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ABSTRACT 

High-temperature hydrothermal systems are physical- 
ly and chemically zoned with depth. The energy input 
is from a magmatic zone, intruded by igneous bodies, 
that may also contribute variable amounts of magmat- 
ic fluid to the system. The heat source is directly 
overlain by a section of rocks, that due to their elevat- 
ed temperature, respond to stress in a ductile fashion. 
The ductile zone is, in turn, overlain by a section of 
rocks that respond to stress in a brittle fashion, where 
water is able to circulate through fractures (the geot- 
hermal reservoir) and will be termed the hydrothermal 
circulation zone. Ancient and modern high-tempera- 
ture geothermal systems show a predictable sequence 
of evolutionary events affecting these stratified zones. 
Metamorphic core complexes are uplifts, formed in 
highly extended terrains, that expose fossil brittle- 
ductile transition zones. Formerly ductile rocks have 
had brittle fractures superimposed on them, and mete- 
oric hydrothermal systems are associated with the 
brittle fracturing. Porphyry copper deposits typically 
evolve from magmatic to meteoric hydrothermal sys- 
tems. At the Larderello geothermal system, the brit- 
tle-ductile transition has been mapped using reflection 
seismology, and the zone has been penetrated by the 
San Pompeo 2 well where temperatures >42OoC were 
encountered. Although neo-granitic dikes have been 
penetrated by drilling in the Larderello area, the brit- 
tle-ductile transition is largely above the inferred plu- 
tonic heat source. In the Geysers system, in contrast, 
the present steam system has been superimposed on 
young plutonic rocks and the inferred brittle-ductile 
transition is present at a depth of about 4.7 km within 
the plutonic rocks. As hydrothermal reservoirs are 
depleted, or surface facilities are restricted by envi- 
ronmental considerations, interest will turn to the 
deeper portions of known systems. Japan already has 
an aggressive program to develop Deep-seated and 
Magma-Ambient resources. This program, as well as 
others that develop methods for the mining of heat 

past the stage of primary production, will be termed 
Enhanced Heat Recovery (EHR). Examples of the 
evolution of natural systems suggest the methods by 
which deep geothermal systems can be exploited. 
The key to the exploitation of deep geothermal sys- 
tems is successful injection of water into rocks above 
the brittle-ductile transition, producing steam, cooling 
the rocks and driving the brittle-ductile transition to 
deeper levels. Under this scenario, injection wells 
may be more expensive and require more thoughtful 
planning than production wells. 

INTRODUCTION 

In the oil and gas industry, it is common to differenti- 
ate primary production from enhanced production 
which includes pressure maintenance, secondary and 
tertiary production methodologies. Shumacher 
(1978) provides the following definitions for recovery 
techniques in the petroleum industry. Primary pro- 
duction depends on the water and dissolved gas to 
provide the driving force for moving oil from the 
reservoir into the well. Pressure maintenance 
involves gas or water injection into the reservoir to 
delay production declines. Secondary recovery, 
which may be difficult to distinguish from pressure 
maintenance, is the injection of fluid into the reservoir 
to provide a second crop of oil. Tertiary recovery uti- 
lizes other substances in injected fluid to generate a 
third crop of oil from the reservoir. 

By analogy, geothermal systems either have in the 
past or are presently undergoing primary production, 
with the natural fluid content being produced. In 
many systems the produced fluids are reinjected to 
maintain reservoir pressures. At The Geysers steam 
field, a pipeline is presently under construction to 
bring water into the system, supplying an independent 
source of fluids for the extraction of heat from the 
rock. At the other extreme, the concept of a Hot Dry 
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Rock (HDR) system requires not only an external 
source of fluid but also artificial stimulation of reser- 
voir permeability (Armstead and Testor, 1987). A 
more intermediate suggestion is the Hot Wet Rock 
(HWR) concept (Takahashi and Hashida, 1992), 
where a well is drilled into hot, low permeability rock 
adjacent to a hydrothermal system and then connect- 
ed to the system through artificial fractures. In this 
paper, methods used to extract additional heat from 
the rock, past the stage of primary production, will be 
termed Enhanced Heat Recovery (EHR). 

As primary production from geothermal systems 
declines, 01 surface facilities are restricted by envi- 
ronmental considerations, interest will turn to the 
deeper portions of known hydrothermal resources. 
Economics are improved in developing the deeper 
portions of known systems since much of the infra- 
structure is already in place. There are important 
arguments to be made for developing geothermal 
resources in a sustainable manner to more effectively 
utilize the heat resource (Wright, 1995). The 
Japanese program to investigate "Deep-seated 
Geothermal Systems" (Yagi et al., 1995) is an impor- 
tant effort in this direction. Although the EHR con- 
cepts (HDR, HWR, Deep-seated and Magma- 
Ambient) may differ in detail, there will be techno- 
logical issues that are common to all, such as the 
propagation of fractures and injection of fluids. 

HYDROTHERMAL CIRCULATION SYSTEM 
MODEL 

Brook et al. (1979) found that geothermal systems 
with higher temperatures circulated through larger 
volumes of rock. Nielson (1993) re-evaluated this 
relationship using updated information and confirmed 
the general conclusion of Brook et al. Nielson 
(1994a) evaluated the volumes of geothermal systems 
in terms of both area occupied by the system and the 
depth to which fluids freely circulate. The area of a 
circulation system that has been explored by drilling 
can be determined with greater accuracy than the 
depth to which active fluid flow takes place. Plots of 
geothermal reservoir area versus average temperature 
show that the area increases as the temperature 
increases. 

Estimates of the depth limit of circulation of geother- 
mal systems have a great deal of uncertainty, but do 
show results that are consistent. Nielson et al. 
(1994b) plotted estimates of the depth limit of circu- 
lation against average reservoir temperature from the 
few active systems for which there is some evidence 

of the lower limits to which fluids circulate. This 
analysis showed that the depth of circulation decreas- 
es with increasing temperature. The mechanical tran- 
sition from brittle to ductile response of rock to 
applied stress determines the depth to which fluids 
freely circulate in the geothermal system. Where 
rocks are able to fracture, fluid will be able to circu- 
late through the open space. At higher temperatures, 
rocks will deform ductilly at shallower depths, limit- 
ing the depth to which meteoric fluids can circulate. 

A number of studies have shown that earthquake 
activity terminates at shallower depths in zones of 
higher heat flow. For instance, Gilpin and Lee (1978) 
show a maximum depth of earthquake foci of 3 km 
under the Salton Sea field deepening to 9 km east of 
the field. Smith and Bruhn (1978) show a shallower 
termination of earthquakes beneath the Basin and 
Range province as contrasted with the adjacent 
Sierras and the Colorado Plateau. Sibson (1982) has 
shown that the depth of the transition is related to the 
stress orientation, strain rate, and rock properties as 
well as temperature. His model shows that shear 
resistance increases with depth, reaching a maximum 
at the brittle-ductile transition where resistance, and 
hence earthquake frequency, decreases. The actual 
transition is probably gradational. Within individual 
geothermal areas, the transition probably results 
largely from changes in rheologic behavior of rocks at 
higher temperature. Laboratory experiments suggest 
that quartz is the first major mineral to deform ductil- 
ly  at about 30O0C, while feldspars will not undergo 
ductile flow until the temperature exceeds 450°C 
(Sibson, 1984). This is perhaps the reason that 
"granitic" rocks make such good high-temperature 
reservoirs, they remain brittle at high temperatures. 

Fournier (1991) has discussed the change from brittle 
to ductile behavior in the context of a transition from 
hydrostatic to greater than hydrostatic pressure condi- 
tions. He points out the potential importance of vein 
sealing by hydrothermal quartz in allowing high-pres- 
sure conditions to develop and concluded that the brit- 
tle-ductile transition may occur at temperatures as 
high as 370-400°C. 

Recent investigations at Larderello and Monte Amiata 
in Italy suggest a similar model for the depth limits of 
circulation in active geothermal systems (Gianelli, 
1994). A regional seismic reflector, the K horizon, is 
interpreted to represent the brittle-ductile transforma- 
tion zone. The San Pompeo 2 well, drilled to just 
above the K horizon, encountered fluids at >420"C 
and pressures above hydrostatic (Fournfer, 1991). At 
Larderello, the brittle-ductile transition is located 
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above the main mass of the intrusive heat source, in a 
position that may be similar to the hornfels zone at 
The Geysers. 

Stark (1990) used seismic data collected during injec- 
tion to investigate the depth of the reservoir floor at 
The Geysers. He interpreted this data as showing that 
injected fluid descended to a reservoir floor at a depth 
of nearly 4.7 km. At this depth, the fluids have pene- 
trated into the underlying intrusive, and I would sug- 
gest that plastic flow is inhibiting the rock's ability to 
sustain open fractures. 

METAMORPHIC CORE COMPLEXES 

Metamorphic core complexes expose former brittle- 
ductile transition zones and can be studied to provide 
insight into processes that are taking place in the 
deep-seated portions of geothermal systems. Core 
complexes are domal uplifts that have two distinct 
structural domains (Coney, 1980). Upper-level rocks 
are unmetamorphosed and have undergone brittle 
deformation characterized by normal faulting. 
Lower-level rocks are metamorphic and plutonic and 
have penetrative foliations indicative of ductile defor- 
mation. These two domains are separated by a low- 
angle fault zone that dips radially outward from the 
center of the complex. 

Kerrich and Hyndman (1986) studied the Bitterroot 
lobe - Saphire block core complex in Montana. 
Isotopic analyses were interpreted as showing that 
ductile deformation of granitic rock took place at tem- 
peratures of 550" +/- 50°C at a crustal depth of about 
15 km. The ductile deformation was followed by brit- 
tle fracturing and the ingress of large quantities of 
meteoric water, as again suggested by stable isotope 
analyses. Fluid inclusions showed that the meteoric 
circulation initially had a temperature of 370°C and 
subsequently cooled to about 200°C. In a study of the 
Whipple Mountains metamorphic core complex in 
Arizona, Anderson et al. (1988) determined that the 
shallowest ductile deformation took place at 460" +/- 
35"C, and the deepest, at temperatures of 540" +I- 45" 
C. Morrison (1994) documented two episodes of 
hydrothermal alteration in the lower plate of .the 
Whipple Mountains complex. The initial alteration, 
at temperatures >600"C involved metamorphic or 
magmatic fluids. A lower temperature episode, at 
about 350"C, involved meteoric fluids. Hacker et al. 
(1990) found, in the Ruby Mountains core complex in 
Nevada, that temperatures of ductile deformation 
were between 630" +I- 50°C to about 450°C. Smith 
et al. (1991) studied fluid interaction in the develop- 

ment of the South Mountains metamorphic core com- 
plex in Arizona. They determined that the transition 
from ductile to brittle behavior took place at a tem- 
perature of approximately 400°C. The fluids present 
were interpreted, on the basis of stable isotopes, as 
being derived from crystallization of the underlying 
plutonic complex. 

PORPHYRY COPPER SYSTEMS 

Porphyry copper magmatic-hydrothermal systems are 
well studied and can also provide insight into the geo- 
logic character and evolution of the deep portions of 
active geothermal systems. Beane (1983) has pre- 
sented a model for these deposits that traces the histo- 
ry of a typical porphyry copper from the emplacement 
of a high-level intrusive through the evolution of 
high-temperature magmatic fluid to the circulation of 
meteoric fluids. Porphyry copper systems are nor- 
mally associated with granodioritic plutons, not dis- 
similar in composition from portions of the "felsite" 
found at depth in The Geysers geothermal system 
(Hulen and Nielson, 1993). Temperature gradients 
established by the magma are able to drive hydrother- 
mal convection systems through permeable portions 
of the adjacent wall rocks. During the process of 
crystallization of an igneous intrusion, magmatic flu- 
ids are concentrated and may be explosively injected 
into the cooler wall rocks (Burnham, 1979), effective- 
ly transferring mass and heat to the wall rocks. With 
cooling of the system, fractures develop and meteoric 
fluid circulation collapses into the pluton. Beane 
(1983) indicates that fluid inclusion data from a num- 
ber of porphyry copper deposits suggest that the tran- 
sition to meteoric fluid circulation takes place at tem- 
peratures between 300" and 400°C. 

SYSTEM MODEL 

Examples from active geothermal systems, metamor- 
phic core complexes and porphyry copper deposits 
present a consistent picture of the deep portions of 
geothermal systems. Meteoric fluid will circulate 
through fractures that are developed at temperatures 
that are, in general, less than about 400°C. At tem- 
peratures above this, rocks deform ductilly, and stud- 
ies of core complexes and porphyry copper systems 
suggest that the fluids will be of igneous or metamor- 
phic derivation. 

A general model for active magmatic-hydrothermal 
systems is shown in Fig. 1 and is constrained using 
data from the Cos0 system in California. Seismic 
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Figure 1. Schematic model for zonation within active hydrothermal system constrained by data from the Cos0 sys- 
tem. Zonation is discussed in the text. The distribution of seismic events is from Walter and Weaver (1980) and is 
consistent with the model of Sibson (1982) for the depth to the brittle-ductile transition. Temperatures are esti- 
mates that are discussed in the text. 

monitoring at Cos0 (Walter and Weaver, 1980) shows 
a pre-production distribution of events with depth that 
is similar to that which would be predicted by the 
model of Sibson (1982). This defines the approxi- 
mate level of the brittle-ductile transition in Figure 1. 
Figure 1 also includes an estimate of temperature as a 
function of depth and a schematic representation of 
the zonation of the system. Beneath a cap, the base of 
which is located at a depth of approximately 1 km, the 
freely convecting system is present to a depth of 5.5 
km. This is the hydrothermal circulation zone where 
rocks sustain brittle fractures and the fluids are pre- 
dominantly meteoric. The hydrothermal circulation 
zone is also characterized by formation of hydrother- 
mal breccias, normally along fault zones where their 
formation results from stress drops due to faulting 
activity. The base of the hydrothermal circulation 
zone is marked by an increase in the number of earth- 
quakes resulting from an increase in shear resistance 
(Sibson , 1982). Below this, a transition separates 
brittle and ductile behavior. The estimated tempera- 
ture at this transition is about 4OO0C, based on the 

examples described above. At this point, the temper- 
ature gradient will increase due to restricted fluid cir- 
culation resulting from closure of microcracks due to 
increase in pressure (Morrow and Byerlee, 1992) and 
sealing by hydrothermal phases (Fournier, 1991). 

Structures in the ductile zone will be mylonitic and 
would include both high- and low-angle features, 
analogous to those observed in metamorphic core 
complexes (see also Gianelli, 1994). The transition to 
lithostatic fluid pressure is probably a requirement for 
low-angle structures (Smith et al., 1991). The thick- 
ness of the ductile zone will depend on a number of 
factors that increase the transfer of heat from the mag- 
matic zone. Thicker ductile zones will be favored by 
expulsion of fluids from the magma, multiple intru- 
sive episodes and larger magma chambers. Younger 
and smaller systems may have ductile zones of 
insignificant thickness. 

Beneath the ductile zone, the magmatic zone contains 
the igneous heat source. This is shown at a depth of 
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about 8 km on Fig. 1 based on estimates of the depth 
to the magma chamber in the Cos0 field (Bacon et al., 
1980). The temperature shown on Figure 1 for the top 
of the magma zone is 700°C which is a low temper- 
ature estimate for silicic chambers (Hildreth, 1981). 
Geologic relationships in this zone may be complex 
with a number of intrusive phases of different age, 
composition, fluid content and temperature. The 
magmas may be present as crystallized plutons, par- 
tial melts or liquids. Also, not illustrated on Figure 1, 
is the fundamentally basaltic nature of heat and mass 
input to magmatism in the lithosphere (Hildreth, 
1981). Dikes will commonly extend upward into the 
zone of hydrothermal circulation, but they will prob- 
ably be emplaced prior to the formation of a substan- 
tive ductile zone. 

Hydrothermal circulation is fundamentally a cooling 
process, the natural mining of heat from a magmatic 
system. With cooling, fractures are formed first in the 
ductile zone and subsequently in the magmatic zone 
(Beane, 1983, Norton, 1984). This effectively pushes 
the zonation boundaries to lower levels of the crust. 

As an example, as The Geysers has matured, the brit- 
tle-ductile zone, which originally must have been 
located at or above the felsite-wall rock contact; has 
migrated into the underlying intrusive. The geother- 
mal reservoir now includes the formerly molten 
igneous rocks. 

ENHANCED HEAT RECOVERY 

The natural cooling of magma-hydrothermal systems 
suggests a scenario for enhanced heat recovery from 
geothermal systems. Mining of heat from the deep 
parts of these systems requires cooling to tempera- 
tures where brittle fracturing is possible. The cooling 
process will, through thermal contraction, create the 
fractures through which additional fluids will pene- 
trate the rock. Dash et al. (1983) demonstrated that 
the continued circulation of injectate would result in 
an increase in permeability by thermal contraction. 
Indeed, the key to EHR and the mining of heat from 
the deep portions of geothermal systems will be deep 
injection. Injection wells would be drilled to access 
hot rock below the present production zone. The 
objective of this deep injection would be to mine heat 
from the system using procedures that will mimic and 
speed up natural processes. Injection will ultimately 
superimpose brittle fractures on the ductile zone and 
then the magmatic zone. Injection rates will have to 
be managed to insure an efficient rate of heat mining. 
Injection wells will have to be drilled progressively 
deeper, and the shallower injection wells can be con- 

verted to production wells as heat mining moves to 
greater depths. 
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