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The energy contained in rock within the earth’s crust
representsa- nearly unlimited energy source. Its inher-
ent inaccessibility Has limited its use to only a few
sites in the world. At those sites, geothermal power
plants utilize drilled wells to brmg natueal under-
ground hot water andfor steam to the surface; the
hot geothermal fluid eithér flows under artesian
pressure or is pumped to a powér plant, which may
use the fluid to produce electricity, process heat, or
both. Often reinjection wells are used to return the.
cooled fluid ro the formation.

These natural hydrothermal reservoirs represent
only a minute fraction of the rotal energy in place in
the hot rock. Exploitation of the reniaining fraction
involves the devélopment of methads ro extract
enetgy from rock. formations where this unique
‘Combination of geologic and hydrologlc conditions.
does not exist.

Three major heat sources contribute to the hot dry
rock resonrce:
[0 igneous related crustal heat fram magma bedies;
O heat transferred by conduction from the earth’s _
interior;
O heat generated by radioactive decay of certain

E1ectrrc;ty may be genprated by an HoA pgwer ptant al costs
competitive with ex:shng modes of eleétrical preduclion in many
parts of the United Sltates. Theseléments of such a plant would be-
likely to follow the general scheme shown. The single Iracture
indicated is likely to bé workable 16r a réservoir in rdck of low
pérmegability, which would lend to retain most of the injecled
working fluid.
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elements contained in the earth’s erust.

In seme areas of recent volcanic activity, high
rates of heat flow may causcvisible effects arthe sur-
face; for example, erupting geysers and hot springs.
In other areas, however, hot rock exists niear the sur-
face but there is insufficient water present to pro-
duce such phenomena. Thus a potential hot dry rock
(HDR) reservoir exists whenever the amount of spon-
taneously preduced geothermal fluid is inadequare
for a commereial system. This feature:of the HDR re-
source may provide an advantage in that system
temperatures and fluid production fates may be de-
termined by ‘design in ‘contrast to. natural hydro-
thermal reservoirs where these characteristics are de-

~termined by prevailing geologic and hydrelogic

conditions. For -example, HBR reservoir tempera-
tures may be selected by drilling to a.specified depth
determined by the geothermal temperature. gradient.

. Conceépts for creating HDR systems invelve dril-
]mg holés and connecting them to man-madé resei-

voirs emplaced deep within the crust. In all cases,

artificial. stimulation is required ro create cither

sufficient permeahility or bounded flow paths, te.

allow removal of heat by circulation of a suitable
fluid. over the surface. of the rock.

Many facets related to the techiiical fea'a1b11|r) of

HDR systems have béen demoristrated in the first
field experiments being conducted by the Los
Alamos Scientific Laboratory (L.A.S.L.) at the Fen-
ton Hill site in the Jemez Mountains of New
Mexico. At the present time, a hydr.m]lcally frac-
tured reserveir in low pcrmc;&b lity crystalline base-
ment. tock at 'tbout 185° C. has been created and

flow tested for 75 days at:an energy extraction fate

of approximately five thermal megawarts (MWrt.)
Plans are underway to enlarge this to a 50 MWe.
capacity with an extended lifetime. The resolutipn
of these technital issues and the inevitable economic
trade-offs that exist will determine the fare of HDR
a$ a commercially feasible venture.

Stze and Quality of the HDR Resource

Two critical questions confront potential developers
of this resource, the responses to which have sig-
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This.map of the Uniled-Stales shows: the geothermal gradients —
rale &l ingfgase in tEmperaturg with depth — based on dala
collécted by R. M. Poliér from American Association of Petroleurn
Geologists oil and gas.well temperalure-depth records -and from
récenl eslimales for the Allantic coastal plain by J, Costain and
associates lrom the Virginia Polylechmc Institute: The large blank
areas represent regions lor which data are Iackmg Note that h|gh
gradlents are nol excluswe!y lpcated if the. wesiern ‘states, norare
they .associated with hydrothermal resource areas such as ihe
chsars region-in northera California, or the Imperial Vallgy région
of-saulhern California, For gxdmple, h|gh geothermal gradiénts
occur on the Atlantic Coast, in llinois and Indiana, and in Soulh
Dakita ‘and Nebraska.

Temperature gradient

Greater than 36.5°C/km

Between 29.2 and 36.5°C/km (L]

Less than 29.2°C/km
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nificant impact on the economics of drilling and res-
ervoir development:

O How does one precisely define and identify a use-
ful HDR resource?

O How are HDR resources distributed throughout
the United States?

The HDR resource base is generally defined to in-
clude crustal rock that is hotter than 150° C.
(though for some applications the minimal usable
temperature could be as low as S0° C.), is at depths’
less than ten kilometers, and can be drilled with
presently available equipment. While technically
feasible, prevailing economic factors will obviously
determine commercially feasible depths. Depending
on end use, useful rock temperatures may be as low
as 100° C. for space heating purposes. However,
temperatures greater than 200° C. are desirable for
producing electricity.

The HDR resource base is very large. Using a con-
servative average geothermal temperature gradient
of 22° C. per kilometer (km.) of depth, a staggering
13 X 10*"joules (J.) (13,000,000 quadrillion British
thermal units, or quads) of total energy are calcu-
lated to be contained in crustal rock to a ten km.
depth in the United States, including Alaska and
Hawain. In comparison, the present annual U.S.
energy consumption is approximately 80 quads. The
real question remains as to how much of this re-
source base can be recovered. If we assume that only
about 0.2 per cent is technically recoverable, we find
a total that is comparable to the estimarted resource
base of all the coal remaining in the United Srates.

The geothermal gradient, which determines the
depth of drilling required to reach a specified tem-
perature, is a major factor in the recoverability of
geothermal resources. There is an obvious trade-off
in HDR systems between the temperature required
and the depth of drilling necessary to reach it. The
problem is to balance the economics of deeper, hot-
ter, more costly wells versus shallower, cooler, less
expensive wells against the value of the final prod-
uct, electricity and/or heat.

Studies by W. H. Diment and his colleagucs at the
U.S. Geological Survey (U.S.G.S.) show that rock
underlying about five per cent of the total U.S. land
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Above: This plot of rock temperature against depth illustrates
potentially useful energy contained in an HOR resource. The tinted
area denotes the range of heat usable for the commercial
generation of electricity in a location with a mean geothermal
gradient of 30° C./km. to a minimurm useful temperature of 50° C.,
corresponding to a depth of 4.5 km, is considered. An assumed
maximum economic drilling depth of 6 km. then determines the
highest reservoir temperature possible, in this case 195° C.

Right: Rock formations with low permeability could produce useful
heat by circulating water through “reservoirs™ consisting of one or
more fractures al appropriate depths.

The first drawing shows a single hydraulic fracture produced by
high-pressure fluid injection. After thermal exhaustion of the
original fractured zone, a second fracture could be grown from the
same borehole. Each fracture would be roughly penny-shaped,
100 m. or more in diameter and a few millimeters wide in cross
section.

The second drawing shows the development of the thermal
stress cracks that may form during continued operation of an HDR
reservoir. Such cracks have the elfecl of increasing the effective
heat transfer surface area available to the circulating fluid.

As suggested by R. M. Potter of L.A.S.L. and C. B. Rayleigh of
the U.5.G.S., a possible arrangement of multiple paraliel fraclures
is shown in the third diagram. The fractures would also be grown
hydraulically by fluid injection. Perforations in the casing of the
lower borehole would be used to regulate the flow of fluid into the
fractures.
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area may have geothermal gradients of 40° C. per
km. or more. Conservatively, it can be assumed that
over a third of the land area in the United States has
above average heat flow with thermal gradients
ranging from 30° to 36° C. per km. Igneous rock sys-
tems to depths of ten kilometers under the continen-
tal United States (not including Alaska and Hawaii)
are estimated by R. L. Smith and H. R. Shaw of the
U.S.G.S. to contain about 105 x 11*' ]. (105,000
quads) and T. R. McGerchin and his associates on
the Hot Dry Rock Assessment Panel convened by
the U.S. Energy Research and Development Admin-
istration estimated that such igneous systems con-
tain 74 X 10*' J. (74,000 quads) of thermal energy
at temperatures above 150° C.

Other physical and chemical properties of poten-
tial HDR formations are as important to energy ex-
traction feasibility as are the geothermal gradients.
Different formation permeabilitics, porosities, and

chemical reactivities with hot water obviously affect.

the development of potential HDR reservoirs. These
factors are now being incorporated in an extensive
evaluation of potential U.S. HDR sites underway at
the L.A.S.L. This will be based in part on improve-
ments to the gradient data base provided by the
U.S.G.S. resource assessment program.

Extraction of HDR Geothermal Energy

At least two fundamental approaches are now gen-
erally accepted for mining HDR geothermal heat.
One is appropriate for use in rock formations with
low permeability, the other for high permecability
rock.

If the permeability of the formation is low, an ar-
tificial circulation system can be created by fractur-
ing the rock in the reservoir to provide many flow
passages with a large heat-transfer surface area. A
fluid — for example, water — is then circulared
through the fractured reservoir to recover the
energy. Most of the injected fluid is recovered in a
second production wellbore simply because of the
low natural permeability of the formation. Large
fracture surface areas are required because rock
conducts heat rather poorly, and it quickly controls
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Above: Three parallel fractures could be used to extract energy
from rock formations having high permeability. Cold water would
be injected into the central fracture under high pressure. The water
would then permeate the hot rock, eventually reaching the outer
fractures, from which it would exit via the second wellbore. Note
how the wellbore casings and perforations force the water to follow
the desired path.

Right: These computer simulated flow contours represent the
circutation of fluid as heat is transierred to fluid in a single,
penny-shaped fracture. The fracture has a radius of 500 m. and a
very thin elliptical cross section. The streamlines shown in both
diagrams conlain approximately 10 per cent of the total 144
kg./sec. flow. An initial mean rock temperature of 250° C. and a
geothermal gradient of 50° C./km. were used.

The left diagram indicates the flow of water with buoyancy effects
suppressed due to high impedance.

The right diagram shows a similar fracture, but includes
buoyancy effects.
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the rate of heart transfer to the fluid contained-in the
fracrure zone.

Such an HDR reservoir will most likely be formed
by injecting fluid through a wellbore at pressures
sufficient to fracture the rock. Under ideal condi-
tions, the fracture would be vertically oriented,
circular in shape, with a maximum radius of typi-
cally 100 meters (m.) or more, and a width or open-
ing of only a few millimeters.

Problems of Containment and Recovery

The production wellbore in this downhole circu-
lation system should intersect the fractured re-
gion sufficiently above the injection point to
maximize the exposure of fluid to thc fracture sur-
face by avoiding “‘short-circuiting” and exploiting
buoyancy effects. Heat exchangers ar the surface
would extract energy from the geothermal fluid,
which would then be reinjected to complete a closed
cycle. Some water would be lost even in low per-
meability rock, so that “makeup water” would be
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added. Because the rock has a low thermal conduc-
tivity, fractures separated by greater than 50 m.
show only negligible thermal interference over a 20
to 30 year period. Comcquun]y, multiple parallel
fracture systems may provide an alternative method
of generating large rock surface areas.

In formations with high permeabilities, the prob-
lem of fluid circulation may be of only secondary
importance to that of containing and recovering the
geothermal fluid. Water-drive and flooding
methods, long used for the underground recovery of
gas and oil, may be applicable to high permeability
HDR reservoirs; these methods make use of networks
of injection and producrion wells, arranged to
minimize fluid loss to permeable rock surrounding
the ficld. Alternatively, injection and production
wells could be located to take advantage of the per-
meability. For example, three parallel fractures of
similar area could be created, of which the cenrral
fracture would serve as the fluid injection surface
and the two flanking fractures would receive fluid
that permeates the rock from the central fracrure. If
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a uniform flow distribution can be maintained
through such a system, the lifetime of the reservoir
will be determined by the heat content of the rocks
in the fractured region.

Obviously, any HDR reservoir will have a finite
rate-of temperature decline over time. The thermal
drawdown, or cooling rate, for a fractured low per-
meability HDR reservoir depends on the accessible
fracture surface area, mass flow rate of water, dis-
tribution of fluid across the fractured surface, and
the density, heat capacity, and thermal conductivity
of the rock.

Thermal drawdown creates a need to develop
strategies for reservoir management to optimize the
utilization of the resource. From the standpoint of
the power producer, the temperature decline of the
output fluid should be minimized while the mass
flow rate per pair of wells is maximized over the 20
to 40 year lifetime of an HDR power plant.

This will not be possible in the extreme because of
the finite area of the reservoir. In some cases it may
be necessary to slow the mass flow rate to reduce the
rate of temperature decline. Fortunately, substantial
enhancement of reservoir performance may occur
spontaneously, because as heat is removed from an
HDR reservoir, thermal stresses are likely to cause
the rock to crack further. Such cracking would pro-
vide additional flow channels for the circulating
fluid and would enhance the performance and
lifetime of the reservoir. Even without thermal stress
cracking, thermal contraction of the rock will in-
crease the width of the fracture opening, allowing
buoyancy effects to sweep fluid more uniformly over
the fracture surface area.

In the absence of thermal stress cracking en-

hancement, two remedial stimulation alternatives.

are possible:

additional hydraulic fracturing from inclined
wellbores by high-pressure fluid injection to produce
new surface area in hot sections of the reservoir;
O sidetracking of the original wellbores to a new
region and refracturing to produce a new system.

In- addition, multiple fractures grown from in-
clined boreholes may generate sufficient surface area
to prolong reservorr lifetime significantly.
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Electric Power from HDR Systems

Using a geothermal resource to supply heat ro an
electric power generating cycle frequently involves a
different ser of design criteria from conventional
fossil fuel fired or nuclear generating cycles. Because
conversion efficiencics range from 8 to 20 per cent
for geothermal resource temperatures of 100 to 300°
C., and because drilling-related costs frequently rep-
resent more than 60 per cent of the total capital in-
vestment in the power plant, a premium is placed on
designing and operating conversion systems near
their thermodynamic limiting efficiencies.

Rankine or similar cycles have been used for
power production with water as the working fluid,
particularly where natural steam is available. For
liquid dominated systems, steam vapor can be
created by flashing the geothermal fluid at the sur-
face to a lower pressure. Then, the saturated stcam
phase can be used to drive a turbogenerator unir,
with the unflashed liquid fraction either reinjected or
discarded. Binary-fluid cycles employing nonaque-
ous working fluids are alternatives to single and
multiple flashing systems currently in use in various
parts of the world (for example Cerro Prieto,
Mexico, and Wairakei, New Zealand). Binary-fluid
cycles involve a primary heat exchange step where
heat from the geothermal fluid is transferred to an-
other working fluid, which expands through a tur-
bogenerator and then passes to a condenser/
desuperheater for heat rejection to the environment.
The cycle is completed by pumping the fluid up to
the maximum cycle operating pressure.

Nonaqueous working fluids with large, low-
temperature vapor densities would require smaller
turbines than the low-pressure steam turbines em-
ployed in flashing systems of the same power output.
This is particularly true where heat rejecrion condi-
tions of 30° C. or less exist. Flashing cycles are, of
course, simpler because they do not require a pri-
mary heat exchanger.

Seven working fluids in addition to water were
examined. Refrigerants R-22 (CHCIF,), R-600a
(isobutane, i-C,H,.), R-32 (CH,F.), R-717 (am-
monia, NH;), RC-318 (C,F.), R-114 (C.,Cl.F,) and



Estimating The
Energy Worth
of an HDR Reservoir

One approach to cstimaring HDR reservoir performance
makes the assumption that a certain fraction 1 of the recov-
crable power could be realized by extraction with a uniform
flow of working fluid across the face of an ideal plane frac-
ture. By solving a transient problem of one-dimensional heat
conduction from the rock into the fracture face — the recov-
erable power P{t), in joules per sccond (J./sec.), for uniform
flow can be expressed as follows (see McFarland and Mur-
phy and Wunder and Murphy in ““Further Reading”):

P(O) = M Col(T, = Ty erf | [ 22 7R
t Mm.Cy

where:

A = wR? = arca of one face of the fracture (m¥)

C. = heat capacity of water = 4200 J./kg. K

C. = hcat capacity of granite = 1000 J./kg. K

. = water mass flow rate through the fracture (kg./sec.)
R = fracturc radius {(m)

t = tme (sec)

T; = mean initial rock temperature (° C.)

Tain = fluid reinjection temperature (° C.)

erf = error function; for example, crf (z) =

. 2 L
crror function of z = —f e Mdx
o
"

Ar = thermal conductivity of granite = 3.0 W./mK.
pr = rock density = 2,500 kg./m®
McFarland and Murphy compared P{t) to estimated values

that could result from nonuniform flow across the accessible
fracture arca. Fluid buoyancy and convection effects within
an ideal .fracture as well as transient conduction of heat
through the surrounding rock are treated i 2 numerical so-
lution of four coupled two-dimensional, nonlincar, partial
differential equations describing continuiry, fluid
momentum, and rock and fluid cnergy balances. Depending
on the location and separation of fluid injection and recovery
points within the fracture and the internal fracture permea-
bility (gap width versus radius), the recovered fraction of
power 7 may vary from 0.4 10 0.9 depending on the degree of
buoyant circulation through the fracture.

. The cquation shows that the relarive power {P(t) P(t=0)]
depends directly on the crror funcrion of:

R
maVt

for constant rock and fluid propertics, where

K

Thus, predictions of reservoir lifetime can be made for spec-
ificd ideal fracrure sizes and flow ratcs.

For cases where large stable fractures cannot be produced,
smaller multiple parallel fractures may be used to generate
the required surface arca to maintain an acceptable reservoir
lifetime. Wunder and Murphy and Gringarten, ct al. have
examined the heat extraction capacity of such multiple frac-
ture systems to determine the cffects of variable fracture
number and spacing. Because of the low thermal conductiv-
ity of granite, the thermal drawdown will resemble that for a
single fracture as showa in the graph below if fractures are
spaced 50 m. or morc apart. Wunder and Murphy also treat
an intermediate case with 1 m. spacing berween fractures
where there is a strong superposition of hear flow between
fractures and a very different drawdown behavior. In the ex-
treme case of completely rubblized rock, a square tempera-
ture wave would propagate through the reseevoir, showing a
breakthrough effect similar to that andcipated for water-
drive type systems. In this case, the lifetime' 7 of the reservoir
would be given by:

{(1—0) Bﬁ‘io}

F= pCAL pCe

where Gy

L = scparation distance between fractures (m)
0 = porosity

In addition, Harlow and Prache, using a simplificd model,
showed that substantial enhancement of reservoir perform-
ance could be anticipated because of thermal stress cracking,
the fracturing of reservoir rock by temperature-induced
stresses. Such thermal stress cracking is not well understood
even under well-defined laboratory conditions. L.AS.L. will
usc its rescrvoir at the Fenton Hill ficld tesr site to identify in
situ thermal stress effects. Theoretical work on thermal stress
cracking, continued over the past years at Northwestern
University by S. Nemat-Nasser, L. M. Keer and associatcs,
and ac L.AS.L. by H. D. Murphy, D. W. Brown and others,
has produced new ideas. It is hoped that the extraction of
heat from fractured HDR reservoirs may introduce sccondary
thermal cracks, which will be wide enough to permit convec-
tive circulation of fluid; this enhanced circulation will greatly
increase the heat removal rate, aceelerating the propagation
of the cracks, and producing an “autocaralytic™ effect. Even-
tually, another sct of orthogonal cracks may form along the
surface of the first set of deep cracks, enhancing further the
performance of the reservoir. Accurate knowledge of in situ
reservoir heterogencities and stresses will be required in
order to predict the required cooling for crack initiation and
the resulting growth rates of this scries of thermal cracks. —
R.G.C,GEM, . WT, and R.1..B. O
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R-115 (C,CIF;) were selected because they provided
a range of critical temperatures and pressures, and
molecular weights. All of these compounds have
relatively high vapor densities compared to water at
temperatures as low as 20° C.

Detailed calculations of binary-fluid Rankine

cycle configurations were performed to examine the
effects of cycle operating pressure, heat rejection
temperature, temperature differences in the primary
heat exchanger and condenser, turbine and pump
efficiencies, and fluid temperature. In each case a
utilization efficiency n, was determined which re-
lated the actual electrical work produced by the
cycle to the maximum work (or availability) possible
with specified geothermal source and heat rejection
temperatures. Comparisons were also made with
single and multstage steam flashing cycles.

For any given working fluid, there is an optimum
set of operating conditions yielding a maximum
utilization efficiency for particular geothermal fluid
and heat rejection temperatures and turbine and
pump efficiencies. In screening potential working
fluids, some knowledge of the magnitude of the
utilization efficiency and how it changes would be
useful. Computer optimizations for the seven work-
ing fluids studied were conducted for geothermal
fluid temperatures ranging from 100 to 300° C. One
observes a characteristic maximum efficiency at a
particular resource temperature, which 1s different
for each fluid but generally in the range of 60 to 70
per cent assuming an approach (pinch point) tem-
perature difference of 10° C. berween the counter-
currently flowing geothermal and cycle working
fluids in the primary heat exchanger, an 85 pcr cent
dry turbine stage cfficiency, and an 80 per cent feed
pump efficiency.

Component efficiencies of this magnitude have
been achieved in units of 50 megawatts of clectrical
output (MWe.) or greater capacity. However,
binary-fluid turbogencrators have hot as yet been
placed in commercial geothermal operation with
units of greater than about one MWe. capacity even
though smaller units have been operated. Power
gencration from geothermal, solar, as well as waste
heat sources using nonaqueous working fluids will
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continue to evolve in the coming years under private
and public support, and it is not anticipated that any
serious problems will exist in scaling-up from the
existing 60 kWe. to 1 MWe. units currently avail-
able.

The selection of optimum plant design conditions
becomes more complex as reservoir temperature
declines. Performance is severely curtailed when the
plant opcrates below the wellhead or reservoir tem-
peratures for which it was designed.

A geothermal power plant is very sensitive to
changes in conditions for hear rejection. H. E.
Khalifa of Brown University estimates that the
power output from a geothermal plant would vary
by %32 per cent with fluctuations of +15° C. in
ambicnt temperature. S. L. Milora and J. W. Tester
note a similar effect; their calculations show that
with a 200° C. liquid resource, a decrease in con-
densing temperature from 49° to 27° C. increases the
potentially available work by as much as 40 per
cent. Thus, because of the inherently low efficiency

. of geothermal cycles operating with wellhead tem-

peratures below 300° C.,; a premium is placed on
optimizing cycle performance by utilizing lower
ambicent temperatures when and where environmen-
tal conditions permit.

To increasc efficiency, pressure losses throughout
the system must be minimized, as they will affect
pumping requirements and therefore costs. These
losses are caused by friction in piping, well casing, or
within the fracture itself, and by form drag losses at
the entrance and exit regions of the fracture in each
wellbore. Based on our experience at the L.A.S.L.
Fenton Hill test site, the impedance within the frac-
ture system itsclf and at the entrance and exit re-
gions will probably produce the largest pressure loss-
es. While such fracture system pressure losses are
wholly controlled by the complexity of formation
characteristics, other losses can be minimized. For
example, friction in piping can be reduced by in-
creasing piping diameters. And pressure losscs can
be partly offset by the net gain in buoyancy between
the cold injection and hot recovery wellborcs.

As a wellbore is deepened and reservoir tempera-
tures rise, downhole mineral solubility and reaction
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Left: The four curves show different power drawdown (cooling)
rates for a hypothetical geothermal reservoir consisting of a single
fracture in granite. The greater the ratio of the flow rate divided by
the fracture surface area the more rapidly the reservoir cools down,
No thermal stress cracking is assumed in the model.

Refrigerants having greater vapor densities than water at low
temperatures could be used to power smaller turbines than are
required in steam systems, and have comparable or higher overall
utilization efficiencies for geothermal fluid temperatures of 100 to
300° C. Seven refrigerants were analyzed to determine operating
conditions under which they were thermodynamically most efficient
for a specified geothermal temperature. (For details see Milora and
Tester, Geothermal Energy As a Source of Electric Power, M.1.T.
Press, Cambridge, Mass., 1976.)

C=R22"
D = R-600a .
E = RC-318
F = R-114

G = R-32
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Base Case Conditions
Life of the system
Length of time in a decision period = 5 years

Electric plant capacity = 50 MW(e).

Radius per fracture = 300 m.

Maximum well flow rate (i) = 75 kg./sec.

Fractures per pair of wells = 12

Horizontal fracture spacing = 50 m.

Geothermal gradient = 40° C./km.

Busbar price of electricity = 3 cents/kWh.

Real cost of equity capital = 6% (12% nominal)

Real cost of debt capital = 3% (9% nominal)

Operation and maintenance costs = 0.13 cents/kWh.
Revenue tax = 0.07 cents/kWh. (2.5% of busbar price)
Joint federal and state income tax rate = 51%

= 30 years

These are the base-case parameter values used in the
optimization model to evalute hot dry rock (HDR) energy for the
production of electricity. The number of fractures were selected to
assure that reservoir temperature drawdown does not significantly
affect system efficiency; this is equivalent to assuming that
sufficient heat transfer area existed to maintain geothermal fiuid
temperatures within ten per cent of their original design value
through the thirty-year lifetime projected for such a plant. Capital
costs are referred to as “real” because they are exclusive of the
investors’ anticipated rate of general price inflation.

rates increase, and the chemical composition of the
geothermal fluid may change. Consequently, the po-
tential for corrosion and particularly for silica and
carbonate scaling increases. These chemical effects
vary with each site and formation so thar their eco-
nomic impact must be evaluated separately for each
case.

The Environmental Impact of HDR Operation

The operation of an HDR system should have minis
mal effect on the environment for several reasons:
O The entire fuel cycle is located at the power
generating station, in contrast to energy cycles based
on oil, gas, coal, and nuclear sources.

O Liquid and gaseous effluents should be essentially
nonexistent for HDR systems, which are intended to
operate in a closed cycle (except for the injection of
makeup water).
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O If water chemistry probleni$ such as corrosion or
scaling exist, some treatment may be required and
solid effluents (removed deposits) may result. But
these should not present a serious environmental
impact; for example, a 100 MWe. plant might pro-
duce 1 to 10 tons per day of silica or calcium car-
bonate material.
a Although water loss through permeation in the
reservoir formation may be a strong economic fac-
tor, p'lrtncularly in arid regions, aquifer contamina-
tion is highly unlikely due to the extreme depths of
postulated HDR fracture systems — typically 3 o §
km.

The major environmental concern with HDR sys-
tems is seismicity induced by injected fluids. The first
extensive test at the L.A.S.L. Fenton Hill test site
failed to produce any seismic events (threshold Rich-
ter 0.5) that could be detected by surface seismic ar-
rays that surrounded the experiment. The propaga-
tion of thermal cracks in rock of this type in a large
earth stress field is inherently stable, and we do not
anticipate any serious seismic effects to occur. After
the system is shut down, the rcheating of the cooled
section of the reservoir will occur in a quiescent fash-
ion.

Modeling the Economics of HDR Technology

A complete evaluation of producing electricity with
HDR technology must include both conventional
cost accounting and financial aspects and the unique
resource and engineering considcmtions associated
with geothermal systems. (See 5nmm‘mg the
Energy Worth of an HDR Reservoir,” p. 67.) We
have incorporated these factors — and their effects
on capital costs, operating costs, revenues, taxes,
and other financial issues — into an intertemporal
optimization computer model, which is used to de-
termine the best management strategy for an integ-
rated HDR system of wells, fractures and electric
power plant. The model is then used to demonstrate,
on the basis of the present value of net bencfits (net
benefits after taxes and minimal profits) the reser-
voir design, geothermal well flow rate, and geother-
mal gradient value that might make HDR-produced
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The power output of an HOR geothermal generating plant declines
as the reservoir temperature drops below the design temperature.
This graph illustrates the decline, plotted against “fractional source
temperature drop,” which is the difference between design
temperature and actual temperature divided by design
temperature.

electricity commercially competitive in the United
States.

Among the variables subject to control in the
model aré the operating well flow rate, initial drill-
ing depths, and periodic redrilling. Parameters in
the model include installed capacity, geothermal
gradient, design temperature and design well flow
rate for the electric generating plant, and reseryoir
size (which for the purpose of this paper is varied
with the design well flow rate to insure negligible
temperature drawdown simultaneously). The effects
of design well flow rate and geothermal gradient on
costs were examined. Various economic consid-
erations are also specified, for example, a thirty year
plant life is assumed and a selling price for electricity
at the busbar is set alternatively at three or four

To produce a given amount of electric power, less geothermal fluid
is required as the reservoir temperature increases.

cents per kilowatt-hour (kWh.) The table on the op-
posite page lists the conditions for the base case run
of the model.

Given values for geothermal gradient and the
price of electricity at the beginning of each decision
period (a “decision period” in this case is a five year
time interval), the model calculates the present value
of net benefits associated with all combinations of
operating flow rate and drilling strategies and
chooses the combination that maximizes the present

values of these net benefits over the life of the sys-
tem. (See “Modeling Geothermal Qpportunities’ on
p. 73; a complete specification of this dynamic pro-
gramming model is given by the authors in an inter-
nal L.AS.L. report, August, 1978.)
Results from the model indicate, for various
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combinations of parameter values, whether the op-
timally managed HDR plant is commercially attrac-
tive or not. For example, with electricity priced at
three cents per kWh. ar the busbar, a design well
flow rate of 40 kilograms per second (kg./sec.), and a
geothermal gradient of 40° C. per kilometer (° C./
km.), an HDR electric generating facility might lose

- $9.2 million over its lifetime. But with that same

gradient and well flow rates between 50 and 105
kg/sec (all other parametets unchanged) the present
value of net benehts from rhe investment would
range from $1 million to $22.8 million. All costs
presented are in constant 1978 dollars.

The analysis for reservoirs having negligible tem-
perature drawdown with all other technical issues
resolved can be generalized as follows:

O In areas with geothermal temperature gradients
of 50° C./km. or higher, HDR-produced electricity is
commercially feasible regardless of the well flow rate
(in the range of 40 to 150 kg./sec.) at busbar costs of
three cents/kWh.

O In areas with a geothermal temperature gradient
of 40° C./km., a well flow rate of 40 kg./sec. would
require a busb'\r cost greater than three cents/kWh.
for a positive present value of net benefits; however,
with flow rates in the range of 50 to 150 kg./sec.,
HDR-produced electricity would be commercially
feasible with busbar costs of three cents/kWh.

O In areas with gradients berween 20° and 30° C./
km., HDR-produced electricity would result in bus-
bar costs that are higher (most likely, nieh higher)
than three cents/ kWh. for all well flow rates in the
range of 40 to 150 kg./ scc.

O In areas with gradients of 40° C./km. or higher,
HDR-produced electricity would be commercially
competitive at busbar costs of four cents/kWh. for
all flow rates.

As the temperature gradient increases, shallower, less expensive
welis are required. Consequently, at various design flow rates, the
net financial benefits of a typical plant would improve with
increasing geothermal gradients. At the top is shown the present
value of net benefits of an optimally managed HoR system for a
range of geothermal temperature gradients and various design flow
rates, assuming a busbar price of three cents; at the bottom is shown
the present value ol net benelits when the busbar price is four

cents/kWh. These figures were generated by an intertemporal
computer optimization model developed by the authors.

<



O Where gradients of 30° C./km. are available and
at flow rates of 75 kg./sec. or more. HDR generation
is economically feasible with busbar costs at or
above four cents’lkWh.

An additional perspective for the relative costs of
HDR-produced eclectricity may be obrained as fol-
lows. For a 50 MWe. plant in areas with a 50°
C./km. gradient, the present value of total capital
costs (wells and power plant) range from $2130/
kWe. to $1560/kWe. as the maximum well flow rate
varies from 40 kg.fsec. to 150 kg.Jsec. Other eco-
nomic analyses for hydrothermal systems have
shown similar ranges of capital costs for wells and
power plants. This compares with plant costs (not
including fuel) of $500 to $700/kW. for coal and
$1000/ kW. or more for nuclear plants now under
construction in the United States. In HDR systems,
one then accepts higher initial | investment costs in re-
turn for lower future fuel costs relative to more con-
ventional technologies.

As an alternative approach to describing feasibil-
ity, consider that for a given set of resource and re-
servoir conditions, including type of formation,
geothermal gradient, fracture size, and design flow
rate, there exists an optimal management strategy of
drilling, redrilling, and plant operation that will re-
sult in a minimum “breakeven” price. This break-
even price would generate revenues just sufficient to
cover all costs, including taxes and returns to inves-
tors and lendcrs at specified real rates. The graph on
p. 74 presents this breakeven price as a function of
geothermal gradient and design well flow rate, as-
suming negligible temperature drawdown. At higher
gradients and flow rates, a busbar price of less than
two centslkWh. is sufficient to earn the six per cent
real rate of return which was specified in the model.

Referring to the lower figure on p. 74, the mini-
mum breakeven price of HDR-produced electricity
described above is very sensitive to the assumed real
rate of return. As rcal rates of rcturn for equity and
"debt increase from the 6 per cent/3 per cent used in
the basc case rise to 17 per cent/é6 per cent, the
breakeven price rises from 2 cents/kWh. to around
5.5 cents/lkWh.

Finally, it 1s interesting to notejthe effect of the

t

Modeling Geothermal
Opportunities

The model employed i this research requires as inpurt
basic information about the HDR system under considera-
tion. lr then determines the optimal time path of man-
agement decisions for this system, where oprimal s
defined as that management strategy which maximizes ®,
the present value of net benefits where net bencfits are
defined as ner revenues after taxes and minimal profit.
This abjective is expressed mathematically as:

Z(R.m) (1 +o)7.

n=l =1

Maxtmize ¢ =

N &

—{C+ > Gl + oy v+ 5]

w=4t
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_sigEnT v
(I4+0)™  ([4)™ where:

N = the number of decision periods over the assumed life
of the HDR system

7 = the number of years in a decision period

r = the opportunity cost of capital (real rate of rerurn)

i = the real debr rate of interest

R, = revenues net of revenue tax and operating cost for
the " year of the n* decision period (1978 dollars)

C: = surface planr costs (1978 dollars) discounted to
present value at year 0 (start of plant operation)

C, = drilling costs (1978 dollars)

This cquation is structured so that the system is exam-
ined ar cach decision period. After systematically explor-
ing the ramifications of cach management oprion for
every stare of the system, the model selects that option
which maximizes the objective function. By doing this for
all decision periods over the life of the system, it arrives at
a determination of the optimal time path of such decisions
and, hence, the most cconomic way of operating.

In this formulation, revenues and costs are discounted
to the beginning of clectricity production or plant opera-
tion (*‘the present”) by an appropriate discount rate and
then the difference between revenues and rotal costs is
calculated. The present discounted value of revenucs is the
doubic summed term just to the right of the equality in the
equation. The present discounted value of costs (in
braces) is composed of scparate terms for surface costs,
drilling costs, income taxes on equity, and income tax
credits on interest payments to debt holders. As im-
plemented in the model, however, the composition of the
terms prescnted in the cquation is more claborate than
this description alone suggests. — R.G.C.,, G.EM
JWT, and R.L.B. O

LI
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* profitability of an #oR power plant. Assuming the temperature
drawdown of the reservoir is negligible over the lifetime of the
plant, the commercial operation would break even financially along
the two curves shown in the graph. The higher curve represents a
design flow rate of 40 kg./sec.; the lower curve, 150 kg./sec. Al
higher geothermal gradients, both flow rates could yield profits with
a busbar price under three cents/kWh.,

Bottom chart:

The sensitivity of busbar price to differing equity rates of return and
debt rate of interest under base case conditions is shown. Nominal
rates of return and interest were computed by adding the estimated
rate of general price inflation to these real value rates.
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and the associated drifling costs. As one would cx-
pect, the higher the geothermal gradient, the shal-
lower is the optimal drilling depth. In fact, drilling
costs decline more than in proportion to the increase
in geothermal gradient. For example, total drilling
costs per pair of wells, excluding surface piping and
contingency factors, fall from $4.7 million in a 30°
C./km. gradient arca to $1.1 million in a 60° C./km.
gradicnt area — a doubling of the gradient results in
a 76 per cent decline in total dritling costs.
Conclusion: “Guarded Optimism”

As is usual with a technology in a relatively infant
stage, definitive statements concerning feasibility
must await further dcvclopment and demonstration.
It is encouraging at this point, however, to see that
electricity production from HDR resources would
seem to be commercially competitive in numerous
areas of the United Startes using economic and reser-
voir parameter values which, at least at this poing,
seem “reasonable” to many involved engincers and
economists. There are no simple answers and each
issue must be treated in detail before the question of
commercial feasibility for HDR can be settled.

The analytical results presented in this arricle are
based on a very limiting set of assumptions as to
HDR reservoir parameters and designs. Clcarly, con-
siderably more experimental and economic rescarch
is required before a definitive assessment of the
commercial feasibility of HDR-produced electricity
can be made. Within this limited context, however,
the results provided here suggest grounds for at least
guarded optimism as to the possible feasibility of
HDR-produced electricity in areas of the United
States with temperature gradients in the 40-plus
°CJkm. range and where *“‘competitive” busbar
costs are approximately three cents/kWh. or higher.

Variations in the reservoir design and opcrating
parameter values as well as financial and regulatory
criteria used in this paper could markedly influence
the potential competitiveness of HDR-produced elec-
tricity. As examples, abnormally high plant costs
(caused by poor geofluid quality), higher discount
(interest) rates, and particularly, increased rates of
temperature drawdown or rescrvoir water losses
would decrease the relative attractiveness of HDR-
produced electricity. However, advances in drilling
technology, lower taxes (via depletion type
allowances) and allowing deductions for intangible
drilling expenses, investment tax credits, and
perhaps system design to accommodate cogenera-
tion or process heat plants might well extend the
commercial feasibility of HDR to lower gradient
areas. ,

Certainly another factor that will control the rate
of commercial development of HDR, or for that mat-
ter all gcothermal development, is the current cost
and availability of busbar power from more con-



ventional sources such-as coal and nuclear fission. In
many cases, due, partly to environmental and regu-
latory restrictions, coal-fired and nuclear plant costs
have escalated to a point where $500-700/ kW . for
coal and $1000/kW. or more for nuclear are new

commonplace. To these costs add the rapidly eising,

fuel costs for coal and enfiched uranium. A reason-
able range for busbar prices for new capacity in
1985-90 might be. from 3 to 6 cents/kWh. (in con-
stant 1978 dollats). If busbar costs are at the high
end, a considerable incentive for HpR development
would exist.

Furzhir Readmgs |

Altseimer, [. H., “Technical and Cost Analysis of Rock-Melting Systems
for Producmg Gcethermql Wells,”” Los Alamos Sciensific Laborarory
Report LA-6555-MS, Los Alamos; N.M., November, 1976.

Blair, A. G., et al. "L_ -A.5.L. Hot Dry Rm:k Geothermal Project,” Los
Alamds Sczcnnﬁc Lnborazory Report, LA:6525-PR, Los Alamas, N. M.,
1976, and' LA:7109- PR, “Hor Dry Rock Gcorherrml Erergy Develop—

ment Project, 1973 )

Cosrain, J. K. L, Grover, 111, and A, . Sinha, “Evaluation-and Targer-
©ingof Cmrhcrmai Encrgy Rcservmrs in the Southeastern Wnited States,”
Propress Report, Nov. 1, 1976-March 31, 1977, Virgina Polytechnic
Institure Repare VPI- SU 5103 3, Biacksburg, Va, 1977.

Cummings, R. G., et :1] Eiectnc:ry from Hot Dry Rock Geothermal
Regervoirs: An. Emnom ic Ana!ys:s, "internal report from the Resource
Economics Program, U. o New Mexico, Albuquerque, August, 1977.

Diment, W. H., et al ‘Tcmpcraturcs and Heat Contents Based on
Conductive Transporr of Hear,” in “'Assessment of Geothermal Re-
sources-of thé United States—1975,7 U.S. Geological Surbeéy Gircular
726, Reston, Va. 1975,

Encrgy Reéscarch and Development Administeation Report ERDA-

76-1, '\hnoml Plan for Energy Research, Dévelopaient, and Demon-

stratibn,” U.S. Government Printing, Offcc Washington, D.C., 1976.

Eskesen, ]. H., “Cost and Performance Comparissn of Flash Binary
and Steam Turbine Cyclcs for the Imperial Valley,”” in Proceedings of
12th Intersociety Energy Co»wers:mf Engingering Conference, Wash-
ington, D.C., Augmt 1978, Val. 1, p- 842

Grieder, R “Economic Considerations-of Geothermal Exploration’in
the Wtslern Unitcd States,” presented dtr the Symposium of the Col-
orado Department.of Nartural Resourees, Dénver, Colo., Dec. 1973.

Gringarten, A, €., eral,, “Theory of. HC'IIEI:,‘HI"]C[I(}I‘I g rom fraceured
Hot Dry Rack,” joum_ag' gf Geophysical Research, Vol. 80 {1975}, No.
8, .p. 1120

fl:lnkm 1. %., R. &, Hogue, R. A. V. Cassel, and T, R. Fick, “Effect
of Rcscrvqn Tqmpcrature Decling. o Geothermal. Power Plant Design
and ‘Eéonomics,” in Proccedings of 12ih F:rrersoc:ery Engrgy Conver-
sion Engineering Conference, Washingron, DIC., August, 1978, Vol. 1,
p. 870.

Harlow, F. H.-and W, E. Pracht, ""A Theorctical Study of Geothepmal
Energy Extraction,” Journal of (‘eoph}smai Research, Vot. 77 (1972},
No. 35, p. 7038.

Holt, B. and E. L. Ghormley, “Encrgy Conversion and Econemics for
‘Geothermal Power Generation at Heber, California; Valles. Caldera;
New Mexico, and Raft Riber, Idaho—Case Studies,” l:leunc Power Re-
séarch Insritute Report EPRY ER301, Palo Alie, Calif.,, Nov. 1976

Khallfs H. £, “Effect of Seasonal Variations of Ambient Tcmpcr'l—
TurCs oh the Pcrformfinr:c of Low Temperarare Power Gycles,” Brown
University Report CDOMOS] 10, GATMEGI 9, Providéned, R.l. Junc
1978.

Al(rugler P..ind C. Otie; Cearbemm.’ Energy, St:lnft')rd Calif., S't*m—
ford' Unncrsny Press:

McEarland, R, D. and H, D. Murphy, “E*(tr'}cnng Energy frorn
Hydmullcaliy Fracrured Geothermhal Resérvoirs,” in! Pmccedwgs of
11th In!msocn?ty Energy- Conversion Engineering Conference, State
Line, Nev., 1976, If

Mchrchm, TR, ea' “Hot Dry Raock Gcotherma] Energy: Srarusof
Explerarion and Asscssnwm " Report No. I of the Hot Dry Rockt As-
;scssmenr Panel, ERD}'«. -77-92, Washmgton D.C. {m press). |

Milota, §. L. and J. W Tester, Geothermal Energy as.a Sm;rre of
Electric Power, M.1T, Prcss ‘Cambridge, Mass., 1976.

Murphy, H D, Thcrmal Stress Cracking, and the [:nh.mcumm of
Hear Extraction from Fractured Geothermal Reservoirs,” Los Alamos
‘Scientific Laboratory Report LA-UR- -78- 917, April, 1978. |

Nemhi-Nasset, S., “Micimurn Spacing of Thcrmally Induéed Cracks

78 Techrology Hé\}i,c-iw, Febfuary, 1979 N

‘Extraction Process;”

of Thermally Induced Emer'nnn;:, Cracks in Brietle Solids,”

in_Britle Solids,” The Technological Institute, Norrthwestern University,
Evanstot, 1. (ro be pubhthd)

MNemar-Nasser, 5., *“Thermal Cracks and Their Effectd on the Hear
The Technological Institure, Northwestern Uni-
verdity, Evinston, il (to be published).

Nemat= Nwscr, §., L. M. Keer, and K. & Pariliar, *Ussrable” Cromh
Earthquake
Resgarch and Bagineering Labaratdey Technical ‘Réporr No. 77-9-2,
Northwestern Universiry, Evanston, i ~Sept.; 1977,

Raleigh, C. B, cr al., ”Mulnple Hvdr:mhc Fracruring for the Recovery
of Geithermal Energy {abstract),” E..5. Transactions, American
Geophysical Union, Vol. 55 No. 4, p. 4026, 1974,

Rasnachandrian, G., e l., “Economit Analysis of Geothermal
Erergy Development in C!I:fornn Vol. 1, Seari ford Résedrch Instivure
Report ECU 5013, Menlo Park, C'lhf May, 1977.

Rex, R W., “The U.S. Gcotherm'll indu%:rv in 1978, presenred ar
the Hot Dry Rack Ccothcrnml Informatian Confcrcncc Santa Fé,
N:M., April 19-20, 1978. )

Sch.;piro A. R and G. P. Haela, “Geothermal Power C)rcle
Analysis,” in Proceedings of 12th Intgrsociety Energy Gonversioh Ex-
gineering Conference, Washington, D.C., August, 1978, Vol. 1, p. 857.

Smith, M. 'C,, eral., “Man-Madé Geethcrmal Reservoics,” in Second
United Narrons C(’orbermm' Energy Sympositm, . -San Francisco, Galif,
pp. 1981-1787, 1975,

Srmrh R. L. and H. R. Shaw, “Ilgneous-Relaéd Geothermal Sys-
terns,”” in Assessment of Geathernal Resources of the United States —
1975, U.S. Geological Survey Cireular 726, Réston, Va., 1975,

Scarling, K. E., L. W. Fish, K. Z. lqbal and"H. H. Wcsc “The Use'of
Mixture Workmg Fluids in Gmrherm'lf Fower Plants;” in Proceedings
of 12th litersesiety Enefgy Conversion Engineering C.t_);r_fcrence, Wagh-
ingion, D.C., August, 1978, Vol, 1, p. 850.

Tester, J. W , ed., “Phase 1-— Enerpy Exrraction Field Test. Resulrs
from the Feﬂr;m Hill Hor .Dry Rock Geathermil System — Sggments
1-2,” Los Alaimos Sciennfic Laboratory Réport (fo be published}:

'[cster,j W, et al., “Solution Chemistry:and Scaling in Hot Dry Rock
Geotheriiial Swrems, in Proceedings of 837 Notional Meeting of
AJChE., Houston, Tex,; March 21-25, 1977,

Tester,. j W and M, C. Smith, ‘Fmrgy Extraction Charaereristics of
Hot Dy Rock Geothermal Systeras,” in Proceeidings of 12th Intersoci-
ety Encrgy Conversion and !'ngmmrmg Conference, p. 816: August,
1977.

White, D, ¥ ond D, L. Williams, eds. - Asséssment of Géothermal Re:
sonrces of the. United States -— 1975, U.S. Gealogical Survey Circadar
726, Reston, Va., 1973,

Wunder R.and H. 2. Miirphy, “Thermal Drawdown and Rccnvcry
of Singly and Multiply Fractured Hor @ry Rock Reservoirs,” Los
Alamos Sciéntific Laboratory Repart LA-7219-MS, Apgil, 1978

Ronild G. Cumnnngs is. professor of economics ar the Univedsity of
New Mexico, and a visiting staff member to the Los Alamos Scientific
Labartatacy, where the work reported in this article was done, He was
thié.chiirman.of the Dapartment.of Fodd and Rédoureé Economics arche
University of Rhode Island from 1972-1975 and has held appointments
w:th Hmourﬂs for Ilu Fumrc Monmna Statc Unwcrmw :md th( Kansas
sour {B S, M Al :md the Unlhcrstr} .of Kansas {Ph. D, I968J Gicnn E.
Morris, :m ccorormistat Log Alamos Scientific L1h0r'1:or}' since 1975 15
currcmly autached ta'its Energy Systers and Economic Analyéis Group.
He holds a B.A, degree {1967) from the: University of Connecticut and
M.A.(1974]) and Ph.D. {1977} degrees from the University of Colprade.
Jefferson W. Tester is \éader of the-Geothermal Technolagy Group ar
Los Alamos; he was assistant professor of Chemical Engincéring. at
M.LT. and Direcror of the M. I.T. School of Chemical l-ngmccrmg Prac-
vice for several years afuér rccuvmg his Ph.D. ai the Institute.in 1971, In
addition o his eurrent work'in hot dry rock beothcrmﬂ energy, he has
research intereses in applied rhermiodynamics, process design, hear and

,mass rransfer, surface chemistry and phySics, and electrochemistry.

Robert L, Bivins, a sraff mgmber ar Los Alamos since 1953, worked in
thé Theoréricaland Compurmg Divisions befare joining the Energy Sys:
tems.and Economic Analysis Group. He recéived the BS. degree from
the University of Washingron inSeartle in 1952,

The authors 1ckngw¥cdbc assistancé fromt R. M, Porrer, AL W,
Laughlin, and A. €. Eddy in preparing -the MDA cesoaree descriprion.
R, Hagemanand J. McFarland.contributed 1o the computational aspects
of the modél develcpmcnr, and-A. Blair and ‘M. C. Smiith reviewed the
manuscript: The support of the Division of Geothermal Energy of the
U.S. Deparmmentof Encrgy is gratefully acknowledped.

v



Hot Dry Rock:

Widespread But Invisible

Exploration for hot dry rock (HDR)
as o potential geothermal resource
presents some novel problems and
unusual contradictions not to be
expected in exploration for other
geological resources. This became
apparent at a meeting held on June 22,
1976, at Scientific
Laboratory (LASL) on the subject of
Exploration Methods for Hot Dry
Rock. Unlike the case of petroleum or
mineral prospecting the search for
HDR is not for a region of strong
chemical contrasts that are displayed
as contrasts of physical properties.
Rock suitable for HDR technologies
has relatively weak geoclogical
minifestations and is almost geophys-
ically invisible on a local scale: it is not
s0 susceptible to direct detection as is,
say, a gas reservoir. Thus we must
look at related manifestations and for
patterns more than for hot dry rock
itself.

The indirect nature of exploration
for HDR follows directly from the
heat  extraction technology. In the
method of energy extraction being
developed at LASL a large crack is
hot basement rock by
hydraulic fracturing at the bottom of
w drill hole; a second hole is drilled to
intersect the crack (see figure).
Water is pumped down one hole, is
heated in its passage through the
crack, and returns through the second
hole to the surface as steam or hot
witter for power generation, industrial
process heat, or a source of domestic
heat. Although the crack must be

Los Alamos

created in

This meeting report was prepared by F.
G. West and T. J. Shankland of the Geo-
togrieal Research Group at the Los Alamos
Scientific Laboratory, Loz Alamos, New
Mexien,

located in nearly impermeable
material to prevent loss of water,
thermal contraction cracking or other
e¢vents that enhance the amount of
rock surface exposed to fluid are
beneficial because they improve heat
transfer in the system. At the LASL
test site at Fenton Hill in northern
New Mexico there has been a success-
ful demonstration of the ability to
adapt oil field methods to achieve con-
trolled directional drilling and
hydrofracture in hard crystalline
rock. Innovative downhole seismic
methods have revealed the location
and orientation of the crack. Thus a
new energy technology has been cre-
ated.

However, heat extraction, as is true
for any geothermal technique,
requires a certain set of physical con-
ditions. For electrical power produc-
tion from HDR the main conditions
are tlemperature in the range of
200°-400°C and a region of very low
permeability to fluid flow (107% darcy
or less). The question for exploration
is, How and where do we find such a
set of physical conditions? The first
aspect of this question involves locat-
ing a region of thermal concentration,
which is a problem common to
geothermal exploration in general.
Thus characterizing the thermal
regime of the Cascade Range would
conceivably be beneficial for a variety
of geothermal applications. However,
the second aspect involves finding
volumes of rock within the region
where permeability is low. This aspect
is somewhat more elusive because an
equally hot fractured zone containing
steam or water, for which another
technology would be appropriate,
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could be adjacent to an HDR zone.
Hence the second aspect of prospect-
ing hecomes one of identifying
different physical properties al depth.
The region of the Valles Caldera in
New Mexico affords an example of a
geothermal region possessing
different geothermal possibilities
based upon contrasting physical prop-
erties: the porous wet interior of the
caldera is being investigated as a
steam producer, while the substan-
tially impermeable basement rock at
Fenton Hill, just outside the caldera,
is the location of the Los Alamos HDR
test site.

Geological Methods

On all scales of exploration from
local (—1 km) to regional (~100 km),
geological observations provide
obvious diagnostic features. Virtually
all geothérmal sites-developed so far
were selected in regions showing evi-
dence of recent volcanism. But the
HDR requirement for low per-
meability forces attention away from
the relatively fractured and open rock
in the centers of volcanism to the bor-
ders of the region where volcanic heat
has penetrated but the rock is less dis-
turbed. Thus volcanism is only an
indirect indicator of HDR. In addition
to Quaternary volcanism and young
calderas, faulted zones, perhaps at the
boundaries between geological pro-
vinces like the Sierra Nevada and the
Basin and Range, were suggested by
B. Slemmons (University of Nevada)
as other indirect HDR indicators.
These zones can bhe upward conduits
for magmas; the relatively large
unfractured blocks between fractures,
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as in the Basin and Ranhge Province,
could be large thermal energy reser-
voirs. On a local scale, hot springs
point to heat reservoirs, bul the depth
to impermeable rock is uncertain.

Heat Flow

Heat flow is of course a highly
apparent manifestation of a geothér-
mal -spurce and is applicable on &l
scales of exploration. But here 100 the
obvious target, namely, the highest
heat flow, is not likely to define &
region exploitable, by HDR tech-
notogy., D, Blackwell (Southern
Methodist University) pointed out
that heat flows in excess of 5 x 107¢
cal em™2 7' (210 mW/m2) were
almost invariably produced by a
hydrothermal system. Indéed, heat
flow at the LASL test site on the west
flank of the Valles Caldera is anly 3.7
% 10 %cal em ™ 28~}; yet a usable tem-
perature of 200°C has been encoun-
tered at 3-km depth. Heat flows in the
range 2-4 % 1079 cal em™? 57 are
mare likely to be suitable indicators;
thése may be found on the flanks of
larger anomaliées that may be hot wét
rock (HWR) geothermal systems.

J. Costain (Virginia Polytechnic In-
stitute and Virginia State University)
remarked on two indicators of HDR
suitability that-apply to eastern North
Anierica. One is high heat production,
which occurs in the northern
Appalachiang; with moderate sedi-
ment-blanketing a temperature of
200°C can be attained at 6-km depth if
the heat production is of the order of
10-20 x 107" cal em T8 57! {4-B x
1078 W/m%). Another indicator is the
presence of a low-conductivity sedi-
mentary blanket, whith cecurs along
‘the Atlantic coastal plain; with little
fluid migration to remgve heat the
basement rock beneath the sedimert

~ean become warm even with near-nor-
mal heat flow.

Seismic Studies

Beismic methods also are better
suitecl for indirect definition of 4 ther-
mal regime, beécause the thermal
changes at same boundaries of a suita-
ble HDR region are too gradial to
present a sharp interface for reflee-
tion or refraction, As an exunmple on 2
local scale, profiling can locate the
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houndaries of the interior of a caldera
that is too pérméable for HDR tech-
nology; outside, the caltlera is
presumably more copipetent, still hat
rock, but how the temperature field
decays away with distance from the
crater is seismically uncertain, (Here,
numerical models of heat intrusion can
be especially valuable) 8. Scloman
(Massachusetts Instituté of Tech-
nolagy) pointed gut the séismic indica-
tors aof high temperatures on a
regional scale, particularly surface
wave dispersion and the delayed
arrivals of P, and S, waves that travel
in the upper mantle. K. Aki

20 MW (THERMAL)

D

{Massuchusatts Institute of Tegch-
nalogy) described the use of Chree-
dimetsional bioek miodels of crustal
and mantle veloeities that have been
us&d with inversien theory to ohtain
evidence for high temperaturves and
partial melt heneath regions like
Yellowstone, From the standpoint of
HDR prospecting such methods
should he viewed as coniributing to a
definition of the regional thermal pdt-
Len, sifce they do nel directly locate
hot dey veék. Finnlly, the pattérns of
seismicity i & region must be
examined: the relatively high
seismicity that maintaing wn oy
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crack system in most HWR geother-
mal systems is undesirable where low
natural permeability is a requirement.
In conclusion, although seismic tech-
niques do not directly locate high-
temperature rock on a local scale, they
do help define regions of suitable
physical properties, and they can help
locate deeper high-contrast magma
bodies in the lower crust on a larger
scale.

Electromagnetic Methods

As D. Word (Geotronics) empha-
sized, there is an enormous con-
trast, up to 6 orders of magnitude, be-
tween the electrical conductivities of
crustal rocks that are wei or dry and
hot or cold; electromagnetic methods
can exploit this contrast. A. Duba
(Lawrence Livermore Laboratory)
mentioned the neéd for more and bet-
ter electrical conductivity measure-
ments; for instance, there are no con-
ductivity measurements in water-
saturated rocks at temperatures
above 65°C. He illustrated the much
higher conductivity of molten versus
solid basalt but pointed out that much
of the conductivity rise occurs ahout
100°C below the solidus, apparently as
a result of disordering of albite, and
that some caution must be used in
interpreting existing measurements.
However, a region of HDR, because of
its low total porosity and permeability
and its moderate temperature, is
likely to be electrically elusive. G.
Keller (Colorado School of Mines)
observed that a low-conductivity zone
of ¢ = 107% S/m beneath a more
moist and conductive surface layer
will be hard to detect; however, he
indicated that higher-power current-
generating systems would more suc-
cessfully induce currents in a deeper,
resistive layer and that time-domain
electromagnetic sounding (TDEM) is
a sensitive diagnostic,

J. Hermance (Lamont-Doherty
Geological Observatory and Brown
University) spoke about a magma
body as a ‘first-order geothermal
target’ for electromagnetic explora-
tion; the high conductivity of a partial
melt makes it especially visible to
magnetotelluric (MT) and geomag-
netic deep sounding (GDS), and there
are suitable conductivity models for

purtial melts to obtain a geotherm
from a known conductivity distribu-
tion. Again, the evidence is indirect;
one looks not for hot dry rock at 3-km
depth but for a magma body at 10-30
km. D. Stanley (U.S. Geological
Survey) described the use of MT to
locate a low-conductivity region
(1sland Park) by its contrast with
Yellowstone and the Raft River high-
conductivity either
Because the region is between two
hydrothermal areas, it could satisfy
requirements for HDR O exploitation
and not interfere with the ‘plumbing’
of Yellowstone Park itself.

zones on side.

Gravity Methods

On a regional scale, of the order of
100 km, indications {rom gravity
measurements may be useful to HDR
exploration. C. Aiken (Texas Chris-
tian University) computed  residual
Bouguer anomalies for Arizona using
regional trends of topography as the
reduction datum in order o eliminate
long-wavelength (about 1100 km) cor-
relations of topography with Bouguer
anomalies. Negative residual anom-
alies correlate with magnetic anom-
alies, P wave delays, and heat flow, all
of which relate o Lem-
perature variations in the crust and

probable
upper mantle.
Exploration

Exploration strategies can be
sorted out on several different seales,
a matter which Solomon and Her-
mance addressed in detail. The largest
or reconnaissance scale for studying
temperature distributions woukl con-
sider dimensions of about 1000 km
with the goal of locating broad areas
having systematically high tem-
peratures in the crust and upper man-
tle. At this resolution a great deal is
known about North America in a
gualitative way, but much more quan-
titative data are needed. Useful
studies at this stage include gravity,
heat flow, upper mantle velocities and
altenuation, and condue-
tivity.

Many of the sume methods wre
applicable on a regional scale at a
resolution of tens to

electrical

kilometers. Geological eriteria hecome
especially useful, as do electromag-

hundreds of

netic surveys with technigques like M7T
or TDEM that penetrate sufficiently
deep into the crust to identify coneen-
trations of anomalously high crustal
temperatures, for example, from an
intruded magma hody.

At the local scale of site seleetion,
10 km or less, the goal is selection of
possible drilling locations. Sites woull
be selected within regions on the basis
of intensively applicd methods already
mentioned. On this scale, HDR iwsels
affords few direct manifestations and
must be located by mdireet indicaiors:
away  from active faulting, at the
edipes of zones of recent intrusion, in
moderate bt not the
highest heat Hlow, adjacent to crustal
conduetivity anomalies, and inside

localities of

seismically stable Dlocks, Tnoshort, ftis
the pattern of antd
geological activity that s the object
because HDR itsell 1= hard oy per-
ceive,

In a that
geothermal development, exploration

geonthermal

world must aceelerate
cannot proceed from hoge to small
scade inasequential manner: regearch
continues at all seales inany case, bhut
quantitative dat are needed at each
level i geothermal enerpgy is o b
exploited. An ideal poad wonkd be map -
ping of the depth 1o the 2o00C
isotherm, AU whiatever seale this is
done, the results would be of tremen-
dous interest in every part of geo-
physics, in addition to being essential
to all types of geothermal develop-
ment,

Conclusions

Al participants emphasized the
importance  of using o variety of
exploration technigues to assess HDOR
regions, Further, calibration of such
technigues in zones of known geother-
mal interest is an essential stage. Hou
dry rock lies near one end of a range of
geothermul possibilities. At one
extreme  are  the  vapor-dominated,
high-temperature systems, like the
Geysers, Californin, or Wairakei, New
Zeulund, that are well adapted o
existing power technologies, These
areas are relatively rure and some-
times found beneath national parks: 1o
halt the action of Old aithful as &
result of thermal extraction as hap-
pened o the original Geysir in Teehind
wotld proveke o justifiable pubtic out
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ery. At the other extreme is luw-
grade heat of far wider distribution
that is suitable for process heat and
domestic heating. Thus should
municipal heating networks be
developed, then 60°C temperatures
would be adequate. Should a tech-
nology exist for using ‘moist’ and per-
meable regions of lower grade than
presently developed hydrothermal
systems, then it is important to know
where these regions are and how to
distinguish them from HDR and
HWR.

Acceompaunying the ranges of tech-
nolupries is a range of prospecting
techniques. Unlike fossil fuel or ore
prospecting  methods  that basieadly
seareh for chemieal concentrations,
the goal of greothermal exploration is
to characterize the thermal environ-
ment by using physical properties to
deseribe variations in the  thermal
regime. HDR prospecting can be seen
as une aspect, required by a particular
technology, of mapping of crustal tem-
perature distributions whose descrip-
tion will ultimately benefit all

Land Subsidence Symposium

The Second International Sym-
posium on Land Subsidence was held
in Anaheim, California, December
13-17, 1976. Organized by the AGU
within the framework of Unesco's
International Hydrological Program,
it was sponsored jointly by the Inter-
national Association of Hydrological
Sciences, International Assuciation of
Hydrogeologists, International
Society for Soil Mechanies and Foun-
dation Engineering, U.S. National
Committee for Scientific Hydrology.
and Unesco.

Papers presented ranged from
mathematical modeling studies
through general descriptions of proj-
ect progress and subsidence case
histories to legal and econumic aspucts
of subsidence. The program was very
broad in scope, covering theory,
investigation, measurement, predic-
tion, and control of subsidence, includ-
ing land-surface sinking resulting
from withdrawal of water, oil, or gas.
dewatering of organic deposits,
hydrocompaction, extraction of sulids
by mining, and collapse of limestones.

The symposium was preceded by a
2-day field trip which tovk partici-
pants to points of subsidence,
hydrologic, geologic, historical,
agricullural, and sociological interest
in the Santa Clara and San Joaquin
valleys; these areas have the largest
magnitude and most widespread man-
induced subsidence in the world
caused by a great diversity of fuctors.

This report was prepared by A, L
Johnson of the U.S. Geologicul Survey.
Reston, Virginia,
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During the symposium, puarticipants
visited the large subsidence area
Gapproximately 10 meters in depth) in
Long Beach resulting from pumping
of oil, took a boat trip to one of the
artificial islands ereated for the oil
wells and the injection wells used o
prevent further subsidence, and
toured the Los Angeles County Flood
Control DistricUs injection well bar-
rier project.

technicad
papers were published ina preprinted
booklet, The full

Brief summaries of all

IrORrEI technieal
K

wenthermal technologivs, Thereture
great ncentives exist o improve our
knowledge of the thermal regimes of
the crust and ppper mantle,
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papers presented at the symposium
will be published azan TAHS proceed-
ings volumue, Several additional
papers, as well as road log, were pub-
field Lrip
guide. A smadl supply of both the

lished in the preprinted

program hooklet amd the {Teld irip
guiide are st available at a cost of $2
amd 35, respectively. Orders for cither
af these publications should he sent
directly to the Treasier, Interaa-
tonal Association of Hydrological
Sciences, 1909 K Street, NOW.
Washington, D. (7, 20006,

Members of the organizing commitiee of the Second International Symposium on
Land Subsidence. Front row (left to right). R. T, Bean, A. . Johnson, S. Yamamoto,
B. E. Loigren, and H. L. Koning. Back row, E. G. Figueroa Vega, R. R. Parizek, J. C.
Stephens, J. F. Poland, and D. R. Allen.
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ABSTRACT

Pretiminary work on sourceward continuatlon
of heat-flow data has been initiated with the
objective of dellneating geothermal reservairs.

A straightforward method of continuation of con-
ductive heat flow in ‘a homogeneous isotropic
medium is developed. The method utilizes the.
surface heat~-flow data to estimate a subsurface
temperature distribution from which isetherms are
constructed. The basis for geothermal reservoir
delineation is that the reservoir may be treated
as a heat source; thus, subsurface isotherms con-
verge around reservoirs. The spatial 1imlts and
behavier of the reservoir can in some cases be
defined by the constructed isotherms.

INTRODUCTION

The parameter which is essential for a geo-
thermal resource to exist Is heat. Since heat-
flow studies directly measure heat, this data set
is selected for the delineation of geothermal
reservoirs. The basic assumption underiylng the
del ineation is that the héat source producing the
heat-flow anomaly in geothermal regions is the
reservoir.. This assumpticn Implies that heat flows
from the reservoir to the surface; thus, Tsotherms
must converge about the reservoir.

If the temperature of a reservoir Is uniform,
its confliguration can be determined precisely by
the shape of that isotherm. If the reservoir is
related to heat-generation variations, then inter-

pretatlon of its configuration is more complicated.

Isotherms would still converge about the reservoir,
and the spatial limits of its boundary could be
determined,

A major problem in determining subsurface tem-
perature- distribution from heat-flow data is the
diffusion of heat flow, Estimation of subsurface
temperatures based on simple extrapolation of the
surface geothermal gradient is erroneous because of
the lateral flow of heat. Continuation is the
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correct method to calculate subsurface temperatures.

because it takes Into account the spatial spreading
of heat.

Continuation methods -have been described for
gravity and magnetic data by Grant and West (1965,
Chapter 8). Although the steady-state heat-flow
equation is very similar to the equations for
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gravity and magnetics, most continuation methods
cannot be applied to heat-flow data, because heat-
flow data have an additional boundary condition of
uniform surface potential (the surface temperature)
which does not apply to gravity and magnetic data.
Therefore, néw technigues have to be developed for
the- continuation of heat-flow data. In this paper,
preliminary work on heat-flow continuation by Brott
et al. {1979) is presented. The contlnuation
method is limited to cases where refraction of heat
due to thermsl conductivity contrast {s not present,

CONTINUATION KMETHOD

The continuation of heat flow is baséd on a
fundamental potentlal field property: outslide of a
volume containing sources, the field, once defined,
is unique. Even though there is a family of sgurce
soliitions that will generate the same field, outside
the volume of the sources the field is the same.
Thus, any source solution satisfying the surface
heat-flow field (or geothermal gradient field, if
the thermal cofiductivity is uniform) can be used to
define any of the field parameters outside the
volume of the spurce. The source distribution used
in this continuation method is a series of line
sources or point sources for the two-or three-dimen-
sional cases, respectively. The assumptions used In
this method are that {1) the heat-transfer method is
conductive; (2} there is a homogeneous isotropic
medium with no heat generation between the sources
and the surface; and {3) the sources are constant
and continuous.

For a homogeneous isotropic medium, the trans-

Tent heat-conduction equation .is:

2 a7

T= —
kv T (1)

where k = diffusivity, ¥° is the Laplacian differen-
tial, T = temperature, and ¢t = time. At steady-
state, this equation degenerates intoe the Laplacian

equation:
k¥ Teo. (2)

The gradient is the negative partial derlvatlve with
respect to the vertical (z):
1

The solutions for the steady-state and time-depend-
ent temperatures and gradients for the point and

JHYISIY

HYLD 40 ALISBIAING



Brott, Blackwell and Morgan

11ne sources are given in Carslaw and Jaeger {1959,
Chapters 10 & 14). These solutions can be written
‘In two terms, a source term and a distance term.
The steady-state solutions are shown in Table 1.

TAELE 1. Steady state, k V¢ = 0

Temperature: (T} = {source term) - (distance term)

Gradient (g) = {source term) -(alstancg‘term)

For two-dimensional case {line source):
T= {(Q4m} » (-2 ¢ (R))
g = (Ulmc) « (2(z-2')/R?)

For three-dimensional case {poirt source}:
T = (Q/bmk) « (1/R)
g = (Qhmc) « ((z-2')}/R?)

Individual solutions can be superimposed since
-they are the solutions of second-ordér equations.
This property allows a complex gradient field to be
represented by the sum of the effects of many sim-
ple sources. This property can be exploited
through the method of images to obtain a constant
surface temperature. The use of the line and point
sources s illustrated in the following example.

Consider the two-dimensional model at the left
side of Figure 1. The gradients are known at
points P, and P,. The parameters needed to calcu-
late the gradient distance terms (Z and X3} are
also known. The image sources Sy' and $;' are the
images of the sources $; and S3;. An equation can
be written for each gradient; thus, the source
terms can be evaluated by solution of a series of
simultaneous equations. These same sources may
also be used to solve for the temperatures at-any
point. For example, the temperature at point P,
can be determined, since the vertical distance Zs
and the horizontal distarce Xi are known (Table 1
and the right gide of Figure 1).
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FIGURE 1. Geometry of the continuation methed.

Two-Dimensional Fault Model. Fjigure 2 shows a two-
dimensiocnal model of- 100°C water circulating along
a fault which dips at 45° (representéd by the
herringbone pattern). The mode! has a constant
background gradient of S4°C/km and a unifarm
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surface temperature of 15°C. The mathematical

model was computed by a finite difference technique,
and subsurface isotherms (represented by the solid
lines} were constructed. The surface gecthermal
gradient. profile is shown above the model.

a0 BUMFALE GECTHERUAL GRADIENT ["Thml

_ BAPACE TEMPERATURE w'c IEITHERME 1 T

-1
)
i
£
a
o5 [ ;
L] 1 2
} ~ RILOMETERS
FIGURE 2. Steady-state fault model.

A subsurface temperature distribution was cal-
culated using the two-dimeénsional (1ine source)
continpuation technique and surface gradient, "and
assuming steady-state. |sothérms were constructed
from this temperature distribution. The 25°C, 50°¢
and 75°C isotherms constructed closely follow the
isotherms of the numerical model (Figure 2). The
left side of the calculated V00°C isotherm corres-
ponds to the left side of the fault, but the right
side (dashed line) diverges from the fault. Iso-
therms greater than 100°C caleulated using the
continuation technique occur below the 100°C iso-
therm {dashed line). By continuation of the tem-
perature field below the top of the circulating
100°C water along the fault (0.2 km}, one of the’
basic continuation premises was vrolated thus, the
solutions below this depth-are not vaiid.

Continuation of the surface gradient profile
of this two-dimensional model demonstrates the
possibitity of 'simple reservoir' delineation in a
combined problem of convection and conduction. The
circulating 100°C water is transporting heat by
convection along the fault, but elsewhere in the
model, heat transfer is by conduction. The solu-
tion is not unique, because any of thé constructed
isotherms can be used to define the upper part of
a corresponding "simple reservair.' [n order to
determine which isotherm defines the actual reser-

‘vair, knowledge of the temperature or depth of the

reservoir is needed. However, the depth to the
reservoir can be estimatéd by applying the half-
width rule to the surface gradient profile. Using

—
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this depth'(approximately 0.25 km), the temperature
of the source would be between 106°C-125°C.

Marysville, Montana. The Marysville geothermal area

is characterized by high heat flow {up to 19.5 HFU,
top part of Figure 3), a negative gravity anomaly,
high electrical resistivity, low seismic ground
noise, and nearby microseismic activity (Blackwell
and Morgan, 1976). The heat-flow ancmaly appears to
be bounded to the northeast by the subcrop of a
Mesozoic granodiorite body (the Marysville stock
shown in Figure 3), and a fault has been located
along the south side of this stock. Data from a

'%.1 km deep-test well (répresented by the derrick

in Figure 3) indicate that the anomaly is caused by
hydrothermal convection along fracture zones distri-
buted in a Cenozoic granite porphyry. Maximum tem-
peratures of about 98°C were measured in the test

well, and the system appears to be a ''simple’
voir with a temperature of approximately. 35°C.

Ut EY irmze

antangt E
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FIGURE 3. Marysville geothermal anomaly.. At the
top is a heat-flow contour map in HFU. At the
bottom is the constructed 95°C isotherm at a depth
of 0.4-1.2 km, at intervals of 0.2 km.

The heat-flow data from the Marysville anomaly
ware continued sourceward, using steady-state point
sources. The lower part of Figure 3 shows the con-
tours of the 95°C isotherm between 0.4-1.2 km, at

reser= -
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intervals of 0.2 km. The 95°C isotherm is inter-
preted as defining the gedthérmal reservoir. Very
steep sides for the reservoir are indicated on the
nerth and northeast, with relatively steep sides on
the south and southwest, and a complex shape on the
south and southeast. The shape of this narrow
southeastern salient suggests that its origin may
be geothermal fluid moving along a.narrow zone,
such as a fault. The salient may represent the
subsurface extension of the mapped surface fault.

Simple extrapolation of the surface heat-flow
data to map the 95°C isotherm results in a set of
contours similar to the heat-flow contours. The
fine detail of the reserveir Is not delineated and
no indication of the parrow east-west salient can
be obtained by extrapolation of the 3.0 HFU con-
tour. This example clearly illustrates the value
of the continuation technique in interpretation of
surface heat~flow data.

Mesa, lmperial Walley, California. The Mesa geo-

thermal anomaly is lccated on the eastern flank of

the Salton trough, the sediment-filled structural

depressién*that forms the northern extension of the
Gulf of Califarnia and the East Pacific Rise. Geo-
physical and geothemlcal surveys all outline the
anomaly, which covers 40 km, and has a maximum heat
flow in excess of 7 HFU {top of Figure 4}, Five
deep wells have béen drilled into the anomaly.

Their locations are given in Figure 4 as 31-1, 5-1,
6-1, 8-1, and 6=2, The results of the deep drilling
and surface geophysics are summarized by Swanberg

{1974},

The geothermal anomaly at Mesa appears to be
caused by a complex reservoir, as indicated by tem—
perature-depth data from the deep wells. Three of
the wells (6-1, B-1, and 6-2) become isothermal at
temperatures in the range of 175°C-200°C, whereas
the other two wells (31-) and 5-1} become isothermal
at around 100°C and 150 C, respectively. Thus the
reservoir canndt be assumed to be delineated by a
single isothermal surface.

The surface heat-flow contours were used for
sourceward continuation., The resulting contours of
the 75°C-175°C isotherms at 25°C intervals; at a
depth of 0.8 km, are shown at the bottom of
Figure b, The lOO’C and greater contours indlcate
the possibility of two shallow reservoirs probably
connected :at depth. The coptour pattern in the
northwest part of the anomaly has a complex shape.
The 150°C isotherm is shaped like an X. This shape
is suggestive of a fault plexus with the major

source of thé fluid In the northwest part of TI6S,

RI7E. Faults have been mapped along several of the
lobes (Combs and Hadley, 1973). Simple extrapola-
tion of the surface heit-flow data would have re-
vealed none of these complexities, but would simply
refléct the surface data. The results of the con-
tinuation clearly show the ancmaly to be related to
the resuit of fluid flow along narrow zones, with a
complex relationshlip existing between these zones.



Brott, Blackwell and Morgan

R 16E "R17E R 18E
T T
MEAT FLOW | (HFU)
T 158
7168
32°45.00
‘ T178
1 I 1
o11E.°15.0' 115° 075
e MILES
$—————+ KILOMETERS
R16E R17E R 18E
T
ISOTHERMS (°C)
T 155
T 165
32° 45,0
T17s
15°15.0¢ 118° 07.5°
FIGURE 4. Mesa geothermal anomaly. At the top

are heat-flow contours (in HFU). At the bottom
are isotherms on a plane 0.8 km below the surface.
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HEAT PUMPS AND GEOTHERMAL
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Paul J. Lienau
Geo-Heat Utilization Center

Introduction

The basic function of a heat pump is to
transfer energy from a low-temperature heat
source to a higher temperature medium. This
function may be carried out for a range of 50°
to 120°F temperatures, although not with the
same efficiency. A large heat pump instal-
lation for district heating or process heating
usually must be specifically adapted to the
heat source and the requirements of the heat
consumers. Small heat pumps for domestic
use are quite standardized, often designed
for inexpensive mass production, easy opera-
tion, and maintenance.

The heat sources normally used for heat
pumps for space heating purposes are the
naturally available low-temperature sources,
i.e., atmospheric air, various water sources
such as rivers, lakes, sea water, ground wa-
ter within easy reach, soil and solar radia-
tion. The temperatures of these sources fluc-
tuate more or less during the year in accor-
dance with local climatic conditions and with
reservoir properties of the source medium.
The fluctuations indicate that "solar energy" is
the common origin of the sources. Thus, the
most obvious drawback of these "solar energy”
sources is the mismatch between peak heat de-
mand and decreasing source temperature in
the coldest months of the year. Direct solar
radiation and air temperature fluctuate most
violently and the desirability of these sources
is sometimes questionable. It is believed that
they will not become realistic possibilities for
large heat pumps until the problem of heat
storage has been solved effectively. .

A natural source of growing interest for
heat pumps is geothermal energy. Low tem-
perature geothermal energy (< 212°F) is used

for heating purposes by direct heat exchange
to the consumers (i.e., via a district heating
net) . Heat pumps may be employed to extract
additional heat by further cooling the geother-
mal water to temperatures below that of the
water returned from the consumers in order to
achieve a better utilization of the geothermal
resource. Likewise, geothermal temperatures
below the heating net supply temperature may
be upgraded by the utilization of heat pumps.
The main problem with this source is not tem-
perature fluctuation as with the other natural
sources, but the difficulty of locating and ex-

"tracting geothermal water since this may de-

pend on rather expensive deep drilling. An-
other problem is the development of heat pump
evaporators that can withstand the physical
and chemical characteristics of geothermal
water.

Principles

When the geothermal resource water is be-
low 120°F, most conventional methods of ex-
tracting heat from geothermal water become im-
practical and uneconomical. The 120°F geo-
thermal water still contains a large amount of
heat energy and is not the absolute lower limit
but is based on typical conditions in which the
heating air should be at least 100°F, and a driv-
ing force of 20°F is needed to transfer heat
across the heat exchanger.

In a residential forced-air heating system,
hot air in the temperature range of 100°to 140°F
from the heating system is added to the room
air to maintain the desired indoor temperature.
Absorbing heat from a low-temperature geo-
thermal source of 50° to 120°F and transferring
heat to provide 100° to 140°F air temperature
might seem impossible when the principle of
heat flow from high to low temperature is con-
sidered. However, as the name heat pump
implies, heat pumps transfer heat or pump
heat from a low temperature to a higher tem-
perature medium. The principle is identical
to the operation of a refrigerator where heat
is removed (pumped) from the colder interior
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of the refryigerator and given off to the sur-
rounding room air. A second fluid Is used in-
side the "heat pump machine" called a refrig-
erant which absorbs heat.from geothermal wa-
ter and transfers this heat to surrounding
space. This secondary fluid is the key to
the ability of a heat pump to transfer heat
from low-temperature sources, and to under-
stand this transfer, some elementary» princi-
ples of thermodynamics must be considered.

When a refrigerant absorbs heat, it un-
dergoes a change of state from a liquid to a
gas at constant temperature, much the same
as water changes to steam when heated. The
refrigerant will give off heat in the reverse
process as it changes from a gas back to a
liquid state. If a refrigerant, while in a
gaseous state, is brought inte a cool sur-
rounding, the refrigerant will condense,
giving off heat and raising the temperature
of the room.

Pressure Is another thermodynamic prop-
erty important to the operation of the heat
pump. A change in pressure of the refrig-
erant will lower or raise the boiling tempera-
ture. Thus, by manipulating the pressure,
the refrigerant can be made to either absorb
or refiect heat. The refrigerant, under re-
duced pressure, can absorb heat from a low-
temperature source and change to a gas, and
at a high pressure, the heat of the refrigerant
can be given to a higher tempeérature sub-
stance while changing back to a liquid. Thus,
a heat pump refrigerant can absorb heat and
become vaporized from a low-temperature geo-
thermal source and transfer this heat to the
higher temperature room air by condensing to
a liquid.

Figure 2a illustrates schematically a
heat pump process and an operational expla~
nation follows:

1] Evaporator. The refrigerant enters
the evaporator at low temperature and
pressure as a liquid. In the evaporator,
low-temperature geothermal water trans-
fers heat to the refrigerant which becomes
vaporized. The refrigerant is capable of
vaporizing at this low temperature be-
cause of its low pressure.

r——‘——M—q_—
il | L
——
comEmeL ! ! l: fATED saree
e .
—
T o
ﬁ%
o
HEATY ;ﬁtf'
ENERCT FLOM
FURE, T
Figure 2. Heat Pump Principle.

2) Compressor. The refrigerant enters
the compressor as a gas at low tempera-

ture and pressure. Most of the mechani-
cal energy of compression s transferred
to the refrigerant, and it leaves the com-
pressor as a gas at high temperature and
high pressure,

3) Condenser. The refrigerant enters.
the condenser as a gas at high tempera-
ture and pressure. Heat Is given off to
the room as the refrigerant condenses to
a liquid at high pressure. The refriger-
ant Is capable of condensing at high tem-
perature because of the high pressure.

3} Expansion Valve. The refrigerant
enters the expansion valve as a liquid
at high pressure and high temperature.
As the pressure.is reduced, its boiling
point decreases and part of the refriger-
ant is vaporized cooling the remaining
liquid. The low temperature-low pres-
sure mixture of gas and liquid enters the
evaporator to repeat the cycle.

A requirement for a heat pump is energy
(W), usually electrical, to circulate and
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compress the refrigerant. But for each unit
of electrical energy used, 2, 3, or more
equivalent units of heat energy are transferred
from the source. By adding the work (W) to
a heat pump, the energy Qg is transferred
from the heat source of low temperature Tg

to the heat consumer ata higher temperature
Tc (Figure 2b}. The total energy Q¢ delivered
to the consumer is

Q. =Qq +W.

The efficiency of the heat pump is the
ratio of the energy delivered to the consumer
Qc and the enérgy supplied to operate the de-
vice W, called the coefficient of performance

{COP}

energy te consumer Qc Qc
Cop = energy to deviceW . ‘Qc - Qs
or
QC = COP x W,

Thus, witha COP of 3, energy te the consumer °

Qc is equal to three times the work energy
(electricity) put into the device,

Perhaps at this point, the reader is thor-
oughly confused on how a heat pump works,
so the following excellent hydraulic analogy
of COP (Keiler, 1977) may be helpful (Figure
3).

Water is collected in a storage tank 60 feet
above ground. Piping is connected from this
storage tank to a utilization tank at ground
level, Another source of water from a tank
or well is located 12 feet below ground level
and connected such that it can also be pumped
into the utjlization tank.

Suppose that one gallon of water from the
storage tank was released directly into the
utilization tank without going through the hy-
draulic turbine. The work that this gallon of
water is capable of doing by dropping 60 feet
has been lost, and only one gallon is available
at the utilization tank. If another gallon of

. __ Water )
reservoir
Cenlrituga: ol
pump Hyd_rau ic
lurbineg,
\ /
=
—
~— Ulilizalion iank
Tt et
\A\gaiiable

well waler

'Figure 3. Hydraulic Analogy of COP.

water is released from the storage tank and
run through the hydraulic turbine, the centri-
fugal pump will raise water from the well. If
the turbine and centrifuga! pump are 100% ef-
ficient, one gallon dropped 60 feet will raise
five gallons 12 feet, and thus a total of six gal-
lons will now be available in the utilization
tank. The analogous COP is 6. Actually,
the turbine and pump will not be 100% effi-
cient so something slightly less than five
gatlons would be transferred.

The value of COP is primarily determined
by the temperature ration Tg/T.. This is
most clearly seen with an ideal heat pump
operating according to a reversed Carnot
cycle. By means of the second law of thermo-
dynamics, it is found that the efficiency
COPcarnot for such an ideal heat pump forms

the upper limit for any heat pump operatmg

between the same temperature Tg and T.
This upper !limit may be expressed:

'Tc .

‘ 1
coP = T 7T
c S 1 § ¢

carnot

Thus, the efficiency increases with increas-
ing source temperature level and with
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decreasing difference between source and con-
sumer. However, the Carnot process is not
realized because of mechanical losses due to
friction and heat losses, Figure 4 illustrates
a family of curves that enables one to deter-
mine the actual COP based upon a given source
temperature.

cop

Te = 75% (167%F)

~To 76 40 5 o
1s (%)

Figure 4, COP vs. Evaporator
Temperature Tg.

For large district heating type plants
(W > 1 MW) incorporating heat pump values
of actual COP (n.) are 0.6 to 0.7 the ideal.
Differences in efficiency are, in part, due to
the type of compressor used. Centrifugal com-
pressors are used for the large heat pumps,
while reciprocating compressors are usually
employed in the smaller residential units.
For example, with . =0.6, T = 75°C (167°F)
and source temperature T¢ = 10°C (50°F ground
water for instance), the total heat output will
be Q¢ = 3.2 MW when ‘1 MW shaft power W is
used. If the temperature of the source is
Tg = 40°C (104°F, a low temperature geother-
mal well for instance), the output is raised
to Qc £6.0 MWt.

Residential Heating

It is estimated that low-temperature shal-
low geothermal water heat pumps could be
used for residential heating and cooling in
over 75% of the Continental United States
(Gass, 1978) . (See Figure 5 on the following

page.)

A majority of the 13 million American
homes supplied by shallow geothermal water
have enough water to meet domestic water
and heat pump demands. The 500,000 new
homes built annually, which are supplied by
domestic wells, could reap significant en-
ergy savings (30% to 60%) through the use of
ground water heat pumps.

Economic analysis was calculated for a
home-heating system in an 1,800-square-foot
house in Klamath Falls, Oregon. Costs were
calculated for an oil furnace, an electric fur-
nace, a heat pump using existing domestic
water, and a heat pump requiring a separate
well 300 feet deep and a 100-foot static water
level. The economic inflation rate was assumed
to be 7%. The inflation rate for electricity
was projected to be 8.9% through 1988 and
8.6% thereafter, No. 2 diesel oil was pro-
jected to inflate as follows:

Year Heating Oil
1979-1980 15.4%

- 1981-1984 7.8%
1985~1989 8.8%
1990-1994 11.3%
1995-2000 11.4%



Page 8

GEO-HEAT UTILIZATION CENTER QUARTERLY BULLETIN

March, 1980

System costs were as follows:

A B C D E

Total 20~

First-Year Year Annual

Type of Capital 20-Year Operating  Equivalent
System Investment Amortization Costs Costs
0il Furnace $2,775 $304 $866 $1, 965
Electric Furnace $1,950 $261 $782 $1,696

Heat Pump Using
Domestic Water $3,640 $487 $261 $967

Heat Pump With
Well $7,760 $905 $261 $1,385

Column A represents the type of system.
Column B shows the capital investment re-
quired for each system and includes installa-
tion costs. Column C amortizes the capital
investment at 12%annually over a 20-year pe-
riod. Column D lists the first-year operating
costs. Column E indicates the total 20-year
annual equivalent costs and includes capital
investment and operating costs inflated at
appropriate inflation rates.

Figure 6 on the following page illustrates
these costs for the four different heating
systems,

The difference in annual equivalent costs
between conventional and heat pump systems
results because energy, in the form of heat,
is being extracted from the ground water at
no cost, with the exception of the negligible
cost of pumping the ground water at the 10 gpm
required by the system. This cost will vary
depending on the design of the well and depth
to water. For every kilowatt hour of energy

— — 1

vd - - -~ - L

220

1

natt 30 walinavay o1 |
T Average Temperature y
! of Shaliow Ry

Ground Water

Figure 5. Average Temperature of Shallow Geothermal Water in U.S,
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Figure 6. Annual Cost of Heating an 1,800 Ft?
Home in Klamath Falls, Oregon.

1

put into the heat pump system, we are deriving
3.0 times the equivalent Btu's per hour. This
means the shallow geothermal water source
heat pump system described above operates at
a coefficient of performance of 3.0,

As fuel costs escalate, the operating energy
cost of using a heat pump will increase one-
half to one-third that of conventional equip-
ment. This is dependent, of course, upon
COP, fuel escalation rates, and types of fuel
used. ’

District and Process Heating

District heating is a method of supplying
energy (hot water or steam) to consumers by
means of a distribution piping network from a
central energy source. A strong incentive to
district heating is energy conservation, im-
proved environmental quality and lower en-
ergy costs. In Europe, there is a long his-
tory of district heating plants. Iceland and
Hungary, of course, had extensive plants
using geothermal energy a long time before
any talk about an energy crisis. Inthe years

after 1974, most countries in Northern Europe
have made close examinations of the possibili-
ties and potentials of using geothermal energy

as a supplement to imported fuel.

Heat pumps lend themselves well to dis- -
trict heating concepts. As a matter of fact,
France had a functional plant in Melun as
early as 1971, 'and today some ten plants.are
in operation in France. In Denmark and Ger-
many, demonstration projects are being plan-
ned as well as Sweden, Holland, Austria, and
Switzerland where theories will be put into
reality. The Danes are investigating a 10-MW
heat pump using 50°F ground water (Petersen,
1978) which is more ‘effective than air, How-
ever, the warmer the well water, the more ef-

- ficient the system will be and the less electri-

cal energy it will consume.

Three schemes, (1) simple exchange,
(2) insertion of heat pump, and (3) hybrid,
are possible to extract the energy from the
geothermal fluid as illustrated in Figure 7
with the following description:

1) A simple heat exchange may be de-
sirable if the resource temperature is
greater than 180°F and the cost of develop-
ing the resource is relatively low, thus
justifying utilization of the resource 30
to 40 percent of the time during heating
demand.

2) If the resource temperature is low
~ (50° to 120°F), supply temperatures to the
consumer can be boosted with the inser-

tion of a heat pump.

3) A hybrid system may be desirable
in the case of a high-cost resource (deep
wells) development. The plan would be
to construct the plant so the wells could
be fully utilized 24 hours per day, thus
optimizing the most expensive part of the
development, drilling wells. The geo-
thermal heat exchanger represents only
25% of the maximum capacity, however,
it will supply over half of the annual
heat requirements. When heat require-
ments increase in the chilly spring and
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Figure 7. Examples of Heat
Extraction Schemes.

autumn months, the heat pump will further
cool the geothermal water coming from the heat
exchanger. Thus, it will be only necessary
to couple in a boiler during the extreme cold
winter periods in order to yield the maximum
peak load performance.

[

The economic benefit derived from .col-
lectively supplying heat for numerous users
can further be increased if the annual use fac-
tor is increased; that is by increasing the
amount of time the district operates at full ca-
pacity. Obviously, heating and cooling using
heat pumps is not a continuous operation. The
unused portion of time represents a waste of
capital equipment,

If a commercial or process use can be
found whose peak loads occur at different
times than a residential load, a more bene-
ficial use of the district system becomes pos-
sible. Most commercial and industrial food
processing temperature requirements, how-
ever, are between 160° and 300°F. For process
use, several heat pump models are capable of
delivering up to 230°F when operating on 140°F

- VW AR
f Heat Pung db { Vest P ®
%% TV VIV

Geotherna) kel) é

water source temperature, and several firms
are developing models capable of delivering
temperatures as high as 350°F, ‘

Conclusions

The effective use of heat' pumps makes it
possible to extend noticeably the cost-effec-
tiveness of geothermal heating. Heat pumps
also make it possible to connect a greater num-
ber of homes from a given well. The use of
these machines provides an important asset
when geothermal water temperature is low.
The use of heat pumps should, of course, be
adapted to the unique nature of each project.
It is important to remember that these systems
are sensitive to economic conditions relating
to costs of geothermal systems themselves,
wells, and backup systems.
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ABSTRACT

Data of chemical and isotopic composition of

fluids from Los Azufres geothermal wells is

interpreted in order to characterize the com-

position of the liquid phase, and to define
the relation between this phase and fluids from
steam-produéing wells.

Chemical and specific enthalpy data show that
most wells considered are fed a mixture of steam
and liquid. Thus, flashing occurs in the for-
mation. This poses a problem on the interpre-
tation of isotopic data, because the composition
of the feeding mixture need not be representa -
tive of the composition of the liquid phase in
the reservoir. Two extreme alternatives for
the interpretation of isotopic data are consid-
ered. In the first alternative the composition
of the total discharge is considered to be
same as that of the liquid in the reservoir. In
the second alternative the feeding fluid is con
sidered to be a mixture of the liquid phase in
the reservoir and the calculated fraction of
steam. In addition, this steam is assumed to
separate from a much larger mass of that liquid
phase at the downhole temperature. The contri
bution of steam is then substracted from the to
tal discharge to yield the composition of the
liquid phase. Using data for silica concentra
tion in total discharge and separated water, the
chloride concentration in the reservoir liquid
is calculated. This result is used to calcu -

late the fraction of steam in the feeding mix-

ture of each well. The isotopic data is then

corrected as'proposed for the second alternative,

the"

to yield the composition of the liquid phase.

Comparison of the corrected and uncorrected iso
topic valuesshows that the correction has an
important effect only when the steam mass frac-
large (> 20%).

The correction tends to reduce the dispersionof

tion in the feeding mixture is
data points in a 8 D vs 690 diagram. Points
representing composition of liquid phase show an
approximately linear distribution, suggesting a
process of mixing of two fluids. Available data
appears to rule out the possibility of mixture
with local meteoric or shallow ground waters.
Some spatial correlations of composition are no
ted. The composition of fluids produced by two
steam wells corresponds to steam separated from
a much larger mass of liquid. Temporal varia-
tions in the composition of fluid produced by
steam well A-6 suggests that this well might be
fed with steam from more than one section in the

reservoir.

INTRODUCTION

The chemical and isotopic composition of hy -

drothermal fluids constitute one of the early
important sources of information, which could be
used to begin the characterization of a geother
mal reservoir. It is particularly important to
assemble as complete a set of data as possible
from the pre - and early explotation stages,
since this would provide valuable informationon
the natural state of the system. This in turm

would make it possible to monitor the changes
occurring in the reservoir as exploitztion begins

and proceeds.
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Giggenbach and Quijano (1981) have assembled a
set of data of isotopic and chemical composition
of fluids from geothermal wells in Los Azufres
field, as well as from hydrothermal springs and
fumaroles of the area. They have interpreted
the evidence in a study of the regional hydro -
logy of the Cuitzeo ~ Los Azufres area. One of
the major findings of this study is the clear
difference between the isotopic composition of
local meteoric and shallow underground waters,
and the composition of the geothermal fluids.
The authors have concluded that the reservoir
fluid consists of paleowaters, and postulate a
;elation between the Los Azufres aquifer and
thermal springs in the Cuitzeo - Araro  area,

some 30 kilometers north.

The explored area in Los Azufres field covers an
extension of about 30 sz (Fig. 1). The field
is located in a mountain range, bounded on two
sides by valleys. The average altitude of well
heads is 2850-2900 meters above sea level; the
valleys lie about 300 m to 500 m below. There
are two main sections which have been selected
for exploitation, based on favorable tempera -
ture and permeability conditions. In the north
ern section, known as the Maritaro area, one
finds only wells that produce a mixture of water
and steam. In the southern section, known as
the Tejamaniles area, one finds steam-producing
wells, interspersed with mixture - producing
wells. The present contribution describes the
results of a study of the hydrology of the Los
Azufres reservoir. The main objective of this
investigation has been to determine any possible
differences among the liquid phases from the
several sections of the field, and to determine
the relation between the fluid emanating from
steam-producing wells and the liquid phase. We
have used a subset of the data included in the

work of Giggenbach and Quijano (1981).

OBSERVATIONS

Table 1 shows a set of chemical and isotopic
composition data for fluids produced by wells

from Los Azufres. The specific enthalpy of

." "e”so‘ s
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Fig. 1. Map of Los Azufres Geothermal Field.
the total discharge is also shown. Values for
the ionic species and silica refer to their
concentration in the liquid separated at atmo-
spheric pressure. The boiling temperature in
Los Azufres area is 92°C. The delta values
for deuterium and 80 refer to the composition
of the total discharge. These values have
been calculated from the composition of the
liquid separated at atmospheric pressure, using
data given by Truesdell et al (1977) for par-
tition coefficients of deuterium and 180 between

the vapor and liquid phases.

The Table includes isotopic data for fluids
from two steam-producing wells (A-6 and A-17).
For some of the mixture-producing wells iso-
‘topic but not chemical data is available.
Downhole temperatures obtained with Kuster
type equipment are shown in Table 2. Also
shown are temperatures calculated by means of
a Cationic Composition Geothermometer (Nieva

and Nieva, 1982), the Na-K~Ca geothermometer



TABLE 1.- Chemical and isotopic composition data of

Los Azufres fluids.
o+

WELL  H nat kT cr”
J/g ppm
A-1 1750 - - -
A=2 1400 - - -
A-4 1460 1804 499 3270
A=5 1885 1876 534 3320
A-5 1671 1638 465 2870
A-6 2660 - - -
A-6 2756 - - -
A-6 2673 - - -
A-7 1360 1496 250 2460
A-8 1570 1606 359 2760
A-13 1234 1499 390 2580
A-13 1490 - - -
A-16D 1230 - - -
A~17 2673 - - -
A-19 2452 1689 475 3060

DATE

sio, 18, D OF
SAMPLING

- -3.94 -56.6 20/ 3/82

- -4.33 -62.6 20/ 3/82

-4.44 -65.2 8/ 5/80

1160  -4.03 -58.8 29/ 4/80

1250  -4.06 -62.4 13/ 1/81

- -4.26 -53.4 8/ 5/80

- -4.83 -60.6 13/ 1/81

- -5.02 -55.7 20/ 3/82

780  -4.23 -65.0 17/ 4/80

1100  -4.67 -65.8 26/ 4/80

1020 -2.76 -60.4 14/ 1/81

- -2.57 -57.2 20/ 3/82

- -3.72 -58.9 20/ 3/82

- -5.06 -58.8 20/ 3/82

1050  -5.21 -62.4 13/ 1/81

H = specific enthalpy

(Fournier and Truesdell, 1973) and the revised
silica geothermometer (Fournier and Potter II,
1982) .,

among the values calculated with the different

In all cases there is good agreement
geothermometers. The measured values, on the
other hand, seem to be consistently below the
calculated values. Furthermore, the measured
values would appear to be low also from a con-
sideration of the specific enthalpies of total
discharge. Given these observations and the
general agreement among the geothermometers,
only the latter have been considered in selec~
ting a value of downhole temperature for each
well.

2.

The selected values are shown in Table

In most cases listed in Table 1, the specific
enthalpy of the total discharge is consider-
ably in excess of the specific enthalpy of
liquid water at the downhole temperature.
This implies that phase separation occurs in
the formation, so that the wellbore is fed a
mixture of steam and liquid. This poses a
problem on the interpretation of the isotopic
composition of total discharge. This problem
arises from the fact that, if phase separation
occurs in the formation, there is no certainty
that the isotopic comﬁosition of the total

mixture entering the well is representative of

TABLE 2.- Measured and calculated downhole
temperatures for Los Azufres wells.

T *T ° T &T DATE
WELL MEAS. CCG Na-K-Ca SiO2 OF

°C °c °c °C © SAMPLING
aA-1 292 304 - -
A-2 280 304 290 285 14/ 4/80
A-4 298 308 314 - 8/ 5/80
A=5 270 311 318 308 13/ 1/81
A-7 249 251 254 262 17/ 4/80
A-8 275 282 286 295 26/ 4/80
A-13 265 300 300 287 14/ 1/81
A-13 265 292 297 280 9/ 2/83
A-16D 260 261 265 255 9/ 2/83
A-18 250 284 290 266 2/ 3/82
A-19 271 310 312 290 13/ 1/81

*CCG = Cationic Composition Geothermometer
(Nieva and Nieva, 1982).
°Na-K-Ca Geothermometer (Fournier and
Truesdell, 1973).

&SiO = Revised and expanded silica (quartz)
Geothermometer (Fournier and Potter, 1982).
the undisturbed liquid phase in the reservoir.

The problem is particularly complex because
only part of the steam present in the feeding
mixture might represent an excess, the rest of
it originating from local boiling (see Trues-
dell et al, these Proceedings, and Nieva et al,
1982, for a discussion of this problem). In
view of the unavailability of the necessary
information for the estimation of excess steam,
it is decided to consider two extreme alterna- i
tives and to compare the final conclusions.

The first extreme position is to consider the



isotopic composition of the total discharge as
identical to that of the liquid phase in the
reservoir. The other alternative is to con-
sider as excess all the steam present in the
mixture. In this case, it is also toc be as-
sumed that the steam has separated from a much
larger mass of the reservoir liquid at the
downhole temperature. Using partition coef-
ficients for deuterium and 18O, calculated at
that temperature, one can correct the isotopic
composition of the total discharge in order to
obtain the composition of the liquid phase,

according to the following expressions:

lp _ td _
6,P = (8% - ey eV

= 1000 £ (1l -.a)/a (2)
¢ =1 - f + (f/a) (3

where f is the fraction of excess steam in
the mixture; o is the atomic ratio of 180
over 16O in the steam, divided by the corre-
sponding ratio in the liquid phase, at the
downhole temperature. The superscripts lp

and td refer to liquid phase and total

discharge, respectively. The symbol x stands
for 180 or D.. In cases where a steam deficit
is estimated, the composition of the liquid

phase is calculated from:

1p _ td
s, (8. +0)/¢ (4)

The fraction of'steam'in the feeding mixture
is calculated from the silica concentration

in the total discharge and that in the liquid
separated at atmospheric pressure. From the
latter concentration, and the assumption that
the flow inside the borehole occurs adiabati-
cally, one can calculate the downhole tempera-
ture (Fournier and Potter 1I, 1982). 1In so
doing one also obtains the equilibrium con-
centration of silica in the liquid phase at
the calculated downhole temperature. Consider-~
ing this value and the silica concentration in
the total discharge, one obtains the fraction

of steam in the feeding mixture by a simple

mass balance calculation. Data and results
for this calculation are presented in Table 3,
for the cases where silica concentrations are
available. 1In all cases except one, the re-
sults indicate the presence of a substantial
fraction of steam in the feeding mixture; in
the case of well A-19 the steam constituted
the larger part (80% in weight). For well
A-13 a small steam deficit is calculated; given
the errors in enthalpy measurements and silica
determination, this result probably means that

the well was being fed only liquid.

TABLE 3.- Percent steam in feeding mixture
calculated from silica concentration.
Chloride concentration in the total
discharge, and calculated concentra-
tion in liquid phase in the reservoir.

WELL H T °C sio, % VAPOR
J/g  (si0,) ppm

s.w. t.d. eq.
A-5 1885 308 1250 427 703
A-5 1671 300 1160 505 673
A-7 1360 262 780 446 519
A-8 1570 295 1100 528 653
A-13 1234 287 1020 640 623
A-19 2452 290 1050 97 635

H = gpecific enthalpy of total discharge.

s.w. = Water separated at atmospheric pressure.

t.d. = Total discharge.

e.q. = Equilibrium concentration of silica at
estimated downhole temperature.

The values of steam fraction calculated above,
and the chloride concentration in the separated
water, could be used to estimate the chloride

concentration in the liquid phase of the re-~

servoir.

Results of these calculations are shown in
Table 4. The general agreement between the
several calculated values is clear. Two of
the six values deviate noticeably from the
rest. Since these values correspond to the
cases where the steam fraction was largest,
and thus are more likely to result from over-
corrections, they were not taken into account
for the estimation of an average value of
chloride concentration in the reservoir. The

value obtained is 1650 ppm.




TABLE 4.- Chloride concentration in total
discharge and calculated concen
tration in the liquid phase of
the reservoir.

WELL CHLORIDE (ppm)
total liquid phase

discharge in reservoir
A-5 1134 1868
A-5 1250 1667
A-7 1407 1638
A-8 1325 1638
A-13 1619 1575
A-19 284 1856

Inverting the mass balance calculation referred

to in the last paragraph, it is possible to

calculate the fraction of steam in the feeding
mixture from the chloride concentration in the
total discharge, and the average concentration
in the liquid phase of the reservoir. Table 5
shows the results obtained for samples listed
in Table 1. :

ducing wells where chemical analysis data are

In a few cases of mixture-pro-

not available, the fraction of steam was cal-
culated by means of an enthalpy balance calcu-
lation.

TABLE 5.- Percent steam in feeding mixture
calculated from chloride concentra-
tion in total discharge. Calculated
isotopic composition of liquid phase.

WELL % STEAM 18, D DATE OF
SAMPLING
a-1 °29 -3.67 -57.5 20/ 3/82
A-2 ° g -4.25 -62.9 20/ 3/82
A-b -4 ~4.48  -65.1 8/ 5/80
A-5 31 -3.77 -59.6 29/ 4/80
A-5 24 -3.86 -63.7 13/ 1/81
a-7 15 -4.00 ~65.5 17/ 4/80
A-8 20 -4.45 -66.5 26/ 4/80
a-13 2 -2.76 -60.4 20/ 3/82
A-13 °10 -2.47 -57.5 20/ 3/82
A-19 83 -4.53 -64.6 13/ 1/81
A-16D 4 -3.66 -59.1 20/ 3/82

°Chloride concentration not available; cal-
culated from specific enthalpy of total
discharge.

DISCUSSION

The uncorrected values of isotopic composition
of total discharge are plotted in Fig. 2. It
is evident that there is considerable disper-
sion of the compositions corresponding to mix-
ture-producing wells (represented by circles).

The values corresponding to fluids produced by
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charge after correcting those cor-
responding to mixture-producing
wells, in the manner described in

the text. Symbols as for Fig. 2.

steam wells (represented by triangles) tend to
be in the upper left section of the distribu-
tion, as would be expected from the values of

partition coefficients of the isotopic species



between steam and liquid at temperatures above
250 °c.

Fig. 3 presents a plot of the isotopic values,
corrected as proposed under the second alterna
tive. Superposition of Figs. 2 and 3 shows
that the correction has a substantial effect
only for those cases where 20% or more of the
feeding mixture was constituted by steam, as
is the case of wells A-19, A-5 (sample of 1980)
and A-1., The correction tends to reduce the
dispersion of the data points corresponding to
liquid phase. 1 also increases the systematic
difference between the compositions of liquid
and steam phases. The data points for liquid
phase show an aproximately linear distribu-
tion; the solid line corresponds to a least-
squares fit with a correlation coefficient

of 0.75.

The uncertainties in the measurement of §D

and §'% are estimated as ¥ 0.5 and ¥ 0.05,
respectively. The observed differences in
isotopic composition of liquid phase are much
larger than these error margins, and thus in-
dicate a degree of heterogeneity in the aquifer.
As reported by Giggenbach and Quijano (1981),
the isotopic compositions of local shallow wa-
ters and the geothermal fluids are very dif-
ferent, ruling out the possibility of a direct
origin of the latter from local meteoric pre-
cipitation. The approximately linear distri-
bution in Fig. 3 suggests the possibility of
mixture of two fluids in the aquifer. Extra-
polation of the best-fit line gives an inter-
cept with the meteoric line (Craig,1961) cor-
responding to an isotopic composition very
different than that of any of the analysed lo-
cal waters. Although there is a considerable
scatter in the points along the adjusted line,
it can be concluded that available evidence
does not support the possibility of mixing of

the geothermal fluid with local ground waters.

The wellheads of A-7 and A-8 are on different

sides of a fault (see Fig. l); however, well

A-7 is very close to the fault and on the side
of inclination of the fault plane, so that it
probably intersects it. This is consistent
with the two wells being fed by fluid of simi-
lar composition. The feeding zone of A-2 is
on the other side of the fault, and this well
receives fluid of a somewhat different composi
tion. Well A-16D is relatively close to A-2,
but separated by an inferred fault. The feed-
ing fluid of A-16D is clearly different than

that of the other three wells mentioned above.

The northern and southern sections of the field
which have been chosen for exploitation are
separated by a zone of high resistivity (Rome-
ro and Palma, 1983), and of relativeiy minor
hydrothermal alteration at the surface and
shallow levels. Thus, the two sections might
appear to be unrelated. However, the available
information from deep wells in the middle sec-
tion show that there is a continuity of hydro-
thermal alteration at great depth (> 1800 m),
which joins the northern and southern sectionms.
This suggests that there is a deep aquifer
which spans the entire area of the field
(Cathelineau et al, this Proceedings). Well
A-4, A-19, A-5 and A-13 are distributed along
the Maritaro fault. The fluid feeding well
A-4 is similar to that which feeds wells A-7
and A-8 in the southern part of the field.

Well A-13, which is on the same side of the
Maritaro fault than A-4, receives a fluid of
very different composition. However, it should
be noted that the feeding zones of these two
wells are at very different depths. The
slotted liner sections of A-4 and A-13 are at
approximately 900-1300 meters and 1650-1850
meters above sea level, respectively. The
slotted liner section of A-5, on the other
side of the Maritaro fault, is at am interme-
diate depth (approximately 1400-1800 meters
above sea level). The compositionm of the
fluid feeding this well is also intermediate,
but closer to that of A-13. Data for well
A-19 can not be used to support or disprove

this suspected correlation of composition



with depth, because its slotted liner section
spans most of the depth range involved (1200-
1850 meters above sea level). Clearly, in-
formation from more wells located in this area
is needed, in order to investigate the possi-
bility of the existence of two aauifers at

different depths.

The compositions of steam phases separated at
300°C, 280°C and 260°C from liquid phases with
compositions falling in the solid line of Fig.
3, have been calculated. The results fall in
the broken lines shown in the same Figure.
These calculations assume that the mass of the
separated steam is negligible compared to that
of the remaining liquid. If this is not so,
than the composition of the separated steam
will fall in the space bounded by the broken
and solid lines, the closer to the latter the
higher the fraction of separated steam. The
points corresponding to the 1980 and 1982 sam-
ples from well A-6 seem to fall just out of
the allowable range. However, taking into ac-
count the error margin in the determination of
deuterium, and the scatter of the linear dis-
tribution of liquid phase compositions, these
two points might fall in the extreme of the
range. The other two points corresponding to
samples from steam wells also fall near the
extreme of the range, close to the broken lines.
This implies that wells A-6 and A-17 are fed

by steam separated from a much larger mass of
liquid. The large variations with time shown
by the composition of fluid produced by A-6,
suggests that this well might receive steam
from more than one section of the aquifer, at

different times.

CONCLUSIONS

The chemical and specific enthalpy data show
that there is phase separation in the feeding
zones of most of the wells considered. The
isotopic composition data shows no evidence of
mixing of the geothermal fluid with local

meteoric and shallow ground waters. These

inferences are consistent with a situation in
which the aquifer has no local recharge, al-
though it may have lateral recharge from the
low-lying surrounding valley. Under these
circumstances, it would be expected that the
system be underpressurized and flashing would
occur in zones with a high degree of fracturing,
as well as in zones of intake of producing

wells.

The origin of the heterogeneity of the liquid
phase in the reservoir remains obscure. The

approximately linear distribution of isotopic
compositions suggests a process of mixing of

two fluids. Clearly, data frommore of the wells
in the field is needed in order to draw firmer

conclusions in this regard. 1In particular, it
is necessary to investigate the possible cor-

relation of isotopic composition with depth

in the northern section of the field.
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INTRODUCTION

Oregon State University is under contract with the U.S. Department of
énergy to carry out a survey of the performance and aVaiI;bility'of water
source heat puwpé. The primary purpose for this work is to obtain iﬂ%or—
mation so the role of water source heat pumps in geothermal erergy utili-
zation can be evaluated and/or to.iAEntify the research needed to accomplish
this. The project is of eight months duration.

This report is the first quarterly report, covering activ%ties during
the period June’through August, 1979. During this period, Dr. Gordon M.
Reistad, the project director, spent 0.6 man months on the project and_
Mr. Paul Means, a Graduate Research Assistant, spent 1.5 man months on the
project. -During this period, the primary efforts have been directed at
(i) surveying the literature, (ii) identifying manﬁfacturers, (1ii) ob-

taining performance data, and (iv) contacting the major manufacturers.

LITERATURE

The literature reveals that interest and activity in the heat pump
area has increased sharply in the mid and late 1970's. The activity covers
the full range from public interest, increased saies, research and develop-
nent (bgth government and industry sponsored), and substantially increased
published literature: The primary reasons for this activity stem from (i)
an incre;sed awareness of our limited available energy and the heat pump's
potential to use ‘this energy more effectively in certain épplications, and
(ii) the shift towards using electrical powe% for residential heating as

oil and natural gas supplies become increasingly scarce and less reliable*

*Two-thirds of the electrical power generated in the U.S. is from more abun-
dant sources such as coal, nuclear, and hydro power (Comly, et al., 1975).



(Pietsch,- 1977 and Comly, et al., 1975).

Tﬁe emphasis of this report is on water source heat pumps and to a
largé degree, unitary units. The basic type of heat bump considered here
i; showﬁ in Figure 1, The major components are 1) a recipro;atihg compreé-
sor unit, typically hermetically sealed; 2) an air side heat exchanger with
fan, 3) either a thermostatically c&ntrolled.exﬁansion vaive Or moTe common-
ly, a capilléry tube, 4) a tube in tube water to refrigerant heat exchanger,
and §) a four-way reversing valve. Refrigerant 22 is used almost universal-
ly as ‘the working fluid in these heat pump applications. A unitary heat
pump is one which has all of these components and associated controls en-
closed‘in one or two faétory assemblies. Typical size range; are from
1.5 to 20 tons.

Heat pump development, as indicated by the published literature, is
being advanced in three pfimary and interrelated areas. These areas are:
(i) new and expanding.applications, fii) performance improvement of the
existing type units, and (iii) development and evaluation of alternate
system designs.

The most widespread application of water source heat pumps for space
he;ting is in the use of groundwater as an eneryy source for heating single
famiiy residences.- Such units are also typically used for cooiing during
the summer months, with~the well water then being used as the energy sink.
Thege applications are common in &any areas of the country, and efforts to
allow heat pumps to use .lower temperature water (approaching 40°F) are
directed at expanding the areas where these units are viable.

Solar heated water is also being used, on a limited scale, as an ‘energy
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source for residential heat pumps. A fey of the smaller heat pump manufac-
turers/;uppliers have limited product lines directed 'at this market. The
most activity in this area is in the eyalhation of such systems. There is
an extensive amount of pﬁblished literature oh this topic, some of which i;
contradictory as to the real benefit of such a solar-heat pump series system
(Andrews, et al., 1978). It has beeﬁ stressed by some authors fhat a heat
pump with good high temperature performance is essential to obtain the most
advantage of such a system (Kush, 1979).

Commerical and inaqstrial water source heat pumps are also common.
Co@mercial installations are usually in the form of distributed systems con-
sisting of a one or two pibe water distribution system with terminal heat
pumps. Such units are typically designed to operate in both cooling and
heating modes and with water in a restricted tempe%ature range. Industrial
applications usually have custom engineered systems.

The published literature on actual water source heét pump performance,
specifically'Coefficient of Performance in Heating (COPH) as a function of
source water temperature, is limited and rather general. The’COPH values
increase slightly with increasing source temperature up to 60 or 70°F, how-
ever, at higher temperatures there is essentially no improvement in COPH.

" This is in contrast to the theoretical COPH which increases monotonically
with increasing source temperature. There are several reports which detail
5: very.well the reasons why the actual heat pump performance is so much less
£han the theoretical (for example, Comly, et al., 1975 and Ambrose, 1974).
. Although, these reports are directed towards air to air.heat pumps much of

the discussion 1is also appropriate for the water source units.

A much larger portion of the heat pump.literature deals with perform-



ance improvement techniques. These inciude compressor capacity control,
larger heat excﬁangers, more.controllabie expansion device;, and heat only
heat p;mps to name a few. Analytical methods are often used to show the
value of such performance improvement techniques (Gordian Assoc., 1978,
Kirshbaum, et al., 1977, and Blundell, 1977).

Many alternative designs have b;en proposed (usually much more complex
than existing units). These include multipressure systems, parallei com-
pression, series compression, and alternative compressor motor power concepts.
A limited number of these systems have been tested. More often the perform-
Ance is based on numerical analysis from which economic evaluations are made

(Comly, et al., 1975 and Gordian Assoc., 1978).

MANUFACTURERS -

Table 1 shows a list of water to air heat pﬁmp manufacturers. A majority
of these have been contacted by phone or mail or both and the remainder have
been recently mailed a written questionnaire. The table was compiled from
information obtained from (i) the Air Conditioning and Refrigeration Institute
(ARD), (ii1) thé~ASHRAE Handbook and Product Directory, and (iii) the Natianal
.Water Well Association. ARI claims that its diréctory covers 90% of all
water source heat pumps manufactured although only about one-third of the
companies in Table 1 were found in the directory.. This iﬁplies that pri-
marily the major manufacturers are certified by ARI and thaf some of the
smaller manufacturers, especially those oriented towards solar assisted heat .
pumps, are relatively new in the water source ﬁeat pump business and/or have
limited produ;tion. Although 33 companies are listed, they do not necessarily

represent 32 different product lines. Some of the companies simply market



Table 1. Water Source lleat Pump Manufacturers

Spectrum Solar Systems Corp.
" Pickerington, OH

NHame and City Source
- Air Conditioning Corporation _
Greensboro, NC ‘ 3
American Air Filter Co., Inc.
Louisville, KY . {,2,3
American Solar King Corp.
Waco, TX 1
Barkow Manufacturing Co., Inc.
Milwaukee, WI ’ 2
Budco :
Bloomfield, CT . 2
' . Carrier Corporation, Air Conditioning Group '
Syracuse, NY 1,2,3
Climate Master Products, Inc., Div. VWeil McClain Co.
Ft. Lauderdale, FL 2
Command Aire
Waco, TX 1,2,3
Elm Brook Refrigeration, Inc. '
Brookfield, WI 2
Florida Heat Pump Corp. (Div. Leigh Products Co.)
Pampano Beach, FL . 1,2,53
Friedrich Air Conditioning and Refrigeration Co.
San Antonio, TX ' 1,2,3
Heat Controller, Inc. (Div. Addison Products)*
Jackson, MI 2,3
Heat Exchangers, Inc., Koldwave Division
Skokie, IL 1,2,3
International Environmental Corp.
Oklahoma City, OK 1,2
Lear Siegler, Inc., Mammoth Division
Holland, MI : 1,2,3
Northrup, Inc.
- Hutchins, TX "1,2,3
Ramada Energy Systems, Inc.
Tempe, AZ 2
Singer Co., Climate Control Division
Auburn, NY ‘ : 1,2,3
Solar Energy Research Corp.
Longmont, CO 2
. Solar Energy Resources Corp.**
" . . 1
- Miami, FL 1,3
. Solar Kinetics
- Mechanicsburg, OH 2



Table 1. Continued

Name and City Source

R Tempmaster International Energy Conservation Systems, Inc.

Orlando, FL o 2,3
Thermal Energy Transfer Co. ' . . .

~ Westerville, OH s : A -3
Vanguard Energy Systems
San Diego, CA . 2,3
Vilter Manufacturing Corp.
Milwaukee, WI . ) 2,3
Weatherking (Div. Addison Products)
Orlando, FL ' 2,3
WESCORP, Inc. (Subsidiary of Vaughn Corp.)

Andover, A : 3

Westinghouse. Electric Corp.
Commercial-Industrial Air Conditioning Division

Staunton, VA ) _ ' 2
Whalen Co.

Baltimore, MD o 2,3
Wilcox Manufacturing Corp. i
Pinellas Park, FL ) 3
Wormser Scientific Corp. ) -

Stamford, CT o 2
York Division Borg Warner Corp. ’ '

York, PA ' , 2,3
Sources

1 - Air Conditioning and Refrigeration Institute, June 1 - November 30, 1979,
Directory of Certified Applied Air-Conditioning Products.

2 - 1979 ASHRAE Handbook and Product Directory.

3 - National Water Well Association Listing.

Footnotes
* . Heat Controller, Inc., and Weatherking, Inc., are both divisions of
..Addison Products Co., Inc., and market idertical water source heat pumps.

W W

- Also identified as "Solar Oriented' Envirormental Systems, Inc.



heat pumps manufactured by others under a different name. A few companies
that were included in the three sources mentioned, when contacted, said they
no longer manufacture water source heat pumps. These companies therefore are

not listed in Table 1.

PERFORMANCE

Performance data for water source heat pumps has been obtained from most
of the major manufacturers listed in Table 1. The performance values have
not been completely compiled at this time, but the data have been examined
in several ways;

Water source heat pump performance, in terms of COPH was plotted versus
nominal heating capacity for ARI certified units. This data set, shown in
Figure 2, is based on rating conditions per ARI Standard 320-76. The plot,
which is very similar to that done by Briggs anq Shaffer, 1977 shows a wide
range of performance between units at any one capacity. There is a slight
trend for increased performance with increasing‘capacity, however this is
only a general trend and may not be true for all manufacturers. Comparison
of this current-data with that presented by Briggs and Shaffer in 1977 shows
an average increase in COPH of around 0.2 over the last two years. This in-
" crease may not be.entirely due to product improvement, however, since the
1979 rating condition is based on a 70°F water source temperaturé and the
1977 ratings are based on a 60°F watef source temperature and, based on
man;facturers' data, a majbrity of the units have slightly better perform--
ance with 70°F than 60°F entering water tempefature1 .‘Also, there is no
allowance for the water pumping power in the 1979 ratings while there was

some allowance in the 1977 ratings. Examination of certain units does
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however show substantial improvement since 1977.\

A major concern is the water source heat pump performance as a function
of water source temperature, Figuré 3 shows how the COPH varies with.watgr
6ut1et temperature for five typical mid-sized heat pumps based on manﬁfactur—
ers' data. In.Figure 3, the leaving watef temperature rather than the enter-
ing water temperatufe was used:as the independe&t variable, because better
correlation should result. It is planned to examine several ways of pre-
senting the data for the best utility. Not muchlvariation is eyident be-

. tween the different models at lower outlet water temperatures, however at
higher outlet teﬁperatures the difference is pronounced. This is not easi-
ly explained without more detailed evaluation of the different units. (A
possible explanation is that some manufacturers have.calculated performance
at higher source temperatures rather than con@pcting extensive testing. This

has been observed in some of the data examined to date.)

CONTACT WITH MANUFFACTURERS

Many of the water source heat pump manufacturers listed in Table 1
have been contacted to determine several aspects of their present activity
and attitude in regard to water source hea£ pumps. Those companies which
have large scale production of unitary water-source heat pumps and which
manufacture their own units were the main ones contacted. Additional
companies, both custom water source heat pump manufacturers and tradition-
allyhair-to—air heat pump manufacturers that are in the research stage
on water-source units, were also contacted. Although the manufacturers
in general would not discuss the specifics of their planned developments,

they appezred to be willing to discuss the trends of developments and the
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present position of the company on many aspects that impact present and

near-term future products.
The conclusions reached from these discussions are:

-

" 'The COPH at ARI rating conditions can be e£pected to increase
slightly over th; next few years, at the rate of about 0.1 per
year; Most of the companies have a moderate program directed
at COPH performance improvement of the water source units. Sever-
al companies have quite strong programs in these areas and the
performance improvements of their units in the last few years
indicafe this. Most companies, however, emphasize_the cooling
performance rather than the heating performance in their system
design. |

. The entering source water temperature should be less than about
.95°F-for most of the water source heat pump units primarily be-
causé they will shut off on high head pressure as the capacity
increases with increasing source water temperature. Some units
may be purchased with a special package that regulates the water
flow and perﬁits inlet temperatures as high as abéut 110°F. -

. Host .of the manufacturers showed little interest in developing
a product line directed specifically toward geothermal appli-
cations. The primary reasons were (i) they viewed the market as
quité limited and (ii) they already have many pro&uction lines
and they are presently very much bogged down with getting their
present units tested under the new DOE guidelines. There are
sever;l manufacturers that are very much committed to vigorous

programs in water-source heat pump development, and if shown

’
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the need for a product line in the geothermal area would be
interested in that application.

All of the companles contacted 1nd1cated that they were not
1nterested in developing a "heating only" water source heat pump.
One cémpany said that a decision is near in regard to whether
they will or will nof start producing a '"heating only”.air
source unit.

All unitary water-source heat pumps for space heating are pres-
ently single stage compression and no chanée is expected.

More cémplex heat pump systems such as hybrid water and air
source/sink units are not being'seriously considered at this time
because great advantage is seen in simplicity and also each
different o?erating mode requires a whole series of additional
certification testing. Less significaﬂt modifications such as
dual compressors are being considered more, but probably will

not be commercial for several years.
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THANK YOU VERY MUCH, MR. CHAIRMAN.

WITH OIL SO PLENTIFUL AND INEXPENSIVE THESE
DAYsS, IT IS SOMETIMﬁS DIFFICULT FOR A VITAL
ALTERNATIVE ENERGY SOURCE -- LIKE GEOTHERMAL -- TO
GET THE ATTENTION IT DESERVES. WHAT WILL LIKELY
HAPPEN IS THAT ANOTHER ENERGY CRISIS WILL PUT THE

INDUSTRY BACK INTO THE PUBLIC EYE.

I FIRMLY BELIEVE THERE IS ANOTHER ENERGY CRISIS
WAITING IN THE WINGS: ANOTHER OPEC BREAKDOWN OR

POLITICAL OR ECONOMIC CRISIS WILL BRING IT TO CENTER

STAGE AGAIN.



DESPITE THE PRICE AND SUPPLY SWINGS OF FOSSIL
FUELS, HOWEVER, GEOTHERMAL ENERGY HAS COME OF AGE

OVER THE LAST 25 YEARS.

IN THE UNITED STATES, THE GEOTHERMAL INDUSTRY
BEGAN TO DEVELOP RAPIDLY IN THE EARLY SIXTIES,
APPROXIMATELY THE SAME TIME THAT THE NUCLEAR INDUSTRY
BEGAN TO HIT ITS STRIDE. ALTHOUGH GEOTHERMAL IS
STILL YOUNG, IT'S REAL. WE KNOW THE RESOURCE EXISTS
IN MANY PLACES. WE KNOW HOW TO FIND IT. AND WE KNOW
HOW TO USE IT TO PRODUCE ELECTRICITY AT A COMPETITIVE

PRICE.

LET ME TAKE A MOMENT TO DESCRIBE THE GEOLOGICAL
CONDITIONS THAT MAKE GEOTHERMAL POSSIBLE. IN CERTAIN
PLACES, MAGMA PENETRATES RELATIVELY CLOSE TO THE
SURFACE OF THE EARTH AND HEATS UNDERGROUND WATER.
THIS MAGMA MOVEMENT OCCURS WHERE THE TECTONIC PLATES
-- THE PLATES THAT MAKE UP THE CRUST OF THE EARTH --
ARE BROKEN, OR COLLIDE, OR PULL APART. IT IS HERE,
WHERE THE CRUST HAS BEEN WEAKENED, THAT MAGMA CAN
RISE FROM THE DEPTHS OF THE EARTH TO HEAT UNDERGROUND
RESERVOIRS. MOST OF THE WORLD'S GEOTHERMAL AREAS,
THEREFORE, OCCUR ALONG THE BOUNDARIES OF THESE

CONTINENTAL AND OCEANIC PLATES.




THE MOST EVIDENT AREA FOR GEOTHERMAL DEVELOPMENT
IS ALONG THE PACIFIC RING OF FIRE, A CIRCULAR SPAN OF
GEOLOGICAL ACTIVITY THAT EXTENDS VIRTUALLY AROUND THE
ENTIRE PACIFIC BASIN: SOUTH AMERICA, CENTRAL
AMERICA, THE WESTERN UNITED STATES, INCLUDING ALASKA
... JAPAN, THE PHILIPPINES, INDONESIA AND NEW
ZEALAND. THE RESOURCE ALSO EXISTS IN THE RIFT VALLEY
OF EAST AFRICA, THE AREAS AROUND THE MEDITERRANEAN
AND WHERE THE MID-ATLANTIC RIDGE BREACHES THE OCEAN

SURFACE, AS IN ICELAND.

LIKE FOSSIL FUELS, GEOTHERMAL RESOURCES EXIST
UNDER ONLY CERTAIN CONDITIONS. GEOLOGISTS, FOR
EXAMPLE, HAVE TO FIND PLACES WHERE TRAPPED,
UNDERGROUND RESERVOIRS EXIST IN THE SAME PLACE WHERE

MAGMA HAS COME CLOSE TO THE EARTH'S SURFACE.

THOSE HEATED UNDERGROUND RESERVOIRS OCCUR WHERE
RAINFALL THAT HAS SEEPED DEEP INTO THE EARTH IS
WARMED BY THE EARTH'S HEAT. BY DRILLING INTO THOSE
ROCK FORMATIONS THAT HOLD HEATED WATER, WE CAN BRING
GEOTHERMAL FLUIDS TO THE SURFACE, CAPTURE THE STEAM,
AND TRANSPORT IT BY PIPELINE TO AN ELECTRICAL
GENERATING STATION WHERE IT TURNS A TURBINE TO

PRODUCE ELECTRICITY.




IN TERMS OF PRODUCTION, GEOTHERMAL FLUIDS LOSE
TEMPERATURE RAPIDLY WHEN THEY ARE TRANSPORTED ON THE
SURFACE, SO ELECTRICAL GENERATING PLANTS MUST BE
BUILT NEAR THE RESOURCE, IN CLOSE PROXIMITY TO THE
WELLS. THUS, THE POWER IS GENERATED ON SITE, THEN
HAS TO BE TRANSMITTED TO LOAD CENTERS. SINCE THE
PRIME GEOTHERMAL PROSPECTS IN THE UNITED STATES ARE
IN SPARSELY POPULATED AREAS OF THE WEST, TRANSMITTING
TO DISTANT LOAD CENTERS ADDS TO THE COST OF

DEVELOPMENT.

THE HIGHER TEMPERATURE GEOTHERMAL RESOURCES --
THOSE ABOVE 350 DEGREES FAHRENHEIT -- ARE BEST USED
FOR THE PRODUCTION OF ELECTRICITY. LOWER TEMPERATURE
RESOURCES ARE BETTER USED FOR DIRECT -- OR
NON-ELECTRIC =-- APPLICATIONS SUCH AS SPACE HEATING,

AGRIBUSINESS, AND INDUSTRIAL PROCESSING.

IN ADDITION TO HIGH TEMPERATURE, A GEOTHERMAL
RESOURCE DESIGNATED FOR ELECTRICAL GENERATION MUST BE
LARGE ENOUGH AND HAVE FLOW CAPACITY TO PROVIDE A
CONSTANT RATE OF STEAM PRODUCTION OVER THE USEFUL

LIFE OF A GENERATING PLANT -- NORMALLY 30 YEARS.




THERE ARE TWO TYPES OF GEOTHERMAL RESOURCES:
VAPOR- AND LIQUID~-DOMINATED. WITH A VAPOR-~-DOMINATED
RESOURCE, THE FLUID IS IN A SINGLE VAPOR OR STEAM
PHASE IN THE RESERVOIR. WE DRILL INTO THE RESERVOIR,
RELIEVE THE PRESSURE, BRING THE VAPOR TO THE SURFACE,
REMOVE THE ROCK DUST AND TRANSPORT THE STEAM BY

PIPELINE TO A GENERATING STATION.

A LIQUID-DOMINATED RESOURCE REQUIRES A MORE
COMPLEX ABOVE-GROUND TECHNOLOGY. THE MOST WIDELY
USED IS A FLASH SYSTEM WHERE THE HOT GEOTHERMAL BRINE
PASSES THROUGH PRESSURE-REDUCING VESSELS WHICH CAUSE
A PORTION OF THE FLUID TO FLASH INTO A MIXTURE OF
STEAM AND BRINE. AFTER SEPARATION, THE REMAINING
LIQUID WASTE IS THEN INJECTED BACK INTO THE

UNDERGROUND RESERVOIR THROUGH AN INJECTION WELL.

IN THE LOWER TEMPERATURE RANGES, NEAR 350 DEGREES
FAHRENHEIT, THE GEOTHERMAL FLUIDS ARE SOMETIMES
PUMPED TO THE SURFACE AND CONTAINED UNDER BACK
PRESSURE WHILE THE HEAT IS EXTRACTED IN A HEAT
EXCHANGER. THE FLUIDS ARE THEN PUMPED BACK INTO THE

UNDERGROUND RESERVOIR.



REINJECTION HELPS MAINTAIN RESERVOIR PRESSURE.
IT ALSO ELIMINATES THE ENVIRONMENTAL PROBLEM OF

DISPOSING OF THE UNUSABLE PORTION OF THE RESOURCE.

ALMOST ALL OF THE WORLD'S GEOTHERMAL RESOURCES
ARE LIQUID-DOMINATED -- THAT, UNFORTUNATELY, IS THE
NORMAL GEOLOGICAL CONDITION. THE COSTS FOR THE
PRODUCTION AND ELECTRICAL GENERATION SYSTEMS
NECESSARY WITH A LIQUID-DOMINATED RESOURCE ARE
HIGHER. DRILLING INJECTION WELLS AND CONSTRUCTING
AND MAINTAINING PIPELINES FOR THE UNUSED RESOURCE ADD

SIGNIFICANTLY TO THE COSTS OF RESOURCE DEVELOPMENT.

IN THE UNITED STATES, GEOTHERMAL POWER IS NOW
DEVELOPED IN INCREMENTS OF 50 TO 100 MW. THESE
APPEAR TO BE OPTIMUM BLOCKS OF POWER FOR THE NUMBER
OF WELLS REQUIRED, THE PIPELINE DISTANCE AND SIZE AND
COST OF THE TURBINE. AT INCREMENTS OF 100 MW,
GEOTHERMAL POWER IS ECONOMICALLY COMPETITIVE WITH
ENERGY PRODUCED BY FOSSIL FUEL AND NUCLEAR PLANTS OF
ABOUT 1,000 MW-SIZE -- THOSE THAT ENJOY THE ADVANTAGE
OF ECONOMY OF SCALE. THIS IS THE SIZE PLANT MOST

COMMONLY INSTALLED IN THE U.S.



MANY DEVELOPING COUNTRIES CANNOT HANDLE THE LARGE
1000-MW INCREMENTS TO THEIR INSTALLED CAPACITY, AND
SMALLER BLOCKS OF FOSSIL POWER ARE UNECONOMIC. THIS
MAKES GEOTHERMAL POWER A VERY ATTRACTIVE FORM OF
POWER GENERATION IN THOSE DEVELOPING COUNTRIES THAT

HAVE THE GEOLOGIC POTENTIAL.

THERE ARE NOW SOME 50 COUNTRIES AROUND THE WORLD

ACTIVE OR INTERESTED IN GEOTHERMAL EXPLORATION.

A QUICK REVIEW OF A FEW OF THE WORLD'S GEOTHERMAL
DEVELOPMENTS WILL PROVIDE AN OVERVIEW OF THE TYPES OF
RESOURCES THAT EXIST, SOME OF THE LIMITATIONS I
MENTIONED EARLIER, AND THE DIFFERENT PRODUCTION AND
GENERATION TECHNOLOGIES THAT HAVE BEEN DEVELOPED OVER

THE LAST 25 YEARS.



THE GEYSERS, NORTH OF SAN FRANCISCO, IS THE
WORLD'S LARGEST GEOTHERMAL DEVELOPMENT. THE RESOURCE
THERE IS DRY STEAM, A FACTOR THAT HAS ACCOUNTED IN
PART FOR ITS RAPID DEVELOPMENT. DRY STEAM REQUIRES A
SIMPLE FORM OF CONVERSION TO ELECTRICITY: THE STEAM
FLOWS UP THE WELL TO THE SURFACE, TRAVELS THROUGH
PIPELINES TO AN ELECTRICAL GENERATING STATION WHERE
IT TURNS TURBINES THAT PRODUCE ELECTRICITY.
CONDENSATE IS THEN REINJECTED INTO THE RESERVOIR

THROUGH AN INJECTION WELL.

THE GEYSERS FIELD HAS BEEN STEADILY DEVELOPED
SINCE 1960 BY A NUMBER OF STEAM PRODUCERS AND
ELECTRIC UTILITIES. THE ENTIRE FIELD NOW PRODUCES
OVER 1800 MEGAWATTS OF GENERATING CAPACITY -- ENOUGH
CAPACITY TO SUPPLY A CITY THE SIZE OF SAN FRANCISCO

AND OAKLAND COMBINED.

THE GEYSERS IS NOW A MATURE FIELD. WITH THE
COMMISSIONING OF ANOTHER POWER PLANT IN THE SUMMER OF

1988, IT APPEARS THAT THE FIELD WILL HAVE BEEN FULLY

DEVELOPED.



THE FACT THAT THE GEYSERS IS A DRY STEAM FIELD IS
AN EXCEPTION TO THE RULE. AILTHOUGH WE KNOW THERE ARE
OTHER SMALLER DRY STEAM PIELDS IN THE WORLD -- AT
LARDARELLO IN ITALY, IN NORTHERN, TUSCANY, AND IN
MATSUKAWA ON HONSHU, THE MAIN JADANESE ISTAND -- THE

BULK OF THE WORLD'S RESOURCES ARE LIQUID-DOMINATED.

NEW ZEALAND, HAS LONG EXPLORED FOR AND DEVELOPED
GEOTHERMAL ENERGY., THAT COUNTRY, ONE OF GEOTHERMAL'S
PIONEER DEVELOPERS, NOW HAS AN INSTALLED CAPACITY OF
167 MEGAWATTS. THE DISCOVERY OF NATURAL GAS HAD
SLOWED GEOTHERMAL DEVELOPMENT, BUT THE NEW ZEALANDERS
APPEAR TO HAVE RESUMED DEVELOPMENT OF THEIR

GEOTHERMAL RESOURCES.

THE PHILIPPINES, WITH 894 INSTALLED MEGAWATTS,
HAS THE SECOND LARGEST GEOTHERMAL DEVELOPMENT IN THE
WORLD. TWO PRIMARY GEOTHERMAL FIELDS AT TIWI AND
MAK-BAN HAVE BEEN DEVELOPED, EACH WITH 333 MEGAWATTS
OF CAPACITY: THERE IS ADDITIONAL POTENTIAL ON THE
ISLAND OF LUZON BUT, FOR THE MOMENT, THE LOCAL MARKET
FOR ELECTRICITY IS LIMITED DUE TO THE SEVERE ECONOMIC
CRISIS. THERE IS A 112-MEGAWATT INSTALLATION ON THE
ISLAND OF LEYTE AND A 118-MEGAWATT INSTALLATION ON
SOUTHERN NEGROS. REGRETTABLY, BOTH INSTALLATIONS ARE

UNDER-UTILIZED.



TODAY, GEOTHERMAL POWER PLANTS IN THE PHILIPPINES
REPLACE THE ENERGY EQUIVALENT OF ABOUT EIGHT MILLION
BARRELS OF IMPORTED OIL A YEAR. GEOTHERMAL ENERGY
NOW PROVIDES OVER 20 PERCENT OF THAT COUNTRY'S

ELECTRICAL NEEDS.

POTENTIALLY THE LARGEST OF THE LIQUID-DOMINATED
FIELDS IS THE SALTON SEA FIELD IN THE IMPERIAL VALLEY
OF SOUTHERN CALIFORNIA. A NUMBER OF STEAM PRODUCERS
HAVE BEEN WORKING THERE FOR MORE THAN A DECADE TO

DEVELOP THIS RESOURCE.

WHILE THE GEYSERS IS AN EXCEPTION TO THE RULE
BECAUSE IT IS A VAPOR-DOMINATED FIELD, THE SALTON SEA
RESERVOIR IS AN EXCEPTION BECAUSE IT IS SUCH A

HOSTILE LIQUID-DOMINATED RESOURCE.

THE GEOTHERMAL FLUIDS IN THE PHILIPPINES, NEW
ZEALAND, JAPAN, TO NAME A FEW, ARE BENIGN IN CHEMICAL
COMPOSITION. AS SUCH, THEY DO NOT CAUSE

TECHNOLOGICAL PROBLEMS IN THE PRODUCTION PHASE OF THE

OPERATION.
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WHILE WE HAVE KNOWN THE POTENTIAL OF THE RESOURCE
IN THE IMPERIAL VALLEY FOR A LONG TIME, WE HAVEN'T
BEEN ABLE TO PRODUCE IT ON A ILARGE SCALE BECAUSE OF

ITS HIGH SALINITY.

THE RESOURCE IN THE IMPERIAL VALLEY CONTAINS
ABOUT TEN TIMES AS MUCH SALT AS SEA WATER. THIS HAS
CAUSED EXTREME CORROSION AND THE BUILD-UP OF SCALE

DEPOSITS IN WELLS, PIPELINES, AND EQUIPMENT.

NEW METHODS TO PRODUCE FROM THIS HOSTILE RESOURCE
HAVE BEEN DEVELOPED AT TWO PILOT PLANTS IN THE AREA.
WE HAVE MADE SIGNIFICANT ADVANCES IN IDENTIFYING THE
SPECIFIC CAUSES OF CORROSION AND HAVE COME UP WITH
METHODS TO MINIMIZE THE DAMAGE IT CAUSES TO
EQUIPMENT. RESEARCH STILL CONTINUES IN THE IMPERIAL
VALLEY, BUT THE SOLUTIONS WE HAVE COME UP WITH
ALREADY ARE INDICATIVE OF HOW THE GEOTHERMAL STEAM
PRODUCERS HAVE LEARNED TO COPE WITH A VARIETY OF

NATURAL FLUIDS.
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MEANWHILE, STEAM PRODUCERS AND UTILITIES ARE NOW
WORKING TOWARDS PUTTING THE SALTON SEA FIELD INTO
COMMERCIAL OPERATION. MORE THAN 220 MEGAWATTS ARﬁ
UNDER CONSTRUCTION OR ARE BEING PLANNED. 1IN THE EAST
MESA AND HEBER FIELDS, 174 MEGAWATTS OF CAPACITY IS

INSTALLED OR PLANNED,

JAPAN IS A COUNTRY THAT IMPORTS VIRTUALLY ALL OF
ITS 0IL, SO IT SHOULD HAVE AN OVERWHELMING INCENTIVE
TO DEVELOP INDIGENCUS ENERGY SUPPLIES BEYOND ITS
PRESENT 215 MEGAWATTS OF INSTALLED CAPACITY. YET

JAPAN IS HAMPERED BY EXTREME ENVIRONMENTAL CONCERNS.

MEXICO IS ONE OF THE WORLD'S LEADING OIL
PRODUCERS, YET IT ALSO HAS BECOME THE WORLD'S THIRD
LARGEST PRODUCER OF GEOTHERMAL ENERGY. WHILE MEXICO
FACES SEVERE ECONOMIC PROBLEMS, IT HAS MANAGED TO
DEVELOP 645 MEGAWATTS OF INSTALLED CAPACITY. ITS
GECTHERMAL DEVELOPMENT AT CERRO PRIETO SUPPLIES A
SUBSTANTIAL AMOUNT OF ELECTRICAI. POWER IN NORTHERN,

MEXICO.

-12-



IN CENTRAL AMERICA, EL SALVADOR PRODUCES 95
MEGAWATTS AND NICARAGUA, WHICH IS EXPANDING ITS
DEVELOPMENTS AT MOMOTOMBO, PRODUCES 35 MEGAWATTS.
GEOTHERMAL IS A POTENTIAL ENERGY SOURCE FOR SEVERAL
CENTRAL AND SOUTH AMERICAN COUNTRIES AS WELL:
GUATEMALA, COSTA RICA, CHILE, PERU, BOLIVIA, ECUADOR,

COLUMBIA, AND ARGENTINA.

POWER PLANTS IN THE IMPERIAL VALLEY -=- AS WELL AS
IN OTHER AREAS -- DIXIE VALLEY, NEVADA, COSO HOT
SPRINGS -- ALL ARE POSSIBLE BECAUSE OF STANDARD OFFER
FOUR CONTRACTS UNDER PURPA. I KNOW THERE IS SOME
DEBATE, EVEN CONTROVERSY, CONCERNING THESE
CONTRACTS. I BELIEVE, HOWEVER, THAT THE CONCEPT
BEKIND THE CONTRACTS IS SOUND BECAUSE IT ENCOURAGES
DIVERSIFICATION ... IT IS ONE MORE WAY TO BREAK FROM
OUR DEPENDENCE ON HYDROCARBON FUELS. SINCE THESE
STANDARD OFFER FOUR CONTRACTS ARE NO LONGER GIVEN,
NEW GEOTHERMAL DEVELOPMENTS HAVE TO MEET "AVOIDED"

COST STANDARDS.

S -13-



IT IS MY BELIEF THAT PUBLIC UTILITY COMMISSIONS
ARE SHORT-SIGHTED IF THEY DEMAND THAT THE ECONOMICS
OF GEOTHERMAL HAS TO MEET OR BE LOWER THAN THE LOWEST
COST ALTERNATIVES. USING PURPA CONTRACTS AS AN
EXAMPLE, THEY HAVE BEEN EXTREMELY SUCCESSFUL IN
ALLOWING FOR LONG-TERM PLANNING FOR ALTERNATIVE
ENERGY. THEY HAVE HELPED THE INDUSTRY EXPAND IN A
DOWN CYCLE. IN EFFECT, PURPA CONTRACTS HAVE
DEREGULATED THE INDUSTRY, CREATING IN THE LONG RUN, A
MORE COMPETITIVE FIELD AND A MORE STABLE ENERGY
ENVIRONMENT. BECAUSE OF THE NEW PUBLIC UTILITY

COMMISSION ATTITUDES, GEOTHERMAL DEVELOPMENTS ARE NOW

EXPECTED TO SLOW DOWN.

GENERALLY, A COUNTRY THAT DEVELOPS ALL OF ITS

ENERGY RESOURCES OPENS UP ECONOMIC OPTIONS FOR

ITSELF. THE MORE OPTIONS, THE HEALTHIER THE ECONOMY.

-14-



INDONESIA IS A GOOD EXAMPLE OF A COUNTRY WITH 2
BROADER OUTLOOK. INDONESIA CURRENTLY PRODUCES OVER
1.3 MILLION BARRELS OF OIL PER DAY. BUT IT IS
SIMULTANEOUSLY MOVING AHEAD TO DEVELOP ITS
SIGNIFICANT GEOTHERMAL POTENTIAL. ASIDE FROM ITS 142
MEGAWATTS OF INSTALLED GENERATING CAPACITY,
ADDITIONAL GEOTHERMAL EXPANSION IS UNDER WAY.
INDONESIA IS ALSO EXPLOITING ITS COAL RESOURCES FOR

POWER GENERATION.

THE ENERGY POLICY PRACTICED BY INDONESIA -- THAT
IS, DEVELOPING AS MANY OF ITS ENERGY RESOURCES AS
POSSIBLE -- WILL ALLOW THE GOVERNMENT TO USE LESS OF
ITS EXPORTABLE ENERGY -- OIL AND GAS =-- FOR DOMESTIC
DEVELOPMENT. WHEN THE PRICE OF OIL IS BACK UP AGAIN,
SAY IN THE MID-NINETIES, INDONESIA SHOULD HAVE IN
PLACE THE GEOTHERMAL POWER PLANTS TO SUPPLY A GOOD
PORTION OF ITS ELECTRICITY. WHETHER THE PRICE OF OIL
IS HIGH OR LOW, INDONESIA EARNS VALUABLE FOREIGN
CURRENCY BY EXPORTING MORE OF ITS OIL. THAT CURRENCY

CAN THEN BE USED FOR DOMESTIC DEVELOPMENT PROJECTS.
CONSIDERING THE UNITED STATES' DEPENDENCE ON
IMPORTED FUELS, AND OUR NEGATIVE TRADE BALANCE, WE AS

A NATION MIGHT BE WISE TO FOLLOW INDONESIA'S EXAMPLE.
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WHAT ALL THE PACIFIC RIM COUNTRIES HAVE IN COMMON
IS THE OPTION TO EXPAND THEIR INDIGENOUS SOURCES OF
ENERGY =-- AN OPTION THAT OUGHT TO BE TAKEN ADVANTAGE

OF DURING THIS TIME OF LOW OIL PRICES.

MOST PEOPLE ARE SURPRISED WHEN I SAY THAT A LESS
COMPETITIVE FORM OF ENERGY, LIKE GEOTHERMAL, OUGHT TO
BE DEVELOPED WHEN OIL IS PLENTIFUL AND MUCH CHEAPER.
BUT IT IS MY OPINION THAT SOONER OR LATER, ANOTHER
ENERGY CRISIS WILL HIT US AND WE MUST BE PREPARED.
MANY PREDICT ANOTHER CRISIS IN THE EARLY OR
MID-NINETIES. THAT BEING THE CASE, WE SHOULD DEVELOP
OUR GEOTHERMAL RESOURCES NOW SINCE IT TAKES FROM
SEVEN TO TEN YEARS FROM EXPLORATION TO ON-LINE

PRODUCTION.

AND GEOTHERMAL ENERGY WILL COMPETE SUCCESSFULLY.
THE TECHNOLOGY IS PROVEN. THE PROSPECTS ARE GOOD.
MOST OF THE WORLD'S' RESOURCES CAN BE DEVELOPED. WE
IN THE UNITED STATES, ALONG WITH SOME OF THE OTHER
NATIONS ON THE PACIFIC RIM, HAVE AVAILABLE TO US THE
OPTION OF DEVELOPING ALL OF OUR RESOURCES TO DO A

BETTER JOB OF PREPARING OURSELVES FOR THE FUTURE.
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‘Table 1

STATUS OF -
GEOTHERNMAL POWER PLANTS-
WORLDWIDE (1987)

- WORLDWIDE
(Online as of 1987)
COUNTRY MWe
UNITED STATES 2212
PHILIPPINES 894
MEXICO 655
ITALY 504
JAPAN 215
NEW ZEALAND 167
EL SALVADOR 95
KENYA 45
ICELAND 39
NICARAGUA 35
INDONESIA 142
TURKEY 21
CHINA 15
USSR 11
FRANCE 4
PORTUGAL 3
GREECE 2
TOTAL 5059

AFTER DIPIPPO, 1987



Table 2

SUMMARY OF GEOTHERMAL
POWER PLANT CAPACITIES
UNITED STATES-1987

MWe MWe
ONLINE PLANNED

CALIFORNIA -
THE GEYSERS 1918 50
COSO | 27 - 215
SALTON SEA 44 165
HEBER 94 0
EAST MESA 37 50
MAMMOTH 7 38
WENDELL H.S. 1 1
SUBTOTAL 2128 529
NEVADA 58 83
UTAH 23 19
HAWAII _3 13
SUBTOTAL 84 115
TOTAL 2212 644

AFTER DIPIPPO, 1987
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HYDROTHERMAL COST OIJ POWER
N

An important factor in the rate of development of hydrothermal energy for

electric power production will be its cost relative to possible alternatives

including coal and nuclear. Although numerous forecasts of costs have been

made, and will be subsequently discussed, the basic economic data necessary
to give credibility to these forecasts is lacking. DOE expects to develop
accurate cost and performance information for hydrothermal power through

two 50 MWe demonstration plants which have been contracted for under cost-
shared industry agreements. These plants will provide detailed capital and
operating cost data in addition to serving as institutional path finders and

technology demonstrations.

The first of these two plants, a flash steam design, will be constructed
and operated by the Public Service Co. of New Mexico (PNW) on a high tempera-

ture (550°F) resource at the Baca location in the Valles Caldera in New
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Mexico. This plant is scheduled for start up in 1982, The second demonstration

plant, empioying an organic binary cycle design, will be constructed and
operated by San Diego Gas and Electric Co. (SDG&E) on a moderate temperature
(365°F) resource at Heber in the Imperial Valley of California. The binary
plant is scheduled for start up in 1984. Cost of power estimates for these

plants as well as western coal and nuclear plants are presented in Table 1.
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Table 1
Estimated Busbar Cost of Power (Mille/kwh)*

Initial Year Levelized Levelized
start Up Geothermal of Operation Current Dollars Constant Dollars
1982 PNM Baca Flash Demo 42 62 36

(50% DOE funded plant)
1982 Baca Subsequent unit 43 ' 64 36
(no DOE funds)
1985 SDG&E Heber Binary Demo 89 129 75
(cost estimates ignore
50% DOE funding)
Coal
1982 PNM estimate
(San Juan unit 4) 42 62 36
1985 SDG&E estimates
(Blythe) 43 64 36
1990 NRC
(report ‘NUREC 0480) 5 58 44
Nuclear
1985 SDG&E estimate "o 50 29
(Sundesert) :
1990 NRC 46 61 37
*in year of start-up dollars **not available
assumptions:

PNM - 80% capacity factor
escalation 7% to 1982

SDG&E - 75% capacity factor
escalation 7% per year to 1985

NRC - 65% capacity factor
5% escalation to 1990
(both coal and nuclear)



This table illustrates the confusion which characterizes comparisons of
the cost of power., The calculated (or estimated) generation costs vary
with time, capital costs, 0o&m costs, fuel costs, discount rate, escala-
tion rate and plant capacity factor. Results are presented in three
different conventions as noted in the table; first year generation costs,
levelized costs in current dollars and levelized costs in constant dollars.
The different assumptions cited at the bottom of Table 1 will account for
nominal differences in costs by do not obscure the basic conclusions dis-

cussed later.

Levelized costs are constant kwh charges over the 1ife of the plant, which
result in a present value of revenues precisely equal to the present value of
costs. Levelized costs can be calculated in current (as spent) dollars,
resulting in a hypothetical cash flow decreasing in real buying power year
after year (analogous to a constant home mortgage payment), or levelized

costs can be calculated in constant dollars, which would reflect a revenue
stream starting at a much lTower value and having constant real buying year
after year, but increasing in current dollars each year. Neither method

would represent actual year by year kwh charges but both methods would gen-
erate the same present value and thus either method can be used to determine
the relative attractiveness of alternative investments. Initial year costs
reflect the kwh charges in that year's dollars which would actually occur

in the year of start up to balance revenues with costs. The initial year costs
do not represent a proper basis for determining the relative attractiveness

of alternatives, as the out year escalation rates (for fuel for example) may
cause a system with lTow initial costs to have a higher present value than
another system with high initial costs but which is essentially fuel inflation

free.



Table 1 shows that hydrothermal energy is cost competitive with coal and
nuclear for high temperature resources (as at Baca), but is measurably more
expensive at moderate temperature (as at Heber). PNM estimates that a 30
year hydrothermal plant will produce power at essentially the same cost ‘as

a 40 year coal plant. PNM assumes the second plant at the Valles Caldera
site will have lower o&m and fuel costs which essentially compensate for the
DOE 50% subsidy of the demonstration unit. SDG&E shows their average temp-
erature generation cost estimates to be twice as high for geothermal as coal
and 2% :times as high as nuclear. SDG&E projects lower costs for subsequent

hydrothermal units but has not attempted to quantify these projections.

The reasons for high costs on the proposed SDG&E binary plant are straightfor-
ward. At 365°F, the binary plant requires approximately 2% times the brine
flow rate as the 550°F flash plant. This higher brine flow dictates larger
piping, valves and reinjection pumps. The lower temperature necessarily
means a 20 percent lower thermal efficiency, which requires approximately

20 percent larger condensers, cooling towers, water circulating pumps and

20 percent more make-up water. In addition, the lower vapor pressure of

the 3659F brine causes wells to be low in productivity unless they are pumped,
The binary plant will use approximately 5MW of parasitic power for downhole
pumps which is not required for the 550°F resource, plus an additional 2MW

of parasitic power for injection pumps. Capital costs for downhole pumps

add 2% million dollars in initial cost and will require frequent maintainance
and replacement. It is clear as Table 1 indicates, that modergte temperature
resource utilization with current technology is not competitive with coal and

nuclear.



The dominant cost in hydrothermal energy is that of fuel (hot water and
steam) which accounts for 50-75% of the kwh charges. Although hydro-
thermal energy may be more costly from moderate temperature resources,
market penetration might still proceed under certain circumstances because
this resource is relatively benign environmentally, and coal and nuclear

may be discouraged by sfate policy (as in California).

High hydrothermal fuel costs can be attributed primarily to high drilling
costs, lTow reservoir temperature (requiring more wells) or low well
productivity. The prospect for improving economics through technological
progress is excellent, especially for the moderate temperature resources
(which constitute 80% of the inferred 140,000 MW recoverable resource).
Drilling technology development, reservoir stimulation for the purpose of
increasing well flow, downhole pump, and more efficient conversion systems
have a realistic potential for cutting moderate temperature costs in half,
which is why the development of geothermal technology is an important part

of the Federal geothermal program.
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TRANSPORT PHENOMENA IN HYDROTHERMAL
SYSTEMS: COOLING PLUTONS

D. NORTON and J. KNIGHT
Department of Geosciences, University of Arizona, Tucson, Arizona 85721

ABSTRACT. The nature of heat and mass transport in pluton environments has
been described by partial differential equations and simulated by numerical approxi-
mations to these equations. A series of heuristic models computed on the basis of these
cquations describes the general features of fluid circulation in the vicinity of an in-
trusive igneous body within the upper 10-km of the Earth’s crust.

Analysis of these models indicates that fluid circulation is an inevitable conse-
quence of the emplacement of magmas in the crust. The magnitude of this fluid
circulation generates convective heat fluxes which predominate over conductive heat
fluxes when host rock permeabilities exceed 10— cm® However, cooling rates for the
pluton are not significantly shortened unless the pluton permeability is also > 10—
cm®, The geometries of fluid circulation and isotherms are directl?' affected by varia-
tions in pluton size, width, level of emplacement, and permcabi ity, as well as the
distribution of permeable zones in the host rocks. Most striking, however, is the effect
of the fluid properties on heat and mass transport. The overall style of fluid circula-
tion is effectively controlled by coincident maxima of the isobaric thermal coefficient
of expansion and heat capacity with the viscosity minima in the supercritical region
of the H,O-system.

Waters in natural pluton systems are predicted to move from their points of origin
to positions several kilometers away in a few hundred thousand years. This redistri-
bution affects magmatic fluids and fluids in host rocks up to several kilometers away
from the pluton. Typically, temperature and pressure changes along the fluid flow
paths produce dramatic changes in solvent propertics. Hence, the fluid-rock inter-
actions along the pathlines should gencrate diagnostic mineral assemblages and shifts
in isotopic compositions. Average fluid:rock mass ratios of 0.4 are realized over the
entire permeable portions of the systems. :

This analysis reveals the extent of fluid circulation, and magnitude of convective
heat flux over broad crustal regions and along crustal plate boundaries where igneous
activity is voluminous may be much greater than heretofore realized.

INTRODUCTION

Heat and mass transport processes associated with the emplacement
of magmas into the Earth’s crust are continually referred to by geologists
in their studies of igneous and volcanic rocks. Inferences as to the tem-
perature and pressure conditions within the crust are made mostly on
the basis of conductive heat flow, mineral stability data, and analogies
to modern environments. In particular, the crystallization and cooling
paths of igneous melt systems are inferred from mineral assemblages and
experimentally derived phase diagrams. These methods have led to much
understanding of the nature of the crust and subcrustal environment,
but they require a considerable extrapolation of information derived
from a rather complex process.

v Magmatic processes may be described by simple physical laws which
relate all relevant variables in a set of coupled partial differential equa-
tions. Such a description is appealing, primarily because it provides an
analysis that is independent of traditional methods and permits con-
sideration of the process at the crustal scale.

Emplacement of magma bodies into the Earth’s crust results in large
thermal perturbations which are dispersed by a combination of heat
conduction and fluid circulation. Generation of a fluid potential field is

937
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938 D. Noriori arnd J. Knight—Transport phenomena

the inevitable consequence of a thermal or solute induced pore fluid
density anomaly along a horizontal plane in the crust. Recognition of
this fact then raises the question of the extent and nature of fluid flow
associated with both thermal and ‘‘salinity” anomalies in the crust. The
magnitude of fluid flux is directly related to rock permeability and
transport properties of the fluid. Geophysical evidence suggests that -
rocks fail by fracture and have interconnected pore spaces to at least
15 km in the crust, and, therefore, convective heat transport may be
considerably more significant on a crustal scale than heretofore realized.

This communication derives the partial differential equations that
represent the heat transfer process associated with thermal perturbations
in the crust, discusses the physical significance of these equations, pre-
sents the numerical approximations to these equations, and analyzes
how geologic variations in pluton environments affect the cooling history
of the pluton. A series of heuristic cooling models that demonstrate the
effect of various initial and boundary values on temperature, pressure,
fluid velocities, fluid pathlines, and cooling rates are presented.

Large scale fluid circulation around plutons has been actively dis-
cussed by students of mineral deposits since the earliest recognition of
vein minerals (Ssu-hsiao, 1250; Van Hise, 1901; and Lindgren, 1907).
Stable light isotope distribution in pluton environments suggests that
fluid derived locally from the surrounding host rocks and ultimately
from the local meteoric waters has circulated through most plutons
(Taylor, 1971). On the basis of trace element and mineral occurrences,
one predicts that a tremendous mass of fluid is required to achieve the
mineralogical and bulk composition changes observed in hydrothermal
systems.

Analysis of fluid circulation in the crust by mathematical methods
has been a topic of study for many years. Lord Rayleigh’s original work
(1916) defined the fundamental problem which, together with advances in
computing technology, encouraged many subsequent efforts (Wooding,
1957; Holst and Azz, 1972; Elder, 1967; Donaldson, 1962, 1968;
Lister, 1974; Ribando, Torrance, and Turcotte, 1976). The common
occurrence of high salinity fluids in shallow crustal environments
has also been recognized as a probable cause of fluid circulation (Nield,
1968; Veronis, 1968; Rubin, 1978). These studies have defined many
of the basic governing differential equations that describe thermal and
solute driven fluid circulation. Howeyer, each has dealt with idealized
equations of state for the fluid and rock phases and with uniform proper-
ties in dimensionless systems. In order to relate the processes to geologic
features, real fluid and rock properties have been used in this study.

NoTATION

a — volumetric heat sources (cal cm—3 °C+1)
A — area (cm?)
C: — isobaric heat capacity of the fluid (cal g~ °C-1) - .
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heat capacity at constant pressure of the media
(calg=1°C—Y)

heat capacity at constant pressure (cal g—* °C~?)
matrix coefficient in Poisson equation

matrix coefficient in Poisson equation

matrix coefficient in Poisson equation

internal energy (cal g—?)

gravitational force vector (cm sec—32)

unit vector in x-direction

unit vector in y-direction

n divided by k

unit vector in z-direction

permeability (cm?)

thermal conductivity (cal (cm sec °C) —?)

mass (g)

mass of fluid (g)

mass of rock (g)

pressure (bars)

reference pressure (bars)

thermodynamic heat (cal g—*)

magnitude of fluid flux in x-direction (g cm~—?2 sec™?)
magnitude of fluid flux in y-direction (g cm—2 sec—?)
magnitude of fluid flux in z-direction (g cm—2 sec—?)
nonlinear advection term

conductive component of heat flow vector

(cal cm—2 sec—*)

convective component of heat flow vector

(cal cm—* sec—1)

component of heat flow vector normal to the surface
(cal cm—2sec—?)

nonlinear density perturbation term

total heat flux (cal sec—1)

position vector (cm)

arbitrary region

Rayleigh number

surface

time (sec)

temperature (°C) :

background temperature (°C)

reference temperature (°C)

fluid flux vector (g cm—2 sec—?)

x-component of fluid flux vector (g cm~2 sec—1)
y-component of fluid flux vector (g cm—2 sec~?)
z-component of fluid flux vector (g cm—2 sec—?)
variable at known time step

variable at half time step

variable at new time step

velocity vector (cm sec™?)
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magnitude of velocity in x-direction (cm sec—1)
magnitude of velocity in y-direction (cm sec—1)
— magnitude of velocity in z-direction (cm sec—?)
— velocity vector of interest (cm sec—?)
— tangential velocity vector (cm sec—1)
— volume (cm3)
-— thermodynamic work (cal g—?)
-— cartesian coordinate
— cartesian coordinate
cartesian coordinate
— coefficient of isobaric thermal expansion (°C—1)
— coefficient of isothermal compressibility (bar—2)
— streamfunction (g cm—? sec—1)
— fow connected porosity
— viscosity (cm? sec™?)
— density (g cm—3)
— density of the media (g cm—?3)
boundary equation constant
boundary equation constant
boundary equation constant
curl
6 L, 98 , _9
ax ay dz
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HEAT AND MASS TRANSPORT

Thermal anomalies in the Earth’s crust are dispersed by a combina-
tion of conductive and convective heat transfer. Thermal energy transfer
away from regions of anomalous temperature at depths below 15 to 20
km is apparently by pure conduction, whereas in shallower crustal en-
vironments heat transfer by the circulation of fluids augments and, in
certain instances, may predominate over conductive heat transfer. Equa-
tions sufficiently general to permit a reasonable analysis of temperature
distribution and fluid flow in a variety of pluton environments have
been developed for a two-dimensional region of the crust into which a °
thermal energy source has been instantaneously emplaced. The region
is ‘treated as a fluid saturated permeable media, and all properties of

e
Jiem v c

the fluid phase are described with respect to the H,O-system and New-
tonian mechanisms. Constraints of energy, mass, and momentum con-
servation are utilized to represent the heat and mass transfer process. =

Energy

Energy content of a one component single phase, constant mass
system is defined by the first law of thermodynamics:

f (dq — dw) = 0.
4]

-~

Pt

S’
Fougt

s

For a
indepe

For sin,

where (
average
introdu
vicinity

Cor
crust at
region z
describe
sec1].
to the ne

Fluids fl
direct pr

Total he:

Total he:
flow vectc

The heat
eq (7) in

theorem:

Combinin
from the e

Q



in hydrothermal systems: Cooling plutons 941

For a reversible process, the work done by .the system defines a path
independent function, E, called internal energy.

TP
E(T,P) — E(T,P,) = f [Co—PVaT]dT + [VPB— Te]dP. (2)
ToFo
For single phase fluid system eq (2) can be simplified to
T,P 1
E(T,P) —E(T,P,) = f C,dT, () ‘
ToPo

where C, may be either the heat capacity of the fluid phase, C,, or the
average heat capacity of the fluid saturated media, Cy,. This simplification
introduces a few percent error in the energy content of the system in the
vicinity of the fluid critical endpoint.

Consider a permeable, temperature anomalous region, R, in the
crust at some temperature, T. Thermal energy transferred from this
region across the enclosing surface, S, and to the surroundings can be

described in terms of the heat flow normal to the surface, Q, [cal cm—2 o
sec—1]. The conduction contribution to total heat flux is proportional -'j 4
to the negative thermal gradient: = B
Qconduction = _‘km VT. (4) : )

Fluids flowing across the surface will also transport thermal energy in

direct proportion to their heat content and mass flux, ¥
Qconvectlou =1 CtT (5) "‘
Total heat flow, G, is the sum of eqs (4) and (5): b |
Q,=—k,VT + 0 C,T. (6) &
1

Total heat flux is then the product of the infinitesimal area and the heat
flow vector integrated over the entire surface:

Giom = f Q,dA. (7)

The heat lost from the entire region is obtained by transforming vector
€q (7) into volumetric integrals by means of the Gauss divergence
theorem:

-\ Diotar = f D.dA = f V.Q,av. (8)

oo’y

Combining eqs (6) and (8) results in the general expression for heat loss
from the entire region:

"

Qeotm = f (=Y » (kuVT) + 02V « (CT) + CTV s 0)adV.  (9)
R
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; Several different natural heat sources or sinks, for example, radio-
{ active decay, heat of crystallization, hydrolysis reactions, or mixing re-
| _ actions, may be contained in the region. Our treatment will {focus on the
thermal energy associated with magma bodies in the upper portion of the
Earth's crust. We consider here a fairly specific formulation which in-
| cludes a term, a, for volumetric heat sources and sinks in the region,
| Total thermal energy content in the region is then

Ep= f (Cupn T + aT) aV. (10)
R

The rate at which this heat is depleted is merely the derivative of eq (10)
with respect to time,
dEg
ot

aT
= f (Capn +2)— —aV, (11)
R

where the heat capacity and density of the media and the volumetric
source or sink term are assumed to be constant with time.

The rate at which heat leaves the region, defined by eq (9), must
equal the rate at which heat is depleted within the region, eq (11), in
order to maintain conservation of energy. Since eqs (9) and (11) hold
for any portion of the region, the volumetric integrals are zero every-
where, and they become

aT

(Cinpm + 2) =

Eq (12) is the partial differential equation describing thermal energy

transport in a one component single fluid phase, constant mass, system
undergoing reversible changes.

+aV.CGT+CTV ea=Ve(k,VT). (12)

Conservation of Mass, Divergence of @t
Consider fluid flow through a representative volume in which the
velocity vector, v, is described by

Vv=v,i+v,]+ vk (13)
And since pv = 0, the fluid flux vector is
ﬁ=p‘7=q1i+q2j+q3k. ’ (14)
For unit volume, AV, the fluid flux through face AxAz is
q: (y) axaz, ' (15)
and the fluid flux leaving the opposite face (y+Ay) is
q. (yTAy) AxAz. (16)

The difference in fluid flux in the y direction is, therefore, given by the
difference between eqs (15) and (16),

o= [4:00) —quly + ay)] axae )

aq

i
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Similarly, the difference in the mass flux for the other faces can be de-
rived. Therefore, the net mass loss or gain from the entire volume over
time At is
M= (__A_q.l_ + e CH Aﬂi_) AVAL. (18)
AX Ay Az

Changes in fluid density or the connected flow porosity (Norton and
Knapp, 1977) may produce changes in fluid mass in the volume.

— _Opd
M= pre AVAL. (19)

Combining egs (18) and (19) and letting AX, Ay, Az, and At approach zero
give
dpp _ 0u it au
gt &x t ay i (20)
which is the conservation of mass or continuity equation for compressible
fluid flow. For steady state flow
Veua=0. (21)

This conservation of mass equation is used to obtain the conservative
form of eq (12).

(Capw + 2)

4
at
Momentum Equations
The necessary condition for no fluid flow, 4 = 0, is
pu+ VP =0, (23)

which is the familiar equation of hydrostatics. Eq (28) can be written in

vector form:
0 oP/dx 0
[ 0 ] + [ aP/ay:l = I: 0 ] (24)
plt oP/oz 0

For no flow conditions, eq (24) requires 9P/ox = oP/3y = 0; that is,
pressure can only vary with depth, and fluid density must be constant
over any horizontal plane. Ergo, lateral variations in fluid density asso-
ciated with plutons require fluid flow. The magnitude of this flow is
determined by the permeability and fluid viscosity, as indicated by
Darcy’s Law:

+aV e CGT =7+ (kaVT). 22)

—k

v

ua=

(g + VP). (25)

Density perturbations may be due to temperature variation, which
is defined by the isobaric constant molality coefficient of thermal ex-

pansion,
o= " ( % ) ~ (26)
Po BT Pmy
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or to solute content. Considering for the moment only the thermal effects
and that « is not a function of temperature?!, eq (26) is integrated:

p=po [l —a(T—To)], @)
where T, is the temperature distribution for no flow conditions. The

Darcy equation for fluid flow then becomes

[po (1 — (T —To)g) + VP]. . (28)

a=

The gradient in pressure with respect to the z axis is — pog; therefore €q
(28) becomes

[«T — To)gpo + V4, P]. (29)

Eq (29) describes the mass flow due to a thermal anomaly in the Earth’s
crust.

u=

Combined Equations
The energy balance, conservation of mass, and momentum equations
can be treated in one of several possible ways to obtain a numerical
solution. We will utilize the conservative form, where the equations are
reduced to two independent scalar quantities, streamfunction and tem-

perature, .
The circulation tendency of a fluid around the surface is a vector

quantity, defined as the product of the average tangential velocity and
the distance around the closed surface,

Circulation = v,ds. (30)

From Stokes Theorem we have

f (Vx V) ,dA = v, ds, 1)

where (Vx V), is the component of Vx v in the direction of a unit vector,
fi. Applying the circulation concept to eq (29) gives

Vx - = Vx(«(T — To)gps) + Vx (V;P) (32)

and, since V, ;P is a gradient field and the curl of a gradient field is zero,

the fluid low equation reduces to

Vx L G- Vx (T — To)goo) = 0. 3)

A packet of fluid circulating through permeable rocks reacts with

the enclosing rock mass and changes composition along its flow path. A .

description of this flow pathline is necessary to study the chemical varia-

&

'« indeed varies considerably with P and T, but this modification will be ac-.
counted for later. “
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tions in time of any given fluid packet. Consider a fluid packet in a

permeable media and represent its position at time t, with position
vector 1,, where i denotes the particle of interest. As time varies, move-
ment of the packet and changes in its fluid properties can be followed.

The velocity of the packet is simply

W = gi . ‘ (34)

Transforming to orthogonal coordinates and recalling that the fluid flow
@t is defined by 4 = p¥,

pdx _ pdy _ pdz _ g (35)
qx 9y 9z
where eq (35) describes the position after time increment dt.
At every instant in time, dt = 0, fluid flux vectors can be related to
the streamfunction, which is tangent to these vectors. The parametric
equation for this function in three dimensions is:

dx _ dy _ _dz ’ (36)
RE 9 9s
and in two dimensions eq (36) becomes
qudy — q,dz =0, (37)

which is an exact differential equation since V » q = 0. Eq (37) defines the
streamfunction, which can also be written as an exact differential:

o ov
dy = dy + dz = q,dy — q,dz = 0.
oy VT = ady —gde (38)
This leads to the definition of fluid flux in terms of the streamfunction:
o av
=— ;e = 39
qs %2 q. 3y (39)

Introducing the streamfunction into eq (33) gives

V.x ; V. — V,x ; V¥~ Vy(gpo (T —Ty))=0. (40)
Eq (40) reduces to the familiar Poisson equation: V2¥ = f(y,zt), if v/k is

constant.
Eq (33) can now be rewritten, and the operator (Vx) expanded with

respect to the y-z plane and K = v/k substituted.

K x0% o K 8 H(T=T)) _,

LA T ay ay ay
(41)
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Combining eq (39) with (41) and rearranging terms give the general
momentum equation:

1 dK  9¥ 1 oK 9w g2ped{a(T — T,))
V2 —_— =
¥t o wm T TR ay gy K ay
(42)
Eq (42) is equivalent to
1 _ pogdaT =T,
e Ve (KVY) = 8 Koy ), (48)

which forms the basis of the numerical computation. Extensions to afford
for anisotropic and heterogeneous permeability distribution follow di-

rectly from eq (40).
In summary, the governing partial differential equations are:

Conservation of Energy:

(Cupw + a) +avV.CT=V»(k,VT) (22)
Conservation of Mass:
Veq=0 (21)
Conservation of Momentum:
. 1 9K ov 1 9K oav gpod (T ~ Ty))
vz =
\I'+K dz oz +Kay ay K ay
(42)

Dimensionless Forms of Equations

The governing equations contain three dependent quantities — tem-
perature, streamfunction, and fluid flux. The solution can be obtained
with egs (22) and (42) alone, since eq (42) is written in conservative form,
that is, eq (42) implicitly includes eq (21). In turn, fluid flux can be com-
puted from the stream function, eq (39).

~ Modeling of geologic processes with the governing equations derived
above requires that the variables be scaled, similar to bench scale model
experiments. Scaling permits simulation of processes that occur over
hundreds of thousands of years in a few minutes of computer time. Often
only the dimensionless variables are reported, generally as a constant
Rayleigh number; however, to afford for the equations of state of the
fluid and rock utilized in this study, Rayleigh numbers were computed
from actual temperatures and pressures at each time increment.

The dimensionless forms of eqs (22) and (42) (see table 1 for defini-

tions) are

F_aaT_+uvch Ve kgVT (44)

1
K

=R, VaT. (45)
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TAsLE 1
Dimensionless and characteristic values

k = kk*
y = yi* p = pov*
z = zl* C, = C,C*
v = (9/1 ] Ko = A Ko*
T =TT* F= 14 a

PmCm

gk po Co* T* o* I

14 km*

_ ¢t * 5Cin

=% e

Starred quantities are characteristic values for the respective parameters; I* is
characteristic height. For all model systems in this paper, ¥ = ¥ 3 X 10—g cm— s,

Approximations of Equations
The dimensionless energy and momentum equations are of the gen-

eral form

1 du
(V-(CVu)):F T

: —s (46)
where s is the nonlinear advection term in the energy equation or the
density perturbation term in the momentum equations, and F is a term
in the energy equation that accounts for energy sources or sinks in the
domain but is equal to 1 in the momentum equation. The equation is
readily solved by the alternating direction implicit method (Peaceman-
Rachford, 1955).

hY
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The alternating direction implicit method has been modified to in-
clude the variable parameter C in eq (46). The modified form of the
difference equations is, for the initial one-half time step,

SN Tl NSNS SR PPARE R + V.« (CyV =
Fy At Ky (Vy e+ (CyVut*y) 2 * (CyVsuy)) ~ sip whic
(47)

and for the final one-half time step,

R
Fy Uy’ Uy = ! (Vy- (CyVYye u*y) + (V.. (CyVauypty)) — $33.
At Ky ( X
48)

The expanded finite difference equations are of the general form: This

D, u*_y t D u*y—Dyu* ;=0 (49) Ca[cio
an
Eq (49) forms a system of linearly independent equations between the N mome

unknown quantities, u*’s, which is quickly solved by a Gauss elimination eners
method. ' be ack
: Rachfs

Nonlinear Terms
. Nonlinear terms, S;;, in the momentum and energy equations are the nu
thermal energy advection and fluid density gradients. The advective 'm:ll;

transport of thermal energy is given by increm
QADV =u VCDTJ (50)

The transportive character of this eq'uation must be maintained in the
numerical equations. Therefore, “upwind” differencing equations are - This st
iss

used:
the ste
fora=>0 ) given p
1 : T ]
Qapv = Ai:: (Cy(Ty— Tiy) + Ty5(Cy — Ciyg))s (61 against
o ‘ found ¢
foru=<0 » for com
i conduct
Qapv = ” (Cyi (Tyy— Tyqyy) T Ty5(Cyy — Cray)) - (52) ¥ are imp
i to pure
Perturbations caused by fluid density gradients across an arbitrary } # cver, the
horizontal plane in the system from eq (42)-can be represented by aa. initia] aj
central difference equation: rock.
Equ
Qe = (“U (Tigm1 — Ty5.4a) + Ty (@51 — agq)- (53) ¥ tion wj
P In thiss
and the
position.
Fluiq
Miture of
(54) a were co

Boundaries . é
|

Difference equations containing a point on the boundary are ap-
proximated with a general, first order, constant coefficient boundary

condition equation:
nutyVu=qy,

»
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For i = 2 this equation gives

T Y295 -t
B = oy 2M1 u’”. vy 2482 %)

which may be substituted directly into eq (49).
Convergence and Time Steps
The numerical approximation for eq (22) is of the form

V4 (kn VT) = F-2L

—s. (56)

This requires Kj; in numerical eq (46) to be equal to 1. A minor modifi-
cation of eq (46) gives a solution to momentum eq (45) where K = v/k
and C = v/k. The transient term does not appear since energy and
momentum equations are coupled, and the time step is made through the
energy equation. We, therefore, require a steady-state solution which can
be achieved through the relaxation sequence, used by Peaceman and
Rachford (1955).

The maximum time step that will produce a convergent and stable
numerical solution to the equations has been determined by stability
analysis. This analysis shows the numeérical solutions are stable, if time
increments are constrained by

2 2 |9.|

+ lqyl.
<t v 2o ol gl 57)

This step size criteria returns a perfectly stable solution and is used in
the steady state iteration to define the maximum step size possible for a
given problem (Roache, 1972).

‘The numerical reliability of the model calculations was checked
against analytical functions for pure conductive heat transport and were
found to be in reasonable agreement. Exact verification is not possible
for complex geometries of the heat source or for the combined convective-
conductive heat transfer, since exact analytical solutions to these problems
are impossible. The models give reasonable cooling times with respect
to pure conduction, and the computed fluid fluxes seem realistic. How-
ever, the geologic reliability is entirely dependent on the reliability of the
initial and boundary conditions and the equations of state for fluid and
rock.

_ Equations of state—Any equation of state can be used in conjunc-
tion with the numerical equations to represent rock and fluid properties.
In this study the fluid properties were approximated by the H,O-system,
and the rock properties by average values for the appropriate rock com-
position.

Fluid.—The fluid phase transport properties significantly affect the
hature of the cooling process. The fluid properties, except for viscosity,
were computed directly from equations of state for the H.O system
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which was originally developed by Keenan and Keyes (1969), programmed
and provided to us by Helgeson (see Helgeson and Kirkham, 1974, for
details). The viscosity values were obtained from equations and tables

modified from Bruges, Latto, and Ray (1966).
Rock.—The properties of the permeable media were estimated from

standard table values for igneous and sedimentary rocks (Clark, 1966).
Permeability data were estimated on the basis of analytical equations
which relate fracture frequency and aperture to rock permeability (Nor-
ton and Knapp, 1977) and observations (Villas, 1975). The greatest un-
certainty between the computed models and actual geologic processes is
the woefully inadequate data on rock permeabilities. Bulk rock density

and heat capacity are considered constant.

Analyses of Pluton Environments

Heat and mass transport phenomena in pluton environments de-
pend on variations in pluton geometry, rock permeabilities, initial pluton
temperature and heat content, fluid properties, and the system bound-
aries. Effects of these geologic parameters on the cooling process have
been analyzed, using the partial differential equations and numerical
approximations described above. In a sense, a sequence of heat transport
experiments which simulate hypothetical systems have been computed in
order to ascertain the effects of various geological parameters on trans-
port phenomena in complex and realistic systems.

The emplacement of an igneous mass into the upper 10 km of the
crust was assumed to be rapid with respect to the loss of heat by the
body. The assumption was also made that fluid properties in these sys-
tems may be approximated by the equation of state for the F,O-system,
even though evidence suggests multicomponent fluids are certainly pres-
ent. Circulating fluids are assumed not to react with the enclosing host
rocks even though geologic evidence suggests that reactions occur. Finally,
the two-dimensional domain, represented by 200 to 400 discrete points, is
assumed to approximate a vertical section through the actual system. The

errors introduced by the numerical approximations to the differential -

equations are on the order of (Az®> + Ay?) in space and At? in time. Over-
all, these errors in the model system are estimated to be less than 10
percent for the first derivatives, with respect to space and time. '
The dependent variables, temperature, streamfunction, pressure,
fluid, and heat flux, have been computed for a series of optimized steady
state iterations which approximate the transient behavior of the system.
Fluid redistribution caused by the cooling process and the temperature-
pressure path that these fluids are subjected to is also summanzed for a

series of heuristic models, P1-P8.

Permeability—Heat is transported in pluton environments by fluid .
convection and by thermal conduction. In the first portion of this com- |
munication, fluid circulation was shown to be an inevitable consequence

of emplacement of dikes, stocks, and batholiths into fluid bearing host

rocks. Although the magnitude of the thermal flux in such systems is a .
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linear function of rock permeability for low fluxes, it becomes nonlinear
in systems that more closely approximate pluton environments. There-
fore, relative contributions of conductive and convective heat transfer
to the cooling process were compared.

The magnitude, distribution, and variation of bulk rock permeability
with time affect the nature of heat transfer in the model systems. Perme-
ability data on fractured crystalline rocks are not available; therefore,
estimates have been based on a simple planar fracture model and on
field observations. These considerations, together with interpretations of
electrical resistivity and seismic data measured on the upper crust, indi-
cated that bulk rock permeabilities were large enough to permit fluid
circulation around hot plutons to depths of 10 to 20 km (Norton and
Knapp, 1977). Therefore, we analyzed a sequence of systems whose initial
conditions covered a reasonable range in bulk rock permeabilities.

Magnitude—Systems in which host rocks have permeabilities of
10—27 cm?, nanodarcy, or smaller and are saturated with a fluid whose
properties are approximated by the H,O-system apparently cool by pure
conductive heat transfer since the fluid fluxes are < 10—? g cm—2 sec—.
Pluton model P1 (fig. 1) is analogous to these types of systems.

Conductive heat transfer from a pluton produces isotherms that tend
to be subparallel to the side and top contacts of the pluton and that
have a broad convex upward form in rocks above the plutons. As we
shall demonstrate in subsequent models, this pattern is unique to a
system dominated by pure conductive cooling. The maximum vertical
conductive heat flux is realized at the top contact between the pluton and
host rocks at time = 0 yrs and decreases exponentially with increasing
time (fig. 2).

The temperature maxima migrates upward from the P1 pluton top
at 2 cm/yr during the initial 5 X 10* yrs and decreases to 0.5 cm/yr at
2 X 10° yrs (fig. 3). Thus, the initial condition of instantaneous em-
placement of the pluton is reasonable for plutons that intrude into the
upper crust at a rate = 2 cm/yr. As a result of the relatively slow upward
migration of thermal energy from the pluton, the 50°C isotherm is not
displaced until 5 X 10° yrs after emplacement. Thermal decay of P1 is
similar to the thermal decay predicted by Lovering (1935) and Jaeger
(1968) using analytic solutions of the heat conduction equation. Their
solutions predict the average pluton temperature decreases to 0.3 of the
initial anomaly at 5.8 X 10° yrs, whereas our model predicts a decrease
to 0.2 of the initial anomaly. The discrepancy is due to heat loss through
the pluton top in our model, which was not accounted for in their
analytic models, and, undoubtedly, to numerical differences.

The transition from conduction to convection dominated heat trans-
fer occurs in systems where the fluid flux-is 2 10— g/cm? sec, if the heat
content of the fluid is — 100 cal/g. Host rock permeabilities > 10—
cn? and several kilometers tall thermal . perturbations produce this
magnitude of fluid flux. Models P2 and P3 demonstrate the transition

\
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Fig. 1. Two-dimensional cross section of a pluton, Pl, and surrounding host rocks.
(A) Boundary conditions and (left) initial conditions are depicted for an impermeable
pluton emplaced at 870°C into uniform permeability host rocks, k = 10~ cm?. Initial
temperatures of the host rocks were defined by 20°C temperature at the top boundary
and a thermal gradient of 20°C/km. The domain was represented by 100 grid points
at regular intervals, Az = 0.9 km and Ay = 1.35 km, and the cooling process was
approximated by equations in text at discrete time intervals. (A) Steady state tem-
perature distribution (right half) at elapsed time of 2 X 10* yrs. (B) Steady state tem-
perature distribution in P1 at elapsed times of 5 X 10¢ yrs (left) and 10° yrs (right),
(C) Steady temperature distribution in Pl at elapsed times of 1.6 X 10° yrs (left) and
10° yrs (right). Note that sharp inflections in all contoured functions are a consequence
of the discretization interval and the imerpolation function used in the contouring
algorithm. :

from conductive to convective dominated heat transport for systems con-
taining impermeable plutons and uniformly permeable host rocks.

P2 is characterized by a host rock permeability equal to 10— cm?
and has a total heat flux at the pluton top, which is on the average 10
percent greater than in Pl1, although the differences in isotherm distri-
butions in the two systems are barely discernible. Vertical convective
heat flux in P2 increases from zero at t. = 0 to 0.5 HFU at 5 X 10® yrs,
remains at this value until 10% yrs, then decreases gradually to 0.1 HFU
at 2 X 10° yrs. Systems with permeabilities > 10—* cm® or with taller
thermal anomalies than P2 are characterized by larger convective thermal
fluxes because of the direct dependence of fluid flux on vertical extent
of the initial anomaly and permeability.
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Fig. 2. Conductive heat flux in Pl as a function of time at top of pluton, 1 HFU =
10—° cal cm™* sec™. Thermal conductivity of 3 X 109 cal cm™ sec—* °C— was assumed
for all rocks in the system.
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Fig. 3. Temperature as a function of time in Pl at fixed positions (left) 4, 5, and
6, figz. 1A, above top of pluton, 045, 14, and 32 km, respectively, and (right)
within pluton at positions 1, 2, and 3, below top of pluton, 2.3, 14, and 045 km,
respectively. Dashed line defines upward migration of temperature maxima with time.

Permeabilities in host rocks and plutons of 10—t and 10—* cm?,
respectively, cause convection to dominate the heat transfer process, P3
(fig. 4). ’

Fluid circulation in P3 is restricted to host rocks adjacent to and
above the side contacts of the pluton (left half of fig. 4, B-D). The rela-
tively lower permeability pluton acts as a barrier to fluid flow (left half

~ of fig. 4B and table 2).2

Thermal energy is transferred upward into the overlying host rocks
as the fluid circulation cells shift upward (fig. 4B-D). Although the
streamfunction reaches a maximum at —~ 10° yrs, (fig. 4C), the gradient
in the streamfunction near the symmetry plane of the system and at the
side contacts of the pluton is a maximum at 1.6 X 10° yrs. The maximum
fluxes range from 1 to 40 X 10—2 g/cm? sec (table 1) and occur directly
above the pluton where T—~300°C and P—250 bars. Although these fluid

* As defined in eq (40), the streamfunction is tangent to the instantancous fluid

flux vectors, and the gradient in the streamfunction defines the mass Aux normal to
that gradient.
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TaABLE 2
Fluid fluxes in P3 (g cm—2sec~t X 10%)

Position time yrs = 2 X 10* 5 X 10* 1.6 X 107
Side contact
(lower 8.6 km)

qy 0.07 1. 1.

Qs 5 12 25
Above top contact

qy 3 21 40

Qs 7 14 31

401

HEAT FLUX (HFU)

100,000 200,000
TIME (YR)

Fig. 5. Conductive and convective heat flux in P3 as'a function of time at top of
pluton. Thermal conductivity of 3 X 10— cal cm—* séc—! °C—* was used for all rocks,
whereas heat capacity of fluid was determined from temperature, pressure, and the
equation of state for H;O.

fluxes are relatively small compared with shallow groundwater systems,
where fluxes are 10—* cm sec—?, the persistence of the hydrothermal
system over 2 X 10° yrs results in the circulation of a large total fluid
mass.

Heat flux is directly related to the magnitude of fluid circulation.
Although within the pluton heat transfer is by conduction, along the
pluton margins and in the overlying host rocks convection predominates.
Conductive flux at the pluton top is largest at t = 0 yrs and decreases
with time (fig. 5). Convective flux increases from zero at t = 0 to a maxi-
mum of 45 HFU at slightly less than 10° yrs, then decreases to 10 HFU

< Fig. 4. Two-dimensional cross section of system P3 depicting boundary conditions
and (left): (A) initial conditions for pluton emplaced, at an initial temperature of
920°C, into uniform permeability, k = 10— cm? host rocks. Pluton permeability is
set at maximum permecability at which conduction dominates heat transfer out of the
pluton. Initial temperatures of host rocks were defined by 20°C temperature at the
top boundary and a thermal gradient of 20°C/km. The domain was represented by
200 grid points at regular intervals, Az = 0.9 km and Ay = 1.35 km. (B-D) Steady

state dimensionless streamfunction representing counter-clockwise fluid circulation:at -~ -

(B) 5 X 10¢ yrs, (C) 10° yrs, (D) 1.6 X 10° yrs: (right) temperature distribution at (A)
2 X 10* yrs, (B) 5 X 10* yrs, (C) 10° yrs, (D) 1.6 X 10° yrs.
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Fig. 6. Vertical component of convective and total heat fluxes as a function of
distance along a horizontal planc coincident with the top of P3 pluton at elapsed times
of (A) 2 X 10* yrs and 5 X 10* yrs, and (B) 10° yrs and 1.6 X 10° yis.

at 2 X 10° yrs. The total heat flux across the pluton top decreases as the
top portion cools. However, the large thermal gradient associated with
the side contacts maintains the large heat flux in this region (fig. 6). 3

Convective heat flux is a nonlinear function of permeabilities, in- ¥
creases rapidly at 10—1¢ am? becomes greater than the conductive heat
flux function at 10—13 cm?, then increases at a decreasing rate through

P3 such that as permeability becomes infinite the heat flux becomes con-
stant, as required by free convection in 2 single phase system (fig. 7).
Isotherms in P3 are more convex upward than in P1 and P2 and are
displaced closer to the surface and inward toward the side contacts at
comparable cooling times. This suggests that the distribution of tem-
perature diagnostic mineral assemblages and flhid inclusions around the .
side contacts of plutons are useful in ascertaining the relative magnitude ¥
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Fig. 7. Maximum vertical heat fluxes calculated at top of pluton as a function of
host rock permeability, showing maximum model values for convection and conduction.
At point k = 10— c¢m?® convective heat flux is approximately 10 percent of total heat
flux. The minimum permeability at which geothermal fluids are produced is repre-
sented by the vertical line at k = 10— c¢m?* or about 1 millidarcy permeability.

of convective and conductive heat fluxes. At elapsed time = 1.6 x 10°
yrs, the 200°C isotherm is shifted toward the pluton with respect to PI.
The relatively large vertical heat flux transports thermal energy to the
top boundary faster than it can be dispersed through the conductive but
impermeable surface, and horizontal fluxes associated with the upward
migrating circulation cells produce a plumose pattern in the isotherms
(right half of 4C and D). As a result, regions of uniform temperature
much broader than the thermal source are produced.

Temperatures in the P3 pluton decrease in a similar manner to the
P1 and P2 plutons, since they are cooling essentially by conduction,
(figs. 8A and 3); however, the rate of temperature decrease in P3 is
gréater as a result of increased heat transfer away from the boundaries
caused by fluid circulation. Temperature variations with time in the
overlying host rocks are complex (fig. 8A), especially when compared to
P1 (fig. 3). This complexity is apparently a manifestation of the trans-
port properties of the circulating fluid, the relative rate of conductive
and convective heat flux, and numerical effects. The first temperature
maxima at t = 4 X 10° yrs occurs in response to convection along the
pluton margins and conduction from the pluton. This maxima is an-
alogous to the maxima in P1, except it occurs at smaller elapsed time
and is greater in magnitude. The temperature in both systems gradually
decreases after this maxima (hg. 3); however, in P3 the temperature in-
Creases to a second maxima. These temperature {luctuations with time

may be.caused .by the fluid transport_properties. As the fluid column.
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Fig. 8. Temperature as a function of time in system P3 at positions (A) 4, 5, and
6, above top of pluton, 045, 1.3, and 3.2 km, respectively, and (B) 1, 2, and 3, below
top of pluton, 3.2, 2.3, and 0.45 km, respectively.

above point 4 is heated, fluid density decreases, and, consequently, pres-
sure decreases. Viscosity, thermal coefficient of expansion, and heat ca-
pacity of the fluid, therefore, increase, but alpha increases more rapidly
than viscosity or heat capacity (paths A and B, fig. 9).

Supercritical-fluid phase properties near the H,O-system critical end
point are continuous and show coincidence of C, and « maxima and
near coincidence of the viscosity minimum in the fluid properties.®> This
maximizes the heat flux at temperatures between 350° to 550°C (fig. 10).
Over this temperature range bouyancy forces and heat transport prop-
erties are maximized, and the viscous drag force is minimized. There-
fore, as conditions in a hydrothermal system cross the extrema in fluid
properties from low to high temperature or from high to low pressure,
the fluid’s heat transport capability first increases then decreases. There-
fore, small fluctuations in pressure and temperature may produce large
variations in transport properties and cause multiple thermal pulses.
Furthermore, in systems whose temperature and pressure conditions do
intersect the two-phase surface, the broad oscillations in the temperature-
time plot become sharp discontinuities. However, the numerical approxi-
mation of the differential equations has contributed an unknown amount
to this phenomena. Clearly, the finite difference approximation of alpha
across its maxima requires small differential pressure and temperature
values. Therefore, we feel that the overall nature of the temperature time
plots is realistic but that smaller time period oscillations may be numeri-
cal artifacts.

Broad aspects of the temperature-pressure variations in the system
define some physical constraints on the development of a two-phase,

*The analogous feature is realized in NaCl-H.O systems, only it is shifted to

higher temperatures and pressures because of the corresponding shift in the critical end
point.
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Fig. 9. Temperature-pressure projections of liquid-vapor surface and transport
properties of phases in H.O-system depicting transient temperature and pressure con-
ditions at a position in host rocks 0.45 km above P3 pluton, left dashed line, and 0.45
km below pluton top, right dashed line. Numbers on the dashed lines correspond to
maxima on the temperature versus time plot at position 4 in figure 8A. Temperaturc-
pressure variations are shown relative to transport properties: (A) density, p, (B) iso-
baric thermal coeflicient of expansion, a, (C) heat capacity at constant pressure, C,,
and (D) viscosity, p.

liquid-vapor, region. Plutons that are emplaced at depths where the
confining pressure is greater than the critical end point pressure do not
develop a two-phase system by simple upward transfer of heat. This is
evident if we examine the derivative fluid properties along the maximum,
for example, for « and C,, from 1 kb and 450°C to the critical end point
(fg. 10). Both « and C, increase, thereby increasing the transport
capability of the fluid and preventing the system’s conditions from reach-
ing the two-phase surface.

Stratified —Plutons emplaced into the upper 10 km of the crust often
ifitrude stratified rocks. Volcanic or sedimentary-rock-sequences inevitably
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Fig. 10. Thermodynamic and transport properties of supercritical fluid in the H,0
system. The variation of the isobaric coeflicient of thermal expansion, a, isobaric heat
capacity, C,, and viscosity, y, with temperature at (A) 600 bars and (B) 300 bars

pressure.
have vertical variations in permeability that may affect the style of fluid
circulation and, consequently, the pluton’s cooling history. This type of
system is simulated by P4, which consists of a pluton intruded into a
layered stratigraphic sequence (fig. 11). .

Stratified rocks confine fluid circulation to the more permeable
layers (fig. 12). Streamlines are refracted at permeability discontinuities,
but since the streamlines are developed into circular like cells, the re
fraction often does not appear to coincide with the actual physical
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boundary. This style of fluid circulation dccentuates the displacement

of isotherms toward the sides of the pluton {right half of 12D; right half

of 13A). The plumcse outline of isotherms noted in P3 is not as well
developed in P4, nor do the isotherms reach as near to the surface. The
thermal énergy dispersed laterally into the permeable unit is redispersed
by conduction and results in a very broad doming of the isotherms in the
upper. portion of the system (see 100°C, right half of fig. 124).
Time—The effective stresses associated with the emplacement of
magmas, theitr crystallization, and concomitant heating of the surround-
ing host racks produce systematic and relatively abundant fractires in
plutons and host rocks. Although the distribution of fracturing in time
is poorly known, the crosscuiting relacionships gbserved in natural sys-

tems suggest a complex sequence of fracturing events. Crystallization of

fluid bearing magmas may rélease substantial miechanical energy; there-
fore, the P4 pluton’s permeability was increaséd early in its ‘cooling
history to simulate fracturing. Permeability var iations were chosen ar
bitrarily, but the time of fracturing was thosen when the temperature
decréaséd to ~ 860°C. Fracturing ‘was approximated by an instantaneous
increase in permeéability.

The upper 0.9 km portion of the pluton was fractured at t = 1250
yrs, and permeability was increased to 10—* cm? (left half of fig. 134).
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962 D. Norton and J. Knight—Transport phecnomena

Comparison of the pre-fracture fluid circulation at t = 1200 yrs (left half
of fig. 13B) with the post-fracture pattern at t = 2000 (left half of fig.

~13C)-illustrates both-the deeper penetration-of flow- into- the pluton and-
increasing fluid fluxes (table 2). A second fracture event at t = 5000 yrs
(right half of fig. 13D) increased permeability to 10—° cm? in the upper
0.9 km of the pluton and to 10—*? cm? in the next lower 1.8 km. Again
the fluid circulation at t = 5 X 10° yrs (left half of fig. 13D) and att =
2 X 10* yrs (left half of fig. 12A) illustrates the effect of the permeability
increase.

The two increases in pluton permeability over 5 X 10° yrs have a
dramatic effect on the fluid flux and thermal decay of the pluton (fig.
14). Specifically, the upper 0.9 km of the pluton cools at 0.12°C/yr for
5000 yrs, and the next lower 1 km cools at 0.02°C/yrs for 17500 yrs;
thereafter temperature decreases at 10=4°C/yr in both regions. Conse-
quently, the temperature in the upper 2 km averages 260°C for 2 X 10
yrs. The coincidence of emplacement into shallow portions of the crust
and thorough fracturing of the pluton rapidly cools the entire body to
temperatures between 200° to 400°C.

Increased permeability increases fluxes in both the vertical and hori-
zontal directions such that the thermal energy is more quickly dispersed.
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Fig. 13. Thermal history of P4 during short elapsed times when pluton permeability
was incrcased to simulate fracturing. (A) Permeability distribution in systems (left)
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and (right) temperature distribution in system P4. Horizontal broken lines in host
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Fig. 14. Temperature as a function of time in system P4 at fixed points (A) 4, 5,
and 6, above top of pluton, 045, 1.3, and 3.2 km, respectively, and (B) 1, 2, and 3,
below top of pluton, 3.2, 2.3, and 0.45 km, respectively. Symbol k denotes approximate
times at which pluton permeability was increased in order to simulate fracturing.

However, the thermal history at a position 4 km above the pluton does
not reveal evidence of the pluton fracturing. .

Fracture zone.—Conditions where igneous activity is most common
are conducive to the formation of numerous fractures, both within the
Pluton and in host rocks. The effects of fracture controlled permeability
within host rocks over the top of the pluton were analyzed using model
P5 (fig. 15A).

Fluid circulation is confined to the pérmeable zone above the pluton.
The streamline pattern also differs from previous models, because the
system boundaries are open to fluid flow (figs. 15B-D). Circulation cells,
centered within the fracture zone, reduce the broad isotherm surface
observed in previous systems to a much narrower and larger amplitude
surface confined to the fracture zone. The broader low amplitude doming
of the isotherms is primarily the result of conduction heat away from the
fracture zone (right half of fig. 15D). Temperature variation with time
within the pluton follows a normal conductive cooling pattern, except
that the upper 1 km of the pluton is cooled at an increased rate by fluid

~Circulation.

Temperatures within the fracture zone are similar in distribution
but lower in magnitude than previous systems: Lower values of tempera-
ture, relative to model P3, are a result of the narrow, large permeability
fracture zone and the height of the thermal anomaly in the fracture
zone (figs. 16 and 8). However, the temperature-time curves are quite
similar in magnitude to P4 (fig. 14), illustrating the common effect of
increased permeability.

Pluton geometry.—The vertical extent of the pluton exposed to
permeable host rocks determines the lateral extent of the fluid circula-
tion.” This effect-was simulated- by model P6, where the vertical exposure
of the pluton was decreased to 2.7 km by introducing a layer of 10—
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cm? permeability across the base of the domain (fig. 17A). In the upper
portion of the system heat is transferred away from the pluton by con-
vection. Fluid circulation is centered over the side contact and 1 km
above the top of the pluton at 5 X 10° yrs and migrates upward 1 km
by t = 1.6 X 10° yrs (fig. 17, B-D). However, in P3, fluid circulation is
centered in the host rocks laterally away from the side contact, as well as
above the top contact (fig. 4, B-D). The height of the circulation cells is
less in P6 than in P3, and the lateral extent of the cells is also propor-
tionately smaller. The ratio of the cell widths is approximately equal to
the ratio of the effective pluton heights for the two systems. Therefore,
plutons with the larger effective heights will cause fluid circulation a
greater distance from their side contacts.

The convective heat flux at t = 2 X 10* yrs is equivalent over the
plutons in both P3 and P6, but P6 has 10 percent greater flux along its
side margins (figs. 6A and 18). This difference increases to 50 percent
between 5 X 10t yrs and 10° yrs, then decreases to 45 percent at 1.6 X 108
yrs (fig. 19). These differences between the two systems are also evident in
the temperature variations with time, although the initial temperature
increase above the pluton tops is nearly identical, figures 20 and 8. The
second inflection point in each of the temperature-time curves is shifted
to earlier times and is of lower magnitude for the shorter pluton.

Level—Plutons emplaced at levels < 2.2 km generate initial condi-
tions that include two-phase fluid flow with respect to H,O-systems; those
emplaced at increasing depth greater than 2.2 km generate thermal ano-
malies that are proportionately more extended in the vertical direction.
The theory and numerical equations used in this study do not afford for
two-phase flow; therefore, the effect of pluton emplacement at depths
greater than 2.2 km was examined. The effective height of pluton P7
in permeable rocks is 2.7 km, equivalent to P6, but P7 is 6.3 km deep
(left half of fig. 21A).
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Fig. 16. Temperature as a function of time in system P5 at fixed positions (A) 4,
5, and 6, above top of pluton, 045, 1.3, and 3.2 km, respectively, and (B) 1, 2, and 3,
below top of pluton, 3.2, 2.3, and 045 km, respectively.
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Fluid circulation is similar initially around plutons P7 and P6 since
the thermal perturbation with respect to the surroundings is similar
(lefe half of fig. 21B). However, as the thermal anomaly from P7 becomes
dispersed over the 6.3 km between the top of the pluton and the surface,
larger circulation cells develop (left half of fig. 17D and left half of fig.
21D). This extension of the anomaly results in a plumose isotherm pat-
tern similar to the taller and’shallower pluton in P3 but is less extensive
in width and height because of the lower total energy content of the P7
Pluton (right half of figs. 21C, 21D, and 4D).

Width.—A batholith size pluton was simulated with model P8 (fig.
23). Fluid circulation in P8 is similar to other systems but is upward
along the side contacts of the relatively impermeable pluton around the
top corner and upward from the top contact (left half of figs. 23D-F).
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968 D. Norton and J. Knight—Transport phenomena

This flow style eventually generates a secondary thermal perturbation
due to the width of the pluton (right half of fig. 23F). The effect of the  §
-~ ~pluton width is to delay the development of fluid circulation over the
_top of the batholith. Therefore, upward displacement of isotherms is
less over the pluton top than at its sides (right half of figs. 23D~F). This
lateral temperature perturbation produces secondary circulation cells.
These circulation cells further accentuate the temperature anomaly by
depressing the isotherms in the central downflow zone (right half of fig.
23F). The secondary cells eventually dominate over the fluid circulation
along the side contacts (left half of fig. 23F), and circulation breaks up
into 4 Bénard-like cells (Bénard, 1901). As a consequence of this circula-
tion pattern, a 60 km? region over the top of the batholith remains at
400°C for 10° yrs.

Undoubtedly, the perfectly flat top pluton which extends for 54 km
is geologically unreasonable. However, it does indicate an extreme con-
dition which, together with the stock sized plutons in previous models,
can be used to analyze the nature of heat transport from a batholith
sized body which may have stocks protruding from its upper boundary
or for a broad convex topped batholith. Batholiths with convex tops
tend to decrease the tendency for secondary cells to develop. Irregular
topography, consisting of apical stocks on the batholith top, will develop
secondary convective cells around each topographic feature.

Relative cooling rates.—Differences in the cooling rates are insignifi-
cant for systems for which pluton size and permeability are equal (table
8). Although large fluid flux occurs along the margins of systems P3 and
P6, this does not increase the cooling rate of the pluton significantly.
Fluid circulation has its greatest effect in redistributing the thermal
energy upward toward the surface as opposed to laterally away from the
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Fig. 22. Temperature as a function of time in system P7 at fixed points (A) 4, 5,
and 6, above top of pluton, 0.45, 1.3, and 3.2 km, respectively, and (B) 1, 2, and 3,
below top of pluton, 3.2, 2.3, and 0.45 km, respectively.
pluton. Plutons with permeabilities 10— cm? tend to cool much more
rapidly than their relatively impermeableh counterparts, compare P4
with P3.

Fluid redistribution.—The redistribution of large quantities of fluid
is a direct consequence of fluid circulation in pluton environments. This
redistribution and concomitant changes in temperature and pressure
give rise to an overall irreversible chemical interaction between fluids
and minerals. The purpose of this section is to examine some of the
features of fluid redistribution in model systems.

Fluid circulation is represented by the distribution of streamlines in
each of the systems; however, of more direct interest to mass transport
computations is the actual distance and path along which a given fluid
packet moves during the thermal event. These fluid pathlines, as defined
by eq (36), are analogous to a time exposure of a single fluid packet as
it circulates through the system. Pathlines for fluid packets whose origins
are in various portions of a system are dependent on the rock permea-
bility and proximity of the path origin to the thermal anomaly (figs. 24,
26, 28, 30, and 32). Fluids initially in the upper portions of low permea-

TABLE 3
Pluton cooling rates

System Fraction of initial anomaly after 2 X 10° yrs
- Pl 0.4 conduction
P 04 convection in host rocks
P4 0.2 permeable pluton
P5 04 fracturé zone in host rocks
P6 04 . less exposed in impermeable rocks
P7 0.3 shorter and deeper pluton
¢ P8 0.8+ batholith

* 0.45 after 1.2 X 10° yrs
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Fig. 24. Examples of fluid pathline in system P3 representing the redistribution
of fluids caused by the thermal anomaly. Arrows indicate direction of fluid motion;
tic marks occur every 5 X 10! yrs.
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. 25. Pressure-temperature path of fluid packets that circulate along paths in
system PB (fig. 24). Paths are shown with respect to liquid-vapor surface in H;O system.

bility plutons flow relatively short distances in the initial 10° yrs (for
example, 1 km in systems P3, P5-P7, figs. 24, 28, 30, and 32). During the
subsequent 10° yrs fluid circulation increases enough in the upper por-
tions of the pluton to transport fluid packets several km into the over-
lying host rocks. Fluids initially in larger permeability plutons are
transported completely out of the pluton in the initial 10° yrs (fig. 26).
As a result, this fluid is replaced by fluid packets circulating along path- ;
lines into the sides of the pluton.
Fluids )mtzally in host rocks several km away from the pluton con-
vect toward and into the pluton (fig. 24). The pathlines trend along the f,
side contacts of low permeability plutons, whereas they flow into the ?.
plutons with larger permeability (fig. 26). As the fluids move horizontally -4
toward the pluton, the circulation center migrates upward in the system. ,f‘
Therefore, pathlines with origins above the pluton tend to form upward *;
looping spirals. Stratified permeabilities restrict pathline movement to
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; ;'the larger permeability units. In P4 layered units force the circulation
: ‘toward the pluton (fig. 26), and, since P4 is a relatively permeable pluton,
w fluid packets then circulate through the pluton.
¥, Fracture zones effectively channel the fluid up through the fracture
wizone. Pathlines in the vertical fracture zone are proportionately longer
%ithan those in the adjacent, less permeable rocks (fig. 28). Transit time
.for these packets from the top of the pluton to the surface is 10° yrs.
Changes in temperature and pressure along fluid pathlines describe
3'a path through the H,O system along which the solvent properties of
'3' the fluid may be described and define the intensive variables required
I to calculate mass transfer between fluid and rock. Packets of supercritical
. fluid, whose temperatures are in the critical endpoint region, are sub-
.+ jected to drastic changes in thermodynamic and electrostatic properties
. (figs. 25, 27, 29, 31, and 33). Extreme variations in thermodynamic be-
* havior of the solvent along these paths are apparent from the work by
Helgeson and Kirkham (1974a,b).

" 2KN

W03 ON ' ONILGIeNI

INSULATING 1 NO FLOW

IRSULATING 1+ ND FLOW
PATHLINE 200,000 YEARS ELAPSED
) Fig. 26. Examples of fluid pathline in system P4 representing the redistribution
of fluids caused by the thermal anomaly. Arrows indicate direction of fluid motion;
tic marks occur every 5 X 10* yrs.
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Fig. 27. Pressure-tempcrature path of fluid packets that circulate along paths in
System P4 (fig. 26). ‘Paths are shownwith-respect to-liquid-vapor-surface in H.O system:
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Fig. 28. Examples of fluid pathline in system P5 representing the redistribution of
fluids caused by the thermal anomaly. Arrows indicate direction of fluid motion; tic
marks occur every 5 X 10* yrs.
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Fig. 29. Pressure-temperature path of fluid packets that circulate along paths in
system P5 (fig. 28). Paths are shown with respect to liquid-vapor surface in H,O system.

Enormous quantities of fluid are circulated through pluton environ- -
ments where thermal convection is the predominant cooling process. The
total mass of fluid circulating through a unit area, integrated over a time
interval of 2 X 10° yrs for each system (table 4), is considerably less for
low permeability plutons than for the fractured plutons.

The mass of fluid that flows during time interval t,-t,, through an
area, A, normal to a fluid pathline is defined by

o ‘
M;=A j' pe¥dt, (58).
t,

where V is the Darcy velocity and p; is the density of the fluid. The mass
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in hydrothermal systems: Cooling plutons 975
" of rock exposed to the circulating mass of fluid is defined in terms of the
" true velocity, ¥,, of the fluid:

~

t,
M,=A(1—¢) { pWudt, (59)
t

*where ¢ is the flow porosity and p, is the density of the rock. The mass
“ratio of circulating fluid to rock contacted by the fluid is the ratio of
* egs (58) and (59), if the average fluid velocity over the time interval is

used:

L R

5 ey

&

i

g

t,

f pedt

M, _ ¢ 4 .
M,  1—-¢ t . (60)

f pedt

t
since the true velocity is related to the Darcy velocity by
- v
Ve = . (61)
¢
The rock density is nearly constant over temperature ranges realized in
pluton environments, and the fluid density varies from 0.2 to 0.9 g cm—3.
Therefore, fluid-rock mass ratios are approximately

M,
ORI 7. S (62)
M, (l - ¢) pr
TABLE 4
Mass of fluid circulated through systems (g cm—2* X 10%)
System
Position P3 P4 P5 P6 P7
1 0.3 0.02 0.3 trace trace
2 05 4 0.4 05 0.4
3 0.7 24 0.6 05 05
4 22 '35 20 15 20
5 33 27 30 15 20
6 24 5 20 20 20
TABLE 5
Fluid:rock mass ratios
Position P3 P4 P5 P6 P7
1 0.05 0.1 0.06 0.07 0.1
2 0.08 0.16 0.1 0.1 0.1
3 0.1 0.3 0.1 0.1 0.1
4 0.25 0.31 0.31 0.26 0.25
5 0.28 0.32 0.33 0.3 028
6 .0.30 0.33 0.34 0.3 0.30
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The effective mass ratio (table 5), defined by eq (60), permits computation of
fluid-rock reactions from the viewpoint of a circulating or stagnant fluid.
In rocks where the fluid flow is confined to fractures, the flow porosity
may be on the order of 10—* to 10—% (Norton and Knapp, 1977), and,

therefore; the (1-— ¢) term-in-the -denominator- is -==-.], and the .effective -

mass ratio is on the order of the flow porosity, since p, == 2.73 g cm~3,
These mass ratios are exceedingly small compared to those predicted
from stable light isotope data on hydrothermal systems (Taylor, 1971).
The reason for this discrepancy is obvious, since eq (60) defines the mass
of rock contacted by a circulating mass of fluid, whereas the isotopic data
estimates the integrated effect of all fluid packets circulating through an
arbitrary rock mass.

The total mass of fluid that circulates through an arbitrary mass of
rock, at a fixed position in a hydrothermal system, is normally used in
predicting the amount of isotopic or other chemical exchange that occurs

CONQUCTIVE » NO FLOW
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L t ¢

TNSULATIND 1 NO FLOW
PATHLINE 200000 YEARS ELRPSED
Fig. 30. Examples of fluid pathlines in system P6 representing the redistribution of
fluids caused by the thermal anomaly. Arrows indicate direction of fluid motion; tic
marks occur every 5X 10* yrs.
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Fig. 31. Pressurc-temperature path of fluid packets that circulate along paths in
system P6 (fig. 30). Paths are shown with respect to liquid-vapor surface in H;O system.
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| “between fluid and rock., The amount of fluid flowing through rock
pvolurne, V' is

t?. .
M, = f A¥pedt, (69)
| t

WhEIE’A is the cross-sectional area of the rock volume that is normal to
. the Darcy velocity vector; v, The fluid-tock mass ratio in this case s

deﬁned by

LIS . | (64)

R
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Fig. 2. Examples 6f“fuid- pathline in, system P7 representing the redistribution of
fluids caused by the thermal ariomaly. Atrows indicate’ direction oE Auid motion; tic
marks occur every 5X 104 IS,
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This ratio is essentially the integrated amount of fluid passing through
the rock. Ratios computed from eq (64) for the model systems range
from positive infinity, for infinity thin rock wafers, to values on the
order of 0.5 when the rock volume is the entiré thermal anomaly. Circu-
lation” of- reactive fluids -through:- these--envirenments- can--not be. ade-
quately simulated by the numerical equation used for the circulation of
inert fluids but requires explicit equations for exchange, reaction, diffu.
sion, and advection of components, as suggested in Norton and Knapp
(1977). Simulation of these types of systems will be the topic of a future

communication.
CONCLUSIONS
Spatial and temporal variations in fiuid flow and heat flux in a

sequence of simplified geologic systems indicate that bulk rock permea-
bilities in host rocks around hot plutons that are = 10—4 cm? result in
convection of thermal energy upward along the sides of the pluton and
toward the surface. However, only in those systems that contain permeable
plutons is the cooling rate increased. The rather small variation in per-
meability over which the transition from conductive to convective heat .
transfer occurs and the relatively low threshold value of permeability
required for significant convective heat transfer suggest that heat trans- -
fer by circulating fluids may be significant over very broad crustal re.
gions where temperature perturbations occur within the crust. Tempera-
ture conditions around plutons that cool by convective heat transfer are
substantially different from their conductive dominated equivalents.
Large volumes of rock above shallow plutons remain at nearly constant
temperature for very long periods of time. The temperature is nominally
in the range of 200° to 400°C for the upper crust. This feature and the
circulation of large masses of fluid from considerable distances away from
the thermal anomaly undoubtedly affect the thermal metamorphism and
hydrothermal alteration of rocks in the pluten’s vicinity.

Heuristic models of hot pluton environments suggest that fluid cir-
culation is an integral part of their cooling process. Major features of :
the hydrothermal system noted in these models are undoubtedly evident*
in their natural analogs. Particularly, the composition and distribution”
of mineral assemblages shift in both stable and radiometric isotope

abundances, and the composition and filling temperatures of fluid inclu.-
sions should reflect the style and duration of fluid circulation. However,f;
these data must have been collected with cognizance of the system’s flow,

channels, *
Fluids circulate from one rock, temperature, and pressure envxron-'i
ment into another along pathlines defined by the fluid potential field and:
through fracture controlled channels. The fluid flux ranges from 10—+ to"
10— gr—* sec%, and the surface area of minerals exposed along the flow*
channels is relatively large compared to the amount of fluid in the ﬂow{
channel. Recalling the porosity model of Norton and Knapp (1977), it B,
apparent that the circulating bulk fluid may be in direct contact with
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only a small portion of the rock in the permeable media, but the mass
of fluid to rock ratios is large. As a consequence of the above features,
-the fluids being redistributed in natural systems will be grossly out of
equilibrium with the bulk rock as they flow along the pathlines, although
they may have initially been equilibrated with the bulk rock at their
initial location. Therefore, if the overall irreversible nature of the re-
actions between circulating fluids and rocks, the nature of fracture con-
trolled permeability, and the magnitude and direction of fluid flux are
accounted for, the geochemical history of pluton environments can be
defined.

Hydrothermal alteration phases and stable light isotope distributions
have already been interpreted as indicating a style of fluid circulation
similar to that indicated by our physical analysis (Helgeson, 1970; Taylor,
1971; and Norton, 1972). Indications that other chemical data may reflect
this circulation process are evident. We wish to call attention to the fact
that although shifts in chemical composition do indicate fluid redistribu-
tion and that in certain instances the direction of fluid flow can be
implied, ultimately fluids are shifted into chemical equilibrium with the
mineral phases along the flow channel. Subsequently, the fluid and
mineral chemistry will not reflect a chemical shift in all or any of the
chemical parameters.

Fluid circulation may have played a significant role in regions of
the crust where magmatic and volcanic activity is most voluminous,
such as along the crustal plate boundaries. The tectonic setting of both
convergent and divergent plate boundaries is such that abundant fractur-
ing of host rocks typically accompanies the igneous events. As a result,
these environments probably have sufficiently large permeabilities to
permit fluid circulation. Fluid circulation, total heat flux, and, conse-
quently, the heat transfer through Earth’s crust may be significantly
greater than heretofore recognized. One manifestation of this voluminous
fluid circulation is the large thicknesses of volcanic rocks that have been
hydrothermally altered. Very clearly, our notions of heat flux are in
error by perhaps as much as a factor of ten at plate boundaries, since
geophysical surveys have probably not measured the convective com-
ponent.

The divergent plate environment along oceanic ridges is an equally
dramatic example of the potential significance of fluid circulation. Con-
sider that the rate of seafloor spreading is proportional to the mass of
igneous melt emplaced at the spreading center and further hypothesize
that only the upper 2 km of the ridge environment has a permeability
greater than 10=*¢ cm? Then, by analogy to the models presented above,
a mass of fluid equivalent to the entire ocean system has been circulated
through the spreading centers, over 2 X 108 yrs, if one assumes an average
of 5 cm are added to the crust every year along the strike length of the
mid-ocean ridges.




930 D. Norton and J. Knight—Transport phénomeni

Finally, igneous bodies have interacted with a quantity of fluid
nearly equivalent to their mass since permeabilities = 10— cm?.appear
to be reasonable values for- many plutons in the shallow crust.
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: - GEOTHERMAL FIELDS
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f;’ New Zealand Geological Survey, Box 30368, Lower Hutt, New Zealand
2
-

' 5 INTRODUCTION
%
;u In the fall of 1929 the Carnegie Institution drilled a 124-m well in the Upper Geyser
- Basin of Yellowstone National-Park. Cores from this well and a subsequent well
4 at Norris Basin were studied by Tenner (1934, 1936), who published the first
detailed accounts of subsurface hydrothermal alteration in an active geothermal
system. Of course, it had long been known from studies of hot springs and ore
k;’, deposits that thermal fluids can react with the rocks they contact so that both
. change their compositions, Active geothermal systems, however, are places where
o these reactions are octurring now and where it is often possible to make direct
% physical and chemical measurements. Thus they may be regarded as large-scale,
¥ unconirolled, open-end natural experiments. But because there still usually remain
}f‘ several unknown variables—such as the duration of thermal activity or the
o8 composition of the fluid before it enters the system—studies of alteration in geo-
'

. : thermal samples complement, rather than replace, low-temperature mineral-stability
. experiments.

' This chapter is a survey .of hydrothermal alteration in several gcothermal
systems recently explored by drilling. It is selective in that it usually mentions only

, papers published since about 1968, and it excludes discussion of ore minerals since

K these have been described elsewhere (White 1967, Weissberg et al 1978). Also
excluded are submarine thermal systems (e.g. Ridge 1973), gcopressured sedimentary
basins (e.g. Carpenter et al 1974), and accounts of alteration at Steamboat Springs,
Nevada (Schoen & White 1965, 1968, Sigvaldason & White 1961, 1962, White
1968), Pauzhetsk, Kamchatka (Naboko 1970, 1976), Tahuangtsui, Taiwan (Chen
1966, 1967), Wairakei (Steiner 1953, 1955, 1968, 1970), and Waiotapu (Steiner
1963). Many aspects of geothermal systems are discussed in three massive volumes
forming the proceedings of a United Nations conference (1976), and an extensive

¥ bibliography is also now available (ERDA 1976). .. .
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HHYDROTHERMAL MINERALS

A very wide range of hydrothermal minerals has been rccognised in active geothermal
systems (Table {). Many occur in low-grade- melarporphnc rocks and hydrothermal
ore deposits, but some are rare (e buddlr_lglonne (Er.d et al 1964)] or pcrhalps
unexpected at jow temperatures [es aegin:me and .lcpl.dol\le (Honda & M.uﬂ eli
1970, Bargar et al 1973)]. Wairakite, a calcium zeolite, is the best known minera
first found in cores from an active geothermal field (Steiner 1955, Coombs 1953). .
Several factors affect the formation of hydrothermal minerals and these vary In

Table ] Some hydrothermal minerals in selecied geothermat fields*
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Siderite X X x X X )
Ankerite X
Dolomite d
Analcime X X X
Wairakite X X X X X X X .x b3
Gmelinite i

Gismondine
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Table 1 (continued)

Imperial Valley,
California®
Yellowstone, Wyoming
The Geysers, California
Pauzhetsk, Kamchatka
Matsukawa, Ja:pan
Otake, Japan
Tongonan, Philippines
Kawah Kamojang, Java !
N.Z. Volcanic Zone

El Tatio, Chile

Low temp. Iceland
High temp. Iceland
Larderetio, ltaly

Erionite
Laumontite
Phillipsite
Scolecite
Chabazite
Thomsonite
Clinoptilolite X ox
Heulandite x
Stilbite .
Mordenite X
Prehnite
Amphibole
Garnet
Epidote
Clinozoisite
Pectolite X
Sphene X
Adularia X X X X
Albite X b3
X
x

>
oM > X X
E]

*x

»®

k)

»”
>

r?

R O ]
»

E L
P T T I

® o X M R X
-4

*®
k.

Rutile

Lcucoxene X
Magnetite

Hematite . X x
Pyrite X'x X X x X
Pyrrhotite X

Marcasite |

Base-metal sulfides 3

Fluorite X ' X

»
XA W M M W
Mo X M b3

References: Imperial Valley: Skinner ¢t al 1967, MufMer & White 1969, Bird & Elders 1976,
Kendail 1976b, Rced 1976, Browne & Elders 1976. Yellowstone: Fenner 1936, Honda & Muiller 1970,
Bargar et al 1973, Keith & Mufller 1978, Keith et al 1978. The Geysers: Steiner 1958, McNitt 1964,
Pauzhetsk : Naboko 1970, Matsukawa: Sumi 1968. Otake: Hayashi 1973. Tongonan: C. P, Woad,
unpublished observations. Kawah Kamojang: Browne, unpublished observations. N.Z. Volcanic
Zone: Steiner 1953, 1963, 1968, Browne & Ellis 1970, Browne, unpublished obsecrvations. B! Tatio:
Browne, unpublished observations. Iceland: Sigvaldason 1963, Tomasson & Krisimannsdotiir 1972,
1976, Kristmannsdottir & Témasson 1976a, b, ¢, Kristmannsdottir 1976. Larderello: Marinclli 1969.

Note: d = detrital, r = relict, . 3y

* includes Cerro Pricto, Baja California. Mexico.

® deposited in discharge pipes and channels.

.
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relative imporl:mc;: from ficld to field. Some are so intimately related that it is
often impossibleto separaleonc factor [rom another. The factolr§ arc: () tem pcraufre.
(h) pressure, {c) rock type, (d) permeability, (e) Nuid composition, and (N duratlpn
of activity. This list is similar to scveral suggested fro.n_1 work on ore dcpgs‘ns,
but geothermal studics have demonstraicd that permeability and fluid compasition
arc usually at least as important as temperature.

Temperature
Maost liquid-dominated systems explored so far have rescrvoir tempcrmur‘es bclf)w
about 280°C, but several people have reported maxima above 300°C [including
the Salton Sea, California at 360°C (Palmer 1975), Cerro Pricto, Mexico at 388°C
(Mcreado 1969) or 371°C (Mercado 1976), and Tongonan, Philippines at 324“'C (C.
I’. Wood, personal communication)]. Vapor-dominated systcms have maximum
temperatures after exploitation of 236°C (White et al 1971). ‘
Exeept for epidote, ortho, ring, and chain silicates are uncommon allerau'on
mincrals in active geothermal systems, bul where present, usually occur at high
temperatures. Hydrothermal garnet and tremolite are known from the Salton Sea
(Mufller & White 1969, Kendail 1976b), and lrcmolil.e also oc.curs gt Tongonan
(C. PP. Waod, personal communication). An unspecified amphibole is present at

onc of the leelandic fields (Kristmannsdottir 1976), and all its occurrences are

‘where well temperatures exceed 280°C, but garnel is present only above_ 320°C.
[ pidotc occurs at several ficlds (Table 1), usually above 240-260°C but in some
(Scki 1972), such as at Reykjavik (Sigvaldason 1963), it apparently occurs down
to 120°C. Possibly here, however, it is a relicl formed when temperatures were
higher. . .

Pyrophyllite and talc also form at high temperatures, but the former is considered
to be relict at Kawah Kamojang, Indonesia and in several of the Japanese fields
(Sumi 1968). The distribution of clay minerals is also temperature dependent
(Brownc & Ellis 1970, Mulller & White 1969, Steiner 1968). In the New Zealand
ficlds surface kaolinite, formed at low pH, does not persist above about 60°C,
although dickite is known in one well where measured temperalures arc from 140
to 150°C. With increasing depth and temperature, the usually dominant clay', Ca-
montmorillonite, becomes increasingly interstratified with illite, to become .mler-
layered illite-montmorillonite, but above about 220°C, illite plus chlorite is the
typical clay-mincral assemblage. Of course, the appfnrcnt lcm.peralure dependence
of the clays is aided by the ncar-uniform composition of Nuids ll.utoughoul these
ficlds (Brownc & Ellis 1970, Mahon & Finlayson 1972)—a condition not always
met elsewhere.

As expected, the distribution of zcolites is strongly temperature dcpcindcnl, and
this is well illustrated by lcelandic and Japanese work (summarized la{cr),
although the greatest range of zeolites is al Pauzhetsk (N:\b(?ko 1?70).. Typngal
zonation in the New Zealand fields is mordcnile-laumomntc-wmrakne., with
mordenite forming ncar 50°C and wairakite usually above 215°C, bu.t occaslonally
as low as 140°C (Browne & Ellis 1970, Steiner 1953, 1968). ?rnslo!)nhle a.nd
siderite frequently occur below 100°C, but several minerals, including pyrite,
calcite, and chlorite, form readily at both low and high temperatures.
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Pressure

Fluid pressures in geothermal areas are low and scldom cxceed 200 bars. In
liquid-dominated fields they are usually close to, or slightly above, hot hydroestatic,
but occasionally, where self-sealing has occurred —for example at Yellowstone- -
they must have excecded lithostatic pressure (Mufller et al 1971). In vapor-
dominated systems, fuid pressures are typically well below hydrostatic (White ¢t
al 1971). Over the drilled depths pressure has little direct alfect on hydrothermal
alteration, other than to influence the induration and lithification of sediments.
However, change of (luid pressure can affect fluid composition. This is most
obvious where boiling occurs and CO; is lost ; zones of subsurface boiling arc often
characterized by hydrothermal quartz, K-feldspar and bladed calcite (Browne &
Ellis 1970, Keith & Mulller 1978, Keith et al 1978). The effect of pressure on the*
K-mica-K-feldspar equilibrium results in a given solution being more alkaline at
high pressure. Fluids released from high-pressure control, therefore, have a
tendency to deposit K-feldspar (Ellis & McFadden 1972).

Rock Type

The parent rock influences hydrothermal alteration mainly through the control
of permeability by texture and porosity. The initial mineralogy of the reservoir
rocks scems to have little alfect on equilibrium alteration assemblages above about
280°C. For example, albite, K-leldspar, chlorite, Fe-epidote, calcite, quarlz, illite,
and pyrite are the typical stable assemblage in basalts of Iceland, sundstones of
the Imperial Valley, rhyolites of New Zealand, and andesites of Indonesia. At
lower temperatures, however, the nature of the parent material clearly influcnces
the alteration product. High-silica zeolites, such as mordenite, are common in
rhyolitic fields at Yellowstone (Honda & Mufller 1970) and New Zealuand (Brownc
& Ellis 1970, Steiner 1968), whereas lower silica zeoliles, e.g. chabazite, thomsonitc,
scolecite, occur in the basalts of Iceland and andesites of Kamchatka
(Kristmannsdottir & Tomasson 1976c, Naboko 1970).
'

Permeability

Studies on alteration in geothermal fields have clearly recognized the important
control of permeabilily on hydrothermal mineral deposition. Mineral reactions are
seldom isochemical and extensive alleration and hydration needs more than pore
water to proceed. In many cases, at least carbonate and sulfide species must
be added to rocks from solutions. .

In rocks of low permeability, equilibrium between rocks and the reservoir fluid
is seldom achieved and primary minerals or glass can persist to high tempcratures.
For example, dense welded tulls at Broadlands, Wairakei, and Yellowstone have
locally remained little changed, even at high temperatures, because fluid access is
too difficult (Browne & Ellis 1970, Keith et al [978). The marked zoning of
hydrothermal minerals about fluid channels in several Japanese geothermal ficlds
clearly shows structural control of alteration and demonstrates how intensity and
type of alteration reflect permeability (Sumi & Takashima 1976). Permeable
fissurc channcls at Wairakei, Broadlands, Waiotapu, Kawerau (all in New Zealund),
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and Tongonan, Pf\ilippiﬂc:S arc characterized by vein adularia, usually together with
quartz and calcite {Steiner 1968, Browne 1970). Browne (1970) showed that at
Broadlands there is an approximate relationship between the nature of feldspars
in aquifer rocks and the measured well permeabilities; in order of increasing
permcability the feldspars are: primary andesine, albite, albite +-adularia, adularia.
Thusrocks from highly permeablc zones are oflen increased three- to fourfold in K,0.

Isolopic analysis of hydrothermal mincrals also gives information about
reservoir hydrology (Blattner 1975, Coplen ct al 1975, Clayton et al 1968, Clayton &
Steiner 1975, Gslinger & Savin 1973, Kendall 1976a, b, Olson 1976). Kendall’s
{1976h) study. for cxample, shows that the carbon and oxygen isolopic composition
of mincrais from the Sulton Sea refiects variations in reservoir permeability, and
she was able to relate depletion of O'® in calcite with zones of high permeability
as indicaled by Saraband logs.

Fluid Composition

This was rccognized by Fenner (1934) as a factor in hydrothermal alteration
at Yellowstone. However, only in the last few years has it been realized how close, in
fact, is the relationship between fluid chemistry and alteration mineralogy.
Successful usc of the silica gecothermometer to estimate deep temperatures depends
on silica in the Nuids being in equilibrium with a silica mineral, usually quartz

Table 2 Concentration (mg/kg) in waters separaicd from discharge at atmospheric pressure

Source

Drilihole Depth Temp pH Li Na K Rb Cs Mg Ca
No. ()] C) (15-25%)
Salton Sea 17176 2 - 210 53000 16,500 70 20 10 28,800
11D No. 2*
Cerro Pricto® 1300 208 543 109 4730 1180 - - 0.2 21
ME
Yellowstone 157 194 8.1 38 270 1 - - 0.02 1.26
Y3 .
Matsukawn 162 100 - 28 - — - - - 2 120
TI
Otake 550 220- 8.1 5.15 936 131 - - 0.2 123
No. 9 240
ke . 720 240~ 24 7.m3 [33.10 228 . - 047 15.0
112 270 .
Wairakei 695 260 8.4 142 1320 . 225 28 2.5 0.03 17
44
Hroadiands 1092 20 8.6 9.5 910 143 1.1 1.4 005 £
10
Seltjarnarnes 2050 114 - - 362 10 - - 0.09 132
S4
Hveragerdi 650 216 9.6 0.3 212 27 0.04 <0.02 00 1.5
G-}
il Tatio 867 262 10 452 4840 810 0.6 174 0.16 21
7

* JHclgeson 1968 * Bargar et al 1973 * Hayashi 1973

* Reed 1976 ¢ Sumi 1968 ! Ellis 1967

e
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(Mahon 1966, 1976, TFournier & Rowe 1966, Fournier 1973, Arndrsson 1975).
Similarly, the Na-K and Na-K-Ca geothermometers require that the solutions be
in equilibrium with albite and K-feldspar (Eilis & Mahon 1967, Fournicr &
Truesdell 1973, Truesdell 1976).

Several significant papers on experimental and thermodynamic work have greatly
increased our understanding of hydrothermal allcration (MHemley et al 1969,
Hemley & Jones 1964, Heigeson 1967, 1968b, 1970, 1971, Ielgeson et al 196Ya, b).
For example, the experimentally derived activity diagram for equilibrium in the
system K,0-Na,0-Al;03-8i0,~HCI-H,0 at 260°C (Figure 1), shows thc
relationships between several mineral phases and water of Broadlands composition
(Browne & Ellis 1970 as expected from minerals in the cores, this water is in
near equilibrium with K-feldspar (adularia), albite, and K-mica (illite).

By using petrographic studies of cores and analyses of well fluids and well
temperatures, diagrams for other element combinations can be constructed. For
example, the mineral stability diagram for calcium and potassium minerals
(Figure 2) shows that the deep 260°C water at Broadlands has a composition closc
to equilibrium with K-mica, K-feldspar, wairakite, and calcite and emphasizes the
critical role of CO; in determining the stability of calcium phases. Where CO,
concentrations are high, as at Broadlands (0.15 moles), calcite tends to deposit
at the expense of epidote (zoisite) or wairakite during steam separation. A close

co '

for sclected geothermal fluids ' ;

F a Br 1 S0, S0, B  NHy co, TR Rel.

i
TIY - — §a30 400 3% - 500 - a
- 9040 - — 9 90 12 16 2580 624 b
30 m - o~ 191 - 6 - HCO, - - c
177
- VT - .19 - | 4sa d
a6 MM 34 03 13 665 - R - 40 - c
L5 1941 6 N4 M8 6% %  — 00 - e
s, .
83 260 60 03 36 60 29 OIS 19 0
62 24 36 01 12 &5 s iz (COy=—HCO~$S - g
095 7 7t N T H T — " SN
19 197 045 00 61 40 06 Ol 5 1t
10 8% -~ -~ 30 76 203 23 54(HCO,~40) - i
] ' ~ o
* Browne & Ellis 1970 'Cus;cnnqul et al 1976

*Ta & Kri doltir 1976 * Correcied for steam loss
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relationship between Nuid composition and alteration (Tables t and 2) is scen in
several Jupancse lields including Otake. Here near-ncutral pll waters form quartz,
K-mica, heulandite, wairakite, albite, and adularia, whercas deep low pH fluids
produce alunite (ayashi 1973) in accord with the experimentally derived refations
ol Hemicy et al (1969).

Littic has so far been published on alteration in vapor-dominated fickds, but
the veeurrence of wairakite at ‘I'he Geysers (Steiner 1958) and cpidote, adularia,
quartz, calcite, and 7eolites at Larderello (Marinclli 196Y) indicates that a liquid
was (or is) present in both lickls. However, in rocks affecled by steam, pyrrhotite
may form in preference to pyrite (Browne & Eltis 1970), and clays, especially
kaolinile or montmorillonite, may be more abundant under such conditions.

Duration

Much has yet to be learnt about the age and evolution of geothermal sysicms, but
available cvidence suggests they arc long lived (Grindley 1965, Browne 1971,
White 1974, Sumi & Takashima 1976). Steamboat Springs, for example, has been
aclive, at least intermittently, for 1 million, and probably as long as 3 million years.
During such long periods geothermal activity changes in both intensity and
location, although many changes will be due to events not directly related to thermal

b
Albile
5 -
4 Na montmorillonite
3lx
s |
- 3
- o
o
2F Kaolin K-mica K-feldspar
i
0 | 2 3 4 5 6
L.
‘ log (3,7

Figure | Phase diagram for sodium and potassium in terms ol ion activity ratios at 260°C
with quartz present. Solid circle plots Broadlands water composition and arrow shows
trend with steam loss; dotted lines indicate positions of phase boundaries at 230°C
{Hrowne & Ellis 1970).
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activity, such as erosion, earth movement, or volcanic activity. Self-scaling,
however, occurs at the tops and margins of ficlds where cooling watees deposil
quarlz, or less commonly zeolites (Bird 1975, Elders & Bird 1976, Kcith ct al 1978).
Shifts in activity have long becn recognized at Yellowstone lrom the migration of
thermal leatures, and surficial activity has been extinguished at Matsukawa (Sumi &
Takashima 1976) and, locally, Wairakei. Kristmannsdottic & Tomasson (1976a)
concluded that the Nesjavellir (Iceland) thermal field is shifting north and the
minerals have not yet adjusted to the new higher temperatures. By contrast, cooling
has been recognized at Kawah Kamojang and at Matsukawa (Sumi 1968), wherc
pytophyllite and diaspore are thought to be relicts from temperatures above 310°C,
compared with 150-250°C at present.

Several proposed geothermomeltric methods have becn tested on samples from
geothermal arcas. They include: aluminum-in-quartz (Hayashi 1973, Browne &
Wodzicki i977), sphaierite compositions (Browne & Lovering 1973), sulfur isotope
(ractionation’ between coexisting sulfide pairs (Browne et al 1975), oxygen isotope
fractionation between hydrothermal carbonates and silicates (Blattner 1975,
Eslinger & Savin 1973, Coplen et al 1975), and lluid inclusions (Browne et al 1976,
Browne & Elders 1976, Hoagland 1976b). The last two mcthods appear to be the
most useful in their applications to geothermal systems.

10k Zoisite
 _ _ _ _ _ /_ _Calite mco,=001
gL _Wairakte %~ =015
=10
é‘m .
6 -
S i
o
o
4 3
Kaolin [K-mica K-feldspar
2r
i 1 ‘Al“ 1
0 2 4 6 8 10

a.
K
log (5~
0og (aH )
Figure 2 Phase diagram for potassium and calcium minerals in terms of ion aclivity at
260°C with quartz present; m = moles. Circle plots Broadlands and cross Wairakei water
compositions; arrow shows trend wilh sieam loss (Browne & Ellis 1970, Ellis & Mahon
1977). s
’ {
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The homogcniillion temperatures of 177 primary Muid inclusion§ in hydrolherma:
guarlz and sphalerite crystals from scven Broadlands wells varicd between 201
and 293°C; they ranged from 13°C below (e 37°C above well temperatures but
averaged 8°C above. One hundred and nincty-cight secondary or.pscudosccondary
inclusions, which had a wider temperaturc spread than the primary oncs, gave
filling temperatures (hat averaged 6°C below corresponding wel! lqunpcralyrcs.
‘This close agreement between filling and measured temperatures indicates either
that there has long been a stable thermal system at Broadlands or that the crystals
and their inclusions are modern, ‘ .

By contrast, Nuid inclusions in calcite from Holtz No. 1 well at Heber,
California appear to record (wo former thermal events; at 1525m these were at
2124+9°C and 235+ 5°C (Brownc & Elders 1976), whereas present  Feservoir
lcm(:cmlurcs arc probably about 190°C (Renner et al l‘)jS). At well 6~1 Ez;sl Mesa,
homogenization temperatures show that the fluid inclusions formed 15-20°C above
present well temperatures (Hoagland 1976b). .

To date. there have been few measurements of the freezing temperatures of
inclusions to attempt estimates of past (luid salinities, but such studies arc l'nkcly
1o be extremely fruitful. In one study [reczing temperatures were measured in 33
primary and 60 sccondary (pscudosecondary) inclusions in cight hydrothermal
quartz and onc sphalerite crystal (Brownc ct al 1976) from Broad!ands. The
observed freezing point depressions (0.1 10 0.8°C) appear too l:\rge.: il only the
dissolved salts in the deep waters (3000 ppm) arc considered, but are in agreecment
with the present-day Broadlands water compositions when !he range of downhole
CO, compositions (0.1-0.3 moles) is included in the calculations.

HYDROTHERMAL ALTERATION IN SELECTED AREAS

Examples of hydrothermal alteration in geothermal fields recently studied show, in
more detail, the variability of these usually interrelated factors.

Imperial and Mexicali Valleys, Western North America

Several geothermal fields' have been recognized in the Imperial Va\le)r of So.ulhe}'n
California and its extension southward into the Mexicali Valley, Baja California.
Drilling has so far taken place at the Salton Sea, Brawley, Heber, The Dutxes.
East Mecsa, and Cerro Prieto. The main structural feature, the Salton Tr.ough, is a
depression filled with up to 7000m of pooriy sorted Colorado Riv.er detritus which
form sandstones, shales, siltstones, and minor conglomerates (Biehler et‘al 1964,
MufMer & Doe 1968). Five small young rhyolitc domes oceur at.lhe Saiton Sea,
rhyodacite reaches the surface at Cerro Prieto, and minor intrusive basalts have
been penetrated by wells at the Salton Sea (Robinson et al 1976) and Heber (Browne
& Elders 1976).

The northernmost ficld, the Salton Sea, is the most famous, and hcre wells
cncountered brines with over 250,000 ppm dissolved solids (Table 2) f“ lemperatures
up to 360°C (Helgeson 1968a, Randall 1974, Palimer 1975). Salinities at the other
ficlds are much lower and are about 50,000 ppm at Brawley, 2000 to 30,000 ppm
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at East Mesa, and about 17,000 ppm at Cerro Pricto. Copper- and silver-rich
scales deposited from brines (Skinner et al 1967) discharged from the Salton Sca
and their precipitation has been considered thermodynamically by Miller ct al
(1977). Alteration in cores and (mainly) cuttings from several drill holes here have
been described by Mufller & White (1968, 1969), Keith ¢t al (1968). Mullier & Doc
(1968), and Kendall (1976b); mineral isotope studies have been made by Clayton
el al (1968) and Kendall (1976a, b).

Muffler & White (1969) showed that the sediments, which contain detrital quartz,
calcite, K-feldspar, plagioclase, montmorillonite, illite, dolomite, and kaolinile,
gradually convert, in response to increasing temperatures, to an assemblage above
300°C of quartz, Fe-epidote, chlorite, K-leldspar, albite + K-mica, pyrite, sphenc,
sphalerite, and hematite. Delrital montmorillonite below 100°C converts to illitc-
montmorillonite and then to K-mica below 210°C ; ankerite can form as low as 120°C,
and chlorite, caicite, and CO, are produced below {80°C in response to reaclion
between dolomite, ankerite, and kaolinite plus Fe?* added from the brine. Fe-
epidote and K-feldspar are abundant above 290°C, buticalcite disappears at about
this temperature. Temperature is thought to be the main control on the formation
of this low-grade greenschist mineral assemblage, although lithostatic pressurc
influences induration and lithification so that rock densitics increase from below 2.0
al the surface to 3.0 at 1500m. Mufller & White (1968, !1969) considered that
high CO, activity relative to H,O precluded zeolitc formation and favored
carbonate precipitation. An intercsting aspect of this is that the CQ; at shallow
levels has probably been released from deeper reactions between dolomite and
kaolinite (150-200°C) and transformation of calcite into' epidote (300-320"C).
Kendall (1976b) has given a detailed description of alteration in three wclls
(Magmamax 2 and 3, Woolsey 1). As well as recognizing hydrothermal biotitc,
tremolite, garnet, and a high-temperature expanding smectite, she showed that
there has been extensive oxygen and carbon isolope exchange between brines and
carbonates down to 100-150°C; both detrital and authigenic quartz in sandstoncs
have exchanged oxygen at 290°C generally confirming the conclusions of Clayton
et al (1968). Kendall, however, attributes downwell variations in O'® to incomplcte
isotope exchange between fluid and rock caused by differences in reservoir
permeability.

Hoagland (1976a, b) and Hoagland & Elders (1978) have described the
alteration and Coplen (1976) measured the isotopic ratios’ of minerals from an
1830m deep well at East Mesa, which has a maximum temperature of 188°C.
The vertical extent of the reservoir can be defined by its alteration and, using
thermochemical evaluation ol aqueous species and petrographic observations, two
distinct hydrothermal events were recognized. During the earlier event, quartz,
pyrite, illite, Fe-chlorite, and rare adularia deposited in sandstone, as less porous
siltstones and shales altered to iilite and chlorite; however, detrital kaolin,
montmorillonite, and interlayered clays persisted. Fluid inclusion measurements
show that this occurred 15-20°C above present temperatures. Fluids responsible
may have been similar to the sodium chloride brine with 26,900 ppm dissolved
solids that discharged from a deeper (2200-2450 m) aquifer reached by a drill hole
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400m 1o the cast. Later, cold water cntered the system tatcrally and, on heating,
partly dissolved the silicates and precipitaled abundant caleite. Thermochemical
calculations show that this may have been of the same composition as sodium
bicarbonate-chloride Nuid (2380 ppm dissolved solids) which discharges from the
well and derives from 1660-1800m. This fluid is in chemical, but apparently not
isotopic {Coplen 1976), cquilibrium with kaolinite, calcite, and montmorilionite
rather than potassium silicates or dolomite.

A 612-m-deep well at the margin of the Dunes thermal arca provides a good
example of self-sealing (Bird 1975, Bird & Elders 1976, Coplen ct al 1975, Elders &
Rird 1976). 1n the upper 300m, scven zones of dense quartzite have formed by
episodic reaction between permeable sandstones and laterally moving sodium
chloride Nuids containing up to 3000 ppm dissolved sofids. After the porosity of
the sandstones was reduced, water Nowed by wiy of fractures where quartz,
adularia, pyrite, caleite, and hematite were deposited. Hydrothermal alteration has
increased both the bulk densities of aquifer rocks (from 2.2 to 2.6gm cm ™) and
their SiO; (35-50%, above initial content) and K,O (90-1307/) relative to Al,Os.
The temperature profile shows maxima of 110°C at 110m and 104°C at 285m,
helow which there is a reverse gradient. Further, the isotopic compositions of
gquartz-water, alkali feldspar-water and calcile-waler ‘pairs (Coplen et al 1975)
show that temperatures here have never exceeded 130°C. .

By contrast, temperatures as high as 388"C have been recorded at Cerro Prieto
(Mcreado 1969), although 370°C is more usual {Mcrcado 1976). More than 30
wells have been drilled to between 500 and 2630m,,but unlike the other very hot
ficld, Salton Sca, deep fluids (Table 2) have salinities of only about 17,000 ppm
{Mercado 1969). The two main factors aflccting the formation and distribution
of hydrothermal mincrals herc are temperature and fuid composition (Recd 1976).
Kuolinite, montmorillonite, and illite-montmorillonite do not occur above 160°C,
nor dolomite above 210°C, but chlorite and illite-chlorite form above 145°C,
wairakite above 240°C, and epidote above 255°C. Authigenic orthoclase increases
in abundance above 300°C, in accordance with thermodynamic calculations
(Reed 1976) based on th¢ composilion of reservoir water, but is not easily
distinguished in the cutlings from detrital orthoclase or microcline.

Yellowstone, U.S.A. K

Beeause of environmental constraints, no deep drilling is normally allowed within
Ycllowstone National Park—one of the world's most [amous and speclacular
thermal areas. However, in 1967-1968 13 shallow diamond-core wells were dritled
as part of a comprehensive scientific project by the U.S. Geological Survey. A
major strength of this work, following the example of Fenner (1934, 1936) z'lnd
Allen & Day (1935),is the closc integration of geological, petrologic, and geochemical
mecthads. Although the deepest well (Y-12) is only 329.6m deep and most are
ncar 150m deep, both the drilling and the wells were closely monilorcc!. so that
an cxcellent physical record was obtained (White et al 1975). In uddlli.on, the
near completeness of core recovery (usually above 90%) has made possible the
muost detailed work so far on hydrothermal altcration in an aclive geothermal
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system. Alteration studics have now been completed for wells Y-1 (Honda &
Mufller 1970), Y-5 (Keith & Mufler 1978), Y-7, and Y-8 (Kcith ¢t al 1978). Less
detailed information from Y-3 (Bargar et al 1973) and Y-it (White ct al 1971) is
also available.

Welis in the Upper Geyser Basin (Y-1, Y-7, Y-8, and Fenner's C-1) penctrated

sandstone, siltstone, and conglomerate mainly composed of rhyolitic detritus over-
lying rhyolitc; Y-5, in Midway Geyser Basin, was drilled, for the most part, into
denscly welded rhyolitic ash flow tufl. Maximum well temperatures arc: 171°C in
Y-1, 170°C in Y-5, 143°C in Y-7, and 170°C in Y-8.
" Several mincrals not previously known in geothermal systems hiuve been
recognized., For example, acgirine occurs in Y-1 where the well temperature is
160"C and in Y-3 it also coexists, in the core from 23.8 to 28.5m at temperatures of
130-140"C, with quartz, pectolite, montmorillonite, analcime, ?albite, and Iepidolite
(with 7.5%, Li,O). Fluids depositing these minerals (Table 2), although dilute, have
high Li/K ratios (1.8) and low CI/F ratios (about 5).

Factors affecting hydrothermal alteration at Yellowstone vary in importince
from well to well and are not easily separated. The nature of the starting matcrial is
importantin Y-1, Y-7, and Y-8 where detrital obsidian alters readily, but coexisting
lithoidal rhyolitc of essentially the same composition remains unchanged. The
dense, welded ash-flow (uff in Y-S shows only incipient alteration {to mont-
morillonite) as its devitrification products, quartz and sanidine, are more stable
than glass so that hydrothermal mincrals are here more abundant than in Y-S.
Obsidian clasts in Y-7 and Y-8 alter, first nearly isochemically, to Imetastable
potassic clinoptilolite (K0 up to 5.7%) and then Lo analcime plus K-feldspar.

Temperature is important but its effect is often: equivocal and difficult to
distinguish from fluid composition or variations in permeability. Obsidian in Y-1 is
completely replaced above 85°C, but persists to 170°C in Y-8 because of lower
permeability in the vitrophyric flow breccia, which indicates that through-going
solutions are necded here for even devitrification to occur. Opal occurs only below
43°C in Y-5 and near 104°C in Y-I, whereas in this well fi-cristobalite is not
present above [15°C. Erionite is present in cores from scveral wells where
temperatures are below 110°C.. Differences in fluid composition, especially SiO,
activity, rather than temperature, evidently account for the observed distribution of
clinoptilolite; mordenite, and a-cristobalite and the quartz-analcime association in
Y-1. Subsurfuce boiling caused changes in fluid pH through loss of CO,, thereby
resulting in deposition of adularia in wells C-1 and Y-13 and bladed calcite in Y-8
and Y-5. The Yellowstone work, however, .confirms the important effect of
permeability in determining the extent and type of hydrothermal alteration in
geothermal systems. For example, K-feldspar, quartz, mordenite, and celadonite
have formed in permeable zones of Y-8, but in decper impermeable parts of this
well glass persists. Further, mineral deposition in pore spaces of a corrclated unit
in the 130m between the sites of Y-7 and Y-8, the latter of which is thought to be
closer to the upflow zone, has causedself sealing, so that there is now a pressurc
differential of .015 bar m~! between the two wells.

These two wells also provide a good record of rclationships among silica
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minerals in a geo'(hcrnml ficld. X-ray—amorphous opal dominates in superficial
sinter and also forms ncar-surface ccment, whereas o- and f-cristobalite haYe
irrcgular distributions at greater depth. In Y-7, fi-cristobalite occurs mainly in
veinlets and the a-form is in the groundmass, but cores from Y-8, the hotter well,
contain quartz and chalcedony. This suggests that the disiribution of‘silica minerals
is controtled primarily by temperature. From a study of veinlets, Keith el al (1978)
found that the silica forms, deposited from oldest to youngest, were quartz,
chalcedony, a-cristobalite, fi-cristobalite and opal; this is also the order of decreasing
stability and increasing solubility with respeet 1o water of constant temperature
(FFournier 1973, Arnorsson 1975). Keith et al (1978) concluded that waler from the
wells is strongly supersaturated with respect to quariz, chalcedony,. and a-
cristobalite; is shightly undersaturated relative to f-cristobalite; and is under-

saturated above 80°C with' respect to opal. However, fluids in the reservoir itsell

arc just saturated with quartz. Their suggested model is one in which asccn(.iing
silica-rich water penctrates aquifers which, through sell-sealing, become pa.mally
closed systems; the trapped pore water then becomes progressively lower in SiO; as
more stable silica minerals ‘are successively reconstituted from the earlier deposited
phascs.

Japan

Japan has about onc hundred geothermal systems, excluding fumaroles on the
craters of aclive volcanoes (Sumi & Takashima 1976). Several ficids have been
investigated by cxplofnlory drilling and numerous accounts of their alleration
have been published recently ; space, however, permits mention of only a fc\?'.

Most Japanesc geothermal systems, and indeed, many in the west Pacific, are
associated with late Cenozoic andesite-dacite volcanic centers where there is usuzlilly
a strong structural control on hydrology. A characteristic feature of their alteration
is marked surface zonalion; typically, between 3 and 10 alteration zones can be
clearly recognized (Sumi & Takashima 1976). This, and Lhe rarity of zone pverlaps,
shows that therimal episodes were commonly single events in contrast with many
systems where mineral zoning, even when recognizable, is irregular. However:
cross sections of alteration in several Japanese fields, such as Matsukawa (Sumi
1968), show more complicated zoning in the subsurface than is evident at l!le
surface. Sulfates (particularly alunilc) and kaolin are common, and pyrophyllllt?
and zeoliles occur in several fields (Hayashi & Fujino 1976, Hayashi & Yamasaki
1976, Sumi & Takashima 1976, Takashima 1971, Yamada 1976, Yoshida 1974,
Yoshida et al 1976). An example of calcium zeolite formation is at Kalayama,
Onikobe where the zonation, with increasing depth and temperature, is mordenite-
laumontite (% yugawaralite, analcime)—wairakite (Scki et al 1969,. Seki & Okl.Jmu.ru
1968). However, the lrzlpsilion temperalures between laumorfule and wairakite
{75"C to 175°C in lour wells) scem to be below the usual formation temperatures of
wairakite (about 220°C), possibly because water pressures at Katayama are low.
However, it is not clear that the measured well temperatures are lhe.same ‘as
those that prevailed before drilling. Yamada (1976) suggests th-at a-cristobalite
occurs in the vapor zone at shallow depths, 'bm zeolite alteration results from
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reaction between andesite and mildly alkaline solutions. Near the bottom of one
1200-m well (GO-10), however, quartz and kaolin have deposited from acid
chioride solutions.

Another field where alteration shows a close dependence on fluid composilion is
at Otake. north-central Kyushu (Havashi et al 1968, Hayashi 1973, Hayashi
& Fujino 1976, Hayashi & Yamasaki 1976, Yamasaki & Hayashi 1976). where
two chemically distinct fluids (Table 2) have deposited minerals zoned about
fractures. In the Otake area itself deep waters are neutral to alkaline but wells at
Hatchobaru, 3km south, encountered fluids with a pH between 3.4 and 4.6. Hayashi
(1973) classifies the alicration into five lypes (Tabic 3), based on the composition of
the altering fluids, and subdivides further depending on measured well temperatures
and fluid pressures. However, the temperatures in many wells were measured only
a few days, or even hours, after drilling, so that they are unlikely to be quite
the same as the temperatures of mineral deposition. Where acid fuids prevail,
Type B alteration is conspicuous and Type D either occurs at shallow levels or
where reaction is incomplete. By contrast, at Otake itself, mildly alkaline fluids
have restricted Type B alteration but Types D and E are widespread. Major
element analysis (Hayashi 1973) shows that massive amounts of SiO, were added to
rocks with alteration of Type A, but during formation of Types B and C, SiO,,

Table3 Classification of hydrothermal alteration in the Otake geothermal area {aficr
Hayashi 1973)

Temperature

Type Minerals® Fluid i °Q) P nuid thars)

A crist strong acid < 100 * <15
quartz acid 100 to 230 3010 50

B alunite + crist strong acid < 100 < 15
alunite + quartz strong acid 100 to 230 1510 50

C kaol +crist acid < 100 <15

kaol+quartz acid 100 to 200 < 30

dickite + py acid 150 to 250 < 60

+quarlz

py + quartz acid > 230 > 50

D mont+crist weak acid . < 100 <15

mont $/M +quartz weak acid 100 to 200 <30

ch +$/M +quartz weak acid 150 to 250 < 60

S+quartz " neutral ~  >230" > 50

E . heul +crist neutral < 100 <.I5

laum + wair + neutral 100 to 200 <30

quartz ‘ L
albite + quartz’ weak alkaline . 150 to 250 < 60
adularia + quartz weak alkaline > 230 > 50

* Abbreviations are as follows: crist, crislob;Iilc; kaol, kaolinite; py, "pyrophyllile; monl, mont-

morilionite; ch, chiorite; $/M sericite-montmorillonite; S. sericite; heul, heulandite: laum, laumontite;
wair, wairakite. .

N
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AL O and TIO, are ncarly immobile, as are Fc,0,5, CaO, and Mgo durhjg
formation of Types D and L; however, Ni,O and K,O are the most mobile
constituents. '

The Matsukawa ficld, northern Honshu, also has zoned surlace alteration (Sumi
1968, 1969, Sumi & Takashima 1976) that extends over an area of 7 by 1.5 km.
It is elongated about fissures so that structural control of fluid Now and nll‘cration
is obvious. From the margin inward four alteration zones are characterized by
saponite plus chlorite, montmorillonite, kaolin, and alunite, bu.l other hydrglhermal
mincrals present include laumontite, calcite, and anhydrite in the chl.orllc zone,
citleite, anhydrite, and quartz in the montmorillonite zone, and quartz in both the
kaolin and alunite zones. A far smaller zone of pyrophyllite, usually with diaspore,
zonyite, andalusite, quartz and anhydrite, which is overlapped by three other zones,
is lt;nughl to be relict alteration formed above about 310°C, whereas prescnt well
temperature maxima arc ncar 230 to 250°C (Sumi 1968, Truesdell 1976). When
first opencd, the wells typically discharged wet steam of low pH (about 5) and
high sulfate contents (Tablc 2). Zoning [rom alunite-quartz at the ce‘nler to outer
kaolin is consistent with acid (at 200°C pH below 4) solutions moving outwards
from channcls and becoming more alkaline by rcaction wi}h reservoir rocks.

Teeland ' .

Work on hydrothermal alleration in geothermal ficlds of. Iceland has several
important aspeets: {a) it provides the best examples of reactions betws:cn thermal
fuids and basalts, {b) there is exicnsive zeolitisation, cspecially in the low
temperature (< 150°C) ficlds, (¢) in the Reykjanes arca the thermal fluid is modified
sea waler (Kristmannsdottic 1975, 1976, Kristmannsdottir & Tomasson 1976a, b,
¢, Sigvaldason 1963, Tomasson & Kristmannsdottir 1972, 1976). .
Reservoir rocks are basalt, basaltic hyaloclastites and minor dolerite. Glass
readily alters first to opal, smectite, calcite, or a zeolile, and lhe{\ _lo l:nixed-layer
clays, although where permcability is low it persists to 200°C. Olivine is ll?c rpqst
unstable minecral and it and pyroxene are often partly replaced by smectite-illite
or chlorite. Compicte replacement of plagioclase by epidote or albite is also rare,
indicating that disequilibrium between Nuids and rocks is usual. Factors controlling
alteration are rock Lype, wiler composition, permcability, temperature, and the age
of the system - although the first two arc less imporlun%. . .
The high-temperature (up to 298 £4°C) fields occur in areas of active volcz!msm
and, cxeept for potash cnrichment in some permeabic zones at Reykjanes,
alteration is near isochemical involving hydration and oxidation. Clays are
abundant but poorly crystalline; iron-rich saponite, present below 200°C, i§ replaced
by mixed-layer chlorite-smectite in the range 200° to 230°C a.nd chlorite above
230°C. Zeolites arc common below_230°C, but thermal gradients are so stcep
that a distinct temperature zoning cannot be readily detected. Epidote is ibundant
above 260°C and an amphibole (of unspecificd composition) occurs locally wht‘:’re
temperatures exceed 280°C. In the Nesjavellir ficld, prehnite is prcse:nt above ?50 C
and calcite alternates in abundance with the zcolites. Well fluids are rich in
carbonate (1355 ppm CO, equivalent) and sulfide (311 ppm), and consequently
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carbonate and sulfide mincrals dominate the deep alteration. However, the observed
hydrothermal minerals were not formed at the measurcd well temperatures
because aclivily is shifting north and there has not becn time for minerals to
adjust to the higher temperature regime,

A high-temperature system in the Reykjanes area, southwest lccland, is oniy
one of several fields (Truesdell 1976) in which modified sea waler is the thermal
fluid, but it has the best record of alieration mincrals formed from its reaction
with reservoir rocks. Hydrothermal minerals are crudcly zoned according (o
temperature (which reaches 300°C): (4) montmorillonite-zcolite-calcite zone;
(h) mixed-layer clay-prehnite zone; (c) chlorite-epidote zone. These mincrals occur
in many fields in lceland and elsewhcre, although luid composilions vary greally,
leading Tomasson & Kristmannsdottic (1972) to conclude that permeability,
porosity, and especially temperature are the main controls of hydrothermal
alteration. Anhydrite, deposited when sea water heated, has an irrcgular distribution
that may be due to about 20 to 30 sea water invasions which occurred when the
usually impermeable boundaries of the ficld were ruptured by tectonic events.

Alteration in low-temperature (below 150°C at 1000m) fields expands the
smectite-zeolite zone of the hotter areas and confirms the control of temperaturc
on zeolite distribution. Kristmannsdottir (1976) distinguishes four zones character-
ised by : (a) chabazite, opal, calcite + levyne and stable to about 80°C; (b) mesolitc-
scolecite present from 80 to 90°C; (c) stilbite occurring between 100 and 120°C:
and (d) laumontite above 120°C. Smecliles occur al shallow depths typically
coexisting with chlorite from about 180°C, although both “swelling™ chlorite and
random mixed-layered clays are also present. However, prchnite, epidolc,
quartz, and possibly chlorite in at least two low temperature fields are thought
to be relicts from an earlier hotter regime. .o

+

THE FUTURE

No simple enumeration of factors affecting hydrothermal alteration can yet account
for all the observed complications. With new or greatly expanded drilling programs
in many parts of the world, however, much more will be learnt (and, hopefully
published) so that it may soon be possible to isolate more confidently the effects of
a single factor without distorting the general pattern. ,
Observations made so far confirm the important effect of temperature in the
formation of hydrothermal mineral assemblages, but also demonstrate the critical
role of permeability. Geochemical studies of thermal fluids have made a mijor
contribution to knowledge of the intimate relationship between fluid composition
and mineral deposition. However, few attempts have yet becn made to interrelate
the distribution of minor and trace elements in rocks, minerals, and fluids. Reasons
why so many hydrothermal minerals occur in geothermal ficlds are still sought:
possibly some phases are metastable, or stabilized by the substitution of minor or
trace clements. Fluid inclusion measurements have great promise in helping unravel
the evolution of geothermal systems, particularly when used in conjunction with a
thermodynamic model for mineral deposition, such as that suggested by Helgeson
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(I‘)')O). Experimelilnl mineral syntheses and thermodynamic cnlculalions of m!ncral
cquilibria should help clarily low-temperature phase relations, especially if the

cffects of solid solution are also considered.

Other rewarding approaches for some ficlds would be to evaluate quantitively
mass transfer between fluid and solid phases; such studics, however, nced careful,
detailed petrologic and geochemical analysis of altercd an‘d un.nllcrefi rock samples.

Although an understanding of hydrothernal alteration in active gcothermal
systems will add greatly to our knowledge of low-grade metumo'rphlsm and hydro-
thermal ore deposition,- much already known al:)Ol.ll. lhcse. subjects could -also ‘be
uscfully applied to predict the evolution, and conditions, in geothermal rescrvoirs

below drilling depth. ‘I
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N SUBJ Irreversible Mass Transfer between Circulating |
ngM Hydrothermal Fluids and the Mavflower Stock {
ydro
IMT R. N. Virtas axp D. Nortox C

Abstract

Heat and mass transport processes related to the Mayflower stock in the Park City
district, Utah, have been simulated using calculations based oa geolagical observations
and numerical methods which approximate convective and coaductive heat transfer in
permeable media. Permeability and flow porosity values for the Mavflower stock were
estimated on the basis of a planar fracture model and data on the abundances and L
apertures of continuous fractures. Estimated permeabilities ranged irom 4 X 107 to L
10-7 em? and were hypothesized to represent initial permeabilities at the onset of the "
hydrothermal fluid circulation. An estimated fluid mass of 10** kg/km strike length of . H
the stock circulated through the upper 1.5 km of the Mayflower stock in 1.8 X 10® years
of cooling, thereby reducing the thermal anomaly to 0.3 of its initial value. Tempera-
tures decreased rapidly in the permeable portions of the stock, as a result of convective
transfer of heat, but remained at 350° to 250°C in the upper 1.5 Km for approximately
7 X 10¢ years subsequent to fracturing of the stock.. Fluids in the host rocks flowed N
toward and often into the stock from distances about $ km away irom the stock side b
contact. Irreversible mass transfer between these circulating fluids and the Mayflower ’
stock altered the stock to mineral assemblages which reflect the chemical composition of Co
the rocks through which the fluids circulated, the pressure and temperature conditions
along the flow paths, and initial composition of the fluids. o

T e e -
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Simulation of the heat transport processes in the Mayflower system provides an initial i
approximation of the temperature, pressure, and fluid fluxes that may have been realized o
in the natural system. These data allow the mineral content of the altered Mavflower
rocks to be predicted from mass transfer computations. Irreversible mass transfer reac-
tions between the unaltered Mayflower rocks and solution compositions derived initially
from fluid inclusion data were computed at discrete temperatures over the interval from
300° to 130°C. .The alteration processes in the Mayflower stock were thus simulated by
a sequence of isothermal reactions over the cooling history of the sock. The mineral
content of the altered igneous rocks exposed in the Mayflower mine was determined by
least-square treatment of bulk chemical compositions of rocks and mineral phases and
was used to test the validity of coupling existing theoretical model: of mass and heat
transfer. The assumed solution compositions. prevalent temperzture znd pressure during
the hydrothermal processes, and the estimated mass of fluids that circulated through the .
upper 1.5 km of the Mayflower stock as it cooled predicted masses of the mineral R
assemblages similar to those measured in the altered Mayflower igneous rocks. |

The determined mineral modes disclose two broad zones over the north-south cross
section of the mine: a lateral zone characterized by an increase of K-feldspar (3-13 wt :
%), kaolinite (0-10 wt ¢,), and quartz (12-24 wt ), and a decrease of andesine . 1
(5525 wt ¢) toward the main veins; and a vertical zone characterized by higher con- . !
centrations of K-feldspar, kaolinite, anhydrite, and pyrite below the 2,400-it mine level, -
and calcite-quartz and biotite above. Gains and losses for elemental components indicate :
an overall loss (in grams.of components per cm?® of rock) of Si (0.003), Al (0.030), Na ‘.‘

!

.,ﬁ,__
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(0.032), and Ca (0.011) and an overall gain of Mg (0.026)., K (0.020), S (0.038), SO4

(0.037), and CO, (0.007). A relatively small gain of Fe (0.006) is the result of de-

crease in bulk density caused by the dissolution of igneous mafic minerals to produce ..

pyrite, as evidenced by the shift from an annitic to a phklogopitic biotite during the ) RN

hydrothermal event. : :
This analysis of the Mayflower hydrothermal svsiem suggests that the original igneous ) o

minerals were altered by acid-sulfate, Na-K-rich solutions 2: mod:raie temperatures, !

< 400°C, and pressures, < 1 kb. These solutions added large masse: of Mg, K, S, and ' v
C to the stock and, concomitantly, altered the original igneous mirerals. In order to B
account for the observed masses and compositions of alteration prodzcts. fluid fluxes on :

the order of 10~ g/cm?s are required for at least 2 X 10% years. This large mass (~10'®
g/km? of area) of hydrothermal fluid was evidently derned from a variety of environ- . .
ments within and around the stock. ) S
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Introduction

TerTIARY plutons in the Cottonwood-Park City
area, Utah, have intruded folded metamorphic and
sedimentary units of Precambrian to Jurassic age.
These intrusive rocks range in composition from
quartz monzonite to quartz diorite and include the
Little Cottonwood, Alta, and Clayton Peak stocks
in the Cottonwood area and the Pine Creek, May-
flower, Ontario, Valeo, Flagstaff, and Glencoe
stocks in the Park City district. This series of
igneous events distributed over several millions of
vears were characterized by magma temperatures of
apprommatel) 850° = 50°C. Each discrete intru-
sive body was apparently emplaced at approxi-
mately the same depth in' the crust (<10 kin below
the surface), and its thermal energy was dispersed
by conductive heat transfer and convective flow of
aqueous solutions through the stock-host rock en-
vironment. The shallow depths of emplacement of’
these bodies into water-saturated permeable rocks
suggest that convective fluid flow contributed sig-
nificantly to the transport of heat and mass.

The emplacement of these relatively shallow-
seated heat sources, and the subsequent fracturing
that occurred in the Cottonwood-Park City area in
Tertiary times, generated the physical conditions

11°45'

N. VILLAS AND D. NORTON . )

appropriate for fluid circulation that resulted in
chemical reactions between original igneous m,
terials and the circulating fluids, ultimately forming 5
ore deposits and extensive hydrothermal alteratmn 3
in the area. ,
Numerical simulation of heat transfer and chenu-
cal reaction between fluids and rocks at e]evated s
temperature and pressure (Helgeson et al, 1970, |
Norton, 1972; Norton and Knight, 1977) suggests ':7"1":
several parameters that must be documented in
order to predict the nature of mineral deposition in. *
pluton environments. The purpose of this com..
munciation is to present the results of preliminary.
studies whose objectives were to develop and test
methods useful in quantifying these parameters
The first section of this paper analyzes the thermal
and hydrodynamic aspects of the problem; the
second section analyzes the hydrothermal alteration®
and mineral deposit formation.

Geology of the Cottonwood-Park City Area

The Cottonwood-Park City area is located in the '~
central northern part of the State of Utah, approxi- .
mately 30 km southeast of Salt Lake City, at the: {
intersection of the north-south-trending Wasatch. -
Range and the east-west-trending Uinta Range.
This region, in which rocks from Precambrian to
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taternary age crop out, has undergone two major
Jifts: the Uinta on the east and the Cottonwood
L the west. Gneiss, quartzite, and schist make up
st of the Precambrian terrains and occupy the
atral parts of the above-mentioned uplifts. Paleo-
e sedimentary rocks, which flank both uplifts, are
@k oely composed of limestone, dolomite, and sand-
Mesozoic rocks

omerate, sandstone, shale, and limestone. Ceno-
ic rocks are irregularly distributed and include
g.th intrusive and extrusive igneous rocks and sedi-
entary units. Tertiary plutonic intrusions occur
long a line coincident with the east-west trend of
e Uinta axis. The Eocene-Oligocene equivalents
these plutonic rocks occur on the east (Keetley

Intrusve rocks in the Cottonwood-Park City area
iccur as dikes and stocks discordantly emplaced

2Fig. 1). They include, from west to east: the
£3little Cottonwood, Alta, Clayton Peak, and Pine
¢ dreek stocks and a composite intrusion comprising
. he Mayflower, Ontario, Valeo, Flagstaff, and Glen-
Ed0e stocks (Bromfield et al, 1974), collectively
E¥alled the Park City stock. These intrusions range
Fin composition from quartz monzonite to quartz
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diorite, with these same variafions frequently iound
within individual intrusiors., Major mineral con-
stituents are plagioclase  (cligoclase-andesine),
orthoclase, quartz, biotite, and hornblende, which
vary in abundance from siock to stock. The Little
Cottonwood. Clavton Pezk, and Alta stocks are
composed of coarse-grained rocks, in marked con-
trast with the Pine Creek and Park City stocks
which are porphyritic and generally have an aphani-
tic or fine- to medium-grained groundmass. The
Alta stock, however, displavs a porphyritic phase
which appears to intrude an enclosing nonporphyri-
tic phase.

Cheimical analyses of these intrusive rocks (Table
1) suggest a trend in silica conient increasing to the
west, although among the porphyritic intrusions the
silica content is more or less constant. Radiometric
dating of the igneous rocks indicates that magmatic
activity in the area lasted a maximum of 17 m.y.
in Oligocene-Miocene times and that the stocks be-
come progressively younger to the west (Cnittenden
et al., 1973).

Several continuous fissures 4 km or more in
length have been recognized in the Park City dis-
trict (Fig. 2). They are normal faults that strike
east-northeast-west-southwest and dip either north-
west or southeast. The most prominent of these fis-
sures is the Daly-Ontario-Hawkeye which extends

i TasLe 1. Chemical Compositions of Igneous Rocks in the Cottonwood-Park City Area
M L. Cotton- Clayton Clayton  Pine AMayv- Flag-
wood Alta Alta Alta Alta* Alta* Peak Peak Creek  flowver Ontario staff
S E. (1) 6)) 1) (5) {1) (3) 4) (3) {(3) ¥3)] 3) (3)
o 4 ¥ 5i0. 67.02 65.27 62.16 63.92 63.43 63.70 39.35 61.40 60.70 61.11 60.80 59.50
£3 ALO, 15.78 15.75 17.17 16.13 15.93 15.89 16.36 17.90 17.30 18.20 16.70 17.20
3 FesOy 1.56 2.31 2.26 2.03 2.61 2.09 2.90 290 3.05 3.96 2.66
2 FeO 2.80 1.85 2,78 2.43 2.31 1.97 3.36 2.06 1.89 3.93t 1.20 2,54
*,; MgO 1.09 1.62 1.81 1.90 2.27 1.73 3.08 222 2.49 3.04 1.81 293
w3 an *3.31 4.09 4.70 4.50 4.33 4.07 3.03 4.30 4.60 5.10 3.15 3.09
’?-' o -\azO 3.85 3.92 3.96 3.7 3.66 3.85 3.73 4.48 +.46 3.94 5.39 4.26
4 §1 K.0 3.67 3.25 3.58 3.24 3.49 3.19 3.85 240 2.54 295 3.60 2.37
£ 3‘ H,0- 0.29 0.21 0.03 0.01 0.27 0.03 0.28 0.72 0.36 0.44 0.47
d ! H.Q0+ 0.63 0.53 0.60 0.4 0.74 0.49 0.64 1.64 0.64 0.73 2.32
'y TiO, 0.37 0.55 0.53 0.61 0.62 0.53 0.87 0.82
e 20, 0.04 G.02 0.01 0.03 0.03
& PO, 0.26 0.25 0.17 0.31 0.16 0.25 0.4
~ S 0.03 0.04 0.02 ri.d. 0.12 Q.07 n.d.
i I MnO 0.02 0.10 0.06 0.08 0.09 0.07 0.07 0.10
Co, Trace Trace 0.48
.. BaO 0.13 0.11 0.17 0.13 0.16
f ¢ : 0.01 0.05 0.05
- §¥ FeS, . 0.02 0.02
¥ SO 0.05 0.05
fi 50, 0.38
44
,"f Tetal 100.85 99.91 100.03 99.37 100.17 99.86 100.29 100.00 98.20 100.37 97.80 97.30

* Porphyritic phase.
t Total ¥e as FeO.
i.d. = none detected.

References: (1) Calkins and Butler, 1943; (2) Villas, 1975; (3) Norton, unpub. data; (4 Boutwell, 1912; and (3) Wilson, 1961,
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Fig. 2. Schematm north-northwest-south-sautheast cross section. of the MayRower stock
Sedimentary units are représénted with their maximum
Pennsy]vaman M—M:ss:ss:ppmn € = Cambrian,

showing .mzjor géological featyres.
thickness, T = Triassi¢, P = Permian, P=
and P& = Precambrian.,

for approximately 10 km from east of the Kee‘dey :

voleanics to west of thé Clayton Peak stock. Other
regionally less continuous fissures, but locally: im-
portant because of their associated ore deposits, are
the Mayflower-Pearl, Naildriver, Back Vein, Cres-
cent, and Massachusetts. Southeast-dipping faults,
ranging from N 25° E -t¢ almost -east-west, gen-
erally exhibit wider scatter in thieir strike directions
than northwest-dipping fauits; argles of dip vary
from ‘moderate (43°-55°) to steep (80°-90°)
(Fig. 2).

An irregular pattern ‘of fracturing in the host

rocks between the Little Cottonwood stock and the-

Clayton Peak-Alta complex is indicated on the
Dromedary Peak ( Critféenden, 1965) and Brighton
(Baker et al., 1966) :geologic maps, but fractures
apparentl} do not eéxtend into the plutons. Their
maps show that fractures, 1ip to 1 .km long and
aligned parallel to‘the imajor fissures of the adjacent
Park City district, tiansect the.cenilal portions of
the Little Cottonwood stock. Likewise; most dikes
cutting through the host rocks and plutons in the
Cottonwood area follow the major fissure directions
of that district. Similar structural relations, with
fractures displaying two prominent sets, one: along
N 80° E drections and the other along N 25°-
50° E directions, are present in the Alta 'stock.
_ Fracture abundances in the Alta stock were esti-
. mated between one and three fractures per meter
{Wilson, 1961). Similarly, reconnaissante gbserva-
fions of the fracture abundance in the Little, Cotton-
wood and Clayton Peak stocks have revealed local

zones ‘where fracturé abundancés are apprommately
one fracture per meter.

The Mayflower Pluton

The hydrothermal systems.in thé. Cottonwood- Park
City area that developed as a consequence of*em-
placement of igneous intrusions can bé simiilated if
hydrodynamic parameters.are available, These prop-
erties were estimated for the Mayflower stock; which
is well exposed in the extensive underground work-
ings of the Ma} flower mine, as described below.

The Mayflower-pluton is the easternriiost iritritsion
of the composite Park City stack, which has Deen

‘emplaced into a sequence of intercalated clastic and

carbpnate. units of Precambrian to Jurassic age. The

post-Devonian formations inclade most: 6f the car-,

bonate beds and form a relatively thin.cover over-

lying much thicker Prétambrian anid Cambrian strata.

All of these sediméntafy units have been broadly
folded into the north-plunging' Park City- anticline,
which has Been truncated by intrusive rocks on ifs
southern exténsion, Fissufes developed in the area
along east-northeast—west-southwest directions and
localized the base metal ore depasits of the Park City
mining camp.

The Mayflowér platon is exposed in the May-
flower ‘mine Between the 800-ft and 3,000-ft levels
(Fig. 3). Underground workings show the May-
flower pluton in contact with sedimentary formations
from the Mississipian. Gardison limestone on the
bottom of the. Perinsyivanian Weher quartzite; on the
surface (Quinlan and Simos, 1968), and with rod‘s
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of two other stocks: the Ontario and the Valeo.
Crosscutting relations between the Mayflower and
the Ontario stocks show the former to be older, but
age relationships to the Valeo stock are not evident.

Economic mineralization in the Mayflower stock
occurs along the Mayflower-Pearl fault zone and
consists of fissure-filling Pb-Zn sulfides with im-
portant amounts of gold, copper, and silver. Mine
production has come primarily from veins in igneous
host rocks; only about 20 percent of the production
has been provided by veins and replacement deposits
in sedimentary host rocks (Barnes and Simos, 1968).

Orientation, ¢ontinuity, frequency, and aperture of
fractures were determined for the Mayflower stock
to serve a twofold objective: (1) analysis of the
tectonic history of the stock with the hope of dis-
closing possible relationships with the major fissure
zones of the Park City district; and (2) estimation of
hvdrodynamic properties on the basis of fracture con-
tinuity, frequency, and aperture.

Interpretation of the fracture pattern of the May-
flower stock with regard to the district structural
framework was based on an analysis of 1,100 frac-
ture planes, mostly shear, derived from Hecla Min-
ing Company maps, together with fracture orienta-
tion data obtained during this study. The results of
this analysis reveal that two prominent sets of frac-
tures developed in the Mayflower stock (Figs. 4A and
4B). One set trends northeast-southwest, dipping
either northwest or southeast; the other is northwest-
southeast trending and dips dominantly southwest.
The steep-dipping character of both fracture sets is
evident from the stereogram plot of poles. For
purposes of subsequent discussion, the representative
structural attitudes of these two sets were considered
to be N 50° E/80° NW and N 50° \WW/80° SW.

The northeast-trending fissure system in the Maxy-
flower pluton is subparallel to the major fissure sys-
tems in the district (Figs. 2, 4A, and 4B). However,
the northwest-trending fissures in the Mavflower plu-
ton do not have recognized counterparts on a district

KEY

M Mossochusetis
B8 Baock

€ Croscent
F Frog valley
H Howkeys
O Onterie

0 Daoly

N Noildriver

Mf Moyflower — Psarl

Fic. 3. Lower hemisphere stereographic plot of the poles
of the major fissure zones present in the Park City district.
Encricled areas delimit the variation of fissure attitude; X
represents the axis of the Park City anticline.

1475

A B

Fi1c. 4. Percent plet of the poles of fractures in the May-

flower znd Ontario stocks. One percent counting areas.
Lower hemisphere projection on equal area net. A. Ap-
proximazely 1,100 sheer planes compiled from mine maps
(all ievels below the 700-fi level). Dark areas, 5.5 to 7.5
percent ; hachured areas, 3.4 to 5.3 percent, dotted areas, 1.5
to 3.3 percent, and biank ercircled areas, 0.5 to 1.5 percent.
B. 21,061 poles of mineraiized iractures (800-ft, 1,380-ft,
1.305-1t, 1,773-t, 2,00:-ft 2,2)0-ft, 2,600-f1, 2,800-t, and 3,000-
ft levels}. Dark aress, 8.0 to 11.0 percent; hachured areas,
50 to &0 percent; dotted areas, 2.0 to 5.0 percent; and
biack enzircled areas, 0.8 to 2.0 percent.

scale. These fracture sets in the pluton are con-
sidered conjugate shear fractures developed during
the pluion emplacement and cooling processes (Vil-
las, 1973). The contemporaneity of the two sets is
evidenced by the lack of significant offset of one
fracture set by the other and the fact that both sets
contzin similar alteration mineralogv. The conjugate
shear angle (26) of these two sets is approximately
8)° = 3°, measured from the stereograms (Figs. 4A
and 4B}. Failure under conditions of low coefficient
oi internal friction, [u =tan (90° — 26)], as indi-
cated by the Navier-Couiomb’s or Mohr’s criterion of
failure, is consistent with failure at high temperature
and high confining pressure (Heard, 1967).

Fluid flowpaths through fractured media are prin-
cipally along contiauous fractures which are usually
present in the crystalline rocks, and an analysis of
hvdrotkermal fluid flow through these rocks coupled
with the reactions that occur between fluids and rocks
requires considerasion of those fracture properties
which define rock permeability (Norton and Knapp,
1977). Ii the fractures are considered to consist of
equidisiant, planar, parallel plates of infinite extent,
as propased by Snow (1968, 1970), then the perme-
abilizy {k, in am?, 105 em? = 1 darcy) of a single set
of fractures is givea by:

nd}

k=45 M)

where the abundazce of continueus fractures (n, in
em?) znd their zpertures (d; in cm) need to be
kaown. The fiow poresity (¢) per unit length of

[,
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Fic. 5. Fracture abundance (n) distribution in a portion

of the Mayflower stock showing the substantial decrease of n .

below the 2,600-ft level and zones of higher fracture density
related to the Mayflower vein in the upper levels.

fracture for the corresponding case of equation (1)
can be written as

¢ = nd. @)

Fracture abundance and aperture were, therefore,
measured and used with equation (1) to estimate the
flow porosity and permeability of the Mayflower
pluton. The abundance of continuous fractures (cf.
Villas, 1975, for methods) over.a north-south cross
section of the Mayflower mine ranges from six frac-
tures per meter to 21 fractures per meter (Fig. 3).
These values are generally greater than those for all
other stocks in the Cottonwood-Park City area,
which are generally in the order of 0.6 to 3.0 frac-
tures per meter. Larger fracture abundances in the
AMavflower stock occur on the upper levels of the
mine in the vicinity of the Mayflower vein, notably
between the 1,380-it and 2,005-ft levels where they
occur svimmetricallv on either side of the vein. A
substantial decrease in fracture abundance occurs
below the 2,600-t level.

. VILLAS AND D. NORTON

"The continuous fractures mapped in the Mayflowe

pluton were partially or totally filled with alteratioy
minerals, Although present-day ‘openings are mog

likely the net effect of mineral dissolution and pre. =

cipitation, these openings are the only remaining indj.
cation of what the fracture apertures were during the

alteration processes. Fracture aperture data for the:
Mayflower pluton refer to present-day openings anq"
are assumed to represent the fracture aperture at the

In the

onset of the hydrothermal fluid circulation.
absence of a more adequate way to quantify paleo-

fracture apertures, this approach is considered to pro-
vide a reasonable initial estimate. Fracture aperture. !
values measured in this manner range from 40 to -

270 pm and average 145 um (Villas, 1975). On some -

levels where the average aperture values are rather

uniform, on the order of 150 um * 30 pm, no sys- -
tematic variations in apertures with depth or lateral "

extent were found.

The geometry and distribution of pores define the

contact area between fluids and reactant minerals—a
critical parameter in understanding the mass transfer
between reactant minerals and aqueous solutions. It
is necessary, therefore, to discriminate the major
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Fic. 6. Distribution of total porosity (¢r) in the
Mayflower stock.
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contributing parts of the rock porosity. The nature
of pores can be related to specific porosities,

é1 = ¢r + ¢p + én 3)

where ¢r is the total porosity of the rock, and ¢y is
the flow porosity which refers to open spaces along
fractures where aqueous ions are transported pri-
marily by fluid; ¢p is the diffusion porosity and in-
cludes those pores or dead-end fractures conected to
flow chanels. This latter type of fluid-saturated void
constitutes the channels through which ions are trans-
ported, primarily by diffusion. ¢ is the residual
porosity which is associated with pores not connected
to flow or diffusion channels, such as fluid inclusion
voids, mineral grain boundaries, and submicroscopic
cracks (Norton and Knapp, 1977).
Total porosity of a rock can be obtained from

eg )

gr=1-"- 4)
where pg and py are the bulk and grain densities of
the rock, respectively, Values of total porosity for
the Mavflower pluton fall in the range of 0.4 to 6.0
percent. Average total porosities for rocks along
traverses oriented along east-northeast—west-south-
west directions, at approximately 15 m south of the
Mayflower vein, are the highest values (3.20%,
450%, and 2.70% for the 2,003-ft, 2,200-ft, and
2,000-ft levels, respectively), whereas those along
north-south traverses on these same levels reveal
average porosities of 2.20, 2.00, and 1.20 percent,
respectively. The east-northeast—west-southwest tra-
verses correspond to altered zones where clay min-
erals are most abundant. The distribution of total
porosity values over a north-south cross section of
the mine (Fig. 6) indicates that the higher values
occur below the 2,005-ft level.

CUNUUCTI'VE t NO FLOW

7 T T

2KM !
= k= 10712em? , KEETLEY VOLCANICS §
-
[y E
2 3
21T w107 ¥cem? ] MES0Z0IC ROCKS |2
-
wl  x=10""em? = | paLEozoic Rocks |
- ‘ Z x =
S x=10"7em? S Q &
=2 w - N
g xe0Zem? } 3| BASEMENT Rocks |7
or = =

T = 925°C

INSULATING 1 NO FLOW

INITIAL & BOUNDARY
CONDITIONS

GEOLOGY

TIME = O

F16. 7. Geology and initial boundary conditions used for

the two-dimensional cooling model ~of the Mayflower
stack.
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Fic. 8. Variation of permabiiity (L\ with time through-
out section down to 075, 1.3, and 3.0 km below the top of
the Mayflower stock.

The directional permeabilities of the Mayflower
pluton were computed with respect to the N 50°0 E/
80° N1V and the N 50° W /80 S\V structural planes
and were calculated from egquation (1). Values
range from <10 to 7 X 10-®* cm® for fractures
oriented along the N 30° E/20° NW direction and
from <10** to 5 X 10 cm® for the N 50° W/80
SW plane. These restlts are in reasonable agree-
ment with reported values of permeabilities for frac-
tured plutonic rocks. Permeabilities ranging from
10°t0 1.7 X 107 am® kave been mieasured in quartz-
porphyry stocks, althorgh most reported values oc-
cur in the 107*% to 10 em® range (Cadek et al,
1968). This lower permeabiiity range was attributed
to the fact that those stocks are not as abundantly
fractured and/or that the fractures observed are filled
with alteration minerals.

Simulation of the Hydrothermal System Related
to the Mayflower Stock

The hydrothermal svstem associated with the em-
platement of the Mavflowwer and Little Cottonwood
stocks has been simuiated in order to predict the
stvle of fluid circutation related to these intrusions.
The large permeability of the Mayflower stock re-
quires that convectve flui¢ flow was the dominant
mechanism of heat transpost during its thermal his-
torv. By contrast, the Litle Cottonwood stock is
characterized by very large firacture spacings and,
hence, low pemeabil"\ and appears to have cooled
predommantl\ oy cozduction.

The system was simulated by methods w htch utilize
numerical approximztions of differential equations
which describe the process of heat and mass transport

around cooling plutoas (Norton and Knight, 1977).
The computational program afiords for both con-
ductive and convective heat transfer mechanisms in a
two-dimensionzl frzamewocrk, thermodynamic prop-
erties of the drculaing fuid (H.O system) in the
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Fig. 9. Steady state (A) streamfunction and (B) iso-
therms in the Mayflower system at 5X10* years of
cooling.

P-T region of interest, and variable permeabilities
and thermal conductivities at each grid point of the
domain.

Simplified geologic cross sections combined with
estimates of permeabilities for the different rock units
and temperature of the heat source define a possible
set of initial conditions at the time of emplacement
of the Mayflower stock (Fig. 7). Emplacement of
the intrusion into water-saturated host rocks was
assumed to be instantanecus. The initial tempera-
ture of the stock' was set to 925°C, and the sur-
rounding rocks were set to temperatures appropriate
for a geothermal gradient of 20°C/km. Heat of
crystallization, for water pressures compatible with
the depths of emplacement, was included in the heat
equations. The size and shape of the stocks were
assigned on the basis of geologic cross sections and
constraints imposed by the numerical approximations
which utilize discrete points to approximate the dif-
ferential equations, A thermal conductivity of 3.0 X
10-% cal/ems °C was assumed for all rocks. The

syvstems were analyzed for conductive boundary con-

ditions, except for the lower boundary which was

R.N. VILLAS AND D. NORTON ¢

insulating, and impermeable flow boundary condijk.v
tions were used.

Host rock permeabilities were assigned on the
basis of notions of permeabilities of stratified se.”

quences comparable to the varied: lithologies in the
Cottonwood-Park City area.
however, were estimated on the basis of observed

fracture characteristics, as previously discussed‘.;
Initial permeabilities of the magma at the time of -

emplacement were assumed to be 1027 em®, To ac-
count for variation of permeability with time, frac.
turing was simulated by instantaneously increasing
the permeabilities as the stocks cooled below solidus
temperatures, i.e.,, 750°C. ‘

The style of fluid circulation caused by the em. '
placement of the Mayflower stock has been predicted -
on the basis of estimated permeabilities, as discussed
earlier. Three episodes of fracturing were simulated .
as the stock cooled below 750°C, approximately the
Each of these’ -.
episodes was assumed to affect progressively lower |
Fractures developed * :
during the first episode were considered to extend - -
arbitrarily into the host rock for distances of 1.5 km
away from the top and upper 0.75-km margins of the -

solidus temperature of this system.

zones of the stock (Fig. 8).

stock, and the host rock permeabilities were increased
one order of magnitude relative to their initial values.
Partial or total filling of fractures with alteration
minerals is evident and indicates that rock perme-
abilities have actually-decreased with time. Although
this decrease may have had a substantial effect on
the style of flow, it was not accounted for in this
analysis.

Subsequent to fracturing, relatively large amounts
of fluids circulated through the domain, with the
exception of the impermeable lower half of the
stock. As gradients in the streamfunction increased
(Figs. 9 to 11), convection cells, initially centered
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& creasing gradually thereafter,
§ carbonate layers ranged from 107% to 10-° g/em?s at

400

TEMPERATURE
200

R

100000 200000

TIME (YR)

i Fic. 12. Average temperature of a 2:dan’ region as a
function of timme in the \{ayﬂawer systems at fixed positions,

04 and 1.2 km, abaove top of the stock, | and 2, respectively.

Arrows show tn‘nes at which permeablhty was mcreased

in the host rocks, shifted to the more pérmeable
¥ zonés ‘of the. sfock wherg. the largest flow velocities
§ occurred At approximately t.= 7 x 10¢ years, de-

§ (= 1.5 X 10° years to 10-* to 10"%g/cm®s at t = 1.8
X 10 vears with values, at a given time; increasing
toward the stock side contact. In the shaly forma-
tions immediately above, fluid fluxes-increased from
an average of 5 X 10-° g/em®s before the: first frac-
ture event to an average of 10-® g/cm’s, “hw.ch per-
sisted for most of the cooling of the stor.‘k subsequent
to that event, '\Iagmtudes of fluid fluxes varied sig-
mﬁcantl\r with :time inside the steck, The more
permeab]e upper half witnessed fluxes four to. five
orders of rnagmtude greater than those in the lower
half, which were in the order of 1072 g/em®. How-

 ever, after the third fracture event, at t = 6.5 X 10°

vears, finid fluxes _ranged from’10-7 to 10-° g/em®s in
the upper 4 km of the stock, with values increasing
with time. .
1}16 high permeabilities in the doivain caused a
convection-dominated systein:in which large amounts
of fluids flowed through ‘the heat soutce, thereby re-
ducing its thermal energy to about 40 percent of the
iitial value after only 10 vears of cooling. Convec-
tive heat flux at 0.25 km above thé stock top reached
maximum values of 11, 7, and 5 HFU at approxi-
mately 2 X 10% vears 'lftEI‘ each fracture episode and

was at least four times higher than the conductive,

heat flux duting at 1.2 x 10%yeat period of t':oc')l'iug
The heat transférred across the stock margins in-
creased the temperatufe of a 1.2-km-thick pile of

L

Fluld ﬁuxes in the
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‘Fic. 13, Averagé temiperaiure for 2 ke ds .z function of
time in the AMavflower syster at fixed positions, 3.6, 2.4, and.
04 km, below top of the sock, 1, 2. and 3, respectively.
.An'o“s sHow times. at “hch pe"meabx.;t; was increased.

host rocks above the stock-at aa average rate of 9 X
10% °C/year. At approumat‘_l} t=3 X 104 yvears
temperitures had tisen to 2 mwasimum of 350°C in
those rocks which subsequently cooled at an average
rate 6f 6 X 10 °C/)ear (Fig. 12). Byvt=18x%
10° vears orly a 0.3 kin of overhving tocks was still
tieated above 200°C. Abandant Auid circulation into
thé uppsr stock margin azd aloag the stock-host rock
contacts inhibited a sigriifcant outward displacement
of the 200°C laOthE'lTl, Izside the stock temperatures
dropped very rapidly in the iractured zones (Fig.
13). The 800°C isothérm was displaced at an ayer:
age rate of 12 ¢m/¥ear, which was 3.5 times as hlgh
as the average d1::.piacemmt of the 400°C isotherm in
corresponding perieds oi time, The upper 2 km of
the. stéck was thus maictained at -average tempera-
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cooling. Tick marks on.pah ocer 2t 1= § and évery 6%
10 years.



file://�//-ith

P

P T ey S

. {4 i m e

T

T

1480

TEMPERATURE

R. N. VILLAS AND D.

400 800
",
.
3
3y
b
, g;g- =
[ 1
)
m
o
Pas
o A

NORTON

TEMPERATURE
400 800

aov

FINSSIYd

0os

Fre. 13, A, B. Prégsure-témperature conditions_along pathlmes in the. Mayflower system,
Figare 14, with respect to two-phase surface in HzO-systeni. Tick marks on path geeur at’

6 X 10-year increments,

tures of 270°C, subsequent t6 thé last fracture event
at't = 6.5 X 10* years, while the lower third of the
stock continued to cool at a rate of 2.60 x 10:°
°(/vear,

The analysis of fluid distribution in and around
the Maxflower stock during its codling provides im-
portant evidence to understandmg the nature of the
mingral assemhlages observed in the altered rocks-of
have been chosen as representative of both the extent
the:Mayflower mine. Pathlines of sevén fluid packets
have been chosen as representative of both the extent
to which fAuids moved through contrasting chemical
and mineralogical environments (Fig. 14) and the
vatiation in pressure and temperature that those

- fliiids expericnced along, their paths (Figs. 15a dnd

15b}.  Fluid pacl\etb that started in the basemeént
roeks at different depths and distances from the
stock-sidé contacts showed distinct pathlinies during
a cooling period of 1.8 X 10% years. Fluids associ-
ated with pathline 1 did net penetrate the stock,
whereas those associated with pathline 2 crossed
the'stock margin at t = 10% years-and moved 1.5 km
into the stock intériof. The paths of fluid packets 1
and 2 in P-T space are similar, br+ the fluid packets:
of pathline 2 were héatéd to h1gher temperatures (up
to 400°C) and sub]ected to lower pressures {down
to 423 bars). The fluid packet répresented by path-
line 3 crossed the stock margin'at't = 7.5 X 104 years
and moved for 3 km through the stock at which point
it moved. to the Mesozoic shaly-forimation-stock con-
tact. The fluids. then circulated for over 6 X 10*
vears through those farmations, heading toward the
carbonate ruck: fimediately below. Along fhis
pach the temperature increased from 110° to 560° C
then decrensed to 180°C, as fluids ingvéd away from
the. stock interior, The correspondmcr pressure

change reached 2 maximum of about 170 bars (Fig:
ISa) The fluid packet of pathline 4, which originated
in the shaly forinations, moved dou nward through
the more permeable éarbondte rocks and then into
the basement rocks. -Bath pressure and temperature
increased along 'this path toa maximum of 400 bars
and 230°C. Pathline 5 describes the path of-a fiuid
packet resnhng initially in the carbonate rocks at
approximately 1 km ‘from the stock side contact,
Fluids entered: the stock at a depth of -4 km and
moved upward inside the stock for about 1.6 km,
~crossing the stock-Mesozoic shale contact at approxi-
mately 't = 10% years. Fluids continued to move
through the shaly formations, then toward the under-
lying carbonate rocks to entér the stock again along
the carbonate-basement rock contact-at t = 1.8 X 10%
years, Fluid temperature ificreased isobarically to
about 260°C at the stock margin, and for a period of
approuma’ce]y 1.4 x 10% years témperature and pres-
sure first decreased and then increased as fluids
moved out of and into the. heat source. The fluid
pdcket associated with pathline 6 crossed the upper

stock contact at t = 2 X 10% years, moving into the:
overlying volcanic rocks in the subsequent 1.6 % 10°

years of cooling, first upward for about 1 km then
laterally for about 2:5 km. The fluid packet under-
went a 6253°C décreaseé in temperature over an initial
6 X 10%-year period of cooling, continuing to cool
thereafter at a fitach slower. rate. Fluid pressure in-
creased for a short period of time, but the overall
trend was a gradual decrease from 300 bars initially
to 120 bars at t= 1.8 % 10° years. Fluids repre-
sented by pathline 7, with origin in the: volcanic rocks
at a distance of 2:3 km from the stock upper corner,
flowed only a rélatively. short distance and without
changing pressure or temperalure,
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MASS TRANSFER BETIWEEN FLUIDS AND MAYFLONER SIOCK i481

Irreversible Mass Transfer between Circulating
Fluid and the Mayflower Stock

The composition and relative amounts of product
minerals derived from solution-rock interactions
depend upon time- and space-dependent parameters
ach as temperature, pressure, fluid flux, and fluid
and rock compositions. The extent of alteration is
measured by the distribution and abundance of alter-
ation minerals and the gains or losses of components
relative to the unaltered rock.

Mineral abundances were calculated from the
chemical conipositions of rocks and minerals. These
data were obtained on samples collected in a region
near the top of the Mayflower stock over a vertical
depth of approximately 700 m and a lateral distance
of about 300 m south of the Mayflower vein.

The Mayflower stock is the predominant rock unit
exposed within the underground limits of the May-
flower mine. Its composition ranges from diorite to
granodiorite, but it generally falls into the quartz
diorite category. The Mayflower rocks are por-
phvritic with phenocrysts of andesine, biotite, quartz,
hornblende, and K-feldspar. The groundmass is
aphantic to fine grained and exhibits basically the
same mineralogy. Subhedral to anhedral andesine
phenocrysts show zoning, but enrichment in albite
content is nonuniform toward the phenocryst edges.
Andesine is the most abundant phenocryst and is the
major component of the groundmass. The most com-
mon alteration products replacing andesine are kao-
linite, sericite, epidote, calcite, anhydrite, and chlorite,

Biotite is present in varving amounts and consti-
tutes the second miost abundant phenocryst in the
rocks, In the groundmass it occurs as scattered
flakes less than 0.5 mm in length. In some instances
biotite is found replacing hornblende, Most samples
contain clusters of fine-grained biotite, about 0.1 mm
long, apparently the result of alteration of earlier bio-
tite phenocrysts, The most common alteration prod-
ucts of biotite are chlorite, epidote, fine-grained cal-
cite, and sphene, .

Hornblende has an occurrence similar to that of
the biotite with which it is usually associated. Gen-
erally, it is present as an accessory mineral, although
in a few cases it comprises up to 15 percent of the
rock volume. It appears usually in subhedral crys-
tals, commonly altered to chlorite.

Quartz exists both as phenocrysts and small grains
in varying amounts and has been introduced along
with the veinlets that transect the rock. In general,
it forms small anhedral equant crystals, especially in
the groundmass,

K-feldspar occurs rarely as phenocrysts. 1Vhen
present, it shows anhedral crystals of orthoclase or
microcline slightly altered to kaolinite or sericite. In

the groundmass it is more abundint, especially as a
hydrotaermal zlterarion product. Awugite, apatite,
sphene, and zircor accur as accessories.
The Ontano- steck is exposed only on the 2,800-it
and 3.000-ft levels of the Mayflower mine. The
Ontario rocks are porphyritic, although some facies
are nezrly equigranular, and their composition ranges
from quartz monzonite 1o quartz diorite. Petro-
graphically, the Mayflewer and Ontario stocks look
alike ; their minerals display essentially the same tex-
tural characteristics, except that some plagioclase
phenocrysts in the Onario rocks have a myrmekitic
intergrowth of quartz,
The Valeo porphyry rocks are exposed in the
west side of the mine betweea the 800-ft and 1,270-ft
levels, forming a thick sill-ike body between sedi-
mentary walls. It reappears on the 2,005-it level
as small dikes or tongue-shaped intrusions cutting
through calcareous units, These rocks have a dis-
tinctive porphyritic texture with phenocrysts of
oligoclase-andesine and quartz (some with rounded
outlines) embedded in a fine-grained groundmass.
Plagioclase phenocrysis are tabular, reaching up to '
1 cm in length. Mafic minerals, particularly biotite,
are present as sattered small crystals but are not
abundant. K-ieldspar occurs in larger amounts than
in the other two stocks. and some grains are perthitic.
Prrite, kaolinite, sericite, calcite, and chlorite are the '
principal aleration minerals found in the Valeo stock. {
The chemical and mineral compositions of the '
igneous rocks swere quanttatively determined on o |
samples represeating a2 dep:th of about 670 m (be- 1 i

tween the 800-it and the 3,000-ft levels), and a
lateral distance of 2.0 km along drifts and crosscuts
was examined, of which 1.4 km was sampled along
north-south directions. The remaining 0.6 km was
mapped in laierals pzrallel to the Mayflower-Pearl
svatem along east-northeast—west-southwest direc-
tions. Observations were made and samples col-
lected over 13-m intervals or less, Continuous rock
chip samples covered the whole extension of each
inierval; a few were restricied to the immediate
vicinity of veins. In addition, 303 m of core samples
from a vertical diamond dnill hole located near the
skaft on the 3,000-it level were studied,

One hundred and thirty samples were chemically !
analvzed for all major components except chemically f
bouzd water (Table 2). Si, Al, Fe (total iron as
Fe*), Mg, Ca, Na, K, Mz, and Ti were determined
bx X-ray fluorescence spectroscopy, whereas sulfur
(both sulade znd szlfate was determined with a
LECO automaric ttrztor. Carbon dioxide was
determined with a selective collecting-gas system
adapted to a2 LECO induction furnace (cf. Villas,
1973, for analytical procedures).
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G/CM**3 PER CENT
SAMPLE GRDEN3S BKDENS3 ERSTY SI102
ME-0840L 2.821 2.78 1.45 58.208
NF-0802 2.819 2.79  1.03 54.48
ME~081) 2.849 2.74 3.83 56.50
MF-0804 2.885 2.75 4.68 57.04
uF-1301 2.761  2.7¢ 2.21 61.50
MF-1302 2.785 2.73 1,97 61.59
MF-1303 - 2.754 2.70 1.96 51.58
MF-1304 2.759 2.73 1.45 61.79
MF-1366 2.827 2.9 4.49 59.1v
MF-1501 2.811 2.78 1.10  60.4p
MF-1502 2.825 2.75 2.65 59.70
MF-1503 2.746 2.71 1.31 60.30
MF-1504 2.759 2.72 1.41 61.50
MF-1585 2,821 2.75 2.52  59.40
MF-1506 2.681 2.61 2.65 43.5¢
MF-1781V  2.765 2.72 1.63 56.90
MF-1702 2.795 2.76 1.25 58.2¢
MF-1763 2.755 2.72 1.27 57.40
MF-1704 2,789 2.74 1.44 58.80
MF-1745 2.777 2.74 1.33 58.30
ME-1706 2,758 2.71 1.45 54.70
MF-1707 2.798 2.75 1.72 56.79
ME-1708 2.794 2.74 1.93  55.¢0
MF-17¥9 2.784 2.3 1.94 57.59

M S ——. - A P, B _~—
PER CENT

TAnt

i 2,

Grain and Bulk Densitics, Porosit “and Bulk Chemical Composition of the Tgncous Racks of the Mayflower Mine
Y

AL203
16.70
17.49
17.60
18.09
17.20
17.29
15.30
17.20
16.7¢
17.19
16.80
16.59
16: 29
17.50
13.5¥
13.30
16. 88
17.80
17.9¢
17:30
16. 54
17.59
15.99

17.20

FEO

4,25

4.43

WEIGHT PER CENT

MGO CAO
3.61 5. 60
4.18 7.01
4.31 6.08
3.90 5.97
2.50 4.74
2.5¢ 4.00
2.34 4.04
2.77 .81
2.52 5.62
2.78 4.87
2.71 4.53
2.719 3.92
2.72 3.93
3.32 5.36
1.74 19.74
1.74 4.42
3.39 3.68
3.37 4.76
3.60 4.74
3.52 4.82
2.89 7.80
3.39 6.20
3.23 7.79
3.45 6.06

NA 20

K20

3.27

2.95

3. 15

3.33
3.65
3.05
2.34

1.49

MNO

8.13
.12

9.38

9.1
f.38

8.19

4. 35

- 0.26

8.24
9.21
v.13

0.09

1.02
3.11
9.35
#.16
0. o
0.17

2.17
1.49
9.33

0.20

0.75

0. 24

TIO2

v.95
0.93
3.69
8.71
3.53
¢.74
9.73
a.72
8. 66
0.62
9.67
8.94

0.43

g.49
0.80
V.33
b.83
e.77
¥.57

6.82

TOTAL
98. 44
98. 08
97.88
49.42
99.16
93. 08
98.97
99.26
97.37
97.54
95. 85
96. 63
98. 02
93. 38

100.82
99. 41
97.95
97. 49
98. 38
97. 34
99. 35
97. 66
97. 02

97.23

A3
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‘TanLe 2—(Conlinued)

WEIGHT PER CENT
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G/CH**3 PER CENT WEIGHT PER CENT
. SAWPLE GRDENS BKDENS PRSTY SI02. AL203  FEO MGO CAO  NA20 K20 8 coz KNO 503 TIO2 TOTAL

MPE-1718  2.774 2.76 @.5 5B.7¢4 16.980 4.45 3.68 5.18 3.21  3.83 @.49 0.6 @.12 @.81 @8.84 97.22
ME-1711 2,791 2.72 ‘2,54 6L.68 17.70  4.26 2,96 4.90 3.7% 3,25 @.27 0.40 9.1 $.17 9.82 168,22
MF-1712 7,735 2.71 8.91 58,98 17.2¢ 4.34 3,17 5.83 3.41 2,99 4,98 1.74 @6.16 8.1l @.77 99,54
VL-2081 2,733 2.78 .21 B3.gp 17.7@ 1:96 2.78 2.48 2.74° 6.8l 1,09 8.9 ©O.16 B.80 .45 99.21
VL-2002 2.664 2.53  2.78 62.i0 18.49 2.¢2 3.54 2.2¢ 2.33 6.87 1.34 .84 i d.e L 46 99,34
ME-2881 2.793 2,67 4.43 59.18 18.18 3.47 2.71 4.18 3.D4  3.57  B.96 1:25 ¥.15 B.84 B.68  97.93
MF-2802 2.834 2.77 2.26 6¢.29 18,88 3.53 2.36 3,58 3.07  3.82 1.43  1.69 9.16 8,13  B.59 97.96

MF-2863 - 2.788 .74 1,72 5).66 16.8¢  5.83 4.36 6.56 216 3.6l 1.38 2,76 B.65 0.48 B.64  97.97

FTMITT ¥TISKEAT SSFI

MF-2894  2.687 2.59 3.61 58,10 17.3%  4.97 3.86 3,16 2.16 3.86 1.47 1.15 8.52 .42 0.7¢  97.70

MF-2805  2.774 2.74 1.23 61.3@ 17.5¢ 3.89 3.42 3,68 3.78 3.25 #.9¢ 0.66 6.12 @.46 @.72 99.54
MF-2006 2.B68 2.76 3.77 55.76 17.28 4.9L 4,88 5.22 3,28 2.74 ©.66 @.480 9.19 ).l 1.88 97,19

ME-2087 2,836 2.16 2,68 S53.58 17.40 4.87 4.51 6.3 3.04 2.88 l1.88 @.75 .08 2.58 @.92 97.99
MF-20808 2.798 2.78 B.64 53.66 16.88 4,75 4,32 6.31 3.8l 261 1,88 8.68 P.P6 2.51 8.97  96.66

IPIT ANV SAINTS N

MF-2449 2.737 2.74 2.84 51.43 16.49  3.81  4.17 0,26 2.76 2,18 2,28 1.1l  B.¢9  3.86 .68  96.65

T
Sl
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HE-20108 .74 2,73 0,51 52,36 16.20 4,89 4,67 6.9 2.84 2,42 2,82 1.45 0.06 3.1B .64 98,49
MF-J