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ABSTRACT 

I n  the  Cerro P r i e t o  geothermal f i e l d ,  carbonate-cemented, quartzo- 

fe ldspath ic  sediments o f  t he  Colorado River d e l t a  are being a c t i v e l y  

metasomatized i n t o  c a l c - s i l i c a t e  metamorphic rocks by reac t ion  w i t h  a1 k a l i  

c h l o r i d e  br ines  between 200" and 370°C, low f l u i d  and l i t h o s t a t i c  pressures, 
.. 

and low oxygen fugac i t ies .  

c u t t i n g s  from over 50 we l l s  i n  t h i s  f i e l d  i d e n t i f i e d  a prograde ser ies  o f  

c a l c - s i l i c a t e  mineral zones which inc lude as index minerals: wa i rak i te ,  e p i -  

Our pe t ro log i c  i nves t i ga t i ons  o f  d r i l l  cores and 

dote, prehnixe, and c l  inopyroxene. Associated d i v a r i a n t  mineral  assemblages 

are i n d i c a t i v e  o f  a very low pressure/ temperature metamorphic fac ies  se r ies  

which encompasses the  clay-carbonate, zeo l i t e ,  greenschist, and amph'ibol i t e  

facies. 

i nc reas ing l y  recognized i n  other a c t i v e  geothermal systems, i s  character ized 

This hydrothermal metamorphic fac ies  series, which i s  becoming 

dehydration and decarbonation mineral  e q u i l i b r i a .  - by temperature-tel escoped 

I t s  equivalent should now 

The processes o f  met 

be sought i n  f o s s i l  hydrothermal systems. 

INTRODUCTION 

morphism and metasomatism are normally i n  i b l  

t o  d i r e c t  observation, except on the  labora tory  scale. 

geologists, ourselves included, these processes tend t o  remain a cha l leng ing  

enigma. 

Therefore f o r  many 

However, i n  recent years, exp lo ra t i on  o f  a c t i v e  geothermal systems by 

deep d r  

witness 

an hour 

l l i n g  i s  a f f o r d i n g  an oppor tun i ty  t o  study metasomatism i n  action. To 

geothermal we l l s  discharging hundreds o f  tonnes o f  hot  water and steam 

tends t o  make metasomatism seem more credible.  Furthermore, i n  a 

geothermal we l l  we can measure d i r e c t l y  i n  s i t u  pressure, temperature, per-  

m e a b i l i t y  and poros i ty ,  and can ob ta in  samples o f  f l u i d  and rock f o r  analysis. 

Such measurements can then provide i n s i g h t  i n t o  understanding f o s s i l  

hydrothemal systems. 
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The few comprehensive s tud ies  ava i l ab le  on metasomatism i n  a c t i v e  

geothermal systems a1 1 observed systematic zonation o f  temperature-dependent 

hydrothermal minerals (see Browne, 1978, f o r  a recent review). Many workers 

(e.g., M u f f l e r  and White, 1969; McDowell and Elders, 1980) have noted 

c o r r e l a t i o n s  between t h i s  k i n d  o f  mineral zonation and t h a t  produced by 

progressive low-grade metamorphism (from the  z e o l i t e  o r  clay-carbonate t o  

greenschist fac ies)  observed i n  f o s s i l  analogues. 

parageneses i n  a c t i v e  geothermal systems c o r r e l a t e  we1 1 wi th exper imental ly 

I n  addi t ion,  mineral 

(e.g., Zen and Thompson, 1974) and t h e o r e t i c a l l y  (e.g., Helgeson, 1967; B i r d  

and Norton, 1981) deduced phase r e l a t i o n s  f o r  low grade metamorphism. 

Pet ro log ic  s tud ies  on samples from the  h ighes t  temperature (i.e. , 
300-360OC) por t i ons  o f  some a c t i v e  geothermal systems such as Larderel lo ,  

(Cavarret ta -- e t  a l .  a 1982), K r a f l a  (Kr istmannsdott i r ,  1981), Salton Sea 

(McDowell and Elders, 1980) found authlgenic c a l c - s i l i c a t e  minerals such as 

wo l l  as ton i  t e a  garnet, and c l  inopyroxene which were prev ious ly  no t  recogni zed 

. 

t o  be s tab le  phases under the  ambient pressure and temperature cond i t ions  o f  

these systems. I n  some cases, c r y s t a l 1  i z a t i o n  o f  these so-cal led 

"high-temperature" minerals was a t t r i b u t e d  t o  thermal anomalies due t o  d i ke  

i n t r u s i o n s  (Kr istmannsdott i r ,  1981) o r  e a r l i e r  l o c a l  h igher temperature events 

(Cavarretta -- e t  al., 1982). 

I n  t h i s  paper, we w i l l  describe au th igen ic  mineral zonation i n  the  Cerro 

P r i e t o  geothermal f i e l d  as an example and suggest t h a t  t h i s  paragenesis o f  

c a l c - s i l i c a t e s  c r y s t a l l i z i n g  a t  temperatures l ess  than 37OOC represents an 

extremely low pressure metamorphic fac ies  ser ies  which spans the  z e o l i t e  t o  

amphibol i te facies. 

Geologic Se t t i ng  o f  the Cerro P r i e t o  Geothermal System 

\ 

1 

The Cerro P r i e t o  geothermal f i e l d  o f  Baja C a l i f o r n i a  (Figure 1) i s  p a r t  

o f  the l a rge  thermal anomaly associated w i t h  the s t r u c t u r a l  province o f  the  
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Salton Trough (see Elders -- e t  al., 1972, f o r  a review o f  the  regional  geology). 

D e l t a i c  sediments o f  the Colorado River deposited w i t h i n  t h i s  basin s ince 

l a t e s t  Miocene t ime (Van de Kamp, 1973) apparently approach a s t r a t i g r a p h i c  

th ickness o f  10-16 km (Fuis - e t  -* a1 ’ 1982). 

sandstones, s i l t s tones ,  and mudstones have compositions s i m i l a r  t o  modern 

These quartzo-feldspathic 

Colorado River d e l t a i c  sediments (Muf f le r  and Doe, 1968). Deep d r i l l h o l e s  i n  

several o f  the  geothermal f i e l d s  o f  the Salton Trough i n t e r s e c t  widespread 

maf ic  ’ t o  s i l i c i c  dikes o r  s i l l s  poss ib ly  r e l a t e d  t o  s u r f i c i a l  Quaternary 

vo lcan ic  a c t i v i t y  (Robinson e t  a l e ,  1976). These dikes may be p a r t  o f  the  

l a r g e r  i n t r u s i o n s  w i t h i n  p u l l  -apart basins associated w i t h  a leaky t ransform 

f a u l t  system be l ieved t o  be the heat sources f o r  t h e  geothermal f i e l d s  of the  

Sal ton Trough (Elders -- e t  al., 1983). 

I 

The Cerro P r i e t o  f i e l d ,  w i t h  c u r r e n t l y  an i n s t a l l e d  generat ing capac i ty  

of 180 MWe, i s  t he  most developed commercial geothermal system i n  the  Salton 

Trough; mare than 110 we l l s  have been d r i l l e d  the re  t o  date. Since 1977, i n  

c o l l a b o r a t i o n  w i t h  the Comisi6n Federal de E l e c t r i c i d a d  o f  Mexico and the  

Lawrence Berkeley Laboratory o f  the  U.S.A., we have c a r r i e d  ou t  a 

comprehensive petrologic/geochemical study o f  t h i s  geothermal f i e l d .  We have 

obtained petrographic, XRD, e lec t ron  microprobe, f l u i d  i nc lus ion  and l i g h t  

s tab le  i s o t o p i c  data on c u t t i n g s  and cores from more than h a l f  o f  the 

geoth’ermal we l l s  i n  the  f i e l d  (Elders e t  al., 1981). 

PHYSICAL-CHEMICAL CONSTRAINTS ON METASOMATISM AT CERRO PRIETO 

Pressure 

The deepest geothermal we l l s  d r i l l e d  t o  date approach 3.6 km and have 

l i t h o s t a t i c  pressures o f  about 900 bars, assuming. an average bu lk  dens i ty  o f  

2.5 gm/cm3 f o r  t he  reservoir .  Measured downhole f l u i d  pressures w i t h i n  the  

producing (usua l ly  deepest) i n t e r v a l s  of the geothermal w e l l s  general ly range 
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between 100 and 200 bars (Bermejo e t  al., 1979). 

pressures together w i t h  both measured temperatures and geothermometry i n d i c a t e  

These measured hyd ros ta t i c  

t h a t  t he  f l u i d s  i n  the  rese rvo i r  are c lose t o  bo i l i ng .  

Tempe r a t  u r e  

Temperatures wi th in the  Cerro P r i e t o  geothermal system have been deter-  

mined by a v a r i e t y  o f  techniques: downhole measurements (Bermejo e t  al., 

1979), so lu te geothermometry (Truesdell  -- e t  a l .  , 1981), s tab le isotope geother- 

mometry (Olson, 1979; Wi l l iams and Elders, 1983), f l u i d  i n c l u s i o n  geother- 

mometry (Elders -- e t  al .  , 1978), and v i t r i n i t e  re f lectance geothermometry 

(Barker and Elders, 1981). 

downhole temperatures by the customary method using mechanical recorders, both 

d i r e c t  measurements and so lu te  geothermometers are subject  t o  the  e f f e c t s  o f  

d r i l l i n g  and f l ow ing  geothermal we l l s  (see Figure 2). Solute geothermometry 

i s  a l so  l i m i t e d  because the  f l u i d s  come from an i n t e r v a l  several hundred 

meters th ick.  

Apart from the  inherent l i m i t a t i o n s  o f  measuring 

. 
This temperature in format ion i s  averaged over the  product ion 

i n t e r v a l  and i s  no t  obtained outside it. Thus, so lute methods cannot provide 

continuous temperature-depth p r o f i l e s  f o r  t h e  wells. 

most useful  est imates o f  the temperature o f  the rese rvo i r  i n  i t s  pre- 

e x p l o i t a t i o n  s t a t e  are based upon the p a r t i t i o n i n g  o f  oxygen isotopes between 

c a l c i t e  i n  the rock and the rese rvo i r  f l u i d  (Wi l l iams and Elders, 1983). 

F1 u i d  Compos i t i on 

For our purpose, t he  

The geothermal f l u i d  a t  Cerro P r i e t o  i s  a mix tu re  o f  Colorado River water 

and connate water which has subsequently reacted w i t h  the  d e l t a i c  sediments 

dur ing  hydrothermal a1 t e r a t i o n  (Truesdell  -- e t  a1 . , 1981). 

b r i n e  has t o t a l  d issolved s o l i d s  o f  about 15,000 ppm. The approximate ranges 

o f  the concentrat ions o f  major components are: 

550-700 ppm, Na = 3000-5500 ppm, K = 500-1000 ppm, Ca = 100-400 ppm, t o t a l  

CO = 10-75 ppm (Fausto -- e t  al., 1981). 

This a1 ka l  i c h l o r i d e  

C1 = 6000-11,000 ppm, SiO, = 

I n  h igh temperature rese rvo i r  f l u i d s ,  
2 
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CQ i s  the dominant gas species (Nehring and D 'ho re ,  1981) w i t h  pC0, on - the  

order  o f  5-10 bars (e.g., 7 bars i n  f l u i d s  from we l l  M-5 a t  approximately 1285 

in and 340°C; E l l i s  and Mahon, 1977) and Xco, i n  the  f l u i d  phase i s  about .05 

(assuming idea l  s o l u t i o n  behavior). 

300-350OC) r e s e r v o i r  f l u i d s ,  t h e i r  ca l  cut a t i ons  

S i m i l a r l y ,  we have ca lcu la ted  fo, assuming t h a t  

t i o n  r e l a t i o n s h i p  between epidote and calcium c 

Oxygen Fugacity 

Nehring and D ' h o r e  (1981) suggested t h a t  fo2 i n  the  geothermal f l u i d s  

i s  bu f fe red  by equ i l i b r i um between CO, and f r e e  carbon ( i n  the  form of l i g n i t e  

as described by Barker and Elders, 1981). For high temperature (See., 

i n d i c a t e  fo, near 

oxygen i s  buffered by a reac- 

inopyroxene a t  temperatures o f  

320-360OC. The r e s u l t i n g  fo, i s  on the .order  of t o  s l i g h t l y  more 

reducing than the  quar t z - faya l i  te-magnet i te b u f f e r  curve. 

Fluid/Rock Ratios 

Oxygen i s o t o p i c  compositions o f  both reacted and unreacted f l u i d s  have 

been determined i n  the  Cerro P r i e t o  geothermal system (Truesdell  e t  al.,, 

1981). Mass balance ca l cu la t i ons  by Wi l l iams and Elders (1983) i n d i c a t e  

a minimum in teg ra ted  f1uid:rock volume r a t i o  o f  approximately 3: l  was 

necessary t o  produce the  oxygen isotope exchanges observed i n  the a l t e r e d  

sediments. 

MINERAL ZONATIONS AND CALC-SILICATES AT CERRO PRIETO 

Elders -- e t  a1 . (1981) recognized t h a t  various hydrothermal mineral zones 

w i t h i n  the f i e l d  e x h i b i t  an obvious c o r r e l a t i o n  w i t h  isotherms, These mineral 

zones were def ined by changes o f  modal abundances, and by disappearance, or 

f i r s t  appearance o f  key authigenic p h y l l o s i l i c a t e s  and c a l c - s i l i c a t e  minerals, 

km th i ck ) ,  Below the  s u r f i c i a l  l a y e r  o f  sediments (general ly less than 1 

there i s  a se l f -sea led  "cap rock" over the geothermal rese rvo i r  wh ch i s  t y p i -  
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ca l  l y  a carbonate-cemented sandstone. 

w i t h  subordinate c a l c i t e )  p r e c i p i t a t e s  i n  the  pores o f  the unconsolidated 

sediments by the heat ing  o f  descending, c o l d  do,- r i c h  surface waters (Elders 

-- e t  al., 1981). 

hot  f l u i d s  occur, the cap rocks consis t  o f  quartz o r  potassium fe ldspar -  

The carbonate. (predominantly dolomite 

I n  contrast ,  i n  the l ess  widespread zones where discharge o f  

cemented sandstones. 

W i th in  the  carbonate cap, a t  approximately 15Oo-23O0C, mineraq react ions 

t ransform t h e  diagenet ic carbonate cement and phyl l o s i l  i c a t e  matrix. 

inc reas ing  temperature, c a l c i t e  becomes the dominant cementing agent and 

With 

d e t r i t a l  /authigenic ill i te, kaol i n i  te, and expandable i n t e r 1  ayered 

i 11 i te/smecti  t e  are p rogress ive ly  rep1 aced by auth i  genic c h l o r i t e  and s e r i  - 
c i t e .  Here we use " s e r i c i t e "  t o  r e f e r  t o  a l l  the complex dioctahedral  l a y e r  

s i l i c a t e s  i n c l u d i n g  i l l i t e  and muscovite. 

p h y l l o s i l i c a t e s  are a higher grade cont inuat ion  o f  s i m i l a r  t ransformat ions i n  

c l a y  minerdls observed i n  the b u r i a l  diagenesis o f  c l a s t i c  sediments i n  the 

Gul f  Coast o f  the U.S.A. (Perry and Hower, 1970). However, - t h e  p h y l l o s i l i c a t e  

react ions a t  Cerro P r i e t o  are occur r ing  i n  response t o  a much higher ambient 

geothermal g rad ien t  a c t i v e  over a much shor ter  t ime period. 

These t r a n s i t i o n s  i n  authigenic 

Above 32OOC 

auth igen ic  b i o t i t e  i s  the dominant p h y l l o s i l i c a t e .  This sequence o f  l a y e r  

s i l i c a t e  minerals a t  Cerro P r i e t o  i s  s i m i l a r  t o  t h a t  i n  t h e  r e l a t e d  Salton Sea 

geothermal f i e l d  i n  the northern p a r t  o f  the Salton Trough (McDowell and 

E l  ders, 1980). 

Sediments i n  the highest temperature (i.e., 23Oo-37O0C) po r t i ons  of the 

geothermal system r e c r y s t a l l i z e  t o  form predominantly talc-silicate bearing 

mineral  assemblages causing pronounced t e x t u r a l  changes. Decarbonation reac- ? 

t i o n s  tend t o  produce secondary po ros i t y  as the f i r s t  formed c a l c - s i l i c a t e s ,  

w a i r a k i t e  and epidote replace the carbonate cement, 

r a r e l y  replace the  framework grains o f  quartz and fe ldspar  but  general ly exhi -  

These c a l c - s i l i c a t e s  
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b i t  sharp c r y s t a l  boundaries against  them. I n  sandstones from the  highest 

temperature p o r t i o n  o f  the c a l c - s i l i c a t e  zone (>330°C), g r a i n  boundaries be- 

tween p o r e - f i l l i n g  epidote, prehni te,  and cl inopyroxene and between 

r e c r y s t a l  1 i z e d  framework grains may approach a ho rn fe l  s i c  fabr ic .  

The approximate temperature ranges o f  c r y s t a l 1  i z a t i o n  f o r  t he  ca lc -  

s i l i c a t e  minerals i n  the  Cerro P r i e t o  system are shown i n  Figure 3. The 

temperatures i nd i ca ted  are based on oxygen i s o t o p i c  r a t i o s  o f  coex i s t i ng  

m a t r i x  c a l c i t e  (Wil l iams and Elders, 1983). Ma t r i x  c a l c i t e  i s  p rogress ive ly  

destroyed by decarbonation react ions a t  inc reas ing  temperatures, however, 

t r a c e  amounts are present a t  temperatutes above 300°C, s u f f i c i e n t  f o r  geother- 

mometry. 

Figure 4 showing authigenic mineral d i s t r i b u t i o n s  w i t h i n  sandstones, 

based on our X-ray and petrographic c r i t e r i a ,  f o r  a representa t ive  cross- 

sec t i on  through the  f i e l d  exempl i f ies the very c lose r e l a t i o n s h i p  between 

i sograds and isotherms. Between 

ab rup t l y  from grea ter  than 15 t o  

c a l c - s i l i c a t e  phases appears; wa 

200' and 250°C, the c a l c i t e  content decreases 

about 5 w t  %. Concomitantly, a ser ies o f  

r a k i t e  appears a t  about 200°C, epidote a t  

about 23OoC, prehni t e  and a c t i n o l  i t e  near 27S0C, and c l  inopyroxene near 32OOC. 

Although w a i r a k i t e  disappears a t  temperatures above 3OO0C, a l l  o f  t he  o the r  

ca l c -s i1  i c a t e  minerals i n  sandstones perrsist a t  temperatures up t o  370OC. 

Compositional v a r i a t i o n s  o f  authigenic s i 1  i c a t e  minerals i n  the  Cerro 

P r i e t o  geothermal f i e l d  r e f l e c t  e q u i l i b r a t i o n  w i t h  hydrothermal f l u i d s  under 

low pressure and low fo, condi t ions.  

from 0.11 t o  0.31 and i n  p rehn i te  from 0.01 t o  0.28. Both epidotes and preh- 

n i t e s  e x h i b i t  va r iab le  compositional zoning a t  a l l  scales, although weak com- 

p o s i t i o n a l  v a r i a t i o n s  w i t h  temperature and depth are noted. 

e x h i b i t  molar Mg/Mg+Fe+Mn between 0.67 and 0.82 w i t h  very low A I I V  (<0.20 

A1 I v / 1 5  cat ions).  

Fe/Fe+AlVf r a t i o s  i n  epidotes range 

A c t i n o l i t e s  

Hydrothermal clinopyroxenes are c a l c i c  augi tes w i t h  molar 



Mg/Mg+Fe+Mn between 0.23 and 0.90. The hydrothermal b i o t i t e  has low A l V I  

(<0.23 AlVf/7 ca t ions  minus Na, K, and Ca), low i n t e r l a y e r  s i t e  occupancy 

(<0.80 Na+K/formula u n i t ) ,  and molar Mg/Mg+Fe+Mn between 0.58 and 0.87. 

b i o t i t e s  are s i m i l a r  i n  composition t o  those observed a t  s i m i l a r  temperatures 

i n  the  Salton Sea geothermal system (McDowell and Elders, 1980). Conversely, 

These 

t e c t o s i l i c a t e s  show l i m i t e d  compositional var ia t ions .  Wairaki tes have a 

near l y  constant r a t i o  o f  Ca/Na+K+Ca, averaging near 0.97. Mic roc l i ne  

(adular ia) ,  which i s  ubiqui tous throughout the  c a l c - s i l i c a t e  zone, has a com- 

p o s i t i o n  o f  ORg6-100. A l b i t e  has been i d e n t i f i e d  by X-ray d i f f r a c t i o n  only. 

DISCUSS I O N  

I n  our opinion, t he  sequence o f  minerals i n  the  c a l c i c  sandstones a t  

and Cerro Pr ieto,  which are being metamorphosed a t  temperatures between 150" 

37OoC, cons t i t u tes  a low P/T fac ies  ser ies  which encompasses the  c lay -  

carbonate, zeo l i t e ,  greenschist, and amphibol i te facies. Tie l i n e s  i n  F 

5 denote the  two and th ree  phase c a l c - s i l i c a t e  and p h y l l o s i l i c a t e  assemb 

observed. A1 1 assemblages a l so  contain va r iab le  amounts o f  quartz, 

m ic roc l ine ,  a l b i t e ,  sphene, py r i t e ,  and magnetite. 

gure 

ages 

Wi th in  the  carbonate cap a t  temperatures below Z O O O C ,  t he  au th igen ic  

mineral  assemblage cons is ts  o f  carbonate + s e r i c i t e  ?r c h l o r i t e .  

carbonate fac ies  (Zen, 1961) i s  s t a b i l i z e d  by high Xco, i n  the . i n te rg ranu la r  

This c lay-  

f l u i d  phase o f  r e l a t i v e l y  impermeable carbonate-cemented sandstones. 

peratures near ZOOOC, the f i r s t  c a l c - s i l i c a t e ,  wa i rak i te ,  forms through decar- 

bonat ion react ions;  aluminum and s i 1  i con  are probably suppl ied through 

d i s s o l u t i o n  o f  p h y l l o s i l i c a t e s  or feldspars. 

peratures near 23OoC, forms predominantly through reac t ion  from c a l c i t e  + 

A t  tem- 

Epidote, f i r s t  appearing a t  tem- 

wai rak 

P f l u i d  

t e .  Wa 

form o f  

r a k i t e  or wa i rak i te  + epidote assemblages represent the  lowest 

the z e o l i t e  fac ies  (Frost, 1980). A t  Cerro Pr ieto,  Pco, i s  

\ 
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buf fered by the  epidote + wa i rak i te  + c a l c i t e  assemblage t o  values i n  excess 

of 15 bars (Elders -- e t  al., 1981) a t  depths i n  the  system where t o t a l  f l u i d  

pressures do.not genera l ly  exceed 75 bars (Bermejo -- e t  al., 1979), thus 

XCO, may exceed 0.2 a t  these temperatures. Prehni te and a c t i n o l i t e ,  which 

f i r s t  appear a t  temperatures near 3OO0C, form i n  p a r t  through decomposition of 

c a l c i t e  + c h l o r i t e  v i a  a reac t ion  which i s  a lso  operat ive a t  r e l a t i v e l y  h igh 

Xco2 (Glassely, 1974). 
I 

These minerals may a lso  form through complex i o n i c  

reac t ions  i n  which i r o n  and magnesium i s  suppl ied through d i s s o l u t i o n  o f  

ma t r i x  s e r i c i t e .  Clinopyroxenes, f i r s t  appearing near 32OoC, may form through 

the  general ized dehydration react ion:  a c t i n o l i t e  + prehn i te  = clinopyroxene + 

epidote + YO, o r  through the mixed v o l a t i l e  react ion:  a c t i n o l i t e  + c a l c i t e  = 

c l inopyroxene + CO, + YO. The ' l a t t e r  reac t ion  has been exper imenta l ly  d e l i -  

neated by Slaughter -- e t  ai. (1975) f o r  the Fe-free system; c r y s t a l l i z a t i o n  o f  

clinopyroxene by t h i s  reac t ion  a t  P f l u j d  = 100 bars and temperatures near 

325OC w i l l  b u f f e r  XCO, t o  very low values (i.e., 0.05). Thus, increas ing 

metamorphic grade i n  the  Cerro P r ie to  geothermal system i s  re la ted  t o  both 

increas ing temperature and a concomi tan t  decrease i n  Xco, a t  very ?ow 

l i t h o s t a t i c  pressures. 
~ 

CONCLUSIONS 

Certa in  o f  the observed prograde mineral  assemblages a t  Cerro P r ie to  are 

genera l l y  s i m i l a r  t o  sequences reported i n  both o ther  geothermal systems 

and i n  low grade bu r ia l / reg iona l  metamorphism. 

ca te  assemblages f o l l o w  a regular  " p e l i t i c "  prograde sequence from c lay-  

carbonate fac ies  t o  c h l o r i t e ,  a c t i n o l i t e ,  and b fo t i t e -bear ing  rocks o f  the 

greenschist  facies.  

s i 1  i c a t e  assemblages which overlap assemblages observed i n  the z e o l i t e  t o  

pumpel ly i te /prehni te  t o  greenschist t o  amphibol i te facies ser ies common i n  

I n  p a r t i c u l a r ,  the l aye r  s i l i -  

Accompanying these changes are the  ser ies  o f  ca lc -  

10 
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"mafic" t o  " intermediate" rocks. For instance, s i m i l a r  greenschist and amphi- 

b o l i t e  fac ies  mineral assemblages i n  m a r l y  rocks have been noted i n  f o s s i l  low 

P/T contact  metamorphism (e.g., Melson, 1966). 

a c t i n o l i t e  assemblage observed near 3OOOC (Figure 5) i s  almost i d e n t i c a l  t o  

The epidote + p rehn i te  + 

op h i  o l  i t i c met a bas i tes  t h e  lower grade greenschist fac ies  i n  metamorphosed 

(Schiffman and Liou, 1980). 

However, some minerals and mineral assemblages 

geothermal systems; wa i rak i te  i s  c h a r a c t e r i s t i c  of 

systems . 
(35OoC, F 

(e.g., a t  

appear t o  be unique t o  

ow P f l u i d  geothermal 

The d i s t i n c t i v e  assemblage cl inopyroxene + epidote + p rehn i te  

gure 5) has thus f a r  been observed on ly  i n  a c t i v e  geothermal systems 

Larderel lo. by Cavarretta -- e t  a l .  , 1982; and a t  The Geysers by 

Sternfeld and Elders, 1982). 

This assemblage, which i s  no t  c h a r a c t e r i s t i c  o f  any commonly accepted 

metamorphic facies,  can e x i s t  only i n  equ i l i b r i um w i t h  l o w - f h  f l u i d s  (e.g., 

values between t h e  quartz-fayal i te-magnet i te and magnet i te-wust i te bu f fe rs ;  

Cavarret ta -- e t  al. , 1982). Note t h a t  t h i s  d i s t i n c t i v e  geothermal assemblage 

occurs i n  a wide range of bu lk  rock compositions i n  d i f f e r e n t  geothermal 

systems i n c l u d i n g  calcareous sandstones, limestones, greywackes and vo lcan ic  

rocks, suggesting t h a t  t he  ove r r i d ing  con t ro l  on i t s  s t a b i l i z a t i o n  i s  a com- 

b i n a t i o n  o f  h igh geothermal gradients (>lOO°C/km), extremely low f l u i d  

pressures, r e l a t i v e l y  low Xco2, and low fo2. These cond i t ions  markedly 

d isp lace  mixed v o l a t i l e  metamorphic reac t ions  from the  P-T cond i t ions  o f  t y p i -  

c a l  skarn assemblages (Einaudi -- e t  al., 1981), and a l l ow  the  appearance o f  h igh  

temperature c a l c - s i l i c a t e s  (e.g. , clinopyroxene, and a l s o  c a l c i c  garnets and 

w o l l a s t o n i t e  i n  o ther  geothermal systems) a t  temperatures as low as 300OC. We 

suggest t he re fo re  t h a t  these mineral associat ions c o n s t i t u t e  a d i s t i n c t  w a i r a -  

k i t e  t o  pyroxene + epidote + prehn i te  metamorphic mineral fac ies  ser ies  

11 
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appropr ia te t o  geothermal condi t ions.  We a n t i c i p a t e  t h a t  t h i s  fac ies  ser ies 

w i l l  i n  the  f u t u r e  become increas ing ly  recognized i n  the geologic record. 
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Phys i cs . 
FIGURE CAPTIONS 

F i  ure 1. Sketch map o f  the Cerro P r i e t o  geothermal f i e l d ,  Baja 
C a l i  ornia,  exico, showing the  surface t race  o f  the  cross-sect ion presented 
i n  Figure 3. P = power p lant ,  Cerro P r ie to  I. Ci rc les  i n d i c a t e  e x i s t i n g  
geothermal wells, 
3 ( s o l i d  c i r c les ) .  

. Figure 2. Twenty d i f f e r e n t  logs o f  temperature vs. depth measured under 
d i f f e r e n t  condi t ions i n  the  we l l  M - 1 1  a t  Cerro Pr ieto.  The black c i r c l e s  are 
temperatures estimated us ing the  ca lc i te -water  oxygen isotope geothermometer. 

I d e n t i f y i n g  numbers are shown f o r  the we l l s  shown i n  Figure 

F i  ure 4. North-south cross sect ion through the  Cerro P r i e t o  geothermal 

morphic mineral  zones i n  sandstones. 
sec t ion  i n d i c a t e  inves t iga ted  geothermal wells. Abbreviat ions:  TS = mineral 
i d e n t i f i e d  i n  t h i n  sect ion;  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 ;  + = 
minera l  i n ;  - = mineral  out. 

f i e l d  +- e p i c t i n g  (a )  isotherms from oxygen isotope geothermometry and (b) meta-  
Numbers along the top o f  each cross- 

Flgure 3. Approximate temperature i n t e r v a l s  f o r  t he  occurrence o f  key 
c a l c - s i l i c a t e  minerals i n  the  Cerro P r i e t o  geothermal f i e l d .  Temperatures 
were determined by c a l c i t e - f l u i d  oxygen isotope geothermometers (see tex t ) .  

F i  ure 5. A (A1,4+Fe2&) - C (CaO) - F (FeO+MgO+MnO) diagrams which 
schematics + y depic t  the  changes i n  mineral  assemblages observed i n  calcareous 
sandstones from the  Cerro P r ie to  geothermal f i e l d  metamorphosed over the  
temperature i n t e r v a l  o f  15Oo-35O0C. Bulk composition o f  calcareous sediments 
has been est imated on the  basis o f  unpublished whole rock analyses. 
s e r i c i t e  r e f e r s  t o  a l l  d ioctahedral  whi te  micas (e.g., i l l i t e s ,  phengites, 
muscovi tes). 

Note 
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