te  

(B i rd  and Helgeson, 1981; a lso see Figure 19 below). 

EQUILIBRIUM PHASE RELATIONS 

An understanding of equ i l ib r ium phase re la t i ons  among aqueous so lut ions and 

c a l c - s i l i c a t e s  i s  essent ia l  f o r  adequate descr ip t ion  and i n t e r p r e t a t i o n  o f  

metasomatic mineral zoning and chemical mass t rans fe r  i n  geothermal systems. 

Calculated phase diagrams i l l u s t r a t i n g  the dependence o f  temperature , pressure , 
and the a c t i v i t i e s  o f  aqueous species on the s t a b i l i t y  re la t i ons  o f  

ca lc-s i1  i ca tes  are summarized below f o r  condi t ions t yp i ca l  o f  ac t i ve  geothermal 

systems. As noted above, a wide range o f  compositional va r ia t i on  and 

subs t i t u t i ona l  order-disorder e x i s t s  i n  natura l  ca lc-s i1  i c a t e  minerals i n  ac t i ve  

geothermal systems. Consequently, s to ich iometr ic  phase re la t i ons  are summarized 

so as t o  provide a frame o f  reference f o r  consider ing the consequences o f  

natura l  occurr ing mineral assemblages. 

Stoichiometr ic Mineral Relations 

Univar iant  phase re la t i ons  o f  minerals i n  the system Ca0-A1,03-Si02-H20 i n  

the presence o f  quar tz  and an aqueous so lu t ion  w i th  aH 0 - 1 have recent ly  

been reported by B i r d  and Helgeson (1981) and Hammerstrom and Brown (1983). 

For temperatures and pressures commonly observed i n  geothermal reservo i rs  , 

2 
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which are c lose t o  the sa tura t ion  curve f o r  H,O, there i s  a d i s t i n c t  zoning i n  

the pred ic ted  s t a b i l i t y  re la t i ons  o f  ca lc-s i1  i c a t e  minerals. For example, i n  

the  presence‘of aqueous so lu t ions  t h a t  are c lose t o  equ i l ib r ium wi th  a- 

quartz, heulandi te i s  s tab le between ~ 1 1 0 ~  and 18OoC, wai rak i te  i s  s tab le t o  

temperatures ,<36OoC and c l  i n o z o i s i t e  and grossular are s tab le a t  temperatures 

greater  than -230O and 32OoC, respect ively.  

The temperature dependence o f  l og  %a++/a2H+ - i n  an aqueous so lu t ion  

coex is t ing  with calcium-aluminum-si1 i ca tes  are depicted i n  Figures 7a and 7b f o r  

equ i l i b r i um with e i t h e r  quar tz  o r  amorphous s i1  ica. 

i l l u s t r a t e s  the extreme dependence o f  mineral phase re la t i ons  on the 

Comparison o f  these f igures  

concentrat ion o f  Si0 i n  the f l u i d  phase (a lso see Figures 8a and 8b) .  Note 
2 (3) 

t h a t  the range i n  f l u i d  composition coexis t ing w i th  calcium-aluminum-silicates 

a t  constant temperature i s  r e s t r i c t e d  t o  5 3  orders o f  magnitude i n  the value of 

, - aCa++/a2H+ - i n  the f l u i d  phase, and t h a t  - aCa++/a2H+ - decreases with increasing 

temperature f o r  calcium-aluminum-si1 i c a t e  mineral assemblages. The l a t t e r  

observat ion i s  a consequence o f  the negat ive standard molal enthalp ies f o r  

hydro lys is  react ions t h a t  dep ic t  the phase boundaries i n  Figure 7. 

It i s  apparent from Figure 8 t ha t  the Ca-zeolites, laumontite and waira- 

1 
2 (a q 0, (as k i t e  can coex is t  on ly  w i th  an aqueous so lu t ion  i n  which s i 0  

i s  approximately equal t o  o r  greater  t han ” tha t  f o r  sa tura t ion  with a-quartz, bu t  

t h a t  c l i n o z o i s i t e  i s  constrained t o  aqueous so lu t ions  i n  which 3 1 0  i s  less  

than t h a t  f o r  sa tura t ion  with amarphous s i l i c a .  Also note t h a t  the range i n  

values o f  the r a t i o  o f  aCa++/a2H+ i n  the aqueous phase{coexisting w i th  the 

c l  i n o z o i s i t e  o r  margar i te decreases dramat fca l ly  w i th  increasing concentrat ion 

of s i 0  

2 (as) 

above t h a t  equivalent t o  saturat ion w i th  a-quartz. 
2 ( a d  

Phase re la t i ons  among minerals i n  the system K,0-Na20-Ca0-A1 20,-Si0,-H,0-HCL 

i n  the presence o f  quar tz  and an aqueous phase i n  which a 

Figures 8c through 8 f  as a funct ion o f  l o g  - aCa++/a2H+ - and e i t h e r  l o g  a a + / a +  o r  

are shown i n  
HZ O 
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l o g  aK+/aH+ i n  the coex is t ing  aqueous phase for  ZOO0 and 3OOOC and pressures 

corresponding t o  the l iquid-vapor equ i l ib r ium o f  H,O. 

equ i l i b r i um phase re la t i ons  among calcium-aluminum-silicates and the important 

These f igures  i l l u s t r a t e  

rock forming geothermal minerals a l b i t e ,  K-feldspar and muscovite. As a 

consequence of increasing temperature, the values o f  a(--++/& 2 H+, *a+/3+, and - 
a+/%+ compatible with hydrous alumino-si1 i ca tes  decrease i n  accord w i th  the 

r e l a t i v e  increase o f  the s t a b i l i t y  o f  the anhydrous minerals shown i n  the 

f igure.  Although c l i n o z o i s i t e  i s  s tab le i n  the presence of an aqueous so lu t ion  

and quartz a t  temperatures of 250° and 300°C (Figures 7a and M ) ,  it can be 

seen i n  Figure 8d t h a t  K-feldspar i s  not compatible w i th  the assemblage 

c l  inozois i te+quartz+ aqueous solut ion.  This i s  the r e s u l t  o f  the in t ravening 

f l u i d  compositions i n  equ i l ib r ium wi th  muscovite. 

-32OoC, the assemblage of s to ich iometr ic  K-feldspar+cl i n o z o i s i t e q u a r t z  i s  

s tab le  i n  the presence o f  an aqueous solut ion.  

A t  temperature greater  than 

A1 though t h i s  observation appears t o  contravene geologic observations o f  

coex is t ing  epidote sol i d  so lut ions and potassium-feldspars w i th in  ac t ive  

geothermal systems such as Wairakei (Steiner,  1958), Salton Sea (Kei th,  Mu f f l e r  

and Cremer, 1968; Kendall , 1976; McDowell and Elders, i n  preparat ion) ,  Otake 

(Hayashi and Yamasaki, 1976), and Cerro P r ie to  (Elders e t  al., 1981), i t  has 

been shown by B i rd  and Helgeson (1980) t h a t  Fe3+ subs t i t u t i on  f o r  A13+ i n  

c l i n o z o i s i t e  t o  form epidote s o l i d  so lu t ions  decreases dramat ica l l y  the mini-  

mum temperature compatible w i th  the assemblage. Compositional v a r i a t i o n  and 

subs t i t u t i ona l  order/disorder i n  epidote sol i d  so lu t i on  must be e x p l i c i t l y  

accounted for  i n  thermodynamic ca lcu la t ions  i n  order t o  ob ta in  consistency 

among the observed and ca lcu lated pressures , temperatures , and phase re la t i ons  

reported i n  these geothermal areas. This observation underscores the impor- 

-- 

t a n t  r o l e  nonstoichiometry and order/disorder i n  minerals partake i n  measured 

phase re la t i ons  and f l u i d  compositions i n  ac t i ve  geothermal systems. 

14 



Phase re la t i ons  among minerals i n  the system CaO-Mg0-Si02-H,0 are given 

i n  Figure 9, together w i th  phase compa t ib i l i t i es  o f  calcium-aluminum-si1 i ca tes  

i n  the presence 'of quar tz  and an aqu_eous solution'. 

r a t i o  of Ca++ t o  Mg++ cat ions i n  an aqueous so lu t ion  coex is t ing  w i th  quar tz  

and e i t h e r  wollastonite+diopside, diopside+tremolite, o r  t remol i te+ ta lc  

decreases .wi th  increasing temperature as a consequence of the negative stan- 

dard molal enthalpy o f  react ions descr ib ing these d i va r ian t  mineral assembla- 

ges. 

w i th  c l i n o z o i s i t e  a t  any temperature <35OoC alon the sa tura t ion  curve for  

Y O .  

epidote and calcium c l  inopyroxene sol i d  so lut ions permits t h e i r  s tab le 

coexistence a t  temperatures <35OoC i n  ac t i ve  geothermal systems. 

Activity-Composition Relat ions 

Note tha t  the a c t i v i t y  

It can be seen i n  Figure 9 t h a t  s to ich iometr ic  d iops ids i s  not  s tab le 

It w i l l  be shown below t h a t  nonstoichiometry i n  these minerals t o  form 

Thermodynamic analys is  o f  phase re la t i ons  invo lv ing  n a t u r a l l y  occurr  ng 

c a l c - s i l i c a t e s  o f  var iab le composition requires e x p l i c i t  p rov is ion  f o r  the 

. s u b s t i t u t f o n  o f  atoms on energet ica l l y  equivalent s i t es ,  as wel l  as the 

exchange o f  atoms among energet ica l l y  d i s t i n c t  s i t e s  i n  the c rys ta l  l a t t i c e .  

I n  t h i s  study nonstoichiometry i n  minerals i s  accounted f o r  by a c t i v i t y -  

composition re la t i ons  f o r  thermodynamic co 

marized by Helgeson, Delany, Nesbi t t  and B i r d  (1 8) , Bi rd  and Helgeson 

(1980), Helgeson and Aagaard (1983), 

nents of so l i  

d and Norton (1981). 

composition re la t i ons  f o r  garnet , Equations and data descr ib ing a c t i  

prehni te,  and ep i  

For the l a t t e r  m i  

perature dependence . o f  s u b s t i t u t i o  

Fe3+. 

so l  i d  so lu t ions  i n  geothermal systems and uncer ta in t ies  i n  ca t ion  occupancy 

i n  natura l  t remo l i t e  s o l i d  so lut ions,  we have assumed f o r  the ca lcu la t ions  

sol i d  so lu t ion  

1 the equations 

and He1 geson (1980) . 
account for  the tem- 

o f  octahedral A i 3 +  and 

I n  view o f  compositional and s i t e  occupancy uncer ta in t ies  o f  t remo l i t e  

presented below t h a t  
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aCa2 Mgs S i  022 ( OH) XCa2Mg, S i  O,, (OH) 

The standard s ta te  stoichiometry . f o r  d iopside and hkdenbergite adopted i n  

t h i s  study i s  (Ca)M2(Mg)MlSi206 and (Ca)M2(Fe)M1Si206 , refpec t ive ly .  The M2 

s i t e  i s  normally completely occupied by Ca; Fe2+ and Mg reside i n  the smal ler  

M1 s i tes.  

occur i n . t h e  M2 s i t e s  (Robinson, 1980). 

the  M 1  and M2 s i t e s  can be described by the react ion 

Nevertheless, there i s  evidence t h a t  small amounts o f  Fe2+ can 

The d i s t r i b u t i o n  o f  Fe and Mg among 

% 

Few2 + MgMl FeMl + MgM2 , (2)  

f o r  which the mass ac t ion  equation can be expressed as 

'Fe ,M1 'Mg ,M2 
'Fe ,MPXMg ,M1 

K =  (3) 

which i s  consistent w i th  random mixing and equal i n t e r a c t i o n  o f  Fe2+ and Mg i n  

the  M 1  and M2 s i tes.  

Values o f  the equ i l ib r ium constant f o r  react ion (4)  have been determined 

by McCal l is ter ,  Finger and Ohashi (1976). These values are consis tent  w i th  

s l i gh t '  order ing o f  Fe i n  the M2 s i t e  r e l a t i v e  t o  Mg. 

decreases w i th  increasing temperature. 

data, the fo l low ing  s i t e  d i s t r i b u t i o n s  are adopted f o r  geothermal c l inopyroxe- 

nes formed a t  temperatures less  than 3 5 O O C :  

This order ing apparently 

I n  view o f  the ava i lab le  experimental 

(1)  Ca i s  p r e f e r e n t i a l l y  ordered i n  the M2 s i te .  

(2) Fe2+ f i l l s  the remainder o f  the M2 s i t e  so t h a t  XCa,M2 + XFe,M2 = 1. 

( 3 )  The r e s t  o f  the Fe and a l l  the Mg are i n  the M l  s i t e .  These s i t e  

d i s t r i b u t i o n s  are consis tent  w i th  the fo l low ing  act iv i ty -composi t ion 

re 1 a t  i ons : 

( 4 )  
2 

aCaMgSi206 = XCa ,M2xMg ,NlX S i  ,T 

and 
2 

aCaFeSi206 XCa ,MZXFe,MlX S i  ,T 
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P a r t i t i o n i n g  o f  Octahedral Cations 

Compositional re la t i ons  among coex is t ing  minerals i n  geothermal systems 

al lows evaluat ion o f  the p a r t i t i o n i n g  o f  octahedral Fe3+ and A13+ among ep i -  

dote, garnet and prehni te  s o l i d  so lut ions,  and Fe2+ and Mg2+ p a r t i t i o n i n g  

among coex is t ing  pyroxene and t remo l i t e  sol i d  solut ions.  Comparison o f  com- 

pos i t i ona l  r e l a t i o n s  'among these minerals i n  geothermal systems with phase 

r e l a t i o n s  i n  o ther  geologic environments and ca lcu lated equ i l ib r ium com- 

pos i t ions  are presented below. 

Measured compositions o f  coex is t ing  epidote and garnet sol i d  so lut ions from 

the  Salton Sea, Geysers, and Lardere l lo  geothermal f i e l d s  are given i n  Figure 

10. 

contact  skarn deposi ts and ca lcu la ted  equ i l ib r ium p a r t i t i o n i n g  o f  Fe3+ and A13+ 

are a lso  shown i n  the f igure.  With the exception o f  the analyses reported by 

Kendall (1976) a l l  the geothermal garnets coex is t ing  w i th  epidotes are c lose t o  

For comparison the range o f  measured compositions o f  these minerals from 

andradi te in composition. The ava i lab le  experimental (Holdaway, 1972; Liou, 

1973) and theo re t i ca l  (B i rd  and Helgeson, 1980) observations ind ica te  t h a t  these 

andradi te garnet-epidote assemblages do not represent equ i l  ibr ium assemblages . 
Simi la r  compositional re la t i ons  among andradite r i c h  garnets and intermediate 

epidote (PS 10 t o  30) have been reported i n  low grade regional  metamorphic rocks 

(Coombs e t  al., 1977), skarns (Kwak, 1978), and hydrothermal veins i n  the 

Skaargard i n t r u s i o n  (D. K. Bird,  unpubl ished data, 1981) . 
Equi l ibr ium between coex is t ing  epidote and prehni te  so l  i d  so lut ions can be 

represented by the law o f  mass ac t i on  f o r  the react ion 

Ca2FeA12Si3012(OH) + Ca,A1 (AlSi,O,,)(OH), $ 

Ca,A13 Si, O,, (OH) + Ca,Fe (A1 S i  ,O,, )(OH) . 
Taking i n t o  account the ac t i v i t y - co  s i t i o n  re la t i ons  adopted above fo r  the 

thermodynamic components o f  epidote and prehni te  s o l i d  so lut ions allows us t o  

w r i t e  
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Ca,FeAlSi,O,,(OH) 
'A1 ,M,Ca2A1(A1Si3010)(OH)2 

where K T , ~  is the equilibrium constant for reaction (6) at the subscripted tem- 

perature and pressure and XAl ,#,cap~1 (Ai Sj3Ol0 )(OH), is the mole fraction of 

octahedral aluminum in prehnite sol id solutions coexisting with an epidote sol id 

solution with a composition consistent with the activities specified for the 

Ca2FeAl S i 3  0,, (OH) (epidote) and Ca2A13Si3012 (OH) (cl inozoisite) thermodynamic 

components. Measured compositions of contiguous epidote and prehnite sol id 

solution minerals from sandstones in the Cerro Prieto geothermal system (Figure 

11) are consistent with an equilibrium constant for reaction (6) at approxi- 

mately 300' to 320OC and pressures of 85 to 115 bars of -10- Note that 

this value is also in close agreement with measured compositions of epidote and 

prehnite sol id solutions from hydrothermal veins near the Skaergard intrusion 

of East Greenland and in metabasites from the Del Puerto ophiolite (Schiffman, 

1978) . 
There is very limited data on the compositions of coexisting clinopyroxenes 

and amphiboles in active geothermal systems. Average analyses reported by 

Cavarretta et al. (1982) for the Larderello-Travale geothermal field indicate 

that the mole fraction of octahedral Mg++ is -0.82 and -0.91 for: actinolites and 

clinopyroxenes , respectively. These analyses are close to the ideal frac- 

tionation reported by Muel ler (-1961) for metamorphic mineral assemblages. 

However, analyses from the Cerro Prieto geothermal system (Table 2 below, well 

M93, 2424 m )  are significantly different, with mole fractions of octahedral Mg++ 
being -0.73 and -0.37 respectively for actinolite and clinopyroxene. In view of 

-- 

the available data from metamorphic systems and thermodynamic considerations 

reported by Ghose and Ganguly (1982) it is highly likely that the actinolite- 

18 



c . 
7 .  

c' 

pyroxene assemblage observed a t  derro P r ie to  does not  represent an equ i l  ibr ium 

f rac t i ona t ion  o f  Fe++ and Mg++ among these minerals. 

Phase diagrams accounting f o r  compositional va r ia t i on  and subs t i tu t iona l  

order/disorder i n  minerals consis tent  w i th  the equations and data given above 

are presented below i n  the analys is  o f  f l u i d  and mineral compa t ib i l i t i es  i n  the 

Cerro P r ie to  geothermal system. 

CALC-SIL ICATE M I N  LIZATION IN THE CERRO PRIETO OTHERMAL FIELD 

The Cerro P r ie to  geothermal f i e l d  (Figure 12), 28 km southeast o f  Mexica l i ,  

Mexico, l i e s  w i t h i n  the d e l t  

Ca l i fo rn ia .  Since the Pliocene o r  l a t e  Miocene (Muff ler  and White, 1969; Van de 

f the Colorado ver a t  the head of the Gulf of 

Kamp , 1973), terr igenous -sedi 

i n t o  a broad s t ruc tu ra l  basin o f  the Salton Trough. L 

t s  of the Colorado River have been deposited 

Ca l i f o rn ia ,  the Salton Trough i s  a tec ton ic  regime character ized by h igh 

regional  heat f low, recurrent se ismic i ty ,  and ac t i ve  volcanism (Elders , 1979). 

S t ra t ig raph ic  thicknesses o f  d e l t a i c  sediments i n  the Salton Trough are 

bel ieved t o  approach 6 km ecent seismic study (Fuis 

-- e t  al., 1982) ind icates a two-layer regional  c rus ta l  ructure:  an upper sec- 

t i o n ,  approximately 5 km t h i c k  whose seismic proper t ies (V, = 2 t o  5.6 km/sec) 

nd Doe, 1968). 

are compatible with unmetamorphosed s 

character ized by a constant VD = 

10 km deeper sect ion 

metamorphosed 

sediments. I n  the Cerro 

not  reached basement. 

and mudstones. Minera log ica l ly ,  these sediments are predominantly comprised o f  
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quartz and feldspar w i t h  subordinate amounts of carbonate ( b o t h  calcite and 

dolomite) and clays ( i l l i t e ,  montmorillonite, and kaolinite), and minor abun- 

dances of heavy minerals and detrital phyllosilicates (i.e. muscovite, 

biotite, and chlorite) ; 1 i thic fragments (predominantly chert and volcanic) 

are also minor components (see Table 1 of Van de Kamp, 1973). 

Within  the geothermal field,  these deltaic sediments have undergone syste- 

matic changes i n  mineralogy and texture due t o  interaction w i t h  geothermal 

fluids a t  elevated temperatures. Elders e t  a l .  (1979, 1981) have recognized 

four hydrothermal mineral zones believed t o  have formed i n  response t o  post- 

depositional, hydrothermal alteration. I n  order of increasing 

depth/temperature, these zones are: 

-- 

(1) the montmorillonite-kaolinite zone 

(<150° t o  18OoC), consisting of detrital and diagnetic-kaol inite and/or 

montmori 1 1 on i t edo l  omi tei: i nterl aye red i 1 1 i te/montmori 1 1 on i t e  ; (2 )  the i 1 1 i te- 

chlorite zone (150' t o  18OOC through 230° t o  250°C), characterized by a decrease 

i n  montmorillonite and kaolinite .and an increase i n  i l l i t e  and chlorite; (3) the 

calc-aluminum sil icate zone (230" t o  250°C through >350°C), characterized by the 

development of a variety of calc-silicate phases including epidote, wairakite, 

prehnite, actinolite and calcium clinopyroxene which  coexis t  w i t h  chlorite and 

i l l i t e ;  and ( 4 )  an overlapping biotite zone (315" t o  3 2 5 O C  through >350°C), 

characterized by the development o f  authigenic biotite as the predominant 

phyllosilicate which coexis ts  w i t h  the higher temperature calc-si1 icates (i.e., 

epidote, actinolite, and calcium cl inopyroxene) . 
Textural variations through these mineralogic zones are largely restricted 

t o  the pore-fi 11 ing  cement . Framework grains undergo some resorption or 

overgrowth and matrix phyl losil icates are progressively recrystal 1 i zed b u t  the 

major textural and mineralogic modification of these sediments occurs i n  the 

pore-filling cement and i n  fractures. Near the t o p  of the geothermal field,  the 

unconsol idated clastic sediments have become indurated, largely because of the 
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development o f  a carbonate cement (o r  t o  a l esser  extent,  a s i l i ceous  o r  

fe ldspath ic  cement). The p r e c i p i t a t i o n  o f  carbonate i n  the pores o f  these sedi- 

ments i s  be l ieved t o  occur as a consequence o f  the recharging o f  cold,  HC0,-rich 

waters i n t o  h o t t e r  por t ions  o f  the system (Elders e t  al., 1979). These car-  

bonate cemented sediments are the cap rocks t o  the geothermal reservo i r  due t o  

t h e i r  i n t r i n s i c a l l y  low permeabi l i ty .  Carbonate-cemented sediments are predomi- 

nan t l y  i n  the montmori l loni te-kaol  i n i t e  and ill i t e - c h l o r i t e  zones i n  which dolo- 

mi te  i s  replaced by c a l c i t e  w i th  increased tempeature. The carbonate cement 

occurs i n  a range of g ra in  s izes and textures,  from m ic roc rys ta l l i ne  t o  coarser 

gra i ned po i  ki 1 ob1 as t s  . 
Incept ion of the t a l c - s i l i c a t e  zone marks a pronounced change i n  the nature 

o f  the cementation. The ea r l  ier-formed carbonate cement i s  gradual ly  replaced 

by wa i rak i te  and epidote. These minerals nucleate and grow almost exc lus ive ly  

w i t h i n  the carbonate cement and r a r e l y  replace the framework grains. 

sandstone samples from the highest temperature pa r t s  o f  the calc-aluminum s i l i -  

cate zone, g ra in  boundaries between p o r e - f f l l i n g  ca l c -s i l i ca tes  and d e t r i t a l  

I n  

framework gra ins may approach a p lanar  conf igurat ion.  

The temperature/depth dependent nature of mineral zonation i n  the Cerro 

P r i e t o  geothermal f i e l d  has been i d e n t i f i e d  i n  petrologic studies o f  approx i -  

mately 50 wells. Mineralogic isograds fo r -wa i rak i te ,  epidote, and prehni te  

shown i n  two representat lve cross-sections (B,and D, Fig. 13) c lose ly  p a r a l l e l  

the measured (or i s o t o p i c a l l y  ca lcu lated)  isotherms ( A  and C, Fig. 13). 

Although both f f u i d  and bulk rock compositions may vary throughout the systems, 

there i s  an ove ra l l  systematic co r re la t i on  between the spa t ia l  d i s t r i b u t i o n  o f  

i so thems and the c a l c - s i l i c a t e  isograds i n  the Cerro P r ie to  geothermal system. 

Mineral d i s t r i b u t i o n s  i n  shales are s i m i l a r  t o  those reported f o r  sandstone. 

The mineralogic isograds i n  the shales i nva r iab l y  occur a t  systemat ica l ly  
4 

greater  depthltemperature than i n  the interbedded sandstones. This observation 

21 



. .  
& 

i s  consistent w i t h  a lower permeability and more limited mass transfer i n  shale 

horizons. Discussions of calc-si1 icate minerals presented below are restricted 

t o  occurrences i n  sandstone and siltstone. 

Calc-silicate minerals include wai rakite, epidote, prehnite, actinolite, 

calcium clinopyroxene and sphene. These minerals occur as coarser grained pore- 

fi l l ings (e.g., wairakite, epidote, prehnite, and clinopyroxene) , finer grained 

authigenic matrix (e.g. , actinolite, sphene, cl inopyroxene), and w i t h i n  veins 

t h a t  are occasionally monomineralic ( i  .e. , a l l  except sphene). Representative 

compositions of coexisting calc-si1 icate mineral assemblages are given i n  

Table 2. 

eWairakite has been identified i n  samples from 40 of 53 geothemal wells 

from the Cerro Prieto field. Nairakite f i r s t  appears as a pore-filling cement 

i n  samples believed t o  have reacted w i t h  geothermal fluids a t  temperatures of 

200' t o  2 3 O O C .  Petrographically, sandstones which contain abundan t  wairakite 

cement have a distinctive "dark" appearance when viewed under cross-polarized 

1 i g h t ,  even i f  individual  crystals are  not discernable. Rare, coarse-grained 

(<0.05 mm i n  max. diameter) wairakites are subidioblastic and exhibit charac- 

te r i s t ic  lamellar t w i n n i n g  parallel t o  crystal faces. When present, these 

coarse-grained wairakites typically form i n  equigranular mosaic aggregates; 

wairakite forms almost exclusively as pore-filling cement and only rarely has i t  

been observed as a replacement of detrital feldspars o r  l i th ic  clasts. 

Compositionally, wai rakite i s  close t o  being stoichiometric 

Ca2A12Sir012. 2H20. The results of 16 microprobe analyses (Figure 14a) indicate 

t h a t  molar Ca/Na+K+Ca ranges from 0.90 t o  1.00 w i t h  a mean of 0.972.03. K,O i s  

not present i n  appreciable quantities ((0.03 w t X )  a l t h o u g h  these wairakites 

coexist w i t h  h i g h l y  potassic, authigenic microcline. The limited analcime con- 

t en t  of these wairakites may reflect their formation through the replacement of 

earlier-formed calcite,  as i s  also suggested by the invariably close spatial 
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re la t i onsh ip  between these phases i f  both are present, A t  h igher temperatures 

(near 3OQOC) wai rak i te  i s  replaced by epidote o r  prehnite. 

*Epidote i s  the most abundant c a l c - s i l i c a t e  i n  the Cerro Pr ie to  geothermal 

f i e l d .  It has been pet rographica l ly  i d e n t i f i e d  i n  40 of 53 studied wel ls where 

i t  occurs as veins and i n t e r s t i t i a l  cement w i th in  sandstones and shales a t  tem- 

peratures >230°C. Radiating aggregates o f  f ine-grained acic'ular c rys ta l s  w i th in  

carbonate pore- f i  11 i n g  cement t y p i f y  epidotes a t  temperatures s l i g h t l y  >230°C. 

These c r y s t a l s  appear t o  have nucleated along gra in  boundaries o f  d e t r i t a l  

quar tz  o r  f ine-grained (oxide?) inc lus ions w i th in  the carbonate cement. 

l a t t e r  case the  low-temperature epidotes are commonly intergrown w i th  f i n e -  

In  the 

- 
grained granular sphene. A t  greater  depths and temperatures (>3OO0C) epidotes 

are considerably coarser grained (<0.5 m i n  max. .dimension) and more pr ismat ic ,  

and show evidence o f  replacement o f  c a l c i t e  o r  wairaki te.  

c r y s t a l s  are t y p i c a l l y  molded about and p a r t i a l l y  embaying the sub-rounded edges 

o f  d e t r i t a l  framework grains. Away f r o m  the boundaries o f  framework grains,  

epidotes become sub id iob las t ic  and densely Intergrown. 

sandstone/si l tstone, epidote never exceeds the gra in  s ize  o f  d e t r i t a l  framework 

cons t i t uen t s . 

I n t e r s t i t i a l  epidote 

In a given 
I 

They a re  ra re1 y porphy rob1 as t i c and neve r po i  k i 1 o bl as t i c . 
Compositionally, epidotes from the Cerro Pr ie to  geothermal f i e l d  e x h i b i t  a 

substant ia l  range i n  s o l i d  solut ion,  Analysis of Over 400 epidotes p l o t t e d  on a 

compositional frequency histogram (Figure 15a) y i e l d  a normal d i s t r i b u t i o n  f o r  

p i s t a c i t e  (Ps) contents between 11 t o  31. Compositional zoning w i th in  i n d i v i -  

dual c r y s t a l s  o r  between c rys ta l s  f r o m  the same c u t t i n g  ch ip  (always separated 

by less  than 5 mm) i s  genera l ly  less  than 5 mole % Ps. ~ Epidotes from d i f f e r e n t  

d r i l l  cu t t i ngs  representat ive o f  the same depth i n t e r v a l  o f  a given wel l ,  do 

show s i g n i f i c a n t  compositional var ia t ions  (Figure 16), perhaps ind i ca t i ng  t h a t  

compositional homogeneity i s  a rea l l y  r e s t r i c t e d  (even t o  a centimeter scale). 
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In general , compositional zoning i n  the Cerro Prieto epidotes i s  much less t h a n  

t h a t  observed i n  epidote minerztls from the Salton Sea geothermal system. 

A l t h o u g h  there i s  considerable var ia t ion  i n  the composition of geothermal 

epidotes , several interesting systematic relations are apparent between the 

averaged values of XCa Fe si 0 (OH) and depth, temperature and coexisting 
2 3 3 1 2  

mineral assemblages (Fig. 16). 

usually (20 and either decreases or remains constant w i t h  increasing depth u n t i l  

In the calcite-wairakite mineral zones XPS is 

the prehnite isograd i s  reached. Xps i n  epidote coexisting w i t h  prehnite 

increases w i t h  increasing depth and temperatures t o  values slightly > Z O O  The 

most iron-rich epidotes occur a t  horizons t h a t  closely correspond t o  the f i r s t  

appearance of geothermal biotite. With increasing depth and temperature below 

the b i o t i t e  isograd Xps i n  epidote decreases. 

the more iron-rich epidotes from the Salton Sea geothermal system are found 

w i t h i n  the biotite zone (McDowell and Elders, i n  preparation). 

Similar compositional trends of 

~Prehnite i s  a common phase i n  veins and an intergranular mineral i n  

sandstones a t  .?3OO0C. 

samples, b u t  more commonly <5%. 

cuttings from 26 of 53 studied wells. 

occurs as coarse-grained ( u p  t o  2 m, b u t  generally less t h a n  1 mm, i n  max. 

dimension) xenoblastic poikiloblasts enclosing detrital framework grains , and t o  

a lesser extent, other pore-filling calc-silicates. These poikiloblasts 

typically exhibit characteristic "bow t i e"  extinction. 

Prehnite can comprise up t o  20% of the mode of  sandstone 

I t  has been petrographically identified i n  

In sandstone cuttings i t  invariably 

Prehnite compositions show a wide range i n  Fe/Fe+AlVI. A histogram o f  101 

prehnite analyses (Figure 15b)  indicates t h a t  Fe/Fe+Al VI ranges from 0.01-0.28 

mole %, a l t h o u g h  the majority of the prehnites p lo t  a t  <0.125 mole %. 

Compositional variations w i t h i n  i n d i  v i  dual prehn i t e  poi k i  1 ob1 as t s  are 1 arge 

(e.g., Fe/Fe+AlVI for a vein prehnite i n  well M48 a t  1199 m ranges from .OS9 t o  

-279 w i t h  oscillatory zoning , whereas included and co-existing epidotes vary 
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only from Ps 20 t o  25). These large compositional variations i n  prehnites as 

well as thei'r typically coarse grain size may be a reflection o f  relatively h i g h  

growth rates ( i n  comparison t o  epidote, for example) which could have allowed 

development of kinemetrically controlled compositional gradients adjacent t o  the 

crystal / f l  u id  interface during growth. 

Average prehnite compositions i n  i nd iv idua l  wells do not exhibit systematic 

variations as a function of depth. Prehnites i n  well M84 exhibit some Fe- 

enrichment (as do coexisting epidotes), whereas prehnites i n  well T366 and M125 

show l i t t l e  var ia t ion  i n  Fe-content w i t h  depth (Figure 16). 

fossil metamorphic terrains, prehnites exhibit patterns o f  b o t h  increased 

(Surdam, 1973; Kunioshi and Liou, 1976) and decreased (Evarts and Schiffman , 
1983) Fe-content as a function of increased stratigraphic-depth. 

In low grade, 

.Actinolite has been identified i n  cu t t ings  from relatively few wells - 
approximately 10 of the 53 wells studied - and always in samples believed t o  

have reacted w i t h  fluids a t  temperatures between 300" and 350%. Authigenic 

amphiboles typically occur i n  coarse (0.5 mm) , brown4 lnted, feathery masses. 

These masses exhibit pervasive, closely spaced, para1 le1 striations which may be 

' 

crypto-crystal1 ine fibers which have coalesced t o  form the larger optically 

homogeneous domains. 

total mode of a given sandstone sample, appear t o  form through the 

recrystallization of detrital framework grains and through the replacement of 

pre-existing pore-fil l i n g  material such as calcite or detritalfauthigenic 

phyllosil icate matrix. 

Virtually a1 1 sandstone cuttings from the calc-si1 icate zone contain some 

Such coarse-grained amphiboles,  which comprise (1% o f  the 

(secondary) pore space which is variably f i l led w i t h  mattes of randomly- 

oriented, very -fine-grained, acicular crystal 1 ites. The optical properties of 

these crystall i tes (pale green t o  colorless, moderate (+) re l ief ,  and near 

parallel extinction) a r e  compatible w i t h  either actinolite o r  chlorite, perhaps 
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both. Rarely, these c r y s t a l l i t e s  appear t o  grade percept ive ly  i n t o  the coarser, 

brownish a c t i n o l i t i c  aggregates described above. 

Compositionally - , the 17 hydrothermal amphiboles which have been analyzed 

(Figure 17) are a l l  a c t i n o l i t e ,  according t o  the I.M.A. c l a s s i f i c a t i o n  scheme 

(Leake , 1978) , wi th  molar Mg/Mg+Fe+Mn ranging from 0.62 t o  0.82. 

pos i t ions  p a r t i a l l y ,  but  not completely , overlap the measured Mg/Mg+Fe+Mn r a t i o s  

o f  amphiboles from o ther  ac t i ve  geothermal systems (Figure 4) . 
zoning within i nd i v idua l  aggregates o f  b r r o  P r ie to  a c t i n o l i t e s  has not  been 

observed. 

These com- 

Compositional 

A l l  o f  the Cerro Pr ie to  a c t i n o l i t e s  contain very low A l I V  (<0.20 AlIV/15 

ca t ions)  and low M4 Na (<0.10/15 cat ions).  These a c t i n o l i t e s  (as well as those 

from other  ac t i ve  geothermal f i e l d s  described e a r l i e r )  are composi t ional ly s imi-  

l a r  t o  greenschist fac ies amphiboles from low P h o ,  h igh f lu id / rock ,  f o s s i l  

hydrothermal systems such as oph io l i t es  ( h a r t s  and Schiffman , 1983). 

*Pyroxene has been i d e n t i f i e d  i n  samples from 9 of 53 studied wel ls  a t  

temperatures between 300' and 35OOC. These pyroxenes t y p i c a l l y  occur as 

sub id iob las t ic  prisms (<0.2 mm i n  max. dimension) w i th  well-developed (110) form 

c r y s t a l  faces and cleavage. These pr ismat ic  pyroxenes t yp i ca l  l y  terminate- 

i n t o  ac i cu la r  p ro jec t ions  elongate p a r a l l e l  t o  (110). 

s i v e l y  as p o r e - f i l l i n g  cement o r  i n  veins. The p o r e - f i l l i n g  va r ie t i es  o f ten  

occur as f ine-grained aggregates , s p h e r u l i t i c  i n  par t .  

pyroxenes are usua l ly  co lor less;  however, greenish , s l i g h t l y  pleochroic c l i -  

nopyroxene occurs i n  sandstone which contains microc l ine and abundant sphene. 

The resu l t s  o f  66 e lec t ron  microprobe analyses (Figure 18) i nd i ca te  t h a t  

the Cerro P r ie to  pyroxenes are a l l  h igh l y  c a l c i c  augi te,  w i th  M2 s i t e s  f i l l e d  

i n  excess of 90% by Ca. Molar Mg/Mg+Fe+Mn range from 0.23 t o  0.90. Green 

Pyroxenes occur exc lu-  

These hydrothermal 
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clinopyroxenes i n  w e l l  T366 a t  2850 m are i n  p a r t  the most hedenbergitic pyro- 

xenes i n  the Cerro P r ie to  f i e l d .  Colorless pyroxenes analyzed f r o m  separate 

cu t t i ngs  a t  the same depth i n t e r v a l  are the most d iops id ic .  

I n  a l l  the wel ls  i n  which pyroxenes were analyzed i n  d r i l l  cu t t i ngs  from 

more than one depth i n t e r v a l  (i .e. M93, M125, and T366) , co lor less  c l i n o -  

pyroxenes show an increase i n  Mg/Mg+Fe w i th  depth (e.g., i n  wel l  T366 from -0.60 

a t  2655 m t o  a maximum o f  0.90 a t  2985 in). 

sympathetic Fe-enrichment i n  co-ex is t ing  epidotes as a funct ion o f  increased 

depth i n  well 7'366 may be re la ted  t o  increased f o  i n  the f l u i d  phase. 

Mg-enrichment i n  pyroxene and 

2 
.Sphene i s  a ubiqu i tous mineral i n  samples representat ive o f  a la rge  depth 

and temperature i n t e r v a l  i n  v i r t u a l l y  a l l  o f  the wel ls  studied. Authigenic 

sphene has been i d e n t i f i e d  i n  samples f r o m  the c h l o r i t e - i l l i t e  zone, so it 

probably has c r y s t a l l i z e d  a t  temperatures as low as 15OOC. Typ ica l l y ,  sphene 

forms i n  very f ine-grained xenoblast ic aggregates w i th in  p o r e - f i l l  i n g  cement, 

o f ten  s p a t i a l l y  associated w i th  d e t r i t a l  (?)  opaque minerals which may serve as 

sources o f  Ti. 

(<0.10 mm) and may exh ib i  

I n  c a l c - s i l i c a t e  zone samples, sphenes are genera l ly  coarser 

sub id iob las t ic  , wedge-shaped pr ismat ic  forms. 

Microprobe analyses o f  sphenes f rom a few d i f f e r e n t  depth i n t e r v a l s  i n  wel l  M53 

ind i ca te  t h a t  these compositions are f a i r l y  homogeneous and close t o  

\ Cal*OO(A10.36 T i  0.61 Mg 0 . 0 3  ) S i  1.00 0 4.00 (F,oH)o .3Goo.61 

*Other Authigenic 531 i c a t e  Minerals include { i n  order o f  decreasing modal 

abutldance): quartz,  microc l ine,  b i o t i t e ,  c h l o r i t e s  and s e r i c i t e .  

Quartz t y p i c a l l y  accounts f o r  40-602 o f  sandstone modes i n  the cafc- 

s i l i c a t e  zone, mostly i n  the  form o f  r e c r y s t a l l i z e d  d e t r i t a l  framework grains 

which may o r  may not develop planar in te r faces  wi th c a l c - s i l i c a t e  minerals. 

Quar tz  a lso occurs as p o r e - f i l l  i n g  cement, bu t  quartz-cemented sandstones are 

s i g n i f i c a n t l y  subordinate t o  ca lc-s i1  i c a t e  cemented sandstones a t  ,300OC. > 
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Microcline, typically exhibiting well-developed cross-hatched twinn ing ,  

accounts for 5.10% of sandstone modes i n  calc-si1 icate zone mineral assemblages. 

These feldspars apparently formed by recrystallization of detrital plagioclase 

and alkali feldspar framework grains. The results of 33 analyses (Figure 14b)  

indicate that compositionally, the microclines range from Or 91-97 with a mean 

near Or 95. No authigenic  plagioclase feldspars have been petrographically 

identified in samples from the Cerro Prieto geothermal field although 

"plagioclase" typically comprises between 0-10% of the sandstone mineral mode i n  

quantitative XRD analysis (Johnson, 1978) i n  samples from a l l  depths. 

. 8iotite is a minor phase (<5% of the mode) i n  some sandstone cuttings from 

the higher temperature (i .e., 300°-350OC) portion of the calc-si1 icate zone 

where i t  occurs as fine-grained aggregates w i t h i n  the sandstone matrix and as 

coarser pseudomorphs o f  detrf tal phyl 1 o s i  1 icates . Composi t i onall y , the 

geothermal biotites are characterized by low A1 VI (f0.23 A1 VI/formula u n i t ) ,  low 

interlayer s i te  occupancy (typically <0.80 Na+K/formula u n i t ) ,  and by molar 

Mg/Mg+Fe+Mn ratios which vary between 0.58 and 0.87 (Figure 17).  

compositional variations i n  b io t i te  as  a function o f  depth, such as been 

Systematic 

reported in the Salton Sea geothermal field (McDowell 

not  observed. 

Chlorite and sericite are minor matrix phases in 

( i  .e. , 230'-300°C) portion of the calc-silicate zone. 

and Elders, 1980), were 

the lower temperature 

These minerals , whose 

presence i s  largely determined by X-ray techniques, are invariably fine-grained 

and difficult t o  differentiate petrographically from fine-grained actinolite. 

Microprobe analyses of a few chlorites in well M53 indicate t h a t  they are ripi- 

dol i tes and pycnochl ori tes (Hey, 1954) . 
Phase Relations Pmong Calc-Si1 icates and Geothermal Reservoir Fluids - 

Thermodynamic properties of chemical reactions t h a t  depict observed 

calc-si1 icate phase relations in the Cerro Prieto geothermal system a1 lows 
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c r i t i c a l  evaluat ion o f  the extent  t o  which temperature, pressure and mineral 

compositions e f f e c t  the a c t i v i t i e s  and fugac i t ies  o f  aqueous and gaseous 

species i n  geothermal reservo i r  f l u ids .  Phase diagrams dep ic t ing  equ i l  ibr ium 

cons t ra in ts  among geothermal reservo i r  f l u i d s  and epidote-prehnite and 

epidote-pyroxene s o l i d  so lut ions from wel ls  M84 and T366 are shown i n  Figures 19 

.and 20, respect ively.  -The symbols i n  these diagrams correspond t o  the values 
2 3 of aCa++/aH+ and aFe+++/aH+ compatible with observed compositions o f  epidote and 

prehni te  s o l i d  so lu t ions  and o f  the range o f  aCa+2/aH+ and aMg++/aH+ 

consis tent  w i th  coex is t ing  epidote and calcium clinopyroxenes (Table 2). For 

the l a t t e r  assemblage the range i n  cat ion a c t i v i t y  r a t i o s  corresponds t o  f l u i d s  

2 2 

i n  equ i l i b r i um w i th  epidote and pyroxene so l i ds  so lu t ions  i n  the presence o f  

e i t h e r  p rehn i te  s o l i d  so lu t ion  i n  accord w i th  the react ions 

1.5 Ca,Al (AlSi,O,,)(OH), + 2H+ * Ca2A1,Si30,2(0H) 

+ Ca++ + 1.5 SiO, (8) 

+ 2 H,O 

and 

Ca,A13Si30,,(OH) + CaMgSi,O, * 1.5 Ca2A1 (AlSi,O,,)(OH), , 
( 9 )  

+2H+ +0.5 SiO, +-Mg++ 

o r  f o r  the coexistence w i th  t remo l i t e  s o l i d  so lu t ions  i n  accord w i th  the r e x -  

. t i o n s  

5 CaMgSi206 + 6H+ + * Ca,Mg5Si802,(OH) 

3 Ca++ + 2 SiO, (10) 

+ 2 H,O ~ 

and 

Ca2Mg5Si80,,(OH], * 2 CaMgSi206 

+6H+ 3 Mg++ + 4 SiO, (11) 

+ 4 H,O . 
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For a given temperature, pressure and coex is t ing  ep 

pos i t ions  the prehni te l i m i t i n g  reactions represent 

( reac t ion  8) and the minimum aMg++/aH+ 2 (react ion 9) 

aCa++/aMg++ r a t i o s  i n  the coex is t ing  geothermal f l u  

seen i n  Figure 20 t h a t  the t remo l i t e  l i m i t i n g  react 

minimum value of aCa++/aMg++. 
A 

dote and pyroxene com- 

the maximum aCa++/aH+ 

and consequently the maximum 

ds. In  contrast  i t  can be 

ons (10 and 11) denote the 

2 

Calculated values of aCa++/ai+ i n  geothermal f l u i d s  coex is t ing  w i th  epidote 

and e i t h e r  prehni te o r  pyroxene s o l i d  solut ions are shown as a funct ion b f  depth 

w i t h i n  four geothermal wel ls i n  Figure 21. I n  add i t ion ,  the assemblage o f  

biotite-K-feldspar-calcium c l  inopyroxene from 2240 m i n  well  M125 as represented 

by the react ion 

3 CaMgSi206 + K AlSi30, $ K Mg,(AlSi30,0)(OH)2 

+6H+ + 3 Ca++ (12) 

+ 6 SiOp + 2 H20 

i s  given i n  Figure 21b (hexagon). The values o f  l o g  aCa++/aH+ 2 i n  geothermal 

f l u i d s  compatible w i th  these three types of ca lc -s i1  i c a t e  assemblages are w i th in  

the  range o f  -6.5 t o  7.5 a t  depths between 1.4 and 3.0 km. Note t h a t  the 

ca lcu la ted  ca t ion  a c t i v i t y  r a t i o s  f o r  a l t e rna te  mineral assemblages a t  s i m i l a r  

depths are i n  close agreement as shown fo r  wells M125 and M84. 

Dependence on aCa++/aMg++ i n  geothermal f l u i d s  coex is t ing  w i th  epidote and 

calcium clinopyroxene s o l i d  solut ions as a funct ion o f  temperature and epidote 

composition are given i n  Figure 22. Although there i s  considerable sca t te r  i n  

these data it appears tha t  aCa++/aMg++ increases w i th  increasing temperature and 

&a Fe s i  0 (OH). 

assemblages based on reactions (8) and (9). So l id  symbols i n  Figure 22a 

This i s  most c e r t a i n l y  t r u e  fo r  the prehni te l i m i t i n g  
2 3 3 1 2  

represent geothermal reservo i r  f l u ids  from Cerro P r ie to  reported by Fausto e t  

- al.  (1979) where we have made the provis ional  approximation t h a t  

- 
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yCa++r(Mg++ - 1. 
Ca++ t o  Mg++ r a t i o s  are i n  close agreement. 

p a t i b l e  w i t h  the prehni te  l i m i t i n g  react ions (8) and (9), b u t  a t  231OOC f l u i d s  

are c lose r  t o  the t r e m o l i t e  l i m i t i n g  reactions (10) and (11). 

Note t h a t  the general trends o f  the ca lcb lated and measured 

A t  -3lOOC f l u i d s  appear t o  be com- 

Note i n  Figure 22a t h a t  the ca lcu late 

coex is t i ng  w i t h  the observed assemblage o f  

wel l  M84 (Table 2, 1557 m) i s  -1.5 l o g  u n i t s  l a r g e r  than the measured f l u i d  com- 

pos i t i ons  reported by Fausto -- e t  a l .  (1979). The measured composition o f  the 

f l u i d  appears t o  be c lose r  t o  the ca lcu lated t rend o f  aCa++/aMg++ compatible 

with tremol i te-epidote-cl  inopyroxene assemblages. 

Ca++/aMg++ r a t i o  i n  the f l u i d  phase 

idote-prehni t e -c l  inopyroxene for  

It i s  possible t h a t  the 

oduced from well M84 are o r i g i n a t i n g  from f rac tu re  systems o r  per- 

meable sandstone aqui fers  where t remo l i t e  bearing assemblages are stable,  and 

t h a t  these f l u i d s  are not  i n  equl ibr ium w i th  prehni te assemblages observed i n  

the d r i l l  cut t ings.  

The aCa++/aMg++ calcu lated from epidote-pyroxene assemblages using 

tremol i t e - l i m i t i n g  react ions i n  the Cerro P r ie to  geothermal system are 

consis tent  w i th  the same a c t i v i t y  r a t i o  ca lcu lated from b i o t i t e - t r e m o l i t e -  

epidote assemblages from the Salton Sea geothermal system (B i rd  and Norton, 

1981 : t ,?330°C). Calcul ns i n  both SY 

increase i n  aCa++/aMg++ w i th  increas temperature . However aCa++/aMg++ 

calcu lated f o r  epidote-pyroxene-prehnite assemblages (Fig. 20) i s  about an order 

o f  magnitude l a r g e r  than values calculated from e i t h e  eothermal system fo r  

tremol i te-bear ing asse 

Fugaci t ies o f  02(g) compatible w i t h  t e  and pyroxene assemblages o f  

a function o f  tem 

e symbols denote Log f o  i n  accord w i th  reactions (8) o r  
2 

(10) and 
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12 Ca2FeA12(Si,012)(OH) 8 Ca2A13Si3012(OH) 

+ 4 Ca++ + 12 SiO, 

+ 2 H20 

+ 12 CaFeSi206+ 8H+ + 3 02(gas) (15) 

The ca lcu lated oxygen fugac i t ies  increase w i th  increasing temperature and w i th  

Xca Fe s i  0 (OH) i n  epidote-bearing mineral assemblages. 

fo,(gas) i s  about f i v e  orders o f  magnitude la rge r  i n  the Salton Sea r e l a t i v e  t o  

the Cerro P r ie to  system (Fig. 238). This cont ras t  i s  cons is tent  w i th  the pre- 

sence of t race  amounts o f  hematite i n  the Salton Sea system, and a lack  o f  

hematite i n  the Cerro Pr ie to  system. The more reducing condi t ions f o r  Cerro 

P r ie to  are a lso consistent wi th  the occurrence o f  p rehn i te  i n  the c a l c - s i l i c a t e  

assemblages from t h i s  system and i t s  absence i n  the more ox id i z ing  environment 

o f  the Sal ton Sea geothermal system (see phase diagrams i n  B i r d  and Helgeson, 

1981, Fig. 12A; Cavarretta -- e t  al., 1982, Fig. 7). 

Concluding Remarks 

The ca lcu lated 
2 3 3 1 2  

\ 

Calcium s i 1  i ca tes  i n  the system Ca0-Mg0-Fe0-Fe203-A1203-Ti02-Si0 -H 0 are 
2 2  

an important group o f  rock forming minerals i n  worldwide geothemal areas. 

Deep d r i l l i n g  i n  these ac t i ve  hydrothermal systems has shown t h a t  there. i s  a 

systematic zoning o f  metasomatic ca l c -s i l i ca tes  w i th  depth. This zoning pa t te rn  

i s  found i n  geothermal systems w i th  a wide v a r i e t y  o f  host rock compositions 

(Table 1) and represents the progressive dehydration o f  both s t ruc tu ra l  and 

z e o l i t i c  water from c a l c - s i l i c a t e  minerals wi th  increasing temperature (Figures 

5 and 6). Few geothermal ca l c -s i l i ca tes  correspond t o  compositions o f  t h e i r  

s to ich iomet r ic  analogs, but  t h e i r  compositional cha rac te r i s t i cs  are well known - 
f o r  on ly  a few o f  the worldwide geothermal areas. An important aspect o f  these 

minerals t h a t  has l a rge ly  been overlooked i s  a de ta i l ed  analys is  o f  t h e i r  l i g h t  

s tab le i so top ic  compositions, t h e i r  s t ruc tu ra l  s ta tes,  the extent  t o  which 

subs t i t u t i ona l  order ing occurs among cat ions on energe t i ca l l y  d i s t i n c t  s i t es ,  
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and the .stoichiometry o f  z e o l i t i c  water i n . the  Ca-zeolites. These proper t ies 

are c r i t i c a l  t o  a complete understanding o f  c a l c - s i l i c a t e  mineral i z a t i o n  i n  

ac t i ve  geothermal systems. 

Although the zoning o f  ca l c -s i l i ca tes  with depth can be r e a d i l y  cor re la ted  

w i t h  measured temperatures (Figure 6), there are only  subt le  systematic 

var ia t ions  i n  the compositional cha rac te r i s t i cs  o f  these minerals w i th  respect 

t o  the measured parameters o f  depth, temperature, pressure, and mineralogic 

phase re la t ions .  It appears t h a t  the observed compositional trends are 

en t  t o  a la rge  extent  on the composition 

geothermal f l u i d s  

t h a t  o f  temperature, press 

geo t he m a  1 system. 

Thermodynamic analys is  o f  the cornpositional re la t i ons  o f  mineral assem- 

blages t h a t  include ca l c -s i l i ca tes  commonly leads t o  a c lose co r re la t i on  among 

.predicted and observed geothermal f l u i d  compositions (B i rd  and Helgeson 1981; 

B i r d  and Norton, 1981; Giggenbach, 1981; Capuano and Cole, 1982). However, i t  

i s  apparent from the cornpositions o f  coex is t ing  ca l c -s i l i ca tes  presented above 

t h a t  c e r t a i n  mineral pa i r s  such as epidote-garnet and pyroxene-actinol i t e ,  may 

not represent an equilibrium partitioning o f  octahedral cations among these 

minerals. 

ac t i ve  geothermal systems do no t  represent equ i l i b r i um a t  the temperatures, 

pressures and f l u i d  compositions measured i n  deep d r i l l  holes. Calculat ions 

presented by B i r d  and Norton (1981), Capuano and Cole (1982), and Cavarretta 

(1982) c l e a r l y  show t h a t  metastable phases and p a r t i a l  equ i l ib r ium e x i s t  a t  

temperatures ,30OoC i n  some geothermal systems . 

It i s  h fgh ly  l i k e l y  tha t  many o f  the observed mineral assemblages i n  

< 

Mineral assemblages and zoning patterns found i n  the upper three ki lometers 

o f  the ea r th ' s  c rus t  i n  areas of ac t i ve  geothermal a c t i v i t y  a r e  s i m i l a r  t o  phase 

re la t i ons  reported i n  low pressure regional and contact  metamorphic rocks. The 
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advantage o f  i nves t i ga t i ng  ca lc -s i1  i ca tes  i n  ‘act ive geothermal systems r e l a t i v e  

t o  t h e i r  paleo-metamorphic analogs i s  t h a t  temperatures , pressures , and f l u i d  

compositions associated w i th  observed mineral assemblages can be measured i n  

deep d r i l l  holes. This al lows f o r  c r i t i c a l  evaluat ion of both quan t i t a t i ve  and 

q u a l i t a t i v e  techniques f o r  p red ic t i ng  the in tens ive  thermodynamic var iables 

associated w i th  the formation o f  c a l c - s i l i c a t e  minerals assemblages. . 
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FIGURE CAPTIONS 

Figure 1. Ternary diagram dep ic t ing  ( i n  mole percent) s to ich iometr ic  com- 

pos i t ions  o f  common geothermal minerals i n  the system CaO-A1 ,O,-Fe2O3-FeO-MgO- 

T i  O2 -S i  O2 -H2 0 . 
Figure 2. Ternary diagram (mole percent) dep ic t ing  measured compositions 

o f  Ca-zeol i t e s  f r o m  ac t i ve  geothermal systems . Heulandite: Ye1 lowstone 

(Barager and Beeson, 1981); Laumontite: Onikobe (Seki e t  al., 1969); Otake 

(Hayashi and Yamasaki , 1976); Wairakei (Steiner,  1977); Wairakite: Otake, 

Onikobe, Yellowstone, Wairakei , Lardere l lo  (Cavarretta e t  a1 ., 1982); Heber 

(Browne , 1977) . 

-- 

Figure 3. Measured compositions o f  geothemal epidote and prehni te  sol  i d  

solut ions.  (Fe3+/Fe3+/AlVI)x100 i s  the mole f r a c t i o n  o f  octahedral Fe3+ i n  

e i t h e r  prehni t e  ( Ca2 A1 (A1 S i  , O,, ) ( OH),) -Fe-prehn i t e  ( Ca2Fe (A1 S i  Ol0 ) (OH) 2)  sol i d 

sol  u t ions  o r  c l  i nozois i  t e  ( Ca2A1 , Si, O,, (OH) ) -p i s tac i  t e  ( Ca,Fe, S i  3012 (OH) ) sol  i d  

solut ions.  Lardere l lo  (Cavarretta -- e t  a1 . , 1980, 1982), Heber (Browne, 1977) , 
The Geysers (Moore , personal communication) , Otake (Hayashi and Yamasaki , 
1976), Salton Sea (McDowell and Elders, i n  preparat ion).  

Figure 4. Ternary diagram dep ic t ing  ( i n  mole percent) measured com- 

pos i t ions  o f  c l  inopyroxenes , amphiboles, and garnets i n  ac t i ve  geothermal 

systems. 

Elders e t  a1 . (1981) and Kendall (1 976). 

For references see capt ion o f  Fig. 4, and Cavarretta e t  a l .  (1982), -- 
-- 

Figure 5. D i s t r i b u t i o n  o f  c a l c - s i l i c a t e  mineral assemblages i n  d r i l l h o l e s  

from ac t i ve  geothermal systems as a funct ion o f  depth and temperature. 

Figure 6. Measured d i s t r i b u t i o n  o f  ca l c -s i l i ca tes  as a funct ion o f  tem- 

perature f o r  geothermal systems l i s t e d  i n  Table 1. 

Figure 7. Phase re la t i ons  i n  the system Ca0-A12.0,-Si0,-H,0 i n  the presence 

of a-quartz (diagram A) and amorphous s i l i c a  (diagram B), .together w i th  an 
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2 aqueous phase i n  which a 0 -1 as a funct ion o f  the logar i thm o f  aCa++/a H+ 

i n  the f l u i d  phase and temperature f o r  pressures corresponding t o  l iqu id-vapor  
Hz 

equ i l i b r i um f o r  H20. The long dashed curve'represents sa tura t ion  i n  the f l u i d  

phase w i th  wol laston i te ,  the s o l i d  curves denote s t a b i l i t y  f i e l d  boundaries f o r  

s to ich iomet r ic  minerals - i n  the system Ca0-A120,-Si0,-H20. These diagrams and 

o ther  phase diagrams and thermodynamic proper t ies o f  chemical react ions 

presented elsewhere i n  t h i s  paper a r e x a l c u l a t e d  from equations and data 

reported by Helgeson and others (1978) , HeTgeson and Kirkham (1974a, 1974b , 
1976) , Helgeson , K i  rkham, and Flowers (1982) , and Wal the r  and Helgeson (1977) . 

Figure 8. Logarithmic a c t i v i t y - a c t i v i t y  phase diagrams f o r  the systems 

Ca0-Al2O3-SiO2-H;O (diagrams A and B) , Ca0-K20-A1203-Si02-H20 (diagrams C and-D, 

and CaO-Na20-A1203-Si02-H20 (diagrams E and F) , a t  temperatures o f  200 and 3OOOC 

f o r  pressures corresponding t o  l iqu id-vapor  equ i l ib r ium o f  H,O where aH 0 - 1. 

Diagrams C through F are f o r  equ i l ib r ium 4 n  the f l u i d  phase w i th  a-quartz. 

See f igure capt ion 7 f o r  deta i ls .  The terms "K-feldspar" and " a l b i t e "  r e f e r  t o  

a l k a l i  feldspars i n  t h e i r  equ i l ib r ium s ta te  o f  order/disorder (see Helgeson - e t  

- al., 1978). 

2 

Figure 9. Logarithmic a c t i v i t y - a c t i v i t y  phase diagrams f o r  the system 

Ca0-Mg0-Si0 -H 0 (diagrams A through D) and Ca0-Mg0-A1203-Si0 -H 0 (diagrams E 2 2  2 2  

through H) a t  200, 250, 300, and 350Y a t  pressures corresponding t o  l i q u i d -  

vapor equ i l i b r i um o f  5 0  where aH 0 - 1, 
equ i l i b r i um i n  the f l u i d  phase with acquartz 

Diagrams E through H a r e . f o r  
2 

See f igure capt ion 7 for  de ta i l s .  

Figure 10. Natural and ca lcu lated compositions o f  coex is t ing  epidote and 

grandi te  garnet s o l i d  so lu t ions  i n  the system Ca0-Fe2O3-A1 ,O,-SiO,-H,O. The 

symbols represent i nd i v idua l  analyses ( s o l i d  and open symbols) and ranges o f  

mineral compositions (brackets and hatched areas) i n  ac t i ve  geothermal systems. 

Broken curve denotes the range of -minera l  compositions from skarn deposits 

reported by Morgan (1975) and Kitamura (1975). The s o l i d  curves designate com- 
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pos i t ions  f o r  var ious temperatures a t  1 kb ca lcu lated from equations and data 

reported by B i r d  and Helgeson (1980). 

Figure 11. Measured compositions o f  coex is t ing  epidote and prehni te  s o l i d  

so lu t ions  from ac t i ve  geothermal systems (sol  i d  round symbols) , Del Puerto 

o p h i o l i t e  ( s o l i d  square), and basa l t  host rocks near the Skaerg'drd i n t rus ion  

(open hexagons). 'The sol i d  curve represents the assumed equ i l ib r ium par- 

t i t i o n i n g  o f  octahedral Fe3+ and A13+ among epidote and prehni te  s o l i d  so lut ions 

which i s  consistent w i th  an equ i l ib r ium constant o f  10- ' a 2 '  f o r  react ion (6). 

See tex t .  

Figure 12. Sketch map o f  the Cerro Pr ie to  geothermal f i e l d ,  dep ic t ing  the 

l o c k i o n  o f  e x i s t i n g  wells (open and s o l i d  c i r c l e s ) ,  and the t race o f  the two 

cross-sections shown i n  Figure 13. 

Figure 13. Cross sections dep ic t ing  the re la t i onsh ip  between isotherms and 

mineral zones w i th in  the Cerro P r ie to  geothermal f i e ld .  See Fig. 12 f o r  sect ion 

locat ions.  Abbreviations: XRD = mineral i d e n t i f i e d  by X-ray d i f f r a c t i o n ;  TS = 

mineral i d e n t i f i e d  by t h i n  sect ion petrography. 

Figure 14. Histograms dep ic t ing  compositional var ia t ions  i n  t e c t o s i l i c a t e s  

from the Cerro P r ie to  geothermal f i e l d :  

molar (Ca/Ca+Na+K) x 100; (B) fe ldspar compositions expressed as mole % 

(A)  wa i rak i te  compositions expressed as 

orthoclase component . 
Figure 15. Histograms dep ic t ing  molar (Fet/Fe+tAl V I )  cornpositional' 

var ia t ions  o f  epidotes (diagram A) and prehni tes (diagram 8) f r o m  the  Cerro 

P r ie to  geothermal f i e l d .  

Figure 16. Diagrams dep ic t ing  the re la t ionsh ip  between temperature and 

depth t o  the Fe4/Fe4tA1VI contents o f  epidotes ( c i r c l e s )  and prehni tes 

(diamonds) i n  four  d i f f e r e n t  wel ls from the Cerro P r ie to  geothermal f i e l d .  

Ver t i ca l  l i n e s  connect the compositions o f  the ar i thmet ic  mean (open symbols) 

o f  m u l t i p l e  analyses a t  d i f f e r e n t  depths. Hor izontal  l i n e s  show t o t a l  
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compositional range o f  a l l  analyses a t  a given depth; brackets show standard 

deviat ion.  Abbreviations along the v e r t i c a l  ax is  of each diagram ind ica te  

the depth o f  f i r s t  appearance f o r  the minerals. PR - prehni te,  PX = c l i no -  

pyroxene, and B I  = b i o t i t e .  

shallower depth than i t s  f i r s t  reported composition. 

I n  a l l  o f  these wel ls,  epidote f i r s t  appears a t  a 

Figure 17. Molar A1 -Mg-Fe+Mn compositions o f  hydrothermal b i o t i t e s  and 

amphiboles f r o m  the  Cerro Pr ie to  geothermal f i e l d .  

i s  p a r t i a l l y  contoured i n  molar Mg/Mg+Mn+Mg. 

The i n t e r i o r  o f  the diagram 

Figure 18. Ca-Fe-Mg compositions o f  hydrothermal c l  inopyroxenes from the  

Cerro P r ie to  geothermal f i e ld .  Wo = wol laston i te ,  En = ens ta t i t e ,  Fs = fe r ro -  

s i l i t e ,  D i  = diopside, and Hd = hedenbergite. 

Figure 19. Theoretical a c t i v i t y - a c t i v i t y  phase diagram f o r  the system 

CaO-Fe2O3-Al2O3-SiO2-H20 a t  3 3 4 O  i n  the presence o f  quar tz  and an aqueous phase 

where aH 0 - 1 and pressure corresponding t o  l iqu id-vapor  equ i l ib r ium f o r  H,O. 

Large broken curves represent saturat ion i n  the f l u i d  phase w i th  wol laston i te ,  

andradi te,  o r  hematite. 

2 

Thin l i n e s  denote constant compositions o f  epidote, . 

prehn i te  , and garnet s o l i d  solut ions.  Act iv i ty-composi t ion re la t i ons  f o r  these 

s o l i d  so lut ions are from equations and data reported by B i r d  and Helgeson 

(1980). 

aCa4/a2$ and a ~ ~ ~ / a ~  H+ i n  the geothermal reservo i r  compatible w i th  measured 

compositions o f  epidote and prehni te  s o l i d  so lu t ions  from well M84 a t  1470 

meters depth (see Table 2). 

See f i gu re  capt ion .7 for  details. The s o l i d  hexagon denotes values o f  

Figure 20. Theoret ical  a c t i v i t y - a c t i v i t y  phase diagram f o r  the system - 

CaO-Mg0-A1203-Si02-H20 a t  312OC and 104 bars i n  the presence of quar tz  and an 

aqueous so lu t ions  i n  which aH 0 = 1. 

f l u i d  phase wi th the labeled phase. 

s to ich iomet r ic  minerals and diagram B i s  constructed f o r  the observed phase re- 

l a t i o n s  o f  epidote and pyroxene s o l i d  so lut ions from w l l  T366 a t  2655 meters 

Broken curves denote saturat ion i n  the 

Diagram A i l l u s t r a t e s  phase re la t i ons  f o r  
2 
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depth (Table 2). 

t i o n s  are ca lcu lated f r o m  equations and data given by B i r d  and Helgeson (1980) 

and equation (9)  f o r  the composition o f  epidote reported i n  Table 2 f o r  well 

T366 a t  2655 m. 

Compositions and a c t i y i t i e s  o f  garnet and prehni te  s o l i d  solu- 

Compositions o f  t remo l i t e  s o l i d  so lu t i on  used i n  diagram B i s  

a lso  given i n  Table 2. 

aMg++/a H+ i n  the geothermal reservo i r  f l u i d  compatible wi th the measured ep i -  

dote and clinopyroxene s o l i d  so lut ions from wel l  T366 a t  2655 meters depth. See 

t e x t  and f i gu re  capt ion 7 f o r  de ta i l s .  

The open symbol represents values o f  aCa++/a2H+ and 
2 

Figure 21. Calculated values o f  aCa++/a2HC i n  Cerro P r ie to  geothermal 

f l u ids .  

reac t ion  (8) . 
using react ion (12). 

prehnite-1 i m i t i n g  (8) and t remol i te-1 i m i t i n g  (10) reactions, 

Act iv i ty -composi t ion re la t i ons  are from B i rd  and Helgeson (1980), B i r d  and 

Norton (1981), and as described i n  text .  

coex is t ing  t remo l i t e  was not  ava i lab le  a t  a given depth, mineral compositions 

f r o m  adjacent depth were used (see Table 2). 

Circ les  represent values based on coex is t ing  epidote and prehni te  using 

Hexagon (218) based on coex is t ing  biotite+K-feldspar+pyroxene 

Rectangles represent the range i n  values bounded by the 

Where the required composition of 

Figure 22. Calculated values (open symbols) of l o g  aCa++/aMg++ i n  Cerro 

P r i e t o  geothermal f l u i d s  coex is t ing  w i th  epidote and clinopyroxene s o l i d  

so lu t ions  (Table 2) as a funct ion o f  temperature (diagram A) and epidote 

composition (diagram B). Maximum values o f  aCa++/aMg++ are ca lcu lated from the 

mass act ion equation f o r  react ions (8) and (9)  and denote the prehni te  l i m i t i n g  

react ions,  and minimum values o f  aCa++/aMg++ are ca lcu lated from the mass ac t ion  

equations f o r  react ions (10) and (11) and represent the t remo l i t e  l i m i t i n g  

reactions. 

Measured (sol  i d  symbols) values o f  aCa++/aMg++ i n  Cerro P r ie to  geothermal reser-  

v o i r  f l u i d s  are given i n  Diagram A as computed from data reported by Fausto 

Values f o r  wel l  M84 are f o r  on ly  prehni te  l i m i t i n g  reactions. 

48 



. * *  

.’ 
(1979) w i t h  the approximation tha t  YCa++/YMg++ - 1; f l u i d  temperatures ob ta ined  

by si l ica geothermometry (see figure caption 7 for details). 

Figure 23. Calculated values of log f o  i n  Cerro Prieto geothermal reser- 
2 

voir f l u i d s  coexistfng w i t h  epidote-clinopyroxene solid solutions (Table 2) as a 

function of epidote composition (diagram A) and tem erature (diagram B). Open . 

symbols are computed from mass action equations for reactions ( l o ) ,  (12) and 

(15) (see text). Solid curves i n  diagram B denote common f o  buffers i n  the 

,O,-SiO,. The fi l led circle i s  value of log f o  calculated by Bird 

and Norton (1981), for the assemblage of biotite, ep idote ,  tremolite, quartz and 

an aqueous solution from the Elmore #1 well i n  the Sal ton Sea geothermal system. 

2 

2 
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TAOlE 1 

Occurreiices o f  llydrotheriiol Calc-St1 i ca te  Minerals 
i n  Selected Active Geotlreriiul Systeiiis - -.----- ---- 

Systew(a) lleulandi t e  
I_.__-L- .----- 
Otakr, Japan 

Onikobe. Japan 
Yuqawara , Japan 
blatsukawa. Japan 

latun. Taiwan 

Tongonan, 

Oroadldiids, 

Wairirkei, 

Kaiitlia t k r  , 
U.S.S.R. 

I_ 

~ ___-- 

------I- ..-____- 

X Ph i l  ippiaes --_ - -- --___ 

X New Zealand 

New Zealand 

I__- -- __- - 

7 
- - ---_-- .--- -- - 

.-_ .-.--_-I I-__ 

X LOW T a i t l ~ r -  
dture. Iceland 

l l ig l i  Teiiper- 
atur'e. Icelalid' 

Larderel lo. 
i t d l y  

Geysers e 

U.S.A. 

-- 
X 

- - - --_ 

-- ~- 

. - - _._ -__ _-_ __ 

(J) Referelices - &NE: Hayashi and Yainasaki. 1976; Onikobe: Seki e t  a]., 1969; Yannda, 1976; Yu awara: Oki e t  al., 1976; %&!kana: suwi, 1965; m: hi 
e t  a l . ,  1980; 'TTnj_onmn: Ferrer. 1903; !roadlands: Orowne and E l l i s ,  1970; gh_r_akfi: Steiner, 1977; Kamchatka: Maboko, 1970. 1 9 7 6 3 i t e  and Siyvaldason. 
1962; !_cc!q!d: Kristiiwnnscbttir. 1981; kristi i lannsdottir and Tailasson, 1976, 1953; Siyvaldason, 1962- and Kristmnnsdott ir .  1972, 1976; Larclerelo: 
Cavdrretta e t  al., 1900. 1902; Ge sers: Steiner, 1950; Lockner e t  al., 1982; Sternfeld. 1981; Yellowstone: Baragar and Ceeson, 1981; s t o n  S e a : m o n ,  
1967; Keith e t  al. ,  1960; KendadT576; TLwey, 1977; Muffler and White, 1969; #cDowell and Hchrry, 1977; MCDoWell (pers. conm.), 1 9 8 2 ; m  Urowne. 
1977; Cgpb-iro: Reed. 1976; Elders e t  a l .  , 1981; th i s  study. 

(b) 
chloride (TDS.  10.000 ppi ) ;  U = steaiii f ie ld ;  C = ac id  sulfate; D = ac id  sulfate-chloride. Modified a f t e r  E l l i s  and khon.  1977. 

Type o f  cJeotIieriiu1 reservoir f luids: A l  = a l k a l i  chloride (TDS> 100,000 ppi); A2 - a l k a l i  chloride (l00,OOa pps<TDS> 10,oOO pw); A3 = a l k a l i  

* .  



TAULL 2 

Cortpositions of  Coexisting I l lnerals Use.? i n  Therulocheaical Calculations 

K-Spar C1 inopyroxene 

XEP(c .d Cutt ing (b) Depth 

1199 

1797 
1842 
1905 
1935 

(4 

1974 

-- 
12U4 
1299 

1470 
1497 
1557 

1656 

- --- 
2391 
2424 

24 54 

--I 

XPR 
-- 
0.179 

-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 

0.002 
0.086 
0.150 
0.069 
0.082 
0.153 
0.134 
0.155 
0.044, 

wo EN 

32 3 VEIN 0.236 

0.164 
0.130 
0.237 
0.213 
-- 

0.167 
0.187 

0.192 
0.159 
0.169 
0.201 
0.187 
0.252 
0.199 
0.253 
0.237 
0.237 
0.203 
0.210 

0.191 
0.168 
0.175 
0.254 

-- 

-- 
-- 

teinpera I 
-366: LO! 

309 
31 8 
328 
33 1 

335 

SLS 
SL s 
SL s 
SLS 
SLS 
SLS 
SLS 

321 
322 

334 
336 
339 

344 

SS 

ss 
ss 
ss 
ss 
ss 
ss 
5s 
ss 
SS 
ss 
ss 

ss 
ss 
ss 
SS 
ss 

-- 
lb.5 
18.0 -- 
23.0 

0.055 
-- 
-- 
-- 
-- 

.e logs 5 
'-22). I 

325 
330 

335 

,plied by La Cowisiin Federal de Electr ic idad (H-40: Log T-17; fl-53: 
13 tewperature froin 8 e m j o  1.. 1979. (a )  Downhole teinperatures are t e r p l a t e d  fri 

LOIJ T-25; H-84: LO9 T-12; fl-125; LO9 1-8; 
(b) Abbreviations: 

( c )  Abbreviations: XEP, XPR = fe'3/Fet3tAlV' 

SLS = si l tstone; SS = sandstone. 

x " ~  = Ca/NatKICa 
NO', XACT = #y/FetMntHg 

(d)  Minerdl cutrtimsitior aadlyses were conducted on an autmllated MAC electron microprobe a t  the Cal i fornla Ins t i t u te  o f  Technology. Uoth wavelength 
dispcrsire nd energy dispers've s steins were FiI'loyed. 
Albcc (1968j  lrrocedures. Dcs!gnat!on o f  "coexIs\ingU r inera ls  ill lplies that they occur i n  the saw cu t t lng  frocn,a given depth interval  of a 
soucif i c  well. dlIltoucJh they are not necessdrily I n  pilysicni contact. 

A11 corrections were accaitplished using siatple s i l i c a t e  mineral standards and Oence- 



TAU1 E 2 (con tlnued) 

Coiiiposi tions of  Coexisting Hirierals Used in  Thernmchetnical Calculations 

C1 i nopyroxene K- Spa r - 

Cutting(')) 

ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 

Depth 

2019 
2 100 

(Ill) -- 

2241 

22uo 
2310 
2319 

Temp( a ) 
("C) 

349 
348 

34 0 

336 
335 
335 

-- 
31 2 

31 5 

320 

325 

--- 

XEp(C,dl 

0.174 
0.196 
0.198 
-- 

0.246 
0.225 
0.205 
0.225 
0.169 

We1 1 
--- 
H- 125 

22.5 

11.9 
21.8 
33.6 
5.7 

16.6 

-- 

-- 

2655 

2736 

2850 

2985 

0.168 
0.179 
0.192 
0.200 
-- 
-- 
-- 

0.197 

49. I 

47.9 

49.3 
49.4 
48.6 

-- 
48.0 

-- 

ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 

a )  (II) (c)  (4)  are explained on previous page. 

. .  
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Heulandite: CaAI2Si7O1g6H20 
Laumontite: CaAI2Si4Ol2 -4 H20 
Wairakite: Ca AI2 Si4012* 2 H20 

Actinolite: Ca2 (Fe,Mg)@g022(0H)2 
Clinopyroxene: Ca (Fe,Mg) Si206 
Grandite: Cas (Al,Fel2 Si3OI2 
Wollastonite : Ca Si O3 
Sphene: CaTiSi05 

Pre hni t e : Ca ( A I, Fe) A I Si 3010(0 H) 
Epidote: Co2(AIDFe)3 Si3012(OH) 

e Heulandite 

+ 
Fe203 
t 

FeO 
0 Actinolite t 

MgO 

e Prehnite 

e Epidote 

C"0 0 hol lastonitev Grandite v 

Figure 1. 
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Figure 2. 
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Figure 4A. 
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Figure 4B. 
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