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ACTIVE H Y D R ~ T ~ E R t ~ ~ L  SYSTEMS AS A~LOGUES OF FOSSIL SYSTEMS 

Rober t  0. Fourn ie r  

U. S .  Geologica l  Survey, Menlo Park, C a l i f .  

ABSTRACT 

The phys i ca l  and chemical  c h a r a c t e r i s t i c s  o f  
many d i v e r s e  a c t i v e  hydrothermal systems have 
been determined f rom e x p l o r a t o r y  d r i l l i n g  and 
commercial p r o d u c t i o n  of geothermal resources. 
F l u i d  pressures and temperatures va ry  widely ,  
depending on t h e  d i s t r i b u t i o n  o f  permeable rocks  
and t h e i r  s p e c i f i c  p e r m e a b i l i t y ,  t h e  p o s i t i o n  o f  
t h e  water tab le ,  t h e  source o f  recharge water, 
t h e  s a l i n i t y  and gas con ten t  o f  t h e  hydrothermal 
f l u i d s ,  and t h e  na tu re  of t h e  hea t  source. I n  
convect ing hot-water systems, t h e  maximum 
temperatures a t t a i n a b l e  a t  g i ven  depths a re  
g i ven  by b o i l i n g - p o i n t  curves t h a t  are 
app rop r ia te  f o r  h y d r o s t a t i c  cond i t i ons .  I n  
vapor-dominated systems, l i q u i d  water i s  p resen t  
i n  pore spaces w i t h i n  t h e  rock,  b u t  vapor (steam 
and gas) f i l l s  open f r a c t u r e s  throughout  much o f  
t h e  system. Temperatures and pressures v a r y  
l i t t l e  w i t h i n  vapor-dominated zones, and these  
systems a re  underpressured w i t h  respec t  t o  
normal h y d r o s t a t i c  systems. L i t h o s t a t i c  f l u i d  
pressures have been encountered i n  deep 
sedimentary basins.  There i s  reason t o  b e l i e v e  
t h a t  e x c e p t i o n a l l y  h i g h  f l u i d  pressures might  be 
encountered i n  o t h e r  environments w i t h  
temperatures h ighe r  than  about 35OoC. Increases 
i n  f l u i d  pressure f rom h y d r o s t a t i c  t o  
l i t h o s t a t i c  can occur  o n l y  where a p e r m e a b i l i t y  
b a r r i e r  prevents  f r e e  movement o f  l i q u i d  f r o m  
t h e  h igh-  t o  t h e  low-pressure reg ion .  
i n c r e a s i n g  f l u i d  pressures,  b o i l i n g  temperatures 
increase, o r  s u p e r c r i t i c a l  c o n d i t i o n s  might  be 
a t ta ined .  I n  e i t h e r  event, a r e l a t i v e l y  s teep 
temperature g r a d i e n t  may develop across a t h i n  
impermeable b a r r i e r .  Sudden r u p t u r i n g  o f  such a 
b a r r i e r ,  and t h e  accompanying drop i n  c o n f i n i n g  
pressure,  cou ld  r e s u l t  i n  v i o l e n t  b o i l i n g ,  
b r e c c i a t i o n  o f  t h e  o v e r l y i n g  rock,  and 
simultaneous d e p o s i t i o n  o f  minera ls .  

With 

F l u i d  composi t ions v a r y  w i d e l y  i n  p r e s e n t l y  
a c t i v e  systems. T o t a l  d i s s o l v e d  c a t i o n s  a d j u s t  
t o  the  t o t a l  a v a i l a b l e  anions, whereas d i sso l ved  
s i l i c a ,  c a t i o n  r a t i o s ,  and pH a r e  f i x e d  by 
temperature-dependent m i n e r a l - s o l u t i o n  
reac t i ons .  Most ho t - sp r ing  waters a t  depth have 
pH values i n  t h e  range 6-7. As these n e u t r a l  t o  
s l i g h t l y  a c i d i c  waters  ascend t h e y  u s u a l l y  
become more a l k a l i n e  owing t o  l o s s  o f  C O 2 .  
The importance o f  c o n t r i b u t i o n s  f rom magmatic 

emanations t o  d isso lved-meta l  concentrat ions i n  
p r e s e n t l y  a c t i v e  systems i s  d i f f i c u l t  t o  assess 
because l i t t l e ,  i f  any, magmatic water appears 
t o  he present  i n  t h e  systems t h a t  have been w e l l  
s t u d i e d  t o  date.  It i s  p o s s i b l e  t h a t  water  
e v o l v i n g  f rom c r y s t a l l i z i n g  magma may become 
t rapped i n  b r i n e s  t h a t  u n d e r l i e  p r e s e n t l y  a c t i v e  
systems a t  deeper l e v e l s  than  d r i l l i n g  has y e t  
reached. Magmatic water  may y e t  be found i n  
some o f  t he  newly d iscovered a c i d  systems 
associated w i t h  a c t i v e  o r  ve ry  young andesi te  
volcanism i n  t h e  South P a c i f i c .  

Evidence f o r  underground b o i l i n g ,  and f o r  
m i x i n g  o f  waters w i t h  d i f f e r e n t  composi t ions and 
temperatures, i s  c~mmon1.y found i n  a c t i v e  
systems. These processes are l i k e l y  t o  cause 
d e p o s i t i o n  o f  m ine ra l s ,  such as quar tz ,  
K-feldspar,  c a l c i t e ,  s u l f i d e s ,  and gold. Where 
ascending h o t  water  ( > l O O ° C )  f lows too  r a p i d l y  
t o  be cooled e n t i r e l y  by conduct ion,  t h e  water 
heats  t h e  surrounding rock t o  t h e  h o i l i n g  
temperature o f  t h e  s o l u t i o n  a t  t h e  p r e v a i l i n g  
h y d r o s t a t i c  p ressu re  (on t h e  bo i  1 i ng -po in t  
curve) ,  and t h e  d e p o s i t i o n  o f  minera ls  i s  1 i ke l . y  
t o  be chemica l l y  and p h y s i c a l l y  un i form ( w i t h o u t  
band i ng ). Banded m i  n e r a l  depos i t s  may resu  1 t 
f rom seasonal m i x i n g  o f  d i f f e r e n t  waters, o r  
f rom i n t e r m i t t e n t  changes i n  water t a b l e  t h a t  
d i s r u p t  s teady-state temperatures and pressures, 
caus ing massive and widespread b o i l i n g  and even 
hydrothermal b r e c c i a t i o n .  

Hydro log i c  c h a r a c t e r i s t i c s  of p r e s e n t l y  
a c t i v e  systems show g rea t  v a r i a t i o n s .  Some 
systems d ischarge l a r g e  amounts of ho t  f l u i d  t o  
t h e  sur face w h i l e  o t h e r s  d ischarge very l i t t l e .  
Many systems show evidence o f  l ong  pe r iods  o f  
i n a c t i v i t y  between pe r iods  o f  a c t i v e  convect ive 
discharge. Decreased convect ive f l o w  r e s u l t s  
m a i n l y  f rom se l f - sea l i ng ,  h u t  a l so  ma,y be 
i n f l u e n c e d  b y  changes i n  water tab le .  Seismic 
a c t i v i t y ,  h y d r a u l i c  f r a c t u r i n g ,  o r  a sudden 
decrease i n  water  t a b l e  t h a t  r e s u l t s  i n  
hydrothermal exp los ions  may reopen se l f -sealed 
rock and a l l o w  convec t i ve  f l o w  t o  resume. 

Stages i n  t h e  e v o l u t i o n  of hydrothermal 
a c t i v i t y  w i t h i n  an i n te rmed ia te  t o  s i l i c i c  
vo l can ic  system m i g h t  inc lude:  ( I )  e a r l y  ven t ing  
o f  gas from magma d i r . e c t l y  t o  the  surface; 
( 2 )  format ion o f  a l a y e r  o f  ground water ( f rom 
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condensation of steam and rain water) above the 
gas which increases the fluid pressure near the 
the magma; (3) acid alteration near the base of 
the thickening condensate layer and formation of 
brine adjacent to the magma; (4) development of 
a relatively dilute, but chloride-rich, 
convecting system fed by meteoric water above 
the brine; (5) formation of a vapor-dominated 
system within rock previously heated by the 
convecting hot water system; and (6) final 
influx of cool water throughout the system as 
the heat source wanes. 

INTRODUCTION 

Investigations of fossil hydrothermal 
systems provide information about processes that 
occurred throughout the lives of those systems. 
Such investigations, however, seldom provide an 
unambiguous picture of the physical and chemical 
conditions throughout the system at a given 
time, the kind of information required to 
develop more than crude conceptual models. 
Studies of active hydrothermal systems do 
provide information about their physical and 
chemical nature at a given time, but not enough 
for complete understanding of the history of the 
system. Studies of fluid inclusions and 
hydrothermal alteration products, found in cores 
and cuttings retrieved from wells drilled in 
active systems, provide additional information 
about the previous hydrothermal history. 

Fossil hydrothermal systems are of great 
interest because they commonly contain ores. 
Processes that may lead to the transport and 
deposition of metals in hydrothermal systems 
include heating and cooling, pressure changes, 
partitioning of volatiles between liquid and gas 
during boiling, mixing of different fluids, and 
reactions between fluids and wall rocks. 
Examples of all of the above processes have been 
found in presently active hydrothermal systems. 

Relationships between hot-spring activity 
and ore deposition have been described and 
summarized in a series of papers by White (1955, 
1967, 1968a, 1974, 1981). The deposition of 
mercury ore within the presently active 
hot-spring system at Sulphur Bank, California, 
is well documented (White and Robinson, 1962; 
White, 1981). Ore-grade precipitates of Au and 
high concentrations of Ag, Sb, Hg, and T1 have 
been found in sinters presently being deposited 
at Steamboat Springs, Nevada (White, 1955, 
1981), and at Broadlands and Waiotapu, New 
Zealand (Weissberg, 1969; Ewers and Keays, 1977; 
Wei ssberg and others, 1979). Naboko (1974) 
described Hg-Sb-As mineralization and gold and 
polymetals being deposited from thermal waters 
at Uzon Caldera, Kamchatka. Ore-grade 
precipitates of base metals have been found in 
sediments beneath the Red Sea hot brine pools 
(Bischoff, 1969; Brewer and Spencer, 1969; 
Hendricks and others, 1969; Shanks and Bischoff, 
1977), and precipitated from hot, deeply 
circulating ocean waters at oceanic spreading 
centers (Edmond and others, 1979; Francheteau 

and others, 1979; Koski and others, 1982; 
Normark and others, 1982; Vidal and others, 
1978). 
have been found in high-temperature (>300"C) 
brines in the Salton Sea geothermal system 
(White and others, 1963; White, 1968a), in 
low-temperature brines at Cheleken, U.S.S.R. 
(Lebedev, 1967, 1973, 1975), and in oil-field 
brines in Alberta, Canada (Billings and others, 
1969) and central Mississippi (Carpenter and 
others, 1974). 
deposits of base metals have not been 
encountered in wells drilled into hot, presently 
active hydrothermal systems in silicic volcanic 
environments, although ore minerals have been 
reported in the vapor-dominated system at The 
Geysers, California (Sternfeld, 1981), in the 
low to moderately saline hot-water systems in 
New Zealand (Browne, 1969, 1971), in the highly 
saline system at the Salton Sea, California 
(McKibben, 1979), and elsewhere (summarized by 
Weisberg and others, 1979). This suggests that 
in our exploration of active hydrothermal 
systems we have not drilled in the right places, 
or deep enough, or, perhaps, at the right time 
to find ore-grade mineralization. 
fossil systems have shown that barren stages of 
hydrothermal activity commonly precede as well 
as follow ore-forming stages. In assessing the 
reasons why ore-grade mineralization has not 
been found, it should be remembered that active 
systems have been drilled to find hot water, not 
base and precious metals. 

High concentrations of dissolved metals 

To date, however, ore-grade 

Studies of 

It is of practical importance to gain 
information about all processes that occur in 
active systems, and to determine whether some 
conditions always lead to hydrothermal 
alteration with ore mineralization and other 
conditions always lead to alteration without ore 
deposition; and, if so, how the alteration 
products differ. That sort of information might 
decrease the amount of exploration drilling 
within barren fossil hydrothermal systems, or 
lead to successful location of ore within a 
system that at first seemed unpromising. 
Unfortunately, the alteration products found in 
the cuttings and core from fruitless exploration 
drilling in fossil systems are seldom detailed 
in the literature. However, many studies of 
hydrothermal a1 teration products found in active 
systems have been summarized by Browne (1978). 
It is not the intent of this presentation to 
repeat that summary, but rather to focus upon 
the physical and chemical characteristics of the 
hydrothermal fluids in active systems and their 
possible significance in ore-forming processes. 

FLUID PRESSURES AND TEMPERATURES IN  ACTIVE 
SYSTEMS 

The physical characteristics of many active 
hydrothermal systems in diverse geologic 
environments have been determined through 
exploratory drilling and commercial production 
of geothermal resources; excellent summaries are 
presented by El 1 is and Mahon (1977), El 1 is 
(1979), and Henley and Ellis (1983). Most 
geothermal wells drilled for production of 
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electricity are 1 to 3 km deep. Fluid pressures 
and temperatures vary widely, depending on the 
distribution of permeable rocks and their 
specific permeability, the position of the water 
table, the source of recharge water, the 
salinity and gas content of the hydrothermal 
fluids, and the nature of the heat source. In 
silicic volcanic environments, reservoir 
temperatures commonly are in the 230" to 260°C 
range and temperatures up to about 320°C are not 
unusual. A temperature of 360*to 370°C was 
measured in a 2000-m well drilled near Ibusuki, 
Japan (ti. Sakai, oral co~unication, 1982), and 
a temperature above 419°C (the melting 
temperature of zinc) has been reported in a 
geothermal well near Naples, Italy (A. Ten Dam, 
written communication, 1982). 

Active hydrothermal systems are now 
generally subdivided into two main categories, 
hot-water and vapor-dominated (White and others, 
1971). In convecting hot-water systems, liquid 
fills most of the pore spaces and open fractures 
within the rock (Fig. 1). Although scattered 

T-c  

Figure 1. 

boiling temperatures prevail through a steeply 
dipping structure filled with liquid water (from 
Fourn ier, 1981). 

Schematic model of conditions in a 
. hot-water-dominated geothermalsystem where 

gas or steam bubbles may be present, liquid 
water is essentially the continuous phase in 
fractures leading from depth to the surface, and 
the maximum temperatures attainable at given 
depths are given by boiling-point curves that 
are appropriate for hydrostatic conditions 
(Figs. 1 and 4). In vapor-dominated systems, 
liquid water is generally present in pore 
spaces, but vapor (steam and gas) fills open 
fractures throughout much of the system 
(Fig. 2). Temperatures and pressures may change 
very little within vapor-dominated zones 
(generally about 240°C and 33.4 bars), and these 

systems are underpressured with respect to 
normal hydrostatic systems through vertical 

T+ 
P-b 

a w 

- 

-A 

-B 

Figure 2. Schematic model of conditions in a 
vapor-domi nated geotherma1,system (from Fournier, 
1981). 

distances of hundreds to a few thousands of 
meters. The existence of a hydrostatically 
underpressured system requires that a region of 
relatively low permeability surround the 
vapor-dominated zone that prevents the free 
movement of cold ground water into the system. 

The buoyant force that drives convection in 
hot-water systems results from the greater 
density of relatively cold recharge water 
compared to hot discharging water; the 
"thermal-artesian" pressure of Studt (1958). 
Densities of pure water and aqueous NaCl 
solutions at the vapor pressures of the 
solutions are shown as functions of temperature 
in Fig. 3. White (19685) constructed 
theoretical boiling-point curves for hydrostatic 
pressures controlled by the weight of an 
overlying column,of water ever~here at its 
boiling temperature and showed that the maximum 
temperatures measured at given depths in wells 
drilled at Steamboat Springs, Nevada, closely 
agreed with that theoretical curve. Haas (1971) 
constructed similar boiling-point curves for 
water and aqueous NaCl solutions containing up 
to 25 weight percent salt (Fig. 4). 
partial pressures of dissolved gases are large, 
boiling-point curves may be significantly 
depressed (Sutton and McNabb, 1977; Mahon and 
others, 1980). 
10 bars should lower the boiling point curve of 
water by about 150 meters (Fig. 4 ) .  

Where maximum underground temperatures (the 
boiling point curve) are controlled by the 
weight per unit area of the overlying column of 
hot water, the hot outflowing part of the system 
must be relatively more open than the inflowing, 
recharge part of the system. This appears to be 

Where 

A partial pressure of CO2 of 
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Figure 3. Density-temperature relations in the 
system NaCl-HzO at the vaporpressures of the 
solutions. The dashed lines are isobars. The 
dot-dashed line is the critical curve. 
Densities are from an unpublished correlation of 
literature values by J. Tanger. 

the situation in shallow parts of the hot spring 
system at Steamboat Springs, Nevada (White, 
1968b). Where the outflow is restricted by 
impermeable strata, or by self-sealing resulting 
from mineral deposition, hydrostatic pressure 
may be controlled by the weight per unit area of 
the relatively cold recharge water. In many 
geyser basins at Yellowstone National Park, 
White and others (1975) measured fluid pressures 
in geothermal wells significantly above those 
that would be expected if the overlying hot 
water controlled pressure (Fig. 5). Theoretical 
depth-pressure curves are shown in Fig. 6 for 
boiling water and various boiling NaCl 
solutions, with pressure controlled by the 
weight o f  the overlying, freely discharging 
solution (Haas, 1971); for comparison, the 
depth-pressure curve for a cold column of water 
also is shown. The pressure exerted by the cold 
column of pure water is significantly greater at 
given depths than that exerted by a 
free-standing column of 20 weight percent 
aqueous NaCl everywhere at its boiling 
temperature; therefore, inflow of cold, dilute, 
meteoric water into the deep part of a 
hydrothermal system can cause upward convection 
of highly saline hot fluids, possibly with as 
much as 25 weight percent dissolved salts. 

Boiling-point curves are calculated relative 
to the position of the water table that controls 

hydrostatic pressure. 
table is far below the earth's surface. In 
other places, artesian systems are present in 
which the pressure-controlling water table is 
elevated in distant hills or mountains. In 
still other places, hot springs discharge onto 
the floors of lakes or the ocean, and 
boiling-point curves adjust to the overlying 
column of lake or ocean water. Thus, the 350°C 
hot-sgring waters discharging on the ocean floor 
at 21 N in the East Pacific (Edmond and others, 
1979) are below boiling temperature because of 
their great depth. 

In many places that water 

Fluid pressures approaching lithostatic have 
been encountered in deep sedimentary basins 
(Kharaka and others, 1978). There is reason to 
believe that mineral deposition and self-sealing 
in deep parts of hydrothermal systems in other 
environments, where temperatures higher than 
about 350°C are attained, might allow the 
development of fluid pressures much greater than 
hydrostatic (Fournier, in press). 

The consequences of the above 
generalizations about temperatures and pressures 
in presently active hydrothermal systems, 
relative to the deposition o f  ore minerals, will 
he discussed in following sections. 

Temperature , "C 
00 150 200 250 300 350 IO 

Figure 4. Depth-temperature relations for 
boiling solutions. Depth-pressure relations for 
curve A fixed by the weight per unit area of a 
free-standing column of cold water extending to 
the surface. Depth-pressure relations for 
curves B to E fixed by the weight of per unit 
area o f  free-standing columns of the given 
solutions everywhere at their boiling 
temperatures, and extending to the surface. 
Curves A and B for pure water, curve C for 10 
weight percent aqueous NaC1, curve D for 20 
weight percent aqueous NaC1, and curve E for 
water plus a partial pressure of C02 of 10 
bars. 
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or ocean water that has changed composition 
during underground movement in response to 
changing temperature, pressure, and rock type, 
as well as mixing of different waters. Wooding 
(1963) and Henley and McNabb (1978) emphasized 
the importance of mixing of cool and hot fluids 
on the margins of upward moving convection 
plumes. Meteoric water is identified by 
isotopic evidence (Craig, 1963; White, 1968a; 
Truesdell and Hulston, 1980) and ocean water by 
isotopes, salinity, and ratios o f  dissolved 
constituents, such as Cl/Br (White, 1965 ) .  
Connate and metamorphic waters have been 
identified by isotopic methods in thermal waters 
at Wilbur Springs and Sulphur Bank, California, 
respectively (White and others, 1973). Magmatic 
water has not yet been recognized in presently 
active systems, although some water must evolve 
from magmas as they crystallize. Present 
isotopic techniques cannot detect less than 
about 5 percent magmatic water in a hydrothermal 
fluid. Therefore, the presence of a small 
proportion of magmatic water and other 
"magmatic" constituents, such as chloride, 
sulfur, and metals, in presently active systems 
cannot be ruled out. According to Ohmoto and 
Rye (1974), isotopic data show that up to 25 
weight percent of magmatic water could have been 
involved in the formation of Kuroko deposits. 
Evolving magmatic water might be incorporated or 
trapped in highly saline brines (>30 weight 
percent dissolved salt) that form at high 
temperatures and at moderate depths around 
crystallizing magmas. Convective circulation o f  
these brines to shallow levels, as part of a 
hydrother~al system recharged by meteoric water, 
might not be possible because of their high 
densities. In order for mixing of dilute and 
highly saline water to occur at a rate faster 
than by diffusion, the two fluids should have 
about the same density or the rising fluid be 
less dense than the overlying fluid. 
dilute water has about the same density as hot 
brine, mixing might occur by flow of the cold 
water into the hot brine across a nearly 
vertical fluid composition boundary. At 300 
bars, dilute water at 150°C (point A in Fig. 71 
has about the.same density as a 20 weight 
percent NaCl solution at 305°C (point B) .  It is 
possible that very saline brines, possibly 
containing significant proportions of magmatic 
water, will be encountered when geothermal wells 
are drilled t o  greater depths and higher 
temperatures (McNabb, 1975; Truesdell and 
Fournier, 1976; Griff iths, 1978). 

When cold, 
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Figure 5 ,  Depth-pressure relations for boiling 
and cold columns of pure water. Numbered dots 
show depth-pressure relations at the bottoms of 
shut-in wells in .Yellowstone National Park, 
measured by White and others (1975).  
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Figure 6 .  
and cold columns of pure waterand boiling 
aqueous NaCl solutions. 

Depth-pressure relations for boiling 

COMPOSITIONS OF FLUIDS IN AC 
SYSTEMS 

Fluids in explored parts 
hydrothermal systems are dom 

IVE HYDROTHERMAL 

of presently active 
nated by meteoric 

From a comparison of the C / S  ratios of 
volcanic and geothermal gases, Giggenbach (1977) 
estimated that only about 5 percent of the 
sulfur entering geothermal systems from magmatic 
sources reaches the relatively shallow level of 
present exploitation; the rest is fixed as 
sulfides in the deeper, hotter zones. This 
implies that we have not drilled deep enough in 
presently active hydrothermal systems to find 
commercial-grade base-metal sulfide deposits. 

Changing temperature has a major effect upon 
the ratios of cations in solution and the 
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Figure 7. 
system NaCl-HzO at 300 barspressure. 
Densities are from an unpublished correlation of 
literature values by J. Tanger. 

Density-temperature relations in the 

concentration of dissolved silica. The effects 
of pressure are more variable. 
non-carbonate minerals, changing pressure at 
constant temperature generally has little effect 
on solubilities when temperatures are below 
about 25OoC, and great effect at higher 
temperatures. At 400°C the solubility of quartz 
in water is about 1000 mg/kg at 400 bars, 500 at 
300 bars, and only 50 at 100 bars (Fournier and 
Potter, 1982). Changing pressure is an 
important factor wherever decompressional 
boiling occurs because of evaporative 
concentration and partitioning of volatile 
components between water and steam. Where 
boiling takes place deep underground, volatile 
components, such as C02 and HzS, 
preferentially partition into the steam phase 
and move with it to the upper and marginal parts 
of hydrothermal systems, where steam condenses. 
There, some C02 and H2S will dissolve in 
cooler ground water (Oki and Hirano, 1970; White 
and others, 1971; Kartokusumo and others, 1976; 
Mahon and others, 1980). These ground waters 
generally contain less chloride than do waters 
in the main part of the hydrothermal system 
because they are shallow and locally derived, or 
are mixtures of shallow and deeper waters. The 
redissolved C02 forms carbonic acid and 
attacks the wall rocks, resulting in calcium 
bicarbonate-rich solutions at low temperatures 
o r  sodium bicarbonate-rich solutions at 
temperatures above about 140°C. Calcium 
bicarbonate concentrations decrease at higher 
temperatures because of the decreasing 

For 

' 

solubility of calcite as temperature is 
increased. H2S is oxidized to HzSO4 in an 
oxygen-rich shallow environment. Therefore, the 
tops and margins of boiling systems become 
enriched in sulfate as well as bicarbonate. 
Where the buffer capacity of the rock is 
exceeded, the continued oxidation of H2S may 
result in pH val'ues less than 4 and the 
disappearance of bicarbonate. Thus, 
acid-sulfate alteration is commonly observed 
above boiling water tables in presently active 
hot-spring systems. The silicification that 
accompanies this acid attack is not due to 
influx of silica, but to strong leaching of 
alkalies that are flushed from the rock by 
condensed steam and meteoric water that 
percolate down to the water table. 

Variations in rock type strongly influence 
the total salinity and particularly the chloride 
concentration that a hydrothermal solution is 
likely to attain. Geothermal waters in basaltic 
rocks in the interior of Iceland generally 
contain very low concentrations of chloride 
(Arnorsson and others, 1983). In contrast, 
geothermal waters in basalts near the seashore 
generally have chloride concentrations about the 
same as seawater. I found that geothermal 
waters in granites and highly metamorphosed 
rocks well inland from the ocean also generally 
contain very low concentrations of chloride. 
Bicarbonate is commonly the main anion in these 
low-chloride waters, although major amounts of 
sulfate may also be present. 
concentrations are proportional to the partial 
pressure of C02. 
carbonic acid that reacts with the wall rock, 
1 i berating Na+ at high temperatures and Ca+2 
at low temperatures, as discussed above. 
Geothermal waters in silicic volcanic rocks 
(andesites to rhyolites) commonly contain a few 
hundred to a few thousand mg/kg chloride 
(Truesdell, 1976; El 1 is and Mahon, 1977), even 
in interior regions of Iceland (Arnorsson and 
others, 1983). The highest chloride 
concentrations are found in geothermal waters 
that have come in contact with sedimentary rock; 
particularly those containing evaporites. At 
Cesano, Italy, a hot (>200"C) brine, rich in 
sodium sulfate with over 350,000 mg/kg total 
dissolved solids, was encountered in a 143s-m 
geothermal we1 1 (Cal amai and others, 1976). 
Evidently, magma or very hot water reacted with 
gypsum that is known to be present in the 
underlying sedimentary section at Cesano, 
probably producing calcium silicates and a 
solution rich in sulfate. The conclusion seems 
inescapable that the compositions of waters in 
the relatively shallow parts of presently active 
hydrothermal systems are controlled mainly by 
leaching of the wall rocks by meteoric water. 
Experimental data also support this conclusion 
(Ellis and Mahon, 1964, 1967; Mahon, 1967; 
Kissen and Pakhomov, 1967; Ellis, 1968; Ewers, 
1977). 

Bicarbonate 

Dissolved C02 forms 

High concentrations of dissolved metals can 
be obtained by reaction of chloride-rich brines 
with surrounding rocks (Barnes and Czamanske, 
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1967; Helgeson, 1967, 1968; E l l i s ,  1968; 
Carpenter and others,  1974; Bischoff and 
Dickson, 1975; Hajash, 1975; Seyfried and 
Bischoff, 1977; Hanor, 1974). However, in order 
fo r  an ore deposit t o  form, those metals must 
prec ip i ta te  within a r e l a t ive ly  r e s t r i c t ed  
volume of rock. Base-metal ore deposits require 
su l f ide  f o r  t he i r  formation. Iron su l f ides  
or ig ina l ly  present i n  country rock can be 
transformed t o  C u ,  Z n ,  and Pb su l f ides  through 
reaction w i t h  sulfide-deficient,  metal-bearing 
brines; b u t  the formation of large su l f ide  vein 
deposits i s  d i f f i c u l t  t o  explain by this  
mechanism. Sulfides can be leached from rocks 
by sa l ine  solutions (Mottl and others,  1979), 
b u t  i t  i s  questionable whether large enough 
quant i t ies  can be obtained this way t o  explain 
most observed ore deposits. 
mechanism f o r  generating dissolved su l f ide  
involves leaching of su l f a t e  and l a t e r  reduction 
of t h a t  su l f a t e  by bacterial  ac t iv i ty ,  ferrous 
iron (Mottl and o thers ,  1979) or  buried organic 
material. I t  has generally been assumed tha t  
reduction by bacteria ac t iv i ty  could occur only 
a t  temperatures below 100°C. 
bacterial  growth a t  temperatures of a t  l eas t  
250°C a t  h i g h  f l u id  pressure (Baross and Deming, 
1983) suggest t h a t  reduction by bacteria 
ac t iv i ty  might take place a t  h i g h  temperatures 
deep i n  hydrothermal systems. This has great 
implications fo r  the interpretation of gas 
r a t i o s  and isotopic fractionation patterns of C,  
0, S, and H. Reduction of su l f a t e  to su l f ide  
should produce an a lka l ine  solution, 

A plausible 

New data showing 

SO4-2 + 2CH20 = H2S + 2CO2 + + 20H-2, ( 2 )  

while a1 te ra t ion  associated w i t h  su l f ide  
mineralization usually indicates acid 
conditions. Deposition of c a l c i t e  and 
a lb i t iza t ion  (as a solution i s  heated) or 
K-feldspathization ( a s  a solution i s  cooled) 
could be a consequence of reduction of su l f a t e  
t o  su l f ide .  However, a volcanic or magmatic 
source of su l f ide  would appear t o  be a very 
favorable circumstance f o r  precipitation of 
base-met a1 ores. 

Most waters i n  presently active hydrothermal 
systems are neutral or only s l i gh t ly  acid 
because pH is  controlled by s i l i c a t e  hydrolysis 
reactions involving feldspars and micas or clays 
(Hemley and Jones, 1964; Meyer and Hemley, 1967; 
E l l i s ,  1970, 1979; E l l i s  and Mahon, 1977). Yet, 
as mentioned above, acid a1 teration commonly 
accompanies the formation of hydrothermal 
ores. Until very recently,  d r i l l i ng  f o r  
production of geothermal energy in ac t ive  
hydrothermal systems had encountered extremely 
acid conditions a t  depth a t  only a few 
l o c a l i t i e s  i n  zones of active volcanism, such as 
Matsao i n  Taiwan (Chen, 1970, 1975) and Onikobe 
(Yamada, 1976) and Matsukawa (Nakamura and 
others,  1970) in Japan. I t  now appears t h a t  
there is deep, acid-chloride thermal water 

Fournier 
and/or deep acid a l te ra t ion  (pyrophylli te plus 
quartz) i n  many ac t  i ve h~drothermal systems 
associated with ac t ive  or re la t ive ly  young 
andesit ic volcanism. These include Biliran 
(Lawless and Gonzales, 1982) , Nasuji-Sogonon 
(Seastres,  1982), Pal impinon (teach and Bogie, 
1982) , and Baslay-Dauin (Harper and Arevalo, 
1982) i n  the Philippines, and Suretimeat ( ~ ~ m i n g  
and others,  1982) i n  the New Hebrides, In these 
systems i t  i s  l i ke ly  t h a t  much of the  acidity 
comes from reactions w i t h  volvanic gases, 
including SO2, HzS, and H C 1 .  

A t  Matsao and Onikobe, acid-chloride waters 
with pH values less  than 2 were found a t  depths 
greater than 1000 meters a t  temperatures 
exceeding 275OC. .The reservoir a t  Matsao i s  i n  
quar tz i te ,  and a t  Onikobe i t  i s  in andesite 
a l te red  t o  p y ~ o p h y l l i t e  and quartz. Waters 
collected a t  intermediate depths, and a l te ra t ion  
products found in cu t t ings  from wells, show t h a t  
these deep, ac id ic  waters are neutralized by 
mixing with shallow ground water and by reaction 
with overlying volcanic rocks as they r i s e  
toward the surface. Therefore, the ac id i ty  does 
no t  appear t o  be the r e su l t  of downward movement 
of waters t h a t  had become acid by surface 
oxidation. E l l i s  (1977) attr ibuted the deep 
a'cidity a t  Matsao to  the reaction of water with 
deeply buried native su l fur  deposits, producing 
su l fur ic  acid and hydrogen sulfide,  

However, as mentioned above, some or a l l  of the 
ac id i ty  could r e su l t  from interaction of water 
w i t h  gases evolved from a c rys ta l l iz ing  magma a t  
depth, o r  from hydrolysis reactions between s a l t  
and water tha t  occur a t  h i g h  temperatures and 
1 ow pressures. 

Iwasaki and Ozawa (1960) and Saki and 
Matsubaya (1977) present evidence fo r  the 
generation of ac id i ty  by the reaction, 

Re1 a t ive ly  oxidized, sulfur-rich gases also may 
be evolved where gypsum or anhydrite a re  
involved i n  hydrolysis reactions. For example, 
the 1982 eruption of El Chichon Volcano in 
Mexico contributed f a r  more su l fur ic  acid to  the  
atmosphere and stratosphere than i s  usual fo r  
comparably sized eruptions of other volcanoes, 
such as Mount St. Helens ( B .  Toon, oral  
communication, 1982). Gypsum beds occur i n  the 
sedimentary section beneath El Chichon, b u t  a re  
not present beneath ~ o u n t  S t .  Helens. The 
isotopic composition of sulfur shou ld  be 
d i f fe ren t  in su l f a t e  derived from gypsum 
compared to  su l f a t e  derived from volcanic 

. 

so2. 

The importance o f  HC1 as a cause of ac id i ty  
in hydrothermal systems should not be 
overlooked, Over 7000 mg/kg C 1  as HC1 was found 
in dry steam coming from a shallow well d r i l l ed  
a t  Hakone volcano i n  Japan (Kimio Noguchi, oral 
c o ~ u n i c a t i o n ,  1970). Some or a l l  o f  t ha t  HCl 
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may have been generated by h y d r o l y s i s  o f  NaCl a t  
moderate t o  h i g h  temperatures and low pressures:  

NaCl + H20 = NaOH + HC1 . ( 5 )  

Many i n v e s t i g a t o r s  have found HC1 i n  condensate 
a f t e r  c i r c u l a t i n g  d r y  steam over s o l i d  N a C l  
( B r i n e r  and Roth, 1948; Martynova and Samoilov, 
1957; Galobardes and others,  1981). I n  
exper iments a t  6OO0C I have found t h a t  
s i g n i f i c a n t  amounts o f  HC1 a re  generated b y  
r e a c t i o n  5 a t  pressures below about 350 bars,  
w i t h  more HC1 produced a t  lower pressures.  
A d d i t i o n  o f  qua r t z  t o  t h e  system g r e a t l y  
increases t h e  y i e l d  o f  HC1. 
NaOH i s  removed f rom t h e  s o l u t i o n  b y  r e a c t i o n  
w i t h  quar tz ,  w i t h  p r e c i p i t a t e d  sodium s i l i c a t e s  
as products.  S o l u b i l i t i e s  of sodium s i l i c a t e s  
decrease w i t h  i n c r e a s i n g  temperature (Rowe and 
others,  1967). I n  n a t u r a l  systems, where 
aluminum i s  a v a i l a b l e  i n  p l a g i o c l a s e  and o t h e r  
minera ls ,  a l b i t i z a t i o n  i s  l i k e l y  t o  r e s u l t  f rom 
t h e  h y d r o l y s i s  o f  NaC1. 

This  occurs because 

I n  some p laces a c i d i t y  deep w i t h i n  a 
hydrothermal system does appear t o  r e s u l t  f rom 
downward movement o f  water t h a t  has become a c i d  
b y  o x i d a t i o n  o f  H2S a t  and near t h e  water 
tab le ,  as discussed p rev ious l y .  To t h e  
southeast o f  t h e  N o r r i s  Geyser Basin i n  
Yel lowstone Na t iona l  Park, a c i d - s u l f a t e  waters 
are generated h i g h  on a h i l l s i d e  where t h e  rocks  
have been e x t e n s i v e l y  a1 t e r e d  by f u m a r o l i c  
a c t i v i t y .  Some o f  t h a t  a c i d  water appears t o  
p e r c o l a t e  hundreds o f  meters underground where 
i t  mixes w i t h  high-temperature (-270°C) n e u t r a l  
water t h a t  i s  r i c h  i n  c h l o r i d e .  The r e s u l t i n g  
"ac id -ch lo r i de -su l fa te "  waters t h a t  issue as h o t  
sp r ings  and geysers i n  N o r r i s  Geyser Basin have 
been e x t e n s i v e l y  analyzed (Gooch and Wh i t f  i e l d ,  
1888; A l l e n  and Day, 1935; Rowe and others,  
1973), and e x h i b i t  w i d e l y  rang ing  c h l o r i d e  and 
s u l f a t e  concen t ra t i ons .  However, t h e  
composi t ions o f  some i n d i v i d u a l  "mixed-water" 
spr ings,  such as Echinus, have remained 
remarkably constant  s ince  they  were f i r s t  
analyzed i n  t h e  l a t e  1880's.  

E l l i s  (1979) and Henley and E l l i s  (1983) 
summarize i n f o r m a t i o n  about composi t ions of 
geothermal waters, and p rov ide  comprehensive 
re fe rence  l i s t s .  

T ruesde l l  (1976), E l  1 i s  and Mahon ( 1977), 

MODELS OF HYDROTHERMAL SYSTEMS I N  SHALLOW 
MAGMATIC ENVIRONMENTS 

White (1973) pub l i shed  a schematic model o f  
a convect ing hydrothermal system w i t h i n  what 
appears t o  be a v o l c a n i c  ca lde ra  ( F i g .  8). That 
model shows an end-member s i t u a t i o n  i n  which t h e  
t o t a l  convec t i ve  f l o w  i s  discharged a t  t he  
sur face;  White (1973) descr ibed severa l  o t h e r  
subtypes o f  hot-water systems, i n c l u d i n g  ones 
w i t h  l i t t l e  o r  no su r face  discharge. I n  many 
hydrothermal systems i t  i s  l i k e l y  t h a t  some o r  
a l l  o f  t he  f l u i d ,  a f t e r  becoming cooled near t h e  
surface, r e c y c l e s  back downward i n  l a r g e  
convect ion c e l l s ,  as shown i n  computer 

F i g u r e  8. Schematic model o f  convec t i ve  f low i n  
a hydrothermal system showing e f f e c t  o f  
v a r i a t i o n s  i n  p e r m e a b i l i t y  o f  t h e  r e g i o n  on t h e  
f l ow ,  and w i t h  sur face d ischarge o f  t h e  t o t a l  
f l o w  ( f r o m  White, 1973). 

F igu re  9. 
system a t  Wairakei ,  New Zealand(from Elder ,  
1965). The s o l i d  l i n e s  show isotherms de r i ved  
b y  p r o j e c t i n g  measured temperatures onto t h e  
sect ion,  and dashed l i n e s  show est imated 
isotherms t o  a depth of 5 km. The approximate 
f l o w  l i n e s  o f  me teo r i c  water  are shown b y  
arrows. 

Cross s e c t i o n  through t h e  geothermal 

s imu la t i ons  (Cath les,  1977; Norton and Cathles,  
1979). 
temperatures measured i n  w e l l s  a t  Wairakei ,  New 
Zealand. 
anomaly, i n d i c a t i n g  a l a t e r a l  movement o f  h o t  
water a t  shal low l e v e l s  toward t h e  

F i g u r e  9 i s  a cross sec t i on  showing 

Note t h e  mushroom shape o f  t h e  thermal 
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topographically low Waikato River, and a 
postulated counter-flow of colder water beneath 
i t .  E l l i s  and Wilson (1955) calculated the 
natural discharge of chloride and heat from the 
Wairakei system in to  the Waikato River a t  460 g 
Cllsec and 82,000 kcallsec.  Using the i r  data, 
the  calculated natural discharge of thermal 
water and steam was 228 kglsec. These f igures  
do not include discharges from geothermal wells 
t h a t  were produced a t  the same time: 340 g 
Clfsec, 62,000 kcallsec,  and 169 kg waterfsec. 
For comparison, the calculated natural 
discharges a t  Ye1 lowstone National Park are 
1,319 g Cllsec, 1,213,000 kcallsec,  and 3,200 kg 
waterlsec (Fournier and others,  1976). 

Lateral flow of thermal water appears t o  
occur in many systems (Healy and  Hochstein, 
1973; Healy, 1976). 
Tatio, Chile (Fig. 10) i s  an excellent example 

The geothermal system a t  El 

W E 
Recharge 

5500 

4500 

3500 

2500 rn 

Deep circulating 
hot water  

Figure 10. 
movement of geothermal f lu ids  i n  the El Tatio 
sysyem (from Lahsen and Tru j i l l o ,  1976). 

East-west cross section showing 

of one with major l a t e ra l  flow (Lahsen and 
Tru j i l lo ,  1976; E l l i s  and Mahon, 1977). 
on isotopic data, recharge fo r  the El Tatio 
geothermal f i e l d  comes from the high Andes 
Mountains a t  l ea s t  10 km t o  the east. The heat 
source probably also 1 i e s  beneath volcanoes t o  
the east .  
wells a t  El Tatio i s  drawn from a reservoir a t  
260-265°C. 
about  5,000 mg/kg chloride and measurable 
tritium. In one deep well, a brine saturated 
w i t h  s a l t  and a t  a lower temperature 
(180”-200°C) was found underlying the 
high-temperature reservoir (Ell  i s  and Mahon, 
1977; W. A. J. Mahon, oral communication, 
1982). From the above observations, i t  appears 
t h a t  l i t t l e  or none of the hot (5,600 mg/kg 
chloride) water flowing from eas t  t o  west i s  
recycled back into the system. 

Based 

Hot water produced from geothermal 

The water i n  the reservoir contains 

I n  many active hydrothermal systems t h a t  a re  
associated with andesit ic volcanoes, there  
appears t o  be underground flow of chloride-rich 
water l a t e r a l l y  away from the volcanic ed i f ice  
while gases r i s e  more d i rec t ly  upward t o  the 
surface (Oki and Hirano, 1970; Heming and 
others,  1982; Harper and Arevalo, 1982; Muffler 
and others,  1982; Henley and E l l i s ,  1983). 

Fourr 
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Fiqure 11. Schematic model for  the qeochem- 
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:a1 
deGelopment of f lu ids  in the Hakone geothermal 
system ffrom O k i  and Hirano, 1970). 

Figures 11 and 1 2  show conceptual models o f  
volcanic hydrothermal systems a t  Hakone, Japan 
( O k i  and Hirano, 1970), and Lassen, California 
(Muffler and others,  19821, respectively. I n  
Fig. 11 upward flow o f  hot and supercrit ical  
gas  i s  shown above (and  presumably from) a magma 
reservoir,  and acidic fumaroles and springs 
emerge high on the slopes of the volcano. 
Acid-sulfate and bicarbonate-rich waters form i n  
condensate zones and percolate downward and 
outward ,  mixing w i t h  deeper chloride-rich 
waters, as discussed previously. Henley and 
McNabb (1978) and Henley and E l l i s  (1983) showed 
how these models might be related to  ore 
deposition. Beneath Lassen volcano, Muffler and 
others (1982) showed a r e l a t ive ly  shallow 
vapor-domi nated reservoir,  under 1 ain by 240°C 
water tha t  is r ich  i n  chloride ( F i g .  1 2 ) .  
There, gases feeding the  fumaroles and 
acid-sulfate springs on the summit and slopes of 
the volcano a re  t h o u g h t  t o  have been dissolved 
i n  upflowing chloride-rich (-2,300 mglkg) water 
t h a t  boils a t  about 240°C. 
(1971) suggested t h a t  mercury deposits may form 
above vapor-dominated systems and porphyry 
copper mineralization may occur i n  the zone of 
boiling brine below the vapor-dominated 
sys tems . 

White and others 

Many important variables govern the 
character and evolution of hydrothermal systems, 
and the time and place of ore deposition. These 
include the i n i t i a l  water, chloride, metal, and  
su l fur  contents and oxidation s t a t e  of the  
magma, the depth, s ize ,  shape and composition of 
the magma, t he  degree of “conditioning” of the 
overlying rocks by previous intrusions and 
extrusions t h a t  heated, fractured and altered 

e, those rocks, t h e  position of the water t a b  
the ~ a g n i t u d e  and d is t r ibu t ion  of porosity 
throughout t he  system, the pore pressures 
are attained, and the compositions of the 
surrounding rocks. The evolution of water 
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Figure 12. Schematic cross section of the Lassen geothermal system (from Muffler and others, 1982). 

Figure 13. 
volcanic system venting gas to the surface from 
a magma reservoir at moderate depth. 
for dicussion. 

Schematic cross section of a 

See text 

magmas has been discussed by many authors, 
including Morey (1922), Goranson (1931), Bowen 
(1933), Burnham (1967, 1979), Fournier (1968), 
and Whitney (1975), and the generation of 
chloride-rich gases and brines has been 
discussed by Sourirajan and Kennedy (1962), 
Ryabchikov and Hamil ton (1971), Fournier (1972), 
Holland (1972), Kilinc and Burnham (1972), 
Carmichael and others (1973), Cunningham (1978), 
Henley and McNabb (1978), Burnham (1979), and 
C1 oke and Kesl er ( 1979). 

Figure 13 shows a schematic cross section 
illustrating a situation in which very hot 
(500”-800’C) volcanic gases vent directly to the 
surface. Such gases usually are rich in H20, 
S02, H2S, C02, and HC1, and may carry 
significant quantities o f  metals (Fenner, 1933; 
White and Waring, 1963; Menyailov and Nikitina, 
1974; Tkachenko and Zotov, 1974; Gerlach and 
Nordl ie, 1975; Graeber and others, 1982). 
Usually the parent magmas are visible, or 
thought to be very close to the surface within 

the volcanic edifice. Gases evolved from magmas 
a few to several kilometers deep are likely to 
cool appreciably by conduction, adiabatic 
expansion, and condensation of water as they 
rise. However, conductive cooling of upward 
streaming gas might not be significant where 
prior eruptions and intrusions of magma within 
the conduit zone have heated the surrounding 
rock to high temperatures. The heat stored in 
the surrounding rock could provide extra energy 
to the rising gas, counteracting cooling by 
adiabatic expansion. Volcanic necks and dikes 
which are still hot, but solidified and 
thoroughly cracked by shrinkage during 
solidification and cooling, would make excellent 
conduits to bring very hot gases to the surface 
from considerable depth. 

From the bottom to the top of the conduit 
leading from the magma to the surface there may 
be steady or abrupt decreases in pressure. 
Decreasing pressure greatly decreases the 
ability of a water-rich gas to transport 
dissolved substances, such as silica and salts, 
as shown in Figs. 14-16. It is likely that 
precious metals, sulfides, and other minerals 
also would precipitate as a result of decreasing 
pressure and expansion of a gas, Particularly 
where throttling occurs (Barton and others, 
1961; Toulmin and Clark, 1967). Therefore, 
venting of magmatic gases (and of non-magmatic 
water and other volatiles heated to near 
magmatic temperatures) directly to the surface, 
as depicted in Fig. 13, is likely to be 
relatively short-lived, particularly where the 
magma is more than 1 or 2 km deep. 
deposition, either high in the system or very 
close to the magma could terminate this 
venting. 

Mineral 

An estimate of the ability of hot, 
water-rich gases to transport dissolved salt can 
be obtained from the experimental results of 
Sourirajin and Kennedy (1962) in the system 
HzO-NaCl. Figure 15 shows compositions of 
coexisting gas plus solid salt and gas plus 
brine at 700°C and at various depths, with 
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Figure 14. 
t o  900°C a t  the indicated pressures, calculated 
using the equation of Fournier and Potter 
(1982). The shaded area emphasizes a region of 
retrograde so lubi l i ty .  

Solubi l i t i es  of quartz in water up 

Weight 9'' NaCl 

t 

700 "C 
Li thostatic 

Hydrostatic 

Figure 15. 
NaCl-HzO of coexisting gas plus solid s a l t  and 
gas plus brine a t  700 C and a t  various depths, 
with resu l t s  f o r  l i t h o s t a t i c  f lu id  pressures 
contrasted with hydrostatic pressures (assuming 
hydrostatic pressure controlled by a cold column 
o f  di lu te  water). 
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Figure 16. Some phase relat ions in the systems 
NaCl-H20 and NaC1-KCl-HZO projected onto a 
pressure-temperature diagram. The solid lines 
out l ine phase boundaries i n  the system 
NaCl-H~O and short dashed l ines  show isopleths 
of NaCl so lubi l i ty  in steam. See text  fo r  
discussion. 

r e su l t s  fo r  l i t h o s t a t i c  f lu id  pressures 
contrasted with hydrostatic pressures (assuming 
hydrostatic pressure controlled by a cold column 
o f  di lu te  water}. I t  i s  assumed in Fig. 15  t h a t  
the  par t ia l  pressure o f  water i s  equal t o  the 
t o t a l  pressure. 
not ex is t  a t  a pressure less  than about 287 
bars. Adding other s a l t s  to  the system, such as 
K C 1  and CaC12, will allow brine t o  ex is t  a t  
s ign i f icant ly  lower pressures, and will s l igh t ly  
increase the to ta l  amount of s a l t  t h a t  can 
dissolve i n  the gas .  Gas (steam) will dissolve 
increasing amounts of s a l t  as pressure i s  
increased (going t o  greater depths) from near 
atmospheric t o  about  287 bars .  A t  a depth where 
287 bars f lu id  pressure i s  reached, the solid 
s a l t  will melt and t h a t  melt will dissolve a 
small amount o f  water, point B fo r  l i t hos t a t i c  
f lu id  pressures and p o i n t  E for  hydrostatic 
pressures. This melt may be called a brine, b u t  
t h i s  terminology can lead t o  confusion because. 
a t  high temperatures and high pressures the gas 
phase too  may dissolve enough sa l t  t o  be called 
a brine. Liquid B would be i n  equilibrium with 

A t  700°C a t rue  NaCl brine may 
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F o u r n i e r  
gas a t  p o i n t  A and l i q u i d  E w i t h  gas a t  p o i n t  
D. Wi th  f u r t h e r  i nc rease  i n  pressure a t  g r e a t e r  
depths, t h e  gas can d i s s o l v e  more s a l t  and the  
c o e x i s t i n g  l i q u i d  w i l l  d i s s o l v e  more water 
(become more d i l u t e )  u n t i l  t h e  c r i t i c a l  pressure 
i s  a t ta ined ,  p o i n t  C f o r  l i t h o s t a t i c  f l u i d  
pressures and p o i n t  F f o r  h y d r o s t a t i c  
pressures.  Composition-depth diagrams a t  o t h e r  
temperatures would look s i m i l a r  t o  F ig .  15. 
S o l u b i l i t i e s  o f  s a l t  i n  t h e  gas phase and 
c r i t i c a l  pressures bo th  decrease w i t h  decreas ing 
temperature, and t h e  pressure o f  t h e  gas p l u s  
s o l i d  f i e l d  reaches a maximum a t  about 600°C. 

I n  F ig .  16 t h e  gas-p lus-so l id  and 
gas -p lus - l i qu id  f i e l d s  a re  p r o j e c t e d  onto a 
temperature-pressure diagram. F i g u r e  16 was 
drawn w i t h  t h e  pressure coo rd ina te  i n c r e a s i n g  
downward t o  emphasize changing c o n d i t i o n s  w i t h  
depth. A depth sca le  i s  not  g iven i n  F ig .  16 
because f a c t o r s  o t h e r  than depth may i n f l u e n c e  
f l u i d  pressure.  F l u i d  pressures may range f rom 
l e s s  than h y d r o s t a t i c  t o  g r e a t e r  than 
l i t h o s t a t i c  a t  t h e  same p lace  a t  d i f f e r e n t  
t imes. A p o t r a y a l  o f  more than one o f  t h e  many 
p lausab le  depth-temperature c o n d i t i o n s  i n  one 
diagram would r e s u l t  i n  a confus ing jumble o f  
l i n e s .  I n  F i g .  16 t h e  b o i l i n g - p o i n t  cu rve  f o r  
pu re  water i s  shown, ending a t  t h e  c r i t i c a l  
p o i n t ,  c.P., and a c r i t i c a l  curve f o r  i n c r e a s i n g  
NaCl concen t ra t i ons  extends downward f rom t h a t  
p o i n t .  B o i l i n g - p o i n t  curves approp r ia te  f o r  
i n c r e a s i n g  s a l i n i t i e s  would be d i sp laced  
s l i g h t l y  t o  t h e  r i g h t  o f  t h e  pure water curve 
and te rm ina te  a t  app rop r ia te  p o i n t s  on t h e  
c r i t i c a l  curve. Terminat ion p o i n t s  f o r  5, 10, 
15, 20, and 25 weight percent  NaCl are 
i nd i ca ted .  For  a s o l u t i o n  o f  g iven s a l i n i t y ,  
c r i t i c a l  c o n d i t i o n s  can e x i s t  a t  o n l y  one 
temperature and pressure,  such as p o i n t  A i n  
F i g .  16. To t h e  l e f t  o f  t h e  c r i t i c a l  curve, and 
a t  pressures g rea te r  than t h e  c r i t i c a l  pressure,  
s o l u t i o n s  a re  s u p e r c r i t i c a l ;  bu t  t h e  f l u i d s  ac t  
more l i k e  l i q u i d s  than gases i n  t h e i r  a b i l i t y  t o  
d i s s o l v e  minera ls ,  such as quar tz .  To t h e  r i g h t  
o f  t he  c r i t i c a l  curve i s  a f i e l d  o f  l i q u i d  p l u s  
gas. 
NaCl s o l u b i l i t y  i n  a gas phase t h a t  i s  i n  
e q u i l i b r i u m  w i t h  a l i q u i d  o f  s p e c i f i c  
composi t ion ( n o t  shown), o r  s o l i d  s a l t  (see 
S o u r i r a j a n  and Kennedy (1962) f o r  composi t ions 
o f  c o e x i s t i n g  gas and l i q u i d ,  and F ig.  15 f o r  
r e l a t i o n s  a t  700OC). 
aqueous s o l u t i o n  c o n t a i n i n g  2 weight pe rcen t  
NaCl i s  c l o s e  t o  395OC and 275 bars. A f l u i d  
c o n t a i n i n g  2 weight percent  NaCl a t  700°C and 
900 bars ( p o i n t  B i n  F ig .  16) might  be c a l l e d  a 
s u p e r c r i t i c a l  gas by many people. From a 
d i f f e r e n t  p o i n t  o f  view, however, t h a t  f l u i d  i s  
a gas t h a t  i s  unsaturated w i t h  s a l t .  
t h e  pressure t o  below 825 bars ( p o i n t  C) would 
cause t h e  gas t o  become supersaturated, and i t  
would separate i n t o  b r i n e  p l u s  gas c o n t a i n i n g  
l e s s  d i s s o l v e d  NaC1, as discussed by Henley and 
McNabb (1978). Decreasing t h e  temperature o f  a 
2 weight pe rcen t  NaCl s o l u t i o n  f rom p o i n t  B 
(675OC) t o  l e s s  than 595OC ( p o i n t  A) would cause 
t h e  s o l u t i o n  t o  become s u p e r c r i t i c a l  i n  t h e  
s t r i c t  sense, u n t i l  t h e  temperature f e l l  below 

The s h o r t  dashed l i n e s  show i s o p l e t h s  o f  

The c r i t i c a l  p o i n t  f o r  an 

Decreasing 

395°C. Note i n  F ig .  16 t h a t  a t  temperatures 
above about 700°C ve ry  h i g h  concen t ra t i ons  of 
d i sso l ved  s a l t  may e x i s t  i n  t h e  gas phase, bu t  
t h i s  gas could be i n  e q u i l i b r i u m  w i t h  a much 
more concentrated b r ine .  

A t  moderate t o  low pressures a f i e l d  o f  gas 
p l u s  s o l i d  s a l t  i s  encountered, i n  which b r i n e  
i s  unstable,  and the  gas phase can d i s s o l v e  
l i t t l e  " n o n - v o l a t i l e "  m a t e r i a l ,  such as s i l i c a  
and NaC1. Adding KC1 t o  the  system c o n t r a c t s  
t h e  gas-p lus-so l id  f i e l d  t o  lower  pressures 
(Ravich and Borovia,  1949). The heavy dashed 
l i n e  (F ig .  16) shows t h e  approximate l i m i t  o f  
t h e  gas-p lus-so l id  s a l t  f i e l d  when NaCl/KCl 
r a t i o s  i n  t h e  f l u i d s  are f i x e d  by base exchange 
o f  Na and K between c o e x i s t i n g  a l b i t e  and 
K- fe ldspar  ( O r v i  1 l e ,  1963; Fourn ier ,  1.976). The 
dot-dashed curve o u t l i n e s  t h e  gas-p lus-so l id  
f i e l d  when N a C l / K C l  r a t i o s  i n  the  f l u i d s  a r e  
g i ven  by t e r n a r y  e u t e c t i c  c o n d i t i o n s  i n  t h e  
system NaC1-KCl-HzO (Ravich and Borovia,  
1949), more po tass i c  c o n d i t i o n s  than are l i k e l y  
t o  be found i n  most hydrothermal s o l u t i o n s .  A t  
600°C and 220 bars two a l k a l i  f e ldspars  can 
c o e x i s t  w i t h  l i q u i d  p l u s  gas o f  app rop r ia te  Na /K  
composi t ion ( p o i n t  D i n  F ig .  16).  Because the  
composi t ions o f  most n a t u r a l  waters are r i c h  i n  
NaCl compared t o  KC1, a decrease i n  p ressu re  
would cause NaCl t o  p r e c i p i t a t e  p r e f e r e n t i a l l y ,  
and the  l i q u i d  t o  become r i c h e r  i n  potassium 
(Fourn ie r ,  1976; Cloke and Kesler ,  1979). Th i s  
increase i n  potassium i n  the  l i q u i d  would 
promote base exchange, r e s u l t i n g  i n  the  
convers ion o f  a l b i t e  t o  K-feldspar ( o r  
muscovi te)  u n t i l  a l l  t he  a l b i t e  was used up. 
Thereaf ter ,  w i t h  cont inued decrease i n  pressure 
t h e  l i q u i d  and f e l d s p a r  would become more 
po tass i c  as NaCl cont inued t o  p r e c i p i t a t e  
(Fourn ier ,  1976). Th i s  mechanism may account 
f o r  much o f  t h e  high-temperature po tass i c  
a l t e r a t i o n  found i n  porphyry-copper and 
porphyry-molybdenum deposi ts .  

Where magmas are more than 1 o r  2 km deep, 
o r  where a condu i t  has cooled apprec iab ly  before 
t h e  c u r r e n t  magmatic event, condensat ion o f  
ascending high-temperature,  wa te r - r i ch  gas i s  
l i k e l y  t o  occur w i t h i n  t h e  vent.  
i n  the  gas a t  h i g h  temperatures are ma in l y  
assoc iated complexes. Where condensat ion 
occurs, these ac ids  w i l l  d i s s o l v e  i n  t h e  l i q u i d ,  
d i s s o c i a t e  w i t h  decreasing temperature, and 
cause a c i d  a l t e r a t i o n  o f  t h e  surrounding rock .  
A n e u t r a l ,  c h l o r i d e - r i c h  s o l u t i o n ,  o f  moderate 
s a l i n i t y  and dominated by meteor ic  water, i s  
l i k e l y  t o  evo lve  above and a t  t h e  s ides of t h e  
ac id -a l te red  rock  and ho t  gas reg ion.  T h i s  i s  
e s s e n t i a l l y  t h e  model o f  Oki and Hi rano (1970),  
depected i n  F ig .  11. I n  t h a t  f i g u r e  a h i g h l y  
s a l i n e  b r i n e  might  be shown accumulat ing a t  t he  
s ides o f  t h e  magma r e s e r v o i r .  Also, a smal l  
vapor-dominated system, s i m i l a r  t o  the  one 
pos tu la ted  a t  Lassen Volcano b y  M u f f l e r  and 
o the rs  (1982), cou ld  be i nco rpo ra ted  i n t o  
F ig.  11. 

Acids c a r r i e d  

F i g u r e  17 shows a schematic sec t i on  through 
a hydrothermal system i n  which a se l f - sea led  

274  



Fourn ie r  

f a u l t s  and j o i n t s ,  and hydrothermal systems may 
develop by deep c i r c u l a t i o n  a t  t h e  s ides o f  a 
magmatic bodies,  r a t h e r  t h a n  above t h e  tops.  I n  
the  s i l i c i c  c a l d e r a  system a t  Yel lowstone 
Na t iona l  Park, cen te rs  o f  hydrothermal a c t i v i t y  
are concentrated along t h e  ca lde ra  r i n g  
f r a c t u r e ,  a t  i n t e r s e c t i o n s  o f  f a u l t s  r e s u l t i n g  
f rom resu rgen t  doming¶ and along r a d i a l  f a u l t s  
extending away f rom the  ca ldera,  

envelope has developed i n  t h e  coun t ry  rock  c l o s e  
t o  a magmatic i n t r u s i o n .  
se l f - sea led  envelope m igh t  be t o t a l l y  w i t h i n .  t h e  
c h i l l e d  p a r t  o f  t h e  i n t r u s i v e  body. 
about l i t h o s t a t i c  p ressu re  f i l l s  t h e  f r a c t u r e s  
between t h e  impermeable b a r r i e r  and t h e  magma. 
Th is  f l u i d  i s  l i k e l y  t o  be h i g h l y  s a l i n e  l i q u i d  
(>50 weight percent  s a l t ) ,  but, depending on t h e  
temperature,  pressure,  o r i g i n ,  and p r i o r  h i s t o r y  
o f  t h e  f l u i d ,  i t  c o u l d  be a gas o f  moderate t o  
low s a l i n i t y ,  o r  a b r i n e  capped b y  a gas. A t  a 
depth between 4 and 5 km t h e  con f ined  f l u i d  
pressure r e s u l t i n g  f r o m  1 i t h o s t a t i c  l o a d  cou ld  
approach 1000 bars, and a gas a t  650°C cou ld  
c o n t a i n  over  5 weight  pe rcen t  d i s s o l v e d  s a l t .  

I n  some systems t h e  

F l u i d  a t  

Water 

I J 

F i g u r e - 1 7 .  
hydrothermal system w i t h  a se l f - sea led  envelope 
separat ing geopressured f l u i d  f rom a 
h y d r o s t a t i c a l l y  pressured convec t i ng  f l u i d .  See 
t e x t  f o r  d iscuss ion.  

Schematic c ross  s e c t i o n  of a 

A h y d r o s t a t i c a l l y  pressured hydrothermal system 
o f  low t o  moderate s a l i n i t y ,  dominated by 
meteor ic  water, c i r c u l a t e s  a t  t h e  s ides  and 
above t h e  se l f - sea led  envelope. 
temper a t  u r e  a t  t a i  n ed w i t h i n t h i s "meteor i c " 
system i s  l i k e l y  t o  be about 350" t o  450°C 
(Fourn ier ,  1977; i n  p ress ) .  Both pressure and 
temperature g r a d i e n t s  across t h e  se l f -sealed 
zone o f  rock  are l i k e l y  t o  be large,  and a smal l  
amount o f  b r i n e  and gas may leak a t  s low r a t e s  
i n t o  t h e  h y d r o s t a t i c  system. Depos i t i on  o f  
s u l f i d e s  i s  l i k e l y  t o  occur  where ho t  b r i n e  and 
c o o l e r  d i l u t e  water mix. 

The maximum 

I n  t h e  vo l can ic  systems discussed above, 
magma r e s e r v o i r s  were shown d i r e c t l y  beneath 
volcanoes, and hydrothermal  a c t i v i t y  o f  g r e a t e s t  
i n t e n s i t y  was l o c a t e d  above t h e  tops o f  t h e  
magma chambers. However, c o n d u i t s  f rom deep 
magma chambers t o  volcanoes may be i n c l i n e d .  
They may a l so  t a p  e longa te  bodies o f  magma, 
r a t h e r  than t h e  s p h e r i c a l  bodies t h a t  a r e  
commonly shown. Movement o f  water a t  g rea t  
depth i s  l i k e l y  t o  b e  c o n t r o l l e d  m o s t l y  by 

Evidence o f  hydrothermal c o n d i t i o n s  t h a t  
change w i t h  t i m e  has been found i n  severa l  
a c t i v e  systems. On t h e  b a s i s  o f  observed 
se l f - sea l i ng ,  chemical  balance, and i s o t o p i c  
evidence, E l l i s  (1979) concluded t h a t  b r i e f  
pe r iods  ( o f  t h e  o rde r  o f  103 years)  o f  major  
f l o w  o f  h o t  wa te r  f rom a c t i v e  s stems commonly 

o f  conduc t i ve  water  hea t ing  and minor  outf low. 
E l l i s  (1979) a l s o  concluded t h a t  pe r iods  o f  
major  f l o w  may be t r i g g e r e d  by t e c t o n i c  a c t i v i t y  
o r  b y  hydrothermal explos ions.  F l u i d - i n c l u s i o n  
data show t h a t  t h e r e  have been major  changes i n  
temperature-depth p r o f i l e s  w i t h i n  t h e  K i r i s h i m a  
geothermal f i e l d  i n  southern Kyushu, Japan 
(Hayashi and others,  1981), and a t  Yel lowstone 
Na t iona l  Park (K. E, Bargar, o r a l  communication, 
1983). The changes i n  temperature a t  b o t h  
l o c a l i t i e s  can be c o r r e l a t e d  with changing water 
tab les .  A t  The Geysers, C a l i f o r n i a ,  f l u i d  
i n c l u s i o n  d a t a  and t h e  high-temperature 
cha rac te r  o f  t h e  c o e x i s t i n g  minera l  assemblage 
i n d i c a t e  t h a t  t h e  present  vapor-dominated system 
(240°C) has evolved from an e a r l i e r  and h o t t e r  
(350°C) hot-water system (S te rn f  e ld ,  1981 ; 
McLaughlin e t  at., 1983). 

a l t e r n a t e  wi th  l o n g  pe r iods  (10 .x -105 yea rs )  

BOILING AND BRECCIATIO~ 

En tha lpy -ch lo r i de  r e l a t i o n s  found i n  
d i f f e r e n t  p a r t s  o f  p r e s e n t l y  a c t i v e  hyd ro t  hermal 
systems (Fourn ie r ,  1979) show t h a t  b o i l i n g  
occurs deep i n  these systems as w e l l  as near t h e  
surface. B o i l i n g  w i l l  change t h e  composi t ion of 
a hydrothermal f l u i d  by i nc reas ing  the  
concen t ra t i ons  o f  d i s s o l v e d  c o n s t i t u e n t s  t h a t  
remain i n  t h e  r e s i d u a l  l i q u i d  and by removing 
d i sso l ved  gases t h a t  s t r o n g l y  p a r t i t i o n  i n t o  t h e  
steam phase ( E l l i s ,  1967). Th is  p a r t i t i o n i n g  of 
v o l a t i l e s ,  i n  tu rn ,  may s i g n i f i c a n t l y  change t h e  
pH o f  t h e  system. 
t o  c o n t r i b u t e  t o  t h e  depos i t i on  o f  o re  
minera l  s. 

A l l  these f a c t o r s  are l i k e l y  

Mhere ascending ho t  water  (>lOO"C) f lows t o o  
r a p i d l y  t o  be cooled e n t i r e l y  by conduct ion,  t h e  
water heats t h e  surrounding rock t o  temperatures 
approp r ia te  f o r  b o i l i n g  a t  t h e  p r e v a i l i n g  
h y d r o s t a t i c  p ressu re  ( t h e  b o i  1 i ng-poi n t  curve) .  
With steady r a t e s  o f  f l u i d  f low, t h e  d e p o s i t i o n  
o f  m i n e r a l s  f r o m  s o l u t i o n s  t h a t  a re  cooled 
a d i a b a t i c a l l y  i s  l i k e l y  t o  be chemica l l y  and 
p h y s i c a l l y  u n i f o r m   without banding),  L o c a l l y  
i n t e r m i t t e n t  geyser a c t i v i t y  may t e m p o r a r i l y  
d i s r u p t  t h e  s teady-state temperature, pressure,  
and chemical  composi t ion o f  t he  water, caus ing 
d e p o s i t i o n  o f  c o m p o s i t i o n a l l y  banded m ine ra l s  as 
c o n d i t i o n s  o s c i l l a t e  f rom "normal" t o  ltgeysertl. 

275 



Fournier 
Possibly more important but less widely 

recognized periodic boiling may result from 
seasonal changes in the water table. Where 
ascending hot water has heated the adjacent rock 
to a boiling-point curve appropriate for a high 
water table, a rapid drop in the water table 
will result in lower hydrostatic pressure at 
given depths throughout the system. 
Consequently, heat stored in the rock will cause 
vigorous and widespread boiling until the system 
boils dry or until rock and water temperatures 
decrease enough to correspond to a new 
boiling-point curve appropriate for the lower 
water table. Similarly, intermittent boiling 
might also occur within hot-spring systems that 
discharge into lakes or shallow oceanic 
environments, triggered by sudden changes in 
lake level (Muffler and others, 1971), or 
unusually low tides. In some convection 
systems, self-sealing at the outflow causes 
hydrostatic pressure to increase to the weight 
of the cold column of recharge water, as 
discussed previously. Intermittent seismic 
activity or hydraulic fracturing, induced by 
local excess gas pressure or heating of confined 
fluids, may break the sealed cap. This may 
allow hot water to flow freely with a drop in 
pressure throughout the hot-water column until 
mineral deposition reseals the outflow conduit, 
or the water supply is exhausted. This process 
may operate at time intervals from months to 
thousands of years. 

Self-sealing within shallow, outflow 
channels of hydrothermal systems, followed by 
increased temperatures and pressures, and 
subsequently by sudden rupturing of the seal 
with explosive force, has been evoked as a 
mechanism to explain hydrothermal brecciation in 
many presently active systems (Lloyd, 1959, 
1972, 1976; Skinner, 1966; Muffler and others, 
1971; Grindley and Brown, 1976; Henley and 
McNabb, 1978; Keith and Muffler, 1978; Ellis, 
1979; Henley and Thornley, 1979; Nairn and 
Wiradiradja, 1980). At Ye1 lowstone National 
Park Muffler and others (1971) attributed the 
formation of hydrothermal eruption craters up to 
0.6 km in diameter to decreased hydrostatic 
pressures resulting from sudden draining of 
glacial lakes. 

Self-sealing may also occur deep in a 
hydrothermal system. Figure 14 shows that at 
constant pressure and increasing temperature, 
quartz has a solubility maximum (first reported 
by Kennedy, 1950) that extends from abou; 340°C 
at the vapor pressure of solution to 520 C close 
to 900 bars. The stippled area in Figure 14 
shows a region of retrograde solubility in P-T 
space. Where water is heated at constant pres- 
sure less than about 900 bars, it will dissolve 
silica until either the solution starts to boil 
(at pressures below about 165 bars) or the solu- 
bility maximum is reached. With further heating 
that water will precipitate quartz. The preci- 
pitation of quartz in deep parts of a hydro- 
thermal system may decrease the permeability to 
such an extent that convecting meteoric water can 
no longer attain temperatures much greater than 

those shown by the quartz solubility maximum in 
Figure 14. Therefore, the time interval over 
which meteoric water may interact directly with 
a shallow intruded body of magma (or very hot 
solidified magma) may be limited to the early 
stage of development of the hydrothermal system, 
or may occur episodically thereafter with 
creation of new fractures by tectonic activity 
or thermal or hydraulic cracking (Phillips, 
1973; Henley and McNabb, 1978; Ellis, 1979). 

Deep hydrothermal explosion activity is a 
possible consequence of the deposition of an 
impermeable quartz seal (Henley and McNabb, 
1978). Large and steep temperature and 
pore-pressure gradients are likely to evolve 
where an impermeable zone becomes established 
around a heat source. Although convective flow 
of meteoric water is cut off from the outside, 
the pore spaces within the zone between the 
quartz-sealed barrier and the remaining very hot 
rock are likely to contain gas or brine. 
fluid may be entirely or partly meteoric or 
connate water, remaining from before the silica 
sealing became complete. However, some or all 
of that fluid could be volatiles evolved from a 
crystallizing magma. If volatiles do continue 
to be evolved from a crystallizing magma, it is 
easy to envision a situation in which the fluid 
pressure on the high-temperature side of the 
quartz seal becomes very large, (Phil 1 ips, 
1973); sufficiently large to cause formion of a 
breccia pipe or even a conduit for a volcanic 
erupt ion (Morey, 1922). 

This 

Hydraulic fracturing will occur when the 
pore fluid pressure exceeds the confining 
pressure (the least principle stress) by an 
amount equal to the tensile strength of the 
rock. The confining pressure may range from 
less than normal hydrostatic to lithostatic, 
depending on whether open fissures are present, 
the nature of the fluid in those fissures, and 
permeability relations. 
hydraulic or tectonic fracture through 
impermeable rock from a region of high fluid 
pressure into a region of lower fluid pressure 
may cause a significant decompression of the 
high-pressure fluid. If the thermal energy in 
the decompressing liquid and surrounding rock is 
large, massive flashing of water to steam may 
result. The expanding steam may explosively 
propel rock fragments into the air, where 
flashing occurs at relatively shallow levels, 
and into cavities and open fissures at deeper 
levels. Even without a magmatic contribution to 
the trapped fluids, pore pressures of those 
fluids could increase sufficiently to rupture 
the enclosing rock as a result of conductive 
heat i ng . 

Propogation of either a 

Many of the conclusions in the above 
discussion are based on the solubility behavior 
of quartz in pure water. The effects of added 
salts can be modeled using NaCl solutions. 
Calculated solubilities of quartz in aqueous 
NaC1, using the method of Fournier (1983),  show 
that adding dissolved salts should change the 
position of the quartz solubility maximum toward 
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ores (Fourn ie r ,  1968, 1972; Henley and McNabb, 
1978). Consider a f l u i d  evo lv ing  from a smal l  
body o f  me ta l - r i ch  magma t h a t  i s  c r y s t a l l i z i n g  
a t  a depth o f  about 1 t o  4 km. I f the pore  
pressure  i s  near l i t h o s t a t i c ,  t h a t  f l u i d  i s  
l i k e l y  t o  be a gas o f  moderate t o  h igh  s a l i n i t y  
t h a t  i s  unsatura ted  w i t h  s a l t .  Meta ls  i n i t i a l l y  
i n  t h e  mel t  w i l l  p a r t i t i o n  i n t o  t h e  s a l i n e  
f l u i d .  Slow, un i fo rm c r y s t a l l i z a t i o n  o f  magma, 
w i t h o u t  a drop i n  f l u i d  pressure, w i l l  r e s u l t  i n  
slow re lease  o f  gas and most of t h e  d i sso l ved  
metals i n t o  t h e  coun t ry  rocks,  where ve in  
depos i t s  migh t  form i f  o the r  circumstances are 
favorab le .  I n  con t ras t ,  a sudden drop i n  f l u i d  
p ressure  t o  h y d r o s t a t i c  o r  l ess  w i l l  c h i l l  t he  
magma by about 75"C, f reeze  phenocrysts i n  a 
f i ne -g ra ined  groundmass, and cause the  gas t o  
s p l i t  i n t o  h i g h l y  s a l i n e  b r i n e  p l u s  d i l u t e  gas, 
o r  gas p l u s  s o l i d  s a l t .  Some meta ls  w i l l  en te r  
the  gas phase and be t ranspor ted  upward. 
However, most should p r e c i p i t a t e  as s u l f i d e s  as 
the  magma i s  c h i l l e d ,  o r  remain d i sso l ved  i n  any 
dense b r i n e  t h a t  forms. 
small enough t o  be c h i l l e d  throughout i t s  
ex ten t ,  and i f  most o f  i t s  d i sso l ved  water 
escapes w i t h  t h e  gas phase, there  may be l i t t l e  
f u r t h e r  hydrothermal a l t e r a t i o n  u n t i l  t h e  rock 
coo ls  enough t o  a l l o w  l i q u i d  a t  h y d r o s t a t i c  
p ressure  i n t o  t h e  system, o r  u n t i l  t he re  i s  
another pu l se  o f  magmatic i n t r u s i o n .  
Se l f - sea l i ng  by  quar t z  depos i t i on  as water i s  
heated t o  temperatures above 340'-400°C w i  11 
tend t o  p revent  movement o f  water i n t o  t h e  
system, as discussed above, but  thermal c rack ing  
and t e c t o n i c  movements may counterac t  t h i s  
e f f e c t  t o  some ex ten t .  

If the magma body i s  

h ighe r  temperatures, and thus  t h e  ex ten t  o f  t h e  
f i e l d  o f  re t rog rade  quar t z  s o l u b i l i t y  shown i n  
F ig .  14. However, t h e  conc lus ion  t h a t  qua r t z  
depos i t i on  may cause an impermeable b a r r i e r  t o  
form, p reven t ing  f l u i d s  a t  h y d r o s t a t i c  p ressure  
f rom i n t e r a c t i n g  d i r e c t l y  w i t h  ve ry  h o t  rock o r  
magma, i s  no t  changed by adding s a l t  t o  t h e  
system (Fourn ie r ,  i n  p ress) .  

Because t h e  i n i t i a l  p e r m e a b i l i t y  severa l  
k i l omete rs  deep i n  a hydrothermal system i s  
l i k e l y  t o  be l i m i t e d  t o  a few w ide ly  spaced 
f r a c t u r e s  o r  f r a c t u r e d  zones o f  rock, an 
impermeable zone r e s u l t i n g  f rom quar t z  
depos i t i on  i n  those few f r a c t u r e s  may go 
unrecognized as a s i g n i f i c a n t  feature.  Also, i n  
f o s s i l  hydrothermal systems where est imated 
temperatures a t  t h e  t ime  o f  ve in  fo rma t ion  a re  
>340"C, i t  may be d i f f i c u l t  t o  determine whether 
a g iven quar tz  v e i n  was deposi ted as a r e s u l t  o f  
i nc reas ing  o r  decreasing temperature. If t h e r e  
i s  o the r  hydrothermal a l t e r a t i o n  assoc ia ted  w i t h  
t h e  quar t z  depos i t ion ,  t h a t  a l t e r a t i o n  may g i v e  
an i n d i c a t i o n  o f  t he  thermal h i s t o r y :  f o r  
example, where a s o l u t i o n  i s  heat ing,  a l b i t e  i s  
l i k e l y  t o  fo rm i n  ve ins  and a f t e r  K-feldspar,  
and where a ~ o l u t i u n  i s  coo l ing ,  K-feldspar or  
muscovi te i s  l i k e l y  t o  be depos i ted  i n  ve ins  and 
a f t e r  p l a g i o c l a s e  (Hemley e t  al., 1971). 

Ores have been found i n  b recc ia ted  rocks  and 
b r e c c i a  p ipes  i n  too  many depos i t s  t o  enumerate 
here. Hor ikosh i  (1969) and Henley and Thorn ley  
( 1979) suggested t h a t  hydrothermal e rup t  ions 
have i n i t i a t e d  o re  d e p o s i t i o n  i n  many Miocene 
Kuroko depos i ts .  Hydrothermal exp los i ve  
a c t i v i t y  may a f f e c t  o r e  d e p o s i t i o n  f o r  va r ious  
reasons, bo th  p h y s i c a l  and chemical. 
B r e c c i a t i o n  g r e a t l y  inc reases  t h e  pe rmeab i l i t y ,  
p r o v i d i n g  easy access f o r  l a t e r  hydrothermal 
f l u i d s  t h a t  may depos i t  ores.  The sudden and 
massive conversion of water t o  steam ( b o i l i n g )  
may cause depos i t i on  o f  o r e  m ine ra l s  f o r  t h e  
reasons discussed above. Depos i t i on  o f  qua r t z  
and, t o  a lesser  ex ten t ,  K-feldspar i s  l i k e l y  t o  
occur wherever the re  i s  a sudden drop i n  pore  
pressure  when i n i t i a l  temperatures exceed about 
340°C. 
r e s u l t  o f  a sudden drop i n  p ressure  i s  l i k e l y  t o  
be more po tass ium-r ich  than t h a t  which was i n  
e q u i l i b r i u m  w i t h  t h e  f l u i d  p r i o r  t o  t h e  drop i n  
p ressure  (Fourn ie r ,  19761. Therefore, 
hydro thermal ly  b recc ia ted  rubb les  t h a t  formed a t  
very  h igh  temperatures are l i k e l y  t o  be cemented 
by quartz,  very  po tass ium-r ich  fe ldspar ,  and a 
v a r i e t y  o f  o the r  minera ls ,  i n c l u d i n g  s u l f i d e s .  
However, these m ine ra l s  may a l so  cement b recc ias  
t h a t  fo rm a t  lower temperatures; quartz,  
adu la r i a ,  and g e n e r a l l y  p y r i t e  a re  t h e  phases 
observed i n  t h e  hydrothermal b recc ias  t h a t  
formed a t  Wairakei and Broadlands a t  about 
200"-300°C (Gr ind ley  and Browne, 1976). Where 
~ x c e p t i o n a l l y  h i g h  degrees of s i l i c a  
supersa tura t ion  occur, p a r t i c u l a r l y  a t  lower 
temperatures, amorphous s i l i c a  may p r e c i p i t a t e  
and l a t e r  a l t e r  t o  chalcedonic s i l i c a  o r  quar tz .  

Also, t h e  K- fe ldspar  t h a t  forms as a 

Sudden decreases i n  po re  f l u i d  p ressure  may 
a l so  c o n t r i b u t e  t o  t h e  fo rma t ion  o f  porphyry  

D~SCUSSrON AND CO~CLUSIONS 

The major-  and t race -  element composi t ions 
o f  thermal waters i n  exp lo red  p a r t s  o f  p r e s e n t l y  
a c t i v e  hydrothermal systems appear t o  be 
c o n t r o l l e d  ma in l y  by r e a c t i o n  o f  deeply 
c i r c u l a t i n g  meteor ic  water w i t h  t h e  surrounding 
rocks.  There may be undetected magmatic 
c o n t r i b u t i o n s  o f  water and o ther  chemical 
c o n s t i t u e n t s  t o  these systems, p a r t i c u l a r l y  
gases. However, t h e  thermal energy t h a t  causes 
convec t ive  c i r c u l a t i o n  o f  f l u i d s  w i t h  
temperatures above about 200°C g e n e r a l l y  comes 
from a magmatic source w i t h i n  10 km o f  t h e  
s u r f  ace. 

Mercury appears t o  be depos i t i ng  i n  h i g h  
enough   on cent ration and s u f f i c i e n t  q u a n t i t y  t o  
f o r m  ore  i n  a l t e r e d  rocks  above some p r e s e n t l y  
a c t i v e  systems, and mineable q u a n t i t i e s  o f  
n a t i v e  s u l f u r  have been formed by fumarole 
a c t i v i t y  near t h e  summits o f  many a c t i v e  
volcanoes. Other types  o f  epi thermal o re  
depos i t s  cou ld  form as a r e s u l t  o f  cont inued 
hydrothermal a c t i v i t y  s i m i l a r  t o  t h a t  p r e s e n t l y  
observed. Commercial grade concen t ra t i ons  o f  
go ld  and s i l v e r ,  a long w i t h  h igh  concent ra t ions  
o f  r e l a t i v e l y  v o l a t i l e  elements, such as S, Hg, 
Sb, As, Se, and T1, have been found i n  
p r e c i p i t a t e s  depos i ted  f rom some hot -spr ing  
waters. 
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Ore-grade depos i t s  o f  base meta ls  have no t  

y e t  been encountered by w e l l s  d r i l l e d  i n  a c t i v e  
systems f o r  p roduc t i on  o f  geothermal resources, 
a1 though i r o n  su l f i des ,  galena, s p h a l e r i t e ,  
cha lcopy r i t e ,  and o t h e r  base metal  m ine ra l s  have 
been found i n  cores and c u t t i n g s .  
these systems t h e  s u l f i d e s  are p r e c i p i t a t i n g  
f rom r e l a t i v e l y  d i l u t e  ( l e s s  than  a few thousand 
mg/kg t o t a l  d i sso l ved  s o l  i d s )  , n e u t r a l  pH, 
c h l o r i d e  waters. W i th  f a v o r a b l e  hyd ro log i c  
c o n d i t i o n s  t h a t  r e s t r i c t  t h e  f l o w  o f  most of t h e  
thermal water t o  a few r e l a t i v e l y  open channels, 
base-metal and precious-metal  o r e  deposi ts  cou ld  
form a t  moderate t o  shal low depths i n  a system 
s i m i l a r  t o  those p r e s e n t l y  be ing i nves t i ga ted .  
S u l f i d e s  and p rec ious  me ta l s  a re  p a r t i c u l a r l y  
1 i k e l y  t o  be deposi ted where ascendi ng s o l  u t  i ons  
b o i l ,  e i t h e r  con t inuous ly  o r  e p i s o d i c a l l y .  
P resen t l y  a c t i v e  systems w i t h  deep a c i d i t y ,  such 
as many t h a t  are now be ing  i n v e s t i g a t e d  i n  
reg ions  o f  a c t i v e  and r e c e n t l y  a c t i v e  a n d e s i t i c  
volcanism i n  Japan and i n  t h e  South P a c i f i c ,  may 
p rov ide  new i n f o r m a t i o n  about ore-forming 
processes. 

I n  many of 

It i s  p o s s i b l e  t h a t  some p r e s e n t l y  a c t i v e  
systems are u n d e r l a i n  by h i g h l y  s a l i n e  b r i n e s  
t h a t  t r a n s f e r  heat  by convec t i on  f rom ve ry  h o t  
rock o r  magma t o  t h e  o v e r l y i n g  cooler ,  d i l u t e  
system. S i g n i f i c a n t  amounts o f  water and o t h e r  
c o n s t i t u e n t s  de r i ved  f rom magma ( p a r t i c u l a r l y  
s u l f u r  and me ta l s )  may be t rapped w i t h i n  t h a t  
b r i ne .  Ore depos i t s  may fo rm where s u l f u r - r i c h  
gases, evolved f rom a c r y s t a l l i z i n g  magma, f l ow  
i n t o  a surrounding b r i n e  t h a t  i s  r i c h  i n  
c h l o r i d e  and metals.  Ores might  a lso be 
deposi ted where t h e  convec t i ng  b r i n e  b o i l s  o r  a t  
i n t e r f a c e s  between h o t  b r i n e  and cooler ,  d i l u t e  
f l u i d .  I n  some systems b r i n e s  w i t h  success ive ly  
h ighe r  s a l i n i t i e s  may u n d e r l i e  each other .  
very  h i g h  temperatures and r e l a t i v e l y  low 
pressures, gas p l u s  s o l i d  s a l t  cou ld  u n d e r l i e  a 
b r i n e  o r  a d i l u t e  hydrothermal system. 
H y d r o l o g i c a l l y  t h i s  i s  an uns tab le  s i t u a t i o n  
t h a t  might be mainta ined by s e l f - s e a l i n g  t h a t  
reduces t h e  p e r m e a b i l i t y  o f  rock between t h e  gas 
and t h e  o v e r l y i n g  l i q u i d .  

A t  

I n  some vo lcan ic  systems ve ry  ho t  s u l f u r -  
and c h l o r i d e - r i c h  gases vent  d i r e c t l y  f rom 
v i s i b l e  magma t o  t h e  atmosphere. I n  o the r  
vo l can ic  systems t h e  h o t  gases t h a t  vent a t  t h e  
sur face have near-magmatic temperatures and are 
assumed t o  come f rom magmas a t  undetermined 
depth. I n  some vo lcan ic  o r  subvolcanic systems 
t h e  magma may be s u f f i c i e n t l y  deep t h a t  t h e  
escaping gases must bubble through (and r e a c t  
w i t h )  an o v e r l y i n g  zone sa tu ra ted  w i t h  water 
be fo re  f i n a l l y  v e n t i n g  t o  t h e  surface. The 
water i n  t h e  sa tu ra ted  zone may be mos t l y  
condensed "magmatic" water o r  mos t l y  meteor ic  
water.  The th i ckness  o f  t h i s  water  sa tu ra ted  
zone may s t r o n g l y  i n f l u e n c e  t h e  po re  pressure 
where t h e  gases are evolved f rom the  magma. 
the  pore pressures a re  s u f f i c i e n t l y  low 
(t100-300 bars) ,  b r i n e  i s  not  l i k e l y  t o  fo rm 
(F ig.  16),  and some meta l s  a re  l i k e l y  t o  be 
c a r r i e d  o f f  w i t h  t h e  gas as v o l a t i l e  complexes. 
Where these gases cool  and condense, a c i d  

I f  

a l t e r a t i o n  w i l l  occur and an o r e  depos i t  may 
form, p o s s i b l y  by mechanisms discussed by 
Love r ing  (1961) o r  Walker (1965). 
pressures are i n  t h e  range 300-600 bars, t h e  gas 
evolved from a magma w i l l  p robab ly  s p l i t  i n t o  
gas p l u s  l i q u i d  ( b r i n e )  upon c o o l i n g  t o  l e s s  
than 650"-7OO"C, and meta ls  i n i t i a l l y  c a r r i e d  i n  
t h e  gas are l i k e l y  t o  p a r t i t i o n  s t r o n g l y  i n t o  
t h e  b r ine .  Because t h a t  b r i n e  i s  r e l a t i v e l y  
dense i t  i s  l i k e l y  t o  d r a i n  downward and remain 
near t h e  magma, w h i l e  t h e  gas phase r i s e s ,  as i n  
t h e  model o f  Henley and McNabh (1978). A t  s t i l l  
h ighe r  pressures ( g e n e r a l l y  a t  g r e a t e r  depths) 
t h e  gas phase t h a t  evolves i s  l i k e l y  t o  be a 
moderate ly  s a l i n e  f l u i d  t h a t  i s  unsaturated w i t h  
s a l t ;  t h e  s a l i n i t y  i s  dependent on t h e  i n i t i a l  
concen t ra t i ons  o f  water and s a l t  i n  t h e  magma 
( K i l i n c  and Burnham, 1972; Hol land, 1972). With 
coo l i ng ,  t h a t  gas may become a s u p e r c r i t i c a l  
f l u i d  (F ig .  16), o r  w i t h  decreasing pressure i t  
may separate i n t o  gas p l u s  b r i n e  and e v e n t u a l l y  
i n t o  gas p l u s  s o l i d  s a l t .  

I f  pore 

The geologic  reco rd  (and sometimes memories 
o f  l o c a l  i n h a b i t a n t s )  shows t h a t  some ho t -sp r ing  
systems have undergone g rea t  reduc t i ons  i n  
su r face  d ischarge by n a t u r a l  processes, and 
subsequent d r i l l i n g  has shown t h a t  l a r g e  
r e s e r v o i r s  o f  h o t  water remain a t  re la t i ve1 .y  
shal low depths. Other ho t - sp r ing  systems appear 
t o  have undergone repeated pe r iods  o f  d e c l i n e  
and re juvena t ion .  Most o f  these changes appear 
t o  be t h e  r e s u l t  o f  changing water  t a b l e s  and 
changing p e r m e a b i l i t i e s  as a r e s u l t  o f  m ine ra l  
depos i t i on ,  a l though waxing and waning heat  
sources w i  11 a f f e c t  a1 1 hydrothermal systems. 
Se l f - sea l i ng  i s  a common phenomenon t h a t  occurs 
a t  and near t h e  tops o f  hydrothermal systems. 
Increases i n  f l u i d  pressure helow t h e  
se l f - sea led  zone may r e s u l t ,  f o l l o w e d  by 
hydrothermal explos ions t h a t  b r e c c i a t e  t h e  
o v e r l y i n g  rocks,  opening t h e  system t o  renewed 
f l ow .  
t h e  exp los i ve  a c t i v i t y .  Se l f - sea l i ng  may a l so  
occur  deep i n  hydrothermal systems, p a r t i c u l a r l y  
near ve ry  ho t  bodies o f  rock.  Narrow zones o f  
se l f - sea led  rock may separate geopressured b r i n e  
f rom more d i l u t e ,  h y d r o s t a t i c a l l y  pressured 
water.  Seismic a c t i v i t y  o r  h y d r a u l i c  pressure 
may r u p t u r e  t h i s  deep seal  and decrease t h e  
f l u i d  pressure w i t h i n  t h e  b r ine ,  caus ing i t  t o  
b o i l .  The l a r g e  pressure g r a d i e n t  and expanding 
gas phase may cause b r i n e  p l u s  gas t o  s q u i r t  
through t h e  f r a c t u r e d  r e g i o n  i n t o  t h e  
h y d r o s t a t i c a l l y  pressured system. Ore 
d e p o s i t i o n  may take  p lace  where t h e  f l u i d s  m i x  
and where b o i l i n g  occurs. Depos i t i on  o f  quar tz ,  
s u l f i d e s ,  and o t h e r  m ine ra l s  i s  l i k e l y  t o  
r e - e s t a b l i s h  the  se l f - sea l  i n  a r e l a t i v e l y  sho r t  
t ime. 

Ore depos i t i on  may accompany o r  f o l l o w  

The f o l l o w i n g  sequence o f  changes might  
occur i n  a hydrothermal system t h a t  forms i n  a 
vo l can ic  environment w i t h  a magma r e s e r v o i r  1 t o  
about 5 km deep. A f t e r  vo l can ic  e r u p t i o n s  
cease, ho t  gases cont inue t o  vent  t o  t h e  
sur face.  These gases may be de r i ved  i n  p a r t  
f rom t h e  remain ing magma and i n  p a r t  f rom ground 
water  ( c o n t a i n i n g  d i sso l ved  s a l t s  t h a t  may 
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t he  magma r e s e r v o i r  i s  r e l a t i v e l y  deep and t h e  
rocks i n  t h e  vent are coo l  o r  impermeable. 
F l u i d  pressures near t h e  magma a l s o  may remain 
r e l a t i v e l y  h i g h  i f  v e n t i n g  o f  gas o r  l i q u i d  
occurs on t h e  f l o o r  o f  t h e  ocean o r  a deep 
1 ake. 

hyd ro l yze )  t h a t  seeps i n t o  con tac t  w i t h  t h e  
magma o r  w i t h  v e r y  h o t  r o c k  (F ig .  13). I n  t h e  
shal lowest  magma systems, gas p l u s  s o l i d  s a l t  
w i l l  be present  i n  t h e  h o t t e s t  pa r t s ,  and b r i n e  
may fo rm a t  s l i g h t l y  c o o l e r  margins where 
i n f l o w i n g  waters b o i l  (F ig .  13). I n  deeper 
magma systems, b r i n e s  may a l so  form by 
d i s s o c i a t i o n  o f  u p f l o w i n g  gas o f  moderate 
s a l i n i t y  i n t o  l i q u i d  o f  h i g h e r  s a l i n i t y  p l u s  gas 
o f  lower s a l i n i t y .  The l i q u i d  ( b r i n e )  t h a t  
forms w i l l  d r a i n  back downward, p o s s i b l y  
i n t e r a c t i n g  f u r t h e r  w i t h  t h e  magma o r  a d d i t i o n a l  
gas. I f  s e l f - s e a l i n g  keeps i n f l o w i n g  water  away 
f rom magma and v e r y  h o t  rock  and t h e  o u t f l o w  
p a r t  of t h e  system remains open, o r  i f  a 
r e l a t i v e l y  shal low l a y e r  o f  water does n o t  soon 
become e s t a b l i s h e d  i n  t h e  pa th  o f  t h e  gas 
discharge, t h e  magma may b o i l  d r y  and coo l  a t  a 
r e l a t i v e l y  low vapor pressure.  However, a 
shal low l a y e r  o f  ground water  i s  l i k e l y  t o  fo rm 
above t h e  gas reg ion,  d e r i v e d  i n  p a r t  f rom 
condensat ion o f  steam and i n  p a r t  f rom meteo r i c  
water.  Ac id a l t e r a t i o n  w i l l  occur a t  t h e  base 
o f  t h e  l i q u i d  water  l a y e r  where condensat ion 
occurs.  The a c i d i t y  i s  l i k e l y  t o  r e s u l t  f rom 
HzS, SO2, and HC1. N e u t r a l i z a t i o n  o f  HC1 by 
r e a c t i o n s  w i t h  rocks  c o n t r i b u t e s  t o  t h e  c h l o r i d e  
con ten t  o f  t h e  o v e r l y i n g  water.  As t h e  ground 
water l a y e r  becomes t h i c k e r ,  t h e  f l u i d  pressures 
i n  t h e  under l y ing  system increase; b r i n e s  as 
w e l l  as gas may e x i s t  i n  con tac t  w i t h  t h e  more 
shal low magmas, and b r i n e s  a l ready formed i n  t h e  
deeper systems may become more d i l u t e .  

Even tua l l y  t h e  hot-gas r e g i o n  w i l l  
complete ly  disappear,  be ing  d i sp laced  b y  
r e l a t i v e l y  d i l u t e  bu t  c h l o r i d e - r i c h  meteor ic  
water t h a t  f l o w s  f rom t h e  s ides and above. The 
d i l u t e ,  me teo r i c  hydrothermal  system may f l o a t  
d i r e c t l y  on b r i n e  o r  be separated by a narrow 
sel f -sealed impermeable b a r r i e r  (F ig .  17). 
Convect ive f l o w  of t h i s  d i l u t e  hydrothermal 
system heats a l a r g e  body o f  t h e  o v e r l y i n g  rock  
t o  temperatures i n  t h e  25Oo-35O0C range. 
p e r m e a b i l i t y  a t  t h e  deep margins o f  t h e  
convect ing me teo r i c  system then becomes 
r e s t r i c t e d ,  and t h e  hea t  source remains large,  a 
vapor-dominated system might  become e s t a b l i s h e d  
above t h e  convec t i ng  d i l u t e  hot-water system 
(F igs.  12, 17). T h i s  vapor-dominated system may 
s l o w l y  expand downward as f l u i d  pressures drop 
and heat p r e v i o u s l y  s t o r e d  i n  t h e  rock i s  used 
t o  conver t  water  t o  steam. B o i l i n g  o f  t h e  
hot-water p a r t  o f  t h e  system d u r i n g  t h i s  process 
may r e s u l t  i n  f o r m a t i o n  o f  a second b r i n e  o f  
i n te rmed ia te  s a l i n i t y  between the  
vapor-dominated zone and t h e  under l y ing  i n i t i a l  
b r i ne .  When t h e  a v a i l a b l e  thermal energy i s  
f i n a l l y  d i s s i p a t e d  t h e  vapor-domi nated r e g i o n  
w i l l  be d i sp laced  b y  r e l a t i v e l y  coo l  water. 

I f  t h e  

The above sequence o f  events may be 
i n t e r r u p t e d  b y  renewed pu lses  o f  magmatic 
i n j e c t i o n  o r  b y  hydrothermal  exp los i ve  a c t i v i t y  
a t  shal low o r  deep l e v e l s .  I n  many p laces  t h e  
stage du r ing  which t h e r e  i s  r e l a t i v e l y  low f l u i d  
pressure immediate ly  around t h e  magma and 
ven t ing  o f  ve ry  h o t  gases d i r e c t l y  t o  t h e  
atmosphere may be omi t ted.  Th is  may happen i f  

It appears t h a t  d i f f e r e n t  types o f  o r e  
depos i t s  may form a t  t h e  same t ime  i n  d i f f e r e n t  
p a r t s  o f  a hydrothermal system; f o r  example, 
ep i thermal  g o l d  may occur i n  s i n t e r s  and shal low 
veins,  w h i l e  base-metal s u l f i d e s  may be 
deposi ted a t  deeper l e v e l s ,  p o s s i b l y  u n d e r l a i n  
by s t i l l  deeper porphyry deposi ts .  Ore 
d e p o s i t i o n  may a l so  be episodic ,  occur ing mos t l~y  
d u r i n g  and s h o r t l y  a f t e r  events  t h a t  open 
se l f -sealed systems t o  increased f l o w ,  o r  
immediately a f t e r  pu lses o f  renewed igneous 
i n t r u s i o n .  
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