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ABSTRACT 
Meager Creek i s  perhaps t h e  most i n t e n s e l y  
explored geothermal system occu r r i ng  i n  t h e  
Cascade and G a r i b a l d i  Volcanic  Be l t s .  Th i s  
paper descr ibes t h e  r e s u l t s  o f  new l i t h -  
o l o g i c ,  pet rographic ,  X-ray, i s o t o p i c ,  and 
geochemical i n v e s t i g a t i o n s  o f  core and 
c u t t i n g s  from t h e  Meager Creek wel ls .  The 
data demonstrate t h a t  a l t e r a t i o n  re1 ated t o  
t h e  present geothermal system i s  superimposed 
on basement rocks which were metamorphosed 
and i n t r u d e d  by d i o r i t i c  s tocks p r i o r  t o  t h e  
onset o f  volcanism. The geothermal a l t e r a -  
t i o n  developed ma in l y  a f t e r  emplacement o f  
hypabyssal d ikes associated w i t h  Meager 
Mountain volcanism and i s  cha rac te r i zed  by 
m ine ra l  assemblages c o n s i s t i n g  p r i m a r i l y  o f  
sheet s i l i c a t e s ,  quartz, carbonate, hematite, 
i r o n  oxides, p y r i t e ,  and minor  epidote, 
potassium fe ldspar ,  a c t i n o l i t e  and b i o t i t e .  
P e r m e a b i l i t i e s  w i t h i n  t h e  upper p o r t i o n s  o f  
t h e  r e s e r v o i r  a re  low, r e f l e c t i n g  f i l l i n g  o f  
t h e  f r a c t u r e  systems by carbonate. Petro- 
g raph ic  observat ions suggest t h a t  sea l i ng  o f  
t h e  f r a c t u r e s  accompanied hydrothermal brec- 
c i a t i o n  and b o i l i n g  o f  t h e  f l u i d s .  

INTRODUCTION 
The Meager Creek geothermal f i e l d  i s  l oca ted  
approx imate ly  200 km n o r t h  o f  Vancouver i n  
the  rugged Coast Mountains o f  southwest B.C., 
Canada (Fig. 1). Geothermal i n v e s t i g a t i o n s  
a t  Meager Creek have been i n  progress s ince  
l a t e  1973. B.C. Hydro and Power A u t h o r i t y  
became i n v o l v e d  i n  1974 wi th a smal l -sca le 
diamond d r i  11 i ng p r o j e c t  designed t o  evaluate 
t h e  thermal c h a r a c t e r i s t i c s  o f  Meager Creek 
Hot Springs and the  surrounding area (Fig. 
1) .  Subsequent i n v e s t i g a t i o n s  i d e n t i f i e d  and 
l o c a l i z e d  a p o t e n t i a l  resource area on t h e  
southern f l a n k  o f  Meager Mountain, some 8 km 
upstream from t h e  main vent o f  t h e  spr ings.  

E x p l o r a t i o n  cu lminated w i t h  t h e  d r i l l i n g  o f  
three,  large-diameter, r o t a r y  ho les d u r i n g  
1980 t o  1982 (Fig. 1). These 3000-3500 m 
holes,  were d i r e c t i o n a l l y  d r i l l e d  t o  assess 
va r ious  t a r g e t s  i d e n t i f i e d  i n  e a r l i e r  
s tud ies.  The program r e s u l t e d  i n  one we l l ,  
MC-1, capable of long-term, susta ined steam 
product ion.  The o the r  two wel ls ,  a l though 
unable t o  produce steam spontaneously i n  

t h e i r  present  s ta te ,  have been i n v a l u a b l e  i n  
t h e  development o f  i n t e r p r e t i v e  models f o r  
t h e  geothermal r e s e r v o i r .  The deep w e l l s  
encountered temperatures ranging from 233OC 
i n  MC-3 t o  264°C i n  MC-2. 

T h i s  paper focuses p r i m a r i l y  on t h e  hydro- 
thermal a l t e r a t i o n  i n  t h e  upper p o r t i o n s  o f  
t h e  thermal system. Three o f  t h e  we l l s ,  M-7 
(max. temperature = 202OC; Fig. 2a), M-10 
(max. temperature = 161OC; F ig.  2b), and M-12 
(max. temperature = 48OC), have been s tud ied  
i n  d e t a i l  and p rov ide  an i l l u s t r a t i v e  cross 
s e c t i o n  of t h e  f i e l d .  Because t h e  w e l l s  were 
cont inuously  cored, t h e  paragenet ic  r e l a t i o n -  
sh ips  among t h e  a l t e r a t i o n  assemblages can be 
accu ra te l y  defined. I n  con t ras t ,  t h e  deep 
e x p l o r a t i o n  w e l l s  were cored on ly  i n f requen t -  
l y .  Petrographic  examination o f  t h e  c u t t i n g s  
and core from t h e  deep w e l l s  has now been 
conducted. These observat ions p rov ide  addi  - 
t i o n a l  i n s i g h t  i n t o  t h e  geology and e v o l u t i o n  
o f  t h e  thermal system. D e t a i l e d  X-ray and 
e l e c t r o n  microprobe analyses of t h e  c u t t i n g s  
have been performed, and i n t e r p r e t a t i o n  o f  
these analyses i s  i n  progress. 

GEOLOGY AND ROCK DESCRIPTIONS 
Meager Mountain i s  t h e  northernmost vo l  can0 
i n  t h e  Cascade and G a r i b a l d i  Volcanic  B e l t s  
(Souther, 1976). Th i s  P l iocene t o  Recent 
v o l c a n i c  e d i f i c e  r e s t s  ma in l y  on metamorphic 
and i n t r u s i v e  rocks o f  t h e  Coast Range Plu-  
t o n i c  Complex, which a l s o  hosts  t h e  geother- 
mal r e s e r v o i r  (Fig. 1). Loca l l y ,  t h e  base- 
ment rocks are i n t r u d e d  by d i kes  o f  t h e  Mount 
Meager Volcanic  Complex and by quartz-monzo- 
n i t e  which may be as young as l a t e  Miocene 
(Fairbank e t  a1 ., 1981). The most recent  
vo l can lc  a c t i v i t y  produced t h e  B r idge  R ive r  
Ash 2440 f 10 years B.P. from a vent on t h e  
n o r t h  s i d e  o f  Meager Mountain (Nasmith e t  
al., 1967). 

The basement rocks c o n s i s t  p r i m a r i l y  o f  
r e g i o n a l l y  metamorphosed quar t z  d i o r i t e  
cha rac te r i zed  by t h e  minera l  assemblage 
q u a r t z  + hornblende + ep ido te  + b i o t i t e  + 
andesine + opaques. P r o p y l i t i c  a l t e r a t i o n ,  
accompanied 1 n p l  aces by base-metal su l  f i des, 
preceded development o f  t h e  present  hydro- 
thermal system and i s  superimposed on t h e  
metamorphic assemblage. Th is  a l t e r a t i o n  
assemblage c o n s i s t s  o f  c h l o r i t e  + i l l i t e  + 
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m= Meager Creek Volcanic  Complex (Quaternary) ;  
Complex; -= f a u l t ;  = d r i l l  hole; C&= s p r i n g  

= Coast Range P l u t o n i c  

F igu re  1. General ized map ‘o f  t h e  Meager Creek geothermal f i e l d .  

ep ido te  + Fe-Ti oxides. Veins c o n t a i n i n g  
quar tz ,  ep idote,  potassium f e l d s p a r  and minor 
c a l c i t e  a r e  s p o r a d i c a l l y  present  and a l s o  
appear t o  be r e l a t e d  t o  t h i s  event. The 
metamorphic rocks also l o c a l l y  c a r r y  anda- 
l u s i t e ,  garnet  and tou rma l ine  adjacent  t o  t h e  
quar t z  monzonite i n t r u s i o n s .  
Quar t z  d i o r i t e  i n t r u s i v e  rocks, i n t e r s e c t e d  
below about 2500 m ( v e r t i c a l  depth) i n  MC-3 
and a t  depths g r e a t e r  t han  1600 m ( v e r t i c a l  
depth)  i n  MC-1, c o n s i s t  o f  a p o r p h y r i t i c  
phase c o n t a i n i n g  phenocrysts o f  p l a g i o c l a s e  
and b i o t i t e  and an equi granul  a r  phase charac- 
t e r i z e d  by hornblende. Both phases con ta in  
minor  amounts o f  potassium f e l d s p a r  and 
sphene. 
Dikes o f  t h e  Mount Meager Vo lcan ic  Complex 
range from s i l i c i c  t o  bas i c  i n  composit ion, 
b u t  i n te rmed ia te  composit ions predominate. 
The d i kes  t y p i c a l l y  c o n t a i n  sparse pheno- 
c r y s t s  o f  p lag ioc lase ,  and l e s s  commonly 
b i o t i t e ,  hornblende, pyroxene, or quar tz .  
Although t h e r e  are wide composi t ional  va r ia -  
t i o n s  among t h e  d i kes  even w i t h i n  i n d i v i d u a l  
we l l s ,  s p a t i a l l y  assoc iated d i k e s  d i s p l a y  
s im i  1 a r  a1 t e r a t i  on assemblages. Local l y  
i n t e n s e  a l t e r a t i o n  suggests t h a t  f r a c t u r e s  
associated w i t h  t h e  d i kes  have been impor tan t  
condu i t s  f o r  t h e  movement o f  thermal f l u i d s .  

HYDROTHERMAL ALTERATION 

As i n  most geothermal systems, t h e  d i s t r i -  
b u t i o n  o f  hydrothermal m ine ra l s  a t  Meager 
Creek ma in l y  r e f l e c t s  v a r i a t i o n s  i n  tempera- 
t u r e ,  p e r m e a b i l i t y  and f l u i d  chemist ry  
(Browne, 1978). However, i n  compl ex geol og i  c 
t e r r a i n s  cha rac te r i zed  by m u l t i p l e  thermal 
events it i s  o f ten  d i f f i c u l t  t o  ass ign any 
i n d i v i d u a l  m ine ra l  t o  a p a r t i c u l a r  thermal 
regime. A t  Meager Creek, hydrothermal mine- 
r a l s  o c c u r r i n g  i n  t h e  d i kes  o f  t h e  Mount 
Meager Volcanic  Complex can most c l e a r l y  be 
r e l a t e d  t o  t h e  present geothermal system. 

Hydrothermal m ine ra l s  i n  t h e  d i kes  i n c l u d e  
c lays,  i l l i t e ,  c h l o r i t e ,  p y r i t e ,  carbonate, 
quar tz ,  i r o n  oxides, and i n  t h e  deep p a r t s  o f  
t h e  system, potassium fe ldspar ,  ep idote,  
a c t i n o l i t e ,  and b i o t i t e .  These a l t e r a t i o n  
phases rep lace  t h e  pr imary m ine ra l s  and t h e  
m a t r i x  o f  t h e  d i kes  and a l s o  occur i n  veins. 
S i m i l a r  a l t e r a t i o n  assemblages are a l s o  wide- 
l y  d i s t r i b u t e d  throughout  t h e  p re -vo l can ic  
coun t ry  rocks. Petrographic  re1 a t i onsh ips ,  
however, suggest t h a t  some o f  these m ine ra l s  
must have formed p r i o r  t o  t h e  development of 
t h e  present  geothermal system. 
Sheet S i  1 i cates 
Sheet s i l i c a t e s  a re  t h e  most abundant a1 t e r a -  
t i o n  phases present  i n  t h e  d i kes  (F ig .  2). 
Smecti te i s  widespread; it occurs as t h e  o n l y  
secondary sheet s i l i c a t e  i n  t h e  d i kes  i n  M-12 
and i s  abundant i n  d i k e s  and c r y s t a l l i n e  
rocks above about 250 m i n  M-7 and a t  depths 
shal lower  than  360 rn i n  M-10. I n  M-7 and M- 
10 it fr associated w i t h  c h l o r i t e  and il- 
l i t e .  Small amounts p e r s i s t ,  however, t o  t h e  
bottom o f  bo th  M-7 and M-10. 
I n t e r s t r a t  i f  l e d  i 11 i te-smec t i t e  i s  assoc iated 
wi th  smecti te. X-ray d i f f rac tog rams  show 
t h a t  both a l l e v e r d i t e  and ka l kbe rg  o r d e r i n g  
a re  present. 
C h l o r i t e  and i l l i t e  t end  t o  d i s p l a y  s i m i l a r  
d i s t r i b u t i o n s .  C h l o r i t e  occurs as a rep lace-  
ment o f  b i o t i t e  and amphibole i n  t h e  c r y s t a l -  
l i n e  and d i k e  rocks, i n  veins, and as an 
a1 t e r a t  i on product o f  both p lag ioc lase  
phenocrysts and t h e  groundmass o f  t h e  dikes. 

I l l i t e  occurs as a f i ne -  t o  medium-grained 
rep1 acement o f  p l  a g i o c l  ase and as a f i n e -  
gra ined a l t e r a t i o n  product  i n  t h e  groundmass 
o f  t h e  dikes. I t s  assoc ia t i on  i n  M-12 w i t h  
c h l o r i t e  i n  samples o f  t h e  c r y s t a l l i n e  base- 
ment rocks, where d i kes  c a r r y  on l y  low-tem- 
pe ra tu re  a1 t e r a t i o n  minera ls ,  argues t h a t  
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F igu re  2a. D i s t r i b u t i o n  o f  a l t e r a t i o n  
minera ls ,  rock types and 
temperatures i n  d r i l l  ho le  M-7. 
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F i g u r e  2b. D i s t r i b u t i o n  o f  a l t e r a t i o n  
minera ls ,  rock types and 
temperatures i n  d r i l l  ho le  M-10. 

much o f  t h e  i l l i t e  and c h l o r i t e  i n  t h e  
basement rocks i s  pre-geothermal . 
Veins con ta in ing  b i o t i t e  cut., t h e  metamorphic 
rocks a t  a v e r t i c a l  depth o f  approx imate ly  
1950 m i n  MC-2. The b i o t i t e  occurs as small 
brown f l a k e s  associated w i t h  quar tz ,  p y r i t e ,  
c a l c - s i l i c a t e s ,  potassium fe ldspar  and ch lo-  
r i t e .  
Carbonate and S u l f a t e  Minera ls  

Carbonates a re  found throughout  t h e  a l t e r e d  
rocks. The dominant carbonate i s  c a l c i t e ,  

l o c a l l y  i r o n - r i c h ,  a l though minor amounts o f  
do lomi te a re  a1 so present. The carbonates 
occur as v e s i c l e  f i l l i n g s  i n  t h e  dikes, i n  
veins, and as a replacement o f  p l a g i o c l a s e  
and maf ic  m ine ra l s  i n  t h e  d ikes and 
c r y s t a l l i n e  rocks. 
Anhydr i te  and b a r i t e  a r e  found i n  t r a c e  
amounts i n  M-10 and MC-2. Anhydr i te  i s  
assoc iated w i t h  carbonate + quar t z  ve ins i n  
amph ibo l i t e  i n  M-10 and i n  c a v i t i e s  w i t h  
a c t i n o l i t e  i n  MC-2 (KRTA; unpublished repo r t ,  
1983). Traces o f  b a r i t e  have been found i n  
M-10 (620 m) where i t  occurs i n  ve ins 
con ta in ing  carbonate and minor  quar tz .  
Quar t  z 
Quar t z  i s  a common v e i n  minera l ,  o c c u r r i n g  
p r i m a r i l y  w i t h  c a l c i t e ,  c h l o r i t e  and p y r i t e ,  
a1 though potassium fe ldspar ,  a c t i n o l  i t e ,  
b a r i t e  and ep ido te  may a l s o  be present. The 
age r e l a t i o n s h i p s  between t h e  va r ious  ve ins 
are discussed more f u l l y  below. 
S i l i c a t e  M ine ra l s  
D ike  rocks c o n t a i n i n g  epidote, potassium 
fe ldspar ,  and a c t i n o l i t e ,  assoc iated w i t h  
qua r t z  and c h l o r i t e ,  occur  i n  a hydrothermal 
b recc ia  near t h e  " top "  o f  an a l t e r e d  zone 
extending f rom 1600 t o  2500 m ( v e r t i c a l  
depth) i n  MC-2. These m ine ra l s  occur  as 
a l t e r a t i o n  products  o f  t h e  pr imary phases i n  
t h e  d i k e  fragments and i n  t h e  m a t r i x  o f  t h e  
brecc ia.  W i th in  t h e  d i k e  fragments ep ido te  
and potassium f e l d s p a r  rep lace  p lag ioc lase ,  
whereas f i n e ,  a c i c u l a r  c r y s t a l s  o f  a c t i n o l i t e  
rep lace  hornblende. The b r e c c i a  i s  c u t  by 
ve ins con ta in ing  ep ido te  and potassium f e l d -  
spar. I n  p laces a c t i n o l i t e  i s  a l t e r e d  t o  
carbonate and c h l o r i t e .  A t  g rea te r  depths, 
a c t i n o l i t e - b e a r i n g  ve ins i n  t h e  metamorphic 
rocks a l s o  con ta in  minor  secondary b i o t i t e  
and p y r i t e .  
Oxide and S u l f i d e  M ine ra l s  
Hematite, magnet i te  and p y r i t e  have been 
found i n  both t h e  a l t e r e d  d i kes  and c r y s t a l -  
l i n e  coun t ry  rock. Hematite appears t o  be 
most abundant i n  t h e  upper p o r t i o n s  o f  t h e  
we l l s .  It occurs p r i m a r i l y  as disseminated 
f l a k e s  throughout t h e  rocks and i n  carbonate 
and carbonate + c h l o r i t e  veins, where i t  i s  
assoc iated w i t h  magnet i te  o r  p y r i t e  as an a l -  
t e r a t i o n  product. F rac tu res  f i l l e d  w i t h  hem- 
a t i t e  and c a l c i t e  a re  common i n  M-7 and M-10. 

Magnet i te  occurs as a pr imary minera l  i n  t h e  
d ikes,  as porphyroblasts ,  as an a l t e r a t i o n  
product  w i t h  c h l o r i t e  a f t e r  b i o t i t e  and as 
small  c r y s t a l s  i n  veins. 

P y r i t e  i s  t h e  on ly  s u l f i d e  minera l  i d e n t i f i e d  
by us i n  t h e  hypabyssal dikes, a l though P. 
Read (pers. comn.) has a l s o  repo r ted  t h e  
occurrence o f  s p h a l e r i t e  i n  one o f  t h e  d i kes  
from M-7. Quar tz ,  c h l o r i t e ,  and carbonate 
a re  t y p i c a l l y  assoc iated w i t h  p y r i t e  i n  t h e  
veins. Cha lcopy r i t e ,  s p h a l e r i t e ,  galena and 
molybdeni te  l o c a l l y  accompany p y r i t e  i n  t h e  
metamorphic rocks, b u t  t h e i r  d i s t r i b u t i o n  
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bears no apparent r e l a t i o n s h i p  t o  a l t e r a t i o n  
o f  geothermal age or t o  t h e  present  tempera- 
t u r e  d i s t r i b u t i o n s  i n  t h e  f i e l d  (Moore e t  
a1 ., 1983). 

VEIN DISTRIBUTIONS AND RELATIONSHIPS 

Four d i f f e r e n t  v e i n  se ts  r e l a t e d  t o  t h e  
geothermal system can be d i f f e r e n t i a t e d :  1 )  
carbonate and carbonate + quar t z  veins; 2) 
carbonate + c h l o r i t e  veins; 3) hydrothermal 
brecc ias;  and 4) v e i  ns con ta i  n i  ng po tass i  um 
fe ldspar  + c a l c - s i l i c a t e  m ine ra l s  f b i o t i t e .  
I n  general,  carbonate veins appear t o  be t h e  
youngest ve ins i n  t h e  f i e l d .  C rosscu t t i ng  
r e l a t i o n s h i p s  w i t h  a l l  o t h e r  v e i n  types have 
n o t  been found. However, carbonate ve ins  
t y p i c a l l y  crosscut  carbonate + c h l o r i t e  
veins, and along w i t h  r a r e  qua r t z  and quar t z  
+ carbonate veins, a re  t h e  o n l y  v e i n  types 
o c c u r r i n g  i n  t h e  d i kes  i n  M-7 and M-10. 
S i m i l a r  ve ins occur  i n  t h e  metamorphic 
basement rocks, p a r t i c u l a r l y  i n  t h e  upper 
p o r t i o n s  o f  these we l l s ,  and fragments o f  
carbonate ve ins were found t o  occur w ide ly  i n  
ch ips  a t  l e a s t  throughout  t h e  upper 1600 m 
( v e r t i c a l  depth) o f  t h e  deep wel ls .  I n  
con t ras t ,  carbonate ve ins are n o t  found i n  

Carbonate ve ins cha rac te r i zed  by c h l o r i t e  f 
quartz, i r o n  oxides, and p y r i t e  occur  a t  
depths as shal low as 40 m i n  K 7 .  Although 
these ve ins have o n l y  been found i n  samples 
o f  t h e  metamorphic basement rocks, t h e  v e i n  
m ine ra l s  a re  very s i m i l a r  t o  t h e  a l t e r a t i o n  
assemblages o f  t h e  dikes, suggesting a genet- 
i c  l i n k  between t h e  two. Desp i te  t h e i r  
s imple mineralogy, many o f  t h e  ve ins i n  t h i s  
group appear t o  have undergone a complex 
e v o l u t i o n  i n v o l v i n g  d e p o s i t i o n  o f  c h l o r i t e  + 
carbonate veins, b r e c c i a t i o n  o f  t h e  v e i n  and 
adjacent  coun t ry  rock, d e p o s i t i o n  o f  carbo- 
n a t e  f c h l o r i t e ,  quar tz ,  i r o n  ox ides and 
p y r i t e ,  or more r a r e l y ,  i l l i t e  i n  t h e  m a t r i x  
o f  t h e  brecc ia,  and f i n a l l y ,  d e p o s i t i o n  o f  
s imple carbonate veins. 
I n d i v i d u a l  ve ins and b recc ias  t y p i c a l l y  
d i s p l a y  complex c r o s s c u t t i n g  r e l a t i o n s h i p s  
wi th  each o t h e r  and o f t e n  a marked assymetry 
w i t h  t h e  v e i n  ax is .  I n  some, b r e c c i a t i o n  has 
been r e p e t i t i v e .  These r e l a t i o n s h i p s  suggest 
t h a t  v e i n  development proceeded through 
repeated f r a c t u r i n g  o f  sealed rock. 

Brecc ias up t o  severa l  meters t h i c k  a r e  
l o c a l l y  assoc iated w i t h  p o r p h y r i t i c  d i kes  o f  
t h e  Mount Meager vo l can ic  complex. The brec-  
c i a s  c o n t a i n  v a r i a b l y  rounded fragments o f  
d i k e  and metamorphic rocks i n  a groundmass 
t h a t  c o n s i s t s  ma in l y  o f  c o m u t e d  coun t ry  
rocks. I n  M-10, t h e  b r e c c i a  a t  620 m i s  
i n t r u d e d  by a dike. 
"Pipe-1 i ke" b recc ias  (hydrothermal b recc ias )  
have been recognized i n  many a c t i v e  and 
f o s s i l  geothermal systems and t h e i r  f o rma t ion  
i s  now genera l l y  ascr ibed t o  exp los i ve  
b o i  1 i ng t r i g g e r e d  by hydraul i c or t e c t o n i c  
f r a c t u r i n g  of sealed f r a c t u r e s  (see, f o r  

, d i kes  from M-12. 

example, Fourn ier ,  1983). A t  Meager Creek, 
t h e  c l o s e  a s s o c i a t i o n  between t h e  d i kes  and 
b recc ias  suggests t h a t  these d i kes  may have 
c o n t r i b u t e d  bo th  heat and v o l a t i l e s  t o  f l u i d s  
t rapped beneath t h e  sealed zones, a l l o w i n g  
pore pressures t o  become l a r g e  enough t o  
f r a c t u r e  t h e  enc los ing  rock. The r e s u l t i n g  
r u b b i l i z e d  zones (p ipes)  may have been impor- 
t a n t  channels connecting t h e  sha l l ow  p a r t s  o f  
t h e  thermal f i e l d  t o  high-temperature zones 
a t  depth. 
Both t h e  b recc ias  i n  M-10 a t  620 m and i n  MC- 
2 are  c u t  by veins. The ve ins  i n  M-10 
c o n s i s t  dominant ly  o f  c a l c i t e  w i t h  minor  
qua r t z  and b a r i t e .  I n  con t ras t ,  t h e  ve ins i n  
MC-2 c o n t a i n  ep ido te  and potassium fe ldspar .  
Veins con ta in ing  v a r i a b l e  q u a n t i t i e s  of 
quar tz ,  ep idote,  a c t i n o l i t e ,  p y r i t e ,  potas- 
sium fe ldspar ,  b i o t i t e  and c h l o r i t e  occur  
s p o r a d i c a l l y  i n  t h e  metamorphic rocks beneath 
t h e  b r e c c i a  i n  MC-2. T h e i r  s p a t i a l  assoc ia-  
t i o n  and s i m i l a r i t y  i n  hydrothermal m ine ra l -  
ogy wi th  t h e  b r e c c i a  suggest t h a t  t h e  two 
were formed by t h e  same thermal f l u i d s .  

TEMPERATURES DURING HYDROTHERMAL ALTERATION 
Temperatures d u r i n g  a l t e r a t i o n  were est imated 
from t h e  d i s t r i b u t i o n  and occurrence of a l -  
t e r a t i o n  minera ls ,  and t h e  i s o t o p i c  composi- 
t i o n s  o f  t h e  carbonate m ine ra l s  i n  t h e  a l t e r -  
ed rocks. Temperatures i n  M-1 and M-12 were 
a l s o  est imated by K e l l e y  and Blackwel l  (1984) 
u s i n g  f i s s i o n  t r a c k  techniques. T h e i r  da ta  
suggest t h a t  temperatures i n  t h e  sha l l ow  
p o r t i o n s  o f  these w e l l s  may have exceeded 
120° f 25OC b u t  were probably  no h o t t e r  t han  
200' f 25OC i n  t h e  past. 
Temperature Estimates from Mine ra log i ca l  Data 
Despi te  t h e  g e n e r a l l y  s p o t t y  occurrences of 
hydrothermal m ine ra l s  re1 ated t o  t h e  present  
geothermal system, these m ine ra l s  are s t rong-  
l y  zoned w i t h  respect  t o  t h e  present  tempera- 
t u r e  d i s t r i b u t i o n  i n  t h e  f i e l d .  Three d i s -  
t i n c t  hydrothermal a l t e r a t i o n  zones can be 
recognized. These inc lude :  1) a low-tem- 
pe ra tu re  zone cha rac te r i zed  by smec t i t e  f 
i n t e r l a y e r e d  i l l i t e - s m e c t i t e ,  2) an in terme- 
d i  ate-temperature zone cha rac te r i zed  by 
i l l i t e  and c h l o r i t e ,  and 3) a high-temper- 
a t u r e  zone c o n t a i n i n g  epidote,  a c t i n o l i t e ,  
potassium fe ldspar ,  and l o c a l l y  b i o t i t e .  As 
i n  many geothermal systems, t h e  boundary be- 
tween t h e  low- and in termediate- temperature 
zones i s  g rada t iona l  (Cole and Ravinsky, 
1984). The ove r lap  between these zones a t  
Meager Creek i s  c l e a r l y  l l l u s t r a t e d  by t h e  
d i s t r i b u t i o n  o f  sheet s i l i c a t e s  i n  M-7 and M- 
10. Smecti t e ,  i n t e r 1  ayered i 11 i te -smec t i t e ,  
i l l i t e  and c h l o r i t e  a re  a l l  present  i n  t h e  
a l t e r e d  d ikes o c c u r r i n g  a t  i n te rmed ia te  
l e v e l s  i n  these wel ls .  
M ine ra l  zoning p a t t e r n s  s i m i l a r  t o  Meager 
Creek have been mapped i n  many h igh  temper- 
a t u r e  geothermal f i e l d s  (K r i s tmannsdo t t i r ,  
1975; Browne, 1978; E lde rs  e t  a1 ., 1979; 
McDowell and Elders,  1980; Cathel ineau e t  
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al., 1983; B i r d  e t  a1 ., 1984). Despi te  wide 
v a r i a t i o n s  i n  rock and f l u i d  chemist ry  i n  
these systems, t h e  sheet s i l i c a t e s  appear t o  
be s t a b l e  o n l y  w i t h i n  a r e l a t i v e l y  narrow 
temperature range. I n  general,  smect i te  and 
i n t e r s t r a t i f i e d  ill i te-smec t i t e  may p e r s i s t  
t o  temperatures as h i g h  as 175 and 225"C, 
respec t i ve l y .  A t  temperatures above 220- 
225'C, i l l i t e  and c h l o r i t e  a re  t h e  t y p i c a l  
sheet s i l i c a t e s ,  a l though bo th  may form a t  
temperatures as low as about 150'C. The 
presence o f  i 11 i t e  and c h l o r i t e  suggests t h a t  
temperatures i n  t h e  upper p a r t s  o f  M-10 and 
M-7 cou ld  have been a t  l e a s t  l0O'C h ighe r  
than  t h e  present  temperatures. 

A c t i n o l i t e  and b i o t i t e  a re  found on ly  i n  
geothermal systems where temperatures exceed 
300'C. F l u i d  i n c l u s i o n  measurements on a 
qua r t z  v e i n  i n  vo l can ic  rocks c o n t a i n i n g  
secondary b i o t i t e  suggest t h a t  temperatures 
a t  Meager Creek were s u b s t a n t i a l l y  h ighe r  
(KRTA, unpublished data, 1983). These 
measurements i n d i c a t e  t h a t  temperatures ex- 
ceeded 400°C d u r i n g  hydrothermal a1 t e r a t i o n .  
Temperature Estimates from I s o t o p i c  Data 

Oxygen i s o t o p e  data were used t o  est imate t h e  
temperatures o f  c a l c i t e  d e p o s i t i o n  i n  t h e  
upper p o r t i o n  o f  t h e  thermal system. Cal- 
c i t e s  from w e l l s  M-7, M-10 and M-12 were 
i s o t o p i c a l l y  analyzed. E q u i l i b r i u m  temper- 
a tu res  were c a l c u l a t e d  from these data us ing  
t h r e e  i s o t o p i c a l l y  d f e r e n t  f l u i d s .  I n  t h e  
f i r s t  model, t h e  60" con ten t  o f  t h e  f l u i d  
was taken as -8.73 per  m i l .  Th i s  va lue i s  
t h e  composi t ion c a l c u l a t e d  f o r  t h e  f l u i d  d i s -  
charged from MC-1. The composit ion o f  t h e  
f l u i d  i n  t h e  second model, -1.25 per  m i l ,  was 
est imated f rom f l u i d  i n c l u s i o n  data on v e i n  
c a l c i t e  taken from M-7 a t  a depth o f  190 in. 
Homogenization temperatures obta ined on 4 
pr imary i n c l u s i o n s  y i e l d e d  an average temper- 
a t u r e  o f  184°C (S. Morrison, unpublished 
data) .  A 60 content  o f  -15 per  m i l  was used 
i n  t h e  t h i r d  model. T h i s  va lue i s  t h e  compo- 
s i t i o n  o f  t h e  thermal f l u i d s  discharged from 
Meager Creek Hot  Springs and t h e  sha l l ow  
w e l l s  (Clark  e t  a1 ., 1982). 
The c a l c u l a t e d  temperatures were compared 
w i t h  o t h e r  geo log i c  and m ine ra log i c  da ta  t o  
determine he most r e a l i s t i c  values. F l u i d s  
wi th a 60'' content  equal t o  water d ischarged 
from MC-1 (-8.73 per m i l )  ' p rov ided  t h e  m s t  
reasonable est imates f o r  samples with c a l c i t e  
ve ins c o n t a i n i n g  i r o n  ox ides b u t  l a c k i n g  
c h l o r i t e .  The c a l c u l a t e d  temperatures ranged 
from 104' t o  200°C and averaged 149'C. These 
temperatures a re  s i m i l a r  t o  the. present-day 
temperatures i n  t h e  wells. 
I s o t o p i c a l l  de r i ved  temperatures obta ined 
us ing  a doy8 value o f  -1.25 per m i l  y i e l d e d  
t h e  most reasonable est imates f o r  t h e  forma- 
t i o n  o f  c a l c i t e  + c h l o r i t e  veins. The c a l -  
c u l  a ted temperatures genera l l y  ranged f rom 
169' t o  261'C. a l though one va lue o f  144°C 
was ca l cu la ted .  These values are cons is ten t  
w i t h  t h e  190°C temperatures determined by 
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McOowell and E lde rs  (1980) f o r  t h e  lower  
l i m i t  o f  t h e  ca rbona te -ch lo r i t e  zone i n  t h e  
Sa l ton  Sea geothermal f i e l d .  

Dikes i n  M-12 are weakly a l t e r e d  and c o n t a i n  
v e s i c l e  f i l l i n g s  o f  c a l c i t e .  Temperatures 
based on t h e  i s o t o p i c  composit ion o f  MC-1 
range from 68 t o  84'C. The absence o f  sheet 
s i l i c a t e s  o t h e r  than m o n t m o r i l l o n i t e  i n  t h e  
d i kes  suppor ts  t h e  conc lus ion  t h a t  tempera- 
t u r e s  were below 150'C d u r i n g  carbonate 
deposi t ion.  

SUMMARY AND CONCLUSIONS 
Hydrothermal a l t e r a t i o n  a t  Meager Creek i s  
cha rac te r i zed  by r e l a t i v e l y  s imple m ine ra l  
assemblages t h a t  b e l i e  a complex thermal 
h i s t o r y .  A t  l e a s t  two d i s t i n c t  pe r iods  of 
hydrothermal a c t i v i t y  a re  represented by 
these minera l  assemblages. 
The e a r l i e s t  p e r i o d  o f  hydrothermal a l t e r a -  
t i o n  preceded t h e  vo l can ic  a c t i v i t y  and 
development o f  t h e  modern-day geothermal 
system. Hydrothermal assemblages re1 ated t o  
t h i s  phase o f  thermal a c t i v i t y  a re  character-  
i z e d  by i l l i t e ,  c h l o r i t e ,  ep ido te  and base 
metal s u l f i d e s .  
Hydrothermal f l u i d s  r e l a t e d  t o  t h e  geothermal 
system have deposi ted sheet S i l i c a t e s ,  car-  
bonate, quar tz ,  p y r i t e  and sparse potassium 
fe ldspar ,  c a l c - s i l i c a t e  m ine ra l s  and b i o t i t e  
i n  t h e  a l t e r e d  coun t ry  rocks and d ikes o f  t h e  
Meager Mountain vo l can ic  complex. The sheet 
s i l i c a t e s  are s t r o n g l y  zoned w i t h  respect  t o  
present-day temperatures. Smecti te and 
i n t e r l a y e r e d  i l l i t e - s m e c t i t e  occur predomi- 
n a n t l y  i n  t h e  c o o l e r  p o r t i o n s  o f  t h e  f i e l d  
where temperatures a re  below 160°C. A t  high- 
e r  temperatures, i l l l t e  and c h l o r i t e  predomi- 
nate. Secondary b i o t i t e  was found i n  a l t e r e d  
c r y s t a l l i n e  rock pene t ra ted  a t  a depth o f  
about 2200 m i n  t h e  h ighest - temperature we1 1 
d r i l l e d  t o  date. F l u i d  i n c l u s i o n  measure- 
ments suggest t h a t  temperatures d u r i n g  a l -  
t e r a t i o n  were g rea te r  than 400°C (KRTA; 
unpublished data). 
A l t e r a t i o n  r e l a t e d  t o  t h e  modern-day geo- 
thermal a c t i v i t y  f o l l owed  emplacement of 
hypabyssal d i k e s  o f  w ide l y  va ry ing  compos- 
i t i o n .  Exp los i ve  hydrothermal b r e c c i a t i o n  
accompanied emplacement o f  some d i  kes. I n  
t h e  upper 1OW m o f  t h e  thermal system, il- 
l i t e  and c h l o r i t e  formed i n  t h e  d ikes,  where- 
as veins o f  carbonate + c h l o r i t e  were depos- 
i t e d  i n  t h e  c r y s t a l l i n e  r e s e r v o i r  rocks by 
t h e  c i r c u l a t i n g  f l u i d s .  Loca l l y ,  a t  depths 
below 1600 m hydrothermal ve ins c o n t a i n i n g  
b i o t i t e ,  c a l c - s i 1  i c a t e  minera ls ,  potassium 
fe ldspar ,  quartz, p y r i t e  and c h l o r i t e  were 
deposi ted i n  t h e  a l t e r e d  rocks. B o i l i n g  o f  
t h e  thermal f l u i d s  and b r e c c i a t i o n  o f  t h e  
r e s e r v o i r  rocks occurred repeatedly  d u r i n g  
d e p o s i t i o n  of t h e  v e i n  minera ls .  

Ava i l ab le  f l u i d  i n c l u s i o n  and i so tope  data 
from a l t e r e d  rocks a t  depths above 1000 m 
i n d i c a t e  t h a t  t h e  f l u i d s  were weakly s a l i n e  
and t h a t  temperatures d u r i n g  t h i s  phase o f  



a c t i v i t y  t y p i c a l l y  ranged from 170 t o  
2 6 O O C .  The r e l a t i v e l y  h igh  temperatures t h a t  
must have p e r s i s t e d  du r ing  t h i s  phase of a l -  
t e r a t i o n  suggest t h a t  f l u i d  movement may have 
been d r i v e n  by repeated i n f l u x  o f  magma i n t o  
shal low p o r t i o n s  o f  t h e  thermal system. 

Subsequent geothermal a c t i v i t y  r e s u l t e d  i n  
t h e  fo rma t ion  o f  carbonate ve ins i n  both t h e  
d i  kes and c r y s t a l  1 i ne rese rvo i  r rocks. I n  
c o n t r a s t  t o  t h e  exp los i ve  a c t i v i t y  t h a t  ac- 
companied fo rma t ion  o f  carbonate + c h l o r i t e  
veins, d e p o s i t i o n  o f  t h e  carbonate occurred 
under r e l a t i v e l y  quiescent cond i t i ons .  A l -  
though t h e  temperatures d u r i n g  t h i s  phase o f  
a l t e r a t i o n  have n o t  been determined i r e c t l y ,  
temperatures est imated from t h e  60" con ten t  
o f  present day f l u i d s  and c a l c i t e  i n  t h e  a l -  
t e r e d  rocks suggest t h a t  t h e  f l u i d s  were no 
h o t t e r  than 200°C. 
C o l l e c t i v e l y ,  t h e  i s o t o p i c  and m ine ra log i ca l  
da ta  suggest t h a t  temperatures i n  t h e  geo- 
thermal system a t  Meager Creek have dec l i ned  
s ince  i t s  format ion,  i n  p a r t  as a r e s u l t  o f  
carbonate depos i t i on  i n  f r a c t u r e  zones t h a t  
served as f l u i d  channels. Temperatures dur-  
i n g  t h e  peak o f  a l t e r a t i o n  may have been 50- 
15OoC h i g h e r  than  t h e  p r e s e n t l y  observed 
temperature . 
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