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Turner, D.L. and Forbes, R.B., ed., 1980, A Geological and Geophysical
Study of the Geothermal Energy Potent1a1 of Pilgrim Springs, Alaska,
Univ. of Alaska, Fairbanks, Geophysical Institute
Report UAG R-271, 165p.

Wescott, E.M. and Turner, D.L., ed., 1979, A Geological and Geophysical
Study of the Chena Hot Springs Geotherma] Area, Alaska - A Preliminary
Report, Univ. of Alaska, Fairbanks, Geophys1ca1 Institute, Unpublished

Report. 55p.

Forbes, R.B., 1979, A Geological and Geophysical Assessment of the
Geothermal Potential of Pilgrim Springs, Alaska, Univ. of Alaska,
Fairbanks, Geophysical Institute and Alaska Division of Geol.
and Geophys. Surveys, Unpublished Report, 39p.

Turner, D.L. and others, 1980, Geothermal Energy Resources of Alaska,
Univeristy of Alaska Geophysical Institute Report
UAG R-279.

Alaska - STATE DIVISION OF GEOL. & GEOPHYS. SURVEYS.

Motyka, R., 1980, Assessment of Thermal Spring Sites of
Southern Southeast Alaska, Preliminary Results and Evaluations,
Alaska Division of Geological and Geophys1ca1 Surveys
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Motyka, R., 1980, Assessment of Thermal Spring Sites of
the Aleutian Islands, Preliminary Results and Evaluations,
Alaska Division of Geological and Geophysical Surveys
Open File Report (in prep.).
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Martin, R., Higgins, C. and Olmstead, D., 1980, Resource Assessment
of Low and Moderate Temperature Geothermal Water in California,
Report of first year, U.S. Dept. of Energy - State of California
State Coupled Program, Calif. Div. Mines & Geology Report.

Bacon, C.F., Chapman, R., Chase, G., Higgins, C., Majmundar, H., Taylor,
G. and Youngs, L., 1980, Resource Assessment of Low and Moderate-
Temperature Geothermal Water in Calistoga, Napa County and for
Other Areas of California, Report of Second Year, U.S. Dept. of
Energy - State of California State Coupled Program for Resource
Assessment and Confirmation (in press), Calif. Div. Mines & Geol.
Report. )

Higgins, C., 1980, The Search for Hot Water in California,
' California Geology (in press).
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Pearl, R.H., 1979, Colorado Hydrothermal Resource Base - An
Assessment, Colo. Geol. Survey Resource Series #6.
DOE/ET/28365-4.

Galloway, M.J., 1980, Hydrogeologic and Geothermal Investigation.
of Pagosa Springs, Colorado, Colo. Geol. Survey.
DOE/ET/28365-5.

Ringrose, C., 1980, Temperature-Depth Profiles - San Luis
Valley and Canon City Areas, Colorado, Colo. Geol. Survey
Open file report 80-12. DOE/ET/28365-6..

Colorado Geological Survey, 1980, Geothermal Reservoir Assessment
and Confirmation Program for Direct Heat Applications
in Colorado, Report for the Period Jan. 1, 1979 thru Feb. 29,
1980. DOE/ET/28365-7.

Colorado Geological Survey, 1980, Geothermal Resources of
Colorado (1:500,000 color map), Colo. Geol. Survey
HMap Series #14, NOAA, DOE, & CGS.



Idaho

Hitchell, J.C., Johnson, L.L. and Anderson, J.E., 1980, Potential
for Direct Heat Application Geothermal Resources,
Idaho Water Information Bulletin #30 part 9, 396p.
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Sonderegger, J.L. and Bergantino, R.N., 1981, Geothermal Resources
of Montana (1:1,000,000 color map plus 10 page text):
NOAA, DOE and Montana Bu. Mi. and Geol.

Rautio, S.A. and Sonderegger, J.L., 1980, Annotated Bibliography
of Geothermal Resources of Montana: Mont. Bu. Mi. and
Geol. Bull. 110, 25p.

Lawson, D.C. and Sonderegger, J.L., 1978, Geothermal Data Base
Study: Mine-Water Temperatures: Mont. Bu. Mi. and
Geol. Special Publication 79, 38p.

Bergantino, R.N., Sonderegger, J.L., 1978; Pre]iminary List of
Thermal Springs in Montana: MBMG in-house Report, 6p.
1 pt. (Available upon request).

Donovan, J.J. and others, 1980, Geochemical Evaluation of Shallow
Dilution of Geothermal Water in the Little Bitterroot
Valley, Montana: Geothermal Resources Council Transactions,
Vol. 4. p. 157-160.

Sonderegger, J.L. and others, 1977, Geothermal Potential of the
Madison Group at Shallow Depths in Eastern Montana-
Final Report, MBHG open file report #25, 27p.

Sonderegger, J.L. and others, 1978, Geothermal Studies in Montana-
Quarterly Report, MBMG. open file report #28, 88p.

Sonderegger, J.L. and others, 1980, Geothermal Resources in
Montana, in Proceedings Montana Academy of Science
(in press).

Vice, Dan, 1981, Evaluation of Thermal Imagery for Geothermal
Resource Assessment Along a Strip in Southwestern Montana,

(in prep.).

Halvorson, J.W. and wfdeman, C.J., 1981, A Geophysical Investigation
of the Warm Springs, Montana, Area. Northwest Geology
(in press). (Available in MBMG open file report #37).

Sonderegger, J.L. and others, 1981, Geothermal Resources of the
Upper Centeénnial Valley, Montana, MBIMG Bull. (in prep.).

Kovacich, Sandra and Sonderegger, J.L., 1981, Geothermal Resources
of the West Yellowstone, Montana, Area, MBMG Bull. (in prep.).
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Gosnold, W.D. Jr., 1979, Geothermal Studies - Nebraska,

The Johns Hopkins University/Applied Physics Laboratory
/) APL/JHU QM-79-261 in Geothermal Energy and the
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North Dakota

Harris, K.L., Winczewski, L.M., Umphrey, H.R. and Anderson, S.B., 1980,
An Evaluation of Hydrothermal Resources of North Dakota, U.S.
Dept. of Energy DGE/DGRM Resource Assessment and Commercialization
Planning Meeting, Salt Lake City, Utah, Jan., 1980. p. 129-135.

Harris, K.L., 1979, An Evaluation of Hydrothermal Resources
of North Dakota - Phase One, Univ. of North Dakota Grand
Forks, Bull, 79-09-EES-01.

Harris, K.L., Winczewski, L.M., Umphrey, H.R. and Anderson, S.B., 1980,
An Evaluation of Hydrothermal Resources of North Dakota - Phase
One Final Technical Report, Univ., of North Dakota Grand Forks,
Bull. 80-03-EES-02, 81p.

Harris, K.L., Howell, F.L., 1980, An Evaluation of Hydrothermal
Resources of North Dakota, Semi Annual Technical Progress
Report Phase Two, Univ. of North Dakota Grand Forks, Bull.
80-10-EES-01.

Harris, K.L., 1981, WELLFILE - A Data Management System for 0il
and Gas Wells in North Dakota, American Assoc. Petroleum
Geologists Abstracts of Programs (in prep.).



Oregon

Hull, D.A., Blackwell, D.D. and Black, G.L., 1978, Geothermal
Gradient Data, DOGAMI Open File Report 0-78-4.

Oregon Department of Geology.and Mineral Industries, U.S. Dept.
of Energy and Northwest Natural Gas Co., 1978, Geophysical
Logs at 01d Maid Flat #1, Clackamus, Co., Oregon,
DOGAMI. Open File Report 0-78-6.

Riccio, J.F., 1979, Preliminary Geothermal Resource Map of Oregon,
DOGAMI , Geo]oglca1 Map Series #11.

Riccio, J.F. and Newton, V.C., Jr, 1979, Geothermal Exploration in
Oregon in 1978, DOGAMI in Oregon Geology Vol. 41 #3.

U.S. Geological Survey and Oregon Dept. of Geol. and Min. Industries,
1979, Chemical Analyses of Thermal Springs and Wells in
Oregon., DOGAMI open file report 0-79-3.

White, C., 1980, Geoiogy and Geochemistry of Mt. Hood Volcano,
DOGAMI Special Paper #8 (in press). |

White, C., 1980, Geologic Hap of Breitenbush Hot Springs
Quadrangle Oregon, DOGAMI Special Paper #9 (in press)

Cox, A., 1980, Tectonic Framework of the Western Cascades, Oregon
From Pa]eomagnet1c Measurements, DOGAHI Special Paper
#10 (in press).

Geoscience Research Company, 1980, Geologic Linears of the
Northern Part of Cascade Range Oregon, DOGAMI
Special Paper #12 (in press).

Brown, D.E., McLean, G.D., Woller, N.M. and Black, G.L., 1980,
Reconnaissance Geology of the Belknap - Foley, Area, Oregon,
DOGAMI Open File Report 0-80-2 (in press).

Brown, D.E., McLean, G.D., Woller, N.M. and Black, G.L., 1980,
Reconnaissance Geology of the Willamette Pass, Area, Oregon.
DOGAMI open File Report 0-80-3 (in press).

Brown, D.E., Mclean, G.D., Woller, N.M. and Black, G.L., 1980,
Generalized Geology of the llestern Snake River .Plain,.
DOGAHMI Open File Report 0-80-5 (in press).

Brown, D.E. and McLean, G.D., 1980, Geologic Map of Northern
Harney Basin, Oregon, DOGMAI Open File Report 0-80-6 (in press).

Brown, D.E. and Mclean, G.D., 1980, Geologic Map of Southern
Harney Basin, Oregon, DOGAMI Open File Report 0-80-7 (in press).



Oregon continued

Brown, D.E. and Mclean, G.D,, 1980, Reconnaissance Geology
of Powell Buttes, Area, Oregon, DOGAMI Open File Report,
0-80-8 {in press)

Peterson, N., Brown, D.E. and Mclean, G.D., 1980, Reconnaissance
Geology of lLakeview Area, Oregon, DOGAMI Open File Report.
0-80-9 (in press).

Peterson, N., Brown, D.E. and McLean, G.D., 1980, Generalized
Geology of the Alvord Valley, Oregon, DOGAMI Open File
Report 0-80-10 (in press).



Texas - Bureau of Economic Geology

Hobbay, David K., Woodruff, C.M. Jr., McBride, M.W., Paleotopographic
and Structural Controls on Non-Marine Sedimentation of the
Lower Cretaceous Antlers and Correlatives - Northern Texas
and Southeast Oklahoma. Society of Economic Paleontologists
and Mineralogists Special Paper, in press.

Woodruff, C.M. Jr., Regional Tectonic Features of the Inner
Gulf Coast Basin and Mississippi Embayment -- Implications
for Potential Low - Temperature Geothermal Resources,
Transactions - Gulf Coast Association of Geological Societies,
30th Annual Meeting, Lafayette, Louisiana, Vol. 30, p. 251-256.
Also appears as abstract in AAPG Bull. Vol. 64 #9. .

Woodruff, C.M. Jr., 1979, Geothermal Ground Water in Central
Texas -- A Potential Energy Resource, Texas Business
Review, Vol. 53 no. 5 p. 153-157.

Woodruff, C.M. Jr. and McBride, M.W., 1979, Geothermal
Anomalies in Central Texas -- Regional Tectonic Implications,
Geological Society of America Abstracts for Programs, Vol. 11
No. 7 p. 544.

McBride, M.W., Woodruff, C.M. Jr., Craig, L.E., 1979, Facies
Distribution within the Hosston Formation, Central Texas --
Implications to Low-Temperature Geothermal Waters, Transactions,
Gulf Coast Association of Geological Societies, 29th Annual Meeting,
Vol. 29 p. 172-178. Also an abstract in AAPG Bull. Vol. 63
No. 9, p. 1607,1979. :

Woodruff, C.M. Jdr., Woodbine Sand as a Geothermal Resource,
Abstract in Society of Economic Paleontologists and Mineralogists,
Gulf Coast Section, lst Annual Research Conference, Geology of
the Woodbine - Tuscaloosa.



Texas - TENRAC

Roy, R. and Taylor, B., 1979, Geothermal Exploration in Trans
Pecos, West Texas Geothermal Resource Assessment
Part 1, Texas Energy and Natural Resources Advisory
Council Report.

Gilliland, M. and Fenner, F., 1979, West Texas Geothermal
Resource Assessment Part 2, Texas Energy and Natural
Resources Advisory Council Report.

" Henry, C. and Gluck, J., 1981, Preliminary Assessment of
Geologic Setting, Géochemistry and Hydrology of the
Hueco Tanks Geothermal Area, Texas and New Mexico,
Texas Energy and Natural Resources Advisory Council
Report. .



{tah

Goode, H.D., 1978, Thermal Waters of Utah - A Topical Report.
DOE/ET/28393-7.

Hurphy, P.J. and Gwynn, J.M., 1979, Geothermal Investigations
at Crystal Hot Springs, Salt Lake County, Utah, UGMS
Report of Investigations #139.

5.1979, Gegthermal Investigations
f the Marm Springs Fault Geothermal System, Salt Lake
ounty, Utah, UGHE Report of Investigations #140. :

D 51979, Geothermal Investigations

~at Selected Thermal Systems of the Northern Wasatch Front,
Yeber and Box 'Elder Counties, Utah, UGMS Report of
Investigations #141,

Kohler, J,F., 1979, Geologic Character and Resource Potential of
the Low Temperature Geothermal System Near Midway, Wasatch
County, Utah, yGMS Report of Investigation #142.

Murphy, P.J., 1980, Geothermal Resources of Utah, Célor Map
Scale 1:500,000, NOAA, DOE, UGMS.



Washington )

Danes, Z.F., 1979, Bouger Gravity Map - Camas, Area,
Washington and Oregon, WDGER Open File Report -
79-6: Scale 1:62,500.

Blackwell, 1980, Heat flow and Geothermal Gradient
Measurements in Nash1ngton in 1979 and Temperature-
Depth Data Collected During 1979, HDGER Open file
report 80-9, 524p,

Bloomquist, 6.P.,1980, Geothermal Leasing Status - Jan. 1980,
WDGER Open File Report 80-10 Scale 1:126,730.

Clayton, G.A., 1980, Geology of the White Pass - Tumack Mountain
Area, Washington, WDGER. Open file report 80-8
Scale 1:24,000. :

Korosec, M.A., 1980, Bibliography of Geothermal Resource Information
for the State of Washington, WDGER - Open File Report
80-4 16p..

Korosec, M.A., 1980, Thermal and Mineral Springs of Washington,
WDGER Open File Report 80-11, 5&p.

Korosec, M.A. and Kaler, K., 1980, Well Temperature Information
for the State of Washington, WDGER Open File Report
80-7, 87 P : §

Korosec, M.A., Ka1er, K., Schuster, J.E., Bloomquist, R.G. and
Simpson, S., 1980, Geothermal Resource Map of Washington
State, WDGER Geologic Map #17, scale - 1:500,000.

Korosec, M.A, and Mclucas, G, 1980, Quaternary Volcanic Rocks
in the State of Washington, WDGER Open File Report 80-6
scale 1:500,000,

McLucas, G.B., 1980, Fault Map of Washington, WDGER Open File
Report 80-2, Scale 1:100,000 with References.

Schuster, J.E. and Korosec, M.A., 1980, Geothermal Resource
Assessment in Washington, U.S. Dept. of Energy DGE/DGRM
Resource Assessment and Commercialization Planning Meeting,
Salt Lake City, Utah, Jan. 1980, p. 146-152,
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Decker, E.R., Baker, K.R., Bucher, G.J. and Heasler, H.P., 1980,
Preliminary Heat Flow and Radioactivity Studies in Wyoming,
~ Jour. Geophys. Res. Vol. 85 No, Bl, p. 311-321.

Heasler, H.P. and Decker, E.R., 1980, Preliminary Data From Six
Temperature Gradient Holes Near Cody, Wyo., University
of Wyoming Department of Geology Report.

Decker, E.R., Heasler, H.P. and King, J.K., 1980, Hydrothermal
Resources in Wyoming: A Preliminary Report on the University
of Wyoming's Research in 1979, U.S. Dept. of Energy
DGE/DGRM Resource Assessment and Commercialization.

Planning Meeting, Salt Lake City, Utah - Jan., 1980.

King, J.K., Heasler, H.P. and Decker E.R., 1980, Thermopolis
Hydrothermal System, Univ, of Wyo. Dept, of
Geology Report. .

Sass, J.H., Blackwell, D.D. Chapman, D.S., Costain, J.K., Decker,
E.R., Lawver, L.A. and Swanberg, C.A., 1980, Hpat Flow
from the Crust of the United States, Touloukian, W.S., Judd,
W.R., Roy, R.F. ed., Physical Properties of Rocks and
Minerals - McGraw Hi1l Book Company, {in press).
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Goode, H.D., 1978, Thermal Waters of Utah - A Topical Report.
DOE/ET/28393-7.

Murphy, P.J. and Gwynn, J.W., 1979, Geothermal Investigations
at Crystal Hot Springs, Salt Lake County, Utah, UGHMS
Report of Investigations #139,

,.1979, Geothermal Investigations

of the Warm Springs. Fau]t Geotherma1 System, Salt Lake
County, Utah, UGHg Report of Investigations #140.

19?9 Geothermal Investigations

at Selected Thermal Systems of the Northern Wasatch Front,

Weber and Box Elder Counties, Utah, UGMS Report of
Investigations #141.

Kohler, J.F., 1979, Geologic Character and Resource Potential of
the Low Temperature Geothermal System Near Midway, Wasatch

County, Utah, UGMS' Report of Investigation #142.

Murphy, P.J., 1980, Geothermal Resources of- Utah, Color Map
Scale 1:500,000, NOAA, DOE, UGMS.
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,.1979, Geothermal Investigations
Fault Geothermal System, Salt Lake
Report of Investigations #140.
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,1979, Geothermal Investigations
at Se]ected Thermal Systems of the Northern Wasatch Front,
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Investigations #141.

Kohler, J.F., 1979, Geologic Character and Resource Potential of
the Low Temperature Geothermal System Near Midway, Wasatch
County, Utah, UGMS Report of Investigation #142.

Murphy, P.J., 1980, Geothermal Resources of Utah, Color Map
Scale 1:500,000, NOAA, DOE, UGMS.
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Alaska- GEOPHYSICAL INSTITUTE

Turner, D.L. and Forbes, R.B., ed., 1980, A Geological and Geophysical
Study of the Geothermal Energy Potential of Pilgrim Springs, Alaska,
Univ. of Alaska, Fairbanks, Geophysical Institute
Report UAG R-271, 165p.

Wescott, E.M. and Turner, D.L., ed., 1979, A Geological and Geophysical
Study of the Chena Hot Springs Geothermal Area, Alaska - A Preliminary
Report, Univ. of Alaska, Fairbanks, Geophysical Institute, Unpublished

-Report. 55p.

Forbes, R.B., 1979, A Geological and Geophysical Assessment of the
Geothermal Potential of Pilgrim Springs, Alaska, Univ. of Alaska,
Fairbanks, Geophysical Institute and Alaska Division of Geol.
and Geophys. Surveys, Unpublished Report, 39p.

Turner, D.L. and others, 1980, Geothermal Energy Resources of Alaska,
Univeristy of Alaska Geophysical Institute Report
UAG R-279,

Alaska - STATE DIVISION OF GEOL. & GEOPHYS. SURVEYS.

Motyka, R., 1980, Assessment of Thermal Spring Sites of
Southern Southeast Alaska, Preliminary Results and Evaluations,
Alaska Division of Geological and Geophysical Surveys
Open File Report #127.

Motyka, R., 1980, Assessment of .Thermal Spring Sites of
the Aleutiar Islands, Preliminary Results and Evaluations,
Alaska Division of Geological and Geophysical Surveys
Open File Report (in prep.).
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Martin, R., Higgins, C. and Olmstead, D., 1980, Resource Assessment
of Low and Moderate Temperature Geothermal Water in California,
Report of first year, U.S. Dept. of Energy -~ State of California
State Coupled Program, Calif. Div. Mines & Geology Report.

Bacon, C.F., Chapman, R., Chase, G., Higgins, C., Majmundar, H., Taylor,
G. and Youngs, L., 1980, Resource Assessment of Low and Moderate-
Temperature Geothermal Water in Calistoga, Napa County and for
Other Areas of California, Report of Second Year, U.S. Dept. of
Energy - State of California State Coupled Program for Resource
Assessment and Confirmation (in press), Calif, Div. Mines & Geol.
Report.

Higgins, C., 1980, The Search for Hot Water in California,
' California Geology (in press).
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Pearl, R.H., 1979, Colorado Hydrothermal Resource Base - An
Assessment, Colo. Geol. Survey Resource Series #6.
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These expansion loops carry geothermal steam from wells
' drilled to a depth of more than 1.5 mi. to Pacific Gas and
Electric's plant at The Geysers, Sonoma County, California.
Domes As A -
Source of Geothermal Energy |
) g@g\;ﬁ%ﬁﬁw OF UTAM
' ESEARGH INSTITUTE
by Ch H. Jacob
U e e EARTY SGIENCE LAB.
international Salt Co.

The economic importance of salt domes has been This was in part substantiated in 1958 when a
recognized throughout the world, primarily because horizontal core hole was drilled from within the
of oil and gas accumulations on their flanks, and to Avery Island Mine at the 500 ft level. The hori-
a lesser degree, for the value of their salt and zontal hole was started where the ambient tem-
potash. Recently they have become of value as perature of the salt was 74°F. and drilled toward
hosts for cavities used to store hydrocarbons. In the 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 that 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 the
Lovann 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

near future we believe that their main value will
be a source of geothermal energy.

Although tremendous effort has been expended
on the understanding of the geology and physical
characteristics of the strata intruded by salt domes,
relatively little energy has been exerted 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. Expressing values in 1073 deep as 60,000 ft. Balk has estimated that salt
cgs units, sedimentary rocks vary from 1.0 to 8.0; domes at a depth of 25,000 feet experience a tem-
metamorphic rocks from 5.2 to 84 and igneous perature of 570°F. Gussow® states that salt be-
rocks from 3.1 to 9.8. Rock salt in its pure form has comes completely plastic in all axial directions at
a thermal conductivity of 17. Thus a salt dome can 662°F. Hiroy® reports, at a depth of 14,552 ft
be expected to act as a conduit bringing heat verti- the temperature of a salt dome was recorded to be
cally from deep within the earth’s crust. 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
halite 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.

Typlical 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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MINING ENGINEERS

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 1073 cal/cm®-sec.-c®-cm _
to 17 X 1072 cal/cm®-sec.-c®-cm

(1.83 Btu/hr/ft?/°F/ft to 4.16 Btu/hr/ft*/°F/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 flow 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 107% cal/cm?®sec. whereas the geothermal
flow rate in salt domes has been found to be
between 6.2 X 1076 cal/cm2sec. to 10.1 X 10~
cal/cm?sec. The heat flow, which is a product of
temperature gradient and thermal conductivity, is
five to eight times larger than in the average area.
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The geothermal gradient also varies by a wide
margin. Temperatures of 330°F. at 10,000 ft,
455°F. at 15,000 ft, 580°F. at 20,000 ft are typi-
cal in salt domes. The typical geothermal 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 between 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 central tubing. Numer-
ous piping configurations can be used. Hot oil is
used to keep this central tubing warm to- prevent
crystallization 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 might 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 thousand 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 sufficiently in
excess of the 220°F. boiling point of brine will be
satisfactory to meet the necds 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 established
such as 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
the Installation of the main casing.

TERMINAL END

PRODUCTION INJECTION
WELL

WELL

SRS

LNSINTLRNGN NS

SO 8 FNNN 7NN

NNE/ AN Ve

PRODUCTION
STRING

\\‘tur.\\\ﬁ'rt\\|’l:;\\\'lrf.‘

=NV NNN NN A

PN P WO =

INSULATINDS
CEMENT

i§\"

AHNERNZ NININZINNTNL.
N

NIRRT NN
DN 2NN T8
2NN (NN

RN W

£
R A& WELLBORE
b & " SCEMENT
‘W CASING
B g SINGLE STRING
- = .
< UNDERREAMED
\ SECTION
7
\ 7

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 will produce a
youthful cavity (shaded area).
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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

-~

Nl

Diagram showing the Installa-
tion of a pad for protection of
the cavity roof, along with
piping designed to eliminate -
heat loss {rom the rising
column of hot brine.
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injection well and extracted from an insulated re-
covery well. The hot fluid would be passed through
o heat exchanger on the surface and then returned
(o the cavity. The recovery of this energy would en-
tail 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 the surface area of salt exposed in
the cavity, the calculated volumes of water intro-
duced would produce calculated volumes of steam
which 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 been evacuated to dry-
ness. A recovery well could carry steam which
would produce power and recover potable water.

These concepts will demonstrate how this under-
utilized energy source may be used for economic
purposes. 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 exhaust-
ible reserves of oil and gas, is a vast reserve of al-
most inexhaustible energy. To properly and fully
develop this “pipeline” 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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+ GTHM Sulfur dioxide in geothermal waters and gases
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Abstract—Methods were developed for stabilizing SO, in water and gas samples. The pararosaniline
colorimetric melhoctand a gas chromatographic method using a flame photometric detector specific
for sulfur gases were used to assay SO,. 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:
SO, was found in small amounts in most of them. The highest concentration detected in water was
0.5-0.6 ug/ml (expressed as sulfur). Sulfur dioxide was never detected in gases emanating from hot
springs, or in fumaroles, although H,S was readily detected. Because of the high solubility of SO,
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 H,S is not oxidized by O, at low
pH. At neutral or alkaline pH, O, is the likely oxidant, because sulfide is oxidized by O, at these
pH values, and neutral and alkaline hot springs are always low in iron. Although bacteria capable
of oxidizing sulfide and elemental sulfur are present in most of the springs sampled, it is concluded
that 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.

INTRODUCTION

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 100°C (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
8o 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
targe amounts of SO, are present has it been possible
to demonstrate it unequivocally. Indeed, in the exten-
Slve series of geochemical papers presented at the
United Nations Symposium on the Developm'ent and
Utilization of Geothermal Resources in Pisa (1970),
R0 papers were found which present assays for either
0, or sulfite, either in geothermal gases or waters.
From a geochemical point of view, traces of SO,
Or sulfite in geothermal systems would probably not
significant, but from an environmental viewpoint

€ situation may be different. Sulfur dioxide has a
8reater toxicity than hydrogen sulfide (STEERE, 1971)
and has been of considerable concern in air pollution
fesearch (FERRY et al., 1973). This has led to the devel-
9Pment of methods for stabilizing sulfur dioxide and
Sulfite 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

73

flame photometric detector for gas chromatography,
which permits assaying concentrations of sulfur diox-
ide far lower than previously approachable (STEVENS
et al., 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 Davy, 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 (BrRock and MosSER, 1975;
Mosser et al., 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 pK 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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74 S. Zixper and T. D. Brock

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:

Sulfite Bisulfite Sulfur dioxide*
pH SO3™ HSOj7 SO,
8 99.99%, 0.01% 0
7 96 4 0
6 85 15 0
S 375 62.5 0
4 7 92 i
3 1 90 9
2 0 65 35
1 0 15 85
0 0 4 96

From SAaunpers and Woob (1973).

* The nonionized form in aqueous solutions is almost
entircly uncombined SO,, 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 100 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
returning 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 GAEekEe (1956), in which sulfur dioxide
is trapped using sodium tetrachloromercurate (STCM).
This reagent, commonly used in air pollution studies, has
the advantage that it traps sulfur dioxide reversibly so that
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 (BrRock 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 steam and gas issued at a reasonable rate from
the end of the tubing. A sample of gas was then taken
using a 50ml plastic gas-tight syringe, adapted so that 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 solution in a 5 ml vial. Some air con-
tamination almost certainly occurred, but water 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 directly into the gas vent. Fumaroles with appro-

priate openings for the funnel were selected. Most fumar-
oles in Yellowstone National Park have sufficient gas pres-
sure 5o that the air was readily displaced from the system.

When sampling geothermal waters for sulfur dioxide and
its ionization products, it was found essential that the
water from acid springs first be neutralized if trapping of
sulfur dioxide was to be complete. On site at each spring,
a 16 ml sample of water was first taken and the amount
of either 0.1 N NaOH (spring pH > 2) or 1.0N NaOH
(spring pH < 2) necessary to neutralize it was determined
by titration using 0.1% congo red as indicator. For the
actual sample, 16 x 125 mm test tubes (18 ml) with Tefion-
lined screw caps were used. The determined amount of
NaOH was first added to the tube containing 2 ml STCM,
and the test tube was filled to the top with spring water,
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 tempera-
ture was determined with a Yellow Springs Instrument Co.
(Yellow Springs, Ohio) thermistor and bridge. A water
sample was taken in a 60 ml plastic bottle for laboratory
determination of pH, elemental sulfur, and sulfate.

Chemical methods

Sulfur dioxide was determined by the pararosaniline
method (WEsT and GAEXE, 1956). Samples were filtered
to remove particulate debris and merciric sulfide, which
gave a positive interference. Since it was possible that 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
detect nanogram quantities of sulfur compounds in the
presence of 10,000-fold excesses of carbon compounds
(BANWART and BREMNER, 1974). The column used was that
developed for air pollution research by STEVENS et al.
(1971), operated isothermatly at 100°C, at which tempera-
ture sulfur dioxide has a retention time distinct from twelve
other low molecular weight sulfur compounds (BANWART
and BREMNER, 1974).

Six millilitres of the preserved sample in STCM was
added to a 15ml 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 5ml
sample of the head space was taken with a gas-tight syringe
and immediately injected into the gas chromatograph. This
method is as sensitive as the pararosanaline method, and
is highly specific for sulfur dioxide, but cannot be con-
sidered quantitative because of the rapid loss of sulfur
dioxide after acidification due to oxidation and absorbtion
ontg the serum stopper; however, it is useful as a means
to corroborate the results of the colorimetric method. The
quantitative data given in this paper were obtained using
the pararosaniline method, but there was qualitative agree-
ment between the colorimetric 'and gas chromatographic
methods.

Hydrogen sulfide was determined by the methylene blue
method of Pachmayr as described by Brock et al. (1971),
modified in the following way to separate the methylene
blue from particulate matter in the spring waters. After
color development was complete, 0.1 mi 0.1% sodium
laury! sulfate Ws added to each 10ml sample, followed
by Sml of chloroform, and the two phases were shaken
vigorously for 10sec. The detergent caused the methylene
blue to be extracted into the chloroform layer (AMERICAN
PusLIC HEALTH ASSOCIATION, 1971), leaving the particulate
matter in the aqueous phase. The optical density of the
chloroform phase was determined at 652 nm with a Beck-
man DB-G spectrophotometer. This method was satisfac-
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tory for all waters 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 TaBaTaBal (1%¥4).

Oxidation of sulfide in acid waters

Experiments on the oxidation of hydrogen sulfide in acid
waters were done in sealed tubes to obviate the problem
of H,S 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 O,
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 with an oxygen concentration of
about 14 ug/ml (as measured by Winkler assay), supersa-
turated at 70°C. If ferric chloride was used, the solution
was not oxygenated (sometimes it was rendered anaerobic
with N, but this had no significant effect), and the solution
of ferric chloride at the same pH was added to the tube
before temperature equilibration. To initiate the reaction,
a solution of Na,S-9H,0 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 1.5mi 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 flow out of the top, and
the cap quickly returned. To permit mixing, several small
glass beads were placed in each tube. With practice, it
was possible to add the sulfide solution without losing any
significant amount of H,S. When low concentrations of
sulfide were used, the addition of sulfide had no effect 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 L.8.

After incubation, tubes were removed [rom the water
bath and sampled for the various assays. Samples were
removed quickly with 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 sufficient sodium hydrox-
ide to raise the pH to around 7. The sample for sulfite
was placed in sodium tetrachloromercurate containing suf-
ficient sodium hydroxide to raise the pH to around 7. The
remaining sample was filtered through a 0.45um mem-
brane filter using a Swinnex attachment on the syringe,
and the filtrate bubbled with N, for 5min to drive off
remaining H,S; 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 actd springs.

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

Site TCC)  pH  Sulfide*
Norris Geyser Basin
Congress Pool 81.5 36 0.03
79 24
Black Pool' 85 33 1.83
35
28-72 65 2.2 023
65 2.1
Cinder Pool 86 4.5 0.0
87 40
Verma Spring 51 30 0.12
S1 3.1
Horseshoe Spring 86 35 1.22
86 29
Emerald Pool 92 34 0.05
Cistern Pool 92 1.5 0.38
91.5 6.5
30-93 80.5 3.2 0.70
Black Hermit 88 29 0.03
88 29
Green Dragon 90 15 0.17
89 33
Yellow Funnel 80 3.7 0.75
90 3.1
Monarch Geyser 90 6.0 094
91 5.0

26-5* 88 2.1 —

Water (ug/ml)t Gas (ug/50 ml)
Sulfur Sulfite Sulfate H,S SO,
0.08 0.23 103
0.06
2.00 0.05 36.2 900 0.0
. 0.06
48 0.00 258
0.04
169 0.12 41.3 310 0.0
8.7 0.02 50.0
0.04
7.8 0.0 58.6
0.0
— 0.02 — 1.5 0.0
0.78 0.18 27.6
0.10
— 0.0 —
7.38 0.0 121
0.05
11.28 0.1 431 250 0.0
0.04
6.60 0.05 379
0.04
0.74 0.03 48.2
0.0
— 0.0 —
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76 S. Zinper and T. D. Brock
J Table 1. (Continued) Our sa
' contained
Water (ug/ml)t Gas (ug/50 ml) although
i Site Q) pH Sulfide* Sulfur Sulfite Sulfate H,S 50, :
in the gas
' Sylvan Springs Arca water tha
. Treetops® 86 6.0 0.33 L1 0.03 53.4 ) couple (6.
) 85 58 017 . 004 o 1 At pH val
56-3% 63 1.9 0.03 5.0 0.0 -3 . .
l .
; 55 19 006 00 j sociated H
: 5816 78 6.7 026 31 00 70.7 SO, is un¢
! 79 6.5 023 0.02 ) duction to
. 56-27 inlet 84 5.3 0.12 — 0.08 104 between st
' 8 ' The hi
: 56-2 outlet 88 33 0.10 13 0.04 - _ The hig]
t . 0.04 0.04 lr'i SPrlng
' 59-14 79 1.9 0.15 27.3 0.0 484 dioxide su.
\ 76 1.8 0.17 0.05 ’ were found
| Evening Pri 45 L1 o0 651 06 1928 area. Seve
vening Primrose . . .
. 41 1.1 0.12 0.0 0.2-0.4 ug/r
55-4¢ 81 23 0.04 412 0.5 276 at one sam
t 81 2.2 0.17 0.25 0.18 ug/ml.
' 54.5¢ 78 20 0.07 — 00 between su
{ 5924 70 4 003 03 024 1172 tration of s
X Geyser Hill Area . hich :
Bricrley No. 3° 76 2.5 002 56.2 0.03 120 cies which :
33.4'0 92 6.8 0.58 0.6 0.12 41.4 Thus, Eveni
3410 92 6.8 0.58 0.6 0.12 414 ide concent
34410 89 35 0.02 39.7 0.02 103 concentratic
34.810 91 25 001 09 0.0 86 element
Mud Volcano Area 2 quite Tl su
Moose Pool* ' 65 16 0.02 291 0.10 1104 38 0.0 quite low
1.6 0.00 0.0
Sour Lake!! 26 19 0.02 0.43 0.0 776 Fumaroles
o Mud Geyser'? 6 13 oo 230 o 689 60 00 Gases ems
' ud Geyser : 3 1.7 .01 . . ied.
_ 17 023 002 o, Two wer
i Sulfur Caldron® 64 L5 0.02 1950 0.03 1928 24 0.0 orcelain Ba
: 64 1.5 0 0.05 fumaroles we
1 . Old Sulfur!? 59 — 0.01 520 0.0 310 2 0.0 was found in
Alfall.drorsx ) 59 0.0 0.0 only sulfur g
. aline Springs
: Ojo Caliente 95 78 13 0.04 00 89 [55 and 290 ug
t 57-414 92 89 27 0.0 0.0 8.9 umaroles anq
; 58-144 92 9.0 1.9 0.02 0.04 9.3 site.
. Boulder Spring 92 9.3 24 0.0 0.03 7.6
Pool A'® 84 8.6 0013 0.0 0.08 6.5 Source of sulf
Sulfide Spring'® - 72 6.8 2.3 0.12 0.16 14.4 Th
) € presenc
* Sulfide values in many of the acid springs are low compared to assays run by distillation by Brock and Mosser or alkaline pF
, (1975). Present assays reflect primarily readily soluble sulfide, probably H,S alone. and Morris (
\ !’All assays are exers§cd as sulfur equivalents. ) sulfite are forr
. Black, pyrite-containing pool on Porcelain Terrace, north side. sulfide. Under

2 Opalescent silica-depositing pool at west end of Porcelain Terrace.

3 Spring near Echinus Geyser and Arch Steam Vent. ably O,, as fer

% See BRock and Mosser (1975) for more data on this spring. tually absent fi
* Unofficial name of a large, silica-depositing spring on the southwest part (upper slope) of the Sylvan Springs complex. Under acid ¢
® Small turbid spring near effiuent channel of upper terrace at Sylvan Springs. ecular O, very .
” Large bluish pool with pinkish silica deposit, main source of water for upper Sylvan Terrace efluent. und 2 Very
® Large yellow pool on same terrace with Evening Primrose. Ndetectable re
% BRIERLEY (1966) station No. 3. ) §  cxtended these
'9Small springs in Geyser Hill area near BRIERLEY (1966) station No. 3. of the acid spri
:; Large cold lake near Black Dragon’s Cauldron. drochloric acid

Samples from south side of this large spring complex. levels of sulfide

13 See WHITE et al. (1971) for a map locating this spring.

!4 Small sulfide-rich springs in the River Group, east of Ojo Caliente. Of the added sul

'3 See Brock and Brock (1971). Il ferric ions we

16 Sulfide-rich spring near Hot Lake in the Lower Geyser Basin. $0 rapidly that |

atroom tempcera

A have significant :
T . Yarying from arg
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Our samples of gas emanating from springs never
contained detectable amounts of sulfur dioxide,
although all contained H,S. The dominance of H,S
in the gas reflects the lower solubility of this gas in
water than SO,, and the higher pK for the H,S-HS~
couple (6.88 for H,S as compared to 1.9 for SO,).
At pH values of 1-3, all of the sulfide is in the undis-
sociated H,S form, whereas at pH 2 only 359, of the
SO, is undissociated and at pH 3 only 99 (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 ug/ml of sulfur
dioxide sulfur (1.2 ug/ml SQ,). These concentrations
were found in two acid springs in the Sylvan Springs
area. Several springs had concentrations around
0.2-0.4 pug/ml: Congress Pool (pH 3.6) had 0.23 ug/ml
at one sampling time and Cistern Pool (pH 7.5) had
0.18 yg/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,
was found in any of the fumaroles and H,S was the
only sulfur gas present. Concentrations of H,S were
55 and 290 pg/S0 ml gas at the two Roaring Mountain
fumaroles and 500 ug/50ml at the Porcelain Basin
site.

Source of sulfur dioxide

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 O,, as ferric iron is highly insoluble and is vir-
tually absent from the waters.

Under acid conditions, sulfide is oxidized by mol-
ecular O, very stowly. CHEN and Moris (1970) found
Undetectable rates at a pH value of 60. We have
Extended these studies to pH 1.8-2.0, the pH of many
of the acid springs, using both sulfuric acid and hy-
drochloric acid systems. Even after 24 hr at 70°C, at
levels of suifide around 1-2 ug/ml, essentially none
Of the added sulfide was oxidized. On the other hand.
I ferric ions were present, the oxidation proceeded
S0 rapidly that the rate could not be measured, even
at room temperature. Most of the acid springs studied

ave significant amounts of ferric ions, concentrations
Varying from around 1 pg/ml to 200 ug/ml (BROCK et

al., 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 determine whether sulfur diox-
ide was formed during the oxidation of sulfide by
ferric ions. When the concentration of sulfide was low,
around 1-2 pg/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, 6080 ug/ml, and the ferric ion concen-
tration was raised proportionately, small amounts of
sulfur dioxide were detected, 0.02-0.09 ug/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 uyg/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.

DISCUSSION

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

Sulfur dioxide js almost certainly oxidized in the
surface waters. of the springs. Oxidants present are
O, and {in acid springs) Fe®*, The latter is a highly
reactive oxidant and probably is responsible {or most
of the oxidation of reduced sulfur species in acid
sprinigs. As shown. in .our other work {(BRock et’al.,
1976), most acid springs contain significant amounts
of Fe3*, and often this tonic form predominates over
Fe?*. As we also showed in the other work, bacteria
of the species. Sub’o!obus ac:da-:aldarms present in
most hot, acid waters, are able: to rapldiy oxidize
Fe?* back to Fe**, using O; as oxidant, so that Fe?*
formed as a result of thé reduction of Fe* by
reduced sullir compounds will be reoxidized, thus
maintaining a significant concentration of Fe** oxi-

dant. Thus, everi though H,S is stable in the presence.

of O,, it will be oxidized as a result of the combined
processes of Fe** reduction (by H3S) and Fe** oxi-
dation {by Q).

There is no evidence that the bacteria produce sulk
fur dioxide as an oxidized product. It is well estab-
lished that 8. acidocaldarius will oxidize elemental sui-
fur to sulfuric acid (Swivvers and BroGk; 1973;
MosseR et al., 1973). In some unpublished work, we
found that S. acidecaldaritis would also &xidize sul-
fide; using ), as-electron acceptor {experiments, done
in the absence of Fe**; in the presence of Fe** the
spontaneous oxidation of sulfide is so.fast that a bac-
terially-catalyzed reaction cannot be measured). How-
ever, when S. acidocaldarius oxidized sulfide, no sulfur
dioxide was formed, the sole-product being elemental
sulfur {a small amount of sulfate was probably aiso
formed, but since the experiments were done in pH
1.6 sulluric acid, this sulfate ould nét be measured).
Since it can be shown in the laboratory that siilur
dioxide is formed, albeit in.smalt amounts, during thé
chemical oxidation of sulfide by Fe**, we conclude
that the sulfur dioxide [ound in the geothermal waters
is farmed as a result of sponianeous chemical reac-
tions. Not all of the oxidaiion in the natural waters
may be due to reaction with Fe**, since heavy metals,
clays, and mitfoatunite present in some spring sedi-
ments (BRocK et al,"1976) may-catalyze the oxidation
of sulfide by O,.

The environmental significance of the sulfur dioxide
formed in these geothermal waters is unclear, Almost
certainly little or none of this gas escapes into the
afmosphere; because. of the high solubility of sulfur
dioxide and'iis'low pK. Since the water leaves many
of the springg by underground seepage (BRock and

Mosser, 1975), it is conceivable that the inability of -

plants to grow‘in the ‘acid soils of these habitats
(FLIERMANS and BROCK, 19?2) is due not only to-aci-
dity but to sulfur dloxlde toxicity. However, it would
be the atmospheric, effect which would ‘be of most
significance in the environmental impact of a geother-
mal power plant. As our assays show, only H,S was
present in the gases leaving springs and fumaroles.

Large amounts ol H,S are-volatilized from many of
these springs, and since H,5 will oxidize to SO; in

the atmosphere (KELLOGG. et al., ]972}, some 50, is
‘almost ceriginly presenf in.thie atmosphere. Methods

for trapping this 8O, were. not available to us when
we did this work, hence we do not have any data
on actual concentrations present. Because many
plants (including lichens) grow apparently without
difficulty near sources of geothermal H,S, it would
be of interest to measure SO2 concentrations and
assess the tolerance:or susceptibility of thege plants
to this natural source of air pollution.
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There developed in the last decade a strong movement by people concerned

with the environmental effect of coal and nuclear fueled electric generating
piants to find alternative 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 dévelop 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
{magination and modest funds. People with little experience 1n resource
development or exploration pronounced that geothermal energy was attended by
no risk, infinite production, and only minor environmental concerns. 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. Ry contrast economic papers by
Armstead, Banwell, Kaufman, Bradbury and Facca-Ten Dam which appeared basic

to an understanding of profitability of geothermal development by governmentél
agencies briefly described the risk of faillure, 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

P
AgTe MNote: IMGLL Cosrs MHave INCREASED </5°% SINCE THIS WAS Griasy
CoNSTRUC 7107/ cossrs 259, . OPERATING Co3TS 20%
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that background of information 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 yéars in the Lardarello-Castlenuovo areas using the initial
fluid at 401°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 using 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 user will not be which alternate fuel is used 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
D.C. lines (.3 to .4 m111/Kwu/i:339 miles) and can be used for space heating,
lighting and electfo mechanical devices. Remote energy supply areas now

become accessible for population centers' energy.

To determine the growth of the geothermal industry we must 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 107 of the U.S.

-2 -
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electricity and investor-owned utilities provide 757 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 1007 in the last five years.

Electricity generation in the United States has doubled every 10 years during
the last 40 years. During the last year the annual 77 increase energy
produced dropped to 0.67% due to the oil embargo, electricity rate increase
and reduced business activity. Fossil fuel steam plants now produce 803

of the total power generated. Nuclear now produces about 97 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 507 to 547 of the electrical generation fuel required

since 1971,

Fuels for Electrical Generation

In the past electric utility management has had reasonable selection of fuels
availlable at a low cost for electric power production. This selection of fuels
from a large number of vendors has allowed the utilities to use that fuel most
familiar to them., 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 gf available fuels and environmental and regu-

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

The strong demand for fuel supplies will cause a competition for investment
funds and technlcal manpower between ventures offering a low risk normal rate
of return and an increased risk venture with a higher rate of return. As an
example, the exploration for coal and uranium and the development of these
fuels uses-well know techniques. Though the risks are high for a successful
project, the costs are predictable, Sale of these products 1is assured and the_
demand has caused a favorable price. There is a delay of three to five years

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

Let us 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 froﬁ

those expected to be available for energy investments,

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 energyv use because present
uses of 01l and gas for space heating and cooling will be transferred to
electricity. Within the next ten years the use of o0il 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 émount represented between '"nuclear"
and "total" will use the other available fuels. There is ample opportunity

for geothermal to participate in this growth,



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 havg 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 507 within the next five years.

Predictipn"of uranium reserves necessary to meet the needs of reactors
scheduled for completion this decade is straightforward. Late in 1974 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 257, The high cost of building reprocessing
plants and the uncertainty of their functioning has caused the cancellation

or deferral of such systems so that the amount of uranium found must be
increased to fuel plants now being built, The generating plants now operating

in the world use 30,000 tons of U3O per year, Figure 2 shows-this

8
demand will, in 1990, increase to 225,100 tons per vear. The rest of the

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

Figure 3 from 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



situation has created a strong upward move in price for U308 and has now
made some deposits of less than .107 attractive. Figure 4 from John Klemenk's
work i1llustrates that rates of return above 257 can be expected at today's

prices and costs of mining.

The need to schedule power facilities i1s a requirement for the electric
utility industry. Figure 5 shows the lead time (cormitment to.operation)
for electric plants is eight to ten years for nuclear plants and around five
vears fop'éoal, oil and geothermal plants, With the increased regulatory
overview on energy sources these lead times are increasing. This must be
considered when estimating cost of energy from a préject 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 mining 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 thils gives an investor interested in exploration ventures a choice.
Figure 6 compares the exploration and acquisition investment 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 MW
field should cost or a 3,650 tons of U308 project cost.

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

provide fuel for 28,000 MW years. The rate of return would approximate



15% (Project Independence 74). The uranium mine would produce 7,300

pounds of U per year for 10 years and provide fuel for 17,500 MW

1%
years., The rate of return would be 21-267 (Klemenic 74). The geothermal
prospect would provide 200 MW capacity for thirty years and may have a rate
of return of 157 (Bloomster 74). To be competitive for dollars and

manpower better returns will be required for geothermal projects.

U.S.A. Geothermal Industry

The geothermal industry 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 compinies 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 them to invest in exploration and production facilities with

long lead time before income 1s 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 marketing. The price



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 geothermal 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
intensivé: The usefulness and price of this energy will be dependent

~on its quality, The utility planners mst have confidence 1in geothermal
reservoilr capacity providing for long delivery of uniform quality fuel and
recognize an economic 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 vears. This illustrates the

uncertainty that exists in determining the size and types of reserves. The rate of
growth 1s dependent on economic vitality and size of reserves being found,

To establish the profitability of geothermal investment we must know:

I. Exploration and evaluation costs.

IT1. The volume and temperature of the carrier of the energy.



III. The development schedule,

Iv. Power p¥ant design.

V. Government regulation ané taxes.
VI. The market price of electricity.

Exploration Costs

. In 1973 the author presented a detailed breakdown of prices of services,
costs of exploration and development with expected rates of return., (Greider

73).

These costs were then presented in budget form to establish the ﬁrder of
magnitude of money required to find a successful hot water-flagh steam field.
A atatispical,riskvwas used in determining the net profit the energy supplier
dould expect and the rate of return that would result., 1In the, last two
years significant increases in cost have taken place in explotration, field
development and generating ﬁiant equipment, Figure 7 consdlidates 1974~1975
exploration costs by function. The significant 1975 costlincreases result

dn these new expendf{tures listed by the monthly charges:
Gébphysics groundnoise and micro seismle $20,000~%40,000

Resistivity surveys $15,000-420,00Q



Temperature holes $40,000=$50,000

Land acquisition costs have increased to an average, including acquisition, of
$7,00/acre, A maximum of over $3,000/acre has been paid for acreage near
production, Prices are reasonable in higher risk areas with mon surface

indications.

Drilling costs have increased such that an exploratory well evaluating a 5,000
foot sediﬁéntafy section will require between $365,000 and 5550,000., Geothermal
wells are more expensive than onshoré oil or gas wells due to the heat, abrasive
sections and low hydrostatic pressures. A typical budget of expéndi tures

is shown in figure 8. Geological and geophysical work will cost $85,0N0 to
$90,000. In this instance the exploratory hole cost $410,700. Three stepout
wells were used to evaluate the reservolr performance. $540,000 is listed for
combinations of testing procedures to establish that production has commercial

© potential. A development program would follow the $2,183,000 exploratory

program,

Figure 9 presents the loglc of exploration risk and the effect on money needed,
It is estimated that to find a geothermal field having a capacity of 200 MU

sixty~four prospects will be evaluated with geological and geophysical work.
c
24

Half of these will require additional geophysics to select twenty-four that A
justify temperature hole programs. From :that work sixteen will be attractive i
enouﬁhVLO‘spend the money required for drilling. Tf the work and anomalies

selected are better than the industry average one of the sixteen exploratory
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wells will find the objective 200 MW field. Additional testing and
,cpnfirmation drilling will complete the project touthe‘point that a development
program would be justified., Though any gliven project might be explored»for.a
little over SZ,bG0,00Q the odds are tge successful venture will have evolved ll

from a total of $13,50Q,000.

FINANCING GREOTHERMAL PROJECTS

Non U.S.A. Development

The financing of geothermal projects in the world outside of the U.S.A. has
followed a straightforward gystem, Government geological surveys have ﬁsuﬁé&ly
established broad areas of interest. These surveys have been paid from local
funds and involved either government agency personnel or private-public companies
working on a contract. If initial work indicates an assessment ghould be made
of the areas of interest a sécond phase will require additional government funds
being budgeted. These may be matched by a grant from a foreign government

or by the United Nations. At times a private company has been invited to
conduct this phase of work, Union 011's participation in the Tiwl Area of the
Philippines has followed this pattern, Wher the assessment has been

completed and a power project is justified the plant may be constructed and
financed by the electrical operating entity. This may be federal, stééé

agency, or a private electrical taxpaying company. Cerro Prieto in Mexico was
developed with Mexican federal funds using national scientic personnel.
Ahuac¢hapan, El Salvador 1s an example of sharing the risk in early phases by
using United Nation's dollars and technical personnel as well as El Savadoran

funds and scientists.
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Cerro Prieto 1s the first successful geothermai project in Latin America and -
was developed with Mexican funds by the Comision Federal dé Electricidad: The
geological and engineering work has outlined an area that may have a 500 MW
potential., 75 MW has now been developed and work is underway on the next 75 MW.
As of October 1973 $19,824,000 U.S, had been spent. Figure 10 sumarizes the
Expenditureé made that resulted in a capital cost of $264/KW for this hot water
steam flash field.

In 1965 the Republic of El Salvador signed an agreement with the United Nations
to determine the potential of geothermal areas located by early geologic
reconnaissance by government agencies. The program consisted of two phases
with funds‘provided by the ﬁnited Nations Development Program‘Fund and by the
El Salvador Government. The initial phase cost $1,748,048 U,S, and was -shared
59% UN and 417 El Salvador, .The second phase concentrated on the drilling
evaluation of and plant design for Ahiachapan. This cost $1,191,500 U.S. and
wds shared 457 UN and 557 El Salvador. The project total cost of $3,906,043 |
U.S. was shared 51% UN and 49% by the Republic of El Salvador. A project with
a possible 166 MW size is 'néw having the fitrst 33 MW plant completed, The
capital cost for this project appedrs to be $347/KW and will produce electricity
for a price hétyeen 7.76 mils and 8.93 mils per KWH 1f an 80% load factor can

be maintaineed. Figures 11 and 12,

‘U.S,A. Development

In the United States geothermal work is financed by government agencies using

tax funds and by companies using investor finds. If the private invgﬁtor
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projects are successful and make a profit, 50% of that profit will be paid into
federal tax funds. The Federal and State agencles finmande research and
regional assessments of matural resources occurrences, The funding results

in agency grants to universities and private-public companies for conducting
these studies., TFunding of regulatory agencies at three levels of government
provides a bit of direction to and conttél of geothermal development. The
geothermal energy can be owned by individuals, county, state and federal
governments, and by corporations. This mixture of ownership provides an
opportunit& for forty-four governmental agencies to be involved with geothermal
exploration and dévelopment., If there is a deliberate restriction applied to
.geothermal growth in the U,S.A, the effort 1s probably resident in some of
those fbrty-foureentities. Private funds are used for research and prospecting

and developing projects.

The diverse ownership of geothermal rights requires a land leasing activity
that is unique to the United States exploration effort. The fact that areas
must not only be identified but must be acquired if work 1s to be continued
into a development phase adds costs of landmen and skilled negotiators. Using
these talents, -areas of land léased by different companies. or individuals over
an attractive prospect can be assembled into a unit of sufficient size for

evaluation.

Power plants are usually built by utility companies and they operate the
transmission and distribution systems assoclated with the plants, Utility
companies share in the costs of building the larger, more effilcient huclear

and fossil fuel plants. At this time the utilities have inddcated a willingness
to joint venturefmore expensive geothermal ‘plants in areas near their service

Tegions.
- 13 -



Producing Projects - Steam

At this time in the U.S.A: only Pacific Gas and Electrie Company (P G.&E) has
built successful geothermal generating plants, These are loated in The Geysers
in Northern Callfornia about 80 miles north of San Francisco, This field is
an example of a successful electrical generating geothermal project developed
and operated by non-government funds. This month the,produttive-cﬁpacity

has become 502 net MW. THe efficilency of this operation is possible as the
well drilling and steam production facilities are operated by.gn 0il company
to make a profit by selling the steam to an {nvestor-owned utility that must
pro¥ide séfv&éé at a regulated customer price. Theé. steam price 1is calculated
from a base price which is adjusted by the cost of other fuels used by the
utility in their'other‘thermal plants, Presently theé. steam supplier is paid
6,9 mils for each kilowatt hour generated, The supplier reinjects the excess

condensed. steam from the power cycle and charges a service fee of ,5 mill.

The actual investment in the steam supply system at this field has not been

published. I have estimated that wells and surface facilities to supply the
- . ov° f '

first eleven plants cost about $93/XW or $&6,7003and-f0r units 12 through 15°

$105/KW or $42,600,000, This is a total of $89,300,000, Tahle 1,

Eleven genéraring unlts, with a net ountput of 502 MY have been built for a
cOsf‘of $63,300,000 for $126/kw Averdge, Union 01l Company of California, the
operator of the steam supply system, has drilled and developed steam for
almost twiceé the present generating capacity. An additional 406 MY of

capacity is planned by P G &E and is awaiting State of California governmental
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approval, These four plants are estimated (Worthingtom, 74) to cost $63,600,000
or $156.6/KW. Upon completion of these the P G &4E 's 908 MW will represent

an investment of $126,900,000 and the average cost per KW capacity will be
$139.7. Electricity from unit #15 at BOZ‘plant,ﬁacgﬁi will have an estimated
bushar érice"of 12.8 mils, Unit 13, a 135,000 K4 unit, at 80% plant factor
isvexPGCted to proﬁuce.eléctricity at 19,? ﬁils/KNHs This difference in
production costs is due to construction costs for these plants, The developmeqt
of The Geysers to 2,000 MW by 1985 seemed to be a reasonable objective in 1972,
The state’s delay in certifying-Plants has now extendéd the time such that it
will probably be 1990 before this can be achieved, Cost for manpower and -
machinery have risen to such levels that the bigh risk initial development

wells could not beé drilled for $40,000 to $150,000 each as the ploneers were
able to do so. Present value of money is now around 8% per annum on these
projects, The tilme value of money will increase the actual investments.
reported heré as time lengthens for a project to be completed: So the

excellent economics: of The Geysers should not be used as a model for what

could be achieved today umless d better performing dry steam field could be

located at a lesser depth and easier drilling area,

Producing Projects Hot Water Dominated

We shall now examine the economlics of low enthalpy systems, Fxploration
scientisis and englneers have found that there are many moreAgeotﬁérmai
areas with fluids in the 320°F to 400°F range than above. There are no
operating'systems to use effectively this large resource of heat. There are

also -areas of high heat and high salinity in environmentally sensitive areas.



These might be favorable for development if a closed system could be uaed to
convert their heat to electric¢al energy, Research underwritten by Governmental

and private funds is directed to systems that can produce electricity economicsally,
The efficiencies of these systems are such that high volumes of geothermal water
mist be - used. The systems below 400° become very éxpensive. The lower heat
content requires more than twice as many.wells-to supply a plaat at 310° F as
required fo} 410°F. Heat exchangetr and turbine size must be increased

accordingly. :

‘B. Holt has published (Helt, 1974) studies on the requirements. of binary
systems. In these systems the heat energy from thé geothermal well
vaporizes :a low boiling point fluild which drives the turbine. The ¥apor
1s condensed and recycled. His studies used an ambient temperature at
60°F, Figure 13 has a curve added to this cost chart to reflect increase
of exchanger’ and well capacity required by Imperial Valley ambient well
biilb témperfature of about 80°F causes increased construction costs of

’abOUt 50 z.

Figure 14 shows that a 55 MW plant wusing 400°F fluld requires about 20 mill
per KWH to pay for the hot water energy supply system and cover the normal
fixed charges and'operating maintenance charges of the power production plant.
The assumed 157% fixed charge is very low for a complex experimental binary

'Plan.t .

Let ‘us compare costs éxpected to be associated with steam, hot water flash
gnd those expected for a binary system., FEach will have 200 MW capécity;

Figure 15 forecasts cost for projécts commenced in 1975. The énergy supply

_1.5...



gection is'txea;ed»separately but is the size required for each of the
generating ﬁysteﬁs. Costs are shown for 20 miles of electric transmission
and are the same for each. The investor for a steam field exploration and
development program should expect a cost of about $29,6 million and a lot of
skill qnd lueck ($l&B/KH)a The generating plant investor will need aroumd
$74.6 million and the capital cost for energy supply and generation of

electricity 1s $373/KW).

A reviewspf'hthwater (500°F) flash systems shows $31.3 million will,bé
needed for the energy supply system ($157/KW). This is due to inéreased
number of wells, larger injection'GOIUme of cooled fluid; and evaluation
testing. The plant {s more complex due to the lower quality .of steam and
physically greater amount of l1iquid to handle., The cost of this becomes
$78.4 million, ($392/KW). The supply, generation and transmisgipn systems

total $112.7 million. (S564/KW)..

I have used the same field development costs for binary as for flash, The
best published costs for binary systems in the 40D°F range are based on 1972-
1373 costs. .Seveére escalatlion in construction and material costs have pushed
the generating systems price to near that for the basic coal fired plants,
without sulfur scrubbers. The total binary supply and plant should be
brought in for about $655/KW. This is competitive with the: capital cost for
pressurized boiling water miclear reactors, Operation of the fuel supply
and. injection systems will need to be low encugh to compete with the 3 to

3,5 mill fuel cost for the nuclear systems or the 10 mill cost for ccal fuel.

Comparison of Generating Systems

Whether a central government agency decides which system of electrical
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peneration is used, or whether this 18 determined by private investors

the criteria are pretty much the same. ¥igure 16 displays the major
factors of unit size, reserve availability, plant siting requirements,
capital requirements, and expected busbar price of electricity for coal,
nuclear; diesel and geothermal plants. Geothermal plants will be
constructed in small modules and several modules may be iocated together
in one planf. As the ultimate capital requirements -per XKW 1s not much
different, the small size of the geothermal plant allows it a_distinct
adVantagefiﬁ areas &hat cannot finance the large investment requitred for
1,000 megawatt installations., However, the-geothermal electric plants must
be. located near the ‘energy source just as any other direct use of the geothermal

heat such as space heating and cooling, agriculture, iIndustrial processing.

After its environmental problems are recognized as being at most comparaBle
to other pdwer sources, the busbar price for geothermal electric energy

" will be critical to its wide spread use. JIn areas where a valuable
eéxportable fuel can be displaced by geothermal for local energy productiom,
apother economic advantage develops. The dollar exchange value on the
export market of the transportable fuel theén must be considered as an added

valie to the geothermal fuel savings forecast.

NON .ECONOMIC SYSTEMS "'75"

Geopressure

The potential economlcs for developing the geopressured reservoirs canm now be

estimated with a good deal more clarity than was available at the time of the

- 18 -



Hickel NSF Report. Exploration for oil and gas along the Gulf Coast region of
Texas and Louislana has defined an area several hundred miles long and about
100 miles wide that contains sands with entrapped water at 300°F to 400°F,

-and dt-formation pressures about twice mormal. Figure 17 is adapged from work:
by P. Jones of the U.5.6.S. This shows the major geopressured section is
found between 10,000 ‘and 15,000 feet, The waters ére'in.Tertiary sandstone
reservoirs isolated from normal pressured sections by a thick shale wedge.

The waters in-this*zone'may contain methane in solution, O1il or gas production
has nOtsbé;n sustaired from these extensive and erratic sandstones., While
geologists and engineers familiar with the details of these pétential reservoirs
are not agreed that water production in economic rates can be maintained for
the required twenty yéars;prbductidn per power plant, there may be areas where

such ‘production can be expected,

Dow Chemical Company has conducted a detailed analysis of the investment and
costs of a system to prﬁauce:electricity'from this potenﬁial resource,
Evaluation of this geopressured system, required using- the kinetic and thermal
energy of the water and recovering the dissolved methane for :sale at $2;00

a million BTU. Single stage and two-stage low-pressure flash turbine systems
as well as binary systems were considered. Two models were developed. The
first used average reservoir characteristics of all deep wells in Hidalgo
County, Texas. The sécond used average values for the Lower Rio Grande
Embayment of.south Texas., These compared with the aCtuél well used in the
Eugeﬁe Herrin Air Force Project in 1972 (Herrin, 1972). At 1974 prices, a
two-5tage flash steam plant with 25,000 XW capacity would- réquire $10, 500,000

for the ¢ well supply system, and about $16,500,000 for the surface equipment.,
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Using a 57 per year escalation to obtain project cost in 1980 the investment
becomes $34,000,000, A 66 megatwatt plant would require 15 wells costimg
$25,000,000 for equipment. The total project in 1974 costs would be $61,000,000
qﬁd the 1980 cost would be $78,000;000, "Electricity costs using a $2.00 MCF
credit for the contained methane gas wou;a be around 26 mills/KWH for the larger
installation and about 38 mills/KWH for the smaller Hidalgo County plant, It

is possible to believe that with désign improvement, and careful research

on well costs, the generated power may be produced for 20 to 25 mills, A
compafisdg of size of unit and type of generation $cheme is shown in figure 18,
A summary of the data used in deriving these costs is presented in Table 2

from the Dow-State of Texas Report (Kaufman, 1974),

Considerable reseracﬁ mst be completed before large sums of money should be
invested by=privately‘funded‘organizations. Title to this resource needs to
be estiblished as it 1s clouded by having kinetic energy, heat -energy and
dissolved methane, each transported by usually low-salinity water. By
establishing ownership, a form of appropriate leasing can be developed and
perhaps reach agreement as to which of the regulatory -agéncies will administer
the development; Ovmership may well establish the logical source of funds

to be used in directed research on the technical aspects of this type of
geothermal systéem; Work can now be dirécted toward site selection, test well
design, and production facilities to make optimum use of the three types of
energy expected and asséssment of the environmental impact. Tﬁe_applicahility

of the 1966 Shell 011 Company patents must be established (hotlman, 1968),

This source of energy does not appear to be economic at this time., Since these

reservoir conditions exist in most Tertiary :sand and shale marine basins around
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the world the potential importance of this type of geothermal prospect is very
iarge. Research and development emphasis is justified and must be undertaken

by initiating field projects.

Hot D;y‘Rock\

The hot dry tock geothermal system concept has had two excellent locations
selected as the best in the United States and worked by féderal.ggvernment
sponsored groups. These very experienced teams failed to find the dry

rock part of the concept. The "hot" part was not there efther. To provide
high heat storage in 2 local spot, a collector for that heat must exist,
Usually the high sensible heat of water, coupled with its mobility, provides
,this.fﬁnction. The "dry" part of the concept mist be considered a large part
of the risk of success.. There are not enough data derived from the present
projects to make a prediction as to when success will be proclaimed, or what

will be the cost of elactricity.

Growth of Geothérmal Power by 1985

If the economic outlook for energy projects continues to improve during the
next five years, we should witness a several fold {increase 1n-geothefmal

power projects. To understand how rapidly geothermal prdjects can mature

In the United States, a look at what is required has been made by many

diverse groups. In determining what can be devloped within the mext ten years,
it 1s paramount that the forecaster make a clear distinetion between reserves
and resources, Reserves can be developed with technology now available

and are. Yocated where they can be legally produced at' an agreed price.



Résources that are thought to be preéent may be recoverable in the future
with improved technology and higher costs. Dr. Carol Otte, working as
chairman on the Project Independence Industry Liaison Committee, reported that
it was geologically possible to have 20,000 MW of geothermal electricity
capacity by 1985. I would like to discuss why I think it is actually

possible to have about 6,000 MW developed.

The world's best geothermal field is The Geysers. The last plant constructed

required:ﬁbbut twenty-one ménths to complete and put on line after certification,

There are preséntly 406 MW represented by four plants waiting California Public
“Ut{iity Commission certification for construction. It has taken fifteen years

to 'add 502 MW of capacity. As this rate of increasé may dectrease even more, it

seems very unlikely that The Geysers project will exceed 1,500 MW by 1985.

~To find 4,500 MY successful exploration drilling mist commence now, Fields
that will add to productive total by 1985 must be found and have estahlished
their commercial worth by 1980, This results f}Om the five-vear lead time
required bétween discovery of the resource and electrons flowing. Tf the
average well produces 4 MW, 1,125 wells must be located, drilled, completed,
and tested., This would require~$506 million if their cost averapes $450,000
during the nekt seven years — a more likely figure is %642 million 1f costs
eéscalate 5% per year for five years. Injection facilities will cost $321

nillion.

Tt is most likely that successful fields making up this 4,500 MW will be high

temperature flash, and the plants will cost $392/KW, If this_is escalated
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5% per year for five years the capital cost will be $498/KW. The plant

cost will Ye $2,24 billion for these filelds.

$75 million for minimal transmission facilities brings the production facilities

cost to $3.26 billion,

Twenty-three 200 MW fields will have to be discovered in the next five years.
This will require about 23 x $13,000,000, or $299 million to be spent by
industry or government exploration. So it appears that about $60 million will

be needed for the exploratiom program each year,

The total sum of $3.5 billion is less than a 17 portion of fhe $420 billion
that will ptrobably be used for capital Investments in the energy portion
(23%) of ﬁqsiAa business investménts forecast for 1975-1985 (Project
Independence), The*eleptrical industry fotepasts‘an investment of between
$217 to $271 billion fot generating plants and transmission 1lines, Nuclear
fuel alone will cost $8.9 billion to fuel the forecast nuclear plant
requirements. The coal investors will use about $7.8 billion for new coal
mines, In this context, there {s ample money to meet the 6,000 MW geothermal
goal., To reach the 20,000 MW goal, the approximately $14 billion worth of

work would create strong competition for men, materials, prospects and money .
Surmmar

Geothermal stéam used in electrical generation should provide the most
economic and beneficial use of earth energy., Flash steam fields will be

competitive with fossil fuels Wwhen reservoilr témperatires are above 500°F,
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If technology can lower binary costs these generation units may be competitive

with fossil and nuclear plants and have extensive use,

]

Key {ssues that mugt be resolved before geothermal development- can significantly

penetrate the electrical generatlon industry are:

1. Power conversion system technology must be developed to withstand the
hostile geothermal resources.,

2. ‘Competition from conventional fuel sources for capital; material and
technical manpower,

3. Field exploration expenditures must be designed for costyeffectiVeness.

4. The politics of environmental capriceocwusness mist be résolved, thus
reducing the soaring costs created by redundant studies and reviews
the public is Fequired to pay. . .

5. Economlc planners must learn the difference between an unlimited
resource base and finite reserves.
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ENERGY FACILITY
ESTIMATED LEAD TIME™

TYPE: . YEAHS LEAD TIME
ELECTRIC PLANTS .V _ :
NUCLEAR - ’ 8-10
. COAL , : B
. DIL : 5
_ GEOTHERMAL STEAM ‘ 45
GEOTHERMAL BINARY _ 5
* HYDROELECTRIC, ' ' 20
ENERGY SOURCES
MINES.
URANIUM : . 35
CoAL . ‘ 5.7
FIELDS -
GEOTHERMAL 310
'Ol ONSHORE , 1.3
OiL OFFSHORE ’ 24

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

*PROJECT INDEPENDENCE FINAL REPORT 1974

INVESTORS CHOICE
COAL URANIUM  GEOTHERMAL
OBJECTIVE 100,000,800 TONS- 3,650 TONS 200 MW
INVESTMENT $ 7,500,000 $ 3,500,000 § 2,900,000

SUPPLY FACILITY

(EXPLORATION & 60,000,000 , ‘ .
ACQUISITION) ? $ 30,000,000 $§ 32,000,000

RATE OF RETURN 15% 2% 15 %

MEGAWATTS . . .
: FUELED- 28,000 MW YRS. 17, 500 MW YRS. 6000 MW YRS.



GEOTHERMAL E_r)iP%ORATION

EXPLOR&T!ONV METHODS

| EXPLORATION OBJECTI‘VESJ

;?3;0%LGGY 0G5 HEAT SOURCE j $200 ngﬂ 0%43000'
Pfaw 5?;'?';4 —=1PLUMBING (FAULTS—'\ ,_5 °°°T°$25 °°°

”5‘%33%35'15 oo AV4 \3402%% Thc')og gg 000
IPEH “Iﬂb?iTH i) TEMPERATURE S PEFtHL ONTH .

==L sag0 T
LAND AT 6700/AC]  VOLUME | 8365000770
7500 ACRES | NS "'*5{59 000—
- E)MMERC:AL FIELD ¢t

RECE-tVClF? TESTI# G

R _'l STEDOUT WELLS Ii

GEOT_HERMAL EXPLORATION

GEOLOGY = ___Esw,‘ : '_J Gﬁ;‘m@ﬁ.c
TH?&% %ﬂggﬂs Bl umeing© (FAULTS) -,’F —I
310,000 = 56463
GEOCHEMISTRY —385000_ —IEIL
ey TEMPERATURE % my&E
| — E——
LAND 7800 ACRES ﬁi{ﬁj@“ﬁ

AT 47.00 = 52,500

s

3 40,000 TESTS

[Faves)
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STATISTICAL INVESTMENT
EXPLORATION OBJECTIVE: 200 MW FIELD

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

TOTAL \
<o $ cosT | 3000) 570
GEOLOGY 8 GEOPHYSICS 64 AREAS ($40,000) * 2,560,000 S
ADDITIONAL GEOPH. 32 AREAS ($15000) = 480000
TEMPERATURE HOLES 24 AREAS  ($40,000) = 960,000
4000000 . Y 4,000
LAND ACQUISITION: 7500 ACRES X 32 AREAS ) 7/?
. {$ TOO/ACRE) = 1580000 5,680

X3 _ 00
DRILLING 8 TESTING 5000' DEPTH 47@

12 FAILURES ($365,000) = 4,380,000
3 FAILURES W/CASING RUN (3450.000)7(0,""@ 1,350,000
| DISCOVERY PLUS 3 CONFIRMATION 5,7{%@‘-‘ 1,505000
7235000 . 12915
TESTING TO ESTABLISH £40,000 13,455

t
C AT PATTERN DEFN.

Jo

T SoToPE .
- TAOPELM( '
ENVIRONM ENTAL ’% 00, bco oo

ARE=A QEiSH)m,i 4 00 000

CERRO PRIETO, MIEXICO

~ HOT WATER FLASH 75 MW x 2.6 °

CAPITAL INVESTMENT

($000)
STEAM PRODUCTION o oo
WELLS (18}, SURFACE GATHERING, %,q,;;( ﬂ@ S2EM
COLLECTORS, SEPARATORS, TESTING P $ 5,072 < 120M
GENERATING PLANT P
~ TURBINES, CONDENSORS, EJECTORS, . 20M|55
BUILDINGS, WATER TREATMENT 120m 272 s "
JOMA,
SUBSTATIONS AND TRANSMISSION LINES _ 0w 1872 2511
TOTAL DIRECT INVESTMENT $13,216
- "\\
INDIRECT COSTS - / S 6608
TOTAL COSTS _ % $19,824
CAPITAL COST $264 /KW : Oa(%E‘NERATIdN COST $.008/KWH

iﬁﬁ o “//ﬂw

*SR. S. PARADES 10-73

|



SUATEMALA Y HONDURAS EXPLANATION:
T ”"‘—1,_ &5 QUATERNARY VOLCANICS.
[ cE0THERMAL AREAS
Q anc@l_._clnss
/ ™~

e,

BERLI

KILOMETERS

GEOTHERMAL AREAS
REPUBLIC OF EL SALVADOR

EL SALVADOR PROJECT
AHUACHAPAN AREA
COST MILS/KWH*
CAPITAL INVESTMENT CAPITAL CHARGE RATE 10%—12%
'STEAM SUPPLY :
- AND DISPOSAL . - $ 3,145,000 1.67 193
POWER-SWITCH )
AND TRANSMISSION _ 5,198,000 2.75 319
ENGINEERING, INTEREST
CONTINGENCIES 3,117,000 1.89 2.36
TOTAL $11,460,000 6.31 7.48
OPERATING COST  1.45 1.45

CAPITAL COST $347/KW TOTAL COST MILS/KWH 1.76 8.93

*30% LOAD FACTOR
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B 50 Mwe PLANT.
_COST vs WATER TEMPERATURE AND VOLUME

X 500 500
]
¥
o,
8 ~
-2 aoof 400 T
2 X
g g
o 300 300 &
o 0O
3 ‘
o 200+ - 200 Y
o =
5 100 7
£ 10 100 2
=
| ol ‘
2 ¢ —! _-, —lo

200 300 400 500

RESERVOIR TEMPERATURE. (OF)

HOLT SEPT. 1874

THEORETICAL BINARY SYSTEM

PLANT: 55 MW COST:$26,675,000 $485/KW
FIXED COST (I15%) 10.4 MIL/KWH
OPERATION 8 MAINTENANCE (2%} [.4MIL

TOTAL PLANT CHARGES 1.8 MIL
VALUE OF 400°F WATER FOR 20MIL BUSBAR
20MIL - (10.4 +1.4) = 8.2 MIL |



TYPICAL GEOTHERMAL FIELD DEVELOPMENT 8 POWER GENERATION

INVESTMENT COST SUMMARY ($ MILLIONS)

INVESTMENT !

Flield Development

Exploration 8 Fleld Evaluation
Producing Wells 8 Facilities
Injection Walls & Facilities
Pipe Lines

Contingencies 8 Overhead

Total Field !nvestment/200 MW

Generation Plant

2 ~110 MW Turbo-Gen. Plants
Sub Stations

Total Generation Plants (200 MW)

Transmission
500 KV - 20 Miles

Total Investment- 200 MW (Nst)
(1) Order of mognitude cost estimotes, 1975 U. 5. West Coast bosis. No sscalation,

UNIT SIZE tMW)

FUEL RESERVE

PLANT SITING

CAATAL COST

(PLANT INST
S/KW)

BUSBAR PRICE
(MIL/KWH)

400° 500°+
Hot Waoter Flash Steom
2.8 29 3.1
15.1 140 180
56 60 1.6
4.2 47 40
3.8 35 29
1.5 313 296
95.0 770 406
1.4 1.4 1.4
6.4 7684 420
30 39 30
130.9 127 7456

COMPARISON OF ENERGY SOURCES

GEOTHERMAL
55-110

POT IDENTIFIED

AT SOURCE
{3-5 ACRES)

DRY STEAM
200
FLASH STEAM
390

BINARY SYSTEM
400-500

DRY STEAM
10-13
FLASH STEAM

10-1

___CoAL
750-1200

VERY LARGE

FLEXIBLE
(260 ACRES)

500-600

20-23

g_wet_nj.o_-vgfwuj

365-1200

MODERATE

RESTRICTED
{550 ACRES)

600-720

19-20

_UsOy AT § 2000718

t

_NUCLEAR_ OIL-DIESEL.

75-1200

LIMITED

FLEXIBLE
(70 ACRES)

400-3500

28-30

OfL AT § 2.00/880.
DIESEL AT § D.AO/S8L




DERTH IN FEET BELOW MSL | o \
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GULF OF MEXICO —
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GEYSERS -US.A.

DRY STEAM 502 MW*

CAPITAL COST/KW
STEAM SUPPLY AND DISPOSAL** . .
THROUGH PLANT* UNIT 11 $ 46,700,000 $ 93
PLANTS 1215 ‘ 42,600,000 105
TOTAL $ 89,300,000 $ 98 AVG.
GENERATION PLANT ~ .
" THROUGH UNIT 11 $ 63,300,000 - $126.0
PLANTS 12-15, 406 MW 63,600,000 156.6
TOTAL GENERATING INV. $126,900,000 $139.7 AVG.
908 MW FIELD AND PLANT $216,200,000 $238/KW
FUEL SUPPLIED TO PLANT 6.9 MIL/KWH
EFFLUENT DISPOSED _.5 MIL/KWH
TOTAL 7.4 MIL/KWH

*PLANT 11 COMPL. APR. 1975

**STEAM SUPPLY SYSTEM ESTIMATED

|

GEOTHERMAL FACILITY SUMMARY

(GEOPRESSURE) CAPITAL
COST COST
WATER NATURAL GAS NET $/KW MILS/KW
POWER CYCLE BBLS/DAY WELLS = SCF/DAY X105 MWE  (1980) (1980)
MQODEL ONE
HIDALDO CO., TEX. 262,600 6 7.8
ISOBUTANE 25.28 1485 43.4
STEAM — 2 STAGE 24.50 1393 37.6
MODEL TWO
R10 GRANDE EMBAY. 713,100 15 21.4
ISOBUTANE 68.66 1276 33.3
STEAM — 2 STAGE 66.50 1169 26.8

CONDITIONS FOR CALCULATIONS:

WELL DEPTH — 15,000 FEET
WATER TEMPERATURE — 385°F
METHANE CONTENT — 30 SCF/BBL
METHANE VALUE — $2.00/1000 SCF
RETURN ON INVESTMENT — 20%

ST
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PERCENT STEAM
TEMPERATURE 8 PRESSURE || |

STEAM, IN WEIGHT PERCENT

FINANCIALLY & TECHNICALLY CAPABLE.

ACCEPTABLE EQUIPMENT.
2. CONFIDENCE IN RESERVOIR CAPACITY.

HOT WATER FLASHING

. RELIABLE 8 ENVIRONMENTALLY
3. PREDICTABLE GOVERNMENTAL APPROVAL.

4. ECONOMIC ADVANTAGE.
5. ENERGY SUPPLIER-
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CEOTHERMAL. SYSTEMS

HOT WATER
CERRO PRIETO $264/kw $.008/kwh
HOT WATER WITH NDIRY STEAM RESERVOIR
* GEYSERS NO.I5, $205/kw $.0135/kwh
GEOPRESSURED at 70%
MODEL STUDY $920/kw $.0205/kwh
1/—\1 DRY HOT RGCK

.

TN
() MORMAL GRADIENT

N

*PLANT, TRANSMISSION-EX SUPPLY



— ¢ e . . <l RN ... - P

CEOTHIRIAAL SYSTIMS

HOT WATER
CERRO PRIETO $264/kw $.008/kwh
HOT WATER Wi:TH DRY STEAM RESERVOIR

x GEYSERS NO.15,$205/kw $.0135/kwh
CEOPSECS SURED at 70%

_ MODEL STUDY $920/kw $.0205/kwh
/\) DRY HOT ROCK

() MORMAL GRADIENIT

¥PLANT, TRANSMISSION-EX SUPPLY
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' SODIUM/LITHiUM RATIO IN WATER APPLIED TO GEOTHERMOMETRY
: ' OF GEOTHERMAL RESERVOIRS

C. FOUILLAC* and G. MICHARD

-Laboraioire de Géochimie des Eaux, Groupe du L.A. 196 Université Paris 7, 75221 Paris Cédex 05, France

- Abstract—We propose here a new geothermometer for natural waters. Analyses from many explored
geothermal fields allow us to define two empirical thermometric relationships.
One is for waters of low 10 moderate salinity (CI"< 0-3 M)

log Na/Li = 1000/7 -0-38, . (a)
and one for marine waters and brines (ClI"> 0:3 M)
log Na/Li = 1195/T + 0-13. (b)

These relationships, which at present are not well understood, result mainly from the increase of Li

concentrations in walers with temperature.
Equation (a) proved to be adequate for spring waters from mostly known geologic origin; this is an

important feature in geochemical surveys for geothermal prospecting.
Furthermore, when comparison between springs and drillhole chemisiry of a given geothermal field is
possible, the Na/Li geothermometer gives more reliable temperature estimates from the spring

compositions than do classical-geothermometers.

INTRODUCTION

Natural hydrothermal systems are an important means of studying water —rock interactions.
Determination of the equilibrium temperature existing at depth in a field has always been a
major goal and in the past 15 years the evolution of geothermal power utilization has enhanced
still further the interest in temperature estimation. Several workers have proposed relationships
between the chemical composition of geothermal 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 waters tapped by drillholes (Mahon, 1966). However, it is
difficult to use the silica geothermometer when working on natural springs, as in high
temperature 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 (1< 150°C) the knowledge of
which solid phase controls dissolved silica concentration is critical (see for example Arnorsson,
1970, 1975 and Boulégue er al., 1977). The quartz geothermometer 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 e/ al., 1974),
Numerous examples of this situation are to be found in the French Massif Central (Féuillac er
al., 1976a).

*Present address: Bureau de Recherches Géologiques et Miniéres, Dépariment M.G.A., B.P. 6009, 45060 Orleans-
Cedex, France. . .
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Additional difficulties occur because of the mixing of rising hot ‘solutions with cold
superficial waters. In this case, application qf the mixing models approach propose?fby
‘ Fohypier and Truesdell (1974) and Truesdell and Fournier (1976) is sometimes biased by
‘surprisingly high silica contents of the colder water fraction (see for example Giggenbach, 1978;
Fouillac ef 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 waters. The deposition of aluminium-rich
minerals, like kaolinite, has been invoked by Michard ef 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 of the Na/K
geothermometer to superficial waters 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 not clear, but reflects an equilibrium
between alkali feldspars, calcium-bearing silicate (or calcite) and deep solutions (Shikazono,
1976; Michard and Fouillac, 1976). Fournier and Truesdell’s formulae are not applicable to cold
concentrated solutions (cf. sea-water). Also, for CO;-rich springs, as pointed out by Paces
(1975) and Paées and Cermak (1976), Fouillacand Michard (1977), the Na/K/Ca relationship is
not reliable. An attempt to correct the Na/K/Ca geothermometer for CO,-rich waters (Pades,
1975) was not entirely satisfactory.

In summary, chemical geothermometers provide good temperature estimates for high
temperature tapped 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 later, 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
to the hottest zones of the 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 ef al., 1976a) and in the Eastern Pyrenees and Corsica (Boulégue er al., 1977).
The latter two regions include fields with estimated deep temperatures down to 60°C. This
enlarges the temperature range of hydrothermal systems available to test geothermometers.
When looking for possible thermometric relationships, sodium and lithium appeared to be
promising elements. A wide search for lithium data in geothermal waters was thus undertaken.
Four groups of water systems were used to build up a thermometric relation.

1. Explored geothermal 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 estimates given by authors
in the literature. _

3. Analyses of surface waters. here, measured temperatures are available. For very dilute
samples, we have only considered flameless A.A.S. lithium determinations. Some studies
showed lithium values only twice the announced detection limit and accordingly these samples
were not considered further. ’
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4. Water —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 geo}hermal systems 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 1. The chloride content of waters is also reported.
As far as possible, individual temperature measurement and chemical compositions are
considered for driltholes. This was not possible at Reykjanes (Iceland), where the lithium value
pertains to a natural spring (Bjornsson ef a/., 1972) and the temperature is only a rough mean
value for the thermal field.

Table 1. Sodium and lithium in geothermal walters

Localisy T -log Li -log Na log Nas/Li  Ct ppm References
Chile
&l Tatio
Well TI m 207 2:6) 0-84 1'63 5840
Well T2 m 2:00 2:39 0-82 1-56 6020
Well T3 m 190 2-51 093 1-56 4490 Giggenbach (1978)
Well T4 m 2:03 2:54 0-82 - 5650
Well TS m 2:06 2:33 0-78 1-55 - 6690
Well T6 m 2-20 153 2219
Well T10 m 1-96 . 1-52 6544
Well T7 m 1-87 [B1] 6402 Cusicanqui er al. (1976)
Well T11 m 2-00 b52 6348
Well T12 m 1-92 1-51 6154
El Tatio Brine m 2:i6 ¥4 , =067 380 185,000 Giggenbach (1978)
France
Massif Central .
La Bourboule 4 24 318 1-23 195 1757
Troizat € 2-41 271 095 177 3106
Félix ¢ 236 3-07 2 1-85 1590
gabricl c 2-41 314 1-24 1-92 1503
t. Neciaire c 2:07 2-69 1-07 k61 1710 .
Royat c 202 300 -4l 159 g1y ( Fouillac (uapub.)
Peiitjcan [ 2:11 2-89 119 1-70 1349
St, Laurent 3 2-66 403 2209 194 16-3
Bagnols [ 2:40 3-67 210 1-57 237
La Chaldeite 3 2:73 43 20} 226 15-6
Vichy c 2-45 310 109 2:00 326 Michard er af. (1976)
Pyrénées
Les Aigues 3 2:74 4-88 2-54 2:34 11°2~
Amélie c 2-61 4-56 2:36 2:20 22
Axles Thesmes € 2:49 4-88 267 2 2
Canaveilles 3 2:60 4-88 2:58 2:33 71
Carcaniéres ¢ 264 4:86 2:64 2-22 4-5
Dorres 3 282 5-15 2:713 2:42 53
Escouloubre e 2:68 4-85 2:63 221 44 L
Fonichaude 3 2N 5-40 2:87 2:53 36 Laborajoire de Géochimie des Eaux (1978a)
La Preste 3 3-06 352 277 275 1-8
Llo e 2N 488 2:50 2-38 50
Naussa c 2-81 5-00 2:50 2:50 14-2
St. Thomas c 2n 492 2-57 2:)4 718
ués < 2-58 492 2-55 2:37 71
Usson c 277 501 212 2:28 I-SJ
Vernet 3 27 5-00 2:60 2:39 78
Corsica .
Baracci ¢ 2:83 5-0) 2:40 264 n
Caldane ¢ 32 5-64 2:60 3:04 3
galdanclh c 2:48 4-51 2-27 2:24 83
aldanictia e 2:6) 4-49 216 2-32 ) Laboratoire de Géochimi
Guagno c 259 19 248 231 257 ¢ Géochimic des Eaux (19760)
Guitera c 2:94 515 2-6) 2:52 142
Pictrapola 3 2-45 475 2:52 223 28
Urbalacone e 3-02 522 2'58 2:67 35
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Table 1. {continued)

Locality wT ~log Li Q" ppm
West Indies
Bouillante
rv,::: gg§ : :z ;gg :;:ig Fouillac and Quzounian (1977}
Paris Bosin
Melun
Well PM2A m 2-83 369 7170
Well PM2B m 2-83 3-69 "nn
Well PM2C m 2:8) 369 170
Chailly
Well CHI m 2:89 34 4790
Well CH26 m 2:87 )M 5540
Well CH28 m 2-87 374 5510
Well CH10} m 2-89 374 4790
leeland
Geysir area
A Geyser m 1-89 4-5) 129 Bjornsson et ol. (1972)
Reykjanes 3 1-87 297 19,500 .
Hverogerdi
Well G3 m 190 4-36 260
Indis
Puga
well GW2 ¢ 1-84 302 1-50 475
Well GWS e 1-84 309 1-44 445
Well GW? € 1-84 3-09 1-49 464
well GW8 c 1-96 3-06 146 a1 Shanker e/ al. (1976)
Well GW10 3 1:96 3-02 1-42 448
Well GW1! e 196 3-03 1-42 443
Indonesia
Kawah Kamojang
Well 6 201 397 20 Karniokusumo ef al. (1976)
Italy
Cesano
Well 1 1-91 1-28 42,850 Catamai ef ol. (1976)
Phlegraean Fields
Spring § 2-26 336 14,620
Japan
Otake
Well 7 3 2-14 3-18 1219
Well 8 [ 207 320 1243
Well 9 3 2:058 3413 1474
Well 10 e 211 3-08 1753
Hatchobaru
x::: :; ¢ ':; g;g g;g) Hayashi and Yamasaki (1974)
Hakone
well 11 m 3:02 5-00 20
Well i m 274 345 2570 Oki and Hirano (1970)
Well IVa m 2:95 4-40 617
Naruyo orea
Tosenro m 2:68 413 2:57 600
Farmer's h, m 2-88 4-49 2-84 125 Noguchi and Miyazawa (1974)
Higashitaya m 2:68 4-07 2:46 630
Mexico
Cerro Prieto
well'§ m 1-63 256 196 10,420
Well M3 m 1471 1-95 2:07 14,170
New Zealand
Broadiands
Well | m 1-81 280 -3} §-48 1700 ~
Well 2 m 1-78 2.7 133 1-44 1740
Well 3 m 1-80 275 1-34 1-42 1800
Welt 4 m 1-83 2:76 1-33 143 1850
Well § m 1-93 314 1-21 1-93 1140
Well 6 m 240 375 172 2-04 28
Well 7 m 1-8) 2:66 1-25 1-42 1823
Well 8 m 1:83 2-78 1-37 1-41 1858
Well 9 m 1-76 273 1-39 1-34 1709
Well 10 m 1-81 2-86 1-40 1-46 1245 > Mahon and Finlayson (1975)
Well 1) m 1-82 2-18 1-35 1-40 1795
Well 12 m 1-82 2-83 1-18 165 1546
Well 13 m 1-82 2-81 1-37 1-44 1670
Well 14 m 1-75 2:81 1-42 140 1480
Well 1S m 75 2:78 133 1-44 1750
Well 16 m 1-82 304 1-60 1-44 528
Well 17 m 177 2:82 1-36 1-47 1780
Well I8 m 1-78 2-79 132 1-47 1985
Well 19 m 1-83 2:77 t-38 1-39 1720
Kawerou
Weli 7A m 1-85 3-54 1-62 1400
Well 8 m 1-85 3:10 1-61 1310
Well 4 m 2:11 3-29 1-34 585 Ellis and Mahon (1964)
Well 10 m 1-91 317 1-62 1098
Well 12 m 1-84 309 1-52 1003
well 14 m 1-82 3-04 1:56 1136
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Table 1. fconiifued)
j Cocstity T ~log Li —Jog Na  log Na/Li Gl ppm References,
| — - - .
S it m 1-98 282 143 140 1658 Ellis {1970)
kefkoruko . .
O 2 m I8 334 162 17z 546 Eltis (1956)
Roipkaue
. e 1 m 202 63 1-18 165 Eliis (1970)
Waigiapu .
Wwell § m 18§ 102 1-42 159 1450 .
Wairdkei - . P -
well 471 m 202 274 125 1449 2540 Ellis and Mahon {1964)
: Weli 20 m 193 270 1125 1-45 2215
Well 44 m ‘8% 269 1-24 144 1260 .
3 Well 24 m 1-91 n 1-26 1:45 prali] Ellis (1970}
] - Well 48 c 1-88 2:72 1-28 1:43 2136 Koga (i970)
! well s € *26 m 2400 1-16 ‘546 Shanker #t af. {1976)
US.A.
Arizong
Casagrande .
Expt, Well m 268 1-68 49 219 1250 Dellechaic {1976}
Catifornio
Salion Sea- . 451 58 .
Well 1D m 63 -0-34 3 150,000 . 5y
well | Siate ™ 170 157 =031 183 127,000} Helgesan (1967)
Long Valley N
35 28E13ES3 c 2:16 3:40 1T 1:43 200
E 35 2B8E32EY € 236 3-40 7 :g; 28D
IS IZE2IPS) € 2:33 3-8 1-87 . 150 P J
f ISIVE0HS]  «© 21 3:62 1-76 185 170 (= Merinecand Willéy {1976]
i - 1S 29E34XSE € 2:14 364 1-83 1-%2 150
4 a5 2E25_ﬂ&54 S - rn 3-48 176 1-69 225
F Kettelman. North Dome i
Th 41} m 2:68 368 024 344 19,500
! Th [%8) m 268 ¥37 0:31 ¥4 18,200
: Th RE) m 268 167 0-25 121 16,000
‘ ThEY(Il) m 268 N 0-47 334 {1,600 Merino (19756}
Th VL) m T &8 »n 0-52 LTv].3 16,600 .
UM (5} m 68 1-60 NE]| 2:59 1380
! LM 14) m 68 3313 0-80. 2737 4720
.l Momiane
Alharabra c 258 426 2.0}, 223 35
Boulder ‘« 241 442 2y 15 14
Hroadwater c 2-45 £0% 203 208 25 L - .
. Gregson c 250 400 210 1-89 1 Roberson er ok, {1976}
) Horris € 2-43 4R35 o 7% n
E &_ Silver s1ar c 2-42 4% 2-12 214 LS
Mississipi )
Homer Currie m R 1-42 0-43 —282 165,000 Carpenter ef of. {1974)
Uu.5.5.R. -
Cheleken Brine
Well PI%2 m 283 283 ~0-45 3-31 143,300 g
well Ul m 283 393 —9-29 134 15Bo00)  -Lebedev (1573)
1 Red Sea
Piscavery .
Staion 717§-2 E 443 024 419 155,000 ~,
Siaripn 728 1 m U] 383 =008 1-9] 155,000
S1a1ion 728313 m 329 195 = 0-0%- 4-00 155,006
Stavion 729 20 m 129 4-5 0-3), 417 42,000
Starion 729 23 m 3-30 402 =0-08 410 42,000
Aflentis .
Statien 7269 m Y7 4-42 024 418 80,000
Siavion 727.% m 338 4:48 0;26 422 80,000
Starion 71723 m 303 121 -069 o0 £0,000 ;
Station 72621 . m 303 ENE) By 145 sojpag [ Hrooks er ol (1969}
Staion 72219 m 3:12 4-27 018 409 20,000
Station 122 X0 -5 m Y8 445 021 472 £0,000
. Sarien 722211 m Jis 365 - 0:33. 3:98 80,000
Station 715 10 m 334 4-52 a-15 3 £0,000
Staiion 71513 m 3-2% a1 - 038 394 80,000
Siation 71523 m 3-03 6 — —-07] 387 80,000
Stavien 71814 m 339 449 024 4-25 80,000,
Sigtian 7181 m 313 158 - 0-34 39z 80,000 _/ "

¢ = Estimalcd deep remperature.
m = Measured temperaiure.

Data for surface waters aré given in Table 2. Values derived from the experimental work of
Ellis -and Mahon (1967) are in Table 3.

From Tables 1 -3, log my,./m,;-and log m/; are plotted vs 1/T (Figs. 1 and 2). The Na/Li
plot exhibits two linear relationships. We can see that the first line (curve a) correspends to
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Table 2. Lithium concentrations and: sodium/lithium ratios in surfdce waters of various origins, *

Number af Log Li Log NasLs
Docripiion of samples wample §/T= 107" Average R':nfr A"“"? 'Riqpr ﬁrlrrcnx‘n k)
Lt ek 17
oters Srom single, rock Lrpt -69 25 Baulégue; J.,
Lauraguais 19 350 —4:23 RUE . unpublished
% W, Franct -5k 348 valuei
‘Limesiones -7 2-59 Grimaud, [, o 2l
g, Alps 13 350 —633 #3413 ) unpibliéhed
‘France ] 3358 values
Graniic .

. -3 2-%9 Beauraire, fund
Margere al is 360 -685 30 1979, )
France ) -67 y02
Volcanic Rocks » B -7 27 Féuillar and
Guadcioupe 9 140 -8 )7 33 Quzounian
WeilIndics . -7 1:86 1977,

. .- .
Granite .

d - -7-3& 23 .
g;;if:}w:f;\l:clfim 2 358 -579 33@3 Miller (1961}
Hr i : ~b3 : ER Y
Quartzite |, | . N .

< i C -1 238

e e Wheico ¥ 3:58 —720. 263 Miller (1961)
US.A o -713 K 277
Sandsiones . ; -

e i . ) ~&19 22 -
i“l':%’: e Lo 6 150 . &7 233 Milier (1961
US A : -633 ’ 262
Wateri febm miied arigih
Hudson 'Ri T N 5
Hsar e 1 353 6i29 782 28,
;.Sf‘s‘;‘]:tihana River i 355 — 64y 28
Japanese 14 . . - 63 301 3-47 " Livingsione
Rivers 3:50 - 556 -538 234 (1963}
Major Nordh :
American Water 355 266
Séa Water ) 3482, -5-48 4:29

Table 3. Sodium/lithium behaviour in experimental water - rock inleraclions. _Aftet Ellis and Mahon (19567)

Rock 1ype 17T e it “Log Li Lag Ma Log MasLi Cr ippm)
Pusice 1-48 - 358 ~2-23 1:35: 157
Obsidian 9 418 240 1-59 9
lgnimbrite 1°48 =379 - 2:4% 1-1%9 n
Rhyolitc 1-6¢ T -3:76 - 249 127 18
Dacite 151 -4:02 : t-47 a0
Andesite 9 -4'14 1-59- 22,
Rasalt 1:91 ~d-3§ —2:1% 297 250
Gieywackes 19 —4:14 - 28 1-62 3
+

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

Thus, the relatjionships between Na/Li and temiperaturé can be summarized by
(i) log Na/Li = 1000/T - 0-38 for CI'< 02 M, .
the mean square correlation coefficient'is r = 0-965. This line will be called the general Iin€ in
the following sections. .
i) log Na/Li = 1195/7 + 0-19for CI'> 0-:3 M (r = 0-982).

The correlation between log m,; and 1/T(Fig. 2} is clear but only fair

log m,; = — 1503/T — 0:02 (r=0:75).
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Fig. 1. Fig. 2.

Fig. 1. Log Na/Li in waters vs the inverse of absolute temperature. Key: (a) general line, closéd symbols; (b) brine line,
open symbols. O, ® Measured temperatures. A Estimated temperatures. + 'Surface waters. B Experimental
water —rock interactions.

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

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

logm, = — 2258/T + 144 for CFr<0-2M (r
~ 1436/7 + 0-61 for CI">0-3 M (r

The selection of data needs some comments:

For Red Sea thermal brines, we have considered temperatures and chemical analyses quoted
in Brooks et al..(1969). More recently, several workers (Brewer et al., 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.

0-936),
0-91).

log m;

o
X

.
¥
U;-
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-~

TENTATIVE INTERPRETATION ' :

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

(1) To help this discussion, the log m,, vs 1/T plot 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 7, 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

Na

log,

-3

1 1
2 3 4

/T =103

Fig. 3. Log Na in waters 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.
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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 ef 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 /&) and Na’ (0-98 4&). 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 161 — 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 Tremblor 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, influence of some kinetic parameters is partially
cancelled and the correlation coefficients are better for the (Na/Li, 7) 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 my;, 1/T plot and
will not be discussed here; .
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Fig. 4. Behavior of some particular hot waters. Key: KCS—Kettelman interstitial solutions; concentrated samples.
KDS—Kettelman interstitial solutions, diluted samples. CB—Cesano Brine. ETB—EI Tatio Brinc. WBIS—Water
Basalt in interaction resulting solution. HQ—Hveragcrdi and Geysir respectively.

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 chemistry 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 er al., 1979). In Ellis and Mahon’s experiments,
which are not equilibrium experiments, no development of a 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 ef al. (1976) have noticed that quite large amounts of sodium chloride precipitated in
the well, which produces a mixture of water and solid NaCl and Na,SO.. 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 fluid 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 stiil 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 CO,-rich springs are flowing. 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 other temperature indexes. The temperature obtained with the
Na/Li geothermometer (145°C) is in good agreement with the temperature previously
determined (135°C) by Michard et al. (1976) after a detailed geochemical study of the area. The
Li concentration yields too high a value (200°C).-

Table 4. Evolution of thermometric indexes among selected springs from Vichy thermal area (France). After Michard
el al, (1976)

Ref. Spring ™C Na/K M3/Ca Na/Li L1 10 (mA) Si0' (ppm}
- !
Ful Féerique 1 2141 303 98-2 069 210
Fi2 Jade 12 259 119 100-7 079 252
F 32 Mesdames 133 233 182 95-2 071 228
F3 Saini Ange 17 282 305 104-2 016 174
F28 Génereuse 24 129 80-2 101-5 079 950
F 26 Hopiral 34 31+t 20-8 102-8 0-79 546
F2s g::l’l‘tdc 402 333 317 101-25 0-80 702
F3 Boussange 41 2)-3 249 97-8 0-82 84-0
F 4 Dome 66 297 640 101-8 0-74 83-0

New Zealand hydrothermal areas

Table 5, after Mahon (1970} shows comparison between springs and drillthole 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 geothermometer and classical geothermometers, Taupo volcanic zone — New

Zealand.
Molal ratios Temperature
Li ] :
Thermal areas {10°’m/1) Na/K Na/Ca NasLi TN.,K TN-K-Ca* TNa/Li TNa/Li Obs
- L /3
Holc 44 2:06 100 133 T2y 261 265 278 274
Wairakei Spring 97 098 16:6 26 293 199 205 268 234 270
Spring 190 1-43 26 83 28-5 156 193 212 234
Hole 6 096 9-4 150 39 269 266 234 233
Waiotapu Spring 64 130 130 60 40-6 27 236 229 248 260
. Spring 20 0-38 35 87 34 134 171 250 209
Hole 7A 077 10-3 500 418 257 2318 226 22
Kawcerau Spring 2 039 1-s 44 367 242 226 241 192 260
\ }S-'prling 4 g-:g 12-8 53 162 229 223 242 zg&
. [ Hole 3 : 107 440 24°5 252 254 292 I
Orakeikorako *{ Spring 98 038 13 150 2 244 262 314 209 250
Hole 1 - 97 160 277 268 269 278 m
Taupo { Spring 067 147 64 264 217 217 282 216 267°
Hole 10 39 101 737 28-2 259 81 m 252
Broadlands - { 5 107 178 573 34 192 236 250 239 270
Hole | 138 19-6 s3 252 182 205 288 258,
Ngawha Jubilée 220
Spring 118 220 188 3 17 240 261 242

*Mcan valuc cstimated between Na - K and Na ~ K - Ca results on hole 1.
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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 different 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 best value. Mixing or steam loss
can therefore be pointed out by comparison of the temperatures given by the Li and Na/Li
geothermometers.

Table 6. Temperature estimates from spring chemisiry in Broadlands area. After Mahon and Finlayson (1975).
Maximum temperature measured: ~ 270°C

. TNa-K-Ca
Spring number TNa-K s TNa - Li Tsio,* N
) 189 23 247 219 239
3 192 197 269 204 216
4 164 182 243 203 205
b) 165 185 223 18) 19N
[ 136 178 240 196 205
7 117 167 P2y 191 209
A 163 m 248 185 205
B 170 188 237 189 201

*Ditect application of quariz geothcrmometer.

Yellowstone Park (U.S.A.)

The situation is more complex in this area. As far as we know, there are no definite physical
temperature 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 thermal
equilibrium (White er al., 1975). Besides this, numerous careful analyses of natural springs and
geysers are available (Rowe ef 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 studies the following situation can be summarized:

(i) the existence of shallow aquifers, different from each other in temperature and chemical
composition, is certain;

(ii) a unique parent water can be expected at great depths; its temperature must be very
close to 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 that 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 waters from this basin is rather homogeneous;

(v) Upper and Lower Basins are fed by several water types. 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 with dilute
waters and reactions between solution and carbonate host-rock play an important role.

Using chemical analyses listed in Rowe er al. (1973), we compute the Li and Na/Li
temperatures. 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 waters are related to a common aquifer, the temperature 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 temperature 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]
of
Sampleq] Mammoth Area
s

—____m%.__

Lower Basin

Fig. 5. Histogram of frequencies for Na — Li computed 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 ef al. (1976) and Truesdell and Fournier (1976) using a complex madel.

CONCLUSIONS

The study of 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 with 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 temperature are not yet understood. Careful geochemical studies of well
known geothermal areas and experimental work are still necessary for a better understanding of
sodium and lithijum behaviour under hydrothermal environments.

REFERENCES

Armand, L. (1933) Sur quelques sources minérales du plateau du Massif Central francais. Revue de [’Industrie
Minérale 300, 270 -278. :

Arnason, B. and Tomasson, J. (1970) Deuterium and chloride in geothermal studies in lceland. Geothermics Special
Issue 2, 2, pt. 2, 1405 - 1415.

RO
S



68 C. Fouillac and G. Michard

Arnorsson, S. (1970) Underground temperatures in hydrothermal arcas in lceland as deduced from the silica content of,
the thermal water. Geothermics Special Issue 2, 2, p1. 1, 536 - 541.

Arnorsson, S. (1975) Application of the silica geothermometer in low temperature hydrothermal areas in Iceland. Am.
J. Sci. 275, 763 ~ 784.

Baldi, P., Ferrara, G. C. and Panichi, C. (1976) Geothermal research in Western Campania (Southern ltaly): chemical
and isotopic studies of thermal fluids in the Campi Flegrei. Proc. Second United Nations Symposium on
Development and Use of Geothermal Resources, 1, 687 —697.

Bargar, K. E., Besson, M. H., Fournier, R. O. and Muffler, L. J. P. (1973) Present day deposition of lepidolites from
thermal waters in Yellowstone National Park. Am. Mineralogist 58, 901 —-904.

Beaucaire, C. and lundi, F. (1979) Etude des éléments traces dans quelques sources de terrains granitiques et
volcaniques du Massif Central Francais. In preparation.

Bjornsson, S., Arnorsson, S. and Tomasson, S. (1972) Economic evaluation of the Reykjanes thermal brine area,
1celand. Bull. Am. Assoc. Petrol. Geologists 56, 2380 — 2391,

Boulégue, J., Fouillac, C., Michard, G. and Ouzounian, G. (1977) Geothermal applications of the geochemical study
of thermal springs in Pyrénées. Proc. Seminar on Geothermal Energy Brussels 2, 455 — 468.

Boulégue, J. (1978) Metasiable sulfur species and trace metals (Mn, Fe, Cu, Zn, Cd, Pb) in hot brines from the French
Dogger. Am. J. Sci. 278, 1394 - 1411,

Brewer, P. G., Wilson, T. R. S., Murray, J. W., Munns, R. G. and Densmorre, C. D. (1971) Hydrographic
observations on the Red Sea brines indicate a marked increase in temperature. Narure 231, 37 - 38.

Brooks, R. R., Kaplan, !. R. and Peterson, M. N. A. (1969) Trace element composition of Red Sea geothermal brine
and interstitial waier. in: Hoi Brines and Recent Heavy Meial Deposits with Red Sea. (Eds. Degens, E. T.,
Ross, D. A.), pp. 180 205.

Browne, P. R. L. (1970) Hydrothermal alteration as an aid in investigating geothermal fields. Geothermics Special
Issue 2, 2, pt. 1,564 -570. .

Browne, P. R. L. and Ellis, A. }J. (1970) The Ohaki-Broadlands hydrothermal area, New Zealand: mineralogy and
related geochemistry. Am. J. Sci. 269, 97 - 131.

Calamai, A., Caialdi, R., Dall’Aglio, M. and Ferrara, G. C. (1976) Preliminary report on the Cesano hot brine
deposit (Northern Latium, ltaly) Proc. Second United Nations Symposium on the Developmeni and Use of
Geothermal Resources 1, 305 -313.

Carpenter, A, B., Trout, M. L. and Pickett, E. (1974) Preliminary report on the origin and chemical evolution of lead
and zinc rich oil field brines in Central Mississipi. Economic Geology 69, 1191 - 1205.

Cusicanqui, H., Mahon, W. A_J. and Ellis, A. J. (1976) The geochemistry of the El Tatio geothcrmal field, Northern
Chile. Proc. Second United Nations Symposium on the Development and Use of Geothermal Resources 1,
703 -711.

Dellechaie, F. (1976) A hydrochemical study of the south Santa Cruz Basin near Coolidge, Arizona. Proc. Second
United Nations Symposium on the Development and Uses of Geothermal Resources 1, 339 — 349,

Ellis, A. J. (1966) Volcanic hydrothermal areas and the interpretation of thermal water compositions. Bulletin
volcanologique 29, 575 — 584.

Ellis, A. J. (1970) Quantitalive interpretation of chemical characteristics of hydrothermal systems. Geothermics
Special Issue 2, 2, pt. 1, 516 - 528.

Ellis, A. J. and Mahon, W. A. J. (1964) Natural hydrothermal systems and experimental hot water - rock interactions
(Part I). Geochim. Cosmochim. Acta 21, 1323 — 1340.

Ellis, A. J. and Mahon, W. A. J. (1967) Natural hydrothermal systems and experimental hot water — rock interactions
(Part 2). Geochim. Cosmochim. Acta 28 A, 519 —538. '

Ellis, A. J. and Wilson, S. H. (1960) The geochemistry of alkali metal ions in the Wairakei hydrothermal system.
New Zealand J. Sci. 3, 593 -617.

Fouillac, C. and Michard, G. (1977) Sodium potassium calcium relationships in hot springs of Massif Central.
Proc. Second Int. Symposium on Water — Rock Interaction, Sirasbourg, 3, p. 109~ 116.

Fouillac, C. and Michard, G. (1979) Un géothermométre empirique: le rapport Na/Li des eaux. C. R. Acad. Sc. Paris
288, 123 -126. .

Fouillac, C. and Michard, G. (1979) Géochimie des eaux thermales des Pyrénées Orientales et de la Corse. To be

published.

Fouillac, C., Cailleaux, P., Michard, G. and Merlivat, L. (1976a) Preliminary geothermic studies on mineral waier
in French Massif Central. Proc. Second United Nations Symposium on the Development and Use of Geothermal
Resources 1, 726 — 729. .

Fouillac, C., Michard, G., Merlivat, L., Javoy, M. and Jouzel, J. (1976b) Etude géochimique des eaux
thermominérales de Chateauneuf-Les-Bains. J. Francais d'Hydrologie 7, 151 —157.

Fouillac, C. and Ouzounian, G. (1977) Géochimie des eaux thermales de la Guadeloupe. Institur National
d’Asironomie et de Géophysique. Unpublished Report.

Fournier, R. O. and Rowe, J. J. (1966) Estimation of underground temperatures from the silica content of water.from
hot springs and wet steam wells. Am. J. Sci. 264, 685 - 697. .
Fournier, R. O. and Truesdell, A. H. (1973) An empirical Na-K-Ca geothermomeler for natural waters. Geochim.

Cosmochim. Acta 37, 1255-1275.

Fournier, R. O. and Truesdell, A. H. (1974) Geochemical indicators of subsurface temperature. Part 2: estimation of

temperature and fraction of hot water mixed with cold water. U. S. Geol. Survey J. Research 2, 263 ~ 269.



?

L B

o : SRR ras e e
3 F ARyt
:
e TN €
.. : 0 o S 5%":4-:*
et e i e e s SiatEhsy ’“’i“'v:;v&’:“iﬁ'%? e AT L S ﬁ,%:a Y
P s

Sodium/Lithium Ratio in Water Applied to Geothermometry of Geothermal Reservoirs 69

Fournier, R. O., White, D. E. and Truesdell, A. H. (1974) Geochemical indicators of subsurface lcmberalure Part I:
basic assumptions. U. S. Geol. Survey. J. Research 2, 259 —262.

Fournier, R. O., White, D. E. and Truesdell, A. H. (1976) Convective heat flow in Yellowstone National Park. Proc.
Second United Nations Symposium on the Bevelopment and Use of Geothermal Resources 1, 731 —739.

Giggenbach, W. F. (1978) The isotopic composition of waters from El Tatio geothermal field, Northern Chile.

' Geochim. Cosmochim. Acta 42, 979 — 989.

i Hayashi, M. and Yamasaki, F. (1974) Hydrothermal alteration of pyroxene andesites in the Otake geothermal area

i (Japan). Proceedings Ini. Symposium on Water — Rock Interaciion, 158 - 169.

Heier, K. S. and Billings, G. K. (1969) Lithium in Handbook of Geochemistry, Vol. 11/1, Springer Verlag, Berlin.

Helgeson, H. C. (1967) Geologic and thermodynamic characteristics of the Salton Sea geothermal systems. Am. J. Sci.
266, 129 - 166.

Kartokusumo, W., Mahon, W. A. J. and Seal, K. E. (1976) Geochemistry of the Kawah Kamojang geotherma! system,
Indonesia. Proc. Second United Nations Symposium on Development and Use of Geothermal Resources 1,
757 -1759.

Koga, A. (1970) Geochemistry of the waters discharged from drillholes in the Otake and Haichobaru Areas.
Geothermics Special Issue 2, 2, pt. 2, 1422 — 1425,

Kristmannsdottir, H. (1976) Hydrothermal alteration of basaltic rocks in Iceland geothermal areas. Proc. Second
United Nations Symposium on the Development and Use of Geothermal Resources 1, 441 — 445,

Kristmannsdottir, H. and Tomasson, J. (1974) Nesjavellir: hydrothermal alteration in a high temperature area. Proc.
Int. Symposium on Water — Rock Interaction, Prague 1974, 170-177.

Laboratoire de Geochimie des Eaux (1978a) Contrat No. 147 EGF, Rapport aux commissions des Communautés
Européennes. Unpublished report.

Laboratoire de Geochimie des Eaux (1978b), Rapport de la convention INAG No. 3314, Unpublished report.

Lebedev, L. M. (1973) Minerals of contemporary hydrotherms of Cheleken. Geochemistry Internat. 9, 485 — 504.

Livingstone, D. (1963) Chemical composition of rivers and lakes in data of geochemistry. U. S. Geol. Survey Prof.
Paper 440 - G.

Mahon, W. A. J. (1962) A chemical survey of the steam and water discharges from drillholes and hot springs at
Kawerau, N.Z. N.Z. J. Sci. §, 417 -433. ’

Mahon, W. A. J. (1966) Silica in hot water discharged from drillholes at Wairakei, New Zealand. New Zealand J. Sci.
9, 135- 149.

Mahon, W. A. J. (1970) Chemistry in the exploration and exploitation of hydrothermal systems. Geothermics
Special Issue 2, 2, pt. 2, 1310-1322.

Mahon, W. A. J. (1976) Review of hydrogeochemistry of geothermal systems. Prospecting development and use. Proc.
Second United Nations Symposium on the Development and Use of Geothermal Resources 1, 775 —783.

Mahon, W. A. J. and Finlayson, J. B. (1975) The chemistry of the Broadlands geothermal area, New Zealand. Am. J.
Sci. 272, 48 - 69.

Mahon, W. A. J. and MacDowell, G. D. (1977) Magmatic volcanic steam, its role in geothermal areas. In
Geochemistry 1977. New Zealand Dept. Sci. and Indus. Research. Bull. 218, §—11.

Mariner, R. H. and Willey, L. M. (1976) Geochemistry of thermal water in Long Valley, Mono county, California.
J. Geophys. Research 81, 792 — 800.

Mercado, S. (1976) Migracion de fluidos geotermicos y distribucion de temperaturas en el subsuelo del campo
geotermico de Cerro Prieto, Baja California, Mexico. Proc. 2nd U.N. Symp. Development and Use of Geothermal
Resources 1, 487 —492. . )

Merino, E. (1975a) Diagenesis in tertiary sandstones from Kettleman North Dome, California. I: Diagenetic
mineralogy. J. Sediment. Petrol. 45, 320 - 336.

Merino, E. (1975b) Diagenesis in tertiary sandstones from Kettleman North Dome, California I1: Interstitial solutions:
distribution of aqueous species at 100°C and chemical relation to the diagenctic mineralogy. Geochim. Cosmochim.
Acta 39, 1629 — 1645.

Michard, G. and Fouillac, C. (1976) Remarques sur le thermoméire Na—K —Ca. J. Volcan. Georh. Research. 1,

297 —307. .
Michard, G., Ouzounian, G., Fouillac, C. and Sarazin, G. (1979) Contréle des concentrations d’aluminium dissous

dans les eaux des sources thermales. Geochim. Cosmochim. Acta 43, 147 — 156.
Michard, G., Stettler, A., Fouillac, C., Ouzounian, G. and Mandeville, D. (1976) Superﬁcial'changcs in chemical
composition of the thermomineral waters of Vichy Basin. Geothermal implications. Geochemn. J. 10, 155~ 161.
Miller_(1961) Solutes in small streams draining single rock types, Sangre de Cristo Range, New Mexico. U.S. Geol.
Survey Water Supply, Paper 1535 - F.
Muffler, L. J. P. and White, D. E. (1969) Active metamorphism of upper Cenozoic sediments in the Salton Sea
geothermal field and the Salton trough, Southeastern California. Geol. Soc. America Bull. V. 80, 157 —182.
Noguchi, K. and Miyazawa, F. (1974) pH value and iron, copper, zinc and lead content of the soil in the Yumoto area
of the Narugo hot springs in the Miyagi prefecture, Japan. Proc. Int. Symposium on Water — Rock Interaction,
Prague 1974, pp. 202 - 208.

Oki, Y. and Hirano, T. (1970) The geothermal system of the Hakone volcano. Geothermics Special Issue 2, 2, pt. 2,
1157 ~ 1166.

Oki, Y., Hirano, T. and Suzuki, T. (1974) Hydrothermal metamorphism and vein minerals of the Yugawara
geothermal area, Japan. Proc. Int. Symposium on Water — Rock Interaction, Prague 1974, pp. 209 —222.




70 C. Fouillac and G. Michard

Ouzounian, G., Michard, G., Fouillac, C. and Beaucaire, C. (1979) Relations entre les concentrations des ions
alcalins dans les caux thermales sulfurées sodiques du Midi de la France. Chemical Geology (Submitied).

Pacées, T. (1975) A sysiematic deviation from Na- K — Ca geothermometer below 75°C and above 10°* aim PCO,
Geochim. Cosmochim. Acta 39, 541 - 544.

Paces, T. and Cermak, V. (1976) Subsurface temperature in the Bohemian Massif: geophysical measurements and
geochemical estimates. Proc. Second United Nations Symposium on the Development and Use of Geothermal
Resources, 1, 803 - 807. )

Reed, M. J. (1976) Geology and hydrothermal metamorphism in the Cerro Prieio geothermal field, Mexico. Proc.
Second Uniited Nations Symposium on the Development and Use of Geothermal Resources 1, 539 — 547.

: Robertson, E. C., Fournier, R. O. and Strong, C. P. (1976) Hydrothermal activity in southwestern Montana. Proc.
. Second United Nations Symposium on Development and Use of Geothermal Resources 1, 553 - 561.

Ross, D. A. (1972) Red Sea hot brine area—revisited. Science 175, 1455 - 1456.

Rowe, J. J., Fournier, R. O. and Morey, G. W. (1973) Chemical analysis of thermal waiers in Yellowstone National
Park, Wyoming, 1960 - 65. U.S. Geol. Survey Bull. 1303 31 pp.

Schoell, H. (1976) Heating and convection within the Atlantis 11 deep geothermal system of the Red Sea. Proc.
Second United Nations Symposium on the Development and Use of Geothermal Resources 1, 583 — 590.

Shanker, R., Padhi, R. N., Arora, C. L., Prakash, G., Thussu, J. L. and Dua, K. J. S. (1976) Geothermal
exploration of the Puga and Chumathang geothermal fields, Ladakh, India. Proc. Second United Narions
Symposium on the Development and Use of Geothermal Resources 1, 245 —258.

Shanks, 111 W. C. and Bischoff, J. L. (1977) Ore transport and deposition in the Red Sea geothermal sysiem: a
geochemical model. Geochim. Cosmochim. Acia 41, 1507 - 1520.

Shikazono, N. (1976) Thermodynamic interpreiation of Na — K — Ca geothermometer in the natural water system.
Geochem. J. 10, 47 - 50.

Sigvaldason, G. E. (1962) Epidote and related minerals in two deep geothermal driltholes, Reykjavik and Hveragerdi,
Iceland. U.S. Geol. Survey Prof. Paper EI152, 258 — 26}.

Steiner, A. (1953) Hydrothermal rock interaction ait Wairakei, New Zcaland. Econ. Geology 48, 1 —13.

Tomasson, J. and Kristmannsdottir, H. (1972) High temperature alteration minerals and thermal brines, Reykjanes,
Iceland. Contr. Miner. Petrol. 36, 123 — 134,

Tonani, F. (1970) Geochemical methods of explorations for geothermal energy. Geothermics Special Issue 2, 2, pt. 1,
492 - 515.

Truesdell, A. H. and Fournier, R. O. (1976) Calculation of deep temperatures in geothermal sysiems from the
chemisiry of boiling spring waters of mixed origin. Proc. Second United Nations Symposium on the Development
and Use of Geothermal Resources 1, 837 — 844,

Volfinger, H. (1976) Effet de la temperature sur les distributions de Na, Rb, et Cs entre la sanidine, la muscovite, la
phlogopite et une solution hydrothermale sous une pression de | Kbar. Geochim. Cosmochim. Acta 40, 267 - 282,

Weissberg, B. G. and Wilson, P. T. (1977) Montmorillonite and the Na/K geothermometer in *‘Geochemistry 77°°,
New Zealand Dept. of Scieniific and Industrial Research Bull. 218, 31 - 35,

White, D. E. (1957) Thermal waters of volcanic origin. Bull. of the Geological Sociery of America 68, 1637 — 1658.

White, D. E. (1965) Saline water of sedimeniary rocks in fluids in subsurfaces environment — a symposium. Am.
Assoc. Petroleum Geologists Mem. 4, 342 - 366. .

White, D. E. (1968) Environment of generation of some base metal ore deposits Bull. Soc. Econ. Geologists 63,
301 -133s.

White, D. E., Fournier, R. O., Muffler, L. J. P. and Truesdell, A. H. (1975) Physical resulis of research drilling in
thermal areas of Yellowsione National Park, Wyoming. U.S. Geol. Survey Prof. Paper 892, 70 pp.

cars gt

e

T AT
T

=




o
M

pa-3 e T
i

N SUSJ
Chdpter 11 ATHM |
THE SEARCH FOR MAGMATIC RESERVOIRS "SR :

FREDERICO MACHADC
Junta de Investigagoes do Ultromar, Lisbon {Portugal)

4697

INTRODUCTION

The origin of magmas is still an open problem. Presént trends of
thought suggest that magma can be derived from the upper mantle, where
it fills small pockets. When extruded {rom 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 uppeér mantle, or {rom shallow reservoirs, where the
magma stays for some time.

At present, it is assumed that most voleanoes have a relatively shallow
magma chamber (cf, Macdonald, 1961). These chambers are, however,
inaccessible to direct investigation. A convenient too! for research of this
type is the usual seismic prospecting; unfortunately any magma layer witl
hehave as-a wave guide and, in this case, prdspecting is unable to provide
useful results. We must therefore rely upon other indirect methods which

- will be presently feviewed. On the whole, there is a considerable amount.

of evidence, but its réliability is frequently questionable.
PLUTONS, XENOLITHS AND DIFFERENTIATION

Intrusive bodies of plutonic rocks, embedded in the upperlevels of the
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 volcanoces
were eroded by Quaternary glaciations. A detailed interpretation of the
field surveys is rather difficult, but the data strongly suggest that magma
chambers resultéd from the sinking of conical blocks (subterranean
cauldron subisidehce); as shown in Fig.1l. Magma seéms to rise from the
upper mantle through a ring dyke, and only after staying in the chamber it
rises o 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.1. 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 (Assuncao et al.,, 1968; Fuster 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 information on a magma

chamber, comes from the pyroclastic layers of Vesuvius (Rittmann, 1936,
p-159). 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 metamorphism, 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 separate chamber; the hypothesis of
these shallow reservoirs has very often been invoked to account for
differentiation (see, e.g., Maleev, 1964, p.218).




YENT UPPER
\\\\§ ACID

/ DIFFERENTIATE

BASIL
NAGMA

p4

i
- Z
/. ULTRAMAFIC

CUMULATE

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 chamber
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. '

SEISMOLOGICAL 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 shear 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) seismic velocities, lie between the probable melting points of
‘basalt and of forsteritic 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 temperatures 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:
[, _15(1—v
K=t 1~ T,_Lsy—)' n] (1)
where p, is the rigidity of the solid (without inclusions), v its Poisson
ratio, and n the volume fraction of the inclusions.
From Fig.4 we have, for a depth of 300 km, py = 0.85 Mb and u = 0.77
Mb approximately. Then, using eq.l with »=0.27, we can estimate
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Fig.4. Rigidity of upper mantle derived from Gutenberg's seismic velocities, compared
with rigidity of solid material (computed from bulk modulus with ¥ = 0.27; according
to Machado, 1968).
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n =5%. On the other hand, the abundance of radiocactive matter in the
oceanic upper mantle (heat production: 1.3 - 10™'3 cal/em?® sec;
Machado, 1968) compares well with the abundance in basaitic 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 (1963), by studvirg . volcenic trermoz, obisied S
evidence of magmatic reservoirs at both levels. He thinks that the tremor
is produced by a vertical vibration of the magmatic column, which fills the
volcanic vent. The law of this vibration can be deduced very easily.

Let u be the displacement at time t 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:

Pu__1p

arr ~ p dz (2)
p being the pressure and p the density (see Lamb, 1945, p.479). Noting
that, for small displacements:

P~Po =—x %:‘ (3)

&:: tRUSI

—__MAGMA
m LAYER
“ PERIDOTITE
{WITH FRACTIONAL
MELTING )

Fig.b. 1dealized section of oceanic crust and upper mantle, with magma layer
discharging directly to the surface.
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where x is the bulk modulus of the magma and p, the pressure in the
undisturbed state, substituting in eq.2, we obtain:

0iu 0%u
a0 "po @

A solution, which satisfies the conditions u =0 for z=0 and for z = h
(h being the height of the magmatic column), is:

u=A eiw(uz/u)___eiw(t—z/u)] (5)

where A is a constant, v = (x/p)"" is the velocity of compressional waves in
the magma, and w is given by:

w=2n/T =nnv/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 v = 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.6).

(WITH  FRACTIONAL
MELTING )

Fig.6. ldealized 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 gréu’nd acceleration a satisfying
the approximate equation:

a(A? + h?) = const. . 8)

where h is the focal depth.
Maximum acceleration of the ground vibration is related to the intensi-
ty I (Modified Mercalli Scale of 1931) by the empirical formula:

3loga=1I-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:

6l =I—I, = 3log (ajag) = 1.3 In (a/ay) (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=Aew! (11)
where ¢ is the time (with a convenient origin) and A and ¢, respectively,
the amplitude and period of the vibration. The maximum acceleration is:

a="Aw? =4n* 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:

u ___Aeiw (t—x/v) (13)

where x is the distance travelled along the wave path, and v the velocity of
propagation given by:
v =[(x +4n/3)/p)* (14)

X being the bulk modulus, u the rigidity modulus, and p the density.
For a Newtonian liquid of viscosity n, we substitute:

M=iwn (15)
and obtain, if wn/x is small:

- 2wn .
v = v, (1 oo 1) (16)
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and:

u=A e—kx eiw(t—-x/uu) (17
with: .

_2 win ' (18)
3 P Vg 3

Vg = (x/p)"" being the velocity of compressional waves in the magma.

Maximum acceleration is now: -

a=Aw? e kx (19)
and if damping in the solid crust is neglected:

alay = e kL (20)

L being the length travelled by the wave inside the magma chamber.
Substitution of eq.20 into eq.9 gives finally:

8/ =—1.3kL (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
some success in the Azores and in Sicily (Machado, 1954, 1965). In Fig.7

we 1€00°
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Fig.7. Isoseismal lines of the Azores earthquake of 31 August, 1926 (based on data
from Agostinho, 1927).
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Fig.8. Intensity anomalies of the Azores earthquake of 31 August, 1926 (accox:ding 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
volcanoes 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 volcanoces 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 v, = 3 km/sec, we
obtain, using eq. 18, n=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.
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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 deformation 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.10); 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):

.9 _2¢
o =73, (vV’¢ 3 ) (22)
o2 (,gre_Lde

9% =72 (vv2¢ r Z)r‘) (23)
2

0. =2 [eowrs—-T4] (24)
2

e =2 [amerg— 28] (25) °

where v is Poisson’s ratio and ¢ is a function of r and z satisfying the
differential equation:

V2vi¢=0 (26)

Here V2 = 3%/3r? + (1/r)d/or + 0% /322.
The boundary conditions are:

o, =20 for z = h (27
Tz =0 for z =h (28)
op =—Ap for (r* +22)% =b (29)

where Ap is the change of pressure and gy is the spherical radial stress
given by:

FREE SURFACE

1,

%,
r
&
o caviry
Fig.10. Theoretical mode!l of crust with a spherical ‘' pulsating’ cavity.
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OR = (0, % + 0,2% + 27,,r2)/(r? +2%) - ) (30)

Assuming that v = 1/4, a solution of eq.26, satisfying conditions (27) and
(28), is: :

¢=C[In(R, +2)+2 (z—h)/R,] (31)
C being a constant and:

R, = (r* +22)% (32)

R, =[r? + (e—2h)* )% (33)

1

In the vicinity of the origin, only the terms in R, ™" are relevant; and we

have approximately:

31
or - (3 -5) (34)
2 1
0, =—C (}%——?) (35)
m=—C FE (36)

and using eq.30:
oR = —2C/R} ‘ (37)

Therefore, if b is much smaller than h, condition (29) is satisfied with fair
approximation by making:

C=0b3Ap/2 (38)
The displacements are (see Love, 1952; p.276):
__1 8¢
Ur="7%% Broz (39)
L 2, _Eﬁqé]
us =55 |20 — 3] (40)

where u is the rigidity modulus.
Using (31) and (38), these become:

_b%Ap [L 2 6r (z—h)jz—Zh)]
u, ;15 RT * R RS i (41)
b 2z 2h  6(z—h)(z—2h
U iy R (2)
and at the free surface where z = h:
3v3lpsr
Ur="34 R% (43)
_3b3Ap h,
U= = R (44)

writh D = £+2 L B2VA Mlncn 5ra Vamenlasinte FTAREY mamsVon. - - -
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Fig.11. 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.11). 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 Irazu (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 of
Fayal (Azores) in 1958. After a violent seismic swarm (which preceded
the 2nd phase of the eruption) the roof of the assimed elongated magma
chamber seems to have buckled in three half waves, each about 5 km wide
(Fig.12). The actual crustal strain € 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=2¢R (45)

FRACTURES

MAGMA
CHAMBER

(APPROL. }

Fig.12. Buckling of the roof of Fayal magma chamber (according to Machado and
Nascimento, 1966). The vertical displacement is much exaggerated.
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With the measured values e = 0.5 + 10~ and R = 3000 km (both for one
of the convex belts; see Fig.12) a roof thickness h = 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 anomalies.

RATE OF EXTRUSION AND EARTH TIDE CONTROL

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:

art Ap .

Q= 8nh (46)
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), n 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 Av, of thls volume wxll increase the pressure
by an amount:

Apo = — XAUo/U . (47)

and when flow starts Ap will change according to the equation:
t

ap =~ (v, + f Qdt) (48)
Using eq. 46, the last equation can be written as:
Q=Q,—A Z Qdt _ (49)
where:
Cmrty 50
~ 8nhv (50)
Qe =—AAlvy, . (51)
Differentiating eq. 49, we obtain:
99, 4Q-0 (52)
whose solution, satisfying eq. 49, is:
Q=Qge At - . (53)

As a'rule, Au, 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.13). From the
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Fig.13. Rate of lava extrusion: (a) in Vesuvius, 1944 (according to Imbd and Bonasia,
1962); (b) in Kilauea, 1955 (according to Macdonald, 1959); (¢) in Fayal, 1957—1958
(according to Machado, 1962).

diagrams we can obtain values for A and @, (and Av,); we have also some
idea of the order of magnitude of x and 1. We can therefore deduce r* /hv,
but the separate quantities cannot be obtained.

A problem close to the last-mentioned was investigated by Imbo (1954,
1955b) who discovered during thé 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 plug, m its
mass and s the section of the vent. The motion (if frictionless) is described
by the equation:

m LUy 54

e (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 ' (55)
h being the height filled with gas.
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Using eq. 55 and introducing a friction term, eq. 54 becomes:

G 2cgiefu=o (56)
where k is a friction coefficient. This equation is satisfied by:
u=A g_k‘ cos (wt + ¥) (57)
where A and { dre constants and:
wr=5_ (58)
h

From the record of air-borne pressure waves, during a given phase of
the eruption, Imbo obtained w = 0.0464 sec™ ! and k = 0.012 sec™ ', and,
using eq.58, h = 4.3 km. Apparently the vent, except for a small 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 (wt + &), 27/w
being the period of the tide and a an adequate constant. We have there-

fore:
t

Q=Qy +Qm sin (Wt +a)— A f Qdt . (69)
where: °
Qm =—AAvp (60)

Avup, Ju being the cubical expansion correspondmg to the maximum of the
tide.
Now the solution is:

= [Qo—Qm sin Y cos (a + Y)] e 4! + Qp cos ¥ sin (wt +a + P) (61)

where ¢ = tan™! (A/w).

For the 1957—1958 eruption (2nd phase, Fig.13c) we have approxi-
mately Qn = 0.5 million m?®/ day, and A = 0.05 day™". This gives, by eq.
60, Auy = —10 million m3.

On the other hand, the tidal cubical expansion is:

Avp fv =fz/R (62)
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where f 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—-3sin?)) : (63)
where A is the latitude. For Fayal Volcano (A =38°36'), we have
z =—0.164 cm. Using f = 0.62 (Melchior, 1966, p.300) and R = 6370 km,
the cubic expansion is Avp, /u=—1.6 * 107! and, with the previous value
of Avp,, the volume, on which the tide acts, seems to be v =0.6 - 108
km3.

The volume of the magma chamber of Fayal and Pico volcanoes (Fig.9)
is probably less than 10* 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 moliten 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.

ACTIVE

TENSIONAL
RIFTS

\_________

Fig.14. Idealized section of volcanoes on tensional belt (mid-oceanic ridge).
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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.15). 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).
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