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ABSTRACT 

Laboratory measurements and field data indicate that self-potential 

anomalies comparable to those observed in many areas of geothermal activ

ity may be generated by thermoelectric or electrokinetic coupling processes. 

A study using an analytical technique based on concepts of irreversible 

thermodynamics indicates that, fot a simple spherical source model, 

potentials generated by electrokinetic coupling may be of greater amplitude 

than those developed by thermoelectric coupling. Before any more quan

titative interpretations of potentials generated by geothermal activity 

can be made, analytical solutions for more realistic geometries must be 

developed, and values of in situ couplinc coefficients must be obtained. 

If the measuring electrodes are not watered, and if telluric currents 

and changes In electrode polarization are monitored and corrections made 

for their effects, most self-potential measurements are reproducible within 

about ±5 mV. Reproducible short-wavelength geologic notse of as much 

as ±10 mV, primarily caused by variation in soil properties, is common 

in arid areas, with lower values In areas of uniform, moist soil. Because 

self-potential variations may be produced by conductive mineral deposits, 

stray currents from cultural activity, and changes in geologic or geo

chemical conditions, self-pote.nt ial data must be analyzed carefully before 

a geothermal origin is assigned to observed anomalies. 

Self-potential surveys conducted in a variety of geothermal areas 

show anomalies ranging from about 50 mV to over 2 V in amplitude over 



distances of about 100 m t o 10 krti. The polarity and wavefojm of the observed 

anomalies vary, with positive., negative., bipolar, and multipolar anomalies 

having been reported from different areas. Steep potential gradients often 

are. seen over faults which are thought to act as conduits for thermal 

fluids. In some areas-, anomalies several kilometers wide correlate with 

regions of known elevated thermal gradient or heat flow.. 



Introduction 

Self-potential anomalies that appear to be related to geothermal 

act.ivity have been reported from a considerable number of geothermal 

sreas. In this paper we discuss some possIbie source mechanisms for these 

anomalies, and give examples of noise and data reproducibility problems 

that often are encountered in self-potential work, and are more severe 

in large-scale geothermal surveys than in the relatively small-scale 

surveys conducted for mineral exploration. We then briefly summarize 

previously reported se'l f-potent isl surveys conducted in geothermal areas 

and present recent results from five additional areas: Grass Valley, 

Nevada; Cerro Prieto, Baja California, Mexico; Mono Lake, California; 

Roosevelt Hot Springs, Utah; and' Steamboat Springs, Nevada. 

Possible mechanisms of self-potential generation by geothermai actiyity 

Although the observed self-potential anomalies described later in 

this paper appear to be related to geothermal activity, the mechanism by 

which these anomalies are :g.enerated Is not well understood at this time. 

However, there is evidence that both the elevated temperature and the 

circulation of subsurface fluids which ar-e characteristic of geothermal 

systems are capiable of generating surf ace- potent lal fields comparable 

in wavelength and amplitude to the self—potential anomalies observed in' 

geothermal areas. The mechanisms by which elevated temperature and the 

flow of subsurface fluids may generate such anomalies are discussed below. 

1. Thermoelectric Goupling 

If a temperature gradient is maintained across a sample of rock, a 

corresponding voltage gradient will appear across the sample. This phe-



nomenon is known as thermoelectric coupling, and may be caused' by differ

ential thermal diffusion of ions in the pore fluid and of electrons and 

donor ipns in the: rock matrix.; a process known as the Soret effect (Heikes 

and Ure, I96I). The ratio of the voltage tb the temperature difference, 

AV/AT, is called the thermoelectric coupling coefficient. 

Data presented by Nourbehect (1963) for a variety of rock types give 

thermoelectric coup! ing coefficients ranging from -0.09 to -t-1.36 mV/ C, 

with an average value of about 0,27 mV/ C. Dorfman et al. (1977) obtained 

coefficients ranging from about.0.3 to 1.5 mV/ C for a variety of sand-, 

stone, Ilmes,tone and serpenten ite samples. In a related experiment 

by Dorfman gt al. (1977), a point heat source of 49 C inserted near the 

center of a limestone block measuring about 2 x 1 x- 1 m was seen to 

immediately generate a surface potenti'al field of about -f'20 mV amplitude 

centered over the heat source. In an experiment using powdered and crys

talline pyrite samples, Yamashita (196I) measured, a coupl ing coef f I'c lent 

of about -0.25 mV/°C. 

A technique, based on the concepts of irrevers-i ble thermodyanmi cs 

to yield surface self-potential fields generated by subsurface thermo

electric coupling is described by Noubehecht (1963). This approach re

quires the presence of a boundary that separates regions of differing 

thermoelectric coupling coefficients and is intersected by a body of 

elevated temperature relative to its surroundings. 

Curves showing the thermoelectric potential generated by a sphere df 

unifprm elevated temperature are given by Nourbehecht (1963). As a first 

approximation to a gepthermal model, we consider a buried sphere centered 



at a depth equal t o its diameter and intersected through its center by 

a horizontal boundary separating an upper layer of conductivity o. from 

an infinitely deep lower layer of conductivity 3 Q•. (Fig. 1). For this 

case, the maximum surface potential is about 0.15 [('̂ •i~C2̂ '̂'"̂  '̂ '̂ ̂ ^̂ ""̂  

C. and C_ are, the thermoelectric coupling coefficients of the upper and 

lower layers, respectively, and AT is the tempeTature difference between 

the sphere and its surroundings, 

Fbr a large, value of (Ci-C^) of 1 m\//°C and a AT of 100°C the 

maximum potential is about 15- mV, and for a more realistic value of (C.-G_) 

of 0.2 mV/ C the maximum potential is about 3 mV.; The polarity of the 

anomaly depends on the sign of (C.-C^); This is an Important point, as 

it indicates that thermoelectric anomalies may be of either positive or 

negative polarity. 

Anomalies generated by this model are of smaller amplitude than 

usually seen in geothermal areas, and they would be diffieult to distinguish 

from typical backgrpund no'ise (discussed later In this paper). More 

concentrated areas' of high temperature at shallow depth, such as thermal 

fluids in a= fault zone, could result in anomalies of shorter wavelength 

and greater amplitude, which would be more readily detectable.. If the 

relatively long-wavelength (seve'ral km), large-ampri tpde (50 mV or more) 

anomalies seen in scime, geothermal areas are generated by thermoelectric 

coupling, either the.in s itu thermoelectric coupling coefficients are 

larger than those measured in the laboratory, or the sources are of different 

geometry than the sphere model considered above-. More quantitative inter

pretation of possible thermoelectric effects awaits the measurement of 



in situ thermoelectric coupling coefficients In gepthermal areas, and 

the development of analytical methods to calculate the surface self-

potential expression for more realistic geothermal models. 

Several field examples ŝeem to indicate that measurable self-potentials 

may be generated by elevated subsurface temperatures. A series of measure

ments made by Dorfman et al. (1977) oyer steam and fire flood' welIs used 

for secondary recovery of petroteum at depths of about 200 m shov̂ ed 

positive self-potentisls which correlated with tbe location of the steam or 

fire front as determined from temperatures ax the heads of recovery wells. 

In this case, the steep gradiehts of the surface- potentlal field implied 

that some sort of vertical structure may have influenGed the' siirface ex

pression bf the potential field generated at depth, Electrokinetic coup'Mng 

(discussed later in this paper) also may have contributed to the anomaly. 

The boundar i'es of the sel f-potent ial anamalles m^risured at Leach Hot 

Spr ings J Nevada (Figs. 6 and 7 ) . Mono Lake;, California (Fig.. 10), and 

Roosevelt Hot Springs, Utah (Fig. 11) appear to correlate with the limits 

of areas of known anomalously high heat flow, allowing the possibility 

that at least a portion of these anomalies was. generated by thermoelectric 

couplIng. 

Self-potential surveys conducted over shallow coal burns provide 

additional examples of possible thermoelectric coupling in the earth. 

On the assumption that a shallow cosl mine fire might be a good modell of 

a miniature geothermal system, suryeys were made of twp shalipw burns. 

A survey at Marshall, Colorado (Fig. 2) shows a well-defined negative 

anomaly of 140 mV peak amplitude centered over what appeared to be the 



burning region as evidenced by smoke and steam issuing trom some vents. 

The coal seam Is at a depth of about 10 m and is capped to the surface 

by sandstone. 

A survey of a coal burn at Acme, Wyoming gave' similar results. In 

one area the burn was at most 3 m below the surface and rocks glowing red 

30 cm below the surface could be seen in slump cracks. A positive' anomaly 

of about 30 mV maximum amplitude was associated with this extreme thermal 

gradient. Larger anomalies were noted where the overburden was thicker, 

possibly indicating that eleGtrok'inetic effects were augment Ing the thermo

electric component.. 

2. Electrokinetic couplIng , 

The flow bf a fluid through a porous medium may generate an electric 

potential gradient (called the electrokinetic or,streaming potential) 

along the flow path by the 'interaction of the moving pore fluid with the 

Helmholtz double: layer at the pore surface, a process known as electro

kinetic coupling (Maclnnes, I96I). The streaming potential, E, generated 

b.y the flow of fluid through a capillary tube is given by 

E = ^ AP . (1) 

where-ft £, and TI are, respectively, the electrical resistivity, dielectric 

constant, and viscosity of the pore fluid; AP is the pressure drop along the 

flow path (related through Darcy's law to the fluid viscosity and flowrate' 

and permeability of the medium); and 5, the zeta potential, is the voltage 

across the Helmholtz double layer- Not enough is presently known about the 

behavior of p, ^ , and f] In the pores of rocks and soil to allow direct 
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calculation of the electrokinetic cbupllhg coefficient E/AP. As t, may be 

either positive or negative (Dakhnov., 1962), E may either Increase, or decrease 

along the flow path. 

Measured values of the streaming potential coupling coefficient E/AP in 

a variety pf rocks listed by Nourbehecht (19^3) range from -12 to +31 mV/atm 

in sandstones with distilled water used as the pore fluid. Tuman (I963) 

obtained E/AP values of about 15O to 390 mV/atm using 500 ohm-m distilled 

water in porous sandstones, and about 15 mV/atm using 4.4 ohm-m water. 

Ahmad (1964) obtained E/AP values In quartz sands ranging from 50 mV/atm 

for 24 ohm-m pore fluid to about 2400 mV/atm for 2700 ohm-m pore fluid, 

and similar results were obtained by Ogilvy et al• (1969). The measure

ments in quartz sands also revealed that E/AP is affected by the permea

bility and grain size of the matrix, factors that do not appear explicitly 

in (l). The flow of steam in pipes has been seen to generate very lat'ge 

potentials (Klinkenberg and van der Mlnne^ 195?) so it is possible that 

electrokjnetic coupling coefficients for subsurface' steam flbw may be 

greater than those listed above for fluid flow. 

Self-potential fields produced by the flow of subsurface water have 

been observed by Ogilvy et at. (1969), who measured variations of as. much 

as 50 mV over zones of water leakage through fissures in the rock floor 

of a reseryoir; and by Bogoslovsky and Ogilvy (1973)» who obtaine;d a posi

tive anomaly of 55 wV amplitude that mirrored the groundwater depression 

cone surrounding a well pumping from a depth of I6 m,. Streaming poten

tials are thought to be the most reasonable explanation for the self-

potential anomalies described by Zablocki (1976), Combs and Wilt (1976), 



Zohdy et al. (1973). and Anderson and Johnson (1976). As discussed 

later In this paper, the self-potential contours at Leach Hot Springs, 

Nevada strongly resemble the pattern of near-surface; water flow.. Onodera 

(1974) observed that the self-potential measured across a stati'onary dipole 

near a production well in the Otake field,. Japan (the length, location 

and orientation of the dipole are not specified) varied by 2R m\/ as the 

flow bf the well was turned- off and on, the variation being attributed 

to st ream i n g pot en 11 a'l s. 

A technique for calculating self-potential fields generated by 

electrokinetic coupling is given by Nourbehecht (1963). This technique 

uses the. concepts of irreversible thermodynamics to describe the coupling 

of pressure ahd potential gradients, and requires that a component 

of the pressure gradient be parallel to a boundary separating regions of 

differing electrokinetic coupling coeffici.. .ts in order for a surface 

self-potential field to be. developed by subsurface fluid flow. 

The only electrokinetic model described explicitly by Nourbehecht 

is a burled spherical pressure souce (or sink) In a horizontally layered 

medium. Although a spherical source probably is not representative of the 

driving force for fluid flow in a geotherinal system, It Is instructive 

to compare surface potential fields generated by this model with those 

obtained from the thermoelectric case discussed earlier, For the same 

geometry and resistivity distribution used for the thermoelectric case 

(Fig. 1), the maximum surface potential above the center of the. sphere 

is about 0.6 [(G.-C2)AP] mV, where C. and C, are the electrokinetic 

coupling coefficients in mV/atm of the upper and lower layers respectively 
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and AP is the pressure difference across the boundary of the sphere in 

atmospheres. 

For a reasonable value of (C -C„) of TO mV/atm and a pressure differ

ehce bf 5 .atm the maximum pptential over the center of the sphere is about 

30 mV, about an order of magnitude greater than for the reasonable thermo

electric case discussed prevlousry. The polarity of the anomaly depends 

on the sigh of (,C.-Cj) and the; direction of the pre.ssure gradient, so 

anomalies may be of either polarity. Thus, for similar geometry, self-

potential anomalies generated by electrokinetic coupling might be expected 

to be larger in amplitude than those generated by thermoelectric coupling. 

An impoftant point of this discussion Is that the magnitude and 

polarity of self-potential anomalies generated b,y thermoelectric and elec

trokinetic coupling depend 'not only on source parameters such as temp

erature, pressure, and geometry, but also on the magnitudes and differences 

of the coupling coefficients. Thus even if substantial subsurface temp-

erature^ and pressure gradients exist in an area, a mea,surable self-potential 

an'omaly will not be" generated unless the coupling coefficients and their 

differences across boundaries are sufficiently large. Also, even though 

both driving forces (temperature and pressure) may be present, the con

tribution of each to the total anomaly will depend on the relative magr 

nitude of the coupling coefficients and their differences. These mag

nitudes may vary not only from one geothermal area, to another., but also 

from point tb point within the same area. Therefore, knowledge of in situ 

coupling coefficients is necessary before any quantitative comparison 

between thermoeVectr lc and electrokinetic contributions to a given self-

potential anomaly may be made. 
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Noise sources and data quality 

Self-pqtential surveys made ^or conductive mineral exploration 

often are plagued by high noise levels and poor data repcoduclbl1ity, 

problems which have: cast tfie method into some disrepute.. These problems 

are compounded tn geothermal suryeys, where- the wavelength of the anomalies 

tends to be much longer, and their amplitude smaller than typical for 

shallow conductive mineral deposits. The long survey lines needed for 

profiling in gepthermal areas Increase errprs caused by telluric current 

variations and electrode drift, and the typical geologic background noise 

level of ±5 to ±10 mV may Interfere' with the detection of anomalies of 

the same magnitude. Survey jsrocedures, such ss. stepwise advancement of 

a short measuring dipole- ("leapfrog" technique) or the watering of electrodes 

to improve ground contact, which are adeqi. = te for the detection of the 

short-wavelength, high-ampMtude anomalies that are typical of shallow 

conductive mineral deposits- (Sato and Mooney, 19S0) have lead to serious 

cumulative errors whenused over long survey lines. As the- necessary 

precautions for obtslning reliable data In large-scale self-potential 

surveys ai-e not treated in detail in the standard references on the method 

(e.g,, Parasnis, 1966 ; Broughton Edge and Laby, 1931 ), the sources of 

noise and e r r o r for such surveys are discussed briefly in the following 

sect ions, 

1. Tellur ic currents 

Long-peri'od telluric currents generated by temporal variations in 

the earth's magnetic field may be-much as several hundred mV/km over resis

tive terrain (Keller and Frischknecht, I966). Much of this telluric activity 
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is between 10 and 40 seconds in period, but there Is also considerable 

energy at longer periods. If significant variations df 10 to 40 second 

periods occur while a. self-potential measurement is being made, several 

successive peaks ahd troughs may be averaged to give a reasonable approx

imation to the true "DG" value. Variations with periods greater than about 

one minute, however, are much more difficult to recognize during a typical 

measurement period of less than one minute, and may be erroneously assumed 

tb be spatial variations. An estimate of the level of long-period telluric 

activity may be gained by recording telluric variations across a stationary 

dipole In the survey area, but quantitative corrections to the data may 

be made only if the apparent resistivity of the earth beneath both the. 

stationary dipole ahd the survey point Is known for a period equal to 

that of a recorded variation. 

Telluric variations generally are not as serious a problem in 

relatively condijctive valleys as in mountai nous areas, where resistivities 

usually are higher, lateral resistivity variations are more prominent, 

and the direction of the currents may vary considerably. Even under Ideal 

geoipgic conditions, self-potentIai measurements taken during magnetic 

storms may exhi'bit very high noi s.e leyels. 

2, Streaming potentials 

As discussed above,, electrokinetic coupling may be one. of the mech

anisms by which .geothermal activity generates self-potent'ial anomalies. 

Such potentials generated by the. flow of non-thermal subsurface water 

would constitute a noise source In geothermal prospecting, and may be a. 

major cause' of variations related to topographic effects that are sometimes 
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observed in self-potential data (Williams et a 1.. 1976; Poldini, 1939). 

An extreme example of a topographic effect possibly related to 

streaming potentials was noted in a survey on Adak Island In the Aleutian 

chain of Alaska, where self-potential measurements werfe made in conjunction 

with other electricai studies to assess the geothermal potential around 

Adagdak volcano. A strong correlation between a self-potential profile, 

and elevation is seen in Figure 3- The topographic peak of Adagdak, at 

an elevation of 645 m, was 2693 mV negative with respect to a reference 

at 15 m above sea level. Because of the large amount of rain on Adak, 

a streaming potential mechanism provides a reasonable explanation for the 

observed correlatioh of self-potential with elevation. Adagdak is normally 

covered with rain clouds above the 300 m elevation, and snow fields were 

present in August when .the work was done, so an abundant supply of water 

was available. Assuming that a hydrostatic head due to a water table 

elevation difference is the driving mechanism, an electrokinetic coupling 

coefficient of about 100 mV/atm is indicated for the upper slope of Adagdak, 

This Is a reasonable value considering that the ground water Is low In 

dissolved solids and therefore has relatively high resistivity, In this 

area, the- topographically related potential completely overshadowed any 

possible anomaly caused by geothermal activity. The lack of detailed know

ledge of the surface hydrology and of in situ electrokinetic coupling co

efficients make it difficult to correct quantitatively for this large pbtential 

3. Conductive mineral deposits 

Deposits containing conducting sulfides such as pyrite, phrrhotite, 

chalcopyrite, chalcocite and covellite, as well as deposits of magnetite, 

coyelllte, and graphite are known to generate self-potential anomalies 
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whieh almost invariably are negative in polarity over the top of the deposit. 

The anomalies may be as much as 100 mV In amplitude and seldom exeeed a 

few hundred meters in width (Sato and Mooneyi I960). Sato and Mooney 

(i960) propose a mechanism fbr these anomlles In which the conductive 

mineral deposit serves as a path for electrons to travel upward throgh 

the deposit, from the reducing environment at depth to the oxidizing 

env)ronment at the upper end of the deposit. The corresponding flow of 

groundwater ipns in the earth surrounding the deposit generates the observed 

anomaly. As conductive minerals, unrelated to present-day geothermal activity, 

often occur In geothermal areas, their anomalies could present a noise source 

in geothermal surveys. An example of such an anomaly In shown in Figure 4. 

The large scale of the anomaly and its onset coincident with Kyle Hot Springs 

appeared to be of geothermal interest, but test holes 'at locations KY-1 and 

KY~3 showed an extensive zone of conductive graphite (with pyrite in KY-3) 

beginning at a depth of about 40 m (Goldstein, et ai .., 1976). As heat 

flow vaiues in the holes were normal for the area. It seems reasonable 

to Infer that the anomaly was caused by, the conductive mineralization, 

operating through the mechanism described above. 

4.. Cultural activity 

Stray currents generated by cultural activity are a major problem In 

populated (and some unpopulated) areas. Such currents may be generated by 

power lines, electrical ground, corrosion of pipelines o r buried metallic 

junk, the action of pipeline corrosion protection systems, well casings, and 

other geophysical activities In the survey area. The currents may be 

steady, or may take the' form of individual spikes or pulses, series of 
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sinusoidal or square waves, or irregular variations, and may attain ampli

tudes of tens or hundreds of mV/km at distances greater than 5 km from 

the source (Hoogervorst, 1975)- The use of a telluric monitoring dipole, 

as mentioned previously, along with careful observations for possible 

sources of stray currents, is essential to avoid Intet-pret Ing voltages 

generated by such currents as natural self-potentials. 

5. Resistivity, variations and uneven topography 

The thermoelectric and electrokinetic processes described previously 

act essentially as underground current sources. The surface potential 

f le.lds generated by these sources will be influenced by the subsurface 

resistivity distribution, and the self-potential field generated by s 

geothermal spurce may be distorted by resistivity changes across faults 

or contacts which are not therrnGl 1 y ect;.':, In some cases thes.e self-

potential variations may be useful for structural mapping, but care must 

be taken not to confuse them v;ith anomalies generated by actual thermal 

activity. As discussed previously, currents produced by telluric activity 

also are Influenced by the t^esistivlty distribution, causing variations 

In the surface potential field. :An example of distortion of a geothermally 

generated sel f-potent lal field eaijsed by 3 change In resistivity across 

a contact i's seen In the Cerro Prieto data (Fig. 8), discussed later in 

this ipaper. Near-surface resistivity variations also may be responsible 

for some of the large-amplitude, short-wavelength noise'often superimposed 

on longer wavelength self-potential anomalies In the vicinity of a geo

thermal source. 

Uneven topography may affect surface potential fields by distorting 
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current flow patterns (Grant and West, 1965). As near-surface resistivity 

also may vary considerably from point to point in areas of uneven topography, 

It may be difficult to separate the topographic and resistivity effects 

(non-geothermal streaming potentials also may be generated in such areas). 

A possibie example of these combined effects js seen In the eastern portion 

of the self-potential profile from Roosevelt Hot Springs (Fig. 11)> where the 

noise level Increased considerably In an area of extremely uneven topography. 

6-. Electrochemical effects 

Variations in spil chemistry, temperature, or moisture content 

probably account for much of the background noi se seen In seif-potential 

data.. The prbfile along line A-A' in Grass Valley, Nevada (Fig. 6 ) 

shows typical background noise, of as much as ±10 mV In desert areas. 

This noise may have wavelengths as short as a few cm, and its amplitude 

usually is less In areas of moist or more uniform soil. These environmental 

variations affect the "non-polarizing" electrodes? used for field measure-

rtiehts and may result in i rreproduclble polarization and drift. Preliminary 

laboratory and field data indicate that different electrode types (e.g., 

copper-copper sulfate^ si1ver-siIver chlor ide, calomel) may respond .differ

ently to changes tn soil chemistfy, moisture content, and temperature, 

so it is desirable that the electrode type used for a given survey 

be specified along with the survey results. 

a) Electrochemical concentration cells 

The potentials generated by chemical concentration cells may reach 

several hundred mV (Maclnnes, 1961), but these values usually will be 
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seen only across bare metal 1lc glectrodes, as the liquid junctions of 

"non-polarizing" electrodes produce counter potentials and limit the overall 

cell potential to several tens of mV (Corwin^ 1976a). Nourbehecht (I963) 

estimated that about 20 mV might be the maximum expected value for most 

geochemical concentration cells, Semenov (1974) reported maximum anomalies 

of about -30 mV across salt marsh areas, and a survey run across a desert 

salt flat in Buffalo Valley, Nevada showed no apparent effect of the 

change in soil chemistry between the salt flat area and the surrounding soil. 

Positive anomalies of 20 to 40 mV over pegmatite vg'lns, and smaller 

anomalies over silicified zones, have been attributed to electrochemical effects 

(Semenov, 1974). As the boundary of the anomaly at Leach Hot Springs, 

Nevada (Figs. 6 and 7) corresponds to that of a silicified area, it is 

possible that electrochemical effects contribute to the observed self-

potent ial anomaly. 

Alunite may be present in areas of hydrothermal alteration. Very 

large self-potential anomalies of -1800 mV (Gay, 1967) and -700 mV (Kruger 

and Lacy, 19^9) have been attributed to a. concentration cell effect caused 

by the; weathering of alunite to sulfuric acid. The presence of alunite in 

geothermal areas such as the Dome Fault zone of the Roosevelt Hot Springs 

KGRA (Parry et al., 1976),then, lends additional uncertainty to the Interpre

tation of self-potential anomalies. The pH difference of about, 3.3 between 

the alunlte-bearing and background areas described by Gay (I967) would 

generate only about 200 mV across a hydrogen ion-reference electrode 

pair, and preliminary laboratory measurements Indicate that pH cells 

generate even smaller potentials across copper-copper sulfate or other 

non-polarizing electrode pairs. Thus, it remains unclear whether measured 
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self-potentials exceeding a few hundred mV could be generated by hydrogen-

ion concentration cells produced by the weathering of alunite. Self-

pptential surveys conducted by one of us (DBH) across- alunite deposits 

in the Wah Wah mountains-, Utah, and at the Randsburgh, California KGRA 

showed no significant anomalies, so alunite may be present without ac

companying self-potential activity. 

Even' though most electrochemical potentials ma,y be limited to a.' few 

tens of mlirivoits, they tend to obscure small, long-wavelength anomalies 

which may be of geothermal Interest. Their effect may be minimized by 

careful selection pf e ]ec t ro( ie sites for uniform soil conditions, by 

filtering the field data to reduce short-wavelength variations, or possi

bly by measuring soil chemical properties at each electrode site, for 

future data correction. Improved electrode design, such as the use of a 

double electrolyte chamber to further chemically isolate the electrode 

element, from the soil, also may help to t̂ educe electrochemical effects. 

b) Soil moisture â nd watering of electrodes 

Variations In soil moisture content often give rise to self-potentlal 

variattons, with the electrode in the wetter soil usually becoming more 

positive (Poldini, 1939)• Similar variations are caused by the common 

practice-of watering electrodes to improve electrical contact with the 

ground. Potential variations caused by watering of electrodes generally 

do not adversely affect commutated resistivity readings, but may seriously 

degrade self-potential data. 

Figure 5 shows the effect of watering copper-copper sulfate electrodes, 

The electrodes were placed In an acid clay soil and allowed to stabilize for 

about 15 min (during this period the potential changed by 3 mV)- Then, 
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about 250 ml of water was poured around one electrode, which caused a 

jump of 14 mv positive with respect to the unwatered electrode. During 

the 25 min requried for absprption of the water Into the soil, the po

tential of the watered electrode dropped, possibly because of a streaming 

potential generated by the flow pf the water into the soil. When the-

absorption was complete, the potential rose to a maximum of 22 mV over a 

period of about 1 hour. The positive potential associated with the watered 

electrode has been attributed by one of us (DBH) to electrode contact 

potentials related to a capillary effect (Kruyt, 1952). 

When large diameter (>2 cm) non-polarizing electrodes are used in 

the field, contact resistances rarely exceed 20 k ohm (1 to 10 ohms Is 

typical) if care is taken to Insert the electrodes firmly into small pits 

that penetrate thrbugh the dry surface soil layer (usually no more than 

6 
10-20 cm deep,, even in desert soils). Inexpensive voltmeters of lO ohm 

Input Impedance wili not draw appreciable current from the electrodes under 

these conditions, and there Is no need to water the electrodes to reduce 

contact resistance. When using very small diameter (<5 mm) electrodes, 

q 
contact resistance seldom exceeds 500 k ohms, and voltmeters having 10 ohm 

input impedance have proven satIsfactofy, 

Electrode watering., therefore, may cause-pers i stant electrode 

potential changes, and elimination o f this p r a c t l e e results In improved 

consistency and reproducibility of self-potentIai readings. This Is particu

larly true In "leapfrog" surveys, which are subject to positive cumulative 

error in the traverse direction, caused by the fresher watering of the leading 

electrode. Natural variations of soil moisture must be carefully noted 

in the field, with the realization that they may be the cause of self-
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potential variations of as much as a few tens of millivolts. 

c) Electrode polanzation and drift 

A spurious potential (polarization) will be measured across an 

electrode pair If the electrolyte or porous junction of the measuring 

electrode become contaminated with, chemica! species not ordinarily 

present ip the electrolyte-, of If the electrolyte temperature or porous 

junction moisture contents differ. Polarization may appear suddenly, 

for example,after contact of the measuring, electrode with a highly concen

trated groundwater solution or It may be manifested as drift, as when the 

porous junction of a base station eleetrpde dries or absorbs groundwater 

ions over a period of time. Drift may also be observed during the course 

of a. single reading, as the temperature, moisture^ and chemical content of 

the eiectrbde adjust to the values in the soil. Minimizing the amount of 

time an electrode remains In the ground reduces the chance for contam

ination. Therefore, readings should be made as quickly as possible, 

consistent with the level bf telluric noise activity. Usually, only 

a few seconds are needed for the electrode to "settle In", with any 

drift after this period being a respons:e to environmental conditions. 

Along with teilurid variations and time-varying stray currents, polari

zation and drift constitute the major source of non-reproducibi11ty in 

most self-potential measurements. 

If the electrolyte temperature of the measuring electrode differs 

from that of the reference, a potential will appear across the electrode 

pair. The teniperature coefficient for saturated copper-copper sulfate 

electrodes is about 0.5 mV/°C (Ewing, 1939; Poldini, 1939):; for silver-
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siIver chloride electrodes it is somewhat less than half of this yalue 

(Cofwih and Conti, 1973)* The combined polarization and drift caused by 

these temperature differences, by electrolyte or porous junction con

tamination, or by drying of the porous junction may be determined during 

the survey by periodically measuring the vbltage between the working elec

trodes and a reference electrode; maintained In a bath of electrolyte 

solution. The reference electrode maintains a relatively constant potential 

if its temperature is held constant. This procedure allows polarization 

snd drift corrections to be made to the data. As these corrections may 

at times amount to some 20 mV, neglecting them may lead to significant 

errorSi An example of data improvement resulting from this procedure Is 

discussed later in this paper, lh the description of survey results from 

Leach Hot Springs, Nevada. 

7. Field procedure 

It is apparerit that much care must be taken to obtain reproducible 

and meaningful self-potential data. We have found that potential readings 

are affected by the quality of the electrode contact with the soil, and 

that this effect is greater than would be predicted from a simple change in 

circuit resistance relative to the impedance of the measuring instrument. 

For example, reseating ah electrode to reduce the measured circuit resis

tance from 20 k ohms to 5 k ohms may change the measured potential by 

5 o r 10 mV, representing a variation of at least several percent for a 

typicai total reading of less than a few hundred mV. For a voltmeter 

6 
with 10 ohm input impedance, a source resistance change of 15 k ohms 

would cause, the Indicated voltage to change by only a few tenths of a 
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percent; an amdunt considerably less than the observed variation, Therefore, 

electrode contact resi'stance should be checked at each station, and an 

effort made to ensure good ground contact and to keep the circuit resis

tance as uniform as possible. from station to station. As the resistance: 

measurement'polarizes the electrodes by driving current through them, it 

should be made after completing the self-potential reading, for as short 

a tIme as possible. 

Potentials generated by telluric currents should be monitored to 

assure that they are not misinterpreted as spatial anomaUes. Frequent 

checks of electrode polarization and drift are esseht.ial, especialiy 

when a "gradient" or "1 eapfrog"survey confIguration (in which a dipple 

of fixed length Is stepped along the survey line, and successive voltages 

added to obtain the total field) is us:ed. When many such additions are 

perfbrmed, small errors may accumulate to large values. Running_ such 

surveys in a closed loop does not provide ati absolute, check on possible 

cumulative error, as the polarization of an electrode pair may change 

magnitude and polarity from reading to reading. Alternating the leading 

and follbwing electrodes ("leapf I'ogg ing") in this type of survey will 

help to reduce cumulative error caused by electrode pplarization. Polar

ization errors also will affect data for a "total field" surve:y (In which 

a. fixed base electrode is used for the entire survey) but, as successive 

readings are not additive as with the "gradient" method, the error of each 

reading Is limited to the maximum value of the polarization. If fieid 

measurements are made carefully and the effects of polarization, 

drift, tellurics, and stray currents are accounted for, most self-

potential measurements (If made at identical locations) are repro-
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ducible within about ±5 mV, even If taken many years apart (Parasnis, 

1970). 

Reproducible data, of course, are: not necessarily meaningful in 

terms of geothermal activity, the possibility that the measurements have 

been affected by non-thermal subsurface water flow, conductive mineral 

deposits, stray currents (and other cultural effects such as plowed fields, 

cultivation., Irrigation, or agricultural chemicals), or soil moisture 

of chemistry variations must be carefully considered. These effects may 

be minimized by judicious selection of survey lines and electrode sites, 

ahd careful observation and recording of soil type and condition, local 

geology, vegetation, topography, and cultural manifestations. 

Previously repprted self-potential surveys In geothermal areas 

Self-potentlal anomalies of widely varying: amplitude, polarity, and 

spatial extent have been reported from several geothermal areas. Examples 

from the United States include positive anomalies of as much as 2300 mV 

in amplitude and about 1 km in width measured, on Kilauea volcano, Hawaii 

by Zablocki (1976);; a negative anomaly of about 200 mV amplitude and about 

T km In width at the northwest edge of the Dunes thermal area, California 

(Combs and Wilt, 1976); a steep-sided positive anomaly of about 30 mV 

amplitude and 2 km in width over the Mud Volcano area of Yellowstone 

National Park, Wyoming (Zohdy et a 1., 1973); a dipolar anomaly covering 

about 15 km and of about 900 mV peak-to-peak amplitude over a postulated 

resurgent dome In Long Vailey, California (Anderson and Johnson, 1976); 

narrow dipolar anomalies of about 60 mV maximum amplitude in areas of 

known near-surface hot water In the Raft River Valley, Idaho (Williams 
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et al., 1976 ; Mabey et a I., this volume); and a negative anomaly of 

about 60 mV amplitude and 3 krf in width centered over the Leach Hot Springs 

area of Grass Valleyj Nevada (Corwin, 1976a) (an updated version of this 

survey is discussed below). 

Examples from outside the United States Include positive: anomalies 

a few hundred meters wide and as much as 400 mV amplitude measured in the 

Manikaran section of the Parbati Valley geothermal zone, India (Jangi 

et a K , 1976); potential gradients of more than 10 mV/m over electrode 

spacings of 20 t o 50 m in the Aeolian Islands and near Naples, Italy 

(Rapolla, 1974);, and negative anomalies of about 100 mV amplitude and several 

hundred meters wide extending along fault lines of previously known ged

thermal activity in'the Otake igeothermal f ield, Kyushu, Japan (Onodera, 

197^)- This last example .Is expecially interesting, as similar self-

potential indications In an area of the field where geothermal activity 

had not been previously observed apparently helped locate test weiIs which 

proved productive enough to lead to the construction of a power plant. 

Results of recent surveys 

i. Leach Hot Springs area, Grass Valley, Nevada 

The results of a self-potentlal suryey' made in August 1974 over the 

Leach Hot Springs area of Grass Valley, Nevada were described by Corwin 

(1976a). Data taken along line A-A' are shown in Figure 6, and the lo

cation of the line, is shown In Figure 7« As the wire reel used for this 

survey held only 500 ni, a new base station was established every kilo

meter, intermediate readings made every 50 or 100 m to the north and south 

of the base» and the- readings tied to those made from the previous base 

at the 500 m.stationsj' Poiarizatlon and drift of the copper-
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copper sulfate electrodes were not monitored, sb no corfectlons to the data 

were made fpr these effects. 

Self-potential measurements in the same area were repeated In 

Septembef 1975, using a hase electrode located at 4.2 km north on line 

A-A' and a reel holding 5 km of wire, allowing the base'electrode to remain 

a t the same location throughout the e n t i r e survey (Including all the 

other survey lines shown in Figure 7 ) . Survey electrode polarization 

was determined by periodically measuring the potential between the survey 

electrode and a portable reference electrode carried in a bath of cppper 

sulfate solution. The readings were corrected by subtracting the polar

ization values from the observed measurements, with correction values 

linearly interpolated between polarization measurements. 

The results of the 1975 survey along line A-A' are shown In Figure 6, 

Station locations were within a few meters of the 1974 ones, and readings 

generally were made every 100 m Instead of the 50 m interval used for 

most of the 197'* survey, A change in the nature of the data between the 

two surveys Is apparent, with the pptentials fbr the 1975 data returning 

to a constant level on either side of a negative anomaly surrounding the 

hot springs area. Although many of the shorter-wavelength variations 

(up to 1 or 2 km) are similar for the two surveys, cumulative error in 

the earlier survey, caused by repeated movemerit of the base electrode 

and lack bf correction for electrode polarizatibn, resulted in a spurious 

offset of about 30 mV between the north ahd south -ends of the line, and 

obscured the true nature of the negative anomaly surrounding the hot 

springs area. 

Self-potential contours for the Leach Hot Springs area, based on 
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the smoothed 1975 data, are shpwn in Figure 7A. A negative anomaly of 

about 50 rfiV amplitude encloses the hot spring area and shows maximum 

activity close to the surface expression of a fault which is thought to 

act as a conduit for the thermal water (Olmsted et al., 1975). The boundary 

of the sel f-potent ial anoma l,y roughly coincides with the 2 HFU contour 

given by Olmsted et a I.(1975), shbwn in Figure 7B, and with the. boundary 

of a positive P-wave velocity anomaly and an electrically resistive sUica 

zone surrounding the hot spring area (Beyer et al., T976). Total hot 

spring flow at Leach Hot Springs is about 12 liters/sec at an average 

temperature of about 78 C (Olmsted et a 1.., 1975). To date;, no deep drilling 

has been done In the area, so the extent of any additional geothermal 

activity is not known. 

The negative self-potential anomaly just to the north of the hot 

springs coincides with an area where the heat flow Is high and the near-

surface groundwater level drops sharply (Fig; 7B). Although not enough 

information Is avaiiable to allow the contribution to the self-potentIal 

anomaly from these two effects to be separated, the similarity of the water 

table and self-potential contours in this area suggests an electrokinetic 

mechanism. The water table drops about 50 m, equivalent to a pressure 

difference of about 5 atm, in the vicinity of the springs. The resis

tivity of the spring water is about 12 ohm-m (Olmsted et al,, 1975) and 

the rocks in the hpt springs area are highly silicified, so an electro

kinetic coupling coefficient of 10 mV/atm might not be unreasonable. 

Thus a 50 mV potential difference could be generated by the 5 atm pressure 

drop along the flow path, accounting for the similarity between the self-

potential and water table contours in the vicinity of the fault. 
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2. Cerro Prieto geothermal field, Baja Galifornia, Mexico 

Cerro Prieto, located in northern Baja California, Mexico, Is' a 

major geothefmai field, presently producing 75 megawatts of electrical 

energy. Total fluid flow Is about 750 metric tons/hr of steam and 2000 

metric tons/hr of separated water (Noble et al,, 1977). Well-head 

temperatures range from about 250 C to over 300 C and total dissolved 

solids (primarily NaCl) of the wel1 water vary from abbut 9000 to 37,000 

ppm (Marion et al, , 1977). 

A se'l f-potent ial profile, line B-B', run across the producing ares 

of the field Is shown In Figure 8. The location of the survey line, and 

the straight line onto which the data were projected to reduce geometric 

distortion, are shown in Figure '9- A striking dipolar anomaly with a 

peak-to-peak amplitude of about 150 nt'v' 1.- -entered over the Cerro Prieto 

fault which is thought to ,act as a major conduit for the geothermal fluids 

(Noble et al., 1977). 

A geologic profile along line B-B' |s shown in the center of Figure 

8, and an electrical model made In ah attempt to define the source geometry 

of the self-potential anomaly is shown at the bottom of the figure. 

The model consists of a vertical sequence*of ten horizohtal current dipoles, 

separated by 500 m. In a haif-space of 3 ohm-m resistivity. The dipole 

currents, which were chosen by trial and error to produce a pbtential 

field which roughiy matches the measured data, increase linearly with depth. 

The dipoles extend from a depth df 1 km tp 3-25 km; the zone of the fauit 

along which thermal fluids are thought to flow into the shale and sandstone, 

formation which comprises the geothermal reservoir. The dipoles are only 

in the plane pf the section, and do not extend along the strike pf the fault. 
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Tbe potentiaT field generated by the model corresponds reasonably 

well with the actual profile in the vicinity of the fault and near the 

ends of the line. The positive deviation of the actual profile from the 

theoretical curye beginning at about 1 km W probably is caused by higher 

resistivity material to th^ west of this point (well M-6 Is not â  pro^ 

ducer, and the western boundary of the production zone lies between wejls 

M-9 and M-6), The cause of the deviation centered at about 5 km E is not 

known, as little geologic information Is available' In this area. 

Obviously, this model does not define the mechanism of generation 

bf the anomaly. However, it dpes demonstrate that anomalies of Very long 

wavelength may be produced by potentials generated in a relatively narrow 

fault zone, and that the existence of an extensive volume of elevated 

temperature or fluid circulation is not required for the generation' of 

long-wavelength self-potential anQn->c':::i U--'' ' ' ' such a volume does 

exist in this case). 

Gonsi.derabie temperature and fl-Dv.' data, along with a number of 

reservoir core samples, are available for this field. We intend In the 

near future to measure the thermoeleetrIc and electrokinetic coupling 

coefficients of the cores, and then to attempt to quantitativeiy model 

the potential generating mechanism using a technique presently being de

veloped by D.V. Fitterman of the U.S. Geological Survey (personal comfnuni-

cation, i978). This technique, based on the approach of Nourbehecht 

(1?63), allows the calculation of surface potential fields developed by 

temperature or pressure gradients in the vicinity of a vertical contact. 

3. Paoha Is 1 and, Mono Lake, C'a 1 1 fornia 

in 1976, an offshore self-pote.nr ial survey was conducted in Mono 
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Lake, California, near a hot spring area on Paoha Island (Waring, 19^5). 

The measurements were made between silver-silver chloride eiectrodes sep

arated by 35 m, towed along the water surface behind a small boat (the 

equipment and procedures used, are described by Corwin, 1976b), The survey 

line, shown in FIguYe 10, was about 15 m offshore. In water about 15 m deep. 

A gradient anomaly with -a maximum amplitude of 0.7 mV/35m and a 

length of 1200 m was measured directly offshore of the hot springs area 

(Fig, 10). Integration of this gradient anomaly gave a total fleid anomaly 

of about 2 mV maximum amplitude peak-to-peak.. While the anomaly amplitude 

is small. It Is well above the background noise level of abPut 0.05 mV/35m, 

The small amplitude of the anomaiy Is not surprising In view of the 0.1 

ohm-m resistivity of the highly saiine lake water. 

Thermal gradient measurements made on the lake bottom indicate 

that the thermal activity continues offshore of the hpt spring area pn 

Paoha Island (Welday, 1977). A significant feature of this survey is that 

the anomaly was measured In homogeneous lake water, precluding possible 

electrode effeizts caused by varying soil chemistry, temperature, and mois

ture content (discussed previously) often encountered In an onshore sur

vey i 

4. Ropsevelt Hot Springs KGRA, Utah 

The Roosevelt Hot Springs KGRA, located near Milford, Utah, Is a 

water dominated geothermai system with maximum temperatures In excess of 

265 C (Lenzer et ai., 1977)* Several production wells have been drilled 

in l:he area, and two of these wei 1 s are reported to be capable of pro

ducing a total mass fldw of at least 450 metric tons/hr. The reservoir 
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conslsts of fraetures within crystalline rock, and the depth to the 

top bf the reservoir ranges from about 100 m to more than 1 km. The 

water contains about 6000 to 8000 ppm of dissolved solids, mainly NaCl. 

The DPme Fault, which strikes NNE through the area., appears to signifi

cantly Infiuence the hydrology, and coincides with the axis of a thermal 

gradient anomaly (Lenzer et al., 1977; Sill and Bodell, 1977). 

A self-potential profile fun in early 1977 across the Dome Fault 

zone is shown in Figure II.. Also shown in the figure are thermal gradient 

data obtained by Sill and Bodell (1977) along a line roughly coincident 

with the self-potentlal line. A broad dipolar self-potential anomaly, 

extending from about 2,5 km west to about 1 km east, is roughly centered 

over the Dome Faulty The broad anomaiy Is Interrupted by a steep po

tential gradient centered direct 1 y. over the surface t r a c e ofthe Dome Fault, 

Some smaller self-potential variations correlate with faults or fault 

zones (indicated by arrows in Fig. 11) described by Ward and Sill (1976). 

The large-amplitude, short-wavelength self-potential activity to the east 

of 1 km east coincides with an area of steep topography and numerous 

outcrops of granitic rock. As discussed previously, high noise levels 

might be expected in such areas. 

The correspondence between the broad self-potential and thermal 

gradient profiles suggests a geothermal origin for the self-potential. 

However, alunite (Ward and Sill, 1976) and pyrrte (Parry et al., 1,976) 

are known to be present tn the Dpme, Fault zone. As discussed previously, 

self-potential activity may be associated with these minerals. The 

dipolar nature of this anomaly, however, is hot typical of self-potential 

activity related to pyrite or alunltemlneralIzation, which usually is of 
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negative polarity (Sato and Mooney, I960; Gay, 1967). The shape of the 

dipolar anomaly is similar to that seen at Cerro Prieto (discussed earlier), 

and its coincidence with a major fault suggests a similar source geometry; 

electrical activity with a finite vertical extent concentrated in the 

fault zone. The short-wavelength dipolar anomaly superimposed on the 

longer wavelength variation and located directly over the surface trace 

of the fault could be caused by a separate, shallower zone of geothermally 

generated electrical activity along the fault. 

5. Steamboat Springs, Nevada 

Reconnaissance electrical surveys, including self-potential measure

ments, were made by the U.S. Geological Survey in the Steamboat Springs 

area of Nevada in 1975 (Fig. 12). The surveys covered the Steamboat 

2 

Hills, an area of about 21 km west of Highway 395. Detailed self-poten

tial studies were previously made in the eastern part of this area by 

White et al. (1964). The earlier survey reported considerable difficulty 

with "fluctuating conditions", which were attributed to "differences in 

chemical activity, weather, and soil moisture interacting with the porous 

pot (copper-copper sulfate) electrodes that were used." Station spacing 

was 50 ft (15.2 m) and positive and negative anomalies of several hun

dred mV amplitude and as much as 200 ft (6I m) in width were observed, 

"with no recognized geologic differences to distinguish positive from 

negative." 

Examination of this earlier data shows that areas of opaline and 

chalcedonic sinter outcrop coincide with large-amplitude (about 100 mV) 

short-wavelength potential variations, in contrast to other areas where 

short-wavelength variations were of much smaller amplitude. It appears 
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that extreme electrode polarization effects were responsible for the 

noise, which tended to obscure other anomalies. White etal.(1964) 

state that no broad scale trends were found; however, one of their traverses 

(no. 8) crossed the north end of the principal anomaly found in the 1975 

survey. Smoothing of their data shows a dipolar anomaly of 100 mV ampli

tude and 1200 m width, bounded by negative skirts, which corresponds well 

with the 1975 data. 

In the 1975 reconnaissance survey, a station spacing of 300 m and 

a leapfrog method of traversing were used in order to cover the large 

area. As this technique is subject to cumulative errors, three sets of 

electrodes (one of copper-copper sulfate and two of silver-silver chloride) 

were used to check electrode polarization. Almost all of the lines were 

closed, and closure error did not exceed 13 mV with the silver-silver 

chloride electrodes. The copper-copper sulfate electrodes proved unsatis

factory for this survey because of large drifts, probably caused by polar

ization effects. 

The self-potential contour map (Fig. 12) shows a north-trending 

positive zone flanked by negative skirts, suggesting a dipolar source, 

situated between the mud volcano basin and the high terrace. This area 

is about 1 km west of and 30 m higher in elevation than the Steamboat 

Springs fault zone, along which the present hot spring activity is con

centrated. It is interesting to note that no major long-wavelength anomalies 

are associated with the Steamboat Springs fault zone although the northern 

part along the main hot spring terrace is positive with respect to the 

background. Fault patterns in the Steamboat Hills are rather complex. 

The faults trend predominantly northeast, northwest, and north, with north 
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trending faults being the most numerous and young.est (White: et al., 

I964).. The negative skirts of the self-potential anomaly are asso

ciated with westerly dipping, north trending faults on the northern 

edge only. 

Audio-magnetotelluric surveys and two, telluric traverses (Fig, 12) 

were made In conjunction with the self-potentlal survey. These data sets 

all show a low-resistivity trough running north-sbuth along the western 

edge of the self-potential anomaly and decreasing to the south, about where 

the self-potential anomaly ends. 

Conclusions 

Both thermoelectric and electrokinetic coupling mechanisms may gen-

efste self-potential anomalies comparable tb those observed in geothermal 

areas. If the local resistivity dl str Il:;..t :.cn Is known, source geometry 

may be estimated using standard potential field techniques. Estimates 

of additional parameters such as the pressure and temper atu rie distribution 

bf the source may be made using an approach described by Nourbehecht (1963) • 

When this approach Is applied to a simple spherical source, electrokinetic 

coupling is seen to generate larger anomalies than thermoelectric coupling 

for reasonable values of the temperature, pressure, and coupling coeffi

cients. Potentials generated by this model for both thermoelectric and 

electrokinetic coupling are smaller In amplitude than many observed self-

potential anomalies in geothermal areas, Implying that the. model geometry 

or the laboratory-measured coupling coefficients; are not realistic for 

geothermal sources. An importarit point of this analysis is that the 

size and polarIty of self-potential anomalies generated by geothermal 

activity depend not only on source parameters siuch as temperature, pressure, 



and geometry, but also on the magnitude and differences of the' coupling 

coefficients. 

Most self-potential measurements are reproducible within about 

±5 mV if proper fleid procedure and data reduction techniques are used, 

A better understanding of sources of geologic noise and electrode effects 

could lead to techniques for their removal from field data, allowing mofe 

reliable detection of anomalies of amplitude less than a few tens of 

millivolts. The possibility that observed anomalies ma.y be related to 

non-geothermal sources, both geologic and cultural, must be considered. 

As with any other geophysical technique, aii other available geological 

and geophysical Information must be used when considering the significance 

pf seif-potential data. 

Self-pptential anomalies ranging in amplitude from abbut 50 mV to 

over 2V have been recorded In at le.as'̂t th'ttco'; -J if ferent geothermal afeas 

around the world. Anomaly shaoes. show no consistent pattern, al

though the steepest gradients often are associated with faults thought 

to be cPndults for thermal water, and broad-scale anomalIes sometimes 

roughly coincide with areas of elevated heat flow. The short-wavelength, 

large amplitude anomalies that often appear to be related to faults in 

geothermai areas rnay be produced by relatlyely shallow thermal fluids 

in the fault zones,acting through an. electrokinetic or thermoelectric. 

coupling mechanism. Also, long-wavelength fields generated by deeper 

sources may exhibit locally steep gradients pver near-surface lateral 

resistivity boundaries such as' faults or contacts. 

At this time the mpst promising uses of the self-potential method 

in gepthermal exploratiori appear to be for the detection and tracing of 
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faults which control the flow of thermal fluids (often characterized by 

a dipolar anomaly centered bver the fault of by a steep self-potential 

gradient), and as a reconnaissance technique in searching for areas of 

elevated heat flow, which may be roughly outlined by broad, relatively 

smooth self-potential anomalies interrupted by the steep gradients char

acteristic of fault zones or contacts. 
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FIGURES 

F igure 1 

(XBL 787-9595) 

Figure 2 

(XBL 787-9597) 

Figure 3 

(XBL 787-9594) 

Figure 4 

(XBL 787-9592) 

Spherical model for thermoelectric or electro
kinetic potential generation (after Nourbehecht, 
1963). The boundary at depth d separates layers 
of different resistivity o and coupling coefficient 
C. The sphere is at a temperature 100 C above 
the ambient temperature T , or at a pressure 
5 atm above the ambient pressure P . The polarity 
of the self-potential anomaly depends on the 
sign of the coupling coefficient difference (C.-C.) 

Self-potential distribution over a coal-mine fire, 
Marshall, Colorado. Contour interval is 20 mV. 
Open circles are survey stations. 

Self-potential vs. ground elevation, Adagdak 
Volcano, Adak Island, Alaska. 

Self-potential profile, line B-B', Kyle Hot 
Springs area, Buena Vista Valley, Nevada. KY-1 
and KY-3 are drill-hole locations. 

Figure 5 

(XBL 787-9598) 

Figure 6 

(XBL 787-9596) 

Figure 7 
(XBL 787-9599A) 

Variations in electrode potential caused by water
ing of copper-copper sulfate electrodes, Raft 
River, Idaho. Electrode separation was 200 m. 

Self-potential profiles, line A-A', Leach Hot 
Springs area. Grass Valley, Nevada. Location 
of line A-A' is shown in Figure 7A. Upper 
profile was run in August 1974 and lower profile 
in September 1975, using improved field techniques 
described in text. Note typical desert soil 
background noise level of ±5 to ±10 mV toward 
north and south ends of 1975 profile. 

A. Self-potential distribution in Leach Hot 
Springs area. Grass Valley, Nevada, based on 
smoothed data taken in September 1975- SP-A 
through SP-E, A-A', and E-E' are traverse lines 
along which measurements were made. Electrode 
spacing usually was 100 m; contour interval is 
10 mV. Faults dashed where inferred. 

B. Heat flow contours (dashed) and altitude 
of water table above sea level (solid lines) in 
the Leach Hot Springs area. (After Olmsted et al 
1975). 
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Figure 8 Self-potential profile (December 1977 and March 
(XBL 787-96OOA) 1978), geologic cross-section (from Marion et al., 

'i977), and electrical model for line B-B', 
Cerro Prieto geothermal field, Baja California, 
Mexico. The dashed line on the self-potential 
profile was generated by the model shown at the 
bottom of the figure. The location of line 
B-B' and the straight line onto which the data 
were projected are shown in Figure 9-

Figure 9 Line B-B", Cerro Prieto geothermal field, Baja 
(XBL 787-9593) California, Mexico. That data shown in Figure 8 

were projected onto the straight dashed line 
connecting points B and B' to reduce geometric 
distortion. The indicated geothermal wells 
roughly outline the present production zone (the 
western boundary of the zone is between wells 
M-6 and M-9). The exact location and strike of the 
fault which passes between wells M-10 and M-53 
are not yet established. 

Figure 10 Gradient and total field self-potential anomaly in 
(XBL 787-9601) Mono Lake, California, near hot springs area 

on Paoha Island. Electrodes were towed along 
the water surface, and water depth was about 15 m. 

Figure 11 Thermal gradient and self-potential profiles across 
(XBL 787-9602) the Dome Fault, Roosevelt Hot Springs KGRA, Utah. 

The 0-km point is at the intersection of sections 
9, 10, 16, and 15, and the line runs due east-
west. Thermal gradient data are from Sill and 
Bodell (1977). Arrows denote points at which 
faults mapped by Ward and Sill (1976) cross the 
self-potential survey line. 

Figure 12 Self-potential distribution and relative telluric-
(XBL 787-9603) voltage profiles in the Steamboat Hills area, 

Nevada. Open circles denote self-potential survey 
points; closed circles are stations on telluric 
traverses. Contour interval is 20 mV. 
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Some quantitative iniiications of a recent hydrothermal process 
in volcanic a r e a s / 

V. v.. AVERIEV i g ^ m 
Institute of Volcanology of the Acaderay of Sciences of USSR 

In the present meaning of the word postvoleanic activity embraces 
quite a vast number of processes. It is also generally assumed that it 
finds a most vivid expression in the hydrothermal process, which pro
ceeds at an extremely wide range of temperatures. The existence of 
a general connection bfetween hydrothermal activity and volcanism in 
volcanic areas does not exoke any doubts, however, their actual rela
tions are not yet established with sufficient detail. On the other hand, 
our ideas ori the formation of hydrothermae depend upon the com
pleteness of our knowledge of geothermal and hydrogeological con
ditions. In respect to hydrothermae formed in volcanic areas, our data 
about these conditions are mostly of a most general character. This 
does not permit to formulate any exact concept regarding actual 
hydrothermal systems. This report deals with a justification and 
interpretation of some quantitative data on the recent hydrothermal 
process, which, in the author's opinion, should help the solution of 
the abovementioned problems. 

Researches during recent years have shown that extensive hychro-
thermal systems of. Kamchatka (Geyser Valley, Pauzhetka) are asso
ciated with intense heat anomalies with a specific heat evacuation up 
to 2-2.4 th.kcal/sec from 1 km". These figures have been obtained by 
establishing the amount of heat evacuated by thermal springs and 
steam jets per.the area on which they are formed (table I). The terri
tory of such anomalies comes to tens and, maybe, hundreds df sciuare 
kilometers. They embrace an area with varying geological and struc-
ttiral conditions. They affect masses of old volcanoes with a low-tem
perature fumarolic activity, young extrusions and areas with ordinary 
Qon-volcanic structures. It is significant that heat evacuation on old 

* Paper .read by B, I. Piip at the lAV scientific session of Aug. 23, 1963 (XIII Ge-
^^ral Assembly, I.U.G.G.). Symposium on Post-Eruptive Processes in Region^ of Active 
Volcanism. 
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TABLE 1 - Quanti tat ive da ta on hydrothermae formation in the Geyser Valley area of 
Kamchatka . 
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volcanic masses virtually does not differ from the average figures for 
the entire anomaly. Consequently, Steam jets and fumaroles associ
ated vdth such volcanoes can be regarded as phenomena not necessar
ily evoked by the volcanic structiures themselves. 

The given values of heat evacuation, 200 times exceeding the aver
age figures for the Earth, can be provided only through a transport 
of the bulk of heat by steam. From this point of view heat anomalies 
can be regarded as gigantic drains, along which a concentrated rise 
of endogenetic steam is taking place in the top horizons of the crust, 
below the circulation base level of underground waters. (Under « en
dogenous steam » the author means water of any origin converted into 
steam in the interior of the Earth below the circulation base level of 
underground waters). Averaged values of such steaming are very high. 
For instance, for the Geyser Valley area it approaches the figure of 
3 kg/sec for 1 km'. 

Owing to the 
of infiltration su 
intensity. This is 
thermal manifest; 
aly — from low-t 
tion of high-temp 
sers and steam jc 
filtration propert: 
ground waters a: 
strong infiltration 
can be reservoir c 
effectively sealed ( 

In the heat ar 
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mal systems on Kamchatka in a whole number of cases coincides b 
time with the end of the last phase of Upper Quaternary glaciatioi| . 
The duration of the postglacial period and, consequently, also of tht l" ^^^^' J^sp r i 
« recent» hydrothermal activity comes to 10-13 th.years. It is charad^gne A magmatic mi 
teristic that this figure agrees with the age of thermal springs in Ic^at in water if this is 
land and in Yellowstone Park. The evacuation of heat and endogenouT K. J. MURATA: In tht 
water masses during this period for separate hydrothermal systemS'stems. 
is characterized by enormous figures. Thus, hydrothermae of the Gey! 
ser Valley area must have evacuated about 3 • 10" kcal of heat, if wl 
accept the time as 10.000 years and the intensity to be permanent 
(table 1). Such figures are fully comparable with the amount of heat 
that has been delivered to the surface during this period in the same 
area as result of volcanic eruptions. As to the evacuation of endoger 
nous water masses it is estimated to be 40 • 10" kg. If one assumes' 
that all this water has been exsolved from the magma, this magmatic! 
body, judging by the 5 vveight percentage of volatile content, must! 
have a volume of about 300 km'. | 

The figures quoted make one treat very critically the traditional 
concepts, which associate the evacuation of endogenous emanations 
with intrusive bodies disregarding both their sizes and their spatial 
position. Tentative computations indicate that steam exsolved from 
a magma at a temperature of 1200° and which reaches the circulation j • 
base level of underground waters with a temperature of 300-400°, must] 
have an initial pressure of several thousands atmospheres, which cor-i 
responds a depth over 10 km. Small intrusions formed at small depths] 
can, consequently, be at best in a paragenetic connection with a pow-; 
erful hydrothermal activity and can not be regarded as an original] 
source of the main mass of emanations. 1 

Actually, purely volcanic events (if they are understood as erup-] 
tions of igneous material) and post-volcanic activity are two approxi 
mately equal branches from the point of view of energy. They might,; 
possibly, be due to the same cause, the eruption of melted material 
(i.e. volcanicity) being a relatively rapid and short-lived reaction to 
this cause, whereas the post-volcanic process is characterized by a 
greater length and its manifestations in the upper horizons of the crust 
take place somewhat belatedly. The very term « post-volcanic process » 
in respect to hydrothermal activity "is legitimate only in the sense of 
reflecting the time. However, at least at this stage of our knowledge 
of the problem, this term should not include any genetic meaning. 

t . 
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Discussion 

J. HEALY: A similar relationship has been found between present day heat 
lischarge from hot springs and that discharged by volcanism during the Pleis-
ocene. A magmatic mass in cooling can lose only less than one sixth of its 
leat in water if this is 5 % by weight. 

K. J. MURATA: In the deep circulation of meteoric water in the hydrothermal 
ystems, can seawater be involved in Kamchatka? 

B. L. PIIP: Yes, may be. It is possible. 
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Abstract 

A geothermal field producing dry steam or high temperature water is a 
trap for convection currents generated in an aquifer of high penneability and 
of sufficient thickness by a deep heat source. A basic implication of this concept 
is, that a geothermal field requires a cap-rock of more or less impermeable 
rocks above the producing aquifer. 

In Larderello, Monte Amiata, and Salton Sea geothennal fields, a clearly 
reconnaissable tight formation overlies the producing zone and limits the upward 
movements of the convection currents. 

In other fields, i.e. The Geysers (California), Wairakei and Waiotapu (New 
Zealand) we do not know a geologically well defined cap-rock formation, pre
senting a large difference in permeability in comparison with the reservoir 
formation. 

The hot water circulating in a hydrothermal system without a cap-rock can 
produce deposits and rock alteration in proper places along the flow paths. 
The fracture and pore filling and any other permeability reducing factors 
increase resistance to the water circulation; those processes can originate an 
effective cap-rock. By such processes a hydrothermal system can become a 
self-sealed geothermal field. 

The silica deposition is probably the main self-sealing process. In fact, 1) 
silica is very common, 2) it is available with almost no limitation, 3) its deposi
tion is strictly related to temperature changes, and 4) it is likely to produce very 
effective patterns of deposition. 

Where an unlimited CO: supply is available at depth, the calcium carbonate 
deposition appears to be a noticeable sealing process, which is controlled by 

* Paper presented al ihe lAV Iniernalional Symposium on Volcanology (Now 
Zealand I .Kiev. 1965. 
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pressure, at relatively shallow depth. In olher cases CaCO; precipitation should 1 
not be an important factor in the self-sealing of geothermal fields. | 

Argillization appears to be an important shallow process. It is especially! 
effective in the acid environment of many thermal shows, thus determining ;hei r r 
migration and/or extinction. J 

According to our analysis and to present evidence those three self-sealing ; 
processes are the most important ones. I 

In The Geysers Field, the wells penetrated the same formation, the Francis-1 
can graywackes, from top to bottom. The Franciscan Formation has a ven.- lo \v | 
primary permeability; secondary or fissure permeability is at the contrary very sJ 
high. It is evident that there is no recognizable cap)-rock in the accepted sense | 
of petroleum geology. | 

The wells produce superheated steam; the producing zone begins at 300 m* 
depth or so; the quantity of steam increases with the thickness of the producing f 
zone penetrated by the holes. | 

Beginning in 1964, the wells have been drilled with air as circulating medium.! 
No steam or water has been observed in the top few hundreds meters dr i l led: ! 
we can safely conclude that the graywackes are impervious in the upper section! 
of the holes. a 

Cores and cuttings show frequent fissures filled with silica in differentf 
mineral forms and hydrothermally altered rocks are common. I 

In the Geysers area, hot springs, steani vents, carbon dioxide and hydrogen J 
sulphide fumaroles are numerous, and wide zones of rocks, altered by pa5t | 
hydrothermal activity, are prominent features. As usual in many hypenherma l , 
areas, also in The Geysers the manifestations of surface heat change frequently" 
in place, in size, and in fluids discharge. The filling of rock fissures by mineraU 
deposition seems the simplest and most natural explanation of the place changes! 
of the individual springs. | 

The active faults continually generate new fissures, limit the sealing action,! 
and account for the persistent surface thermal activity of the area. f 

The composition of the waters from the hot springs at The Geysers h a s | 
been re-considered, in comparison with both surface waters and natural s team.! 
The hot springs mainly originate by natural steam condensation, as Allen and j 
Day stated in 1927. This conclusion is now strenghtened and extended: the i 
perched water table producing hot springs at The Geysers is purely condensed j-
steam. Practically all its characteristics can be e.xplained by this condition | 
alone. Separation from other shallow water bodies is extremely sharp. i 

Lel us sumarize: the impermeability of the upper section of the holes is*! 
demonstrated by the lack of fluids in the Sulphur Bank area, whereas the geo-j 
chemistry of the hot springs compared with shallow waters indicates that sim- { 
ilar conditions occur in the Geysers and Little Geysers areas. Furthermore, silica '* 
and other fissure-filling processes occur all over the region, as well as argilli-.j 
zation of graywackes. | 

We conclude that; , 
a) a cap-rock e.xists in The Geysers Field; this fact readily explains the j 

production of dry steam; ; 
b) the relative impermeability of the cap-rock is due to the hydrothermal S 
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actinty, which fills by mineral deposition the fissures of the graywackes and 
in places argillifies the original sandstone; 

c) the active faull movements provide temporary openings for the hot 
ascending fluids; this process explains the surface thermal activity. 

The numerous excellent papers on the Wairakei and Waiotapu fields suggest 
•a similar explanation for some New Zealand geothermal fields. Steiner's obser
vations on the rocks penetrated by drillholes in Waiotapu reveal many pertinent 
details of lhe self-sealing process. Grindley's paper on the structure of Waiolapu 
seems to anticipate some of our conclusions, notwithstanding the noticeable 
differences in gerieral principles. 

Furthemore, in some Iceland thermal areas the self-sealing process seems 
active and u e suggest that further studies on this subject may provide a new 
ouilook in geothermal exploration in that countn'. 

A self-sealing geolhermal field is defined as a geothermal field, in which 
hydrothermal acti\ity has generated a cap-rock, by transforming originally per
meable rocks into low permeability rocks in such a manner and with such a 
geometry, to constitute an efficient trap for convection currents. The Geysers 
Field is a i\-pical example of a self-sealing geothermal field. 

Thermal manifestations related to vaporization - condensation processes 
throuah channels in an imperxious capping formation can be named « leak 
manifestations ». Their inierest for geothermal exploration cannot be overlook
ed, all the more that they are recognizable by geochemical investigations. 

The sealing process of « leak, manifestations » and the incrustation proc
ess of steam wells are expected to be similar. However, argillization is a 
frequent and important sealing process of natural channels. 

Calcite deposition is likely to be important both in natural shows and in 
wells, where steam-water separation goes on poorly. Plugs in wells can be pro
duced also by soluble salts. Alkali and ammonium borates, boric acid, sodium 
sulfate and olher compounds have been obsen'ed at Larderello; ammonium 
acid carbonate with some boron has been observed at the Ceysers. 

According to our thinking the study of the incrustation process is imporiant 
for the reservoir engineering. 

; . The new concept broadens the geothermal exploration possibilities: many 
'areas with recent ihermal rock alterations and mineral deposition deser\'e proper 
consideration as possible areas for self-sealed geothermal fields. The new theo
retical tool can be also usefully applied in rationalizing the geothermal exploi
tation and evaluation. 

IS-
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SSGR SITE SPEGIFIC GEOTHESMAL RESERVOIR ENGINEERING ACTIVITIES (1978) 

I 

C..B. (Goranson and R-.C. S c h r o e d e r 

o 

Introduction 

LBt per.sbhnel have beeri, engaged i'tt'•"'geother-mal reservoir engineering 

5 inc e 19 75', when T. N;, ..Narasimhan -and .R.A, Wither sp.o on tested and analy z ed 

.RRGE-1 ;a,t Raft, River (NarasitHhan, et ,al. , 1977),, Since 1975.,the LBL field 

capabilities have been exparided and.,.imprdv;ed. Our studies tiave included 

cooperative' projects with, several pr-'ivd-te 'Gompanies, city governinents, 

and federal agencies. Our purp,ose has been to develop ..new and improved 

teciiniques, tools, arid analysis meflieds.[for use^ip: assessing and modeling 

hydrothermal systems. The important tasks in carrying out these activities 

can be s.utnmarized as- follows: - • ' 

© 'Coil ep £'" sijte s p eci fic d'a ta 
o .-Develop field techniques 
a Develop -mea sur emment -tools 
e Develop analysis metho;ds ,:..,...... 
© Mo'del site speci-trc'"'aquifers 

Only the first of these activities will be covered in this rigport, and 

only work performed in FY 19.78. A review^of our analysis and data pro

cessing activities • is given in a separate report (Benson, et al,, 19.78). 

A sumraary of equipment deyelopment and applications is also pfe'serife'd 

els.ewheire (Goranson, et al. , 1978) . 

The, site specific studies include data frora many sources, in addition 

to LBL field measurements. This data includes geolQgic'al, geophysical, 

hydrological, arid''geochemical information about each •site. The well 

testing requires well completipn data, well logs, and wellbore geophysical 

..^-. . t l 
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interpretations in order to carry out detailed"analyses of the well test' 

data.- In general, the purpose for the well testing is.; 

o D'etermiue hydralpgical parameters 
a Identify aquifer limits Cbarrie-rs) 
« Identify a'quifef recharge (if it exists) 
o Determine well damage (if it exists) 
s Deternjlne thermal char-acte'tistics 
9 pbtain representative reservoir fluid sample 

I . . . . j 

All of this iriformation- is used when a resouree assessment is initiated 

and subsequent modeling is carried out. Clearly-, the ainpunt of information 

available; for site 'specific resource evaluation determines the degree of 

confidence in estimating reserves, and resources lifetitne for proposed exploi

tation, strategies. 

The table below' and Figure (1) show the specific gedthermal sites at 

whicli Cor for which) LBL personnel have played a role in .the reservoir 

erigirieering •measurements, evaluation, or planning during FY 19.78. 

Table 1 

Locations pf Site-Speelfic Reservoir Erigirieering Activities During FY 1978* 

Desert Hot Springs 

Casa Diablo 

Coso Hot Springs 

SusarivUle 

Klamath Falls 

Cerro Prieto 

East Me'sa 

well test analysis 

well test planning 

measurements, workover, and 
resource evaluatipn 

measurements, well siting, arid 
res.ource evaluation 

me as ur emen t s, plarinin g, arid 
resource evaluation 

measuremerits a'nd re'source 
evaluation "" 

measurements, wbfkbver, arid 
resource evaluation 

* Minor activifcie's included Valles Caldera, Salton Sea Geothermal 
Field, Raft'River, and, Heber, 

• '?->ai,'%;-«j*.- l'-'»ife<^ki.i(S,i . : i f tJMi4iKSsJe&. iSMil3t&si--^^^S''.S!k^i-'.-^iuJ'.^ii. 11 kSiiii.-^' ' ' j - ' ' ' •i'-'-.-'t- ' ' - <-
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Revievj of Specific Site Activities 

I) Desert Hot Springs KGRA (Goranson and ̂ Schroeder, 1978) 

LBL reviewed data from a well test carried out, in June, 1977 by B.F. 

Russell, California State University .at Fullerton.. The test, iricorpbr-ated 

3 wells' in the Desert Hot Springs 'KGRA near Palm Springs, Galiforriia. One, 

well was produced at 110 gpm for 4.5 hpurs. Water level changes were 

measured in the production well arid iri- tiwo obs'ervation well's at distances 

of 102 and 212 feet frô m the flowing x^ell. Maximum produced wellhead fluid 

temperature was 1A&°T.. 

The data was analyzed assuming thrift there is a partial p'enetration 

effect whi.ch yields a total reservo.ir height of -1,000 feet. Trarismissivity 

values between .1.7 and 3.7 x 10- md-ft/cp. were calculated from the production 

and observation well data. 

However, our c ori f i d ence in 'the calcula ted taran smi s s iv i t y values is 

small. Anstlysis of "data from well tests, is directly dependent on geological 

and lithological informatiori avaiiable for the feservoir. In this case 

little is known about the aquifer that was testfed-. 

Lithologic and geophysical, well logs ware -not available. Furthermore, 

the ar°eal geology was not well defiried. Our main conclusions were that the 

test was not: of sufficient duf ation to estimate the to tai amount of heat 

available,, maximum prpducable temperature, .geologic extent .of the resource, 

or maximum, production •capabilities. This anomaly- appears to offer promise 

as a candidate for direct utilization applications. However, a modest 

- I . . , , . - < - . - • , . . . , _ 
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investment in well testing,, geological studies-, and their evaluatiori is: 

necessary to provide estimates for the ..resource exterit ,and its hydro therraal 

characteristics'.-

II) Mo no-Long Vailey KGRA - Casa Diablo Sit.e (Long Valley Syraposium', 1976) 

LBL reservbir engineeririg personnel visited the Diablo Hot Springs 

geptherraal area in June, 197.7, We reyiewed the site for ppssibie well test 

activities that. LBL corild perf.orm to delirieate reservbir bouridaries and 

maximum long tefin production rates for possible use in a Direct Heat 

yti Iiz a tion prograra for the city of Mairanoth Lakes. This reservoir has, a 

^ raaximum temp'efat.ufe -'bf •a'.ppro'ximately 36,0."F at. rihout ,'400 feet. The first 

well was drilled by ilagma in 1957. Preliminary short term flow tests were 

reported, to have flows, between .30!0,000 to 5,00,000 Ibs/br. .These rates: and 

temperatrires should be more, than sufficient to supply .sp'ace heating demands 

fbr the city of-Mammoth Lakes. However, these short term tests do not 

indicate res.ervpir extent or tptal capacit:y o.f the reseryoir. 

LBL has no plans iri trie immediate future- for extensive well testirig. 

Howeve-r, the heat loa'd demands for the city of Maiiimoth Lakes have been 

illustrated (Sims and Racine, 1977), and relat.ively high .temperature.water 

is •a.vailable- from this relat.ively shallow aquifer. Therefore, drilling 

costs would be minimal arid pipelines would, be bf reasonable leri.gth. These 

co;nsld'eratiDris. make Diablo Hot -Springs an interestirig Site for geothermal 

production. However, chemical precipitation during production or •injection 

may be a problera (based on samples taken by Magma Power G,o.)-

The re's ervoir b o undar i esi and reservoir capacity for long terra production 

have not been determined,, 'b:ut the area shows prpmise, Additiorial testing 

and fluid sarapling is required for iriitial fesource e-vaiuation. 
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III) Coso Hot Springs KGRA,, China Lake,, Cal-ifornia (Goranson, et al., 1978) 

An •"explbratory well - Gbsb Geothermal Exploratofy" Hole, Number 1 (GGEH//1) 

t̂'as completed at the China Lake Naval Weapons Center on -December 2., 1977 to 

a total d.epth of 48'45. from ground level (CER completion report). The sub

surface geology cpnsists of a fractured grahltic 'cbrnplex. b,verlain XJith 

rhyolitic debris arid intfuded by rhyolitic dikes (Galbraith, 1977). LBL 

personnel mpnitored the downh.ole therraal equilibrium of -the well.. The 

first LBL tempetature survey was, performed bn Dedembrer 8,. 1977, In all, 

eight temperature surveys were performed. Three downhole fluid saraples were 

taken, and pne dp;i-mhple pressure survey was raade. 

'Duririg drillirig rium"erous ff act ures> were, eri'count ered. Thes"e- ffactures . 

are observable in 'Figure 2 as large mud losses along the length of, the well-

bpre, Mpr.ebver-, as seen -in the teraperature surveys, these fractures are 

alsbl :evident iri the abriprmally rio bl e'd portions along the well where mud 

entered the forma.tion, thereby cooling it down (2,100, 2,,700 and .3,500 feet). 

The well essentially had co.me to thermal equilibrium by June of 19,7.8 as 

seen in Figure 3. The maximum temperature measured was 385°F at 2,000 feet, 

b'Qttoin''hole temperature was '350°F. 

On Septetnber 6, 1978 the well was stimulated with iiitrpgen using a 

one-inch, diameter tubing placed dpwnhgle. Af ter twelve-hpurs "of nitrbgen 

flpĴ f' :the. .well was. dry with approxima-t'ely 200 f'eet bf 'fill. At t'his time 

the well stirnulati'on operation was ended. 

On November 2-6, .1978 well start-up -.ind workover proc'ednr'es ebmrnenced. 

The tleariout pfscedure consis'̂ ted of pumping a nitrogen-foain. - water mixture, 

into the wellbore. The foam has the ability to: entrain particles: and float 

• ^ ^ _'\« 
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them tp the sufface. The foam cleahout, op.eratiori was successful and,a, large: 

amount of material was brought to the surface. Howevef,- a blockage was 

encoijntered which- prevented touching, TDi The well again was- dry after 

nitrogen stimulation. The water level buildup in the well'was measured 

and indicated an inflw^ rate of apprpximately 4 gals/min. 

Our conclusion ±s that th.ere is not an .appreciabl'e .amount o,f fluid! in 

the formatipn from 3,500-4,845 feet. Th.e small amount of fluid inf low seems 

to be ofiginating outside the casing about 3,500 "feet (GGEH#1 is, "cased to" 

3,500 feet). The zones of large mud losses in the cased po.rtlon mentioned 

above are the probable ortgin of the geothermai fluid in the well. The 

zone at 1900 fget- had ah influx of about 60 ''gpra while driiiing- with ai-f" 

,and hydrothermally altered rpck was encountered. This zone also has the 

highest recprded temperature of ,3.85°F. > 

The well has prbveri to be useful in preliminary resource evaluation. 

To verify preliminary resource models there is a need, for further drilling 

of wells; in nearby areas: to, determine fracture orieritatioriS: and resource 

characte^ristic's: in the Coso Hot Spririgs KGRA. 

,IV) Susanville Geothermal Anomaly, Susanville, California (BuRec, 1976) 

The" Bureau of Reciamatign personnel are performing an extensive resburce"̂  

iden.tification -pro.gram̂  in the Susarivill,'e - -Honey Lake 'KGRA, -iri' Northern 'Calif

ornia (-"tĥ  location is shown in Figure 1) , During the last three months the 

Bureau of Reclamation drilling crews have, concentrated pn the City of Susan

ville area,, since the gebthermal res ource the're is expecteS to be capable 

bf meeting heat Idad demands within the City limits. Thermal waters are 

being used at this time to heat the city swimming pool. Oth'er private 
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user.s include a gr-eenhpuse;, a, lumber: company and a chur.ch. The maximum 

downhole: temp'efature: ineasured to date is 150°F at a d'epth bf 35:0 feet. 

Figure 4. 

Ther'e are 10. wells in the west side o;f the town ,of Susanville that were 

incofporated in a well test beglrining NovemKer 27, 1978. Numerous drillers' 

logs and geophysical well logs have been obtained from the Bureau of Reclamation. 

Th.e .approximate depth of the maximum- temperature is knbxm, from well Ibgs., 

However, the hydrothermal Mechariism which maintains this :res0urce .is' not 

knpim at this time. The interference test in early FY 1979 should outline 

the respurce boundafies and, yield' infprm.ation. relative to the long-term 

production chara'cteristicS of thg resource. Tlie test will also yield 

information related to fur-ther well drilling activities in the area. 

After analysis, of 'the well test data we will collabp.rate with the BuRec 

persoririel to chbbse an optimum site fbr the first proriuctiori iJe'll to supply 

fluid for the- city of Susariville buildings. A productivity test is scheduled 

after the production well has been completed and developed. Injectipn atid 

future production strategies will b.e studied usirig reservbir simulation 

computer progfam'S'-.. 

V) Klamath Falls GeotherTnal Anomaly,, Klamath Falls, Oregon (IIS.GS,, 19J6) 

Kla.matk 'Fails,, p'regon ,'has been designated as: ,a krip̂ '̂n Geo'ther.mal 

ResourGe Area (RGRĵ ) . The city is orie of the earliest: large scale us'erŝ  

of geothermal energy in the continental United Stat.es. There are approxi

mately •350 hot water wells In the! area us'ed for space h.eating in about 450 

structures, Downhole water xrell temperatures rarige from 30°C - 105''C (see 

Figu-f e 5;) . Lar.ge quantities of data have been published by the' Oregpn 
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Institute of Technology Geo-Heat Utilization Center on the properties and 

characteristics of the Klamath Falls resource. 

LBL has analyzed data from two well tests in the area performed by 

Oregon Institute of Technology. One test was performed in July, 1976, 

•another test was carried out in July, 1978 with LBL participation. In 

the first test the museum vjell, located near the downtown area, was flowed 

and 12 nearby vjells ranging from 129 to 1,425 feet from the pumped well 

and were monitored for water level changes. The museum well has been 

considered as a candidate for supplying makeup water during large heat 

load demands. No drawdowns were measured in the museum v/ell and the maxi-

' mum produced temperature was 84°C. Subsurface geology in the area is 

rather coraplex xd.th alternating lacustrine and volcanic materials as the 

main geologic structures. This geologic complexity hampers data analysis 

in that tests were not of sufficient duration in time to uniquely define 

reservoir characteristics in tei-ms of partial penetration, confined or 

unconfined aquifer behavior, leaky aquifer behavior, etc. Calculated 

values of effective transmissivity range from 6 x 10 md-ft/cp at the 

observation well 130 feet from the production well to 35 x 10 md-ft/cp 

at a distance of 1,000 feet. The differences in the values of transmissivity 

seem to indicate a partial penetration effect, however, there v/as not 

enough data available to obtain unique interpretations. Flow .rate changes 

were made at the production well occurred before semi-steady state behavior 

had been reached, and hampered analytical analysis techniques. 

The second well testing activity incorporated a well located on Old 

Fort Road about one mile from the center of town. Tliis well is in an area 

where maximum downhole temperatures of 105°C exist, and may be penetrating 

a fault zone. The well was produced for two days at 250 gpra, shut in for 

:^---'- - cJti-iCki:-
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two days, then flowed for two days of production, with injection in a well 

600 feet from the production well. The production well is 900 feet deep, 

the injection well was 200 feet in depth. Due to flow measurement problems 

and production well collapse, the flow time was limited to 24 hours (during 

the injection portion) of the test. 17 wells in the area were observed. 

However, all the observation wells had shallow completions (200-350 feet) 

V7hile the production well was completed to 900 feet. The geology in.the 

area of Old Fort Road is soraewhat similar to that mentioned above. Draw-

dovms in the observation wells were quite small (15 cm) and the formation 

parameters have not been uniquely defined. However, a preliminary analysis 

indicates transmissivity values of the same order of magnitude as in the 

Museum Well test. Although production well data was obtained, the data 

shows complications x̂ hich have not yet been identified (i.e. - partial 

penetration, leaky aquifer, fracture, etc.). The test again was not 

long enough in time to classify the reservoir from a hydrological stand

point. Hovjever, communication between producing and observation wells 

has been proven. Additional testing to determine the characteristics 

of the aquifer system is needed to confirm preliminary resource models 

of the 'area. 

LBL reservoir engineering personnel plan to carry out production tests, 

and possibly a long term interference test in the area of Old Fort Road 

in FY; 1979. These tests should hydrologically identify this resource. 

OIT personnel working with the Geo-Heat Utilization Center plan to drill 

two wells in the area of Old Fort Road in FY 1979. LBL plans to assist 

them in drilling and geophysical well logging to identify the lithology 

of the area. Continuous water-level monitoring in a few chosen wells will 

be important in the long-term resource evaluation at Klamath Falls. 
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VI) Cerro Prieto Geothermal Field, Baja California, Mexico (Proceedings 
of the 1st Annual Symposium on the Cerro Prieto Geothermal Field, 1978) 

The Cerro Prieto Geothermal Field is located in the Mexicali Valley in 

the southern extension of the Salton Trough as shox-m in Figure 6. The 

field at this point in time has 18 wells supplying steam to generate 75 MWe. 

Well depths in the field vary between 1200-2200 m. Numerous hot water 

springs and fumaroles have existed in the area in the past, and some still 

exist today. 

For testing purposes we have divided the field into four areas; west, 

south, east, north as shown in Figure 7. The western area encompasses the 

main producing field and well M-6. Data was available from a float type 

water level meter installed by the Mexican Department of Water Resources 

headquartered in Mexicali. The analysis of this data is difficult due to 

differences in the geologic regimes betv/een M-6 and the main producing 

field (fanglomerates versus marine deltaic environment). This is indica

ted in lithologic and geophysical well logs. M-6 geological differences 

are also indicated in the low downhole teraperatures relative to the main 

field (=150°C). Another difficulty in the analysis arises frora the eleva

tion differences of the open intervals in M-6 and in wells in the field. 

The open interval in M-6 is between 500-700 ra. Open intervals in the 

producing field in most cases are betvjeen 1100-1500' m. Since the tempera

ture in M-6 is 150°C and the temperature in the main field is over 300°C, 

the viscosity of the fluids is vastly different. Due to these difficulties 

calculated transmissivity values using M-6 data indicates higher than 

actual permeability. Calculated transmissivity values are on the order 

of 4.7 X 10^ md-ft/cp (1.4 x 10~^ t r ? / ? a - s ) . 
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Frora January 25 to March 15 LBL carried out an interference test in 

the southern portion of the field. Four wells were developed by CFE with 

maximum flow rates of 600,000 Ibs/hr. Production temperatures varied from 

290°C-300°C. Development intervals were staggered with flow periods ranging 

from four to ten days (see Figure 8). Well M-101 was chosen as the observa

tion well while wells M-90, 91, 50, 51 were produced. Again the analysis 

is made difficult due to subsurface geological characteristics. The reser

voir has recently been modeled (on the basis of well log interpretations) 

into three units - unconsolidated sediments, consolidated sediment, and 

basement rock. The consolidated unit has been divided essentially into 

four layers, layer 1, layer 2, reservoir A, and reservoir B. Reservoirs 

A and B are separated by a shale layer varying in thickness between 30 and 

100 meters. The observation well penetrates partially into reservoir A. 

Production wells partially penetrate reservoirs A and B. 

Doi<nihole temperatures are approximately the same through this portion 

of the field. Tlie data was analyzed using an isothermal, line source, iso

tropic, homogeneous, infinite aquifer, non-linear least squares fitting 

routine to match the observation well data. Figure 8 illustrates measured 

pressure response with flows superimposed. Figure 9 shows calculated 

pressures versus observed pressures. The calculated transmissivity is 

1.5 x 10^ md-ft/cp (4.36 x 10~^ m"̂ /Pa-s) . A storativity value of 2.3 x lO"^ ft/ 

—fi 
psi (1.017 X 10 m/Pa) was also calculated. The calculated and observed 

pressure response fits rather well. However, due to the aforementioned 

subsurface geological characteristics, we feel our estimates are higher 

than thev should be. 

-.^^-^^ ^ - ^ ^ ' --^ ^'.^'i- ' ^ ^• - - • . - i ' ^ ^ . ^ . — t f - s ^ ^ - ' i i i ^ ^ X - . . ^ : ^ ^ ^ . . ; -'...̂ ĵ wt*;..!!:'.̂ -̂ - .'.-.„v.;,,-ri„,, .«:..—» . . . . - i .., _•-.. 
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Anofher interference test was cri-frled out in the 'eastern por tion of 

'-̂-f the field. Well M-53 waS' developed during "May. The well was then put on • 

line: to supply steam tp the power plant, M-ip4 was chosen as an observation 

well near M-53. Well M-10 was also bb'seryed duririg; this time. Gb'sefvation in. 

these wells began about the first of May and was concluded on July 27, 1978. 

Figures 10 and 11 show measured pressures^ in thes'e wells. The initial 

pressure drop at H-10 was due to' faulty equipmeiit. This prbb'lem was fixed 

•within a few days after the instrument was installed ddvmhble. How,'ever, as 

noted in the figures, pressures began to increase Immediately. Well M-10 

is near 'the main pfPducirig field, arid the* raeasured pressure response should 

/have been one o'f slow decline due to the nearby long-term prodiiction. 

M-10'4 was in an area of- the field where no pro.duction had taken place within 

a few mo'nt'hs prior to s'etting the ins.trument in the well,. On May 5, 197 S an 

earthquake occurred with an epicenter a'pprbximately 20 -km south of Cerro 

Prietb, magnitude 5.1 (Richte:r) . 

Pressures contiriued to- rise after the','earthquake, then fegan falling." 

On May 15,, i9'78 well M-53 began production. Note in Figure 11 that a change 

In the slbpe of the pres s.urê  buildup pc cured about 2 days later. (Equipment 

was checked during these periods^ and found, to Ve furictioriing correctly). 

Tlie data obtained is not rea'dily analyzable due to the unknown: pr'essure 

buildup associated, with the earthquake before flPwing well M-53, However, 

using the: transmissivity and storativity values obtained in the M-101 inter

ference' test,, the pressure drop at the end of the obseryation period in M-104 

should liave' beeri about 4 or' 5' psi. The order of magnitude of the. permeability, 

therefore- is similar to that in the southefn pprtion of the field. The 

subsurfa:c.e geologic conditions are: rrilativ.ely the same in the eastern 

arid southern portions df the field. However, another interference test 

i:SiSiii4jS^,ifa*Utjiii'vi».-;i'itci".;jiv^^^ 
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should be ckffi'ed out tb determine if this indeed is the 'case. In addition 

to the interference- test's described abbve,, there have been s.everal produc

tivity tes.ts. and two-rate flow tests perforraed during the, development 

of the wells. Data has b'eeri examined fo.r thr.ee twp-ra:te tests. The wells 

M-5i, M-90,; and M-.91 were varied in rate during their ,develppment. This was' 

the perio.d when, M-lOl was also :monitored. The wells are all pehetrating 

differerit aqriifefs, bf cdmb ina tions of aquiferS;. The pfesence of multiple 

aquifers,, shale I'ayers,- of a cbmbanafeiori pf the'se is evident iri the data,, 

arid makes u:na:mbigip,us determination of the reservoir characteristics diffi

cult. The use of fese-rvoif simulation inight allow a more ae.c ept able model 

for the system to be developed, 

Tlie subsurface geological Gharacteristics pf the Gerro Prieto field are 

,being clarified as new data becPmes availabie ,frpm their extensive drillirig 

program.., We have introduced to CFE personnel our Iristrumeritation fPr inter

ference and prpduction well t'esting and some of o,ur cpraputer p.rograms for 

data analysis. CFE has begun -an Interference and productlbn test in the 

sbuthern and eastern ppr tions of the field,,. Recent flowing pressure and 

temperature .profiles iri- some of the wellbores may indicate:, two-phase flow 

in the well and possibly in the reservbir ri'eaf-the' w.ellbb.re. One new 

w_ell drilled in the eastern po-rtio'n of the field exhibits -bot.tomhole 

temperatures appr.Qaching 360°'C. These are interesting aspects in terms 

of geo.thermal res'ervolr .engineering, problems. 

dur plans' in FY 1979 include the folldwirig: 

1) Downhole reseryoir fluid s.ampling. 

2) Tti/o-phase wellbore numerical mddelirig. 

;^eiK2ffli&Bii^^ilSs^tei2*k!fe^^ 
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3) Numerical reservoir raodeling to match subsurface 
geological and fluid characteristics. 

4) Analysis of new interference and production 
well data. 

All the information obtained to date, and new information becoming 

available will allow an understanding of the Cerro Prieto geothermal 

field and will help to define similar geothermal fields in the United 

States. 

VII) East Mesa KGRA, Imperial Valley, California (Narasimhan, et al., 1977, 
Earth Science Division, LBL, 1979) 

East Mesa is at the eastern edge of the Salton Trough in Southern 

California. In FY 1978 an Agreement was negotiated, for v/ell testing at the 

East Mesa site shown in Figure 1. The agreement included a review of all 

past v/ell testing and analysis. In addition, productivity tests for v/ells 

6-1, 6-2, 8-1 and 31-1 were agreed upon. The well 31-1 has no surface 

piping from the v/ellheat, and environmentai restrictions prevented surface 

disposal. Hence, 31-1 was not subsequently tested, but the remaining tests 

were completed.. A long term interference test was also completed using 

8-1 as the flowing well while monitoring nearby wells. 

The review of previous well testing at East Mesa provided estimates 

for the well productivity also. In tables 1,2, 3 and 4 in the reference 

(Benson, et al., 1978), all of the data is summarized for the BuRec, Magma, 

and Republic wells from which the test data is available. 

-l'iis jft'M,-̂ ' E .V,:«^^ -Ik... ..if i - - : ^ - >. •..•;;«W-.,.ii;:'̂ 'iieii£jJiltC ri:JX^-.~.^l_ '"_v., '.-' -•„•. — ,.*?-,. •«.i.ti*A«.'..c.^i-.I.'.^.iAjS-i^i*^-., 
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Summary 

During FY 1979 the principle reservoir engineering activities will be 

at the geothermal sites indicated below in Table 2. 

Table 2 

Locations of Site-Specific Reservoir 
Engineering Activities During FY 1979" 

Susanville 

Klamath Falls -

Cerro Prieto 

Valles Caldera -

Others 

measurements, well siting, and 
resource evaluation. 

measurements, resource evaluation 

measurements, resource evaluation 

resource evaluation 

measurements, resource evaluation 

'̂ Minor activities are expected to continue at Niland, Raft 
River, East Mesa, and Heber. 

The category in the table marked others is still vague, since final committ

ments at several geothermal sites has not been finalized at this time. 

The first field test of FY 1979 is underway at Susanville where tv/o flowing 

wells and 8 observation wells are being used to delineate aquifer continuity 

and material parameters. Computer modeling is unden^ay to evaluate the 

resource. At Cerro Prieto the measureraent prograra for FY 1979 is being 

negotiated to determine whether one long-term production test can be used 

to identify the non-homogeneities that have been identified from well logs 

and cores. Coraputer modeling using SHAFT78 (Pruess, et al., 1978) have 

been started to evaluate previous measurements and to estimate the future 

~V»-*"—i5'.^,,^-*,^*j,jj_^fcj: ,^^ 
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two-phase' behavior of the aqui.ferS'. All o ther a c t i v i t i e s a re in the prepara

to ry phase a t t h i s -time.. 

• ^ ^^ " ^^^^^^^^ i ^ ^^^&s^^^^^S^^^ i ^ ; ^ * ^^^ 
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Figure Captions 

Figure 1'. Map showing locations of LBL reservoir engineering related 
activities for FY 1978. 

Figure 2. Summary of drillers log for CGEH-1, COSO Hot Springs, California. 
XBL 7812-13390 

Figure 3. Teraperature versus depth for- CGEH-1 at selected time intervals, 
COSO Hot Springs, California. XBL 784-7951 

Figure 4. Susanville geothermal well temperatures, Susanville, California. 

Figure 5. Well water temperatures at the 4000 foot elevation, Klamath 
Falls, Oregon. 

Figure 6. Salton Trough showing Iraperial and Mexicali Valley (from 
Palmer, et al., 1975). XBL 764-1182 

Figure 7. Cerro Prieto Geothermal Field showing LBL reservoir engineering 
subdivisions. XBL 7811-12804 

Figure 8. Measured pressures in well M-101 with flow rates of four 
nearby wells superimposed. 

Figure 9. Calculated and observed pressure response of well M-101. 
XBL 786-1097 

.Figure 10. Well M-104 pressure versus time with M-53 flow rates 
superimposed. 

Figure 11. Well M-10 pressure versus time with M-53 rates superimposed. 
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OREGON 

Kim oe TAX 

Corporate Excise 

Tax 

Corporate Incooe 

Tax 

Business Corpora
tion License Fee 

Property Tax 

1 
STATUTORY REFERENCE 

ORE. REV. STAT. 

8 317.005 et seq. 

• 

ORE. REV. STAT. 

B 318.010 et seq. 

ORE. REV. STAT. 

8 57.761 et seg. 

ORE. REV. STAT, 

i 307,010 to 

B 311. 

MEASURE AND RATE OP TAX 

Corporations (including utilities) doing or authorised to do business pay 6S*(Financial institutions 8%) 
of net income attributable to Oregon) minltnum is $10. Rate for year 1977: 7%; Rate for year 1978 and afteri7i|% . 

Offset allowed corporation primarily engaged In manufacturing, processing or assembling. 

Corporations not taxed under tho excise tax deriving income fron Oregon activities carried on Instate 
pay tax of 6S* on net income allocated to state. 

Domestic corporation fee (8 57.767) i based, on authorized capital stoc)i at a graduated rate; maximum is $200 

Foreign corporation fee (8 57.769): flat fee of $200. 

Realty and tangible personalty taxed at 100\ of true cash value as of January 1. 

When mineral., coal, oil, and gas interests have been severed, they shall be taxed separately. (8 308.115) 

Unpatented mining claims exempt f^om taxation. (8 307.080) 
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NEVADA 

KIND OP TAX 

DomeBtic Corpora
tion Organization 

Pee 

Foreign Corpora
tion Organization 

Fee 

Property Tax 

Oil and Cas 
Conservation Tax 

STATUTORY REFERENCE 

KEV. REV. STAT. 

8 78.760 

NEV. REV. STAT. 

8 80.050 

' 

NEV. REV. STAT. 

8 361.010 et̂  seq. 

t 

NEV. REV. STAT. 

8 522.150 

MEASURE AND RATE OF TAX . • -

Based on authorized Capital Stock. 

Rate is same as for domestic corporations but fees may not exceed $25,000 for filing initial qualification 
documents: or $25,000 for each subsequent filing of an amendment certificate increasing authorized 
capital stock. 

a 361.225: All property is assessed at 35% of the full cash value. 

Mining proper^: Computed on a net proceeds basis. Once the net proceeds for a mine are determined, the 
mine is then taxed at the same ad valorem rate as other property is taxed (S 362.140). 

Unpatented nines and mining claims-«re exempt from taxation. (9 361.075) 

Although the property tax for mines is computed on the value of the severed product, it is considered to be 
a lien on the mine or mining claims, from which ores or minerals are extracted for sale or reduction. 

5 mills per barrel of oil or 50,000 cubic feet of natural gas produced and sold, or bought. 
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IDAHO 

KIND OF TAX 

Corporate Income 

Tax 

Corporate License 

Pee 

Property Tax 

Mining License 

Tax 

Oil and Gas 

Production Tax 

STATUTORy RBPEREHCE 

IDAHO CODE 

8 63-3025, 
8 63-3025A 

IDAHO CODE 

8 30-601 to 
8 30-604 

IDAHO CODE 

8 63-2801 et̂  sec[. 

IDAHO CODE 

8 47-1201 et̂  seq. 

IDAHO CODE 

8 47-330 

MEASURE AND RATE OF TAX 

6.5» taxable income from instate sources 

Based on authorized capital stoc)i value 

Minimum is $20: maximum is $300 

Exemption: all mining companies who do not own productive mines 
i 

Productive mines: 
Net annual profits, plus (1) price paid to D.S. for mines and claims or'(2) separate value of surface 
ground used for other purix^ses plus value of machinery, property and surface improvements 

All other lands, realty, and personalty, assessed at 20% of the full market value. 

2% of net proceeds of mine 

Rate is 5 mills per barrel of oil or per 50,000 cubic feet of gas produced. 

Levied for purposes of administering regulation of oil and gas industry. 
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UTAH 

KINO OF TAX STATUTORY REFERENCE 

Mining Occupation 

Tax 

Oil and Gas 

Production Tjut 

UTAH CODE 

8 59-5-66 et̂  seq. 

OTAH CODE 

8 40-6-14 

•- • 

MEASURES AND RATE OF TAX 

1% of gross amount received for or gross value of ore or metal sold, or fissionable materials delivered. 

2% of value at well or oil, gas, etc., sold or carried from production area. 

-

• 

Oil and gas produced, saved, sold or transported from production area, at rate fixed by Division of Oil and 
Gas Conservation, not over 2 mills per $1 value at the well. 
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UTAH 

KIND OP TAX 

Corporate Income 
Tax 

Corporate 
Franchise Tax 

Property Tax 

STATUTORY REFERENCE 

UTAH CODE 

8 59-13-65 

UTAH CODE 

8 59-13-1 et seê . 

UTAH CODE 

8 59-5-57 et̂  seq. 

MEASURES AND RATE OF TAX 

6% of net income attributable to Utah, except income for a period requiring inclusion under the Corp
orate Franchise Tax, below. 

6% of net income attributable to Utah. Minimum $25. 

Income taxed under Franchise Teuc offset against corporate income tax. (8 59-13-70) 

8 59-5-3 provides that mining property taxes (with some exceptions) are to be assessed by the State Tax 
Commission rather them by county assessors. 

S 59-5-57 ("Severed Mineral Assessment"): if the surface lands and the mineral lands underlying such lan<% 
are owned by different individuals, such property rights shall be separately assessed to the 
respective owners.. 

Metalliferous mines: $5 per acre, plus 2 times average net annual proceeds for past 3 years, plus 30% 
of value of machinery used in mining and other property not used for mining 
purposes. 

Non-metalliferous mines: 30% of reasonable fair cash value and other realty and tangible personalty. 

8 59-5-58: "net annual proceeds": the amount annually realized from the product of the mine over and 
above all costs and expenses of obtaining such proceeds and converting them into money. 

S 59-5-58: Allowable deductions 
8 59-5-59: Nonallowable deductions 

Coal and hydrocarbon lands: 30% of their reasonable fair cash value 
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NEW MEXICO 

KIND OP TAX 

Oil and Gas 
Conservation Tax 

.".esourĉ s Excise 
Tax 

Natural Gas 
Processors Tax 

STATUTORY REFERENCE 

N.M. STAT. ANN. 

8 72-20-1 et seq. 

N.M. STAT. AMM. 

8 72-16A-20 to 

8 72-16A- 29 

N.M. STAT. AMN. 

8 72-23-X et seq. 

MEASURES AND RATE OP TAX ' . . 

Imposes a tax at the rate of 0.18% of taxable value on the following products: oil, natural gas or '-
liquid hydrocarlwn, individually or any combination thereof, uranium,coal and GEOTHERMAL ENERGY. 

The purpose of this tax is to appropriate funds to the energy resources h>oard of the state to be,' 
expended in the performance of its duties, the duties of the state geologist and the duties of the oil 
conservation commission. 

For the privilege of severing natural resources: the rate is 3/4% of the market value except for potash: 
potash: 1/2 of 1%. 

For the privilege of processing natural resources) the rate is 3/4% of the market value except for timber 
and potash. Timhier: 3/8%. Potash: 1/8%. 

Oil and gas are excluded from this tax and those subject to this tax are exempt from the Gross Receipts Tax. 

No resources tax is due on the taxable value of any' natural resource that is processed in New Mexico and on 
which the processors' tax has been paid. 

Imposes a tax at the rate of 45/100 of 1% of the value of manufactured products of natural gas or 
liquid hydrocarbon or in combination. 

Tliose subject to this tax are exempt froo the Gross Receipts Tax, the Oil and Gas Emergency School Act, 
and the Resources Excise Tax. 
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NEW MEXICO 

KIND OF TAX STATUTORY REFERENCE MEASURES AND RATE OF TAX 

Severance Tax N.M. STAT. ANN. 

8 72-18-1 et̂  seq. 

This tax lias the effect of a license or occupation tax. It imposes a tax on the gross value of natural 
resources immediately after severance from the soil (but oil, gas, liquid hydrocarbon individually or any 
combination thereof or carbon dioxide are not included). 

Rates are as follows; for those products having a posted field or market price at the point of production, the 
value to be reported shall be its posted field or market price (for potash the value to be reported slvall be 
40% of such price) without any deductions except those expenses of hoisting, crushing and loading necessary 
to place the severed product in marketable form and at a marketable placet no deductions for Ivsistlng, loading 
and crushing in excess of 50% of reported value shall be allowed. Rental or royalty payments t>elonging to the 
United States or the state of New Mexico shall be deducted from the gross value of the severed products. 

Class 1. Potash 2 1/2% 

Class 3. Uranium and other material used primarily for its fissionable 

Class 4. Timber 1/8% 

Class 5. Coal 1/2% 
Class 6. Pumice, gypsum, sand, gravel, clay, fluorspar and other 

nonmetallic minerals — - — 1/8% 
Class 7. Gold, silver, lead,' zinc, thorium, molybdenum, manganese, ., 

rare earths and other metals ~ 1/8% 

Oil and Gas 
Severance Tax N.M. STAT. ANN. 

8 72-19-1 et seq. 

Imposes a tax at the rate of 3 3/4% of taxable value on oil, natural gas, liquid hydrocarbon, individually 
or any combination thereof. Transporation expenses and any royalties paid to the v^vernment or Indian tribes 
may be deducted. Revenue collected under this tax is directed to the state's General Fund.and is not 
subject to local control. 

Oil and Gas 
Bsergency School 
(Privilege) Tax 

N.M. STAT. ANN. 

8 72-21-1 et̂  seq. 

Imposes an additional severance tax on the privilege of engaging in the business of severing oil, natural-
gas or liquid hydrocarbons from the soil of New Mexico. (This tax does not pertain to the production of 
minerals.) 

Rate Is 2.55% of the taxable value of the {nroduct severed: oil, natural gas, or liquid hydrocarbon. 

Those subject to this tax are exempt frora the Gross. Receipts Tax and the Resources Excise Tax. 
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NEW MEXICO 

KIND OF TAX 

Oil and Cas 
Production Equipment 
Ad Valorem Tax 

Corporation Income 
Tax 

Corporate Franchise 
Tax 

Gross Receipts 
(Sales) Tax 

-. 

STATUTORY REFERENCE 

N.M. STAT. ANN. 

8 72-24-1 et seq. 

N.M. STAT. ANN. 

a 72-15A-1 et seq. 

N.M. STAT. ANN. 

8 51-i3-l £t scq. 

N.M. STAT. ANN. 

8 72-16A-1 to 
8 72-16A-19 

MEASURES AND RATE OF TAX 

The tax is administered by the Oil and Gas Accounting Commission. The tax is on equipment used in oil, 
natural gas or liquid hydrocarbon production. The value of equipment of each production unit is set at 
an amount equal to 27% of the market value of the products of each production unit. 

The assessed value is detennined by applying the uniform assessment rate of 33 1/3%. 

The Oil and Gas Production Equipment Tax and the Oil and Gas Ad Valorem Production Tax are the full and 
exclusive measure of ad valorem tax liability on the interest of all persons in the production of 
oil and gas. 

Based on federal taxable income with adjustments. 

Tax rate is 5% of net income. Taxpayer may elect to allocate net income.by Uniform Division of Income for 
Tax Purposes Act or Income Tax Act. 

Domestic corporations and foreign corporations for profit engaged in any business in New Mexico are taxed. 

Tax rate is $.55 per $1000, or fraction thereof, of the book value of that proportion of authorized and 
issued capital stock represented by property and business in the state. Minimum is $10. 

• 

Rate is 4% of gross receipts for privilege of engaging in business. Oil, natural gas and liquid 
hydrocarbons covered by OIL AND GAS EMERGENCY SCHOOL TAX ACT and are specifically exempted from this 
tax by 8 72-16A-12.20. Mineral Interests are also exempt. Whenever the Oil and Gas Emergency School Tax, 
the Natural Gas Processors Tax or the Resources Excise Tax apply, then the Gross Receipts Tax does not 
apply. 
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NEW MEXICO 

KIND OP TAX 

Property Tax 

Oil and Gas Ad 
Valorem Production 

Tax 

STATUTORY REFERENCE 

N.M. STAT. AWN. 

8 72-28-1 to 
8 72-31-93 

Mineral land valuation: 
8 72-29-11 to 
8 72-29-14 

' 

N.H. STAT. ANN. 

8 72-22-1 et seq. 

• 

MEASURES AND RATE OF TAX ' • • . . , 

Valuation of mineral property is determined by the state Projperty Tax Department, not county assessors-
(8 72-29-2-0(2)). Oil and gas property is not subject to valuation for property tax purposes under the 
Property Tax Code. Instead it is valued and taxed under the Oil and Gas Ad Valorem Production Tax 
(8 72-22-1 et seq.) and the Oil and Gas Production Equipment Ad Valorem Tax (8 72-24-1 et seq.). . 

Property is assessed in proportion to its value. The current statewide uniform rale is 33 1/3% (8 72-30-3 ). 

Minora! propprUps are classified as oroducing or nonproducing. Productive mineral property is taxed on the basis 
of net proceeds of production (the value for such mineral properties is an amount equal to 300% of the annual net 
prndiirt-ion value). The value of class one nonproductive mineral property (nonoperated, privately owned mineral 
lands, reserves, interests and severed mineral products where the property is known to contain commercially .workable 
quantities of minerals) is determined by applying a per acre value to the surface acres of the property being 
valued. The per acre value of such property is determined under regulations adopted by the Property Tax Department. 

"Annual net production value" for productive mineral property may be determined on an output basis, using either an 
average annual output for each of the previous five years, or, by election, only the prior year. Valuation is 
determined by the market value of the annual output, less the actual costs of producing and bringing the product 
to tho surface, as well as the costs of milling, treating, transporting and selling the products. Alternatively, 
the P.-operty Tax Department may value the property at 300% of the average annual output as determined under either 
the five year or one year method. If the productive property fails to produce a market value of average annual 
output above actual cost, then the Department may determine the taxable value of such property on the same basis 
as unproductive property. 

In addition to an ad valorem taxation on the value of mineral, the Property Tax Department assesses the value of all 
improvements, equipment, materials, supplies and personal property held or used in connection with the development 
of the mineral property. Also taxed is the value of any surface interests. 

Imposes an ad valorem tax on the assessed value of oil, natural gas and liquid hydrocarbon production severed 
and sold at certified local rates. The tax is initially administered by the oil and Gas Accounting Commission 
which assesses the value of production units and collects the tax thereon. 

The taxable value of products is an amount equal to one hundred fifty per cent (150%) of the value of the 
products after deducting: (1) royalties paid or due the United States or the state of New Mexico; (2) royalties 
paid or due any Indian tribe, Indian pueblo, or Indian that is a ward of the United States: and (3) tlie 
reasonable expense of trucking any product from the production unit to the first place of market. Tlie 
assessed value of the product is determined by applying the uniform assessment rate (33 1/3%) to the taxable 
value (150% of the Market value) yielding an assessed valuation of 50% of tiie raarket value. 
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CALIFORNIA . 

KIND OF TAX STATUTORY REFERENCE 

"t 
Franchise (Income) 
tjuc - business 
corporations, public' 
utility companies 
and banks 

CAL. REV. S TAX CODE 

8 23151 

8 23503 

I 

MEASURES AHD RATE OF TAX 

Tax for the i>rlvilege of exercising a corporate franchise within the state. Insofar as the 
franchise tax overlaps the corporate Income tax 0:>elow), the eunount due under the franchise 
tax is offset against the amount due under the income tax. 

Tax rate is 9% of net income attributable to California. Minimum is $200. Net inrime for 
California corporations is computed on an apportionment basis: the world wide income of a 
parent company and Its subsidiaries is aggregated from which California net Incorae is 
then determined. 

Corporation Income < 
Tax - All corpora- ! CAL. 
tions except banking i 
corporations -

REV. S TAX CODE 

8 23501 

Tax rate is 9% of net Income attributable to California exclusive of income included in measure of 
franchise tax. 

Net income for California corporations computed on an apportionment basis: world wide income of parent 
company and its subsidiaries aggregated from which California net income then determined. 

Oil G Gas Production 
Charge CAL. PUBLIC RESOURCES 

CODE 

88 3402,3403, 3423 

Essentially a severance tax on the operation of oil and gas wells for the purpose of supervising and 
protecting depbsits of oil and gas in California. The tax is levied per barrel of oil produced or per 
thousand cubic feet of gas produced. The Department of Conservation administers the tax and determines 
the annual rate on the basis of t)ie annual amount required to support, the Division of Oil luid Gas. The 
assessments are a lien against the property of the person assessed and are made against the person operating 
the property. They are in addition to all other taxes and are payable on the first day in July of each 
year. Current rates as of July 1, 1976 are: 
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CALIFORNIA 

KIND OF TAX STATUTORY REFERENCE MEASURES AHD RATE OP TAX 

Property Teuc 
CAL. CONST. Art. XIII, 
8 1; Art. XI, 8 12 

CAL; REV. fi TAX CODE 
a 104-110, 201, 202, 
401 

18 CAL. ADMIN. CODE 
88 27, 28 

All property not exempt from taxation is taxable In proportion to its value. (CAL. CONST. Art. XIII, 8 1) 

Although the Calif. Const, specifies that all property is to he assessed for taxation at its full cash 
value (Art. XI, 8 12), 8 401 of the Calif. Revenue and Tax Code provides that all property is to be 
assessed.at 25% of the full cash value. Courts have upheld this assessment of property. 

Each county assessor, not a state agency, assess the value of oil, gas, mineral, and geothermal property 
and leaseliolds. In practice assessment of oil and gas and geothermal leasholds on private lands has 
differed from that on federal and state lands: 
1. Geothermal leaseholds on federal or state lands, when sold on a bonus bid basis, have been taxed as 

possessory interests, whether or not there is any production of power. (Note: where there have been 
title disputes over geothermal rights on state lands, the leaseholds on such lands )̂ ave not been taxed 
as possessory interests, pending settlement of such disputes.) 

2. Geothennal leaseholds on private lands have not been taxed as possessory interests until there has been 
actual electrical production. 

3. Oil and gas leaseholds on state lands have been taxed as possessory interests, whether or not there is 
production. 

4. Oil and gas leaseholds on private lands tiave not been taxed as possessory interests until there has been 
production. (Often such leaseholds have not been recorded nor has there been a bonus bid price paid for 
the leasehold'.) 

Once production has begun either for geothermal, oil and gas or mines, the property is then assessed on the 
basis of the present: worth of future net income. 

Assessment problems are occurring on federal geothermal leaseholds where some development has taken place 
but there is no actual electrical generation oc even a contract to sell power to a utility. The disputes 
center on what figure should be used for valuation purposes: total capital expended by the company to 
develop the leasehold up to the present time or some figure less than total capital expenditure. 

Unpatented mining claims are.possessory interests and are, therefore, taxable. 
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CHARTS OF STATE TAXES ARRANGED BY STATE 
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OIL AND GAS PRODUCTION OR CONSERVATION TAX 

STATE 

CALIFORNIA 

NEW MEXICO 

UTAH 

IDAHO 

NEVADA 

STATUTORY REPERENCE 

CAL. PUBLIC RESOURCES 
CODE 

88 3402,3403, 3423 

Oil s Gas Production 
Charge 

H.M. STAT. ANN. 

8 72-20-1 et seq. 

Oil and Gas 
Conservation Tax 

UTAH CODE 

8 40-6-14 

Oil and Gas 

Production Tax 

IDAHO CODE 

8 47-330 
Oil and Gas 

production Tax 

NEV. REV. STAT. 

8 522.150 
Oil and Gas 
Conservation Tax 

MEASURES AND RATE.OP TAX 

Essentially a severance tax on the operation of oil and gas wells for the purpose of supervising and 
protecting deposits of oil and gas in California. The tax is levied per barrel of oil produced or. per 
thousand cubic feet of gas produced. The Department of Conservation administers tha tax and detenaines 
the annual rate on tho basis of tho annual amount required to support the Division of Oil and Gas. The 
assessments are a lien against the property of the person assessed and are made against the person operating' 
the property. They are in addition to all other taxes and are payable on the firs', day in July of each 
year. Current rates as of July 1, 1976 are: 

Imposes a tax at tha rate of 0.18% of taxable value on the following products: oil, natural gas or 
liquid hydrocarbon, individually or any combination thereof, uranium,coal and GEOTHERHAL ENERGY. 

The purpose of this tax is to appropriate funds to the energy resources board of the state to be 
expended in the performance of its duties, the duties of the state geologist and tha duties of tha oil 
conservation coimnission. 

Oil and gas produced, saved, sold, or transported from production area, at rate fixed by Division of Oil and 
Gas Conservation, not over 2 mills per $1 value at tha well. 

1 

Rate, is 5 mills per barrel of oil or per 50,000 cubic feet of gas produced. 

Levied for purposes of administering regulation of oil and gas industry. 

5 mills per barrel of oil or 50,000 cubic feet of natural gas produced and sold, or Ixjught. 
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CORPORATE FRANCHISE, INCOME AND EXCISE TAXES 

STATE 

UTAH 

IDAHO 

OREGON 

STATUTORY REFERENCE 

UTAH CODE 

8 59-13-65 

Corporate Income 
Tax 

UTAH CODE 

8 59-13-1 et̂  seq. 
Corporate 
Franchise Tax 

IDAHO CODE 

B 63-3025. 
8 63-3025A 

Corporate Income 

Tax 

ORE. REV. STAT. 

8 317.005 et seq. 

Corporate Excise 

Tax 

ORE. REV. STAT. 

8 318.010 et seq. 

Corporate Income 

Tax 

MEASURES AND RATE OF TAX 

6% of net Income attributable to Utah, except Income for a period requiring inclusion under the Corp
orate Franchise Tax, below. 

6% of net income attributable to Utah. Minimum $25. 

Income taxed under Franchise Tax offset against corporate income tax. (8 59-13-70) 

1 

6.5% taxable Income from Instate sources 

corporations (including utilities) doing or authorized to do business pay 6';%(Fin«ncial institutions 8%) 
of net income attributable to Oregon) minimum is $10. Riite for year 1977: 7%: Rate for year 1978 and a.ter 

Offset allowed corporation primarily engaged In manufacturing, processing or assembling. 

Corporations not taxed under the excise tax deriving income from Oreoon from activities carried 
on instate pay a tax of 6S% on net income allocated to the state. 
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CORPORATE FRANCHISE, INCOME AND EXCISE TAXES 

STATE 

CALIFORNIA 

HEM NEXICO 

STATUTORY REFERENCE 

CAL. REV. S TAX CODE 

8 23151 

Franchise (incoae) 
tax - business 
corporations, public 
•jtility companies 
and bajiks • 

CAL. REV. 6 TAX CODE 

8 23501 

Corporation Income 
Tax - All corpora
tions except banking 
corporations 

N.M. STAT, ANN. 

8 72-15A-1 et seq. 
Corporation Income 

Tax 

MEASURES AND RATE OP TAX 

Tax for the privilege of exercising a corporate franchise within the state. Insofar as the franchise tax 
overlaps the corporate income tax (below), the amount due under the franchise tax is offset against the 
amount due under the income tax. 

Tax rate is 9% of net income attributable to California. Minimum is $200. Net income for California 
corporations computed on an apportionment basis: world wide income of parent company and its subsidiaries 
aggregated from which California net income then determined. 

Tax rate is 9% of net Income attributable to California exclusive of Income included in measure of 
franchise tax. 

Net income for California corporations computed on an apportionment basis: world wide income of parent 
company and its subsidiaries aggregated from which California net Income then detennined. 

Based on federal taxable income with adjustments. 

Tax rate is 5% of net income. Taxpayer may elect to allocate net income by Uniform Division of Income for 

Tax Purposes Act or,Income Tax Act. 

N.M. STAT. AIIN. 

851-13-1 et̂  seq. 

Corporate Franchise 
Tax 

Domestic corporations and foreign corporations for profit engaged in any business in New Mexico are taxed. 

Tax rate is $.55 per $1000, or fraction thereof, of the book value of that proportion of authorized and 
issued capital stock represented by property and business in the state. Mininum is $10. 
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SEVERENCE TAXES, LICENSE AND OCCUPATION TAXES 

STATE STATUTORY REFERENCE MEASURES AND RATE OP TAX 

IDAHO 

IDAHO CX)DB 

S 47-1201 et seq. 

Mining License 

Tax 

2% of riet proceeds of mine 

IDAHO CODE 

8 30-601 to 
8 30-604 

Corporate License 

Fee 

Based on authorized capital stock value 

Minimum is 520» maximum is $300 

Exemption: all mining companies who do not own productive mines 
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SEVERENCE TAXES, LICENSE AND OCCUPATION TAXES 

STATE 

NEW MEXICO 

(continued) 

UTAH 

STATUTORY REFERENCE 

N.K. STAT. ANN. 

8 72-16A-1 to 
a 72-16A-19 

Gross Receipts 
(Sales) Tax 

M.H. STAT. ANN. 

a 72-16A-20 to 

8 72-16A- 29 

r>.esources Excise 
Tax 

N.M. STAT. ANN. 

8 72-23-1 et̂  seq. 

Natural Gas 
Processors Tax 

UTAH CODE 

8 59-5-66 et̂  seq. 

Mining Occupation 

Tax 

MEASURES AND RATE OF TAX 

Rate is 4% of gross receipts for privilege of engaging in business. Oil, natural gas and liquid 
hydrocarbons covered by OIL AND GAS EMERGENCY SCHOOL TAX ACT and are specifically exempted froo this 
tax by 8 72-16A-12.20. Mineral interests are also exempt.. Whenever the Oil and Gas Emergency School Tax, 
the Natural Gas Processors Tax or the Resources Excise Tax apply, then the Gross Receipts Tax does hot 
apply. 

Por the privilege of severing natural resources: the rate is 3/4% of the market value except for potash) 
potash) S% 

For the privilege of processing natural resources) the rato is 3/4% of the market value except for timber 
and potash. Timber: 3/8%. Potash: 1/8%. 

Oil and gas are excluded from this tax and those subject to this tax are exempt from the Gross Receipts Tax. 

No resources tax is due on the taxable value of any natural resource that is processed in New Mexico and on 
which the processors' tax has been paid. 

Imposes a tax at the rate of 45/100 of 1% of the value of manufactured products of natural gas or 
liquid hydrocarbon or in combination. 

Thoso subject to this tax are exempt from the Gross Receipts Teix , the Oil and Gas Emergency School Tax 
emd the Resources Excise Tax. 

1% of gross amount received for or gross value of ore or metal sold, or fissionable materials delivered. 

2% of value at well or oil, gas, etc., sold or carried from production area. 
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SEVERENCE TAXES, LICENSE AND OCCUPATION TAXES 

STATE 

NEW 

MEXICO 

STATUTORY REPERENCE MEASURES AND RATE OF TAX 

M.N. STAT. ANN. 

8 72-18-1 et̂  seq. 

Severance Tax 

This tax has the effect of a license or occupation tax.. It imposes a tax on the gross value of natural 
resources Ijnmediately after severance from the soil (but oil, gas, liquid hydrocarlson individually or any :\ 
combination thereof or carlx>n dioxide are not included) . 

Rates are as follows: for those products having a posted field or mai;ket price at the point of production, the 
value to be reported shall be its posted field or market price (for potash the value to be reported shall be 
40% of such price) without any deductions except those expenses of hoisting, crushing and loading necessary 
to place the severed product in marketable foim and at a marketable place: no deductions for hoisting, loading 
and cimshlng in excess of 50% of reported value shall be allowed. Rental or royalty payments belonging to the 
United States or the state of New Mexico shall be deducted from the gross value of the severed products. 

Class 3. Uranium and other material used primarily for its fissionable value -1% 
Class 5. Coal — - — — — _ _ 1/2% 
Class 6. Pumic, gypsum, sand, gravel, clay, flourspar and other nonmetallic minerais 1/8% 

M.M. STAT. ANN. 

8 72-19-1 et_ seô ' 

Oil and Gas 
Severance Tax 

N.H. STAT. ANN. 

8 72-21-1 et̂  seq. 

Oil and Cas 
ISnergency School 
(Privilege) Tax 

Imposes a tax at the rate of 3 3/4% of taxable value on oil, natural gas, liquid hydrocarbon, individually 
or any combination thereof. Transporation expenses and any royalties paid to the government or Indian tribes 
may be deducted. Revenue collected under this tax is directed to the state's General Fund and is not 
subject to local control. 

Imposes an additional severance tax on the privilege of engaging in the business of severing oil, natural 
gas or liquid hydrocarbons from the soil of New Mexico. (This tax does not pertain to the production of 
minerals.) 

Rate is 2.55% of the taxable value of the product severed: oil, natural gas, or liquid hydrocarbon. 

Those subject to this tax are exen5>t from the Gross Receipts Tax and the Resources Excise Tax. 
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PROPERTY TAX 

STATE 

IDAHO 

NEVADA 

OREGON 

r 
STATUTORY REFERENCE 

IDAHO CODE 

8 63-2801 et seq. 

HEV. REV. STAT. 

. 8 361.010 et seq. 

ORE. REV. STAT. 

8 307.010 to 

8 311. 

MEASURES AND RATE OF TAX . . . ' • " 

Productive mines: 
Net annual profits, plus (1) price paid to U.S. for mines and claims or (2) separate value of surface 
ground used for other purposes plus value of machinery, property and surface improvements 

All other lands , realty and personalty, assessed at 20% "of full market value. 

8 361.225) All property is assessed at 35% of the full cash value. 

Mining property: Computed on a net proceeds Isasis. Once tho net proceeds for a mine are determined, tho 
mine is then taxed at the seune ad .valorem jrate as other property is taxed (a 362.140). 

Unpatented mines and mining claims xare exempt from taxation. (S 361.075) 

Although the property tax for mines is computed on the value of the severed product, it is considered to be 
a lien on the mine or mining claims, from which ores or minerals are extracted for sale or reduction. 

Realty and tangible personalty taxed at 100% of true cash value as of January 1. 

When mineral, coal, oil, and gas interests have Iseen severed, they shall be taxed separately. (8 308.115) 

Unpatented mining claims exempt from taxation. (8 307.080) 
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PROPERTY TAX 

STATE 

NEW MEXICO 

STATUTORY REFERENCE 

H.M. STAT. ANN. 

8 72-24-1 et seq. 

Oil and Gas 
Production Equipment 
Ad valorem Tax 

UTAH 

UTAH CODE 

8 59-5-57 et seq. 

MEASURES AND RATE OF TAX 

The tax is administered by the Oil and Gas Accounting Commission. The tax is on equipment' used in oil, 
natural gas or liquid hydrocarbon production. The value of equipment of each production unit is set at 
an euixjunt equal to 27% of the market value of the products of each production unit. 

The assessed value is determined by applying the uniform assessment rate of 33 1/3%. 

The Oil and Gas Production Equipment Tax and the Oil and Gas Ad Valorem Production Tax are the full and 
exclusive measure of ad̂  valorem tax liability on the interest of all persons in the production of 
oil and gas. 

S 59-5-3 provides that mining property taxes (with sorae exceptions) are to be assessed by the State Tax 
Commission rather than by county assessors. 

8 59-5-57 ("Severed Mineral Assessment"): if the surface lands and the mineral lands underlying such l&n& 
are owned by different individuals, such property rights shall be separately assessed to the 
respective owners. 

Metalliferous mines: $5 peir acre, plus 2 times average net annual proceeds for past 3 years, plus 30% 
of value of machinery used in mining and other property not used for mining 
purposes. 

Non-metalliferous mines: 30% of. reasonable fair cash value and other realty and tangible personalty. 

8 59-5-58: Allowedjle deductions , definition of "net annual proceeds" ^ 
B 59-5-59: Nonallowable deductions 

Coal and hydrocart>on lands: 30% of their reasonable fair cash value 
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PROPERTY TAX 

STATE 

HEW 

MEXICO 

STATUTORY REFERENCE 

N.M. STAT. ANN. 

8 72-28-1 to 
8 72-31-93 

Mineral l a n i valuation: 
8 72-29-11 to 
8 72-29-14 

N.M. STAT. ANN. 

8 72-22-1 et seq. 

Oil and Cas Ad 
Valorem Production 

Tax 

MEASURES AND RATE OF TAX 

Valuation of mineral property is determined by tho state Property Tax Department, not county assessors 
(S 72-29-2-C(2)). Oil and gas property is not subject to valuation for property teuc purposes under the 
Property Tax Code. Instead it is valued and taxed under the Oil and Gas Ad Valorem Production Tax. 
(8 72-22-1 et seq.) and the Oil and Gas Production Equipment Ad Valorem Tax (S 72-24-1 et seq.). 

Property is assessed in proportion to its value. The current statewide uniform rate is 33 1/3% (8 72-30-3 ). 

Minoral properties are classified as producing or nonproducing. Productive mineral property is taxed on the basis 
of net proceeds of production (the value for such mineral properties is an amount equal to 300% of the a.i.-iual .'.et 
oroduction value). The value of class one nonproductive mineral property (nonoperated, privately-o-rfnec su.neral 
lands, reserves, interests and severed mineral products where the property is known to co.itain ccrr-.ercially -.-orkahle 
quantities of minerals) is determined by applying a per acre value to the surface acres of the prcperty being 
valued. The per acre value of such property is determined under regulations adopted by the Property Tax Departnent. 

"Annual net production value" for productive mineral property may be determined on an cutput basis, using either an 
average annual output for each of the previous five years, or, by election, only the prior year. ValU2tic.^ is 
determined by the market value of the annual output, less the actual costs of producing and bringing the prcd'uct 
to the surface, as well as the costs of milling, treating, transporting and selling the products. Alterr.a-iveiy, 
the Property Tax Department may value the property at 300% of the average annual output as deterrai.ned ur.der eith.er 
the five year or one year method. If the productive property fails to produce a market value of average a.-̂-'.ual 
output above actual cost, then the Department may determine the taxable value of such property on the sar.a basis 
as unproductive property. 

In addition to an ad valorem taxation on the value of mineral, the Property Tax Department assesses ths value of all 
improvements, equipment, materials, supplies and personal property held or used in connection with ths develoccer.c 
of the mineral property. Also taxed is the value of any surface interests. 

Imposes an ad valorem tax on the assessed value of oil, natural gas and liquid hydrocarbon production severed 
and sold at certified local rates. The tax is initially administered by the Oil and Gas Accounting Cz—vssion 
which assesses the value of production units and collects the tax thereon. 

The taxablis value of products is an amount equal to one hundred fifty per cent (150%) of th.e value of the 
products after deducting: (1) royalties paid or due the United States or the state of New .Mexico; (2) royalties 
paid or due any Indian tribe, Indian pueblo, or Indian that is a ward of trie United States; and (3) tl:e 
reasonable expense of trucking any product from the production unit to the first place of iri&rket. Tr.e 
assessed value of the product is detomined by applying tho uniform assessnent rate (33 1/3%) to the taxable 
value (150% of the rjiarket value) yielding an assessed valuation of 50% of the market value. 
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PROPERTY TAX 

STATE STATVTORY REFERENCE MEASURES AHD RATE OF TAX 

CALIFORNIA 
CAL. 
8 1) 

CONST. Art. XIII, 
Art. XI, 8 12 

CAL. REV. fi TAX CODE 
a 104-110, 201, 202, 
401 

16 CAL. ADMIH. 
88 27. 28 

CODE 

All property not exempt from taxation is taxable in proportion to its value. ((̂ U.. CONST. Art. XllI, 8 1) 

Although the Calif. Const, specifics that all property is to be assessed for taxation at its full cash 
value (Art. XI, 8 12), 8 401 of the Calif. Revenue and Tax Code provides that all property is to be 
assessed at 25% of the full cash value. Court.*; have upheld this assessment of property. 

Each county assessor, not a state agency, assesses the value of oil, qas, mineral, and geothermal property 
and leaseholds. In practice assessment of oil and gas and geothermal leaseholds on private lands has 
differed from that on federal and state lands: 
1. Geothermal leaseholds on federal or state lands, when sold on a tonus bid Isasis, have been taxed as 

possessory interests, whether or not there is any production of power. (Note: where there have been 
title disputes over geotheirmal rights on state lands, the leaseholds on such lands have not been taxed 
as possessory interests, pendiiig settlement of such disputes.) 

2. Geothermal leaseholds on private lands have not been taxed as possessory interests until there h-as boen 
actual electrical production. 

3. Oil and gas leaseholds on state lands have been teoccd as possessory interests, whether or not there is 
production. 

4. Oil and gas leaseholds on private lands have not been taxed as possessory interests until there has keen 
production. (Often such leaseholds haye not been recorded nor has there been a bonus bid price paid for 
the leasehold.) 

Once production has begun either for geothermal, oil and gas or mines, the property is then assessed on the 
basis of the present'worth of future net income. 

Assessment prot̂ leitis are occurring on federal geothermal leaseholds where some development has taken pl&ce 
but there ia no . actual electrical generation or even a contract to sell power to a utility. The disp'.ites 
center on what figure should bo used for valuation purposes: total capital expended ty the company to 
develop the leasehold up to the present time or some figure less tlian total capital expenditure. 

Unpatented mining claims are possessory Interests and are, therefore, taxable. 
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CHARTS OF STATE TAXES ARRANGED ACCORDING TO TYPE OF TAX 
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Washington (WASH. REV. CODE ANN. S 79.76.030, 79.76.040 (1974)) 

Geothennal resources means only that natural heat energy of the earth 
from which it is technologically practical to produce electricity 
commercially and the medium by which such heat energy is extracted from 
the earth, including liquids or gases, as well as any minerals contained 
in any natural or injected fluids, brines and associated gas, but excluding 
oil, hydrocarbon gas and other hydrocarbon substances. 

Notwithstanding any other provision of law, geothermal resources are found 
and hereby detennined to be sui generis, being neither a mineral resource nor a 
water resource. 
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Nevada (NEV. REV. STAT. S 361.027 (1975)) 

"Geothermal resource" means: 
1. All products of geothennal processes, embracing indigenous steam, 

hot water and hot brines; 
2.' Steam and other gases, hot water and hot brines resulting from 

water, gas or other fluids artificially introduced into sub
surface formations; 

3. Heat or other associated energy found beneath the surface of the 
earth; and 

4. Byproducts of any of the items enxjmerated in subsections 1 to 3, 
inclusive, such as minerals (exclusive of oil, hydrocarbon gas that 
can be separately produced) which are found in solution or 
association with or derived from any of such items. 

New Mexico (N.M. STAT. ANN. S 65-11-3(A) (Interim Supp. 1975) 

"Geothennal resources" means the natural heat of the earth, or the energy, 
in whatever form, below the surface of the earth present in, resulting from, 
created by, or which may be extracted from, this natural heat, and all minerals 
in solution or other products obtained from naturally heated fluids, brines, 
associated gases, and steam, in whatever form, found below the surface of the 
earth, but excluding oil, hydrocarbon gas and other hydrocarbon substances. 

Oregon (ORE. REV. STAT. S 522.050(7) (1975)) 

"(Seothermal resources" means the natural heat of the earth, the energy, 
in whatever form, below the surface of the earth present in, resulting from, 
or created by, or which may be extracted from, the natural heat, and all 
minerals in solution or other products obtained from naturally heated fluids, 
brines, associated gases, and steam, in whatever form, found below the surface 
of the earth, exclusive of helivrai or of oil, hydrocarbon gas or other hydrocarbon 
substances, but including, specifically: 

(a) All products of geothennal processes, embracing indigenous 
steam, hot water and hot brines; 

(b) Steam and other gases, hot water and hot brines resulting from 
water, gas, or other fluids artificially introduced into 
geothennal formations; 

(c) Heat or other associated energy found in geothennal formations; and 

(d) Any byproduct derived from them. 
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Hawaii (HAWAII REV. STAT. S 182-1 et seq. (1968, Supp. 1975) 

(1) "Minerals" means any or all of the oil, gas, coal, phosphate, sodium, 
sulphur, iron, titcuiium, gold, silver, bauxite, bauxitic clay, diaspore, 
boehmite, laterite, gibbsite, alumina, all ores of aluminum and, without 
limitation thereon, all other mineral substances and ore deposits whether 
solid, gaseous, or liquid, including all geothermal resources, in, on, or under 
any land, fast or submerged; but does not include sand, rock, gravel, and 
other materials suitable for use and used in general construction. 

(9) "Geothermal resources" means the natural heat of the earth, the 
energy, in whatever form, below the surface of the earth present in, 
resulting from, or created by, or which may be extracted from, such natural 
heat, and all minerals in solution or other products obtained from 
naturally heated fluids, brines, associated gases and steam, in whatever 
form, found below the surface of the earth, but excluding oil, hydrocarbon 
gas or other hydrocarbon substances. 

Idaho (IDAHO CODE S 42-4002(c) (Supp. 1975)) 

"Geothermal resource" means the natural heat energy of the earth, the 
energy, in whatever form, which may be found in any position and at 
any depth below the surface of the earth present in, resulting from, or 
created by, or which may be extracted from such natural heat, and all minerals 
in solution or other products obtained from the material medivim of any 
geothermal resource. Geothermal resources are found and hereby declared 
to be sui generis, being neither a mineral resource nor a water resource, but 
they are also found and hereby declared to be closely related to and possibly 
affecting and affected by water and mineral resources in many instances. 

Montana (MONT. REV. CODE § 81-2602(1) (Supp. 1975). 

"Geothermal resources" means the natural heat energy of the earth, 
including the energy, in whatever form, which may be found in any position 
and at any depth below the surface of the earth, either present in, resulting 
from, created by, or which may be extracted from, such natural heat, and all 
minerals in solution or other products obtained from the material medium of 
any geothennal resource. Geothennal resources are sui generis, being neither 
a mineral resource nor a water resource, but they are closely related to and 
possibly affecting and affected by water resources in many instances. No 
right to seek, obtain, or use geothermal resources has passed or shall pass 
with cUiy existing or future lease of state or school lands. 
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Arizona fARIZ. REV, STAT. ANN,.S 27-651(5) (1973)) 

Geothermal resources means: 
(a) All products of geothermal processes embracing indigenous 

steam, hot water and hot brines. 
(b) Steam and other gases, hot water and hot brines resulting 

from water, other fluids or gas artificially introduced 
into geothermal formations. 

(c) Heat or other associated energy found in geothermal formations, 
including any artificial stimulation or induction thereof. 

(d) Any mineral or minerals, exclusive of fossil fuels and helium 
gas, which may be present in solution or in association with 
geothermal steam, water or brines. 

California (CAL. PUB. RES. CODE S 6903 (1974)) 

Por the purposes of this chapter, "geothermal resources" shall mean 
the natural heat of the earth, the energy in whatever form, below the surface 
of the earth, present in, resulting from, or created by, or which may be 
extracted from, such natural heat, and all minerals in solution or other 
products obtained from naturally heated fluids, brines, associated gases, 
and steam, in whatever form, found below the surface of the earth, but 
excluding oil, hydrocarbon gas or other hydrocarbon sxibstances. 

Colorado (COLO. REV. STAT. S 34-70-103 (4) & (6) . (Supp. 1975). 

(6)(a) "Geothermal resources" means geothermal heat and associated 
geothermal resources, including but not limited to: 

(I) Indigenous steam, other gases, hot water, hot brine, and all other 
products of geothermal processes; 

(Il)Steam ,, other gases, hot water, hot brine and all other products of 
geothermal processes resulting from water, brine, steam, air, gas, 
or other substances artificially introduced into subsurface formations; 
and 

(lII)Natural heat, steam energy, and other similar thermal energy in 
whatever form found in subsurface formations. 

(6)(b) For purposes of this article, such term shall not include thennal 
energy contained in mineral deposits (including deposits of coal, oil shale, 
crude oil, natural gas, and other hydrocarbon substances, and including other 
substances and materials associated emd produced in connection with such 
minerals) which are explored for, developed, and produced primarily for the 
mineral value thereof and not primarily for the thermal energy contained therein. 

(4) Geothermal by-product means any substances which remain after thennal 
energy has been removed from geothermal resources, including but not limited to 
cooled waters, solution minerals, chemical compounds, extractable salts, rare 
earths, amd other mineral substances. 
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United States (30 U.S.C. S 1001(c)(1970)) 

(Seothermal steam emd associated geothermal resources means (i) all. 
products of geothermal processes, embracing indigenous steam, hot water 
and hot brines; (ii) steam and other gases, hot water and hot brines 
resulting from water, gas or other fluids artificially introduced into 
geothermal formations; (iii) heat or other associat.ed energy found in 
geothermal formations; and (iv) any byproduct derived from them; 

(d) byproduct means any mineral or minerals (exclusive of oil, hydro
carbon gas, and helium) which are found in solution or in association with 
geothermal steam and which have a value of less than 75 per centum of the 
value of the geothermal steam or are not, because of quantity, quality or 
technical difficulties in extraction and production, of sufficient value to 
warrant extraction and production by themselves. 

Alaska (ALASKA STAT. S 38.05.181(q) (1974)) 

(6) Geothermal resources means the natural heat of the earth, the 
energy, in whatever form, below the surface of the earth present in, 
resulting from, or created by, or which may be extracted from, the 
natural heat, and all minerals in solution or other products obtained 
from naturally heated fluids, brines, associated gases, and steam, 
in whatever form, found below the surface of the earth, exclusive of oil, 
hydrocarbon gas, helium or other hydrocarbon substances, but including, 
specifically: 

(a) all products of geothermal processes,'embracing indigenous 
. steam, hot water and hot brine; 

(b) steam and other gases, hot water and hot brines resulting 
from water, gas, or other fluids artificially introduced 
into geothermal formations; 

(c) heat or other associated energy found in geothermal formations; and 
(d) any byproducts derived from them. 

(1) Byproduct means any mineral or minerals (exclusive of oil, hydrocarbon 
gas, helium or other hydrocarbon substances) which are found in solution or 
in association with geothermal resources and which have a value of less than 
75 percent of the value of the geothermal resource or are not, because of 
quantity, quality or technical difficulties in extraction and production, 
of sufficient value to warrant extraction and production by themselves. 
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APPENDIX A 

DEFINITIONS OF GEOTHERMAL RESOURCES AND BYPRODUCTS 
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Two traditional tax incentives: percentage depletion allowances and 

immediate deduction of intangible drilling costs. - could be adopted by 
69 

State legislatures for geothennal operations. Percentage depletion 

allowances tend to encourage capital investment in exploration for and 

development of natural resources because such allowances are deductible from 

production income, up to a maximum of 50% of net income from such producing 

property. Immediate deduction of intangible drilling costs has attracted 

private investors to participate in joint venture exploratory drilling 

for oil and gas with the benefits of offsetting present income from other 

sources. However, both percentage depletion allowances and immediate 

deduction of intangible drilling expenses have come under increasing 

attack at both the federal and state levels. It is likely that 

continued increases in the cost of other forms of energy minerals will 

reach the point where geothermal development is economically competitive 

without any tax incentives. Geothermal energy must, nonetheless, be 

competitive at the present time with other forms of energy that do have 
I 

tax benefits. Society would be better served by encouraging the 

immediate development of alternative energy resources. For this to occur, 

other impediments besides tcix problems would have to be removed for 

geothermal to develop rapidly. 

Individual state taxes such as the ad valorem tcix in California can 

be onerous but it is the combined tax burden of state taxes, coupled 

with federal taxes and a lack of a percentage depletion allowance and an 

"IDC" deduction, that must be considered in assessing the economic viability 

of an energy industry. Lack of tax incentives at the state level, combined 

with heavy taxes during these beginning years of geothermal development, 

suggests that geothermal development will continue at a slow pace. 

69 
See discussion, supra footnote 51. 

70id. 
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lengthy wait before he will receive any income to offset this tax burden, 

private landowners have been deterred from developing the geothennal 

resources on their land and from leasing their land to others for develop

ment. Furthermore, the geothermal industry contends that this system of 

taxation has discouraged the entry of risk capital into geothermal 

ventures. . . . " 

Under the current statutory and constitutional requirements in 

California, there seems to be no way to postpone the ad valorem tax 
66 

until production begins. Several proposed constitutional amendments would 

allow deferral of ad valorem tax payments by producers of geothermal 
67 

energy. The California Legislature still has not passed any of these 

proposed amendments for submission to the electorate. However, the 

assessor's office in Imperial County "has classified geothermal operations 

as research and development operations because of the state of the art with 

liquid dominated, resources^ and has exempted the added value of any proven 

resources until there is commercial production." Nonetheless, taxation 

of known or proven reserves before any steam can be sold has been and 

continues to be a particularly troublesome problem for geothermal developers. 

A severance, occupation, license or excise tax would be one more tax 

for the geothermal producer to pay should such a tax be levied by a state 

on geothermal resources. Taxes are additional costs, and to the extent-that 

they reduce profits, the profit to risk ratio and the return on investment 

are.reduced, resulting in slower or less development of geothermal '•: 

resources. None of the six states has a specific severance tax on geothermal 

resources although geothermal might come under Class 6 in New Mexico's . 

Severance Tax as a "nonmetallic mineral." 

^Lindsey and Supton, Geothermal Energy: Legal Problems of Resource 
Development, p. 97 (May, 1975), 

^ In fact, a California State Assemblyperson has proposed a bill that 
would penalize lessees of state leaseholds for not doing exploratory drilling 
on their leases within the five year lease period. 

^^At the present time under the California Constitution (Art. 13, Sec. 3) owners of 
timber and agricultural crops are allowed to defer property tax payments. 

^^Subcommittee on Geothermal Resources of the Joint Legislative Committee on 
Public Domain, Geothermal Resources iri California; Much Heat and Some Light, p. 23 
(1974), quoted in Lindsey and Supton, supra footnote 65, at p. 99. .; 
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CONCLUSION 

The timing of application of the state corporate income tax makes it 

generally the most equitable tcix to the energy producer because there is no 

tax until there is a profit. Since most states with a corporate income tax 

pattern their systems after the federal tax system, depletion and intangible 

drilling deduction problems parallel th.ose under the federal. Internal Revenue 
61 A9 

Code. California law allows a cost depletion for many natural resources, 
a deduction of expenses for exploration for many natural resources, euid 

64 
a percentage depletion of 22 percent on the gross income of oil and gas wells. 

However, none of the six states studied have a specific depletion allowance 

and/or "IDC" deduction for geothermal. 

The state property tax/ad valorem tax as applied in California seems 

to be the most restrictive tax to the gepthermal producer because the tax 

is increased at every aspect of development to reflect the incremental value 

provided by the proven underlying reservoir. The tax is applied long before 

production begins and revenues are generated. "Since the owner can expect a 

There is no percentage depletion allowance and/or "IDC" deduction for 
geothermal resources under federal law. However,-the following energy minerals 
have a percentage depletion allowance: uraniim\: 22%, oil shale: 15%, coal: 10%, 
oil and natural gas: 22% under certain restricted conditions. (26 U.S.C. S 613, 
613A (1970).) See discussion supra, footnote 14. The 1976 Federal Tax Reform 
Act before the Seriate/House Conference Committee has a provision that would 
allow a 22%. percentage depletion allowance and an intcingible drilling cost 
deduction for geothermal resources. Should this provision become federal law, 
many states probably will follow the federal law and will also grant a 
percentage depletion allowance and an "IDC" deduction for geothermal resources. 

62cAL. REV. & TAX CODE SS 24833, 24835 (West 1972, Supp. 1975). 

^^Id., S 24837.5, but excluding, for the most part, oil and gas. 

Id., S 24832. But where the total depletion taken by an oil and 
gas compciny exceeds the cost of the property and the 22 percent depletion 
computation produces a figure over $1.5 million, the depletion allowance is 
reduced or eliminated. In effect, percentage depletion for oil and gas has 
been eliminated for the major producers. 
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NEVADA 

Oil and Gas Conservation Tax. The tax rate is 5 mills per barrel 

of oil or 50,000 cubic feet of natural gas produced and sold, or bought. 

°NEV. REV. STAT.S 522.150 (1975) 
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CALIFORNIA 

Oil and Gas Production Charge. The tax is levied per barrel of oil 

produced or per thousand cubic feet of gas produced. The Department of 

Conservation administers the tax and determines the annual rate on the basis 

of the amount required to support the Division of Oil and Gas on an annual 

basis. The assessments are a lien against the property of the person assessed 

and are made against the person operating the property. 

NEW MEXICO 

57 
Oil and Gas Conservation Tax. The tax rate is 0.18% of the taxable 

value of the following products: oil, natural gas or liquid hydrocarbon, 

individually or any combination thereof, uranium, coal and geothermal energy. 

UTAH 

58 
Oil and Gas Production Tax. The tax is on oil and gas produced, 

saved, sold or transported from the production area at a rate fixed by the 

Division of Oil and Gas Conservation. 

IDAHO 

59 Oil and Gas Production Tax. The tax rate is 5 mills per barrel of 

oil or per 50,000 cubic feet of gas produced. 

^^CAL. PUBLIC RES. CODE S 3402, 3403, 3423 (West 1972). 

S^N.M. STAT. ANN. S 72-20-1 et seq. (Interim Supp. 1975) 

^^UTAH CODE S 40-6-14 (1974). 

^^IDAHO CODE S 47-330 (1967). 
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OREGON 

Oregon has a Corporate Income Tax and a Corporate Excise Tax.^^ 

Under the corporate excise tax corporations (including utilities) doing 

or authorized to do business in Oregon pay 6 1/2% of net income 

attributable to Oregon. Rate for year 1977: 7%, for year 1978 and after: 

7 1/2%. Corporations not taxed under the excise tax must pay the corporate 

income tax on income from activities carried on instate at a rate of 

6 1/2%. Rate for year 1977: 7%, for year 1978 and after: 7 1/2%. 

NEVADA 

Nevada does not have a corporate income tax, a corporate franchise 

tax or a corporate excise tax. 

55 
IV. OIL AND GAS PRODUCTION OR CONSERVATION TAXES 

Five of the Western states under study have an oil and gas production 

or conservation tax. The purpose of each of these taxes is to raise revenue 

to support the regulation of the industry itself. Its impact on the 

industries taxed is minimal. New Mexico's Oil and Gas Conservation Tax is 

the broadest: it taxes uranium, coal and geothermal energy as well as oil 

and natural gas. It is the only tax in any of the 6 states under study 

that specifically taxes geothermal energy. In California the oil and gas 

production charge tax pays for the supervision of geothermal drilling 

activities but the geothermal producers are not taxed. 

53oRE. REV. STAT. S 318.010 et seq. (1975). 

^'^ORE. REV. STAT. S 317.005 et seq. (1975). 
55 
See Charts. 
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total business income to determine income subject to California tax. 

NEW MEXICO 

46 
New Mexico has a Corporate Income Tax and a Corporate Franchise 
47 

Tax. The franchise tax rate is $.55 per $1000, or fraction thereof, 

of the book value of that proportion of authorized and issued capital 

stock represented by property and business in the state. The corporate 

income tax rate is 5% of net income. The taxpayer may elect to allocate 
48 

net income under the Uniform Division of Income for Tax Purposes Act 
49 

or the Income Tax Act. 

UTAH 

Utah has a Corporate Income Tax and a Corporate Franchise Tax. 

The franchise tax rate is 6% of net income attributable to Utah. The 

corporate income tax applies only to interstate business and the rate is 

6% of net income attributable to Utah, except for income requiring 

inclusion under the franchise tax. 

IDAHO 

52 
Idaho's Corporate Income Tax rate is 6.5% of taxable income from 

instate sources. 

^^.M. STAT. ANN. S 72-15A-1 et̂  seq. (Interim Supp. 1975) 

^"'N.M. STAT. ANN. S 51-13-1 to 51-13-12 (Supp. 1975). 

^^N.M. STAT. ANN. S 72-15A-16 to 72-15A-36 (Supp. 1975). 

49N.M. STAT. ANN. S 72-15A-1 to 72-15A-15 (Supp. 1975). 

5°UTAH CODE S 59-13-65 (1974). 

SluTAH CODE S 59-13-1 et seq. (1974). 

52iDAHO CODE S 63-3025 (1976). 
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43 
III. CORPORATE FRANCHISE, INCOME AND EXCISE TAXES 

Corporate income taxes are assessed only if the mine or oil and gas 

operation makes a profit. From industry's viewpoint this is perhaps the 

.fairest of all taxing structures. 

CALIFORNIA 

44 45 

California has a Franchise Tax and a Corporate Income Tax. The 

franchise tax is for the privilege of exercising a corporate franchise 

within the state. The tax rate is 9% of net income attributable to 

California. Minimum is $200. Insofar as the franchise tax overlaps the 

corporate income tax, the amount due under the franchise tax is offset against 

the amount due under the income tax. The computation of income for both 

the franchise tax and the income tax follows generally the pattern of the 

federal income tax and interpretations of the federal law by the Treasury 

Department. The tax rate for the income tax is also 9%. 

California taxes on corporate income are measured by income derived 

from or attributable to sources within California only. The law provides 

that allocation and apportionment of income is required where business 

activities are taxable within and without California. Detailed rules 

for apportionment of business income by formula are also provided by law. 

A three-factor formula is used. It consists of I.) the average value 

of real and tangible personal property, 2.) gross sales, less returns 

allowances, and 3.) wages, salaries, commissions and other compensation 

of employees. For each factor, the total within and without the state 

is computed. From these figures, the percentage of each factor within 

the state is determined. The three percentages are totaled, and the average 

of the three computed. This average percentage is then applied to the 

•̂̂ See Charts. 

^^CPiL. REV.& TAX CODE S 23151 (West 1970). 

^^CAL. REV. & TAX (X>DE S 23501 (West 1970) 
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UTAH 

Utah has no severance taxes on mines or on oil and gas production. 
40 

It does have a Mining Occupation Tax that covers both mine products and 

oil and gas. The tax rates are: 1% of the gross amount received for or the 

gross value of the ore or metal sold, or fissionable materials delivered; 

2% of the value at the well of oil, gas. etc., sold or carried from the 

production area. 

IDAHO 

Idaho has no severance taxes on mines or on oil and gas production. 
41 

It does have a Mining License Tax. The rate is 2% of the net proceeds 
42 

of the mine. It also has a Corporate License Fee that is based on the 

authorized capital stock value. The minimum fee is $20; the maximum is 

$300. All mining companies who do not own productive mines are exempt. 

OREGON 

Oregon has no severance taxes. 

NEVADA 

Nevada has no severance taxes. 

40 
UTAH CODE S 59-5-66 et seq. (1974). 

41lDAH0 CODE 9 47-1201 et seq. (Supp. 1975) 

^^IDAHO CODE S 30-601 et seq. (1967). 

-17-



carbons from the soil of New Mexico. The rate is 2.55% of the taxable 

value of the product severed. Those subject to this tax are exempt from 

the Gross Receipts Tax and the Resources Excise Tax. 

4. Resources Excise Tax (N.M. STAT. ANN. S 72-16A-20 et seq. (Interim Supp. 1975)) 

This tax is for the privilege of severing natural resources. The tax 

rate is 3/4% of the market value. For the privilege of processing 

natural resources, the tax rate is 3/4% of the market value. Oil and gas 

are excluded from this tax and those subject to it are exempt from the 

Gross Receipts Tax. No resources tax is due on the taxable value of any 

natural resource that is processed in New Mexico and on which the 

processors' tax has been paid. 

5. Natural Gas Processors Tax (N.M. STAT. ANN. S 72-23-1 et seq. (Interim Supp. 1975)) 

This tax is on the value of manufactured products of natural gas or 

liquid hydrocarbon or in combination. The rate is 45/100 of 1%. Those 

processors subject to this tax are exempt from the Gross Receipts Tax, 

the Oil and Gas Emergency School (Privilege) Tax and the Resources Excise 

Tax. 

In addition to these severance taxes New Mexico has a Gross Receipts 
39 

(Sales) Tax. This tax is for the privilege of engaging in business. The 

rate is 4% of gross receipts. Oil, natural gas and liquid hydrocarbons 

are covered by the Oil and Gas Emergency School (Privilege) Tax (above) 

and are specifically exempted from this tax by S 72-16A-12-.20. When either 

the Oil and Gas Emergency School (Privilege) Tax, the Natural Gas Processors 

Tax or the Resources Excise Tax applies, then the Gross Receipts Tax does 

not apply. 

39 
N.M. STAT. ANN. S 72-16A-1 et seq. (Interim Supp. 1975) 
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) 
1. Severance Tax (N.M. STAT. ANN. S 72-18-1 et seq. (Interim Supp. 1975)) 

This tax has the effect of a license or occupation tax. It imposes 

a tax on the gross value of natural resources imm,idiately after severance 

from the soil (but oil, gas, liquid hydrocarbon individually or any 

combination thereof or carbon dioxide are not included in this particular 

severance tax; they are taxed under the Oil and Gas Severance Tax and the 

Oil and Gas Emergency School (Privilege) Tax, discussed below). 

Values are as follows: for those products having a posted field or 

market price at the point of production, the value to be reported shall 

be its posted field or market price without any deductions except those 

expenses of hoisting, crushing and loading necessary to place the 

severed product in marketable form and at a marketable place; no deductions 

are allowed for hoisting, loading and crushing in excess of 50% of the 

reported value. 

Tax rates are as follows: 

Class 3. Uranium and other material used primarily for its 

fissionable value 1% 

Class 5. Coal 1/2% 

Class 6. Pumice, gypsum, sand, gravel, clay, fluorspar 

and other nonmetallic minerals 1/8% 

2. Oil and Gas Severance Tax. (N.M, STAT. ANN. S 72-19-1 et seq. (Interim Supp. 1975)) 

Oil, natural gas, liquid hydrocarbon, individually or any combination 

thereof, are taxed at the rate of 3 3/4%. Transportation expenses and any 

royalties paid to the government or Indian tribes may be deducted from 

the tax base. 

3. Oil and Gas Emergency School (Privilege) Tax (N.M. STAT. ANN. S 72-21-1 

et seq. (Interim Supp. 1975)) 

This tax imposes an additional severance tax on the privilege of 

engaging in the business of severing oil, natural gas or liquid hydro-
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II. SEVERANCE TAXES"̂ ^ 

A severance tax is a percentage tax on the gross value of what is 

produced. The anraunt of the teix depends upon the quantity of production 

(ore, coal, oil, gas) as well as the quality of the product. The tax 

generally is payable whether or not the mine or oil and gas field is 

operated at a profit. The severance tax may be levied in addition to 

the property (ad valorem) tax; generally state legislatures have found 

the severance tax to be easily raised without changing the state's 

overall taxing structure and without a great public outcry. Its main 

disadvantage is that it may not provide a steady flow of tax revenue 

to the taxing body. 

CALIFORNIA 

California has no severance taxes on mines or on oil and gas production. 

NEW MEXICO 

New Mexico has five (5) kinds of severance taxes: 

1. Severance Tax 
2. Oil and Gas Severance Tax 
3. Oil and Gas Emergency School (Privilege) Tax 
4. Resources Excise Tax 
5. Natural Gas Processors Tax 

See Charts. 

-14-



NEVADA 

Mining property is taxed on a net proceeds basis (Net Proceeds 
33 

Tax on Mine Operators and Royalty Recipients ). Once the net proceeds 

of a mine are determined, the mine is then assessed at the same ad 
34 

valorem rate as other property is assessed (35%). All other property 
35 

is assessed at 35% of the full cash value. Unpatented mines and 

mining claims are exempt from taxation. Geothermal properties are not 

assessed on a net proceeds basis. 

OREGON 

Realty and tangible personalty are assessed at 100% of the true 

cash value as of January 1st each year. When mineral, coal, oil and 

ire 
37 

36 
gas interests have been severed, they are taxed .separately. Unpatented 

mining claims are exempt from taxation. 

33 

NEV, REV. STAT, 9 362,010 et seq, (1975). 

3^NEV, REV. STAT. SS 361.225, 362.140 (1975) 

35NEV. REV. STAT. S 361.225 (1975). 

^^ORE. REV. STAT. 9 308.115 (1975). 

3"'0RE. REV. STAT. S 307.080 (1975). 
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exclusive measure of ad̂  valorem tax liability on the interests of all 

persons in the production of oil and gas. 

The one geothermal area in northwestern New Mexico under active 

exploration by Union Oil Company is taxed as follows: the land itself is 

taxed as grazing land and the local county tax assessor assesses the value 

of all improvements, equipment, materials, supplies and personal property 

held or used by Union Oil in connection with the development of the geothermal 

resources. Note that there is no attempt to assess the present worth of the 

future net incorae from the property. Only with production would the land 

be taxed under New Mexico's net proceeds formula. 

UTAH 

Valuation of mineral property is determined by the State Tax Commission 

rather thah by county assessors. Non-metalliferous mines are assessed at 

30% of the reasonable fair cash value along with other realty and tangible 

personalty. Coal and hydrocarbon lands are assessed at 30% of their 

reasonable fair cash value. Metalliferous mines including uranivim are 

assessed at $5 per acre, plus 2 times the average net annual proceeds for the 

past 3 years, plus 30% of the value of the machinery used in the mining 

operations and other property not used for mining purposes. 

IDAHO 

Productive mines are taxed on the basis of annual net profits, plus (1) 

the price paid to the United States for mines and/or claims or (2) the separate 

value of the surface ground used for other purposes plus the value of machinery, 

property and surface improvements. All other lands, realty and personalty, 
32 are assessed at 20% of the full market value. 

^°UTAH CODE S 59-5-3 (1974). 

31uTAH CODE S 59-5-57 et seq. (1974). 

^^IDAHO CODE S 63-2801 et seq. (1976) 
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acres of the property being valued. The per acre value of such property 

is determined under regulations adopted by the Property Tax Department. 

"Annual net production value" for productive mineral property may 

be determined on an output basis, using either an average annual output 

for each of the previous five years, or, by election, only for the 

prior year. Valuation is determined by the market value of the annual 

output, less the actual costs of producing and bringing the product to 

the surface, and less the costs of milling, treating, transporting 

and selling the products. Alternatively, the Property Tax Department 

may value the property at 300% of the average annual output as determined 

under either the five year or one year method. If the productive 

property fails to produce a market value of average annual output above 

actual cost, then the Department may determine the taxable value of such 

property on the same basis as nonproductive property. In addition to 

an ad valorem taxation of the value of the miner'al, the Property Tax 

Department assesses the value of all improvements, equipment, materials, 

supplies and personal property held or used in connection with the 

development of the mineral property. 

Under the Oil and Gas Ad Valorem Production Tax oil, natural gas 

and liquid hydrocarbon properties are taxed according to the value of 

the products severed and sold. The taxable value of such products is an 

amount equal to 150 percent of the value of the products after certain 

deductions (see Charts). The assessed value of the products is determined 

by applying the uniform assessment rate (33 1/3%) to the taxable value 

(150% of market value), yielding an assessed valuation of 50% of the 

raarket value. 

The Oil and Gas Production Equipment Ad Valorem Tax is the secbnd 

ad valorem tax on oil and natural gas properties and production. The 

tax is on equipment used in oil, natural gas or liquid hydrocarbon 

production. The value of equipment for each production unit is set 

at an amount equal to 27% of the market value of the products of each 

production unit. Then the assessed value is determined by applying the 

uniform assessment rate of 33 1/3%. The Oil and Gas Production Equipment 

Tax and the Oil and Gas Ad Valorem Production Tax are the full and 
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arrive at a fair market value for a geothermal property that has 

potential but no actual steam production "or electrical generation? 

In 1974 the Union Oil Company unit operation in Sonoma County had 

a market value of $40,288,000 and paid $805,000 that year in property 

taxes. Pacific Gas and Electric Company generating facilities had an 

investment of $43,750,000 with an assessed value of $8,200,000 and were 

taxed at a rate of $7.66 per $100, approximately $628,000. Other 

geothermal operations in The Geysers and the landowners contributed about 

$67,000 in taxes that year. Thus the total for 1974 in property taxes 

to Sonoma County was nearly $1,500,000. 

NEW MEXICO 

Valuation of mineral property is determined by the state Property 
25 

Tax Department, not by county assessors. Oil and gas property is not 

subject to valuation for property tax purposes under the Property Tax 
26 

Code, but IS valued and taxed under the. Oil and Gas Ad Valorem 
27 Production Tax and the Oil and Gas Production Equipment Ad Valorem 

28 Tcix. Property is assessed in proportion to its value. The current 
29 

statewide uniform assessment rate is 33 1/3%. 

Mineral properties are classified as productive or nonproductive. 

Productive mineral property is taxed on the basis of net proceeds of 

production (the value for such mineral properties is an amount equal 

to 300% (3 times) of the annual net production value.) The value of 

class one nonproductive mineral property (nonoperated, privately owned 

mineral lands, reserves, interests and severed mineral products where 

the property is known to contain commercially workable quantities of 

minerals) is determined by applying a per acre value to the surface 

2%.M. STAT. ANN, S 72-29-2-0(2) (Interim Supp, 1975), 

26N.M. STAT, ANN, S 72-28-1 to S 72-31-93 (Interim Supp. 1975) 

27N.M. STAT. ANN. S 72-22-1 et se^. (Interim Supp. 1975). 

28N.M. STAT. ANN. S 72-24-1 et seq. (Interim Supp. 1975). 

29N.M. STAT. ANN. S 72-30-3 (Interim Supp. 1975). 
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2. Geothermal leaseholds on private lands have not been taxed 
. as possessory interests until there has been actual production 
of the resource. Often these leases have not been recorded. 
nor has there been a bonus bid price paid for the leases. 

3. Oil and gas leaseholds on state lands, when sold on a bonus 
bid basis, have been taxed as possessory interests, whether 
or not there is production. 

4. Oil and gas leaseholds on private lands generally have not 
been taxed as possessory interests until there has been 
production. As with geothermal leaseholds on private lands, 
these leases often have not been recorded nor has there been 
a bonus bid price paid for the leases. 

Once production has begun, either for geothermal, oil, gas, or 

mines, the property is then assessed on the basis of the present 

worth of future net income. 

Assessment problems are occurring on federal geothermal leaseholds 

where some development has taken place but where there is no actual 

generation of power or even a contract to sell steam to a utility. In 

Lake and Sonoma counties the assessors are valuing such properties by 

projecting a future capitalized value of the incorae stream for the 

developments (usually wells) and then discounting it for the number 

of years estimated to put the wells into production. Another suggested 

method of valuation is to use the amount of total capital expended for 

the development as the assessment figure. Both of these methods of 

valuation are criticized because as the essential preproduction capital 

investment in development occurs, the taxes increase proportionately 

before such properties are in production and generating any revenues. 

Small and medium sized geothermal development companies are most 

affected by the increased taxes; the large capital investment they 

have tied up in development wells prior to income from the sale of 

production coupled with the increased taxes have forced some of them 

to sell their properties or take in large companies as partners. 

Disputes over any method of valuation will continue and they 

demonstrate the problems of property tax valuation: how does one 
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specifies that all property is to be assessed for taxation purposes at 
22 

its full cash value, S 401 of the California Revenue and Tax Code 

provides that all property is to be assessed at 25% of the full cash 
23 

value. Courts have upheld this assessment method of property. 

For mineral energy lands, each county assessor, not a state agency, 

determines the value of the property by computing the lifetime net proceeds 

from the property discounted to their present value. Assessment of 

geothermal properties has been evolving in the past several years. The 

California State Board of Equalization is charged with equalizing 

property assessments among the counties for all types of property. There 

is not yet in the Board of Equalization a written policy detailing how 

assessments among the counties on geothermal properties shall be 

equalized/reconciled. The Board thus far has dealt with varying county 

assessment techniques on a case by case basis. 

Under the California Constitution, leaseholds are taxed as 
24 

possessory interests. In practice, assessment of oil, gas, and 

geothermal leaseholds on private lands has differed from that on 

federal and state lands: 

1. Geothermal leaseholds on federal lands, when sold on a bonus 
bid basis, have been taxed as possessory interests, whether or 
not there is any production of power. (Where there have been 
title disputes over geothermal rights on federal or state lands, 

• • the leaseholds on such lands have not been taxed as possessory 
interests, pending settlement bf such disputes.) Depending 
on the circumstances under which the winning bid was awarded, 
county assessors have used the bonus bid price or a portion 
thereof as the value of the leasehold for taxation purposes. 
The use of •the full bid price is criticized on the grounds that 
some bonus bid prices are inflated, i.e., a company, in order to 
obtain a lease on what it considers to be a particularly desirable 
tract of land in a certain area, may bid up to the maximum 
amount that the economic evaluation indicates will yield the 
minimum acceptable return on its investment. 

^^CAL. CONST. Art. 11, Sec. 12. 

23Sacramento County v. Hickman, 59 Cal.Rptr. 609, 66 Cal.2d 841, 428 
P.2d 593 (1967). 

CAL. REV. S TAX CODE 9 104(2)(West 197 0). 

-8-



the theory that the taxable value of the property can be ascertained 
solely with reference to the net proceeds from the property. 
Such "net proceeds" taxation for ad valorem tax purposes must be 
distinguished from severance taxes which are levied on a set amount 
per unit of production or on gross proceeds. 

Gross Proceeds Method of Valuation (used by Colorado) 

In Colorado raines are valued at one-fourth of the amount of 
the gross proceeds for the previous year. Alternatively, if net 
proceeds exceed one-fourth of the gross proceeds, then the mine is 
valued on the basis of net proceeds.^^ For Colorado purposes, 
gross value is defined as the value of the ore mined, not the 
value of the concentrates shipped.^^ Gross proceeds are computed 
by taking the gross value and deducting the costs of reduction, 
sale cuid transportation, but not the costs of extraction.-^^ 

Actual Cash Value/Fair Market Method of Valuation (used by 
California and Oregon) 

Most often fair market value or full cash value of the 
property means the amount of money which can be realized by a 
sale of the property between a willing buyer and a seller both 
well informed and under no compulsion either to sell or buy. 
Since most energy mineral properties are not often sold, such 
properties are usually valued by computing the lifetime net 
proceeds from the property discounted to -their present value. 
Some states have rather ad hoc formulations for computation 
of net proceeds; still others have statutorily defined methods 
of computation.^*^ 

CALIFORNIA 

For mineral energy property, California uses the "actual cash value/ 

fair market" method of valuation. All property not exempt from taxation 
21 

is taxable in proportion to its value. Although the California Constitution 

I'̂ COLO. REV. STAT. ANN. S 137-6-5(2) (1973). 

^^standard Chemical Co. v. Curtis, 77 Colo, 10, 233 P, 1112 (1925). 

^^Paxson v. Cresson Consol. Gold Mining and Mill Co., 56 Colo 206, 
139 P. 531 (1914). 

20see Brightwell, "Ad Valorem Taxation of Mining Properties," 15th Annual 
Rocky Mt. Mineral Law Institute, p. 281 (1969); American Law of Mining, Vol. 4, 
(1976), especially Title XXVI: "Valuation of Mining Properties," Title XXVII: 
"Ad Valorem and Production Taxation of Mining Properties." 

•̂̂ CAL. CONST. Art. 13, Sec. 1. 
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STATE TAXATION 

Taxation of energy minerals at the state level generally falls 

into one of five types: 1.) property or ad valorem taxes, 2.) severance 

taxes, 3.) occupation/license taxes, 4.) corporate income taxes, and 5.) 

oil and gas production or conservation taxes. 

1. PROPERTY TAX/AD VALOREM TAXES"̂ ^ 

Property teixes on energy minerals are usually computed in one of three 

ways: 1.) on a net proceeds basis of the year's production, 2.) on a gross 

proceeds basis of the year's production, or 3.) on the basis of the actual 

cash or fair market value of the property, often computed from the present 

worth of future net income. Ad valorem taxes provide a steady source of 

tax revenues to the taxing body. 

1. Net Proceeds Method of Valuation (used by New Mexico, Utah, Idaho, 
and Nevada) 

Net proceeds valuation of mineral energy resources is based on 

for the production at The Geysers and the companies and the IRS are involved in 
a continuing controversy over this issue. An excellent discussion of geothermal 
deposits, their differing forms and the application of percentage and cost 
depletion can be found in Million, "The Application of Depletion to Geothermal 
Resources," University of Michigan Journal of Law Reform, Vol. 9, No. 2 (Winter), 
p. 233 (1976). 

At issue in a deduction for intangible drilling costs is the point at 
which such costs (those with no salvage value) can be taken. With a traditional 
"IDC" deduction the total costs may be deducted in the year in which they were 
incurred. Otherwise, such costs have to be capitalized and deducted over the 
life of the operation. 

See Charts. 
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The delays in meeting environmental impact report requirements and in 

obtaining the necessary drilling, land use, and construction permits 

significantly affect the property taxes of the developers in The Geysers 

area in California. Under the California Constitution and California 

statutes property taxes are increased at every aspect of development to 

reflect the incremental value provided by the proven underlying reservoir. 

The property tax is assessed before production begins. Thus, for example, 

if wells are drilled and shut-in until a power plant is built and then 

there are-long delays in meeting EIR requirements and in obtaining the 

necessary permits, a conpany would have to pay property taxes on the 

increased value of the property for a number of years (due to the wells 

and/or any pther developments) without any revenues being generated from 

the wells themselves. 

In addition to the above constraints, attracting risk capital for 

geothermal exploration and development is a major problem, especially 

in view of -the long delays from exploration to generation of electricity. 

Tax incentives have always been a significant means of attracting risk 

capital to infant industries. The lack of tax incentives for geothermal 
14 

resources, such as a percentage depletion allowance and a deduction for 

intangible drilling expenses, can only adversely affect geothermal 

ê qploration and development. To the extent that state tax laws provide 

tax incentives, the geothermal industry may be able to attract more risk 

capital and to do more exploration and rlevelopment. 

^^The Tax Court and the Ninth Circuit Court of Appeals held that the 
natural resource at The Geysers involved steam, which in turn was a "gas" 
within the meaning of S 263(c) and S 613(b) of the Internal Revenue Code. 
The courts also held that the geothermal resource was exhaustible, (Arthur Ê . 
Reich, 52 T.C. 700 (1969), aff'd, 454 F.2d 1157 (9th Cir. 1972), In a 
companion case, George D, Rowan, 28 T,C,M. 797. (1969), the Tax Court allowed 
immediate deduction of intangible drilling costs. The Ninth Circuit also 
affirmed this decision. In the Tax Reduction Act of 1975 Congress amended 
S 613 to read as follows: "any geothermal deposit in the United States or 
in a possession of the United States which is determined to be a gas within 
the meaning of 613 A(b)(l)(A)" qualifies for a 22 percent depletion allowance. 
(Int. Rev. Code of 1954, 8 613 A(b)(l)(c).) However, the IRS continues to 
disallow a depletion allowance and a deduction for intangible drilling costs 

-5-



3. Meeting environmental impact report or statement requirements 
(EIR or EIS) has taken longer periods of time and has become 
more expensive as more county, state and federal agencies impose 
requirements and as those requirements change and become more 
exacting. The lack of cooperation and coordination among the 
various county, state, and federal agencies requires the developer 
to make many duplicate EIR's for each agency involved. Furthermore, 
a developer must write an EIR on each well to be drilled; the developer 
may not file one EIR to cover all the wells to be drilled in a given 
area. 

4. Many permits may be required from county and state agencies for 
geothermal exploration and drilling (for example, in California 
in The Geysers Field: county land use permit, county air quality 
permit, state Division of Oil and Gas drilling, permit, Regional 
Water Quality Control Board waste discharge permit) .-'-•'- Obtaining 
permits has also taken longer periods of time and has become 
more expensive. In addition, the California Public Utilities 
Commission (CPUC)12 must approve the environmental impact reports and 
construction plans of all proposed electrical power plants. Three 
years is an average time for obtaining this permit. For Unit 12 at 
The Geysers a permit was requested on July 19, 1972, and was approved 
on December 30, 1975. Construction on this power plant has still 
not begun because of delays in obtaining county permits. The permit 
for Unit 13, requested in March, 1974, has still not been approved. 
Unit 14 was approved after almost a 3 year delay: July, 1973, to 
April, 1976; Unit 15 was approved after more than a 2 year delay: 
March, 1974, to April, 1976, The federal government has not yet 
established procedures for geothermal power plant permitting on 
federal lands. 

Since construction of a power plant requires at least two years, 
the total time for permitting and construction is at least five years ̂  
at The Geysers. Thus, the total time from initial geothermal exploration, 
to the drilling of wells, to EIR requirements, to CPUC approval and 
finally to plant operation is presently 7-10 years. 

5. Technology for geothermal production from geopressured water and hot 
rock is still being evolved. In the United States only dry steam has 
evolved an economically feasible technology for extraction of the 
energy for electrical generation.•'•̂  Hot water technology exists and 
the economic feasibility of development depends on several factors: 
teinperature of the water, productivity of the individual wells, and 
depth of drilling to the reservoir. 

Upor a complete discussion of the permit problems see W. G. Kirkham and 
Susan J. Brown, State and. Local Permit Study - An Analysis of Administrative 
Factors Affecting Geothermal Development at The Geysers, (Sacramento, Calif., 
Office of Planning and Research in the Governor's Office) 1976. 

^^The California Energy Resources Conservation and Development Commission 
will soon be the state agency processing power plant perrait requests. 

l^Several other countries are producing electricity from either dry-steam 
or hot-water geothermal fields. 
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In dry .'steam geotherraal systeras steeim and other gases (primarily CO ) 

and H^S) are produced from the wells. The steam requires only minor cleaning 

before it is used directly in turbo-generators. Depending upon the chemical 

composition, which varies in different areas, noncondensible gases associated 

with the steam may need to be treated for removal of certain elements in 

order to meet environ-nental regulations. The chemical composition of the 

waters of hot water systems varies considerably from area to area. The 

concentration of solids in geothermal waters may create scaling conditions 

as well as corrosive conditions. Disposal of waste fluid can be accomplished 

by injecting the water back into the subsurface reservoir. Geopressured 

systems contain methane (natural gas) dissolved in hot water at abnormally 

high pressures. Considerable research needs to be done to evaluate the 

technology and economics of production from such systems. Disposal of 

spent water may be a problem. Hot, dry rock systems are largely unknown 

and technical development is still purely experiraental. 

As an infant energy industry geothermal faces many constraints, some 

of which may affect state tax treatment. Such constraints include: 

1. The unclear tax treatment granted geothermal exploration 
expenditures by the Internal Revenue Service. See discussion 
infra in footnote 14. ̂  

2. The slowness in processing federal competitive and noncompetitive 
lease applications. From January, 1974 to July 23, 1^76, there 
have been 4,861 applications for noncompetitive leases for 10 million 
acres of federal lands across the country. 674 leases have been 
issued for 1,111,018.78 acres; 1027 applications were rejected; 1293 
applications have been withdrawn by applicants; 1867 applications 
are awaiting action. During the same time period in the state of 
California there have been 925 applications for noncompetitive 
leases on federal lands within the state. 5 leases have been issued 
on 6,294 acres; 203 were rejected; 343 have been withdrawn; 374 
applications are awaiting action. Delays are largely due to the 
environmental analysis of each area; each analysis requires a prepa
ration period, review and comment period, and a Bureau of Land 
Manageraent (BLM) decision period. The BLM decides whether or not 

. to lease the area and whether or not certain stipulations will 
apply to the area. The Forest Service at the present tirae lacks 
the priorities in money and manpower to process the applications 
on National Forest lands. 

Jack McNamara, University of Southern California Law Center, is 
developing a computer model that analyzes the ..various federal taxes in 
combination and determines the impact of each-on the economics of geothermal 
development. 
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legal problems. The following definitions used in statutes, case law and 

legal literature reflect the debate over the legal definition of geothermal 

resources. Most significantly, the tax status of the resource may depend 

on its legal definition as well as its physical nature. 

1. "Energy."^ 

2. "Gas" for the steam deposit at The Geysers. 

3. "Geothermal resources" means the natural heat of the earth, the 
energy, in whatever form, below the surface of the earth present in, 
resulting from, or created by, or which may be extracted from, the 
natural heat, and all minerals in solution or other products obtained 
from naturally heated fluids, brines, associated gases, and steam, in 
whatever form, found below the surface of the earth, exclusive of 
helium or of oil, hydrocarbon gas or other hydrocarbon substances, 
but including, specifically: 

(a) All products of geothermal processes, embracing indigenous 
steam, hot water and hot brines; 

(b) Steam and other gases, hot water and hot brines resulting 
from water, gas, or other fluids artificially introduced 
into geothermal formations; 

(c) Heat or other associated energy found in geothermal 
formations; and 

(d) Any byproduct derived from them. 

4. "For purposes of the Stockraising Homestead Act, geothermal rights 
are not mineral rights but are included with water rights."^ 

5. "Geothermal rights are retained with mineral (lease) rights, not 
with water rights."^ 

Geothermal energy as a resource is not a familiar commodity which readily 
fits existing resource categories. It has been described at various times as 
water, gas, and a hard mineral. See Appendix A for a federal definition and 
for other state definitions of geothermal resources. Note that Hawaii defines 
geothermal as a mineral but that Washington, Idaho, and Montana declare that 
geothermal resources are sui generis, being neither a mineral or a water resource. 

^Schlauch and Worcester in Land and Water Law Review, Vol. 9, No. 2, 1974. 

^Reich V. Commissioner, 454 F.2d 1157 (9th Cir. 1972). 

''ORE. REV. STAT. S 522.050(7) (1975). 
8 
U.S. V. Union Oil Company of California, 369 F.Supp. 1289 (N.D, Cal, 1973), 

appeal docketed. No. 74-1574, 9th Cir., Jan, 11, 1974, 

^Geothermal Kj.netics, Inc, v. Union Oil Company of California, Intended 
Decision, No, 75314, Super. Ct. for County of Sonoma, California (1976). 
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INTRODUCTION 

This report compares state taxation of the energy minerals - coal, 

oil shale, uramium, oil and natural gas - to that of geothermal energy 

in six'Western states: California, New Mexico, Utah, Idaho, Nevada, and 

Oregon. In the United States the only producing geothermal field for 

generation of electricity is The Geysers Field in northern California. •'• 

However, a discussion of state taxation of geothermal resources is 

appropriate since several areas in the states considered here raay begin 

electrical generation in the next few years. The econoraics of development 

require a consideration of state taxes. 

Increasing costs of conventional sources of energy and the dependence 

on foreign oil supplies have generated increased interest in geothermal 

resources as an alternative energy source. Up to 5 percent2 of the nation's 

electrical generating capacity may be derived from geotheirmal resources. 

Geothermal energy means heat from within the earth. While geothermal 

energy is present throughout the earth's crust, in most places this heat 

is too diffuse to be economically important. Wherever localized concentrations 

occur (that is, where the combination of high temperatures near the surface 

and porous rock that contains water produce extractable heat) a geothermal 

reservoir is created. Geothermal resources occur in four distinct types: 

dry steam systems, hot water systeras, gv.opressured reservoir systems, and 

hot dry rock systems.^ Each system presents unique technical, economic and 

There are approximately 400 geothermal wells and springs outside The 
(Seysers that are used primarily for space heating and recreational 
purposes. One third of the homes in Klamath Falls, Oregon, are heated 
by geothermal energy. 

2john E. Kilkenny, president of the American Association of Petroleum 
Geologists, in a speech before the annual meeting of the International 
Oil Scouts Association, July, 1976, reported in The Oil and Gas Journal, 
Vol. 74, No, 28, July 12, 1976, p, 26, 

^Other potential systems include magma, normal gradient and salt dome. 
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ABSTRACT 

In the period 1965 through 1975, the United Nations will 
have completed four geothermal exploration projects at an 
average cost of US$3 (K)0 000 each. The duration of a project 
is from four to seven years. Project work progresses through 
five phases. 

Phase I is a reconnaissance survey designed to identify 
specific prospect areas and to determine priorities for 
detailed investigation. Hydrogeochemistry, interpreted 
wiihin the framework of regional geology and hydrogeology, 
is the principle technique used. Aerial infrared imagery 
surveys have also been found useful. 

Phase II consists of resistivity, microearthquake, and in 
some cases temperature-gradient surveys, whose objective 
is to locate sites for exploration drilling. The most effective 
rechnique has been found to be dc resistivity, using an 
in-line dipole-dipole configuration. 

Phase III is exploration drilling. Holes are drilled to an 
average depth of 1500 m with an 8.5-inch bottom-hole 
opening. Water assisted with air has been found to be an 
effective circulating system. 

Phase IV is reservoir evaluation and consists of drilling 
offset wells located about 200 m from the discovery well. 
They arc drilled with the objective of proving sufficient 
produclion for lhe initial generating plant, and providing 
data for assessing the long-term production capacity of the 
reservoir. 

Phase V is a feasibility study to determine the capital 
and operating cosl of a power plant. 

This work has resulted in one successful project, one 
failure, and two possibly successful projects, depending on 
the outcome of additional investigations. Finding high tem
perature has not been a problem. Siting productive wells 
in reservoirs having an erratic distribution of permeability 
has been the major problem. 

[INTRODUCTION 

During the decade 1965 to 1975, the United Nations (UN) 
executed geothermal exploration projects in cooperation 
wilh the governments of El Salvador, Chile, Turkey, Ethio
pia, Kenya, and Nicaragua. In El Salvador, work has 
progressed to the stage where a 30-MW plant is scheduled 
to go on stream in the second quarter of 1975, which will 
be ten years after the commencement of exploration. The 
Turkish project, which began in 1967 and ended in 1973, 

did not result in the constmction of a power plant because 
although a high temperature and high permeability reservoir 
was discovered, rapid deposition of carbonate in the wells 
prohibits development, at least within the restraints of 
present technology. Discoveries of high-temperature fluids 
have been made in Chile and Kenya, but permeability is 
irregularly distributed in both reservoirs and it is not yet 
known if development will be feasible. The Nicaraguan 
project is still in the exploration drilling stage, and drilling 
is not expected to begin in Ethiopia until 1976. The average 
cost of the projects is about US$3 000 000 each. 

This paper will describe in a general way how the work 
undertaken in these projects was organized and implement
ed, and will include an evaluation of those exploration 
techniques which were found to be particularly helpful as 
well as those which gave less conclusive results. The 
exploration philosophy presented here has not been applied 
in each of the UN-executed projects but has evolved over 
the years and is still evolving. Nor is it meant to be an 
inflexible approach. Each project has had its own specific 
difficulties, and the exploration programs have been modi
fied to meet these problems as required. 

The economic viability of a geothermal fieid depends on 
the following reservoir parameters: depth; temperature; 
pressure; premeability; porosity; thickness; areal extent; 
chemistry of the reservoir fluid; and, if not a volumetric 
reservoir, rate of recharge and ability lo heat a recharging 
fluid. The objectives of an exploration project are to locate 
a geothermal reservoir, demonstrate that economically pro
ductive wells can be drilled, and to evaluate as many of 
the reservoir parameters as possible. The planning of an 
exploration program which will accomplish this task is 
hindered by the fact that standard exploration techniques, 
comparable to those used in the petroleum and mineral 
industries, have not yet been developed. Although tech
niques are not standardized, UN projects now tend to 
proceed through five consecutive phases, each with its 
specific objective: 

Phase I: Reconnaissance survey to identify specific pros
pect areas and to assign them priorities for more detailed 
investigation. 

Phase II: Prospect investigations to locate drilling sites 
within a prospect area. 

Phase III: Drilling to discover a geothermal reservoir. 
Phase IV: Reservoir evaluation to prove'sufficient pro

duction for the initial generating plant and provide data 
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for assessing the long-term production capacity of the 
reservoir. 

Phase V: Economic feasibility study (o determine capilal 
and operating costs for a generating plant and to compare 
this cosl with the cost of generating power from olher 
available sources. 

PHASE I: RECONNAISSANCE 

The objective of the reconnaissance phase is to select 
specific prospect areas for more detailed investigation, and 
the first slep loward this goal is to establish selection criteria. 
Certainly, lhe one most common feature which makes a 
region altractive for geothermal prospecting is the presence 
of above-ambient temperalures in the ground-water regime. 
Iniiiiiion lells us lhat the more numerous these features 
and the higher their temperature, then the belter arc the 
prospects of findingeven higher temperatures at depth. Even 
more convincing is the mutual association of hot springs 
and recent volcanism. This simple intuitive argument has 
been lhe b.isis for the selection of geothermal prospect areas 
throughout the world, including those areas explored by 
the UN. 

Boiling springs, or fumaroles at or above boiling point, 
are preseni in all the prospect areas drilled by the UN; 
and with the exception of the Kizildere prospect in Turkey, 
all these are closely associated with volcanism of Pleistocene 
or younger age (no volcanic rocks occur within 50 km of 
the Kizildere prospect). Drilling results in these areas, at 
least in terms of finding high temperature, have been 
excellent: Ahuachapan, El Salvador, 237°C; El Tatio, Chile, 
263°C; Kizildere, Turkey, 205°C; and Olkaria, Kenya, 286°C. 
Allhough the results of the drilling program in Nicaragua 
are nol yei available, a temperature of 209°C has been 
reported from an earlier drilling program (Thigpen, 1971). 

The practice of drilling geothermal exploration holes in 
the vicinity of boiling springs of high temperature fumaroles 
is so common lhat there is very little experience from which 
to assess the risk of drilling in areas without these high 
surface temperatures. Of lhe approximately 35 thermal areas 
for which both surface spring temperatures and subsurface 
temperature data are available (see particularly the compila
tion of While, 1970), it appears that only about four or 
five have been drilled where boiling temperatures were not 
preseni at the surface. However, the fact that the major 
geolhermal reservoirs of Monte Amiata in Italy and the 
Imperial Valley in the United States fall inlo this group 
is compelling evidence that surface temperatures cannot 
be used as the sole selection criterion. 

In the past few years a great deal of work has been 
done on the development of the silica and N a / K geother
mometers for use as a reconnaissance tool. Although I am 
not aware of prospects which have been selected and drilled 
solely on the basis of this criterion, it is instructive to examine 
the data from drilled areas to see how successful the method 
would have been if used for that purpose. 

The following general statements can be made concerning 
30 areas for which both surface chemistry and subsurface 
temperatures are known (26 areas from White's 1970 
compilation): 

1. For the six reservoirs having temperatures ranging from 
106 10 I60°C, the silica temperatures are too high by an 
average of 18°C, the lemperalure difference ranging from 
-+•5 to -l-36''C. 

2. Of the 22 reservoirs ranging from 160 to 300°C, 19 of 
the silica temperatures are too low by an average of 60°C, 
Ihe difference ranging from - 8 lo — 122°C. 
3. Of the 28 reservoirs ranging from 106 to 300°C, 25 Na/K 
temperalures are too low by an average of 44°C, the 
difference ranging from -4°C to -128°C. 
4. The two reservoirs over 30O''C are the Salton Sea and 
the Cerro Prieto fields. The surface spring silica and Na/K 
temperatures of the Salton Sea area are too low by 252°C 
and 206°C respectively, and for the Cerro Prieto fields they 
are too low by 273°C and 170°C respectively. 

In view of the marked tendency of the chemical method 
to underestimate reservoir temperatures, caution is required, 
particularly when chemical thermometers are used as a basis 
for rejecting prospect areas. For example, if chemically 
indicated temperatyres were used as the sole criterion in 
assessing the 30 prospect areas discussed above, 5 of the 
22 reservoirs above 180°C would not have been drilled, 
or 8 of the 20 reservoirs (40%) above 200°C would not 
have been drilled, including Wairakei, Olkaria, and the Salton 
Sea fields. 

The difficulties encountered in applying temperature and 
chemical criteria arise from the fact that in very few cases 
do reservoir waters reach the surface undiluted with more 
shallow ground water or in the same state of chemical 
equilibrium that existed prior to their leaving the temperature 
environment of the reservoir. In order to assess the changes 
which take place during this journey from the reservoir 
to the surface, something must be known about the flow 
pattern and chemistry of the regional ground-water regime 
of which the thermal system is only a part. For example, 
if thermal springs occur in an area of ground-water recharge, 
one should suspect more contamination with near-surface 
ground-water than if the springs occurred in an area of 
regional ground-water discharge. In the latter case, modifi-
cation of the chemistry due to long residence times should 
be considered more likely than the possibility of contami
nation with shallow ground-water. Furthermore, the chances 
are better that the subsurface location of a high temperature 
reservoir will be closer to the surface location of thermal 
springs, rising in an area of ground-water recharge, than 
to springs rising in an area of discharge. 

In order to use hydrogeological arguments such as these 
in the preliminary evaluation of prospect areas, the UN 
now undertakes regional hydrogeological surveys in con
junction with the more standard temperature and geochemi
cal surveys. 

The minimum hydrogeologic data required before at
tempting a geochemical interpretation is 'a map of the 
catchment showing the ground-water flow net, as well as 
areas of recharge and discharge. Such maps are the product 
of standard hydrogeologic surveys, and their accuracy 
depends on the quality and quantity of both hydrologic and 
hydrogeologic data available for the area. 

The hydrogeologic and geochemical data are collected 
and reduced simultaneously. The geochemical survey should 
be concerned not only with the collection and analysis of 
samples, but also with the reduction of the analytical results 
into concise graphical presentations which are designed to 
emphasize statistically significant regional trends as well 
as anomalies to these trends. Plots of the concentration 
variation of chemical constituents with respect to chloride 
have been found to be helpful in distinguishing normal 
chemical Irends related to residence times from anomalous 
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' t r ends relaled lo abnormal processes such as healing. This 
trend analysis approach, based on a statistically significant 
number of samples and interpreted againsi a background 

• knowledge of the hydrogeology of the area, can be an 
effective tool for selecting prospects for more detailed 
investigation. In addilion, this approach cnn improve intcr-
preiations based mainly on chemical geothermometers. 

PHASE I I : PROSPECT INVESTIGATIONS 

The purpose of this phase is to provide information within 
specific prospect areas on which to base the selection of 
drilling sites. Depending on the individual prospect, both 
geochemical and geophysical surveys can be used. The 
geochemical techniques are the same as those used in the 
reconnaissance phase, and will not be discussed further. 
Although geophysical techniques are used principally for 
prospect evaluation ralher than reconnaissance because of 
their high cost per unit of area surveyed relative to geo
chemical techniques, they can also be used as a reconnais
sance tool where condilions are appropriate. 

The geophysical meihods which have been employed in 
the UN projects are infrared imagery, one-meter temperature 
probe, temperature gradient, resistivity, microearihquake, 
gravity, and magnetics. The following is a summary of UN 
experience with these methods and an evaluation of their 
ability to provide useful information for geothermal explora
tion. 

Aerial Infrared Surveys 

This survey technique was employed in Ethiopia and 
Kenya. 

In Ethiopia, approximately 30 000 km^ were surveyed 
in;he Awash Valley and the Dallol depression at a cost 
of US$60 000. The purpose of the survey was to locate 
and map the large number of Ihermal areas which were 
known lo exist in a sparsely populated and poorly accessible 
region. Two Bendix scanners were used, one equipped with 
a 3.0 to 5.5-ii. detector and the other with an 8 to 14-JJL 
detector. The output from bolh scanners was recorded on 
70-mm film and on lape; and in addition, the signals were 
monitored on an oscilloscope. The 8 to 14-(x imagery was 
aiienuaied to show terrain detail as well as ihermal anoma
lies, while the 3.0 lo 5.5-tt scanner controls were set to 
show only those areas above ambient temperature. The 
equipment was flown in a DC-3 aircraft and data were 
collecied between midnight and one hour before dawn. 
. The background imagery provided by the 8 to 14-n scanner 
was used to locale and plol the above-ambient thermal 
imagery recorded by the 3.0 to 5.5-fjL scanner. Wilh this 
meihod, only the film output was needed to compile the 
results of the survey, and locations could be plotted as 
soon as the film was processed. 

Acontract was recently negotiated to process the taped 
dala inlo isoihermal maps lo assist further evaluation of 
the geolhermal potential of the region and also to provide 
a comparison of the two kinds of data reduction techniques. 

In Kenya, 2200 km-were surveyed in the Lake Hannington 
and Lake Naivasha areas at a cost of US$30 000. Unlike 
the Ethiopian survey, which was reconnaissance in nature, 
the objective of the Kenya survey was to obtain a detailed 
patlern of thermal activity wiihin prospect areas where the 
major centers of activity were already known. The same 
equipmenl and data reduction techniques were used in Kenya 
as were used in Ethiopia. 

Technically, the results of these surveys were excellent. 
Thermal manifestations of only a few meters in diame
ter were easily resolved and could be accurately plotled 
on aerial photographs in the case of Ethiopia, and on 
1:25 000 topographic maps in the case of Kenya. 

Obtaining this imagery data was of unquestioned value 
in the case of Ethiopia, as obtaining the same information 
by ground meihods would have required several years and 
the results would not have been as comprehensive. 

The results of the survey at Lake Naivasha were quite 
useful, although not as valuable as the Ethiopian data. 
Thermal activity at Naivasha is almost entirely in the form 
of low-pressure fumaroles and steaming ground rather than 
hot-water springs, and the location of these steam escapes 
is conlrolled by geologic structure rather than by surface 
drainage. Therefore, the thermal imagery obtained at Nava-
sha provided an accurate representation of the faulls and 
volcanic vents controlling steam escape. 

The imagery obtained from the Lake Hannington area 
only confirmed lhat there were no thermal manifestations 
in the prospect area that had not been previously known. 
Thermal activity at this location is in the form of hol-water 
springs rather than steam vents, and the drainage pattern 
is as dominant an element as geologic struclure in controlling 
spring locations. The results of lhis survey, Iherefore, were 
of considerably less value than those obtained in the 
Ethiopian Rift and al Lake Naivasha. 

One-Meter Temperature Probe Surveys 

This technique has been employed in almost all UN 
projects for the purpose of providing a quantitative map 
of surface activity. 

If Ihermal activity is controlled by geologic structure, 
as in the steaming ground areas of Lake Naivasha, then 
the one-meter probe survey has much the same value as 
an infrared imagery survey; lhat is, it provides structural 
informalion for use in selecting drilling sites. If, on the 
other hand, the localion of thermal activity is controlled 
by surface drainage patterns, the value of one-meter probe 
survey as an exploration lool is minimal. In either case, 
the results can be used for making semiquantitative estimates 
of heat flow from an area, and this in turn can be used 
as a criterion for prospect selection. In my opinion, however, 
this application is of more scientific iharf praclical value. 

Probably the most compelling reason for undertaking a 
one-meter probe survey is that in most cases it is an 
inexpensive and simple technique which may discover 
somethingthat was not previously known. In UN experience, 
however, these surveys have discovered very little that was 
not already known, with the exception of those surveys 
carried out in areas of sleaming ground. 

In Chile, the pattern of the anomaly mapped by the 
one-meter probe meihod was duplicated by an "EM-GUN" 
survey (Macdonald, 1974). Therefore, if this type of shallow 
informalion is required in areas having a high water table, 
if time is not available for a one-meter probe survey, and 
if money is not available for an infrared imagery survey, 
then an "EM-GUN" survey could be used to obtain similar 
information. 

Temperature Gradient Surveys 

Surveys of this type were carried out in three of the 
UN project areas: Kizildere, Ahuachapan, and El Talio. 

I I 
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Al Kizildere, 60 gradient holes were drilled to 100-m dcplh 
at a spacing densily of 2 to 3 holes per kilometer (Duprat, 
1970). The survey resulted in defining a west-trending 
anomaly 4 km long by 1 km wide having a maximum gradient 
of 0.5''C/m compared to a background gradient of 0.2°C/m. 
Although Ihe survey was of value lo the extent that it gave 
a fairly accurate indication of the size of the field that 
was eventually outlined by drilling, knowledge of the anom
aly coniribuled little to the problem of selecting deep 
exploration well sites. Due lo a structural complication, 
the cenier of Ihe field was found lo be 1 km south of 
the axis of the gradient anomaly, wilh the noith boundary 
of the field corresponding wilh this axis. Knowledge of 
the anomaly, therefore, tended to mislead rather than to 
assist in the selection of deep drilling sites. 

At Ahuachapan, approximately 24 gradient holes were 
drilled to a depth of 100 m over an area of 7 by 7 km. 
Two anomalies having values greater than 0.4°C/m were 
defined compared to a background value of 0.1°C/m 
(Gonzalez-Garcia, 1968). The southern anomaly, which was 
not closed lo the soulh, measures 3.5 by 2.5 km; and the 
northern anomaly, which was not closed to the north, 
measures 1 by 3 km. The southern anomaly is on high 
ground, near the base of a volcanic range, and is associated 
with fumarolic activity, while the northern anomaly is on 
lower ground and is associated with a large hot spring. 
As drilling found subsurface temperatures up to 237°C in 
the southern anomaly and only 100°C in the northern 
anomaly, it was concluded that the norihern anomaly was 
due to the northward flow of warm ground water originating 
from relatively shallow depths above the high-temperature 
reservoir to the south. 

The main value of this survey was to delineate the sharp 
western boundary of the field, the presence of which was 
later confirmed by drilling. This boundary, however, was 
even more clearly indicated by a resistivity survey and its 
presence was also suggested by the surface distribution 
pattern of hydrothermally altered ground. A northern 
boundary to the field has now been determined by drilling 
(Cuellar, personal commun., 1975). This boundary is south 
of the northern boundary of the southern anomaly as defined 
by the gradient survey, and was nol detected by the gradient 
survey because of the northward flow of warm ground water. 

At El Tatio, 11 gradient holes were drilled, but at shallow 
deplhs ranging from only 11 to 33 m. The holes were located 
around the periphery of the thermal area, and gradienis 
ranged from 0.05°C/m to 1.9°C/m. Generally, the larger 
gradients were found in the eastern and southeastern part 
of the field (Hochstein, 1968), which, on drilling, also proved 
10 be Ihe area having the higher subsurface temperature. 
Because of the limited number of holes, a gradient anomaly 
was not well defined, and consequently the survey did not 
contribute significantly to drill site seleclion. 

As can be appreciated from the above examples, tempera
ture gradient surveys must be interpreted with care. The 
meihod is most applicable to those prospect areas which 
are underlain by impermeable rock to al least the depth 
of the gradient holes, as at Monte Amiata in Italy and at 
Kizildere. This condition minimizes distortion of the gradient 
due to ground-water flow. Even under this favorable condi
tion, however, no conclusion should be made from extrapo
lation of the measured gradient beyond the depth of the 
hole because, as can readily be appreciated, the same 
gradient could be caused by either a shallow, moderate-

temperature source, or a deep, high-temperature source. 
This fact is well-demonstrated by the two anomalies found 
at Ahuachapan. 

The main cost of a temperature gradient survey is the 
cost of drilling which could be expected to average $3000 
per 100-meter hole. 

Resistivity Surveys 

The major advantage of the infrared imagery, one-meter 
probe, and temperature gradient surveys is that they are 
all related directly to the main quantity being sought, that 
is, heat. The major disadvantage of these methods is that 
they give only superficial or shallow information when what 
is required is knowledge of conditions at a depth of about 
1 km. Although under favorable conditions a resistivity 
survey can provide penetration to this depth, the parameter 
it measures is related not only to heat but also to porosity 
and formation fluid chemistry. Therefore, making geological 
interpretations of resistivity data can be just as difficult 
as interpreting thermal gradient data. Nevertheless, resistiv
ity surveys have been by far the most effective of all the 
geophysical surveys used in the UN exploration program. 
Four types of direct current resistivity surveys have been 
used: (1) constant-spread Schlumberger; (2) Schlumberger 
soundings; (3) continuous, in-line dipole-dipole profiling; and 
(4) roving-dipole. 

Constant spread Schlumberger configuration. 
Surveys with this configuration were undertaken at 
AhuachapSn, Momotombo, and El Tatio. 

At Ahuachapan, the AB/2 spacing was 1000 m and the 
distance between stations averaged about 1 km. Two anoma
lies of less than 10 ohmm, compared to background values 
of greater than 20 ohmm, were found to correspond, in 
general, to the two anomalies found by thermal gradient 
mapping (Gonzales-Garcia, 1968). On drilling, as mentioned 
above, the northern of the two anomalies was found to 
have a subsurface temperature of only 100°C as compared 
to 237°C in the southern anomaly. Neither the resistivity 
nor the temperature gradient survey could detect this dif
ference. 

Although a constant-spread Schlumberger survey was 
attempted at Momotombo, high contact resistances prevent
ed the obtaining of sufficient data to determine if the thermal 
area is associated with a resistivity anomaly. 

At El Tatio, AB/2 spacings of 250 m, 500 m, and 1000 
m were used at a station density of 250 and 500 m. The 
array with AB/2 = 250 m disclosed a 5-ohmm anomaly, 
compared to a background value of over 500 ohmm, 
covering an area of 8 km^. The anomaly coincides with 
the area of surface thermal activity. On increasing the AB/2 
spacing to IOOO m, the area enclosed wiihin the 5-ohmm 
contour increases to about 16 km^ (Macdonald, 1974). 
Twelve of the 13 exploration holes drilled at El Tatio were 
located within the 5-ohm • m contour as defined by the survey 
with AB/2 = 1000 m, and all found temperatures in excess 
of 210°C. The one hole drilled outside the 5-ohm m gradient 
contour found only I76°C; but because it was sited on high 
ground and did not reach the elevation of the high-tempera
ture zones found in the other wells, no significant conclusion 
can be drawn from this one low-temperature well. 

Schlumberger soundings. Schlumberger soundings 
were done in all the project areas in order to study the 
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•' Visriation of resistivity wilh dcplh, and as a means of 
providing data for calculating true resistivity values. Only 

\ in Kizildere and Olkaria, however, were attempts made to 
• correlate the soundings and make a three-dimensional analy

sis of the data. 
The results of the survey al Kizildere arc notable because 

the reservoir ha.s been correlated with a resistivity high, 
ralher than a resistivity low. This is because the reservoir 
is fracliirsil metamorphic rock h.iving a high resistance in 
comparison to the overlying unit of impermeable shale. 
Depth to the top of the reservoir is'ea.sy to interpret from 
Schlumberger soundings, and therefore the method was used 
to produce a structural contour map of that horizon (Duprat, 
.1970). Evidently, horizontal varialion of resistivity within 
ihe reservoir due to variations in fluid temperature and 
saliniiy were not detectable. 

The Schlumberger soundings made within the Olkaria 
thermal area gave very erratic.results; and allhough attempts 
were made to correlate the soundings on profiles and maps, 
n convincing geologic interpretation could not be made from 
the data. In contrast to the eomplex sounding curves found 
wtihintheOlkaria prospect, quite simple two-and three-layer 
curves were found oulside the boundaries of the urea. The 
reason fdr the complexity found within the therma! area 
became'clear after obtaining data from continuous dipole^ 

" dipole profiles, the'results of which are discussed below. 

Dipole-dipole configuration, A few kilometers of 
dipole-dipole profiling were done in both the Ahuachapan 
and El Tatio-areas in order to confirm the location of field 
boundaries, and to investigate specific problems, but the 
meihod was used extensively only at Olkaria because of 
thefa'ilure of other resistivity methods to give sufficiently 
cprisislent data on which a geologic interpretation could 
be basied. 

Al Olkaria, 130 km of continuous, in-line (polar) dipole-
dipole data were collected. Electrode separations for each 
dipole were kept constant at 250 m; and potentials-from 
each current station were obtained for electrode separations 
ranging from n = 2 to fi = 8, giving a theoretical penetration 

^ of about 1 km. Centers for current electrode stations were 
' spaced al 250-m intervals. With this method, a well-defined 
' resistivity low was found closely associated with a north-
. west-trending volcanic zone. The boundaries of the anomaly 

are quite sharp, separating background values of apparent 
resistivity greater than 50 ohm • m from an ayerage apparent 
resistivity of 20 to 30 ohm-m withjn the anomaly. At 18-krri 
length of the anomaly was mapped, leaving the northwest 

,and northeast ends open. The anomaly ranges in width from 
4 to 1,0 km. Four lo.w (,<20 ohm-m) and two high (>30 
ohm m), anomalies occur within the major anomaiy. These 
smaller anomalies range from about 3 to 10 km^ in area. 

p,pri Iling near one of these highs found subsiirface tempera-
I tures of only iSe'C, while temperatures of 240°C and 286°C 
Pwere found by drillirig near or within two of the low 

anomalies. No holes have been drilled outside of the large 
' anomaly in ground having an apparent resistivity greater 

than'50 o h m m . 
It is the presence of these relatively smalt anomalies that 

makes interpretatipn of the Schhimberger soundings at 
Olkaria so difficult. Due to the distribution and size of 
these anomalies, alt the expansions crossed one or more 

; of their steeply dipping boundaries, mixing the effect of 
both vertical .and horizontal resistivity changes. The great 

advantage of the dipole-dipoie profiling meihod is that ii 
can discriminate between these two, types of boundaries. 

Roving dipole configuration. The roving dipole con
figuration was used at El Tatio, Momotombo, and Olkaria. 
This is basically a reconnaissance method in which the 
current dipole separation is on the order of several kilometers 
and sufficient current is used so that potentials .can be read 
oul to a distance of about 12 km from the center of the 
current dipole. Polential stations are located anywhere within 
a 24-km-diameter circle centered on the current electrodes, 
hence the name "roving dipole." -

At Et Tatio, the method was not used for reconnaissance 
but only for examining field bouiidaries, and no potential 
readings were obtained beyond about 4 km from the dipole. 

As in the case of the constant-spread survey, the roving^ 
dipole survey at Momotombo was hampered by high contact 
resisiance, and no conclusion can be drawn because of 
insufficient data. 

At Olkaria, approximately 300 k m ' were surveyed with 
the roving-dipole method, using three separate current elec
trode locations. There is practically no correlation of the 
results of the roving-dipole survey wilh those of the dipole-
dipole survey. In place of the sharp boundary found by 
the dipole-dipole survey on the southwest side of the large, 
north west-trending low, the roving dipole found a wide and 
diffuse gradient striking inthe same direction as the boundary 
detected by the dipole-tlipole survey, but with the position 
of the high and low sides reversed. Drilling has confirmed 
that there is a geothermal field on the northeast side of 
the boundary, and that the geothermal fluid contains 2(X)0 
ppm dissolved solids which are principally sodium Ghlaride. 
The roving-dipole survey detected the small resistiyity highs 
found within the dipole-dipole low, but not the small lows 
which drilling has shown to be high-temperature areas. The 
results of the roving-dipole survey at Olkaria cannot be 
considered very satisfactory. 

In summary, UN project experience indicates that the 
most suitable resistivity technique for geothermal explora
tion is dipole-dipote profiling. Its principal advantage is that 
it produces better geologically interpretable results than the 
other three methods. In addition, the dipoIe-dipole array 
is easier to maneuver in rugged country than either the 
constant spread or expanding Schlumberger arrays. Its main 
disadvantage, compared to the Schlumberger array, is thai 
it usually requires more current, and therefore a heavier 
generator, for the, same penetraiion depth. Although the 
roving dipole is ihe most maneuverable of all the arrays 
(hence its growing popularity), this advantage, in my opinion, 
is not sufficierit compensation for the diffiGulties encoun
tered in making geologic interpretations from the resulting 
data. 

Microearthquake Surveys 

The Ahuachapan and Olkaria projects have been surveyed 
by this method. 

At Ahuachapan, a three-seismometer array was used 
(Ward and Jacob, 1971). The seismometers were positioned 
on the circumference of a circle 3 km in diameter and 
centered on a group of'productive wells which had already 
been drilled. Although 150 events were recorded at a 
frequency of about one event per day, only 17 of these 
events could be located due to the problem of maintaining 
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the continuiiy of Ihe cable which inicrconneclcd the siations. 
Epicenters of 14 of the 17 events plotted in alight rectangular 
cluster measuring 1 km long by 0.5 km wide. Depths to 
the events ranged from 0 to 6 km. Ward and Jacob (1971) 
believe that all the events are located on a steeply-dipping 
fault plane which acts as a channel for the movement of 
geothermal fluid. 

An array of eight seismometers was used at Olkaria, 
distributed first around the circumference of a circle 20 
km in diameler, and then, due lo a high signed atlenuation, 
redistributed in an elliptical array 8 km long by 5 km wide. 
Radiotelemetry, rather than cables, was used for intercon
nection of the array; and although maintenance of the system 
required the daily attention of an electronics technician, 
signals were recorded from all the stations during almost 
100% of the survey time. Twenty-three events were located 
during a moniloring period of 52 days on the first array 
and 20 events were localed in 27 days by the second, smaller 
array (Hamilton, Smith, and Knapp, 1973). Of the 43 events, 
the epicenters of 29 define a north-trending zone 9 km long 
and ranging from 1 to 3 km in width. This zone corresponds 
to a linear trend of young lava domes and steaming vents. 
The depth to hypocenters along the trend ranges from 1 
to 6 km. 

The first deep test drilled at Olkaria was located on this 
trend of microearthquake events with negative results; that 
is, a temperaiure of only 126°C was found at a total drilled 
depth of 1000 m, and pumping tests indicated low permeabil
ity. The second hole drilled at Olkaria, located 2 km east 
of the microearthquake trend, found a temperature of 286°C 
but only moderaie permeability. 

In view of the mixed results obiained from these two 
surveys, we feel that the value of the technique still remains 
to be proven. 

Gravity and Magnetic Surveys 

These surveys were carried out in several of the project 
areas at various station densities, the most extensive work 
having been done at Ahuachapan (gravity and magnetic) 
and Kizildere (gravity only). As could be anticipaied, the 
results of these surveys were useful for making regional 
structural interpretations, but no anomalies were found lhat 
could be directly related to geothermal fields. 

PHASE I I I : DRILL ING 

As drilling costs account for about three-quarters of the 
lotal exploration budget, this phase requires particularly 
careful planning in order to obtain the maximum footage 
for expenditure. 

In order to plan a rational drilling program, first it is 
necessary to decide if information or production is the initial 
objective. There arc compelling arguments that slim holes 
10 600 or 700 m should be drilled in order to verify 
temperature and permeability prior to committing funds for 
lhe heavier equipment capable of drilling production holes. 
However, studies have indicated that under the condilions 
of most UN projects, drilling slim holes offers very little 
savings, if any, over drilling larger-size production holes. 

The Chilean project was an exception to this general rule 
due lo the very high cost of preparing access roads to the 
Ei Tatio site, and therefore the drilling program was initiated 
with six slim holes drilled to 600 m. The information obtained 

from these holes was quite valuable as it showed that 
temperature reversals occurred in the western part of the 
area, but not in the east; and consequently, deep test drilling 
was concentrated in the eastern part of the area. Unfortu
nately, the slim holes were not drilled deep enough to 
satisfactorily assess another problem, that is, permeability; 
and therefore, they gave little or no forewarning of the 
fact that only two of the seven deep tests would have 
sufficient permeability for economic production. 

Prior to drilling full-size holes, it is necessary to decide 
on the size and depth, of the holes and the casing program. 
Geologic and geophysical informalion is seldom sufficiently 
unambiguous to provide a reliable estimate of the depth 
to the polential reservoir. Therefore, hole and casing specifi
cations often are based on experience ralher than specific 
informalion concerning the area to be drilled. Knowing that 
the average depth of geolhermal wells is on the order of 
700 m, but also knowing that some wells are drilled to 
2500 m before finding commercial production, UN projects 
tend to compromise with a depth objective of about 1500 
m. If the well proves to be too shallow for production, 
it will hopefully still be deep enough to provide sufficient 
information for deciding either to abandon the prospect or 
to obtain heavier drilling equipment. A typical drilling and 
casing program for an initial exploration hole is shown in 
Table 1. 

Whether or not wells can be completed without slotted 
liners cannot be known until after a well has been in 
production for several months. Liners are provided on lhe 
first few wells, however, to ensure that they will remain 
open for evaluation testing. 

Next, it is necessary to decide on Ihe circulation system 
to be used. In order to avoid the possibility of damaging 
reservoir permeability, water rather than mud is used to 
drill below the production string. As long as a pumping 
rate of approximately 400 gal/min is maintained, drilling 
with waler as a circulaling fluid has offered no particular 
problem when drilling in areas where formation fluid pres
sure approximates the pressure distribution in a hydrostatic 
column with its head located near the ground surface. Qn 
the other hand, major problems occur when drilling with 
water in areas where reservoir pressure is low compared 
to the hydrostatic column in the well. Ahuachapan and 
Olkaria, with static water rest levels at 150 m a.nd 300 to 
400 m respectively below the wellhead, are examples of 
such areas. Even ralher limited formation permeability can 
cause a loss of circulation while drilling such low-pressure 
reservoirs, and in order to continue drilling under this 
condition one of the following alternative actions must be 
taken: (I) seal the loss with lhe risk of losing future 
production from the zone; (2) drill blind wilh the risk of 
sticking the drill string and also with the probable inconve-

Table 1. 

Depth 
(m) 

Typical UN drill ing and casing program. 

Bit Casing 
(inches) (inches) 

10 

200 

600 

1500 

26 

121 
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20 
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nienccof-having to wait a long time for temperature recovery 
tjefore evaiuating the well; or (3) decrease the density of 
the fluid column with foam or air in order to regain 
circukijion. Having experienced this problem at Ahuachapfin 
and havinganticipated it prior to drilling at Olkaria, capacity 
for foam drilling was included in the Olkaria drilling specifi
cations. The equipment included a compressor with a capac
ity of 20 m^ /min at a l7-bar delivery pressure and a booster 
with s delivery pressure of 100 bar. A locally available 
commercial detergent was used as the foaming agent. The 
sysiem performed wett until bottom-hole temperaiure 
reached about t20°C. Above this temperaUire, a stable foam 
could not be niaintained due io steam flashing into the hole 
and the sysiem had to be abandoned. However, a .solution 
to the problem was found: after setting the production string, 
the 8.5-inch hole was drilled with water, at a pumping rate 
of 400 g-^l/min, plus air injected at a rate to maintain full 
water return. The air produces a pumping aetiqn in the 
annulus which is sufficient to lift the water and en!rained 
cuttings 10 the surface. Although this method was successful 
in drilling to 1350 m, with static heads 300 m to 40() rri 
beiow surface, higher compressor capacities would have 
been desirablc'whendrillingbelow about 1200 m. In addition 
to the obvipusadvantages of this drilling method over either 
seal ing J oss circulation zones or drilling blind, it also has 
several advantages over straight air drilling: (1) required 
.air capacity is much less; (2) fluid velocities are much less, 
thereby greatly reducing the problem of equipment failure 
due <o erosion; (3) the hole is kept cool, thereby reducing 
ihe hazard of uncontrolled blowouts; and (4) hole and 
formation pressures can be kept in balance. 

As can be appreciated from the above discussion, the 
main source of drilling problems in UN prbjects has not 
been temperature, bui loss of circulation due to low-pressure 
reservoirs. The temperature problem has been minimized 
by high fluid circulation rates, and with the introduction 
of a cooling tower into the circuit. The solution to the loss 
of circulation problem appears to be circulation assisted 
by air-lift. 

- Completed well costs for UN project.s, where the drilling 
was contracted, have ranged from about US$80 000 to 
US$450060. About half of this range, that is, from 
US$8Q 000 to US$250 oixi is due to inflation in the drilling 
jhdustry from 1968 to 1974. The other half of this range 
reflects varying drilling conditions and the varying degrees 
of efficiency with which operations were planned and 
executed. 

PHASE IV: RESERVOIR EVALUATION 
The basic measurements, which must be milde on a 

completed welt are the variation of steam output with 
wellhead pressures and with time. To minimize standby 
charges on drilling equipment, it is desirable to have the 

Sj.well-testing equipment fabricated arid in place by the time 
the well is completed. Even more time can be saved if a 
flow line for lesting is connected to the wellhead below the 
blowout preventer stack so that tests can be made any time 
during drilling, and drawdown tests can be started even 
before the rig is moved off-site. TTiis arrangement has the 
added advantage that in the event the well has to be 
stimulated, the'rig is- available for running tubing which 
can be used to air-lift the well into productipn. Thissystem 
allows at least a quantitative.assessment to be made within 
a day or two of completing the well. 

This early assessment can only be quantitative because 
several weeks may be required before flow is reasonably 
stabilized. The time required for reaching stabilized condi
tions will depend on reservoir permeability and whether 
or not the reservoir fluid is depositing carbonate. If the 
reservoir is permeable and no carbonate is deposited, as 
at AhuachapSn, negligible decrease of flow wilt be noticed 
over the-first few weeks. If permeability is moderate, flow 
rates will decrease but should become relativety stable after 
several weeks. For example, Olkaria No.2 had an initial 
steam production of about 60 ton/hr, but after about 3 
weeks .of decreasing produetion, the flow rate stabilized 
at 34 ton/hr. If permeability is low, the wel! will either 
not sustain flow, or flow will by cyclic. If carbonate 
deposition occurs, semistable conditions arc never reached, 
and flow will continue to diminish indefinitely. The effect 
of carbonate deposition can be distinguished from the effect 
of poor permeability early in the testing period by looking 
for deposits in the casing. 

Obtaining stabilized flow data as quickly as possible is 
essentia! for efficient project implementation because test 
results for a welt just completed should be used to determine 
the locatioii of the next well to be drilled in the series. 
In UN projects alternative well sit'es ate prepared in advance 
of drilling, ftior to,a discovery, holes are drilled at intervals 
of several kilometers in order to obtain a good distribution 
of test sites over the target area. On completing; the first 
economically viable well, the remaining drilling budget is 
used to drill offsets from the discovery with the objective 
of proving as much steam as possible for use at the first 
plant site. Offset wells are spaced 100 to 3(W m from the 
discovery well. Although this plan appears reasonable in 
theory, it often fails in practice because accurate well data 
are difficult to obtain before the drilling fig'has to be moved 
to the next site. 

At Ahuachapan, the second exploration hole was success
ful, having a capacity of 6.5 MW. Five offsets were then 
drilled under the next program. The first three wells were 
located 2(K) to SCB m from the discovery, and produced 
at capacities of 3.4, 6.^, and 3.0 MW. The other two wells 
were drilled about 1500 m from the discovery site and were 
nonproductive. Drilling which has been undertaken since 
tef mination of the UN program has established the northern 
and western boundaries of the field,- but the eastern and 
northeastern boundaries are stillunknown (Cuellar, personal 
commun.. 1975). 

At El Tatio, the six slim holes were sited only for 
information purposes and were located along two sides of 
a rectangle measuring'2.5 by 4,5 km o n a side, with the 
wells spaced at intervals of 1 to 2 km. Seven deep tests, 
were, then sited at distances ranging from ICK) to 9(Xy m 
from the best slim hple. Although all seven deep tests found 
adeqiiate temperatures (220 to 262*C), only two, located 
3{M m apart, found adequate permeability for commercial 
prpduction. A well located between these two wells has 
insuffteient permeability for production. 

At Olkaria, the second exploration well was successful. 
Two off.set wells were drilled at a'distance of 2WI m from 
the discovery well, which has a stabiltze:d'output of 34 tons 
of steam and 8 tons of water per hour (Jonsson, personal 
commun., 1975). As yet, stabilized flows have not been 
measured in the offset wells, but it is believed that perme
ability is too low for commercial production., 

At Kizildere, rather than drilling off sets from the discovery 
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well which was the first well drilled, an attempt was made 
to define the field boundaries by long step-outs. Eleven 
wells were drilled, five of which were found to be beyond 
the field boundary as defined by a minimum lemperature 
of 190°C. The field, as outlined by this drilling program, 
is'elliptical in shape, 4.5 km long by about 1.3 km wide. 
As mentioned earlier; although the Kizildere reservoir has 
good, permeability and acceptable temperature, deposition 
of earbonate in the we tts has prevented development. 

PHASE V: ECONOMIC FEASIBILITY STUDY 

This phase of the project is relatively straightforward, 
and compared to the first four phases, requires little expla
nation. 

In general, the feasibility study is designed to cover the 
fpllowing tppics; 

Review of ihe wel! test data lo verify production capacity 
and evaluate evidence for drawdown. 

Determination of capital cPSt and running charges Of the 
optimum-size plant which could be operated from prov
en well capacities on the basis of a preliminary plant 
design. 

Comparison of these costs with the cost of alternative 
sources of power. 

Determinatipn of possible econoinic uses of the resource 
for purposes other than power generation. 

Assessment of the environmental impact of development. 

These are primarily desk studies which are contracted 
lo consulting engineering firms and require about six months 
to complete. The principal purpose ofthe study is to provide 
an unbiased, "third-party" project evaluation which can 
be used by the governments concerned in soliciting invest
ment for construction ofa power plarit. 

CONCLUSION 

After a decade of work during which two projects have 
been completed and two more nearly completed, the-results 
are not all that the UN had hoped they would be: one 
successful project, one failure, and two possibly successful 
projects, but results are not yet certain. 

Finding high temperature has not been a problern. This 
is partly due to using gepchemical and geophysical explora-, 
lion techniques, but also ii is due to the fact that prospects 
have been chosen in the most obviously low-risk areas of 
the world. The UN has found thai the problems are finding 
adequate permeability and avoiding carbonate deposition. 

The failure at Kizildere may yet be turned into a success 
if only one of the several suggested solutipns to the problem 
of carbonate deposition is shown to be technically and 
economically viable. Until that time, it may be possible 
to avoid fruitless expenditures in sucli areas by careful 
examination of thermat water chemistry prior to drilling. 

Inadequate permeability is a problem for which we see-
no easy solulion. The magnitude of the problem can be 
better visualized by expressing-the flow rates of a typical 
5-MW geothermal well in the units used for petroleum w'ells: 
water must be produced at a rate of '34 000 barrels per 
day, or IfXX) gal/min, from-a wet field, and steam (reduced 

to one atm at IO0°C) at a rate of 64 million cu ft/day 
from a dry field. As petroleum prospectors know, these 
are very large flow rates and are not often achieved from 
semiconsplidaled rock at depths of 1 km. As with the problem 
of carbonate depositipn, many schemes for stimulating 
geothermai well production have been suggested (see partic
ularly Kruger and Otte, 1973) but none pf them, to our 
knowledge, have been tried in geothermal reservoirs. 

If, because of the erratic distribution of permeability, 
the success ratio of development wells is going to be only 
one in four as suggested by the El Tatio and Olkaria results, 
then with the rising cost of drilling, the capital cost of 
providing steam for geothermal plants could rise to 
US$400/KW. Either the cost of drilling must be reduced, 
the success ratio increased, or a viable stimulation technique 
found. 

As rising drilling costs are related to the much larger 
problem of wofld-wide inflation, there is little that techni
cians can do to counteract this factor oiher than to develop 
more efficient drilling techniques and programs. Increasing 
success ratios should be possible, but in order tp do so 
we must learn aigreat deal more than we know now about 
the nature and cause of permeability in geothermal reser
voirs. With this knowledge, perhaps better exploration 
techniques can be found. In my opinion, the transfer of 
proven well stimulation technology from the petroleum 
industry to the geothermal industry, if it can be done 
successfully, would offer the most ratipnal solution. 

TTie views and opinions expressed herein are those of the author 
and dp ftp! necessarily reflect those of the United Nations. 
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ABSTRACT 

This paper describes Che experimental vrork and 
presencs Che resulcs o£ a research program -
carried ouC Co invescigace che chermal expan
sion behavior of sedimencary rocks under high 
scress condicions. The aspeccs that were inve£ 
CigaCed include Che effeccs of cemperacure,Cem 
perature cycling, and confining pressure . Fu£ 
thermore, the validity of che usual assumpcion 
on chermal expansion isoCropy was invescigaCed. 
On the ocher hand, Che matrix thermal expansion 
concept is analyzed and its physical meaning 
and aplications are discussed. The effect of tem 
perature on porosity is also a subject investi
gated regarding experimental methods for its 
escimacion and comparison of earlier resulcs. 

The experimencs carried ouc consisted basically 
of thermal stress versus temperature measure
ments on jacketed and unjackeCed samples subje£ 
ced to different confining pressures and cove— 
ring che Cemperacure range from 250C Co 280°C 
and che pressure range from 3.0 MPa Co 34.4 MPa. 
A review of earlier work is included as a refe
rence frame to discuss and compare the resulcs 
of chis work, as well as Co emphasize Che limi
ted exCenC of che research on thermal expansion 
behavior of sedimencary rocks Chac had been 
accomplished. 

Results are presented by means of thermal strain 
versus cemperacure curves and cabular daca of 
thermal expansion coefficienCs. Several impor
tant conclusions for laboracory and field appli 
cations are reached from each of the aspeccs 
investigaced. 

The wide research scope of this work and che 
considerable amounc of daCa reporced may repr£ 
sent an imporcant contribucion to the knowled
ge of thennal expansion behavior of sedimenta
ry rocks. 

INTRODUCTION 

The thennal expansion behavior of rocks is a 
subject of great interest in many reservoir 
engineering, geophysical, mining and similar 
underground applications where rocks are heat
ed. The limited daca available on chermal ex
pansion of rocks are mosdy bulk expansion daca 

for low porosiey rocks, che majority of which 
are igneous, generally corresponding to either 
atmospheric pressure and wide temperacure 
ranges, or high pressure and narrow temperature 
range conditions. That is, very few results 
have been reported in which samples were sub
jected simulCaneously co high stress and a 
wide range of temperacure variations 

It is well known ChaC sandscones conscicuce Che 
main producing-horizons in various g<.ochermal 
fields; cherefore, Che imporcance of the ther
mal expansion behavior of sedimentary rocks in 
geothennal applications is self-evident. How
ever, this subject has not yet been covered ex
tensively. 

In order to obtain a good knowledge about the 
Chermal expansion behavior of rocks, it is 
mandatory to underscand the effects of para
meters such as temperacure, Cemperacure cy
cling, heacing race, sCress, sacuracion, ex
pansion anisoCropy, and effecc of cemperacure 
on porosiey. Such an understanding is also 
necessary Co plan che experimencal measurements 
more adequately, thus reducing considerably the 
amount of experimental work required. Concer
ning sedimentary rocks, Che effecCs of only some 
of Che above mencioned paramecers have so far 
been parcially invescigaCed.A brief review of che 
exiscing sCudies on chis subjecc is included in 
che following. 

Ashqar (1979), Somercon (1980) and Somerton ec. 
al. (1981) reporced the results of bulk chermal 
expansion of liquid-sacuraced specimens of 
Boise, Berea and Bandera sandscones chac were 
subjected to 20.7 MPa confining pressure and 
6.9 MPa pore pressure, while increasing che 
temperature from 30°C to 175°C at a race of 
abouc l°C/min. The samples were noc subjected 
to temperature cycling, hence only heating 
scrain-cemperacure curves were reported. These 
curves were compared with the strain-tenvperacuce 
curves for the same outcrop sandscones reporced 
by Somercon and Selim (1961) run under dry and 
no confining or pore pressure conditions, and a 
fair agreemenC was found, indicadng t;hac cher
mal expansivides of Boise, Berea and Bandera 
sandscones were noC scrongly dependenc of stress 
and fluid saturation. 
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Janah (1980), Somerton (1980) and Somerton et. 
al. (1981) reported results of a series of tests 
focused CO investigate che influence of temper
ature on pore volume contraction for che same 
ouccrop sandscones under sCress. The specimens 
studied were subjected Co 20.7 MPa confining 
pressure and 6.9 MPa pore pressure. Changes in 
pore volume were measured as CemperaCure was 
increased from 30°C Co 170°C. From Cheir re
sulcs, che authors concluded that the pore vol
ume of liquid saturated sandstones under stress 
decreases with increasing temperature, and Chac 
che pore volume Chermal conCraction is a func
cion of porosiey, values decreasing wich in
creased porosicies. The fraccional pore volume 
concraccions reporced by the authors for the 
Boise, Berea and Bandera sandstones for the 
30°C to 170°C temperature range are 0.55%, 
1.04% and 1.53%, respectively. 

Janah (1980) also studied the effects of stress 
level on pore volume chermal concraccion and 
noCed chac differences in confining scress level 
had liccle effecc on iC; on che oCher hand, in
crease in pore fluid pressure level had a marked 
effecc, i:he pore volume contraction decreasing 
substantially with increased pore fluid pressure. 

Greenwald et. al. (1982) presented a new sec of 
resulcs for exacCly Che same kind of experi
ments as carried out by Ashqar (1979) and Janah 
(1980) on bulk thermal expansion and thermal 
pore volume contraction of Boise, Berea and Bati 
dera sandstones. 

a conclusion is not always correct and would 
lead to significant errors in the cases where 
the fraccional pore volume changes are of che 
same order of magnicude as che bulk volume 
Chermal sCrain; such is Che case if che pore 
volume contractions after Janah are considered 
instead of Greenwald's resulcs. 

Contreras et. al. (1982) measured che thermal 
strain of Berea sandstone and of a sandstone 
from Cerro Prieto Well M-94. The samples were 
tested at two different constant confining pres
sures of 3 MPa and 20.7 MPa, with the cemper
acure being increased ac a uniform race of abouc 
1.5°C/min. in Che range from 20°C Co 280°C. 
Thennal expansion measuremencs were made boch on 
jackeCed samples wich no pore pressure, hence 
obcaining informacion abouc che usual bulk Cher 
mal scrain, and on unjackeced samples wich che 
confining fluid filling Che rock pore volume, 
chus obcaining daCa abouc Che so called "maCrix 
chermal sCrain", a new concepc chac had noC been 
introduced before in the scientific investiga
tion on behavior of rocks. The results by Con
treras et. al. (1982) showed that boch, bulk 
and maCrix thermal expansivities are dependent 
on the confining pressure applied to the rock. 
Further evidence was found that the bulk and the 
matrix thennal expansion coefficients depend of 
the temperature range itself. Furthermore, 
combining bulk and matrix chermal strain data and 
using a novel approach, Contreras et. al. (1982) 
presented estimates of the effect of tempera
ture on porosity. 

The strain-temperature curves reported by Greeri 
wald et. al. (1982) differ to some exCenC from 
che ones obcained by Ashqar (1979), especially 
regarding Berea sandscone sCrain curves; che 
agreemenC for Boise and Bandera is fairly good. 
On che other hand, che fraccional pore volume 
concraccions reporced by Greenwald eC. al. for 
the Boise, Berea and Bandera sandstones for the 
30°C to 170°C temperature increment are 3.0%, 
3.7% and 4%, respectively, which compare badly 
to the 0.55%, 1.04% and 1.53% values reporced 
by Janah (1980) and SomerCon (1981). However 
no commencs or explanadons of Chese big dis
similarities were provided by che authors. 

Assuming chac all chree sandscones are iso
tropic and chus, chac che bulk volumetric scrain 
is chree cimes che axial strain, Greenwald et. 
al. (1982) combined their results of both pore 
volume contraction and axial thermal expansion 
measurements to calculate decrease in the orig
inal porosity. The results they reported are 
3.0%, 3.8% and 4.4% porosity reduction for the 
30°C -170°C temperature range for Che Boise, 
Berea and Bandera sandscones, respeccively. 
Greenwald eC. al. (1982) concluded ChaC Che in
clusion of bulk volume thermal expansion values 
in porosity determinations is a second-order 
correction, which led to the observation Chat 
Che calculated fractional changes in porosity 
resulted very similar to their results for fra£ 
tional pore volume changes. The authors of the 
present work would like to point out that such 

This short review of tha existing lieeracure 
clearly shows ehac chere are several parame
cers whose influence on chermal expansion be
havior of sedimencary rocks has noC been in
vescigaCed ae all and chae Che effecc of ochers 
has been invescigaCed only in a very limieed 
excension and moscly on ouccrop sandscones. 

The objeceives of Che presenC sCudy were esCab
lished Co concribuce Co fill ehe main gaps of 
knowledge described above; consequencly, in Chis 
work che following aspeccs are invescigaCed in 
relacion wich Chermal expansion behavior of sed̂  
imencary rocks: (1) effecc of CemperaCure cy
cling, (2) effecc of heacing race, (3) effecc of 
confining pressure, (4) effecc of oriencacion 
wich respece co che bedding plane, (5) compar
ison becween bulk and maerix chermal scrain and 
analysis of ics significance, (6) effecc of tem 
perature on porosity. Furthermore, a big deal 
of data about thermal expansion coefficients of 
several sedimentary rocks is provided as another 
main result of the investigations accomplished. 
Unlike previous studies involving outcrop sand
stones, the results preseneed in Chis paper co£ 
respond mosCly to rocks from wells drilled in a 
very important geothermal region (che Cerro 
Prieeo Geochermal Field area), thus increasing 
their importance for praccical applicaeions. 



EXPERIMENTAL ASPECTS 

The identificacion, origin and porosity ac room 
condidons of Che samples used in chis work are 
given in Table 1. The porosides reporced were 
measured using ehe liquid sacuracion under vac
uum mechod. The Chree kinds of ouccrop sand
scones were chosen so as Co cover a wide range 
of porosicies.The geochermal samples were ob
cained from wells M-94, M-127 and M-149 drilled 
in the Cerro Prieto Geothermal Field, located 
in Baja California, Mexico. These geothermal 
samples were cut perpendicular Co Cheir bedding 
planes from field cores using a 2.5 cm. diameCer 
diamond drill bic, excepc Che sample M-127-HA 
ChaC was drilled ouC parallel Co ics bedding 
plane. Afcer cuccing che samples Co a lenghc of 
approximacely 5 cm., Cheir ends were ground f laC 
and parallel Co wichin 2.5 X 10~ cm. 

TABLE 1. Origin and Porosiey of ehe Sandscones 

Scudied. 

SAMPLE WELL DEPTH POROSITY 

IDENTIFICATION (.METERS) (%) 

M94-A 

M94-B 

M127-A 

M12 7-HA 

M149-A 

KAYENTA 

KAYENTA 

KAYENTA 

BEREA 1 

BEREA 2 

COLTON 1 

COLTON 2 

Kl 

K2 

K3 

M94 

.M94 

M127 

M127 

M149 

OUTCROP 

OUTCROP 

OUTCROP 

OUTCROP 

OUTCROP 

OUTCROP 

OUTCROP 

2417 

2417 

2195 

2195 

2160 

15.8 

15.8 

20.2 

20.2 

15 

18.6 

18.6 

18.6 

18.8 

18.8 

10.9 

10.9 

In order Co fulfill che objectives esCablished 
for this work, four basic types of tests were 
planned and run. Their description is pre
sented below. 

Type A Tests. Intended to investigate the eff 
ecc of temperature cycling on Che bulk chennaT 
scrain. For Chese cesCs, a conscanc confining 
pressure of 8 MPa was applied on dry jackeCed 
samples chat were chen subjecced Co Cwo heaCing-
cooling cycles in Che range from 25''C Co 280°C, 
wich the temperacure being changed boch for ehe 
heating and cooling pares aC a uniform race of 
abouc 2''C/min. Scrain and CemperaCure were 
recorded during che Cemperacure cycles once 
every minuce. Type A cesCs were run on samples 
M127-A and M127-HA. 

Type B Tescs. Incended co invesCigate the com
bined effect of heating rate and temperature 
cycling on che bulk Chermal strain. These tests 
were run on dry jacketed samples subjected to a 
constant confining pressure of 8 MPa. Each 
sample tested was subjected to three consecutive 
temperature cycles at 1, 2 and 3°C/min in the 
range from 25°C Co 280°C. SCrain and Cemper
aCure were recorded during ehe chree cycles once 
every minuce. Type B CesCs were run on samples 
M149-A and KAYENTA Kl. 

Type C Tescs. InCended Co invesCigaCe che ef
fecc of confining pressure and cemperacure cy
cling on Che bulk chermal scrain. These cesCs 
were run on dry jackeced samples subjecced ac 
Cwo or Chree CemperaCure cycles in ehe range 25°C 
CO 280°C; for each consecuCive cycle a differenc 
confining pressure was applied Co che rock, 
keeping Che heacing and cooling races conscanc 
at 2°C/min. The values of confined pressure 
chosen for chese CesCs were 3, 17.2, 20.7 and 
34.4 MPa. Samples M94-A and KAYENTA K2 were 
subjecced Co Cemperacure cycles ae 3, 17.2 and 
34.4 MPa. Samples BEREA 1 and COLTON 1 were 
subjecced only Co heacing from 25°C Co 280°C aC 
3 and 20.7 MPa. Scrain and Cemperacure were re
corded during che cesCs once a minuce. 

Type D TesC. Incended Co invesCigace the con
cept of matrix thermal expansion and decermine 
ehe influence of confining pressure and cem
peracure cycling on ic. These cesCs were run 
on unjackeCed samples, Chus enabling che con
fining fluid Co fill ehe rock pore volume. The 
samples Cesced were subjecced Co cemperacure 
variacion in ehe range from 25°C eo 280°C ac 
cwo differenc confining pressures. Samples 
M94-B and KAYENTA K3 were subjecced Co cemper
acure cycles ae 3 and 34.4 MPa. Samples BEREA 
2 and COLTON 2 were subjecced only co headng 
from 25°C co 280°C aC 3 and 20.7 MPa. Scrain 
and Cemperacure were recorded during che eeses 
once a minuce. 

A summary of Che Cests description and the ex
perimental work accomplished is shown in Table 
2. 

The experimencal equipment used is shown sche-
maticaly in Fig. 1. It consists primarily of 
the pressure vessel, a servocontrolled pres
surizing system, an automatized heating system, 
strain and temperature sensors and transducers 
and a computer based data acquisicion syscem. 

Linear Chermal expansion for boch jackeced and 
unjackeced samples was measured along cheir 
axis by means of high resolucion LVDT's (lin
early variable differencial cransducers) ac
cached Co che Cop of the test specimen by quartz 
rods. Deformation of up to 2.5 X 10~ cm. can 
be measured with an accuracy of ± 6.2 X 10 cm. 
Averaging che oucpucs of che two LVDT's removes 
any false scrain due co dicing. More details 



TABLE 2. Summary 

TEST TYPE 
(SAMPLES TESTED) 

A 

(M127-A,M127-HA) 

B 

(Ml49-A,KAYENTA K l ) 

C 

(M94-A,KAYENTA K2) 

C 

(BEREA 1,COLTON 1) 

D 

(M94-B,KAYENTA K3) 

D 

(BEREA 2,COLTON 2) 

of T e s t i n g Condic ions and Experimencal Work Ca r r i ed Ouc. 

SAMPLE 
CONDITION 

JACKETED 

JACKETED 

•JACKETED 

JACKETED 

UNJACKETED 

UNJACKETED 

CONFINING 
PRESS MPa 

8 

8 

8 

8 

3 

1 7 . 2 

3 4 . 4 

3 

2 0 . 7 

3 

3 4 . 4 

3 

2 0 . 7 

TE.MP ERATURE 
VARIATION C O 

2 5 - 2 8 0 - 2 5 

2 5 - 2 8 0 - 2 5 

2 5 - 2 8 0 - 2 5 

2 5 - 2 8 0 - 2 5 

2 5 - 2 8 0 - 2 5 

2 5 - 2 8 0 - 2 5 

2 5 - 2 8 0 - 2 5 

2 5 - 2 8 0 - 2 5 

2 5 - 2 8 0 

2 5 - 2 8 0 

2 5 - 2 8 0 - 2 5 

2 5 - 2 8 0 - 2 5 

2 5 - 2 8 0 

2 5 - 2 8 0 

HEATING RATE 
" C / M I N . 

2 

2 

1 

2 

3 

2 

2 

2 

2 

2 

2 

2 

2 

2 

{PRESSURE 
CONTROLLER SERVOVALVE 

-I h--t 
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•PRESSURE 
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^m 
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^ 
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COMPUTER 
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DATA ACQUISITION 

SYSTEM 

Figure 1. Schemacic of experimencal 
equipmenC. 

on ehe experimencal configuracion used are given 
by Ennis ec. al. (1979). 

The Cemperacure cycles and headng races were 
cailored by means of a Honeywell programmable 
concroller Chac regulaced ehe power Co an elec
eric heacer locaced inside ehe pressure vessel 
around Che sample. By using Che servoconcrol-
led pressurizing syscem, confining pressure was 
kepC conscanc ae che chosen values wichin ± .01 
MPa. 

Data collecced during ehe Cescs consisCed of 
deformacion ouCpuc from che two LVDT's, sample 
temperature and confining pressure. Data was 
collected once every minute and stored by means 
of a computer based acquisition system. 

In order to take into accounc che chermal ex
pansion of Che measuring sysCem, calibracion 
CesCs were run using fused quarez as che scan
dard. 



RESULTS AND DISCUSSION 

Effect of Repeaced Temperacure Cycles on Bulk 
Thermal Expansion: 

The resulcs of cype A CesCs carried ouC to in
vescigace ehe effecc of Cwo consecuCive Cem
peraCure cycles on ehe bulk chermal expansion 
of sandscones are shown graphically in figures 
2 and 3 by means of strain versus CemperaCure 
curves. Descripdon of ehe cesc condicions 
were given before and are also included as in
set in the figures. The general strain-cemper 
acure behavior exhibiced by Che samples M127 - A 
and M127-HA is very similar, as ic can be in
ferred from figures 2 and 3. Several in-
cerescing features of che sCrain-eemperaCure 
curves can be appreciated and will be analyzed 
and discussed in ehe following. 

For boch samples, Che heacing.and cooling 
SCrain-cemperacure curves of ehe firsc cycle 
show significanc differences, wich Che cooling 
curve lying below Che heacing curve almosC for 
Che whole cemperacure range, resuldng in a 
negacive scraia or compacdon at ehe end of 
Che firsc cycle. On Che ocher hand, Che 
scrain-cemperacure behavior for che second 
cycle is highly reversible, since che discrep -
ancies becween its heating and cooling curves 
are almost inexisCenCe; furcher, che compac -
dons observed afCer compleeion of Che second 
cycle are smaller chan ehe ones for che firsc 
cycle. Using che scrain marks drawn on fig
ures 2 and 3, it is also noted that for both 
temperacure cycles, ehe sum of the heacing 
chermal scrain, ej, and the corresponding com-
paceion, ZQ, is almosc a conscanc value, e, 
for each sample. The parameCer e physically 
represenCs Che cooling chermal scrain experi -
menCed by ehe rock. 

From Chese observacions, we can draw an im -
porcanc conclusion, alchough scill somewhac 
preliminary, concerning che sCrain-cemperacure 
behavior of sandstones. It appears that after 
a few temperature cycles, the rock will become 
thermomecanically stabilized, and that further 
recycling will noc cause addidonal compacdon 
in ic. Under chese circumscances, bulk cher
mal scrain of sedimentary rocks would be re
versible provided the rock has been previously 
subjected to a few temperature cycles. More 
experiraental evidence supporting the condu -
sion of reversibility will be presented in the 
forthcoming subsection. 

Further, since che paramecer e is che cooling 
thermal strain experimented by the rock, and 
such a paraineter has Che same value for boch 
cycles as was noeed before, ic would be rea -
sonable co propose chat the thennal strain 
versus cemperature curve of ehe cooling pare 
of che temperacure cycle does noc depend on 
che thermal history of the rock, (as oppossed 
to che heating strain-cemperacure curve that 
does depend on the chermal hiscory). The va-
lidicy of Che above proposed concept is strong-

30 

20 

£ 10 

•a 

a: 

-10 

SAMPLE M127-ft 
CONF. PRESSURE = 8 MPA 
HEAT RATE : 2°C/MIN. 

FIRST CYCLE 
SECOND CYCLE 

.-e|.'i.o»io"* 

e5>4.2ilO-* 

FIRST aCLE e--€,t£j'27.6>lO'* 

SECOND CYCLE l--iy*t^=Zr.*i\0-* 

IOO 200 

TEMPERATURE °C 

300 

Figure 2. Effect of repeated tempera
ture cycles on bulk thermal expansion 
of sample M127-A. 
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Figure 3, Effecc of repeaced tempera
ture cycles on bulk thermal expansion 
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ly supported by the experimencal evidence ehac 
will be preseneed lacer in chis work. 

Combining Che concepc abouc che invariabilicy 
of che cooling scrain-CemperaCure curve wich 
ehe conclusion on che reversibilicy of ehe 
bulk chermal scrain afcer a few cemperacure 
cycles, ic is possible Co decermine che bulk 
Chermal strain versus temperature behavior of 
a thermomecanically stabilized rock from the 
knowledge of any cooling strain curve, even 
Che one corresponding Co Che first cycle. The 
imporcance of chis conclusion is evidenc for 
Che planning of experimencal measurements as 
well as for analysis and applicacion of re
sults. 

Effecc of Heacing Race and Temperacure Cycling 
on Bulk Thermal Expansion. 

The resulcs of Cype B cescs carried ouc eo in
vescigace Che effect of differenc heacing race 
values are shown in figures 4 and 5 for che 
samples M149-A and KAYENTA Kl, respecdvely. 
Again, ic is o\>3erved chat for boch samples 
the heacing scrain and che cooling scrain ver
sus Cemperacure curves of Che firsc cycle dif
fer Co a large excenC, and a considerable com-
paccion resulcs ac ehe end of Chis cycle. How
ever, chis compaccion is more nociceable for 
sample KAYENTA Kl chan for sample M149-A.' 

Boch ehe laccer scrain-CemperaCure cycles (Cwo 
and three) differ markedly from cycle one. 
However, discrepancies beCween che cycles cwo 
and chree are nearly indisdnguishable from 
each ocher, Chus providing evidence ChaC ehe 
change in heacing race from 2''C/mia Co 3°C/min 
does noc affecc ehe sCrain-cemperaCure paCCem. 

FurChermore, Chermal expansion for cycles Cwo 
and Chree is highly reversible upon cooling; 
Che heacing and cooling curves show only a 
small hysceresis loop, which can be relaced co 
che exiscence during Che heacing period of a 
lag of che inside-che-sample cemperacure wich 
respece co che cemperacure sensed by che cher-
mocouple aCCached co ehe excemal surface of 
che sample. The opposice phenomenon occurs 
during ehe cooling period. This observadon 
is supporced by che face chac che hysceresis 
loop is wider for the 3°C/min heacing race 
Chan for che 2°C/min headng race. 

The nocorious similaricy becween cycles cwo 
and chree provides enough evidence so as Co 
reasonably conclude chae cheir discrepancy 
from cycle one is noC due co che differenc 
heacing races, buc co che compacdon mecha
nism, which was discussed before. Therefore, 
ic can be concluded Chac differences in heac
ing races in che range from l°C/min eo 3''C/min 
do noc affecc che chermal sCrain-cemperacure 
behavior of sedimencary rocks nor do chey pro
duce irreversible seruccural damage. As ic is 
noeed, ehe acCual value of che headng race 
influences only che excension of che hyscere
sis loop. A 2''C/min heacing race is recom-
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mended by che auChors of chis work, since che 
hysceresis loop associaced co ic is small 
enough so as Co avoid significanc experimencal 
errors. 

Concerning che heacing and cooling Chermal 
scrains for che Chree cycles, ic is incerescing 
Co noCe ChaC for each sample che cooling 
ehennal scrain associaced Co Che coCal Cemper
aCure range covered is pracCically consCanC, 
regardless of Che cycle considered. The same 
conclusion was drawn in the earlier subsection 
as well. The numerical values of Che cooling 
Chermal scrain for the Chree cycles of boCh 
samples scudied. M149-A and KAYE.NTA Kl, are 
shown on figures 4 and 5, respeccively. 

Invariabilicy of che Cooling Thermal Scrain-
TemperaCure Curve. 

The observacions Chac have been made regarding 
che conscanc value exhibiced by Che cooling 
chermal scrain in che CoCal cemperacure range 
for a given sample, regardless of ics Chermal 
hiscory, scrongly suggesc che possibility that, 
provided the stress condicions on ehe rock are 
kepc conscanc, che cooling chermal scrain ver
sus Cemperacure curves exhibic che same paC -
eern independencly of Che chermal hiscory of 
ehe rock. In order co confirm such an assump
cion, ehe cooling sCrain-Cemperacure curves of 
che cycles shown in figures 2 - 5 were redrawn 
using a common origin ac 280''C, and che resulcs 
are shown in figures 6 - 9 , which provide 
enough experimencal evidence in favor of the 
proposed concepc about Che invariabilicy of ehe 
cooling thermal scrain. 

A praccical applicacion of chis concepc, as ie 
was mencioned before, is che inferrence of Che 
chermal expansion beliavior corresponding co a 
scabilized rock from Che cooling chermal 
scrain-cemperacure curve of any cycle. This 
means ehac all che informadon regarding ehe 
chermal expansion behavior of a rock subjecced 
Co a given confining pressure, can be obcained 
from a single firsc cycle, buC noe from Che 
heacing chermal scrain versus Cemperature curve 
only, since chis curve is dependenc on ehe 
chermal hiscory of Che rock. Anocher applica
cion of che invariabilicy of che cooling Chermal 
scrain-cemperacure curve will be shown in Che 
nexC subseccion. 

Effecc of Confining Pressure on Bulk Thermal 
Expansion. 

Type C cesCs were carried ouc Co invescigace 
che effecc of confining pressure on bulk Cher
mal expansion behavior. Informacion on Che 
experimencal condicions and che samples cesced 
was eiven before and is summarized in cable 2. 
The resulcs for samoles M94-A and KAYENTA K2 
are shown in fisures 10 and 11. respecdvely. 
The bulk thermal strain versus temperacure 
cycles for Che confining pressures of 3 MPa, 
17.2 .MPa and 34.4 MPa are ploCCed using a com
mon origin ac 25°C. 

The problem involved in analizing ehe effecc of 
confining pressure on bulk chermal expansion 
from figures 10 and 11, is ehac Che heacing 
scrain-cemperacure curves are influenced by 
ehe previous Chermal Cracmenc underwent by 
the rock sample. Thus, the differences thac 
may exist becween any cwo heacing curves are 
the sum of the influence of confining pressure 
itself plus the effecc associaced Co che cher
mal hiscory of ehe rock. Therefore, an analy
sis of che effecc of confining pressure from 
heacing strain-temperature curves requires Chac 
Chese effeccs be separaced. On Che ocher hand, 
Che invariabilicy of che cooling sCrain-cempera 
Cure curves wich respece Co che Chermal hiscory 
was demonscraeed before; Chus, any observable 
discrepancies beCween cooling sCrain curves can 
be accribuCed Co che effecc of che confining 
pressure only. Using Chis approach and caking 
inco accounc chac for a chermomecanically 
scabilized rock ac a given pressure, Che heacing 
strain curve is very similar co ics correspon -
ding cooling scrain curve (see figures 2 - 5 ) , 
Che isolaced effecc of confining pressure on 
bulk Chermal expansion can be escimaced by ploc 
cing che cooling scrain-cemperacure curves from 
a common origin ac 25°C. Applying chis m.iChod 
Co che cases under scudy, samples M94-A and 
KAYENTA K2, Che resulcs shown in figures 12 and 
13 were obcained. For sample M94-A, Che effecc 
of confining pressure on bulk Chermal expansion 
in che range from 3 MPa Co 34.4 MPa is racher 
small and erracic. On che ocher hand, for 
sample KAYENTA K2 Che effecc of increasing con
fining pressure is Co reduce che thermal strain 
at a given CemperaCure. Ac high cemperacures 
(>150''C), chis effecc is more significanc for 
ehe 3 MPa co 17.2 MPa incerval chari for ehe 
17.2 MPa CO 34.4 MPa incerval. 

Bulk Chermal expansion measuremencs aC 3 MPa 
and 20.7 MPa were also carried ouc on samples 
BEREA 1 and COLTON 1 in Che range from 25°C co 
280°C wich no cemperacure cycling. The resulcs 
of chese measuremencs are preseneed in cable 3 
by means of average chermal expansion coeffi -
ciencs for Che 25°C Co 280''C range, from which 
che effecc of confining pressure on bulk chermal 
expansion can be inferred. 

The Maerix Thermal Expansion Concepc: 

In the following, che concepc of maerix chermal 
expansion incroduced fay Concreras ec. al. (1982) 
is analyzed wich relacion Co ics physical sig
nificance and applicadons. Ic has been poinced 
ouc by some auChors, Somercon ec. al. (1981) 
among ochers, chae ie is che expansion of min
eral grains into the pore space that causes the 
decrease in pore volume with increased Cemper
acure, since Chere is less resisCance co grain 
expansion into the pore space than co displac -
ing adjacent grains. From this observation it 
can be inferred chac for a confined sample, chac 
is a jackeced sample subjecced eo a confining 
pressure higher Chan a pore pressure, che ob
servable bulk chermal expansion should be 
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smaller Chan che chermal expansion experimeneed 
by Che solid macerial or rock maCrix. 

In order Co evaluace che maerix Chermal ex
pansion of a confined rock subjecced Co given 
confining pressure P and pore pressure P , iC 
is required Co supress Che preferendal expan
sion of ehe mineral grains inCo ehe pore space 
by making ehe resistance opposed to ehe expan
sion of grains equal Cowards any direccion. 
This can be accomplished if a pressure equal Co 
Che mean isoeropic scress in Che rock is ap
plied in Che pore space in such a way that Che 
isotropic stress is kepc conscanc Co avoid any 
scress difference which could affecc ehe maerix 
chermal expansion CO be decermined. Ic can be 
shown thac Chese conditions are achieved by in
creasing both Che confining pressure and che 
pore pressure up Co a common value P given by 

P. - *?„ ° 
(1) P. 1 - <J. 

where $ is che porosiey of ehe rock. Therefore 
ehe maCrix chermal expansion behavior of a rock 
subjecced Co P and P can be inferred from 
chermal expansion measuremencs carried ouC 
eieher on Che jackeCed rock subjected co 
p ' 3 P ' = p or on ehe unjackeced rock sub-
jicced ''co a °hydroscacic pressureequal Co P . 

The matrix Chermal expansion behavior of some 
sandscones was decermined by running Cests Cype 
D. In order to provide a comparison frame to 
analize differences between matrix and bulk 
thermal expansions, matrix cesCs were run on 
samples obtained from che same piece of rock as 
the samples used for Cype C bulk CesCs. The ef^ 
feec of temperature cycling and confining pres
sure on matrix thennal expansion behavior of 
samples M94-B and KAYENTA K2 is shown in fig
ures 14 and 15 respectively. Ic is incerescing 
CO noCe chat ac che end of ehe first tempera
ture cycle (confining pressure » 3 MPa) a per
manent positive strain results, which is proba
bly indicative that some kind of irreversible 
microestructural alteration occurs in the rock. 
On the other hand, the thennal strain versus 
cemperature behavior for the second cycle (con
fining pressure = 34.4 MPa) is highly reversi
ble. This suggests that Che assumed microes-
crucCural.damage is cemperacure-dependenC only. 

MaCrix and bulk ehennal sCrain-cemperacure 
curves for che h e a d n g pare of cemperacure cy
cles are shown in Fig. 16 for samples M94-A 
(maerix daca) and M94-B (bulk daca) . The dif
ferences chae exise becween maerix sCrain and 
bulk strain for Che same confining pressure ac 
given CemperaCure, provide evidence in favor of 
the concepc chac preferendal expansion of che 
mineral grains occurs cowards che pore space. 
To chis poinc, ic has co be poinced oue in ac
cordance wich ehe discussion of ehe laccer sub
seccion, chac CO accomplish a beceer comparison 
wich bulk chermal expansion daca for 3MPa and 
34.4 confining pressure maCrix Chermal expan
sion measuremencs should have been carried ouc 
ac 3.6 MPa and 40.9 MPa respecdvely. 
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Figure 14. Effecc of confining pre— 
ssure and Cemperature cycling on ma
trix thermal expansion of sample — 
M94-B. 

Escimacion of ehe Effecc of Temperacure on Po
rosiey from Bulk and Maerix Thermal Expansion 
Measuremencs. 

Decerminadon of Che efface of CemperaCure on 
porosiey is a subjecc of inCeresc because of 
ics praccical implicadons in reservoir engine
ering. The Cradidonal approach proposed Co 
invescigace Chis effecc consiscs of calculacing 
che fraccional change in porosiey A<j!/(i> from 
experimental dace, on fracdonalchange in bulk 
volume AV /V (normally considered co be chree 
cimes che liSear bulk scrain) and fraccional 
change in pore volume iV /V . The basic equa
don used is 

iV 
1-

(2) 
A^ 

^0 AV„ 

B 

Greenwald et. al. (1982) used Chis mechod Co 
calculaCe che effecc of cemperacure in che range 
from 40° Co 170°C on fraccional porosiey change 
for Boise, Berea and Bandera sandscones under 
20.7 MPa confining pressure and 6.9 .MPa pore 
pressure. The resulc reporced by Greenwald for 
che Berea sandscone is shown in Fig. 17. Fur
cher, from daca on linear chermal expansion and 
pore volume concraccion for che same ouccrop 
rock by Somercon (1980) and Somercon et. al. 
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Figure 15. Effecc of confining pre — 
ssure and cemperacure cycling on ma
erix Chermal expansion of sample — 
KAYENTA K2. 

(1931), we calculaee ehe effecc of cemperacure 
on porosiey and che resulc is also shown in 
Fig. 17. The discrepancy exhibiced by che res
ulcs shown arises from che differences becween 
Che pore volume concraccion daca used by Green
wald and che daca preseneed by Somercon. This 
matter was referred co in che lieeracure review 
of che present work. 

On the ocher hand, provided che rock is isoero
pic. che effecc of CemperaCure on porosiey may 
also be expressed machemadcally as 

(3) i ~ ) = 4- (!-(-(<*! - 1) e-̂ ^̂ s 
0— O . O 

V l 

where: 

' I 
Porosiey ae cemperacure T 

Porosiey ac cemperacure T 

Linear maerix chermal sCrain ac Cempera^ 
Cure T 

Linear bulk chermal scrain ac Cempera
Cure T. 

Using maerix and bulk linear Chermal expansion 
daca obcained from cype C and D CesCs, we calcii 
laced chrough equadon (3) che effecc of Cem
peraCure on porosides for sandscones BEREA and 
KAYENTA and Che resulcs are preseneed in Figs. 
17 and 18 respecdvely. Our resulcs for BEREA 
sandscone show a fair agreemene wich Che values 
we calculated from Somerton's data, buC chey 
differ considerably from ehe resulcs reported 
by Greenwald. 
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Resulcs of Research on Thennal Expansion Iso
Cropy: 

The assumpcion chae sedimencary rocks are iso
eropic concerning ehennal expansion behavior is 
very frequendy adopced; for example when ic is 
considered chae Che volumecric sCrain equals 
chree cimes the linear sCrain. The vaiidicy of 
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Chis assumpcion was invescigaCed in che presenc 
work by measuring ehe bulk chermal expansion of 
Cwo cwin samples obcained from Che same piece 
of rock; one of chem was cue parallel eo che 
bedding plane (sample M127-HA) and ehe ocher 
one was cue perpendicular Co ehe bedding plane 
(sample M127-A). These samples were also used 
eo invescigace cemperacure cycling effecCs and 
che resulcs obcained were preseneed before 
(see Figs. 2 and 3). Overlapping che Chermal 
scrain versus cemperacure curves for Che second 
cycles of samples M127-A and M127-HA, as caken 
from Figs. 2 and 3, che resulc shown in Fig. 19 
is obcained. The chermal scrain exhibiced by 
Che verdcal sample is higher chan che chermal 
scrain exhibiced by Che horizoncal saraple ae 
a given cemperacure, chus suggescing chae che 
Chermal expansion isocropy assumpcion for sedi
mencary rocks may noe be a good approach co sia 
plify analysis. Of course, more inveseigaeion 
has to be conducted co decermine che exeene of 
chermal expansion anisoCropy in sedimencary 
rocks. 

Thennal Expansion Coefficiencs: 

The resulcs of some of che cesCs carried ouC are 
noc preseneed explicicly by means of chermal 
sCrain-Cemperacure curves. However, thermal ex
pansion coefficiencs were calculaced from cherw 
al scrain versus Cemperacure daCa for all of — 
Che cescs carried ouC. The resulcs are presented 
in Table 3. 



TABLE 3. Thermal Expansion Coefficiencs of che Samples Tesced. 
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Thermal expansion coefficients were calculaced 
boch for heacing and cooling curves in ehe in
eervals of 40°C CO 70°C, 140°C Co 170°C and 
240°C CO 270°C, using a linear regression scheme 
wich aC lease Cen experimencal daCa poinCs for 
each incerval. The correlacion coefficiene was 
higher Chan 0.99 in all Che cases. FurChermore, 
average chermal expansion coefficiencs for ehe 
cocal cemperacure range covered (25''C Co 280°C) 
were also calculaced and che resulcs are also 
reporced in Table 3. 

SUMMARY A.ND CONCLUSIONS 

An extensive experimencal program focused Co 
invescigace ehe Chermal expansion behavior of 
sedimencary rocks has been carried out. The 
significanc findings and conclusions from Chis 
work can be summarized as follows: 

1. AC a given confining pressure, afcer a firsc 
irreversible Chermal scrain-cemperacure cy
cle samples become chermomecanically stabi
lized and further cycles are almosc rever
sible, repeceable and wich no considerable 
hysceresis. However, a rock sample scabi
lized ac a given pressure will again exhibic 
an irreversible Chermal scrain-cenperacure 
behavior if the confining pressure is in
creased up Co a new value. This suggescs 
chae Che compacdon experimenCed by Che rock 
arises from a combined effecc of Cemperacure 
and pressure. 

2. Differences in heacing races in che range 
from KC/min Co 3°C/min do noC affecc che 
Chermal expansion behavior of Che sedimenca
ry rocks scudied. 

3. AC a given confining pressure, che cooling 
chermal sCrain versus temperature curves 
show Che same paccern independencly of ehe 
Chermal hiscory of che rock (as opposed Co 
ehe haacing curves chac exhibic chermal hys-
Cory dependence). 

4. The bulk Chermal expansion behavior chac a 
scabilized rock aC a given pressure would 
exhibic, can be inferred from ehe cooling 
chermal sCrain-cemperature curve of any cy
cle, even che firsc one, buc not from Che 
firsc haacing scrain Cemperacv;re curve. 

5. The effecc of confining pressure on bulk 
Chermal expansion is significanc and wall 
behaved for one of Che cwo samples scudied, 
buc is racher small and erracic for che ocher 
sample. More inveseigaeion on chis aspecc 
has CO be carried ouc Co obcain furcher evi
dence CO supporc some sore of conclusion. 

6. The maerix chermal expansion behavior corres^ 
ponding Co a rock subjecced CO given confin
ing pressure P and pore pressure Pp , can 
be inferred by measuring che chermal expan
sion of che rock subjecced Co confining pres^ 

sure P * and Co a pore pressure P * given 
, c "̂  "̂  p " 
by 

P - 9 P 
c p P * = P * = , , 

p c l-.») 

' where ^ is Che porosiey of Che rock. 

7. For a rock subjecced Co given pressure con
dicions, Che maerix Chermal scrain is higher 
Chan ehe bulk Chermal sCrain ac a given cem£ 
eracure; chis is in agreemenC wich ehe con
cepc of preferendal chermal expansion of 
mineral grains inCo Che pore space. 

8. The maerix chermal expansion behavior exhi
biced by ehe samples scudied shows chae 
scrain remains in che rock afcer compledon 
of Che firsc cemperacure cycle. On ehe 
ocher hand, for che second cycle Che Cher -
mal strain versus temperature behavior is 
highly reversible and with no hysceresis, 
even Chough a differenc confining pressure 
was applied on che samples during che sec -
ond cycle. This suggescs chac che remain
ing strain of che first cycle arises because 
of structural damage caused by differential 
thermal expansion of the mineral grains 
when are heated during the first cycle. 
This structural damage is cemperacure de -
pendenc and occurs during che firsc cem -
peraCure cycle only. FurChermore, ic can 
be noCed Chat che effecc of increased con
fining pressure is Co reduce che maerix 
chermal expansion aC a given cemperacure. 

9. The effecc of cemperacure on porosiey was 
escimaced from maerix and bulk chermal ex -
pansion daca for cwo sandscones and resulcs 
were compared wich earlier available daca 
calculaced from pore volume concraccion and 
bulk chermal expansion daCa. Alchough che 
observed effecc is racher small, more inves 
Cigation on this particular subject should 
be conducted Co escablish ranges of porosiey 
change as well as Co decermine a paccem of 
influence upon variable confining pressure. 

10. Thermal expansion isocropy for sedimencary 
rocks is an assumpcion ChaC should be adop
ced caudosly. 

11. A big deal of daca abouc Chermal expansion 
coefficiencs of che samples cesced is re -
porCed. Informacion concerning magnicudes 
and variacion ranges of chis paramecer may 
be useful for reservoir engineering calcula 
dons chac involve ehe chermal expansion 
behavior of sedimencary rocks. 
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^Tf ' I M T i SeilllCE Lag. 
'̂'̂. I TAXfiTION OF GEOTHERMAL ENERGY 

—-'" '_ . Sharon Wagner 

Wheiever the issues of taxss, tax credits, tax incentives, depletion allowances, 
areJ/or intangible deductions are rais^, it must be remembered that there are 51 
tax systems in this cxsmtry: one federal and 5G state. State (Corporate and personal 
inocsne tax structures may or may not parallel the federal corporate- and peirsonal in
ccme tax structure. Generally the states ha-ve followed the federal govemmsnt's 
lead in constructing their owi tax systens. However, in the post-Proposition 13 rtoDd 
of the electorate, it is not clear that, states will adopt -tax incentives for .geothermal 
resources. Moreover,- since the geothermal tax incentives adopted as part of the 1978 
Energy Tax Act are so m w , there- will be sane uncertainty as to their application until 
the IRS promilgates' its Treasury Regulations for these new internal Revenue Code (IRC) 
sections. Until that tiiriŝ  it is safe to assume that the IRS will follow (with certain 
excssptions) the Treasury Regulations ,and court cases that are applied to the oil and 
gas industry. Most of the Treasury' Regulations cited in the footrotes in the text be-, 
low were written for tte oil and gas. industry but, they are generally applicable to 
geothermal. 

THE FEDERAL TAX SYSTEM 

Prior tb the passage of the Energy Tax Act of 1978,-^ the federal tax treabnent of geo
thermal reKiurces was based mainly on judicial, decisions; not statutory authority. In 
1969 the 9th Circuit Court of Appeals^ held that the federal intangible drilling deduc-
tion3 and the percentage depletion allowance^ applied to the geothermal drilling at The 
Geysers. To reach this resiilt the Court held that geottermal steam was "gas*-" within 
the meaning of §263 (c) and; §613.(b) (1) of. the IRC. 

In 1975 the Code vras revised to- provide" a 22% percentage depletion allov/ance for any 
geothermal deposit in the U.S., or a U.S^ possession that was determined tp be gas.^ 
But the IRS refused to follow either the C3ourt decisioiis or the new Cixie provision and 
oontested both the intangible drilling deduction and depletion allc3waries on activities 
and income frcm The Geysers. Furthermore, because of the IRS intransigence the tax 
tj^atment of drilling a geothermal deposit that was hot water instead of the steam was 
even less clear.^ 

Ip.L. 95-618., §403(b), amendiiig IRC, §613A(b). 

^Arthur S, Reich, 52 T.C. 700 (1969), affVd, 454 F. 2d 1157 (9th Cir. 1972) and 
George D. ROVCTI, 28 T.C.M. 797 (1969). 

3nc §263 (c). 

4lRC §613'. 

% . L . 94.-455. 

^In Miller v. Uniicd States, 78-1 U.S.T.C, P9127 (D.C.C.D. Cial. 1977) the federal 
district court denied the intangible drilling deduction to investors who drilled 
geothermal wells in Nevada in an area of hot water, not steam, reservoirs. 



Ihe Energy Tax Act of 1978 has eliminated most of the uncertairities of 
tax treatment of geothermal exploration and deyelopment. The new 
tax provisions Cpin be used to promote capital investment and to gen
erate for the investor certain tax savings which reduce the risk, of 
investment. Furthermore, the definition of geothermal deposits'' is 
broad enough to include all the vario'us forms of geothermal energy 
including dry steam, hot water or dry hot rock's i The act coveris three 
basic subjects: intangible drilling costs, depletion allowance, and 
tax credits.. 

I. INTANGIBLE DRILLING COSTS 

A,. Option to Deduot. intangible Drilling Costs 

§402 of the Energy Tax Act amends §.263 (c) of the IRC to allow a tax
payer the option to deduct as expenses intangible drilling costs 
(cailed "intangibles" or IDCs) '̂  The costs of drilling and completing 
a geothermal well are divided for tax purposes into two classes: in
tangible driiiing costs and equipment costs. The equipment coists must 
be capitalized and "recovered" through depreciation or depletion. In-
tangible drilling costs may be treated in two ways.^ 

^"A geoth.ermal reservoir consisting of natural heat which is stored in 
rocks- or in an aqueous liquid or vapor (whether or not under pressure)." 

? Intangible drilling costs are defined by Part 5Af Temporary Income 
Tax Regulations- for the- Energy Tax. Act, 45 Fed. Reg, 6779 (198 0) (to 
be codified in 2-6 CRF Part 1) as' any cost incurred which in itself 
has no salvage value ahd which is "incident to and necessary for the 
drilling of wells and. the preparation of wells for the production o'f 
geothermal steam or hot water." Such expenditures expressly include 
"labor, fuel, repairs, hauling, supplies etc. "' that are used (!') in 
the drilling, shooting and cleaning of wells;- (2) in suph clearing 
of gr.ound, road making, surveying, and geological works as are nece
ssary in preparation for' the drilling of wells; and (-3) in the con-
structibn of such derricks, tanks^ pipelines, and other physical 
structures aS' are n.ecessary for the drilling of wells and th^ prepara
tion of wells for the production of geothermal steam o,r hot water. 

^ Since the geothermal prbvision for the option to expense intangibles 
is separate from oil and gas activities^ a taxpayer may make one kind 
of election for- his geothermai deposits and a differerit one for his 
oil and gas wells. For exaraple, he could decide to expense intangi-^ 
bles for both geothermal and oil and gas properties or he could capi
talize oil. and. gas and expense geothermai intangibles. 
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They may be ded-ucted as expenses (in tax terminology they may be 
expensed) in the year in which they are incurred or they may be 
capitalized and deducted over a cert'ain period of time as depreci-
ation or depletion.•̂ '̂  Allowing a taxpayer to expensei (deduct) all 
the intangibles in the year in which they were incurred gives the 
taxpayer a kind of "accelerated depreciation." 

The taxpayer must make his election to expense or-to capitalize in-
tarigibles in his first taxable year in-which he. incurs such costs.•'••̂  
Once the elee-tion is made., the taxpayer must treat such expenditures 
on all geothermal properties in tiie same manner for all future years.•'•̂  
For example, if Taxpayer (T) •'••̂  hasi spent $50,000 of intangible costs, 
T may claim as. a deduction on his, income tax return the $50,000 of 
intangible costs. But if T- decides to capitalize intangible drilling 
costs T -will not take $50,000 for 1978, but instead will deduct this 
amount over a given period of time as depre.ciation or depletion. 
However, if the taxpayer" elects to capitalize his intanaibles, he is 
granted a second election for dry or productive wells. •̂'̂  

^^Part SA, Temp. Reg. supra note 8, states that intangibles, if capi
talized, are to be separated and recovered as depreciation or deple-^ 
tion. Intangibles not represented by physical property (clearihg 
ground, draining, road making, surveying geological work, excavating, 
grading, arid the- drilling, shooting, and cleaning bf wells) are to 
be recovered through depletion. But intangible expenditures repre
sented by physical properties (wages, fuel, repairs*, hauling, sup
plies, etc.) are to be recovered through depreciation. 

lift taxpayer must make a clear election either to expense or to capi
talize. If he does not, the IRS will, hold that he. elected to capi
talize intangibles. It is best that if a taxpayer desires to ex
pense intangibles, he include with his income tax return an express 
statement of election to expense in ac'cordance with, the option. 

*- - . 

^^U.s, Treasury Regulation §1.611-4(e) 

'̂̂ But this second election need not have to be exercised^ until the 
first year in which.a dry hole is drilled. 

13 
The b̂ vner pf" the operating rights in a property who has the respon-

. sibility to develop the property is gr-anted the option of expensing 
intangibles. But each taxpayer, regardless of his relationship to 
another taxpayer, is entitled to a separate election. Thus each 
partner in a partnership is entitled to a separate election. Trusts 
as separate taxpayers are entitled to an election regardless of the 
kind of election made, by the beneficiaries. 



The costs incurred in drilling a nonproductive well may be deducted 
Sy the taxpayer as an ordinary loss provided a proper election is 
•-I'iade. But the taxpayer must make a clear' statement of election to. 
deduct as ordinary losses intangible dr,illing and development costs 
of nonproductive wells. If a clear statement is not made, such costs 
can be' recovered only through depreciation and depletion. 

But a noncorporate taxpayer-, a Subchapter S corporation or a personal 
holding company that decides to expense intangibles instead of capital
izing therji, may be- subject to one of the following: the minimum tax 
(see "B");, a limitation on deductions to the amount "at risk" (see "C"); 
recapture of intangible deductions if the property is sold at a profit 
(see "D"). 

B. Preference Income-Minimmn Tax 

Some types of income are given preferential treatment by special pro
visions of the tax law. A minimuin tax applies to a number of items 
that are considered' to be of a tax preference nature. These types 
of income include capital gains, stock options, ahd income offset by 
depletion, amortization, and intangible drilling costs. The tax is 
computed by totaling all the items of tax preference, then reducing 
this amount by the greater of $10,000 or one-half a taxpayer's regu
lar income tax after reduction by credits. A flat 15% rate is then 
applied against the balance.-'-̂  

-̂ Â taxpayer may be able to claim the unused part of certain credits 
against his minimum tax. Also if a taxpayer has a net operating 
loss that remains to be carried forward to a succeeding tax year, 
the minimum tax otherwise due may be deferred in an amount of up to 
15% of the net operating loss to be carried forward to subsequent 
tax years when the loss is absorbed. In the years when the loss 
is absorbed, the taxpayer will be; liable for the minimum tax deferred 
in an amount equal to 15% of the net operating loss absorbed in 
each year. See IRC §57(a)(11). 
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If taxpayer has "excess intangible drilling costs" that exceed net 
geothermal income, he will have preference income subject to the 
minimum tax. Intangible drilling costs are considered to be exces
sive when the intangible drilling and development costs of a geother
mal well allowable for the tax year are greater than the sum of (1) 
the amount 'allowable if the costs had been capitalized and straight-
line recovery of the intangibles had been used and (2) the net income 
for the tax year from the geothermal property. 

Straight-line recovery means the rateable amortization of such intan
gibles over the 120 month period beginning with the month in which pro
duction from the well begins (or, if elected, any method which would 
be permitted for purposes of determining cost depletion). Net in
come from all such property reduced by any deductions allocable to the 
properties, except intangible drilling and development costs in excess 
of straight recovery. 

This preference does not apply to taxpayers who elect to capitalize 
by straight-line recovery their intangibles. Nor does it apply to 
nonproductive wells.^° 

Special rules apply to corporations in computing their minimum taxl7. 
And the IRS will publish rules under which items of tax preference 
of both individuals and corporations are to be' properly adjusted where 
the tax treatment that gave rise to the preference does not result in 
a reduction of the taxpayer's income tax for any tax year. 

In effect what this provision does is to lessen the benefit of the 
option to expense intangible drilling costs. Few taxpayers now have 
geothermal income and if they chose to expense intangibles, they will 
have preference income (that is, the amount they deduct by expensing 
intangibles will definitely be greater than the sum of intangibles 
capitalized and net geothermal income). 

C. Losses Limited to Amount at Risk. 18 

^°Nonproductive wells are those which are plugged and abandoned 
without having produced steam or hot water in commercial quantities 
for any substantial period of time. N 

•̂ 'See IRS Publication 542, Corporations and the Federal Income Tax. 

^^See IRC §465(c). 



The 1976 Tax Reform Act limited the tax benefits available to 
persons engaging in oil and gas operations. These same limita
tions with some changes were extended to geothermal operations by 
the 197 8 Energy Tax Act. 

Before passage of the 1976 Act a taxpayer could take deductions up 
to the amount of this cost (or "basis") in a business or investment 
venture. But the basis of a taxpayer often included expenditures 
financed by nonrecourse loans for- which the taxpayer had no personal 
liability (i.e., he had nothing "at risk" because of the way the 
loan was Jnade to, him or to an investment group). Such leveraged nonre
course loans were often employed by investors to finance drilling 
and development costs of oil and gas activities. Since a tâ ĵayer could 
elect to expense intangible drilling costs, he could take deductions far in ex
cess of his own actual investment. This kind of investme^nt was de
sirable ,for a high bracket taxpayer because the large deductions for 
intangibles could be used to offset income earned from other sources. 

The 1976 law added §465 to the IRC and limited the amount of lossesi^ 
deductible by a taxpayer engaged in exploring for and exploiting oil 
and gas. The taxpayer's deduction cannot exceed the total amount 
the taxpayer has at risk in the venture. Deductions taken for intangibles 
are considered losses for purposes of this section. 

The Revenue Act of 1978 changed the "at risk" rules for years begin
ning after December 31, 1978. The most significant change is that 
previously allowed losses must be recaptured when the taxpayer's 
"at risk" amount is reduced below zero. But only the excess of the 
losses previously allowed in a particular "at risk" -activity over any 
amounts previously recaptured will be recaptured under this proviision. 
Howeyer, such recaptured losses may be deductible in a later year if 
at the "at risk" is later increased. 

The practical effect of these "at risk" provisions is to eliminate 
the use of nonrecourse financing to increase available deductions. 

D. Recapture of Intangible Costs Expenses As Ordinary Income on 
Disposition of Geothermal Property. 

Probably the most far-reaching change of the 1976 Tax Reform Act 
affecting corporate and noncorporate taxpayers is the requirement 
that upon the disposition of oil and gas property taxpayers are re
quired to recapture all or some part of the intangible costs incurred 
as ordinary income if the property is disposed of at a gain (a profit). 
These recapture provisions were extended by the Energy Tax Act of 
1978 to intangible drilling costs incurred in connection with geo
thermal deposits.2^ , . 

A loss is the excess of allowable deductions allocable to a parti
cular activity over the income derived from the activity during 
the taxable year. 

20p.L. 95-618, §402 (c), amending IRC §1254 (a). 
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This recapture provision applies only to intangibles which the tax
payer elects to expense in the year in which they were incurred and 
does not apply to intangibles which were capitalized. The amount of 
intangibles recaptured as ordinary income (instead of as capital gains) 
is the lesser of (1) the intangible costs incurred (reduced by an 
amount which would have been allowed as cost depletion had such in
tangibles been capitalized) or (2) the gain realized on the disposi
tion. Or, in other words, the amount recaptured and taxed as ordin
ary income is the cimount that the intangibles deducted exceed that 
which would have been allowed had the intangibles•been capitalized 
and amortized on a straight-line basis (120 months) from the time 
the property went into production.^1 

II. PERCENTAGE DEPLETION 

The IRC provides two methods of computing a depletion allowance: 
cost depletion and percentage depletion. Cost depletibn provides 
for a deduction for the taxpayer's basis (cost) in the property in 
relation to the production and sale of minerals from the property. 
On the other hand, percentage depletion is a statutory concept that 
provides for a deduction of specified percentages of the gross income 
from the property. The deduction, however, cannot exceed 50% of the 
net income from the property. A taxpayer is required to compute de
pletion both ways and to claim the larger of the two amounts. 

A depletion allowance reduces the taxpayer's basis in a property 
but the total amount taken as a depletion allowance is not restric
ted to the taxpayer's basis. Even though cost depletion will be zero 
after the taxpayer's initial basis has been recovered (for example, 
T deducts $5,000 per year for five years for a total of $25,000 -
the amount of his original investment), the taxpayer may continue to 
claim a percentage depletion based on income from the property.22 

§403 of the 1978 Energy Tax Act grants percentage depletion on in
come from geothermal deposits. The rate through 1980 is 22%. It 
decreases by 2% yearly until 1983 and thereafter the rate is 15%. 

2iit should be noted that there are questions as to the proper method 
of calculating the reduction of recapturable intangibles under this 
section. v 

22A depletion allowance on the iricome derived from production and 
sale of the minerals from a property is available only to the owner 
of an economic interest in that property. An owner of an economic 
interest can be an owner of mineral interests, royalties, working 
interests, overriding royalties, net profits interests or certain 
kinds of production payments. 



The business energy credit is limited to 100% of tax liability, ex
cept for solar or wind energy property on which the credit is refun
dable. Until the IRS issues its regulations on this new section it 
will not be completely clear what kind of equipment qualifies. 

23The excess of the depletion deduction over the adjusted basis of the prĉ jerty at 
the end of the year (determined without regard to the depletion deductiai for the 
year) is v*iat wDuld be preference inoane. 

This percentage depletion allowance is much more favorable than 
the one allowed oil and gas. It is not limited in any way to a 
specified amount of production. It has no 65% of taxable income 
limitation nor is it restricted to independent producers. How
ever, the percentage depletion cannot exceet 50% of the taxable 
income from .the property and is subject to the minimum .tax-prefer
ence income rules.2 3 ; 

There is some question about the availability of depletion on miner- [ 
als which are consumed by the producer of such minerals. Many manu
facturers are now exploring and developing their own sources of en- . 
ergy supplies, particularly natural gas reserves and in some areas 
geothermal. But the depletion allowance is dependent upon the sale i 
of a mineral. Some courts have held that no depletion is allowable • 
for minerals c.onsumed in the operation of the producing energy prop
erty. It is not clear, however, if a depletion allowance is preclu
ded with respect to gas used in manufacturing operations. For exam
ple, the IRS ruled in 1968 that the value of dry gas manufactured 
from wet, gas and used as fuel for gasoline absorption plant is inclu
dible in determining "gross income from the property" for-percentage 
depletion purposes, but the value of dry gas reinjected into the geo- j 
logical formation is not includible. One way for the corporate tax- i 
payer to avoid the problem is to conduct its exploration and develop- ; 
ment activities through a wholly-owned subsidiary. The subsidiary j 
could sell the gas to the parent at an arm's length price and create .J 
depletable gross income. i 

j 
III. TAX CREDITS I 
— - ^ ( 

i 

A.' Residential Energy Credit' 
§101 of the 1978 Energy Tax Act provides for a nonrefundable tax I 
credit for certain expenditures incurred for equipmeht which uses 
geothermal energy in a taxpayer's principal residence in the United | 
States. The equpment must be new and must meet certain performance | 
and quality standards; it must reasonably be expected to remain in j 
productidn for five years. The credit is as follows: (a) 30% of the 
eĵ Jenditure up to $2000, (b) 20% of the expenditure from $2000 to $10,000. The i 
maximum credit is is $2200. The credit may be carried over to future \ 
years for equipment purchased after April 20, 1977 and before January | 
1, 1986. ; 

. • ! 

B. Additional Investment Tax Credit for Alternative Energy Property • 
I 

A 10% investment tax credit in addition to the existing investment 
tax credit is available for geothermal equipment which qualifies as : 
either "alternative energy property" or "specially defined energy j 
property." Public utilities cannot benefit to the extent of "alter- j 
native energy property" but can use the credit for "specially defined I 
energy property." ! 

1 



c STATE TAX SYSTEMS24 

Of the fifteen states with known geothermal resources Nevada, 
Texas, Washington and Wyoming have no state personal or corporate 
income tax. Alaska, Colorado, Hawaii, Idaho, Montana, and New Mex
ico applî  their income tax levies to adjusted gross' income as cal
culated for federal income tax. But five states have an indepen
dently determined income tax: Arizona, California, Louisiana, Oregon 
and Utah. Their differences from the federal law are largly due to 
the state provisions concerning percentage depletion for resources 
extraction industries. 

Two states, California and Arizona, provide two examples of how com
plex the state tax picture can be. California has a franchise tax 
and a corporate income tax. The franchise is for the privilege of 
exercising a corporate franchise within the state. The tax rate is 
9.6% for calendar or fiscal years ending in 1980. For subsequent 
years the rate is dependent on bank and corporation tax revenues. 
The following chart gives these rates. 

1981 

C 

Revenues Collected in 
1979-80 

Less than $2,950,000,000 
$2,950,000,000—$3,025,000,000 
$3,025,000,000~$3,100,000,000 
Greater than $3,100,000,000 

1982 
Sum of Revenues Collected 
in 1979-80 and 1980-81 

Less than $6,000,000,000 
$6,000,000,000—$6,075,000,000 
$6,075,000,000—$6,150,000,000 
$6,150,000,000—$6,225,000,000 
Greater than $6,225,000,000 

Corporation Tax Rate 
for 1981 

9.6% 
9.5% 
9.45% 
9.40% 

C o r p o r a t i o n Tax Ra t e 
f o r 1982 

6% 
50% 
45% 
40% 
35% 

( . 

1983 
Sum of Revenues C o l l e c t e d 

i n 1 9 7 9 - 8 1 , 1980 -81 and 
1981-82 

L e s s t h a n $ 9 , 4 5 0 , 0 0 0 , 0 0 0 
$ 9 , 4 5 0 , 0 0 0 , 0 0 0 — $ 9 , 5 2 5 , 0 0 0 , 0 0 0 
$ 9 , 5 2 5 , 0 0 0 , 0 0 0 — $ 9 , 6 0 0 , 0 0 0 , 0 0 0 
$ 9 , 6 0 0 , 0 0 0 , 0 0 0 — $ 9 , 6 7 5 , 0 0 0 , 0 0 0 
$ 9 , 6 7 5 , 0 0 0 , 0 0 0 — $ 9 , 7 5 0 , 0 0 0 , 0 0 0 
G r e a t e r t h a n $ 9 , 7 5 0 , 0 0 0 , 0 0 0 

C o r p o r a t i o n Tax Ra te 
f o r 198<3 

9, 
9, 
9, 
9. 
9, 
9. 

6% 
50% 
45% 
40% 
35% 
30% 

24 For an extensive analys is of s t a t e tax systems see State Taxation of Geother
mal Resources Qaipared with S ta te Taxation of Other Energy Minerals, Sharon 
C. Wagner, published by the Geothermal Resources (Council, Davis, CA. 
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TlLERMODYNAMiCS OF HYDROTHERMAL SYSTEMS 
AT ELEVATED TEMPERATURES AND PRESSURES 

HAROLD C. HELGESON 
Departnient of Geology, __1 

North\ve.stern University, Evnnston, Illinois 60201 

.•\nSTK.\Cr. Chemical relations in hydrolhermal sysiems can he described in lerms 
of lhe ihermodviiainic properties of mineral.-., ainieous speeie.-;, ga.ses, and coiiccii;, 
trated sodium chloride .solutions. Sullicienl ihermodymimic daia are ;iv:iilalile to permit 
cileuhiiioii of ecpiilibrium coustanis for a huge nuinber ot hydrolhermal reaciioiis 
at high tcmpcrat-.ircs anil pressures. Where ihese d:ila are inaunpleic. the calcnla
iions iuvolve entropy eslimates, applicaiion of ;ivei-:ige beat eapaciiie.-i, and/or assump-
lions concerning lhe leinpertiture dependence of therniodyn:imic vaii:;bles and the rela
live imporiiinri: of clectinsiatic tiiid non-electrosl;itie inleraelioii among lhe ai^ueous 
s|jecies ill livdiolhermtil .solulions. I ligh leuipcnilnre sioichionielrie tictivity roellieienis 
f(u individual ions can be calculated using deviation funetions compuled Irom osmotic 
coellicienls for conceulraicd sotlium chloride solulions. The resulis fif such cah-ula-
lions, logelher wilh compuled hetil e:ipacilies, enlbalpie.s, enlropics, and eipiilibritim 
const;inis for many hydrolhermal species and reactions at high temperauues arc pre
sented in tables ami diagrams. ']"hc nrclhods, assumptions, antl equations employed in 
the cak-uhiiions ;ii-e siimmari-/.cd in general noialioii. T h e niimcrieal informalion con
lained ill the tables pcnnits calculaiion of lhe solubilities of silicates, sullules, car-
honaics, sulfates, aiul o.'tiiles in muhicoinponent hydrolhernuil solulions (tmlaining 
high coueeiiir;iiioiis of .sodium chloride :ii elev:iied lempi-raiiiies, iiiul e\-;ilii;ilion of 
lhe imi.ss Iransfer ;iccoinp:inying irreversilile retulions resp<insible for mel:i.soin:ilism 
:iiid ore dcposilion in hydrolhermal sysiems. 

IN'l-RODUCno.N 

ITic chemistry of electrolyte solutions at high temperatures has re
ceived considerable attention in recent years, and it is now possible to 
predict w'nh confidence the thermodynamic f:liaractcristics of hydro
tliermal solutions to > SOÔ Ĉ (Criss and Cobble, lOG-la and b; Cobble, 
19G4, 19G6a and b; Helgeson, 1967a). I t is the purpose of this paper to 
siimniari-ice the equations and methods involveil in applying such predie
lions to hydiothermal equilibri:i and to coinpule an internally consistent 
set of vtilues for the ihermodyntimic properties of hydrothermtil .systems 
at high temperatures. The results of the calculations arc p;csentctl in 
tables as \\-eIl as diagrams to facilitate extrapolation to tlte supercritical 
region and to enable the reader to u.se the numerical vtilues in his own 
investigations. 

Most of the specie:; anil reactions considereil lielow tire iniportttnt in 
hydrothermal processes involving "acid" aqueous solutions containing 
high sodium chloride concentrations. Electrolyte .solutions of lhis kind 
occur in the Sallon Sea geothennal system (While, Anderson, and Grubbs, 
IO(i'>; Helgeson, IfXiSti), :iud they are commonly I'niiiid in lluid inclu.sions 
in vein minerals (Koedder. llKi.̂ , 19!)."), 19r)7). Cbloridc-ricb arid .solu
lions are responsible for high temijerature mcia.somtiiism (Orvilk:, I9().T; 
IFelticsoii, I!)()7b) ;nul hydiothermal-rock alteitiiion (Hemley. I9.")9; Hem-
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ley, Meyer, and Richter, 1961; Hemley and Jones, 1961; Meyer and 
Hemley, 1967). In addition, both e.xperimental (Barnard and Christopher. 
1966; Elemley and others, 1967; Cloke, 1969) ancl theoretical (Helgeson, 
196-1, 1967c; Helgeson and Garrels, 1968; Helgeson, Garrels, and Mac
Kenzie, 1969) evidence indicates that these solutions are capable of trans
porting and precipitating metals and sulfides in ore-forming concenirti-
tions at elevated temperatures. 

.Aqueous species contributing to hydroiherm;il processes involving; 
acid chloride-rich solutions include I-ICO3-, HSO.,-, Els'", H...CO:, and 
CO,,^,,, ELS,„„, KCl, NaCl, HCl, CaSO,, MgSO.,, H.,SiO^, and chloride 
and sulftite complexes of the ore forri-iing metals. There is little evidence 
that polynuclear metal ion complexes are important, or that chloride 
complexes of ferrous iron, calcium, magnesium, or aluminum form to si'g
nificant degrees below r~-> ciOO°C (Silicn and Martell, I9()'l; Helgeson. 
190']). Bictirlronate and bistilfate mettil ion complexes and carbonate, bi
carbonate, sulftile, and bistilfate complexes of sotlium and pota.ssinm ex
hibit minor association below this temperature (Quist and otliers, ]%'?>: 
Quist and Mtirshtill, 1966; Helgeson, 1967a; Lafon, m.s). Altinn'mim imi 
fornis stable complexes ^vith fluoride and (to ti much les.ser extent) snHtiic 
ions in ttqueous solutions. Ho\vever, thermodynamic calculations indictite 
that Iliioride and sulftite complexes probably contribute only slighily 10 
the transport of aluminum in hydrothermtil solutions at high temperti-
tures, even tvhere the pH of the solution is low. At low temperaiiiii.v 
aliimintim fluoride complexes may be imporiant in acid solulions (Hem. 
1968). Aluminum hydroxide complexes apijeiir to be the primary agenis of 
aluminum transpon in "acid" as well as "tilkaline" hydrolhennal solutions 
at high tem|3ertitures. Hyilroxitic complexes of calcium, sodium, poitissi-
um, magnesium, tind most other metal ions are iniportant only in alkaline 
solutions belo\v •)00°C, but ferrous hydroxide may associate to a signifi-
ctint extent in acid solutii>ns above 2nO°C. Of the .several oxidalion sitiic.-; 
of gold, iron, and cO])ner that form, aurous, ferrous, and ciqiroiis ioib 
and complexes predominate in hydrothermtil solutions. Z11 + + , Pb-^-^. 
Cu + , Cu-*- + , .Fe+-*-+, Ag+, Au + , and Au + + + ions associate priniarily wiili 
C l - in chloriile-rich solutions. .Although concentrations of metal-carbon
ate, sulfide, bisulfide, tind polysulfide complexes are negligible in acid 
low-siilfiile solulions, metal-sulfate complexes may be important coiuri-
butors to mineral solubilities in sudi solutions at temperatures below-
- 200°C. 

For temjieratures below .300°C, the standard state adopted for ihc 
acpieou.s phase is an hypothetical 1 molal solution at 1 atm and any 
specified lemperature. For girses and solids the standard state is unit activ
ity for the idetil gas and the pure solid, respectively, at 1 atm and any 
specified teniperature. .The pressure dependence of hydrothermal equi-
libriti are sliglit (considered negligible in this contribution) belo\v' .SOO'̂ C. 
For this reason, pressure is regarded as a variable only where higher 
leinpertuiircs tne considered. In these instances, the siandtird states tipply 
to tiny specified temperature rind [iressure. 
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LIST o r SYMBOLS 

- molal Debye-Huckel parameter defined by equation (39). 
- coefficient in cquiitions (16) and (17), equal to 0.01875. 
- coefficient (in the Debye-Hiickel ecjutition) assumed to 

rejiresent the distance of closest approach of ions in an 
electrolyte soltition. 

- cocllicients in equation (26). 
- coefficient in equations (28) and (-U). 
- coeificient in e(|uations (10), (11), and (12). 
- activity of the z'th species. 
- activity of H..,0. 
- degree of as.sociation defined ,by equations (.S.S), (3-1), and 

{ M ) . • • • 

- coedicieni in equation (17). 
- coefficient in e(|tiation (5). 

- iTioltil Debye-Hiickel parameter tlcfined by equation (10). 
- deviation function describing the departure of the mean 

ionic activity coefficient of an electrolyte from thtit jire-
d it led by the Debye-Hiickel expression. 

- coefficient in equations (16) and (17), equal to —12.741. 
- coefficients in equation (4). 
- coeificient in equations (28) and (31). 
- coeflicient in etjuaiions (10), (11), and (12). 
- oveitill dissociation constant for comjilexes, or eipiilibrium 

consttint for gas-aqueous retictions. 
- coefficient in equalion (17). 
- coefficient in etpitition (.")). 
- re|)resentiition of cations. 
• representtition of a mononuclear complex insolving caiion 

C timl y moles of anion L. 

• coefficient in equations (16) and (17). equal to 7.8-1 X 10—'. 
• integer ijidcx for complexes in equations (18), (20), (21). 

{2'\), (.H6), and (JA). 
coefficient in equations (28) and (31)., 
coeflicient in equations (10), (11), and (12). 
siantlaid heat capacity of the /th species. 

a\ertige sttiiidtird heat capacity of the /th species fiom tem-
]jer;itiire 'I',, to leniperattire T. 

Slandard heat capacity of reaction. 

average standard heat capacity of reaction from temperature 
T , to temperature T. 

activity coeificient in the cih complex. 

^ • ^ i '"^w - i i -w .:>£m'jys::%^^mvfm*w*^mfsmmm>-ii 
i -



732 

Vi 

v= 
v * = 

d 

t 
f i 

AGS 
h 
HO.-
A H = , 

^HS, i 

AHS 
0 
1 
i 

J 

j 
K 
k 

L 
/ 
y 
M-
tn, 
mt.i 
n 
n 

Harold C. Helgeson—Thcrrnodynainics of hydrotliermal 

— stoichiometric individual ion activity coefficient of the tth 
ion in a multicomponent electrolyte solution containing a 
prcdoniintint concentration of a given salt (defined by eq 45). 

— indiviflunl ion activity coeificient of the /th ion. 
— stoichiometric mean activity coefficient. 
— mean ionic tictivity coefficient. 
— iiidiviiUial ion activity coefficient of a cation. 
— individutil ion activity coefiicient of an anion. 
— integer index for the difference expressed by equation (20). 
— coeificient in cquation.s- (2iS) and (31). 
— integer index for anions in equtitions (21), (22), (25), (26), 

(.̂ f)), (.51), and (.=32). 
— dielectric conslant. 
— fugacily of the ith species. 
— standard Cibbs free ehergy of formation from the elements 

of (lie /th species. 
— Slandard Cibbs free energy of reaction. 
— avertigc number of water molecules associated wi th v ions. 
— standard enthalpy of the /th species. 
— staiultird enthtilpy of formation from the elements of the 

Jlh s)iccic-s at the reference temperature plus the enthalpy, 
change for ilie /ih species associated with an increase in 
teinpertiuire from T,. to T . 

— staiidtiid enthalpy of formtttion from the elements of the 
/th species. 

— stand.Ti-d entlialpy of reaction. 
— coeificient in etpititions (16) and (17), equal to 219.0. 
— sioiciiiometric ionic strength. 
— true ionic strenglh. 
— integer index for chemical species. 
— integer index for cations in equations (19), (20), (21), (24), 

(26)', tiud (27). 
— integer index for reaction products. 
— eqiiilibrium constant. 
— Henry's law coefficient. 
— activity product constant. 
— representation of anions. 
— integer index for rctictants. 
— coefiicient in Cijuaiion (17). 
— moltirity of the /ih species. 
— molaliiy of the /th species. 
— tottil inolnlity of the /th ion or salt. 
— munber of moles of a given cation in a raineral. 
— sum of the exponents in the Law of Mass Action equation. 
— number of moles of ions in 1 mole of a given salt. 
— nuinber of moles of the cation in 1 mole of a given salt. 
— number of moles of the anion in 1 mole-of a given salt. 
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— pressure in atmos])heres. 
— reference pressure in atinospheres (1 aim). 
— integer index for mononuclear complexes involving a 

common ligand in equations (26) and (27). " 
— gas constant, equal to 1.9872 cnl mole-» d e g - ' or 82.0575 

cm^ atm m o l e - ' deg- ' . 
— ion radius of the Hh anion. 
— ion r:iiUus of the ith cation. 
— density. 

— sum of the entropies of 1 mole of an aqueoiis species and irs 
coordinated water molecules. 

— standard conventional third law entropy of the ith species. 
— standard ab.soliiie third laAv entropy of the ith species. 
— difference in the sum of the entropies of 1 mole of an aquo-

ou.s coniple.-v: and its coordinated v/alcr molecules and the 
sum of Lhe entropies of the irec cation and its coordinated 
wtiter tnolecidcs. 

— stancltird elecirostatic entropy of dissociation. 
— slandard enlrojjy of reaction. 
— solubility of lhe (̂ -th minertil (in molality units) defined by 

eqiitiiion (51). 
— exponential coefficient in equation (36). 
— teinperature in degrees Kelvin. 
— reference temperature in degrees Kelvin (298.15°K). 
— integer imlex in equation (48). 
— number of wtiter molecules coordinated to a cation. 
— standtird volume of reaction. 
— stoichiomelric osmotic coefficient. 
— nuniher of ivater molecules coordinated to a comjilex. 
— number oi nioles of ligtind L coordinated in a mononuclear 

comjilex of the form CI.„. 
— number of moles of a given anion in a mineral. 
— integer index for minerals. 
— limit of the range of integer index y in equations (-16), (-17), 

and (49). 
— charge on die /th species. 
— coeflicient in equtitions (16) and (17). equal to 1.00322. 

PRKDICriVK METJIODS 

In the present state of knowledj^e, limitations imposed by the amouni,s 
and kinds of data available for hydrothermtil reactions dictate the "best" 
methods for predicting thermodynamic properties of hydrothennal .sys
tems at elevated temperatures. A variety of ppproximat.ons, each with 
its own uncertainties, can be used for this purpose. Because the reliability 
of numerical values obtained from such approximations reflects ihc 
n eth d as well as the data used in the calculations, the computauonal 
meibods applicable under various circumstances are summarized below. 
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Erjitilibrium Cotistttnts 
The basic thermodynamic equation describing the temperature dc-

jiendence of the equilibrium constant is 
AH°, . (T, . ) / 1 1 

l o g K ( T ) - l o g I v ( T , , ) -

1 

2.303RT 
- j " AC-',.,.(T)dT + 

2.30.-!R 

2.303R 

T T, J 

AC°r,,.(T)d In T 

(1) 

in ivhich AH° , . and A C ° I . ,. are, resjiectively, the standard enthalpy and 
heat capticity of reaction, R is tlie gas consttint, K the equilibrium 
constant, T the lemjicrature of interest (in °K),.and T,. tbe reference 
temperaunc (2'.)iS.15°K in this commun.). For most i-j.tctions involving 
aqueous soliilion.s, the ini.cgrals in equtitioii (I) cannoi be evaluated 
rigorously because the required heat cajiacity functions are not avail
able. To integrate the last two terms in equation (1), the assuinption is 
frequently made that AC", . , , . (T) is zero or constant, but this jiractice often 
ler.ds to serious errors in computed log K('r) vtilues at elevated tempera
tures (Cobble, 196-!; Helgeson, 1964, 1967a). In many case.s, ambiguities 
and uncerlainlies resulting from these assunijnions can be avoiiicd by 
adopting one oi- another of the alternate ajiproachcs summarized below. 

Cnlniluliott frotn nvcntgc heul capiic'it'ies.—.\ve\-:ig(t lieat capacities 

for ions can be compuied from absolute entrojiies by 

T 

T , 

.s°/"'"'(r) ss'^'XT,) 
In T/T, . 

(2) 

where jj^j'""* is the tibsolme entrojiy of the /th sjiecies. The absolute 
entrojiy is related to the conventional entropy (S°)"'by 

S°,'°""(T) = S°i(T) + Z,.S°„.""'"(T) (3) 

where Zj rejiresents the charge on the /lh .sjiecies and S°ii*""""(T) is the 
ab.sohite entrojiy of the hydrogen ion at temperature T. Criss and Cobble 
(1961ti) have shoivn that the absolute entrojiies of ions at iiigh tempera
tures can be calculated from 

SS'"^-'(T) = b,{T) -I- /;,,(T) SS<-^->(T,.) (-1) 

where b^ tind b-̂  are lemjieraiure dependent coefficients characteristic of 
simple catioiLS, simple anions, oxy-anioris, or acid oxy-anions. The rela
tion expres.-.ed in equation (4) was obtained by .assigning absolute en
tropies to the hydrogen ion at various specified temperatures. Equtttion 

.vv.v.'t-//i.v- ul ilctuitrd Iriitpcrittiircs tiitd pies.-iiirr.\ 7;5:-; 

11) c t inbe combined with equation (2) to define a similar relation for 
avertige heat capacities. This expression appears as 

T 

C°i..i ] = a"(T) + ^"(T) SS ' " - (T , ) (5) 
T , 

where a"(T) = ^(•r)/ ln(T/T,.) and ^"(T) = (&.(T)-1)/1„(T/T..). Values 
ot 0,. 0... a , tnul p " have been computed by Criss and Cobble (1964a and 
b) for 60°, 100°, 150°, 200°, 250°, and 300°C. These coefficients-allow-
absolute entrojiies and average heat capacities to be calculated for a 
large number of aqueous species at elevated temperatures. 

When average heat capacities can be computed for all reactants and 
products m a given reaction, the equilibrium constant at- temperature 
1 can be predicted directly trom 

log K(T) = log K(T,.) -
AH°,(T,) 

2.303 R 

1 1 

T 
^^"V.r ] ( T - T J 

T , 

2.303RT 

'AC°P., 1 In T/T,, 

(6) 

in whicii 

AC-̂  

T 

T , ;• 

2.303R 

T 

C° P.I 

T 

] 
Tr 

(') V/] - 5 
T . I 

where ; and / represent the products and reactants, respeclively. 
Calculation from a combination of average attd actiinl heat capaci

ties.—In cases where the actual heat capacities for some (but not all) ot 
the reactants or jn-oducts in a given reaction are defined by empirical 
power functions of lemperature, equilibrium constants caa be computed 
bv first evaluating (for those sjiecies) 

T 

• AH°i(T) = AH°/,i(T,.) + ^ C ° , . . i ( \ ' ) dT 

Tr 

(8; 

S°i(T) = S°i(T,) + r C°,, .(T) d In T (9; 

in which A H ° ^ ( T ) is the standard enthalpy of formation trom the ele
ments of the /lh species at the reference teniperature [ A H ° , , , ( T , . ) ] plus 
the enthalpy change for the /th species associated with an increase in 
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temperature from T , to temperature T . Heat capacities of solids and 
aases are usualiy described by power functions of tlie form 

C°p.,-(T) = a" -^ b " i : -f- c"/T'^ 

- ' " so that equations (8) and (9) will normally appear as 
b" 

A H S ( T ) = AHS,4(T..) + « " ( T - T , ) + — ( T » - T , 0 - c" 
I 

If 

and 
1 

T,-

1 

TV 
01) 

(12) SS(T) = S»,(T,) + a" In T / T , + b"{T-T , ) - -

Where average heat capacities are known for the remaining reactants and 
products, standard enthalpies and entropies at a given temperature can 
be calculated by evaluating 

A H ° . . ( T ) - AH°/ , , - (T, . ) + C°,.,.- ] ( T - T , ) 
T , 

and 

(!3) 

(14) S°i(T) ^ S°i(T,) + C°i>,,.] In T / T , . . 
T,. 

High temperaiure equilibrium constants for the reaction can then be 
computed from 

• T / N S ° X t ) - 2 S°,(T)N - S A H ° X T ) + 2 A H ° , ( T ) 

log K(T) = 1 ^ 
; 

2.303RT 
(15) 

where j tind / tigain refer to tlie jtroducts and reactants, respectively. 
When equation (15) is employed, ctue must be exercised to avoid con
fusion between relative and alisolutc enrrojiies in the sumaitition terms 
of the equation. If hetu capaciry power functions are known for all re
actants :ind (iroihicts, high tenijierature eq-.iilibrium constants can be com
puted siinjiiy iiy condiining equations (11), (12), and (15). 

Prediction of dir.soclalion constnnts.— In geochemical jiroblems it is 
quite common to find thttt no iiciC ctipacity data of any kind arc avail
able for one or more of the reactttnis or products in a given reaction. 
This is particularly true for complexes in ;iqi;eous solution. Despite this 
handict!;), di.s.^ocit.tiiin ccn.'-.ttinii ofteti can be closely apjiroximated to 
~ 2O0'-''C by cvtiliititing (Helgeson, i967a) 

log K(T) = 
A.SS(T,) r 

2.303RT 
T , " / — 1 - expre.xp(i,-|-„T) - c - j- (T-T^y/O] 

") \ 
AH°.(T,.) 

2.305RT 
(\6) 

.syslcnts at atr.t/ated tempe.raliires and pre.ssuyc.s 7:<7 

where 5, <„, a. b. and c are temperature independent constants character
istic of (he solvent. For aqueous solutions these coefficients have the 
vtilues 219.0, 1.00322, 0.01875, -12.741, and 7.84 x 1 0 - ^ resjiectively 
Helgeson, 1967a). The method of approximation afforded by equation 

(!6) involves the assumption that AC°p.,(T) changes monotonically but 
" - " " ' ' r r ^ y - " ^ ' " ' '"^"^P^'-^'^'e; AC°r,,.(T) is implicitly defined in terms 
o. AS ..(T,.) in the equation. Dissociation constants computed from equa
tion ()6) are often much closer approximations of actual dissociation 
^r'o' ' '?4?, ! ! n '^''' ;.^'"P'^'-^t"'-es vhan those computed by assuming 
^ ^ i : . { n - 0 or AC i,.,.(l) = a consiant. Equation (16) is an tijiproxi-
mation modified from equation (17) below. 

Where dissociation constants are known over a restricted tempen-
ture range, experimental log K(T) values can be fit by the method of 
least squares to 

log K(T) = 
AS°,(T,) r O r ' . -, 

L ^^ ~ "^ ' ~ [ ^ ~ e>^P[fxp('' + «T) - c -f- (T-T, ) / t f ] j 

AS°,.(T,.) 
+ ^ . . , . „ + - ^ T T T T ; ^ (In T / T r - 1 ^ T,./T) 

2.303RT 
AH°, , (T, , ) 

+ 

2.303RT 
^'(T-T,.)= 

+ 

2.303R 

k' 
2.303R 

(TV3 - TrV3 - T.'-'T 4- T,.») (17) 
4.606RT • 4.606RT 

where 0, ,„, a, b, and c are constants with the values given above, AS° , (T , . ) 

is the electrostatic entropy of dissocititioii at the reference temperature 
(T,.), and «', fd', and \ ' are temperature independent coefficients charac
teristic of tlte reaction (Helgeson, 1967a). Values of the rcaction-de-
pentlent jiartimeters defined by ihe low temjieraturc fits can then lie 
used to predict log K values tit higher temperatures. However, c:ne must 
be exercised to avoid overfitting. Where only a few exjierimental values 
are avtiiltible, or the tlnia are highly uncerttiin, all of the icaction-de-
jientlent coefficients should not be included in the least sijuares fit rou
tine; that is, X', or ,\' and ^ ' should be set to -/ero. 

Entrojiy and Heal Capacily Estimates 
For many reactions in aqueous solution, equilibrium constants are 

knoivn only at 25°C. In such cases it is common to find that iiisiifficient 
entropy or enthalpy data are available for the species involved in ihc 
reaction to petmit calculaiion of high temjierature equilibrium con
stants using the approaches described above. This problem often can be 
overcome in a first approximation by estimating entropies of dissociation 
or the entropies and heat capacities of rerictant or product species. 

Dissocialional reactions in aqucons soln lion.—Enirop'ics of dissocia
tion for complexes in aqueous solution at 25°C cnn be estimated from 
entropy correlation plots. These entropies can then be used in conjunc
tion with ecjuation (16) to approximate dissociation constants at in'gher 
temperatures. The approach" summarized below for making such esti-
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mates is a modification of that employed by Cobble (1953b) for esti

mating the entropies of complex ions. 
For convenience, let us define the sum of the entropies of 1 mole 

of an aqueous species atid its coordinated water molecules as S*; that 
is, for a given teraperature. 

S* = S^ 

and 

[CL,(H. ,0) /e] [ €L , c] 
+ xS° [H.O] 

[ € . i ] 
+ uS° 

[H.,0] 

(18) 

(19) 
^ ' [€ (H . ,0 ) "i] 

it 

in which S° is the conventional third law entrojiy, CL^ is a mono
nuclear complex involving ctition G and y nioles of anion L, x and u 
represent the number of water molecules coordinated to the complex and 
cation, respectively, and Z^ and Z^ are the respective charges on the 
comjilex and the ctition. Subtracting equation (19) from equation (18) 
gives 

^*[CL„(H,0) /c ] 
= S' 

^ ' ' [ € ( I T O ) / - i ] "^^^d "'"[CL^^'t] 

- S°̂ .̂..̂  + (. - V^„^^^ (20). 
where A S * is the diU'erence in the sums of the entropies expressed in 

ecjuations (18) and (19). Equation (20) can now be combined with the 

exjiression for the entrojiy of dissociation of the complex written as 

AS°r = S^ [C'^i] 
-h)'S= [L 'e] ^°[eL/-ii] (21) 

' ^ ^ ° ' = ^ ' ^ ° [ L ^ e ] + ( ^ ' - ^ ' ' ) ' ° [ H . O ] - ^ ' \ l . . (22) 
where Z. is the charac on the anion. If as a first apiiroxinlation we 

e 
assume, '-• 

.V == il - y 

then equations (20) and (22) reduce, respectively, to 
AS* , = S° z 

d [€L , c] 

SO _ yS° 
[€ / i ] ^ [H..O] 

(23) 

(2-1) 

and 

^•'̂ °'=>'(^Vc]-'°[H.O])-/^*d (25) 
For complexes involving a common ligand at 25-^C, empirical con

siderations indicate that AS* , can be described by 

-^•.,,„) = " •+- /<>„ + ' . ( „ ' < '̂̂ > 
in which d, and rt._. tire coeflicients characteristic of the group of com
plexes, and r , , and r , , ^ are the radii of the cation and lierand, re-

i(q) e(q) 
spectively, in the qih complex. The validity of equation (25) can be 

.sv.vf('/".v a l r l r t i i i l r t i teinjn-raturr. '^ a n t l prei>.snri:\ 
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•/ ( r^s + r^) ' 
l-ig. 1. Correlation plot ot AS" (see lexl—eqs 20 and 21) for metal chloride loni-

' d 
plcNcs at 2.J°C and 1 aim against the reciprocal of the sum of ihc radii of ibc ions 
in the complex. T h e plotted value:; of dS* aud the sources of data from whicii ibex 

d 
were calculalcd (,see text) are given in tabic I. T h e curve shown above is consisienl 
with crjiiaiiou (27). 

assessed for chloride complexes in figure 1. The data used in comjiuting 
the AS'* values plotted in figure 1 are given in table 1 along with the 

sources from which they were obtained. 'Fhe maximum devitition from 
the linetir ctnve of the points- in figure 1 is 8 cal m o l e - ' d e g - ' (for 
CuCL-) , but the average deviation is only 3 cal m o l e - ' d e g - ' . which 
is well within the experimental uncertainty of the data. The sjiecific staie-
mcnt of equalion (26) for the curve in figure 1 is 

"'%i(n) = - ' " - • ' + ' ' ' ' % ) + ' • ' " 
where 1.81 is the radius of the chloride ion (Sienko and Plane, 196:5). 
Values of AS°,. computed from equations (25) and (27) for the species 
shoAvn in figure 1 are given in table 1 to afTord a numerical comjiarison 
with those based on experimenttil data. 

The Jirocedure summarized above for estimating dissocialional en
trojiies is of general tijiplicability; lhat is, exjiressions similar to equa
tions (26) and (27) can be develojied for various groups of dissociational 
reactions for which data are incomplete. Entrojiy estiinates obttiined in 
this inanner jiermit approximations of high- leinpertiture dissociaiion 
constants for a large number of comjilcxes of interest in "eorliemisiry. 
For many of these, only experimental dissociaiion consiants at 25^(J tire 
available, but estimates of A.S ,̂.(T,.) allow approximations of AH°, . (T , . ) 
[from AFt°,.(T,.) = T,.AS°,.(T,.) - 2.303RT, log K(T,.)] and thus esti-
mation of high temperature dissociation constants from equation (16). 
In ca.ses wheie .-^unicicnt data are not available to estimate dissociational 

rt:r?<n^-.:'^5g;!g!ir3agaeigwiww^^ 
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entrojiies frcm correlation plots, it may be jiossible to estimate tlirectly 
the entropy of a particular complex, neutrtd species, or ion, which will 
then permit calculation of dissociational entrojiies at 25°C. .A number 
oif techniques for making such estimates have been summarized by 
Latimer (1952), Cobble (1953a and b), and otliers. 

TAI.I.E 1 

Entropies of dissociation for chloride comjilexes 
in acjueous solution at 25°C and I atm 

Reaction. 

Caiion Experimental 
radius". AS", (cal 

(.•\)' mole—' tieg—') 

Calculaied" 
.AS*,, (cal 

mole—' d.cg~') 

Caieuiated" 
.iS% (cal 

mole—' dcg~') 

AgCI ^ Ag' + C i -

AgCI,- ;;=: Ag* -f 2 C I -

C u C b - ^ Cu- + 2 C 1 -

P b C l * ; = i P b " - | - C l -

Z n C l . : = i Z n * ' - j - 2 C l -

HgCl- ~ H g - + C l -

H g C L ; = i I ! g " + 2C.l-

HgCl,--:p±;Iig'-4. ,<lCl-

CdCI>:;e:f :d--- j -Cl-

0 ' . ! C I . . ^ C d " - f 2 C I -

C ; l C I - ; = : C d " - ) - 3 C l -

SnC.l ' ;=i.SM-^.(.C|-

SuCI,:;r:;.Sn-' - f -2C1-

1.26 

1.26 

0.9G 

1.20 

0.74 

1.10 

1.10 

1.10 

0.97 

0.i)7 

0.07 

0.93 

0.';i3 

- 6 " 

- 1 1 " 

-13.0" 

- 1 1 . 0 ' 

-32.7'--

- 1 7 " 

- 1 6 ' 

- 13 .7 ' 

- l ! . - i i -

- i r i . - J J 

- 2 2 . 3 ' 

- l ; i . 4 ' - ° 

-13:9 ' - " 

2.6 

•1.4 

6.6 

7.4 

20.3 

13.8 

9.6 

4.1 

8.2 

10.0 

12.7 

12.2 

12..') 
V 

-6 .6 

- 9 . 8 

-21 .2 

-S.6 

-31.3 

- \ 2 . - i 

-ir , .! 

- I « . 9 

-17.6 

-20 .8 

. -21.0 

-19 .3 

-22 .5 

•SnC:i,—-±.Sn^•-4-3Cl- 0.93 • - 2 7 . 4 ' • '• 17.S 

l-eCl ' - ;e; l - 'e-" - ( -01-

T I C 1 ; ^ T 1 ' - j - C l -

0,64 -SS""- 3I.S -.33 3 

1.74 U.2 
. A u t : i - ; P i A n ' - - | - 2 C l - . 1.37 

•VnC:l,- : ^ A u - ' - j . . 4 C p Oo"" 
-6 .0 

-3oT 
S l i d , — ^ Sn*" -I- .K:I— 0.71 -39 .2 

• Sienko and Plane (1963). " Compuled from equalion (25) using the experimental 
entropies shown al-,ovc logelher with 10.7 cal mole"-' deg—' for S'̂ .^o (Wagman and 
others. lOOH) :uid i:l.:"il for ii"_„,_ (,\hlu.-.valia a:id Cobble, 1904). -̂  Calculaied from 
eqiuiiions {2")) tiiid (27). '' Joule and Martin (I9.".'2). " Caltidaied from S°t.„f.|.._ (l.:itim.':r 
19."<2) and the ionic eiiiropies in table 3. ' .-Xuslin, .Nratiie.son. and P;iri(/n (1959). 
' J'.:i.se<l on least sip.iares fits of log K(T) values at t.'/O'- ;i!!il J l i- 'C (Kraus and Raridou, 
1960) and 2.')°C (.Marcus and M:iydcn, 1963) using equation (Ui). '• .Malcolm, Parion. and 
Watson (l;):JI). ' AVilliams (19:>I). ' Helgeson (I9r.7a). ' Vanderzee and lJaw.*/u (1S.53). 
' Wagman and others (1906). •" Rabinowitch and Stockmayer (1942). " Laiimer il9.')2). 

ere 
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systeins at eleviiled temperatures anil pressures 711 

:'\liiierals.-Ahhoiigh thennodynamic data are now available for a 
laige number of miner.ils (Robie, 1966; Robie and Waldbaum, 1968), 
only free energy data (derived from solubility studies) at 25'̂ 'C exist for 
many minerals of interest in hydrothermal and metamorphic studies. 

• Ajiproximation of the standard enthalpies of formation of these minerals 
at 25°C Jiermits calculation of provi.sional equilibrium constants for 
high temjierature hydrothermal reactions that could not otherwise be 
evaluated in tho present state of knowledge. As a rule, direct estimation 
of the standard entiialpies of formation of minerals involves prohibitive 
uncertainties owing to the lack of adequate general models for calculating 
bond energies in minerals. In contrast; third law entropies of minerals 
can be approximated closely by direct estimation, which permits calcula
tion of A H ° , ( T , . ) from A H ° / ( T , . ) = Ar.°,(T,.) -f T , A S ' / ( T , ) . who 
^S°/(l,.) IS tlie standard entropy of fonnation of the mineral from 
elements. 

Entropies of .silictite.s, siilfatcs, and carbonates can be approxim.-ited 
by suiiimiiio tite entropies of the oxide comjionents of the minerals (Lati
mer, 19.")2: Fyfe tmd oiliers, I9:)'c\). Altliough siicira summation does not 
provid;.' for all of the configuraiional entropy contribution, the luicer-
itiinty tu tending this procedure rarely exceeds 10 percent and more often 
than not is lesa than a few cal mo le - ' deg- ' . C Îose estimates can be made 
for clay minerals if die entrojiy of H.,Q is taken to be lhat of ice at 
25°C (i().68 cal mole- ' t l eg - \ Robie and Wtildbtium, 1968) or a.ssigned 
a value of 9.4 ctil mole" ' d e g - ' (r..atimer, 1952). For examjile. the en
trojiy of niiisrovite obttiined from the sum of the entrojiies of its oxide 
components at 25'^C is 69.8 ctil mole - ' d e g - ' if rL,0 is rejiresented fiy 
ice, anil 68.t'i cal inoIe- ' deg - ' if Latimer's value for the entrojiy of 
hydrtitc water is used; the experimental entrojiy of muscoviie is 69.0 cal 
mo le - ' d e g - ' (Robie and Waldbaum, 1968). An crior of a feiv cal 
mole" ' d e g - ' in the entrojiy of a mineral rarely introduces significant 
error in high tempertiture calculations of mineral equililiria. In contrast 
to summing the emrojiies of oxide comjionents, entropies of minerals 
can aLso be estimtited with confidence by summing the vaiucs tabulated 
by Latimer (1952) for the eniropy contributions of elements and ions in 
solid comjiouiids. 'fhis procedure is particularly useful for estiinating the 
entro|)ie.s of multicomponent sulfides. 

.A.s in the ctise of entropy, hetit cajiacities of minerals can be approxi
mated closely by summing the heat capacities of the compo:ieiits of the 
minerals. This is true also for heat ctipacitics of minerals exjircssed iiy 
power functions of tempertiture (cq 10). For examjile, the heat ct.jia.-iiy 
power function i'or muscovite obtained by summing the jiower ftiiutions 
for its oxide components is 89.95 + 33.23 X IQ-^T - 20.67 X lO-̂ '-f;-' 
when ice (9.0 cal mole" ' deg- ' ) is used to rejiresent H.,0 (sec fooinote 
n tabic 8) The cxjicrimentaily derived function is 97.o6 -{- 26.38 X 
J0-3T - "5 44 X 10-T-^ (Kelley, 1960). At 25°C, the estimated heat 
caiiacitv defined by the first of these power functions is 77 cal inole ' 
d e g - ' i-omjiared to tlie experimental value of 77 cal m o l e - ' deg . At 

file://-/2.-i
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M)^C the corresponding values are 103 cal m o l e - ' d e g - ' compared U) 
105 cal m o l e - ' d e g - ' . DLscrejiancics of this order of magnitude are in
significant with resjiect to calculated, equilibrium constants at high 
temjierature. 

Estimates of entropies and heal capacity jiower functions of tem
perature make it possible to compute standard enthalpies of formation 
far miiierals at 25'°C from high temi)ertiltire phase equilibriuin data. 
For extnnple, the A H ° , ( T , . ) value for 'tiniiite used to compute the high 
lemperature hydrolyiic equilibriiun constants lor this mineral ill ttiblc 
12 were calculated from the high temjierature equilibrium PH^O •»•'''' fo.. 
for sanidine -f mtignetite -1- H.,0,„, ;?= annite -|- V2<̂ :̂:(..-i (l^i'K^t^r and 
Wones, 19.62) at 5nn°C and 2070 atm. An estimated entrojiy (lablc 12) 
;ind beat cajiacity power funclion (table 8) for annite permitted calcula
tion of the high temjierature values for the entropy of annite (cq 9). The 
stiiiie calciilations for the other species in the a.s.semblage (for -vvhich 
iliennodynainic data tire known) jicrmitied calculation of AS° , . (T) for 
the cijuilibrium as.semblage at 500°C. From tbe values of /«„ and P„ o 
given liy I'.ii.nsier and Wones, and fugacily coelficients for H , 0 ' (.-Viiderson. 
11)67). A C ° , . ( T ) could til.so be compuled, which made it possible to calculate 
A H ° , ( T ) . and hence, AH° , , „„ ;„ . (T) . Application of the estimated heat 
cajiacity jioiver funclion resulted in the value of A H ° / ( ' F , . ) for annite 
i^iien ill table 12.'-' 

.•Irlitiity C.i)rffii:ii:nl.s in Sotlinin Chloride Solutions 
Bectiuse the solute in many hydrotliermal solulions is composed 

Itirgcly of sodium cliloritle; the thcrmodynnmie jirojierties of aqueous 
.solutions of this stilt ctin be tiseil to comjiute activity coefficients in coii-
cenirated hyilroiherinttl solutions at elevtited temjieratures. Thermo
dynamic jiropciiies of conccnirtited .sodium cliloride .solutions are sum-
nitirized in ttible 2. The methods used iii computing the values slioivn 
in tbe ttible aic outlined brielly beloiv. 

' t-"ug:iciiy eocfricienis f<.r niher gases iinolvcd in similar calcnlaiions can be com
puted from <lal;i given by Cairels and Chiisi (196,"i). 

' Tne <:ireci.s-ot |,re.ssiire were disregarded in the calculation of the- cnlbalpv of 
foniKiiioii of aiiiiile <l<-.srrilicd .-cliovi:. T h e volinne ehaiigcs for reactions ii!A:d in sucii 
ealiulaiu.iis :iie commonly small, :md ibe pres.sure correeiions are thi:s oflen smaller 
Ihan lhe unceriamiy in ihe experimenlal dala. Where this is not true -he experi. 
mental eqnilibriiim consiants should first be corrected for. pressure by evaluating 

V 

log K(T.P,) = log K(T,P) _ ! r ^ v % (T,P)dP 
2.303RT J ' 

I'r 
d ! - m ^ . ' i ; ' ' ' ^ u ! r " f '? ;;^f"'^'"^^,P'''^?«">-<^ O ^>'>i •'> ihis commun.V AV% is the standard 
' ' ' ' " ' " ' " ' " ' '' '^J-etict.or, .n an^ m o l e - , an.! R is the g.as constani expressed 

.-loie ( leg- . In many iiislanees this equation can be appmxi-

cbtingc in volume for ihc re;icli 
as .S2.0.'J7ri cm" tum me 
mated clo.s-jlv bv 

log K(T.P,) = log K(T.P) __ 

cqii 

A V ° , fT,P,)(P _ p,) 

2.303RT 

Ak 

.lyslrms at.t'.letmtvd tern jura hnr.-i and /i)-/-.v..,/,-/-.» 7 n; 

f o r . r d ' i ^ n r ' n ^ -«P«r /,rm„n.. r/rtfrt.-Stoichiomeiric osmotic coefficients 
Of 7 H I ' Tr " • ' ' " ' ^'^"' ~''° ' ° 270°C have boen fit (Helgeson. 

19fi/b. Helgeson and Jame.s, 1968) with a least squares computer routine 

employing a Debye-Hiickel power function for\ct ivi ty coefficiems u.-

nn^Slon'is '^ ' " " ' ' " ^ ' ' ' ' ' ' " " ( ^ ' " ) - ^ ' ' ^ -tivity'coefficient jiowe'r 

, ._,.. -2..W3 A(T) |Z,Z,| 1":= 
^^^^ ' '^ T " l + a ' ( i y ^ ^ r ~ + ' ' '(T)I + c'(T)P -f d '(T)P (28) 

where y . (T , I ) rejiresents the stoichiometric mean activity coefiicient at 
temjierature T and stoichiometric ionic strenglh I, a'(T), //(T) " m 
a.ul d ' ( l ) ue temjieiature-dejiendent coelficienB. Z is the dit.Jge onU.e 
subscnpted cation (1) tmd anion (2), and A(T) is the Debye-Hi'.ckel j .a-.^ 
meter defined below by eqtiation (39). >-' p-"-' 

The stoichiometric mean activity coefficient of N-aCI is reltned to 
fhe stoichiometric osmotic coefficient (0) by' 

0(T,1) = 1 + - ^ C I d In y^(T.I). (29) 

Equation (29) can also be written as 

^ (T . I ) = 1 + lny^(T,I ) L r In y^(T,I) dL 
I tJ 

(30) 

and integrated with the aid of equation (28) to give the following power 
function for the stoichiometric osmotic coefficient: 

2.303 A(T) IZ,Z..| r 
0(T,I) = I - _ _ - :_ (1 + rt'(T)I"=) - 2 ln(! -I- fl'(T)I'") 

1 

1 -f fl'(T)I" 

a '^T)l 

+ 
b'(T)l 

+ 
2c'(T)P Sd'CT)!" 

(31) 
2 ' 3 • 4 

The values of the jioivcr series coefRcients defined by the fits of the 
oimoi'ic coefficients of NaCl with eqntition (31) were u.sed in equation (28) 
to calculate the stoichiometric mean activiiy coefficients shoivn in table 
2. Because exjierimental osmotic coelfcients are avaihible for NtiCl at 
only three concentiations above 100°C (ttible 2), the d' coefficient ivtis set 
to zero in the least sfjuares fits.^ 

Calculations providing for conifilexing.—The stoichiometric mean 
actiiity coefficient of sodium chloride at a given temjierature is related 
to the mean ionic activity coefficient (y*-) by 

•y-:N..ci — (I — «xoc.i) y* :XnCl (32) 

'Since these cnlculaiions were carried out. Lindsay and l.in (1968) have presented 
osmotic coefficient data for NaCl at concentration intervals of 0.1 in from 0.05 to 3..'iO 
111 anil tem))eralnres from 125° lo SOO'C. Least stpiares fits of their data yield activity 
coefricients in close agreeiiient wiih tho.sc computed .ibovc. 

""̂ "'''ĝ BBTOawiawHauw 



741 Harold C Helgt;.win—'rhi:rmody>mniit:s of liydrothermal 

in which a^M « the degree of association of the solute, defined by 
'".VaCl 

a x a e i - . . (33) 

where in.s-̂ ci >s the molality of the coinplex and m,,Naci is the stoichio
metric (total) molality of the salt. Combining equation (33) with the Law 
of Mass .Action for the dissociation of NaCl leads to 

.N.ct = i r (3'») 

where K.vaci ^^^ y.v..ci '̂'(-̂  respectively, ihe dissociation,constant and 
activity coefficient of the complex. Equation (34) can be used to compute 
values of av.c, (and consequently values of y*:=N.ei-eq 32) from stoichio
metric mean activity coefficients if dissociation constants and activity co
elficients-for the complex are known. . 

Althouo-h sodium chloride solulions are essentiaUy completely dissoci
ated at low°temperaturcs, above .^200°C this is no longer true. Experi-

'100 200 250 300 350 

TEMPERATURE, °C 
400 

I-ig. 2. Di.ssoci;itioii constants for NaCl. KCl, and .HCI at high lemperaiures (see 
lable -1). Open circle = : KCl—Wright. Lind.stiy, and Hruga (1961) after .N'oves (1907); 
filled circle = NaCl_Wrigbt , l.ind.-it.y, and Iiru;j;;i (1961) alter Koyes (1907); triangle 
=.- I:I("I—W'lighi. l.ind.say, and Druga (1961) aucr :\oyes (1907); open square = 
KCl—extrapolated from supcrcriiicar daia (Vranck, I'JOl); filled square = NaCl—. 
Pcai.son, Coi'elaiKl, aiid I5ci!.son (I9(i3n); diaiiiiiod = Hl^i—Pear.soii, Copeland, and 
Benson (1903b). The smooib curve lor ilCI is iia.sed on a leasl squares iit of low and 
hi.Sb lemperaiin-e log K(V) values (Helgeson, 1967:'.) using ctiuatioii (17), but those 
for KCl and NaCl arc based on simple inierpoiaiion. T h e dissociation consiants 
plotted above arc consistent wiih molal units of conceniration. 

systems nl eln/ated lem pas at urcs and jnr.K.sures T-li, 

mental dissociation conslanls for .aqueous NaCl below 281°C are not 
available; those reported in the literature for higher (but subcritical)* 
temperatures are plotted together with comparative values of log K(T) 
for KCl and HCl in figure 2. Calculated degrees of association and 
mean ionic activity coefficients for sodium chloride at elevated tempera
tures are given in table 2. The values shown in table 2 for these para
meters were computed from equations (32) and (34) using extrapolated 
values of K^^a (table 2)=. The extraiiolated dissociation constants are 
those corresponding to the dashed curve for NaCl in figure 2. The activity 

'coefficient of the'complex was represented in the calculations by yco in 
NaCl solutions (table 2). Values of y^o^ were computed from Henry's 
law coefficients (Ellis and Golding, 1963) by evaluating (for each tempera
ture and molality of .sodium chloride) 

rco., = lim/'i (35) 
where /{ and lt„,̂  are die Henry's Itiw coefficients in pure water and in a 
sodium chloride solution of total molality, m,. Becau.se Henry's law co
eflicients ilie not available for concentrations of NaCl over 2 rnolal at 
high temperatures, extrapolations of yco„ were also necessaiy. These ex
trapolations were accomplished for each temperature with the aid of an 
emjiirical equation, which can be written in general notation as 

oT 

h 
10 (36) 

where y„ is the activity coefficient of a neutral complex, <y is the slope 

constant on semi-logarithmic coordinates, and I is the true ionic strength 
of the solution. The true ionic strength of a sodium chloride solution is 
given by 

f = '/2 2 Zr«r, = (1 - ax„ci)l 

. ^^'^ 
wheie / designates the chtiiged species in solution and I is the stoichio
metric ionic strength (equiv. to w,.Ka(;i). 

Equation (36) closely approximtttes die activity coeflicients of a large 
number of molecular species in aqueous electrolyte solutions at 25'^C 
(Randall and Failey, 1927a-c), and it also describes yco, in ^'aCl solu
tions up to 2 in at liigh temperatures (Helgeson, 1967b; Helgeson and 
]ames, 1968). Because the activity coefficients of differtnt molecular 
sjiecies in a given salt .solution are similiar (Randall and Failey, !927a-c), 

'Supercritical dissociaiion consiants tor NaCl over a wide range of temperature 
and pressure are also now available (<;>uist and Marshall, 19{i3:i). 

' M present, there is lillle allernalive (o graphic extrapolation of high lemper.a-
ture l.o<v K(T) data to obtain eslimates below 2.SI''C. T b e j incenaini ies in ihc nigh 
temperaiure data arc sufliciently large lo piechidc definitive least .scjuares fits using 
theoretical log V.rr) expressions (Heigc.^on. I9fi7a). AtiemjMs to obiam values of log 
K.. c., and v.,; . , irom least .squares fils of the stoichiometric activity coefiiaents using 
equa ious providing for complexing have beet, only partly sncce.ssful owmg to the 
bmited data available fot die temperature range where NaCl a.ssociales to a significant 
dei^rcc (PJelgcsou and James, 196R). 
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Thennodynamic projierties of concentrated sorliuni chloride solulions at elevated tcmjieratures' 

Osinolic 
coe/iicient 
(0.s-.ei)' 

Sioichiomeiric me:iu 
activitv I'lcfliciciii 
{'r.s.c,)" 

Standard state 
di.ssociaiion 
consiant (Ky,,-,) 

Degree of 
a.ssociaiion 
(a.s-,0.)" 

T rue ionic 
.strength 

(T^•.e,)' 

.Mean ionic 
activity coefTicient 

PcbycHiickel 
activiiy coefTicient 
(7=.'>'»C1.U..H.)-

Devialiou function (B)' ' 

Acliviiy coelTicicnt of 
carbon dioxide in NaCl 
solulions (yco.)' 

' " l . .N-.ci 

1.0 
2.0 
3.0 

1.0 ' 
2.0 
3.0 

1.0 
2.0 
S.O 

1.0 
- 2.0 

$.0 

1.0 
2.0 
3.0 

1.0 
2.0 
3.0 

1.0 
2.0 
3.0 

25'-

0.935 
0.9S3 
1.045 

0.656 
0.6/0 
0.719 

0.00 
0.00 
0.00 

I.O 
2.0 
3.0 

0.636 
0.670 
0.7i9 ' 

0.:;'J9 
0.556 
0.534 

0.041 

1.27 
1.57 
1.93 

.50» 

0.940 
0,996 
1.0.V.> 

0.650 
0.078 
0.728 

0.00 
0.00 
0.00 

1.0 
2.0 
3.0 

0.650 
0.678 
0.728 

0.-'9S 
0.53G 
0.535 

0.043, 

1.24 
1.50 
1.80 

100' 

0.9.35 
O.9.S0 
l.OIri 

0.622 
0.641 
0.6.S7 

0.00 
0.00 
0.00 

1.0 
2.0 
.3.0 

0.622 
0.041 
0.6S7 

0.50G 
0.524 
0.50S 

0.046 

1.20 
1.44 
1.74° 

Temper 

150= 

0.90O 
0.953 
0.991 

0.532 
0.532 
0.546 

9.4« 

0.025 
0.043 
0.056 

0.975 
1.914 
2.832 

0.5-16 
0.556 
0.578 

0.407 
0.449 
0.425 

0.047, 

1.19 
1.40 
1.70" 

"lure. "C 

200' 

0.855 
0.900 
0.9"0 

0.443 
0.425 
0.419 

2.63' 

. 0.001 
0.093 
0.115 

0.939 
1.814 
2.655 

0.472 
0.4 OS 
0.473 

0.429 
0.37S 
0.352 

0.047 

1.2.3 
1.47 
1.74" 

250° 

0.797 
0.824 
0.8.32 

0.350 
0.320 
0..301 

0.7 M 

0.133' 
• 0.173 

0.200 

0.807 
1.054 
2.382 

0.410 
0.3S7 
0.379 

0.384 
0.335 
0.311 

0.034 

1.34 
1.67 
1.86" 

270° 

0.769° 
0.78C 
0.784° 

0.318 
0.277 
0.254 

0.40" 

0.178 
0.209 
0.23S 

0.822 
1.582 
2.285 

0.3S7 
0.349 
0.333 

0,388 
0.330 
0.303 

0.015 

1.42" 
1.83" 
2.03° 

300° 

0.25" 
0.221" 
0.20" 

0.15°" 

o.sg"-
0.32'' 
0.34" 

0.71 
1.3'i 
i.ys 

0.36° 
0.52° 
0.30° 

0.36 
0.32 
0.30 

. 0.0° 

1.50 
2.CI) 
2.2'J° 

"^Activity 
of water 

1.0 
2.0 
8.0 

0.9609' 
0.9316' 
0.8932' 

0.9667 
0.9308 
0.8919 

0.90C9 
0.9315 
0.8930 

0.968 
0.934 
0.898 

0.970 
0.937 
0.905 

0.972 
0.942 
0.914 

0.973 
0.945 
0.919 

A (Dehye-IIiict:cI)« 0.5095 0.5354 0.6019 0.6915 0.8127 

I! (Debye-Miickel) X H^'" ' 0.32S4 0.3329 0.3425 0.3335 0.3059 

& (Uebye-Hiiclfel term in the 3.94' 4.19' 
Stokcs-Robinsoii expression— 
cq 41) 3.89'' 4.20" 4.191 3.58" 3.22" 

ll (hydration jrarameter—eq 41) 3.01' 
3.07" 

3.70' 
3.09" 3.90° 4.01" 4 22° 

0.9907 

0.3807 

3.43" 

3.61" 

1.0905 

0.3879 

3.79' 

2.22" 

1.2979 

0.4010 

4.4* 

1.2" 

• Vaiucs at 25° and 100° arc from Xobinson and Stokes <1959), at 50° from Harned (1901), and at 150° and above from Gaidncr loncs 
and dc Nordwall (1903). ' 'The values al 23°. 50°, and 100° were taken from Harned and Owen (1958): for 1,50° to 270°, the'values 
were computed from equ:ition (28) afier performing least squares fits of ihc osmotic coefTicients using equation (31), ° Exirapolated from 
higher lemperalure (inla (fig, 2). T h e vaiucs of K are consisienl with molal units of concentration. •" Computed from the stoidiiomclric 
activity coefncicnts, di.ssociaiion constants, and values of 7^.0, in NaCl solulions (to rcDiesenl yxnci) using equation (34) 'Compuled from 
the degrees of associalion using equation (57). 'Compuied from llie degrees of associalion anil the stoichiomelric aciivily coefficients using 
equation (32). •= Coinpuled fmm log y,. „,.„. (T,l = —.A(T) ( /.,/,„ | 'V' ' / i \ -f- :'i(T)l?(T)r/-) using lhe v:dues of ii(T), A(T). B(T), and T 

(19.50). ' Robinson and Stokes (1959). " 'Interpolated. "Extrapolated. '• Compuied from ilie valuesof Kv, , , . 7,.,,., in NaCl solutions (to icpic-
••-ent yx.,,.,). and cxira|.olale<l values of lhe mean ionic acliviiy coenicieni (eqs 32 and 34). " f;alnilalal from least .sqii.-ires fits of the mean 
ionic activity cot-nicienls in lhe conc<:n ira lion range 1.0 lo 3.0 m u.sing the Stokcs-Robin.son equalion (rq 41), 'Obta ined from leatsi sauares 
fits (cq 41) in the conccnlration raiigc 0.1 lo 3.0 m. •Computed from ilic Stokes-Robinson equation (eq 41) using the values of A(T) 11(1"). 
\. 15(1). and lhe extrapolated mean ionic aciivily cocllicieuls shown above. 'Al l vahies gi\eu in this table arc coiisi.siciit wiih molal units 
of concentration. 

«;l 

- ) 
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the assumpuon that ys^ci «^ Veô  i " NaCl solutions probably intro
duces negligible error into mean ionic activity coefficient calculations. 

Deviation funcl ion.-Thc departure of the log of the mean ionic 
activity coefficient from that predicted by the Debye-Hiickel expression 
at 25°C has been described by .Scatchard (1936) and others with a devia
tion function. Pitzer and Brewer (1961) designate this function with the 
symbol.B" to distinguish it from the limiting function at zero concen
lralion. The deviation function at a given temjierature can be defined 
by writing _ 

log y*._,' '+ A|Z,Z.,|1"V(1 + ''BP'^) ,„„, 
B' (I) = : z (^^) 

I 
in which a is* the "distance of closest apjiroach" of the ions in solution, 
and A and B are the molal Debye-Hiickel coefficients given by 

1.8246 X 10-'(;,„ o(T))"^ 
A(T) = =^r:^- (39) 

and 

B(T) = 

(eH,,o(T)iy'' 

50.29 X 10Hp„..o(T))^'=' 
(40) 

('^n,o(T)T)''= 
where p„,o is the density, and EI(,O ^''^ dielectric constant of water at 
temperature T . Vtilues of the A and B coefficients in equation (38) at 10 
degree intervals from 25° to 350''C htive been presented elsewhere (Helge
son, 1967b). 

The definiiion of the devitition function expressed by equation (38) 
differs somcwhtit from that ti.scd jirevioti.sly by Scatchard (1936), Pitzer 
and Brewer (1961), tind oiheis to analyze the behavior of electrolyte 
solticioiis at low temjieratures. Tlie function emjiloyed liy these investi
gators is defined by an exjiression of equation (38) in which stoichio
metric ionic strenglh is used, tuid the jiroiluct aB is set to unity. .W-
though this simplification is useful for considering the behavior of elec
trolyte sohilions at low temperalures, it is desirable to include exjilicit 
Jirovision for il and true ionic strength in calculations of B" at high 
temjieratures. 

The de\'ititiou function, IV, is essentially independent of concentra
tion tit ionic siicngihs of .-' 0.5 or morc in most electrolyte solutions at 
25=''C. Cobble (19()4) a.ssumed this function to be icmjieratiire indejien-
dent as well, and he employed 2.^°C vtilues of B" to calculate high tein-
jiciatiirc tictivity coeHicienis. It is sfiown below lhat Cobble's a.ssun-ipiion 
is invalid for concemiated. sodium chloride solittions at elevated icm-
jicrti lures. 

Prcdiclion of the deviation function for ];igli temperature sodium 
chioride solutions requires values of the Debye-I-Iiicker ^ parameter at 
each tempeiature. Because of the high sensitivity of the deviation func
tion to small errors in the 3 values used in the equation, this paranieter 

sysiems at elevated tempeiaturcs and fncsiuyes 711) 

must be known accurately in order to define adequately the temperature 
dejiendcnce of the deviation function. The required values of S were 
obtained by fitting the mean ionic activity coefficienls in table 2 with 
a letist squares computer routine involving the Stokes-Robinson equation 
(Stokes and Robinson, 1948;-Robinson and Stokes, 1959). 

The Stokes-Robinson equation clo.sely describes the concentration 
dependence of the mean ionic activity coeflicients of a large nurnber of 
strong electrolytes to high concentrations at 25°C. For a given electrolyte 
at lemjieraiui'^ T and true ionic strength T, this exjiression ajijiears as 

log y i (T, I ) , ^ ^ '._ J j j j 
1 + ;"i(T)B(T)t"= V ^ "^ ' ^ 

- l o g [1 - 0.0jS/«(v - ^(T))l (.11) 
Ul which «,, is lhe activity of H.,0, m is the molalitv of the comiil-tely 
dissociated solute (ecjuivalent to f i n die case of NaCl). t'i is tlic "tlisiance 
of clo.s<:sl tipjirotich" of die ions in .soltili,.,., ,. i.s ,!,<.. „„n,)H.-r of ions utr 
mole of solute, and h is die rwerage niunher of wtiur mol,-,,,les <-.„„-.li-
naied to v ions in solution, ' l l ie .Sioke.s-Rcdiiji.si.n etinaiiwii iH<,vi,U:s Im 
the effects of ion hydration on the tictivity coclli. ieiif of ilu- snliiie. It 
can be derived rigorously from cqualions describing die Giblis tii.:e 
eneigy of the solution in terms of the chemical jiotentials of ILO and 
the hydrated and unhydrtitcd solute. Two assumjitions are involved in 
die derivtition: (1) that the coeflicient // is independent of concentration, 
and (2) that the Debye-Hiickel lerm in the equation acciuately describes 
the jinrt of the departure of activity hom molality due to electrostatic 
interaction of tlie sohated ions. The excellent fits obtained by Stokes 
and Robinson (1948) of observed ttctivity coefficients in a Ittrgc number 
of conccnirtited electrolytes at 25°C suggest that these a.ssumptioiis are 
valid. 

Equtition (41) was used to compute least scjuarcs fits or the mean 
ionic tictivity coelficients for sodium chloride solutions shown in table 2 
(Helgeson and James, 1968). The values of I in equation (41) were com
puted from equation (37) using the degrees of tissociaiion («.x;,ci) given in 
table 2. The activities of water employed in the calculation were com
puted from the stoichiometric osmotic coefficient (yi) for each tempera
ture and total concentration of NaCl (m,) by evaluating 

•In a„ 
05.oti 

Tlie osmotic coefficients and computed activities of water are given in 
table 2 along with the vtdiies of li(T) and li(T) for NaCl obtained from 
the least .squares fits. The deviation functions calculated (ccj 38) from the 
.1 and y*^ values are also .shown in table 2. 

It can be seen in figure 3 that'lVj.„ci Jia-sses through a maximum 
with increasing teniperature, but thtit at etich lemperaturc B'x„ci is only 
slightly dependent on concentration at molalities of NaCl between one 
and three. The maximum variation in B'x..ici with concentration in the 

: r',ii it«.\a>i»<j..u'riwy<fXJiKt»iMi«iaixi^jjt<i>!Mn^i,,jij..i.i,.,„,ii,i,,.,„,„,^,^ 
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molal NaCl solulions. T h e symliols leprcsenl the mean values of B' at each temper
aiure compuii:d from eqmiiion (38); the verlical b:iis on the symbols depict the maxi
mum variation iu Jl' in 1 lo 3 nuilal solulions. Where no verlical bar is shown, the 
maximum varialion is wiihin lhe limits of lhe symbol. 

rtiiigc I.O to 3.0 "((.N„ei f'oni 25° to 2 7 0 ^ . is ±0.002 from the values reiire-
.scnied by the .symbols in figure 3; this vtiritnion represents a slight in
crease in B" with increasing concentralion. However, it can be seen in 
figure 3 tbat the uncertainty in the data from vvhich the B' values were 
calculated exceeds die extent of this variation. Although mean ionic 
activity coelficients for NtiCl tire not tivtiiltible titiovc 270°C (.see footnote 
3, J). 743), it tijijietiis likely tiitiiB' tijijiiotiches zero in the region of 300°C.' 
B' tilso becomes sintill in HCl solutions tu. high teinjiertilines (Helgeson 
and Itiines, I'.iiiS). 'Fhe Ijehtivior of B' in figure 3 suggests thtit the :>itnjile 
Debye-Miickel exjiression in the Siokes-Robinson equation for y*_ (eq -11) 
is siiilicient lo describe the metiii ionic activily coeificient of NtiClin I to 
3 iiioltil solutions in the reflion ol 300°C, This is not surjirisiiig bectiuse 
lhe hyilrtiiiontil eii!i-<.)i)ies of ions tit 25°'C are leltiiively large negtitive 
niimbcis tlitit ivould be exjiectetl to become substantially le.ss negative 
wilh iiiiieasing leiiijiertitiire, and the bulk of the .solute in .sodium 
cliloride solulions is tissocitiicd above 300°C;. 

From a jiractictil standpoint, tlie ftict that the Debye-Hiickel cx-
Iircssioii cau be used to predict accurately mean ionic activity coefficients 
in coiicenirated eleclrolyles at high temperatures is extremely useful. 
Note, however, that such calculations are valid only when true (and 
not stoichiometric) ionic strength is used in the equation. It can be 
demonsti-ated that the product aB (where B is the Debye-Hiickel co-

.\yslem:i at eletutlrd lempeyalurc.t and pressni-fs 7.M 

efficient) for NaCl solutions is essentially independent of tcmijeraiurc 
from 25° to 270°C. Also, B' is closely related to y^o., in NaCl solu
tions, which is reflected by the relative success of the Delta' ajijiroximation 
(Helgeson, 1904) in predicting activity coelficients at elevated tempera
tures. Various theoretical imjilications of die behavior of yco,, y*. y*_, 
a, h, and B" for NaCl .solutions and other electrolytes at elevated temper
atures together with empirical correlations of these jitirameters with 
thermodynamic varitibles havc been considered in detail elsewhere (Hel
geson and Jam.es, 1968). - - _ 

True individual ion activity coefjicients.—hi the derivation of tlu-
Stokes-Robinson equation (eq 41), die departure of activity from molaliu 
for the comjiletely dissociated solute over and above that described by 
the Debye-Hiickel term for the solvatcd ions is attributed to ion hydra
tion; that is, as the concentration of the .solute increa.ses at a given temper
ature, the product B'I, whicii is niunerically equivalent to the sum of 
the .second and third terms on the right side of the Stokes-Robinson equ.v 
tion, is a funclion only of the decrea.se in the number of uneoordintiied 
solvent molecules per 1000 g of water. At constant concentration in 
sodium chlorifle solutions of 1 to 3 molal, ihe number of uncoordinated 
water molecules apparently first decreases and then increases tvith in-

, cretising temjierature above 25°C. 
In a concentrtited muliicomponent electrolyte solulion consisting 

jiredominantly of sodium chloride, ions jiresent in small concentrations 
(compared to that^of the sodium-elvloride) should contribute negligibly 
to the ionic strength and total coordination of water molecules in the 
solution. In such an eleciiolyie, close tijiiJioximtiiions of individual 
ion activity coefficients for the sjiecies -present in small concentrations 
ran be calculated from 

-A(T)Zi=I"' 
log y*i(T,I) = — r — •^ li"(T)I ("î ) 

1 + 5,(T)B(T)r'= 
where y*i is the activity coefficient of the /th ion present in sniall con
centrations in the .solution,Tand B' are the true ionic strength and devia
tion functions, respectively, for pure solutions of the sujiporting electro-
Ivte, and a, refers to the "distance of closest tijiproach" of ihe /th ion. 
Equation (43) can also be written for mean ionic activity coeflicients of 
salts present in sinall concentrations in a sodium chloride solution. This 
requires only dial the relation 

y*:. = (̂  y"^ - '*- ) ^̂ ^̂ ' 

be satisfied for the dissociated jiart of the salt in question. 
Provided appropriate a values are known for each tcmjierature, 

equation (43) and the data in table 2 permit calculation of activity co
efficients of ions present in small concentrations in sodium chloride solu
tions at high temperatures and concentrations of NaCl. Unfortunately, 
values of fi for most ions at high temperatures are not available, nor 

!.>.WUi.W IIUUU IW>l||Miy PMII,l»J«WJLIl.>lii 1 
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can they be calculated with confidence. It ajijiears that the best approxi
mation that can be made in tire present state of knowledge is to assume 
that i\ coeflicients for ions are independent of temperature and employ 
the values at 25°C in calculations of high teniperature activity coeflicients 
from equation (4.3). It can be .seen in table 2 dial ;\ for NtiCl solutions 
from 25° to 300°C varies between —0.7 and 0.5 angstroms from its value 
at 25°C. If the i values for otlier salts behave in a similar fashion, the 
error involved in calculating high temperaiure activity coeflicienis by 
.assuming t\ values at 25°C it) be conslant should be negligible coinpared 
to other uncertainties attending geochemical calculations. On the oiher 
hand, if the temperacure vtiriaiion of t't coefficients for other salts is 
similar to that exhibited by the a for HCl, th.e error may be substantial 
at high temjieratures. T h e fi coeflicient for HCl is e.ssentially consttint 
from'25° to I50°C, but it increases rajiidly with increasing tempeiature 
between 150° and 275°C (Helgeson and Janies, 1968). Nevertheless, it 
apjiears likely that '.he temperature dejiendcnce of a ctieflicicnts for metal 
ions and metal ion complexes will jirovc to be more like NtiCl thtui HCl. 

Bectiuse ti coefficients tend to incieast; at high tempeitiiu'.cs. high 
temperature activity coelficients compuied froin equation (43) assuming 
consuint ;\ values equal to their values at 25°C sliould be minimtil approxi-
mtitions. Where siicli approximtiiions render individual ion activity co
efficients less ilitin .-'O.I, the effect of sniall errors in the activity coef
ficients on ctilcultitlons of solution equilibria mtiy be large. For this 
retison, njijii-oxinitiiious of indivitltial ion activity coefficienls tit high 
ieni|)e:-titiires and c.onceiiirtnions of sodium chloride should be confined 
to nionovtilcnt tuid j'lossilily divtilent species. Predictions of high lemjiera
lurc aciiiiiy coeflicients in concentrated solutions of inixed electrolytes 
in whicii more thtin ,-^20 jicixent of the solute is not sodium cliloride 
recjuires use of Harned's rule coefficients or coefficients for a similar but 
higher order power function (Lietzke, H'.ipf, and Stoughton, 1965; Helge
son, 1967li). 

Sioichiomeiric individual ion activity coc/J/crcrt/.v.—Calculations of 
high temperaiure mineral solubilities in conconlrated hydrothermal solu
tions in which the solute is predominately sodium chloride can be 
simplified considertdily by first comptuing stoichiometric individual ion 
activity coefficients for the .soli.-tion. The stoichiometric individual ion 
activity coefficient, -;-,•, is defined tis 

where «, and ;/?,,, designate the activity and total molality of the /lh ion 
present in small concentrations in the .sodtiim cidoride .solution. Garrels 
and Ihomjison (1962) used the symbol 

syste.ms at cliivaled temperalures antl pressures 7.'>3 

Vaiucs of y, can be calculated for a given temperaiure and concen
tration of sodium chloride (or some other supporting electrolyte) by 
evtiluating one of several possible mass balance relations that can be 
written for the ith ion, depending on its identity. For example, if G 
represents a cation associated in a series of z mononuclear complexes in
volving y moles of anion L (y = i, 2, 5, . . ., ?), we can write 

z 

where m^, and m^ are the molalities, respectively, of cation € and the 

yth complex, wh'idi has the form €L„. Expressing equation (46) in terms 
of activities leads to 

/ I Z _ u \ 
m = <,€ + 2 

y 

a a , ' 
+ S (47) 

y Piiyv J 

and flj, are the where y^ is the activity coeflicient of the yth complex, a 

activities of the cation and anion, respectively, y* represents the true in
dividual ion activity coeflicient of the subscripted species, and fiy is the 
overall dissociation constant for the yth complex defined as 

A 
y 

= n K, (48) 

-where u is an integer index {u = 1, 2, 3, . . ., y) and K„ represents the 
stepwise dissociation constant for die i/th complex. Combining equations 
(45) and (47) leatjs to 

1 I 
^€ = I 

+ 
•/. 

y PuYu + y 

" ' i / y * i . ' 

PvJv 

(49) 

If the total molality (m,) of cation € is small comjiared to that of sodiura 
chloride, the values of y* and y*[, (and y„ ivhen the yth complex is a 

charged .species) in equation (49) can be calctilated from equation (43). 
The values of I and B' used in the ctilculations arc those obtained from 
ec|uations (37) and (38) for the supporting electrolyte; the fi values in 
equation (49) can be predicted fiom the thermodynamic relations dis
cussed above. If the yth comjilex is a nonjiolar neutral sjiecies, y„ can 
be tipjiroximated as yco..; if ^̂  's more like H,SiO.,, y^ can be regarded 
as unity (Helgeson, 1964; 1967b). Where the ligand involved is chloride 
in a concentrated sodium < hloride .solution containing small concentra
tions of other species, the metm ionic activity of sodium chioride in a 
pure sodium chloride solution can be used as a close apjiroximation of 
r/j,. In such cases, '/nj/y*!,' in equatioii (49) can be replaced by ?«....vaci 
y.lx.,f.,,-and (because y-:N„ci is known-table 2) -/ can then be computed as 
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a function of "i/,.\„ci- V\'here L does not corresjiond to C1- , ->. can be 

calculated as a funclion of nij,. In many cases ini, in hydrothermal solu
tions can be ajijiroximtiied as ?'i,,i,. 

Expressions analogous to equations (46) to (49) can be derived to 
calculate values of -/j.. Such expressions are particularly useful where the 
anion L is associailecl predominantly with the hydrogen ion. Under these 
conditions, -yL can be computed as a function of pH. By rearranging 
equation (45), precomputed values of -y and yL permit ctilculation of the 

activities of the free € and L ions in concentrated hydrothermal solu
tions direcdy from analytictd data. Consequently, hydrothermal mineral 
solubilities can be predicted without further consideration of comjilexes 
in solution; th.at i.s, jirovided all imjiortant comjilexes are included 
in the calculations of the y and yĵ  values. 

Solubility Calculations 
By specifying vtilues for such variables tis pH and the total molality 

of NaCl in coiicenirated sodium chloride solutions at a jiarticular temper
ature, values of -/ for S — , SO, — , C O , — , Ag4-, Fe + + -*-, Cu-*- + , and 
other ions that may be present in small concentrations in hydrothermal 
solulions can "be calculateil from expressions of equation (49) or the cor
responding equation for anions. Provided these calculations include pro
vision for a realistic distribution of aciueous sjiecies, the solubility of a 
given mineral in the solution can then be computed from the activity 
product relation, 

J / l , , " •'".• . ' y C • / / = ^^«p, ( ^ " ) 

'e - c ** 
where K,,, is the activity jiroduct constant of the ^th mineral, which con-

' Cl 

sisis of n moles of the /th cation and v moles of the eth anion in the system. 
The stoichiometric solubility (where \rn — ntn ) is then ";iven by 

/,/ t ,e " ' 

S = 

, / 71'K \ L''(»+v) 

^ ^ = J - / !±_) 'v> (51) 

in v.-hich S is the solubility (in molalitv units) of the .ith phase. If m 
<!' ' I.e 

(the total molality of the eth anion) is specified, non stoichiometric 
solubilities can be computed from 

S = 
1 ^ 

m t.c v.- >'£. (52) 
If more than one solid jiha.se is, in equilibrium with the .solution, ex-
pie.ssion.i analogous to equations (51) and (52) can be derived by com
bining statements of eqiiati.-;n (50) for each solid and writing a mass 
balance expression relating the total moltiliiies of each cation in solution. 
The mutual .solubilities of the minerals in the solution can then be com
puted from ih.ese equations. 

.sv.\7.-(//.v at rlevHlrd leniln-raluyes a n d fne.s.-iuri^s ~:,:, 

Pressure as a Variable 
As indicated earlier, the pre.ssure dependence of equilibrium con-

stains for most hydrothermal retictions is slight (considered negligible in 
this discussion) at temjieratures below - 3 0 0 ° C . This is true for solid 

. pha.se equilibria even at much higher temperatures, but for dissociational 
reactions in aqueous solution, pressure effects become significant as 
teniperature increases above /~-300°C. 

The need for a general method of computing equilibriuin constants 
at high Jiressures and temperatures has become more acute in recent 
years. Exjierimental dtita for hydrothermal systems are frequently ob
tained at tcmjiertitures and .pressiircs greater than 300°C and IOOO atm. 
The de|iendence of equilibrium constants on pressure is a volume func
tion, but few ionic volumes are known for aqueous electrolytes at high 
temperatures and prc.s.sures, and those data thtit exist (Owen and Briifk-
ley, 1941; Couture and Laidler, 1956; Zen, 1957; Hepler, 1965; Ellis, 
1966, 1967, 1968) are rarely definitive with resjiect to the volu'nies of 
individutil ions and complexes. Despite this handicaji, the elfect of jires
sure On di.ssocitiiion constants in aqueous solutions of elecliolytcs can be 
closely tijijiroximtited fiom the teniperature and pressure dependence of 
the dielectric constant of water. 

Consideration of the thermodynamic chtiracteristics of dissociational 
reactions as a function of temjierature suggests that the dielectric con
stant of waier es.sentially controls lhe stabilities of comjilexes in aqueous 
solutions of eleclrolyles at high temperalures (Hel.geson, 19()7a). It can 
be shown that th'e eonvenlional molal" dissociation consttint for tt neutral 
coiiijilex iu the sujiercritical jiressure-temjierature region for water can 
be described \viihin the unceritiinty of die experimenttil tiata by a mono
tonic function ot the dielectric constant of the solvent; that is, tlie molal 
log K(T,P) for tl given neutral comjilex is essentially a consttint for till 
jiresstire-tcmpertilurc combinations that result in the same value of the 
dieleclric constant of water in the supercritical region. Data arc not avail
able lo determine whether the same relation exists for charged complexes 
in the sujiercritical region, but iheoretical considerations suggest that the 
sttibilitics of the.se species should also vary monotonically with the di
electric constant of the .solvent. 

" T h e eonvenlional di.s.soiiatiou conslani does not provide explicitly for lite jiar-
t idpatinn of lhe .solvent iu the clLssodaiional reaciion. If the reaction is written to 
include the correct degree of ]i;iriicipaiiou by the .solvenl. ihcn ihe isnllir.i-.nal dissocia
tion constant liecrme.s' inilepeiuienl of the dielectric conslmii ot llic medium (Quist 
and M-irsb:ill 19(iSb), Morst supercritical dissociaiion constants repCirled in tlic liteia-
lui-r are con.si.sieiu wilh molar uiiiis of concenu-al'"'! (t'"- example, Kiamk, lOul; fluisi 
and' .Mtii-shall 1966, 196Sa and e), Thcse-daui can be coitverlcd to be consistent unl i 
molai units of concentraiiou by solvin'g log K,„ -— log K.„ — (ii — 1) log ,),..,... whcic 
K :ind K„ arc the mohd and molar diNSoeialion coi-.stanis, respectively. p„,^„ rcpic-

;,nd n is equal to the sum nf the exponents in ihc Law of 
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T h e curves were drtiwn from tlietectric conslani values taken from Quist and .Marshall 
(1965) aud density daia for water obtained from liolscr and Kennedy (195H). 

Isodielcctric curves for water are plotted in figure 4 to illustrate the 
order of magnitude of pressure elfects on dissociaiion constants. For ex
ample, siijipose that the molal dissociation consiant for 

FLS,,.„;r-2H-i- -f S— • (ti3) 

at 1000 aim tind 400°C is required for a given geochemical ctilcultition. 
h\ figure 4 it can be seen ihtit the dieleclric constant of water under these 
conditions is the stime tis it is at 120 tum tind 325'^C on the boiling curve. 
Pressure effects contribuie only slightly to dissociation constants calcu
lated for a 1 atni standard state from high tcmjierature experimental 
data obtained along the vajior -|- liquid jiressure-temjicraiure curve for 
wtiter to .~325'^C. For this reason, and also because tipjiropriate ionic 

.volumes are rarely avaihible, the pressure correction (119 aim in this 
case) is commonly neglected, and ilie oxjierimcntal log lv(T) values ob
tained from such exjieriments are a.ssigned to the 1 aim standard state. 
Because the molal value of log K(T) for the dissociaiion of a neira.il 
complex in water at high temperatures is essentially constant along an 
i.sodielectric curve, the molal dissociation constant computed for 325^C 

.systems at elevaletl temperatures antl pressure.'i 757 

and 1 tiiin (or more accurately, 120 aim) is approximately equivalent to 
that at 400°C and IOOO atms. 

The relation described above between log K(T,P) and the dielectric 
constant of the solvent is more useful for the purpose of estimating molal 

. los K-(T,P) values at high temperatures and pressures than density rela
tions. This is true because log K(T,P) for a given reaction cannot be 
characterized as a single monotonic function of density at all pressure 
and lemjieralurc combinations contributing to constant density. On the 
other htind, isentropes for water are e.ssentially coincident with the iso-
dielectric curves shown in figure 4, which means that log K(T,P) can 
also be ajipioximated as a monotonic funclion of the entropy of the sol
vent (Helgeson, 1964). 

If tl molar scale of concentration is used and the dis.sociational re
action is wiilten to imliule die correct degi-ee of .solvation of the ptiniri-
paliiig species in solution, the e/irrespondiiiK su|jeicriiicid di.ssoi.itiiion 
constant is independent of pre.ssure (Quisl and' Marshall, 106Ka). Con-
sefjucnily, these dissocituion consiaius can be computed for any jircssurc-
temjierature condition solely from predictive etjuaiions involving tcnii)er-
atiire, such as those presented in the preceding pages. However, in jirac
tice this ajiproach is u.sually jirecluded by the dearth of information 
concerning the actual extent of solvation (hydration number.s) of the 
various sjiecies in hydrothermal solutions at high temperatures. 

ftOMt'U-ri-:K CALCUI.ATlONS , \ND ItESlJLTS . 

. The equations and methods of calculation summarized in the jire
ceding jiages have been jirogrammcd for machine comjiutation. The 
rcsulls of calctiltitioiis carried out with the aid of these computer jiro-
giams are discussed below and presented in ttiViles 1 to 14 and figures 
5 to 21. The tiata employed in the calculations tire al.so presenled in the 
tables, along widi references to the sources from whicii they were taken. 
In certain cases (noted in die footnotes in the tables) thermodynamic 
values reported in the literature have been changed (within the ni.ar>,Mns 
of uncertainty reported in the source references) to agree with other 
exjierimental and geologic observations, and estimates ot thermodynamic 
projierties are given for a number of species for which data are incom
jileie. The vtilues listed in die tables aie' the result of a critical com
pilation, and 'they tire intended to constitute an internally consistent 
array of thermotlynamic data. 

Dissociation Conslanls 
Thermodynamic data at 25°C and 1 atm for various sjiecies aud 

dissociational reactions of interest in hydrothermid studies are summar
ized in tables 3 and 4 along with ct.lculated average heat ct.paciiies and 
lo - K(T) values for higher temperatures. The dissociation constants, 
w h i c h U r e computed from, eq.iaiions (11) to (17) usmg ;^ormody- ' ; ; ; 
data "iven in tables 3 and 4. are also jilotted in figure 5 to .llustiat. the 
changes in the stabilities of hydrothermal species ^vuh increasing temper-
ature. 
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Thennodynamic data for species in aqueous solution at 25°C and 1 atm 

.Average heat capacity" 
AH°," S° (CJ! m o l e - ' deg- ' ) 

Spedes (cal mole—') (cal mole- ' deg- ' ) — 
00°C 100°C 150-C 200°C 250--C 300°C 

H..SiO. —348,000" 45.84" 49'' • 49'' 40'' 46'' 40^ 45^ 

U S '• Il9,"03()^ Soivi 40̂ ^̂  3 [ r 3?^ 32-" 33" 35.5" 

Z 5 2 _ 5 8 —02 —66 —70 —76 H.S- —4,230- 15.0' 

S 9.070!-' - 4 0=-' -48 —58 —01 —05 - 0 9 

SO. —2I7,32t!"' 4.8' —99 —108 —105 . —114 —120 —126 

C O , - " _l6i,.-!.t0° ~lJJ'- IIT32 —140 —ISS —151 —102 —171 

O H - _54,970~ _2.57' ' ^^47 1-58 - 61 —65 ' —09 —70 

C i - —30,950' I3.51' —51 —58 - 0 2 —60 —70 —76 C" 

I ' - . —79.500' - 5 8 - —61 —05 —69 

H,0,,i,> —08.3!5' 16.71' 18 18 18 18 18 18 

H ' 0.0 0.0 23 31 33 35 37 39 

Ag^ 25,310'= 17.69= 30 39 39 43 45 47 

Cu-

Cu^' 

rb*» 

1G,930'> 

15,390« 

- •100 ' 

9.4' f 

—23.65 

2.5* 

33 

49 

37 

44 

05 

49 

43 47 .50 

06 71 

49 54 .58 01 

^r7* ~ ^ 3 6 , 7 8 C ' —:;6.0'-' ' 50 66 07 73 77 81 

H K ^ ' "41.590^ I X i ' 4^ 54 :'..5 00 03 67 

F c " —21,000^ —27.1 ' 50 ' 60 68 73 78 _82 

Average heal capacitv* 
A H ° , - S° (ca! m o l e - ' deg- ' ) ' 

~i 1 — n / - . . I - , ^ 1 . . - 1 , • „ , - — 1 \ ^ r, I Species (cal moie—') (cal m o l e - ' deg- ' ) 
60°C lOO^C )50 'C 200°C 2.50°C 300°C 

i^c"; —"•40Q-= - 7 0 . 1 ' 70 93 96 105 109 115 

C a " -129,771^- - l I J i 45 59 00 ^ i ^ 

M g " -I10.410-- -28.2'= 51 67 69 75 79 83 

i } ^ - ' " 8 - 0 ' Q ' 3̂ 0̂  38 50 50 55 58 61 

K- -60,040^- 24.51; 27 35 35 ^ ^i 7 ^ 

Na* -57 ,279 ' 14.4- 35 41 41 45 47 49 

A l - -127.000- - 7 6 . 9 - 72 95 99 . 108 JI4 IOQ 

Au* 22.0' 29 37 37 41 43 4 ^ 

All— —23.0' .50 07 09 74 78 go 

•Computed I'lom eipialious (2) to (.5) and the entropies shown above (d i s s and Clobblc. 1904a and b) "Commited from -77O,7.7,M. 
AC°,. least squares fit of q.itiri,. .solubilities measured by Morey. lonni ier . and Uo.vc (I9.-.2) and Kcnnedv (1951) i g the t r r n t o Z a m ^ ^ ^ 
data for qutiriz given in lable ;. 'Computed from A H ^ , , . ^ S , „ = - 4 9 3 0 cal m o l e - (Wagiu.an and oihcrs, 1908) tmd a S o7 A H ' 
for H , S . . , - ^ M..S, ,f - 4 1 0 0 cal m o l e - ' (I'ohl, 1961; table 10). - comp.iled from ,S°.,„,,.., = jty.Ki cal m o l e - . l e g - (Wtigmau m d others' 
1968) ami a value of A,S°, f<,i- H..,S,„, ^ lUS,,,,,, of —l.-̂ .S cal m o l e - deg— (I'ohl. m i " Uriohi •,»,! Maass UW- ...l.l,. ,m , A,-
and Olhers (I965;-19li6, 196,S). ' Calcula-ed from log K,,,,- = _13.9 (Maroi nv, 9.5U; Muitm'^ ed 1 d Sm iaon^^ 
values Shq.u above for U S " a n d _ ^ - This value of a H ; , . - - , which is tonsisieni i v i U i ' X o S d a u ; t " ; , ' a b o l - e t r ' s ^ 

i!^iLts^[ij!?;i:i^;:;^:r:eiii;Sr:^;s;:i:i!^s^ 
compuied from a h . t capaiaiy power fnucion (e!, 10, .able S) and the vahicTof.H^',.,, J . ^ ^ t ^ C ^ ^ i ^ ^ ^ f i ^ . ^ n ; : " ! : : ; : ^ S /^om 
q.itiru soh.bihiies (Morey, louimer, ami Rowe, 1962: Kenue.ly. lO.M.) and ihe rncriimdvnamic .lata given in table 7 fo,- ,„n,. , , , Fn I lov 
of formaiiou fiom lhe elemenis. ' Compared lo —5.5 ca mo e— d e ^ ' f\V i-in-ii m d oili'...: iii,-;-J\ • M, I . , I- , J. , ' l"'^',"- r-nllialp) ^ , 
pared lo -.26.8 cal m o l e - d e g - (Vv'agman and olhers, IW8). " ^'^ • '"" '"" •""' ""'^'^- ''J"^)- Ahhiwaha and Cobble (1964). • C m - ;^' 



TAHLK 4 

Thermodynamic data for dis.sociational equilibria in aqueous solution'' 

AH°,(T,) AS°,(T,) î g K(T)'J 
(cal (ca! mole" 

_ -J^"^"'""* mole—) deg-') 25°C oO-C OCC 100-C 150''C 200''C 250"C 300'c' 

"/J.nq. <:^H--;.OH- ]'i,nib'' _ 19.31= —14^1)0^ —1.3.27''-" —IS.O.".''-" _12,26 ' ' -" _ 11.04''-" —ll.S?"-" _11.13 ' ' -" —il.iiii" 

H.S ^ H ' - f - l i s - 4.S00' — 15.9' — 0.99= — 6.7v''"'"' — 0.72''-'"' — O.OS"-" — 6.72'' — O.'jd"- — 7.35'-- __ e.T^s 

H S - ^ H ' - i - S — — 13.300' _ 19.0' —13.90' —IS.IS"-""' _12.84''-''" —ll. /S' ' - '" —10.02'' — 9.57̂ ^ _ S.Ol'' _ 7.72'' 

H.SO,- : r t : l | - .^-SO.—~ __ 3,850'' — 22.0' _ 1.99''^ — 2 . 2 7 ' — 2.40"-" — 2.99' — 3 . 7 4 ' —4.19^ H T M I ^ " _ 7ToĜ  

H£C) , - < - H - . f H.SO,- '- O.O"" 

' ^ ( - 0 . . „ . , . . " ' ' ^ H ' -r HCO..--"" ^840" — 22-9' — 0.35 -̂ ~e.3V'-" — 6.32"-" — 0.45"-" — 6.73"-" — T.OS-'-" _ 7 .63^" — s.dti-'. 

l l ( :0,-r ; r> H--I- C O , — ! .̂Oo"ô ^ — 35.10'̂  —10.52? —lO.lv-"-" —10.15"" —10.15''-" —10.29''-" —lO.OS"" — l l . ^ S " " -lisTtH-'-

H J U I O I I ) , ^ I!- ... H , , , \ S ( O H ) . - 3,430" — 82.9" —20.(i"''' —'40.5' —20.5' _ 2 0 . 8 ' ' —21,8'" —23.6' ~ ' 

H A s i O n ) r : : = i H- + HAs(OI I ) , - - 5.120--' _ 06.9" - 1 8 . 4 " " —18.2' _ ! 8 . 1 ' —18.2' —18~? Z20 . I ' 

0.5"' 

'^As(On), ^.i H^ + A.s(Oli).- 4„350" — 3 8 . 9 " — H . 7 " " —11.5' —11.4' —11.4' —11.7' —12.3' 

H ^ ^ \ : ; ( 0 H ) , ; - V H - J . A S ( O H ) , - 0,560" _ 20.2" — 9.2*" — 8 . 9 ' — 8 . 8 ' — 8 . 4 ' — 8 . 3 ' — 8 . 4 ' 

A S ( O H ) , - ^ .A.s(OH),-;- O H - c , S 0 0 ' " 0.7" — 4.8'"- — 4.4' _ 4.3' — 3.8' — 3.3' — 2.9' 

• ^ ^ ^ ' • ' ) . , - ^ A i - " 4 . - i O H - 10.300' —115.2"' —32.73" 32.3' - .32.2 ' —32.2' . —33.0'-" _ 3 4 . a ' ' " —36.7'-" _39 . j i . . 

Al(OH)'^ «r> A1-" -^ 01-1- —1,090 ' —40.0'" ' — d.25" — 9 . 4 ' — 9 . 5 ' —10.0' —10.8'-" —11.9'-" — 1 3 . 1 ' . " Z R 7 ^ > 

K . S 0 . - 5 ± K ' -i-SO, _ 2 ,635" - "— 12.7"-"— 0.84"-" — 1.00"-" — l.OG"-"— 1.30"-"— 1.60"-" — 1.94"." 

K H - ; 0 . < r 4 K ' + H S O . - 0.8' _ 0..3' 

Ca.SO< ?::i C:r ' -J- SO, _^ 1,700''-'"' I0.5''-'''' 2.31'' ' ' ' ' 2.4''-'-'''' 2.5''-'-'"' 2.7''''-'''' S.I"'.'-'''' 3.6'"''-'''' 

MgSO, ; r ± M g - .^ SQ^ 4.920''''- 26.S''''''' 2.25''-'''' 2.0' ' ' '•' 2.7''''''''' S'"'.'-'''- 3.9''-'''''> 4.8"'-'-'''' 

MnSO.?:± M n " 4- ,so. _ 3,700-' — £2!?̂ ^ — 2.25' — 2.5''-' — 2.0" ' — 3.0"-' — S.e'-* — 4 .3" ' 

Zn.SO. 7=t Z n " + SO. — 4,090-' — 2 4 . 5 " — 2.3S" —2.0" - ' — 2.7"-' _ 3.2"-' — 3.8".' — 4.C°-« 

AgSO.- i=iAg ' 4 - . S O . - - — I,.500" _ - I l .O ' — I..30°- — 1.4' — I.4< — 1.6' I . 1.9' _ 2.2' " 

CaCO;,?=iCa" - I - C ( V ' - —3.13(1' _. •_'.5.l' —3.2(1 ' — 5 . 4 ' - " — 3 . 5 ' " . _ .1.9'." . _ .l.r.i." _.. .5.2'-'"' 

NaCI*::iNa* -|- Cl~ 0.97"-'"' 0.42"-'''' — 0.15"-'''' — 0.82" 

KCI?±K* + C 1 - , 0.9"-"' 0 . 3 " - " — 0 . 0 ' 

HC! 5 ^ H*-f C I - —18,030" —.34.4" 6.1"" 5.0"" 4.5_(i'-" 2.90"-" 1.23"" O.OG" — 0.67"'" —1.24' ' 

Nfg(OH)* j:± M g " + O H ~ 

R- (On) -5 : i l - ' e " - ( -OH-

— 2.140'> • 

2.700^ 

— lO.O"" 

— 17.0"° 

— 2.60-

— 5.7"" 

— 2.7' 

— 5.6' 

— 2.8' 

— 5.5' 

— 3.1' 

— 5.4' 

— 3.0' 

— 5.5' 

— 4.1' ' '" ' 

— 5.7'-" 

"All species .shown in this column are aqueous, and R.O refers to 4iquid water, '•llale, Izat, and Christensen (196.3) and Vandei-zee and Swaiisi. 
(190.3). "̂  C;;lcuhued from log K(T,) and Al-l°,(Tr). " Helgeson (1907a). • C.ompuied from daia given in table 3. 'Cobble (l!)64). «Ellis and C.'oldi:! 

log K(T,) and AS°,(Tr). ^ Estimated from an enlropy correlation plot by l.afon (ms). • Carrels and Thompson (1962). •" Kxirapolaied. '-'' I-'igiire 2 an 
lablc 2. "' Figure 2. "" Robinson (1936). "" I'earson, Copeland, and Ucnson (1903b) and Wrighl, Liiulsav, and Druga (1901). " Calculalcd from eqiiaiii. 
(17). ">•• Oiii.st and olhers (190.3). " " ' l he .subscript (app) indicates lhat the species referred to is the um'lifrcrentiaicVj sum of VLCOj,.,,, and CO;,,,.-. " ' ' 
tcr|)olatcd. " .-Ml log K values given in the table are consistent wiih mohd ^inits of concenlralion. The values given for the disiocialion of water are (• 
the acliviiy product con.stant (K..). " These values have laige uiicejttiintics owing to a.ssumptioiis made regarili(i<r .:iS°,(T,) sec footnote y tih-x 
'•'' These values were accepied inslead of those rejjorled by Marshall (1907) and ^ealis and .Maishall (1909) bectiuse sTilfale comp.'e.vin" of .\'a' was ii-
taken inlo account in the inierprelalion of lhe solul)iliiy dat:i from which their log K vahies were derived, "'i These vahies are consisienl wiih lhe c 
perimeiutd data reported hy Ellis aud Milestone (1967) fiom 22°00°C. " Compuled from the thenr.odvnamic data for the ar.senic species given bv W'.i. 
man and others (190S) " C.-ilciilalcd from data given iu table 3 aud a value of 28.0 cil mole—' deg— for S°.M,on) — (W'agnitui aud Ollieis. 1968) "' <•"" 
puted from the free energy of formation of crystalline gibbsiie (lablc 12), ihc hydrolysis eipiilibrim:! constant for crvslalliiie gibbsiie (.A 1(011)3.,,,.,.i:. 
tii.i..u.) -1- "•/>.H,. ^ Al(OH).- 4- 11-; log K('r,) = —15.3. Kiurick, I'.'liO). antl lhe 'AC' , (T , ) values for A P " and O H - given bv M'agman and oih-
(19G.S). "" E.siiiiialed enlropy of dis.sodation cnkidaied from an expre.ssion analogous to cqiian'im ;2;',) and an eniropv conelation plot for hvdro-\;\l i"" 
plexps similar to that shown in ligiiie I for chloride .species but inchuling provision Ii.r charge. '" Caiitilaled by apiilvii!.^' coneilion f.iciors 10 I''!; 
vaiucs comjmled from equation (Ui). The coriectioii factors were taken 10 be equivalenl lo tliose for ammonium liydroxidc (0.86 al 3()0-'C. Ilelf;!-- -
l'j67a). "•"• Compuied from AH- , ( f , j and A S ° , ( T , ) . »« Coinpuicd by llu: method of leaiil squares from log K(I ) values leporled by rriiesdell ami H-
teller (1968) ami fbiihl aud cihcrs (1903). " ' Co>i-,piiied fiom tbe equilibrium coiislaiu for . W " ..i. U..O,||,,, r r i AI(OH^-* 4- H ' MO-'-'-'; Hem and K 
bcrson, 1'J67). =• iloslcllcr (i<).'3). • " Lenssing and KolthotC (1<J5;1). '•'•" Dissociation coiisltiiits lor'.NaCO/-, .MgCO^, .MgllCOj* CaHCO:,*, anil N.i ' '" . 
r.-hich aic not included in t/,is lable, have lieen computed lecently by Lafon (ms) for temperatiiici- fiom 0° lo 100°C. 



TABLE 5 

Predicted dissociaiion constants for metal chloride comjilexes in aqueous solution at elevatetl temperatures 

Jli.ssocialional iH° . (T , )" AS°,(T, . ) ' ' 
Rcaclion (cal niok—) (cal mole— deg—') 

log / j a r 
25°C 50'C 100°C I50°p 200°C 250°C 300°C 

AgCI ?:± Ag* -). C l -

A g C h - < : ± A g - + 2 C | -

AgCl., ?::i Ag* + 3C1-

.-VgCI. i x > A g ' + 4 C l -

Ci iCh-5 :±Cu*. f 2C1-

CiiCl, ^ C u * + 3 C 1 -

C i i C I * ^ . C u " + C I -

CuCl,.-r:±.Cu"4-2C!-

CuCl j -v—Cu" 4- .3C1-

CuCl. ?ri C u " .}.. 4C1-

P b C I « ; p i r b " - ) - C l -

P b C I , ? . ± l ' b " 4 . 2 C I -

rbci~r=ir'b"4.sci-
I'bCl. i r > P b " 4 - 4 C l -

Z n C P K i 7 . n " 4 . C I -

Z:)CI,<=iZn"-j-2Cl-

'/.itar^'/.n- + 301-

2,540 

4,230 

3.280 

2,680 

420 

— 260 

— 8,050 

—10,560 

-13 ,090 

—17,780 

~ 3S0 

— 1,080 

— 2,170 

— 3,530 

— 7.790 

— 8,500' 

— 9,.5O0 

— 6.6 

— 9.8 

- 1 3 . 2 

—16.4 

—21.2 

—24.4 • 

—29.1 . 

32,2 

- 3 5 . 4 

—38.0 

— 8.6 

—11.8 

—15.0 

—18.2 

—28.1 

- 3 1 . 3 

—34.5 

— 3.31" 

— 5.2.5" 

— 5.25' 

— 5.51-

— 4.94' 

— 5.J4' 

— 0.01" 

0.09' 

2.29' 

4.59' 

— 1.00' 

— 1.78' 

— 1.6S' 

— 1.38' 

— 0.43' 

— O.Gl' 

— 0.53' 

— 3.17 

— 5.02 

— 5.08 

— 5.33 

— 4.94 

— 5.18 . 

— 0.53 

0.06 

1.48 

3.54 

— 1.63 

— 1.85 

— 1.81 

— 1.59 

— 0.90 

— 1.12 

— 1.14 

— 2.99 

_ 4.71 

— 4.88 

— 5.20 

— 5.00 

— 5.39 

— 1.54 

— 1.15 

— 0.04 

1.63 

— 1.73 

— 2.04 

— 2.13 

— 2.05 

— 1.82 

— 2.13 

— 2.25 

— 2.92 

— 4.57 

— 4.85 

— 5.31 

- 5.35 

— 5.77 

— 2.57 

— 2.36 

— 1.52 

— 0.18 

— 1.88 

— 2.29 

— 2.50 

— 2.57 

— 2.78 

— .3.19 

— 3.34 ( 

(— 2.9) 

(— ''•G.) 

(— 5.0) 

(— 5.0) 

(— 5.8) 

(-.0.,4) 

( - S-7) 

( - 3.7) , 

( - 3.1) 

(— 2 0) 

( - 2.1) 

( - 2.6) 

( - 3.0) 

(— 3.2) 

(— 3,9) 

( - I-'I) 

' _ 4.8) 

(— 3:0)' 

(— 4.7)' 

(— 5.3)' 

(— 6.0)' 

(— 6..5)« 

(— 7-2)' 

(— 4.8)' 

(— '1-9)' 

(— 'J-C)' 

(— 3.9)' 

(— 2.4)' 

( - 3.1)' 

(— 3.6)' 

( — • ^ • 0 ) ' 

!— 4.8)' 

( - 5.5)' 

_ 6.0)' ( 

(— 3.4)' 

(— 5-2)' 

(— 6.0)' 

(— C.9)' 

[— 7.'!)' 

[— 8.3)' 

(— 6.0)' 

(— 6.5)' 

[— 6.5)' 

( - 6.1)' 

(— 3.0)' 

i— 3.9)' 

[— 4.6)' 

( - 5.3)' 

— G.O)' 

: - 6.9)' 

— 7.7)' 

•»- l 

ft. 

H 

5 

/ nC l , ^ Z n " + 4C1- -10 ,900 —37.7 — 0.20' 0.80 — 2.14 _ 3.35 (— 5.0) (— 6.4)' <— 8.3)' 

HgCl-<:±Hg"- l -Cl-

HgCl. Z^ H g " -^ 2C1-

4,800" -12.5 — 6.2;-)° — 5.99 — 5.05 — 5.50 (— 5.5) (— 5.8)' (— 6.4)' 

13,400" -15.7' -15.25" -12.51 -11.41 —10.71 (—10.4) (—10..3)' (-10.8)' 

IlgC.h,-:?:^ng'»-f 3CI-

FcCl"?:21-"e"* -f C l -

rcCI/:?=* l - c "M. 2C.|-

F c C l , : e i F e — 4 - 3 C l -

I - c C l , - - i r e " ' - | - 4 C l -

A u C l . ; - r f A u ' - f - 2 C l -

AiiCl,- « ^ Au"* -f 4C1-

15,300'' 

— 7,910 

— 7.970 

-10,290 

—13,860 

10,490 

26,460 

—18,9 

- 3 3 . 3 

—36.5 

—59.7 

—42.9 

— 0.0 

—30.2 

—15.35° 

— 1.48'> 

— 2.13" 

— 1.1.3" 

0.79' 

— 9 " ' 

—20°-' 

—M..-.0 

— 1.96. 

— 2.62 

— 1.70 

— 0.05 

— S.4 

—24.5 

—13.25 

— 2.94 

_ 3.03 

— .3.00 

— 1,03 

— 7.5 

—22.4 

— 12.46 

— 3.98 

— 4.72 

— 4.30 

- 3.23 • 

— 6.9 

-.21.0 

(—12.1) 

( - 5.1)' 

< - 5.9) 

( - 5.7) 

(— -i-S) 

( - 6.4) 

(—20.2) 

( - I 2 . I ) ' 

( - 6.2)' 

( - 7.1)' 

( - 7.1)' 

( - 6.6)' 

( - <;-2)' 

( -20.2) ' 

( -12.7) ' 

< - 7.5)' 

(— 7.7)' 

( _ 8.0)' 

(— 7.8)' 

(— 6-2)' 

(—21.1)' 

• Except where otherwise indicated, vaiucs in this column were computed from log K(T,) and A S ° , ( T , ) . •' All AS° , (T , . ) values were 
calculaied fiom equalions (25) and (27) using ionic radii (table 1) and the v:due5 of -S",.,— and S"i,,„ at 25°C given in fooinote b, lablc 1. 
' The vahies of the overall di.ssociaiion conslanls were computed from log K(T) values (eq IS) predicted from equation (16) using the 
A.S°,ri'r) and AH°,(Tr) values shwvn .above. The dissociaiion consiants are consisienl w-ith molal iiniis of conceniration those that arc 
more unreriain are given in parcniheses. " Jonte and Martin (1952). ' Lcdcn (1952): IScrnc and Leden (1953). ' Chalivkian (1948). " Hur-
Icn (1901). " -N'iis-anen (1953). ' Bjerrum (194G). ' Nelson and Kraus (1954); .Nfarcus (15.56). ' Marcus and Maydeii (1963). ' This value is 

nsistcm wilh high lem|)e)-alurc log K(T) values (Kraus and Raridan. 1960)—,sec fooiiioie g, lablc 1.'"' .Malcolm, Parion, and Wat.son 
(1901), " Calculaied from JiH°,(T,) and A.S°,(T,). •' Williams (1954) •> Rabinowitch and Sioekmayer (1942). ' Marcus (1960). • Compuied 
from the free energy of form:ition of .-\u' (I.aiimer. 19.5'i) and the oxidation potetuial lor lhe le.ii-iion .\uCI;— -j- c— rz* ..\u,,, -+- 2 0 1 " 
(IJjcrriim and Kirscliner, 1918; lijerriim, I94.S). ' Exirapolated. » Computed from tlic free energv of formation of A u " ' (I.alinier, 1952) and 
lh.; nxi-laiien poleniial for AuCI,— -;- :W- r=t .-Vu,,, -^ AC,— (Ujeriem and Kirscliner, I91S; Bjerrum, 1948), • These values arc actually 
I8°C, but they arc uncertain lo the extent lhat a 7 degree correction to 25'C is uiiwarranierl. 

tually for 
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6 | rv-T 

AgS04'•=iAg•^-^S04"" 
( NaCl5iNo+-^Cl: 

J l2S lg ) ^HaS(oq ) 

- 2 -

-6 

COztgl-^HzOiiHjCOatapp) 

_ ^2C03(opp,^H-»-t-HCO,- * 5 0 „ -

50 IOO 150 200 250 
TEMPERATURE, °C 

300 

Fig. 5. Dissocitition consiants for complexes in hydrotherm.al .solutions al elevated 
temperatures (lable 4). The curves shown for llie di.ssociaiion of H.SiO. and If^SiO.— 
arc lho.sc compuled by Cobble (196J); the log K vahies defined by these curves are 
more consisienl wiih low lenqiLraturo thermodynamic data than those obtained at 
high lemperaiures by Ryzhenko (1967). 

Predicted high tein])eratiire dis.sociation consttuus for chloride com
plexes of die ore-forming mettils are shown in table 5. Log K(T) curves 
for these leactions are plotted in figures 6 and 7. Because the i:n.:erttiinty 
resultiuo- fl-om calculation of log K(T) vtibies with equation (16) increases 
subsinntialiy above 200°C (Iielgeson, lfi67.'i), and.because entropy esti
mates (eqs 25 and 27) were used in the caicuiations, the numerical values 
for log /?(T) given in table 5 as well as the log K(T) curves in figures 6 
and 7 should be regarded as approximations. 

.systems a l e l e v a t e d l e m p e r a i u r e s a n t l pressuve. i ih:> 

It can be deduced from figures 5 to 7 that high lemjiennure eicclro
lyte solutions are highly associaied. The high degree of formation attained 
by metal-ion chloride complexes is particularly significant with respect 
to the transjiort tind deposition of the ore-forming metals in hydro
thennal systems. .'Vs indicated above, calculations of sulfide solubilities 
in soi'.ium chloride solutions at elevated temperatures suggest that morc 
than adequate quantities of diese metals can be carried in hydrothermal 
solutions to account for inajor ore deposits (Helgeson, 1964, 1967c; Helge
son, Garrels, and AfacKenzie, 1969; Helgeson and Gtirrels, 1968). The 
results of a few such calculations involving thermodynamic values given 
in die tables are jiresented in Ititcr jiages of this communication. 

CD 

-21-

- 4 

-6 

- T 1 1 1 I I ' I ' 

AgC l3 - ^AgC i ;>c r 

A g C i ^ ^ A g C l j ' - t - C I " ^ " " " " ^ 
A g C i : = ^ A Q C K C I ^ 

- H ^ - ^ . H g C l a + C r ^gcl==Ag^+CI 

WqZ î ̂ H.C/j5 

HgCI-^;? Hg+-^ . ^ C r " 

- pt^^^^iSi5,>i5.^?^^=^! 

(S> 

-6 

2riCi2S2nC|-*--l-cr^ 

^ 

_1 i_ _i X. 
50 IOO 150 200 . 250 

TEMPERATURE, °C 
iOO 

ir-„ r. P,,.tli<ied dissociaiion con.stanis for metal chloride coniplexcs at elevalcd 
Fig. 6. l"'^,'!^,^;"' '''"',*-'-''^^^^^^ ,,ciow 200°C were computed from equation (16) 

u s ' r e X p v ^ e ^ l l m a i ^ s f'rom equaudn^s (25) and (27)-see t L . T h e da.shed extensions 

of lhe curves arc extrapolations. 
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T A H I I ; 6 

Enthalpies" and entropies" of elements of interest in hydrothermal studies" 

"Element 

Au,„ 
t 

Ag(., 

Hg, , . , , 

I I - ( T ) _ H ° ( T 0 

S» 

H'>(T)_H"(T,) 

S° 

F f ° ( T ) - H T r , ) 

s» 

25 

0.0 

11.31" 

0.0 

10.20' 

0.0 

18.2-' 

50 

151 

11.80 

152 

10.69 

166 

1R.7 

60 

212 

11.98 

21'3. 

10.,SS 

232 

18.y 

100 

4.56 

12.07 

457 

11 ..57 

:190 

19.7 

Temperaiure, °C 

150 200 

763 1074 

13.45 14.14 

764 1073 

12.34 13.03 

S24 )15I 

20.5 21.2 

250 

1388 

14.77 

1380 

13.06 

1476 

21.9 

300 

1705 

15.35 

1702 

14.23 

1802 

22.5 

3;'.0 

2025 

1.5.88 

2033 

14.77 

2126 

23.0 

400 

2348 

16.38 

2347 

15.27 

2450 

23.5 

450 500 

2675 3001 

10.85 17.29 

2677 3011 

15.74 16.19 

2774 SC-j> 

'24.0 24.4-

Cu,„ H°(T)_U"(T,) 0.0 147 206 443 744 1018 135G 1067 1983 2302 26'>5 'JQ-.I 

0.„„ H°(T)_H°<1\) 0.0 176 '247 535 <J00 1271 1046 20'.i4 2107 2792 'iVAl 357: 

S° •IH.OOti"-'' 49.56 49.78 50.01) 51.51 52.34 53.09 53.79 54.43 55.02 55.58 iG.l'; 

H „ „ H-(T)—li"<T,) 0.0 172 241 517 802 1208 15;56 1906 2257 2609 2964 3.12.) 

S° 31.21"-° 31.76 31.97 32.70 33.62 34.40 35.10 35.73 S6.32 36.37 37.37 i U l 

• In cal mole—' where T , refers lo 29S.15-K. '• In cal mole—' deg—. ' T h e values shown ir. 
this table are for a staiuiard stale ot 1 aim and the indicaicd temperatiire. T h e subscripts (ci. 
(liq), and (g) refer to cry.^iallilu:, liquid, and gas respeclively. ;\ll the enihalpies and entropies Un 
lerapcratiiies of fiO'C and above were computed from a .si.-ilement of e<piation (11) written in' 
teriiia of II", and erpiaiion (12), respeclively, using the coeliicients shown in lable 8. " Robio 
(lOGG); Robie and Waldbtiuiu (lUOS). - Wagman and others (1965, 1908). 

Standard Enihalpies, Entropies, and Heat Capacities 
High temperature dicrmodynamic data for ti varieiy of solids and 

gases of in;.ei-est in hydrothermtil studies are summtiii/.ed in ttiblcs 6 and 
7. The vtilues shown in the tables i.ere computed from equations (11) 
and (12) u.sing the hetit capacity power funclion coefficients for eqtiation 
(10) shown in ttible 8. .-Vverage hetit ctijiticities of ions and several neutral 
sjiecies in tiqueotis solution tire given jn ttible 3 for tempeiatures from 
25'^ to 300°C. 

Ell.!uilibrium Conslanls for Oxidation-Reduction 
anil DLssoluliun Reactions 

Thermodynamic dtita for ;. vtiriery of hydroiheimal oxidation-reduc
tion antl solubility reactions tiie jiresenicd in tables 9 to 12. The loo 
K(T) values shown in these tables uere conqiuted from equations (IH 
to (17) and dtiui jiresented in tables 3, 6, 8, and 9 to 12. A number of the 
activity jirodurt coiisttints arc jiloitcd against temperature in fioure 8 
Althong)! rcaciions involving ti large number of minerals are oresented 
in table 12, the ftici thtit a reaction is induded in the table is not meant 
to imply that the mineral involved is neces.sai'ily stable in the jiresence 

•of H,,0 at the lemperatures indictited. The log K values given in table 
12 are •idealized"; they can be u.sed. to describe stable or mett.stable 

7.97'' 8.44 8.02 'J.30 10.05 10.73 11.35 11.92 12.45 12.94 13.40 I3.,-.| j 

sys t ems a t e l e v a t e t l l e m p e r a t u r e s a n d prr.s.surei 767 

1 I I 

-8 

c^cTj^c^dKa-

• 1 I 1 1 — I — l - j u 

o 50 IOO 150 200 250 300 
TEMPERATURE, C 

Fig. 7. Predicted dissociation constants for niclal chloride complexes at elevated 
lempcralures (tabic 5). The curves below 200°C were compuled from erpiaiion (16) 
using entropy eslimates from equations (2;')) and (27)—see text. T h e da.shed extensions 
of Jhe cuivcs arc extrapolaiions. 

0 

0. 

o 

-10-

-20 

-30 

-40 

-50 

-60 50 IOO 150 200 

TEMPERATURE, "C 
250 300 

Fig 8 Activity produci cou.siants for anhydrite, calcite, and various suindcs 
elevated temperatures (lablc 11). Hg.S refers lo nietacinnabar. 
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Standard entrojiies* and enthalpies" for various minerals and 
gases of interest in hydrothermal studies" 

Species 

o Ag»S 

(acanthite) 

o CujS 

(chalcocite) 

CuS 

(covellite) 

PhS 

(galena) 

ZnS 

(sphalerite) 

HgS 

(meiacinnabar) 

FeS 

(pyrrhotite) 

FcS, 

(pyriic) 

o Fe-O, 

(hemalite) 

oFe.O. 

(magnetite) 

CaCO, 

(ealcile) 

CaSO. 

(anhydrite) 

oSiOa 

(quartz) 

KAlSi^O, 

(microcline) 

NaAISi.Os 

(low albite) 

CtxWSuO, 

. (anorthite) 

AH» 

S» 

AM° 

S° 

AH» 

Af4° 

S° 

AH° 

S° 

i H ° 

S° 

A H -

S° 

AH" 

S° 

AH" 

S° 

AH° 

S° 

AH° 

S" 

AHV 

S° 

AH° 

S" 

AH° 

S° 

AH° 

S° 

AH° . 

S° 

25.^ 

—7,731" 

34.14" 

—19,148" 

28.86" 

—11,610" 

15.9.3" 

23,350" 

21.8!" 

—49,750" 

13,77" 

—11,058" 

23,00" 

—24,130" 

14.4':;" 

—41,000" 

12.6:7" 

— 1117,300" 

io..?9-' 

—2()7,400'' 

30.03" 

—288,420'' 

22.ir<" 

—343,S21" 

25.5" 

—217,650" 

9.88" 

—9-!u,O00"-''' 

52.47" 

—937,S00"-'" 

50.2" 

-1,009,300" 

43.45" 

Temperaiure, °C 

SO" 

—7,273 

35.02 

—18,000 

30.43 

—11,324 

I6..S5 

—23.053 

22.80 

—49,175 

14.67 

-10 ,869 

. 23,97 

—23,795 

15.50 

—40,620 

13.87 

—196,660 

22.95 

—266,480 

30.09 

—287,916 

23.77 

—342.718 

27.44 

—217,380 

10,76 

—9I4,720 

56.50 

—93G,040 

54.26 

—1,008,020 . 

52.57 

00° 

—7,085 

,36.19 

—18,405 

31.02 

—11,210 

17.20 

-2.^,934 

23.16 

—40,365 

14.99 

—10,7-13 

24.34 

—23,657 

15.92 

—40,-170 

14.34 

—196,397 

23.75 

-^260,100 

40.14 

—2S7,7(i6 

24.11 

—342.473 

28.19 

—217,260 

11.11 

—9-!-1,224 

.58.10 

—035.510 

55.85 

-1,007,490 -

54.20 

100° 

—G,307 

38.39 

—17,685 

33.23 

—10,748 

18.51 

—22,452 

24,53 

—43,914 

10,27 

— 10,261 

25,72 

—23,076 

17.56 

—39.830 

10.14 

— 195,309 

26.83 

—204,550 

44.55 

-286,832 

26.39 

—311 ,-;68 

31.03 

-216,780 

12.:6 

—942,037 

61.29 

—933,330 

62,03 

-1.005,260 

60.50 

150° 

—5,275 

40.97 

—16,710 

35.69 

—10,166 

19.97 

—21,841 

26,0G 

-48,3.37 

17.72 

—9,643 

27.27 

—22,'.'91 

19.54 

—39,010 

13.21 

—194,877 

• 30.43 

—202,490 

49,71 

-285,676 

29.79 

—340,160 

34.32 

—21C.I40 

14.07 

—939,129 

71.00 

-930,450 

69.29 

—1,002,300 

67.93 
,̂ .. 

\ 

I 
f 

1 

- ! 

systems at el(:valetl temperalures anil pressures 

43.44 45.76 48.02 50.19 52.29 54.35 

-15,735 -14,760 —13,785 —12,810 —11,835 ^ 1 0 , 8 0 0 

—21,220 —20,589 —19,949 —19,319 -18,639 —17.969 

27.45 28.72 29.88 30.97 31.99 ;.95 

-47.749 —47,153 —46,.549 —45,939 -45.323 —44,703 

19.08 20.23 21.33 22.35 23.30 24.19 

—9.01G —8,380 -7,735 —7,081 —6,418 —5, ' 

28,67 29,95 31,13 32.22 33.24 34.21 

21.44 23.23 25.07 26.83 28.: 30.24 

-38 .160 —37,295 —36,420 —35.525 -34,620 -33,720 

20.10 21.84 23.45 24.94 26.33 27.63 

_192,.374 —190,808 

33.79 36.93 39.90 •12.71 45.39 47.95 

—260,320 . 

54.57 59.18 03.58 67.82 71.'J2 75.90 

—284,464 —283,210 281,920 -280.602 -279,267 -277,880 

32.50 35.02 37 ..37 39.58 41,65 43.01 

—338.792 

37.38 40.24 42.95 45.54 48.01 50.40 

—215,470 -214,760 -214,0'20 —213,'250 

15,58 17.01 18.36 19.64 20.87 22.05 

-936,074 

78.42 84.79 90.74 90.82 101.58 106.55 

—927.430 

76.04 82.32 8S.19 93.69 98.87 103.77 

. i> ' .> 

Temperature, °C 

200° 

—4,176 

250° 

—3,012 

300° 350° 

—1.782 —486 

400° 

876 

450° 

2,30-1 

500° 

3,793 

56.33 

-9,885 

.37.86 

—9,577 

21.29 

39.82 

—8,981 

22.48 

41.60 

—8.379 

23.58 

43.23 

—7.770 

24.60 

44.74 

—7.154 

25.55 

46.14 

—6.532 

26.44 

47.44 

—5,903 

27.28 

-17.2S9 

33.86 

-44,07.^ 

25.03 

-5,064 

35.12 

-21,440 —20,.523 —19,540 —18.491 —17,376 —16,195 —14,943 

31.90 

-32,800 

28.85 

-189,183 —187,002 -185,767 —183,980 —182,141 

50.41 

—258,020 —'255,610 —253,070 —250,420 —247,610 —244,740 

79.7 

-276,499 

4 5 ^ 

—337,305 —335,878 —334,334 —332,'260 —331,f)'38 —329.346 

52.70 

-2I2,4.50 —211.030 —210,790 

23. 

—932,9CG —929,045 —926,306 —922,900 —919,433 _^9!5,9!2 

111.25 

—924,300 —'J2l,0S0 -917,790 —9M.435 —911,020 —907,550 

103.41 

-999,200 

74.87 

—995,980 —992,660 —989,270 —985,800 -9!;2,2.S0 —978,700 

81.34 87.39 93.07 98:41 103.46 108.25 
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T.\iii.K 7 (eontinueili 

Al,Si,Oa(OH). 

(kaolinite) 

KAi,,Si..,O,^(0H) 

(muscoviie) 

Xa.\isi . ,0, .ILO 

(anaicime) 

AH» -980.02Q"--.') -078,5:10 ' Z J i T r ^ 

S 

AH 

S» 

-975.370 —972,0311 

f . U . U l 

I,42(,'.:)00'-'i —I,4i,S,y'20 —1,418,090 —1.414,6.30 —i.410,010 

"'• "• • 99.23 
65.0' 75..39 77.90 87.70 

AH° —786,3flO"-'--" —785,050 _7.S4,540 —732,510 _780,03o" 

Ca.MgASiOJ, 

(dlop.siiii.) 

Mgi;5; 

(rlino(..ii.s(atitc) 

Cti.Mgr..Si,or(Ol^ 

(tremolite) 

KA!.Si,X\~ 

(leuciie) 

iv îAtsioT 
(c i;t;ph<rliiic) 

>'̂ y.s>.(Mouy, 
ink) 

61.60 67.29 73.69 
—76».-1.3() —7(;6.020 —761.300 —762.00U 

Ali°___;;7O.lO0'- ' . - _.v,-j.,,(iio 
S-

;!.S.58 43.45 49.23 

-369,.] 10 - 3 6 8 , 5 6 0 - 3 0 7 ^ 

A H ° —2.952,90il '» 

i;:!.i9-'-i 

• . ^ i ^ m ^ } i ^ ^ - 2 , 9 4 i . i . 5 o ~ Z ^ : ^ n ^ 

143.81 
AH» 

S° 

AH" 

S" 

M,S.,53 166.35 I8l).0j 
—721.7 Oil-'-' —720,720 —720,230 —718,760 Z T h s i o o 

—-i98,5(i(F 

29,72' 

47.21 48.40 52.85 57.80 
_-497JD0_^_^.iy0^. _.4.ji^3ir"^977i: 

32.02 
.......u 1U.87 

A H " — l,II5,'.'U0"-« _1,413,2.S0 —1,412.510 —1,409,4.30 —1,405,591)'' 

^^-M,^..Al.si,o,„F, 

(nuoi-|>hlagopiic) 

•^'g.-SioT" 

(forsicritf) 

i^vSio7 
(fayalite) 

(bruciie) 

^^Ui>i'hO,(pH]~ 

(i2.34-' r.«.53 70..S7 79.59 Sy.2G , U..JII s^).2G 

A H ° ~ I . 4 9 8 , 1 0 0 = —1,496,000 —1,4;B,140 —1,49I..550 —1,486,850 
5„ :r-7:.:.-. 75.90" .*>2.(i5 85.30 95.45 107.23 

25.08 26.00 29.51 33.09 

-352^iO_-S52,350- -ZiE, i^3-T:^ 
.38.or; ' 

» - S i . . . 

H.O,„ 

—''i'.O'.O'" —51S.270 -ZTTTIITO M T : ^ 
a- :^ '-~i - I ' l l : —•''«-'20 —515,070 

A m 

' ° ' ' ' ' ^ ' ^«-"« 39 03 

^''-•'-i" 60.45" 

^'".«'l* 30,955 

_^j£7~]j5J^ 

•'"'•'5. 1 ^ 

A H » —4.93!) 

S° 49. IG 

68.71° 7(j,j2, 

_i.i£77 iT;Hs6" 

5"-29 ^^"JTl is" 

~^-^'-" -^3;86(r 

- -57 . )S6 ._56;773" 

'•«-93 - 1 ^ 

.sy.stems a l eleva-tetl t e m p e r a t u r e . s a n i l pre.s.sttie.s 

Temperaiure, °C 

200° 250° 300-' 350° 400° 450° 500° 

-958,510 -904,950 -901.2.50 —957.480 -953.620 —949,690 -945,700 

78.-59 85.82 92.56 98.88 104.83 110.45 n; 
—1,405.200 —1.1(10,1,80 —1,305,000 —1,389.71X) —1,384,260 —1,378,730 —1,373,090 

110.04 120.13 129..58 138.46 146.84 1.54.79 162.31 

—777,520 -775,010 -772,500 —759,990 —767,490 -764.980 —762,470 

70.20 

—75'./.570 

54.65 

—366.260 

26.2() 

—2,9'.t5,180 

203.50 

—714,830 

02.17 

—492,580 

45.14 

— 1.401,710 

97.85 

84 .'24 

—7.57.050 

:79.71 

—3(i5,OIO 

28.70 

—2.917.640 

219.30 

—712,870 

60.il 

—490,490 

49.33 

—1,897,91)0 

105.;-)7 

88.82 

-^7.54.'1;50 

64.45 

—363,790 

30.99 

—2,909.810 

233.60 

—710,910 

69.69 

—488.220 

53.47 

—1,394,050 

112..59 

93.01 

—751,800 

68.90 

—.36'2,510 

33.13 

—2,901,970 

246.71 

—708,950 

72.07 

—485.780 

57.55 

—I,.300,210" 

119.02 

96.88 

—749,0'JO 

73.08 

—361,200 

.35.15 

—2.894,140 

258..-̂ 0 

—706.990 

70.00 

—483,160 

GI.59 

—!,.386,370 

1'24.96 

100.48 

—716.330 

77.n:i 

—3:59,880 

37.05 

—2,SSl>,300 

270.03 

—705,030 

78.81 

—480,360 

65.60 

—I,3e2,:520 

130.47 

103.84 

—743,540 

80.77 

—358,530 

38..S6 

-2,878.470 

280.50 

—703.070 

81.43 

—477,390 

69.57 

— l,378,C.oO 

135.61 

—1,481,950 —1,476,9'20 —I,47l,7(iO —1,466,:500 —1,461,160 —1,4:55,740 —1,450,250 

11.'̂ ,20 128.30 137.70 146.50 154.80 1G2.50 169,90 

—513,350 -511,570 —509,740 507,870 -505.970 —504,040 —:5O2,flS0 

41.12 4!.!0 47.58 50.51 55.90 

—317.310 -345,390 —343,420 -341,400 -339,300 -337,270 —335,160 

51.68 .55.54 

-217,850 —210,810 

59.I4_ 

—215,7'20 

62.50 05.66 63.65 71.-18 

-214,600 -213,4.30 -212,230 -210,990 

23.88 25 .'J8 27.46 29.84 31.03 33.36 ..02 

_^1,0':9.830" —1,025,610" —1,021,240" _ l ,0!6 ,7r .O" —1,012,150" —1,007,-130" _l,0()',;,u20° 

87,50° 95.96" 103.93" 

32,105 32,527 32.'J52 

111.44" 

33,380 

118.5:5" 125.30" 

33,811 34,243 

58.26 59.11 59.88 60.60 61.2a 61.88 

—3.420 2,066 —2,502 —2,029 —1,:543 -1,0,59 

53.13 54.04 i4.89 55.63 50.42 57.12 

131.74" 

34,677 

62.46 

—5,619 

57.79 

—56,352 

485r 
-55,926 

49.76 

494 

0.55 

—55,055 —54,010 -54,160 

51.'28 51.97 52.62 

—53,702 

. 53.23 

http://60.il
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T.'iiii.r 7 (con t inue t i ) 

iystems ul eldvaled temperatures and pressures 

Species 
T e n i p c r a t u i e , ° C 

.50- 00° 1 0 0 ' 150° 

CO.,, 
A H » — 0 4 , 0 5 0 ' 

. S ° 

-9:'.,-157 _ ' . ;3 ,235 —'32,392 —91,4-tO 

;i.05'^ :.97 53.65 56.04 58.44 

• I n cal m o l e - ' deg—'. '' T h e cr . thal i ) ies g iven in the t ab i c (AH") a r c e q u a l to^ 
t h i s u m of t h e s t a r ida rd enihaly^y o t fo rma t ion fron; t h e e l e m e n t s of t h e respect ive 
c o m p o u n d s a n d gtiscs a t t h e re fe rence t cmpe i t iUi rc ( T . ) p l u s t h e e n t h a l p y c h a n g e for 
t h e c o m p o i i n d o r gas r e s u l t i n g fr.im a icmi .er i i i i t re ine rease frorr. T , to l e m p e r a t u r e T ; 
t h e u n i l s a rc ca! mole—' . T h e va lues s h o w n for -.he ::i!icales ( and br . ic i le ) a b o \ e 2 5 ° C 
h a v c been l o u n d e d to t h e n c i r c s t 10 cal mole—'. -•• T h e vtilues s h o w n in ihi.-; l ab le a r e 
for a i t . in i ia rd s l a t e of 1 a t m at t h e indic : : led te : . iper : i i i i re . .M\ t h e en t i i a lp i e s ar.d 
e n t r o p i e s for t e m p i : i a i u r e s of 50° ar.i! ti'.iove wi:re c o m p u i e d from e q u a t i o n s {11) a n d 
(12j respect ively , .using i h e h e a t ciipaeity p o w e r func t ion coeOicients s h o w n iu t ab le 8. 

T A I I I . F . 8 

Heat cajiticiiy power function coeflicients (eq 10) for solids and gtises' 

.S)>ecie;>' p. fc"xlO-' c " x l O -

a.-\g:S ( a r a n l h i i e ) 
aCu..'-: (chalc(.cite) 
Cii.S (covellite) 
rbS(g : i Ie i i a ) 
ZnS (sjduiieri te) 
ZnS (wur lz i le ) 
Mgi. (niel : ic i i inabar) 
I Ij^S (i iiiiiib:ir) 
FcS (py r rh o i i l c ) 
CUI-V.SM (cl ialeopyri ie) 

F..-.S.. (pyr i ic) 
Ciij l 'eS. ( bo rn i i e ) 
Ag(,., (na t ive silie.-) 
.\u,, . , ( i i a i i vego ld ) 
Cu<,., (nalive.-copper) 
IfK.-;!.., (na i ive m e r c u r y ) 
ci-'e.-O.. ( l iemai i ic ) 
aVc-O.. {iiiagiieiiic) 
aSiOj (qiitirl/.) 
C u O (lei iori le) 
C i r O •.cuprite) 
C.-.CO.; (calcite.) 
Ca Mg((;0..)., . (dolomiie) 
Z n C O , (smiih.conite) 
PbCO,, {cci.-iisiie) 
veCO., (s idei i te) 
a C a F , (lliioriie) 
C:;SO, (i i idr.dritc ' i 
.Ti:-:.-;0./iniii'ie) 
rb .SO. (aogle.siie) 
KA.'.-ii/)^ (mie io l i ne , o i t h o d t i s c , a d u l a r i a , a n d san id inc i 
^a.•\!.^l.,.'.l,. (Jou- al!)itc) 
C:i,-Vt.-;:-.0, i . i i ior ihi ic j 
••^.i:.';'i-.(OiI). (k.-iol:iiite) 
K.' ' ' " ' ' 
K, 
KKe.,Ab:; . ,0,„(OH),(a. 
.Nfg,AI..Si;0.i(OH}, (chior i te) 

•-ii:.il.yyi.JH)._ (K.- io i : iu te) 

K.-u-,Si.,C)..,„'OM).. (riiiisc.o\-itc) 
K^.M;^,..: .A!,., ,Si„.„0„(OM), ( i l l i ie) 
Kl-c . ,Ab:: . ,0 ,„(OH),(anni ;cl 

10.13 
19,50 
10.60 
10.65 
11.77' 
li..'52' 
IO.OO 
11.5V«.'° 

5.19 
15.6' 
17.88 
44.4 ' 

5.09 
5.66 
5.41 
6.44 

23.49 
21.?,8 
11.22 
9.27 

14.90 
24.98 
37_;;rc.« 

12.39 . 
1!.63 
14,30 
10.78 
33.80 
10.90 
6;(,.>i3 
61.70 
64.-; 2 
07.93 ' - ' ' 
97.51;" 
87.0 '-° 

lOO.-ii" 

26,4 
0.0 
2.64 

• 3,92 
1,26' 
1,10' 
3.05 

26,4 
21 .6 ' 

1.32 
40.0 ' 

2.04 
1.'24 
1.50 
0.0 

18.6 
48.2 

8.20 
4.80 
5.70 
5.24 

33.0 
28.60 
26.80 

7.28 
23.60 

0.0 
31.0 
12.00 
13.90 
13.70 
I9..'.;2'-' 
26,38" 
,35,0'-° 
36.4'-° 
3 6 , 1 ' 

0.0 
0.0 
0.0 
0,0 

— I . I G ' 

— 1.04' 
0,0 

0.0 
0.6' 

— 3.05 
0.6' 
0.36 
0.0 
0,0 
0.19 

— 3.55 
0.0 

— 2.70 
0.0 
0.0 

— 6.20 

0.0 
C.O 
0.0 
0.47 
0.0 

—S.43 
4.20 

—17.05 
— 15.01 
- 1 6 . 8 9 

— i 3.781-" 
—25.44" 
— 1 9 . 5 ' ' ' ' 
— 1 4 . 3 ' - ' 
~:i3.9> 

290' 

-90 ,503 

(i0.40 

250° 

—89,739 

G2.05 

Temperature, 

300° 

-83,9.52 

03.40 

350° 

—88,192 

64.75 

>C 

400' 

—87,451 

65.91 

450° 

—SG,726 

C6.94 

500° 

—S6,01'. 

67 .SO 

" R o b i e a n d \Valdb311ra (1968). • C o m p u t e d f rom t h e e n l h a l p y of f o r m a t i o n f rom i h e 
ox ide s {Rob ie , 1966) using e n t h a l p i e s of f o r m a t i o n of t h e o x i d e s f rom t h e e l e m e n t s 
r e p o r t e d by R o b i e tmd W a h l i i a u m (1968). ' \ \ ' a l d b a u ! U (196G). = Rou-. idcd to t h e 
nea re s t e-.-eii 50 cal mole—'. " Ba r .my a n d Kelley <196I). ' H a r a n y (1964). ' W e l l e r a n d 
K i n s •(l'.16.3). ' • W a g m a n aud o t h e r s (1965, 1968). ' Kelley a n d o t h e r s (I9:".0). '" King 
;i:i(! Olhers (1967). " C o m p u t e d r i s ing t h e hea t capac i ty p o w e r func t ion for a n t i g o r i t e 
( t a b l e 8) . •' ( ioii ipuie.d from t h e e n t r o p y gis'on above tor ealci le an t l a n act iv i ty prod' . ict 
c o n s t a n t of 111-"-"' (Hcrner , 19(i7) a l 2 5 ° C a n d 1 a i m . '' Ai l jus led ( w i d i i n l h e u n e e i l a i i i i y 
r a n g e r e p o r t e d in i h c souree vcfcrein.e) 10 aeh ieve i n l e r n : d coiisisieiicy ui i iong e q u i l i 
b r i u m cons l an l s desc r ib ing m i n e r a l assemblages a t 25 ' 'C . 

TAHI.K 8 (eor.l inued) 

Heat cajiacity jxnver function coefficients (eq 10) for solids and gases' 

Spec ies ' l / " \ l C i ' c " x l O -

Na„.;aAU.-,Si.; .c70,„(OH)u(moniniorilloniie) 
Kn.wAb.sjSi, ,i;0,,.(OH).j ( m o n t m o r i l l o n i l e ) 
C.i.,.„wAl:.aT'>i=.i,:0„(OH),. ( m o n t m o r i l l o n i t e ) 
^4g, 1,1.-1̂ 1-1 i-iSij i^Oic^OH).^ ( tuon lmor i l lo i i i t e ) 
Na. ' i lSi.O,.. I-LO (ana lc ime) 
CaMgv'^i03)-<<'.;opsIde) 
M g S i i ) . (c l iuoci ismii ie) 
C;i..MR^Si„0.,..(OH); (1 remol i ie ) 
KA'l.Si,.0.; ( leuciie) 
N'a.M.s'iO, (a n e p h e l i n e ) 
M:; , .Si ,0 .„(OII) , ( ia lc) 
KMg,. ' . ISijO.oF, ( n u o r p h l o g o p i l c ) 
M g . S i O , (I'orsleritc) 
Fe.Si(5.{£avali le) 
M g ( 0 H ) i ( i ) n i c i t e ) 
/•.1(0H).. (.gibbsiie) 
M g , S i . . 6 , ( 0 H ) , ( an l igor i l e ) 

S..c> 
14..S;,; 

:-i...o,,, 

lh.,, 
CO.:,=, 

84.9 ' 
8 5 . 3 ' ° 
84.2 ' 
84 .0 ' 
50.17° 
52.87 
24.55 

i.5().7"^* 
39.23° 

6.63 
70..S9'-'' 

100.86 
35.81 
36.51 
13.04 
8.G.5 

75.82° 
3.72 
7.81 
7 30 
7.16 
G.52 

10.57 

.34.3' 
.34.9'° 
33.G' 
33 .7 ' 

7.84 
4.74 

70.60 

— 19.7' 
—19.7'^° 
— 2 0 . 0 ' 
— 1 9 . 9 ' 

—15.74 
— 0.23 

0.0 

'• Keilev (I960) . " T h e e s t ima ted power - func t ion coelTicieists for kao l i n i l e g ive 58.16 
cal moic—^ deg—' l o r t h e h e a t capac i ty of kao l i n i t e a t 25'-"C, c o m p a r e d 10 .58.62 cal 
m o l e - ' dc .K- ' l e p o r i e d by King a n d \Vel ler (I9G1). " H e a t o p a c i t y a t 2 5 ° C (c i i m o l e ' 
c\cff-') Aviien ib i s q u a n t i t y is useil as i l .e -1" coefficient in e q u a l i o n s (11) a n d (I'-) w i ih 
/ ) " a n d c " set to / e r o , the h e a l capac i ly is t r ea ted a s a cons t an t . " I ' a i .k ra tz (19o4, . 

R o b i e a n d S iou t (1963). ' T h e subsc r ip t s (c), ( l iq) . a n d (g) refer 10 cry.stalline, l i qu id 
anri ;;:.s. le.speeiively. - King and o i h e i s , 1967. ' E s t i m a t e d by .suii iming (ui appr . - ipr ia te 
pmp'ortiiHi.s) ll-.c coofi ideins in l h e h e a t c:ipnciiy •iwer fuuei ioi is I'or t<ie e.er . ir i i ls 

( I ha lp i e s .for K-O b e l w e e n 401)" a n d lOOO'K r e p o r t e d by R o b i e a n d W a l d b a u m (1968). 

^ \ ' ' ^ 

file:///Valdb311ra
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mineral assemblages, define mineral stabiliiies, and jiredict (by controlled 
extrapolation) higher icmjierature stability regions. 

Activily Coefjicients and Degrees ofForination of Complexes 
.Stoichiometric individual ion activity coelficients for .'\l-<- + + , . S - - , 

. S O J — , COa—, and various ore-forming melals in comeutrated .N̂ iiĈ l 
solutions to 3(10°C tue shown in tables 13 and 14 and iilotted iu ligun^s 
9 to 14. These values, t.ogeilier. with the attivity coelficients for jNa-"-, 
K4-, and Cti++ in tables 13 tind 14, wei-e comj.uted from equilibrium 
constants given in tables 4 and 5, nia.ss btilance expressions of ihe kintl 
shown in eipituion (49), true individual ion activity coelficients (-oiii[)uied 
from equation (-13) u.sing 25°C d value.s", lUid the data in table 2. Values 
of -̂ .̂,, ill i\tiC.:i soliiiious (table 2) were used in the calculations to 

lejire.seni the ti<ii-.-ii. i iiellirieni.s of the iii:iiii-til sj)ec-ies. .Also, a,\—. I, 
lind .IV in lh.- ctihultiiinns weie Itiken lo be those in jiure N'aCl solutions 
(itible 2) bectiuse Other t-oiistiiiienis in hydrotliermal solutions are coin-
iiiDiily jii-e.-eiii in small (-oncenirtiiions comjitiicd to NaCl. The stoichio
metric individutil ic.ii tiiiiviiy (ocnicienis shown in ttible 14 tire conserva
tive values; thtit is, they do not include jirovision for divalent and iri-
vtdeiu comjilexes of the metal ions (see discussion above and footnote ;i, 
ttible I'l). The coinjile.ses ivitli the liigher charges were oniiited to jire-
clinle tiny subsinntitil errors ihtii might be introduced by the assumjition 
of cronsttitit tl vtilues. 

The degrees of .''ormation tichieved by metal cliloride comjilexes in 
coiK-eiiilined .sodium chloride solutions at high lempertitures are de-
jiii-ted in figure 15. The distribution of sjiecies shown in figure 15 is 
btised on c\iihitiiioii of 

; ' < . - ! - ' y ; 

P.y 
(54) 

C O 

where a. is the degree of formation of the eth monoiniclear comple.x 
coniaining 3' moles of chloride and 1 mole of the (th cation. The curves 
for the resjicctive metal ions in figure 15 include provision for all of the 
reactions and sjiecies involving those ions shoivn in .table 5; the fs„ y., 
and y, vtilues u.sed in the calriiltiiions were comjiuted in the mtinner 
de.aribeil tibovc. because 25'^C t\ vtilues were used to compute the adivity 
coeffitieuts required to evtiltiate ei|;itiiion (54), ajiprecitiblc error may 

'have been incorjiortcd into the ctilctiitiiions of a, for the divalent com
jilcxes at the higher Lemiieiaiiircs. Figuie 15 thus illustrates only the 
disiribulion of sjiecies in solution tliat occurs if the i"i values for the 
ions reintiin essentially consiruit from 25'̂ -C to 30n°C. Tf they in ftirt in-
creti.se si.tfnificantly, the ditigrams in figure 15 will chtinge substantially, 
bill the -/, vtilues presented in ttibles i3 and 14 and figures 9 to 14 will 
be affected only slightly owing to ihe fact that the divtdent (tuid liigher 

• T h e values <if .'i were ;issigncd on the basis of Kiclhiud's (1937; ii vtilues a.ssi:ming 
cqii:iliiies for similar complexes. 

.iystems at elevaletl temperatures anil pressures />;> 
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T.M-.I.E 10 

l'!(Hiililiriiiin ronsttmts for lhe disprojiortionation of iUjucotis ious, oxiilatioii-redticiion of 
hydrolheiinal minerals, and dissolution of gases in .-aqueous solution at elevated temjieratures 

AI1°,.(T,)'' A S \ ( T . ) " logKfl-)'^ 
Reaction" (cal (cal mole--' ! .__!_! 

mole—) deg-') 25°C 50°C 60=C • lOO'C 150°C 200°C 250°C 300-'C 
2C;r ^ Cu»(,, .̂ . Ci7̂ ^ ITTwVO — 34.45 w l 4.92" 4̂ 57 3!20 1̂ 84 0.66 — 0.37 — 1.27 

3Aii*:^2Au°„,,-f. Au"» —33,500' —60.4 9.82'= 7.91'^ 7.22" 4.76" .2.24*' O.IG" — 1 . 0 0 ' ' - S.ll 

Cu.-,FeS. + 4FeS. zz> 5a7FeS . -(- S,,„ ^ , 7 5 0 ^ 68.91' — 26..5 — 23.2" — 22.2 — 18.2 — 1 4 . 2 — 1 1 . 1 — 8.5 — 6.4' 

4FeSi-j-4R.0^4re'--)-7S + SO, -f 8H' 109,430 —2J9.04 —200.57 —189.7" —18:'i.46 —171.89 —158.96 —149.17 —141.49 -130.04 

.3Fn.O,,,, ; i l 2Fe,0.,v, -f- i/^O;,,, STJOO S I S ? — 31.43 — 31.13" — 3o".04 — 26.62~— 22:07 —. 1S.'J5 — 16.44 _ 14.35' 

)-'g-%ic) ̂  FeS;,) -1. i^S,^ 3 2 j l ~ 2M2 — 17,2G — 15,42-= — 14.78 — 12.;50 — 10.25 — 8.48 — 7.03 — j'»\ 

Fe.S,„ -{. FeS,,,., .|- 3/20„,., ; = Fe.O.,,, + 3/2S«,, 307,:i,59 7.49 63.G9 58.67" 56.90 50.S9 44.92 40.20 36.38 

' l'"cS„„ - j - 3/£0;.<.., ^ Fel l , , , , -f 2S„^ — 53,940 31.12 4033 43.18" ^-Fils 35.3'.i 34.06 31.72 .29.35 

3Fe5v(,, -{- 20«j , ^ FV.TvT-f T£i^^ 1752300 OsSi 32^27 'ly.U? 48.-24 4I57 40.95 38.11 

C i v s ^ - j - '^S:,,„ ^ 2 C u S „ , — 19,41^ 24IJ0 8̂ 92 TTT^ 7^2 oioG 4^2 3 ^ 2.77 2.09 

C i ^ „ 4 .2H* -}- i/^O,,,., ; ^ C u " -I- l-LO(,"i^ — 52,925 — 39.34 3019 27d^ 26T3 ^^45 1^4 16104 13.78 iTST 

SCu'u) -i- i/jS..,,., ^ Cu;S„> 1734,488 — 14.29 22.15 20.20" 19.50 ITOO 14.78 12.8S 11.3S 10.16 

C"°(c) -f l i ' -f i/CO,,., ^ Cu*-f i/CH.O(H,,, I - 17.227 — 2.4^ Ti^OO T u ' loTS 9^63 Js io TOO 7.07 6 ^ 

^•"°M -f '/4-S.-tt) ;raCuS..„ —26,945 — 19.27 1534 14.01" 13.46 n.:".8 11.35 9.94 7.09 G.I3 

H ° M -F H- -t- 140,(5) ^ Ag' .'r- i/oH.O.Hg) — 8,84"? Ŝ GO T 2 7 674" ĈGO GM s l i l 5^06 474" AJIO 

'̂ ••^S'lo -f ^-S;!c) ? ^ Ag^„> — 23,077 • _ 13.51 13.95 12.05" i i d 9 iol57 9^00 7̂ 77 6.79 5.<J9 

I ' g ' d n ^ -I- 211* ..j- i{,0,(,., : ^ H g ' + H,.0(TiZ — 26,725 — 31.69 1^06 11.13" ioGl 872 6^84 sisT 4 J 5 3J4 

„_ «{)--. .-... • « * . 

Hr<iw> + ' /A„?: iHgS<„' _26..500 - 2 2 . 7 5 14.43 12.86" 12.40 10.55 -8.75 7.80 C.14 .5.19 

Au°„i + 3/4O5,., -i- 3H' ^ Au"* -t- 3 H , 0 „ , „ - 4,850' — 46.0 — 13.61' — 13.34" — 13.24' — 12.91" — 12.59" — 12.35" _ 12.17'' — 12.02° 

Au°,o -f 140,,,, -J- l i ' ^ Au* -t- i/oH;0,n,> 12,080' o i — 7.81' — 7.08" — 6.S2" — 5.89" — 4,94'' — 4.17" — 3.52" — 2.97'" 

CO„.,-f-H;0„.,„v^H,CO„„„,° . — 4,650 —22.3 — 1.46 — 1.70"— 1.7S — 1.97 — 2.07 — 2.0C — 1.9S — l.S-i" 

H.S(t, ^ HsS(.„ — 4,100 — 18.3 — 0.99 .— 1.20" _ 1.20 — 1.43 — 1.52 — 1.54 — 1.52 — 1.46' 

* AU reaclants and producis aie aqueous unless olhcrwise indicated by the sub.scripts (c) for crystalline or (g> for gas; the subscript (liq) refers 
to liquid. The crystrdlinc compounds correspond to the mineral designations given in tables 7 and S. " Except w-here noted othcr^visc, these 

;;:d"kii^;;;: A .̂ ' ^ ^ U ^ KPO vaiu« are con^iem wiii^oiai v> ; i ^ - - r f^ : r ^i^",; "^ii^'^oSc^o' ' ^ " c ^ : ^ ^ ^ ^ ^ u : : ^ ^ : : : : j ^ ^ o r S . 

the free energies ot cliaicopyriic ana onnme app;;m 10 ut mun; i.uii:»:i.k.iii. .....i ••.s" .v...f.^ ^ ^-j .- .„ . ...^ .,«..,„^., .̂,_ 
Skinner, 1967) than do Young's (1967). ' This value compares favorably with lhat (—l"i.9) reported by Barton and Skinner (1967), but the slope •>! 
log K(T) is more positive. Rrirton and Skinner assumed the heat cnpaiiiy ot reaction to be zero; the present calculations indicate that the heul 
capacity is neither zero nor constant. 



TABLE II 

Activity Jiroducts for hydioihci-mal mineitils and ctjitilihriuin constants hir 
various .silicate reacnons involving ;,„ tiq.icons jihtise at high tcmjieratures 

Reacliuir 

C'"i'.-,Fe.S,„,„„,,,„ ^ ,j(j„' 4- Cu* 
-)- l-'e'* 4- 4S 

f:"l"eS,<,„.,,.„,,,„,^, ^ Cu*"̂ ^ 
- f - I ' c ' * - f 2S 

I'bS ^ Pb** -J- S 

^<«I.halrrl,c)<:^Zll" -|-S—— 

'^"S|„„ri,i (o> « ^ Zn'* _). S 

CuS 7=i Cu** -J. s ' - ' ^ . 

r) «= Hg'* 4 . S— 

|^gs,,l ,„„•„,„ ^ Hg*' -I- . s — " 

FcS : ^ Fc** 4 s 

o i s o . ^ C a " 4 . S 0 , -

A.S°,(r,.)'' 
AH",.('r,)" (cal 

(cal mole- ' 
)nolc—') deg—') 

log KCO' 

!5°f. 50°C GO°C lliO=C 1;50°C 2(;0°C 250°C 300°C 

183.210" -120.10" .160,5 _. 1:50.0' -146.4 133.4 - — 120.8 -110.6 —102.3 —95.0 

57 .OSO" — 89.90" 61.5 .58.4' 57.1 — 53.1 49.2 

32.030 — 23.34 — 2.'<.57 - - 26.67' — 20.14 23.96 — 21.93 

46.2 — 4 3 " — 41.9 

20^36 — 19.14 — 18.3? 

22.040 — 43.77 25.72 — 24.44' — 24.03 22.48 21.01. — l9.Si 18.86 18.17 

18,385' 46.56' 23.05 -^ 22.:58' — 22.24 20.96 19.73 18.73 17.95 

67.-127 2.76 _ 50.02 — 46.17' 44.83 — 40,0.S 35.45 — 31.71 — 28.74 26.36 

62.0.S(I — 14.06 — 48.: 4.-..G5' — 43.79 — 39.37 — 35.05 —' 31.54 28.65 — 26.32 

• .36,070 43.53 - — 35.96 33.91' 33.18 30.60 — 2.^.21 26.28 24.73 

01.830 32.40 52.37 — 48.84' — 47.64 — 43.36 — 39.23 — 35.98 33.42 — 31.45 

64.560' 29.12' — 53.68 — 50.02' - . 48.73 — 44.25 .39.91 36.51 — 33.83 — 31.72 

12.200 42.52 18.39 18.17' _ 17.96 17.12 — 16.33 15.71 

29.070 — .13.75 —36.15 — 3.'i..50'' —32.74 - 3 0 . 1 7 —20.60 —24.10 — 22.25 — 20.75" 

3.7:55 — .34.10 4.7(!" 4.99'-- — 5.0D'-" - 5.63" — 0.35" — 7.18" 8.12" — 9.0.5' 
"aSO,;.„H,„,«::»Ra** - f SO, 6,140' — 23.80' — 9.70 — 9.42' 9.34 — 9.22 9.34 
''^'•''0.t...clc.l.,) ^ Pb** -}- ,S0^ 

CaCO, <=> cli^*-)-C:CvF= 
220' — 28,2' 7,75 — 7.70' 7.70 — 7.8G 8.26 — 8.88 — 9.00 — 10.44 

3.190 — 49.0 — 8.; 8.62' 8.74 — 9..39 10.25 — 11.37 12,72 — 14,10 

00 

t: 

f i 

17,39 s . 

5 

23.5G' = 

15.22 — 14.94 ':^ 

9.'/G — 10,34 — 11.05 ^ 

CaMg(CO,)., i„„,,.rt;=^Ca' 
+ Mg.* 4 2 C O . ~ ,2'.)0'-'—105.69' — 17.02' — 17.63' — 17.92 — I<J.2S — 21.02 — 23.26 — 25.83 8,2'.)0 

28.4(i 

.ZiiCO-,.„„,i,«o,,ii.)?^7.n^' 4 CO:, 4,420' 59.30' — 9.72 — 10.05' — 10.19 I0.S8 — 11.77 — 12.90 14.18 I5..52 5. 

I'bCOaiefrru^lt-l • ^ Pb*' -1- C O r 5,710' 42.40' — 13.45 13.19' — 13.1G 13.21 — 13.54 — 14.30 — 15.31 — 10.50 

5.030' FcCO:„,.a.rlTl ?=̂  l ' e " -f CO:; 

C a F , „ „ „ „ ^ „ ^ C a ' * . | - 2 F - 1,530^ 

KAlSiaOs 4 Na* ;=± NaAISiA -(- K* 5.9.-'.9 

G5.8' )0.G9 11.04' — 11.21 11.95 12..8G — 14.05 15.32 — 16.67 =. 

36.26' 9.01 _ 9.01' 9.01 9.20 — 9.66 — 10.26 — 11.08 12.13 

7.83 — 2.64 2.29' — '2.49 — 1.80 — 1.43 1.15 — 0.'J5 — 0.79 =. 

3KAlSi,0s 4 Z H ' ^ KAbSi,0..(OH), 
4 2R ' - ! -6SiO„„„ — 8,880 I'J.87 10.85 

2KAl,Si..a„(C)l 1)., 4 214* -J. 3H,0« 
^ 3 A l . S i , 0 . . ( O H ) . 4 2K* — 13.3<J5 6.46 11.22 

10.31' 10.17 9.5 8.91 8.49 

10.45' 10.10 9.12 7.96 7.04 

4C3Mg(Si03)., 4 Mg'* 4 211* 
?ri Ca;Mg.SiA-.(OH), 4 2Ca** — 32.̂ 130 — 3.81 22.93 21.00' 20.42 18.08 15.62 13.63 

NaAlS i0 i . t -K .*4 lbS i0 . 
;:i: KAlSi.O,, 4 Na' 4 2H:0 !!,(109 — H,I9 4.81 4 32' 4.13 3.50 2,92 2.45 

2Al(OH):,"'-f 2M..SiO, 
^Al . .S i , 0 , (OH) , 4 51bO" 9.275 6.90 H.2'.» 7.S' 7..59 6.'.)7 6.44 6.02 

,\lK-.Al.Si,.O,.,(OH),4l0H* 
;=i .Al..Si..0.,(OM), 4 5Mg'* 
4 H.SiO. 4 5H,0- -111,865 75.08 65..5: .59.6' 57.15 49.81 42.86 37.95 

8.1£ 

6.20 

11.76 

2.05' 

5.70 

34.18 

7.82 

:5.44 5 

10.13 

1.75 2 . 

5..54 

31.26 



•FAHI.E 11 (continued) 

' 'Whore no indication is given, all reactanls and producis except liquid w-ater, Ji.SiO., and ionic species correspond to the mineral des
ignations given in table 7. H.SiO, and all ionic speciis are in the aqueous standard slate. '' Except where noted otherwise, lhe vaiucs in tliesi; 
coliimns weie computed from ihermodynamic ikita given in tables 3, 7. and 10 (footnous j a n d k). ° F.-<ccpi where noted oUicr.visc, the log 
Kfl ) value.s .for 25"C weu: coiiijHiiftd irom tiic vtdiies of A H ' ' , ( T , . ) and AS°r(T,) shov.-n in lhe l.ible; those for GO'-C and abov.-: were calcu
lated using AH°,.,(T,). S°.(T,;, and a\-er;igc heat ca]ii:ciiy vaiues for the ions. H,0,,i„, . and H.SiO. (table 3) lo first compute AH''i(T) and S ' i f l ) 
for ihcse si'ecies at elevated lemperatuies (eqs 13 and 14). Tiiesc values were then used togelhcr wiih those computed from cq (11) and (12) 
using d:ii:i given i.i tables 7. 8. and 10 dootiK.lcs j and k) for ilie solids and S;,;., to cvahiaic equation {15). With ihc exception of dolomiie 
(.see fooliiOie 1 below), vaiucs of AlI°,(T,) and S''(T,.) for mineral.s ncl included in tables 7 and 10 were taken from Robie and \\'.ildbaiim 
(1968). .All the log K(T) vahies aie consisienl v.ilh mo.'al units of concentration. " See fooinntcs j*:/iid k, tabic 10. ' Liquid water. * Intei--
polaicci. '- Compuied using tlie lieat r.ijiarily pouer function for antigorite (lable 8) to repre.seni chr-.-sotile. ' Chrysotile. ' Computed from data 
given ill i;ib.'c 3 for the ionic species and, except where noted otherwi.-c, the enihalpies of formalion and entropies of the minerals at 25°C 
tauulaic.i by Robie and ^VaI<ibaum (1968), ' Compuled u.sing the eniropy for dolomite icporied by Stout and Robie (I9C3). ' Langmuir 
(1964): Hsu (19(57}: Berner {l!!i67). ' The A H ° , ( T , ) value for dolomite used in the calculations was computed from the activity product con
siant lor dolonjiic and a calculated eniropy of formalion of dolomite from the elemenis at 25"C (seo fooinote j above). "' See fooinote p, 
table 7. " These values dilTer from ihose rejiorted by Vcaits and Maishall (I9C9), who did n-.it take into account explicitly ihe effects of cal
cium sulfalc complexing in ihcir calculation of the activity product for anhydrite. "' Crystalline gibbsite. 

T A E L E 12 

Equilibrium constants for the hydrolysis of silicates and 
us oxide, hydroxide, .-md carbonate minerals at elevated temperatures'-' 

A<;° /TA" ioo-Km°. ' A S ° , ( T , ) " log K(T)-= 

4Al'"-f 2!l,Si0. 
3.47 1.12 

^ 1 
CO 
o 

>>. A S ° , ( T , ) " 

A H % ( T , ) " (cal l o g K r r ) ' 2 
Reaction' (cal mole - ' . ' c 

mole- ' ) deg^') 25°C 50°C C0°C 100°C- 150°C 200°C 250^C 300°C S: 

4CaALSi . .O, . f -5Mg- '4]8H' 
•=i Ca,,".tg-..,Si,0„(OH).. 4 2Ca** 

_ ^ SAI"*.^814.0° —I.S.5,7I0 —429.53 42.25 39.1' 28.06 15.28 2.74 — 0.G5 —14.48 —20.79 

Mg,AL'5i,0„(0H), 4 2 C I ^ ~ 
-[-!»lLSi0. 4 2H* 
5=̂  C.^,.^.'g.•.Si,0~,(0H). 4 2A!<•* 
-\-\-yi\fi' —53,630 —103.47, 16.69 13.6' 12.68 9.96- 6.32 .4 .22 . . 2,84 1,97 

'Mg:.Si.0„,(0"H)r-f 5HX> '' c, 
«=Urgv'i!.03(0H)."4'^H,.Si0, 17,605 — 1.31 —13.19 — 1 2 . 2 0 ' — ILSS' — ICCO" — 9 . 4 3 ' — 8.47 '— 7.68-' — 7.0:-?' 2 

^ 
&? 

s 

Reaction* A H ° , ( T , ) " {cal m o l e - ' 
(c-ilmolc-') deg - ' ) 25°C 60°C 100°C 150°C iOO-'C 250°C 300°C 

^ i a T 2 F b O ^ . H.SiO. f'.g^P ''^-''t - 4 . 0 0 - 3 . 5 2 - 3.0S - 2 . 6 7 - 2 . 3 5 - 2 . 1 1 - 1 . 9 4 ' I 

KAlSi,0«„,icrpnue.^+^4H* 4 4 , • ^ _ 11,960 —34.19 1J29 0.42 —0.32 —1.14 —1.57 —1.95 —2.38 £ 

' ^ ' ^ ' 4 ! * A 1 ' ' * ' + 3 " . ' s > 0 « ' ^ • ^ _ I2,9G0" —37 .71" 1.26 0.30 — 0 . 5 0 —1.37 - 1 . 8 3 —2.31 —2.77 ^ 

KAlSi,0^,,hUH|..|,m..|!^4"* + ' = ^ _ 13,580" —38.60" LSI 0.50 —0.34 —1.25 — L80 —2.26 —2.74 5" 

NaAlSi.O,n.,._^.,^.^.^») + 4 H ' 4 4 H , O ^ N a ' _ 17,900 _ 42.00 3.94 g.Ol 1.4S 0.31 - 0 . 4 1 - 1 . 0 1 - L; 

NaAlSi.O,,i,,.^.i.u.^.+4H* 4 4H,0 ^ ^ ^ " ^ _ 20.690" - 46.49" 5.00 3.46^ 2.13" 0.75" - 0 . 1 7 ^ - 0.91^ - 1.65 

K-iMSi CTTTI-O -I- 411*4 H . O - i N a * ^ 
^ ' ' ' ^ A p * / V 2 ! l S i O . ". - 2 5 . 7 8 0 - 43..56 9.37 7.45 5.79 4.18 3.13 2.31 1.63 2 

1.59 = 

.650 2 

- r - " . ' • . 
CaAl.Si':^a -t- BH^ ̂  C a " 4 2AI'*' -J- 2H.SiO. — 70.590 —123.77 24.69 19.32 14.53 9.79 G.34 

AUSi/)>(0H)m.M.^». + CH*^2Al*** , 3 8 , 4 1 5 - 9 3 . 9 4 Y G S 4.75 2.27 - 0 . 1 2 - 1 . 7 2 - 2 . 9 8 - 4 . 0 2 | 

'^'^^''Zf^'o'-\•m%^l ^ ' -39.270" —92.51" 8.5G 'j.GV 3.10° 0.69"> — 0.90"" — 2.1 S"" - S.Og™ g 

Al S' O .'Olb.,.,,,„,,11,) 4 6 H * — i 2 A I * " 
4 H P - f 21I.SiO. - 4 3 , 4 4 0 " —94.01'= 11.29 S.OS"" 5.2!°' 2..50'° 0.67-" — 0.75 — 1 . 8 9 " 

K A h s l A o ( O H ) : 4 l O ! l ' ^ ' v ' - f 3 A ' " ' 4 - S ' b S i O . ~ 6 4 , 3 2 0 —137.68 17.05 12.21 7.97 3.80 0.93 —1.38 —3.31 

'^" ' ' l i " -5 'x 'K^4 ' 'o^d lV —46.486' —108.60' 10,54 6.85 3.82 0.81 —1.23 —2.87 —4.29 %. 
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TAni.p. 12 (coniimied) 

'^^•' '"••°"- AH";n \ )" {c^fmo^^^'' HKO-y-i 

^ ^ r ^ ^ r ~ ^ ^ ~ ^ 7 T T , TT- - C 0 £ 0 ^ _ - J ) 6 £ ^ » ^ ^ ,s.7 H:7 10.8 s . O ' 5,8 

^~ ' ' i±l i l jLi"f l^ K- 4 Al". 4 '.tuj{i7~ZT^j^r-s-,r^ 
'̂«.ALsiA„(OH),,.,,:„^, . n ^ T T i i T ^ - — -

__Mi ' " '+3U,S iO. 4 •,U-f,0 — ^ 
•'''N'a„.,.,Al. „:;,- 0„,(OH),„,, , ~ -i , 99 , , ;— 

-4- .̂ U f l I'. '_""•""..orllloiilir) 4 -^-H' , -̂  . ^ 
r T — ^ — ^ - ^ ^ ^ : - t l : ^ + " ' • ' ^ S i O , _,24.420' -335.44- I8.3-' 9 00 0 9"' ' 7 , , ' .or, . ^ 

4- KiH n - r •'•'"'•".'...<.riii..nii.i 4 44J-I- .- ____ X 

4 | f , ( . | 0 ^ w ' ' ' -""••nTi. . , j r l l lonl l t ) -f- I t l t ' • — _ _ _ 5 

^ • ^ ^ ^ ^ ^ i ^ ^ ^ J r ^ =^S2£70_--J7J4 m G _ J 7 ^ _ , ^ ^ 2 ^ _ _ ^ 0 1 11.4, 10.03 8.85 f 

^^ '^•^O^^rr i rTT—^ ^i!LJiH._J!fl__iMi_H£L_^ 25.27 I 

F ^ ; i y ^ M f 7 1 V < ^ 2 P ^ r T ^ ^ ^ i 2 £ 1 5 _ _ _ 2 9 J I 32.20^28.2.3".. 24.77"-^ 2L39".> 19.00".^ 17.10" 15-.S" ^ 

Mg...SiO. 4 4H' ;:i2Mg** -V ".-SiO. — 49.880 — 33.31 29.28 25.47 22.08 18.74 lfi.26 14.26 12.61 

F e , 0 , 4 6H ' ^ ~ 2 F e " * 4 SH.O —30.445 —110.96 —1.93 — 4.24 —6.28 —-8.22 —9.09 —10.30 —11.81 

FcjO. 4 814* ; ^ Fe=* 4 2Fe*** 4 4H.,0 — 49,660 —136.49 Ĝ T̂ 2.79 — 0.57 — 3.77 — 6.21 — 8.13 — 9.60 

C u O , „ „ „ , u . . - ( - 2 H ' ^ C u * * 4 H , 0 —15,785" - 1 7 . 0 8 " 7.84 6.63 5.56 4.50 3.72 8.09 2.:59 

C u , 0 „ „ , „ . . , 4 2 H * ^ 2 C u ' 4 H , 0 

Mg(OH)„ 4 2H ' : ^ Mg** 4 2H.O 

Al(OH)„, , ,„ . , , .„ .s ,bi , . , , . , - f 3 H ' ; : : i A l " ' 4 3ILO" 

5,945" 

— 25,820 

— 23,845' 

13.11" 

— 9.81 

— 43..52"' 

_ 1.49 -

1G.78 

7.96 

_ LOI 

14.84 

G.17' 

— 0.48 

13.10 

4.62' 

0.05 

11.41 

3.16' 

0.62 

10.09 

2.15' 

LIG 

9.08 

1.36' 

1.70 

8.53 

0.76' 

Al(OH)3,c , rptOCr)>I : . l l l i i< tll>>>>lt>) -{- . _ ~ 
3 H ' L i . \ l " ' 4 3H,0" - 2 5 , 5 6 0 " —43.52" 9.23 7.30 5.6S 4.05 2.94 2.08 I.4I 5 

CaCO, 4 2H' : ^ C a " 4 H , 0 4 CO.,, , — 4,02"o siTsT 9.70 9.4S 9.25 9.frl 8.95 8.81 -8.73 "g" 

• \Vhcre no indicaiioii is given. ;dl reaclants other than H.O and H ' correspond to ihe mineral designations given in i:ible 7. H.SiO, ~. 
and all ionic .species arc iu the aqueous siaiuhird stale, and H-O refers to liquid water. The subscript (g) refers to gas. " Except where = 
noled otherwise, the values in these columns were compuied from dala given in tables 3 and 7. '' The log K(l") values for 25°C were com- J 
puted from the vahies of A H ' ' , ( T , . ) anil A S % ( T , ) shown in the tahle; those for G0°C and above were calcuhiled using AH°,.i(T,), S°,(T,), C 
and average beat capacilies for the ions, H...O|ii„„ and H.SiO. (table 3) lo first compuie AH'iCf) and S"i(T) for these sjiecies at elevated = 
lemperaiuies (ei]s 13 and II). The.se vaiucs were ihen ns-.nl logether wilh Uiose computeil from equations (II) and (I'2) using data given ~ 
in tallies 7 and 8 for the .solids to evaluate equalion (15). Values of A H ' / I T , ) and ^"(i',) for minerals nol included in table 7 were takeii "^ 
from Robie and Waldbaum {196.̂ ,). as were dala used to compute average heat capacilies for high albiie. .-Ml the log K.(T) vahies are con- ^ 
sisieiit vriih molal unils of coiueniraliDii. " Comjiutcd from data given in table 3 for ionic species.. !ljO, and H.SiO,, and ihc enihalpies £ 
of formtiiion ami entropies of ihe minerals at 25''C tabulated by Robie and Waldbaum (iyO.<). ' Coni|)Uted from dala given in table 3 and = 
an csiimaied third law entrojiv for ihe mineral at 25''C obtained by summing (in ajjpiopriaic projjoriioii.s) the entropies ot the oxide D 
componenis of ihc minerals u.sing 9.4 cal mole—' deg—' (Laiimer, 195'-') for H..,0—st-e lexi and fooliioies f and g below-. ' Cioinpiiied from daia 
given in lable 3 logeilu'r wilh the free eneigies ot formalion nf the mi lerals obuiined lioin .solubilily siudiis and eniropies nf rormalioii 

• • j : -
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TABLF. 12 (continued) 

and estimaieil'piw,"^. ^.'""' '"V'' •^"""PV «iii":iies for the minerals given beiow. The calculated free energies and enthalpies of formation 
"aieil cntiopics of the minerals at 25'C arc (per mole of the raineral with the comj^osiiion given above): 

Minei"dl 

Illite 

Mgchloriic 

AH°,(T,) S°(T,) AG°,0-r) 
(cal mole- ' ) {cal mole—' deg~') (cal mole- ') 

—1,390,820 

Source of A G ° , ( T , ) 

—2,109,840 

Ca-raonimorili,iniie —1,367,980 

, Na-montmonllonite -. ',366,840 

K-inontmorillonii i(c —1,368,520 

Mg-montmorilionitc —1„364,I40 

Crystalline gibbsite _ 308,100 

66.4 

112 

61.2 

C2.8 

IG.7J 

-1,300.980 Conijuaed from the sohibiliiies of illite and kaolinite in sea water reported 
by Mackenzie ami Cariels (1965). 

-1,954,800 Calcuhiled from liic .sohibiliiies of chlorite and kaolinite in sea water 
icpoilcd by .Mackenzie and Carrels (1965). 

-1,279,240 Coirijjuted frora the comjiosiiion of Siena Nevada waters (Feth, Roberson, 
and ]'o!-/.er. 19C4) considered lo be iu equilibrium wilh calcium mcnlmoril-
kiiiitc (Garrels and Mackenzie, 1907). 

-1,277,760 Calculaied from the free energy of formation of "calcium nioiitmorilloniie 
assiiming log (""xa'A'eji-O — '- ' ^'"' ̂ '"^ exchange of calciu.m for sodium 
(compuied by R. M. Garrels (jicr.sonal commim.) from data icportcd by 
Schaduschabcl, 1940). . 

^̂ -•̂  —1,279,600 Ciiiculaied from tlic free energy of foriuaiion of sodium monuiiorillonirc 
assimiing log («. , - . ,7 ' 'K*) = 0.5 for the cxdiange of sodium for potassium 
(compuled by K. .M. Ca-.rels (jicrsonal conimiin.) from data reported bv 
Scharhischabcl, 1940). 

61.2 —1,275,340 Calculated from tiie ficc energy of fonnation of calcium montmorillonile 
• assuming log ("jj^.-Zic:,..) x= i l j o r the exchange of calcium for magne

sium (coinpuled by R. M. Garrels (personal commun.) for data reported 
by Schachtschabel, 1940). 

— 275,200 Computed from tlie solubilily of crystalline gibbsite repoiied by Kittrick 
(1906) using daia given by \Vaginan and oihcrs (l9G8)_st-c foiilnote tt, 
table 4. 

^ ^ ^ ^ i i m ^ . i ! ! l r ' ' t ^ C ^ " " r r ' r l l r ^ " ' ' ^ ' i r - n ? - ^^"?^ '" ,^"« ' ^V-'^^s (11162) for Fe.O.,„„„„„. . , 4 KA1S,0, , ,„ . , 4 H , 0 , „ ^ 
Waldbaum f'jOGS) 'I „• n t - J " ! " . ' • , ' " " ' -^0/0 bars using d;ita it.ken from tables 6, 7, nnd 8. Ander.sou (1967), and Robie an7l 

I .uo;. i n e pioccduic u.sed 10 lhe caku!ation js dcseribcU in ihe text. The csiimaied third law entropy of annite at 25°,C is 

CO 

.0 

S: 

O 

s 

V i 

g. 

100 cal mole - ' d e g - ' (see footnote c above), and the calcidaled v.-ilues of AG°,(T,) and Al4°,(Tr) for annite are —1,150,100 and 
—r^33 750 cal mole - ' , rcspcciivciv, •• Ii ean lie deduced from comparison of various equilibrium conslanls given above that tiic assem
blage Vibbsitc-L quartz is not stable wiih respect lo ka.oliniie 4 H , 0 in the tcni|ieraluie r.tnge 25=- 10 3tlO=C. However, calculations of 
hiKh temperaiure ciiuililnium consiants for the hvdrolvsis of corundum, boehmite, and diaspore using .solubilities delermined by Apps (ms) 
or ihcrmodvnamic daia ccMiipilcd bv Robie and Waldbaum (196S) result in vahies that lequire kaolinite to be un.siable ivitli respect to • 
c-idi of these minerals 4 quartz -f H..O at tempcraiuics well below .300-C. In view of experimental evidence indicating that kaohnite 
is stable up to , - , 300'C (Hemlev a'nd Jones, 1904) it appears that the thermodynamic dat.-i for corundum, boehmite, and diasjjore at 25°C 
arc in "error. On lhe oihcr hand, the crvsiallinitics ol kaolinite, gibbsiie. dias|)ore, and bnehmiic jiroduced experimentally are quite vari
able and ihus (see fooinote r below) the .substantial agreement lhat exists heiwecn the results of solubilily studies involving kaolinite and 
tbe ihermodvnamic daia (lal,le 7) ii-sed to compuie the log R values for kaolinile given above is nol neces.snrily a dcnnitivc criterion for re
solving the cbnOic-..' The illite in lhis rcaclion is close lo an illilic end inemlier conqjosiiion in the moniinorilloniic-mixcd layer illite solid sol
ution series (Howcr and Mowatt, 1900). ' Computed using the heat cajjacity of cryptocrysedliue gil.ihsite 10 represent that of crystalline 
Eibbsiie "̂  Idealized end members in the beidellite solid .solution scries. • The entropy of crysialiine gibbsiie :il 25^C was assumed to be 
equivalenl to tbat ol crvptocryslalli:ic gibbsiie in the calcnlaiions. "" f^mjjuted using C"'i.(T,) for halloysite aud dickite {5S.86 and 57.24 
cat mo le - ' deg""', resjiectively. King and \Vellcr, 1961) as constants. " t:ompiitcd using the iicat cajiacity of antigorite to represent that 
of chrysotile. '• These values are coiisisient with those reported by Hosteller and CZhrisi (19G3). " Compuied using average heat capacilies 
for hinh albite—see fooinote c above. ' O w i n g to the significant eirect of cryslalliniis on ilie thermodynamic behavior of the clay min
erals tne actual hyrirolvsis of these minerals in geocliemical processes cannot ncress;irily be described in terms of the log K. values shown 
in lliis lablc: the liydrolvsis constants given in the lable are "idealized' values. • Hydrolysis conslanls are given in this table for a number 
of minerals that arc not stable iu the jjicsciice ot H...O at the leiiiperaiures indiaiied, (for example, ensialiic. forsterite, et cetera). Tlicse 
reactions were-included lo enable adrlilive calculation of cqnililjriuin conslanls for slable assemblages and lo farilitalc extrapolation to 
hiehcr temperature.s. • Conslant heat cajiacity fits of the log K vaiucs gi-.-cii in the lablc results in the following estimates of equilibrium 
cmistanis for die reactions (in the above order) at O'C: —4.4, 2.1, 2.1. 2.4. -i.!, 6.3, 11.1, 29.4, 10.2. 11.2, 14.2, 21.4, 1,3.5, 2G.4, 16.9, 11.5, 83.3. 
•27.̂ 1, 26,6, 54.5, 54.4, 12.7, '22.0, 62.8, 21.4, 35.7, 19.7, 32.6, 0.1, 9.9, S.'J, —L'J, 18.5, 9.G, U.O. 10.0. 
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. X * ^ - I 2 -

-20 
50 ICO .150 200 250 

TEMPERATURE°C 
300 

Fig. 9. Sioichiomeiric individual ion activily coenicicnts (•'/O tor lhe aluminum 
ion as a function ut temperature at constant j)H (indicated by the numbers ou lhe 
curves) in 1 ( ), 2 ( ). aud 3 ( ) luohd- NaCl solutions (see text and 
table 13.) 

charged) complexes were omitted from the calculations rejiresented in 
the tables. 

Disiribution diagrams are jiresented in figures 16 and 17 for alumi
num hydroxide species and complexes involving the hydrogen ion an-:i 
carbonate, sulfide, and sulftite ligands, resjiectively. Unlike the curves in 
figure 15, those in figures kl and 17 represent die equilibrium p H at 
a given tcmjierature for equal activities of the sjiecies shown on cither 
side of the curves. Similar distribution diagrams for sulfur, copper, and 
iron sjiecies in terms of fugacity of oxygen antl jif-I! at two temperatures 
are shown in figures IS antl 19. The relation between fugticity of oxygen 
and the ratio of die conceniration of total sulfate to that of total sulfide 

sysiems al elt:\iiited lemperalure.s anil l)res.siiies 

T 1 1 1 1 I f 

7R7 

-6h 

•>o 

g-IO 

-12 

-I4h 

-16 

-18 
J I 

50 too 150 
TEMPERATURE,''C 

• I ' l i L 

200 250 300 

Figure iO. Sioicbionietric individutil ion activiiy cocfticient.s (-^i) (or lhe sulfide ion 
as a function oE leinpcraturc al consi-ani pH (iudicatcd by the numbers of ilic cur\es) 
in 1 ( ), 2 C ), and 3 ( ) molal NtiCI solulions (sec text and table 13). 

in a 3 molal NaCl solution with a pH of 5 at elevated' temjieratures is 
depicted in figure 20. The curves shown in figures 16 to 20 were com
puted from data given in tables 4, 6, and 9. 

.A.lthough iniiny equilibria arc considered in the preceding pages, all 
hydrolhermal reactions of interest in hydrothermal geochemistry could 
not lie included in this comniunicaviou. Oti the other band, die data and 
equations sumtntirized above permit other high tcmjierature equilibrium 
constants to be calculated lo suit the requireir.crUs of one or another in
vestigation. In many instances, a desired equilibrium constani can be 
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-1 1 1 1 1 1 1 1 1 r 

50 100 150 200 250 

TEMPERATURE, °C 

300 

Fig. 11. Sioichiomeiric individual ion activity coefficients (-y.) for the sulftite ion 
as a function of ieu-,|>ci-aiiire at conslant pH (intlicaied by ihe numbers on the curves) 
in 3 molal NaCl solutions (sec text and taiile 13). 

obtained by coinbiiiiug various reactions for which log K(T) vaiucs are 
given in the tables. 'Valiics of -yj can be taken direcdy from the tttbles and 
graphs, ami values of y*< ctin be computed as needed from the dtita and 
equttiions given in tlie foregoing- discussion. . 

Tire iiiformation contained in lhe tables permits quantitative cal-
culiitions for hydroihcrmt.l systems ami jirocesses at high temperatures 
without the aid of a comjiuter. As an example, calculated sulfide solu
bilities are jilotted agtiinst lemjieralurc in figure 21. Note ditit with the 
excejition of meiacinniiiar, the ccmiiiitcd solubilities of the individual 
sulfides in a 3 iriohil rxaCl solution with ti jiH of 5 are more than suiTicicnt 
at high temjieratures to account for hydrotherrnal ore deposils of the 
metals con.sidered. It can also be seen in figure 21.that tlie solubilities of 
a number of the sulfides are similar at high temjieratures, but change 
dill'ei:enti.ariy wilh decreasing temjieralures. Many other conclusions, ob
servations, and imjilications of coiisidertible geologic sigiiificance can be 
drawn from similar cakultitions involving the therraodynamics of hydro-
thermal rcaclions .summarized above. Di.sciission of tlicse is beyond tiic 
scope of the present paper, but in future communications the thermody
namic relations presented here will be used to define phase relations 
among silicates in hydrothermal systems and to evakiate polyphase equi
librium Slates and the mtiss transfer involved in hydrothermal vein for-

syslems til eleinUcd lemperatuies and pressures 

T 1 1 1 1 1 J r 

?ii'J 

• % ' 5 0 , ' T 0 0 ^ 5 0 200 250 300 
TEMPERATURE,°C 

I l_IVl l l_ l » r - . , ^ . , 

Fig. 12. Stoichiometric individual ion activity fOefTicicnls (</,) tor the carbonate 
ion as a funclion of tempei-aiurc at consiant p H (indicated by lhe numbers on the 
curves) in 1 ( ), 2 ( ), and 3 ( ) molal NaCl solutions (sec text and lable 

13). 

mation. Such calculations make it possible to characterize quantitatively 
the mutual solubilities ot sulfides and silicates at high temperatures. 
Irreversible retictions responsible for metasomatism and the paragenesis, 
replacement, and '/.oning of hydrolhermal minerals have been jirogram-
med for machine evaluaiion. The methods employed in the calculations 
and idealized models of the mass transfer involved in various geochemical 
processes have been jiresented elsewhere (Helgeson, 1968b; Helgeson, Gar
rels, and Mackenzie, 1969; Helgeson and Garrels, 1968). 
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(sec text and tabic H). '' ^ ^ ' solutions at elevated temperauir 
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s y s t e i i i s n t elr i iHteil l e t i t peya l i t r e s a i u l pre.ssuyes 

TAHLE 13 

fJl 

Stbicliiomctrie individual ion activity coefficients (fi) for aluminum, 
sulfide, carljonate, sulfate, and calcium ions present.in relalively 

small mncentrations in 3.0 molal. sodium chloride solutions 

. \ ] ^ * * ( a s suming 
t h e p resence of 
A l ( O H ) - ' a n d 

i A ! ( O H ) , - ) 

1 

S — (a i summgvl i i e 
j presence of US— 
i a n d H3.S(.,,,) 

j CO;,-—- (.-issuming. 
t h e j iresence (if 

I IICO,-, i4.,eo„,.„. 
a n d CO.-ia,,,)'' 

) 
t S O , (assuming . 
j t he -p resence of 
j H S O . - i n t i ie 
j absence oE 
i ca lc iuin) 

i 

p H 

2 

3 
4 
5 
0 
7 
8 

n 
to 
It 
12 

2 
3 
4 
5 
6-
7 

o 

a 
-i 
J 

6 
7 

2 
3-
4 
5 
6 
7 

ae.*" 

2.5°C 

— l . i ? 
—1.17 
—1.21 
—1.49 
—2,26 
- 4 . 8 7 
^-R:Kr. 

—12;86 
— 16:86 

—'au.so 
—24.80 

—r6;Ei6-
—14.00 
—12.61 
—10.62 

—8.7t 
—7,20 

—12.38 
—10..1'3 

—8,39 
—G.43 
^ 4 ' 7 ] t 
— 3 T 5 0 

— l-.Ol 
—O.iM' 
— 0 . 9 5 
-0 .9 , -1 
—0.95 

. ^ 0 . 9 5 

5 0 ' C 

— 1.22 
— 1.25 
— i.47 
—2.18 
—3.54 
—7,33 

— 1 L 3 S 
— !5,33 
— 19,33 
—2a .33 
—27:.3a 

—t5;o4-
— 1S.G4 
—11.65 

-ill.ftO 
- 7 . 8 1 
—0.39 

—12.22 
—10,23 

—8.23 
^ 0 . 2 S 
—4:58 
— Z . B 

— LOD 

—L.no, 
—0.99 
—0.93 
—0.99 
—0:93 

100?C 

— 1.46 
— L 9 4 
—2:83 
—3:94 
—7.34 

—11.34 
—15.34 
— 19^34 
—23.34 
—^•;.34 
_ 3 L 3 4 

— 14.17 
—12,17 
— HI. 17 

—•ti-'iO 
—6;39 
_ ; j . 0 4 

- . I2 . -37 
— 1037 

—S:37 
—6.41 
—4:65 
—3.38 . 

— 1.43; 
— 1,44; 
— 1.10 
— 1.40 
—1.10 
—1.10. 

I p g - / ) ' 

ISO'-C 

—2:49 
— 3 . 4 5 
—4.45 
—6.7.2 

—10,70 
—14;70. 
— l!Ji70 
—22:70 
—2(1.70 
—30.70-
—34.70. 

— 1 3 . 1 1 -
— 11.11 

—9.11 
—7.13 
—r'...=iO 
—3.93 

- 1 2 , 7 9 ; 
— 10.79 

—g,79 
- 6 : 8 1 
— 4 : 9 7 
—3=58 

—2.03 
—1.42 
—1.20 
—1.25 
—1.24 
— 1,24 

2 0 0 - G 

—4,07 
—3.04 
—6.27 
—0.83 

— 13:83 
—!7.S3^ 
—2L83> 
—S-..H3 
—29:83 
—33:SS 
— 3 7 t i i 

"—'12 .20 ' 
- 1 0 : ^ 9 , 

—8,1;!) 
—0.30 
—4.43 
—2.98 

—13.52 
— 11.52 

- 9 . 5 2 
—7.53 
—5.62 

— 4 . 0 3 

—'.i.77 
—1:93 
— 1,51 
— L 4 3 
- 1 . 4 3 
- 1 . 4 3 

\ 

2 5 0 - G 

^,=5.71 
—6,71" 
- 8 : 6 5 

—!2'.60 
.—Ifi.GO 
—20.60 
—24.60 
_2S.r,n 
—32.60 
—36:60 
—.•I'O.r.i) 

— 11.69 
—'j.;i9 

- —7.6!) 
—5.70 
—3.73 
—2.27 

—14.79 
— 12.79 
— 10.79 

—8:79 
- 6 : 8 3 
—5,10 

— 3;79 
—2;S2 
- 2 . 0 7 
—1.73 
—1.75 
— L 7 5 

SOO'C 

—-7.35 
- ^ . 3 6 

— 10.50 
— 14:45 
—18:45 
—22'.45 
—26.15 
—3U.45 

34.43 
— ^ - 4 5 
—4^.4.5 

—11 l'i: 
• —o;4u 

— 7 : i ' j 
—5.4'J 
—3.47 

. —i l ! 
—17.83 
— 15.ii^ 
— 13:83 
- 1 4 . 8 8 

—9.8S 
—7.93 

—5.0', ' 
—4:62 
^ 3 . 6 4 
- 2 . 7 7 
—2,33 
—2.*23 

SO.-—- (.-issuming 0;001 —0.05 —LO — L l —1.3 —1.5 
llVc presence o£ 
H S t l - a n d . 0;01 ' - L 0 4 - L l —L2 _ 1 ; 4 - 1 . 7 
CaSOii;,,,, at' , 
a jiH' of 5) . ' 

°30 i" 

0.001 _0,67' '-^0,7 —0-8 '—0.9 —1.2 Cti'^' fassuViiing 
live presence, o£ -- -
•C;aSO*c... ^ "^ 0 ^ ' - 0 : ^ 5 - 0 . 8 - 4 . 0 - L 2 - I 
GaCd^ifli at a 

. pH of b)' 

•Comi)Ut.cd from equation (49) or expicssioiis for anions analnRous to _eqiia(ioii 
(49) usiiit; data :given in tables 2 and -1 .(see text), t. If the total molanty of caltium 
preiciu- t̂ i the solu lion is one or less, the coinpuled values of y c o , — arc not 
nfTected by tbe formation of CtiCp:,.,,., - W h e r e total Ct>,j„^ is l m , than, 1 moltil. 
^the •GaGO,,.,, species has a negligible clYeci-on f c , " at pH C and below. 
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TABLE 14 

Stoichiometric individual ion activity coefficients (-/,) for Na4-
and cations present in relatively small concentrations in I.O, 2.0, 

and 3.0 molal sodium chloride solutions 

Ion 

Ar 

Cu*° 

Cu '* 

P b " 

" • l . X . O l 

I.O 
2.0 
3.0 

LO 
2.0 
3.0 

LO 
2.0 
3.0 

1.0 
2.0 
3.0 

25°C 

— 5.07 
_ 5.08 
— 6.08 

— 4.75 
— 5.36 
— 5.75 

— 0.91 
— 1.03 
— LIO 

— 2.07 
— 2.99 
— 3.75 

50»C 

— 4.S 
— 5.5 
— 5.8 

— 4.8 
— 5.4 
— 5.8 

— 1.0 
— 1.2 
— 1.3 

— 2.0 
— 2.6 
— 3.1 

lOO'C 

_ 4.5 
— 5.1 
— 5.5 

— 4.9 
— 5.5 
— 5.9 

_ 1.7 
— 2.0 
— 2.2 

2.2 
— 2.8 
— 3.3 

i"S y . ' 

ISO'C 

_ 4.3 
— 4.8 

r._2 

— 5.0 
— 5.6 
— 6.0 

— 2.6 
_ 3.0 
— 3.2 

— 2.3 
— 3.0 
— 3.4 

200<>C 

— 4.3 
— 4.fi 
— 5.1 

— 5.4 
— 6.0 
_ 6.3 

— 3.7" 
_ 4.1'' 
_ 4.3"' 

— 2.5 
_ 3.2 
— 3.6 

250''C 

— 4.2" 
— 4 .7" 
— 5.0'' 

— 6.0" 
_ 6.5" 
— O.S" 

— i.S" 
— 5,2" 
— 5.4" 

oyi. 
_ 3.5" 
— 3.'j" 

300°C 

— 4 .5" 
— 5.0" 
— 5.3" 

— 6,6" 
— 7 .1" 
— 7.5" 

— 6.0" 
— 6.4" 
— 0.7" 

— 3.5" 
— 4.2" 
— 4.6" 

7.n^» 
LO 
2.0 
3.0 

_ 

— 

1.00 
1.43 
1.84 

_ 

— 

1.4 
1.9 
2.4 

_ 

— 

2.3 
2.9 
3.4 

_ 
— 
— 

3.2 
3.3 
4.3 

• 

., 
— 

4.3 
5.0 
5.4 

, 

— 

5.2" 
5.8" 
6.3" 

_ 
. 
—-

6.5" 
7.2" 
7.6" 

Hs 

Fc-

I-e' 

.•\u 

Au* 

Na* 

LO 
2.0 
3.0 

I.O 
2.0 
3.0 

LO 
2.0 
3,0 

LO 
2,0 
3.0 

1.0 
2.0 
3.0 

LO 
2.0 
3.0 

-1.0 
2.0 
3.0 

-14.9,8 
-15.90 
-16.50 

-14.4 
-15.3 
-1:5.9 

.1'2.8 
-13.7 
-14.3 

-11.8 
-12.7 
-L4.3 

-11.3 
-12,1 
-12.6 

-11,1" 
-11.9" 
-12.3" 

2,02 
2,60 
2.98 

2.5 
8.1 

3.4 
4.1 
4.5 

•I..4 
5.1 
5.5 

6.1' 
0.5' 

0.61 
0.6.S 
0.67 

0.67 
0.71 
0.70 

0.7 
OS 
0.8 

0.8 
0.9 
0.9 

1.0 
LO 
1.0 

8.8 
9.4 
9.8 

8.2 
8.9 
9.2 

7.3 
7.9 
8.3 

6.6 
7.2 
7.5 

6.0 
6.6 
0.9 

5.6" 
6.2" 
6.5" 

-25.4 
-26.7 
-27.5 

—24.0 
25 o 

—26.0 —: 

21.7 
23.0 
23.8 

-20.1 
-21.3 
-22.0 

-19.1 
-20.2 
-20.9 

-18.7" 
-19.8" 
-20.4" 

0.18 
0.17 
0.15 

0.19 
0.18 
0.15 

O.' . ' l 
0.20 
0.17 

0.25 
0.25 
0.24 

0.3! 
0.33 
0.33 

0.41" 
0.46" 
0.49" 

0.22 
0.22 
0.20 

0.22 
0.^3 
0.21 

0.25 
0.25 
0.24 

0.29 
0.30 
0.28 

0.35 
0.37 
0.37 

— 0.4 ^" 
— 0.49" 
— 0 .51" 

-11 .4 ' 
-12.'2" 
-12,6" 

6.6" — 
7.2" — 
7.5" — 

7 .1" 
7.6" 
8.0" 

— 1.2" — 
I Ob 

— 1.3" — 

0.61" 
0.68" 
0.73' 

0.62" 
0.71" 
0.76" 

the J a l u e ^ o f ' T t n ' o " - T i T T ' ^"'' " •^""^ '= ' ' '^'''"''i'!c complexes used in calcnlaiin.. 

S.S1C!. is:"s,e'.̂ ;ii 'I', ̂  "Si sr Scii:̂  s r';„sis 
s^s^ii^ii^su^K^'-m^^Kh^^^ 
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in the calculations. ' No log K(T) dala arc availabic for CuCl, , , , so this species 
nnl consiilercd spccilically in lhe calculations. •• T h e term for F e d " was 

this 
was titi.^ III'I v«.iiiDiiii.i^ti s | , i . i . i ii( Ul.} Ill i i i u V.l iv.li i . l i l l ' i in . J l i e l u i i i i i l l l I t ; v.. I » . i 3 
omitted from equation (49) to eliminate the iunuencc of the divalent charge on this 
species, which is the most stable of the ferric chloride complexes. T h e degree of 
(nrinatiun achieved by this species is represented by the magnitude of the overall 
dissociaiion runslanis for ihe higher o)-der ferric chloride complexes considered in 
Ihe calciiltitiiitis. " ' there is lillle indication ihai chliuide complexes of Fe** form 
to significani degrees, at least at low lemperatures. T h e values shown for Fe** arc 
thus ctpiivalent to individual ion activity coeflicients. Because the ion is divalent 
ami a l.'5"C: .'i was useil in il:e calnilations, the activiiy coenicienls shown for this 
S[)ecies at high temperatures are proli:ibly loo sinall. On the other hand, there are., 
indirect indic;itinns from .solubility data lhat l-c** may form stable com])lexcs with 
chloride in the region (..f 300°, and lhat ihe overall stability coustaiii is of the order 
of 10"= or 10"", lu view of ihese uncerlainlies, the activity ctie/ncients shown above 
for F e " should be considered pr<)vi,sional esliin;iics. ' I h c values shown for these 
ions are based on lhe dissociational leaclions for the gold species shovn in table 5. 

0 IOO 200 300 

TEMPERATURE, "C 

IOO 200 300 

TEMPERATURE. "C 
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TEMPERATURE, "C 
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TEMPERATURE, "C 
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CuCl : 
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TEMPERATURE, "C 
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TEMPERATURE, °C 

i:i„ 15 IX-rees of formalion (c) for metal chloride complexes in 1 (-"—) ^ ,̂"f 
3 ( i : ^ ) molal NaC.solui ions - ^ - " ^ ^ ^ r ' ^ ^ ' ^ e c^ tT^^ ^ m^^^ : : in 
not .shown because inc ^i;-^^^'" , " R £ ' - \ , , " " 7 ? ' V " , ^.^^ been omitted from the 
solution. Complexes that f " " ' \ ^ ° " ' ' ' ' " 1 , ; " V a i d ngm^^ 13 «nd l-l. th.e a values 

S ' " b c ^ r ^ e " . ^ - " % n ' ^ V " - - ' " ^ ' ^ ^ P - - - '̂ "̂ ' ' - ' ' ' - ' ' ' - ' ' ' ' 
(o£ each caiion) in table 5 (see text). 
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Vig. 16. Vli.siribinifin bf alimiiniim species iiv .aqueous, soUiiipn ris a, fimciion o£ 
tempei ;iinie-and solul ion pH. T h e curves represent-ci]ual activitie's of the species sliowin 
in adjiiiiiing field,.: in the ditigtiiili. T h e positions of lhe curves arc dermcd liy dissocia-: 
tioii eon status in table 4. 

, , ,—Ic i and sulfate speLie..i iti tiqiieoiis'stiliiiion 
•a.?.a fiintiiim uf iciiiiieraiiire aiiit scihiiiiin jifL The curves repie.sent eqiial ac(iviu"cs 
of ihc species siiowii in adjoiiiiiig :lVelds in ihc di;]f;i-3ms. T h e positions of the curves 
are dchncil by .dis.soci:ilipiv eon.sl.iiiis iu talile 4. The siibstripf (app) indicates that the 
species i-elerVeil ur'-ii Ihc iindiffeiciitiaicd sum nf I-LCO3 and CO-j,-,̂ ,.,-,, 
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Fig, Ifi, ni.stribniion of sulfur species at 25''C (- —} and -SOO'-C ( :) as ,1 
funaion of /;,„ iiiid .solution pH, T h e curyes, ivbicli deline the positiuns of c-puil 

.iclivilicsof the species iu adjoining rields in the (liag|-iim, Were compiiicd from the 

cqitilibriuiii.coiislaius,given in tabic 'X T h e field for HSO,~ at 25°C lies lo die lefi 

of the diagra 111. 
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Fig. 21. Ctiiciihuti! stfliiliitmictiic fiobibiliiii:^ (in lernis of the iiilal lijptalil.y of 
(he mot:il inii) irif' various iiidividual sullides i;i a 3 molal sodiiun diloriile. sbliitiri]) 
Willi a pH of 5 , a I elevalcd ieinpei-alin-es. M̂ >S velers in m(;t:iciiiiiKbar., Lx!:iTpt for 
pyiite. chalrOpyrite, ami boi nil c, lhe .whibililics u-erc con i'p uted frciili equatibn (5!) 
,niid the d:ii:i ])rest:med in t;ij)k:s"ll, I'a, aiid M. Pvriie ,«ilubiliiics- were calculaied by 
e^:dlla!ln^^, 4l.'tS.. ,.̂ - -Mit' + 4 IrLO. "^-MILS -J. 4i"e" .-fl ' S O . T - — :iiul -li-eS, -|^- 7 H ' 
.-i- •IlLri) j ^ TIL,"! -4- 4l-'e-"* + I't-'iO;,^ wilh the. aid. of the (laui iu lalile.S: 1(1, 13,.and 14,. 
'T'II.U sViliibilUies'br 'chalcopynic :ind bnvnite wore coi'ivim'ted'from oxidtuioii-reduction 
•ctpuiliiins .uialiigi'iu.s-in ili:as'e giveii ;ihove, .for pyrite, wlii'-h are "vvntteiijn terins of tlic 
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' 'I- -A Ŝ  -"f d'a,sp(!re, kaohnite, diekiie, :iiid halldysite: ILS, Uur. Mines Ittot 
Jnv. 5810, 6 p. ' • 1 • 

1<!62, l.o«i leiuptraiiii-e heat ctipaiiiiy iuid •eiiii-ii|iy ;u '..".IK.l.̂ -K 
niciciD-ie sui rule: ILS. iliir. M ines, Rept. Tnv. 600,L 4 p. 

Kittrick, j . A., 1!I66, The free eneigy of hJi-maiion of giblisiie aiid Al(.OU) 
soli'ibility iiieti.siu-eni'eiils:' Soil Sci. Soc. .•Vmerica P i o c , v. 30, p . .59.5-5!)R. 

ko/ini,sev;i, T . N,, 1064, Sojiiliili 1 y; oi> hydrogc'ii'suLnde in wtiter at elevated temperti-
lurcs: Ccokltiuiiy:i, v. ,8, p. 75S-765. 

Kiaiis, K. A,', ;uid Raiidon, R. J.. 1!)60, ..•\nibn c\ch;iiige sliulics. XXXI, .^dsorjition of 
"Zn (11}' :iiid C-.i (til) from HCl SDhiiious 'in the lemperaturc hiiige 25°-150°: 
-Am. Cl'iem, Soc, Jour., v,'82', p. 3271-3276. 

Lafon, G. M., nls, 1969, Soiiie qii.uiiittuiyc asp'ect.'i of the ehemicai evolution of ilie. 
oceans: Pli.D. thesis. Noriliwestern Uiiiv., Ilept. Ci'col, Sci,, Evausioti, 111; 

Langiiiuir, U., m.s l!I[i4, Slabiliiy of ciirlioiiates in tlic sysiem G;iO-.MgO-CO;-H;0: 
!'li,M, thesi.s, Hai-.rard- Univ.,'Caiidii idgc- Mass". 

La lillle r, \V. M., 1952, 'i 'he q\iii:itioiv .st:iies of die eieiiieiHs and tlu-ir poteiiilaLs • in 
ai,|ueou,s sciliititiiis: Engleiviiod Cliffs, 'N.J„ ,Pi-eiilice-lt;ill, biC;. 39'2 ,p. 

Leden, I., 1952, 'Lhe use.oC anion.csth:iiigc rcsiii to piove the pi-e<eni:e of anionic com• 
pieltcB in .soiiic c:uluiiiiiii and copper salts: Svciisk. kcin. t idskr.,y, 64, p : L15-I49. 

.Eciis.siiig, R, !:,, iiiid HoUbolL L .'̂ L, 195,% T h e .sbUibilily product of ferrous hvdiosliles' 
and tlic ioui-^iitiou-of the riqito.-'feiioiis ibu; ,;Vm, Chein. Soe Jour,, v,.7:l p, 24:7r>.2479. 

Liei-/.k(T, M. I-L, Hupf, H, ii . and ..Stoiighlou. R. U'., 196.5, Electroinotive force siudies 
iri aqucniLs solo liou at elevated icifipciaiiii-es: VL ' I hc il'ieriniidyiiainic pioperiies 
of 'llOl-NiiCI ill iN tures;-'jour, Phys.. Cliem ist r.y, v. ()9, p. 23!15-.2399. 

Lietzke, M. I.L, .ind Stoughton, R. W., 1961, T h e cajcukiiinn of activity coeffidcnls 
from osmotic cocflideiYt data: Jour. Phys. Chen'iisliy, v..fi.5, p^ •;08-:509. 

I.icukc, i\r. j-t,. .St'oiighioii, R., \V., and Young, T . F:, 4961, The'liisulfiit'O acid coiistant 
from '25 to 225" ;Vs compiled irom soUibilily data: Jour. Phys. Chcmisirv, "v. 65, 
p. 22^7;2249.. 

Linds:iy, AV. T,, j r . , ' tuid Liu, G. T., 1903, Vtipbr prcskirc lowering of aqueous .solu
tions tit elcvuieti iciii])ei-:iiures: Final iicport, Cpi)tract 'no. 1.4-01-0001-407. Division 
of "Chein is try, OlTicc (if.S.iliiie VVater, U.A. Dept. inieriof, W;ishiiigiuiii, .ll.C., 23:7 p. 

Macken>.ic, ¥. T;, :nid Garrels; R, M.,.I9Q5, Silicaies: ic:ictiviiy wilh sea water: Science, 
v,:i50, p.:f)7'5,R. ' . 

NTakobn, G. N., Parion. FL N,, and Wiitsoii, I, D., 1961, Enthalpies and entiopics'of 
" Eoriii:iiIbn of Hg (H) lialide ! : I comple-s iiins: jour . Phys. Cheuiisuy, v. (j5, 

p, 1<;K!0-1902, " ' 
Marcus, Y.; 1956. "bci:s6n'al rnimniuiicaiinti 

complcNcs by Sillci'i.'L. C . iinil Mtiitell, ... _ ,, 
1960', The anion e^:clla^lge of' metal cbmplejies. IV. Iron (III) cli lor 

system: Jour, Iiioi-ganic Nuclear Ghemi-str,y, v, 12, p. 287-296. 

' cited in S lability constants of ine ial-ion 
A, E.,,;lGB4: London, Chein. Sbe, 308 p. 

• ' ule 

»IIJW.«W.MiJMMll8WW*Wi<a«IIWI^ 

http://pres.su
file:///vatcr


..« 

mu Harold C, Helgeson—Thermodynamics of hydrolhermal 

Ntareti:?, V., aud .Mavdeii, D., 1963, T l i e a n i o n e.vtdiq'nge of m e t a l wi i ip leKes . V H I . ' l h e 
L'ifeet of t h e s ccouda rv c a t i o n . T h e r i n c - c h l o i i d c sys tem: Joui- . Phys . Ghcn i i s l ry . 

V. 67, p . 979-983. ' „ s„ • .-- -
Marb iu iy , G., I9:'P9, C o u s i a n t c s d c dLssociaiion .dc r h y d i o g e n e sulf u i e : Elect i och u n . 

A rtti, V, 1, p . .58; 59. , , , . „ . , , . . . 
Mars i i a l l , \V, L„ 1967, A q u e o u s systems- a t l i igh lempei-aUire . X X , 1 tic i l issociat ion 

c o n s i a n t :iiid llie nnody i i a m i c f unci ions foi' nu ignes lu i i i su l fa te to 200'?: j o u r . 
I 'hvs. Cl iemis l ry , v, 71 , p- 3.5S:L35.f8. 

M e v e r , C h a r l e s , a n d H e m l e y , J , J., !i)67, Wtill rock a l l e i i u i o n , i)i i i . i rues , H , L., ed. , t l e o -
' r h d i i i s i r v of bvd ro th e r m a l o i c - d e p o s i t s : Neiv York, H o l t , R l n d i t i r t , a n d Wi i i s lun , 

Inc. , p , i,6(i.2;{5:. ' . , .,. , 
Morev, G. W. . l- 'oiiaiier, R. O., a n d R o w e , J , J., 1962, •Fhc'solql>.luy>of . < | u a r l / i n i r a le r 

iii l h e t e i n p e i : i t u i e i i i le iv td from 2 5 - lo SOO'C: G t g e h i m . e i •Cosmoch im. Ac ta , 
v.-26,-p. 1029.11)41. ., . . . , - . . 

Muluou i i i ed . S. S . a n d Jiiiii<I;i|-;im. E. V!. 19fil, T ' l i e h p e a r o p h o l o u i e t r i c de te i i i i i i i auo i i 
of l h e dissMd;iii<iii eoiisi;ui!S of h y d r o g e n siilhil^-: J o u r . S d . l i uL R e s d i r d i , v. ' iOtl, 

'P- " ' -"^^ " " • - • - ' . , .• 
Niiir . \ ' . "i. lv.. anil Nanei.lla.s, C . I L , 19.58, T h e r m o i l y n a m i e s of ion associuiioii . \ : L 

Ma;;iiisiiiiii and / i n e suirale.s: tthc-m. Sue. J l .ou i io i i j Joui*- p . 3706.;!7 III; 
- ^ ,lii5!l, 'I hei'iiio'ilviiiiiiiics of •iim :is?qci;iiioii, VII , . .Some' t rai is i t iqt i . i i ietal siil-

f:i(i:s: filii-iii, .Soe [l.pVfilon] fiini-.,, j). l-iri8-';i-IIi2. 
,N;i.>;iiK-n. R'.: Li.'i':): [.iied, in St:vliiliiy c o n s i a i u s - o f ineial-iii i i comploie.-s by L, G. Si l len, 

-a iu l -A.- , l i ; . ' \ la r [e l I , ,-19114: Loi idi in , Cbei i i . S o e , :306;,p. 
.Nelson-, 'F„ and i.;)'aus,.'K,.,-\,, l!!5-,!,, .•\jiiim-e\-i:haiii;;;--stiiilies, N L r,,c.iil-.,(11) a n d b i s inu tb , 

f i l l ) hi-di!orii'le--;iivd uili-iiie .siibiliiTiis: ;-\i'ii. Clieiir. -Soc. Jo'iti"., v,'.Tii', p . :7',)16-5920, 
Xtiyes, A. .:\,., liii)-?, "Lhe 'eiecn-I'ei'i, coni i i ic l ivi iy of . iqu' toi is s i i l i l l ions: "yVasliinglo'i), 

'!>,(%.,. Ga i 'neg je ' I l l s 1. "Wtlsihiiiglba, Piib., 63, 352 -p, 
Noyes, .-v. .-V..-KiUo. V.. a n d Sii.sniao. R..4i , , 1910, T h e hydio lys i s of :u i imoi i ium a c e t a l e 

,-,uid i h e ioiii/.:ilioii of wa te r :ii l i igh tetiipertili i i-es: ' , ' \m. ClieiU. .Sot. l ou r . , v. S*) 
.|i. L1<);i7H. "•'• - . - . - - • - -

Oiv i t l e . P ; M.i l!)j;:(, .-VIkali ion e:ich;ingc lii.-uveen v a p o r a n d fe ldspar phases : .Am. 
. Jour . SiL, v; 2(;t, p . 21)1-2:17. . 

Oiveii. P. P. , ;ind Ibi id. ley, S, R., J r ^ i<)4L Ca lcbh i l ipn of liie eifect o t p r e s s u r e - u p o n 
n,iuic ei | i i i l ihri : i in pu rc -w i i i c r - and stilt so lu l ions : 'C l i em. -Rev , , , v;'::;Qi p . .10l,..j7.!,-. 

P:i;ikv:uj., I., Vl,. l in t l , Migh-i[:nip.ei-aiiii-e heai con ic i i i s inid cnt rOpies of muscov i i e anil 
dehydi-tUed •i]iu:sco,vJlc: l,I-.-.S. Uur . Mines R e p t . Im-'; q J i / I . fl p . ' 

P;uiki ' j i i / . \ . . y,., ;uhl King; E. C , 19!i5„ Fl igb St ) iTper :hure-bea t conlei i ls a n d c n t r o p l e s -
o ; nvo -/.jiic .4iilhdc;s :iud f o u r solid siilii'iions ri'l- ?.iiic and- i ioi i su'lfides: U.S l i u r 

Miiu, :sKi:pt . liiv. ,67(Jt<,-S p, • ' - * 

Peiirstin, n „ Copeliwil] .c:: 5i,„ a n d IScuson, ^ . . W:, m i m . T h e - e l e c t r i c a l - c o n d u c t t i n c e of 

" ' ' i ' ' ' ! lii T I M 7 " " " ' ' ' ' ' " ' •" ' '^ ' " ' i '^. ' '^ ' ' ' f ie^SnO' to, ;iSS?; A m . Cl ic .n ; 'Sf )c , ' jou i - , ; v,-.85, 

)li63h:, 'Lhe eleclr ical con dmn;i l ire o f j ; q ; i eq i i s bl'di-o d i l or ie a d d i n tlie 

system.s a I idevalvd teinpeyatur'es fin'd pye.ssurex SU: 

... .„ | . .^ . . . ,„ . . , . . , . .Li in. i iL .U.IO 111 i n e 
•i-a::,gc 300 io 38:i*^: Am. '[,:lu-iii;-,S!Vc; j 'oi ir : , v. 85; p . H)44-1047, 

1,'iizei:,-K'. S., I'.B7. ' I ' he hcat.s.-of iqni'/tii'irjii-of vrarer, ,;iniiiu)ui_uiii liydro'ii-JdiL-, carliOiiic, 
jiho.'.jjhov'it ;iud"'surfiiric.iicitis, 'l-'be, v:u:iatio!i;: of- io!ii/:n,ii)ir'ebiisviutis u;i,i4i.lein]ic*ra-
tiji-t;','aiiil 'i,lie'ii!iii-"oi)V (:-li:ingc ivith ioi i iwiioi i ' : ":\m.. Che'iti. 'So'c: j o u r . , v. 59. i>. 

-2;i6,5'-2;i7'l-. "• '• ' . 
I 'ii/iir, K. S., a n d li!-cu,;;r. L., 1961, Tl ic rn iodyi i i iu i ics , 2ii(] cd, of Rcvi.siou of tliel ' : 

)ii'((ily:iiiniics by G: X , Leiris,'tii-id-NI,. R a n d a l l : ' N e w York, ; M C G I - ; I H ' - H i l l , , 723 p . ' 
Poli l , I-l,',-V;, 1-961, 'I 'lierhitidyntiinic.s iif l h e hydrngi-ii suHide-WEi'ter aySlein re levau i to 

l l i e ' d u t i l idiijJi'i-aiiii'e process, for p r o d u ('lion of" Ite-iv'y u-a'ier: Glieiii, ,Eiig, 'Daia 
,fbori, ' v; ii;- p , /rl,,5.,"il,S, 

Q i m i , A : S,. Fran.-k, L, IF;, j o l l e y , IL R.,,;;uid •M;iVsli;i|l, W . L;, mi3 ) :EIcclriMH:bnVliic-
i:iiii,-c-s of ;:qiie!nis . sol iu ions tit ,li|gli- tt!ni"pcr:i'iiui-e a n d pressure,. I . 'Elie ci^iiid 11 d a n c e s ' 
of pol;!.s.siuni ,.sitir:i[e.u--.i tei-.solutjon.s fi-(i'i'ii" 25' lb 800--'''aiid a t pi-cssiii ' ts 'u 'p 10 400'0 
liars;, Joi;i-. Pliysi t::hL; in Istry.- v, 67, p , 24:^3-245!), . - • 

Gii'tsi.-A.,'j;:, :inl,l Mtu'slitilt, U'l -i,,.. j()65. Esl imti i ion b f the, d i e l ec t r i c coiisttuif of i r t l e r ' 
to SOO^ J0UI-, I'lrys. Chei!ii,sti-y,. V; 69, p . .3-r65.-;TI,67, 

1!)()(], Electr ic: , ! coUilu'c ., . . i:(iio, j ' . t ec inca l coudijci':Mices of iiquco'.j.s so lu l ions at big)) tcmpci-.-Hiii-i\s:. 
aiiii pt-tssiires.-I':I,L "The coiiduettjitcps of ]>ri[aisii[jii bisujfiite . so lu t ions fivnn 0° to 
700= tiiid, :il-pri-ssiii:es ,in'4i)(ti)"bars: ' J o u r . - I ' h y s . Ciieiiiisiryi v. 7()., p., •37l4-':!725; 
^ n'ltJ.S;i, El 'ct . lrical 'com'uct.-il lres rif ;iqiicoiis'. iodiui i i : d i l o r l d c ' sqjtitioiis frohi 
6°: to'.SiiO'' 'lind ::'i p);e5s-iiir:,s 10 41100 b;ii-s: joiti-, Pli.y.s, Che in i s t ry , v. 72. p.'i6S-l-703. 

19iifib, T h e i n d e p e n d e n c e of i so the rma l c q i i i l i b i i a in i-li:cirblytc si iUuiiins 
on changes in d ie l ee t r i c const t in t : Jp i r r . .Phy.s . C h e m i s t r y , v. 72, p . 1536-1:54 L 

. _ - . lOGHc, F.lectrical c i induct tn iccsoE a q u e o u s h v d i o g c n b i o m i i l e s o l u l i o n s f rom 
f r 10 ROI)' a n d a l p r e s su re s lo 40(10. ba r s : J o u r / P h y i , C h e m i s t r y , v,"72, p . l5-t.5-l5:72. 

Rali i i iowiicl i , E,, a n d S tockmayer , "W, H,, I9'12, .•Associations of ferr ic i ons l y i t h ' c h l o r i d e , " 
b r o m i d e , aiiil h y d r o x y l ions (a s p e t u o s c o p i c s tudy ) : A m . C h e m . Soc. Uiui . , v, 

64, p . S35-;;47, 
R,andalj,".M,,-:»nd F i i i kv , C. F.-, 1927a, T h e act ivi ty coefTicient: of ga.ses in a q u e o u s salt " 

' s i i l i i l ibus : t :hei i i . Rev . , v,-4, p . 274-284. 
. — — • 1,927b, ' t ' h e t i c l i v i t y t o d i i c i e n l of non-e lec t ro ly te s in a q u e o u s sal t s o l u l i o n s 

froni iiiiliiliilily i i iet isi iremeius. T t i c sa l l ing jou i o r d e r df t h e ions : Che in . R e v . , 
v; -i, p : 285-290, • ^ _ " 

l!127c, T h e aciiviiy'eiicllicieiit of i h e . i u K l i s s o d a l c d p a r t of i t cak elect rol y tes': 
C h e m . Rev. , V. 4, p . 291-317, 

Rob ie , R. .-S., I!!f;6. 'JbcrnitjilyniniiiL: p i i ipcr r ies cif niineraI.'i, ID C l a i k , ,S, P, . ed: . H a n d -
liook of physical con sin 11 is; Geo l . .Son. .-Mu erica -Mem. 071 p . 437 •158. 

'Rnliie, R, A . an'd .StOui, J, W',. HI63, H e u c:ipatily"fi-ooi 12'̂  10 ;Ul.5'K-iind e i i i i opv uf 
lale'tl'iiil i reni 'ol i ie: Join-, Ph,ys, C:liem istry-, v ,"67, p„-22:52-22.56. 

Rob ie , R. .•v., a n d \ \ ' : t ldb; iui i i , 1). R,,. !!)(i8, T h c i i i i o i l y n a u i i c p io ] i e r t i e s . of u i ine ra l s : ind 
i-elated. siilj.sttuices at 29ft . l5°K {25'( ;) .'liiul .diu:' al i iKisidiere (Ll)13 bars) jn-essiiie. 
:iii,d lit hig'hei- t emper t i iu res : U.S, .Ctcbl, \Siii-vcy-Piitl, 12:-i9,''25fi. p,' 

RohiDsmi, R, A,, IMO, ':i lie dis,si)dalion c o n s l a n i of h v d r o d i i o r i t aciil: Eari idav .80c. 

T) ;u i s . , V, 32, p . 74;-i-7-14. 
Rfibihsfin, R. .-v., a n d Stukes, K. M. , 1059, Elec t ro ly te so lu t i ons , 2d c i l . t ' L o n i i o n , Ri i t i c r -

i i 'orihs, :55i> p . 
Roeddci: , I„ , 19(13; .Stutiies o f 11 uid l i id i i s ions TIL E.Mracvions a n i l t | i ijiitiil:itivc ana lys i s 

•(>'f"iiidu,'tioV;s i i i ' l h c iiiilligi-tuii r ange : E'coh, e c o l o g y . , vl 58, p.',;153,--;J74,' 
. — . _ liitiri, Rcpi)l-i Oii'=:S, E, C . Sympos ium on t h e Che in i s t ry of' t lic P r c - F o i m l n g 

Fhl lds : T.cim. C d i l o g y , v. 60, p . 438()-|4!)3. 
1967. I ' h i id inclLi.sions tis siiiiiplt:s.-of ore fluids, i n Kai 'nes, H , L., e d „ Gcu-

• .-- . . , : : ;- ; NTi..;. v^^.i. Hvat w;i i , . l iar t and W i n s t o n . ; 1967, MUKl iiiciLi.sioiis.-iis .siiiiiiJies..i.i .,,.T- ,..\>.v - . --- - , 
r h d n i s l i - y o f b y d r o t h e r n i a ! u i e deprisiis; Nttw York, HriU, Rii ieb ' i i r t , aud W i n s t o n . 
I n e , p,•,5l-5-'57-l', 

Ry/henkn,- P , N . , l',i()7, l l e t c i i u i i i a t i on of hydioly^sis of snd iu in s i l i i a t e a d d d i l c u h i i i o n 
of dissocialii.iu coiistanlii :of o i l l i o s i l i d c t idd ai e l e v a t e d l e inpe ra t i i r e s : teeocbim. 
IiiierDiit:,, v. 4. p . !i9. | i)7. 

Sra id l ;i I'll, G , 1936, ConceiuratL-d sulu l ions of s t r o n g c l t c t r o l v i e s ; Gbci i i . Rev, , v. 19, 

_p. 305-3^7, - .. 
S(-li:ldilsdi;.ili(:l, I'... !;)4i), l i i i i e r . sud iungen iilicr ciic Soi']iiion d e r ' T o i i n i u i e r a l i c n ii tu! 

Iiiidi:iik'olliiide n o d die Pes i i i nmui ig des .Aniells diesef k b l i o i d e iliid de r S p r p l i o u 
illl I'.t.ile'ii: Kol loid l iei lr . , v, ,51, p . 193. 

Sienko, XL J., nnd Phi i ie , R , , \ , , 19ii3, Phy.sical ^ n o i g a i i i c c h e m i s t i y : N e w Yoik , W , . \ . 

DedjaiDiu, h i c , l66 p, _̂  
.Silliti, L . C., a i id At;lr lel l , .-V, E,, 191^4, S lab i l i ty coii.siaiils of m e t a l : i o n c o m p l e x e s : 

London,-'Clii-'iii. Spc;.,7.54p,, 
Slfikes, R. H., aild U i d i i n s d u , Tt. 'A., 19!8, l o n i e b y d r a t i o n a n d ac i iy i ty in e l ec t io ly te 

.Si;hu,iqns; ' ,-\ni. Ciicin, .Soc. ,jqii)-..,,. y. 70,, p . 1870-1878, ' 
Sioi i l , ] . ' \ ^ : , a n d I tob ie , .R. -A,. Ul i i l l l d i f r a p a c i t y fiou) 11'=' 10 3110:'K e n t r o p y , a n d 

hi::ft of forMialion of d o l o m i i e ; Ji)i!ri r h y s . C h e m i s t r y , v. 67, j i . 2241^-2252, 
:i ruesdejl , .A. 11.. and Hiis iel lcr , f, IL, I9()8, l l i s sod t i t iou consi;iiii.s cif K S O , ~ from 4l i - -

50°( i : C e o e h i m . :et Cosii ipdii i t i . Acta. , v; 32, p . 1019^ 1022.^ 
Vauirei'/'ee, C , E., a n d D.iu-son, H,-,,j:, 1053; T l i e siabibly^ t o n s i a n t s of cadini iu i i chlo 'r ide 

t:oinpleS;cs: var ia t io i i wllli teii'ipei-aLuie.'aml ibil i t . s l i e i i g l h : .Am. Clieui , Stic; j o u r . , 

v,. 75-, -p. •5fi,5'i),-,5(i(i3;-
Vandei'ttce, C, E:, anil Swan.^oii, ). A., I ' M ; T h e h e a t of ibii i i t t t ioii iif Avatcr: J o u r , 

I 'hys, Cliem'istry, y.''(57; p. '2(; i)8.26l2; 
AVagiiiaii, D . .D . , . 195L 'i;iic b e a t of fofniatioiv a n d e n t r o p y of atjiiebiis c u p r o u s : ion : 

,Al i l . 'Chem, "Soq. foiir.-, v: 73, |:>; 5-lii3. 
Wagivitni. i:i. 11.. Evaiis, W . if^, l-Lilow. T , P a r k e r , V. IL, Hailey, :S. A!. a:id Sr l iu i i im. 

" l v . ' 1 4 , , 1065, Selected values of eheniicai t l i c r iuodyua i i i i e p r o p e r t i e s , P a r i 1: N a ' i . 
,lVuV.-SlanVki'rds"'Tech',, N o t e 27.0-1., 124 p . 
_. ploii. Selecicd vtilues of cheinical t h e v m o d y n a m i c jb-oncrties, , Pai- t -2: Xatl-. 

B u r . S l a n d a n l s ' t e c h . N b l c 270-2, 62 p , 
' HHiS, .Selected "va lucs ' . o fc l i cmi t t i l t h e r m o d y i i a n i i c p i o p e i i i e s , P a r t 3 : X a i t 
Uur . S'mndiiids T e c h . Xote--27(i-3; 264 p : 

miLJLJIBli lJlOll aMi»waesm!a*miaWLa»LULMi i..LLU,tLli^i J 

file:///Siii-vcy


• f 

I 

t 

i 
I 
t 

,:';:-s,;;; S'=',ti-S:S^^^^^^^^ 



- •w^ t j fWW 

' l l ' l ' 

''•iftJi 

il 
lA.\ii:i<icAN JouRN.M. Ol- SciEtvcK, Voi.. 267. SiiMMKR 1969, p. 729-804J 

I American Journal of Science 
SUMMER 1969 

THERMODYNAMICS OF HYDROTHERMAL SYSTEMS 
P AT ELEVATED TEMPERATURES AND PRESSURES 

' ' • ' • " . • ' 4& 

juli'-M 
3 S ^ 0 . | ^ 
ilka%,'l'!!| 
ye.!iT'r-;^7J 

HAROLD C. HELGESON • -• . 
Department of Geology, 

Nordiwestern University, Evanston, Illinois 60201 

AB.S'I"R.-\CT, Chemical relations in hydrothermal sysiems can be described in terms 
of lhe ihermodynamic properties of minerals, aqueous species, gases, and concen
trated sodium chloride solulions. Sullicient thermodynamic data are available to permit 
calculaiion ot equilibiium constants for a large number ot liydrothermal reactions 
at high temperatures and pressures. Where these data are incomplete, the calcula-
nuns involve entropy estimates, application of average heat capttcities, and/or assump
tions concerning the temperaiure dependence ot thermodynamic variables and the rela
live importance ot elecirosiaiic and non-electrostatic interaction among the aciueous-
species ill hydrothermal solutions. High temperature stoichiomelric activity coeflicients 
for individual ions can be calculated using deviation funclions computed from osmotic 
ciietlicieuis tor tonceniraied sodium cliloride solulions. The results of such t-aleula-
tions. together wiih computed heat capacities, enthalpies, entropies, and equilibrium 
conslanls for many hydrothermal species and reactions at high lemperatures arc pre-
scnicd ill tables aud diagrams. The methods, assuraptions, and equations employed in 
the calculations are summarized in general notation. The numerical information con
tained in the tables permits calculation of ihe solubiiiiies of silicates, sulfides, car
bonates, sulfates, and oxides in muliicomponent hydrothermal solulions containing-
high concenlralions of sodium chloi-idc at elevated temperalures, and evaluation of 
the mass transfer accompanying irreversible reactions responsible for luetasomtiiism 
and ore deposition in hydrotherinal systeins. 

INTRODUCTION 

The chemisiry of electrolyte solutions at high teraperatures has re
ceived considerable attention in recent years, and it is now possible to 
predict with confidence the thermodynamic characteristics of hydro-
thermal solutions to > 300°C (Criss and Cobble, 1964a and b; Cobble, 
1964, 1966a and b; Helgeson, 1967a). It is the purpose of this paper to 
summarize the equations and metiiods involved in applying such predic
tions to hydrothermal equilibria and to compute an mternally consistent 
set of values for the thermodynamic properties of hydrothermal systems 
at high temperatures. The results of the calculations are presented in 
tables as well as diagrams to facilitate extrapolation to the supercritical 
region and to enable the reader to use the numerical values in his own 

? investigation's. 
' Most of the species and reactions considered below are important in 
hydrothermal processes involving "acid" aqueous solutions containing 
high sodium chloride concentrations. Electrolyte solutions of this kin'd 
occur in the Salton Sea geothermal system (White,. Anderson, and Grubbs, 
1963; Helgeson, 1968a), and they are commonly found in fluid inclusions 
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ley, Meyer, and Richter, 1961; Hemley and Jones, 1964; Meyer and 
Hemley, 1967). In addition, both experimental (Barnard and Christopher, 
1966; Hemley and others, 1967; Cloke, 1969) and theoretical (Helgeson, 
1964, 1957c; Helgeson and GarreLs, 1968; Helgeson, Garrels, and Mac
Kenzie, 1969) eviclence indicates that these solutions are capable of trans
porting and precipitating metals and sulfides in ore-forming concentra
tions at elevated temperatures. 

Aqueous species contributing to hydrothermal processes involving 
acid chloride-rich solutions include HCO3-, HSO4-, H S - , H,C03 and 
CO,,^^,, H,S,.„, ' KCl, NaCl, HCl, CaSO^, MgSO,, H^SiO^, ajad" chloride 
and sulfate complexes of the ore forming metals. There is little^evidence 

>that,polynuclear metal ion_j:omplexes ^ e imp,ojrta.nt, or that chloride 
complexes of ferrous iron, calcium, magnesium, or aluminum form to sig
nificant degrees below ^ 300°C (Sillen and Martell, 1964; Helgeson, 
1964). Bicarbonate and bisulfate metal ion complexes and carbonate, bi
carbonate, sulfate, and bisulfate complexes of sodium and potassium ex
hibit minor association below this temperature (Quist and others, 1963; 
Quist and Marshall, 1966; Helgeson, 1967a; Lafon, ms). Aluminum ion 
fonns stable complexes with fluoride and (to a much lesser extent) sulfate 
ions in aqueous solutions. However, thermodynamic calculations indicate 
that fluoride and sulfate complexes probably contribute only slightly to 
the transport of aluminum in hydrothermal solutions at high tempera
tures, even where the pH of the solution is low. At low temperatures, 
aluminum fluoride complexes may be iraportant in acid solutions (Hem, 
1968). Aluminum hydroxide complexes appear to be the primary agents of 
aluminum transport in "acid" as well as "alkaline" hydrothermal solutions 
at high temperatures. Hydroxide coinplexes of calcium, sodium, potassi
um, magnesium, and most other metal ions are important only in alkaline 
solutions below 300°C, but ferrous hydroxide may associate to a signifi
cant extent in acid solutions above 200°C. Of the several oxidation states 
of gold, iron, and copper that form, aurous, ferrous, and cuprous ions 
and coraplexes predominate in hydrothermal solutions. Zn4-4-, Pb^-4-, 
Cu4-, Cu4"4', Fe+ + 4-, ,'\g4-, A u t , and Au + + 4- ions associate primarily with 
C l - in chloride-rich solutions. .Although^ncent'fatiohs of metal-carbon
ate, sulfide, "bisulfide, and polysulfide complexes are negligible in acid 
low-sulfide solutions, metal-sulfate complexes may be important contri
butors to mineral solubilities in such solutions at temperatures beloiv 
^- 200° C. 

For temperatures below 300°C, the standard state adopted for the 
aqueous phase is an hypothetical 1. molal solution at I atm ancl any 
specified temperature. For gases and solids the standard state is unit activ
ity for the ideal gas and the pure solid, respectively, at I atm and any 
specified temperature. The pressure dependence of hydrothermal equi
libria are slight (considered negligible in this contribution) below SOO^C. 
For this reason, pressure is regarded aj a vj.nable_only whê re_ higher 
temperatures are c^iisidereTl. In these instances, the standard states apply 
to any specified temperature and pressure. 
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LIST OF SY.VIBOLS 

— molal Debye-Hiickel parameter defined by equation (39).-. 
— coefficient in equations (16) and (17), equal to 0.01875..,. • 
— coefficient (in the Debye-Hiickel equation) assumed" to 

represent the distance of closest approach of ions in an 
electrolyte solution. 

— coefficients in equation (26): 
— coefficient in equations (28) and (31). 
— coefficient in equations (10), (II), and (12). 
— activity of the ith species. ' . 
— activity of H ; 0 . 
— de,gree of association defined by equations (33), (34), and 

(54). 
— coefficient in equation (17). 1 ' 
— coefficient in equation (5). , ,-7/*:" 
— molal Debye-Hiickel parameter defined by equation (-10). ., 
— deviation functiqn describing the departure of the mean 

ionic activity coefficient of an electrolyte from that pre
dicted by the Debye-Hiickel expression. "̂  

— coefficient in equations (16) and (17), equal-to —12.741.^\.---
— coefficients in equation (4). i,v: -' 
— coefficient in equadons (28) and (31). •-,;>;' 
— coefficient in equations (10), (11), and (12). '": 
— overall dissociation constant for complexes, or equilibrium . 

constant for gas-aqueous reactions. 
— coefficient in equation (17). 
— coefficient in equation (5). 
— representaiion of cations. 
— representation of a mononuclear complex involving cation 

e and y moles of anion L. 
— coefficient in equations (16) and (17), equal to 7.84 X 10-^ 
— integer index fbr complexes in equations (18), (20), (21), 

(24), (36), and (54). 
— coefficient in equations (28) and (31). 
— coefficient in equations (10), (11), and (12). 
— stantlard heat capacity of the tth species. 

— average standard heat capacity of the /th species from tem
perature T,. to temperatiire T. 

— standard heat capacity of reaction. 

— average standard heat capacity of reaction from teinperature 
Tr to temperature T . 

— activity coefficient in the eth complex. 
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— stoichiometric individual ion activity coefficient of the fth 
ion in a multicomponent electrolyte solution containing a 
predominant concentration of a given salt (defined by eq 45). 

— individual ion activity coefficient of the fth ion. 
— stoichiometric mean activity coefficient. '• 
— mean ionic activity coefficient 
— individual ion activity coefficient of a cation. 
— individual ion activity coeffident of an anion. 
— integer index for the difference expressed by equation (20). 
— coefficient in equations (28) and (31). 
— integer index for anions in equations (21), (22), (25), (26), 

(50), (51), and (52). 
— dielectric constant. 
— fugacity of the ah species. 
— standard Gibbs free energy of formation from the elements 

of the Jth species. 
— standard Gibbs free energy of reaction. 
— average number of water molecules associated with v ions. 
— standard enthalpy of the ith species. 
— standard enthalpy of fonnation from the elements of the 

ith species at the reference temperature plus the enthalpy 
change for the tth species associated with an increase in 
temperature from T^ to T . 

— standard enthalpy of formation from the elements of the 
jth species. 

— standard enthalpy of reaction. 
— coefficient in equations (16) and (17), equal to 219.0. 
— stoichiometric ionic stiength. 
— true ionic strength, 
— integer index for chemical species. 
— integer index for cations in equations (19), (20), (21), (24), 

(26), and (27). 
— integer index for reaction products. 
— equilibrium constant. 
— Henry's law coefficient. 
— activity product constant. 
— representation of anions. 
— integer index for reactants. 
— coefficient in equation (17). 
— molarity of the tth species. 
— molality of the tth species. 
— total molality of the tth iotr or salt. 
— number of moles of a given cation in a mineral. 
— sum of the exponents in the Law of Mass Action equation. 
— number of moles of ions in 1 mole of a given salt. 
— number of moles of the cation in 1 raole of a given salt. 
— number of moles of the anion in 1 mole of a given salt. 
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R 

P 
S* 

P — pressure in atmospheres. 
P, — reference pressure in atmospheres (1 atm). 
q — integer index for mononuclear complexes involving a 

common ligand in equations (26) and (27). 
— gas constant, equal to 1.9872 cal mole~' deg~' or 82.0575 

cm' atm raoIe~^ deg~'. 
— ion radius of the Sth anion. 
— ion radius of the ith cation. 
— density. 
— sum of the entropies of 1 mole of an aqueous species and its 

coordinated water molecules. 
— standard conventional third law entropy of the ith species. 
— standard absolute third law entropy of the tth species. 
— difference in the sura of the entropies of 1 mole of an aque

ous complex ancl its coordinated water molecules and the 
sum of the entropies of the free cation and its coordinated 
water molecules. 

— standard electrostatic entropy of dissociation. 
— standard entropy of reaction. 
— solubility of the ^th mineral (in molality uiiits) defined by 

equation (51). 
— exponential coefficient in equation (36). 
— temperature in degrees Kelvin. 
— reference temperature in degrees Kelvin (298.15'^K). 
— integer index iir equation (48). 
— number of water molecules coordinated to a cation. 
— standard volume of reaction. 
— stoichiomelric osmotic coefficient. 
— number of water molecules coordinated to a complex, 
— number of moles of ligand L coordinated in a mononuclear 

complex of the form CL„. 
— number of moles of a given anion in a mineral. 
— integer index for minerals. 
— limit of the range of integer index y in equations (46), (47), 

and (49). 
Zj — charge on the ith species. 
<a — coefficient in equations (16) and (17), equal to 1.00322. 

PREDICTIVE METHODS 

In the present state of knowledge, limitations imposed by the amounts 
and kinds of data available for hydrothermal reactions dictate the "best" 
methods for predicting therraodynamic properties of hydrothermal sys
tems at elevatecTtempefatures. A variety of approximations, each with 
its own uncertainties, can be used for this purpose. Because the reliability 
of numerical values obtained from such approximations reflects the 
method as well as the data used in the calculations, the computational 
methods applicable under various circurastances are summarized below. 
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Equilibrium Consiants 
The basic thermodynamic equation describing the temperature de

pendence of the equilibrium constant is 
AH°,(T,) / 1 1 

l o g K ( T ) = l o g K ( T , . ) -
2.303R 

I 

2.303RT 
- J AC°r.,.(T)dT -f 

I 

2.303R 
Tr 

T 

X 
T , 

T.. 

AC°p.,(T)d In T 

(1) 
in which AH' ' , . and A C ° P r are, respectively, the standard enthalpy and 
heat capacity of reactioii, R is the gas constant, K the equilibrium 
constant, T the temperature of interest (in °K), and T^ the reference 
temperature (298.15°K in this commun,). For most reactions involving 
aqueous solutions, the integrals in equation (I) cannot be evaluated 
rigorously because the required heat capacity functions are not avail
able. To integrate the last two terms in equation (I), the assumption is 
frequently made that AC°p ^(T) is zero or constant, but this practice often 
leads to serious errors in computed log K(T) values at elevated tempera
tures (Cobble, 1964; Helgeson, 1964, 1967a). In many cases, ambiguities 
and uncertainties resulting frorn these assumptions can be avoided by 
adopting one or another of the alternate approaches summarized below. 

Calculation from average heal capacities.—A\erage heat capacities 

j for ions can be computed from absolute entropies by 

T '(T) - S°/'-'(T,.) 

In T / T r 
(2) 

where S^j'""" is the absolute entropy of the uh species. The absolute 
entropy is related to the conventional entropy (S°) by 

"(T) = S°i(T) - f Z,S°n-"''-\T) (3) 

where Z; represents the charge on the ith species and S'='H^"""*(T) is the 
absolute entropy of the hydrogen ion at temperature T. Criss and Cobble 
(1964a) have shoivn that the absolute entropies of ions at high terapera
tures can be calculated from 

SO;<»'""(T) = b,{T) + b.,{T) S°/"""'(T,.) (-i) 

where 6, and b.. are temperature dependent coefficients characteristic of 
simple cations, simple anions, oxy-anions, or-acid oxy-anions. The rela
tion expressed in equation (4) was obtained by assigning absolute en
tropies to the hydrogen ion at various specified temperatures, Equatioii 
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(4) can be combined with equation (2) to define a similar relation f. ter-
average heat capacities. This expression appears as ;^p 

T 
C°r,t ] = a"(T) - f |8"(T) S - r ' \ T r ) (5) 

Tr 
where a"(T) = b,(T)/ln(T/Tr} and/3"(T) = (&.,(T)-l)/ln(T/T,). Values 
of bl, b^, a", and ^" have been computed by Criss and Cobble (1964a and' 
b) for 60°, 100'=', 150°, 200°, 250°, and 3do°C. These coefficients alloiv 
absolute entropies and average heat capacities to be calculated for a 
large number of aqueous species at elevated temperatures. 

When average heat capacities can be computed for all reactants and 
products in a given reaction, the equilibrium constant at temperature 
T can be predicted directly from 

log K(T) = 

in which 

AH°, T,.) / 1 I 
log K(T,.) ( 

' ,... 2.303R \ T T, 

T 
AC°P. , ] In T,/T,. 

Tr 
1 

' 2.303R 

T T 

AC°p., ] = 2 c°p., ] - 5 

Tr 1 T , ' 

- ) 

a 

— 

' p . l 

AC°p., ] ( T - T , ; 

2.303RT 

(6) 

T 

] (7) 
T . 

where / and I represent the products and reactants, respectively. 
Calculation from a combinalion of average and actual heat capaci

ties.—In cases where the actual heat capacities for some (but not all) of 
the reactants or products in a given reaction are defined by empirical 
power functions of temperature, equilibrium constants can be computed 
by first evaluating (for those species) 

T 

mi l 

AH°,(T) = AH°,,,(T,) + J c ' ' p . , (T ) dT 

T 

S°i(T) = S°i(T,) -{- r C°p.KT) d In T 

(8) 

(9) ~ 

in which AH°i(T) is the stanclard enthalpy of formation from the ele
ments of the uh species at the reference teniperature [AH°,-,i(T,.)] plus 
the enthalpy change for the ilh species associated with an increase in 
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temperature from T , to temperature T. Heat capacities of solids and 
gases are usually described by pouer functions of the form 

C°p.i(T) = a" -f- b"T -f c"/T^-
so that equations (8) and (9) will normaUy appear as 

b" 
A H ° , ( T ) = AH°,,i(T,.) + a " (T-T , ) 

and 

(T=-TrO - c" ( — -

(10) 

1 

' r 'r 
(•1) 

S°i(T) = S°.(Tr) + a" In T / T , -}- 6" (T-T, ) -
I 1 

,(12) 
2 y T^ T,.= 

Where average heat capacities aie known for the reraaining reactants and 
products, standard enthalpies and entropies at a given temperature can 
be calculated by evaluating 

T 
A H ° , ( T ) = AH°,;,(Tr) + C°p.i ] ( T - T , ) (13) 

T , 
and 

T 
S°i(T) = S°i(T.) + C°p., ] I n T / T , . " (14) 

T , 
High temperature equilibriura constants for the reaction can then be 
computed frora 

T f - Z S° j{T) - S S° , (T ) \ - :S AH°XT) + 2 A H ° , ( T ) 

log K ( T ) = : 
° ^ ' 2.303RT 

(15) 
where ; and / again refer to the products and reactants, respectively. 
When equation (15) is employed, care raust be exercised to avoid con
fusion between relative and absolute entropies in the summation terras 
of the equation. If heat capacity powei functions are known for all re
actants and products, high temperature equilibrium constants can be com
puted simply by combining equations (11), (12), and (15). 

Prediction of dissociation constants.— In geochemical problems it is 
quite common to find that no heat capacity data of any kind are avail
able for one or more of the reactants or products in a given reaction. 
This is particularly true for complexes in aqueous solution.. Despite this 
handicap, dissociation constants often can be closely approximated to 
-.- 200°C by evaluating (Helgeson, 1967a) 

AS°r(T,) r 0 / \ 
T , - — ( 1 - exp[exp(6+aT) - c + ( T - T , ) / ^ ] ) 

CO \ 

^»°''^'' ne, 
2.303RT 

log K(T) = 
2.303RT 
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where 6, u>, a, b, and c are temperaiure independent constants character
istic of the solvent. For aqueous solutions these coefficients have the 
values 219.0, 1.00322, 0.01875, -12.741, and 7.84 X 10-*, respectively 
(Helgeson, 1967a). The method of approximation afforded by equation 
(16) involves the assumption that AC°p,r(T) changes monotonically but 
nonlinearly with temperature; AC°p,r(T) is implicitly defined in terms 
of A S ° , ( T , ) in the equation. Dissociation constants computeci frora equa
tion (16) are often much closer approxiraations of actual dissociation 
constants at high teraperatures than those computed by assuraing 
A C ° P , , ( T ) =: 0 or A C ° P . , ( T ) = a constant. Equation (16) is an approxi
mation modified from equation (17) below. 

Where dissociation constants are known over a restricted tempera
ture range, experimental log K(T) values can be fit by the method of 
least squares to 

log K(T) = 
A S ° , ( T , ) r 0 / x-i 

-[ T , - T - — ( ^ 1 - exp[exp(6 + «T) - c + ( T - T , ) / 5 ] j J 

ASP.(T,) 
+ . „ . „ ^ + ^ „ , _ (In T / T r - 1 + Tr /T) 

2.303RT 
AH°,.(T,.) 

+ 

2.303RT 
,S'(T-T,)= 

+ 

2.303R 
A' 

2.303R 

(TV3 - T,V3 - T,=T -f- T,') (17) 
4.606RT • 4.606RT 

where 0, w, a, b, and c are constants with the values given above, AS°e(Tr) 
is the electrostatic entropy of dissociation at the reference temperature 
(T,.), and a, /?', and A' are temperature independent coefficients charac
teristic of the reaction (Helgeson, 1967a). Values of the reaction-de
pendent parameters defined by the low temperature fits can then be 
used to predict log K values at higher temperatures. However, care must 
be exercised to avoid overfitting. Where only a few experiraental values 
are available, or the data are highly uncertain, all of the reaction-de
pendent coefficients should not be included in the least squares fit rou
tine; that is. A', or A' and fi' should be set to zero. 

Entropy and Heat Capacity Estimates 
^For many_ reactimis in aqueous solution, equilibrium constants are 

^known only at 25°C. In such cases it is coitimon to find that insufficient 
entropy or enthalpy data are available for the species involved in the 
reaction to permit calculation of high teraperature equilibrium con-
-stants using the approaches described above. This problem often can be 
overcome in a first approximation by estimating entropies of dissociation 
or the entropies and heat capacities of reactant or product species. 

Dissociational reactions in aqueous solution.—^ntvo'p'iei of dissocia
tion for complexes in aqueous solution at 25°C can be estimated from 
entropy correlation plots. These entropies can then be used in conjunc
tion with equation (16) to approximate dissociation constants at higher 
temperatures. The approach sumraarized below for making such esti-
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mates is a modification of that employed by Cobble (1953b) for esti
mating the entropies of complex ions. 

For convenience, let us define the sum of the entropies of 1 mole 
of an aqueous species and its coordinated water molecules as S*; that 
is, for a given teraperature. 

and 
[eL„(H,0)/c] 

= S° [CL^'^c] 
-f- xS° 

[H..O] 

S° z -+- "S° 

(18) 

(19) ^*[€(H,0) ==1] 
u 

in which S° is tire conventional third law entropy, CLj, is a mono
nuclear complex involving cation C and y moles of anion L, x and u 
represent the number of water molecules coordinated to the complex and 
cation, respectively, and Z. and Ẑ  are the respective charges on the 
coraplex and the cation. Subtracting equation (19) from equation (18) 

^*[€L„(H,0) /£] ~ ^* [C(H. ,0 ) / i ] " ^^*^l ~ ^ ° [ G L / ^ ] 

- S ° ^ ^ . ^ - } - ( . . - V ^ H . O ] (20) 

where AS* is the difference in the sums of the entropies expressed in 

equations (18) and (19). Equation (20) can now be combined with the 
expression for the entropy of dissociation of the complex written as 

(21) ^̂ ^— ^Vn+^'^[L''e]-'V^] 
to give 

AS°, = yS-
[L'e] 

- f (.V - ll) 5 ° 
[H.1O] 

AS' (22) 
where Z. is the charge on the anion. If as a first approximation we 

assume, 
.V = u — ) ' 

then equations (20) and (22) reduce, respectively, to 
=:° ~ - S°._z., - yS' Ai) — c) z — ,„/,,. 

cl [CL^ C] [€ 1] [H.,0] 

and 

(23) 

(24) 

(25) 

For coraplexes involving a coramon ligand at 25°C, empirical con-

(26) 

AS'3 = : V / ^ S ° 7 - S ° ) — AS* , 

siderations indicate that AS*^ can be described by 
d 

in which a, and a., are coefficients characteristic of the group of coni-
nlexes and r and r are the radii of the cation and ligand, re-

' ' i(q) e(q) 
spectively, in the qth complex. The validity of equation (26) can be 
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0.42 

Fig. 1. Correlation plot of ^S* (see te.xt—eqs 20 and 24) for metal chloride com-
d 

ple.ics at 25°C and I atm against the reciprocal of the sum of the radii of the ion.s 
in the coraple.v. T h e plotted values of iiS* and the sources of data from which thev 

4 
uere calculated (sec te.xt) are given in table 1. The curve shown above is consistent 
with equation (27). 

assessed for chloride complexes in figure I. The data used in computing 
die AS* values plotted in figure 1 are given in table 1 along with the 

sources frora which they were obtained. The maximum deviation from 
-the linear curve of the points in figure I is 8 cal mole - ' deg-^ (for 

CuCU-), but the average deviation is only 3 cal mole-*^ deg-S which 
is well within the experimental uncertainty of the data. The specific state
ment of equation (26) for the curve in figure 1 is 

^''d(q) = - ' ' ' • ' + ' ' ' ^ % ) + '-''^ (27) 

where 1.81 is the radius of the chloride ion (Sienko and Plane, 1963). 
Values of AS°r computed from equations (25) and (27) for the species 
shown in figure 1 are given in table 1 to afford a numerical comparison 
with those based on experimental data. 

The procedure summarized above for estimating dissociational en
tropies is of general applicability; that is, expressions similar to equa
tions (26) ancl (27) can be developed for various groups of dissociational 
reactions for which data are incomplete. Entropy estimates obtained in 
this manner permit approximations of high temperature dissociation 
constants for a large number of complexes of interest in geochemistry. 
For many of these, only experimental dissociation constants at 25°C are 
available, but estiraates of AS°r(Tr) allow approximations of AH°,.(T,.) 

[from A H ° , , ( T , ) = T , . A S ° , ( T , ) - 2.303RTr log K(T,)] and thus esti
mation of high temperature dissociation constants from equation (J6). 
Ill cases where sufficient data are not available to estimate dissociational 
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entropies frora correlation plots, it may be possible to estimate directly 
the entropy of a particular complex, neutral species, or ion, which will 
then permit calculation of dissociational entropies at 25°C. .A. number 
of techniques for making such estimates have been summarized by 
Latimer (1952), Cobble (1953a and b), and others. 

TABLE 1 

Entropies of dissociation for chloride complexes 
in aqueous solution at 25°C and 1 atm. 

Reaction 

Cation Experimental 
radius" AS°, (cal 

(A) mole—' deg—') 

Calculated"" 
'AS»a (cal 

mole~ 'deg~ ' ) 

Calculated" 
.iS%(cal 

mole" ' deg—') 

•^gCl ;;:i .^g^ -f C l " 

.AgCL- ^ .Ag' -f- 2CI -

C u C I , - ^ C u * - | - 2 C l — 

PbCl' p i Pb"- 4- Cl~ 

Z n C l . ; ^ Z n ' * - J - 2 C l -

H g C l * ; ; i H g ' * 4 . C l -

H g C U ^ H g ' * + 2 C l -

HgCl:- :p±Hg^*-f-3Cl-

C d C l ' ; : e C d " ^ + C l -

C d C I , ^ C d * ' - f 2 C I -

C d C l - ; p i C d " - { - 3 C l -

S n C l ' ; : e S n " - j - C l -

SnCl, ^ S n " -f 2C1-

S n C l - : ; = ; S n ^ ' 4 . 3 C l -

FcCl" ;=i Fe" - + C l -

TlCl ; ^ T l ' + C I -

. - \ i iC l . . -^ . - \u ' - f -2Cl -

. A u C I - ; ^ . A u * " - | - 4 C I -

S n C l - ^ S n ' " - { - 4 C l -

1.26 

1.26 

0.95 

1.20 

0.74 

1.10 

1.10 

1.10 

0.97 

0.97 

0.97 

0.93 

0.93 

0.93 

0.64 

1.74 

1.37 

0.9 

0.71 

- 6 « 

- 1 1 " 

-13 .0 ' 

- 11 .6 ' 

-32.7» 

- I / " 

- 1 6 ' 

-13 .7 ' 

-11 .4 ' 

-16 .4 ' 

- 2 2 . 3 ' 

- 1 5 . 4 ' ° 

-18.9 ' -° 

-27.4 ' ' -

-35 '° 

2.2' 

2.6 

4.4 

6.6 

7.4 

26.3 

13.8 

9.6 

4.1 

8.2 

10.0 

12.7 

12.2 

12..-) 

17.8 

31.8 

5.4 

-6 .6 

-9 .8 

-•21.2 

-8 .6 

-31.3 

-12.5 

-15.7 

-18.9 

-17.6 

-20.8 

-24.0 

-19.3 

-22.5 

-25.7 

- 3 3 3 

0.2 

-6 .0 

-30.2 

-39.2 

* Sienko and Plane (1963). •• Computed from equation (25) using the experimental 
entropies shown above together with 16.7 cal mole—' degp"' for S°H.,O {^Vagman and 
others, 1963) and 13.51 for S'> ,̂,_ (.Ahluwalia and Cobble. 1964). "• Calculated from 
equations (25) and (27). '' Jonle and Martin (1952). • Calculated from S°c„ci.,— (l.atimcr 
1952) and the ionic enlropics in lable 3. ' .'\ustin, Matheson, and Parion (1959). 
' Based on least squares fits of log K(T) values at 150° and I15°C (Kraus and Raridon, 
1960) and 25°C (Marcus and Mayden, 1963) using equation (16), '• Malcolm, Parion, and 
Watson (1961), ' Williams (1954). ' Helgeson (1967a), ' Vander-^ee and Dawson (1953). 
' Wagman and olhers (1966). •" Rabinowitch and Stockmayer (1942). " Latimer (,1952). 
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Mincrals.-Although thermodynamic data are now available for a 
; laige number of minerals (Robie. 1966; Robie and Waldbaum, 1968), 

only free energy data (derived from solubility studies) at 25°C exist for 
., many minerals of interest in hydrothermal and metamorphic studies. 

Approximation of the standard enthalpies of formation of these minerals 
at 25°C permits calculation of provisional equibbrhtm constants for 
high temperature hydrothermal reactions that could not otherwise be 
evaluated in the present state of knowledge. As a rule, direct estimation 
of the standard enthalpies of formation of minerals involves prohibitive 
uncertainties owmg to the lack of adequate general models for calculating 
bond energies in minerals. In contrast, third law entropies of minerals 
can be approximated closely by direct estimation, which permits calcula
tion of A H ° , ( T , ) frora A H ° , ( T , ) = A G ° , ( T , ) + T ,AS^ , ( .T , ) . where 
AS°/^(T,.) IS the standard entropy of formation of the mineral from its 

. elements. 

Entropies of silicates, sulfates, and carbonates can be approximated 
by summing the entropies of the oxide components of the minerals (Lad-
mer, 1952: Fyfe and others, 1958). Although such a summation does not 
provide for all of the configurational entropy contribution, the uncer
tainty attending this procedure rarely exceeds 10 percent and more often 
than not is less than a few ca^iole-*deg'«*t Close estimates can be made 
for clay rainerals if the entropy of H , 0 is taken to be that of ice at 
25°C (10.68 cal raole-i deg-\, Robie and Waldbaum, 1968) or assigned 
a value of 9.4 ca l / io le -« deg-=-»̂ - (Latimer, 1952). For example, the" en
tropy of muscovite obtained from the sum of the entropies of its oxide 
components at 25°C is 69.8 cal mole- ' deg-^ if H , 0 is represented bv 
ice, and 68.5 cal mo le - ' deg- ' if Latimer's value for the entropy of 
hydrate water is used; the experiraental entropy of muscovite is 69.0 cal 
mole-i d e g - ' (Robie and VValdbaum, 1968).' An error of a few cal 
mole • deg- ' in the entropy of a mineral rarely introduces significant 
error in high teraperature calculations of raineral equilibria. In contrast 
to summing the entropies of oxide components, entropies of minerals 
can also be estimated with confidence by suraraing the values tabulated 
by Latimer (1952) for the entropy contributions of eleraents and ions in 
solid compounds. This procedure is particularly useful for estimatintr the 
entropies of multicomponent sulfides. " 

.As in the case of entropy, heat capacities of minerals can be approxi
mated closely by suraraing the heat capacities of the components of the 
minerals. This is true also for heat capacities of minerals expressed by 
power functions of temperature (eq 10). For example, the heat capacity 
power function for muscovite obtained by summing the power functions 
for its oxide coraponents is 89.95 + 33.23 X lO- 'T - 20.67 X 10'T-= 
when ice (9.0 cal raole-' deg-') is used to represent H.,0 (see footnote 
n, table 8). The experimentally derived function is 97.56 + 26 38 X 
10-n^ _ 25.44 X 10=T-= (Kelley, 1960). At 25°C. the estimated heat 
capacity defined by the first of these power functions is 77 cal mole - ' 
deg- ' coinpared to the experiraental value of 77 cal mole - ' deg- ' . At 

file://'/ustin
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300''C the corresponding values are 103 cal m o l e - ' d e g - ' compared to 
105 cal mole- ' deg- ' . Discrepancies of- this order of magnitude are in
significant wuth respect to calculated equilibrium constants at high 
temperature. 

Estiraates of entropies and heat capacity power functions of tem
perature make it possible to corapute standard enthalpies of formation 
for minerals at 25°C from high temperature phase equilibrium data. 
For example, the Ahl°f(T,.) value for annite used to compute the high 
temperature hydrolyiic equilibrium constants for this mineral in table 
12 were calculated from the high temperature equilibriura PH,O ^"d /o„ 
for sanidine -\- magnetite -f H..:0(i.̂  ^ annite -f 1/20.̂ ,-;., (Eugster and 
\V'̂ ones, 1962) at 500°C and 2070 atm. An estimated entropy (table 12) 
and heat capacity power function (table 8) for annite permitted calcula
tion of the high temperature values for the entropy of annite (eq 9). The 
same calculations for the other species in the assemblage (for which 
therraodynamic data are known) permitted calculation of AS°, . (T) for 
the equilibrium assemblage at 500°C. From the values of /o, and PH.,O 
.s(iven by Eugster and Wones, and fugacity coefficients for HjO' (Anderson. 
1967), AG°, . (T) could also be computed, which made it possible to calculate 
AH° , . (T ) , and hence, AH°„nnite(T). .Application of the estimated heat 
capacity power function resulted in" the value of A H ° / ( T , . ) for annite 
given in table 12.-

Activity Coefficienls in Sodium Chloride Solutions 
Because the solute in many hydrothermal solutions is composed 

largely of sodium chloride, the thermodynamic properties of aqueous 
solutions of this salt can be used to compute activity coefficients in con
centrated hydrotherraal solutions at elevated teraperatures. Therino-
dynnmic properties of concentrated sodiura chloride solutions are sum
marized in table 2. The methods used in computing the values shown 
in the table are oudined briefly below. 

'Fugacity coefficients for olher gases involved in similar calculations can be com
puted from data given by Garrels and Christ (1965). 

"The elfects of pressure were disregarded in the calculation of the enthalpy of 
formation of annite described above. The volume changes for reactions used in such 
calculations are commonly small, and the pressure corrections are thus often smaller 
than the uncenainty in the experimental d'ala. Where lhis is nol true the cKperi-
mental equilibrium constants should first be corrected for pressure by evaluating 

log K(T,P,) = log K(T,P) — 
1 

2.303RT J A V % (T.P)dP 

Pr 
where P, refers to the reference pressure (I atm in this commun.), :iV°, is the slandard 
change in vohime for the reaction in cm' mole—', and R is the gas constant e,\pi-essed 
as .S2.0575 cm" aim mole—' deg—'. In many instances this equation can be appro.vi-
mated closclv bv 

log K(T,P,) = log K(T,P) _ 
S V , fT,P,)(P _ P,) 

2.303 RT 
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Analysis of vapor pressure dn/n.—Stoichiometric osmotic coefficients 
for sodium chloride solutions trom 25° to 270°C have been fit (Helgeson, 
1967b; Helgeson and James, 1968) with a least squares computer routine 
employing a Debye-Hiickel power function for activity coefficients sug
gested by Lietzke and Stoughton (1961). The activity coefficient power 
function is 

In y^(T,I) 
-2.303 A(T) |Z,Z„| I"= 

b'{T)l -1- c'(T)I= -I- rf'(T)P (28) 
1 -f a'(T)I"= 

where y^(T,I) represents the stoichiometric mean activity coefficient at 
temperature T and stoichiometric ionic suength I, a'(T), b'{T), c'(T), 
and d'(T) are teraperature-dependent coefficients, Z is the charge on the 
subscripted cation (1) and anion (2), and .A(T) is the Debye-Hiickel para
meter defined below by equation (39). 

The stoichiometric raean activity coefficient of NaCl is related to 
the stoichiometric osmotic coefficient (0) by 

0(T,I). = I 4- - J - J * I d In -/^(T.l). (29) 

0 
Ecjuation (29) can also be written as 

^(T,I) = 1 -i- l n y ^ ( T , I ) - - i - r In y^(T,I) dl . (30) 

and integrated with the aid of equation (28) to give the following power 
function for the stoichiometric osmotic coefficient: 

2.303 ACT) jZjZJ r 
0(T,I) = 1 - _ J ±1 (̂1 -I- «'(T)I"') - 2 ln(l + a'(T)I"'=) 

1 -] b'(T)I 2c'(T)P 3rf'(T)P 

~ 1 -f fl'(T)I"^ J "•" 2 + 3 "̂  4 ^ '̂̂  
The values of the power series coefficients defined by the fits of the 
osmotic coefficients of NaCl with equation (31) were used in equation (28) 
to calculate the stoichiometric mean activity coefficients shown in table 
2. Because experimental osmotic coeffcients are available for NaCl at 
only three concentrations above 100°C (table 2), the d' coefficient was set 
to zero in the least squares fits.^ 

Calculations providing for complexing.—The stoichiometric mean 
activity coefficient of sodiura chloride at a given teraperature is related 
to the mean ionic activity coefficient (y*^) by 

y±xaci = (1 a s iCl) :XnCl (32) 

'Since these calculations were carried out. Lindsay and Liu (19G8) have presented 
osmotic coeflicient data for NaCI at conceniration intervals of 0.1 ;ii from 0.05 to 3.50 
m and tempeiatures from 125° to 300°C. Leasl squares fits of their daia yield activitv 
coefficients in close agreement with tho.se computed above. 
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in which a^aci is the degree of association ot the solute, defined by 

«.VaCt (33) 
*"^l:.NaCl 

where w^aci is the molality of the complex and m^ ̂ -aci is the stoichio
metric (total) molality of the salt. Combining equation (33) with the Law 
of Mass .Action for the dissociation of NaCl leads to 

axac. = •• (34) 
"-XaCI y.VaCt 

where K -̂̂ ci and yvaci are, respectively, the dissociation constant and 
activity coefficient of the complex. Equation (34) can be used to compute 
values of «.saci (and consequently values of y '^sac i -eq 32) frora stoichio
metric mean activity coefficients if dissociation constants and activity co
efficients for the comple.x are known. 

Although sodium chloride solutions are essentially corapletely dissoci
ated at low teraperatures, above ^200°C this is no longer true. Experi-

100 150 200 250 300 350 400 

TEMPERATURE, "C 
Fig. 2. Dissociation consiants for NaCl, KCl, and HCl at high temperatures (see 

table 4). Open circle = KCl—Wright, Lindsay, and Druga (1961) afier Noyes (1907); 
filled circle = N'aCI—Wright, Lindsay, and Druga (1961) after Noyes (1907); triangle 
=: HCl—Wright, Lindsay, and Druga (1961) after Noyes (1907); open square = 
KCl—extrapolated from supercritical data (Franck, 1961); filled square ;=: NaCl— 
Pearson, Copeland, and Benson (I9e3a): diamond = HCl—Pearson, Copeland, and 
Benson (1963b). The smooth curve for HCl is based on a least squares fit of low and 
high lemperature log K(T) values (Helgeson, 1967a) using' equation (17), but those 
for KCl and NaCI are based on simple interpolation. The dissociation constants 
plotted above arc consistent with molal units of concentration. 
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meiital dissociation constants for aqueous NaCl below 2S1°C are not 
available; those reported in the literature for higher (but subcritical)* 
temperatures are plotted together with comparative values of log K(T) 
for KCl and HCl in figure 2. Calculated degrees of association anci 
mean ionic activity coefficients for sodium chloride at elevated tempera
tures are given in table 2. The values shown in table 2 for these para
meters were coraputed from equations (32) and (34) using extrapolated 
values of K.̂ -,ct (table 2)». The extrapolated dissociation constants are 
diose corresponding to the dashed curve for NaCl in figure 2. The activity 
coefficient of the complex was represented in die calculations by yco in 
NaCl solutions (table 2). Values of yco, were computed frora Flenry's 
law coefficients (Ellis and Golding, 1963) by evaluating (for each tempera
ture and molality of sodium chloride) 

Yco,-= k^ /k ^35) 
where k and k^^ are the Henry's law coefficients in pure water and in a 
sodium chloride solution of total molality, m,. Because Henry's law co
efficients are not available for concentrations of NaCl over 2 molal at 
high temperatures, extrap^olations of yoo„ were also necessary. These ex
trapolations were accomplished for each teraperature with the aid of an 
empirical equation, which can be written in general notation as 

y , = lo 
a l 

(36) 
where y , is the activity coefficient of a neutral complex, ^ is the slope 

constant on semi-logarithmic coordinates, and I is the true ionic strength 
of the solution. The true ionic strength of a sodium chloride solution is 
given by 

1 = 1 / 2 2 Zr'",! = (1 - axaci)! 
( • • (37) 

where i designates the charged species in solution and I is the stoichio
metric ionic strength (equiv. to W/.N-^CI)-

Equation (36) closely approximates the activity coefficients of a large 
number of molecular species in aqueous electrolyte solutions at 25°C 
(Randall and Failey, I927a-c), and it also describes yco, in NaCl solu
tions up to 2 m at high temperatures (Helgeson, 1967b"; Helgeson and 
James, 1968). Because the activity coefficients of different molecular 
species in a given salt solution are similiar (Randall and Failey, 1927a-c), 

< Supercritical dissociation constants tor NaCl over a wide range of temperature 
and pressure are also now available (Quist and .Marshall, 1968a). 

. \ -^ ' ?,'!•¥"'; ^^^"^ '^ ' ' " ' ^ alternative to graphic extrapolation of high tempera-
.ture log K(T) data to oblain estimates below 281 °C. T h e uncertainties in the hiPh 

emperature data are sufficiently large to preclude definitive least squares fits usin-r 
theoretical log K(T) expressions (Helgeson. 19G7a). Attempts to obtain values ot log 
K..V.C1 ancl y.v.c, from least squares fits of the stoichiometric activity coefficients using 
equations providing for complexing have been only partly successful owing to t h i 
limited clata available for the temperature range where NaCl associates to a significant 
degree (Helgeson and James, 1968). 
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TABLE *Z 

Thernioclynamic properties ot conceiuriited sodium chloriiie solulions ;u elevated lemperaiures' 

Osimit ic 
coellicieni 
(0XII . , , ) ' 

Stoichiometric mean 
activity coellicieni 
(T^.N-.m)" 

Slandard state 
dissociaiion 
constant (Kx.ci) 

Degree ot 
association 
(oNaul)'' 

True ionic 
strei iglh 

(T:,.„i)-

Mean ionic 
activity coefncient 
(yS .N.o i ) ' 

Debye-Hiickel 
activity coeificient 
(7-.N'«ci.i i . . i i .) ' ' 

Devialion function (h) ' ' 

Activily coelficieni of 
carbon dioxide in NaCl 
solulions ,(7coj)' 

' " l . Nam -

1.0 
2.0 
3.0 

1.0 
2.0 
3.0 

1.0 
2.0 
3.0 

1.0 
2.0 
3.0 

1.0 
2.0 
3.0 

1.0 
2.0 
3.0 

1.0 
',.'.0 
S.O 

'i-l" 

0.<)35 
0.'J83 
1.045 

0.656 
0.670 
0.719 . 

0,00 
0,00 
0.00 

1.0 
2,0 
3.0 

0.656 
0.670 
0.719 

0,599 
0,556 
0.534 

0.041 

1,27 
1.57 
i.ys 

.50° 

0,9-10 
0.990 
1.059 

0.656 
0.678 
0.72« 

0.00 
0.00 
0.00 

1.0 
2,0 
3.0 

0,656 
0,678 
0.728 

0.598 
0.556 
0.535 

0.043, 

1.24 
1.50 
1.80 

100° 

0,935 
0.980 
1.048 

0.622 
0,041 
0,687 

0.00 
0.00 
0.00 

1,0 
2.0 
3.0 

0.622 
0.641 
0.087 

0.560 
0.524 
0.503 

0.040 

1.20 
1.44 
1.74° 

Tcmperal 

150° 

0.900 
0.953 
0.991 

0,532 
0.532 
0.546 

9.4"̂  

0.025 
0.043 
0.056 

0.975 
1.914 
2.832 

0.546 
0.550 
0.578 

0.497 
0.449 
0.425 

0.047, 

1.19 
1.40 
1.7U" 

ure, "C 

200° 

0.8.55 
0.900 
0.920 

0.443 
0.425 
0.419 

2.63--

0.061 
0.093 
0,115 

0.939 
1.814 
2.655 

0.472 
0.468 
0.473 

0.429 . 
0.378 
0.352 

0.047' 

1.23 
1.47 
1.74" 

2.50° 

0.797 
0.82-! 
0.832 

0,356 
0.320 
0.301 

0,71° 

0,133 
0.173 
0.206 

0.«('.7 
1.654 
2.382 

0.410 
0.387 
0.379 

0.384 
0.335 
0.311 

0.034 

1.34 
1.67 
1.86" 

270° 

0.709" 
0.7H(> 
0.784" 

0.318 
0.277 
0.254 

0.40° 

0.178 
0.209 
0.238 

0.8'22 
1..582 
2.280 

0.387 
0.349 
0.333 

0.388 
0.330 
0,308 

0,015 

1,42'" 
1.83"" 
2.03° 

300° 

0,25'' 
O.'i'i' 
0.20° 

0.15" 

0.29" 
0.32° 
0.34'' 

0.71 
1.30 
1.98 

0.S6" 
0.32" 
0.30" 

0.36 
0.32 
0.30 

0.0" 

1.50 
2.00 
2.29" 

C^ 

0^ 
n. 

s 
s 

a. 

i 

Aciivily 1.0 
of waier 2.0 
(«„• ) ' 3-0 

A (Debye-Huckel)' 

I! (Debye-Hiickel) X K''""'' 

D (Dcbye-lliickel term in the 
.Siokcs-Kobinson cxpressioii— 
eq 41) 

ll (hydratioii parameler—-eq 41) 

0.9069' 
0.9316' 
0.8932' 

0.5095 

0.3284 

3.94' 

3.89" 

3.61' 
3.67" 

0.9667 
0.9308 
0.8919 

0.5354 

0.3329 

4.19'-

4.20'' 

3.70'-
3.69" 

0,9609 
0.9815 
0.,8930 

0.6019 

0.3425 

4.19'' , 

3,90" 

0.968 
0.934 
0.898 

0.6915 

0.3530 

3..58" 

4.011 

0.970 
0.9.37 
0.905 

0.8127' 

0.3659 

1 
3.22" 

4 22'' 

0.972 
0.942 
0.914 

0.9907 

0.3807 

3.43'' 

3.611 

0.973 
0.945 
0.919 

1.0905 

0.3879 

3.79-

2.221 

1.2979 

0.4010 

4.4', 

1.2-

' Values at 25° and 100° are from Robinson and Stpkes (1959), at 50° from Harned (1961), and at 1.50° and above from Gardner, Jones, 
aud de Nordwall (1963). ' ' ' r he values at 25°, 50°, and 100° were taken from Harned and Owen (1058); for 1.50° to 270°, the values 
were computed from equalion (28) after performing least squares fits of the osmotic coelficients using equation {31). ° Kxtrapolated from 
higher lemperalure daia (lig. 2). The values ot K are consistent with molal unils of concentration. ' CJjmpuled from the sioichiomeiric 
aciivily coellicienls, dissociaiion conslanls, and values of yco,, in NaC! solutions (to rep)-eseni -y.v„<)i) using equation (34). " Compuled from 
the degrees ot associalion u.siiig etpialion (37). 'Computed from the degrees of a.ssociation and the stoichiomelric activity coelficients using 
equation (3'J). "Computed from Ing y,, „..„. (T,T = —A(T) | Z,/., | T"-/(l 4 . a(T)H('Ol'/-') using ihe values of .ICI'), A('n, 1J(T), and T 
given above, ''Smnoihed (fig, 3) valiurs i.ompuied (using eq 38) from the mean ionic aciivily coelHcicnls and those calculaied from lhe Debye-
Hiickel equalion*. ' Compuied (using cq 35) from Henry's Law coefficienls for COj iu waler and Naf;i solutions at elevated teinperalures 
(Kilis and Colding, 1963). ' Computed from die osmotic coellicients using equatioii (4ii). ' Compuied (Helgeson, 1907b) from cqualions (3'J) 
antl (-10) using densily and dielectric constani data for water taken, respectively, from Keenan and Keyes (1936) and Akerlof and Oshry 
(1950). ' Robinson and Siokes (1959). '" Interpolated. "Extrapolated. ' 'Compuied from ihc values ot K.v„,.|. ymi,, in NaCI soliiliuns (U) repre-
•seiii v.v„r.i), and exirapolaicd values ot lhe mean ionic activity coeflicient (eqs 32 and 84), 1 Calculated from least .srpiares fits of llic mean 
ionic activily coefficienls in the concenlralion range 1.0 to 3.0 in using the Siokes-Robinson equalion {eq 41). ' Oblaini-d from least stpiares 
fiiS (eq 41) in lhe coiiceiiiration range O.I to 3.0 ni. "Computed from tbe Stokes-Robinson equation (eq 41) using llic values of A('r), I'lfl'), 
f, ll-(T), and Ihe extrapolated mean ionic activity coefficienls shown above, 'All values given in Ihis table are consisienl wilh molal units 
of concentration. 

to 
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the assumption that yj,-aci ^ yco, >« '̂"aCf solutions probably intro
duces negligible error into mean ionic activity coefficient calculations. 

Deviation function.-The departure of the log of the mean ionic 
activity coefficient from that predicted by the Debye-Hiickel expression 
at 2a°C has been described by Scatchard (1936) and odiers with a devia
tion function. Pitzer and Brewer (1961) designate this funcdon with the 
symbol B" to distinguish it from the limiting function at zero concen
tration. The deviation function at a given temperature can be defined 
by writing 

log y% + Aiz,z,|P'V(i + aBl" '̂) • 
B" (I) = z ^̂ )̂ 

I 
in which i is the "distance of closest approach" of the ions in solution, 
and A and B are the molal Debye-Hiickel coefficients given by 

A(T) 

and 

B(T) 

1.8246 X l0^ipK^o{T)y'' 

(eH,o(T)T)"^ 

50.29 X lO^(py,o{T)y 

(39) 

(40) 
(eH,o(T)T)"^ 

where pH„o is the density, and £H„O the dielectric constant of water at 
temperature T. Values of the A and B coefficients in equation (38) at 10 
degree intervals from 25° to 350°C have been presented elsewhere (Helge
son, 1967b). 

The definition of the deviation function expressed by equation (38) 
differs somewhat from that used previously by Scatchard (1936), Pitzer 
and Brewer (1961), and others to analyze the behavior of electrolyte 
solutions at low temperatures. The function eraployed by these investi
gators is defined by an expression of equation (38) in which stoichio
metric ionic strength is used, and the product iB is set to unity. Al
though this simplification is useful for considering the behavior of elec
trolyte solutions at low temperatures, it is desirable to include explicit 
provision for a and true ionic strength in calculations of B' at high 
temperatures. 

The deviation function, B", is essentially independent of concentra
tion at ionic strengths of ^ 0.5 or more in most electrolyte solutions at 
25°C. Cobble (1964) assumed this function to be temperature indepen
dent as well, and he eraployed 25°C values of B' to calculate high tem
perature activity coefficients. I t is shown below that Cobble's assumption 
is invalid for concentrated sodium chloride solutions at elevated tem
peratures. 

Prediction of the deviation function for high temperature sodium 
chloride solutions requires values of the Debye-Hiickel S parameter at 
each temperature. Because of the high sensitivity of the deviation func
tion to small errors in the a values used in the eqtiation, this parameter 
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must be known accurately in order to define adequately the temperature 
dependence of the deviation function. The required values of k were 
obtained by fitting the mean ionic activity coefficients iir table 2 with 
a least, squares computer routine involving the Stokes-Robinson equation 
(Stokes and Robinson, 1948; Robinson and Stokes, 1959). 

The Stokes-Robinson equation closely describes the concentration 
dependence.of the mean ionic activity coefficients of a large number of 
strong electrolytes to high concentrations at 25''C. For a given electrolyte 
at temperature T and true ionic strength F, this expression appears as 

log y%(T,I) = -
A(T) [Z,Z3|I"= /t(T) 

- log fl„(T,I) 
1 -f- a(T)B(T)I"= 

- log [1 - 0.01Sm(v - /i(T))] (41) 
in which a„ is the activity of H.O, m is the molality of the completely 
dissociated solute (equivaleht to f in the case of NaCl), k is the "distance 
of closest approach" of the ions in solution, v is the number of ions per 
raole of solute, and h is the average number of water molecules coordi
nated to V ioiis in solution. The Stokes-Robinson equation provides for 
the effects of ion hydration on the activity coefficient of the solute. It 
can be derived rigorously from equations describing the Gibbs free 
energy of the solution in terms of the chemical potentials of HjO and 
the hydrated and unhydrated solute. Two assumptions are involved in 
the derivation: (1) that the coefficient h is independent of concentration, 
and (2) that the Debye-Hiickel term in the equation accurately describes 
the part of the.departure of activity from molality due to electrostatic 
interaction of the solvated ions. The excellent fits obtained by Stokes 
and Robinson (1948) of observed activity coefficients in a large number 
of concentrated electrolytes at 25°C suggest that these assumptions are 
valid. 

Equation (41) was used to corapute least squares fits of the raean 
ionic activity coefficients for sodium chloride solutions shown in table 2 
(Helgeson and Jaraes, 1968). The values of I in equation (41) were com
puted from equation (37) using the degrees of association {asnci) given in 
table 2. The activities of water employed in the calculation were cora
puted frora the stoichiometric osmotic coefficient (0) for each tempera
ture and total concentration of NaCl (ra,) by evaluating 

vin.6 
(42) In a,„ = — 

00.00 
The osraotic coefficients and coraputed activities of water are given in 
table 2 along with the vahies of a(T) and A(T) for NaCl obtained from 
the least squares fits. The deviation functions calculated (eq 38) from the 
i and y*^ values are also shown in table 2. 

It can be seen in figure 3 that B'x„ci passes through a maximum 
with increasing temperature, but that at each temperature B'xaci is only 
slighdy dependent on concentration at molalities of NaCl between one 
and three. The maxiraura variation in B'x„ci with concentration in the 
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Fig. 3. Plot of the deviation function, B'. against temperature for 1, 2, and 3 
molal NaCl solutions. The symbols represent the mean values ot B' at each temper
ature computed from equation (38); the vertical bars on the symbols depict the maxi
mum variation in B' in 1 to 3 molal solutions. Where no vertical bar is shown, the 
maximum varialion is within the limiis ot the symbol. 

range 1.0 to 3.0 mt,^^c\ from 25° to 270''C is ±0.002 from the values repre
sented by the symbols in figure 3; this variation represents a slight in
crease in B" with increasing concentration. However, it can be seen in 
figure 3 that the uncertainty in the data from which the B' values were 
calculated exceeds the extent of this variation. Although mean ionic 
activity coefficients for NaCl are not available above 270''C (see footnote 
3, p. 743), it appears likely that B' approaches zeî o in the region of SOO'C. 
B' also becomes small in HCl solutions at high teraperatures (Helgeson 
and James, 1968). The behavior of W in figure 3 suggests that the simple 
Debye-Hiickel expression in the Stokes-Robinson equation for y*^ (eq 41) 
is sufficient to describe the mean ionic activity coefficient of NaCl in I to 
3 molal solutions in the region of 300°C. This is not surprising because 
the hydrational entropies of ions at 25°C are relatively large negative 
numbers that would be expected to become substantially less negative 
with increasing temperature, and the bulk of the solute in sodium 
chloride solutions is associated above 300°C. 

From a practical standpoint, the fact that the Debye-Hiickel ex-
iression can be used to predict accurately mean ionic activity coefficients 
n concentrated electrolytes at high temperatures is extremely useful, 
•fote, however, that such calculations are valid only when true (ancl 
ot stoichiometric) ionic strength is used in the equation. It can be 
emonstrated that the product SB (where B is the Debye-Hiickel co-
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efficient) for NaCl solutions is essentially independent of temperature 
from 25'^ to 270°C. Also, B" is closely related to yco, in NaCl solu
tions, which is reflected by the relative success of the Delta approximation 
(Helgeson, 1964) in predicting activity coefficients at elevated tempera
tures. Various theoretical implications of the behavior of yco, y^:. y*:t> 
S, h, and B" for NaCl solutions and other electrolytes at elevated teraper
atures together with empirical con-elations of these parameters with 
thermodynamic variables have been considered in detail elsewhere (Hel
geson and James, 1968). 

True individual ion activity coefficients.—In the derivation of tfe 
Stokes-Robinson equation (eq 41), the departure of activiiy from molalitv 
for the completely dissociated solute over and above that described by 
the Debye-Hiickel term for the solvated ions is attributed to ion hydra
tion; thatis, as the concentration of the solute increases at a given teraper
ature, the product B I , which is numerically equivalent to the sum of 
the second and third terms on the right side of the Stokes-Robinson equa
tion, is a function only of the decrease in the number of uncoordinated 
solvent molecules pei" 1000 g -of water. At constant concentration in 
sodium chloride solutions of 1 to 3 molal, the number of uncoordinated 
water molecules apparently first decreases ancl then increases with in-
CTeasing temperature above 25°C. 

In a concentrated raulticomponent electrolyte solution consisting 
predominantly of sodium chloride, ions present in small concentrations 
(compared to that of the sodiura chloride) should contribute negligibly 
to the ionic strength and total coordination of water molecules in the 
solution. In such an electrolyte, close approximations of individual 
ion activity coefficients for die species present in small concentrations 
can be calculated from 

-A(T)Z,=I"= 
log y*,(T,I) = ' - ^ r — + B'(T)I (43) 

1 -f 5i(T)B(T)I"-
where y*( is the activity coefficient of the ith ion present in small con
centrations in the solution, I and B" are the true ionic strength and devia
tion functions, respectively, for pure solutions of the supporting electro
lyte, and dj refers to the "distance of closest approach" of the tth ion. 
Equation (43) can also be written for mean ionic activity coefficients of 
salts present in sraall concentrations in a sodium chloride solution. This 
requires only that the relation 

Y*i: = V 7 % y * - ) (44) 
be satisfied for the dissociated part of the salt in question. 

Provided appropriate i values are known for each- temperature, 
equation (43) ami the data in table 2 perrait calculation of activity co
efficients of ions present in sraall concentrations in sodiura chloride solu
tions at high temperatures and concentrations of NaCI. Unfortunately, 
values of i for most ions at high temperatures are not available, nor 
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can they be calculated with confidence. It appears that the best approxi
mation that can be made in the present state of knowledge is to assume 
that i coefficients for ions are independent of temperature and employ - • 
the values at 25'^C in calculations of high temperature activity coefficients 
from equation (43). It can be seen in table 2 that k for NaCl solutions 
from 25° to 300°C varies between —0.7 and 0.5 angstroms from its value 
at 25°C. If the k values for other salts behave in a similar fashion, the 
error involved in calculating high temperature activity coefficients by 
assuming k values at 25°C to be constant should be negligible compar-ed 
to other uncertainties attending geochemical calculations. On the other -
hand, if the temperature variation of a coefficients for other salts is 
similar to that exhibited by the a for HCl, the error raay be substantial 
at high temperatures. T h e k coefficient for HCl is essentially constant 
from 25° to 150°C, but it increases rapidly with increasing temperature • 
between 150° and 275°C (Helgeson and James, 1968). Nevertheless, it -; 
appears likely that the temperature dependence of k coefficients for metal 
ions ancl metal ion complexes will prove to be more like NaCl than HCl. 

Because k coefficients tend to increase at high teraperatures. high 
teraperature activity coefficients coinputed from equation (43) assuming .. 
constant a values equal to their values at 25°C should be minimal approxi
mations. 'Where such approximations render individual ion activity co
efficients less than ^-'O.l, the effect of sraall errors in the activity coef- •: 
ficients on calculations of solution equilibria may be large. For this ''..-
reason, approximations of individual ion activity coefficients at high 
temperatures and concentrations of sodium chloride should be confined 
to monovalent and possibly divalent species. Predictions of high tempera
ture activity coefficients in concentrated solutions of mixed electrolytes 
in which raore than .^-20 percent of the solute is not sodium chloride 
requires use of Harned's rule coefficients or coefficients for a similar but 
higher order power function (Lietzke, Hupf, and Stoughton, 1965; Helge- , 
son, 1967b). 

Stoichiometric individual ion activity coefficients.—C<t\cii\a.t'ions of 
high temperature mineral solubilities in concentrated hydrothen-nai solu
tions in which the solute is predominately sodiura chloride can be 
simplified considerably by first computing stoichiometric individual ion 
activity coefficients for the solution. The stoichiometric individu.al ion 
activity coefficient, -/i, is defined as 

y. = - ^ . (45) -

where a; and m^̂ i designate the activity and total molality of the tth ion 
present in small concentrations in the sodium chloride solution. Carrels 
and Thompson (1962) used the symbol yj for stoichiometric individual 
ion activity coefficients. The yT used by Garrels and Thompson differs 
from the yj in equation (45) only to the extent that the latter specifically 
refers to the presence of the ith ion in an electrolyte solution containing 
a predominant concentration of some other salt. 
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. '- - Values of -/< can be calculated for a given temperature and concen-
,>;̂ -.irauon of sodium chloride (or sorae other supporting electrolyte) by 
-..evaluating one of several possible mass balance relations that can be 

->. written for the tth ion, depending on its identity. For exaraple, if € 
^ represents a cation associated in a series of ? mononuclear complexes in

volving y moles of anion L (y .= 1, 2, 3, . . ., ?), we can write 

. , ? 

m t,C m + y 
(46) 

; where m and m„ are the molalities, respectively, of cation G and the 

yth complex, which has the form €L^, Expressing equation (46) in terms 
of.activities leads to 

* • m _ = t.C + 
W't 

z 

y fivyv 

1 
= fl. + (47) 

.ivhere ŷ  is the activity coefficient of the yth complex, a 

y Pvyy 

and GL are the 

. activities of the cation and anion, respectively, y* represents the true in-
:. dividual ion activity coefficient of the subscripted species, and /3^ is the 
;. overall dissociation constant for the yih complex defined as 

Vî .-'̂ - y 
' X l : . py = n K „ (48), 
' • • ' -5 ' " u 

' .where u is an integer index (M = 1, 2, 3, . . ., y) and K„ represents the 
stepwise dissociation constant for the lUh complex. Combining equations 

"•(45) and (47) leads to 

1 1 
^€ = 1 

+ 
? 

y 

« L ' 1 

fivyu + 
X 

y 

mu'y*! 

fiyyy 

(49) 

' c • y '^ '"" ' G 
If the total molality (wij) of cation € is small compared to that of sodium 
chloride,, the values of y* and y*L (and yj, when the yth complex is a 

charged species) in equation (49) can be calculated from equation (43). 
The values of I and B' used in the calculations are those obtained frora 
equations (37) and (38) for the supporting electrolyte; the p values in 

. equation (49) can be predicted from the thermodynamic relations dis
cussed above. If the yth complex is a nonpolar neutral species, y^ can 
be approximated as yco,: if it is more like H.jSiO.„ ŷ  can be regarded 
as unity (Helgeson, 1964; 1967b). Where the ligand involved is chloride 
in a concentrated sodium chloride solution containing small concentra
tions of other species, the mean ionic activity of sodium chloride in a 
pure sodium chloride solution can be used as a close approximation of 
flf In such cases, mj'-y*^,' in equation (49) can be replaced by m,.xaci 

y can then be computed as y=xnci and (because ŷ N-nci 'S known—table 2) 
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a funcdon of OT/,.vaci- Where L does not correspond to C l - , -> can be 
calculated as a function of jn^. In many cases IUL in hydrothermal solu
tions can be approximated as m^̂ ĵ . 

Expressions analogous to equations (46) to (49) can be dei-ived to 
calculate values of yi,. Such expressions are particularly useful where the 
anion L is associated predominantly with the hydrogen ion. Under these 
conditions, y^ can be computed as a function of pH. By rearranging 
equation (45), precomputed values of y and ŷ , permit calculation of the 

activities of the free € and L ions in concentrated hydrothermal solu
tions direcdy frora analytical data. Consequently, hydrothermal mineral 
solubilities can be predicted without further consideration of complexes 
in solution; that is, provided all iraportant complexes are included 
in the calculations of the y and yi, values. 

Solubility Calculations 
By specifying values for such variables as pH and the total molality 

of NaCl in concentrated sodiuin chloride solutions at a particular temper
ature, values of y for S - - , SO^—, C O 3 - - , Ag+, Fe-f- + 4-, Cu+-^, and 
other ions that raay be present in sraall concentrations in hydrothermal 
solutions can be calculated from expressions of equation (49) or the cor
responding equation for anions. Provided these calculations include pro
vision for a realistic distribution of aqueous species, the solubility of a 
given mineral in the solution can then be computed from the activity 
product relation. 

"l-t,!" ^t.. 7 ' ' 'e 
= K., (50) 

where K̂ p is the activity product constant of the itiih mineral, which con-
1!/ 

sists of 11 moles of the uh cation and v raoles of the eth anion in the system. 
The stoichiometric solubility (where vm . = nm „) is then given by 

f>h,i 
n'K., l,/(«+v) 

V y, y . (51) 

t.e 
in' which S is the solubility (in molality units) of the ii/th phase. If m 

' il 
(the total molality of the eth anion) is specified, non stoichiometric 
solubilities can be computed from 

S = 
ll' 

m. 
K. ,1/n 

m t.e >'.'>'fi' / (52) 
If more than one solid phase is in equilibrium with the solution, ex
pressions analogous to equations (51) and (52) can be derived by com
bining statements of equation (50) for each solid and writing a mass 
balance expression relating the total molalities of each cation in solution. 
The mutual solubilities of the minerals in the solution can then be com
puted from these equations. 
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Pressure as a Variable 
As indicated earlier, the pressure dependence of equilibrium con

stants for most hydrothermal reactions is slight (considered negligible in 
this discussion) at temperatures below ^300°C. This is true for soliti 
phase equilibria even at much higher temperatures, but for dissociational 
reactions in aqueous solution, pressure effects become significant as 
teraperature increases above ^-'300°C. • 

The need for a general method of coraputing equilibrium constants 
at high pressures and temperatures has become more acute in recent 
years. Experimental data for hydrothermal systems are frequently ob
tained at temperatures and pressures greater than 300°C and 1000 atm. 
The dependence of equilibrium constants on pressure is a volume func
tion, but few ionic volumes are known for aqueous electrolytes at high 
temperatures and pressures, and those data that exist (Owen and Brink-
ley, 1941; Couture and Laidler, 1956; Zen, 1957; Hepler, 1965; Ellis, 
1966, 1967, 1968) are rarely definitive with respect to the volumes of 
individual ions and complexes. Despite this handicap, the effect of pres
sure on dissociation constants in aqueous solutions of electrolytes can be 
closely approximated from the teraperature and pressure dependence of 
the dielectric constant of water. 

Consideration of the thermodynaraic characteristics of dissociational . 
reactions as a function of temperature suggests that the dielectric con
stant of water essentially controls the stabilities of complexes in aqueous 
solutions of electrolytes at high temperatures (Helgeson, 1967a). It can 
be shown that the conventional molal"^ dissociation constant for a neutral 
complex in the supercritical pressure-temperature region for water can 
be described within the uncertainty of the experimental data by a mono
tonic function of the dielectric constant qf the solvent; that is, the molal 
log K(T,P) for a given neutral complex is essentially a constani for all ". 
pressure-temperature combinations that result in the same value of the 
dielectric constant of water in the supercritical region. Data are not avail
able to determine whether the same relation exists for charged complexes 
in the supercritical region, but theoretical considerations suggest that the 
stabilities of these species should also vary monotonically with the di
electric constant of the solvent. 

• T h e conventional dissociation constani does not provide explicitly for the par
ticipation of the solvent in the dissociational reaction. If the reaction is written to 
include the correct degree of participation by the solvent, then the isothermal dissocia
tion constant becomes independent of the dielectric constant of the medium (Quist 
and \farshall, 1968b). Most supercritical dissociation constants reported in the litera
ture are consistent with molar units o( concentration (tor example. Franck, I96I; Quist 
and Marshall, 1966, 1968a and c). These data can be converted to be consistent with 
molal units ot concentration by solving log K„ = log Kj, — (ii — I) log pH,o. where 
K„ and K« are the molal and molar dissociation constants, respectively, PH",O repre
sents the density ot water, and fi is equal to the sum ot the exponents in the Law of 
^f3ss .-Vction equation tor the dissociational reaction. Despite recent arguments to the 
contrary (Quist and Marshall. 1968a) dissociation constants consistent with mobi 
units of concentration and the molal scale of concentration itself are perfectly ap
propriate for calculations pertaining to the supercritical region. Molal units of con
centration are commonly more useful than molar units in geochemical calculations. 
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The cur^-es were drawn from dielectric constant values taken from Quist and .Marshall 
(1905) and density data for water obtained from Holser and Kennedy (I95S). 

Isodielectric curves for water are plotted in figure 4 to illiistrnte the 
order of magnitude of pressure elTects on dissociation constants. For ex
ample, suppose that the molal dissociation constant for 

H,S(,„ ?^ 2H+ -f S— (53) 

at 1000 atm and 400°C is required for a given geochemical calculation. 
In figure 4 it can be seen that the dielectric constant of water under these 
conditions is the same as it is at 120 atin and 325°C on the boiling curve. 
Pressure effects contribute only slightly to dissociation constants calcu
lated for a 1 atm standard state from high temperature experimental 
data obtained along the vapor - j - liquid pressure-temperature curve for 
water to .~-325°C. For this reason, and also because appropriate ionic 
volumes are rarely available, the pressure correction (119 aim in this 
case) is commonly neglected, and the experimental log K(T) values ob
tained from such experiments are assigned to the 1 atm standard state. 
Because the molal value of log K(T) for the dissociation of a neutral 
complex in water at high teinperatures is essentially constant along an 
isodielectric curve, the molal dissociation constant computed for ;525°C 
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• and I atm (or more accurately, 120 atm) is approximately equivalent, to 
,- that at 400°C and 1000 atms. 
•c'v. The relation described above between log K(T,P) and the dielectric 
'•'constant of the solvent is more useful for the purpose of estimating molal 
'-log K(T,P) values at high temperatures and pressures than density rela

tions. This is true because log K(T,P) for a given reaction cannot be 
characterized as a single monotonic function of density at all pressure 
and temperature combinations contributing to constant density. On the 
other hand, isentropes for water are essentially coincident with the iso
dielectric curves shown in figure 4, which means that log K(T,P) can 
also be approximated as a monotonic function of the entropy of the sol
vent (Helgeson, 1964). 

If a raolar scale of concentration is used and the dissociational re-
-Saction is written to include the correct degree of solvation of the partici-
^1-pating species in solution, the corresponding supercritical dissociation 
. constant is independent of pressure (Quist and \farshall, 1968a). Con

sequently, these dissociation constants can be coraputed for any pressure-
temperature condition solely from predictive equations involving temper
ature, such as those presented in the preceding pages. However, in prac
tice this approach is usually preclutied by the dearth of information 
concerning the actual extent of solvation (hydration numbers) of the 
various species in hydrothermal solutions at high temperatures. 

COMPUTER CALCULATION'S AND RESULTS 

The equations and methods of calculation summarized in the pre
ceding pages have been prograramed for machine computation. The 
results of calculations carried out with the aid of these coniputer pro
graras are discussed below and presented in tables 1 to 14 and figures 
5 to 21. The data employed in the calculations are also presented in the 
tables, along with references to the sources from which they were taken.-
In certain cases (noted in the footnotes in the tables) thermodynamic 
values reported in the literature have been changed (within the margins 
of uncertainty reported in the source references) to agree with other 
experimental and geologic observations, and estimates of thermodynamic 
properlies are given for a nuraber of species for which data are incom
plete. The values listed in the tables are the result of a critical cora
pilation. and they are intended to constitute an internally consistent 
array of thermodynamic data. 

Dissociation Constants 
Thermodynamic data at 25°C and 1 atm for various species and 

dissociational reactions of interest in hydrothermal studies are summar
ized in tables 3 and 4 along with calculated average heat capacities and 
log K(T) values for higher temperatures. The dissociation constants, 
which were computed from equations (11) to (17) using thermodynamic 
data given in tables 3 and 4, are also plotted in figure 5 to illustrate the 
changes in the stabilities of hydrothermal species with increasing temper
ature. < 
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TAHI.E 3 

Thennodyntiraic data for species in aqueous solution at 25°C ami 1 aim 

~ i 

« l 

Species 

Cu* 

Cu

rb* 
Zn-

H g " 

Fc' 

A H ° , " 
(cal mole""') (cal mole""' dcg~') 

Average heat capacity* 
(cal inolc""' deg~') 

10,930" 

15,390« 

-400° 

-36,780'' 

41,.590' 

-21,000' 

9.4' 

-23.6« 

2.5" 

—26.0^ 

-5.4' 

—27.1' 

60°C 100°C I.50°C 200°C 

33 44 43 47 

49 

37 49 

50 66 

41 54 

50 eo 

06 71 

49 54 

07 73 

00 

08 73 

250 °C 

H.SiO. 

M.S 

H.S-

s — 

SO.— 

CO,— 

OH-

ci-

! • -

H-Po,0 

H' 

Ag* 

_348,000'' 

—9,030° 

_4,230° 

9,070' 

-217,320° 

— 161.840° 

—54,970° 

—39,950'' 

—79,500'' 

—68.315" 

0.0 

25,310' 

45.84" 

30.9" 

I!).0* 

—4.0'-' 

4.8° 

-13.0° 

—2.57° 

13.51' 

—3.3° 

16.71° 

0.0 

17.69' 

49" 

46'= 

_52 

—48 

—99 

— 132 

—47 

—51 

—47 

18 

23 

30 

49" 

, 39"' 

—58 

—58 

—108 

—140 

—58 

,^58 

—58 

18 

31 

39 

,46" 

35°' 

-6? 

—61 

-105 

—138 

—61 

—62 

—61 

18 

33 

39 . 

40" 

32'° 

—66 

—05 

—114 

— 151 

—65 

-66 

—65 

18 

35 

43 

46" 

33" 

—70 

—69 

—120 

—162 

—69 

—70 

—69 

18 

37 

45 

45" 

35.5" 

—76 

—75 

—126 

^171 

—76 

— 7 G 

—75 

18 

39 

47 

•50 

75 

58 

77 

63 

78 

300° C ii. 

a: 

53 

79 

01 

Bt 

67 

82 

a-
01 

o 

a-v: a. 

sr 

Species 

Fe* 

Ca* 

M g " 

Ba' 

Na* 

Al* 

A l l * 

Al l 

A H ° , I 
(cal mole""') 

-ll,400« 

-129,770" 

S° 
(cal molc~' dcg~') 

—70.1" 

—13.2 ' 

-110 ,410 ' -28.2' 

• ' . " . ' • ' f " " I ' l l , l . , | . - _,II1I»IIHII 

" . , ' " ' ' ' ' " ' f - ' ' - ' ' - ' ' - ' - ' " ' ' . ' ' • • ' " ' • • ' ' .'•'•^•v''-.'f," -•• ' ' i ' . ' ? . ' ^ i - ' , ' , t ' i - ' • ' ' , ; ' ' ' - i ^ ' ' ' ' - • ' • 
- , " i - - . u ' ' I ' . • - . . - • ' , ' I ' - ' ; • ' • i ' . ' " - ' . ' . ' - ' ' . - - ' • • ' - i . ' . t • " . • • 

Average heat capacity" 
(cal iiiolc""' deg~') 

60»C 100°C I50°C 200° C 2.50°G 3Q0'C 

70 93 96 105 109 

45 .59 1 60 66 68 72 

51 07 69 75 79 83 

—128,070' 3.0' 38 50 50 55 58 61 

—60,040' 24.5' 27 35 35 39 41 43 

-.57,279' 14.4' 41 41 45 47 49 

— 127,000" -76.9° 72 95 99 108 114 

22.0> 29 37 37 41 43 

1'20 

45 

—23.0' 50 67 69 74 78 82 

"Ccimpiited rruiii eipialions ('2) lo (5) and the enlropics .shown-above (Cri.ss and Cobble, 1964a and b), ' 'Compuled from a conslant 
AC ' ' | . , , leasl sqiiaies lit nf quart-/, solubilities measured hy Moiey, Founiier, and Rowe (1962) and Kennedy (1950) using ihe Ihermodynamic 
dala for ipiari-/. given iu table 7. "̂̂  Compuled from dH°,.ii.^BJL,, = —4930 cal iiiole—' (Wagman and others, 1968) aud a value ot AH", 
for HjS,^, ^ H.„S„„, of —41110 cal m o l e - ' (I'ohl, 1961; table 10). " coinputed fiom 8°,I.,N^^,J = 49.16 cal mole- ' deg- ' (Wagman aud olhers, 
1968) and a value of .iS",. fur ILS,^, ^ l-t.S,,,,, of —18,3 cal mole - ' deg - ' (I'ohl, 1961;" Wright and ,Maass, 1932; lalile 10), -Wagman 
and Olhers (iyi>5, !',I6I), 1968), ' Calculated from log K||,s- = —13.9 (Marohny, 1959; Muhamincd and Siindaram, I'Jtil) aud the entropy 
vaiucs shown •.ihovc for H.S"" and S . This value of AH°, ..—, which is consistent wilh the other data given above for species in
volving ,S , ililfei-s Irom lhat (7900 cal mole~') reported by' Wagman and others (1968). "Latimer (1952), '•Calculated from log KCIV) 
for the dispropurtioiialion ot the cuprous ion (Fcnwick, 1926; table 10) uiiiig ihe values ot .')°j.„,, •'»''(-„)+. •""' il'-'°;,(j„<< •'ihown above logelher 
with theda la IVir Cu,.,, given in lable 6, ' Wagman (1951), ' Wullt (I9S7). 'Computed trom a'prediciiuu of ihe dissociational eniropy for 
.\uC:i from eipiaiions (2.5) and (27), S°,..i- = 13.51 (Ahhiwalia and Cobble, 1964), and a value of S",„,i,i compuled from Cobble's (l'J53) 
etpialion for neiilral species. ' Calculalcd from the predieied di.s.socialiomil entropy for .'\iiCI,~" in lablc I using S°.i,„:i|- == 61 cal iiioli;—' 
dc-g—' (Latimer, 1952). ""Helgeson (1967a). "Computed (Helgeson, 1967a) from least squares fits of equation {17) to equilibrium constants 
for HiS,,., ?=i 1-LS,„,|, at elevated temperatures (Kozinsteva, 1964), The high temperature values ot AH' ' , I . ,S( . ii.sed in tbe calculations were 
compuled from a heat capacily |)ower function (eq 10, table 8) and the value ofAH°,,ii.„s,,, at 25°C given in tooiiiole c above. "Calculated from 
quartz solubilities (Morey, F'ournier, and Rowe, 1962; Kennedy, 1950) and the thennodynamic data given in table 7 for quartz. " Knthalpy 
ot forination trom lhe elements. •• Compared to—3.5 cal mole""'deg~'(Wagman and others, 1968). 'Ahhiwalia and Cobble (1964). 'Com
pared to —20.8 cal mole—' deg""' (Wagman and olhers, 1908). 
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TABLE 4 

Thermodynamic data for dissociational equilibria in aqueous solution' 

Reaction' 

H,0„, . ,>?=iH' . - f -OH-

H.S « ^ H ' -1- H S -

H S - ? r * H * + S 

H.SO, ?=iH'-(- .SO. 

H,SO,-*=iH ' -)- HSO, -

H,CO„„,,„,'"'?=i H ' -1- HC() : r 

HCO, -? :* H- + CO., 

H As(OH),<=* H- -f H,,As(OH),-

H.As(OH), « ^ H ' -1- HA.<i(OH), 

HA.s(OH)., ^ H ' + A.s(OH), 

HA.s(OH),?::^ H* -|- A s ( O H ) -

As(0H).-j=±A.s(OH), -f O H -

A!(OH)r?=2Al*'* -i- 4 0 H -

Al(OH)** ?=i Al*" -f O H -

K.SO,-«=±K^ + SO, 

K H - ; 0 . ? ^ K ' - f H.SO.-

CaSO., *=* C a " -1- .SO, 

MgSO,?^ Mg" -f- SO. 

AH«, (T,) 
(cal 

mole- ' ) 

13,335" 

4.800° 

IS.SOO' 

— 3,850* 

1,840° 

3,600" 

3,430" 

5,120'-'-

4,350" 

6,560" 

6,800°-" 

I0,.300'' 

— 1,990' 

AS°, (T,) 
(cal mole"~' 

deg- ' ) 

— 19.31° 

— 15.9' 

— 19.0' 

— 22.0' 

— 22.9° 

— 35.16" 

— 82.9" 

— 60.9" 

— 38.9" 

— 20.2" 

0.7" 

—115.2"' 

— 49.0°" 

25°C 

—14.00'''" 

— 6.99' 

—13.90' 

— 1.99''' 

— 6.35" 

—10.32" 

20.0""' 

—18.4""' 

— I I . ? " -

— 9.2— 

— 4.8'"" 

—32.73" 

— 9.25'' 

— 2 ,635" . "— 12.7" '"— 0.84"." 

— I,700''"'' 

— 4.920''-i"' 

— le.S''^"'' 

20.8''-''' 

2.31"^'''' 

> 2.25''''''' 

50°C 

—13.27'''" 

— 6.77''-'"' 

—IS.IS"'" 

— 2.27' 

— 6.31?-" 

—lO.lT'." 

- 2 0 . 5 ' 

—18.2' 

—H.5 ' 

— 8.9' 

— 4.4» 

_:32.3' 

— 9.4' 

— 1.00"-" 

— 2.4''^''"'', 

2.6''.'.I" 

\ 

i 60°C 

-LlS.OS-'" 

— 6.72"-'"' 

—12.84"''''' 

— 2.40''-" 

,— 6.32'"-" 

—10.15'''" 

—20.5' 

—18.1' 

—11.4' 

— 8.8' 

— 4.3' 

—32.2' 

— 9.5' 

— 1.06"'" 

2 .5" ' " " 

2,711.i.pp 

log K(T)" " 

100°C 

—I2JJ0'' '" 

— 6.63"''"" 

—H.78"''"'' 

— 2.99' 

— 6.45<'." 

—lO.ie"'" 

—20.8' 

—18.2' 

—11.4' 

— 8.4' 

— 3.8' 

—32.2' 

—10.0' 

'— LSO"'"" 

2.1<'.i.rii 

S.O''''-"" 

150°C 

—11.64' '" 

— 6.72" 

—10.62" 

— 3.74' 

— 6.73'''" 

—10.29' '" 

—21.8' 

—18.8' 

—11.7' 

— 8,3' 

_ 3.3« 

—S3.0«'" 

- 1 0 . 8 ' ' " 

— 1.60"'" 

— S.l" '"" 

3.9''.'.pi> 

200°C 

—ll. 'Zf." 

— 6.96" 

— 9.57" 

— 4.49' 

— 7.08 ' '" 

—10.68"" 

—23.6' 

- 2 0 . 1 ' 

—12.3' 

— 8.4' 

— 2.9' 

—34.6' ' '" 

— H . g ' - " 

— 1.94"." 

_ S.O"'"" 

— 4.8"'''"'' 

250°C 

—H.13" '" 

— 7.35" 

— 8.01'' 

— 5.41''-" 

, O.G"' 

— 7.03''-" 

—11.43"^" 

—36.7'-" 

—13.1 ' - " 

0.8' 

sot 
—It. 

— 8.( 

— l.'l 

— V.C 

0.5 

— 8.8 

—13.31 

—39.5'' 

—H.7''-

— 0.3' 

MnSO. ^ Mil" -f SO. — 3,700" — 22.7" — 2.25' — 2.5'''' 2.6''-' — S.O"' — 3.6"'' — 4.3" 

' t-l. -. 

ZnSO. *^ Zn** -\- SO.-

Ag.SO.~?:±Ag'-l-.SO,— 

CaC(r,«=iCa" -{- CO„— 

NaCI ^ Na* -f Cl"" 

4,090" — 24,5" — 2,38° — 2,6"'' — 2.7" i.r- S,8"' — 4,6"'' 

— 1,500* 11,0" — 1.30" — 1.4' 1.4' — 1.6' — 1.9' — 2.2' 

— .3,I30- — 2.5.1' 3.'^ll' .3.4' •— 3.5-•" — 3.9'- 4 .5 ' ' " 

097..,tb 0,42"''"' 0.15"''"' — 0.82"''"' 

KC1?:±K* + C 1 -

HCl ?:i H* -)- C l -

Mg(OH)* j= jMg"- ) -OH-

l'c(OH)* ^ I-e" -(- O H -

• 

—18,630" 

— 2,140' 

2,700' 

— 34.4" 

— 19.0"" 

— 17.0°° 

6.1"" 

— 2.60" 

— 5.7 '" 

— ) 

5.0"" 

— 2.7' 

— 5.0' 

- 4.56"'« 

• — 2.8' 

— 5^5' 

2.90"'" 1.23"'" 

— 3.1' — 3.6' 

— 5.4' — 5.5' 

0.9"' '" 

0.06" 

— 4.1'-"-

— .5.7'-" 

Q. i" . " — 0.6"-" 

_ 0.67"'" — 1.24"'" 

"All species .shown in this column are aqueous, and HjO'refers 10 liquid wate)-. "Hale, Lial, and Christensen (196.3) and Vanden.ce and Swanson 
(1963). ° Calculated fi-om log K(T,) and A H ° , ( T , ) . " Helgeson (1967a). • Computed from dala given in table 3. ' Coblile (1904). ' Kllis and C'oUliiig 
(1959) and Muhammad and Sundaram (1961). " Computed from data given iu table 3 using equation (6). ' Maronny (19.5t)) and Muhammad and Sun-
darain (l'J61). ' Criss and Cobble (1964b). J Young and Irish (1962). ' Liewke and Stoughton (1961). •" E,<iirapolated as a dieleclric conslani function 
from supercritical log K(T,P) values published by Quist and Marshall (1965). » I'itzer (1937). " Hamed and Davis (1943). " Harned and Scholes (I'J-il). 
' Extrapolated as a dielectric constani funclion fi-om supercritical log K(T,P) values published by Quist and Marshall (1906). ' Uell and Ccoigi: {I'J.'.'H), 
' Estimates calculated from equalion (16), " Nair and Nancollas (1958). » Nair iuid Nancollas (1959). " Hopkins and Wullf (1905). * Calculated (rom 
log K(T,) and AS",(.I\). ' Estimated trom an eniropy correlation plot by Lafon (ms). ' Carrels and Thoii)[).'iOii (1962). "' Extrapolated. ''" Kigurc 2 and 
lable 2. ''" Figure 2. ''" Robinson (1936). °" I'earson, Copeland, and Benson (I96Sb) and Wrighl, Lindsay, and Oruga (1961). " Calculalcd from eqiialii.ti 
(17). "•'« Quist and others (1963). ''" The subscript (app) indicates that the spedes referred to is the undill'creiitiaied sum ot H^COji.,,! and CO,(„,. " lii-
terpolaled. " All log K vahies given in the table ate consistent with molal units of concentration. The values given for lhe di.ssociaiion of waler are for 
ihe activily product con.stant (K.„.). "' These vahies have large uncerlainlies owing lo assumptions made regarding AS'',(Tp)—see fooinote y aliove. 
"" These values were accepied instead ot those reported by Marshall (1967) anit Yeatts and Marshal! (!'J()9) becau.se sulfate complexing ot Na* was, noi 
laken into account in the inierprctation ot the .solubility data trom which dieir log K values were derived. ''•' These values are consistent wiih llu: ex. 
pei-imenial data reported by Ellis and Milestone (1967) fro)n 22°-90"'C. " Compuled fi-om the iheimodynamic data for the 'arsenic species given by Wag
man and others (1908) '" Calculated from dala given iu table 3 and a value of 28.0 eal mole—' deg—* for S°,ii,r,ii, ~ (Wagman and olhers, 1968) " Com
puted from tbe free energy ot formation ot crystalline gibbsiie (table 12), the hydrolysis equilibrium constani for ci7stalline gibbsite (Al(OH)3,„,,,,,i,i,„ 
,ii,..,.u,) -1- HjOd,,, ^ Al(OH). - -(- H*: log K(r , ) — —15.3, Killrick. I'J66), and ihe 4C°,(T,.) values tor Al"* aud O H - given by Wagman and olheis 
(1968). °" Estimated entropy of dis.sociaiion calculated from an expression analogous lo etpiatioii ('25) and an eniropy coircialion plot for hydro.vyl com
plexes similar to that shown in ligure I for chloride species liut including provision for charge. " Caltulaleil by applying correclion factors ui log K 
vahies computed from equation (16). ' l he correctioii factors were taken to be equivalent to those for ainiiioniuin hydro.vide (0.86 at 300°C, Helgeson, 
1967a). *"' Compuied from A H ° , ( T , ) and AS°r(T,). " C:oinpuied by the method of least srpiares from log l i ( r ) values reporicd by Truesdell and' l los-
teiler (1908) aud Quist aud oihcrs (1963). " Computed from the equilibriuni constani for AI*** 4- H..O,,,.,, ^ Al(OH)'* 4- H ' (10—'•"; Hem and Ro
berson, l'J67). "Hos te l l e r (I9C3). " " Leussing and Koltholf (1953). ""'"Dissociation constants for NaCO,- , MgCO,. MgHCO^* CaHCO,*, uiid Na.SO.-, 
which are not included in ihis lable, have been computed recently by Lafon (ms) for lemperatures froin 0° to 100°C. 
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TABLE 5 

Predicted dissociation constants for metal chloride complexes in aqueous solution at elevated temperatures 

Dissociational 
Reaction 

AgCI 7 ^ Ag* + Cl-. 

A g C l , - ^ A g * 4 . 2 C l -

.AgCl, ?:i Ag*-^. 3CI-

.•\gCl. ?=»Ag*-l-4Cl-

CuCl,-?=»Cu*-j-2Cl-

CuCI,, ^±Cu* + 3CI 

CuCI*?=iCu**-(-CI-

CuCI, ^ Cu** 4. 2Cl~ 

CiiClo-?:2Cu**-|-3Cl-

CiiCt. • : iCu**-f -4Cl-

PbCl '? : : iPb**-f .Cl-

PbCl,?:SPb**-f-2Cl-

P b C l , - ? ± P b * ' 4 - 3 C l -

PbCI. ?:±Pb** + 4 C l -

ZnCl*?=tZn**-)-Cl-

ZnCI, ?=* Zn** 4- 2C1-

Z n C l , - ^ Z i ) " 4 - 3 C l -

AH«,(T,)' 
(cal mole—') 

2,540 

4,230 

3,280 

2,680 

420 

— 260 

— 8,650 

—10,560 

—13,690 

—17,780 

— 380 

- - l 1,080 

— 2jl70 

— 3,5S0 

— 7.790 

— 8,500' 

— 9„560 

A.S»,(T,.)" 
(cal mole—' deg—') 

— 6.6 

— 9.8 

—13.2 

—16.4 

—21.2 

—24.4 

—29.1 

—32.2 

—35.4 

—38.0 

— 8.6 

—11.8 

—15.0 

—18.2 

—28.1 

- S I . 3 

—34.5 

25°C 

— 3.31" 

— 5.25" 

— 5.25° 

— 5.51' 

T- 4.94' 

— 5.14' 

— 6.01" 

0.69' 

2.29' 

4.59' 

— 1.60' 

— 1.78' 

— 1.68' 

— 1,38' 

— 0,43' 

— 0.61' 

— 0.58' 

50°C 

— 3.17 

— 5.02 

— 5.08 

— 5.38 

— 4.94 

— 5.18 

— 0.53 

0.06 

1.48 

3.54 

— 1.63 

— 1.85 

— 1.81 

— 1.59 

— 0.90 

— 1.12 

— 1.14 

100°C 

— 2.99 

— 4.71 

— 4.88 

— 5.26 

— 5.00 

— 5.39 

— 1.54 

— 1.15 

— 0.04 

1.63 

— 1.73 

— 2.04 

— 2.13 

— 2.05 

— 1.82 

— 2.13 

— 2.23 

iosP<jr 
!50°C 

— 2.92 

— 4.57 

— 4.85 

— 5.31 

— 5.35 

— 5.77 

— 2.57 

— 2.36 

— 1.52 

— 0.18 

— 1.88 

— 2.29 

— 2.50 

— 2.57 

— 2.78 

— 3.19 

— 3.34 

200«C 

(— 2.9) 

(— 4.6) 

(— 5.0) 

(— 5.6) 

( _ 5.8) 

<— 6.4) 

( - 3.7) 

( - 3.7) 

( - 3.1) 

(— 2.0) 

< - 2.1) 

( _ 2.6) 

(— 3.0) 

(— 3-2) 

(— 3.9) 

( - 4.4) 

( - 4.8) ( 

250°C 

(— 3.0)' 

(— 4.7)' 

[— 5.3)' { 

— 6.0)' 

— 6.5)' t 

I— 7.2)' 

(— -i-S)' 

C— 4 . 9 ) ' 

[— 4.6)' 1 

(— 3-9)' 

[— 2.4)' 

( - 3.1)' 

— 3.6)' 

L - 4.0)' 1 

— 4.8)' 

- 5.5)' t 

- 6.0)' ( 

300°C 

f- 3.4)' 

_ 5.2)' 

_ 0.0)' 

— 6.9)' 

- 7.4)' 

, - 8.3)' 

( - 6.0)' 

( - 6.5).' 

( _ 6.5)' 

( - 6.1)' 

( - 3,0)' 

( - 3.9)' 

— 4.6)' 

' _ 5.3)' 

— 6.0)' 

— 6.9)' 

— 7.7)' 

- . 1 
cr, 
10 

a: 
a 

a: 

I 

2 
o 

ft. 

2 

ZnClj *=i Zn** 4- 4C1-

HgCI*?^Hg**H-CI-

HgCl. j? iHg**4.2Cl" 

HgCI, : Hg'* 4. 3CI-

FcCI"?=iFe***4-Cl-

FcCI,* ?=i Fe*** 4- 2C1-

FeClj ? ^ Fe*" 4- 3C1-

FcCI.- «=t Fe*** 4- 4CI-

AiiCI,- «=i Au* 4- 2Cl-

A i i C I , - ^ A u * " 4 - 4 C I -

—10,960 

4,800" 

13,400" 

45,300" 

7,910 

7,970 

j-10,290 

—13,860 

10,490 

20.460 

—37.7 

—12.5 

— 15,7 

-18.9 

—33.3 

-36.5 

—S9.7 

—42.9 

0.0 

—30.2 

0.20' 0.89 — 2.14 3.35 (— 5.0) (— 6.4)' (— 8.3)' 

— 6.25" 5.99 — 5.65 — 5.50 <— 5.5) (— 5.8)' (— 6.4)' 

— 13.2.5° -12,51 —11,41 —10.71 (—10.4) (—10.3)' (—10.8)' 

—15.35" —14.50 -13.'25 -12.46 {—12.1) (—12.1)' (—12.7)' 
03 

— 1.48-' — 1.90 — 2.94 _ 3.98 (— 5.1)' (— 6.2)' <— 7.5)' S. 

— 2.13" — 2.62 — 3.63 4.72 <— 5.9) ( - 7.1)' (— 7.7)' 

I.IS" — 1.7(5 — 3.00 — 4.30 (— 5.7) (— 7.1)' (— 8.0)' S. 

0.79' — 0.05 — 1.63 — 3.23 (— 4.9) (— 6.6)' (— 7.8)' 

— 9"-' 

-26" -24.5 

— 8.4 — 7.5 — 6.9 (— 6.4) (— 0.2)' (— 6.'2)' ^ 

- 2 ^ . 4 —21.0 (—20.2) (—20,2)' (—21.1)' ^ 

• Except where olhcrwise indicated, values in this column were computed from log K( r , ) aud A S ° , ( T , ) . " All A.S°,(T,) values were 
calculaied from equations (25) and (27) using ionic radii (lablc I) aud lhe vaiucs of .S",;,— and .S"„.̂ „ at 25°C given iu I'ouuioie b, table I. 
" The values of the overall dissociation constants were computed from log K(T) values (et| 48) predicted from equalion (10) using the 
AS°, (T , . ) and AH'^fFr) values shwvii above. The dis.socialion constants are consistent with molal imiis of concenlralion—those thai arc 
more I'mcertain arc given in pa ren theses. " Jonle and Martin <1952). ' Leden (1952): Berne and Ixden (1953). ' Chaltykian (1948). « Hur-
Icn (I'J6I). " NiLsiinen (1953). ' Ujerium (I9'I6). ' Nelson and Krau.i (|954): Marcus (19.56). ' Marcus and Mayden {1963). ' This value is 
consistent with high temperature log K(T) values (Kraus and Rarid:)n, I960)—sec foiiinolc g, table I, '" Malcolm, I'arioii, and Waisoii 
(1901). » Calculated from A H ' ' , . ( T , ) and A S ° , ( T , ) . " Williams (1954) 1 Rabinowitch and Sioekmayer (1942). ' Marcus (I'JOO). ' Compuied 
from the free energy '̂ f formalion of Au* (Laiimer, 19.5'4 and the oxidation potential lor thi- i-eiicliou ..\uCI.— -)- r.— j:± .'Xui,,) -k- 'iC.i~ 
(Hjernim and Kirscliner, 1918; Bjerrum, 1948), ' Extrapolated. " Compuled from the free energy of formalion of A u ' " (Laiimer, 19.5'2) and 
ill.- (Dci'laiion polential for .•\iiCI,~ -|- Se" ?=i Aii,„, -t- 4Ci— (Bjerrum and Kirschner, 1918; Bjerrum, 1948). ' These values are actually for 
18°C. but Ihey are uncertain to the extent that a 7 degree correclion to 25'*C is unwarraniecl. 
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IOO 150 200 250 
TEMPERATURE, "C 

300 

Fig. 5. Dissociation constants for complexes in hydrothermal solutions at elevated 
temperatures (table 4). The curves shown for the dissociation of H.SiO, and H ŜiO.— 
are tliose compuied by Cobble (1964); the log K values defined by these curves are 
morc consistent with low temperature thermodynamic data than those obtained at 
high temperatures by Ryzhenko (1967). 

Predicted high temperature dissociation constants for chloride com
plexes of the ore-forming metals are shown in table 5. Log K(T) curves 
for these reactions are plotted in figures 6 and 7. Because the uncertainty 
resulting from calculation of log K(T) values with equation (16) increases 
substantially above 200"^C (Helgeson, 1967a), and because entropy esli
mates (eqs 25 and 27) were used in the calculations, the numerical values 
for log ^(T) given in table 5 as well as the log K(T) curves in figures 6 
and 7 should be regarded as approximations. 

systems al elevated lemperaiures and pressures 765 

It can be deduced frora figures 5 to 7 that high temperature electro- 1 
lyte solutions are highly associated. The high degree of formation attained ' 
by metal-ion chloride comple.ves is particularly significant with respect 
to the transport and deposition of the ore-forming metals in hydro-
thermal systems. As indicated above, calculations of sulfide solubilities \̂  
in sodium chloride solutions at elevated teraperatures suggest that more ) 
than adequate quantities of these metals can be carried in hydrothermal 
solutions to account for major ore deposits (Helgeson, 1964, 1967c; Helge-y 
son, Garrels, and MacKen-iie, 1969; Helgeson and Garrels, 1968). The 
results of a few such calculations involving thermodynamic values given 
in the tables are presented in later pages of this communication. 

-2 

-4 

T 1 r- - 1 1 1 1 1 1 ' f" 

Agci3--Agci ;*cr 

AgCl;-*AgCl3•-^C^ 

H9Ct3--HgCl2 + Cl ^ g c ^ A g - ^ C r 

HgCVx; ̂ Hgalt^I 

HgCI+';?Hg++->-cr 

h ^ 

CD -2 

-4 

r-^ci-

^ZnCI+'+ci=- - - - J 

I I I 
0 50 IOO 150 200 250 300 

TEMPERATURE, °C 
Fig. 6. Predicted dissociation constants for metal chloride complexes at elevated 

lemperatures (table 5). The curves below 200°C were computed from equalion (16) 
using entropy eslimates from equations (25) and (27)—sec lexi. The dashed extensions 
of the curves are extrapolations. 
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TABLE 6 . . 

Enthalpies" and entropies" of eleraents of interest in hydrothermal studies" 

Element 

••^U(,., 

Agio 

Hgtii,, 

CU(., 

o,<,> 

H,(s) 

H ° ( T ) — H ° ( T , ) 

S° 

H°(T)—H°<T,) 

S° 

H°(T)_H°(T,) 

S° 

H°(T)_H°(T,) 

S» 

H«Cr)_H°(T,) 

S° 

H°(T)-H°(T,) 

S° 

25 

0.0 

11.31" 

0.0 

10.20'' 

0.0 

18.2" 

0.0 

7.97" 

0.0 

48.996"-' 

0.0 

31.21"° 

50 

151 

11.80 

152 

10.69 

166 

18.7 

147 

8.44 

176 

60 

212 

11.98 

213 

10.88 

282 

18.9 

206 

8.62 

247 

49.56 49.78 

172 241 

31.76 31.97 

100 

456 

12,67 

457 

11,57 

496 

19,7 

443 

9.30 

535 

50.60 

517 

Temperature. °C 

150 

763 

13.45 

764 

12.34 

824 

20.5 

744 

10.05 

900 

51.51 

862 

32.76 33.62 

200 

1074 

14.14 

1073 

13.03 

II51 

21.2 

1048 

10.73 

1271 

52.34 

1208 

34.40 

250 300 

1388 1705 

14.77 15.35 

1386 1702 

13.66 14.23 

1476 1802 

21.9 22.5 

1356 1667 

11.35 11.92 

1646 2024 

53.09 53.79 

1556 1906 

350 

2025 

15.88 

2033 

14.77 

2126 

23.0 

1933 

12.45 

2407 

54.43 

2257 

400 

2348 

16.38 

2347 

15.27 

2450 

23.5 

2302 

12.94 

2792 

450 500 

2675 3004 

16.85 17.29 

2677 3011 

15.74 16.19 

2774 3093 

24.0 24.4 

2525 2951 

13.40 13.84 

3181 3573 

55.02 55.58 56.10 

2609 

35.10 35.7S 36.32 36.87 

2964 3320 

37.37 37.85 

' In cal mole—' where T , reters to 298.15°K. " In cal mole—' deg—'. ° The values shown in 
this table are for a standard state of 1 atm and the indicated temperature. The subscripts (c), 
(liq), and (g) refer to crystalline, liquid, and gas respectively. .All the enthalpies and entropies for 
temperatures of 50°C and above were coraputed trom a statement ot equation (II) written in 
terms of H°i and equalion (12), respectively, using the coefficients shown in table 8. " Robie 
(1966); Robie and Wal/;lbaura (1968). ° Wagman and others (1965, 196S). 

Standard EnthalpieSj Entropies, and Heat Capacities 
High temperature thermodynamic data for a variety of solids and 

gases of interest in hydrothermal studies are summarized in tables 6 and 
7.-The values shown in the tables were computed frora equations (I I) 
and (12) using the heat capacity power function coefficients for equation 
(10) shown in table 8. Average lieat capacities of ions ancl several neutral 
species in aqueous solution are given in table 3 for teraperatures frora 
25«' to 300°C. 

Equilibrium Constants for Oxidation-Reduction 
and Dissolution Reactions 

Therraodynamic data for a variety of hydrotherraal oxidation-reduc
tion and solubility reactions are presented in tables 9 to 12. The log 
K(T) values shown in these tables were computed from equations (11) 
to (17) and data presented in tables 3, 6, 8, and 9 to 12. A number of the 
activity product constants are plotted against temperature in figure 8. 
Although reactions involving a large nuinber of minerals are presented 
in table 12, the fact that a reaction is included in the table is not meani 
to iraply that the mineral involved is necessarily stable in the presence 

'of H.JO at the temperatures indicated. The log K. values given in table 
12 are "idealixetl"; they can be used to describe stable or metastable 

systems at elevated temperatures and pressures 

T 1 r 
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Fig. 7. Predicted dissociation constants for metal chloride complexes at elevated 

teraperatures (table 5). The curves below 200°C were computed from equation (16) 
using entropy estimates frora equations (25) and (27)—see text. The dashed extensions 
of the curves are extrapolations. 
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Fig. 8. .Activity product constants for anhydrite, calcite, and various sulfides at 

elevated temperatures (table 11). HgS refers to nietacinnabar. 
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TABLE 7 

Standard entropies* and enthalpies" for various minerals and 
gases of interest in hydrothermal studies" 

Species Temperature, «C 

25° 50° 60° 100° 150° 
o.AgjS 

(acanthite) 

AH° —7,731" 

S» 34.14" 

—7,273 —7,085 —6,307 -5,275 

35.62 36.19 38.39 40.97 
oCu,S 

(chalcocite) 

A H ° —19,MS" 

S° 

—18,660 -18,465 —17.685 -16 ,710 

28.86" 30.43 31.02 33.23 35,69 
CuS 

(covellite) 

i H ° —11,610" 

. - S° 

—11,324 -11,210 -10,748 -10,166 

15.93" 16.85 17.20 18.51 19.97 
PbS 

(galena) 

AH° 

S° 

—23,350" —23,053 —22,934 -22,452 -21,841 

21.84" 22.80 23.16 24.53 26.06 
ZnS 

(sphalerite) 

AH» 

S» 

-49,750"' • —49,475 -49.365 ' —48,914 —48,337 

13.77" 14.67 14.99 16.27 17.72 
HgS 

(metacinnabar) 

A H ° 

S° 

-11,058" -10,869 -10,748 -10,261 —9,643 

23.00" 23.97 24.34 25.72 27.27 
FeS 

(pyrrhotite) 

Fii; ~ 

(pyrite) 

AH° 

S° 
—24,130" —23,795 -23,657 —23,076 —22,291 

14.42" 15.50 15.92 17.56 19.54 
A H » —41,000" 

5° 

—40,620 -40,470 —39,830 -39,010 

12.65" 13.87 14.34 16.14 18.21 
a Fe.O, 

(hematite) 

a Fe ,0 . 

(magnetite) 

CaCOj 

{calcite) 

A H ° —197,300" —196,660 

S° 20.89" 22.95 

-196,397 —195,309 -194,877 

23.75 26.83 30.43 
A H ° —267,400'' 

S° ' 

-266,480 —266,100 —264,550 -262,490 

36.03" 39.00 40.14 44.5 49.71 
AH° 

S° 

-288,420" —287,916 —287,706 —286,832 —285,676 

22.15" 23.77 24.41 26.89 29.79 
CaSO. 

(anhydrite) 

AH» —343,321" 

S» • 

—342,718 —342,473 —341,463 —340,160 

25.5" 27,44 28.19 31,03 34,32 
o SiOj 

(quartz) 

A H ° 

S» 

-217,650" —217,380 -217,260 —216,780 -216,140 

9.88" 10,76 I l . l l 12.46 14.07 
KAlSijO, 

•(microcline) 

dH° 

S°. 

—946,000"''•'< —944,720 —944,224 -942,037 -939,129 

52,47" 56.50 58.10 64.29 71.60 
Na,'\ISi,Os 

(low albite) 

A H ° _937,300"-'-') —936,040 —935,510 —933,330 —930,450 

S» 50.2'' 54.26 55.85 62.03 69.29 
CaAljSijO, 

(anorthite) 

AH» 

S» 

-1,009,300" —1,008,020 —1,007,490 —1,005560 —1,002,300 

48.45" 52.57 54.20 60.50 67.93 

systems at elevated temperalures ancl pressures 169 

200° 

—4,175 

43.44 

—15,735 

250° 

—3,012 

45.76 

—14,760 

Tempe! 

300' 

—1,782 

48.02 

—13,785 

rature, °C 

350' 

—4S6 

50.19 

-12,810 

400' 

876 

52.29 

—11,835 

450° 

2,304 

54.35 

—10,860 

500° 

3,798 

56.33 

—9.SS5 

37.86 

—9577 

S9.82 41,60 43.23 44.74 46.14 

—8,981 —8,379 —7,770 —7,154 

47.44 

-5.532 —5.903 

. - 2159 

..—21,220 

27.45 

—47,749 

19.03 

-9 ,016 

. 28.67 

:• —21,440 

21.44 

—38,160 

20.10 

—192,374 

33.79 

—260,320 

54,57 

—284,464 

S2.50 

—338,792 

37.38 

—215,470 

15.58 

—936,074 

78.42 

—927.430 

76.04 

—999.200 

74,87 

22.48 

—20,589 

28.72 

—47,153 

20.23 

—8.380 

29.95 

—20p23 

23.28 

37,295 

21.84 

—190,808 

36.93 

—258,020 

59.18 

—283,210 

35.02 

—337,365 

40.24 

—214,760 

17.01 

—932,906 

84.79 

—924,300 

82.32 

—995,980 

81.34 

23.58 

—19,949 

29.88 

—46,549 

- - 21.33 

—7,735 

31.13 

• —19,540 

-. 25.07 

—36.420 

23.45 

-189,183 

39.90 

—255,610 

63.58 

—281,920 

37.37 

—335,878 

42.96 

—214,020 

18.36 

—929,645 

90.74 

—921,080 

88.19 

—992,660 

87.39 

24.60 

—19.319 

30.97 

—45,939 

22.35 

—7.031 

32.22 

—18,491 

26.83 

—35,525 

24.94 

—187,002 

42,71 

—253,070 

67,82 

—280,602 

39.58 

—334,334 

45.54 

—213,250 

19.64 

-926,306 

96.82 

—917,790 

93.69 

—989,270 

93.07 

25.55 

—18,639 

31.99 

—45,323 

23,30 

—6,4IS 

33.24 

—17,376 

28,55 

—34,620 

26,33 

—185,767 

45.39 

—250,420 

71.92 

—279,267 

41.65 

—332.250 

43.01 

—212,450 

20.87 

—922,900 

101.58 

—914,435 

98.87 

-985,800 

98.41 

26.44 

—17,969 

32.95 

—44,703 

24.19 

—5,745 

34.21 

—16,195 

30.24 

—33,720 

27,63 

—183.980 

47.95 

—247,640 

75.90 

—277,880 

43.61 

—331,068 

50.40 

—211,630 

22,05 

—919,433 

106.55 

—911,020 

103.77 

—982,280 

103.46 

27.28 

—17,289 

33.86 

—44,078 

25.03 

—5,064 

35.12 

—14,948 

31.90 

—32,800 

28.85 

—182,141 

50.41 

—244,740 

79.77 

—276,499 

45.47 

—329,346 

52.70 

—210,790 

23.17 

—915,912 

1H,25 

—907.550 

108.41 

—978.700 

108.25 
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T.vBLE 7 (continued) 

Species 

AL^i^O^OH). 

(kaolinite) 

KAI,Si,0.o(OH), 

(muscovite) 

NaAlSi-OoHjO 

(analcime) 

CaMg(Si04, 

(diopside) 

MgSiO, 

(clinoenslalite) 

Ca;Mg3SisO~,(OH) 

(tremolite) 

K.AlSiaOo 

(leucite) 

NaAISiO, 

(a nepheline) 

Ma=Si.O,a(OH), 

(talc) 

KMg,AISi,0„F, 

(Ruorphlogopite) 

Mg^iO. 

(forsterite) 

Fe^iO. 

(fayalite) 

Mg(OH), 

(brucite) 

Mg=Si..O,(OH). 

(chrysotile) 

5 

H S 

H n ' 

AH» 

S° 

AH° 

S° 

AH° 

S° 

AH° 

S» 

AH» 

S° 

AH° 

S° 

AH» 

S° 

AH» 

S° 

AH». 

s° 
AH° 

s° 
AH° 

s° 
AH° 

s° 
AH° 

s» 
A H ° -

s° 
AH° 

• s° 

AH° 

S° 

AH° 

S» 

25° 

—980.020""-'' 

48.53" 

—1,420,900'-'' 

69.0' 

-786.300"-= 

56.03" 

—767,4C0"^' 

34.20'' 

—370,100"' 

16.22" 

—2,952,900"' 

131.19"" • 

—721,700"'' 

44.05" 

-498,500" 

29.72" 

-I.415.'200"' 

62.34" 

-1,498,100' 

75.90" 

—519,000'" 

22.75" 

—353.500"-= 

35.45" 

—221,200" 

15.09" 

-1,043,050" 

52.9"" 

30,680' 

54.51' 

—4,930' 

49.16' 

- 57 ,796 ' 

45.10' 

Temperature. "C 

50° 

—978,530 

33.33 

—1,418,920 

75.39 

—783,050 

60.07 

—766.430 

37.34 

—369,610 

17.79 

—2,948,980 

143.81 

—720,720 

47.21 

—497,790 

32.02 

—I,413,2.S0 

68.53 

—1,496,000 

82.65 

—518,270 

25.08 

—352,590 

38,06 

—220,750 

16.53 

—1,041,360" 

58.32" 

30,876 

55.14 

—4,724 

49.82 

—57,954 

45.75 

60° 

—977,920 

55.20 

—1,418,090 

77.90 

—784,540 

61.60 

—766.020 

33.58 

—369,410 

18.41 

—2,947,410 

148.58 

—720,230 

48.40 

—497,490 

32.93 

—1,412,510 

70.87 

—1,495,140 

85.30 

—517,970 

26.00 

—352,350 

39.08 

—220,570 

17.09 

—1,040,670" 

60.45° 

30,955 

55.38 

—4,640 

50.0S 

—57,513 

46.00 

100° 

—975,370 

62.41 

— 1,414,630 

87.70 

—782J40 

67.29 

—764,300 

43.45 

—368.560 

• 20.81 

—2,941,150 

166.35 

—718,760 

52.85 

—496,230 

36.50 

—1,409,430 

79.59 

—1,491,550 

95.43 

—516,720 

29.54 

—350,980 

42.98 

—219,820 

.'. 19.20 

—1,037,750° 

68.71° 

31^77 

56.29 

—4,301 

51.04 

—57.186 

46.93 

150' 

—972.030 

70.31 

—1,410,040 

99.25 

—780,030 

73.69 

—762,000 

49.23 

—367,440 

23.63 

—2,933,310 

186.05 

—716,800 

57.80 

—494,490 

40.87 

—1.405.590 

8926 

—1,486,850 

107.28 

—515,070 

33,69 

-349,180 

47.51 

—218,860 

21.63 

—1,033,890° 

78.42° 

31,688 

57.33 

-3 ,866 

52.13 

—36,773 

47.97 

s^fsterns at elexHited tempeyaluyes and prcssurei 71 

Temperature, °C 

200° 

—963.540 

78.59 

—1,405,200 

110.04 

—777520 

79.20 

—759,570 

54.65 

—366,260 

26.26 

—2,925,430 

203.56 

—714,330 

62.17 

—492,380 

45.14 

—1.401,740 

97.85 

—1,481,950 

113.20 

—513,350 

37.54 

—347,310 

51.68 

—217,850 

23.88 

—1,029,830" 

87.50" 

32,105 

58.26 

—3,420 

53.13 

—36,352 

48.91 

250° 

—964.950 

85.82 

—1,400,180 

120.13 

—775.010 

84.24 

—757,050 

59.71 

—365.040 

28.70 

—2,917,640 

219.30 

—712,870 

66.11 

—490,490 

49.33 

— 1.397,900 

105.57 

—1,476,920 

123.30 

—511,570 

41.12 

—345,390 

55.34 

—216,810. 

25.98 

—1,025,610° 

95.96" 

32,527 

59.11 

—2,966 

54.04 

—55,926 

49.76 

300° 

—% 1,230 

92,56 

-1,395,000 

129.53 

—772.500 

88.82 

—734,450 

64.45 

-363,790 

30.99 

—2,909.810 

" 233.60 

—710,910 

69.69 

—488.220 

' 53.47 

—1,394.050 

112.59 

—1,471,760 

137.70 

—509,740 

44.46 

—343,420 

59.14 

—215,720 

27.46 

—1,021,240" 

103.9'3» 

32,952 

59.88 

—2,502 

54.89 

—55,494 

5055 

350° 

—957,480 

98.88 

—1,389,700 

138.46 

—769,990 

93.01 

-751,800 

68.90 

—362,510 

33.13 

—2,901,970 

246.71 

—703,950 

72.97 

—433,780 

57.55 

—1,390,210 

119.02 

—1,466300 

146J0 

507,870 

47.53 

—341,400 

62.50 

—214,600 

29.84 

—1,016,730° 

111.44" 

33.3S0 

60.60 

—2,029 

55.68 

—55,055 

51.28 

400° 

—953,020 

104.S3 

—1,384,260 

145.84 

—757,490 

96,88 

—749,090 

73.08 

—361,200 

33.15 

—2,894,140 

258.80 

—706,990 

76.00 

—433,160 

61,59 

—1,336,370 

124,96 

—1,461,160 

154.80 

—305,970 

50,51 

—339,360 

65.66 

—213,430 

31.63 

—1,012,150" 

118.55" 

33,811 

61.26 

— 1,543 

56.42 

—54,610 

51.97 

450° 

-949,690 

110.15 

—1,373,730 

154,79 

—764.980 

100,43 

—746.330 

77.03 

-359,830 

37.05 

—2,886,300 

270.03 

—705,030 

78.81 

—430,360 

63.60 

-1,382,320 

130.47 

—1,455,740 

162.50 

—504,040 

53.28 

—337,270 

68.65 

—212,230 

33.36 

—1,007,430° 

123.30" 

34,243 

61.88 

— 1,039 

57.12 

—54,160 

32.62 

500° 

—945,700 

113.79 

—1,373,090 

162.31 

—762,470 

103.84 

—743,540 

80.77 

—358530 

38.86 

—2,878,470 

280.30 

—703,070 

81.43 

—477.390 

69.57 

—1,378,680 

135.61 

—1,450,250 

169.90 

—502,030 

55.90 

—335,160 

71.48 

—210,990 

35.02 

—1,002.620" 

131.74° 

34,677 

62.46 

—5,619 

57.79 

—53,702 

. 53.23 
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TABLE 7 (continued) 

• In cal mole—' deg—\ ^ T h e enthalpies given in the table (AH°) are equal to 
the sum of the standard enthalpy of formation from the elements of the respective 
compounds and gases at the reference temperature (T,) plus the enthalpy change for 
the compound or gas resulting from a temperature increase from T,. to temperature T ; 
the units are cal mole—'. The values shown tor the silicates (and brucite) above 25°C 
have been rounded to the nearest 10 cal mole~'. ° The values shown in this table are 
for a standard state of 1 aim at the indicated temperature. All the enthalpies and 
entropies for temperalures ot 50° and above were computed from equations (II) and 
(12) respecdvely, using the heat capacity power function coefficients shovn in table 8. 

1 

TABLE 8 

Heat capacity power function coefficients 

Species' 

(eq 10) for solids and gases' 

aAgjS (acanthite) 
oiCu-S (chalcocite) 
CuS (covellite) 
PbS (galena) 
ZnS<sphaIerite) 
ZnS (wurtzite) 
HgS (metacinnabar; 
HgS (cinnibar) 
FeS {pyrrhotite) 
CuFeSj (chalcopyrite) 
FeS, (pyrite) 
CUjFeS. (bornite) 
Ag(c) (native silver) 
AUfe, (native gold) 
Cu,„ {native copper) 
Hg(i I,) (native mereury) 
oFe.Oj (hematite) 
oFCjO. (magnetite) 
oSiOj (quartz) 
CuO (tenorite) 
CujO (cuprite) 
CaCOa (calcite) 
CaMg(C03)a {dolom i te) 
ZnCOs (smithsonile) 
PbCOj (cerrusite) 
FeCOj (siderite) 
oCaFj (fluorite) 
CaSO. {anhydrite) 
BaSO. (barite) 
PbSO. (angles! te) 
KAlSijOs (microline, orthoclase, adularia, and sanidine) 
NaAISisOs (low albite) 
CaAljSijOa (anorthite) 
AIjSi.HfOH). (kaolinite) 
KAI.,,Si,0,„(OH), (muscoviie) 
K„.cMg„.„AI,,.„Si.,.Aa(OH), (illite) 
KFe:,AlSi30,o(OH)3 (annite) 
Mg,Al.^i,0,„(0H), (chlorite) 

a" 

10,13 
19.50 
10.60 
10.66 
11.77' 
11.82' 
10.90 
ILS"'"" 
5.19 

13.6' 
17.88 
44.4' 
5.09 
5.C6 
5.41 
6.44 

23.49 
21.88 
11.22 
9.27 

14.90 
24.98 
37.65°-» 
9.30 

12.39 
11.63 
14.30 
16.78 
33.80 
10.96 
63.83 
61.70 
64.42 
07 .gs'-" 
97.56" 
87.9 '" 

100.4'-° 
96.8' 

b"Kl(y 

26.4 
0.0 
2.64 
3.92 
1.26' 
1.16' 
3.65 

26.4 
21.6' 
1.32 

40.0' 
2.04 
1.24 
1.50 
0.0 

- 18.6 
48.2 
8.20 
4.80 
5.70 
5.24 

33.0 
28.60 
26.80 
7.28 

23.60 
0.0 

31.0 
12.90 
13.90 
13.70 
19.22' ' ' -
26.38" 
35.0'° 
36.4'•" 
36.1' 

c ' x I0-» 

0.0 
0.0 
0.0 
0.0 

— 1.16' 
— 1.04' 

0.0 

0.0 
0.6' 

— 3.05 
0.6' 
0.36 
0.0 
0.0 
0.19 

— 3.55 
0.0 

— 2.70 
0.0 
0.0 

— 6.20 

0.0 
0.0 
0.0 
0.47 
0.0 

—8.43 
4.20 

— 17.05 
— 15.01 
—16.89 
-13.78' ' ' ' 
—25.44" 
—19.5'-° 
—14.3'» 
- 2 3 . 9 ' 

systems at elevated temperatures and -pressures 773 

200° 

—90,563 

60.40 

250° 

89,739 

62.03 

Temperature, °C 

300° 

—88,932 

63.49 

' 330 ' 

-88,192 

64.76 

400° 

—87,451 

65.91 

450° 

-36,726 

66.94 

500° 

—86,011 

67.90 

* Robie and Waldbaum (1^68). * Compuied from the enthalpy of formation from the 
oxides {Robie, 1966) using enthalpies of formation of the oxides from the elements 
reported by Robie and Waldbaum. (1968). ' Waldbaum (1966). « Rounded to the 
nearest even 50 cal mole—'. ' Barany and Kelley (1951). ' Barajiy (1964). ' ^V"elIer and 
King (1963). ' Wagman and others (1965, 1968). ' Kelley and others (1959). ° King 
and others (1967). " Computed using the heat capacity power function for antigorite 
(table 8). " Computed from the entropy given above tor calcite and an activity product 

. constant of IO-'-'" (Berner, 1967) at 25°C and I atm. " ..Adjusted (widiin the uncertainty 

. range reported in the source reference) to achieve internal consistency among equili-
: brium constants describing mineral assemblages at 25='C. 

"TABLE 8 (continued) 

. Heat capacity power function coefficients (eq 10) for solids and gases" 

Species?, 

Nao.33-'\l-.siiSi3.8;Oia(OH)a (montmorillonite) 
Ko.3i- l̂3.33Si3.KOu(OH)3 (montmorillonite) 
Ca,.i5,.'M;.53Sij.„;0,o(OH)j (montmorillonite) 
Mgj isiAL j3Si3.8;OiB(OH)3 (montmorillonite) 
NaAISijdo. H.;0 (analcime) 
CaMg(SiOj)j {diopside) .̂  
MgSiOj (clinoenstatite) 
Ca5MgiSiaOj={OH)3 (tremolite) 
KAlSi.Oo (leucite) 
Na.MSiO. (a nepheline) 
Mg3Si.O,o(OH), (talc) 
KMgjAlSijOioFj (fluorphlogopite) 
Mg...SiO, (forsterite) 
FeJiO. (fayalite) 
Mg(OH), (brucite) 
Al{OH)3 (gibbsite) -
Mg:SisO;(OH), (antigorite) 

Sstit) 
H}S(5, 
H=0,„ 
0« . , 
H-(,i 
CO.,,,, 

b"KlQi' c " x l O - » 

84.9' 
85.3'-° 
84.2' 
84.0' 
50.17° 
52.87 
24.35 

I56.7°-' 
39.23° 
6.63 

76.89'--' 
100.86 
35.81 
36.51 
13.04 
8.65 

73.82" 
8.72 
7.81 
7.30 
7.16 
6.52 

10.57 

' 34.3' 
34.9>-° 
33.6' 
SS.7' 

7.84 
4.74 

70.60 

17.16 
6.54 
9.36 

15.30 
45.6 
3 I.e* 
0.16 
2.96 
2.46 
I.O 
0.78 
2.10 

—19.7' 
—19.7'-° 
- 2 0 . 0 ' 
—19.9' 

—13.74 
— 6.28 

0.0 

—21.46 
— 8.52 
— 6.70 

0.0 
0.0 

—n.sa* 
— 0.90 
— 0.46 

0.0 
— 0.40 

0.12 
— 2.06 

* Kelley (1960). *• The estimated power-function coefficients for kaolinite give 58.16 
cal mole—'' deg—' tor the heat capacity ot kaolinite at 25°C, compared to 58.62 cal 
mole—' deg—' reported by King and Weller (1961). ° Heat capacity at 25°C (cal mole—' 
deg—'). When this quantity is used as the a" coeflicient in equations (11) and (12) with 
b" and c" set to zero, the heat capacity is treated as a constant. '' Pankratz {1964). 
' Robie and Stout (1963). ' The subscripts (c), (liq), and (g) refer to crystalline, liquid, 
and-gas. respectively. '' King and others, 1967. ' Estiraated by summing (in appropriate 
proportions) the coefficients in the heat capacity power functions for the elements-
(Ke ley, 1960) in the mineral (see tejct). ' Estimated by summing (in mole proportions) 
the cotiilcients in the heat capacity power functions ot the oxide components {Kelley, 
1960) in the mineral using ice (C°P = . a" = 9.0 cal mole—' deg~') to represent H.O 
(see text). ' Stout and Robie {1963). ' Pankratz and King (1963). "• King and Weller 
(1962). Computed using CP.K,O = 18.1 -\- 8.8 X l^"" T obtained by fitting the en
thalpies for K;0 between 400° and 1000°K reported by Robie and Waldbaum (1963). 
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mineral as.semblages, define mineral stabilities, and predict (by controlled 
extrapolation) higher temperature stability regions. 

Activity Coefficients and Degrees of Formation of Complexes 
Stoichiometric individual ion activity coeflicients for Al•*•4--̂ -, S—, 

SO^—, CO3—, ancl various ore-formin,g metals in concentrated NaCl 
solutions to 300°C are shown in tables 1.3 and 14 and plotted in figures 
9 to 14. These values, together with the activity coefficients for Na+, 
K+, and Ca++ in tables 13 and 14, were coraputed from equilibrium 
constants given in tables 4 and 5, mass balance expressions of the kind 
shown in equation (49), true individual ion activity coefficients computed 
from equation (43) using 25°C k values", and che data in table 2. Values 
of •y(;Q in NaCl solutions (table 2) were used in the calculations to 
represent the activity coefficients of the neuual species. Also, fla-- i-
and B" in the calculations were taken to be those in pure NaCl solutions 
(table 2) because other consdtuents in hydrothermal solutions are com
monly present in sraall concentrations compared to NaCl. The stoichio
metric individual ion activity coefficients shown in table 14 are conserva
tive values; that is, they do not include provision for divalent and tri-
valent complexes of the metal ions (see discussion above and footnote :i, 
table 14). The complexes with the higher charges %vere omitted to pre
clude any substantial errors diat raight be introduced by the assumption 
of constant -1 values. 

The degrees of formation achieved by metal chloride complexes in 
concentrated sodium chloride solutions at high temperatures are de
picted in figure 15. The distribution of species shown in figure 15 is 
based on evaluation of 

c 
_ ^ i x - y i 

^ y t 
(54) 

where a. is the degree of formation of the t̂ th mononuclear complex 
containing y moles of chloride and 1 mole of the tth cation. The curves 
for the respective metal ions in figure 15 include provision for all of the 
reactions and species involving those ions shown in table 5; the /?. y,, 
and yi values used in the calculations were computed in the manner 
described above. Because 25°C k values were used to compute the activity 
coefficients required to evaluate equation (54), appreciable error may 
have been incorported into the caicuiations of a for the divalent com
plexes at the higher temperatures. Figure 15 thus illustrates only the 
distribution of species in solution that occurs if the a values for the 
ions remain essentially constant from 25''C to 300°C. If they in fact in
crease significantly, the diagrams in figure 15 will change substantially, 
but the -/, values presented in tables 13 and 14 and figuies 9 to 14 will 
be affected only slightly owing to the fact that the divalent (and higher 

'The values of 5 were assigned on the basis ol Kielland's (1937) S values assuming equalities for similar complexes. 
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= • - - ; ' > ' 

i ' ' -i- " — 
^ „,^ « s 

1̂ .11 i 0 0 " i- — 

= ^ - 2 ' l 
"^IvS^ = 
' ilX'. 5 . . ; . - ; rr .-i 

3 ' 5 2-5 u 
3 5 i l 2 ^ 
.5-2'-^3^7= 
- 0 ; ; — > 

2-3-3...-. 
"̂  ^ *" — 0 •' ii ji, - a: 

•5" I t - 5 ^ 
— 2 > — — >.,o "5 5 y 
.= " - - 3 ^ 
^ 2 ^ 1 - -
si-^i< 
l ? b | 5 -
S 10 * u ^ ^ 

' ^ -'• ^ r-

•iMr^M 

= .= 1 " i, 
- . : ^ K ^ 
2 3 sc_g .= 

1 p 'i n i ^ -- 0 

CJ y ^ "3 -.a 
' : .= j ; n •/> . 

11 
rc

ii
cl

.i
nt

s 
;i

ii
d 

|ii
-<

id
i 

en
 i

ll
 i

-.i
bl

es
 '

i, 
lj,

 a
nd

 7
 

K
is

e 
I'm

- 
liO

'^
C

 a
m

i 
ab

ov
 

) 
10

 
lin

st
 c

om
pu

te
 i

iH
° 

I'i
lh

 
ili

o.
se

 
fo

r 
ga

.s
es

 i
n 

.i
ip

ii
d 

w
at

er
. 

" 
In

te
rp

o 

•< •> - z m ' - 1 

' " ^ • • j a t - . 

5 1; 5 p .9 

http://ilio.se


—•- —L.a. ..-nr.—.-

TABLE 10 

i ^ ~ = s ^ ^ ^:==r^^r^--1 
Reaction' 

2Cu* ^ Cu°,„ + Cu*' 

AH'^Cr,)" AS»,(T,)'> 
<cal (cal mole- i . 

mole- ' ) deg-») 25°C BO-C 

log K(T)'' 

ecc 

3Au*?:±2.'\u«<., + Au*^' 

Cn„FeS, + 4FeS, ?:S 5CuFeS,, + .S,„, 

— 18,470 _ 34.45 6.01 
J0O°C ISCC '̂ OC'C 'SCC 

4.92" 4.57 
!100"( 

— 33,200' 
S.'̂ O 1.84 

66.4 9.82« 
O.CG _ 0.37 _ XXI 

56.750' 
4FcSa -f 4H.,0 ^ 4Fe*' 4 . 7S ^ .so, \ . 8 H * 199.43Q 

3Fe,0«„ ?:i 2Fe,0.„, + 140, ," : 

F e S „ „ ^ F e S , „ + i/.S„„ 

'•̂ ''' 7.22" 4.76̂ ; tẑ ^ ai6ri~Tcorr~rn 
8.3 

57.100 

32,210 
^ l : ^ i ^ ^ 2 ^ : 1 3 ^ ^ } 0 ^ 4 _ 2 6 . 6 r - 22.07 _ 18.95 _ 1 O ^ l T Z T T i i ^ 

33.89 

- FcS(„ + Fe.S„„ + 3/20., . , ^ FeAic . -f 3/2S»., 

FeS„„ -^ 3/20,, , , ^ Fe.,0„., + 2S, 

3FeS,(-., + 20»,> ?:± Fe,0.,., - j - 3S«„ 

Cu .^ , . ) . f . i / ^S .„ .^2CuS,„ 

C u ° „ H - ^ H * + '•'̂ 'Q"»> ^ C " " -f lt .O(.. .i -~ 52,925 _ 39.34 
2Cu»(., + 1/2S,,,, ̂  Cu,S,,, 

C.u°,,, -f H> -t- I /O,, , , ^ Cu* + i/aH,0„, 

G u y , -f i/gS.,.,;;:» CuS,,, 

A £ ^ ^ H j ^ i * j j " o , , . , ;F± A r + •4H,0„ ,„ 

2 A g V , . f i/^S„.,?:*AgA„ 

Hg°,ii,> -f 2H> + •/„0,.„ ^ Hg--^+H,0.,.„. I T i S i ^ i ^ m : ^ 

Hg°(»m-f ' /2Sa,„?^HgS,.) ' 

Au°,.> •\. 3 /40 .„ . -f 3H*?=^ A u ' " -|- 3 H , 0 „ . „ 

Au°i.) -f 'XOum -t- H*?:^ All' -f. i/aH,0(,„> 

CO,,,, -f HjO,,, , , ?:i HjCOa,. ,WP> 

Itnl 

. 26,500 

;• ;'^!'i.i-^'=i^'yi=4n->-'>"vi-^r?-rt-v-^Si;''«feft,<:& • - ' " . "-.i -•., 

22.75 14.43 12.86"" 12.40 10.55 8,73 7.30 

I^^WHIWWii* f i ' W 

C.14 .5.19 

4.850' - 46.0 - 13.61' - 13.34' - ^ 13.24'- • - 12.91- - 12.59" - 12.35- - 12.17" - l'i.02^ 

12,680' eii — 7.81' — 7.08- — 6.82- — 5.89- — 4.94'' — 4.17- — 3.52- — 2.97" 

_ 4.650 _ 22.3 — l.'ie — 1.70" — 1.78 — 1.97 2.07 — 2.06 — 1.98 1.8S 

4.100 — 18.3 0.99 1.20"— 1.26 _ 1.43 — 1,52 — 1.54 — 1.52 ~ 140 

. All reactants and oroducis arc -aqueous unless otherwise indicated by the subscripts (c) for crystalline or (g) for gas; the subscript (hq) refers 
,0 l i . m i V - ^ C crysulune cô m̂ ^̂ ^̂ ^̂  to the mineral designations given in tables 7 and 8. - Except ^''''=;^, ""^-^tc" i ' f o^fr i e ^ i 
v°lie were compu7ed from the modynamie d a L given in tables 3, 0. a n d ^ . « Except where noted otherwise, the log Kf l ) va ues for a.5»C we.e 
vaiucs were compuieu iro n ^ AS" {T ) shown in the table; those for 60°C and above were calculated using AH'>,.,<T,), S°,(r ,) . and 
cmnputed from he vaiucs of All , ( r . ) and ^,^ .A^/) ' ' 7 ; " '% . .„ .^^. ' „„^ , ,^ . „ » , r n and S«.(T) for these species at elevated tem,>enaures (eqs 

. Id k below AU the loe K m valutas are consistent With molal units of concentralion. " Interpolated. • ' l l .e subscript <app) inuicates tnai im. speucs 
• i r r e d t ^ ^ e imd U'?rc.fttite'l sum ot 1-l.CO,,.,, and CO,,.,,.. ' Computed from A.S^(T.) and log K(T,). -̂  Computed ' ! ' ^ . ^ T \ ^ ^ ^ ^ ' ^ l 

f . n V i l e eleinents fLatimer 195'̂ ) -Predicted assuming a conslant AC ' ' , . , , (T ) equal lo a raean value compuled from average heat t.ip.iuUcs toi llu. 
-c" ect v e t ^ ( able 3 "nd t .̂ ^̂  1 cai capacities of ihe other species calculatc-d from equalion (10) using tlie coeirKaents m table «. ' Meiac.nniv, 

f:S^!mued from enuopies^^^ in table 7 and estimates ot lhe entropy o£ chalcopyrite (31.2 cal m o l e - deg-^) and bornite (91 cal mole~' deg-
' S ? " ' r ' : t l f . ' . " ^ K ? " T . f : . . ' ? f" Z J i - n Z i L iiionoriionsS the values tabulated bv la i imer (1952) for the entropy contributions of non, ctippcr, am 
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TABLE 11 

Activity piotlucts for hydrothermal minerals and et|uilibrium conslanls for 
various silicate reactions involving ail ai|iieotis jihase at high temjieratures 

5 
S 
o 

Ol <̂  o 

! 

ni 

o 

a 

Vi 

ft. s 

Reaction* 

d.s%cf„)" 

(eal iiiole-"' . 
mole—') deg—') 

log K(T)'> 

'ri°(: .^o'C (iO^C I occ I.IO-C 200''C 250''C SOO'C 

Cii.-,l-e.S.,„„,„,„, ?=» 4Cu' - j - Cii<* 
+ Fu- -1- 4.S 

CiiiFe.S,,,.^,,,,„„,„„.) ;p± C u " 
-|-l-'e"-)-2.S 

l ' bS? :*Pb ' ' - | -S 

Z"-S,.„h,,cri.c) ?^Zn '* + S 

Z"S<„„„.i .r t?^Zn'-^4.S 

Ag,.S *=* 2Ag* 4- S 

CiuS?=i2Cu--|-.S 

CuS ?:± C u " 4-S 

I-»gS„.„.,»cinnu,.,> ^ l-lg'* -)- S 

HgS„ , „ „ , ? : ± H g " - | - S 

FeS ?=2 F e " + S 

FeS, :?± F e " -f S + i/jS,,,, 

Ca.SO, ^ O * * -{- .SO, 

l«:'SO.„.„,,„,?:4Ba" + SO., 

I'bSO . , „ „ „ , ? = i P b " -f .SO, 

C:aCO, * ^ C a " + CO., 

183.210" 

57.0,KO'' 

32,030 

22,040 

18,385' 

()7,'127 

(52.080 

.36.070 

61.830 

6'I,560' 

12,200 

'.29.070 

— 3,755 

0,140' 

. 2'20' 

— 3.190 

—120.10'' 

— 89,•10'' 

— 23,34 

— -13,77 

— 46..'')6' 

_ 2.76 

_ 14.06 

_ 43..53 

_ 32.40 

— 29.12' 

_ 42.52 

_ • 43.7,5 

— 34.10 

_ 23.80' 

— 28,2' 

_ 49,0 

—11)0.5 

— (11.5 

— '28.57 

— 25.72 

— 23.65 

— 50.02 

_ 48..57 

— 35.96 

— 52.37 

_ 53.68 

— 18.89 

— 30.15 

— 4.70" 

— 9,70 

— 7.75 

— 8.37 

— 1.50.0' 

— .58.4' 

— 26.07' 

_ 24.44' 

— 22.58' 

_ 46.17' 

_ 45.05' 

_ 33.91' 

— 48.84' 

— 50.02' 

— 18.17,' 

— 33.50' 

— 4.99'-" 

—• 9.42' 

— 7.70' 

_ 8.62' 

—146.4 

— 57.1 

— 26.14 

— 24.03 

— 22.24 

— 44.83 

— 43.79 

— 33.18 

— 47.64 

— 48.73 

_ 17.90 

— 32.74 

.— 5.09'-' 

-:- 9.34 

— 7.70 

— 8.74 

— 133.4 

— .53.1 

— 23.96 

— '22.48 

— 20.96 

— 40.08 

— 39.37 

- 30.66 

— 43.35 

— 44.25 

— 17.12-

_ 30.17 

» — 5.63" 

— 9.22 

— 7.86 

— 9.39 

—120.8 

— 49.2 

— 21.93 

— 21.01 

— 19.73 

— 35.45 

— 35.05 

— 28.21 

— 39.23 

— 39.91 

— 16.33 

— '20.60 

— 6.35" 

— 9.34 

— 8.26 

_ 10.25 

—110,6 

— 46.2 

— 20.36 

— 19.81 

— 18.73 

— 31.71 

— 31.54 

— 26.28 

— 35.98 

_ 36.51 

_ 15.71 

— 24.19 

— 7.18" 

— 9.76 

_ 8.88 

_ 11.37 

—102.3 

— 43.7 

_ 19.14 

_ 18,86 

— 17.95 

— 28.74 

— 28.65 

— 24.73 

— 33.42 

— 33.83 

— 15.22 

— 22.'25 

— 8.12" 

— 10.34 

— 9.60 

_ 12.72 

_ 95.6 

— 41.9 

_ 18.31 

— 18.17 

— 17.39 

— 26.30 

— 26.32 

— 23.56 

— 31.45 

— 31.72 

— 14.94 

— 20.75 

— 9.05" 

_ 11.05 

— 10.44 

— 14.10 

iiiy^fc,, •• ^ 9 j t ^ 
: ' "i:ji.: 

- • - " • ' !'Hl.'".-"-V--t." - - i - - ' 
. ' • i ' • " ••-'•'•*••,»'. ,<-• ' .<, a - ' - ' . . ' • • : . - • 1 . ' ' ' • t ' - - ' - ' - i ; , ; ' i . ' - ; " 

• ' . , ' i - . ' •• . - . - • • 5 . , . . . - , . - ? , •* •; ' y ' . i - ' . , • : f . ' l ' -:•• 

•^i.i.T." 

- . • ^ ^ • < 

.iw.»>,ii,yii,i;i o 

•-..- -•- 11-- , -• . ' . . , -- j . - ••'-r-:-'""5',V"'-f;v.V-:.-^';"!,-?;*.', -I., • . . - > 

CaMg(COj)-,d„i„,„ile) * * C'»** 
-p M g " -I- 2COa7 

•/:nCO«.„i,h.„.,i..>?^2"** + ^^»"' 

H,290'-'_105.6.J' _ 1 7 . 0 2 ' - 17.63'- _ I7.02____19£8_ 
21.02 _ 23.26 — 25.83 — 28.4J5̂  ^ 

4,-120' — 59.30' 

; P b " -)- CO,, P b C O j u c t r n . l l o l • 

FirC.O„.i.,ri.» ^ '•'c'" + ^ ' " ' " 

5aF,,,..,„M..>?=^C--'" + 21^ 

K MSi .0^4^^Na^^NaAlSi ,0 . -{• ^ ' ^' ' ' '^^ 

3KAlSi,0«-f 2H* ?di KAbSi,0,„(0H)s ^ 
4 . 2K.' -1- 6SiOi.|,„,, 

21iAl,Si30„K0H).4r2H* 4- 3H.O» 
?±3ALSi.,0»(0H), + 2K.* 

5,710' — 42.40 > — 13.45 — 13.19' —• '3-16 
5 '— 13.21 — 13.54 — 14.30 15.31 16.50 

-Zr7:53lF~^65.8' - , lOXJO^-^lUH^^ 

ii^;-ri^sr'^:n;s"Tri;oF;^j^ 9.66 _ 10.26 - 1108 - 12''^ I* 

K3 _ 2.64 - 2.29' - 2.19 

' " " S S i ^ ^ T^^^^_-3^!^i_^i^L.--^^i--^ 
NaAISiO,-t-K.^-I-H.SiO. 

?:^ KAlSi,0„ -1- Na* -f 2H ,0 

2Al(Ol-l)r-t-'-^''bSiO. 
^.MJii.p.(01''). + 5H.O'-

;;i^;;};T;;5i^(OH),+ ioH* 
| ^A1.5 i . ,0 . (OH) .4-5Mg" 
4- H,.SiO, 4- SI-I^O' 

— 9,009 

9.275 

8.1'.) 4.81 4 32' 

'20.42 

4,13 

6.90 

—111,865 —75.08 

8.29 

65.57 

7.8' 

.59.0' 

7.59 

3..50 

0.97 

2.92 

(i.44 

2.45 

6.02 

2.05 

5.70 

57.15 49 .HI 42.86 . 37.95 34.18 

1.75 s--
— • "S 

5.54 -̂  

31.26 

- .1 
~ i 
to 



TAHLK II (continued) 

- J 
oo 
o 

AS». (T , . ) " ) 
AH%(T,)- (eal 

Reaction* (t-al mole-"' 
mole- ' ) dci;- ' ) 25»C SO'C CO'C lOO'C ISO'C 200"'C 250'>C 300°C 

log K(T)« 

4CaAI,Si,Oa -f- 5Mg" -|- 18H* 
?=i Ca,Mg6SiaO«(OH)a -f- 2Ca* 
-(- 8AU" + 81-1-0" —185,710 —429,53 42,25 39.1' 28.06 15.28 2.74 _ G.65 — 14.48 — 20.79 

p 

3 
o 

Sl, 

2 
5 

Mg-.Al5Si,0,o(OH)« -f- 2Ca" 
4- 5H,SiO, + 2H* 

: Ca,iMg,Si80=.,(OH), + 2AK 
+ 14 H-O" 

Mg»Si,0,„(OH)- + 5H,0* 
^ Mg,Si„0„(OH).- -1- 2H.SiO, 

— 53,630 

17,605 

—103.47 

— 1.31 

16.69 

— 13.19 -

13.6' 

- 12.20' 

12.68 

— 11.83' 

9.96 

— 10.60« — 

6.32 

9.43" — 

4.22 

8.47" — 

2.84 

7.68" — 

1.97 

7.08" 

• Where no indication is given, all reactants and products except liquid water, H^SiO,, and ionic species correspond to the mineral des
ignations given in lable 7. H.SiO, and all ionic species are in the aqueous standard state. " Except where noted otherwise, tbe values in these 
columns were computed trom thermodynamic data given iu tables 3. 7, and 10 ^footnotes j and k). " Except where noted oiherwisc. tlie log 
K(T) values for 25"'C were computed from the values of AU'rC^V) "" ' ' AS%(Tr) shown in the table; tho.se for eO'C and above were calcu
laied using A H ' ' , , , ( T , . ) , S''j(Tr), and average heat capacity values for the ions. HjO,,, , , , ami H.SiO, (lablc 3) to first compute A H ° , ( ' I ' ) and S"i(T) 
for tliese species ai elevated temperatures (eqs 13 and 14). These values were then used together with those computed from eq (II) and (12) 
using data given iii tables 7, 8, and 10 (footnotes j and k) for the solids and Sj,,, to evaluate equauon (15). With the exception ot dolomite 
(see footnote 1 below), values ot AW°/(Tr) and S''(T,) tor minerals not included in tables 7 and 10 were taken from Robie and Waldbaum 
(1968). All the log K(T) values are consistent with molal units of concentration. " See footnotes j and k, table 10, ° Liquid water. ' Inter
polated. " t:omputed using the heat capacity power funclion for antigorite (table 8) to represent chrysotile. " Chrysotile. ' Computed from data 
given in table 3 for the ionic species and, except where noled otherwise, the enthalpies of formation and entropies ot the minerals at 25''C 
tabulated by Robie and Waldbaum (1968). ' Computed. u.sing the entropy tor dolomite reported by Stout and Robie <I963). ' Langmuir 
(1964); I-fsu (1967); Uerner (1967). ' The AH'',(Tr) value for dolomite used in the calculations was computed from tlie activity product con
stant tor dolomite and a calculated entropy of formalion ot dolomite from the elements at 25°C (.iee footnote j above). "' .See footnote p . 
table 7. ° These values differ from those reported by Yeails and Marshall (1969), who did not lake into account explicitly Ihe effects ot cal
cium sulfate complexing in their calculation ot the activity product tor anhydrite. '" Crystalline gibbsite. 

• IIU i.<lil IIIWMIIIiii -

TABLB J 2 

rrT:^ 
• |i.|ilni|l>y.l,lil . 

.-.^i'-Ui'. 

various 

Reaction* 

Enuilibrium constants for the hydrolysis of silicates and 

ox i lC^^dde^J !^^^ 
C 150°C 200''C 250''C SOO'C 

SiO. -p 2H ,0 ^ H^SiO^ 

KAlSi^O. c o c i - . H ^ ' + ' ' «»0 ^ ^ ' 
, 4 ; Al"* -H 3H.SiO» 

- • ,c. ^ L . 4 H * - | - 4 H , 0 - i K . * 
KAlSliOsodol.rl .) T " , ? " ^ ' " ^ 

4 . A t " * 4 - 3H.S1O. 
- - . , „ . ;;• , 4 . 4H* -f- 4 H j O - i K.* 

KAlSi,Os,i,i,i...niJi"f>rf • " -r » -— 

6,220 
. - , - .00 , , , ^S.0H--2.6r:-2lo -2.11 -1.94 ^ 

_ 11,960 — 34.19 1.29 , 0.42 _ 0.32 — 1.14 — I - " 1,96 — 2.38 

— 12,960" — 37.71" 1,26 0.30 — 0.50 — 1.37 

^ A l ' " -1- 3I-I.SiO, 
— 13,580" — 38.66" 1.51 0.50 — 0.34 1.25 —1.80 — 2.26 

^ A l ' " 4 - 3 H . S ' " ' 
— 17,900 — 42.02 3.94 2.61 1.48 0.31 — 0.41 — 1.01 1.59 

NaAl.Si,0...«. . . . „« . . - ) - "H ' - f 1H.O ^ N a * 

+ A l " ' 4- 31-I.SiO, 

NaAlSi ,0 , . I -LO-l -4H*4-H»0; : iNa* 

4 A I " ' 4- 21-LSiO. 

E J J ^ ^ K ^ ^ ^ ^ ^ ^ ^ ^ 2AI"* 4- 2H,SiO, 
AI,Si,0.(OH)„..„ii„...^ -I- 6H*:;± 2AI'*' 

- j - H ,0 4- 21-I.SiO. 

- 2 0 . 6 9 0 " - 4 6 . 4 9 " 5.00 3.46^ 2.13- 0.7.'i- - O.H" 0.91' 

— 25.780 — 43.56 

"— 70,590 —123.77 

38,415 — 93,94 

9.37 7.45 5.79 4.18 3.13 2.31 l.l 

24.69 19.32 14.53 9.79 6.34 3.47 

7.63 4.75 2.27 0.12 — 1.72 2.98 

a 

ft. 

1,65" ĝ  

c. 

1.12 g. 

4.02 ^ 

Al-Si.O.(Oll)„<,ioiu.... + 6H* ; ^ 2 A 1 * " 
' •!- 1-LO 4- '2H|SiO. _ ^ _ 

A i i s i ^ O H ) , „ . i i„,.i.-) -I-"H* ̂  2AI' 
4 . H , 0 4-2H,SiO. 

_ 39,270" — 92.51" 8.56 5.63" 3.10° O.CsO" — 0.90" — 2.13°' - 3.09'" g 

_ 43,440" — 94.01" 11.29 8.03" 5.21- 2.50° 0.67" - 0.75 - 1.89" 

3.31 7.97 3.80 0.93 — 1.38 

i O E a S C g g ^ g ^ ...........BO. ...M ..» »a ..»• -1-^. -^-" - " 2 
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TAii[.K lg (continued) 

Reaction* 

- f ' \ I " ' : - + 3 H , . S [ 0 ; ^ - ^ -f-dte 

KAISiA, -)--4H* -p gH,0 ^ ^ I ^ m ^ ^ ^ J ^ ^ J T ^ 

-f-.gAl'"4,3H,S!0,,_(.ni-LO '"^ -

+ ''J^'-" ;;:± Na + / A l " ' 4 . llH.SiO, 

^'^Mi''Mr»Si,,„0,j(OH) ,,.,„„,„,.,,T7 ,. " 4 . S P H T 
+ 8 . : L O ^ K * + Y ' M " " ' : ^ ' l T H ; S i ( ) f ^ ^ " 

_ _ -f HiH,0 ^ C a " -f. r4.-M". ^ 22H,.Sio; 

+ i ! i l l £ ^ M r 2 4 ^ j 4 A l - ^ 22H,SiO, 

CaMg(SiOj, -t- 411"+ 2 H , 0 - ^ C a " 
+ M r ' .-̂ r 2H.SiQ. " ^ 

C-^5.MK.Si,0,,(0H)= 4. 14H* 4 ,gH o 

AS°,,(T..)1' 
AH'^T , ) " (cal m o l e - ' 

J f i """"^ ' "" ) tj.eg^') 25.C 60=c 

— 6Q.470f ^ 9(i ,2' ' ' 23.3 18 7 

- 33.840 _ 46;3g^ 

log Kff )« 

'OQ^C 1.50" C 200-.C 250-C 300=G 

9.R5 7.9JJ 

^ 1 5 0 , 3 8 0 ' --!fi9,Q2. 73=20 0 ,g^ 

^ - 1 2 7 ^ ' -341 ,74 ' 19.QG 9.48 

—124.420? -333:44* 18,32 o.OO 

i2.0B 42,74 36 23 31,20 27,2! 

' • ! f t - '-03 - I 2 , 5 Q - 1 7 , 0 0 .-20.89 

0:92 ~ 7,11 -^iZ/. l _]f;,g^ ^ g , 20.70 

-afi4,l70' _7].5.8H^ 
J7 . )Q 17J4. -,-0,11 _ i7 .oo ^28.68- _ 

s 
s 

38,13 —46,39 

^ 2 6 7 . 8 5 0 ' -730,88* 36,60 10,49 ^ 

- 20.05-5 - 15,29 n',; 
0.96 —18.25 -30 ,09-39 ,53 -47,SI 

96.650 - 6 5 , . 5 5 56.51 49 22 ^2 8* sr .1, , n „ 

l'eiiSiO. + 4 H . : ^ 9 K e " ^ . H . S i p , 
— .52,615 _ 29,11 

n.S9"<' 19.00"." 1 ,̂10'! . l.r,.; 

m-

13-

3 
s 

MgrSiO, 4^ 4H* ̂  2Mg" + H,SiO, 

— Fe,0,- | - 6 H * ^ 2 F e " * 4. 3HiO. 

i—;Fe,0 , 4 l '8H*^,Fe?* 4-,_2Fe'" 4.4H3O 

, C u O „ „ , , - „ , i 4 - 2 H f ^ C i , " - . + H , 0 -

,Cti,0,,„p,„.> 4. EH-^SGu.* + H=0 

Mg(OH), + 2 H > : ^ Mg '*4 . 2H=0 

Al(pH),,„,„.,,,.i:tlL...i.,> -1- 3 H * ^ Al"* -j- 3H,O'' 

•Al(0I-^)«erJPtger^^u|ll.legll,lI•ltt) -H 
3H* ^ A l • <:*-]-SH.O" 

C3CO3 -1- 2H* ^ C a " -1- H^p + CO«„, 

— 49.880 

— 30,445 

— 49,660 

— 15,785" 

5,945" 

— 25,820 

— 23,845' 

— 25,5130'' 

— 4,020 

^ 33.S1 

—110^90 

—136,49 

-— 17:08", 

13.J.I" 

— 9,81 

— 43„52"'' 

- ^ 43.52" 

32;37 

29.28 

— 1.93 -

6.57 

7 M 

— 1.49. 

16.78 

7.96 

9.23 

's).76 

25.47 

- .4,2*-

-2;79 

i C-'i? 

-L LOl 

14.84 

e.n! 

7.30 

.9.48 

a2;08 

- , | i 2 8 

; ; - . ' Q : S 7 

' -^M 
— 0.48 

isao 
4.()'2J 

5563 

9o?5 

18.74 

— 8.22 

— 3,77 

• 4,55 

0.05 

11,41 

3.16' 

4.05 

9.04 

16.26 

^ 9.69 

— 6,21 

3.72 

.0.62 

10.09 

2.15' 

2.94 

8,95 

14.26 

—10.86. 

- _ 8,! 3 

•S.09, 

1.16 

9.08 

l.Sfil 

2.08 

8,81 

J2.(il 

— 11.HI 

.— 9.69 

. ' 2 m -
1,70 

8,53 

0.761 

1.4t 

8.73 

Wliere no indication, is given, all reactants other than H,jO and H+ correspond to the mineryl designatipils giveu in table 7, HiSiiS, 
and all ionic species-lire'in the aqueous standard'state, and, HjO refei's-t(> iiquid water. The subseript (g) refers to g'Js. '•E.xcept where 
noled oihenyise, tiu; values ill these cdliimns-werc ditit^iited from data given in tables 3 anil 7. " T h e log K(r) vaiucs for 25^C were com
puted fiom the values of AH'^r(Tr) aud AS''^(Tr) shown in the table; those for 6()*C and above were taltulated using A H ' / , i ( T , ) , SM(T,.) . 
and average lieat capacities for tbe ions, HjOui,,). and H,SiO, (table 3) to lirst compute AH"i(TJ aud S'iCf) for these species at elevatetl 
leiiqieraiures (eqs I'i.aud l-i). These values wijre then used together with tbost computed friim etpiaiious (11) and (12) .iisiilg datii_ given 
in tables 7. ami 8 for the.solids to .evaluate .equation (IS). Values of AW/f^rr) and Sffl,) for minends" not included iu talile 7 were taken 
from Robie and Wald bau in (I'JOS), as were daiii used to compute average heat capacities for higb albite. All the log Kfl) values are ciin-
sistent with ratilal units of concentration, •" Gompiited from data given in table 3 for ionic species, FLO, and HiSiO,, and^ tlie enthalpies 
of-forma liori atid entropies ot the rainerals at 25 ?G tabulated by Robie aud Waldbaum (1968), " Cotnpitieil from data given in table. S and 
an eslimated third"law enlropy for the mineral at 25"G obtained by summing (in appropriate proportions) the entropies of (lie oxide 
ti)m]Mmenis of tbe minera ls using 9,4 eal mole" ' deg" ' (Latimer, l'J.52) for l-l,,0—.six- 1 est and fcsoinciie.s f and g lielow, ' tloiiipiiltd frnm daia 
given in table -t lugfilier wilb the Tree energies Of fomiation of ibe ini lerals'iibiaiiif-il friijn sululilliiy ^siiiditis and rnl rtipies of fiiruialidii 

(1) 

3' 

CO 

a, 

3 ' 

"& 

•vS 
OQ 

('!:':'t 



. -TAHLE 32 (con tinned) 

ation 

Miiieral 

Jllitc 

AH",(T,) s*(TJ AG",rr 1 
(cq! moie- ' ) (cal m o l e - de r" ' ) ( ca lmok^ ' ) 

—J,330,820 66,4 
Source of AG%(l"r) 

— 1,306,840 62.8-

Mg-motitmoi-illojtiie —t,364,140 GLB 

^1,300,980 

—1,954,860 

—1,279,240 

—1,277,760 

lonite ( G a y ^ ^ n d S e n . | 1 { j - j " l " ' ' " ^ ' ' - " J - ' » ' - « " ^ - m ^ontuionl -

-•1,275,340 

— 275i200 

/co , . ,n , iL 1 ^ € ^ ^ ' ' ^ ~ '' '"'• ""^ *=''< '̂'''"ge of toldiim for sodiiun 
S S S a , ^ ^ , ^ - ' ^ ' ^ ( P - ^ - - ' ~ " - ) ^ - « ^ata r ^ p o n e d b y 

. fa ,b; ("f(u'/%.*J — U-J for the exchange of sodiuhi for potassium 

g!S£s1™> " " / f » ? ^ a,'^r"""'r"- " f " """"Miiois; 

a; 

9 

CO 

3 
o 

Vs; 

-a. 

l-M- i n e tsiiiii.iicd third. Jaw Cll tropy of an niie nt gS'C is 

l l ' ^ ^ f f f ' ' ' ? ^ 

•-ft-. 

' ; • ' si - ' - ' ,1 - - ! • ' . : • . , , - ' i ^ ' T . ^ ^ ' : - . . . • ' - ' I '^- ' . ' - ' • .. ' ' v , ' ^ ; V ^ ' . - - l l ' - ' 1 ; 

IOO ta l mote—' deg-^' (see footriote e-above).'iinci the calculated yahies oi 
tiipl 

binge, gibbsite -j- qi 

i iG ' , (T,y and A H / , ( T ; ) for annite are —1,150,100 and 
—1,23,3,750 eal mpl?—', lyspcciivety. " Tt can be dedttced frdm cOniparisoii of various equiJibriMm 'eon'siantj given above that the asscfti:, 

Vjuin-lzis not .stable with respect to kaolinite -I-H,^^^ the temperature raiige 25" tii 300' ' ' (IfC. However, calculations of 

are in errar. Oti iile. (Jtlici- hami, the trvstallinities ot kaolinite; gibbsite, tlia.spore, and bochinite prqiiiiced cxperinientaUy are quite vari
able, and ibiis (see fooinote r beiow) tbê  substaniial iigrceiueut tliat exists between the results of sOiuWIity studies involving kaolinite and 
the Eberniodyiiijiuic data (lablc 7) used to compute thc iog fC values for kaolinite given above isVpot iiecessanly a d<?(initive ciitCTton for re
solving tbe eon tiic:,' The illite in-this leiirtion'is dose to ah illitic end member coiupus; Uon iu lhe mou tiniml Ion ite-m ixed layer 11 btc solid Mi
ni loii ^i-ie's (Hnwer and Mowau, 1̂ 160), ''Conipittecl u.sing the heat capudty of crypfocrystalliiie gibbsite lo represent-that ot •cryatallinG 
gilibsiie, t Idealized end members in the beidellite wilid solution series. ' Tlic entropy of crysta bine gibbsite at 25'>C was assumed to h t 
cquivaJenj to iliat of crypiocrystalline gibbsite in the calculations, "" Computed usirig 'C"j.(l'r) for halloysiie and dickite <58.8G and S7^t4 
cal m u l e - ' deg-^' respecEively, King aiid Weller, 1361) as conitanis, " Coinputed using the .heat.capaeiiy of antigorite to rep rescue that 
o t chrysotile, '' Tiiesc vidties'aie ciiiisistetu witli thost- leponed by Hostetler and Christ (1968). "Computed .using-ayerage hear capucities 
for. high albiie—st'p fiiotiiiiic c above: * Owing to the signilicaiii cirett of ciystalliiiity on the therriu'jilynainic. behavior of the clay min
erals, the actual hyiii-olysis of these minerals in geocheniical processes cannot, necessaiily be descri bed In icrms of the log It yalues .shown 
in this ta bii; ih'e hydroly.sis tonstauts given iii the taljle are. "idealiz'ea" values. ' Hydrolysis constaut.s are given in this lable for a inuiiber 
of intitei;il.s thai are'ildt iitabit: in the presence of HsP at: the tcinpei-atures iutlicaicd, (for exajiiple, en.'ilVitiie, for.stcrjLi;. et cetera), 'I'hese 
rtiaction.s were iiicluded lo enable additive t;.'i!t-idaiJoii of eqiiilibriLDii t-tinslanls for slable assciiiblaRt-.s and to faciiiiare cxiiapplal-imi. to 
higlier letuperatuics ' Con,staiit heat tap'aciiy fii.s of the lug K values given in the (aide resiili,s in the following, estiiiiales of ecjiijjibriiim 
ctmstaiiis for lhe. reactioi IS (in lhe-it bove ordei-) at 0"G: —4,4,2:1,2:1, 2:4, 5,1, 6,3; .M.l,;29.4. 10,2, 1L2, 14,2, 21,'h 13,5, .20,4, 16,9, ll .S; 83.3, 
27.4, 20,6, 54,5, 54,'!,, 1-27, 22,0. 02,8. 21.4. 35:,7, 19.7, 32,6; 0.1; 9,9, 8^, -^1,9, 18,5, 9.6,. 11.0, 10,0, 
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Fig. 9. Stoichiometric individual ion activity coefTicients (y,) for the aluminum 
ion as a function of temperature at constant p H (indicated by the numbers on the 
curves) in I ( ), 2 ( ), and 3 ( ) molal NaCl solutions (see text and 
table 13.) 

charged) complexes were omitted from the calculations represented in the tables. 

Distribution diagrams are presented in figures 16 and 17 for alumi
num hydro.xide species and complexes involving the hydrogen ion and 
carbonate, sulfide, and sulfate ligands, respectively. Unlike the curves in 
figure 15, those in figures 16 and 17 represent the equilibrium pH at 
a given temperature for equal activities of the species shown on either 
side of the curves. Similar distribution diagrams for sulfur, copper, and 
iron species in terrns of fugacity of oxygen and pH at two temperatures 
are shown in figures 18 and 19. The relation between fugacity of oxygen 
and the ratio of the concentration of total sulfate to that of total sulfide 

systems at elevated temperatures and pressures 

0 ( 1 1 i 1 i — 

787 

-6 

. -8 

g - I O 

-12 

-14 

-16 

-18 

T 1 1 1 1 i T 

50 IOO 150 200 250 

TEMPERATURE, "C 
300 

Figure 10. Stoichiometric individual ion activity coefficients (- ,̂) for the sulfide ion 
as a function ot temperature at constant pH (indicated by the numbers of the curves) 
in I ( ), 2 ( ), and 3 ( ) molal iN'aCl solutions (see text and table 13). 

in a 3 molal NaCl solution with a pH of 5 at elevated temperatures is 
depicted in figure 20. The curves shown in figures 16 to 20 were com
puted from data given in tables 4, 6, and 9. 

CONCLUDING RISMARKS 

Although many equilibria are considered in the preceding pages, al l . 
hydrothermal reactions of interest in hydrothermal geochemistry could 
not be included in this communication. On the other hand, the data and 
equations summarized above permit other high temperature equilibrium 
constants to be calculated to suit the requirements of one or another in
vestigation. In many_ instances, a desired equilibriuin constant can be 
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0( r—r 1 1 T r 1—r f 1 r 

300 
TEMPERATURE, °C 

1 

Fig. 11. Stoichioitletric individual ion activity coeflicients (.yj) for the sulfate ion 
as,a function of lemperatuie at constant ,pH.(3ndiGated by the nuBibers-on the?.ciii'v^s) 
in. 3 molal NaCl 'solutions (see text and table IS). 

obtained by combiniiig various reactions for which log K(T) values are 
given in the tables. Values of yj can be taken directly from the tables'and 
graphs, and vaiues of y*i, can be computed as needed from the clata and 
equations given in the foregoing discussion, 

"" Tfie information contained in the tables permits quantitative cal
culations for hydrothermal systems and processes at. high temperatures 
without the aid of a computer: As an example, calculated sulfide,solu
bilities are plotted agaitist temperature iii figure 21. Note that with the 
exception of metacinnibar;, the coniputed solubilities of the individual 
sulfides in a 3 molal NaCl solution with a pH'of 5 are more than suflicient 
at high teraperatures to account for hydrothermal ore deposits of' the 
metals considered. It c-an also be seen in figure 21 that the. solubilities of 
a number of the sulfides are similar at high temperatures, but change 
differetitially with decreasing temperatures, Many':other conclusions, ob
servations, and irnplications of considerable geplogic significance can be 
drawn from similar caleulations: invoTYing-the itbermodynaraics of hydro-
thermal reactions summairfzed above. Discussion of these is beyond the 
sccip'e of the present paper, but in future communications the' thermody
namic relations-presented here will be used to deftae phase relations 
among silicates in hydrcitherraa] systems and to evaluate polyphase equi
librium .states and the mass transfer invplved in hvdrotherm-di vein for-

at elevated temperatures andpre^sm 
789 

m 

1'r.i^i^ 

tfi: 

I 

-leL 
50 100 150 200 250 

TEMPERATURE,**C 
Fig; 12. St-oichiometric individual ion actii'Uy coefftcietits {y\) for the carbonate 

ion as a functiori of temperature at constant pH (mdicated by the numBers tjti the 
ciirVei) iti I C =), 2 ( —:), and 3 ( ) liiolal NaCl solutions (see text afid table ' 

13). - . ' 

matipn, Such calculations make it possible to charaGterize quantitatively 
the mutual solubilities oi sulfides .and silicates at high ;temperatures. 
Irreversible leatlions responsible for raetasomatism and the paragenesis, 
replacement, and zoning of hydrothermal minerals have been program
med for machine evaluation. Th& raethods employed in the calculations 
and idealized mbdels of the inass tra rts fer involved in various geoehemiGal 
processes have been preseiited elsewiierti vHelgesori. 196,SUi Helgesbh, Gar
rels, and •Mackenzie, 1969; Helgeson and Garrels, 1968). 
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' T.-iBLE 13 

;,9l 

T* Y Stoichiometric individual ion activity Goeffieients (yi) for aluminum, 
^ .̂̂ -̂{-̂  sulfide, carbonate, .sulfate, and calcium ions present in relatively 
V?y'"*^ small concentrations in 3.0 molal sodium chloride; solutions 
^ :.''̂ '" 

J J - t J_ 

50 JOo 150 200 2 5 0 ~ ~ 3 b o 
F,> ?* '< ; ; - , • TEM PER ATU RE,°C 

(see teYt.and table 14). ' ^ ™°'^ ' ^^'^l ^°l""pns- at elevated' temperature" 

6 

50 too -150- 200 .250 300 

Fic. M «,.- u- TEMPERATURE,°C 
rig, 14, Stoichioinctr c individnil ;«„ . . . L. 

(see text and table 14). ' ^ ' " ° ' ^ ' '^="^1 solutions: at- elevated temperaiure^ 

Ion 

"^"'' Al " (assuraing: 
i* the presence o : 
•< A l i o a y and 

^{OH).-) 

' ' . , ° - ! 

~ . •'"^ V ^ - . , 

v i - ^ - ' - ^ 

i ' S (atsuramo.llle 
r presence of H 5— 

,' and H,h(,„) 
^ 1 ? ^ 

- t 

^ ...CO, (assuming 
.l]-^^ the presence of' 

- , HCO,- H CO,i,„, 
"' '^ and CO ,. , )" 

-
^ SOl (asm ming 

the presence of 
' HSO,- m tht 

_ " abience of 
calcium) 

( • ' . - . . — 

•' >.-l -

.. --<*-,. SQi. (assuming 
f- ' the presence of 

> -..- - H S G . - a n d 
,= .- CaSO.,,,) at 
; rl^'._ • a p H of -5) 

;^-. •' Ca ' ' (assuming 
the preseriee of 

rt,,v._ CaS04;.a,.,and 
" ' ; - ' . , C a C 0 3 , . „ a t a 
:;iL;^ ,pHoK) '= 

pH 

2 
3-
4 
5---
6 
7 
8 
9 

10' 
11 
12 

2 
3 
A--.-. 
5. 
6 

•7 

'2 
3.-
4; 

'5-
• 6 : 

7 

2 
3 
4 
5 
6 
•7' 

0.001 

0.01 

Sso j -

o.odi 

O.Ul 

23=C 

_ 1 , I 7 
—1.17 
—191 
—1.49 
—2.26 
—4,87' 
—3^80 

—12.86; 
—!6:86.-
—20:8& 
—24-.86 

—16.60-
—14.60-
^12.61 
—10.62 

—S.71 
—7.20 

—12:38 
—10.33. 
^-8.39-
—6.43 
—4.73 
—S.50 

—1.01 
-^0:95. 
—0.93-
—0.95 
—095 
—0:95 

—0.95^ 

—1.0,4 

—0;67 

—0.75 

50°C 

—1.22 
—1.25 
^1 .47 
—2:18 
^ . 5 4 
—7.33 

—n.33 
—15.33 
-119:33 
—23.33^ 
—27.33 

—15:64 
—13;64 
- l i e s 
—9iQo 
.^7 ; s i 
—6.S9 

—ia:22 
—iO.22 
—8.23 
-^6.28. 
—4.5S 
—3;35 

—1.09 
—l.OO 
—0.99 
—0,99 
—0.99' 
—0.99 

—1.0 

^ 1 . 1 

—0.7 

—0:8 

100=C 

—1.46 
—1.94 
—2.83 
—3:94 
^7 .34 

—11.34 
-15 .34 
—19 34 
—23;3.t̂  
—27.34 
-3r .3-l 

—14; 1.7 
—12:17 
—10:1.7 
—8.20 
—6.39 

- —5..04 

—12.37 
—10:37 
—8:37 
^-6:41 

'—4.65 
—3.3S 

—1.43 
— 1.14 
—1.10 
—1.10 
—1.10 
—1.10 

—i.l 

—1.2 

—0.8 

—1.0 

log-/,-

150= C 

—2.49 
—3.45 
—4,45 
—6.72 

—10.70 
—14.70 
—18.70 
—22,70 
—26.70 
—30.70 
- 3 4 . 7 0 

- 1 3 . 1 1 
—11.11 

—9.11 
—7.15 
—5.30 
—3.93 

—12.79 
—10.79 

—S,79 
—6.81 
—4.97 
—3.58 

—2,03 
— 1.42 
— 1.2fi 
—1.25 
—1,24 
-^1.24 

—1.3 

—!.4 

—0.9 

—1.2 

200'G 

—4.07 
—5:04 
—6J27 
—9.83 

-13 .83 
—i7.es 
—2i .83 
—25.33 
—29.83 
—33.83 
—37.83 

—12.29 
—10.29 
—8r29 
—6.30 
—4;'t3 

?.98 

—13.52 
—11.53 

—9.52 
—7.53 
—5.62 
—4,08 

2.77 
- 1 . 9 2 
—1.51 
—1.43 
—1,43 
—1.43 

—1.5 

—1.7 

—1.2 

—1.5 

250''C 

—5.71-
—6.71 
—8.65 

—12.60 
—16.60 
—20.60 
—24.60 
—2S.50 
- 3 2 : 6 0 -
—36.60 
—40.60 

- 1 1 . 6 9 
- 9 . 6 9 
—7,69 
—5.70 
—S.7S 
—2.27 

—14:79 
—12.79 
—10.79 

—8:79 
—6;S3 
—5.10 

—3.79 
—2:S2 
—2.07 
—1.79 
—1.73 
— 1.75 

300=C 

—7.53 
—8.56 

—10.50 
— 14.45 
—13.45 
—22.45 
—26.45, 
—30.45 
—34.45: 
—38.45 
-42 .45 

11.42 
—9.42 
^ 7 . 4 2 
—5:42 
—3.47 
—2.11 

—17:88 
— 15.83 
—13.88 
—11:88 
—9.88 
—7.93 

—5.62 
—4,62 
- 3 : 6 4 

2:77 
—2.33 

92b 

' 

-.-̂  

'Computed fi;ora equation (49) or expressiotis for ailidiis aiialpgou's to equatioii 
(49) using'data given in tables 2-and 4 (sec text). ' '.It the total m'oMlity of calciiim' 
present in the solution is one or less; the computed values uf 7™.̂  are not 
affected b y the formation of- GaeOr,,„„. *= Where .total CO,,,,i is less than ;l rrtblai,. 
the CaCO;,i(,i species has a negbgible effect on -^es-'' 21 pH 6 and below. 
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TABLE 14 

Stoichiometric individual ion activity coefficients (-yj) for Na+ 
and cations present in relatively small concentrations in 1.0, 2.0, 

and 3.0 molal sodium chloride solutions 

sysiems at elevated temperatuYcs and pressures 

' • : - » • ' - - / i i - . 

loa 

Ag* 

Cu-

C u " 

Pb*^ 

Zn" 

, 
Hg" 

d 

Fe"* 

F e " 

Au-

f 

A u " -

Na* 

K-

r ^ L N i C l 

1.0 
2.0 
3.0 

1.0 
2.0 
3.0 

1.0 
2.0 
3.0 

1.0 
2.0 
3.0 

1.0 
2,0 
3.0 

1.0 
2.0 
3.0 

1.0 
2.0 
3.0 

1.0 
2.0 
3.0 

I.O 
2.0 
3.0 

1.0 
2.0 
3.0 

I.O 
2.0 
3.0 

I.O 
2.0 
3.0 

25''C 

— 5.07 
_ 5.68 
— 6.06 

— 4.75 
— 5.35 
— 5.75 

— 0.91 
_ 1.03 
— 1.10 

_ 2.07 
— 2.99 
— 3.75 

— 1.00 
— 1.43 
_ 1.84 

—14.98 
—15.90 
—16.50 

— 2,02 
_ 2.60 
— 2.98 

— 0.64 
_ 0,68 
— 0.67 

— 8,8 
— 9.4 
— 9.8 

—25.4 
—26.7 
—27.5 

_ 0.18 
— 0.17 
_ 0.15 

— 0.22 
_ 0.22 
— 0.20 

50^ C 

— 4.8 
— 5.5 
— 5.5 

_ 4.8 
— 5.4 
— 5.8 

— 1.0 
— 1.2 
_ 1.3 

— 2.0 
— 2.6 
— 3.1 

_ 1.4 
— 1.9 
— 2.4 

—14.4 
—13.3 
—15.9-

— 2.5 
— 3.1 
— 3.3 

— 0,67 
— 0.71 
— 0.70 

— 8.2 
— 8.9 
— 9.2 

—24.0 
—25.2 
—26.0 

_ 0.19 
— 0.18 
_ 0.15 

— 0.22 
_ 0.23 
_ 0.21 

100° C 

— 4.5 
— 5.1 
— 5.5 

— 4.9 
— 5.5 
— 5.9 

— 1.7 
— 2.0 
— 2.2 

— 2.2 
— 2.8 
— 3.3 

— 2.S 
— 2.9 
— 3.4 

—12.8 
—13.7 
—14.3 

— 3.4 
— 4.1 
_ 4.5 

_ 0.7 
— 0.8 
— 0.8 

— 7.3 
— 7.9 
— 8,3 

—21.7 
—23.0 
—23.8 

— 0.21 
— 0.20 
— 0.17 

— 0.25 
_ 0.25 
— 0.24 

log y . ' 

150=C 

_ 4.3 
_ 4.8 
— 5.2 

— 5.0 
_ 5.6 
— 6.0 

— 2.6 
_ 5.0 
— 3.2 

— 2.3 
_ 3.0 
_ 3.4 

— 3.2 
— 3.8 
— 4.3 

—11.8 
—12.7 
—13.3 

— 4.4 
— 3.1 
— 5.5 

_ 0.8 
— 0.9 
— 0.9 

— 6.6 
_ 7.2 
— 7.5 

—20.1 
—21.3 
—22.0 

— 0.25 
— 0.23 
_ 0.24 

— 0.29 
_ 0.30 
— 0.28 

200 "C 

— 4.3 
— 4.8 
— 5.1 

— 5.4 
— 6.0 
— 6.3 

— 3.7" 
_ 4.1" 
— 4.3" 

— 2.5 
— 3.2 
— 3.6 

— 4.3 
— 5.0 
— 5.4 

—11.3 
—12.1 
—12.6 

— 5.5" 
— 6.1" 
— 6,5" 

_ I.O 
— 1.0 
— 1.0 

— 6.0 
— 6.6 
— 6.9 

—19.1 
—20.2 
—20.9 

— 0.31 
— 0,33 
— 0,33 

— 0,35 
— 0.37 
— 0.37 

250-'C 

— 4.2" 
— 4.7" 
— 5.0" 

— 6.0" 
— 6.5" 
— 6.3" 

— -4.8" 
— 5.2" 
— 5,4" 

— 2.9" 
— 3.5" 
_ 3.9" 

— 5.2" 
— 5.8" 
— 6.3" 

—n.l" 
—11.9" 
—12.3" 

— 6.6" 
_ 7.2" 
_ 7.5" 

_ 1.2" 
1.2* 

_ 1.3" 

_ 5.6" 
— 6.2" 
— 6.5" 

—18.7" 
—19.8" 
—20.4" 

_ 0.41" 
— 0,46" 
_ 0.49" 

_ 0.44" 
_ 0.49" 
_ 0.51" 

SOCC 

— 4 j " 
— 5.0» 
— 5.5" 

— 6.6" 
— 7.1' 
— 7.5» 

— 6.0» 
— 6.4* , 
— 6.7»" 

— 3.5" 
— 4.2" 
— 4.6" 

— 6.5" 
— 7.2" 
— 7.6" 

—11.4» 
—12.2" 
—12.6" 

— 7.1" 
_ 7.6" 
— 8.0" 

_ 1.4" 
_ 1.6" 
_ 1.7" 

— 5.5" 
— 6.0" 
— 6.3" 

—19.2" 
—20.2" 
—20.8" 

_ 0.61" 
_ 0.68' 
_ 0.73" 

_ 0.62" 
_ 0.71" 
_ 0.76* 

' The dissociation constants for the metal chloride comple.ves used in calculaiiog 
the values of -/, in this table from equation (49) are shown in table 5. To insure min-

al uncertainty and conservative values (see text), divalent and irivalent metal 
q in equation 

imal uncertainty and conservative values (see text) 
chloride complexes were not considered in the calculations; that is, 
(49) -was assig'i-.ed a value of Z, -f- 1 for each metal ion. Because all the metal ions 
considered above, with the exception of Fe*-, associate with the chloride ion to a 
significant degree, the individual ion activity coefTicients tor the ions themselves 
have no significant effect, except in the case of Na*-, K*, and Fe" , on the -yi yalues 
shown above. " These values have a higher uncertainty than the others given in the 
table owing to extrapolation of equiliiirium constants and activiiy coefficients used 

793 

so this, species 
for FeCl** was f;i'-"is;n'liter"calculations. " No log K(T) data ave available tor CuCl..̂ ,,,, 

'fc.-'^;;Was not considered specificaUy in the calculations, ""The term „ . 
fi-'--SiOTi'tte<i trom equation (49) to eliminate the influence ot the divalent charge on this 
ft. 'rvspeiies; which is the most stable of the ferric chloride complexes. The degree of 
f^V'- bnnatiori' achieved by this species is represented by the magnitude of the overall 
fil'T- diisociation constants for the higher order ferric chloride complexes considered in 
$••&:-; 'tJfe^calculations. " There is little indication that chloride coraplexes of F c " form 
f.';;''"-to significant degrees, at least at low temperatures. The values shown for F e " are 
| i ~ X - thus etiuivalent to individual ion activity coefficients. Because the ion is divalent 
',p't^:'ini a 25'C i. was used in the calculations, the activity coefficienls shown for this 
.^^^jTijiccies at high temperatures are, probably too small. On the other hand, there are 
%^^'i indirect intlications trom solubility data that F e " raay forra stable complexes with 

chloride in the region ot SCO", and that the overall stability constant is ot the order 
6{.10"-'-or 10-". In view of these uncenainiies, the activity coefficients shown above 
for Fe" should be considered provisional estimates. • T h e values sliown for these 
ions are based on the dissociational reactions tor the gold species shoivn in table 5. 

m 

0.5 

Too 200 300 

TEMPERATURE, °C 

ZnCU' 

V 

i./^"J^»" ZnCIa Zt^ai 

IOO - 200 
TEMPERATURE, °C 

Fig. .5. Degrees of formalion (a) tor - " « ' * ; - ^^3 , rTe ' J , ! ! ^q '54 )* . i f e ' r c l r r r s 
3 ( — ) molal NaCl solutions " ^'f.^'"" ' t X ^ ^ " ^ s f p e cent ol the mercury in 
not shown because the spec.es " f - ' = . ^^^°""\t- nerc^it have been omitted, from the 
solution. Coraple-xes that form to less that^ ?,,^^ . P ^ ' d fiLVes 13 and 14. the a values 
diagrams. Unlike the y, values shown in table 4 ^ " " ^ J l f ' " .'^3,1 chloride complexes 

. Bhou-n above were calculated (eq 54) assuming the presence of all cnior a f 

Xof each cation) in table 5 (see text). 
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Fig. 16. Distribution of aluminum species in aqueous solution as a function of 

temperaiure and solution pH. The curves represent equal activities ot the species shown 
in adjoining fields in the diagram. The positionsof the curves are defined by dissocia
tion constants in table 4. 
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Fig. 17. Distribution of carbonate, sulfide, and sulfate species in aqueous solution 

as a function of "temperature and solution pH. The curves represent equal activities 
of the species shown in adjoining fields in the diagrams. T h e positions of the curves 
are defined by dissociation constants in table 4. The subscript (app) indicates lhat the 
species- referred to is the undifferentiated sum of H,CO0 and CO«„,,. 
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Fig. 18. Disiribulion of sulfur species at 25''C ( ) and SOO'C ( ) as a 

function of /o„ and solution pH. The curves, which define the positions of etpial 

activities of the species in adjoining fields in the diagram, were computed from the 

equilibrium constants given in table 9. The field for HSO,— at 25°C lies to the left 

of the diagram. 
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Fig. 19. Distribution of iron, copper, and sulfur species at 25.''C (- - : ) and 
300"G ( -) as a function o f / o , and'solution pH. The curves, whicii define the ;posi-
tions of eqiial activities of the :spedes in adjoining fields in the diagram, were com
puted from the cqiiilibriitih constants given in table.9; 
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ABSTRACT 

Bodvarsson, G., 1973. Temperature inversions in geothermal systems. Geoexploration, 11: 141-149. 

Temperature inversions have been observed in deep boreholes in a number ofgeoihermal areas. An 
elementary investigation indicates that the observed inversions may be manifestations of temperature 
flisequilibria aiound fractures or permeable horizons where the ihermal or flow conditions have changed 
recently. In particular, the permeable structures may recently have been invaded by thermal waters. 
Two cases from Iceland are discussed in some detail. 

INTRODUCTION 

Measurements in deep boreholes in geothermal areas frequently reveal a rather charac

teristic shape of the vertical temperature profile. The temperature increases quite rapidly 

in the uppermost few hundred meters, and may then become practically constant at greater 

depths. The upper secdon ofthe temperature profile is generally characteristic of forma

lions with a relatively low fluid permeability and, hence, a more or less conductive tein

perature field. The constant temperature section is usually indicative of a formation with 

a sufficiently high permeability to allow an equalization ofthe temperature field by forced 

or free convection of interstitial waters. Tfiis section may constitute a part of the local 

geothermal reservoir and its temperature is often referred to as the base lemperature of 

lhe thermal area. A typical temperature profile measured In a deep borehole in one ofthe 

major low-temperature thermal areas in Iceland is shown in Fig.l (Sigurmundsson, 1967). 

Deviations from this rather standard temperature profile are, however, not altogether 

uncommon.-Perhaps the most interesting anomalies are the teniperature inversions wliich 

have been observed in a number of major geothermal areas. Cases from boreholes in geo

thermal areas in Iceland are illustrated in Fig. 2 and 3 (Bodvarsson and Palmason, 1964). 

The temperature data in both figures show very clear maximums and sections where the 

temperature decreases with depth. No less conspicuous temperature inversions have been 

observed in five boreholes in the El Tatio geothermal area in Northerii Chile (Healy, 1971). 

This condition appears to prevail throughout the entire geothermal sysiem at El Tatio 

* '̂liich extends over an area of several tens of square idlometers. Such temperature inver

sions are quite interesUng, in particular, because they can be of diagnostic value as to the 

structural and flow characteristics of the thermal systems involved. The present paper dis-
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Fig.L Temperature data from a borehole in the Reykjavik thermal area in Iceland 

cusses briefly the possible causes of temperature anomalies of this nature and calls atten
tion to their practical implications. 

POSSIBLE CAUSES OF TEMPERATURE INVERSIONS 

Several situations leading to temperature inversions in boreholes can be envisioned, viz, 
the following models: 

(1) Horizontal or quasi-horizontal sheet-like currents ofthermal water flowing above 
currents of colder water. By constant flow over a sufficiently long time interval, the tem
perature field in the adjacent formations can attain steady state. This situation is sketched 
in Fig.4. 

(2) Downward attenuation by geometric spreading of the steady-state temperature field 
adjacent to currents of thermal water. The measurements may have been made in a bore
hole located close to a concentrated current. A very simple example is given in Fig.S. 

(3) Temperature disequilibria in the formations adjacent to currents of thermal waters. 
The thermal water has relatively recently invaded the formations, or there have been recein 
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Fig.4. Sketch of model (1), two horizontal sheet-like currents of thermal water with different tem
peratures. 

increases in the temperature of the flowing water. An example involving a very thin ex
tended sheet-like horizontal current is shown in Fig.6. 

(4) Local inhomogeneities in the temperature field due to convective movements of 
interstitial waters. The temperature inversions may result from the spreading of upward-
moving plumes of thermal water, A hypothetical example is shown in Fig.7. The possibili
ties of the occurrence of phenomena of this nature in convective flows in porous forma
tions have been discussed by Donaldson (1971). 

(5) The observed inversions may be artifacts caused by local thermal disequilibria in 
the boreholes from which the data were obtained and do not therefore reflect the true . 
formation temperature. 

Model (1) is based on the concept ofa stationary conductive temperature field between 
two or more current sheets of different temperatures and at different levels. In general, 
one will assume that the temperature between the sheets is a linear function ofthe depth. 
Tliis model has been suggested by Healy (1971) as a possible explanation for the temper
ature inversions which have been observed in the geothermal area at El Tatio in Northern 
Chile. 
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Fig.5. A simple example of model (2), the temperature field adjacent to a concentrated line current 
of thermal water. 
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Fig. 6. A simple example of model (3), temperature disequilibrium adjacent to a sheet-like horizontal 
current of thermal water of recent origin. 

Models (2), (4), and (5) can generally be ruled out if the temperature inversions are ob
served consistently over substantial sections of geothermalsystems. These three models 
are based on phenomena of a local character which are unlikely to exhibit a consistent 
non-local pattern. 

The attention will therefore focus on models (1) and (3) when the observed tempera
ture inversions are non-local in character. In order to establish crude criteria for distin
guishing between these two models it is of interest to note that many observed temperature 
inversions have a distinctly non-linear shape as, for example, the case shown in Fig.2. 
Model (1) would not appear tb offer a plausible explanation in this case. Moreover, the 
discussion in the next section wil indicate that subsurface temperature fields in geothermal 
areas are likely to be transient in nature. There are, tlierefore, reasons to turn our main 
attention to model (3) which is essentially based on the assumption ofthermal disequilibria. 
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Fig.7. Model (4), temperature field at an upwaid moving plume of thermal water. 
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TIIERMAL INERTIA AND FLOW TRANSIENTS 

Rock formations have a very low tliermal diffusivity and consequently a considerable 
ihermal inertia. Consider an infinite homogeneous space ofthermal diffusivity a and having 
at time / = 0 an initial temperature equal to zero everywhere except within an infinite slab 
of thickness lb where the initial temperature is unity. Assuming pure heat conducUon, an 
elementary result in heat conduction theory (see Carsjaw and Jaeger, 1959, p. 54) gives 
the temperature at the center plane ofthe slab Tg. = erf(i/2-v/a/). Since for most common 
rocka = 10"* m^/sec (Clark, 1966), the time required for Tc to fall, for example, to 1/2 
of its initial value is r̂ . = 1.1 IZi' '10* sec. For a tliickness 2i = 1 km we find that approxi
mately r;. = 10" years. Since the relaxation time increases with the square ofthe charac
teristic dimensions, it is consequently unlikely that a steady'state can be attained by large-
scale temperature fields in geologically very acUve areas. 

Moreover, fractures of very small widths can carry substanrial mass flows ofwater. Con
sider a hypothetical plane fracture ofa uniform width h and carrying a uniform flow in 
the direction of the j:-axis which is placed in the fracture. Let the kinematic viscosity of 
the fluid be u. Assuming laminar or quasi-laminar flow, the mass flow per unit length 
across the flovv is given approximately by (see Lamb, 1932, p, 582): 

(h^n2u)dpldx (1) 

where dp/dx is the pressure gradient in the direction ofthe flow. To take a spedfic case, 
let the fracture have a width ofh = \ mm and carry water at a temperature of 200°C. More
over, let the pressure gradient be of a convective origin such that, for example, dp/dx = 
- lO^N/m^. Since u = 0.16'10'* m^/sec eq. 1 gives 17 = 0.5 kgm"' sec ' ' , that is, a frac
ture 1 km long will carry a total mass flow of 500 kg/sec. This is of the same order as the 
total discharge of water in many thermal areas. The third power of A in eq. 1 indicates 
that q is very sensitive to h. Hence, common fractures are very Ukely to undergo frequent 
substantial changes in their fluid conductance due to both the precipitation of minerals 
and tectonic movements. 

Both factors, viz. the sensitivity ofthe fluid conductance and the inertia of the tem
perature field, underline the high probabiUty of frequent changes in the flow pattern and 
temperature tUsequiUbria in active geothermal areas. This fact is quite strongly in favor of 
the disequiUbrium model (3). 

THE DISEQUILIBRIUM MODEL 

To give the most important elementary example to model (3) above, consider a uniform 
extensive sheet-Uke current of thermal water originating from a Une-source and flowing 
through a plane fracture of practically infinitesimal width in an infinite homogeneous soL'd. 
As above, place the x-axis in the fracture in the direction of the flow such that x = 0 at the 
origin, and the z-axis perpendicular to the plane of the fracture. Let the flow from the 
line-source be initiated at time r = 0, the initial temperature of the rock be zero and the 
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temperature of the water at the source be TQ. Moreover, for convenience, let the specific 
flow per unit length of the fracture be large enough that the temperature gradient in the 
direction of the r̂-axis can be neglected as compared with the gradient in the direction of 
the z-axis. This implies that the temperature field on both sides of the fracture can be 
treated as a one-dimensional field in a semi-infinite soUd. The model is illustrated in Fig.6. 

Assuming pure heat conducrion, the temperature field in the formations adjacent to 
the fracture can be derived on the basis of elementary results for one-dimensional heat con
duction in semi-infinite soUds. Since tire inirial temperature is zero and the temperature 
at the boundary z = 0 is approximately TQ, the relevant result for T(z) is given by Carslaw 
and Jaeger (1959, p. 63), viz: 

r=roerfc(z/2-s/ar) 

and hence the temperature gradient with respect to z at z = 0 is: 

'A^l.Q--''^''^' 
which can be rewritten in tenns of the durarion of the flow: 

' - •r2/„„_2 - • t = T^(nag^ 

(2) 

(3) 

(4) 

Hence, / can be determined if TQ and ^Q are known. Since stationary regional temperature 
fields have been disregarded on the above model, borehole data will have to be corrected 
for such fields. 

DISCUSSION OF THE PRESENT DATA - .--

The temperature profiles shown in Fig.2 and 3 are the result of routine measurements 
and no particular attention has'been given to the inversions occurring in the profiles. The 
data are therefore somewhat incomplete. Moreover, there are too few deep boreholes in 
both thermal areas to furnish convincing evidence that the temperature inversions are non
local phenomena. Nevertheless, we can tentatively interpret the results on the basis ofthe 

-simple sheet-Uke disequiUbrium model discussed in the previous section and estimate the 
duration of flow required to estabUsh the observed inversions. 

In the case ofthe deep Reykir borehole in Fig.2 the observed inversion gradient is found 
to be 0.1 ̂ ' 'C/m. According to Palmason (1967), recent results on the undisturbed region
al temperature gradient in Iceland indicate a value of 0.065°C/m. This is probably a reason
able value for the Reykir area and, hence, the total inversion gradient is estimated at -̂Q = 
0.112 •̂  0.065 = 0.177*'C/m. Moreover, since the temperature maximum of 97° is obtained 
at a depth of 630 m, and the average surface temperature in the Reykir area is 5° C, we 
find that T Q = 9 7 - (630-0.065 + 5) = 51 "C. Inserting these values into eq. 4 gives / = 830 
years. This is a surprisuigly lovv but by no nieans unreasoiiable value for the age of the flow 
throughthe permeable horizon at the depth of 630 m. Unfortunately, there is no geologi
cal evidence of very recent disturbances in the thermal area wliich would allow an indepen-
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dent testing of tliis result. It should be remarked that there is a smaU leak ofthermal water 
from the horizon at 630 m into the borehole causing the elevated temperatures in the up-
per section ofthe hole. The borehole, wliich is drilled into Tertiary flood basalts, lias a 
surface casing of only 100 m. 

There is greater uncertainty witli regard to the temperature data measured in boreholes 
G-l and G-7 in the HengiU area given in Fig.3. The inverted section of the profile from 
G-l is too short to furnish meaningful values. Moreover, the sUght convexity of the inverted 
section in (7-7 throws some doubts on the disequiUbrium model. However, this detail is 
too uncertain to be regarded as aserious objection to the model. In G-7 tlie temperature maxi
mum is 228°C at a depth of 400 m and the inversion gradient is approximately O.OS'Qm. 
Since the HengiU area is quite active, it appears reasonable to estimate the undisturbed 
regional temperature gradient at 0.1°C/m. Hence,^Q = 0.03 +0.10 = 0.l3*C/m and TQ = 
228 - 40 = 188°C. Inserting these two values in eq. 4 gives t = 21,000 years. 

It is evident that because of the low temperatures and steep inversion gradient, the ratio 
TQIEQ is quite small in the case of the Reykir borehole. The calculated values of the flow 
time t will therefore be unusuaUy low in this case. The data from G-7, on the other hand, 
give a liigh ratio and, hence, a relatively long flow time. Inversions observed in other cases 
will tend to give flow time values falling between these two rather extreme values. 

Judging on the basis ofthe relatively frequently observed changes in the flow pattern 
in geothermal areas, the time values obtained above do not appear physically unreasonable. 
The results, therefore, lend some support to the disequiUbrium model. Nevertheless, since 
there is at this junctu're no possibiUty of verifying the above estimates independently by 
other means, further research is needed before the disequiUbrium theory can be confirmed. 
On the other hand, it is quite clear that the possibility of being able to estimate ages of 
flow transients is quite important for the exploration of geothermal areas. The age is an 
important geological parameter. 
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O penuig the frontier of U.S. geo
thermal energy can be visual
ized as a continental migration. 

But instead of begirmmg at St. Augus
tine, Jamestown, or Plymouth Rock, it 
begins at The Geysers, some 90 miles 
north of San Francisco, Caiifomia. 

This technological quest began in 
1960. when Pacific Gas and Electric Co. 
(t'G&E) put 11 MW of capacity on-Une 
and generated the nation's first commer
dal geothermal electricity. Its fuel was 
natural dry steam drawn from wells 
drilled among the vents, or fumaroles, 
that mark a relatively shallow zone of 
seismically fractured hot rock. Today the 
field supports 14 PG&E units totaling 
800 MW, and at least 7 more units are 
under construction or planned by PG&E 
and others for operation between now 
and 1983. Most of the newer units carry 
110-MW ratings. 

Many routes of geothermal develop
ment now lead eastward from The Gey
sers. They radiate up into Idaho, across 
to Utah, over to New Mexico, and down 
to California's border with Mexico. 
Their goal is the economic use of under
ground steam and hot water at commer
cial scale, mostly for conversion to elec
tricity. One long beckoning path curves 
along the Gulf Coast of Texas and Louisi
ana, where geologic processes trapped 
huge amounts of energy, in the form of 
natural gas dissolved in hot water, in 
deep sediments at great pressure. 

The U.S. Geological Survey has 
mapped geothermal water resources 
(those above 90°C, or 194°F, to a depth 
of 3 km, or 2 mi) beneath 24 of the con
tinental states. This wide distribution is 
attractive because it puts geothermal en
ergy potentially within reach for process 
and space heating—the 35% of our na
tionwide requirements that can use 
lower temperatures. Only last July an 
exploratory well in Maryland established 
the presence of 60°C (140°F) water ber 
neath the Atlantic Coastal Plam. Thus 
the first trails of geothermal energy de
velopment have sparmed the continent. 

Temperature-based technology 

Our continental map suggests the broad 
extent of a resource that takes many 
forms. But the sites that hold early 
power generation potential for electric 
utilities are more limited. For example, 
tutural dry steam occurs in very few 
places, notably The Geysers and Lassen 
Volcanic and Yellowstone national parks 
(the parks are precluded from develop
ment). Geothermal water, however, 
underlies most states, and such hydro-
thermal resources total some 2400 quad
rillion (2.4 X 10'^) Btu of recoverable 
energy. 

Vasel Roberts, manager of the Geo
thermal Power Systems Program at EPRI, 
is'quick to qualify this figure in two 
ways. 'Tirst, only about 900 quadrillion 
[900 X 10"] Btu is what we call elec
tricity grade-that is, ISO '̂C [300°F] or 
hotter. And all of that is in the westem 
states. 

'Tn addition," Roberts goes on, "the 
estimate of 900 quadrillion Btu includes 
resources so far only inferred, or as
sumed to exist, on the basis of geophysi
cal data. When we narrow it dowTi to the 
identified portion, we're talking about 
perhaps 220 quadrillion Btu." 

Is this a meanmgful figure? "Yes, in
deed," Roberts affirms, "because it 
readily translates to a generating ca
pacity of about 24 GW with a useful life 
of at least 30 years, dearly a feasible 
target for utility development in the next 
20 years." 

Hydrothermal temperatures and pres
sures (dry steam induded) are well be
low those at the turbine inlet of a fossil-
fueled power plant. At The Geysers, for 
instance, steam conditions are about 
l a C C (356°F) and 110 psi (760 kPa); in a 
modem coal-fired plant, 540**C (1000°F) 
and 2400 psi (16.6 MPa). Accordingly, 
the respective energy conversion effi-
ciendes are about 15% and 33%, but the 
geothermjd steam plant competes be
cause its steam is ready-made and inex
pensive and the plant availability is 
higher, often more than 80%. 

If the hydrothermal fluid is above 
210°C (410°F), its wellhead pressure can 
be reduced so that part of the water 
vaporizes (flashes) into steam. Conver
sion efficiency is about 15%, and what is 
important, this method uses the same 
kind of turbine as a geothermal steam 
plant. Such technology is well estab
lished, used for generating power not 
only at The Geysers but at many hydro-
thermal sites around the world: Italy 
(400 MW), New Zealand (190 MW), 
Mexico (150 MW), as well as the Phil
ippines, El Salvador, Iceland, and Japan. 

About half the elertridty-grade hy
drothermal energy in the United States 
is in this high-temperature range of 
210°C (410''F) and above. The other half 
is in the moderate-temperature range of 
150-210*>C (300-410°F), for which the 
direct-flash technology is not assuredly 
economic. IrJet and exhaust steam con
ditions define the energy that can be ex-
traded by a turbine, but operation of the 
condenser imposes its own lower limit 
on the cycle. If the flash temperature of 
the steam is too low, the available differ
ential represents too little energy for 
economic operation. 

A different technological approach is 
necessary for moderate temperatures, 
the binary cyde. It is this cyde that EPRI 
believes will afford the greatest reliabil
ity and lowest busbar electricity cost for 
utilities. Just this year cooperative nego
tiations have begun for DOE and EPRI 
to join with San Diego Gas & Electric 
Co. (SDG&E) and several other organi
zations to build a binary-cyde demon
stration plant at commerdal scale. The 
site is a 180° (356 "F) reservoir of low-
salinity geothermal brine at Heber in 
California's Imperial County, south of 
the Salton Sea and only four miles from 
the border communities of Calexico and 
Mexicali. 

Demonstrating the binary cycle 

The binary cycle is a way to make vapor 
that will run an expansion turbine when 
the available water temperature and 
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Electric power generation success at The Geysers In California has motivated nationwide identification and assessment of 
hydrotbermal resources, as well as several research and pilot projects for energy conversion. Green areas indicate regions 
wilh known and inferred hydrothermal reservoirs. In the eastern and midwestem states, the temperature of the resource is less 
than 150°C; in the western states, some reservoirs contain water and steam of electricity-grade temperatures. Gray areas 
indicate known and inferred geopressured zones; fhe best known are those that extend along the Gulf Coast. 

REPRESENTATIVE U.S. GEOTHERMAL PROJECTS 

Location 

The Geysers, 
California 

Heber, 
California 

East Mesa, 
California 

Raff River, 
Idaho 

Valles Caldera, 
New Mexico 

Northern Nevada 
(sile to be selected) 

Heber, 
California 

Roosevelt Hot 
Springs, Utafi 

Brawley. 
California 

Boise. 
Idaho 

Crisfield, 
Maryland 

Brazoria Couniy, 
Texas 

Purpose 

Electricity, 
commercial 

Electricity, 
demonstration 

Electricity, 
pilot 

Electricity, 
experiment 

Electricity, 
demonstration 

Electricity, 
commercial 

Electricity, 
commercial 

Electricity, 
commercial 

Electricity, 
pilot 

District heat, 
commercial 

Hydrothermal, 
exploration 

Geopressure. 
expioration 

Technology 

Natural 
steam cycle 

Binary cycle 

Binary cycle 

Binary cycle 

Direct-flash 
steam cycle 

Direct-flash 
steam cycle 

Direct-flash 
steam cycle 

Direct-flash 
steam cycle 

Direct-flash 
steam cycle 

NA 

NA 

NA 

Capacity 
(MW) 

800 

45 

11 

5 

50 

50 

41 

20 

10 

NA 

NA 

NA 

Starting 
Date 

1960-1980 

1984 

1979 

1980 

1982 

1984 

1982 

(pending) 

1980 

1981 

1979 
(reached 

60°C water) 

1979 
(well 

complete) 

Sponsors 

Pacific Gas and Electric Co.; 
Union Oil Co. of California 

DOE; EPRI; San Diego Gas a Elec 
Chevron Resources Co. 

Magma Power Co. 

DOE 

DOE; Public Service Co. of New M 
Union Oil Co. of California 

Sierra Pacific Power Co. and other 
utilities 

Southern California Edison Co.; 
Chevron Resources Co. 

Utah Power & Light Co.; 
Phillips Petroleum Co. 

Southern California Edison Co.; 
Union Oil Co. of California 

DOE; State of Idaho; City of Boise 

DOE 

DOE 
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pressure (geothermal or any other kind) 
are too low for the dired-flash approach. 
It involves a second fluid (hence the 
term binary) that vaporizes at a much 
lower temperature than water and a way 
to transfer the thermal energy from one 
to the other. Usually this is a surface 
heat exchanger in which many thin-
walled tubes carry geothermal water 
through a cylindrical shell containing 
the second fluid. Thus heated and vapor
ized, the second fluid is piped into a 
turbine; it is the working fluid. 

Both systems are closed loops. Geo
thermal water from production wells 
passes through the heat exchanger and 
returns to the reservoir through injection 
wells. Significantly, a binary cycle re
quires ordy about two-thirds the water 
volume (at 180°C; 356°F) needed by a 
direct-flash cycle to produce the same 
amount of electric power. For any given 
water cost, this fact materially contrib
utes to the birury cyde's lower busbar 
power cost. 

Heber is a $130 million projed, en
tailing about $84 million in capital cost 
and about $46 million for fuel and op
eration over a demonstration period of 
at least two years (1985 and 1986). These 
figures represent totals of current dollars 
for the years in which costs are incurred. 
To some extent, operating costs will be 
offset by electridty revenue. 

Recommended since early 1977 by 
Vasel Roberts and his EPRI colleagues 
and advisers, Heber is now ready for 
detailed engineering design. Prelimi
nary work, including environmental re
ports and vital permits, is in hand from 
earlier R&D sponsored by EPRI and 
SDG&E. At least four other participants 
will be involved: DOE, Imperial Irriga
tion District, Southern California Edison 
Co., and California's Department of 
Water Resources. Two vital suppliers and 
customers are ready: Chevron Resources 
Co., part owner of the hydrothermal 
field and producer of its brine; and 
Imperial Irrigation District, supplier of 
cooling water and buyer of electridty. 

The turbine generator for Heber could 
be on order a year from now, followed 
by plant construdion begirmmg in Au
gust 1982 and ending two years later. 
On this basis, Heber will be through its 
startup phase in the fall of 1984, ready 
for demonstration operation and power 
generation at 65 MW—pumping brine 
and rurming the plant with 20 MW and 
delivering 45 MW of baseload elec
tricity—four times the capacity of the 
first geothermal steam plant at The Gey
sers in 1960. 

The foremost feature of the Heber 
project is its size, which is representa
tive of commerdal binary-cycle hydro-
thermal plants to follow. Its demonstra
tion is vital for data and experience in 
all aspeds of equipment design, manu
facture, operation, reliability, and over
all economics. 

Heber project features 

Scale-up of the turbine is the biggest 
question mark of the Heber plant. Simi
lar but much smaller turbines (by a fac
tor of 3) have precedent in the petro
chemical industry, where hydrocarbon 
fluids at conveniently compatible tem
perature and pressure are vaporized and 
used in turbines to generate shaft horse
power for pumps and compressors. 

Heber's single hydrocarbon turbine 
will generate 65 MW. In contrast, the 
11.2-MW Magma Power Co. pilot plant 
at East Mesa, California, is using two 
5-MW and one 1.2-MW turbines. That 
plant uses two hydrocarbon fluids (pro
pane and isobutane) separately in a pair 
of binary cycles that power the turbines. 
Elsewhere, Freon is the working fluid of 
a 100-kW experimental binary cycle to 
be tested by Arkansas Power & Light 
Co. for generating auxiliary power in 
conjundion with a geothermal minerals 
recovery operation. 

The Heber projed will also help re
solve key questions about sustained 
hydrothermal reservoir produdion, 
but it shares this purpose with another 
venture, the 50-MW demonstration of 

dired-flash technology using high-
temperature geothermal fluids at Valles 
Caldera, New Mexico. DOE is also the 
major sponsor there, with cofunding 
and participation by Public Service Co. 
of New Mexico and Uiuon Oil Co. of 
Caiifomia. 

At Heber, brine will be pumped from 
about 12 production wells at the center 
of the reservoir (the hottest part) and de
livered to the heat exchangers at about 
182''C (360''F). It will be returned to the 
reservoir periphery down six injection 
wells at about 71''C (160°F). The planned 
extradion rate is some 880 kg/s (7 mil
hon Ib/h), but the more important mea-
siu-e is its equivalent heat content, ini
tially seen as 470 Bha/kg (214 Btu/lb). 
Brine production will draw down the 
natural well level at the center of the 
.field, encouraging inflow from surround
ing strata. Because about 80% of the 
reservoir heat is actually contained in 
the solid material, the reinjected brine 
will continuously sweep the reservoir of 
heat as it flows toward the drawn-down 
center, to be pumped again for another 
heat extraction cycle. 

Sustaining reservoir production flow 
over a plant's life is central to the use of 
hydrothermal resources, but the pos
sibility of declining temperature and 
heat content is very real. How can this 
be hedged? Short of extensive turbine 
modifications, the answer is to alter the 
properties ofthe working fluid. For 
Heber, the initial design is a mixture of 
isobutane (90%) and isopentane (10%), 
to be delivered to the turbine inlet under 
supercritical conditions of about ISO'C 
(300°F) and 575 psi (4 MPa). 

By changing the proportions of the 
two hydrocarbons, molecular weight of 
the fluid can be increased, enhandng its 
kinetics so that reduced heat input has 
the least adverse effect on turbine per
formance and power output. As de
fined by inlet vapor conditions, the peak 
of the turbine effidency curve is thus 
moved to compensate for declining brine 
temperature. 
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Handling heat and minerals 

Heat exchange ahead of a binary-cycle 
turbine and heat rejedion beyond any 
thermal expansion turbine (to condense 
the vapor for recirculation) are two more 
geothermal research areas. Both have 
inherent problems of minerals control. 
Even though most hydrothermal re
sources are no more saline than seawater 
(34,000 ppm), they often carry sigiufi-
carit amounts of calcium carbonate, 
silica, and metal sulfides and sulfates. 
These and other minerals precipitate at 
the reduced temperature in a buiary-
cycle heat exchanger or elsewhere in a 
direct-flash system. The scale problem is 
pervasive, reducing both fluid flow and 
heat transfer and requiring periodic 
removal. 

EPRI concludes that corrosion is also 
a problem but probably not a serious 
one for moderate-temperature systems. 
Roberts observes that hydrothermal 
fluids tend to be slightly acid and con
tain little or no free oxygen. "Therefore, 
if we keep oxygen out of the water cycle 
during startup and shutdown and during 
cleaning, corrosion should be minimal." 

Mineral-scale control has called for 
e>(tensive research in anticipation of the 
development of many hydrothermal sys
tems having different fluid mineral com
positions. Notable in this regard are 
EPRI-sponsored computer programs 
that can simulate various water chemical 
compositions and the point-by-point 
scaling rates they produce throughout 
a given power plant under different 
temperature, pressure, and flow condi
tions. 

Four related programs enable design 
parameters to be optimized for given 
geothermal fluid conditior^, induding 
those in the reinjection wells. The latter 
point is important. Although the binary-
cyde water loop is dosed (and many en
vironmental problems thereby avoided), 
fluids may well cause additional scaling 
in the reinjedion wells and silting when 
they are retumed to the reservoir at re
duced temperature. 

Heat-exchange equipment must be 
considered in light of these problems. At 
the very least, its design must acknowl
edge the need for expeditious and eco
nomic cleaning at intervals of from 
months to years. There may be an alter
native to the surface heat exchanger and 
its scaling problems. In dired-contad 
exchange, the fluids are mixed in a single 
vessel, the working fluid vaporizes and 
thus is separated for use, while the 
cooled water is pumped away for rein
jedion in the reservoir. This avenue is 
only experimental so far, but is being 
followed by DOE on the premise that it 
could be more economic. 

The evident saving is avoidance of 
mechanical complexity. The technical 
problems, and possible further costs, de
rive from the possibility of incomplete 
fluid separation. Hydrocarbon fluid 
might need to be retrieved from the 
spent water, or makeup quantities might 
have to be cfonstantly added. Similarly, 
the presence of residual water or water 
vapor in the working fluid might alter 
the efficiency and economy of its func
tion Ul the turbine expansion cycle. 

Environmental effects 

When geothermal water or steam is 
used in direct-flash cycles, noncondens
able gases are a dired influence on ther
mal effidency because of their effed on 
overall vapor kinetics, and some of them 
may be environmental problems as well. 
Ammonia, boron, and hydrogen sulfide 
are examples. Hydrogen sulfide is pres
ent in some 20-25% of all hydrothermal 
resource systems, emitting a disagree
able odor at a concentration of only 
30 ppb and considered toxic at 10 ppm. 
The 200-ppm concentration in steam at 
The Geysers is not necessarily typical, 
but it emphasizes that this effluent must 
be controlled. 

Any method of gas removal repre
sents a parasitic energy load on the geo
thermal power plant; the objedive is to 
minimize that load while eliminating 
pollutants. Scrubbing geothermal steam 

is one approach being tested by PG&E 
and DOE. This entails introducing cop
per sulfate to read with the hydrogen 
sulfide and permit its removal in an 
altered form. 

Condensation and reevaporation of 
the steam is another approach, being in
vestigated by EPRI. The noncondensable 
hydrogen sulfide is mechanically sepa
rated after the first step. Then, recircu
lated through a shell-and-tube heat ex
changer, the water is again evaporated 
by heat that is extracted from the in
coming steam that follows it through the 
unit. 

Tests of the second technology at The 
Geysers have successfully removed 90-
97% of the hydrogen sulfide, which can 
later be disposed of by chemical treat
ment. Furthermore, the vent gas retains 
enough energy to drive vacuum.pumps 
on the power plant steam condensers, 
thereby reducing the parasitic load oth
erwise imposed on the turbuie steam 
supply. 

Heat rejection is the final practical 
problem of any thermal power cycle, 
especially for geothermal technologies 
because of their already low thermal 
effidency and consequent need for ex
tensive cooling capadty. 

PG&E's plants at The Geysers get all 
their cooling water from the steam itself: 
turbine condensate passes through evap
orative cooling towers and is recircu
lated for condenser coolmg. Direct-flash 
power plants derive their cooling water 
in the same way. Binary-cycle power 
plants could use extra reservoir fluid in a 
cooling cyde, but purifying it for this 
purpose would add considerable cost. 

"We're fortunate at Heber," Vasel 
Roberts acknowledges, "because we'll 
have fresh water from the irrigation 
distrid for five years. After that we plan 
to use agricultural drain water." Beyond 
these examples, he adds, geothermal 
power applications and their economics 
will depend on the results of concurrent 
R&D in water-conserving combinations 
of wet and dry cooling. 

EPRI JOURNAL May 1980 11 



CLASSIFYING 
GEOTHERMAL RESOURCES 

The earth's high internal temperature 
means that heat underlies every 
square foot of its surface. But no dis
cernible path yet exists for developing 
most of it. 

Where the earth's crust is struc-
fiirally consistent, its temperature in
creases about 25°C (77°F) with each 
kilometer of depth, the result of heat 
condudion from the earth's mantle. 
Attradive quantities of this normal-
gradient heat are at least 3 km (2 mi) 
down, but more like 5-7 km (3-4 mi) 
if the criterion is a temperature suit
able for generating eledricity (at least 
ISO^C; SOO'F). 

Excluding normal-gradient heat, the 
accessible U.S. geothermal energy in 
place falls into three very broad cate
gories, petrothermal, geopressured, 
and hydrothermal, which total about 
1.2 million quadrillion (L2 X 10^') 
Btu. This estimate covers resources at 
temperatures greater than IS^C (59''F) 
as both identified and inferred by the 
U.S. Geological Survey to a depth of 
10 km (6.2 mi). 

Petrothermal energy accounts for 
some 85% of the total. This is in 
molten igneous material (magma) that 
has been intruded relatively dose to 
the earth's surface by volcanic adivity 
and faulting and in crystalline rock 
that has cooled from magma. Even 
though the resulting temperature 
gradients are steeper (depths therefore 
less than those for equivalent normal-
gradient heat) and U.S. petrothermal 
regions are well charted, this energy 
form cannot now be counted as recov
erable for eledric power produdion. 

Methods and materials for drillmg 
into magma do not exist. In hot rock 
alone, the best foreseen method of 
energy extraction calls for injecting 
water that would be heated and then 
pumped back up; but the energy and 
monetary costs involved may not be 

Immediate electricity-grade prospects are 
just one corner of a slender slice of all 
U.S. geothermal energy resources. The known 
reservoirs that contain about 220 X 10 " Btu 
in recoverable steam and hot water translate 
to 24 GW of generating capacity with a life 
of at least 30 years (assuming economically 
feasible rates of fluid extraction). Inferred 
prospects af lemperatures above 150°C extend 
the potential by another 96 GW. Further use 
of geothermal resources depends only partly 
on economic factors. Technology advances in 
resource assessment, energy extraction, and 
energy conversion are also needed. 
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economic. Furthermore, the complex
ity of underground strata, espedally 
their varying porosity and permeabil
ity, poses practical problems in re
trieving the injeded water. And water 
itself is becoming a scarce resource for 
energy processes. 

Continued research may overcome 
these problems. The technology focus 
now is on mechanisms of reservoir de
velopment: how to drill into dry hot 
rock, how to induce its fracturing, and 
how to circulate water in and out of a 
system of wells for effident and reli
able heat extradion. DOE is funding a 
$14 million program in petrothermal 
energy, with Los Alamos Scientific 
Laboratory doing much of the re
search. 

Geopressured resources make up 
the next largest class, perhaps 165,000 
quadrillion (165 X 10'*) Btu, or 14% of 
the accessible geothermal energy in 
place. Geopressured zones lie beneath 
the Gulf Coast, formed by southerly 
drainage and deposition from the 
rivers of past geologic times. Im
permeable shale caps were deposited 
above sediments that contained water 
and organic material, and the latter 
decomposed to form natural gas. As a 
result of subsequent settlement and 
compression, the sediments now ex
hibit pressures well above the natural 
hydrostatic values for their depth— 
as much as 10,000-15,000 psi (70-100 
MPa) at 2-6 km (1-4 mi). Those pres
sures will be the key mechanism for 
bringing up the hot water (100-180°C; 
220-356°F) and the natural gas now 
dissolved in it. 

As with any underground resource, 
the recoverable energy is only a frac
tion of the accessible total in place. In 
the case of geopressiu-ed resources, 
the concem today is whether they are 
suffidently concentrated to be eco
nomically attradive. 

Hydrothermal systems of steam and 
water are the smallest geothermal re
source class, about 9600 quadrillion 
(9.6 X 10") Btij, or barely 1% of the 
total; and most of it is in the West. The 
antidpated recoverable portion, how
ever, is about 2400 quadrillion (2.4 X 
10'*) Btu, a far higher proportion than 
for geopressured energy. 

Dry steam occurs where geologi
cally recent volcanic activity is com
bined with paths for water to percolate 
deeply and flow into contad with very 
hot rock. The spedacular eruption of 
Washington's Mount St. Helens has 
so far been driven largely by steam, 
but this is a special drcunistance. 
The percolation of the past 123 years 
has produced tremendous steam 
volume and pressure diredly beneath 
an acutely weakened and vulnerable 
rock mass, the volcano's plug. This is 
one of nature's relief valves at work. 

Natural steam systems, although 
obvious, are the rarest geothermal re
source, perhaps only 40 quadrillion 
(40 X 10") Btu, and a quarter of that 
is represented by the 2000 MW of 
capacity already in place or planned 
at The Geysers in northern California. 
Qosely akin to dry steam systems are 
hot water systems. Deep geologic heat 
warms water-bearing sfrata, creating 
vast, slow-moving thermal convedion 
patterns that rise, blossom, and spread 
into overlying sediments. 

Such hydrothermal reservoirs make 
up most of the recoverable hydro-
thermal resource base, and about 900 
quadrillion (900 X 10") Btu of theu 
energy content may be above the 
150''C (SOO'F) threshold usefril for 
electridty produdion with today's 
technology. Such hydrothermal sys
tems require thorough definition and 
economic justification; they are the 
major focus of today's electric power 
R&D by EPRL DOE, and others. 
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Future technologies and resources 

Even dhed-flash and binary cydes are 
not the full spedrum of generation pos
sibilities, according to Roberts. 'There is 
the total-flow concept—how to use both 
flashed steam and the residual water to 
improve energy effidency. We've field-
tested a 20-kW rotary separator-turbine 
at Roosevelt Hot Springs in Utah. It 
could get an extra 15-20% effidency 
from a direct-flash generation unit." 

The rotary separator is a disc with a 
flanged rim. When flashed steam is di-
reded against the disc, the water drop
lets are caught by the inner surface of 
the rim; that is, the flange ads as a single 
large bucket and delivers the droplets 
into the cups of a hydraulic turbine. 
Steam in the separator chamber is piped 
into a conventional steam turbine, and 
the hydraulic turbine output is essen
tially a bonus. 

This approach to total flow is distinc
tive because it employs the liquid and 
vapor phases of the geothermal fluid 
separately. It perhaps represents EPRI's 

longest reach toward advanced tech
nology for flashed-steam power cycles. 
Lawrence Livermore Laboratory and Jet 
Propulsion Laboratory (Caiifomia Insti
tute of Technology) have studied and 
tested other approaches, notably a tur
bine designed for two-phase fluids (liq
uid and vapor in a single stream) and a 
positive-displacement mechanism. In 
one such configuration, fluid is admitted 
to the cavity between two meshing heli
cal screws. Fluid flow and expansion 
against the surfaces of the screws causes 
their shafts to rotate. 

Roberts also acknowledges the pos
sible combination of combustion and 
steam or binary cycles in geothermal 
energy technology, perhaps to exploit 
the methane and thermal content of 
some geopressured resources. 

In general, geopressured resources are 
not yet a large prospect for electric 
power generation. On the basis of work 
by Southwest Research Institute, EPRI 
acknowledges perhaps 1100 MW of 
capacity that might be developed and 

After throttling, the fluid is condensed and cooled in successive stages to 4900 (120°F) for 
recycling. Portions of the cooling tower appear at the right. The condenser is insulated for safety 
and for precise measurements of its performance. 

installed by the year 2000. This cslimjtc 
comes from a study of 20 specific pros
pects in Texas and Louisiana. All to
gether. Southwest Research concludes 
that the potential exists for extracting 
7 X 10" ft3 (200 X 10* km*) of methane 
containing 7 quadrillion (7 X 10") Btu, 
plus hot water containing 13 quadrillion 
(13 X 10") Btu, for a total that is equiva
lent to about 5300 MW over 30 years. 
Economic feasibility would depend, for 
one thing, on a methane price of at least 
$5/1000 ff ($17.75/m3). 

The biggest shadows hanging over 
this resource, however, are the methane 
content of the geopressured fluid, the 
cost of production, and reservoir life. For 
example, early indications are that meth
ane content runs about 20-25 ft^/bbl of 
fluid and that reservoirs are small be
cause of their geologic structure. Data 
for full evaluation of the resource poten
tial are being developed in a $39 million 
DOE program. 

Free energy at least cost 

When all is said and done, geothermal 
heat itself is indeed free in the sense that 
any natural resource in place is free. 
More important, it is renewable and es
sentially inexhaustible if not withdrawm 
at excessive rates. But the fluids that 
contain and convey that heat are quite 
evidently a spedrum of resource forms 
and temperatures, site-specific in their 
energy and mineral content, their ease 
of access, and their reliability of produc
tion. Familiar thermal power cydes are 
being carefully adapted to deal with 
these characteristics. The cost of adapta
tions and the cost of the fluids must 
meet the competitive market set by 
other fuels and technologies. 

The bottom line is still a combination 
of reliability and busbar electricity cos^ 
As fossil fuels escalate in price, the trend 
favors geothermal energy in general; and 
it especially favors the 24 G W of capac
ity that can be developed from known 
hydrothermal resources with the direct-
flash and binary-cycle technologies soon 
to be demot\strated. 
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THE LASSEN CEOTHERMAL SYSTEM 

L. J. Pacrick Muffler, (Uncy L. Nehring, Alfred H. Truetdell, 
Cathy J. Janik, Michael A. Clyanc, and J. Michael Thoopaon 

U.S. Ceological Survey, Menlo Park, Caiifomia, U.S.A 

Abatract The Laiaen geothermal syetem consisCa 
of a cencral vapor-dominaced reservoir underlain 
by hoc wacer chat diacharges peripherally ac 
Lower elevaciona. Ttie major thermal upflow ac 
Bumpass Hell (elevacion 2,500 o) displays 
numerous superheaced fumaroles, one of which in 
1976 was 159°C. Cas geoehermomecers from Che 
fumarole areas and wacer geoehermomecers from 
boiling Cl-bearing wacers ac Morgan Hoc Springs 
(elevacion 1,330 a; 8 km souCh of Bumpass Hell) 
and from 176*C waters in a well 12 km soucheasc 
of Bumpass Hell boch indicace 230-2^0°C for che 
deep chermal wacer. Wich increasing discance 
from Bumpass Hell, gases are progressively 
depleced in HjS relacive co CC2 and N2, 
owing CO oxidacion of H2S co pyrice, sulfur, 

^ and sulfaces and Co dilucion wich acmospheric 
;-') NJ. HjO/gas ratios and degree of superhea: 
of fumaroles can be explained by mixing of steam 
of maximum enchalpy (2,804 J g~^) wich near-
lurface wacer and wich che condensace layer 
overlying che vapor-dominaced reservoir. 

InCroduccion The Lassen geochermal syscem is 
locaced in Che souChernaosc pare of che Cascade 
Rsnge, a linear belc of Quacernary volcanoes chac 
extends from southem Bricish Columbia to 
northern California (Muffler, Bacon, and 

,,̂  Duffield, 1982, figure 1). The Lassen geothermal 
,4i-/stem has by far the mosc conspicuous surface 
I hydrochermal manifescacions ot any geochermal 
lyscea in che Cascades. However, mosc of che 

^ lyscem is locaced in Lassen Volcanic Nacional 
.-.{Park (LVNP) and is Cherefore noc available for 
'Iconaercial developmenc excepc perhaps in 
iperipheral, hoc-vacer zones oucside LVNP. 

r3Geologic seceing The Cascade Range in che Lassen 
'region is a broad ridge of lace Pliocene and 
Quacernary volcanic rocks consiscing primarily ot 
PTcoxene andesice flows and pyrocla.scic rocka 
xich subordinaCe basalc flows, silicic flows, and 
• ilieie pyroclascic rocks. The regional basemenc 
.probably coniiscs of Mesozoic granicic and 

f̂ Becamorphic roeks overlain by a chin sequence of 
••• Ute CreCaeeous marine sedimencary rocks which 
•te in Cum overlain by ehe Pliocene Tuscan 
'oraaeion (Anderson. 1933; Lydon, 1968), a broad 
•pron of andeaicic debris flews wich minor 
'nterbedded lava flows, ash-flow 
•iluvial BaCerial deposiced 3.5-2 
(l-ydon. 1961; GilberC, 1969). 
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Lace Pliocene snd Holocene volcanic rocks 
overlying che Tuscan Formacion were exeruded 
primarily from locg-lived major volcanic cencers, 
ac lease chree of which have been recognized in 
ehe Lassen region (figure 1): 

Dicemar volcanic center, accive from perhaps 
1.2 co 2.S m.y. ; 
Maidu volcanic cencer, accive becween 1.8 and 
1.0 m.y. (Wilson, 1961); 
Lassen volcanic cenCer, accive from 0.6 m.y, 
CO ehe presenc. 

Each volcanic cencer evolved in chree scages: 
(1) an inicial cone-building period of anoesice 
lava flows and pyroclascic rocks, (2) a lacer 
cone-building period of chick siliceous andesite 
lava flows, and (3) erupeion of dacice co 
rhyolice domes and flows flanking che mam 
composice cone. Silicic magma chambers relaced 
to the late domes and flows provided potent heac 
sources for hydrochermal conveccion syseems 
wichin the cores of each of the main cones. 
However, the silicic magma chambers of the 
Dicemar and Maidu volcanic cencers have cooled, 
and their hydrothermal systeas are extinct. The 
present hydrothermal system at Lassen is 
associated wich the active silicic volcanism of 
the Lassen volcanic cencer. 

Flows and pyroclastic rocks of Stages 1 and 2 of 
Che Lassen volcanic center were excruaed 
primarily from a composice cone cencered near 
Sulphur Works (Williams, 1932) during che period 
0.6 CO 0.35 m.y. (G. B. Dalrymple, personal 
commun., 1977-82). Afcer a hiacus of 
approximacely 0.1 m.y., ac lease 15 vents in a 
broad zone on the northeastern flank of this 
composite cone extruded flows and domes of oaeice 
and rhyodaeice, forming a dome fiela of 
approximacely 130 k a ^ . The mosc recenc evencs 
were che emplacemenc of che dacice dome of Lassen 
Peak approximacely 11,000 years ago (Crandell, 
1972), che erupeion of rhyodacite pyroclastic 
flowa and docnea at Chaos Crags approximacely 
1,050 years ago (Crandell and ochers, 1974; D. A. 
Trimble, USGS. personal conmun., 1982), ano che 
relacively siull eruption ac ehe summic of Lassen 
Peak io 1914-1917 (Day and Allen, 1925; Loomis, 
1926). Conciirrenc wich chis silicic volcanism, 
basalc and mafic andesice shield volcanoes grew 
Co che norch and ease of che Lassen volcanic 
cencer, and mixing of silicic and basaleic magmas 
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Figure 1.—Generalized geologic map of che Lassen region (adapced from Muffler, Clynne, and Cook, 
1982). LHSV - Liccle Hoc Springs Valley 

produced incermediace lava flowe on che ease 
flink of Che Lassen dome field (Eichelberger, 
1975). The mosc recenC erupeion in chis area was 
it Cinder Cone in 1850-51 (Finch and Anderson, 
1930). 

The long hiscory of pyroclascic and dome-
building erupcions in che Lassen dome field, the 
historical production of magma at cwo separace 
vents, and che exiscence of a major gravicy low 
•uggesc chac a -parcially molcen silicic magma 
hody scill underlies Che dome field (Heiken and 
Eichelberger, 1980). 

The Lassen Geochermal Syscem Geological aod 
leocheoical observacions io Che Lassen region all 

fic a model originally suggesCed by D. E. Whice 
(written commua., 1971) of a single large 
geothermal system with a central vapor-dominated 
reservoir (or reservoirs) underlain by a 
reservoir of hot water discharging at lower 
elevations (figure 2). The focus and major 
chermal upflow of che Lassen geochermal syscem is 
ac Bumpass Hell along che concacc becween che 
andesicic composice cone and che dacice dome 
field of che Lassen volcanic cencer. Some of che 
oucflow of hoc wacer reaches Che surface ae 
Morgan and Growler Hot Springs to che souch of 
LVN? and has been produced from Che geochermal 
well Walker "0" No, 1 aC Terminal Geyser in che 
soucheasc corner of LVNP. 
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Figure 2.—Scheaatic croas-aeccion of ehe Lassen geochermal aystem (adapced froo Muffler, Clynne, 
and Cook, 1982) 
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gumpaas Hell (elevacion 2,300 o) cootaina 
nuioerous superheaced fumaroles, one of which in 
1976 had a cemperacure of 159*C. Approsiciacely 
75 aajor fumaroles, acid-aulface hoc springs, and 
Qudpoca occur in Bumpass Hell (Muffler, Jordan, 
snd Cook, 1982), plus a myriad of aiailar 
feacures coo small co a>ap. An area of 
spproximaCely 0.13 kn^ is intensely altered to 
t whice aggregace of opal and kaolinite 
ialunite; the surface of che accive part of 
Bumpass Hell is commonly covered with orange and 
yellow lulfaces. Pyrice is comson in many of che 
hoc springs as linings of Che vencs and discbarge 
channels, as scum floacing on che surface of 
pools, and aa dispersions in brown or black 
Budpocs. Significanc sincer does noc occur, 
alchough a few springs show a weak deposic of 
lilica around cheir rims and in Che firsc few 
cencimecers of cheir discharge channela. Silica 
19 also found as brighc-red mixcures wich iron 
oxides in some drainages in che foreae below 
acid-aleered bare ground. Neicher of Chese 
occurrences is indicacive of a hoc-waCer 
geochermal syscem. The acid-sulface wacer from 
Bumpass Hell (cable 1) is typical of hoc springs 
relaced eo a vapor-dominaced reservoir in having 
low pH, high suiface, and no significanc Cl. 

Fuaaroles, acid-aulface springs, and mudpocs also 
are abuodanc io Little Hot Springs Valley just Co 
Che west and 230-400 a lower than Bumpass Hell. 
Several (uaarolea in Lictle Hot Springs Valley 
are superheated, with a highest cemperacure of 
125*C aeaaured in 1976. 

Devil'a Kitchen (1,835 a) ia an area of intense 
fuaarolea, acid-aulfate springs, and mudpots 
(Muffler, Jordan, and Cook, 1982). Although a 
teaperature of 106.6*C waa aeasured in 1947 by 
D. E. White (written coaaun., 1982), ac preaenc 
ehe hocceat fuaaroles are superheaced only by a 
degree or two. Several ceotiaetera of sincer ac 
Cwo spots along the stream flowing chrough 
Devil's Kicehen indicace discharge of hoc chermal 
wacer in che recent past. 

Several other geotbermal areas in LVNP also ace 
characterized by fuaaroles, mudpots, and 
acid-sulfate hot springs (see chemical analyses 
in table I). Conspicuous among these are Sulphur 
Works (elevacion 2,124-70 m), Piloc Pinnacle 
(2,516 m). Boiling Springs Lake (1,798 m), and 
Terminal Geyser (1,792 m). Sceam discharging 
currendy from chese areas is eieher sacuraced or 
only slighely superheaced. 

Table 1.—Chemical analyses of wacers from 
chermal springs in and near LVNP. Conseicuenes 
in mg L"^; flow in L min"^; n.d. " noc 
decermined, BH, Bumpass Hell; DK, Devil's 
Kicehen; SW, Sulfur Works; LHSV, Liccle Hoc 
Springs Valley; TC, Terminal Ceyser; GHS, 
Growler Hot Spring; MHS, Morgan Hot Springs. 

Dace 
f l o w 
T C C ) 
pH 

S iO^ 
Al 
Fe 
Nn 
As 
Ca 

Ng 
SP 

Ba 
Na 
K 
L l 
Bb 
Cs 
KHii 
HCO 3 
30 q 
Cl 
F 
Br 
B 

. " ^ 3 

Calcu 

BH 

8 / 7 9 
20 
55 

2 . 2 

215 
1 5 . 2 
10 

0 . 1 2 
nd 
15 .5 

6 .05 
r.d 
nd 
2 2 . 1 

6 . 5 
0 . 5 

nd 
nU 
nd 

0 
36^ 

5.,7 
0 .33 

n.j 

l . l 
nd 

OX 

9 /76 

a 
68 

2 .5 

171 
nd 

6 .1 
O.OS 

nd 
10 .5 

5.11 
nd 
nd 

2 .0 
7 .2 

SW 

7 / 7 5 
seep 

86 
1.9 

213 
nd 
nd 
r jd 

nd 
3 .3 
9 . 8 

nd 
nd 
11 

8 . 3 
0 .015 O.Ol 

nd 
nd 
nd 

0 
226 

0 . 5 
0 .17 

nd 
0 .3 

nd 

nd 
nd 
30 
0 

938 
0 . 5 
0 .35 

nd 
l l . l 

0 . 2 

.a tea C c o t n e r n o c v t e r 
U u a r t z A i 
Ou 
Nd 

a b a t l c * 
» r * i C o n d u c t i v e ^ 
- K - C a " 

LHSV 

8 / 7 9 
4 

S3 
5.55 

123 
.11 

. 3 ^ 

.15 
.-.d 
25 

1.1 
r.d 
nd 
87 
12 

.05 
nd 
nd 

3.5 
19 

301 
5 .2 

. 8 1 
nd 

H.2 
.03 

TC 

8 /75 
II 

92 
'1.5 

U5 
nd 
nd 
r.a 
nd 

6 . 2 
1.9 

nd 
nd 

8 
3 

.01 
nd 
nd 
nd 
33 
«8 

3 
0 .1 

nd 
1.6 

nd 

Teape ra tu r i - s 
158 
156 

95 

CHS 

8 / 7 9 
20 
95 

7.115 

272 
.11 
.OH 
.01 

11 
31 

.07 

.9 
2 . 5 

UHO 
173 

6 . 3 
l . n 

. 5 
9 . 5 

55 
110 

2370 
2 . 3 

10 
8U 

.02 

187 
202 

223 

MHS 

8 / 7 9 
8 

95 
7 .25 

225 
. 2 
. 0 1 
• 03 

10 .6 
91 

.07 
1 .1 
3-0 

1250 
152 

6 . 1 
1 .2 

. 1 
13 
68 

123 
2210 

3 .0 
11 .5 
nd 

.03 

176 
188 
219 

Ccuar.ion from Truesaell, 1976 
Equation froB .-currier and TrueaJell, 1973 

Several springs near Sulphur Works and in Little 
Hot Springs Valley are relatively rich in HCO3 
and deposit travertine (CaC03). These springs 
are interpreted to be surface discharge from the 
zone of steam condensace chac overlies che 
vapor-dominaced reservoir, 

Nacural discharge from che hoC-wacer part of the 
Lassen geochermal syscem occurs only ac Morgan 
Hoc Springs and Growler Hoc Spring, boch locaced 
in Che canyon of Mill Creek ac elevacions of 
1,530 and 1,570 m, respeccively. These springs 
discharge moderace oaouncs of near-neucral wacer 
wich significanc Cl (Cable 1) and deposic 
conspicuous ainCer. Na-K-Ca, sulfate-water 
isocope, and mixing model geochei-momccers 
indicace chac che deep chermal wacer reeding 
chese springs has a cemperacure of 220-2'tO''C, 
Boch Cl and Si02 concentrations decrease 
systematically south-southwest from Cro-.ler Hot 
Spring through Morgan Hot Springs (Thompson, 
1982). 

High-Cl hot water from the Lassen geothermal 
system has also been found in the Wslker "0" No. 
1 well (Beall, 1981) at Terminal Ceyser. Samples 
taken during flow of the well on 10-11 October 
1978 show Na, K, and Cl increasing with time to 
maxiaua values of 1,300, 180, and 2,200 mg L~^, 
respeccively; flow tests were terminated before 
the chemical constituents reached constant 
values. Measured pH ranged from 8.1 to 8.6. 
Temperacures caken in che plugged liner 10 monchs 
afcer Che well was flowed reach a maximum of 
176*C between 603 and 640 m and chen decrease 
gradually co 124*C ac che well boCCom (1,222 m). 

The Cl-bearing wacer found in Walker "0" No, I 
does coe discharge in Terminal Geyser. This venC 
ia noe a Crue geyser buC is a fumarole 

I 
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jiicharging inCo a oaall surface acreoa. WaCer 
^iicharged by Terminal Ceyser (table I) appears 
ij be local precipitation heated by ateaa. 

Ttjraodynaaic evidence for sceaa aources High-
^peracure superheated geothermal fuaaroles are 
uncomon, buc during the California drought of 
1976-77 high degrees of superheat ware observed 
io three areas of LVMP. In late 1976 Big Boiler 
(usjrole in Buapass Hell reached 159*C, to our 
knowledge the higbeat teaperature ever recorded 
irota a geothermal (non-volcanic) fumarole. This 
(caperature is close Co Che Cemperacure (163*C) 
cf sceoa decoapreaaed adiabacically Co Lassen 
iurface presaure (0.75 bar abs) froa sacuraced 
icesm of maxiaua enchalpy (2,804 J g~^ ac 235°C 
ind 31 bar abs; figure 3 ) . SCeaa of higher 
tcBperaCure and enthalpy (up Co 260°C and 2,980 
J g-L ac 5 bars aba; Truesdell and Whice, 1973) 
hil been produced from wells at Larderello, 
Italy, by Che isocheraal decoapression of 
lacuraced steam in che reservoir (flow in Che 
wells is adiabatic). This isocheraal 
aecoopression, however, is a resulc of 
drascically reduced pressures caused by rapid 
vichdrawal of sCeaa chrough wells. Isochermal 
decoapression is unlikely co occur in a nacural 

§ lyiteo because cooler rocks becween Che reservoir 
t a i Che surface can be heaCed only co che 
ueperacure of che sceam. Thus che limicing 

-T -
2700 2800 2900 

ENTHALPY. J /B 
3000 

Figure 3.--Diagram showing che relscions 
txcween sacuraced scesa, the isochermal 
decompression paths of superheated fCeoo, and 
the surface enthalpy, ceaperaCure, and 
pressure of superheaced fumarolic sceam froa 
LVNP. Numbers give Cemperacures in *C. 

process in nacure is adiabacic (isoenchalpic) 
decoapresaion. 

The range of auperheat in the Lassen steaa 
eaaplea could have resulted froa two processes: 
(I) adiabacic decoapresaion of aaturated steaa 
with different ceaperatures, or (2) aixing of 
highly auperheated steaa witb liquid water or 
with saturated ateaa of lower teaperature. Aiter 
aising, the resulting ateaa would undergo further 
decoopresaion to reach aurface conditions. This 
second process is the simpler explanation and ia 
in accord wich Che observed H20/gas racios. 

On a plot of H20/gas ratio vs. enchalpy (figure 
4 ) , che Lassen data fall on two trend lines chac 
incersecc ac ehe poinc of maxiaum sceaa enchalpy 
(2,8C4 J g ~ ^ ) . Line A consiscs of Big Boiler 
(Bumpass Hell) samples and trends coward a 
relacively high H20/gaa end member; line B 
(from Bumpass Hell and ocher areas) crends Coward 
a relacively low U2^^8>* end member. These Cwo 
Crends are also discinguished oo a ploc of 
percenc U2 vs. H20/ga8 racio (figure 5 ) , In 
chis ploc, one crend has a slope of I, suggescing 
chac H2 was in equilibrium wich H2O (ac 
conscanc CemperaCure and f c Q j ) , and Che ocher has 
a slope of infinicy, suggescing lack of 
equilibrium due co shore reaceion cimes or low 
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Figure 4.—Diagram showing Che relacions 
becween H20/ga8 and enchalpy of sCeam 
samples from LVNP. Numbers give Cemperacures 
io *C. See figure 6 for ezplanacion of 
symbols. Line A crends cowards 235*C liquid 
wacer wich 0,7 bar P and 7,900 U20/gas. 
Line B crends towards 90*C liquid wacer wiCh 
l.l bar P and 3,900 H20/ga8. 
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Figure 5 . - -Diagram showing r e l a c i o n s becween 
HiO/gas and H2 concenc of gas samples from 
luBsrole a r e a s in LVNP. Numbers g ive Cemperacure 
in 'C. See f i g u r e 6 for e x p l a n a c i o n of symbols . 
'Kydrogen in geochermal syseems appea r s Co be 
lenersted by Che d i s s o c i a c i o n of waCer (H2O " 

• 1/2 O2) wich che p r e s s u r e ( f u g a c i c y ) of 
biygen c o n c r o l l e d by mine ra l r e a c c i o n s . 

i teperacure. Alchough che co r re spondence i s noc 
coaplece, 5 of Che 7 poincs on che l i n e wich a 
ilep* of 1 l i e on l i n e A of f i g u r e 4 , and 4 of 
th* 5 poincs wich a s lope of i n f i n i c y l i e on 
Uat B. 

i su behavior of H2 sc rong ly suggescs chat 
• leas samples f a l l i n g a long l i n e B r e s u l c e d from 
• iicure of superheaced sceam and l i q u i d waCer 
t'ttt the s u r f a c e , where r e s i d e n c e t imes were too 
mort for H2-H2O e q u i l i b r a t i o n . A p o s s i b l e 
'•w-teoperature end-member would be 90°C water in 
*^uilibriuffl wi th CO2 a t 1.1 atm p r e s s u r e and 
"Ith a H20/gas r a t i o of 3 ,600 . This heaced , 
.(••-charged wacer mighc r easonab ly sacu race che 
mir-gurface zones of ehe f u n a r o l i c a r e a s and be 
•ottiined inCo superheaced sceam as i c flowed 
«P«»rd. The coca l p r e s s u r e (wacer vapor •• CO2) 
' ' this l i q u i d wacer would be 1,8 b a r s , which 
"^M allow che mixing Co occur w i t h i n 8 m of che 

P 'urfsce by b o i l i n g - p o i n b - c o - d e p c h r e l a c i o n s . 

' ( • ta samples a long l i n e A ( f i g u r e 4) muac mix ac 
l'««ter depchs , where H2 and H2O can 
•V-ilibrace a fce r mix ing . If c h i s mixing o c c u r s 
|» ^the upper p a r t of t he deep r e s e r v o i r nea r 
' ' ^ ^ 1 Che H20/gas r a c i o of che l i q u i d wacer 
filing wich sceaa would have been 7,900 and che 
OOj abouc 0.7 b a r . The H20/gaa r a c i o of 

' •••rvoir sCeaa wich P r o , - 0 .7 bar would be 50, 
f l oa ^ 

-ix-T III '" *̂*̂  racio of che hypochecical deep sceom 
m '"jO/gs, . 85)_ 

^*'H these end aeabers, we find chac che sceaa 
pies along crend A are mixcures of superheaced 

steaa (2,804 J g'^ and 85 H20/gas) wich 
O.S-4.0 percenc liquid wacer at 233*C, 1,014 
J g~i and 7,900 H20/gas. Those saaples along 
trend B are mixtures of superheated sceoa wich 
2-6 percenc liquid wacer at 90*C, 377 J g"^, 
and 3,600 H20/gas. These fractions of liquid 
are so small they aight not be detected by 
isotopic aethods, but owing to Che high gas 
concent of the deep steaa are readily 
distinguished by U20/gas ratios. 

Scable isocopes of hydrogen and oxygen Isocopic 
analyses of samples collecced from 1977 Co 1981 
provide excensive daca supporcing ineerprecacions 
made by Truesdell and Hulscon (1980) on limiced 
daca. The isocopic coaposicions of D and ^^0 
of meceoric wacers in che Lassen region fall 
along a line defined by 6 D » 8 6 '-^O * 12 
(figure 6), This paccern largely reflecCs che 
prevailing souch-soucheasc co norch-norchwesc 
regional scorm direccion ahd is only locally 
affecced by deplecion of D and ^^0 wich 
increasing elevacion. Cold wacers souchwesc of 
che LVNP near Mineral are significanely heavier 
Chan spring wacers norch of ehe chermal feacures. 
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Figure 6.—Diagram showing relacions becween 
deucerium and '-"o for waCer and sceam 
samples (rom LVNP and vicinicy. • , Bumpass 
Hell; • , lower LlCCle Hot Springs Valley; 

•ir , Piloc Pinnacle and upper Liccle Hoc 
Springs Valley; O . Sulphur Works; A , Cold 
Boiling Lake; ^ , Devil's KiCchen; -ff , 
Boiling Springs Lake; B , Terminal Geyser; 
-f , Growler and Morgan Hoc Springs; T , 

meceroic wacer. 

The chermal wacers issuing from Morgan and 
Growler Hoe Springs have 6 D values similar Co 
meceoric wacers on che andesicic composite cone, 
suggescing thac recharge Co ehe Lassen geochermal 
sysCem occurs on che composice cone. These 
cheraal wacers exhibic an oxygen isocope shifc of 
up CO * t t ' / " due CO waCer-rock iaocopic 
exehange ac high cemperacure. 



If, aa shown above, Che DIOSC superheaced steam 
froa Bumpass Hell is derived directly froa a 
235*0 vapor-dominaCed reservoir by adiabatic 
txpsnsion, sceam in che reservoir would havc tbe 
isBC isotopic composicion as Che highesc-
cesperaCure saaples (average 6 D • -93.4 and 
{ 18o • -10.93). The calculated coaposition 
of vacer in equilibrium wich chis sCeaa ac 235*C 
is « D - -95.0 and 6 1̂ 0 - -9.09 (daca in 
Truesdell ec al., 1977). These calculaced values 
ire very similar co Chose measured for Growler 
Hoc Spring wacers (average 6 D • -94.6 and 
5 l8o • -9.27), indicacing Chac Che water of 
Crcwler Hoc Spring is deep reservoir wacer mixed 
»iih only a minor amounc of local meceoric 
vacer, A balance calculacion based on Che ^°Q 
dsca indicates Chac che chermal componenc is 
aoouc 95Z. Morgan Hoc Springs have S ^^0 = 
-9.7, which corresponds co 84S chermal wacer. 

Waters from Che acid-sulfate hoc springs and 
drowned fumaroles define a line of nonequilibrium 
aurface evaporacion of sceaa ac cemperacures of 
70-90'C (figure 6; Craig, 1963; Truesdell and 
HuUCon, 1980). 

Gaa Geochemiscry Analyses of aajcr gases from 
fumarole areas of LVNP are depicced on figure 7. 
The gas compositions can all be derived by cwo 
oajor near-surface processes chac remove H2S 
Iroa a reservoir gas composicion very near co che 
cooposicion of gas from Big Boiler in Buapass 
Hall. The firsc process is oxidacion of H2S 
licher co pyrice (FeS2) or co eleaencal sulfur 
withouc involving oxygen from air (eicher 
direcdy or dissolved in water). The second 

COj/IO 

of CO2-H2S-N2 
vicinity. Q , 

"jS.IO 

figure 7.—Triangular plot 
in gas samples from LVNP and 
reservoir gas composition; oxidacion 
of H2S to pyrice or elemencal sulfur;- — , 
oxidacion wich air or air dissolved in water 
^° produce aulfaCes; near-surface 
•<<lieion of air wichouc reaction with H^S. 
5*« figure 6 for explanacion of ocher symbols. 

procesa involvea oxidation wich air or sir 
dissolved in water Co produce aulfaces; Chi* 
reaction ia accompanied by admixture of N2< 
The intersection of the line* representing chese 
procesaea give* an estimate of the ratio of 
CO2-H2S-H2 in the reservoir. The chree 
aaaplea ploccing nearest the reservoir 
coapoaition are from Che hoccesc fuaaroles in 
Buapas* Hell and Little Hot Springs Valley; all 
are over 125*C. The reconstructed coaposition of 
the gas in Che vapor-doaioaced reservoir (frcns 
figures 5 and 7) is (in mol percenc) CO2, 92.7; 
H2S, 6.6; H2, 0.01; NH3, 0,075. N2. 0,6; 
Ar, 0.013; O2, 0.0; and CH4, 0,05, wich a 
H20/gas racio of 85 (figure 4), 

Cases froa Boiling Springs Lake, Terminal Ceyser, 
Growler Hoc Spring, and Morgan Hoc Springs appear 
Co originace froe Che hoc-waCer reservoir racher 
Chan Che vapor-doainaCed reservoir. High 
H20/gas racios (2,000-4,000) and high 
H2S/CO2 racios indicace chac che wacer has 
previously been degassed by formacion of a vapor 
phase ac high cemperacure (235°C). When chis 
degassed waCer approaches che surface and boils a 
second cime, che sceam chac is formed is depleced 
in coCal gas and in CO2 relacive co H2S (che 
laccer because H2S is more soluble in wacer 
than is CO2). 

Temperacures calculaced using che gas 
geochermomecer of D'Amore and Panichi (198G) are 
given in Cable 2. Wichin che uncercaincies in 
che calculacion (i 13''C), Che cemperacure 
decermined from Che calculaced reservoir gas 
composicion is compacible wich che 220-240°C 
calculaced froa Na-K, Na-K-Ca, and sulfate 
isocope relacions for Growler Hoc Spring wacers. 
The cemperacures from Liccle Hoc Springs Valley 
and Bumpass Hell appear somewhac high, probably 
due Co near-surface loss oi CH^. Temperacures 
from Sulphur Works and Piloc Pinnacle are 
somewhac low, apparendy due co Che greac loss of 
H2S (see figure 7). 

Table 2.—Temperacures in 'C calculaced by che 
geochermonecer of D'/Uaore and Panichi (1980) 
for gases frcTni fumaroles and hoc springs in 
LVN? and vicinicy, Temperacure for che 
reservoir is calculaced from Che reservoir gas 
composicion given in che cexc. 

Bunpass Liccle Hoc Sulphur 
Reservoir Hell Springs Valley Works 

244 

Pilot 
Pinnacle 
212 

A physical 
system New 

248 

Devil's 
Kitchen 

237 

model for 
geologic, 

263 

Terminal 
Gevser 

233 

201 

Growler 
Hoc Sp& 
242 

che Lassen geochermal 
chemical, and isocopic 

daca combined wich chermodynaaic and physical 
cooscraints on che produccion of superheaced 
sceaa allow us Co add considerable derail Co che 
previously suggeseed model of che Lassen 
geochermal syscea as a cencral vapor-dominaced 
reservoir underlain by hoc wacer chac discharges 



peripherally at lower elevacions. The cricical 
observations are: 

1. Oxygen isotopic data suggest that recharge 
to the Lsaseo geothermal syscea is local 
and probably on the coapoaice cone of 
Laasen volcanic center. 

2. These data furcher suggesc chac che 
Horgan-Cro«ler water and the Buapass Hell 
superheated ateaa aeparated at about 235*C 
and have undergone little alteration in 
isotopic coaposition during passage co che 
surface. 

3. Consideracions of che H20/gas and H2O/U2 
racio* and che ceaperacures of che 
superheaced sCeom suggesc Chac che highesc 
CeaperaCure samples (mosCly from Big 
Boiler ae Buapass Hell) consise of 
adiabatically decompressed samples of 
saturated 235*C reservoir steam with small 
(=0,5X) additions of condensate from 
che cop of Che reservoir. 

4. Cas chemistry suggescs chac Chis highesc-
ceaperacure sCeam is che lease alcered 
saaple of deep sceam; gas equilibracion 
cemperacures are near 2.?5''C. 

5. Hoc wacer composicions ac Morgan and 
Growler Hoe Springs give geochermomecer 
cemperacures of 220-240°C ana show 
progressive dilucion away from LVNT. 

These observacions supporc a model in which cold 
neceoric waCer from Che composice cone of the 
Lassen volcanic center in LVNP flows underground 
snd is heated by a cooling intrusion related to 
Che silicic volcanic activity of the past 
0,25 m.y. Geothermal liquid ac approximacely 
235*C aC depch boils co form an overlying 
vapor-doainated reservoir, sceam from which leaks 
upward co feed che fumaroles in LVNP. Part of 
the geochermal wacer flows lacerally Co Chs souch 
to feed che Morgan and Growler Hoc Springs and co 
the soucheasc where ic is encountered in che 
Walker "0" No, 1 well ac Terminal Ceyser, Moac 
of che SCeam cha: flows co chc chemal areas of 
LVNP mixes wichi iocal groiifid wacer to form acid 
hoc springs, buC some sceao in relacively large 
conduies undergoes adiabacic decompression wich 
•mall addicion of deep or surface waCera Co form 
•uperheaced fumaroles. Assuming boiling point-
depth relations in the condensace 
'' the 235*C vapor-doainated 
probably near 2,100 a elevation, 
the vapor-dominated reaervoir 
constrained by the elevation of 
Growler got Spring (1,570 m). 

thickness of che cwo-phase vspor-dominsced zone 
at Lassen of only 500-600 m, comparable Co pares 
of larderello, ICaly, buc ouch Chinner Chan che 
two-phase reservoir ac The Ceysers, California. 

References eiced 

**'«c»on, C, A., 1933, Tha Tuscan formacion of 
•wrchern California, wich a discussion 
concerning che origin of volcanic 
^ceccias: Universicy of California, 
•'•parcmenc of Geological Sciences Bullecin, 
*• 23, n. 7, p. 215-276, 

l a y e r , che Cop 
r e s e r v o i r i s 
The bocccra of 

i s roughly 
Che springs se 
This gives a 

Beall, J, J., 1981, A hydrologic aodel based on 
deep test data froa the Walker "0" Ho. 1 
well, Terminal Ceyser, Caiifomia: 
Ceothermal Resource* Council Transaction*, 
v. 5, p. 153-156. 

Craig, Harmon, 1963, The iaotopic geocbeaiatry 
of water and carbon in geotharaal areaa, 
in Tongiorgi, E. (ed.), Nuclear (>cology on 
Geothermal Areaa: Piaa, Italy, Cooaiglio 
Nationale delle Ricerche, Laboratorio de 
Geologia Nucleare, p. 17-53. 

Crandell, 0. R., 1972, Glaciation near Laasen 
Peak, northern Caiifomia: U.S. (;eological 
Survey Profeaiional Paper 800-C, p. 
C179-C188, 

Crandell, D. R.. Mullineauu, D. R., Sigafoos, 
R, S., and Rubin, Meyer, 1974, Chaos Crags 
erupcions and rockfall-avalanche*, La,**en 
Volcanic Nacional Park, California: U. S. 
Ceological Survey Journal of Re«earch, 
V. 2, no. I, p. 49-59. 

D'Amore, Franco, and Panichi, Coscanzo, 1980, 
Evaluacion of deep cemperacures of 
hydrochermal syseems by a new gas 
geochermomecer: Geochimica ec Cosmochimica 
Acca, V, 44, p. 549-556. 

Day, A. L., and Allen, E, T,, 1925, The 
yolcanic accivicy and hoc springs of 
Lassen Peak; Carnegie InsciCucion of 
Wsshingcon, 190 p. 

Eichelberger, J. C., 1975, Origin ot andesice 
and dacice; evidence of mixing ac Class 
Mcuncain in California and ac ocher 
circum-Pacific volcanoes: Geological 
Sociecy of America Bullecin, v, 86, 
p. 1381-1391. 

Finch, R. H., ar.d Anderson, C, A., 1930, The 
quarez basalc erupcions of Cinder Cone, 
Lassen Volcanic Nacional Park, California: 
UiKversicy of California, Deparcmene ot 
Geological Sciences Bullecin, v. 19, 
p. 245-273, 

Fournier, R. 0., and Truesdell. A, H., 1973, An 
empirical Na-K-Ca geochermomecer for 
natural wacers: Geochimica eC Cosmochimica 
Acta, V. 37, p, 1253-1275, 

CilbeiL, N. J., 1969, Chronology of posC-Tuscan 
volcanism in Che Hancon ares, California: 
M.S. chesis, Universicy of Cslifornia at 
Berkeley, Deparcmene of Geological 
Sciences, 79 p, 

HeiUen. C , and Eichelberger, J, C , 1980, 
Erupcions ac Chaos Crags, Lassen Volcanic 
Nacional Park, California: Journal of 
Volcanology and Geothermal Research, v. 7, 
no. 3/4, p. 443-481. 

Loomis, B, F., 1926, Piceoral hisCory of Che 
Lassen volcano: Loomis Museum Associacion, . 
Lassen Volcanic NaCicnal Park, Mineral, 
Caiifomia, 96 p. 

Lydon, P. A., 1961, Sources of Che Tuscan 
Fcrmacion in norchern California: 
Geological Sociecy of America, Abstracts 
for 1961, p. 50. 

Lydon, P. A., 1968, Ceology and lahars of the 
Tuscan Formation, norchcm California: 
(^ological Sociecy of America Memoir 116, 
p. 441-475, 

/ - ' • 

• • ) ' 

.̂ 'r<\\S '̂.̂ -''̂  
MEKLO PARK '̂V:.-

'W-
' u. 

Si:P2i'3y^ 

. y 

' • j h -

I*-



Huffier, L. J. P., Bacon, C. R., and Duffield, 
W, A., 1982, Geothermal syatea* of the 
Cascade Range: Pacific Ceothenoal 
Conference, Auckland. N. Z., Nov. 1982 (in 
press), 

Hufflefi L. J. P., Clynne. M. A., and Cook, 
A. L,, 1982, Mineral and geothermal 
resource pocencial of che Wild Cattle 
Hountain and Heart Lake Roadless Areas, 
Plumas, Shasta, and Tehaaa Counties, 
California: U.S, Geological Survey 
Open-File Reporc (in prea*). 

Huffier, L, J. P., Jordan, Raymond, and Cook, 
A, L., 1982, Thermal feacure* and 
copography of Buapass Hell and Devils 
Kicchen, Lassen Volcanic Nacional Park, 
Cslifornia: U.S. Geological Survey 
Miscellaneous Field SCudies Map (in 
press). 

inompson, J. H., 1982, Preliainary cheaical 
SCudies from Lassen Volcanic Nacional Park 
and vicinicy: Geochecmal Resource? Council 
TransacCiohs, v. 6 (in press). 

TruesdeU, A. H., 1976, Summary of seccion 
lll-geochemical Cechniques in 
explotacion: Second Uniced Nacional 
Symposium on che Developmenc and Use of 
Geochermal Resources, San Francisco, May 
1975, L'.S. Governaenc Princing Office, p, 
Uii-lxiii, 

Truesdell, A. H. , and HulsCon, J. R,, 1980, 
Isocopic evidence on environmencs of 
geochermal syseems, j_n Fricz, P., and 
Fonees, J,-C., eds., Handbook of 
Environmencal IsoCopes: Aascerdam, 
Elsevier, p, 179-225, 

Truesdell, A. H., Nachenson, Manuel, and Rye, 
R, 0., 1977, The effeccs of subsurface 
boiling and dilucion on che isocopic 
composicions of Yellowscone Chermal 
wacers: Journal of Geophysical Research, 
v, 82, p, 3694-3704. 

Truesdeil, A, H,, and Whice, D, E,, 1973, 
Produccion of superheaced sceam from 
vapor-dominated geothermal reservoirs: 
Geothermics, v. 2, no. 3-4, p, 145-164. 

-.lUiams, Howel, 1932, Geology of the Lassen 
Volcanic National Park, California: 
Universicy of California, Deparcmene of 
Ceological Sciences Bullecin, v. 21, no, 8, 
p. 195-385 

'Wilson, T. A., 1961, The geology near Mineral. 
California: M.S. Thesis, Universicy of 
California ae Berkeley, DeparCaenc of 
Geological Sciences, 92 p. 



VOL. m, NO. 35 .JOURNAL OF GUOPHYSiCAL RESEARCf̂  pl£Cl£Mi3tR 10, l»75 

ii 

w 
f 

SUCJ 
GTHM 
TSN 

r 
I 

I- M 

I ' ' i , 

A 
ml 

i 
. i'S 

I I 

If I 

1 

A Thetpretieal Study of Heat Extraction Frohi Aquifers 
• With iJnifbrm Regional FliD.w 
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A mulhemiiticu) model is presenled for invesligating lhe non-slendy state ie|Tip_eraliire behavior of a 
•[iuriip'«b uqiiil'er-dLiring reinjectior -of a fiuid al- a leirvperature diiTerenl fro rii;'that of lhe nalive v/ater, 
Rcsulisia'rc presented in lerms of dimension le'ss parameiers and should be.'helpfiil in the design of 

.geolhermal space-heating projeclŝ ,̂ Applicalipns.to^praclical cases are also included,. 
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iNXROpUeUON 

The use of geolhermal energy for space heating and the 
pro duction of'electTicity is currently lirriited to a sma!] number 
of regibns around the world witH excepti'dnaliy high gedther
mal gr-dd']sii{s'lKrMger'^tid^Otie, 1973], Geothermal space h'eat-
ing or 'diT'condivionirig can also be used, however, in regions 
with normal temperature gradients if it is possible and econom
ically feasible-to drijl ,a well deep enpugh to reach an aquifer 
with adequate water lemperature,- Aquifers at-depths of'the-
orBer of 2000 ni have already been used for space heating-
[Maijgis, 19,71] arid-were fou'rid suitable with the'currenf space-, 
healing technplogy. Other heating-processes should permit the 
use pt' much shallower formalions, Free surface aquifers can 
also be used Tor air cooling, or even for spacer heating, by 
means of heat pumps. With the energy crisis and increasing 
fuel prices, aquifers may thus become a very important source 
of heat eiiergy. 

Disposal of'lhiS heat-depleted-waierj however, may often be 
a problem because of the rnineral'conteTits, the tempefaiufei oi" 
the volumes involved, all of which would pre-vent'the water 
from being wasted into sewage liries-: One solution consists of 
reinfecting the water back into ihe aquifer. This procedure 
maint'airis the reservoir pressure; pVeverits subsidence, and in-

. sures.an indefinite supply-of-vvater, Iiralso permits the recovery 
pf the heat contained in the rpck, but aŝ :a result it creates a 
zone of injected water.aro.urid.each injection wellatja difTerent 
lemperature from that oi" the native water,. These zones will 
grow -with time and -wi If even tually reach the production weHs, 
After breakthrough occurs, the water temperatuire is no longer 
constant at the production wells* and this may reduce dhas-
ticallythe efficiency of'the, whole o'pcraiib'n, 

ll is thus important to design such'a; sysiem in order to 
prevent injected water breakth/ough before a specified time 
and.to maititain lhe temperature variations at the prpduction 
weJIs after breakthrough within reasonable Ji'mits, Although a 
few aut ho r.s have cpnsidered a,: simi lar problem for a single 
recharging-discharging- wel] pair [Haupeurl 'et di , 1965;. Z,a-
garde and Mougis, 1966], np.'general thepry has.been published 
to date, 

il is the purpose of this paper to develop a, mathematical 
model for investigating the npn-steady state temperature be
havior of production wells during the reinjection of heat-de-
•pleted water into aquifers with uniform regional (low. Result,? 
are.presented in terrris of diriiehs iori less parameters and should 
be'helpful. for the design ofstich systems. 

Copyright © 1975 by the American Geophysical •Uniori, 

•MATHEM-ATlCAL.MopEL ; 

Our discussion; will be based pn an analytical model. 
A rectilinear system is placed such that the ;c, y plane coin-

'cide's with' the midplane of the. aquifer, A few simplifying 
assumptions that are,usual in this type 6T problem are made. 
These are listed below.and will be discussed later, 

1, The,aquifer'is assumed to be horiz'ontal.and gf uniform 
thickness 7i, "The cap rock and the bedrock, above;and below 
the»aquifer, are impermeable tO; flpw.and pf infinite extent in 

• the vertical direction. The system is thus symmetricail with 
respect lo the rhidplane of th'e aquifer. 

2. Flow is assumed .113 be steady,, since the duration oT the-
transient flow period is short in comparison with the length pf 
lime, required-to reach ihermal eqiiilibrium. The total injection 
rate Q is constant and equal to the total .production rate. All 

• wells fully penetrate- the aquifer. The flow .field due to the 
recharging arid discharging^ wel Is is superimposed on a naturai 
system of areal parallel llow of Darcy velocity V-̂ , whose orien-
ialiori is"at an "angle ct with the jcaxis, as nieasured couriter-
clbckwise ffom that axis. 

3; Initially, the waterand rock in the aquifer and the cap 
rock.and bedrock are at the same ternperature T̂o- (Actually, 
the cap rock and bedrock temperalures are neither identical 
nor uniTorm' iriitially, because of the geothermal gradient, but 
lhis Tact cari be rieglbcted, sirice weonly eorisidisr/temperature, 
periLirbaiions.) At t'pie (: = ,0 the tempeTature of the injected 
water is set'equal to T, and is maintained constant thereafter. 
Thermal equilibrium is supposed to taice/place instantanepusly 
between the water and lhe rock in the aquifer, so that any
where in the aquifer the rock has the same temperature as the' 
surrounding, fluid. 

4, in the aquifer'ihe efTect of the thermal conductivity is 
neglected in the horizontal direction (high Peclet number). 
Furthermore, the:aquifer is assumed.to.be thin enpugh thatthe 
ternperature is;always uniform in tiie vertical.direction (infinite 
vertical thermal conductivity), 

5, in the cap rock arid the bedrock the efTect of the hori
zontal therrrial conductivity is.also neglected, and the vertical 
thernial._condtictivity is finite. The teniper'ature remains con
stant and equal id the initial teinpisrature at infinity in the 
vertical direction, 

.6̂ ; There is-no heat transfer coefFicient between theaquifer 
and thecap rock and bedrock, and the aqtiifer temperature is 
assumed tobe equal lo4he cap rock temperature at the.contact 
between the cap rock-and the aquifer (z = hfl) . 

7, The; product* of the density and the heat capacity for 
both^the'waler"and the rock, and the cap rock vertical thermal 

. conduciivity, are constant,. DifTerences in viscosity.between 
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, - ' 1 . » 

A-J. 

4956 

http://assumed.to.be


GRINOARTHN AND SAUTY: HKAT EXTRACTION FROM AOUIHKRS 4957 

SIBEAIIINES 

PRODUCTIOH 

Fig.l. Visuali-wtion ofa stream channel. 

injected water and native water are neglected. A 'no-mixing' 
condition and pistonlike displacement are assumed in the aqui
fer. 

The above assumptions allow each stream channel leaving a . 
particular injection well lo be treated independently. The tem-. 
perature corresponding to a given stream channel, bounded by 
two streamlines ^ and ip + dip, can be described by a one-
dimensional function Tuf(S, I) in the aquifer and by a two-
dimensional function T^HS, z, t) in the cap rock or the bed
rock, S being the stream channel area from the corresponding 
injection well (Figure 1). 

The dilTerential equation governing the waler temperaiure 
Tu,* within a stream channel is obtained by writing a heat 
balance on an element of stream channel between the areas S 
and S + dS from the injection well (Figure 2). The derivation 
is similar to that published by Lauwerier [1955] and Carslaw 
and Jaeger [1959] for one-dimensional mass Row, The result is 

h ^ d T j i S , t) , q _ d T j j S , t) , , 
. 2 " * ^ ^ dt + 2 " " ^ " dS 

^ KR 
d T / ( S , z . t ) 

dz 

s ' 
g 0.8 

I 0.6 

I-
£ 0,4 
u. 
01 
•̂  0.3 

0.2 
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EITcci of visco.sily ralio on breakthrough lime for variou.s 
well palterns (after data reported by Craig (19711). 

where q is the rate of flow wiihin the stream channel, pmCu, is 
the water heal capacily, I>A.CA = <t>Pu<Cm + (I - <t>)l>inCm is the 
aquifer heat capacity (pmCm being that of the matrix and 1̂  
being the aquifer porosity), and KR is the cap rock thermal 
conductivity. 

The cap rock lemperature is governed by the heal con
duction equalion 

3 ' r / ( 5 , z , 0 _ p ^ « d T n H s , z, t) 
• d z 

HEAT FROM CAP ROCK BY CONDUCTIOM 

, '^^•*- f l h 

" 3 2 i ' J 

l i i l 1 

KH dt 
z > (2) 

HEAT TRANSPORTED 
-BY THE WATER 
LEAVING THE 
ELEMENT : . 

.»,. ̂ C^L (S+dS )d thdwT^( S-K)S) 

ADIABATIC 
BOUNDARY f t f 

HEAT FROM BEDROCK BV COriDUCTION 
i T „ 

-dS,K„ 

HEAT TRANSPORTED 
BY THE WATER 
ENTERING THE 
ELEMENT : 

_«.o^C^u(S)dthdwT^{S) 

Fig, 2, Heat balance on a stream channel element. 
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where PHCH is the cap rock heat capacily. The lemperatures 
must also satisfy the following conditions: 

n'f'iS, z , i ) = T J i S , I) = To t < <t>hS/q 

ahead of the hydrodynamic front, 

7-„*(o, /) = r„ / ^ 0 

' • 7-/(0, t) = Tl I > 0 

TJ{S, I) = 7 / ( 5 , h / l , t) V / and 5 

lim T^HS,z, 0 = 7-0 

(3) 

(4) 

(5) 

(6) 

The simultaneous solulion of (I) and (2), subject lo condi
tions (3)-(6), is easily obtained from Lauwerier's one-dimen
sional solulion. The result for lhe water lemperature wiihin the 
stream channel is obtained as 

To - T j ( S , t ) 

which corresponds to a pistonlike thermal front displacement 
with a velocity equal to Pu,Cu,<l>/pACji times that ofthe hydro-
dynamic front. The waler temperature is To ahead of the ther
mal front and T behind it. On the other hand, if /C„ is different 
from zero, there is a transition zone behind the ihermal front 
in which the temperaiure varies from T'o to T,. 

If the streamlines leaving a recharge well reach a discharge 
well, the water temperature'al that discharge well within an 
elementary stream channel is obiained by substituting the total 
stream channel area between the two wells, 5max. for 5 in (7). 
(Except in a few simple cases, 5nia» must be computed numer
ically.) . ' 

The result can be written in terms of dimensionless parame
ters as 

To - TjO) 
To - r.. 

To - T, 

= erfc pP-*^"'^' ( i y ( i - £A£A !L?.] 
lKaPRC„ \S / \ p,.C^ q J (7) 

= erfc 

where 

d(S,„.„/ 

dWQ) 

In the case in which there is no heal exchange by conduction 
belween the aquifer and the cap rock and bedrock (KR = 0), 
(7) reduces lo a slep funclion: 

^ =>..Q-PACV/!:«P«c«)(e;)/D') 

tb = (Pu,CJpACA){Qt/DVi) 

(9) 

(10) 

( I I ) 

To -• T j j S , t) I P , C A h S \ „ 
; •Z, = u \ t ) = 0 
0 — ' i \ P«,C,j, q I 

t < (PACjp„CJ( ,hS /g ) 

T o - T„ 

To /.- \ p«,C„ q I • 

I > (pACA/p.CJ(hS/q) 

(8) 

D is some characteristic length, and d(S„,„,/D')/d(ip/Q) is the 
dimensionless'derivative ofthe lotal stream channel area with 
respect to the stream function. Heat iransfer between the aqui
fer and the cap rock or bedrock is negligible for X S 10V 

The waler temperature at the recharge well at a given lime to 
is then obtained by integrating the right-hand side of (9) with 
respect to î  for all stream channels that have reached the 
discharge well at tu. 

i L-J 1_L 

\ -- -J/hDVo' 

Fig. 4, Maximum waler lemperature al the production well ofa doublet as a funclion of Q/hDP'o and the angle of area 
flow. 
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To - T M 
To - r, 

d(S.„„jD') 
d W Q ) 

and for a continuous injection temperaiure function 7'/(0, 

d T M 
T M = To-{- f 

Jo dr 
T „ D [ M ) , X, to - Tx,] dr (14) 

= T^aUW, X. to] (12) 

where /(i^) depends on the stream function. 
This result is perfectly general. T^ can then be evaluated if 

the flow field is known. 

DISCUSSION 

Equation (12) will also yield satisfactory results if not all of 
the rather restrictive assumptions ofthe mathematical model 
are satisfied. 

The total injection rate may change if the duration of the 
change is short in comparison with the total time length of 
interest and if the change does nol modify drastically the 
stream channel: the injection rate to be used in (10) and (11) is 
then equal to the total volume of injected water divided by the 
total injection time. 

On the olher hand, a variable injection temperaiure can be 
taken into account exactly by superposition. If, for instance, 
the injectiontemperature is T,, for liriie 0 lo time /,, T^ for /, to 
/ j , etc., the temperature of the waterat the production well at 
time t is giveri by 

To - Tu.(t) = (To - T„)T^oUin X, to] _ 

+ (Tn - r„) r„p[ / (^) , X, ID - to,] 

'+ (7-,, - T„)Tu,o[IWi ^. 'D - tD2] + ••• (13) 

The effect of the contrast of viscosiiy between in-place waler 
and injected water is more difficult to evaluate. Information, 
however, may be obtained from studies on water flooding in 
the oil industry. Waler flooding is a secondary recovery proc
ess in which oil is displaced by injected water. Calculations for 
viscosiiy ratios of unity were compared with laboratory experi
ments at viscosity ratios other than unity for a variety of well 
arrangements. Results were usually given in lerms of patlern 
areal sweep efticiency or fraclion of patlern area contacted by 
water at breakthrough. These values can be transformed to 
yield the to value (from (11)) at which breakthrough of the 
thermal front occurs for each well pattern in the case in which 
there is np heat exchange with the cap rock or the bedrock (X 
= CO). 

In order lo evaluate the influence of the viscosiiy ralio on 
the advancement of the ihermal front for various well palterns 
the ralio of the breakthrough to value at a viscosity ratio of 
unity to that at a viscosity ratio of other than unity has been 
plotted in Figure 3 versus the ratio of the viscosity of native 
water lo that-of injected water. The data used are those pub
lished by Craig [1971]. It is apparent from Figure 3 that break
through occurs laler for viscosity ratios less than unity and 
earlier for viscosity raiios greater than unity. In other words, if 
cold waler is injected into Ix warm aquifer (as occurs in geother
mal space heating), the temperature will remain consiant at 
the production wells for a period longer than that computed 
with our method. On the other hand, if the reinjected water is 

_/ 
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values of X from 0.3 to infinity. 

> 

warmer than the aquifer, as occurs in air cooling, the temper
ature at the production wells will rise earlier than would be 
predicted. 

RECHARGING-DISCHARGING WELL PAIR 

The previous results have been applied lo the case ofa single 
rechafging-discharging well pair (called a 'doublet' hereafter) 
in uniform flow. The recharge well is on the x axis al a point 
wilh coordinates (+a, 0), and lhe discharge well on the x axis 
al a poinl with coordinates {—a, 0). (The recharge well is 
downstream when a = 0.) The characteristic length D in (10) 
and (11) is now the distance between the two wells (Z) = 2a). 

Informalion on the How field created by a recharging-dis-
charging well pair in a homogeneous and isotropic aquifer 
with uniforni flow is available in the literature [Da Costa and 
Bennett, 1960; Grove ei a i . 1970], The stream funclion can be 
expressed in lerms of two parameters only: the angle of areal 
flow a and a dimensionless parameter 

Qo = Q/hDVo (15) 

which characterizes the importance of the well recharge-dis-
charge rate compared to that of the areal flow. 

The dimensionless waler temperature at the produclion well 
can thus be expressed from (12) as a function of four dimen
sionless parameters only: 

7-0 - T M 
To - r,-

= T,„o(a, QDI 'K , to) (16) 

Equation (16) has been evaluated by compuier as a function 
of »D for various valiies o f a , Qo, and X, As was mentioned 

before, X accounis for the heat transfer by conduction with lhe 
cap rock and the bedrock, whereas o; and Qo set the maximum 
interflowbetween wells, i.e., the total amount of injected water 
in the water produced at the production well after an infinite 
time {to = oo). The maximum interflow is indepcndenl of X 
and is also equal lo lhe maximum temperature change TuiOm,, 
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I 

of Ihc-water at lhe produclion well. Twi>„,̂ , is plotted versus g/j 
in Figure 4 for various values of o from 0° to 180°. Two 
limiting cases are of inierest. (1) Al Qo values greater than 10V 
interflow is maximum and independent of a: Tuio„,„. - '. 
and Tu,,, is only a function of X and fo- This is the case in mosl 
deep confined aquifers. (2) On the other hand, al low Qo 
values, when areal flow dominates (as in most free surface 
aquifers), it is possible to have no interflow between wells, 
except if a = 180°. 

It is not practical lo present in this paper a set of curves that 
will cover all practical cases. These are provided only for deep 
aquifers(^o S. 10*). Tan is plotted in Figure 5 versus to for 
various values of X from 0.3 lo infinity and in Figure 6 versusX 
{to - I) for X values ranging from 0 lo 300. Figures 5 and 6 can 
be used to calculate (I) the spacing between the two wells in 
order not to have any change in temperature at the produclion 
well during a specified period and (2) the temperature change 
at the produclion well after breakthrough. 

E,XA,viPLE OF CALCULATION 

Thermal front breakthrough occurs at fp = 1.04 if X > 10 
(Figure 5) and at X (/„ - 1) = 0.5 if 0 < X < 10 (Figure 6). 
Actually, this last formula can be used with a good approx
imation for all X values. Hence if there must be no change in 
the produced water lemperature for a period of length ist (lhat 
is, if Af is the useful life of the doublet), the spacing, in cgs 
units, must at least be equal to 

D = \ 2 Q -.,/[(• U + (1 - » 
PRC, 

PicC, : > 

+ 

+ 

((• p „ o „ / 

(p»C«) )""]}' (17) 

Equation (17) has been used lo evaluate the spacing between 
wells of isolated doublets that will be drilled for space healing 
in the 1800-m-deep Dogger aquifer near Paris, France. For // 
= 50 m, e = IOO mVh. Cst = 30 years, pwCw = 1 cal/cm'/s. 
PrtC„ = 0,5 cal/cmV°C, and A'„ = 6 X 10"' cal/cm/s/°C, 
equalion (17) yields D = 863 m. This value includes a safely 
facior, since cold water is injected into a warm aquifer. The 
results from (17) would be Z) = 9.17 m if /f« were taken as zero. 
One such scheme has been operating in Melun, France, since 
1969. 

In free surface aquifers, where areal flow is usually impor
tant, it is theoretically possible to locate the wells so that there 
will be no interflow al all. In that ca.se the lemperature will 
always remain constani at lhe production well. Unfortunately, 
ihis.may nol always be praclical, as is illustrated by the follow
ing example, A 70-m-lhick free surface aquifer is to be used for 
space heating for 8 months and for air cooling for 4 months, 
by means of heal pumps. The waler temperature in the aquifer 
has been found lo be conslani and equal lo 11°C all .year 
around, a finding which indicates that there is no heal ex
change through the 3-m-thick unsaturated zone. The rate of 
water to be withdrawn and injected is 900 mVh, and the 
injection lemperature is 5°C during the space-heating stage 
and 29°C during the air-cooling period. Aquifer porosity is 
10%, and the areal flow has a real velocity magnitude of 1.7 m/ 
d. How should the doublet be designed in order to keep the 
lemperature at the production well as constant as possible? 

Figure 4 indicates lhat no interflow will take place belween 
the wells if gn is less than 1.8. Dmust therefore be greater than 
g / ( 1.8/1- Vo), or O S 965 m. However, in this particular situa
tion the two wells must be drilled on a property wiihin a 
heavily buill area, and the maximum praclical spacing belween 
the wells is only 300 m in the direction of areai flow. Qo is thus 
equal lo 6. Figure 4 then indicates lhat interflow will be the 
leasl and that it will be equal to 38% if lhe recharge well is 
placed directly downgrade of the discharge well {a = 0), 

The. time variation ofthe waler temperature al the produc
lion well due lo the seasonal change in injection temperaiure is 
obtained by firsl computing the T,un function from (16) for the 
appropriate values of«, Qo. and X and then substituting il into 
(13). The calculations were made on the assumption that the 
aquifer-is bounded above and below by two adiabatic bound
aries (X = oo), in order to oblain an upper limil for the pro
duced water temperature. 7',i,«(0, 6, oo. /„) is plotled in Figure 
7 versus tn, and the temperaiure varialion in time at the pro
ductipn well obiained from (13) is shown in Figure 8. Propaga
tion of the ihermal front is presented in Figure 9. 

With a 300-m spacing, the lemperature al the produclion 
well will thus be a periodic function of time having the same 
period as the injection lemperalure funclion and oscillating 
between 10°C and 15°C. This was found to be inadequate, and 
il was decided lo use wells wilh pariial penetration to lake 
advantage of the high anisotropy belween the horizontal and 
the vertical direciions. Water is pumped out.from the top of 
the aquifer and reinjected at the bottom. The.system has been 
operating for aboul 1 year and has been found lo be satisfac
tory so far. 
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The temperature stabilization of a borehole 

Y. Leblanc*. L. J. Pascoe*, and F. W. Jones* 
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ABSTRACT 

Analytic solutions for the tcmjjerature stabilization of 
both square and circular boreholes are considered. It is 
found that a previously published solulion for a square 
borehole is incorrect in lhat il does not reproduce Ihc 
inilially assumed conditions. The correct analytic solulion 
for a square well, as well as lhat for a circular well, in
dicates a much more rapid approach to Ihe formation lem
peralure. The (emperature stabilization curves for a range 
of ihermal diffusivity vaiucs are given. 

INTRODUCTION 

A lechnique for estimating the true formation lemperalure by 
curve-matching analytic solutions to time-sequential bottom hole 
temperatures was recently developed and applied to the Coof>er 
basin of Soulh Australia by Middleton (1979). Middleton (1979) 
derived a set of thennal stabilization curves based on an assumed 
thermal diffusivity, and he was able to suf)erim{X)se his derived 
curves on actual data to estimate a fonnation lemperature. 

However, we havc found lhat Ihe solution used by Middleton 
(1979) lo derive the stabilization curves is not consistent with 
lhe initial conditions imposed on the model. 

THE SQUARE WELL 

The square well model is shown in Figure I, wilh initial con
ditions illustrated. Al lime r = 0, the drilling mud wiihin the 
well is al lemperalure T„, and lhe surrounding formalion lem
perature is Tf. After circulalion ceases, heat flows radially inlo 
the well as shown, and wc are concerned with Ihe rale of in
crease of lemperature at the center of the well (origin 0) and at 
Mime disiance above the bottom of the well. The thennal dif
fusivity {k) is taken as the same bolh wiihin and oulside the well. 

The solution presenled by Middleton (1979) for the bottom 
hole temperature (BHT) in the center of the well is 

BHT(r) = r „ -(- {Tf - T J h(i^)]- ( I ) 

where 

7"̂  = the temperature of Ihe mud inside Ihc well. 
Tf = the Irue formation temperature {Tf > T„). 
a = one-half the length of Ihe .side of lhe square cylinder, and 
k = the diffusiviiy constant. 

Relation (I) is derived from 

{Tf-
BHT(x. y, t ) ^ T „ + 

e r f c f ^ ' (2) 

where x = y = 0. 
Equation (2) is an extension in two dimensions of equation 

(4) of Carslaw and Jaeger (1959, p. 54). However, equalion (2) 
is inconsistent with the initial condilions. and it does nol produce 
the true behavior of the BHT inside the well. 

The initial lemperalure distribution given by equation (2) is 
shown in Figure 2a. The proper iniliai lemperature distribution 
is shown in Figure 2b, The conesponding analytic solution was 
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FIG. I. The basal portion of the square well (; = 0). 
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FIG. 2. (a) Initial lemperalure disiribution from equation (2). 
(b) Iniliai lemperaiure distribution from equation (3). 

given by Carslaw and Jaeger 11959. p. 56, equalion (9)| 

BHT(.. y./) = r , - ^ ^ ^ " / " ^ 

V2V*r/. 
-I- erf 

At the center of Ihe well (jr = y = 0), this becomes 

BHT(f) = T f - {Tf - T J 
L \ 2 V ^ VkFJ 

(3) 

(4) 

BHT(r) = r „ + -{-hfe)]l-
where Ar = Tf - T„. 

The behavior of this funclion is like lhat of equation (I), but 
it approaches the asymptotic value Tf niuch more rapidly. 

THE CIRCULAR WELL 

The iniliai condilions for Ihe circular well are similar lo those 
for the square well. Assuming circular symmetry and assuming 
that heal flow is radial (no z dependence), the heal fiqw equalion 
in cylindrical coordinate's may be wriilen 

J^ dT{r. t) ^ d^T{r, t) ^ }_ dT{r, t) 
, 2 dt dr'-

• ¥ — 

r dr 
-, 0 < r < oo. (5) 

A panicular solulion of equalion (5) is (Luikov, 1968. p. 134, 
equation (4.S.S)] 

T{r.t) = Cyo(X'-)exp[-X^*/]. 

where C is a constant. 
The general solution is 

T{r. /) = j C(X)yo(X/-)exp[-X^AOXrfX. 

le initial disiribulic 

^ fTo. 0 < r < 
[o , r > a. 

Solving this equalion for the iniliai disiribution. 

a 
T{r, 0) 

where a is Ihc radius of Ihe hole, we oblain 

(6) 

(7) 

(8) 
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FlC. 3. A comparison of the circular and square well stabilization 
curves with that of Middleton (1979). 

4*/ „ .o L('" + 0! \4<:// 

(9) 

where F{a, b; c; r) is the Gaussian hypergeometric series. 
If To = Tf — Tm. then we can write 

BHT(r. 0 = 7> - r ( r . / ) , (10) 

which is the solution for Ihe lemperature behavior of a circular 
well. 

Equation (9) corresponds to Ihe integral given by Carslaw and 
Jaeger (1959, p. 260, equation (12)]. Either form of the solution 
must be evaluated numerically. At the cenier of the hole this 
becomes 

-*- •', 

:S-l 
'tl 

'^4 

i 

T{0. t} = To{l - e-^ '"* ') (II) 

as in Carslaw and Jaeger (1959. p. 260, equation (I3)J. The 
expression for Ihe lemperature within the hole is Ihen 

BHT(0. t) = T f - {Tf - T J [ \ - e--^'*>-n 

or 
BHT(0. 0 = /•„ -H Ar [e-° ' ^ ' " ' ] . 

' ] . (12) 

1'̂  

where AT = Tf — T„,. The behavior of this function is approxi
mately the same as equation (4), and it approaches the asymptotic 
value r^ at approximately the same rale. 

Resulis for the circular and square wells are compared in 
Figure 3 wilh Middleion's square .well result, for k = 0.01 cm^ 
sec" ' . r„ = 100°C, and Tf = I50°C. 

The effect of diffusivKy 

One of the assumptions in the foregoing is that the thermal 
diffusiviiy of lhe mud in the well is equal to the Ihermal dif
fusivity of the surrounding region. Middleton lakes a value 
O.OI cm* sec"' for lhe average thermal diffusivity of the sedi-
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ments. However , we may assume.thal the fluids in (he borehole 

are-a mixture p f water and sedimenis. From Carslaw and Jaeger 

(1959, p. 497) , the thermal d i f fus iv i ty o f waiej- is approxi maiely 

0,00144 c m ^ s e c " ' . Th is is about one-tenthf thai o f sediments. 

Accord ing to Tye (1969, p. 319) , the'effect ivc ihermal conduc

t iv i ty X for granular materials may be eslimaled from the em

pir ical formula 

X.= X<i-^'X^ (13) 

where 

X , = the conduct iv i ty o f the sol id component, 

Xm = (he conduci iv i ty o f th t fluid cbrriponerit, and 

/ = the vo lume fract ion o f the sol id 'component. 

The t h e rma I ;d i ffus i v I ty 

where 

C - specific heal, and 

p = density. 

A l so , wc can estimate p and C f rom 

p = (I - / ) P ™ + / P . . 

and 

C - ' ( l - / ) C „ + / C . . (15) 

X 
(14), 

I f we assume that Ihe volume fract ion o f the solid compxJncnt o f 

ihc t n u l u r d is about one-half , then we c a n cstimati: f rom vatues 

furnished by Carslaw arid Jaegcr (1959, p, 497) a value o f ap

proximately 0,0027 c m ^ s e c " ' for * , This value is approximately 

One-quarter that o f (he surrounding region. 

By decreasing k ( taking into account the di f fus iv i iy o f the 

d r i l l i ng mud) , the Eiabilizatioh lakes place much more s lowly . 

W e have calculated stabiliz'ation curves for a range o f fe. Such 

curves are shown fpr a circi i lar wel l in Figure 4, 

The init jal boundary condit ions have been assumed ideal and 

as such may only be approximate •& some disiance f rom the. 

bo i tom of the hole. The stabi l ization rate w i l l be affected by 

variat ions from the ideal in i t ia l d istr ibut ion, 

A C K N O W L E D G M E N T S 

The authors wish tb acknowledge ih i l ia ! numerical work by 

B. Prager which or ig inal ly pointed to a discrepancy in the 

previous published results. A l so , the aulhors are indebted to 

P. Weichman who assisted in gaining the analytical solution for 

a c i rcular w d l . 

One author ( V l L , j wishes, to. ihank the Nalural ScienCcs-'and 

Engineering Research Counci l o f Canada for assistance in the 

fo rm of a summer scholarship. The work was supported ;by the 

Nalural Sciences and Engineering Research Cpunci l . o f Caiiada 

and the Inipcr ial O i l Co . o f Canada, 

REFERENCES 

Carslaw, H. S,, and Jaegcr, J, C , 1959, Conduction of heaf in solids: 
Oxfond. Oxford Uiiiv. Press. -

lluilcov, A . V.', 1968, Anklyticaf heat diffusion theory; New York, 
Academic; Press. . " 

Middleton, M. F.. 1979, A model for.txj.ttom-hole Itmperaiun: slabiliia-
l ion; Gedphysics j v, AA. p. 1458-1462. 

Tye, R. P., f969. Thermal conduciivity, v. t; London, Academic 
Press, 

1l 

m 



SUBJ 
GTHM 
TTD 

Geoexploration. 15 (1977) 1—9 
0 Elsevier Scientific Publishing Company, Amsterdam —Printed in The Netherlands' 

TRUE-TEMPERATURE DETERMINATION OF GEOTHERMAL 
RESERVOIRS 

i d Gernu: 

Ingtish, DOO JUNG JIN 

ufd also Texas Instruments Inc., Dallas, Texas (U.S.A.) 

{Received November 6,, 1974; revision accepted November 3, 1975) 

ind irj-

iroA^hou-i ABSTRACT 
sffliiatior ' 

- - Jin, D.J,, 1976, True-temperature.determination of geothermal reservoirs, Gepexploration, 
15: i - 9 . 

Parameters governirjg the resist ivity in geothermal areas are analyzer!. A rnethod for the 
calculation of the true temperature of geotherrnal reservoirs is explained, and the 
effectiveness of, the method is e-videnced. 

INTRODUCTION 

' • ^ 1 

Recently geothennal energy as a major potential energy source has drawn 
considerable attention due to the realization of the limited amount o'f hydro
carbon energy resources, of the advantages of the terrestrial heat over other 
forms of energy sources; and of the fact that economically accessible, geo ̂  

, of thermal energy is more widespread than was believed only a few years ago 
(Armstead et al., 1974). 

The utilization ibf geothermal energy is relatiyely free from danger of human 
,can life and environmental pollution, and requires neither advanced technology, 

^ in the case of nuclear energy, nor massive construction, as in the case of 
hydroelectric power. From a study of •the econonriics of geotherma] ppwer in 

9, Italy, New Zealand, anti, the United States, Facca and Ten Dam (Mcbfitt, 1965) 
concluded that geothermal power is the cheapest among various-sources of 
'̂i.ergy available at the time of McNitt's report. Cost analyses reported by 

J^aufman (1970), using the standard evaluation procedures suggested by the 
M-S. Federal Power Cothmission, reveal that of various energy sources geo-
nermal energy will be least in total cost for the generation of electricity under 
fivorable conditions, still inexpensiye and competitive with others under less 
avorable conditions. His cost comparison was made with assumption of a 

oase-Ioad plant with a capacity of 1500 MW, privately financed, having either 
^ iable load factors for the various fuels or a constant 90% load factor for all 

eis over the plant life of 30 years except for-hydropower which was estimated 
at 50 years. In the case of geothermal energy, well life was estimated at 20 years. 



The principal use of geothermal fluid is for the generation of electric powe 
The power is generated by tapping the natural thennal fluid underground ant 
guiding it to drive a turbine of the generator system. The geothermal fluid is 
also utilized for space heating, agriculture, industries, hydrotherapy, extracts 
of chemicals which it may contain, and for fresh water. 

For the exploration of geothermal resources, gepphysical techniques such 
as electrical resistivity, gravity, magnetic, seismic, and heat flow methods as 
well as geological and geochemical methods have been employed in Italy, 
New Zealand, Iceland, the United States, Japan, Mexico, and the Soviet Unioi 
among others. 

Of the various geophysical methods, the electrical resistivity method is con 
sidered to be and has been one of the most effective tools for geotherma] 
energy prospecting. Keller (1970) has reported more effective aspects of elect 
magnetic induction methods over direct current methods in measuring resistiv 
in geothermal areas. Readers who are interested in the induction methods are 
referred to his well presented paper. The resistivity method has advantages of 
easy operation, low expenses, and wide range of applicability. One of its uniq 
aspects may be that it is very useful in estimating both the quantity and quali 
of the ground water in geothermal provinces. 

In the following, parameters which are essential in the resistivity method ai 
analyzed and a method, with evidences for its effectiveness, of calculation of 
the true temperature of geothermal reservoirs is presented. Although the natu 
of, and the relationship between, those parameters are known to a limited nu 
of people, the fact that the true temperature of geothermal reservoirs can be 
determined, has not yet, to this author's knowledge, been pointed out clearly 
to broad readers by using an explicit formula. 

THEORY 

In the following, physical and chemical theories which govern the electrical 
resistivity of earth materials are explained concisely. For most earth materials 
near the surface of the earth, the conduction of electricity is almost entirely 
through the water contained in the pores of the materials. In this paper, 
consideration is given to geothermal reservoirs whose rock possesses apprecial 
porosity and does not contain a high percentage of electricity conducting 
minerals such as graphite, pyrite, magnetite, specular hematite, chalcopyrite 
and pyrrhotite. Therefore in geothermal reservoirs considered in this paper, th 
electric conduction is assumed to be liquid-electrolytic, with the adjective 
"liquid" meaning the phase of the electrolyte conteiined in the pores of the 
solid rock at moderate temperatures rather than the phase of the rock itself 
in fused state at very high temperatures. 

The resistivity of water-bearing rocks largely depends on the amount of 
water they contain, the chemical and physical, including thermal, properties 
tot the water, and on the manner in which the water is distributed in them. 
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Ĵ brosify — quantity of water 

The resistivity of a water-bearing rock decreases with increasing water 
\iontent. In a water-saturated rock, the amount of water may be equated with 
porosity, while the porosity is related to the resistivity by the Archie's law 
(Archie, 1942) modified by Winsauer and others (Winsauer et al., 1952): 

ll 

-mounl. i t 
•.j,pro(ii^i.f^^ 

Cii in tiii..,,, ' 

Pioo - apy„<t> (1) 

Where p 100 is the bulk resistivity of the water-saturated rock, p„ is the resisti
vity of the water contained in the pore structure, tp is the porosity of the rock, 
ttnd a and m are empirical constants. It is noted here that, for simplicity, only 
one type of formation water is assumed to exist in the pores of the rock under 
discussion. Although the amount of data on igneous rocks is much less than on 
iedimentary rocks, chiefly due to the historic development of the research on 
this subject in connection with petroleum exploration, the above relationship 
has been observed for measurements made on various igneous rocks, too (Keller, 
1970). 

From eq. 1, the amount of water stored in a reservoir can be determined. 
With a and m for a particular aquifer or formation already established, the 
ftmount of water, V„, which an aquifer of volume V contains can be calculated 
from the equation: 

\ P i o o / 

llm 
(2) 

'fl eq. 2, V and p joo can be calculated from geophysical field survey data and 
"w cail be measured in the laboratory with water sample taken from the field. 

Salinity — quality of ivater 

The electrical properties of a water-bearing rock should be describable in 
the same terms as the electrical properties of an electrolyte. The conductivity 
Of an electrolyte contained in a rock can be expressed as a linear function of 
">e salinity or concentration of the electrolyte (Milazzo, 1963): 

• = p ^ 
qnyui (3) 

1=1 

^QR ^ P is the resistivity of the electrolyte (12 cm), F is Faraday's number 
: ">490 C/mole), c is the concentration of each species of ion in solution 
. °|es/cm^), m is the electrical mobility of each species of ion in solution 

"̂  /V sec), V is the ionic valence of the individual ionic species, and n is the 
,^^^®^ of kinds of ions present in the solution. Eq. 3 tells us that the 

istivity of a rock is inversely proportional to the salinity and mobility of 
in f ^̂  ^^^ solution. The mobility of ions increases with decrease in viscosity, 

*uni the viscosity decreases with increase in temperature which is considered 

file:///iontent


Temperature 

Contrary to metal, in water-bearing earth materials, resistivity decreases 
with increase in temperature. In either an electrolyte or a rock saturated wit)) 
an electrolyte, increased temperature lowers the viscosity of the electrolyte 
and the decreased viscosity helps the ions move freely. 

At moderate temperatures, the dependence of resistivity on temperature 
for a rock saturated with an electrolyte is defined by the equation (Glasstone 
1937): 

Pis 
Pt 

l - ^a , (f-15) 
(4) 

where p , is the resistivity at the ambient temperature t°C, p,5 is the resistivity 
measured at a reference temperature of 15°C (any other reference temperatm 
may be used), and a, is the temperature coefficient of resistivity. 

Degree of saturation 

The pore space of a rock may or may not be filled with an electrolyte; aboi 
the water table, part of the pore space is filled with air. The amount of water 
in the zone of aeration changes with time as meteorological and hydrological 
processes such as precipitation, drainage, evaporation on the soil surface and 
transpiration through plants take place. 

A quantitative relationship between resistivity and the degree of saturation 
in a rock has been observed to hold (Keller, 1953): 

(PiooS""!, S>S^, 
P = 

lbp.00 5~"2, S<Se 

where p is the bulk resistivity of a partially saturated rock, p,oo is, as defined 
previously, the resistivity of the same rock when it is completely saturated 
with the same electrolyte, S is the degree of saturation which is expressed as 
the ratio.of pore volume filled with electrolyte to the total pore volume, S^ is 
the critical water saturation, which is the least saturation for which there is a 
continuous film of water over all the surfaces in the rock, and b, n, , and HJ ar(| Interactio 
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Texture 

The textural factors such as the particle-size distribution of the constituent 
particles, the shape of the particles, the orientation of the particles in space 
and with respect to each other, and the forces tending to bind the particles 
together, play a significant role in the resistivity of the rock. Pore space raust 
be interconnected and filled with water in order that a rock may conduct 
electricity. Pores may be classified as interconnected and isolated ones. 
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depending on the connection of pore space with others. The interconnected 
pores may consist of two parts; the larger voids, which are major space for 
the storage of water, and the finer connecting channels. A high resistivity is 
expected from a rock which has very small-volume ratio of connecting pores 
to storage pores even when it possesses great porosity as in some shales, lime
stones and volcanic rocks. 

A mathematical expression which accounts for the role of the texture of a 
rock in its resistivity may be shown by use of the formation factor, F, as 
follows (Ward and Fraser, 1967): 

p=Fp, 

and: 

F=i= (A) 

(5a) 

(5b) 

where p and p„ are the same as defined previously; Ly,fL, the tortuosity co
efficient (Pirson, 1958), is the ratio of the length of the electrolyte path via 
which actual electric current flows, to that of the rock; AfA„ , the reciprocal 
of the diminution coefficient (Ward and Fraser, 1967), is the ratio of the 
cross-sectional area of the rock perpendicular to the direction of electric current, 
to that of the electrolyte path, which is in an arbitrary direction. 

Both the tortuosity and diminution coefficients are controlled by the size 
and shape of the rock pores and the manner in which they are disposed and 
interconnected. For the formation factor, the expression in eq. 5b, instead of 
0^ "", which can be derived from eq. 1, has been employed here, since the 
author believes that eq. 5b explains the characteristics of the formation factor 
better. It is noted from both the expressions for the formation factor that as 
the porosity decreases the formation factor increases. For a rock of extremely 
small porosity, the formation factor becomes so great that the ionic conduction 
due to liquid electrolyte in the rock becomes insignificant. Therefore the above 
discussions which were based on electrolytic conduction of rocks apply only 
'o formations with large enough porosities in which liquid electrolytic con
duction is predominant. 

interaction between rock and electrolyte 

It is known that the conductivity of the water extracted from a rock is not 
Always the same as that which the water would have before it is removed from 
he rock. According to eq. 1 or 5a, the formation factor, pfp^,, should be 

"^dependent of p„ for a given rock. However, it is usually found that the 
o^nation factor of a rock is less when it is saturated with a dilute solution than 
hen it is with a highly saline solution. This phenomenon is explained by the 
°^cept of surface conduction. The surface conduction is attributed to the 
^gatively charged surface of clay materials, which is balanced by adsorbed 
ations and systematically oriented water molecules, which are free to move 

""der an applied electric field. 
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Rock-forming minerals usually fracture in such a way that one species of 
ion in the crystal is commonly closer to the surface than others. In the 
silica—alumina units, which are the most abundant constituents of the crust, 
the oxygen ions are usually closest to the surface, resulting in the negatively 
charged surface of the clay materials (Keller and Frischknecht, 1966). Substi-
tution within the lattice structure of clay materials of cations of lower valence 
for those of higher valence would also result in a negatively charged surface 
(Grim, 1968). This negative charge of the surface would be balanced by-
adsorption of cations in the electrolyte. The adsorbed cations are free to mov( 
under an applied electric field, therefore increase the electric conductivity. 
Since, in a high salinity solution, the increased ionic pressure in the adsorbed 
layers increases the viscosity of the electrolyte and decreases the mobility of 
ions (Keller and Frischknecht, 1966), the effect of this added conductivity is 
greater in a rock saturated with a dilute solution than one with a high salinity 
solution, 

A similar effect takes place with water molecules, which are polar. When an 
electrolyte is in contact with a negatively charged rock surface, the water 
molecules will become adsorbed to the surface in such a way that the positive 
hydrogen atom side is closer to the surface than the negative oxygen atom 
side. The conductivity of water in this systematically oriented phase is higher 
than that of free water (Keller and Frischknecht, 1966). The thickness of the 
oriented adsorbed water molecule layer will be greater in a rock saturated 
with a dDute solution than one with highly saline solution, since the abundant 
cations, in a high salinity solution, adsorbed to the surface earlier than the 
water molecules due to their charges being stronger than those of water mole
cules, will neutralize the rock surface to some extent. 

APPLICATION 

The resistivity of a rock formation decreases with increase of temperature 
so that it is possible to map a geothermal area by resistivity observations. 
Moreover, it is very interesting and important to note that the actual temperat 
of the thermally anomalous underground can be determined by the resistivity 
values measured at the surface. 

Utilizing eq. 4, the following formula which explicitly gives the temperatun 
of the geothermal reservoir is easily deduced: 

t,, =t,. + 
a \Ph / 

(6) 

where th and Ph are, respectively, the temperature and resistivity of the hot 
portion of the earth, that is, geothermal reservoir; t̂  and p<. are, respectively, 
the temperature, which is around 15°C, and the resistivity of the cold portion 
of the ezurth; and a is the temperature coefficient of resistivity of the ground 
water in the area under question, p.. and pi, are calculated from resistivity fiel 
survey data and a is determined by laboratory .measurements. In applying 

gq. 6 to th 
Eq- 4 fr 

tern peratu 
than boilir 
in order to 
is the highi 
eq. 6 is foi 
formulatec 
at high ten 
from 17 C 
from 17 C 
calculation 
observatioi 
which are i 
calculation 
ture coeffii 
The use of 
study area 
Whenever c 
for individi 
of the outc 
the pertine 

The effe 
corroborati 
reported a 
"Electrical 
results of h 
country is i 
the mean v; 
A value of 
and cold wi 

Another 
McNitt (19 
have been v 
electrically 
voirs, are ô  
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eq. 6 to the geothermal problems, however, the following should be considered. 
Eq. 4 from which eq. 6 was derived has been established only for the 

temperatures ranging from slightly higher than freezing point to slightly lower 
than boiling point of the water. Therefore laboratory examination is necessary 
in order to determine whether eq, 6 is valid at temperatures up to 388°C, which 
is the highest reported reservoir temperature (Mercado, 1969), or higher. If 
eq. 6 is found to be invaUd at higher temperatures, a new function should be 
formulated. However, eq. 6 agrees reasonably well with the observations made 
at high temperatures, Breusse (McNitt, 1965) has reported that ground heated 
from 17°C to 150°C decreased in resistivity by a factor of 5, and if heated 
from 17°C to 280°C, its resistivity decreased by a factor of 9. Meanwhile, the 
calculations by eq. 6 for the same temperature increments as those in Breusse's 
observations yield resistivity decrements of 4,33 and 7.58 times, respectively, 
which are in rather good agreement with those measured by Breusse. In this 
calculation, 0.025/°C was used for a. This is the average value of the tempera
ture coefficient of resistivity of ground water (Keller and Frischknecht, 1966), 
The use of the particular value of a measured of the samples from the Breusse's 
study area could bring the resistivity changes closer to Breusse's observations. 
Whenever desired, the exact value of the temperature coefficient of resistivity 
for individual geothermal areas may be obtained by laboratory measurements 
ofthe outcrop of the water, that is, hot spring or body of water derived from 
the pertinent geothermal area. 

The effectiveness of the resistivity method in geothermal areas is also 
corroborated by the results of other successful workers. Studt (1958) has 
reported a successful resistivity survey in Kawerau, New Zealand. He wrote: 
"Electrical surveying extented the hot water zone", and further described the 
results of his observation: "The best contrast between hot and cold water 
country is recorded with an electrode separation of 100 feet; at this spacing, 
*̂ e mean values in hot and cold country were 60 and 600 flm respectively. 
A value of 150 fim may be taken as an approximate dividing line between hot 
and cold water." 

Another example of a successful resistivity survey has been described by 
McNitt (1965): "Electric resistivity surveys, in conjunction with gravity surveys, 
have been very helpful in locating major faults in the Italian steam fields. The 
electrically resistant anhydrite and carbonate rocks, which are the steam reser
voirs, are overlain by an impermeable, conductive shale, The resistivity method 
^ successful because the thickness of the shale cover is characteristic of earth 
«ult block, so that the resistivity survey, shows the position of the faults as 
^ell as the comparative thickness of the shale, and therefore the depth to the 
reservoir." 

A word of warning is appropriate at this point. Lower resistivity of an area, 
^ either lateral or vertical sense, than in the surroundings, can be attributed 
•* anomalously high temperature only where both the high and low resistivity 
provinces are geologically or geoelectrically the same or similar except for their 
diff, erent temperatures. The problem of differentiation between various causes 



of the low resistivity should be solvable by incorporating the resistivity data 
with geologic, geochemical and other geophysical findings of the area. An 
excellent example of non-thermal province with lower resistivity than the 
adjacent geothermal reservoir is provided in the report by Zohdy and others 
(1973), where geothermal reservoir of about 30 fim is bounded by non-therni 
lacustrine deposits with resistivity of 10—12 fim. 

It should also be admitted here that the above examples are only some of 
successful results of reported investigations carried out under somewhat 
favorable conditions. However, it is, in the main, the aim of this paper to 
present the theoretical capability of the determination of the true temperature 
of the geothermal reservoirs. It is only a matter of improving our technique in 
order for us to be able to utilize the theory not only under favorable condition 
but also under many unfavorable conditions as well. We have witnessed that 
only theoretically possible things tumed out to be reality, as our techniques 
advance, in other disciplines of geophysics in our time. 

CONCLUSION 

The electrical resistivity method has been very useful in exploration of geo
thermal fields. The resistivity method is effective not only for estimating the 
amount of geothermal fluid but also for determining the true temperature of 
the thermal fluid reservoirs and in that point this method is unique. 
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Theory and Technology of a Beothermal Field 

GIANCARLO FACCA and FRANCO TONANI 

Introduction 

The problems related with the development of a geothermal field 
from a theoretical as well as a practical point of view have only been 
studied on limited scale. In this paper we have the intention to study 
one point of particular importance: the rules, which control the 
evaporation of water in the formation, due to the difference between 
the formation pressure and the pressure in the well. Some of the 
results of this theoretic study cam immediately find useful application 
in the exploitation technique and in the choice of well locations: 
other considerations will on the contrary require to be controled by 
measurements and observations in wells and fields, observations, 
which have hitherto not yet been carried out and which could be 
of great importance for the development of geothermal fields. 

Relation between temperaure, depth and pressure 
DeRnition of a field 

'̂ Example of a Geothermal Field producing Overheated Steam. 

In previous papers (Lit 7, 8) we have exposed, among other things, 
^ e geological conditions of a geothermal field producing overheated 
steam. In summary~an example of a geothermal field (fig, 1) is com
posed of: . 

a) A deep sequence of layers, heated by an imderlying magmatic 
stock and which in its tum heats the overlying porous strata. This is 
•^lled the heat-source. 

For example, the heat-source in a geothermal field is the complex 
^ rocks of limited permeability, through which the heat, generated 

y the magmatic stock, is transmitted to the producing strata. 
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The fundamental factor, which determines the industrial valyg 
of a geothermal field is the heat-flux coming from the heat-source 
as defined above. 

b) A strongly permeable layer with thickness, porosity and per. 
meability of such an order as to allow the formation and the perma
nence of a system of convection currents in the water filling the pores 
of the rock. This layer is called the reservoir. 

C^^l ' r 

•"- - T t i p rocK — — 

X.X.X.KX.X. A 

L'i?V)V,AiS')(i"itiCi^K'a';()V,V'^).^) 

Fig. 1 - Scheme of a geothermal field. 

c) An impermeable stratum, the caprock, overl3dng the reservoir. 
The permeability of this layer has to be low in order to prevent the 
escape of the hot water out of the reservoir, as a consequence of 
the currents, which bring the hot water as high as possible. 

In the example, briefly sketched above, we recognize easily the 
fundamental relations, which exist between the three basic conditions 
for a geothermal field and the conditions required for a field of 
economic interest. 

The heat, transmitted by the heat-source, can only be exploited 
if it is contained in a fluid, which can be produced at the surface in 
sufficient quantity to generate energy: 'tlie~quantity of fluid produced 
has therefore zdways to be considered in relation wi th the energy 
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contained in the fliud and is always considerable. It is therefore abso
lutely necessary that the producing horizon has great permeability: 
we will see below that this condition becomes even more imperative, 
Ĵhen we consider the phenomena which occur during the exploitatiori 
pliase, i.e. the process which takes place when the hot fluid enters 
from the producing formation into a well. It is obvious that the 
commercial value of the fluid encountered in wells increases with the 
temperature. It is therefore important that the fluid produced in these 
wells has the highest possible temperature. In fact, the fraction of 
the heat produced, which can be utilized, i.e. which can be effectively 
transformed into energy, for example in a turbine, is proportional to 
the difference in temperature at the inlet and the outlet of such ma-
diines. 

2. Thermal Flux and Temperature of Formation 'Water. 

We have to study at this point what the conditions are, which 
regulate the temperature of the fluid in a permeable medium, where 
there is a thermal flux, due to heating from below. 

The heat-flow through a layer of rocks is very generally defined 
by the difference in temperature between the lower and upper surfaces 
of the stratum. The better a stratum transmits a given amount of 
teat, the lower is this difference in temperature at top and bottom. 

In an impermeable medium there is thermal conduction, to 
which applies the law of FOURIER: 

Q = K ( . T , - r j 

^ which Q is the heat-flow, J j and T^ the temperatures of the lower 
and upper surfaces of the stratum and K the characteristic factor of 
me material, the so-called thermal conductivity factor. 

In a producing horizon, which is therefore permeable, things are 
already more complicated, as the heat is transmitted simultaneously 
•Q two ways: by conduction through the rocks and by convection in 
^e formation water. The capacity of the rocks to transmit heat by 
Conduction is low, whereas the capacity to transmit heat by convection 
"s high in beds with suflficient permeability to fumish commercial 
f o u n t s of steam. 

When conduction prevails, as occurs in impermeable strata, the 
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temperature distribution is very simple, i.e. proportional with tk,? 
depth (fig. 2). ^ 

When on the contrary convection prevails, things are more CQJI 

plicated. This problem has been treated satisfactorily by Goctj^ 
(Lit. 10), at least from a geological point of view. This author \ ^ 
studied the movements provoked in formation waters by heat, ^ 

fig" 
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Fig. 2 - Temperature distribution in an impenneable layer heated 
from below. The law of FOURIER gives the simplest tem
perature distribution. In the interval under consideration 
the temperature is conditioned by the depth. It shows 
an ideal example in which these conditions are present: 
an impermeable layer (a) through which passes a heat-
flow and in which there is a temperature distribution 
as indicated in the diagram (b). The numerical data of 
this example are: 
thermal conductivity (clay) = 0X)025 cal x sec- ' x 

X c m - ' X degree-' 
thennal gradient !• C each 10 m = 0.001 degree x cm- ' 
heat flow = 0.0000025 cal x sec- ' x 

X c m - ' 

the conditions reduired for the formation of convection current^ 
We will not enter into the details of this brocess as we accept at; 
a whole the results of GOGUEL. We will limit oiu-selves to the important 
consequences of these principles in the distribution of temperature 
in a permeable stratum. 

We therefore include above all in our fig. 3 a) some elements 
of GOGUEL'S work, and particularly the flow lines for the sections 
of an indefinite cylindrical convection cell. The straight lines T\ andt 
Ti represent two isotherms of the static regime, not perturbed bj 
convection. 
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In fig. 3b) the isotherms corresponding with fig. 3a) have been 
figured as they result in this particular case from the equation of 
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Fig. 3 a - Convection currents lines in section of an indefinite 
cylindrical convection cell. 
A - Area of upward currents. D - Area of downward 
currents. Z„ Z,: depth. T„ . . . T , : temperature. 

the movement and the distribution of the temperature anomalies. In 
general the non-perturbed isothermal surfaces can be not planes. 

Fig. 3 b - Isotherms corresponding with the conditions in A), for 
a particular case (At = asenx) 
At = the thermal anomaly of a static regime. 
T,, T l . . . = isotherms corresponding with depth. 
Z„ Z , . . . = in the here considered static regime. 

The most important consequence for us is sufficiently evident 
Qot to require more explanation. We can define two temperatures, 
^i and Ti, at the base and at the top of the permeable stratum (in 

u 

' 

,.' m 

I 

\ \ \ 

I 



— 148 — 

H%; 

Ml 

• • I 

I 1 

the worst case: two average temperatures) and we can therefore refej 
to a temperature gradient (average) in the permeable stratum, affected 
by convection currents. 

In reality no indefinite cylindrical convection cells are formed 
For our purpose we can approximately accept the validity of the 
sections in fig. 3. For a homogeneous medium, heated from belovy 
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Fig. 3 c Temperature-depth diagram for areas aSected by the 
convection currents of Fig. 3 a. A = the curve for an 
area with upward currents. D = the curve for an area 
-with do-wnward currents. Dotted line indicates the aver
age corresponding with the equivalent law of FOURIER. 

the convection cells present themselves as in fig. 4. In real geologic 
cases, the horizontal thermal gradients and the distribution of per
meability will have a decisive influence on the geometry of the con
vection phenomena and the result is qualitatively indicated in fig. 5 
and 6. 

Convection is a very efficient mechanism for the transport of 
heat, as, due to the convection, the hottest part of the fluid is brought 
into contact with the coolest surface of the stratum and the coolest 
part of the formation fluid is brought in contact with the hottest 
surface of the resevoir. Furthermore this movement is continuous, so 
that the formation fluid is continuously renewed, the difference in 
teniperature maintained and the transmission coefficient of the heat 
at the contact of the fluid and the solid rock is better as the fluid 
is in movement. The difference in average temperature of the hot 
and the cool sides of the stratum changes little when the heat-flow 

-from below increases, once convection currents are established. This 
system as a whole behaves as if it had a much greater thermal con

ductivity, si 
Ijut the rest 
jjjore intens 
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Blictivity. since this greater apparent thermal conductivity is nothing 
it the result of fluid circulation, a stronger heat-flow will cause a 
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Rg. 4 - Disposition of the convection cells in planimetric projection. Subhexagonal 
cells, which are established in a homogeneous medium. 1 = upward current; 
2 = downward currents. 
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But GOGUEL has demonstrated that the higher the permeability 
is, the lower the thermal gradient; sufficient to pass from a stattji 
regime to convection currents and the higher the flow in these 
currents. It seems evident, therefore, that the smaller the averagg 
thermal gradient, the higher is the permeability, all other condition, 
being equal and especially under the influence of a given heat-flov^ 

pmN^'U:^ 

0 W/fl!^ = up 

d I >:down 

d 

Fig. 6 - Convection cells in a layer with non-uniform permeabil
ity. The rock is fractured and the permeability is larger 
along the fault planes. Convection currents are estab
lished in the zones -with higher permeability. 

It is possible that the permeable layer as a whole is poorly 
pervious to heat, due to the thermal resistance between the circulating 
fluid and the rocks. 

The result, however, is identical to the one produced by the 
presence of poorly heat-conductive rocks at the top of the reservoir. 
The average thermal gradient remains low in the permeable beds, 
whereas the average formation fluid temperature increases. 

We can take as an example a heavily fractured and cavernous for-: 
mation; practically a true « boiler », in which the resistance to move
ment is reduced to the resistance due to the internal friction of the. 
fluid. The average thermal gradient is negligeable. To make the 
example more evident we will consider an initial, non-permanent state 
(fig. 7), i.e. during the long process that ended with the formation 
of the convection currents. The heat-flow from the heat-source to the 
reservoir increases the temperature*of the fluidFin the reservoir, and 
therefore the difference in temperature between the reservoir and. 
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Ms caprock; A stationary situation is attained when the heat-flow 
bm the heat-source to the reservoir equals the flow from the res-
toir to the caprock. The thermal gradient in the reservoir, however, 

Ktnains small, because the efficiency of the heat transmission by 
^ivection currents_in the formation fluid does not diminish. 
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Fig. 7 - Effect of the convection. The heat-flow from below, i.e. 

from the heat-source, provokes convection currents in 
the water contained in the permeable layer (reservoir). 
Temperature differences in the reservoir are small. The 
caprock is impermeable and therefore caiuiot be affected 
by convection currents: the temperature gradient is much 
more inclined. 
In (a), initial, non-permanent stage (— q is the outcom-
ing heat-flow, much less than Q, the incoming flow). 
In {b), stationary stage: the heat-flow from the heat-
source to the reservoir is equal to the flow from the res
ervoir to the caprock (—Q, the outcoming heat-flow is 
equal to -f Q, the incoming beat flow) because the aver
age difference between the temperature of the fluid and 
the temperature of the rock is increased. 

|;*igure 8 indicates schematically how heat transmission takes 
in a molten lava lake covered by a solidified lava crust. 

_y^ The air can dissipate large quantities of heat from one surface, 
^ P with moderate temperature differences. The air in movement by 
^"Vection dissipates the heat rapidly, whereas the solidified lava crust 

its the heat in a much less efficient way by conduction. 
^^sXhis is a very clear example of the role which layers, where heat 
Ife. Action or convection prevail, play in determining temperature dis-

mg^*^ summary, if the local temperature anomalies are not considered 
gg^-therefore things are considered on a large scale, also in case of 

jj *^^smission by convection the thermal flow is proportional to 
; average thermal gradient, .when all other conditions are equal. 
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Very generally one can say that a law of the type of FOURIER'S la^i 
roughly applicable. The transmission coefficient of heat in this 
should be approximately constant. In reality it depends from the 
perature and furthermore changes abruptly passing from one r e ^ ^ 
to the other. In regions where a regime of convenction currents-SJ 
established, the heat transmission coefficient is higher and therefoiSl 
for a given heat-flow there is a lower thermal gradient; and vice-ver^ 
for a given thermal gradient there is a higher heat-flow. 
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Fig. 8 - Heat trjinsport in a lake of molten lava on which floats a crust of solid lav^ 
In (a), a temperature diagram: La (b), geological section. The air can dissipate] 
large amounts of heat on one side, even with a small temperature differemii 
Therefore the surface of the lava is cold -with few meters of solidified lava! 
The mo-ving air has a convection coefficient many times larger than the cxssi 
vection coefficient of solid lava and its average temperature is practically uni 
form (it is understood that the adiabatic gradient is neglected). 

3. The Concept of Trap for Convection Currents. 

In a geothermal field of the type taken by us for example, thi 
caprock reduces the dispersion of heat at the surface and therefore 
is an essential condition for the increase in temperature of the watei 
in the reservoir. In fact, if the water, affected by convection currenti 
can reach the surface, where it is exposed only to the atmospheric 
pressure, it cannot pass the temperature corresponding wdth the boiling 
point at atmospheric pressure, i.e. aroimd 100'' C. The system reservoi^ 
caprock therefore constitutes a trap for convection currents. One 
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Jy remarks the analogy with what happens in an oil-trap, where 
tcaprock stops the upward movement of the oil and causes accu-
" ltion imder pressure. In a similar way, in a geothermal field the 
Sriy permeable caprock interrupts the^transmission of the thermal 

by convection, a process much more efficient than conduction 
9-10). 
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ion currents. 

iSlh^ - Two hypothetic examples of temperature-depth diagrams. This goes out from 
the hypothesis that the gradient is essentially controlled by the permeability 
of the rocks and that in porous rocks there are conditions which provoke con
vection currenta in the water contained in the permeable and porous beds. It 
is clear that the temperature gradient in the permeable producing horizon, 
where there are convection currents (dotted lines) is low, whereas in the 
impermeable caprock, where the heat is transmitted by conduction (contin
uous lines), the gradient is higher. 1 = Temperature-depth diagram; 2 = Li
thology, 

I'Let us consider now the thermal conditions of a geothermal field 
SBsine type of our example (fig, 1), The reservoir does not contain 
^ p i n but water of meteoric origin in liquid phase. This water is in 

convenctional movement. The temperatures of the water at the 
l^^iest point of the reservoir and at the bottom are only slightly 
l ^ w e n t because of the convection currents, which lower the average 
jfeperature gradient. 

*'We will presimie that the reservoir has a lateral continuity of 
^ jneabi l i ty and porosity and that the rocks forming the reservoir 
^ ^ * the surface at a point outside the geothermal field. If this latter 
iSiditions would not be fulfilled, the hydraulic pressiu-e and tlie 

Punishing of the water could not be maintained and therefore 
•pressure in the producing horizon would rapidly decline and the 

j ^ * s Would be depleted in short time. 
Therefore there is the necessity for a closure of the reservoir. 
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similar to the closure of a structure of an oilfield. As shown in fig, .i.! 
the closure of a structure is the difference in elevation between rtw 
highest and the lowest point of the contact between reservoir ^ ^ 
caprock. 
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Fig. 10 - Temperature distribution in a permeable layer in relation to the caprock 

(schernatic). 
a) There is no caprock and the permeable layer is on the surface: the average 
temperature has a tendency to approach 100° C or anyway the boiling tem. 
perature of the water on the surface. 
b) and c) The gradient in the caprock is a function of the geothermal flow. Fdr 
a given flow and a given gradient in the caprock, the temperature in tht 
reservoir is higher if the thickness of the caprock is greater. 
d) The caprock contains an intercalation of permeable rocks of a thickness 
not sufficient to form convection currents: the variation of the gradient in 
this layer is minimal. 
d') The caprock contains an intercalation of permeable rocks sufficiently thid 
for the formation of convection currents: the temperature-depth ctirve straight
ens in the permeable intercalation. 

We have already pointed out that the similarity of oil-traps and 
traps for geothermal convection currents-should not let us forget 
the evident differences which exist between these two. cases. We 
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it ourselves to remind for example that the geological conditions 
Sir a trap for convection currents can also be realized when there is a 
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"8 . 11 - The concept « closure » in an oiltrap. Closure is the difference in elevation 
between the top and the lowest point of the reservoir. 

A) The trap is fonned by an anticline: the closure is different on the two 
flanks. 

B) The trap is conditioned by a fault. The effective closure is given by the 
throw of the fault, measured by the difference in elevation of the limestone 
beds at both sides of the fault. 

porizontal caprock, which is not the case for oil-traps. In other words, 
'* is necessary that the reservoir has a porosity high, limited towards 
^e top and laterally by the caprock. 
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4. The Temperature of the Formation Fluid and the Depth, yt 
Factors BTD and BPD. 

We have admitted that the water in the reservoir is in liq,j;l 
phase and that the convection currents have the tendency to equajj^ 
the temperature in the reservoir; we can conclude that the water 
the reservoir can not pass the boiling point corresponding to thS 
hydraulic pressure at the highest point of the reservoir. For exaniplj' 
if the highest point of the reservoir is at 500 m depth and if thi 
hydrostatic head has to be taken from the surface, the formation 
pressure at the highest point of the reservoir is 50 kg/cm^ For sud' 
a pressure jmd for distilled water the boiling point is 263° C. Xhe* 
water temperature cannot pass this figure, which can be considere(J 
practically the maximum temperature at every point of the reservoir 
The formation water is generally fairly rich in mineral salts and boils' 
at slightly higher temperatures. These minor differences can howeveri 
be neglected, as they are smaller than the thermal gradient we havê  
neglected in this way. 

From this it is clear that this temperature is approximately the 
temperature of the entire reservoir, also at the base or on the flanks 
of the structure. 

Hence, in the zones of the trap, where the reservoir-caprock; 
contact is at greater depth, we have higher pressure, whereas the 
temperature will only be slightly higher—always under geometric con
ditions of the porosity of the type indicated in our example. 

Previously we had considered the top of the geothermal trap,; 
assuming a depth of 500 m. Let us now consider another point of 
the same trap, but on its flanks, for example where the reservoir-, 
caprock contact is at a 1000 m depth. There the pressure is of thê  
order of 100 kg/cm', corresponding with a boiling point of 310° C, 
The water temperature, however, is the szime or nearly the same on 
the flanks as well as on the top. While therefore at the top of the 
trap the water is near to its boiling point, it is considerably below' 
the boiling point on the flanks. If in our example at the top; at 500 ml 
depth, the water temperature reaches the limit of 263' C and is at its' 
boiling point, at 1000 m the water temperature is 47° C under the 
boiling point. 

We define as « boiling temperature distance » (BTD) at a given] 
point in the reservoir, the difference between the temperature of the-
formation fluid and the boiling point, corresponding with the foM 
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ation pressure at the point imder consideration. In our previous 
Rample, as mentioned before, the BTD at 100 m depth is 47° C. 

In the following we will see that this factor is of great importance, 
^ it principally conditions the possibility of overheated steam pro-
miction. This factor also controls the distance of the evaporation sur
g e s from the well and therefore the extension of the zone in which 
Recurs the precipitation of salts, resulting in incrustations, and in 
^hich the steam may separate from the water. 
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Fig, 12 - The factors BTD and BPD. A geothermal field is defined 
by the temperature of the hot water producible by a 
perraeable reservoir; the water temperature is nearly 
equal in all points of the reservoir of the same pool. In 
the highest point of a reservoir the temperature and 
pressure conditions are the most favorable, because 
they are nearest the boiling point. The remainder is 
explained in the text where the conditions in the points 
A, B, C, D and E are indicated. 
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• A similar factor is the « boiling pressure distance » (BPD), Going 
**̂ ck to our example, at 500 m depth at the top of the reservoir with 
5 temperature of 263° C (i.e. at boiling point), the BPD is zero, whereas 
11000 m depth, with the same temperature and a pressure of 100 kg/ 

'*^*. the BPD is 100 — 50 = 50 kg/cm', as the boiling pressure of 
^ t e r at 263° C is 50 kg/cm'. 

The two factors allow us to build maps figuring curves of iso-BTD 
^ d iso-BPD, which are very useful in delimiting the commercially 
productive area of a field, as will be shown more in detail below. 

In order to clarify these concepts let us study in fig. 12 the 
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conditions of the water at various points of one and the same P o ^ 
i.e. of a productive reservoir without impermeability barriers a ^ 
therefore containing water of approximately the same temperature 
all its points. 

For simplicity we accept that the hydrostatic head correspond 
with the depth. 

The water temperature is approximately the same throughoi^ 
but the pressure varies with depth. Let us consider the conditions jfl 
points A, B, C, D and E; the first four are on the reservoir-caprodl 
contact, whereas E is at greater depth in the producing horizon. M 

We can assume a water temperature of 250° C, i.e. slightly belovf 
the boiling temperature corresponding with the pressure at the highest 
point of the reservoir (A in our figure). Being at a depth of 500 ^ 
it has a hydrostatic head of 50 kg/cm'. d 

The following table indicates the factors BTD and BPD at t ^ 
various points under consideration: M 

Depth in m 

Pressure in kg/cm' 

Temperature in "C 

Boiling temperature in °C 

BTD in °C 

A 

500 

50 

250 

262,7 

12,7 

B 

640 

64 

250 

278,5 

28,5 

C 

1000 

100 

250 

309.5 

59,5 

D 

580 

58 

250 

272 

22 

E": 

1200 , 

120^ 

250; 

323,1, 

73.l| 

BPD in kg/cm= 10 24 60 18 80 

i 
As we will see more clearly below, the best production conditions, 

for steam from hot water by means of wells are present when th^ 
two factors are smallest, i.e. when the water is near its boiling poinU 

Confronting the conditions at D and E, it is clear that there m 
no advantage whatsoever to put a well on production at a depth f j ^ 
below the reservoir-caprock contact. 

Given the practical importance of these factors for the explo? 
tation of a geothermal field, the maps allowing the understanding ojj 
a geothermal field and therefore its rational production are: 

a) Contour map of the reservoir-caprock contact; 
fe) Isotherm maps at various depths in the caprock. -

• c) Iso-BTD and iso-BPD maps at the top of the reservoir. 

5 Defini 

After 
with contL 
concept ot 
jystem of ( 
temperatun 
equal for ; 

It see 
top of the 
^.ater at ti 
ature of t 
when the 

There 
the heat-fl 
ature is v 
oiation pr 

Follow 
erations, i 
ature, in 
well, this 
and we 1 
horizons : 

We ri 
able to bl 
the Larde 
correspor 

Thei 
the resen 
which CO 
and the i 
water, wl 
Flysch, n 
hot wate 
springs i 
weUs, It 
tap the ! 

The 
jvyith tem 



— 159 — 

and the same pool, 
ibility barriers and 
ame temperature in 

Definition of a Field. 

z head corresponds 

same throughout, 
T the conditions in 
e reservoir-caprock 
lucing horizon. 
, i.e. slightly below 
ssure a t the highest 

a depth of 500 m 

D and BPD at the 
'-: 

1 

\ 

.5 

.5 

D 

580 

58 

250 

272 

22 

E 

1200 

120 

250 

323,1 

73,1 

18 80 

luct ion conditions 
present when the 
• i ts boiling point-
lear that there is 
on at a depth i ^ 

•s for the expl"^ 
understanding °* 
ction are: 

tact; 
iprock. 
le reservoir. 

After what has been said about the temperature in a reservoir 
Sith continuity of porosity and permeability, we can now define the ' 
looncept of a geothermal field. A geothermal field is constituted by a 
^ t e m of convection cells and its temperature is given by the average 

iperature of the formation water, a temperature which is essentially 
?5ual fdr all points of the reservoir. 

It seems important to repeat here that the temperature at the 
of the reservoir cannot be higher than the boiling point of the 

^ t e r at the corresponding pressure, and therefore the average temper-
tture of the water in a reservoir is never far from this value, also 
Vjhen the wells produce dry steam. 

Therefore a field is defined by the formation temperature. If 
the heat-flow from the source of heat is sufliciently high, this temper-

"̂ iture is very near to the boiling point, corresponding with the for
mation pressure at the top of the reservoir. 
; , , Following the preceding definition based on our previous consid
erations, when there are substantial differences in fonnation temper
ature, in various wells or in various porous horizons in the same 
Well, this means that there are several producing horizons or pools 
sod we have to suppose that in general each of these producing 
norizons is separated from the other by an impermeable barrier. 

We refer here schematically to an example, which we have been 
able to build up from data furnished to us by the technical staff of 
tne Larderello Company. Figure 13 is purely schematic and does not 
^rrespond with the actual situation, but facilitates the understanding, 
5^}.''The rocks of the Anhydritic series, which at Larderello constitute 
the reservoir, are outcropping on a hill and are surrounded by Flysch, 
Which constitutes the caprock. At the contact between the Flysch 
^ d the Anhydritic series, there were at a time springs with boiling 
r^ter, which have formed a considerable deposit of travertine. In the 
lysch, near the contact, some wells were drilled, which have yielded 

i ^ t Water of the same temperature as the hot springs. The hot 
™nngs dried up with the starting production of hot water in the 

ells. It is evident that these wells (indicated with A in our figure) 
•̂ P the same pool as the hot springs. 

The C wells of our figure are large producers of overheated steam ! v^ 

With temperatures a round 230° C. Also the B well has given a similar 
• i i 
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result: evidently the C and B wells produce from the same pooj 
between B and A there is a permeability barrier (indicated by x), ^ 
bably due to a deposition of silica or limestone, precipitated OQ 
fissures from the hot water of the superficial manifestations. 

^ ^ T t d v t r l / n t 

Riy^ F/yseh 

W-rHResfirt^eit 

C 

Fig. 13 - Two different pools separated by an impermeable barrier due to incrusu 
tions. Explanation in the text. A - Wells with hot water. D - Hot water sprin« 
B, C - Wells which produce superheated steam. X-X - Impermeability banJQ. 
Dotted: travertine. 

6. Consequences for Exploration. 

The previously exposed theories allow us to give a rational basij 
to geolhermal exploration, in particular they allow us to estabUsl 
the stratigraphic and structural objectives. In fact the existence ofi 
geothermal field is conditioned by a reservoir with good permeabihtj 
protected by a caprock; the geometry of the reservoir-caprock contact 
has to be such as to constitute a trap for convection currents. It hai 
to be added here that also the depth of the reservoir is an importanl 
element, as the formation pressure is depending of it, which in its 
turn controls the thermical characteristics of the formation water. Il 
is in particular of great importance to know the depth of the highest 
point of the reservoir, as from this depth we can calculate the pra 
sure at this point and thus the maximum possible temperature ol 
the water in the reservoir. 

This way we can outline the various phases of geothermal explo 
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the same pool and 
dicated by x), pro. 
recipitated on the 
if estations. 

[ibn: reconnaissance of a hyperthermal area, individualization of a 
jte stratigraphic objective, search for a trap for convenction cur-

DtS. 

Let us examine briefly each of these phases. 
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Fig, 14 - Evaporation in a stream tube. Steady state. The move
ment of the fluid is indicated by arrows and takes 
place from the water carrier at formation pressure 
towards the well. 
Ps = pressure of formation water, 
Pv = boiling pressure of water at 250° C, 
Sv = diameter of the evaporation sphere in meters 

from the well. 
S = distance of the well in meters. 

: ' a) Reconnaissance of Hyperthermal Areas. 

In general the areas with active or recent volcanism and those 
L Quaternary or Pliocene volcanic activity are most appropriately 
Indicated for the exploration of h3rperthermal zones. In fact in the 
^^a l stage of our knowledge it seems fairly sure that only a relatively 
*tiallow magmatic stock can fumish the impressive quantity of heat, 
^ssary for the existJince of a commercial geothermal field. Other 

seological phenomena which could have generated some heat, £is 
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friction on faults, radioactivity and certain chemical reactions ta] 
place in the subsurface, do not give a sufficiently important flow^ 
heat. 

It should however be emphasized that the geothermal science zhM 
even volcanology are still in their childhood and that our knowle^J 
is still very limited. Although we must today dedicate most of QJ 
attention to the volcanic areas, we can not prejudicate the future ajjii 
exclude that there are geothermal possibilities outside the volcanj, 
zones. 

energy ' 
flccessar 

Aso 

tvapor«2bOn< 

can exis 
Xbe nea: 
Bgeand 
however 
CampanJ 

As V 

p 

(0 

io 

so 

10 

p . (2S0*C) 

S> • 17Sm 

• • 9 

P . 1 

~\I 
P\. 

> I 1 m 

S m c t r i 

d i s t i p u a ddlla b t / p t r l i t i n i i m r o j i ' i o n * 

Fig. 15 - As Fig. 14 but with a smaller diaineter of the well. 

It is nearly superfluous to say that with volcanic regions we do 
not mean the zones where volcanoes actually rise above the surface; 
volcanic activity is a normal geological event and generally affects 
wide zones \vith multiple manifestations, only a part of which can 
be observed by us. 

Many submctirine or subsurface volcanic phenomena entirely escape 
our attention and in general we czin not predict the birth of a new 
volcano. 

•We also remain unaware of the rise in the upper part- of-the -
earth's crust of certain magmatic stocks, which have not sufficient 
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jergy to generate a volcano, whereas they can fumish the heat 
jsessary for a. geothermal field. 

As demonstrated by the example of Larderello, a geothermal field 
iin exist at a considerable distance of active or extinct volcanoes. 

nearest volcano to Larderello is the Monte Amiata, of PUocene 
|e and at a distance of approximately 70 km. The zone of Larderello 
lowever falls in the large volcanic zone of Tuscany, Latium and 
Campania. 

As we have pointed out elsewhere, geothermal exploration has to 
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Fig. 16 - Distribution of pressure around an oilwell. Production 
10.000 BOPD. 
Full line : pressure drop in a fissure of 1 mm diameter. 
Dotted line: producing horizon with a penneability of 
1 darcy, thickness 87 m, holesize 6 inches (after W. J. 
BAKER). 

*^ider the volcanic zones as specially indicated. In a similar way 
Petroleum exploration considers the large sedimentary basins as po-
'^Ptially most favorable, 
.1 It should be mentioned here, that besides the regions -with active 
^recent volcanism £tnd at least including the Pliocene volcanism, we 
^ e to think also about the potentially volcanic zones, i,e. those 
^ o n s , where in a geologically near future volcanic activity can be 
^^cted. As mentioned above, our knowledge in this field is rather 

ted but we may hope that the volcanology will accomplish impor-
Progress in this direction. 

Generally speaking, hyperthermal areas present more or less nu-, 

tant 

!ii^ 

i !• 



! 

ill ' ; 
>-i • 

— 164 — 

merous surface manifestations of heat, as e.g. hot springs, travertine 
deposits, silicified zones and hydrothermal mineral deposits. 

The importance of these manifestations is obvious and it is not • 
necessary to emphasize them. It should be mentioned however, that 
these indications have to be interpreted to their right value. Their | 
value should not be underestimated nor exaggerated. 

In fact, surface indications of heat-flow are not a sufficient reason 
for locating a test-well: they merely give indications of regional hyper-
thermality. 

They are evidently connected with a more than normal heat-flow, j 
but they do not as such prove the existence of a geothermal field ofl 
commercial interest. 

Surface indications are frequently located at the contact of an' 
impermeable series and a permeable sequence. The potential reservoir' 
reaches the surface or is at shallow depth and thus cannot contain 
water at high temperature, because it is only under low pressure. 

A geochemical and isotopic investigation of the surface indications 
of heat-flow appears more and more important. Without these data 
a correct interpretation of a surface manifestation is not possible. In 
many cases the geochemical history of the deeper waters can be pieced 
together from the surface indications; also the thermal history of the 
water can be outlined. Valuable data can also be collected for the 
exploitation, as a chemical study of the waters allows us to have a 
first idea of their incrustating properties. 

This is not the place to discuss this important argument. We" 
will merely emphasize that a geochemical study of the fluids contained^ 
in the surface manifestations of heat-flow constitutes a necessaiy i 
part of any geothermal exploration program. 

During the last few years the importance of « geothermal wells» 
has come clearly to the foreground. With this expression, not too wel 
chosen and which we would prefer to substitute by « gradient wells >,' 
are meant shallow holes drilled with the purpose of measuring the 
thermal gradient of an area. 

The depth recommended by us is 80 meters; others retain that 
30 meters are sufficient. 

We will not enter into the details as the present paper has another; 
aim. The utility of the survey of the thermal gradient is quite evi] 
dent; if it is possible to determine a zone with an interesting gradient," 
as e.g. 2°-5° C each 10 meters, one is certain to be in front of a zonej 
with good geothermal possibilities. Also in this case, however, this 

' I , , 

I 
j 
i 

i 

indication 
ularly neo 
depth and 
act as a I 

The g 
for a rati 
delimiting 
with seism 
method of 

b) Thi 

After I 
to define a 
in the loca 
bility and 
the establi 
this forma 
to be adeqi 
mation wai 
reservoir n 
can howevi 

High ] 
reservoir: 
high in ord 
that the p: 
order that 
see below. 

The pe 
permeabilit 
excellent n 

In the 
tance, whe: 

c) The 

Once t 
the structu 
currents. A 
contact bel 



t springs, travertine 
•al deposits. 
bvious and it is nqt_ 
ioned however, that 
r right value. Their 
ated. 
)t a sufficient reason 
ns of regional hyper-

an normal heat-flow, 
I geothermal field of 

at the contact of an 
le potential reservoir 
thus cannot contain 

ider low pressure, 
le surface indications 
. Without these data 
on is not possible. In 
waters can be pieced 

hermal history of the 
be collected for the 

; allows us to have a 

ortant argument, we 
jf the fluids contained 
nstitutes a necessaiy 

f « geothermal wells' 
:pression, not too veU 
: by « gradient wells »• 
lose of measuring ^ 

r s ; others retain tba« 

sent paper has anoth 
gradient is quite e 

m interesting gradieU 
. be in ft-ont of a zoC 
ds case, however, ^ 

— 165 — 

adication is not sufficient. Other data have to be added: it is partic-
Rlarly necessary to have data concerning the stratigraphic series, the 
^pth_and the structure of the strata of the local series, which could 
^ as a good reservoir. 

The gradient wells, as the surface indications, are not sufficient 
E|r a rational test-well location. They are however very useful in 
^limiting the area to be investigated by other methods and specially 
mth seismic methods. The low cost of these gradient wells makes this 
Inethod of investigation apt to wide-spread application. 

b) The Stratigraphic Objective. 

After having detected a hjrperthermal zone it becomes necessary 
^ define a stratigraphic objective. It is therefore necessary to indicate 
-& the local stratigraphic series a formation with sufficient permea-
rOility and thickness for commercial geothermal production and for 
,̂ the establishment of convection currents in the water contained in 
this formation. The reservoir must furthermore offer the possibility 
to be adequately refurnished in meteoric water, in order that the for
mation water will not be exhausted by production in short time. The 
teservoir must finally be protected by an impermeable layer, which 

i J ^ however be of limited thickness, as e.g. at Wairakei. 
f High permeability is the most important characteristic of the 

'. Reservoir: not only in fact it is important that the permeability is 
™gh in order that convection currents can occur. It is also necessary 

. , ^ i the pressure drop around the bottom of the well is great, in 
^^rder that the evaporation space is as large as possible, as we will 
yee below. 
11 The permeability due to fracture is in general higher than primary 
^permeability; any dense rock, also with poor porosity, can become an 
^ Ptcellent reservoir rock if it has a high fracture permeability. 
\tf- *n the geothermal field, in fact, porosity is not of great impor-
£^ce, whereas a high permeability is essential. 

c) The Structural Objective. 

fr ' ^ c e the stratigraphic objective is defined we must determine 
Oi ^*^^*"'"al conditions which can constitute a trap for convection 

ents. As we have already seen, such a trap is present when the 
tact between the reservoir and the caprock is disposed in such a 
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way as to prevent the convection currents to reach the topograpij 
surface. This condition is most effectively realized, when the reservi 
caprock contact is concave towards the base as in horsts, antic] 
and other positive structures (faulted monoclines, buried hills ei 
The geometric similarity with oil-traps is evident as at the other 
the dissimilarities: e.g. a commercial geothermal field cannot 
where the reservoir is represented by lenses of sand surrounded 
tirely by shale. 

Let us also remember that in contrast with oil-traps, even̂  
horizontal disposition of the reservoir-caprock contact can constit^ 
an efficient trap for convection currents. 

The important conclusion is that, to determine traps for ca 
vection currents, geothermal exploration has to call' on the saa 
methods as in petroleum exploration: in the first place a surfĝ  
geological and a seismic survey. Anyway a rational exploration pj 
gram has to be accurately studied for each particular case, in or̂  
to adapt the means of exploration to the stratigraphic series and ^ 
structure of the zone. 

The exploration methods to be taken into consideration are 
logical and photogeological surveys, gravity surveys, magnetic, radio 
activity, radio-sonde, seismic, electric, geochemical and gradient sjj 
veys, etc. 

Whatever method is used, the purpose of these survey's is ti 
individualization of a trap for convection currents and the detem 
nation of the depth of the top of the reservoir rock: in other won 
one of the most important purposes of these surveys is the compilatii 
bf a contour map of the reservoir in a zone, recognized as beii 
hyperthennal, 

d) Faults in Geothermal Exploration. 

For a long time a quite different concept as guide for geothen 
exploration prevailed. It was accepted then that the only sourceŝ  
heat for a geothermal field were the juvenile waters, i.e, steain 
magmatic origin, which was presumably separated from a cooli 
magmatic stock and which, as the name indicates, reached the surfii 
of the earth for the first time. The formulation of this idea is due 
LoTTi, who studied the Larderello field. 

Consequently it was thought that a large system of open fai 
was needed, which would constitute a passage for the steam from 
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niagmatic reservoir to the productive horizon; This theory, sb fasci
nating in its simplicity and so genial in its formulation gave in the 
first place a simple and direct explanation of the overheating of the 
steam, produced by the Larderello wells. 
- The h3TJOthesis of Lorn gave in fact a satisfactory geological 
explanation of this apparently mysterious fact and which was for a 
long time considered as incompatible with a direct origin of the steam 
from hot water in the sub-surface. 

Elsewhere (Lit: 7,8) we have demonstrated that on the contrary 
the overheating of the geothermal steam is better justified on elemen
tary thermodynamic considerations, admitting that the steam is gen
erated by the boiling of hot subterranean waters. We do not weint 
to discuss this pbint in detail here, because we have dealt with it 
elsewhere and also because we intend to dedicate a special study to 
this problem. 

We prefer to illustrate the elementary principle on which the 
expljmation is based. When a well is put on production there is an 
important difference in the fonnation pressure and the well-head 
pressure. If the latter is lower than the boiling pressure of the water 
at formation temperature the formation water starts boiling and the 
WeU flows steam. 

During production the steam flows from a zone with high pres
sure to zones with lower pressures and thus expands. But if the 
pressure at each point does not change -with time, the work spent 
by one kg steam in expansion against the steam at lower pressure 
'ip-hole equals the work which other steara down-hole spends to the 
ssnie kg of steam, pushing it upward. As this condition is present in 
^ch section of the borehole, the enthalpy of one kg of steam does 
•lot change during its flow and its expansion from the reservoir to 
tbe well-head. 

This circumstance alone is sufficient to explain a certain degree 
of overheating. In fact, the saturated steam at around 24 kg/cm has 
tbe maximum possible enthalpy for saturated steam and precisely its 
^nthzdpy is such that, if separated from the water, expanding the way 
*e described it will give overheated steam in the right order of 
overheating. 

Furthermore the steam acquires a high velocity: at Larderello 
*be steam reaches supersonic velocities and already NASINI had cal-
^ a t e d a velocity up to 500 m/sec at the well-head. The velocity in 
the rock around the well can be greater. If the steam is separated 
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from the water in these conditions, a siraple slowing down in v̂ 
borehole provokes overheating; but also if these conditions are jL^ 
realized, there remains the fact that in the well the conditions i^ 
the passage of laminar movement to turbulent movement (REYNOUIQ, 

number) are surpassed and therefore part of the cinetic energy j . 
transformed into thermal energy and the steam is ultimately over..; 
heated. 

If, in addition, the flow in the subsurface is sonic, many aspects 
of the problem change, but in each case there is overheating of tU 
steam down-stream of the narrowest point. 

Each of these phenomena, occuring after the separation of steain. 
from water, produces such an increase in enthalpy per kg, sufficient 
to explain the production of overheated steam with the qualities (̂  
the Larderello and The Geysers steam. 

The hipothesis outlined by us has two advantages over the one 
put forward by Lorri and over other more or less similar ones, ij 
the first place the hjrpothesis of formation water as geothermal flujj 
is geologically much simpler. Secondly it explains easily the mod. 
erate overheating which is observed in geothermal fields, whereas 
with the previous theories it remained unexplained how the observed 
enthalpy never surpasses a limit rather near the value of the maximum 
enthalpy of saturated steam and rather similar for the various known 
fields. 

The theory of LOTTI was carried to its extreme consequences, 
when it came to establish the limit of the production possibilities of-
a field in relation to the dimensions of the area of open faults, car
rying the steam. The reasoning was as follows: the channels feeding: 
the steam have a certain section; if the wells altogether have tapped 
this section, one has reached the maximum limit of production, as' 
the wells tap all the steam that can be furnished by the magmatici 
stock through the faults. 

In 1955 for example the hasty conclusion was reached that the? 
field, which then produced 1,9 billion kwh per year, could not havei 
increased its production and that even probably there was going to 
be a slow decline. 

This conclusion was justified by studying what was actually thê  
mean production curve of the individual wells: in fact many wellsj 
showed a high initial production, followed at first by a rather rapid-̂  
decline, after which the curve shows a rather flat line of a very slpw 
decline. The validity of this curve of decline of a single well was extend-; 
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clover the entire production of the field and the conclusion was its 
(ital decline. 
| r Fortunately the facts have very clearly disproved these arguments 
!l5 in reaUty the production of the Larderello field has passed from 
; 1,9 biUion kwh to 2,3 billion kwh (year 1961); today all technicians 
^ e that the production of Larderello can easily be increased. 
l l This way of thinking was erroneous from all points of view: in 
.tbe first place the steam produced in the wells is not juvenile steam, 
but meteoric water at least for the greatest part and probably entire-
t Secondly, the decline in production of a single well is due to in
crustation, which necessarily takes place at the bottom of a hole and 
tlierefore the curve of decline of a well cannot be extrapolated to 
the whole field. 

In the third place finally, one had entirely forgatten to define the 
Larderello field as a concept nor from a practical point of view. As 
« general concept in fact, one had confused, though purely implicitly, 
tke notion of geothermal field with producing area, forgetting that 
tne boundaries of the producing area had not yet been determined, 
to fact, from the practical point of view no steps had been taken to 
delimit the field with dry holes and it was therefore impossible to have 
3ny serious idea concerning the extension of the production. Never
theless a decline of production was anticipated. 

When wells were drilled outside the producing area, steam was 
discovered and continues to be found. Still today the geothermal field 
°t Lardarello is not delimited and it is certain that the area with pro-
''Uction possibilities extends considerably beyond the actually produc-
big zone. 

, Returning to the guiding concepts for exploration, we know now 
I 'oat the supposed deep faults are not the channels through which 

•*e steam is fed from the magmatic reservoir into the producing 
onzon of the wells. Therefore the criterium of the search for faults 

t f? ders of the steara becomes obsolete; the individualization of the 
njts can however be of help for the location of testwells or devel-

Pnient wells for entirely other motives and essentially because of 
: , ^ '^ct that in the fault zone the fracture perraeability is higher and 
"^refore there are better possibilities for the establishraent of con-

• f ^ o n currents or for a more abundant production, as both are 
^ctly connected with the perraeability. Finally near the faults the 

^ ^ S'ngb^ '/yell was extend-

er flat I* *t*i..»v,i x îf- —J v-uiuicticu Willi UIC pc imcaumiy , ru i auy near iiic ictuiis ine 
)f a si i"^ ''^ ^ ^ ^ ^ ^'"^ t a j°^^*^ ^^^ perraeability are higher as there is secondary porosity 

'̂  permeability by fracturing. Consequently the choking of the wells 
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by incrustation is slower, under similar conditions, in the faultgj 
zones. 

e) Depth of the Reservoir. 

In both the exploration and exploitation stages it is of the utmost 
importance to know the depth of the reservoir. We have in fact seqj 
that the formation water cannot exceed the temperature of its boUing 
point at the pressure, corresponding with the highest point of the re. 
servoir. For example, if the top of the trap is at 100 m depth and if 
at this point there is a normal hydrostatic pressure of 10 kg/cm' the 
temperature of the water cannot exceed 179° C and so on. 

Therefore, if in a hyperthermal zone we have the contours of two 
different traps, of which one has its top at 100 m depth, and thus 
with formation water at a temperature not exceeding 179° C and the 
other with the top at 300 m depth, where the temperature of the for. 
mation water can reach 232,8° C, the second prospect will be preferred 
over the first. 

In the second part of this paper we wrill deal with the conditions 
which rule the production of steam in geothermal fields; we wiU thus 
have the occasion to retum more in detail to the relations between 
depth, temperature, pressure and type of production, also in respect 
to the incrustations, provoked by the passage of hot water from the 
liquid phase into steam. We will see that the depth of the payzone 
and the diameter of the well are important factors for the production 
of steam. 

For these reasons, the most exact possible knowledge of the depth 
of the reservoir-caprock contact is of primary importance in geother
mal exploration. 

Naturally these data have also definite econoiriic and technical 
importance; if for instance the geophysical surveys allow us to build 
a contour map of the reservoir-caprock contact it is possible to avoid 
drilling wells, where the reservoir is at too great a depth. 

Production of steain in wells 

We have on several occasions emphasized that the formation fluidj 
of a geothermal field, producing overheated stezun, is water near On 
boiling point corresponding with the pressure'at the highest point cf 
the reservoir. 
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We will now have to demonstrate and explain the rules according 
to which the hot water in the formation passes into dry, overheated 

-steam at the well-head. 
,In the first place we are giving an analysis of the fluids collected 

at the well-head, followed by an attempt to discuss the geochemical 
meaning of these analyses. 

; 1. Well-head Fluids. 

The composition of the fluids produced by wells in the various 
geothermal fields varies largely from field to field, whereas it is con
stant for the wells, which produce from the same pool. 

For the Larderello field there are the following analyses, furnished 
by the Larderello Company in a work by A. MAZZONI (1951). 

steam 
CO, 

hydroc 
H,S 
N. 

H3BO, 

NH, 

He,Ar, 

arbon 

Ne 

s and hydrogen 

955,0 gr 
42,5 gr 

0,19 gr 
0,88 gr 
0,16 gr 
0,30 gr 

0,30 gr 

1 cubic cm 

This analysis concems a 1 kilo sample of fluid. The analysis of 
one cubic meter of fluid, without steam is as follows: 

COi 
CH, 
H, 
HjS 

N, 

He, AT, Ne 

1 942,20 
1 9,40 
1 17,90 
1 25,00 
1 5,50 

25 cub. cm. 

These analytic data, which have been now repeated since many 
years, are not sufficient to give a clear picture of the steam of Larde-
'feUo and of its variation. It seems that these analyses are averages; 
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anyway the samples were taken at well-head and not at bottom-hole, 
and therefore give incomplete information. 

It is said, although not supported by published analysis, that the 
percentage of HjBOj in the fluid is decreasing. A special study of 
this feature, based on a sufficient number of observations, could be 
of great interest and lead to important conclusions. 

Also many thermal waters of Tuscany are boric. Nearly all these 
waters are sulphatic-calcic water, as many waters condensed by 
steam-jets. 

A. J, ELLIS (6) has published numerous analyses of the waters in 
the geothermal wells at Wairakei and of the other New Zealand fields. 

These analyses differ considerably from each other and ELLIS has 
separated three groups of water characterized by the following Na/K 
index: 1st group: below 9,6; 2nd group: between 9,6 and 10,0 and 
3rd group: between 10,0 and 11,5, 

Analyses of Wairakei waters in parts per million (ppra) (ELLIS 

1961): 

pH 
Li 
Na 
K 
Rb 
Cs 
Ca 
Mg 
F 
Cl 
Br 
I 
SO, 
HBO= 
SiOj 
As 
NH, 
CO3 

H^S 

total 
total 

total 
total 
total 

1st group 
(well 26) 

8,2 
14,8 

1340 
245 

3,3 
3,1 

10 
3 
7,7 

23,00 
5,8 

122 

4,5 
0,25 

15 
2 

2nd group 
(weU 27) 

8,5 
13,5 

1300 
215 

3,3 
2,9 

10 
4 
8,3 

• 22,10 
6,1 
0,6 

31 
112 
690 

4,8 
0,15 

23 — 

3rd group 
(well 28) 

8,4 
13,4 

1320 
220 

2,9 
2,7 

10 
3 
8,0 

22,40 
5,2 
0,6 

34 
115 
660 -

4,7 
0,15 

31 
2 
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, . It is not easy to understand these differences and the problem de-
t at botto o. ^^^^ further investigations. ELLIS believes that the differences in con-

, , >jt»tration are related to the distance between the well and the steara-
analysis, j-^slitig channels, identified as the faults in ignimbrite. But this assump-

•̂ ^ , , \v-|^ is not satisfactorily proved. 
The Wairakei steam is mixed with a little gas varying between 

and 0,07 (mole/100 raole of H^O). The analysis of the well-head 
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ses of the v;aten 
. Nev/Zealand &̂ \-

' 9,6 and lO-̂  -

m ) CB» 
een 

millio'n (pp 

COJ average 

H j S 

Hydrocarbons 

H J 

NJ 

i sat. 

% 
93 

4 

1 

1 

1 

range 
89-97 

1-6 

0,4-2 

0,1-2 

0,3-3 

roup 
, 27) 

8,5 
13,5 
iOO 
115 

3,3 
2,9 

10 
4 
8,3 

22,10 
6,1 
0,6 

31 
112 
690 

4,-8 
• 0,15 

23 

In the Geysers field (California) the steara produced by the wells 
femixed with a smaU amount of gas (average 0,75%), The composi-

^ u 26 °̂  ^ ^ non-condensable gases at the Geysers is: 

8,4 
13,4 

1320 
220 

2,? 
2) 
10 

3 
8J 

22.-

»/ 

COJ 

Hydrocarbons 
H J 

NJ 

HjS 
NH, 

6 weight 

88,73 

5,49 
0,74 

1,29 
2,96 

0,79 

100,00 

c 
Qr °chemical Significance of the Analysis. 
34 Am 
iXif̂  ^ '̂S the non-condensable gases prevails carbon dioxide. This ^ * s 

660. 
Wide spread in nature and is found currently associated with f̂ta***** 

^, hydrocarbons in natural gas fields. In the geothermal field "f 
•^ ^̂  Amiata the first wells gave large amounts of COj and H.S, i>t4 
^ ^ ^̂ ® percentage of gas has rapidly decreased and in 1961 *o«-S 
, ^^ to 30%, according to oral communications. 
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In genered the carbon dioxide found mixed with natural gas and 
steam can have a biologic, a metamorphic or a magraatic origin. 

Carbon dioxide of biologic.origin is forraed in metabolic proces. 
ses, which provide the necessary energy with the respiration and jjj 
other aerobic processes: the combustion of organic substances nor4 
mally takes place at the cost of the oxygen of the atmosphere: jj, 
anaerobic processes the oxygen is derived from certain salts, e.g. thg 
sulfates. 

The carbon dioxide, thus formed, whether it enters directly intg • 
the atmosphere or, as occurs mostly, when it is formed in the suh,: 
surface, is dissolved in water in the form of carbonic acid and mainly 
as bicarbonates of sodium and calcium. The latter can precipitate as 
carbonate and thus liberate half of its carbon dioxide. It should be 
emphasized that the forraation of carbon dioxide is generally accon). 
panied by the formation of hydrocarbons and hydrogen at one side 
and of Eunmonia and HjS at the other side. 

During these various processes carbon dioxide (and not only of 
biologic origin; but also the COj coming directly from the atmosphere 
and dissolved in the hydrosphere) becoraes fixed in the lithosphere' 
principally in the forra of limestone. In the lithosphere the rock can 
be submitted to metamorphic processes, which liberate the carbon 
dioxide from the carbonates; this principally occurs as consequence of 
an increase in temperature. 

The main chemical reactions produced by a rise in temperature 
are: 1) the formation of calcium silicates at the expense of the lime
stones; 2) the decomposition of the bicarbonates, dissolved in the wa
ters and 3) the distruction of organic substances due to the effect of 
the heat. J 

It should be pointed out that the quantity of carbon dioxide, 
which can be formed, depends on the rise in temperature and not on1 
the absolute value, when all other factors remain constant. It is thuŝ  
clear that this is a process which can also take place at low temper-
ature. 

Magma contains dissolved carbon dioxide; in fact carbon dioxide 
has been found in gases which issue from lavas and it has experimen; 
tally been proved that carbon dioxide is soluble in silicate melts of̂  
which it lowers the viscosity. Furthermore carbon dioxide is found in 
the various stages of magmatic crystallization. 

As far as concems the presence of carbon dioxide in natural 
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this could be invoked to confirm the magmatic origin of nat-
steam. But in reality, as we have seen, carbon dioxide can very 
derive frora sediraentary series: this is particularly probable as 

5 gaseous constituents are in general very raobile and therefore can 
^enriched in certain pouits and can mix -with each other intimately. 

Hydrogen sulphide: Hydrogen sulphide is coraraon in therraal 
'estations. In the volatiles of the raagraas, which deposit during 
cooling the metal sulphides and specially pyrite, the content of 
gen sulphide must for this siraple reason reach at least one per-

J of the water (19). This percentage is 20 times as much as the 
igen sulphide percentage of the Larderello steara-jets. 

In the volcanic gases, the available analyses gave from 12 i4 % 
luea) to 2% and 0,4% of i/jS in the gas dissolved in water of 

Egrhatic rocks due tp heating. From the various sulphides HjS is 
^ i l y formed: for example during the alteration of sulphides due to 
i^ter action there are formed hot sulphurous waters: 

2FeSj -f- 2HjO -f 7 0 j = 2 ^ 6 5 0 , + IH^SO, 

FeSi -¥ HiO -f HiSO, = IH^S -\- FeSO, 

Furthermore, as already pointed out, the gaseous products of fer-
g^tation and generally of the decomposition of organic substance 
5Ht, sulphur contain i/jS; the latter can be formed during the an-
l^bic fermentation by reduction of the sulphates. 
_̂̂ fcAt the other hand HjS can be used in its turn to form sulphides 

j|«*S oxydized to sulphuric acid and sulphur. 
•jlfcFrom these facts it is clear that the presence or absence of HjS 
*j»? Natural gas does not constitute a substantial indication concem-
«Rits magmatic or raetaraorphic origin. 
'^Hydrogen. Hydrogen must be present in magmatic gases, in re-
»>5|>n with the equilibrium: 

Ti 
3 FeO -f- HiO = Hi + Fe,Ot 

^jpth equivalent ones. 
f t IS Well understood how in magmatic gases issuing from lavas 

are hydrogen, carbon oxide and methane capable to bum at 
' '^tact with the atmosphere. In fact iron oxide is always present 

Ir^'^s. At the other hand, at temperatures, higher than those, which 
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favor the life of methane fermentation bacteria, sulphur bacteria etc. 
(i. e. over 50° C), there is the developraent of bacteria capable of pro. 
ducing hydrogen. 

It is superfluous to point out that hydrogen is formed by distil, 
lation of organic material. Also the hydrogen of natural steam ca^ 
therefore come from magmatic volatiles as well as from the sedime^ 
tary series; this way another argument supporting the raagmatic orj. 
gin of natural steara loses rauch of its value. 

Gaseous hydrocarbons. It is known that small quantities of gaj. 
eous hydrocarbons have been observed in volcanic volatiles. Methane 
can be in equilibrium with hydrogen and carbon dioxide and thus be 
present in magmatic volatiles. 

It is known however, that practically all hydrocarbons have an 
organic origin and are found in nearly all sedimentary series. There 
is therefore no difiiculty whatsoever to explain the presence of meth
ane in natural steam, as product of a magmatic process or rather as 
result of the decoraposition of organic raaterial during metamorphic 
modification, at low temperature, or finally as product of biological ac
tivity. We point out here that methane enters for 1/10.000 to I/IOOO 
in the non-condensable gas-fraction at Wairakei, whereas at Larderello 
it varies between 1/100 and 1/1000 and this would correspond with 
the. difference in the sedimentary series in both areas. 

Nitrogen and ammonia. The presence of nitrogen and its coifr 
posites in the magmatic gas as such is doubtful and also little prol> 
able. It is however well known that nitrogen and its composites art 
a normal constituent of natural gas of biologic origin; furthermon 
nitrogen is the fundaraental constituent of the atraosphere and is dis. 
solved in surface waters. Ammonia is a norraal product of the decon> 
position of organic material. 

Inert gases. The, emanation of radium, helium and argon 40 jj 
formed as product of the radio-active decay of uranium and potaj 
sium. For this reason they are present in practically all natural gase! 
However, argon 40 as well as argon 36 in proportion 250 to 1 an 
araong the raost abundzmt constituents of the atmosphere (circa 1 %l 

Argon dissolves in water approximately two times better 
nitrogen. In fact, in water there is one part argon on every 35 pi 
of nitrogen, whereas in the air there is one part argon on every 78 p; 
of nitrogen. In Larderello, the proportion of argon in comparison wil 
nitrogen -varies between 1:50 in the oldest analyses and 1:300 in thi 
more recent analyses. 
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In the older analyses the proportions of the two eleraents is of 
R same order as in the surface waters; in the raore recent analyses 

^ quantity of argon decreases in respect to nitrogen. This fact points 
a biological origin of nitrogen. 

We have considered one for one the non-condensable gases which 
ompany geotherraal steam-on the surface and we have seen that 

e presence of these gases does not offer a decisive argument to de-
ine the origin of these constituents. The composition of the mix-
of gases as a whole and specially the relation between some of 

ese constituents, allow a more elaborate discussion. 
We may point out that particularly the argon/nitrogen and the 

ium/radon ratios raerit more attention also because of the rela-
e chemical inertia of these gases. Even more importcint arguments 

®n be derived from the presence of helium of certain isotopes and 
leir quantitative ratios. 

, The isotopes, which can render useful infonnation are Tritiura, 
^^^terium and Oxygen 18 in the waters and Carbon 13 in the COj, ac-
^ d i n g to the investigations of S. KAUFMANN and W. B. LrasY for Nu-
^^ar Studies of Chicago (1953). 
1[̂ " We have analyses of Prof. LIBBY and interpretations of these ana-

f
"^s by Prof, G, BOATO (Lit, 16), who has comraunicated them to us, 

know furthermore that Prof. TONGIORGI is continuing these inves-
tions in the Laboratory of Nuclear Geology of the University of 

g?a- We can add here that Prof. TONGIORGI has repeatedly expressed 
lg^ convinction that the forraation waters of Larderello are of me-
Iggic origin and not juvenile, 
Pmfritium, as an isotope of hydrogen with a mass 3, is continuously 
^erated in the atmosphere by cosmic radiation. Because of its ra-

tivity tritium can be traced even in extremely sraall quantities, 
present the distribution of Tritiura has been altered by the Tritiura 

Uced during the nuclear tests. 
the half-life of Tritiura is around 12 years: the water coining 
recent precipitation, as had been demonstrated by LIBBY had a 

concentration nearly constant all over the earth. 
^toe Waters of Larderello have experimentally given a tritium con 
pt less than 0,4 U. T. which is the limit of raeasuring sensitivity; 
rneans that the waters of Larderello are older than 40 years. But 

ij ^ of the rather slow raoveraent of water in the subsurface, a 
?*t of over 40 years can be easily required for the raeteoric water 
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to penetrate from the outcrop zone of the productive series to the 
depth where it is reached by wells. 

In the Wairakei wells, according to O'BRIEN and BAINBRIGGE (1961) 
tritium has been encountered and shows aii activity of 0,5 T. U. against 
2 to 3 T.U. for average surfac:e water samples of the same area. These 
measuraments indicate an age of less than 40 years for the forraation 
water at Wairakei, i.e. of the order of 24 to 30 years. 

Also oxygen 18 can give indications concerning the juvenile or 
raeteoric origin of water and steara. For instance, the steara in a fu-
raarole of the volcano Paracutin has shown considerable increase in 
oxygen 18 content. 

The analyses of thermal waters of Lassen Park, The Geysers and 
.Yellowstone have shown that they are of meteoric origin: the water 
of LardereUo take in an intermediate position, according to BOATO 

and therefore it is not possible to come to a definite conclusion at 
the actual state of our knowledge. It seeras however according to 
BOATO, that a completely juvenile origin of the steara is to be excluded. 
He concludes prudently that a larger number of arialyses of steam of 
volcanic origin and of Larderello is required. 

CRAIG, BOATO and WHITE (4) have studied the percentages of iso
topes in raany thermal waters, including those of the hot springs of 
New Zealand; Y. B. HULSTON (1961) has confirmed their conclusion 
for New Zealand, that less than 5 % of the formation water can be of 
magmatic origin. 

We have tried to study the geochemic:al and geological significance 
of the helium/radon, of the nitrogen/argon/oxygen and helium/argon 
ratios; we do not repeat here the results of these studies as they would 
require too long a discussion. We are planning to publish these re
sults and will limit ourselves here as to confirm that these do not 
furnish any proof for the juvenile origin of the steam. 

3. Non-Gaseous Constituents of Natural Steam. 

Natural steam also contains various constituents besides the non
condensable gases, hydrogen sulphide and carbon dioxide. The pres
ence of non-gaseous constituents of the steam should be considered 
with much prudence. In practice it is not easy to distinguish between 
condense water and water mechanically carried up with the steain, 

Up to the present there is no lack bf examples'which show that 
often the water which accompanies the steam is carried upward from 
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the payzone by the steam. Consequently the cheinistry of the .steam 
as such can be mis-interpreted. Certainly, for instance, this is the 
case with the CaSO, contained in so-caUed condense water and in the 
boric waters of certain wells of the Larderello zone. ' — 

CaSO, is a usual constituent of the waters in Tuscany due to cir
culation in calcareo-dolomitic and anhydritic forraations of the Mes
ozoic. Also the fluorine encountered in some analyses of these so-called 
condense waters, has to be attributed to the typical fluorine content 
of the sulphatic-calcitic waters, in view of its ratios and the pi7 value. 
The fluorine' measured in the a fumaroles » of Larderello by GAUTIER 

[has probably the same meaning. 
^ It.is therefore evident that the geochemical significance of such a 
fluorine content is entirely different- from the fluorine content of high-
temperature fumaroles, which is in the form of hydrofluoric acid, 
fluorides, fluoborates and fluosilicates in the sublimates of these fu
maroles. 

> • ' 

._, Also the sodiuin chloride, sodium hydrocarbonate and the other 
salts contained in this water carried by the weUs of the Wairakei 
field are an indication of waters carried up mechanically by the steam. 
»t is s)rmptbmatic that even constituents, volatile under certain con
ations, as e.g. boric acid and silica, are nevertheless relatively raore 
^undant in the waters than in the real steara. 

This is in accordance with the pH of the solution but it is as such 
Iti 
% 
^ot a proof that we have to do with a solution carried up from the 
j^yzone or with a real condensation product. In the published anal-

r̂ iW?? °f the steam of test-wells and the water of the producing wells 
|J«,Wairakei, fluorine seerns relatively much more abundant.in the 
.i|5^ni. The pH of the water and the above described behaviour of boric 
jQd and silica make us consider these data with perplexity. 

. Possibly the steam and water analyses, which we considered are 
t̂ eahty not directly comparable. In consideration of the general 
chemical behaviour of fluorine, the absence of hydrochloric acid 
^the rather amazing presence of hydrofluoric acid in.the Wairakei 
% prevent us.tp consider the latter data as definite intlication for 
™niarolic or juvenile character of the Wairakei steam-jets, 
•the same applies, even more so, to boric acid, which is essen-
y present in the chlorinated waters. These are very probably essen-
I of marine origin and contain already an appreciable amoimt of 
c acid. 
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It is not difficult to explain a 50 time increase in the HjBOt con
tent in respect to NaCl, considering that the steam can have volatU-
ized much of the boric acid and carried up a Uttle water and that 
this mixture is collected in the separator at lower temperature, so that 
the liquid phase of the water has a much larger boric acid content. 

4. Conclusion as to the Origin of the Steam. 

All chemical products, the presence of which in geothermal steam 
has been often indicated as a proof for its juvenile origin, are found 
in appreciable amounts in sedimentary formations. 

Such cheraical compounds have a high geochemical mobility at 
high temperatures. This explains the possibility of a high concentra
tion due to a strong flux of heat, such as encountered in hyperthermal 
zones. 

In conclusion there is no proof whatsoever for the direct magma
tic origin of the fluids produced by geothermal wells. In sorae cases, 
as e.g. for Wairakei, we have proof that the steam and water pro
duced by the wells are at least for 95 % of meteoric origin. For other 
cases, and in particular for Larderello, there is no geochemical proof 
whatsoever for a juvenile origin of the fluids, whereas there are many 
indications, though no definite proof, for an atmospheric origin of the 
water, which, penetrating from the surface into the reservoir rock at 
depth, is enriched by various chemical products, due to the high tem
perature. 

It is however indicated to make a distinction between the various 
problems: the problem of the origin of the waters is different from 
the problem in what phase the water is present in the producing ho
rizon: in liquid or gaseous phase. 

Even when considering the water of a geothermal field as juve
nile, there remains the fact that it is in liquid phase in the reservoir^ 

This is c:ertain for the Wairakei field. We believe that we havej[ 
demonstrated that this is true for the Geysers field, in a previous pa-.' 
per (Lit. 8). Many of the considerations, brought forward in this paper; 
and in other published papers, apply to the Larderello field. It is 
therefore sufficient to add here that the only important argument, 
which has made other authors believe that the payzone contains water, 
in gaseous phase, is the fact that the steam produced in wells is over
heated over the maximum value of any saturated steam. 
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Jt We believe to have demonstrated that the overheating can be 
explained in another way (Lit. 7). 
i; It is on the other hand rather difficult to imagine that overheat-

*(si steam could exist in' an extensive porous horizon, i.e. steam, which 
\ is not in contact, not even laterally, with water in liquid phase. 

The fundamental work by J, GOGUEL (Lit. 10) comes to conclu-
i&ons, very similar to ours, following another way. We consider this 

^ o r k as the basis of the modem geothermal science. 

Production of a Well and Flo'w in Stationary State. 

We have seen that the hot water of the producing horizon does 
l ^ t have a temperature higher than the boiling point, corresponding 
Jrith the pressure at the highest point of the payzone, i.e. that the 
^ t e r is in liquid phase. 
p | r ' When a weU reaches the payzone, the drilling mud normally exer-
^ses a pressure in excess of the forraation pressure; if the producing 
oorizon has large open fissures there can occur a loss of circulation 
«I there is established a pressure equilibriura between drilling mud 
Ptessure and formation pressure. With nonnal perraeability, on the 
^ t r a r y , there is forraed an impermeable wall cake. 
I P In both cases the well does not enter in production immediately. 
B'e driUing mud at the bottom of the hole however, is heated by con
a t i o n and gradually the entire mud column is heated till in sorae 
g«nt of the mud column boiling can start; therefore, if the steam can 

jffiaust from the well-head, the height and the density of the mud 
6^"™^ diminsh and at the end the formation water penetrates in the 

is different fro ( i ^ * In this way, after a more or less prolongated period, the well 

the proc ducing b* I R e n t e r on production. 
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«««er on production. 
Naturally, this period can be abbreviated or eliminated by de-

^ ^ g the weight of the mud, or by extracting the mud, with meth-
• •-—KSimilar to those employed in the petroleum industry to put on 

"ftion an oil or gaswell. 
I ^ bot formation water, rising in the well, is submitted to a stead-

reasing pressure: at a certain point its pressure becomes lower 
"tin °^^i^g pressure and the water starts boiling, 

en all the water in the well has evaporated, the bottomhole 
e is the same as the well-head pressure plus the weight of the 
V/hich fills the borehole, 

be latter is negligible: for steara at 200° C at a depth of 1000 
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meters it is around 0.5 kg/cm' for saturated steam at 10 atmospheres 
wellhead pressure. 

When a well starts producing, evaporation takes place in a tu, 
inultuous way and there is a real eruption of steara and hot water; 
rather large rock fragments can also be thrown oiit with violence by 
the well, as reported by drillers ad Larderello and Wairakei. 

We should remember that evaporation is the more tumultuous 
and violent, the smaller is the BPD ( = boiling pressure distance) of 
the water and the larger the difference between formation pressure 
and well-head pressure; this is valid as long as the fluid does not reach 
sound velocity at any point; beyond sound velocity the flow depends 
on the geometry of the well. 

As, furthermore, one cannot modify the temperature of the for-
mation water, it is iiidicated to open the well-head as much as pos-
sible in order to obtain steam eruption and to create at the bottom 
of the hole a maximum drop in pressure. In this way the best condi. 
ticjns are realized, as boiling takes place in the formation', as far as 
possible from the well. • 

In a previous paper (Lit. 7) we have introduced' the concepts 
« evaporation space » and a evaporation surface » for production ata 
stationary state. 

We intend now to come back to these concepts, whereas we wiU 
at a later stage return to the initial transition period, i.e, the putting 
on production of a well. In this phase, the process is like an adiabatic 
expansion, whereas the normal production flow is iso-enthalpic. 

The « evaporation space » is the portion of the reservoir, where 
the water evaporates or is in steam-phase. The « boiling, front » is that 
portion of the evaporation space where evaporation starts. We can 
imagine its form more or less as a hollow sphere, at the outside of 
which there is 100% water, whereas on the inside there is up to 100 % 
volume steam. 

The evaporation space can be roughly indibated as a sphere; it 
would be very similar to a sphere if the pas^zone would have an is&j 
tropic perineability and porosity, which will be rather difficult to real; 
ize. III reality the evaporation space Will be more extensive, where 
the permeability is larger as along an open fissure. Other deformatioiis 
can be in relation with the length of the producing interval in the well 
with the form of the producing part of the well and with the oper
ations earried out in the vvell in order to increase the productivity 
(hydrafrac, acidification etc.). 
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|For the moment, therefore, we will forget all this and limit our-
to consider the much simpler case of a spherical evaporation 

e, ie . we will consider the case of a payzone with constant per-
ability. 
lit is important to know the diameter of the evaporation space for 
Qy reasons and first of aU because the chemical products dissolved 

m.e fonnation water are separated starting from.the boiling front. 
Qe of these are precipitates, causing incrustations, which limit the 
duction bf a well or which make it cease. The incrustations are 

l̂ reason of the production decline: obviously, when these have filled 
[places not occupied by the rocks of the boiling front, production 

s, because there is no more permeability. 
j[The radius of the evaporation surface is ruled' by a formula of 
'approximation: -

r« = To 

Pj — Ps 

JL^ the distance from the well to the evaporation surface. 
^ j j ^ . the diameter of the well in mm. 
%4^^ the formation pressure in kg/cm*. 
^ • ' - the bottoni-hole pressure during flow, assuming that the bot

tom-hole pressure is the same as the well-head pressure of a 
.flowing well. , . 
tbe. boiling pressure of the water at the temperature of the 
water in the formation. . ' 

t ' t is clear that P, — Ps corresponds vvith the BPD, i.e. boiling pres-
distance, .-
Ŵe will apply this formula to several examples, ref erring to Fig, 
the diameter of the wells at the various locations A, B, C, D and 

nim and the bottomhole flow pressure is 10 kg/cm', the dia-

yf 
3̂00 

•Of the evaporation sphere is respectively at 1200 inni, 657 mm; 
K ^ ' 798' mm and 336 mm from the. axis of the well, 
l ^ e remarks in particular the difference between the points D 
tfc-' ^**^^ted in the same well. At D the evaporation surface has. a 

^as long as twice that of the well, whereas at E it bariely reaches 
l ^ u s of the weU. 
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At greater depth than E, for example at ,1300 m, the BPD is around 
90 km/cm" and the evaporation takes place in the well. ,; 

With a well diameter of 150 mm, the other conditions remaining, 
the same, the diameter of the evaporation sphere is reduced to half-i 
already at C evaporation takes place in the. well itself, -, 

The hot water, containing salts at saturation, deposits these when' 
evaporates. This takes place on the boiling ffont; if evaporation takes' 
place in the well itself, the well will be completely incrustated inai: 
short time. With all other conditions being the same, furthermore;^ 
the deeper well of two wells in the same field will incrustate the fifstj 

Also the diameter of the -well has a strong itifluence. 
The above formula shows that the evaporation area increasesf 

greatly, when BPD is near to 0. The difference between the points D 
and E of our example is very near to 0, whereas the BPD of E is finite^. 

We can make an attempt to form an idea of the order of time 
necessary for the complete obstruction of the evaporation space wî V 
incrustations. 

If the radius of the evaporation sphere is one meter, the volume' 
of the sphere is 4 X 10^ cm'; •with a porosity of 20 % the space to hê ;, 
filled is 8 X 10' cm*. Accepting a water of a sulphatic calcareous type,̂  
saturated and containing 2 % CaSO, with a density of 2, each liter of;; 
evaporated water deposits 10 cm' of salt. Therefore 8 X 10* liters df; 
water, i.e, 80 tons, are needed for ccjriiplete obstruction: here we 
should point out that good producing wells in Larderello give up toi 
300 tons of steam per hour. 

This ealculation therefore cannot be strictly applied in actual' 
cases where the calculated evaporation sphere is of small diameter. Itf 
should be mentioned that not all the water reaching the outer surface: 
of the evaporation sphere is really evaporated: one. part evaporate 
and .the greater part circulates. This latter part c:an redissolve thê  
incrustations. .•'' 

But there are other reasons for some caution in the application 
of numerical calculations of the above mentioned type. If the payzoM! 
has mainly a fracture porosity, as in Larderello, the Geysers and Waft; 
rakei, the rules of the pressure variations near the well are much difi 
ferent as W, J, BAKER (Lit, 1) has demonstrated also experimentally. 
This author has even calculated the distance in the well -where tufe 
bulent movisment-starts.^^ ' l' 

It is nearly not necessary to remind that the analogy betweeri ffl 
oilwell and a steam-well should be treated with extreme caution. ID' i 
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in a steam-well the pressure chrop is in relation with the change 
ihase frora Uquid water to the steam. We have not studied in de-
the behaviour of the biphasjc fluid. After separation of the steam, 
ly processes contribute to the overheating: 1) increase of the en-
^y due to the decrease in velocity in relation with the greater flow 
Ibn in the weU; 2) increase of the enthalpy due to the change in 

from laminar to turbulent, when the steam enters the well or 
ire, il BAKER'S data can be applied; and 3), supersonic flow effect, 
fa reached. 
| t is indic:ated to take into account other facts. For example, an 

able part of the salts can be expulsed frora the fluids in rapid 
ent in the evaporation sphere. Furthermore the water may not 

pturated. 
ill evaporation takes place inside the well, obstruction by incrus-

gn can be extremely rapid and the opening can be in fact closed 
few minutes, when the water is rich in salts. For a well of 300 mm 
[eter and for a length of 1 meter the volume is 707 cm'. With a 
ity of 2 gr/liter 800 liters of water are sufficient to obstruct the 
completely: i.e, a few minutes of evaporation are all that is 

fid. 

|There are suspicions that some wildcats, which gave steam for a 
•nmutes and which afterwards did not give any production of 

Îjlgfr nor steam, were in the above described conditions. Specially 
~ wUdcats on the island of Ischia and in the Phlegraean Fields 
^. Naples) have given steara and water for raore or less expanded 
!^^ from a few hours to a few days or weeks, ceasing all produc-

subsequently, as reported by F. PENTA (Lit. 15). • 
In these cases it seems to us that boiling took place in the well 
that incrustation is the only reason for the cessation of the pro

ton. It seems that these wells entered the payzone in small dia-
'f ^ d we have seen that the size of the evaporation zone is re-
to the diameter of the well. 

._ I Would be interesting to reexamine the data concerning the 
^ the Phlegraean Fields and Ischia; it could very well be that 
*^tion, the application of abrajet or hydrafrac treatments would 
^ Ul.widening the evaporation surface of the wells and perhaps 

^ t e d steam could be obtained. 

' -tiat we this far have said about the moveraent of fluids in fis-
^ n d about the iraportanee of the slowing down, possibly also of 

; transition from linear flow to turbulent flow, for the overheating. 
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gives a rational basis to the einpiric observations which had already' 
indicated the importance of fractures for the production of overheated 
steam. ' • ^ 

The wells which produce overheated steam in larger amounts ar̂ ^ 
those which have the payzone fractured to a larger extent. LardereHo* 
arid The Geysers are classical examples. But also at Wairakei the best 
production is obtained in wells, where the Wairora formation, whij^' 
forriis the payzone, is fractured, - . : ; 

Cpncluslons 

In a geothermal field with wells which produce overheated steai| 
we can distinguish three elements:. the heat-source, the permeable" 
payzone and the impenneable caprock. • ,:{-. 

The perineable payzone contains water in liquid phase at hydroi, 
static pressure; when the heat-flow is sufficient, the temperature cfj 
the water is near.the boiling temperature corresponding to the hydro, 
static pressure at the highest point of the reservoir. 

The water in the payzone is affected by convection currents; theii 
fore the temperature of the water, differs little from one point to the 
other iri the reservoir. A pool is • therefore deifined by its average tea 
perature. 

Geologically a geothermal field is a trap for convection currenti 
The depth has a great influence on the behaviour of the watg 

which is to produce overheated steam: the best conditions are in tte 
highest point of the reservoir, because at that point the hydrostafe 
pressure of the water is the lowest and its temperature nearest to tla 
boiling point. In any other point of the reservoir the distance betweai_ 
boiling temperature and boiling pressure is larger. The BTD ( = boi 
ing temperature distance) and BPD ( = boiling pressure distan^ 
factors allow to build rather useful maps for the exploitation Qi$ 
field. These maps together wi th contour maps of the caprock-reservdi 
contact are the basic doctunents for the location of the wells and fe; 
the choice of the right size of hole. 

The evaporation volume is the space around the well where 
transition of the water in liquid phase to its gaseous steam phase t 
place and therefore where the incrustations occur. The production 
cline of steam with time in a well is due to incrustations, * 

It is therefore important that the evaporation volume is as 

as possible. The 
and BTD and the 

Both the sph( 
pressure drop neaj 
to the turbulent i 
cause the tfansfoi 
overheating of the 

Treatments oi 
which improve or 
the initial yeld of 
of incrustation, Pe 
allow to obtain o\ 

Flow 1. - BAKEK, W. Ji 

II) 1961. 
2. . BozzA, G. -, Stdl'orig 

rello S.pA.) 1961. 
3. - BuRCASSr, R, - Pros, 

(U. N. eonference o 
4. - CRAIG, H . ; BOATO, G. 

(Proc. of 2Eid Confe: 
Science. Nat. Res. C 

5. - Ems , A, J, and AMI 

New Zealand Therrm 
6. - Eujs, A. J. - GeothBi 

Sources of Energy, p 
7. - FACCA, G. and TONANI 

. rence oa Ne-w Sourw 
S. - FACCA, G. and TONANI 

fisica Teorica ed App 
9. - FACCAi G, and TONANI. 

Mineraria, Anno XIIl, 
JO. - &5GUEL, J. - Le r^gitni 

1953. 
II. - HULSTON, J. R. - fsoti 

N. Conference on Nev 
11 - MAEINEIXI, G. - L'imt 

gique de Belgique, t, ( 
• MCNITT, J, R. - Geott 

t^nce on New Source 
• NASINI, R . . j soffioni 

• . > ^ . - - -.".- -l- ' : . \ 'y_' . ." '• ' ' " " " ' ' v ' ; . '-''•:•••"';*:"''"•:.. '•'^"' ' " ' ' ' : : S ' ^ ^ ^ : ^ ' \ ^ ^ ) ^ i ^ . 
^=>i;SJ:: 

-:^ 



;h had already 
1 of overheated 

jr aunounts an 
ent, Larderello 
lirakei the be» 
rmation, whict 

^erh'eated steam 
the p'ermeabk 

phase'^t hydro 
temperature d 

ng to the hydro 

currents;, there 
one point to tbt 
its average teo 

/ection currents 
ur of the wat<5 
itions are in ^ 
: the hydrostaofj 
re nearest to tl" 
distance betwef 
he BTD ( = 
•essure distan^^ 
exploitation o' ' 
;aproek-reserv^ 
:he wells and t* 

,\ 

; well where 1̂  
team phpse ta^ >, 
le" production " ^ 
tions, 
volurae'is â  
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possible. The most important , factors are permeability, the BPD 
* BTD and the size of the hole. 
[Both the spheric flow and the fissure permeability allow a rapid 

re drop near the bore-hole. The velocity decreases, the transition 
|the turbulent flow and the processes related with the sonic flow 

Jthe transformation of cinetic energy into thermal energy. The 
rheating of the steam is due to these phenomena, 
treatments of the type of hydrafrac, acidification and abrajet, 

improve or create fracture permeability, cause an increase in 
^ t i a l yeld of the wells and are useful in eliminating the effects 
acrustation. Perhaps hydrafrac treatment might in certain cases 
/ t o obtain overheated steam instead of saturated steam. 
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Discussion 

G. GOGUEL: M. Fatxa a justement insists sur le fait que la majority des 
gisements geothennaux contiennent de I'eau sous forme liquide, k une temp6. 
rature plus ou moins proche de la saturation. Cependant, si il existe une cou-
verture impermdable avec ime fermature suffisante, il peut y avoir des poches 
de vapeur, dans lequelles le gradiant vertical de pression est trfes faible, k cause 
de la density de la vapeur. Si celle-ci est en ^quilibre k sa base avec I'eau phr6a-
tique, sa pression au point haut peut etre tr^s supdrieure k la pression hydro-
statique. Si une baisse de pression produit la vaporisation, et si on cherche 
comment la zone de vaporisation peut pdn^trer dans le terrain, on trouve que 
la forte viscositd de la vapeur, entraine uun gradiant de pression beaucoup plus 
fort du cot6 vapeur que du cotd eau. Ceci peut entrainer la rupture du terrain, 
et sa pulverisation k mesure que la vaporisation progresse. 

C. J. BANWELL: In the Wairakei field holes lapping large fissures do not 
cause separation of steam in the feeding formation (? not clearly legible, N. of 
the E.). In these holes, the curve of main (? not clearly legible, N. of the £,) 
output versus pressure has a characteristic form which agrees well with that 
calculated from two phase flow theory. In other holes lapping a smaller feeding 
fessure or less permeable zone there is a discontinuity in the output pressure 
curve and the main output rises little above a limiting value as wellhead pre& 
sure is reduced. 

G. C. FACCA: Geothermal steam is quite often overheated steam, i.e. in Lar 
derello. The Geysers. However, the range of the enthalpy values is narrow. En
thalpy never overcomes about 700 kcal/kg, being mostly about 670 kcal/kg: and 
of course also less than that, down to moist steam. This is just the maximum 
enthalpy for saturated steam (just the steam which -wUl become overheated 
during adiabatic isoenthalpic flow); or, at most, the same enthalpy value plus 
some tens of kcal. These latter tens of kcal correspond strictly with the excess 
cinetic energy of steam having sonic velocity at the hole-bottom (p, T) conditions. 

Such an overall energy of the gas phase will be attained in the region of 
the narrowest section when approaching maximum output conditions. It is just 
the expected enthalpy of the geothermal fluid, when the water fonned in the 
narro-wing sections has the possibility to sepcu^ate from the gas phase. 

On the contrary, we are able to observe practically any temperature, i.e. 
enthalpy value, where some independent source feeds heat to geothermal fluids. 
For instance, in most fumaroles and fumarole fields of volcanic regions all the 
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conditions are observed, going from satureted steam to water-rich gases sev
eral hundred degrees hot. The agreement between some thermodynamical char
acteristics of water, and the overheating observed at Larderello and The Gey
sers, seems to us hardly a fortuitous coincidence. We report it as a general-
reason against the a priori rejection of the process of separation of water, and 
for accepting some two phases process as a basis for a theory of geothermal 
fields. It was not our aim in this work to deyelop such a theory. Thus, we do 
not know how steara separates, nor claim detailed arguments about well output. 
However, we could recall that a limiting value of the output is expected for one-
phase flow, by decreasing pressure down-hole, when sound velocity is attained 
in the narrowest section. 

A. R. MCBIRNEY: It is a characteristic of the flow of compressible fluids 
through pipes that the pressure gradient is much greater near the outlet than 
in the remaining lenght of the pipe. I believe that this has been shown by 
measurements in New Zealand, where most of the pressure drops occurs within 
5 feet of the surface. It therefore seems unlikely that a large pressure drops 
could occur near the walls of the well at any significant depth. 

G. C. FACCA: We did not treat the problem of the flow through pipes. In 
fact, the strata feeding the wells are, generally speaking, a porous medium. 
At the surface of a cavity in a porous medium, or in the region limiting it, 
the section of the flow rises more or less abruptly. This will be the case at the 
hole-bottom, or at the border region of cavities feeding it. 

On the other hand, when considering the flow of fluids from strata to the 
wells, it seems evident that stream tubes in the porous medium are narrowing. 
Thus, in general we have a minimal section effective for the flow somewhere 
in the feeding porous formation. This section is not very far from the well, — 
in general — and different conditions may be realized but are less usual. Maxi
mum pressure drop will occur where stream tubes are the narrowest in the 
roughly homogeneous porous medium, as laboratory and field evidence indicates 
for natural gas and oil. 

J. HEALY: In New Zealand the largest producing wells tap water. This con
fines deposition of calcite and silica to the wells at levels where boiling takes 
place. Where this occurs in the country deposition of minerals may reduce 
permeability. However, water levels are still falling in the Wairakei field, and 
niany wells will change in character, so we will be able to collect additional 
••ata on this. 
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THE ENERGY SITUATION TODAY 

This country i | embroiled in an energy c r i s i s . The United States 

luces; only aboiit three-quarters of the energy that i t conis)ume5. 

Approxi mately 48% of^oMr energy consumption Is in the form of petis<i1iej;im 

produets. Petroleuniprodiiets are also important In the manufacture of mia;ny 

consumer goods such: as plast ics. Approximately one-half of the total 

petroleum consumed In the U.S. comes from foreign countries. The $80 bi^Tion 

the U.S. spends yearly in foreign markets for jjetroleum has a higLhty 

detrimental effect on the U.S. economy. AlterriatlA^jel sources of energy t l a t 

qan be used to deî reefse our dependence on forei^pf^^et'roleum are ntefiplv. 

Energy use forecasts •for' the year 2000 and beyond lf|l;150fei that a l l feasi l le 

al ternat ive energy siufces wil 1 be needed and thati^Cilnservation measur?e|i:5ii|i 

have to be practiced as well i f our standard of l.;i?̂ sn!g is to be main?t|f|^;. 

The energy c r is is p; ' real l 

.<9 

Wmo-BEEim. ENERGY — A VIABLE ENERGY ALTERNATIVE 

SJ:a 

Of the undevelqped alternative sources of energy, hydrothermal energy is 

probably closest to being economically feasible.. Hydrothermal energy is 

geothermal energy in the., form of hot water and steam that occurs naturally at 

many locations beneath the earth's surface. Studijes: by the U.S. Geological 

SJiiirvey indicate ti iaf hydrothermal energy forms a very laigge energy res,erve in 

the United Statesi The potential for development of hiydrothermaT eiiti1^|f in 

the U.S. Is estimated to be 2400 Quads (2400 x lO^S B^u;);, cpnipa:red | | ^ ^ f c ! s 

yearly total eriergy use of about 80 Quads. L i t t l e of 1^1 s Tafge ' r i ^ ^ ^ ^ ^ h | i 

been develfOped: irr the past due to the aval Iabi Ti ty Q% n^ ' i t tMM^ ; i ; | p ^ ^ ^ p § 

eAergy in other fiirTilsw But today, energy costs are 1n(:;!reasi:ng: w O ^ ^ ^ ^ l ^ P ^ 

^ hydiiothermal enii^gy is becoming cost competitive Wl?th more; 

^Sources. Hydrothepitl energy Is t ru ly a viable energy aItifnatiy^;^ 

^ ^ i ^ ^ ^ ^ ^ ^ ^ -
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NATURE OF HYDROTHERMAL ENERGY 

Hydrothermal energy can be used either for generation of electricity or 

by direct application of the heat in industrial processing, space heating, and 

other uses. High energy, high temperature geothermal steam is currently being 

used to generate electricity at The Geysers steam field in northern 

California, which provides enough electrical power to supply a city the size 

of San Francisco. Hydrothermal electrical power Is also generated in other 

countries. Including Italy, Mexico, El Salvador, New Zealand, Japan, and the 

Philippines. Direct geothermal uses are also important in the United States. 

Since before the turn of the century, Klamath Falls, Oregon and Boise, Idaho 

have had district heating systems to heat houses and public buildings with 

hydrothermal energy. In Iceland, a volcanically active Island that Is part of 

the mid-Atlantic ridge, much of the space and industrial process heat is 

geothermal. Extensive use of direct applications is also being made in 

France, where many of the homes and other buildings in the Paris basin are 

geothermally heated; In New Zealand, where industrial uses of direct heat are 

on line; in Japan, where geothermal fluids find many uses including raising 

poultry and fish; and in Hungary, where large greenhouse complexes are 

geothermally heated. 

The temperature of geothermal fluids ranges from over 300OC (5720F) down 

to shallow groundwater temperature, which averages about 150C (590F). High 

temperature hydrothermal resources (>1500C = 302OF) are relatively rare—much 

more common are low- and moderate-temperature resources. Figure 1, taken from 

U.S. Geological Survey Circular 790, "Assessment of Geothermal Resources in 

the United States--1978"l, shows the relationship between number of known 

occurrences and resource temperature down to 90OC. Little at all is known 

about resources with temperatures lower than 90°C. 

Available free by written request to Branch of Distribution, U. S. 

Geological Survey, 1200 South Eads Street, Arlington, VA 22202. 
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o â  
4^ 

300 
i 

400 50© 600 

90 ^ 170 210 2^0 - 290 

RESERVOIR TEMP. IN DEGREES iElJSIUS 
330 

Geothermal resources are comprised of three main geo log jcaT .^^^^p i t s : 

1) a source of heat, 2) a f l u i d (water or steam) to ca;rr^ | J ^ h e i l f ^ ^ ^ ^ l R t l T 

hdle from which i t flows or cari be pumped to the su:p5Pafei:, a p 3 | : , ^ ^ | ^ f f i ! j | e 
'-..-t'. 

system of pores or fractures in the rock throu|(h wffi:(:h: Wi0 

c i rcu la te . The heit source Is sometimes a shallow bpdlî  of rn^^ 

s o l i d i f i e d hot roc:k. Al ternat ive ly , the shallow heat may" P|5;U;I|,;J 

\/ery deep circulatio^n of groundwater to hotter regiop/t'^Q' to i^ t ih i l^ 

where the water is heated and rises buoyantly to the; suriaee. 

'-'V-:^'r 
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Hydrothermal resources Oecur throughout the; United States, a l f l & i t l 

iesfe has the largest share of pre'sentTy khown resoiirces. Such hydrfeiigl^^^ 

surface manifestations as hot springs arid hot weTts are abundant 1 n ||C|??|^p 

Fiigtire 2 shows the location of many of tlie known hot springs and weSsfJiS^!}!^ 

Uriited States. Although many occurrencies and areas favorable for # j@ i i l ^ ^ - - , * ^ ^^^ 

Of 'lyd:rbthermal resources are shown on Figure 2, l i t t l e is kr^'-'" ^̂ ^ '^S'*^^-'^^'^'^^' 

about individual areas. This is because l i t t l e exploratiori a 

geliitlvjermal areas has been done to date 

Indicates a widespread and 

ivrfned reservoirs. 
oteiir^ltifes 

nown̂  w; ;-iidp^i8f ^ ^ 

rid dr f f l^ lnMKi i?^ 
Thus, although the large Wmis^^m^^',-^,'^ 

i Substaritial resource basei 4hgig|;'%^-^;r/jSji^ 

Dr i l l i r ig and flow testing of resoure ;e . ' ^ i t ^^^^ I^^ li*̂  

dete^lfilrie temperature and productivity w i l l be required for • • m i J ^ ^ ^ i i . ^ S 'T^ 

cori^i-niiati'oh before development can take place. - ' • - ^ ^ } : f ^ ' ^ ' . ^ : ' ' ' ' ^ 

DEVELOPMENT OF HYDROTHERMAL ENERGY 

^^l. ./Hydrpthermal energy Is not widely recognized by the public s;̂  M i : i ^ ^ ^ ' , \ : : ^ ^^h 

ir6#feG-eiV The past common use of hot springs has been for spa^v ifii*isiflfeik^'A ':•* 

m |;|ia|i|iltr has been given to other application of the heat energyv 

I fHi^ 'has been v i r tua l l y nb iridustry bu i l t up around d i rect hydr 'b lh i i^^ jP^^^^^ ' 

W;ei; ;lsei|;k good exploration and d r i l l i n g -techniques and experieriie,;, ' Ipr id^^p^^;; , :v^^ 

me§||pi:e!d before, there, is l i t t l e detailed knowledge of the resource i ^ § ^ ^ " 

eonfl'rfned reservoirs. Few states have adequate geothermaT 

present, there is l i t t l e economic data on direct geothermal 

makes economic feas ib i l i t y studies uncertain and financli 

obtain. In short, there is no private sector Infrastructure ad||ul ! |§l^.^. , , 

develop direct geothermal uses at the rate that the re lat ive ly large ' ^ ' ^ ^ ^ ^ M ' ^ ^ ^ ^ 

base indicates as possible and that th is country's needs indiea't;e as T6e|||g .̂;̂ -V'\V' 
desirable. " / ':V: •', • 

Exploration for hydrothermal reservoirs is a high risk eriterpiril^i^^SM' 

insure that a suspected reservoir will be economic, the developer mu|S^^i^ip? 

into the resburce at depth, measure the temperature and flow ratei^.l^^p^ '4P 

sophisticated analysis techniques to estimate the productivity a ' ^ i ^ ' - ^ l l ^ ^^^ ; ; 

of the resource. The preserit high risk; level for reservoir conf i rms i i i l ^^ iTM •-

: L : I : ^ . . L ^ . ^ - ) J 
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•;ia!|i iy frpm the; laCjk of resource knowledge stated above and partly l^im the 

•faiit that i3rjese|ilr'^ techniques are not well eriq;ugh deveToped 

toi, ensure a h igr i r lMel of probabil i ty that a d r i l l hole w i l l intercept a 

r^esburce. Hyd;rbthetmaT reservoirs are never uriifbfim or continuous, and 

Unproductive hoTes-, are sometimes d r i l l ed in the middle of the best^ of 

resQ;urGes. Better iteciiriiques for and more experience in s i t ing weTliS; are 

riefeded to decrease the risk of d r i l l i n g an unproductivje^ we l l . 

Present developers of electr ical power generation from h1gh-tempera|uhre 

reservoirs are generaTly large resource companies that can finance resep^sijir 

cphfi rmation by spreadi;ng the high r isk and cost over many projects. Ho^^pr^ 

these large compariies are usually not interested ir i development or ut1Ti:za|1;bt 

of lower-temperature reservoirs because of the re lat iyely small scale b#is;u;lh 

projects. Smaller developers, the ones most l i ke ly to be interested 1'ri-MWP 

ahd moderate-temperaMre geothermal resources, are often unable to spread-ri^k 

and cost in the saitie way that a large company can. A single unproductiy.e well 

can mean financial disaster for them. In addit ion, many prospective 

developers and users bf direct heat hydrothermal energy are not resource 

companies and therefore are not accustomed to the tec;hn1 ques and risks of 

resource development. In some companies risk money fbr geothermal development 

cari not be obtained from management. For these reasons, i t is not expected 

that the direct heat user in the private sector w i l l be able to perform needed 

reservoir conflrmation of signif icant magnitude for dfreet heat hydrothermal 

resburces by himself in the near future. Without fe;deral assistaiiGei^jtliiej^e 

w i l l continue to be-very l i t t l e use of the large hydrpthermal :;^eSb||i^^^^& 

that exists in the Uriited States. ,v-:^*r " 

,,„.^<iiv';;. 
The User Coupled Confirmation Dr i l l i ng Program ;Will speed:, h p j i ^ j j ^ i ^ l -

- - " ' ssswy j i r f ̂  ••• 
industr ia l izat ion by absorbing some of the high risk and cost v ^ i i j ^ ^ ^gp l v ' : 

same time develpping an experienced industry in the private; sec;t^i|:^^P^^Iifl'^ 

reduce future risk -arid that can carry on without federal; aiclPi:ri ' t he^ f^u i^^^ . . . ' 

' . : 1 - : \ > V - - • ; 



USER COUPLED CONFIRMATION DRILLING PROGRAM 

Summary Program Description 

The U.S. Department of Energy, Division of Geothermal Energy is 

sponsoring a new program that absorbs a portion of the high front-end risk and 

cost of development by providing cost-sharing of hydrothermal reservoir 

confirmation for direct heat applications. The User Coupled Confirmation 

Drilling Program will cost-share expenses for exploration to site drill holes, 

drilling, flow testing, reservoir engineering, and injection well drilling (if 

required). Cost-sharing or. financing for the utilization system to be 

Installed once the reservoir is confirmed are not covered under this program. 

The federal percentage of cost-share will be determined by a negotiated 

formula based upon usability of the thermal fluids intersected by the 

drilling. For a completely successful project, the DOE cost-share will be 20 

percent, whereas for a completely unsuccessful project the DOE cost-share will 

be 90 percent. The degree of success and the corresponding OOE cost-share are 

expected to range between these extremes for Individual projects. 

The new program will be initiated by a DOE Solicitation for Cooperative 

Agreement (SCA), to be issued in May 1980. A 90-day period will be available 

thereafter for preparation and submission of proposals. It will be required 

that proposals detail, among other things, 1) the geologic evidence that a 

resource exists at the site of Interest, 2) the direct heat use to be made of 

geothermal fluids if discovered and confirmed, 3) an adequate exploration, 

drilling, flow testing and data analysis program, and 4) an acceptable 

cost-share plan based on degree of success of the project. Proposals will be 

reviewed and awards made in accordance with applicable federal regulations. 

Successful proposers will negotiate a contract with DOE. The contractor's 

funds can be used to perform the project, or alternatively a loan can be 

obtained from a commercial financial institution, using the DOE contract as 

evidence that project risk has been substantially reduced. The project will 

then proceed under contractor management. After flow testing, the degree of 

success will be determined through analysis of flow testing results and by 

application of provisions for this purpose that have been negotiated in the 
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fib^lrafeti. The BOE post-share is then determiried, and DOE pays th is amount to 
^Me Gbntractor, completing the agreement. 

Program Objectives 

The objective of the User Coupled Confirmation Dr i l l i ng Program is; to 

l o i t e r economically viable use of direct heat hydrothermal energy in the 

^Upi^ed States by the industrial and private sectors by: 

1) getting direct heat u t i l i za t ion started by absorbing a portibii; ,.bif 

the risk asspciated with confirmation of hydrothermal reservbii^l ' 

while at the same time; 

2) developing an experienced infrastructure of exploration, confirmar 

mation arid u t i l i za t ion engineering consultants., contractors a|id 

equipment manufacturers who w i l l reduce reservoir confirmation risks 

in the future. 

This federal program is scheduled to phase out as private iridustry begins 

to grow on i t s own. 

We must anticipate that some unproductive wells w i l l be d r i l l e d . 

e>(tent to which successful reservoir confirmation w i l l occur w i l l deperic^-p|bri 

1) probabil i ty of occurrence of the resource, 2) probabil i ty that a \ ^ | ^ ^ 

be si-ted properly t o intercept the resource, and 3) probablii'ty t h a t . i | ^ ^ | | ? " 

WiTl be d r i l l ed and tested properly. Petroleum and mineraTs; ' " ^ ^ ^ P ^ ? ' 

developers understand and accept these probabi l i t i esari ' i l db -ri'^iyifeMmeM'' 

discburaged when unproductive holes are d r i l l e d . This same-attitjude|| 

adbpted by the new direct heat geothermal Industry and by bthers as;sM^ild!^r 

with;; th i s program. 



Proposals to DOE 

A 90-day period will be available for development of a proposal after DOE 

issues the Solicitation for Cooperative Agreement in late May 1980. Those who 

write proposals can be users or developers of direct heat hydrothermal energy. 

Proposals must contain evidence that: 

1) there is a user who intends to use the resource if discovered; 

2) the user or developer has or can obtain rights to required land and 

geothermal fluid and/or heat; 

3) other required permits can be obtained, and 

4) environmental considerations can be handled. 

The proposal must detail a project that the proposer Intends to carry out 

to confirm a hydrothermal reservoir for direct heat application. Reservoir 

confirmation requires flow testing of a hydrothermal well and analysis of the 

results in terms of temperature, producibility and longevity of the resource. 

The proposal can be to test an existing well or to drill a new well for 

testing. The original contract will generally be for the drilling of a single 

reservoir test or confirmation well, although contract modification to allow 

more drilling 1s feasible depending on initial drilling results. 

The proposal must document the geologic evidence that a reservoir exists 

at the site proposed. Proposals with good geologic evidence for existence of 

a reservoir will be favored over those with poor evidence. The best geologic 

evidence would be direct evidence consisting of known thermal springs or wells 

or of thermal spring deposits. All geological, geophysical, geochemical, and 

hydrological evidence should be given that bears upon existence of the 

Suspected reservoir, and negative evidence should be given as well. 

The end use(s) to be made of geothermal fluids should be given along with 

an analysis of the engineering and economic feasibility of the project. The 

end use(s) will specify the temperature and quantity of geothermal fluid 

required, and this will bear on determination of degree of project success. 

Engineering items to be discussed Include process energy requirements 
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.(;|em|iei*ature, fljOw, Ipad factor) and system design. Economic data tb be 

fUrriished include M p i t a l requirements, replacement bbsts, annual costs and 

t a ^ s for the fbTl^W-bri Ut i l izat ion system as well as detailed costs for the 

cost-shared portion:; # the project. 

I f a well i s t o be d r i l l e d , the proposal must j us t i f y the well si te 

sMeetion and must show the data and analysis used in s i t ing the well ^ or 

alternatively the prpposaT must specify an exploratiori prpgram to develop data: 

for use in well s i t i ng . Geological, geophysical, geochemical, hydrol^gicair 

and other data generation and analysis are encouraged. Shallow d r i l l i r i g ifpf:, 

thermal gradierit determiriation may also be a useful tPol to help select a : i | s | ^ -

well si te and wi l l be cost-shared. The proposal should also contai^^ja. 

d)*i l l ing prognosis that br ie f ly describes preliminary d r i l l ing plans. Lat^r 

;-';in: the project, before actual d r i l l i n g begins, a more detailed plan w i l l b& 

, required. 

A preliminary plan for reservoir testing and analysis of the results must 

be presented. This plan can be modified later deperiding upon d r i l l results. 
• ' < ' . . / • ' • " 

The: plan must be grounded in modern-day hydrology arid reservoir engineering 

and must basically determine usabi l i ty of the geothermal resource for the 

purpose intended. Items to be specified include teSfirig methods, duratibri, 

f low rate, measurements to be made and accuracy and techniques to analyze test 

data. 

A methbd must be proposed for determining degree of suece^ii^i|^^;|^ 

prpject. This method should depend upon results of the fl̂ bw. ;tes:tl5n|j| 

^he intended or other possible end use(s). I t is recogriifzed t h a i * ^ e | ^ S i i h i 

the quantity or temperature of f lu ids discovered may' nbfs^sUppbt^'l^ri^^^Eil^ 

primary intended erid use, these hydrothermal f lu ids are l - i k l l ^ y t b b ^ 

some level or to be worth something in a sale. This isjipuTd b e - a x a ^ J ^ ^ ^ ^ ^ 

i r i determining degree- of success. The degree to -which ea:c t i : ' ; | ^p^^w^ 

successful w i l l var^ from si te to s i te and i t is not. p o s s ^ i b f e - i f i ^ ^ ^ p ^ ; 
<-:,j^^a^-^:.'' 

s^pecify a certairi fbrmula for determining degree of SUbcesSv ^ i M f h ^ ^ ^ ^ M l 

be up to eâ eh: prbpser to specify degree of success f o r i#;S; pa;r|| i<Qyl^^^^j| i t 

;̂S a funjPtlbn b f ̂ properties of the f lu ids interseetei?. ' T̂ hej ||?b|b:^ 
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for determining DOE's cost-share should be addressed in the proposal ,.|hUj..; 

should be based upon and tied to the proposed method for determining degree^of'^-

success. 

The proposal -should give evidence that the proposer has a metlgdlvipf,: 

firiancing and carrying through the project if an award is made. Firiari|||p:^^|r-^ 

be either internal or external (bank loan, stock, bonding, limited [jtJaŜ p!̂ ^̂ '̂  

ships, etc). There is the possibility that up to 20 percent bf t i % - i | ^ ^ 

CPSt-^share could be invoiced as expenses occur, but the major - § < 0 W ^ W ^ ^ r -
" - ;;,•j';?'.:'^*Jf-.,•• 

firianGing must be arranged by the proposer. At the time of the pr;l|||^ij|^v';; 
i " , • > • " * ' • • ; ' ^ J T ' * ' ' ' ' 

will not be necessary to have these financial arrangements ebfTi|l?^5%/:|ii,'I 
eyidenee should be given that firiancing can be arranged. 

•M 

• -.-vr. 

^^^S'i>a 

Proposals that address projects to develop'a large amount P̂  :)iyi!*li|:iRrt^ 
direct rieat use and therefore to displace a relatively larg^ a|g^||||-'^pi^ 

K---^Z-^hi 
eorix^eritipnal energy, will be favored over those that address prily ;| llf^fe 
amourit of direct heat development. 

- vs 

Proposers are advised and encouraged to obtain the services bf fMlliailleî -' 
- 'V::--"£pf,^^;': 

and competent consultants arid contractors for exploration, drilling, »li|S^isi;i^ 

testing, utilization, financing, legal, and other aspects of their ;p,^!^^^r--

project for which they lack specific expertise, 

carried out by a competent staff will be favored. 

Projects that are to' 'If 

Once proposals are evaluated, notification will be made tb; •|l;||jfv 

proposers that are successful. A contract between the proposer and D|ir?irlif 

then be negotiated, and the project can begin. 



The Project 

The basic project work flow is visualized as follows: 

Proposal 
\ 

Contract with DOE 
\ 

Financing 

Exploration 

Drill Site Selection 

Drilling and Logging of Reservoir Confirmation Well 

Flow Testing 

Injection Well (if needed) 

Degree of Success 

DOE Pays Cost-Share 

Construction or Retrofit 
\ 

Energy Use 

Once a contract is negotiated, the successful proposer will finance his 

project either internally or with a loan, as discussed previously. This 

proposed method of funding has advantages over full federal funding In that it 

develops contacts between users and bankers that will continue once the 

federal government has stepped out of the program. It also decreases 

substantially the total cost to DOE, which means that more projects can be 

funded for the same program budget. Once financing is obtained, exploration 

will begin, followed by- drill site selection, drilling and logging, flow 

testing, and if needed an injection well. At each step, data will be sent to 

DOE, and from analyses of those data a joint decision will be made by DOE and 

the proposer as to how to proceed. When the well is tested, the degree of 

success will be determined as agreed in the initial contract, and DOE will pay 

its share, concluding the project. Follow-on installation of equipment to use 

the geothermal fluids will be the responsibility of the user or developer. 

Financial assistance for this may be available through the Geothermal Loan 

Guaranty Program. 
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At several stages in the prbgram, more detailed plans w i l l be\vigegiliateedO '̂' 
than were submitted duririg the prpppsal and contract n e g o t i a t i p i | - % ^ ^ ^ , ^ j ^ ^ 
Before test well d r i l l i n g , a .detailed d r i l l i ng ; plan deSGribirig. | r # S I ^ ^ < - i H X ^ l 
anticipated problems and methods to abide by: regul. " ' • ' - " - - - ^ - ^ 

detailed plan for well test ing w i l l be required before 

Simi lar ly , more detai led, DOE^approved enyirpnmentc 

before test d r i l l i n g , before flow testing and for s i te restoratipri.: f fe iJ f lM^, . : 

sensitive environmental issue w i l l probably be f l u i d disposal durii:ig^f|pt:^' 

m. U?' Sv testing and during subsequent operation. DOE will assist in the enŷ f̂tb'n'̂ ^̂ il̂ '; 

reporting process by issuing a generic environmental document th||: fpi^gM-r 

useful to some users who can simply attach envirbnmental conSideirJiyb:!^?}^!^^ 
.̂ '-".^S^^i-it^-'-f-

their Individual projects and the report will meet regulatory regUireme|!i^^ ̂  

•y 

Who i s El ig ib le 

^ 

Private Individuals or cpmpanies and state and local goyerrim|rytk.|i^^i^^'l^ 

can offer proposals under this program. The proposer will be rei'aM||[><^^^^^ 

:demPriStrate that he has incTuded adequate gePlogical, drilling, ertfJiliiaEMSJ:*^^]^ 

and other expertise in the proposed project. Consultants and coritraita^i^*?^^;:^^V^ 

be used to provide this expertise as needed. -'':'-

Schedule .."lo; 

The first SCA will be issued in the last part of May, 1980, ^ j ^ ^ ^ J : ^ 

period will be 90 days. Successful proposers will be notified about ;§|p^m^^>^';-'v 

1980 and then contract negotiations will begin. It is anticipated thafê Prrtfa.'lŶ ^̂ ^̂ ^ 

Present plans call for ^ W l ^ ^ ^ ^ 0 ^ j ' - i ^ \ 
•^A.|,i.,-

projects can begin in November 1980. 

solicitations on about a 6-month cycle. A prospective proposer who mi 

first solicitation period would thus have later opportunity to ;prpp;(̂ : 

project. :̂  
\ i 
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Management 

The User Coupled Confirmation Drilling Program will be managed for DOE 

Headquarters by. the Idaho Operations Office of DOE with assistance from the. 

Earth Science Laboratory of the University of Utah Research Institute and from 

EG&G, Idaho, Inc. 

Technology Transfer 

In order quickly to .develop a knowledge and experience base in the 

private sector, much of the resource and exploration data for the project will 

be publicly available on open-file. In addition, selected case studies will 

be published. Although it Is very important to make data, techniques and 

results widely available, it is also Important to protect proprietary 

processes and techniques. Propriety of information can be protected, if 

desired and provision to do so will be negotiated in the contract. 

Interface With Other DOE Programs 

The User Coupled Confirmation Drilling Program has important interfaces 

with other DOE programs. Among the most important of these is with the 

Geothermal Loan Guaranty Program (GLGP). Assistance with financing for 

installation and operation of utilization equipment will not be part of the 

User Coupled Confirmation Drilling Program. The resources of the GLGP, 

however, will be available for this purpose. Details are still being worked 

out with the intention of making it as easy as possible to move into the GLGP 

once the reservoir has been confirmed. 

Two other important DOE programs exist that can offer help to proposers 

to the User Coupled Confirmation Drilling Program. These are the State 

Coupled Resource Assessment Program and the State Commercialization Planning 

Program. Figure 3 shows states in which there are teams working to assess 

geothermal resources and to facilitate all aspects of industrialization of 
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geothermal energy.. Prospective users and deveibp^'^s of hydrothermal e f e ^ H i l t e ^ / ? ^ 
these states are encouraged to contact state* teams for assi Staf l^e^ i ' ' ^ | |^p j | '^ -^ 
i.^£ 4.i>_ -._ 4.1 . , „ - .,,., k.. ^'^tairied from DOE-Idaho Operat1:bns:3(i^i^^.-pv^ information on these programs cari be 

in Idaho Fal ls , Idaho. 

Anticipated Program Results .-; ..v .^ 
• : , . : - - • ' . • ' - . " ' . • . ' . y * ^ 

I t is anticipated that th is program w i l l result in an 1^i^^i^fi?.^A^ 

u t i l i za t ion of direct heat hydrothermal ;ejr)ergy that w i l l d e ^ r e f ^ ^ ^ ^ ^ ^ ^ 

dependence on foreign petroleum and aid in mit igating the energy cr;i; 

exterit to which th is w i l l be pbssible w i l l depend c r i t i c a l l y on Ihe^i i ial^^ 
- -••'^"'iM^t^ 

funding that Congress authbrizes for th is program. I t is est imat| |d^^!^ 

federal expenditure of $250 mi l l ion in 1980 dollars that direct, | | i i | 

result of th is program would result in an annual petroleum sayi;ri|!^T|J^^^S 

mi l l ion barrels per year by the year 1987. For an o i l price pt 

represents an annual savings i n payments for foreign petroleum P f \ | ^ p 

mi l l ion per year. 

nr.^^ -''^''''rrJM^ri^.r^ 
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THE STATE COUPLED TEAM 

DOE-HEADQUARTERS (Washington) - Gerald P. Brophy (202-633-9491) 
Program planning, guidance, priorities. 

DOE-IDAHO FALLS OPERATIONS - Leiand L. Mink (208-526-0638) 
Program implementation, contracting, management. 

STATE CONTRACTORS 
Performance of state project. 

UNIVERSITY OF UTAH RESEARCH INSTITUTE (UURI) - Duncan Foley (801-581-5283) 
LOS ALAMOS SCIENTIFIC LABORATORY (LASL) - A. William Laughlin (505-667-6711) 
GRUY FEDERAL - Joel L. Renner (703-892-2700) 
VIRGINIA POLYTECHNIC INSTITUTE AND STATE UNIVERSITY (VPI) - John K. Costain (703-961-5096) 

Management assistance to DOE, exploration, and technology development. 

NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION (NOAA) - Paul J. Grim (303-499-1000) 
Publishing state resource maps. 

U. S. GEOLOGICAL SURVEY (USGS) - Marshall J. Reed, James R. Swanson (415-323-8111) 
Assessment of U. S. Geothermal resources and computer storage of geothermal data. 

Alabama 
Alaska 

Arizona 
California 
Colorado 
Hawaii 
Idaho 
Kansas 
Mississippi 
Montana 
Nebraska 

Nevada 
New Mexico 
New York 

North Dakota 
Ohio 
Oklahoma 
Oregon 
Texas 

Utah 
Washington 
Wyoming 

PARTICIPATING STATES 

Gary V. Wilson 
Donald L. Turner 
Ross G. Schaff 
W. Richard Hahman, Sr. 
Roger C. Martin 
Richard H, Pearl 
Charles E. Helsley 
John C. Mitchell 
Don W. Steeples 
Alvin R. Bicker 
John Sonderegger 
William D. Gosnold 
Duane A. Eversoll 
Dennis T. Trexler 
Chandler A. Swanberg 
Burton Krakow 
James R. Dunn 
Kenneth L. Harris 
Frank L. Majchszak 
William E. Harrison 
Donald A. Hull 
Charles M. Woodruff 
David M. White 
Robert F. Roy 
J. Wallace Gwynn 
J. Eric Schuster 
Edward R. Decker 

205-349 
907-479 
907-277 
602-884 
916-323 
303-839 
808-948 
208-334 
913-864. 
601-354. 
406-792-
402-554-
402-472-
702-784-
505-646-
518-465-
518-783-
701-777-
614-466-
405-325-
503-229-
512-474-
512-475-
915-747-
801-581 
206-753 
307-766 

•2852 
•7198 
•6615 
•2733 
•0967 
•2611 
8760 
•4477 
3965 
6228 
8321 
-2457 
-3471 
-6691 
-1920 
-6251 
-8102 
-2231 
-5344 
-3032 
-5580 
-5994 
•5588 
•5501 
•6831 
•5327 
3278 
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Abstract 

Although the emphasis of United Nations' assisted geotherraal projects has 

been on demonstrating the feasibility of producing rsodest amounts of geothermal 

-fluids, the potential capacity of individual fields has been estimated by the 

energy in place methods developed by Bodvarsson, and tested by the decline 

c\urve method. 

The energy in place method, including single fracture flow, intergranular 

flov ejid intergranular vaporization models, has been applied to thjree geotherraal 

fields resulting in total resoiu-ce estiraates ranging from '̂ BO to l6,800 J-M-yrs, 

The results of these studies must be considered highly tentative, however, due 

to inadequate reGer\'-oir data nnd a poor knowledge of pi'oducing mechanisms, 

j '£h(i decline curve inethod has not given quantitative results concerning 
• I 

ultimate field potential because of the relatively short duration of well 

tests (several v/eeks to a maxiiaum of 11 months). In all cases, however, the . 
I 

j decline of flowing wellhead pressure, field pressui'e, and flow rate has 
i V 

1 continued to decrease v.'ith time, which is interpreted to indicate pressure main

tenance by tlie mechanism of steaxn separation in the reservoir, 

A regional assessment of geothennal jxjtential is in progress for Central 

America. The method adopted requires the estimation of the probable nuinber of 

geothermal fields in the region, as inferred from geologic and geochemical 

infox-c-ation, and the estimation of the probable productivity of the potential 

fields as ir-ferred from a s'tatistica]. analysis of fields alJ*eady under 

development througjiout the \rorld. The statis'tical study, based on data from k2 

fields, has been completed \rLth the following res\ilts: 

file:///rorld
file:///rLth
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a) The probable average power capacity of reservoirs contained in 

volcanic rock is J)60 M-/, and there is a 68 per cent probability 
» 

that the capacities of such reservoirs will be in the r ange of 

90 to 1580 l-f J. 

b) The probable average pov/er capacity of reser̂ 'oirs in sedimentary 

rock is 1560 1--"'.', and there is a 68 per cent probability that the 

capacities of such reservoirs will be in the range of U80 to 

5200 m . 
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' ' - r '•• -. -̂ ''~,̂ '-' ĉ-;.:!'- -. ^ j - V ^ ' ^ i ^ ^ ' O ^ 

'••.••,"••,. "y'-'*?--''-';'-^v',"i-. _' 

. " • • ^ - ' • $ - . ' 
- - • • ' ' • • . • ^ ' • > • • ,.-

-. .;..j.::-?\,'. • ; 

rj'^^' r 



. * : • • ; 

' '. 'H^--:ji}^'^^'^yi^Z^'i'-^^^y '''^^:-^'^--'y:"-' ' ;'-;', "f ̂ X 0 ' ' .^^•'';-'.';;^:V^"*A'?-'^-!>C.i"%^'"'"''•'•-..; "̂ .in?̂ ^ 

•- s l d s 

oned Cum. % 
i Sedimentary rock 

r e s e r v o i r s 
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TABLE 1 Area and Povrer Capacity 

Area of field 
or area of 
associated anomaly 

I . .-, ' .- ," '-

Field Km Area, I^K^LO Cum. ^ 

1. 
2 . 
5 . 
4 . 
5 . 
6 . 
7 . 
8. 
9 . 
10. 

n . 
12. 
15 . 
14. 
15. 
16. 
17. 
13, 
19. 
20. 
21 . 
22. 
25. 
24. 
25. 
26. 
27. 
28. 
29. 
50. 
5 1 . 
32. 
55. 
54. 
55 . 
56, 
57. 
58. 
59. 
40. 
41 . 
42. 

Taiiuangtusi 
Bouil lante 
Matsao 
Reykjanes 

• Ivraf l a 
Takenoyu 
Matsxikawa 
Momotombo 
Onikobe 
Paujetskaya 
Svartsengi 
Bagnore 
Hawaii 
Ahuachapan 
Otake 
Hatchobanx 
Namafjall 
Travale 
N. Hachiman-tai 
Kawerau 
ICL zi Id ere 
Brady 
Olkaria 
Vfairakei 
Broadlands 
El Tatio 
Kaveih Kama, j ang 
Piancastagnaio 
Brawley 
iUfina 
Beowawe 
Wai otapu 
E. Mesa 
Krisuvik 
Heber 
Hengill 
Ssaton Sea 
.Long ValTey 
CesEino 
Cerro Pr ie to 
Larderello 
Geysers 

0.5 
0.8 
0.8 
1 
2 
2 
2 .1 
5 
5 
5.5 
4 
5 
6 
6 
6 
6 
7 
7 
7 
9 

12 
12 
12 
12 
15 
14 
14 
15 
18 
13 
21 
28 
40 

•40 
50 
50 
54 
60 
65 
70 
.80 

100' 

-0.301 
-0.097 
-0,097 

0.000 
0.301 
0.301 
0,522 
0.477 
0.477 
0.544 
0.602 
0.699 
0.778 
0.778 
0.YY8 
0.778 
0.845 
0,845 
0.845- . 
0.954 
1.079 
1.079 
1.079 
1.079 
1.114 
1.146 
1.146 
1.176 
1.255 
1.255 
1.322 
1.447 
1.602 
1.602 
1.699 
1.699 
1.752 
1.778 
1.815 
1,845 
1.9C^ 
2.000 

2.55 
4.65 
6.98V 
9.50 

11.63-
15.95 
16.28 
18.60 
20.95 
25.26 
25.58 '• 
27.91 
50.23, 
52.56 • 
54.88 
57.21 
59.55 
41.86 
44.19. 
46.51/ 
48.84 
51.16 
55.4r 
55.81 
58.14 
60.47 
62.79 

. 65.12 
67.44. 
69.TC" 
72.09 
74.42 
76.74 
79.07 
81.40 
85.72 
86.05 
88.37 
90.70 
95.02 
95.55 
97.67 

* References for Table'l can be found in Appendix A 
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U.S. GEOTHERMAL ISSJDUSTRY 
IN 1978 

By Robert Rex 
Republic Geothermal, Inc. EARTH s m 

INTHODUCTION 
The geotherraal indus t ry in the United 

Sta te .3 has been growing r a p i d l y and 
under-going s.ignificant change frcm i t s early 
orientat ion focu's on The Geyser's dry steam 
f i e ld in Ca i i f o rn i a . As can be expected, 
the f i r s t commercial f i e ld in the United 
State.3 ha3 se t the pace for the geother-raal 
i n d u s t r y . Technology and envi ronmenta l 
problems, economics and operating pract ices, 
1-iave a l l been shaped by The Geysers f ie ld 
which has grown s t e a d i l y in capacity over 
the past twenty f ive y e a r s . I t shou ld 
exceed the 1,000 Mw production figure by 
a b o u l : I98O o r 19OI ( F i g u r e 1 ) . 

The growth of thi.'s capacity appears to be 
sustainable for at lea.":<t another 1,000 Hw 
and geophysicai exp lo ra t ion suggests that 
s e v e r a l thousand Mw of c a p a c i t y a r c 
p o s s i b l e . Signif.icant step-out d r i l l ing in 
the c e n t r a l and n o r t h e r n p a r t s of The 
Geysers KGRA should be done in the next 
three y e a r s , and then we wi l i be able to 
b e t t e r e v a l u a t e the con t r ibu ion of the 
pr^obably extensive hot -water resources in 
the area , and morc clearly define the real 
extent of the dry stea-n f ield. 

INDUSTRY CAPACITY 
One measure of geotherraal p r o d u c t i o n 

GEryERATfl(\JG CAPAC8TY 
AT THE GEYSERS KGRA 
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capaci ty is the araount of stean production 
currently being sold and cont rac ted to be 
sold. Tte principal operator in The Geysers 
f i e ld is the Union Oil Company, which 
operates for the joint ventur-e that includes 
Magma Power and Thermal Power (Natomas) . 
Union has a 50^ working i n t e r e s t in the 
project , with Magma and Thermal each having 
a 25% working in te res t . 

Ttie Union-Magnia-Thermal group i s presently 
the only supp l i e r of steam tha t i s being 
sold, and the Pacific Gas & Electric Company 
(PG&E) i s using that steara to supply their 
502 Mw of installed capacity. Aminoil USA, 
I n c . , 3ucces.30r to the Burmah Oil Corapany 
and Signal Oil i n t e r e s t s , i s scheduled to 
have 135 Mw of capacity on l i n e with s a l e s 
to Pac i f ic Gas & Electric Canpahy s tar t ing 
in approximately another year (Figure 2 ) . 
Hughes Aircraft Canpany's Ther-racgenics, Inc. 
sliould have 55 Mw on l ine in approximately 
another year and a half, also sel l ing steain 
to the Pacific Gas & Electric Company. 

The Shel l Oil Company expects to have 
sales in the ea r ly 1980s to the Northern 
C a l i f o r n i a Power A s s o c i a t i o n , and the 

McCulloch Oil Corporat ion in tends to have 
significant capacity on l ine for .sale to the 
California DeiTertment of Water Resources in 
the mid 1980s. Sever;.^l other operators are 
actively dr i l l ing for steam and liot water In 
The G e y s e r s . These corapanies i n c l u d e 
Occidental Petroleura, Standard Oil Company 
of Cal ifornia (Chevron), Phil l ips Petroleum 
Company, Republic Geothermal, .Inc., and W-lAX 
E x p l o r a t i o n , I n c . , with the p r o b a b l e 
addition of .several others . Other than 'Hie 
Geysers, there i s no conmercial praiuction 
of geothermal resources under way in the 
Uni ted S t a t e s . However, severa l o ther 
c o m m e r c i a l p r o j e c t s a r e now u n d e r 
construction. Probably the f i r s t of these to 
go into production, at a commercial l e v e l , 
w i l l be the M8 Mw hot water /wet steam 
fac i l i ty that is located on Federal l e a se s 
in the East Mesa f ie ld in the Imperial 
Valley. This p a r t i c u l a r p r o j e c t , which 
Republic Geother-mal has under construction, 
utili-2es a nearly fresh water resource tha t 
has no c o r r o s i o n , s c a l i n g or hydrogen 
.sulfide problems. The power cycle for t h i s 
plant, will use conventional dual flash steam 
technology. 

PROJECTSOJM OF BNSTALLED 
GEOTHERMAL POWER CAPAC5TY 

IN MEGAWATTS 

1977 1978 1979 1980 1981 1982 1983 TOTAL 

UMION 
MAGIVIA 
THERMAL 
AfWINOIL 
THERMOGENICS 
SHELL 
MCCULLOCH 
REPUBLIC 
UNION 
MAGMA 
CHEVRON 
PHILLIPS 

TOTAL 

502 106 110 

135 

220 

55 

10 
10 
10 

48 
10 

440 1378 

110 
55 

50 

135 
55 
110 
55 

58 
20 
10 
50 
50 

502 106 275 113 220 

50 

50 655 1921 

Figure 2. 
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The second comraercial p r o j e c t w i l l 
probably be a 50 Mw dual f lash steam power 
plant on the Federal leases in the Roosevelt 
KGRA in Utah, near the town of M i l f o r d . 
Here, .the P h i l l i p s Petroleum Corapany, in a 
joint venture with Rogers I n t e r n a t i o n a l , 
wi l l be producing wet steam and converting 
i t in to e l e c t r i c i t y for s a l e to the Utah 
Power and Light Corapany. This project will 
u t i l i z e a low s a l i n i t y water t ha t a l so i s 
r e l a t i v e l y free of corrosion and hydrogen 
sulfide problems. Roosevelt has one of the 
h o t t e s t geothennal resources yet discovered 
in the U. S., and other than i t s d i s t a n c e 
from markets, i t could be one of the more 
econonically a t t rac t ive geothermal f ields in 
the country. Unfortunately, i t i s d i s t a n t 
frora major marke t s and i t w i l l have to 
compete with o ld , low c o s t , c o a l - f i r e d 
f a c i l i t i e s , making i t econctnically sanewhat 
handicapped compared to p ro j ec t s c l o se r to 
r a p i d l y growing load c e n t e r s such a s 
Southern California. 

Several o ther commercial wet steam/hot 
water power pro jec ts are now under way in 

the Iraperial Valley, .seme with i n i t i a l 10 Mw 
f a c i l i t i e s , to be followed by fu l l - s ca l e 50 
Mw p l a n t s . Those include a Magma Power 
Company 10 Mw experimental binary f l u i d 
f a c i l i t y at East Mesa, which should be in 
opera t ion by 1979. and a 10 Mw f a c i l i t y 
supported by the Union Oil Company at the 
North Brawley f ie ld . Standard Oil Company 
of Ca l i fo rn ia and the Southem California 
Edison Corapany have announced a 50 Mw 
p r o j e c t at Heber in the Imperial Valley 
which would probably come on l i n e in the 
1982 to 19&^ time frarae. The Union Oil 
Company, Southern Pacific Land Company and 
the Southem California Edison Corapany have 
announced a p r o j e c t to d e v e l o p t h e 
hyper sa l ine co r ros ive br ine at the Salton 
Sea for power. They have announced that 
they will f i r s t build a 10 Ŵ fac i l i ty to be 
followed by a commercial 50 htw power plant . 
The demonstrated success of the exist ing 
DOE/SDG&E tes t fac i l i ty at Niland makes i t 
p robab le t h a t the Union pro jec t w i l l be 
successful (Figure 3)-

PR0JECT80N OF INSTALLED 
GEOTHERMAL POWER CAPAC8TY 

THROUGH 1983 
IN MEGAWATTS 

GEYSERS 
U N I O N , M A G M A , T H E R M A L , 

THERMOGENICS. A M I N O I L & SHELL 

IMPERIAL VALLEY 
REPUBLIC GEOTHERMAL 

U N I O N , M A G M A & CHEVRON 

UTAH 

1733 

138 

50 
PHILLIPS 

Figure 3. 
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In Nevada t h e r e appears to have been 
several discoveries made by P h i l l i p s , the 
Union Oi l Company and the Standard Oil 
Company of C a l i f o r n i a , of hot wa te r /we t 
steam r e s o u r c e s in t e m p e r a t u r e ranges 
appropriate for commercial development of 
power. I t now appears tha t Nevada may 
c o n t r i b u t e s i g n i f i c a n t a m o u n t s of 
e l e c t r i c i t y from g e o t h e r m a l resources 
s tar t ing in the-raid-1980's. 

Union Oil Company has projected 400 Mw of 
potential IVom their discovery in the Valles 
Caldera within the Jemez Volcano in New 
Mexico. The aggregate contribution frora the 
C a l i f o r n i a , Nevada, Utah and New Mexico 
d i scover ies could e a s i l y amount to 1,000 
megawatt centuries of proven reserves by the 
l a t e 1980s . Fur ther expansion of t h i s 
figure could be accelerated by a l i gh t en ing 
of the heavy tax burden which geotherroal 
energy ca r r i e s . 

DRILLING ACTIVITY 
The r e l a t i v e a c t i v i t i e s of geo thermal 

ope ra to r s in the U.S. cai-i be characterized 
by considering the amount of d r i l l i n g tha t 
they have done in the past three yeai-s. An 

index of th is d r i l l i ng i s the actual footage 
d r i l l e d , which i s a v a i l a b l e from public 
records (Figure 4) . The leader has been the 
Union Oil Company with over '135,000' of. 
d r i l l i n g , acting for it.self and as opera tor 
for Magma and Therraal. The number two 
company i s Aminoil wi th over l 8 0 , 0 0 0 ' 
dr i l led over the past three years, a l l of i t 
in The Geysers. 

The number t h r e e company i s Republic 
Geothermal with nearly 128,000' dr i i le .d in 
C a l i f o r n i a , Utah and Nevada. The nuraber 
four company is the Shell Oil Company with 
near ly 100,000' d r i l l e d , a l l of i t in The 
G e y s e r s . The number f i v e company i s 
P h i l l i p s wi th over 6 5 , 0 0 0 ' d r i l l e d , , 
p r i m a r i l y in Utah but a l s o with some 
a c t i v i t i e s in Nevada and California. The 
number six company i s Chevron (Standard of 
C a l i f o r n i a ) with nearly 52,000' dr i l led in 
Nevada and California. The nuraber seven i's 
McCulloch with n e a r l y 117,000' d r i l l e d 
p r imar i l y in C a l i f o r n i a , and the number 
e ight company i s Magma with nearly '12,000' 
d r i l l e d in t h e i r own name in Nevada and 
C a l i f o r n i a . However , i t should be 
remembered that Magma has a one q u a r t e r 

SUMIVIARY OF GEOTHERMAL 
DRILLiif^iG m THE U.S. 

FOOTAGE DRILLED IN 1975 -̂  1976 - 1977 
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Figure 4. 
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p a r t i c i p a t i o n in Union's ac t iv i t i e s at The 
Geysers and although not an operator t h e r e , 
i t does have a quarter working in teres t and 
that , therefore, the position as an operator 
does not t r u l y r e f l e c t Magma's ac tua l 
position in the .industry. Several o ther 
companies, while not a l l ccraparably active 
over the past three years , s t i l l have been 
s ign i f i can t in the past and can be expected 
to becorae iraportant again in the fu tu re . 
These i n c l u d e Hughes A i r c r a f t Corapany 
(Therraogenics), O c c i d e n t a l P e t r o l e u m , 
Natomas, Geothermal Kinet ics , Hunt Energy, 
Getty Oil Company and others . 

INDUSTRY ROSTER 
In add i t ion to the o p e r a t o r s , a broad 

speetrura of support s e r v i c e s , ha rdware 
s u p p l i e r s and f inanc ia l e n t e r p r i s e s have 
become a c t i v e in the area of geothermal 
energy. Sorae i n d i c a t i o n of th is ac t iv i ty 
can be gained frora the roster of members of 
the Geothennal Resources Council (Figure 5) . 
The cu r r en t p a r t i c i p a n t s inc lude a l a rge 
number of c o r p o r a t e and o r g a n i z a t i o n a l 
enterpri-ses. There are 122 operators among 
the members, whereas support services are 

represented by '113 o r g a n i z a t i o n s . These 
include everything frcm well logging firms 
to environmental contractors. 

There a re 80 hardware aixl supply ccmpahy 
merabers, 38 that can be considered financial 
o r g a n i z a t i o n s , and some 21 individuals or 
groups involved in d i r e c t a p p l i c a t i o n s of 
geotherraal energy, primarily in i t s use for 
space heat. In addition there are some 3'l 
raembers af f i l ia ted with u t i l i t i e s . In to ta l , 
we have seen an e x p l o s i v e g r o w t h of 
commercial and i n d u s t r i a l ac t iv i ty in the 
geotherraal area with the preponderance of 
the o p e r a t o r s coraing frcm the o i l , gas and 
mining indust r ies . There .-̂vr-e only a tandful 
of independents , but several of these have 
become significant factors in the indus t ry 
and a p p e a r a b l e to hold t h e i r own in 
competition with the larger oi l canpanies. 

All the s igns are tha t the industry i s 
healthy and growing, but tha t i t i s very 
s e n s i t i v e to the tax c l imate and to the 
prices of a l ternat ive fviels. Ihe ex tens ive 
ongoing program of the Department of Energy 
to encourage the developement of geothermal 
t e c h n o l o g y , s u p p o r t e n v i r o n m e n t a l 
assessraents, and ass i s t in the development 

GEOTHERMAL IIMDUSTRY 
PARTICIPANTS lf\S 1978 

FROM GEOTHERMAL RESOURCES COUNCIL ROSTER 

OPERATORS 1 2 2 

SUPPORT SERVICES 4 1 3 

HARDWARE/SUPPLY 80 

FIIMAIMCIAL 38 

DIRECT APPLICATIORiS 21 

UTILITY 34 

Figure 5. 
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of f i n a n c i a l l y independent small canpanies 
by the use of the loan guaranty program, 
appears to be developirg successfully. The 
development of licothorm.-nl onei-gy in the 
United S t a t e s i s currently comparable to a 
young plant shortly after sprouting - i t i s 
vigorous, growing rapidly but very sensi t ive 
to adverse treatment. It would only take a 
short period of thoughtlessness with respect 
to tax t rea tment of geothermal d r i l l i ng to 
completely devastate the indus t ry at t h i s 
stage of i t s development. 

C u r r e n t l y , u r a n i u m and c o a l have 
s i g n i f i c a n t tax advantages compared to 
geothermal energy in spite of the fact tha t 
t h e y a r e e n v i r o n r a e n t a l l y much more 
polluting. I t seems as though some of our 
leg is la tors are so concerned about the broad 
philosophy of taxation as a tool of s o c i a l 
reoiijanization that they are willing to r isk 
destroying the geothermai indus t ry in i t s 
e a r l i e s t period of growth before i t really 
bas tho staying power needed to i:ermit i t to 
carry a heavy tax burden. 

One of the most impor tan t g e o t h e r m a l 
developments in the l a s t three years has 
been the high incidence of d i scovery of 

commercial geothermal resources on Federal 
l e a s e s . I can s p e a k from p e r s o n a l 
experience that Federal l e a se s offer the 
l a r g e s t p o t e n t i a l for new gc;,o-thermal 
d i s c o v e r i e s for the next t'en y e a r s . 
Consequently, the Federal government wi l l 
not only obtain a tax return fran geotherraal 
development but a lso wi l l obtain roya l ty 
i ncome of a t l e a s t 10$ of the g r o s s 
revenues. 

Our economic s t u d i e s show tha t the tax 
benefi ts , combined with the royalty income, 
w i l l produce somewhere between .$1 to :̂ 2 
b i l l ion of revenue to the Federal Treasury 
over the next 30 years fron each 1,000 Mw of 
geothermal power capacity. 

When one compares th i s to the .small size 
of the Federal investment in t h i s energy 
r e source , i t i s r ead i ly evident t ha t the 
Federal government is ge t t ing an extremely 
high r a t e of r e tu rn on i t s so -ca l l ed tax 
e x p e n d i t u r e s and i n d u s t r y a s s i s t a n c e 
programs. 

* 11823 East Slauson Avenue, Suite 1, Santa 
Fe Sprir^s, CA 90670 

ESTBIVIATED GOVERWiVlENT REVENUES 
f R O m FIELD DEVELOPMENT PROGRAM 

EAST MESA 48 MW PROJECT 

10% FEDERAL ROYALTY PAYMENTS 

FEDERAL INCOME TAXES 

STATE INCOME TAXES 

AD VALOREM TAXES 

$70,200,000 

67,110,000 

16,590,000 

59,700,000 

$213,600,000 

ASSUMES: 
25 M I L S / K W H 

30 YEAR PROJECT LIFE 
6% A N N U A L INFLATION RATE 

Figure 6. 
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ESTIMATED GOVERNMENT REVENUES 
FROM FBELD DEVELOPMENT PROGRAM 

1000 MW PROJECT 

10% FEDERAL ROYALTY PAYMENTS $1,462,500,000 

FEDERAL INCOME TAXES 1,243,750,000 

STATE INCOME TAXES 1,398,125,000 

AD VALOREM TAXES - 345,625,000 

$4,450,000,000 

ASSUMES: 
25 MILS/KWH 

30 YEAR PROJECT LIFE 
6% ANNUAL INFLATION RATE 

Figure 7. 

Pumps for Geothermal Applications 

The Special nature of geothermal pumping creates unique problems. 
We have been actively pumping geothermal fluids for geothermal power 
and exploration projects since 1960. We can help you. Write to Peerless 
Pump or phone (213) 726-1232. Ask for George Crabtree, Darrell 
Payne, Harold Samford or Ray West. 

Deep Well (Down Hole) 
Pumps 

Injection Pumps 
Circulators 

Boosters 
Brines 
Con(Jensates 
Heat Transfer Fluids 

^̂ ^̂  Peei^less Pump 
An Indian Hoad Company 

1200 Sycamore Street 
Moniebello, California QOG'IO 
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Vapor-Dominated Hydrothermal Systems Co^S^ared 
with Hot-Water Systems' 

D. E. WHITE, L . J. P. MUFFLER, AND A. H. TRUESDELL 

Abstract 

'Vapor-dominated ("dry-steam") geothermal systems are uncommon and poorly 
understood compared with hot-water systems. Critical physical data on both types were 
obtained from U. S. Geological Survey research in Yellowstone Park. 'Vapor-dominated 
systems require relatively potent heat supplies and low initial permeability. After an 
early hot-water stage, a system becomes vapor dominated when net discharge starts to 
exceed recharge. Steam then boils from a declining water table; some steam escapes 
to the atmosphere, but most condenses below the surface, where its heat of vaporization 
can be conducted upward. The main vapor-dominated reservoir actually is a two-phase 
heat-transfer system. Vapor boiled from the deep (brine?) water table flows upward; 
raost liquid condensate flows down to the water table, but some may be swept out with 
steam in channels of principal upflow. Liquid water favors small pores and channels 
because of its high surface tension relative to that of steam. Steam is largely excluded 
from smaller spaces but greatly dominates the larger channels and discharge from 
wells. With time, permeability of water-recharge channels, initially low, becomes still 
lower because of deposition of carbonates and CaSO^, which decrease in solubility with 
temperature. The '•lid" on the system consists in part of argillized rocks and COa-satu-
rated condensate. 

Our model of vapor-dominated systems and the thermodynamic properties of steam 
provide the keys for understanding why the major reservoirs of The Geysers, California, 
and Larderello, Italy, have rather uniform reservoir temperatures near 240° C and 
pressures near 34 kg/cm^ (absolute; gases other than H„0 increase the pressures). 
Local supply of pore liquid and great stored heat of solid phases account for the 
physical cliaracteristics and the high productivity of steam wells. 

We suggest that vapor-dominated systems provide a good mechanism for separating 
volatile mercury from all other metals of lower volatility. Mercury is likely to be 
enriched in the vapor of these systems; the zone of condensation that surrounds the 
uniform reservoir is attractive for precipitating HgS. 

A more speculative suggestion is that porphyry copper deposits form below the deep 
water tables hypothesized for the vapor-dominated .systems. Some enigmatic charac
teristics of these copper deposits are consistent with such a relationship, and warrant 
consideration and testing. 

3 ff* ^'^ 

Mea 0SV ^ ^ 

"^ "^ Si 

I n t r o d u c t i o n 

ALTHOUGH hot springs throughout the world have 
been studied for centuries, direct knowledge of their 
subsurface relationships was lacking until coinmercial 
and research drilling was initiated in the 20th Cen
tury. With a few notable exceptions (Allen and 
Day, 1927;-Fenner, 1936) little significant scientific 
data were available prior to 1950. 

Efliorts to produce electricity from natural steam 
were first successful in the Larderello region of Italy, 
starting about 1904. Drilling from 1920 to 1925 
showed that large quantities of natural steam could 
also be obtained at The Geysers in California, but 
economic development vvas not feasible until 1955. 
At both The Geysers and Larderello, wells deeper 

„ 1 Publication authorized by the Director, U. S. Geological 
Survey. 

than a hundred meters or so - and near centers of 
surface activity were found to yield slightly super
heated steam (Burgassi, 1964). Some wells on the 
borders of the active systems" produced hot water 

-The metric system is used throughout this paper. Some 
readers may find useful the following conversion factors: 

Length: 0.6214 1 m - 3.281 ft; 1 kra = 3,281 ft 
mi. 
(°Cx9/5)- l -32 = °F. 
1 kg/cm= = 0.9678 atm = 0.9807 bars = 
14.22 psi. AU pressures absolute, with 0.78 
kg/cm" added to gage pressure for Yellow
stone Park, and 1.03 kg/em° added to gage 
pressure at sea level and geothermal areas 
at low altitudes. 
1 cal = 3.9685 X IO"' BTU; 1 cal/gm = 
1.80 BTU/lb. 

^A geothermai system includes a source of heat within 
the earth's crust (regional heat flow or local igneous intru
sion) and the rocks and water affected by that heat. 'V\'hen 
geothermal systems involve circulatintj waters, they are also 

Temperature: 
Pressure: 

Heat: 

75 

imm^Mtit̂ it̂ ^^ îiî miĵ ŝ mi 
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and steam in noncommercial quantities and pressures 
(Allen and Day, 1927, p, 82) ; the characteristics of 
such wells have not yet been adequately described. 

From. 1946 to 1970 approximately 100 geothermal 
systems throughout the world were explored at depth 
by drilling. Initially, the objective of this search was 
to discover areas yielding dry steam, as at Larderello 
and The Geysers. This effort, however, soon re
vealed that most hot-spring systems yield fluids that 
are dominated by hot water rather than by steam. 

New Zealand first demonstrated that a source of 
dry steam was not essential for the generation of 
geothermal power. At Wairakei, subsurface hot 
water at temperatures up to 260° C is erupted 
thrpugh wells to the surface; some of the water 
flashes to steam as temperature and pressure decrease 
to the operating pressure, commonly from 3 to 6 
kg/cm^. This steam, generally 10 to 20 percent of 
the total mass flow, is separated from the residual 
water and directed through turbines to generate elec
tricity. The high energy potential of subsurface 
water has also been demonstrated in Mexico, Iceland, 
Japan, USSR, El Salvador, the Philippines, and the 
United States. 

A few systems, other than Larderello and The 
Geysers, yield vapor with little or no associated 
liquid water. These include the Bagnore and Pian
castagnaio fields near Monte Amiata southeast of 
Larderello (Burgassi, 1964; Cataldi, 1967), and 
probably the Matsukawa area of northern Honshu, 
Japan, (Saito, 1964; Hayakawa, 1969; Baba, 1968), 
the Silica Pit area of Steamboat Springs, Nevada 
(White, 1968b), and the Mud Volcano area of 
Yellowstone National Park, considered in this report. 

Hot-water systems have attracted nearly all of the 
research drilling in natural hydrothermal areas. The 
first two research holes in the world were drilled by 
the Geophysical Laboratory of the Carnegie Institu
tion of Washington in the hot water systems of 
Yellowstone Park in 1929-30 (Fenner, 1936), and 
seven of the eight research holes drilled at Steamboat 
Springs, Nevada, in 1950-51 (White, 1968b) were 
in a hot-water system; The eighth was in the small 
vapor-dominated Silica Pit system, subsidiary to the 
larger water-dominated area. 

Although research drilling by the U. S. Geological 
Survey in Yellowstone National Park during 1967 
and 1968 was aimed mainly at a better understanding 
of the hot-water systems of the major geyser basins, 
a specific effort was made to find and drill a vapor-
called hydrothermal systems. The hot part of each hydro-
thermal systera is commonly emphasized, but in its broader 
meaning the marginal parts involve convective downflow of 
cold water, and are also included. A hot spring area is the 
surface expression of a geothermal system and contains hot 
springs, fumaroles, and other obvious hydrothermal phe
nomena. 

dominated system. The Mud 'Volcano area was 
found to be such a system and is described here. 

In spite of long and extensive commercial develop
ment at Larderello and The Geysers, the origin and 
nature of the systems that yield dry or superheated 
steam, and why they differ from the abundant hot-
water systems, are not nearly so well understood. 
Facca and Tonani (1964), for example, seem to 
deny that Larderello and The Geysers differ signifi
cantly from Wairakei, New Zealand, and the other 
water-dominated areas. Marinelli (1969) states that 
Larderello is a hot-water area. James (1968) and 
in less detail Elder (1965) and Craig (1966) have 
instead proposed that the reservoirs are filled with 
steam maintained by boiling from a deep water table. 

We submit, in agreement with James (1968), that 
fundamental differences do exist between two main 
types of natural hydrothermal systems; each type is 
recognizable by geologic, physical, and geochemical 
criteria. However, in contrast with James (1968) 
and others, we consider that steam and water must 
coexist in the reservoirs of these systems that yield 
dry steam at the surface. 
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Summary of Characteristics of Hot-water 
Systems 

Hot-water systems are usually found in penneable 
sedimentary or volcanic rocks and in competent rocks 
such as granite that can maintain open channels along 
faults or fractures. Total discharge from typical 
systems ranges from several hundred to several 
thousand liters per minute (1pm), with individual 
springs commonly discharging a few 1pm to several 
hundreds of 1pm. Where near-surface rocks are 
permeable and the surrounding water table is rela
tively low, much or all of the circulating hot water 
escapes below the ground surface, and little or none 
is discharged from local surface springs. For exam
ple, nearly 95 percent of the water at Steamboat 
Springs, Nevada, escapes in such a way (White, 
1968b). On the other hand, where spring outlets 
are at or below the level of the surrounding water 
table, all hot water of the system is likely to be dis
charged in local visible springs. 

The spring systems that discharge at low to mod
erate temperatures are commonly similar chemically 
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to nearby ground waters, but the near-boiling hot 
waters of moderate to high discharge are nearly al-
irtivs characterized by relatively high contents of 
alkali chlorides, SiOj, B, and As (table 1, anals. 4, 
j«, and 10; White and others, 1963, Tables 17 and 
IS). In confusing contrast, some gassy springs of 
Jovv discharge may differ greatly from these chloride-
xicb waters in physical and chemical characteristics. 
Surrounding ground is commonly bleached and 
hvdrathermally altered to a porous siliceous residue 
lhat may be mistaken for hot-spring sinter. The 
bleachaed ground may contain native sulfur, white, 
»-eUoWj and orange sulfate minerals, and clay miner
als, e^ecially kaolinite; vegetation is generally sparse 
or absent. Chemical analyses of such springs (table 
1, anal. 9 ; White and others, 1963, table 20) con-
tiast strikingly with those of higher discharge; chlo
rate is generally less than 20 ppm, sulfate is the 
(tominant anion, pH is usually between 2.5 and 5, 
and Fe, AI, Ca, and Mg are abundant relative to 
Na and K. 

Where these two contrasting types of springs co
exist in the same general area, topographic relation-
dips and results of shallow drilling and augering 
indicate that the neariy neutral to alkaline chloride 
prings are from the main water body, occurring 
where the water table intersects the ground surface. 
Where the water table is low, acid springs may result 
from boiling at this water table. Some steam con
denses in cooler ground and in pools of rain water, 
lurched ground, and previously condensed steam. 

HjS that evolves with the steam reacts near the; 
snrface with atmospheric oxygen to form sulfuric 
acid, thus accounting for the high sulfate contents andj 
the low pH's characteristic of these waters. Bac-' 
terial oxidation of intermediate forms of sulfur may 
be involved (Schoen and Ehrlich, 1968). The acid 
dissolves available cations from the surrounding 
rocks, which are adequate sources for the reported 
constituents (White and others, 1963, table 20). 

The geochemistry of chloride is critical in under-
aanding the differences between the coexisting 
neutral-chloride and acid-sulfate waters, as well as 
the differences between vapor-dominated systems and 
hot-\vater systems. Most metal chlorides are highly 
soluble in liquid water, and the low content of Cl in 
most, rocks can be selectively dissolved in water at 
h^h temperatures (Ellis and Mahon, 1964, 1967). 
The common metal chlorides, however, have negligi
ble volatility and solubility in low-pressure steam 
(Sourirajan and Kennedy, 1962; Krauskopf, 1964). 
The only chlorides with sufficient volatility to account 
lor significant transfer of Cl in steam at low tem
peratures and pressures are HCl and NH4CI, both of 
which are minor constituents of most hot-spring sys
tems. The very low Cl content of the perched acid 

springs associated with some hot-water systems is 
thus consistent with near-surface attainment of acid
ity from oxidation of H^S, rather than by vapor 
transfer of HCl from initially acid sources. 

The temperatures' of many explored hot-water 
systems increase with depth to a "base" temperature 
(Bodvarsson, 1964a, 1970) that differs with each 
system that has been drilled deep enough. Tempera
tures at Wairakei, New Zealand, rise, to a maximum 
of 260° C near 450 m of depth but increase little if 
any more at further explored depths (Banwell and 
others, 1957, p. 52-56), and at Steamboat Springs, 
Nevada, the temperatures in si.x drill holes were near 
170° C at depths close to 100 m, but deeper drilling 
found no higher temperatures even though major 
channels were intersected below 150 m (White, 
1968b). In such an area, meteoric water (Craig, 
1963; White, 1968b) evidently penetrates to consid
erable depths along permeable channels of a huge 
convection system; the water is heated to its base 
temperature by rock conduction, perhaps augmented 
slightly by magmatic steam. It then rises in the 
core of the spring system, losing only a little heat 
because of its relatively high rate of upflow through 
wallrocks of low thermal conductivity. As the hot 
water rises the hydrostatic pressure decreases, and 
eventually a level is attained where pressure is low 
enough for boiling to begin. 

Of about one hundred hot-water systems through
out the world that have now been explored by drill
ing, fewer than 30 are known to exceed 200° C in 
temperature and only about 10 demonstrably exceed 
250° C. The liquid of the two reservoirs known to 
exceed 300° C is brine rather than relatively dilute 
water. The Salton Sea system has--about 250,000 
ppm of dissolved salts and a maximum temperature 
of about 360° C (Helgeson, 1968). The Cerro 
Prieto system, about 90 km to the south in Baja 
California, Mexico, has a salinity of about 17,000 
ppm and temperatures as high as 388° C (Mercado, 
1969). 

Hot-water systems have a high potential for self-
sealing (Bodvarsson, 1964b; Facca and Tonani, 
1967) by means of deposition of minerals in outlet 
channels. SiO- is the most important constituent for 
the self-sealing of high-temperature systems because 
quartz is so abundant and its solubility increases so 
much with temperature (Fournier and Rowe, 1966). 
Quartz dissolves rather rapidly at high temperatures; 
when quartz-saturated waters are cooled, quartz pre
cipitates rather readily down to about 180° C but 
with increasing sluggishness at lower temperatures. 
The SiO, content of many waters, after cooling, 
greatly exceeds the solubility of quartz and may 
even exceed the solubility of amorphous SiOo. Near 
the surface where temperatures are near or below 
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Table 1,—Chemical ana lyses of waters a«Bocljited wi th vapor-domlnated and hot-w^ger Rcothennal ayatems 

Nima 

Location 

W«t«r type 

Sy«ten typo 

1/ 
Tho Geysers 

Ca l i f . 

BCOj-SOi, 

Vapor-dom. 

1' 
The Goysers' 

Ca l i f . 

Ac ld-su l face 

Vapor-don. 

V 
CS-7 

S teaaboa t , Nev. 

KCOj-SO^ 

Vapor-dom. 

Spr ing 8 

Steamboat. Nev. 

Cl-HCOj 

Hoc water 

5/ 
Mud Volcano 

Yellowstone, Wyo. 

Acld-Bulfa te 

Vapor-dom. 

Hud Volcano 

Yellowetone. Wyo. 

HCOj-SOi* 

V a p o r - d o o . 

7/ 
Y - l l , Mud-Volcano 

Yellowstone, Uvo. 

HCOj-SOi^ 

V a p o r - d o a . 

S I O , 

Al 

Fa 

Mn 

As 

Ca 

Mg 

Na 

K 

L i 

.MH^ 

H 

HCOj 

CO, 

SO^ 

Cl 

F 

Br 

S O J 

B 

H2S 

66 

58 

103 

18 

6 

766 

1.5 

15 

0 

225 

I f 

63 

1.4 

47 

281 

12 

5 

1,400 

9 .5 

0 

5,710 

. 0 .5 

6 .3 

0 

9.3 

4 . 5 

0 

T o t a l r e p o r t e d 1 ,330 

pH . n e u t r a l 

Teapera ture *C 100 

7,770 

1.8+ 

Boi l ing? 

24 

0.5 

0 

Tr. 

1.3 

2.4 

33 

6.5 

161 

293 

O.S 

0.03 

0,.05 

2.7 

5.0 

0 .8 

653 

71 

• 7 . 6 

<1 

100 

863 

l .B 

0 .2 

49 

4.7 

2,360 

7.9 

89 .2-

540 

146 

17 

14 

l i 

16 

17 

26 

43 

3,149 

Tr . 

1 

0 

3,980 

Strong a d d 

65 

iA WItchea Cauldron, Uhlte and others, 1963, p. F47, oodified froa Allen and Dav, 1927. 

2/ 
- Devils Kitchen, White and othera, 1963, p. F46, modified from Allen and Doy, 1927. 

— White and othera, 1963, p. F47. -Condensate In apor-fllled holo. 

4/ 

28.7 

16.4 

74-. 3 

47.5 

.20 

.18 

65.3 

13.5 

2.0 

761.7 

7 

58.5 

Oo p. F40. 

Allen and Day, 1935, p. 427; described as "Big Sulphur Pool" 0.3 Im K. of Mud Volcano; location Indlcaces 

Old Sulphur Cauldron of fig. 4, 60 o SSW of Y-11 drill holo. 

—'Spring discharging from sincer, E. bank of Yellowscone River 0.5 kn SE of Y-11 drill hole; has deDcilced 

sincer In'recent past. If noc now. Analyzed by Hrs. Roberca Barnes. 

— ^rupced from Y-11 drill hole Sept. 22, 1969'after hole had caved to 28 m depth Ccable 1}; collected by R. 0. 

Foumier, analysia by Nrs. Roberta Bamea. pH ooc represencacive of In-hole environment because of CO2 loss, 

atorage In plastic with clays. 

Note: The word apor should read vapor in footnote 3. 
Reference to Table 1 in footnote 7 should read Table 4. 

5 / . 

6/^ 

28 

• 0.47 

105 

12.6 

.18 

3.2 

258 

74 

9.6 

0.2 

0 .1 

491.4 

8.5(7) 

131.7 

IIO: 

t l 

I t 

U 

•<« 

!la 

t 

Ll 

SHi. 

H 

HCOJ 

COJ 

so,. 

C l 

f 

8 r 

NO J 

> 

H j S 

Toen 

fH 

Temj 

1 

100° C, the excess silica ih such waters may precipi
tate as chalcedony, opal, and cristobalite (White and 
others, 1956). Self-sealing by silica minerals is 
likely to be slight in hot-water systems that do not 

e.Kceed 150° C, but as maximum temperatures in
crease above this value, the potential for self-sealing 
increases greatly. 

Calcite, zeolites, and some other hydrothermal 

' «*f t l<«!^ ' '*« i t5«# '*>rV«^ 
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Table 1 . Chemica l a n a l y s e s of w a t e r s a s s o c i a t e d wi ' th v a p o r - d o m i n a c e d and h o t - w a t e r g e o t h e n n a l s v s t e m s ( c o n t i n u e d ) 

l,oeatlon 

Uater cype 

jystcm cype 

8 / 
M o r r i s B a s i n 

Y a l l o w s c b n e , Wyo. 

CKHCOj) 

Hoc w a t e r 

N o r r i s B a s i n 

Ye H o w s c o n e , Wyo. 

Acid s u i f a c e 

Hot w a t e r 

10 / 
Well 4 

W a i r a k e i , N . Z . 

Cl 

Hoc wace r 

1 1 / 
Wel l S 

W a i r a k e i , N . Z . 

HCOj^O^ 

Vaoor-dom. ( ? ) 

11/ 
C a r b o i i A, 

XCalv 

SOu HC03<C1) 

Hoc wace r 

SIO: 

«I 

re 

Mn 

As 

Ca 

H 

!la 

K 

Li 

SHi 

H 

H C O J 

COJ 

SOu 

C l 

F 

Br 

8 

HjS 

Tocal r a p o r c e d 

pB 

Temperacure 'C 

529 

3.1 

5.8 

0.2 

439 

74 

8.4 

0.1 

109 

2.4 

0.8 

2.2 

0 

2.0 

'3.0 

386 191 

Trace 

Trace 

38 

744 

4.9 

0.1 

12 

.0 

1,890 

7.5 

84.5 

30 

14 

758 

15 

26 

<0.l 

1,130 

146 

12 

0.9 

35 

0(?) 

35 

1,930-

6.2 

12 

1.7 

230 

17 

1.2 

0.2 

670 

11 

2.7 

3.7 

5.n 

56.6 

32.0 

19.0 

89.7 

137.4 

42.6 

6.9 

943 

1.97 

90 

26 

1.1 

3,750 

8.« 

228+ 

0.5 

0 

1,140 

6.7 

High 

13.9 

396.2 

-300 

13/ 
Well MH-l 

Matsukawa, Jaoan 

SO^(HCOj) 

Vanor-don.(7) 

635 

29 

SOS 

8.7 

264 

144 

37 

1,780 

.12 

61.2 

Trace' 

3.478.9 

4.9 

•240 

- Dr. Horey's Porkchop. 60 m souchwesc of Pearl Gevser (White and ochers, 1963, o. F40). 

hi 

-'Locomocive Spring, 55 m WSW of Norris Basin drill hole of Fenner (1936) ;'seeolng discharge (Whice and ochers, 1963 p wfi) 

— Typical of shallow Wairakei system; 375 m deep with maximum Cemperacure of 245*C (Banwell and others, 1957). Analvsis bv 

Wilson; also contains 11 ppa free CO; (Wilson, 19SS: Quoted in White and others, 1963, p. F40). 

—Western part of Wairakei field (Wilson, 1955, quoted in White and ochers, 1963, n. F47). Similar to aome wacers of vapor-

dominaced. sysCems; 467 m deep, raaxlfflum 217*C at 271 m. 

12/., —Deepest well of hot-water field on So. border Larderello steam fields (Cataldi and others, 1969). Oclg. anal. In nnm uo 11 d 

by R. Cataldi, 1970. 

— Well 945 m deep, produced sceaa, some water for 1 year before drying; chis anal, while sctll wee: condensace of sceam 

50 ppm H2S and 6.2 ppm S (Nakamura and Sumi, 1967; Hayakawa, 1969). 

minerals are also effective in producing self-sealed be most extensive where temperatures decrease most 
margins of some hot-water systems, but generally less rapidly. These marginal parts are of sf-condary in-
so than the silica minerals. Self-sealing is likely to terest for production drilling, and they have not been 
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Table 2 ,"AnalyBe8 of gQ^ea assoclaceci with vapor-doiainateci and hot-water peothcrmal syseems, tn volume ncrcenc 

HjO 

COj 

Hz 

CH,, 

CzHe 

H2 

A 

H^S 

NH3 

HjBOj 

'O2 

Total 

Total vapor, including H2O 

1/ 

The Geysers, 
California 

98.045 

1.242 

0.287 

0.299 

>• 0.069 

0.033 

0.023 

0.0018 

100.002 

1/ 
Larderello, 

Italy 

98.08 

1.786 

-0.037 

0.0105 

0.049 

0.033 

0.0075 

100.003 

1/ 
The Geysers, 
California 
(1), recalc. 

63.5 

14.7 

15.3 

}-
1.7 

1.3 

0.09 

' 100.09 

i/ 
Larderello 

Italy 
(2), recalc. 

93.02 

> 1.92 

0.54 

2.5S 

1.72 

0.39 

100.14 

Gases, exc 

5/ 

Y-11 
Mud Volcano, 
Yellowscone 

98,4 

<0.01 

Tr. 

0.0 

0.8 

0.013 

0 

0.2 

•99.42 

ludinf! K;0 

*/ 
Mud Volcano 
Yellowstone 

. 98.90 

0.00 

0.10 

ll.OO 

0.10 

0.00 

100.10 

7/ 

Y-9, 
Norris, 

Yellowscone 

91.5 

0.9 

0.1 

0.0 

5.1 

0.08 

1.4 

1.0 

100.08 

i/ 
Sorlnn 
Norri, 

Yellowstone 

97.40 

0.00 

0.20 

> 1.60 

0.75 

0.05? 

t 100.00 

•i Well 1,-The Geysers (Allen and Day, 1927, 0. 76 ) . 

2/ 
— Average vapor from producing wells (Burgassi, 1964), recalculated from analysis in get per kgm; 2,850,000 kg 

produced per hour; also concains 1 cm^ cotal rare gases oer kg. 

— Recalculated from —, wichouc HjO. 

4/ 2/ 
— Recalculated from —, wichouc H2O. 

Collected July 10, 1968, by R. 0. Fournier, when hole vas acill open Co 316 fc (cable 3). 

Gas from same spring aa anal. 5 of Cable 1 (Allen and Day, 1935, p. 86). 

Collecced by R. 0. Fournier, Sept. 18, 1969, and analyzed by D. Byrd, U.S. Geol. Survay; gas separaced from 
vacer; nearest drill hole co springs of anal. 8 and 9, Cable 1. 

8/ 
— Gas from unnamed acid-sulface spring "near Congress Pool," perhapa LocomoClve (cable 1, anal. 9). 

Allen and Day, 1935, p. 86, 469. 

Note: Reference to Table 3 in footnote 5 should read Table 4. 

cored and studied in much detail except in research 
drilling in Yellowstone Park (unpublished data). 

For similar geochemical reasons, most hot-water 
systems with subsurface temperatures of 180° C or 
higher (White, 1967a) have hot springs or geysers 
that deposit sinter (amorphous silica precipitated on 
the ground surface by flowing hot water). Waters 
that deposit sinter nearly always have SiO, contents 
of at least 240 ppm, equivalent to a quartz-equilibra
tion • temperature of 180° C. Because the solubility 
of amorphous SiO, is so much higher than that of 
quartz, a quartz-saturated water at 180° C must 
cool to about 70° C in order to precipitate amorphous 

•- silica. If the water becomes sufficiently concentrated 
in SiOj by evaporation, as on the borders of pools 
and in erupted geyser water, precipitation can occur 
at somewhat higher temperatures. 

•The existence of sinter, as distinct from travertine 

(CaCOa) and siliceous residues from acid leaching, 
is evidence for a hot-water system with present or 
past subsurface temperatures of more than 180° C. 

Summary of Characteristics of Vapor-
dominated ("Dry-steam") Systems 

The near-surface rocks of Larderello, Italy, and 
The Geysers, California, are relatively tight and in
competent, and evidently do not permit large quan
tities of meteoric water to penetrate deep into their 
systems (White, 1964). Even in these areas, how
ever, isotopic data indicate that most of the water is 
of surface origin (Craig and others, 1956; Craig, 
1963). 

Surface springs at The Geysers* typically have 

*"The Geysers" is an unfortunate misnomer. The area 
has never had true geysers, which are restricted to the hot-
water systems (White, 1967a). 

L^ i t ^ ^wy j ^ j ,w jp t ! f ^ • ^ - ^ 
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TEMPERATURE "C 
180 200 220 240 260 280 

T T 

Reference boiling-point 
curve for pure wafer 
(White, 1968b, HQQS, 1970) 

-IOO 

X Gl Maximum temperature of the 
surface in flowinq wells, plotted 
ot drilled depth (Allen and Day, 1927) 

"•-Tl Maximum temperature measured 
in tiole by fhermocouDle at p lo t ted 
deptti (Mc N i t t , 1953) 

A M I Maximum temperature measured 
in tiole by geottiermoqrapti af , 
plotted depth (Whi le , I957a) 

VSB3 Sulfur bank area of The Geysers; 
saturation temperatures calculoted 
from shut-in well-head pressures corrected for 
weight of steam, plotted at drilled depths 
(numbered welis, oral communicatiorv 0 McMillian, 
1964; 0-D. O t t e and Dondanville, 1968 trom 
generalized pressures of field assumed in-hole, 
absolute, and no ef fec t from other gases.). 

I I I I I I 

B. 
-Predicted 

temperatures 
in 2 phase vapor-
dominated reservoir 
(pure water and steam; 
see text) 

^BO-D 
Water-table assumed" 
at 3000 m 

Approximale temper
atures below brine 
water toble(Hass,l970) 

_L 1 

IxJ 

-IOOO Q_ 

-10.000 

10 15 20 25 30 „ 4 0 
SATURATION PRESSURE, KG/CfVr 

50 60 70 

FIG. 1. Measured and calculated temperatures from The Geysers, Calif., with some theoretical curves. The reference 
'••iliiig.point curve for pure water, curve A, differs in shape from its usual representation because of the logarithmic 
»<-"ale for depth. Note that curves B and C are temperatiire-dejicieiit and pressure-deficient relative to curve A. 

'̂cry low discharge, totaling little more than 100 1pm 
fAllen arid Day, 1927). Most of the springs are 
•strongly acidic (pH from 2 to 3). The few neutral 
•prings (Table 1, anal. 1) have chloride contents 
'" less than 2 ppm, similar to local rain water. 
'\ careful search of the creek that flows through the 
•Tea was made on the chance that undetected chloride 
jPnngs might be seeping into the creek (White, 
'^ 'a , p. 1651). However, throughout an area of at 

•̂ '•̂ st 30 square miles surrounding The Geysers, the 

surface and ground waters are no higher in chloride 
than normal cold streams. 

Chloride contents have not been included in re
ports on natural springs associated with the original 
vapor-dominated Larderello fields, but available de
scriptions of spring activity, dominated by mud pots 
and fumaroles, suggest the presence of sulfate waters 
low in chloride. However, present springs are not 
low" in pH (R. Cataldi, written commun., 1970), 
perhaps because of the neutralizing action of abun-
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- 1 ,000 

10,000 
UV 

V) 
a 

- I O O 

0 IOO 200 300 400 500 600 
E N T H A L P Y ( H E f l T C 0 N T E N T ) , c a l / q m 

FIG. 2. Pressure-enthalpy diagiam for pure water and vapor, showing contours of equal temperature, 
density, and mass proportions of steam to water (computed from Keenan and Keyes, 1936). Open circle 
indicates maximum enthalpy of saturated steam, 670 cal/gm at 236° C and 31.8 kg/cm°. 

dant NH3 absorbed from the gases. Some springs 
and wells of the Carboii area just south of the 
vapor-dominated fields (Cataldi and others, 1969) 
contain some chloride (42.6 ppm. Table 1). Al
though this Cl content is not notabh' high, it is con
sistent with the abundant water and old travertine 
which suggest that Carboii is a hot-water system. 

In general where surface springs are all low in 
chloride and subsurface thermal waters are similarly 
low ( < 20 ppm) a vapor-dominated systern is indi
cated. The Cl content of steam is nonnally less than 
1 ppm, but near-surface waters involved in conden
sation of the steam commonly contain a few ppm of 
Q because, with little or no discharge, Cl can be 
selectively concentrated. 

Typical wells at Larderello (Burgassi, 1964) pro
duce dry or slightly superheated steam with 1 to 5 
percent of CO, and other gases (Table 2, anal. 2) . 
Liquid water evidently occurs in some noncommer
cial wells on the borders of the fields. Shut-in well
head pressures in typical steam wells tend to in-' 
crease with depth up to a maximum of about 32 
kg/cm- (Penta, 1959; Burgassi, 1964). Increased 
productivity reported at greater depths evidently is 
not due to significantly higher initial pressures. Fer
rara and others (1963) list the temperatures of two 
Larderello wells as 251° C, but all other cited wells 
are 240° C or lower (depths not given). 

Typical wells at The (}eysers also produce dry or 
superheated steam containing gases similar to those 

l 'IJIflP.lllUH!i.tJ..<wiVi^-.V'?;^*...--^»'Ufc».jy;»«^i;iyiii.»^^^iL^ w -



. ^ i-fi-fftiif]friiirrii-1iBiriiiiiiilftfiiiifif1ii-a'lln-inii'ffrif^ .Y,'»^'»»f lt,•A.ulâ M/t.....,l Itfkii^il itrtMiithli i iBs i;; t 
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-10,000 

<n 
a. 

in the Larderello field (Table 2, anal. 1). Pressures 
up to about 35 kg/cm^ were measured in the deeper 
wells (500 psi, Otte and Dondanville, 1968), but 
whether pressures were at the well-head or in-hole, 
and gage or absolute were not specified. 

Figure 1 shows the maximum temperatures mea
sured or calculated for individual shallow wells in 
The Geysers field. For a variety of reasons each 
point is individually unreliable and is probably not 
identical with the original ground temperature at its 
plotted depth. Nevertheless, temperatures of shal
low wells ( < 350 m) do show a rather close rela
tionship to curve A, the refei-ence boiling-point curve 
for hydrostatic pressure of pure water. A few points 
plot above this curve, indicating pressures above 
hydrostatic but below lithostatic. 

All of the early shallow wells at The Geysers were 
drilled in or near fumaroles, hot springs, and hydro
thermally altered ground that provided evidence of 
surface discharge of thermal fluids. Figure 1 sug
gests, and our model (to be discussed) assutnes, that 
liquid water condensed from rising steam fills much 
of the pore spaces; this condensed water provides a 
inajor buffering control over temperatures and pres
sures in the zone of upflowing fluids. McNitt 
(1963) concluded from other data that a near-surface 
zone is water saturated; we support his general 
conclusions but disagree on the nature of the evi
dence. 

Although available data are scanty, temperatures 
at The Geysers increase irregularly with clepth, 
probably along or near the hydrostatic boiling-point 
curve, until temperatures near 236° C (and pressures 
near 32 kg/cm-) are attained, with only slight addi
tional increases approximately along curve B of 
figure 1 to explored depths. In the Sulphur Bank 
area of The Geysers (Otte and Dondanville, 1968), 
about l i km west-northwest of the original field, 
wells range from 450 m to more than 2.000 m in 
depth and are remarkably uniform in temperature 
(close to 240° C) and in pressure (about 35 kg/ 
cm=), as shown in Figure 1. Otte and Dondanville 
state that "the fluid exists in the reservoir as super
heated steam," but the reported temperatures and 
pressures indicate approximate saturation. No spe
cific data for individual wells are available. 

No data have been published to indicate that wells 
m the central parts of any vapor-dominated field have 
penetrated a deep water-saturated zone or a water 
table. In such a penetration, in-hole pressures 
should increase downward through the water-filled 
parts of shut-in wells instead of remaining near 32 
kg/cm-. This evidently does occur in parts of -the 
Italian fields (R. Cataldi, written commun., 1970), 
hilt detailed relationships are not yet available. The 
^̂ -'tpected temperature-depth relationships below the 

Table 3.—Pressures and temperatures In a two-phase 

reservoir In which steam Is the continuous phase. 

Top of reservoir assumed to be 236°C 31.8 kg/cm^. 

and 360 m deep (from hydrostat ic bolllnR-polnt curve). 

Depth Pressure, kg/cm Temperature °C 

meters (bottom hole) 

360 

500 

1,000 

1,500 

2,000 

31.8 

32.0 

33.5 

34.3 

35.1 

236.0 

236.1 

239.0 

240.3 

241.6 

Note: Second line of column 3 should read 236.3. 

deep water table are shown in Figure 1, curve C. 
This curve has an increasing slope with depth and all 
points on it are also deficient in pressure with respect 
to external water pressures, probably to depths of 
2,000 m or more below the water table. 

James (1968) noted that initial temperatures and 
pressures of the Larderello steam fields were close 
to the temperature (236° C) and pressure (31.8 
kg/cm^) of saturated steam of maximum enthalpy 
(670 cal/gm; indicated on Fig. 2) . James reasoned 
that enthalpies up to this maximum can be obtained 
in undisturbed steam reservoirs by evaporation at a 
subsurface vvater table. Higher temperatures (and 
pressures) can exist below but not at the water table. 
He reasoned that if saturated steam at 350° C and 
68.7 kg/cm-, for example, with an enthalpy of only 
612 cal/gm (Fig. 2) , formed deep in a system and 
rose up to levels of lower hydrostatic pressure, part 
of the steam would increase in enthalpy as it con
tinued to rise while the rest would condense to liquid 
water and remain behind. For a pure water system, 
this separation of liquid from vapor continues until 
the pressure at maximum enthalpy is attained. 

The enthalpy of saturated steam near its ma.xi
mum, however, is not very sensitive to changes in 
temperature and pressure (Fig. 2). James sug
gested that the top of a natural vapor-domiiiated 
reservoir is likely to have a temperature near 236° C 
and a pressure near 31.8 kg/cm- but that, because of 
the weight of steam in a deep reservoir, the tempera
ture near a boiling water table may be as much as 
240° C at a pressure near 34 kg/cm-. Table 3 
shows expected depth-related variations in tempera
ture and pressure of a pure water system in a homo
geneous, vapor-dominated reservoir, 

|«j|«!l*WM»>V>'»»BV«^.' '* '^ «^JWW«W.«»fMJf ! (J*a |liWJ>li.^,,<pW/lu,IMW.M.^f j!>.i \ > * l !llWI!<U'.fJ^.Wy1'JHW> 



laiaMfeaig&>.j!rti.ia)Mfefta^ 

84 WHITE. MUFFLER. AND TRUESDELL 

PIG. 3. Index map of Yellowstone National Park, 'Wyo
ming, showing location of Mud 'Volcano area and the major 
geyser basins. 

The scanty available data suggest that tempera
tures and pressures may exceed the limits suggested 
by James because of the effects of dissolved salts and 
the partial pressures of other gases. In addition, 
although the maximum enthalpy of steam does seem 
to buffer these systems at temperatures near 236° 
to 240° C and pressures near 32 to 34 kg/cm=, we 
see no fundamental reason why the available heat 
supply may not form somewhat more steam than can 
escape at these pressures through available channels. 
In this paper we shall assume James' suggested 
range in temperatures and pressures as the most 
probable, but we emphasize that more precise data 
are essential in understanding the detailed character
istics of these systems. 

Recorded temperatures of the vapor-dominated 
reservoirs are significantly lower than in some hot-
water fields, which range up to 388° C (Mercado, 
1969). The Carboii field on the southern edge of 
the Larderello steam fields is notable in being the 
only described field in the Larderello region that 
produces more water than steam by mass and thus 
is a hot-water system. Its maximum temperature is 
about 300° C (Cataldi and others, 1969), which 
clearly exceeds all temperatures reported from the 
vapor-dominated areas. 

The Mud Volcano Area, Yellowstone Park 

General Setting.—The Mud 'Volcano area is lo
cated along the Yellowstone River about 8 km north 
of Yellowstone Lake (Fig. 3) . Bedrock of the area 

is rhyolitic ash-flow tuffs erupted approximately 
600,000 years ago (R. L. Christiansen and J. D, 
Obradovich, 1969, written commun.). Glacial grav
els and sands of Pinedale age (about 25,000 to 
12,000 years B.P.) mantle the bedrock except near 
the center of the area. 

Thermal activity in the Mud "Volcano area consists 
almost entirely of vigorously bubbling mud pot.s, 
acid-sulfate springs, and steam vents concentrated on 
north-northeast linearnents. Total discharge is only 
about 80 1pm (Allen and Day, 1935, p. 58) from an 
area of 2^ km=. There are no chloride-rich springs 
like those of the major geyser basins, even along the 
Yellowstone River, which is the local base level for 
the water table of the area. Instead, acid-sulfate and 
nearly neutral bicarbonate-sulfate springs occur along 
the river (anals. 5 and 6, Table 1). A little silica 
is being deposited by evaporation from algal mats at 
two of these nearly neutral springs, and opal-
cemented Holocene alluvium is common along the 
riverbanks. Although none of the present springs 
has enough silica to deposit hard sinter from flowing 
water on the surface (generally requiring at least 240 
ppm SiOo), three small areas of old sinter occur as 
much as 3 m above river level. This indicates that 
sometime in the past 12,000 years silica-rich water, 
presumably also rich in chloride, discharged at the 
surface in the Mud Volcano area. 

Acid-sulfate springs similar in discharge and chem
istry to the Mud Volcano springs occur locally 
where H„S is abundant in high ground of the major 
Yellowstone geyser areas (anal. 9, Table 1). How
ever, in contrast to drill hole Y-11 in the Mud Vol
cano area (anal. 7, Table 1), all drill holes in the 
geyser basins tapped water rich in chloride and simi
lar ,to waters from the geysers and the principal 
flowing springs (anal. 8, Table 1). 

Y-11 was drilled by the U. S. Geological Survey 
at the north end of the Mud Volcano area, 75 m 
north-northeast of Old Sulphur Cauldron. Figure 
4 shows the locations of the hole and the "tree line," 
inside of which trees do not grow because tempera
tures are too high. Also shown are two heat-flow 
contours mapped by snowfall calorimetry (White. 
1969). The 900 /^cal/cm' sec (microcalories per 
sq cm per second) contour is probably within 20 
percent of the existing total conductive and convec
tive heat flow. This heat flow is about 600 times the 
world-wide average conductive heat flow of the earth 
(Lee and Uyeda, 1965). The 5,000 /̂ ca! contour is 
less precisely located, but total heat flow obviously 
increases rapidly southeast from Y-11 drill hole. 

N ear-siirjace Ground Temperatures.—Relation
ships between heat flow, depth, and temperature 
determined in shallow auger holes near Y-11 clarify 
some principles of major significance to the vapor-
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AUGEf? HOLE T-l ^ 
ANO :/ 

Y- l i DRILL HOLE 

eXPUANATlON 

Tree line 

— 900 
Heot-flow contour 

. f l col/cm2 sec 
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0 POT J | ^ * « V 
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'•'c. 4. Sulphur Cauldron area, north end of Mud Volcano area, showing location of Y-11 drill hole relative to heat 
flow and other features. 
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FIG. S. Temperature-depth curves in shallow auger holes 
in ground with dispersed upflow of steam and other 
gases. 

dominated systems. Hole T-l (Fig. 5) was augered 
on the Y-11 site just prior to drilling, and hole W-l 
was augered 35 m to the southeast (Fig. 4) . The 
near-surface temperature at any given depth in
creases abruptly to the southea.st, correlating with 
increasing heat flow. 

Temperatures in W-l increased rapidly with depth 
to about 5 ni, where they leveled off at 88.2° C. 
From 1.0 to 1.55 m there was no temperature change. 
Consequently, heat cannot be transferred by conduc
tion through this interval, and all heat that flows out 

at the surface must be transferred in steam and other 
gases through the no-gradient zone. Total heat flow 
at the surface of W-l auger hole has not been mea
sured by snowfall calorimetry, but extrapolation of 
data on Figure 4 siiggests a heat flow of perhaps 
10,000 /xcal/cm= sec. 

The leveling off of temperatures in W-l at 4.1° C 
below the boiling temperature of pure water (92,3° 
C at this altitude) is due to the high content of CO,, 
H,S, and other gases in the rising vapor. The vapor 
pressure of water at 88.2° C is 491 mm of Hg, but 
the atmospheric pressure averages about 572 mm ot 
Hg. Thus 14 percent of the total vapor pressure 
results from the partial pressures of other gases. 
At a depth where the temperature is 85° C, 25 per
cent of the total pressure is due to residual gases 
(143 mm of 572 mm of total Hg pressure) ; simi
larly, 50 percent consists of other gases at 75° C, 
90 percent at 40° C, and 97.7 percent at 15° C. 

The depth at which the temperatures level off is 
dependent on the heat flux from below, the thermal 
conductivity of the soil, the air-ground interface 
temperature, and the amount and nature of precipita
tion of the preceding few days or weeks. If the rate 
of upflow of steam increases sufficiently, a surface 
fumarole is produced.. If, in contrast, the rate of 
upflow decreases, complete condensation occurs at a 
greater depth appropriate to the thermal conductivity 
heat flow, and surface temperature. 

In the stearri-gas mixture in W-l auger hole, no 
steam condenses between a depth of 1.0 m and the 
bottom of the hole because of the absence of a tem-

. „ , i> 

200 210, 

•300 

FIG. 6. Temperatures in Y-11 (Sulphur Cauldron) drill hole. Mud Volcano area, Yellowstone Park, Wyoming. 
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^ j , ,. • . T ^ o . r . t u K . . pre j .urca . .gd o th . r d . e . from Y-11 (Sulphur C.uldron) d r i l l ho l t . Hud VolcnQ . r . a , Yellovatone N. t lon.I P.rH, Uyoolna 

Underlined data congldered most re l iab le 

:) 8:15.* 

8;30A 

•11:OOA 

- ' Sot nuted 

"'•-^ K'-.atm 

ObaervQtion 
depth. B 

13.7 

(«1.8) 

(57.0) 

57.0 

57.0 

S lx i 

10 

.'S 

'?v_l%69 

96.3 

39,0 

28.0 

Tenperature. *C Depth to wacer Total pressure 

(36,0) 

87,0 

lOi 

106 

123,3 

•:h 

73.0 

<U6.l) 

137.6) 
U37. I 

137.2J 

(120.3) 

152.4] 
M51.9 

151.4J 

151.4 

153.4 

150.9 

151.9 

154.5 

152. oJ 

174.3 

191. t ] 
M91.4 

191. ij 

5.2 

4.9 

0.85 

1.17 

1.08 

2.05 

Drilled to 6.1 m, nee 4 in. casing, and ceoenced on Hay K; 
on cenent ac 2.0 a. temp, probably oinioum. 

80 Din. a l t e r c i rcula t ion ceased; good water level 1 hr. 
af ter c i rcula t ion ceased. 

Drilled 18.3 a; pressure a l l ROS. 

Do. 

Cas only; 9l"C at water level . 

1.2 hra. since c i rcula t ion; could have erupted; d r i l l ed , 
set 27.4 a 3 ln.-casln){ and cemented. 

On ceaent; tenperature probably mlnlaua. 

Drilled 41.8 D; lost circulat ion 37.2-41.8 m. 

Cas pressure from ouc&lJe rods. 1.56 kg/ca" 
tetaocrature at water lavel Inside rods 73*C. 

Lose c i rcula t ion 41.Q-57.0 o; temp. 1-1/2 hrs . af ter 
circulacion. 

perature gradient. As steam rises above a depth of 
1 m, however, a little starts to condense as a tem
perature gradient first becomes evident. The gra-

23 hrs . af ter c i rculat ion. 

45 hr«. af ter circulacion. 

Vacer level fluccuaclng. 

3 hrs. af ter c i rcula t ion , pressure fluctuating; water 
discharged outside of rods; dr i l led 73.3 a. 

"•as presHtire; note ccap. t^gcfc/iae slncR May 30. Drilled 
to 93.6 =; t̂ rupCcd after pulling core; nearly a l l steani 
afcer cuch in ic ia l vacer, 

Ti^g. 4C nin- after eruption; some wacer ulch steam at 
4 I l^ft/ca*. 
Leaking eLeam at 7.8 kg/cm', then down to 5.9 kp/cQ*, 
suae vater . 

Pressure on side valve, outside d r i l l rods. 

Leaking vapor only. 

Vapor and a l i t t l e water; dr i l t lnt ; Increasingly d i f f icu l t 
>IC0 m. Violent eruption m 105.7 m. In i t i a l l y much vac^r 
fdr i l l watorTl. then MOKtly sceaa. 

LcakEng vapor only- Dril l rods in hole a feu feec off 
bocconi: exact depth not noted. 

Rods pulled, puaDln^ cold water dov.'n outside rods through
out; pressure wich open hole >27.4 a. Hang up at about 
33.6 ra, erupted to clear—powerful steam eruption but U t i l e 
water. 

Mote raajor pcrmanunt changes in temperature and pressure 
after rods out of hole. 

Thermistor ccnperacurc 5crle» plotted on f i g . 6 . Tccpcracura 
generally steady and reproducible down to 84.1 o,fluctuating 
somewhat at greater UcnttiSfUp to 4°c at bottoa (maxlcua Is 
p lo t ted} . 

R. 0 . yournier actcsipted to sample: Eillod wich vapor co 
existing bottoa. 

Blocked; no access to greater depths; no water to 39,0 a. 

Atccaptlng thermistor se r ies ; In i t i a l cemperature at cop 75*C 
Increasing to 107"C wich leakage of gas. Hole f i l led wich 
gas to cave at 2S.0 o just belou casing; thermistor wedged 
and lo s t . Erupted gas. oud. and ua ter . and collected water 
sample. 

Puoped in 5 sacks of cement at pressures up to 11.3 kg/cn^-

dient increases upward as the surface is approached, 
so more water vapor can condense. The residual 
gases are progressively concentrated upward as H2O 

5-8 then to 
4.1 
7.8 down to 
5.9 

10.I down to 
S.O 

12.7 to H.2 

5.3 

5.4 

5.3 to 5.4 
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is condensed, the velocity of upflow consequently de
creases, and a correspondingly smaller proportion of 

-the total heat is transported by water vapor. Con
vective transport of heat at the air-ground interface 
must be largely in the residual gases, but water 
vapor, even though a minor constituent, is still a 
significant transporter of heat because of its high 
heat of vaporization (588 cal/gm at 15° C), relative 
to heat content of other gases. 

The water vapor that condenses betvveen 1.0 m 
and the surface at W-l percolates downward against 
the flow of steam. The ground is unsaturated with 
liquid at the bottom of the auger hole and probably 
to the local water table (2.3 m in Y-11 drill hole). 
Below the water table at W-l , pressures must exceed 
atmospheric, and temperatures probably rise along 
or- near the hydrostatic boiling point curve of Fig
ure 6. 

The near-surface temperature gradient in auger 
hole W-l of Figure 5 is much higher than in T-l , as 
we should expect from the heat-flow contours of 
Figure 4. Projection of the T-l gradient downward 
to the water table at 2.3 m suggests that temperatures 
were slightly below boiling at this depth. It appears 
that only a little water vapor and other gases were 
rising at the Y-11 site prior to drilling, and most 
heat was being transferred from the water table to 
the ground surface by conduction. 

Physical Meastirements Made During Drilling of 
Y-11.—Data from Y-11 are summarized in Table 4, 
and bottom-hole temperatures are plotted in Figure 
6. The bottom-hole temperatures considered to be 
most reliable are connected by a solid line. iMuch 
effort was made to obtain reliable data from Y-11 as 
drilling progressed, in part because of the paucity of 
such data from the large commercial vapor-dominated 
systems. Because of the high cost of drilling and 
other factors, available data from the commercial 
systems are entirely restricted to completed wells, 
and almost no data are obtained at shallow and inter-

, mediate depths as drilling progresses. 
In the recent holes drilled in Yellowstone National 

Park, temperatures measured at each temporary bot
tom, just before resumption of drilling (generally 
after overnight shut-down of about 16 hours), 
provided reasonable approximations of pre-drilling 
ground temperatures; they are far superior to tem
perature profiles measured in completed holes 
(White, Fournier, Muffler, and Truesdell, unpub
lished data). Measured bottom-hole temperatures in 
Y-11, however, are less reliable than in the other 
holes but are considered to be vvithin a few degrees 
of original ground temperature. At depths less than 
27.4 m, rapid drilling plus the setting of two strings 
of casing prevented acquisition of reliable data. From 
37.2 to 79.3 m, all drill water was lost into the 

ground, and at greater depths only about 50 percent 
returned to the surface. Despite the apparent high 
permeability and loss of drill water, hovvever, the 
temperature of 151.9° C at 57.0 m depth is probably 
reliable because it was repeated on successive days 
with no disturbance by drilling. 

A temperature profile made in the open hole 17 
days after completion is shovvn on Figure 6 (curve 
D). It differs greatly from the temperature profile 
obtained as drilling progressed. The temperatures 
from 12.2 to 83.5 m were almost constant, rising 
only 2° or so, to 153° C at 83.5 m. At greater 
depths, rapid fluctuations of 1° to 5° were observed. 
These fluctuations were not due to instrumental de
fects and were far too large and too rapid to be 
caused by only a vapor phase; coexistence of steam 
and water is thus indicated from 83.5 to 103.7 m. 
The pressure of saturated steam at 153° C is 5.3 
kg/cm-, which is very close to the measured well
head pressure, 5.4 kg/cm=. The temperature of 
158.2° C at 103.7 m, hovvever, is not consistent with 
the well-head pressure, unless liquid vvater was 
present near the bottom of the hole. From drill 
records, vve conclude that water vvas probably enter
ing the hole from depths as shallow as 58 m or less, 
while an upward flow of steam dominated the central 
part of the casing. Detailed relationships that ex
isted during the thermistor measurements between 
83.5 and 103.7 m cannot be deciphered completely. 
Evidently some steam was flowing in near 84.2 and 
103.7 m. Water seeping down from higher levels 
did not accumulate extensively but was either forced 
out into permeable walls or was evaporated by the 
higher temperature steam. At shallow depths in the 
hole, horizontal and vertical temperature gradients 
were so high that most water vapor condensed and 
residual gases vvere concentrated, as in auger hole 
W-l . The condensed water trickled down the walls 
of the casing. 

On several occasions during the drilling of Y-11, 
we were unable to prevent the hole from erupting 
for short intervals. The eruptions differed notably, 
hovvever, from those in holes in the hot-water sys
tems of the geyser basins. In drill holes in per
meable rocks, with adequate water supply, and a 
temperature of 160° C, for example, only 11 percent 
of the total liquid water vaporizes to steam when 
erupted (at constant enthalpy) to atmospheric pres
sure (Fig. 2). The remaining 89 percent of the 
erupted mass is liquid; the large content of liquid 
water produces effects that are similar to those of the 
early stages of geyser eruptions. During an eruption, 
of Y-11, hovvever, the local supply of .liquid vvater 
vvas soon nearly exhausted and steam became com
pletely dominant. We estimated that the steam vvas 
associated vvith less than 10 percent of liquid vvater 
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by weight. Although at no time did the hole dis
charge dry steam free of liquid water, we are confi
dent that a dry discharge would have occurred if the 
eruption had been permitted to continue or if the 
hole had been cased a little deeper. (The hole was 
uncased below 27.4 m, and the bottom-hole tempera
tures indicate an original dominance of liquid water 
in pore spaces to' depths of about 73 m; curves C 
and E, Fig. 6.) 

The pressure of 12.7 kg/cm= measured in the drill 
rods on May 23 at the greatest drilled depth repre
sents the approximate total pressure at the drill bit, 
assuming vapor-filled drill rods raised the usual 3 
to 4 | m above bottom (1 to 1-} lengths of drill rods), 
and neglecting the weight of the vapor. If 3.7 m off 
bottom is assumed, with liquid water filling the hole 
below the rods, the calculated bottom-hole pressure 
was about 13.1 kg/cm- (vvith a possible range from 
about 12.8 to 13.6 kg/cm-). The pressure at the 
bottom of an open hole 105.8 m deep and filled with 
vvater everywhere just at boiling should be 10.5 
kg/cm-. Thus, the excess pressure above hydro
static was about 2.6 kg/cm^ or 25 percent. The fact 
that temperatures and pressures are higher than 
those of a simple hydrostatic control is important and 
must be consistent with any satisfactory general 
model of the vapor-dominated systems. 

Liquid-dominated and Vaj)or-doiiiinated Parts oj 
the System.—In Y-11 drill hole, water-saturated 
ground evidently extended from the water table at 
2.3 m down to a depth of about 73 m. At 72.2 m, 
the bottom-hole temperature measured 3 hours after 
drilling ceased was 154.5° C; 18 hours later it had 
dropped 3° C. We believe that this change vvas due 
to the cooling effect of drill water continuing to drain 
down the hole and into channels that had formeriy 
been dominated by vapor. The pre-drilling ground 
temperature probably was not attained at this drilled 
depth and was probably .about 165° C (Fig. 6, curve 
E ) ; flow of water down the hole prevented a normal 
temperature recovery. 

The hole was definitely in vapor-dominated ground 
•It a depth of 93.4 m. At this ciepth an unanticipated 
eruption through the drill rods first discharged abun
dant drill water and then changed rapidly to wet 
steam with only traces of liquid vvater. Such a 
change in behavior is not partiailarly significant in 
light rocks of a hot-water system vvhen the water 
•ivailable for immediate eruption is exhausted; the 
l)ehavior is similar to that of a geyser as it changes 
Tom its main eruptive phase to a steam phase 
' \Vhite, 1967a). However, permeability vvas so 
'I'gh at all depths below 37 m in Y-11 that little or 
"<̂  drill water returned to the surface. Lack of per-
"leability clearly does not explain the observed erup-
"ve behavior; a limited supply of available liquid 

ivater provides the oniy reasonable alternative. If all 
lost drill water had remained in nearby permeable 
ground, the eruption likewise could not have been 
so nearly dry. The drill water must have percolated 
down former vapor-filled channels to become un
available in supporting the eruption. 

Forty-six days after completion of the hole, mea
surements made by an in-hole sampling device 
(Fournier and Truesdell, 1970) demonstrated that 
the hole was filled with vapor to 96.4 m, where cav
ing had occurred. Presumably all drill water vvas 
then exhausted and all inflowing pore vvater from 
higher levels either evaporated completely or escaped 
downward through former vapor-filled channels. 

From these data we can conclude that vapor pres
sure in the hot core of the system below about 76 m 
is now significantly above hydrostatic pressure (Fig. 
6) . Some vapor is being forced upward and out
ward into the cooler walls. The excess driving pres
sure above hydrostatic presumably is dispersed in 
overcoming the frictional resistance to flovv of vapor 
along narrow channelways, vvhich become increas
ingly clogged upward and outward vvith liquid water 
condensed from steam; some of the gases other than 
steam dissolve in this liquid condensate. If many 
large free-flowing channels vented to the surface as 
fumaroles and mud volcanoes, the high vapor pres
sures in excess of hydrostatic obviously could not be 
maintained. 

Another factor that may be of major importance 
in impeding the escape of vapor is the formation of 
montmorillonite and kaolinite, which are the domi
nant alteration products in rocks and fracture fillings 
of Y-11 drill core from about 15 to 58 rn. Mont
morillonite and kaolinite also occur sporadically at 
greater depths but are generally less abundant than 
other hydrothermal minerals and unaltered rock sili
cates. The condensed steam is saturated with CO; 
and other gases from the rising vapor. This car
bonated vvater, represented by analyses 6 and 7 of 
Table 1, is highly effective in altering feldspars and 
other silicates to clay minerals, and in leaching cat
ions from the rocks. Pyrite is also relatively abun
dant through the same general interval, from 18 to 
61 m, but is sporadic at greater depths. Much sulfide 
from the rising H,S evidently dissolves in the con
densate' and becomes fixed, combining with Fe of 
the rocks., 

The hot vapor-dominated core of the system evi
dently is not sharply separated by a single fluid 
interface from the cooler liquid-dominated walls. 
We conclude that, in the core of the system, the 
largest fractures and open spaces are mostly or 
entirely filled vvith vapor but open spaces of similar 
dimensions in the margins of the system are largely 
filled vvith liquid vvater, except for dispersed clays 
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and vapor bubbles that sporadically rise through the 
water. 

General Model of Vapor-dominated Geothermal 
Systems 

A vapor-dominated geothermal system must nor
mally develop from water-saturated rocks. This 
statement may be unconvincing for young volcanic 
rocks (how do we knew that such rocks were ever 
water-saturated?) but is irrefutable for old marine 
sediments that are now far below the regional water 
table, as in Tuscany and The Geysers. A new re
gime is initiated vvith the introduction of a local 
potent source of heat at depth (probably a body of 
magma). Much heat is transferred via conduction 
and circulating water into surrounding rocks that 

have some permeability. Because of thermal expan-
sion and resulting decrease in density of the heated 
water, a hot-iuater convection system is then initiated. 
Most rocks seem to be sufficiently permeable to per
sist as hosts for hot-water systems; the rate of flow 
of water remains high enough and the supply of con
ducted heat below the circulation system remains low 
enough for mpst of the water flowing through tht 
system to remain liquid. Near-surface temperatures 
in the hotter systems, hovvever, are high enough tor 
some boiling to occur as the water rises to intersect 
the boiling point curve (A of Fig. 6) . The depth 
vvhere boiling first occurs in the rising water depends 
mainly on the temperature of the water. 

Many hot-vvater systems are to a major extent 
self-regulating. With more heat flovv, the upflowing 
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Rising vapor 

* | i ^ Liquid water, generally descending 

^ f Heot flow by rock conduction 

I f ^ Heof flow by convection in vopor 

liguid 

vapor 

0 

Grodotionol boundory between vopor-
dominoted zone ond neorly liquid-
soturoted ports of the system 

Limits of ottier zones 

Zones ond ottier feotures described 
in text 

FIG. 7. Model of dynamic vapor-dominated geothermal reservoir surrounded by water-saturated ground. The most sig
nificant parts of the model, inward and downward by number, are: 4) zone of conductive heat flow; 3) zone of con
densation of steam (conductive and convective heat flow equally important); 11) main vapor-dominated reservoir, vvitli 
convective upflow of heat in steam in larger channels, and downflow of condensate in small pores and fractures (surface 
tension eflFects); 9) deep zone of convective heat transfer, probably in brine; 10) deep zone of comluctive heat flow 
(too hot for open fractures to be maintained). Other features are discussed in text. 
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vvater becomes hotter and lovver in density and vis
cosity ; the pressure drive for recharge increases, and 
the increased rate of through-flow removes most of 
the additional heat. This self-regulation, hovvever, 
may be limited by insufficient permeability. 

With sufficiently potent heat supply or, for any 
reason, a decreasing rate of recharge of vvater, a hot-
water system of limited permeability may start to 
boil off more vvater than can be replaced by inflow. 
A vapor-dominated system then starts to form. Di
rect evidence for the assumed initial dominance of 
liquid water is lacking for the major vapor-dominated 
systems. Hot-spring sinter constitutes the clearest 
evidence, and is so interpreted for the Mud Volcano 
system. However, sinter is deposited only from very 
hot vvater that flows so rapidly to the surface that 
little SiOj precipitates en route. In addition, the 
early hot-water stage of these systems of high heat 
flow and low permeability is likely to have been brief 
and their thin sinter deposits (if any) are likely to 
be destroyed by erosion. 

Figure 7 is our tentative general model of a well-
developed vapor-dominated system. Different parts, 
discussed below, are keyed by number on the figure. 

(1) Fluids that discharge at the surface provide 
much of the evidence for a vapor-dominated system. 
Fumaroles ( l a ) are generally at temperatures near 
surface boiling or somewhat lower. High-chloride 
springs are completely absent; associated springs and 
mud pots are generally acid, high in sulfate, and low 
in discharge (such as lb of Fig. 7, and anals. 2 and 
5, Table 1), and they deposit little if any sinter. 
Surrounding ground may be bleached and lacking in 
vegetation. Some springs not so strongly influenced 
by oxidation of H;S (or containing enough NH3 
absorbed from gases) are nearly neutral in pH and 
are dominated by bicarbonate and sulfate withotit 
much chloride (lc, Fig. 7, and anals. 1 and 6, 
Table 1). 

(2) Zone 2 lies between the ground surface and 
the water table.' Where hot enough, steam and other 
gases rise above the water table, as in auger hole 
W-l of Figure 5. At the water table heat transfer 
is nearly all convective, but as the temperature gra
dient increases upward and water vapor condenses, 
near-surface heat transfer becomes largely conductive. 

(3) Zone 3 inhibits the free escape of rising vapor. 
The zone is nearly saturated with liquid water de
rived largely from condensing steam rich in C0„. 
Montmorillonite and kaolinite form by reaction of this 

" In sands and gravels the water table is easily recognized. 
In clays, however, the water table is poorly defined, Jjut we 
•consider it to be the level at which water is maintained in a 
shallow open hole. The zone of saturation can rise as much 
as 10 m above this level, owing to surface tension in the 
t-'lays. Hydrostatic pressure increases downward only below 
the water table as defined in the open hole. 

CO^-saturated condensate with rock silicates. Clay 
minerals and condensed water clog most pore spaces 
and channels, impe'ding but in many places not pro
hibiting the escape of residual uncondensed gases. 
Temperatures in this zone may be similar to those 
along the hydrostatic reference curve A of Figure 6. 
Near major channels of upflowing steam (3a, Fig. 
7) , temperatures and pressures are somewhat above 
hydrostatic, and conductive heat flovv and condensa
tion of steam are consequently high; at least part of 
the condensate is swept upward to the water table or 
to surface springs, mud pots, and mud volcanoes. 
A crude steady-state rate of upflow is determined 
by pressure gradients, dimensions of the channels, 
strength of wallrocks, and impedance provided by 
condensate and suspended clays. Other parts of 
zone 3 (3b, Fig. 7) are dominated by downflowing 
condensate and some surface vvater, with tempera
tures that are likely to be somewhat lovver than those 
along reference curve A of Figure 6. As tempera
ture gradients in general increase outward and up
ward through zone 3, more of the heat of vaporization 
in the rising steam can be transferred by conduction, 
so vvater vapor is continuously condensing and the 
rate of mass flow of vapor therefore decreases up
ward. A part of the heat in rising vapor is trans
ferred through local horizontal gradients to heat the 
downward-percolating condensate, which must ab
sorb heat as it descends into hotter ground. The 
dashed line bounding the outer part of zone 3 marks 
the gradation in mode of heat transfer from domi
nantly convective to dominantly conductive. 

The lower limit or "pinch-out" of zone 3 is at a 
depth vvhere the hydrostatic pressure of water in the 
reservoir margins exceeds the total vapor pressure of 
steam and gases in the reservoir. Below this depth, 
vapor can no longer effectively penetrate the reservoir 
margin. 

Wells drilled into parts of zone 3 may produce 
liquid dominantly, but if drilled and cased into deeper 
parts they probably yield wet steam and some water 
when first produced (as in Y-11 drill hole). If an 
uncased section of hole intercepts channels of upflow
ing steam and zones of cooler downflowing conden
sate, the temperature and pressure of the steam will 
commonly dominate the hole. This occurred in Y-11 
below 72 m. . 

(4) Zone 4 is characterized mainly by conductive 
heat flow, vvith heat being supplied from condensing 
steam within zone 3. Wells bottomed in zone 4 may 
fill with water, and may erupt hot water and some 
steam, but discharge rates are likely to be lovv and 
the wells noncommercial. 

(5) Representative channels of intermediate-level 
recharge are deep enough at points of entry for 
hydrostatic pressure to exceed the vapor pressure of 
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about 31 to 35 kg/cm^ in the main reservoir (zone 
11). 

Channels of inflow tend to be enlarged by solution 
of SiOj as the inflowing water is heated by conduc
tion (indicated by heat-flow arrows in Fig. 7) . 
Channels are diminished, however, by deposition of 
CaCOj and CaSO^, which are rather unusual in 
decreasing in solubility with increasing temperature 
(see, for example, Holland, .1967). In all rocks 
with recharge waters relatively high in CaCOg and 
CaS04, channel permeabilities are especially likely 
to decrease rather than increase with time. These 
considerations may be important in understanding 
Larderello, which involves anhydrite-bearing lime
stone and shales, and The Geysers, vvhere mafic lavas 
and serpentine are associated vvith graywacke and 
shale. 

(6) Zone 6 consists of reservoir margins where 
temperatures decrease toward the reservoir. The 
depth of the top of zone 6 is not easily predicted. 
If there vvere no convective heat flovv, the depth 
would be near that of the 240° C isotherm of the 
original conductive gradient from the surface to the 
magma chamber. If 600° C is assumed at 4 km, 
for example, and the rocks are homogeneous, 240° C 
would be at 1.6 km depth. The development and 
downward penetration of the main vapor-dominated 
reservoir as excess pore water is vaporized result in 
extensive convective modifications of temperature 
that greatly change the relationships. Convective 
cooling from downflowing meteoric vvater increases 
this depth, and a shallower intrusion at higher tem
perature decreases it. These reservoir margins con
tain channels.of inflowing water at pressures that are 
dose to hydrostatic and much greater than -^33 kg/ 
cm^ pf the reservoir. Sharp pressure and tempera
ture gradients decreasing toward the reservoir must 
therefore exist in zone 6. In contrast to zone 3, heat 
is transmitted through zone 6 by conduction (and 
inflowing HoO) to the reservoir. The temperatures 
of zone 6 grade downward into, and are maintained 
by conduction from zone 10. 

(7) Channels of inflowing vvater are narrowed by 
precipitation of calcite and anhydrite as zone 6 is 
approached; clogging of channels by these minerals 
of decreasing solubility may be offset entirely or in 
part by solutiori of quartz, which increases in solu
bility as long as the liquid water continues to rise in 
temperature. At the outer edge of zone 6, however, 
pressures and temperatures in the recharge channels 
attain their ma.\ima; with further fiow toward the 
reservoir, boiling commences and temperature de
clines as the pressure drops to that of the reservoir. 
The fluid in these channels is novv a two-phase mix
ture of steam and vvater. Specific resistance to flovv 
(resistance per unit of mass) of steam is much 

greater than that of liquid water, and specific flow 
resistance of a two-phase mixture is greater than a 
linear combination would indicate (I. G. Donaldson 
and Gunnar Bodvarsson, oral commun., 1970). Be
cause of evaporative concentration by boiling antl 
because of decreasing temperature, quartz and other 
minerals are now deposited, further impeding the 
flow of the two-phase mixture. The result of all of 
these processes is to decrease the rate of recharge 
through the deeper channels. 

(8) The deep subsurface water table recedes as 
long as the heat supply is suflficient for net loss of 
liquid water and vapor from the system to exceed 
net inflow (water table shown in Fig. 7 is horizontal, 
but it may be very irregular in detail). As mentioned 
above, recharge tends to decrease with time as re
sistance to flovv of HjO through individual channels 
increases. As the water table recedes and liquid 
vvater in the reservoir is largely replaced by vapor 
at nearly constant pressure throughout the reservoir, 
the driving pressure on the deeper channels of inflow 
increases, offsetting in part the increasing impedances. 
A crude steady state may be attained in some sys
tems, especially as rate of heat flovv eventually starts 
to decline. 

(9.) With time, if not initially, the water boiling 
below the deep vvater table becomes a brine as re
charging vvater boils off and as dissolved substances 
of lovv volatility are residually concentrated. Vapor 
from brine is superheated with respect to pure vvater 
at the same pressure. Steam boiling from 25 percent 
NaCl brine at 35 kg/cm-, for example, is superheated 
by about 12° C vvith respect to saturated steam and 
pure vvater (254° vs 242° C, Haas, 1970). The 
critical temperature of a salt solution increases above 
that of-pure vvater (374° C) as salinity increases; 
that of a 1 percent NaCl solution is about 384° C 
(Sourirajan and Kennedy, 1962, p. 134); that of a 
10 percent solution is about 480° C; and that of 
a 25 percent solution is about 675° C. Thus, brine 
can be a very effective agent for convectve transfer 
of heat and dissolved matter at temperatures much 
above 374° C. Note that Figure 7 has no vertical 
scale; the depth of zone 9 may be 1,000 m or more, 
and through all or most of this depth, pressures are 
lozver than hydrostatic pressures outside the system 
(Fig.' 1, curve C, increases downward in slope). 

(10) Conductive heat flow from the magma pre
dominates deep under the reservoir vvhere rock plas
ticity due to increasing temperature prevents the 
maintenance of open channels. On the outer mar
gins of zone 10 where convective disturbance is not 
so severe, conductive heat flovv predominates to 
higher levels than under zone 9, grading upward 
without distinct boundaries into zones 6 and 4. The 
amount of convective circulation may eventually de-
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crease beneath the vapor-dominated reservoir by 
decreased permeability from deposition of minerals, 
and possibly as a stable salinity gradient becomes 
established. 

11) The main vapor-dominated reservoir contains 
liqtiid ivater and vapor coexisting, except possibly 
in major channels of steam discharge and locally just 
above the brine water table. Steam and other gases 
rise in the largest channels where resistance to flow 
is lowest. Steam starts to condense on the outer 
borders of the reservoir and continues to condense 
from all vapor escaping into zone 3, where tempera
tures decrease outward and provide a thermal gradi
ent for conductive transfer of the heat of vaporization 
of steam. The condensate from zone 3 percolates 
down into the reservoir, favoring narrow channels 
and pore spaces betvveen mineral grains because of 
surface tension and the lower specific resistance to 
flow of liquid water relative to steam. 

Edwin Roedder (personal commun., 1970) has 
suggested that our model for vapor-dominated sys
tems is similar in many respects to recently-devel
oped remarkable devices that have been called "heat 
pipes" (Eastman, 1968). These devices may be 
"several thousands of times more efficient in trans
porting heat than the best metallic conductors." They 
consist of a closed chamber with inside walls lined 
by a capillary structure or wick, and saturated with 
a volatile fluid. Heat is transferred by vapor from 
the hotter to the cooler end, vvhere the vapor con
denses. The liquid condensate returns by capillary 
action to the evaporator section; temperature gradi
ents in the pipe may be extremely lovv. The top end 
may be the hotter, vvith capillary return of liquid (to 
some limited height) being opposed by gravity. Our 
natural "heat pipes" are not completely closed sys
tems, and their depth has no theoretical limit because 
gravity assists rather than opposes the return flow 
of condensate. 

Parts of the subsurface reservoir such as 11a of 
Figure 7 may be isolated from direct outflow of 
vapor and may be representative of parts of the 
Larderello and The Geysers systems that have no 
apparent direct discharge in fumaroles. Pressures 
throughout the reservoir are controlled primarily by 
the total vapor pressure at the boiling water table, 
modified by frictional resistance to the upward flow 
of vapor and by the weight of the vapor. Near the 
top of the reservoir the vapor may be greatly en
riched in COo, HjS, and other gases that are not 
flushed put of the system as actively as near the top 
of the main reservoir (11). Much water vapor 
condenses below the boundary of the vapor-domi
nated reservoir near 11a. In contrast to the flushed 
part of the main reservoir, significant thermal gradi
ents exist in the poorly flushed parts. Consequently, 

Table 5.—Saturation temperatiures of water calculated 

for Ideal steam-gas mixtures at constant vapor 

pressure, 31.8 kg/cm^. 

Percent Percerit 

steam other gases 

Pr'essure, 

kg/cm^ 

Saturation 

temp.,°C 

100 

99 

98 

95 

90 

80 

70 

50 

30 

10 

5 

1 

0 

1 

2 

5 

10 

.20 

30 

50 

70 

90 

95 

99 

31.8 

31.5 

31.2 

30.2 , 

28.6 

25.4 

22.3 

• 15.9 

9.5 

3.2 

1.6 

0.3 

236 

235.5 

234.9 

233.1 

230.1 

223.7 

216.9 

200.1 

176.8 

134.7 

113.0 

68.0 

some steam can condense and other gases are residu
ally concentrated. Pressure of the remaining water 
vapor requires lovver saturation temperatures, as 
shovvn in Table 5. This table suggests that tempera
tures in isolated parts, of the reservoir differ little 
from 236° C until the residual gases are enriched 
above 5 percent. With higher residual gas contents, 
temperature gradients and conductive heat flow in
crease. 

The above-described relationships may explain the 
relatively high pressures and low temperatures of 
the vapor-dominated fields of Bagnore and Piancas
tagnaio near Monte Amiata (Burgassi and others, 
1965; Cataldi, 1967).' Initial pressures were 22 to 
40 kg/cm- and gas contents of the vapor were as 
high as 96 percent, but reported temperatures did 
not exceed about 150° C (Burgassi, 1964; Burgassi 
and others, 1965; Cataldi, 1967). Pressures and gas 
contents of the vapor decreased rapidly with pro
duction. 

Similar reasoning indicates that high contents of 
gas in vapor coexisting with liquid water at a tem
perature near that of the maximum enthalpy of steam 
can result in total vapor pressure significantly above 
31.8 kg/cm= at 236° C (Table 6) . These data indi
cate that, as contents of other gases increase in the 
vapor phase at constant temperature of liquid and 
vapor, total pressures must increase. The least 
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Table 6.—Total vapor pressures of steam-gas 

mixtures coexisting wtth liquid water at 236°C 

Vol. percenc 

gaa in 

vapor 

0 

1 

2 

5 

10 

20 

50 

H2O 

pressure 

kg/cm2 

31.8 

31.8 

31.8 

31.8 

31.8 

31.8 

31.8 

Pressure 

other gases, 

kg/cmZ 

0 

0.3 

0.7 

1.7 

3.5' 

7.9 

31.8 

Total 

pressure. 

kg/cm2 

31.8 

32.1 

32:4 

33.5 . 

35.3 

39.8 

63.6 

Note: Pressures 32.4 and 39.8 in column 4 should read 
32.5 and 39.7 respectively. 

actively flushed extensions of The Geysers field that 
have recently been discovered are likely to have 
higher gas contents and initial pressures than the 
original field. 

Table 6 also suggests a possible triggering mecha
nism for some hydrothermal explosions and phreatic 
eruptions (Muffler and other, 1970) in gas-rich hot-
spring and volcanic systems where escape of vapor 
and flushing of residual gases are inhibited by bar
riers of lovv permeability. Local accumulatons of 
gas-rich vapor can attain pressures that exceed hy
drostatic and perhaps even lithostatic, finally result
ing in rupture and explosive eruption. 

The tentative model described above has additional 
support from thermodynamic calculations and com
parison of actual production data vvith production 
predicted on the basis of our model (manuscript in 
preparation).. We are hopeful that the model will 
proye to be of value in predicting the behavior of 
individual welis, in detecting interference between 
wells, in detecting inhomogeneities within the reser
voir, in calculating reserves bf steam in the original 
vapor-dominated reservoir, and in detecting a major 
influence by increased boiling below the water table 
as a result of declining reservoir pressures. 

Speculations Relating Vapor-dominated Systems 
and Ore Deposits 

Some mercury deposits may have formed in the 
upper parts of vapor-dominated systems. We also 
suggest, more tentatively, that porphyry copper de

posits may have formed in the deep brine zones 
hypothesized to underlie vapor-dominated reservoirs. 

Mercury Deposits.—Many mercury deposits ap
pear to have formed near the surface in relatively 
recent time. Furthermore, mercury deposits occur 
on the periphery of two active vapor-dominated geo
thermal systems: The Geysers in California and 
Monte Amiata in Italy (White, 1967b; Dickson and 
Tunell, 1968). Recent geothermal e.xploration for 
e.xtensions of The Geysers field disclosed dry steam 

•2 \ km to the vvest under the Buckman mercury 
mines. Other wells yield dry steam near Anderson 
Springs, only 1^ km from the Big Chief and Big 
Injun mercury mines (White, 1967b), which are 
10 km southeast of the original steam field. A num
ber of other mercury mines in the district are within 
3 km of steam wells. 

Vapor-dominated systems of high gas content, pre
viously discussed, have recently been discovered from 
3 to 10 km south and southwest of the major Monte 
Amiata mercury mine (Burgassi and others, 1965; 
Cataldi, 1967), the largest Italian mercury deposit. 
No vapor-dominated reservoir has been found to 
prove a genetic relation to the mercury deposits, 
although abnormally high temperatures {62>° C at 
440 m depth) and notable concentrations of COj and 
HoS characterize these Italian deposits (White, 
1967b). Dall'Aglio and others (1966) have shown 
that mercury occurs in anomalous amounts ( > 1 
ppm) in stream sediments in and around the Larde-
rello-Monte Amiata fields. The anomalies in some 
stream drainages may be related to specific mercury 
deposits, but many clearly are not. These wide
spread anomalies instead seem more directly related 
to the geothermal fields and their broad anomalies in 
temperature gradient (Burgassi and others, 1965, 
F ig .7 ) . 

Krauskopf (1964) has emphasized the high vola
tility of mercury, vvhich provides an attractive mecha
nism for separating this metal from most others. 
The vapor-dominated geothermal systems, as we 
novv understand them, provide a mechanism for shal
low, moderately high temperature vapor-phase sepa
ration of mercury from otiier metals. Mercury is 
known to occur in vapor from The Geysers steam 
field (White, 1967b, p. 590, and unpub.'data), and 
large mercury anomalies have been found in Yellow
stone Park in mudpots of the Mud Volcano area and 
elsewhere, that are maintained by steam flow and 
condensation (W. W. Vaughn, U. S. Geol. Survey, 
written commun., 1969). Especially attractive is the 
possibility that Hg and H,S dissolve in the steaiii 
condensate of zone 3 of our model (Fig. 7) , precipi
tating as HgS as temperature decreases and as the 
pH of the condensate increases from reaction vvith 
silicates. 
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We do not claim that all mercury deposits form in 
this way. The Sulphur Bank and Abbott raines east 
of The Geysei-s, for example, are associated vvith 
discharging thermal chloride waters that may be, 
respectively, metamorphic and connate waters being 
forced out of their source rocks by lithostatic pres
stire (White, 1957b, 1967b). During peak minerali
zation at high temperatures, similar water was almost 
certainly being discharged, perhaps with more abun
dant vapor than now. 

Porphyry Copper Deposits.—The possibility that 
porphyry copper deposits may be forming in the zone 
of boiling brine below vapor-dominated systems 
(zone 9 of Fig. 7) should be tested in these systems 
by looking for copper minerals in core and cuttings 
from the deepest drill holes. The model provides 
attractive possibilities for explaining many aspects 
of these deposits: 

1. Recent isotope studies (Sheppard, Nielsen, and 
Taylor, 1969) demonstrate that water of meteoric 
origin probably is dominant over vvater of other 
origins during mineralization stages. 

2. Temperatures of filling of fluid inclusions are 
most commonly above 250° C and e.xceptionalIy 
range up to 725° C (Edwin Roedder, oral and 
written commun.). The salinities of many inclusions 
are exceedingly high, probably ranging up to 60 per
cent of total fluid by weight. However, many inclu
sions are largely vapor, probably indicating boiling 
of the saline fluid at the time of entrapment. 

3. Fluid relationships and the geologic setting of 
Copper Canyon, Nevada, are considered to be gen
erally similar to porphyry copper deposits (J. T. 
Nash, written commun., 1970). Extensive fluid-
inclusions studies by Nash and Theodore (1970) 
demonstrate that a) temperatures are most commonly 
in the range of 315° to 375° C; b) salinities of the 
ore fluids are commonly in the order of 40 percent (or 
higher, if CaCU is abundant), vvith highest salinities 
in and near the porphyry intrusion and vvith lower 
salinities (2 to 15 percent) in peripheral gold-bear
ing deposits; c) vapor bubbles vvere trapped in many 
inclusions, demonstrating the prevalence of boiling 
or near-boiling conditions. The copper deposits are 
largely dispersed in the intruded rocks adjacent to 
the porphyry, and thus are vvithin the spectrum of 
deposits that have been called porphyry copper de
posits (Lowell and Guilbert, 1970). 

4. High-salinity brines can develop from residual 
concentration of dilute (or saline) recharge water, 
providing a satisfactory system for transferring heat, 
metals, sulfur and CO, from the large magma body 
that presumably underlies the small multiple porphyry 
"itrusions of most deposits. The critical temperature 
of water increases vvith salinity; vvith sufficient con

tents of alkali and calcium chlorides, vvater can re
main liquid at temperatures as high as those of the 
magma body. Copper and other metals could be de
rived from the local porphyries, a larger underlying 
magma chamber, and from surrounding rocks. 

5. The return flow of condensate through the 
vapor-dominated reservoir is relatively dilute, but is 
normally, saturated in SiOj (with respect to quartz, 
440 ppm at 240° C, Fournier and Rowe, 1966). 
Reevaporation of this water may account for much of 
the abundant hydrothermal quartz of porphyry cop
per deposits. 

6. Condensate from the discharge areas of vapor-
dominated systems is high in sulfate. Some and 
perhaps much of this condensate may drain down
ward to the deep water table and account for the 
abundant anhydrite of many porphyry copper de
posits. 

7. The most commonly quoted range in depth for 
the tops of porphyry copper deposits is from 1,000 
to 3,000 meters (Lowell and Guilbert, 1970). The 
shallower depths seem too low for attaining the indi
cated temperatures and salinities, but may be possible 
in a brine below a shallow vapor-dominated reser
voir (Fig. 1, curve C, can be at shallower as well as 
greater than plotted depth). 

8. If porphyry copper deposits wereindeed formed 
at depths of 1,000 to 3,000 meters, if most of the 
vvater of the ore fluids is of surface origin, as indi
cated by isotopes, and if near-magmatic temperatures 
and excess heat flow vvere maintained close to the 
surface for thousands of years, some type of hydro-
thermal activity must have characterized the then-
existing ground surface. Hot-water systems are 
numerically far more abundant than vapor-dominated 
systems, and may be the surface expression of sortie 
kinds of ore generation (White, 1967b, 1968a), but 
dissolved salts are dispersed by discharging water, 
and extreme salinities are not ordinarily attained. 
The highest salinity yet known in active hot-water 
systems is about 25 percent, characterizing both the 
Salton Sea,, and the Red Sea geothermal brines 
(White, 1968a). Chemical evidence indicates 
strongly that the high salinities of these two systems 
result from the solution of NaCl-rich evaporites. 
We doubt that evaporites are also involved in the 
generation of all porphyry copper deposits; some 
other mechanism for attaining extreme salinity is 
indicated. Our proposed mechanism for residual 
concentration of salts by boiling below vapor-domi
nated systems is a feasible and attractive possibility. 

9. The postulated vvater below a vapor-dominated 
reservoir may be characterized by high positive tem
perature and salinity gradients extending downward 
from the deep water table (Fig. 1), thereby provid
ing a favorable environment for upward transport and 
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deposition of copper sulfides and pyrite. Tempera
tures in the water-dominated zone must increase 
toward the source of heat, presumably an igneous 
intrusion; actual gradients are highly dependent on 
the extent of convection in this zone. F o r m a 
tion of vapor bubbles probably occurs largely near 
the base of penetration of water of the system, where 
temperatures are highest relative to pressure. Sa
linity is thereby increased by residual concentration 
near the base, where permeability is low enough 
to inhibit convection. On the other hand at higher 
levels near the deep water table, dissolved salts 
are being diluted by three processes: ( a ) conden
sation of dilute water from steam bubbles rising 
in the brine, as pressures decrease to about 34 k g / 
cm^, as discussed above; (b ) downward percolation 
of condensate of steam from the upper margins of 
the vapor-dominated reservoir; and (c ) entry of 
new •water recharging'the system; this water is likely 
to be considerably more dilute than the average 
deep water. 

Porphyry copper deposits should be reexamined 
with consideration of these speculations on tempera
tures and salinities. If temperatures and salinities 
do increase sharply downward, our model may pro
vide a new understanding of mode of transport and 
deposition of the ore minerals. Both decreasing 
temperature and decreasing salinity upward should 
favor precipitation of copper sulfides because of the 
decreasing stability of copper chloride complexes. 
Introduction of the ore metals may normally occur 
during a late stage in the total activity after very 
high salinities have been attained from residual con
centration by boiling, and perhaps after the deepest 
permeable fractures (zone 9 of Fig. 7) have extended 
downward into a partly cooled major magma 
chamber. 

Porphyry copper deposits should also be examined 
to determine whether the primary deposits vvere lim
ited in upward development by a subsurface water 
table (8 of Fig. 7 ) . Copper and other base metals 
have low volatilities and could not be transferred 
into the vapor-dominated reservoir. Pyri te and cin
nabar are likely to be characteristic of the zone of 
condensation (zone 3 ) , and pyrite can also form 
within the reservoir (zone 11) by reactions involv
ing HoS and F e of the rocks. However, pyrite is 
likely to be much more abundant below the brine 
water table. Thus , where the original upper limit 
of copper mineralization and the level of the former 
brine water table are exposed in the present topog
raphy, the water table may be indicated by an 
anomalous upward decrease in supergene oxidation, 
where pyrite was initially so scarce. 

U. S. GEOLOGICAL SI/RVEY, 
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ABSTRACT 

Hydraulic Fracturing at the Fenton Hill Hot 
Dry Rock Geothermal site near the Valles 
Caldera has yielded fracturing pressures from 
14 to 81 MPa (2030 to 11750 psi) at depths 
ranging from 0.7 to 4.4 km (2250 to 14400 ft). 
This data can be fit to a fracture gradient of 
19 MPa/km (0.84 psi/ft), except for an 
anomalous region between 2.6 to 3.2 km where 
fracturing pressures are about 20 MPa lower 
than estimated using the above gradient. This 
anomaly coincides with a biotite granodiorite 
intrusive emplaeed into a heterogeneous 
jointed metamorphic complex comprised of 
gneisses, schists and metavolcanic rocks, 
Microseismic events detected with sensitive 
downhole geophones.suggest that shear failure 
is an important process during hydraulic 
fracturing of such jointed rock. Consequently 
the usual relation between minimum earth 
stress and fracture opening pressure, based 
upon classic tensile failure, cannot be used 
apriori; fracture opening pressure is instead 
a complex function of joint orientation and 
all three components of principal earth 
stress. 

FRACTURING EXPERIMENTS 

The Los Alamos National Laboratory, with 
financial support from the U.S. D.O.E., West 
Germany's Ministry for Science and Technology, 
and Japan's New Energy Developraent Organiza
tion, has drilled five wells into Precambrian 
crystalline basement rock as part of the Hot 
Dry Rock geothermal energy program. The 
experimental site. Fenton Hill, is located in 
the western flank of the Valles Caldera, a 
dormant volcano in the Jemez Mountains of 
northern New Mexico. The first well, GT-1, 
was drilled to 0.75 km for exploratory 
purposes. The second and third wells, GT-2 
and EE-1, were drilled to approximately 3 km, 
and were used for numerous HDR heat extraction 
experiments. ' These wells were connected by 
hydraulic fractures, one of which extended 
vertically 300 m from initiation point in 
EE-1 to intersection with GT-2. The fourth 
and fifth wells, EE-2 and EE-3, were drilled 
to 4,4 and 4,0 km respectively. The tempera
ture at 4,4 km was 325°C. The bottom sections 
of these wells were directionally drilled, at 
an angle of 35° from vertical, with horizontal 

deviation in the ENE direction, parallel to 
the estimated direction of the minimum prin
cipal earth stress. These wells a re to be 
connected by fractures which must be about 370 
m high, because the wells are separated 
vertically by this distance. 

In all fracturing experiments conducted to 
date, the fracturing fluid has been water, to 
which friction reducer and fine silica have 
been added occasionally to reduce wellbore 
friction and to increase fracturing efficiency 
by blocking permeability of the rock .faces 
contiguous to the fracture. Other than the 
addition of friction reducer the water was not 
viscosified, and no proppants were injected. 
Injection rates have ranged from 1 to 76 )l/s, 
and injection volumes from 1 to 5000 m^. The 
great depths and temperatures have so far 
precluded the successful use of impression 
packers or televiewers to determine fracture 
orientation, but monitoring of microseismic 
acoustic emissions during firacturing with 3 
axis geophones installed to depths of 2,9 km 
in neighboring wells indicate that the 
fracture planes generally strike NS, nearly as 
expected. All fractures are vertical, or 
nearly so, except in the lower zone of EE-2, 
{below 4,3 km) where acoustic emission 
patterns suggest a fracture zone with a dip of 
45°. 

Table I summarizes total downhole fracture 
pressures, P ̂ , determined in all fracture 
experiments conducted in the Fenton Hill 
geothermal wells to date. Later we discuss 
the relationship of Pf and minimum horizontal 
earth stress. The designation ISIP indicates 
that a reasonably constant pressure was 
observed after shut-in, but extrapolated ISIP 
indicates that the "Muskat analysis" was 
required, in which a straight line fit of 
logarithm of pressure versus time is extrapo
lated back to actual time of shut-in,^ 
"Fracture extension" indicates that 
re-injection provided such a clear arrest in 
the pressure-time curve, and at reasonably low 
flow rates, that this arrest could be taken as 
P f . The designation "P from PTA" indicates 
the fracture extension pressure derived from 
noting the pressure required to change 

hydrological characteristics of the existing 
fracture, e,g, enlargement. The last two 
methods of Pf determination, termed P vs Q°-^^ 



Table I. Fenton Hill Fracture Pressures 

Well / Expt Depth (km) 
Fracture Opening 
Pressure (MPa) Method Of Determination 

GT-1 

QIzZ 

2018(82/07/19) 

2020(82/10/06) 

2011(82/05/30) 

2012(82/06/04) 

2016(82/06/19) 

EEzl 
2006(82/01/19)! 

2007(82/02/17)! 

2023(82/11/08) 

2025(82/12/14) 

0.745 

2.0 

2.53 

' .96 

2.93 

3.45-3.59 

3.46-3.59 

A,25-4.36 j 

! 
t 

i 
4.25-4.36 I 

i I 
I 

4.25-4.36 I 

i 

3.09-3.15 i 

3.09-3.15 I 

i 

3.09-3.15 I 
I 

i 
i 

3.35-3.44 ! 

13.7-14.3 

33.5-34.9 

36,6-37.3 

37.5 

81 .0(6) 
67.5(6) 
62.7 
75.0 

53.0(5) 
68.5(5) 
57.7-73.9 
70.0-74.2 

59.2(2) 
69.9(2) 
SO. 2 
80.3 

74.5(7) 
78.7(7) 
80.2 
80.3 

71.7(9) 
77.0(9) 
81 .2 
81 .3 

'33.1 

33.5(3) 
35.9(3) 
38.4 

33.9(6) 
37.3(6) 
38.6 
42.5 

45.4(14) 
56.6(14) 

ISIP 

Extrapolated ISIP 

Fracture Extension 

Fracture Extension 

Fracture extension 
pressure from PTrt 

P vs Q".25 cxtfâ 'olatior. 
P vs i3'.5 Extrapolation 
ISIP 
Extrapolated ISIP 

P vs Q'.25 Extrapolation 
P vs 0'".5 Extrapoiatiori 
ISIP d mea-surements) 
Extrapoiacea ISIr (il 

P vs G'".25 Ext rape I at ior, 
P vs Q".5 Extrapolation 
ISIP 
Extrapolated ISIP 

P vs Q'.25 Extrapolation 
P vs 0'".5 Extrapolation 
ISIP 
Extrapolated ISIP I i 

I P vs Q' .25 Extrapoia t ior i 
I P vs Q".5 Extrapoia*lOP 
j ISIP 

Ex t rapo la t ed ISIP 

e x t r a p o l a t e d i^iP 

P vs i3 " .25_Extrapola t ion 
P vs Q".5 Lx t r apo ia t i on 

P vs Q" .'25 : .x t rapola t ion 
P vs 0" .5 E x t r a p o l a t i o n 
ISIP 
Ext rapo la ted ISIP 

P vs 0'".25 Ex t r apo l a t i on 
P vs Q ' .5 Ex t r apo l a t i on 

* Number in Parentheses i s Number of P - Q Dat3 Points in Curve Fit. 



(laminar flow) and P vs Q"-^ (turbulent flow) 
are scaling laws for refracturing pressure 
variation with flow rate, using a simple 
fracture aperture (opening) and pressure 
relation^. Figure 1 presents the variation 
of the fracture extension pressure with Q for 
Experiment 2012. As can be seen, reasonable 
fits to the data can be obtained with either 
Q "'^^or Q - scaling, a typical value of the 
discrepancy between data and curve fit being 
only about 1%. The values of Pf (pl^ined by 
extrapolation are 74,5 MPa for Q ' scaling 
and 78.7 MPa for Q"*^ scaling, but below we 
show that this difference, though sma I K 15 
significant and we will argue that (f"' 
scaling is more appropriate. 

The single value of Pf derived from PTA was 
based upon 15 injection tests. The range of 
ISIPs provided for Experiment ^ 2 0 represents 
four separate determinations during the 
course of injecting 3300 m •• (860.000 gallons) 
over 15 hours. 

Table I demonstrates the excellent 
repeatability of all the methods of estimating 
Pf, For example, three separate fracturing 
experiments were conducted in EE-2 in the 
depth interval 4.25 to 4.36 kra. The six 
separate Pf measurements by ISIP and 
extrapolated ISIP vary by a maximum of 1,4$ 
from minimura to maximum. 

For Experiraent 2011, only two data points were 
available for P - Q curve fitting and, as can 
be seen, the value of Pf so derived is 
significantly different from the other 
estimates. For the other two experiments at 
4,25 to 4,36 km, the number of data points was 
greater and the agreement is much better. In 
fact, if the Pf estimates based upon two point 
P vs Q extrapolation are excluded, the 
agreement of the remaining Pf estimates is 
excellent, ranging only from 71,7 to 81,3 MPa, 
or a variation of 6% about the mean. Similar 
observations pertain for the 8 measurements of 
Pf at 3,46 to 3,59 kra in EE-2 and the 8 
measurements at about 3,1 km in EE-3. 
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With the possible exception ^ E x p e r i m e n t 
2018, the Pf determined from (f' extrapo
lation is always significantly lower than the 
other determinations. This argues that a 
laminar flow rule is inappropriate, an 
entirely reasonable finding considering the 
high injectiof^ f?*^^ used in these experi
ments. If Q • extrapolation is excluded 
from consideration, the agreement of P, 
determinations would be ̂ 3% at 4.3 km, ± 8 % at' 
3,5 km, andi 8% at 3,1 km. 

Figure 2 presents the variation of fracture 
pressure with depth. All measurements, with 
the exception of those from P - Q^j^j 
extrapolation and the two-point Q ' 
extrapolation are plotted. Also shown is the 
vertical overburden stress computed from the 
density of the overlying formations. Except 
for the bioiite granodiorite intrusive located 
at 2.6 to 3.2 km, Pf can be represented as a 
linear function of depth, with a fracture 
pressure gradient of 19 MPa/km (0.84 
psi/foot). 

RELATIONSHIP OF FRACTURE PRESSURE AND EARTH 
STRESSES 

According to conventional theory, the fracture 
pressure derived from shut-in or from fracture 
extension pressure is equivalent to the 
minimum principal earth stress, Smin • How
ever, before this equivalence can be drawn for 
the present measurements it must be shown that 
the mode of fracturing is tensile in nature, 
not due to shear. In addition, because 

Pf Fracture Pre i tu ra (pail 

aoo uoo noo 10000 12.900 isooo 

FLOW BBTE C«'/.) 

Figure 1. Variation of fracture extension 
pressure with injection rate. 

Pj Fraeturo Prassurs tMPsI 

Figure 2, Variation of fracture pressure with 
depth. 



KJ> 

fracturing in these crystalline rock forraa
tions undoubtedly opens up pre-existing 
fractures, or joints, rather than creating 
virgin rock failures, it must also be shown 
that the joints preferentially stimulated a re 
perpendicular, or nearly so, to Smin, or else 
that the principal earth stresses are suf
ficiently close in magnitude that joint 
orientation makes little difference. Let us 
first consider the possibility of shear 
fracturing. For joints without strength or 
cohesion, it can be shown that as the fluid 
pressure is increased, eventually the 
effective normal stress on the joint will be 
reduced to the point where the joint can slip; 
theoretically shear slippage occurs before the 
effective stress is reduced to zero, and the 
joint completely opens ("jacking" is the 
descriptive term used in reference 6 ) . 
Adopting Amonton's friction law, it can be 
shown that if B is the angle between a joint 
plane and the direction of the maxiraura 
principal stress, Smax, and* is the friction, 
angle, (the coefficient of friction is tan̂ ti ) 
then 

frain = !_Li^AW!^ 
Pf X + 1 

where x = cos Ze, + (sin 2s)/tan(ji. 

(1) 

Thus Smin can be estimated from the measured 
Pf if independent estimates of Smax , B andijj 
are available. Usually Smax is the readily 
estimated overburden stress, but in tectoni
cally active regions such as the Valles 
Caldera this must be established, and the 
means of doing so was derived from differ
ential strain analysis (DSA) of core 
specimens® as well as fault plane solutions^ 
of microseismic acoustic emissions. DSA earth 
stress measurements are based upon the stress 
required to close microcracks in the core, the 
assumption being that all such cracks are 
closed jm situ. This method is consequently 
qualitative in nature, subject to considerable 
uncertainties, and with a tendency to over
estimate actual earth stress. Figure 3 
presents the results: the solid lines 
indicate the estimated minimum horizontal 
stresses, and the dashed lines represent the 
maximum horizontal stresses. The four core 
specimens were unoriented, so the direction of 
the DSA principal horizontal stresses are 
unknown. While considerable uncertainty is 
noted it appears that the maximum horizontal 
stress is less than, or approximately equal 
to, the vertical stress, 

Microseismic accoustic emissions during 
hydraulic fracturing experiments were detected 
with a downhole, three-axis geophone ( or 
occassionally an accelerometer) as well as a 
surface network of 13 stations located within 
5 km of the geothermal wells. Full details 
are provided in reference 9, but can be 
summarized as follows: the fault plane 
solution for fracturing at the 4,3 km interval 

in EE-2 indicates strike slip faulting on a 
N-S vertical plane. The solution at 3,5 km 
indicates dip slip on a N-S vertical plane. 
These two solutions indicate that over a short 
depth interval, only 800 ra, the maximum earth 
stress changes from nearly vertical to nearly 
horizontal, which strongly implies that the 
maxiraura horizontal stress is nearly equal to 
the overburden stress over this depth 
interval, being slightly greater at 3,5 km, 
and slightly less at 4.3 kra. This result is 
entirely consistent with the DSA stress ranges 
shown in Figure 3. Consequently the magnitude 
of the maximum stress can be taken as that of 
the overburden stress. At 3,5 kra the ratio S„, 
/Pf is then 1,30 while at 4.3 km the ratio is 
1.37; both intervals can be characterized, on 
average, as ^gx ^ ^ f ~ 1-31. Substitution in 
equation (1) yields, in Table II, the ratios 
of Smin/Pf provided by the shearing criterion 
for various values of fracture orientation and 
friction angle. Friction angles of 30° to 60° 
encompass the range of reasonable values for 
crystalline granitic rock. 

For the 3,5 km interval the fault plane was 
not well constrained, and the plane could dip 
from 50° to 90° (g = 0° to 40°). The fracture 
orientation provided by mapping the micro
seismic hypocenters is also poorly con
strained, but the general pattern appears to 
be a vertical fracture striking roughly N-S, 
The fault plane solution for the 4,3 km 
interval is more tightly constrained, with dip 
of 85° and strike N10°E, Usual fault plane 
convention places the P axis direction at 45° 
to the fault, so a = 45°, However, hypocenter 
maps suggest a fracture dipping 45° and 
striking roughly N-S. This could be construed 
as a single fracture, with a dip at variance 
with that given by the fault plane solution 
(but still with B £ 45°). or as a series of en 
echelon fractures, each with vertical fault 
plane, but joined to adjacent fractures by 
off-vertical natural joints. 

In every case discussed, e ^ 45°, so that the 
minimum earth stresses Tn Table II a r e 
remarkably well constrained: Smin/Pf = 1-08 
±8%, for 30° £ $ ^ 60°. Thus the use of 
either the conventional interpretation or one 

Table II 
Ratios of Minimum Earth Stress To Fracture 
Pressure According to Shear Fracturing 
Criterion With S /P^ 

max' f 

30° 

1.34. 

4 = 45° 60° 

0° 
15° 
30° , 
45° 
60° 
75° 

1,00 
1,09 

. 1,17 
1,07 
1.00 
0.66 

1,00 
1,05 
1,05 
1.00 
0.84 
0.27 

1,00 
1,02 
1,00 
0.91 
0.64 

-0.26 



3 0 

3 2 

3 4 -

E 
J t 
— 3 6 

a 
3 8 -

4 0 -

4 2 -

4000 
I 

6000 

Earth Stress (psi) 

9000 10.000 '2.000 14000 16.000 

Range of min HDR t t res* 

from diff atraln anal o 

h*-

h * -

h « -

h 4 -

• ISIP 

* Extrapolated ISIP 

o p.Q° • axtrap. 

- 10.000 

- 11.000 

H ^ 

Max HDR 

strata range. 

diff i t ra in anal 
/ 

H< > H 

Hydraulic 
o o ^ Fracture 

• Prasauret 

12.000 a 
o 
O 

13.000 

-14.000 

20 40 60 80 

Earth Stress (MPa) 

100 120 

Figure 3. Comparison of OSA Earth Stresses and Fracture Pressures. 

based upon shear fracturing results in 
essentially the same result, Smin = Pf. or Smin 
= 1.08 (t 0.08) Pf. 

The final check is to consider the possibility 
of joint "jacking" on planes non-perpendicular 
to S M H . In this case the normal stress must be 
equal to P, , and rotational stress transforma
tion yielas: 

S •• = 2 - ( 1 - cos 2S) S /P, 
m m ' ' max f 

P, 1 •!• cos 2 6 
(2) 

Table III indicates that unlike shear 
fracturing, it requires a fracture pressure 
greater than Smin to jack open joints inclined 
significantly to the Smax direction. It raay 
be concluded that static considerations alone 
preclude the opening of such off angle joints 
by jacking, because these would shear first. 

Table III 
Ratio of Miniraura Earth Stress To Fracture 
Pressure For "Jacking"; S /P, = 1,34 

' ' max f 

s 
0° 

15° 
30° 
45° 

Smin/Pf 

1 
0,97 
0,89 
0.66 

However dynamic factors must also be con
sidered. The injected fluid must be 
accommodated by fracture and forraation 
porosity. Depending upon injection rate, 
fluid viscosity, fracture size, and formation 
permeability and corapressibility some fluid 
permeates the rock adjacent to the fracture 
and is thus stored in existing porosity. The 
remaining fluid is stored in the dilated 
fracture. In principle, jacking requires 
higher pressures, which leads to greater 
dilation than shearing, but rough estimated 
suggest that formation permeation accommodated 
90% of the water injected in these fracturing 
experiments. Consequently little fracture 
dilation was required, and despite the vast 
differences in physical scale this fracturing 
was probably similar to the shear fracturing 
observed by Lockner and Byerlee when core 
specimens were fractured at low injection 
rates. Thus, it is likely that jacking in the 
present experiments, if it occurred at all. 
was confined to low 6 joints, for which Smin/Pf 

To briefly summarize estimated earth stresses 
at other depths, it is noted that the maximum 
ratio of ^^ax /P f occurs for the biotite 
granodiorite intrusive, where the ratio is 2. 
resulting in Smin/Pf = 1-25 ± 0.25 based upon 
the shear criterion for joints with s<45°. 
However in this interval a completed reservoir 
was developed and simple geometrical relations 
between fracture initiation zones and inter
section zones in the opposite well indicate 



nearly vertical fractures, B <.10°, so Smin/Pf 
is constrained to less than 1.10, The jacking 
criterion for S £10° likewise results in S m m 
/Pf = 0,95, In summary S^^-^ = Pf closely for 
this interval. For deptli intervals not yet 
discussed no similar geometrical constraints 
are available, but in these intervals S^g^/^~ 
1,5; and the shear criterion results in Smir/Pf 
= 1,12 ±0,12, 

CONCLUSIONS 

Fracture pressures were estimated from 
direct ISIPs, extrapolated ISIPs. observed 
changes in hydrological characteristics, and 
extrapolations of fracture extension pressure 
versus injection rate. Excluding "laminar" 
flow scaling, and "turbulent" flow scaling 
where only a very few data sets (P vs Q) are 
available, excellent agreement is found for 
all five methods. Because of the nearly 
lithostatic state of stress at this site, in 
which the ratio of Smax/Smin was typically 
1,5 (2,0 in the worst case), it was possible 
to show that Smin = Pf even if the raode of 
fracturing is shear, or if off-vertical joints 
were "jacked" open. Except for the Biotite 
Granodiorite intrusive, where Smin appears to 
be 20 MPa lower than expected, the rainiraum 
principal earth stress is linear with depth, 
with a gradient of 19 MPa/km (0,84 psi/ft) and 
is horizontally oriented in approximately the 
EW direction. The maximum horizontal stress 
is nearly equal to the overburden stress, 
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The Earth is a great reservoir of heat energy, but most of its heat is 
buried too deeply or spread too diffusely to be felt tangibly at the sur
face, especially as it is masked by incoming solar radiation. We become 
aware that the Earth is a great heat engine during episodes of volcanic 
eruption, when material at temperatures upwards of 800°C is emitted 
at the surface. Hot springs, geysers, and fumaroles are other surface 
manifestations of the Earth's heat content. 

When recoverable, the heat of the Earth can be made to do useful 
work. The uses depend upon the enthalpy (heat content), physical state, 
and chemistry of the transporting medium. Despite very high enthalpy, 
molten lava has found no direct use. Similarly, hot, dry rock has found 
only the most limited and local uses. High-enthalpy aqueous fluids 
(above about 200 cal/g) are of proved use in the generation of elec
tricity and in industrial processes, and may find application in de
salination. Fluids of lower enthalpy have many uses as process heat 
in industry, and perhaps can be used also in desalination. Low-enthalpy 
fluids (above about 100 cal/g) are used widely in space heating and 
in agriculture. Additionally, certain mineralized waters may yield in
dustrially valuable chemicals as a by-product of heat extraction or de
salination. Developments in the technology of heat-exchanging and de
salination may extend the range of uses of low-enthalpy fluids signifi
cantly in the next few decades. 

High-enthalpy geothermal systems are known only in regions of 
youthful volcanism, crustal rifting, and recent mountain building. The 
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major geothermal and volcanic belts are the circum-Pacific margin; 
island groups of the mid-Atlantic rift; the rift zones of east Africa and 
the adjacent Middle East; and the irregular belt of mountains and 
basins extending from the Mediterranean basin of Europe and north 
Africa across Asia to the Pacific (see Fig. 1). 

Lower-enthalpy fluids are far more abundant in volcanic zones and 
elsewhere, and may represent a greater reserve of useful energy by an 
order of magnitude or more. Significant areas of lower-enthalpy geo
thermal fluids include the Gulf Coast of the United States, an extensive 
region in western Siberia, and portions of central Europe just north of 
the Alps and the Carpathian Mountains. Geologically, these are subsid
ing sedimentary basins at the margins of folded mountain ranges. Water 
encountered during exploration for oil in sedimentary basins has usu
ally been considered a nuisance. But in the future these hot waters of 
relatively low enthalpy may represent an energy source as valuable as 
oil, and perhaps as widespread. Other low-enthalpy waters have been 
encountered in wells and mines or as occasional warm springs in older 
folded mountains, but rarely in the ancient stable platforms and shields 
of continental interiors. 

This paper summarizes the distribution of geothermal resources on a 

Fig. 1. Regions of intense geothermal manifestations; the distribution accords 
generally with recent volcanism and youthful mountain-building, and in part 
outlines boundaries of mobile crustal plates. 
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worldwide scale, reviews development and exploration activities, and 
evaluates the potential for developrhent over the next decade. 

The Framework for Utilization of Geothermal Energy 

Because heat dissipates rapidly, geothermal fluids cannot be trans
ported far from their point of recovery without suffering diminished 
quality. The maximum transport distance depends upon the initial en
thalpy (heat content) of the fluid and the use for which the fluid is 
intended. For steam used in electric-power generation, the probable 
maximum distance is on the order of 2 to 3 km. Hot water for agri
cultural use or space heating can be transported farther, the greatest 
reported distance being 20 km for municipal hot water in Iceland. 

Where heat energy is converted to electric power, the energy can 
then be distributed throughout the power-transmission grid. Conversion 
to electric power represents a practical means of transferring heat en
ergy from what are often remote geothermal fields to population centers. 
However, the price of conversion is a substantial loss of energy, and 
further losses occur in transmission and in the subsequent use of elec
tricity to do mechanical or thermal work. Additionally, electricity can
not be stored easily or efldciently, which means that a power system 
must be built to meet peak demand, almost without regard for base load. 
In terms of capital investment, this can be expensive and wasteful. Be
cause of these unfavorable factors, direct utilization (i.e. without con
version ) is likely to increase in such applications as space heating, agri
culture, industrial processing, and perhaps desalination, especially as 
costs rise for other fuels. Energy for all of these processes can, of 
course, be supplied by electricity; but the conversion and reconversion 
are wasteful, especially with reconversion to heat. If energy costs rise 
sufficiently over the decades, new communities may develop near the 
geothermal-energy source, much as cities were once established to take 
advantage of running water to power mills. This concept is under active 
consideration in Hungary. 

The countries that have successfully developed geothermal electricity 
to date are among the wealthiest and most industrially developed in the 
world. These include the United States, Italy, Japan, the Soviet Union, 
New Zealand, and Iceland. Even Mexico, where a plant is to begin oper
ation in early 1973, is among the relatively more developed nations. 
This pattern appears to indicate the need for an adequate economic 
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and technological infrastructure. However, the majority of countries in 
which exploration is under way, and where opportunities for future 
development are greatest, are generally among the least developed of 
nations, lacking the economic and technological base. But even within 
most highly developed countries there are regions that are lacking in 
energy resources, low in population, or remote from the industrialized 
heartland, where costs of electric power often are higher. Examples are 
Hokkaido, the northern island of Japan, the Kamchatka Peninsula of 
the Soviet Union, and parts of the Great Basin of the United States, all 
of which exhibit geothermal potential. 

Many of the industrialized nations are poor in reserves of fossil fuels, 
and some are chronically short of foreign exchange. The United States 
now typifies the latter. Fuel-short countries include Italy, Japan, and, 
until very recently, New Zealand. In Japan, 75 percent of all energy is 
imported, and this figure is expected to increase over the next 10 years 
to over 85 percent. Even a wealthy nation like Japan cannot afford to 
import four-fifths of its energy indefinitely. Finally, environmental con
siderations have begun to limit other modes of energy conversion in the 
industrialized nations. Nuclear power, although technologically feasible, 
has not developed as predicted—for economic and environmental rea
sons, and because of a deep-rooted public resistance. 

Conversely, in New Zealand, where geothermal exploration has been 
under way since the end of World War II, recent discoveries of sizable 
reserves of natural gas have brought the development of geothermal-
electric plants to a halt. However, the Government of New Zealand will 
continue to encourage the direct utilization of geothermal energy in in
dustry, agriculture, and municipal heating. If the demand for electricity 
continues to increase, or if foreign markets are obtained for New Zea
land natural gas, this decision may be reversed. Geothermal-energy de
velopment thus rests in an uneasy relationship with local political, eco
nomic, and technological conditions. 

In summary, we can expect increased use of geothermal energy, cer
tainly in direct utilization. Despite certain disadvantages, such as ina
bility to sustain transport over long distances, restriction to base-load 
power applications, relatively low efficiency, and transmission losses, 
the doubling of demand for electricity every 7 to 12 years and the 
accelerating demand for other forms of energy throughout the world 
will require us to develop our geothermal-energy resources. Especially 
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in countries plagued by a shortage of fossil-fuel reserves or an unfavor
able balance of payments, there is an incentive to develop indigenous 
energy sources. 

Costs 

The production costs of various modes of energy generation are diffi
cult to compare. Available data (see Table 1) are not always accurate, 
and may reflect different interest and taxation rates, amortization pe
riods, special allowances, or other hidden costs. In any case, it has been 
shown—in Hungary, Iceland, New Zealand, and the Soviet Union—that 
direct utilization of geothermal energy in industry, agriculture, and 
space heating is appreciably less expensive than the use of crude oil, 
gasoline, or diesel fuel for the same purposes. Natural gas, where ob
tainable, and coal are more nearly competitive, though still more ex
pensive than hot water for heating purposes. 

In the generation of electricity, only hydroelectric power has been 
found to be cheaper, and only in certain situations. In Iceland, for ex
ample, hydroelectricity has been shown to be less expensive than geo
therraal power in most circumstances. But once the more ideal hydro
electric sites were developed, geothermally generated electricity be
came economically competitive. Moreover, in Iceland the direct utili
zation of hot water for municipal heating is far cheaper than heating 
via hydroelectricity. At The Geysers in the United States, geothermal-

TABLE 1 
Selected Comparative Cost Data for Geothermal Energy 

Geothermal field 

Electricity, U.S. mills/kwh 
Namafjall, Iceland 
Larderello, Italy 
Matsukawa, Japan 
Cerro Prielo, Mexico 
Pauzhetsk, U.S.S.R. 
The Geysera, United States 

Space heating, U.S.g/Gcal energy 
Reykjavik, Iceland 
Szeged, Hungary 

Refrigeration, U.S.S/Gcal energy 
Rotorua, New Zealand 

Drying diatomite, U.S.$/ton 
Namafjall, Iceland 

Geothermal 
production 

2.5 - 3.5 
4.8-6.0 
4.6 
4.1-4.9 
7.2 
5.0 

4.0 
3.0 

0.12 

—2 

Ix)col average, 
other fuel 

— 
-— 7.5 
' - 6 . 0 
- - 8 . 0 
' -10.0 

7.0 

6.7 
11.0 

2.40 

—12 



Fig. 2. Geothermal electric power stations. 
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electric power has proved to be cheaper than power from other fuel 
sources, regardless of plant size. Even in developed countries, then, 
geothermal power corapares favorably with power from very large gen
erating stations that have the advantage of economy of scale. And in
deed, the ability of geothermal-generating systems to be developed eco
nomically in relatively small power-unit increments—-say, 25 to 50 Mw 
—is a major consideration for underdeveloped countries, where the 
load and the load growth are commonly small. But the New Zealand 
decision must remind us that wherever it is politically or economically 
more advantageous to develop other energy sources, geothermal-power 
development raay be retarded. 

Hisiory of Development and Exploration 

The early history of geothermal development saw the utilization of 
thermal springs as baths and health resorts, and the occasional use of 
thermal waters to heat buildings. Primitive peoples had already used 
the heat of fumaroles for cooking food and, in arid lands, steam con
densate for drinking water. Sulfur deposited from the steam of fuma
roles, kaolinitic clays forraed by the decomposition of rocks in fuma
role zones, and to a lesser extent furaarolic mercury and alum were 
utilized for centuries. But it was the recovery of boric acid from the 
fumaroles of Larderello, Italy, that marked the beginning of raodern 
geothermal development. Starting in 1812, mineralized hot-spring 
waters were boiled to dryness in cauldrons heated by wood fires, and 
boric acid recovered from the residue. In 1827, fumarolic steam was 
substituted for wood as a fuel for this operation. Shordy thereafter, the 
first borings were made for steam at Larderello, both as fuel and to 
increase the flow of borate source material. 

The first experimental generation of electricity from natural steam 
was undertaken at Larderello in 1904. In 1913 a 250-kw generating 
station came into service, marking the beginning of continuous gener
ation of geothermal electricity (see Fig. 2 ) . 

After World War I, the concept of geothermal energy was carried 
to the ends of the world. Experimental borings at Beppu, Japan, began 
in 1919, and in 1924 a 1-kw generator was installed and operated ex
perimentally. In the United States, test borings were drilled at The 
Geysers and Niland, California, in the 1920s. Although low-pressure 
steam was foirad in abundance, the projects were abandoned for lack 
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Fig. 3. Areas of significant use of geothermal energy for purposes other than 
generation of electric power. 
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of a market for electricity. Holes were drilled at other fumarole areas 
in the United States in the 20s and early 30s, most notably in Yellow
stone National Park. A test hole was drilled in Java in 1928, but no 
development followed. 

In Iceland, the exploration of hot-water aquifers by drilling began in 
1928 at Reykjavik and in 1933 at Reykir, a few kilometers to the east 
(see Fig. 3 ) . Hot water from these systems was distributed to consum
ers by the Reykjavik Municipal District Heating Service. Before 1940, 
hot-water wells had been drilled for heating purposes at Rotorua, New 
Zealand. In that year a great many wells were drilled for domestic use 
in Rotorua and in towns south of Lake Taupo. 

World War II disrupted traditional patterns of living; in the recon
struction of war-devastated economies, attention focused anew on geo
thermal energy. This was especially true in Italy, Japan, and New Zea
land: all three were short of fossil fuels for power generation, and gen
eration and transmission facilities had been largely destroyed in Italy 
and Japan. 

The reraainder of this paper undertakes to recount, country by coun
try, the history of geotherraal-energy exploration and exploitation, for 
electricity generation and for industrial-process heating, space heating, 
chemical extraction, or the like. Table 2 gives pertinent data on thir
teen important geothermal fields in eight countries; Table 3 indicates 
the current status of geothermal exploration and development in some 
fifty countries. 

Italy 

From the simple 250-kw generator of 1913, the Italian geothermal-
generating complex has grown to over 390,000-kw capacity, and is cur
rently the world's largest. (The original boric acid recovery works, 
established in 1812, was shut down in 1969 because of inabiHty to 
compete economically with other sources of borax.) Over 365 Mw of 
the electrical capacity is produced from the thirteen plants comprising 
the Larderello field. Some 25 Mw are supplied by the four plants at 
Monte Amiata, 75 km to the southeast. Individual turbine size is small, 
ranging from the 900-kw noncondensing unit at San Ippolito to the 
26,000-kw plants at Castelnuovo and Larderello. Approximately 43,000 
kw are generated from a series of noncondensing turbines at the Lar
derello and Monte Amiata fields. Noncondensing turbines were chosen 



TABLE 2 
Characteristics of Selected Geothermal Fields 

Field 

Larderello 
The Geysers 
Maisukawa 
Otake 
Wairakei 
Broadlands 
Pauzhetsk 
Cerro Prielo 
Niland 
Ahuachapan 
Hveragerdi 
Reykjanes 
Namafjall 

Reservoir 
temperature, °C 

245 
245 
230 
200-t-
270 
280 
200 
300-f 
300+ 
230 
260 
280 
280 

Reservoir 
fluid 

Steam 
Steam 
Mostly sleam 
Water 
Water 
Water 
Water 
Water 
Brine 
Water 
Water 
Brine 
Water 

Enthalpy, 
cal/g 

690 
670 
550 

—400 
280 
400+ 
195 
265 
240 
235 
220 
275 
260 

.'\verage 
well depth, 

meters 

1,000 
2,500 
1,100 

500 
1,000 
1,.300 

600 
1,500 
1,300 
1,000 

800 
1,750 

900 

Fluid 
salinity, 

ppm 

<1,000 
<1,000 
<1,000 

—4,000 
12,000 

— 
3,000 

—15,000 
260,000 

10,000 
—1,000 

—40,000 
—4,000 

Mass flow 
per well, 
kg/hr 

23,000 
70,000 
50,000 

100,000 
— 

150,000 
60,000 

230,000 
—200,000 

320,000 
250,000 

—400,000 
400,000 

Non
condensable 

gases, % 

5 
1 

<1 
< 1 
< 1 

—6 
— 

—1 
<1 

—1 
—1 
—1 

6 

file://'/verage
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TABLE 3 

Status of Geothermal Exploration and Development, 1972 

Electric-power Experimental 
generation/ power 

Nation construction stations 

SigniBcant Other Additional 
direct geothermal-field exploration 

utilization discoveries underway* 

Chile 
China 
Ethiopia 
Guadeloupe 

(Fr. W. Indies) 
Hungary 
Iceland 
Indonesia 
Italy 
Japan 
Kenya 
Mexico 
New Zealand 
Nicaragua 
Philippines 
El Salvador 
Taiwan 
Turkey 
U.S.S.R. 
United States 
Zaire 

" Under construction. * Inactive. 
"Other geothermal exploration/interest: -Algeria, Argentina, Bulgaria, Burundi, Colombia, 

Costa Rica, Czechoslovakia, Ecuador, Fiji Islands, Greece, Guatemala, India, Israel, Malawi, 
Mali, Morocco, New Britain, New Hebrides, Peru, Poland, Portugal (Azores Is.), Rwanda, Spain 
(Canary Is.), Tanzania, Tunisia, TFAI (French Somaliland), Uganda, Venezuela, Yugoslavia, 
Zambia. 

originally because of their simplicity, lower capital cost, and ease of 
construction. However, they consurae approximately twice as much 
steam per kwh as condensing turbines, 20 kg vs. 10 kg. In a situation 
where steam is abundant, capital scarce, and time short, noncondensing 
turbines appear to be most favorable. But with the expansion of the 
Larderello complex to the point where many geologists believe that field 
capacity has been reached, or nearly so, effective utilization of steam 
becomes the more critical variable. For this reason, conversion to con
densing turbogenerators is planned. This could add upwards of 40,000 
kw of generating capacity at Monte Amiata and Larderello without any 
increase in steam production. 

Producing pools of the Larderello field are at Capriola, Castelnuovo, 
Gabbro, Lago, Lagoni Rossi, Larderello, Montecerboli, Monterotondo, 
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San Ippolito, Sasso Pisano, and Serrazzano. From Monterotondo on the 
south to the northern end of the field at Gabbro is a distance of some 
20 km. Total field area is probably in excess of 250 km'-'. In addition, 
steam has been discovered at Travale, Boccheggiano, and Roccastrada, 
east and southeast of the main Larderello field. Roccastrada is nearly 
halfway between the center of the LardereUo field and the Bagnore and 
Piancastagnaio pools of the Monte Amiata field. Radicofani may repre
sent an eastern extension of the Monte Amiata field. 

Approximately 500 wells have been drilled across the Larderello and 
Monte Amiata fields, of which nearly 200 were in production in 1971. 
The reservoir fluid is steam, with a variable content of noncondensable 
gases, averaging (see Table 2) about 5 percent, although the initial 
gas content of each well is much higher; e.g., the gas content at Pian
castagnaio had decreased from almost 90 percent initially to 20 percent 
by 1970, and was still decreasing. Reservoir temperatures reach a maxi
mum of about 250°C. 

Average well yield is about 23,000 kg/hr of steam at Larderello and 
perhaps 36,000 at Monte Amiata. The greater average yield at Monte 
Amiata reflects the shorter production history, as both mass and pres
sure declines are reported with time. Individual wells may deviate 
greatly from these averages: mass flows as large as 270,000 kg/hr have 
been reported. Average well depth at Larderello is slightly over 1,000 m. 
Wells are completed with 34-cm-diameter casing, which is the largest 
production diameter at any active geothermal development in the world. 

There is evidence of interference between wells in certain pools, and 
it is reported that maximum sustainable mass flow has been attained for. 
several parts of the field. This is reflected in the low average yield per 
well, which in turn reflects declines in yield per well with time. Many 
geologists have thus been led to state that field capacity has been 
reached. However, successful exploration and development is continu
ing at the previous margins of the field, most notably at Travale, where, 
beginning in 1951 with the drilling of five successful steam wells, a geo
thermal field was developed at the site of an old boric acid works. Two 
3,500-kw turbines were installed in 1952 and operated until 1962, when 
decreases in weU yield required the plant be dismantled. In February 
1972 it was reported that several new wells had been completed, and 
that they were capable of producing at least 100,000 kg/hr each of dry 
steam. This may significantly extend field capacity. 
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The Larderello-Monte Amiata region is being explored by various 
methods, including infrared imaging, to determine if significant data 
have been overlooked in past work. DriUing is continuing in several 
pools of the Larderello field and at Travale. The volcanic centers at 
Roccastrada and Radicofani are also under study. Work includes geo
chemistry, temperature-gradient driUing, geologic mapping, and drill
ing of exploratory holes. As a result of this continued exploration and 
development effort, costs of steam have stayed constant, instead of de
clining as originally predicted by the operating company. Also because 
of the capital cost of conversion from noncondensing to condensing tur
bines, net costs per kwh have increased slightly over the decade. 

As more condensing turbines are installed, more water effluent will 
require disposal. Since the cessation of boric acid recovery in 1969, 
borated waters have been discharged to the natural river drainage. No 
adverse effects upon agriculture are reported. 

Steam at LardereUo is produced from permeable to cavernous lime
stone, dolomite, and anhydrite of Upper Triassic to Upper Jurassic age. 
Field depth is controlled by a decrease in permeabUity with penetration 
into the carbonate sequence and underlying crystalline basement. The 
reservoir is capped by a thrust sheet coraprising impermeable carbo
nates, argillites, and ophiolites of Jurassic to Eocene age. Surface leak
age of steam occurs along faults extending to the carbonate-anhydrite 
reservoir beneath the thrust plate. There is no obvious source of heat in 
the immediate vicinity, although the presence of a deep pluton has been 
suggested. Tertiary granitic rocks are exposed on the island of Elba, 
some 80 km to the southwest. The closest Late Tertiary volcanic rocks 
are exposed at Roccastrada. 

Monte Amiata consists of Pliocene and Pleistocene acidic and alka
line volcanic rocks extruded through a sequence of shales, marls, lime
stones, and sandstones similar to those at Larderello. The steam reser
voir is also beneath an impermeable thrust sheet. Post-volcanic coUapse 
is believed to have occurred, fragmenting the reservoir and controlling 
mercury mineralization and weak hot-springs activity. More basic vol
canic rocks occur at Radicofani and at Monte Volsini to the south. The 
relationship between acidic and alkaline volcanism, post-volcanic col
lapse, mercury mineralization, and hot-springs activity is observed at 
many geothermal fields throughout the world. 

A series of seven target areas has been chosen for further geothermal 



Fig. 4. Major undeveloped geothermal fields and regions under exploration. 
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exploration in the Apennine mountain chain (see Fig. 4 ) . South from 
Monte Amiata these are: Monte Volsini; Monte Cimini, including the 
Viterbo area; Monte Sabatini; Colli Albani, to the southeast of Rome; 
the region about Naples, including Pozzuoli and the Campi Flegri solfa
tara fields of classical fame; and Monte Vulture, in south-central Italy. 
Other areas in northern Italy have been investigated and rejected. These 
include Monte Berici, near Padua, where there are Late Tertiary silicic 
volcanic rocks, and Montecatini, between LardereUo and Pisa. Drilling 
has also been done at La Tolfa, a volcanic centei^ southwest of Viterbo. 

In the 1920s and 30s, driUing was carried out on the island of Ischia 
and in the vicinity of the city of Pozzuoli. Low-pressure steam was re
ported from certain of these tests. A project to study the feasibility of 
using a freon-based heat exchanger to generate electricity at the Campi 
Flegri was never carried through. 

New Zealand 

The development of geothermal energy in New Zealand has been con
fined largely to the Taupo volcanic depression of the North Island. 
UtUization has centered at Wairakei, where a 160-Mw power station 
operates; at Kawerau, where some 180,000 kg/hr of steam are used to 
produce newsprint and sawn lumber and to generate 10 Mw of elec
tricity; and at Rotorua, where steam and hot water are used extensively 
for heating purposes. Natural hot water is used on a small scale at Nga
wha, also on North Island, and elsewhere in the Taupo depression. 

The Taupo volcanic depression extends for over 200 km in a north-
northeasterly direction, parallel to the main structural grain, and culmi
nates in the north at the active volcano White Island, in the Bay of 
Plenty. The zone is some 25 to 30 km broad at its widest. Fumaroles 
and hot springs are abimdant in the central 100-km-long portion of 
the depression. At least a dozen areas have been explored by drilling. 

As a result of drilling, hot-water reservoirs of sodiura-chloride com
position have been found, at teraperatures commonly as high as 270°C, 
the highest being the 306° at Rotokawa. Steam is formed during the 
upward flow of water in wells, giving a mixture of steam and water at 
the wellhead. The fraction of steam varies, averaging 20 percent at Wai
rakei. Only rarely is dry steam produced in wells, and this is believed 
to reflect a flashing effect in the producing formation brought on by 
lowered fluid pressure near the wellbore. Gas content varies with the 
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area. At Rotorua, hydrogen sulfide gas evolves from the superheated 
waters and is a nuisance and potential health hazard. 

Declines in mass flow and pressure are observed commonly in wells 
of the Wairakei and Kawerau fields, necessitating redrilling and deep
ening of individual wells. These declines have also made it necessary 
to set intake pressures for turbines lower than was originally planned. 
Ground subsidence also has occurred at Wairakei. Deposition of calcite 
and silica, and corrosion at the points of oxidation of reservoir fluid, 
have created further problems in handling of the fluid. Saline effluent, 
representing about 80 percent of the original geotherinal fluid, is dis
posed of to rivers, apparently without harmful effect. 

Despite these problems, there was a rapid growth of interest in geo
thermal development through the late 1940s, culminating in the com
pletion of a 160-kw generating station at Wairakei. The first experi
mental plant had to be abandoned in 1964, after a year of operation, 
because of insuflicient yield from wells. Subsequent construction was 
centralized at one facility, with extensive steam-coUection lines, to uti
lize a local river for cooling purposes. Increases in capacity were 
planned to 250 Mw at Wairakei and to between 90 and 120 Mw at the 
Broadlands field, just to the northeast, by 1976. But the discovery of 
natural gas in New Zealand changed these plans, and no geothermal 
power development is planned for the 1970s. However, the government 
is encouraging direct municipal and industrial utilization of these hot-
water resources. 

The most significant exaraples of direct utilization are at Kawerau 
and Rotorua. The New Zealand Department of Scientific and Industrial 
Research and the Ministry of Works, in conjunction with the Tasman 
Pulp and Paper Company, began exploration at Kawerau in 1952. Over 
a dozen wells have since been drilled or redrilled at Kawerau, and steam 
from these weUs is used for heat exchanging with boiler-quality water 
for the generation of high-quality steam for mill processes. Additional 
natural steam is used for timber drying, to operate log-handling equip
ment, and for generation of 10,000 kw of electricity. At Rotorua, a city 
of some 30,000 people, over 1,000 hot-water wells supply thermal en
ergy to individual houses, schools, hospitals, hotels, and commercial 
and industrial establishments. A geothermal air-conditioning scheme is 
in operation at a 100-room hotel at Rotorua. The construction costs 
were said to be as low as those of conventional cooling systems, and 
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the operating costs are perhaps only 5 percent as high. At Rotorua, the 
average well depth is 100 to 150 m, with a few as deep as 250 ra. 
Teraperatures commonly are above 120°C, and reach as high as 175° 
at these shallow depths. When aUowed to fiow, these wells produce a 
mixture of steam, hot water above 100°, and noncondensable gases. 
Because of corrosion and poUution problems associated with this fluid, 
heat exchanging often is accomplished with municipal water, which is 
circulated to consumers. Unlike the geothermal-heating systems in Ice
land, which are operated by the municipality, space heating in New 
Zealand is not operated by government agencies. It is, however, sharply 
regulated, especially concerning corrosion, hydrogen-sulfide emissions, 
disposal, contamination of other water supplies, and effects of produc
tion upon neighboring weUs. 

Many hot-water wells in the Lake Taupo area supply heat to farms. 
Examples of agricultural applications include steaming of raw garbage 
as swill for hogs, heating of slock pens, cleaning of runs, and steriliza
tion of various equipment. Also, an experimental forestry station uses 
steam to dry seeds and lumber, as well as to heat seed beds and buUd
ings. 

Total heat consumed for direct applications of geothermal fluid in 
New Zealand is probably greater than that used to generate electricity 
at Wairakei. 

United States 

Development of electric power has proceeded rapidly at The Geysers, 
California, since the first turbine of 12,500 kw was instaUed in 1960. 
Pacific Gas and Electric Company purchases steam from producing 
companies and converts it to electricity through condensing turbines 
at a rate of 9 kg/kwh. Late in 1972, some 2.75 mUlion kg of dry steam 
were consumed hourly to produce 302,000 kw of electricity. Another 
110,000-kw plant is nearing completion, and is due for testing late in 
1973. And construction has begun on still another plant of the same 
size, scheduled for completion in 1974. It is estimated that 110 Mw 
wUl be instaUed annually through the 1970s, which by 1980 wiU result 
in approximately 1,180,000 kw of generating capacity. This would be 
the largest producing geothermal complex in.the world at that time. 

The capacity of The Geysers field is a matter of speculation. On the 
basis of different estimates of field extent, weU yield, well spacing, and 
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total fluid in storage in the reservoir, estimates of maximum sustainable 
production range upward from 1,200 Mw to 4,800 Mw and even more. 
To date, some 110 wells have been drilled across a 12-km zone with 
raaximum width of about 3 km. Some 85 of these were completed as 
producers of dry steam. Field boundaries stiU are known only approxi
mately, and exploration is continuing at distances of many kilometers 
from produceable weUs. 

A shaUow and a deeper reservoir have been encountered, the former 
apparently led from the latter along faults. Average well yield from the 
deeper (greater than 500 m) reservoir is on the order of 70,000 kg/hr. 
The production declines that have been documented for weUs in the 
shaUow reservoir have recently been demonstrated to occur also in the 
deeper reservoir (Budd, this volurae). 

The reservoir consists of highly fractured, slightly metamorphosed, 
sedimentary and igneous rocks of Cretaceous and Upper Jurassic age. 
The deepest weUs have surpassed 2,500 m in depth without notable re
duction in fracture permeability. Recharge is unknown, and the subject 
of study. Low-grade metamorphic reactions, including the deposition of 
silica and calcite, may have contributed to a lateral decrease in perme
ability, but this is not clearly documented. Reservoir temperatures reach 
about 250°C. The heat source is apparently an igneous mass at a depth 
of perhaps 5 to 8 km, which has yielded a series of alkaline and acidic 
volcanic rocks at the surface. The age of these rocks is probably Pleisto
cene, and they cover an area of perhaps 300 to 400 km". 

Of the few unproductive deep boreholes, almost all encountered high 
temperatures. Permeability remains the critical variable; and it is still a 
question whether this is controlled by local or regional fracture pattems 
or by mineral solution and deposition activity. If The Geysers represents 
a water-deficient system, as has been postulated, continued production 
may result in increasing fluid enthalpy over time. 

Potentially countering this is the limited reinjection of condensate 
from the condensing turbines. After evaporative losses in cooling, only 
about 20 percent of the fluid remains for disposal. The high content 
of boron and ammonia in the condensate have precluded disposal to 
local streams, whose volume of flow varies sharply with the season. 
Injection of cooled condensate in the rock reservoir at approximately 
2,000 m depth may serve as recharge allowing secondary recovery of 
heat from the reservoir. But it may also locally decrease enthalpy, per-
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milling a water phase to predominate. Some calculations of enthalpy 
from deep wells have suggested lhat sleam and liquid water do coexist 
in the reservoir. Therefore, indicalions of long-term trends in enthalpy, 
raass flow, and field pressure are eagerly awaited. 

Significani discoveries have been made in aboul half a dozen locali
ties elsewhere in the western United States. Most attention is given cur
rently lo the Imperial VaUey of California, where several companies 
and Governmeni agencies are active. The U.S. Bureau of Reclamation 
and the Oflice of Saline Water are sponsoring an exploralion program 
aimed at joint production of electricity and desalination of waters for 
agricullural use. Magma Energy Company and its associates are also 
driUing in the Imperial VaUey, searching for geolhermal brine suit
able for use in generating electricity by heat-exchanging. A completely 
closed system is envisaged, with heat-depleted fluid reinjected back into 
the reservoir rocks. An agreement has been signed with San Diego Gas 
and Electric Company to construct and operate a pilot plant of this lype 
at Niland in the Imperial VaUey, with the first plant to operate in 1974. 

In 1963, Slandard OU Company of California driUed a 4,000-m oil-
exploration hole west of Brawley. Il encounlered sodium-chloride brine 
at a temperature of about 260°C. This brine is somewhal simUar to the 
reservoir fluid al Cerro Prieto, Mexico, and is presumably what is sought 
elsewhere in the Imperial Valley. 

Exploralion al Niland revealed an extremely hot (to 370°C), highly 
saline (to 260,000 ppm total dissolved solids) brine. Niland appears to 
be the northernmost and most saline field of a 150-km-long geothermal 
province extending northward from the Gulf of California, Mexico. 
Data from electrical-resistivity surveys support the concept of a salinity 
gradient across the Valley, increasing to the northwest. An experimen
tal generator installed at Niland in the early 1960s was never operated 
at its rated 3,000-kw capacity. Il is now inactive. At Niland, recovery 
of various chlorides was attempted, most notably KCl. Market condi
tions and problems of corrosion, scaling, and wasle disposal prevented 
commercial development of either electricity or a major chemical-recov
ery works. However, on an intermittent basis, calcium-chloride solution 
was marketed for a few years in the late 1960s. Also, for over 30 years 
carbon dioxide gas was produced from shallow wells at the northeast 
end of the Niland field. Over 65 weUs were drilled, and approximately 
100 million m' of gas were produced between 1933 and 1954. Average 
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well life was about 2 years. Well depth averaged 150 m. Temperalures 
of the CO2 gas ranged between 50° and 75°. The entire gas production 
was converted lo dry ice for use in refrigeration or railroad cars. 

Space heating with geotherraal fluids has succeeded most effeclively 
in south-central Oregon. At Klamath FaUs some 350 wells supply heat 
to buildings via heat-exchanging with pure municipal water. Elsewhere 
in Oregon, greenhouses, resorts, baths, farra buildings, and schools are 
heated by geothermal waters. SimUar projects have been undertaken in 
California (Calistoga and Desert Hot Springs) and Idaho (Boise), and 
in farms and villages across the western states. Several stale and na
tional parks, such as Yellowstone, Lassen, and Mount Katmai, have 
been established around major geothermal fields. In a few desert loca
tions, furaarolic steam is condensed for livestock. An unusual applica
tion at Steamboat Springs, Nevada, is the use of hot weU-water as the 
energy source in the preparation of plastic explosive. 

At YeUowstone National Park, the U.S. Geological Survey driUed 
thirteen shallow test holes between 1967 and 1969, the deepest being 
slightly over 300 m. Maximum temperature was about 240°C. One hole 
produced essentially dry steam, whereas the others yielded a variable 
ratio of steam and hot water. Because this faraous area of geysers, fuma
roles, and hot springs is a National Park, no development is anticipated. 

Union Oil Company is the latest to undertake exploration of the 
Valles Caldera of north-central New Mexico. Five exploralion holes have 
been drilled, to depths of at least 1,600 m. Temperatures to 250° are 
reported. Essentially dry steam is said to have been produced frora a 
hole drilled in 1970. The others have yielded hot water with variable 
percentages of steam flashover. 

Rock temperatures above 200° are reported from holes at Brady's 
Hot Springs and Beowawe, Nevada. Temperatures of at least 175° have 
been measured in weUs at Clear Lake, California; Steamboat Springs, 
Nevada; Casa Diablo (Long VaUey), California; and Surprise VaUey, 
California. 

Along the Gulf Coast, high-temperature and high-pressure waters 
have been encountered in the search for oil: a maximum temperature 
of 273° was measured at 5,859 m. The greal depth to productive reser
voirs (a minimum of 2,500 m to the 120°C isotherm), as weU as prob
lems of produclion, utilization, and disposal, have forestalled any at
tempts at commercial development. 
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Altogether, over 35 areas have been explored by driUing. In raany of 
these, however, results are inconclusive because of insufficient or misdi
rected efforts. Exploralion activity continues in California, Nevada, and 
Oregon, as in earlier years, but the emphasis has shifted to include 
Idaho, Utah, New Mexico, Arizona, and adjacent areas. 

Iceland 

Iceland pioneered in the use of hot water for municipal heating in the 
1930s. Approximately 50 percent of the 200,000 population receives 
geothermal healing, and this is to rise lo over 60 percent in this decade. 
Nine out of ten homes in Reykjavik, the nation's capital, receive geo
thermal waler for home healing, distributed by the Reykjavik Municipal 
District Heating Service. Low-enthalpy hot-water fields at Reykir and 
within Reykjavik (Laugarnes field) supply this energy from reservoirs 
at base temperatures of 98° and 146°C. Over 100 wells have been drilled 
into these fields, the deepest being 2,200 m, at Reykjavik. Another low-
enthalpy field is under development at Ellidaar, 3 kra from Reykjavik. 
It is expected that this field wiU supply energy for expansion of geo
therraal heating in the Reykjavik area. A concrete conduit wilh twin 
35-cm steel pipelines carries hot water for distances up to 18 km and 
wilh temperature losses on the order of 5°. Distribution lo users is at 
about 80°. Because the mineral content of the water is remarkably low 
for geothermal fields (less than 400 ppm average), no processing olher 
than separation of contained gases is needed. 

Space-heating systems in operalion or under construction elsewhere 
in Iceland will serve the needs of an additional 25,000 persons, mostly 
in small towns and villages on the southwest coast and in the north-
central part of the island. Geothermal greenhouse operations in south
western Iceland supply much of the fresh vegelables for the Reykjavik 
market. Additionally, heated baths and pools are found all across the 
westem and northern parls of the country. 

At Namafjall, near Lake Myvatn in norihern Iceland, rich sublacus-
trine deposits of diatomite are dried with geothermal sleam. Nearby is 
a 3,000-kw geothermal power station, opened in 1969. Exploration 
began at Namafjall around 1947, in connection wilh attempts to mine 
sulfur from the fumarole field. DriUing revealed a high-enthalpy, hot-
water reservoir with a base temperature above 260° C and a maximum 
measured temperature of 286°. Seven wells were drilled to an average 
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depth of 700 m, the deepest in excess of 1,380 m. Four of these weUs are 
operated, yielding 1.8 million kg/lir of superheated water. Some 240,-
000 kg/hr of steara separates from the waler and is used to operate the 
power plant and diatomite plant. The water, whicii contains raostly 
sodium bicarbonate and silica, is not strongly mineralized. Gas content 
is similar, to that at LardereUo. Some shallow wells have produced 
almost-dry steam. 

In 1967, the Johns ManviUe Corporation, in conjunction with the 
Icelandic firm Kisilidjan h/f, began mining diatomite at Namafjall and 
purchasing sleam from the governmeni of Iceland. The initial produc
tion rate for refined diatomite was doubled lo 24,000 tons per year by 
1970. Simultaneously, the Laxa Power Works, which produces 22 Mw 
mostly by hydroelectric power, arranged for the construction of a non-
densing 2.5-Mw turbine. This turbine soon is to be reconditioned to 
produce 3.4 Mw. A district heating system is under design to utUize 
the residual hot water. 

Other uses for geothermal fluids are under consideration in Iceland. 
An experimental salt-recovery scheme was discontinued for economic 
reasons. There is a pilot operation under way to dry seaweed with nat
ural heat (waler at 100°C) for recovery for alginates. A geothermal 
brine with the approximate composition of seawater is under study for 
the recovery of various chemicals, including magnesia, lable salt, and 
bromine. Freeze drying of fish, Iceland's main export, is also being eval
uated. In the 1950s, when the present generation of nuclear reactors 
was under design, the potential for recovery of heavy waler, D2O, from 
geothermal fluids was evaluated. The process appeared economic but 
the raarket for D2O did nol raaterialize. 

The conditions for using noncondensing turbines in Iceland appear 
favorable: heat energy is cheap and abundant, and no advantage accrues 
from large plant size, since a small population is distributed in viUages 
and on farms across a large area. Mulliple, small-capacity plants appear 
to be the most effective scheme. This suggests a bright future for low-cost 
geothermal electric power. The savings in fuel oil for heating purposes 
in the Reykjavik district amounts to some 200,000 tons per year. An 
additional 20,000 tons of fuel oil would be required for existing green
house operations. This is an appreciable savings for a small nation; if 
this healing were done entirely by electricity, which is not the cheapest 
allernalive and therefore not an ideal comparison, some 200,000 kw 
of generating capacily would be required for peak demand. 
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Four high-temperature regions are known, three in the southwest and 
one in the north-central part of the country. Myvatn thermal region, in 
the north-central part, has a base temperature of approximately 280°C 
and constitutes an area of 50 km". It includes the Namafjall field. 

In southwest Iceland, aligned from southwest lo northwest at intervals 
of 30 km, Reykjanes, Krysuvik, and HengiU have base teraperatures of 
280°, 220°, and 260°, respectively. HengiU, the largest, has an area of 
70 km° and includes the important field of Hveragerdi al its southem 
end. At least eight deep and a great many shallow holes have been driUed 
in this area. The deepest hole at Hveragerdi is about 1,200 m, and pro
duces dilute superheated water. Up to 25 percent flashes to steam, and 
between 13 and 32 Mw of electric power are planned. Reykjanes has had 
seven holes drilled, to a maximum depth of 1,750 m. These weUs yield 
brine with chloride concentration up to 29,000 ppm. This brine is con
sidered to derive from seawater by sleam separation in a thermal regime 
of 270°. A sysiem for recovery of various salts from the fluid, with con
current generation of electricity, is under evaluation. At Krysuvik, about 
30 km soulh of Reykjavik, plans have been made to transport super
heated water to the capital for space heating in the event that growth of 
the system exceeds the capacity of the Reykir and Reykjavik (Lau
garnes) fields. Here, too, large flows of dilule superheated waters are 
obiained from more than a dozen wells as deep as 1,200 m. 

These and other high-temperature fields occupy the zones of crustal 
rifting and active volcanism in Iceland. Outward east and west from 
this zone are extensive sheets of Late Tertiary basalts through which 
abundant warm and hot springs issue. The high-temperature reservoirs, 
however, are associaied with the main Quaternary rift. Further, raany 
are closely associated with Late Quatemary centers of dacitic and rhyo
litic volcanism rather than with plateau basalts. Significant associations 
of high-enthalpy reservoirs and acidic volcanism occur at Myvatn, Askja, 
Geysir, Hengill, and at least half a dozen other areas. Only in the zone 
from Reykjanes to Krysuvik, some 30 km long, is silicic volcanism 
absent. Permeability within a reservoir may be controUed by lithology 
or by fractures. Thermal emissions to the surface are generally fracture-
controlled. 

Low-temperature systems have been explored at several parts of the 
southwest, west, and northwest coasts of Iceland. At Hlidardalur, 35 
km southeast of Reykjavik, a hole drUled 1,500 m deep into an area of 
high temperature gradient failed to yield water. Temperature measure-
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ments of 150°C at 700 lo 800 m indicated a polential reservoir forma
tion. This formation was fraciured arlificiaUy and induced to flow, rep
resenting perhaps the world's first geothermal-fracluring experiment. At 
more than a dozen localities in western and northern Iceland, hot water 
is produced from wells at temperatures belween 90° and 180°. These, 
where nol already in use, have potential for use in agriculture and space 
heating. In most cases, water qualily is high; however, one or two in
stances of geothermally heated seawater are reported, less saline than 
that at Reykjanes and thus representing lower-temperature systems. 
These lower-enthalpy fields are almost exclusively associated with cen
ters of basaltic volcanism. 

Japan 

Geothermal exploration began in 1919 at Beppu, on Kyushu Island, 
where 1 kw of electricity was generated in 1924. Somewhat earlier, the 
first geothermal heating of greenhouses began. However, il was not until 
the years immediately afler World War II, wilh Japan's industrial base 
in ruins, lhat serious development began. The Agency of Industrial Sci
ence and Technology, which includes the Geological Survey, and several 
private electric utilities, driUing companies, mining companies, and pre-
feclural governments, independently and jointly began exploralion of 
Japan's geothermal resources. 

At Beppu, experimentation resulted in the generation of 30 kw of elec
tricity in 1951. Even earlier, the Tone Boring Company had begun a 
driUing program in several areas. At Yunosawa, on the south-central 
coast of Honshu, geolhermal sleam was used in a demonstration plant to 
generate 8 kw in 1948. At Hakone, also on the soulh coast of central 
Honshu, 30 kw of electricity has been generated since 1960 from steam 
produced in a shallow well, for use al a hotel. Other experimental gener
ation of electricity has taken place on Hokkaido Island (Atagawa) and 
in northern Honshu (Narugo). 

Japan's hot springs have been used for therapy and recreation for cen
turies. Japan probably leads the world in the use of natural hot water in 
baths, therapeutic spas, and resorts, there being literaUy thousands of 
these. More recently, volcanic parks such as Hachimantai have been 
established for the preservation of the geothermal phenomena. However, 
spaceheating systems have not developed as widely as in Iceland or the 
Soviet Union. Four district heating systeras were in operation in 1969, 
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using hot water (not greater than 70°C) equivalent to about 5,000 tons 
of fuel oil per year. 

Greenhouse heating wilh geothermal waters is common in farms and 
experimenlal agricultural stations, chiefly in south-central Honshu. Some 
are near Beppu, and a few are in the Shikabe geolhermal area of Hok
kaido Island. Commonly, garden vegetables, tropical fruits, and other 
plants are cultivated. At least two farms raise chickens. At one pond, 
eels and carp are raised for consumption, and at another, alligators. 

There are several more specialized induslrial applications. One, on 
Kyushu Island, involves the recovery of sulfur from deposils at fuma
roles. At Beppu, 98° water is used to process about 30 tons of rice an
nually for use by a bakery. In the Shikabe area of Hokkaido, salt is re
covered from seawater by evaporation, using geothermal hot waler and 
steam from a 70-m well. Though the operalion produces only 150 tons 
of salt per year, a combined geothermal power plant and salt-recovery 
works planned at Shikabe could produce 7,000 kw of electricity, up lo 
100,000 tons of salt annually, and some amount of fresh waler. The pro
posed plant would use multi-stage vacuum distillation. 

Exploralion began in 1952 al Matsukawa, in norihern Honshu, with 
the drilling of wells for steam to supply bathhouses. Japan Metals and 
Chemicals Company became active in exploration there in 1956, and 
was joined in 1958 by the Geological Survey and later by olher organiza
tions. At least nineteen wells have been drilled since 1952. Of these, six 
are classed as production wells, having an average depth of about 1,200 
m. Five wells used for power generation yield an average of 110,000 
kg/hr of dry steam. Two weUs yield bolh steam and water in the ratio 
of about 4 : 1 . Reservoir temperaiure, about 240° to 250°C, is much like 
that at The Geysers, California. The reservoir formalion is a fraciured 
series of welded dacite tuffs and lavas of probable Pliocene age. These 
overlie Miocene sands and shales. Lower Tertiary "green tuffs," and 
Paleozoic slate and chert. Above the reservoir rocks are Quaternary an
desites and constructional debris of very youthful volcanoes. The area 
about Marumori volcano comprises a caldera of perhaps 10 km'. 

Construction of the Matsukawa power plant began in 1961. Iniliai op
eration was at 9,000 kw. The facility has been expanded to 20,000 kw, 
and plans caU for expansion lo 27,000 kw in the 1970s, with future 
expansion to at least 60 Mw. Noncondensable gases, which average 
about 0.5 percent, are expelled to the air. Condensate from the condens-



40 I J. B. KOENIG 

ing turbine is discharged to the natural drainage, without known harm
ful effect. 

Exploration begun in 1953 at Otake, on Kyushu Island, culminated 
in 1967 wilh the completion of a 13,000-kw power slalion by a group 
headed by Kyushu Electric Power, Inc. Ten wells were drilled at Otake, 
and two at Hachobaru to the soulh; five are connected lo the condensing 
turbine. One well produces about 37,000 kg/hr of dry sleam; the others 
produce larger amounts (up to 540,000 kg/hr) of sleam and waler, with 
steam making up 10 to 25 percent of flow. Noncondensable gases total 
less than 0.5 perceni of the steara by weight. The reservoir fluid is of 
sodium-chloride composition, but relatively dilule, averaging about 
4,000 ppm. Maximum reservoir temperaiure is aboul 200°C. Maximum 
well depth at Otake is 900 m; al Hachobaru, one well is 785 m deep. 

The geology consists of Pleistocene andesite lava and luff-breccia, 
and occasional pumice beds, overlaid by Holocene sediments and vol
canic ash. Structure is largely obscured by the constructional features of 
Quaternary volcanoes. However, faulting is believed to be significant, 
forming down-dropped blocks. Hydrothermal alleration and thermal 
emissions are intense and widespread, suggesting fracture permeability 
to the surface. The wide range of flow rate and steam percentage from 
well to weU suggests that permeabUity and stored fluid are limiled in 
portions of the field. But no deep wells have been drUled, and the main 
reservoir may not yet have been encountered. 

The Otake field is located in Aso National Park, thus requiring spe
cial permission for construction of plant facilities. To avoid poUution of 
natural streams, water discharges are pumped to a nearby hydroelectric 
reservoir. Limited life is predicted for the present wells because of scal
ing and fluctuations in pressure. Silica deposition in the discharge pipe
line caused a restriction of power production in 1968 and 1969. Studies 
are still under way lo control scaling. Calcium-carbonate scale, requir
ing acidizing, has been found in at leasl one well. Despite these problems, 
additional wells are planned and production is to increase to perhaps 
180,000 kw over the next decade or so. 

At least 23 areas have been explored by drilling in Japan. Several 
are being evaluated for developmenl, the most significant being at 
Shikabe, on Hokkaido Island; at several places near Matsukawa; at 
Onikobe, south of Matsukawa; and at Takenoyu and Hachobaru, near 
Otake. 
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In the Hachimantai volcanic area, northwest of Matsukawa, exten
sive geophysical work culminated in the drilling of at least nine holes 
to average depths of aboul 750 m. Temperalures reached 200°C al the 
south end of the drilled area, where hot water was encountered wilh up 
to 30 percent sleam fraclion. Exploralion is continuing there, and the 
construction of a 10,000-kw power plant is being considered. The geol
ogy at Takinokami, southwest of Matsukawa, is similar. Temperature 
surveys to 50 m (maximum temperaiure, aboul 200°) were foUowed 
by a 400-m well, which produced a sleam and waler mixture. 

Onikobe has been the scene of exploralion since 1962. It is a struc
tural basin of aboul 60 km", in which there are numerous fumaroles and 
hot springs. Exploration has included geologic mapping, geophysical 
surveys, and test drilling. On the basis of len holes, wilh raaximum depth 
over 700 m, and lemperaiures lo 190°, drilling of production weUs is 
under way. One hole is reported lo produce nearly 30,000 kg/hr of super-
healed steara. 

Takenoyu has been investigated since the early 1950s. Two wells 
were driUed to about 250 ra in 1962. Bollom-hole lemperatures were ap
proximately 200°. One weU ceased lo produce after a short period, indi
cating limited permeability in the reservoir. The other, however, con
tinues to yield 3,000 kg/hr of saturated steara. This well has been studied 
extensively; additional drUling was in progress in 1970. 

Geothermal exploration has been carried out also at Kucharo and 
Showa-shinzan volcanic centers on Hokkaido Island; Nasu in central 
Honshu; Hakone and Atagawa, on the south coast of Honshu; Oshira-
kawa, in west-central Honshu; and several places in the south of Kyushu 
Island. Many of the driU holes were lo shaUow depths, and exploration 
cannot be considered conclusive at mosl locations. High-temperature 
reservoirs were localed at Nasu (194°) and on southern Kyushu Island 
(over 170°). 

A relationship has been noled between high-lemperalure reservoirs 
and dacitic or dacilic-rhyolilic-andesitic volcanism in Japan. This ob
servation is sirailar to findings in Iceland, New Zealand, the United 
States, and elsewhere. The Japanese fields, however, have not been 
raarked by the high temperatures encountered al centers of silicic vol
canism in New Zealand or Iceland. Well flow has varied widely, and 
probably reflects fracture rather than inlergranular pemieability in most 
Japanese fields. Indeed, restricted permeabihty may represent a con-
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straint upon development. But in power-short Japan, exploration is being 
pursued vigorously on aU fronts. 

Soviet Union 

Eleven geothermal developments were reported in the Soviet Union 
in 1969. Most significani araong these were the generation of electricity 
at Pauzhetsk; the experimenlal, freon-based heal exchanger at Para
tunka; and the space-heating operations at Makhach Kala. There were 
other space-healing projects at places in the Caucasus, in western Si
beria, in central Asia, and in norlheaslern Siberia. 

Pauzhetsk is at the soulhern tip of the Kamchatka Peninsula, an area 
of active volcanism. At Pauzhetsk there are several large, boiling springs, 
fumaroles, and geysers; the fumarolic volcano Koshelev is nearby to the 
southwest. DriUing began in 1957; by 1964, 21 holes had been driUed. 
Eighteen of these were considered lo be produclion wells, ranging in 
depth from 200 lo 1,200 m. They revealed a succession of nearly hori
zontal, Quaternary dacitic and andesitic tuffs and agglomerates, over
lying Tertiary tuffaceous sediments, the whole cut by faults inlo horsts 
and grabens. This structure had collapsed inlo a caldera. Heat emissions 
are localized on the caldera rim and along pre-caldera faults. 

Reservoir fluid is hot water, containing abundant sodium and potas
sium chloride. It is not as saline as fluids produced al Ahuachapan, El 
Salvador, or Cerro Prieto, Mexico, but is similar in composition. Maxi
raura field temperature is about 200°C, and enthalpy, even in deeper 
wells, is probably less than 195 cal/g. Steam flashover is about 15 to 
20 percent. 

Construction of a 5,000-kw power plant began in 1964, and full oper
ation was achieved in 1967, utilizing flashed steam from three to seven 
wells. Plans have been laid to increase electricity production in two 
stages. The first involves reconstructing the two original turbines, the 
second installing additional low-pressure turbines, to make total in
staUed capacity 22 to 25 Mw by 1980. Electricity from Pauzhetsk is 
transported 27 km to consumers at costs 30 percent less than that of 
electricity generated using fuel oil. 

The most significant experiment to date in heat-exchanging with geo
thermal fluids has been undertaken at Paratunka, near the cily of Petro-
pavlovsk, on the east coast of Kamchatka. A 680-kw freon-based gener
ating plant was installed in 1967, and afler extensive testing began rou-
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tine operation in 1970, supplying power to the Paratunka State Farms. 
The plant coraprises two 340-kw turbines and utilizes waler from shal
low wells at 81°C. Excess heat is used to heat greenhouses and seed
beds, and warm water is used for irrigating crops. Other space-heating 
projects in the vicinity use water at under 80° to heat homes, baths, and 
swimraing pools. 

There has been extensive developmenl of geothermal-heating systems 
at several points across a 500-km zone on the north slope of the Cauca
sus. Beginning in 1947 at Makhach Kala, on the Caspian Sea, after the 
accidental discovery of 60° to 70° waters in the course of prospecting 
for oil, space heating has developed rapidly. At Makhach Kala, 15,000 
people receive home heat and hot water from a municipal geothermal 
systera; and geothermal water is used as boUer feed in an oil refinery 
and as heating for greenhouses, seedbeds, and baths. Trending north
west, there are similar activities at Grozny; in the Kabardin-Balkaria 
district; at Cherkessk, where 18,000 people are served; and in the vi
cinity of Maykop. In the Kabardin-Balkaria district alone, site of one 
of the more modest projects, an annual saving of 2,500 tons of fuel oil 
results. Water temperatures are between 47°, near Cherkessk, and 86°, 
near Maykop, though the reservoirs supplying these wells may be at 
temperatures of 100° to 150°C. Many of these waters are but lightly 
mineralized, allowing direct utilization. In some cases, however, rain
eralization is strong, and heat is exchanged to fresh, cool water. 

Other geothermal-heating projects are near the Black Sea coast of 
Georgia; on the Caspian Sea near the border with Iran; in several places 
in northeasi Siberia; in the cities of Omsk and Tobolsk in wesiem Si
beria; at several points near Tashkent in central Asia; and on the shore 
of Lake Baikal. Figures for the total consumption of geothermal energy 
in the U.S.S.R. are fragmentary and contradictory. However, the total 
energy consumed in these several space-heating systems is beheved to be 
the equivalent of 1 miUion tons of fuel oil per year. 

Exploration of high-temperature reservoirs has continued on Kam
chatka Peninsula and on the island of Kunashir' in the Kurile chain. 
In addition to the developed fields of Paratunka and Pauzhetsk, there 
is geological, geophysical, and geochemical exploration under way at 
Bolshe-Banny, Uzon Geyzermy, Nalychersky, and six other areas on 
Kamchatka. At Bolshe-Banny, located about 30 km west of Paratunka, 
a maximum lemperature of 171° was measured in drill holes. 
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The search for low-enthalpy waters for use in healing and in agricul
ture is accelerating in Georgia, the west Siberian lowlands, and areas 
on the northern slopes of the Pamir, Tien Shan, and Altai ranges in 
central Asia. Vast basins containing waters at lemperatures up lo 120° 
have been outlined in weslern Siberia and along the norihern foothills 
of the Caucasus. Temperature-gradient drill holes, geochemistry, and 
seismic-refraction surveys are commonly used in these sludies. 

Hungary 

Exiensive hot-waler aquifers have been found lo underlie the south
western part of the Hungarian basin, near the Yugoslav border. Al
though reservoir temperatures are not high enough for the generation of 
electricity with present-day lechnology, the hol-water resource has been 
extensively developed for space heating. Eighty wells had been com
pleted by early 1970, to depths of 1,800 to 2,000 m. Water lemperatures 
from these deplhs are 85° lo 110°C. Temperature gradienis of 35° to 
55° per km occur, which is nol unusual for deep sedimenlary basins. 
Like olher high-gradient basins, such as the Gulf Coast of the United 
States, the Hungarian basin is devoid of Quaternary volcanic rocks or 
high-teraperature surface waters. Basin fill comprises several thousand 
meters of Tertiary and Quaternary sediments. Reservoir formations in 
the Hungarian basin are highly permeable lower Pliocene sands. Aver
age well yield is 80 lo 90 raVhr. Since the water contains calcium car
bonate it musl be allowed to stand, and thus to precipitate within tanks 
rather than wiihin the healing system. Wells are reconditioned periodi
cally. 

The Hungarian government is developing an extensive geothermal-
heating system in the province of Csongrad. Ironically, plans to heal the 
entire cily of Szeged with natural hot waler were abandoned when oil— 
ultimately the largest oil and gas field in Hungary—was discovered dur
ing the drilling of a hot-waler well. Even so, some 1,200 housing units 
and associated municipal and commercial buildings are healed by hot 
waler in Szeged. Geothermal fluids are used also to heal greenhouses, 
animal pens, runs, and other farm buildings, and lo dry crops. In all, 
well over 1 million m^ of space is healed geotherraally, at costs well below 
those of conventional fuels (see Table 2) . Data are incomplete and per
haps inconsistent, but the heating done by hot water in Hungary wotdd 
require about 80,000 tons of fuel oil annually. 
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Geothermal developmenl is expected lo increase at aboul 15 percent 
per year through the decade, mainly in agricultural application. 

Mexico 

A 75-Mw power plant is to begin operalion at Cerro Prieto, Baja Cali
fornia, early in 1973. This will nol be the first Mexican geolhermal sta
tion—an experimenlal facilily has operated at Pathe, Hidalgo, since 
1960. At Pathe at leasl fourteen wells have been drilled, and 500 kw of 
electricity is produced frora a generator rated at 3,500 kw and now sup
plied by a single well. Pathe is located in the extensive east-west volcanic 
belt that traverses central Mexico from the Pacific to the Gulf coastal 
plain. Exploration at Pathe began in 1955. The reservoir comprises a 
thick sequence of altered and fractured Tertiary andesites and basalts. 
These overlie Cretaceous carbonates and are in lurn overlaid by Quater
nary and Late Tertiary luffs and sediments. Wells produce sleam or 
steam and waler, although only four can sustain flow. Production is from 
variable depths,, since permeability is believed to be controlled by frac
tures. The low productivity per well and the tendency of weUs to produce 
dry steam indicate a low permeability and limited fluid content in the 
reservoir. The presence of a deeper reservoir in the Cretaceous carbo
nate rocks has been postulated, but has not been explored by driUing. 

Cerro Prieto, 30 km south of Mexicali on the Mexican-United States 
border, is the southernmost explored portion of the structural rift ex
tending from norlh of the Salton Sea in the United States into the Gulf 
of California, a total distance of several hundred kilometers. Explora
tion is occurring in several portions of this rift in the United Stales. At 
Cerro Prieto, fumaroles and raud volcanoes in the vicinity of a Quater
nary dacile-basalt volcano, aligned along a probable extension of the 
San Jacinto fault, attracted exploration in the late 1950s. Twenty-three 
deep holes have been drilled, of which fifteen have been completed as 
production wells. Average yield is about 230,000 kg/hr of superheated 
brine. Approximately 20 perceni flashes to sleam, giving an average 
electric-power yield of some 5 Mw per weU, allhough the steam percent
age varies from 13 to 25 percent in individual wells. The strongest well 
of the field yields nearly 700,000 kg/hr of brine, which is equivalent to 
15 Mw of electricity. Though average well depth is about 1,500 m, one 
deep well reached 2,600 m, penetrating crystaUine basement. Perme
able sands are encountered belween 600 lo 1,200 m and at deplhs below 
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2,400 m. Only the shallower reservoirs are lo be used for production. 
Reservoir temperatures are over 300° C, with a maxiratim recorded tem
perature of 388°C. 

As elsewhere in this structural rift, several thousand raeters of Lale 
Tertiary and Quaternary sedimenis have filled the opening Irench caused 
by the separation of Baja California and adjacent California from the 
continental mainland. Volcanism is exhibited only locaUy, and the heat 
source is beUeved lo be molten rock of the upper manlle, which is here 
at deplhs of only 15 to 20 km. Waler in these sediments may be derived 
from the ancestral Colorado River sysiem. 

The reservoir fluid contains between 13,000 and 25,000 ppm total 
dissolved solids, raostly chlorides of sodium and calcium. The feasibility 
of comraercial extraction has been studied for such substances as potas
siura chloride, lithium, and boron, but no recovery operations are 
planned for the first plant. Disposal will be via ditches to the Rio Hardy, 
a distributary of the Colorado River, and thence to the Gulf of Califor
nia. Some concern has been expressed over long-term consequences, and 
the alternatives of reinjection and ponding are under consideration. 
Other problems include brine corrosivity and the possibility of induced 
ground subsidence. 

However, a second set of wells is to be drilled beginning in 1972, to 
supply steara for a second 75-Mw station. This would go on line in about 
1980. A sleara-powered drilling rig has been brought lo Cerro Prieto, 
to operate on natural steam. This should have the effect of reducing 
drilling costs slightly. Water condensed from steam is used in construc
tion and maintenance operations in this extremely arid region. Only a 
small portion of the Cerro Prieto geotherraal zone has been drilled, and 
it is considered likely that lotal potential is many limes that due for pro
duction in this decade. Exploration and development are carried out by 
an arm of the Comision Federal de Electricidad, the Mexican national 
electricity agency. 

Several high-teraperature fumarole and hot-springs systems have been 
under exploration in the east-west volcanic bell of Mexico. This zone 
contains many active volcanoes and extensive evidence of Quatemary 
volcanism. Five sysiems have been explored in sorae detail and at a sixth, 
San Marcos, exploration is just under way. The five are, frora west to 
east, La Primavera, in Jalisco; Los Negritos, Ixtlan, and Los Azufres, in 
Michoacan; and Los Humeros, in Pueblo. This zone of volcanoes and 
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interspersed heat emissions is over 700 km long. La Primavera occupies 
the margins of a graben down-dropped within a Quaternary caldera. 
Superheated steam flows from fumaroles in altered rhyolites at temper
atures to 100°C. Geophysical and geochemical work was in progress in 
1970. Los Negritos is perhaps the best known of these fields, occupying 
part of a caldera whose walls show acidic tuffs, basalt flows, and lacus
trine sediments. Fumarole temperatures reach 95°. Extensive geologi
cal, geophysical, and geochemical work suggests an extensive high-
temperature reservoir. Ixtlan, only 27 km to the northeast, occupies an 
east-west structural valley, and exhibits mud volcanoes and fumaroles 
to 100°, Drilling of deep exploration holes was in progress in 1970. 
Preliminary temperature-gradient drilling had encountered tempera
tures to 150°. Los Azufres also occupies part of a caldera formed in 
basaltic and rhyolitic flows and pyroclastics. Here, superheated steam 
al lemperatures to 110° is emitted from powerful fumaroles. Geological 
and geophysical work is in progress. Los Humeros, the easternmost of 
these fields, exhibits fumaroles to 90°, in a Quaternary caldera contain
ing rhyolite and basalt flows and pyroclastics. Here, loo, geophysical 
and geochemical work is continuing. 

El Salvador 

In 1971 the national electricity agency (CEL) of El Salvador chose 
LC-Electroconsull of Milan, Ilaly, to design a 30-Mw geolhermal plant 
for construction at Ahuachapan. This raarked the successful corapletion 
of a geolhermal exploration program jointly sponsored by the govern
raent and the United Nations. Even before this program began in 1965, 
the National Geologic Service of El Salvador had explored the Ahuacha
pan fumarole area and drilled two shaUow wells. Over $4 million has 
been spent to date on this project. In 1972 CEL is expected to caU for 
bids for construction of the plant, and it is anticipated that electricity 
wiU flow in 1975. Production capacily wUl be increased through addi
tional drilling and plant construction by 1980. 

The Ahuachapan region occupies some 30 km^ on the northern slopes 
of a range of Quaternary andesitic volcanoes, and contains over a dozen 
areas of fumaroles, warm ground, and hot springs. The easternmost peak 
of the range, Izalco, is active. Geologic mapping and subsequent driUing 
suggest the presence of a caldera, largely buried by lale- and post-
volcanic debris. Furaaroles and other heal emissions at Ahuachapan are 
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controlled by annular fraciures forming the caldera wall and by north
erly trending transverse fractures. The highest fumarole temperatures 
occur at the southern (uphiU) end of the structure, and reach 125°C. 
No wells have been drilled in lhat area. Average well lemperaiures are 
aboul 225° to 230°, the maximum 235°, al depths of 600 to 900 m. 
However, geochemical indexes suggest a reservoir-equilibrium temper
ature approximately 10° to 20° higher. Several workers have thus spec
ulated that the higher-temperature fumaroles to the south may more 
closely correspond to the reservoir source. 

Reservoir fluid is a sodium-chloride brine of aboul 10,000 ppm con
centration. Some 15 percent flashes to steara in the wellbore. Because 
average mass flow is about 320,000 kg/hr, it is expected that seven pro
duction wells will be needed for a 30-Mw plant. No pressure declines 
have been noted in production tests. The disposal of saline reservoir 
fluid presents a problem, since boron, chloride, and arsenic are present 
in amounts potentially harraful to agriculture. In reinjection tesls, a 
production well has been used for disposal into a deep, hot aquifer. 
These lesls have continued for a year and a half without definite effects 
upon the adjaceni production wells. The question of possible silica dep
osition in reinjection wells reraains unanswered. The alternative lo re
injection is disposal lo the sea via holding ponds and the natural river-
drainage systera. 

A conservative estimate of developable potential at Ahuachapan is 
100 Mw for a 50-year period. Drilling lo dale has explored only 2 km' 
of an estiraated 40 km^ field volume. Exploratory drilling has also been 
carried out at Berlin, in the eastern part of the country. A well drilled 
in 1968 lo nearly 1,500 m encountered lemperatures of at leasl 225°. 
Flow of hot water was not sustainable, indicating restricted permeabilily. 
Another hole drilled to 600 m, 10 km lo the northwest, flowed strongly 
and continuously al aboul 100°. Both wells exhibited moderate chloride 
salinity. Further exploration is warranted. 

Kenya 

Kenya, Uganda, and Tanzania share a common electric-power system, 
operated in Kenya by the nationalized East African Power and Lighting 
Company (EAPL). In 1957 and 1958, EAPL drilled two test holes 
southwest of Lake Naivasha, in the Kenyan rifl. These holes could not be 
brought into sustained flow, despite temperatures exceeding 200°C. 
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In 1970, exploration began again, jointly sponsored by the United 
Nations and the Governmeni of Kenya, in the rift zone. Two broad tar
get areas were chosen, Lake Hannington, where fumaroles and boiling 
springs issue at the edge of the tilted fault blocks, and near Lake 
Naivasha. Acid igneous domes and ejecta form an arc around the lake 
from northwest lo south, and a few miles south of the lake an east-west 
fracture transects the rift. There are two fumarole complexes within the 
volcanic field around Naivasha. The norihern complex, on the slopes of 
Mount Eburru, has been drilled to about 150 ra. Low-pressure sleam is 
produced and condensed for use in watering livestock, and pyrethrura 
leaves are dried in live steara for use as insect-repellanl. The southerly 
field, Olkaria, was the site of the earlier drill holes by EAPL. One of 
these holes, about 900 m deep with temperatures to 230°, has been in
duced to flow, and tests are continuing. Extensive geological, geochemi
cal, and geophysical surveys have been made, and three deep exploration 
holes are scheduled for the sumraer of 1973. 

Ethiopia 

A survey in 1970 and 1971 sponsored by the United Nations and the 
Government of Ethiopia catalogued the surface thermal phenomena of 
the Ethiopian rift zone. Over 500 separate hot spring and fumarole local
ities were reported. A second-stage exploration is planned to begin 
somelirae in 1973. Three areas of greatest interest were noted: Dallol, 
in the Danakil depression of the northern rift; the Tendaho graben of 
the Afar region; and the Aluto caldera in the lakes district of the south
ern rift. 

The Danakil depression is a north-south trench, raostly below sea 
level. At the north are the Dallol salt flats, an evaporite sequence over 
1,000 m thick, producing salt-saturated springs at lemperatures above 
110°C. Immediately south is a chain of active volcanoes, with fumaroles 
to 220° on the flanks. At Tendaho, there are extensive boiling springs, 
fumaroles, Holocene cinder cones, and lava flows, in a situation of tilted 
and rotated fault blocks. In the lakes district several volcanic centers 
and calderas are characterized by hot springs and fumaroles. 

Even at Addis Ababa, a city of 600,000 persons at 2,500 m elevation 
on the Ethiopian plateau, there is an extensive hot-water aquifer that 
might prove useful in space healing. Government-sponsored geothermal 
exploration is investigating the extensive potash reserves al DaUol and 
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the need for electricity for pumped irrigation in the Tendaho area. Fresh 
water mighl be a by-product of eilher scheme, but currently hot waler 
and sleam condensate are used only locaUy for bathing and stock-
watering. 

The Philippines 

At Tiwi, on Luzon in the Philippines, a 10-kw geolhermal generator 
has operated since 1969 as a demonslralion of the economic potential of 
the region. The area had been explored by the Philippine National Sci
ence Board and the Coraraission of Volcanology since 1966, when seven 
shallow, exploratory wells were driUed. The well that later drove the gen
erator produced about 10,000 kg/hr of steam at 154° from 220 m depth. 

In 1971 Philippine Geolhermal Inc., a subsidiary of the Union Oil 
Company, contracted with the National Power Corporation of the Phil
ippines lo explore the 150 kra" of geothermal resources in southeastern 
Luzon. Tests on a 1,500-m well drilled in 1972 indicated potential as a 
comraercial power source by the raid-1970s. Two addilional wells are 
scheduled to be drilled. Geologically, the region consists of Quaternary 
andesites and subsidiary dacites. 

Indonesia 

The island nation of Indonesia is among the most volcanically active 
regions of the world. On Java, where over 40 miUion people live, active 
volcanoes dot the island; and there are others on Sumatra, Bali, Flores, 
and the Celebes. As early as 1918, reports suggested that the volcanic 
heat of these islands could be harnessed. In 1928, the firsl geothermal 
test holes were drilled at Kawah Karaodjang on western Java. The deep
est of these three holes was 128 m. The highest temperature was 140°C, 
and abundant low-pressure steam was encountered. Dala from these 
weUs were recorded continuously until World War II. 

After the visit of a scientific leam from UNESCO, in 1966, Indonesian 
geologists began compUing dala from Java and the southern Celebes. 
In 1969, the U.S. Geological Survey began a program of assistance, 
which is still under way, concentrating on the Dieng area of central Java. 
The Dieng region coraprises a series of constructional volcanic forras 
and their explosive and extrusive producis, aligned roughly northwest 
and extending about 20 kra. Surface teraperatures to 95° are recorded 
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within the Miocene sandstone. Electric-power potential at Tatun has 
been estimated at 80 lo 200 Mw, and construction of a 10-Mw pilot plant 
at Matsao is being considered. 

Turkey 

In 1961 the Turkish governmeni began detailed sludies of a series of 
geothermal manifestations in western Anatolia. The United Nations en
tered into a cooperative exploration venture in 1967, and the following 
year, after geological, geophysical, and geochemical surveys, the first 
well was driUed at Kizildere, in the Menderes (Meander) River valley. 
Hot springs are widespread through this region, with temperalures to 
100°C. Mercury mineralization is also preseni locally. 

At least seven deep holes have been drilled at Kizildere, another at 
Tekke Hararaan, 10 km to the southwest. In the process, a hot-water res
ervoir has been discovered, with two horizons, at deplhs of about 350 
to 400 m and below 600 m. Exploration has revealed a highly frag
mented horst and graben terrain, primarily with east-west trend, step-
faulted down to the south. A crystalline baseraent of schist, gneiss, 
raarble, and quartzite is overlaid by Miocene and Pliocene fluviatile and 
lacustrine sediraents. A highly fractured Miocene liraestone in this se
quence constitutes the upper reservoir; fracture permeability in the 
crystalline rocks provides the lower reservoir. Quaternary aUuvium caps 
the Tertiary sequence. No youthful volcanic rocks are preseni. Rather, 
the heat source is postulated to be a cooling granitic mass at depths of 
several kilometers. Its upward movement is believed to have generated 
the horst and graben structure. 

Average well depth is about 450 ra, and reservoir temperatures are 
between 180° and 200°. Yield per weU is belween 25,000 and 300,000 
kg/hr, averaging about 150,000 kg/hr, with about 10 percent flashing 
to steam. It is reported that the deeper wells, into the crystalline base
ment, have higher flow rates. The reservoir fluid is highly carbonated, 
and a major problem of calcite deposition must be solved before develop
ment can proceed. The well al Tekke Hamman, in fact, is inoperable be
cause of calcite incrustation. Installation of a 10- to 20-Mw generator, 
utilizing a closed-system heat-exchanger, is being considered—reservoir 
fluid would be produced, utilized, and reinjected into the reservoir umder 
pressure, thus avoiding the separation of calcium carbonate from the 
fluid. 
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Exploration in Other Areas 

A pioneering geotherraal development was begun in the 1950s al 
Kibukwe, in Katanga province of Zaire (Congo), where a 220-kw geo
thermal generating plant was installed at a raetal mine. This plant, 
which used wet sleam al aboul-95°, was costly and inefficient, but served 
satisfactorily for many years in a remote area far from cheap alterna
tive power supplies. The plant and mine are now shut down. 

In February 1972 it was reported that a small, experimental power 
station had operated successfully al Tengwu, in Kwanglung Province of 
the People's Republic of China. The station is reported to use steam 
flashed from hot water lo turn turbines, but no details are available on 
plant size, water temperature, or operating characteristics. 

In 1967 the United Stales undertook a project of geolhermal explora
tion for the Government of Nicaragua, utilizing private U.S. concerns 
as contractors. Detailed geophysical surveys and geochemical and geo
logic evaluations were made, and a series of temperature-gradient holes 
was drilled in furaarolic terrain near Momotambo volcano in west-cen
tral Nicaragua. A deeper drill-hole encountered lemperaiures to 230°, 
but the project was allowed to lapse. In 1972 the United Nations en
tered into an agreemenl with the Governmeni of Nicaragua for a sec
ond phase of exploration, which is now under way. 

At Melun, France, about 50 km southeast of Paris, two holes drilled 
to depths of 1,800 m intersect an artesian aquifer with waler at apprpxi
mately 70°. This corresponds to a gradient of about 3°/100 m, and is 
not remarkable (see Table 2) . Nonetheless, a district-heating scheme is 
being evaluated in which one well would be used for production and 
the other for reinjection of heat-depleted water. Heat energy produced 
from this scheme would be offered at prices competitive wilh other fuels. 
The artesian basin is believed to be quite vast. 

Many other countries of soulhern and easlern Europe, Latin America, 
north Africa, and Asia have begun the coUection of data for geother
mal exploration. Prominent araong them are Algeria, Colombia, Greece, 
Guatemala, Iiidia, Israel, Spain (Canary Islands), Venezuela, and Yugo
slavia. A listing of some 50 countries active or interested in geolher
mal exploration is given in Table 3. 

Temperature-gradient drilling in northeastern Algeria has outlined a 
region of anomalous gradient near the Tunisian border. Detailed geo-
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logical and geochemical studies suggest a buried batholithic mass as the 
source of heat for the numerous hot springs of the region. 

The Governmeni of Guatemala has chosen a geothermal area near 
Moyuta volcano, near the border with El Salvador, for detailed explora
tion. Consideration is being given to contracting in 1972 for a deep ex
ploration hole, and several engineering firms have been asked to submit 
proposals for a drilling and development program. 

The Spanish government is supporting geothermal exploration in the 
Canary Islands, a Spanish territory off the coast of Morocco. Very-high-
temperature fumaroles are reported at Lanzarote Island. 

In Yugoslavia and Czechoslovakia, temperature-gradient and heal-
flow studies are currently in progress, with an eye to locating sizable re
serves of low-enthalpy fluids for use in space heating, agriculture, and 
industry. 

In six underdeveloped nalions (El Salvador, Chile, Turkey, Kenya, 
Ethiopia, and Nicaragua) the United Nations has sponsored geother
raal exploration jointly with the national governraents. United Nations 
missions have also been made lo India, Greece, Peru, and Guatemala 
in the past year to evaluate polentials for exploralion; cooperative ex
ploration projects have been proposed in several cases. The United 
Stales has supported exploration in Nicaragua and Indonesia through 
the Agency for International Developmenl. Colonial administrations 
have carried out exploration in such underdeveloped places as the Ter
ritory of Afars and Issas (French SomalUand), the Fiji Islands, and 
New Britain. In the United Stales and Japan, privale and government 
organizations have engaged in exploration, either jointly or separately. 
Privale concerns have assisted in geolhermal exploration in the Philip
pines, Algeria, Guadeloupe, and elsewhere. Usually, the initial slages 
of data collection and the preparation of geologic-reconnaissance re
ports, power-demand projections, and transmission-grid maps, are un
derlaken by the local geological survey or electricity agency. Shallow 
borings are often made at this stage, too. Much of the exploration lo 
date has been financed and carried oul by agencies of the countries in
volved, for in many cases the geolhermal resources are owned nation
ally and are thus nol at the disposal of private landowners. But because 
raany nations lack a sophisticated geological infrastructure, detailed ex
ploration is likely to require cooperative ventures wilh the United Na
tions, with more developed nations, or with private concerns. 
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The Potential for Geothermal Energy Development to 1980 

At Larderello and Monle Amiata (see Table 4 ) , increases in power 
generation are likely to depend upon conversion from noncondensing 
to condensing turbines. This may increase capacily by 15 percent over 
the decade. But only if significant discoveries of steam are made at 
Travale, Roccastrada, or Radicofani is there likely to be new construc
tion in the sleam fields of Tuscany. If exploration elsewhere in Italy 
is successful, new generating facUities could be on line by 1980. 

There are no plans to construct additional geothermal power plants 
in New Zealand in this decade. Induslrial and municipal applications 
wiU be encouraged, however, and some generalion of electricity may 
result incidentally to direel utilization of heat for industrial processes. 

Plans have been made to increase generaling capacily at The Geysers 
by 110,000 kw per year through 1975, al which time 630,000 kw wiU 

TABLE 4 
Expected Development of Electric-Power Capacity at 

Selected Geothermal Fields to 1980 

Nation 

El Salvador 

Iceland 

Italy 

Japan 

Mexico 
New Zealand 

U.S.S.R. 

United States 

Field 1 

Ahuachapan 
HengiU (Hveragerdi) 
Namafjall 
Larderello 

Monte Amiata 
Hachimantai 
Matsukawa/Takinokami 
Onikobe 
Shikabe 

Otake/Hachobaru 

Cerro Prieto 
Kawerau 
Wairakei 
Pauzhetsk 
Kunashir' 

The Geysers 

Imperial Valley 

Installed 
capacity, 

late 1972, Mw 

— 

3 
365 

25 

i 20 

13 
75 

10 
160 

6 

302 

Expected 
development, 

Mw 

30 by 1975; 60 by 1980 
Up to 32 by 1980 
None known 
15-percenl increase pos

sible 

Perhaps 10 by mid-1970s 
Perhaps 60 by 1980 
Perhaps 10 by 1980 
7; salt-recovery works 

planned for ]970s 
Perhaps 60 by 1980 

150 by 1980 
None planned 
None planned 

Up to 25 by 1980 
Up to 13 by 1980 
110 per year through 1980, 

to 1,180 
Demonstration, for de

salination ; power sta
tion by 1980 
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have been installed, making this the largest developed field in the world. 
By 1980, it is thought, installed generating capacily might be about 
1,180,000 kw, if development continues to be successful. In the Imperial 
Valley it is likely that pilot electric-generation and desalination plants 
will be operating by 1980. Capacity is likely lo be 10 to 20 Mw for dem
onstration plants. By then also, one or more sraall-scale, closed-system, 
heat-exchanging electric generators may be installed in lhat region. 
Conceivably, a few other pilot stations raay be operating, or full-scale 
plants raay be under construction, elsewhere in the western United 
States by 1980. 

Several Japanese fields are likely to be developed in this decade. 
Matsukawa and Otake are scheduled for enlargeraent to perhaps 60 
Mw each. This would include some development at Takinokami near 
Matsukawa and some at Hachobaru near Otake. Questions of scaling, 
well life, and waler disposal may delay development somewhat. Oni
kobe, Hachimantai, and Nasu, on Honshu, and Shikabe, on Hokkaido, 
are also potential candidates for power-generation development; total 
installed capacity at these fields is not likely to exceed 30 Mw by 1980. 

The plant at Pauzhetsk, in Kamchatka, raay be expanded to as much 
as 25 Mw by 1980. Other fields in the Kurile Islands or on Kamchatka 
may be put into production, probably in the range of 10 to 20 Mw each. 
Space heating can be expected lo increase greatly in the Caucasus and 
in regions of western and southern Siberia through the decade, so that 
by 1980 the consumption of hot water may surpass two million tons per 
year of fuel oil. 

Similar increases in consumption of hot water can be expected in 
Iceland, with an equivalent of over one-third miUion tons of fuel oil 
used aimually. Electric-power generation may increase slightly at Nam-
afjaU, and may begin al Hveragerdi in the Hengill area. Perhaps 15 to 
35 Mw capacity will be installed by 1980. 

In Hungary the consumption of hot waler for space heating may more 
than double through the rest of this decade. Hot-water heating schemes 
may become operational in Yiigoslavia, Czechoslovakia, France, and 
elsewhere in Europe by then. 

A second 75-Mw plant may be installed al Cerro Prielo by 1980. And 
construction of generating facilities may be under way elsewhere in the 
central part of Mexico by then. Sirailarly, at Ahuachapan, El Salvador, 
a second 30-Mw facility raay be operational at that time. 
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Small plants are likely to be operating or under construction in the 

Philippines, Kenya, Chile, Turkey, and Taiwan by 1980, and perhaps 

in Guadeloupe, Nicaragua, and elsewhere. Their aggregate output is 

likely lo be belween 70 and 150 Mw. But because of the 4- or 5-year 

minimura lead lime required for exploralion and construction, it is un

likely that extensive plant construction will have been undertaken else

where by 1980; conceivably, another 50 Mw of generaling facilities will 

be erected in, for example, Indonesia, Ethiopia, or China. 

Thus, a conservative projection of worldwide geothermal generating 

capacity by 1980 is on the order of 2,500 Mw, or three times present-

day capacily. Because world consumption of electricity during this 

8-year period is likely to double, the geothermal-power component of 

world output will remain at less than 1 percent of total generating ca

pacily. Direct utilization of geolhermal energy is likely to increase at 

a faster rate, especially in eastern Europe. 

More rapid developraent is foreseen in the 1980s, l l will depend in 

part upon improvements in geothermal drilling and ulilizalion lech

nology, increased knowledge of geolhermal sysiems, and greater avail

ability of funds for geothermal exploralion and developraent. 
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