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ABSTRACT 

Exp lo ra to ry  d r i l l i n g  has con f i rmed  the 
ex is tence o f  a geothermal system i n  t h e  Los 
Humeros v o l c a n i c  center, l o c a t e d  180 km eas t  
o f  Mexico C i t y .  Volcanic  a c t i v i t y  i n  the  area 
began u i t h  t h e  e r u p t i o n  o f  andesites, f o l l o u e d  
by two major  ca ldera- forming p y r o c l a s t i c  
erupt ions.  The younger Los Po t re ros  c a l d e r a  i s  
nested i n s i d e  the  o l d e r  Los Humeros ca lde ra .  
A t  l a t e r  stages, b a s a l t i c  andesite, dac i te ,  
and o l i v i n e  b a s a l t  l a v a s  e rup ted  a long  the  
r i n g - f r a c t u r e  zones o f  b o t h  ca lderas.  

Geologic i n t e r p r e t a t i o n  o f  s t r u c t u r a l ,  
geophysical,  and d r i l l i n g  da ta  suggests  tha t8  
(1) The water-dominated geothermal r e s e r v o i r  
i s  hosted by the  e a r l i e s t  a n d e s i t i c  v o l c a n i c  
p i l e ,  i s  bounded by t h e  r i n g - f r a c t u r e  zone o f  
t he  Los Po t re ros  caldera, and i s  capped by the  
products  o f  t h e  o l d e s t  ca lde ra - fo rm ing  
erupt ion.  (2) Permeab i l i t y  u i th in t h e  
a n d e s i t i c  p i l e  i s  p rov ided  by f a u l t s  and 
f r a c t u r e s  r e l a t e d  t o  i n t r a c a l d e r a  u p l i f t .  ( 3 )  
The geothermal system has p o t e n t i a l  f o r  a 
l a r g e  i n f l u x  o f  meteor ic  u a t e r  through 
p o r t i o n s  o f  t he  r i n g - f r a c t u r e  zones o f  b o t h  
ca lderas.  (4 )  Volcanic  c e n t e r s  u i t h  s i m i l a r  
magmatic and s t r u c t u r a l  c o n d i t i o n s  can be 
found i n  t h e  eas te rn  Cascades, U.S.A. 

J NTRODUCT ION 

The .Los Humeros v o l c a n i c  cen te r  (LHVC) i s  
l oca ted  i n  t h e  eas te rn  end o f  t he  Mexican 
Neovolcanic Be l t ,  20 km n o r t h u e s t  o f  Perote, 
Veracrur. M i l d  f umaro l i c  a c t i v i t y  sparked 
i n t e r e s t  i n  the  geothermal p o t e n t i a l  o f  t he  
area i n  the  mid-1960’s. Prel imSnary g e o l o g i c a l  
and geophysica l  reconaissance surveys 
(Mooserr1964; Perez,1971; Alvarez,l978) l e d  
Mexico‘s Cornisitin Federal de E l e c t r i c i d a d  t o  
undertake an ex tens i ve  e x p l o r a t i o n  program 
t h a t  i nc luded  r e g i o n a l  geo log i c  mapping (YBaez 
and Casique,l980), d e t a i l e d  g e o l o g i c  mapping 
o f  t he  v o l c a n i c  cen te r  
YQnezrl98l),  r e s i s t i v i t y ,  s e l f - p o t e n t i a l ,  and 
aeromagnetic surveys (Pa lac ios  and 
Garcia, 1981). geochemical su rveys  
(Molina,1979), and e x p l o r a t i o n  d r i l l i n g  
(Rivera,l982; L6pezr1982e; Guti&rez,1982). 

This paper i n t e g r a t e s  some o f  t he  i n f o r m a t i o n  
c o l l e c t e d  d u r i n g  the  e x p l o r a t i o n  program, 

under the frameuork o f  d e t a i l e d  g e o l o g i c  
mapping, t o  p r o v i d e  p r e l i m i n a r y  d a t a  on t h e  
c h a r a c t e r i s t i c s  o f  t h e  geothermal r e s e r v o i r .  

REGIONAI. GEOLOGY &@ LOCAL “’BASEMEN”‘‘ 

The Quaternary Mexican Neovolcanic B e l t  i s  an 
i r r e g u l a r  b e l t  o f  l a r g e  a n d e s i t i c  
s t ra tovolcanoes,  cinder-cone f i e l d s ,  and a f e u  
s i l i c i c  centers, u h i c h  b i s e c t s  c e n t r a l  Mexico 
i n  an east-west d i r e c t i o n .  Molnar  and 
Sykes (1969) suggested t h a t  magmatism a long  
t h i s  b e l t  i s  r e l a t e d  t o  the subduc t ion  o f  t he  
Cocos P l a t e  be lou  Mexico a long  t h e  M i d d l e  
America Trench. LHVC i s  one o f  s e v e r a l  s i l i c i c  
cen te rs  l oca ted  i n  t h e  “back-arct8 p o r t i o n  o f  
t he  b e l t .  Tu0 o the r  o f  these s i l i c i c  centers ,  
Los Azufres and La Primavera (Mahood,l9$0), 
a l s o  hos t  s i g n i f i c a n t  geothermal systems. 

The l o c a l  basement o f  LHVC i s  formed by a 
Mesozoic sedimentary sequence and T e r t i a r y  
i n t r u s i o n s  and andesites. The Mesozoic r o c k s  
(Viniegra,1965; YBhez and Casiquerl9SO) can be 
d i v i d e d  i n  a T r i a s s i c  t o  M i d d l e  J u r a s s i c  
c l a s t i c  sequence. and a Middle J u r a s s i c  t o  
Upper Cretaceous sequence o f  m a r l s  and 
l imestones o f  i n f e r r e d  low p e r m e a b i l i t y .  

G E O L O G I C  HISTORY 

The o l d e s t  exposed rocks  a t  Los Humeros a r e  
dense p o r p h y r i t i c  t o  spa rse l y  p o r p h y r i t i c  
andesi te  and b a s a l t  f l o u s  o f  t h e  T e z i u t l e n  
Formation. K -Ar  age de te rm ina t ions  on these 
f l o w s  range from 3.5 2 0 . 3  t o  1.6 2 0.07 Ma. 
These f l o u s  crop o u t  i n  the  n o r t h e r n  p o r t i o n  
o f  LHVC, b u t  s i m i l a r  rock t ypes  have been 
found d u r i n g  d r i l l i n g  i n  i t s  c e n t r a l  and 
southern p o r t i o n s .  S i m i l a r  rock  f ragmen ts  a r e  
common i n  a l l  t he  younger p y r o c l a s t i c  units. 
Thus, these andes i te  and b a s a l t s  seem t o  have 
covered most o f  t he  area nou occupied by LHVC. 
Mapping o f  f l o u  d i r e c t i o n s ,  b r e c c i a  p ipes,  and 
f o s s i l  hydrothermal a l t e r a t i o n  zones i n d i c a t e s  
t h a t  t he  ven ts  f o r  these f l o u s  ue re  l o c a t e d  i n  
the  area nou occupied by  LHVC. This in fe rence  
i s  r e i n f o r c e d  by  an i nc rease  i n  t h e  th i ckness  
o f  t he  T e z i u t l g n  Format ion f rom 60 m i n  the  
no r the rn  ou tc rops  t o  more than  1000 m i n  a 
borehole d r i l l e d  i n  the  c e n t r a l  p o r t i o n  o f  
LHVC [H-4 i n  F i g u r e  1). I t  i s  i n  these dense 
and b r i t t l e  rocks  t h a t  f l u i d  p r o d u c t i o n  has 
been found d u r i n g  e x p l o r a t i o n  d r i l l i n g .  
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The onset o f  s i l i c i c  vo lcanism i s  marked by 
the  i n t r u s i o n  o f  t u o  h i g h - s i l i c a  r h y o l i t e  
domes, one o f  which has been K-Ar dated a t  
0.5 f 0 .03  Ma. L a t e r  e r u p t i o n  o f  t h e  180 km3 
r h y o l i t i c  (76% Si021 t o  r h y o d a c i t i c  (71% SiOt)  
XQlt ipan I g n i m b r i t e  l e d  t o  t h e  c o l l a p s e  o f  t he  
Los Humeros c a l d e r a  (LHC i n  F i g u r e  1). The 
r i m  of t h i s  21 by 15 km c a l d e r a  i s  covered by 
younger v o l c a n i c  rocks. so i t s  c o n f i g u r a t i o n  
has been determined by t h e  l o c a t i o n  o f  r i n g -  
f r a c t u r e  volcanism, as w e l l  as by topographic  
expression. Given the  volume o f  magma 
equ iva len t  t o  the  XQl t i pan  I g n i m b r i t e  
(e90 km3) and the  area o f  t he  ca ldera,  one can 
est imate , t h e  average amount o f  c o l l a p s e  as 
350 m. Nowhere i s  the  X B l t i p a n  I g n i m b r i t e  
exposed i n s i d e  the  10s Humeros ca ldera,  b u t  a 
200 m-thick moderate ly  welded i g n i m b r i t e  found 
a t  965 m depth i n  t h e  H-1 bo reho le  c o u l d  be 
i t 5  i n t r a c a l d e r a  equ iva len t .  

A f t e r  co l lapse,  seve ra l  h i g h - s i l i c a  r h y o l i t e  
domes were emplaced a long t h e  northwestern, 
northern, and southern ( ? I  p o r t i o n s  o f  t he  
i n f e r r e d  r i n g - f r a c t u r e  zone. T h e i r  emplacement 
wa5 fo l l owed  by t h e  e r u p t i o n  o f  more than 
2 km3 o f  r h y o d a c i t i c  (72-69% S i021  a i r - f a l l  
tuf fs.  

The e r u p t i o n  o f  t he  20 km3 r h y o d a c i t i c  
(70% Si021 t o  a n d e s i t i c  (59% Si021 Zaragoza 
I g n i m b r i t e  r e s u l t e d  i n  the f o r m a t i o n  o f  t he  
10-km-diameter Los P o t r e r o s  c a l d e r a  (LPC i n  
Figure 11, nested within the  o l d e r  Los Humeros 
caldera. I t s  e a s t e r n  and western topographic  
w a l l s  can s t i l l  be recognized i n  the f i e l d ,  
b u t  the n o r t h e r n  and southern p o r t i o n s  o f  t he  
ca ldera r i m  have been o b l i t e r a t e d  by younger 
r i n g - f r a c t u r e  volcanism. A m i n i m u m  o f  200 m o f  
c o l  1 apse has been es t ima ted  from 
r e c o n s t r u c t i o n  o f  p reca lde ra  topography. 
O u t f l o u  sheets  o f  t h e  Zaragoza I g n i m b r i t e  
t i l t e d  up t o  12O, and pos tca lde ra  l a v a s  t h a t  
f l oued  r a d i a l l y  away from Los P o t r e r o s  
caldera, i n d i c a t e  doming o f  t he  c a l d e r a  and 
i t s  surroundings s h o r t l y  a f t e r  co l l apse .  

Although s t r a t i g r a p h i c  r e l a t i o n s  a re  unc lear ,  
i t  seems t h a t  a f t e r  co l l apse  a small  b a s a l t i c  
and a n d e s i t i c  v o l c a n i c  e d i f i c e  occupied the 
c e n t r a l  p o r t i o n  o f  the Los Po t re ros  ca lde ra .  
This e d i f i c e  was l a t e r  i n t r u d e d  by a b i o t i t e  
rhyodac i te  dome. 

A f t e r  t he  emplacement o f  t he  Zaragoza 
I g n i m b r i t e  an a r c  o f  b a s a l t i c  andes i te  s c o r i a  
cones developed a long  the southern r i n g -  
f r a c t u r e  zone o f  t he  10s Humeros c a l d e r a  
(F igure 1). The c i n d e r  cones f e d  approx imate ly  
4 km3 o f  b a s a l t i c  andes i te  (56-59% Si02) l a v a  
t h a t  f lowed sou th  o f  LHVC. S i m i l a r  l avas  
erupted f rom two smal l  s h i e l d  volcanoes 
loca ted  between the  eas te rn  and n o r t h e a s t e r n  
r ims o f  t he  two nested ca lderas.  The lavas  
from these volcanoes, which f lowed r a d i a l l y  
away from t h e  L o t  Po t re ros  caldera, have a 
t o t a l  volume o f  e2 km3. 

-20- 

- 
A c t i v i t y  con t inued  wi th  the  e r u p t i o n  o f  10 km3 
of d a c i t i c  (68-69% S i02 )  f l o w s  from cen te rs  
l oca ted  a long t h e  nor thern,  eastern, and 
southern p o r t i o n s  o f  t he  r i n g - f r a c t u r e  zone o f  
t he  Los P o t r e r o s  ca ldera.  The simultaneous 
ven t ing  o f  d a c i t i c  and a n d e s i t i c  tephra. 
approximately coeval wi th the  e r u p t i o n  o f  t he  
e a r l i e s t  d a c i t e  f lows, l e d  t o  the  c o l l a p s e  o f  
t h e  1.7-kin-diameter E l  Xalapazco ca lde ra  a long 
t h e  south-southeastern r i n g - f r a c t u r e  zone o f  
the Los Po t re ros  ca ldera.  This e r u p t i o n  was 
f o l l o u e d  by minor  fault-bounded u p l i f t  o f  t he  
southeastern quadrant o f  t he  Los Po t re ros  
caldera, perhaps due t o  upward movement o f  
magma. 

The f i n a l  s tage o f  v o l c a n i c  a c t i v i t y  a t  LHVC 
i s  represented by the  e r u p t i o n  o f  o l i v i n e  
b a s a l t s  (49% Si021 on the  f l o o r  o f  t he  Los 
Potreros and E l  Xalapazco ca lderas.  and a long 
the southuestern r i n g - f r a c t u r e  zone o f  the 10s 
Humeros ca ldera.  The t o t a l  volume represented 
by these b a s a l t s  i s  "0.25 km3. 

The apparent e r r a t i c  composi t ion o f  t he  
products  o f  LHVC appears t o  rep resen t  t a p p i n g  
o f  d i f f e r e n t  l e v e l s  o f  a magma chamber t h a t  
was zoned from r h y o l i t e  t o  b a s a l t i c  andes i te  
i n  composition, and probably  underp la ted  by 
o l i v i n e  basa l t s .  This tapp ing  o f  d i f f e r e n t  
l e v e l s  would be p o s s i b l e  o n l y  because o f  t he  
ex is tence o f  two nes ted  c o l l a p s e  s t r u c t u r e s  o f  
s i g n i f i c a n t l y  d i f f e r e n t  s ize,  the r i n g -  
f r a c t u r e  zone o f  t he  l a r g e r  s t r u c t u r e  t a p p i n g  
deeper l e v e l s  o f  t h e  magma chamber t h a n  t h a t  
of t he  sma l le r  s t r u c t u r e .  Perhaps more 
r e l e v a n t  f o r  t h e  development o f  t he  geothermal 
system i s  t h a t :  ( 1 )  t h e  mere e x i s t e n c e  o f  t h e  
co l l apse  s t r u c t u r e s  suggests t h a t  t h e  magma 
chamber was lodged a t  a sha l l ow  depth, (2)  t he  
volume o f  the e r u p t i v e  p roduc ts  i n d i c a t e s  t h a t  
the magma chamber was a voluminous one, ( 3 )  
the l ong  magmatic h i s t o r y  i m p l i e s  a pro longued 
p e r i o d  o f  hea t ing  o f  t he  r o c k s  t h a t  hos ted  the  
magma chamber, ( 4 )  t he  r i n g - f r a c t u r e  zones o f  
bo th  ca lderas have p e r s i s t e d  as zones o f  
s t r u c t u r a l  weakness o r  d i s c o n t i n u i t y  f o r  an 
extended p e r i o d  o f  t ime, thus  p r o v i d i n g  
favourable s t r u c t u r a l  c o n d i t i o n s  f o r  * t he  
development o f  a hydrothermal  system. 

GEOPHYSICAL 

Aeromagnetic surveys o f  t he  area ( F l o r e s  e t  
a1.,1978; J. Ruiz  i n  Pa lac ios  and Garcfa.1981) 
show a change i n  p o l a r i t y  a long  t h e  sou the rn  
r i n g - f r a c t u r e  zone o f  t he  Los Humeros ca ldera.  
and a major b i p o l a r  anomaly on the  
no r theas te rn  quadrant  o f  t h e  Los P o t r e r o s  
caldera. The cen te r  o f  t h i s  b i p o l a r  anomaly 
corresponds wi th a smal l  g r a v i t y  h i g h  (Plena 
and Gonzalez,1978) and, f rom what i s  known 
about the geology o f  LHVC, c o u l d  correspond t o  
a swarm o f  b a s a l t i c  dikes, t o  the  t h i c k  
c e n t r a l  p o r t i o n  o f  t h e  e r u p t i v e  c e n t e r ( s 1  t h a t  
fed the T e z i u t l s n  andesites, o r  t o  an 
i n t r a c a l d e r a  i n t r u s i o n .  
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The LHVC corresponds u i t h  a broad n e g a t i v e  l o u  
i n  the  res idua l  anomaly g r a v i t y  map o f  Mena 
and Gonzl lez (19781, u h i c h  they model led as  a 
i 1-km-thick accumulat ion o f  m a t e r i a l  w i th  an 
average dens i t y  , o f  2.35 g/cm3 and a d e n s i t y  
c o n t r a s t  o f  0.32'g/cm3 u i t h  r e s p e c t  t o  the  
surrounding rocks. An  average t h i c k n e s s  o f  
1 km f o r  l ou -dens i t y  i n t r a c a l d e r a  d e p o s i t s  i s  
n o t  unreasonable i n  t h e  l i g h t  o f  t h e  r e s u l t s  
o f  boreholes H-1 and H-4 (F igu re  11, i n  u h i c h  
the  dense Tez iu t lPn  andes i tes  uere c u t  a t  
depths o f  1155 m and 874 m r e s p e c t i v e l y .  Other 
negat ive anomalies around LHVC a r e  a t t r i b u t e d  
t o  t h i c k  accumulations o f  t h e  o u t f l o u  sheets  
o f  the X a l t i p a n  I g n i m b r i t e .  

Palac ios and Garcta (1981) r e p o r t e d  the  
r e s u l t s  o f  184 Schlumberger v e r t i c a l  e l e c t r i c  
soundings u i t h  maximum e l e c t r o d e  spacings 
(AB/2) o f  2 km, and 32 soundings u i t h  maximum 
spacings o f  4 km. The i r  r e s u l t s  have been 
used t o  c o n s t r u c t  t he  s i m p l i f i e d  i s o p l e t h  map 
o f  apparent r e s i s t i v i t i e s ,  f o r  an AB/2 spacing 
o f  1 km, shoun i n  F igu re  2; t he  major 
s t r u c t u r a l  f ea tu res  d e f i n e d  by geo log ic  
mapping are a l s o  shoun as heavy l i n e s  and 
dots. A zone o f  l o u  r e s i s t i v i t y ,  d e l i n e a t e d  
by the 20 ohm-in contour, occupies the  c e n t r a l  
p o r t i o n  o f  the Los Po t re ros  ca ldera;  the 
general shape o f  t he  l o u  seems t o  be 
c o n t r o l l e d  by f a u l t  f - 1  and by  the  
nor thuestuard p r o j e c t i o n  o f  f a u l t  f-2. F a u l t  
c o n t r o l  i n  the  c e n t r a l  p o r t i o n  o f  t h e  Los 
Potreros ca lde ra  seems t o  be b e t t e r  expressed 
by t h e  50 ohm-m contour, spu rs  o f  u h i c h  a re  
a l i gned  along f a u l t s  f -2  and f-3; houever, t he  
major southern spur o f  th is  con tou r  does n o t  
correspond t o  any mappable f a u l t  o r  f r a c t u r e  
zone. Apparent r e s i s t i v i t i e s  i nc rease  
a b r u p t l y  touard the r i m  o f  t he  L o t  P o t r e r o s  
caldera, except a t  t he  southern c a l d e r a  r i m  
and a long a na r rou  "channel" through the  
nor thwestern r i m .  Thus, t h e  Los P o t r e r o s  r i n g -  
f r a c t u r e  zone seems t o  c o n s t i t u t e  an 
impermeable b a r r i e r  t h a t  p a r t i a l l y  bounds the  
geothermal system. except f o r  t h e  southuard 
and no r thues te rn  "openings", uh ich,  as 
discussed belou, may rep resen t  zones o f  
meteor ic  u a t e r  i n f l u x  i n t o  t h e  system. 
S t r u c t u r a l  c o n t r o l  by i n t r a c a l d e r a  f a u l t s  can 
s t i l l  be recognized i n  apparent r e s i s t i v i t y  
maps u i t h  AB12 o f  1.5 and 2 km (Pa lac ios  and 
Garcfa,l981) but, i n  a d d i t i o n ,  t he  sou the rn  
r i n g - f r a c t u r e  zone o f  t h e  Los P o t r e r o s  c a l d e r a  
seems t o  become a major  c o n t r o l l i n g  s t r u c t u r e .  

BOREHOLF DATA 

Three boreholes have been completed i n  the  
area (F igure 1). The d a t a  ob ta ined  d u r i n g  
d r i l l i n g  have been r e p o r t e d  by G u t i e r r e z  
(1982). Ldpez (l982ar1982b), and R ive ra  
( 1982a). 

The f i r s t  e x p l o r a t o r y  borehole, H-1 i n  
F igu re  1, uas s i t e d  near the  i n t e r s e c t i o n  o f  
f a u l t s  f -1  and f-2. I n  i t s  1458 m i t  c u t  700 m 
o f  i n t r a c a l d e r a  l aves  and tu f fs ,  265 m o f  

l i t h i c  t u f f  t h a t  may c o r r e l a t e  u i t h  t h e  upper 
Zaragoza Ign imbr i t e ,  190 m o f  XB l t i pan  
Ign imbr i t e ,  and 303 m o f  T e z i u t l e n  andesites. 
Tuo permeable zones, found a t  1250 m and 
1400 m depth, p robab ly  rep resen t  the  doun-hole 
i n t e r s e c t i o n s  o f  f a u l t s  f-1. and f-2. Maximum - 
temperatures of 270° t o  276O C uere measured 
a t  the depth of t he  lower permeable zone 
d u r i n g  i n i t i a l  p r o d u c t i o n  t e s t s  i n  
September.1981 (L6pez,1982a). 

The H-1 u e l l  i s  c u r r e n t l y  producing a 
200 tonne/hr steam-uater m i x t u r e  a t  a ue l l head  
pressure o f  14 kg/cmz and u i t h  an enthalpy o f  
300 kcal/kg. One a n a l y s i s  o f  b r i n e  c o l l e c t e d  
a t  atmospheric pressure (L6pezr1982a) shous, 
i n  ppm, Na(I)=265, K(I1=31, L i ( I )=5 ,  
Cat XI )=1.9, Mg(I I )=O. 2, B=195, NHb=7. 

SO, ( I I ) = l 1 5 ,  SiOz=480, and pHz8.5. 
Incondensable gases c o l l e c t e d  a t  t he  ue l l head  
form 0.53: by volume o f  t he  steam phase; t h e i r  
a n a l y s i s  (Lbpez,1982a) shous. i n  mole 3:, 
C02=87.1, HzS=0.03. Hz=0.03, and CHt,=0.4. 

Borehole H-2 i s  l oca ted  near, b u t  on the  
outs ide,  o f  the i n f e r r e d  r i m  o f  t he  Los 
Po t re ros  ca ldera.  According t o  G u t i e r r e z  
(19821, i n  i t s  2301 m i t  c u t  495 m o f  
pos tca lde ra  l aves  and tu f fs .  245 m o f  
i gn imbr i t e ,  400 m o f  T e z i u t l a n  andesites, and 
1161 m o f  Mesozoic mar ls .  A l though bot tom 
temperatures as high as 280° C uere recorded 
no permeable zones were found i n  th i s  
borehole. 

F(1)=0.4, C I ( I ) = l O O ,  HC03(1)=270. CO3(11)=120r 

Borehole H-4 i s  l o c a t e d  near t h e  n o r t h e r n  end 
o f  f a u l t  f-1, on t h e  doun-thrown s i d e  o f  t he  
f a u l t .  According t o  R ive ra  (1982b1, i n  i t s  
1880 m the borefiole c u t  108 m o f  p o s t c a l d e r a  
t u f f s ,  766 m o f  i g n i m b r i t e  (uh i ch  may 
represent  the aggregate th i ckness  o f  t he  
XB l t i pan  and Zaragoza i g n i m b r i t e s ) ,  and 1006 m 
o f  T e z i u t l a n  andesites. Because severa l  
i n t e r v a l s  o f  c i r c u l a t i o n  l o s s  uere found a t  
depths g rea te r  t han  1000 m. p r o d u c t i o n  cas ing  
uas i n s t a l l e d  between 1100 m and 1880 m depth. 
A bottom temperature o f  299O C uas recorded 
p r i o r  t o  the  s t a r t  o f  p r o d u c t i o n  tests. The 
u e l l  began producing d r y  steam a t  a pressure 
o f  116 kg/cmz by September,l982; pressure soon 
s t a b i l i z e d  a t  17 kg/cmZ and t h e  d r y  steam f l o u  
r a t e  s t a b i l i z e d  a t  160 tonne lh r .  A f t e r  a 
s h o r t  per iod,  houever, pressure and f l o u  r a t e  
began d e c l i n i n g  aga in  and, by mid- 
November,1982, had va lues  o f  4.6 kg/cmz and 
47 tonne/hr r e s p e c t i v e l y  (L6pezr1982b). The 
f i e l d  ope ra to rs  have a t t r i b u t e d  t h i s  d e c l i n e  
t o  p lugg ing  o f  t h e  u e l l  d u r i n g  p r o d u c t i o n  
t e s t s .  

Incondensable gases, analyzed d u r i n g  t h e  s tage 
o f  s t a b l e  pressure, formed 2.9% by volume o f  
the steam. T h e i r  ana lys  s (L6pez,1982b) shous, 
i n  mole 3:, C02=78.5 HzSZ9.4, Hz=11.9, 
CHb=0.04, and Nz=0.15. 
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prscuss1oy 

The p r e l i m i n a r y  geophysica l  and d r i l l i n g  d a t a  
can be i n t e r p r e t e d  i n  l i g h t  o f  t h e  d e t a i l e d  
geo log ic  study ( F e r r i z  and Mahood,in prep. )  t o  
est imate some o f  t h e  parameters needed i n  
r e s e r v o i r  engineer ing.  namely t h e  boundar ies 
o f  t he  system; t h e  l o c a t i o n ,  nature,  and 
e x t e n t  o f  t he  major  p e r m e a b i l i t y  c o n t r o l s ;  and 
the p o t e n t i a l  u a t e r  i n f l u x  i n t o  the  system. 
These parameters u i l l  suppor t  and complement 
those ob ta ined  through t r a n s i e n t  p ressu re  
analyses once more boreholes a r e  d r i l l e d .  I n  
the meantime they may prove u s e f u l  i n  s i t i n g  
e x p l o r a t i o n  boreholes. 

I t  has a l ready  been suggested t h a t  t h e  system 
i s  bounded l a t e r a l l y  by the r i n g - f r a c t u r e  zone 
o f  the L o s  Pot re ros  ca ldera.  O f  t h e  major  
units found i n s i d e  the  c a l d e r a  o n l y  the  
XS l t i pan  and Zaragoza i g n i m b r i t e s  c o u l d  be 
expected t o  have s i g n i f i c a n t  p r imary  
p e r m e a b i l i t i e s .  However, p r o d u c t i o n  zones i n  
w e l l s  H-1 and H-4 a r e  u i t h in  t h e  v e r y  dense 
Tez iu t lPn  andesites, suggest ing t h a t  t h e  ho t -  
u a t e r  a q u i f e r  i s  c o n f i n e d  t o  s t e e p l y  d i p p i n g  
zones o f  secondary p e r m e a b i l i t y  such as f a u l t  
f-1. A l though mapped f a u l t s  c u t  b o t h  andes i tes  
and ign imbr i t es ,  open f r a c t u r e s  would be more 
l i k e l y  t o  pe rs i s t  i n  the  b r i t t l e  andes i tes  
than i n  the  moderate ly  c o n s o l i d a t e d  o v e r l y i n g  
i gn imbr i t es .  I n  a d d i t i o n ,  hydrothermal  
a l t e r a t i o n  u i l l  t end  t o  reduce t h e  p r i m a r y  
p e r m e a b i l i t y  o f  t he  i g n i m b r i t e s ,  which would 
then operate as a semi-impermeable cap f o r  t he  
r e s e r v o i r .  The - r e s t r i c t i o n  o f  m i l d  f u m a r o l i c  
a c t i v i t y  t o  the  t r a c e  o f  f a u l t  f - 1  i m p l i e s  the  
ex is tence o f  such a cap. I n  summary, t he  
geothermal system seems t o  be hos ted  by the  
e s s e n t i a l l y  homogeneous T e z i u t l 5 n  andesites, 
and capped by impermeable i n t r a c a l d e r a  
i g n i m b r i t e ,  u i th in  the  Los Po t re ros  ca ldera.  

The r e s i s t i v i t y  surveys (F igure 21, and the 
r e s u l t s  ob ta ined  from u e i ) s  H-1 and H-4. 
suggest t h a t  permeable zones a re  c o n t r o l l e d  by 
t h e  f a u l t s  t h a t  bound the  u p l i f t e d  
southeastern quadrant o f  the L o s  P o t r e r o s  
ca lde ra  ( f a u l t s  f-1, f-2, and f -3 ) .  I f  t h i s  
u p l i f t  i s  indeed t h e  r e s u l t  o f  magma 
i n t r u s i o n ,  i t s  boundary f a u l t s  would n o t  be 
expected t o  propagate beyond the  i n f e r r e d  r i m  
o f  the L o s  Pot re ros  ca ldera.  as has been 
conf i rmed by geo log ic  mapping. The \ o c a t i o n  o f '  
a t  l e a s t  a group o f  permeable zones seems thus 
t o  be w e l l  const ra ined.  Houever, spu rs  i n  the  
contours o f  t he  apparent r e s i s t i v i t y  maps 
(F igure 2 and Pa lac ios  and Garcfa,1981) 
suggest f r a c t u r e  c o n t r o l  i n  areas u i t h i n  the  
L o s  Pot re ros  c a l d e r a  i n  u h i c h  no evidence o f  
such f r a c t u r e  zones can be found i h  t h e  
sur face.  To c o n f i r m  the  ex i s tence  o f  such 
zones, and t o  c h a r a c t e r i z e  them, i s  one o f  t h e  
tasks  faced by t h e  f i e l d  operator .  These 
i n f e r r e d  f r a c t u r e s  a re  perhaps r e l a t e d  t o  the  
r e g i o n a l  doming experienced by the  L o s  
Pot re ros  c a l d e r a  s h o r t l y  a f t e r  i t s  co l l apse ,  
and thus  would have been formed much e a r l i e r  

than the  f a u l t s  assoc iated u i t h  t h e  u p l i f t  o f  
t he  southeastern quadrant o f  t h e  ca lde ra .  
Tensional f a u l t i n g  and f r a c t u r i n g  r e l a t e d  t o  
someuhat s i m i l a r  doming has been documented i n  

( S m i t h  and o the r  c a l d e r a  systems 
Bailey.1968); t h e  f a u l t s  thus  formed a r e  
commonly p a r a l l e l  and do n o t  extend beyond the  
boundaries o f  t he  ca ldera.  

The apparent r e s i s t i v i t y  i s o p l e t h s  o f  F i g u r e  2 
suggest t h a t  t he re  c o u l d  be f l o u  o f  f l u i d  i n t o  
o r  outuards f r o m  the  geothermal system through 
the no r thues te rn  r i m  o f  t he  L o s  P o t r e r o s  
caldera; t he  i d e a  t h a t  f l o u  i s  i n t o  the  system 
i s  favoured due t o  the l a c k  o f  thermal 
i n d i c a t o r s  i n  the  n o r t h e r n  p o r t i o n  o f  LHVC. 
Pecu l i a r  r e g i o n a l  topographic  c o n d i t i o n s  cause 
p r e c i p i t a t i o n  i n  t he  n o r t h e r n  p o r t i o n  o f  LHVC 
i o  be more i n t e n s e  than i n  the  sou the rn  
p o r t i o n ;  an average o f  1200 and 600 m r l y r  

P r e c i p i t a t i o n  r e s p e c t i v e l y  (Reyes,1979). 
i n f i l t r a t e s  q u i c k l y  through the permeable 
unconsol idated and u n a l t e r e d  p y r o c l a s t i o  
deposits, b u t  n o t  so through the  u n f r a c t u r e d  
domes and l a v a  f l o u s .  Taking i n t o  account the  
d i s t r i b u t i o n  o f  impermeable l avas  shoun i n  
F igu re  1. and t h e  d i f f e r e n c e  i n  p r e c i p i t a t i o n  
i n t e n s i t y .  a l a r g e r  i n f i l t r a t i o n  r a t e  uou ld  be 
expected i n  the  n o r t h u e s t e r n  p o r t i o n  o f  LHVC. 
Assuming 50X e v a p o t r a n s p i r a t i o n  a p o t e n t i a l  
u a t e r  i n f l u x  o f  l o 7  m 3 / y r  might  be expected 
from the area enclosed by  t h e  nor thwest  r i n g -  
f r a c t u r e  zones o f  b o t h  ca lde ras  i n t o  the  Los 
Po t re ros  ca ldera.  

Another p o t e n t i a l  source o f  water i n f l u x  i s  
grounduater from the  c losed  b a s i n  t h a t  extends 
south o f  LHVC, which #forms i t s  n o r t h e r n  
boundary. The b a s i n  has an area o f  
approx imate ly  5250 km. and an average annual 
p r e c i p i t a t i o n  o f  620 mm; 40% o f  t he  
p r e c i p i t a t i o n  i n f i l t r a t e s  t o  l a t e r  move 
outuards from the  b a s i n  t o  the  n o r t h  
(Reyes,1979). uhere t h e  grounduaters  c o u l d  be 
i n t e r c e p t e d  by t h e  plumbing system o f  t he  
vo l can ic  cen te r .  Water i n f l u x  would e x p l a i n  
the  "opening" i n  the  r e s i s t i v i t y  con tou rs  
south o f  t he  Los P o t r e r o s  c a l d e r a  (F igu re  2). 
A I  t e r n a t i v e l y ,  such "opening" c o u l d  i n d i c a t e  
m i g r a t i o n  o f  f l u i d s  f rom the  geothermal system 
i n t o  the  h y d r o l o g i c  system o f  the c losed  
basin. 

-CONCLUSIONS 

1 c u r r e n t l y  see t h e  geothermal r e s e r v o i r  as a 
water-dominated system bounded by the Los 
Po t re ros  ca ldera,  hos ted  by  the  T e z i u t l h  
andesites, and capped by the  X a l t i p a n  
I g n i m b r i t e  and younger v o l c a n i c  uni ts.  
Permeable zones a r e  c o n t r o l l e d  by the  f a u l t  
zones t h a t  bound an i n t r a c a l d e r a  u p l i f t .  
A d d i t i o n a l  permeable zones a r e  perhaps 
p rov ided  by f r a c t u r e s  r e l a t e d  t o  pos t - co l l apse  
doming o f  t he  c a l d e r a  area; these f r a c t u r e s  
a re  n o t  expected t o  propagate beyond the r i m  
o f  the Los P o t r e r o s  ca lde ra .  The hea t  t h a t  i s  
now being tapped by t h e  geothermal f l u i d  uas 
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probably  d e r i v e d  f rom a c o m p o s i t i o n a l l y  zoned 
magma chamber t h a t  developed i n  a s h a l l o u  
l e v e l  o f  t h e  c r u s t  u i th in  t h e  l a s t  0.5 Ma. A 
p o t e n t i a l l y  l a r g e  i n f l u x  o f  u a t e r  i n t o  the  
system may be s t r u c t u r a l l y  c o n t r o l l e d  by 
p o r t i o n s  o f  t h e  r i n g - f r a c t u r e  zones o f  t he  Los 
Humeros and Los P o t r e r o s  ca lderas.  

The conclus ions ob ta ined  through geologic, 
geophysic, and h y d r o l o g i c  s t u d i e s  o f  th is  
center, coupled u i t h  the  development o f  t he  
rese rvo i r ,  s h a l l  be o f  i n t e r e s t  f o r  the 
e x p l o r a t i o n  and development o f  r e s e r v o i r s  
hosted by v o l c a n i c  c e n t e r s  i n  the  eas te rn  
Cascades. Centers such as t h e  Neuberry and 
Medicine Lake volcanoes have many s i m i l a r i t i e s  
u i t h  Los Humeros, such as s i m i l a r  t e c t o n i c  
environment, complex magmatic h i s t o r i e s ,  t he  
p o t e n t i a l  f o r  nested c o l l a p s e  s t r u c t u r e s  and 
post -co l lapse doming and f r a c t u r i n g ,  and 
p o t e n t i a l l y  h i g h  i n f l u x  o f  c o l d  u a t e r  i n t o  the  
sys terns. 
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