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ABSTRACT 

The B i c o l  Peninsula i s  t h e  s e t t i n g  f o r  a cha in  o f  
a n d e s i t i c  v o l c a n i c  cen t res  r e l a t e d  t o  t h e  
subduct ion o f  t h e  P h i l i p p i n e  P l a t e  a long t h e  
P h i l i p p i n e s  t rench .  Two o f  these v o l c a n i c  cen t res  
a re  c u r r e n t l y  a c t i v e  and t h e r e  i s  evidence t h a t  a t  
l e a s t  f i v e  o f  them hos t  l a r g e  hydrothermal  
systems. The area was f i r s t  eva lua ted  by Dr G.W. 
G r i n d l e y  f o r  geothermal development i n .  1963-64 and 
c o n s t i t u t e s  a major  geothermal p rov ince  w i t h  330 
MW(e) a l ready  i n s t a l l e d  and a f u r t h e r  110 MW(e) 
under development. Volcanic cen t res  which a r e  
known t o  host  hydrothermal systems a r e  
geomorphical ly  complex w i t h  domes and c o l l a p s e  
fea tu res ,  and produce d i f f e r e n t i a t e d  rock types  
r e f l e c t i n g  t h e  presence o f  shal low subvolcanic 
magma chambers. I n  c o n t r a s t  s i m p l e  a n d e s i t i c  
s t ra tovo lcanoes  tend t o  produce p e r f e c t  cones, 
l i t t l e  v a r i a t i o n  i n  r o c k  c h e m i s t r y  and do  n o t  
appear t o  host  hydrothermal systems. 

LOCATION, REGIONAL TECTONICS AND GEOLOGY 

The B i c o l  Peninsula c o n s t i t u t e s  t h e  southern-most 
p a r t  o f  t h e  i s l a n d  o f  Luzon w i t h i n  t h e  P h i l i p p i n e  
a rch ipe lago  ( F i g u r e  1 ) .  A s l i g h t l y  a rcua te  cha in  
o f  a n d e s i t i c  v o l c a n i c  cen t res  runs  a long t h e  
peninsula.  For  t h e  purposes o f  t h i s  paper they 
a r e  r e f e r r e d  t o  as t h e  B i c o l  Volcanics,  a l though 
t h e  PBMG (1982) has d i v i d e d  them i n t o  a number o f  
separa te  format ions.  This v o l c a n i c  a r c  p a r a l l e l s  
t h e  P h i l i p p i n e  Trench 100 km t o  t h e  east .  I n  t h e  
southern h a l f  o f  t h e  cha in  a Wadat i- Beniof f  zone 
o f  earthquake hypocentres l i e s  approximately l O O k m  
below t h e  volcanoes (Acharya and Aggarwal 1980). 
This a c t i v i t y  i s  r e l a t e d  t o  t h e  westward 
subduct ion o f  t h e  P h i l i p p i n e  p l a t e  a long  t h e  
P h i l i p p i n e  t r e n c h  (Cardwell &e. 1980). 

The l a c k  o f  a Wadat i-Beniof f  zone i n  t h e  n o r t h e r n  
p a r t  o f  t h e  a r c  i s  r e l a t e d  t o  an o v e r a l l  change i n  
t h e  t e c t o n i c s  o f  t h e  P h i l i p p i n e  region.  
A c t i v i t y  a long t h e  Man i la  subduct ion zone t o  t h e  
wes t  o f  Luzon has ceased due t o  t h e  Palawan 
c o n t i n e n t a l  b lock  e n t e r i n g  t h e  subduct ion zone 
(Hami l ton 1981). T h i s  has r e s u l t e d  i n  a change o f  
p o l a r i t y  o f  s u b d u c t i o n  t o  t h e  e a s t e r n  s i d e  o f  
Luzon, mani fested by i n c i p i e n t  subduct ion o f  t h e  
Benham R i s e  ( L e w i s  and Hayes 1983) .  T h i s  has 
p r o d u c e d  a change i n  t h e  n a t u r e  o f  t h e  p l a t e  
boundary associated w i t h  t h e  n o r t h e r n  p a r t  o f  t h e  
P h i l i p p i n e  Trench, f rom a subduct ion zone t o  a 
t r a n s f o r m  f a u l t  (Hamburger a. 1983). Hence 
subduct ion has a l s o  ceased beneath t h e  n o r t h e r n  
B i c o l  Volcanics. 

Volcanic a c t i v i t y  i n  t h e  B i c o l  Peninsula 
assoc ia ted  w i t h  subduct ion a long t h e  P h i l i p p i n e  
t r e n c h  has taken p lace  s ince  l a t e  Miocene t imes  
(PBMG 1982). I n d i v i d u a l  v o l c a n i c  cen t res  s i t  on 
s u b s t a n t i a l  v o l c a n i c  p i l e s .  The basal p o r t i o n s  o f  
these p i l e s  a re  p robab ly  submarine and t h e  o l d e r  
v o l c a n i c  rocks may be i n t e r c a l a t e d  w i t h  e a r l y - t o  
middle-Miocene sediments depos i ted  i n  f o r e -  and 

back-arc basins. The u n d e r l y i n g  basement rocks 
c o n s i s t  o f  p r e- T e r t i a r y  s c h i s t s  and u l t r a m a f i c s  
i n t r u d e d  by upper- Ter t ia ry  d i o r i t e  and 
g r a n o d i o r i t e  (PBMG 1982). 

The major  s t r u c t u r a l  f e a t u r e  o f  t h e  area i s  t h e  
P h i l i p p i n e  f a u l t  ( A l l e n  1962) which l i e s  t o  t h e  
west o f  t h e  B i c o l  peninsula.  A number o f  second 
o r d e r  s h e a r s  r u n  o f f  t h e  P h i l i p p i n e  f a u l t  and 
d i v i d e  t h e  pen insu la  i n t o  a s e r i e s  o f  grabens and 
hors ts .  Th is  o v e r a l l  tens iona l  t e c t o n i c  regime i s  
a r e s u l t  o f  t h e  coupled r o t a t i o n  o f  t h e  area west 
o f  t h e  P h i l i p p i n e  t r e n c h  produced by t h e  p o r t i o n  
o f  t h e  nor thwest  v e c t o r  o f  movement o f  t h e  
P h i l i p p i n e  p l a t e  which i s  n o t  f u l l y  taken  up by 
subduct ion i n  a southwest d i r e c t i o n .  

A l o n g  t h e  w e s t e r n  p a r t  o f  t h e  p e n i n s u l a  i s  a 
s e r i e s  o f  f o l d  b e l t s ,  t h e  most prominent o f  which 
has been c a l l e d  t h e  Albay Syncline. This 
de fo rmat ion  appears t o  p reda te  volcanism and 
r e f l e c t s  an e a r l y  compressive t e c t o n i c  
environment. 

MAJOR TECTONIC FEATURES OF THE PHILIPPINES 
Fig 1 
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VOLCANIC CENTRES AND HYDROTHERMAL ACTIVITY 

Hydrothermal a c t i v i t y  on t h e  B i c o l  Pen insu la  was 
no ted  i n  t h e  e a r l i e s t  g e o l o g i c  r e p o r t s  (Becker 
1901). The f i r s t  i n v e n t o r y  o f  hydrothermal  
a c t i v i t y ,  w h i c h  i n c l u d e d  a r e v i e w  o f  r e g i o n a l  
vo lcanism, was made by G r i n d l e y  (1964) as a U n i t e d  
Nat ions  p r o j e c t .  He i d e n t i f i e d  t h e  T i w i  area as 
t h e  pr ime geothermal p rospec t  i n  t h e  region.  He 
a l s o  commented on r e l a t i v e  ages o f  t h e  v o l c a n i c  
cen t res  based on t h e  degree o f  d i s s e c t i o n .  Th is  
s e c t i o n  r e v i e w s  d a t a  on  each  o f  t h e  v o l c a n i c  
c e n t r e s  i n  t h e  B i c o l  chain,  and i s  f o l l o w e d  by a 
g e n e r a l i s e d  model summarising t h e  geology and 
assoc ia ted  thermal  f e a t u r e s  o f  t h e  v o l c a n i c  
cen t res .  Sources i n  a d d i t i o n  t o  G r i n d l e y  (1964) 
a r e  P e l a e z  ( 1 9 5 3 ) .  (PBM 1963) ,  W a r i n g  ( 1 9 6 5 ) .  
A lca raz  (1976) Newhall (1977). D i v i s  (1980) and 
PBMG (1982). 

The B i c o l  v o l c a n i c  c h a i n  can be d i v i d e d  i n t o  a 
s e r i e s  o f  recogn isab le  ma jo r  e r u p t i v e  cen t res .  
Going f rom n o r t h  t o  sou th  t h e y  are: M t  Labo, M t  
Co las i ,  M t  Isarog,  M t  I r i g a ,  Mt Malinao, M t  
Masaraga,  M t  Mayon, Pocdo l  Mts,  M t  Juban,  M t  
Bulasan and t h e  Gate Mts ( F i g u r e  2). The Pocdol 
and t h e  G a t e  Mts  e a c h  c o n s i s t  o f  a number o f  
s m a l l e r  c o a l e s c i n g  v o l c a n i c  c e n t r e s  r a t h e r  t h a n  
one c e n t r a l  e d i f i c e .  

C a l c - a l k a l i n e  andes i tes  a r e  t h e  predominant rock  
t y p e  o f  t h e  B i c o l  Volcanics,  a l t h o u g h  b a s a l t s  and 
b a s a l t i c  andes i tes  a r e  found a long  w i t h  d a c i t e s ,  
p a r t i c u l a r l y  as l a t e  s tage  domes. Rare r h y o l i t e s  
have  a l s o  been r e p o r t e d  o c c u r r i n g  a s  p e r l i t i c  
domes s o u t h  o f  Legazpi (Newhall  1977) and as an 
i g n i m b r i t e  i n  t h e  Gate Mts. ( D i v i s  1980). 

M t  Lab0 i s  an ear l y- to- mid- P le is tocene  compound 
volcano c o n s i s t i n g  o f  i n t e r l a y e r e d  a n d e s i t e  and 
d a c i t e  f l o w s  and p y r o c l a s t i c s .  The summit i s  a 
s teep c o n i c a l  p r o t r u s i o n  which overshadows a 
number o f  su r round ing  d a c i t i c  domes which a r e  i n  
t u r n  surrounded by e x t e n s i v e  p y r o c l a s t i c  f l o w  
depos i t s .  Thermal s p r i n g s  a r e  r e p o r t e d  t o  occur  
a t  t h r e e  separa te  l o c a l i t i e s  on t h e  lower  s lopes 
and areas o f  hydrothermal  a l t e r a t i o n  a r e  
assoc ia ted  wi th  ma jo r  f a u l t s  (PBMG 1982). To t h e  
n o r t h  o f  M t  Labo, eroded P l iocene  v o l c a n i c s  make 
up  M t  Bagacay; t h e y  conformably u n d e r l i e  t h e  Lab0 
Vol can i c s  . 
M t  Co las i  and an assoc ia ted  p l u g  dome, M t  Cone, 
l i e  t o  t h e  southeast  o f  M t  Lab0 and t h e  aprons o f  
v o l c a n i c  m a t e r i a l  o f  M t  Lab0 and M t  C o l a s i  
over lap .  Mt C o l a s i  appears t o  be more d i s s e c t e d  
and hence o l d e r  than M t  Lab0 b u t  younger t h a n  M t  
Bagacay. Warin s p r i n g s  a r e  found a t  low e l e v a t i o n s  
t o  t h e  southeast  o f  t h e  v o l c a n i c  centre.  

M t  I s a r o g  i s  a l a r g e  s t r a t o v o l c a n o  which i s  
regarded as hav ing  been dormant s i n c e  t h e  
P le is tocene .  It has a summit c a l d e r a  and c o n s i s t s  
o f  a sequence o f  hornblende a n d e s i t e  f l o w s  and 
p y r o c l a s t i c s  o f  P l i o c e n e  t o  P l e i s t o c e n e  age. A 
s o l f a t a r a  occurs  on t h e  upper e a s t e r n  s lopes o f  
t h e  mounta in i n  a canyon where steam ven ts  d e p o s i t  
smal l  amounts o f  su lphur .  Warm spr ings  occur  a t  
two separa te  l o c a l i t i e s  on i t s  f l a n k s .  

M t  I r i g a  i s  considered t o  be o l d e r  t h a n  M t  I sa rog ,  
p o s s i b l y  m i d d l e - t o- e a r l y  P l e i s t o c e n e  i n  age. 
A u g i t e  andes i tes  a r e  r e p o r t e d  t o  be t h e  
predominant rock t y p e  ( D i v i s  1980) w i t h  some small 
b a s a l t i c  c i n d e r  cones (Newhall  1977). There i s  a 
l a r g e  c o l l a p s e  f e a t u r e  on t h e  sou thern  s i d e  o f  
I r i g a  w h i c h  a p p e a r s  t o  be  a s e c t o r  c o l l a p s e ,  
r a t h e r  t h a n  a summit ca ldera .  

Mt Mal inao  i s  cons idered  t o  be l a t e  P l e i s t o c e n e  i n  
age, and was e r u p t e d  o n t o  a v o l c a n i c  p i l e  as o l d  
as l a t e  Miocene. The volcano has a l a r g e  breached 
summit c a l d e r a  i n  wh ich  a few resurgen t  domes a r e  
found. An e x t e n s i v e  l a h a r i c  f a n  extends f rom t h e  
breach down t o  t h e  sea. Impressive thermal  
fea tu res  i n c l u d i n g  b o i l i n g  sp r ings ,  fumaroles and 
l a r g e  s i n t e r  mounds, which a r e  o therw ise  r a r e  i n  
t h e  P h i l i p p i n e s ,  occur red  i n  t h e  coas ta l  lowlands.  
The area has been developed f o r  power (Horton e t  
a l .  1981) and c u r r e n t l y  produces 330 MW(e). Tl iF 
m e r m a l  f e a t u r e s  have subsequent ly  been a f f e c t e d  
by drawdown i n  t h e  f i e l d  which has a l s o  r e s u l t e d  
i n  a number o f  hydrothermal  e r u p t i o n s  ( G r i n d l e y  
1982). 

M t  Masaraga i s  considered t o  be o f  l a t e  
P l e i s t o c e n e  age; i t  forms a s i m p l e  t a p e r i n g  cone 
wi th  no summit c a l d e r a  o r  domes. 

M t  Mayon i s  an a c t i v e  volcano, l a s t  e r u p t i n g  i n  
September 1984 (Punongbayan c. 1986). P r i o r  
t o  t h i s  e r u p t i o n  M t  Mayon l a i d  c l a i m  t o  b e i n g  one 
o f  t h e  w o r l d ' s  most p e r f e c t  v o l c a n i c  cones. 
However repeated nuee ardentes d u r i n g  t h e  1984 
e r u p t i o n  e x c a v a t e d  a l a r g e  g u l l y  on  i t s  s o u t h  
e a s t e r n  s i d e .  Between m a j o r  e r u p t i o n s ,  s team 
r i s e s  f rom t h e  c r a t e r .  A h o t  s p r i n g  was a l s o  
r e p o r t e d  f rom t h e  e a s t e r n  base o f  t h e  mounta in i n  
1901 (Becker 1901), b u t  has n o t  been found s ince.  

The Pocdol Mts a r e  an area o f  coa lesc ing  v o l c a n i c  
c e n t r e s ,  none  o f  any g r e a t  s i z e .  A t  l e a s t  2 0  
i n d i v i d u a l  c e n t r e s  a r e  present ,  some w i t h  m u l t i p l e  
vents and ev idence o f  repeated episodes o f  
volcanism. Th is  has l e a d  t o  a jumble o f  small  
v o l c a n i c  peaks i n  v a r y i n g  stages o f  e ros ion .  
There a r e  no records  o f  h i s t o r i c  e r u p t i o n s  f rom 
t h e  area, b u t  t h e  youngest volcanoes have 
we1 1 - preserved vent  f e a t u r e s  and a r e  u n l  i k e l y  t o  
be o l d e r  t h a n  a few tens  o f  thousand years.  Most 
o f  t h e  volcanism has been a n d e s i t i c  and t h e  
l a n d f o r m s  d e v e l o p e d  a r e  t y p i c a l  o f  t h i s  t y p e ,  
though d a c i t e  domes a r e  a l s o  found. 

Numerous thermal  f e a t u r e s  occur  i n  t h e  Pocdol Mts. 
Those i n  t h e  c e n t r a l  h igh lands  a r e  m a i n l y  steam-or 
gas-heated, b u t  l a r g e  c h l o r i d e  s p r i n g s  occur  a long  
t h e  coas t  (Lawless fl. 1983). Spr ings w i t h  
mixed c h e m i s t r i e s  a r e  common. The Bacon-Manito 
geothermal f i e l d  i s  c u r r e n t l y  b e i n g  developed f o r  
an i n i t i a l  110 MW(e) e l e c t r i c a l  g e n e r a t i n g  
c a p a c i t y  by t h e  P h i l i p p i n e  N a t i o n a l  O i l  Company 
( T o l e n t i n o  et -a. 1985). 

M t  Juban i s  a s t r o n g l y  d i s s e c t e d  composite 
volcano. p o s s i b l y  o f  e a r l y  P le is tocene  age. 
Eros ion  has l a r g e l y  obscured o r i g i n a l  v o l c a n i c  
landforms b u t  no obvious c a l d e r a  f e a t u r e  i s  
present .  No thermal  f e a t u r e s  d i r e c t l y  assoc ia ted  
w i th  M t  Juban have been repor ted.  

M t  Bulusan i s  an a c t i v e  volcano w i t h  a w e l l  shaped 
cone and l a r g e  c r a t e r .  I t s  l a s t  e r u p t i o n  was i n  
1984. It occupies a l a r g e  ca ldera  approx imate ly  
15 km wide which shows as a d i s t i n c t  s e m i- c i r c u l a r  
f e a t u r e  on  LANDSAT images.  A p l u g  dome, M t  
Jormajan. a l s o  l i e s  w i t h i n  t h e  ca ldera ,  a long  w i t h  
s m a l l e r  d a c i t e  domes. A number o f  s t r o n g l y  a c t i v e  
s o l f a t a r a s  surround t h e  summit (Pelaez 1953) and 
h o t  s p r i n g s  occur  i n  t h e  low lands  sur round ing  t h e  
volcano. Except f o r  coas ta l  sp r ings ,  these  a r e  
a p p a r e n t l y  r e s t r i c t e d  t o  w i t h i n  t h e  caldera.  

A number o f  v o l c a n i c  cen t res  o l d e r  than  Bulusan 
b u t  younger than  Juban occur  o u t s i d e  o f  t h e  
ca ldera ;  l i t t l e  i n f o r m a t i o n  abou t .  them i s  
a v a i l a b l e .  

The G a t e  M t s  l i e  t o  t h e  s o u t h  o f  t h e  B u l u s a n  
c a l d e r a  and c o n s i s t  o f  a number o f  smal l ,  
c o a l e s c i n g  v o l c a n i c  cen t res .  Few o t h e r  d e t a i l s  
have been repor ted .  
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GENERALISED MODEL OF PHILIPPINE HYDROTHERMAL 
SYSTEMS APPLICABLE TO THE 81COL VOLCANIC CHAIN 

P h i l  i p p i n e  hydrothermal  systems have been 
i n t e r p r e t e d  t o  be t h e  near- sur face  express ion  o f  
Porphyry-Cu t y p e  systems (Henley and E l l  i s  1983. 
S i l l i t o e  and Bonham 1984). By analogy, t h e  hea t  
s o u r c e s  f o r  s u c h  sys tems a r e  c o n s i d e r e d  t o  b e  
subvo lcan ic  i n t r u s i v e s  ( S i l l i t o e  1973; Branch 
1976). Genera l l y  t h e r e  i s  a h i s t o r y  o f  m u l t i p l e  
i n t r u s i o n  and a tendency f o r  t h e  i n t r u s i v e  wh ich  
develops a hydrothermal  system, t o  be a l a t e  s tage  
p o r p h y r i t i c  body on t h e  margins o f  a l a r g e r  body 
( S i l l i t o e  and Gappe 1984). Hydrothermal 
a l t e r a t i o n  i n  t h e  sha l low p a r t s  o f  such d e p o s i t s  
( S i l l i t o e  and Gappe, 1984) i s  d i r e c t l y  comparable 
t o  t h a t  observed i n  a c t i v e  P h i l i p p i n e  hydrothermal  
systems (Leach and Bogie 1982; Reyes, 1985). 
This  inc ludes  n o t  o n l y  t h e  occurrence o f  t h e  same 
minera l  assemblages w i th  t h e  same zoning p a t t e r n ,  
b u t  the o v e r p r i n t i n g  and t e l e s c o p i n g  o f  a l t e r a t i o n  
zones so t y p i c a l  o f  po rphyry  systems. 

A model f o r  t h e  p a r t s  o f  these systems a c c e s s i b l e  
t o  geothermal d r i l l i n g  was p u t  fo rward  by Mahon et 
- a1 . (1980) u s i n g  d a t a  from Indonesian geothermal 
f i e l d s ,  which have a s i m i l a r  g e o t e c t o n i c  s e t t i n g  
t o  most P h i l i p p i n e  f i e l d s .  The model :was adopted 
by  Henley and E l l i s  (1983) w i t h  a d a p t a t i o n  t o  t h e  
P h i l i p p i n e  s e t t i n g  by B a r n e t t  and Espanola (1984). 
This  model has been f u r t h e r  r e f i n e d  by Bogie 
- a l .  (1986) ( F i g u r e  3). Such a model t r e a t s  these  
geothermal systems as c o n v e c t i v e  hydrothermal  
systems i n  which deeply c i r c u l a t i n g  meteor i c  
wa te rs  (Hul s t o n  fi. 1982) a r e  heated and u p f l  ow 
t o w a r d s  t h e  s u r f a c e  b e a n e a t h  an a r e a  o f  h i g h  
r e l i e f .  

However, i f  i n t e r p r e t a t i o n s  o f  Porphyry-Cu systems 
a r e  c o r r e c t  e a r l y  s tage a c t i v i t y  w i l l  he marked by 
t h e  e x s o l u t i o n  o f  magmat ic  v o l a t i l e s  f rom t h e  
i n t r u s i v e  which a c t s  as t h e  heat  source o f  t h e  
system. H y d r a u l i c  f r a c t u r i n g  occurs around t h e  
margins o f  t h e  i n t r u s i v e  due t o  t h e  inc rease  i n  
volume o f  exsolved wate r  upon i t s  r e l e a s e  f rom t h e  
m e l t  (Burnham 1979). If t h i s  f r a c t u r e  network 
connects w i t h  t h e  s u r f a c e  w i t h o u t  t r i g g e r i n g  an 
e r u p t i o n  (Morey 1922), a magmatic s o l f a t a r a  marked 
by  t h e  presence o f  superheated fumaroles,  abundant 
su lphur  d e p o s i t i o n  and advanced a r g i l l i c  
a l t e r a t i o n  w i l l  form. A good example o f  t h i s  i s  
f o u n d  on  B i l i r a n  I s l a n d  ( L a w l e s s  and Gonza les  
1982) which l i e s  sou th  o f  t h e  B i c o l  r e g i o n  b u t  i s  
r e l a t e d  t o  t h e  same subduc t ion  zone. S o l f a t a r i c  
a c t i v i t y  a t  Bulusan may be s i m i l a r .  With t i m e  an 
annular ,  hydrothermal  system w i l l  develop (Henley 
and McNabb 1978) as su r round ing  meteor i c  wa te rs  
a r e  heated. 

E v e n t u a l l y  p ressures  i n  t h e  v i c i n i t y  o f  t h e  
i n t r u s i v e  d e c l i n e ,  r e s u l t i n g  i n  t h e  encroachment 
o f  t h e  meteor i c  system (Gustafson and Hunt 1975). 
The m e t e o r i c  waters become l e s s  dense as t h e y  a r e  
heated and r i s e  i n  response t o  t h e  p ressure  of 
su r round ing  c o l d e r ,  denser  waters which p r o v i d e  
t h e  deep recharge o f  t h e  system. Provided t h a t  
t h e  necessary p e r m e a b i l i t y  e x i s t s ,  t h e  f l u i d s  w i l l  
r i s e  d i r e c t l y  above t h e  heat  source. S ince  t h e  
hea t  source i s  a subvo lcan ic  i n t r u s i v e  below an 
andes i te  volcano, t h e  wa te r  w i l l  t end  t o  r i s e  t o  
h i g h  e l e v a t i o n s .  The h e i g h t  reached by t h e  column 
w i l l  depend upon t h e  temperature and gas c o n t e n t  
o f  t h e  water, t h e  dep th  o f  t h e  recharge and t h e  
r a t i o  o f  h o r i z o n t a l  t o  v e r t i c a l  p e r m e a b i l i t y .  AS 
t h i s  r a t i o  may be as h i g h  as 10 t o  1 i n  t h e  upper 
p a r t s  o f  hydrothermal  systems (Grant, Gfi.  1983) 
and e l e v a t i o n s  can be  over  lOOOm i n  such a 

s e t t i n g ,  t h e  u p f l o w i n g  w a t e r s  a r e  u n l i k e l y  t o  
reach t h e  sur face  d i r e c t l y  above t h e  upflow. As 
a consequence, i n  areas o f  h i g h  r a i n f a l l  
groundwater a q u i f e r s  a r e  l i k e l y  t o  i n t e r v e n e  
between t h e  groundsur face and t h e  p i e z o m e t r i c  
sur face o f  t h e  s i n g l e  phase hydrothermal  
r e s e r v o i r .  

Wi th  upward movement t h e r e  i s  a steady decrease i n  
h y d r o s t a t i c  p r e s s u r e .  When t h i s  e q u a l s  t h e  
vapour p ressure  o f  t h e  water ,  b o i l i n g  takes  place. 
The vapour p ressure  i s  dependent upon t h e  
temperature o f  t h e  wa te rs  and t h e i r  chemis t ry ,  i n  
p a r t i c u l a r  gas con ten t .  As P h i l i p p i n e  systems a r e  
t y p i c a l l y  h o t  and gas r i c h ,  h i g h  vapour p ressures  
a r e  found a t  depth and b o i l i n g  can t a k e  p l a c e  a t  
depths g r e a t e r  t h a n  2km. Such ex tens ive  b o i l i n g  
may a l s o  produce a vapour dominated zone a t  t h e  
t o p  o f  t h e  upflow. The ascent  o f  t h e  wa te rs  t o  
h i g h  e l e v a t i o n s  a l s o  p rov ides  a g r a v i t a t i o n a l  
g r a d i e n t  a long  which t h e  f l u i d  may ou t f low.  

The gas and steam s e p a r a t i o n  which t a k e  p l a c e  upon 
b o i l i n g  means t h a t  these  f l u i d s  can move t o  t h e  
s u r f a c e  above t h e  area o f  b o i l i n g  i f  p e r m e a b i l i t y  
permi ts .  What a c t u a l l y  appears a t  t h e  su r face  
however i s  dependent upon t h e  degree o f  
condensat ion t h a t  takes  p l a c e  i n  t h e  i n t e r v e n i n g  
groundwater aqu i fe r .  I n  some ins tances  t h e  f l o w  
o f  gas and steam i s  s u f f i c i e n t  t o  form a fumaro l i c  
area on t h e  sur face.  However, t h e  steam and a 
p r o p o r t i o n  o f  t h e  gas may be condensed i n t o  t h e  
groundwater r e s u l t i n g  i n  t h e  d ischarge  o f  c o l d  gas 
a t  t h e  sur face,  a kaipohan (Bogie &fi. 19861, or  
p o s s i b l y .  ' no th ing  a t  a l l ,  i f  t h e  groundwater 
a q u i f e r  i s  t h i c k  o r  has a h i g h  r a t e  o f  recharge. 

Condensation o f  steam and gas i n t o  s h a l l o w  
groundwaters produces secondary geothermal f l u i d s  
which a r e  a c i d  SO4 o r  HCO waters, such f l u i d s  
b e i n g  p r o d u c e d  b y  o x i d a t ? o n  o f  H S above  t h e  
w a t e r t a b l e  i n  t h e  vadose z&e o r  by 
n e u e t r a l i s a t i o n  o f  H CO by  t h e  c o u n t r y  r o c k ,  
r e s p e c t i v e l y .  The regu l?  i s  a chemica l l y  zoned 
system w i t h  f l u i d s  a t  t h e  h i g h e s t  e l e v a t i o n  be ing  
a c i d  -SO , w h i l e  t h e  u p w e l l i n g  f l u i d s  w i l l  be 
n e u t r a l  %l waters.  A t  i n t e r m e d i a t e  l e v e l s ,  

When waters a r e  m i x t u r e s  o f  t h e  two. 
n e u t r a l i s a t i o n  o f  t h e  a c i d  SOq-water Occurs or if 
no o x i d a t i o n  t a k e s  p lace,  HCO3-r!ch wa te rs  a r e  
found, u s u a l l y  a t  l ower  e l e v a t i o n s  t h a n  t h e  
acid-So4 waters. 
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Wi th  t i m e  minera l  d e p o s i t i o n  a t  t h e  i n t e r f a c e  o f  
deep h o t  C1 waters and o v e r l y i n g  ground wate r  may 
t a k e  p lace ,  due t o  m ix ing .  Such minera l  
d e p o s i t i o n ,  e s p e c i a l l y  o f  a n h y d r i t e ,  may produce' 
an  aqu ic lude  between p r imary  and secondary 
geothermal waters r e s u l t i n g  i n  perched groundwater 
a q u i f e r s .  These may b e  b e s t  d e v e l o p e d  o n  t h e  
f l a n k s  o f  t h e  upf low.  as i n  t h e  c e n t r e  a 
vapour-dominated zone may i n h i b i t  f l u i d  mix ing.  
These perched a q u i f e r s  w i l l  however s t i l l  have an 
acid-SO chemis t ry  due t o  t h e  d ra inage  o f  
condens?te from t h e  vapour dominated zone i n t o  
them. They w i l l  a l s o  o u t f l o w  and t e n d  t o  become 
more HC03- r i c h  and -SO poor  w i t h  n e u t r a l i s a t i o n .  
As a consequence, t h e  zona t ion  o f  s p r i n g  
c h e m i s t r i e s  w i t h  e l e v a t i o n  w i l l  become more 
pronounced w i t h  a c i d  -SO s p r i n g s  a t  h i g h  
e l e v a t i o n ,  HCO - so4 spr ing% a t  l o w e r  e l e v a t i o n ,  
mixed C1-HCO %04 f u r t h e r  down o u t f l o w s  where t h e  
aqu ic lude  ha% n o t  formed, and C1 h o t  s p r i n g s  a t  
t h e  lowes t  e l e v a t i o n s .  The l a t t e r  may o n l y  occur  
c l o s e  t o  sea l e v e l ,  and may p o s s i b l y  be channe l led  
t o  t h e  s u r f a c e  a long  t h e  seawater-groundwater 
i n t e r f a c e .  The p o i n t  where t h e  n e u t r a l  C1 o u t f l o w  
i n t e r s e c t s  t h e  s u r f a c e  can be a s u b s t a n t i a l  
d i s t a n c e  away from t h e  upf low.  up t o  20km i n  some 
ins tances .  

T h i s  model f i t s  what i s  known o f  t h e  two d r i l l e d  
systems o f  Bacon Man i to  and T iw i .  If t h e  
d i s t r i b u t i o n  o f  thermal  f e a t u r e s  around o t h e r  
c e n t r e s  i s  c o n s i d e r e d  i n  r e l a t i o n  t o  t h e  same 
model, s u b s t a n t i a l  hydrothermal  systems can a l s o  
b e  expected t o  e x i s t  a t  M t  Labo. M t  I s a r o g  and a t  
Bulusan. That a t  Bulusan may however be a t  an 
e a r l y  s tage  o f  i t s  development, be ing  most c l o s e l y  
assoc ia ted  w i t h  a c t i v e  volcanism. A s i n g l e  s p r i n g  
i s  found near  M t  Co las i  and one o t h e r  s p r i n g  i s  
f o u n d  on t h e  San V i c e n t e - L i n a o  f a u l t .  Which 
c e n t r e s  these  a r e  assoc ia ted  w i t h  o r  whether t h e y  
a r e  d i r e c t l y  r e l a t e d  t o  l a r g e  i n d i v i d u a l  
hydrothermal  systems i s  unc lear .  

RELATIONSHIP OF VOLCANIC CENTRES TO HYDROTHERMAL 
SYSTEMS. 

The v o l c a n i c  c e n t r e s  o f  t h e  B i c o l  Pen insu la  show 
a f u l l  range o f  v o l c a n i c  and hydrothermal  
a c t i v i t y ,  w i t h  r e g u l a r  v o l c a n i c  e r u p t i o n  o f  Mayon 
and Bulusan, s t r o n g  s o l f a t a r i c  a c t i v i t y  a t  
Bul asan, t h e  development o f  m e t e o r i c  hydrothermal  
systems a t  Bulusan, Bacon-Manito, T iw i ,  I s a r o g  and 
Labo. and p o s s i b l y  a complete l a c k  o f  v o l c a n i c  o r  
hydrothermal  a c t i v i t y  a t  I r i g a ,  Masaraga and 
Bagacay . 
It i s  p o s s i b l e  t h a t  t h i s  range i n  a c t i v i t y  
r e f l e c t s  d i f f e r e n t  s t a g e s  o f  t h e  e v o l u t i o n  o f  
geothermal a c t i v i t y  o f  an a n d e s i t i c  s t r a t o v o l c a n o  
a long  a s i n g l e  pathway, i n  t h a t  some c e n t r e s  may 
be t o o  y o u t h f u l  f o r  hydrothermal  systems t o  have 
formed w h i l e  o t h e r s  a r e  moribund. However t h e r e  
may a l s o  be fundamental d i f f e r e n c e s  between two 
d i f f e r e n t  t ypes  o f  v o l c a n i c  cen t re .  One t y p e  o f  
a n d e s i t i c  s t r a t o v o l c a n o ,  o f  w h i c h  Mayon i s  an 
example,  e r u p t s  o n l y  b a s a l  t i c  a n d e s i t e s ,  a n d  
except  f o r  t h e  escape o f  magmatic gases from a 
c e n t r a l  c r a t e r  between e r u p t i o n s  has 1 i t t l e  
assoc ia ted  hydrothermal  a c t i v i t y .  Such volcanoes 
tend  towards a p e r f e c t  cone i n  shape and do n o t  
have a summit c a l d e r a  o r  endogeneous domes. 
Masaraga and I r i g a  may a l s o  f a l l  i n t o  t h i s  
category.  

The o t h e r  t y p e  o f  v o l c a n i c  c e n t r e  e r u p t s  a 
p r o g r e s s i v e l y  d i f f e r e n t i a t e d  rock  type,  one o r  
more t imes over  i t s  l i f e t i m e ,  ( G i l l  1981). 
S o l f a t a r i c  a c t i v i t y  assoc ia ted  w i t h  t h i s  t y p e  o f  
c e n t r e  e x h i b i t s  marked p e r i o d i c i t y  b e i n g  s t r o n g e s t  
a t  e i t h e r  soon a f t e r  t h e  end  o f  t h e  v o l c a n o ' s  
e r u p t i v e  h i s t o r y  o r  between e r u p t i v e  c y c l e s  
(Pel aez 1953). Topograph ica l l y  such volcanoes a r e  
more complex t h a n  t h e  f i r s t  type, forming 
composi te volcanoes w i t h  summit ca lderas  and 
domes. Labo, I sa rog ,  Malinao, t h e  Pocdol 
mounta ins and Bulusan e x h i b i t  t h e  topograph ic  
f e a t u r e s  t y p i c a l  o f  t h i s  second group. 

A p o s s i b l e  reason f o r  these  two separa te  t r e n d s  i s  
t h a t  i n  t h e  f i r s t  case t h e  development o f  sha l low 
magma chambers may n o t  occur, o r  where i t  does, 
t h e  res idence  t i m e  of t h e  magma i s  smal l .  
There fo re  l i t t l e  d i f f e r e n t i a t i o n  w i l l  occur  and 
t h e  necessary c o n d i t i o n s  t o  i n i t i a t e  a 
hydrothermal  system may n o t  eventuate. I n  t h e  
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hydrothermal  systems. I t i s  suggested t h a t  the  
d i f f e r e n c e  may r e f l e c t  t h e  r e l a t i v e l y  long  
res idence  t i m e  o f  magma i n  sha l low chambers i n  
volcanoes o f  t h e  f i r s t  t y p e  b u t  n o t  i n  t h e  second. 

These concepts should p r o v i d e  a u s e f u l  e x p l o r a t i o n  
t o o l  f o r  e x p l o i t a b l e  geothermal systems. 

The i n t e r p r e t a t i o n s  a r e  c o n s i s t e n t  w i t h  t h e  
occurrence models o f  t h e  hydrothermal o r e  depos i t s  
found w i t h i n  t h e  same s e t t i n g ,  i n  terms o f  
hydrothermal  a l t e r a t i o n  p a t t e r n s  and v o l c a n i c  
landforms.  Hence t h e  l a r g e  a c t i v e  hydrothermal  
sys tems h o s t e d  by  t h e  B i c o l  v o l c a n i c s  c a n  be 
considered t o  be t h e  contemporary e q u i v a l e n t s  o f  
t h e  hydrothermal  systems which may produce such 
depos i t s .  

second t y p e  sha l low magma chambers may form and 
produce d i f f e r e n t i a t e d  l a v a s  which, when e rup ted  
may r e s u l t  i n  t h e  f o r m a t i o n  o f  a ca ldera .  Such 
sha l low bodies can then  degas t o  produce magmatic 
s o l f a t a r a s .  and serve as hea t  sources f o r  l a t e r  
meteor i c  hydrothermal  systems. Whether o r  n o t  a 
magma a t  depth e x h i b i t s  t h i s  behaviour  and 
undergoes  l a t e r  f r a c t u r i n g  o f  i t s  m a r g i n s  may 
depend on how hydrous t h e  m e l t  i s  (Burnham 1979). 

Th is  i n t e r p r e t a t i o n  i s  c o n s i s t e n t  w i t h  t h e  models 
developed f o r  t h e  occurrence o f  p r e c i o u s  metal  
d e p o s i t s  c l o s e l y  assoc ia ted  w i t h  v o l c a n i c  cen t res ;  
i n  p a r t i c u l a r  t h e  h i g h  su lphur  d e p o s i t s  o f  Bonham 
1986. Such d e p o s i t s  a r e  i n t e r p r e t e d  t o  r e s u l t  
f rom t h e  i n t e r a c t i o n  o f  magmatic v o l a t i l e s  w i t h  
sha l low groundwater (Hayba e t  a l .  1985) i n  
v o l c a n i c  c e n t r e s  ( S i l l i t o e  -197- and a r e  
c o n s i d e r e d  t o  be h i g h  l e v e l  p a r t s  o f  p o r p h y r y  
sys tems ( S i l l i t o e  1983) .  Hence t h e y  a r e  t h e  
f o s s i l  e q u i v a l e n t s  o f  y o u t h f u l  hydrothermal  
systems i n  t h e  i s l a n d  a r c  s e t t i n g .  Bonham i n  h i s  
c o m p i l a t i o n  o f  d i a g n o s t i c  f e a t u r e s  o f  h i g h  su lphur  
d e p o s i t s  observes t h a t  they  u s u a l l y  occur  w i t h i n  
c a l d e r a s  w i t h  a s s o c i a t e d  d a c i t e  domes and a r e  
penecontemperaneous w i t h  volcanism. These a r e  
e x a c t l y  t h e  same f e a t u r e s  as a r e  noted f o r  t h e  
v o l c a n i c  c e n t r e s  which hos t  a c t i v e  hydrothermal  
systems i n  t h e  B i c o l  Chain. 

IMPLICATIONS FOR GEOTHERMAL EXPLORATION 

I f  t h e  r e l a t i o n s h i p  between v o l c a n i c  landforms 
produced by a complex e r u p t i v e  h i s t o r y  i n v o l v i n g  
sha l low magma chambers and t h e  occurrence o f  l a r g e  
hydrothermal  systems ho lds  t r u e ,  such v o l c a n i c  
cen t res  may be more p r o s p e c t i v e  than  those  w i t h  
r e l a t i v e l y  s imp le  v o l c a n i c  landforms.  However 
t h e  s tage  o f  development o f  any such system must 
a l s o  be considered.  Magmatic v o l a t i l e s  p resen t  
d u r i n g  t h e  e a r l y  h i s t o r y  o f  such  sys tems may 
produce a c i d i c  f l u i d s  as t h e y  condense i n t o  
groundwaters. Ac id  f l u i d s  may render t h e  system 
l e s s  s u i t a b l e  f o r  u t i l i s a t i o n .  Such f l u i d s  may 
be n e u t r a l i s e d  s u f f i c i e n t l y  t o  e x p l o i t  as t h e y  
o u t f l o w ,  b u t  t h e y  a r e  a l s o  l i k e l y  t o  l o s e  heat  as 
they  do so. I n  these systems t h e r e  may be a t r a d e  
o f f  between temperature and a c i d i t y .  I t  may n o t  
be  u n t i l  t h e  s u p p l y  o f  magmat ic  v o l a t i l e s  i s  
s u f f i c i e n t l y  exhausted t h a t  an e x p l o i t a b l e  
hydrothermal  system i s  a v a i l a b l e .  

The most p r o s p e c t i v e  g e o l o g i c  s e t t i n g  f o r  f i n d i n g  
l a r g e  hydrothermal  systems i n  t h i s  environment 
w i l l  t h e r e f o r e  be v o l c a n i c  c e n t r e s  w i t h  complex 
morphology and e r u p t i v e  h i s t o r y ,  b u t  l a c k i n g  
a c t i v e  magmatic s o l f a t a r a s .  
CONCLUSIONS 

The B i c o l  V o l c a n i c  C h a i n  has  been t h e  s i t e  o f  
vo lcan ism s i n c e  t h e  Miocene, as a r e s u l t  o f  
subduc t ion  a long  t h e  P h i l i p p i n e s  Trench. A number 
o f  i n d i v i d u a l  v o l c a n i c  c e n t r e s  can be i d e n t i f i e d ,  
o f  v a r y i n g  ages, a long  t h e  chain.  

Two o f  t h e  v o l c a n i c  cen t res  i n  t h e  B i c o l  Chain 
have been proven by d r i l l i n g  t o  be assoc ia ted  w i t h  
l a r g e ,  e x p l o i t a b l e  hydrothermal  systems. These 
a r e  Mal inao ( T i w i )  and t h e  Pocdol Mountains (Bacon 
Mani t o ) .  The c h a r a c t e r i s t i c s  o f  these  
hydrothermal  systems can be r e l a t e d  t o  t h e  models 
o f  hydrothermal  systems i n  reg ions  o f  h i g h  r e l i e f  
developed by Mahon g.  (1980) and Henley and 
E l l i s  (1983). On t h i s  bas is ,  i t  can be 
a n t i c i p a t e d  t h a t  l a r g e  hydrothermal  systems a r e  
p robab ly  assoc ia ted  w i t h  Labo. I s a r o g  and Bulusan. 

There appears t o  be a c o r r e l a t i o n  between v o l c a n i c  
cen t res  w i t h  complex e r u p t i v e  h i s t o r y  and 
morphology. summit ca lderas ,  e r u p t i v e  p roduc ts  
i n d i c a t i n g  magma d i f f e r e n t i a t i o n .  e s p e c i a l l y  
d a c i t e  domes, and t h e  occurrence o f  l a r g e  
hydrothermal  systems. Th is  i s  i n  c o n t r a s t  t o  more 
s i m p l e  s t r a t o v o l a n o e s  such as Mayon. which do n o t  
appear t o  be assoc ia ted  w i t h  e x t e n s i v e  

ACKNOWLEDGEMENTS 

The au thors  w ish  t o  thank D r  B.R. Maunder f o r  h i s  
c r i t i c a l  rev iew.  

REFERENCES 

ACHARYA, H.K. and AGGARWAL, Y.P. (1980) 
S e i s m i c i t y  and Tec ton ics  o f  t h e  P h i l i p p i n e  
Is lands .  Geophys. Res. V85, 3239 - 325. 

ALCARAZ, A. (1976) Geothermal E x p l o r a t i o n  and 
Development i n  t h e  P h i l i p p i n e s  - Summary. I n  
C i rcum- Pac i f i c  Energy and Minera l  Resources. 
M.T. Hakbouty. J.C. Maher, H.M. L i a n l  Eds. 
A.A.P.G. Mem 25, 140-145. 

ALLEN, C.R. (1962) C i rcum- Pac i f i c  F a u l t i n g  i n  t h e  
Ph i l i pp ines- Ta iwan Region, J. Geophys. Res., 
V67, 4795-4811. 

BECKER, G.F. (1901) Report  on t h e  Geology o f  t h e  
P h i l i p p i n e  Is lands .  U.S.G.S. 21st  Ann. Report  
P t  3. 487-614. 

BOGIE. I., LAWLESS, J.V. and PORNUEVO. J.B. (1986) 
Kaipohan : a "Non-thermal" M a n i f e s t a t i o n  o f  
Hydrothermal Systems. Submitted t o  Journa l  o f  
Vo lcano log ica l  and Geothermal Research. 

BONHAM. H.F. Jr (1986) Models f o r  Vo lcan ic  Hosted 
Epi thermal  Precious Metal Deposi ts ,  a review. 
Proceedings Symposi um 5. Volcanism, Hydrothermal 
Systems and Re1 a ted  Minera l  i s a t i o n .  
I n t e r n a t i o n a l  Vo lcano log ica l  Congress New 
Zeal and, 13-18. 

BRANCH, C.D. (1976) Development o f  Porphyry 
Copper and S t r a t i f o r m  Volcanogenic Orebodies 
d u r i n g  t h e  L i f e  Cycle o f  A n d e s i t i c  
S t r a t o - V o l c a n o e s x  Johnson, R.W. ed. Volcanism 
i n  A u s t r a l i a  : Amsterdam, E l s e v i e r ,  337-342. 

BURNHAM. C.W. ( 1 9 7 9 )  Magmas and H y d r o t h e r m a l  
F l u i d s  i n  Barnes ,  H.L. ed. G e o c h e m i s t r y  o f  
H y d r o t h e r a  Ore Deposi ts ,  2nd Ed, 71-136. 

CARDWELL, R.K.. ISACKS, B.L. and KARIG, D.E. 
(1980)  The S p a t i a l  D i s t r i b u t i o n  o f  Earthquakes, 
Focal Mechanism s o l u t i o n s  and Subducted 
L i thosphere  i n  t h e  P h i l i p p i n e  and Nor theas te rn  
Indonesian Is lands .  I n  The Tec ton ic  and Geologic  
E v o l u t i o n  o f  Southeast Asian Seas and I s l a n d s  - 
Hayes,  D.E., Ed. G e o p h y s i c a l  Monograph 23 pp  
1-36. 

D I V I S .  A.F. (1980) The Pe t ro logy  and Tec ton ics  
o f  Recent Volcanism i n  t h e  Cent ra l  P h i l i p p i n e  
Is lands .  I n  t h e  Tec ton ic  and Geologic  E v o l u t i o n  
o f  Southeast As ia  Seas and Is lands .  Geophysical 
Monograph 23, 127-144. 



BOGIE  and LAWLESS 

GILL, J.B. (1981) Orogenic Andesi tes and P l a t e  
Tec ton ics ;  Spr inger- Ver lag,  B e r l i n ,  390p. 

GRANT, M.A., DONALDSON, I .G.  and BIXLEY, P.F. 
(1982) Geothermal Reservo i r  Engineer ing.  
Academic Press, New York. 

GRINDLEY, G.W. (1964) Geothermal Resources o f  
t h e  I s l a n d  o f  Luzon, P h i l i p p i n e s .  Report  o f  t h e  
U.N.S.F. 

GRINDLEY, G.W. ( 1 9 8 2 )  R e p o r t  on  a V i s i t  t o  
Geothermal F i e l d s  under E x p l o r a t i o n  i n  Leyte,  s. 
Negros and S. Luzon, Repub l i c  o f  t h e  P h i l i p p i n e s .  
N.Z. Geol. Surv. Report  6.59 

GUSTAFSON, L.B. and HUNT, J.P. (1975) The 
P o r p h y r y  Copper Depos i t  a t  E l  Salvador, C h i l e .  
Econ. Geo. V70, 857-912 

HAMBURGER, M.W., CARDWELL, R.K. and ISACKS, B. 
(1983) Se ismotec ton ics  o f  t h e  Nor thern  
P h i l i p p i n e s  I s l a n d  A r c .  I n  The T e c t o n i c  and 
Geologic  E v o l u t i o n  of Southeast Asian Seas and 
I s l a n d s ,  P a r t  2. hayes  D.E. Ed G e o p h y s i c a l  
Monograph 27 1-22. 

HAMILTON, W. (1979) Tec ton ics  o f  t h e  Indones ia  
Region. U.S.G.S. P ro f .  Pap. 1078. 

HAYBA, 0.0.. BETHKE. P.M., HEALD. P. and FOLEY, 
N.K. (1985) Geologic ,  M inera log ic ,  and 
Geochemical C h a r a c t e r i s t i c s  o f  Volcanic-Hosted 
E p i t h e r m a l  Precious-Metal  Deposi ts .  In Berger, 
B.R. and Bethke, P.M. Eds. Geology and 
Geochemist ry  o f  Ep i the rma l  Systems. S o c i e t y  o f  
Economic Geo log is ts ,  Reviews i n  Economic Geology 

HENLEY. R.W. and ELLIS, A.J. (1983) Geothermal 
Systems, Anc ien t  and Modern. E a r t h  Science 
Reviews 19, 1-50. 

V2, 129-168. 

HENLEY, R.W. and McNABB. A. ( 1 9 7 8 )  Magmat ic  
Vapor Plumes and  Ground Water  I n t e r a c t i o n  i n  
Porphyry Copper Emplacement. Econ. Geo. V73, 
1-20. 

HORTON, R.M., MINETTE, T.N., BUDD, C.F. JR and 
ALCARAZ, A. (1981) Commercial Development o f  t h e  
T i w i  and Mak-Ban Geothermal f i e l d s  o f  t h e  
P h i l i p p i n e s .  I n  Proc. Ascope 2nd Conf. 533-540- 

CAMALES, R.A.. BOGIE, I., and BARNETT, P.R. 
(1982)  S t a b l e  I so tope  Geochemistry o f  t h e  
Tongonan Geothermal Sysem, Leyte,  P h i l i p p i n e s .  
Proc. 1982 P a c i f i c  Geothermal Conference. 

LAWLESS, J.V. and GONZALES. R.C. (1982) 
Geothermal Geology and Review o f  E x p l o r a t i o n ,  
B i l  i r a n  I s l a n d  : P a c i f i c  Geothermal Conference 
Proceedings, p t  1, 179-184. 

LAWLESS, J.V., BROMLEY, C.J., LEACH, T.M., COPE, 
D.M., R E C I O ,  C.M. and LICUP, A.C. (1983) Bacon 
Mani to Geothermal F i e l d  : A G e o s c i e n t i f i c  
E x p l o r a t i o n  Model. Proc. 5 t h  Ann. Geothermal 
Workshop, Auckland U n i v e r s i t y ,  97-102. 

LEACH, T.M. and BOGIE,  I .  (1982) Hydrothermal 
O v e r p r i n t i n g  of  t h e  Okoy Geothermal F i e l d ,  R.P. 
Proc. 1982 P a c i f i c  Geothermal Conference. 

LEWIS, S.D. and HAYES, D.E. (1983) The Tec ton ics  
o f  Northward Propaga t ing  subduc t ion  a long  Eas te rn  
Luzon. P h i l i p p i n e s  Is lands .  I n  The Tec ton ic  and 
Geologic  E v o l u t i o n  o f  Southeast Asian Seas and 
I s l a n d s  : P a r t  2. Hayes , D.E. Ed. Geophysical 
Monograph 27, 57-78. 

HULSTONs J.R.3 STEWART, M.K.. GLOVER, R.B., 

MOREY, G.W. (1922) The Development o f  Pressure i n  
Magmas as a R e s u l t  o f  C r y s t a l l i s a t i o n .  
Washington Academy o f  Science Journal ,  V12, 

NEWHALL C.G. (1977) Geology and Pe t ro logy  o f  
Mayon Volcano, Southeastern Luzon, P h i l i p p i n e s .  
MSc Thesis ,  U n i v e r s i t y  o f  C a l i f o r n i a ,  Davis. 

P219-230. 

PELAEZ, V.R. (1953) The Behaviour and 
C h a r a c t e r i s t i c s  o f  Volcanoes i n  t h e  Sol f a t a r i c  
and Fumoro l i c  Stage o f  A c t i v i t y .  Proc. P a c i f i c  
Science Congress V2 p364-368. 

PHILIPPINE BUREAU OF MINES (1963) 1:1.000,000 
Geo log ica l  Map o f  t h e  P h i l i p p i n e s .  

PHILIPPINE BUREAU OF MINES AND GEOSCIENCES (1982) 
Geology and Minera l  Resources o f  t h e  P h i l i p p i n e s .  
Vol 1. 

PUNONGBAYAN, R.S., CORPUZ, E.G., RAMOS, E.G., 
RUELO, H.B., CRUZ. J.B., NEWHALL, C.G., BANKS, 
N.G., and MELSON, W.G. (1986) P y r o c l a s t i c  Flows 
a t  Mayon Volcano, P h i l i p p i n e s ,  September 1986. 
A b s t r a c t  in I n t  Volc  Cong. New Zealand 1986 p 
265. 

REYES, A.G. (1985) A Compar i t ive Study o f  ' A c i d '  
and 'Neu t ra l  pH' Hydrothermal A l t e r a t i o n  i n  t h e  
Bacon Man i to  Geothermal Area, P h i l i p p i n e s ,  MSc 
Thes i s , Auckl and U n i v e r s i t y  . 

REYES, A.G. and TOLENTINO, B.S. ( 1 9 8 1 )  The 
D i s t r i b u t i o n  o f  A l t e r a t i o n  M inera ls  i n  P h i l i p p i n e  
Geothermal Areas. Proc. ASCOPE 2nd Conf. 553 - 
580. 

SILLITOE, R.H. (1973) The Tops and Bottoms o f  
Econ. Geol. V68. 799 - 

SILLITOE, R.H. (1975) Lead S i l v e r ,  Manganese 
and N a t i v e  Sulphur  M i n e r a l i s a t i o n  W i t h i n  a S t r a t o  
Volcano,  E l  Queva, Northwest Argent ina.  Econ. 
Geol. V70, 1190, 1201 

SILLITOE, R.H. (1983) Enarg i te- bear ing  Massive 
Suphide Depos i t s  h i g h  i n  Porphyry Copper Systems. 
Econ. Geol. V78, 348-352. 

SILLITOE, R.H. and BONHAM. H.F. JR (1984) 
Econ. Geol. 

Porphyry Copper Deposi ts .  
815. 

Vo lcan ic  Landforms and Ore Deposi ts .  
V79, 1286 - 1298. 

SILLITOE, R.H. and GAPPE, I.M. JR (1984) 
P h i l i p p i n e  Porphyry Copper Depos i t s  : Geologic  
S e t t i n g  and C h a r a c t e r i s t i c s .  CCOP Report  RAS 
81/ 120. 

TOLENTINO, B.S., ALCAREZ. A.P.. RECIO,  C.M., 
BUNING, B.C. and BERNARDO, R.O. (1985) 
S t r a t e g i e s  R e l a t i n g  t o  t h e  E x p l o r a t i o n  and 
Development o f  a Geothermal F i e l d  : A Case f o r  
Bacon-Manit0 Geothermal P r o j e c t ,  Albay/Sorsogon 
P r o v i n c e s ,  Luzon. P h i l i p p i n e s .  GRC I n t  Symp on 
Geothermal Energy, 379-386. 

WARING, G.A. (1965) Thermal Spr ings  o f  t h e  U n i t e d  
S t a t e s  and O t h e r  C o u n t r i e s  o f  t h e  W o r l d  - A 
Summary. U.S.G.S. P ro f .  Pap. 492. 

MAHON. W.J.A., KLYEN, L.E. and RHODE, M. (1980) 
Hot Waters i n  Geothermal Systems. Chinetsu 
(Journa l  o f  t h e  Japan Geothermal Energy 
A s s o c i a t i o n )  V 17, 11-24. 




