








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































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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APPENDICES




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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