@E(@J I:‘ HEM INTERNATIONAL MONTHLY
'- I—IL_I TERRESTRIAL HEAT UTILIZATION

GEOTHERMAL ENERGY IN ARIZONA

Mountain range Mountain range

*."*| Finegrained Clastics

Impermeable Sedimentary Warm water
Reservoir Cap Rock
-‘:,’é f- Volcanics, Clastics, efc.
=¥  Water movement
}‘\ Convective heat rise T EOONNN RO Z NN NN RSN AN SN T R
o
L . . . WL b b R b SA b A A RN SO S I
‘? Conductive heat rise 1 e ! : T
/ ". 1...:0""."‘. 0.;.‘.".61- r o = -
P Bounding fault i ;' A L)',,' w MRy de , o ! re B Hottest water
%4? —_— -l':.'\,':' Ejas 'y W 1‘0.4., f. ‘g Ta o e Wi J

FIGURE 7. Schematic composite cross section showing probable reservoir formation and heat iransfer mechanisms
existing in bosins of the Basin and Range province of Arizona.

e ———— e

GL04186




REPUBLIC GEOTHERMAL, INC.

Republic is a rapidly growing and fully integrated geothermal resource
company in its sixth year of operations.

Over the past several years the company has developed considerable
expertise and is now actively engaged with its partners in exploring for
and developing geothermal resources. Republic received the first Federal
Loan Guaranty from the Department of Energy under Public Law 93-410
for commercialization of the geothermal resource at East Mesa, Imperial
County, California.

The East Mesa development has demonstrated the existence of sub-
stantial commercial wet steam reserves, which will soon be developed for
electrical power generation. Scale inhibitors that are available commercially
are adequate to prevent scale formation in the production wells, gathering
lines, and injection wells. High volume well pumping using shaft driven
centrifugal pumps has been proved technologically and commercially
practical.

Republic is continuing field development drilling and a team has been
established to build the power plant. The General Electric Medium Turbine
Division will be providing the turbines and the systems engineering and The
Ralph M. Parsons company will be the architect and engineering firm. The
GE/Parsons/Republic team expects to have the first power on line at East
Mesa by early 1980.

Republic has been the third most active operator in the geothermal industry
in footage drilled over the past three years and has ongoing projects in
California, Nevada, Utah, Oregon, and recently overseas.

Republic Drilling Company, a wholly owned subsidiary, runs four rigs, three
of them with depth capabilities greater than 12,000 feet. These rigs are
drilling oil, gas and geothermal wells for a number of operators in California
and other western states. The steady growth of the drilling company has
been an integral part of the development of Republic Geothermal, Inc. as a
full-fledged geothermal energy company.

The Republic team would like to thank its customers, suppliers, partners,
and friends for their support and assistance in working toward achieving its
corporate goal of developing commercial quantities of geothermal resources
to help meet our country’s growing demand for energy.

Main Office: 11823 E. Slauson Ave., Suite One, Santa Fe Springs, CA. 90670  (213) 945-3661
Land Office; 1101 College Ave., Santa Rosa, CA. 95405

(707) 527-7735
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_GEOTHERMAL ENERGY IN ARIZONA

By W. Richard Hahman, 5r.
ABSTRACT

The Bureau of Geology and Mincral Technology, Geological Survey Branch, using federal
funds, has been exploring for geothermal cnergy since May, 1977. The known major geo-
thermal systems in Arizona are apparently caused by deep circulation of meteoric water
through the complex fracture systems of the Basin and Range region and transition zone,
This type of system is thought to be capable of generating geothermal reservoirs with
temperatures on the order of 150°C - 200°C gt 2-3 km depth in the intermontane basin.

INTRODUCTION

Geothermal energy in Arizona was
probably first used by the Indians who
recognized the therapeutic value of the
warm and hot springs. With the arrival
of the white man the spa industry devel-
oped and still flourishes today in Mari-
copa and Graham counties,

In the early 1970's Geothermal Kinetics,
[nc., and AMAX Exploration, Inc., con-
ducted exploration programs for geother-
mal energy in the state. The drilling
that resulted from these programs, while
providing significant geclogical data,
was not productive from an energy
standpoint.

In May, 1977, the Arizona Bureau of
Geology and Mineral Technology, Geo-
logical Survey Branch, with funding
for low-to~moderate-temperature resour—
ce assessment from the U.S. Depart-
ment of Energy, Division of Geathermal
Energy, commenced its current explor-
ation program for geothermal energy.
The program was initiated in response
to prior geothermal research and recon-
naissance programs conducted primarily
under the aegis of the federal govern-
ment. The initial program was extreme-
ly limited in areal extent but expanded
rapidly to include the entire state of
Arizopa. In 1978, the U.S. Department
of the Interior, Bureau of Reclamation,
became a participant in the program.
The Bureau of Reclamation wishes to
utilize geothermal energy as the power
source for desalination of brines to
augment Arizona's municipal and indus-
trial water supply.

This paper presents some of the re-
sults of the exploration and evaluation
program for geothermal energy in
Arizona.

DISCUSSION
Regional Geology of Arizona
The state of Arizona may be divided

Jinto two physiographic provinces: the

Colorado Plateau in the northeast part
of the state, and the Basin and Range
Province in the southwest part of the
state (Figure 1). There is a transition
zone between the two provinces. The
complex lithologies and overall structure
of the Basin and Range province are the
result of a long history of tectonic activ-
ity that commenced during Precambrian
times, over 1.5 billion years ago, The
physical features visible today, such as
north and northwest trending mountain
ranges and sediment-filled intermontane
basins, are largely the result of complex
tectonic activity, predominantly regional
extension, that commenced approximately
14 million years ago and may continue in
some places.

The Colorado Plateau, compared to
the Basin and Range province, has been
tectonically stable. The land forms that
characterize this province are deep can-
yons, broad plains, plateaus, buttes and
mesas. These features have been formed
by differential erosion of resistant and
nonresistant sedimentary rocks.
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Regional Geothermal Characteristics

Lachenbruch and Sass (1977, Figures
2 and 3, pages 629 and 630) give a
regional heat flow for the Arizona Basin
and Range region of 1.5 to 2.5 heat flow
units, A heat flow unit (HFU) is defined
as 10-6 calories/cm?/second, or #1.8 mW/
m2. [t is the measure used to describe
the outward flow of heat from the earth
over a given area during an elapsed
time. The same autors give a regional
heat flow for the Colorado Plateau of
Arizona of 0,75 to 1.5 HFU. Since the
Basin and Range Plateau, it follows that
groundwater in the Basin and Range
province has a greater temperature than
groundwater of the Colorado Plateau.

Swanberg, Morgan, Stoyer and Witcher
(1977, Figure 9, page 30) used well and
spring temperature data from the U.S.
Geological Survey water quality file to
calculate mean water temperature values
for the Colorado Plateau, 16,1°C (Ger-
lach, Norton, DeCock and Sumner,

1975) mean annual air temperature of
that region. There is no similar corre-
lation found in the Basin and Range pro-
vince where the mean annual air temper-
ature is 21°C (Gerlach and others, 1975}.
This lack of correlation confirms the
occurrence of higher heat flow in the
Basin and Range region.

The paucity of known thermal springs
and wells, especially wells, in the Ari-
zona section of the Colorado Plateau
could be the result of lack of observa-
tion; however, it most likely is the re-
sult of the Plateau's relatively low heat
flow .

The background thermal gradient for
the Basin and Range province in Arizonha
is 30°C to 35°C/km. Current work indi-
cates that a gradient greater than 48°C/
km may be indicative of geothermal
water in Arizona (Swanberg, personal
communication, April, 1979).

Talrle 1, MEASUIED THENMAE GRADTENTS - ANRLIZONA
Colorudo Plabean
Mulrioso f)]f_:(".fkm
5350
Basin and Hange Provinoce
Papage Indian Hescrevation 123649 C/ Jm
Hussayampa Mlain TEEMC S han
1]2?(‘./krn
B C/km

Widely used in geothermal exploration
is the theoretical relationship between
water chemistry and the temperature in
the originating reservoir., The silica
geothermometer (Fournier and Rowe,
1966) is probably the most accurate of
the water chemistry geothermometers,
This geothermometer is based on the
temperature dependence of quartz solu-
bility in water. Swanberg and others
(1977} estimated that the minimum tem-
peratures for the silica geothermometer
are 30° to 40°C higher for waters from
the Basin and Range praovince than for
waters from the Colorado Plateau. The
higher temperatures for the Basin and
Range province probably result from the
higher heat flow and the deep circula-
tion of groundwater in the alluvium-
filled basins.

With the possible exceptions of the
San Francisco Peaks, Springerville, 5an
Bernardino and Pinnacate areas, Arizona
does not have any obvious igneous point
source system by a near-surface, igneous
intrusive body generally of silicic compo-
sition, less than one million years old
and often still partially moliten (Figure
2). Preliminary investigations by the
Geothermal Project of the Bureau of
Geology and Mineral Technology indicate
geothermal energy potential in the prox-
imity of several of the younger basalt
fields (Hahman, Sr., Stone and Witcher,
1978) 3 m.y.B.P. and younger in Ari-
zona. Whether exploitable geothermal
energy will be located in proximity to
any or all of the Quarternary basalt
fields is not knownat present. Whether
there is a direct cause and effect rela-
tionship between the young basalts and
the geothermal energy also remains to
be proved.

In Arizona, natural thermal springs
and drilled wells serve as indicators of
hydrothermal geothermal systems. Ther-
mal springs and wells are widely distri-
buted throughout the state, but are most
abundant in the Basin and Range pro-
vince and transition zone. Possible
explanations for this relative concentra-
tion of geothermal phenomenon are item-
ized and then discussed in detail.

1. Deep circulation of meteoric water

through intense, complex fracture
systems,
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2. lgneous point scurce intruded
along fractures or zones of weakness,
not exposed at the surface.

3. A combination of the prior two

possiblities.

4. Heat generated by decay of radio-
- active elements in igneous rocks.

5. Exothermic reaction resulting from

the hydration of bedded anhydrite in

the evaporite sequence of sediments
that occur in some of the intermon-
tane basins,

Investigations to date by the Geother-
mal Project indicate that the likely ex-
planation is deep circulation of meteoric
water through the complex network of
fracture systems in the Basin and Range
province and the transition zone as sug-
gested by Chapman, Kilty and Mase
(1978). This type of system is appar-
ently capable of generating geothermal
reservoirs with temperatures of 150°C
to 200°C in the intermontane basins,
and will be discussed in detail in a
later section. _

Current investigations indicate that
the best chances for igneous point
source geothermal energy are associated
with the young, Quaternary volcanic
fields scattered across the state in
both the Basin and Range and Plateau
provinces.

Heat generated by radioactive decay
of uranium and thorium mineralization
in buried Precambrian granites will pro-
bably make a significant contribution to
geothermal energy in Arizona. A con-
servative guesstimate is that there are
many cubic miles of buried Precambrian
granite in Arizona, and a situation simi-
lar to the Conway granite of North and
South Carolina with its anomalously
higher concentrations of radicactive
elements should be expected. Reiter
and Shearer {1979, in press) have
determined an area of high heat flow
2.6 and 3.8 HFU, just south of Sanders,
Arizona. Hahman, Sr., and others
(1978) show several anomalous areas in
northeastern Arizona. Quite possibly
these geothermally anomalous areas are
the result of heat generated by radio-
active decay of radicactive elements in
basement granite. The relatively abun-
dant, naturally occurring radioactive
elements U238 U235 ang Th232 give end
products of lead and helium. Quite

possibly helium found in the Holbrook
basin is the result of radicactive decay,
the helium having migrated upward into
structural or stratigraphic traps in the
overlying sediments. _

Aiternate hypotheses to explain the
limited areas of high heat flow in the
Colorado Plateau have been posed by
other investigators. Reiter, Mansure
and Shearer (1978) state "that the
sources of these high heat flows are
associated with the wolcanics of the area
and their sources." Laughlin (personal
communication, 1979) states that the
preliminary analysis of Los Alamos
Scientific Laboratory magnetotelluric
data indicates the possibility of an up-
welling in the mantle in the Sanders
area which could explain the high heat
flaw.

For the Basin and Range province, it
has been proposed by Gerlach and others
(1875} that the exothermic reaction of
anhydrite altering to gypsum in the
evaporite sequences occurring in many
of the intermontane basins is supplying
heat for some of the geothermal re-
sources. Exploration to date by the
Geothermal Project indicates that warm
water moving along fauits in the basin
fill is a more plausible explanation.

Exploration and Evaluation Program

Hydrothermal resources suitable for
electrical generation are expected to be
encountered in several areas in the
state. These favorable areas have been
identified (1) by geochemical thermome-
ters indicating projected reservoir tem-
peratures as calculated from chemical
analyses of water from wells and springs
and (2) by temperature logging of water
wells and drill holes, The favorable
areas are the San Bernardino valley,
Clifton-Morenci-Safford, Springerville-
5t. Johns-Alpine, Flagstaff, Phoenix
and Hyder valley areas. Additional
exploration is expected to locate other
areas favorable for electrical generation
from hydrothermal resources,

Hahman, Sr., and others {1978) show
both high-temperature and low-to-mod-
erate temperature areas on their map
of Geothermal Energy Resources of -
Arizona, Again, it can be seen that
most of the favorable areas are situated
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in the Basin and Range physiographic
province. Preliminary investigations

indicate that low-to--moderate tempera-
ture geothermal energy will be avail-

able for use at most of the populated

areas in the Arizona Basin and Range
province,

The current major uses of low-to-
moderate temperature geothermal re-
sources in Arizona are in space heating
and cooling, industrial processing and
agribusiness.

Arizona also has potential for hot dry
rock geothermal energy for use in elec-
trical generation and direct applica-
tions.

Byerly and Stolt (1977) defined a
broad zone through central Arizona
where the Curie point rises to less than
10 km and often less than 5 km below
sea level (Figure 3). The Curie point,
that temperature at which materials
lose their magnetic property, is 575°C
for magnetite. Therefore, if the Curie
peint is at 5tkm, one might reasonably
expect to have a temperature of approx-
imately 575°C at that depth. The zone
where the Curie point is within 5tkm of
the surface would be a much more fav-
orable zone in which to look for hot dry
rock and/or hydrothermal resources
associated with young, concealed, silic,
igheous intrusive rocks than a section
where the Curie point is at a depth of
20 or 30 km,

Regional exploration and reconnals-
sance in Arizona is continuing, with the
main thrust directed toward devising an
efficient, cost effective exploration,
evaluation and development procedure
for low to moderate temperature (<150°C})
gecthermal energy resources. Simul-
taneously, exploration and evaluation for
moderate to high temperature (greater
than 150°C) geothermal resources suit-
able for electrical generation, including
hot dry rock, is being conducted, Dur-
ing the course of these investigations,
anomalies have been located, and site
specific investigations are being conduc-
ted.

The following are summaries of the site
specific investigations:

Because of favorable geochemical geo-

thermometer data, the proximity of
young volcanic rocks and favorable
regional [ineaments intersections deter-
mined from Landsat photography, the
initial target chosen for site specific
work was the Springerville-St, Johns
area. As work progresses, the target
area shifted from between Springer-
ville and St. Johns to between Springer-
ville and Alpine. The anomalous area
{Figure 4), with the anomaly still open
to the southwest and extending onto the
Fort Apache Indian Reservation, has
been further defined by a large gravity
low {-245 milligals), geochemical geo-
thermometers, a large anomajous resis-
tivity low, and thermal gradient logs of
water wells. Heat flow drilling to depths
of 1,250 feet began in May, 1979,

Another target area picked early in
the program is Clifion and the lower
San Francisco river area. Preliminary
evaluations of the water geochemistry
from warm and hot springs indicate
minimum reservoir temperatures of 150-
188°C. The resource then is moderate
to high temerature and should be con-
sidered for electrical generation as well
as non-electrical uses. Preliminary
geologic investigations indicate that the
reservoir could be structural in nature,
That is, the reservoir may consist of
very hot water contained along a series
of interconnecting faults. Detailed geo-
logic mapping of the Clifton 15' topo-
graphic quadrangle started in May,
1979, and four heat flow holes are
scheduled to be drilled during the fall
of 1979,

Reconnaissance exploration indicated
some anomalous areas in the vicinity of
Safford (Figure 5). A request from the
town of Safford, City Engineer's office,
for geothermal energy for electrical
generation and water supply augmenta-
tion through the desalination of geo-
thermal water initiated the site-specific
work. Results to date have defined
several anomalous areas (Figure 5).
Resistivity surveys, over 100 line miles,
are currently being used to refine these
target areas. Upon completion of this
work, thermal gradient drilling is sched-
uled. Geochemical geothermometery,
oil-well test bottom-hecle temperatures
and water-well temperature gradients
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indicate temperatures of 50-120°C are to
be expected at depths to 1 km; however,
assuming a normal Basin and Range tem-
perature gradient gives reason to believe
that temperatures in excess of 150°C may
be expected at depths approaching 2 km.

At the request of the Bureau cof Geol-
ogy and Mineral Technology, Geological
Survey Branch, a preliminary study of
the Tucson basin was undertaken as
part of a study for the Office of Arid
Land Studies, University of Arizona. The
initial results have been favorable, and
the site specific evaluation is continu-
ing (Figure 6). The results of the Exxon
drilling in the Tucson basin indicate hot
water around 150°C may be expected at
depths of 3 km,

Addtional site-specific work is taking
place in the following areas: Phoenix,
Chandler-Higley, Buckeye-Tonopah-
Hassayampa, Verde valley, Wickenburg,
Kingman, Willcox, Papago Reservation,
Fort Apache Reservation, Hyder, Yuma
and the San Pedro river valley. '

Ceothermal Model for the Basin and
Range Province of Arizona

During the two years of the program's
existence, the staff has attempted to
develop a model or working hypothesis
to explain what is being observed in the
field. Ideas change as additional data
are generated. "It is hoped that this
mode] or a future modification is corrrect;
however, the only requirement is that
this model work as an exploration tool.

It is not important that the geothermal
energy is found for the "right" or "wrong"
reasons; it is very important that the
geothermal energy is found,

Eberly and Stanley, Jr. (1978) in a
study of the Cenozoic stratigraphy and
geologic history of southwestern Arizona
divided the basin lithologies into an older
Unit 1 and a younger Unit 1l. The sedi-
ments of early Cenozoic Unit | time were
continental deposits laid down in broad
depressions. The sediments of late
Cenozoic Unit Il time, again primarily
continental deposits, were laid down in
troughs or grabens created by the Basin
and Range disturbance that commenced
approximately 20 m.y.B.P, (Loring, 1976).
Eberly and Stanley found a major uncon-
formity separing Unit | from Unit Il

In the initial assessment of the geo-
thermal potential for the Basin and
Range province, (Hahman, S¢., and
others, 1978) the large difference be-
tween normal gradient, 35°C/km, and
gradients in anomalous areas was readily
apparent, as was the association of ano-
malies with Landsat lineaments and linea-
ment intersections. Also, some deeper
oil and water wells encountered very
high gradients at the bottom, not re-
flected in the upper part of the hole,
These temperatures, 150-200°C within
depths of 2-3 km, are of considerable
practical interest. But the questions
remained, "What, or where is the source
of the heat and how do these systems -
work?" There is no real geophysical
evidence for mantle piumes or upwellings
in Arizona, nor is there significant geo-
logical nor gephysical evidence for
silicic igneous point sources. It is con-
ceivable, however, that an igneous
point source could exist in the basement
of a basin, such as the San Bernardino
and western Gila River valleys, but that
is apparently not the norm. The only re-
maining choice is thermal gradient; if
ohe cannot take the heat to the water,
one must take the water to the heat.
The Basin and Range disturbance, inia-
ted during late Oligocene to early Mio-
cene (20 m.y.B.P.) (Loring, 1976),
with its associated deep faulting, basin
formation and sedimentation offers a
general solution to the heat source pro-
blem. Keller, Grose, and Crewdson
(1978), wusinga geophysical approach,
came to the same conclusion. Water
is apparently circulated downward
through permeable faults in the moun-
tain block and bounding and transverse
fault zones in the bottom of the basin.
Waters, heated by thermal gradient,
rise by convection into the basin where
some of it may be trapped in the lower
part of the basin, Unit | {?} of Eberly
and Stanley, by overlying, impermeable
basin—fill material such as shales and
silts. "These same materials provide
insulation from cooler, descending
waters, - Direct evidence for the exis-
tence of these hot water reservoirs at
depth, such as high temperature gra-
dients, low resistivities, hot springs
and wells, usually is sparse, These
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deeper reservoir sites are easily

masked by the movement of cool ground-
water through the upper part of the
basin fill, Unit [l (?) of Eberly and
Stanley. Heat transfer, however, can
occur via conduction through a reser-
voir cap rock, sometimes leading to
convection in overlying water-saturated
sediments, Heat transfer also occurs
through leakage of warm or hot water
upward along basin margin faults or
fractures and through fractures in the
basin—-fill material. Figure 7 is a
schematic drawing of a Basin and Range
province geothermal system as it is
presently envisioned for many basins in
Arizona. However, exploration of the
south Santa Cruz basin near Coolidge
{Dellechaie, 1975) shows that this dia-
gram does not hold true for all basins
in the Basin and Range province of
Arizona. The more obvious possibili-
ties for compromise are impeded plumb-
ing systems and/or the absence of an
effective "cap” rock needed to retain
the heat and trap the hot water., This
model, which emphasizes the natural
geologic setting, is believed to offer
realistic opportunities to explore for
and develop viable goethermal energy
resources in the Basin and Range pro-
vince of Arizona. It is in this pro-
vince, where over 90% of the state's
population resides, that energy demands
are and will be increasingly concentrated.

CONCLUSIONS

Arizona has a realistic potential for the
development of viable goethermal energy
resources. These resources are buried,
and their geological manifestations often
are very subtle. However, we are en-
couraged that they can be located and
developed through prudent, integrated
programs utilizing geology, geophysics,
and geochemistry, the principal explor-
ation tools.
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CONSULTING ENGINEERS, INC.
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» Hot Spring ENGINEERING

= Tusson City Limits

our staff has a wide range of domestic and nternational
expernience 10 engineenng disciplines related to gecther-

mal energy and geothermal energy systems

Geologic Exploration

Hydrogeologic Investigations
Remote Sensing ]Water Analysis

Plant Siting [JEngineering Analysis
Field Instrumentation( ] Geochemistry

for further information contact
Paul C, Rizzo
PRESIDENT
K . 10 DUFF ROAD
FIGURE 6. Geothermal gnomalies .|n the PITTSBURGH, PENNSYLVAN!A 15235
Tucson area {from Witcher, 1979). usa

TELEPHONE: {412) 243.3200
TELEX. B1-2378

BRANCH CFFICES DENVER. CO (3031771 3464 HOUBTON TX (713 784 5070
BRUSSELS BX B6D 4400 TELEX 22360 TEHERAN. IRAN 726007 TELEX 210125

Pumps for Geothermal Applications

The special nature of geothermal pumping creates unigue problems. We
have been actively pumping geothermal fluids for geothermal power and
exploration projects since 1960. We can help you. Write {o Peerless
Pump or Telex (230) 67-4156 or phone (213) 726-1232. Ask for George
Crabtree, Darrell Payne, Harold Samford or Ray West.

Deep Well (Down Hole) Booster Pumps
Pumps Brine Pumps
Injection Pumps Condensate Pumps

§/‘ Peerless Pump

An Indizn Head Company

1200 Sycamore Street
Montebello, California 30640
{Los Angeies area)
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