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These expansion loops carry geothennal steain (rom wells 
drilled to a depth of more than 1.5 mi. to Pacific Gas and 
Electric's plant at The Geysers, Sonoma County, California. 

Salt Domes As A 
Soyrce of Geothermai Eriergy 

i^m^i ©I 
by Charles H. jacoby 

Dilip K. Paul 

International Salt Co. 

The economic importance of salt domes has been 
recognized throughout the world, primarily because 
of oil and gas accumulations on their flanks, and to 
a lesser degree, for the value of their salt and 
potash. Recently they have become of value as 
hosts for cavities used to store hydrocarbons. In the 
near future vve believe that their main value will 
be a source of geothermal energy. 

Although tremendous efiFort has been expended 
on the understanding of the geology and physical 
characteristics of the strata intruded by salt domes, 
relatively little energy has been e.xerted in the com­
prehension of the salt dome itself. Salt domes have 
long been recognized as a geological heat anomaly. 
With respect to other sedimentary rocks, salt is a 
good conductor of heat. E.\-pressing values in 10"^ 
cgs units, sedimentary rocks vary from 1.0 to 8.0; 
metamorphic rocks from 5.2 to 8.4 and igneous 
rocks from 3.1 to 9.8. Rock salt in its pure form has 
a thermal conductivity of 17. Thus a salt dome can 
be expected to act as a conduit bringing heat verti­
cally from deep within the earth's crust. 
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This was in part substantiated in 1958 when a 
horizontal core hole was drilled from within the 
Avery Island Mine at the 500 ft level. The hori­
zontal hole was started where the ambient tem­
perature of the salt was 74°F. and drilled toward 
the center of the dome. At the end of the 2000 ft 
hole the temperature was 90°F, indicating a hori­
zontal temperature gradient of 7°F./1000 feet. Be­
cause this core hole penetrated a shear zone con­
taining connate water tliat appeared as a "cold 
spot" on the - temperature gradient, the foregoing 
data can only be regarded as indicative. 

The source rock of our southern salt domes is tbe 
Louann formation. Depending on the location of 
the dome, the Louann has been estimated to have 
been buried at a depth of 40,000 to perhaps as 
deep as 60,000 ft. Balk has estimated that salt 
domes at a depth of 25,000 feet e.xperience a tem­
perature of 570°F. Gussow" states that salt be­
comes completely plastic in all a.\ial directions at 
662°F. Hiroy^* reports, at a depth of 14,552 ft 
the temperature of a salt dome was recorded to be 
460°F. 
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Several postulations have been made with re­
spect to salt domes. One of these is that the younger 
the dome the hotter the dome. The reason sug­
gested for this has been given as a loss of heat in 
the older domes to the surrounding rocks. It should 
also be taken into consideration that the older 
domes in the Gulf Coast region have their "mother" 
bed at a depth considerably below that of the 
younger domes. Another factor which should be 
given consideration is the heat generated as the 
hahte moved along its dodecahedral glide plane, 
which in the case of the younger domes, would 
have had less time to dissipate. It has also been 
suggested that the salt in the base of the dome is of 
a lower temperature than the surrounding rocks. 
We agree with this theory since the thermal con­
ductivity of the salt would allow for the heat's 
transfer up the stock of the dome. 

Due to the deep-seated origin, high thermal 
conductivity of salt, and the enormous size of the 
dome, it presents a unique geologic structure for 
the extraction of geothermal energy. 

We know thermal conductivity K= 

Heat flow 
Temperature gradient 

calories (or Btu's) 
time X distance X temperature change 

The thermal conductivity of rock salt varies from 

8 X 10~' cal/cm2-sec.-c°-cm 

to 17 X 10"' cal/cm2-sec.-c°-cm 

(1.93 Btu/hr/ft7°F/ft to 4.16 Btu/hr/ftV°F/ft) 

Typical salt dome as shown below could act as a conduit, 
bringing heat vertically from deep within the earth's 
crust. Source of the salt is the Louann formation, buried 
at 40-60,000 ft. 
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Diagram of a single-well system shows the piping con­
figuration required to produce hot brine. Hot oil is used to 
prevent crystallization during the ascent 

The value of thermal conductivity varies with tem­
perature. This value is two to five times that of 
most sedimentary rocks associated with salt domes. 
Heat flow is accomplished by conduction, radiation 
and convection mechanism along certain tempera­
ture gradients. The heat fiow in salt domes should 
depend upon a complex combination of the heat 
flow by the agencies of all mechanisms. 

The average heat flow in the Gulf Coast area is 
1.2 X 10~° cal/cm^-sec. whereas the geothermal 
fiow rate in salt domes has been found to be 
between 6.2 X 10~^ cal/cm^-sec. to 10.1 X 10'^ 
cal/cm^-sec. The heat flow, which is a product of 
temperature gradient and thermal conductivit)', is 
five to eight times larger than in the average area. 

The geothermal gradient also varies by a wide 
margin. Temperatures of 330°F. at 10,000 ft, 
455°F. at 15,000 ft, SSOT. at 20,000 ft are typi­
cal in salt domes. The t)'pical geotiiermal gradient 
will vary from 2.2° to 2.6°F./100 ft. The geo­
thermal gradient will also vary according to the 
location of the probe in the dome itself. 

There are a number of ways the geothermal heat 
of the salt domes can be utilized. Some of the typi­
cal concepts are outlined below. 

Geothermal Saturator 
In this concept a salt dome is drilled to a pre­

determined depth of beUveen 12,000 and 15,000 
ft, depending on the characteristics of the dome 
and the location on that dome. A single-well sys­
tem or a two-well system is created. In a single-
well system the water is injected into the outer an­
nulus and pumped into the cavity with the resultant 
brine being forced up the cential tubing. Numer­
ous piping configurations can be used. Hot oil is 
used to keep this central tubing warm to prevent 
crystaUization during the hot brine's 2% mi flow 
to the surface. It is probable that two additional 
strings of pipe would be required; one for an oil 
or pneumatic pad while the other niight be a "sand 
string" depending on the quantities of anhydrite 
sand that were produced. 

A more preferred system embodies the construc­
tion of two wells drilled to the desired depth. One 
would be deflected from its vertical trajectory 
over the course of its last few diousand feet. The 
lower portion would be underreamed after installa­
tion of the main casing. 

After a bore hole survey had located the precise 
position, a second well, which subsequently would 
become the production well, would be drilled to 
intersect the underreamed portion of the first well. 
It would be cased in such a manner as to insulate 
and/or protect the brine tubing from heat losses 
which might cause the premature crystallization of 
salt in the production tubing. 

The nether ends of the wells, if not connected 
by intersection, can be connected by using one of 
several other devices that are available. With the 
connection of the two wells, water is circulated 
down the injection well and produced through the 
adjoining well. In the case of the geothermal satura­
tor, the main purpose is to produce a brine suffi­
ciently hot so that it flashes to produce salt and 
steam. Thus, any domal temperature suflSciently in 
excess of the 220°F. boiling point of brine will be 
satisfactory to meet the needs of the process. 

Before the selection of a temperature depth for 
the location of the cavity's construction within the 
dome, certain .basic parameters must be estabhshed 
such a.s the total volume of salt the facility is ex­
pected to produce, the temperature required for 
the brine at the wellhead, and the average rate at 
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which the well is expected to produce. During the 
the early youth of the cavity, an undersaturated 
brine will be produced. As the cavity grows, the re­
tention time in the cavity grows with an increase in 
the salinity and the temperature of the brine pro­
duced. As the cavity matures the support of the 
casing in the deviated hole or injection well will be 
removed, causing the casing to seek a plumb posi­
tion. Eventually it will be necessary to carry an oil 
or pneumatic pad around the injection well to limit 
the vertical growth of the cavity. 

As the deep-seated cavity is under high pressure 
and temperature, plastic closure of the salt cavity 
is expected. Extensive studies.in rock mechanics 

Two-well system, showing the under-reamed section after 
Ihe Installation of the main casing. 
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have verified that a desired shape and size of the 
cavity can be maintained and controlled closures 
can be achieved. The plastic movement will pre­
vent any sudden roof fall or other forms of unex­
pected rock failures. 

The high rate of geothermal heat flow will con­
tinually replenish the extracted heat and thereby 
assure the continuous operation of the process. In 
every case the rate of heat flow, plastic closures, 
and the rate of extraction of hot brine have to be 
properly balanced to ensure optimum recovery. 

The advances in drilling technology, especially in 
the oil industry, have shown that problems asso­
ciated with high pressure and temperature in deep 

Water circulated down the Injection well wili produce a 
youthful cavity (shaded area). 

VOUTHFUL CAVITY 
PRODUCTION 

WELL 
INOECTJON 

WELL 



drilling can be overcome. For the continuous suc­
cess of the process, proper heat control must be 
maintained in the injection well, in the cavity, and 
in the production well. The success of the process 
will depend primarily upon successful heat insula­
tion in the production well. 

Peak Shaving of Power by Compressed 
Air Storage 

This concept involves the evacuation of a deep-
seated cavity to dryness. Compressed air would 
then be stored in the cavity during off-peak periods 
of electrical consumption. The compression would 
be augmented by the ambient temperature of the 

cavity with a resultant increase in the pressure of 
the stored air due to the increase in temperature. 
The exit well is capped until a peak power period 
when the heated high-pressure air is returned to 
drive a generator and produce extra power. This 
concept can have a number of variations with mul­
tiple cavities. 

Geothermal Heat Exchanger 

After a cavity has been excavated in a salt dome 
by either a single- or multi-well system, the brine 
can be displaced or replaced by a salt-insoluble 
heat exchanger fluid. This fluid in a relatively cool 
state would be injected into the cavity through an 

Diagram showing the Installa­
tion of a pad for protection of 
the cavity roof, along with 
piping designed to eliminate ' 
heat loss from the rising 
column of hot brine. 



injection well and extracted from an insulated re­
covery well. The hot fluid would be passed through 
(I heat exchanger on the surface and then returned 
(0 llie cavity. The recoveiy of this energy would en-
(;iil no air, water or thermal pollution of any type. 
From time to time, as plastic flows tend to close the 
cavity, it will be necessary to dissolve additional 
quantities of salt. This would be required so that 
the retention time in the cavity will give the volume 
of fluid flowing through the system adequate time 
to heat. 

Steam Generation 
A calculated volume of water could be injected 

into a deep-seated hot cavity, which had been 
emptied of fluids. The water would travel down a 
long injection pipe, through increasing geothermal 
temperature, and would be in a pre-heated condi­
tion as it entered the cavity. Based on heat flow into 
the cavity and tlie surface area of salt exposed in 
the cavity, the calculated volumes of water intro­
duced would produce calculated volumes of steam 
wliich then pass through an insulated recovery well 
and enter a steam turbine to produce electrical 
energy. The shape and size of the cavity could be 
made to recover maximum quantity of steam per 
unit volume of the cavity. 

Geothermal Chemical Retort 
Various endothermic reactions can be caused by 

the introduction of specific chemicals into a hot, dry 
cavity. By equipping 'the well with concentric 
strings of tubing, multiple reactants in calculated 
volumes can be introduced into the geothermal 
chemical retort. Although salt is inert to many 
chemicals, some care would be necessary in the 
selection of reactants and the resultant products. 
Catalytic agents could be installed in the cavity. 

'Geothermal cavities in salt would be impervious 
to most chemicals, with little or no chance of fluid 
losses in the cavity itself. 

Geothermal Water Purification. 
This concept envisions the .introduction of a 

brackish or polluted water into; a hot deep-seated 
cavity which had previously beeii evacuated to dry­
ness. A recovery well could carry steani which 
would produce power and recover potable water. 

These concepts will demonstrdte how this under­
utilized energy source may be used for economic 
pui-poses. Of course, as in all other new concepts, 
there would be some trial and error. Nonetheless, 
this vast geothermal energy resource in the salt 
domes will find various uses. For the formation of 
wells, cavity, and the utilization of energy, salt will 
be a much easier product to handle. Dome salt has 
purity that approaches 99 percent in many cases and 
the impurity is mainly calcium sulphate. In some in­
stances the effluent will be a marketable com-, 
modity, thus completely avoiding all pollution prob­

lems. Other geothermal brine contains numerous 
basic and acid radicals which create pollution and 
operational problems in the handling of the effluent. 

Because of the deep-seated origin of the salt 
domes, sometimes reaching 10 to 12 mi under­
ground, the energy will continue to be replenished 
in almost inexhaustible quantities. The rate of sup­
ply and demand must be balanced. 

Conclusions: 
In view of America's future energy needs, it ap­

pears that we will eventually turn to the salt domes 
of Louisiana, Texas, Mississippi and Alabama for a 
sizeable portion of our needs. Here, unlike e.xhaust-
ible reserves of oil and gas, is a vast reserve of al­
most inexhaustible energy. To properly and fully 
develop this "pipeUne" of power will require crea­
tivity, innovation, capital, and time. Many known 
problems and even more numerous unknown prob­
lems will be encountered where answers will be 
needed. 
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Abslract—Meihods were developed for stabilizing SOj in water and gas samples. The pararosanillne 
colorimetric melho(l and a gas chromatographic method using a flame photometric detector specific 
for sulfur gases were used to assay SO2. Assays were also performed for sulfide, elemental sulfur 
and sulfate. 

A large number of acidic, neutral, and alkaline springs in Yellowstone National Park were sampled: 
SO2 was found in small amounts in most of them. The highest concentration detected in water was 
0.5-0.6/ig/ml (expressed as sulfur). Sulfur dioxide was never detected in gases emanating from hot 
springs, or in fumaroles, althougli HjS was readily detected. Because of the high solubility of SOj 
in water, and its low pK, it is unlikely that environmentally significant quantities are volatilized from 
geothermal systems of the low-temperature type characteristic of Yellowstone Park. Laboratory studies 
suggest that in acid waters, ferric iron is the primary oxidant, as HjS is not oxidized by O2 at low 
pH. At neutral or alkaline pH, O2 is the likely oxidant, because sulfide is oxidized by O2 at these 
pH values, and neutral and alkaline hot springs are always low in iron. Ahhough bacteria capable 
of oxidizing sulfide and elemental sulfur are present in most of the springs sampled, it is concluded 
lhat the oxidation of reduced sulfur compounds to sulfur dioxide is primarily a chemical process, 
because of the rapidity with which it occurs and the lack of any evidence that bacteria produce 
sulfur dioxide. 

fNTRODUCTION 
ALTHOUGH sulfur dioxide is a common constituent 
of volcanic gases (WHITE and WARING, 1963), it is 
usually considered to be absent from geothermal sys­
tems with temperatures under IGCC (ALLEN and 
DAY, 1936; GUNTER and MUSGRAVE, 1966). As stated 
by ALLEN and DAY (1936): "To say that... sulphur 
dioxide never occur(s) in magmatic emanations is to 
go beyond the range of available evidence, but in the 
hot-spring stage of volcanism all observations point 
to hydrogen sulphide as the primary sulphur gas". It 
IS difficult to make any general conclusions, however, 
because sampling and analytical problems have been 
quite considerable for this most reactive of sulfur 
compounds (FINLAYSON, 1970), so that only where 
large amounts of SOj are present has it been possible 
to demonstrate it unequivocally. Indeed, in the exten­
sive series of geochemical papers presented at the 
United Nations Symposium on the Development and 
Utilization of Geothermal Resources in Pisa (1970), 
"0 papers were found which present assays for either 
SOJ or sulfite, either in geothermal gases or waters. 

From a geochemical point of view, traces of SO2 
°r sulfite in geothermal systems would probably not 
"^ significant, but from an environmental viewpoint 
Ule situation may be different. Sulfur dioxide has a 
Sreater toxicity than hydrogen sulfide (STEERE, 1971) 
^"d has been of considerable concem in air pollution 
research (FERRY et a i , 1973). This has led to the devel-
°Pnient of methods for stabilizing sulfur dioxide and 
"•fite so that they can be kept from reacting before 

analysis (WEST and GAEKE, 1956). It has also led to 
^ development of the specific and highly sensitive 

flame photometric detector for gas chromatography, 
which permits assaying concentrations of sulfur diox­
ide far lower than previously approachable (STEVENS 
et a i , 1971). Because of the increasing interest in geo­
thermal power (ARMSTEAD, 1973; KRUGER and OTTE, 

1973), it seemed of interest to carry out assays for. 
sulfur dioxide and sulfite in geothermal waters and 
gases using these sensitive and specific techniques. 

Our studies have been carried out in Yellowstone 
National Park. This area has been extensively studied 
geochemically (ALLEN and DAY, 1936; GUNTER and 

MUSGRAVE, 1966; FOURNIER and TRUESDELL, 1970) 

and considerable previous work on the sulfur cycle 
in Yellowstone geothermal systems has been carried 
out in this laboratory (BROCK and MOS.SER, 1975; 
MossER el ai , 1973; FLIERMANS and BROCK, 1972). 
The availability of a field laboratory at W. Yellow­
stone, Montana, where a gas chromatograph could 
be set up, made it possible for us to develop and 
test methods for sulfur dioxide and sulfite, and to 
perform chemical assays soon after samples were 
taken. Our data indicate that sulfur dioxide and its. 
ionization products are widespread in geothermal 
waters at a variety of pH values, although the con­
centrations are low. Sulfur dioxide was detected only 
rarely in gases emanating from hot springs, but 
because of the pAC of the sulfur dioxide-water system, 
it is almost certain that sulfur dioxide is being volati­
lized continuously, albeit at low concentrations, from 
many acid hot springs. Thus, attention to the possible 
environmental consequences of sulfur dioxide air pol­
lution in natural and man-made geothermal systems 
is warranted. 
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For background in interpreting the results of this 
paper, the relative proportions of the various ioniza­
tion products of sulfurous acid at various pH values 
are given here: 

pH 

8 
7 
6 
5 
4 
3 
2 
1 
0 

Sulfite 

so|-
99.99% 

96 
85 
37.5 
7 
1 
0 
0 
0 

Bisulfite 
HSO,-

0.01% 
4 

15 
62.5 
92 
90 
65 
15 
4 

Sulfur dioxide* 
SO2 

0 
0 
0 
0 
1 
9 

35 
85 
96 

From SAUNDERS and WOOD (1973). 
* The nonionized form in aqueous solutions is almost 

entirely uncombined SO2, rather than sulfurous acid 
(SCHROETER, 1966). 

The solubility of sulfur dioxide in water is very high. 
For comparison, the weights in grams of several geo­
thermal gases dissolved in l(X)g of water at a total 
pressure of 760 mm at 40°C are: sulfur dioxide, 5.41; 
hydrogen sulfide, 0.2361; carbon dioxide, 0.0973; 
methane, 0.001586; and hydrogen. 0.0001384 (DEAN, 
1973). 

METHODS 

Stabilization 
Because of its high instability, and the necessity of 

reluming samples to West Yellowstone, Montana for 
analysis, a suitable method for trapping and stabilizing sul­
fur dioxide was needed. Dry ice-acetone traps did not trap 
sulfur dioxide quantitatively. The method finally used was 
that of WEST and GAEKE (1956), in which sulfur dioxide 
is trapped using sodium letrachloromercurate (STCM). 
This reagent, commonly used in air pollution studies, has 
the advantage lhat it traps sulfur dioxide reversibly so thai 
it may be assayed colorimetrically or liberated into the 
head space by strong acid for gas chromatographic analy­
sis. Hydrogen sulfide is trapped irreversibly as mercuric 
sulfide, and thus does not interfere with either assay. Hy­
drogen sulfide was trapped and stabilized with zinc acetate 
as previously described (BROCK and MOSSER, 1975). 

Field procedure 
Both gas and water samples were assayed. To assay gas 

samples, a large plastic funnel was fastened to the end 
of a long pole and held under the water in regions of 
active bubbling. A plastic tube led from the funnel to the 
edge of the spring. After a few minutes, the pressure of 
the gas in the bubbles' forced all of the air out of the 
tubing and sleam and gas issued al a reasonable rate from 
the end of the tubing. A sample of gas was then laken 
using a 50 ml plastic gas-tight syringe, adapted so lhat it 
snugly fitted into the end of the tubing. The syringe was 
then fitted with a needle, and the gas was slowly bubbled 
through 2 ml STCM solulion in a 5 ml vial. Some air con­
tamination almost certainly occurred, but waler displace­
ment or any of the other methods described by FINLAYSON 
(1970) were not satisfactory for this soluble and unstable 
gas. For hydrogen sulfide assays, the gas was bubbled 
through 2 ml of zinc acetate solution. 

When fumaroles rather than springs were being sampled, 
the procedure was similar except that the funnel was 
placed direclly into the gas vent. Fumaroles with appro­

priate openings for the funnel were selected. Mosi fumar­
oles in Yellowstone National Park have sufficient gas pres­
sure so lhat the air was readily displaced from the syslcm. 

When sampling geothermal walers for sulfur dioxide and 
its ionizalion products, it was found essential lhat the 
waler from acid springs firsl be neutralized if trapping of 
sulfur dioxide was to be complete. On sile at each spring, 
a 16 ml sample of water was first taken and the amounl 
of eilher 0.1 N NaOH (spring pH > 2) or I.ON NaOH 
(spring pH < 2) necessary lo neutralize il was delermined 
by titration using 0.1% congo red as indicator. For the 
actual sample, 16 x 125 mm test tubes (18 ml) with Teflon-
lined screw caps were used. The determined amount of 
NaOH was first added lo the tube coniaining 2 ml STCM, 
and the lesl lube was filled to the top with spring waler, 
capped, and rapidly shaken to mix the contents. Hydrogen 
sulfide in these waters was stabilized in a similar fashion 
except 2 ml acidified zinc acetate solution was substituted 
for STCM. 

When each spring or fumarole was sampled, its lempera­
lure was determined with a Yellow Springs Instrument Co. 
(Yellow Springs, Ohio) Ihermislor and bridge. A water 
sample was laken in a 60 ml plastic bottle for laboratory 
determination of pH, elemental sulfur, and sulfate. 

Chemical methods 
Sulfur dioxide was determined by the pararosanillne 

method (WEST and GAEKE, 1956). Samples were filtered 
to remove paniculate debris and merciric sulfide, which 
gave a positive interference. Since il was possible thai some 
factor in the spring water other than sulfur dioxide could 
cause color development, we considered it essential to con­
firm the results of this assay using a gas chromatographic 
method. 

A Packard 419 gas chromatograph fitted with a Tracor 
flame photometric detector (FPD) was used. The FPD will 
deled nanogram quanlities of sulfur compounds in lhe 
presence of 10,000-fold excesses of carbon compounds 
(BANWARTand BREMNER, 1974). The column used was lhat 
developed for air pollution research by STEVENS et ai 
(1971). operated isothermally al 100°C, at which lempera­
ture sulfur dioxide has a retention time distinct from twelve 
Olher low molecular weight sulfur compounds (BANWART 
and BREMNER, 1974). 

Six millilitres of the preserved sample in STCM was 
added to a 15 ml serum stoppered vial. To this, 3 ml of 
concentrated phosphoric acid was added rapidly using a 
syringe and needle. The vial was shaken 2 sec and a 5 ml 
sample ofthe head space was taken wilh a gas-tight syringe 
and immediately injected inlo the gas chromatograph. This 
meihod is as sensitive as the pararosanaline method, and 
is highly specific for sulfur dioxide, but cannol be con­
sidered quantilalive because of the rapid loss of sulfur 
dioxide afler acidification due to oxidation and absorbtion 
onto the serum stopper; however, il is useful as a means 
lo corroborate the results of the colorimetric method. The 
quantilalive data given in this paper were obtained using 
the pararosanillne meihod, but there was qualitative agree­
ment belween Ihe colorimetric and gas chromatographic 
methods. 

Hydrogen sulfide was delermined by the methylene blue 
method of Pachmayr as described by BROCK et ai (1971), 
modified in the following way to separate the methylene 
blue from particulate matter in the spring walers. After 
color development was complete, O.I ml 0.1% sodium 
lauryl sulfate il&s added to each 10 ml saraple, followed 
by 5 ml of chloroform, and the two phases were shaken 
vigorously for 10 sec. The detergent caused the methylene 
blue lo be extracted inlo the chloroform layer (AMERICAN 
PUBLIC HEALTH ASSOCIATION, 1971), leaving the particulate 
matter in the aqueous phase. The optical density of the 
chloroform phase was delermined at 652 nm wilh a Beck-
man DB-G spectrophotometer. This meihod was satisfac-
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tory for all walers except those containing very large 
amounts of clays, in which case distillation must be used 
(BROCK and MOSSER, 1975). 

Elemental sulfur was assayed by extraction of the sample 
into trichloroethylene and determining the optical density 
at 276 nm (FLIERMANS and BROCK, 1973). 

Sulfate was measured by the gelatin-barium chloride 
method of TABATABAI (1^4). 

Oxidation of sulfide in acid waters 
Experiments on the oxidation of hydrogen sulfide in acid 

waters were done in sealed tubes lo obviate the problem 
of H2S volatility. Test tubes with Teflon-lined screw caps 
were used for most experiments. When oxygen was used 
as oxidant, pH 1.8 sulfuric or hydrochloric acid was oxy­
genated by bubbling at room temperature with pure O2 
for 30 min. The oxygenated acid was quickly transferred 
to the screw-capped tubes which were filled to the top, 
sealed, and equilibrated to temperature (usually 70°C). This 
resulted in a solution wilh an oxygen concentralion of 
about 14/(g/ml (as measured by Winkler assay), supersa­
turated at 70°C. If ferric chloride was used, the solution 
was nol oxygenated (sometimes il was rendered anaerobic 
wilh N2, but this had no significani effect), and the solution 
of ferric chloride at the same pH was added lo the tube 
before temperaiure equilibration. To initiate lhe reaction, 
a solution of Na2S-9H20 was added using a syringe 
equipped with a long needle of large diameter, which per­
mitted injecting the sulfide solution rapidly into the middle 
of the tube. Usually a volume of 1.5 ml sulfide solution 
was added. To effect this addition without loosing either 
oxygen or sulfide, the tube was opened, the syringe needle 
quickly inserted to the middle of the tube, the volume in­
jected while allowing liquid to Row out of the lop, and 
the cap quickly relumed. To permit mixing, several small 
glass beads were placed in each tube. With practice, it 
was possible to add the sulfide solulion withoul losing any 
significant amount of HjS. When low concentrations of 
sulfide were used, the addition of sulfide had no eflect on 
the pH, but when higher concentrations were used, to 

avoid a rise in pH the pH of the acid solution was lowered 
by a determined amount so that the final pH after addition 
of sulfide was still pH 1.8. 

After incubation, tubes were removed from the waler 
bath and sampled for the various assays. Samples were 
removed quickly wilh a syringe and placed in stabilization 
solutions and assayed as described above. A sample was 
first removed and placed in trichloroethylene for the ele­
mental sulfur assay. The sample for sulfide was placed in 
acidified zinc acetate containing suflicient sodium hydrox­
ide to raise the pH to around 7. The sample for sulfite 
was placed in sodium letrachloromercurate containing suf­
ficient sodium hydroxide to raise the pH to around 7. The 
remaining sample was filtered through a 0.45/im mem­
brane filter using a Swinnex attachment on the syringe, 
and the filtrate bubbled with N2 for 5 min to drive off 
remaining H2S; this solution was then used for the sulfate 
"assay following TABATABAI (1974). 

RESULTS 
Survey of springs 

The results of our survey of springs is shown in 
Table 1. This table presents not only sulfur dioxide 
assays, but also assays for other sulfur compounds. 
In certain cases, assays were also performed on gases 
emanating from these springs. As seen, water from 
virtually every spring had detectable amounts of sul­
fur dioxide, although marked variation in concen­
tration occurred from spring to spring. In most cases, 
the presence of sulfur dioxide was confirmed by sam­
pling again on a later date. Usually, both samples 
were positive, although the actual concentration may 
have been different. Considerable experience in 
chemical assays on Yellowstone springs has shown 
that temporal variations in a variety of constituents 
are not uncommon, especially in the acid springs. 

X-

Table 1. Sulfur compounds in geothermal waters and gases from geothermal waters 

Site 

Norris Geyser Basin 
Congress Pool 

Black Pool' 

28-7^ 

Cinder Pool 

Verma Spring 

Horseshoe Spring 

Emerald Pool 
Cistern Pool 

30-9^ 
Black Hermit 

Green Dragon 

Yellow Funnel 

Monarch Geyser 

26-5* 

TCO 

81.5 
79 
85 

65 
65 
86 
87 
51 
51 
86 
86 
92 
92 
91.5 
80.5 
88 
88 
90 
89 
80 
90 
90 
91 
88 

pH 

3.6 
2.4 
3.3 
3.5 
2.2 
2.1 
4.5 
4.0 
3.0 
3.1 
3.5 
2.9 
3.4 
7.5 
6.5 
3.2 
2.9 
2.9 
3.5 
3.3 
3.7 
3.1 
6,0 
5.0 
2.1 

Sulfide* 

0.03 

1.83 

0.23 

0.0 

0.12 

1.22 

0.05 
0.38 

0.70 
0.03 

0.17 

0.75 

0.94 

— 

Waler 
Sulfur 

0.08 

2.00 

4.8 

16.9 

8.7 

7.8 

— 
0.78 

— 
7.38 

11.28 

6.60 

0.74 

— 

(/-g/mDt 
Sulfite 

0.23 
0.06 
0.05 
0,06 
0.00 
0.04 
0.12 

0.02 
0.04 
0.0 
0,0 
0.02 
0.18 
0,10 
0,0 
0.0 
0.05 
O.I 
0,04 
0,05 
0.04 
0.03 
0,0 
0.0 

Sulfate 

103 

36.2 

258 

41,3 

50.0 

58,6 

— 
27.6 

— 
121 

43.1 

37.9 

48,2 

— 

Gas (/jg/50 ml) 
HjS SO2 

900 a o 

310 0,0 

1,5 0,0 

25.0 0.0 
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Table 1. [Continued) 

Site 

Sylvan Springs Area 
Treetops* 

56-3* 

58-1« 

56-2' inlet 

56-2 outlet 

59-1* 

Evening Primrose 

55-4^ 

54-5* 
59-2* 

Geyser Hill Area 
Bricriey No. 3 ' 
33-4"° 
34-1"' 
34-4'" 
34-8'° 

Mud Volcano Area 
Moose Pool* 

Sour Lake" 

Mud Geyser'^ 

Sulfur Caldron* 

Old Sulfur" 
Caldron 

Alkaline Springs 
Ojo Caliente 
57-4'* 
58-1'* 
Boulder Spring 
Pool A " 
Sulfide Spring'* 

TCO pH Sulfide* 
Waler (/ig/ml)t 

Sulfur Sulfite Sulfate 
Gas (/ig/50 ml) 
HiS SO, 

86 
85 
63 
55 
78 
79 
84 
87 
88 

79 
76 

45 
41 
81 
81 
78 
70 

76 
92 
92 
89 
91 

65 

26 

63 

64 
64 
59 
59 

94.5 
92 
92 
92 
84 
72 

6.0 
5.8 
1.9 
1.9 
6.7 
6.5 
5.3 

3.3 

1.9 
1.8 

1,1 
1,1 
2.3 
2.2 
2,0 
1,4 

2.5 
6.8 
6.8 
3.5 
2.5 

1,6 
1,6 
1,9 
1,8 
1,7 
1.7 
1.5 
1.5 
— 

7.8 
8.9 
9.0 
9.3 
8.6 
6.8 

0.33 
0.17 
0.03 
0.06 
0.26 
0.23 
0.12 

0.10 
0.04 
0.15 
0.17 
5.7* 
0.03 
0.12 
0.04 
0.17 
0.07 
0.03 

0.02 
0.58 
0.58 

0.02 
0,01 

0.02 
0.00 
0,02 
0,00 
0,01 
0,23 
0,02 
0 
0.01 
0.0 

1.3 
2,7 
1.9 
2,4 
0.013 
2.3 

1.1 

5.0 

3.1 

— 

1.3 

27.3 

65] 

412 

— 
0.30 

56.2 
0.6 
0.6 
39.7 
0.9 

291 

0.43 

230 

1950 

520 

0.04 
0.0 
0.02 
0.0 
0.0 
0.12 

0.03 
0,04 
0,0 
0.0 
0.0 
0.02 
0.08 

0.04 
0.04 
0.0 
0.05 

0.6 
0.0 
0,5 
0,25 
0,0 
0.24 

0,03 
0.12 
0,12 

0.02 
0.0 

0.10 
0,0 
0,0 
0,0 
0,03 
0,02 
0,03 
0,05 
0.0 
0.0 

0.0 
0.0 
0.04 
0.03 
0.08 
0.16 

53.4 

397 

70.7 

104 

— 

484 

1928 

276 

1172 

120 
41.4 
41.4 

103 
86 

1104 

776 

689 

1928 

310 

8.9 
8.9 
9.3 
7.6 
6.5 
14.4 

38 

60 

24 

2 

0.0 

0.0 

0.0 

0.0 

* Sulfide values in raany of the acid springs are low compared to assays run by distillation by BROCK and MOSSER 
(1975). Present assays reflect primarily readily soluble sulfide, probably HjS alone. 

t All assays are expressed as sulfur equivalents. 
' Black, pyrite-containing pool on Porcelain Terrace, north side. 
^ Opalescent silica-depositing pool al west end of Porcelain Terrace. 
' Spring near Echinus Geyser and Arch Steara Vent. 
*See BROCK and MOSSER (1975) for more dala on this spring. 
' Unoflicial name ofa large, silica-depositing spring on the southwest part (upper slope) ofthe Sylvan Springs complex. 
' Small turbid spring near eflluenl channel of upper terrace at Sylvan Springs. 

Large bluish pool wilh pinkish silica deposit, main source of waler for upper Sylvan Terrace eflluenl. 
° Large yellow pool on same terrace with Evening Primrose. 
'BRIERLEY (1966) station No. 3. 
'"Small springs in Geyser Hill area near BRIERLEY (1966) station No. 3. 
' ' Large cold lake near Black Dragon's Cauldron. 
' ^ Samples from south side of this large spring complex. 
"See WHitE et ai (1971) for a map locating this spring. 
'* Small sulfide-rich springs in the River Group, east of Ojo Caliente. 
"See BROCK and BROCK (1971). 
' ' Sulfide-rich spring near Hot Lake in the Lower Geyser Basin. 
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SO2 

0.0 

0.0 

0.0 

0.0 

id MossER 

; compleJt-

Our samples of gas emanating from springs never 
contained detectable amounts of sulfur dioxide, 
although all contained H^S. The dominance of H2S 
in the gas reflects the lower solubility of this gas in 
water than SO2, and the higher pK for the H2S-HS" 
couple (6.88 for H^S as compared to 1.9 for SO2). 
At pH values of 1-3, all of the sulfide is in the undis-
sociated HjS form, whereas at pH 2 only 35% of the 
SO2 is undissociated and at pH 3 only 9% (see intro­
duction to this paper). There is no obvious correlation 
between sulfur dioxide concentration and pH. 

The highest concentrations of sulfur dioxide found 
in spring waters were around 0.6/ig/ml of sulfur 
dioxide sulfur (l.2/tg/ml SO2). These concentrations 
were found in two acid springs in the Sylvan Springs 
area. Several springs had concentrations around 
0.2-0.4/ig/ml: Congress Pool (pH 3.6) had 0.23//g/ml 
at one sampling time and Cistern Pool (pH 7.5) had 
0.18//g/ml. There seemed to be no correlation 
between sulfur dioxide concentration and concen­
tration of sulfide or elemental sulfur, two sulfur spe­
cies which are probably the source of sulfur dioxide. 
Thus, Evening Primrose had the highest sulfur diox­
ide concentration and a fairly high elemental sulfur 
concentration, but Sulfur Caldron had an even higher 
elemental sulfur concentration and a similar pH, but 
a quite low concentration of sulfur dioxide. 

Fumaroles 

Gases emanating from three fumaroles were stud­
ied. Two were at Roaring Mountain and one on the 
Porcelain Basin of Norris. Temperatures of all three 
fumaroles were at the boiling point (92.5°C). No SO 2 
was found in any of the fumaroles and H2S was the 
only sulfur gas present. Concentrations of H2S were 
55 and 290 /ig/50 ml gas at the two Roaring Mountain 
fumaroles and 500/ig/50ml at the Porcelain Basin 
site. 

Source of sulfur dioxitie 

The presence of sulfite in sulfide springs of neutral 
or alkaline pH is consistent with the data of CHEN 
and MoRRis (1970) showing that small amounts of 
sulfite are formed during the chemical oxidation of 
sulfide. Under these conditions, the oxidant is prob­
ably O2, as ferric iron is highly insoluble and is vir­
tually absent from the waters. 

Under acid conditions, sulfide is oxidized by mol­
ecular O2 very slowly. CHEN and MORRIS (1970) found 
undetectable rates at a pH value of 6.0. We have 
extended these studies to pH 1.8-2.0, the pH of many 
of the acid springs, using both sulfuric add and hy­
drochloric acid systems. Even after 24 hr at 70°C, at 
'evels of sulfide around 1-2/ig/ml, essentially none 
ofthe added sulfide was oxidized. On the other hand. 
'• ferric ions were present, the oxidation proceeded 
* rapidly that the rate could not be measured, even 
^' room temperature. Most of the acid springs studied 
"ave significant amounts of ferric ions, concentrations 
Varying from around I /<g/ml to 200//g/ml (BROCK et 

ai, 1976). Thus it is reasonable to conclude that oxi­
dation of hydrogen sulfide in these springs is brought 
about by ferric ions [see also SCHOEN and RYE 
(1970)]. 

It was of interest to detennine whether sulfur diox­
ide was fonned during the oxidation of sulfide by 
ferric ions. When the concentration of sulfide was low, 
around 1-2 /ig/ml, neither elemental sulfur nor sulfur 
dioxide was detected, the oxidation apparently pro­
ceeding all the way to sulfate (this experiment was 
done in sulfuric acid so that sulfate assays could not 
be run). When a much higher concentration of sulfide 
was used, 60-80/ig/ml, and the ferric ion concen­
tration was raised proportionately, small amounts of 
sulfur dioxide were detected, 0.02-O.09 /ig/ml, and the 
main product was elemental sulfur, with only traces 
of sulfate being formed. However, none of the springs 
have total sulfide levels this high, although some have 
concentrations of 10-15/ig/ml (BROCK and MOSSER, 
1975). Since the major reduced sulfur compound in 
most of the springs is elemental sulfur, experiments 
were set up to see whether ferric iron would oxidize 
elemental sulfur with the production of sulfite. To in­
crease the reaction rate, colloidal sulfur was used. It 
was found that elemental sulfur was quite stable to 
oxidation by ferric ions, and that neither sulfur diox­
ide nor sulfate were formed in significant quantities. 

OrSCUSSIGN 

Our results show that sulfur dioxide is formed in 
small amounts in most geothermal waters sampled 
in Yellowstone National Park. Our methods of detec­
tion are considerably more sensitive than any used 
previously, so that it is not surprising that sulfur diox­
ide has not been reported before in geothermal sys­
tems. We cannot conclude that the majority of springs 
contain sulfur dioxide, since we sampled primarily 
springs with high amounts of reduced sulfur com­
pounds. Presumably, the large nurnber of springs of 
neutral to alkaline pH in Yellowstone which have 
close to zero levels of reduced sulfur compounds 
would not contain sulfur dioxide. Indeed, even some 
springs with relatively high levels of sulfide (e.g. 
Boulder Spring and Spring 57-4 in Table 1) were 
devoid of detectable sulfur dioxide. 

However, the'actual concentration of sulfur diox­
ide, as measured in our chemical assay, does not give 
any direct indication of the rate at which this com­
ponent might be formed. The concentration measured 
is presumably the steady-state concentration, and its 
level would be influenced by the rates of formation, 
decomposition, volatilization, and the rate of mass 
water movement into the spring through the under­
ground circulation system. As we showed for a 
number of acid springs (BROCK and MOSSER, 1975), 
even in springs where there was no surface flow, un­
derground water flow was often rapid, as measured 
experimentally by a chloride-dilution technique. Con­
stituents such as sulfur dioxide are presumably being 

s 

k 
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diluted at the same rate as chloride, and hence are 
being tost to the, subsurface flow. 

Sulfur dioxide is almpst certainly oxidized in the 
surface waters, of the springs. Oxidants present are 
O j and (in acid springs) F e ' * . The ia tier is a highly 
reactive oxidant and prbbably is responsible for most 
of t he oxidation of reduced sul/ur species in a d d 
spririgs. As Shown in our other work (BROGK eV a l , 
19-76), mos lac id springs contain significant amounts 
of Fe^ ^, and often this ionic fortii predominates over 
Fe^*. As we also showed in the other work, bacteria 
of the spedes Sulfolobus acidocaldarius, present in 
most hot, acid waters, are able to rapidly oxidize 
F e ' * back to Fe^*, using O j as oxidant, so that Fe'"^ 
formed as a result of the reductiori of F e ' * by 
reduced sulfur compounds will be reoxidized, thus 
maintaining a significarit concent rat ion of F e ' * oxi­
dant, Thus,,even though HjS is stable in the-pfesence-
of O2, ii will be oxidized as a result of the combined 
processes of F e ' * redtjctioii (by HiS) and Fe^* oxi­
dation (by O2). 

There is no evidence that the bacteria produce sul­
fur dioxide as an oxidized product. It is well estab­
lished that S. acidoeaidarius will oxidize elemental sul­
fur to sulfuric a d d (SHIVVERS arid BROCK, 1973; 

MOSSER et a l , 1973). In some unpublished work, we 
found that S. acidocaldarius would also okidize sul­
fide; usiiig G2 as electron acceptor (experiraents done 
in the absence of Fe'-* ; in the presence "of F e ' * the 
spontaneous oxidation of sulfide is so.fast that a bac­
teri ally-catalyzed reaction cannot be measured). How­
ever, when S. acidocaldarius oxidized sulfide, no sulfur 
dioxide was formed, the sole product bdng elemental 
sulfur (a small amount of sulfate was probably also 
formed,, but sirice lhe experimerits were done in pH 
1.6,sulfuric add , this sulfate could not be measured). 
Since it can be shown in the laboratory that siaifur 
dioxide is formed, albeit in .small amounts, diiring the 
chemical oxidation of sulfide by F e ' * , we conclude 
that the sulfur dipxide found in the gepthermal waters 
is fonned as a result of sppn tan eous chemical reac­
tions. Not all of the oxidation in the riatural waters 
may be due to reaction with F e ' * , since heavy metals, 
clays, and natfoalunite present in some spring sedi­
ments (BROCK el a/,,1976) may catalyze the oxidation 
of sulfide by O2. 

The environmental significance of the sulfur dioxide 
formed in these geotherrnal waters is unclear. Almost 
certainly little or none of this gas escapes into the 
atjmosphere, because of the high solubility of sulfur 
dioxide and its low pK. Since' the water leaves iri'any 
of the springs by underground seepage (BRCCK and 
MOSSER, 1975), it is; conceivable that the inability of 
plants to grow =in the acid soils of these ^habitats 
(FLIERMANS and BROGK, 1972)' is due nof only to^aci-
dity but t o sulfur dioxide toxicity.. Hpwever, it would 
be the atmospheric, effect which would be of most 
significance in the environmental impact o f a geother­
mal power plant. As our assays show, only HjS was 
present in the gases leaving springs and fumaroles. 

Large ampunts, of H j S are volatilized from many of 
these springs, and since H jS will oxidize to SO2 in 
the atmosphere (KELLOGG et a i , 1972), some S O j is 
alrhosf certainly present jn.the a'tmdsphere. Methods 
for trapping this S O j were, not available to us when 
we did this work, herice we do not have any data 
pn actual concentrations' present. Because many 
plants (including lichens) grow apparently withotit 
difficulty near sources of geothermal H jS , it would 
be of interest tp measure S O j cpncen trat tons and 
assess the tolerance-or susceptibility of these plants 
to this natural source of air pollution. 
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Introduction 

There developed in the last decade a strong moveinent by people concerned 

with the environmental effect of coal and nuclear fueled electric generating 

plants to find altemative sources of energy that would abate the spectre of 

a nuclear disaster or a sulfur and ash drenched landscape. This was supposed 

to be a compelling argument to find and develop geothermal and solar energy. 

Several nontechnical articles had indicated that except for the.minor investment 

in a few holes, geothermal energy was abundant and free for the person with 

imagination and modest funds. People with little experience in resource 

development or exploration pronounced that geothermal energy was attended by 

no risk, infinite production, and only minor environmental concems. Economic 

calculations were usually simple arithmetic guesses at assumed costs. The 

full Impact of taxes and indirect costs on geothermal development was not 

described in the literature until recently. By contrast economic papers by 

Armstead, Banwell, Kaufman, Bradbury and Facca-Ten Dam which appeared basic 

to an understanding of profitability of geothermal development by governmental 

agencies briefly described the risk of failure, recovery of costs and how to 

calculate the effect of these on profitability. 

Five years ago in the United States Pisa symposium actual histories of 

development from every geothermal project in the world were reported. From 
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that background of inforraation and new field operations in the last five years 

the technical world has discovered that dry steam geothermal fields are strong 

competitors as a source of energy used to generate base load electricity. 

Successful flashed steam developments located in New Zealand, Japan and 

Mexico are producing electricity at costs less than fuel prices for oil or 

coal delivered to the generating plant. There are no economically successful 

low enthalpy heat exchange plants running today though two heat exchange plants 

ran for several years in the Lardarello-Castlenuovo areas using the initial 

fluid at AOl'F and fresh water for the secondary fluid. These had 79 MW 

capacity. The Paratunka pilot plant in Russia has been running since 1967, 

and is the first actual binary plant losing a low boiling point fluid to drive 

the turbine. 

Market for Electricity 

The increasing use of energy has created an awareness that the major question 

facing the energy tiser will not be which alternate fuel is lised but what fuel 

can be used. Electricity is becoming an important segment of world energy 

because It can be transported cheaply long distances by ultra high voltage 
/oo 

D.c. lines (.3 to .4 mlll/KWH/3hp<̂ 0fl miles) and can be used for space heating, 

lighting and electro mechanical devices. Remote energy supply areas now 

become accessible for population centers' energy. 

To determine the growth of the geothermal industry we raust examine the electrical 

industry. The electric power industry in the U.S.A. is a mix of public and 

investor owned utilities. Federal owned facilities generate 10% of the U.S. 
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electricity and investor-owrved utllitieB provide 75% of the total. The. 

balance is produced by municipalities, state and local cooperatives. A fairly 

complex system of Federal and State regulations has evolved to control the 

location, size and type of electrical generating systems used by the investor-

owned utilities. This has resulted in the flexibility of utility planning 

being reduced and plant lead times increased by 100% in the last five years. 

Electricijry generation in the United States has doubled every 10 years during 

the last AO years. During the last year the anntoal 7% increase energy 

produced dropped to 0.6% due to the oil enisargo, electricity rate increase 

and reduced business activity. Fossil fuel steam plants now produce 80% 

of the total power generated. Nuclear now produces about 9% and is expected 

to increase to 35% of the United States' annual requirements sometime between 

1985 and 1990. 70,000 MW of nuclear power is generated in the world. Coal 

has supplied about 50% to 5A% of the electrical generation fuel required 

since 1971. 

Fuels for Electrical Generation 

In the past electric utility management has had reasonable selection of fuels 

available at a low cost for electric power production. This selection of fuels 

from a large nuinber of vendors has allowed the utilities to use that fuel most 

farailiar to thera. For many years, the fuel industry supplied the basic research 

and development that enhanced the competition between energy sources. Recent 

changes in the bountiful supply of available fuels and environmental and regu­

latory procedures have required utilities to become more involved in the 
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econoraics and utilization of fuels. 

The strong demand for fuel supplies will cause a competition for investment 

funds and technical manpower between ventures offering a low risk normal rate 

of retum and an increased risk venture with a higher rate of return. As an 

exaraple, the exploration for coal and uranium and the development of these 

fuels uses well know techniques. Thou^ the risks are high for a successful 

project, the costs are predictable. Sale of these products is assured and the 

demand ha.s caused a favorable price. There is a delay of three to five years 

after finding before a producing facility (mine) can be built. 

Let tis review one of these energy commodities and compare its economics with 

those of geothermal energy. This will set the framework for examining the 

competitiveness of geothermal power. The development of each of these is 

capital Intensive and funds to participate in the business must come from 

those expected to be available for energy investraents. 

The growth in total energy use will most likely be held to about 2.5 to 3.5% 

per year for the next decade. Figure 1 depicts the position that generation 

of electricity is expected to grow between 5,5% and 6.5% per year as it's use 

will be increasing at a greater rate than total energy use because present 

uses of oil and gas for space heating and cooling will be transferred to 

electricity. Within tbe next ten years the use of oil and gas for any boiler 

fuel may not be allowed. The share now planned for nuclear power generation 

is shown below the "total" curve. The amount represented between "nuclear" 

and "total" will use the other available fuels. There is ample opportunity 

for geothermal to participate in this growth. 
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Nuclear Competition and Effect On Geothermal Exploration 

The use of nuclear reactors to generate electricity has been favored by 

utility planning groups as they can operate at near base load capacity 

and have had a very low fuel cost. Present nuclear fuel costs of 2,1 Mills/KWH 

can only be matched by hydropower. It is expected this fuel cost will be 

increased by 50% within the next five years. 

Prediction of uranium reserves necessary to meet the needs of reactors 

scheduled for completion this decade is straightforward. Late in 197A it 

became apparent the reserves of uranium were not as extensive as suggested 

in 1969-1973. The rate of discovery for this fuel has been falling short 

of that needed. As Inflation's effect on mining and processing costs 

continued, the amount of reserves that can be mined for an $8.00/pound 

mining cost shrunk by about 25%, The high cost of building reprocessing 

plants and the uncertainty of their functioning has catised the cancellation 

or deferral of such systems so that the amount of uraniura found must be 

Increased to fuel plants now being built. The generating plants now operating 

in the world use 30,000 tons of U-0_ per year. Figure 2 shows this 

demand will, in 1990, increase to 225,100 tons per year. The rest of the 

world will need almost twice the amount required in the U.S.A. 

Figure 3 frora the U.S. Energy Research and Development Agency shows that the 

capability of the present industry to produce and mill uranium ore will be 

exceeded by requirements about 1978. Ore deposits identified will meet 

the requirements to 1980 if the mines and mills are constructed. This 
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situation has created a strong upward move in price for U 0 and has now 
3 n 

made some deposits of less than .10% attractive. Figure A from John Kleroenk's 

work illustrates that rates of retum above 25% can be expected at today's 

prices and costs of mining. 

The need to schedule power facilities is a requireraent for the electric 

utility Industry. Figure 5 shows the lead time (commitment to operation) 

for electric plants is eight to ten years for nuclear plants and around five 

years for- coal, oil and geothermal plants. With the increased regulatory 

overview on energy sources these lead times are increasing. This must be 

considered when estiraating cost of energy from a project as the cost of 

capital Invested during construction must be added to the fuel cost. Mines 

have lead times off three to seven years. The lead time delay in constructing 

coal mines is due to a four to five year backlog on tnlning machines. When 

the federal.government's moratorium on coal leasing is lifted, equipment 

delays will be compounded as the necessity for mining equipment is 

increasing while the production facilities are not. 

So this gives an investor Interested in exploration ventures a choice. 

Figure 6 corapares the exploration and acquisition Investraent with the 

supply facility cost following a successful project. To find and acquire 

a 100,000,000 ton coal prospect will cost twice what a geothermal 200 Mis' 

field should cost or a 3,650 tons of U-0 project cost. 

The coal mine, to produce 5,000,000 tons a year for 20 years, would 

provide fuel for 28,000 MW years. Tlie rate of retum would approximate 
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15% (Pro jec t Independence 7A). The uranium mine would produce 7,300 

pounds of D_0 per year for 10 years and provide fuel for 17,500 MW 
J a 

years. The rate of retum would be 21-26% (Klemenic 7A), The geothermal 

prospect would provide 200 MW capacity for thirty years and may have a rate 

of retum of 15% (Bloomster 7A). To be competitive for dollars and 

manpower bistter returns will be required for geotherraal projects. 

U.S.A. Geothermal Industry 

The geothermal industiT in the United States will probably develop with 

an energy finder supplier and an electric utility as a converter and 

distributor. The finder will be an expert in using geology and geophysics 

to locate and evaluate reservoirs with commercial base temperatures. 

The mining and energy supply companies have the organization and technical 

experience in using these sciences. Energy supply companies have operational 

experience in handling large fluid producing and injection complexes in 

many areas of the world. The financial resources of these two groups 

enables thera to Invest in exploration and production facilities with 

long lead tirae before income is obtained. The exploration for 

geothermal energy by the mining and energy supply companies makes economic 

sense as their experience with high risk ventures spans the local geographic 

areas within which the utility companies operate. 

The utility Industry is experienced in assessing the most economical 

method for electrical generation, transmission and raarketing. The price 
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the energy supplier charges by geothermal energy will be the competitive 

cost the utility is willing to pay and to generate electricity for sale 

at regulated rates. There are no posted prices for geotherraal energy. 

The pricing is similar to that used for coal sales. A negotiated price 

between the user and producer requires each to know or to be able to 

predict future costs of operation and future need for his product. 

The finding and development of geothermal energy is expensive and capital 

intensive. The usefulness and price of this energy will be dependent 

on its quality. The utility planners must have confidence in geotherraal 

reservoir capacity providing for long delivery of uniforra quality fuel and 

recognize an econoraic advantage in this energy source. The energy 

supplier must be technically capable and financially able. 

Profitability Factors 

Recent reports on the scope of geothermal resources have not been 

successful in expressing a consensus on the size of generating capacity 

that can be expected In the next 10 years. This illustrates the 

uncertainty that exists in determining the size and types of reserves. The rate of 

growth is dependent on economic vitality and size of reserves being found. 

To establish the profitability of geothermal Investment we raust know: 

I, Exploration and evaluation costs, 

II, The volume and temperature of the carrier of the energy. 
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I l l , "nie deyelbpinent schedule. 

IV. Poyer plant design, 

Vi Government' regtilation and taxes. 

VI, The market price of electrici'ty, 

Exp1or at j on Cos ts 

In 1973 the author presented a, detailed breakdown of prices of ser^vlces., 

costs of explofation and development with expected ra t e s of re turn , (Greider 

73). 

These costs were then presented In budget form to establ ish the order of 

magriitude. of money required to find a. successful hot water-flash steam f ie ld . 

A B ta t i s t i c a l risk was Used in deterraining the net p rof i t the energy supplier 

dduld expect and the ra te of return that wpul.d r e s u l t . In the, l a s t two 

•years s ignif icant increases in cost have taken place iri- exploration, f ield 

development and generating plant equlpitient. Figure 7 consolidates 1974-1975 

exploration costs by function, Hie s ignif icant 1975 cost increases resu l t 

•in these new expenditures l i s t e d by the monthly charges:. 

Gebphysics groundnoise'and micro seistiiic $20,000-$AG,000 

Res t s t iv i ty surveys $15,000-$ 2 0,000 
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Temperature holes $40,000-$50,000 

Land acquis i t ioh costs have increased tb an average, including acqiiisi t ion, of 

$7.00/acre. A maximum of over $3,0p0/acre has been paid for acreage near 

production. Prices are reasonable in. h i ^ e r r isk ar.eas with nrih surface 

indica t ions . 

Dri l l ing costs have increased such that aii exploratory v e i l evaluating a 5,000 

foot sedlmen'tary section w i l l require betw.eeri $365,000 and $550,0,00. Geothermal 

wells are: more expensive than onshore q i l or gas wells; due to the heat, abrasive 

sections and low hydrostat ic pressures. A typical budget of expenditures 

i s shown in figure .8. Geological and geophysical work -will cost $85,000 to 

$90,000. In th is instance the^exploratory hole cost $410,000. Three stepout 

wells we're used to evaluate the reseirvoir performance;. $540,000 i s l i s ted for 

comb.inations of t es t ing procedjires to establish, that production has commercial 

po ten t i a l . A developraent program would follow the $:2,183,000 exploratory 

program. 

Figure 9 presents the logic of exploration r isk and the effect cm money needed. 

I t i s estimated tha:t to find a geotherraal f ield having a capacity of 200 Ml-J 

sixty-four prospects wi l l be evaluated" with geo,logiGal and geophysical worl;;. 

Half of these wil l requir^ additional geophysics to se lec t ttjenty-four that 1 / 

jus t i fy temperature hole programs. From that work srxteen wi l l be a t t r ac t i ve J 

enough to spend the raoney required for d r i l l i n g . If the work arid anomalies 

selected are be t t e r than the industry average one of the sixteen exploratory 
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wel l s w i l l find, t h e ob j ec t i ve .200 MW f i e l d . Addi t iona l t e s t i n g and 

.confirraation d r i l l i n g w i l l coiiplete the p r o j e c t to the po in t t h a t a development 

program would be j u s t i f i e d . Though any given p r o j e c t might be explored for a 

l i t t l e over $-2,000,000. the odds a re the succes.sful ven tu re w i l l have evolved I j 

from a t o t a l of $13,500,000. 

FINANCItiC CEOTHERMAL PROJECTS 

Hon U.S.A."Development 

The f inanc ing of geothermal p r o j e c t s in the "world ou t s ide of the U.S.A. has 

followed a s t r a i g h t f o r w a r d systeni, Gpvemtiient geo log ica l surveys have u s u a l l y 

e s t a b l i s h e d broad a r e a s of i n t e r e s t . These surveys have been paid frora l o c a l 

funds and involved! el . ther govemment agency personnel of p r i v a t e - p u b l i c corapanies 

working on a c o n t r a c t . If" i n i t i a l work i n d i c a t e s ' an assessment should be made 

of the a reas of i n t e r e s t a second phase w i l l r e q u i r e a d d i t i o n a l govemment funds 

being budgeted. These ttiay be matched by a- g ran t from a fore ign government 

or by the United Na t ions , At times a p r i v a t e cqmpany has been i n v i t e d to 

conduct t h i s phase of work. Uniori O i l ' s p a r t i c i p a t i o n in the Tiwi Area of the 

P h i l i p p i n e s has followed t h i s p a t t e m , Wheri the assessment has been 

corapleted and a power p r o j e c t i s j u s t i f i e d the p l an t may be cot is t ructed and 

financed by the e l e c t r i c a l .operat ing e n t i t y . Tills may be f e d e r a l , s t a l e 

agency, or a p r i v a t e e l e c t r i c a l taxpaying conipariy, Cerro P f l e t o I n Mexico was 

developed with Mexican f e d e r a l funds us ing n a t i o n a l s c l e n t i c pe r sonne l . 

Ahua^Ghapan, El Salvador i s an example of sha r ing the r i s k in e a r l y phases by 

using United N a t i o n ' s d o l l a r s and t e c h n i c a l personriiel as- we l l as El Savadoran 

funds and s c i e n t i s t s . 
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Cerro P r i e t o i s the f i r s t success fu l geotherraal p r o j e c t in La t in Americii and 

was developed wi th Mexican funds by the Comision Federa l de E l e c t r i c i d a d . The 

geo log ica l and eng inee r ing work haa ou t l ined an area t h a t may have a 500 HW 

p o t e n t i a l , 75 HW has now been developed arid work i s underway on the next 75 MW. 

As of October 1973 $19,824:,000 U.S. had been s p e n t . Figure 10 suinnarizes the 

expendi tu res made t h a t r e s u l t e d i n a c a p i t a l c o s t of $264/KW for t h i s hot wajter 

steam f lash f i e l d . 

In 1965 the Republic of El Salvador signed an agreement ='wi,th the United Nations 

to de tennine the p r i fen t l a l of geothermal areas loca t ed by e a r l y geologic 

reconriaissance by government a g e n c i e s . The prpgram cons i s t ed of two phases 

wi th funds' provided by the United Nations Developraent Program Fund and by the 

El Salvador Government. The i n i t i a l phase cos t $1,748',0A8 U.S. and was shared 

59% UN and 41% El Salvador , The second phase concent ra ted on the- d r i l l i n g 

eva lua t i on of and p l an t design for Ahuachapan. This cos t $1,191,500 U.S. arid 

was shared 45% UN and 5"5% El Salvador , The p r o j e c t t o t a l cos t pf $3,906,043 . 

U.S. was shared 51% UN and 49% by the Republic of El Salvador . A p r o j e c t wi th 

a p o s s i b l e 166 MW s i z e i s now having the f i r s t 33 MW p lan t corapleted. The 

c a p i t a l cos t for t h i s p r o j e c t appears to: be $3A7/KW and w i l l produce e l e c t r i c i t y 

for a. p r i c e between 7.76 mils and 81.93 mils per KWH i f an 80% Ipad fac to r can 

be raalntalneed. F igures 11 arid 12. 

U.S.,A. Development 

In the United S t a t e s geothermal wojrk I s financed by govemment agencies iislng 
J 

tax funds and by compahies: using investor fiinds. If the private Inventor 
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projeets are sticcessful and make a p ro f i t , 50% of that p rof i t wi l l be paid in to 

federal tax fiinds. The Federal and State agencies finance research and 

regional aaseaemerita of natural resources occurrences. The funding re su l t s 

in agency grants to un ivers i t i e s and private-public companies for conducting 

these s tud ies . Funding of regulatory agencies at three levels of govemment 

provides a b i t of direct ion to and control of gepthermal development. The 

geothermal energy can be owned by individuals , county, s t a t e and federal 

governments, and by corporations. This raixture of cTwnershlp provides an 

opportunity for forty-four governmental agencies- to be Invplved with geothennal 

exploration and development.- If there Is; a del iberate r e s t r i c t i on applied to 

geotherraal growth in the U.S.A, the effort i s probably resident iri some bf 

those forty-four e n t i t i e s . Prl'vate funds are used for research and prospecting 

arid develpping pro jec t s . 

The diverse ownership of geothermal r l ^ t s requires a land leasing ac t iv t ty 

that: i s unique to the United States exploration e f for t . The fact that areas 

must not only be identif ied feut must be acquired if work Is to be continued 

into a development phase, adds costs of landraen and ski l led negot ia tors . Usirig 

these t a l e n t s , areas of land leased by different companies, dr individuals over 

ari ajt t r ac t I've prpspect can be as sent* led irito a urilt of suf f ic ient s ize for 

evaluation. 

Power plants are usually b u i l t by, u t i l i t y companies and they operate the 

transmission and d i s t r ibu t ion systems associated with the p lan t s . U t i l i t y 

companies share in the costs of building the la rger , more e f f i c i en t nuclear 

arid foss i l fuel p l an t s . At th is time the u t i l i t i e s have indicated a will ingness 

tb jo in t venture more expensive geothefmai 'plarits In afeas near the i r s'ervice 

regions, 
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Producing Projects^ - Steara 

At th is time in the U.S.A^ only Pacific Gas and Elec t r ic Company (P G SE) has 

bu i l t successful geothermal generating p lan t s . These are loated in The Geysers 

in Northern. Califorriia about 80 miles north of San Francisco, This field is 

an example of a successful e l ec t r i c a l generating geothermal project developed 

and operated by non-govern nent funds. This month the productive capacity 

has become 502 riet MW. The efficlericy of t h i s operation is possible as the 

well .driLllng and s'team production faGl l i t les are operated by ,an o i l company 

to. make a prof i t by se l l i ng the steam tp an investor-owned u t i l i t y that must 

provide service at a regulated customer p r i ce . The. steam price is calculated 

from a base price which is adjusted by the cost of other fuels, us.ed by the 

u t i l i t y In thei r other therraal p lan t s . Presently the, steara supplier i s paid 

6,9 rails for each kilowatt hpiJr generated. The supplier re in jec ts the excess 

condensed steam from the ppwer cycle and charges- a service fee; of»5 ml i l . 

The actual investment iii the steam supply systein at th is f ield has not been 

published. ,1 have estimated that wells and surface, f a c i l i t i e s to supply the 

f i r s t eleven plants cost about $9'3/ra'r'or $46,700^ arid for units 12 thrbugh 15 ' 

$105/KW or $42,600,000. This i s a to ta l ,o f $89,300,000. Table 1, 

Eleven generating urilt.s, with a net bntpiit of 502 W-,' have been bu i l t for a 

cost of $63,300,000 for $126/HJ average. Union Oil Corapany of California, the 

operator of. the s;teara supply systera, has d r i l l ed and developed steam fpr 

almost twice the; present generating capacity. An additional A06 Mt*? of 

capacity i s planned by P G &E apd is awaiting' State of Califorriia governmental 
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approval. These fpur plants are estimated (Worthington, 74) to cost $63,600,000 

or $1.56,6/KW. Upon completion of these the P G SiE ' s 90,8 MJ w i l l represent 

an investment of $126,900,000 and the average cost per KW capacity wi l l be 

$139.7.- E lec t r i c i ty from uni t #15 at- 80% plant facotr y i l l have an estimated 

busbar price of 12.8 mi ls . Unit 13, a 135,000 KW un i t , at .80% plant factor 

i s expected to jptoduce e l e c t r i c i t y at 10.6 mlls./KWH-, THIs difference in 

production costs i s due to construction costs for these p lan t s . The development 

of the Geysers to 2,,000 MtJ by 1985 seemed to be a reasonable objective in 1972.. 

Ttie s t a t e ' s delay in cert i fying plants has now extended the time such that i t 

wi l l probably be .1-990 before t h i s can be achieved. Cost for manpower and • 

machinery have risen to such leyels that the high r isk i n i t i a l developraent 

wells could not be d r i l l ed for $40,000 to $150,000 each as the pioneers were 

able to .do so. Present value of raoney is now around 8% per annum on these 

projects.) The time value of raoney wi l l increase the actual Investments, 

reported here as time lengtheris for a project to be coiBpleted. So the 

excellent economies' of The Geysers should not be used as a model for what 

eould be achieved today 'imless a be t te r perforraing dry steam field could be 

located at a lesser depth and easier d r i l l i n g area, 

Pro.ducing Projects Hot Wafer Dorainated 

We shal l now examine the econoraics of low entlialpy systems. Exploratipn 

s c i en t i s t s and engineers have found that there are many more geothermal 

areas with fluids in the 320''F to 400"F range than abbve. There are no 

operating systems to use effect ively th is large resource of heat.. There are 

also -areas of high heat arid high s a l i n i t y In environmentally sens i t ive areas . 
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These might be favor able for .developmeht i f a closed system could be uaed to 

convert the i r heat to e l e c t r i c a l energy. Research underwritten by Govemmental 

and pr iva te funds i s directed to, systeins that can produce e l e c t r i c i t y econbrnlcally. 

The eff ic lehcies of these systems are such that h l ^ volumes of geothermal water 

inust be iised. The systenis below 400° becorae very expensive. The lower heat 

content requires more than twice as many wells to supply a plant at 310" F as 

required for 410"F. Heat exchanger and turbine s ize roust be increased 

accofdingly. 

B. Holt has published (Holt, 1974) studies on the requirements, of binary 

systems. In these systeras the heat energy frora the geothermal well 

vaporizes a low bollIng point fluid which drives the turbine. The vapor 

i s condensed and recycled:. His studies used an anbient teraperature a t 

60"F, Figure 13 has, a curve added tO' th i s cost chart to re f lec t increase 

of exchanger'and well capacity required by Imperial. Valley ambient well 

biilb temperature of about 80"F causes, increased construction costs of 

•about 50%. 

Figure 14 shows that a 55 n-l plarit using 400°F fluid requires about 20 mili 

per KWH to pay for the hot water eriergy supply system arid cover the riormal 

fixed charges and operating maintenance charg'Gs of the power production plant . 

The assumed 15% fixed charge Is very low for a complex experimental binary 

plarit. 

Let 'US corapare cbsts expected to be associated with steam, hot water flash 

and those expected for a binary s.ystem. Each wi l l have 200 >W capacity'. 

Figure 15 forecasts cost for projects ebmrnenced in 1975. The; energy supply 
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section i s treated separately but Is the s ize required for each of the 

generating systems. Costs are shpwn for 20 miles of e l e c t r i c transmission 

ahd are the same for each. The investor for a steam f ield explpratipn and 

develpprnent program .shpuld expect a cost of about $29.6 niilllon and a lot of 

s k i l l and luck ($148/KW). The geherating. plant investor wi l l need around 

$74.6 million and the cap i ta l cost for energy supply and generation of 

e l e c t r i e i t y i s $373/KW). 

A review pf hpt. wate-r (SOO'F) flash .systene shows $31.3 million wi l l be 

needed for the energy supply system ($157/KW) . This, i s due to increased 

number of we l l s , larger Ihjection volune of cooled fluid; and evaluation 

t e s t i ng . The plant i s more complex due to the lower quality .of steara and 

physically greater arootint of l iquid to handle. The cost of th is becomes 

$78.4 raillion. ($392/KW). The supply,^ generation and transmission systems 

to t a l $1.12-.7 raillipn. ($564/KW).. 

I have used the same field development costs for binary as for f lash. The 

best published costs for •binary systems in the 4'00''F range are based on 19 72-

1973 cos t s . Severe escalat ion tn eonstfuction and material costs have pushed 

the geherating "systems price to near that for the basic coal fired p lan t s , 

without sulfur scrubbers. The to t a l binary supply and plant should be 

brpught in for about $655/KW:, This i s competitive with the.- capi ta l cost for 

pressurized boi l ing water nuclear reac tors , Operatibn of the fuel supply 

arid, inject ion systetns wi l l need to be low enpugh to compete "with the 3 to 

3.5- mill fuel cost for the nuclear systems or the 10 mill cost for cbal fuel . 

Co rap a r l s on of Generating Sys'tems 

l^ether a central government agency decides which system of e l e c t r i e a l 
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genera t ion i s used , or whether t h i s i s detefmined by p r i v a t e i n v e s t o r s 

the c r i t e r i a a r e p r e t t y much the same. Figure 16 d i sp l ays the major 

f ac to r s of u n i t s i z e , r e se rve a v a i l a b i l i t y , p l an t s i t i n g requi fements , 

c a p i t a l r equ i r emen t s , and expected busbar p r i c e of e l e c t r i c i t y for c o a l , 

n u c l e a r ; d i e s e l and gepthernial p l a n t s . Geotherraal p l a n t s w i l l he 

cons t ruc ted in smal l modules and s e v e r a l tnodules may be located together-

i n one p l a n t . As the tilt imate c a p i t a l r equ i rements -per W i s not miich 

d i f f e r e n t , the small s i z e of the geotherraal p l a n t allows i t a . d i s t i n c t 

advantage in afeas t h a t cannot f inance the l a rge inVestmeht reqii ired for 

l ,00p megawatt i n s t a l l a t i o n s , However, the geot'hermal e l e c t r i c p l a n t s raust 

be, loca ted near the 'energy spurce j u s t as any o the r d i r e c t use of the geothermal 

hea t such as space h e a t i n g and cop l ing , a g r i c u l t u r e , i n d u s t r i a l p roces s ing . 

After i t s environmental probleras a re recognized as being at most comparable 

to o ther power sPufees , the busbaf p r i c e for geothermal e l e e t r i c energy 

w i l l be c r i t i c a l to, i t s wide spread u se . In areas, where a va luab le 

expof table fuel can be d isp laced by geothermal fPr l o c a l energy pfoduct loh , 

another economic advantage deve lops , the d o l l a r exehange. value on t h e 

export market of the t r a r i spor tab le fuel then must be considered as an added 

value to the geothefmai fuel s av ings f o r e c a s t . 

NON ;ECONOMiC S.YSTfniiS "75" 

Geppressure 

Tlie p o t e n t i a l economics fbr developing the geopressured r e s e r v o i r s can now be 

es t imated with a good deal Tnore c l a r i t y than Has a v a i l a b l e a t the time pf the 
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Hickel NSF Report. Exploration for o i l and gas along the Gulf Coast region of 

texas and Louisiana has defined an area eeveral hundred miles long and about 

100 miles -wide that contains sands with entrapped water at 300°F to AOO**?, 

•and at formation pressures about twice nbrmal. Figure 17 is adapted from work: 

by P. Jones of the U,S,.G.S. This shows the major geopressured section is 

found between 10,000 and 15,000 feet , the waters are in Tertiary sandstone 

reservpirs isolated from norraal pressured sections by a thick shale wedge. 

The waters in th is zone may contain methane iri solutiori. Oil pr gas production 

ha^ not been sustained frPin these extensive and e r r a t i c sandstones. While 

geplogists and engineers familiar with the de ta i l s of these potent ia l reservoirs 

are not agreed, that water pro.duction in economic ra tes can be maintained for 

the required twenty year's •production per power p lant , there may Ke areas where 

such -prpduetlpn can be expected.. 

Dow Cheraical Coinpany has conducted a detailed analysis of the investraent and 

costs of a sys.tem to produce e lect r ie i ty" frora this potent ia l resouree. 

Evaluation of th is geopressured system, required usirig- the kinet ic and thermal 

energy pf the w.ater and recovering the dlssplved me.thane for s a l e at $2^00 

a milliori BTU. Single stage and two-stage low-pressure flash turbine systems 

as .well as binary systems were considered. Two models were developed. The 

f i r s t used average reservpir charac te r i s t i c s of a l l deep wells in Hidalgo 

Courityy Texas,. The second used average values for the Lower :Rio Grande 

Embaymeht of south Texas. These cbntp'ared with the actual well used in the 

Eugene Herrin Air. Force Prpject in 1972 (Herriri, 1972). At 1974-prices, a 

two-stage flash steam plarit with 25,000 KW Gapaelty would-require $10,500,000 

for the 6 well supply systera, and about $16,500,000 for the sufface equipraent. 
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Using a 5% per yeir escalat ion tb obtain project cost In 1980 the inviesttiient 

becomes $34,000,000, A 66 megatwatt plant would require 15 wells coating 

$25,000,000 for equipment, the to t a l prpject in 1974 costs would be $61,000,000 

and the 1980 cost would be $78,000i000. 'E l ec t r i c i t y costs using a $2i00 MCF 

.credit for the contained .methane gas would be around 26 mi lis/KWH for the larger 

liis"tallatIbn and about 38 mills/KWH for' the sraaller Hidalgo County plant,.- I t 

i s ppssibie to believe that with design improveineht, and careful research 

on well cos t s , the generated power may be produced for 2Q to 25 mi l l s , A 

comparison of s ize of unit and type of geheration scheme i s shown in figure 18, 

A suraraary of the data used in deriving these costs Is presented in table 2 

from the Dow^State of Te;xas Repprt (Kaufman, 1974). 

Considerable reserach must be completed before large sums of nroney should be 

invested by pr ivate ly funded, organizatipns. Ti t le to th is resouree needs to 

be established as i t i s clouded by having k ine t ic energy, heat -energy and 

dissolved raethane, each transported by usually low-s-alinlty water. By 

establ ishing ownership, a form of appropflate leasing can be developed and 

perhaps reach agreement as to which of the regulatory -agencl.es wi l l adrainister 

the develpprnent. Ownership may well establ ish the logical source pf funds 

tb be used In difected research oh the technical aspects of th is type of 

geotherraal systera; Wofk can now be dlreeted toward s i t e se lec t ion, t es t well 

design, and p.roduction f a p i l i t i e s tp make optiraura use of .the three types of 

energy expected and assessmeht of the envirohroental Irapact. The appl icabi l i ty 

of the 1966 Shell Oil Company patents musfbe- established (hotlman, 1966), 

This source of energy does not appear to be economic at th is tirae. Since these 

reservoir conditions exis t in raost Tertiary -sand and shale marine basins around 
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the world the potential importance of this type of geothermal prospect is very 

large. Research and development eraphasis is justified and nust be undertaken 

by initiating field prpjects.. 

.Hot Dfy Rock. . 

The ho.t dry rock geotherraal system concept has had two excellent locations 

selected as the best in the United States and worked by federal government 

sponsored groups. These very experienced teams failed to find the dry 

roek part of the concept. The "hot" part was: not there e i the r . To provide 

high heat storage in a local spot, a ebllectoi* fbr that .heat must ex i s t . 

Usually the high sensible heat of water, coupled with i t s raobillty, provides 

this function. The "dry" part pf the concept niust be considered a large part 

of the r i sk of success..- There are not enough data derived from the present 

projects to make a pxediction as to when success wi l l be proclaimed, or- what 

wi l l be the cost of e l e c t r i c i t y . 

Growth of Geothermal Power by 1985 

If the economic outlook for energy prbjects eohtlnues to improve during the 

next five years , we shbuid 'wlthess a several fold Increase In geothermal 

powe'r p ro jee t s , to understand how rapidly geotherraal projects' can mature 

in the United Sta tes , a look at what i s required has been made by many 

diverse groups. In de'tefralnirig what cap be devloped within the- next ten years , 

i t Is paramount that the forecaster make a clear dist lnctiori between reserves 

and resources. Reserves can be developed with teehnology now available 

and are- located where they can be legally produced at° ari agreed pr ice ; 



Reisources that are thotight to be present may be recoverable in the future 

with improved technolpgy and higher cos t s . Dr. Carol Otte, working as 

chairman an the Project Independence industry Liaison Conmiittee, reported that 

i t was geologically possible to have 20,000 MW of geothermal e l e c t r i e i t y 

capacity by 1985. I would l ike to discuss why I think i t is- actually 

possible to have about 6,000 MW developed, 

the world's best geothermal field i s The Geysers. The l a s t plant constructed 

required about twenty-one months to complete arid put ori l ine after eer t i f lea t lPn , 

There are presently 406 'W represented by four plants waiting California Public 

U t i l i t y Commission ce r t i f i ea t ion for coristruction.. I t has takeri f if teen years 

to add 502 MW of capacity. As th i s ra te of increase raay decrease even: more, I t 

seems very urilikely that The Geysers pfoject wi l l exceed 1,500-MW by 1985. 

To find 4,-500 M-J successful exploration dril l ing- must- commence now. Fields 

that wi l l add to productive tp t a l by 1985 raust be found and have established 

their commercial worth by 1980. th is resul t s frora the five-year lead tirae 

required between discovery of the respurce and electrons flowing. If the 

average well produces 4 MW, 1,1-25 wells must be Ipcated, d r i l l ed , conrpletedj 

and t e s t ed . This would require $506 millibn i f the i r cost averages $450,000 

diiflrig the next seven yea'rs ~ a mofe l ikely figure i s $642 mllllori i f cpsts 

escalate 5% per year .for five years . Injection f a c i l i t i e s wil l cost $321 

raillion. 

I t i s most i ike ly that successful f ie lds making up this 4,500 Mis' wi l l be high 

temperature f lash, and the plants will, cost $392/KW.. If this i s escalated 
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5%- per year for f ive yea r s the c a p i t a l cos t w i l l be $A98/KW. The p l a n t 

cos t w i l l be $2,24 b i l l i o n for these f i e l d s . 

$75 mi11ion for minimal t ransmiss ion f a c i l i t i e s b r i n g s the prpduct ion f a c i l i t i e s 

cos t tb $3,26 b i l i i b n , 

TWenty-three 200 MW f i e l d s w i l l have to be discovered in the next f ive year ' s . 

This w i l l reqi i i re about 23 x $13,000,000, or $299 raillion t o be spent by 

i n d u s t r y of government e x p l o r a t i o n . So i t appears tha t about $60 raillion w i l l 

be needed for the exp lo ra t i on prbgratu each y e a r . 

The t o t a l sum of $3.5 b i l l i o n i s l e s s than a i t po r t i on of the $420 b i l l i o h 

t h a t w i l l probably be used for c a p i t a l Investments In the ener'sy pb r t l on 

(23%) of U.S.A. bus iness investments f o r e c a s t fpr 1975-1985 (Pro jec t 

Indeperidenee). t h e e l e c t r i c a l i n d u s t r y f o r e c a s t s an Investment of between 

$217 to $271 b i l l i o n fbf genera t ing p l a n t s and t fansmlss ibn l i ne s ' . Nuclear 

fuel alone w i l l cos t $8.9 b i i r i o n . to fuel the fo recas t nuclear p l a n t 

r equ i remeh t s . The coal i n v e s t o r s ' w i l l iise abbut $7,8 b i l i i b n for new coal 

raines-. In t h i s c o n t e x t , t he re i s ample money to meet the 6^000 MW geothermal 

goa l . To reach t h e 20,000 MW goa l , the appro.x ima t e l y $14 b i l l i p p worth of 

work would c r e a t e s t r p n g compet i t ion for men, raaterials^, p rospec t s and rabney. 

. S uinraary 

Gebthermal steara used i n e l e c t r i c a l genera t Ipn should provide the roost 

economic and b e n e f i c i a l use of e a r t h energy. Flash steara f i e l d s w i l l be 

compet i t ive wi th f o s s i l fue l s when r e s e r v o i r t empera tures a re ab.ove 500°F, 
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If technplogy can lower binary costs these geheratloh uni ts may be con5)etitlve 

with foss i l and nuclear plants and have, extensive use. 

Key Issues that must be resolved, before geothermal development- can s igni f icant ly 

penetrate the e l e c t r i c a l generation Industry are : 

1. Power conversion system techriology must be- developed to withstarid the 

hos t i le geothermal fesoufces. 

2. 'Competition from conventional fuel soufees fbr capi ta l j materia;! and 

technical maripower, 

3 . Field exploration expenditures must be designed for cost effectiveness. 

A. The p o l i t i c s pf en-vlronmental caprlceousness must be, resolved, thus 

reducing the soarlhg costs created by redundant studies and reviews 

the public I s required to pay* • 

5, Economic planners must learn the difference between an imUmlted 

resouree base and f in i t e reserves-, 
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EWERGY FACILLTY 
ESTIIVIATED LEAD t l M E ^ 

TYPE 

ELECTRIC PLANTS 
NUCLEAR 

. COAL 
. OIL 

GEOTHERMAL STEAIV) 
GEOTHERMAL BINARY 
HYDROELECTRIC 

ENERGY SOURCES 
MINES 

URANIUM 
COAL 

PI ELDS 
GEOTHERMAL 

/ 'OIL ONSHORE 
OIL OFFSHORE 

YEARS LEADTIME 

8-10 • 
5 
5 
4-5' 
5 

20 

3-5 

3-10 
1-3 
2-4 

FACTORS CAUSING LONG LEAD TIME: 
1. FORTY FEDERAL GROUPS HAVE ROLE. 
2. STATE & COUNTY AGENCIES EVALUATE PROPOSED WORK AND SITES. 
3. NO NATIONAL REQUtREMEISlT TO COORDINATE ENERGY, ENVIRONMENT AND 

SOCIAL NEEDS. 

•PROJECT I NO EPENO E NICE Fi NAL R EPORT 1974 

FIGURE 5 I 

INVESTORS .eHOIGE 

COAL . URANIUM GEOTHERMAL 

OBJECTIVE lOOiOOO.GOO TONS- 3 ,650 TONS 2 0 0 MW 

INVESTMENT $7,500,000 $3,500,000 $2,900,000 

SUPPLY FACILITY 
(EXPLORATIONS $ 6 0 , 0 0 0 , 0 0 0 

ACQUISITION) 
$30,000,000 $32,000,000 

RATEOF RETURN 15% 2 1 % 15% 

FUEi.ED 2 8 , 0 0 0 MW YRS. 17, 5 0 0 MW YRS. 6 0 0 0 MW YRS. 

iFiGURE 6 | 



GEOTHERMAL EXPLORATION 
COSTS 1974-75 

_r EXPLORATION METHODS 

$3,000^3 4,0150-^^ 
j GEOLOGY* ' ^ 

._f|R_.M0.NTH_^^ 
$10.000-$I5.000 

: GEOGHEMISTRY i 

EXPLORATION OBJECTIVES 

" V ^ 
HEAT SOURCE " $20,000-tb $,45,000 

PW : ^ 

PLUMBING (FAULTS) JsiS.OOp TO $28,000 

LAND AT $7.00/AC. 
7500 ACRES 

TEMPERATURE 

VOLUME 

,, PER l̂̂ tONTH 
Ct40.00010 $90,000 
i==fPER;;j4gNTH^ 

"^-5pq^^;J^T^"•^; 
^J:^$36S/3O0' t0| 
^ — ^ $ 5 5 0 , 6 6 0 - ' 

' „ „ . . i . . - r v „ , « , ,-,,-, ft I y-ii JRESESyCIR TESTl.^'G ; 
•COMMERCIAL FIELD[<-. : -5,^,-0- :^ WELL5^| 

G EOTHER Fî  AL EXP LOR ATI ON 
H0TWAMfi.RR0iiE,CJJtiL£aQyJL200 MW 
—— ' EXPLORATION METHODS 

LANS 78 OO ACRES 
AT $7.00 • 52.500 

40,000 TESTS 

FIGURE 7 
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STATISTICAL INVESTMENT 
EXPLORATION OBJECTIVE: 200 MW FIELD 

OPTIMISTICALLY, FOUR AREAS STUDIED LOCATES ONE FDR DRILLING. 
A 200 MW FIELD LOCATED FROM SIXTEEN DRILLED PROSPECTS. 

GEOLOGY a GEOPHYSICS 64 AREAS ($40,000) 

ADDITIONAL GEOPH. 32 AREAS ($I5P00) 

TEMPERATURE HOLES 24 AREAS ($40,000) 

LAND ACQUISITION: 7500 ACRES X 32 AREAS 
. ($7.00/ACRE) 

DRILLING a TESTING 5000' DEPTH 4 - 1 ^ 

6 . « e x /'TOTAL\ 
$ C 0 S T . \ ^ Q o n ) 

2560P00 

480,000 

960,000 

4,00P000 . / 4,000 

1380,000 5,680' 

•S-o 

-Oi 

12 FAILURES ($365,000^ • 4,380POO 

3 FAILURES W/CASING RUN ($450pOO)7iT?,'^^ I,350P00 

I DISCOVERY PLUS 3 CONFIRMATION d t ^ < \ ) f l i / i.505pOO 

' ' 7,235P00 

TESTING TO ESTABLISH 540,000 

12315 

13,455 

if̂ ^our ?/vtr6M n^fd, 

WV O'P ei^/ ;*(( ; . 

Ott 
FIGURE 9 

Sr4V'^C)^^M 6- i ' rAL- ^ ^ ^ ^ C f o o " ^ 

CERRO PRIETO, MEXICO 
Z ^ ' 

0 ' 1 ^ ^ 

HOT WATER FLASH 75 MW ^ ^ ' ^ " > '' 

CAPITAL INVESTMENT 

STEAM: PRODUCTION 
WELLS (19), SURFACE GATHERING. 
COLLECTORS. SEPARATORS. TESTING 

GENERATING PLANT 
TURBINES, CONDENSORS, EJECTORS, 
BUILDINGS, WATER TREATMENT '' 

SUBSTATIONS AND TRANSMISSION LINES 

TOTAL DIRECT INVESTMENT 

INDIRECT COSTS - ^ 

TOTAL COSTS 

CAPITAL COST $264 /KW 

($000) 

^>C5,Y. - ^ ^ / ^ y ^ < M 

J ^ 
$ 5,072 

y2^Y^ 6,272 

\o 1^ 1.872 

^ }^oM 

$13,216 

ENERATION COST $.008/KWH 

•SR. S. PARADES 10-73 
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Gi/AT£MALA \ MONDUffAS 

jAHUACHAPANh'̂ ' r-. \ ^ • 

EXPLANATION: 

^ OUATERNARY VOLCANICS 

• SEOTHERMAL AREA? 

Q PRINCIML^CITIES 

KtLOME TER3 

GEOTHERMAL AREAS 

REPUBLIC OF EL SALVADOR 

FIGURE II 

EL SALVADOR PBOJECt 

AHUACHAPAN AREA 

CAPITAL INVESTMENT 

STEAM SUPPLV' 
AND DISPOSAL 

POWER-SWITCH 
AND TRANSMISSION 

ENGINEERING, INTEREST 
eONTINGENGIES 

TOTAL 

CAPITAL COST $347/KW 

COST MILS/KWH* 
CAPITAL CHARGE RATE 10%-12% 

$ 3,145,000 

5,198,000 

3,117^000 

$11,460,000 

OPERATING COST 

TOTAL COST MILS/KWH 

r 

1.67 

2.75 

1.89 

6,31 

.1.45 

7.76 

•80% LOA 

1.93 

3.19 

2.36 

7.48 

1.45 

8.93 

D FACTOR 
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50 Mwe PLANT 
COST_vs WATER TEMPERATURE AND VOLUIME 

500 

300 400 

RESERVOIR TEMPERATURE {°P) 

HOLT SEPT. 1974 

FISURE 13 

THEORETICAL BINARY SYSTEM 

PLANT; 55 MW COST: $ 26,675,000 $ 485/KW 

FIXED COST (15%) 10.4 MIL/KWH 

OPERATION a MAINTENANCE (2%} I..4 MIL 

TOTAL PLANT CHARGES 11.8 MIL 

VALUE OF 400" F WATER FOR 20 MIL BUSBAR 

20 MIL-do. 4+ 1.4) = 8.2 MIL 

FIGURE 14 



TYPICAL GEOTHERMAL FIELD DEVELOPMENT a POWER GENERATION 
INVESTMENT COST SUMMARY ($MILLIONS) 

INVESTMENT ( I ) 

Field Devalopm«nt 

Exploration B Field Evoluotion 
Producing Wells 8 Facilities 
Injection Wells 8 Focilitles 
Pipe Lines 
Contingencies 8 Overhead 

Total Field Investment/200 MW 

Generation Plont 

2- I IOMW Turbo-Gen. Plants 
Sub Stations 

Total Generotion Plonts (200 MW) 

Tronsmission 

500 K V - 2 0 Miles 

Total Investment-200 MW (Net) 

4 0 0 ' 
Hot Water 

2.8 
15.1 
5.6 
4.2 
3.8 

500«+ 
Flash 

2.9 
14.0 
6.0 
4.7 
3.5 

Steam 

3.1 
ISO 
1.6 
40 
2,9 

31.5 

95.0 
1.4 

96.4 

3.0 

130.9 

31.3 

77.0 
1.4 

78.4 

1127 

29.6 

406 
1.4 

42,0 

3.0 

74J6 

(O0rd«r of mognituda cott eit imotct. 1975 U. S. Weit Coo«t boiU. No MCOlatlon. 

COMPARISON OF ENERGY SOURCES 

FIGURE 15 

UNIT S I Z E (MW) 

FUEL RESERVE 

P L A N r S i r i N S 

CAPITAL COST 

( P L A N T INST 

$ / K W ) 

BUSBAR PRICe 

( U I L / K W H ) 

GEOTHERMAL 
r 55-110 

NOT IDENTIFIED 

AT SOURCE 
(3-5 ACRES) 

ORY STEAM 
200 

FLASH STEAM 
390 

BINARY SYSTEM 
400-500 

DRY STEAM 
10-13 

FLASH STEAM 
10-18 

BINARY SYSTEM 
16-20 

COAL 
750-1200 

VERY LARGE 

FLEXIBLE 
(260 ACRES) 

500-600 

20-23 

CO*L*T jO.W/OBTU 

NUCLEAR_ OIL-DIESEJL 
365-1200 ' 75-1200 

MODERATE 

RESTRICTED 
(550 ACRES) 

600-720 

19-20 

UjO, iT t 8000/LS. 

LIMITED 

FLEXIBLE 
(70 ACRES) 

400-500 

28-30 

00. <r t s.oo/saL. i 
DltStL »T > 0 « 0 / B S L J 
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GEYSERS U.S.A. 
DRY STEAM 502 M W 

STEAM SUPPLY AND DISPOSAL** 
THROUGH PLANT* UNIT 11 
PLANTS 12-15 

.- • TOTAL 

GENERATION PLANT 
THROUGH UNIT 11 
PLANTS 12-15, 406 MW 

TOTAL GENERATING INV. 

908 MW FIELD AND PLANT 

FUEL SUPPLIED TO PLANT 
EFFLUENT DISPOSED 

TOTAL 

CAPITAL 

$ 46,700,000 
42,600,000 

$ 89,300,000 

$ 63,300,000 
63,600,000 

$126,900,000 

$216,200,000 

6.9 MIL/KWH 
.5 MIL/KWH 

7.4 MIL/KWH 

COST/KW 
., 

$ 93 
105 

$ 98 AVG. 

\ 
$126.0 

156.6 

$139.7 AVG. 

$238/KW 

'PLANT 11 COMPL. APR. 1975 ••STEAM SUPPLY SYSTEM ESTIMATED 

TABLE I 

GEOTMERMAL FACILITY SUMMARY 

POWER CYCLE 

MOD^LONE 
HIDALDOCO., TEX. 

ISOBUTANE 
STEAM - 2 STAGE 

MODEL TWO 
RIO GRANDE EMBAY. 
• ISOBUTANE 

STEAM - 2 STAGE 

(G 

WATER 
BBLS/DAY 

262,600 

713,100 

EOPRESSURE) 

NATURAL GAS 
WELLS . SCF/DAYXIO6 

6 7.8 

15 21.4 

NET 
MWE 

25.28 
24.50 

68.66 
66.50 

CAPITAL 
COST 
$/KW 
(1980) 

1485 
1393 

1276 
1169 

COST 
MILS/KW 

(1980) 

43.4 
37.6 

33.3 
26.8 

CONDITIONS FOR CALCULATIONS: 

WELL DEPTH - 15,000 FEET 
WATER TEMPERATURE - 3850F 
METHANE CONTENT - 30 SCF/BBL 
METHANE VALUE - $2.00/1000 SCF 
RETURN ON INVESTMENT - 20% 

T f - i - r o ' 
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GEOTHERMAL SYSTEMS 

^ ^ HOT WATER 

CERRO PRIETO $264/kw $.008/kwh 

^ ^ MOT \VATF,;R WITH ORY STF.AM !7r.;sERvoir? 

^ GEYSERS NO.I5,$205/kw $.OI35/kwh 
O GEOPflEC.SURED 0* ^ 0 % 

MODEL STUDY $920 /kw $.0205/kwh 
r ^ l DRY HOT ROCK 

O NORMAL GRADIENT 

^PLANT,TRANSMISSION-EX SUPPLY 
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(^EOTIicRJ.'IAL SYSTEMS 

Q HOT WATER 

CERRO PRIETO $264/kw $.008/kwh 
Q HOT WATER WITH DRY STEAM RESERVOIR 

^ GEYSERS NO.IS, $205/kw $.OI35/kwh 
Q GEOPRCS.iURED «** ^ 0 % 

MODEL STUDY $920/kw $.0205/kwh 
( ^ DRY HOT ROCK 

( ^ MORr-̂ AL GRADIEi'T 

^PLANT.TRANSMISSION-EX SUPPLY 
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SODIUM/LITHIUM RATIO IN WATER APPLIED TO GEOTHERMOMETRY 
OF GEOTHERMAL RESERVOIRS 

C. FOUILLAC* and G. MICHARD 

•Laboratoire de Geochimie des Eaux, Croupe du L.A. 196 Universite Paris 7, 75221 Paris Cedex 05, France 

Abslract We propose here a new geoihermomeier for nalural waters. Analyses frotn many explored 
geothermal fields allow us to define two empirical ihermometric relationships. 

One is for walers of low to moderate salinity (Cl"< 0-3 M) 

log Na/Li = lOOO/r-0-38. (a) 

and One for marine waters and brines ( C r > 0-3 M) 

log Na/Li = 1195/r-t-0-13. (b) 
These relationships, which at preseni are not well understood, resuli mainly from'the increase of Li 
concenlralions in waicrs with lemperaiure. 

Equalion (a) proved lo be adequate for spring walers from mostly known geologic origin; this is an 
imporiani feature in geochemical surveys for geothermal prospecling. 

Furthermore, when comparison between springs and drillhole chemisiry ofa given geolhermal field is 
possible, lhe Na/Li geothermomeler gives more reliable lemperaiure eslimaies from ihc spring 
composiiions than do classicahgeoihermomelers. 

INTRODUCTION 

Nalural hydrothermal sysiems are an important means of studying water - rock interactions. 
Determination of the equilibrium lemperature existing at depth in a field has always been a 
major goal and in the past 15 years the evolution of geotherma! power utilization has enhanced 
still further the interest in temperature estimation. Several workers have proposed relationships 
between the chemical composition of geothennal solutions and deep temperatures. 

CHEMICAL GEOTHERMOMETERS 

Two thermometers are sustained by the evidence of chemical equilibria between deep 
solutions and mineral phases, respectively quartz (Fournier and Rowe, 1966), and alkali 
feldspars (White, 1965; Ellis, 1970)....The quartz solubility relationship can lead to precise 
temperature determinations for walers tapped by drillholes (Mahon, 1966). However, it is 
difficult to use the silica geothermometer when working on natural springs, as in high 
lemperalure areas the silica content of geothermal fluid is so high that sinter deposition can 
occur even with large-flow boiling springs. The- direct use of quartz solubility gives 
underestimated temperature values. In low temperature areas (/<150°C) the knowledge of 
which solid phase controls dissolved silica concentration is critical (see for example Arnorsson, 
1970, 1975 and Botrlegueef o/., 1977). Thequartzgeothermometer seems then to be restricted in 
the temperature range 150-230°C (Truesdell and Fournier, 1976). In low temperature areas, 
with small discharge springs, dissolved silica can achieve re-equilibration with amorphous 
silica, the water becoming cool by conductive heat loss (Tonani, 1970; Fournier el al., 1974). 
Numerous examples of this situation are to be found in the French Massif Central (Fouillac et 
al., 1976a). 

•Present address: Bureau de Recherches Geologiques el Minieres, Departmenl M.G.A., B.P, 6009. 45060 Orleans-
Cedex. France. 
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Addilional difficulties occur because of Ihe mixing of rising hot solutions with cold 
superficial waters. In this case, application of the mixing models approach propose^^y 
Fournier and Truesdell (1974) and Truesdell and Fournier (1976) is sometimes biased t)y 
siir^risingly high silica contents ofthe colder water fraction (see for example Giggenbach, 1978; 
Fouillac et al., 1976b). 

Compared to the silica geothermometer, the sodium/potassium ratio is less affected by 
chemical re-equilibration occurring during the ascent of solutions; but, it may be slightly 
disturbed by mixing with cold dilute superficial walers. The deposition of aluminium-rich 
minerals, like kaolinite, has been invoked by Michard et al., (1979) to explain the freezing of 
deep Na/K ratios. However, Na/K ratios can be modified by exchange reactions with clay 
minerals as shown by Weissberg and Wilson (1977), or by addition of potassium from 
sedimentary rocks in subsurface reservoirs (Michard et al., 1976). The application ofthe Na/K 
geothermomeler lo superficial walers very often leads to high estimated temperatures, and this 
is obviously troublesome for geothermal surveys. 

Fournier and Truesdell (1973) have proposed an improved Na/K/Ca empirical 
geothermometer. The true meaning of their formulae is nol clear, but reflects an equilibrium 
between alkali feldspars, calcium-bearing silicate (or calcite) and deep solutions (Shikazono, 
1976; Michard and Fouillac, 1976). Fournier and TruesdeU's formulae are not applicable to cold 
concentrated solutions (cf. sea-water). Also, fdr COj-rich springs, as pointed out by Paces 
(1975) and Paces and Cermak (1976), Fouillacand Michard (1977), the Na/K/Ca relalionship is 
not reliable. An attempt lo correct the Na/K/Ca geothermometer for COj-rich waters (Paces, 
1975) was nol entirely satisfactory. 

In summary, chemical geothermometers provide good temperaiure eslimaies for high 
temperature lapped by drillholes but their use is more difficult when working on surface 
hydrothermal manifestations. 

SODIUM AND LITHIUM IN WATERS 

The occurrence of lithium as a common element of most hot waters is well known and was 
discussed by White (1957), A few years laler, Ellis and Wilson (1960) in a careful chemical study 
of Wairakei (N.Z,) drillhole discharges pointed out that a low Na/Li ratio seemed to be related 
lo the hottest zones ofthe field. This was also shown by Koga (1970) for Otake and Hatchobaru 
(Japan) geothermal wells. 

A geochemical survey of French hot springs has been undertaken since 1975 in the Massif 
Central (Fouillac et al., 1976a) and in the Easlern Pyrenees and Corsica (Boulegue et al., 1977). 
The latter two regions include fields wilh estimated deep temperatures down to 60°C. This 
enlarges the temperature range of hydrothermal systems available to test geothermometers. 
When looking for possible Ihermometric relationships, sodium and lithium appeared to be 
promising elements. A wide search for lithium data in geothermal walers was thus underlaken. 
Four groups of water systems were used to build up a ihermometric relalion. 

1. Explored geothennal systems: with measured deep temperatures. 
2. Natural hot springs: temperature is obtained by Na/K and silica geothermometers. For 

French thermal waters only the systems showing concordant estimates are selected. For 
samples from other countries, we have taken into consideration the eslimates given by authors 
in the lileraiure. 

3. Analyses of surface waters: here, measured temperatures are available. For very dilute 
samples, we have only considered fiameless A.A.S. lithium determinations. Some sludies 
showed lithium values only twice the announced detection limit and accordingly these samples 
were not considered further. 
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4 v/ater - rock interaction experiments of Ellis and Mahon (1967): for each rock type we 
have selected runs at lower temperatures in order to approach natural conditions as closely as 
possible. 

A first progress report of this work has been published as a short note (Fouillac and Michard, 
1979). 

SODIUM/LITHIUM GEOTHERMOMETER 

Selected data covering the entire range of geolhermal sysiems are presented. They include 
sodium chloride, sodium bicarbonate and acid sulphate hot water types. Surface waters of 
widely different geologic environments are also considered. 

More for clarity and convenience than for theoretical reasons, we have computed for each 
sample the decimal logarithm of sodium, lithium and Na/Li ratio (all in molal units) and the 
inverse of absolute temperature. For geothermal systems, the results along with work 
references and locations are listed in Table I. The chloride content of waters is also reported. 
As far as possible, individual temperature measurement and chemical compositions are 
considered for drillholes. This was not possible at Reykjanes (Iceland), where the lithium value 
pertains to a natural spring (Bjornsson et al., 1972) and the temperature is only a rough mean 
value for the thermal field. 

Table I. Sodium and lithium in geolhermal walers 

Local i ty - l o g L i - log Na log N a / L i C l ' ppm References 

Chi le 
E l Tat io 

W e l l T I 
W e i m 
Wel l T3 
Wel l T4 
Wel l TS 
Wel l T 6 
Wel l T I O 
Wel l T7 
We l l T i l 
W e l l T I 2 

El Talio Brine 

207 
200 
1 90 
203 
206 
2-20 
1-96 
1-87 
200 
1-92 

2 63 
2-39 
2-51 
2-54 
233 

0-84 
0-82 
0-93 
0-82 
0-78 

5840 >, 
6020 
4490 > Giggenbach (1978) 
5650 

. 6690-* 
2219-v 
6544 
6402 f 
6348 J 
6 1 5 4 ^ 

Cusicanqui t l a l . (1976) 

185.000 Giggenbach (1978) 

France 
Mass i f C e n t r a l 
Lg Bourbou lc 
TTroi ial 
F«!i> 
Gabr ie l 
S l . Neciai rc 
Royat 
Pei i l jeaa 
S l , Laurent 
Bugnols 
L4 Cha lde l te 
Vichy 

Pyrintrs 
Les Aigues 
Amilie 
A * Ics Thc rmcs 
C&naveillcs 
Carcaniercs 
D o r r a 
Escouloubre 
Fontchaude 
La Prcste 
L i o 
Ntussa 
S l . Thomas 
TTtucs 
Usson 
Vcrrirt 

Cttrsica 
Baracci 
Ct l dane 
Coldanella 
Caldantccta 
GijBgno 
Guitcra 
Pic i rapo la 
Urbalacone 

2^44 
2-41 
2-36 
2-41 
2 07 
2 0 2 
2 1 1 
2 6 6 
2-40 
2-73 
2-45 

2-74 
2 '6 I 
2-49 
2-60 
2-54 
2-82 
2-68 
2-77 
3 0 6 
2-72 
2 '8 I 
2-77 
2-58 
2-77 
2-71 

2-83 
3 1 2 
2-48 
2 '6 I 
2-59 
2-94 
2-45 
3 0 2 

318 
2-71 
3 07 
3 1 4 

2-69 
3 00 
2-89 
4 0 3 
3-67 
4-3 
3 1 0 

4 8 8 
4-36 
4-88 
4'e8 
4-86 
S I S 
4-83 
5-40 
3-52 
4-88 
5 0 0 
4-92 
4-92 
3 0 1 
5 0 0 

3 0 1 
3-64 
4-31 
4-49 
4-79 
3 1 3 
4-73 
3 2 2 

1-23 
0-95 
l ' 2 l 
121 
107 
l ' 4 l 
1 1 9 
2 09 
2 1 0 
2-03 
I 09 

2-54 
2-36 
2-67 
2-33 
2-64 
2-7J 
2'63 
2-87 
2-77 
2-50 
2-50 
2-37 
2-53 
2-72 
2-60 

2-40 
2-60 
2-27 
2 1 6 
2-48 
2-63 
2-32 
2-53 

1-95 
1-77 
1-85 
1-92 
l ' 6 l 
1-39 
1-70 
1-94 
1-57 
2-26 
2 0 0 

2-34 
2-20 
2-21 
2-33 
2-22 
2-42 
2-21 
2-33 
2-75 
2-38 
2-50 
2-34 
2-37 
2-28 
2-39 

2-61 
3 04 
2-24 
2-32 
2-31 
2-52 
2-23 
2-67 

>- Fouillac (unpub.) 

Michard r l a l . (1976) 

** Laborato i re de Geochimie des Eaux (l97Ba) 

' L a b o r a t o i r e de Geochimie des Eau« (1978b) 
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S - i M 

'J^i^y, 

^«s 
^ S S 

Local i ty 

IVest fnd i rs 
Bou i l l sn ic 

Wel l B 0 2 
Wel l B 0 3 

Paris Bosin 
Me lun 

We l l P M 2 A 
Wel l P M 2 B 
Wel l P M 2 C 

Cha i l l y 
Wel l C H I 
Wel l C H 2 6 
Wel l C H 2 8 
W e l l C H l O l 

Iceland 
Ceysir area 

A Cey^cr 
Reykjanes 
Hveragerd i 

Wel l G3 
India 
Puza 

W e l l G W 2 
W e l l G W S 
Wel l C W 7 
Wel l G W 8 
W e l l C W I O 
W e l l G W n 

Indonesia 
Kawah Kamojang 

Wel l 6 

haly 
Cesono 

Wel l 1 
Phlegraean Fields 

Spr ing 3 

Japan 
Olake 

Wel l 7 
Wel l 8 
Wel l 9 
Wel l 10 

Ha tchoba ru 
Wel l H I 
Wel l H 2 

Hakone 
Wel l 11 
Wel l Ml 
Wel l IVa 

Naruyo area 
T o j e n r o 
Farmer 's h. 
Higashi iaya 

Mexico 
Cerro Pr ieto 

W c l f j ' 
W e l l M 3 l 

New Zealand 
Broadlands 

Wel l 1 
Wel l 2 
Wel l 3 
W e l U 
Wells 
Wel l 6 
W e l l ? 
W e l U 
We l l 9 
Wel l 10 
Wel l 11 
We l l 12 
Wel l 13 
Wetl 14 
Wel l 15 
Wel l 16 
We l l 17 
We l l 18 
We l l 19 

Kawerau 
Wel l 7A 
W e l i s 
Wel l 4 
Wel l 10 
Wel l 12 
Wel l 14 

m 
cn 

m 
m 
m 

m 
m 
m 
m 

m 
e 

m 

e 

m 

m 

e 
c 
e 
e 

e 
e 

m 
m 
m 

m 
m 
m 

m 
m 

m 
m 
m 
m 
m 
m 
m 
ffl 
ra 
m 
m 
m 
m 
m 
m 
fn 
fn 
fn 
m 

m 
m 
m 
m 
m 
m 
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Table 1. (continued) 

l / r - l og Li - l o g N a log N a / L i O ' p p t n Rr fe t rncrs 

1-94 
1-94 

2-83 
2-83 
2-83 

2-89 
2 8 7 
2-87 
2-89 

1-89 
1-87 

3 2 0 
3-20 

3-69 
J-69 
3-69 

3-74 . 
3-74 
3-74 
3-74 

4-53 
2-97 

0-63 
0 6 1 

0-74 
0-76 
0-74 

0-87 
0 8 3 
0 83 
0-87 

2 0 4 
0-20 

2 5 8 
2-59 

2-94 
2-92 
2 9 4 

2-87 
2-91 
2-91 
2-87 

2-49 
2-77 

13.330 
12.330 

7170 ~^ 
7171 
7170 

4790 
5540 
3570 
4 7 9 0 , ^ 

129 
19.300 

Fouil lac and O u i o u n i a 

y Boulegue (1978) 

Bjornsson r l o l . (1972) 

1-84 
1-84 
1-84 
1-96 
1-96 
1-96 

, 201 

l ' 9 l 

2-26 

2-14 
2 0 7 
2 05 
2 1 1 

1-84 
1-89 

3 02 
2-74 
2-95 

2-68 
2-85 
2-68 

1-63 
1-71 

1-81 
1-78 
I S O 
1-83 
1-93 
2-40 
1-8) 
1-83 
1-76 
1-81 
1-82 
1-82 
1-82 
1-75 
1-75 
1-82 
1-77 
1-78 
1-83 

1-85 
1-85 
2 1 1 
1-91 
1-84 
1-82 

3-02 
3-09 
3-09 
3-06 
3 02 
3 0 3 

3-97 

1-25 

3-36 

3-18 
3-20 
3-13 
3-08 

2-79 
2-99 

5-00 
3-45 
4-40 

4 1 3 
4-49 
4-07 

2-56 
1-95 

2-80 
2-77 
2-75 
2 7 6 
3-14 
3-75 
2-66 
2-78 
2-73 
2-86 
2-73 
2-83 
2-81 
2-81 
2-78 
3 04 
2-82 
2-79 
2-77 

3 1 1 
3-10 
3-29 
3 1 7 
3 09 
3 04 

1-51 
1-65 
1-60 
1-60 
1-60 
1-61 

2-36 

-0-53 

0-40 

1-43 
1-43 
1-39 
1-32 

1-21 
1-28 

2-41 
1-18 
1-71 

1-55 
1-65 
1-60 

0-56 
- 0 1 2 

1-33 
1-33 
1-34 
1-33 
I-2I 
1-72 
1-25 
1-37 
1-39 
1-40 
1-35 
1-18 
1-37 
1-42 
1-33 
1-60 
1-36 
1-32 
1-38 

1-49 
1-49 
1-75 
1-35 
1-36 
1-48 

2-32 

1-50 
1-44 
1-49 
1-46 
I 42 
1-42 

1-60 

1-79 

2-90 

1-75 
1-75 
1-74 
1-76 

1-58 
1-71 

2-59 
2-27 
2-70 

2-57 
2-84 
2-46 

1-96 
2-07 

1-48 
1-44 
1-42 
1-43 
1-93 
2 0 4 
1-42 
1-41 
1-34 
1-46 
1-40 
1-65 
1-44 
1-40 
1-44 
1-44 
1-47 
1-47 
1-39 

1-62 
1-61 
1-54 
1-62 
1 52 
1-56 

260 Ellis (1970) 

475 
445 
464 
^ y j > Shanker « a l . (1976) 

448 I 
4 4 3 ^ 

2-0 Kar tokusumo t l a l . (1976) 

42,830 Calamai t l a l . (1976) 

14.620 Baldi » » / . (1976) 

12191 

[J^J \ Koga (1970) 
I753J 

2300 Hayashi and Yamasaki (1974) 

201 
2370 ) O k i and H i rano (1970) 
617 J 

600") 
125 \ Noguchi and Miyazawa (1974) 
630 J 

10.420) Ellis (1970) 
14.170/ Mercado (1976) 

l7tX) 
1740 
1800 
1830 
1140 

28 
1823 
1858 
1709 
1245 
1795 
1546 
1670 
1480 
17 JO 
528 

1780 
1985 
1720-

•- M a h o n and Finlayson (1975) 

1400 
1310 
583 t Ell is and Mahon (1964) 

1098 f Mahon (1962) 
1003 
1136^ 
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'.-' Table 1. (continued) 

LtKtSat - Ing Li - log Na li>6 N a / L i Cl pptn RcFctenccs, 

Ssoi^- t i t 
We l l 1 

Omieikemlcii 
W e l l I 

Homliaiia 
Wel l 1 

Ifot iJro;?" 
We l l 6 

Woi ta l tv i 
W d l 471 
Well 20 
Wel l 44 
We l l 24 
W e l l 48 
We l l J 

U .S .A . 
A r i t o n o 

Cajagrar tde 
E j tp l . Welt 

C a l i f b r n io 
Sal ton Sea 

Wel l I D 
We l l 1 Siaie 

Long Val ley 
3SISE13ES3 
3S2aE32E9 
3 S 2 8 E 2 I P S I 
3 S 2 9 E 2 I H S 1 
3S29E34KS1 
3S2E25AS4 

tn 

m 

rn 

tn 

m 
m 
m 
nt 
c 
e 

nt 

m 
m 

c 

K m elm an N o r l h Dome 
T b l ( l ) 
T h IKS) 
T b I I U S ) 
T ^ I V ( I ) 
TbVil) 
U M ( 5 ) 
L M 1 4 ) 

M i tn tono 
A l h a m b n i 
B o u l d t r 
S rdad wa l r r 
O r i s o n 
hiorf ts 
Silver u a i 

M i s s t ^ t p i 
Hotncr Cu t f i e 

U.S.S.R. 
C l ie l rke i j Beirtr 

Wel l 9 l i l 
W e l l U I 

Red Sea-
Discovery 

S l a l i D n 7 1 7 i - 2 
Stat ion 728 1 
Sla l ion 71S 3 - 13 
Slat !0D729 20 
S r i t i o n 729 23 

-A f l o f i l i i 
S ta t ion 726 9 
Sla l ion 727.9 
Stat ion 727 23 
S u i i o n 72623 
S la l ion 722 19 
Sla l ion 722 2 ( 1 0 -

. S la l ion 722 2 23 
Stat ion 713 10 
Stal ion 713 1} 
Stat ion 715 23 
Stat ion 718 14 
Sts l iS l i718 I 

trt 
trt 
m 
m 
m 
m 
m 

m 

m 
m 

m 
m 
nt 
m 
m 

m 
'm 
m 
m 
tri 

S ) n t 
nt 
m 
m 
tm 
n* 
m 

1-98 

1-85 

2-02 

1 83 

202 
l-M 
1-89 
I-9I 
1 8 8 
2 2 6 

2-68 

)-6J 
1-70 

2-36 
2-36 
2-33 
2 11 
2 1 4 
2-23 

2:68 
2-68 
"2-68 
1-61 

.1-6S 
2-68 
2-68 

2- iS 
•2-43 
2-45 
2-50 
2-49 
2-42 

2-48 

2-B3 
2 6 3 

.1-38 
} | 4 
) - I 9 
1:39 
3 3 0 

J-37 
)-3S 
3 0 3 
3 0 ) 
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4-42 
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4 ) 7 
)-94 
3-87 
4-23 
1-92 

1658 

' 546 
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150.0001 
127,0001 
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! J 0 
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19,300-> 
18,200 
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8-S 
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27 
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I3S.0OI) 
42,000 
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SO .000 
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:80.000 
80.000 
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ao.ooo 
80,000, 
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Ellis (1970) 
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Ellis (1970) 
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Ellis (1970) 
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Shanker « al . (1976) 
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-Lebedev (197J) 

>• B roo i i i r f B/, {1969) 

> E f i i m a i c d d c e p [emp^irature. 
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Data for surface waters are given in Table 2. Values derived from the experimental work' of 
Ellis and Mahon (1967) are in Table 3. 

From Tables 1 - 3 , log m^/m^j^and log m/L, are plotted vs 1/7"(Figs. 1 and 2). The Na/Li 
plot exhibits two linear relationships. We can see that the first line (curve a) corresponds lo 
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Table 2, L i lh ium conccniralions and sodium/I i lh ium" raiios in surface walers o f various origins, 

Dc?jriptitTri o r w m p l r i 

W o i r n f r o m l i o f l e , r i r k i j fp r 
S i r i d s i o n n 
L a u r a g M i s 
S .W, F iance 

Limeslones 
S, A lps 
F r i i n M 

Gran i i e 
Marger ide 
MassJf C e n l i a i 
France 

Volcanic Rocks 
Guadeloupe 
W c i l l n d i e s 

Gran i i t 
Sangre de Cr i s to 
Range New Mes ico 
U . S . A , 

Quar tz i le , . 
Ss rg re de Gr is lo 
Range New M e i i c o 
Lr ,S,A, 

Sandstones. 
S i n g r e d e Cr i s to 
ka i ige .New Cr i s to 
U-S.A . 

W o l p r ' i j r h m tTi ixrd or ig ih 
Hudjtoi t River 
U.S, A 

Susquchana River 
LT.S.A, 

lapanese 
Rive is 

M a j o r Nor th ' 
Amer i can Wa le r 

Sc i -Wa ic r 

Number o t 
fcsmftlr 

19 

1) 

15 

9 

11 

3 

6 

, 

1 

14 

' 

i / r x i o • 

3:50 

)-JD 

3-60 

3-40: 

3-35 

1:3! 

3-30 

3 5 3 

3 5 3 

3-30 

i-is 

3-62. 
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-«;2) 

- 6 - 3 3 

- 6 - 8 S 
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- 6 7 9 

- 7 - 2 0 . 

- 6-78 

'-<i-.li 

- 6 49 

- 5-96 

- 5-48 

L o g L i 
Ran^f 

- 6 - 9 

-i-s 

- 7 

- i t 

- . 7 

- 6 - 7 

- 7 

- 3 - 7 

- 7 - 3 6 

- 6- l t 

- 7 23 

- 7 1 3 

- 6 : 7 9 

- 6 - 3 3 

2'82 

- 6 - 6 1 
- 5 3 8 

A%CTa([< 

318 

;.3-l3 

3-0 

3-11 

3:08 

1-61 

2-35 

1-82, 

2-83 

)-01 

1-66 

4 3 9 

Log N t / L i 
RiinFi 

1-52 

1-48 

1-59 

1-5! 

1-99 

J-02 

1-77 

3-86 

2 : 1 

3-78. 

2-18 

1 7 7 

2:19 

1-61 

"̂  

3 47 
2 34 

^ 
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Baule^uc; J . , 

ira l u c i 

G r i m B u d , . D . , et a l . , 
unpubl ished 
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Bea UCB ire, tund i 
1979. 

Fou ihar and 
OuEQuritaii 
1977. 

M i l l e r (J96I ) 

M l l E e r ( l 9 6 l ) 

Mi l le r ( |9G]J 
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Table 3. Sqdiiirn/litKium behaviour in experimental waier-rock imeraciions. Afier EJlis and Mahon (1967) 

RocV lypc I/r x^jo '̂ Log Li \-ag Na Log Na/Lj Cl- tppm) 

Pufli ice 
Qi:>>tidlait 
Jfiiimbriie 
Rhyolite 
paci[c 
And Mite 
fiisajt 
CreyitacVes 

1 48 
!-91 
r-48 
1-60 
1-91 
1-91 
1:91 
1 91 

- 3 - 3 8 
- 4 - 1 8 
- 3-79 
- 1 - 7 6 
- 4 0 2 
- 4 - 1 4 
- 4 - 3 6 
- 4 : 1 4 

- I - H 
- 2 - 4 0 
- 1 : 4 9 
- 2-49 
- 2 : 5 5 
- 1 - 5 3 
- l - l S -
- 1 - 5 2 

1-35 
1-39 
M 9 
1-27 
1-47 
1-39 
1 1 7 
1-62 

137 
9 

12 
no 
40 
32 

iso: 
1 

waters where chlorinity is less than 0-2 M) (about 7000 ppm); the second line corresponds to 
high chlorinity (> 10,000 ppm or 0-3 M) waters. 

Thus, the relationships between Na/Li and temperature can be summarized by 

(j) log Na/Li = 1000/7" - O'38 for C\-< 0-2 M, 
the mean square correlation coefficient is r = 0-965. This line wilt be called the general line in 
the fpllowing sectioris. 
{ii) log Na/Li = 1195/r + 0-i9'for C\ '> 0-3 M (r = 0-982). 

The correlation between log m^; arid l/TXFig. 2) is clear but pnly fair 

log m^. = - 1503/r - 0-02 (r = 0-75). 
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Fig, 1. 

Fig, I, Log Na/Li in waters vs the inverse of absolute temperature. Key: (a) general line, closed symbols; (b) brine line, 
open symbols, O . • Measured temperatures, A Estimated temperatures, -f' Surface waters, B Experimental 

water - rock interactions. 

Fig, 2, Log Li in waters vs the inverse of absolute lemperature. Same symbols as in Fig, 1, Darker shading is for saline 
waters, lighter shading for low salinity waters. 

If we separate the data into the two chlorinity groups, we obtain two well-defined linear 
relationships: 

log m î = - 2258/7" + 1-44 for CI" < 0-2 M (/• = 0-936), 

log/rtLi = - 1 4 3 6 / r + 0-61 for Cl->0-3 M (r = 0-91). 

The selection of data needs some comments: 
For Red Sea thermal brines, we have considered temperatures and chemical analyses quoted 

in Brooks e/fl/..(1969). More recently, several workers (Brewer e/o/., 1971; Ross, 1972, Schoell, 
1976) have reported higher brine temperatures, but detailed chemical analyses are not yet 
available. Neither do we consider the high temperature estimates for the input brine derived 
from geophysical models (Schoell, 1976). It is likely, after Shanks and Bischoff (1977) that the 
chemical composition of brine must reflect equilibrium at a measured temperature, due to re-
equilibration during the time of water residence in low thermality layers. 

All the chemical analyses of Central Mississipi brines (Carpenter et al., 1974) are not 
considered in this compilation as their temperatures assume that all drillholes had the same 
temperature profile as Homer Curie No. 4 (original sample Ref. 57). • 

Waters from Yellowstone Park are not used in examining the thermometric relations, 
because of uncertainties in the aquifer temperature. The problem of this area is dealt with later. 
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TENTATIVE INTERPRETATION 

The different qualitative interpretation for the lemperature dependence of the Na/Li ratio 
(and Li molality) suggested in the following pages indicate the need for further work to derive 
thermometric relationships. 

(I) To help this discussion, the log m^, vs I/Jplot is given in Fig. 3. The sodium behaviour 
in hydrothermal systems is generally influenced by the deposition of sodium-rich minerals 
(albite, sodium-rich plagioclase or analcime). Albite is a very common secondary mineral in 
geothermal systems (Steiner, 1953; Sigvaldason, 1962; Muffler and White, 1969; Browne and 
Ellis, 1970; Hayashi and Yamasaki, 1974; Oki et al., 1974; Merino, 1975a). In Iceland, 
analcime has also been found in many drillholes in geothermal fields (Kristmannsdottir and 
Tomasson, 1974; Kristmannsdottir, 1976; Tomasson and Kristmannsdottir, 1972). For dilute 
waters, we observe an increase of Na with T, whereas the correlation between Cl and Tis poor. 
This can be explained at high temperature, by the increase of albite solubility; and chemical 
composition, from one field to another, is similar enough to preserve the influence of 
temperature on sodium concentration. At low temperature, equilibrium is not achieved and the 
sodium concentration is still less than the equilibrium value. 

Saline waters 

% 

O Q 
O 

o o 

î  i ' ' ' 

- 3 

A A / 

• 'A' 
* * * ! A 

4^, * , 'AA . X , 

I / T =10- ' 

Fig. 3. Log Na in walers vs the inverse of absolute temperature. Same symbols as in Fig. 1, 

The case of marine waters is different: Na is generally at least three orders of magnitude 
greater than silica; thus, any silicate deposition cannot rule the sodium concentration. 

(2) The dependence of Li on temperature is stronger than the Na dependence: about 4 
orders of magnitude between 0 and 300°C for Li instead of about 2 orders for Na. 

i;-J.*%s 

feOaft^S^ 
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It is unlikely that the Li temperature relationship is related to a chemical equilibrium between 
water and a lithium mineral. Lithium minerals seem to be very rare in hydrothermal 
environments. Bargar et al. (1973) describe a hydrothermal lepidolite at Yellowstone. This 
mineral is only present in the low temperature zone and it is unlikely that it controls the Li 
concentration at depth. 

The diadochic substitution of Na by Li is difficult, with the large difference between the ionic 
radii of Li* (0-78 A) and Na* (0-98 A). Studies by Volfinger (1976) on the partition coefficients 
of the alkali ions between feldspars and aqueous solutions at high temperature (^>400°C) did 
not give reliable results for Li. Thus we consider, as did Mahon (1976) that lithium behaves in 
hot waters as a "soluble" element, i.e. it is not co-precipitated with any secondary mineral, 
except perhaps near-surface clays. 

The two lines of Fig. 2 should mainly reflect the increase of rock dissolution with increasing 
temperature. This phenomenon can be enhanced by the uptake of lithium in some weathering 
products (clays) at low temperature. It seems reasonable that lithium concentrations in 
solutions related to a given rock and with the same water- rock ratio would follow an 
exponential function of the temperature. It is more surprising that the influence of water - rock 
ratio or of the rock type seems to be unimportant. Actually, most igneous rocks (except 
ultramafic rocks) and sedimentary rocks (except marine shales and evaporites) have a mean 
lithium concentration in a restricted range (10-70 ppm, Heier and Billings, 1969). We have no 
precise knowledge of both mineral dissolution rates and water- rock reaction time in 
geothermal systems. It is not impossible that each of these two parameters have an overall 
variation less than an order of magnitude. 

Marine sediments and especially evaporites, which have rather high solubilities and high 
dissolution rates, should define another group of waters. For some fields (e.g. Red Sea brines, 
Reykjanes) the marine origin is well acknowledged. In some other cases (e.g. Salton Sea), the 
most likely mechanism of formation is thought to be the leaching of marine sediments including 
halides (see Helgeson, 1968, pp 1 6 1 - 163 for discussion). The tendency for a water to follow 
either the general line or the brine line is not only determined by the geological environment of 
the aquifer. The problem is to know whether sodium and lithium of marine origin are negligible 
or not compared to other sodium and lithium inputs. Kettelman dome interstitial waters 
provide a good demonstration of this feature. For this field, sodium and lithium concentrations 
are not correlated. Highly saline solutions from Trembler I to IV formations are on the brine 
line, whereas the dilute solutions from Mac Adam formation are very near the general line (Fig. 
4). The chlorinity boundary has no theoretical justification and derives only from the observed 
division in two groups in the Na/Li plot. 

Results of experimental work by Ellis and Mahon (1967) show, in a small temperature range, 
an increase of Li with temperature; lithium concentrations are smaller than for geothermal 
waters; this can be related to differences in the water-rock ratio and in reactions times. 

(3) The two log Na/Li relationships result from the different behaviour of Na and Li in 
function of temperature. Furthermore, infiuence of some kinetic parameters is partially 
cancelled and the correlation coefficients are better for the (Na/Li, T) relationships than for the 
(Li, T) ones. ~ 

DISCUSSION OF DEPARTURE FROM EQUATIONS 

There are two kinds of departure from the equations: 
secondary events, namely dilution by cold waters or concentration by steam loss, can shift the 

representative points away from the lines; this will be marked only in the log m^J, l /Fp lo t and 
will not be discussed here; 

*? 

»a3 
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Fig. 4. Behavior of some particular hot walers. Key: KCS—Kettelman interstitial solutions; concentrated samples. 
KDS—Kellelman interstitial solutions, diluted samples. CB—Cesano Brine. ETB—El Talio Brine. WBIS—Water 

Basall in interaction resulting solution. HG—Hveragerdi and Geysir respeclively. 

Other reasons originate in the deep aquifer; they are more critical and will be discussed for the 
Na/Li thermometer (see Fig. 4). 

Three dilute waters fall far outside the general line: two of them are Icelandic waters 
(Hveragerdi hole G3 and a geyser); in this case the rock-type can have an effect; the third one is 
the run with basalt as starting material in Ellis and Mahon as experiments. As a matter of fact, 
the general line describes the behaviour of waters for which marine originated constituents are 
negligible compared to total solutes. In Iceland, the rainwater contribution to the chemisiry of 
dilute hot waters cannot be neglected as shown by Arnason and Tomasson (1970). This input 
of solutes induces a shift from the general line towards the brine line. A slight shift of this kind 
has been observed in Corsica (Ouzounian et al., 1979). In Ellis and Mahon's experiments, 
which are not equilibrium experiments, no development ofa secondary sodium phase has been 
observed in the run with basalt: the increase of Na is not limited and the Na/Li ratio remains 
high. 

Two hot brines do not follow the brine trend: Cesano and El Tatio brines. At Cesano, 
Calamai et al. (1976) have noticed that quite large amounts of sodium chloride precipitated in 
the well, which produces a mixture ofwater and solid NaCl and NajSO,. Furthermore, thermal 
equilibrium in the well was not achieved when recording stopped and the temperature value was 
given as a lower estimate. We could presume that the analysed fiuid did not represent the deep 
aquifer chemistry. We cannot conclude whether- Cesano brine is apart from the brine line or 
not. The problem of El Tatio is more critical. It is possible to take this solution to be from a 
different origin. Note that Mahon and MacDowell (1977) after Cusicanqui et al. (1976) do not 
refuse the idea that acid, volcanic, Cl-rich emanation could have produced El Tatio brine by 
reaction with ignimbrite. As Giggenbach (1978) has not reported isotopic data for El Tatio 
brine, the problem is still unsolved. 
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USE OF THE Na/Li GEOTHERMOMETER FOR GEOTHERMAL PROSPECTING 

Both log Li and log Na/Li are useful for thermometric prospecting. As it is sensitive to 
mixing with cold water and to concentration by steam loss, the log Li thermometer is more 
difficult to use and needs mixing models. The Na/Li ratio, hardly modified during ascent of 
solution, seems to provide good estimates of deep temperatures. Some examples are given 
below. 

Vichy Basin (Massif Central, France) 
In this area, a great number (>200) of mineral COj-rich springs are fiowing. A common 

origin for all waters is acknowledged (Armand, 1933). However, important changes in 
individual spring chemistry are caused by reactions with rocks in shallow aquifers (Michard et 
al., 1976). Values listed in Table 4 show the remarkable constancy of Li concentration and the 
Na/Li ratio, compared with olher temperature indexes. The temperature obtained with the 
Na/Li geothermometer (I45°C) is in good agreement with the temperature previously 
determined (135''C) by Michard et al. (1976) after a detailed geochemical study ofthe area. The 
Li concentration yields too high a value (200°C).-

Table 4. Evoluiion of ihermometric indexes among selected springs from Vichy thermal area (France). After Michard 
et ol. (1976) 

Ref. 

F 11 
F 12 
F 3 2 
F 3 
F 2 8 
F 2 6 
F 2 5 

F 3 3 
F 3 4 

Spr ing 

Feerique 
Jade 
iMcsdaines 
Saint Ange 
Gener euse 
Hop i i a l 
Grande 
Cr i i l e 
Boussange 
[>ome 

T ' C 

11-5 

13-5 

40-2 

41 
66 

N a / K 

21-1 
25-9 
23-5 
28-2 
32-9 
31-1 

3 3 3 

23 5 
29-7 

K j / C a 

3J-S 
3J-9 
18-2 
30-5 
80-2 
20-8 

31-7 

24-9 
6 4 0 

N a / L i 

98-2 
100-7 
95-2 

104-2 
101-5 
102-8 

101-25 

97-8 
101-8 

L l I 0 - ' ( m / l ) 

0-69 
0-79 
0-71 
0-76 
0 79 
0-79 

0-80 

0-82 
0-74 

S iO ' (ppm) 

21-0 
25-2 
22-8 
17-4 
95-0 
5 4 6 

70-2 

84-0 
83-0 

New Zealand hydrothermal areas 
Table 5, after Mahon (1970) shows comparison between springs and drillhole chemistry for 

most thermal fields of New Zealand. We can see that in all systems the Na/Li geothermometer 
would have given good predictions for the deep temperature. Generally, Li concentration 
should have given a rough approximation of temperatures. However, in some places (Kawerau, 

Table 5. Comparison between Na •Li geothermomeler and classical geothermometers, Taupo volcanic zone — New 
Zealand. 

Therma l areas 

Wai rake i 

Wa io tapu 

Kawerau 

O r a k e i k o r a k o 

Taupo 

Broadlands 

Ngawha 

/ Ho le 44 
•j Spr ing 97 
I Spr ing 190 

Ho le 6 
Spr ing 64 

I Spr ing 20 
f Ho le 7A 

-{ Spr ing 2 
L Spr ing 4 

.1 Ho le 3 
I Spr ing 98 
1 Ho le 1 
\ Spr ing 
f Ho le 10 

• 1 Spr ing 1 
f Ho le 1 
j Jubilee 
{. Spr ing 

L i 
( l O - ' m / l ) 

2-06 
0-98 
1-43 
0-96 
1-30 
0-38 
0-77 
0-39 
0-48 
0.45 
0-38 
2 0 
0 6 7 
1-39 
1 0 7 
1-55 

1-15 

M o l a l 

N a / K 

10-0 
16-6 
26 

9-4 
13-0 
33 
10-3 
11-5 
12-8 
10-7 
11-3 
9-7 

14-7 
lO- l 
17-8 
19-6 

22-0 

ratios 

Na /Ca 

135 
26 
83 

150 
60 
87 

500 
44 
53 

440 
190 
16-0 

64 
737 
373 

53 

185 

N a / U 

27-9 
29-3 
28-5 
39 
40-6 
34 
41-8 
36-7 
36-2 
24-5 
21 
27-7 
26-4 
28-2 
34 
25-2 

31 

' ^Na /K 

261 
199 
156 
269 
227 
131 
257 
242 
229 
252 
244 
265 
217 
259 
192 
182 

171 

' " N - K - C a 
(1 /3 ) 

263 
205 
193 
266 
236 
171 
238 
226 
223 
254 
242 
269 
217 
281 
236 
205 

240 

Temperature 

• ^ N a / L i 

275 
268 
272 
234 
229 
250 
226 
241 
242 
292 
314 
275 
282 
273 
250 
288 

261 

^ N a / L i 

274 
234 
254 
233 
248 
209 
1 2 2 -
192 
201 
198 
209 
272 
216 
232 
239 
258. 

242 

Obs 

270 

260 

260 

250 

267* 

270 

220 

'Mean value csiimaied between N a - K and N a > K - C a results on hole I. 
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Orakeikorako, Taupo, Broadlands) underestimates should have been caused by mixing with 
cold waters. Na/Ca is very different in springs and in drillholes. Na/K values in springs provide 
good estimates in some places (Orakeikorako, Kawerau) but not in others (Wairakei, 
Broadlands). Furthermore, Na/K ratios are differenl among springs of a given area. This can 
be seen in more detail in the spring chemistry of Broadlands area (Table 6, after Mahon and 
Finlayson, 1975). Here the Li thermometer gives too low temperatures. This is related to mixing 
with cold waters and the more concentrated spring gives the besl value. Mixing or sleam loss 
can therefore be pointed out by comparison of the temperatures given by the Li and Na/Li 
geothermometers. 

Table 6. Temperaiure estimates from spring chemisiry in Broadlands area, Afler Mahon and Finlayson (1975), 
Maximum lemperaiure measured: ~ 270°C 

Spring numlxr 
' ' N a - K - C a 

(1/3) ^Na - Li ^SiO,' 

189 
192 
164 
163 
136 
117 
163 
170 

223 
197 
182 
183 
178 
167 
177 
188 

247 
269 
243 
223 
240 
237 
248 
237 

219 
204 
203 
183 
196 
191 
185 
189 

239 
216 
205 
191 
205 
209 
205 
201 

•Direct application of quarlz geothermomeler. 
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Yellowstone Park (U.S.A.) 
The situation is more complex in this area. As far as we know, there are no definite physical 

lemperature measurements in the deep aquifer. Only shallow drillholes (max. depth: 135 m) 
have been used for physical records, and in some cases the wells have not reached Ihermal 
equilibrium (While et al., 1975). Besides this, numerous careful analyses of natural springs and 
geysers are available (Rowe et al., 1973). Several geochemical studies have provided a good 
knowledge of possible deep temperatures in the area: Fournier et al. (1976), Truesdell and 
Fournier (1976). 

From these sludies the following situation can be summarized: 
(i) the existence of shallow aquifers, different from each other in lemperature and chemical 

composition, is certain; 
(ii) a unique parent waler can be expected at great depths; its temperature must be very 

close lo 340°C; 
(iii) individual basins in the area (Upper, Lower, Norris Basins, Mammoth area) could be 

distinguished as aquifers feeding springs and geysers; 
(iv) enthalpy chloride models developed in the two previously cited papers show lhat Norris 

Basin waters are quite directly related to the inferred parent water. Norris Basin is the hottest 
zone in Yellowstone Park and the chemistry of walers from this basin is rather homogeneous; 

(v) Upper and Lower Basins are fed by several water lypes. These aquifers could result from 
mixing of the parent water with shallower water tables. Chemical re-equilibrations can occur 
after mixing. Classical thermometers yield temperatures lower than in Norris Basin; 

(vi) springs of Mammoth area can be derived from Norris aquifer by mixing wilh dilute 
waters and reactions between solution and carbonate host-rock play an important role. 

Using chemical analyses listed in Rowe et al. (1973), we compute the Li and Na/Li 
temperalures. Acid sulfate springs are not considered. The Li thermometer always gives 
underestimates of deep temperatures. This is not surprising considering the numerous mixings. 

A histogram of the results given by the Na/Li geothermometer is shown on Fig. 5. This graph 
reinforces the theory that: 
- Norris Basin walers are related to a common aquifer, the lemperature of which is 300°C; 
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- the Lower and Upper Basins comprise several type of waters with a quite large temperature 
range. Note that the Na/Li ratios seem to account for chemical re-equilibrations; 
— the hot lemperature obtained for Mammoth area is consistent with the assumption of a 
relation between Norris and Mammoth waters. In this case, the chemical changes undergone by 
Mammoth waters (carbonate rock dissolution) have very little effect on initial Na/Li ratios. 

Number 
ol 

Sample* Mammoth Area 

B^rfS^^mi 

Lo'wer Basin 

Upper Basin 

Norris Basin 

Fig. 5. Hislogram of frequencies for N a - Li compuled temperature of Yellowstone Park thermal manifestations. 

Let us finally note that the Na/Li derived temperatures are in good agreement with those 
determined by Fournier et al. (1976) and Truesdell and Fournier (1976) using a complex model. 

CONCLUSIONS 

The study bf lithium concentrations and sodium lithium ratios in waters has suggested a new 
geothermometer. The relationships between temperature and Na/Li ratios for most of the 
explored geothermal fields are correctly described by two linear functions. Chloride contents of 
the waters provide a very simple way to choose the appropriate equation. 

Obviously the Na/Li geothermometer should not be used alone, but comparison wilh other 
geothermometers and also lithium concentrations will be very useful for geochemical surveys. 
An interesting point is the remarkable constancy of the Na/Li ratio from aquifer to. surface 
manifestations. 

The theoretical basis for describing the Na/Li ratios by two linear relationships of the 
reciprocal of the lemperalure are nol yet understood. Careful geochemical studies of well 
known geothermal areas and experimenlal work are still necessary for a better understanding of 
sodium and lithium behaviour under hydrothermal environments. 
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Chapter 11 

THE SEARCH FOR MAGMATIC RESERVOIRS 
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INTRODUCTION 

The origin of magmas is stiU an open problem. Present trends of 
thought suggest that magma can be deriveti from th^ upper mantle, where 
it fills small pockets. When extruded from the mantle, this magma will rise 
to shallow depths, owing to the pressure of the overlying solid crust. An 
important question, is whether volcanic activity is fed.by vents discharging 
directly from the upper maiitle, or from shallow reservoirs, vvhere the 
magma stays for some time. 

At present, it is assurned that rnost volcanoes have a relatively shallow 
magma chamber (cf, Macdonald, 1961), These chambers are, however, 
inaccessible to direct investigation, A convenient tool for research of this 
type is the usual seismic prospecting; unfortunately any magma layer will 
behave as a wave guide and, in this case, prdspecting is unable to provide 
useful results. Wie must therefbre rely upon other indirect methods which 
will be presently reviewed. On the whole, there is a considerable amount-
of evidence, but its reliability is frequently questionable. 

ELUTOI^S, XENOtlTHS AND DIF*FERENTIATION 

Intrtisive bodies of plutonic rocks, embedded in the'upper levels ofthe 
crust, are present in many areas. Some are definitely associated with vol­
canic rocks (Ustiyev, 1963) and may represent solidified magma chambers 
which fed some past volcanic activity. Very convincing evidence has been 
found in Scotland (see Richey, 1961), where the roots of the Volcanties 
were eroded by Quaternary glaciations, A detailed interpretation of the 
field surveys is rather difficult, but the data strongly suggest that magma 
chambers resulted from the sinking of conical blocks (subterranean 
cauldron sub'sitiehce), as shown in Fig,l, Magma seems to rise from the 
upper mantle through a ring dyke, and only after staying in the chamber it 
rises to the Earth's surface. 

The form of the chamber varies widely, depending considerably on the 
structure of the surrounding rocks (Daly, 1933, Ch. 4); within sedimen­
tary layers we can find laccoliths or phacoliths, whereas in an igneous 
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Fig.l. Scottish model of magma chamber (formed by subterranean cauldron subsi­
dence). 

environment more irregular bodies are expected. Ring structures are fairly 
common on continental areas; but they are also found on oceanic (or 
sub-oceanic) islands (Assungao et al., 1968; Fiister et al., 1968, fig.48). 
Elongated structures are certainly frequent and many bodies described as 
sills (Daly, 1933, p.77) may probably also be considered as old magma 
chambers. 

Gravitative differentiation is a usual feature of these intrusive bodies; 
they form layered intrusions, which at different levels can have com­
positions analogous to various volcanic lavas, and sometimes, in addition, 
exhibit at the bottom ultramafic cumulates formed mostly of olivine 
crystals (Jackson, 1967). This geological evidence suggests that actual 
active volcanoes can have shallow magma chambers which will eventually 
solidify into similar plutons. But the possibility of some volcanoes having 
no shallow magma chamber cannot be excluded. 

The best-known case of xenoliths, giving iniformation on a magma 
chamber, comes from the pyroclastic layers of Vesuvius (Rittmann, 1936, 
p.l59). An explosive eruption, in the 12th century B.C., produced pumice 
layers with xenoliths of sediments down to the Triassic. The stratigraphy 
of the area is fairly well known and was lately confirmed by seismic 
studies (Imbo, 1950); the Triassic layers, which seem to form the roof of 
the magma chamber, lie at a depth of about 5 km. The Triassic xenoliths 
experienced considerable contact metamorph'ism, as would be expected. 

Another source of indirect evidence comes from differentiated lavas. In 
fact, it appears that magma in the upper mantle is fairly uniform, as 
suggested by the similarity of the main (basic) volcanic rocks in widely 
distant areas of the Earth. Differentiation can, therefore, be regarded as a 
local phenomenon occurring in a sepju^te chamber; the hypothesis of 
these shallow reservoirs has very often been invoked to account for 
differentiation (see, e.g., Maleev, 196.4, p.218). 
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Fig.2. Idealized section of differentiated magma chamber. 

Friedlaender (1929) drew attention to the fact that in many Azorean 
volcanoes the central vent produced acid lavas, whereas most peripheral 
cones are basaltic. This is what would be expected if the feeding chaimber 
is vaulted and magma is layered by gravitative differentiation (Fig.2). 
During the 1563 eruption of the Agua-dePau Volcano (San Miguel, 
Azores), the activity started at the main vent with a Plinian explosion of 
trachytic pumice, but four days later basaltic lava flows came from a 
lower adventive vent (see Zbyszewski, 1963). Similar cases are known in a 
few other volcanoes. 

SEISMOLOOICAL INVESTIGATIONS 

As the usual seismic reflection or refraction methods are unsuitable for 
detecting magma chambers, other seismic methods have been tried for the 
purpose. Gorshkov (1958) found that seismic sheju- waves were not 
propagated at a depth of 50—70 km under some Kamchatka volcanoes. 
This was interpretated as being due to the presence of a magma layer at 
that depth (which corresponds to a somewhat high level of the upper 
mantle). 

Fractional^ melting of a peridotitic upper mantle is indeed considered as 
the most probable source of volcanic magmas (Wager, 1958; Coats, 1962). 
Temperatures below a depth of about 50 km, derived from Gutenberg's 
(1959) seisniic velocities, lie between the probable melting points of 
basalt and of forster!tic olivine (Fig.3). 

In addition, the rigidity of the upper mantle (as derived from the 
velocity of shear waves) is lower than what would be expected in a com­
pletely solid peridotitic material (Fig.4); this can give a measure of the 
assumed molten (basaltic) fraction. In fact, Oldroyd (1956) has shown 
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Fig.3. Probable temjieratures of upper mantle (and crust) derived from Gutenberg's 
•seismic velocities (according to Machado, 1968). 

that the rigidity of a solid with small liquid inclusions can be expressed 
by: 

r 15(1-1^) 1 
(1) 

where /ZQ is the rigidity of the solid (without inclusions), v its Poisson 
ratio, and n the volurae fraction of the inclusions. 

From Fig.4 we have, for a depth of 300 km, Pg = 0-85 Mb and ii = 0.77 
Mb approximately. Then, using eq.l with v = 0.27, we can estimate 

J O 
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o 
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P B O B i B l E RIGIDITY 
OF SOl10 UtNTLC 

^ ^ 

DEPTH ( k m ) 

Fig.4. Rigidity of upper mantle derived from Gutenberg's seismic velocities, compared 
with rigidity of solid material (computed from bulk modulus with v = 0.27; according 
to Machado, 1968). 
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n = 5%. On the other hand, the abundance of .radioactive matter in the 
oceanic upper nvantle (heat production: 1.3 10 —13 cal/cm^ sec; 
Machado, 1968) compares well with the abundance in basaltic rocks. This 
suggests that the material could be mostly eclogite (or some kind of 
metamorphosed gabbroid or basaltic material) down to some 50 km; at 
lower levels the temperature is probably above the melting point of this 
rock which would therefore melt into a basaltic magma. Ringwood (1969) 
assumes for the oceanic upper mantle a "pyrolitic" composition, which 
would have a much lower radioactive heat production. 

According to these hypotheses, either by the exudation of the molten 
fraction available (in oceanic areas) below about 50 km, or by the 
remelting of the assumed eclogite layer at that same depth, a basaltic 
magma can be produced and would accumulate in situ. In some cases, 
especially in rift eruptions, this magmatic layer can directly feed a vol­
canic eruption (see Gorshkov, 1967, p.271), as shown in Fig.5. In most 
cases, however, it appears that mantle magma will rise first to some shal­
low levels, 

Shteynberg (1965), by studyiiio volcanic tremor, cbtaned b i r 
evidence ot magmatic reservoirs at both levels. He thinks that the tremor 
is produced by a vertical vibration of the magmatic column, which fills the 
volczmic vent. The law of this vibration can be deduced very easily. 

Let u be the displacement at time ( of a magma particle in the vertical z 
direction. Neglecting body forces, the equation of motion (assumed as 
independent of the other space coordinates) is: 

dt^ 0 32 
p being the pressure and p the density (see Lamb, 1945, p.479). Noting 
that, for small displacements: 

(2) 

P-P0=-X|f (3) 

CRUST 

SOLID 
ECLOSITE 171 

MAEMA 
LAYER 

PERIDOTITE 
(WITH FRACTIONAL 

MCIT INO) 

Fig.B. Idealized section of oceanic crust 
discharging directly to the surface. 

and upper mantle, with magma layer 
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where x >s the bulk modulus of the magma and Po the pressure in the 
undisturbed state, siibstituting in eq.2, we obtain: 

aiu_x32j 
dt^ P dz^ 

(4) 

A solution, which satisfies the conditions u = 0 for z = 0 and for 2 = /i 
(h being the height of the magmatic column), is: 

u = A e''*^('*'/''W^('-^/'^)l (5) 

where i4 is a constant, v = (x/p)''^ is the velocity of compressional waves in 
the magma, and CJ is given by: 

lo = 2TT/T = niTv/h (6) 

T being the period of the vibration and n a whole number. 
The fundamental mode of vibration (n = 1) has therefore a period: 

T=2h/v (7) 

According to Shteynberg, in addition to the usual tremor with a period 
of 0.3—0.6 sec (cf. Minakami and Sakuma, 1953), there are components 
with periods of 2.5—3.5 sec and of 40—55 sec. With y = 3 km/sec, eq. 7 
would give depths of 4 or 5 km and 60 — 90 km. These values are exactly 
those one would expect for the depths of the shallow chambers, and of 
the deep source of magma, respectively (see Fig.61. 

CRUST 

SOLID 
ECLOGITE ( ? ) 

. MAEMA 
LAYER 

PERIDOTITE 
(WITH FRICTIONAI. 

MCITINC ) 

Fig.6. Idealized section of oceanic crust and upper mantle with deep magma layer and 
shallow magma chamber feeding a surface volcano. 

Another type of investigation is based on the irregularities of the 
isoseismal lines in the vicinity of volcanoes (Machado, 1954; see also 
Howell, 1959, p. 94). In a homogeneous crust (and with a point focus) 
isoseismal lines would be concentric circles round the epicentre, each 
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radius A and the corresponding maximum ground acceleration a satisfjring 
the approximate equation: 

a(A^ +hM = const. (8) 

where h is the focal depth. 
Maximum acceleration of the ground vibration is related to the intensi­

ty / (Modified Mercalli Scale of 1931) by the empirical formula: 

3 log a = / - 1 . 5 (9) 

The presence of a magma chamber will absorb seismic energy, producing a 
decrease of the intensities; this represents an anomaly which can be 
defined as: 

5/ = / - / o = 3 log (a/oo) = 1.3 In (a/oo) (10) 

the subscript zero referring to the values in the absence of the magma 
chamber. 

This anomaly can be related theoretically to the viscosity of the 
magma. Let the displacement of a given point be the real part of: 

u=Ae'^^ (11) 

where ( is the time (with a convenient origin) and A and t, respectively, 
the amplitude and period of the vibration. The maximum acceleration is: 

a=-Aoj^ = 47r̂  A/T^ (12) 

In typical near-earthquakes the maximum acceleration is always asso­
ciated with compressional waves. For shear waves both A and t are greater 
than for compressional waves, but as they are roughly proportional to 
each other (e.g., both 10 times as great) the maximum acceleration is 
found with the smaller periods. The propagation of a compressional wave 
is described by the equation: 

t , = > l e ' " ( ' - ' / " ' ' (13) 

where x is the distance travelled along the wave path, emd v the velocity of 
propagation given by: 

u = [(x + 4M/3)/p]''^ (14) 

X being the bulk modulus, pi the rigidity modulus, and p the density. 
For a Nevd;onian liquid of viscosity T?, we substitute: 

M = 'WT? (15) 

and obtain, if GJTJ/X is small: 
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and: 

u = A e"'"^ Qi(tj(t—x/vo) 

with: 

t'o = (x/p) being the velocity of compressional waves in the magma. 
Maximum acceleration is now; 

a = A(u}^ e " ' ' * 

and if damping in the solid crust is neglected: 

6/ = -1 .3feL (21) 

For the use of this method, we need an earthquake with the focus 
suitably situated. We have also to decide what are the theoretical inten­
sities in the absence of any magma chambers. 

The theoretical distribution of intensities can usually be chosen in such 
a way that the anomalies are negative in the "shadow" zones and vanish 
elsewhere. As the assignment of field intensities is a subjective process, the 
use of a dense net of accelerometers would be an improvement. 

The method, notwithstanding all its limitations, has been used with 
sorne success in the Azores and in Sicily (Machado, 1954, 1965). In Fig.7 

Fig.7. Isoseisnnal lines of the Azores earthquake of 31 August, 1926 (based on data 
from Agostinho, 1927). 
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I n i v n t M y af i»»Ql lwM 

0 V t m 
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Fig.8. Intensity anomalies of the Azores earthquake of 31 August, 1926 (according to 
Machado, 1954). 

the isoseismal lines of the Azores earthquake of 31 August, 1926 are 
presented (based on data from Agostinho, 1927). The assumed anomalies 
and a hypothetical section of the magma chambers of Fayal and Pico 
volcemoes are shown in Fig.8 and 9, respectively. The depth of 5 km was 
chosen to bring the centres of the chambers into the vertical of the main 
vents. The chambers of the individual volcanoes seem to be intercon­
nected, forming a single elongated one. 

A reasonable size for the magma chambers was obtained using k = 0.5 
km""'. With this value and T = 0.2 sec, p = 3 g/cm^ and VQ = 3 km/sec, we 
obtain, using eq. 18, 17 = 0.6 • 10 ' poises. This viscosity is surprisingly 
high. The mechanism of damping can be slightly more complicated 
(especially by reflections at the boundaries) but no big change in order of 
magnitude is expected. At present, only a mush of crystals with an inter­
stitial liquid is believed to have, perhaps, such a high viscosity. 

waw ESE 

EARTHQUAKE 
FOCUS 

( HOA. t rlNT. K A L I ) 

Fig.9. Longitudinal section of Fayal and Pico magma chambers, as deduced from 
seismic intensity anomalies (according to Machado, 1964). 
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CRUSTAL DEFORMATION NEAR VOLCANOES 

An important approach to the problem of magma chambers is due to 
Mogi (1958). The method is based on the deformatjon of the surface of a 
semi-infinite solid, produced by a change of pressure in a spherical cavity; 
the theoretical solution was obtained by Yamakawa (1955). 

Let r and z be cylindrical coordinates with the origin at the centre of 
the spherical cavity (Fig.lO); b is the radius of the cavity and h its mean 
depth. With this symmetry, the stresses are (see Timoshenko, 1934, p.309; 
Love, 1952, p.276): 

ê 

(22) 

•rz 

_ a 
dz 

_a 
dr 

(2-v)V^tj>-

{l-u)V',t>^ 

a^0 

3z2 

(23) 

(24) 

(25) 

where u is Poisson's ratio and 0 is a function of r and z satisfying the 
differential equation: 

V" V^ 0 = 0 

HereV' = 3^/3r^ H-(l/r)3/3r + S^/BzV 
The boundary conditions are: 

for z = h 

for z = h 

Og = 0 

Trz = 0 

(r^ -1- 2^ )'^ = b 

(26) 

(27) 

(28) 

(29) a^ = —Ap for 

where Ap is the change of pressure and O/j is the spherical radial stress 
given by: 

FREE SURFACE 
. /WWA'/////////////////Y/////W/WWWWi>^/ 

25 ' CAvi7r 

Fig.lO. Theoretical model of crust with a spherical "pulsating" cavity. 
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OR = (Or r^ + a^z^ -I- 2Trtrz)nr^ +z^) • . (30) 

Assuming that u = 1/4, a solution of eq.26, satisfying conditions (27) and 
(28), is: 

(t> = C [In {RI +z) + 2 {z-h)IR-i] (31) 

C being a constant and: 

fi, =(r^ -1-22)^ (32) 

i?, = [r^ + (z-2/i)2 ]^ (33) 

In the vicinity of the origin, only the terms in fi,""' are relevant; and we 
have approximately: 

rrz = - C ^ (36) 

and using eq.30: 

0 R = - 2 C / R ] (37) 

Therefore, if b is much smaller than h, condition (29) is satisfied with fair 
approximation by making: 

C = b^ Ap/2 (38) 

The displacements are (see Love, 1952; p.276): 

".-^[2(l^)V'«-0] (.40) 

where p is the rigidity modulus. 
Using (31) and (38), these become: 

6^Ap 
Ur = 

' J L . ^ ^ 6r {z-h){z-2h)-\ 

R] ^R', R\ J . (^^) 
•2_ 2 h _ 6 ( 2 - / i ) ( 2 - 2 / i ) n -

.fi? ^ R l Rl J (^2) 
and at the free surface where z = h: 

3b^Apj r 

"^=-47rfi~ (̂ 2) 

4p 
63 Ap 

' 4 p 

u, = 
^b^Lp h_ 

4M fi-" 
n*-U P _ (..1 .,. J*2\V4 r p ^ „ , ^ . j , ^ •V„,», . , t , . ,» . .> , ' r M Ot;i^-'>._->~..l«..... 

(44) 
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Fig. l l . Vertical displacement near Sakurazima Volcano, in the years 1905—1914 
(according to Mogi, 1958). 

Eq.44 was used by Mogi (1958) for studying the deformation near 
Sakurazima Volcano (Fig.ll) . The fit is remarkably good if the mean 
depth of the magma reservoir is assumed to be about 10 km; usually the 
radius b cannot be obtained from eq.44 because Ap is unknown. 

The same method was applied to Kilauea (Eaton, 1962; Decker et al., 
1966; Fiske, 1968), and to IrazCi (Murata et al., 1966). In both cases the 
depth of the "pulsating" chamber was estimated at 3 or 4 km. 

A different type of deformation was observed during the eruption df 
Fayal (Azores) in 1958. After a violent seismic swarm (which preceded 
the 2nd phase of the eruption) the roof of the assUmed elongated magma 
chamber seems to have buckled in three half waves, each about 5 km wide 
(Fig.l2). The actual crustal strain e and the approximate radius of 
curvature R could be measured by geodetic surveying (Machado et al., 
1962; Machado and Nascimento, 1965). Using the elementary bending 
theory, the thickness h of the undulated roof can be computed by the 
equation: 

h = 2efi (45) 

Eig.l2. Buckling of the roof of Fayal magma chamber (according to Machado and 
Nascimento, 1965). The vertical displacement is much exaggerated. 
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With the measured values e s 0.5 • 10"^ arid R s 3000 km (both for one 
of the convex belts; see Fig.l2) a roof thickness /» s 3 km could be 
estimated. This is compatible with a mean depth of the magma chamber 
of some 5 km, as obtained from the seismic anomaUes. 

RATE OF EXTRUSION AND EARTH TIDE CX)NTROL 

Very interesting information about the mechanism of eruption can be 
obtained from the rate of lava extrusion (Machado, 1962). The flow of 
lava through a cylindrical vent probably obeys Poiseuille's law: 

« = ^ • ( « > 

where Q is the rate of flow, r the radius of the vent, Ap the pressure 
increase at the base of the vent (above hydrostatic equilibrium), 17 the 
viscosity of the lava, and h the length of the vent (thickness of the 
chamber roof). 

Let V be the volume of the magma chamber and x the bulk modulus of 
the lava. A sudden decrease AVQ of this volume will increase the pressure 
by an amount: 

^ P o = - X ^ V o l v . (47) 

and when flow starts Ap will change according to the equation: 

Ap = - ^ ( A u o + j Qdt) (48) 
• " 0 

Using eq. 46, the last eauation can be written as: 

Q = Q o - A J Qdt (49) 

where: 
7r r^x 

A = r - r ^ (50) 

Q o = - A A u o , (51) 

Differentiating eq. 49, we obtain: 

^ + A Q = 0 (52) 

whose solution, satisfying eq. 49, is: 

Q = Q o ' e " ^ ' (53) 

As a rule, AUQ equals the total volume of extruded lava, so that by the end 
of the eruption hydrostatic equilibrium is established again. 

Eq. 53 was verified approximately for several eruptions: Vesuvius in 
1944, Kilauea in 1955, Fayal in 1957—1958 (see Fig.l3). From the 
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Fig.l3. Rate of lava extrusion: (a) in Vesuvius, 1944 (according to Imbo and Bonasia, 
1962); (b) in Kilauea, 1955 (according to Macdonald, 1959); (c) in Fayal, 1957—1958 
(according to Machado, 1962). 

diagrams we can obtain values for A and QQ (and At;,,); we have also some 
idea of the order of magnitude of x and T?. We can therefore deduce r** jhv, 
but the separate quantities cannot be obtained. 

A problem close to the last-mentioned was investigated by Imbo (1954, 
1955b) who discovered during the 1944 eruption of Vesuvius a probable 
vertical oscillation of the lava in the upper part of the vent. We can assume 
that gas (or vapour) fills the vent, which is only closed by a small upper 
plug of liquid lava. Let u be the vertical displacement of this pluj, m its 
mass and s the section of the vent. The motion (if frictionless) is described 
by the equation: 

m 
diu 
df2 = sAp (54) 

where t is time and Ap the excess of pressure at the bottom of the plug 
over the pressure (mg/s, g being gravity) due to its weight. 

Assuming isothermal conditions, we have also: 

sAp/mg = — u/h 

h being the height filled with gas. 

(55) 
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Using eq. 55 and introducing a friction term, eq. 54 becomes: 

| # . 2 K t * ^ • 0 • (56) 

where fe is a friction coefficient. This equation is satisfied by: 

u=>l e"*"' cos(cuf + \p) (57) 

where A and \{J are constjmts and: 

o j i = l - « 2 (58) 
h 

From the record of air-borne pressure waves, during a given phase of 
the eruption, Imbo obtained CJ = 0.0464 sec~' and k = 0.012 sec~ ' , and, 
using eq.58, h = 4.3 km. Apparently the vent, except for a smaU lava 
plug, was filled with gas down to the magma chamber, an exceptional 
situation which certainly led to the following explosive activity. 

The effect of semidiurnal Earth tides was recognized in several erup­
tions, namely in Vesuvius in 1944 (Imbo, 1955a, 1958), in San Jorge 
(Azores) in 1808 (Canto, 1884; Zbyszewski, 1963), and in the old Kilauea 
lava lake (Jaggar, 1938). 

The effect of the semi-annual tide was also recognized in the Fayal 
eruption of 1957—1958 (Machado, 1962) and can be observed super­
imposed on the curve of Fig. 13c. The problem is capable of theoretical 
treatment by including in eq.49 a term proportional to sin {<jjt + a), 2Tt/co 
being the period of the tide and a an adequate constant. We have there­
fore: 

t 

Q = Qo -i-Qj„ sin (cj t- t-a)-A J Qdt • (59) 

0 

where: 
Q^=-AAujn (60) 

Aujn/v being the cubical expansion corresponding to the maximum of the 
tide. 

Now the solution is: 

Q = lQo~Qm sin i// cos (ot-f \ / / ) ]e~^ ' -f Q^ .cos \// sin (wt + a + \//)(61) 

where i// = tan~* {AICS). 
For the 1957—1958 eruption (2nd phase, Fig.l3c) we have approxi­

mately Qm = 0.5 million m^/ day, and A = 0.05 day~ ' . This gives, by eq. 
60, Aurn = ~10 million m ' . 

On the other hand, the tidal cubical expansion is: 

Aum/v = fzlR (62) 
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where ^ is a Love number, z the amplitude of the Earth tide and R the 
radius of the Earth. The amplitude of the solar semi-annual tide (see 
Bartels, 1957) is: 

Z = 0.974 ( 1 - 3 sin^X) (63) 

where X is the latitude. For Fayal Volcano (X = 38°36'), we have 
2 = —0.164 cm. Using t = 0.62 (Melchior, 1966, p.300) and R = 6370 km, 
the cubic expansion is Ai>m/i;=—1.6 • 10~ ' ° and, with the previous value 
of Aujn, the volume, on which the tide acts, seems to be y = 0.6 • 10^ 
km^ 

The volume of the magma chamber of Fayal and Pico volcanoes (Fig.9) 
is probably less than IO"* km^. Therefore it appears that the tidal effect is 
exerted (in the Azores) directly on the upper-mantle magmatic layer, 
which must then be freely connected to the shallow magma chamber. 

INTERPRETATION OF AVAILABLE EVIDENCE 

The facts mentioned so far suggest the following mechanism for feeding 
volcanic eruptions. 

(1) Presence of a molten fraction in the upper mantle; 
(2) Squeezing of the molten fraction (incidentally accompanied by 

remelting of overlying eclogite) to form a magma layer in the upper 
mantle at depths of 50—60 km; 

(3) Rise of magma, through adequate fractures, usually to shallow 
chambers at depths of 3—10 km; 

(4) Compression of these chambers (when they exist), to feed surface 
eruptions. 

Fig.14. Idealized section of volcanoes on tensional belt (mid-oceanic ridge). 
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FOLDED MAGM* 
CHAMBER ROOF 

Fig. 15. Idealized section of volcano on compressive belt of orogenic type. 

Volcanoes are found not only along tensional belts (mid-ocean ridges), 
but also in the young mountain belts and island arcs, where compression 
seems to be prevalent. In either case, some difference is expected in both 
magma type (cf. Gorshkov, 1962) and form of the conduits through 
which magma rises to the upper levels. In fact, tensional fractures tend to 
be vertical (Fig.14), whereas in orogenic belts some of the feeding frac­
tures probably correspond to reverse faults, dipping at angles of, say, 
30—45° (Fig.l5). Although shallow chambers seem to be rather frequent 
in some cases (especially in tensional belts), magma is supposed to rise 
directly from the upper mantle to the surface (Gorshkov, 1967; Machado, 
1969). 

ACKNOWLEDGEMENT 

The author is indebted to Dr. K.J. Murata for critical reading of the 
manuscript. 

REFERENCES 

Agostinho, J., 1927. The earthquake in the Azores Islands, on 31st August 1926. Z. 
Vu/feano/., 10: 268-272 . 

Assun<;ao, CT . de, Machado, F. and Serralheiro, A., 1968, New investigations on the 
geology and volcanism of the Cape Verde Islands. Proc. Int. Geoi Congr., 23rd, 
Prague, 1968, 2: 9—16. 

Bartels, J,, 1957. Gezeitenkrafte. In: J. Bartels (Editor), Handbuch der Physik. 
Springer, Berlin, pp.734—794. 

Canto, E. (Editor), 1884. Erupijao de S. Jorge (Anno de 1580). Arch. Agores, 5: 
437 -447 . 

Coats, R.R., 1962. Magma type and crustal structure in the Aleutian Arc, In: G,A. 
Macdonaid and H, Kuno (Editors), Crust of the Pacific Basin. Am. Geophya. Union, 
Geophyt. Monogr., 6: 92—109. 



2 7 2 F. MACHADO 

Daly, R.A., 1933. Igneous Rocks and the Depths of the Earth. McGraw-Hill, New 
York, N.Y., 598 pp. 

Decker, R.W., Hill, D.P. and Wright, T.L., 1966. Deformation measurements on 
Kilauea Volcano, Hawaii. Buli Volcanoi, 39: 721—732. 

E^ton, J.P., 1962. Crustal structure and volcanism in Hawaii. In: G.A. Macdonald and 
H. Kuno (Editors), Crust of the Pacific Basin. Am. Geophys. Union, Geophys. 
Monogr. 6: 13—29. 

Fiske, R.S., 1968. Deformation studies on Kilauea Volcano, Hawaii, prior to the 
eruption of November 1967; Horizontal deformation (abstract). Symp. 
I.A. V.C.E.I., Canary Islands, p . l . 

Friedlaender, I., 1929. Die Azoren. Z. Vulkanoi, 12: 77—107, 
Fuster, J,M,, Cendrero, A., Gastesi, P,, Ibarrola, E, and Ruiz, J,L., 1968, Fuerfeuen-

tura. Inst. Lucas Mallada, Madrid, 239 pp. 
Gorshkov, G.S., 1958. On some problems of volcanology. Buli Volcanoi, 19: 

103 -113 . 
Gorshkov, G.S., 1962. Petrochemical features of volcanism in relation to types of the 

Earth's crust. In: G.A. Macdonald and H, Kuno (Editors), Crust of the Pacific 
Basin. Am. Geophys. Union, Geophys. Monogr., 6: 110—115, 

Gorshkov, G,S,, 1967, Volcanism of the Kurilian Island Arc. Izd, Nauka, Moscow, 288 
pp, (in Russian), 

Gutenberg, B,, 1959. Wave velocity below the Mohorovicic discontinuity. Geophys. J., 
2: 348-352 . 

Howell, B.F., 1959. Introduction to Geophysics. McGraw-Hill, New York, N.Y., 399 
pp. 

Imbd, G., 1950. Successione e spessori delle formazioni geologiche nel basamento del 
Somma-Vesuvio. Ann. Oss. Vesuv., 4th Ser., (only vol,): 3—13, 

Imbo, G., 1954. Oscillazioni della colonna magmatica rilevate da osservazioni alio 
sUtoscopio. Ann. Oss. Vesuu., 6th Ser,, 1: 297—312, 

Imb6, G,, 1955a, Considerations relevees de I'etude seismique du dernier paroxisme 
vesuvien. Buli Volcanoi, 16: 161—169. 

Imbo, G., 1955b. Oscillations de la colonne magmatique relevees grace aux observa­
tions au statoscope. Buli Volcanoi, 16: 177—179. 

Imbo, G., 1958. Azione delle maree della crosta sui fenomeni eruttivi. Comm. Obs. R. 
Belg, Ser Geophys., 47: 134—135. 

Imbo, G. and Bonasia, V., 1962. Volume dei prodotti emessi dal Vesuvio durante il 
parossismo del Marzo 1944 dedotto in base a metodo sismico. Atti Assoc. Geofis. 
I tai, Convegno, 12: 1—6. 

Jackson, E.D., 1967. Ultramafic cumulates in the Stillwater, Great Dyke and Bushveld 
intrusions. In: P.J. Wyllie (Editor), Ultramafic and Related Rocks. Wiley, New 
York, N.Y., pp .20-38 . 

Jaggar, T.A., 1938. Structural development of volcanic cones. Trans. Am. Geophys. 
Union, 19: 23—32. 

Lamb, H., 1945. Hydrodynamics. Dover, New York, N.Y., 6th ed., 738 pp. 
Love, A.E.H., 1952. A Treatise on the Mathematical Theory of Elasticity. Cambridge 

University Press, Cambridge, 643 pp. 
Macdonald, G.A., 1959. The activity of Hawaiian volcanoes during the years 1951—56. 

Buli Volcanoi, 22: 3 -70 . 
MacDonald, G.A., 1961. Volcanology. Science, 133: 673-679 . • 
Machado, F., 1954. Earthquake intensity anomalies and magma chambers of Azorean 

volcanoes. TVons. Am. Geophys. Union, 35: 833—837. 
Machado, F., 1962. Sobre a mecanismo da erup^So dos Capelinhos. Mem. Serv. Geol. 

Port., 9 (N. S6r.): 9—19. 



SEARCH FOR MAGMATIC RESERVOIRS • 273 

Machado, F., 1965. The Messina earthquake Of 1908 and the magraa phamber of Etna. 
Buli Volcanoi, 28: 3—8. 

Machado, F., 1968. Temperature and distribution of radioactive matter in the upper 
mantle. Buli Volcanoi, 32: 403—413. 

Machado, F., 1969. Oceanic fissure eruptions, subvolcanic intrusions and volcanic 
magma chambers. Bu/l VolcanoL, 33: 1229—1236. 

Machado, F. and Nascimento, J,M,, 1965, Movimentos do solo na proximidade da 
chamine dos Capelinhos. BoL Soc. GeoL Port., 16: 1—10. 

Machado, F., Parson, W.H., Richards, A.F. and Mulford, J.W., 1962. Capelinhos.erup-
tion of Fayal Volcano, Azores, 1957—1958. J. Geophys. Res., 67: 3519—3629. 

Maleev, E.F., 1964. Neogenic Volcanism of the Transcarpathians. Izd. Nauka, Moscow, 
j252 pp. (in Russian). 

Melchior, P., 1966. The Earth Tides. Pergamon, Oxford, 458 pp. 
Minakami, T. and Sakuma, S., 1953. Report on volcanic activities and volcanological 

studies concerning them in Japan during 1948—1951. Buli Volctinoi, 14: 79—130. 
Mogi, K., 1958. Relations between the eruptions of various volcanoes and the defor­

mations of the ground surface around them. Buli Earthq. Res. Inst., 36: 99—134. 
Murata, K.J., Dondoli, C. and Saenz, R., 1966. The 1963—65 eruption of Irazii 

volcano, Costa Rica. Buli Volcanoi, 39: 765—796. 
Oldroyd, J.G., 1956. The effect of small viscous inclusions on the mechanical proper­

ties of ah elastic solid. In: R. Grammel (Editor), Deformation and Flow of SoUds. 
Springer, Berlin, pp.304—313. 

Richey, J.E,, 1961. Scotland: the Tertiary Volcanic Districts. Stationery Office, 
Edinburgh, 3rd ed., 120 pp. 

Ringwood, A.E., 1969. Composition and evolution of the upper mantle. In: P.J. Hart 
(Editor), The Earth's Crust and Upper Mantle. Am. Geophys. Union, Geophys. 
Monogr., 13: 1—17. 

Rittmann, A., 1936. Vulkane und ihre Tatigkeit. Ferdinand Enke, Stuttgart, 188 pp. 
Shteynberg, G.S., 1965. Genesis of volcanic tremors and the long-range forecasting of 

eruptions. DokL AkadI Nauk, 165: 1294—1297 (in Russian). 
Timoshenko, S., 1934. Theory of Elasticity. McGraw-Hill, New York, N.Y., 416 pp. 
Ustiyev, Ye.K., 1963. Problems of volcanism and plutonism; volcano-plutonic forma­

tions. Izv. Akad. Nauk. Ser. GeoL, 12: 3—30 (in Russian). 
Wager, L.R., 1958'. Beneath the Earth's crust. Adv. 'Sci, 15: 31—45. 
Yamakawa, N., 1955. On the strain produced in a semi-infinite elastic solid by an 

interior source of stress. Zisin, Ser. II, 8: 84—98 (in Japanese).. 
Zbyszewski, G., 1963. Les phenomenes volcaniques modernes dans I'Archipel des 

Apores. Com. Serv. Geoi Port., 47: 5—227. 


