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" INTRODUCTION

PURPOSE. The purpése of this book is to bring together in a single
vOlume.curtent knowledgeﬂand basic data on geothermal energy resources in
:the~State.of Arizona. We'hope'that our ptélimihary.investigations, data
compilations, and models will provide investigators with a sound scientific
basis for future eﬁplbration'and development work. ‘For readers primarily
interested in'ﬁnderstandinéjgeqthermal energy; what it'is,’and its sources
and occurrences in Arizona, we hope this volume provides helpful'insights
into all aspebts of this most fasciﬁating alternate energy. source.

Following the introductory chapter, this report is divided into
major sections as'fbllow; -Ch;'2, specific area investigatioﬂs; Ch. 3,
thefmalvaspécts Of‘A:izona; Ch.ﬂ4, expioration méthOAS,i‘Refefences
follow each section. Basic data not in fhis'féport can'bé found in the
original open-file reports, as referenced. N

EARLY INVESTIGATIONS. Some of the earliest references to mineral

" waters in the United States-date from the late 1860s when Moorman published
“his coﬁpréhenSiVe>VO1umes”"Minérél7wé€éfs of the United States and Canada"
' (1867) and "Mineral 5pr1n§5"of'Ndrfh‘America" (1871). ;Tﬁé'earliest knowh

work devoted solely to thermal water (mineral water need not be thermalj

was U.'S. Geological Survey Bulletin 701, "Geothermal data on the U. S." by
Darton (1920). About that same time the first papers were published on
Arizona hot springs. Everit (1925) wrote about Clifton Hot Springs;

Buehrer (1927)*wrote'aboﬁt‘Castle Hot Springs; and Knechtel (1935), about



Indian Hot Springs. In 1937 Stearns, Stearns, and Waring compiled "Thermal
springs in the United States,'" which was revised and expanded nearly 30
years later (Waring, 1965).

BétWeen the mid-1930s and the mid-1960s, only a few heat-flow and
: geothe?mal studies were published in the United States. Basic heat-flow
research was_carried:out the latter part of this period, but it was not-

" done specificélly to aid geothgrmai exploration. After aboﬁt,1965
geothermal researéh, exploration, and devéldpment,bégan to,accelerate;‘with
a corresponding increase in the number of publicatibns devoted to. .
geothermal energy. The biggest boost to geothermal ékploration and
development followed the 1973 OPEC oil embargo.

Publications related to thermal waters of Afizona did not appear until
~ the late 1960s and after. Haigler (1969) listed 32 selected thermal
springs and wells in Arizona in a volume devoted to the mineral and water
resources of the state. Wright (1971) was the first to examine in some
detail the thermal waters of sduthern Arizona. He concluded that
occurrences of thermal springs and wells are related to structural elements
of the Basin and Range province. Other early papers were written by |
Harshbarger (1972); Norton and Gerlach (1975); Norton, Gerlach, DeCook, and
Sumner (1975); Dellechaie (1975); and Swanberg, Morgan, Stoyer, and Witchér
(1977).

DEFINITIONS.  Geothermal energy is natural heat from the interior of
the earth.fyBecause it exists everywhere, it is bhe of the most abundant
enefgy.;esqurces available to man. If one drills deep enough intb the
. earth at_ahy location, to debﬁhs~present1y exceeding man's current economic

and technological ability, an inexhaustible qﬁantity'of heat is available.
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This heat flows outward to the earth's surface, but in the process it
becomes so diffuse that’thé heat is hdfnrecognized'as an énergy resource by
most people. The major sources of diffuse earth heat are the radioactive
decay of a number of elemehts'in'the upper'cfuét,'chiefly uranium (U),
thorium (Th), and potaSSium (X), and the outward transfer of heat from

the interior of the earth. Current technology cannot yet reach and (or)
utilize either deep heat or diffuse heat.

There are numerous régioh§ around the world, however, where geologic
conditions.have creéfed unusually large and concentrated areas of |
accessible heat at or near the earth's surface. These shallow deposits are
called geatherﬁal anomalies. When heat from a ‘geothermal anomaly can be
ecohoﬁically‘extracted and used, it becomes a geothermal reéourqe,vmore o
formally defined by the U. S. Geological Survey as "...the thermal energy
that could beieXtractéd at costs cOmpetitive with other forms of energy at
a foreseeable t1me, under reasonable assumpt1ons of technological
1mprovement and economic favorablllty" (see Muffler and Guffanti, 1979
p- 4). Areas of concentratedlheat are‘assoc1ated:w1th abnormally high heat
flow, which is caused by magma intrusions in the shallow crust t<16 kmj;‘
aétive volcanoes; very thin cruét, hﬁt'wate} rising along deepffaults, or

burial beneath very thick séquéhces OfTiﬁsuiéting sediments (>5 km).

These phenomena are d1scussed in more detail in Chapter 3. In«hearly all

1nstances, c1rcu1at1ng ground water heated at depth br1ngs thlS usable heat
to the surface or to shallow depths (<4 km) where it can be reached by man,
This is the process of‘hydrothermal convection, In some'areas of the

world, geysers, boiling springs, and”fumarbiesaviiidly reveal the existence

of a geothermal anomaly. Yellowstone National Park in Wyoming is a notable



example of surface thermal featuresﬂmarking a geothermal anomaly. In other
places,vhof springs and hof wells;only_hint at what may exist at some depth
beneath the land surface. Still other geothermél_anqmalies are '"blind,"
their existence totally unexpected until tapped by deep exploratory .
drilling usually in search of natural gas or petroleum.

In order fo discuss gebthermal resources more readi;y, three distinct
claséifications éf\geothermal energy have evolved and are in common usage
today. The first and most conventional classification is Based on
température of the resource (Tablerl.l). The second (Table 1.2) is based
on the fluid‘phase.extracted from the reservoir, a classification |
especially useful to geothermal engineers, Table 1.3 classifies
geothermal systems according to the heat source that produces the anomaly.
Terminoldgy from all three classifications can be applied to a single
resource. For example, The Geysers geothermal field in northern California
is a high-temperature, vaporfdominated system with a magmatic heat source.

Among the different types of‘geothermal resources that exist, vapor-
dominated reservoirs are more desirable to develop for electrical
generation than hydrothermal reservoirs. This is because steam carries
more energy per unit of mass. In vapor-dominated reservoirs steam is piped
directly from the wellhead to the generator and is the working fluidrthat
drives the turbines to produce electricity. A vapor-dominated resource can
be the mos; economical way to generate electricity, but these systems,
which typically produce 240°C "dry steam" (little or no water), are rare.
Hydrothermal systems are more common, but they usually require more
innovative technology'fdr electrical generation. The hot water can be used

to heat another fluid that drives the turbines, or it can be allowed to
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TABLE 1.1. Classification of geothermal energy
: _ based on resource temperature

Low temperature . <90 °c
 Moderate temperature 90 o 150 °c

~High temperature >150 C

TABLE 1.2, Classification of geothermal energy

based on reservoir fluid phase

' Vapor-dominated system
steam only
Hydrothermal system
steam and hot water mixed
hot water only
Hot dry rock
o no fluid
Geopressured
hot water

,‘TABLE 1.3, Class1f1cat10n of geothermal energy

" based on heat source

Very thin crust’
Recent volcanic activity (<1 m.y. old)
"Recent intrusion of magma into the

shallow crust (<10 km)

High concentrations of radioactive
elements buried beneath very thick
sediments =

Very deep c1rcu1at10nJof ground water
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flash to steam, which is then used to drive the turbines. In some hydro-
thermal systems, tehperatures up to 3609C have been found.

Hydrothermal systems makelup all of the low- to moderate-temperature
resources used for.direct-heat»applicatibns., In fact, hot-water geothermal
resources are now known to make up the majority of geothermal occurrences
worldwide, but development lags significantly behind the deﬁelopment of
high-temperature resources. Most identified geothermal resources in
Arizona are characterized by low- to moderate-temperature water, either
stored in the earth in blind reservoirs br:discharging at the‘;urface as
thermal springs. It is présumed thatvfgrther eiploration will discover
many other resources.

| The object of all geothermal-energy exploration and assessment is to
locate and define geothermal resources near a.uSér, at economically favor-
able drilling depths. Thus, identification of thermal springs and wells is
very useful because they occur where geothermal waters are flowing upward
into near-surface aquifers, and the geothermal potential is probably most
favorable. The determination of what temperature distinguisﬂes a thermal
spring from a nonthermal spring, however, is difficult and somewhat
arbitrary. The definition varies in different parts of the country and
even varies in different parts of Arizona. Basically the definition is
linked to the local mean annual air temperature (MAT) where the spring
occurs. In Alaska, for example, where the MAT can be lower tﬁan OOC, a
spring issuing 20 to 25°C water would be considered a thermal spring. The.
same water in southern Arizona, where the MAT can be as high as 20°C,

would be considered nonthermal.

8
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Witcher (1981) showed that the mean spring discharge temperature for
246 Arizona springs exceeds the local MAT by 6.55°C + 8.34°%C (Fig. 1.1).
Basedhon these statistics, he defined a hdt’spring»as one with a discharge
temperature that exceeds the local MAT by 15°C or more.

To further refine the definition of a thermal_spring, Witcher
separated nenthermal spring»temperatures for the Colorado Plateau (CP) from
those of the Basin and’Rangedprouince (B&R) (Fig. 1.2). _Using additional
statistics he determined that the definition of a warm spring on the CP
would‘include'those with temperatures exceeding the local MAT by 6°C; in
.thevB&R, the term warm epring would include those with temperatures greater

than 10°C above'the local MAT (Table 1.4).

TABLE 1.4 Criteria for defining thermal‘springsAand'wells in Arizona

Province ° d Warm Spring 1"Hot»SEring o Thermal Well
~“Basin and Range - - 10.0-14.9°C>MAT ~ 0 o15%sMaT - 10°C>MAT; TG>45°C/km
Colorado Plateau ~  6.0-14.9°C>MAT ~ ° 15°C>MAT  * -~ 10°C>MAT; TG>30°C/km

Defining a thermal well, on the other hand, has an important

constraint imposed on it hy the geothermaz gradient, the rate at which

'temperature normally 1ncreases with - depth in the earth. This quantity can

be measured in test holes and wells. The deflnltlon of a thermal well must

1nc1ude both the temperature of the well water and the geothermal gradlent.

"Studles show that 1n Arlzona normal gradlents range between 20 and 45 C/km

w1th a mean value of 32 7 12 6 C/km We define a thermal weZZ as one

' w1th a surface dlscharge temperature exceedlng the MAT by 10°C or more and

a geothermal gradlent ‘greater than 45 C/km for wells in the Ba51n and

Range province, and a gradient greater than 30° C/km, the continental
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average, for wells on the Colorado Plateau. When actual geothermal

_gradients cannot be measured an average gradient can be calculated using

T (°c)-MAT (°C)

the following equation: DEPTH (M)

x 1000 where T ( C) is the

" bottom-hole temperature. For this calculation, it is assumed that the well

temperature represents the bottom-hole temperature,'which is not always the
case.: NonetheleSS'the‘calculation gives a conservative minimum average
gradient for a well. “The reader is cautioned not to~use‘gradients to
predlct temperatures ‘below the depth of the well due to p0551b1e distur- -
bances at depth, such as deeper water flows and changes in rock thermal
conductivity. _

It shonld be emphasized here that a 'very deep’well that is producing
warmlwater is discharging geothermal water, even ‘if the geothermal gradient
for that well is within normal range tzo'to 45°C/km), so long as heat can

be economically extracted from the ‘fluid for a direct-use application.

rINTRODUCTION

Muffler, L.°J. P.," and Guffant1 ‘M., 1979, Introductlon, in Muffler,
L. P, J., ed., Assessment of Geothermal Resources of the United
States -- 1978: U.: 8 Geological Survey C1rcular 790, p. 1-7.

Witcher, J. C., 1981, Thermal sprlngs of Ar1zona" Fleldnotes V. 11
~.no, 2, Bureau of Geology and M1nera1 Technology, Tucson, AZ, p.
1-40 ’ 7



WELL AND SPRING LOCATION SYSTEM

In this report, thermal welis_and springs are identified according to
their location within a township and range grid. Arizona is divided into
quadrants by the Gila and Salt River Base Line and Meridian (Fig. 1.3).
Quadrants_are designated A, B,‘C, and D for northeaét, northwest, south-
wést; and southeast, respectively. Townships and ranges are numbered
outward from the intersection of the Base Line and Meridian.

Township, range, section, and location within the section are
designated by the following scheme. The first letter refers to the
quadrant of the state. The following three numbers are the township,
range, and section. lLetters following the section number indicate the
quarter section, quarter/quarter section, and quarter/quarter/quarter
section. Again, letters a, b, ¢, and d refer to the northeast, northwest,
southwest, and southeast quarters of each subdivision. Thus, D-4-5-19caa
is a well or spring in the northeast quarter, of the northeast quarter, of
the southweSt quarter of section 19, Township 4 South, Range 5 East, in the
southeast quadranf of Arizona. In the Navajo Survey, locations are

referred to the Navajo Base Line and Meridian, and the first letter is N.
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CLIMATE

Climate is an important factor in.determining whether a particular
geothermal project will be efficient and economic. For example, design of
a geothermal space-cooling system must accuratély account for the length of
‘the hot season and for the usual and maximum émounts of geothermal eﬁergy
required foi operation. Climatic data such as mean. temperature, annual and
monthly degree cooling days, and maximum recofdedvtemperature are necessary
information to evaluéte, plan, and manage a successful geothermal cooling
system.

Climate is determined largely by geographic location. Because Arizona
lies inland hundreds of miles from the ocean, in an area where pre&ailing
wind circulation does not normally carry large quantities.of moisture,
scant cloud cover and low humidity are the general rule. As a result,
night temperatures are as much as 30°C cooler than day temperatures.

Significant differences in elevation and latitude cause highly
variable local climates throughout the state. Elevations range between 45
and 3,800 m above mean sea level, and latitude changes nearly 6 degrees
north-south across the state. Temperatures generally decrease 8°c per
1,000 m increase in elevationb(Sellers and Hill, 1974). Figure 1.4_shows
that mean annual temperatures range between 15 and 22°C in southern and
western Arizona where most geothermal resource potential exisps;

Precipitation, like mean temperature, varies mainiy according to

elevation. Below 1,800 m annual rainfall in Arizona is less than 38 ‘cm;

12

| S

S
-

Lz

—
J

-

- T



tZT" F . ir
C

r

r -

- T

e

‘74‘4

x5

.

r— N

-

‘e’

o

above 2;400 n precipitation may exceed 75 cm. vSummer thundershowers, July
through September, produce locally heavy but scattered rainfall. Probably
the most important preeipitatiom comes fromrwidespread rain at lower

elevatlons and 51gn1ficant Snow at h1gher elevations during winter months,
brought inland by cyclonlc storm systems or1g1nat1ng in the Pac1f1c Ocean.

Snow melt feeds Arlzona r1vers, which ‘originate in the hlgher mountains.

At lower elevatlons, runoff 1s low due to high evaporat1on, resu1t1ng from

high mean temperatures and low hum1d1ty

Table 1.5 gives 1mportant c11mat1c data for selected cities in

‘Arlzona, Note that areas w1th hlgh coollng degree days have the greatest
potential for geothermal coollng.< The_reverse is evident for space

- heating.

CLIMATE

Nat10na1 Oceanograph1c “and Atmospherlc Admlnlstratlon, 1973, Monthly
- normals of temperature, precipitation, and heating and cooling
" degree days, 1941-70, Climatography of the United States, No. 81 --
~Arizona: U. S. Department of Commerce, ‘National C11mat1c Center,
Ashev111e, NC, 10 P-,-' : i ,

Sellers, W. D., and H111 R. H.; eds., 1974 Arizona c11mate 1931 1972:
Unlver51ty of Arizona Press, Tucson, AZ, 616 p
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TABLE 1.5. CLiMATIC DATA FOR

SELECTED ARIZONA CITIES

MEAN

,,2
.3

NOAA, 1973, Monthly Normals ot“,'l'empqxjature', Precipitation, and Heating and Cooling Degree Days
Annual degree days are the sum of monthly degree days which are calculated using a 65°F(18.3°C) base temperature.
Monthly heating degree days = (days in month) (65°F- hb) where 'l'h is mean monthly temperature below 65°F.
Monthly cooling degree days = (days in month) (Tc-6S°F) where Tc is mean monthly temperature over 65°F.

ANNUAL ~ ANNUAL RECORD TEMPERATURE!
'ANNUAL  DEGREE  DEGREE :
NEATHER ELEVATION o, TEMP,  HEATING - COOLING oLoW o. oHIGH PRECIPITATION
STATION . FEET _METERS __ OF c__oavs? pars® ¢ (Pc)  YEAR F__(c)  YEAR INCHES _CENTIMETERS
CASA GRANDE2 1405  428.2 70.1 21.2 1629 3515 15 -9.4 1954 120 - 48,9 1936 8-11 20.60
FLAGSTAFF2 7006 2135.4 45.3 7.4 7320 140 <22 -30 1971 9  35.6 1970 19.31  49.05
WSO ATRPORT ’
GILA BEND 737 2246 72 22.2 1388 3943 10 -12.2 1963 123 50.6 1936 5.76 . 14.63
KINGMAN! 3360 1024.1 61.6 16.4 2906 1633 6  -14.4 1937 111 43.9 - 1967 9.39.  23.85
PHOENIXZ- LR Ll S o ~ ‘
WSO: AIRPORT 1117 . 340.5  70.3 - 21.3 1552 3508 17 -8.3 1950 118  47.8 1958 7.08 17.91
SAFFORD? 12900  883.9 64.3 17.9 2542 . 2316 9 -12.8 1964 116 46.7 1971 8.43  21.41
SPRINGERVILLEZ 7060 2151.9 48.5° 9.0 6170 181 =21 -29,4 1971 100 37.8 1953 11.33 . 28.77
WSO AIRPORT 2584  787.6  68.2 20.1 1707 2896 16 -8.9 1949 111 43.9° 1970 11.05 28.07
-NILLCOX? 4190 © 1277.1 59.1 15.1 3485 1356 -1 -18.3 1960 - 109  42.8 1970 11.19  28.42
_AIRPORT? 194 s9.1 73.7 23.2 1005 4195 24 -4.4 1971 123 50.6 1950 2.67 6.78
DATA FROM: 1 Sellers and Hill, 1974, Arizona Climate (1973-1972).
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USE OF GEOTHERMAL ENERGY

ELECTRIC POWER GENERATION., The use of geothermal energy to generate
electric power is expandlng rapldly. Production in the United States has
grown from 11 megawatts e1ectr1ca1 (MWe) in 1960 to 70 MWe in 1970 ‘to 932
MWe in 1981. More than 3,000 MWe have been projected for 1990 (Kestin and
others, 1980; Roberts and Kruger, 1981). (OhedMWe supplies the electrical

needs of nearly 1,000 people ) o ‘ _

In 1979 geothermal power plants worldwide produced 1,450 MWe. Add1-‘
tional plants are either planned or under construction.

DIRECT-HEAT APPLICATIONS. It is now recognized that the most abundant
geothermal energy is in the form of low- to moderate-temperature resources,
with the result that the most widespread potential use for geothermal
energy is in direct-heat (nonelectric) applications. Such utilization has
potential for a wide variety of processes that presently use hot water from
conventional boilers. Direct-heat geothermal energy has several inherently
favorable qualities (Anderson and Lund, 1979):

(1) It has generally good energy efficiency because the ihermal water

is used directly without conversion fo an intermediate energy form.

(2) Low- to intermediate-temperature water is available in large

quantities that are readily accessible in Arizona (Witcher and others,

1982).

(3) It uses "off-the-shelf" technology.' Engineering designs and

materials used in direct-heat applications generally are well known
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and require 1itt1e to no modifications.

(4) 'It'hasushorterhdeveiopment time'and is 1ess,capita1‘intensire

~ than all forms of electriealodevelopment.

(5) It requires less exbenSive well development than geothermal

electrical ponervprodnction. In many cases wells can be drilled with

conventional water-well drilling equipment.

(6) Geothermal water ean be piped”more than 30 km without detrimental

heatvloss although costs are.greater for iongrdistances.'

Direct- heat geothermal technology, re11ab111ty, and environmental
acceptablllty have been demonstrated in a number of places worldW1de. In
1979,’over 7,000 megawatts'thermal (MWt) of geothermal energy were utilized
for space heating and cooling, in agrienlture and aquacuiture.production,
and for industrial processes (Anderson and Lund, 1979). In Iceland, more
than half the homes and bu11d1ngs rely on geothermal space heating. The
100-room Rotorna Internat19na1,Hote1 in ‘New Zealand 1s air conditioned by a

geothermal absorption refrigeration system.‘ In Arizona, where demand for

‘eooling is high, geothermal resources have significant potential for space

cooling. Large multistorykbuildings,‘apartmentgcomplexes, shopping malls,

‘and commercial districts have the best economic potential for geothermal

space heating andvcooling. .

Agriculture and.aquacultdre‘éenerally use the lowest temperature geo-

thermal»resources.AJThese'appiications have excellent'potential'in Arizona

- where the use of lower quality geothermal water could conserve potable

ground water w1thout reduc1ng agrlcultural product1v1ty
Furthermore, after the heat has been extracted, geothermal water with

sufficiently good qualityrcanrbe added to drinking water and irrigation

17
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Figure 1.5, »Te'mperature ranges for some industrial processes and agri-
.cultural applications (from Anderson and Lund, 1979)
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supplies without harmful effects. This practice also would conserve water

’suppliés. In the future, phycoéulture, growing algae for food or fuel, may

be a viébié-uSe of saiine gééthermalfwaﬁér; furtherfcohserving pofable
ground water. | :

Industrial processes typically féquiré‘ihféfmediafe-temperature re-
soufces.in the form of either steam or superheated hot water. Basic

proceséés'that could substitute geothermal energy are preheating, cooling,

“refrigerating, -evaporating, distilling, drying, separating, peeling,

blanching, and washing. Low-temﬁerature resources'may have future impor-
tance in the mining industry for the.extraction_énd refinement of metals
(Goldstdne, 1982, personél qommun.); Figure 1.5 shows a few important
directFuse‘geothermai'éﬁﬁiicétions thét ha&e.potential in Arizona.

Since every geothermal resource,ﬁas a different temperature, water
quality; water-productibn rate, and depth, each_direct-usé projéct must be
designed accordingly and be co-located near a suitable resource. Corrosion
and scaling pfoblems, generally associgted with_high-femperature resources,

are often surmounted by proper selection of materials and appropriate

~engineering design.

Geothermal energy is not free, but a major benefit of geothermal de-
velbpment is longFterm'fficgpétability of energy, independent of éscalating
fossil-fuel prices. Finally,:"c35cading" sysfems,'whefeby several succes-
sive operations extract additional heat from the same geothermal water,
enhance the economics of geothermal development and again'consefve valuable

water.

19



USES OF GEOTHERMAL ENERGY

Anderson, D. N., and Lund, J. W., 1980 Dlrect ut1llzat10n of geothermal
energy - A layman's guide: Geothermal Resources Council Special
Report No. 8, Davis, CA, 97 p.

» 1979, Direct utilization of geothermal energy - A technical
handbook: Geothermal Resources Council Spec1a1 Report No. 7,
Davis, CA, 250 p.

Armstead C. H. 1978, Geothermal energy: Halstead Press, New York, NY,
357 p. - ‘ ‘ ‘

. Kestin, J;, DiPippo, R., Khalifa, H. E., and Ryley, D. J.;'1980

Sourcebook on the production of electricity from geothermal energy.
Brown University, Providence, RI, 997 P.

Wahl, E. F., 1977, Geothermal energy utilization: John Wiley and Sons,
New York, NY, 302 p. :

Wehlage, E. F., 1976, The basics of geothermal engineering: Geothermal
Information Services, West Covina, CA, 211 p. ’

See also open-file reports by the Arizona Geothermal Commercialization
Team, in Chapter 5.
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ENVIRONMENTAL CONCERNS

It is widely known thaﬁ geothermal resources produce relatively clean
energy. Although knowledge of envirdnmental impacts related to geothermall
energy development is incomplete, geothermal does offer signficant
environmental advantages over other energy sources. (1) Geothermal energy

is utilized in the immediate vicinity of the resourée, both for electric

power generation and direct-heat projects. Thus, environmental impacts are

localized and certainly are not as severe as those resulting from mining
coai or uranium. Large refineries and exﬁensive transportation systems,
except major powér grids, are not required. (2) Geothermal development
generaily does not place large demands on scarce potable water supplies.
Some geothermai power plants using steam as the working fluid do not
require an external water source for cooling purposes
Environmental-impécts depend on the type‘of geothermal resource;

quality of and chemical constituents in the geothermal fluid; overall

- geology, hydrology, vegetation, and fopography'df the development site; and

engineering design of the facility. In‘general, high-temperature resources
have the greatest impact; iow-temperature resources have minimal impact.
‘The chief environmenfal'iSsues cdncefning éxploraﬁion and development
of geothermal reéources aré land-use conflicts; disturbance of fish, wild-
life, ﬁatural vegafatioﬁ,-and their habitats; air and ground-water quality;
éfféct on natural hot spring activity; lowering of the water table; noise;

land subsidence; induced seismicity; landslides; socioeconomic factors; and

21



disturbance of archaeological and cultural resources. Careful planning to
~avoid environmental problems, coupled with appropriate mitigation measures
for unavoidable problems, can generally result in minimal impact at a

reasonable cost.
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GEOTHERMAL EXPLORATION, DRILLING, AND LEASING ACTIVITIES IN ARIZONA

EARLY EXPLORATION. Ekpiqration for geothermal energy was meager in
Arizona until the late 1970s. .This early lack of interest can best be
attributed to the ﬁhilosophy still widel& held by'many people that
electrical pdwér production, which requires vapor doﬁingted or high-
temperature hydrdthermal systems, is the only'significant'uSe for
geotherﬁal enérgy. Thus it followed that only high-temperature geothermal
resources were worth expénsiﬁéJexpléfation programs."Unfortunately Arizona
Has few surface thermal features. The hot springs that exist in Arizona
cbmpare poorly'to the hatural géysérs, fumaroles,.and'boiling springs found
in neighboring states such as NeVada and California.’

Three geothermal drilling projects did take place during the early:
1970s. In 1973 following céhsiderable explbration; Geothermal Kinetics,
Inc. drilled th"éébthérmal’wglis ih‘ééétion 1, T. 2 S., R. 6 E. The wells
were drilled to depths of 2,800 m (Power Ranch #1) and 3,200 m (Power Ranch
#2). Réportgd'bottdméhblé‘teﬁperéfuresﬂconfliét; but in all cases the
géothermal gradients did not exceed-SOOC/km.

One year later Geothermal Kinetics, Inc. and Amax Exploration, Inc.
drilled Pima F#rmE #1 in section é,JT.if‘S;,kR. 8 E. This geothermal test
was 2,440 m'degp;’héd‘é maxiﬁum'dﬁtput’temperéture of 82°C, and a maximum
bottdm-hole-tempéféture of 120°C éfté&upumpiﬁg7(Dellechaie, 1975). These

temperatures again indicate geothermal gradients less than 50°C/km.

23



Dellechaie (1975) stated that a normal gradieht heat source coﬁld be
inferred for this well on the basis of pump-test, geochemical, and tem-
perature information.

The fourth geothermal well, State #1, was drilled by Nix Drilling
Company of Globe, Arizona in section 16, T. 5 S., R. 24 E. Drilling
started in April, 1974, and ceased in Novémber, 1977, when the drilling
permit was not renewed by the Arizona State LandADepartment. Temperatureé
and depths have not been reported.

RECENT ACTIVITY. The major companies involved in geothermal leasing
and exploration in Arizona (in 1982) include Hunt 0il, Chevron USA, Union
Geothermal, Phillips Petroleum Co., Atlantic Righfield,yTrans—Pacific |
Geothermal, O'Brien Resources, Amax, and Geothermal Kinetic:&Systems. Deep
drilling for high-temperature resources suitable for electrical production,
however, has been limited to the three gnsuccessful "wildcat" geothermal
tests drilled in early 1970s discussed above. For the past five years
exploration has consisted of shallow (less than 400 m) temperature
gradient/heat flow holes, and geophysicalf geochemical, and geological
surveys. Table 1.6 lists areas, number of wells, and operators of thq
temperature gradient holes.

Exploration for potential hot-dry-rock geothermal energy has begn
conducted at two sites in western Arizona by the qu Alamos Nétional
Laboratory. These areas are the Aquarius Mountains and the Castle Dome
Mountains. A third hot-dry-rock geothermal project is in the exp1oration
and planning stages in the Springerville-Alpine area of the White
Mountains, east-central Arizona, by a private devéloper. The Aquarius

Mountains and the White Mountains hot-dry-rock areas are described in

Chapter 2.
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TABLE 1.6. Shallow (<400 m) temperature‘gradient and heat flow holes drilled in Arizona

Area

Ajo

Alpine- ,
Springerville

Clifton

State Wide
Clifton
Hyder Valley
Safford

Safford

- Year

49

37

Number of Wells

7

1981

1979
"1979

1979

1980

-.1981

1974

1981

”@erator

rPh1111ps Petroleum Company, Salt Lake C1ty, uT

"U S. Bureau of Reclamation, Boulder City, NV;

Arizona Bureau of Geology and Mineral
Technology, Tucson, AZ

U.S. Bureau of Reclamation, Boulder City, NV;
Arizona Bureau of Geology and M1nera1
Technology,Tucson, AZ

’ U,S; Geological Survey, Menlo Park, CA

Phillips Petroleum Co, Salt Lake City, UT

Phillips Petroleum Co., Salt Lake City,‘UT |

WN1x Dr1111ng Company, Reed Nix,: Globe, AZ

U.S. Department of Energy, Idaho Falls, ID
Arizona Bureau of Geology and Mineral
Technology, Tucson, AZ



To date (1982), no high-temperature (greater than ISOOC) geothermal
resources have been confirmed in Ari;qné.

Geothermai‘leases and leasefapplicétions péﬂding approval total over
242,000 acres on state and federél lands'(Table 1.7). All leaseé that are
pending approvél occur on federal land;r | |

Arizona has two federal Known Geothermal Resource Areas (KGRAs) both
near C11£ton: the G111ard KGRA 2, 420 acres, and C11fton KGRA, 780 acres
(Fig. 1.6). .

fCurrently the only direét-u;e geo£herma1 enérgy projects in Arizona
are mineral Eaths atFSaffprd’and Mesé,'and soil heatiné in the Hyder Valley
(Fig.11.6). An aquaculture project is in the initial stages of development
near Safford. Planning and feasibility studies are under way for spéce
heating (1) a hotel-motel complex in Tucson by a Tucson land developer,

(2) the Swift Trail Facility near Safford by the Federal Prison system, and
(3) Williams Air Force Baée near Chandler by the U, S. Air Force

(Fig. 1.6).
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;1TABLE 1.7, Status of geothermal leases on state_and federal land,'1981

Area

~ San Bernardino Valley 30,596 Acres .

Clifton
Flégstaff

Aquarius Mts. "
East of Kingman

Burro Creek ‘
Near Bagdad

Hassayampa Piain -

Total  (Statewide)

' State

Approved

-0-

-0-

-0-:A

30,596 Acres

‘Pending

-0-

-0-

-0-

-0-

-0-

Federal

Approved
-0-

6,304 Acres

15,033 Acres

Pénding-
16,591.Acre$
11,864 Acres

118,556 Acres

30,638 Acres
12,360 Acres

564 Acres

21,337 Acres

190,573 Acres



SPRINGERVILLE,

HOT DRY ROCK

BUCKHORN (MESA)
CMINERAL BATH AND SPA

VALLEY KGRA
SOIL WARMING GILLARD
KGRA

MINERAL BATH AND SPA

o

H NG

SAFFORD
TUCSON

OMOTEL HEATING

A CURRENT USE OF GEOTHERMAL WATER

Q PLANNED GEOTHERMAL PROJECT

O FEDERAL KGRAs

Figure 1.6. Map showing Arizona KGRAs, areas currently using geothermal

- energy, and areas of planned development
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GEOTHERMAL LEGISLATION, REGULATIONS, AND TAXES

-

LS

A successful geothermai deveiopment'muet acquirevlegai rights to a
resource and comply hith‘federal,'state, and local laws, ordinances, and
regulations covering exploration, development, and use. |

FEDERAL. The Geothermal Steam Act of 197_01 provides forlleasing on
federal iandvand licensing of geothermai,power plants. Leasesvand lieenses
are isSued by the Bureau‘of LandkManagement (BLM). 'Exploration‘and
operations are conducted within the ruies of the Geothermal Resources
Operatxons Orders (GROOs), 1ssued under the Geothermal Steam Act of 1970.
After federal leases are 1ssued operatlons are supervised by the U. S.
Geolog1ca1 Survey, Conservat1on D1V151on Area Geothermal Superv1sor w1th1n
the framework of ‘the GRQ?'S and the Geothermal Steam Act

Provisions for federal taxatlon appllcable to geothermal energy are

made in the Energy Tax Act of 1978 ‘ The Act covers 1ntang1b1e dr1111ng

' costs, depletlon allowance and tax credlts for all forms of geothermal

energy whether steam, hot water, or hot dry rock Addrtlonal 1eg1slat1on
is pendlng ’  | ’ o B |

STATE. In Ar1zona, the Geothermal Resources of 19723 1eg151at1on,r
Wthh was rev1sed in 1977, prov1des for 1ea51ng and development of

$

geothermal resources on state land. Under th1s 1eg151at1on, the Arizona

1 public Law 90-581, 91st Congress, 5.368, Dec. 24, 1970.

2 public Law 95-618, 403 (b), Amending IRC 613A (b).

3 Geothermal Resources (1972); Amended HB 2257 (1977) A.R.S.
27-651 through A.R.S. 27-686.
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State Land Department issues leases and land permits for exploration and
development of geothermal energy; the Arizona 0il aﬁd Gas Censervation
Commission supervises all drilling and reinjection operations. Arizona
geothermal legislation broadly defines geethermel resources in a manner
similar to the federal Geothermal Steam Act of 1970 and also provides for
taxetion of geothermai endeavors. |

.Geothermal development is exeﬁpt from grpund water laws under current
state geothermal legisiationl quever,,the language and qualifications in
fhe Ground Water Managemeht.Apt'erISSO leave exemption as a matter of
interpretetion in Acti#e Menagement Areas, which were designated by the
provieions of the Act (Goldstone, 1982, persoﬁal commun.). Other‘potential
institutional problems also exist, First, State legislation does allow
exploration deductions and a depletion allowance, but no definite rules
exist for calculating royalty rates. Since direct utilization does not
have an easily defined market value, the royalty rate could be tied to the
value of energy reblaced. However, the price of electricity, coal, and gas
varies considerably and the value of direct-use geothermal eouldrbe'tied to
the most expensive conventioﬁal energy available‘in a given location
(Goldstone, 1982, personal commun.). Secondly, current Arizona tax
structure offers adVantages to solar energy as anra&ternate energy source,
but it does.not offer the same advantages to geothermal development.
State tax incentives exclude cooling devices,that‘utilize geothermal energy
in conjunction with other energy sources. These problems have not been

addressed to date.
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GEOTHERMAL LEGISLATION, REGULATIONS, AND TAXES

Anderson, D. W., and Lund, J. W., 1979, Direct utilization of geothermal
energy - A technical handbook: Geothermal Resources Council
Special Report No. 7, Davis, CA, 250 p.

Arizona 0il and Gas Conservation Commission, 1972, Rules and regulations
on geothermal energy: OGCC, Phoenix, AZ, 39 p.

Godwin, L. H., Haigler, L. B., Rioux, R. L., White, D. E., Muffler,
L. J. P., and Wayland, R. G., 1971, Classification of public lands
valuable for geothermal steam and associated geothermal resources:
U. S. Geological Survey Circular 647, 18 p.

Malysa, L., 1979, Arizona Geothermal Institutional Handbook: Arizona
Bureau of Geology and Mineral Technology Open-File Report 80-7,
Tucson, AZ, 70 p. T

uU. S. Geological Survey, 1976 Geothefmalkresdurées operations orders

(GROOs): U.S. Geologlcal Survey, Conservat1on Division, Menlo
Park, CA, 30 p
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INTRODUCTION

Arizona is the sixth largest state in the United States, with a total
land area of 295,000 kmz. The state includes large parts of two major
phys1ograph1c prov1nces, the Colorado Plateau to the north and the Basin
and Range province chlefly to the south and west (Fig. 2. 1) Dividing
these two provinces is the'Transitlon Zone,”a'mountalnousrregion crossing
the state approximately southeast-northwest.' Some investigators considered
the Transition Zone a third physiographic province (i.e. Ransome, 1904;
Wilson and‘Moore, 1959§-Wilson, 1962),‘ Cther ﬁorkers did not (i.e.

Fenneman, 1931; Bromfield and Shride, 1956; Heindl and Lance, 1960;

-Hayes, 1969).

The Basin: and Range prov1nce was a reglon of maJor crustal extension
in the not- so-dlstant geologlc past. As such, it is today the area in
Arlzona conta1n1ng the greatest abundance of geothermal resources.
Therefore, exploratlon was d1rected prlncanaliy toward thls part of the/
state.‘??'f" S ‘

| In thlS chapter we present a summary of each area for’wh1ch a |
geothermal resource assesshent was made.v The areas are arranged 1ntol"
sectlons accordlng to the phys1ograph1c prov1nce (and 1n southern and -
western Ar1zona, subprov1nce) in wh1ch they occur.k Each section is pre;
ceded by a brief descrlption ‘of the" geology, structure,,and geohydrology

of that prov1nce (and subprov1nce) More deta11ed dlscu551ons of these

features are given in individualfarea'reports.~
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* COLORADO PLATEAU

PHYSIOGRAPHY ~In Arizona the ColoradovPlateau“province is an
elevated area of comparatlvely flat -lying, relat1vely undeformed sedi-~
mentaryzroeks that are(sllghtly tilted to the northeast. Broad regional
uplifts haveibeeh*eroded into large-scale mesas that form a vast steplike
etopograph&, dissected by canyons. Major regional features are the Defiance
uplift:along the‘Arizona—New‘Mexico border, Black Mesa basin hearly in the
center of northeastern’Arizona, the Mogollon Slope in the southeast, and
six major structural blocks thatmcomprise the southwestern margin of the
Colorado Plateau in’Arizona (Figs. 2.2 and 2.3). Much of the Colorado
Plateau exceeds 1, 800 m 1n elevat1on, and ‘some areas attaln altitudes
greater than.2,700 m. Mean’ annual air temperature is 10 to 13°c.

GEOLOGf' Precambrlan rocks are exposed on the plateau only in the

A'Grand Canyon and 1n two small outcrops on the Deflance uplift. They have

been encountered in dr111 holes at depths varylng from 700 to .2, 300 m.
Plutonlc, metamorphlc, and sedlmentary Precambrlan rocks have been o
identified. iy EON |

Lower Paleozoic'strata;are‘geuerally thin and,discoptlnuous,‘and are
absent in much of the eastern plateau. ﬁpber Paleozolc rocks are more
abundant, with the Permian System being thlcker than all other Paleozoic
units combined. Permian rocks form most of the‘surface outcrops south
and west of -the Little Colorado River. ‘Mesozoic strata are the principal

surface exposures north and east of the river (Fig. 2.4).
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. Figure 2.4, ;Geologic map showing generalized limits
of Permian (nonshaded)and Mesozoic (shaded) outcrops

in northeastern Arizona

The north-trending Defiance uplift limits Black Mesa basin on the

_east{‘ Tﬁe dpliff iéiaboutfiZO km long and rises to about 2,150 m. The

Paiebzoic ééction thins to about 400 m on the Defiance uplift, where

Permian strata rest unconformably on pink Precambrian granite.  All of
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Arizona's oil, gas, and helium pfoduction is on or near the Defiance
region.

‘Black Mesa, which‘is situated in the central part of Black Mesa basin,
is an erosional remnant and tdpographig high fhat stands‘150 té 300 m aboye
the surrounding terrane. Formerly exténsive Cretaéeous rocks wére locally
preserved at Black Mesa due to down warping of Black Mesa basin. Creta-
ceous rocks'élso;érop out farther south in the eastern péft of'tﬁe Mogollion
Slope. Minor exposures of middle Tertiary to early Quaternary clastic
sedimehts are present locally in river and stream Channels on the Mogollon
Slope and}in the Hopi Buttes area, on the’southern margin of Black Mesa
basin.

The Mogollon Slope covers about 25,900 km2 within the area bounded by
the southern Navajo Indian Reservation on the north to the Mbgollon Rim on
the south and Flagstaff Qn the ﬁest to the Arizona-New Mexico border. The
region slopes south to north aboﬁt 6.5 m fer 1,000 m and accounts for the

southward wedge out of Triassic and Jurassic rocks beneath Cretaceous

~ strata (Peirce and others, 1970).

The Mogollon Slope is lithologically varied both in outcrop and in the
subsurface. Stratigraphy in this region contains Precambrian crystalline
rocks, sedimentary rocks of Paleozoic, Mesozoic, and Cenozoic age, and
Cenozoic volcanic rocks.

The plateau of northwestern Arizona is composed of structural blocks
that dip gently (2 to 4 degrees) northeast.  The blocks are bounded by
major north-trending normai faults having lengths of tens to huhdreds of
kilometers and displacements of ﬁundreds to thousands of meters (Lucchitta,

1974). Many of these fault zones such as the Toroweap, Grand Wash, and
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" Figure 2.5. Principal structures in the Flagstaff region

Hurricane  faults have been active during Quaternary ‘time. The most common

rocks. exposed at the surface are the Permian Kaibab Limestone, Triassic

Moenkopi Formation, and Cenozoic basaltic lavas.

Deformation. in the Flagstaff region is dominated: by arcuate northwest-
trending monoélines, ‘consistently flexed downward to the east (Fig. 2.5)
(Shoemakexjrand others, 1974} l-luntoon‘,».19\74 ; Lucchitta,: 1974). - The mono'-'
clines (the Elast‘ Kaibab, Grandview, and Black Point) are transected by a

system of nor,theast-trending lineaments and faults. The prominant Mesa
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Butte fault system splays into the Eést KaibabaGrandview monocline aﬁd
separates this latter stfuctufe fromrthe Black Point monocline. A linear,
300-km long aeromagnetic high anomaly coincides with the trace of the Mesa
Butte fault system, which suggests a major crustal inhomogeneity.
Quaternary deformation has occured on the Mesa Butte fault and related
fault splays and grabens. Faults'hith Quaternary movement are shown in |
Figure 2.5.

The principal faults of the plateau occur west of Longitude 1110,
while eastward of that line; deformation is reflected by mostly northwest-
trending anticlines (Organ Rock, Boundary Butte, Holbrook) and major
uplifts (Defiance and Monumenﬁ) (Fig. 2.6).

Four young volcanic fields are located along the south and southwest

margins of the Colorado Plateau. Extrusions of predominantly basaltic
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Tertiary-Quaternary lavas cover large areas in both the White Mountain and
San Francisco volcanic fields. In both fields, cinder cones are abundant
toward the plateau interior mhere lavas are younger (<1 m.y.). In the San
Francisco volcanic field, intermediate to silicic lavas (<3 m.y. old) were
‘erupted contemporaneously with the basaltic lavas, and formed stubby flows,
domes, and dome complexes;‘ The siiicic centers form two distinct north-

east-trending, en echelon"chains (Fig. 2.7). A third but less extensive

. volcanic field, the Quaternary Uinkaret f1e1d 11es mostly north of the

'Grand Canyon but at one locatlon basaltlc lavas cascaded into the canyon at

Vulcan s throne. The fourth volcanlc field, Hop1 Buttes erupted on the
southern flank of Black Mesa bas1n dur1ng the Pllocene. Maar’craters and
volcanic plugs characterlze nuch of thlS field today.

GEOHYDROLOGY Ground water 1n northeastern Arlzona occurs 1n threev
pr1nc1pa1 mu1t1p1e aqu1fer systems in Me50201c and Paleoz01c strata .
(Kister, 1973) (Flg. 278) ~ The D (Dakota) mu1t1p1e aqulfer system consists
of the Cretaceous bakota”Sandstone and,the Jura551c Morrlson Format1on and
Cow Springs Sandstone. The N (Navajo) multiple-aquifer system comprises
pr1nc1pa11y the NavaJo Sandstone of Jura551c and Tr1a551c(?) age and the
upper part of the Triassic Wlngate Sandstone. The C (Coconlno) mu1t1p1e-
aquifer system con51sts of the Sh1narump Member of the Triassic Chinle d]
Formation and'the Permian Coconlno and De:Che11y~Sandstones. Water from
the D aqulfer contains from 1, 000 to 3,000 mg/L TDS water from the N
aquifer contains less than 1,000 mg/L TDS; and water from the C aquifer
contains from aboatfgpQ to 25,000 mg/L;TDS,V”These:water—bearing units are

separatedvby thick relatively impermeable layers of siltstone and mudstone.
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SAN FRANCISCO SOUTH-CENTRAL | GEOHYDROLOGIC
ERA l SYSTEM BLACK MESA VOLCANIC FIELD |COLORADO PLATEAU| CHARACTERISTICS
WELL _LOCATIONS (A-29-19) Bov 14-19°6) I780 - ta-t0-30) 270c :
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CRETACEOUS Wepo Fm’
Toreve Fm Water-bearing
Moncos Sh Aquiclude
. Dokmq Ss
JURASSIC Morrison Fm .
) L Multi -
Cow Springs Ss Aquifer
Entrods Ss e ]
v Carme! Fm - Aquitard
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. . . N-
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Moengve Fm Aquifer
' Wahqme Fm R ——
 Chinte Fm ) L dater-bearing
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PERMIAN ~ Kaibob Ls Kaibab Ls C
De Chelly Ss _Coconino Ss Coconino Ss . Multi-
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PE:N(N-PERM'V . Naco Fm - - Naco Fm Water-beoring ?
PENN Redwall Ls ' Redwall Ls . Limestone
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Aneth Fm ———————— o
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PRECAMBRIAN Gronite Gronite . Granite Agquitlude

Figure 2.8. ,P'ﬁncipalfStrata comprising the major multiple-aquifer -

systems for three areas in northeastern Arizona (from-Sass, Stone,

and Bills, 1982)‘5-7, :
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The D and N'équifersrareichiefiy»in the north-central and‘northeaSt
parts of Arizona (Fig. 2.9). To the south, théSe aquifers cease to yield
water and eventually the formations thin to extinction aé a result of
erosion. The C multiple-aquifer system becomes the principal aquifer in
the'southérn portions of northeastern Arizona.

These major aquifer systems are generallybcoﬁtinuous, occasionally
confined, and possibly interconnected. However; aquifer characteristics
are not uniform throughéut’the plateau. Regionally, the aﬁuifers are
controllediby lithology and bedding, and locally by faults and joints.
Three major hydrologié basins and parts of'fdur.dthers exist béneath~
northeastern Arizona, and ground water locally moves between these basins.
Shallow perched aquifers under water-table conditions locally yield water
to wells. West of the Kaibab Plateau ground-water movement is controlled
chiefly by the northward-plunging Coconino and Virgin troughs and by the

Hurricane, Sevier, and Grand Wash faults (Ligner and others, 1969).

Figure 2.9. Location
of principal multiple-

aquifer systems in \
north-central and north- ¢

eastern Arizona (from
Brown, 1976)

CICRID AN

"MULTIPLE - AQUIFER  SYSTEMS
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NORTHEASTERN - ARIZONA

INTRQDUCTION.. Northeastern Arizona~(Fig.'2.10)‘iS‘a vast semiarid
land 6f high»élevation that lies completely within the Colorado Plateau
proVince,h>Most of the‘land‘belongs to the Navajo and Hopi Indian Tribes
ior is managed by the U.S. Forest Service. |

~Little .exploration for geothermal rescurces has Been conducted in

r- €0 .

this‘part;of»the state chiefly.because‘the.regional geology and structure
do not appeaf conducive to occurrences of geothermal éhergy.'-Possible
exceptioué are the San Fréncisco and White Mountain volcanic fields to the
southﬁest and south, whichAare.discussed in separate reports. In additioﬁ,
population cénters»in ndrtheastern Arizona are small and widely spaced, -
severely limiting possible direct-use geothermal applications.:

This: summary éovers parts of Apache, ‘Navajo, and Coconino Counties.

However, because the more western parts of this region have fewer avail-

-

able data, our findings.may be a reflection:of data density rather than -

|

actual conditions.

- THERMAL WELLS. IngﬁOrtheaétgrn«Arizona,'91«weils have reported tem-

| S

peratures greater than‘logg,above;fﬁegMAT,tbut depths are unknown for 33

qf—these.f:Of,xhe%remainingZSS;wells, 35 are'thermalfbyrour definition,

N A

| which,in the éaSe,ofrthe,Colorado'Plateau are temperatures approximately
209C of greater and gradients 309C/km-orzgreater." g

The thermal wells occur either és:SingIe“point»anomalies separated

oo

C

by large distances, or in three distinct groups: - the Four-Corners’ area,

T
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south—SOuthwést of Sanders, and west of the Petrified Forest (Fig. 2.11).
Over this very large region,’ﬁearly half 6f_the thermal wells cluster near
Sanders and the Petrified Forest. These and‘most other wells in Apache
County either penetrate or boftom in the formations comprising the C
multiple-aquifer system. In the Four Corﬁers area and in northern Navajo
County, the thermal wells intersect or bottom principally in the formations
of tﬁe D or N multiple-aquifer systems. v

HEAT FLOW. Average heat flow‘Qn the Coioradovplateau generally is
1owef thén'it is in the Basin and Range province. ‘Bodell and‘Chapman
(1982) presented>data from Utah that confirmed low heat flow in the _
plateau interior (about 60 mwﬁ-Z) Tﬁey used two high heat flows near
Sanders, Arizona (109 and 160 mwm‘z) from Reiter and Shearer (1979)'td
define the southern thermal boundary of the Colorado Plateau interior in
Arizona. Sass and others (1982) presented two high apparent heat flows
(94 and 110 mWm~2) 30 to 50 km northwest of Sanders and suggested that a
slight northward adjustment in the Bodell and Chapman thermal boundary
between the plateau interior and periphery would easily accommodate the
new data (Fig. 2.12).

A1l four of these heat-flow values (Reiter and Shearer, 1979; Sass
and others, 1982), however, are considerably higher even than the 80 to
90 mWm~2 average peripheral value determined by Bodell and'Chapman (1982).
They are possibly indicative of thermal enhancement of this area. In
addition, the high heat flows of Shearer and Reiter (1979) are located in
the same area southwest of Sanders that has the high density of thermal

wells. Two heat-flow measurements have been published for the Four Corners
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Figure 2.11, Locations of thermal wells in northeastern Arizona. Inset A
shows thermal-well cluster and heat-flow.values (from Shearer and Reiter,
1979) near Sanders. Inset B. shows thermal-well cluster near the Petrified
Forest. : Ot

« r—

area (Relter and others, 1979), but these values (47 and 65 me 2y are

about normal for the plateau 1nter10r.,'

Re1ter and Shearer (1979) suggested thatdthe‘high heat flow of the

e "

eastern Mogollon Slope, which includes the Sanders area, is from the same

r

sources that caused extensive Quaternary basaltic volcanism in east-central
Arizona and west-central New Mexico. Bodell and Chapman (1982) presented

alternatlve ev1dence that the hlgh heat f10w of the plateau perlphery 1s a

r

fresult of 11thosphere th1nn1ng and upward mass flux in the mantle, tran-

sient processes that are slowly mlgratlng 1nto the plateau 1nter10r. They
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suggested ﬁhat high elevation,‘;olﬁmiﬁbﬁs vblcanic activity, and normal
faulting, which are also associated with the plateau periphery, iikewise
resuitvfrom these processes. |

CONCLUSIONS.VVBased on the thermal data presented here, plus the
Residual Temperaturé Map (this volume), we suggest that northeastern
Arizona is an area of slight thermal énhancement. The Sanders area in
particular warrants additional geothermal explorétion.

it is questionable whether the qur Corners area is thermally en-
hancgd; Heat flow values there are normal forfthe plateau interior, but

several of the deep 0il and gas tests are thermal. Additional exploration

is warranted in this area also, to resolve the question.

use 1) 2°| me
B A d "% L Utan W0 47 COLORADO
ARIZONA Py NEW MEXICO
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Figure 2,12, Map showing possible change (dotted line) in Bodell and
Chapman, 1982, thermal boundary (solid line). Solid circles are pub--
lished heat flow (taken from Bodell and Chapman, 1982); solid triangles
are apparent heat flow (taken from Sass, Stone, and Bills, 1982).
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FLAGSTAFF REGION

iNTRODUCQTUN, :Ajstriking”3,800 m_Quaternary strato-voleano,~the San
Francisco Mountaih,,overlooks the Flagstaff region and is the dominant
feature in;the SankFranciscorfolcanic field.(Fig,Z;IS); ,Since'the Pliocene,
volcanism ih,ehis’field has produced a large volume of volcanic rocks,
ranging in‘eomposition>fromtoliyine,basalt to rhyolite. .The last basaltic
eruption about A.D. 1067 formed Sunset Crater (Colton, 1945). Thermal
water has not yet heen identified in this region, but a significant
geothefmal resouree{mayvexisp at depth judging from the number, size, end
youthjof silitic:volcanie’eenters,,:Geophysical anomalies suggest unusual
geotherhalhheag beneath the silicic centers. |

Potensial for'discovery of geothermal resoufces in' the Flagstaff
area has been reeoghizeo_bybthe;geothermalﬁehergy industry. At present
(1982), more than‘118 000 acresrof‘federal-land in the region have geo-.
thermal lease appllcatlons pendlng approval,

GEOLOGY The Flagstaff region encompasses the San Francisco volcanlc :
field on the southwest margln of ‘the Colorado Plateau, - The region is
bounded by the Grand Canyon on the north the Mogollon Rim on the south,
the Little Colorado River on the -east, and the Aubrey Cliffs and Ch1no
Valley on,the»wes;‘(Fig.r2.13).;A

. Figure 2,14 isia stfatigraphic seétion of rocks underlying the-
Flagstaff region.v_San F;ancisoo yoleanic fiéld;lavasguannformably,

overlie both the Triassic Moenkopi Formation and the Permian Kaibab
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Limestone. Paleozoic stratigraphy isvwell exposeg in the Grand Canyon and
in the Oak Creek Canyonh. Precambrian basement éoﬁsists mainly of granitic
plutonic rocks and schist. PrecamBrian Grand Canyon Series sedimentary
rocks ‘may also exist locally benéath the Paléozoic rocks.

Volcanic rocks in the San Francisco volcanic field comprise a
compbsitional spectrﬁm that ranges from a1ka1i,olivineibéSait to rhyolite;
The silicic and basaltic rocks are closely associated in both time and
location. Robinson (1913) suggested that fhe silicic rocks (andesité and
rhyolite) make up about half the total volume of rock_extiuded in the ~
field. Moore and others (1974) stated that this ratio is excessive based
on a simple differentiation model of fractional crystallization of a single
volume of magma. In addition, no evidence for systematic evolufion of
magma with time has been found in the volcanic stratigraphy of the field.
Repeated partial melting in the mantle could explain observed relations
(Moore and others, 1974), and could result in periodic replenishment of the
magma supply. The new magma could be extrdded as basalt or it cbﬁld_be »
added to a holding chamber where it is differentiated to silicic magma
prior to éruption. Mafic xenoliths from the San Francisco field volcanic
rocks were interpreted by Stoeser (1974) (1) as representing layered
intrusive bodies that cooled at depths of 15 to 42 km in the crust and (2)
as having an alkali olivine basalt parentage.

The San Francisco volcanic field began to evolve about 6 m.y. ago with
widespread basaltic eruptions. In the western half of the field, silicic
volcanism began 5.7 m.y. ago and formed Bill Williams Mountain, the’fifst

in a northeast-striking belt of silicic domes;‘which also includes Kendrick
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Peak and Sitgreaves Mountain. Between 2 and 3 m.y. ago silicic volcanism

was largely confined to Kendrick Peak and Sitgreaves MOuntains}(See Fig., 2.7),

areas having the ﬁost exten§iVe volcanism in this zone. Radiometric ages
show progressively youngervsilicic e:uptiqns from sduthwestvto northeast
along this belt (Wolfe and others, 1977).

Rhyolitic eruptions between 2.0 and 0.7 m.y. ago wefe concentrated
in the central part of the field from Kendrick Peak eastward through San
Francisco Mountain. Between 0.4 and 0.7 m.y. ago, the’San Fréncisco
strato-volcano was the main center of andesitic‘tovrhYOiitic voicanic‘

- activity. Silicic volcanism, befweén 0.25 m;y. toJO.bS m.y., was
concentrated in a northeast-trending belt from the in;erior Valley of
San Francisco Mountain to Strawberry Crater, a zone that includes
Sugarloaf and O'Leary Peak. Phenocrysts and basement xenoliths and
fragments indicate magmatic processes in the shallow crust such as those
associated with magma chambers (Wolfe and others, 1977).

STRUCTURAL SETTING. Localization of silicic volcanism along the Bill
Williams-Kendrick Peak belt is coincident with the Mesa Butte fault system
(Shoemaker and others, 1974). Southeast of the Mesa Butte fault system,
the northwest-trending Black Point monocline curves into anotherr
northeast-trending fault system, which localized the Sugarloaf-OéLeary-
Strawberry Crater silicic belt.

GEOHYDROLOGY. At present no therma1 water (>30°C) is knownéin the
Flagstaff region. The geohydrology provides a»possible explanétion for
the absence of thermal water from weils less than 1 km depth. In the

eastern part of the San Francisco volcanic field, the static water table
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is contained in upper Paleozoic sediments at depths exceeding 300 m
(Appel and Bills, 1981). Because this area has relatively high
precipitation, significant recharge seepage over a deep static water

table carries heat downward to cause lower temperatures and temperature

o

- gradients;; Latefal gfouhd—water flow towatd the Mogollon Rim and ‘the

i Grand Cahyon then caffies_heét away from the;Flagstaff area. Thus,

- water flow’masksrahy heat that'may be flowing upward from depth.

i; Measured tempefatﬁreegradient data suppoft this explanation (See Fig. 3.2).
. In other areas water is found at shallower depths, chiefly in perched

ag ground-water bodies over 1mpermeab1e volcan1c strata, over the Moenkop1

i Formatlon, and over 1mpermeab1e zones 1n the Kalbab and Supai

- Formations. Hydrothermal convection is uhllkely in the perched water.

;: Thermal water, if present, probably occurs at depths greater than 1 to 2

km.

GEOPHYSIUS Ava11ab1e geophy31cal 1nformat10n 1mp11es the presence

of shallow (>5 km) . plutonlsm in the areas or belts hav1ng 5111c1c

‘ volcanlsm (Wolfe and others, 1977). Bouguer gravity data (Fig. 2.15) shows

two closed gravity lows coinciding with the Sitgreavee and Kendrick Peak

€

silicic centers. A weak gravity low is coincident with the Sugarloaf Peak

and Strawberry'Crater belt of silicic volcanism. .Possibly of greater

\
A

51gn1f1cance a magnetlc low is aligned along the Sugarloaf Peak-Strawberry

r

belt (Fig. 2 16) The magnetlc anomaly 1nd1cates e1ther rocks of relatively

| .

low magnetic susceptibility, or high temperature, or both.
High temperatures beneath San Francisco Mountain can be inferred from

_ teleseismic data. During three months of 1979, a U.S. Geological Survey

.
C
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Figure 2,15, Residual Bouguer gravity of the Flagstaff region and

silicic volcanic centers
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seismograph array centered on San Franc%fpo Mountain detected P-wave,
residual travelftime delays of up to 13 pergent, at”depthérbetwéenrzo and
45 km in the crust (Stauber,71980).‘ Diameter of thelanomaious vélocity
zone is between 10 ahd}ZS km; the top is unconstraihed‘at depths shallower
than 20 km.because of‘uncéftainiyﬂiﬁ the velocity Q;ructuré of the San
Francisco volcanic pilé.:_Magma'mayrcause the P;anévdelay; however, other
~ inhomogeneities in the crust are notﬂrﬁled out (Stauber,'1980).v1
,CONCLUSION;.rExplorétién for high température‘geothermal resources.
suitable for electrical powér'productionris probably warranted considering
the youthful ége of silicic volcanism. The Sifgreaves Mountain-Kendrick
Peak and the Sugarloaf-Strawberry Crater Silicic belts are favorable
exploration targets; While very young basaltic volcanism ﬁas occurred, its
significance as an indicator of geothermal_potential is less favorable,
Basalt generally does not form voluminous shallow magma bodies in the crust
as does silicic magma. Rather basalt travels up from fhe mantle and is
extruded as thin flows on the surface or is intruded as small dikes, sills,
anQ\plugs, which cool to ambient temperature in a matter of months or
years. Silicic magmas, on the other hand, collect in shallow magma
chambers having volumes exceeding_several hundred cubic kilometers and
require up to several hundred thousands years to cool (Norton and Knight,
1977). The possibility of continuous replenishment of magma that is not
expressed by volcanism could be of greater importance to geothermal

potential in the Flagstaff region than the type and youth of volcanism.
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EAST-CENTRAL ARTZONA
- INTRODUCTION. Preliminary geological and geophysical evidence
strongiy'suggest_the'existenee of one (and'poSsibly two) geothermal anom-

alies in east-éentral Arizona (Fig. 2. 17j The evidence consists chiefly

. of the follow1ng 1nformat10n.‘ Lavas in the Whlte Mountain volcanic field,

although chiefly of basaltic comp051t10n, have. K Ar dates as young as 0.75
+'0.13 m.y. (Aldrich and Laughlin, 1981), and probably some flows are
younger. Regional lineaments, defined by the alignment of young volcanic

fields, intersect in the White Mountains. Warm springs and moderate to

hiéh geothefmometers were noted to occur near the town of St. Johns. A

‘geothermal evaluation of this area confirmed the presence of a. geothermal

anomaly (Stone, 1980), although the magnltude of the anomaly appears to be
less than what was first: suspected
Most of the land between Alpine and Spfingerville is within the

Apache National Forest. To the west the land belongs to the White Mountain

" Apache Indian Tfibe. North of SpfingerVille»mostrland is held in state

trust or is prlvately owned (F1g 2. 18) ; |
',;PHYSIOGRAPHY. East- central Arlzona lies along the southern edge of
the Colonado Plateau 1n'the»reg10n called the Mogollon Slope (see Fig.
2.2). Volumlnous basaltic. lava flows and, to the north where lavas are -
younger, numerous c1nder cones of the Whlte Mountain volcanlc f1e1d cover
much‘of the land.surface. Beneath the lavas, pre Cretaceous strata dip

gently northeastward. Elevations average 1,800 to. 2,700 m but exceed
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3,350 m on Mount Baldy, the’partiél remnant of é formerly large volcanic
edifice (Fig. 2.19).

GEOLOGY. Drilling logs confirm that:depth to Precambrian granitic
basementrin east-central Arizona varies from about 700 to 1,400 m. Paleo-
zoic strata, which overlie thé basement and which crop out at the surface
to the west; are buried in this area beneath the White Mountain lavas.
These Paleozoic units are the Kaibab Limestone, Coconino Sandstone, and
Supai Formation, 411.6f Permian agé. Some ‘unknown diStanée south of
, Spfingerville, these units thin to extinctioh, but an absence of deep drill
holes leaves unanswéred the:question of wheré exactly this happens. Mid-
Tertiary volcaniclastic rocks are exposed in discontinuous pétches south of
Springerville almost to Morenci. To the north, the Triassic Mdenkopi and
Chinle Formations overlie the Paleozoic strata in the subsurface and are
eventually exposed at the surface (about 10 km north of Springerville)
where they are no longer covered by volcanic rocks. Younger sedimentary
récks were mostly removed from this region by erosion.

Active volcanism began in the White Mountain volcanic field in the
middle Tertiary, with the eruption of volcanic and volcaniclastic rocks of
basaltic to trachyandesitic composition. Minor rhyolite‘flows occurred
south and east of the Mount Baldy area. A second episode of vdléanism,
which produced the Mount Baldy volcanics, bggan in late Miocene. These
rocks are composed principally of latite, quartz iatite, and alkali
trachyte, and have an aggregate thickness of less than 500 m. Field evi-
dence and K-Ar dates suggest that the transition from intermediate to
basaltic. volcanism in the White Mountains occurred about early Pliocene

(Merrill and Péwe’, 1977). During the third and latest pulse of volcanic
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activity, three units of_basaltic lavas were erupted, with some late-stage

differentiation (Aubele and Crumpler, 1979, unpub. report). K-Ar dates on

;these youngest basaltic rocks range from about 6. 03 to 0.75 m.y. (Aldrlch

and Laughlin{'1981). Chemlcal trends of the three maJor episodes of
volcanism (Merrill and Pewe, 1977) cleatly show that the lavas were not
generated by continuous,differentiatioh ffom a single source.

Travertioe deposits are present in many places in east-central
Arizona, with one of several concentrations being located between and to
the eaet of St. Johns anq'Lyman Lake. !Akers (1964) noted that some spring
orifices at the center of‘travertihe depoeits in this area are very well
preserved, which'suggests:that the:deposits are Very young. Some warm
springs along the L1tt1e Colorado Rlver south of St. Johns are still
actlvely dep051t1ng travertine (Akers, 1964).

'GEOHYDROLOGY. - The principal ground-water reservoir in east-central
Arizona is the’C”multiplesaquifer (Brown, 1976j.erhe potentiometric
surface in the C aquifer:shallowsito the north. Thus depth to water ranges
from about 200 m belbw:the land surface to the‘south, to a meter or so
above land surface whete sorings and seeés discharge in'tﬁe St. Johns area
and feedvtributafies'to'the'Little Colorado‘Rivet,e West of Concho (Fig.
2.20) ground water generally contains less thanISOO mg/L TDS. East of
Concho wetef qualityvié poor,’and’diésolved solids concentrations may be
as great as 2 500 mg/L. |

South of the approximate surface—water d1v1de (Fig. 2. 20), surface
water flows south and southwest to the Blue, Whlte, and Black Rlvers, and
eventually into the Salt ‘and Glla River. North of that boundary, water

flows north to the,thtle Colorado River.
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GEOTHERMOMETERS. Swanberg and others (1977) determined that the

e average siliea-temperature‘for the Colorado Plateau, based on 420 samples,

~ is 49.8°C.7 Baeed on 54 chemical’enalysesefrom east-central Arizona we

EJ established a mean silica temperature of 67.8 # 22.1°C for this area.

f} Figure 2.21 shews'thaf anomaieus silica geofhermometers for this area
(those exceeding the mean valﬁe‘pius‘one standard deviation, > 90°C) occur

l} . in a corridor from north of Springerville'to'south:of Alpine. The geo- ’

thermometers predict temperaturesrdf about 100 to 110°C for this zone.
There is no apparent correlation between the silica and the Na-K-Ca ‘
gebthermometers.' Waters from springs and wells between and west of Lyman

Lake and St. Johns (where TDS is as high as 2,500 mg/L) predict subsurface

‘temperatures of 170 to 190°C, values that are significantly,higher than

bdth'measured temperatures (=13 to 18°C) and silica temperatures (=40 to
: p

;

70°C). Active deposition of travertine enables us to postulate that the

)

high Na-K-Ca geothermometers are a result of calcium depletion in the water
rather than of thermal conditions. South of Lyman Lake, Na-K-Ca geothermo-

meters predlct temperatures that are much lower (=20 to 45 C) than the mean

|

silica temperature.

| S

'THERMAL REGIME. Temperatures were measured in 18 wells having depths

between 75 and 420 m (Table 2.1), but nearly all show disturbance due to

)

ground-water movementr(Figs.:z.ZZ, 2.23 and‘2.24).,'0n1y three measured

R

-

wells are thermal. Two of these are located between Alpine and Springer-

69

N
- ville.where the silica temperatures are anomalously high (Fig 2. 25) The
‘J third Weil is’ﬁdrfh of Sr  Johﬁe. Three ‘wells for which gradlents were |
O calculated rather than measured are thermal also. TWo of these wells are
‘é north of St. Johns; the other is west of Springerville.
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open circles with dots.
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- TABLE 2,1. Location infofmafioﬁ for wells measured in east-central Arizona-
L o ‘ v Apparent
NO. LOCATION BHT (°C) D@ . T6 Heat Flow
- _ (C/kn) (min~2)
- PWF3 A-13-29-6acc 20.9 230 - 23.3 86
“ PWRL A-13-29-5abd 20,8 160 330 149,
- PWF2 A-13-28-3abb 18.7 80 38.9 116
i: CN24 A-13-25-24cad 174 160 12.3 -
.. TGE2 A-11-29-23aba 19.7. 225 247 79
o TGE3 A-11-29-34cdc  27.4 400 21.5 63
B TGE1 A-11-29-28daa 27.0 420 20.1 76
; TGES A-11-29-20baa  26.4 400 27,7 -
Z; CN8 A-13-26-8bcc - 18.0 - . 200 11.8 -
. SLP1 A-11-24-22dbc 19.8 230  30.6 -
Y NARY  A-8-24-20cbc  12.2. 110 ~  23.6 -
5 CNUTR  A-7-30-16ca . 15.0 | 80 si1 101
PT1 A;s;23-5a¢d e 13.9 125 25.8 -
li $J107  A-7-30-7daa  27.3 350 439 - 87
_ SJ112  A-7-28-27bca  13.6 >/155 - 34,5 56
A SJ113 A-6-27-12cdc 8.2 10 25.3 42
- SJ114 A-e;;s-iSQaa 16'7 ;A;k  220 .4 s
. $J116 ‘AA-e-so-zscac» | 32.9 L 355 | 716 115
-
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Figure 2,22, Temperature-depth graphs of weils measured in east-central
Arizona. Well locations are given in Table 2.1.
The three lowest gradients are in wells on the west side of the study area
where silica temperatures are normal. |

Apparent heat flows were calculated for 12 holes (Table 2.1 and
Fig. 2.26) (Sass and others, 1982; Stone, 1980). These values'élearly‘
show that east-central Arizona is outside the 65 mWm 2 heaf-flow éontour
used by Bodell and Chapman (1982) to separate the cool plateau interior
(260 * 9 mWm-2) from the warmer plateau periphery (=80 to 90 + 20 mim ~2)

The three low apparent heat flows southwest of Springerville were meésured
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_Figure 2.23. Temperature-depth graphs of wells measured in east-central

Arizona., Well locations are given in Table 2.1.

in basaltic rocks that are hlghly d1sturbed by _ground-water flow. - The re-
ma1n1ng heat flows are on- the ‘high and low ends of normal for the Colorado
Plateau periphery (Bodell and: Chapman, 1982): The:areas north of St. Johns
and between Springerville.and Alpiné‘héVe heat flows that may be slightly
higher than normal.

GEOPHYSICS. .Regional geophysical anomalies are indicative of geo-

.thermal potential in this area. Regional lineaments based on the alignment

of young volcanic fields intersect in the White Mountains (Fig. 2.27). A
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Figure 2.24, Temperature-depth graphs of wells measured in east-central
Arizona, Well locations are given in Table 2.1,

large residual BOquer gravity low, >-30 milligals, occurs around ;ﬁd wést
- of Alpine (Fig. 2.28) (Lysonski and others, 1980), and could indicate
'elevated temperatures in the crust (Aiken, 1976). The possibility of -
elevated crustal temperatures is supported by the apparent presence of a
good electrical conductor at about 12 km depth (Young, 1979, unﬁub. report)
in the same area. In addition, Byerly and Stolt (1977) identified a narrow
zone crossing central Arizona where depth to the base of the magnetic crust
shallows to about 10 km or less. The base of the magnetic crust is an

isothermal surface at approximately the Curie temperature, about 525°C.
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Measured gradients indicated by closed triangles and larger numbers,
Calculated gradients indicated by closed circles and smaller numbers.,
Thermal wells shown by open c1rc1es w1th dots. -
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' CONCLUSIONS. Significant evidence points to two possible geothermal
resource areas in east-central Arizona. Volcanic activity has occurred in
the more southerly part of this area in three ﬂulses, the latest being iess
than 750,000 yeafs old andvprobably YOnnger. Rock chemical analyses show
'that'the magmas were not generated;by continuous differentiation from a
single sonrce."Thus three'epieodes of partial melting in the mantle have
occuired over a very 1ongiperiod of time, beginning about 32 m.y. ago. The

tectonism responsible for this periodic volcanic activity would also be

.responsible for the geophysical anomalies cited.

Bodell and Chapman (1982) postulated a model of Cenozoic lithospheric
thinning under the plateau to explain the anomalous heat flow found in the
Colofado Plateau periphery. = They noted that lateral warming and weakening
of the Colorado Plateau 11thosphere, starting at the Basin and Range
boundary some 20 m.y. ago and working toward the interior, would place the

heat-flow transition between interior and periphery in the northwest

plateau about where it is found today. Lithospheric thinning was accom-

panied by eubstantial nplift, followed by more‘modest uplift due to warming
and expansion, and eventually followed by enhancement of surface heat flow.
Bodell and Chapnan estimated that'the‘lag between uplift and enhanced heat
flow is about 15 to 20 m.y. ago. We suggest that the volcanism and en-
hanced” heat flow in east-central Arlzona are a150 a reSult of Cenozoxc
11thospher1c th1nn1ng. ' =

Two areas of sllghtly'anove—ndrmaiiheatAfle& iﬁ east-central"Arizona

are probable geothermal anomalles and sh0u1d be 1nvest1gated in deta11 to

'1dent1fy their magnitude and areal extent. The heat _source for ‘these

potential resource areas is probably not magmatic as mlght be expected at

79



first glance. Basaltic lavas originate in the upper mantle atkdepths of
about 60 km. The magma is very hot (=1,300°C) and fluid, and ascends to
the surface rapidly through ﬁarrow fissures and vents. Thus, there is .
little condqctivg transfer of heat to the surrounding country rock that
would cause partial melting ip the crust and creafe a shallow magmatic heat
source. Instead the heat source fpr the potential geothermal anomalies
identified in east-central Arizona-is most likely enhanced surface heat

flow caused b& Cenozoic lithospheric thinning under the plateau.

EAST-CENTRAL ARIZONA REFERENCES

Aiken, C. L, V., 1976, The analysis of the gravity anomalies of Arizona:
Ph.D. dissertation, Tucson, University of Arizona, 127 p.

Akers, J. P., 1964, Geology and ground water in the central part of Apaéhe
County, Arizona: U. S. Geological Survey Water Supply Paper 1771,
107 p.

Aldrich, M. J., and Laughlln, A. W.; 1981, Agé and location of volcanic

centers £3.0 m.y. old in Arizona, New Mexico and the Trans-Pecos area
of West Texas: Los Alamos National Laboratory, LA-9812-MAP, Rev1sed

80

r‘*:(r”: -

—

-
J

.

LA

ot

¥ O

¥y T e

—

- 3 H

« 1

B
"



e €T
C

{ SN <D S

2

)

\
e }

_

—

Aubele, J. C., and Crumpler, L. S., 1979, Springerville-White Mountains
volcanic field: Report on activities and research results for
academic year 1978-1979: Unpublished report submitted to the Bureau
of Geology and Mineral Technology, Tucson, 41 p.

Bodell, J. M., and Chapman, D. S., 1982, Heat flow in the north-central
Colorado Plateau: Journal of Geophysical Research, v. 87, p. 2869-
2884,

Brown, S. G., 1976, Preliminary maps showing ground-water resources  in
the lower Colorado River region, Arizona, Nevada, New Mexico, and
Utah: U.S. Geological Survey Hydrologic Investigations Atlas
HA-542, scale 1:1,000,000.

Byerly, P. E., and Stolt R. H., 1977, An attempt to def1ne the Curie p01nt~
isotherm in northern and central Arizona: Geophysics, v. 42,
p. 1394-1400.

Lysonski, J. S., Sumner, J S., A1ken, C. L V., and Schmldt J. S., 1980,
The complete residual Bouguer gravity anomaly map of Arizona: Bureau
of Geology and Mineral Technology, Tucson, scale 1:1,000,000.

Merrill, R. K., and Pewe, T. L., 1977, Late Cenozoic geology of the White
- Mountains, Arizona: Bureau of Geology and Mineral Technology, Tucson,
Special Paper No. 1, 65 p.

Sass, J. H., Stone, C., and Bills, D. J., 1982, Shallow subsurface
temperatures from the Colorado Plateau of northeastern Arizona:
U.S. Geological Survey Open-File Report (in prep).

Stone C;, 1980, Springerville geothermai projeet--geology, geochemistry,
geophysics--final report: BGMT Open-File Report 8-4, 23 p.

'SWanberg, C. A., Morgan, P., Stoyer, C. H., and Witcher, J. C., 1977, An

appraisal study of the geothermal resources of Arizona and adjacent
areas in New Mexico and Utah and their value for desalination and
other uses: New Mex1co Energy Institute Report 006, Las Cruces, 76 P-

Young, C. T., 1980, Results of geoelectrlc studles. Bureau,of Geology
and Mineral Technology.Open-File Report 80-4, 68 p. :

81



MEXICAN HIGH.LAND‘ SECTION

INTRODUCTION. The Mexican Highland section éf the Basin and Range
province of Fenneman (1§31) and Hayes (1969) covers all of soutﬁeasfern
Arizona and extends eastward into New Mexico and southwapd into north-
eastérﬁ Sonéia, Mexico. In Arizona, fhe Mexican Highland is bound on the
westvby the Sonoran Desert section at about 111° West longitudé;‘ A transi-
tion zone between 35° and 36° North latitude separates the Mexican Highland
section from the Colorado Plateau. This fransition zone has cldser affin-
ity to the Mexican Highland than to the Colorado Plateau bécause it has
been the site of voluminous Tertiary volcanism and is %raverséd by numerous
faultsr

PHYSIOGRAPHY. Topography in the Mexican Highland section is similar
to the Great Basin of Névéda and Utah. However, major geologicldifferences
exist. For example, Paleozoic strata (<2.5 km thick) in the Mexican High-
land were deposited on relatively stable continental crust until late
Paleozoic time, in contrast to the Great Basin Paleozoic rocks, which were
deposited in a geosyncline and are greater than 3 km thick. |

Mountain ranges in the Mexican Highland trend north and northwest;
they are between 25 and 100 km long and 7 to 25 km wide. These mountains
attain altitudes of 1,500 to 3,300 m, some 700 to 1,800 m higher than the
adjacent valleys. Valleys in southeastern Arizona are 15 to 25 km wide.
All except the Willcox basin are drained by intermittent and perennial
through-flowing streams; Intermittent runoff in the Willcox basin and

surrounding mountains drains into the Willcox Playa.
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GEOLOGY. Late Tertiary horst and graben structures of the Mexican
Highland were created by rifting in a highly anisotropic crust. This
anisotropicity is characterized by west-northwest and north-northwest
striking outcrop patterns and by major structures that are frequently
transverse to Basin and kange landforms (Titley, 1976). The northwest-r
trending grain is superimposed upoh an older northeastQtrendinéystructural
fabric (Silver, 1978; Swan, 1982). |

‘The two main pre-Tertiary tectonic features in this region are the
Pedregosa Basin and the Mogollon Highiaud (Fig. 2.29). During late Paleo-
zoic, subsidenee in theAsouthernmost portion of the Mexican Highland'_’
regiou formed the Pedregosa Basin,:into which‘thiek (up to 1.5 km) mostly
marlne carbonate sediments were dep051ted (Peirce, 1976). v In early Cre-
taceous, this zone, the Pedregosa Basin Reglon, was faulted to create the
Bisbee Group depositional basin (Tltley, 1976) . ; |

o .During the Mesozoic, the Mogollon‘HighlandfeﬁolVed north of the
Pedregosa Basin4region. Elements,of the Mogollon Highland include the
Burro uplift (Elstou,;lgssj, the Florence uplift, and the Graham uplift“
(Turner, 1962) Mesozoic~and'Cehozoic’erosion has removed most of the :
Paleoz01c strata orlglnally dep051ted on the Mogollon Highland so that
Late: Cretaceous and Tertlary sedlments unconformably over11e Precambrlan
rocks or lower Paleozoic strata.

Thick piles (>1'5 km)'of mid-Tertiary volcanic flousdand thick
sequences (>2 0 km) of deformed and 1ndurated m1d -Tertiary c1ast1c sedi-
ments are observed in several areas in the Mex1can nghland The most
prominant outcrops of these rocks are in the Chiricahua Mountalns, in the

Gila and Peloncillo Mountains, in the San Franc1sco-Blue River areas, in
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Figure 2.29. Principal pre-Tertiary tectonic features of the Mexican
Highland subprovince

the Galliuro-Winchester Mountains, in the Tucson area, and in the Tumécécori—
Patagonia-Nogales area. The only identified, largé-séale cauldron subsidence
and resurgence feature is the Oligocene Turkey Creek cauldron in the

Chiricahua Mountains (Marjaniemi, 1968).
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- Two mid-Tertiary metamorphic core complexes, the Santa Teresa-Pineleno
complex and the RinconiTanque;Verde-Santa Catalina-Tortolita complex (Davis

and Coney, 1979) are the highest areas both strueturally and topographically

i

7 r*
C

le in the Mexican Highland section. These apparent mid-Tertiary thermal-

A

tectonic uplifts are separated from adjacent unmetamorphosed rocks by low

‘angle faults that frequently display extensive brecciation.

Y

Late Tertiary Basin and Range tectonism broke the area into a zig-zag

pattern of mountains and basins. Sediments filling the basins (post mid-

i

Miocene) generally show four divisions or facies: (1) a basal moderately

indurated‘clay; sand, and gravel unit, (2) an’oVerlying evaporite, clay,

‘and silt unit, (3) an upper nonlndurated silt, sand, and gravel unit, and

(4) a marginal 511t, sand, and gravel un1t, which 1ntertongues with the

other units along basin marglns., Maxlmum thickness and distribution of

=)

these units vary w1th1n the basins.

—

The Mexican Highland section iSthempst’tectohieally active portion
of the Basin and Range province in Arizona. Except for the Yuma area and

the Lake Mead area, this section has greater seismieity than either the

Mohave or the Sonoran Desert sections (DdBois and others, 1982). Several

scattered zones. of P1e1$tocene fault scarps are observed mostly along

basin marglns (Menges and others, 1982). Most of these scarps are found

e

in a north-trending belt near’thewArizone-NewvMexico border, in the Duncan-

Clifton area, in the Safford-sen Simon,baSin, and in the San Bernardino

| o

Valley. Pleistocene fault scarps are also observed adjacent to the Santa

Rita Mountains, the Huachuca Mountains, and the Swisshelm Mountains

’

(Menges and others, 1982).

R
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Quaternary basaltic lavas were extruded in the San BernardinorValley
and ih the San Carlos area (Luedke and Smith, 1978).

Although conductive heat flow is.not dramatically different in the
Mexicaﬁ Highland section when compared to the Mohave or Sonoran sectioms,
higher elevation, greater seismicity, more Quaternary fault scarps, and
younger voicanism suggest higher temperatures in the crust and mantle'
beneath this region. In any case, large relief in topography and high
precipitation in the mountains, seismic activity, and young faults are

favorable for deep forced-convection geothermal systems.

REFERENCES MEXICAN HIGHLAND SECTION

Davis, G. H. and Coney, P. J., 1979, Geologic development of the
cordilleran metamorphic core complexes: Geology, Vol. 7,
p. 120-124, :

DuBois, S. M., Sbar, M. L., and Nowak, T. A., 1982, Historical
seismicity in Arizona: U. S. Nuclear Regulatory Commission
Report NUREG/CR-2577, 199 p.

Elston, W. E., 1958, Burro uplift, northeastern limit of sedimentary
basin of southwestern New Mexico and southeastern Arizona:
American Association of Petroleum Geologists Bulletin, Vol. 42,
p. 2513-2517.

Fenneman, N. M., 1931, Physiography of Western United States:
McGraw-Hill, New York, 534 p.

Hayes, P. T., 1969, Geology and topography: <z Mineral and Water
Resources of Arizona, Arizona Bureau of Mines Bulletin 180,
p. 35-58. :

Luedke, R. G. and Smith, R. L., 1978, Map showing distribution,
composition and age of late Cenozoic volcanic centers in
Arizona and New Mexico, 1:1,000,000 scale: U. S. Geological
~Survey Miscellaneous Investigation Series Map I-1091-A.

86

sy
Fl

— w(r” — 0



2 o

r

-

r

L |

Marjaniemi, D. K., 1968, Tertiary volcanism in the northern Chiricahua
Mountains, Cochise County, Arizona: in Southern Arizona,
Guidebook III, Arizona Geological Society, p. 209-214.

Menges, C. M., Peartree, P. A.,, and Calvo, S., 1982, Quaternary
~ faulting in southeast Arizona and adjacent Sonora, Mexico
(abs): Abstracts, 78th annual meeting Cordilleran Section,
The Geological Society of America, April 19-21, 1982 Anaheim,
Ca11forn1a, P. 215

~Peirce, H. W., 1976, Elements of Paleozoic tectonics in Arizona:

Arizona Geological Soc1ety Tectonic Digest, Vol. X, p. 37 57.

Silver, L. T., 1978, Precambrian formations and Precambrlan history
in Cochise County, southeastern Arizona: 7 Callender, J. F.,
Wilt, J. C., and Clemons, R. E., eds., Land of Cochise, New
Mexico Geological Society Gu1debook 29th Field Conference,
"p. 157-163.

" Swan, M. M., 1982, Influeﬁce of pre-Cretaceous structure upon late

Cretaceous-Tertiary magmatism in southern Arizona and New Mexico
(abs): Abstracts, 78th annual meeting Cordilleran Section,

The Geological Society of America, April 19-21, 1982, Anaheim,
California, 238 p. o

T1t1ey, S. R., 1976, Evidence for a Mesozoic 11near tectonic pattern
in southeastern Arizona: in Tectonic Digest, Arizona Geological
Soc1ety D1gest, Vol.10, P. 71- 101

Turner, G. L., 1962, The Deming ax1s, southeastern Arizona, New
Mexico and Trans—Pecos, Texas:  in Mogollon Rim, New Mexico
Geological Society Guidebook, 13th Field Conference, 1962,
p. 59-71.

87




ARIZONA
COLORAOO
PLATEAY

- _ .,:.,\
w(a SNO
3 &

0

< Y N
o - v 2
N % g
O iy 8

9

TLl// [

A
\

A
q - y

\

[

|1\.|.1
N
\,

~§

Figure 2.30.

Location map of Willcox area

I0OKilometers

5

88




€t t

L S

£ . o

ame

€ .

o t'( rooa £ £

WILLCOX AREA

fNTRODUCTION.’ Willcox lies on the east edge of the Willcox playa in
the northern Sulphur Sprinés Valley of southeastern, Arizona (fig 2.30).
Sprlngs, wh1ch have ceased to flow near low hills south of the playa, give
the valley 1ts_name. Wh11e sulphurous sprlngs are somet1mes hot and may
indicate significant geothermal potent1al, the sprlngs south of Willcox
were apparently not thermal However, several wells drilled for irrigation
and domest1c water supp11es have encountered thermal water (>30 C) and they
1nd1cate potent1a1 low-temperature geothermal Tesources.

Because the W111cox area has a large agr1cu1tura1 economic base and
has relat1vely cool n1ghts in the w1nter, 51gn1f1cant opportunltles may
exist. for d1rect use of geothermal heat. In general, the area has a
favorable land status for geothermal development A probahle exception
is a mllltary reservat1on on the playa; however, pract1ca1 con51derat1ons

such as floodlng may also make the playa unsu1table for geothermal develop-

-ment.

PHYSTUGRAPHY The Wlllcox area overlies a sedlment f1lled structural
basin that forms the Sulphur Sprlngs Valley Surface dra1nage in the
W111cox ba51n is mostly 1nterna1 runoff from prec1p1tat10n in the sur-
round1ng Dos Cabezas Ch1r1cahua, P1naleno, Galiuro, and Dragoon Mounta1ns
flows toward the playa 1n the ba51n center. Topography in the ba51n is

relat1ve1y flat and slopes gently upward toward the mountains.,
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GEOLOGY. The Willcox basin is separated into two terranes by a major
west-northwest zone of faults and complex structures, the Dos Cabezas
discontinuity of Titley (1976). This zone is characterized by left-léteral
strike-slip faults, reverse faulfs,ythrusté faults, énd normal faulfs,
which have had repeated movement éinée‘Precambrian’(Fig.‘2.31). | North of
this zone, Tertiéry sedimentary'and voléanié roéks unconformably overlie
Precambrian metamorpﬁic and plutoﬁic rockg. This northerﬁltér:éﬁe
apparently lost its cover of Paleozoic‘and Mesozoic rocks during eroéion.
‘that post;dated and accompanied uplifi of the pre—lafe-Crefacédﬁ;JBurro |
uplift, é west-northwest stril;iﬂg :structural high fhat exteﬁ;is ééstward
into New Mexico (Elston, 1958). The Burro uplift is an element of thek\
Mogollon'Highland (Turner, 1962; Cohey, 1978). South of the Doé Cabezas
discontinuity, Tertiary rocks unconformably overlie Precambfian, Paleozoic,
and Mesozoic rocks. :

Drewes (1976) postulated that much of the region south ofithe Dos
Cabezas discontinuity is underlain by a regionally extensive allochthon
that was thrust northward and northeastward. Jones (1963), Keifh ahd
Barrett (1976), and Davis (1979) presented geologic arguments that support
basement cored uplift, which was accompanied by local thrusting and high
angle reverse faults during the Laramide orogeny.v | |

Precambrian rocks consist of Pinal Schist and granite. Lower and
middle Paleozoic strata, which occur south of the Dos Cabezas dis-‘
continuity, consist of a basal sandstone overlain by absequence of inter-
bedded sandstones, shales, and carbonate rocks. Carbonate roéks are fhe

predominant lithology. These rocks are overlain by deposits (>1 km thick)
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of late Paleozoic, mostly carbonate sfrata, wﬁich have increasedAclastic_
content and are sgparated byAﬁumerbus'discoﬁformities. Paleozoic carbonate
stiata of this-region haﬁe the,pofeﬁtial to act as a geothermai"reservoir.
The Wadell-Duncan #1 Murray oil and gas test (D-22-27-5b) in the Douglas
basin south of'Willcox encountefsd an artesian flow (379 L/minj of 54°C
water originating from’below 692 m-in Mississippian limestone (Cbates and
Cushman, 1955). | | |

Mesozoic stratigraphy includes small outcrops of Triassic to Jurassic
volcanic and sedimentary rocks on the southwest slope ofltﬁe Dostabezas»
Mountains and in the little Dragoon Mountains (Hayes and Drewes, 1978).
Lower Cretaceous Bisbee Groﬁp sediments unconformably overlie the older

Mesozoic rocks. Geothermal reservoir potential of Mesozoic rocks is

unknown.

\ .
The Laramide orogeny (=75 to 50 m.y.) was accompanied by plutonism and

volcanism, Ericksqn (1968) described a large intrusive breccia in the Dos
Cabezas Mountains that intruded both the deformed Bisbee Group and the
west-northwest striking Apache Pass fault zone, an element of the Dos
Cabezas discontinuity. The breccia forms the two peaks that give the Dos
Cabezas range its name.

A renewed phase of volcanism and piutdnism began in the area during
the mid-Tertiary, after an apparsnt lull during the Eocene. In the
Chiricahua Mountains, mid-Tertiary volcanism culminated in the eruption of
several extensive, welded ash-flow tuffs. These flows, comprising the

Rhyolite Canyon Formation (25 m.y.), originated from the resurgent Turkey

92

i
'» R

pmeing
i

— e e s

Se—

r—



- . . .. . lTww‘zjlfff‘ S

.

Creek calders.centered in the Chiricahua Mountains (Marjaniemi, 1968;
Shafiqullah and others, 1978; Latta, 1982) (Fig. 2.31).

In the'Galiuro,Mountains,‘Winchester Mountains, and LittlevDragoon
‘Mountains a sequence of mid4Tertiary volcanic'rocks is divided into two

parts (Creasey and Krleger, 1978). The lower section consists of andesite

to rhyodac1te wh1ch is capped locally by a "turkey track" ande51te flow
~ (Creasey and Krleger, 1978). A dlsconformlty with up to~500 m of rellef

~ separates the 29 to 26 m.y. old andesite to rhyodacite unit from the

younger, owerlying ash-flow tuff unit (Creasey and Krieger, 1975). The
ash-flow tuff;Unit nas intercaleted andesite:flows and conglomerate'strata,
whose clasts were deriVed from‘Precanbrian, Paleoioic, and nnoerlying'
ande51te -rhyodacite flows (Creasey and Krleger, 1978) .

In the southern P1na1eno Mountains, the granlte of G111esple Mountain

(= 36 m. y.) ‘was 1ntruded 1nto Precambrlan rock however, 1t is now in low-

i angle fault contact w1th overlylng and younger Miocene volcan1c rocks

(Swan, 1976; Thorman, 1981) The M1ocene volcan1c rocks were 1nterpreted

“by Thorman (1981) as remnants of a complex eruptlve center (27 to 23 m. y ),
“which began with ande51t1c1£10ws and culmlnated in fels1c flows, tuffs, and

*~a dome. -

In the southern Pinaleno Mountains; arnormél low—angle obliqne—slip '

‘fault hav1ng a brecc1a-gouge zone up to 10 m th1ck separates monocllnally

deformed Mlocene volcanlc rocks from the 011gocene Glllesple Mounta1n stock

~and Precambrlan rocks. Quartz 1at1te dlkes (23 m. y ) are cut by thls

fault. Similarly, a low angle fault in the Eagle Pass area on the north-

‘west end of the Pinaleno Mountains cuts 24 to 25 m.y. old dlkes (Blacet and
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Millen, 1978; Shafiqnliah and others, 1980) and displaces steepiy dipping
Tert1ary gravels 1nto fault contact with Precambr1an rocks.

Fractured and deformed pre-mld-Mlocene volcanic and sedimentary rocks
may under11e the northern W111coxxbas1n at depth. Their presence is
indicated by defotned Tertiary sediments mapped northeast of Willcox by
Cooper (1966). Tnese rocks and an‘associated low~-angle fault zone may act
as a geothermal reservo1r where they are present and hydrologically con-
nected to deeply c1rcu1at1ng water flow.

The W111cox bas1n began to develop during middle to late Miocene
(15 to 10 m.ye) as the crust cooled after a mid-Tertiary thermal dis-
turbance and low-angle faulting was replaced by high-angle normal faulting
(Scarborough and Peirce, 1978). This cnustal rifting broke the area into a
zig-zag pattern of horsts tmountains) and grabens (basins). High-angle
dip-slip normal faults forming the grabens may provide)fracture perme-
ability for hydrothermal systems. Modeling of Bouguer gravity data shows
the Willcox basin is a composite of several grabens and may be filled with
over 1.5 km of clastic sediments (Aiken, 1978).

Sediments filling the Willcox basin are poorly understood. Brown and
Schumann (1969) broke the stratigraphy into two major subdivisions:
consolidated alluvium and unconsolidatedballuvium. The consolidated
alluvium as described.oy Brown and Schumann (1969) in locations near the
Circle I‘Hills is not "basin-fiil" sediment. The deformed nature of these
sediments indicates they are probably pre-late Miocene.

The unconsolidated sediments of Btown and Schumann (1969) were divided

into two facies. The lake-bed facies (clay and silt) is underlain and
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overlain by an alluvial facieé (sand and conglomerate). The clay and silt
beds (lake-bed facies):provided”a very importaht geologic -setting for the

occurrence of low-temperature geothermal resources. These fine-grained

sediments are characterized by low thermal conductivities, which can cause

high témperature gradients (35 to 4S°C/km)*even with normal crustal heat

flow. Because clay and silt are relatively impermeable, they act as

‘aquacludes and confine water in underlying sand and cdnglomerate aquifers,

which prevéhfs sighificant convective heat loss.

GEOHYDROLOGY. Priof fo lérge-scale withdiéwal of ground water from
the Willcox basin, ground water flowed from recharge areas oﬁ the basin
margins toward the playa where discharge occurred through evapotrans-
piration (Brownvand Schﬁman, 1969). ‘Today,_ground water.movement is toward
water-table deprésSions_reSulting from exﬁénsive ground-water pumping for
irrigation. These ground-water depresSioné are found in T. 12 and 13 S.,
R. 24 E, and in T. 15 and 16 S., R. 25 and 26 E. (Fig. 2.31).

THERMAL REGIME, No Quéternary volcanic rocks have been identified
in the Willcox basin. A magmatic heat source probably doeé not exist in
the basin. . |

Conductive heat flow studies show a mean heat flow‘of 79;5;me 2 for
southern Arizoné (Shéarer and Reiter, 1981); While no éonductive heat flow
measurements have béen‘published for the Willcok basin,‘it i$«reasonab1e to
assume a sihilar'valué as backgrouﬁd heét.flow for,the Ba#in;n

Bécause silt and ciay;fichysedimeﬁtﬁvthaf'fiil the basin have thermal
conductivities less than ZlO‘W/mk, témperature gradients between 35 and

45°C/km are normal, provided there is no ground-water flow.
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mostly between 20 and 45°C/km.4 Variations in gradients from wells beloﬁ
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Figure 2.32 compares calculated temperature gradients in the Willcox

basin with respective well depths." Wells deeper than 230 m have gradients

—

ey

r-

230 m is probably due to differences in depth of water entry into thé

wells and possibly rock thermal conductivity differences.

-
[}

In wells less than 230 m deep, calculated temperature gradients range

r

from 25 to over 300°C/km. The systematicaliy higher gradients from shal-

[
_ ‘ , [
lower holes result from ground-water movement and to a lesser extent, o
lower conductivity sediments. L;
800 1 * ;
750 ‘ E
700
650 15°C is used as mean annual tempefature (MAT) -
in temperature gradient calculations L
6001 curves A, B, and C are defined by the following
. equation:
350 4 normal temperature 3T TaB.C -~ TMAT x 1000 [
. gradient range 5 _—L_'.7____ - E
500 :
504 *° where TA = 30.0
iy T,
£ . . B = 22.4
5 4001 : Te = 18.0
8 .
& Z = depth (meters) R
350 4 3
o : 3% = temperature gradient °c/km -
300 1 i L
250 4 .
R
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200 4 s, o mean discharge temperature 22.43°C
& standard deviation 2.91% ;
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100 3
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Figure 2.32. Temperature gradients versus depth of water for wells in
the Willcox basin . _ &;y
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THERMAL WELLS. Thermal wells (Table 2f2 and Figure 2.33) are widely
scattered throughout the basin. Such a distribution suggests either
several discrete resources or a single extensive thermal aqﬁifer at depth.
Temperatures range between 30 and 54°C for Weils from 200 to 1,000.m deep.

Figure 2.34 shows. cross sectiOns of subsurface ;fratigraphy constructed
from drillérs' iogs; locations of the éross sections Are shown in Figure
2.35. Zones of thermal water were noted in some of these wells by the
drillers. Thermal water occﬁré below clay and silt beds in moderately in-
durated conglomerate and‘sand at depth greater thanVSOO m. Aquifers con-
taining thermal water are cpnfined toJSemi—¢onfined, as indicated by the
artesian flow from seveiai d¥‘thevthermal wells. Beneath clay and silt
depositional centers, at depth greater than 700 m, thermal water may have
temperatﬁres—greatef than 50°C. However,- these areas are untested at the
present time. Other thermal wells, which are not shoﬁn in the strati-
graphic cross sections,feﬁcbﬁﬂter warm water at depth.less'than 500 m. -

Some of these wells are unusually warm and have estimated temperature

TABLE 2.2. List~6f-therma1 wells in the Willcox area

Well Location “Depth : ‘Temperature . Data Source ‘
- - {meters) )
1 D-12-24-20 BAA 832 7 4.0 C 4 R
f e * DATA SOURCES:
2  D=12-24~20 CAA 664,5 - .37.0 4
3 D-12-24-31 CB 445 4k 3,4 : :
i N ) o 1. Brown and others (1963)
4 D=13-24-2 BAA'Z - 257 3.7 . 2,3
) (2) _ S : 2. U.S. Geological Survey
5 D=13-24-5 BA 670 47.8 3 ) Y -
\ 3. Dutt and McCreary (1970)
6  D-13-24~11 ABB 412 AT 8046 - 3,5
) . - ) 4, Arizona Bureau of Geology and Mineral
7 D-13-25-5 762 - V5 R E R | .. Technology .
p-13-25-31 "“(z) 243 31,7 I 1,2 5, .Arizong State Land Department
0 D-14=25-4 BAC. - . ‘824 R T T 72,6 6. Peirce and Scurlock (1972)
10 D-14-25-6 AAD 235 36,7 6
11 D-14-25-6 CBD 214 5.0 1,2
12 D-15-26-19 BBC . 1005 © 430 ‘ 1,6
97
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Figure 2.33. Location map of thermal wells in the Willcox area
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Figure 2.34. Stratigraphic cross sections of the Willcox basin
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gradients exceeding 60°C/km The anomaleus thermal welis occur in three

different areas and may 1ntersect or overlie hydrothermal convection

systems (Fig. 2. 36) A normal conduct1ve heat flow regime is 1nd1cated by

thermal wells out51de the anomalous areas because these wells have |
estimated gradients between 20 and»45 C/km.:

» Chemical quality of thermal water‘in the Willcox basin ranges between
approxiuately 260 and 1,500 mg/L TDS (Table]é.S). In general, the higher
temperature waters frou deeper weiis have lower TDS.: Compositions range
from sodium sulfate-bicarbonate‘watet;tb'sodiumkbicafbenate-chloride water
(Fig. 2.37){ Fluoride eontents of thermal water is high and ranges from 2.6
to over 20 mg/L. Magnesium concentrations are very low in all the thermal
waters.' |

Silica anvaa-K-Ca geothermometefs were cemputed for wells with the
more.complete'ehemical infeimation (Table 2.4). Analyzed silica coneen;
trations were corrected for nontemperature dependent ion1zat10n. Thermal
waters from these wells are all saturated Wlth respect to quartz.

The Na-K-Cavgeothermometers for wells" 1, 2, and.3 are w1th1n 5 to 12°%C
of temperatu:es predieted by the chalcedeny geethetuometers. The geo—
thermometers predict subsutface reservoir temperatures aueraging between 58
to 65°C. Surface discharge‘teuberatures:range:from 37 to 54.4°C. Dif-
ferences between the:geothermometers and”measured temperatuteS“iu wells 1
and 2 are puzzllng because these wells are in an apparent - conductlve
thermal reglme as 1nd1cated by a normal estlmated gradient (20 to 4S C/km)
Well 3, which occurs over.a probable hydrothermal convectlon system

(anomaly 1), as 1nd1cated by a h1gh estlmated grad1ent shows an average
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Figure 2.36. Location of anomalous thermal wells in the Willcox
basin - '
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TABLE 2.3, Chemistry of thermal water in the Willcok area

Number Sawle‘ Location Temperature TDS = pH Na Ntk K Ca Mg Cc1 sob HCO3+003 3102 Lt B F  Date Data Source

6037  D-12-24-20 BAA 44,0 267 9.3 97 0.66 2.0 0.38 24 22 88  73.8 0,032 0.15 - 3.2 '8/81 4

2 6038  D-12-24-20 CAA 37,0 318 9.1 79 . 0.68 1.9 0,40 27 30 68,3 70.8 0,042 0.14 3.1 8/81 4

3 100 p-12-24-31 €8 54.4 36 9.1 47 0.7 <1<0.1 16 30 13 . 65.0 0.06 <0.10 20,3 7/79 4

4 - B0YS Do13-24-2 BAA 3.7 320" 8.8 80 1.5 8 0 10 60 115°  —— 0,002 0.06 ° 5.0 7/66 2,3

5 8100  D-13-24-5 BA 478 500" 9.3 138 2.0 2.0 0 2 110 127 - 0.001 0.09 18,0 7/66 3

6 8115 D-13-24-11 ABB - = 40.6 500* 9.4°106 1.0.0 0 2% 60 98— 0,002 0.62 10.0 7/66 3

7 —— 13255 N1 1380 — 02 7.0 2.8 _ﬁéo 262 302 . 46 se—e ——  12.0 6/50 o

8 8609 D-13-25-31 CAB (5 317 2000" 8.7 428 5.5“3 S0 344 200 298 17 0,219 0.44 2.6 5167

9 4817 D-14-25-4 BAC M1 2280" e e — 6.9 2.7 —— — 7 ST SO SR

1 === ' D=14~25~6 CBD . 35.0 13700 = 516 80 3.7 430 238 336 e e — 9.9 5/42 1

01

ReSﬁlts in'Milligrams per litér (mg/L)
Temperatures in Degrees belsius

* TDS is calculated from specific conductivity using a0.6 conversion
factor

Data Sources: 1. Brown and others (1963)
2, U.S. Geological Survey
3. Dutt and McCreary (1970)

4., Arizona Bureau of Geology and Mineral Technology




. NUMBERS REFER TO
WELLS IN TABLES 1 AND 2

Figure 2.37.

TABLE 2.4.

c/
Piper diagram of thermal well chemistry,

Willcox area

Geothermometers of thermal water in the Willcox area

Measured pHl Corrected Estimated Silica Geothermometer (°C) Na-K-Ca
Well  Temperature (°C) Silica (mg/L) Gradient (°C/km) Quartz  Chalcedony Cristobalite Geothermometer (°C)
1 44,0 34,8 35 86 55 26 60
2 37.0 49,8 33 102 72 51 60
3 54.4 39.0 89 91 60 43 69
8 31.7 15.2 69 54 21 5 104
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geothermometer'temperature of 65°C. We11 8 has a Na-K-Ca geothermometer of
104°¢, but this is most likely a result of nontemperature-dependent
solution of evaporite minerals in the basin fill. Well 8 is a sodium-
chloride ricﬁ water with‘higher dissolved solids than wells 1, 2, and 3.

QONCLUSION; A large and extensive low-temperature geothermal resource
occurs in the Willcex basin at 500 to 700 m depths. The thermal water is
confined to semieeonfined and is conteiﬁed in'moderately cemented gravel
below silt and clay beds. Artesian flow at the surface may occﬁr in some
areae; Excellent watei-quaiity is indicated except for locally high
fluoride concentrations and‘near the playa where TDS may exceed 2,000 mg/L.

~Three areas adjacenf to and»north of Willcox have anomalous

temperature gradients end potential for thermal water with temperatures
over 50°C11 Geothe;mOmefry predicts 60 to 65°C reservoir temperatures.

- The basxn is untested for normal-gradlent type resources at depths

greater than' 1 km Although thermal water at a temperature of about 100 °%

" may exist at 2.5 km depths, economics and risk factors may preclude deep .

exploration and development in the Willcox area.
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'SAN MANUEL AREA

INTRODUCTION The San Manuel area (Flg.vz 38) is a potential geo-
thermal target because of the presence of thermal water and the p0551b1l1ty

of directly u51ng these f1u1ds in a copper-extract1on process. Copper ore

- is m1ned from theylarge undergroundean Manuel mine a few miles west of

Mammoth andka‘smelter operates at San Manuel. Roeske and Werrel (1973)
reported that 38 C water was pumped from the San Manuel mine. In addition,
thermal water (31 to 42 C) dlscharges from several artes1an wells in the

lower San Pedro River Valley near the communities of Mammoth and San

Manuel. sCattle ranching'and~farming are ‘also important occupations in the

valley, and they too are potent1a1 users of geothermal energy
PHYSIOGRAPHY The San Manuel area is. traversed by the 1nterm1ttently
flow1ng San Pedro Rlver, which flows along the axis of a 24 to 32 km w1de
valley bound by the Ga11uro Mounta1ns on the east and the Santa Catalina
Mounta1ns to the west The valley floor cons1sts of a relat1ve1y narrow
flood pla1n (<2 km w1de) and a ser1es of gently to moderately sloplng :
terraces that are dlssected by dralnage or1g1nat1ng 1n the mountalns.
o GEOLOGY Pre-Cenozo1c structure in the San Pedro Valley is domlnated
by northwest- to west-northwest str1k1ng faults. Precambr1an d1abas1c and

fe151c d1kes are 1ntruded in Oracle Gran1te, along structure, in both

’northwest and northeast d1rect10ns, however, the largest d1abase dikes

strike northwest. The pr1nc1pa1 pre-Cen0201c structure in this area is the

northwest str1k1ng Mogul fault wh1ch shows normal ob11que-511p movement.
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This fault, which separates the area into two major terranes, has had re-
peated movement since the Mesozoic,’the latest of which displaced Tertiary
gravel into fault contact with Precambrian, Paleozic, and Mesozoic rocks
(Creasey, 1967). On the southerly, down-thrown side of the fault,
, Cretaceous(?) clastic sedinenis show angularjunconfornabie deposition on
Mississippian limestone (Creasey, 1967) Tnese Mesozoic and Paleozoic
sediments  are Juxtaposed against a terrane dominated by Precambrian Oracle
Granite.' The Mogul fault may be a. structural element of a maJor crustal
discontinuity (Titley, 1976). Rocks south and north of the Mogul fault are
intruded by Laramide plutons and dikes.‘ Mineralization atrtneiSan Manuel
mine is related to this plutonism; |

North of the Mogul fault, Cenozoic volcanic flows and clastic
sediments are in either normal low-angle fault contact or unconformable
contact with Precambrian rocks and Laramide blutonie or volcanic rocks.
West of Mammoth, andesite flows (28 m.y.B.P.) of the basal Cloudburst
Formation are in low-angle fanlt contact with Laramide and Precambrian
rocks (Weibel, 1981). Moving up section, the Cloudburst Formation is
disconformably overlain by the post-22-m.y. old, monoclinally oeformed San
Manuel Formation, which in turn is angularly unconformably overlain by the
basin-filling Quiburis Formation (Weibel, 1981). The Sacaton Formation,
which are ancestral San Pedro River gravels, disconformably overlies the
Quiburis Formation. | | | -

In the Galiuro Mountains, a sequence of m1d-Tert1ary volcanic rocks;
- correlative in time to the volcanic flows and gravels of the Cloudburst
Formation, is d1V1ded into two parts separated by a maJor dlsconformity

(Creasey and Krieger, 1978) The lower unit consists of andesite to
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Figure 2.39. Water tabie;of shallow unconfined groundAwater'in the San
Manuel area L , L - :

rhyodac1te locally intercalated w1th tuff An er051ona1 unconformlty Wlth
up to 300 m of re11ef separates the 29 to 26 m y. old ande51te-to—
rhyodacite unit from an over1y1ng ash—flow tuff unit and a: 1ent1cu1ar
rhyollte ob51d1an un1t (Creasey and Krleger, 1978). The'ash-flow tuff unit
has 1nterca1ated ande51te flows and conglomerate strata whose clasts were
der1ved from Precambrlan, Paleozo1c, and underlylng ande51te—rhyodac1te

flows (Creasey and Kre1ger, 1978)
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GEOHYDROLOGY. Shallow ground-water flow in the lower San,PedroAValley

is from the mountains toward the San Pedro River and then:northward along

the valley axis (Roeske and Werrel, 1973) (Fig. '2.39). Shallow ground water’

occurs under unconfined conditions. Confined thermal water is encountered
‘at depths between 165 and 4207mviﬁ clastic sediments of uncertain age and
étratotecto;ié posifion. Artesian wells in the afea flow up to 1,890 L/min
(Roeske and Werfei, iQ?S). The piezometric surface df the cOnfined-ﬁater ,.
is undetermined, but probably_variesfin differenflparté of the basin‘due to
~the probability that several discréte aqpiférs exist in thebbé;in.
THERMAL WELLS. Thermal water,’31 t0‘42°C,‘f10WS from wells that range

from 17 to 453 m depth (Table 2.5;1Fig. 2.40). These thermal wells ocﬁur
- east of Mammoth and San Mgnuel in a zone trending northwest.~tThisidistri-
bution may reflect the thermal regime or it_may4be a result of the thermal
wells coiﬁcideﬁtally being locatéd in an area wiﬁh the gfeatest ground-
water development. More extensive drilling may expand tﬁe known resource
areas in this basin. Thermal wells near the river, which are greater than

200 m deep, flow at the surface. Drillers' logs show that clay and

TABLE 2.5. Thermal wells in the San ‘Manuel area

Well Location Temperature Depth  TDS - 'Flow Rate

1 D-8-17-32daa 42°C 453 m 434 mg/1 76 L/min
2 D-9-16-2 bab 38 396 440 4391
3 D-9-17-10dcb 32 .26 . 744 | 15
4 D-9-17-14cdb 31 17 590 --
5 D-9-17-14cdd 31 R 234 114
6 D-9-17-24ddc 31 - 265 352 ‘1514
7 D-9-19-32cab "hot" 373 SR 26.5
8 D-10-18-3bab - 41 84 454 45
112
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:Figure 2.40. Thermal wel'l,_s" in 'the San Manuel area |

gypsiferous sediments e§erlie sand and.{-gfavel-that act as ihe theﬁal
aquifer (Fig. 2. 41) E'stimated gradients in thermal Weils ex’ceed 50°C/km.
Exceedmgly h1gh estlmated grad1ents in the shallowest wells suggest that
thermal water encountered in those wells originates from leakage from deep
confined -aquifers. Fault zones in basin-fill sediments may provide ,

vertical passage for thermal-water leakage.
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Well D¥9-16-2bab is,actua11y a mine shaft. Thermal water encountered
in this shaft may resultrfrom eastward flowing water.that is forced upward
along the San Manuel fault. iEither‘the fault or fractured Oracle Granite
and Cloudburst Formation act'ae the aquifer in this area.

Chemlstry of the mine water 1nd1cates a source outside of the basin. '
The mine water is ca1c1um blcarbonate, wh11e thermal water found 1n ‘the
basin is sodium sulfate to sodium bicarbonate (Fig. 2.42). Sulfate is
obtalned £rom solutlon of gypsum contained in the ba51n-f111 sediments.
Sodium may come from ion exchange of calcium with clay mlnerals in the

basin f111.

The‘Na-K-Ca‘geothermometer'fstnOt app1icab1e because of probable ion

iexchange and the presence of gyp51ferous sedlments in the ba51n fill.

>Cha1cedony geothermometers 1nd1cate temperatures less than 60°C for the San

Manuel area.
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Figure 2.42. Piper diagram

showing chemistry of ther-
mal wells in the San
Manuel area

\

cl—

CONCLUSION. Confined aquifers contained in basin-fill sediments at
depths greater than 200 m apparently contain thermal water in the San
Manual area. Temﬁeratures exceeding 60°C are not indicated from known
W¢115 in the areé, or from the chalcedony geothermometers. However, more
extensive resource evaluation might locate numerous additional sites within
thisrbasin, which may or may not contain higher temperatufe'thermal waters.
Improved copper extraction at San Manuel mine or the smelter is one

possible application for these thermal waters. /
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SAN BERNARDINO VALLEY

INTRODUCTION. San Bernardlno Valley (F1g 2, 43) has been a geo-
thermal exploration target for the emerglng geothermal 1ndustry As of

January 1982, lease appllcat1ons on 16,591 acres of federal land were

pendlng approval, and 30,596 acres of state land were leased In addition

to 1eas1ng, at least one temperature grad1ent hole has been drilled by a
major company. No thermal waters have been observed in the valley north of
the international border with Mexico. However, Pleistocene volcanism,

resulting in extensive volcanic deposits in the valley, has made this area

- a geothermal target.

PHYSIOGRAPHY- -The San Bernardino Valley lies in the extreme south-
east corner of Ar1zona 1n an. apparent phy51ograph1c subprov1nce of the

Mexlcan H1ghland sect1on.~ ThlS subprov1nce encompasses that part of

~Sonora and Chlhuahua, Mexlco north of the Slerra Madre province, and the

San Bernardlno, Anlmas, and Playas‘Valleys in New Mexlco and Arlzona. It
contrasts with the surroundlng Mex1can H1gh1and sect1on by hav1ng generally
north-south oriented basins and ranges as e?posed to the surrounding north-
west phy51ograph1c grain, . o

GEOLOGY. Precambrlan basement 1n the valley probably con51sts

of rocks equivalent to the P1na1 Schlst of Ransome (1903) Some xeno-

11th1c bombs -in Hans Cloos Crater resemble P1na1 Schist accordlng to
Lynch (1972"1978) Sedlmentatlon in: the northwest orlented Pedregosa

Ba51n (Fig. 2.44), an element of the Mex1can geosyncllne, dep051ted thick
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sequences of Paleozoic and Eariy Cretaeeous sediments. Over 2,500 m of
mainly carbonate Paleozoic recks, of which-l,SOO m are Permian, may be
preserved in the subsurface. These carbonate strata could act as geo-
thermal reservoirs‘in fault zones where brecciation, silicification, and
solution have created permeability. |
Thrust faults are mapped in the Pedregosa Mountains and in the hills

- on the southeast margin of the valley The1r extent and relat1on to sub-
Vsurface structure'is uneertain. Thrust faults in the Pedregosa Mountains

(Fig. 2.45) c01nc1de with a west- northwest crustal dlscontlnulty deflned

by the southern terminous of the symmetrical San Simon graben (interpre-

ted from Bouguer gravity data) and with a zone of Quaternary basalt vents:

in the southern Chiricahua Mountains. Offset of physiographic features is
easily seen on maps ef this region. The northern boundary of the as-
symetric, north-striking graben that forms the San Bernardino Valley also
coincides with the discontinuity. -

A mid-Teritiary volcanotectonic feature called the Geronimo Treil

cauldron is hypothesized to underlie the Peloncillo and Guadalupe
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Mounta1ns, which form the east 51de of the San Bernardlno Valley (Deal and

A

others , 1978)..

Quaternary geology was 1nvest1gated by Lynch (1972 1978) who con-

| o

centrated on the basaltlc volcanlsm and assoc1ated tuff rings and maar

,}_Jv ' Craters. ERRE ~:- 'f"

|
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More than 130 pyroclastic cones, with associated flows of limited

- extent, coalesce to form an alkalic olivine basalt field covering 850 km2.

Water wells that are as deeﬁ as.250 m penetrate up to seven flows in the
center of the valley. Lynch (1978) reported that mineral equilibrium
studies by Evans and Nash (1978)Vshowed that tﬁe San Bernardiﬁo basalts
probably originated in the mantle at depfhskup t6‘67.km, thatrthe basalts
are not contaminated by crustal méterial an& that they have probably
traveled directly from the mantie to the surface. Silicic lavas are not
associated with thé basaltic lavas, giving additional suppoft to the hypo-
thesized absence of a crustal magma chamber. While lavas in the San
Bernardino volcanic field range in age from 3.3. to 0.3 m.y., the voi?
canism probably has not contfibuted large quantities.df heat to the cfust.
Réther, most of the igneous heat probably has beén dissipated at the
surface.

Evidence of steam and hot water associated with basaltic eruptions
is found in at least five tuff rings, two of which are large maar craters,
Paramore Crater and Hans Cloos Crater. These craters were formed by steam
explosions, possibly the result of magma contacting large quantities of
water contained in the "water courses" of fault zones. No residual heat
from these steam explosions is known to exist today.

Tec%onically, the San Bernardino area is one of the more active
in Arizona. Just south of the intgrnational border, a large (magnitude
greater than 7.0) earthquake disrupted the Pitaicachi fault on May 3, 1887
and formed the east side of the San Bernardinp Valley in.Sonora, Mexico

(Sumner, 1976; DuBois and Smith 1981). Pleistocene faulting has been
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observed in the adjacent Animas Valley in New Mexico and along White
Water Draw below the Swisshelm Mountains, west of the valley. Lava flow

remnants, wh1ch form d15t1nct1ve mesas on the west 51de of the San

* Bernardino Valley, contaln 1nterca1ated gravels, which are presently

isolated from possible source areas by post-3-m.,y. faulting (Lynch, 1972,

1978). Geomorphic anomalies, trenched alluvialufau apexes, straight
mountaiu-front facets along the east side of the Chiricahua Mountains,

‘and unusUalrdrainage patterns such as Cienuguita Creek in Sonora, also
suggest active tectbnism (Lyneh, 1972, 1978). Pyroclastic cone elignment
in N. 23°,E; and N. 65° W. trends audbthe north-striking Pitaicacﬁi fault‘
indicate west-northwest extension (Menges and Lynch, 1982, in prep.).
Microseismicity along the Pitaicachi fault indicates focai depths of 15 km,

and is also due to west-northwest extensional strain in the crust (Natali -

_and Sbar,1982).

CONCLUSIONS The San Beruardino Valley has potential for low to
intermediate temperature resources. High temperature reseurce potential
is speculatlve even though h1gh Na-K-Ca geothermometers (229 C) were
calculated us1ng nonthermal waters (Swanberg and others, 1977; Swanberg,
1978). Further geochem1ca1 evaluation is required to assess these geo-
thermometer temperatures. Swanberg (1981) showed two thermal springs in
the San Bernardino Valley south of the 1nternat1ona1 border. Geothermo-
meters for these waters are in the low to 1ntermed1ate temperature range.
High regional heat flow probably,acts as the heat source for these springs
rather than an 1gneous heat . source. The San Bernardino Valley area has the

following characterlstlcs all of wh1ch are 1nd1cat1ve of geothermal
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resources: (1) extensive basaltic volcanism; (2) active extensional

fectonics; (3) alignment of pyroclastic cones and young faults that

—

| differ from the regiohal grain (Lynch, 1978; Seager and Mofgan, 1979).
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GILA VALLEY FROM SAFFORD TO INDIAN HOT SPRINGS

INTRODUCTION. Ind1an Hot Sprlngs, 26 km northwest of Safford is

notable because it has been the site of a spa and resort at various tlmes

during the past 50 years (Fig. 2.46). Several deep (>500 m) wells have

been dr111ed in the G11a Valley which have artesian flows of hot water
(>40 C).- The 1929 Underwrlters Syndicate 1 Mack oil and gas test or
"Mary Mack wellﬁ is the hottest of these wells, with a reported discharge

temperature of 59°¢ (Knechtel, 1938). Thisrwell, near the town of Pima,

is no longer flowing; we believe water pressure broke through the de-

teriorated casing after the well was temporarily shut in several years

ago. The Smithville Canal well, near the town of Thatcher, produces

i

46° C water and was formerly used by the Mount Graham M1nera1 Bath before

_ thlS spa was destroyed by floodlng of the G11a Rlver in the winter of

1977-78. Today, thlS well flows freely into the Glla River.

PHYSIOGRAPHY The Glla Rlver has entrenched 1nto the sedlments that
‘f111 the northwestern Safford San Slmon Ba51n, and has formed a northwest-
trendlng flat-bottomed valley or flood plaln 5 to 8 km wide (F1g 2.46).
Elevation of the flood p1a1n ranges from about 884 m at Safford to 823 m
at Fort Thomas, 5 km northnest of Indlan Hot Sprlngs, Pa1red terraces
20 to 30 m high flank the Gila'Rdver flood nlain. Above the terraces, a
10 to 20 km wide piedmont‘slopes gentlxvupwardktoward the Pinaleno
Mountains on theesouth and the Gila MOuntains on the:north. Relief of the

Pinaleno Mountains ahoVe the piedmont exceeds 2,200 m, while the Gila
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Mountains rise 1,000 m above the valley floor. Normal precipitation in
the Gila Valley is less than 25 cm/yr, buf exceeds 75 cm/yr in the
Pinaleno Mountains. The fertile flood plan isAirrigated for crops of
cotton, alfalfa, corn, and other grains. Many farms in fhe valley raise

hogs for slaughter. Above the flood plain on the piedmont sﬁrface, cattle

- ranches are the major. land use.

GEOLOGY. The Gila Valley between Indian Hot Springs and Safford
overlies a segment of the northwestern Safford-San Simon basin, a deep
Sediment-fiiled, Basin and‘Range, compositéxgraben bounded by major horsts
that form the Pinaleno Mountains to the south and the éila'Mountains to
the north.

The Pinaleno Mountains expose a mid-Tertiary metamorphic core complex
of mostly gneiss and mylonitic gneiss (Davis and Coney, 1979; Thorman,
1981). On the oﬁposite side of the basin, mid-Tertiary basaltic to latitic
volcanic flows unconformably overlie Laramide andesitic to rhyoliti; flows,
breccias, and stocks.

Sediments filling the Safford-San Simon basin were broken into two
major units by Harbour (1966). The upper basin fill unit, consisting of
predominately coarse-grained clastic sedimeﬁts;'is separate& from lower
basin fill by a time-stratigraphic horizon that marks é change in sedimen—
tation processes and by a Pliocene to Quaternary faunal transition
(Harbour, 1966).

Near Indian Hot Springs, the lower basin fill consists of four facies.
At Safford, it is formed by three facies (Fié. 2.47). Thé basal strata of
the lower basin fill is the conglomerate facies, a sequence of interbedded

clay, sand, and conglomerate. Near Indian Hot Springs; a red facies
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consisting of red to brown sand and silt intertongues with a clay-silt
facies. Both overlie the basal conglomerate except on basin margins where
the red facies and thelclay-silt facies pinch out into the conglomerate.

At Safford, the clay and silt are interbedded with an evaporite facies.

This evaporite sequence consists of gypsifefous clay, gypsum, anhydrite,

- and minor halite beds.

The conglomerate facies is important because it is permeabie and it
acts as a thermal artesian aquifer. Clay and silt, capping the conglom-
erate, have low thermal conductivity, which results in high temperature
gradients (40 to 50°C/km). ‘Also, the basal conglomerate faeieevprobably
is hydrologically connected with upper basin-fill sands and gravels at
recharge zones along the basin,margin. Such geohydrelogic conditions may
account for the artesian pressure in the basal conglomerate.

Bouguer gravity data indicate that the thiekness of basin fill between
Safford and Indian Hot Springs may exceed 2 km. The Underwriters Syndicate
1 Mack well near Pima failed to reach bedrock at 1,148 m depth. This hole
bottomed in coarse sediments of the basal conglomerate'facies of Harbour
(1966) .

GEOHYDROLOGY. Ground water occurs under two distinct conditions in
the Gila Valley. The shallowest ground water is nonthermal and it forms
the water table in the alluvial flood plain sediments in the valley. Deep
artesian water is encountered below the clay and silt. Thisvwater is
thermal and has a variable piezometric surface in any one location due to
the presence of several confined aquifers with different hydraulic head.
The Mary Mack well near Pima encountered five such stacked aquifers

(Knechtel, 1938).
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THERMAL SPRINGS AND WELLS. Indian Hot Springs, discharge 45 to 48°C
water from basin fill on;the'first'major{terrace horth'of the Gila River.
Travertine (calcium carbonate) Cements‘terrace gravels near many spring
orifices. Total flow rate of five springs is approxiﬁately 1,000 L/min

(Mariner and others, 1977). Minor amounts of gas, mainly nitrogen, evolve

at the spring orifices (Mariner and others, 1977). ‘Thermal springs that

evolve nitrogen gas are generally associated with low temperature geo-
thermal systems'(EIIis and Mahon, 1977).

| Indian Hot Springs have a sodium chloride composition, with TDS
between 2,510 and 3,004 mg/L (Table 2.6). This thermal water has sulfate
content up to 15 milliequivalent percent total anions, which suggests the
water has had contect with gypsum or gypsiferous sediments. Fluoride
content of Indian Hot Springs ranges from 2.8 to 4.8‘mg/L.

An artesian well drilled to 183 m at the springs in 1933 was reported
to discharge 48.3°C water at a rate of 156 gpm (Knechtel, 1938)l An
estimated temperature gradient of about 165°C/km indicates this well
intereected a zone of upward-flowing water. This same zone probably con-
tributes»to;spring flow.

Direct evidence for structoral‘control for Indian Hot Springs is lack-
ing’due to the cover of oollurium and travertine'cemehted'terrace gravels,
However, a;knohn fault'zone is inferred to allowvvertical passage of. thermal
water to theﬂsprings Progectlon of the north-northwest striking Pleisto-
cene faults west of the Cactus Flat Arte51a area into Indlan Hot Springs
is poss1b1e because the Glla Rlver changes course in conformance with such
a fault zone. Also, Muller. (1973) reported h1gh sa11n1ty in shallow wells

downstream from the 1nferred fault trace and "dog leg" in the river course.
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Aﬁ additional féult, oriented west-northwest, maf also cross Indian Hot
Springs. This fault zone is inferred from an alignment of springs -
(Fig. 2.48). At Big Spring, section 25, T. 6 §., R. 25 E., deformed and
laminated clay (clay-silt‘fecies) is angularly overlain by terrace gravel
in arroyo walls. Mud intrusions are seen in the shears and faults. - This
deformation may be evidence of ; major fault zone that controls the
apparent spring alignment;
Deep artesian wells iﬁ the valley discharge sodium chloride water
(Table 2.6) with cation and anion ratios similar to Indian“Hot'
Springsf Deepest of the wells, the Mary Mack, produced 2,250 gpm of
sodium chloride water, with a TDS of 3,530 mg/L (Knechtel, 1938). Thermal
water in this hole came from five watereproducing-zones below 495 m depth.
The Smithville Canal well, drilled in i957 to 659 m depth (Files,
USGS, Tucson), produces sodium chloride water with TDS of 7,950 mg/L.

Lithology in this well comprises mudstone to 312 m depth; gypsum, gypsi-

TABLE 2.6. Chemistry of thermal waters in the Gila Valley

Wumber Sample Location Temperature TDS pH  Wa Natk K Ca Mg cl SD‘ nw3m3 smz 1 B F Remarks
1 57 D-6~-25~36CBBB 46 4432 6.8 1390 13.1 &k 7.6 4011 672 64 55 2.3 0.6 6.7 w
2 5MBQ0  D-5-24~17ADDCA 46 2967 7.5 670 13 39 7.2 1430 365 9 45 1.41 1,66 2.8 s
3 54WB0  D-5-24-17ADDDB 4S5 2929 7.5 540 14 38 7.1 1414 348 98 48 1.42 0.94 5.2 s
A SSWB0  D-5-24-17ADDBB 47 7.5 610 14 38 8.0 1257 325 120 49 1,25 1.64 4.0 L]
s 1817  D-5-24-17AD 47.8 2570 - © 879 ’ 78 9.6 1195 348 103 - -~ 2.0 3.9 8

6 1818 b-¥2l-17m 40 2970 - 1027 83 11 1400 395 106 - - 0.8 4.8 s R

7 1822 P-5-24~17AD 41.8 2970 - 1023 81 14 1400 402 ~  lo1 - - - 3.4 ]
8 1823  D-5-24-17AD 47.8 2960 -~ 1026 80 12 1400 393 100 - - 0,8 4.6 s
9 2600  D-6-24-13AB 58.9 3330 - 1220 76 8.7 1660 416 101 - -~ 7.0 6.0 v
10 2683 D-7-26-17BD 3.0 2740 -~ 739 226 33 1250 426 116 o= - 8.0 1.4 v
11 AZ10  D-5-24~17A &7 2672 7.9 837 13.6 80" 9,0 1196 323 10?7 44 1.30 0.58 3.4 8
<12 AZ11l  D-5-24-17A 46.5 3004 7.9 1023 12.9 93 10.3 1382 361 101 A4 - 0.70 3.8 s
13 AZl4  D-6-25-36C T 43S 8292 7.9 3027 10.9 135 7.9 4517 787 81 66 2.77 1.65 1.2 w
14 AZ21  D-5~24-17AD px) 3048 7.5 921 1239 81 8.0 1412 338 109 57 - 0.8 3.9 S
15 AZ155 D~7-25-7CCC 29.5 “9288 - 8.1 3072 14.5 133 28 3956 1455 46 27.5 4.05 2.33  6.27 w
16 AZ15¢ D-7-24-14DD 25.5 1804 8.3 709 2.7 9.2 0.7 688 452 107 27.0 - 162 1.8 w

W = well; S = spring
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ferous silt, and clay between 312 and 488 m; and '"volcanic'" sand below

-

488 m (Files, USGS, Tucson).
Use of the Na-K-Ca geothefmometer is not valid given the qualifying
assumptions requiréd for its use because these waters apparently have

dissolved highly soluBle evaporité minerals and are probably’in tempera-
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ture-chemical disequilibrium. ’Silica concentrations in Indian Hot Springs
are in equilibrium with o-cristobalite, while water from the Smithville
Canal well is supersaturate& with respecf‘to all solid silica species
except opal. The a-cristobalite geothermometer for this water ranges
between 56 and 64°C. |

CONCLUSIONS. An extensiVe low-tempefature (40 to 70°C) geothermal
resource is indicated in the Gila Valley northwest of Safford at Indian
Hot Springs and in the area of the deep thermal wells. Water produced
by the springs_and:the wells is apparently from the same source(s) because
they have similar chemistry and temperatures. Thermal wells north of
Safford produce thermal water_from,below 480 m depth. However, close to
Saffo?d the reservoir is either at a depth greatef than 500 m or is non-
existent. An abandoned Southern Pacific well at Safford bottomed in
gypsiferous clay at 555 m. Anéther nearby dry well, D-7-26-26aba, reached
a total depth of 689 m in salty clay. A Schlumberger resistivity sounding

south of Safford and centered over the north boundary of section 2, T. 8 S.,
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R. 26 E., was modéled as a three—layered earth (Phoenix Geophysics, 1979)
(Fig. 2.49). This model shows a 1,072 m thickness of low resistivity

(<6;S ohm-meters) clay; silt, and evaporifeé or sand and gravél cbntaining
hot‘salty water. Below 1,072 m the resistance is higher,.possib;y in-
dicative of highly cemented sand ahd gravel deposits or volcanic rocks.

Figure 2.50is a map derived from dipole-dipole resistivity profiling

"which shows the approximate extent of gypsiferous clay and salty clay.

Wells drilled in the evaporite‘(low resistivity) zohe»are likeiy to
encounter water with TDS exceeding 3,000 mg/L. Localized aquifers in

these zones may contain brine.

REFERENCES'GILA VALLEY FROM SAFFORD TO INDIAN HOT SPRINGS

Davis, G. H. and Coney, P. J., 1979, Geologic development of theh,
Cordilleran metamorphic core complexes: Geology, Vol. 7,
. 120-124, L : ‘

Ellis, A. J. and Mahon, W. A. J., 1977, Chemistry and Geothermal
Systems: Academic Press, New York, 392 p. '

- Harbour, J., 1966, Stratigréphy and”sedimentology,of the upper
Safford basin sediments: unpub. Ph.D. Thesis, University of
; Arizona, 242 p. o

Knechtel, M. M., 1938, Geology and ground-water resources of the
valley of the Gila River and San Simon Creek, Graham County, -
‘Arizona: U, S. Geological Survey Water-Supply Paper 796,

p. 222, j o : , :

Mariner, R. H., Presser, D. D.; and Evans, W. C., 1977, Chemical,
isotopic, and gas compositions of selected thermal springs in
Arizona, New Mexico, and Utah: U, S. Geological Survey Open
File Report 77-654, 42 p.

135



SRS MY
oW i
.JJMI Yo :‘f&
AV ”’5,__0 JA",
;,QL,:E,:. R
L 2
NS

BASE MAP

USGS SILVER CITY, 1:250,000

) -4, " DEEP WELLS ENCOUNTERING
;" o5 BEDDED GYPSUM/HALITE }
2 oiig
/3D-6124-1388
?(Mory Mack)
N AN AT 4 .

D-6-25-36CC
__§* Mount Graham Mineral Bath . __~

4 vl
;'ZI'\W AL

D-7-26-16BA
Southern Pacific Safford

LR
T /7/ i/ 4

"D-7-25-22DDD

(Safford Golf Course)

AT
? / {‘

s
s

AN
Al
R ) /,07

S (L o )
AL 3 ¥ ‘a)}wx&g&s\g‘(
s S 2 Lo

\ A E\\Cy’ 7 e 2 2,

) 1\.,\'2}:".4‘.—-\-“ AReday] LA I AN

(= =
Kilometers

Figure 2.50. - Map showing extent of e
ot the Safford area

L

Y 1t @ Tangue 'Jm':

. D-9-27-36BD i
{Southern Pacific Well !

. Tanque)
%z L qA] 4

vaporite deposits in basin fill

S

—

\

JUR—

o

e

(fi( r"""‘ C

"

-



C _

r

_—

K &K & K ®

L |

Muller, A. B., Battaile, J. F., Bond, L. A., and Lamson, P. W.,
1973, An analysis of the water quallty problems of the Safford
Valley, Arizona: Technical Report No. 15, Department of
Hydrology and Water Resources, University of Arizona, 126 p.

Phoenix Geophysics, Inc., 1979, Report on the reconnaissance
resistivity and VLF-EM surveys of the Safford Valley area,
Graham county, Arizona: Arizona Bureau of Geology and Mineral
Technology Open File Report 81-23.

Thorman, C. H., 1981, Geology of the Pinaleno Mountains, Arizona a

preliminary report: <im Stone, C. and Jenney, J. P., eds.,
Arizona Geological Soc1ety Dlgest, Vol. 13 p. 5-11.

137



&

N—

—C

r—

§
Butler
\
/
s
o
&

)
i 0 g NNy 9
s r ! : . D Wy
4, « Buena Vista -’ : ; ; - § E
(2 2 - - A b S :
r ;& ~ o, B i
D sy :a z,
: 3 Ll 3 N
; ~F N SR $ A : L
; RN ; : |
? _ SR S O 2
3 /:+ ¥ ) - 32°45' .
i ! s 13y )
Roach = i y
. \ .
/ ‘ N L
13 - }
t N '
2 I Sl
{ A 1 e, -
L » 8l 1
* i L
= o S s ”‘/4, ! L
T, : ANy
il B
109945’ : 109°30' L
o 5 10 Kilometers

S——

Figure 2.51. Physiographic map of the Buena Vista area

.

138

t—



I'T?(:.lrii»

€

o

r—

rT rC e rCo o oo

T

iy

T~ e -
L

BUENA VISTA AREA
’ .

INTRODUCTION. Eight irrigation wells, less than 213 m deep discharge
unusually warm water (30 to 49°C) in theﬁBuena Vista areat The hottest of
these wells when it is not pumped dlscharges an arte51an flow of 49°C
water. A state-of Arizona correct10na1 faC111ty is located about 1.5 km
south of this thermal well.

Agrlculture is the maln 1ndustry in thedarea; however, deposits of
copper are known in the Gila Mountalns north of the area and they may be
economic to mine in the future. Dlrect-heat geothermal energy may be used
in all these endeavors. | |

PHYSIOGRAPHYV ‘The Buena Vista area, southeastern Arizona, is located

| on the northeast margln of the Safford San Simon Ba51n on the G11a Rlver

plain at an elevation of 914 m. West of th1s area, the flood plain widens

and curves northwest to form a flat- bottomed valley S to 8 km across (F1g 2.51).

Eastward, the flood p1a1n narrows into the northeast trendlng G11a Box, a

canyon formed by the G11a R1ver between the G11a and Pe10nc1110 Mounta1ns
The G11a Rlver flood plaln 1s bound by steep terrace escarpments between 20
and 30 m h1gh while beyond the escarpments the surface of the Safford San

Simon ba51n slopes upward toward surroundlng mountalns. the Gila Mountains
)

~on the-north, the Plnaleno Mountalns to the southwest, and eastward, the

Pelonc1110 Mountalns. The Gila‘and Peloncillo Mountains range from 1,524

t0. 2,133 m in elevatlon, while the P1na1eno Mountalns rise to about
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3,261 m. Annual precipitation is less than 25 c¢m/yr at Buena Vista; hoﬁ-
ever, precipitation in nearby mountains exceeds 38 cm/yr.

GEOLOGY. Bouguer gravity daté and drill logs show the Buena Vista
area overlies a sediment-covered structufal bench that separates the
Safford-San Simon basin to the sodfhwést from the Gila Mountains on the
northeast side of the basin (Witcher, 1981). These features are major
structures that were formed by high-angle normal faults associated with the
Basin and Range diSturbance (15 to 8 m.y. ago) of Scarborough and Peirce
(1978). The triangular structural bench underlying this arearis bounded by
major Basin énd Ranée fault zones on its noithern, southwesierﬁ, and eastern
mafgins; Approximately 213‘m of basin-filling sediments overlié basément
rocks that comprisé the ﬁench (Witcher, 1981).

Major regional lineaments intersect in this area. The Morenci linea-
ment (Chapin andothers, 1978) crosses from the northeast and intersects the
northwest striking.Gila discontinuity of Titley {1976). Regionally, these
lineaments are directionally coincident with anisotropic structuré
developed in Precambrian rocks (Titley, 1976; Silver, 1978; Swan, 1982).
The west-northwest grain is dominant and it is superimposed on the older
" northeast grain (Swan, 1982; Silver, 1978). The Gila discontinuity or
west-northwest grain is evident in the Gila Mountain escarpment and in the
alignment of Laramide copper deposits in the Gila and Peloncillo Mountains
(Titley, 1976). Northeast-oriented fracturing and shearing is pervasive in
much of the Laramide volcanic terrane, especially near copper mineraliza-
tion (Dunn, 1978; Robinson and Cook, 1966).

Laramide volcanic rocks (53 to 58 m.y.) in the Gila Mountains con-

sist of andesite and felsic tuff that are intruded by small silicic to
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intermediate Laramide stocks (Dunnm, 1978; Robinson and Cook, 1966;
Livingston and others, 1968)}ﬁ Dfiii holes up to 1;220 m deep have failed
to reach the base of these rocks. Part of the andesite may be a hypabyssal
intrusion based upon an apparent gradational contact with diorite intru-
sions and lack of flow or bedding structure (Dunn, 1978). Xenoliths of.
quartzite are observed in the andesite and théy may be Precambrian Pinal
SChist:or Cambrian-Ordovician Coronado Sandstone. Bécaﬁse this area lies
on the northern ﬁart of the Mesozoic Mogollén Highland or Burro ﬁplift;

Paleozoic rocks are probably thin or mostly absent beneath the Laramide

volcanic-intrusive sequence.

Reddish-brown amygdaloidai basaltic éndesite ranging from 30 to 27
m.y. old (KQAr) unconformably overlies the Larémide volcanic rocks
(Strangway and others, 1976). Flows are one to two meters thick and flow
breccias are common. A large latite domé complex in the Bryce Mountain and
Weber Peakvareakovérlies the basal mid—Tértiary’basalfic andesite. In many
areas the latite is extensiVeiy brécciatéd. The YOﬁngéSt mid-Tertiaiy
volcanic rocks in the GilavModntains conéist éf dark gray and massive
basaltic andesite flows two t6 five meters thick. Conteﬁporaneous with
younger basalticivd}canism anofﬁefVCentéerffsilicic’volcanismWeiupted in
Tolgate Canyon 6f'the northern Peloncillo Mountains east of Buena Vista.

Overall, the mid?Tertiary volcanic sequence in'the Gila and Peloncillo

‘Mountains dips gently northeast. It ranges between 600 and 1,200 m thick.

‘Clastic basin-fill sédiﬁenfs overiié mid-Tertiary and Laramide
volcanic rocks that form the structural bench-ﬁéneath Buena Vista. Well
D-6-27-35cbb penetrated gravels céntaiﬁing'"réd" granite clasts (Morenci

Granite?) to a depth of 211 m; between 211 and 275 m, volcanic and
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volcanoclastic sediments overlie epidotized andesite containing copper
mineraliiation (Files, USGS, Tucson). Figure 2.52 shows the lithology of
the basin fi11>as it is interpreted from drillers' logs of thermal wells
(Witcﬁer, 1981). Gravel and sand with élay lenses provide an aquifer for
thefmal water produced by these wells. Clay, silt, and sandy clay with
gravél'lenses confine the qnderlying aquifer. At Sanchez Monument the base
of the clay and silt is 105 m déep while near the Gila River, northeast of
the -Monument fhe clay and silf pinch out. At that point the base is less
than 45 m deep. Pleistoceﬁe to Recent flood plain deposits, less than 30 m
thiék overlie the clay and silt deposits. The clay and sily probably grade

into the green clay facies of Harbour (1966) in the Safford-San Simon basin

- to the west.

'South and east of Buena Vista several scarps are observed in

Quaternary alluvial deposits (Fig. 2.53). At least one of these scarps is a

‘possible fault scarp based upon the absence of terrace gravel above or

below it and the presence of similar soil stratigraphy on both sides of it.
However, terraces cut by fhelandestral‘Gila Ri&er are probable explanations
for most of these scarps. Several large benches north of Buena Vista,
which are capped by fluvial gravels containing well-rounded clasts of
Morenci Granite, are terraces cut by the ancestral Gila Rivef.

GEOHYDROLOGY. Flood plain deposits of the Gila River coﬁtgin shallow
unconfined ground water. Other ground water found in the area is confined
and is under artesian pressure. The artesian water is found beneath fine
grained basin-fill deposits in sand and gravel. Thermal water encountered
by 1oca1_wells occurs in the confined aquifers. At least three of the

thermal wells flow freely during winter months (Witcher, 1981).
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THERMAL WELLS. Thermal waters (30 to 49°C) (Fig. 2. 54) in the Buena

Vlsta area have a chem1stry d1st1nct from local nonthermal water. The

_ thermal water has calcium concentratlons less than 20 mg/L, magnesium con-

centrations less than 8‘mg/L, end‘high'fluoride concentrations_($4.0 mg/L)
(Witcher, 1981)f VFluoride concentrations up to l4.0 mg/L arevreporfedrin
the thermal water (Table 2.7 ); Nonchermal water has high calcium
(>20 mg/L), hlgh:magnesium (>8.0 mg/L) and low fluoride (<4.0 mg/L). The
thermal water has:sodium chloride-sulfate chemistry with total dissolved
solids less than 1,200 mg/L.

Figure 2.55 is a map of fluoride distribution for water from thermal
and nonthermal{wells. Fluoride concentration decreases northward and
westward from the area that has the highest temperature wells. The fluo-

ride anomaly is-open on:theﬂeast,'mOStly'due'to low data density, but

,additional high fluoride-fhermal wateriisrlikely,to be found eastward in

‘sections 11 and 12, T. 7 S., R. 27 E."

Quartz and Na-K-Ca geothermometers were calculated for the highest

.temperature (49 C) well (D-7-27- 11bbb) 1The quartz and the Na-K-Ca geo-

thermometers are 112 and;114 c, respectlvely.

Wells encountering thermal water are all less than 215 m deep.  Three

wells have artesian floﬁvthat exceeds 100 gpm. - Pumped flow rates reported

by the-U.SQ Geologicél Survey range‘between 900 and 1,600 gpm (Files, USGS,

Tucson) » _
THERMAL REGIME Background heat flow for the area 15 about 80 mWm=2,
which is the approx1mate average value obtalned in heat flow studles of

several deep (>300 m) m1neral exploratlon dr111 holes in the G11a Mountains

‘(Reiter and Shearer, 1979). 'Relter and Shearer‘(1979) also reported
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TABLE 2.7. Chemistry of selected wells in the Buena Vista drea

Sample Location Temperature TDS pH Na etk XK Ca Mg C1 80l nco3+co3 8102 =} B P
3548 D-7-27-10AAD -— 792 7.7 163 — 69 15 218 70 244 — - - 1.0
58 . D-7-27-11B3B 49 1094 7.5 333 3% 1 0.3 212 272 205 82 0.4 <, 10.2
: 5 D-7-27-2ACB 38 117 7.3 60 35 1 0.4 249 265 193 61 0.4 <1 8.6
) 74 D~6-27-35D0DD 27 894 7.4 284 2.9 1 0.4 232 120 202 52 0.3 0.3 6.9
% 17W80  D-7-27-2AADC 36 826 8.6 52 4,5 19.6 2.6 189 24 122 28 0.2 <01 4.8
i 18W80  D-7-27-11BBBB 46 w1 7.9 60 1.0 4.5 0.1 201 19 124 31 0.1 <01 &1
19480  D-7-27-2ADBB L] %1l 7.6 61 0.8 12.4 0,4 210 111 134 27 0.1 <01 7.0

3J0W80  D-7-27~2ADDCB 39 1055 8.3 321 3.8 0.6 0.2 195 18 186 63 0.4 -~ 13
8307 D-7-27-7 46.1 —— 8.6 368 A7 7 Z 256 270 239 65 0.2 0.46 9.0

927 Dp-7-27-2cC 35.6 1029 369 9.5 6.6 23 275 259 —_ e e 11
AZ15  D-7-27-11BBB 43,5 1076 8.5 331 4,3 7.4 1.3 203 296 246 67 0,36 0.43 10,6
A216 Df)-)?—!M:A - 3.5 1012 8.{ 58 3,9 6.2 1.0 168 227 ) ‘259 T 67 = 0.46. 10,2
m——— D=7-~27-2ADD 41.0 —— e 360 4.3 4,3 0.9 240 250 255 65 -~ 0.49 14,0
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results of measurements in a deep well 5 km east of Buena Vista. A heat
flow of 209 mWm™2 was measured‘for.the 300 to 500 ﬁ inferval; 50 mWm~2 was
deterﬁined for the 950 to 1,050 m interval. A témperature versus depth
profile of this well (Fig. 2.56) shows a temperature inversion below 500 m,
which is consistent with the.heat flow data. Apparently, this hole en-
countered a horizontai flow of thermal water (70°C) at about 600 m in
Laramide volcanicvrocks. A hydrothermal convectidn system neai the well is
indicated by this temperature~log (Reiter and Shearer, 1979; Ziago and
Blackwell, 1981). These data imply that the thermal anomaly af Buena Vista
is more extensive and hotter than is apparent from measured temperatures
and known locations éf thermal irrigation wells. |

CONCLUSION., A shallow geothermal resource 30 to SOOCkis found in a
basin-fill reservoir.of sand and gravel tb 215 m depth beneath Buena Vista.
Top of the reservoir is formed by a confining clay and silt unit whose base
ranges from 105 m depth at Sanchez Monument to less than 46 m depth north-
east of the Monument near the Gila River. Apparently this thermal water
originates from upward leakage along fractureé and structure in an under-
lying bedrock structural bench. A deep heat-flow measuremenf S km east of
Buena Vista confirms the pregence of at least one hydrothermal convection
system in Laramide bedrock. Laramide volcanic and iﬁtfusive.rocks beneath
this area are probably highly fractured like the Larami&é rocks in the Gila
Mountains and may act as a deep geothermal reservoir. This conclusion is
inescapable considering that the area lies astride the intersection of the
Morenci lineament and the Gila discontinuity. |

The known shallpw, low-temperature resource at Buena Vista has po-

tential direct-heat applicatidns in agriculturé, aquaculture, and space
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heating. Heat-flow studies and deep drill tests are necessary to ade-

ro_0"
C

quately assess the deep geothermal resource potential. Geothermometry

™

information suggests that temperatures may range up to 115°C in an inferred

.

.

- S | =
deep reservoir contained in mid-Tertiary and Laramide volcanic rocks.
100 ro—
+
- ' + :
, » _ +
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. Figure 2.56. Temperature—depth profile of a deep we11 east of Buena
‘Vista (from Re1ter and Shearer, 1979)
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BOWIE AREA

. INTRODUCTION. ' Thermal Water (30 to 37°Cj has been pumped from irri-
gation wells for many years in the Bowie area. Currenf use of this thermal
water is for watering crops of cottoﬁ, alfalfa, corn, and pecans. Extrac-
tion of heat contained in the thermal wétér may have important use in the
future in équaculture, greénhoUsing, and space heatiﬁg.

‘PHYSIOGRAPﬁY. Bowie is a small farming and railroad community on
Interstate 10 in southeastern Arizona. Agricultural defelopmenf in the
vicinity is situated On'a broad and gentle east-sloping piedmont of the San
Simon Valley at about 1;128 m elévafidn. This areikiies within the Mexican
Highland section of the Bésin'and Rangé province. The Dos Cabezas Moun-

tains border the area on the southwest while the Fisher Hills and Pinaleno

Mountains rise above the San Simon Valley on the west. Across the San

Simbn Valléy to the east are the Peloncillo and Whitlock Mountains. Annual
pfecipitation éthoWie is less thén 25 cm/yr. (See Figure 2.57.)

GEOLOGY. Bowie‘o&erlies'a\graben Structufe that foras s western por-
tion of‘the'largef Safford-San Simon StruC£ura1 baéih; Gravity modeling |

by Eaton (1972) defined a nbrth—tfehding graben about 8 km wide and 16 km

long. Thié,grében is Separatéd from the San‘Simonﬂg;aben on the east by a

sediment‘bﬁriedrhbrStﬂbioék. The Bowie graben is filled with up to ap-
proximately 760 m of Clastic sediments (Eétéh, 1972); Tertiéry volcanic
rocks between 300 and 600 m thick may underlie the sediments in the graben.

These volcanic rocks may be correlative with outcrops of mid-Tertiary
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intermediate and silicic flows in the Fisher Hills ;nd southern Pinaleno
Mountains west of Bowie. A structurally and lithologically complex assem-
blage of plutonic, metamorphic, and sediment;ry rocks probably comprise the
basement beiow the volcanic rocks in the graben, an iﬁference based upon
the geology of the nearby Dos Cabezas Mountains.

Two terranes typify the Dos Cabezas Mountains (Sabihs, 1957).  The
southern terrane on the sou£hwest7$ide of the mountains is an allochthon
thrust ﬁorth over a northern autochthonous terrane. Mapped thrust and
reverse faults dividing these terranes coincide with a major west-north-
westrtrending zone of complex faulting, which demarcates the Dos Cabezas
discontinuity of Titley (1976). Early Cretaceous Glance Conglomerate,
basal unit of the Bisbee Group, unconformably overlies Pennsylvanian
Horquilla Limestone west of the disconﬁinuity (Sabins, 1957). East of the
discontinuity, the Glance Conglomerate is thinner gnd it overlies the early
Paleozoic El Paso Formation and Coronado Sandstone. The apparent thinning
of the Paleozoic sequence and the Glance Conglomerate may indicate a south-
west margin of.the Mesozoic Burro uplift of Elston (1958). If so, mid-
Tertiary volcanic rock and basin fill deposits in the Bowie area may rest
unconformably on Precambrian crystalline rocks or thin remnants of Paleo-
zoic and Mesozoic rocks. Geochronologic and petrologic studies in the Dos
Cabezas by Erickson (1968) show that the Precambrian plutonic rocks and
Pinal Schist are intruded by several Laramide and mid-Tertiary stocks.

| Drillers' logs published in White (1963) and White gnd Smith (1965)
describe the stratigraphy of the upper portion of the basin fill in the
Bowie graben._.A blue-clay strata, probably correlative with the blue-clay

unit at San Simon to the east, separates an upper sand, gravel, and clay
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unit from a lower'mostly coarse-grained unit. Three kilometers northeast
of Bowie the blue clay is 120 m thick, but it thins to léss than 15 m thick
south of inferstate 10;

Récent te;tonic deformation is inferred to have occurred in the Bowie
area. While no Quaternary féult scarps have been identified, studies by
Eaton (1972) point toward'Rééent uplift of the buried horst block east of
ithe Bowie graben. First ordéryleveling data'show‘horst'uplift between 1902
and 1952 relative to bedrock Qn:éither'side éf the Safford-San Simén basin.

Topographic profiles crossing the uplifted area are convex, while in other

- areas of the Safford-San Simon basin the profiles are concave (Eaton,

. 1972). Holzer (1980) has mappedAearth fissures that may have resulted in

part from'subsidéhce created by'ground-water removal. Additional leveling

studies show up to 1.25 m>pf subsidence over the graben since 1972,

However, Holzer (1980) pointed out that aerial photographs taken over the

Bowie area in 1935 show many'polygonal earth fissures but no significant

- ground-water wifhdrawéi 0c¢urred befofe 1935. The 1935 fissures may have

originated during the 1887 Sonoran earthquake. DuBois and Smith (1981) _

reported that many areas of southeastern Arizona experienced earth fis-

" suring during that event.

GEOHYDROLOGY . :Exténsive ground-water pumpihg has created a water-
table depression roughly centered at Bowie. -The depression is bounded by
closespaced water-table elevation contours west, south, and east of Bowie
(Fig. 2.58) (Wilson and White, 1976), and roughly corresponds with the

Bowie graben margins deduced from Bouguer gravity data. These contours may

~indicate faults, which in clastic sediments are sometimes characterized by
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Figure 2.58. Map of water table in the Bowie area, 1975

vertical sheets of relatively impermeable gouge that can impede water flow

and cause ground-water falls.

Ground water below the blue-clay unit is confined and frequently has

artesian pressure. Thermal wells in the Bowie area pump water from aqui-

fers below the blue clay.

-~

| &
THERMAL WATER. At least 20 irrigation wells between 183 and 610 m -
deep pump 30 to 37°C water (Table 2.8; Fig. 2.59). Chemical quality of the f?
) -

thermal water is good; total dissolved solids range between 250 and 500 mg/L ‘;;
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fABLE 2.8. Selected thermal wells in the Bowie area

Well ,Tempgrature ‘Flow Rate TDS Depth

Cc L/min - mg/l - m

D-12-28-10CCC 36 . -~ 686 305
D-12-28-26CCD 37 , -- 496 305

- D-12-28-34CCB - 36 i - - ' 457
D-13-28-3C o 37 : T -- 244
D-13-28-4DDB- 37 -~ ' 231 253
D-13-28-10BCC 37 - 6435 : 247 305
D-13-28-15BIC - 35 - 2990 253 309

D-13-28-15DCC 35 ' 8707 o 264 145

(Table 2.9). Fluoride cqncentratioﬁs'afe generally less than 3.0 mg/L,
although a few wells produce watéf‘with flﬁ@ridevbver 7.0 mg/L.

Thermal waters at Bowie have either sodium bicarbonate or sodium

' chloride-sulfate chemistry,-'No distinguishable trend in chemical type or

measured temperature:has been 6bserved..vThéjvafiabilify in composition is
most likely due to cdntaci of these‘waters'with different kindé of rock in
shallow (<600 m) aquifersi(Witcher, 1981).7 Thermal water with the highest
chloride and sulfate concentrations is pumped from aquifers that are over-
lain by atvleast 50 qufjblué'ciaYL T .

Gééthprmométers of these waters are[highlx~variab1e.ﬂ Sodium bicar-

bonate thermal water, with the lowest caléium (<5 mg/L) and magnesium (<0.4

’mg[L) have the highest Na-K-CafgedthéfmbmeterS (120’to 124°C). In other
“‘thermal waters,?whichftfénd tdWafd'sodiﬁﬁ-ﬁhldride—suifate chemistry, the

Na-K-Ca températuresrare'below_QSQC;* The conductive quartz geothermometer

for the sodium bicarbonate water with the high Na-K-Ca geothermometers are
about 100°C. Quartz geothermometers for other wells are less than 85°C.

-
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Figure 2.59. Map of selected thefmal wells in the Bowie area

r— ™

Wells with the highest Na-K-Ca geothermometers (Fig. 2.60) occur on the

southwest margin of the Bowie graben near the intersection of structures

r—

inferred from gravity and ground-water falls.

CONCLUSIONS. Wells producing low calcium and magnesium, sodium bicar- L;
bonate water, with high Na-K-Ca geothermometers (>120°C) coincide ﬁith an (& ‘
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apparent structufal intersection'infgrred from Bouguer gravity and water
table informafion.. One of>the$e‘wells'D-13-28415dcc, which has fhehhighest
Na-K-Ca geothermometer‘(124°C), is the most thermally aﬁomalqus-weli from a
consideratioﬁ of both méasured diScharge temperature and depth. This well
145 m deep has a discharge temperature of 35°C and an estimated average
temperéture gradient 6f 124°C/km._ Other thérmal wells, which are north of
‘fhe anomalous welis, have averége gradienté between 30 and 80°C/km with a
mean gradient of:49°C/km. .Thermalrwater in these weils mayAresult from a
.normal geothermal gradient, thch is relatively ﬁigh (SOOC/km)'due to the
low thermal'coﬁductivity of fﬁe basin%fill sédiments.v.The.area with high

geothermometers and'averagefgradients_may‘oVerlie a hydrothermal convection
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system (Witcher, 1981).

TABLE 2.9. Chemistry of

selected wells

in the Bowie area

. Nuaber Sample Location Tewperature TDS pH  Wa - K Ca Mg €l 80‘- nco,wo, 3102 Ll ‘I r th
1 90 p-l2-28.34CCC 7 645 7.9 185 6.9 19 - 1.3 163 140 80 .25 0,3 3.7 22 W
2 - 91 D-12-28-27cCC 25 %8 8.0 62 1.9 1 1.3 3% ns %2301 3T 11 W
3 92 Dp-12-28-278BB 26 33 7.9 -7 2.1 19 2.2 68 88 9% 2. 01 41 09 W
4 93 p-12-28-10CCC 38 686 8,0 0 2.5 3.4.16 © 0.4 183 - 115 88 33 0.4 37 24 W
5 20480 D-13-28-108CCC ” 247 7.7 15 8.9 128 1.8 31 36 a1 e 08 <l <l W
3 21980 - D-13-28-150CCCB 35 . 268 7.7 12 43 2.8 R R T ) 403 <1 <1 V¥
7 22W80 - D-13-28-15ADDD ‘3% 492 7.67166 4.5 3.2 0.3 97 80 117 48 'o.g <1 26 W@
8 . 280 . D-13-28-158DCDC s 253 7.4 164 41 2,670,230 23 195 49 04 <1 09 W
9 2480 . p-13-28~ 98CCC 33 488 7.5 29 3.3 16,6 1.4 86 8 . 86 .37 01 ‘<1 ‘80 W
10 25480 D~12-28-26CCDDC k] 496 . 8,1 .28 2,2 146 2,4 92 28 93 31 <1 <1 7.5 W
-11 26W80  D-12-28-34BCBBB kY €9 7.3 72 - 5.9 161 1.7 187 212 072 26 0.2 w1 71 W
12 27we0 | D-12-28-27ABBCC 36 | 376 7.0 . 25 2.6 22.0. 3.4 4. 2% 108 33 01 <1 68 W@
13 . 28980  D-13-29-25CDDD 37 L299 8.4 50 5.1 35.8 8.8 21 4. 15 35 <1 1. 31 W
14 .29wB0 - D-13-29-25CDDD 3 .0 303 6.5 82 5.3 7.7 0.4 2 "8 108 -3 0.3 €1 2.2 W
15 8290  D-13-29-27AcC 9331020 8.0 113§ W 2 2% 76 210 ° 23 0.08 002 2,8 W©
16 - D-13-28-4D0B 3.2 3 B 57 16 3.2 26 34 126 a2 - - o8 W
17 - D-13-28-98CC .7 402 7.8 KT} 2 12 6. ST as 40 - - 0.8 v
18" Ce L p-13-29-240CC 41.7 ns - 126 30 111270 47 195 - - - 40 W
19 AZ30  D-12-28-34BC S0 2687 8.0 SS 2.0 22,2 L9 315 61 99 3N - 0,02 0.30. W
20 Az31 . D-12-28-34BA 29 L AT 7T 2.7 409 64 6679 m 33« 0.10 0.82 sw
21 A232 D-12-28-34AA 136 392 8.7 113 - 2.7 1.6 0.2 63 113 89 31 0,17 0,06 - 1.02 W
2 A233 - D-13-28-10CB 36 236 8.1 49,4 2.7 2.2 21021 8 m 26 - 002 011 W
23 az3%  D-12-28-10CC 35.5 0 704 81 206 3.5 26 0.4 173 121 117 3 - 0.4 2,17 W
2% AZ35  D-11-29-368B 30.8 . 2016 7.9 518 6.2 81.1 12.0 175 1026 186 4l < 118 465 W
25 Az36  D-13-30-308 - - 23 5840 7.9 143 2,0 27.4 8.8 -20.5 134 325 6L =% 0.22 / 5.0 W
26 AZ37  D-13-30-1% o ns 372 9.3 136 0.8 1.2 0.1 1.8 %67 212. 25 - 0,18 16.8 v
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Active tectonism, which mAy occur in thebareg'could create and sustain
open fractures that allow deep éiréulation of wétér. A deep geothermal
reservoir is inferred to exist inbfauited'basémehf.of the Bowie graben
south of Interstate 10. Temperatures will proﬁéblY‘not‘exceed 125°C and

the thermal water is likely to have a sodium bicarbonate chemistry with low

total dissolved solids (<1,000 mg/L);\
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Figure 2.60. \Distribution of Na-K-Ca geothermometer temperatures in
the Bowie area A . :
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CACTUS FLAT-ARTESIA AREA

INTRODUCTION. Thermai_waterrup to 46°C is‘dischafged from aftesian
wells in fhe Cactus Flat-Artesia area, 8 tb 15 km south of Safford along
U.. S. Highway 666_(Fig-“2.61).‘Currently‘three commercial mineral baths
use this geothgrmal water for balneological purposes. Three more thermal
wells provide water to a léke at Roper State Park, and séveral artesian
wells discharge into Dankworth- Lake. Another currenf use of thermal water
in the area is{catfish aqua;ulture. The féasibility’of using geothermal
water ﬁor spacé heating and‘hot-water supply at ;he Swiff Trail Federal
Priﬁon Facility haslbeeﬁ studied and the‘:esults discussed in a prelimi-
nary report funded by thé_U._S. Department of Energy. Apparently, the

scope of retrofit required to convert the prisoh to geothermal energy makes

'this project only marginally cost beneficial;”given the current fossil-fuel-

cost'projections‘used for planning and comparison studies by Féderalu
agencies (Oregon Institufe bf Te¢hn016gy, 1981).K ‘ |

| In addition’to‘thermai artesian we;i; in the Cactus Flat-Artesia
area, g'probaﬁle hy@rofhermal system was discovered 18 km south of Safford
adjacent fo U. S. Highway 666 (Witcher, 1982). This "blind" system,

which underlies a soil mercury anomaly, is characterized by anomalous

_estimated heat flow values of >200 mWm™? (Witcher, 1982).

_ _PHYSJOGRAPHY. The Cactus Flat-Artesia area is situated in the
Saffoid-Sén Simpn,basin,at.the_bage of the Pinaleno Mountains (Fig. 2.61).

Stockton, Marijilda, and Graveyard Washes, which discharge from deeply eroded,
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linear canyons in theAPinaleﬁo Mountains, have dissected.the area into a
succession of mesas, fans, and arroyos. A11'drainage flows north and
eastward toward the Gila River north of Safford. The impressive Pinaleno
Mountains rise abruptly above‘thé basin to formra range nearly 3,350 m in
elévation, where more than 76.2 cm/yr of pfecipitation falls. The Cactus
Flat-Artesia area, which lies in the Piﬂalend.Mouﬂtaiﬁsrrain shadow‘at 914
to 1,067 m above sea level, only receives abédt 20 to 25.4 cm'of_précipi-
tation annually.>

‘vGEOLOGY; Fig. 2.62 is a generalized geologic‘maf of the Cactus Flat-
Artesia area. The Pinaleno Mountains are an exposed mid-Tertiary metamor-
phic core complex (Davis and Coney, 1979). Thié rugged mountain range is
dissected by seﬁeral linear canyons, which are eroded into the gneiss and
mylonitic gneiss. The canyons coincide with major northeasf-trending
fault zones displaying left—laterél strike-slip movement (Thorman, 1981).
Mylonitic foliation in the gneiss dips gently north to northeas£ near the
base of the Pinaleno Mountains and it dies out rapidly into the range
(Thorman, 19815. _Metamorphic complexes such as the Pinaleno Mountains
generally have a distinctive structural morphology (Coney and Davis, 1979):
low angle fault zone (decollement) of chloritizéd mylonite and mylonite
breccia overlies mylonitized metamorphic rocks and gneiss. Deformed, but
unmetamorphosed rock overlie the low angle fault. While a low angle
fault is.not obsérved in the Pinaleno Mountains adjacent to the Cactus
Flat-Artesia area, outcrops of mylonitic gneiss at the base of the moun-
tains suggest thét a decollement is preserﬁéd in tﬁe;basin basement
beneath this area. A mid-Tertiafy'agé for cataclasis of'thergneiss‘is

unconfirmed (Thorman, 1981), but low-angle Miocene faults are observed at
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Eagle Pass (Blacet and Miller, 1978) aﬁﬂ near.Giileﬁpie Mountaiﬁr(Thorman,
1981) on the northwest and southea%t ehds, respectively, of the Pinaleno
Mountains. 7

A complete Bouguer gravity_maﬁ of the area‘(Wynn, 1981) shows very
closely spaced isogals between 0.2 and 4 km east of and parallel to the
Pinaleno Mountains front. ‘A large-displacement high-angle Basin and Range
fault zone is interpretéd from these gfavity data.” The fault zone forms
the western boundary of the Safford-Saﬁ Simon Basin, which may cdntain up
to 3 km (Oppenheimer‘and Sumner, 1981) of post ﬁid4Miocene basin-filling
sediments. Pleistocene movement aiong the fault zone has been inferred
from multiple and‘composite fault scarps displacing PleiStocene geomorphic
surfaces up to 30 m (Morrison and others, 1981). Menges and others (1982)
estimated that faulting recurs on an interval about every 100,000 years.

Basin-fill stratigraphy is divided into two major units in this area,
upper and lower basin fill. Theée:units are separéted by a time-strati-
graphic horizon showing a change in sedimentation processes and by a
Piiocene to Quaternary faunal éransition (Harbour, 1966).

Lower basin fill consists of three facies: (1) a conglomeiate faciés
(2) a clay-silt facies, and (3) an evaporite facies. The evaporite facies

consists of gypsiferous clay, gypsum, anhydrite and halite beds and it

intertongues with the clay-silt facies, which also overlies the evaporites .

into the basin axis, north and east of_the Cactus Flat-Artesia area
(Harbour, 1966). The lacustfiné énd fluvial overbank élay-silt facies is
extensive and occurs to within 2 or 3 km of the Pinaleno Mountains front.
Nonindurated to moderately indurated sand and gravel form the conglomerate

facies, which occurs along the basin margins.. This conglomerate is

166

[

p—
J—

‘H

o

s

Sn—
o,

o T T

rT— T

r— r— o

r—

—

L IS

| S



€ A€

)

i

—

_

i

o)

postulated to underlie the clay-silt and evaporite facies in the basin
interior and it is known to be interbedded with the clay-silt facies at

depth along U. S. Highway‘666; The conglomerate facies hosts stacked,

:thermal arteSian’aquifers in the Safford basin, which are confined by the

clay-silt beds.

Upper bas1n f111 consists of nonlndurated grusllke sand with gravel

lenses. This unit overlies a narrow gneiss pediment and the clay-511t

and conglomerate facies of the lower ba51n f111 The upper bas1n fill no
doubt has an 1mportant hydrologic connection with the conglomerate facies
next to the mountain front. A th1n less-than- 20-m-th1ck cobble-to-
boulder conglomerate caps the upper bas1n f111 to form the mid-Pleistocene
to Recent geomorphic,surfaces.'

Because the Pinaleno Mountains are a mid-Tertiary metamorphic core

.complex, basement structures (pre-late Miocene) favorable forvgeothermal

resources are inferred to exist'belou the basin»fill (post mid-Miocene).
Monoclinally dipping Cretaceous to preflatefMiocene sediments and volcanic
flows deformed by listric1norma1>fau1ts,rwhich merge into a decollement,
are 1nferred beneath the ba51n f111 adJacent the Plnaleno Mountains,
nghly fractured zones near the 1nferred low angle faults may act as deep
geothermal reserv01rs. | ‘

GEOHYDROLOGY. Ground water in the Cactus Flat-Arte51a area is found
in sand and gravel conflned between clay-s1lt strata. Deep wells in the
area flow at the surface and are thermal (>30 C, grad1ent >45 C/km) The
water- table 1s qu1te varlable due to the presence of several vert1ca11y
stacked artesian aqu1fers w1th‘d1ffer1ng artee;an pressures. Artesian

pressure generally increases with depth and it is higher when only a few
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wells are pro&ucing from a singie,aquifer in a given area. ’Well inter-
ference is comhbn in this area dﬁe to arealy large coﬁes of depression,
which are typical of confined aquifefs (Féth, 1952). Recharge in this
area is mostiy'from meteoroic water séeping into coarsngrained basin fill
near the mountain front, chiefly along washes which dischargé runoff from
the Pinaleno Mouptains} The reéharge water flows downward and laterally
toward the basin axis. |

THERMAL WATER.':At,least 18‘f10wing artesian wells discharge’thermal
water between 35 and 45°C (Fig. 2.63). In addition, 20 other wells report-
edly discharge thefmal ﬁater (2§OQC). Tﬁesebwelis rénge from 110 to‘488 m
deep (Table 2.10). '

Nonthermal (<30°C)_ground water in the area has sodium bicarbonate to
sodium sulfate-bicarbonate chemistry with TDS less than 1,000 mg/L.

Thermal waters (>30°C) have sodium sulfate to sodium chloride-sulfate

chemistry with TDS between 1,000 and 9,000 mg/L (Table 2.11). Witcher (1981)

showed the chloride-sulfatevversﬁs bicarbonate ratio hés a logarithmic
relationship to lithiumrconcentration, which suggeéts thaﬁ thermal and
nonthermal water chemisfry evoivéé from contact with differing lithology
through equilibria and ion exchange processes (Fig. 2.64). The clay-silt
facies provides a source for sulfate, chloride, and lithium. Silica con-
centrations are highest in nonthermal sodium bicarbonate water.

Silica and Na-K-Ca geothermometers are nbt applicable to thermal
waters in the Cactus Flat-Arfesia area given the assumptions governing
their use (Fournier, White, and Truésdell,‘1974).

THERMAL REGIME. Surface discharge tempe;atureé of artesian wells

were plotted agéinst their respeétive depths (Fig; 2.65). These wells
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ex;lusive‘of those in sections 32 and 33, T. 8 S., R. 26‘5., show a linear

increase in temperature with depth (4,5°C per‘100 m). At least five sepa-

rate, vertically stacked équiférs, confiﬁed,by~clay‘and silt, provide

|

water to theseﬁells{Witchef, 1979),

=
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From studies of several deep (>300 m) mineral exploration holes 18 km

north of Saffdrd, Reiter aﬁd Shearef (1979) reported an average heat flow



TABLE 2.10. Thermal wells in the Cactus-Flat-Artesia area

Total Dissolved

Temperature ' Solids | Depth
Location . °c mg/1 m
D-8-25- 1DDD | - 36 | - - 213
D-8-25-12AA .37 - 320
D-8-25-12AAA 39 2047 366
D-8-26-7BA 36 - ' 344
D-8-26-7BAA 42 - 463
D-8-26-7BB 36 - 320
D-8-26-7AC 35 - 329
D-8-26-7ABA 42 | - 467
D-8-26-7DDA ‘ 39 1345 421
D-8-26-8BDC 39 | 2866 195
' D-8-26-7BD 35 - . 366
D-8-26-7CA - 37 : - . 244
D-8-26-7EDB 38 - - 476
D-8-26-7DA a2 - 488
D-8-26-7DDB ~ 38 . - 387
D-8-26-7DDB | 35 : - . 381
D-8-26-20DBC 45 1358 390
' D-8-26-18DDA 42 ‘ - 463

4

of about 80 mWm 2 for that area, which is a typical value for the southern
Basin and Range province. Because basin fill in the Cactus Flat-Artesia
area has thermal conductivities generally less than 1.88 (Wm‘lK“l)(Witéher,
1982), a 45°C/km gradient is mormal for a conductive heat flow of 80 miWm 2.
Unusually warm wells occur in sections 32 ané 33, T. 8 S., R. 26 E.
These wells have estimated gradients exceeding 100°C/kﬁ (Fig. 2.65) and
chemistry that is indistinct from that of other waters in the Cactus Flat-

Artesia area. No artesian well data are available south of this anomaly.

170

|

-
-

r— O o e e o - T TT";[TI[Tf

lf“\
S sl s

D

U

"



i .

" j Location Temperature TDS pH Ra etk K Ca Mg cl SO‘ ICOJO-OO 8102 T ] r
[ y - N .
i f ’ D-8-25-12AAA -39 2447 8.6 881 7.7 50 0.9 961 335 32 17.6 - - -
L D-l-26-7i!DA 39 1343 8.8 470 3.5 15 0.2 503 333 33 18.3
D-8-26-88DCC 39 2866 8.5 1152 10.6 31 ‘.J 1066 607 90 141
A D-8-26-20DBCC 4 1358 8.4 579 3.8 17 0.6 510 290 79 18.4
% D-8-26-6CBB n X767 1.5 644 2.7 0.5 538 330 23 17 0.8 2.3 8.6
L b-8-26-78BB k1] 1402 7.7 486 3.0 9 0.4 457 2313 42 18 1.3 0.7 10.2
D-8-25-12AAA 39 2803 7.1 810 - 3.3 26 0.8 965 342 k) | 20 2.1 0.3 ° 7.8
D~8-25~1DDD 36 1774 7.4 605 (3.1 19 0.6 653 392 42 20 1.7 0.6 11.0
c D-8-26-7ADC . 32 - 1315 7.7 AT& 2.6 27 0.5 483 309 129 15 1.0 0.6 \83
P D-3-26~70DA 39 1367 7.5 449 2.4 15 0.2 305 300 38 22 .1.3° 0.1 125
U D-8-26~7DDB 35 1325 7.6 A48 2,2 13 0.2 424 325 &0 22 1.3 0.1 120
D-8-26-7DPDB 38 1634 7.5 539 2.8 22 0.2 580 317 38 3 1.6 0.3 115
‘ p~8-26-33CCCC n 685 7.9 171 &3 75 2.8 Gi 345 110 3 0.3 4.8 5.2
D-8-26~-32DCC 28 ! 523 8.3 161 1,6 3.4 0.6 111 265 113 28 0.3 5.1 9.8
J D-8-26-190CCB 27 231 7.3 21 2.1 8 3.9 16 5 132 30 0.1 0.4 1.1
D~8-~26-19CDDA 27 243 1.8 23 2.2 7 4.1 19 s 116 47 0.1 0.2 1.2
D~8-26-19CDDB n 429 8.0 A 31 14 2,7 108 358 104 36 0.3 0.3 1.0
T D-8-26-19CDDBC 29 679 8.0 60 2.8 10 2,0 201 95 96 3% 0.5 <0.1 1.8
t D~8-26-33CCD 3 690 8.0 61 3.6 13 1.8 156 120 118 26 0.3 0.7 0.5
.. . b~B-~26-320C 1.3 436 | 9,8 3.9 101 88 164 - - - 10
. P-8-26-7DD 42 1152 8.5 S 19 21 0.4 204 282 a3 24 - 0.90 13.6
) D-8~26~7AB 45 2256 8.1 1054 6.6 69 2,6 447 605 48 20 - 1.29 9.0
é ! D-8-26-20CD &4 1248 8.4 498 4.3 16 0.7 197 267 9 26 1,38 0.55 14.2
U D~8-26-7TDA 41.5 1992 8.3 678 3.9 22 0.5 818 369 43 28 - 1.0 9.6 _
D-8-25-12AM 39 2060 8.5 783 5.5 65 1,1 1024 A97 W 28 2,40 118 8.4
. D-8-26-7AC » 1160 8.8 385 2,3 18 0.2 418 294 4 M - 0.8 117
£ D-8-26-7PA 3.5 . 1116 9.0 379 2.3 7.2 0.2 399 247 82 28 - 0.9 13.95
h D-8-26-788 3.3 900 8.8 306 1.6 9.2 0.1  29% 195 € 29 -  0.60 14.55
D-9-26-5BA » 504 8.5 1619 1.2 4.6 0.1 109 106 4.0 25 . .28 10.35
D-9-26-5BA 2 740 8.2 249 2.3 1.2 1,0 151 M2 3 39 . 0,30 1455
. D-8-26-8CA 39.4 3000 7.9 1025 6.2 2.1 5.7 1125 385 410 20 232 1,78 9.48
¢ ’, D-8-26-95C 29.4 9048 7.6 3283 14.1 671.9:20.7 4097 1688 oo 30 5,16 8.40 1.17
b 2-8-26-98C 8.9 164 7.9 4428 6.2 307114 365 MO0 10 20 .93 2,06 - 5.40,
D-8-26-200C 39.4 816 8.8 3035 1.2 7.2 0,1 -260 203 5 28 - 0.5% 16.5
. , , ,
&J TABLE 2.11. Chemistry of thermal wells in the Cactus Flat-Artesia area
\ .
&J SOIL MERCURY. Soil mercury anomalies are frequently associated with

high temperature hydrothe:mal systems. Matlick and Buseck (1975) and
Capuano and Bamford (1978) have used soil mercury sampling with success
over known high temperature systems to défine'structure, which controls

fluid flow. Mercury gas diffuses upward over these structures and systems

&J where it can be measured in near-surface soil.r

- A soillmerCury surveyfwas conducted south of the area having anomalous
wells in order to délineaté'the extent of the anomaly, to identify poten-

L tial structural control on this appéreﬁtly hiddeﬁ cbnyective system, and to
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test the'applicability of a soil mercury surVey on a probable low to inter-

gk

mediate temperature geothermal system in a southern Basin and Range geo-

logic setting.
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B Béckéroun'd mercui‘y concentration in the Artesia .area ‘Was: 225 + §9
parfs per billion (ppb), which is:high but may in some way refléct the
géologicksetting. Above normal mercury contents were'arbitrarily defined
as vaiues'exceeding 303'ppb,fwhich is the meanvplus ohe standard deviatioﬁ.
No correlation existed'amoﬂg'mgrcury concentration and differeﬁt strati-

graphic-geomorphic surfaces in the area.
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High concentrations of mercury occur south of Artesia and adjacent'

to sect1ons 32 and 33, T. '8 S., R. 26 E , both of which have anomalous-

'temperature wells (F1g 2 66). A northwest trendlng zone of high soil

mercury (>303 ppb) encloses two east-northeast trendlng closures with
mercury exceedlng 350 ppb.

HEAT FLOW STUDY._ A heat flow study was conducted to conflrh the
presence of a hidden geothermal system that was inferred from the soil
mercury anomalles and the anomalous-temperature wells at Arte51a (W1tcher;
1982). Blght,shallow (<61 m deep) holes (Fig. 2.67) were drilled and cased
with one-inch‘ PVC pipe plugged et the bottom and filled with water. 'Bizlk
thermal conductivity measurements were made bh formation semples collected
at 3 m intervals. Porosity was estimated. |

| _ Fig. 2.68 *shows temperature vefsus depth profiles of these wells.
All holes except HF1 and HF10 show edneatly conductive (linear) gradient.
The tempetature'profiie of HFI is coneave,downwatd‘and mey indicate upward
seepage of water, possibly from a leaky;artesiaﬁ aquifer at about 60 m
depth. HF10 encountered the onlylsignificant quantity of‘water du;ing
dtilling, whichiaccountsvfer the 6bserved thermal disturbance.

A11 temperature logs show a sl1ght gradlent decrease below about 30
tek4§ m depth. . This decrease indicates a small thermal conduct1v1ty change
attributable to the hole penetrat1ng water saturated sediments at the
water table. F1g._2.67415_a statle water table map derlved from the
temperature gradient‘decreases; ‘Gteupa-weter flow is from south to north
and all wells:exeept HF1 and HF10 apparehtly encounter mostly low per-
meability sediments as indicated“byrablack of_poticable water during

drilling and the'nearly conductive (linear) gradients.
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Bulk thermal conductivity measurements of drill cuttings were cor-

rected for porosity, using values determined by Davidson (1973) for

shallow basin fill in the Tucson basin. Estimated heat flows ranged from

s
——

(’

r— oo

o
4

Figure 2.67. Locations of shallow heat-flow holes and elevation of the.
ground-water table (in feet above mean sea level), Cactqs—Flat-Artesia
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Figure 2.68. Temperature-depth profiles of heat flow holes
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56 mim™2 in HF1 to 220 mim 2 in ‘HF3. Fig. 2.69 shows the distribution of

heat flow in the area. Contours in the figure show temperature distribu-
tion at 44.2 m depth.
A north-northwest-trending heat flow high:(>167 mWm~2) overlies the ;

high soil mercury anomaly (>303 ppb) of the same trend. Highest heat flow

estimates (220 me—z),éoincide with a 350 ppb soil mercur& closure having
‘; ' an east-northeast trend. 7
CONCLUSIONS. = South of Artesia, a hidden hydrothermal convection sys-

. tem is indicated by anomalous heat flow (>167 miWm 2) over a 3 km? area
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(Witcher, 1982). This area has a high soil mercury anomaiy (>303 ppb) and
temperature éradients exceeding 1209C/km; All these anomalies overlie a
major Basin~and Range fault zone interpreted from Bouguer gravity data
(Fig. 2. 70) The thermal anomaly overlies the structural intersection of
northeast trendlng faults 1n the Plnaleno Mountalns W1th the Basin and
Range fault zone. Recurrent Plelstocene faulting on the Basin and Range
fault zone may sustaln fracture permeablllty at depth wh11e high precipi-

tation and runoff over the northeast trendmng mountain fault zones may

provide recharge with sufficient hydraullc head to drive convectlon

(Witcher, 1982).

Projection of temperature gradients to'depths greater than 60 m, the

depth of the heat flow hoies,'is'speculative because the top of the hydro

thermal system is not known. Temperatures typically do not continue to

~ increase dramatically with depth within a hydrothermal convective system

beeause flowing water is a very efficient heatjtransporting medinm. How-
ever, tentative temperature estimates of the top of the geothermal system
were made on the assumptlon the c1ay-s11t ba51n-f111 strata confine the
top of this system. A reconnaissance dlpole—dlpole resistivity profile
across the area was modeled to show between 450 and 950 m of relatively
impermeable silt and clay (<10 ohm-m) sediments (Witcher, 1981). Projec~
tion of a 120°C/km gradient to 500 m gives a 78°¢C temperature when using
a mean surface temperature of 18°C. The most accessible potential reser-
voir is in the conglomerate facies below the clay and silt. Another
ﬁotvntiul reservoir,‘which is highly speculative, may lie in a complex

basemont structural setting.lyA low angle fault (decollement), overlain by
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highly déformed and fractﬁred pre-Basin and Range tectonism (pre-late
Miocenej rocks; may act as the reservoir.

A shallow (<500 m) normal-gradient (45°C/km)‘resource is ubiqﬁitous
in this area. Warm'wéter t30 to 45°C) is found in-at léast fivé vertically
stacked artesian aquiférs. Recharge is apparently from meteoric water
entering the grouhd-water system near the mountain'ffont. The relatively
| high carbon-dibxidg content of this water attacks silicéfe minerals to
form‘éodium-bicarbonate water. As this gr&ﬁnd water flows deéper and
laterally through sand and gravel zones confined'By clay‘and silt,
evaporite and carbonate minerals ih the clay dissolve to transform the
sodium bicarbonate water into sodium sqlfate—chlo¥ide water. Ion ex-
change between ground water and clay minerals probably occurs, also.

As a result, deeper thermal water encountered east of U. S. Highway 666
may have TDS exceeding 5,000 mg/L and a large percentage of sulfate and

chloride.
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mercury anomalies, and heat flow in the Cactus Flat-Artesia area

181



REFERENCES CACTUS FLAT-ARTESIA AREA

Blacet, P. M. and Miller, S. T., 1978, Reconnaissance geologic map
of the Jackson Mountain quadrangle, Graham County, Arizona:
U. Ss. Geolog1ca1 Survey Miscellaneous Field Studies Map
MF-939.

Capuano, R. M. and Bamford, R. W., 1978, Initial investigation of
soil mercury geochemistry as an aid to drill site selection
in geothermal systems: Earth Science Laboratory Report ESL-13,
University of Utah Research Institute, ‘Salt Lake City, Utah,
prepared under U. S. DOE Contract EG-78-C-07-1701, 32 p.

Davidson, E. S., 1973, Geohydrology and water resources of the
Tucson basin, Arizona: U. S. Geological Survey Water Supply
Paper 1939-E, 81 p. - '

Davis, G. H., and Coney, P. J., 1979, Geologic development of the
Cordilleran metamorphic core complexes: Geology, Vol. 7,
p. 120-124, v '

Feth, J. H., 1952, Safford basin, Graham County: <z groundwater in
the Gila River basin and adjacent areas, Arizona-A summary by
Halpenny and others, 1952: U. S. Geological Survey Open File
Report, p. 45-58. - .

Fournier, R. O. and White, D. E., and Truesdell, A. H., 1974, Geo-
chemical indicators of subsurface temperature-part 1, basic
assumptions: U. S. Geological Survey Journal of Research,
Vol. 2, no. 3, p. 259-262.

Harbour, J., 1966, Stratigraphy and sedimentoiogy of the upper
Safford basin sediments: unpub. Ph.D. Thesis, University of
Arizona, 242 p.

Matlick, J. S. II1 and Buseck, P. R., 1976, Exploration for geo-
thermal areas using mercury: a new geochemical technique:
in Proceedings 2nd U. N. Symposium on Development and Use of
Geothermal Resources, U. S. Government Pr1nt1ng Office, Vol. 1,
p. 785-792.

Menges, C. M., Peartree, P. A., and Calvo, S., 1982, Quaternary
faulting in southeast Arizona and adjacent Sonora, Mexico
(abs): Abstracts, 78th annual meeting Cordilleran Section,
The Geological Society of America, April 19-21, 1982 Anaheim,
California, p. 215.

Morrison, R. B., Menges, C. M., and Lepley, L. K., 1981, Neotectonic

maps of Arizona: <n Stone C. and Jenney, J. P., eds., Arizona
Geological Society Digest, Vol. 13, p. 179-183.

182

| S

et
-

e M e

[
. -

[



oo,
- O

B SURNE S

C"

r_

-

&« £ rC oo

"

Oregon Institute of Technology, 1981, Fea51b111ty study for geo-
thermal water space heating for the Safford Federal Prison
Camp, Safford, Arizona: prepared by Johannessen and Girand
Consulting Engineers;ylnc., Tucson, Arizona, for Oregon
Institute of Technology, Klamath Falls, Oregon, 50 p.

Oppenhelmer, J. M. and Sumner, J. S., 1981, Grav1ty modellng of the
basins in the Basin and Range province Arizona: <n Stone, C.
" and Jenney, J. P., eds., Arizona Geological Society Digest,
Vol. 13, p. 111 115 with 1:1,000,000 scale, depth to bedrock
map.

“Reiter, M. and Shearer,eC}, 1979, Terrestrial heat flow in eastern

Arizona, a first report: Journal of Geophys1ca1 Research,
Vol. 84, no. Bll, p. 6115-6120

Thorman, C H., 1981 Geology of the Pinaleno Mountalns, Arlzona a
preliminary report: in Stone C. and Jenney, J. P., eds.,
Arizona Geologlcal Soc1ety Digest, Vol. 13, p. 5-11.

W1tcher, J. C., 1979, A preliminary report on the geothermal energy
potential of the Safford basin southeastern Arizona: in
Geothermal site evaluation in Arizona, Semi-annual progress
report for period July 1978-January 1979, D 0.E. contract
EG-77-S- 02 4362, p 42- 72 :

Witcher, J. C., 1981 Geothermal resource potent1a1 of the Safford-

~San Simon basin, Arizona: Arizona Bureau of Geology and Mineral
Technology Open F11e Report - 81 26, 135 p.

' Wltcher, J. C., 1982 Exploratlon for .geothermal energy in Arizona

Basin and Range - a summary of results and interpretation of
.- heat flow and geochemistry studies in Safford basin, Arizona:

- Arizona Bureau of Geology and Mineral Technology Open File
Report 82 5, 51 P ‘

Wynn, J..C. 1981 Complete ‘Bouguer grav1ty anomaly ‘map of the Silver

: C1ty 1° x 2° quadrangle, New Mexico-Arizona: U. S. Geological
Survey M1sce11aneous Investlgatlons Map I 1310-A. :

183



AN

-

e

R

i,

r— C

A

>

ot

[ =

Figure 2.71. Map of the San Simon -area

s

SN

'

e

.

wd

————

|



S

r.;%’(

el

v
S|

r

sy
J—

| -

- l’“L rooro T e e ro

. SAN SIMON VALLEY

INTRODUCTION. . During the early iQOOS numerous artesian wells were
drilled for irrigation and water supply in th;,San Simon Valley. Many of
these were flowing artesianvwélls discharging ﬁhermal water. . Today,
flowing wells are found only north of San Simon near the Whitlock Mountains
because the water table or artesian pressure ha; dropped as a result of
ground-water development. However, several pumped wells discharge thérmal»
water near San Simon. | . }
|  PHYSIOGRAPHY. The San Simon areé liés astride Interstate 10 in the
southern portion of the Safford-San Simon basin and it includes the small
farming and railroad community of San Simon (Fig. 2.71). The Safford-San
Simon basin is the largest contihﬁous-basin in the Mexican Highland sec-
tion. 'The basin forms a valley that is drained by the north-flowing San.

Simon River. The San~Simon‘Va11ey is bound by the Peloncillo Mountains on

the northeast and the'Dos,Cabézas,and Chiricahua Mountains on the south-

west., ~Topography of,the-valley isfsubduedrand mostly flat; elevation of

_the valley floor»ét;san;Simon rahgesﬁfrom 1,067 to 1,220 m. San Simon has

_a mean annual temperature of 17°C and it receives about 23 cm/yr of pre-

cipitation annually. ‘The Dos Cabezas and Chiricahua Mountains rise to
2,440 mrelevation, while the Peloncillo Mountains do not exceed 2,010 m
elevatioh,, Precipitation in the Dos Cabezas and Chiricahua Mountains

exceeds 38 tovSQ;cm/yr.annually.
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GEOLOGY. Crystalline basement rocks in the San Simon area are likely
to have a strong west-northwest fo northwest structural grain. The Dos
Cabezas discontinuity of Titiey (1976) traverses thé Dos Cabezas and
northern Chiricahua Mountains as a complex structural zone characterized
by numerous faults that have been subjected to repeated movements since
Precambrian time (Sabins, 1957). Movements oﬁ individual faults have
included strike-slip, normal, and reverse or thrust displacements. The
Dos Cabezas discontinuity divides this region into a northern area whére
Mesozoic and Tertiary rocks geﬁerally overlie crystalline basement, and a
southern area where Mesozoic‘and.Tertiary rocké mostly overlie Paleozoic
rocks (Titley, 1976). In the Stockton Pass area in the Pinaleno Mountains
northwest of San Simon, Swan (1976) mapped another major west-northwest to
northwest trending structural zone. Swan's studies of the Stockton Pass
fault zone indicate repeated movement since Precambrian time. Continuation
of this structural zone beneath the San Simon area is likely. Beneath'San
Simon, crystalline basement rocks may underlie a discontinuous cover of
Mesozoic and possibly lower Paleozoic rocks. Laramide and mid-Tertiary
volcanic rocks may overlie these older rocks at great depths. 1In the
Whitlock, Peloncillo, and Chiricahua Mountains mid-Tertiary volcanic rocks
range in composition from basalt to rhyolite. Basaltic and andesitic rocks
are the dominant lithology in the Whitlock and much-of the Peloncillo Moun-
tains. Silicic volcanic rocks are voluminous in the southern Peloncillo
and Chiricahua Mountains and they are associated with mid-Tertiary
cauldrons (Deal and others, 1978; Marjaniemi, 1968). Richter and others
(1981) mapped‘diSCOntinuous (less than 20 m thick) outcrops of 16 m.y. old

basalt, which caps older mid-Tertiary volcanic rocks in the Peloncillo
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Mountains.' Chemistry of these rocks resembles alkali basalts,’which are

commonly associated with extensional tectonisn (Richter and others, 1981).
The’present'day Safford-San Simon basin iS'a product of extensional

tectonism. Scarborough and Pelrce (1978) named th1s event- the Basin and

Range disturbance. The main phase of Basin and Range deformation occurred

'betueen 15 and 8 m.y. B P. This deformat1on, characterlzed by complex

hlgh angle normal . faultlng, broke the crust into a zig-zag pattern of
interconnected grabens, which form the Safford-San Simon basin. Today over
two kllometers of'mostly undeformed sediment fill the basin. ‘White (1963)
used an 1nforma1 two-fold c1a551f1cat10n for ba51n—f1111ng sedlments in the
San Simon area' younger alluv1a1 f111 and older alluvial f111

The younger alluv1a1 fill is restricted to sediment dep051ted by

present day washes or to gravel capped terraces. Older alluvial f1ll is

‘subd1v1ded into four groups or facles, (1) lower un1t, (2) blue clay un1t,

(3) upper unit and (4) marg1na1 zone._ The lower unit 15 cont1nuous

throughout the basin and is probably correlative with the basal conglom—

erate facies of Harbour (1966) in the Safford area.. Sand gravel, and clay

compr1se the lower un1t. The blue clay un1t over11es the lower unit and

‘attains a max1mum thlckness of 183 m.' Correlatlon of the blue clay un1t f

w1th Harbour's (1966) green clay fac1es at Safford is reasonable because

both have s1m111ar 11thology and formatlon top elevatlons The upper unit

sedlments overlle the blue clay unit and cons1st of 20 to 60 m of s11t,

sand, and gravel. These sed1ments correlate w1th the upper basin- f111 unit

of Harbour (1966). The marglnal unit is coarse c1ast1c sedlments occurr1ng
: K v \

‘beyond the blue clay p1nchout.l Marg1na1 unit sed1ments 1nc1ude both the

upper and lower unit sediments.
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. The blue clay unit forms a cap over confined aquifers confained in
the lowér unit. Relatively high temperature gradients (40 to 50°C/km)
occur in this unit méinly as a result of its low thermal conductivity. As
a,conseduéncethe blue clay uﬁit provides a f#vorable setting for thermal
artegian aquifers. | o

The blue’clay is easily distinggishable from other basin-fill sedi-
ments; as a éonsequence, drillers'jlogs are highly useful tb map its extent
and thickness. |

- Figure 2.72 is a structure contour map at the base of the blue clay,
showing the shape and extent of the’deposition basin for the clay. Close-
spaced contours indicate the basin margin. Another structure map on top of
the blue clay (Fig. 2.73) exhibits nearly the same geometry. The exception
is that the lowest elevation at the top of this stratum is adjacent to the
southwest margin, whereas at the base, the lowest elevation is in the basin
center, A_significant'evaporite occurrence was found above thé clay
stratum in the well with the lowest clay-top elevation. This evaporite
indicates desiccation of the lake that deposited the clay.

Structural and tectonic inferences are tentatively drawn from the
structure contour maps of the blue clay. Steep or close-spaced contours
may correlate with faults that formed the basin. In addition, faulting
contemporaneous with desiccation of the Tertiary lake in the basin may'have
displaced the last remnants of this lake against the southwest margin of
the basin where evaporites overlie clay. As an anology, sag ponds or small
lakes sometimes occur adjacent to large Holocene faults.

GEOHYDROLOGY. Figure 2. 74 is a piezometric surface map of the confined

aquifer beneath the San Simon area. Close-spaced contours on this surface
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Figure '2.72, Structure contour map of the base of the blue clay unit

indicate rapidly changing hydréulic pressure. These steep hjdraulic gra-

dients, commonly called grouhd-water falls, can be caﬁsed by fault zones or

4 byrfacies changes in basin’fill,‘whereycoarse permeable sediments change

‘laterally into relatively less permeable fine-grained sedimen,ts’. The

ground-water falls also coincide with one area where average estimated tem-
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Figure 2.73. Structure contour map of the top of the blue clay unit
perature gradients of artesian wells are 1e$s'thanr40°C/kﬁ. Gradients in
other areas generally exceed 45°C/km. Because the relatively impermeable
blue clay unit thickens rapidly at the grouhd-wa;er falIs,rgrounddwater
flow is apparently impeded by thé clay or a fault zone and the low temper-
ature gradients ﬁay indicate that ground-water flow is forced downward
beneath the clay. Downward flow1ng water transports heat downward and can

cause lower temperature gradlents.
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iFigure 2.74. 'Water—table elevations of artesian wells during 1915

in the San Simon area

THERMAL REGIME. Sthwennessen‘[1917)tpublished temperature and depth

data for artesian wells in the San Simon area before significant ground-

water withdrawal had occurred Schwennessen 5 data.wereused to define the
thermal reg1me of this area prior to water-table lowerlng Figure 2.75
is a plot of well depth versus surface dlscharge temperature. Wells with

flow rates less than-37.8 L/mln and an artesian head less than 3 m above
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the surface were not used.

well depths and measured discharge temperatures.

gradient) of this data is 46.6°C/km, and the surface intercept temperature

A nearly linear relationship exists between

The slope (temperature
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is 18.5%C, which is close to fﬁé mean annual éir‘tempefature (17°C). Thus,
if appears that temperatures in the artesiaﬁ aquiféfé increasens&Stem-‘
atically witﬁ depth (about 4.7°C'per 100'ﬁ).'4“'

THERMAD*#EZLS. Thermal water (530°C5 haé_beéh reported to dischafge

from more than 20 wells in the San Simon area (Figure 2.76; Table 2.12). °
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TABLE 2.12. Wells with temperatures greater than 35°C, San Simon area

TempgratUre _ "TOta! Dissolved Depth
Location c Solids, mg/1 m
D-13-29-24CD 41 340 © 293
D-13-29-24DCC 41 - 315 293
D-13-30-03B " 43 ' <= 262
D-1330-15DAA 35 ’ 289 297
D-13-30-27AD 134 _ - 2,032
D-13-30-25CCD 37 e - 242

D-13-29-25CDD 36 - - ‘ 305
D-13-30-30B @ . - 284
. D-13-30-30BCB 40 . 355 . 293
D-13-30-36DDD 42 -- 610

These thermal wells occur in three‘clusters: (1) at the southern end of
the Whitlock Mountains, (2) adjacent to the San Simon River and, (3) south

of Interstate 10, half way between Bowie and San Simon.

In the Whitlock Mountain area, the Pinal 0il Company Whitlock #1 State

(D-10-28-36aac) was unsuccessfuliy drilled’for oil in 1927 and 1928; how-
ever, this hole did encounter a strong artesian flow of thermal water
(41°C) from a conglomerate aquifer between 440 and 587 m depth. Today
artesian flow of thermal water frdm this well continues (Witcher, 1981).

Another nearby oil and gas test, the Bear Springs 0il #1 Allen
(D-10-28-25dd), formeriy discharged '"lukewarm'" water (Knechtel, 1938).
This well, drilled to 474 m, has sincé been destroyed (Witcher, 1981).

Thermal water from the Whitlock #1 State well has sodium chloride-
sulfate composition with total dissolved solids of 962 mg/L.

Reportedly, thermal water from wells adjacent to the San Simon' River
have temperétures between730°C and 43°C and’depthévbetweehfZOO and 610 m.

Thermal water in these wells is mostly sodium bicarbonate, although a few
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wells produce water trending toward sodium chloride-sulfate composition.

Thermal water between San Simon and Bowie is produced from wells 242
to 305 m deep at pumped flow rates up to 5,300 L/min. Chemioal composition
of theSe waters'is'sodium‘bioarbonate with TDS approximately 300 mg/L.

. CONCLUSION. An extensive geothermal resource (35 to_45°C) is indi-
cated in the San Simon area between 450 and 600 m depth. Thermal water is
confined below a olay:and silt strata (blue clay) in an aquifer of inter-
bedded coarse and fine grained clastic sediments.' Inrgeneral; temperatures
increase systematically w1th depth (4 7°C per 100 m) in conformance with

the normal geothermal grad1ent in the area. Thermal water with sodium

bicarbonate-chemistry and TDS less‘than 500 mg/L is_observed in areas adja-
cent to Interstate‘lo.‘ In,areas nearest the WhitlockrMountains,'dissolved
solids content'is greater'thaanOO'mg/L and the thermal water trends toward
sodium chloride-sulfate composition./ | |

Geothermal potentialiat depths greater‘than 1 km is possible. In
1938, a deep o0il and gas test, the Funk Benevolent 1 Fee, (D-13-30- 27ad)
was completed to 2 032'm depth Inva 1940 memorandum, E. D. Wilson of the
Arizona Bureau of Mines gave"anyaéoodnt:of;a‘Visit,to this well where he
was told that 1349C water was encountered‘in the,bottom 100 m. = A slightly
anomalous average temperatnre gradient‘(60°C/hmj is necessary to explain
this temperature (134 C at 2 km depth). A hydrothermalrconveotion'system
may exist at this location. ‘A zone of steep west-northwest trendlng
structural oontours in thefblue-clay ‘crosses the,Funk Benevolent 1 Fee
location and this may indicate a fault zone, wh1ch can prov1de vertlcal
permeability at depth for hydrothermal convection. 'However, with available
information the existence of a ‘resource greater than 100°C at depths

L

greater than 1 km is speculative
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Figure 2.77. Map of the Clifton and Gillard Hot Springs region
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CLIFTON AND GILLARD HOT SPRINGS

INTRODUCTION. Arizoné's highest temperature thermal springs, Gillard
" Hot Springs,184°C, and Clifton Hbt'Springs, 30 to'72°C, occur in the
Clifton-Morenci fegion. rLand adjacent to these springs haS'béen designated
by the U.S. Geological Suriey as,Knoﬁn Geothermal Resource Afeas (KRGRASs) .
VThe Gillard KGRAk(2,920_acfes);and the Ciifton KGRA (780 acres) afe
| Ariiona‘s only fedéral kGRAs; Af present oﬁ1y the Clifton KGRA is leased.-
Figuré 2.77 is ; map of the Qlifton-Morehci region’showing'thérmal sprihgs,
KGRAS,Aand major political énd topographic featﬁtes. |
©  PHYSIOGRAPHY. Situated in.arﬁransition zone between thé Colorado
Plateau té the nofth and the Basin and Range province to the'sogth, the
Clifton-Morenéi'fegion is characterizgd 5y.ruggéd canyons cut bf the San
Francisco River, Gila River, Eagle Creék, Blue<River, and Chase Creek.
Elévations range from 900 to 2,500 m above mean sea level.

GEOLOGY. Paleozoic rocks, resulting from deposition durihg a period
of tectonic inactivity, oveilie a distincfive iéd Precémbrian granite and
the Pinal Schist at’Clifton (Fig. 2.78). Within‘thehpaleozoié seétion, é
basal arkosic sandstoné>is oferlaiﬁ by interbedded shales and carbonate
rocks, the latter becoming domiﬁanf in the uppér portion ofrfhe Paleozoic
section. At Clifton, sediménts-frém all Palé¢zoic periods except Silurian
and Permian are exposed (Liﬁégren,,1905). Precambrian granite, Pinal

Schist, and the Coronado Sandstone are potential geothermal reservoir hosts

in areas where they may be extensively fractured at depth albng major
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Figure 2.78. Generallzed geologlc and structure map of the Clifton
and Gillard Hot Springs area
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structures. Paleozoic carbonate strata, the Second Value Dolomite, Modoc
Limestone, and Horquilla Limestones are potential reservoir rocksdue to
secondary solution permeability and‘silicification-brecciation along fault
zones. The El Paso Limestone and ;he Morenci Shale could be iﬁportant
impermeable cap rocks.'

.Jurassiﬁ and Triassié rocks "are not obéerved in the Clifton-Morenci |

region. Instead, Mesozoic uplift and erosion of the Burro uplift (Elston,

1958) exposed upper Paleozoic rocks, which were later capped by Late

Cretaceous shale. During latest Cretaceous and Paleocene, tectonism

intensified, with forceful intrusion of stocks and laccoliths (Langton,

'1973). Intense hydrothermal alteration and economic copper mineralization

is associated with the Paleocene plutonism.

Compressional tectonism of probable Mesozoic age is evident in the
region, Lindgren (1905) and Cunningham (1979) mapped low-angle thrust
faults in Chase Creek and along the San Franciéco River north of Clifton
The total extent of these faults is unéerfain but £hey could act as
geofhermal reservoirs where deeply buried. Anothgr structure of Late
Cretaceous to Paleocene age, with important bearing on geothermal poten-
tial, is intense N, 25° to 45°'E. fracturing of Precambrian rocks. The
fracturing appears most prdminent near Paleocene intrusions and is easily
distinguished as close-spaced lineaments on aerial photographs. The region
was apparently sfructurally,high and undergoing erosion during Eocene be-
cause clasts of Paleocene rocks are observed in thin‘discontinuous gravels

below Oligocene volcanic rock.

Oligocene to early-Miocene volcanism buried the Clifton-Morencirrégion'

beneath 1 to 5 km of mostly andesitic to basaltic flows and breccias,
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localized but structurally 1nportant dacitic to rhyolltlc lavas and tuffs,
and volcano-clastlc sedlments (L1ndgren, 1905 Ratte and others, 1969;
Strangway and others 1976 Damon and others,-1968 Elston, 1968 Berry, -
1976 Wahl 1980 Rhodes, 1976; Rhodes and Sm1th 1972) These mid-
Tert1ary volcanlc rocks comprise two su1tes, an older andes1te to dacite
suite called the Datil Group (Elston 1968) and a younger basaltic andesite
and 1at1te-rhyol1te suite (Berry, 1976) Lat1te-rhy011te and daclte plugs,
domes, and dikes are a11gned in west-northwest~ and northeast-trending
zones, East of C11fton along the New Mex1co-Ar1zona border, volcanlc
strat1graphy and seismic refractlon studles show an elongated Tertlary
basin trendlng northwest the Blue Creek ba51n, wh1ch 1s filled w1th up to
5 km of early 011gocene to late Mlocene volcan1c rocks (Berry, 1976;

Wahl 1980 and Glsh 1980) Volcano tectonlc subs1dence or Tertlary
sync11na1 warp1ng appear respon51b1e for the Blue Creek ba51n. While a

31gn1f1cant thlckness of welded ash flow tuff ex1sts at Cllfton, no de-

'f1n1te 011gocene r1ng fracture zones or cauldrons have been 1dent1f1ed in -

the 1mmed1ate area. ' )

Fractured basa1t1c and ande51tic flows and brecclas where deeply
burled may host geothermal resources, espec1a11y along faults Dac1t1c to

rhyolltlc plugs, domes, and dlkes are usually h1gh1y fractured and

. breccxated allow1ng for potent1al recharge and dlscharge of water to and

from deeply bur1ed aqulfers. ,
Dur1ng and after the last stages of M1ocene volcan1sm low lying
areas between volcanlc centers and structural depressions filled with

generally coarse clastic sediments. These shallow-dipping Miocene

- 201



. sediments along Eagle Creek, San Francisco River, and Blue River north of
Ciifton are highly cemeﬁted'ana makelpoor aquifers.

Major, post-vdlcaniém rifting'broke the crust:albng ;teeply dipping
normai faults, and formed the firﬁf-orderistfuctures observed today. This
mid- to late-Miocene-Pliocene BaSin énd Range .faulting (Scarborough and
Pierce, 1978) largély ended by léte Pliocehe. Hdwever, aﬁ early-
Pleistocehé(?)-geomorphic surfaée has beén'vertically'displaced 20 m by
the Ward Canyon féult:éast of Clifion (Christopher H. Menges, 1981, per-
sonal‘communicatién).‘ t | | 7

Thé complex Wérd'Canyon:féuit forms the norfherﬁ margin of a
structural basin, which is filled with mosily undeformed Pliocene to
Quarternary, generally coarse claStic sediments. North of this Basin the
northeast and_north-notthwest-striking Saﬂ Fréncisco; Limesfone Gulch, and
Clifton Peak faults difideAa basement ﬁplift exposing pre-Tertiary rocks'
into two segments: fhe wedge-shape Morenci uflift on the west, and the
smaller Clifton uplift on the east. In general, Paleozoic rocks dip ;S to
40 degrees northwest,’while Tertiary volcaﬁic rocks dip 15 to 40 degrees
northeast. A northwest-trending zone of probably early Miocene age
rhyolite-latite dikes and associatéd domes traverses the Clifton-Morenci

basement uplift 8 km north of Clifton. These dikes and domes may indicate
a major strucfural zone of régional extent. The Gillard fault forms the
southern boundary of the Pliocene structural basin. |

Major, post-Miocene Basin and Range faultsliocalize hot-spripg
occurrences in canyons. These faults cut across draihagé énd presumably
ground-watér flow, The Limestone Gﬁlch ahd Clifton Peak féults appear to

control the Clifton Hot Springs system, while the Gillard fault zone
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apparently controls the Gillard Hot Springs and the Eagle Creek Hot
Springs; The thermal springs in the Martinez Ranoh.area‘are‘controlled’
by northeast-trending faults, which project southward’into the Limestone
Gulch fault zone, |

FEDHYDROLOGY Ground-water cond1t1ons in the C11fton—Morenc1 reglon
are poorly understood due to the 11m1ted ground-water development. Thus,
extrapolatlon of ground-water condltlons from one locality to another is
inadvisable because geology, topography, and climate are highly-variable.
However, one generallzat1on is p0551ble. BeCause the Gila and San
Francisco R1vers flow year around we estlmate that ground-water is shallow
(less than 30 m) along the1r courses,. In add1t10n, we have assumed the
ground water is not perched and that_ 1t roughly co1nc1des w1th the static
water table in a cont1nuous;ground-water flow system. “Due to relatlyely
higher precipitation and lower:evaporatlon wlth inereaslng elevation, and

because 1t follows topography, the static water-table elevatlon probably

_rises away from the Gila and San Francisco R1ver»canyons. F1gure 2. 79 is a

genera11zed map of ground-water flow in the Cllfton-Morenc1 area based upon
these assumpt1ons. ' | » ‘ ‘ 7 ‘

THERMAL WELLS AND SRRINGS Numerous, ecattered thermal sPrings and
seeps, comprlslng C11fton Hot Sprlngs, dlscharge from alluv1um along the
San Franc1sco Rlver in sections 19 and 30 T 4 S., R 30 E., in and north
of C11fton.l D1scharge from 1nd1v1dual sprlngs is small (<5 gpm) Measured
temperatures range between 30 and 70 C ) These thermal sprlngs are char- .

acterized by sod1um-chlor1de chem1stry w1th TDS between 7 000 and 14, 000

‘mg/L (Table 2.13).
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TABLE 2.13 SELECTED CHEMISTRY OF CLIFTON HOT SPRINGS
Location ~~ Temperature TS pH Na K Ca Mg Cl SO, HCO#CO; S0, Li B F
; C Na+K ‘
D-4-30-18CCA’ N 13900 -- 3300 220 880 22 7000 60 130 110 -- 1.4 3.6
D-4-30-30CA 39 5526 7.0 1500 82 430 16 3150 72 163 S5 2.6 0.64 2.3
D-4-30-18C 44 9696 6.6 2700 170 790 21 5700 62 146 o4 4.1 1.4 2.7
D-4-30-18C 59 . 9352 . 7.1 2600 170 740 20 5500 68 146 95 4.0 1.2 2.8
D-4-30-30DB 48.8 8740 -- 2540 767 37 5230 110 111 - e o 43
D-4-30-30DB 40 . 8880 .- 2570 782 43 5280 138 « 136 - - - aa
D-4-30-30DB 37.8 8940 -- 2620 754 41 5280 178 129 - = = 5.0
. D-4-30-30DB 40.6 7490  -- 2212 619 38 4470 68 152 -- == - 3.6
D-4-30-19CA 34.8 12576 . 7.7 3207 210" 1064 52 6460 -- 92 82 -- 1.48 1.8
. D-4-30-18CD 48.0 14548 - 8.2 3586 243 926 23 7485 -- 150 131 6.96 1.51 3.5
- D-4-30-18C 61.0 7205 7.5 2015 175 601 13 4400 58 114 95 - - -
D-4-30-18C 45.0 10141 = 7.5 2502 239 959 23 6060 59 130 . 95 .- .- .-
© D-4-30-18CCDAC 70.0 11395 6.2 2700 195 800 21 6600 56 88 9 5.1 1.53 1.75
D-4-30-18CCDBB . 70.0 10730 5.3 2650 176 748 21 6286 55 98 85 4.9 1.09 1.35
D-4-30-18CCBDD 67.0 10329 6.4 2650 180 728 21 6129 57 120 89 4.8 1.27 1.20
D-4-30-18CCBBD 670 9789 6.3 2450 159 707 20 5722 54 . 131 82 4.5 1.38 0.15
D-4-30-18CDCCC 50.0 14272 -~ o= = oo -2 7213 - - 88 5.4 1.64 0.40
© D-4-30-19CADBC 320 - 6.9 -- «= - -2 2710 -- - 62 2.2 0.65 0.65
D-4-30-19CAAAA 33.0 10923 6.8 2350 138 735 41 7260 65 120 64 4.2  1.02 0.78
D-4-30-30DBCBA 38.0 10381 7.1 2280 103 757 33 5312 53 131 S0 4.2 1.09 3.80
D-4-30-30DBDCC 31.0 2140 7.6 2140 113 701 ‘45 5296 53 88 51 3.9 0.73 0.42




Figure 2.80 .shows that the conceﬁtration of chloride versus boron
varies systematically among the various Clifton Hot Springs.' The observed
systematic variation in these constituents suggests that individual springs
are discrete and are composed of volumetrically varied mixture$ of thermal
and nonthermal water. In addition nonthermal spring waters in‘the area

typically have lower chloride and boron concentrations than the thérmal

springs.

Different volumes of nonthermal water mixed with thermal water cause
measured temperatures to vary significantly} In addition, therquartz
temperatures vary between 90band 150°c. When:quarté témperatpres are
plotted against chloride, a linear relationship results similar to that
observed between chloride and boron (Fig, 2.81). Interestingiy, there is not
as good a linear correlation between dissolved silica concentrations and
chloride. There is also no correlation between measured spring temper-
atures and chloride concentrations as would be expected if mixing
were the only cdoling.process. Apparently, these thermal waters lose
significant heat to country rock by conduction.

We believe the Clifton Hot Springs discharge from a chemically and
thermally inhomogenous and ffacture—controlled 90-t0-150°C geothermal

system. Apparently, thermal water flows upward to the surface through

discrete fracture systems and "water courses" (Fig. 2.82); Dufiﬁg ascent

thermal water mixes with nonthermal water. During andibeforé mixing and
before conductive heat loss, silica concentrations apﬁarently'equilibrate
with quartz. The largest chloride concentrations and highest quartz
geothermometers in the Clifton Hot Springs system are found in springs that

intercept the least relative volume of nonthermal or previously mixed
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water. These springs do not necessarily have the highest measured temper-
ature. Measuredbtemperatures are higheSt where flow rate and volume of
contained fluid versus fracture surface area are largest and length of flow
path is §hortest.’ This environment would have the least conductive heat
loss to country rock. Inbaqy caée, the Cliftonﬁhot Spriﬁg system does have
significant conductive 1055‘of heat‘fb tﬁé countryfrock. This heat loss is
evident in the lafgé difference between measured temperatures and the
equilibrated geothermometers offthe mixed water. Low flow rates observed
in individual springs is a possible cause of the.conduétive heat loss,

Temperatures greater than 150°C are predicted‘in the Clifton Hot
Springs system by Na-K-Ca geothermometers.énd chloride-ehthalpy diagrams
(Witcher,.1981). _Deep reservpir temperatures of 160°C to 180°C are
inferred, but additional work is needed to confirm these estimates.

,CompoSi;e‘flow rate of'the Clifton HbtvSprings,system was determined
as 75,6.L/s by chlofidg balancegof the thermélnspriﬁgS'and the San
Francisco River, whichjxggeives all the‘spring flow, Witcher (1981)
egtimated naturai'heat loss froﬁ this syétem into the San Francisco River ..
at 18 to 27 Mit. | | |

GillardeotvSprings‘dischargen80 to‘84°C water aldng the banks of
thevGilaVRiyér in section 27, T. § S., R. 29 E. (Fig. 2.78). These springs
discharge sodium‘chlqride water with equal concentrations of Sulfate and
bicarbonate. TDSiranges between 1,20@ and 1,500 mg/L. Chemical data for
Gillard Hot Sprihgs reveal no significant‘vaiiations (Tablé 2.14). Both
the quartz and Na-K-Ca geqthe;mometers,predigt 130o to,139°C subsurface.

temperatures for this geothermal system,
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Witcher (1981) calculated a cumulative discharge rafe of 29.9 L/s for
Gillard Hot Springs, using the chloride balance of the springs and the Gila
River. Convective heat loss from the system into the Gila River is
approximately 7.8 MWt.

Thirteen km northwest of Gillard Hot Springs, and east of the Gillard
fault zone (Fig. 2.78) Eagle Creek Hot Springs in section 35, T. 4 S}, R.

28 E., discharge 42°C sodium bicarbonate—cﬁioride water. Eagle Creek
thermal water has TDS of less than 1,000 mg/L (Table 2.15). Geothermometry
for this water is unreliable due to low flow rates and possible precipi-
tation of calcite and silica. At a spring!temperature of 42°C silica is in
equilibrium with a-cristobalite. ‘

The Eagle Creek system may be a part of the Gillard éeothérmai syétem
because both are on the same structural trend. However, it should be
pointed out that significant differences in éhemiétry exist, making this
hypothesis very tentative at present. Heindl (1967) reported that wells
drilled in Eagle Creek (exact location unknown) tapped 48 to 56°C water in
basaltic rock at depths of less than 100 m. The wells were repdrted to
pump 60 L/s.

North of Clifton along the San Franciéco River, near the Martinez
Ranch, a thermal spring seeps from a river gravel bar. Spring temperature
is 26.6°C; spring chemistry is sodium chloride, with 6,594 mg/L TDS. The
chloride and 1lithium rafio and the Na-K-Ca geothermometry are similar to
those for the Clifton Hot Springs; in additioh; both occur on the
northeast-trending Limestone Guléh fault zdne (Wifcher, 1981). .

THERMAL REGIME. Six heat-flow measurements are available in the

Clifton-Morenci region. Analysis of temperature-gradieht and heat-flow
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TABLE 2.14 SELECTED CHEMISTRY OF GILLARD HOT SPRINGS
" Location Tempegature TDS pH Na K Ca Mg Cl S0, HCOg4CO; 5i0, Li B F
’ emee : L ‘ : 2
D-5-29-27AA' 82 1244 8.0 411 13.2° 20 0.7 464 175 220 98 1.01 0.4 10.6
D-5-29-27AA 82 1483 © 7.4 450 14 22 0.8 490 180 216 95 0.87 0.41 11
D-5-29-27AA 82.8 1224° -~ a31 27 3.5 470 174 = 228 -~ -~ 0.8 =--
D-5-29-27AA" 76.7 . 1252 © -- 448 26 3.1 500 178 196 -e == 0.9 .-
D-5-29-27AA 82.8 1242 -= 450 22 2,2 480 182  215- — - 0.7 --
D-5-29-27AA - 1260 . -- 449 28 4.7 475 183 217 —-  --= 3.0 10
D-5-29-27AAC 81 1400 7.3 = - - -~ 486  -- -- 90 0.49 0.12 3.5
D-5-29-27AAC " 82 1347 7.1 -~ - -- -~ 469 - - 88 0.47 0.08 4.1
D-5-29-27AAC 84 1410 7.1 -- - - e 494 - - 87 0.49 0.08 6.5
D-5-29-27AAC 66 1435 7.7 542 13 7.9 0.8 519 162 151 89 0.50 0.09 6.0
TABLE 2.15 CHEMISTRY OF EAGLE CREEK THERMAL SPRINGS

‘Location Temperature ™S pH Na K Ca. Mg ~Cl SO, HCOgCO, Si0, Li B F
D-4-28-35ABBA 42 626 7.0 159 7.7 25.0 1.3 121 49 - 209 21 .04 2.0 <.01
D-4-28-35AB- 35 731 8.2 190 7.8 16.0 2.1 120 45 283 64 0.39 0.12 10.0
D-4-28-35ABBA 42 676 8.1 198 9.0 14,4 2.2 120 77 288 67 6.96 0.15 10.2
D-4-28-35ABBA 42 658 . 8.3 179 9.5 3.4 2.4 126 197 60 0.4 <.01 8.0
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data shows significant thermal disturbance from ground-water flow. The
Clifton-1 heat-flow hole dramatically illustrates this phenomenon. Due to
lateral water movement with a downward flow component, the temperature-
depth profile of this well is concave up (Fig. 2.83). The heat flow
increases systematically with depfh because heat is transborted downward by
water movement. Two other heat-flow holes, one on the Clifton’uplift, the
other on the Morenci uplift, apparently are nqt distﬁrbed By groundfwater
movement. These measurements, ian;ecambrian granite and Cambrian
quartzite,.have heat flows o:E-!i)4‘me"2 and 97 mWm™2, respécti&ely (Witcher,
1981; Witcher and Stone, 1981). These values suggest that regional heaf
flow for the Clifton-Morenci area is about 96 mWm™2, which is high compared
to the 80 mWm~? average estimated for southeastern Arizona by Shearer and
Reiter (1981). Witcher (1981) suggested that the high heat flow results
either from unusual radiogenic heat production in the crust or anomalous
temperatures in the underlying mantle. The low magnitude of this heat
anomaly is not indicative of an igneous heat source such as a cooling magma
chamber. Absence of Quaternary volcanic rocks supports this conclusion.
Area geothermal systems probably result from deep.water circulation through
a region having an enhanced thermal regime.

CONCLUSION. Geothermal studies show a complex distribution of
temperatures in the shallow crust, which are favorable for geothermal
resources in the Clifton-Morenci area. Thermal springs in this area
probably originate from predominantly fofced convection, which circulates
water through fractured Precambrain granite and Paleozoic rocks that have
been displaced to great depth by Cenozoic volcano-tectonic processes and

faulting. Thick sequences of volcanic flows and clastic sediment cap these
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aqﬁifers: Fault zones. transverse to’ reglonal ground—water flow leak this
hot water to the surface. A magmatlc heat source is not indicated for this
area; rather, above normal mantle heat flow or. radlogenlc crustal heat
productlon prov1des heat to hydrothermal systems in the C11fton-Morenc1
region, Excellent potent1a1 ex1sts for geothermai resources between 90 and

150°C. Potent1a1 for resources over 150 C is speculat1ve.

Future uses of these geothermal resources 1nc1ude copper extractlon,

. space heat1ng,and coollng, and possibly e1ectr1ca1 power production.

' TEMPERATURE, °C
18O 200 220 240 260 280

DEPTH, m

oes0{

3004

3500

Figure 2.83. Temperature-depth prdfileAOf theJClifton 1 heat-flow hole

213



REFERENCES CLIFTON AND GILLARD HOT SPRINGS

Berry, R. C., 1976, Mid-Tertiary volcanic history and petrology of the
White Mountains volcanic province, southeastern Arizona: unpub.
Ph.D. Thesis, Princeton University, 317 p.

Cuhningham, J. E., 1979, Geologic map of the Clifton, Arizona area:
- ~Arizona Bureau of Geology and Mineral Technology Open File Report
81-22, 1:24,000 scale.

Damon, P. E., and assbciatés,'1966,7Corre1ation and chronology of the
ore deposits and volcanic rocks: Atomic Energy Commission Ann.
Rept. No. 1966 C00-689-60, University of Arizona.

Elston, W. E., 1958, Burro uplift, northeastern unit of sedimentary
basin of southwestern New Mexico and southeastern Arizona:
American Association of Petroleum Geologists Bulletin, Vol. 42,
p. 2513-2517. . :

Elston, W. E., 1968, Terminology and distribution of ash flows of the

Mogollon-Silver City-Lordsburg Region, New Mexico: Arizona
Geological Society Guidebook III, Southern Arizona, p. 231-240.

Gish, D. M., 1980, A refraction study of deep crustal stfucture of
the Basin and Range-Colorado Plateau in eastern Arizona: unmpub.
M.S. Thesis, University of Arizona, 32 p.

Heindl, L. A., 1967, Groundwater in fractured volcanic rocks in southern
Arizona: <n Hydrology of fractured rocks-Dubrovnik symposium,
1965 proc. Vol. 2, International Association of Sci. Hydrol. Pub.
74, p. 503-513.

Langton, J. M., 1973, Ore genesis in the Morenci-Metcalf District: AIME
transaction, Vol. 254, p. 248-257.

Lindgren, W., 1905, Description of the Clifton quadrangle: U. S.
Geological Survey Geologic Atlas, Folio 129.

Menges, C. M., Peartree, P. A., and Calvo, S., 1982, Quaternary faulting
in southeast Arizona and adjacent Sonora, Mexico (abs): Abstracts,
78th annual meeting Cordilleran Section, The Geological Society of
America, April 19-21, 1982, Anaheim, California, p. 215.

Ratte, J. C., Landis, E. R., Gaskill, D. L., and Rabbe, R. G., 1969,
Mineral Resources of the Blue Range Primitive area, Greenlee
County, Arizona, and Catron County, New Mexico: U. S. Geological
Survey Bulletin 1261-E, 91 p.

Reiter, M. and Shearer, C., 1979, Terrestrial heat flow in eastern

Arizona, A first report: Journal of Geophysical Research, Vol.
84, no. Bl1l, p. 6115-6120. :

214

o~
A

W i o

| g

r

L un B amn BN sun st

r— £ e

T o oo

r—

-

R



oo

v

e

r‘-»—‘ .

o

! o

r- @ K T«

r

Rhodes, R. C., 1976, Volcanic geology of the Mogollon Range and adjacent
areas, Catron and Grant Counties, New Mexico:  Z»n Cenozoic vol-
canism in southwestern New Mexico, New Mexico Geological Society
Special Publication 5, p. 42-50..

Rhodes, R. C. and Smith, E. I., 1972, Geology and tectonic setting of
of the Mule Creek Caldera, New Mexico, U.S. A.. Bulletin of
Volcanology, Vol. 36, p. 401-411.

Scarbbrough,'R.'B.'and Peirce, H. W., 1978, Late Cenozoic basins of
Arizona: in Callender, J. F., Wilt, J. C., and Clemons, R. E.,
eds., Land of Cochise, New Mexico Geological Society .Guidebook,
29th F1e1d Conference, p. 253-259. _

Strangway, D. W., Slmpson, J.,and York D., 1976, Paleomagnetlc studles
of volcanic rocks from the Mogollon Plateau area of Arizona and
New Mexico: in Cenozoic volcanism in southwestern New Mexico, New
Mexico Geological Society Special Publication, 5, p. 119-124,

‘Wahl, D. E., JrQ,'1980; MidéTertiary volcanic geology in parts of

Greenlee County, Arizona, Grant and Hidalgo Counties, New Mexico:
unpub, Ph.D. Dissertation, Arizona State University, 147 p.

Witcher, J.'C;, 1981, Geothermal energy potential of the lower San
Francisco River region, Arizona: Arizona Bureau of Geology and
Mineral Technology Open File Report 81-7, 135 p.-

Witcher, J. C. and Stone, C., 1981, Thermal regime of the Clifton-
Morenci area, Arizona (abstract): Geological Society of America
Abstracts with Programs, Cord111eran Section, Vol. 13, No. 2,
pP. 114

215



SONORAN DESERT SECTION

PHYSIOGRAPHY. The Sonoran Desért section of the Basin and
Range province covers most of south-central and southwestern Arizona.
Relatively small mountain ranges, 5 to‘lovkm wide, separate alluvial
ﬁiains that are 30 to 50 km wide. Mouﬁtaiﬁvranges generally riseVOnlyi
1,200 m to 1,500 m above séé‘lévél, while adjacent basins lie below -
900 m elevation. Due to a. very afid'climate,Athe mountain ranges #re » Li
bare of vegetation, very rocky, and rugged. " Basins are generally [:
characterized -as gently slopiné Bajadas. Whiie through-flowing.dfain- \
age exists, very little entrenchment of the bajadas by drainage is [:
evident in the topography. |

GEOLOGY. Lithology and structure in the Sonoran section are {;
exceedingly diverse and relatively complex. Precambrian (1.7 to 1.8 [;
b.y.) gneiss, schist, quartzite, and amphibolite are intruded by
several generations of plutonic rocks ranging from Precambrian to mid- (ﬁ
Tertiary age (Reynolds, 1980; éilver, 1978). Precambrian granodiorite -
plutons (1.7 to 1.6 b.y.) are intruded by anorogenic megacrystic L
granites (1.5 to 1.4 b.y;) (Silver, 1978). Precambrian diabase dikes [;
intrude all othér Precambrian units. A major unconformity separates
Precambrian and Paleozoic rocks. ; L

Paleozoic rocks occur in scattered outcrops that are mostly in the ,
Plomosa, Harquahala, Little Harquahala, Rawhide, Vekol, Slate, and Silver L-

Bell Mountains. Among these limited Paleozoic outcrops, some are 1

=
structurally deformed and some are underformed. In addition, Paleozoic (;
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rocks in some areas have undergone reg10na1 metamorph1sm Paleozoic

units in the Sonoran Desert sectlon ‘were dep051ted in a craton1c shelf

[

- environment These rocks -are 51m11ar in appearance and correlat1ve to

Paleozoic strata on the Colorado Plateau and on shelf dep051t1ona1 areas

©in southeastern Arizona. Quartz1te of Cambrlam age grades upward into

predomlnantly carbonate rocks of Mlss1551pp1an age. Pennsylwanian to
Permlan red 511ts and shales are overla1n by Permian cross-bedded sand-
stones and cherty llmestones (Reynolds, 1980; Peirce, 1976).

‘ Early to mid- Jura551c volcanlc rocks up to 5 km th1ck and coeval
pluton1c rocks over11e or 1ntrude Paleoz01c strata (Reynolds, 1980).
The Jura551c volcan1c-p1uton1c sequence 1s unconformably overlaln by
Jura551c to Lower Cretaceous clastlc sedlments (Hardlng, 1980; Robison,

1980) Dep051t10n of these sedlments occurred in east to- west and

'southeast to-northwest trend1ng grabens (Hard1ng, 1982 ROblSOH, 1980)

These sed1ments are tecton1ca11y deformed and metamorphosed Small Late
Cretaceous, mostly equlgranular stocks, plugs, and dikes intrude these
sedlments. ——

Late Cretaceous plutonlsm was accompanled by reglonal metamorphlsm

kranglng from greenschlst to locally hlgher grade metamorphlsm (Reynolds,

1980; Haxel and others, 1980) | Areas w1th hlgher grade metamorphlsm are
frequently dlstlngulshed from other areas by m1gmat1t1c gnelss. Paleocene
to Eocene tecton1sm was partlcularly intense and was accompan1ed in part

by southwest vergent thrustlng and 1n1t1a1 development of exten51ve mylon-

~1t12at1on (Kelth 1982). Peralumlnous granltes, apparently derlved from

me1t1ng of cont1nenta1 crust were emplaced along a few of the thrust

faults. The thrust faults separate upper plate unmetamorphosed and
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uﬁmylonitized crystalline rocks frbm underlying metamorphic complexes.
These thrust faults prOvided plana? dislocétibn surface; in some areas
for mid-Tertiary extenéion‘asgpciated with:thermal arching of ‘the crust.

Mid-Tertiary (mostly poSf'26 m.y.) vélcanism was voluminous in
the‘Ajo area, Castle Dome_Moﬁntainé, Vulture-Big ﬁprn Mountains,
Superstition’Mountains, and the Tucson-Roskrudge Mountains.: ﬁiqqéne‘
dike swarms that trend northweét to north-northwest are common {(Rehrig,
1976; Rehrig and others, 1980). Deposition of Tertiary arkosic and
volcanoclastic sedimenfs preceded and accompanied the main phases of
volcanism (Scarborough and Wilt, 1979). Depositional basins formed as
a fésult of regional extension although volcano-tectonic subsidence
was possibly locally important.

Normal faulting and conéurrent antithetic_block rotation occurred

over low-angle dislocation faults during regional extension between 25

.and 15 m.y. ago (Rehrig an& others, 1980; Shafiqullah and others, 1980).

Mylonitization of crystalline rocks accompanied this extension in some

areas; however, in other areas major extension also post-dated mylon-
itization. In these later areas, mylonitized rocks have been deformed
into chloritic breccias by brittle strain post-dating mylonitization
(Réynolds, 1980). The green breccias occur up to tens of meters bélow
thé dislocation faults, which form brown aphanitic ledges with planar
upper surfaées.

Flat dislocation faults and underlying metamorphic complexes weré
denuded by erosion subsequgnt to arching, ahd during and afferrlow-
angle fault extension. Arching formed anticlinal to synqliﬁal structures

whose axes are oriented northeast and northwest. The northeast-
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oriented folds aré more significant. The anticlinal morphology of the
Sénta'Catalina, Rincon, Tandue Verde, Harqqahala; and Harcuvar
Mountains are prominent examples of aiching of the flat-lying disloca-
tion faults andAdnderlying crystalline metamorphic complexes (Reynolds,
1980; Davis, 1980; Keifhfandlbthers, 1980)."A'm5jor Miocene synclinal
warpiné of a’disiocatién'fault(s) may occur in the Gila trough
(Pridmore andACréig, 1982). - | |

Basaltic voiéanié'flows'ﬁbst—dafing 15 m.y. are relativeiy
untilted; and they overlie oldér rocks in anéular uncbnfbrmity. The
flows afe'faulted by‘high-ahgié ndrﬁai‘fauité of the Basin and Range
distufbancé fShafiquilah androfhers, 19§O;>Scarborough‘and Peirce,
1978). Quaternary faulting is rare and it has apparently only occurred
neai Yuma and Gila Bend. |
| ﬁ Basaltic flows and cones_in the Sentiﬁel Plain-Arlington volcanic
field and the ?inacate vo1cahi§'fie1d are the youngest'volcanic rocks
in the Sonoram Desert section. ' The Pinacate field is mostly in Mexico,
with only a very small portion in Arizona. The SentinelAPIain-Arlinétdn
field haé isotopic dates ranging frdm 1;7.tb 6.5 m.y. (Shafiqullah and
bthers, 1980). However, the average date for flows and cones is
between 3.0 to 3.5 m.y.

The thermal regime of the Sonoran Desert section is typical of

the southern Basin and Range province. Averagé crustal heat flow is

about 79 mWm 2. A few high meaSUrementsr(hp to 120 mWm 2) probably

- result from deep ground-water flow or anomalous concentrations of

radioactive elements (radiogenic heat) in upper crust crystalline rock

rather than from heating by magmatic intrusion.
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Geothermal potential in the Sonoran Desert section is closely
tied to geohydrology and regidﬁél sffucture.' Regional structures may
provide permeability for deep grqundfwater‘percolation. ’High-angle
normal'faults,/forming maj9f~structura1 basins,'are one set of impor-
tant structures. Low-angle faults associated with mid-Tertiaryv

extension may provide deep fracture permeability for reservoirs (see

the section on the Coolidge area). Thick sequences of Tertiary

sediments may also provide su1tab1e reserv01r rocks. The coarse

fac1es in these un1ts are generally permeable, and the entire Tertlary

'sequence has low thermal conduct1v1ty (<2 0 WmK) ngh temperature
gradients (30 to 50°C/km) occur in low thermal conductivity sediments

‘where conductive heat flow exceeds 70mWm 2.
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"TUCSON BASIN

INTRODUUTION, At present time, Tucson is one of‘the 1afgest munici-
palities in the United States thatadepends eatirely upon a-groandfwater
supplyksouice (Wright and»Johnson,;iQf6).‘ More. than 200 domestic wells
located in the.Tucsoh basin are operated by the city of Tucson, local
water companies.and inﬁuétfy. A few of these wells pump thermal:water
(>30°C). The hoftest wells are owned by'Tucson'EIaatric Pawef Company,

and thay discharge 50 to 57°C water from depths batween 762 and 959 m.

A thermal spring, Agua Caliente, discharges 30 to 32°C water near Tanque’

Verde. 7 o

PHYSIOGRAPHY. Thé Tucsan basin is'situated in the Sonoran Desert
sectiah of the.Basin and,Range province. TherSanta Rita Mountains,
greater”thaa>1,829 m in elavation, form the southeast basin margin, while
fhe rugged Rincon, Tanque Verde, and the.Santa‘Catalina Mountains, gréater
than 1, 829 m in eleVation;'form the piéturesqué nbrthern and eastern
boundarles (Fig. 2.84). Relatlvely low ranges less than 1, 829 m high,
the Tucson and Slerrlta Mountalns, form the western border to the ba51n.
The Tucson b351n floor slopas northwestward from 1,067 m at the base‘of_
ﬁhékéanta'Rita Mouhfains'to 607 m near Rillito, Pantana, Tanque Verde,
and Rillito Washea dissect the eastern and northern pbrtions of the basin,
and empty 1nto the through f10w1ng Santa Cruz River near Cortaro. The
Santa Cruz Rlver flows south to north and 1s confined to the western

parts of the basin. Both the Santa Cruz River_and tributary washes
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décasionally carry Watér'after winter and summer storms. Most of these
intermittent flows of wafer originate in surrounding mountains where
precipitation is high (>50 to 75 cm pér'yéar).

GEOLOGY. The oldest rock exposed in the Tucson basin area is the
older (1.7 b.y.) Precambrian Pinal Schist, which is intruded by the
Oracle Granite (1.4 b.y. old) (Silver, 1978). Scattered outcrops of
younger Precémbrian Apaché'Group sediments nonconfofmabiy overlie Pinal
Schist and Oracle Granite in the Santa Catalina Mountains. All Pre-
cambrian lithologies are cut by diabase dikes and:-sills dated at gbout
1,100 m.y.B.P. (Silver, 1978). |

Paleozoic rocks; which were deposited on an erosionally bevelled
Precambriah terrane, occur in outcrops of limited extent in mountains
adjacent to the Tucson basin. A basal arkosic sandstone, the early
Paleozoic Bolsa FormationfiSYOVeriain by interbedded shales and carbonate
rocks; the carbonate rocks’beCOme dominént higher in the Paleozoic sec-
tion (Peirce, 1976)."Déposition'during the Pal;OZOiC occurred in all
periods except for the Silurian, - |

' Mesozoic time was accdmpa?ied“by iﬁtehSe”and complicated téctqnism,
plutonism, and Sédimentation.vTW§~periods of orOgenyl(mountain building)
are recorded by Mesozoig rocks in the TucSOn érea.” The first orogeny
occurred durihg the Triassic (?)TahdeuraSsic;'andathe'Second;;called the
Laramide orogeny, is Late Cretéceousftb*earlyfTertiarylin age (Coney, 1978).
During the‘Laramide, major copper*&eposits_We:e emplaced‘in‘thevSierrita
andksantakkitavMohntains in“association“with“SiliCic‘and intermediate
stocks. ~Laramide voicanic‘rbcks crop out in portions of the southern

Tucson Mountains (Bikerman and Damon, 1966).
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During the Eocene, muscovite granites such as the Wilderness Granite
in the Catalina Mountains were emplaced, apparently without surface
volcanism (Keith and others, 1980). |

Voluminous eruptions of compositionally diverse lavas accompanied mid-
Tertiary (Oligocene to Miocene) tectonism in the Tucson area. In the
Tucson Mountains, basaltic and siliceous flows (38.5 to 18.8 m.y. old)
angularly unconformably overiie Laramide volcanic rocks (Bikerman and
Damon, 1966). Contemporaneogs with mid-Tertiary volcanism, thick sequences
of clastic sediments, interbedded with volcanic flows, accumulated in
Oligocene and early.Miocene depositiohal basins. The tilted and indurated
Pantano and Helmet Formations are éxamples..

Also, during the mid-Tertiary the Rincon-Sanfa Catalina-Tortolita
metamorphic complex evolved as a result of intense thermal disturbance and
regional tectonic strain (Banks, 1977; Davis and Coney, 1979). .The low-
angle Catalina fault zone acts as a decollement and separates underlying
metamorphic rocks from overlying unmetamorphosed “cover rocks'. The
allochthonous "cover rocks' include Precambrian granite, Paleozoic lime-
stones, mid-Tertiary volcanic rocks, and clastic sediments. These alloch-
thonous rocks are frequently highly fractured and deformed, and they may
be potential geothermal reservoirs in the basin.

Moderately to slightly deformed Miocene sediments on the southwest
flank of the Santa Catalina Mountains contain clasts that document the
erosional uhroofing and probable arching of the Santa Catalina metamorphic
complex (Pashley, 1966). These sediments, called the Rillito beds by

Pashley (1966), are categorized into three units, The older units

h 226
v |

[ S

o~

- =

\

("

MO S

" e

G



€ .

-

o

.

£

| g

| S

contaln playa dep051ts and few gnelss clasts, wh11e younger units are
coarse gralned and contain clasts of predomlnantly gnelss

Durlng late Mlocene‘t1me, listric normal faultlng and volcanlsm waned
Listric normal faulting was replaced by high-angle normal faulting as the
crust cooled and became more brittle‘following the mid-Tertiary volcano-

tectonic thermal disturbance. Present daylland forms in the Tucson area

" are largely the result of high angle faulting, which created horsts and

grabens. 'Eroding horst blocks form present day mountain ranges and
grabens ‘form the basins. T
H1gh angle normal faultlng (also called Bas1n and Range faulting)

probably began after 12 O m. y B.P. (Scarborough and Peirce, 1978). The

.uppermost volcan1c strata encountered at 2 180 m depth in the Exxon

(Humble) State 32 1 drill hole has been dated as 11 6 m, y old (K Ar)

(Scarborough and Pe1rce, 1978) Ba51n f1111ng sed1ments over11e the

Lok

' volcanlc flows

( Absence of‘wldespreadﬂQuaternary faultingpandddevelonment of ero-
slonal pedlments, whlch were bur1ed by ba51n f111 pr1or to stream entrench-
ment, prov1de ev1dence of wan1ng Ba51n and Range fau1t1ng in the Tucson
area before dra1nage'1ntegrat10n of the,Glla Rlver system. Shaflqullah :
and others (1980) dated the beg1nn1ng of through flow1ng dra1nage at 5. 5

to 2 2 m.y.B. P Ba51n and Range faultlng largely ended by the time maJor

_‘dralnage 1ntegrated to the Culf of Callfornla. A

Deep well 1nformat10n and Bouguer grav1ty modellng (Dav1s, 1967
Oppenhelmer, 1981) show the Tucson ba51n is an en echelon 21g zag complex
of 1nterconnected grabens that are f111ed with clay, sand, and gravel.

The deepest graben is south of Tucson where the Exxon State 32-1 well in
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section 5, T. 16 S., R 15 E. encountered more than 2,150 m of clastic
basin-fill sedlments, although the sedlments immediately overlylng the

volcanic sequence may comprise strata correlative to the Rillito

beds of Pashely (1966). Major grahens in the Tucson basin are oriented
north-northeast ‘and minor grabens are oriented northwest. |
GEOHYDROLOGY . _The ultimate'source of groand water in the Tucson
basin is from precipitation in meuntains surrounding the Santa Cruz’River
drainageisyetem (Davidson,‘1973). This water enters the;Tucson'ground-

water reservoir by infiltration from stream flow, underflow from adjacent

‘basins, and by infiltration of runoff near the mountains. Recharge by

direct prec1p1tat10n on valley floors is be11eved negligible because of
high evaporation potential (Dav1dsoh, 1973; Anderson, 1973), Some water
is returned to groqnd water étorage by irrigation and sewage effuent
that is discharged to the’Santa Craz River.

Ground water in the Tucson basin is stored in and trahsmitted through
unconsolidated to semi-consolidated clay-rich sandland gravel. Ground
water movement is generally from south to north along the aris of the
basin and from the mountains toward the basin axis (Fig. 2.85).

Prior to 1940, the geohydrologic system was.in approxiﬁate'equilib-
rium because recharge was about equal to discharge. While wells existed
in the basin-prior to 1940, the water pumped from these wells was probably
equal to the amount formerly loet through‘evapotransporation along stream
and arroyo courses. Since 1940, the area has'experienced populatien
growth that has resulted in accelerated ground-water usage. As a result

the water table has dec11ned at rates exceeding 2.5 m per year at several

locations (Wright and Johnson, 1976) These declines show that the amount
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Figure 2.85. Water table elevations in the Tucson basin, 1956

of water in:storage is dropping and that withdrawal is exceeding natural
rechérge. ,WCthinuing, growth in the -area coupled with present ground-water
usage indicate potential for serious water-supply problems in the future.

A rapidly\lqwéring water,table causes increased potential for‘subsidenée,

~and higher costs because well pumps have to 1lift water to greater heights.
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Uncertainties exist both4in quantity and chemical quality of ground watéf
deep within the basin. Seﬁeral solutions are being studied and planned.’
They include both ptoviding and developing additional water supplies |
(Central Arizona Project) and conserving present valuable ground;water
supplies (Ground Water Management Act).

THERMAL REGIME. Conductiverheatfflow measurements have been made
by Roy and others (1968), Warreh and others (1969), Sass and otheis
(1971), énd Shearer and Reitér (1981) using temperaturerlogs of mineral
exploration drill holes whefercore is availablé for theimal conductivity
determinations. Conductive heat flow measuremehts in the area surround-
ing the Tucsoh basin have a mean heat flow of 89 mim™ 2 (Fig. 2.86). Mean
heat flow for the southern Basin and Range in Arizona is about 80 i
(Shearer and Reiter, 1981).

Supkow (1971) compared computer simulations}qf subsurface temperature
for several hypothetical ground-water flow regimes with measured tempera-
tures of shallow wells in the Tucson basin. Supkow's study illustrated
the applicability of temperature surveys to identify anes with down-
ward flow or seepage (recharge of ground water).

Figure 2,87 is a generalized map of temperatures at the water table
in the basin. This map was modified from the water-table temperature
map presented by Supkow (1971). Areas with temperatures less than 22°%
coincide with the Santa Cruz River, Rillito Wash, Tanque Verde Wash,
and Pantano Wash. Supkow (1971) concluded that recharge occurs in these
areas. Where water has a downward component of movement, heét is frans-

ported downward with the water in a direction opposite to upward transfer

_of heat by conduction. Thus, temperatures are lower in areas with downward
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flowing'water than in areas with no water flow (conductive heat flow).

The opp051te temperature d1str1but10n occurs with upward moving water

: Supkow (1971) attributed areas w1th hlgher water-table temperatures
to zones where permeability of shallow ground water aquifers is low.

This is, in part, correct because these areas will have a large conduc-

- tive component of heat flqw. However, Supkow (1971) failed to account

for differences in_thermal conductivity, which can vary by a factor of
1.5 in basin-fill sediments and by laterél variatious of conductive heat
flow, which may vary locally by a factor of two or more. Local deep

convection systems may heat overlying rocks to cause these heat flow

- variations. Alsd, higher water-table temperatures may result from leak-

age of deep thermal water into shallow ground water. We propose that
areas with water-table temperatures greater than 26°C occur where rock
thermal conductivity is low (<2.0 Wm 'K"!), where zones of upward flow
of water;oceur,where’an anomalous heat source exists, or where all three
may. occur.

The only deep (3,832 .m) -information on the Tucson basin is from the
Humble Stéte 32-1 stiatigiaphic test drilled in 1972. Bottom-hole tem-
peratures were taken in this hole dur1ng geophy51ca1 logging at various

times after mud circulation ‘was stopped (Fig. 2 88 ). While .depths vary,

‘the temperature gradlent (547 C/km) required to exp1a1n the bottom-hole

temperature variation as a. functlon of depth is unrealistic. The temper-

‘ature increase is probably .due to bore-hole temperature reequilibrating

with-.thermal conditions that;existed,prior'tokcooling.caused'by mud -

c1rcu1at10n. At 3,831.,3 m, the temperature of the hole was 144.4°C, 20

hours after mud circulation had stopped (Flles, Arizona 0il and Gas
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Figure 2,.88. Temper-
ature since last mud
circulation in the
Humble (Exxon) 32 State
1 well in the Tucson

“basin

Conservation Commission), giving a calculated average gradient for this

‘hole of 32.7°C/km¢ This gradient is normal and agrees with gradients

predicted from regional heat flow and probable thermal conductivity

values.

THERMAL WATER. At least 30 wells are reported to produce thermal

(>300C)'water in the Tucson basin (Fig. 2.89). A thermal spring, Agua

Caliente, at the base of the Santa Catalina Mountains east of Tucson

discharges 30 to 32°C water from alluvial sediments.

Thermal wells in the basin range from 64 to 959 m in depth

(Table 2.16). The deeper thermal wells pump up to 6,100 L/min of 57°C

water. While occurrences of water are mostly widely scattered, a notable

concentration of thermal wells does exist in T. 15 S., R. 14.E., where

the highest temperature thermal water known in the basin occurs.

South of Tucson in T. 16 and 17 S., R. 13, 14, and 15 E., numerous

widely scattered wells have been drilled that produce thermal water -

(>300C). Distribution of these wells mostly reflects deep water-well

drilling by the city of Tucson.
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Northwest of Tucson, thermal water is pumped from two different

areas near Cortaro. These wells are relatively shallow (<100 m depth)

I
TABLE 2.16. Wells and springs with temperatures greater than 30°C in \" !
- the Tucson basin ‘ L;
Well Location Temperature Depth ‘Gradient TDS .
D-12-12-34dbb '31.9 191 142 L—
D-12-12-34dbd . = . 37.8 96 " 196
D-12-12-34dcc o 31.9 93 ' 139 L;
D-13-13-8bdd 31.8 79 162 ;
D-13-13-17caa - 31.9 . 64 202 -
D-14-13-12abe¢ . 30.0T 92 120 e
D-14-13-25day - 33.3 - 167 86 : f
D-14-13-25da; 30.6 152 76 330 -
D-14-14-7dda 31.1 ; 137 88 ,
D-14-14-16cbb 35.0 370 43 L;
D-14-14-16cce 30.0 426 26
D-14-14-29cbec - 30.7 270 43
D-14-16-31bdc 30.6 , 91 127 , i
TEP5 D~15~14-2cac . 53.3 ~ 762 45 647 lﬁ
TEP7 D-15-14-2dbe - 52.0 959 34 485
- TEP9 D-15-14-3aba 30.6 305 38 -
TEP3 D-15-14-3abb 33.3 259 55 351 Lﬂ
TEP2 D-15-14-3abc 30.6 250 46 325 :
TEP8 D-15~14~3acd 31.8 318 40 322
TEP1  D-15-14-3bac ©30.0 340 32 325 {;
TEP4 D-15-14-3bbb 30.0 265 42 647
TEP6 D-15-14-3dad 57.0 764 50 514
D-16-13-34aab 31.1 152 80 588 a
- D=16-13-34aab 32.2 219 60 518 LH
D~-16-14-4ba 40.0 523 . 40
D~-16-14-21cchb 40.6 183 118 1
D-16-15-5ca 147.0G 3840 33 lﬁ
D-16-15-26ddd 30.8T 340 35 ’
D-16-15-28ddd 31.8T 305 42 )
D-16-15-30ddd 31.5T 305 41 1;
D-17-13-13cdd 36.5 545 32
D-17-14-1baa 33.5T 456 32
D-17-14~3dcc 31.5T 305 41 l;
Agua D-13-16-20cdd 30.4 spring -- 632

I— -

and have high estimated average temperature gradients.

Chemical quality of thermal water in the basin is generally good

and is acceptable for most uses (Table 2.17). A few wells discharge high ﬂ‘
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TABLE 2.17j  Séléctéd chemical analyses offthe?mal water in the Tucson basin

Well Nc.. Location  Temperature pH Na K Ca Mg CL S0, HCO, ‘ NO, B F 510,

1 D-12-12-7caa 30.8 7.6 8 .2.8 65 10 92 168 268 25 0.13 0.4 - 34

2 D-12-12-34dbb - 31.9 9.2 66 0.8 4 0 60 38 63 6 0.56 1.3 11

3 D-12-12-34dbd 37.8 8.4 108 1.1 5 1 .36 22 220 8. 0.32 0.7 12

4 D-12-12-34dcec  31.9 - 8.0 55 2.6 59 9 40 26 278 7 0.12 0.5 35

: 5 D-13-13-17caa - 31.9 - 7.8 105 ' 3.3 104 12 - 84 200 - 220 7 0.07 0.4 12

: 6 'D-14-14-29cbe - 30.7 7.8 120 3.6 71 10 104 246 120 2 0.55 1.8 -

] 7(TEP5) .D-15-14-2cac 52.2 9.1 202 --- & 0.8 49.5 270 ~ 69 - e 9.8 30

N 8(TEP7) . D-15-14-2dbc 52.0 9.1 155 . --- 4.3 0.4 31 182 120 1.4 = 5.7 46

9(TEP3) D~15-14-3abb  33.3 - 7.9 75 - 48 3.7 10 105 - 165 - = 0.7 24

10(TEP2) D-15-14-3abc  30.6 7.8 74 -——— 46 5.8 10 115 154 - - 0.6. 22

11(TEP8) D-15-14-3acd 31.8 7.8 75  -—— 38 3.3 11.5 133 140 - <= 1.07 32

12(TEP1) D-15-14-3bac 30.0 7.7 68 -—— 40 4.6 10.5 130 140 - -- 0.73 30

13(TEP4) D-15-14-3bbb 30.0 7.9 65 --- 48 4.6 13.2. 135 146 - -- 0.6 30

14(TEP6) D-15-14-3dad = 57.0 9.1 174 —-- 3 0.8 40.5 220 89 e == 4.9 939

15( ©  D-16-13-34aab = 31.1 7.5 53 4.6 87 22 61 210 145 - 0.08 --- 38

16 D-16-13-34aab  32.2 . 7.7 52 4.5 74 210 54.0 180 147 - 0.11 - 41

17  D-16-14-2lccb 40.6 7.7 26 2.4 66 11 16 76 210 18 0.06 0.4 25

Agua D-13-16-20cdd 30.4 7.8 132.6 5.5 26.4 2.4 25.9 188.3 195.2 - 0.12 7.11 58
Caliente : ‘ ' _ : ’ '

Spring



fluoride water, which is unacceptable for drinking By children. Total
dissolved solids generally range between 300,aﬁd-700 mg/L and two
" distinct chemical groupihgs are observed. The highest temperature water

is sodium sulfate type, while the majority of the thermal waters in the

basin are calcium-sodium bicarbonate to calcium-sodium sulfate composition

(Fig. 2.90). Nonthermal water in the basin has mostly a calcium-sodium
bicarbonate composition (Fig. 2.91).

Basin-fill sediment§ (post mid-Miocene rock) act as.Q reservoir for
known thermal-water occurrences in the basin.

IRVINGTON ROAD AND I-10 ANOMALY. The first significant indication
of a possible geothermal resource in the Tucson bésin wasrdescribed by
Schwalen and Shaw (1957), although at the time it was not recognized as
a potential geothermal resource. The hot water was encountered in the
Tucson Electric Power well TEP 1 (D-15-14-3bac) at the Irvington power
station and was considered a nuisance and a curiosity.' During drilling
of this well in 1956, the water teﬁperature changed from 27.8 to 43.3°C;
drilling was stopped at 350.5 m and the hole was cemented back to 341.4 m
to prevent entry of hot water into the well (Schwalen and Shaw, 1957).

Since 1956, eight additional wells have been drilled by TEP in sec-
tions 2 and 3, T. 15 S., R. 14 E. These wells range in depth between
250 and 959 ﬁ and have temperatures that range from 30°¢C to S7°C
(Table 2.16). TEP wells 5, 6, and 7 have depths between 700 and 960 m
and they pump the hottest known water in the bésin (52 to 57°C) from

depths below 400 m. Main production in TEP 5 is from about 564 m depth

(files, USGS, Tucson).
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Other TEP wells, all less than 350 m depth, pump 30 to 33°C water.
Ground-water chemistry of the shallow TEP wells is distinct from the
deep (>700 m) wells. The deep water has lower calcium, magnesium, and
bicarbonate and higher sodium; sulfate, chloride, ahd fiuoride concen-

trations than the shallow water. The composition of deep geothermal

~ water is sodium sdlfate, while the water from the shallow TEP wells is

calcium-sodium sulfate (Fig. 2.90). The shallow TEP wells are chemically
typical ofjboth shallow ground\water in the basin ahd surface water

flow and runoff in local draihage (Fig. 2.90). Deep.geotherhal water
encountered by wells TEP 5 and 6 has very high'pH (>9.0) and relatively
low silica concentration (<40 mg/L). Siliea concentrations in the deep
waters are in approximate'eduilibrium'with quartz at measured tempera-

tures (Silica concentration was adjusted for dissociation at high pH

-before silica geothermometers were estlmated)

_ bcohydrology of the Irv1ngton and I- 10 arca is complex. During drilling

of - the TEP 1 well in 1956, water was initially encountered at 44.8 m

depth however, after the hole was cased and perforated below 73.2 m,

the statlc water level was 57.3 m depth,ﬁ This 12.5 m drop in the static
water level Suggests either confined water below 73 m or a perched water
table above'73‘hrv » -

The deep geothermaiﬁaquifers (>500 m depth) are apparently confined

and"hydrologieally separate.from‘the shallow (<200 m depth) aquifers.

_Evidence for confined conditions was observed during drilling of TEP 4,

a shallow well, and TEP 5, a deep well. In November, 1959, TEP 4 had a
static water level of 57 m depth (2,413'feet elevation). TEP 4 was

perforated between 73 and 261.5 m. In January, 1960, TEP 5 was completed
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to 762 m depth with perforated casing between 310 and 627 m. Static
water level in this well was 87.5 m depth (2,378 feet elevation). A
difference of 10.7 m in static water level was observed between TEP 4

and TEP 5.

Transmissivity values were determined for TEP 5 by the University
of Arizpna, Soils and Water Engineering Department in 1966. Drawdown
transmissivity was .00765 m_zs_1 (63,000 gpd/ft). Prior to the'teet, the
static level was 92.4 m; at the end of the test, the pumping'ievel was
108.8 m. During testing of this well, which is perforated between 310
and'627 m, an approximate 6,810 L/min discharge rate was maintained.

The deep thermal aquifer is very'productive."However, since defelopment
of these wells by TEP, a significant drop in the pumping level has been
observed. Fig. 2.92 shows the historical pumping-level drawdqwn. For
the last twenty years the TEP 6 pumping level has dropped at a rate of
.9 m/yr in contrast to the TEP 5 pﬁmping level, which has dropped 1.4 m
annually. Both wells have pumped up to 6,100 L/min (1,600 gpm) almost
continuously during this time.- Heavy pumping, well interference, facies
changes, and possible nearby fault zones may all contribute to these
drawdowns. |

- Thermal water encountered by TEP wells 5, 6, and 7 is contained in
indurated sandstone and conglomerate below 427 m depth. These deep
sediments have a more varied composition than overlying finer grained
sediments. Fig, 2.93 is a lithologic log of TEP 6. Mudstone and
sandy mudstone between 229 and 427 m separate thermal water from shallow
ground water above 305 m depth. This confining mudstone unit apparently

thickens and becomes gypsiferous to the south and southwest. Indurated
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sandstone and conglomerate, which contain thermal water, may occur at
greater depth in these areas below the mudstone. For example, the

Humble State 32-1 hole was drilled through gypSiferoﬁs mudstone from

‘Below 823 m, this hole encountered sandstone
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and conglomerate with 1nterbedded siltstone. The temperature of the mud
1ncreased notlceably at 1, 158 m accordlng to the geologlst’s log of this
hole, which is;on file a;_the Arizona Qil and'Gas,Conservation Commission,
Phoehix; eThis temperatﬁfe~incfease:may heve resuited-from thermal water
entering the drill hole.:

CONCLUSIOMS._ A large volume of fhermal»water‘(40 to 60°C is known

to occur in portions of the Tucson basin below 549 m depth. Wells pro-

ducing water;from this reservoir were drilled between 762 and 945 m depth
in the Irvington Road-Interstate 10 area. Chemical quélity of the water
isrgoo&veXCeptrfor high fiuoride‘COneenffations. Because of Tucson's rapid
growth and because its economy relies heav11y upon the aerospace, agricul-
ture, defense, educatlon,Velectronlcs, m1n1ng, and tourlst 1ndustr1es,
significant opportunltles exist for d1rect heat utilization of this geo-
thermal water. Geothermal energy could have economlc 1mpact by stabiliz-

ing and lowering energy costs to resource users.
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AVRA VALLEY

7 INTRODUCTION. Thermal wells in Avra Valley have temperatures between
32 to:53°C. The highest temperatures are generally near the Silver Bell
mine at the north end of the valley. One well with 42°C water is located
at the south endYOf’the valley near Ryan Field, a small private air field.
Potential for using lowftemperature geothermal energy may exist at both
sites. |

The chief oecupations in-Avra Valley are farming and ranching.‘
However, water level declines in the northern Avra Valley have been SO
great in recent years (4 million acre-feet between 1940 and 1978) that
these act1v1t1es eventually may phase out}as a result of thé high cost of
pumping water to the surface from increaslnglyhgreater depths. Water level
declines have been as great as 45 m in somevparts of the basin. Ground-
water with&rawals average about 100,000 acre-feet annually ln Avra Valley.

The Tucson Water Department 1s develop1ng a well field 1n the southern
Avra Valley ‘to supply water users in the Tucson metrop011tan area, which
lies in the next valley to the east. | 4 7

PHYSfOGRAPHY;V Avra Valley lies alnng'thereastern edge of the Sonoran
Desert subprovinee in. southeastern Ariaona.(Fig.'2.94). Mountains with up
te 765 m of relief bound the northenerthwestftrending valleyualoné’both
sldes.' The valley floor has a very gentle'slope*ef about 0.35 degrees or
less towards the north. Elevationlof the valley decreases south to north

from about 760'm to 550 m;
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GEOLOGY. The principal mountains bounﬁing Avra Valley (Fig. 2.95) are
the Silver Bell, Waterman,'ahd Roskruge Mountains on the southweSt side and
the Tucson aﬁd Tortolita Mountains on the northeast. These fangeé,‘except
the Silver Bell and Tortolita Mountains, are composed éhiefly of Late
Cretaceous to mid-Tertiary volcanic rocks of andesitic to rhyolitic
composition, Mesozoic sedimentary rocks, and Mesozoic to mid4Tertiafy
granite. The Tortolita Mountains are a metamorphic core complex gpmpbsed
of Precambrian to mid-Tertiary plutonic and metamorphic rocks. The,Siiver
Bell Mountains are chiefly Mesozoic sedimentary and Laramide volcanic rocks
(intermediate to silicic composition), Pfecambrian'granitic rock, and
Tertiary basalt. Smali exposures'of Paleozoic limestone and quartzite crop

out along the southwest side of the valley between the Roskruge and Silver

‘Bell Mountains, and just west of ‘the Tucson Mountains on the east side of

the valley.

Depth to bedrock data, based on‘grévity studies (Lysonski, Aiken,
Sumner, 1981; Openheimer and Sumner, 1981) for the valley, show that the
topography of the basin floor does not pafallel the valley surface. At the

narrowest part of the valley a buried bedrock "saddle" extends across the

- valley, dividing the graben into two smaller depressions. The northern

graben is deeper, about 2;900 m (Allen, 1981). This basin is actually part

of the Red Rock structural basin. The southern depreésibn is between about

1,500 and 2,000 m deep (Oppenhéimer ‘and Sumner, 1981) and forms a subbasin

at the northeastern end of the Altar Valley graben. Bedrock topography had
a major‘controlling effect on sedimentation phtferné withinrthe basin

during and after its formation.
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The surficial alluvium in,Avra Valley is fine-grained sand and silt,
interbedded with coarse sand énd gravel. These deposits are generally
about 10 m thick.

Two subsurface units beneath the surficial deposits were defined by
the Tucson Water Department during a drilling program in the late 1970s.
The two units werevinformally called the younger and older alluvium by
Allen (1981) who believed the upper unit is correlative with the Fort
Lowell Formation of Davidson (1973), the upper and mostly unconsolidated
unit in the Tucson basin.

; The younger alluvium is interpreted to be fluvial, whereas the older
alluvium is interpreted to be of both laéustrine and fluvial origin (Allen,
1981).

The youngef alluyium is a relatively thin unit that immediately under-
lies the surficial déposits. The lower boundary of this unit, that is, the
contact with the underlying older alluvium, was found at depths between
85 m and 146 m. Where bedrock was encountered in the Tucson Water Depart-
ment drill holes, it was found directly beneath the older alluvium. In
deeper portions of the basin, the older alluvium extended below the 400 m
depth in holes drilled by the Tucson Water Department. Test holes drilled
by other companies indicate thicknesses of greater than 1,300 m for the
older alluvium in the northern part of Avra Valley.

In the north and central parts of the‘vailey the younger alluvium is
characterized by very thick interbedded layers of coarse and fine-grained
sediments. These individual beds vary between 1.5 and 15 m in thickness.
The fine-grained beds consist of silts and sandy silts, and probably some

minor clay. The coarse-grained beds are sandy gravels and gravelly sands.
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‘In most cases, the fine-grained material is more abundant than the coarse-
grained matériali”»ln géneral;’tﬁe youngér alluvium unit coarsens ﬁpwérd.

In the southern part of Avra Valley, thé $ediments of the youhger alluvium
exhibit more variabilify,‘which may indicate the former presence 6f‘é'sma11
Pleistocene lake within a small internal drainage depositional basin. For

the most part the unit is uncemented, although some weak carbonate

‘cementation locally occurs.

The conta¢t between the younger and older alluvium is ifregulér in
elevation and is apparently disconformable. fThe disconformity may repre-
sent a period of weathering and/or erosion of the older alluvium prior to
deposition of the younger unit. |

Two facies of the older ailﬁ?ium have been idehtified; a conglomerate
and a mudstone facies. The COngiomerate‘faciés is an extensive unit, so

thick that it usually extends below the 400 m depth in wells drilled by the

“Tucson Water Department, except in areas of shallow bedrock. It consists

of moderately to well-cemented, poorly_sorte&, angular to subangular sandy

‘gravel to gravelly sand. In thérdeeper'hofthern.subbasiﬁfnnder Avra

Vélley;inbrth-of'a buriéd”bedroéRISaddle; the conglomerate grades laterally

~northwards towards the subbasin center into the mudstone facies. The

" ‘mudstone is a semiéonsdlidated brown silt and clay mixture that contains

very little sand and graveél. Some deeper sections of the mudstone are

“gypsiferous. -

" The young alluvium is éppaféntiy'Piiocené to Pleistocene in age and
the older alliivium is upper Miocene to mid-Pliocene in age (Allen, 1981).
- GEOHYDROLOGY. The ground-water system beneath Avra Valley is re-

charged primarily from ground-water underflow entefing fhe basin at Three
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Points and at Rillito to the north (Fig. 2.96). At the north end of Avra
Valley the ground water joins the northwest-moving ground water from the
Tucson basin, and continues northwgs;eriy toward the érea,ofyground-water
disﬁharge from the basin between the Silver Bell Mountains and Picacho
Peak. Very minor recharge is derived from infiltration of meteoric water
"along stream channels, principally Brawley Wash, and the contiguous.
mountain fronts (Osterkamp, 1973a). The basin sediments are for the most
part hydraulically interconnected throughout the area to a depth of at
least 400 m, and form a single.water—table aquifer (Wheién, 1979, unpub.
report). |

Depths to water beneath Avra Valley are generally 90 to 120 m in the
southern basin and 60 to 90 m at the northern end (Osterkamp, 1973b).
Dissolved solids content is less than 500 mg/t (Kister, 1974).

GEOCHEMISTRY. Soil sample; were collected along fhree traverses
across Avra Valley and W¢re_ana1yzed for mercury content (Fig. 2.97). An
approximate background value is about 75 ppb. Values greater than 75 ppb
occur within a northwest-trending zone down the center of Avra Valley. A
possibility exists that this mercury anomaly defines a major structural

trend through the valley. Mercury is sometimes an indicator of geothermal

anomalies and of structures such as normal Basin and Range faults. Another

explanation for the-higher mercury values along this zone, which is also

the main ground-water flow path, is that the mercury has been carried there

as detritus and in solution by stream flow from a known mercury deposit on
the northeast side of Altar Valley, about 18 km west-southwest of Three
Points. The entire length of both washes could contain anomalous concen-

trations of mercury, but the higher values were noted only whcre the
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sampllng survey crossed Brawley Wash In addition,’mercury is a common
vapor associated w1th ox1d1z1ng sulfide ores, and it is a common |
"pathflnder element" assoc1ated w1th.f1uorspar.depos1ts (Peters, 1978).
Fiuorite deposits‘and copper mineralization,are common occurrences upstream
from the presently defined anomaly,.less than 10 km south of‘Three Points,
Detritus from these deposits could also be a source of anomalous mercury in
Brawley Wash.f.
THERMAL REGIME. At least thirteen wells in Avra Valley have both
temperatures and estimated gradients Sufficientlybhigh to be thermal
(Fig. 2.98). These,wells cover much of the entire valley, but the higher
values are mostly at the north-northwest end,hnear the Silver Beil mine,
Gradients are in the general range -of 45 to 65 C/km, except for relatively ‘
shallow wells (<100 m deep) that have gradients exceeding 100 C/km
‘Temperatures were measured downhole at 5 m 1ntervals in nine wells
during a prel;minary geothermal evaiuation (Hahman and Allen, 1981). Five
wells were isothermal.i Previously measured temperature logs were available
for four addltlonal wells.r Fig 2. 9§\ shows.the temperature at 100 m depth
in 12 of'these wells. The hlgher temperatures are generally along the
southwest side of the valley 7
| Threc heat flow measurements have been made in Avra Valley: 94, 99
and 107 me'Za(Roy and others,_1968; Sass and others, 1971; Shearer, 1979)

(Fig.z.gm. These values are normal to sllghtly above normal for the Basin

and Range prov;nce. The hlghest value is at the southern end of the

vailey. o 7: ' o o

GEOTHERMOMETRY. Numerous wells have been drilled in Avra Valley for

test purposes and for domestic and irrigation water supplies. Few wells,
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however, have a full compliment of analytical data such as temperature and
depth measurements, flow rates, and complete chemical analyses.  Thus, in
ealculating geothermometers, only 33 wells have sufficient data;tq derive
both Si0, and Na-K-Ca temperatures. It can be seen in Table 2.18 thet 25
wells have an éxeeilent correspondence between temperatures predicted by

the Na-K-Ca geothermometer and the a-christobalite geothermometer. These

geothermometers predict a mean subsurface temperature of 34.2 + 2.5°C for

ground water beneath Avra’Valley.‘rThese seme wells have a mean discﬁarge
temperature of 28.4 + 2.S°C,.which indicates‘theewater may have reached
temperature-dependent chemical equilibrium with their host rocks. Six
wells show a correlétion between the Na-K-Ca ;nd chélcedony geothermo-
meters. These wells have a mean discharge temperature of 31.4 + 3.1°C and
predict a mean subsurface temperature of 47.8 # 3.4°C. Two wells show an
excellent correlation between‘the Na-K-Ca and quartz geothermometers. ' One
ﬁas a discharge temperature of 34°C; temperature of the other well ie

unknown.' These wells, which are located at the southern end of Avra

Valley, predict an aquifer temperature of about 76°C (Fig. 2.96).

GEOPHYSICS. The residual Bouguer gravity map of Arizona indicates the

presence of two basins beneath Avra Valley, separated by a basement high.

Steep gravity gradients along the northeast side of the southern basin and

the southwest side of the northern basin.(Fig. 2.97) suggest a northwest-
trending linear (fault or Silver Bell-Bisbee discontinuity(?) of Titley,
1976) down the length of the valley. This feature eoincides with the
mercury anomaly identified by Hahman and Allen (1981), and sﬁpports the
poesibility that the mercury anomaly reflects a major basement structure

beneath Avra Valley.

260

L

I

« -

r
S
S

-

[

N o

.
-

— r 'f ¥



TABLE 2,18. Temperatures,- depths, and geothermometers for wells in Avra Valley

3 S

r

-

' Sl el SR

o

{

i

i

Location Tnbeas Depth . oG'rad Tcglal TNaal(-Ca Ta-shris Tsve
: (9 _(m  CCkm - (O (O (0O (0
D-11- 8-36aaa* 32 235 46 - - - -
D-11-10- 2cba” 24 - - 57 2 3 31
8ddd 27 - 55 a1 36 39
15aad 24 - 59 28 33 34
22bdd 26 - - 52 ¥} 34 38
_28bad 30. - - 55 . 42 36 39
D-11-11- 7ddd 25 - - 57 32 38 35
D-12- 9-2 ° 53 610 53 - - - -
11 -+ .52 650 48 - S e -
11 * 44 470 49 - - - -
D-12-10- 3dcd 30 - - 52 39 . 34 36 -
4acd 29 - - 52 35 34 34
4bdd 36 71 . 228 57 50 38 54
" 12ccd 28 e - 55 - 36 36 36
20add 27 - - 56 30 37 33
-1 23dde 30 - 52 © 35 -3 34
~ 33ddd 29 - - . 54 37 35 36
D-12-11- 9acc 24 - - - 52 . -7 .32 34
17acd - - - 45 49 27 47
18cdd 26 - - 55 38 36 37
" 20dda 28 - - 55 e i 49
D-12-12-19cbb* 35 110 128 63 ER - -
D-13-10- 5ddd - - - - 56 31 . 37 34
6ddd 31 195 52 - e - -
9ddd 30 - - .57 . 33 38 35
15ddd 30 - - 55 27 36 31
16ddd 31 - - 54 36 35 35
20cdd 31 155 67 - - - -
22ddd 31 - - 54 30 35 33
24dcb 29 - - 55 2 36 30
25acd 3 - - 56 29 37 33
D-13-11-31ccc* 31 205 - ‘52 - - - .
34cdd. - - - 47 46 28 46
D-14-10-25caa* .32 ‘218 51 - - - -
D-14-11- 4caa T30 175 53 - - - -
-~ Seed 30 - - -85 27 . 36 31
7bad 31 - - 55 33 36 34
‘8cee .31 < - 56 25 37 31
33cece 31 - - 55 P 36 32
“33dcc 130 200 52 o - - = -
D-15-10-16dad -~ . = - = 48 76. 79+ 78
- 23cbe* 31 66 . 197 50 €9 81+ 75
D-15-11-11bbb 34 - - 48 L.¥A 30 47
- 11bbb 42 338 43 - S - -
15bbb 31 610 T34 - - - -
1Sbbb 1 e o 45 C42 27 - 44

+ = Conductive quartz geothermometer
* = Thermal gell i :

MAT = 21°C
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CONCLUSIONS. The geothermal waters in Avra-Valley constitute a
low-temperature resource. ~South and southwest of the linear mercury
' anomaly, 30°C water is fairly ubiquit§ﬁ$ at debths of 300 m. The higher
geothermometers and the 10"7‘me"2 heat flow value also occur at the |
southern end of the Valley._'North of the mercury anomaly, the geothermal
- occurence is not well defined, if indeed one exists. The lower gradients
and lowe¥ surface-discharge temperafuﬁes indigété recharge to and shallow
‘circulation in the ground water system. B

On the northwestern side of Avra Valley, giadiénts, heat fldw, and one
high geothermometer indicate a potential for 50 to 55°C’water at 1,000 m.
This reSource might be used:ét Silver Bell mine to assist in theicopper
leaching process. West of Ryan_Field, gebthermal potential also e*ists but
depth and temperatures are not well defined. This resource, if éﬁe exists,

might be used at the air field building for space conditioning.
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COOLIDGE AREA

INTRODUCTION. More than 20 irrigation wells pump thermal water in

the Coolidge, Arizona area and a few of these wells are among the hottest

water-producing wells in Arizona (Fig. 2.100; Table 2.19). The occurrence of N

these 50 to 70°C wells motivated Geothermai‘Kinetics Systéms, Inc. to
conduct geothermal exploration, which culminated in 1974 in dfilling a
deep (2,446 m) test well (Dellechaie, 1975). This well, the Geothermal
Kinéfics—Amax‘EXplbration NQ. 1 Pima Farms, produced 82°élwater‘from Pinal
Séhist in the basement of the Picacho basin; Because nd high temperature
water suitable for electrical power . generat1on was found by the test, this
hole was plugged ‘and abandoned after pump tests. However,_lt should be
noted that_w1th~tqday s higher fossil fuelrcosts, 82°C water‘haé fotential
economic use for direct-heat applications. |

PHYSIOGRAPHY. The Coolidge area is Si?uated in>thé7Sonoran‘Desert
section of the Basih and Range pfovince. This area overlies the;Pic#cho:
ba51n, a nearly flat valley 51tuated between the rugged: Picacho Mountalns'
on the southeast ‘and the Sacaton Mountalns on the west (F1g 12,101). Thet
vallgy floor is dra1ned by McClellan Wash, whlch flows northward 1nto‘the
Gila River. Several large canals dlvert water from the Gila R1ver into
th;:?icacho basin for irrigation. 1In addltlon to surface-water usage,
éx;énsive ground-water develophent also provides water for irrigation.

- GEOLOGY. _Paieozoic and Mesozoic rocks are mostlyvabSent from the

geologic record in the Coolidge area. This is because poSt-Léramide and
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TABLE 2.19. Thermal wells in the Coolidge area-
Well Location Tempeggture Flo{/iigé ;giL Death
1 D-4-7-278BB 37 714 140
2 D-5-8-2ADA 37 660
3 D-5-7-120DD 35 | 510 306
b p-5-7-248D 46 7620 789 469
5 - Dp-5-8-20800 37 702 o

6 D-5-7-23C0 L6 , 427

7 D-5-7-25ADD 54 9500 591

8  Dp-5-8-28C00 52 68k '

9°  D-5-7-34ACD 42 1808 o367
10 . p-5-6-36ACC 54 1170 724
11 D-6-7-1AAA 65 3780 1915 9L
12 D-6-8-16ADD 72 2271 9120 782
13 D-6-6-8BDD L6 91k
14 D-6-7-1DC 49 931
15 D-6-7-10DCD 35 1602 126
16 D-6-7-13ADD 62 5700 914
17 D-6-8-18CDD 61 7500 1101 995
18 D-6-8-18CD 46 - 989.
19 D-6-8-24ADA 37 1494 91
20 D-6-7-35AD 43 789
21 D-6-7-34DD L9 6780 556 774
22 D-7-6-31CCC Lo 195
23 D-7-6-35ADD 37 264 146
24 D-7-6-34DDA 35 450 185
25 D-7-7-32-CCD Lo 323 466
26 D-7-8-25¢CC .35 589
27 D-8-7-9ADD bl 946 2440 640
28 D-8-9-7ADD 35 | 487 420
29 D-8-7-32DDD 36 396
30 p-9-7-34AD 41 - 610
31 D-9-8-32DDD 37 276 153
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probable Mesozoic(?) erosion of the Florence uplift has removed these rocks
(Turner, 1962). Pre-Tertiary basement rocks consist of Precambrian Pinal
Schist, granite, and diabaée, which are intruded by‘Laramide>intermediate
to silicic plutons and dikes;

In the Sacaton Mountains, Pinal'SchiSt_is invaded by Oracle Granite,
while diabase and aplite dikes intrd?e both the Pihal SChist,énd the
Oracle Granite. Two‘Laramide plutons intrude the Prepambrian rqcks and
they are associated with copper minerélization. Up to 760 m'of Whitetail
Conglomerate(?) (Oiigoceﬁe), comp§sed of steeply dipping gravels with
clasts of Oracle Granite and Pinal Schist, is observed at the Sacaton
mine on the Sacaton Mountains pediment (Cummings,‘1982). Deép drili-hole
information indicates that the Sacaton Mountains, at least in the vicinity
of the Sacaton mine, are allochthonous. They are deformed by listric
normal faults, which merge into a dislocation surface or decollement that
overlies Pinal Schist (Cummings, 1982). This faulting post dates the
steeply dipping conglomerate.

Two major geologic terranes were mapped by Yeend (1976) in the Picacho
Mountains. The northern terrane consists of Precambrian schist and granite
to granodiorite, and Tertiary intermediate dikes. The southern Picacho
Mountains are formed by a broad north-trending and south-plunging arch of
layered granitic gneiss with Tertiary K-Ar dates (Johnson, 1981). These
dates record a major thermal disturbance in the Precambrian through Ter-
tiary metamorphic and plutonic rocks.

Immediately south of the main mass of the Picacho Mountains, Picécho
Peak stands high above Interstate 10. This peak, a remnant of a pile.of
trachytic rocks between 22.4 and 20.7 m,y. old, was tilted.by listric

normal faulting (Shafiqullah and others, 1976).
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Duxiﬁg‘1980; a deep stratigraphic tesf, the Phillips Petroleum Com-
pany Arizona State A-1, was drilled to 5,492 m:depth 3 km east~of.the
northern Picacho Mountains. This hole, in section 2, T. 7 S;, R. lb E.,
drilled through: (1) g;anite to granodiorite (1.39 m.y. Rb-Sr) at 1,182
£0“3,2804m depth; (2) musc0vite~g;anité (47 m.y.-Rb-Sr)‘between 3,280
and 3,888 m depth; and (3) into”gneiss (25 to.31.m.y. reset K-Ar) from
3,888'to’5,492 m depth‘(REif'andVRobinson, 1981). At 3,658 m in this
hole, a zone of chloritic breccia was encounteréd, which resulted in a
ndrilling break" (IOSt’circulatiOn?)\at'3,675 m. This breccia continued
until 3,888 m depth. }Reifiand Robinsoﬁ’(1981) interpreted a decollement
or detachment zone as the causé;of'the‘changé from breccia to gneiss.
This‘detachment §epaiates unmétamorphosed granitic rocks from a buried

metamorphic complex. This morphology is typical of metamorphic core com-

‘plexes (Davis andicdney; 1979).-‘SeiSmiclprofiling near the Arizona State

A-1 well in the Picacho basin. shows reflective surfaces (detachment?)
dippiﬁg beneath the basin. The broken nature of the rock along this
detachmeht méy allow gfound watér’to éircqlate t0~giéat depthJﬁhere'high
temperatures may exist due to the normal geothermal gradient.

Present day physiography of the Cooliﬁge'area is the result of late-
Tertiary Basin and Range tectonism. The Picacho basin, a graben structure
formed by this eveht;uis_filled with ﬁthOfZ.S km of basin-filling (post
mid-Mibceﬁe)'sedimenfs'(Scarborough and Peirce, 1978). These sediments
overlie older Miocene volcanic flows and clastic sediments that rest ubon
crystalline'basement. Deep drill holes have encountered thick evaporite
strata within the basin-filling stratigraphic sequence. The Geothermal

Kinetics-Amax Exploration Pima Farms 1 (Spction 8, T. 7S., R. 8'E.)

269



encountered 442 m of gypsum, .anhydrite, and halite between 716 and 1,158 m
depth. The upper 180 to 210 m of this sequence contained halite (Peirce,
1981). Halite was also encounte?ed in. the Exxon State 74-1 well (sectipﬂ 2,
T. 8 S., R. 8 E.) at 652 m depth, while gypsum and anhydrite with clay
stringers were encountered between 712-and 2,536 m depth. Miocene volcanic
strata aﬁd mid-Tertiary clastic sediments undérlié the basin-fill sequence
and 6verlie the basement metémorphic complex in the Geothermal Kinetics
well and the Exxon well.

Upper-basin fill, penetrated by irrigation wells that are less than
762 m deep, is divided into three major units: an upper sand and gravel
unit, a silt and clay unif, and a lower sand and gravel unit (Hardt and
others, 1964). The silt and clay uﬁit is 0 to over 600 m thick, and
separates the upper and lower sand and gravel units. In the deeper por-
tions of the Picacho basin, the clay and siltvoyerlie'thick evaporite
sequences that in turn overlie sand and gravel or Miocene volcanic rocks.
The lower sand and gravel unit, wﬁich is penetrated by deeper irrigation
wells, is geﬁérally more cemented than the upper sand and gravel unit.

GEOHYDROLOGY. Prior to major ground-water development, ground-water
flow was northward and westward toward the Gila River and Casa Grande
(Konieczki and English, 1979). As a consequence of long term'irrigapion
pumping, the, direction of flow has changed in the southern Picacho basin
toward a large water table cone of depression centered near Eloy. Sub-
sidence and ground cracking due to ground-water withdrawal is a major
problem in the Eloy area (Langy and others, 1978). _

THERMAL WATER. 'Deliechaie (1975) discussed the thermal irrigation

wells in the Coolidge area as part of a report on geochemical studies done
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after and during testing of the Pima Farms 1 geothermal test'by Geothermal
Kinetics Systens and Amax Exploration. Thermal water in the area showe

enrichment in sulfate and chloride and a depletion in bicarbonate relative

~ to nonthermal water. In general, thermal water in the Picacho basin has

»the following cation and anion relationships: (1) C1>S04>HCOs;; and

(2) Na>Ca>K>Mg. These chemical relationships are compatible with the
presence of evaporite minerals at depth within the Basin-filling sediments.
Thermal irrigation water in the area ranges from 30°C to 72°C for
wells 91 to 914 m deep. 'Flon rates exceed 5,500 L/min for several of the
hotter wells (>45 C) , TDS varies widely, between 264 mg/L and 9,120 mg/L,

probably as a result of contact by some of these waters with halite and
gypsum.
Chemistry of the thermaliwater reflects the presence of halite and

gypsum Fig, 2.102 is a Plper dlagram of water chemistry constructed

~ from analyses of 1rr1gat10n wells and flulds produced by the Pima Farms 1

test well. “Water from the irrigation wells and the test well is sodium
chloride. However('differences betweenrthe shallower.irrigation water
and‘the deeper test water do exist;‘the ifrigation wells have a higher per-
centage of sulfate and a lower percentage of calcium than the test well.

. ‘The Pima Farms 1etest'We11'Wa5‘pUmp teSted at a rate dfkapproximately

1,100 L/ninifon 193 hours (Dellechaie;"1§75); “After 16 hours, both the .

temperature and fluid Chemistfyihad stabilized and temperatures throughout
most of.the remaining test were 80 te‘82°C‘(Dé11eehaie,’1975).

A tempefatuieélog'of this hole before testing shows a temperature in-
version between 1;8001and 2,100 m (Fig{;é;lOS)u(Dellechaie, 1975). Another

temperature log made after the hole was cased to 1,800 m and pump tested,
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~ CHEMISTRY OF
THERMAL WATER
PUMPED FROM PIMA
FARMS | GEOTHERMAL
TEST

CHEMISTRY OF THERMAL
IRRIGATION WELLS

CHEMISTRY OF A NON-
+ THERMAL IRRIGATION

- Ca C|—

Figure 2.102, Piper diagram showing chemistry of thermal water in the
Coolidge area

does not show a temperature anomaly between 1,800 and 2,100 m. ' During
drilling, fluid probably entered a permeable zone at 1,800 to 2,100 m
depth and consequently cboled this zone. Later pump tests withdrew the
drill fluids and induced formation water flow through this zone, which
reheated the rock at 1,800 to 2,100 m depth and removed the thermal dis-
turbance. Water temperatures during the test (80 to 82°C) agfee closely

with temperatures recorded (83-88°C) after testing the 1,800 to 2,100 m

depth interval.
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Figure 2.103. Temperature logs of the Geothermal Kinetics-
Amax Exploration Pima Farms 1 geothermal test well

The permeableyzohe‘at[1,800_to 2,100 m.dgpfh in the Pima Farms 1 .
wéllhméy re%ult from'impértaQtﬁfégian;i Stipcture., This,zone is in Pre-
cambrian schist; normally SCHiSt dbes;hat"aét:as‘éhiéquifér;' Howevér,
thisfpermeable ibne'is'immediétély,beloﬁ midfTerﬁiéfy;sédiﬁentafy and

Miocene volcanic rocks, which, in the Sacaton Mountains and at Picacho
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Peak, are displaced and tilted by listric normal faults that merge into

an underlying decollementordetachmeht}fault in Pinal Schist. Because
this detachment or decollement may also be present in the Picacho basin,
it is reasonable to assume that the permeable zone between 1,800 and 2,100
m depth is caused by a detachment zone and its associated listric faults.
The similafity of the stratigraphy below basin fill,in'theiPicacho basin
with strata at Picacho Peak and in portions of the Sacaton Mountains
argues strongly for this interpretation.

CONCLUSION. Geothermal waters (to 82°C),in the Coolidge aréa have
attractive potential for space heating and cooling, éreenhouses, aquacul-
turé, and processing of agricultural products. Geothermal resource deve1-
opment may require reinjection in this area so that the present subsidence
and earth cracking problems are not exacerbated. However, gedthermal
development may help alleviate some ground-water withdrawal problems. Geo-
thermal greenhouses and aquaculture, which employ reinjection and use less
water per acre of land than conventional agriculture, have potential to
conserve ground water and insure productivity of the land or even increase

productivity.
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Figure 2.104. Physiographié map of Castié Hot Springs area
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_ CASTLE HOT SPRINGS

INTRCDUCTIDN;vvcaStle Hot Spring, about go:km-ndrthwest of Phoenix,
isfthe site of a once-famous resort of the same name. The property is -
presently owned by the Ar1zona State Un1vers1ty Foundatlon, Tempe, and
used as a University conference,center. Dur1ng the 1ate 19705, the Foun-
dation considered‘using hot water from the inferred geothermad reservoir

to heat and cool the cdnference center buildings} 'Research into the,chem-
istry, or1g1n and extent of the hot- spr1ng system was conducted toward
that goal. (Sher1dan and others, 1980 Satk1n, 1981) but the 1dea was
eventually abandoned for fear of dlsturblng the or1g1na1 Castle Hot Spr1ng

The sprlng 1ssues 46 C water at a. rate of about 1,300 L/mln. ‘Results

of the pre11m1nary studles 1nd1cate a maximum reserv01r temperature of

about 100° C, and the ex1stence of a more exten51ve hydrothermal system
(>2 km length along a fault-zone) than preV1ously‘recogn1zed

-~ PHYSIOGRAPHY- Castle Hot Spr1ng is located south of the Bradshaw
Mountains, along the north wall of & "deep, narrow canyon in the Transition
Zone (Fig. 2,104). Topography is rugged; the-canyon walls are nearly ver-
tical, and in many places they are separated by little more thap the width
of Castle Creek. -MAT.;S:ZI,C but temperatures dur1ng the ‘summer months
often exceed twice that;‘

GEOhOGY; -Castle Hot Spring occurs in a.northwest-trending graben of

Tertiary volcanic rocks diSplaced into a Precambrian basement complex

(Fig. 2.105). The large displacements (300 m) are along northwest-trending
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en echelon faults that placed northeast d1pp1ng volcanlc rocks (the down-
thrown, southwest block) 1nto fault contact w1th basement rocks (Ward,
1977). The maJor fault in this system has been called Castle fault by
Sherldan and others (1980), who noted that the hot sprlngs emerge from this
fault along the northeast marg1n of the graben.’

Terrace dep051ts 40 to 80 m above Castle Creek 1nd1cate filling of
the graben w1th Tert1ary-Quaternary gravels. These gravels were later
exhumed wh11e the present dralnage was be1ng establlshed but the main
spring system remalns about 40 m above the present ‘stream level (Sher1dan
and others, 1980)

‘ Hydrothermal alteration 1s exten31ve w1th1n the yolcanlc rocks along
the fault contacts. Commonly 5 to 15 percent of phenocrysts and groundmass
have been replaced by ca1c1te.w Some of the maflc volcan1c rocks are
stalned red as a result of ox:datlon and hydratlon of 1ron-bear1ng
m1nerals. The 1ntens1ty of alterat1on 1ncreases to the northwest where
large 5111ceous s1nter dep051ts prov1de p0551b1e ev1dence of a former
hlgh temperature hydrothermal system.r Travertlne is being dep031ted at
actlve hot sprlngs in the Castle Hot Sprlng area today and 1s found at the
s1tes of extlnct hot spr1ngs. ;:‘ | ‘ ur o

GEOTHERMOMETRY Satk1n sampled the spr1ngs and wells in the Castle‘
Hot Sprlng area between October, 1979 and September 1980. From the samples

analyzed (F1g. 2 106) He 1dent1f1ed three chemlcally d1stinct groups of

' water The f1ve samples of thermal water (Group I) emanate from the

Castle fault system. They are sod1um-chlor1de sulfate water with rela-
t1ve1y h1gh concentratlons of S102, Li, and F, and low Mg. Group II waters

are non-thermal and have low TDS. They are characterlzed by relatively low
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concehtrations of Si0y, Li,‘and F. Group III waters emerge from perennial
springs and have much higher TDS'than do'Group-I or I1 waters. During the
same perlod Satkin per10d1ca11y resampled several of the ‘wells and
sprlngs, but found no notable changes in water chem1stry. From thls he’
concluded that local climate and prec1p1tat1on have no perceptable effects
on chemlstry or temperature of the sampled sprlngs or wells and therefore,
probably have no dlscernable effect on the hot- -spring system. |

" There is excellent agreement between temperatures predlcted by the
chalcedony'and Na-K-Ca geothermometers within each group. The geothermo-
metersAindicate a'minimum‘reservoir tempereture Sf about 85°C for Cast;e
Hot Spring and the other thermal waters of Group I. Mixing’modelshpredict
a maximum reservoir temperature of about 100 C Group II waters have low
estlmated temperatures (=49 C), and Group ITI waters have pred1cted tem—
peratures of about 80 °C. The Group III waters probably are not a part of
the Castle Hot Spring system, based on their distinct water chemistry. |
They may reflect a separate geothermal resource that warrants additionalv
exploration.

CONCLUSIONS. The heat source for the low-temperature Castle Hot
Spring system is most likely heating by deep circulation along normal
faults in an area of normal geothermal gradients. The hot weter rises
along the Castle fault zone where it coolevconductively and mixes(?) with
shallow cold water, emerging at temperatures somewhat less then 50°C.
Development of the resource at the Castle Hot Spring Conference Center
appears unlikely. However, because the geothermal system is more extenéiue
than formerlyhsuspected, development farther to the east uey be:feasible as

more‘people move into that area.
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Figure 2,106, Locations 6f sampled wells and springs, Castle Hot Springs
area : s o

Additional exploration along Castle fault and in the area of the Groups
III waters is ﬁecessary to define the hydrology, extent, age, and volume of

these potential geothermal resources.
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* NORTHERN HASSAYAMPA PLAIN

INTRODUCTION.e The northern Hassayampa,Plein is the site offa shallow
well (165 m) that produeed 53°C weter until abandoned‘in the late 1970s.
Few other wells exist in this area and none’are,known_to be\thermal.; |

The HaSsafampa Plain has been the site of'very little development or
actiVity The area was studled in the early 19705 as a p0551b1e nuclear
power plant site, but was- e11m1nated from cons1derat1on. Placer gold
mining operatlons are common and claim stakes are ub1qu1tous. A few
cattle ranches exist in this nrea. 'In~the;n0rthern part of the plain,
numerous home-site lots were SOid,some years ago; in a deVelopment‘called
"Whispering Ranch'" but no homes héve_been‘constrncted;' The_preponderance
of the "Whispering Ranch" acreage ision the pediment of the Vulture Moun-h
tains where water is Scarce.tht seeme unlikeiy that extensive development
wili'occur there. : | -

PHYSIUGRAPHY The-nortHErnkHassayampa'Plain ie in the Sonoran Desert
Subprov1nce, about 80 km northwest of Phoenlx (Flg. 2. 107) - It is bounded
on the north by the Vulture Mountalns and on the southwest by the Belmont
Mountalns._ The 1nterm1ttent Hassayampa Rlver flows south along the eastern
edge ofvthe plain. Elevatlon of«the yalley floor is about 625 m in the
north; deereasing southnafdvto‘about 4Sb'm. The.MAT'ie about 20°C.— Pre{
cipitation is less than 15 cn pertyéafl-;w"" B B

GEOLOGY. The Belnont Moontains are e emallvnorthwest-trending tange

of Precambrian igneous and metamorphic rocks, principally granite,
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phyllite, and sgﬁi;t.‘Tértiary vb1cani¢‘f§¢k$ éf intermediate cémposition
intrude the squtﬁeasternlgndiof_the»rangeﬂ: Voluminous Tertiary(?) an-
desites and ;hyolite; are found ﬁo;thweSt of the Belmont Mountains where
they.unconformgbly overlie fhe Precambrian schistrand granite. The moun-
tain block is tiitéd to the southwest. The.pediment extends about 1 km
basinward from the present range front. |

Stone (1979) v_identi_fiéd three major structural trends (faults?) that
strike nOrtheas#, northwest and north-northwest through the area. The
first and lést trends correlate?wwith regional.Laramideland late Tertiary
structural features of southern‘Arizona. The northwést-trending feature
is an apparent reflectlon of the Basin and Range, hlgh-angle normal fault
along the Belmont Mountains pcdlment edge.

GEOHYDROLOGY, Altitude gf ground water aboye mean sea level decreases
to the séutheést. Shallow bedrbck between the Belmont Mountains and the
White Tank‘Mbuhiéins tb fﬁé.ééétAappééfs tdifoim a~ground—wéter divide
between fhe northern and southerﬁ Hasg;yampa Plainé. The shallow water-
level gradlents in the center of the northern plaln, compared to steeper
gradients closer to the range fronts, indicate a more permeable aquifer
beneath the center of the pla}n.

Depth'to'watef ranges fféﬁrabout iS‘m'in'the-éelmont Mountains, where
the water is held up by a pe@iﬁent, to a reportéd depth bf greater thaﬁ
200 m south.of the Vulturé»MoUntains. 'Recharge toithe aquifer is from the
contiguoﬁs moﬁﬁtain'rahgési'bﬁt"thé rate of recharge is low owing to low
precipitation. _ . ) 7

GEOCHEMISTRY. A total of 97 mercury soil samples were collected from

the northern Hassayampa Plain., The mean mercury concentration for this



area is 25 ppb. The northwest- trendlng range boundlng fault is conspicuous
from the a11gnment of samples hav1ng mercury contents greater than 25 ppb
(Fig. 2.108). The northeast- str1k1ng fault is less consplcuous but ap-
parent nonetheless. Two clusters of relatlvely hlgh mercury values occur
in T. 5N., R. 7 W. and T. 5 N., R 5.6 W The latter cluster is ;n the

same area as the 53°C_therma1 well.

[ RTW RGW R5W
’ }0 : ; TéN
I o 3 Iso, .
. Leo
28. .m 8.0 €04 Py . . « %o b o .
* 40
o lm,r 1w
30{ 28 00 e 30, P PO,
a2 ‘ 5Q {65
. e o [ L]
: ] .40 [ [] o
30 40, :40 .
.w ..
‘50.. . s 430 ™
36 28 |
28 .
" T4N
028
[ ] .40
36
.48 .
* T3N

Figure 2.108. Locations of samples collected. for mercury-soil .survey.
Numbers are mercury contents (ppb) greater than 25 ppb.
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,Figure 2.109. Piper dlagram shOW1ng chemically dlstlnct waters in the.

northern Hassayampa area

Chemical analyses of water from the northern Hassayampa Plain (nine

samples) and from near the tnwn of. W1ckenburg (elght samples) are distinct
-

between the two groups (Flg. 2 109), . 1nd1cat1ve of separate source areas.

The,chkenbu;g waters are sodium-calcium bicarbonate type. ‘The Hassayampa

waters are sodium-bicarbonate type. Samples‘sg 6, and 10 are each dis-

tinct in chemical composition, and represent waters. from:separate sources

or waters'pf mixed origin. ,ngpleﬂi,Vfromuthe4$39c_therma1 well, is

sodium-chloride water,
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GEOTHERMOMETRY, Minimum aquifer temperatures were estimated using the
Si0, and Na-K-Ca geothermometerg (Table 2.20). Stone (1979) pointed out
the following correlations between the Na-K-Ca’gebthermometer and differeﬁt
silica species used to calculate the SiO, geothermometer: quartz and
Na-K-Ca for the eastern samples,Al throuéh 5;va-ch:istobalite and Na—K—Ca
for the western samples,‘6 through 9; chalpedony and’Na-K-éa for the
northern, Wickenburg samples, 10 through 17. The_Wickenburg geothermo-
meters prediét aquifer temperatures of about 35°C for water in that area.
The geothermometers for the northern HéssaYampé Plain prediﬁt mihimum

‘aquifer temperatures of about 70°C for waters in that area.

GEOTHERMAL GRADIENTS. Temperatures‘were measured in eight wells and-

Birdwell temperature logs were made available by Fugro, Inc. for three

additional wells (Table 2,21). The temperature-depth profiles (Fig. 2.110)

show that warm water is rising in wells A, B, and C; These wells also are
thermal by definition. The remaining wells have gradients that are in the
normal range, and are nonthermal. Isothermal profiles (Fig. 2.111) reveal
that the zones of upflow in wells A, B, and C ére relatively narrow and
discrete(?). |
GEOPHYSICS. Two closed aeromagnetic lows are aligned over the
northwest-trending Jackrabbit Wash (Sauck and Sumner, 1970) (Fig. 2.112),
A second, less-prominent feature is a northeast-trending low-amplitude
aeromagnetic anomaly that crosses the more northwesterly closed anomaly.
TheseiaérOmagnetic'features nearly coincide with the northeést and north-
west structural trends (faults?) identified by Stone (1979). ﬂLow-amplitude
éeromagnetic anomalies could reéult from hydrothermal alterétion, or shal-

low depth (7 to 8 km) to the Curie isotherm (=525°C) (Sauck, 1972).
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Ratios of selected chemical constituents and estimated subsurface temperatures of waters in
plain.. (Constituents in mg/L; geothermometers in C.
correspond to those in Figure 2.109. See Stone, 1981, for well locations.)

the northern Hassayampa

Sample numbers

Sample Measured . : ' C : .
No.*  ° Temperature °C - C1/F C1/B C1/s0, Mg/Ca Mg/C1 Tatz  Tchal TNa-K-Ca
1 28.5 65.6 - 0.81 0.51 0.61 79.4 29.6 -
2 25.0 9.5 128.6 0.10,  0.32 0.23 67.1  17.8 54.4
3 s 9.1 = 32.3  0.15 0.35 0.18 55.3 6.5 53.7
4 25.5 36,2 - 0.51 0.13 0.02 - 76.6  26.9 -
5 510 11040 - 7.33 0.01 0.002 - 47.2 - 66.4
6 31,0 . - 48.0 32.4 0.10 0.23 0.55 84.6 34.7 5.0
7 34,0 30.0 26.9  0.13 0.39 0.30 78.0 . - 28.3 41.2
8 255 12.0 100.0 0.06 0.26 10.52 94.9 44.7 73, 3%*
9 28.5 8.4  150.0 0.11 0.40° - 0.37 68.8  19.4 36.4
10 22,5 147.4  518.5 0.93 0.85 0.39 88.3 38.2  29.9
11 2.0 - 18.7 215.4  0.10 0.27 0.57 80.8 30.1 34,2
12 27.5 - . 23.0 328.6  0.12 0.44 0.61 94.9 4.7 48.0
13 23.5 . . 40.0 228.6  0.10 0.30 0.72 78.0  28.3 27.1
14 21,00 35.0  200.0 0,09 0.30 0.75 . 79.4 29.6 28.2
15 N 2.5 - 0.07 . 0.33 0.89 - - -
16 - 37,5 - 0.06 10.29 1.00 - - -
17 26.0 9.5 0.11 - 0.46 58.7 39.3 47.1

Mg correction applied.

222.2




TABLE 2.21. Measured geothermal gradients, northern Hassayampa plain, Arizona

A

Well No. Location Total Depth BH gemp Gradient Interval Geothegmal Gradient
- (m) € (m) (CC/Km)
A B-5-6-25cab 163 51.6 80 - 163 140.1
B B-4-6-4aaa 170 40.6 35 - 135 94.8
' C B-5-6-21bbb 160 31.9 30 - 160 87.5
D B-5-6-10cac 250 30.5 30 - 130 27.7
: 155 - 250 23.2
E  B-6-5-3lbcc 140 26.4 20 - 140 15.6
8 F*  B-5-5-16bd 95 24.3 5 - 90 33.0
G B-5-5-22bcc 160 27.8 30 - 160 41.4
H*  B-5-5-21dd 123 32.1 10 - 120 15.0
I st;s-ngd 105 31.0 15 - 100 44.1
J B-4-5-5abb 220 28.2 30 - 110 30.7
120 - 215 9.0
K B-4-5-18dcc 130 25.9 40 - 125 24.8
* Birdwell logs
- li:frh\n - e oo T
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Figure 2,110, TémperatUre-depth profiles for wells measured on the
northern Hassayampa plain. Small circles represent well locations.
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A reconnalssance grav1ty survey {Stone, 1982) (Flg 2,113) permltted an
1nterpretat10n of the subsurface structure of this area, and resulted in a
better understanding of thewgeothermal resource. Several features are
particularly'prominent on the‘gravity map} ¢)) The pedinent edge along the
northeast side of the Belmont Mountalns is 51nuous rather than 11near.

This sinuosity suggests that the master fault boundary 1s segmented and
that complex faultlng has occurred 1n the basement, w1th probable rotation
of basement blocks. (2) The deep ba51n 1s nearly oval elongate in a
northwest direction, ,Thetdeepest part of the ba51nf(1,250 m) nearly over-

i

lies the northwesternmoSt ciosed aeromagnetic low. This coincidence

suggests the two features may be a result of the same subsurface structure,
such as a thlck evaporlte dep051t or a zone of hydrothermally altered ma-
terial. (3) Two relatlvely narrow zones of w1de1y spaced gravity gradients
(northwest and northeast trendlng) reflect shallow bedrock saddles between
deeper ba51ns. 4 There is 11tt1e ev1dence for a northeast-striking fault
through wells A and B as orlglnally proposed by Stone (1979), although a
detailed grav1ty or Selsmlc survey could provide evidence to reverse this
conc1u51on.— | -

Flg. 2 113 shows the locatlon of the thermal gradlent holes with
respect to the gravityfcontours. It is evident that well C (DH-1) is lo-
cated on the northwest saddle between deeper ba51ns.‘ Higher temperatures
in thlS hole may result from ground water deep in the ba51n be1ng diverted
up and over the bedrock saddle as thlS water flows southeastward Wells A
and B are located alOng the western side of the basin, over the northeast

and southwest basin-bounding faults, respectively. Based on available
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Figure 2.113. Residual Bouguer gravity map Aof the northern Hassayampa
plain., Letters are thermal gradient holes shown in Fig. 2.110. See
Stone (1982) for gravity profiles along section lines A-A', B-B' and
C-C'o . L » : :
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1nformat1on, the source area for thermal‘water 1n these wells is unknown,
but they probably result from forced conveetlon. It appears the wells may
derlve.thelr water from separate sources. Wells I J and K, wh1ch also H
are located. along the ba51n margln, have normal gradlents, 1nd1cat1ve of
little or no. -vertical water movement along the east and northeast 51des of
the basin. , » | A !
CONCLUSIONS. The northern Hassayampa Plain is underlain by.a‘rela-
tively narrow, sedlment fllled oval ba51n that trends northwest A grav1ty

survey revealed that the southwest margln of the bas1n is segmented rather

" than linear, whlch suggests that the basement blocks are complexly faulted

and probably rotated. 7 ‘ 7 N
Three geothermal gradients (Wells A, B;kand C) were earlier inferred

to reflect warm water rising from the samevarea of hydrologic discharge

(Stone, 1979). Reinterpretation based on a gravity survey indicates that

is not the case. Well C is located above an elevated block and has a high

~ gradient as a result of forced flow of deep warm water up and over the

block at a ba51n hydrologlc outlet. Wells A and B are 1ocated in separate
fault zones, the northeast and southwest, respectlvely, and are not. ob-
v1ously related

Meteorlc water needS\to c1rcu1ate to depths of only about 1.3 km in a
normal-gradlent reglon to achleve the 70° C temperature predlcted by the
geothermometers.‘ Hydraullc head and lower den51ty allow the heated f1u1ds
to rise toward the surface along fault zones. Thermal fluids may exist in
a Teservoir of fractured rocks compr151ng the basement of the ba51n._ Over-

lying, low-heat-conductive basin-fill sediments may confine this water ex-

cept along major structures.
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Alternatively, the thermal fluids nay be of such small volume that in
mo#t instan§e§ they arerdiiuted‘by Shailow cﬁid gfound water as they rise
info oveiiying pefmeablé strata. If this is the case, wells A'and B may
have for£ﬁitoﬁ$1y penétféted'discreferzohes of upwelling, and a geothermal
reservoir coﬁtainiﬁg'abundant hdf wafer mayuhot exist at gréater‘deﬁth
because thefmél fluidé héve not aécumuiaféd; due to lack of either suffi-
cient volume of fluid or a suitable reserﬁoir.

| Thevcéincidence'bf a thefmai'weil and a soil mercury anomaly occurring
togefher ov;r a fault zone sﬁggests fﬁa£ a geothermal feservoir'may exist
at depth;' Defaiied explorgﬁidn is warranted in the areas of wells A and B,
rwhich may deri&e fluids from the Same reservoir, or may reflect two

separate (?) geothermal resources of small areal extent.

NORTHERN HASSAYAMPA PLAIN REFERENCES

Sauck, W. A., and Sumner, J. S., 1971, Residual aeromagnetic map of
Arizona: University of Arizona, Tucson, scale 1:1,000,000.

Stone, C., 1982, Geothermal potential of the northern Hassayampa plain,
Part II: Bureau of Geology and Mineral Technology Open-File Report
' 81-25, 38 p. | | | 5

'1979, Preliminary assessment of the geothermal potential of the

northern Hassayampa plain, Maricopa County, Arizona: Bureau of
Geology and Mineral Technology Open-File Report 79-17, 42 p.
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~ PAPAGO FARMS

INTRODUCTION.; Papag§ Fafms ié locate& in fhé southﬁeéterh part of
the Papago Indiaﬁ Reservétion,”just north of the internatiohal boundary
(Fig. 2.114). Climate is'Semiérid, In most areas oh tﬁé Resérvation,
precipitation averages fromvlé'to 25 cm per year, alth§ugh-twice this
ambunt‘falls invspme of the higher mouﬁtains} Mean annual air temper-
ature at Papago Farms is abouthOOC. During summer months, temperatures
often exceed 45°C. |

In 1977, the Papago Iﬁdién Tribe renewed fafming operations at the
site where an earlier farm hgd been!actiVe-in the 19505. By,1981; 980
acres 6f~1and were under é@ltivatidn;  Nﬁﬁerbusyifrigatibn wells were
drilléd in the 19505 fori£he original#pperatioﬁ, and were reserviced forl
producfioh when the present activify was:started up again. Several of
these irrigationlﬁelis fféduce large volumes of thermal water (38 to
SIO‘C‘).'ZP‘~ . o

B .All power atvPapago Farms is produced by'diesel-powered pumps and -

generators. 'Thus,.the possibility.of using geotﬁermal energy is attrac-

tive. The feasibility of sucﬁla prdject,is largely dependent on two

factors: (1),Whether‘gfeenhousing,'aquaculture, or some other direct-

heat application could be'iﬁtorporated into the‘overall farmnprogram;
and (2) whether small'well-héad generators,_giVén sufficiently improved

technology, could produce electric power from the existing resource.
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GEOLOGY. - Papago Farms is located at the soﬁthéast,end of the
Mesqﬁite Mountains’in a brbad;Anéarly flat a11u§ia1 valley, the Great
Plain (Fig. 2;115). Mountain elevatioﬁsggicegd;thé general 500-m
elevétion of the valléy’floor by at least 150 q;°andf;p to as @uch‘as
650 m in the MésquiéefMouniaiﬁs. The srgét'piaiﬁ is at the head of a
north-south~vailéy that éxfends about 40 km{intO‘Mexico} The area is
‘underlain by clay, silt, sand, gravel,,sméil.amounts of evaporite
deposits, énd iﬁfercalated volcanic idcks.; Lakebed and playa depésits
.are more than 150 m thick néar the\internationai boundaryvandvthin to
extinction at the margiﬁs of the area (Hollett, 19815). Tofal thickngss
of the entire Séquence véries4frpm;zero along the mountaih fronts to
3,000 m Soufh of the farﬁs (H§11eff,r1981a),

In”Arizona fhe Gregt’Pléiﬁ isrbounded oﬁ the east by the north-
stfiking:La Lesna Mauﬂtains,fa low'rgngevbf %ertiar}'volcanic rocks df

intermediate composition, which continues south into Mexico. iThe‘Kupk

Hills are composed of Late Cretaceous-early Tertiary gneiss and comprise

the northeastern boundary of the Great Piain. Low, unnamed volcanic
hills lie south of the Kupk Hills. The Mesquite Mountains to the
northwest are chiefly Tertiary rhyolite, with lesser amounts'OfITerfiary
basalt along the south and east sidés'df:théirange.\ Low mountains of
Tertiary volcanic rock~oc¢ur along theQiniérhationéi}56undafy fo:thé :
southwest. | . | | | |

Major suif&te drainage'tﬁrpugh the Gféaf Plain is the sbutﬁéflowihg
San Simon Wash. Chukut Kuk Wash east of the La‘Lésha Mountains (Fig. 2.115)

and Vamori Wash even farther to the east both flow northwest out of
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Figure 2.115. Generalized geologic map of Papago Farms area and major
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Mexico, and then west. Together with numerous smaller washes, they join

San Simon Wash north and west of the Great Plain, from which point all

e
2

™

surface water flows south back into,Mexico.

GEOHYDROLOGY. Ground water in the San Simon Wash area moves

largely along the axes of the valleys, generally in the same direction Eé
as the surface water. Beneath the Vamori and Chukut Kuk washes, ground (-
water flows northwest towards and around the Kupk Hills (Hollett, 1981b). b;
K;L

w
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“North of the Great Plain, theee arms of flow join the south-flowing

~ground water beneath San Simon Wash. Recharge to the}ground-water
syStem'is derived from precipitation that infiitiates mainly along

the mountain fronts.ryAlthough ground water is contained in the crystal-
line and consolidated sedimentary‘rocks to e.small_extent, the basin-
fill erosite are the main Water-bearing unit. Depth to water at

Papago Farms is about 60mu., » ) -

Quality of weter ranges between 180 and 4,900 mg/L T0S. Locally,
high levels of arsenic and fluor1de pose important water-quality
problems in some areas. Southwest of Papago Farms, ground water
contains large concentratlons of sodium, chlor1de, b1carbonate, and
sulfate. Hollett (1981b) stated that thlS water may come from evapor1te
depoeits. ‘ ‘ |

GEOCHEMISTRY; Chemiéal aualyees of ueter ftom 26’wells from the
Sen Slmon Wash- area (see F1g 2. 116 for well locatlons) are glven in .
Table 2,22 (USGS WRD, Tucson, 1980). Although,the chemlstry is gener-
‘ally 51m11ar for all samples, Stone (1980) 1dent1f1ed three groups of
‘ground water, using graphs of varlous chemical constltuents and temper-
atures (Fig. 2.117). Groundﬁwaterfchapacter1st1cs*are outllned in
Table 2 23. .’ | | |

Group I wellsvproduce moetly nonthermal (T<31 0] water, they are
located at or near the east side of Papago Farms (Group Ia) and north of
the farms (Group Ib). - Group:I waters have.well-head temperatures in the
range of 25 to 32°C, high C1/F and Mg/Ca ratios, low Na/Ca and Na/K

ratios, and generally low (323 * 37 mg/L) TDS. These waters largely
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TABLE 2.22. Chemical analyses of ground water, Papago Farms and surrounding areas
~ (Chemical constituents in milligrams per liter)

Sample ,
No. Location pH Na K Ca Mg Si0, Cl SO, HCO, F B TDS
*USGS-1 D-19-01 11BBB 7.9 87 3.1 11.0 2.8 A1 36 23 190 2.3 0.21 308
USGS-2 C-19-01 36ACC - 170 0.9 3.2 0.4 27 59 A5 - 270 12,0 0.68 450
USGS-3 C-19-01 28ADC - 790 2.9 0.8 0.2 18 280 160 1140 54.0 16.0 1885
USGS-4 C-19-01 14DDD 150 0.8 1.8 0.3 43 31 24 300 7.9 0.5 409
USGS-5 C-18-01 35CDA - 120 4.0 8.2 2.5 - 42 40 33 200 8.3 0.31 377
USGS-6 D-19-01 28CBC 110 0.6 13.0 5.9 AS 59 37 200 4,00 0.22 375
DW-2 D-19-01 0SCBC 7.7 110 3.2 8.1 1.5 37 31 26 220 9.2 0.52 335
PF-1 D-19-01 07DBB 8.0 110 3.2 8.1 1.2 53 31 30 . 220 11.0 0.32 356
PF-2 C-19-01 12DAA 7.7 110 2.5 6.8 1.1 50 30 30 220 9.3 0,27 348
PR-3 D-19-01 8DAA - 94 3.3 13.0 2.3 52 26 22 210 4.3 0.24 327
PF-4 C-19-01 18ADA - - - 14.0 3.3 55 40 31 224 12,0 - 39
PF-5 D-19-01 18DDD 7.9 110 2.6 8.8 1,9 38 33 24 210 8.4 0,22 331
PF-6 D-19-01 17AAA 7.9 99 3.4 11.0 3.8 57 23 20 240 7.6 0.24 351
PF-7 D-19-01 08DBB 8.3 120 4,5 7.5 1.8 61 30 30 220 9.4 0.31 374
PF-8 D-19-01 08CBB - 120 3.1 12,0 1.6- 60 30 29 210 8.8 0.75 375
PF-15 D-19-01 08ABD - 96 3.7 13.0 1.5 53 23 22 220 4.3 0.23 330
PF-18 D-19-01 07BAD - - - - - - - - - - - -
PFD-A - D-19-01 07ABD 8.7 110 2.9 5.0 1.4 31 28 23 - 8.0 0.30 329

~ DW-30 C-19-01 04DAA - 140 1.5 3.6 0.3 77 23 23 250 10.0  0.37 353
DW-31 C-18-01 28ABB 7.9 150 3.4 6.8 2.3 32 68 63 200 2.9 0.45 444
DW-53 C-19-02 03ADD - 1400 11.0 160.0 100.0 35 2100 850 40 1.4 1,40 4880
+Toro-3 D-18-02 31BDA 8.1 72 2.5 13.0 2.9 3 22 18 180 1.6 0.20 258
DW-15 C-17-01 11BCA 7.4 113 3.0 3.4 0.9 28 15 20 222 2.6 0.34 318
DW-32 C-17-01 33BAC - - - 13.0 2.8 30 128 91 170 1.8 - 565
DW-73 - D-17-01 03BAA - 100 2.1 22,0 4.4 32 21 17 220 1.  0.17 302
DW-46 D-18-01 07ACA 7.4 - - 17.0 6.4 38 A3 45 237 2.0 - 384
* USGS wells in text, maps, and other tables are hereafter referred to by the shorter designation GS.

+ Toro-3 in text, maps, and other tables is hereafter referred to as T-3.
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TABLE 2.23. Averaged values for three groups of ground water, Papago Indian

Reservation

GROUP |  GROUP 2

GROUP 3

@  _@©  _t

DS (mg/l) 323 353 397

Mg/ca' 037 032 047
cvE' @ 17 | 29
No/K::" - 4_8,1 - el ' ,
Temn'(°C) -‘ 28 : - 26
brodient CC/km) 37 @) a4

! atomic ratios

reflect ground water moving west beneath the Great Plain to join the
south- flow1ng water beneath San Slmon Wash

Group II wells cluster sllghtly west of Group Ia at or near the

' north end of Papago Farms These wells produee thermal water with

temperatures between 38 and 51 c. The waters ‘have low C1/F and Mg/Ca
ratios. and moderate Na/Ca and Na/K ratlos relatlve to Groups I and III.
Mean TDS is 511ght1y hlgher than that of Group I 353 £ 19 mg/leersus

320 + 35 mg/L for Group I.
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: TABLE 2.24. RATIOS OF SELECTED CHEMICAL CONSTITUENTS, CHEMICAL GEOTHERMOMETERS,
; - TOTAL DISSOLVED SOLIDS, TEMPERATURES, WELL DEPTHS, AND GEOTHERMAL

; R GRADIENTS CALCULATED BY METHOD 1 (SEE TEXT) FOR 26 WELLS AT THE

i : PAPAGO FARMS AND SURRDUNDING AREAS

5

MEAS.

o o

SAMPLE DEPTH GRADIENT.. - , ; Ts102 T Na-K~-Ca
“No.  T(°C) M) {9C/kM) CLsF! NasCAl : MesCa' & Na/K! (°C) (°C) TDS?
! GrRoup IA - . R
: T-3 25 91.5 43,7 - 7.4 4.8 0.37 48.9 49.5 58.6 " 258
i GS-1 27 153.7 39,0 8.4 6.9 "0.42 47.8 62.6 71.8 308
i PF-3 28 280.8 24.9 3.2 6.3 0.29 48,7 73.9 71.0 .330
PF-6 27 170.7 35.1 1.6 7.8 0.56 49,4 78.6 56.3 327
PF-1s 30 91,5 46,9 2.9 6.4 0,18 - 43.9 74.8 75.5 351
Grour le o :
DW-15 F1:3 110.0 36.3 3. 28.9° 0.44 64.0% 45,1 63.64 318 .
pW-32 - 97.9 - 38.0° - 0.35 - 48.1 - s6s®
DW-73 32 - - 7.8 4,0 0.33 80.6% 50.9 46,3 302
otl-a¢ 30 96.6 93.2° 11,5 ~ 0.63 = 58.7 - 384
i X = 28+2.5 37.647.8 S5.7£3.5 6.0%1.4 .37+.10 47.7+2.2 60.2+12.9 63.34£10.4 323437
GroupP 11 . L‘
DH-2 46 128.0 195.3 1.8 12.0 0.30 58.3 57.4 81,4 335
PF-1 44 218.0 105.5 1.5 12.0 0.25 58.3 74.8 81.4 356
PF-2 38 290.2 58,6 1.7 14,1 0.26 . . 74.7 77.9 76.9 348 i
PF-7 39 283,5 63,5 1.6 14,1 0.41 45,4 82.1 77.6 . 374
. PF-8 51 193.6 155.0 1.7 8.7 0,22 66.1 81.3 73.3 375 %ﬁ
! PFD-A 50 120.0 141,7 1.9 19.1 0.48 64.6 42,5 84,5 329
i X = 43+5.3 119.9453.9 1.74.14 13.323.4 +32+.10 61.2%+9.8 70,.5£13,7 79.246.0 353+19 {;
i GrOuP JI1
; GS-2 25 152.4 26.2 2.6 46,2 0.19 321,3 43,5 65.8 450
; GS-3 2s 152.4 26.2 2.8 8s57.s° 0.50 463,5 27.3 63,7 1885° -
; GS-4 24 152.4 19.4 0.2 72.4 0.22 310.5 64.5 72,3 409
: GS-6 28 153.7 45.8 7.9 7.4 0.75 318.7 66.7 25.9 375
‘ DW-30 26 78.4 63.8 1.2 33.8 0.11 160,3 95.0 77.2 353
; DW-53 28 86.9 80.6 800.3° 7.6 1.03 216.6 54,9 35,2 4880°
; X = 26+1.7 43.6424.4 2.932.9 33.5327.5 .47+.36 298,.5+104 58,7123 56.7+21 397442 {;
| Misc.
: GS-s 29 153.7 52.0 2.6 12,7 0.51 50.1 63.4 63,3 377
PF-4 27 290,2 20.6 1.4 22,7 0,35 106,3 64,5 79.4 350 -
PF-5 27 289.6 20,7 2.1 10,9 0,36 71,3 58,7 81,1 331
DW-31 30 95.1 94,6 12.7 19,2 0.56 74,9 50.9 60,6 e /
PF-18 3st 105.0 - - - - - - - -

1. ATOMIC RATI1OS -

2, MILLIGRAMS PER LITER
3. ANOMALOUS CONCENTRATION, EXCLUDED FROM MEAN-VALUE ESTIMATE
4, TEMPERATURE AT 120 M DEPTH

Group III waters exhibit fewer similarities as a group than do

Groups 1 and 11,
by very high Na/K and Na/Ca ratios, both of which exceed‘Group I ratios

by a factor of five or more (Table 2.23).

- These waters are nonthermal,

They are distinguished

These waters are the most

westerly group and their chemistry appears to be strongly influenced by the

evaporite deposits mentioned by Hollett (1981b).
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-’ GEOTHERMUMETRX, The chalcedony and Na-K-Ca geothermometers were

. &

r

used to estimate minimum aquifer temperatures of ground water at and

surrounding Papago Farms (Table 2.24). There is good apparent agreement

—

betweenfthe:twamean geothermometer values for each group. - Also the values

are distinctive for each group. For individual wells, agreement between

c

the two geothermometers is excellent for 12 wells (TablévZ.ZS), the four-:

r

highest values of which are from Group II thermal wells, Not surprisingly,

- the next two higher values are from Papago Farms wells that are closest to

|

~ TABLE 2.25. Geothermometers and measured temperatures for selected
" wells, Papago Farms and surrounding areas

.

ti * ' TEMPERATURE (°C) |
| ' Well Name 8102 ‘ Na-K-Cé' Vv:' ‘Avefage* Measured'
; LJ pF-7 82-1  77.6  79.9:3.1  39.0
- PF-1  74.8,] 81.4 !{"; 78.1% 4.7 45.0
v P2 - 7.9 768 77.4+0.7 380
[ pF8 813 733 - 773457 510
L PE-15 74.8 S U755 75.2£0.5 ~ 30.0
kj PRy 739 L0 . 7254 2.1 28.0
! . 65-1 . e2.2 718  67.0+6.8  27.0
| k& G2 45 7.3 e84 55 2.0
% tGses 'v63;4fi’i ’63;3‘_ o ?j’63;4'¢’o;1‘k' | 29.0
™ -3t 50.9 60.6  55.8%6.9  30.0
| i; Cors 0 e s sa : 6.4 25.0
o W73 50.9 463 48.6 +3.3 32.0 |
L; * Average df‘TS#oz?hnd ﬁ;-K—Ca"‘ T R T
7

ITV
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the thermal wells. The geothermometers predict a minimum reservoir , -
temperature of about 80°C.

‘Mixing of thermal and nonthermal waters may occur at Papago Farms.

r— oo

Water from five thermal wells shows an apparent systematic variation in

e

measured temperature with boron c@héehtratibni(Fig.i2.118). Altemperéture of

200°C was predicted from an analysis of PF-7 water. This temperature is

r

unrealistically high, and probably was -caused by solution of amOrphoﬁs

silica. PF-7 penetrated a 60-m thick volcanic sequence (Hollett, 1980,

=

personal commun.) which, if it contains a high percent of glass, could
explain the excess silica. Mixing modeIS'foerFfl,‘PF-Z, and PF-8 waters
predicted maximﬁﬁ tempéfatureérof 125°CQv14é°C, and 131°C, respectively
(Stone, 1980). The general agfeement‘among these temperatures suggests

that the maximum probablé temperature of the reservoir supplying the

o e

hot-water component is about 140°C.
GEOTHERMAL GRADIENTS. Three wells were temperature logged (Fig. 2.119) at

the Papago Farms. Warm water is risingtin.PFD-A, and water is descending

r— r—

in PF-5 and probably in PF-18. It can be inferred from these profiles that

PFD-A is located within the geothermal anomaly and PF-5 is situated outside

r

of it. The location of PF-18 with respect to the anomaly is less certain,

m

but it may be on the margin. The gradient measured in PFD-A suggests that

the maximum reservoir temperature may be encountered at 1.5 to 2 km depth.

rm

GEOPHYSICS. Based on gravity modeling, Greenes (1980) showed that

depth to bedrock beneath the Great Plain increases to the south towards

r—

Mexico, and reaches a maximum depth in Arizona of greater than 2,700 m,

p—

The basin may be deeper in Mexico. Greenes modeled the Papago Farms

L.
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basin as an asymetrical graben with a subsurface bedrock scarp along

- the eastern pediment edge.

He'suggested that this scefp, indicated

T

|

by the strong grav1ty gradient (Fig. 2.120), is due to faulting. Geo-
: chem1ca1 eV1dence, namely the dlstlnct chem1ca1 and thermal differences
‘between PF-lS,JPF-S, and’PF—énGroup I water at the eastern edge of
Papago Farms, and DN-2 and PF-7 Group II weter immediately to the west,
suggests a nerthweetfextensien‘of this fault_through'Pepago Farms,

- between these two sets of wells;“vThe presence of a fault or some other

200 230 300 350 40 4 50

- e o

r . .

L

r

versus temperature { C) for
Papago Farms ground water

‘sus depth (m) for three Papago Farms
- wells
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Figure 2.120. Second order residual Bouguer gravity map of Papago Farms
and surrounding area (from Greenes, 1980). Square outline is Papago Farms.

structural control between these wells helps explain the observed dif-
ferenées in water chemistry arnd temperature. [
Across the ndrth end of the basin the abruptly steepening gravity
gradient suggests the presence of a west-northwest-striking fault zone.
Intersection of the two proposed subsurface bedrock faults (Fig. 2.121).
could explain (1) the anomaloLsIQUIge in the second order residugl Bouguer
gravity at the north end of the ?apago Farms as being the result of hydro-
thermallyVCemented,(and refracfured?) basement rocks gnd (2) the fact

that PF-7, which sits in this bulge, is the hottest well at Papago Farms

according to the geothermometers. This postulated fault intersection
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suggests that the geothermal fluids are held in a reservoir having
fracture permeability. -

Stone (1980) suggested that the fault zones are about 1 km wide.

The south and west margins of the fault'zones are constrained by PF-2,

PF-4, and PF-5, which do not penetrate the volcanic sequence penetrated by

//z;%'

PAPAGO

INDIAN
*
STUDY RESER?A TIoN
AREA )

- 325’

© ! 2 3 4 Sm 125

Figure 2.121. Proposed fault zones and fault intersection at Papago
Farms (from Stone, 1980) _ '

313




b w

f

I

the other wells (Hollett, 1980, personal commun.). The east margin of the

r,

N. 18° W. fault zone is cohstrained by the thermal and chemical differences

g

between DW-2 and PF-7 water versus PF-3, PF-6, and PF-15 water. The

—

northern boundary of the N. 81° W. fault zong is somewhat arbitrary.

TEMPERATURES. Decreases in ground-water temperatures have been

—

recorded at Papago Farms over a 20-year period (USGS, WATSTORE, 1980).

-

Between about 1958 and 1978 all wells for which_data are availablg{show
an avérégentémperature decreasé of Z;éoé,dwith decliﬁes réﬁging between
0.5 and 5.0°C for individual wells. A possible explanation is that
prolonged irrigation pumping is inducing lateral inflow of large volumes
of cold water into the aquifer. |

CONCLUSIONS. Water quality from a group of anomalously warm wells
at the north end of Papago Farms is chemicélly homogenous, Eut distinct
from water in neighboring nonthermal wells; Geothermometers and mixing

models pfedict reservoir fluid temperétures in the range of 80 to 140°C.

r— e, o

Geophysical evidence strongly suggests that two fault zones, each

about 1 km wide and trending N. 18° W. and N. 81° W., intersect at the

L

northeast corner of Papago Farms, in the area of PF-7. This fault inter-

| —

section probably has created an area of intensely fractured basement rocks

that provides permeability for thermal water flow. Deep circulation of

e

meteoric water is most likely responsible for the heat content of the

water. Depth to the geothermal reservoir is uncertain, but may be as -

A

shallow as 1.5 to 2 km.

-

-
i

-
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SOUTHERN PALOMAS PLAIN

INTRODUCTION, Nearly 50 wells in the southern Palomas Plain have
temperatures exceeding 35°C. ThéseVWells.ciusfer inlfhréé major groups of
10 to 12 wells each and three smaller groups.pf-two‘to.fourrwelis each.

Hot springs at Agua Caliente, which are n&Wfdry, are‘as$ociatéd with one of

the smaller well clusters. ‘Many of these same wells have gradients

‘sufficiently high to be called thermal. Average silica'andJNé-K-Ca

geothermometers predict minimum temperaturesvof.70 i'20°C.£ Two éreas have
geothermometers that predict temperaturesrof 92 + 3.3 and 1007i 3.6°C.

Soil warming using warm irrigation water has been précticed for many
years on major grape and citrus ranches in the southern Palomas Plain. The
geothermal waters present in this region could also be used for green-
housing, space conditioning and probably aquaculture,

PHYSIOGRAPHY. The Palomas Plain is a broad northwest-trending wedge-.
shaped valley located about 65 km west of Gila Bend (Fig. 2.122). The
valley floor slopes gently to the south-southeast and is dissected to
varying degrees by numerous subparallel washes. Elevation changes from
about 330 m above sea level in the northwest to 150 m at the southeastern
end. The nearby mountain ranges have a maximum relief above the.plain of
about 325 m. Mean annual temperature is 22°. Average precipitation is

about 13 cm per year.
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GEOLOGY. The Palomas Plain is surrounded by the Tank and Palomas
]
&j Mountains on the west, the Little Horn Mountalns and Clanton Hills to the
1 north and the Gila Bend Mountains on the east (Flg. 2 123)
| ,
The Gila Bend Mountains are composed of Precambrlan granlte and gneiss
ij -on the east and west ends¢ Late Cretaceous and Tertlary 5111c1c to
1ntermed1ate comp051tlon volcanlc rocks overlle these crystalllne rocks in
( |
EJ most of the central part of the range.' Small outcrops of Tertiary -
i '11mestone, sandstone, and conglomerate are exposed at the southeast end of
B v
k‘ the Gila Bend Mountalns;
L: The Palomas, Tank, and Little Horn MountainS»are~composed'chieflyrof
H j ) N . R ) : -
late Cretaceous to mid-Tertiary volcanic flows and tuffs of silicic and
. intermediate composition. - Precambrian(?) granite; Mesozoic rhyolitic to
‘j andesitic volcanic rock; Mesozoic schist and gneiss; and small outcrops of
w
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limestone, conglomerate, quartzite, and shale of undetermined age form
relatively minor outcrops. »

Basalt fiows once covered much of the area of the.Palomaé éléin, But
erosion has removed most‘of this ﬁaterial Relatlvely large areas in the
eastern and northern mountain range‘are covered today by remnant basalt

flows. Smaller remnants remain in" the other mountalns.J Southfof the Gila

ALLUVIUM

BASALT FLOWS

LIMESTONE, SANDSTONE, &
CONGLOMERATE

ETK  VOCANIC ROCKS

IGNEOUS & METAMORPHIC ROCKS:\
~~% CONTACT

L«L\_ ;_,: ol o
Figure 2,123, General geology of the Palomas P1a1n area
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" River, basalts covering the Sentinel volcanic field havevK-Ar*dates as

young as 3.0 + 0.1 and 1.72'% 0.46 m.y. (Aldrich’and Laughlin, 1§81;
Shafiqullah and others, 1981). .

Alluvial fill beneath the Palomas Plain iS'similar in character to
that in other ba51ns of southern Arlzona._ Gravel clay, silt, and sand
occur as lenses of varying thlckness at various depths (Armstrong and Yost,

1958). Coarse sediments were generally,dep051ted closer to the mountain

fronts and finer material toward the center of the valley. Weist‘(1965)

~divided the:valleY—fill deposits;into a 60- to 115-m—thick upper unit of

mostly sand andvgravel‘ a middle‘unit consisting‘of 75 to 230 m of fine-
grained materlal malnly clay and 511t, and a more cemented lower unit’
composed of coarse sand and gravel.v The lower un1t varies w1de1y 1n thick-
ness because the bedrock surface on whlch it. lies is very 1rregular
Dr111ers' logs for only one we11 (C 5 10 -16bbb) show term1nat1on in
granlte (385 m) Well C-5~- 12 4cdd encountered volcanlc sand and tuff at a
depth of 240 m. All other drillers' logs penetrate a sequence pr1nc1pa11y
of interbedded sand and clay. : . » |
GEOHYDROLOGY Depth to water beneath the Palomas Plain decreases from
about. 100 m below land surface along the northern edge of the area to about

10 m along the G11a R1ver. In some places the water 1s under artes1an f

'pressure, probably conflned by a th1ck clay sequence.

A very small amount of underflow 1nto the area comes from the north
and southeast Mlnor dlscharge by underflow occurs only along the west
edge of the area south of the Palomas Mounta1ns (We1st, 1965)

Dlssolved-sol1ds contents range from about 400 to 10,000 Ppm, w1th‘
water along the Gila River having the greatest concentrations. The water

is generally sodium-chloride type.
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Figure 2.124. Averages of silica and Na-K-Ca geothermometers for the

southern Palomas Plain

GEOTHERMOMETRY. Averages of the silica and Na-K-Ca geothermometers,

where there is good agreement between temperatures predicted by the two

methods, range from about 60 to 103°%C (Table 2.26; Fig. 2.124).‘ Generally

the higher values are found in two clusters, T. 5 S., R. 12 W., and in the

eastern Hyder Valley, T. 4 S., R. 10 W. The geothermometers suggest tem-

peratures of approximately 92 + 3.3 and 100 * 3.6°C at these locations,

respectively. Average background temperature predicted by the geothermo-

meters is about 70 * ZOOC.
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] } TABLE 2 26 . ‘rmperntures, depths. and geothemnetcrs for wells in the southern
-y’ : Palomas Plun
Location Tl&eas .~ Depth firad TcJul TNa-x-ca : Tstz T&ve
(m) Ce/im) [N °0) Lo Lo
' o C-3- 9= ‘Tbec 27 61 8s 51 Lo 82 -
) C-3-10-31bce 38 - - - 66 127 96 -
, C-3-11-3bba . 30 . = .- e e ? :
L . L C-4- 7-184da - 23 - 6 200 39 - 70 -
184d 23 22 60 $1 - 82 -
C~4- 8-26ddd 35 59 220 59 - 89 -
. 274da 28 0 .31 207 R | - 97 -
. 31cdd 29 - . 59 - 89 -
LJ 34dad 26 i34 3 - - - -
35bdd 31 .83 106 . - 86 e 118 -
b . 35dbb 30 - 68 122 7 63 e 94 -
c-4 10- Gbbb* 35 137 95 71 - 101 -
- 7bbb 3 152 78 . - - -
L " 33bdd 26 195 19 .0 607 pe 91 -
U 6aab* 38 T 143 111 79 - 108 -
Sbbb 34 300 40 s1 73 82 78
~ Sabb 36 389 36 . 48 13 bil 84
[16abb . 32 ¢ - - - 897 T BF 35 94
- 16bbb 33 - - 60 106 5T 99
Ed 17¢bb 30 - - 61 112 92 102
¢ 17daa . 3 - - 61 1y 3. 103
U 17d5b - 30 : - . 61 o 2 101
3daa* 33 138 82 29 iy (13
C-4-11- 2bbb* 39 162 105 82 - 11 -
Sbbb* 9 142 123 ;0072 74 - 102 73
! bbb 40 - © 200 .90 L (1 97 67
- 12abb - 38 C 3715 42 78 - 107 -
12bbb 35 127 103 n .81 101 7
~16bbb ' 30 - 182° s3 B 7! 57 92 s9
21abb 32 419 24 57 - 125 -
- 33hbb 30 332 2 . 87 90 88 89
g { C-5- 9-12aca 25 46 66 54 78 88 82
12acd* 2 186 5 29 % 1y -
" ‘12acd* <733 189 57 33 - 62 -
€-§5-10- 7cbb .. 28 47 133 - - - -
‘16abb % 23 130 73 - 108 -
16cbe 40 . . 63 ) 65 94 64
f ‘19aa “ Spring 36 - - e - - -
H 204bd 33 - - 63 - 93 -
U 28dba 24 32 T .16 45 - n -
C-5-11--1dch | = 22 274 35 56 8 87 88
1lcab - 37 305 43 &6 - 96 -
. . 12chba 3 31 . 208 e - - -
L C-5-12+ 4bcb 30 113 63 o - 109 -
- 4che 30 95 8 88 145 98 -
abce 32 152 66 69 153 99 -
4cce 34 - - 84 140 95 -
4cdb 35 . 602 22 59 . 148 99 -
- : . Saad 51 190" 94 - 68 ¢ 152 98 -
! . Sabb 32 542 . .. 19 69 149 99 -
) ! . 9bbb 32 ”n N T R ( 149 100 -
‘ : C 9chba 38 $03 B ¢ 66 97 96 97
9ces 40 489 37 ] 7 % 91
1Scac . 34 - 148 82 . 68 BT £} 65
. ) : : ‘ 16aab 32 T 54 7 .7 97 7
i - © '16asb - 33 ‘122 89 TS - - -
o 16abd 7., - : - 68 -80 98 -
' : ol 16ace 33 282 38 64 - 95 - -
16abe $2 - L e e 61 $0 92 91
16bas* 35 154 35 61 | g 3. 88
. : 16bbb 3 100 -152 o e s g -
3 : : - . 16bbd 35 - 139 0 84 7. 63: 91 94 93
- ) * 21bbb* 34 - 136, 88 69 ry 5 -
i : ) T 2tbbb L 34 <387 e 64 - L e -
21bbd 33 79T 1143 77 - 106 -
2bbe 34 . 174 7 74 - 104 -
‘ 23acd 28 - e .o 62 - 93 -
[ } 28aza . 34 218 ° 35 70 - 100 -
! 35bbb 81 148 © 88 60 - 91 -
ke C-6- 9- 9aa 2086 78 - - - -
. 32¢cch - - - 314 ; - [3% 86 92 64
€-6-10- Sbd . 23 . D o= . I = - - .
C-6-12- 3bas 29 Tt 244 30 49 - "81 -
] 7dda . T 28 -7 404 : 12 81 59 110 -
- ‘17dsa - 24 - - 63 38787 63 88 60
L‘, C17dba 24 53 36 - . . .
18dab 2% - 24 128 - - Z -
18ddd . 24 . 35 L. 68 80 - 91 -

* & Thermal weu : . )
Mt » 22°¢ : ‘
Underscored v;lues shou best comlltion betnem silica lnd Na-K-Ca.
geothermeurs used to estimate ‘r

L
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THERMAL REGIME. Three large areas‘(lﬁwt9ﬂ23ikm2)geach contain 10 to
12 irrigation wells that digcharge water havihé temperatures between 35 and
49°C (Fig. 2!125). Three smailer areas (Sikmz) each contain two to four
wells that di}charge 38 fo 46°C,watef. One of tﬁese>sma11er groups in T. §
‘S., R. 10 W.,‘caused Agua Caliente springs'to dryiup after the wells were
drilled during the 1950s and early 1960s. _Temperatupes'in this cluster are
between 36 and 46°C.. Geothermométers are in the 75 td_85°C range.

Thermal wells are abﬁndant,in the soﬁthern Pélomas Plaiﬁ, but most are
less than 200 m deep. Figure 2.126 shows thermal and nonthermal wells
having depths between 100 and 200 m, ghd wells having depfh§ greater than

200 m. It can be seen that the majofity of thermal wells in T. 5 S., R. 12

74
<
v 4/004/7_
. o iy
T3S ‘v
(8]
TANK <
MOUNTAINS - )
» l38
== 39— ‘0 39 35
= 38" d . }531 36 :
%0 N340 035 _ DENDORA
38 VALLEY
T4S [N OATMAN
§ MOUNTAIN
N
e 36t
—39
*oka, .35 39 35
AN A
~4, 43<alpgR 43=" 25 . 46
H 37570 i '36 49
T5S 37 “3g f; ‘39
Spr
(36-40)  +33° ,
RI3W Ri2W RIW | RIOW ROW R8W
. )
T6S s o .i/
[ — = - ]
lT('C) z 35°C| Kilometers -

Figure 2.125. Dlscharge temperatures (greater than 35 C) for wells,
southern Palomas Plain . o .
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W. are less than 200 m deep, suggesting to us the presence of a very shallow
- hydrothermal convection system in this area. Well temperatures are 35 to
Li 43°C,‘and geothermometers predict temperatures of about 90 to 95°C.
£ A second group of wells having temperatures of 35 to 49°C lies at the
nothern end of the Hyder,Vélley_(T.73—4‘S,, R. 10r11 W.). Nearly all of
35 these temperatures are from Shallow thermal wells._ The geothermometers
‘ calculated from these waters predict minimumvaquifer temperatures in the
] ’ R ) :
. a . : . »
LJ range of 75 to 859C.v East of this area, in T. 4 S., R. 10 W., shallow non-
&j thermal wells have water chemistry that predicts temperatures of
approximately 100 1‘3.600. - However additional information such as measured
| temperatures and depths is lacking for these wells.
3]
— 0’44
v o ] e
D O‘ 0?07.4/4@
T35 » T
rank mouwrams | ~
. ~ iy ® 1
2 TR O
: ER] BRCAE\] % [ : » DENDORA -
i + ‘ ) : -
L Tas e . +“_-r . VALLEY
& - - | oatman
N L MOUNTAIN
g ® X + :
[J : RS 9 T Y e
| 33°— s | | ' o |-
63 ) . .n;'o 1 @ @
. 58 . : ‘ ) ety o ] v
. . v - ®
; RI4W — RI3W_ Ri2W : RUW__.| . Riow ROW : REW
P Tes , e 1+ ,
' T K T 13 o ¥
: - ) ] Kiometers. ] |
li Figure 2.126. Thermal (solid dot) and nonthermal (cross) wells, southern
Palomas Plain, Wells greater than 200 m deep have circled symbol.
J .
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The third large cluster of 12 wells in T. 5 S., R. 11 W. has water
temperatures bétween 35to 43°C. Water chemistry is not .available for
these wells and only five well depths are known. Three of these have -
estimated gradients exceeding 459C/km (49.0,'55.7; and 62;5°C/km), which
makes them thermal wells.

GEOPHYSICS. The nearest heat flow measurements to thé‘Palomas Plain
are 15 to 30 km to the northeast (74-85 and 59 mWm-2) (Sass, 1981, personal
commun.; Shearer, 1979), and 20 to 30 km to the south, ;outhweSt, and west
(all three are 61473 mWm~=2) (Sass, 1981, personal'commun:);v The 59 mw'rn;2
heat flow (Shearer, 1979) is a C quality (low-reliability) determination.
Thus it seems the higher values reflect the fegional heat flux of this
area. The range of the heat flows surrounding the Palomas Plain are on the
- low end of normal for the southern Basin and Range province. However, the
determinations are at a great enough distance that they do not preclude the
possibility of high heat floﬁ in the southern Palomas Plain.

CONCLUSIONS. The coincidence of above-normal well temperaturgs (to
about SOOC), numerous shallow thermal wells, and moderately high geéthermo-
meters at discrete locations within the southefn Palomas Plain is evidence
of seyeral shallow hydrofhermal convection syStems in this area. Temper-
atures up to 75°¢C might be expected at an approximate depth of 1.6 km in
some of these areas.

The area is thermally enhanced as a result of lithosphere extension
and deep (lower crustal) infrusions (Lachenbruch and Sass, 1978), probab1y
during the late Miocene to Pliocene (Basin and Raﬂge disturbance). Locally
the geothermal systems méj bé'dfith by heat from a cooling intrusion

within the crust, a result of repeated and recent extrusions of basaltic
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lavas in the Scntinél lava field to the south, or by forced convection of
'ground water in a high gfadient region,

Additional geological and geopﬁysiéal studies, éspecially heat flow
measurements will aid in understanding and eValuating the‘geothermal

anbmaiies in the southern Palomas Plain.
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INTRODUCTION Yumalls‘located 1n the extréme southwestern corner of
Arizona, principally in the Sonoran Desert and partially in the Salton
Trough subprovinces (Fig. 2.127). Proximity to the more than 12 identified
geothermal aﬁomalies in the-Salton Trough in neighboring California and
Mexico makes Yuma a favorable exploration target, even though surface

thermal features are unknown in this area. Figure 2.128 shows the major

T e

political and topographic features of Yuma.' '
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Figure 2.127. Map show1ng phy51ograph1c prov1nces of southwestern ,Q‘
- Arizona and the Yuma area of investigation :
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:PHYSIOGRAPHY Yuma is a reg1on of several dlstrnct phys1ograph1c
or geomorphic sUhareas. The youngest and most notable features are the
Colorado River valley along the Callforn1a-Ar1zona border and the Gila
River valley northrof Yuma. Sand dunes, river terraces and mesas, river
valleys, dissectedfand undissected piedmont/slopes,dand the snrrounding
hills’and mountains constltote the other major landforms. Elevat1ons
vary from greater than 800 m to less than 35 m above mean sea level.
Prec1p1tat1on is about 7. 1 cm per year.

GEOLOGY The pr1nc1pa1 mountaln ranges surround1ng Yuma are the
Tinajas, Altas G11a, Butler, and Laguna Mountains in Arlzona and the
Cargo Muchacho and Chocolate Mounta1ns 1n_Ca11forn1a (F1g. 2.129). The
Laguna4Mountainslare principally nonmarine sedimentary rocks of}Tertiary
age. The Chocolate Mountalns are\composed of Tertiarf roleanic rocks.,
All other ranges are pre-Tertiaryvcrystalline rocks, chlefly granite,
gneiss and schist. The mostvextensiveiplutonic“roeks have compositions
of quartz monzonite and granite. 'Metamorphic'roeks VarY‘from weakly
metamorphosed volcanlc and sed1mentary rocks to strongly metamorphosed
schist and gnelss.

Sedlmentary rocks began accumulatlng in early Tert1ary>1n the ba51ns
nnderlylng the Yuma region, ‘The strat1graph1c,pn1ts identified by Olmsted
and others (1973) are: (1) Tertiary nonmarine sedimentary rocks and
associatéd’?olcanic rocks,i(Z) older‘Tertiary marine‘sedimentary rocks,
(3) the Pliocene Bouse Formation, (4) the Pliocene tran51tlon zone
(fac1es), (5) Tertiary and Quaternary conglomerate of the Chocolate'
Mounta1ns;‘(6)=Pl1ocene and Plelstocene ‘older alluv1um, (7) Quaternary'

younger alluvium, and (8) Quaternary windblown sand.
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The Tertlary nonmarine sedlmentary rocks are very coarse grained in '
many places and are sllghtly to moderately we11 1ndurated The extent
and thickness of these rocks are unknown in many parr: of the Yuma Aaren,
Volcanlsm occﬁrred 1nterm1ttent1y durlng the time these nonmarine
sedimentary rocks were being depositeg. ‘The volcanic sequence is thickest
in the Chocolate Mountains and thinner in the nguna Mountains. Oldest to
youngéét, thé volcanié séquénce consists chiefly‘gfvandesite, intermediate
to silicic pyroclastic roéks, and dark Basaltic‘éndesite or basalt.
Radlometrlc dating gives ages of approx1mate1y 23 to 26 m.y. for the
volcan1c rocks.

The older marine‘éedimentary focks aie‘moderately we11 indurated
and therefofe, like the underlying unit, ére probably less permeable and

porous than the overlying units. These rocks were not encountered in

several test wells below the Bouse Formation, which suggests they are
less extensive than the Bouse Formation.

The marine Bouse Formation is the most important of the lower four
units because it is the shallowest reliable stratigraphic marker and
because it was deposited prior to major strike-slip movement along the
San Andreas fault system. The Bouse Formation consists predominantly of
clay and silt with interbedded very fine to fine sand. Thickness ranges
from zero to 290 m.

Deposition of marine sediments did not cease abruptly. This is.
indicated by a transition zone (facies), which represents regressive .

intertonguing of marine and nonmarine strata. This unit is as much as

100 m thick in the southwestern part of the Yuma area, but is missing in
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the northeast. :Thesg rocks contain abundant clay and silt and some
coarser strata, which are slightly to moderately indorated.

Clasts in the conglomerate of the Chocolate Mountalns are
‘predomlnantly ash-flow tuff and welded tuff. These fragments are angular’
and range in size from granules to boulders.' Olmsted and others (1973)
1nferred from field relatlons that the older parts of the conglomerate may
be equ1va1ent in age to the upper parts of the nonmarine sedlmentary rocks,
and the younger parts of this unit may be equ1Valent to the older alluvium.

The older alluvium is Pltocene-Plelstocene. It comprises slightly
to moderately 1ndurated fluvial and deltaic sediments dep051ted ch1ef1y

\by the Colorado River. Within the'Yuma-area,.the older alluvium is the
most widely exposed stratigraphic'onit. -Thiéknessrramges up to 760 m in
. the southwestern part of the area.'

The Quaternary younger d11UV1um is composed entlrely of f1ne-gra1ned
Colorado and G1la R1ver dep051ts, alluv1a1-fan-deposlts, and wash and
sheet-wash’deposite'of‘the most recent major depositional cycle. The
windblown sand forms chiefly:small dunes in’the valleys and sheets of sand

on Yuma Mesa.

O DD o [””f_.lffi(j S

STRUCTURALTSETTLNG. Anderson and Silver (1979) recognized that one

-

of the earliest tectonic events to have affected southwestern Arizona was a
»major,left—lateral dislocation of Late Jurassic age, called the Mojave-
Sonora megashear. ' This dislocation zone trends generally northwest from

the Sierra Madre Occidental of ‘Sonora, Mexico across the Sonoran, Colorado,

| A

and Mojave deserts to the southern InYo'Mountains of California. Anderson

and Silver (1979) suggested that as much as 700 to 800 kn of offset may

-
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have occurred. The offset disrupted two northeast-trending orogenic and
-~ magmatic belts of Precambrian age. |

The Laramide orogeny, 40 to 80'm.y.B;P., produced uplift? extensive
plutonism and‘volcanism, and intense cOmpressive deformation. Subsequent
tectonic events haye been superimpdsed on the Mojave-Sonora megashear and
Laramide structﬁres. The extent to which younger Basin and Range block
faulting, mountain uplift, and basin subsidence have affected the Yuma area
i$ unclear, however. Ebgriy and Stanley (1978) stated thatVSalton Trough
tecfonics:played a more(important role in the Yuma area than did Basin and
Range‘fectdnigs.‘ |

The Salton frough-Gﬁlf of California éystem west of Yuma is
interpreted»as a complex, trénsitional(plate boundary that takes up
stress created by two different tectonic regimes: spreading at the East

Pacific Rise and transform motion along the San Andreas fault system as

the Pacific plate moves northwestward. As a result of continuing motion,
the Gulf of California-Salton Trough system is an actively growing rift.

The Salton Trough itself is a deep seéiment-filled structural .
depression created by block faulting followed by subsidence and deltaic
deposition from the Colorado River. The trough is the landward extension
of the Gulf of California. The present apex of the Colorado River delta
forms a low divide between Imperial Valley to the north, in California, and
Mexicali Valley to the south, chiefly in Mexico. These twp valleys contain
the geothermal anomalies that have been identified within the Salton
Trough.

The subsurface in the Yuma region comprises several deep basins

separated by fault-bounded bedrock highs (Fig. 2.130). Maximum depth to
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basement in the Foréuna basin is. 4 900 m; in the the San Luis basm, depth
to basement is 4, 100 m, and in the Yuma trough it is 1,100 m (Olmsted

1979,.wr1tten commun.). The ’major fault through‘ the area ;s the

15°00'

'''''

, Crystalline Rocks

A!Iqum Kilometers

= ' V . A - ‘V - L) - . | B " » ’32°|5.

'F'igure‘ 2.130. . ‘Map showing deep:basins and bedrock highs, with approxi-
mate maximum depths to crysta111ne rock Also shown is the Algodones
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northwest-trending Algodones fault, inferred to represent the northeast
margin of the Salton Trough and to constitute an inactive extension of the
San Andreas fault system (Olmsted and others, 1973). Other faults through

/ . ‘ . - .
the Yuma area are shorter en echelon faults that parallel the Algodones

fault, and the more north-northweSt;trending rahge-bounding faults of thé,

Laguna, Gila, and Tinajas Altas mountain chain. ' A number of the subsurface\ 
faults were identified by Olmsted and others (1973) through (1) offsets of

the Bouse Formation and (2) their observed effect of acting;as impermeable .

ground-water barriers. ‘

GEOHYDROLOGY. The principal source;of all shallow ground water and
groundfwater recharge in the Yuma area is the Colorado River. Smaller
sub-areas receiVe significant recharge from the Gila River. in recent
years upstream dams, large-scale pumping from drainage and,irrigétion
wells, and applications of irrigation waters have créated a state of
flux in the natural hydrologic cycle in this region.

The ground-water reservoir comprises the entire sedimentary section
overlying the pre-Tertiary crystallineAbasement rocks. However, the
principal water-bearing units consist almost solely of the older

alluvium, younger alluvium, and windblown sand.

The lower four deposits have been called '"poorly water-bearing rocks"

by Olmsted and others (1973) because they contain either scant quantitiés
of water or water that is highly mineralized. They suggested that the
deeper.formations may contain some connate water, which has never been
flushed out. Electric logs indicate specific conductances up éo 15;000 |
micromhos (approximately equivalent to 9,000 mg/L TDS) from most pérts of

these lower deposits. In the north-northeast part Qf Yuma, the abundant
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clay and silt of?the Bouse Formation form an aquiclude between the
underlylng nonmarlne sed1mentary rocks and the overlylng dep051ts that make
up the main part of the ground-water reservoir. Electric log data and
electrical soundings (Mattick and others,v1973) indicate that the Bouse
Formation has a very low average resistivity_of 3‘ohm-m and the older
marine sedimentary rocks have an average reSistivityrof 8 ohm-m; In
general, they 1nterpreted the electr1ca1 data in terms of formatlon
coarseness, degree of cementatlon, and water sa11n1ty, and - only mentioned
the possibility of hot water Lauslng,or enhanclng the h1ghkeonduct1v1ty of
the Bouse. - | ‘1 : B ‘.

GEOPRYSICS. Both gravity (Fig. 2.151) and aeromagnetics (Fig. 2.132)
of the Yuma arearshou nOrthWest;trends,vwhich‘are typical of»the Basin and
Range province'and.the,SaIton'Trough; 'Gravrty lows generally reflect the
deep basins andhgravityrhighs, the nearssurfaeerr surface exposures of
bedrock.h Lineaments (Lepley, 1978) have the same northwest trend that is
seen in the gravity, magnetics, an& fault traces,'Sass and others (1971)
published two heat flow measurements‘in the northern Yuma area, 79.4 and
87 8 mWm 2 (Fig. 2.133). Shearer (1979) temperature looged two wells in,the
southern Yuma area, but was unable to determlne the heat flow because dr111
cuttlngs were not avallable. All four thermal gradlents (Sass and others,
19%i;£Shearer@11979)‘were measured in deep sedlment- f111ed‘ba51ns of the
same‘depositional environments.‘ Therefore, we used the‘thermal "
conductivities measured by Sass and others (1971) in the northern basin and

the gradients measured by Shearer (1979) 1n the southern Fortuna and San.

Luis bas1ns to estlmate heat flows in the Shearer holes (Table 2.27).
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- Figure.2.131.. Complete residual
Bouguer gravity anomaly map of
~the Yuma area (from Lysonski,
Aiken, and Sumner, 1981).
Contour interval is 2 mgal.

!
o s 0
// 2 milligal contour Kilometers

T

32945

Figure 2.132. Upward-continued
composite aeromagnetic map of
the Yuma area (from Aiken and
others, 1980). Contour interval
is 25 gammas. -Lineaments from
Lepley, 1978.
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Figure 2.133. Heat flow (mWm 2)
-in the Yuma area. Circles
are measured heat flow (Sass
~and others, 1971; triangles are
estimated heat flow (Stone,
- 1981).

118°00' 11445 114930’ 14°15°
TABLE 2.27, Heat flow estimates.for southern Yuma area

Well Names and Thegmal Grad. 1 Thermal Cond.?2 Heat Flow

Location C/km . - W/mk Range mWm~2
Exxon Federal #1 39.0 2,09 to 2.34  81.5 to 91.3
C-11-24-8ac | g |
CH-28 YM a0 2.09 to 2.34 85.7 to 95.9
C-13-20-12ab RN o |

- 1 from Shearer (1979) 2 from Sass and‘others (1971)

“The rahge of these estlmdted values compares favorably w1th the two
heat flows publlshed by Sass dnd others (1971) The data suggestlthat Yuma
is an area of normal Basin and Range,heat flow.A However; since all of the
measuiemenie'oeCur around therpefiphefy of fhe area, the pbssibility'of a
geothermal anomaly occurring in;the cehter ierhet necessariiy‘precluded.
| J‘Olmsted:énd others (1§7Si measufed'ﬁater teﬁperetures in the coarse-
gravel zone and 1dent1f1ed several anomalously warm areas (F1g 2 134), o 'e
of whlch is in the area of the hlgher measured heat flow. They ascrlbed
most of the warm anomalles to warm water rlslng along faults where the

faults act as ground—water barrlers, but several anomalies they attributed
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14°45' ’ 114°15
> % VU Py S35 >

32°45'

Coliforia, _ - -
Bajo California ™.

32030

Warm Anomalies

Fault (Dotted , Kilometers
where concealed)

Figure 2.134. Map showing warm-water anomalies of Olmsted and others,
1973 (shaded areas) and geothermal gradient anomaly of Stone, 1981.
Contour interval is 80 C/km.

to the effects of allﬁvium fhat is less transmissive than alluvium in
surrounding areas. These investigators further suggested that some of the
warmr;nomalies may reflect hot zones in pre-Tertiary crystalline rocks.
Such areas are good gebthermal explqration targets.

Stone (1981) identified a geothermal-gradient,anomaly‘overlying the .

Mesa basement high (Fig.'2.134) by using linear segments of published
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temperature-depth profiles. The gradient anomaly is in the area of a

'fault-controlledrwarm anomaly}identifiedrby Olmsted and others (1973).

GEOCHEMISTRY. Yuma is a Iong—stahding agricultural community.

Large volumes of surface (river) and ground water are applied annually

to irrigate crops. Such irrigation‘has:created an artificial ground-

watervmoundtthat reqﬁires pumping from nﬁmerous drainage wé;ls to reduce.
Pumping has the desired effect 6f 1owering'the water tablerby causing
downward leakage of water £rom the upper,Afine-graingd zone into the
coaréeegravellzonéf ,

» an:result,of such large-scale pumping from wellsAand heavy
applicétions of ifrigation water has beeﬁ\to substantially alter the

natural quality of‘ground‘water by mixing waters from different sources

. and of different chemical compositions. The mixing has created in

historié;;imes‘an~artificia1 watervchemistryAthat‘SOuld effectively mask
thermal water leaking from’a_deep geothermaljreservoir; ~Additional
processes thatvresult from‘irfigation praétices also change the chemical
composition of_ground‘water.‘PThese.factors;afe: &8 concentration.by
evaporationiand;evapotranspifétion; (2)‘softening by ipn exchange;

(3) sulfate reduction; (4),cérbonate precipitation; (S)fdisﬁolution‘df
salts; and (6) oxidation of dissolved organic substances. Thus fhe
cheﬁicql geothermdmetérs have not been useful in detecting thermal water
in the Yuma aréa. This conclusion is exemplified by looking at con-
cgntrafions/df silica in groﬁndLWatef.in'this area, Silica contents of
153 random samples have a meaﬁ Value Qf 27.9;mg/L{ with a standard -

deviation of only +0.59.
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CONCLUSIONS. The Yuma area is a favorable target for geothermal

(.

exploration. The area is proximate to and probably actively involved in
the Gulf of California-Salton beuéh feétdnickrégimé,'which’has numerous
associated geothermal anomalies in*ﬁeighbdring'California and Mexico.

It seems likely that as a result of the nearby, active rifting in the

- =

Salton-Trough-Gulf of California, the pfe-Tertiéry"baéement'ibcks in the

ey
&

"

Yuma area may have a high degree of fracture permeability, mékinggthem '

potential geothermal reservoirs.

Zones of anomalously warm watef:énd’a geothermal-gradient aﬂomaly

along northwest-trending faults suggest the occurrence of hydrothéfmaiw RN

r—

systems. Additional study is required in these zones to characterize
heat contents and ultimate potential.

Measured and estimated heat flow around the periphery of the Yuma

r—

area are normal for the Basin and Range province. The area is large

enough, however, that high heat-flow anomalies existing locally within

r—

the central region would not be detected by the few measurements that are
available.

On the basis of cited evidence, we expect that potential geothermal
resources in the Yuma area, when found, will be below the Bouse Formation

or .in basement rocks and that the fluids are likely to have high TDS.
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MOHAVE SECTION - BASIN AND RANGE PROVINCE

PHYSIOGRAPHY. The:Mohave section (Hayes, 1969) of the Basin and Range
province includes that part of Arizona that is north of the Bill Williams

and'Santa Maria Rivers and west of the Colorado Plateau (Fig. 2.135). The

boundary between the Mohave section and the Colorado Plateau is somewhat

arbitrary within a transition zone that has characteristics of both areas.

~ Most of this transition zone has a greater affinity to the Basin and Range

province than it does to the Plateau because it has incurred Late Cretaceous

.to early Tertiary;and mid-Tertiary:volcanismrand igneous intrusion as did

the Basin andkRange province{ Near the Colorado River, the Grand Wash
Cliffs and Music Mountains separate the Plateaﬁ and the Mohave section, ]
while south of_Interstate 40;1the boundary is traced southéastward around
thé Aquarius Mountains towai*d Prescott and the Chino Valley.

In a general, the‘Mohéve section resemﬁles the Méxican Highland sec-
iioﬁ and thevGreat Basin beéause:their bgsihfto-range raﬁios and relief are
similar. VInyfact, Fenneman (193;) placed nprthwest Arizona in the Great
Basin, Howeyer,_majqr stratigraphic and tectonic differences exist
bgtweenvthe‘MohaVe sectionrand the Great Basin and the Mexican Highland
section. |

Mountain ranges such asvthe Cerbat, Hualapai and Black Mountains are

between 32 and 112 km long‘éndvs to 24 km'Wide; they range mostly between

1,219 and 2,134 m in elevation and have 305 to 1,372 m of relief. Inter-

vening basins such as the Hualapai Valley, Big Sandy Valley, Detrital
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Valley, and the Sacramento Valley are between 16 and 24 km wide. Both
external and internal drainage is observed in these valleys. Elevations
of valley floors range between 610 and'1,219‘m, except in western valleys
where the through-flowing Colorado River has éroded'the surface down to
457 m elevation or less.

GEOLOGY. Prior to'mid-Tertiary volcanism anduplutonism, thé Mohave

section was structurally high. It incurred deep erosion, which removed

‘the entire Paleozoic and Mesozoic stratigraphic sequence, except in areas

north of the Colorado River. Precambrian basement consists of predomi-

nantly Precambrian granitic to granodioritic gneiss, which intrudes high

grade metavolcanic rocks (Fig. 2.136). These gneisses, 3pproximateiy'1,800

‘m.y. old (Kessler, 1976), comprise the bulk of the Cerbat and Hualapai

Mountains and they underlie Tertiary volcanic flows in the Black Mountains
and Aquarius Mountains. A few widely scattered granite stocks and batho-
liths, such as the Lawler Peak Granite at Bagdad and the Hualapai Granite
south of Kingman, intrude the gneisses. These granites have large ortho-
clase phenocrysts and they belong to the 1,400 m.y. Oracle and Ruin
Granite suite of southern Arizona. Simple pegmatite dikés and diabase
dikes intrude the granite,‘gneiss, and older metamorphic rocks.
Precambrian rocks in the central Cerbat Mountains (near Chloride)
weré intruded by Laramide age plutons that are associated with"copper
mineralization. No Laramide (Late Cretaceous to early Tertiary) volcanic
flows are definitely known in thig region. The oldest reliably dated
volcanic rocks are less than 25 m.y. old and rest nonconformably upén
Precambrian basement, Laramide intrusive rocks, or on thin, older Tertiary

arkosic sediments.
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Figure 2.136.
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- Even though many ranges expose predominantly Precambrian rocks,
mid-fo 1ate-Tertiafy volcaniclrocks probably covered most of the Mohave
section prior to Basin and Range faulting, However,:intervening basins
probably preserve the volcaniéfockskbépgafh basinjfiiiing’se&imgnts.

Several distinct eruptive ceﬁférsvweré égtive #t ﬁatioué‘fimes during
the mid to late-Tgrtiary. Théy afe'delineétedron the basis of‘éomposition
and style of eruption,llocétiqn, and age (Fig.»2;136). The Eldorado
(Anderson and othefs,>1971) and the Oatman (Thorsdn,-1971)>cen£ers are
found in the Colorado Riyer~Lake Mead area;kthe qut Rock; BlackrMesa,
Aquarius Mountains, and hkﬂun;'Mbﬁntains céﬁtérs’(Goff and others, 1979)
are found on the eastern margin of the Mohayé section. Ah additional
eruptive center, the Kaiser Spfing—Elephant Mountain volcanic field occurs
south of the Big Sandy Valley (Moyer, 1982).

The'Eldorado (19‘to 14 m.y.)iandfthe Oatman (>23 to <10 m.y.) volcanic
center§ are characterizedvby thick,piiés (>3 km) of intermediate and
silicic rocks, which ére intruded by“coevél epizonal plutons (Anderson and
others, 1971; Thorson, 1971). Voicéno-tectonic subsidence and resurgence
is indicated by these igneous rocks and interbedded clastic sediments.
Older volcanic rocks, intruded by a 22.6 m.y. old stock at Oatman, record

the formation of a resurgent cauldron (Thorson, 1971). A distinctive and

regionally widespréad stratigraphic marker horizon, the Peach Springs Tuff

(17 m.y.) may have eruptedvfrom another as yet unidentified cauldron in:
the Eldorado volcanic complex (Young and ﬁrennan, 1974). These fhick

volcanic piles adjacent'to the Colorado River were disrupfed'and rofaﬁed
by widespread listric normal faults. Rotéte&.éﬁd faulfed-mid tb léfe- ’

Tertiary volcanic rocks (>14.4.m.y.) are angularly unconformably capped
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by scéttered untilted basaltic flows (<14.6 m.y.) (Anderson and others,
1971.)

Predominantly basaltic rocks overlie Preéambrian‘rocks on thin arkosic
sediments in the t:ansitional.ione between_fhe Mohave section and the
Colorado Platéau., Until recehtly, it was’nqt recognized that basaltic
voléanism had been accbmpaniea by eruptions Of_silicic‘to intermediate
rocks.» | B

The Fort Rogk‘volcanic.field (24‘to 17 mn.y.) ;onsisﬁs,of alkali basalt,
iatite, gnd thyolite, which are overlain by the Peach Springs Tuff (Goff
énd others, 1979). The:Aquarius Mountains yqlcanic center (18.2 to 17 m.y.)
consistg of rhyolitic air fa117tuff, non-welded ash flows, and rhYQIite
flows (Goff and others, 1979).?;Thevrhyqlitic 1avaff10ws are qonfined‘to
the vent area.'UBlggk Mesavvoicgnics,randesite And dacite flows, overlie
the Peach Springs Tuff.fﬁohe of the andesite}flows is 13.2 m.y. old (Goff
and others, 1979). The%MOhonquuntain basalts may be as young as 7 to 8
m.y. {Goff and‘others, 1979).  In the Kaiser Spring-Elephant Mountain area,
about 15 km south of the Mohon Mountains area, Shafiqullah.and‘otheré
(1980)‘repq;ted_s‘m.y,lages foi»basa;fs,in;Burro Creek. The Kaiser Spring-
Elephgnt Mpuntéin field*has'numerous siiicic domes, which are partially
submerged)in a flqod of basai@ flows (Moyer, 1982). These vdlqanig rocks
méstlykoverlie Precamb’::'iapba;_‘;gmentf~ ‘ |

Volcanism haé'continued:é;most into%Quaternary. In the Lake Mead
area, thg'Fo?;ifi¢ation Bgsél;}(4 to 6 m.y.);is‘intgréalated in the‘Muddy,
Creek qumafion,:a Basip and{gahgekval}gy}fill,éequencef{

High angle normal faulting (Basin=ang'Rahge tectpnism) created the

present-day first order structure and physiography. Graben structures,
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inferred to underlie the valleys are filled with sand and gravel, which were
deposited by alluvial fans and with mudstone, gypsum, and halite which were

deposited in playa and lacustrine environments. These sediments angularly

‘unconformably overlie either Tertiary volcanic rocks or older alluvial and

lacustrine deposits. They sometimes noncOnformably rest upon Precambrian
rocks. In-the Big.Sandy Valley, the basin filling Big Sandy Formation,
which consists predominantly'of lacustrine green and brown mudstone inter-
bedded with zeolitic tuffs, has these relationshibs with pre-Basin and
Range rocks (Sheppard and’Gude,'1972; quiey, 1979). e [
THERMAL REGIME. Seventeen widely scattered heat flow measUremehfs are
reported in the Mohave section (Shearer and Reiter, 1981; Séss, persQnal
commun., 1981). With the exception of two measurements oh the west side of
fhe Big Sandy Valley and a single value east of Detrital Valley,‘thése heat
flow measurements habe values typical of the southern Basin and Range prov-

ince; they vary between 65 and 95 mim~ %,

High heat flow values on the west
side of the'Big Sandy Valley are due to shallow convective systems (Shearer
and Reiter, 1981.)

West and Laughlin (1979) used a compilation of reéional geophysical
data to identify an area that apparently has above-normal crustal tempera-
tures. This area, centered approximately beneath the Aquarius and Mohon
Mountains, has no reported heat flow measurements; but it is characterized
by an intriguing combination on geophysical anomalies, which suggest high
temperatures. A regional residual gravity low, interpreted by'Aiken (1976)
as either the result of a pluton or elevated crustal temperatures; coin-

cides with a zone of teleseismic P-wave attenuation (Jordan and others,

1965) and a relatively shallOw;dépth (<10km) to'the Curie point Iaboﬁt
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500°C) (Byerly.and Stolt, 1977). vAiken and Anderf(1980) reported that
magnetotelluric (MT) data ineicatela~shallow electrically éoﬁductive zone
beneath tﬂe Aquariue Mbunteins region, which they interpreted as caused
by high temperatures,at telativelyrshallowldepths in the crust. These
geophyeical date may‘indicete a geothermal gradieﬁt exceeding 45°C/km in
granite, | | | T

GEOHYDROLOGY. 1In general,'gfeund-Water flow in this region mimics

the topography. Ground water ih the Hualapai Valley ie 275'm deep near

- its south end and it is about 80 m deep over the main portion of the

valley (Gillespie and Bentley, 1971). Ground-water flow in the Hualapai
Valley is northward toward Lake Mead. In the Sacramento Valley, ground-

water flow is toward the basin discharge outlet south of Yucca between

| the Black and Mohave‘Mountains.k The Sacramento Valley weter‘teble is

less than 50 m deep south 6f Ynece'but it is’bver’SOO n deep at the north
end of the valley (Glllesple and Bentley, 1971) Along the‘seuth ~-flowing
Big Sandy R1ver in the B1g Sandy Valley, ground water is less than 1 m
deep, while away from the rlver at the north end of the valley the water
table 1s 230 m below the surface (Dav1dson, 1973) '

THERMAL WHTER Kaiser Hot Sprlng, Cofer Hot Spring, and Tom Brownb
Canyon Warm Sprlng dlscharge thermal water 1n the Big Sandy R1ver drainage
area (Flg. 2. 137) Ka1ser Hot Sprlng, 37 C, dlscharges from a 25-m-wide
brecc1a zone str1k1ng N. 45 W, The brecc1a zone is in Precambrlan ‘gran-
itic rocks underlylng the 5111c1c flows and flow brecc1as of the Kalser
Sprlng-Elephant Head volcanlc f1e1d (Goff 1979 Moyer, 1982) : Ka1ser
Hot Spring is a sodium b1carbonate water (F1g. 2.137) with h1gh fluoride

(7.0 mg/L) and relatlvelyvlow TDS (Less than 1,000 mg/L) (Goff, 1979).
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The magnesium-correctedrNa-K«Ca geothermometer is l21°C for Kaiser Hot
Spring, while the quartz.geothermometer is 100°C.

Cofer Hot Sprlngs, 32 to 36° C, dlscharges from clastlc sediments 1n
the B1g Sandy Valley southeast of W1k1eup Cofer Hot Sprlng is a sodium
chlor1de-su1fate water whose TDS is less than 1,200 mg/L (Swanberg and
others, 1977; Davideon, 1973). The quartz geothermometer“is 110°C for
Cofer Hot Spring,rwhile the magnesium-corrected Na-K-Ca geothermometer is
38°¢C (Swanberg and others, 1977;,Goff,,1979).

Tom Brown Canyon Warm Spring,(ZBOC) discharges from clastic sediments
on the east side of the Big Sandy Valley. This spring is a sodium
chloride water wlth a TDS of 1,580 mg/L (Swanberg and others, 1977). Both
the quartz and}nagnesium—corrected Na-K-Ca'geothermometers‘predict an 809C
reservoir temperature for the Tom Brown Canyon system (Goff, 1979; Swanberg
and others, 1977) | 4

Several thermal wells are reported in the Sacramento Valley. Near
Yucca, well B 17 18 12bca d1scharges 34 C water from a depth of 306 m.

Swanberg and others (1977) reported an addit10na1 thermal well in T. 17 N.,

| R. 18 W., sectlon 1 wh1ch had a temperature of 32°C and a TDS" of 284 mg/L.

West of Yucca in the Black Mountalns, the Oatman Warm Sprlngs seep 29 C

water w1th a TDS of 372 mg/L South of Yucca on Dutch Flat at the

'Anderson Ranch a hot we11 395 m deep dlscharges sod1um chloride, 44 5° C,

water from bas1n~f1lling sed1ments (Goff 1979) The quartz and Na-K-Ca
geothermometers for th1s well are 85 and 83 C respectlvely

Duval Corporat1on has dr111ed at least f1ve deep wells, greater than
400 m total depth to supply water for copper mining operatlons in the

Cerbat Mountains (Goff, 1979). Two of these wells in the northern
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Sacramento Valley penetrate basin-filling clastic sediments and discharge

'

36 to 37°C calcium-magnesium'Biéafﬁbhéfé’Qatéf (Goff, 1979).
Bottom hole temperatures of deép fést‘wélls'ih the northern Hualapai

Valley‘hdrth of Kingmén have témperatures exéeédihg 45°C.  Well B-26-16-22c¢,

T

drilled to 1,828 m in the Red Lake saif déposit; has a Bbft;m hole tempéié-
ture of 76°C (Giardina and Conley, 1978). | e

| McKay (1981) discussed thermal springs, which occur on bo£h sides of
the Colorado River in the Black Canyon below Hoover Dam. Mbétudf these
springs occur on the west side of thé §anyoh in NeVada;'howevér, thfee'

springs were studied on the Arizona side of the canyon.' These spriﬁgs

T

have an estimated composite flow rate of 70't/séc‘with individual spfing
discharges‘fanging from 2 to 14 L/sec. Temperatures of the springs that

are in Arizona range from 32 to 58°C. They have TDS between 1,285 and

r—

'3,600 mg/L. Individual springs discharge sodium chloride water from
faults and fractures in mid-Tertiary volcanic rocks, which comprise the
Black Canyon. Wide variations in chemistry among these springs indicate

that mixing of waters from different source areas OCCUTS (McKay, 1981).

— -

CONCLUSIONS. Interpretation of several sets of diverse geophysiéal
data suggests a positive thermal anomaly in the crust in the Aquarius
and Mohon Mountains area. While no Quaternary volcanic rocks are kndwﬁb
in this area, which might indicate high témperatures or magma at shallow

depth in the crust, the Los Alamos National Laboratory has beenkeValuating

the area as a potential hot dry rock (HDR)‘geqthermal site based upon the

r— rm

geophysical inference of high crustal heat. To date, studies by Los Alamos

scientists indicate that no high temperature convection systems exist in

v

the Mohave region; rather, several widely scattered low to intermediate

.
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temperature systemsk(<120°C) occur. These systems are probably the result
of forced convective flows‘oﬁ meteoric water to sufficient depth to be
heated by the regional geothermal gradient. Tﬁe'chemical quality of these
thermal waters is good, mak1ng them su1tab1e for direct-heat applications.

Temperature gradlents exceedlng 37 C/km are possible in the Aquarius-
Mohon Mountains region (Goff and others,-1979). Thus, this area may have
deep (>4 km) hot dry rock geothermal potent1a1

Thermal waters in the B]ack Canyon below Hoover Dam are probably not
suitable for‘development due to the rugged topography andvlsolatlon from

potential users.
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RESIDUAL TEMPERATURE MAP

The Geothermai Group measured temperatures in more than 100 drill
holes in Arizdna Qrer a four-year periodf Most measurements were made in
existing water wells and mineral tests, using a ‘thermistor probe with an
accuracy of t‘0.00Idé. Thirteen holes were drilled solely for the purpose
of obtaining gradlent or heat flow 1nformat10n. Figure 3.1 shows all the
areas where groups of wells were measured. Table 3.1 .1ists by area all
well locations, well names; and the abbreviated well designations, which
are used on the temperature-depth profiles. Data tables and profiles for
individual areas and wells can be found in Goldstone and Stone (1982).

The‘idea of making a temberature gradient map of the State of Arizona
was rejected because of the obvieus,errors inherent in comparing gradients
over a region_as'hydrologicalry and geologically varied as Arizona. Well
depths vary from a few tens to several hundred meters. Some thermal
gradients are profoundly affected by hydrologlc processes, both natural and
human 1nduced Even within a re1at1ve1y small area hav1ng the same
conductlve heat flow thermal conduct1v1t1es may vary laterally to such an
extent that gradlents can dlffer by a factor of two or more. Thus,
grad1ent comparlsons over a large area are of questlonable value. . Instead,
we constructed a "Residual Temperature Map" (Fig. 3. 2) u51ng our tem-
perature measurements and other published and unpublished data (Roy and
others, 1968a, 1968b Sass and others, 1971 ‘Sass, 1979 personal commun.,

Shearer, 1979, unpub. Ph.D. disser.).
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Figure 3.1,

able

TABLE 3.1. Names of areas shown in Figure 3.1

Areas for
which measured temper-
ature logs are avail- -

logs are available

Coceéenineo

X
X
N

-
NN
[ IR

gg%%gi
Y

B .'.."....-.g ! 5¢//// ‘

Greenies

for which measured temperature

Area No.
1

2

© 10

Area Name
Colorado ‘Plateau
Concho-St. Johns
McNary-Pinetop

Springerville-St.
Johns

Alpine-Spriﬁgerville
Clifton
Safford
Willcox

Tucson

‘Area No.
11
12

13

14
15
16
17
i8

19

"~ Area Name
Avra Valley
Silver Bell

Papago Indian
Reservation

Gila Bend-Hyder

Montezuma Castle

qubefMiami

~ Scottsdale

Hassayampa

Date Creek
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Figure 3.2. Residual temperature map of Arizona. Crosses represent
data points.
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Figure 3.3. Temperature-
depth profile showing
excessive ground-water
-disturbance

Figure 3.4. Temperature-
depth profile showing slight
hydrologic disturbance due to
ground water moving up the
borehole., The temperature
predicted bx the straight
line is 0.3°C less than the
measured temperature at 100 m.

Figure 3,5, Temperature-
depth profile showing. slight
hvdrologic disturbance due to
cround water moving down  the
borchole, The temperature
predicted by the straight
line is 2,27C greater than
the measured temperature. at
100 m.
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In constructing_thé_Résidual Temperature Map, we applied certain
interpretive’procedures fd{the data set to he;p eliminate some of the
problems agsopiated with thermalvgradiehts. These procedures are dis-
cussed below. While oﬁr method was not rigorgus, the corrections and
adjustmgnts were.cbnsisFentlyvandAcarefully applied.' In some areas final
interpretation was guided by knowledge éf local geologic or hydrologic
conditions. | .

TherfirSt'interpretivg procedure was to,éiiminatg all wells that
showed excessivé grquﬁdfwater’disturbénce (Fig, 3.3). An accura;¢4
formation}temperafnre'atvahyf@gpth is negriy_impossible tokascertain
under such,highiy'distﬁrbed1¢ohditions, Temperature-depth profiles that
éhowed only slight'hydrologic djspurbgnce were fitted_by a‘sﬁraight
line. If extrapolétipn{gf the gradient_to the surface approximated the
local MAT, the{tempe:atﬁ;e pxedicteg by‘ghe straight line rather‘than
the measured temperature at 100 m was used. This procedure incrgased
the temperatqre for some wgilslgnd détfegsed»it:for others, depgnd@ng on
wheiher water was moving;downtor,up the‘pbreho;e (Figs. 3.4vapd‘3.5).

Temperature corrections made in_this way varied'betwéenAabout +0.5 and

(]

2.,0°C. .

The second procedure wastto select temperatures measured at 100-m

depth. Use of this depth évoids;seasonal;;empéxature variations that

may occur at»shallower;depths,. In‘addition selection of this depth.
maximized the number of wells that could be included in the data set
because proportionately fewer wells are available with increasingly

greater depths. The major drawback of this procedure involves loss of
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valuable information from deepér than 100 m. The trade off here is
betweéﬁApresénting a standardized.mép based on a large numbér of sites
and making a possibly'invalia édﬁpariSOn between shallow and deep wells.
Third,.the local MAT was subtracted from the 100-m temperatures in
order to correct somewhat for4hbié elevation and latitude. Latitude

within the state changes by 6 degrees; elevation changes by 2,000 m or

more. Except in areas where near-surface heat transfer characteristics

(e.g. albedo, thermal inertia) are anomaloﬁs, the MAT generally is two
or three degrees lower thanﬁthélléss-Wéll;knbwn mean ground surface
temperature, which also decreases Wifh'in¢fea§ing elevation and in-
creasing latitude. Thié'corréction prbduced a "number" that could be
interpreted as a thermal gradient, but we ﬁfefer to avoid that term.
Finally, since rock thermal conductivity, which depehds chiefly on
mineral content and poroSity, has a major effect upon thermal gradient
and heat flow, the numbér thus far derived from temperature measurements
in unconsolidated sedimentary rocks could not/validly be compared with
those derived from temperature measuréments in crystalline rocks. A
final correction was made to the numbers from sedimentary rocks (Ns) in
order to normalize them to those from crystalline rocks (Nc). The
correction was Nc = Ns x Ks/Kc, where Ks and Kc are averagé thermal
conductivities for sedimentary and crystalline rocks, respectively. In
Arizona; basin-fill sediments have an average conductivity about one
half that of crystalline'rocks (Sass, 1982, ﬁeréonal commun.), so that '

~ our value for Ks/Kc was 0.5. No distinction wés made between con-

solidated and uncdhsolidated'Sedimentary rocks as the latter are usually'
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quite porous in the upper 100 m. The few measurements made in volcanic
rocks were corrected 1n the same manner as the sed1mentary numbers. ‘No
correction was applled to Colorado Plateau measurements because average
measured conduct1v1t1es for these near-surface sedlmentary formatlons
are roughly equ1va1ent to those of crystalline rocks (Bodell and Chapman, B
1982 Sass and others, 1982, in prep. )

The. resultlng map depicts residual temperatures across most of the
State of Arizona. Obvious gaps in the data set occur in northwestern
Arizona and parts of east-central‘and northeastern Ari;ona. in other
areas coverage varies from sparse to excellent. o |

Incorporatlng the procedures oulined above, our map prov1des a roughv
picture of the shallow ( 100 m) conductive thermal reglme of Arizona,
modified to varylng degrees at different 1ocat10ns by both reg1ona1 and
local hydrologlc processes. Several promlnent features on the map are
worth ment10n1ng

(1) Three residual-temperature zones exhibiting a pronounced north-
south trend cut across the major. geologic and phy51ographic prov1nce
b0undar1es.' The coolest zone is down the center of the state. Western
Arlzona is warmer than southeastern Arizona.

(2) The thermal tran51t10n from cooler to warmer re51dua1
temperatures in southeastern Arlzona approximates the boundary between the
Mex1can H1gh1and and the Sonoran Desert Subprov1nces of the Basin and Range
prov1nce. , | |

3 Strong deflectlons to the southeast occur where the residual-

temperature zones cross the Tran31t10n Zone,
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Other distinctive features include the large, anomalously low "donut"
sllghtly southeast of the San Francisco volcanlc f1e1d and the elongate
negatlve anomaly farther west, along the Cerbat and Hualapa1 Mounta1ns.
These areas probably represent zones of h1gh permeab1l1ty and recharge.
The smaller anomalies chlefly in the southern part of the state, are most
likely a result of ground-water conveetion. Numerousrother such anomalles
must exist in Arizona, but sparse data in many areas preelude their
detection at this time. | | -

Superimposing major lineaments and diseontinuities on the-hesidual
Temperature Map (Fig. 3.6) allows‘us to mahe additional observations.. .
Three small positive anomalies in southeastern Arizona fall along the
Morenci lineament. _High heat flow and open vertical fracture perme-
ability along this structure could have enabled local hydrothermal
convection systems to become established in these areas. A south-
westward extension of the Morenci lineament would pass through Papago
Farms where a convective geothermal anomaly has been identified by Stone
(1980; this volume). The Papago Farms anomaly is not shown on the
Residual Temperature Map because wells measured there are too disturbed
by ground water to be included. The positive anomaly in east-central
Arizona falls along the Jemez lineament. | |

Two major deflections in the generally north—south residual-
temperature zones parallel segments of the northeast trend1ng Jemezv
lineament and an extension of the northwest -trending S11verbe11 Blsbee
discontinuity. The parallelism of these features may be c01nc1denta1

or it may somehow reflect major crustal inhomogenieties.,
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Figure 3.6.  Map showing major Arizona lineaments and;discontinuitieé
(from Chapin and others, 1978; Titley, 1976)
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Historical epicenters (1830 to 1980)\and preliminary seismic source
regions in Arizona (Fig. 3.7) (Duéois.énd othérs, 1981) also correlate
well with the Residual Temférature Map. Areas héving cool residual
temperatures roughly coinciderﬁith areas of active historical seismicity,
and areas with thé warmest residuaint§mperatures approximate‘se§smica1}y

quiet zones.

Kilometers

Figure 3.7. Map showing historical
earthquake epicenters (1890-1980) and
preliminary seismic source regions
(from DuBois and others, 1981)
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THERMAL SPRINGS IN ARIZONA

INTRODUCTION. Hot springs haye’;ong held man's ipterest, During
cold spélls early man pfobably tbok‘advanfage>of fhe Warﬁth foeredrﬁf
these springs. Today, hot sprlngs are used to soothe human aches and
ééins and for relaxation.. In a few areas of the. world thermal sprlng
waters are used to heat bu11d1ngs and greenhouses.'

Geologlsts are very 1nterested in thermal sprlngs. UIn fééf; many
early hypotheses about the formation of hydrothermal m1nera1 dep051ts
and the nature of geothermal systems arose from studies of the temper-
ature, chemistry, and geologic setting of hot springs., Today, similar
studies continueiand are contributihg.to'manfs knowledge of the earth
and its geothermai resources.

ORIGIN. Thermal springs originafe from a combination'of special
geologic conditions that are basic to any geothermal sYstém. These
components must exist and function in concert before a thermal spring
system can occur. The special eléments are: (1) a heat source; (2) a
circulation framework or storage reservoir; (3) a recharge sgurce; and
(4) a discharge mechanism. The most basic element is the heat source
because it alone separates thermal springs from all others.

Natural conductive flow of heat from the earth's mahtie and radio-
genic heat produced in the ciust are the major heatAsources for Arizona
thermal springs. Igneous heat (heat from hot rocks or magmé) éources

are important in many areas such és\YelloWstqne National Park and the
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Cascade Range of the Pacific Northwest, but such sources have not
been identified in Arizona.
Ground water in Arizona acquires its anomalous temperature by

, R J
circulating to great depths in -accordance with the normal regional

temperature gradient. Deeply circulating water gathers and trans-

ports heat, a process called convection. ‘Convection can result from
buoyant (internally 1nduced) water flow, caused by a vertical differ-
ential in water density. This system is'known as free convection and

is commonly associated with very high temperature gradients and good

permeabilities. Thermal springs associated with predominantly free

convection frequently have an igneous heat source.

Convectlon can also be caused by pressure that is externally
1nduced called forced convectlon. Forced convectlon can occur where
the water table in a ground-water recharge zone is 51gn1f1cant1y |
h1gher than the water table in the dlscharge area. Flow is forced
by ma1nta1n1ng hydraullc pressure through cont1nua1 addltlon of water
to the recharge end of the system The depth of flow is controlled
by hydraullc pressure and the permeablllty, morphology, and d1men-_
51ons of the c1rculatlon system. |

7‘ Two types or models of c1rcu1at10n systems are commonly used to

describe forced convectlon geothermal systems.f The 51mp1est system 1s.

called a p1pe model (Donaldson, 1982; Lowell 1975). In this case a

syncllnal fold of hlgh permeab111ty strata or a U- shaped arrangement
of 11nked fractures in a fault plane prov1des a deep- reachlng condu1t
wh1ch connects a recharge area at higher elevation w1th a dlscharge

area at lower elevatlon (Flg. 3.8). Flow is induced both by
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Figure 3.8. Pipe model .

Low
Permeabilisy
Rock

for forced convection

Permeability Permeabl " thermal spring. system -
. [ ]
A .

ock

HEAT SOURCE

hydfaulic pressﬁre and by density céntrasts‘(buoyénéy) between den;er i
cold wate£ in the‘fecharge limb andvléss &énsé hot'Water in the discharge
conduit, | | -

The other forced convection system occurs in a porous ﬁedium in a
regional ground-water flow system. Doﬁenico and Paiciauskasr(1973) modeled
the temperature perturbatioﬁ resulting from a éimple regional ground-
water flow system in a basin with homogeneous’geology (Fig. 3.9). Their
studies illustrate that forced convection arising from regionalrgrdund-
water flow is capable of creating significant geothermal'anomalieg, even
when rock permeability is low.

Freeze and Witherspoon (1966, 1967;'1968) and Toth (1962) mafhemati—
cally modeled the affects of topography and geologic heterogeniety on a
regional'grodﬁd-water flow system. Toth (1962) showed that a fléw system
in a basin with hilly topography becomes complex Because local and inter-
mediate flow systems are superimposed on the regional system (Fig. 2.140).
He assumed that the water table mimics topogfaphy in his modei. iFreeze
and Witherspoon (1967) showed that flow patterné bécome almost recti-

linear where rocks with high-permeability contrasts exist. Highly
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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
-'40°C/km is a normal undisturbed
-conductive gradient. The con-
“vective gradient line shows the
affect of regional flow on the
‘temperature gradient, Part (b)
' shows temperature distribution.

018

Isotherms are in "C. (From .
Morgan and others, 1981.)
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Figure 3.10. Diagram showing the effects of topography .

 on regional ground water flow patterns. Lateral and
vertical dimensions are ratios of regional flow-system
lengths. (From Freeze and Witherspoon, 1967.)
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spoon, 1967.)

permeable rocks have horizontal flow, while low permeability rocks have
vertical flow (Fig. 3.11). Geologic heterogéneity and resulting con- 4
trasts in permeability and topographic (water table) variations within a
regional flow system can profoundly affect the volume of water transmitted
and the flow rate along a particular flow path.

Temperatures of thermal springs resulting from fofced convébtion are
controlled not only by the depth ofVWater flow and the regional temperature
gradient; their temperatures are also regulated by the water flow rate.
Turcotté and Schubert (1982) showed that a particﬁlar‘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 1s again only moderately warmer than when 1t ‘entered the system.
REGIONAL SETTING. Flgure 3.12. shows Arlzona thermal spring., Their
numbers refer to numbered.springs\in:Tablevs.z. On a regional scale,
Arizona thermal springs are.oontrolled'by ambiguous crustal inhomogeneity

and structure (Fig.' 13), -represented by aeromagnetic linears. They

“occur where topographic re11ef is. greatest and most often in areas with

relatively large exposures of crystalllne basement rocks., Thlrty-flve

out of 45 Arizona thermal sprlngs lie 1n a 120-km wide, northwest-trending

 belt that straddles central Arlzona Just south of the Colorado Plateau.

Most of th1s belt, wh1ch 1nc1udes K1ngman, Prescott Globe, Safford and
Morenc1, c01nc1des w1th the Tran51t10n Zone, a reglon that has character-

1st1cs of both the Colorado Plateau and the Bas1n and Range prov1nce.

»However, th1s zone has some unlque propertles of its own, such as ubiqui-

tous exposures of Precambrlan basement rocks, large deep canyons, and
generally rugged hlgh—rellef topography Most ofwthe northern‘boundaryr
of the Transition Zone is formed by the south-facing‘Mogollon Rim es;
carpment, whlch is as much as 700 m h1gh | |

Two thermal spr1ngs in southwest Arlzona formerly exlsted near the

northeast- trendlng G11a trough These sprlngs are now dry, probably as

-a result of ground-water development. Six thermal springs occur east
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Figure 3.12, Locations of

Arizona thermal springs.

Numbers refer to numbers in
Table 3,2,

P N4 ' “ . ’
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of longitude 111%. in south;astern Arizoﬁa‘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 voléanic fields
contain silicic rocks. In fact, the distribution pattern of thermal
springs and young volcanic rocks shows little overlap. Therefore, we have
ruled out an igneous heat source for these springs. Thermalrsprings do‘
coincide with most areas éhowing Quaternary faulting énd hiétorical earth-
quakes (Fig. 3.14). The major exception is the Flagstaff area and fhé
Kaibéb.Plateah-Grand Canyon region.' o | |
The residﬁél aeromagnetic map of Ariiona with maior geoéhysical
lineaments (defined by bold Iines)ris shows in Figﬁre 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 T™C T-MA'I‘°C
1. - 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¥2-20-36CB* 244 - 104
4 White River Salt Spring A-4Y»2-20-35AD* 28.3° 133
" 5 RooseveltDam Hot Spring A-4-12-19DDB 48.0 280
"6 - HotSpring ~ A-9-6-26AB* 366 . 17.6
7 . Verde Hot Springs A-11-6-38 ) 41.0 23.0
8 Salado Spring A-12-28-17DCA 21.7 117
9 . HendersonRanch Spring . .- B-8-1-33BAC .-30.3 11.3
10, Alkalai Spring B-8-1-33DB 31.2. 122
.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-18-13-25DB 283 - 103
15 - Warm Spring B-18-19-33DC 292 . 102
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 © 280 10.0
20 Agua Caliente Spring -~ C-5-10-19AA 40.0 - 180
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 2917 14.0
24 Coolidge Dam Hot Spring -~ -* D-3-18-17DC. 36.6 18.6
25 Miguel Raton Sprmg © . D-3-31-3ADC L 26.7 1.7
. 26 - Spring D-4-23-21AA o212 - -10.2
27 Spring . D-4-23-21AD D315 ..145
28 . Tom Niece Spring D-4-23-22BD ;. 283 11.3
29 Eagle Creek Hot Spring . D-4-28-35ABB . 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 Sprlngs D-5-24-17AD 48.8 308
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 325 17.6
41 Agua Caliente Spring D-13-16-20CDD 32.0 12.0
42 Hookers Hot Spring D-13-21-6AAC 52.0 - 37.0
43 Agua Caliente Spring D-20-13-13BA 27.0 11.0
44 Antelope Spring D-20-24-21DC 2585 10.5
45 Monkey Spring . :p-21-16-3C - - 28.3 13.3
‘Unsurveyed ’ )

of 15 of these hot sprlngs is located farther than 30 km from the geo-
phys1ca1 11neaments. The‘51ng;e exceptlon,bﬂookerefﬂot Spring, lies
astride the Morenci lineament. The apparent~association‘of hot-spring
act1v1ty w1th aeromagnetlc 11nears is probably not c01nc1denta1 These
aeromagnetlc anomalles probably represent anc1ent deep seated crustal

structures that allow deep flow of ground water. The west-northwest
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kilometers

Figure 3.13. Residual aéromagnetic mép of Arizona showing major line-
aments (From Sauck and Sumner, 1974)

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

LOCAL SETTINGS. Arizona thermal springs in the Transition Zone and
Mexican Highland section’nearly always occur on or immediately adjacent
to large faults and they tend to occur where surface draihage basins become
constricted. The existence of thermal'springs within a few iOO m down-
stream from man-made dams in Arizdna is dramatic evidence of thi§ basin-
constriction phenomenon.' These dams weré built at drainage constrictions.
Thermal springs occur below Hoover Dam,bRooéevelt‘bam, and Cbolidgé‘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 és on or immediately adjacent to
;streamsﬁand‘rivers.' Indian Hot Springs neér Safford: is an exception, :
Indian Héf Spring§ isﬂieakageiffdm an értesian aduifer'(see séétion

titled Gila Valley. from Safford to Indian Hot Springs, this volume).

!‘0

zdnol wlth
‘ Quahrncry
© Thermal. Spring Faulting and

! : PR . P '; Historlical
R \ o : : C. : !Gl"hquqk.‘ :
Thermal - R Quuternary
) Spring Basaltic

kilometers

Belt ...~ - N Volcanic Field

Quuurncry Sthicie

e Tramsition TS ‘Volccnlc Center

Zone

Figure * 3.14. Relatlonshlp of thermal springs to Quaternary volcanism,
faulting, and historical earthquakes ° '
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‘EXPLORATION METHODS

iﬂTRODUCTIdN. Numerous exploratlon methods exlst that ard in the
search for and evaluatlon of. geothermal energy resources. T1me, money,
and . geologlc sett1ng d1ctate wh1ch methods are used in a g1ven explora-
tion program. In thls chapter we dlscuss the explorat1on methods used in
Arlzona, the data obtalned by these methods, the1r mer1ts, and the rela-
tive cost 1n dollars and t1me requlred for each technlque A dlscu551on
of a11 explorat1on methods currently used 1n geothermal work can be found
in Ward and others (1981) and Lumb (1981)

LITERATURE SEARCH. The 1n1t1a1 phase 1n‘any exploratlon program 1s
to search out a11 work that already has been done 1n an area of interest.

Geologlc mapplng and geochem1cal and geophy51ca1 surveys that have been

pub11shed are reasonably easy to locate. Addltlonalvvaluable 1nformatlon

can be culled from unpub11shed sources. -Well'logs and water chemical
analyses are on f11e with the U. S. Geolog1ca1 Survey, Water Resources
D1v151on,,the Arlzona’Departmentkof Water Resources and various city

water departments;1 Utilities that?have'developed well fields to supply

‘water to coal- flred power plants also have useful stratigraphic, aquifer,

and water-quallty data. Unpubllshed masters' theses and Ph.D. dlsserta-
tlons from both’ 1n-state and out- of—state unlver51t1es often contain use-
ful geologlc, geophy51ca1 and geochemlcal 1nformat10n. It is helpful to
contact members of the state and-federal'geologlcal surveys who are con-

. . |
ducting on-going exploration in the state. Finally, private companies
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engaged in mineral 6r 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 inférﬁation it must be evaluated in terms
of reliability and usefulness to the project. If the quality of the da;a
is queétionable, théy must be éheCked againsf other data sets. Othérwise,
quesfionablé data probéblf shoul& be rejected. Foliowing a careful evalu-
ation, an exploration program is devised,that will généréte the méximum,
most ﬁseful information pbssiﬁle within time ahd'budgét‘constraints.

GRAVITY. A gravity survey does not identify or define a geotheimal

resource, per se. Rather it is an exploration1technique that defines sub-

surface structures by measuring differences in rock density. In the Ba-
sin and Range province, geothermal systems occur in the sediments or vol-
canic rocks that fill the basins in the cfystalline rocks underlying the
basin-filling material, or within the master faults bounding the basins.
Therefore, accurately defining the boundariés, size and depth to base-
ment of a given basis is essential. A detailed gravity survey will also
aid iﬁ identifying bedrock ridges within the basin, fault traces, andb

fault widths.

Exact locations and elevations are necessary to conduct an accurate
gravity survey. If this information is available, 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 three-dimensional nodels,and twofdimensional cross-sectional
profiles across an.area, In a basin with adequate road access, about 12
to IS,gravity measurements can be made in a .day. Thus at mile spacings,
an area about 6b miz.can be surveyed by one person in a week.

IfzeccurateAelevations and locations are not knownithrongh detailed
topographic maps, it is necessary to run survey lines to obtain this in-
formation.,AIn this case;et 1eas€ tWo-people are required for the field
work, and the time required to completerthe grayity;stndy is nearly
doubled. |

The area in wh1ch we ran a -gravity survey in Arizona had inadequate
grav1ty coverage prlor to our work (see northern Hassayampa area, this.
volume). . The time and manpower spent on this study prov1ded invaluable
informatiOn_on.understanding_therbasinistructurerand thus onlevaluating
the hydrothermal systemésituatedrtherein.,

SOIL SAMPLING. Soil sampling consists of collecting several grams of
undisturbed,soil from a depth,of.8>tor12,inchee below the surface.  Soil
is most commonly analyzed for mercury content because mercury ‘is .a highly
volat11e element assoc1ated w1th -numerous known geothermal systems. . Al-
though 1nstruments ex1st for analyzlng mercury in the field, we placed
our samples in. plastlc "21p loc" bags and sent them to. a commercial lab-

oratory for ana1y51s.”,The,cost41n;1979 was $3.§0‘per'samp1e‘forjprepara-

tion and analysis.

Our mercury soil surveys:identifieo both;geothermal anomalies and

méjor,tectonic'etructures (see Safford, northern Hassayampa, and Avra .
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Valley area reports, this volume). ‘One peréon can easily collect 10 to
20 or more soil samples in a day. Thus, at mile spaéings an area about
50 to 100 mi® can be sampled by one person in about one week. For fhg
manpower and cost requirgd to conduét a mercury soil survey, the
information.gained is helpful in initially identifying the location of
range-bounding faults and the possible bresence and size of a geothermal
anomaly. = Such a survey is preliminary and requires more Sophiétiéated
follow-up exbloratién 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 naﬁurally from sﬁrings; séeps;;and ar-
tesian wells; water béiﬁg pumped from irrigétion and domestic wells; and
water or air at depth in boreholes. This latter technique is called well
logging, and is aécomplished.by lowering a thermistor, mounted on the end
of a lightweight cable, into a borehole and reading the thermistor re-
sistance at discrete intervals, usﬁally every five meters. Resistance
values are converted into temperatures for each reading by using'tables
constrﬁcted from thermistor-temperature calibration curves. Temperatures
are accurate to - 0.01 C.

The resultant temperature-depth profiies yield much valuable informa-
tion. They can indicate zones of warm or cold water entering or exiting
a borehole and whether water\is rising, descending, or moving‘iatérally in
a formation. If ground-watér movement is not excessive a geothermallgra4
dient can be estimated. In any case, the bottom-hole températﬁre is the
most reliable value if sufficient time has elapséd;after drilling. When

a number of bottom-hole temperatures are available from wells in the same

1
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area and with nearly the same depths; the hottom-hole temperatures can he

used to construct,an‘isothermal map that can aid’in targeting a geothermal

anomaly B | h ~ k~ | | .
Temperature depth proflles are best used in conJunct1on w1th 11tho-

logic information from the same or nearby_boreholes. The 1dent1f1cat1on

of impOrtantylithologic:strata.from-these;logs,,such as clay, evaporite,
or volcanic'deposits,'signlficantly increase_the value ofrtemperature-,
depth profiles and thelr interpretation.

Over a f1ve year per1od we measured temperatures in over 100 domes-
tlc and 1rr1gat1on water wells and m1nera1 test holes Most of .the tem-
perature depth proflles from th1s work 1nd1cated ground water moving in
the borehole or 1n the format1on The gradlents, therefore, could not be

extrapolated w1th accuracy to depths greater than those measured The :

‘other 1nformat10n derlved from well logg1ng, however, is well worth the

t1me and money spent acqu1r1ng 1t. One person can log between five and
e1ght hundred-meter deep holes 1n one day, 1f distances between sites is
not great and 1f the boreholes are not greatly disturbed by ground-water

movement. A portable temperature-logglng system w1th 600 m of cable cost

' about $4,000 in 1980.

HEAT-FLOW DRILLING If t1me and budget permlt heat-flow measure-

| ments prov1de the most valuable and re11ab1e 1nformat10n, short of deep

test holes, for conf1rm1ng and targetlng a geothermal anomaly,
Thermal grad1ents used alone, can g1ve m1slead1ng results because

gradlents w111 vary 1n a borehole due to penetrat1ng rocks of different

thermal conduct1V1t1es. Gradlents also differ between boreholes for the

same reason. Thus, when comparing thermal gradients between boreholes or
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different segmenfs in the same borehole, it is sometimes difficult,to dis-
ting@ish between effects due towvariable;hé;t flux‘ahd effects due to dif-
fering rock -thermal cbnductivity:'-Heéf-fiéw measurements help 6b§ia£e
this problem because heat flow isra product of‘the thermal gfadient and
the thermal conductivity.

The most reliable heat-flow méasurements generally éome ffoQ ﬁo1e$

drilled into unfractured crystalline rock solely for that pﬁfpoSé. Ih’

such holes, the chances of ground water movement are minimal. Coring can

provide rock samples large enough for reliable thermal'conductiVity meé- :.

surements. Good heat-flow measﬁiements can be made in boréhéles drilled
into most rock types, so long_as.gradients are not disturbed by’gibund
water and rock samples (including drill cuttings) are avaiiablé;for mea-
surement. Less reliable heat flows can sometimes be estimated ffbm’mea-
surements made in boreholes showing slight 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 condﬁctiv-
ity is measured in the laboratory. After the thermal effects due to drill-
ing have dissipated, temperatures are measured in the borehole. An ex-
ception to the conventional technique is the in situ heat-flow determina-
tions being made in unconsolidatéd'sediments during pauses in the drili-
ing operations, by the U.S.'GeoiOéical Survey (Sass and otﬁers, 1979), a
technique still in the experimental stageé.v

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, 198l;;Witcher,J1982).”tSee also those area reports,
this volume)t’ | k: - | |

The Clifton heat-flow determination uasiuseful, hut it is difficult
to characterize an anomaly with a single»or even several neasurements.

The resultsfderived fronhthe’heat;flou drilling atvSpringerville-
Alpine were less than satisfactory.e Three ofdthe”fiverholes were drilled
into basalt lava flows, wh1ch produced coplous amounts of water ‘The
holes were termlnated in volcan1c rocks rather than in the unknown under-
1y1ng formatlons, as a result of wh1ch valuable strat1graph1c information

was lost and the three holes were useless for heat-flow determrnat1ons.

The other two holes were dr111ed in sedlmentary roack and yielded good
data. Thls pro;ect was not cost effectlve. Had the dr1111ng contract
been g1ven to a company experlenced in dr1111ng in basaltlc volcanic rocks,

the dr1111ng d1ff1cu1t1es may have .been resolved and knowledge of the

" heat flow and stratlgraphy of the Spr1ngerv1lle—Alp1ne area would have

been greatly 1ncreased

The 1nformat10n galned from-the three heat flow dr1111ng programs was
most useful Ain the Safford area. Seven shallow holes ( 30 m deep) were
dr1lled in the area of an 1dent1f1ed mercury anomaly Wh11e the holes
were exceptlonally shallow and sedlment por051ty was estlmated rather
than measured the relat1ve heat flow values determlned from thls study
conflrmed and further targeted the geothermal anomaly _Th1s program cost

$20 000 in 1981 and was cost effectlve.
RESISTIVITX SURVEYS An e1ectr1ca1 re51st1v1ty survey maps lateral

and vertical variations in the ab111ty,of the earth to retard an electri-
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cal current. Resistivity is influenced by rock type and porosity, the
presehéerof water, steam, orvgas groﬁhd-water salinity, and temperatufe.
Extremely low resistivities (<3 phm meter) are cémmonly associated with
clay, very high porosity, briﬁes énd‘high témperaturés (>150 C), or any
combination of these factors; Re§i§fivity surveys are'frequently used
in geothermal_expioration»because theykarebcaéable of defecti@g héat and
poroﬁs.zones.« However,‘geolbgicvinterpretation of é survey 1is frgqﬁently
difficult and ambiguous without knowledge of other geolégic and geophysi-
cal information. Therefore, it is'better tOZQelay until later in an ex-
ploration program. If conducted résistivify surveying during initial
stages 6f a program it is proﬁabiy best to ihterpret results iﬁ terms of
subsurface structure and .1ithology, rather than geothermal pafameters.r

The value and cost effectiveness of a resistivity survey may vary

dependiﬂg ﬁfég the geologic setting.

Difect current (D.C.) Schluﬁberger 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 array uses two current electrodes placed atlb
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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Schlumbergervsurveys 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 electrcde spacing remained unchanged from site to
site; and (2) the;array,eiectrode spacing was expanded‘at.each survey
site._ By'expanding electrcdeﬁspacings, a depth‘"sounding" of resistivity
is produced, which is,interpretable in terms of vertically layered earth
resistivity. The nonfexpanded array is used te,map lateral changes in av-
erage apparent resistivity down to the maximum depth penetration of the
array. ,Interpretaticn of the Springerville Schlumberger.surveys‘are am-
biguousudue to a lack of subsurface structurerand lithology information.
‘Resistivity changes in this area may relate tosground-watervquality,'li_
thology, or geothermal systems. ‘

Two types of resistivity surveys.werefrunkin,the Safford‘basin. A

singleQSchiumberger survey site was occupied,at Safford in order to obtain
a sounding of vertical,resistivity variationsland totcompiiment the dipole-
dipoie survey; Dipole-dipole:resistivity prdfiling (100 1line miies) was
accomplished 1n the baSin u51ng a 2 000 foot (608 m) electrode separation.
D1poles were spread a maximum of five electrode spaC1ngs at each survey
site during profiling This re51st1V1ty data prov1ded 1nformat10n on 11-
thology of ba51n-f111 sediments and ground water. Areas.underlain by sa-

line groundwater and salty or gyp51ferous sediment had very low resistiv-
ities (<3 Ohm-meter) ,

Re51st1v1ty surveys are apparently most useful 1n1t1a11y for

reconnaissance mapping of subsurface 11thology where dr111 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 geophysiéal
information is available.

SEISMIC SURVEYS. Swarms of shallow micfoearthquakesv(between magniQ
tude -2 and 4) are often observed in géothermal areas; however, they are
not obsérVed 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-Hertz 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. Hoﬁever,zdﬁe,to a
significant lithologic or structural inhomogenity, which is frequently
associated with geothermal areas, good hypocenter locations may be diffi-
fult to obtain.

During the summer of 1978, between 12 and 19 sensitive portable sei-
smometers were operated for two weeks total time in the San Bernardino
Valley, the Clifton-Morenci region, 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 groups were under contract with Los Alamos
Scientific Laboratory tb investigéte potéhtialrgeofhermal areas in the
Aquaribus Mountains - Prescoft regi;n aﬁd ih the St. Johns Areasrovari;
zona. Seismometers were spaced between 10 and 15 km apart in the~Saﬁ

Bernardino Valley and in the Clifton-Moiénci‘aréa, and 207km apart in
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the Sprlngerville area. The seismic equlpment had gains of one to sixv
milllon 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 gaip of 2.5 million should detect a
magnltude 0 event at a- d1stance of 10 km |

The only mlcroearthquake recorded dur1ng the study was in the San
Bernardino Valley just north of the 1nternat1ona1rboundary‘w1th Mexico.
The Springerville and Clifton-Morenci areas uere aseismic during‘the sur-
vey, but the two—week monitoringlperlod may have been too short.

M1croearthquakes frequently occur 1n sporad1c swarms -in Ar1zona that
are most probably related to reg1ona1 tectonlc stress than to geothermal
processes (Sbar, 1979; Natalle and Sbar, 1982). For example, 1dent1ca1

two-week seismic surveys recorded mlcroearthquakes in the Prescott area

-and 1n the San Bernard1no Valley, Sonora, Mexico where recent fau1t1ng

and hlstorlcal earthquakes w1th magnltude greater than 5 have occurred
Numerous and frequent m1ne blasts were recorded dur1ng these surveys.
By’u51ng these mlneblasts a reversed seismic refractlon study of deep
crystal structure was made between Globe Arlzona and Tyrone, New Mex1co’
(Gish and other, l98l) Thls study 1ncluded areas w1th geothermal poten-
tial at Safford and C11fton-Morenc1. Interpretatlon of the data implies
enhanced regional»heat,flow favorable for geothermalAresources_in the
Morenc1 reglon.’» PR L | : |
Mlcroearthquake surveys are. not a cost effect1ve method of explorlng

for geothermal resources in Arzona. Only reg10na1 heat flow and tec-
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tonic stress information is interpretabie from such studies in this
state. However, seismic refléctioh surveys such as the ones currently
used in oil and gas exploration may be'cogt,effective in deepAgebthermal
reservoir identification. ’Howeyer, to daté no geothermal exploration pro-
grams are believed to have used reflection seismic surveys in Arizona.

WATER CHEMISTRY. Ground-water chemiStry is a commonrgeothermai
exploration tool. The reason is rather straightforward. Dissolved con-
stituents1in ground water and geothermal water are a result of aquifer
residence time rock-water interaction, and temperature. Additional fac-
tors Suéh as miXing water from different geoiogic environments or move-
ment of ground'ﬁater through different kinds of rock are impbrtant, too.v
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 neariy every Arizona
study afea. We routinely calculated silica and cation geothermometers on
nonthermal and geothermal water. Chemical geothermometry can accurately
predict subsurface temperatures, provided basic geologic assuﬁptions 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 ihfluencing 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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sediment, 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 fognd that mix;ng,of geothermal water
and nonthermal water.was»indicated when Li, B,‘and_Na cpntents’from sev-
eral.clpse1y>spaced‘wells,or springs shoﬁed;a linear relationship to dis-
Qolved chloride contents. Also low ratios of Na/K or Mg/Cl cén‘be used
as qualitativg indicators pf geqthermalkpopential.

A Piper diagram showing milliequivalent percent»of major catipns
and anioné is useful to intprpret waterff}pwfpaths:and aquifer. lithology.
Millequivalent ratios.oflghlpride plus sulfaté versus bicarbqnate is of-
ten useful in soﬁthern}Arizona watefs»;o‘qualitatively @étermine aquifer
residen;e time, recharge sourcé,‘and to map groun