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Geothermal Steam in The Geysers

Clear Lake Region, California 

ABSTRACT 

Dry, superheated natural ste<li11 is produced 
for the generation of electrical power from wells 
in the Mayacmas Mountains, north-central 
California Coast Ranges. The indicated source 
of the heat is a shallow intrusive magma body 
emplaced in Quaternary to Holocene time. 
~fagmatic heat is transmitted through the 
largely impermeable country rock by conduc
tion. Convectional heating takes place in stream 
reservoirs, predominantly zones of permeability 
wd porosity caused by faulting and shearing. 
The thermal fluid is derived from meteoric 
water, but some portion is probably derived 
from the magma. It is, at least in the exploited 
part of the system, in the vapor state. This 
controls the temperature and pressure regime, 
and reservoir pressures are lower than hydro
static for similar depths in a liquid-dominated 
system. Generation capability was 182,000 kwh 
in 1971, and a capability of more than 600,000 
kwh is projected for 1975. ' ", ' 

INTRODUCTION 

Electrical power is generated from dry, 
superheated geothermal steam obtained from 
wells in the Mayacmas Mountains of the Clear 
Lake region, California Coast Ranges, about 
90 mi north of San Francisco (Fig. 1). 

HISTORY OF GEOTHERMAL 
STEAM PRODUCTION 

J. D. Grant of Healdsburg began drilling a 
well in 1921 at The Geysers fumarole tract on 
Big Sulphur Creek, Sonoma County, to obtain 
natural steam for electrical generation. 

His well blew out with steam at a shallow 
depth when closed-in, and was abandoned. The 
next year the well, known as no. I, was drilled 
to 203 ft, and completed as a steam well with 
8·in. casing to a depth of 80 ft. The initial static 
pressure was 64 lb. A second well was begun 
bter that year within 50 ft of well no. 1. This -

was drilled to 318 ft and completed with 67 lb 
initial static pressure. A third well was drilled 
in 1924 but was abandoned at 154 ft. During 
these early years, The Geysers Development 
Company was organized to develop the en
couraging natural steam properties. In 1925, 
the company drilled five steam wells, which 
were completed with varying steam capacities. 
The steam was superheated by 150 C to 250 C. 
The maximum temperature recorded was 
1900 C in well no. 5, which also had the highest 
shut-in pressure of 167.5 psig. 

The combined capability of wells 4,5,6, and 
7 was 137,500 lb of steam per hour, which was 
estimated to represent a generating capacity 
of 4,500 kwh. Well no. 5 was the largest pro
ducer with 52,000 lb/hr. As there was at the 
time no market for the energy, the project was 
suspended. The wells were abandoned in 1969 
by the present operator. 

In 1955, tvlagma Power Co. obtained a 99-yr 
lease on The Geysers Development Co. prop-
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Figure 1. Northwestern California, showing general 
area of ste'\1ll wells in Clear Lake region. 
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GEil 
llated operator.1 i erties, which included other lands and hot 

springs localities. Magma Power Co. formed a 
joint venture with Thermal Power Co. and 
from 1957 through 1966 drilled a total of 42 
geothermal wells at The Geysers, Sulphur 
Bank, and the Little Geysers. 

the unknown steam flows, the wells have .1 

raw capability of about 4.7 million Ib of Stcan~ 
per hour. At the conversion rate in currcl\l 
practice of 18.53 Ib/kwh, this represent; 
253,600 kwh. 

In the summer of 1966, Union Oil Co, drilled 
the Ottoboni no. 1 well in an area north of th,: 
rvfagma-Thermal development. The well 11';t, 

completed for 167,000 Ib/hr. Magma-Thermal 
and Union later agreed to pool their leases and 
to jointly develop the prospective and produc· 
tive acreage of both, with Union being desig' 
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The steam-producing capabilities of the 42 
wells ranged from an insignificant amount 
(Sulphur Banks no. 1 original hole) to as much 
as 312,000 Ib/hr (Happy Jack no. 1). Few data 
are officially released about the wells, but by 
assigning a capability of 150,000 Ib per hour to 
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Figure 2. Location of steam tests and producing areas in the Clear Lake area. 
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oated operator. These leased properties lie in 
townships 10 N., 7 W. to 10 W.; 11 N., 7 W. to 
10 W.; and 12 N., 8 W. to 10 W. 

Union and Magma-Thermal individually or 
jointly had drilled 70 steam wells by January 
1971. In addition, several older wells were 
deepened with an increase in productivity, and 
some wells were abandoned. Included in the 70 
wells is the uncontrolled Geysers no. 4 steam 
blowout. 

In 1967, Geothermal Resources International 
began drilling on its leased property west of the 
Sulphur Bank area. Of seven wells drilled 
through 1969, three were completed with an
nounced equivalents of 10,000 kwh or higher. 

In 1967 and 1968, Signal Oil and Gas Co. 
drilled three wildcat tests. completing one and 
abandoning two. In 1969, this operator dis
covered the Castle field in Lake County. As of 
fanuary I, 1971, six steam wells had been com
pleted with an estimated capability of 540,000 
Ib of steam per hour, equivalent to 29,142 kwh. 

Again, assigning 150,000 lb of steam per 
hour to the unknown flows, all the wells pro
ducing and those not yet hooked up through 
1970 have a raw capability of-more than 8.5 
million lb/hr, which would generate more than 
458,716 kwh (Fig. 2). 

Data on the steam wells are summarized in 
Table N, which includes information on wells 
drilled outside the presently producing areas 
(Sulphur Bank mercury mine and Wilbur Hot 
Springs). 

One test was drilled for oil and gas in this 
region, the McKenzie, Evelyn Awe no. 1 
(SW28 13N-9W). This was drilled and aban
doned at 1,679 ft in 1949. 

Pacific Gas and Electric Co. purchases the 
steam for electrical generation on site. The 
first plant was installed at The Geysers in 1960 
with a capacity of 12.000 kwh. With the 
addition of a second plant, this capacity was 
increased to 26,000 kwh. Units 3 and 4 generate 
56,000 kwh from Sulphur Banks. Units 5 and 6 
are scheduled for operation in 1971 and will 
produce 100,000 kwh. Future increments of 
generating capability are planned through 1975. 
Plants will normally be built when a local area 

1 Tables A and B (NAPS no. 01729) may be obtained 
by writing to CCM Information Corp.-NAPS, 909 
Third Ave., New York. New York 10023. enclosing $5 
for photocopies or $2 for microfiche. Make checks pay
able to NAPS. 

can demonstrate a steam capability equivalent 
to 100,000 kwh. 

CLEAR LAKE GEOTHERMAL AREA 

Crustal Relations 

The Clear Lake geothermal area is defined as 
including the present site of steam production 
and potential areas in the r.'layacmas Moun
tains, the miogeosynclinal area to the east, and 
the Quaternary volcanic field. 

On a regional scale, the Clear Lake geother
mal area is on the northwestern extension of the 
Diablo antiform described by Bailey and 
others (1964), an arch in the Mesozoic Fran
ciscan rocks of western California, extending 
nearly 350 mi from Parkfield at the southeast 
to a point northwest of Clear Lake. About 35 mi 
southeast of Clear Lake, there are extensive 
Pliocene volcanic rocks in the Mt. St. Helena 
and Sonoma Mountain areas. At Clear Lake, 
the volcanic field is no older than Pleistocene 
(Brice, 1953). 

The eugeosynclinal, ocean-floor Franciscan 
rocks are, in part, contemporaneous with the 
shelf-and-slope Great Valley miogeosynclinal 
rocks. The Great Valley sequence overlies the 
Franciscan rocks along thrust faults, through
out the length of the Great Valley of California. 
This overthrust appears to represent a Benioff 
seismic zone (Hamilton, 1969). 

Stratigraphy 

General. The Mesozoic Franciscan and 
Great Valley rocks and the Quaternary Clear 
Lake volcanic series are the most widespread 
rocks in the area (Fig. 3). 

The oldest Tertiary strata are the "Tejon" 
(Eocene) and "Martinez" (Paleocene), sepa
rated by an unconformity. The combined 
thickness exceeds 5,000 ft ~)f muine sandstone 
and mudstone. They crop out to the east of the 
l\fayacmas Mountains and are separated from 
beds above and below by unconformities (Brice, 
1953). 

The lacustrine beds of the Pliocene-Pleis
tocene Cache Formation unconformably over
lie Mesozoic and Tertiary beds. Up to 2,000 ft 
of Pliocene sediments, assigned to the ~'Ierced 
Formation, unconformably overlie the Fran
ciscan rocks in the southwest part of the 
Mayacmas Mountains (McNitt, 1968). 

Franciscan Assemblage. The Franciscan 
Assemblage is divided by .McNitt (1968) in 

'I 
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the Mayacmas Mountains into an upper unit, 
10,000 ft thick, composed of interbedded shale 
and graywacke; and a lower unit, 15,000 ft, 
composed of diverse rock types, the most com
mon being graywacke. Basalt is the next most 

to be younger than Mt. Konocti or Cobi 
Mountain (Brice, 1953). 

Structure 

abundant rock type of the lower unit, with The Clear Lake geothermal area consists of 
an aggregate thickness of 7,000 ft (McNitt, the following structural elements: the Fran 
1968). The basalt commonly lies at the top of ciscan terrane of the Mayacmas t>'{ountailll; 
the lower unit. Other rock types in the lower the Great Valley sequence klippe; the Qtiater· 
unit include serpentinite, chert, schist, and nary volcanic pile, and its source, the postulated 
diabase. near-surface magma chamber; and the alluvial 

The Franciscan Assemblage ranges in age Big Valley. 
from Late Jurassic Tithonian to Late Creta- . Franciscan Terrane. The Mayacmas Moun
ceous Turonian stages (Swe and Dickinson, tains, made up mostly of Franciscan rocks, arc 
1970). It is a eugeosynclinal suite.. broadly homoclinal in structure, complexly 

Great Valley Sequence. The Great Valley faulted, and dip northeastward. According to 
sequence consists of more than 35,000 ft of McNitt (1968), stratigraphically lower .In,! 
clastic marine sedimentary rocks, ranging.in older Franciscan is progressively exposed (rom 
age from Late Jurassic Tithonian to Late the southwest to the northeast (Fig. 3). Faults 
Cretaceous Campanian (Swe and Dickinson, trend northwest, parallel or subparallel to the 
1970). Broadly, the Great Valley sequence is a regional grain, and many are curved. Figure .3 
miogeosynclinal suite of mudstone, sandstone, is based on McNitt (1968), Swe and Dickinson 
and conglomerate. '. (1970), and the author's interpretation of aerial 

Clear Lake Volcanic Series. The volcanic photogeology of faults at the northeast belt of 
rocks are expressed in the large landforms, the Mayacmas Mountains. 
roughly north to south, of Mt. Konocti, Mt. .' . The . faults seem to be con{'entrically or
Hannah, Seigler Mountain, Roundtop ,Moun-. gariized about 5 mi west and southwest of Mt. 
tain, Perini Hill, Boggs Mountairi, and Cobb Hannah into a system of gently imbricate or 
t>10untain. They are flows and pyroclastic intersecting and more concentric fractures. 
rocks which lie primarily upon the Great generally concave toward the northeast. This 
Valley sequence or the Franciscan Assemblage curving loses definition with increasing distance 
east of the Mayacmas i\'1ountains. to the southwest. The upthrown side of faults 

Rock types include dacitic flows (Mt. are generally on the northeast: These faults are 
Konocti), dacitic and andesitic flows (Mt. regarded by the writer to be predominantly , 
Hannah and Seigler Mountain), andesite reverse, although McNitt (19q8) portrays 
(Boggs Mountain), rhyolite and rhyolite tuff them as predominantly normal. 
(Cobb Mountain), obsidian (tract between The preservation of the Merced Formation 
Mt. Konocti and Seigler Mountain), and in a graben in townships 11 N., 9 W., and 11 N., 
minor exposures of rhyolite (Caldwell Pines 10 W. (Fig. 3) suggests that the maximum age of 
and Tyler Valley). faulting is late Pliocene (McNitt, 1968). If the 

The volume of the exposed volcanic materials minor outcrops of Clear Lake volcanic rocks at 
is estimated by Brice (1953) at 5.75 cu mi of Caldwell Pines and Tyler Valley are erosional 
which dacite is the most common. remnants, then the exposures, initially more 

Volcanism first occurred in the early Pleis- extensive,were the object of erosion that was 
tocene, as evidenced by tuff and basalt that are aggravated by uplift of the Mayacmas 'Moun
intercalated in the uppermost Cache Forma- tains. The Quaternary alluvium at Tyler Valley 
tion (Brice, 1953). Koenig (1969) cites ap- (and elsewhere) is a remnant of an older drain
parently unpublished radiometric ages of from age system that has been disrupted by very 
3,000,000 to 50,000 yrs old. The sharp, un- young faulting and uplift. Quaternary terrace 
weathered topography of many of these vol- deposits on the east side of Big Valley and 
canic landforms and the freshness of exposed southwest of Kelseyville contain mllch obsidian 
material in many areas also testify to the geo- debris, whieh is cerlainly derived from the 
logically Tecent age of the series. From the obsidian deposits ncar .Mt. KOllocti. The Cache 
relative degree of erosion, Mt. Hannah appears Formation ncar Kelseyville has been tilted and 
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:.:::m"(er than Mt. Konocti or Cobi 
.Brice, 1953). 

.faulted. Lastly, seismicity testifies to continuing 
i tectonic activity. 
I Topographically, there is a rough progression 
I in elevation across the Mayacmas Mountains 

I from southwest to northeast. This is concordant 
. with the progressive uplift in that direction. 

In summary, the Mayacmas Mountains have 
been tectonically active from Pliocene through 

t very late Pleistocene time, and probably into 
! the Holocene. Plutonism is likely to have 

abetted this uplift. The youngest pulses of up
lift occurred in the northeastern belt. 

Great Valley Klippe. The Great Valley 
sequence is a complexly faulted mass in thrust 
contact with the Franciscan terrane. The sole 
thrust of a number of thrusts is the Soda Creek 
fault of Swe and Dickinson (1970). 

Tectonic Relations between Franciscan and 
Great Valley units. The Soda Creek thrust 
fault, which separates Franciscan from Great 
Valley units is presumed to be the upper edge 
of a fossil Benioff zone. It is masked by volcani~ 
rocks at Boggs Mountain but cuts across the 
Quaternary obsidian of Camel Back Ridge. 
From its effect on these volcanic rocks, move
ment on this fault must have persisted into the 
Quaternary at least. 

Quaternary Volcanic Pile and the Magma 
Chamber. The Clear Lake volcanic series was 
apparently extruded from a system of north
west-trending fissures; Cobb Mountain is a 
localized vent for the more explosive phase of 
rhyolite (Brice, 1953). 

The Clear Lake geothermal area is the locus 
of a nearly circular Bouguer gravity anomaly of 
nearly 200 sq mi (R. Chapman, 1965, personal 
commun.; .Mineral Information Service, 1966). 
The center of this feature is a minimum of more 
than -50 mgals, precisely underlying Mt. 
Hannah. Studies by Moore (1962) show a 
direct, causal relation between Bouguer gravity 
response and Cenozoic volcanic rocks based on 
Niggli k-values. These values are high for the 
Clear Lake volcanic rocks. Where k-values are 
high, the Bouguer gravity response is a low. 
Moore (1962) concludes that the connection is 
more related to the geographic 10c:Jtion of an 
igneous body than to its age or mode of em
placement. 

rn:ar h.Clseyvllle nas been tilted and 

The arcuate fault pattern about Mt. Hannah 
and the Bouguer gravity contours show cor
respondence. This is interpreted as a reflection 
of the volcano-tectonic uplift. Hcre is a parallel I to th' I"li,n ""m-produdng "to" of 

I 

Larderello and Monte Amiata, where there is 
agreement between Bouguer gravity contours 
of minima; curved, concentric fractures; and 
uplift (Marchesini and others, 1962). 

The source of the volcanic products at Clear 
Lake is presumed to be a relatively shallow 
magma body. Its agressive emplacement would 
have arched and uplifted the sedimentary roof, 
allowing the extrusion of the Clear Lake vol
canic rocks along fissures and vents. The result
ant structure is volcano-tectonic in nature. 

Seismicity 

The Clear Lake region is seismically active. 
Epicenters of minor and medinm shocks have 
been in the Mayacmas Mountains, near Kelsey
ville, and in the Lakeport area on the west shore 
of Clear Lake. Historically the strongest tremor 
in the region was the June 6, 1962 earthquake 
with an epicenter approximately 10 mi north
west of Kelseyville, at a modified Mercalli 
intensity of VII. 

HOT SPRINGS 

The principal hot springs of the Clear Lake 
geothermal area are summarized on Table B, 
and locations are shown on Figure 4. 

These thermal and mineralized waters may 
be compared to examples of regional ground 
water at Alexander and Cloverdale valleys to 
the west of the ivlayacmas Mountains (Table 1). 

Certain of the hot springs have geochemical 
indicators or parameters by which a geothermal 
potential might be identified. 

1. Calcium. Calcium is the principal cation 
in fresh natural waters (Hem, 1970). In waters 
with a suspected magmatic contribution, the 
solubility of calcite decreases with increasing 
temperature, to solubilities controlled largely 
by salinity and pH (White, 1970). 

2. Chloride. Chlorides are typically in low 
concentrations in acid-sulfate type waters in a 
volcanic environment. White (1970) remarks 
that no liquid water associated with a vapor
dominated stream reservoir is known to have a 
CI concentration in excess of about 15 ppm, and 
conversely, a chloride water body with more 
than 50 ppm is suggestive of a hot-water sys
tem. The Geysers and Castle hot springs, both 
surface waters of a vapor-dominated system, 
have low Cl contents. Cl may be in relatively 
high concentrations in acid-sulfate-chloride 
waters of volcanic environments (White and 
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REGIONAL BOUGUER GRAVITY HOT SPRINGS 

Figure 4. Regional Bouguer gravity contours, after 
Mineral Information Servic!, (1966), and location of hot 

ot~lers, 1963), although sulfate is the dominant 
amon. 

3. Lithium. Relative contents of Li and the 
Li/Na ratio may reflect lithium from volcanic 
emanations (White and others, 1963). Relative
ly high Li/Na ratios may suggest volcanic 
emanations in the water. 

4. Magnesium. Low l\fg contents are char
acteristic of a high.temperature system (White, 
1970). It is generally present in low amounts in 
waters of volcanic environments (White and 
others, 1963). Low l\fg/Ca ratios arc similarly 
characteristic of a high temperature hydro-

springs. 

thermal system (White, 1970). High concen' 
trations can be derived from reaction of water 
with magnesium silicate minerals, as at Seigler 
Springs (Hem, 1970). _ 

At high temperatures, Mg favors a solid 
phase such as montmorillonite (White, 1970). 
Bailey and others (1964) have described Fral1" 
ciscan graywacke near The Geysers largely as 
being hydrothermally altered to a montmoril
limite-rich rock. 

5. Silica. Si02 is normally present in high 
concentrations in thermal waters with a SlIS' 

pected magmatic contribution. Fournier- and 

GEO 

TAlilE 1. GROUND WAHl 

rj;emical constituent 
- or property 

Mg 

Na 

He0 3 

el 

total sol ids 

PH 

temperature I 
I 

Source: (cara.....e1l1 
*Si02, apparently 1 , 

Rowe (1966) re~ 
subsurface temrl 
dissolved Si02 aj 
face spring or I 
Fournier and I 
estimation char· 

CURVE B 
700 2500 

600 2390 

500 226 252 

" a. 
Q. 

,,400 211 

u 
:i 
Vi 

300 193 ,Og 

200 169 "8 

100 13~ Il' 

100 
90 .. 

0 

I 0 50 

Sll~ 
Figure 5. Silil 

charts for estimaritj 
White (1970). WI 
atomic Na/K charl 
Use. 

I 



:'T SPRINGS 

··'~hite, 1970). High concen
.::::nved from reaction of water 
,ilicate minerals, as at Sei(Tler 
70). b 

:;eratures, Mg favors a solid 
:.;ntmorillonite (White, 1970). 
. (1964) have described Fran

c near The Geysers largely as 
:nally altered to a montmoril-

'2 is normally present in high 
, thermal waters with a sus
. contribution. Fournier and 

GEOTIIERMAL STEAM, THE GEYSERS-CLEAR LAKE REGION, CALIF. 1455 

I 
~ 
~ 

:!BLE 1. GROUIID WATER III ALEXAIIDER AIID CLOVERDALE VALLEYS* 

femical constituent 
or property 

Co 

r.g 

/la 

total solids 

PH 

temperature 

Source: (Car&ell, 1965). 

~Si02, apparently absent. 

Concentration in 
parts per mill ion 

or measurement of the 
property 

.5 to 60 

11 to 275 

15 to 143 

202, 300, 680 

8.5 to 9.3 in 4 
samples, 555 in one 

zero to 40 

510 and 2,650 

7.1 and 7.3 

140 C and 1SOC 

Rowe (1966) refined a concept for estimating 
subsurface temperature from the amount of 
dissolved Si02 and the temperature of the sur~ 
face spring or flow. White (1970) modified 
Fournier and Rowe, and his t€mperature 
estimation chart is included as Figure 5A. 

T5i02 

CURVE B CURVE A ppm Si02' T5i02,CURVE8 
700 2500 303 0 800 261°C 

900 212 
111~8% 282 

293 
1,2.00 30' 

600 239° 2.73° 

500 226 252 

400 211 232 

JOO 193 209 

200 169 "I 

100 132 136 

TEMPERATURE 

SILICA/TEMPERATURE 

Figure 5. Silica/temperature and atomic Na/K 
charts for estimation of underground temperature after 
Whiie (1970). White's curve uG" is shown in the 
atomic Na/K chart, which is recommended for general 
lise. 

6. Sodium. Figure 5B shows experimental 
and empirical curves for atomic Na/K ratios, 
derived by White (1970). Curve "G" is pro
posed for general use in estimating subsurface 
temperatures of a hydrothermal system. The 
atomic Na/K ratio has proved about as reliable 
as Si02 contents for predicting temperatures 
from deep-well samples above 2000 C (White, 
1970). 

7. Total Solids. Thermal and mineralized' 
waters associated with volcanism or epithermal 
mineral deposits should be expected to have 
generally more dissolved solids than natural 
ground waters from the same region. 

8. Temperature. Abnormally high tem
perature of surface springs in a volcanic envi
ronment is usually the first indicator of a 
hydrothermal system. Temperatures of waters 
related to epithermal mineral deposits may also 
be high, for example Sulphur Bank mercury 
mine and Wilbur Springs. 

9. Other Qualities. Cold CO2 seeps are 
located in sections 11 and 12, T. 11 N., R. 10 
W. This is the principal noncondensable gas at 
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The Geysers steam production. Seeps of CH4 
are known from the Clear Lake geothermal 
area (Thurston Lake and Kelseyville). The 
Sulphur Bank no. 4 steam well was originally 
drilled to 1,680 ft and suspended as a cool non
commercial well; it was, however, capable of 
flowing measurable amounts of CH4 at 125 Ib 
shut-in pressure. Radioactivity was first noted 
at The Geysers steam well flows in the 1920s 
(Bradley, 1922). 

The Geysers and Castle are the two groups of 
hot springs known to be related to a vapor
dominated geothermal system in the Clear 
Lake geothermal area. They are characterized 
by (1) high temperatures, (2) high concentra
tions of silica, (3) low concentrations of 
chloride, and (4) high concentrations of sulfate. 
Other geochemical and physical parameters 
may be quite variable. A detailed, comparative 
study of all geochemical and physical para
meters is an essential tool in the exploration and 
development of geothermal resources. 

STEAM PRODUCTION 

Nature 

As far as investigated, the Mayacmas Moun
tains steam production is of the vapor-dom
inated type system, recently described by 
White and others (1971). It is thereby char
acterized by the produced steam being dry and 
superheated, and existing at rather· uniform 
temperatures and pressures lower than hydro
static for similar depths in a liquid-dominated 
system. ' 

The vapor within the system is derived from 
boil-off from a deep water table. This deep 
water table must lie at depths greater than 
9,000 ft, that is, beyond the penetration of the 
deepest wells to date. Within the vapor range, 
temperature and pressure behavior is basically 
that of a continuous steam phase. The most 
probable temperature and pressure range for a 
vapor-dominated system is 2360 C to 2400 C 
and 32 kg/cm2 to 34 kg/cm2 (455 to 483 psi). 
Temperatures and pressures may exceed these 
limits because of the effect of dissolved solids 
and the pressures of other gases (Fig. 6). 

The produced steam is derived from local 
pore-space water in the vapor-dominated 
reservior above the deep water table. Liquid 
water and vapor coexist in these rocks. The 
roch are gravity drained as steam and other 
gases rise in the largest channels and condense 
at the reservoir borders. This condensate 

percolates down into the reservoir, attracted to 
the narrow channels and pore spaces because of 
surface tension and the lower specific resistance 
of the liquid flow in relation to that of vapor 
(White and others, 1971). , 

The reservoir water body and its boiled off 
vapor are primarily meteoric in origin. The 
hydrothermal system is replenished by the 
recharge of meteoric waters. With a sufficiently 
potent heat source, or a decreasing recharge 
rate, the boil-off will exceed recharge. At this 
point, an initially hot-water system becomes 
vapor dominated. Heat from the presumed 
magmatic source is transferred by conduction 
through the Franciscan country rock which 
has slight to nil permeability. The steam reser
voirs are primarily shear zones, related to fault
ing. Within these zones, with amplified per
meability and porosity, convectional heating, 
with its lower thermal gradient and equalizing 
effect, prevails2• 

Superheat is due to the fact that the deep
water body is a brine and is superheated in 
respect to pure water at the same pressure. 
Steam boiled from a 25 percent NaCl brine at 
35 kg/ cm2 is superheated by 120 C (White and 
othqs, 1971). Superheat also occurs with 
decompression. Most of the heat content of the 
reservoir is stored in the solid state (White, 
1970). The shear zones within the hydro
thermal system are presumedly the avenues for 
recharge, as well. 

The steam reservoirs are isolated laterally and 
from above and below by cooler regions whieh 
are effectively impermeable. This can be due to 
innate impermeability of the rock, or deposi
tion of minerals which seal the reservoir. Silica 
may be deposited by hot waters at the reservoir 
boundary as they flow into cooler regions. 
Conversely, cool waters may deposit CaC03 

and CaS04 as they flow into heated regions. 
At the borders of the reservoir; wells may 

encounter liquid water that may be accom
panied by steam. This liquid is derived from 
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Figure 6. Boiling point/depth curve for The Geysers from White and ot~ers (1971). 

Configuration of the Reservoir at The 
Geysers and Sulphur Banks 
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condensing steam or recharging water. With 
production, parts of a hot-water geothermal 
system may become vapor-dominated, as is the 
case at Wairakei (Grindley, 1965). 

:anciscan "sandstones" (graywackes) arc The r..1ayacmas r..'fountains vapor-dominated 
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Figures 7 through 12 are constructed from 
the interpretation of certain parameters ob
tained during the drilling of the steam wells. 
First steam shows depth, relative to sea level, 
where steam was first encountered. First steam 
is not necessarily commercial steam, and the 
main reservoir lies ~Iecper. The first, Upperril0st, 
steam zone is likely to be relatively permeable 
beds in the upper unit of the Franciscan. 
A1 a.rimutn steam .llow' contours isopleths of 
thousands of pounds of steam per hour. The 
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Figure 9. Flow measurement in wells at The Geysers and Sulphur Bank (derived as described in text). 
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depth and hole volume are disregarded. FloUJ 
measurement is a function of the maximum 
steam flow and the cross-sectional area of the 
orifice through which the flow passes. Absolute 
shut-in pressure as a function of depth is empirical, 
attempting to remove the effect of depth in 
equating reservoir pressures. The formula used 
is total depth divided by shut-in pressure times 
ten. Productive index is a measure of the wells' 
producibility according to volume of hole 
between first steam and total depth. This 
attempts to equate productivity in relation to 
the variables of depth and hole size. Contours 
on "S" correlative horizon show an interpretive 
structural configuration. This is a correlative 
marker on mechanical logs constructed of the 
steam wells. 

The cross-section (Fig. 13), made up of some 
of these constructed logs, shows the "S" 
horizon as a rudely correlative marker at or 
near the base of an interval of fast drilling 
below first steam, and overlying a somewhat 
homogeneous interval of slower drilling, in
creasing air compreSSOL demands, and more 
efficacious steam zones. For convenience, it is 
taken to be the contact between the upper and 
lower Franciscan units of McNitt (1968). 

First steam, absolute shut-in pressure, produc
tive index, and contours show an elevated trend. 
An elevated trend mapped by maximum steam 
flolll and flo/II measurement is offset to the north, 
in large part because of deeper. drilling here. 
More steam will be won from a more exposed 
reservoir. 

The elevated trend gains credibility due to 
the agreement of the parameters and their 
location on the broken, discontinuous, and 
commonly masked anticline which is mapped 
through the area by McNitt (1968). Such an 
association between structural highs and 
reservoir potency is seen at Larderello and 
Wairakei. 

Wells encountering what would be classed as 
large steam flows, above 150,000 lblhr, en
counter such flows in a relatively thick interval. 
near total depth, where pressures are high, as a 
rule above 30 lb on an 8.75-in. surface flow line. 
This, the principal reservoir, is a system ~f shear 
zones. Working with limited data, it appears as 
if this interval becomcs progressively shallower 
(relative to sca level) in a southwesterly direc
tion. A reverse f;mlt with a shear zone, up
thrown to the east, w(iuld also become progres
sively shallower in this direction. 

Behavior of the Reservoir 

At the Sulphur Banks and The Geysers, floll' 
and shut-in pressures of t!le individual wells arc 
affected by periods of common flow or shut-ill, 
The Sulphur Banks well no. 3 recorded an 
initial steam flow of 85,000 lb/hr with 74 psig 
[lowing pressures. Later, when all the then
completed weiis' had been continuously pro
ducing for three weeks, the flow from this well 
had declined to 57,000 lblhr, but the pressure 
had increased to 85 psig. This well's initial shut
in pressure was 183 psig; after the flow period, 
it had increased to 195 psig. 

Well head flowing pressures tend to increase 
with decreasing steam flows. There are, how
ever, exceptions, notably the smaller steam 
flows (Fig. 14). 

Shut-in pressures, measured at the surface, 
range from about 100 to 500 Ib (Fig. 15). ;\$ 

little increase in pressure with increasing depth 
is expected in a vapor, the maximum shut-in 
pressure is close to the upper range suggested 
for a vapor-dominated, dry-steam system. The 

STEAM FLOW VS WELL HEAO FLOWING PRESSURES 

5 
('«(US .ITI-! JoII$TOAYOf OIFfElh"G .niH' VS STUI(FLO...-Sl 

",,J-,, 

0 

~~.!\ 

\ 
5 

20 

17 

\ 
" ~[50 

" 5 .... 
r------: ~ --r 

i--. roJ"~Sf' 
i~\ 

5 .-~ 

\ t-

o .... '-(, " 
5 

~'IOO 

~ 
• 
~ 
~ 7 

I 
'" °0 50 100 I~O 200 2!1O J f 

WELl HEAO flOWING PRESSURES IN POUNDS ! 

Figure 14. Steam /low v /lowing pressures for I 
representative wells at The Geysers and Sulphur llank. , 

601 i 

, 

! 
501 

I 

i 
! 
I 

4Q 

l- I ! w 
w , LL , 

I 
z 

J :r: 
I-
0.. 
W 
0 

, J 
! <{ 

I I-
0 
I-

Figure 1 



::rie Reservoir 

_::;,hur Banks and The Geysers, flo" 
~-:-essures of the individual wells are 
--~iods of common flow or shut·in. 

Banks well no. 3 recorded an 
=low of 85,000 Ib/hr with 74 psig 
:--=.:rres. Later, when all the then· 
~Is had been continuously pro· 

-:-ee weeks, the flow from this well 
:057,000 Ib/hr, but the pressure 
IO 85 psig. This well's initial shut· 

25 183 psig; after the flow period, 
:::d to 195 psig. 

:::rowing pressures tend to increase 
..::lg steam flows. There are, how· 

_:Jns, notably the smaller steam 

~ssures, measured at the surface, 
_::Jout 100 to 500 Ib (Fig. 15). As 

m pressure with increasing depth 
~ a vapor, the maximum shut·in 

_ ~se to the upper range suggested 
_=inated, dry-steam system. The 

. __ ::w/ VS WELL HEAO FLOWING PRESSURES 
"'HI< H(STORY Of' O'FF(A"'il .-,..rJ> vs s.t("WHQ,"S) 

:'J", 
"',,11'. 
~f\. 

\ 
\ 

" 

--:--.. ~ -.......... --- J9s .. • 

.:.::s\ 

\ r-

" 
-'\ 

'" 
100 150 200 "" J()() 

HEAO FLOWING PRESSURES IN POUNDS 

,H:am Row " flowing pressures for 
:;tlS at The Geysers and Sulphur Bank. 

SHUT-IN PRESSURES (PSIG) VS. TOTAL DEPTH 

~ 
IJJ 
IJJ 
U. 

Z 

:t: 

600 0 

500 0 

400 0 

~ 3000 
a. 
IJJ 
o 
..J 
oct 
~ 
o 
~ 

2000 

1000 

LEGEND 

.215 REFERS TO STEAM FLOW PER IN 000'5 POUNDS 

BC BARELY COMMERCIAL 

TSTM TOO SMALL TO MEASURE 

• Be 

.. 
If 65 

J 
/ 

l 
}2sl 

I / 312 • 
/ I .45 

- ----
1/215 

/ J 
V J J 125.!5n 

147 

/ / 1/ 
4 /~ 

(// 130 

~ .,'1 86.26 

31 /' 
'I 184 

II lit 

~7 
~ 

• J7
•6 

~ 85.5 
.72 • 133 

100 200 300 400 500 600 

Figure 15. Shut in 'pressure " depth for representative wells at The Geysers and Sulphur Bank. 

,I 



1464 L. E. GARRISON 

slight apparent excess can probably be attrib
uted to the presence of other gases. At The 
Geysers, less than 2 percent of the total vapor 
consists of gas other than H20, the most abun
dant being CO2 (White and others, 1971). 

Large steam flows tend to occur at high shut
in pressures, although the association is not 

. linear. 
In 1968, after an ll-yr production history, 

a decline of 50 lb was noted at the shallow zone 
of The Geysers, at depths from 400 to 2,000 ft 
and probably the upper unit Franciscan 
lithologic reservoir. Reservoir studies of this 
zone predict an ultimate recovery of 110 billion 
lb of steam, from which 47 billion lb have been 
produced as of January 1968 (Reich and Reich, 
1968). . 

ft, the temperature was 1020 C. The Sulphur 
Banks no. 2 had bottom hole temperatures of 
1850 C at 1,825 ft. These decreased in less than 
100 ft more penetration to 1490 C. Both these 
wells were drilled with drilling mud which mUSI 
have insulated the temperature, but the spread 
in. the Sulphur Banks example particularly is 
difficult to explain away by simple mud Or 
drilling conditions. A recent example of air 
drilling, the Signal, .tvfcKinley no. 4, measured 
flow-line temperatures of 1260 C when drilling 
at 5,945 ft. Temperatures decreased to 82° C 
when at 7,020 ft. Some 400 ft deeper, they 
were 1370 C, declining again to 112° C at total 
depth of 8,047 ft. 

In the Mayacmas Mountains, it is felt that 
occasions of lower temperatures in the sub· 
surface can be partly due to influxes of cooler, 
recharging waterS. Also, the shear zone reser
voirs might be hotter than other sections of the 
country rock. 

A zone nearly saturated with liquid water 
derived from the condensing steam overlies the 
reservoir. This zone (McNitt, 1963) has been 
observed to rise when reservoir pressures were 
being reduced through discharge and to fall 
when reservoir pressures were being inc!eased 
through shut-in. James (1968) suggested that 
this indicates that the underlying stearn reser
voir seeks hydrostatic balance. 
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Steam temperatures cluster about a reference 
boiling-point/depth curve for pure water to a 
maximum of about 2400 C (White and others, 
1971; Fig. 6 of this paper). This temperature 
maximum conforms to· the vapor-dominated 
model. There does not appear to be a direct 
relation between temperature and rate of flow. 
Temperature, however, does have a dependence 
upon steam pressure (i'vfcNitt, 1963): tem
perature increases with increasing pressure. 
McNitt (1963, p. 15) shows an increase of tem
perature from 1690 C to 1880 C accompany
ing an increase of flowing steam pressures from 
59.7 psia to 132.1 psia for three wells at The 
Geysers. 
. The temperature/pressure relation is also 
apparent in static pressures, although this 
relation again is not linear. In Figure 6, the SB 
10 well has a temperature of approximately 
2330 C; the SB 7,2280 C; the SB 6, 2140 C; the 
SB 3, 1970 C; T 10, 1860 C; and T 1, 1820 C. 
The maximum initial shut-in pressures for these 
\vells were, in the order above, 460, 450, 320, 
195, 140, and 80 lb (psig). 

Current Production and Exploration in 
Regional Framework , The first 1\j 

conventional~ 
drilling mud_I 
lora ted casini 

Enthalpies of 1206 and higher Btu/lb arc 
found in the steam reservoirs of the Mayacmas 
Mountains. As Whiting and Ramey (1969) 
point out, when liquid and gas coexist in a 
steam system, the enthalpy of the steam cannot 
exceed the maximum two-phase envelope 
enthalpy of 120-l.6 Btu/lb. This concept must 
be modified by regarding the produced steam, 
only, as being in the vapor state. 

While the data are scanty, they suggest that 
temperatures can in places actually decline with 
depth, as revealed in drilling experience. The 
Geysers no. 12 had a bottom hole temperature 
at i,450 ft of 1090 C, but at total depth, 1,950 

All production to date is directly related to , 
prominent, regionally northwest-trending 
faulting and its junction with intersectin~ 
faults, or as seen in its arcuate, imbricate aspect. 
Steam production moreover is localized to. 
Mayacmas Mountains blocks that have under' 
gone relatively the most uplift. Except possibly 
tor the shallow zone at The Geysers, production • 
is restricted to the in-bulk impermeable lower 
unit of the Franciscan. Reservoirs arc shear 
zones associated with the faulting. More she:\£' 
ing exposes more reservoir. Spatially, produc
tion to date is located from 7 to 8;":3 mi sOllth 
and southwest from Mt. Hannah. This is the 
youngest volcanic landform, and is marked by ., 
a gravity anomaly that conceivably reflects the 
nearest-to-sud:lce apophysis of the magma he:l! 
source. 

Certain unsuccessful tests of Signal and 
Union are located alI fault intersections, or else 
are relatively downdip on blocks between 
p,indpnl "gim,,1 [,'''ing. Th, Si.",I, Wild./ 

early oil-fiekl 
down-hole h1 
steam flow, ad 
(_Irilling was (j 
bee pipe. H(~ 
however. waSj 

. Por shaJl()\; 
500 ft of surf) 
arc set, ~nd I 
lotal depth l 
wells, hole sii 
final third d 
normally set, 
:lS an intcrrnd 

to 4,000 ft. " 
Air, the c 

produced b,) 
Signal wells'i 
three arc used 
is capable '011 
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cemperature was 1020 C. The Sulphut norse no. I, recorded flow-line temperatures of 
",0. 2 had bottom hole temperatures (J: 1550 C at 4,830 ft and 2090 C from 6,500 ft to 
:, t 1,825 ft. These decreased in less lha, rotal depth. Insignificant puffs of steam issued 

',are penetration to 1490 C. Both'thc'C :rom some of the numerous zones of fast drill
'~re drilled with drilling mud which mUlt lng, a quantity of which must represent fis
,ulated the temperature, but the sprCa(; ;ures. These flow-line temperatures are within 
'lulphur Banks example particularly j: the range recorded at Castle steam field, but 

" to explain away by simple mud or are generally lower than those of The Geysers. 
conditions. A recent example of air The G.R.l. Rorabaugh area is on the west of 

, the Signal, McKinley no. 4. measurec the faulting of the Sulphur Bank and The 
",,: temperatures of 1260 C when drillin~ Geysers fields. This development is not as 
" ft. Temperatures decreased to 82 0 C lUccessful as Sulphur Bank, one-half mile 
:: 7,020 ft. Some 400 ft deeper, they .\way. Some of these wells produce hot water 

"7° C, declining again to 112° C at tot;; wi~h steam. Considering the Sulphur Bank
i 8,047 ft. Geysers faulting as reverse in nature leads to the 

<,~e Mayacmas l\'Iountains, it is felt that conclusion that it does not cut the G.R.I. wells 
~s of lower temperatures in the sub' lnd they therefore do not benefit from it. They 
call be partly due to influxes,of cooler. 1 lre located on the cooler boundary of a vapor-

-mg waters. Also, the shear zone reser' i dominated system. 
-'1ght be hotter than other sections of the I DRILLING PRACTICES 

"rock. , 
-me nearly saturated with liquid water I The Grant and Geysers Development wells 
= from the condensing steam overlies the 1 were drilled with rotary equipment, the steam 
'::-. T~s zone (McNitt! 1963) has been I in the bore hole being controlled. by injected 

''"Cd to nse when reserVOlr pressures were \ streams of cold water. Surface pipe (usually 
-:-educed through discharge aQd to fali i lO-in. diam.) was set as far as possible into hard 
-eservoi~ pressures were being increased! rocks. Drilling progressed until the steam flow 
"n shut-m. James (1968) suggested that; was sufficiently large to warrant the setting of 
::llcates that t~e underlying steam reser- I an intermediate string (usually 8 in. diam.). 
~::ks hydrostatic balance. i The well was then drilled beyond to total depth 

"71t Production and Ex loration in : as an uncased, open hole. . 
" al Fr rk p J The first Magma-Thermal wells were dnlled 
_1 amewo r·· I . d . ..' co~~entlonally Wit 1 . rotary eq~llpment an 
::JroductlOn .to date IS dlfectly related. to i dnlhng mud. The stnng usually lOcluded per
--:.ent, ~egl~nally. no~thwc:st-trend~ng! lora ted casing opposite the steam zones, as in 
-" and lt~ ~unctlOll \~Ith ~tersectlng I early oil-field practice. The mud, baking on 
or as seen,lOlts arcuate, Imbncate aspect.! down-hole hot surfaces, was found to inhibit 
production. moreover is localized to I steam flow, and starting with the Geysers no. 7, 

-::mas MountalOs blocks that have under-; drilling was carried on with air below the sur- . 
'=latively the most uplift. Except possi?!y I face pipe. Hole for conductor and surface pipe, 
0: shallow zone.a t The ,?eysers, production \ however, was still drilled with mud. 
""-~cted to the .m-bulk Impermeable lower I For shallow wells, conductor and as much as . 
-,t th~ Fran~lscan ... Rese:voirs are shear I 500 ft of surface pipe (usually 10~1 or 13% in.) 
assocIated WIth the !aultlllg. ~'fore shear' 1 are set, and the well is uncased and open to 
~Doses ~ore reserVOlr. Spatially, I(roduc- i total depth (usually 9Ys-in. hole). In deeper 
J date IS located from 7 to 8~'2 nl1 south i wells, hole size is commonly reduced near the 
~uthwest ~rom Mt. Hanna~. This is the I tlnal third of penetration. Later deep wells 
~est volcaruc landform, ~nd IS marked by I normally set conductor and surface pipe as well 
Ity anomaly that concetvably reflects the as an intermediate string at depths from 2,000 
ct-to-surface apophysis of the magma heal to 4,000 ft. 

cain unsuccessful tests of Signal and 
] are located off timlt interSeCtlQllS, or else 
datively downdip on blocks between 
nal region."ll faulting. The Signal, Wild· 

Air, the circulating medium for drilling, is 
produced by compressor banks. The recent 
Signal wells use four compressors, of which 
three are used and one is kept on standby. Each 
is capable of putting out some 900 cu ft/min. 

This is sufficient to carry cuttings up the 
annulus to be blown out the flow line. Drilling 
beyond the producing zone is carried on under 
a condition of "controlled blowout" (Hun
nicutt, 1970). The mass flow of even a 100,000 
lblhr steam well will carry abrasive cuttings 
from the bit that can destroy a drill string in 
a few hours (Hunnicutt, 1970). 

Drilling times for representative deep wells 
are shown on Table 2. 

Drilling is expensive, a 6,OOO-ft range test 
'costing $150,000 or more. Completion equip
ment is a minor additional expense. Electrical 
logging of steam wells is not practical because 
of the extreme heat down-hole, except that 
operators sometimes electrically log the upper 
portion of the bore through which surface or 
intermediate pipe is to be set. 

Steam zones are ·Dften identified by fast 
drilling arid a surge from the air compressors in 
reaction to a steam flow. ' 

The problem of disposal of borated waters 
from the condensing generators arose in 1968. 
In 1969 the suspended Sulphur Banks no. 1 was 
tested for water disposal. Injection rates of up 
to 10,000 barrels per day had no apparent 
effect on nearby steam producers. The operator 
ultimately drilled a separate disposal well one
quarter mile to the west of Sulphur Banks. 

STEAM RESERVES 

Reserves of producible steam should be 
thought of as being measured by the life of the 
system. The geothermal system should endure 
as long as heat is being supplied by the source, 
withdrawal of steam does not exhaust the 
thermal fluid, the system is recharged, and the 
essential nature of the reservoir and cap does 
not change. Nevertheless, with continuing 
draw-off; the steam reservoir will undergo some 
change. 

Material and energy balance reservoir cal· 
culations have been applied to Wairakei 
(Whiting and Ramey, 1969). The pressure drop 

TABLE 2. REPRESENTATIVE DRILLING TIMES 

Depth (in feet) Days drilling 

4,868 19 

4,900 18 

5,812 29 

5,949 38 

6,271 27 

7.254 30 
. 7.532 53 



1466 L. E. GARRISON GEOT1J 1 I, I; I 
in the shallow zone at The Geysers permits a 
pressure/cumulative estimation of reserves 
there. 

The operator at The Geysers and Sulphur 
Banks has not released reservoir performance 
data. It is presumed that he has conducted 
flowing and static pressure/ cumulative tests. 

Larderello has been experiencing a general 
decline in pressure and output, with scanty data 
suggesting an increase in temperature (Ente 
Nazionale per I'Energia Elettrica, 1971). A 
continuous drilling program is necessary to sus
tain the required steam flows for its 365.l MW 
generating capacity. Production and power 
generation have risen from first production in 
1913 to the present (2.587 million kwh in 
1969). This growth is in part due to exploitation 
of the entire boraciferous· region, with the 
development of new, often separated producing 
areas within the hydrothermal province. 

The Mayacmas Mountains province's actual 
capabIlity, measured in steam producibility, is 
at present higher than the projected generating 
capacity of 600 MW. The ultimate capability 
might be in the 2,000 MW to 5,000 MW range. 
The life of the system can be measured in in
crements of a century. -The expected life 
multiplied by the median projected capacity 
would give approximate "reserves." 

BRIEF ECONOMICS OF 
GEOTHERMAL STEAM 

Purchase Price of Steam 

The original purchase price for steam at units 
1 and 2 at The Geysers was 2.5 mills/kwh. For 
additional units, ·the price is calculated yearly 
on the basis of a weighted average of 2.5 mills 
adjusted for current fuel costs and the best heat 
rate for fossil fuels compared with the Decem
ber 1958 fuel costs and the best heat rate and 
the average nuclear fuel costs. Recently, .14 
mills was awarded the operator for his under
taking to dispose of condensate from the plant. 

Production Expenses 

The production expenses, including purchase 
price, average 5.65 mills/kwh for units 1 and 
2. The figure is 4.71 mills for units 3 anJ 4. New 
units 5 and 6 arc designed to operate at 4.38 
mills/kwh at 90 pcrccnt plant factor, 5.02 mills 
at 70 percent", anJ 5.51 mills at 60 percent. The 

average of the three plants at 90 percent is 4.91 
mills/kwh. Subtracting the steam purchase 
price results in a generating cost of 2.27 mills/ 
kwh. 

, nwill v,l., II 
The retail mad/! 

Using units 3 and 4 as an example, the nct 
yearly production a~ 90 percent is 44,150,400 
kwh. At 4.71 mills per kwh, the yearly produc· i 
tion expense would be $207,948, or annual 
production costs of $2.l2 per kilowatt.· 

Cali~ornia is $360 II 
;ore is worth l.5¢. i 
.Ire worth in retaill 
lJound of steam is [ 
~quates a 100,000: 

! barrel of oil per di ; ! future projecti0l1 

! By 1975, an! 
, capacity is projeq 

Plant Costs 

The capital cost of the 26 hfW units I and 2 
is $3,800,000 or $146 per gross kilowatt in
stalled; for the 56 MW units 3 and 4, the cost is 
$6,900,000 or $123 per gross kilowatt. 

Steam Conversion 

In practice at The Geysers and Sulphur , 
Bank, 18.53 1b of steam will produce 1 kwh. 
Huge volumes of steam are utilized in geo· 
thermal plants in contrast to a fossil fuel plant. 
In this sense, a geothermal generating plant 
may have a low efficiency (for example, 14.3 
percent for unit 3). i 

History of Generation ~ 
The following (Table 3) is a 1O-yr history of l 

electrical generation (courtesy Pacific Gas and 
Electric Co.). 

Incremental Benefits 

Geothermal power is incremental; that is, 
plants can be augmented as producing capabil· ' 
ity is increased. Hydroelectric and fossil fud 
plants, in contrast, must be built up at first to 
maximum anticipated use. 

TABLE 3. NET ANNUAL ELECTRICAL GENERATION 
FOR TEtl YEARS 1960 TO 1970 

AT THE GEYSERS AND SULPHUR BANK 

Annua 1 net generation I 
Year (~IW hours) 

1960 33.750 
1961 94.504 
1962 100,461 

1963 167,953 
1964 203.790 
1965 189.210 
1966 lB8.001 
1967 316.310 
1968 435.827 
1969 614.710 
1970 525.177 

Total 2.869.693 

Note: Units 3 and 4 at sulphur Dank: on stream 1967. 

Union Oil Co. TH 
of the Ma yacmasi 
ince is estimated

d
f 

this figure. 
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average): 3.43 n! 
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1es of steam are utilized in geo· 
ets in contrast to a fossil fuel plant. 
-e, a geothermal generating plant 

low efficiency (for example, 14.3 
unit 3). 
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wing (Table 3) is a 10-yr history of 
:'neration (courtesy Pacific Gas and 
). 

I Benefits 

:1:11 power is incremental; that is, 
,e augmented as producing capabil
-ased. Hydroelectric and fossil Iud 
'ontrast, must be built up at first to 
anticipated use. ' 

NET MNUAl ElECTRICAl GENERATION 
FOR TEN YEARS 1960 TO 1970 

" THE GEYS[RS #(0 SULPHUR BA"K 

Annual net generation 
(MW hours) 

33,750 

94,504 

]00,461 

167,953 

203,790 

189,210 
188,001 

316,310 

435,827 

614,710 

525,ln 
2,869,693 

lnits J 4Ild 4 .. t Sulphur Bank M streA31 1967. 
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Retail Value 

The retail market value. of 1,000 kwh in 
California is $360 per day. One .kilowatt there
(ore is worth 1.5¢. Therefore; 18.53 lb of steam 
1re worth,in retail value equivalent, 1.5¢; one 
pound of steam is worth .081¢. Union Oil Co. 
~quates a 100,000 lb/hr steam well to a 200 
barrel of oil per day well in energy terms. 

Future Projections 

By 1975, an incremental 600,000 kwh 
,apacity is projected for the area developed by 
Union Oil Co. The natural producing potential 
of the Mayacmas Mountains geothermal provo 
ince is estimated, however, to be many times 
this figure. 

Comparison to Other Forms of Electrical 
Generation3 

Production Expense. The Geysers: 2.27 
mills/kwh; steam-electric (1968 weighted 
average): 3.43 mills/kwh; hydroelectric (1968 
weighted average): .53 mills/kwh. Despite the 
higher production expense in geothermal plants 
compared to hydroelectric, the annual produc
tion costs are lower, $2.12 per kilowatt com
pared to $2.72 per kilowatt for hydroelectric 
plants. 

Plant Costs. The Geysers (average of units 
I through 4): $130 per kilowatt installed; 
steam-electric (three selected plants about 
equivalent in size to pairs at Sulphur Bank and 
The Geysers): 70 IvfW-$182, 73.4 MW
$157, and 50.5 MW-$176 per kilowatt in
stalled; hydroelectric (average of 21 U.S. 
systems in 1968): $270 per kilowatt installed. 

Plant Factor. The Geysers and Sulphur 
Bank: 90 percent by design; steam-electric 
(average in U.S. 1968): 54 percent; hydro
t1ectric (average of 21 U.S. systems in 1968): 
percent. 

Geothermally generated electrical power is 
thus competitive with or superior to other 
forms of generation. ' 
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