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ABSTRACT 

General  f e a t u r e s  of t h e  geometry of Los Azu- 

f r e s  r e s e r v o i r  have been def ined  through t h e  

mapping of hydrothermal  minera l  a l t e r a t i o n  

zones. 

i ed  i n  c u t t i n g s  and d r i l l  c o r e s  from most of  

t h e  a c t i v e  w e l l s .  

probe a n a l y s i s  and c l a s s i c a l  o p t i c a l  methods 

have been employed f o r  t h e  i d e n t i f i c a t i o n  of  

primary and a u t h i g e n i c  m i n e r a l s  i n  f r e s h  and 

a l t e r e d  samples. Observed p a t t e r n s  of al ter-  

a t i o n  have been c o r r e l a t e d  wi th  temperature  

and p a t t e r n s  of  f l u i d  c i r c u l a t i o n .  The re-  

s u l t i n g  model d e p i c t s  a body of geothermal 

f l u i d  a t  depth,  which ascends and d ischarges  

through two main f r a c t u r e  systems. These two 

c i r c u l a t i o n  zones are c h a r a c t e r i z e d  by con- 

c e n t r i c  a u r e o l e s  o f  i n c r e a s i n g  hydrothermal 

a l t e r a t i o n  towards q u a s i v e r t i c a l  axes .  The 

o v e r a l l  p a t t e r n  could be descr ibed  as a dome 

s t r u c t u r e  produced by t h e  abnormal thermal  

g r a d i e n t ,  d i s t o r t e d  by t h e  e f f e c t s  of  a c t i v e  

upward c i r c u l a t i o n  of t h e  f l u i d s .  

Hydrothermal a l t e r a t i o n  has  been s t u d  

X-ray d i f f r a c t i o n  micro- 

INTRODUCTION 

The Los Azufres ( S t a t e  of Michoacsn) f i e l d  i s  

t h e  second geothermal resource  i n  Me'xico t o  

undergo development, a f t e r  t h e  Cerro P r i e t o  

f i e l d  i n  Baja C a l i f o r n i a .  

has  an i n s t a l l e d  g e n e r a t i n g  c a p a c i t y  of 25 MW, 

and t h e  n e a r l y  f o r t y  w e l l s  t h a t  have been 

d r i l l e d  o f f e r  ample oppor tuni ty  f o r  f u r t h e r  

development. 

Los Azufres f i e l d  

The primary geology of t h i s  f i e l d  has  been 

descr ibed  by Camacho (1976), Gutigrrez-Negrin 

and Aumento (1981) and O l i v e r  (1981). B r i e f l y  

d e s c r i b e d ,  t h e  geologic  sequence c o n s i s t s  of 

a series of  v o l c a n i c  l a y e r s ,  most ly  a n d e s i t e s  

of  a v a r i e t y  of  t e x t u r e s ,  and r h y o l i t e s  i n  

t h e  upper l e v e l s .  R e s u l t s  of e a r l y  s t u d i e s  

of a l t e r a t i o n  mineralogy have been r e p o r t e d  

by Gutie'rrez-Negrin and Aumento, (1981). 
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Fig.  1. Map of t h e  Los Azufres Geothermal 

F i e l d .  
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The e x t e n s i v e  c o l l e c t i o n  of  d r i l l i n g  c o r e s  

and c u t t i n g s  a v a i l a b l e  from new w e l l s  have 

considered.  Downhole temperatures  have been 

checked t o  be i n  good agreement w i t h  t h e  es t i -  

provided t h e  oppor tuni ty  t o  s tudy  i n  more de- 

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

The p r e s e n t  c o n t r i b u t i o n  d e s c r i b e s  t h e  re- 

s u l t s  of  these  s t u d i e s ,  wi th  evidence der ived  

from X-ray d i f f r a c t o m e t r y ,  microprobe analy-  

sis and o p t i c a l  micros  copy a p p l i e d  t o  sam- 

p l e s  from most of t h e  e x i s t i n g  w e l l s .  The 

d i f f e r e n t  a s s o c i a t i o n s  of a l t e r a t i o n  miner- 

a l s  and t h e i r  s p a t i a l  d i s t r i b u t i o n s  have 

been determined. The c o r r e l a t i o n  o f  t h e s e  

d i s t r i b u t i o n s  wi th  measured temperature  pro- 

f i l e s  has  y i e l d e d  a model which o u t l i n e s  t h e  

g e n e r a l  geometry of t h e  f i e l d  and i d e n t i f i e s  

t h e  zones of  c i r c u l a t i o n  and d i s c h a r g e  i n  t h e  

undis turbed  system. 

MATERIALS AND METHODS 

Because of t h e  l a c k  of  s u i t a b l e  outcrops ,  and 

t h e  e x i s t e n c e  of p e r v a s i v e  weather ing and hy- 

drothermal  a l t e r a t i o n  of shal low subsur face  

rocks ,  s u r f a c e  sampling w a s  r e s t r i c t e d  t o  a 

few m a t e r i a l s  d i r e c t l y  a l t e r e d  by s u r f a c e  

m a n i f e s t a t i o n s .  Most of t h e  materials s tud-  

mates from chemical geothermometers. 

MINERALOGY 

Primary mineralogy: The a u t h o r s  d i s t i n g u i s h  

two main groups of v o l c a n i c  rocks  i n  t h e  area. 

One c o n s i s t s  of s p h e r u l i t i c ,  g l a s s y  and pum- 

i c i t i c  r h y o l i t e s ,  r h y o l i t i c  t u f f s  o r  ignim- 

b r i t e s ,  w i t h  e s s e n t i a l  c o n s t i t u e n t s  such as 

q u a r t z ,  p o t a s s i c  f e l d s p a r ,  p l a g i o c l a s e ,  i ron-  

r i c h  b i o t i t e ,  z i r c o n  and g l a s s .  Other  group 

i s  c o n s t i t u t e d  by a n d e s i t i c  rocks ,  which show 

a v a r i e t y  of t e x t u r e s ,  g r a i n  s i z e  ( a p h a n i t i c  

t o  porphyr ic )  and m i n e r a l  o r i e n t a t i o n s .  Es -  

s e n t i a l  c o n s t i t u t e n t s  of t h i s  second group 

inc lude  q u a r t z ,  p l a g i o c l a s e ,  pyroxenes ( a u g i t e ,  

e n s t a t i t e )  , magnet i te ,  i l m e n i t e ,  o l i v i n e  and 

hornblende. Other  v o l c a n i c  units p r e s e n t  are 
o f  minor i n t e r e s t  and abundance, and occur  as 

by l e n s e s  of b a s a l t  and d a c i t e .  

There are s l i g h t  d i f f e r e n c e s  between previous  

r e p o r t s  (Camacho, 1976; Gutigrrez-Negrin and 

Aumento, 1982), and t h e  primary mineralogy 

i e d  c o n s i s t e d  of c o r e s  and c u t t i n g s  obta ined  

d u r i n g  d r i l l i n g .  

20 meters have been c o l l e c t e d  i n  t h e  case of 

most w e l l s ,  i t  has  been p o s s i b l e  t o  genera te  d iscussed  h e r e .  

a lmost  cont inuous p r o f i l e s  of n a t u r e  and de- 

g r e e  of  a l t e r a t i o n  wi th  depth.  Secondary mineralogy: The i d e n t i f i c a t i o n  of 

f e a t u r e s  descr ibed  i n  t h i s  c o n t r i b u t i o n .  How- 

e v e r  t h e s e  concern mainly nomenclature and 

terminology and t h e  d i f f e r e n c e s  w i l l  n o t  be 

S ince  c u t t i n g s  from every  

a l t e r a t i o n  paragenes is  has  been f a c i l i t a t e d  

by t h e  l a c k  of i n t e r f e r e n c e  between primary Clays have been mechanical ly  s e p a r a t e d  by 

c rushing  and c e n t r i f u g a t i o n ,  and have been 

s t u d i e d  by classical methods of  X-ray d i f -  

f rac tomet ry .  

s t u d i e d  by o p t i c a l  methods, employing both 

r e f l e c t e d  and t r a n s m i t t e d  l i g h t .  

150 e l e c t r o n  microprobe a n a l y s e s  have been 

performed, i n  o r d e r  t o  d e f i n e  t h e  e x a c t  com- 

p o s i t i o n  of a u t h i g e n i c  minera ls .  

M i n e r a l i z a t i o n  i n  v e i n s  has  been 

More than  

Underground temperatures  have been obta ined  

from r e g i s t e r s  provided by f i e l d  personnel .  

Only those  r e g i s t e r s  ob ta ined  a f t e r  proper  

thermal  e q u i l i b r a t i o n  of  t h e  w e l l  have been 

and secondary mineralogy. L i t t l e  evidence i s  

found of t h e  e f f e c t  o f  e x t e r n a l  f a c t o r s  of al- 

t e r a t i o n  such as meteor ic  (except  i n  sha l low 

l e v e l s ) ,  sedimentary o r  d i a g e n e t i c  processes ,  

which are normally impor tan t  i n  geothermal 

f i e l d s  l o c a t e d  i n  sedimentary b a s i n s ,  e.g., 
Cerro P r i e t o  ( E l d e r s  e t  a1 , 1979), S a l t o n  Sea 

(McDowell and Elders ,  1980). 
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Progress ive  changes i n  t h e  mineralogy of t h e  

o r i g i n a l  a n d e s i t e s  seem t o  be a f u n c t i o n  only  

of  t h e  temperature  (Fig.  2 ) ,  and of o t h e r  

chemical and p h y s i c a l  condi t ions  of the  hy- 

drothermal  a l t e r a t i o n  process .  
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S t u d i e s  of v e i n s  and a l t e r e d  rocks show a re -  

g u l a r  sequence of minera l  a s s o c i a t i o n s ,  which 

c o r r e l a t e s  wi th  temperature  and depth.  Width 

of minera l  zones v a r i e s  as a f u n c t i o n  of l o -  

c a l  thermal  g r a d i e n t s  (Fig.  3 ) .  The observed 

mineralogy i s  compatible  with metamorphism of 

Ca-Fe-Mg r i c h  rocks .  Signs of Na-K metamor- 

phism a p p a r e n t l y  are a b s e n t  i n  Los Azufres 

hydrothermal  system, i n  c o n t r a s t  w i t h  f i n d -  

i n g s  i n  o t h e r  c u r r e n t  systems such as S a l t o n  

Sea (Muffler  and White, 1969) and Wairakei 

( S t e i n e r ,  1977), and f o s s i l  systems (Cathe l i -  

neau,  1983; Cathel ineau,  1984). Paragenes is  

corresponds t o  t h e  z e o l i t e ,  g r e e n s c h i s t  and 

amphibol i te  f a c i e s .  The observed mineral  

a s s o c i a t i o n s ,  l i s t e d  i n  o r d e r  of  i n c r e a s i n g  

temperature  of formation,  a r e  as fo l lows:  

- amorphous s i l i ca  + n a t i v e  su lphur  + smec- 

t i t e s  + gypsum + alunite. 
- s m e c t i t e s  + q u a r t z  + l aumont i te  + p t i l o l i t e .  

- c a l c i t e  + c h l o r i t e  + t i t a n i t e  + a l b i t e .  

- c a l c i t e  + w a i r a k i t e  + q u a r t z  + c h l o r i t e  + 
a n h y d r i t e .  

- c h l o r i t e  + e p i d o t e  + q u a r t z  + hemat i te  + 
anatase .  

- e p i d o t e  + g e d r i t e  + c h l o r i t e .  

- q u a r t z  + microc l ine  + p h r e n i t e  + e p i d o t e .  

- e p i d o t e  + d i o p s i d e  + q u a r t z .  

GEOMETRY OF DISTRIBUTIONS OF ALTERATION MINER- 

A L S  - 
The informat ion  obta ined  from i n d i v i d u a l  w e l l s  

has  been i n t e g r a t e d  i n  a three-dimensional  map 

of d i s t r i b u t i o n  of a l t e r a t i o n  minera ls .  Hori- 

z o n t a l  c r o s s - s e c t i o n s  a t  9 depth  l e v e l s  a r e  

shown i n  Fig.  3 .  V e r t i c a l  c ross -sec t ions  are 

shown i n  F ig .  4 .  Zero depth i n  t h e s e  diagrams 

as w e l l  as i n  subsequent d i s c u s s i o n  cor re-  

sponds t o  2900 meters  above s e a  l e v e l . .  The 

i s o b a t h s  show t h e  morfology of t h e  s u r f a c e s  of 

f i r s t  appearance and t h e  walls of d i ssapear -  

ance of s e l e c t e d  minera ls .  C o r r e l a t i o n  of 

t h e s e  minera l  d i s t r i b u t i o n s  wi th  temperature  

p r o f i l e s  y i e l d  t h e  fo l lowing  o b s e r v a t i o n s :  

- Carbonates: Dolomite i s  scarce and rep laced  

e n t i r e l y  by c a l c i t e  a t  depths  o t h e r  than  a t  
t h e  s u r f a c e .  C a l c i t e  d i s a p p e a r s  a f t e r  a cer -  

t a i n  depth ,  y i e l d i n g  a f l a t ,  c i rcumscribed 

zone of appearance.  

- The l e v e l  of appearance of e p i d o t e  fo l lows  

t h e  isotherm 210-250°C. The e p i d o t e  zone cov- 

ers t h e  e n t i r e  h o r i z o n t a l  spread  of  t h e  f i e l d .  

Other  c a l c s i l i c a t e s  such as amphibole and py- 

roxenes are found i n  l o c a l i z e d  s i tes ,  a t  depth 

g r e a t e r  than  2000 meters .  

- C h l o r i t e  i s  d i s t r i b u t e d  over  t h e  e n t i r e  h o r i  

z o n t a l  spread of t h e  f i e l d  a t  deep l e v e l s ,  bu t  

i s  r e s t r i c t e d  t o  two columns of a l t e r a t i o n  a t  

l e v e l s  sha l lower  than  1500 meters .  Deta i led  

chemical composi t ion d a t a  show a cont inuous 

e v o l u t i o n  of c h l o r i t e  s o l i d  s o l u t i o n  parame- 

ters w i t h  temperature  (Cathe l ineau  and Nieva, 

1983). 

- I r o n  minera ls :  Magnetic and i l m e n i t e  are un- 

s t a b l e  and rep laced  by p y r i t e  and t i t a n i t e  

below t h e  very  shal low l e v e l s .  The l a t t e r  

a r e  rep laced  by hemat i te  and a n a t a s e  a t  deeper  
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l e v e l s .  The epidote-hemati te  a s s o c i a t i o n  i s  

noteworthy, s i n c e  ep idote- i ron  su lphide  asso-  

c i a t i o n  are more common i n  most of t h e  s t u d i e d  

hydrothermal systems, such as L a r d e r e l l o  

(Cavare t ta  e t  a l ,  1980) and t h e  Geysers 

( S t e i n f e l d ,  1981). 

- D i s t r i b u t i o n  zones of some of t h e  a l t e r a t i o n  

minera ls  f o l l o w  q u i t e  c l o s e l y  t h e  d i s t r i b u t i o n  

of temperatures .  The case of e p i d o t e  i s  men- 

t ioned  above. The d i s t r i b u t i o n  zone of cal- 
c i t e  corresponds t o  temperatures  of  100 - 
250°C. 

temperatures  of 100 - 150°C. 

- D i s t r i b u t i o n  zones of  q u a r t z ,  c h l o r i t e  and 

c l a y  minera ls  a r e  conta ined  w i t h i n  two colum- 

n a r  s e c t i o n s  which appear  t o  r e p r e s e n t  natu-  

ra l  c i r c u l a t i o n  and d ischarge  zones. 

Appearance of p y r i t e  corresponds t o  

DISCUSSION 

The observed a l t e r a t i o n  p a t t e r n s  a r e  ind ica-  

t i v e  of  prograde metamorphism. There i s  con- 

s i d e r a b l e  coherence between temperature  d i s -  

t r i b u t i o n  and a l t e r a t i o n  p a t t e r n s .  No ev i -  

dence was found of  s u p e r p o s i t i o n  of incompat- 

i b l e  a s s o c i a t i o n s  of  a l t e r a t i o n  minera ls ,  o r  

of r e t r o g r a d e  metamorphism. 

The o v e r a l l  shape of hydrothermal a l t e r a t i o n  

r e f l e c t s  t h e  s u p e r p o s i t i o n  of two main fac-  

t o r s .  One f a c t o r  is  t h e  e f f e c t  of the thermal 

g r a d i e n t  abnormal i ty  which produces a s o f t  

dome s t r u c t u r e  w i t h  sub-hor izonta l  a l t e r a t i o n  

zones. The second f a c t o r ,  which d i s t o r t s  t h i s  

dome s t r u c t u r e ,  i s  t h e  hydrothermal  a l t e r a t i o n  

produced by ascending f l u i d s  i n  two main zones 

of  c i r c u l a t i o n  and d ischarge .  These zones of 
c i r c u l a t i o n  produce t h e  two areas of al ter-  

a t i o n  i n  t h e  s u r f a c e .  

The southern  zone c o n s i s t s  of  a w e l l  def ined ,  

narrow v e r t i c a l  zone of c i r c u l a t i o n .  Shor t  

spac ing  of  i so therms,  and of l i n e s  of  minera l  

s t a b i l i t y ,  d e f i n e  a u r e o l e s  of i n c r e a s i n g  altez 
a t i o n  toward a c e n t e r  of a c t i v i t y .  

s u r f a c e ,  t h i s  c i r c u l a t i o n  zone produces h o t  

A t  t h e  

s p r i n g s ,  mud p o t s  and mud l a k e s ,  which d i s t r i b -  

u t e  roughly a long  t h e  space between t h e  Los 

Azufres and Agua F r i a  f a u l t s .  

f i e l d  i s  known as Tejamaniles .  

This  area of t h e  

The n o r t h e r n  c i r c u l a t i o n  zone has  a l a r g e r  

average diameter .  It shows t h e  same g e n e r a l  

p a t t e r n  of  a u r e o l e s  of  i n c r e a s i n g  a l t e r a t i o n  

towards a c e n t e r  of  a c t i v i t y .  However, t h e  

l a c k  of d a t a  p o i n t s ,  p a r t i c u l a r l y  i n  t h e  nor th-  

e r n  and s o u t h e a s t e r n  s e c t i o n s  of  t h i s  zone, do 

n o t  a l low t h e  d e f i n i t i o n  of  t h e  h o r i z o n t a l  

spread of t h e s e  a u r e o l e s .  This  c i r c u l a t i o n  

zone produces s u r f a c e  m a n i f e s t a t i o n s ,  which 

d i s t r i b u t e  roughly along t h e  Mar i ta ro  f a u l t .  

This  a r e a  of t h e  f i e l d  i s  known as Mar i ta ro .  

SUMMARY 

The mineralogy of hydrothermal a l t e r a t i o n  i n  

Los Azufres  f i e l d  corresponds t o  t h a t  of a 

young system s u b j e c t e d  t o  prograde metamor- 

phism. A r e g u l a r  sequence of  minera l  asso-  

c i a t i o n s  i s  found as a f u n c t i o n  of  depth and 

i n c r e a s i n g  temperature .  

f e r e n t  m i n e r a l  zones v a r i e s  h o r i z o n t a l l y  wi th  

t h e  thermal g r a d i e n t .  Some hydrothermal  min- 

erals such as e p i d o t e  and p y r i t e  could be 

used as i n d i c a t o r s  of c e r t a i n  ranges of sub- 

s u r f a c e  temperature .  

The width of  t h e  d i f -  

Mapping of t h e  d i s t r i b u t i o n  of a l t e r a t i o n  min- 

erals provides  a p i c t u r e  of t h e  g e n e r a l  geom- 

e t r y  of t h e  f i e l d .  There appears  t o  be a main 

a q u i f e r  at  depth ,  which d i s c h a r g e s  through two 

c i r c u l a t i o n  zones, which probably o r i g i n a t e  

from two main f r a c t u r e  systems. These c i r c u -  

l a t i o n  and d ischarge  zones g i v e  r ise  t o  t h e  

Tejamaniles  and Mar i ta ro  geothermal areas, 

which may appear  t o  be u n r e l a t e d  a t  t h e  sur -  

f ace .  
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