



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 3.9. Diagram showing
thermal disturbance from a re-
gional ground-water flow system
in a basin 100 km long, with a
hydraulic conductivity of 200
millidarcies, and a hydraulic
gradient of 0.1 percent. The
analytical approach of Domenico
and Palciauskas was used to con-
struct this model. Part (a)
shows temperature gradient. A

4OOC/km is a normal undisturbed
L - conductive gradient. The con-
Jeo ] . . .
vective gradient line shows the
1 : affect of regional flow on the
. no--_.\_\\\\\\\ temperature gradient. Part (b)
2 ———— — shows temperatureodistribution.
Q . S0 00 Isotherms are in "C. (From
Horizortal Distance km Morgan and others, 1981.)
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Diagram showing the effects of topography

Lateral -and

on regional ground water flow patterns.
vertical dimensions are ratios of regional flow-system
lengths. (From Freeze and Witherspoon, 1967.)
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Figure 3.11. Diagrams showing the influence of geology
and regional ground-water patterns. K is hydraulic perm-
eability (units unspecified).., Dimensions are ratios of
regional flow-system lengths. (From Freeze and Wither-
spoon, 1967.)

permeable rocks have horizontal flow, while low permeability rocks have
vertical flow (Fig. 3.11). Geologic heterogeneity and resulting con-
trasts in permeability and topographic (water table) variations within a
fegiohal flow system can profoundly affect thervolume of water transmitted
and the flow rate along a particular flow path.

Temperatures of thermal springs resulting from forcéd convection are
controlled not only by the depth of water flow and the regional temperature
gradient; their temperatures are also regulated by the water flow rate.
Turcotte and Schubert (1982) showed that a particular moderate flow rate

through the pipe-model system maximizes the spring temperature, which is
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about one-half the wall-rock temperature at the base of the system,
Where water flow rate is very low, water flowing up the discharge limb
of the system loses heat to the wall rocks; when this water reaches the
surface it is only slightly warmer than when it entered the system. With
~very rapid flow, there is less heat transfer, the water at the base of
the system being heated only slightly, and the spring discharge temper-
ature is again only moderately warmer than when it entered the system.

REGIONAL SETTING. Figure 3.12 shows Arizona thermal spring. Their
numbers refer to numbered springs in Table 3,2, On a regional scale,
Arizona thermal spriﬁgs are controlled by ambiguous crustal inhomogeneity
and structure (Fig. 3.13), represented by aeromagnetic linears. They
occur where topographic reiief is greatest, and most often in areas with
relatively large exposures of crystalline basement rocks. Thirty-five
out of 45 Arizona thermal springs_lie in a 120-km wide, northwest-trending
belt that straddles central Arizoné just south of the Colorado Plateau.
Most of this belt, which includes Kingman, Prescott, Globe, Safford, and
Morenci, coincides with the Transition Zone, a region that has character-
istics of both the Colorado Plateau and the Basin and Range province.
However, this zone has some unique properties of its own, such as ubiqui-
tous exposures of Precambrian basement rocks, large deep canyons, and
generally rugged, high-relief topography. Most of the northern boundary
of the T?ansition Zone is formed by the south-facing Mogollon Rim es-
carpment, which is as much as 700 ﬁ high;

Two thermal springs in southwest Arizona formerly existed near the
northeast-trending Gila trough. These springs are now dry, probably as

a result of ground-water development. Six thermal springs occur east
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of longitude 111°0. in southeasterﬁ Arizona in the Mexican Highland section
of the Basin and Range province. Only four thermal springs occur near
Quaternary volcanic fields (Fig. 3.14), but none of these volcanic fields
contain silicic rocks. In fact, the distribution pattern of thermal
sprinés and young volcanic rocks shows littlehoverlap. Therefore, we have
ruled out an igneous heat source for these springs. Thermal springs do
coincide with most areas showing Quaternary faulting and historical earth-
quakes (Fig. 3.14). The major exception is the Flagstaff area and the
KaibaB Plateau-Grand Canyon region. -

The residual aeromagnetic map of Arizona with major geophysical
lineaments (defined by bold lines) is shows in Figure 3,13. Dots

represent thermal springs, from which it can be seen that only one out
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TABLE 3.2.

Thermal springs of Arizona

# NAME LOCATION TC T-MAT°C
t  Warm Spring A-1-20-12AC* 29.4 14.4
2 Hanna Creek Hot Springs A-1-31-29AD 55.5 42.5
3 Warm Spring A-4%,-20-36CB* 24.4 10.4
4 White River Salt Spring A-4v2-20-35AD* 28.3 13.3
5 Roosevelt Dam Hot Spring A-4-12-19DDB 48.0 28.0
6  Hot Spring A-9-8-26AB* 36.6 17.6
7 Verde Hot Springs A-11-6-38B 41.0 23.0
8 Salado Spring- A-12-28-17DCA 21.7 11.7
9  Henderson Ranch Spring B-8-1-33BAC 30.3 11.3
10 Alkalai Spring B-8-1-33D8B 31.2 12.2
11 Castle Hot Springs B-8-1-34CC 54.7 35.7
12 Kaiser Hot Spring B-14-12-10AD 37.0 19.0
13 Cofer Hot Spring B-16-13-25CAD 37.0 18.0
14  Warm Spring B-18-13-25D8B 28.3 10.3
15 Warm Spring B-18-19-33DC 29.2 10.2
16 Spring B-20-9-30CC 27.0 14.0
17 Hot Spring B-30-23-15CBD 32.0 12:0
18 Hot Spring B-30-23-26BBC 30.0 10.0
19 Pakoon Spring B-35-16-24BD 28.0 10.0
20 Agua Caliente Spring C-5-10-19AA 40.0 18.0
21 Radium Hot Spring C-8-18-12CC 60.0 38.0
22 Spring D-2-31-35ABB* 25.6 10.6
23 Mescal Warm Spring D-3-17-20CBC 291 14.0
24 Coolidge Dam Hot Spring D-3-18-17DC 36.6 18.6
25 Miguel Raton Spring D-3-31-3ADC 26.7 1.7
26 Spring D-4-23-21AA 27.2 10.2
27 Spring D-4-23-21AD 31.5 14.5
28 Tom Niece Spring D-4-23-22BD 28.3 11.3
29 Eagie Creek Hot Spring D-4-28-35AB8B 42.5 25.5
30 Clifton Hot Spring D-4-30-18CCD 70.0 53.0
31 Clifton Hot Spring D-4-30-18CDC 50.0 33.0
32 Clifton Hot Spring D-40-30-19CAA 33.0 16.0
33 Clifton Hot Spring D-4-30-30DBC 38.0 21.0
34 Warm Spring D-5-19-23BDD 26.0 11.0
35 Indian Hot Springs = . D-5-24-17AD 48.8 30.8
36 Spring D-5-24-16CB 33.0 16.0
37 Gillard Hot Spring D-5-29-27AAD 84.0 67.0
38 Spring D-7-24-13DC 29.4 12.4
39 Spring D-10-29-23DD 26.1 10.1
40 Spring D-12-21-31CA 32.5 17.5
41 AguaCaliente Spring D-13-16-20CDD 32.0 12.0
42 Hookers Hot Spring D-13-21-8AAC 52.0 37.0
43 Agua Caliente Spring D-20-13-13BA 27.0 11.0
44  Antelope Spring D-20-24-21DC 25.5 10.5
45 Monkey Spring D-21-16-3C 28.3 13.3
“Unsurveyed

physical lineaments.

astride the Morenci lineament.

of 15 of these hot springs is located farther than 30 km from the geo-

The single exception, Hookers Hot Spring, lies

The apparent association of hot-spring
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structures that allow deep flow of ground water.

activity with aeromagnetic linears is probably not coincidental.

These

aeromagnetic anomalies probably represent ancient, deep-seated crustal

The west-northwest
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Figure 3.13. Residual aeromagnetic map of Arizona showing major line-
aments (From Sauck and Summer, 1974)

and northeast directions of the linears are common Precambrian and
Mesozoic structural aﬁd intrusive orientations.

LOCAL SETTINGS. Arizona thermal springs in the Transition Zone and
Mexican Highland section nearly always occur on or immediapely adjacent
to'large faults and they tend to occur where surface drainage basins become
constricted. The existence of thermal springs within a few 100 m down-
stream from man-made dams in Arizona is dramatic evidence of this basin-
constriction phenomenon. These dams were built at drainage constrictions.
Thermal springs occur below Hoovér Dam, Roosevelt Dam, and Coolidge Dam.

Note, however, that not all drainage constrictions have thermal springs.
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Thermal springs in Arizona also occur on structures that are transverse

to regional surface drainage, as well as on or immediately adjacent to

streams and rivers. Indian Hot Springs near Safford is an exception.

Indian Hot Springs is leakage from an artesian aquifer (see section

titled Gila Valley from Safford to Indian Hot Springs, this volume).
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Figure 3.14. Relationship of thermal springs to Quaternary volcanism,

faulting, and historical earthquakes
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CHAPTER 4




EXPLORATION METHODS

INTRODUCTION. Numerous exploration methods exist that aid in the
search for and evaluation of geothermal energy resources. Time, money,
and geologic setting dictate which methods are used in a given explora-
tion program. In this chapter we discuss the exploration methods used in
Arizona, the data obtained by these methods, their merits, and the rela-
tive cost in dollars and time required for each technique. A discussion
of all exploration methods currently used in geothermal work can be found
in Ward and others (1981) and Lumb (1981).

LITERATURE SEARCH. The initial phase in any exploration program is
to search out all work that al;eady1has been done in an area of interest.
Geologic mapping and geochemical and geophysical surveys that have been
published are reasonably easy to locate. Additional Valugble information
can be culled from unpublished sources. Well logs and water chemical
analyses are on file with the U. S. Geological Survey, Water Resources
Division, the Arizona Department of Water Resources and various city
wéter,departments. Utilities that have developed well fields to supply
water to coal-fired power‘plants also have useful stratigraphic; aquifer,
and water-quality data. Unpublished masters' theses and Ph.D. disserta-
tions from both in-state and out-of-state universities often contain use-
ful geologic, geophysical, and geochemical information. It is helpful to
contact members of the state and federal geological surveys who are con-

ducting on-going exploration in the state. Finally, private companies
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engaged in mineral or petroleum exploration have a considerable amount of
confidential information. Occasionally such information is no longer im-
portant to them and will be released upon request.

After compiling available information it must be evaluated in terms
of reliability and usefulness to the project. If the quality of the data
is questionable, they must be checked against other data sets. Otherwise,
questionable data probably should be rejected. Following a careful evalu-
ation, an exploration program is devised that will generate the maximum,
most useful information possible within time and budget‘constraints.

GRAVITY, A gravity survey does not identify or define a geothermal
resource, per se. Rather it is an exploration technique that defines sub-
surface structures by measuring -differences in rock density. In the Ba-

sin and Range province, geothermal sfétems occur in the sediments or vol-
canic rocks that fill the basins in the crystalline rocks underlying the
basin-filling material, or within the master faults bounding the basins.
Therefore, accurately defining the boundaries, size and depth to base-
ment of a given basis is essential. A detailed éravity survey will also

aid in identifying bedrock ridges within the basin, fault traces, and

fault widths.

Exact locations and elevations are necessary to conduct an accurate
gravity sﬁrvey. If this information is évailable, the field work for a
gravity survey is relatively straightforward. One person can drive or
walk from station to station, stopping at each to record latitude, lon-
gitude, elevation, and the dial reading on the gravity meter. After the

entire area has been surveyed, the data are corrected by computer, and
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gravity values are plotted on a map. Computer programs also exist to
generate fhree—dimensional models and two-dimensional cross-sectional’
profiles across an area. In a basin with adequate road access, about 12
to 15 gravity measurements can be made in a day. Thus at mile spacings,
an area about 60 mi2 can be surveyed by one person in a week.

If accurate elevations and locations are not known through detailed
topographic maps, it is necessary to run sﬁrvey lines to obtain this in-
formation. In this case at least two people are required for the field
work, and the time required to complete the gravity study is nearly
doubled.

The area in which we ran a gravity survey in Arizona had inadequate
gravity coverage prior to our work (see northern Hassayampa area, this
volume). The time and manpower spent on this study provided invaluable
information on understanding the bagin,structure and thus on evaluating
the hydrothermal system situated_thefein.

SOIL SAMPLING. Soil sampling consists of collecting several grams of
undisturbed soil from a depth of 8 to 12 inches below the surface. Soil
is most commonly analyzed for mercury content because mercury is a highly
volatile element associated with numerous known geothermal systems. Al-
though'instruments exist for analyzing mercury in the field, we placed
our samples in plastic '"zip-loc' bags and sent them to a commercial lab-
oratory for analysis. The costrin 1979 was $3.50 per sample for prepara-
tion and analysis.

Our mercury soil surveys identified both geothermal anomalies and

major tectonic structures (see Safford, northern Hassayampa, and Avra
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Valley area reports, this volume). One person can easily collect 10 to
20 or more soil samples in a day. Thus, at mile spacings an area about

.2
50 to 100 mi~ can be sampled by one person in about one week. For the

manpower and cost required to conduct a mercury soil survey, the
information gained is helpful in initially identifying the location of
range-bounding faults and the possible presence and size of a geothermal
anomaly. Such a survey is preliminary and requires more sophisticated
follow-up exploration work.

WELL LOGGING. Measuring temperatures is the singlé most direct
method of confirming the presence of a geothermal anomaly. Temperatures
can be measured of water issuing naturally from springs, seeps, and ar-
tesian wells; water being pumped from irrigation and domestic wells; and
water or air at depth in boreholes. This latter‘technique is called well
logging, and is accomplished bf lowering a thermistor, mounted on the end
of a lightweight cable, into a bpreﬁole and reading the thermistor re-
sistance at discrete intervals, usually every five meters. Resistance
values are converted into temperatures for each reading by using tables
constructed from thermigtor-temperature calibration curves. Temperatures
are accurate to - 0.01 C.

The resultant temperature-depth profiles yield much valuable informa-
tionl They can indicate zones of warm or cold water entering or exiting
a borehole and whether water is rising, descending, or moving lateraily in
a formation. If ground-water movement is not excessive a geothermal gra-
dient can be estimated. In any case, the bottom-hole temperature is the
most reliable value if sufficient time has elapsed after drilling. When

a number of bottom-hole temperatures are available from wells in the same
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area and with nearly the same depths, the bottom-hole temperatures can be
used to construct. an isothermal‘map that can aid in targeting a geothermal
anomaly. -

Temperature-depth profiles are best used in conjunction with litho-

logic information from the same or nearby boreholes. The identification

of important lithologic strata from these logs, such as clay, evaporite,
or volcanic deposits, significantly increase the value of temperature-
depth profiles and their interpretation.

Over a five year period we measured temperatures in over 100 domes-
tic and irrigation water wells and mineral test holes. Most of the tem-
perature-depth profiles from this work indicated ground water moving in
the borehole or in the formation.. The gradients, therefore, could not be
extrapolated with accuracy to dépths greater than those measured. The
other information derived from weli.légging, however, is well worth the
time and money spent acquiring it. One person can log between five and
eight hundred-meter-deep holes in one day, if distances between sites is
not great and if the boreholeé are not greatly disturbed by ground-water
movement. A portable temperature-logging system with 600 m of cable cost
about $4,000 in 1980.

HEAT-FLOW DRILLING. If time and budget permit, heat-flow measure-
ments provide the most valuable and reliable information, short of deep
test holes, for confirming and férgeting a geothermal anomaly.

Thermal gradients, used alone, can give misleading results because
gradients will vary in a borehole due to penetrating rocks of different
thermal conductivities.- Gradients also differ between boreholes for the

same reason. Thus, when comparing thermal gradients between boreholes or
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different segments in the same borehole, it is sometimes difficult to dis-
tinguish between effects due to variable heat flux and effects due to dif-
fering rock thermal conductivity. Heat-flow measurements help obviate
this problem because heat flow is a product of the thermal gradient and
the thermal conductivity.

The most reliable heat-flow measurements generally come from holes

drilled into unfractured crystalline rock solely for that purpose. In

such holes, the chances of ground water movement are minimal. Coring can
provide rock samples large enough for reliable thermal conductivity mea-
surements. Good heat—flow measurements can be made in boreholes drilled
into most rock types, so long as gradients are not disturbed by ground
water and rock samples (including drill cuttings) are available for mea-
surement. Less reliable heat flows can sometimes be estimated from mea-
surements made in boreholes shéwingislight ground-water disturbance,
Heat-flow holes are small bores, usually four to five cm in diameter

and 50 to 100 m deep. The holes are cased with pile that is plugged at

the bottom and then filled with water. Conventionally, thermal conductiv- |

ity is measured in the laboratory. After the thermal effects due to drill-~
ing have dissipated, temperatures are measured in the borehole. An ex-
éeption to the conventional techﬁique is the in situ heat-flow deterhina—r
tions being made in unconsolidated sediments during pauses in the drill-
ing operations, by the U.S. Geological Survey (Sass and others, 1979), a
technique still in the experimental stages.

We drilled heat-flow holes in the Springerville-Alpine area (five

holes), Clifton (one hole), and the Safford area (seven holes) (Stone, 1980;
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Witcher and Stone, 1981; Witcher, 1982). (See also those area reports,
this volume).

The Clifton heat-flow determination was useful, but it is difficult
to characterize an. anomaly with a single or even several measurements.

The results derived from the heat-flow drilling at Springerviile—
Alpine were less than.satisfactory. Three of the five holes were drilled
into basalt lava flows, which produced copious amounts of water. The
holes were terminated in volcanic rocks rather than in the unknown under-
lying formations, as a result of which valuable stratigraphic information

was iost and the three holes were useless for heat-flow determinations.

The other two holes were drilled in sedimentary roack and yielded good
data. This project was not cost effective. Had the drilling contract
been given to a company experienced in drilling in basaltic volcanic rocks,
the drilling difficulties may haveﬁbeén resolved and knowledge of the

heat flow and stratigraphy of the Springerville-Alpine area would have
been greatly increased.

The information gained from the three heat-flow drilling programs was
most useful in the Safford area. Seven shallow holes ( 30 m deep) Qere
drilled in the area of an identified mercury anomaly. While the holes
were exceptionally shallow and sediment porosity was estimated rather
than measured, the relative heat-flow values determined from this study
confirmed and further targeted the geothermél anomaly. This>program cost
$20,000 in 1981 and was cost-effective.

RESISTIVITY SURVEYS. An electrical resistivity survey maps lateral

and vertical variations in the ability of the earth to retard an electri-
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cal current. Resistivity is influenced by rock type and porosity, the
presence of water, steam, or gas ground-water salinity, and temperature.
Extremely low resistivities (< 3 ohm meter) are commonly associated with
clay, very high porosity, brines and high temperatures (>150 C}, or any
combination of these factors. Resistivity surveys are frequently used
in geothermal exploration because they are capable of detecting heat and
porous zones. However, geologic interpretation of a survey is frequently
difficult and ambiguous without knowledge of other geologic and geophysi-
cal information. Therefore, it is better to delay until later in an ex-
ploration program. If conducted resistivity surveying during initial
stages of a program it is probably best to interpret results in terms of
subsurface structure and lithology, rather than geothermal parameters.
The value and cost effectiveness of a resistivity survey may Vary
depending upon the geologic settinéﬁ

Direct current (D.C.) Schlﬁhberger and dipole-dipole surveys have
been used in exploration for geothermal resources in Arizona. These sur-
veys differed mainly in the type of colinear electrode array used. The
Schlumberger survey uses two moveable current electrodes situated on the
ends of the array and two stationary potential electrodes near the array
center; the dipole-dipole afray uses tﬁo current electrodes placed at
one end of the array and two potential electrodes at the other end.
Greater depth measurement using either_array is accomplished by increas-
ing the spacing between current and potential electrodes. During surveys
the voltage difference between the current and potential electrodes is
determined at various electrode spacings. This voltate difference is

used to calculate apparent earth resistivity.
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Schlumberger surveys were conducted in the Springerville area (Young,
1979; Young, 1980) and in the Safford area {(Phoenix Geophysics, 1979).

In the Springerville area, the Schlumberger array was employed in two dif-
ferent ways: (1) the electrode spacing remained unchanged from site to
site; and (2) the array electrode spacing was expanded at each survey
site. By expanding electrode spacings, a depth "sounding" of resistivity
is produced, which is interpretable in terms of vertically layered earth
resistivity. The non-expanded array is used to map lateral changes in av-
erage apparent resistivity down to the maximum depth penetration of the
array. Interpretation of the Springerville Schlumberger surveys.are am-
biguous due to a lack of subsurface structure and lithology information.
Resistivity changes in.this area may relate to ground-water quality, 1i-
thology, or geothermal systems.

Two types of resistivity surveys were run in the Safford basin. A
single Schlumberger survey site wasroccupied at Safford in order to obtain
a sounding of vertical resistivity variations and to compliment the dipole-
dipole survey. Dipole-dipole resistivity profiling (100 line miles) was
accomplished in the basin using a 2,000-foot (608 m) electrode separation.
Dipoles were spread a maximum of five electrode spacings at each survey
site during profiling. This resistivity data provided information on 1i-
thology of’basin—fill sediments and ground water. Areas- underlain by sa-
line groundwater and salty or gypsiferous sediment had very low resistiv-
ities (<3 Ohm-meter).

Resistivity surveys are apparently most useful initially for

reconnaissance mapping of subsurface lithology where drill hole data are
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sparse. Resistivity data are best used and interpreted in later stages
of exploration when additional and independent geologic and geophysical
information is available.

SEISMIC SURVEYS. Swarms of shallow microearthquakes (between magni-
tude -2 and 4) are often observed in geothermal areas; however, they are
not observed in all geothermal areas, nor are they restricted to geother-
mal areas alone. Seismic surveys to detect microearthquakes are conducted
with arrays of five to fifteen small, high gain, portable seismometers
with one—Heftz vertical-component geophones. These surveys attempt to lo-
cate the zones of greatest seismicity often near active faults where many
high-temperature geothermal systems are localized. However, due to a
significant lithologic or structural inhomogenity, which is frequently
associated with geothermal areas, good hypocenter iocations may be diffi-
fult to obtain. i

During the summer of 1978, between 12 and 19 sensitive portable sei-
smometers were operated for two weeks total time in tﬁe San Bernardino
Valley, the Clifton-Morenci regioﬁ, and the Springerville region (Sbar,

1979; Natali and Sbar, 1982). The University of Arizona, New Mexico State

University, and the University of Texas at El Paso worked together on
these surveys in order to place a maximum number of seismometers in the
field. The NMSU and UTEP gr&ups were ﬁnder contract with Los Alamos
Scientific Laboratory to investigate potential geothermal areas in the
Aquarious Mountains - Prescott region and in the St. Johns areas of Ari-
zona. Seismometers were spaced between 10 and 15 km apart in the San

Bernardino Valley and in the Clifton-Morenci area, and 20 km apart in
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the Springerville area. The seismic equipment had gains of one to six
million at 10 Hertz, which is ideal for measuring microearthquakes with
frequencies between 1 and 20 Hertz. Sbar (1979) estimated that a magni-
tude 0 seismic event was the threshold of detection for these networks,
and that a station operating at a gain of 2.5 million should detect a
magnitude 0 event at a distance of 10 km.

The only microearthquake recorded during the study was in the San
Bernardino Valley just north of the international boundary with Mexico.
The Springerville and Clifton-Morenci areas were aseismic during the sur-
vey, but the two-week monitoring period may have been too ghort.

Microearthquakes frequeﬁtly occur in sporadic swarms in Arizona that
are most probably related to regional tectonic stress than to geothermal
processes (Sbar, 1979; Natalie and Sbar, 1982). For example, identical
two-week seismic surveys recérded microearthquakes in the Prescott area
and in the San Bernardino Valley, Sénora, Mexico where recent faulting
and his;orical earthquakes with magnitude greater than 5 have occurred.

Numerous and frequent mine blasts were recorded during fhese surveys.
By using these mine blasts, a reversed seismic refraction study of deep
crystal structure was made between Globe, Arizona and Tyrone, New Mexico
(Gish and other, 1981). This study included areas with geothermal poten-
tial at Safford and Clifton—Moreﬁci. Interpretation of the data implies
enhanced regional heat flow favorable for geothermal resources in the
Morenci region. .

Microearthquake surveys are not a cost effective method of exploring

for geothermal resources in Arzona. Only regional heat flow and tec-
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tonic stress information is interpretable from such studies in this

state. However, seismic reflection surveys such as the ones currently
used in oil and gas exploration may be cost effective in deep geothermal
reservoir identification. However, to date no geothermal exploration pro-
grams are believed to have used reflection seismic sﬁrveys in Arizona.

WATER CHEMISTRY. Ground-water chemistry is a common geothermal
exploration tool. The reason is rather straightforward. Dissolved con-
stituents in ground water and geothermal water are a result of aquifer
residence time rock-water interaction, and temperature. Additional fac-
tors such as mixing water from different geologic environments or move-
ment of ground water through different kinds of rock are important, too.
Thus, water emerging at the surface from a well or spring carries with it
a chemical imprint that may indicate subsurface temperature, lithology,
recharge source, and flow path: .

We used spring and well water chemistry in nearly every Arizona
study area. We routinely calculated silica and cation geothermométers on
nonthermal and geothefmal water. Chemical geothermometry can accufately
predict subsurface temperatures, provided basic geologic assumptions are
satisfied. Literature describing the use, interpretation, and physical
base of aqueous chemical geothermometers is found in Fournier and Trues-
dell (1973), Fournier and Rowe (1966), Fournier and Potter (1979), and
Fournier (1977). »

Major factors adversely influencing the use and interpretation of

geothermometers in Arizona include the non-temperature dependent solution

of silica by water rich in dissolved carbon dioxide. This condition

causes acid breakdown of silicate minerals such as feldspar in basin-fill
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sediﬁent, with release of excess silica into the ground water. Where
evaporite minerals occur in basin-fill sediments,. the Na-Ka-Ca geother-
mometer may be unreliable because of the non-temperature dependent addition
of excess Ca to ground water. We found that mixing of geothermal water
and nonthermal water was. indicated when Li, B, and Na contents from sev-
eral closely spaced wells or springs showed a linear relationship to dis-
solved chloride contents. Also low ratios of Na/K or Mg/Cl can be used
as qualitative indicators of geothermal potential.

A Piper diagram showing milliequivalent percent of major cations
and anions is useful to interpret water flow paths and aquifer 1ith016gy.
Millequivalent ratios of chloride plus sulfate versus bicarbonate is of-
ten useful in southern Arizona waters to qualitatively determine aquifer
residence time, recharge source, and to map ground—water‘flow directions.
In general, higher ratios indicate older water or water that has had con-
tact with evaporite minerals; low ratios tend to indicate young, recharge
water,

Sampling, analyzing, and interpreting ground-water chemistry is very

cost effective. An analysis for Na, K, Ca, Mg Cl, SO HCOS, F, B, Li,

4°
and silica cost less than $80 in 1981. Additional costs fqr water geo-
chemistry surveys.include salaries and field expenses.

GEOLOGIC MAPPING. Geologic mapping is an indispensible aid for
interpreting structural features and geophysical and temperature-gradient
information. Reconnaissance mapping was used to ground truth features
observed in aerial photographs or described in the literature and to de-

termine the quality and usefulness of existing geologic maps. For ex-

ample, reconnaissance mapping in the Safford basin confirmed the existence
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of young fault scarps that were inferred from aerial photographs (see

area reports, this volume) Wichter, 1981). Also, reconnaissance mapping
in the Clifton area determined that available published maps had insuf-
ficient structural detail for geologic interpretation at the Clifton Hot
Springs. In order to remedy this, detailed mapping at 1:24,000 scale was
done at Clifton, which provided the needed structural information (Cun-
ningham, 1981). The cost of geologic mapping at Clifton was approximately
$500 per square mile. Geologic mapping ranks high in terms of cost-ef-
fective exploration because it provides a basis to evaluate and interpret
all other data gathered during exploration.

GEOHYDROLOGIC DATA. Geohydrologic information obtained during a
literature search or while drilling temperature-gradient holes is one of
the most valuable data sets in geothermal exploration. We found that
particular attention should be given to the number of aquifers, geologic
control of aquifers, water quaiity;~aquifer hydraulic tests, and water-
table information. These data are available in substantial detail for

many areas of Arizona.
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CONVERSION FACTORS AND TABLES

Mass

Length

Area

Volume

Temperature

Temperature Gradient

Energy

Power

Heat Flow

4

Other Energy Conversions

Fuel Unit

Millions of Btu's*

1 kilogram (kg) = 2,205 pound (1b)
1 ton (short) = 2,000 1b

1 meter {(m) = 3.281 feet (ft)

1 ft = 0.3048 m

1 inch (in) = 2.54 centimeters (cm)
1 kilometer (km) = 0.6214 mile (mi)
1 mi=1.609 km

1 km? = 0.3861 mi2

1 mi2 = 640 acres = 1 section

1 liter (L) = 0.2642 gallon (gal)

1 gal = 3.785 L

1 barrel (bbl) = 42 U.S. gal

1 km3 = 0.2399 mi?

1 mid = 4,1684 km3

1 mef = 1000 ft3

degrees Celsius (OC) = 5/9 (degrees
o Fahrenheit - 32)

F = (degrees Celsius x 9/5) + 32)
degrees Kelvin (K) = °c + 273.15

1g°C/km = 0.55°F/1go Ft
19F/100 £t = 18,23°C/km

1 calorie (cal) = 3.9665 x 1073 British

thermal unit (Btu)
1 Btu = 252,1 cal
1‘quad = 1 x 1015 Btu
1 joule (J) = 0.239 cal

1 watt (W) = 0.239 cal/sec
1 cal/s = 4.184 W

1 W=1J/sec

1 Btu = 0.2930 W

1 W= 3,413 Btu

1 heat flow unit (HFU) =
1 x 1076 cal/cm?® sec

1 thermal conductivity unit (TCU) =
1 x 1073 cal/cm sec °C

1 heat generation unit (HGU) =

1 x 10713 cal/emd sec
1 HFU = 41 84 mW/m2
.1 TCU = 0.4184 W/mK
1 HGU = 0.4184 uW/m3

bbl domestic crude oil
mcf dry natural gas

s

ton western sub- .
bituminous coal

1 quad

1 ton of refrigeration
Pressure ’

bbl residential fuel oil

5.6 1.0

1.02 0.1823
6.287 1.1227
18.0 3.2143
1 x 10° 178 x 105
0.288 0.0514

10° pascal (Pa) = 1 bar
1.bar = 14.50 1b/in2 = 1 atmosphere
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CONVERSION FACTORS AND TABLES

Prefixes
1076 = Micro (u)
1073 = Milli (m)
1072 = Centi (c)
1073 = Kilo (K)
1076 = Mega (M)
1079 = Gila (G)

Temperature Table

o

F °c °F °c °F °¢ F c
41 5 131 5SS 221 105 311 155
50 10 140 60 230 110 320 160
59 15 149 65 239 115 329 165
68 20 158 70 248 120 338 170
77 25 167 75 257 125 347 175
86 30 176 80 266 130 356 180
95 35 185 85 275 135 365 185
104 40 194 .90 284 140 374 190
113 45 203 95 293 145 383 195
122 50 212 100 302 150 392 200
Properties of Water
Density = 1 g/cm3 = 62.43 1b/ft3 = 8,345 1b/gal
Specific Heat = 1 cal/g°C = 1 btu/1b°F
Well Depth Table
Feet Meters Feet Meters Feet Meters
5 1.52 " 900 274,32 - 2100 640,08
10 3.05 1000 304.80 2200 670.56
25 7.62 1100 335.28 2300 701.04
S0 15.24 1200 365.76 2400 731.52
100 30.48 1300 396,24 2500 762.00
200 60.96 1400 426.72 3000 914.40
300 91.44 1500 457.20 4000 1219.20
400 121.92 1600 487.68 5000 1524.00
500 152.40 1700 518.16 6000 1828.80
600 182.88 1800 548,64 7000 2133.60
700 213.36 1900 579.12 8000 2438.40
800 243.84 2000 609.60 9000 2743.20

Flow Rate Table

1 ft3/sec = 28.31 Liters/sec (L/s) = 448.8 Gallons/Minute (gpm)

(gpm) (L/s) - gpm L/sec gpm L/sec
5 0.32 300 18.92 2500 157.70
10 0.63 400 25.23 3000 189.24
25 1.58 500 31.54 3500 220.78
50 3.15 1000 63.08 4000 252.32

100 6.31 1500 94,62

200 12.62 2000 126,16
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