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INTROblJCTION 
1 -  
ti 
6 ,  PURPOSE. The purpose of t h i s  book is t o  bring together i n  a s ingle  

volume current knowledge and basic  data  on geothermal energy resources i n  

the  S t a t e  of Arizona. 

compilations, and models w i l l  provide invest igators  with a sound s c i e n t i f i c  

bas i s  f o r  fu ture  exploration and development work. 

hi 

We hope t h a t  our preliminary investigations,  da ta  I 
& 

For readers primarily 

( - 1  . i n t e re s t ed  i n  understanding othermal energy, what it is, and its sources 
Y 

and occurrences i n  Arizona, we hope t h i s  volume provides helpful  ins ights  

i n t o  a l l  aspects of t h i s  most fascinat ing a l t e rna te  energy source. 

Following the  introductory chapter, t h i s  repar t  is  divided i n t o  

L major sect ions as follow. 

thermal aspects of 'A 

follow each section. Basic 

or ig ina l  open-file reports ,  as referenced. 

Ch.'2, spec i f i c  area invest igat ions;  Ch. 3, 

zona; Ch. 4, explorat io  

i s  report  can be found i n  t h e  
L 
I; 

EARLY INVZSTIGATIONS. Some the  earliest references t o  mineral 

waters i n  the  United S t a t e s , d a t e  from the  l a t e  1860s when Moorman published 

(- h i s  comprehensiv olumes "Mine aters of t he  United S t  

(1867) and Wineral  springs of  Americat' (1871). The e a r l i e s t  known 

work devoted so le ly  t o  thermal water (mineral water need not be thermal) 

id 

L 
- 

- was U. S. Geological Survey 

t Darton (1920). About t h a t  published on 

ermal data  on the  U. S.1' by 

Arizona hot springs. Everi ro t e  about Clifton Hot Springs; i 
L 

L" 
Buehrer (1927) wrote about Cast le  Hot Springs; and Knechtel (1935) , about 



Indian Hot Springs. 

springs i n  the  United States," which was revised and expanded nearly 30 

In 1937 Stearns, Stearns, and Waring compiled "Thermal 

years later (Waring, 1965). 

Between the  mid-1930s and the  mid-l960s, only a few heat-flow and 

geothermal s tudies  were published i n  the  United States .  

research w a s  carr ied out t he  la t te r  pa r t  of t h i s  period, but it was not 

done spec i f ica l ly  t o  a id  geothermal exploration. 

geothermal research, exploration, and development began t o  accelerate,  with 

Basic heat-flow 

After about 1965 

c 
t 
L 
r 

. F  a corresponding increase i n  the  number of publications devoted t o  

geothermal energy. The biggest boost t o  geothermal exploration and 

development followed the  1973 OPEC o i l  embargo. 

4 

t. 
Publications re la ted  t o  thermal waters of Arizona did not appear u n t i l  

the  late 1960s and after. Haigler (1969) l i s t e d  32 selected thermal 

c springs and wells i n  Arizona i n  a volume devoted t o  the mineral and water 

resources of the state. Wright (1971) was the  first t o  examine i n  some 

d e t a i l  the  thermal waters of southern Arizona. He concluded t h a t  

occurrences of thermal springs and wells are re la ted  t o  s t ruc tu ra l  elements 

of t he  Basin and Range province. Other ear ly  papers were wri t ten by 

Harshbarger (1972); Norton and Gerlach (1975); Norton, Gerlach, DeCook, and 

Sumner (1975); Dellechaie (1975); and Syanberg, Morgan, Stoyer, and Witcher 

(1977). 

L 
E 
L 

DEFINITIONS. GeothemZ energy is  natural  heat from the  i n t e r i o r  of 

the earth.  Because it ex i s t s  everywhere, it is one of the  most abundant I 
I '  energy resources avai lable  t o  man. If one d r i l l s  deep enough i n t o  the  
b 

b 
ear th  at any location, t o  depths presently exceeding man's current economic 

and technological a b i l i t y ,  an inexhaustible quantity of heat  is  available.  



This heat flows outward t o  the  ear th 's  surface, but i n  the process it 

becomes so di f fuse  t h a t  the heat is  

most people. 

decay of a number of elements i n  the upper crust ,  chief ly  uranium (U), 

thorium (Th), and potassium (K), and the  outward t ransfer  of heat from 

the i n t e r i o r  of t he  ear th .  

u t i l i z e  e i t h e r  deep heat o r  diffuse heat. 

t recognized as an energy resource by 

The major sources of diffuse ear th  heat a re  the radioactive 

Current technology cannot yet reach and (or) 

There are numerous region round the world, however, where geologic 

conditions have created unusually large and concentrated areas of 

accessible heat at  o r  near the  ear th 's  surface. 

cal led geothemal anomaties. 

economically extracted and used, it becomes a geothermal resource, more 

formally defined by the  U. S. Geological Survey as 'I.. . the thermal energy 

t h a t  could be extracted at  costs  competitive with other forms of energy at 

a foreseeable time, unde 

improvement and economic favorability" (see Muffler and Guffanti, 1979, 

p. 4) .  Areas of conc with abnormally high heat 

flow, which is caused by magma intrusions i n  the shallow crust ( 4 0  km), 

act ive volcanoes, very i n  cmst, hot water r 

bur ia l  beneath very t h  es of insu la t  iments (>S km). 

These phenomena ar 

These shallow deposits a r e  

When heat from a'geothermal anomaly can be 

ssumptions of technological 

n more d e t a i l  i 

ground water heated a t  r ings t h i s  usable heat 

t o  shallow depths (e4 km) where it can be reache 

This is the  process of hydrothermal conoectim. 

world, geysers, bo i l i n  

of a geothermal anomaly. 

In some areas of t h e .  

iv id ly  reveal the existence 

i n  Wyoming is a notable Yellowstone National Pa 

3 



example of surface thermal features marking a geothermal anomaly. In  other 

places, hot springs and hot wells only h in t  at  what may ex i s t  at  some depth 

beneath the land surface. 

t h e i r  existence t o t a l l y  unexpected u n t i l  tapped by deep exploratory 

d r i l l i n g  usually i n  search of natural  gas o r  petroleum. 

S t i l l  other geothermal anomalies a re  

In order t o  discuss geothermal resources more readily,  three d i s t i n c t  

classifications of,geothemaZ energy have evolved and are  i n  common usage 

today. The first and most conventional c lass i f ica t ion  is based on 

temperature of the resource (Table 1.1). 

on the f lu id  phase extracted from the  reservoir,  a c lass i f ica t ion  

especially useful t o  geothermal engineers. Table 1.3 c l a s s i f i e s  

geothermal systems according t o  the heat source tha t  produces the anomaly. 

Terminology from a l l  three c lass i f ica t ions  can be applied t o  a s ingle  

resource. 

i s  a high-temperature, vapor-dominated system with a magmatic heat source. 

The second (Table 1.2) is based 

For example, The Geysers geothermal f i e l d  in  northern California 

Among the  d i f fe ren t  types of geothermal resources that  ex i s t ,  vapor- 

dominated reservoirs a re  more desirable t o  develop f o r  e l ec t r i ca l  

generation than hydrothermal reservoirs.  This / is because steam car r ies  

more energy per  un i t  of mass. 

d i rec t ly  from the wellhead t o  the generator and is the working f l u i d  t h a t  

drives the turbines t o  produce e l ec t r i c i ty .  

be the most economical way t o  generate e l ec t r i c i ty ,  but these systems, 

which typical ly  produce 24OoC "dry steam" ( l i t t l e  o r  no water), a r e  rare.  

Hydrothermal systems a re  more common, but they usually require more 

innovative technology f o r  e l ec t r i ca l  generation. 

t o  heat another f lu id  t h a t  drives the  turbines, o r  it can be allowed t o  

In vapor-dominated reservoirs steam is  piped 

A vapor-dominated resource can 

The hot water can be used 

4 



L 
TABLE 1.1. Classification of geothermal energy 

based on resource temperature 

Low temperature <90°c 
Moderate temperature 90 go 150°c L High temperature >150 c 

1 
L 
t 

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 

no fluid 

hot water 

Hot dry rock 

Geopressured 
L 

Very thin crust 
Recent volcanic activity [<1 m.y. old) L 
elements buried beneath very thick b 

L 
1 



flash to steam, which is then used to drive the turbines. In some hydro- 

thermal systems, temperatures up t o  36OoC have been found. 

Hydrothermal systems make up all of the low- to moderate-temperature 

resources used for direct-heat applications. 

resources are now known to make up the majority of geothermal occurrences 

worldwide, but development lags significantly behind the development of 

In fact, hot-water geothermal 

high-temperature resources. 

Arizona are characterized by low- to moderate-temperature water, either 

stored in the earth in blind reservoirs or discharging at the surface as 

thermal springs. 

many other resources. 

Most identified geothermal resources in 

It is presumed that further exploration will discover 

The object of all geothermal-energy exploration and assessment is to 

locate and define geothermal resources near a user, 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. 

spring from a nonthermal spring, however, is difficult and somewhat 

arbitrary. 

The determination of what temperature distinguishes a thermal 

The definition varies in different parts of the country and 

even varies in different parts of Arizona. 

linked to the local mean annual air temperature (MAT) where the spring 

Basically the definition is 

occurs. In Alaska, for example, where the MAT can be lower than O°C, a 

spring issuing 20 to 25OC water would be considered a thermal spring. 

same water in southern Arizona, where the MAT can be as high as 20°C, 

The 

would be considered nonthermal. 
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Witcher (1981) showed t h a t  the mean spring discharge temperature f o r  

246 Arizona springs exceeds the  local MAT by 6.55OC k 8.34OC (Fig. 1.1). 

Based on these statist ics,  he defined a hot spring as  one with a discharge 

temperature tha t  exceeds the  local MAT by 15OC o r  more. 

To fur ther  re f ine  the  def ini t ion of a thermal spring, Witcher 

separated nonthermal spring 

those of the Basin and Range province (BGR) (Fig. 1.2). Using additional 

statistics he determined t h a t  t he  def ini t ion of a ljarm spring on the  CP 

would include those with temperatures exceeding the  local  MAT by 6OC; i n  

the  B&R, t he  term w m  spr ing  would include those with temperatures greater  

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

ra tures  f o r  the Colorado Plateau (CP) from 

TABLE 1.4 Criteria f o r  defining thermal springs and wells i n  Arizona 

Province ' Warm Spring Hot Spring Thermal Well 
Basin and Range 10.0-14. S0C>MAT lS°C>MAT 10°C>MAT; TG>4SoC/km 
Colorado Plateau ' 6.0-14. S0C>MAT lS°C>MAT 10°C>MAT ; "G>3O0C/km 

on the  other hand, has an important 

he geothermaZ gradient, the rate at which 

s with depth i n  the  earth.  This quantity can 

est holes and wells. The def ini t ion of a thermal well must 

f the well water and the  geothermal gradient. 

ormal gradients range 20 and 4SoC/km, 

.6OC/km. We define a thermal weZl as one 

ding the  MAT by 10°C o r  more and 

an 4SoC/km, f o r  wells i n  the  Basin and 

Range province, and a gradient greater  than 3OoC/km, the  continental 
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Figure 1.1. ilistogr'm showing 
distribution of 246 thermal and 
nonthermal Arizona spring tem- P" 
peratures, minus mean annual air 
t emperat ures 
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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 
0 0 

( ( x 1000 where T (OC) is the DEPTH (M) the following equation : 

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

temperature represents the bottom-hole temperature, which is not always the 

case. 

gradient for a well. 

I 

L 

lki 

Nonetheless the calculation gives a conservative minimum average 

The reader is cautioned not to use gradients t o  

F 

t 
predict temperatures below the depth of the well due.to possible distur- 

bances at depth, such as deeper water flows and changes in rock thermal 

conductivity. 

It should be emphasized here that a very deep well that is producing 

warm water is discharging geothermal water, even if the geothermal gradient 

for that well is within normal range (20 to 4SoC/km), so long as heat can 

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

t 
tr 



WELL AND SPRING LOCATION SYSTEM 

In t h i s  report ,  thermal wells and springs are ident i f ied  according t o  

t h e i r  location within a township and range grid. 

quadrants by the  Gila and S a l t  River Base Line and Meridian (Fig. 1.31. 

Quadrants-are designated A, B, C, and D f o r  northeast ,  northwest, south- 

west, and southeast, respecfively. 

outward from the  intersect ion of t he  Base Line and Meridian, 

Arizona i s  divided i n t o  

Townships and ranges are numbered 

Township, range, section, and location within the  sect ion are 

designated by the  following scheme. The first letter refers t o  the  

quadrant of t he  state. The following three numbers are the  township, 

range, and section. Letters following the  sect ion number indicate  the  

quarter  section, quarter lquarter  section, and quarter/quarter/quarter 

section. 

southwest, and southeast quarters of each subdivision. 

is a well o r  spring i n  the  northeast  quarter,  of t he  northeast  quarter,  of 

the  southwest quarter  of section 19, Township 4 South, Range 5 E a s t ,  i n  the  

southeast quadrant of Arizona. In the  Navajo Survey, locations are 

referred t o  the  Navajo Base Line and Meridian, and the  first le t ter  is N. 

Again, letters a, b, c, and d refer t o  the  northeast, northwest, 

Thus, D-4-5-19caa 

6 ’  
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CLIMATE 

Climate i s  an important factor in determining whether a particular 

geothermal project will be efficient and economic. 

a geothermal space-cooling system must accurately account for the length of 

For example, design of 

the hot season and for the usual and maximum amounts of geothermal energy 

required for operation. Climatic data such as mean temperature, annual and 

monthly degree cooling days, and maximum recorded temperature are necessary 

information to evaluate, 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 prevailing 

wind circulation does not normally carry large quantities of moisture, 

scant cloud cover and low humidity are the general rule. 

night temperatures are as much as 30 C cooler than day temperatures. 

Significant differences in elevation and latitude cause highly 

As a result, 
0 

variable local climates throughout the state. 

and 3,800 m above mean sea level, and latitude changes nearly 6 degrees 

north-south across the state. 

1,000 m increase in elevation (Sellers and Hill, 1974). 

that mean annual temperatures range between 15 and 22 C in southern and 

Elevations range between 45 

Temperatures generally decrease 8 0 C per 

Figure 1.g shows 
0 

western Arizona where most geothermal resource potential exists; 

Precipitation, like mean temperature, varies mainly according to h) 
elevation. Below 1,800 m annual rainfall in Arizona is less than 38’cm; 

12 L 



above 2,400 m precipi ta t ion may exceed 75 cm. Summer thundershowers, July 

through September, produce local ly  heavy but scat tered r a i n f a l l ,  

t he  most important precipi ta t ion comes from widespread r a in  at lower 

elevations and s ignif icant  snow a t  higher elevations during winter months, 

brought inland b clonic  storm systems or iginat ing i n  the  Pacific Ocean. 

Snow melt feeds ona r ivers ,  which or iginate  i n  the higher mountains. 

A t  lower elevations, runoff i s  low due t o  high evaporation, resu l t ing  from 

high mean temperatures and low humidity. 

Probably 



Figure 1.4. Map showing mean annual air temperatures (MAT) in Arizona. 
Contour interval is 5 0 C. 
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TABLE 1.5. CLIMATIC DATA FOR SELECTED ARIZONA CITIES 

MEAN ANNUAL ANNUAL RECORD TEMPERATURE1 
ANNUAL DEGREE DEGREE 

HIGH PRECIPITATION WEATHER ELEVATION HEATING COOLING LOW 
STATION FEET METERS OF DAYS DAYS OF (OC) YEAR OF (OC) YEAR INCHES CENHMETERS' 

15 -9.4 1954 120 48.9 1936 8.11 20.60 CASA GRANDE2 1405 428.2 70.1 21.2 1629 3515 

1971 96 35.6 1970 19.31 49.05  FLAGSTAFF^ 7006 2135.4 45.3 7.4 7320 
WSO AIRPORT 

GILA BEND 737 224.6 72 3943 -12.2 1963 123 50.6 1936 5.76 14.63 

KINGMANl 1633 6 -14.4 1937 111 .9 1967 9.39 23.85 

140 -22 -30 

? 

PrnENIX' 
. WSO. AIRPORT 1117 340.5 70.3 21.3 1552 3508 17 -8.3 1950 118 .8 1958 7.05 17.91 

SAFFORD~ 2900 883.9 64. 2316 9 -12.8 1964 116 46.7 1971 8.43 21.41 

11.33 20.77 SPRINGERVILLE' 7060 2151.9 48. 181 -21 -29.4 1971 100 37.8 1953 

WSO AIRPORT 2584 787.6 6a.2 20.1 1707 2896 16 -8.9 1949 111 43.9 1970 11.05 28.07 

4190 1277.1 59.1 15.1 3485 1356 -18.3 1960 109 42.8 1970 11.19 28.42 

4195 24 -4.4 1971 123 50.6 1950 2.67 6.78 

TUCSON2 

194 59.1 73.7 23.2 1005 

DATA FROM: * SelIers and Hill, 1974, Arizona Cliuate (1973-1972). 
2 NOM, 1973, Monthly Normals of Temperature, Precipitation, and Heating and Cooling Degree Days 
3 Annual degree days are the suu of monthly degree days which are calculated using a 65°F(18.30C) base temperature. 

Monthly heating degree days = (days in month) (6SOF-Th) where Th is mean uonthly temperature below 6S°F. 
Monthly cooling degree days = (days in nonth) (Tc-6S0F) where Tc is uean uonthly temperature over 65OF. 
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USE OF GEOTHERMAL ENERGY 

ELECTRIC POWER GENERATION. 

electric power is expanding rapidly. 

grown from 11 megawatts electrical w e )  in 1960 to 70 W e  in 1970, to 932 

W e  in 1981. More than 3,000 MWe have been projected for 1990 (Kestin and 

others, 1980; Roberts and Kruger, 1981). (One MWe supplies the electrical 

needs of nearly 1,,000 people.) 

The use of geothermal energy to generate 

Production in the United States has 

In 1979 geothermal power plants worldwide produced 1,450 We. Addi- 

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) 

is used directly without conversion to an intermediate energy form. 

(2) 

It has generally good energy efficiency because the thermal water 

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-shelfi1 technology. Engineering designs and 

materials used in direct-heat applications generally are well known 

e 
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and require little to no modifications. 

(4) 

than all forms of electrical development. 

( 5 )  

electrical power production. 

It has shorter development time and is less capital intensive 

It requires less expensive well development than geothermal 

In many cases wells can be drilled with 

conventional water-well drilling equipment. 

(6) 

heat loss, although costs are greater for long distances. 

Direct-heat geothermal technology, reliability, and environmental 

Geothermal water can be piped more than 30 km without detrimental 

L 
I2 

&i 

acceptability have been demonstrated in a number of places worldwide. 

1979, over 7,000 megawatts thermal (MWt) of geothermal energy were utilized 

for space heating and cooling, in agriculture and aquaculture production, 

and for industrial processes (Anderson and Lund, 1979). In Iceland, more 

than half the homes and buildings rely on geothermal space heating. 

In 

L 
The 

c; 100-room Rotorua International Hotel in New Zealand is air conditioned by a 

geothermal absorption refrigeration system. In Arizona, where demand for 

cooling is high, geothermal resources have significant potential for space 

cooling. Large multistory bu dings, apartment complexes, shopping malls, 

and commercial districts have he best economic potential for geothermal 

space heating and cooling. \ 

Agriculture and .aquaculture gen lly use the lowest temperature geo- 

thermal resources. 

where the use of lower quality geothermal water could conserve potable 

These applications have excellent potential i n  Arizona 

ithout reducing agricultural productivity. 

L Furthermore, after the heat has been extracted, geothermal water with L 
sufficiently good quality can be added to drinking water and irrigation 

t 
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supplies without harmful effects. 

supplies. 

This practice also would conserve water 

In the future, phycoculture, growing algae for food or fuel, may 

be a viable use of saline geothermal water, further conserving potable 

ground water. 

Industrial processes typically require intermediate-temperature re- 

sources in the form of either steam or superheated hot water. Basic 

processes that could substitute geothermal energy are preheating, cooling, 

refrigerating, evaporating, distilling, drying, separating, peeling, 

blanching, and washing. Low-temperature resources may have future impor- 

tance in the mining industry for the extraction and refinement of metals 

(Goldstone, 1982, personal commun.). 

direct-use geothe 

Figure 1.5 shows a few important 

ations that have potential in Arizona. 

Since every geothermal resource has a different temperature, water 

quality, water-production rate, and depth, each direct-use project must be 

designed accordingly and be co-located near a suitable resource. Corrosion 

and scaling problems, generally associated with high-temperature resources, 

are often surmounted by proper selection of materials and appropriate 

engineering design. 

Geothermal energy s not free, but a major benefit of geothermal de- 

velopment is long-term price stability of energy, independent of escalating 

fossil-fuel prices. Finally, lkascadingfl systems, whereby several succes- 

sive operations extract additional heat from the same geothermal water, 

enhance the economics of geothermal development and again conserve valuable 
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ENVIRONMENTAL CONCERNS 
I '  
b 

t -' It is widely known that geothermal resources produce relatively clean 

Although knowledge of environmental impacts related to geothermal 
L 

energy. 

energy development is incomplete, geothermal does offer signficant 

environmental advantages over other energy sources. 

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

L 
(1) Geothermal energy 

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 extensive transportation systems, 

except major power grids, are not required. 

generally does not place large demands on scarce potable water supplies. 

(2) Geothermal development 

Some geothermal power plants using steam as the working fluid do not 

require an external water source for cooling purposes 

Environmental impacts depend on the type of geothermal resource; 

quality of and chemical constituents in the geothermal fluid; overall 

geology, hydrology, vegetation, and topography of the development site; and 

I 

g 
1 

ing design of the facility. In general, h h-temperature resources * 

have the greatest impact; low-temperature resources have minimal impact. 

The chief environmental issues concerning exploration and development 

of geothermal resources are land-use conflicts; disturbance of fish, wild- 

life, natural vegatation, and their habitats; air and ground-water quality; 

effect on natural hot spring activity; lowering of the water table; noise; 

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

_- 
! '  

L 
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I I, 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. 

h 
c 
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GEOTHERMAL EXPLORATION, DRILLING, AND LEASING ACTIVITIES IN ARIZONA 

EARLY EXPLORATION. 

Arizona until the late 1970s. 

attributed to the philosophy still widely held by many people that 

electrical power production, which requires vapor dominated or high- 

temperature hydrothermal systems, is the only significant use for 

Exploration for geothermal energy was meager in 

This early lack of interest can best be 

geothermal energy. Thus it followed t t only high-temperature geothermal 

resources were worth expens exploration programs. Unfortunately Arizona 

has few surface thermal features. 

compare poorly to the natural 

in neighboring states such as Nevada and California. 

The hot springs that exist in Arizona 

ysers, fumaroles, and boiling springs found 

Three geothermal drilling ects did take pl during the early 

1970s. In 1973 following siderable exploration, Geothermal Kinetics, 

Inc. drilled two’geothermal wells in section 1, T. 2 S., R. 6 E. 

were drilled to depths of 2, 

The wells 

m (Power Ranch #1) and 3,200 m (Power Ranch 

le temperatures conflict, but in all cases the 

geothermal gradients did not exceed 50°C/km. 

One year later Geothermal Kinetics, 1 and Amax Exploration, Inc. 

R. 8 E. This geothermal test 

ature of 82%, and a maximum 

g (Dellechaie, 1975). These 

dients less than 50°C/km. 



Dellechaie (1975) stated that a normal gradient heat source could 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. 

started in April, 1974, and ceased in November, 1977, when the drilling 

permit was not renewed by the Arizona State Land Department. 

Drilling 

Temperatures 

and depths have not been reported. 

RECENT ACTIVITY. The major companies involved in geothermal leasing 

and exploration in Arizona (in 1982) include Hunt Oil, Chevron USA, Union 

Geothermal, Phillips Petroleum Co., Atlantic Richfield, Trans-Pacific 

Geothermal, O'Brien Resources, Amax, and Geothermal Kinetics Systems, Deep 

drilling for high-temperature resources suitable for electrical production, 

however, has been limited to the three unsuccessful "wildcat'* geothermal 

tests drilled in early 1970s discussed above. 

exploration has consisted of shallow (less than 400 m) temperature 

gradient/heat flow hales, and geophysical, geochemical, and geological 

surveys. Table 1.6 lists areas, number of wells, and operators of the 

temperature gradient holes. 

d< 

For the past five years 

Exploration for potential hot-dry-rock geothermal energy has been 

conducted at two sites in western Arizona by the Los Alamos National 

Laboratory. 

Mountains. 

and planning stages in the Springerville-Alpine area of the White 

Mountains, east-central Arizona, by a private developer. 

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

These areas are the Aquarius Mountains and the Castle Dome 

A third hot-dry-rock geothermal project is in the exploration 

The Aquarius 

Chapter 2. 
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TABLE 1.6. Shallow (400 m) temperature gradient and heat flow holes d r i l l e d  i n  Arizona 

Year 

A j  o 7 1981 

Alpine- 
Springervi l l e  5 1979 

- Area Number of Wells - 

Sta t e  Wide 

C 1 i f  t on 

1 

49 

6 

1979 

1979 

1980 

Hyder Valley ' 37 1981 

Safford 1 1974 

Safford 8 1981 

Operator 

Phi l l ips  Petroleum Company, S a l t  Lake City, UT 

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

Arizona Bureau of Geology and Mineral 
Technology, Tucson, A2 

Arizona Bureau of Geology and Mineral 
Techno logy, Tucs on, A2 

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

U.S. Geological Survey, Menlo Park, CA 

Phi l l ips  Petroleum Co, S a l t  Lake City, UT 

Phi l l ips  Petroleum Co., S a l t  Lake City, 

Nix Dr i l l ing  Company, Reed Nix, Glo 

U.S. Department of Energy, Idah 
. -  Arizona Bureau of Geology and Mineral 

Technology, Tucson, AZ 



To date  (1982), no high-temperature (greater than lSO°C) geothermal 

resources have been confirmed i n  Arizona. 

Geothermal leases and lease applications pending approval t o t a l  over 

242,000 acres on state and federal  lands (Table 1.7). 

pending approval occur on federal  land. 

A l l  leases t h a t  are 

Arizona has two federal  Known Geothermal Resource Areas (KGRAs) ,  both 

near Clifton: 

(Fig. 1.6). 

the  Gil lard KGRA, 2,420 acres, and Cl i f ton  KGRA, 780 acres 

Currently the  only direct-use geothermal energy projects  i n  Arizona 

are mineral baths a t  Safford and Mesa, and s o i l  heating i n  the Hyder Valley 

(Fig. 1.6). An aquaculture project  is i n  the  i n i t i a l  stages of development 

near Safford. Planning and f e a s i b i l i t y  s tudies  are under way f o r  space 

heating (1) a hotel-motel complex i n  Tucson by a Tucson land developer, 

(2) the  Swift Trai l  Fac i l i t y  near Safford by the  Federal Prison system, and 

(3) Williams A i r  Force Base near Chandler by the  U. S. A i r  Force 

(Fig. 1.6). 
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TABLE 1.7. Status o f  geothermal leases on state and federal land, 1981 

Federal State - 
Area Approved Pending Approved Pending - 

San Bernardino Valley 30,596 Acres -0- -0- 16,591 Acres 

Clifton - 0- - 0- 6,304 Acres 11,864 Acres 

Flagstaff - 0- - 0- -0- 118,556 Acres 

Aquarius Mts. - 0- -0- -0- 30,638 Acres 
East o f  Kingm 

Burro Creek - 0- -0- - 0- 12,360 Acres 

- 0- - 0- 15,033 Acres 564 Acres 

190,573 Acres 30,596 Acres . -0- 21,337 Acres 



HYDER A VALLEY 
SOIL WARMING 

SPRINGERVILLE 0 
HOT DRY ROCK 

BUCKHORN (MESA) 
/\MINERAL BATH AND SPA 

L l ~ W ~ ~ ~ ~ ~ ~ ~  AFB CLIFTON 
KGRA- 

MINERAL BATH AND SPA 
SPACE 

SAFFORD 

TUCSON 
MOTEL HEATING 0 

0 FEDERAL KGRAs 

Figure 1.6. 
energy, and areas of planned development 

Map showing Arizona K G R A s ,  areas currently using geothermal 
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GEOTHERMAL LEGISLATION, REGULATIONS, AND TAXES 

< 

A successful geothermal development must acquire legal rights to a 

resource and comply with federal, state, and local laws, ordinances, and 

regulations covering exploration, development, and use. 
1 

R FEDERAL. The Geothermal Steam Act of 1970 provides for leasing on 
L 
- 

federal land and licensing of geothermal power plants. 

are issued by the Bureau of Land Management (BLM). 

operations are conducted within the rules of the Geothermal Resources 

Operations Orders (G 

After federal leases 

Geological Survey, Conserva 

the framework of the GR 

Leases and licenses 
- 

Exp.loration and L 

fi 
I2 ed under the Geothermal Steam Act of 1970. 

, operations are supervised by the U. S. 
Division Area Geothermal Supervisor within 

a1 Steam Act. - 
Provisions for federal taxation applicable to geothermal energy are 

2 
made in the Energy Tax Act of 1978 . 
costs, depletion allowanc 

The Act covers intangible drilling 

Additional legislation 

I-; 
k 

Y 
A 

which was revised in 

Public Law 90-581, 91st Congress, 5.368, Dec. 24, 1970. 
Public Law 95-618, 403 (b), Amending IRC 613A (b). 
Geothermal Resources (1972); Amended HB 2257 (1977) A.R.S. 

I lid 27-651 through A.R.S. 27-686. 
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Sta te  Land Department issues  leases and land permits f o r  exploration and 

development of geothermal energy; the Arizona O i l  and Gas Conservation 

Commission supervises a l l  d r i l l i n g  and reinject ion operations. Arizona 

geothermal leg is la t ion  broadly defines geothermal resources i n  a manner 

similar' t o  the  federal  Geothermal Steam Act of 1970 and a l s o  provides fo r  

taxation of geothermak endeavors. 

Geothermal development is  exempt from ground water laws under current 

However, t h e  language and qual i f icat ions i n  state geothermal leg is la t ion .  

the Ground Water Management' A c t  of 1980 leave exemption as a matter of 

interpretat ion i n  Active Management Areas, which were designated by the  

provisions of t he  Act (Goldstone, 1982, personal commun.). Other potent ia l  

i n s t i t u t iona l  problems a l so  ex i s t .  F i r s t ,  S t a t e  leg is la t ion  does allow 

exploration deductions and a depletion allowance, but no de f in i t e  ru les  

ex i s t  f o r  calculat ing royalty rates. Since d i r ec t  u t i l i z a t i o n  does not 

have an eas i ly  defined market value, the  royalty rate could be t i e d  t o  the  

value of energy replaced. However, t he  pr ice  of e l e c t r i c i t y ,  coal, and gas 

var ies  considerably and the  value of direct-use geothermal could be t i e d  t o  

the most expensive conventional energy avai lable  i n  a given location 

(Goldstone, 1982, personal commun.). Secondly, current Arizona tax 

s t ruc ture  o f f e r s  advantages t o  so l a r  energy as an a i t e rna te  energy source, 

but it does not o f f e r  t he  same advantages t o  geothermal development. 

State tax  incentives exclude cooling devices that  u t i l i z e  geothermal energy 

i n  conjunction with other  energy sources. These problems have not been 

addressed t o  date.  
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energy - A technical handbook: 
Special Report No. 7, Davis, CAY 250 p. 

Geothermal Resources Council 
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Godwin, L. H., Haigler, L. B., Rioux, R. L., White, D. E., Muffler, 
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INTRODUCTION 

Arizona is the  s ix th  la rges t  s t a t e  i n  the  United States ,  with a t o t a l  

land area of 295,000 km2. The s t a t e  includes large pa r t s  of two major 

physiographic provinces, the  Colorado Plateau t o  the  north and the  Basin 

and Range province chief ly  t o  the  south and west (Fig. 2.1). 

these two provinces is the  Transition Zone, a mountainous region crossing 

the  state approximately southeast-northwest. 

the  Transit ion Zone a t h i r d  physiographic ce ( i . e .  Ransome, 1904; 

Wilson and Moore, 1959; Wilson, 1962). 0 workers did not (i.e. 

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

Hayes, 1969). 

Dividing . 

Some investigators considered 

The Basin and Range p of major c rus ta l  extension 

A s  such, it is today the  area i n  i n  the  not-so-distant geologic past .  

ssions of these 

features  a re  given i n  individual area reports.  
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COLORADO PLATEAU 

kr 

PHYSIOGRAPHY. In Arizona the Colorado Plateau province is an 

elevated area of eomparatively flat-lying, relatively undeformed sedi- 

mentary rocks that are slightly tilted to the northeast. Broad regional 

- uplifts have been eroded into large-scale mesas that form a vast steplike 

4 .topography, dissected by canyons. Major regional features are the Defiance 

I /  uplift along the Arizona-New Mexico border, Black Mesa basin nearly in the 

center of northeastern Arizona, the Mogollon Slope in the southeast, and 

six major structural blocks that-comprise the southwestern margin of the iLa 
- Colorado Plateau in Arizona (Figs. 2.2 and 2.3). Much of the Colorado 

id Plateau exceeds 1,800 m in elevation, and some areas attain altitudes 

E '  greater than 2,700 m. Mean Annual air temperature is 10 to 13OC. 

GEOLOGY. Precambrian ro are exposed on the plateau only in the 
Li 

Grand Canyon and in t lift. They have 

been encountered in dril 
id 
I 

L1 Plutonic, metamorphic , 
t -  identified. 
lrri 

Lower Paleozoic strata ar discontinuous, and are 
- 

absent in much of the eastern plateau. 

abundant, with the Permian System being thicker than all other Paleozoic 

units combined. 

and west o f  the Little Colorado River. 

surface exposures north and east of the river (Fig. 2.4).  

Upper Paleozoic rocks are more 

L. Permian rocks form most of the surface outcrops south 

Mesozoic strata are the principal - 
i 
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Figure 2.2. Major structural 
features of northeastern 
Arizona (from Conley, 1975) 

Figure 2.3. 
Arizona (from Lucchitta, 1974) 

Major structural features of north-central and northwestern L 
f '  b 
I 
Y 
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I; logic  map showin l ized l i m i t s  

haded) and Mesozoic ed) outcrops 

in  northeastern Arizona 

The north-trending Defiance up l i f t  l i m i t s  Black Mesa 

The upl i f t  i s  abo km long and rises about 2,150 m. The 

on the Defiance up l i f t ,  where 

an granite. A l l  of  t 
i;’ 
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Arizona's o i l ,  gas, and helium production i s  on o r  near the Defiance 

region. 

Black Mesa, which i s  s i tua ted  i n  the  central  pa r t  of Black Mesa basin, 

i s  an erosional remnant and topographic high t h a t  stands 150 t o  300 m above 

the surrounding terrane.  

preserved a t  Black Mesa due t o  down warping of Black Mesa basin. 

ceous rocks a l so  crop out f a r the r  south i n  the  eastern par t  of the  Mogollon 

Slope. 

sediments are present loca l ly  i n  r i v e r  and stream channels on the  Mogollon 

Slope and i n  the  Hopi Buttes area, on the  southern margin of Black Mesa 

basin. 

Formerly extensive Cretaceous rocks were loca l ly  

Creta- 

Minor exposures of middle Tert iary t o  ear ly  Quaternary c l a s t i c  

The Mogollon Slope covers about 25,900 km2 within the  area bounded by 

the  southern Navajo Indian Reservation on the  north t o  t h e  Mogollon R i m  on 

the  south and Flagstaff  on the  west t o  the  Arizona-New Mexico border. 

region slopes south t o  north about 6.5 m per 1,000 m and accounts f o r  the 

southward wedge out of Triassic and Jurass ic  rocks beneath Cretaceous 

strata (Peirce and others,  1970). 

The 

The Mogollon Slope is  l i tho logica l ly  varied both i n  outcrop and i n  the 

subsurface. Stratigraphy i n  t h i s  region contains Precambrian c rys t a l l i ne  

rocks, sedimentary rocks of Paleozoic, Mesozoic, and Cenozoic age, and 

Cenozoic volcanic rocks. 

The plateau of northwestern Arizona i s  composed of s t ruc tu ra l  blocks 

tha t  dip gently (2 t o  4 degrees) northeast. The blocks are bounded by 

major north-trending normal f a u l t s  having lengths of tens  t o  hundreds of 

kilometers and displacements of hundreds t o  thousands of meters (Lucchitta, 

1974). Many of these f au l t  zones such a s  the  Toroweap, Grand Wash, and 
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Figure 2.5. Prin Flagstaff region 

Hurricane faults have be 

rocks exposed at the sur 

Moenkopi Formation, and Cenozoic basaltic lavas. 

active during Quaternary time. 

e are the Permian Kaibab Limestone, Triassic 

The most common 

Deformation in the Flagstaff region is dominated by arcuate northwest- 

trending monoclines, consistently fl ed downward to the east (Fig. 2.5) 

(Shoemaker and others, 1974; Huntoon 1974; Lucchitta, 19741, The mono- 

clines (the East Kaibab, Grandview, and Black Point) are transected by a 

system of northeast-trending lineaments and faults. The prominant Mesa 



Butte f au l t  system splays in to  the  East Kaibab-Grandview monocline and 

separates t h i s  l a t te r  s t ruc ture  from the  Black Point monocline. A l inear ,  

300-km long aeromagnetic high anomaly coincides with the  trace of the  Mesa 

Butte f au l t  system, which suggests a major c rus ta l  inhomogeneity. 

Quaternary deformation has occured pn the Mesa Butte f a u l t  and re la ted  

f a u l t  splays and grabens. 

Figure 2.5. 

Faults with Quaternary movement are shown i n  

The principal f au l t s  of the  plateau occur west of Longitude 11l0, 

while eastward of t h a t  l i ne ,  deformation i s  ref lected by mostly northwest- 

trending an t ic l ines  (Organ Rock, Boundary Butte, Holbrook) and major 

u p l i f t s  (Defiance and Monument) (Fig. 2.6). 

Four young volcanic f i e l d s  are located along the  south and southwest 

margins of the  Colorado Plateau. Extrusions of predominantly basa l t i c  
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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 where 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 silicic centers form two distinct north- 

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

volcanic field, the Quaternary Uinkaret field, lies mostly north of the 

.Grand Canyon but 

Vulcan's throne. The ield, Hopi Buttes, erupted on the 

southern flank o g the Pliocene. Maar craters and 

volcanic plugs c oday . 

1 

ic lavas cascaded into the canyon at 

Arizona occurs in three 

esozoic and Pal 

ltiple-aquifer system consists 

Cow Springs Sandstone. 

principally the Navajo Sandstone of Jurassic and Triassic(?) age and the 

upper part of the Triassic Wingat 

aquifer system consists of the Sh 

Formation and the Permian Coconino and D e  

the D aquifer 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 

The N (Navajo) multipl 

/L TDS. ing units are 

separated by thick ely impermeable layers of siltstone and mudstone. 

I 
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The D and N aquifers are chief ly  i n  the  north-central and northeast  

%' 

I 

par t s  of Arizona (Fig. 2.9). 

water and eventually the  formations th in  t o  extinction as a r e su l t  of 

To the  south, these aquifers cease t o  yield 

erosion. 

the  southern portions of northeastern Arizona. 

The C multiple-aquifer system becomes the  principal aquifer i n  

These major aquifer systems are generally continuous, occasionally 

confined, and possibly interconnected. 

are not uniform throughout the  plateau. 

controlled by l i thology and bedding, and loca l ly  by f au l t s  and jo in ts .  

Three major hydrologic basins and pa r t s  of four others ex i s t  beneath. 

northeastern Arizona, and ground water loca l ly  moves between these basins. 

Shallow perched aquifers under water-table conditions loca l ly  yield water 

t o  wells. West of t he  Kaibab Plateau ground-water movement i s  controlled 

chief ly  by the  northward-plunging Coconino and Virgin troughs and by the 

Hurricane, Sevier, and Grand Wash f a u l t s  (Ligner and others,  1969). 

However, aquifer charac te r i s t ics  

Regionally, the  aquifers are 

110. 111. I 

Figure 2.9. Location 
of pr incipal  multiple- 
aquifer systems i n  
north-central and north- 
eastern Arizona (from 
Brown, 1976) 
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, NORTHEASTERN ARIZONA 

INTRODUCTION. Northeastern Arizona (Fig. 2.10) is a vast  semiarid 

land of high elevation t h a t  l ies  completely within the Colorado Plateau 

province. 

o r  i s  managed by the  U.S. Forest Service. 

Most of the  land belongs t o  the  Navajo and Hopi Indian Tribes 

L i t t l e  exploration for  geothermal resources has 6een conducted i n  

t h i s  pa r t  of the  state chief ly  because the  regional geology and s t ruc ture  

do not appear conducive t o  occurrences of geothermal energy. 

exceptions are the  San Francisco and White Mountain volcanic , f ie lds  t o  the  

southwest and south, which are discussed i n  separate reports.  

population centers i n  northeastern Arizona are small and widely spaced, 

severely l imit ing possible direct-use geothermal applications. 

Possible 

In addition, 

This summary covers p a r t s  of Apache, Navajo., and Coconino Counties. 

However, because the  more western pa r t s  of t h i s  region have fewer avai l -  

able data, our findings 

actual  conditions. 

ay be a re f lec t ion ,of  data density ra ther  than 

THERMAL WELLS theastern Arizona, 9 e l l s  have reported tem- 

peratures grea te r  t h  

hese. Of t he  

above the MAT, but depths are un 

58 wells, 35 are thermal by our def ini t ion,  

which i n  the  case of t h e  

2OoC o r  greater  and grad 

olorado Plateau are temperatures 

n t s  30°C/km o r  greater.  

The thermal wells occur e i t h e r  as s ingle 'point  anomalies separated 

proximately 

by large distances,  o r  i n  three d i s t i n c t  groups: the  Four-Corners area, 
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south-southwest of Sanders, and west of t he  Pe t r i f ied  Forest (Fig. 2.11). 

Over t h i s  very large region, nearly ha l f  of the  thermal wells c lus t e r  near 

Sanders and the  Petr i f ied Forest. 

County e i t h e r  penetrate o r  bottom i n  the  formations comprising the  C 

multiple-aquifer system. 

County, the thermal wells in te rsec t  o r  bottom principal ly  i n  the  formations 

of the  D o r  N multiple-aquifer systems, 

These and most other  wells i n  Apache 

In the  Four Corners area and i n  northern Navajo 

HEAT FLOW. 

lower than it is  

(1982) presented 

plateau i n t e r i o r  

Sanders, Arizona 

t 

b 
f :  

bU L 
t 
L 
I 
F' 

Average heat flow on the  Colorado Plateau generally is L 
i n  the Basin and Range province. Bodell and Chapman 

b 
data  from Utah t h a t  confirmed 1ow.heat flow i n  the  

(about 60 mWm'P) They used two high heat flows near  

(109 and 160 mWrne2) from Reiter and Shearer (1979) t o  

define the  southern thermal boundary of t he  Colorado Plateau i n t e r i o r  i n  

Arizona. 

(94 and 110 mWm'P) 30 t o  50 km northweq of Sanders and suggested t h a t  a 

s l i g h t  northward adjustment i n  the  Bodell and Chapman thermal boundary 

between the  plateau i n t e r i o r  and periphery would eas i ly  accommodate the  

new data  (Fig. 2.12). 

Sass and others (1982) presented two high apparent heat flows 

L 
f 
L 
L 
c 
P A l l  four of these heat-flow values (Reiter and Shearer, 1979; Sass 

and others ,  1982), however, are considerably higher even than the  80 t o  
& 

90 mWm'2 average peripheral value determined by Bodell and Chapman (1982). 

They are possibly indicat ive of thermal enhancement of t h i s  area. 

addition, the high heat flows of Shearer and Reiter (1979) are located i n  

the  same area southwest of Sanders t h a t  has the  high densi ty  of thermal 

wells. 

L 
L 

In 

b' Two heat-flow measurements have been published f o r  the  Four Corners 

I .  
4if 

I ! -  
L. 48 
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Figure 2.11. 
shows thermal-well cluster and heat-flow values (from Shearer and Reiter, 
1979) near Sanders 

Locations of thermal wells in northeastern Arizona. Inset A 

Inset B shows thermal-well cluster near the Petrified If -* 

Lii Forest. 

area (Reiter and others, 

about normal for the plate 

values (47 and 65 mWm"2) are 
ci 
L 

i 
Reiter and Shearer (1979) suggested that high heat flow of the 

L 
I 1  

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

sources that caused extensive Quaternary basaltic volcanism in east-central 

Arizona and west-central New Mexico. Bodell and Chapman (1982) presented 
ili 

! 

u periphery is a 
result of lithospher 

sient processe interior. They 

b 

I; 
r 
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suggested tha t  high elevation, voluminous volcanic ac t iv i ty ,  and normal 

fau l t ing ,  which are a l so  associated with the  plateau periphery, likewise 

r e su l t  from these processes. 

CONCLUSIONS. Based on t h e  thermal data  presented here, plus the  

Residual Temperature Map ( th i s  volume), we suggest t ha t  northeastern 

Arizona is an area of  s l i g h t  thermal enhancement. 

par t icu lar  warrants additional geothermal exploration. 

The Sanders area i n  

I t  i s  questionable whether t h e  Four Corners area i s  thermally en- 

hanced. 

several  of the  deep o i l  and gas tests are thermal. 

is warranted i n  t h i s  area also,  t o  resolve t h e  question. 

Heat flow values there  are normal f o r  t he  plateau in te r ior ,  but 

Additional exploration 

I 

WEW UfXtCO 

\ ,046 
672, 46 

Figure 2.12. 
Chapman, 1982, thermal boundary (sol id  l ine) .  
l ished heat flow (taken from Bodell and Chapman, 1982); so l id  t r iangles  
are apparent heat flow (taken from Sass, Stone, and B i l l s ,  1982). 

Map showing possible change (dotted l i ne )  i n  Bodell and 
Solid circles are pub- 
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FLAGSTAFF REGION 1 
b 

INTRODUCTION. A s t r ik ing  3,800 m Quaternary strato-volcano, the  San 

Francisco Mountain, overlooks the  Flagstaff  region and is the dominant 

fieature i n  the  San Francisco volcanic f i e l d  (Fig.2.13). 

volcanism i n  t h i s  f i e l d  has produced a large volume of volcanic rocks, 

ranging i n  composition from ol ivine basa l t  t o  rhyol i te .  

1 
L Since the Pliocene, 

The last b a s a l t i c  

eruption about A.D. 1067 formed Sunset Crater (Colton, 1945). Thermal 

water has not yet  been i d e n t i f i e  

geothermal resource may exist a t  depth judging from the number, size, and 

youth of s i l i c i c  volcanic centers. eophysical anomalies suggest unusual 

n t h i s  region, but a s ign i f icant  
1 -i 
6ld 

1 ;  

Ibd . geothermal heat be 

v Potent ia l  f o  othermal resources i n  the  Flagstaff  
L; 

area has been recognized by the.geotherma1-energy industry. 

(1982), more than 118, 

A t  present 

f federa1,land i n  the region have geo- L 

L 
1 

L 

t GEOLOGY. The Fla ses the  San Francisco volcanic 

e region i s  

R i m  on the  south, bounded by the  Grand C 

the  Li t t le  Colorado River on , and the  Aub C l i f f s  and Chino 

- Valley on the  wes 

ii 14 is a s t r a t i g  s.ection o f  rocks underlfing the  

on. San Franci conformably 

over l ie  both the  Triassic Moenkopi Formation and the  Permian Kaibab i' 
53 



Limestone. 

i n  the  Oak Creek Canyoh. 

plutonic rocks and sch is t .  

rocks may a l so  ex is t  local ly  beneath the  Paleozoic rocks. 

Paleozoic stratigraphy is well exposcd i n  the Grand Canyon and 

Precambrian basement consis ts  mainly o f .g ran i t i c  

Precambrian Grand Canyon Series  sedimentary 

Volcanic rocks i n  the  San Francisco volcanic f i e l d  comprise a 

compositional spectrum t h a t  ranges from alkal i  ol ivine basa l t  t o  rhyol i te .  

The s i l ic ic  and basa l t i c  rocks are closely associated i n  both time and 

location. 

rhyol i te)  make up about ha l f  the  t o t a l  volume of rock extruded i n  the  

Robinson (1913) suggested t h a t  t he  si l icic rocks (andesite and 

f ie ld .  Moore and others (1974) stated tha t  t h i s  r a t i o  is excessive based 

on a simple d i f fe ren t ia t ion  model of f rac t iona l  c rys ta l l iza t ion  of a s ingle  

volume of magma. In addition, no evidence f o r  systematic evolution of 

magma with time has been found i n  the  volcanic stratigraphy of the  f i e ld .  

Repeated p a r t i a l  melting i n  the  mantle could explain observed re la t ions  

(Moore and others,  1974), and could r e s u l t  i n  periodic replenishment of the 

magma supply. 

added t o  a holding chamber where it i s  d i f fe ren t ia ted  t o  s i l i c i c  magma 

p r i o r  t o  eruption. 

rocks were interpreted by Stoeser (1974) (1) as representing layered 

in t rus ive  bodies t h a t  cooled at  depths of 15 t o  42 km i n  the  crust and (2) 

as having an a lka l i  o l iv ine  basa l t  parentage. 

The new magma could be extruded as basa l t  o r  it could be 

Mafic xenoliths from the  San Francisco f i e l d  volcanic 

The San Francisco volcanic f i e l d  began t o  evolve about 6 m.y. ago with 

widespread basa l t i c  eruptions. In the  western half  of the f i e l d ,  s i l i c ic  

volcanism began 5.7 m.y. ago and formed B i l l  W i l l i a m s  Mountain, the  first 

i n  a northeast-striking belt  of s i l i c ic  domes, which a l so  includes Kendrick 
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Peak and Sitgreaves Mountain. 

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

areas having the most extensive volcanism in this zone. 

show progressively younger silicic eruptions from southwest to northeast 

along this belt (Wolfe and others, 1977). 

Between 2 and 3 m.y. ago silicic volcanism 

Radiometric ages 

Rhyolitic eruptions between 2.0 and 0.7 m.y. ago were 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 Francisco 

strato-volcano was the main center of andesitic to rhyolitic volcanic 

activity. Silicic volcanism, between 0.25 m.y. to 0.05 m.y., was 

concentrated in a northeast-trending belt from the Interior Valley of 

San Francisco Mountain to Strawberry Crater, a zone that includes 

Sugarloaf and O'Leary Peak. 

fragments indicate magmatic processes in the shallow crust such as those 

associated with magma chambers (Wolfe and others, 1977). 

Phenocrysts and basement xenoliths and 

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 another 

northeast-trending fault system, which localized the Sugarloaf-O'Leary- 

Strawberry Crater silicic belt. 

GEOHYDROLOGY. At present no thermal water (>3OoC) is known in the 

The geohydrology provides a possible explanation for Flagstaff region. 

the absence of thermal water from wells less than 1 km depth. 

eastern part of the San Francisco volcanic field, the static water table 

In the 
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is contained i n  upper Paleozoic sediments a t  depths exceeding 300 m 

(Appel and B i l l s ,  1981). 

precipi ta t ion,  s ignif icant  recharge seepage over a deep s ta t ic  water 

t ab le  carries heat downward t o  cause lower temperatures and temperature 

gradients.  

Grand Canyon then carries heat away f r o m  the  Flagstaff  area. 

water flow masks any heat t ha t  may be flowing upward from depth. 

Measured temperature-gradient data  support t h i s  explanation (See Fig. 3. 

Because t h i s  area has r e l a t ive ly  high 

Lateral ground-water flow toward the  Mogollon R i m  and the  

Thus, 

In  other  areas water is  found at  shallower depths, chief ly  i n  perched 

ground-water bodies over impermeable volcanic strata, over the  Moenkopi 

Formation, and over impermeable zones i n  the  Kaibab and Supai 

Formations. 

' 

Hydrothermal convection is  unlikely i n  the  perched water. 

bably occurs a t  depths greater than 1 t o  2 

GEOPHYSICS. Available geophysical information implies the  presence 

of shallow (>5 km) plutonism i n  the  areas o r  b e l t s  having s i l ic ic  

volcanism (Wolfe and others,  1977). Bouguer gravi ty  da ta  (Fig. 2.15) shows 

two closed gravi ty  lows coinciding with the  Sitgreaves and Kendrick Peak 

s i l i c i c  centers.  A wea t y  low is  coinci t with the Sugarloaf Peak 

and Strawberry Crater b e l t  of s i l i c ic  volcanism. 

significance,  a agnetic low is  aligned along the Sugarloaf Peak-Strawberry 

b e l t  (Fig. 2.16) The magnetic ano l y  indicates  e i the r  roc of r e l a t ive ly  

low magnetic suscept ib i l i ty ,  o r  high temper 

Possibly of grea te r  

High temperatures beneath San Francisco Mountain can be inferred from 

teleseismic data. During three  months of 1979, a U.S. Geological Survey 
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Residual Bouguer gravity of  the Flagstaff region and 
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seismograph array centered on San Francisco Mountain detected P-wave, 

residual travel-time delays of up to 13 percent, at depths between 20 and 

45 km in the crust (Stauber, 1980). Diameter of the anom 

zone is between 10 and 25 km; the top is unconstrained at depths shallower 

than 20 km because of uncertainty in the velocity structure of the San 

Francisco volcanic pile. 

inhomogeneities in the crust are not ruled out (Stauber, 1980). 

I 

Magma may cause the P-wave delay; however, other 

CONCLUSION. Exploration for high temperature geothermal resources. 

suitable for electrical power production is probably warranted considering 

the youthful age of silicic volcanism. 

Peak and the Sugarloaf-Strawberry Crater silicic belts are favorable 

exploration targets. While very young basaltic volcanism has occurred, its 

significance as an indicator of geothermal potential is less favorable. 

Basalt generally does not form voluminous shallow magma bodies in the crust 

The Sitgreaves Mountain-Kendrick 

as does silicic magma. Rather basalt travels up from the mantle and is 

extruded as thin flows on the surface or is intruded as small dikes, sills, 

an 

years. 

chambers having volumes exceeding several hundred cubic kilometers and 

require up to several hundred thousands years to cool (Norton and Knight, 

1977). 

expressed by volcanism could be of greater importance to geothermal 

potential in the Flagstaff region than the type and youth of volcanism. 

plugs, which cool to ambient temperature in a matter of months or e 
Silicic magmas, on the other hand, collect in shallow magma 

The possibility of continuous replenishment of magma that is not 
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EAST-CENTRAL ARIZONA 

- 
INTRODUCTION. Preliminary geological and geophysical evidence 

s t rongly suggest t h e  existence of one (and possibly two) geothermal anom- 

alies i n  east-central  Arizona (Fig. 2.17). The evidence cons is t s  ch ief ly  

of t he  following information. Lavas i n  the  White Mountain volcanic f i e l d ,  

although ch ief ly  of  basa l t i c  composition, have K-Ar dates  as young as 0.75 

2 0.13 m.y. (Aldrich and Laughlin, 1981), and probably some flows are 

younger. 

f i e lds ,  i n t e r sec t  i n  the  White Mountains. 

high geothermometers were noted t o  occur near t he  town of St .  Johns. 

geothermal evaluation of  t h i s  area confirmed the  presence of a geothermal 

anomaly (Stone, 1980), although t h e  magnitude of the  anomaly appears t o  be 

less than what has f i  

Most of  the  land 

Apache National Forest. To 

Regional lineaments, defined by the  alignment of young volcanic 

Warn springs and moderate t o  

A 

e and Springervi l le  is within the  

e land belongs t o  the  White Mountain 

e Indian Tribe, North of Sp r v i l l e  most land i s  held i n  state 

t r u s t  o r  is p r iva t e ly  owned 

PHYSIOGRAPHY. East-central  Arizona li the  southern edge of 

t he  Colorado Plateau i n  t lon Slope (see \Fig. 

2.2). Voluminous basa l t i c  d, t o  t he  north where lavas are 

younger, numerous cinder  

much of the land .surface. 

gently northeastward. 

Mountain volcanic f i e l d  cover 

re-Cretaceous strata d ip  

Elevations average 1,800 t o  2,700 m but exceed 
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3,350 m on Mount Baldy, the partial remnant of a formerly large volcanic 

edifice (Fig. 2.19). 

GEOLOGY. Drilling logs confirm that depth to Precambrian granitic 

basement in east-central Arizona varies from about 700 to 1,400 m. 

zoic strata, which overlie the basement and which crop out at the surface 

Paleo- 

to the we.st, are buried in this area beneath the White Mountain lavas. 

These Paleozoic units are the Kaibab Limestone, Coconino Sandstone, and 

Supai Formation, all of Permian age. 

Springerville, these units thin to extinction, but an absence of deep drill 

holes leaves unanswered the question of where exactly this happens. 

Tertiary volcaniclastic rocks are exposed in discontinuous patches south of 

Springerville almost to Morenci. 

Some unknown distance south of 

Mid- 

To the north, the Triassic Moenkopi 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. 

rocks were mostly removed from this region by.erosion. 

Younger sedimentary 

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. 

south and east of the Mount Baldy area. 

which produced the Mount Baldy volcanics, began in late Miocene. 

rocks are composed principally of latite, quartz latite, and alkali 

trachyte, and have an aggregate thickness of less than 500 m. 

dence and K-Ar dates suggest that the transition from intermediate to 

basaltic volcanism in the White Mountains occurred about early Pliocene 

(Merrill and Pe%eO, 1977). 

Minor rhyolite flows occurred 

A second episode of volcanism, 

These 

Field evi- 

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 

i. 
--. LiJ 
I ,  

b 
these youngest basaltic rocks range from about 6.03 to 0.75 m.y. (Aldrich 

and Laughlin, 1981). Chemical trends of the three major episodes of 
’-.- 
E ’  volcanism (Merrill and Pewe, 1977) clearly show that the lavas were not 

generated by continuous differentiation from a single source. 
u 
-- 

Travertine deposits are present in many places in east-central hi 
c 

E 

id 

Arizona, with one of several concentrations being located between and to 

the east of St. Johns and Lyman Lake. 

orifices at the center of travertine deposits in this area are very well 

preserved, which suggests that the deposits are very young. 

Akers (1964) noted that some spring 
c -  

Some warm 

f -, 

springs along the Little Colorado River south of St. Johns are still 

actively depositing travertine (Akers, 1964). 

u GEOHYDROLOGY. The principal ground-water reservoir in east-central 

Arizona is the C mult le-aquifer (Brown, 1976). The potentiometric 

surface in the C aquifer shallows to the north. Thus depth to water ranges 

from about 200 m below the land surface t o  the south, to a meter or so 

above land surface where springs and seeps discharge in the St. Johns area 

and feed tributaries e Little Colorado River. West of Concho (Fig. 

2.20) ground water ge 

Concho water quality or, and dissolved solids concentrations may be 

1;1 
I:’ 
f i  
k 

ly contains less than 300 mg/L TDS. East of c 
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c 

L 
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1 
L 
A 

t 
Id 

as great as 2,500 mg/L. 

South of the approximate surface-water div 

water flows south and southwest t he Blue, White, and Black Rivers, and 

eventually into the Salt and Gila River. 

flows north to the Little Colorado River. 

North of that boundary, water 
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Figure 2.19. Present ( so l id  l i ne )  and projected f i n a l  configuration 
(dashed l ine)  of Mount Baldy volcano (from Merrill and Pewe, 1977) 
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Figure 2.20. 
of high TDS water (diagonal l i n e  pattern) and surface-water divide 
(dotted l ine)  

Map of east-central  Arizona showing approximate boundary 
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GEOTHERMOMETERS. Swanberg and others (1977) determined that the 

average silica temperature for the Colorado Plateau, based on 420 samples, I 
lb 

c' 
is 49.8OC. 

established a mean silica temperature of 67.8 k 22.loC for this area. 

Figure 2.21 shows that anomalous silica geothermometers for this area 

(those exceeding the mean value plus one standard deviation, a 90°C) occur 

in a corridor from north of Springerville to south of Alpine. 

thermometers predict temperatures of about 100 to llO°C for this zone. 

Based on 54 chemical analyses from east-central Arizona we 

The geo- 

There is no apparent correlation between the silica and the Na-K-Ca 

[ -: geothermometers. Waters from springs and wells between and west of Lyman 
119 

L 

c 
Ir 
CI 

ti- 
c 
1 :  

ki 

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 

both measured temperatures (-13 to 18OC) and silica temperatures (-40 to 

7OoC). 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 predict temperatures that are much lower (e20 to 45OC) than the mean 

s i l i c a  temperature. 

THERMAL REGIME. Temperatures were measured in 18 wells having depths 
\ between 75 and 420 m (Table 2.11, but nearly all show disturbance due to 

ground-water movement (Figs. 2.22, 2.23 and 2.24). Only three measured 

wells are thermal. 

ville where the silica temperatures are anomalously high (Fig. 2.25). 

third well is north of 

calculated rather than measured are thermal also. 

north of St. Johns; the other is west of Springerville. 

Two of these are located between Alpine and Springer- 

The 

ich gradients were 

Two of these wells are 

J 
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TABLE 2.1. Location informati& for wells measured in east-central Arizona 

Apparent 
NO. LOCATION BHT (OC) D (m) TG Heat Flow 

(OC/Km) (rnh-2) 

PWF3 A-13-29-6acc 20.9 230 23.3 86 

PWFl A-13-29-5abd 20.8 160 33.0. 149 , 

PWF2 A-13-28-3abb 18.7 80 38.9 116 

CN24 A-13-25-24cad 17.4 160 12.3 - 
TGE2 A-11-29-23aba 19.7 225 24.7 79 

TGE3 A-ll-29-34cdc 27.4 400 21.5 63 

TGEl A-11-29-28daa 27.0 420 29.1 76 

TGE8 A-11-29-20baa 26.4 4 00 27.7 - 
c- 
I i  

CN8 A-13-26-8bcc b 
18.0 200 11.8 - 

SLPl A-11-24-22dbc 19.8 8 230 30.6 
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Figure 2.22. 
Arizona. Well locations are given i n  Table 2.1. 

Temperature-depth graphs of wells measured i n  east-central  

The three lowest gradients are i n  wells on the  west s ide  of t he  study area 

where s i l i c a  temperatures are normal. 

Apparent heat flows were calculated f o r  1 2  holes (Table 2.1 and 

Fig. 2.26) (Sass and others,  1982; Stone, 1980). These values c lear ly  

show t h a t  east-central  Arizona i s  outside the  65 mWm’2 heat-flow contour 

used by Bodell and Chapman (1982) t o  separate the  cool plateau i n t e r i o r  

( ~ 6 0  f 9 mWm’2) from the  warmer plateau periphery (=80 t o  90 f 20 mWm-2). 

The three low apparent heat flows southwest of Springervil le were measured 
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Figure 2.23. Temperature-depth graphs of-wel ls  measured i n  east-central  0 Arizona. Well 1 given i n  Table 2 

i n  basa l t i c  rocks t h a t  are highly disturbed by ground-water flow. 

maining heat flows are on t h  

Plateau periphery (Bodell and Chapman, 1982). 

and between Springervi l le  and Alpine hav 

higher than normal. 

The re- 

igh atld low ends of normal for  t he  Colorado 
G 

u 
t The areas north of St .  Johns 

a.* 
e ,  GEOPHYSICS. Regional geophysical anomalies a re  indicat ive of geo- & 

thermal potent ia l  i n  t h i s  area.  

of young volcanic f i e l d s  in te rsec t  i n  the  White Mountains (Fig. 2.27). 

Regional lineaments based on the  alignment --. 
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Figure 2.24. 
Arizona. Well locations are given in Table 2.1. 

Temperature-depth graphs of wells measured in east-central 

large residual Bouguer gravity low, >-30 milligals, occurs around and west 

of Alpine (Fig. 2.28) (Lysonski and others, 1980), and could indicate 

elevated temperatures in the crust (Aiken, 1976). The possibility of c 
elevated crustal temperatures is supported by the apparent presence of a 

good electrical conductor at about 12 km depth (Young, 1979, unpub. report) 
5 -* 

in the same area. In addition, Byerly and Stolt (1977) identified a narrow I L 
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 
f ’  
1 
b 

c- v isothermal surface at approximately the Curie temperature, about 525OC. 

b 
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2 “Figure 2.26. Heat flow (mW/m ) for east-central Arizona. Open I 

circles with dots represent wells that are also thermal. 
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Figure 2.27. 
f ie lds)  in  the region of  the White Mountain volcanic f i e ld ,  east-central Arizona 

Intersection of  lineaments (based on the alignment of young volcanic 
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Figure 2.28. 

ity, east-central Arizona (from Lysonski and 

others, 1980). Contour interval is 5 milli- 

gals. 

Complete residual Bouguer grav- 
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CONCLUSIONS. Significant evidence points t o  two possible geothermal 

resource areas i n  east-central  Arizona. 

the m6re southerly pa r t  of t h i s  area i n  three pulses, t he  latest  being less 

than 750,000 years old and probably younger. 

Volcanic a c t i v i t y  has occurred i n  

Rock chemical analyses show 

tha t  t he  magmas were not generated by continuous d i f fe ren t ia t ion  from a 

s ingle  source. 

occurred over a very long period of time, beginning about 32 m.y. ago. 

tectonism responsible for  t h i s  periodic volcanic a c t i v i t y  would a l so  be 

responsible f o r  the  geophysical anomalies c i ted.  

Thus three  episodes of p a r t i a l  melting i n  the  mantle have 

The 

Bodell and Chapman (1982) postulated a model of Cenozoic l i thospheric  

thinning under the  plateau t o  explain the  anomalous heat flow found i n  the  

Colorado Plateau periphery. They noted t h a t  lateral warming and weakening 

of the  Colorado Plateau l i thosphere,  s t a r t i n g  at  the  Basin and Range 

boundary some 20 m.y. ago and working toward the  in t e r io r ,  would place the  

heat-flow t r ans i t i on  between i n t e r i o r  and periphery i n  the  northwest 

plateau about where it i s  found today. 

panied by substant ia l  u p l i f t ,  followed by more modest u p l i f t  due t o  warming 

and expansion, and eventually followed by enhancement of surface heat flow. 

Lithospheric thinning was accom- 

- 

Bodell and Chapman estimated t h a t  t he  lag  between u p l i f t  an'd enhanced heat 

flow is about 15 t o  20 m.y. ago. 

hanced heat flow i n  east-central  Arizona are a l so  a r e s u l t  of Cenozoic 

l i thospheric  thinning. 

We suggest t h a t  the  volcanism and en- 

Two areas of sl i n  east-central  Arizona 

are probable geothermal anomalies and should be 

' i d e n t i f y  t h e i r  magnitude and a 1 extent. The heat source for  these 

poten t ia l  resource areas i s  probably not magmatic as might be expected a t  
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first glance. 

about 60 km. 

Basaltic lavas or iginate  i n  the  upper mantle a t  depths of 

The magma i s  very hot (=1,3OO0C) and f lu id ,  and ascends t o  

the  surface rapidly through narrow f i s su res  and vents. 

l i t t l e  conductive t ransfer  of heat t o  the  surrounding country rock t h a t  

Thus, there  i s  

would cause p a r t i a l  melting i n  the  c rus t  and create a shallow magmatic heat 

source. Instead the  heat source f o r  t he  potent ia l  geothermal anomalies 

ident i f ied i n  east-central  Arizona i s  most l i k e l y  enhanced surface heat 

flow caused by Cenozoic l i thospheric  thinning under the  plateau. 
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MEXICAN HIGHLAND SECTION 

INTRODUCTION. The Mexican Highland sect ion of the  Basin and Range 

province of Fenneman (1931) and Hayes (1969) covers a l l  of  southeastern 

Arizona and extends eastward i n t o  New Mexico and southward i n t o  north- 

eastern Sonora, Mexico. 

west by t h e  Sonoran Desert sect ion a t  about 111' West longitude. A transi- 

t i o n  zone between 35' and 36' North l a t i t ude  separates t h e  Mexican Highland 

sect ion from t h e  Colorado Plateau. 

i t y  t o  the  Mexican.Highland than t o  t h e  Colorado Plateau because it has 

been the s i t e  of voluminous Tert iary volcanism and i s  t raversed  by numerous 

In  Arizona, t he  Mexican Highland is bound on the  

This t r a n s i t i o n  zone has c loser  aff in-  

f a u l t s .  

PHYSIOGRAPHY. Topography i n  t h e  Mexican Highland sect ion i s  similar 

t o  the  Great Basin of Nevada and Utah. However, major geologic differences 

ex i s t .  

land were deposited on r e l a t i v e l y  s t ab le  continental  c rus t  u n t i l  late 

Paleozoic time, i n  contrast  t o  t he  Great Basin Paleozoic rocks, which were 

For example, Paleozoic strata (c2.5 km thick)  i n  the  Mexican High- 

deposited i n  a geosyncline and are greater  than 3 km thick.  

Mountain ranges i n  the  Mexican Highland t rend north and northwest; 

they a r e  between 25 and 100 km long and 7 t o  25 km wide. These mountains 

a t t a i n  a l t i t u d e s  of 1,500 t o  3,300 my some 700 t o  1,800 m higher than t h e  

adjacent val leys .  

A l l  except t h e  Willcox basin are drained by in te rmi t ten t  and perennial 

through-flowing streams. Intermit tent  runoff i n  the  Willcox basin and 

surrounding mountains drains in to  the  Willcox Playa. 

Valleys i n  southeastern Arizona a r e  15 t o  25 km wide. 
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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 Range landforms (Titley, 1976). The northwest- 

trending grain is superimposed upon an older northeast-trending structural 

fabric (Silver, 1978; Swan, 1982). 

The two main pre-Tertiary tectonic features in this region are the 

Pedregosa Basin and the Mogollon Highland (Fig. ?.29). 

zoic, subsidence in the southernmost portion of the Mexican Highland 

region formed the Pedregosa Basin, into which thick (up to 1.5 km) mostly 

marine carbonate sediments were deposited (Peirce, 1976). In early Cre- . 

taceous, this zone, the Pedregosa Basin Region, was faulted to create the 

Bisbee Group depositional basin (Titley, 1976). 

During late Paleo- 

During the Mesozoic, the Mogollon Highland evolved north of the 

Pedregosa Basin region. 

Burro uplift (Elston, 1958), the Florence uplift, and the Graham uplift 

(Turner, 1962). 

Paleozoic strata original 

Late. Cretaceous and 

rocks or lower Paleozoic strata. 

Elements of the Mogollon Highland include the 

Mesozoic and Cenozoic erosion has removed most of the 

deposited on the Mogollon Highland so that 

s unconformably overlie Precambrian 

Thick piles (>1.5 km) of mid-Tertiary volcanic flows and thick 

sequences (>2.0 km) of deformed and indurated mid-Tertiary clastic sedi- 

ments are observed in several are 

prominant outcrops of these rocks are in the Chiricahua Mountains, in the 

Gila and Peloncillo Mountains, in the San Francisco-Blue River areas, in 

in the Mexican Highland. The most 
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Figure 2.29. 
Highland subprovince 

Principal pre-Tertiary tectonic features of the Mexican 

the Galliuro-Winchester Mountains, in the Tucson area, and in the Tumacacori- 

Patagonia-Nogales area. The only identified, large-scale 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 L’ 
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complex and the Rincon-Tanque Verde-Santa Catalina-Tortolita complex (Davis 

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

in the Mexican Highland section. These apparent mid-Tertiary themal- 

tectonic uplifts are separated from adjacent unmetakorphosed rocks by low 

angle faults that frequently display extensive brecciation. 

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

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

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 nonindurated silt, sand, and gravel unit, and 

(4) a marginal silt, sand, and gravel unit, which intertongues with the 

other units along basin marg Maximum thickness and distribution of 

these units vary within the basins. 6 w 
The Mexican Highland section is themost tectonically active portion 

of the Basin and Range province in Arizona. Except for the Ywna area and 

lik 

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

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

scattered zones of Pleiktocene fault scarps are observed mostly along 

basin margins (Menges 

Several 

others, 1982). Most of these scarps are found 

in a north-trending belt near the Arizona-New Mexico border, in the Duncan- 

Clifton area, in the Safford-San Simon basin, and in the San Bernardino 
\ 

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

Rita Mountains, the Huachuca Mountains, and the Swisshelm Mountains 

(Menges and others, 1982). 
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Quaternary basaltic lavas were extruded in the San Bernardino Valley 

and in the San Carlos area (Luedke and Smith, 1978). 

Although conductive heat flow is not dramatically different in the 

Mexican Highland section when compared to the Elohave or Sonoran sections, 

higher elevation, greater seismicity, more Quaternary fault scarps, and 

younger volcanism 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 

favorable for deep forced-convection geothermal systems. 

are 
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WILLCOX AREA 

INTRODUCTION. Willcox lies on the east edge of the Willcox playa in 

the northern Sulphur Springs Valley of southeastern, Arizona (Fig. 2.30). 

Springs, which have ceased to flow near low hills south of the playa, give 

the valley its name. While sulphurous springs are sometimes hot and may 

indicate significant geothermal potential, the springs south of Willcox 

were apparently not thermal. However, several wells drilled for irrigation 

and domestic water supplies have encountered thermal water (>3OoC) and they 

indicate potential low-temperature geothermal resources. 

Because the Willcox area has a large agricultural economic base and 

has relatively cool nights in the winter, significant opportunities may 

exist for direct use of geothermal heat. In general, the area has a 

favorable land status for geothermal development. A probable exception 

is a military reservation on the playa; however, practical considerations 

such as flooding also make the playa unsuitable for geothermal develop- 

e Willcox area overlies a sediment-filled structural 

r Springs Valley. Sur drainage in the 

Willcox basin is mostly internal; runoff from precipitation in the sur- 

rounding Dos Cabezas, Chiricahua, naleno, Galiuro, and Dragoon Mountains 

flows toward the playa in the basin center. 

relatively 

Topography in the basin is 

slopes gently upward toward the mountains. 

2 
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GEOLOGY. The Willcox basin is separated i n t o  two terranes by a major 

west-northwest zone of f a u l t s  and complex s t ructures ,  the  Dos Cabezas 

discontinuity of Ti t ley  (1976). 

s t r i ke - s l ip  f au l t s ,  reverse f au l t s ,  th rus t s  f au l t s ,  and normal faults, 

which have had repeated movement since Precambrian (Fig. 2.31). 

t h i s  zone, Tert iary sedimentary and volcanic rocks unconformably over l ie  

Precambrian metamorphic and plutonic rocks,. 

apparently l o s t  i t s  cover of Paleozoic and Mesozoic rocks during erosion 

This zone i s  characterized by left-lateral I 

North of 

This northern terrane 

t h a t  post-dated and accompanied u p l i f t  of the pre-late-Cretaceous Burro 

u p l i f t ,  a west-northwest s t r ik ing  s t ruc tu ra l  high t h a t  extends eastward 

i n t o  New Mexico (Elston, 1958). 

Mogollon Highland (Turner, 1962; Coney, 1978). South of the Dos Cabezas 

The Burro u p l i f t  is an element of the 

discontinuity,  Tert iary rocks unconformably overl ie  Precambrian, Paleozoic, 

and Mesozoic rocks. 

Drewes (1976) postulated t h a t  much of the region south of the  Dos 

Cabezas discontinuity is underlain by a regionally extensive allochthon 

t h a t  was thrus t  northward and northeastward. Jones (1963), Keith and 

Barrett (1976), and Davis (1979) presented geologic arguments t h a t  support 

basement cored u p l i f t ,  which was accompanied by local  thrust ing and high 

angle reverse f a u l t s  during the  Laramide orogeny. 

Precambrian rocks consis t  of Pinal Schis t  and granite.  Lower and 

middle Paleozoic strata, which occur south of the Dos Cabezas dis-  

continuity, consist  of a basal sandstone overlain by a sequence of in te r -  

bedded sandstones, shales,  and carbonate rocks. Carbonate rocks are the  

predominant lithology. These rocks are overlain by deposits (>1 km thick) 
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Figure 2.31. Generalized geology of the Willcox area 
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of l a t e  Paleozoic, mostly carbonate strata, which have increased clastic 

content and a re  separated by numerous disconformities. 

strata of t h i s  region have the  poten t ia l  t o  a c t  as a geothermal reservoir .  

The Wadell-Duncan #1 Murray o i l  and gas t e s t  (D-22-27-5b) i n  the  Douglas 

basin south of Nillcox encountered an a r tes ian  flow (379 L/min) of 54OC 

water or iginat ing from below 692 m i n  Mississippian limestone (Coates and 

Cushman, 1955). 

Paleozoic carbonate 

Mesozoic s t ra t igraphy includes small outcrops of Triassic t o  Ju ras s i c  

volcanic and sedimentary rocks on the  southwest slope of the  Dos Cabezas 

Mountains and i n  the l i t t l e  Dragoon Mountains (Hayes and Drewes, 1978). 

Lower Cretaceous Bisbee Group sediments unconformqbly over l ie  the  o lder  

Mesozoic rocks. Geothermal reservoir  po ten t ia l  of Mesozoic rocks is 

unknown. 
\ 

The Laramide orogeny (-75 t o  50 m.y.) wgs accompanied by plutonism and 

volcanism. 

Cabezas Mountains t h a t  intruded both the  deformed Bisbee Group and the  

west-northwest s t r i k i n g  Apache Pass f a u l t  zone, an element of the  Dos 

Cabezas discontinuity.  

Cabezas range i ts  name. 

Erickson (1968) described a la rge  in t rus ive  breccia  i n  the  Dos 

The breccia forms the two peaks t h a t  give the  Dos 

A renewed phase of volcanism and plutonism began i n  the  a rea  during 

the mid-Tertiary, after an apparent l u l l  during the  Eocene. In the  

Chiricahua Mountains, mid-Tertiary volcanism culminated i n  the  eruption of 

several  extensive, welded ash-flow t u f f s .  

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

These flows, comprising the 
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Creek caldera .centered in the Chiricahua Mountains (Marjaniemi, 1968; 

Shaf iqul lah and others. 978; Latta, 1982) (Fig. 2.31). 
. .  

In the Galiuro Mountains, Winchester Mountains, 'and Little .Dragoon 

Mountains a sequence of mid-Tertiary volcanic rocks is divided into two 

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

to rhyodacite, which is capped 1 

(Creasey and Krieger, 1978). 

separates the 29 to 26 m.y. old andesite to 

younger, overlying ash-flow tuff unit (Creas 

ash-flow tuff unit has intercalated andesite flows and c 

whose clasts were derived from Precambrian, Paleozoic, and underlying 

andesite-rhyodacite flows'(Creasey and Krieger,. 1978). 

A disconformity with up to.300 m of relief 

lomerate strata, 

In the southern Pinalen 

(236 m.y.) was imtruded into Prec 

angle fault contact with overlyi 

ranite of Gillespie Mountain 

however, it is now in low- 

Miocene volcanic rocks 

(Swan, 1976; Thohan, 1981). 

by Thorman (1981) as 

anic rocks were interpreted 

L 
i. 
1 

rates. monoclinally 

deformedGMiocene volcanic pie Mountain stock 

and Precambri 

fault. Simil 

west end of the Pinaleno Mountains 
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Miller, 1978; Shafiqullah and others ,  1980) and displaces s teeply dipping 

Ter t ia ry  gravels i n t o  f a u l t  contact with Precambrian rocks. 

Fractured and deformed pre-mid-Miocene volcanic and sedimentary rocks 

may underl ie  the  northern Willcox basin a t  depth. 

indicated by deformed Ter t ia ry  sediments mapped northeast  of  Willcox by 

Cooper (1960). 

as a geothermal reservoir  where they a r e  present and hydrologically con- 

nected t o  deeply c i rcu la t ing  water flow. 

Their presence is  

These rocks and an associated low-angle f a u l t  zone may act 

The Willcox basin began t o  develop during middle t o  late Miocene 

(15 t o  10 m.y.) as the  c rus t  cooled after a mid-Tertiary thermal dis-  

turbance and low-angle f au l t i ng  was replaced by high-angle normal f au l t i ng  

(Scarborough and Peirce, 1978). 

zig-zag pa t te rn  oE hors t s  (mountains) and grabens (basins).  

d ip-s l ip  normal f a u l t s  forming the  grabens may provide f rac ture  perme- 

a b i l i t y  f o r  hydrothermal systems. 

This c rus t a l  r i f t i n g  broke the  area i n t o  a 

High-angle 

Modeling of Bouguer gravi ty  data  shows 

the Willcox basin is a composite of several  grabens and may be f i l l e d  with 

over 1.5 km of clastic sediments (Aiken, 1978). 

Sediments f i l l i n g  the  Willcox basin a r e  poorly understood. Brown and 

Schumann (1969) broke the  s t ra t igraphy i n t o  two major subdivisions: 

consolidated alluvium and unconsolidated alluvium. 

alluvium as described by Brown and Schumann (1969) i n  locat ions near t he  

Circle I H i l l s  is not %as in- f i l l "  sediment. 

sediments indicates  they are probably pre- la te  Miocene. 

I 

The consolidated 

The deformed nature  of these 

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

i n t o  two fac ies .  The lake-bed facies  (clay and s i l t )  is  underlain and 
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overlain by an alluvial facies (sand and conglomerate). The clay and silt - L, 
LJ 

t 
u ,  

b 

beds (lake-bed facies) provided a very important geologic setting for the 

occurrence of low-temperature geothermal resources. 

sediments are characterized by low thermal conductivities, which can cause 

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

flow. 

aquacludes and confine water in underlying sand and conglomerate aquifers, 

These fine-grained 

Because clay and silt are relatively impermeable, they act as 

which prevents significant convective heat loss. 

GEOHYDROLOGY. Prior to large-scale withdrawal of ground water from 
id 

fi the Willcox basin, ground water flowed from recharge areas on the basin 

margins toward the playa where discharge occurred through evapotrans- 

piration (Brown and Schuman, 1969). b Today, ground water movement is toward 

1 

water-table depressions resulting from extensive ground-water pumping for 

irrigation. These ground-water depressions 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 Quaternary volcanic rocks have been identified 

in the Willcox basin. A magmatic heat source probably does not exist in k 

the basin. 

- -  
I ,  

Conductive heat flow studies show a mean heat flow of 79.5 mWm for 

t southern Arizona (Shearer and Reiter, 1981). While no conductive heat flow 

measurements have been published for the Willcox basin, it is reasonable to 

assume a similar value at flow for t 

Because silt &id c ts that fill the basin have thermal 

conductivities less than 2.0 W/mk, temperature gradients between 35 and 

4SoC/km are normal, provided there is no ground-water flow. 

L 

ii 
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Figure 2.32 compares calculated temperature gradients in the Willcox 

basin with respective well depths. 

mostly between 20 and 4SoC/km. 

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

wells and possibly rock thermal conductivity differences. 

Wells deeper than 230 m have gradients 

Variations in gradients from wells below 

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

from 25 to over 300°C/km. 

lower holes result from ground-water movement and to a lesser extent, 

lower conductivity sediments. 

The systematically higher gradients from shal- 

. .  

h 

v 

5 a 
0 

normal temperature 
gradient  range 

15OC is  used as mean annual temperature (MAT) 
i n  temperature gradient  ca l cu la t ions  

curves A, B, and C a r e  defined by t h e  following 
equation : 

az 

800- 

750 - 
700  - 

15OC is  used as mean annual temperature (MAT) 
i n  temperature gradient  ca l cu la t ions  

curves A, B, and C a r e  defined by t h e  following 600- 

550 - normal temperature 

500 - 

equation : 

gradient  range 

where TA - 30.0 450- 
TB = 22.4 

400 - TC - 18.0 

350 - 

* *  . 
Z - depth (meters) 

Z = temperature gradient  OC/km az 
300 - 
250 - 

number of w e l l s  167 
200 - mean discharge temperature 22.43OC 

standard deviat ion 2.91°C 

150 - 
100 - 
50 - 
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number of w e l l s  167 
mean discharge temperature 22.43OC 

standard deviat ion 2.91°C 
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where TA - 30.0 

TB = 22.4 

TC - 18.0 

Z - depth (meters) 

Z = temperature gradient  OC/km az 

Temperature Cradient (OC/km) 

Figure 2.32 .  
the Willcox basin 

Temperature gradients versus depth of water for wells in 
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THERMAL WELLS. Thermal wells (Table 2.2 and Figure 2.33) are widely kd 

scat tered throughout the  basin. 

several  d i scre te  resources o r  a s ingle  extensive thermal aquifer a t  depth. 

Temperatures range between 30 and 54OC f o r  wells from 200 t o  1,000 m deep. 

Such a d is t r ibu t ion  suggests e i t h e r  

L 
Figure 2.34 shows cross sections of subsurface s t ra t igraphy constructed 

from d r i l l e r s '  logs; locations of the  cross sections are shown i n  Figure 

2.35. 

i 
LJ Zones of thermal water were noted i n  som 

_. d r i l l e r s .  Thermal water oc below clay and silt beds i n  moderately in-  

i 
t 

durated conglomerate and sand a t  depth greater  than 500 m. 

ta ining thermal water are confined t o  semi-confined, as indicated by the  

Aquifers con- 

a r tes ian  flow from several of the  thermal wells. Beneath clay and s i l t  
i 

i depositional centers,  a t  depth greater  than 700 m, thermal water may have 
0 

temperatures greater  than 50 C. However, these areas are untested a t  t he  

present time. Other thermal wells, which are not shown i n  the  s t ra t i -  

graphic cross sections,  encounter w a r m  water a t  depth less than 500 m. 

Some of these wells are unusually warm and have estimated temperature 

TABLE 2.2. L i s t  thermal wells i n  the  Willcox area 
Temperature Data Source W e l l  Location 

t 
1 D-12-24-20 BAA 832 ' 4 4 ~ 0  4 

4 DATA SOURCES : 
2 D-12-24-20 CAA 664.5 37.0 

3 D-12-24-31 CB 445 54.4 3.4 

itr 
1. Brown and othera (1963) 

2. U.S. Geological Survey 

3. Dutt and McCreary (1970) 

4. 

4 D-13-24-2 BM(2) 257 31.7. 2.3 

5 D-13-24-5 BA 6 70 47.8 3 , 
1 

Arizona Bureau of Geology and wiaeral 
k 6 D-13-24-11ABB 412 40.6 3.5 
Id 7 D-13-25-5 762 31.1 1 Technology 

8 D-13-25-31 CABcz) 243 1.2 

2.6 
! I  

9 D-14-25-4 BAC . 824 

10 D-14-25-6 AAD 235 6 Id 
11 D-14-25-6 CBD 214 35.0 1.2 1; 12 D-15-26-19 BBC 1005 43.0 1.6 

'a 
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gradients exceeding 6OoC/km. The anomalous thermal wells occur i n  three 

d i f fe ren t  areas and may in te rsec t  o r  over l ie  hydrothermal convection 

systems (Pig. 2.36). A normal conducFive heat flow regime is indicated by 

thermal wells outside the  anomalous areas because these wells have 

estimated gradients between 20 and 4SoC/km. 

Chemical qua l i ty  of thermal water i n  the Willcox basin ranges between 

In general, the  higher approximately 200 and 1,500 mg/L TDS (Table 2.3). 

temperature waters from deeper 1s have lower TDS. Compositions range 

f r o m  sodium sulfate-bicarbonate water t o  sodium bicarbonate-chloride water 

(Fig. 2.37). Fluoride contents of thermal water is  high and ranges from 2.6 

t o  over 20 mg/L. 

waters. 

Magnesium concentrations are very low i n  a l l  the  thermal 

S i l i c a  and Na-K-Ca geothermometers were computed f o r  wells with the  

more.complete chemical information (Table 2.4). Analyzed s i l ica  concen- 

t r a t ions  were corrected f o r  nontemperature dependent ionization, Thermal 

waters f r o m  these wells are a l l  saturated with respect t o  quartz. 

The Na-K-Ca geothermometers f o r  wells 1, 2, and 3 are 'within'  5 t o  1 2 O C  

of temperatures predicted by the  chalcedony geothermometers. The geo- 

thermometers predict  subsurface reservoir  temperatures averaging between 58 

t o  65OC. Surface discharge temperatures range from 37 t o  54.4'C. 

ferences between the  geothermometers and measured temperatures i n  wells 1 

and 2 are puz 

thermal regim 

Well 3, which occurs over a p 

(anomaly l), as indicated by a high estimated gradient, shows an average 

D i f -  

i n  an apparent conductive 

timated gradient (20 t o  4S°C/km). 

le hydrothermal convection system 
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TABLE 2.3. Chemistry of thermal water i n  t he  Willcox area  
Number Sanple Location Temperature TDS pH la K Ca Mg C 1  SO4 HC03+C03 Si02 Li B F Date Data Source 

Na+K 

88 73.8 0.032 0.15 3.2 8/81 4 1 6037 D-12-24-20 BAA 44.0 267 9.3 97 0.66 2.0 0.38 24 22 

2 6038 D-12-24-20 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 bl2-24-31 CB 54.4 316 9.1 47 0.7 <1 <0.1 16 30 136 65.0 0.06 <Oslo 20.3 7/79 4 

2.3 4 8095 D-13-24-2 BAA 31.7 320* 8.8 80 1.5 8 0 10 60 115 - 0.002 0.04 5.0 7/66 

47.8 500* 9.3 138 2.0 2.0 0 2 110 127 - 0.001 0.09 18.0 7/66 3 

8 8609 b13-25-31 CAB(*) 31.7 2000* 8.7 428 5.5 3 0 344 200 298 17 0.219 0.44 2.6 5/67 3 

5 8100 D-13-24-5 BA 

98 - 0.002 0.62 10.0 7/66 3 

2 46 - - 12.0 6/50 1 

6 8115 D-13-24-11 ABB 40.6 500* 9.4 106 1.0 0 0 24 60 

7 I D-13-25-5 31.1 1380 - 502 7.0 2.8 360 262 

2 

1 

9 4817 D-14-25-4 BAC 31.1 2280* - - - 6.9 2.7 - - lp2 46 - - - -- 
D-14-25-6 CBD 35.0 1370 - 516 80 3.7 430 238 336 - - - 9.9 5/42 

w 
0 w 

s i n  Milligrams per l i t e r  (mg/L) 

a tures  i n  Degrees Celsius 

* TDS is calculated f r o  pec i f i c  conductivity using a0.6 conversion 
fac tor  

Data Sources: 1. Brown and others (1963) 

2. U.S. Geological Survey 

3. Durt and McCreary (1970) 

4. Arizona Bureau of Geology and Mineral Technology 
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Figure 2.37. Piper diagram of thermal well chemistry, Willcox area 
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iy TABLE 2.4. Geothermometers of thermal water in the Willcox area 

tl Ueasured pH Corrected Estimated S i l i c a  Ceothermometer (OC) Na-K-Ca 
Well Temperature ("C) S i l i c a  (mglL) Gradient (OClkm) Quartz Chalcedony Cristobalite Ceothe-eter ("C) 

b 1 44.0 34.8 35 86 55 26 6 0  

2 37.0 

3 54.4 

8 31.7 

49.8 33 102 72 51 

39.0 89 91 60 41 

15.2 69 54 2 1  5 

60 

69 

104 
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geothermometer temperature of 65OC. 

104°C, but this is most likely a result of nontemperature-dependent 

solution of evaporite minerals in the basin fill. 

We1 1 8 has a Na-K-Ca geothermometer 

Well 8 is a sodium- 

of 

chloride rich water with higher dissolved solids than wells 1, 2, and 3. 

CONCLUSION. A large and extensive low-temperature geothermal resource 

occurs in the Willcox basin at 500 to 700 m depths. The thermal water is 

confined t o  semi-confined and is contained in moderately cemented gravel 

below silt and clay beds. 

areas. Excellent water quality is indicated except for locally high 

fluoride concentrations and near the playa where TDS may exceed 2,000 mg/L. 

Artesian flow at the surface may occur in some 

Three areas adjacent to and north of Willcox have anomalous 

temperature gradients and potential for thermal water with temperatures 

over 50°C. 

. t  

Geothermometry predicts 60 to 6S°C reservoir temperatures. 

The basin is untested for norma 

.greater than'l km. Altho 

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

exploration and development in the Willcox area. 

thermal water at a temperature of about 100°C 
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SAN MANUEL AREA 

. INTRODUCTION. The San Manuel area (Fig. 2.38) is a potential geo- 

thermal target because of the presence of thermal water and the possibility 

of directly using these fluids in a copper-extraction process. 

is mined from the large underground San Manuel mine a few miles west of 

Copper ore 

Mammoth, and a smelter operates at San Manuel. Roeske and Werrel (1973) 

reported that 38OC water was pumped from the San Manuel mine. In addition, 

. thermal water (31 to 42OC) discharges from several artesian wells in the 

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

Manuel. 

valley, and they too a 

. .  

Cattle ranching and farming are also important occupations in the 

ers of geothermal energy. 

PHYSIOGRAPHY. Th ea is traversed by the intermittently 

flowing San Pedro River, which flows a1 

valley bound by the Galiuro Mountains o 

consists of a relatively narrow 

gently to moderately sloping 

ting in. the mountains. 

ley is dominated 

. Precambrian diabasic and 

st diabase dikes 

northwest-striking Mogul fault, which shows normal, oblique-slip 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 sediments show angular unconformable deposition on 

Mississippian limestone (Creasey, 1967). 

sediments are juxtaposed against a terrane dominated by Precambrian Oracle 

Granite. 

discontinuity (Titley, 1976). 

intruded by Laramide plutons and dikes. 

mine is related to this plutonism. 

These Mesozoic and Paleozoic 

The Mogul fault may be a structural element of a major crustal 

Rocks south and north of the Mogul fault are 

Mineralization at the San Manuel 

North of the Mogul fault, Cenozoic volcpic flows and clastic 

sediments are in either normal low-angle fault contact or unconformable 

contact with Precambrian rocks and Laramide plutonic or volcanic rocks. 

West of Mammoth, andesite flows (28 m.y.B.P.) of the basal Cloudburst 

Formation are in low-angle fault 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 deformed 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 

t 1  

t ’  
# 

I 
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Quiburis Formation. 

In the Galiuro Mountains, a sequence of mid-Tertiary volcanic rocks, 

correlative in time to the volcanic flows and gravels of the Cloudburst 

tion, is divided into two parts separated by major disconformity 

(Creasey and Krieger, 1978). The lower unit consists of andesite to 
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Figure 2.39. Water table. confined ground water in the San 
Manuel area 

rhyodacite locally ional unconformity w 

up to 300 m of reli 

rhyodacite unit f 

, L  I 

i 

L 
unit and a lenticular 

r, 1978). The ash-flow tuff unit t]l 

I , has intercalated 

derived from Prec 

flows (Creasey 
I 
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GEOHYDROWGY. Shallow ground-water flow i n  the  lower San Pedro Valley 
I 

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

t he  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 420 m i n  c l a s t i c  sediments of uncertain age and 

s t ra to tec tonic  posit ion.  Artesian wells i n  the  area flow up t o  1,890 L/min 

(Roeske and Werrel, 1973). The piezometric surface of the  confined water 

is undetermined, but probably var ies  i n  d i f f e ren t  pa r t s  of the  basin due t o  

the  probabi l i ty  t h a t  several  d i sc re t e  aquifers exist i n  the  basin. 

THERMAL WELLS. Thermal water, 31 t o  4ZoC, flows from wells t h a t  range 

from 17 t o  453 m depth (Table 2.5; Fig. 2.40). These thermal wells occur 

c. 

L 
L 
L 
I: 

L 
eas t  of Mammoth and San Manuel i n  a zone trending northwest. This d i s t r i -  

bution may reflect the  thermal regime o r  it may be a r e s u l t  of the  thermal 

wells coincidentally being located i n  an area with the  greatest ground- 

water development. c More extensive d r i l l i n g  may expand the  known resource 

areas i n  t h i s  basin. Thermal wells near the  river, .which are grea te r  than 

200 m deep, flow at  the  surface. Drillers' logs show t h a t  clay and 

TABLE 2.5. Thermal wells i n  the  San Manuel area I- t 
- - 

b: 
L 
i 

We 11 Locat ion Temperature Depth TDS Flow Rate 
1 D-8-17-32daa 42OC 453 m 434 mg/l 76 L/'min 
2 D-9-16-2 bab 38 396 440 4391 
3 D-9-17-10dcb 32 26 744 15 
4 D-9-17-14~db 31 17 590 -- 

2 34 114 5 D-9-17-14cdd 31 -- 
6 D-9- 17- 24ddc 31 ' 265 352 . 1514 
7 D-9-19-32cab "hot1' 373 -- 26.5 
8 D- 10-18- 3bab 41 84 454 45 
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W 
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R19E 

3s 

Depth (M ) Kilometers 

'Figure 2.40. Thermal wells i n  the  

gypsiferous sediments over l ie  sand and gravel t h a t  a c t  as the  thermal 

aqui fe r  (Fig. 2.41). Estimate 

Exceedingly high estimated g r  

thermal water encountered i n  those wells 

confined aquifers .  

e l l s  suggest t h a t  
inates from leakage from deep 

Fault  zones i n  b a s i n - f i l l  sediments may provide 

v e r t i c a l  passage f o r  thermal-water leakage. 
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Location of 
wells shown 
i n  Figure 
2.41, facing 
Page 
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Well D-9-16-2bab is  actual ly  a mine shaf t .  Thermal water encountered 

i n  t h i s  sha f t  may r e s u l t  from eastward flowing water t h a t  is  forced upward 

along the  San Manuel f au l t .  

and Clbuclburst Formation a c t  as thc aqiiifck. i n  t h i s  area. 

;1 
Either  the  f a u l t  o r  fractured Oracle Granite 

Chemistry of t he  mine water indicates  a source outside of the  basin. 

(J 

li The mine water is calcium bicarb 

I-. basin is sodium su l f a t e  t o  sodium bicarbonate (Fig. 2.42) .  Sulfate i s  

obtained from solut ion 

Sodium may come 

li 
r- - u 
I basin f i l l .  

ion exchange of calcium with clay minerals i n  the  

I; 

L 
The Na-K-Ca geothermometer is  cause of probable ion 

- 
exchange and the  

Chalcedony geo thermome t e rs indica 

ence of gypsiferou 

L Manuel area. 
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CONCLUSION. Confined aquifers contained i n  bas in - f i l l  sediments a t  

c 
L 

depths greater  than 200 m apparently contain thermal water i n  the San 

Manual area. Temperatures exceeding 6OoC a re  not indicated from known 

wells i n  the  area,  o r  from the chalcedoriy geothermometers. However, more 

f -  extensive resource evaluation might locate numerous additional sites within 

t h i s  basin, which may o r  may not contain higher temperature thermal waters. L 
Improved copper extraction a t  San Manuel mine o r  the smelter is one 

possible application f o r  these thermal waters. 
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SAN BERNARDINO VALLEY 

INTRODUCTION. San Bernardino Valley (Fig. 2.43) has been a geo- 

thermal exploration ta rge t  fo r  the emerging geothermal industry. 

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

pending approval, and 30,596 acres of state land were leased. 

t o  leasing, a t  least one tempe 

major company. No thermal wat 

the  internat ional  border with Mexico. 

resu l t ing  i n  extensive volcanic deposits i n  the  valley, has made t h i s  area 

a geothermal ta rge t .  

A s  of 

In addition 
\ 

t u re  gradient hole has been d r i l l e d  by a 

have been observed i n  the  val ley north of 

However, Pleistocene volcanism, 

PHYSIOGRAPHY. The San in0 Valley l ies  i n  the  extreme south- 

east corner of Arizona 

Mexican Highland section. 

Sonora and Chihuahua, Mexico north of the  S ie r r a  

San Berilardino, Animas, and 

contrasts  with 

north-south o r i  and ranges as 

west physiographic grain.  

an apparent physiographic subprovince of the  

This subprovince encompasses t h a t  pa r t  of 

GEOLOGY. Precambrian basement i n  t h  

of rocks equivalent t o  the  Pinal Schis t  o 

l i t h i c  bombs i n  Hans Cloos Crater resemble Pinal Schist  according t o  

Lynch (1972, 978). Sedimentation i n  the  

Basin (Fig. 2.44), an element of the Mexican geosyncline, deposited thick 
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sequences of Paleozoic and Early Cretaceous sediments. 

mainly carbonate Paleozoic rocks, of which 1,500 m are Permian, may be 

preserved i n  the  subsurface. These carbonate strata could act as geo- 

thermal reservoirs i n  f a u l t  zones where brecciation, s i l i c i f i c a t i o n ,  and 

solution have created permeability. 

Over 2,500 m of 

Thrust f a u l t s  a r e  mapped i n  the  Pedregosa Mountains and i n  the h i l l s  

on the southeast margin of the  valley. 

surface s t ructure  is uncertain. 

Their extent and re la t ion  t o  sub- 

Thrust f au l t s  i n  the  Pedregosa Mountains 

(Fig. 2.45) coincide with a west-northwest c rus ta l  discontinuity defined 

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

ted from Bouguer gravity data) and with a zone of Quaternary basal t  vents 

i n  the southern Chiricahua Mountains. Offset of physiographic features is 

_____ - -- 

eas i ly  seen on maps of t h i s  region. 

symetric, north-striking graben t h a t  forms the  San Bernardino Valley a l so  

The northern boundary of the as- 

coincides with the  discontinuity.  

A mid-Teritiary volcanotectonic feature  cal led the Geronimo Tra i l  

cauldron is hypothesized t o  underlie the  Peloncillo and Guadalupe 

I MEXICO !.CHIHUAHUA I 
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More than 130 pyroclastic cones, with associated flows of l imited 

extent,  coalesce t o  form an a lka l i c  o l iv ine  basa l t  f i e l d  covering 850 km2. 

Water wells t ha t  are as  deep as 250 m penetrate up t o  seven flows i n  the 

center  of the valley. 

s tudies  by Evans and Nash (1978) showed t h a t  the San Bernardino basa l t s  

probably originated i n  the mantle at  depths up t o  67 km, t ha t  the basa l t s  

are not contaminated by c rus ta l  material and tha t  the 

traveled d i r ec t ly  from the  mantle t o  the surface. 

associated with the  basa l t i c  lavas, giving additional support t o  the hypo- 

thesized absence of a crustal magma chamber. 

Lynch (1978) reported tha t  mineral equilibrium 

S i l i c i c  lavas a re  not 

While lavas i n  the  San 

Bernardino volcanic f i e l d  range i n  age from 3.3. t o  0.3 m.y., the  vol- 

canism probably has not contributed large quant i t ies  of heat t o  the crust .  

Rather, most of the igneous heat probably has been dissipated a t  the 

surface. 

Evidence of steam and hot water associated with basa l t i c  eruptions 

is found i n  a t  l e a s t  f i ve  tu f f  r ings,  two of which a re  large maar c ra te rs ,  

Paramore Crater and Hans Cloos Crater. 

explosions, possibly the  r e su l t  of magma contacting large quant i t ies  of 

These c ra te rs  were formed by steam 

water contained i n  the "water coursestt of f a u l t  zones. 

from these steam explosions is  known t o  ex i s t  today. 

No residual heat 

Tectonically, t h e  San Bernardino area is one of the  more act ive 

i n  Arizona. Jus t  south of the  internat ional  border, a large (magnitude 

greater  than 7.0) earthquake disrupted the  Pitaicachi f a u l t  on May 3, 1887 

and formed the east s ide  of the San Bernardino Valley i n  Sonora, Mexico 

(Sumner, 1976; DuBois and Smith 1981). Pleistocene fau l t ing  has been 
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observed i n  the  adjacent Animas Valley i n  New Mexico and along White 

Water D r a w  below the  Swisshelm Mountains, west of the valley.  

remnants, which form d i s t inc t ive  mesas on the  west s ide  of the San 

Bernardino Valley, contain in te rca la ted  gravels, which are present ly  

i so la ted  from possible  source areas by post-3-m.y. fau l t ing  (Lynch, 1972, 

- -  L, 
Lava flow 

b 
b o  
- -_ 

$; 
1978). 

mountain-front f ace t s  along the  eas t  s ide  of the  Chiricahua Mountains, 

and unusual drainage pa t te rns  such as Cienuguita Creek i n  Sonora, a l s o  

suggest ac t ive  tectonism (Lynch, 1972, 1978). 

Geomorphic anomalies, trenched a l luv ia l  fan apexes, s t r a i g h t  

-- 
X I  

Pyroclastic cone alignment ica 

ir i n  N .  23' E. and N.  65' W. trends and the  north-s t r iking Pi ta icachi  f a u l t  

ind ica te  west-northwest extension (Menges and Lynch, 1982, i n  prep.). 

Microseismicity along the  Pi ta icachi  f a u l t  indicates  focal  depths of 15 km, 

and i s  a l s o  due t o  west-northwest extensional s t r a i n  i n  the  c rus t  (Natali 

and Sbar, 1982). 

f 
I 

er- 
kp 

CONCLUSIONS. The San Bernardino Valley has poten t ia l  f o r  low t o  
~ 

intermediate temperature resources. High temperature resource poten t ia l  

t; 
,- 

t. 
b 

I" 

is speculative even though high Na-K-Ca geothermometers (229OC) were 

calculated using nonthermal waters (Swanberg and others,  1977; Swanberg, -. 

1978). Further geochemical evaluation is  required t o  assess  these geo- 

thermometer temperatures. 

the  San Bernardino Valley south of t he  in te rna  

meters f o r  these waters are i n  the  low t o  i n t e  

Swanberg (1981) showed two thermal springs i n  

1 heat flow p 

ra ther  than an igneous heat source. The San Bernardino Valley a rea  has the  

following charac te r i s t ics ,  a l l  of which a r e  ind ica t ive  of geothermal 



LId L resources: (1) extensive basa l t i c  volcanism; (2) ac t ive  extensional 

tectonics;  (3) alignment of pyroclast ic  cones and young f a u l t s  t h a t  

d i f f e r  from the  regional grain (Lynch, 1978; Seager and Morgan, 1979). 

I 

I 

I 
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Figure 2.46. 

Indian Hot Springs and of San Simon Valley from Safford south to 

Willow Spring Wash 

Physiographic map of Gila Valley from Safford north to 
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G I L A  VALLEY FROM SAFFORD TO INDIAN HOT SPRINGS 

INTRODUCTION. Indian Hot Springs, 26 km northwest of Safford is  

notable because it has been the  s i t e  of a spa and resor t  at  various times 

during the  past  50 years (Fig.2.46). 

hi 

LJ 
Several deep (>SO0 m) wells have f 

been d r i l l e d  i n  the  Gila Valley which have artesian flows of  hot water 

(>40°C). The 1929 Underwriters Syndicate 1 Mack o i l  and gas t e s t  o r  
I 

'Nary Mack well" i s  the  hot tes t  of these wells, with a reported 'discharge 
r-I - u temperature of 5gUC (Knechtel, 1938). This well, near the town of Pima, 

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

I-' 
ccd 

t e r iora ted  casing after the  well was temporarily shut i n  several  years 

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

4fjUC water and was formerly used by t h e  Mount Graham Mineral Bath before 

t h i s  spa was destroyed 

1977-78. 

ing of the  G i l  River i n  the winter of 

Today, t h i s  well flows f r ee ly  in to  the  Gila River. 

t 
1 ;  
Id PHYSIOGRAPHY. The Gila River has entrenched i n t o  the  sediments t h a t  

fill the northwestern Safford-San Simon Basin, and has formed a northwest- 

trending flat-bottomed valle 5 t o  8 km wide (Fig. 2.46). 

Elevation Safford t o  823 m 

a t  Fort Thomas, rings. Paired te r races  

20 t o  30 m high flank the  Gila River flood plain.  

li 
Ej: 
._ 

id Above the  terraces ,  a 

L 
Mountains on the  south e Gila Mo ns on the north. Relief of the  

Pinaleno Mountains above the piedmont exceeds 2,200 m, while the  Gila L 
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Mountains rise ,000 m above the valley floor. Normal precipitation in 

the Gila Valley is less than 25 cm/yr, @ut exceeds 75 cm/yr in the 

Pinaleno Mountains. The fertile flood plan is irrigated for crops of 

cotton, alfalfa, corn, and other grains. Many farms in the valley raise 

hogs for slaughter. Above the flood plain on the piedmont surface, 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-filled, Basin and Range, composite graben bounded by major horsts 

that form the Pinaleno Mountains t o  the south and the Gila Mountains to 

the north. 

The Pinaleno Mountains expose a mid-Tertiary metamorphic core complex 

of mostly gqeiss and mylonitic gneiss (Davis and Coney, 1979; Thorman, 

1981). On the opposite side of the basin, mid-Tertiary basaltic to latitic 

volcanic flows unconformably overlie Laramide andesitic to rhyolitic flows, 

breccias, and stocks. 

Sediments filling the Safford-San Simon basin were broken into two 

major units by Harbour (1966). 

predominately coarse-grained clastic sediments, is separated from lower 

basin fill by a time-stratigraphic horizon that marks a change in sedimen- 

tation processes and by a Pliocene to Quaternary faunal transition 

The upper basin fill unit, consisting of 

(Harbour, 1966). 

Near Indian Hot Springs, the lower basin fill consists of four facies. 

At Safford, it is formed by three facies (Fig. 2.47). The 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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Fi 2.47. Basin-fill stratigraphy in the Safford basin 
(after Muller and others, 1973) 
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consisting of red to brown sand and silt intertongues with a clay-silt 

facies. 

the red facies and the clay-silt facies pinch out into the conglomerate. 

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

Both overlie the basal conglomerate except on basin margins where 

This evaporite' sequence consists of gypsiferous clay, gypsum, anhydrite, 

and minor halite beds. 

The conglomerate facies is important because it is permeable and it 

Clay and silt, capping the conglom- acts as a thermal artesian aquifer. 

erate, have low thermal conductivity, which results in high temperature 

gradients (40 to SO0C/km). 

is hydrologically connected with upper basin-fill sands' and gravels at 

recharge zones along the basin margin. 

Also, the basal conglomerate facies probably 

Such geohydrologic conditions may . 

account for the artesian pressure in the basal conglomerate. 

Bouguer gravity data indicate that the thickness of basin fill between 

The Underwriters Syndicate Safford and Indian Hot Springs may exceed 2 km. 

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. 

artesian water is encountered below the clay and silt. 

Deep 

This water is 

thermal and has a variable piezometric surface in any one location due to 

L 
L 

t 

L 
L 

L 

I: the presence of several confined aquifers with different hydraulic head. 

The Mary Mack well near Pima encountered five such stacked aquifers I 
c (Knechtel, 1938). 
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THERMAL SPRINGS AND WELLS. Indian Hot Springs, discharge 45 t o  48OC 

water from basin f i l l  on the  first major te r race  north of the  Gila River. 

Travertine (calcium carbonate) cements terrace gravels near many spring 

,u 
l t i  - 

id 

b 

L 
I; 

or i f ices .  Total flow rate of f ive  springs is  approximately 1,000 L/min 

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

a t  the  spring o r i f i c e s  (Mariner and others,  1977). Thermal springs t h a t  

evolve nitrogen gas a re  generally associated with low temperature geo- 

thermal systems (E l l i s  and Mahon, 1977). 

Indian Hot Springs have a sodium chloride composition, with TDS I 5. 
i t  

between 2,510 and 3,004 mg/L (Table 2.6). This thermal water has su l f a t e  

content up t o  15 mill iequivalent 'percent t o t a l  anions, which suggests t he  

water has had contact with gypsum o r  gypsiferous sediments. 

content of Indian Hot Springs ranges from 2.8 t o  4.8 mg/L. 

L 

Fluoride 

An ar tes ian  well d r i l l e d  t o  183 m at  the  springs i n  1933 was reported 

t o  discharge 48.3OC water at a r a t e  of 156 gpm (Knechtel, 1938)'. An 

estimated temperature gradient of about 165OCjkm indicates  t h i s  well 

intersected a zone of upward-flowing water. This same zone probably con- 

t r i bu te s  t o  spring flow. 

Direct evidence f o r  s t ruc tu ra l  control f o r  Indian Hot Springs is lack- 

ing due t o  the  cover of 

However, a known f a u l t  zone is inferred t o  allow ve r t i ca l  passage of thermal 

water t o  the  springs. 

cene f a u l t s  west of the  Cactus Flat-Artesia area in to  Indian Hot Springs 

-L 
Projection of t he  north-northwest s t r ik ing  Pleis to-  h 

I, 

i" 

is possible because the  Gila River changes course i n  conformance with such 

a f a u l t  zone. Also, Muller (1973) reported high s a l i n i t y  i n  shallow wells 

downstream from the  inferred f a u l t  t r ace  and "dog leg" in  the  r i v e r  course. 
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An addi t ional  f a u l t ,  or iented west-porthwest, may a l so  cross  Indian Hot 

Springs. 

(Fig.2.48). A t  Big Spring, sect ion 25, T. 6 S., R. 25 E.,  deformed and 

laminated clay (c lay-s i l t  f ac i e s )  is angularly overlain by terrace gravel 

i n  arroyo walls. Mud intrusions a r e  seen i n  t h e  shears and f a u l t s .  This 

deformation may be evidence of a major f a u l t  zone t h a t  controls  t he  

apparent spring alignment. 

This f a u l t  zone is  inferred from an alignment of springs 

Deep a r t e s i an  wells i n  t h e  val ley discharge sodium chloride water 

(Table 2.6) with cat ion and anion r a t i o s  similar t o  Indian Hot ' 

Springs. 

sodium chloride water, with a TDS of  3,530 mg/L (Knechtel, 1938). 

Deepest of t he  wells, t he  Mary Mack, produced 2,250 gpm of  

Thermal 

water i n  t h i s  hole came from f i v e  water-producing zones below 495 m depth. 

The Smithville Canal well, d r i l l e d  i n  1957 t o  659 m depth (Fi les ,  

USGS, Tucson), produces sodium chloride water with TDS of  7,950 mg/L. 

Lithology i n  t h i s  well comprises mudstone t o  312 m depth; gypsum, gypsi- 

TABLE 2.6. Chemistry of thermal waters i n  the  Gila Valley 
w~.t..=r sample location taperstme pn n. K c. I@ c1 So4 nm3+C03 8 1 0 ~  Li B I marks  

H I M  

1 
2 

3 
4 

5 
6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

?s 

w 

s7 
53u80 

54ue.o 
SSU80 
1817 
1811 
1822 

1023 

2600 

2683 
A210 

A z l l  
A214 
A221 

A2155 
A2156 

W-25-36QlB 

P5-24-17AlUCA 
D-5-24-17MMM 
P5-24-17AOLWaB 
D-S-24-17AO 
PS-24-17AO 
D-5-24-17AO 
D-S-24-17AO 
66-24-13M 

67-24-17BO 
65-24-17A 
65-24-17A 
0-6-25-36c ' 

PS-24-17AO 
67-25-7CCC 
D-7-24-14M) 

46 4431 6.8 
46 296? 1.5 

45 2929 1.5 
47 1.5 
47.8 2570 - 
40 2970 - 
47.8 2976 - 
47.8 2960 - 
9 . 9  3S30 - 
30.0 2740 - 
47 2672 1.9 
46.S 3001 7.9 
43.s 8292 1.9 
33 3048 7.5 
29.5 92ML 8.1 
2s.5 1804 8.3 

1390 13.1 64 7.6 4011 672 64 55 
670 13 39 1.2 1430 365 69 55 
540 14 1 7.1 1414 348 98 48 

610 14 M 8.0 1257 325 120 49 

' e79 78 9.6 119s 348 10s - 
1027 83 11 M00 395 106 - 
1023 81 I4 1400 402 101 - 
1026 80 12 1400 393 100 - 
1220 74 8.7 1660 416 101 - 

739 226 33 1250 426 116 - 
837 13.6 80 9.0 1196 323 107 44 

1023 12.9 93 10.3 1382 361 101 44 

3027 10.9 U 5  1.9 4517 787 81 66 
921 12.9 81 8.0 1412 338 109 97 

3072 14.S 133 28 3956 1455 46 27.5 
709 2.7 9.2 0.7 688 452 107 27.0 

= well; S = spring 

2.3 0.6 6.7 Y 

1.41 1.64 '2.8 S 

1.42 0.94 5.2 0 

1.25 LE4 4.0 8 - 2.0 3.9 8 - 0.8 4.8 8 , - - 3.4 s 
- 0.8 4.6 8 

- 7.0 6.0 U - 8.0 1.4 V 

1.30 0.58 3.4 S - 0.70 3.8 8 
2.77 1.65 7.2 Y 

- 0.84 3.9 8 
4.05 2.33 6.27 Y 

- 1.62 7.6 V .t 
C i  
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'Figure 2.48. Major lineaments, 
the Safford area u 

I ferous silt,  and c lay  between 312 and 488 m; and ttvolcanictl sand below 

G 

H 

488 m (Files, USGS, Tucson). 

Use of t h e  Na-K-Ca geothekometer i s  not va l id  given t h e  qualifying 

assumptions required f o r  i t s  use because these waters apparently have 

dissolved highly soluble evaporite minerals and a r e  probably i n  tempera- 
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ture-chemical disequilibrium. 

are in equilibrium with a-cristobalite, while water from the Smithville 

Canal well is supersaturated with respect to all solid silica species 

except opal. The a-cristobalite geothermometer for this water ranges 

between 56 and 64OC. 

C0NCI;USIONS. 

Silica concentrations in Indian Hot Springs 

An extensive low-temperature (40 to 7OoC) geothermal 

resource is indicated in the Gila Valley northwest of Safford at Indian 

Hot Springs and in the area of the deep thermal wells. 

by the springs and the wells is apparently from the same source(s) because 

they have similar chemistry and .temperatures. 

Safford produce thermal water from below 480 m depth. However, close to 

Safford the reservoir is either at a depth greater than 500 m or is non- 

existent. 

gypsiferous clay at 555 m. 

a total depth of 689 m in salty clay. 

south of Safford and centered over the north boundary of section 2, T. 8 S., 

Water produced 

. Thermal wells north of 

\ 

An abandoned Southern Pacific well at Safford bottomed in 

Another nearby dry well, D-7-26-26abaY reached 

A Schlumberger resistivity sounding 

CALCULATED TWICKNEII 
UID REIISTIVITY DWG. NQ-R-U-W' I  7 - - - 

z Figure 2.49. 
Schlumberger 
resistivity 
sounding 

PHOENIX GEOPHYSICS 
SCHLUMBERGER DEPTH SOUNDINGS 

O f  
8 -  
< 

134 



R. 26 E., was mot e :d as a three-layered earth (Phoenix Geophysics, 1979) 

(Fig. 2.49). This model shows a 1,072 m thickness of low resistivity 

(<6.5 ohm-meters) clay, silt, and evaporites or sand and gravel containing 

hot salty water. Below 1,072 m the resistance is higher, possibly in- 

dicative of highly cemented sand and gravel deposits or volcanic rocks. 

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

which shows the approximate I 

Wells drilled in the evaporite (low resistivity) zone are likely to 

encounter water with TDS exceeding 3,000 mg/L. 

these zones may contain brine. 

extent of gypsiferous clay and salty clay. 

Localized aquifers in 
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Figure 2 .50 .  . Map showing extent of  evaporite deposits i n  basin f i l l  
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BUENA VISTA AREA 

/ 

INTRODUCTION. Eight irrigation wells, less than 213 m deep discharge 

unusually warm water (30 to 49OC) in the Buena Vista area. 

these wells, when it is not pumped, discharges an artesian flow of 49OC 

water. 

The hottest of 
1 ,  6 

A state-of-Arizona correctional facility is located about 1.5 km L 

i i  south of this thermal well. 

Agriculture is the main industry in the area; however, deposits of 

copper are known in the Gila Mountains north of the area and they may be 

economic to mine in the future. 

in all these endeavors. 

PHYSIOGRAPHY. 

Direct-heat geothermal energy may be used 

The Buena Vista area, southeastern Arizona, is located 

f on the northeast margin of the Safford-San Simon Basin on the Gila River 

plain at an elevation of 914 m. West o is area, the flood plain widens 
bi 

rthwest to fo 

e northeast trending Gila Box, a 

he Gila and Pelonci’llp Mountains. 

eep terrace escarpments between 20 

II 

ace of the Safford-San 
bd 

Simon basin slo s: the Gila Mountains 

on the north, the Pinaleno Mountains to the southwest, and eastward, the 
! 

I 

b Peloncillo Mountains. The Gila and 

to 2,133 m in elevation, while the Pinaleno Mountains rise to about 
ib 
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3,262 m. Annual precipitation is lcss t.h:in 25 cni/yr ilt Rucnn Vista; how- 

ever, precipitation in nearby mountains cxccccls 38 cm/yr. 

GEOLOGY. Bouguer gravity data and drill logs show the Buena Vista 

area overlies a sediment-covered structural bench that separates the 

Safford-San Simon basin to thc southwcst from thc Gila Mountains on the 

northeast side of the basin (Witchcr, 1981). 

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 Pbirce 

Thcse fcatures are major 

(1978). 

major Basin and Range fault zones on its northern, southwestern, and eastern 

margins. 

rocks that comprise the bench (Witcher, 1981). 

The triangular structural bench underlying this area is bounded by 

$ 

Approximately 213 m of basin-filling sediments overlie basement 

Major regional lineaments intersect in this area. The Morenci linea- 

ment (Chapin andathers, 1975) crosses from thc northeast and intersects the 

northwest striking Gila discontinuity of Titley (1976). Regionally, these 

lineaments are directionally coincident with anisotropic structure 

developed in Precambrian rocks (Titley, 1976; Silver, 1978; Swan, 1982). 

The west-northwest grain is dominant and it is superimposed on the older 

northcast grain (Swan, 1982; Silver, 1978). 'l'hc Gila discontinuity o r  
I '  

1 

west-northwest grain is evident in the Gila Mountain escarpment and in the b 

alignment of Laramide copper deposits in the Gila and Pcloncillo Mountains 

(Titley, 1976). Northeast-oriented fracturing and shearing is pervasivc in 
L 

L much of the toramidc volcanic tcrrnnc, csl~cci;il ly nc;ir copper mineraliza- 

tion (Dunn, 1978; Robinson and Cook, 1966). 

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

sist of andesite and felsic tuff that are intruded by small silicic,to c g 
140 f '  
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intermediate Laramide stocks (Dunn, 1978; Robinson and Cook, 1966; 

Livingston and others, 1968). 

to reach the base of these rocks. 

intrusion based upon an apparent gradational contact with diorite intru- 

sions and lack of flow or bedding structure (Dunn, 1978). 

quartzite are observed in the andesite and they may be Precambrian Pinal 

Schist or Cambrian-Ordovician Coronado Sandstone. 

on the northern part of the Mesozoic Mogollon Highland or Burro uplift, 

Paleozoic rocks are probably thin or mostly absent beneath the Laramide 

volcanic-intrusive sequence. 

Drill holes up to 1,220 m deep have failed 

Part of the andesite may be a hypabyssal 

Xenoliths of 

Because this area lies 

Reddish-brown amygdaloidal basaltic andesite ranging from 30 to 27 

m.y. old (K-Ar) unconformably overlies the Laramide volcanic rocks 

(Strangway and others, 1976). 

breccias are common. 

Weber Peak area overlies t 

areas the latite is extensively brecciated. 

volcanic rocks in the Gila Mountains consist 

basaltic andesite flows two to five meters thick. 

younger basaltic volcanism another center of silicic volcanism erupted in 

Flows are one to two meters thick and flow 

A large latite dome complex in the Bryce Mountain and 

In many 1 mid-Tertiary basaltic andesite. 

The youngest mid-Tertiary 

of dark gray and massive 

Contemporaneous with 

Canyon of the northe 

Overall, the mid-Tertiary volcan 

Mountains dips gently northeast. 

Clastic basin-fill sediment 

Gila and Peloncillo 

It ra between 600 and 1,200 m thick. 

iary and Laramide 

volcanic rocks that form the s ath Buena Vista. Well 

Granite?) to a depth of 211 m; between 211 and 275 m, volcanic and 

, L  
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volcanoclastic sediments over l ie  epidotized andesite containing copper 

mineralization (Files, USGS, Tucson). Figure 2.52 shows the  l i thology of 

t he  basin f i l l  as it i s  interpreted from d r i l l e r s '  logs of thermal wells 

(Witcher, 1981). 

thermal water produced by these wells. 

gravel lenses confine the  underlying aquifer. 

of t he  clay and si l t  i s  105 m deep while near t h e  Gila River, northeast  of  

the.Monument the  c lay  and si l t  pinch out. 

than 45 m deep. 

Gravel and sand with clay lenses provide an aquifer  f o r  

Clay, s i l t ,  and sandy clay with 

A t  Sanchez Monument the  base 

A t  t h a t  point t he  base is less 

Pleistocene t o  Recent flood p la in  deposits,  less than 30 m 

thick over l ie  t he  clay and silt deposits.  The c lay  and silt probably grade 

in to  the  green c lay  facies of Harbour (1966) i n  the  Safford-San Simon basin 

t o  the  west. 

South and east of Buena Vista several  scarps are observed i n  

Quaternary a l luv ia l  deposits (Fig. 2.53). 

possible f a u l t  scarp based upon t h e  absence of t e r r ace  gravel above o r  

A t  least one of these scarps i s  a 

below it and the  presence of s imilar  s o i l  s t ra t igraphy on both s ides  of it. 

However, t e r races  cut by the  ancestral  Gila River a re  probable explanations 

f o r  most of these scarps. Several l a rge  benches north of Buena Vista, 

which a re  capped by f luv ia l  gravels containing well-rounded clasts of  

Morenci Granite, are terraces cut by the  ancestral  Gila River. 

GEOHYDROLOGY. 

unconfined ground water. 

Flood p la in  deposits of t h e  Gila River contain shallow 

Other ground water found i n  the  area is  confined 

and i s  under a r tes ian  pressure. 

grained bas in - f i l l  deposits i n  sand and gravel. 

The a r t e s i an  water i s  found beneath f i n e  

Thermal water encountered 

by local  wells occurs i n  t h e  confined aquifers.  

thermal wells flow f r ee ly  during winter months (Witcher, 1981). 

A t  l e a s t  th ree  of t he  
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EXPLANATION 

RECENT GILA RIVER DEPOSITS AND ARRTO 
DEPOSITS 

PLEISTOCENE TO RECENT PEDIHENT. 
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Figure 2.53. General geology of the Buena Vista area 
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THERMAL WELLS. Theimal waters (30 t o  49'C) (Fig. 2.54) i n  the  Buena 

Vista area have a chemistry d i s t i n c t  from local  nonthermal water. 

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

centrat ions less than 8 mg/L, and high f luoride concentrations (>4.0 mg/L) 

The 

( 1  

Lid 

b 
(Witcher, 1981). 

the  thermal water (Table 2.7 ). 

Fluoride concentrations up t o  14.0 mg/L are reported i n  

Nonthermal water has high calcium 

(>20 mg/L), high magnesium (>8.0 mg/L) and low f luoride (<4.0 mg/L). 

thermal water has sodium chloride-sulfate chemistry with t o t a l  dissolved 

so l id s  less than 1,200 mg/L. 

The 

Figure 2.55 is  a map of f luoride d is t r ibu t ion  for  water from thermal 

and nonthermal wells. 

westward from the  area t h a t  has the  highest temperature wells. 

r i d e  anomaly is open on the  east, mostly due t o  low data density, but 

additional high f luoride t 

sections 11 and 12,  T. 7 S 

Quartz and Na-K-Ca ge 

temperature (49Oc) well (D 

thermometers are 112 and 114OC, respectively.  

Fluoride concentration decreases northward and 
L 
L 

L e  
; L  

i 

The fluo- 

c mal water i s  l i ke ly  t o  be found eastward in  

rs were calculated f o r  the  highest 

The quartz and the  Na-K-Ca geo- 

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

Pumped flow rates reported wells have artesian flow t h a t  exceeds 100 gpm. 

ey range between 900 and 1,600 gpm (Files, USGS, 
c 
1 1  

0 
heat flow f o r  t he  area i s  about 80 mWmeP, 

F -a 

G eat-flow-studies of 

i -  

(Reiter and Shearer, 1979). Reiter and Shearer (1979) a l so  reported L 
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Figure 2.54. Selected thermal wells in the Buena Vista area 

TABLE 2.7. Chemistry of selected wells in the Buena Vista area 

3548 P7-27-10AM 

58 P7-27-1UBB 

59 lb7-27-UCB 

74 D-6-27-35DDW 

l7U80 D-7-27-2MUC 

l&W D-7-27-11BBBlI 

IN80 D-7-27-"SB 

3Ov80, D-7-27-2ADOCB 

8307 D-7-27-7 

927 D-7-27-2a: 

AZlS D-7-27-1DBB 

AZl6 V-1-27-ZACA 

- D-7-27-2MD 

- 
49 

38 

27 

96 

46 

40 

39 

46.1 

35.6 

43.5 

37.5 

41.0 

792 

1094 

1117 

894 

826 

1011 

361 

1055 

7.7 

7.5 

7.3 

7.4 

8.6 

7.9 

7.6 

8.3 

8.6 

- 
8.5 

8.4 

- 

163 - 69 U 218 70 

333 3.9 1 0.1 212 272 

360 3.5 1 0.4 249 265 

284 2.9 1 0.4 232 120 

52 4.5 19.6 2.6 189 21 

60 1.0 4.5 0.1 201 190 

61 0.1 12.4 0.4 210 111 

321 3.8 0.6 0.2 195 180 

368 4.7 7 z 256 zm 
369 9.5 6.6 230 275 

331 4.3 7.4 1.3 203 296 

358 3.9 6.2 1.0 168 227 

360 4.3 4.3 0.9 260 250 

244 

205 

195 

202 

122 

124 

134 

186 

239 

259 

246 

259 

255 

- - - 1.0 

62 0.4 <.l 10.2 

61 0.4 c.1 8.6 

52 0.3 0.3 6.9 

28 0.2 c.01 4.8 

31 0.1 <.Ol 4.1 

27 0.1 <.01 7.0 

63 0.4 - 13 

65 0.2 0.46 9.0 

- - -  11 
67 0.36 0.43 10.6 

67 - 0.46 10.2 

65 - 0.49 14.0 

f " 
L 

lo29 

1076 

1012 

- 

f '  
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r e s u l t s  of measurements i n  a deep well 5 km east of Buena Vista. A heat 

flow of 209 mWm'2 was measured f o r  t h e  300 t o  500 m interval ;  50 mWm'2 was 

determined f o r  t he  950 t o  1,050 m interval .  

p r o f i l e  of t h i s  well (Fig.2.56) shows a temperature inversion below SO0 m, 

which is  consistent with t h e  heat flow data. 

A temperature versus depth 

Apparently, t h i s  hole en- 

countered a horizontal  flow of thermal water (7OoC) a t  about 600 m i n  

Laramide volcanic rocks. 

indicated by t h i s  temperature.log (Reiter and Shearer, 1979; Ziago and 

Blackwell, 1981). 

is  more extensive and ho t t e r  than i s  apparent from measured temperatures 

and known locations of thermal i r r iga t ion  wells. 

A hydrothermal convection system near t he  well i s  

These da ta  imply tha t  t he  thermal anomaly a t  Buena Vista 

! 

f 
i 

CONCLUSION. A shallow geothermal resource 30 t o  50°C is found i n  a 

bas in - f i l l  reservoir  of sand and gravel t o  215 m depth beneath Buena Vista. 

Top of t he  reservoir  is formed by a confining clay and s i l t  un i t  whose base 

ranges from 105 m depth a t  Sanchez Monument t o  less than 46 m depth north- 

east of t he  Monument near t h e  Gila River. Apparently t h i s  thermal water 

or iginates  from upward leakage along fractures  and s t ruc ture  i n  an under- 

lying bedrock s t ruc tura l  bench. A deep heat-flow measurement 5 km east of 

Buena Vista confirms the  presence of a t  least one hydrothermal convection 

system i n  Laramide bedrock. 

t h i s  area are probably highly fractured l i k e  the  Laramide rocks i n  t h e  Gila 

Laramide volcanic and in t rus ive  rocks beneath 

Mountains and may ac t  as a deep geothermal reservoir.  

inescapable considering t h a t  t he  area l i e s  a s t r i d e  t h e  intersect ion of t he  

This conclusion is 

L 
b? 

b 

I '  
i 

E '  
bd 

Morenci lineament and the  Gila discontinuity.  
t 

The known shallow, low-temperature resource a t  Buena Vista has po- 

i, 
lid t e n t i a l  direct-heat applications i n  agr icul ture ,  aquaculture, and space 
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b 

5 

heating. 

quately assess the deep geothermal resource potential. Geothermometry r 

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

Heat-flow studies and deep drill tests are necessary to ade- 

deep reservoir contained in mid-Tertiary and Laramide volcanic rocks. 
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Figure 2.57. Physiographic map of the Bowie area 
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$ I  INTRODUCTION. Thermal water (30 
b 

AREA 

t o  37OC) has been pumped from irri- 

gation wells fo r  many years i n  the  Bowie area. 

water i s  f o r  watering crops of cotton, alfalfa, corn, and pecans. 

t i o n  of heat contained i n  t h e  thermal water may have important use i n  t h e  

fu ture  i n  aquaculture, greenhousing, and space heating. 

Current use of t h i s  thermal 
. -- 

1 
Extrac- G 

- a: 
PHYSIOGRAPHY. Bowie is  a small farming and ra i l road  community on 

I n t e r s t a t e  10 i n  southeastern Arizona. Agricultural development i n  the  

v i c i n i t y  is  s i tua ted  on a broad and gent le  east-sloping piedmont of  t he  San u 
Simon Valley a t  about 1,128 m e l  . This area l i e s  within t h e  Mexican 

!-I f 

kid Highland sect ion of t he  Basin and R province. The Dos Cabezas Moun- 

t a i n s  border t he  a rea  on t h e  

Mountains r ise above t h e  San Simo on the  west. Across the  San 

Simon Valley t o  the  east are the  Peloncillo and Whitlock Mountains. 

p rec ip i ta t ion  a t  Bowie i s  less than 25 cm/yr. 

i l e  the  Fisher H i l l s  and .Pinaleno L 
Annual 

, I  

e Figure 2.57.) 

ki GEOLOGY. Bowie over l ies  a graben s t ruc ture  tha t  forms a western por- 

t i on  of t h e  la rger  Safford-San Simon s t ruc tura l  ba . Gravity modeling 

Eaton (1972) defined a north ng graben about 8 km wide and 16 km 
L: 
L 
c .  

long. This graben is  

sediment buried horst  b l  

m t h e  San Simon graben on the  east by a 

owie graben i s  f i l l e d  with up t o  ap- 
I I  

c.l proximately 760 m of clastic 972). Ter t ia ry  volcanic 

rocks between 300 and 60 ay underlie t h e  sediments i n  t h e  graben. I 

{ I  

These volcanic rocks may be cor re la t ive  with outcrops of mid-Tertiary b 

- 2  
Li 
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intermediate and silicic flows in the Fisher Hills and southern Pinaleno 

Mountains west of Bowie. A structurally and lithologically complex assem- 

blage of plutonic, metamorphic, and sedimentary rocks probably comprise the 

basement below the volcanic rocks in the graben, an inference based upon 

the geology of the nearby Dos Cabezas Mountains. 

Two terranes typify the Dos Cabezas Mountains (Sabins, 1957). 

southern terrane on the southwest side of the mountains is an allochthon 

The 

thrust north over a northern autochthonous terrane. 

reverse faults dividing these terranes coincide with a major west-north- 

west trending zone of complex faulting, which demarcates the Dos Cabezas 

discontinuity of Titley (1976). 

basal unit of the Bisbee Group, unconformably overlies Pennsylvanian 

Horquilla Limestone west of the discontinuity (Sabins, 1957). 

discontinuity, the Glance Conglomerate is thinner and it overlies the early 

Paleozoic El Paso Formation and Coronado Sandstone. 

of the Paleozoic sequence and the Glance Conglomerate may indicate a south- 

west margin of the Mesozoic Burro uplift of Elston (1958). 

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. 

Cabezas by Erickson (1968) show that the Precambrian plutonic rocks and 

Pinal Schist are intruded by several Laramide and mid-Tertiary stocks. 

Mapped thrust and 

Early Cretaceous Glance Conglomerate, 

East of the 

The apparent thinning 

If so, mid- 

Geochronologic and petrologic studies in the Dos 

Drillers' logs published in White (1963) and White and Smith (1965) 

describe the stratigraphy of the upper portion of the basin fill in the 

Bowie graben. 

unit at San Simon to the east, separates an upper sand, gravel, and clay 

A blue-clay strata, probably correlative with the blue-clay 
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uni t  from a lower mostly coarse-grained uni t .  

of Bowie the  blue clay i s  120 m thick,  but it th ins  t o  less than 15 m thick 

south of In t e r s t a t e  10. 

Three kilometers northeast 

Recent tectonic  deformation i s  inferred t o  have occurred i n  the  Bowie 

area. While no Quaternary f au l t  scarps have been ident i f ied,  s tudies  by 

Eaton (1972) point toward Recent u p l i f t  of t he  buried horst  block east of 

the Bowie graben. F i r s t  order leveling data  show horst  u p l i f t  between 1902 

and 1952 r e l a t i v e  t o  bedrock on e i the r  s ide  of the Safford-San Simon basin. 

Topographic p ro f i l e s  crossing the  upl i f ted  area are convex, while i n  other  

. areas of the  Safford-San Simon basin the  p ro f i l e s  a re  concave (Eaton, 

1972). 

par t  from subsidence created by ground-water removal. 

s tudies  show up t o  1.25 m of subsidence over the  graben since 1972. 

However, Holzer (1980) pointed out t h a t  aerial photographs taken over the  

Bowie area i n  1935 show many polygonal ear th  f i ssures  but no s igni f icant  

ground-water withdrawal occurred before 1935. 

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

reported t h a t  many areas of southeastern Arizona experienced ear th  fis- 

suring during t h a t  event. 

Holzer (1980) has mapped ear th  fissures t h a t  may have resul ted i n  

Additional level ing 

?he 1935 f i s su res  may have 

GEOHYDROWGY. Extensive ground-water pumping has created a water- 

t ab le  depression roughly centered a t  Bowie. The depression i s  bounded by 

closespaced water-table elevation contours west, south, and eas t  of Bowie 

(Fig.  2.58) (Wilson and White, 1976), and roughly corresponds with the  

Bowie graben margins deduced from Bouguer gravi ty  data. 

indicate  f au l t s ,  which i n  clastic sediments are sometimes characterized by 

These contours may 



1 
r 

Figure 2.58. Map o f  water t ab le  i n  the  Bowie area, 1975 

ve r t i ca l  sheets of r e l a t ive ly  impermeable gouge t h a t  can impede water flow 

and cause ground-water falls .  

Ground water below t h e  blue-clay u n i t  i s  confined and frequently has 

Thermal wells i n  the  Bowie area pump water from aqui- a r tes ian  pressure. 

fers below the  blue clay. 

THERML WATER. A t  least 20 i r r iga t ion  wells between 183'and 610 m 

' deep pump 30 t o  37OC water (Table 2.8; Fig. 2.59). 

thermal water i s  good; t o t a l  dissolved so l ids  range between 250 and 500 mg/L 

Chemical qua l i ty  o f  t h e  
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I'ABLE 2.8. Selected thermal wells in the Bowie area 
~ 

Well Tempgrature Flow Rate TIE Depth 
C L/min mg/l ' m 

D-12-28-10CCC 36 -- 
D-12 - 28-26CC D 37 -- 
D-12- 28-34CCB . 36 
D-13- 2 8 - 3C 37 -- 
D-13- 28 -4 DDB 37 -- 
D-13-28-1 OBCC 37 6435 
D-13-28-15B DC 35 2990 
D-13-28-15 DCC 35 8707 

686 305 
496 305 
-- 457 
-- 244 
231 253 
247 305 
253 309 
264 145 

(Table 2.9). 

although a few wells produce water with fluoride over 7.0 mg/L. 

Fluoride concentrations are generally' less than 3.0 mg/L, 

Therma1,waters at Bowie bicarbonate or sodium 

chloride-sulfate chemistry. 

measured temperature.has been observed. The riability in composition is 

most likely due to contact of these waters with different kinds of rock in 

shallow ( ~ 6 0 0  m) aquifers (Witcher, 1981). Thermal water with the highest 

chloride and sulfate concentrations is pumped from aquifers that are over- 

lain by at least 50 m of blue clay. 

No distinguishable trend in chemical type or 

Geothermometers of these waters ariable. Sodium bicar- 

bonate thermal water, with the lowest 

mg/L) have the highest Na-K-Ca 

mg/L) and magnesium (<0.4 

hermometers (120 to 124OC). In other 

ermal waters, which oride-sulfate chemistry, the 

Na-K-Ca temperature uctive quartz geothermometer 

for the sodium bic a-K-Ca geothermometers are 

about 100°C. Quartz geothermo 
. 
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Figure 2.59. Map of selected thermal wells in the Bowie area 

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 

inferred from gravity and ground-water falls. 

CONCLUSIONS. Wells producing low calcium and magnesium, sodium bicar- 
1 

I ’  
b 

h -  bonate water, with high Na-K-Ca geothermometers (>120°C) coincide with an 
L u 
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apparent structural intersection inferred from Bouguer gravity and water 

table information. One of these wells D-13-28-15dcc, which has the highest 

Na-K-Ca geothermometer (124OC), is the most thermally anomalous well from a 

consideration of both measured discharge temperature and depth. 

145 m deep has a discharge temperature of 3S0C and an estimated average 

. r ;  This well 
b 

temperature gradient of 124OC/km. Other thermal wells, which are north of 

the anomalous wells, have average gradients between 30 and 80°C/km with a 

mean gradient of 49OC/km. Thermal water in these wells may result from a 

normal geothermal gradient, which is relatively high (SO°C/km) due to the 

low thermal conductivity of the basi The area with high 

geothermometers and aver 

b 
fill sediments. I 

gradients may overlie a hydrothermal convection 

system (Witcher, 1981). r -+ 
' I  

c- 

TABLE 2.9. Chemistry of selected, 11s in the Bowie area 
n u k c  s r p h  taeatioa Tapcrature TDS PA n. K ca wg c1 so4 n w p 3  sio, ii 8 I h r t .  

ISH: 

1 90 D-12-2&YcQ: 37 645 7.9 185 6.9 19 1.5 163 140 80 25 0.3 3.7 2.2 Y 

2 91 D-12-2&27ccC 25 248 8;0 62 1.9 11 1.3 25 0.1 3.7 1.1 Y 

3 92 P12-2627BBB 26 334 7.9 . 70 2.1 19 2.2 26 0.1 4.1 0.9 Y 

33 0.L 3.7 2.4 u 4 93 D-12-261occc 35 

5 ZWBO P13..2&1OuXx: 37 247 1.7 156 8.9 12.6 1.8 191 - 0.5 e.1 C.1 Y 
6 ziw(10 ~-13-Z&il~axa 35 26h 7.7 142 4.3 2.6 0.2 
7 2ZUSO D-13-26UMDO 34 192 7.6 166 9.5 3.2 0.3 97 80 
8 23UBO bl3-2&1510CDC 35 253 7.4 164 4.1 2.6 49 0.4 C . l  0.9 W 

3 10 

2 m o  b12-262(iCCDDC 37 496 8.1 28 ¶.2 14.6 2.4 92 28 31 c.1 C . l  7.5 Y 
11 2Mmo D-lZ-26YBCBBB 37 649 7.3 72 5.9 16.1 1.7 1 26 0.2 C.1 7.1 W 
IZ riuso D - ~ ~ - Z & Z ~ A B B C C  30 316 7.0 25 2.6 22.0 3.4 44 2h 108 33 0.1 <.I 6.8 0 
13 zwso m-zwsww 37 299 8.4 50 3.1 35.8 8.8 2 1  4 115 35 C.1 C.1 3.1 W 
14 29U80 D-13-29-2XOOD 36 22 8 108. 36 0.3 4.1 2.2 W 
1s 8290 D-13-29-27ACC 33.3 0 113 1 1I 210 -23 0.08 0.02 2.8 
16 - P13-28-bDw) 37.2 231 

686 8.0 2.5 3.4 16 0.b 1 

9 24U80 P13-26  9BCCC 33 488 7.5 19 3.3 16.6 37 0.1 <.I 8.0 Y 

G 
I-. 

_-- 

17 - D-IEzwBCC 

)Li 
c 18 - D-13-29-24Dcc 41.7 195 - - - 4.0 U 

19 U 3 0  D-12-28-34BC 

A231 b12-28-34BA 
21 A232 D-12-26-34M 89 31 6.17 0.04 1.02 u 

r* 22 u 3 3  D-l3-2&loca 256 8.1 49.4 1.7 23.2 117 26 - 0.02 0.11 U 

23 A234 0-12-2&loCc 204 3.5 26 0.4 173 I21 117 M - 0.14 2.17 Y 

24 U35 P11-29-36BB 30.5 2016 7.9 518 6.2 81.1 12.0 175 1026 184 4 1  - 1.18 4.65 W 
* 25 U36 D-U-+3OB 23 564 7.9 145 2.0 27.4 8.4 20.3 134 325 61 - 0.22/ 5.10 Y 

26 U37 D-13-30-15 27.5 372 9.3 136 0.8 1.2 0.1 1.8 56.7 212 25 - 0.18 16.8 Y 



._ - . . . . 

Active tectonism, which may occur in the area could create and sustain 

open fractures that allow deep circulation of water. A deep geothermal 

reservoir is inferred to exist in faulted basement of the Bowie graben 

south of Interstate 10. 

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

Temperatures will probably not exceed 125OC and 

total dissolved solids (4,000 mg/L). 

Figure 2.60. 
the Bowie area 

,Distribution of Na-K-Ca geothermometer temperatures in 
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CACTUS FLAT-ARTESIA AREA 

INTRODUCTION. Thermal water up t o  46OC is discharged from ar tes ian  

wells i n  the  Cactus Flat-Artesia area, 8 t o  15 km south of Safford along 

U. S. Highway 666 (Fig. 2.61). Currently three commercial mineral baths 

use t h i s  geothermal water f o r  balneological purposes. 

wells provide water t o  a lake a t  Roper S ta t e  Park, and several  a r tes ian  

Three more thermal 

wells discharge i n t o  Dankworth Lake, Another current use of thermal water 

i n  the  area is ca t f i sh  aquaculture. 

water fo r  space heating and hot-water supply at  the  Swift T r a i l  Federal 

Prison Fac i l i t y  has been stud 

nary report  funded by t 

scope of r e t r o f i t  required t o  convert the prison t o  geothermal energy makes 

t h i s  project  only marginal 

cost  'projections used f o r  p l  

agencies (Oregon I Technology, 1981). 

The f e a s i b i l i t y  of using geothermal 

U. S. Department of Energy. Apparently, the  

f i c i a l ,  given the  current fossi l - fuel-  

comparison s tudies  by Federal 

the  Cactus Flat-Artesia 
I 

area, a probable 

adjacent t o  U. S, Highway 666 (Witcher, 1982). 

which underlies a s o i l  mercury anomaly, is characterized by anomalous 

estimated heat flow 

overed 18 km south of Safford 

This "blindtr system, 

PHYSIOGRAPHY. us Flat-Artesia area is s i tua ted  i n  the  

Safford-San Simon basin a t  the  base 

Stockton, Marijilda, and Graveyard Washes, which discharge from deeply eroded, 
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linear canyons in the Pinaleno Mountains, have dissected the area into a 

\ 

succession of mesas, fans, and arroyos. All drainage flows north and 

eastward toward the Gila River north of Safford. The impressive Pinaleno 

Mountains rise abruptly above the basin to form a range nearly 3,350 m in 

elevation, where more than 76.2 cm/yr of precipitation falls. The Cactus 

Flat-Artesia area, which lies in the Pinaleno Mountains rain shadow at 914 

to 1,067 m above sea level, only receives about 20 to 25.4 cm of precipi- 

tation annually. 

GEOLOGY. Fig. 2.62 is a generalized geologic map of the Cactus Flat- 

Artesia area. 

phic core complex (Davis and Coney, 1979). This rugged mountain range is 

dissected by several linear canyons, which are eroded into the gneiss and 

mylonitic gneiss. 

fault zones displaying left-lateral strike-slip movement (Thorman, 1981). 

Mylonitic foliation in the gneiss dips gently north to northeast near the 

base of the Pinaleno Mountains and it dies out rapidly into the range 

(Thorman, 1981). 

The Pinaleno Mountains are an exposed mid-Tertiary metamor- 

The canyons coincide with major northeast-trending 

Metamorphic complexes such as the Pinaleno Mountains 

generally have a distinctive structural morphology (Coney and Davis, 1979): 

low angle fault zone (decollement) of chloritized mylonite and mylonite 

breccia overlies mylonitized metamorphic rocks and gneiss. 

unmetamorphosed rock overlie the low angle fault. 

Deformed, but 

While a low angle 

fault is not observed in the Pinaleno Mountains adjacent to the Cactus 

Flat-Artesia area, outcrops of mylonitic gneiss at the base of the moun- 

I tains suggest that a decollement is preserved in the basin basement 
I 

beneath this area. 

unconfirmed (Thorman, 1981), but low-angle Miocene faults are observed at 

A mid-Tertiary age for cataclasis of the gneiss is 

f '  
t 

i.ll 

f '  
L 

t 
L 
L 

b 
k 

t 
L 
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Eagle Pass (Blacet and Miller, 1978) and near Gillespie Mountain (Thorman, 

1981) on the northwest and southeast ends, respectively, of the Pinaleno 

Mountains. 

A complete Bouguer gravity.map 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. 

fault zone is interpreted fromthese gravity data. 

the western boundary of the Safford-San Simon Basin, which may contain up 

to 3 km (Oppenheimer and Sumner, 1981) of post mid-Miocene basin-filling 

sediments. 

from multiple and composite fault scarps displacing Pleistocene geomorphic 

surfaces up to 30 m (Morrison and others, 1981). Menges and others (1982) 

A large-displacement high-angle Basin and Range 

The fault zone forms 

Pleistocene movement along the fault zone has been inferred t 

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. These units are separated by a time-strati- 

graphic horizon showing a change in sedimentation processes and by a 

Pliocene to Quaternary faunal transition (Harbour, 1966). 

Lower basin fill consists of three facies: (1) a conglomerate facies 

The evaporite facies (2) a clay-silt facies, and (3) an 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 lacustrine and fluvial overbank clay-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 
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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 

. S. Highway 666.  The conglomerate facies hosts stacked, 

L” 
_I 

L 
I i  clay-silt beds. 

thermal artesian aquifers in the Safford basin, which are confined by the 
- 

Upper basin fill consists of nonindurated gruslike sand with gravel ’tp 

L 
- 

I 

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

- and conglomerate facies of the lowe basin fill. The upper basin fill no 
b doubt has an important hydrologic connection with the conglomerate facies 

next to the mountain front. A thin less-than-20-m-thick, cobble-to- 

boulder conglomerate caps the upper basin fill to form the mid-Pleistocene 

Is to Recent geomorphic surfaces. 

Because the Pinaleno Mountains are a mid-Tertiary metamorphic core 

complex, basement structures pre-late Miocene) vorable for geothermal 

resources are inferred to ex t below the basin fill (post mid-Miocene). 

Monoclinall‘y dipping Cretaceous to pre-late-Miocene sediments and volcanic 

flows deformed by listr 

are inferred beneath th the Pinaleno Mountains. 

\ 

erge into a decollement, L 

k 
c Highly fractured angle faults may act as deep 
-- 

geothermal reservoirs. 

G?YOHYDROLOGY. Gro us Flat-Artesia area is found 

in sand and gravel conf t strata. Deep wells in the 

area flow at the s are thermal , gradient >4SoC/km). The 

water-table is quite variable due to th ence of several vertically 

w 
pressure generally increases with depth and it is higher when only a few 

* s l  
b 
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wells are producing from a single aquifer in a given area. Well inter- 

ference is common in this area due to arealy large cones of depression, 

which are typical of confined aquifers (Feth, 1952). Recharge in this 

area is mostly from meteoroic water seeping into coarse-grained basin fill 

near the mountain front, chiefly along washes which discharge runoff from 

the Pinaleno Mountains. The recharge water flows downward and laterally 

toward the basin axis. 

THERMAL WATER. At,least 18 flowing artesian wells discharge thermal 

water between 35 and 45OC (Fig. 2.53). 

edly discharge thermal water (>300C). 

deep (Table 2.10). 

In addition, 20 other wells report- 

These wells range from 110 to 488 m 
a 

- 

Nonthermal (<3OoC) ground water in the area has sodium bicarbonate to 

sodium sulfate-bicarbonate chemistry with TDS less than 1,000 mg/L. 

Thermal waters (>3OoC) 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-sulfate versus bicarbonate ratio has a logarithmic 

relationship to lithium concentration, which suggests that thermal and 

nonthermal water chemistry evolves 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. 

centrations are highest in nonthermal sodium bicarbonate water. 

Silica con- 

Silica and Na-K-Ca geothermometers are not applicable to thermal 

waters in the Cactus Flat-Artesia area given the assumptions governing 

their use (Fournier, White, and Truesdell, 1974). 

THERMAL REGIME. Surface discharge temperatures of artesian wells 

were plotted against their respective depths (Fig. 2.65). These wells 
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Figure 2.63. Maps showing 
locations of  thermal wells 
i n  the  Cactus-Flat-Artesia' 
area. 
largement of  shaded area 
show i n  map above. 

Map a t  lef t  is en- 

exclusive of  those i n  sect ions 32 and 33, T. 8 S., R. 26 E., show a l i n e a r  

increase i n  temperature A t  least f ive sepa- 

r a t e ,  v e r t i c a l l y  stacked 

water t o  these wells. (Witch 

h depth (4.5OC per  100 m) , 

i f e r s ,  confined by c lay  and si l t ,  provide 

From s tudies  of several  deep (>300 m) mineral exploration holes 18 km 

north of Safford, Reiter and Shearer (1979) reported an average heat flow 
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TABLE 2.10. Thermal wells in the Cactus-Flat-Artesia area 

Locat ion 

D-8-25- lDDD 
D-8-25-12AA 
D-8-25-12M 
D-8-26-7BA 
D-8-26-7BM 
D-8-26-7BB 
D-8-26-7AC 
D-8-26-7ABA 
D-8-26-7DDA 
D-8-26-8BDC 
D-8-26-7BD 
D-8-26-7CA 
D- 8 - 26 - 7BDB 
D-8-26-7DA 
D-8-26-7DDB 
D-8-26-7DDB 
D-8-26-20DBC 
D-8-26-18DDA 

Temperature 
OC . 

36 
' 37 

39 
36 
42 
36 
35 
42 
39 
39 
35 
37 
38 
42 
38 . 

35 
45 
42 

Total Dissolved 
Solids 
mg/ 1 

2447 

- 
1345 
2866 

- 
,1358 

- 

Depth 
m 

213 
32 0 
366 
344 
463 
320 
329 
467 
421 
195 
366 
244 
4 76 
488 
387 
381 
390 
463 

of about 80 mWm-2 for that area, which is a typical value for the southern 

Basin and Range province. 

area has thermal conductivities generally less than 1.88 (YIm-lKY1) (Witcher, 

1982), a 4SoC/km gradient is normal for a conductive heat flow of 80 mWm-2. 

Because basin fill in the Cactus Flat-Artesia 

Unusually warm wells occur in sections 32 and 33, T. 8 S., R. 26 E. 

These wells have estimated gradients exceeding 100°C/km (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. 
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39 
39 

39 
45 

31 
34 
39 
36 
32 

39 
35 

38 

31 
28 
27 
27 
27 
29 
34 
33.3 
42 
45 
b4 

41.5 
39 

37 
34.5 

33.5 
33 

33 
39.4 

29.4 
38.9 

39.4 

2447 8.6 881 7.7 50 0.9 941 535 
1345 8.8 470 3.5 15 0.2 503 335 

2866 8.5 1152 10.6 31 4.3 1066 607 
1358 8.4 579 5.8 17 0.6 510 290 
1767 7.5 644 2.7 1 0.5 538 330 

1402 7.7 444 3.0 9 0.4 457 313 
2803 7.1 810 W 26 0.8 965 542 

1774 7.4 605 .3.1 19 0.6 655 392 
1315 7. i  474 2.6 2 0.5 483 309 
1367 7.5 449 2.4 15 0.2 SO5 300 
1325 7.6 448 2.2 13 0.2 424 321 
1634 7-5 539 2.8 22 0.2 580 377 

685 7.9 171 4 d  75 1.8 82 345 

523 8.3 161 1.6 3.4 0.6 111 265 
231 7.3 21 2.1 8 3.9 16 5 
243 7.5 23 2.2 7 4.1 19 6 
429 8.0 48 3.1 14 2.7 108 58 

679 8.0 60 2.8 10 2.0 201 95 
690 8.0 6 1  3.6 13 1.8 156 120 

456 9.5 3.9 101 M 
1152 8.5 524 3.9 21 0.4 204 282 
2256 8.1 1054 6.6 69 2.6 447 605 

1248 8.4 498 4.3 16 0.7 197 267 
1992 8.5 678 3.9 22 0.5 818 369 
2660 8.5 783 5.5 65 1.1 1024 497 
1160 8.8 384 2.3 18 0.2 418 294 
1116 9.0 379 2.3 7.2 0.2 399 247 
900 8.9 306 1.6 9.7. 9.1 195 195 
504 8.5 161.9 1.2 4.6 0.1 109 106 

740 8.2 249 2.3 17.2 1.0 151 172 
Moo 7.9 1025 6.2 42.1 5.7 1125 585 
9048 7.6 3283 14.1 67.9 20.7 4097 1688 
1464 7.9 442.8 6.2 37.7 11.4 365 410 

816 8.8 303.5 1.2 7.2 0.1 260 203 

32 17.6 - - - 
33 18.5 
90 14.1 
79 18.4 

223 17 0.8 2.5 8.6 

42 18 1.3 0.7 10.2 
31 20 2.1 0.3 . 7.8 
42 20 1.7 0.6 11.0 

129 15 1.0 0.6 v.3 
38 22 ,1.3 0.1 12.5 

40 22 . 1.5 0.1 12.0 
38 23 1.6 0.3 11.5 

110 33 0.3 4.8 5,2 
113 28 0.3 5 , l  9.8 
132 50 0.1 0.4 1.1 
116 47 0.1 0.2 1.2 

104 36 0.3 0.5 1.0 
% 34 0.5 <0.1 1.8 

118 26 0.3 0.7 0.5 
164 - - - 10 
83 24 - 0.90 13.6 
48 20 - 1.29 9.0 

99 26 1.1 0.55 14.2 
43 28 - 1.04 9.6 . 

34 28 2.40 1.18 8.4 
54 31.7 - 0.8 11.7 
82 28 - 0.94 13.95 

60 29 - 0.60 14.55 
146 28 - 0.28 10.35 

218 29 - 0.30 14.55 
117 22 2.32 1.78 9.45 
165 30 5.16 8.40 1.17 
172 20 0.93 2.06 5.40, 
95 28 - 0.84 14.54 

TABLE 2.111 Chemistry of thermal wells i n  the  Cactus Flat-Artesia area 

SOIL MERCURY. Soil  mercury anomalies a re  frequently associated with 

high temperature hydrothermal systems. Matlick and Buseck '(1975) and 

Capuano and Bamford (1978) have used il mercury sampling with success 

over known high temperature systems t o  define s t ructure ,  which controls 

f l u id  flow. 

whcre it can be measured i n  near-surface s o i l .  

Mercury gas diffuses upward over these s t ruc tures  and systems 

A s o i l  mercury survey was conducted south of  the area having anomalous 

wells i n  order t o  del ineate  the  ext 

t i a l  structural control on t h i s  apparently hidden convective system, and t o  

f the  anomaly, t o  ident i fy  poten- 



test the applicability of a s o i l  mercury surVey on a probable low t o  inter- 
- 
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mediate temperature geothermal system in  a southern Basin and Range geo- 

logic  sett ing.  
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versus carbonate species 

Lithium compared to  the ratio of chloride plus sulfate ,  
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Background mercury concentration in  the Artesia area was 225 k 99 

parts per b i l l i on  [ppb), which is high but may in  some way ref lect  the 

geologic sett ing.  

.as values exceeding 303 

No correlation existed 

graphic-geomorphic sur 

Above normal mercury contents were arbitrarily defined 
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High concentrations of mercury occur south of Artesia and adjacent 

to sections 32 and 33, T. 8 S., R. 26 E., both of which have anomalous- 

temperature wells (Fig. 2.66). A northwest trending zone of high soil 

mercury (>303 ppb) encloses two east-northeast trending closures with 

mercury exceeding 350 ppb. 

HEAT FLOW STUDY. A heat flow study was conducted to confirm the 

presence of a hidden geothermal system that was inferred from the soil 

mercury anomalies and the anomalous-temperature wells at Artesia (Witcher, 

1982). 

with one-inch PVCpipeplugged at the bottom and filled with water. 

thermal conductivity measurements were made on formation samples collected 

at 3 m intervals. 

Eight shallow (<61 m deep) holes (Fig. 2.67) were drilled and cased 

Bulk 

Porosity was estimated. 

Fig. 2.68 shows temperature versus depth profiles of these wells. 

All holes except €IF1 and HFlO show a nearly conductive (linear) gradient. 

temperature profile of HF1 is 

seepage of water, possibly from a leaky artesian aquifer at about 60 m 

depth, H F l O  encountered the only significant quantity of water during 

’i 
El 
E; 

ii 

c 

the observed the 1 disturbance. 

ght gradient decrease below about 30 

tes a small thermal conductivity change 

attributable to the hole penetrating water saturated sediments at the 

water table. Fig. 2.67 is a static water table map derived from the u 

i; 

temperature gradient decreases. Ground-water flow is from south to north 

and all wells except HF1 and HFlO apparently encounter mostly low per- 

meability sediments as indicated by a lack of noticable water during 

drilling and the nearly conductive (linear) gradients. 
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Bulk thermal conductivity measurements of  d r i l l  cuttings were cor- 

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

shallow basin fill  i n  the Tucson basin. Estimated heat flows ranged from 

Figure 2.67. 
ground-water table ( in feet  above mean sea leve l ) ,  Cactus-Flat-Artesia 

Locations of shallow heat-flow holes and elevation o f  the 
* 
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Figure 2.68. Tempera e-depth prof i les  of heat flow holes 

56 mWmw2 i n  HF1 t o  220 mWm-2 in-HF3. Fig. 2.69 shows the  d is t r ibu t ion  of 

heat flow i n  t h e  area. 

t i on  at  44.2 m depth. 

Contours i n  

A north-northwest -trending heat flow high (>167 mlVm'2) overl ies  t he  

high s o i l  mercury anomaly (>303 ppb) of t he  same trend. 

estimates (220 mWmm2) coincide with a 350 ppb s o i l  mercu4 closure having 

Highest heat flow 

an east-northeast trend. 

CONCLUSIONS. South of Artesia, a hidden hydrothermal convection sys- 

tem is indicated by anomalous heat flow (>167 m1Vme2) over a 3 km2 area 
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(Witcher, 1982). This area has a high soil mercury anomaly (>303 ppb) and 

temperature gradients exceeding 120°C/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 trending faults in the Pinaleno Mountains with the Basin and 

Range fault zone. 

fault zone may sustain fracture permeability at depth, while high precipi- 

tation \ and runoff over the n 
provide recharge with sufficient 

(Witcher, 1982). 

, 

Recurrent Pleistocene faulting on the Basin and Range 

mountain fault zones may 

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

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

thermal system is not known. Temperatures typically do not continue to u increase dramatically with dept 

because flowing water is a very efficient heat tr 

ever, tentative temperature estimates of the top of the geothermal system 

were made on the assumption the clay-silt basin-fill strata confine the 

top of this system. A reconnaissance dipole-dipole resistivity profile 

across the area was modeled to show between 450 and 950 m of relatively 

impermeable silt and clay (210 ohm-m) sediments (Witcher, 1981). 

tion of a 120°C/km gradient to 500 m gives a 78OC temperature when using 

t; 

i 
1 '  Projec- Li 

kd 
0 a mean surface temperature of 18 C. The most accessible potential reser- 

voir  is in the conglomerate facies below the clay and silt. Another t 

Id p o t c * n t i u l  scscrvoir, which is  highly speculative, may lie in a 

Lmscnioiit structural setting. A low angle fault (decollement) , i 
Id p o t c * n t i u l  scscrvoir, which is  highly speculative, may lie in a complex 

Lmscnioiit structural setting. A low angle fault (decollement) , overlain by i 
complex 

overlain by 

I 
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highly deformed and fractured pre-Basin and Range tectonism (pre-late 

Miocene) rocks, may act as the reservoir. 

A shallow C<500 m) normal-gradient (4SoC/km) resource is ubiquitous 

in this area. 

stacked artesian aquifers. 

entering the ground water system near the mountain front. 

high carbon-dioxide content of this water attacks silicate minerals to 

form sodium-bicarbonate water. 

laterally through sand and gravel zones confined by clay and silt, 

evaporite and carbonate minerals in the clay dissolve to transform the 

sodium bicarbonate water into sodium sulfate-chloride water. Ion ex- 

Warm water (30 to 45OC) is found in at least five vertically 

Recharge is apparently from meteoric water 

The relatively 

As this ground water flows deeper and 

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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Figure 2.71. Map of the San Simon.area 
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SAN SIMON VALLEY 

INTRODUCTION. During the early 1900s numerous artesian wells were 

drilled for irrigation and water supply in the San Simon Valley. 

these were flowing artesian wells discharging thermal water. 

flowing wells are found only north of San Simon near the Whitlock Mountains 

Many of 

Today, 

because the water table or artesian pressure has dropped as a result of 

ground-water development. 

water near San Simon. 

However, several pumped wells discharge thermal 

PHYSIOGRAPHY. The San Simon area lies 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 continuous basin in the Mexican Highland sec- 

tion. s drained by the north-flowing S a  

Simon River. 

The basin forms a valley that 

The San Simon Valley is bound by the Peloncillo Mountains on 

ast and the Dos Cabezas and Chiricahua Mountains on the south- 

ography of the vall is subdued and mostly flat; elevation of 

floor at San Simon range 

a mean annual temperature of 17OC and it receives about 23 cm/yr of pre- 

annually. The Do 

2,440 m elevation, wh 

elevation, Precipitation in the Do ('abezas and Chiricahua Mountains 

do not exceed 2,010 m 

exceeds 38 to 50 cm/yr annually. 
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GEOLOGY. Crystalline basement rocks in the San Simon area are likely 
\ 

to have a strong west-northwest to northwest structuralgrain. The Dos 

Cabezas discontinuity of Titley (1976) traverses the 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 on individual faults have 

included strike-slip, normal, and reverse or thrust displacements. 

Dos Cabezas discontinuity divides this region into a northern area where 

The 

Mesozoic and Tertiary rocks generally overlie crystalline basement, and a 

southern area where Mesozoic and Tertiary rocks 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. 

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. 

Swan's studies of the Stockton Pass 

In 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. 

commonly associated with extens a1 tectonism (Richter and others, 1981). 

Chemistry of these rocks resembles alkali basalts, which are 

The present day Safford-San Simon basin is a product of extensional 

Scarborough and Peirce (1978) named this event the Basin and tectonism. 

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

between 15 and 8 m.y. B.P. This deformation, characterized by complex 

high-angle normal faulting, broke the crust into a zig-zag pattern of 

interconnected grabens, which form the Safford-San Simon basin. 

two kilometers of mostly undeformed sediment fill the basin. 

used an informal two-fold classification for basin-filling sediments in the 

San Simon area: 

' 

Today over 

White (1963) 

younger alluvial fill.and older alluvial fill. 

The younger alluvial fill is restricted to sediment deposited by 

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

subdivided into four groups or facies; (1) lower unit, (2) blue clay unit, 

(3) upper unit and (4) marg 

throughout the basin and is prob 

erate facies of Harbour (1966) i rea. Sand, gravel, and clay 

The lower unit is continuous 

y correlative with the basal conglom- 

erlies the lower unit and 

ion of the blue clay unit t 

with Harbour's (1966) green clay facies at Safford is reasonable because 

aximum thickness of 1 

both have simi 

sediments overlie the blue clay unit and consist of 20 to 60 m of silt. 

lithology and formation top elevations. The upper unit 

sand, and gravel. These s elate with the upper basin-fill unit 

of Harbour (1966). Th it is coarse clastic sediments occurring 
\ 

beyond the blue clay pinchout. 

upper and lower unit sediments. 

Marginal unit sediments include both the 
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The blue clay unit forms a cap over confined aquifers contained in 

the lower unit. Relatively high temperature gradients (40 to 50°C/km) 

occur in this unit mainly as a result of its low thermal conductivity. 

a consequence the blue clay unit provides a favorable setting for thermal 

artesian aquifers. 

As 

The blue clay is easily distinguishable from other basin-fill sedi- 

ments; as a consequence, drillers' logs are highly useful to 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. 

spaced contours indicate the basin margin. 

Close- 

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 

sout,hwest margin, whereas at the base, the lowest elevation is in the basin 

center. 

stratum in the well with the lowest clay-top elevation. 

A significant evaporite occurrence was found above the clay 

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. 

contemporaneous with desiccation of the Tertiary lake in the basin may have 

In addition, faulting 

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 2.73. Structure contour map of the top of the blue clay unit 

perature gradients of artesian wells are less than 40°C/km. 

other areas generally exceed 4S°C/km. 

blue clay unit thickens rapidly at the ground-water falls, ground-water 

Gradients in 

Because the relatively impermeable 

flow is apparently impeded by the clay or a fault zone and the low temper- 

ature gradients may indicate that ground-water flow is forced downward 

beneath the clay. 

cause lower temperature gradients. 

Downward flowing water transports heat downward and can 

f i  
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L Figure 2.74. 
in the San Shon area 

Water-table elevatfons of artesfan wells during 1915 

L temperature and depth 

data for artesian w 

water withdrawal had occurred. Schwennessen's data wereused to define the 

thermal regime of this area prio table lowering. Figure 2.75 

is a plot of well depth versus su 

flow rates less than 37.8 L/min and an artesian head less than 3 m above 

before significant ground- 

harge temperature. Wells with 
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Figure 2.75. Plot of well depths versus surface discharge temperatures 

the surface were not used. 

well depths and measured discharge temperatures. 

gradient) of this data is 46.6OC/km, and the surface intercept temperature 

A nearly linear relationship exists between 

The slope (temperature 
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of wells with temperatures greater than 35OC in the 

c -  

bl 
- it appears that temperature n the artesi uifers increase system- t 
b 

is 18.SoC, which is close to the mean an 

atically with depth (about 4.7OC per 

THERML hELLS. Theha 

from more than 20 wells in the San Simon area (Figure 2.76; Table 2.12). . 
i 



TABLE 2.12. Wells with temperatures greater  than 3SoC, San Simon area 

Tempgrature 
Locat ion C 
D- 13- 29- 24CD 41 
D-13-29-24DCC 41 

D-13-30-03B ' 43 
D-1330-15DAA 35 
D-13-30-27AD 134 

D-13-30-25CCD 37 

Total Dissolved 
Solids,  mg/l 

340 
315 
-- 

289 

Depth 
m 

293 
293 

262 

297 
2 , 032 

242 

D-13-29-25CDD 36 -- 305 
D-13-30-30B 41 4- 284 
D-13-30-30BCB 40 355 293 
D- 13-30-36DDD 42 -- 610 

- 
These thermal wells occur i n  three  clusters :  (1) a t  t he  southern end of 

t he  Whitlock Mountains, (2) adjacent t o  the  San Simon River and, (3) south 

of In t e r s t a t e  10, ha l f  way between Bowie and San Simon. 

In the  Whitlock Mountain area, t he  Pinal O i l  Company Whitlock #1 S ta t e  

(D-10-28-36aac) was unsuccessfully d r i l l e d  f o r  o i l  i n  1927 and 1928; how- 

ever, t h i s  hole d id  encounter a strong ar tes ian  flow of thermal water 

(41OC) from a conglomerate aquifer  between 440 and 587 m depth. 

a r tes ian  flow of.therma1 water from t h i s  well continues (Witcher, 1981). 

Another nearby o i l  and gas tes t ,  t h e  Bear Springs O i l  #1 Allen 

Today 

(D-10-28-25dd), formerly discharged "lukewarmt1 water (Knechtel, 1938). 

This well, d r i l l e d  t o  474 m ,  has s ince been destroyed (Witcher, 1981). 

Thermal water from the  Whitlock #1 S ta t e  well has sodium chloride- 

su l f a t e  composition with t o t a l  dissolved so l ids  of 962 mg/L. 

Reportedly, thermal water from wells adjacent t o  the  San Simon.River 

have temperatures between 3OoC and 43OC and depths between 200 and 610 m. 

Thermal water i n  these wells is 'most ly  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 i s  produced from wells 242 

C t o  305 m deep a t  pumped flow r a t e s  up t o  5,30 /min. Chemical composition 
b 

6 

of these waters i s  sodium bicarbonate with TDS approximately 300 mg/L. - 
$ 8  , CONCLUSION. An extensive geothermal resource (3 o 45OC) i s  indi-  

-. 

L 

cated i n  t h e  San Simon area between 450 and 600 m depth, 

confined below a c lay  and s i l t  strata (blue clay) i n  an aquifer of  i n t e r -  

bedded coarse and f i n e  grained c l a s t i c  sediments. In general, temperatures 

increase systematically with depth (4.7OC per  100 m) i n  conformance with 

Thermal water is 
E l  

li 
the  normal geothermal gradient i n  t h e  area. Thermal water with sodium 

_- 

u 
bicarbonate chemistry and TDS ess than 500 mg/L is  observed i n  areas adja- 

cent t o  In t e r s t a t e  10. 

1 

In areas nearest  t he  Whitlock Mountains, dissolved 

so l ids  content is grea te r  than 900 mg/L and the  thermal water t rends toward 

sodium chlor ide-sulfate  composition. 

Geothermal potent i  s grea ter  than 1 km is  possible. In 

1938, a deep o i l  and gas tes t ,  t he  Funk Benevolent 1 Fee, (D-13-30-27ad) 

mpleted t o  2,032 m . In a 1940 memor , E. D. Wilson of t he  

Arizona Bureau of Mines g account of a v i s i t  t o  t h i s  well where he 

to ld  t h a t  134OC water was encountered i n  t h e  bottom 10 

gradient (6OoC/km) i s  necess ii 
r. - 

Id steep west-northwest t 

t .  r o s e s  the  Funk Benevolent 1 Fee 

ature (134OC at  2 km depth). A hydrothermal convection system 
' I  

location and t h i s  may i 

permeability a t  depth convection. However, with avai lable  

information the  existe. 

g rea te r  than 1 km i s  speculative. 

zone, which can provide ve r t i ca l  
b' 

e grea te r  than 100°C at  depths 
t: 
-- J 
b \ 
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Figure 2.77. Map of the Clifton and Gillard Hot Springs region 



CLIFTON AND GILLARD HOT SPRINGS 

INTRODUCTION. Arizona's highest temperature thermal springs, Gil lard 
# 

Hot Springs, 84OC, and Cl i f ton  Hot Springs, 30 t o  7ZoC, occur i n  the  

Clifton-Morenci region. 

by the  U.S. Geological Survey as Known Geothermal Resource Areas (KRGRAs). 

The Gil lard KGRA (2,920 acres) and the  Clif ton KGRA (780 acres) are 

Arizona's only federal  KGRAs. 

Land adjacent t o  these springs has been designated 

A t  present only the  Clif ton KGRA is leased. 

Figure 2.77 is a map of the Clifton-Morenci region showing thermal springs, 

KGRAs, and major p o l i t i c a l  and topographic features.  

PHYSIOGRAPHY. Situated i n  a t r ans i t i on  zone between the  Colorado 

Plateau t o  the  north and the  Basin and Range province t o  the  south, t he  
, 

Clifton-Morenci region is  characterized by rugged canyons cu t  by the  San 

Francisco River, Gila River, Eagle Creek, Blue River, and Chase Creek. 

Elevations range f r o m  900 t o  2,500 m above mean sea level.  

GEOLOGY. Paleozoic rocks, resu l t ing  from deposition during a period 

of tectonic  inac t iv i ty ,  over l ie  a d i s t inc t ive  red Precambrian grani te  and 

the  Pinal Schis t  a t  Clifton (Fig. 2.78). Within the  Paleozoic section, a 

basal arkosic sandstone is  overlain by interbedded shales  and carbonate 

rocks, the  la t te r  becoming dominant i n  the  upper portion of the  Paleozoic 

section. A t  Cl i f ton,  sediments from a l l  Paleozoic periods except S i lur ian  

and Permian are exposed (Lindgren, 190s). Precambrian grani te ,  Pinal 

Schis t ,  and the  Coronado Sandstone are poten t ia l  geothermal reservoir  hosts  

i n  areas where they may be extensively fractured a t  depth along major 
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structures. Paleozoic carbonate strata, the Second Value Dolomite, Modoc 

Limestone, and Horquilla Limestones are potential reservoir rocks due to 

secondary solution permeability and silicification-brecciation along fault 

zones. 
\ 

The El Paso Limestone and the Morenci Shale could be important 

impermeable . .  cap r~cks . 
Jurassic and Triassic rocks'are not observed 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). 

is associated with the Paleocene plutonism. 

Intense hydrothermal alteration and economic copper mineralization 

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 Francisco River north of Clifton 

The total extent of these faults is uncertain but they could act as 

geothermal reservoirs where deeply buried. 

Cretaceous to Paleocene age, with important bearing on geothermal poten- 

Another structure of Late 

tial, is intense N. 25' to 45' E. fracturing of Precambrian rocks. The 

fracturing appears most prominent near Paleocene intrusions and is easily 

distinguished as close-spaced lineaments on aerial photographs. 

was apparently structurally high and undergoing erosion during Eocene be- 

cause clasts of Paleocene rocks are observed in thin discontinuous gravels 

below Oligocene volcanic rock. 

The region 

Oligocene to eArly-Miocene volcanism buried the Clifton-Morenci region 

beneath 1 to 5 km of mostly andesitic to basaltic flows and breccias, 
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localized but structurally important dacitic to rhyolitic lavas and tuffs, 

and volcano-clastic sediments (Lindgren, 1905; Ratte and others, 1969; 

Strangway and others, 1976; Damon and others, 1968; Elston, 1968; Berry, 

k d  

b 
_ _  
M 1976; Wahl, 1980; Rhodes, 1976; Rhodes and Smith, 1972). These mid- 

v i  . _  

hi 

1 ,  

Tertiary volcanic rocks comprise two suites, an older andesite to dacite 

suite called the Datil Group (Elston, 1968) and a younger basaltic andesite 

. and latite-rhyolite suite (Berry, 1976). Latite-rhyolite and dacite plugs, 
- 

domes, and dikes are aligned in west-northwest- and northeast-trending 

zones. 

stratigraphy and seismic refra 

basin trending n 

5 km of early 01 ocene volcanic rocks (Berry, 1976; 

ipi 

East of Clifton along the New Mexico-Arizona border, volcanic 
c 
6 
L 
c 
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n studies show an elongated Tertiary 

Creek basin, which is filled with up to 

finite Oligocene 
I - 

- 
i l  

6 
\ 
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, brecciated, allowing for potential r rge of water to and 
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sediments along Eagle Creek, San Francisco River, and Blue River north of 

Clifton are highly cemented and make poor aquifers. 

Major, post-volcanism rifting broke the crust along steeply dipping 

normal faults, and formed the first-order structures observed today. 

mid- to late-Miocene-Pliocene Basin and Range\faulting (Scarborough and 

Pierce, 1978) largely ended by late Pliocene. 

Pleistocene(?) geomorphic surface has been vertically displaced 20 m by 

the Ward Canyon fault east of Clifton 

sonal communication). 

This 

However, an early- 

(Christopher H. blenges, 1981, per- 

The complex Ward Canyon fault forms the northern margin of a 

structural basin, which is filled with mostly undeformed Pliocene to 

Quarternary, generally coarse clastic sediments. 

northeast and. north-northwest-striking San Francisco, Limestone Gulch, and 

Clifton Peak faults divide a basement uplift exposing pre-Tertiary rocks 

into two segments: 

smaller Clifton uplift on the east. 

40 degrees northwest, while Tertiary volcanic rocks dip 15 to 40 degrees 

northeast. 

rhyolite-latite dikes and associated domes traverses the Clifton-Morenci 

basement uplift 8 km north of Clifton. 

a major structural zone of regional extent. 

southern boundary of the Pliocene structural basin. 

North of this basin the 

the wedge-shape Morenci uplift on the west, and the 

In general, Paleozoic rocks dip 15 to 

A northwest-trending zone of probably early Miocene age 

These dikes and domes may indicate 

The Gillard fault forms the 

Major, post-Miocene Basin and Range faults localize hot-spring 

occurrences in canyons. 

ground-water flow, The Limestone Gulch and Clifton Peak faults appear to 

control the Clifton Hot Springs system, while the Gillard fault zone 

These faults cut across drainage and presumably 
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apparently controls the Gillard Hot Springs and the Eagle Creek Hot 

Springs. 

by northeast-trending faults ,  which project southward into  the Limestone 

The thermal springs i n  the Martinez Ranch area are controlled 

c 

mg/L (Table 2.13). 
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CTED CHEMISTRY OF CLIFTON HOT SPRINGS 

Locat ion Mg C1 SO4 HC03+C03 Si02 Li B F 

1.4 3.6 
D-4-30-30CA 5526 7.0 1500 82 430 16 3150 72 163 55 2.6 0.64 2.3 

94 4.1 1.4 2.7 
95 4.0 1.2 2.8 

-- -- 4.3 
-- -- 4.1 
-- -- 5.0 
-- -- 3.6 

D-4-30-18CCA 3300 220 880 22 7000 60 130 110 -- 

D-4-30-30DB 2540 767 37 5230 110 111 -- 
D-4-30-30DB 2570 782 43 5280 138 ? 136 -- 
D-4-30-30DB 37.8 8940 -- 2620 754 41 5280 178 129 -- 

212 619 38 4470 68 152 -- 
82 -- 1.48 1.8 h) 

0 
VI D-4-30-18CD 131 6.96 1.51 3.5 

95 -- -- -- 
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 90 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 67.0 9789 6.3 2450 159 707 20 5722 54 131 82 4.5 1.38 0.15 

-- 88 5.4 1.64 0.40 
D-4-30-1KADBC . 32.0 -- 6.9 -- -- -- -- 2719 -- -- 62 2.2 0.65 0.65 
D-4-30-1SCAAAA 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 50 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 

-- -- -- -- 7213 -- D-4-30-18CDCCC 50.0 14272 -- 

I 
I 
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Figure 2.80 shows that the concentration of chloride versus boron 

varies systematically among the various Clifton Hot Springs. 

systematic variation in these constituents suggests that individual springs 

The observed 

are discrete and are composed of volumetrically varied mixtures of thermal 

and nonthermal water. In addition nonthermal spring waters in the area 

typically have lower chloride and boron concentrations than the thermal 

springs. 

Different volumes of nonthermal water mixed with thermal water cause 

measured temperatures to vary significantly. 

temperatures vary between 90 and 15OoC. 

plotted against chloride, a linear relationship results similar to that 

In addition, the quartz 

When quartz temperatures are 

observed between chloride and boron (Fig. 2.81). 

as good a linear correlation between dissolved silica concentrations and 

Interestingly, there is not 

chloride. There is also no correlation between measured spring temper- 

atures and chloride concentrations as would be expectcd if mixing 

were the only cooling 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 fracture-controlled 90-to-150°C geothermal 

system. 

discrete fracture systems and "water courses" (Fig. 2.82). During ascent 

Apparently, thermal water flows upward to the surface through 

thermal water mixes with nonthermal water. During and before mixing and 

before conductive heat loss, silica concentrations apparently equilibrate 

with quartz. 

geothermometers in the Clifton Hot Springs system are found in springs that 

intercept the least relative volume of nonthermal or previously mixed 

The largest chloride concentrations and highest quartz 
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Figure 2.81. 
pared to chloride in Clifton Hot Springs 

Measnred temperatures and silica temperatures com- 

Figure 2.82. 
thermal spring system showing mixing and cooling re- 
lationships 
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water. 

a ture .  

contained f l u i d  versus f r ac tu re  surface a rea  are la rges t  and length of flow 

These springs do not necessarily have the  highest measured temper- 

Measured temperatures a r e  highest  where flow r a t e  and volume of 

path is  shor tes t .  

l o s s  t o  country rock. 

s ign i f i can t  conductive loss  of heat t o  

evident i n  the  la rge  difference between measured temperatures and the  

equi l ibrated geothermometers o f ' t h e  mixed water. 

i n  individual springs is a possible cause of t he  conductive heat loss .  

This environment would have the  l e a s t  conductive heat 

In  any case, the  Clif ton Hot Spring system does have 

country rock. This heat l o s s  is 

Low flow rates observed . 

Temperatures grea te r  than 150°C a r e  predicted i n  the Clif ton Hot 

Springs system by Na-K-Ca geothermometers and chloride-enthalpy diagrams 

(Witcher, 1981). Deep reservoi r  temperatures of 16OoC t o  18OoC are 

inferred,  but addi t ional  work is needed t o  confirm these estimates. 

Composite flow r a t e  of t he  Clif ton Hot Springs system was determined 

as 75.6 L/s by chloride balance of  the  thermal springs and the San 

River, which receives a l l  t he  spr ing flow. Witcher (1981) 

estimated na tura l  heat loss from t h i s  system in to  the San Francisco River 

at 18 t o  27 M G y t .  

G i l la rd  Hot Springs discharge 80 t o  84OC water along the banks of 

the  Gila River i n  sect ion 27, T. 5 S., R. 29 E. (Fig. 2.78). These springs 

discharge sodium chloride water with equal concentrations of s u l f a t e  and 

bicarbonate. TDS range 1,500 mg/L. Chemical data  fo r  

Gi l la rd  Hot Springs reveal no s igni f icant  var ia t ions  (Table 2.14). Both 

the quartz and Na-R-Ca geothermomete c t  130' t o  13goC subsurface 

temperatures f o r  t h i s  geothermal system, 

709 



Witcher (1981) calculated a cumulative discharge rate 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 Spr 

28 E., discharge 42OC sodium bicarbonate- oride water. Eagle Creek 

thermal water has TDS of less than 1,000 mg/L (Table 2.15). 

for this water is unreliable due to low flow rates and possible precipi- 

tation of calcite and silica. 

equilibrium with a-cristobalite. 

s in section 35, T. 4 S . ,  R. 

Geothermometry 

At a spring temperature of 42OC silica is in 

The Eagle Creek system may be a part of the Gillard geothermal system 

because both are on the same structural trend. 

pointed out that significant differences in chemistry exist, making this 

hypothesis very tentative at present. Heindl (1967) reported that wells 

drilled in Eagle Creek (exact location unknown) tapped 48 to 56OC water in 

basaltic rock at depths of less than 100 m. 

pump 60 L / s .  

However, it should be 

The wells were reported to 

North of Clifton along the San Francisco River, near the Martinez 

Ranch, a thermal spring seeps from a river gravel bar. 

is 26.6OC; spring chemistry is sodium chloride, with 6,594 mg/L TDS. 

chloride and lithium ratio and the Na-K-Ca geothermometry are similar to 

those for the Clifton Hot Springs; in addition, both occur on the 

northeast-trending Limestone Gulch fault zone (Witcher, 1981). 

Spring temperature 

The 

THERMAL REGIME. Six heat-flow measurements are available in the 

Clifton-Morenci region. Analysis of temperature-gradient and heat-flow il h 
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TABLE 2.14 SELECTED CHEMISTRY OF GILLARD HOT SPRINGS TABLE 2.14 SELECTED CHEMISTRY OF GILLARD HOT SPRINGS 

Ca Mg C1 SO4 HC03+C03 Si02 Li B F 

D-5-29-27AA' 98 1.01 0.4 10.6 
0.8 490 180 216 95 0.87 0.41 11 

D-5-29-27AA 2.2 480 182 215 -- -- 0.7 -- 
D-5-29-27AA 28 4.7 475 183 217 -- -- 3.0 10 

-- 90 0.49 0.12 3.5 
D-5-29-27AAC 1347 7.1 -- -- -- -- 469 -- -- 88 0.47 0.08 4.1 

-- -- -- 494 -- -- 87 0.49 0.08 6.5 
D-5-29-27AAC 1435 7.7 542 13 7.9 0.8 519 162 1 89 0.50 0.09 6.0 

D-5-29-27AAC -- 486 -- 

D-5-29-27AAC 1410 7.i -- 

TABLE 2.15 CHEMISTRY OF EAGLE CREEK THERMAL SPRINGS 

Locat ion Temperature TDS pH Na K Ca Mg . C1 SO4 HC03+C03 Si02 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 e.01 

CO 

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 

42 658 8.3 179 9.5 3.4 2.4 126 51 197 60 0.4 e.01 8.0 D-4-28-35ABBA 
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data shows s igni f icant  thermal disturbance from ground-water flow. The 

Clifton-1 heat-flow hole dramatically i l l u s t r a t e s  t h i s  phenomenon. Due t o  

lateral water movement with a downward flow component, t he  temperature- 

depth p r o f i l e  of t h i s  well is  concave up (Fig. 2.83). The heat flow 

increases systematically with depth because heat is  transported downward by 

water movement. Two o ther  heat-flow holes, one on the  Clif ton u p l i f t ,  t h e  

other on the  Morenci u p l i f t ,  apparently are not disturbed by ground-water 

movement. These measurements, i n  Precambrian grani te  and Cambrian 

quar tz i te ,  have heat flows of 94 mWmo2 and 97 mWm-2, respectively (Witcher, 

1981; Witcher and Stone, 1981). These values suggest t h a t  regional heat 

flow f o r  t he  Clifton-Morenci area is  about 96 mWm'2, which is high compared 

t o  the 80 mWm'2 average estimated f o r  southeastern Arizona by Shearer and 

Reiter (1981). Witcher (1981) suggested t h a t  t he  high heat flow r e s u l t s  

e i the r  from unusual radiogenic heat production i n  the  c rus t  o r  anomalous 

temperatures i n  the  underlying nlantle. The 10w~magnitude o f  t h i s  heat 

anomaly is not indicat ive of an igneous heat source such as a cooling magma 

chamber. Absence of Quaternary volcanic rocks supports t h i s  conclusion. 

Area geothermal systems probably r e su l t  from deep water c i rcu la t ion  through 

a region having an enhahced thermal regime. 

CONCLUSION. Geothermal s tudies  show a complex d i s t r ibu t ion  of 

temperatures i n  the  shallow crus t ,  which are favorable f o r  geothermal 

resources i n  the  Clifton-Morenci area. 

probably or iginate  from predominantly forced convection, which c i rcu la tes  

water through fractured Precambrain gran i te  and Paleozoic rocks t h a t  have 

Thermal springs i n  t h i s  area 
! 

been displaced t o  great  depth by Cenozoic volcano-tectonic processes and 

faul t ing.  Thick sequences of volcanic flows and clastic sediment cap these 
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aquifers.  

hot water t o  the  surface. 

area; rather ,  above normal mantle heat flow o r  

production provides heat t o  hydrothe 

region. 

1 5 0 ~ ~ .  Potential  f o r  resources over 1 5 0 ~ ~  is  speculative. . 

Fault zones transverse t o  regional ground-water flow leak t h i s  

A magmatic heat source is  not indicated f o r  t h i s  

ogenic c rus ta l  heat 

systems i n  the Clifton-Morenci 

Excellent potent ia l  ex i s t s  f o r  geothermal resources between 90 and 

Future uses of these geothermal resources include copper extraction, 

space heating and cooling, and possibly e l e c t r i c a l  power production. 

0 

.50 

100 

E 5 150 
t- 
Q 
E 200 

300 

350 

TEMPERATURE, O C  

Figure 2.83. Tempera e-depth p ro f i l  
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SONORAN DESERT SECTION 

PHYSIOGRAPHY. The Sonoran Desert section of the Basin and 

Range province covers most of south-central and southwestern Arizona. 

Relatively small mountain ranges, 5 to 10 km wide, separate alluvial 

plains that are 30 to 50 km wide. 

1,200 m to 1,500 m above sea level, while adjacent basins lie below 

900 m elevation. 

bare of vegetation, very rocky, and rugged. 

. Mountain ranges generally rise only 

Due to a very arid climate, the mountain ranges are 

Basins are generally 

characterized as gently sloping bajadas. While through-flowing drain- 

age exists, very little entrenchment of the hajadas by drainage is 

evident in the topography. 

GEOLOGY. Lithology and structure in the Sonoran section are 

exceedingly diverse and relatively complex. 

b.y.) gneiss, schist, quartzite, and amphibolite are intruded by 

several generations of plutonic rocks ranging from Precambrian to mid- 

Tertiary age (Reynolds, 1980; Silver, 1978). Precambrian granodiorite 

plutons (1.7 to 1.6 b.y.) are intruded by anorogenic megacrystic 

granites (1.5 to 1.4 b.y.) (Silver, 1978). Precambrian diabase dikes 

intrude all other Precambrian units. 

Precambrian and Paleozoic rocks. 

Precambrian (1.7 to 1.8 

A major unconformity separates 

Paleozoic rocks occur in scattered outcrops that are mostly in the 

Plomosa, Harquahala, Little Harquahala, Rawhide, Vekol, Slate, and Silver 

Bell Mountains. Among these limited Paleozoic outcrops, some are 

structurally deformed and some are underformed. In addition, Paleozoic 
- 

c 
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rocks in some areas have undergone regional metamorphism. Paleozoic 
t i  

E 

units in the Sonoran 

environment. 

sert section were deposited in a cratonic shelf 

These rocks are similar in appearance and correlative - to 
\ 

Paleozoic strata on the Colorado Plateau and on shelf depositional areas 

L in southeastern Arizona. Quartzite of Cambriam age grades upward into 

predominantly carbonate rocks of Mississippian age. 

Permian red silts and shales are overlain by Permian cross-bedded sand- 

stones and cherty limestones (Reynolds, 1980; Peirce, 1976). 

Pennsylvanian to 
hr 

Early to mid-Jurassic volcanic rocks, up to 5 km thick, and coeval 
I 
c plutonic rocks ov eozoic strata (Reynolds, 1980). 

ce is unconformably overlain by The Jurassic volc 

rding, 1980; Robison, 

I red in east-to-west and 

1982; Robison, 1980). 

morphosed. Small Late 

dikes intrude these 
kj 

1 
regional metamorphism 

ranging from gree etamorphism (Re 

i 

Id 

L of extensive mylon- 

parently derived from 

li few of the thrust 

etamorphosed and 
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unmylonitized crystalline rocks from underlying metamorphic complexes. 

These thrust faults provided planar dislocation surfaces in some areas 

for mid-Tertiary extension associated with thermal arching of the crust. 

Mid-Tertiary (mostly post 26 m.y.) volcanism was voluminous in 

the Ajo area, Castle Dome Mountains, Vulture-Big Horn Mountains, 

Superstition Mountains, and the Tucson-Roskrudge Mountains. Miocene 

dike swarms that trend northwest to north-northwest are common (Rehrig, 

1976; Rehrig and others, 1980). Deposition of Tertiary arkosic and 

volcanoclastic sediments preceded and accompanied the main phases of 

volcanism (Scarborough and Wilt, 1979). Depositional basins formed as 

a result of regional extension although volcano-tectonic subsidence 

was possibly locally important. 

Normal faulting and concurrent antithetic block rotation occurred 

over low-angle dislocation faults during regional extension between 25 

and 15 m.y. ago (Rehrig and 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. 

into chloritic breccias by brittle strain post-dating mylonitization 

(Reynolds, 1980). 

the dislocation faults, which form brown aphanitic ledges with planar 

In these later areas, mylonitized rocks have been deformed 

The green breccias occur up to tens of meters below 

upper surfaces. 

Flat dislocation faults and underlying metamorphic complexes were 

denuded by erosion subsequent to arching, and during and after low- 

angle fault extension. 

whose axes are oriented northeast and northwest. The northeast- 

Arching formed anticlinal to synclinal structures 
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oriented folds are more significant. 

Santa Catalina, Rincon, Tanque Verde, Harquahala, and Harcuvar 

The anticlinal morphology of the 
I 
Id 

Mountains are prominent examples of arching of the flat-lying dislgca- 

tion faults and underlying crystalline metamorphic complexes (Reynolds, 

1980; Davis, 1980; Keith and others, 1980). 

warping of a dislocation faultls) may occur in the Gila trough 

(Pridmore and Craig, 1982). 

'A'major Miocene synclinal 

i Basaltic volcanic flows post-dating 15 m.y. are relatively 

untilted, and they overlie older rocks in angular unconformity. The 

flows are faulted by high-angle normal faults of the Basin and Range 

disturbance (Shaficpllah and others, 1980; Scarborough and Peirce, 

1978). 

near Yuma and Gila Bend. 

Quaternary faulting is rare and it has apparently only occurred 
1 I L 
I 

Basaltic flows and cones in the Sentinel Plain-Arlington volcanic 

field and the Pinacate volcanic field are the youngest 'volcanic rocks 

in the Sonoran Desert section. 

with only a very small portion in Arizona. 

field has isotopic dates ranging from 1.7 to 6.5 m.y. (Shafiqullah and 

The Pinacate field is mostly in Mexico, 

The Sentinel Plain-Arlington 
Ill 
ii 

li 

\ others, 1980). However, the average 
I 
b between 3 .0  to 3.5 m.y. 

e thermal regime of th 

he southern Basin and Range 

h; 

1. 
about 79 mWmc2. 

result from deep 

radioactive elements (radiogenic heat) in upper crust crystalline rock 

rather than from heating by magmatic intrusion. 

A few high measurements (up to 120 mWm-*) probably 

d-water flow or anomalous concentrations of 



Geothermal potential in the Sonoran Desert section is closely 

tied to geohydrology and regional structure. Regional structures may 

provide permeability for deep ground-water percolation. High-angle 

normal faults, forming major structural basins, are one set of impor- 

tant structures. 

extension may provide deep fracture permeability €or reservoirs (see 

the section on,the Coolidge area). 

sediments may also provide suitable reservoir rocks. 

facies in these units are generally permeable, and the entire Tertiary 

Low-angle faults associated with mid-Tertiary 

Thick sequences of Tertiary 

The coarse 

'sequence has low thermal conductivity (<2.0 WmK). High temperature 

gradients (30 t o  500C/km) occur in low thermal conductivity sediments 

where conductive heat flow exceeds 70mW1n-~. 
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TUCSON BASIN 

INTRODUCTION. A t  present t i m  

p a l i t i e s  i n  t h e  United S ta t e s  t ha t  

supply source (Wright and Johnson, 1976). 

located i n  the  Tucson basin a r e  operated by the  c i t y  of  Tucson, l oca l  

water companies and industry,  

(>3OoC). 

and they discharge 50 t o  57OC water from depths between 762 and 959 m. 

A thermal spring, A g u a  Caliente, discharges 30 t o  32OC water near Tanque 

Tucson is  one of t h e  la rges t  munici- 

More than 200 domestic wells 

A f e w  of these w 

The ho t t e s t  wells a r e  owned by Tucson 

p u p  thermal water 

c t r ic  Power Company, 

Verde . 
PHYSIOGRAPHY. The Tucson basin is  s i tua t ed  i n  t h e  Sonoran Desert 

sect ion of  t h e  Basin and Range province. The Santa Rita Mountains, 

g rea te r  than 1,829 m i n  elevation, form the  southeast basin margin, while 

the  rugged Rincon, Tanque Verde, and t h e  Santa Catalina Mountains, g rea te r  

than 1,829 m i n  elevation, form the  picturesque northern and eastern 

aries (Fig. 2.84). Relatively low r 
.~ 

the  Tucson and S i e m i t a  Mountains, form the  western border t o  t h e  basin. 

son basin f l o o r  slopes northwestward from 1,067 m at  t h e  base of 

Pantano, Tanque Verde, the  Santa Rita Mountains t o  607 m near R i l l i t o .  

and R i l l i t o  Washes d issec t  t he  eastern and northern port ions of  the  basin, 

and empt o t h e  through-flowing Santa Cruz River near Cortaro. The 

Santa Cruz River flows south t o  north and is confined t o  the  western 

pa r t s  of the  basin. Both the Santa Cruz River and t r ibu ta ry  washes 



Figure 2.54. Location nap o f  the  Tucson basin,  Arizona 
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occasionally carry water after winter and summer storms. Most of these u 

b 

L 

t 

La 

intermit tent  flows of water or iginate  i n  surrounding mountains where 

precipi ta t ion is  high (>SO t o  75 cm per year). 

GEULUGY. 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). 

younger Precambrian Apache Group sediments nonconfohnably over l ie  Pinal 

Schist  and Oracle Granite i n  the  Santa Catalina Mountains. 

cambrian l i tho logies  a re  cut  by diabase dikes and si l ls  dated a t  about 

1,100 m.y.B,P. (Silver, 1978). 

Scattered outcrops of 

A l l  Pre- 

Paleozoic rocks, which were deposited on an erosionally bevelled 

Precambrian terrane,  occur i n  outcrops of limited extent i n  mountains 

adjacent t o  the  Tucson basin. 

Paleozoic Bolsa Formation is overlain by interbedded shales and carbonate 

rocks; the  carbonate rocks become dominant higher i n  the  Paleozoic sec- 

t i on  (Peirce, 1976). 

periods except f o r  t he  Si lur ian.  

A basal arkosic sandstone, the ear ly  
id 

L 
Deposition during the  Paleozoic occurred i n  a l l  , i l  

I '  Mesozoic time was accompanied by intens 
1 

plutonism, and sedimentation. Two p ods of orogeny (mountain building) 

a r e  recorded by Mesozoic rocks i n  t h  

occurred during the  Triassic  

Laramide orogeny, is Late Cretaceous t 

During the  Laramide, major coppe 

and Santa Rita Mo-untains in  association'  with s i l ic ic  and intermediate 

stocks. Laramide volcanic rocks 

t i  
8 1  

lu 
1 and Jurassic; and the  second, ca l led  the  

iu 

L 

Tucson Mountains (Bikerman and Damon, 1966). 



f '  
I '  

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. 

Tucson Mountains, basaltic and siliceous flows (38.5 to 18.8 m.y. old) 

angularly unconformably overlie Laramide volcanic rocks (Bikerman and 

Damon, 1966). Contemporaneous with mid-Tertiary volcanism, thick sequences 

of clastic sediments, interbedded with volcanic flows, accumulated in 

Oligocene and early Miocene depositional basins. 

Pantano and Helmet Formations are examples. 

In the 

The tilted and indurated 

Also, during the mid-Tertiary the Rincon-Santa 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 %over rockss1. 

allochthonous %over rockstt 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. 

The 

Moderately to slightly deformed Miocene sediments on the southwest 

flank of the Santa Catalina Mountaips contain clasts that document the 

erosional unroofing 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 

. .  
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i 
contain playa deposits and few gneiss clasts, while younger units are 

coarse grained and contain clasts of predominantly gneiss. 

L 4  

L 
->  

I 

La During 1ate.Miocene time, listric normal faulting and volcanism waned. 

Listric normal faulting was replaced by high-angle normal faulting as the 

crust cooled and became more brittle following the mid-Tertiary volcano- L 

b 
tectonic thermal disturbance. Present day land f oms in the Tucson area 

are largely the result of high angle faulting, which created horsts and 

& grabens. 

i grabens form the basins. 

Eroding horst blocks form present day mountain ranges and 

High-angle no (also called Basin and Range faulting) & 

1 ,  probably began after 12.0 m.y.B.P. (Scarborough and Peirce, 1978). The 
Y 

uppermost volcanic strata encountered at 2,180 m depth .in the Exxon 

[Humble) Stat 32-1 drill hole has been dated as 11.6 m.y. old (K-Ar) 

I :  
Id 

Li lting in the Tucson 

I 

bpr 

h i  

L 
Oppenheimer, 1981) show an en echelon zig-zag complex 

bd interconnected grabens that are filled with cl sand, and gravel. 

The deepest graben is south of Tucson where the Exxon State 32-1 well in :@ J 
i 8  
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section 5, T. 16 S., R. 15 E. encountered more than 2,150 m of clastic 

basin-fill sediments, although the sediments immediately overlying the 

volcanic sequence may comprise strata correlative to the Rillito 

beds of Pashely (1966). 

north-northeast,and minor grabens are oriented northwest. 

Major grabens in the Tucson basin are oriented 

GEOHYDROLOGY. The ultimate source of ground water in the Tucson 

basin is from precipitation in mountains surrounding the Santa Cruz River 

drainage system (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. 

direct precipitation on valley floors is believed negligible because of 

high evaporation potential (Davidson, 1973; Anderson, 1973). Some water 

Recharge by 

is returned to ground water storage by irrigation and sewage effuent 

that is discharged to the Santa Cruz River. 

Ground water in the Tucson basin is stored in and transmitted through 

unconsolidated to semi-consolidated clay-rich sand and gravel. Ground 

water movement is generally from south to north along the axis of the 

basin and from the mountains toward the basin axis (Fig. 2.85). 

Prior to 1940, the geohydrologic system was in approximate equilib- 

rium because recharge was about equal to discharge. 

in the basin prior to 1940, the water pumped from these wells was probably 

equal to the amount formerly lost through evapotransporation along stream 

and arroyo courses. 

growth that has resulted in accelerated ground-water usage. 

the water table has declined at rates exceeding 2.5 m per year at several 

locations (Wright and Johnson, 1976). These declines show that the amount 

While wells existed 

Since 1940, the area has experienced population 

As a result 

I: 

I 
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Figure 2.85. Water t ab le  e l e  ions i n  the Tucson basin,  1956 

of water i n  s torage is  dropping and t h a t  withdrawal is ,exceeding natural  

harge. bContinuing growth i n  t h  area coupled with present ground-water 

ndicate poten t ia l  ser ious water-supply problems i n  the  future.  

l e  causes increased potent ia l  fo r  subsidence, A rapidly low 

nd higher costs  because well pumps have t o  l i f t  water t o  grea te r  heights.  
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Uncertainties ex i s t  both i n  quantity and chemical qua l i ty  of ground water 

deep within the  basin. 

They include both providing and developing additional water supplies 

(Central Arizona Project) and conserving 

supplies (Ground Water Management Act). 

Several solutions a r e  being studied and planned. 

resent valuable ground-water 

T H E W  REGIMJT. Conductive heat flow measurements have been made 

by Roy and others (1968), Warren and others (1969), Sass and others 

(1971), and Shearer and Reiter (1981) using temperature logs of mineral 

exploration d r i l l  holes where core is  avai lable  f o r  thermal conductivity 

determinations. Conductive heat flow measurements i n  the  area surround- 

ing the  Tucson basin have a mean heat flow of 89 mWm- ' (Fig. 2.86). 

heat flow f o r  the  southern Basin and Range i n  Arizona is  about 80 mWmm2 

Mean 

(Shearer and Reiter, 1981). 

Supkow (1971) compared computer simulations of subsurface temperature 

for  several hypothetical ground-water flow regimes with measured tempera- 

tu res  of shallow wells i n  the  Tucson basin. 

the appl icabi l i ty  of temperature surveys t o  ident i fy  zones with down- 

ward flow o r  seepage (recharge of ground water). 

Supkow's study i l l u s t r a t e d  

Figure2.87is a generalized map of temperatures at  the  water t ab le  

i n  the  basin. 

map presented by Supkow (1971). 

This map was modified from the  water-table temperature 

Areas with temperatures less than 22'C 

coincide with the  Santa Cruz River, R i l l i t o  Wash, Tanque Verde Wash, 

and Pantano Wash. 

areas. 

ported downward with the  water i n  a direct ion opposite t o  upward t ransfer  

of heat by conduction. 

Supkow (1971) concluded t h a t  recharge occurs i n  these 

Where water has a downward component of movement, heat is t rans-  
\ 

- -  
Thus, temperatures a re  lower i n  areas wi th  downward 

I 2 30 
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i ,, 
flowing water than in areas with no water flow (conductive heat flow). 

h 
The opposite temperature distribution occurs with upward moving water. 

_ .  
_ -  
1 1  

Supkow (1971) attributed areas with higher water-table temperatures b 

I -1 

G 

1 -1 

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 flow. However, Supkow (1971) failed to account 

for differences in thermal conductivity, which can vary by a factor of 
i 

1.5 in basin-fill sediments and by lateral variations 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. 

age of deep thermal water into shallow ground water. 

I t  

1; 
c -  Also, higher water-table temperatures may result from leak- 

We propose that 
0 areas with water-table temperatures greater than 26 C occur where rock 

thermal conductivity is low (<2.0 Wm-lK-'), where zones of upward flow 

of water occur,where an anomalous heat source exists, or where all three 

1 '  u 

may occur. 

The only deep (3,832 m) information on the Tucson basin is from the 

Humble State 32-1 stratigraphic test drilled in 1972. Bottom-hole tem- 

peratures were taken in this hole during geophysical logging at various 

times after mud circulation was stopped (Fig. 2.88). 
i-- 

While depths vary, 

the temperature gradient (547'C/km) required to explain the bottom-hole 

temperature variation as asfunction of depth i s  unrealistic. The temper- 

ature increase is probably due to bore-hole temperature reequilibrating 

with thermal conditions that existed prior 

circulation, 

hours after mud circulation had stopped (Files, Arizona Oil and Gas 

o cooling caused by mud 
I '  

At 3,831.3 m, the temperature of the hole was 144.4OC, 20 

:! J 
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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. 

predicted from regional heat flow and probable thermal conductivity 

values. 

This gradient is normal and agrees with gradients 

THERMAL WATER. At least 30 wells are reported to produce thermal 

A thermal spring, Agua 0 (>30 C) water in the Tucson basin (Fig. 2.89). 

Caliente, at the base of the Santa Catalina Mountains east of Tucson 

discharges 30 to 32OC water from alluvial sediments. 

Thermal wells in the basin range from 64 to 959 m in depth 

(Table 2.16). 

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. 

The deeper thermal wells pump up to 6,100 L/min of 57OC 

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 

(>3OoC). 

drilling by the city of Tucson. 

Distribution of these wells mostly reflects deep water-well 
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I! t TABLE 2.16. Wells and spr ings  with temperatures g r e a t e r  than 3OoC i n  
t h e  Tucson basin 

Well Locat ion Temperature Depth Gradient TDS 
C '  

TEP5 
TEP7 

. TEP9 
TEP3 
TEP2 
TEP8 
TEPl 
TEP4 
TEP6 

Agua 
Cal iente  

D-12-12-34dbb 
D-12-12-34dbd 
D-12-12-34dcc 
D-13-13-8bdd 
D-13-13-17caa 
D-14-13-12abc 
11-14- 13-2 5da 1 
D-14-13-25da2 
D-14-14-7dda 
D-14-14-16cbb 
D-14-14-~~CCC 
D-14-14-29cbc 
D-14-16-31bdc 
D-15-14-2cac 
D-15-14-2dbc 
D-15-14-3aba 
D-15-14-3abb 
D-15-14-3abc 
D-15-14-3acd 
D-15-14-3bac 
D-15-14-3bbb 
D-15-14-3dad 
D-16-13-34aab 
D-16-13- 34aab 
D-16-14-4ba 

D-16-15-5ca 
D-16-14-21ccb 

D-16-15-26ddd 
D-16-15-28ddd 
D-16-15-30ddd 
D-17-13-13cdd 

D-17-14-3dcc 

D-13-16-20cdd 

D-17-14-lbaa 

31.9 
37.8 

.I 31.9 
31.8 
31.9 
30. OT 
33.3 
30.6 
31.1 
35.0 
30.0 
30.7 
30.6 
53.3 
52.0 
30.6 
33.3 
30.6 
31.8 
30.0 
30.0 
57.0 
31.1 
32.2 
40.0 
40.6 

147.OG 
30.8T 
31.8T 
31.5T 
36.5 
33.5T 
31.5T 

30.4 

91 
96 
93 
79 
64 
92 

16 7 
152 
137 
370 
426 
2 70 

91 
762 
959 
305 
259 
250 
318 
340 
265 
764 
152 
219 
523 
183 

3840 
340 
3 05 
305 
545 
456 
305 

spr ing  

142 
196 
139 
162 
2 02 
120 

86 
76 
88 
43 
26 
43 

1 2  7 
45 
34 
38 
55 
46 
40 
32 
42 
50 
80 
60 
40 

118 
33 
35 
42 
41 
32 
32 
41 
-- 

330 

647 
485 

351 
325 
32 2 
325 
647 
514 
588 
518 

632 

- - -  . 

Northwest of Tucson, thermal water is  pumped from two d i f f e r e n t  

L areas near  Cortaro. 

and have high est imated average temperature grad ien ts .  

These wells are r e l a t i v e l y  shallow (<lo0 m depth) 

t '  

L -  
k 

Chemical q u a l i t y  of thermal water i n  t h e  basin is  genera l ly  good 
- 

and is acceptable  f o r  most uses (Table 2.17). A few wells discharge high 
I 
k 

2 36 r - '  
b 



TABLE 2.17, Selec chemical analyses of thermal wa 

B F Si02 N03 Temperature pH N a  K C a  Mg C 1  SO4 HC03 

25 0.13 0. 
2 D-12-12-34dbb 31.9 6 0.56 1.3 11 
3 D-12-12-34dbd 37.8 8 0.32 0.7 12 
4 D-12-12-34dcc 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 

7.8 120 3.6 71  10  104 246 120 2 0.55 1.8 -- 
7(TEP5) D-15-14-2cac 9.1 202 --- 4 0.8 49.5 270 69 - -- 9.8 30 
8 (TEP7) -&15-14-2dbc 52.0 9.1 155 --- 4.3 0.4 31 182 120 1.4 -- 5.7 46 

33.3 7.9 75 --- 48 3.7 10  105 165 - -- 0.7 24 
30.6 7.8 74 --- 46 5.8 10 115 154 - -- 0.6 22 

ll(TEP8) D-15-14-3acd 31.8 7.8 75 --- 38 3.3 11.5 133 140 - -- 1.07 32 
12(TEPl) D-15-14-3bac 30.0 7.7 68 --- 40 4.6 10.5 130 140 - -- 0.73 30 
13(TJE4) D-15-14-3bbb 30.0 7.9 65 --- 48 4.6 13.2.. 135 146 - -- 0.6 30 

1 5  ( 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 21.0 54.0 180 147 - 0.11 -- 41 
1 7  D-16-14-21~~b 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 

14 (TEP6) D-15-14-3dad 57.0 9.1 174 --- 3 0.8 40.5 220 89 - -- 4. 39 

Calien t e 
Spring 



fluoride water, which is unacceptable for drinking by children. Total 

dissolved solids generally range between 300 and 700 mg/L and two 

distinct chemical groupings 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 sediments (post mid-Miocene rock) act as a 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 basin was described 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 temperature 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. 

250 and 959 m and have temperatures that range from 3OoC to 57OC 

(Table 2.16). 

and they pump the hottest known water in the basin (52 to 57OC) from 

depths below 400 m. 

(files, USGS, Tucson). 

These wells range in depth between 

TEP wells 5, 6, and 7 have depths between 700 and 960 m 

Main production in TEP 5 is from about 564 m depth 
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Other TEP wells, a l l  less than 350 m depth, pump 30 t o  33OC water. 

Ground-water chemistry of t he  shallow TEP wells is  d i s t i n c t  from the  

deep (>700 m) wells. The deep water has lower calcium, magnesium, and 

bicarbonate and higher sodium, su l fa te ,  chloride,  and f luoride concen- 

t r a t i o n s  than the  shallow water. 

water is  sodium su l fa te ,  while the  water from the  shallow TEP wells i s  

The composition of deep geothermal 

calcium-sodium s u l f a t e  (Fig. 2.90). The shallow TEP wells are chemically 

typ ica l  of both shallow ground water i n  the  basin and surface water 

flow and runoff i n  loca l  drainage (Fig. 2.90). Deep geothermal water 

encountered by wells TEP 5 and 6 has very high pH (>9.0) and r e l a t ive ly  

low s i l ica  concentration (<40 mg/L). S i l i c a  concentrations i n  the  deep 

waters are i n  approximate equilibrium with quartz a t  measured tempera- 

t u re s  (S i l ica  concentration was adjusted f o r  dissociat ion a t  high pH 

before s i l i c a  geothermometers were estimated). 

ticohydrology of t hc  Irvington and 1-10 area is  complex. 

of t he  TEP 1 well i n  1956, water was . in i t i a l ly  encountered at  44.8 m 

. 

During d r i l l i n g  

depth; however, after the  hole was cased and perforated below 73.2 m, 

the  s t a t i c  water level was 57. 

water level suggests e i t h e r  c d water below 73 m o r  a perched water 

The deep geothermal aquifers  (>SO0 m depth) a re  apparently confined 

and hydrologically separate from t h e  shallow (<200 m depth) aquifers.  

Evidence f o r  confined conditions was observed during d r i l l i n g  of TEP 4, 

a shallow well, and TEP 5, a deep well. In November, 1959, TEP 4 had a 

s ta t ic  water leve l  of 57 m depth (2,413 feet elevation).  

perforated between 73 and 261.5 m. 

TEP 4 was 

In January, 1960, TEP 5 was completed 



c--- Ca CI - 
Figure 2.90. 
(greater  than 30 C) i n  t he  Tucson basin 

Piger diagram showing water chemistry of thermal waters 
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t o  762 m depth with perforated casing between 310 and 627 m. S t a t i c  

water level i n  t h i s  well was 87.5 m depth (2,378 feet elevation).  A 

difference of 10.7 m i n  s ta t ic  water level was observed between TEP 4 

and TEP 5. 

Transmissivity values were determined f o r  TEP 5 by the  University 

of Arizona, Soi l s  and Water Engineering Department i n  1966. Drawdown 

transmissivity was .00765 m 2 s - l  (63,000 gpd/ft) .  

s t a t i c  level  was 92.4 m; at  the end of the test ,  the  pumping level was 

108.8 m. During t e s t ing  of t h i s  well, which i s  perforated between 310 

and 627 m, an approximate 6,810 L/min discharge rate was maintained. 

The deep thermal aquifer i s  very productive.' However, since development 

Pr ior  t o  the  tes t ,  t he  

of these wells by TEP, a s ign i f icant  drop i n  the  pumping level has been 

observed. Fig. 2.92 shows the  h i s to r i ca l  pumping-level drawdown. For 

t h e  last twenty years the  TEP 6 pumping level has dropped a t  a rate of 

.9 m/yr i n  contrast  t o  the TEP 5 pumping level ,  which has dropped 1.4 m 

annually. Both wells have pumped up t o  6,100 J.,/min (1,600 gpm) almost 

continuously during t h i s  time. Heavy pumping, well interference,  facies 

changes, and possible nearby f a u l t  zones may a l l  contribute t o  these 

drawdowns. 

Thermal water encountered by TEP wells 5, 6, and 7 is contained i n  

indurated sandstone and conglomerate below 427 m depth. These deep 

sediments have a more varied composition than overlying f iner  grained 

sediments. Fig. 2.93 is  a l i tho logic  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 un i t  apparently 

thickens and becomes gypsiferous t o  the south and southwest. Indurated 
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sandstone and conglomerate, which contain thermal water, may occur a t  

greater  depth i n  these areas below the  mudstone. 

Humble S ta t e  32-1 hole was d r i l l e d  through gypsiferous mudstone from 

351 m t o  about 823 m depth. 

For example, the  
ii 
c- 

1 1  

d 
d ,Below 823 m, t h i s  hole encountered sandstone 
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and conglomerate with interbedded siltstone. The temperature of the mud 

increased noticeably at 1,158 m according to the geologist's log of this 

hole, which is on file at the Arizona Oil and Gas Conservation Commission, 

Phoenix. 

entering the drill hole. 

This temperature increase may have resulted from thermal water 

CONCLUSIONS. A large volume of thermal water (40 to 6OoC is known 

to occur in portions of the Tucson basin below 549 m depth. 

ducing water,from this reservoir were drilled between 762 and 945 m depth 

in the Irvington Road-Interstate 10 area. 

is good except for high fluoride concentrations. 

growth and because its economy relies heavily upon the aerospace, agricul- 

ture, defense, educati s, mining, and tourist industries, 

significant opportunities exist for direct-heat utilization of this geo- 

thermal water. 

ing and lowering energy costs to resource users. 

Wells pro- 

Chemical quality of the water 

Because of Tucson's rapid 

Geothermal energy could have economic impact by stabiliz- 
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INTRODUC!l'ION . 

AVRA VALLEY 

Thermal wells i n  Avra Valley have temperatures between 

32 t o  53OC. 

mine a t  t he  north end of t he  valley.  

a t  t he  south end of t he  va l ley  near Ryan Field,  a small pr ivate  a i r  f i e ld .  

Potent ia l  f o r  using low-temperature geothermal energy may exis t  a t  both 

s i t e s .  

The highest temperatures are generally near t he  S i lver  Bell 

One well with 42OC water is  located 

The chief occupations i n  Avra Valley are farming and ranching. 

However, water level  declines i n  t h e  northern Avra Valley have been so 

. great  i n  recent years (4 million acre-feet bet  en 1940 and 1978) tha t  

these a c t i v i t i e s  eventually may phase out as a r e su l t  of the  high cost  of 

pumping water t o  t h e  surface from increasingly greater  depths. Water leve l  

decl ines  have been as grea t  as 45 m i n  some p a r t s  of t he  basin. Ground- 

water withdrawals average about 100,000 acre-feet annually i n  Avra Valley. 

ent  i s  developing a well f i e l d  i n  the  southern 

sers i n  the  Tucson metropolitan area, which Avra Val ley ' to  su  

l ies  i n  the  next va l ley  t o  the  east. 
I 

a Valley l ies  a he eastern edge of t he  Sonoran 

Desert subprovince i n  southeast izona (Fig. 2.94). Mountains with up 

t o  765 m of r e l i e f  bound t h e  north-northwest-trending va l ley  along both 

s ides .  The va l ley  f loo r  has a very gent le  slope of about 0.35 degrees o r  

less towards the  north. 

from about 760 m t o  550 m .  

Elevation of t he  va l ley  decreases south t o  north 
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GEOLOGY. The principal mountains bounding Avra Valley (Fig. 2.95) are 

the Silver 

the Tucson 

the Silver 

Cretaceous 

Bell, Waterman, and Roskruge Mountains on the southwest side and 

and Tortolita Mountains on the northeast. These ranges, except 

Bell and Tortolita Mountains, are composed chiefly of Late 

to mid-Tertiary volcanic rocks of andesitic to rhyolitic 

composition, Mesozoic sedimentary rocks, and Mesozoic to mid-Tertiary 

granite. 

of Precambrian to mid-Tertiary plutonic and metamorphic rocks. 

The Tortolita Mountains are a metamorphic core complex composed 

The Silver 

Bell Mountains are chiefly Mesozoic sedimentary and Laramide volcanic rocks 

(intermediate t o  silicic composition), Precambrian granitic rock, and 

Tertiary basalt. 

out along the southwest side of the valley between the Roskruge and Silver 

Small exposures of Paleozoic limestone and quartzite crop 

Bell Mountains, and jus 

the valley. 

est of the Tucson Mo ins on the east side of 

Depth to bedrock data, based on gravity studies (Lysonski, Aiken, 

Sumner, 1981; Openheimer and Sumner, 1981) for the valley, show that the 

topography of the basin floor does not parallel the valley surface. 

narrowest part of the valley a b 

valley, dividing the graben into 

graben is deeper, about 2,900 m en, 1981). This basin is actually part 

of the Red Rock structur he southern depression is between about 

1,500 and 2,000 m deep ( 

at the northeastern end of the Altar 

a major controlling effect on sedimentation patterns within the basin 

during and after its formation. 

At the 

ck "saddle" extends across the 

d forms'a subbasin 

raben.. Bedrock topography had 
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The s u r f i c i a l  alluvium i n  Avra Valley is  fine-grained sand and si l t ,  

interbedded with coarse sand and gravel. 

about 10 m thick.  

These deposits are generally 

Two subsurface un i t s  beneath the  su r f i c i a l  deposits were defined by 

the  Tucson Water Department during a d r i l l i n g  program i n  the  late 1970s. 

The two un i t s  were informally cal led the  younger and older alluvium by 

Allen (1981) who believed the  upper uni t  i s  cor re la t ive  with the  Fort 

Lowell Formation of Davidson (1973), t he  upper and mostly unconsolidated 

uni t  i n  t he  Tucson basin. 

The younger alluvium is  interpreted t o  be f luv ia l ,  whereas the  older  

alluvium i s  interpreted t o  be of both lacustr ine and f luv ia l  or igin (Allen, 

1981). 

The younger alluvium is  a r e l a t ive ly  t h i n  un i t  t h a t  immediately under- 

l ies  the s u r f i c i a l  deposits. The lower boundary of t h i s  un i t ,  t h a t  is, the  

contact with the  underlying older  alluvium, was found a t  depths between 

85 m and 146 m. 

ment d r i l l  holes, it was found d i r ec t ly  beneath the  older alluvium. 

deeper portions of t he  basin, t he  older  alluvium extended below the  400 m 

depth i n  holes d r i l l e d  by the  Tucson Water Department. 

by other companies indicate  thicknesses of grea te r  than 1,300 m f o r  the  

older alluvium i n  the  northern pa r t  of Avra Valley. 

Where bedrock was encountered i n  the  Tucson Water Depart- 

In 

T e s t  holes d r i l l e d  

In the  north and central  pa r t s  of the  va l ley  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 i n  thickness. 

The fine-grained beds consist  of s i l ts  and sandy silts, and probably some 

minor clay. The coarse-grained beds are sandy gravels and gravelly sands. 

252 



In most cases, t h e  fine-grained material is  more abundant than the  coarse- 

grained material 

In the  southern par t  of Avra Valley, t he  sediments of t he  younger a l l  

exhibi t  more va r i ab i l i t y ,  which may indicate  the  former presence of a small 

Pleistocene lake within a small in te rna l  drainage depositional basin. 

the  most part the  un i t  i s  uncemented, although some weak carbonate 

cementation loca l ly  occurs. 

In general, t he  younger alluvium un i t  coarsens upward. 

For 

The contact between the  younger and older  alluvium i s  i r r egu la r  i n  

elevation and is apparently disconformable. The disconformity may repre- 

sent a period of weathering and/or erosion of t he  older  alluvium p r i o r  t o  

deposition of the  younger uni t .  

Two facies of t he  older  alluvium have been ide 

and a mudstone facies. T nglomerate facies i s  

th ick  tha t  it usual1 

Tucson Water Department, except i n  areas of shallow bedrock. 

of moderately t o  well-cemented, poorly sorted,  angular t o  subangular sandy 

gravel t o  gravel ly  sand. In t rn  subbasin under Avra 

Valley, north of a buried bedrock 

northwards tokard center i n to  t h e  

below the  400 m depth i n  we1 d r i l l e d  by the  

I t  consist$ 

conglomerate g r  

udstone is  a semiconsolidated brown s i l t  and cla  

very l i t t l e  sand and gravel. 

gypsiferous. 

So 

Pleistocene i n  age and 

e i n  age (Allen, 1981). 
I 

GEOHYDROLOGY. The ground-water system beneath Avra Valley i s  re- 

charged primarily from ground-water underflow entering the  basin a t  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 northwesterly toward the area of ground-water 

discharge from the basin between the Silver Bell Mountains and Picacho 

Peak. 

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 

Very minor recharge is derived from infiltration of meteoric water 

least 400 m, and form a single water-table aquifer (Whelen, 1979, bpub. 

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/L (Kister, 1974). 

GEOCHEMISTRY. Soil samples were collected along three traverses 

across Avra Valley and were analyzed 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. 

anomalies and of structures such as normal Basin and Range faults. 

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 

Mercury is sometimes an indicator of geothermal 

Another 

Points. 

trations of mercury, but the higher values were noted only where the 

The entire length of both washes could contain anomalous concen- 
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sampling survey crossed Brawley Wash. In addition, mercury is a common 

vapor associated with oxidizing sulfide ores, and it is a common 

"pathfinder element" associated with fluorspar deposits (Peters, 1978). 

Fluorite 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. 

THERMAL REGIME. At least thirteen wells in Avra Valley have both 

temperatures and estimated gradients suff 

(Fig, 2.98). These wells cover much of the entire valley, but the higher 

values are mostly at the north-northwest end, near the Silver Bell mine. 

Gradients are in the general r 

shallow wells (400 m deep) that have gradients exceeding 100°C/km. 

e of 45 to 6S°C/km, except for relatively 

Temperatures were measured downhole at 5 m intervals in nine wells 

during a preliminary geothermal evaluation (Hahman and Allen, 1981). 

wells were isothermal. 

Five 

Previously measured temperature logs were available 

c 
i 

b 

for four additional wells. Fig. 2.99 / shows the temperature at 100 m depth 

in 12 of these wells. 

southwest side of the Val 

The higher temperatures are generally along the 

eat flow measurements have been made in Avra Valley: 94, 99, 
~ _ "  

(Roy and others, 1968; Sass and others, 1971; Shearer, 1979) 

(Fig. 2.99). 

and Range province. 

Val ley. - 

se values are normal to sligh above normal for the Basin 

The highest value is at the southern end of the 

4J GEOTHERMOMETRY. Numerous wells have been drilled in Avra Valley for 

test purposes and for domestic and irrigation water supplies. Few we1 Is, 
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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 

calculating geothermometers, only 33 wells have sufficient data to derive 

both Si02 and Na-K-Ca temperatures. It can be seen in Table 2.18 that 25 

wells have an excellent 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 k 2. S0C for 

ground water beneath Avra Valley. These same wells have a mean discharge 

temperature of 28.4 f 2.SoC, which indicates the water may have reached 

temperature-dependent chemical equilibrium with their host rocks. Six 

wells show a correlation between the Na-K-Ca and chalcedony geothermo- 

meters. 

predict a mean subsurface temperature of 47.8 f 3.4OC. 

. 

These wells have a mean discharge temperature of 31.4 f: 3.loC and 

Two wells show an 

excellent correlation between the Na-K-Ca and quartz geothermometers. One 

has a discharge temperature of 34OC; temperature of the other well is 

unknown. These wells, which are located at the southern end of Avra 

Valley, predict an aquifer temperature of about 76OC (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. 

mercury anomaly identified by Hahman and Allen (1981), and supports the 

This feature coincides with the 

possibility that the mercury anomaly reflects a major basement structure 

beneath Avra Valley. 
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TABLE 2.18. Temperatures, -depths, and geothermometers fo r  wells i n  Avra Valley I' 
Locat ion Tngas Depth Tchal TNa-K-Ca T a - p i s  T 

( c) #(m) (OC) (OC) ( C) 

D-11- 8-36aaa* 32 235 46 - - - - 
D-11-10- 2cba 24 57 23 38 31 - - - - - 8ddd 27 55 T i  36 39 u 15aad 24 - - 59 ZB 39 34 

22bdd 26 52 34 38 E 
28bad 30 55 36 39 42 

D-11-11- 7ddd 25 - '  - 57 38 35 32 
D-12- 9- 2 53 610 53 - - - - 

11 * 52 650 48 - - i - 
11 * 44 470 49 - - - - 

D-12-10- 3dcd 30 52 34 36 39 
4acd 29 52 34 34 35 
4bdd 36 71 228 50 38. 54 

36 36 36 - - 37 33 
12ccd . 28 

30 2Oadd 27 56 
23ddc 30 i -  - 52 34 34 

b 35 
33ddd 29 - - 54 35 36 37 

D-12-11- 9acc 24 52 34 34 34 
27 47 49 45 17acd - - 38 36 37 
25 49 

18cdd 26 55 
44 55 20dda * 28 

D-12-12-19~bb* 35 110 128 63 - - - 
D-13-10- 5ddd - - - 56 I 37 34 31 

6ddd 31 52 - - - 
9ddd 30 57 38 35 33 
15ddd 30 - ,55 36 31 27 
16ddd 31 - - 54 36 35 35 
20cdd 31 155 67 - - - - 
22ddd 31 - - 54 35 33 30 
24dcb 29 - 55 36 30 24 
25acd 31 - 56 29 37 33 

D-13-11-31cCC* 31 205 2 - - - - - - 46 . 28 46 47 34cdd - 
\ D-14-10-25caa* 32 218 51 - - - - 

36 31 
36 34 ' 

31. 
32 36 

79+ 78 
75 81+ 
47 

- t 

- - - - - - - - - - - 1 
- - - - - - - - - 

L 
- - - _. 

- - - - $r 

L 
6 
1 
u 
c 
d 
g - - 

b 
h 
i/ 

- - - - - - - - - - - 
- - - - - - - 

- - 
- - - - 

- - - - 

- 
D-14-11- 4 C a  - - 

- 
37 i 
- - 
- - _- 

D-15-11-llbbb 30 

- - 
27 ~ 44 
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CONCLUSIONS. The geothermal waters in Avra Valley constitute a 

South and southwest of the linear mercury low- emperature resource. 

anomaly, 3OoC water is fairly ubiquitous at depths of 300 m. 

geothermometers and the 107 mWm’2 heat flow value also occur at the 

The higher 

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 lower surface-discharge temperatures indicate recharge to and shallow 

circulation in the ground water system. 

On the northwestern side of Avra-Valley, gradients, heat flow, and one 

high geothermometer indicate a potential for 50 to 55OC water at 1,000 m. 

This resource might be used at Silver Bell mine to assist in the copper 

leaching process. West of Ryan Field, geothermal potential also exists but 

depth and temperatures are not well defined. This resource, if one exists, 

might be used at the air field building for space conditioning. 

L ’  

b 
L‘ 
1 
L 

L 

L 
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COOLIDGE AREA 

INTRODUCTION. More than 20 i r r iga t ion  wells pump thermal water i n  

the Coolidge, Arizona area and a few of these wells are among the  ho t t e s t  

water-producing wells i n  Arizona (Fig. 2.100; Table 2.19). 

these 50 t o  7OoC wells motivated Geothermal Kinetics Systems, Inc. t o  

conduct geothermal exploration, which culminated i n  1974 i n  d r i l l i n g  a 

deep (2,446 m) tes t  well (Dellechaie, 1975). This well, t he  Geothermal 

Kinetics-Amax Exploration No. 1 Pima Farms, produced 82OC water from Pinal 

Schist  i n  t h e  basement of the  Picacho basin. 

water su i tab le  f o r  electrical power generation was found by the  test ,  t h i s  

hole was plugged and abandoned after pump tests. 

noted t h a t  with today's higher f o s s i l  fue l  costs ,  82OC water has poten t ia l  

The occurrence of 

Because no high temperature 

However, it should be 

economic use f o r  direct-heat applications. 

PHYSIOGRAPHY. The Coolidge area is s i tua ted  i n  the  Sonoran Desert 

sect ion of t he  Basin and Range province. 

basin, a nearly f la t  val ley s i tua ted  between t h e  rugged Picacho Mountains 

This area over l ies  the  Picacho 

on the  southeast and t h e  Sacaton Mountains on the  west (Fig. 2.101). The 

val ley f loor  is drained by McClellan Wash, which flows northward i n t o  the  

Gila River. Several large canals d iver t  water from the  Gila River i n t o  
7 

i n  f o r  i r r iga t ion .  In addition t o  surface-water usage, 

extensive ground-water development a l so  provides water for  i r r iga t ion .  

Paleozoic and Mesozoic rocks are mostly absent from the  GEOLOGY. 

geologic record i n  the  Coolidge area. This is because post-Laramide and 
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TABLE 2.19. Thermal w e l l s  i n  t h e  Cool idge area 

Loca t ion Temperature Flow Rate TDS Depth 
L/min Mg/L M 

We1 1 
OC 

1 

2 

3 
4 

5 
6 

7 
8 

9 '  
10 

11 

12 

13 
14 

15 
16 

17 
18 

19 
20 

21 

22 I 

23 

24 

25 

26 

27 

28 

29 

30 

31 

D-4-7-27888 

D-5-8-2ADA 

D-5-7- 12DDD 

D-5-7-24BD 

D-5-8-20800 

D-5-7-23CO 

D-5-7-25ADD 

D-5-8-28C00 

D-5-7-34AC D 

D-5-6-36ACC 
D-6-7-1AAA 

D-6-8-16ADD 

D-6-6-8BDD 
D-6-7- 1 DC 

D-6-7- lODCD 

D-6-7- 13ADD 

D-6-8- 18CDD 

D-6-8- 18CD 

0-6 - 8 -2 4ADA 

D-6-7-35AD 
D-6-7-34DD 
D-7 -6 -31CCC 

D-7-6-35ADD 

D- 7-6- 34DDA 

D-7-7-32-CCD 

D-7-8-25CC 

D-8-7-gADD 

D-8-9-7ADD 
D-8-7-32DDD 

D-9-7-34AD 
D-9-8-32DDD 

37 
37 
35 
46 

37 
46 
54 
52 

42 

54 
65 

72 

46 

49 
35 
62 

61 
46 

37 
43 
49 
40 

37 
35 
40 

35 
44 

35 
36 
41 

37 

7620 

4808 

3780 

2271 

5700 

7500 

6780 

946 

266 

71 4 140 

660 

51 0 306 

789 469 

702 

42 7 
9500 59 1 
684* 

367 
1170 724 

1915 914 

9120 782 

914 
93 1 

1602 126 

914 
1101 995 

989 
1494 91 

789 
556 774 

195 
264 146 

450 185 
323 466 

589 
2440 640 

487 420 

396 
61 0 

276 153 
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probable Mesozoic(?) erosion of the  Florence u p l i f t  hap removed these rocks 

(Turner, 1962). Pre-Tertiary basement rocks consist  of Precambrian Pinal 

Schist ,  granite,  and diabase, which a re  intruded by Laramide intermediate 

t o  s i l ic ic  plutons and dikes. 

In the  Sacaton Mountains, Pinal Schist. is invaded by Oracle Granite, 

while diabase and a p l i t e  dikes intrude both the Pinal Schist  and the  

Oracle Granite. 

they are associated with copper mineralization. 

Conglomerate(?) (Oligocene), composed of steeply dipping gravels with 

c l a s t s  of Oracle Granite and Pinal Schist ,  is observed at the  Sacaton 

mine on the  Sacaton Mountains pediment (Cummings, 1982). Deep dr i l l -ho le  

Two Laramide plutons intrude the  Precambrian rocks and 

Up to'760 m of Whitetail 

information indicates  t ha t  the Sacaton Mountains, at  l ea s t  i n  the  v i c in i ty  

of the Sacaton mine, a r e  allochthonous. 

normal f au l t s ,  which merge i n t o  a dis locat ion surface o r  decollement t h a t  

They a re  deformed by l is t r ic  

overl ies  Pinal Schist  (Cummings, 1982). This fau l t ing  post dates t he  

steeply dipping conglomerate. 

Two major geologic terranes were mapped by Yeend (1976) i n  the  Picacho 

The northern terrane consis ts  of Precambrian sch is t  and grani te  Mountains. 

t o  granodiorite, and Tert iary intermediate dikes. The southern Picacho 

Mountains a re  formed by a broad north-trending and south-plunging arch of 

layered grani t ic  gneiss with Tert iary K-Ar dates (Johnson, 1981). These 

dates record a major thermal disturbance i n  the  Precambrian through Ter- 

t i a r y  metamorphic and plutonic rocks. 

Immediately south of t he  main mass of t he  Picacho Mountgins, Picacho 

Peak stands high above In t e r s t a t e  10. 

t rachyt ic  rocks between 22.4 and 20.7 m.y. old, was t i l t e d  by l i s t r i c  

This peak, 8 remnant of a p i l e  of 

normal fau l t ing  (Shafiqullah and others, 1976). 
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During 1980, a deep stratigraphic test, 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. 10 E., 

drilled through: (1) granite to granodiorite (1.39 m.y. Rb-Sr) at 1,182 

to 3,280 m depth; (2) muscovite granite (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 and Robinson, 1981). 

hole, a zone of chloritic breccia was encountered, which resulted in a 

tldrilling break" (lost circulation?) at 3,675 m. 

until 3,888 m depth. 

or detachment zone as the cause of the change from breccia to gneiss. 

This detachment separates unmetamorphosed granitic rocks from a buried 

At 3,658 m in this 

This breccia continued 

(1981) interpreted a decollement Reif and Robin 
l 

phic complex. This morphology is typical of metamorphic core com- 

Seismic profiling near the Arizona State plexes (Davis and Coney, 1979) 

A-1 well in the Picacho basin shows reflective surfaces (detachment?) 

dipping beneath the basin. 

detachment may allow ground water to circulate to great depth-where high 

The broken nature of the rock along this 

y exist due to the normal geothermal gradient. 

Present day physiography of t 

Tertiary Basin and Range tectonis 

formed by this event, is filled 2.5 km of basin-filling (post 

ne) sediments (Scarborough and Peirce, 1978). These sediments 

overlie older Miocene volcanic flows and clastic sediments that rest upon 

crystalline basement. 

strata within the basin-filling strati 

Deep drill holes have encountered thick evaporite 

Kinetics-Amax Exploration Pima Farms 1 (section 8 ,  T. 7 S., R. 8 E.) 
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encountered 442 m of gypsum, anhydrite, and h a l i t e  between 716 and 1,158 m 

depth. 

1981). 

T. 8 S., R. 8 E.) a t  652 m depth, while gypsum and anhydrite with clay 

s t r ingers  were encountered between 712 and 2,536 m depth. 

s t r a t a  and mid-Tertiary clastic sediments underlie the  bas in - f i l l  sequence 

and over l ie  the  basement metamorphic complex i n  the  Geothermal Kinetics 

The upper 180 t o  210 m of t h i s  sequence contained h a l i t e  (Peirce, 

Halite was a l so  encountered i n  the  Exxon S ta t e  74-1 well (section 2, 

Miocene volcanic 

w e l l  and the Exxon w e l l .  

Upper-basin f i l l ,  penetrated by i r r iga t ion  wells t h a t  are less than 

an upper sand and gravel 762 m deep, is divided in to  three major uni ts :  

un i t ,  a s i l t  and clay uni t ,  and a lower sand and gravel un i t  (Hardt and 

others, 1964). 

separates the  upper and lower sand and gravel un i t s .  

t ions  of t he  Picacho basin, the clay and s i l t  overl ie  thick evaporite 

sequences t h a t  i n  turn overl ie  sand and gravel o r  Miocene volcanic rocks. 

The ,silt and clay un i t  is  0 t o  over 600 m thick,  and 

In the  deeper por- 

The lower sand and gravel un i t ,  which i s  penetrated by deeper i r r iga t ion  

wells, is generally more cemented than the  upper sand and gravel uni t .  

GEOHYDROLOGY. Prior t o  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 i r r iga t ion  

pumping, the,direct ion of flow has changed i n  the  southern Picacho basin 

toward a large water t ab le  cone of depression centered near Eloy. 

sidence and ground cracking due t o  ground-water withdrawal is  a major 

problem i n  the Eloy area {Laney and others,  1978). 

Sub- 

THERMAL WATER, Dellechaie (1975) discussed the thermal i r r iga t ion  

wells i n  the  Coolidge area as par t  of a report  on geochemical s tudies  done 
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a f t e r  and during t e s t ing  of t he  Pima Farms 1 geothermal test by Geothermal 
b 

Kinetics Systems and Amax Exploration. 

enrichment i n  su l f a t e  and chloride and a depletion i n  bicarbonate r e l a t ive  

Thermal water i n  the  area shows 

I 
t o  nonthermal water. In general, thermal water i n  the  Picacho basin has 

the  following cation and anion relationships:  (1) Cl>S04>HC03; and L 

1 '  
(2) Na>Ca>K>Mg. 

presence of evaporite mineralsiat depth within the  bas in- f i l l ing  sediments. 

Thermal i r r iga t ion  water i n  the area ranges from 3OoC t o  72OC f o r  

These chemical re la t ionships  a r e  compatible with the  

1 '  

L 
wells ,91 t o  914 m deep. 

ho t te r  wells (>4SoC). 

Flow r a t e s  exceed 5,500 L/min f o r  several of t he  

TDS varies  widely, between 264 mg/L and 9,120 mg/L, 

probably a s  a r e su l t  of contact by some of these waters with h a l i t e  and 

gypSWn. 

Chemistry of the thermal water reflects the  presence of h a l i t e  and 

gypsum. 

from analyses of i r r iga t ion  wells and f lu ids  produced by t h e  Pima Farms 1 

test well. 

chloride. However, difference he shallower i r r iga t ion  water 

Fig. 2.102 i s  a Piper diagram of water chemistry constructed 

Water from the  i r r iga t ion  wells and the test well is sodium 

the  deeper tes 

centage of su l f a t e  

water do exist; the i gation wells have a higher per- 

cium than the  t e s t  well. 

e 
+ ,  

The Pima Farms 1 t e s t  Gel1 was pump tes ted  a t  a r a t e  of approximately 

1,100 L/min f o r  193 hours (Dellechaie, 1975). 

temperature and f l u i d  chemistry had s tab i l ized  and temperatures throughout 

After 16 hours, both the 
id 

most of the  remaining test were 80 t o  82OC (Dell ti 
A temperatur og of t h i s  hole hows' a temperature in- 

i i  version between 1,800 and 2,100 m (Fig. 2.103) (Dellechaie, 1975). Another 



, 

CHEMISTRY OF 

0 ~ ~ ~ ! ~ l ? F ~ ~ l  MA 
FARMS I GEOTHERMAL 
TEST 

CHEMISTRY OF THERMAL 
+ IRRIGATION WELLS 

CHEMISTRY OF A NON- 
+ THERMAL IRRIGATION 
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Figure 2.102. 
Coolidge area 

Piper diagram showing chemistry of thermal water i n  the  

does not show a temperature anomaly between 1,800 and 2,100 m. 

d r i l l i ng ,  f l u i d  probably entered a permeable zone at 1,800 t o  2,100 m 

depth and consequently cooled t h i s  zone. 

During 

Later pump tests withdrew the  

d r i l l  f l u ids  and induced formation water flow through t h i s  zone, which 

reheated the  rock at  1,800 t o  2,100 m depth and removed the  thermal d is -  

turbance. Water temperatures during the  test (80 t o  82OC) agree closely 

with temperatures recorded (83-88OC) after t e s t ing  t h e  1,800 t o  2,100 m 

depth interval .  

t 
t 

c 
t '  

L 
t 
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Figure 2.103. Temperature 1 of t he  Geothermal Kinetics- 
Amax Exploration Pima Farms 1 geothermal t e s t  well 

1 
&d 
- The permeable zone t h e  Pima Farms 1 

well may r e s u l t  from impor 

Cambrian sch is t ;  normally aquifer.  However, 

this’permeable zone is immedia 

Miocene volcanic rocks, which, i n  the  Sacaton Mountains and at Picacho 

is zone is i n  Pre-  c 

edimentary and 
L 
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Peak, a r e  displaced and t i l t e d  by l i s t r i c  normal f a u l t s  t h a t  merge in to  

an underlying decollementordetachment f au l t  i n  Pinal Schist .  

t h i s  detachment o r  decollement may a l so  be present i n  the  Picacho basin, 

Because 

it is reasonable t o  assume tha t  the permeable zone between 1,800 and 2,100 

m depth is caused by a detachment zone and i t s  associated listric fau l t s .  

The s imi l a r i t y  of t he  stratigraphy below basin f i l l  i n  the  Picacho basin 

with strata at  Picacho Peak and i n  portions of t he  Sacaton Mountains 

argues strongly f o r  t h i s  interpretat ion.  

CONCLUSION. Geothermal waters ( to  82OC) i n  the  Coolidge area have 

a t t r ac t ive  potent ia l  f o r  space heating and cooling, greenhouses, aquacul- 

ture ,  and processing of agr icul tural  products. Geothermal resource devel- 

opment may require re inject ion i n  t h i s  area so t h a t  t he  present subsidence 

and ear th  cracking problems are not exacerbated. However, geothermal 

development may help a l l ev ia t e  some ground-water withdrawal problems. 

thermal greenhouses and aquaculture, which employ reinject ion and use less 

water per acre of land than conventional agr icul ture ,  have potent ia l  t o  

conserve ground water and insure productivity of the  land o r  even increase 

productivity . 

Geo- 
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CASTLE HOT SPRINGS 

INTRODUCTION hwest of Phoenix, 

i s  the s i te  of a once-famous resort  o The property i s  

presently owned by the Arizona Sta te  University Foundation, Tempe, and 

used as a University conference center. During the l a t e  1970s, the  Foun- 

dation considered using hot water from the inferred geothermal reservoir  

t o  heat and co 

i s t r y ,  or igin,  and extent o 

tha t  goal (Sheridan and 0th t the idea was 

eventually doned f o r  f e  a1 Castle Hot Spring.. 

search in to  the chem- 

conducted toward 

The spring issues 4 ,300 L/min. Results 

of the preliminary s tudies  

about 100°C, and the  ex i s t e  

(>2 km length along a f a u l t  zone) than previously recognized. 

r temperature of 

rothermal system 

PHYSIOGRAPHY. Cast1 s located south of the Bradshaw 

Mountains, along the  north wall of a deep, narrow canyon i n  the Transit ion 

Zone (Fig. 2.104). Topography is rugged; the canyon walls a r e  nearly ver- 

t i c a l ,  and i n  many places they a re  separated by l i t t l e  more t h a  the width 

of Castle Creek. 

often exceed twice tha t .  

MAT is  2loC but temperatures during the summer months 

Castle Hot Spring occurs i northwest-trending graben of 

Tert iary volcanic rocks displaced i n t o  a Precambrian basement complex 
' 

(Fig.  2.105). The large displacements (300 m) a re  along northwest-trending 
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Figure 2.105. Generalized geologic map, Castle Hot Springs area 
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en echelon f a u l t s  t h a t  placed northeast-dipping volcanic rocks (the down- 

thrown, southwest block a u l t  contact with basement rocks (Ward, 

ed Castle f a u l t  by system has bee 

noted t h a t  the  springs emerge from t h i s  

f a u l t  along the  northeast  margin of the graben. 

Terrace deposits 40 t o  80 m above Castle Creek ind ica te  f i l l i n g  of 

the  graben with Tertiary-Quaternary gravel 

exhumed while the  present drainage wa 

These gravels were later 

eing established, but the  main 

spr ing system remains about 40 m above the present stream leve l  (Sheridan 

and others,  1980). 

Hydrothermal a l t e r a t i  volcanic rocks along 

the  f a u l t  contacts.  Commo 

have been replaced by ca lc  

s a r e s u l t  of 

e s t o  the  northwest where 

large s i l i ceous  s i n t e r  deposits provide possible  evidence of a former 
1 

being deposited at 

d is found at  the  

. From the  samples 

i s t i n c t  groups of 

water. The f i v  

t i v e l y  high concentrations of S O ; ? ,  L i ,  and F, and low Mg, 

a r e  non-thermal and have low TDS. 

Group I1 waters 

They a r e  characterized by r e l a t i v e l y  low 

, 



! t '  
ir 

concentrations of SiOz, L i ,  and F. Group I11 waters emerge from perennial I, 
springs and have much higher TDS than do Group I o r  I1 waters. During the 
- 

same period, Satkin periodically resampled several  of the wells and 

springs, but found no notable changes i n  water chemistry. From t h i s  he 

concluded tha t  local  climate and precipi ta t ion have no perceptable effects 

on chemistry o r  temperature of the sampled springs o r  wells, and therefore,  

t 

t 
i 
I '  

I t ~ 

probably have no discernable e f f ec t  on the hot-spring system. 

There is excellent agreement between temperatures predicted by the i 
! 

- chalcedony and Na-K-Ca geothermometers within each group. The geothermo- 
I 
I: meters indicate  a minimum reservoir  temperature of about 85OC f o r  Castle 

H o t  Spring and the  other thermal waters of Group I. Mixing models predict  r 
a maximum reservoir  temperature of about 100°C. Group I1 waters have low L 
estimated temperatures (=49'C), and Group I11 waters have predicted tem- 

peratures of about 8OoC. 
\ 

The Group I11 waters probably a re  not a pa r t  of 

the Castle Hot Spring system, based on t h e i r  d i s t i n c t  water chemistry. L 
They may r e f l e c t  a separate geothermal resource tha t  warrants additional r '  
exploration. 

CONCLUSIONS. The heat source f o r  the low-temperature Castle Hot 

Spring system is most l ike ly  heating by deep circulat ion along normal 

f a u l t s  i n  an area of normal geothermal gradients. 

along the Castle f a u l t  zone where it cools conductively and mixes(?) with 

shallow cold water, emerging a t  temperatures somewhat l e s s  than SOOC. 

Development of the resource at  the Castle Hot Spring Conference Center 

appears unlikely. 

The hot water rises 

However, because the  geothermal system is more extensive 

c 

I 
~ rl  than formerly suspected, development f a r the r  t o  the eas t  may be feas ib le  as i I 

Ir 

a more people move i n t o  t h a t  area. 

b 
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PLAIN 

INTRODUCTION. The northern Hassayampa Plain is the site of a shallow 

NORTHERN HASSAYAMPA PLAIN 

INTRODUCTION. The northern Hassayampa Plain is the site of a shallow 

well (165 m) that produced 53OC water until abandoned in the late 1970s. 

Few other wells exist in this area and none are known to be thermal. 

The Hassayampa Plain has been the site of very little development or 

activity. The area was studied in the early 1970s as a possible nuclear 

power plant site, but was eliminated from consideration. 

mining operations are common and claim stakes are ubiquitous. 

cattle ranches exist in this 

numerous home-site lots were sold some years go, in a development called 

"Whispering Ranch" but no homes have bee onstructed. The preponderance 

of the "Whispering Ranch" acre ge is on the pediment of the Vulture Moun- 

tains where water is scarce. t seems unlikely that extensive development 

will occur there. 

Placer gold 

A few 

ea. In the northern part of the plain, 

Sonoran Desert 

7). It is bounded 

st by the Belmont 

h along the eastern 

north, decreasing southwar about 2OoC. Pre- 

of Precambrian igneous and metamorphic rocks, principally granite, 



-33O 
45' 

113°00' ? IO KI lometers I I2O45' 

Figure 2.107. Physiographic map of the northern Hassayampa plain 
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phyllite, and s st. Tertiary volcan cks of intermediate composition 

intrude the southeastern end of . Voluminous Tertiary (7) an- 

desites and rhyolites are found northwest of the Belmont Mountains where 

they unconformably overlie the Precambrian schist and granite. 

tain block is tilted to the southwest. 

basinward from the present range front. 

The moun- 

The pediment extends about 1 km 

Stone (1979) entified three major structural trends (faults?) that 

strike northeast, northwest and north-northwest through the area. The 

first and last trends correlate with regional Laramide and late Tertiary 

structural features of southern Arizona. The northwest-trending feature 

is an apparent reflection of the Basin and Range, high-angle normal fault 

along the Belmont Mountains 

GEOHYDROLOGY. Altitude und water above mean sea level decreases 

to the southeast. Shallow b Belmont Mountains and the 

White Tank Mountains 

between the northern and so . The shallow water- 
level gradients in the cent plain, compared t o  steeper 

gradients closer to the rang 

beneath the center of the p 

rm a ground-water divide 

re permeable aquifer 

Depth to water ranges the Belmont Mountains, where 

ted depth of greater than 

e to the aquifer is from the 

held up by a p 

f the Vulture 

contiguous molintain r 

GEOCEEMISTRY. A total of 97 mercury soil samples were collected from GEOCEEMISTRY. A total of 97 mercury soil samples were collected from 

the northern Hassayampa Plain, The mean mercury concentration for this 
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8 area is 25 ppb. The northwest-trending range-bounding fault is conspicuous 

from the alignment of samples having mercury contents greater than 25 ppb 

(Fig. 2.108). The northeast-striking fault is less conspicuous, but ap- 

parent nonetheless. Two clusters o elatively high mercury values occur 

in T. 5 N., R. 7 W. and T. 5 N., R. 5-6 W. The latter cluster is in the 

same area as the 53 C thermal well. 0 

L" 
1 
Lr 

t 
L 

R7W I R6W I R5W 

30 T61 

T4f L 

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. 
northern Hassayampa area 

Piper diagram showing chemically d i s t i n c t  waters i n  the  

Chemical analyses of water from t h e  northern Hassayampa P la in  (nine 

samples) and om near the  t Wickenburg (eight samples) are d i s t i n c t  

between the  
/ c 

ndicat ive of separate source areas. 

1 c i um bicarb o type. The Hassayampa 

-bicarbonate type. Samples 5,  d 10 are each dis- 

t i n c t  i n  chemical compositio 

o r  waters of mixed origin.  ermal well, i s  

sodium-chloride water. 

om separate sources 

i: 
i: 
i '; 
d 

/ 



GEOTHERMOMETRY, Minimum aquifer temperatures were estimated using the 

Si02 and Na-K-Ca geothermometers (Table 2.20). 

the following correlations between the Na-K-Ca geothermometer and different 

silica species used to calculate the Si02 geothermometer: 

Na-K-Ca for the eastern samples, 1 through 5; a-christobalite and Na-K-Ca 

for the western samples, 6 through 9 ;  chalcedony and Na-K-Ca for the 

northern, Wickenburg samples, 10 through 17. 

meters predict aquifer temperatures of about 35'C for water in that area. 

The geothermometers for the northern Hassayampa Plain predict minimum 

aquifer temperatures of about 7OoC for waters in that area. 

Stone (1979) pointed out 

quartz and 
/ 

The Wickenburg geothermo- 

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 are 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. 

These aeromagnetic features nearly coincide with the northeast and north- 

west structural trends (faults?) identified by Stone (1979). 

aeromagnetic anomalies could result from hydrothermal alteration, or shal- 

low depth (7 to 8 km) to the Curie isotherm (-525OC) (Sauck, 1972). 

Low-amplitude 

- 
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TABLE 2.20. Ratios of selected chemical constituents and estimated subsurface temperatures of waters in ' 

the northern Hassayampa plain. 
correspond to those in Figure 2.109. 

(Constituents in mg/L; geothermometers in OC. Sample numbers 
See Stone, 1981, for well locations.) 

0.32 ' 0.23 67.1 17.8 54.4 
0.35 0.18 55.3 6.5 53.7 

7.33 0.01 0.002 47.2 - 66.4 
0.23 0.55 84.6 34.7 5.0 

0.26 0.52 94.9 " 44.7 73.3** 

25.0 9.5 128.6 0.10. 2 

3 
4 

9.1 32.3 .0.15 
- 0.13 0.02 76.6 26.9 36.2 0.51 

31.0 48.0 32.4 0.10 

- 
i i ( i . 6  - c v 

6 
7 
8 

u3 9 
10 
11 
12 
.13 
14 
15 - 

0.39 0.30 78.0 28.3 41.2 30.0 26.9 0.13 
12.0 100.0 0.06 N 

Go 
0.40 0.37 68.8 19.4 36.4 
0.85 0.39 88.3 . 38.2 29.9 
0.27 0.57 80.8 30.1 34.2 
0.44 0.61 94.9 44.7 48.0 
0.30 0.72 78.0 28.3 27.1 
0.30 0.75 79.4 29.6 28.2 

8.4 150.0 0.11 

18.7 215.4 0.10 

27.5 23.0 328.6 0.12 
23.5 40.0 228.6 0.10 
21.0 35.0 200.0 0.09 

147.4 518.5 0.93 

22.5 0.07 0.33 0.89 - - 
0.06 0.29 1 :oo 16 - 37.5 - - - - 

- 0.46 58.7 39.3 47.1 26.0 ,9.5 222.2 0.11 17 

Mg correction applied. 



. . . . .  . . . . . . . .  .- . . .  . . . . . . . .  . .  . . . . . . . . . . .  ................. . . . . . . .  . . . . . . . . . . . . . . . . . .  . 

TABLE 2.21. Measured geothermal gradients, northern Hassayampa plain, Arizona 

t 
Total Depth BH gemp Gradient Interval Geothepal Gradient Well No. Location 

(m) (C ) (m) ( c / w  

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 - 1 Ocac 250 30.5 30 - 130 27.7 
155 - 250 23.2 

E B-6-5-31bc~ 140 26.4 20 - 140 15.6 

a F* B-5-5-16bd 95 24.3 5 - 90 33.0 h) 

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* B-5-5-29bd 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 
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Figure 2,110. Temperature-depth profiles 
northern Hassayampa plain. Small circles represent well locations. 

wells measured on the 
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Figure 2.112. Aeromagnetic map o f  the northern Hassayampa plain. Con- 
tour interval i s  5 gammas. 
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A reconnaissance gravity survey (Stone, 1982) (Fig. 2.113) permitted an 

, interpretation of the subsurface structure of this area, and resulted in a 

better understanding of thelgeothermal resource. Several features are 

particularly prominent on the: gravity map. (1) The pediment edge along the 

northeast side of the Belmont Mountains is sinuous rather than linear. 

This sinuosity suggests that the master fault boundary is segmented and 

that complex faulting has occurred in the basement, with probable rotation 

of basement blocks. 

northwest direction. The deepest part of the basin (1,250 m) nearly over- 

(2) The deep basin is nearly oval, elongate in a 

lies the northwesternmost closed aeromagnetic low. This coincidence , 

suggests the two features m 

such as a thick evaporitebd 

terial. (3) Two relative1 

of hydrothermally altered ma- 

(northwest and northeast trending) reflect shallow bedrock saddles between 

deeper basins. (4) There is little evidence for a northeast-striking fault 

through wells A and B' 

detailed gravity or 

conclusion. 

Stone (1979), although a 

Fig. 2.113 sho e location of the therm -gradient holes with 

respect to the gravit 

cated on the northwes gher temperatures 

sin being diverted 

up and over the bedroc 

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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Residual Bouguer gravity map of the northern Hassayampa 

f '  

? 
I 
N 

L 

! f 

i 
t 

k- 



information, t he  source area fo r  t 

but they probably r e su l t  

derive t h e i r  water from separate sources. Wells I, J, and K, which a l so  

a re  located a1,ong the basin margin, have normal gradients, i 

l i t t l e  or  no ve r t i ca l  water movement along the east  and northeast s ides  of 

these wells is  unknown, 

the basin. 

CONCLUSIONS. The northern Hassaympa Plain is underlain by a rela- 

t i v e l y  narrow, sediment-f 

survey revealed t h a t  the  southw 

a t  trends northwest. A gravity 

f the  basin i s  segmented ra ther  

than l inear ,  which suggests t ha t  the  basement blocks a r e  complexly faul ted 

and probably rotated.  

Three geothermal gradients (Wells A, B, and C) were e a r l i e r  inferred 

t o  reflect warm water r i s i n g  from the  same area of hydrologic discharge 

(Stone, 1979). Reinterpretation based on a gravity survey indicates  t h a t  

is not the  case. Well C i s  located above an elevated block and has a high 

gradient as a r e s u l t  of forced flow of deep warm water up and over t he  

block at  a basin hydrologic ou t l e t .  

f a u l t  zones, t he  northeast arid southwest, respectively, and a r e  not ob- 

viously re la ted .  

Wells A and B are located in separate 

Meteoric water needs' to c i r cu la t e  t o  depths of 
lY about 1*3 in a 

70°c temperature predicted by the  

t y  allow the heated f lu ids  

ermal f lu ids  may ex i s t  i n  t o  r i s e  toward the surface 

a reservoir  of fractured r o  
Of the Over- 

lying, low-heat-conductive bas in - f i l l  sediments may confine t h i s  water ex- 

cept along major s t ructures .  



Alternatively, t he  thermal f lu ids  may be of such sna l l  volume tha t  i n  

most instances they are di luted by shallow cold ground water as they r i s e  

ying permeable s t r a t a .  t h i s  is the case, wells A and B may 

have for tui tously penetrated d iscre te  zones of upwelling, and a geothermal 

reservoir  containing abundant hot water may not ex i s t  at  greater  depth 

because thermal f lu ids  have not accumulated, due t o  lack of e i the r  su f f i -  

c ien t  volume of f l u i d  or  a su i tab le  reservoir.  

The coincidence of a thermal well and a s o i l  mercury anomaly occurring 

together over a f a u l t  zone suggests t ha t  a geothermal reservoir  may ex is t  

a t  depth. 

which may derive f lu ids  from the  same reservoir ,  o r  may reflect two 

separate (?) geothermal resources of small a rea l  extent.  

Detailed exploration i s  warranted i n  the  areas of wells A and B y  
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PAPAGO FARM 

INTRODUCTION. Papago Farms is located i n  the  southwestern pa r t  of 

the Papago Indian Reservation, j u s t  north of the  internat ional  boundary 

(Fig. 2.114). 

p rec ip i ta t ion  averages from 1 

amount fa l ls  i n  some of t he  higher mountains. 

Climate is semi.arid. In most areas on the Reservation, 

o 25 c m  per  year, although twice t h i s  

Mean annual a i r  temper- 

a ture  a t  Papago Farms is about 2OoC. 

often exceed 45OC. 

During summer months, temperatures 

In  1977, the  Papago Indian Tribe renewed farming operations at  the  

s i te  where an earlier farm had been ac t ive  i n  the  1950s. 

acres of land were under cul t ivat ion.  

d r i l l e d  i n  the  1950s f o r  

production when the  p s s t a r t ed  up again. Several of 

By 1981, 980 

Numerous i r r iga t ion  wells were 
E; 
Q e or ig ina l  operation, and were reserviced f o r  

0 lumes of thermal water (38 t o  
d- . 

\ 

A l l  power at  Papago Farms is  produced by diesel-powered pumps and 
t i  

generators. 

t i ve .  

Thus, the  poss ib i l i t y  of using geothermal energy is  attrac- 

The f e a s i b i l i t y  of such a project  is largely dependent on two 

t 
& 1 whether gre 

heat application could be 

and (2) whether small we1 
! '  
L technology, could produce 

ng, aquaculture, o r  some other  d i rec t -  

orated i n t o  the  overal l  farm p r  
- 
&1 

n su f f i c i en t ly  
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Figure 2.114.  Location map of 
Papago Indian Reservation and 
Papago Farms 
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GEOLOGY. Papago Farms i s  located at  the  southeast end of the 

Mesquite Mountains i n  a broad, nearly f l  

Plain (Fig. 2.115). general 500-m 

elevat ion of t he  v a l l  d up t o  as much as 

650 m i n  the  Mesquite t the  head of a 

north-south-valley t h a t  extends about 4 . The area  is 

underlain by clay,  s i l t ,  s&d, gravel, small amounts of evaporite 

deposits,  and in te rca la ted  volcanic 

. a r e  more than 150 m th ick  near t he  in te rna t iona l  boundary and t h i n  t o  

ext inct ion a t  the  margi 

of t he  e n t i r e  sequence var ies  from zero along the  mountain f ronts  t o  

3,000 m south of the  farms ( 

of the  area (Hollett ,  1981a). Total thickness 

l e t t ,  1981a). 

In  Arizona the  is bounded on the  east by the  north- 

s t r i k i n g  La Lesna Mo 

intermediate composition, which continues south i n t o  Mexico. 

H i l l s  are composed of  Late Cretaceous-early Ter t ia ry  gneiss and comprise 

the  northeastern boundary of the Great Plain.  

h i l l s  l i e  south of t he  Kupk H i l l s .  

northwest are ch ief ly  T e r t i  

basa l t  along the  south and eas t  s ides  of the  range 

Ter t ia ry  volcanic rock occur along the  i n  

southwest. 

of Ter t ia ry  volcanic rocks of 

The Kupk 

Low, unnamed volcanic 

The Mesquite Mountains t o  the 

Ma j o r  su r f  ace drainag 

San Simon Wash. Chuk 

and Vamori Wash even f a r t h e r  t o  the  east both flow northwest out of 
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Figure 2.115. 
surface drainage 

Generalized geologic map of Papago Farms area and major 

Mexico, and then west. Together with numerous smaller washes, they jo in  

San Simon Wash north and west of t he  Great Plain,  from which point a l l  

surface water flows south back in to  Mexico. 

GEOHYDROLOGY. Ground water i n  t h e  San Simon Wash area moves 

largely along the  axes of t he  valleys,  generally i n  the  same di rec t ion  

as t h e  surface water. Beneath the  Vamori and Chukut Kuk washes, ground 

water flows northwest towards and around the  Kupk H i l l s  (Hollett ,  1981b). 
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North of the  Great Plain, these arms of flow jo in  the south-flowing 

ground water beneath San Simon Wash. Recharge t o  the  ground-water 

system is derived from precipi ta t ion tha t  i n f i l t r a t e s  mainly along 

the  mountain fronts .  

l i n e  and consolidated sedimentary rocks t o  a small extent,  the  basin- 

f i l l  deposits are  the main water-bearing uni t .  

Papago Farms i s  about 60 m. 

Although ground water i s  contained i n  the crystal-  

Depth t o  water a t  

Quality of water ranges between 180 and 4,900 mg/L TDS. 

high leve ls  of arsenic and f luoride pose important water-quality 

Locally, 

problems i n  some areas. Southwest of Papago Farms, ground water 

contains large concentrations of sodium, chloride, bicarbonate, and 

su l fa te .  Hollet t  (1981b) ated t h a t  t h i s  water may come from evaporite 

t e r  from 26 wells from the  

1 locations) are given i n  

Although the  chemistry is  gener- 

San Simon Wash area (see 

Table 2.22 (USGS, WRD, Tucson, 1980). 

a l l y  similar for a l l  samples, Stone (1980) ident i f ied  three groups of 

ground water, using graphs of various chemical consti tuents and temper- 

a tures  (Fig. 2.117). Ground ics a re  outlined i n  

c, r a t i o s ,  and generally low (323 k 37 mg/L) TDS. These waters largely 

l y  nonthermal (T<31°C) water; they are 

e of Papago Farms (Group Ia) and north of 

a t e r s  have well-head temperatures i n  the the  farms (Gro 

range of 25 t o  d Mg/Ca r a t io s ,  low Na/Ca and Na/K 

' J  
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Figure 2.116. Well locations for San Sinon Wash area and Papago Farms 
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Figure 2.117. 
sound water for samples listed in Table 2.22 

Graphs of chemical constituents and temperature showing three distinct groups Wf 



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 Si02 C1 SOL, HCO3 F B TDS 

*USGS- 1 
USGS-2 
USGS-3 
USGS-4 
USGS-5 
USGS-6 
DW- 2 
PF-1 
PF-2 
PP-3 
PF-4 
PF-5 
PF-6 

0 PF-7 
PF-8 
PF-15 
PF-18 
PFD-A 
DW-30 
DW-31 
DW-53 

DW- 15 
DW-32 
DW- 73 
DW-46 

w 
Q\ 

+TOrO-3 

D-19-01 llBBB 
C-19-01 36ACC 
C-19-01 28ADC 
C-19-01 14DDD 
C-18-01 35CDA 
D-19-01 28CBC 
D-19-01 05CBC 
D-19-01 07DBB 
C-19-01 l2DAA 
D-19-01 8DAA 
C-19-01 18ADA 
D-19-01 18DDD 
D-19-01 17AAA 
D-19-01 O8DBB 
D-19-01 08CBB 
D-19-01 08ABD 
D-19-01 07BAD 
D-19-01 07ABD 
C-19-01 04DM 
C-18-01 28ABB 
C-19-02 03ADD 
D-18-02 31BDA 
C-17-01 llBCA 
C-17-01 33BAC 
D-17-01 03BAA 
D-18-01 07ACA 

7.9 - - - - - 
7.7 
8.0 
7.7 - - 
7.9 
7.9 
8.3 - - - 
8.7 

7.9 

8.1 
7.4 

- 
- 
- - 
7.4 

87 
170 
790 
150 
120 
110 
110 
110 
110 
94 

110 
99 
120 
120 
96 

110 
140 
150 
1400 
72 
113 

100 

- 

- 

- 
- 

3.1 
0.9 
2.9 
0.8 
4.0 
0.6 
3.2 
3.2 
2.5 
3.3 

2.6 
3.4 
4.5 
3.1 
3.7 

2.9 
1.5 
3 04 
11 .o 
2.5 
3.0 

2.1 

- 

- 

- 
- 

11.0 
3.2 
0.8 
1.8 
8.2 
13.0 
8.1 
8.1 
6.8 
13.0 
14.0 
8.8 
11.0 
7.5 
12.0 
13.0 

5.0 
3.6 
6.8 

160.0 
13 .'O 
3.4 
13.0 
22.0 
17.0 

- 

2.8 
0.4 
0.2 
0.3 
2.5 
5.9 
1.5 
1.2 
1.1 
2.3 
3.3 
1.9 
3.8 
1.8 
1.6 
1.5 

1.4 
0.3 
2.3 

100.0 
2.9 
0.9 
2.8 
4.4 
6.4 

- 

41 
27 
18 
43 
42 
45 
37 
53 
50 
52 
55 
38 
57 
61 
60 
53 

31 
77 
32 
35 
31 
28 
30 
32 
38 

- 

36 23 
59 45 
280 160 
31 24 
40 33 
59 37 
31 26 
31 30 
30 30 
26 22 
40 31 
33 24 
23 20 
30 30 
30 29 
23 22 

28 23 
23 23 
68 63 

2100 850 
22 18 
15 20 
128 91 
21 17 
43 45 

- - 

190 
270 
1140 
300 
200 
200 
220 
220 
220 
2 10 
224 
210 
240 
220 
210 
220 - - 
250 
200 
40 
180 
222 
170 
220 
237 

2.3 0.21 
12.0 0.68 
54.0 16.0 
7.9 0.5 
8.3 0.31 
4.0 0.22 
9.2 0.52 
11.0 0.32 
9.3 0.27 
4.3 0.24 

0.4 0.22 
7.6 0.24 
9.4 0.31 
8.8 0.75 
4.3 0.23 

8.0 0.30 
10.0 0.37 
2.9 0.45 
1.4 1.40 
1.6 0.20 
2.6 0.34 
1.8 - 
1.5 0.17 
2.0 - 

12.0 - 

- - 

308 
450 
1885 
409 
377 
375 
335 
3 56 
348 
327 
390 
331 
351 
374 
375 
3 30 

329 
353 
444 
4880 

318 
565 
302 
384 

- 

258 

* USGS wells in text, maps, and other tables are hereafter referred to by the shorter designation GS. 
+ Taro-3 in text, maps, and other tables is hereafter referred to as T-3. 



TABLE 2.23. Averaged values f o r  three groups of ground water, Papago Indian 
Reservation 

GROUP I GROUP 2 GROUP 3 

TDS (mg/l) 323 

Mg/Ca ' 0.37 

CI/F ' 

Na/K 48 

Temp ("C) 28 

Gradient (OC/krn)  37 
atomic ratios 

353 

0.32 

397 

0.47 

I .7 2.9 

61 @ 
26 

@ 44 

reflect ground water moving west beneath the  Great Plain t o  jo in  the  

south-flowing water beneath San Simon Wash. 

Group I1 wells c lus t e r  Group Ia a t  o 

1s produce thermal wa 

ave low Cl/F and Mg/Ca 

ive t o  Groups I and 111. 

I: 353 f 19 mg/L versus 

320 k 35 mg/L for Group I. 

3c7 



TABLE 2.24. 

SAMPLE MEAS. 
No. T(OC1 

RATIOS OF SELECTED CHEMICAL CONSTITUENTS, CHEMICAL GEOTHERMOMETERS. 

GRADIENTS CALCULATED BY METHOD 1 (SEE TEXT) FOR 26 WELLS AT THE 
TOTAL DISSOLVED SOLIDS, TEMPERATURES, WELL DEPTHS, AND GEOTHERMAL 

PAPAGO FARMS AND SURROUNDING AREAS. 

DEPTH 
(M) 

GRAD I ENT 
( OC/KM 1 CL/F NAICA' MGJCA' NAIK~ 

GROUP I A  
T- 3 25 
GS- 1 27 
PF-3 28 
PF-6 2 1  
PF-15 30 

DW-15 25 
Dw-32 - 
DW-73 32 
DH-46 __ 30 

GROUP I 6  

- 
x =  2822.5 

91.5 
153.7 
280.8 
170.7 
91.5 

110.0 
97.9 

96.6 
- 

43.7 7.4 
39.0 8.4 
24.9 3.2. 
35. I 1.6 
46.9 2.9 

36.3 3. I 

7.5 
93.2' 11 - 5  

- 38.0' - 
- -  

37.627.8 5.723.5 

4 .8  
6.9 
6 .3  
7.8 
6.4 

28.9' 

4.0 
- 
- - 

6.021.4 

0.37 
0.42 
0 .29  
0.56 
0.18 

0.44 
0.35 
0.33 
0.63 - 

.37&.10 

48.9 
47.8 
48.7 
49 .4  
43.9 

64.0'  - 
80.6' - 

47.722.2 

49.5 58.6 258 
62.6 71 .8 308 
73.9 71.0 .330 
78.6 56.3 327 
74.8 75.5 35 1 

45.1 63.4 318 

50.9 A E . 3  302 
48.1 - 565' 

5 8 . 7  - -  384 - - 
60.2212.9 63.3210.4 323237 

GRDUP 11 
ow-2 46 
PF-1 44 
PF-2 38 
PF-7 39 
PF-8 51  

30 PFD-A 

x =  4325.3 

- - 

128.0 195.3 
218.0 105.5 
290.2 58.6 
283.5 63.5 
193.6 155.0 
120.0 141.7 - 

119.9253.9 

1.8 
1.5 

. 1.7 
1.6 

~ 1.7 
1.9 - 

1.72.14 

12.0 0.30 
12.0 0.25 
14.1 0.26 
14.1 0.41 

8.7 0.22 
19.1 0.48 

13.325.4 .322.10 

- - 

58.3 57.4 81.4 
58.3 74.8 81.4 
74.7 77.9 76.9 
45.4 82.1 77.6 
66 .1  81.3 73.3  

84.5 64.6 49.5 - - -  
61.229.8 70.5+13.7 79.224.0 

33s 
356 
348 
374 
375 
329 - 

353219 

GROUP I 1 1  
65.8 450 GS-2 25 152.4 26.2 2.6 46.2 0.19 321.3 43.5 

GS-3 25  152.4 26.2 2.8 857.5' 0.50 463.5 27.3 63.7 1885' 
GS-4 24 152.4 19.4 0.2 72.4 0.22 72.3 409 310.5 64.5 

318.7 66.7 

28 86.9 1.03 - 216.6 __ 54 .9  8 0 . 1  800.3' 7.6 

Gs-6 28 153.7 45.5 7.9 7.4 0 .15  25.9 375 
DW-30 26 78.4 63.8 1.2 33.8 0.11 160.3 95.0 77.2 353 

35.2 4880' - -  - - - -  - DW-53 

z =  2621.7 43.6224.4 2.922.9 33.5227.5 .472.36 298.52104 58.7225 56 .7 i21  397242 

MIX. 
GS-5 29 153.7 52.0 2.6 12.7 0.51 50.1  63.4 63.3 377 

OW-31 30 95.1 94.6 12.7 19.2 0.56 74.9 50.9 60.6 4 4 4  
PF-18 35' 105.0 - - - - - 
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 

- - - 

1. ATOMIC RATIOS 
2. MILLIGRAMS PER LITER 
3. ANOMALOUS CONCENTRATION, EXCLUDED FROPI MEAN-VALUE ESTfMATE 
4. TEMPERATURE AT 120 M DEPTH 

Group 111 waters exhibit fewer similarit ies  as a group than do 

Groups I and 11. 

by very high Na/K and Na/Ca ratios ,  both of which exceed Group I rat ios  

by a factor o f  f i v e  or more (Table 2 . 2 3 ) .  

These waters are nonthermal. They are distinguished 

These waters are the most 

westerly group and 

evaporite deposits 

their  chemistry appears to be strongly influenced by the 

mentioned by Hollett (1981b). 

L 

i,. 
L 
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GEOTHERMOMETRY. The chalcedony and Na-K-Ca geothermometers were 

used to estimate minimum aquifer temperatures of ground water at and 

surrounding Papago Farms (Table 2.24). There is good apparent agreement 

between the two mean geothermometer values for each group, Also the values 

are distinctive for each group. For individual wells, agreement between 

the two geothermometers is excellent for 12 wells (Table 2.25), the four. 

highest values of which are from Group I1 thermal wells, 

the next two higher values are from Papago Farms wells that are closest to 

Not surprisingly, 

TABLE 2.25. Geothermometers and measured temperatures for selected 
wells, Papago Farms and surrounding areas 

TEMPERATURE (OC) 

Well Name 9 Na-K-Ca Average* Measured 

PF-7 , 82-1 77.6 79.9 f 3.1 39.0 

PF-1 74.8 81.4 45.0 

PF-2 77.9 76.9 38.0 

PF-8 81.3 73.3 77.3 f 5.7 51.0 

PF-15 75.2 k 0.5 30.0 

72.5 f 2.1 28.0 

GS-1 27.0 

GS-2 24.0 

29.0 

30.0 

54.1 k 6.4 25.0 

DW-73 32.0 

* Average of Ti 



t he  thermal wells. The geothermometers predict  a minimum reservoir  

I temperature of about 8OoC. 
, 
I Mixing of thermal and nonthermal waters may occur at  Papago Farms. 

Water from f i v e  thermal wells shows an apparent systematic var ia t ion  i n  
, I 
I measured temperature with boron concentratio (Fig. 2.118). A temperature of 

20O0C was predicted from an analysis  of PF-7 water. This temperature i s  

un rea l i s t i ca l ly  high, and probably was caused by solut ion of amorphous 

, sil ica.  

personal commun.) which, if it contains a high percent of glass ,  could 

explain the  excess silica. 

PF-7 penetrated a 60-m th ick  volcanic sequence (Hollett ,  1980, I 

Mixing models f o r  PF-1, PF-2, and PF-8 waters 

predicted maximum temperatures of 12SoC, 142OC, and 131°C, respectively 

(Stone, 1980). 

t h a t  the  maximum probable temperature of t he  reservoir  supplying the  

hot -water component i s  about 140°C. 

The general agreement among these temperatures suggests 

GEOTHERMAL GRADIENTS. Three wells were temperature logged (Fig. 2.119) a t  

the  Papago Farms. 

i n  PF-5 and probably i n  PF-18. 

Warm water is  r i s i n g . i n  PFD-A, and water i s  descending 

I t  can be inferred from these p ro f i l e s  t ha t  

PFD-A is  located within t h e  geothermal anomaly and PF-5 i s  s i tua ted  outside 

of it. The location of PF-18 with respect t o  t h e  anomaly is less cer ta in ,  

but it may be on the  margin. The gradient measured i n  PFD-A suggests t h a t  

t h e  maximum reservoir  temperature may be encountered a t  1.5 t o  2 km depth. 

GEOPHYSICS. Based on gravi ty  modeling, Greenes (1980) showed tha t  

depth t o  bedrock beneath the  Great P la in  increases t o  the  south towards 

Mexico, and reaches a m a x i m u m  depth i n  Arizona of grea te r  than 2,700 m. 

The basin may be deeper i n  Mexico. Greenes modeled the  Papago Farms 
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basin as an asymetrical graben with a subsurface bcdrock scarp along 

the  eastern pediment edge. 

by the  strong gravi ty  gradient (Fig. 2.120), i s  due t o  faul t ing.  Geo- 

r1 
Lid 

Me suggested t h a t  t h i s  scarp, indicated 

chemical evidence, namely the  d i s t i n c t  chemical and thermal differences 

between PF-15,,PF-3, and PF-6 Group I water a t  t he  eastern edge of 

Papago Farms, and DW-2 and PF-7 Group I1 water immediately t o  the  west, 

suggests a northwest extensi  

between these two s e t s  of wells. 

u 
of t h i s  f a u l t  through Papago Farms, 

The presence of a f a u l t  o r  some other  

60 
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CONTOUR m A L  = 2 MGALS 

Ukrn 

Figure 2.120. 
and surrounding area (from Greenes, 1980). 

Second order residual Bouguer gravity map of Papago Farms 
Square outline is Papago Farms. 

structural control between these wells helps explain the observed dif- 

t 

Across the north 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 anomalous bulge in the second order residual Bouguer 

\ 

ferences in water chemistry and temperature. 

' ' *  

\ 

gravity at the north end of the Papago Farms as being the result of hydro- 

thermally cemented (and refractured?) basement rocks and (2) the fact 

that PF-7, which sits in this bulge, is the hottest well at Papago Farms 

according to the geothermometers. This postulated Eault 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 

kr 



the other wells (Hollett, 1980, personal commun.). The east margin of the 

N. 18' W. fault zone is constrained by the thermal'and chemical differences 

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 zone is somewhat arbitrary. 0 

TWERATURES. 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 available show 

an average temperature decrease of 2.2 C, with declines ranging between 

0.5 and 5.OoC for individual wells. 

prolonged irrigation pumping is inducing lateral inflow of large volumes 

of cold water into the aquifer. 

0 

A possible explanation is that 

CONCLUSIONS. Water quality from a group of anomalously warm wells 

at the north end of Papago Farms is chemically homogenous, but distinct 

from water in neighboring nonthermal wells. Geothermometers and mixing 

models predict reservoir fluid temperatures in the range of 80 to 14OoC. 

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 

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 

meteoric water is most likely responsible for the heat content of the 

water. Depth to the geothermal reservoir is uncertain, but may be as 

shallow as 1.5 to 2 km. 
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SOUTHERN PALOMAS PLAIN 

INTRODUCTION. Nearly 50 wells in the southern Palomas Plain have 
0 temperatures exceeding 35 C. 

10 to 12 wells each and three smaller groups of two to four wells each. 

Hot springs at Agua Caliente, which are now dry, are associated with one of 

These wells cluster in three major groups of 

the smaller well clusters. 

sufficiently high to be called thermal. 

geothermometers predict minimum temperatures of 70 2 2OoC. 

geothermometers that predict temperatures of 92 2 3.3 and 100 * 3.6OC. 

Many of these same wells have gradients 

Average silica and Na-K-Ca 

Two areas have 

Soil warming using warm irrigation water has been practiced for many 

years on major grape and citrus ranches in the southern Palomas Plain. 

geothermal waters present in this region could also be used for green- 

housing, space conditioning and probably aquaculture. 

The 

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. 

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. 

about 13 cm per year. 

Elevation changes from 

0 Mean annual temperature is 22 C. Average precipitation is 
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Figure 2.122. Location map of' Palomas Plain 

GEOLOGY. The Palomas Plain is surrounded by the Tank and Palomas 

Mountains on the west, the Little Horn Mountains and Clanton Hills to the 

north, and the Gila Bend Mountains on the east (Fig. 2.1 

The Gila Bend Mountains ai osed of Precambrian granite and gneiss 

. Late Cretaceous and 

crystalline rocks in 

Small outcrops of Tertiary 

the southeast end of 

e Gila Bend Mountains. 

The Palomas, Tank, and Little Horn Mountains are composed chiefly of 
I 

late Cretaceous to mid-Tertiary 

intermediate composition. Prec 

andesitic volcanic rock; Mesozoic schist and gneiss; and small outcrops of 

olcanic flows and tuffs of silicic and 

rian(?) granite; Mesozoic rhyolitic to 
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limestone, conglomerate, quartzi te ,  and shale of undetermined age form 

re l a t ive ly  minor outcrops. 

Basalt flows once covered much of the  area of the Palomas Plain, but 

Relatively large areas i n  the erosion has removed most of t h i s  material. 

eastern and northern mountain range a re  covered today by remnant basal t  

flows. Smaller remnants remain i n  the  other mountains. South of the  Gila 
, . _. 

. . .  .. . -  . 

Figure 2.123. General geology of the Palomas Plain area 
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River, basa l t s  covering the '  Sentinel volcanic f i e l d  have K-Ar  dates  as  

young as 3.0 +_ 0.1 and 1.72 + 0.46 m.y. (Aldrich and Laughlin, 1981; 

Slint'iqul l n h  and others ,  1981). 

Alluvial  f i l l  beneath the  Palomas Plain is.similar i n  character t o  

Gravel, clay,  s i l t ,  and sand t h a t  i n  other  basins of southern Arizona. 

occur as lenses of varying thickness a t  various d 

1958). Coarse sediments were generally deposited closer  t o  t h e  mountain 

f ron t s  and f ine r  material toward the  center of t he  valley.  Weist (1965) 

divided the  va l l ey - f i l l  deposits i n t o  a 60- t o  115-m-thick upper un i t  of 

mostly sand and gravel, a middle it consisting of 75 t o  230 m of fine- 

grained material, mainly clay and 

composed of coarse sand and gravel 

ness because t h e  bedrock surface o 

and a more cemented lower un i t  

e lower un i t  var ies  widely i n  thick- 

is very i r regular .  

logs f o r  only 

gran i te  (385 m). Well C-5-1 

depth of 240 m. 

C-5-10-16bbb) show termination i n  

untered volcanic sand and tuff  a t  a 

A l l  o ther  d r i l l e r s '  logs penetrate a sequence pr inc ipa l ly  

of interbedded sand and clay. 

GEOHYDROLOGY. Depth t o  water beneath the  Palomas Plain decreases from 

about 100 m below land rea t o  about 

under a r tes ian  

pressure, probably con 

A very small am0 

and southeast. Minor 

edge of t he  area south 

Dissolved-solids 

water along the  Gila River having the  grea tes t  concentrations. The water 

is generally sodium-chloride type. 
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Figure 2.124. 
southern Palomas Plain 

Averages of silica and Na-K-Ca geothermometers for the 

GEOTHEhWOMETRY. 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 103OC (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. 

peratures of approximately 92 5 3.3 and 100 5 3.6OC at these locations, 

respectively. 

meters is about 70 5 2OoC. 

The geothermometers suggest tem- 

Average background temperature predicted by the geothermo- 
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THERMAL REGlME. Three l a rge  a reas  (15 t o  23 km2) each contain 10 t o  

12  i r r i g a t i o n  wells t h a t  discharge water having temperatures between 35 and 

49OC (Fig. 2.125). Three smaller areas (5 km 2 ) each contain two t o  four  

wells t h a t  discharge 38 t o  46OC water. 

S., R. 10 W., caused Agua Cal ien te  spr ings  t o  d ry  up after t h e  wells were 

d r i l l e d  during t h e  1950s and e a r l y  1960s. 

between 36 and 46OC.. Geothermometers are i n  t h e  75 t o  85OC range. 

One of  these  smaller groups i n  T. 5 

Temperatures i n  t h i s  c l u s t e r  are 

Thermal wells are abundant i n  t h e  southern Palomas Plain, but most are 

less than 200 m deep. 

having depths between 100 and 200 m,  and wells having depths g r e a t e r  than 

200 m. 

Figure 2.126 shows thermal and nonthermal wells 

I t  can be seen t h a t  t h e  majority of thermal wells i n  T. 5 S., R. 12 

4 I 
l3S  

TANK 
MOUNTA/NS 

r(, *9 I 
9 
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T6S 

P 
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I 
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VALLEY 
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Figure 2.125. 
southern Palomas Plain 

Discharge temperatures (grea te r  than 35OC) f o r  we1 Is, 
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hydrothermal convection system in this area. 

43OC, and geothermometers predict temperatures of about 90 to 95OC. 

are less than 200 m deep, suggesting to us the presence of a very shallow 

Well temperatures are 35 to 
-1 

t 
# A second group of wells having temperatures of 35 to 49OC lies at the 

nothern end of the Hyder Valley (T. 3-4 S., R. 10-11 W.). Nearly all of 
b 

these temperatures are from shallow thermal wells. The geothermometers 

calculated from these waters predict minimum 

range of 75 to 85OC. East of this area, in 

thermal wells have water chemistry that predicts temperatures of 

approximately 100 k 3.6 C. 

temperatures and depths is lacking for these wells. 

S* '  R- 10 W*' shallow non- 

0 However additional information such as measured 

TANK MOUNTAINS 

I 

H '  

b 

Figure 2.126. Thermal (solid 1 (cross) wells, southern 
Palomas Plain. Wells greater than 200 m deep have circled symbol. 



The t h i r d  l a rge  c l u s t e r  of 1 2  wells i n  T. 5 S., R. 11 W. has water 

temperatures between 35 t o  43OC. Water chemistry i s  no t  ava i l ab le  f o r  

these  wells and only f i v e  well depths are known. 

estimated gradien ts  exceeding 45'C/km (49.0, 55.7, and 62. SoC/km), which 

makes them thermal wells. 

Three of  t hese  have 

GEOPHYSICS. The neares t  heat flow measurements t o  t h e  Palomas P la in  

are 15 t o  30 km t o  t h e  nor theas t  (74-85 and 59  mWm'2) (Sass, 1981, personal 

commun.; Shearer, 1979), and 20 t o  30 km t o  t h e  south, southwest, and west 

(all th ree  a r e  61-73 mWm'2) (Sass, 1981, personal commun.). The 59 mWm'2 

heat flow (Shearer, 1979) i s  a C q u a l i t y  ( low-re l iab i l i ty )  determination. 

Thus it seems t h e  higher values reflect t h e  regional heat f l u x  of t h i s  

area. The range of t h e  heat flows surrounding t h e  Palomas P la in  are on t h e  

low end of normal f o r  t h e  southern Basin and Range province. 

determinations are a t  a g rea t  enough d is tance  t h a t  they do not  preclude t h e  

p o s s i b i l i t y  of  high heat flo,w i n  t h e  southern Palomas Plain.  

However, t h e  

CONCLUSIONS. The coincidence of  above-normal well temperatures ( to  

about 5OoC), numerous shallow thermal wells, and moderately high geothermo- 

meters a t  d i s c r e t e  loca t ions  within t h e  southern Palomas Plain is evidence 

of severa l  shallow hydrothermal convection systems i n  t h i s  area.  

a t u r e s  up t o  75OC might be expected a t  an approximate depth of 1.6 km i n  

some of t hese  areas. 

Temper- 

The area is  thermally enhanced as a r e s u l t  o f  l i thosphere  extension 

and deep (lower c r u s t a l )  i n t rus ions  (Lachenbruch and Sass, 1978), probably 

during t h e  la te  Miocene t o  Pliocene (Basin and Range disturbance).  

t h e  geothermal systems may be driven by heat from a cooling in t rus ion  

within t h e  crust, a r e s u l t  of repeated and recent ex t rus ions  o f  b a s a l t i c  

Locally 
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b 
. I i l vas  i l r  thc Scntincl lava  ficltl to tlic south, or by forced convection of 

u ground water in a high gradient region. 

Additional geological and geophysical studies, especially heat flow 

measurements will aid in understanding and evaluating the geothermal 

anomalies in the southern Palomas Plain. 
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YUMA 

INTRODUCTION. Yuma is  loca ted  i n  t h e  extreme southwestern corner of 

Arizona, p r i n c i p a l l y  i n  t h e  Sonoran Desert and p a r t i a l l y  i n  t h e  Salton 

Trough subprovinces (Fig. 2.127). Proximity t o  t h e  more than 12 i d e n t i f i e d  

geothermal anomalies i n  t h e  Salton Trough i n  neighboring Ca l i fo rn ia  and 

Mexico makes Yuma a favorable exploration t a r g e t ,  even though su r face  

thermal f ea tu res  are unknown i n  t h i s  area. 

p o l i t i c a l  and topographic f ea tu res  of Yuma. 

Figure 2.128 shows t h e  major 
I 
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Figure 2.127. 
Arizona and t h e  Yuma area of inves t iga t ion  

Map showing physiographic provinces of southwestern 
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Figure 2.128. Physiographic ap of the Yuma area 
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EXPLANATION 

0 Qs -alluvial gravel, sand, and silt 

.: .* QTs-stream and lake deposits 
8.: . 

0 . .  TKs -sedimentary rocks 

TKi - dikes, sills, and plugs 

TKg-granitic rocks 

a Kv-rhyolictic- andesitic flows and tuffs 
4 "  

Ka-andesite 

Mrsc-schist and phyllite 

Mrgn -gneiss N 
Mzqr-granite 

Figure 2.129. Generalized geologic map of the Yuma area L 
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I P/lY.?IOGRAPHY. Yuma is  ;L region of several  d i s t i n c t  physiographic 
d 

o r  geomorphic subareas. The youngest and most notable features  are the  

Colorado River val ley along the  California-Arizona border and the  Gila 

River val ley north of Yuma. Sand dunes, r i v e r  terraces and mesas, r i v e s  

val leys ,  dissected and undissected piedmont slopes, and the  surrounding 

h i l l s  and mountains cons t i tu te  the  other major landforms. Elevations 

vary from grea te r  than 800 m t o  less than 35 m above mean sea level.  

Precipi ta t ion is  about 7.1 cni per  year. 

e pr incipal  mountain ranges surrounding Yuma are the  

Tinajas, Altas, Gila, Butler, and Laguna Mountains i n  Arizona and the  

Cargo Muchacho and Chocolate Mountains i n  California (Fig. 2.129). The 

Laguna Mountains are pr inc ipa l ly  nonmarine sedimentary rocks of Tert iary 

age. The Chocolate Mountains are composed of Tertiary volcanic rocks. 

A l l  o ther  ranges are pre-Tertiary c rys t a l l i ne  rocks, chief ly  grani te ,  

gneiss and sch i s t .  The most extensive plutoni ocks have compositions 

of quartz monzonite and grani te .  Metamorphic rocks vary from weakly 

metamorphosed volcanic and sedimentary rocks t o  strongly metamorphosed 

sch i s t  and gneiss. 

Sedimentary rocks began rtiary i n  the  basins 

underlying the  Yuma region. e s t ra t igraphic  i ts  ident i f ied by Olmsted 

and others (1973) are: 

associated volcanic rocks, (2) older  Tert iary ne sedimentary rocks, 

(3) the  Pliocene Bouse Formatio ransi t ion zone 

(1) Tert iary nonmarine sedimentary rocks and 

(facies), ( 5 )  Tertiary and Quatenary congl ate of the  Chocolate 

Mountains, ( 6 )  Pliocene and Pleistocene lluvium, (7) Quaternary 

younger alluvium, and (8) Quaternary windblown sand. 



The Tertiary nonmarine sedimentary rocks are very coarse grained i n  

many places and are s l i g h t l y  t o  moderately well indurated. The extent 

and thickness of these rocks arc iinknown i n  ninny parts  of thc YtiiiiR ziren. 

Volcanism occurred intermit tent ly  during t h e  time these nonmarine 

sedimentary rocks were being deposited. The volcanic sequence is  thickest  

i n  the Chocolate Mountains and thinner i n  the  Laguna Mountains. Oldest t o  

youngest, the  volcanic sequence consis ts  chief ly  of andesite,  intermediate 

t o  s i l i c i c  pyroclast ic  rocks, and dark basa l t i c  andesite o r  basal t .  

Radiometric dating gives ages of approximately 23 t o  26 m.y. f o r  the  

volcanic rocks. 

The older marine sedimentary rocks are moderately well indurated 

and therefore, l i k e  the  underlying uni t ,  are probably less permeable and 

porous than the  overlying uni t s .  These rocks were not encountered i n  

several  test wells below the  Bouse Formation, which suggests they are 

less extensive than the  Bouse Formation. 

The marine Bouse Formation i s  the  most important of the  lower four 

un i t s  because it is the  shallowest r e l i ab le  s t ra t igraphic  marker and 

because it was deposited p r i o r  t o  major s t r ike - s l ip  movement along the  

San Andreas f a u l t  system. 

clay and si l t  with interbedded very f i n e  t o  f i n e  sand. 

from zero t o  290 m. 

The Bouse Formation consis ts  predominantly of 

Thickness ranges 

Deposition of marine sediments d id  not cease abruptly. This is  

indicated by a t r ans i t i on  zone (facies), which represents regressive 

intertonguing of marine and nonmarine strata. 

100 m thick i n  the  southwestern pa r t  of the  Yuma area, but is missing i n  

This un i t  is  as much as 
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d 
id the northeast. 

coarser strata, which are slightly to moderately indurated. 

These rocks contain abundant clay and silt and some t 
Clasts in the conglomerate of the Chocolate Mountains are 

predominantly ash-flow tuff and welded tuff. These fragments are angular 
4 
i t and range in size from granules to boulders. Olmsted and others (1973) 

inferred from field relati hat the older p rts of the conglomerate may 

b be equivalent in age to the upper parts 'of the nonmarine sedimentary rocks, 

and the younger parts of this unit may be equivale to the older alluvium. 

The older alluvium is Pliocene- ene. It comprises slightly 

to moderately indurated fluviial and deltaic sediments deposited chiefly 

by the Colorado River. Within the Yuma area, the older alluvium is the 

most widely exposed stratigraphic unit, 

ii 
t 
L Thickness ranges up to 760 m in 

, the southwestern part of the area. 
The Quaternary younger alluvi ely of fine-grained iy 

L Colorado and Gila River deposits, alluvial-fan deposits, and wash and 

sheet-wash deposits of the most recent major depositional cycle. The 

windblown sand forms chiefly small dunes i 
I 

L 

L 
- 
i 

on Yuma Mesa. 

STRUCTURAL SETTING. Anderson and Silver (1979) recognized that one 

of the earliest tectonic events t 

major left-lateral dislocation of La 

Sonora megashear. This dis e trends generally northwest from 

the Sierra Madre Occidental onora, Mexico across the Sonoran, Colorado, 

and Mojave deserts to the southern Inyo Mountains of California. 

and Silver (1979) suggested tha 

ffected southweste 

Jurassic age, called the Mojave- 

Anderson 

700 to 800 km 



c 

! 

have occurred. 

magmatic b e l t s  of Precambrian age. 

The o f f se t  disrupted two northeast-trending orogenic and 

The Laramide orogeny, 40 t o  80 m.y.B.P., produced u p l i f t ,  extensive 

plutonism and volcanism, and intense compressive deformation. Subsequent 

tectonic  events have been superimposed on the  Mojave-Sonora megashear and 

Laramide s t ructures .  

fau l t ing ,  mountain u p l i f t ,  and basin subsidence have affected the  Yuma area 

i s  unclear, however. 

tectonics  played a more important r o l e  i n  the  Yuma area than di,d Basin and 

The extent t o  which younger Basin and Range block 

Eberly and Stanley (1978) s ta ted  t h a t  Salton Trough 

Range tectonics.  

The Salton Trough-Gulf of California system west of Yuma i s  

interpreted as a complex, t rans i t iona l  p l a t e  boundary t h a t  takes up 

stress created by two different  tectonic  regimes: 

Pacif ic  Rise and transform motion along the  San Andreas f a u l t  system as 

spreading a t  the East 
\ 

bl 

b 

the  Pacific p l a t e  moves northwestward. 

the  Gulf of California-Salton Trough system i s  an ac t ive ly  growing rift. 

The Salton Trough i tself  i s  a deep sediment-filled s t ruc tura l  

As a re su l t  of continuing motion, 

c depression created by block faul t ing followed by subsidence and d e l t a i c  

deposition from t h e  Colorado River. The trough is the  landward extension 

of the Gulf of California. 

forms a low divide between Imperial Valley t o  the  north, i n  California,  and 

The present apex of t he  Colorado River d e l t a  

Mexicali Valley t o  the  south, chiefly i n  Mexico. These two valleys contain 

the geothermal anomalies t h a t  have been ident i f ied  within the  Salton 

Trough. 

f 
u 
t ’  
L The subsurface i n  the  Yuma region comprises several deep basins 

separated by fault-bounded bedrock highs (Fig. 2.130). Maximum depth t o  
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una basin i s  4,900 m; i n  t h e  t h e  San Luis basin, depth 

t o  basement i s  4,100 m; and i n  t h e  Yuma trough, it is  1,100 m (Olmsted, 

1979, wr i t t en  commun.). d The major f a u l t  through t h e  area i s  t h e  

33O 

45' 

30' 

52O15' 

Figure 2.130. 
mate maximum 
f a u l t .  

Map showing deep basins and bedrock highs, with approxi- 
p ths  t o  c r y s t a l l i n e  rock. l s o  shown i s  t h e  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). 

the Yuma area are shorter en echelon faults that parallel the Algodones 

fault, and the more north-northwest-trending range-bounding faults of the 

Laguna, Gila, and Tinajas Altas mountain chain. 

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. 

Other faults through 
I 8 

\ A number of the subsurface 
i 

The principal source of all shallow ground water and 

ground-water recharge in the Yuma area is the Colorado River. 

sub-areas receive significant recharge from the Gila River. 

years upstream dams, large-scale pumping from drainage and irrigation 

Smaller 

In recent 

wells, and applications of irrigation waters have created 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 crystalline basement 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 quantities 

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 to 15,000 

micromhos (approximately equivalent to 9,000 mg/L TDS) from most parts of 

these lower deposits. In the north-northeast part of Yuma, the abundant 
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4I clay and s i l t  of the  Bouse Formation form an aquiclude between the 

underlying nonmarine sedimentary rocks and the  overlying deposits t h a t  make L 

L 
L 

up the main par t  of the  ground-water reservoir.  

electrical soundings (Mattick and others,  1973) indicate  tha t  the Bouse 

Formation has a very low average r e s i s t i v i t y  of 3 ohm-m and the older  

Electr ic  log data and 

, marine sedimentary rocks have an average r e s i s t i v i t y  of 8 ohm-m. 

general, they interpreted the  e l ec t r i ca l  data i n  terms of formation 

coarseness, degree of cem 

the poss ib i l i t y  of hot wa 

In 

ai 
/ 

L 
Y 

of the  Yuma area show northwest trends,  which are typical  of the Basin and 
t 

Range province and the  S 

deep basins and gravi ty  highs, the  near-surface o r  surface exposures of 

bedrock. 

seen i n  the gravity,  magnetics, and f a u l t  traces. Sass and others (1971) 

published two heat flow measurements 

Gravity lows generally reflect the 

L; 
u 
' I  87.8 mWm-2 (Fig. 2.133). Shearer (19 

Lineaments (Lepley, 1978) have the  same northwest trend tha t  is 

southern Yuma area, but wa 
tu 

cli ents  (Sass and others,  

f i l l e d  basins of t he  1971; Shearer, 1979) were m e  
I 

u same depositional environments. Th 

conductivit ies measured by Sass and 

the gradients measured by Sh 

Luis basins t o  estimate heat 

b 
i 
t 

iu 



1 

Figure 2.132. Upward-continued 
composite aeromagnetic map of 
the Ywna area (from Aiken and 
others, 1980). Contour interval 
is 25 gammas. Lineaments from 
Lepley, 1978. 
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\ 
TABLE 2-27. Heat flow estimates 

\ 

Figure 2.133. Heat flow (mWm-*) 
in the Yuma area. Circles 
are measured heat flow (Sass 
and others, 1971; triangles are 
estimated heat flow (Stone, 
1981). . 

for southern Yuma area 

0 '  Well Names and Thepal Grad. Thermal Cond. Heat Flow 
Location C/km W/mk Range mWmo2 

Exxon Federal #1 2.09 to 2.34 81.5 to 91.3 
C-11-24-8ac 

CH-28 YM 2.09 to 2.34 85.7 to 95.9 
C - 13 -2 0- 12ab 

u 
u 
hl 

( '  

from Shearer (1979) from Sass and others (1971) 

u 
i heat flows published by S others (1971) -. ggest that Yuma 

e range of these e values compares favorably with the two 

is an area of normal Basi 

measurements occ 

geothermal anomaly occur 

ge heat flow, er, since all of the 

of the area, the possibility of a 

Li 
i 

Li i 

kd Olmsted and others sured water tempera 

gravel zone and identifie 

of which is in th 

most of the warm anomalies to warm water rising 'along faults where the 

faults act as ground-water barriers, but several anomalies they attributed 
i 
* A  
b 
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32O3C 

Figure 2.134. 
1973 (shaded areas) and geothermal gradient anomaly of Stone, 1981. 
Contour interval is 80°C/km. 

to the effects of alluvium that is less transmissive than alluvium in 

surrounding areas. 

warm anomalies may reflect hot zones in pre-Tertiary crystalline rocks. 

Such areas are good geothermal exploration targets. 

Map showing warm-water anomalies of Olmsted and others, 

These investigators further suggested that some of the 

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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t 
temperature-depth prof i les .  The gradient anomaly is  in  the area of a 

fault-controlled warm anomaly ident i f ied  by Olmsted and others (1973). bd 

t '  ' 

L i  GEOCHEMISTRY. Yuma is a long-standing agricul turol  community. 

Large volumes of surface (river) and ground water are applied annually 
I 1  

I '  

ii 
I '  

t o  i r r i g a t e  crops. 

water mound t h a t  require  

Pumping has the  desired effect of lowering the  water tab le  by causing 

downward leakage of water from the  upper, fine-grained zone in to  the  

Such i r r iga t ion  has created an a r t i f i c i a l  ground- 

pumping from numerous drainage wells t o  reduce. 

coarse-gravel zone. 

One r e s u l t  of such large-scale pumping from wells and heavy 

t l  applicafions of i r r iga t ion  water has 

natural  qua l i ty  of ground 

. and of d i f f e ren t  chemical compositions. 

h i s t o r i c  times an a r t i f ic ia l  water chemistry t h a t  could e f fec t ive ly  mask 

thermal water leaking from a deep geothermal reservoir.  

processes tha t  r e s u l t  from i r r iga t ion  pract ices  a l so  change the chemical 

n t o  substant ia l ly  a l t e r  the  

y mixing waters from di f fe ren t  sources Id 

id 
t The mixing has created i n  

u 
1 composition of ground wat are: (1) concentration by 

iJ evaporation and evapotran rat ion;  (2) softening by ion exchange; 

Additional 

(3) sulfate reduction; (4) carbonate precipi ta t ion;  (5) dissolution of ' 

salts; and (6 )  oxidation of dissolved organic substances. Thus the  

chemical geoth t been useful i n  detecting thermal water 

on is  exemplified by looking at con- L i n  t h e  Yuma area.  

I 1  centrations'of s i  a t e r  i n  t h i s  area. S i l i c a  contents of 
hr 

with a standard 

I 
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CONCLUSIONS. The Yuma area is a favorable target for geothermal 

exploration. 

the Gulf of California-Salton Trough tectonic regime , which has nherous 
associated geothermal anomalies in neighboring California and Mexico. 

The area is proximate to and probably actively invo 
3 .  

It seems likely that as a result of the nearby, active rifting in the 

Salton-Trough-Gulf of California, the pre-Tertiary basement rocks in the 

Yuma area may have a high degree of fracture permeability, 

potential geothermal reservoirs. 

Zones of anomalously warm water and a geothermal-gradient anomaly 

along northwest-trending faults suggest the occurrence of hydrotherma \ 

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 

area are normal for the Basin and Range province. 
enough, however, that high heat-flow anomalies existing locally within 

the central region would not be detected by the few measurements that are 

available. 

The area is large 

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 
I '  
L 

PHYSIOGRAPHY. The Mohave section (Hayes, 1969) of the Basin and Range 

1 :  ludes tha t  par t  of Arizona tha t  is north of the B i l l  Williams 

ia  Rivers and west of the Colorado Plateau (Fig. 2.135). The 
Li 

boundary between the Mohave section and the  Colorado Plateau i s  somewhat 

1; 

i 

Li 

arb i t ra ry  within a t rans i t ion  zone tha t  has character is t ics  of both areas. 

Most of t h i s  t rans i t ion  zone has a greater a f f in i ty  t o  the  Basin and Range 

province than it does t o  the Plateau because it has incurred Late Cretaceous 

, t o  ear ly  Tertiary and mid-Tertiar 

C l i f f s  and Music Mountains separate the  Plateau and the  Mohave section, 
I 

the  Aquarius Mountains toward Prescott and the Chino Valley. 

In a general, the  Mohave section resembles the Mexican Highland sec- 

similar.  

Basin. However , 
In fact, Fenneman (1931) placed northwest Arizona i n  the Great 

between the  Mohave section and the Great Basin and the Mexican Highland 
clr 

Id and Black Mountains are 

hey range mostly between 

Inter-  

F I  

between 32 and 112 

1,219 and 2,134 m i n  elevation and have 305 t o  1,372 m of r e l i e f .  

'1) vening basins such as  the Hualapai Valley, Big Sandy Valley, Detr i ta l  t ; !  
lb 



Valley, and the Sacramento Valley a re  between 16 and 24 km wide. 

external and in te rna l  drainage is  observed i n  these valleys.  

Both 

Elevations 

of valley f loors  range between 610 and 1,219 m, except i n  western valleys 

where t h e  through-f lowing Colorado River- has eroded the  surface down t o  

.457 m elevation o r  less .  

GEOLOGY. Prior t o  mid-Tertiary volcanism and plutonism, the  Mohave 

section was s t ruc tura l ly  high. 

the en t i r e  Paleozoic and Mesozoic s t ra t igraphic  sequence, except i n  areas 

north of the  Colorado River. 

nantly Precambrian grani t ic  t o  granodiorit ic gneiss, which intrudes high 

grade metavolcanic rocks (Fig- 2.136). 

m.y. old (Kessler, 1976), comprise the  bulk of the  Cerbat and Hualapai 

Mountains and they underlie Tert iary volcanic flows i n  the  Black Mountains 

and Aquarius Mountains. A few widely scat tered grani te  stocks and batho- 

I t  incurred deep erosion, which removed 

Precambrian basement consis ts  of predomi- 

These gneisses, approximately 1,800 

l i t h s ,  such as the  Lawler Peak Granite a t  Bagdad and the  Hualapai Granite 

south of Kingman, intrude the gneisses. These grani tes  have large ortho- 

clase phenocrysts and they belong t o  the  1,400 m.y. Oracle and Ruin 

Granite s u i t e  of southern Arizona. 

dikes intrude the granite,  gneiss, and older metamorphic rocks. 

Simple pegmatite dikes and diabase 

Precambrian rocks i n  the  central  Cerbat Mountains (near Chloride) 

were intruded by Laramide age plutons tha t  are associated with copper 

mineralization. No Laramide (Late Cretaceous t o  ear ly  Tertiary) volcanic 

flows a r e  def in i te ly  known i n  t h i s  region. The oldest  r e l i ab ly  dated 

volcanic rocks a r e  less than 25 m.y. old and r e s t  nonconformably upon 

Precambrian basement, Laramide intrusive rocks, o r  on th in ,  older Tert iary 

arkosic sediments. 
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Even though many ranges expose predominantly Precambrian rocks, 

mid-to late-Tertiary volcanic rocks probably covered most of t he  Mohave 

section pr ior  t o  Basin and Range faul t ing.  However, intervening basins 

probably preserve the  volcanic rocks beneath basin-f i l l ing sediments. 

Several d i s t i nc t  eruptive centers were act ive a t  various times during 

They are delineated on the  bas i s  of'composition the mid t o  late-Tertiary.  

and s t y l e  of eruption, l o  t ion,  and age (Fig. 2.136). The Eldorado 

(Anderson and others, 1971) and the  Oatman (Thorson, 1971) centers are 

found i n  the Colorado River-Lake Mead area; the  Fort Rock, Black Mesa, 

Aquarius Mountains, and Mohon Mountains centers (Goff and others, 1979) 

are found on the  eastern margin of the  Mohave section. 

eruptive center, the Kaiser Spring-Elephant Mountain volcanic f i e l d  occurs 

south of t he  Big Sandy Valley (Moyer, 1982). 

An additional 

The Eldorado ( 1 9 ' t o  14 m.y.) and the  Oatman (>23 t o  4 0  m.y.) volcanic 

centers a re  characterized by thick p i l e s  (>3 km) of intermediate and 

s i l i c i c  rocks, which a re  intruded by coeval epizonal plutons (Anderson and 

others, 1971; Thorson, 1971). Volcano-tectonic subsidence and resurgence 

is  indicated by these igneous rocks and interbedded c l a s t i c  sediments. 

Older volcanic rocks, intruded by a 22.6 m.y. old stock a t  Oatman, record 

the formation of a resurgent cauldron (Thorson, 1971). A d i s t inc t ive  and 

regionally widespread s t ra t igraphic  marker horizon, the Peach Springs Tuff 

(17 m.y.) may have erupted from another as yet unidentified cauldron i n  

the  Eldorado volcanic complex (Young and Brennan, 1974). These thick 

volcanic p i l e s  adjacent t o  the Colorado River were disrupted and rotated 

by widespread listric normal fau l t s .  Rotated and faul ted mid t o  late- 

Tert iary volcanic rocks (>14.4 m.y.) a r e  angularly unconformably capped 
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L 
by scattered untilted basaltic flows (44.6 m.y.) (Anderson and others, f l  (,4 . 

hi 

! -  
L 

1971 .) 

Predominantly basaltic rocks overlie Precambrian rocks on thin arkosic 

sediments in the transitional zone between he Mohave section and the 

Colorado Plateau. Until recently, it was not recognized that basaltic 

volcanism had been accompanied by eruptions of silicic to intermediate 

t l  
b 

i i  
b 

rocks. 

The Fort Rock volcanic field (24 to 17 cl.y.) consists of alkali basalt, 

latite, and rhyolite, which are overlain by the Peach Springs Tuff (Goff 

and others, 1979). The Aquarius Mountains volcanic center (18.2 to 17 m.y.) 

consists of rhyolitic air fall tuff, non-welded ash flows, and rhyolite i [  
Y 

flows (Goff and others, 1979). The rhyolitic Java flows are confined to 
(I -1 
Li the vent area. Black Mesa volcanics, andesite and dacite flows, overlie 

the Peach Springs Tuff. he andesite flows is 13.2 m.y. old (Goff c hers, 1979). The Mohon ain basalts may be as young as 7 to 8 

- 
m.y. (Goff and others, 1979). I he Kaiser Spring-Elephant Mountain area, 

, Shafiqullah and others L 
i 

ro Creek. The Kaiser Spring- Id 
tain field ha erous silicic domes, which are partially 

ws (Moyer, 1982). These volcanic rocks 

I 

the Lake Mead 

calated in the Muddy 

I i  

id 
,- 
‘ 1  

High angle.norma1 faulting (Basin and Range tectonism) created the 

1 -2 
4 

present-day first order structure and physiography. Graben structures, 



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. 

rocks. 

which consists predominantly of lacustrine green and brown mudstone inter- 

bedded with zeolitic tuffs, has these relationships with pre-Basin and 

They sometimes nonconformably rest upon Precambrian 

In the Big Sandy Valley, the basin filling Big Sandy Formation, 

Range rocks (Sheppard and Gude, 1972; Worley, 1979). 'r 

THERMAL REGIME. Seventeen widely scattered heat flow measurements are 

reported in the Mohave section (Shearer and Reiter, 1981; Sass, personal 

commun., 1981). With the exception of two measurements on the west side of 

the Big Sandy Valley and a single value east of Detrital Valley, these heat 
I flow measurements have values typical of the southern Basin and Range prov- 

ince; they vary between 65 and 95 mIVm-*. 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 regional 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 depth (<lOkm) to the Curie point (about 
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500°C) (Byerly-and Sto l t ,  1977). 

magnetotelluric (MT) data indicate a shallow e lec t r ica l ly  conductive zone 

beneath the  Aquarius Mountains region, which they interpreted as caused 

by high temperatures a t  re la t ive ly  shallow depths i n  the crust .  These 

Aiken and Ander (1980) reported tha t  

geophysical data may indicate a geothermal gradient exceeding 4SoC/km in  

granite. 

GEOHYDROLOGY. In  general, ground-water flow i n  t h i s  region m i m i c s  

Ground water i n  the  Hualapai Valley is  275 m deep near the topography. 

i t s  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 Lalce Mead. In the Sacramento Valley, ground- 

is toward‘ the basin discharge out le t  south of Yucca between 

the  Black and Mohave Mountains. 

l e s s  than 90 m deep south of Yucca but it is over 300 m deep at  the north 

end of the valley (Gill 

Big Sandy Rive 

deep, while away from the  r ive r  at  the  north en 

The Sacramento Valley water tab le  i s  

Valley, ground water% less than 1 

the the water 

below the surface (Davidson, 1973). 

WAIPER. Kaiser 

Canyon Warm Spring discharge thermal water i n  the Big Sandy River drainage 

area (Fig. 2.137). 

breccia zone s t r ik ing  N. 45’ W. 
i t i c  derlying the flows and flow breccias of the Kaiser 

Spring-Elephant Head volc 

Hot Spring is a sodium bicarbonat 

0 Kaiser Hot Spring, 37 C, discharges from a 25-m-wide 

The breccia zone is i n  Precambrian gran- 

(7.0 mg/L) and relat ively low TDS (Less than 1,000 mg/L) (Goff, 1979). 
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Figure 2.137. 
and Range province, northwestern Arizona 

Thermal wells and springs in the Mohave section, Basin 
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The magnesium-corrected Na-K--Ca geothermomet er is  121OC for  Kaiser Hot 

Spring, while t h e  quartz geothermometer is 100°C. 

Cof er Hot Springs, t o  36OC, discharges from clastic sediments i n  

Cofer Hot Spring is  a sodium the  Big Sand 

chloride-sulfate water whose TDS i s  less than 1,200 mg/L (Swanberg and 

l l e y  southeast of Wikieup. 

others,  1977; Davidson, 1973). The quartz geothermometer is l lO°C f o r  

Cofer Hot Spring, while the  magnesium-corrected Na-K-Ca geothermometer i s  

38OC (Swanberg and others,  1977; Goff, 1979). 

Tom Brown Canyon Warm Spring (28OC) discharges from clastic sediments 

on the  east s ide  of the  Big Sandy Valley. 

chloride water with a TDS of 1,580 mg/L (Swanberg and others, 1977). 

t he  quartz and 

reservoir  temp (Goff, 1979; Swanberg 

This spring is  a sodium 

Both 

Several thermal nto Valley. Near 

Yucca, well B from a depth of 306 m. 

hemal  well i n  T. 17 N. ,  

R. 18 W., sec d a TDS of 284 mg/L. 

t well 395 m discharges sodium chloride, 44.5OC, 

wells, greater  than 

Cerbat Mountains (Goff, 1979). Two of these wells i n  the  northern 
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Sacramento Valley penetrate basin-f i l l ing c l a s t i c  sediments and discharge 

36 t o  37OC calcium-magnesium bicarbon a t e r  (Goff ,- 1979) . 
Bottom hole temperatures of deep test wells i n  the northern Hualapai 

Valley north of Kinpan have temperatures exceeding 45OC. Well B-26-16-22c, 

d r i l l ed  t o  1,828 m i n  the Red Lake s a l t  deposit, has a bottom hole tempera- 

tu re  of 76OC (Giardina and Conley, 1978). 

McKay (1981) discussed thermal springs, which occur on both s ides  of 

the Colorado River i n  the Black Canyon below Hoover Dam. 

springs occur on the west side of the canyon i n  Nevada; however, three 

springs were studied on the Arizona s ide of the canyon. These springs 

have an estimated composite flow r a t e  of 70 L/sec with individual spring 

discharges ranging from 2 t o  14 L/sec. Temperatures of the springs tha t  

are  in  Arizona range from 32 t o  58 C. 

3,600 mg/L. 

f au l t s  and fractures i n  mid-Tertiary volcanic rocks, which comprise the 

Black Canyon. 

tha t  mixing of waters from different  source areas occurs (McKay, 1981). 

Most of these 

0 They have TDS between 1,285 and 

Individual springs discharge sodium chloride water from 

Wide variations i n  chemistry among these springs indicate 

/ 

CONCLUSIONS. Interpretation of several s e t s  of diverse geophysical 

data suggests a posit ive thermal anomaly in  the crust i n  the Aquarius 

and Mohon Mountains area. 

in t h i s  area, which might indicate high temperatures o r  magma at shallow 

depth in  the crust, the  Los Alamos National Laboratory has been evaluating 

While no Quaternary volcanic rocks are known 

I 

the  area as a potential  hot dry rock (HDR) geothermal s i t e  based upon the  

geophysical inference of high crustal heat. 

s c i en t i s t s  indicate tha t  no high temperature convection systems exist in  

the Mohave region; rather,  several widely 

To date, studies by Los Alamos 

at tered low t o  intermediate 

b 

I: 
b 

I, 

L 
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0 temperature systems (<120 C) occur. These systems are probably the result 

of forced convective flows of meteoric water to sufficient depth to be 

heated by the regional geothermal gradient. The chemical quality of these 

thermal waters is good, making them suitable for direct-heat applications. 

Temperature gradients exceeding 37OC/km are possible in the Aquarius- 

Mohon Mountains region (Goff and others, 1979). 

deep (>4 km) hot dry rock geothermal potential. 

Thus, this area may have 

Thermal waters in the Black Canyon below Hoover Dam are probably not 

suitable for development due to the rugged topography and isolation from 

potential users. 
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RESIDUAL TEMPERATURE MAP 

The Geothermal Group measured temperatures in more than 100 drill 

holes in Arizona over a four-year period. 

existing water wells and mineral tests, using a’thermistor probe with an 

accuracy of f 0.001 C. 

of obtaining gradient or heat flow information. 

areas where groups of wells were measured. Table 3.1 .lists by area all 

well locations, well names, and the abbreviated well designations, which 

are used on the temperature-depth profiles. 

individual areas and wells can be found in Goldstone and Stone (1982). 

Most measurements were made in 

0 Thirteen holes were drilled solely for the purpose 

Figure 3.1 shows all the 

Data tables and profiles for 

The idea of making a temperature gradient map of the State of Arizona 

was rejected because of the obvious errors inherent in comparing gradients 

over a region as hydrologically and geologically varied as Arizona. 

depths vary from a few tens to several hundred meters. 

Well 

Some thermal 



Figure 3.1. Areas for 
which measured temper- 
ature logs are avail- 
able 

TABLE 3.1. Names of areas shown in Figure 3.1 for which measured temperature 
logs are available 

Area Name Area No. Area Name Area No. 

1 Colorado .Plateau 

2 Concho-St. Johns 

3 McNary-Pinetop 

4 Springerville-St. 

5 Alpine-Springerville 

6 Clifton 

7 6 8  Safford 

Johns 

11 Avra Valley 

12 Silver Bell 

13 Papa40 Indian 
Reservation 

Gila Bend-Hyder 14 

Montezuma Castle 15 

Globe-Miami 16 

17 Scottsdale 

Hassayampa 

Date Creek 

18 

19 

9 Willcox 

10 Tucson 
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Figure 3.2. Residual temperature nap of Arizona. Crosses represent 
data points. 
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Figure 3.3 .  Temperature- 
depth profile showing 
excessive ground-water 
disturbance 

I ~ i g u ~ v  3 . S .  Tcmpcrature- 
Jept11 Iwof i I C  showing slight 
Iiy~Iro I ofi i c d i sturhance due to 
grotin11 rmt cr moving down the 
Iwrclio1c. The temperature 
prcd i c t  cd bv the straight 
I iiic is 2.2'C greater than 
t i i t -  nicnsurccl temperature at 
I O 0  111. 

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. 
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In constructing the  Residual Temper re Map, we applied cer ta in  

in te rpre t ive  procedures t o  the  data  set  t o  help eliminate some of the 

problems associated with thermal gradients. 

cussed below. 

These procedures are dis-  

While our method was not rigorous, the  corrections and 

adjustments were consistently and careful ly  applied. 

in te rpre ta t ion  w a s  guided by knowledge of local  geologic o r  hydrologic 

In some areas f i n a l  

r -  I !  conditions. 
Y 

The first in t e rp re t iv  procedure wa o eliminate a l l  wells t h a t  

showed excessive grwnd-w, r disturbance (Fig. 3.3). An accurate 

formation temperature a t  any depth is  pearly impossible t o  ascer ta in  

under such highly disturbed c 

showed only s l i g h t  hydrolo 

l i ne .  If ex t rapola t i  rface approximated the 

loca l  MAT, the  temperature predicted by the  s t r a igh t  l i n e  ra ther  than 

the  measured temperatu at  100 m was us . This procedure increased 

re-depth p ro f i l e s  t h a t  

ted by a s t r a igh t  Q 

I; 
I2 the  temperature f o r  ecreased it f o r  others, depending on 

6 whether water 

Temperature corrections 
A 

2.O0C. Id 
The second proc r 

b depth. Use of t h i s  

may occur a t  sh 

maximized the  

because proportionately fewer wells are avai lable  with increasingly 

grea te r  depths. 

- 
1 '  
h. 

. 
t 

hJ 
The major drawback of t h i s  procedure involves loss of 
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valuable information from deeper than 100 m. 

between presenting a standardized map based on a large number of sites 

and making a possibly inval id  comparison between shallow and deep wells. 

The t rade off  here is 
- 

Third, t he  local  MAT was subtracted from the  100-m temperatures i n  

order t o  correct somewhat f o r  hole elevation and la t i tude .  Latitude 

within the  state changes by 6 degrees; elevation changes by 2,000 m o r  

more. 

(e.g. albedo, thermal i n e r t i a )  are anomalous, the  MAT generally is two 

o r  three degrees lower than the  less-well-known mean ground surface 

temperature, which a l so  decreases with increasing elevation and in- 

creasing la t i tude .  

interpreted as a thermal gradient,  but w e  p refer  t o  avoid t h a t  term. 

Except i n  areas where near-surface heat t ransfer  charac te r i s t ics  

This correction produced a llnumberfl that could be 

Finally,  since rock thermal conductivity, which depends chief ly  on 

mineral-content and porosity, has a major effect upon thermal gradient 

and heat flow, the  number thus far derived from temperature measurements 

i n  unconsolidated sedimentary rocks could not val idly be compared with 

those derived from temperature measurements i n  c rys ta l l ine  rocks. A 

f i n a l  correction was made t o  the  numbers from sedimentary rocks (Ns) i n  

order t o  normalize them t o  those from c rys t a l l i ne  rocks (Nc). The 

correction was Nc = N s  x Ks/Kc, where Ks and Kc are average thermal 

conductivit ies f o r  sedimentary and c rys t a l l i ne  rocks, respectively. In 

Arizona, bas in - f i l l  sediments have an average conductivity about one 

half  t h a t  of c rys t a l l i ne  rocks (Sass, 1982, personal commun.), so t h a t  

our value f o r  Ks/Kc was 0.5. 

sol idated and unconsolidated sedimentary rocks as the  la t te r  are usually 

No d is t inc t ion  was made between con- 
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quite porous in the upper 100 m. The few measurements made in volcanic 

rocks were corrected anner as the sedimentary numbers. No 

correction was applied to\Col Plateau measurements because average 

measured conductivities for t ear-surface sedimentary formations 

are roughly equivalent to those of crystalline rocks (Bodell and Chapman, 

1982; Sass and others, 1982, in prep.). 

The re'sulting 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-cen and northeastern Arizona. In other 

areas coverage varies from sp $0 excellent, 

Incorporating the procedures ou map provides a rough 

picture of the sha 

modified to varying 

local hydrologic processes. 

worth mentioning. 

onductive thermal regime of Arizona, 

fferent locations by both regional and 

Several prominent features on the map are 

(1) Three residual-temperature zones exhibiting a pronounced north- 

(2) The thermal to warmer residual 

temperature zones cross the Transition Zone. ' 
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Other distinctive features include the large, anomalously low 

slightly southeast of the San Francisco volcanic field, and the elongate 

negative anomal? farther west, along 

These areas probably represent zones 

The smaller anomalies chiefly in the southern part of the state, are most 

erbat and Hualap 

gh permeability and recharge. 

likely a result of ground-water convection. Numerous other such anomalies 

must exist in Arizona, but sparse data in many areas preclude their 

detection at this time. 

Superimposing major lineaments and discontinuities on the Residual 

Temperature Map (Fig. 3.6) allows us to make additional observations. 

Three small positive anomalies in southeastern Arizona fall along the 

Morenci lineament. 

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 

High heat flow and open vertical fracture perme- 

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. 

Arizona falls along the Jemez lineament. 

The positive anomaly in east-central 

Two major deflections in the generally north-south residual- 

temperature zones parallel segments of the northeast-trending Jemez 

lineament and an extension of the northwest-trending Silverbell-Bisbee 

discontinuity. 

or it may somehow reflect major crustal inhomogenieties. 

The parallelism of these features may be coincidental 
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Historical epicenters (1830 to 1980) and preliminary seismic source 

regions in Arizona (Fig. 3.7) (DuBois and others, 1981) also correlate 

well with the Residual Temperature Map. 

temperatures roughly coincide with areas of active historical seismicity, 

Areas having cool residual 

and areas with the warmest residual temperatures approximate seismically 

quiet zones. 

Figure 3.7. Map showing historical 
earthquake epicenters (1890-1980) and 
preliminary seismic source regions 
(from DuBois and others, 1981) 
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' r i iEmmL SPRINGS IN ARIZONA 

INTRODUCTION.  Hot springs have long held man's interest. During 

cold spells early man probably took advantage of the warmth offered by 

these springs. 

pains and for relaxation. 

waters are used to heat build 

Today, hot springs are used to soothe human aches and 

In a few areas of the world, thermal spring 

s and greenhouses. 

Geologists are very interested in thermal springs. In fact, many 

early hypotheses about the formation of hydrothermal mineral deposits 

and the nature of geothermal systems arose from studies of the temper- 

ature, chemistry, and geologic setting of hot springs. 

studies continue and are contributing to man's knowledge of the earth 

and its geothermal resources. 

Today, similar 

O R I G I N .  Thermal springs originate from a combination'of special 

geologic conditions that are basic to any geothermal system. 

components must exist and function in concert before a thermal spring 

system can occur. The special elements are: (1) a heat source; (2) a 

circulation framework or storage reservoir; (3) a recharge source; and 

(4) a discharge mechanism. 

because it alone separates thermal springs from all others. 

These 

The most basic element is the heat source 

Natural conductive flow of heat from the earth's mantle and radio- 

genic heat produced in the crust are the major heat sources for Arizona 

thermal springs. Igneous heat (heat from hot rocks or magma) sources 

are important in many areas such as Yellowstone 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 

circulating t ce with the normal regional 

temperature gradient. Deeply circul g water gathers and trans- 

ports heat, a process called convection. Convection can result from 

i 

eat depths in accor 

buoyant (internally induced) 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. 

convection frequently h 

Convection can als 

Thermal springs associated with predominantly free 

s heat source. 

y pressure that is externally 

convection can occur where 

is significantly the water table in 

higher than the wat e area. Flow is forced 

by maintaining hydr 

to the recharge end 

ontinual addition of water 

th of flow is controlled 

morphology, and dimen- 

tems are commonly used to 

S .  The simplest system is 

del (Donaldson, 1982; owell, 1975). In this case a 

synclinal fold of high permeability strata or a U-shaped arrangement 

lane pr aching conduit; 

which connects a recharge area at higher elevation with a discharge 

area at lower elevation (Fig. 3.8)  . Flow is induced both by 
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Figure 3.8. Pipe model 
for forced convection 
thermal spring system 

HEAT SOURCE 

hydraulic pressure and by density contrasts (buoyancy) between denser 

cold water in the recharge limb and less dense hot water in the discharge 

conduit. 

The other forced convection system occurs in a porous medium in a 

regional ground-water flow system. Domenico and Palciauskas (1973) modeled 

the temperature perturbation resulting from a simple regional ground- 

water flow system in a basin with homogeneous geology (Fig. 3.9). Their 

studies illustrate that forced convection arising from regional ground- 

water flow is capable of creating significant geothermal anomalies, even 

when rock permeability is low. 

Freeze and Witherspoon (1966, 1967, 1968) and Toth (1962) mathemati- 

cally modeled the affects of topography and geologic heterogeniety on a 

regiona1,ground-water flow system. Toth (1962) showed that a flow 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 topography in his model. 

and Witherspoon (1967) showed that flow patterns become almost recti- 

linear where rocks with high-permeability contrasts exist. 

Freeze 

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- 
ruct this model. Part (a) 
ows temperature gradient. A 
OC/km is a normal undisturbed 

temperature gradient, Part (b) 
shows temperatureodistribution. 
Isotherms are in C. (From 
Morgan and others, 1981.) Horizontal Lhstance 

vertical dimensions are ratios of regional flow-system 
lengths. (From Freeze and Witherspoon, 1967.) 
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Figure 3.11. 
and regional ground-water patterns. 
eability (units unspecified). 
regional flow-system lengths. 
spoon, 1967.) 

Diagrams showing the influence of geology 
K is hydraulic perm- 

Dimensions are ratios of 
(From Freeze and Wither- 

permeable rocks have horizontal flow, while low permeability rocks have 

vertical flow (Fig. 3.11). 

trasts in permeability and topographic (water table) variations within a 

Geologic heterogeneity and resulting con- 

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 forced convection are 

controlled not only by the depth of water flow and the regional temperature 

gradient; their temperatures are also regulated by the water flow rate. 

Turcotte and Schubert (1982) showed that a particular moderate flow rate 

through the pipe-model system maximizes the spring temperature, which is 
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42 about one-half the wall-rock temperature at the base of the system. 

Where water flow rate is Qery 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. 

very rapid flow, there is less heat transfer, the water at the base of 

the system being heated only slightly, and the spring discharge temper- 

ature is again only moderately warmer than,when it entered the system. 

L 
Ib 

With 

' b' 

L REGIONAL SETTING. Figure 3.12 shows Arizona thermal spring. Their 

numbers refer to numbered spr le 3.2. On a regional scale, 

lp Arizona thermal springs are controlled by ambiguous crustal inhomogeneity 

and structure (Fig. 3.131, represented by aeromagnetic linears. They 

occur where topographic relief 

relatively large exposures of crystalline basement rocks. Thirty-five 

11 
Most of this belt, which includes Kingman, Prescott, Globe, Safford, and 

Morenci,.coincides with the Transiti 

istics of both the Colorado Plateau 

ever, this zone roperties of ts own, such as ubiqui- 
li 
1 

e 
L 
L 

tous exposures of 

generally rugged, 

i of the Transition 

large deep canyons, and 

Most of the northern boundary 

carpment, which is as much as 700 m high. 

Two thermal sprin in southwest Arizo formerly existed near the 

northeast-trending Gila trough. These springs are now dry, probably as 

a result of ground-water development, Six thermal springs occur east 
J) 

out of 45 Arizona thermal springs lie in a 120-km wide, northwest-trending 

belt that straddles cent of the Colorado Plateau, 
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Figure 3.12. Locations of 
Arizona thermal springs. 
Numbers refer to numbers in 
Table 3.2. 

f .  

of longitude 111OW. in southeastern Arizona in the Mexican Highland section 

of the Basin and Range province. 

Quaternary volcanic fields (Fig. 

contain silicic rocks. In  fact, 

springs and young volcanic rocks 

ruled out an igneous heat source 

coincide with most areas showing 

Only four thermal springs occur near 

3.14), but none of these volcanic fields 

the distribution pattern of thermal 

shows little overlap. Therefore, we have 

for these springs. 

Quaternary faulting and historical earth- 

Thermal springs do 

quakes (Fig, 3.14). The major exception is the Flagstaff area and the 

Kaibab Plateau-Grand Canyon region. 

The residual aeromagnetic map of Arizona with major geophysical 

lineaments (defined by bold lines) is shows in Figure 3.13. Dots 

represent thermal springs, from which it can be seen that only one out 
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# NAME LOCATION P C  T-MAPC 
1 Warm Spring A-1 -20- 12AC" 294 14.4 
2 HannaCreek Hot Springs A-1-31-29AD 55.5 42.5 

5 Roosevelt Dam Hot Spring A-4-12-19DDB 48 0 28 0 
6 HotSpring A-9-6-26AB' 366  17.6 
7 Verde Hot Springs A-1 1-6-36 41 0 2 3 0  

9 Henderson Ranch Spring B-8-1-33BAC 30.3 11.3 
10 Alkalai Spring 8-8-1-33DB 31.2 122  

12 Kaiser Hot Spring B-14-12-10AD 3 7 0  190  

14 Warm Spring 8-18-13-25DB 28.3 10.3 
15 Warm Spring 6-18-19-33DC 2 9 2  102  
16 Spring 2 7 0  1 4 0  

3 Warm Spring A-4M-20-36CB' 24.4 10.4 
4 White River Salt Spring A-4M-20-35AD' 28 3 13 3 

8 Salado Spring A-12-28-17DCA 21.7 11.7 

11 Castle Hot Springs 8-8-1 -34CC 54.7 35 7 

13 Cofer Hot Spring 8-16-13-25CAD 37.0 18 0 

17 Hot Spring B-30-23-1SCBD 32.0 12.0 
18 Hot Spring B-30-23-26BBC 30.0 10.0 
19 Pakoon Spring 6-35-16-246D 28.0 10.0 
20 Agua Caliente Spring 400 18.0 
21 Radium Hot Spring 60.0 38.0 
22 Spnng 0-2-31-35ABB' 25 
23 Mescal Warm Spring D-3-17-2OCBC 29 
24 Coolidge Dam Hot Spring 36.6 18 6 
25 Miguel Raton Spring 26.7 11.7 
26 Spring 27.2 10.2 
27 Spring 31.5 14.5 
28 Tom Niece Spring D-4-23-22BD 28.3 11.3 
29 Eagle Creek Hot Spring 0-4-28-35ABB 42 5 25.5 
30 Clifton Hot Spring 
31 Clifton Hot Spring D-4-30-18CDC 50.0 33 0 
32 Clifton Hot Spring 0-40-30-19CAA 33 0 16.0 
33 Clifton Hot Spring D-4-30-30DBC 38.0 21.0 
34 Warm Spring 0-5-19-23BDD 26.0 11.0 
35 Indian Hot Springs D-5-24-17AD 4 8 8  3 0 8  
36 Spring 0-5-24-16CB 33.0 16.0 

38 Spring D-7.24-13DC 29.4 124  
39 Spring D-10-29-23DD 26 1 10.1 
40 Spring D-12-21-31CA 3 2 5  1 7 5  

42 Hookers Hot Spring D-13-21-6AAC 520  3 7 0  
43 Agua Caliente Spring D-20-13-t3BA 270  11 0 
44 Antelope Spring D-20-24-2 1 DC 25.5 10 5 
45 Monkey Spring 0-21-16-3C 28.3 13 3 

37 Gillard Hot Spring 0-5-29-27AAD 84.0 67.0 

41 Agua Caliento Spring D-13-16-20CDD 32.0 12 0 

'Unsurveyed 

se hot springs 

ments. The single exceptio 

astride the Morenci lineament. association of hot-spring 

romagnetic line ly not coincidental. These 

omalies probably cient, deep-seated crustal 

structures that allow deep flow of ground water. The west-northwest 
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Figure 3.13. 
aments (From Sauck and Sumner, 1974) 

Residual aeromagnetic map of Arizona showing major line- 

and northeast directions of the linears are common Precambrian and 

Mesozoic structural and intrusive orientations. 

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 drainage basins become 

constricted. 

stream from man-made dams in Arizona is dramatic evidence of this basin- 

constriction phenomenon, These dams were built at drainage constrictions. 

Thermal springs occur below Hoover Dam, Roosevelt Dam,  and Coolidge Dam. 

Note, however, that not all drainage constrictions have thermal springs. 

The existence of thermal springs within a few 100 m down- 
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c 
U T  C 
%r Thermal springs in Arizona also occur on str 

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

streams and rivers. 

es that are transverse , 

Indian Hot Springs near Safford is an exception, 

u 
id 

E; 

Li 

ii 

ngs is leakage from an artesian aqu er (see section 

titled Gila Valley from Safford to Indian Hot Springs, this volume). 

L e n o r  w i t h  

orrnal  S p r l n g  

Q u a t o r n a r y  

Figure 3.14. Relationship of thermal springs to Quaternary volcanism, 
faulting, and historical earthquakes 
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INTRODUCTION. ods exist that aid in the 

f '  
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merits, and the rela- 

tive cost in dollars 

; 
L 
L 

L 

ional valuable information 

from unpublished sourc logs and water chemical 

er to coal-fired power plants also have useful stratigraphic, aquifer, 

h and water-qualit hed masters' .theses and Ph.D. disserta- 

tions from both of-state universities often contain use- 

ful geologic, ge information. It is helpful to 

contact members of the state d federal geological surv who are con- 
i 

ducting on-going exploration in the state. Finally, private companies 



. 
I-. co; engaged in mineral or petroleum exploration have a considerable amount of 

confidential information. Occasionally such information is no longer im- 

portant to them and will be released upon request. 

t After compiling available information it must be evaluated in terms 

of reliability and usefulness to the project. 

is questionable, they must be checked against other data sets. 

If the quality of the data 

Otherwise, L 
questionable data probably should be rejected. Following a careful evalu- 

ation, an exploration program is devised that will generate the max 

most useful information possible within time d budget constraints. 

GRAVITY. A gravity survey does not identify or define a geothermal 

resource, per se. 

surface structures by measuring differences in rock density. 

sin and Range province, geothermal systems occur in the sediments or vol- 

Rather it is an exploration technique that defines sub- 

In the Ba- 

c 

E 
canic rocks that fill the basins in the crystalline rocks underlying the 

basin-filling material, or within the master faults bounding the basins. I: Therefore, accurately defining the boundaries, size and depth to base- 

ment of a given basis is essential. 

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

A detailed gravity survey will also L 
fault widths. 

fll Exact locations and elevations are necessary to conduct an accurate 

gravity survey. 

gravity survey is relatively straightforward. 

If this information is available, the field work for a 

One person can drive or L 
walk from station to station, stopping at each to record latitude, lon- L 
gitude, elevation, and the dial reading on the gravity meter. After the 

F '  t entire area has been surveyed, the data are corrected by computer, and , 
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gravi ty  values are plot ted on a map. 

generate three-dimensional 

p ro f i l e s  across 

t o  15 gravi ty  measurements can be made i n  a day. 

an area about 60 m i  

Computer programs a l so  ex i s t  t o  

1s and two-dimensional cross-sectional 

basin with adequate road access, about 1 2  

Thus a t  mile spacings, 

2 can be surveyed by one person i n  a week.- 

If accurate elevations and locations are not known through de ta i led  

topographic maps, it i s  necessary t o  run survey l i nes  t o  obtain t h i s  in- 

formation. In  t h i s  case a t  leas; two p p le  a re  required f o r  the  f i e l d  

he gravi ty  study i s  nearly 

survey i n  Arizona had inadequate 



Valley area reports, this volume). 

20 or more soil samples in a day. 

One person can easily collect 10 to 

Thus, at mile spacings an area about 
2 50 to 100 mi can be sampled by one person in about one week. For the 

manpower and cost required to conduct a mercury soil survey, the 

information gained is helpful in initially identifying the location of 

range-bounding faults and the possible presence and size of a geothermal 

anomaly. 

follow-up exploration work. 

Such a survey is preliminary and requires more sophisticated 

WELL LOGGING. Measuring temperatures is the single most direct 

method of confirming the pre9ence of a geothermal anomaly. 

can be measured of water issuing naturally from springs, seeps, and ar- 

tesian wells; water being pumped from irrigation and domestic wells; and 

water or air at depth in boreholes. 

Temperatures 

This latter technique is called well 

logging, and is accomplished by lowering a thermistor, mounted on the end 

of a lightweight cable, into a borehole and reading the thermistor re- 

sistance at discrete intervals, usually every five meters. Resistance 

values are converted into temperatures for each reading by using tables 

constructed from thermistor-temperature calibration curves. 

are accurate to - 0.01 C. 
Temperatures 

+ 

The resultant temperature-depth profiles yield much valuable informa- 

They can indicate zones of warm or cold water entering or exiting tion. 
\ 

a borehole and whether water is rising, descending, or moving laterally in 

a formation. If ground-water movement is not excessive a geothermal gra- 

dient can be estimated. In any case, the bottom-hole temperature is the 

most reliable value if sufficient time has elapsed after drilling. When 
1: 

L I t  

a number of bottom-hole temperatures are available from wells in the same t 

L 
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-I area and with nearly the same depths, the bottom-hole temperatures can be 1 '  

t i  

used to construct an isothermal map that can aid in targeting a geothermal 

anomaly. 

Temperature-depth prPfiles are best used in conjunction with litho- 
I '  
I 

& logic information from the same or nearby boreholes. The identification 

of important lithologic strata fro 

depth profiles and thei 

sured temperatures in over 100 domes- 

I; tic and irriga st of the tem- 

I: 
e, could not be 

u 
li 

L 

movement. A PO 

it, heat-flow measure- 

i l  

eading results because u 
i; thermal conductivities. 

same reason. 

Gradients also differ between boreholes for the 

Thus, when comparing thermal gradients between boreholes or i" 
384 



different segments in the same borehole, it is sometimes difficult,to dis- 

tinguish between effects due to variable heat flux and effects due to dif- 

fering rock thermal conductivity: Heat;-f low measurements help obviate 

this problem because heat flow is a product of the thermal gradient and 

the thermal conductivity. 

The most reliable heat-flow measurements generally come from holes 

drilled into unfractured crystalline rock solely for that purpose. In 

Coring can such holes, the chances of ground water movement are minimal. 

provide rock samples large enough for reliable thermal conductivity mea- . 

surements. Good heat-flow measurements can be made in boreholes drilled 

into most rock types, so long as gradients are not disturbed by ground 

water and rock samples (including drill cuttings) are availabl 

surement. Less reliable heat flows can sometimes be estimated from 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 conductiv- 

ity is measured in the laboratory. After the thermal effects due to drill- 

ing have dissipated, temperatures are measured in the borehole. An ex- 

ception to the conventional technique is the in situ heat-flow determina- 

tions being made in unconsolidated sediments during pauses in the drill- 

ing operations, by the U.S. Geological Survey (Sass and others, 1979), a 

technique still in the experimental stages. 

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

holes), Clifton (one hole), and the Safford area (seven holes) (Stone, 1980; 
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Witcher and Stone, 1981; Witcher, 1982). (See a l so  those area reports,  

t h i s  volume). 

The Clif ton heat-flow determination was useful ,  but it i s  d i f f i c u l t  

t o  character ize  an anomaly with a s ingle  o r  even several measurements. 

The r e s u l t s  derived from the  heat-flow d r i l l i n g  a t  Springervil le- 

Alpine were less than sati  he f ive  holes were d r i l l e d  

i n t o  basa l t  lava flows, which produced copious amounts of water. The 

holes were terminated i n  volcanic rocks ra ther  than i n  the  unknown under- 
Y 

lying formations, as a r e s u l t  of which valuable s t ra t igraphic  information 

was l o s t  and the  t-flow determinations. 

The other  two holes were d r i l l e d  i n  sediment roack and yielded good 

data.  This project  was not cost  effect ive.  Had the  d r i l l i n g  contract  

been given t o  a company experienced i n  d r i l l i n g  i n  basa l t i c  volcanic rocks, td 

I '  
L; 

been grea t ly  increased. 

and v e r t i c a l  var ia t ions  i n  the  a b i l i t y  of the  ear th  t o  re ta rd  an electri- 



cal current.  

presence of water, steam, or gas ground-water s a l in i ty ,  and temperature. 

Extremely low r e s i s t i v i t i e s  (< 3 meter) are commonly associated with 

clay, very high porosity, brines and.high temperatures (>150 C), or any 

combination of these factors .  

i n  geothermal exploration because they are capable of detecting heat and 

porous zones. However, geologic in te rpre ta t ion  of a survey is frequently 

d i f f i c u l t  and ambiguous without knowledge of other geologic and geophysi- 

cal information. 

Resis t ivi ty  is  influenced by rock type and porosity, the  

Resis t ivi ty  surveys are frequently used 

Therefore, it is  b e t t e r  t o  delay u n t i l  later i n  an ex- 

plorat ion program. If conducted r e s i s t i v i t y  surveying during i n i t i a l  

s tages  of a program it is probably best  t o  in te rpre t  r e s u l t s  i n  terms of 

subsurface s t ruc ture  and l i thology, ra ther  than geothermal parameters. 

The value and cost effectiveness of a r e s i s t i v i t y  survey may vary 
- . - - . --___ - 

depending upon the  geologic se t t ing .  

Direct current (D.C.) Schlumberger and dipole-dipole surveys have 

been used i n  exploration f o r  geothermal resources i n  Arizona. These sur- 

veys d i f fe red  mainly i n  the  type of colinear electrode array used. 

Schlumberger survey uses two moveable current electrodes s i tua ted  on t h e  

ends of t he  array and two s ta t ionary potent ia l  electrodes near t he  array 

center;  the  dipole-dipole array uses two current electrodes placed a t  

one end of the  array and two potent ia l  electrodes a t  t he  other end. 

Greater depth measurement using e i the r  array is accomplished by increas- 

ing the  spacing between current and potent ia l  electrodes. 

t he  voltage difference between the  current and potent ia l  electrodes i s  

determined a t  various electrode spacings. 

used t o  calculate  apparent ear th  r e s i s t i v i t y .  

The 

During surveys 

This vo l t a t e  difference is  

f '  
I i  
Y 

L 
L 
L 

I 
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Schlumberger surveys were conducted in the Springerville area (Young, 

1979; Young, 1980) and in the Safford area (Phoenix Geophysics, 1979). 

In the Springerville area, the Schlumberger array was employed in two dif- 

ferent ways: (1) the electrode spacing remained unchanged from site to 

site; and (2) the array,electrode spacing was expanded at each survey 

site. By expanding electrode spacings, a depth "sounding" of resistivity 

is produced, which is interpretable in terms of vertically layered earth 

resistivity. 

erage apparent resistivity down to the maximum depth penetration of the 

array. Interpretation of the Springerville Schlumberger surveys-are am- 

biguous due to a lack of subsurfa structure and lithology information. 

Resistivity changes in this area may relate to ground-water quality, li- 

thology, or geothermal systems. 1 

The non-expanded array is used to map lateral changes in av- 

Two types of res ivity surveys were run in the Safford basin. A 

single Schlumberger survey site was occupied at Safford in order to obtain 

a sounding of vertical re tivity variations and to compliment the dipole- 

. Dipole-dipole resistivity profiling (100 line miles) was 

ities (4 Ohm-meter). 

eful initially for 

reconnaissance mapping of subsurface lithology Where drill hole data are 
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sparse. Res is t iv i ty  data a re  best  used and interpreted i n  later stages 

of exploration when additional and independent geologic and geophysical 

information is  available.  

SEISMIC SURVEYS. Swarms of shallow microearthquakes (between magni- 

tude -2 and 4) are of ten observed i n  geothermal areas; however, they are 

not observed i n  a l l  geothermal areas, nor are they r e s t r i c t ed  t o  geother- 

m a l  areas alone. 

with arrays of f i v e  t o  f i f t e e n  small, high gain, portable seismometers 

with one-Hertz vertical-component geophones. 

cate t h e  zones of greatest  seismicity of ten near ac t ive  f a u l t s  where many 

high-temperature,geothermal systems are localized. 

Seismic surveys t o  de tec t  microearthquakes are conducted 

These surveys attempt t o  lo- 

However, due t o  a 

s igni f icant  l i tho logic  or  s t ruc tu ra l  inhomogenity, which i s  frequently 

associated with geothermal areas, good hypocenter locations may be d i f f i -  

f u l t  t o  obtain. 

During the  summer of 1978, between 12  and 19 sens i t ive  portable sei- 

smometers were operated f o r  two weeks t o t a l  time i n  t h e  San Bernardino 

Valley, the  Clifton-Morenci region, and the  Springervi l le  region (Sbar, 

1979; Natali and Sbar, 1982). The University of Arizona, New Mexico S ta t e  

University, and the  Universit.y of Texas a t  E l  Paso worked together on 

these surveys i n  order t o  place a maximum number of seismometers i n  the  

f i e l d .  

Sc i en t i f i c  Laboratory t o  investigate potent ia l  geothermal areas i n  the  

Aquarious Mountains - Prescott region and i n  the  St. Johns areas of A r i -  

zona. 

The NMSU and UTEP groups were under contract  with Los Alamos 

Seismometers were spaced between 10 and 15 km apart  i n  t he  San 

Bernardino Valley and i n  the Clifton-Morenci area, and 20 km apart  i n  
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the Springerville area. 

million at 10 Hertz, which is ideal for measuring microearthquakes with 

frequencies between 1 and 20 Hertz. 

The’seismic equipment had gains of one to six 

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 

magnitude 0 event at a distance of 10 km. 

The only microearthquake recorded during the study was in the San 

Bernardino Valley just north of the international boundary with Mexico. 

The Springerville and Clifton-Morenci areas were aseismic during the sur- 

vey, but the two-week monitoring period may have been too short. 

Microearthquakes frequently o 

are most probably 

processes (Sbar, 1979; Natalie and Sbar, 1982). 

elated to regional tectonic stress than to geothermal 

For example, identical 

two-week seismic surveys recorded microearthquakes in the Prescott area 

and in the San Bernardino Valley, Sonora, Mexico where recent faulting 

and historical earthquakes with magnitude greater than 5 have occurred. 

raction study of deep 

crystal structu and Tyrone, New Mexico 
I; 
& (Gish and other, with geothermal poten- 

tial at Safford and Clifton-Morenci. 

enhanced regional heat flow favorable fo 

Morenci region. 

Interpretation of the data implies 

thermal resources in the 
i 

Microearthquake surv ve method of exploring 
L 

for geothermal resources in Arzona. Only regional heat flow and tec- 



tonic stress information is interpretable from such studies in this 

state. However, seismic reflection surveys such as the ones currently 

used in oil and gas exploration may be cost effective in deep geothermal 

reservoir identification. However, to date no geothermal exploration pro- 

grams are believed to have used reflection seismic surveys in Arizona. 

WATER CHEMISTRY. Ground-water chemistry is a common geothermal 

exploration tool. The reason is rather straightforward. Dissolved con- 

stituents in ground water and geothermal water are a result of aquifer 

residence time rock-water interaction, and temperature. Additional fac- 

tors such as mixing water from different geologic environments or move- 

ment of ground water through different kinds of rock are important, too. 

Thus, water emerging at the surface from a well or spring carries with it 

a chemical imprint that may indicate subsurface temperature, lithology, 

recharge source, and flow path. 

We used spring and well water chemistry in nearly every Arizona 

study area. 

nonthermal and geothermal water. Chemical geothermometry can accurately 

predict subsurface temperatures, provided basic geologic assumptions are 

satisfied. Literature describing the use, interpretation, and physical 

base of aqueous chemical geothermometers is found in Fournier and Trues- 

dell (1973), Fournier and Rowe (1966), Fournier and Potter (1979), and 

We routinely calculated silica and cation geothermometers on 

Fournier (1977). 

Major factors adversely influencing the use and interpretation of 

geothermometers in Arizona include the non-temperature dependent solution 

of silica by water rich in dissolved carbon dioxide. 

causes acid breakdown of silicate minerals such as feldspar in basin-fill 

This condition 
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sediment, with release of excess s i l i ca  in to  the  ground water. Where ;b - -  

1 ’  u 
evaporite minerals occur i n  bas in - f i l l  sedimen 

mometer may be unrel iable  because of the  non-temperature dependent addition 

of excess C a  t o  ground water. 

and nonthermal water was indicated when ti, B, and Na contents from sev- 

the  Na-Ka-Ca geother- 
- 

- 

L 
We found t h a t  mixing of geothermal water 

e l y  spaced wells o r  springs showed a l inear  re la t ionship t o  d is -  - _  

solved chloride contents. 

as qua l i t a t ive  indicators  of geothermal potent ia l .  

Also low r a t i o s  of Na/K o r  Mg/C1 can be used 
4 

A Piper diagram showing mill iequivalent percent of major cations 
,- 

id and anions is  useful  t o  in te rpre t  paths and aquifer l i thology. 

u -  
Lt 

Millequivalent ratios of chloride plus su l f a t e  versus bicarbonate is  of- 

ten  useful  i n  southern Arizona waters t o  qua l i ta t ive ly  determine aquifer 

residence time, recharge rce, and t o  map ground-water flow direct ions.  

In  general, higher r a t i o s  indicate  older  water o r  water t h a t  has had con- 

c 

tact with evaporite mine 

water. 

1s; low r a t i o s  tend t o  indicate  young, recharge 

Sampling, analyzing, and interpret ing ground-water chemistry i s  very 

cost  effect ive.  An analysis  f o r  Na, K,  Ca, Mg C1, SO4, HC03, F, B, L i ,  

and si l ica cost  less than $80 i n  1981. Additional cos ts  f o r  water geo- 

chemistry surveys include salaries and f i e l d  expenses. 

GEOLOGIC MAPPING. Geologic mapping is an indispensible a id  f o r  

in te rpre t ing  s t ruc tu ra l  fea tures  and geophysical and temperature-gradient 

information. 

observed i n  aerial photographs o r  described i n  the  l i t e r a t u r e  and t o  de- 

termine the  qua l i ty  and usefulness of exis t ing geologic maps. 

Reconnaissance mapping was used t o  ground t r u t h  features  

For ex- 

ample, reconnaissance mapping i n  the  Safford basin confirmed the  existence y 



L 
t ’  

of young f a u l t  scarps t h a t  were inferred from a e r i a l  photographs (see 

area reports ,  t h i s  volume) Wichter, 1981). 

i n  the  Clif ton area determined t h a t  avai lable’  published maps had insuf- 

f i c i e n t  s t ruc tura l  d e t a i l  f o r  geologic in te rpre ta t ion  a t  t he  Clif ton Hot 

Springs. 

done at Clif ton,  which provided the  needed s t ruc tu ra l  information (Cun- 

ningham, 1981). 

$500 per square mile. 

f ec t ive  exploration because it provides a basis  t o  evaluate and in te rpre t  

a l l  o ther  da ta  gathered during exploration. 

Also, reconnaissance mapping 

In order t o  remedy t h i s ,  detai led mapping.at 1:24,000 scale  was 

The cost  of geologic mapping at  Clif ton was approximately 

Geologic mapping ranks high i n  terms of cost-ef- 

GEOHYDROLOGIC DATA. Geohydrologic information obtained during a 

l i t e r a t u r e  search o r  while d r i l l i n g  t 

the  most valuable da ta  sets i n  geothermal exploration. 

erature-gradient holes i s  one of 

We found t h a t  

par t icu lar  a t ten t ion  should be given t o  the  number of aquifers,  geologic 

control of aquifers,  water :quality, aquifer hydraulic tests, and water- 

t ab l e  information. 

many areas of Arizona. 

These da ta  are avai lable  i n  substant ia l  d e t a i l  f o r  

b . 4  c 
IT 

L 
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CONVERSION FACTORS AND TABLES 
__ W 

< c  

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

bd 

ii 

Length 1 meter (m) = 3.281 feet (ft) 
1 ft = 0.3048 m 
1 inch (in) = 2.54 centimeters (cm) 
1 kilometer (km) = 0.6214 mile (mi) 
1 mi = 1.609 km 

1 km2 = 0.3861 mi2 
1 mi2 = 640 acres = 1 section 

1 liter (L) = 0.2642 gallon (gal) 
1 gal = 3.785 L 
1 barrel (bbl) = 42 U.S. gal 
1 km3 = 0.2399 mi3 
1 mi3 = 4.1684 km3 
1 mcf = 1000 ft3 

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

F = (degrees Ce$,sius 6 9/5) + 32) 
degrees Kelvin ( K) = C + 273.15 

1g0C/km = 0.5S°F/180 ft 
1 FA00 ft = 18.23 C/km 

Area 

Volume 

0 

Temperature Gradient 

Energy 1 calorie (cal) = 3.9665 x British 
thermal unit (Btu) 

1 Btu = 252.1 cal 
1 quad = 1 x 1015 Btu 
1 joule (J) = 0.239 cal 

1 cal/s = 4.184 w 
1 W = 1 J/sec 
1 Btu = 0.2930 W 
1 W - 3.413 Btu 

1 heat flow unit HFU) = 
1 x cal/cm sec 

1 thermal_ conductivityounit (TCU) = 
1 x 10 3 cal/cm sec c 

1 heat generation unit (HGU) = 
1 x 10'13 cal/cm3 sec 

1 HFU = 41 84 mW/m2 
1 TCU = 0.4184 W/mK 
1 HGU = 0.4184 uW/m3 

. 

, Power 1 watt (W) = 0.239 cal/sec 1 
1; 
u 
ij 

L 
i; 

& 

1 Heat Flow 

Other Energy Conversions 

Fuel Unit Millions of Btu's Barrels of Oil Equivalents 

1 bbl domestic crude oil 5.6 1.0 
1 mcf dry natural gas 1.02 0.1823 
1 bbl residential fuel oil 6.287 1.1227 
1 ton western sub- . 18.0 3.2143 
bituminous coal 

178 x 105 1 quad 1 x l@ 
1 ton of refrigeration 0.288 0.0514 
Pres sure lo5 pascal (Pa) = 1 bar 

1 bar = 14.50 lb/in2 = 1 atmosphere {II 
hi 
i 
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CONVERSION FACTORS AND TABLES 

Prefixes 

101; = Micro (11) 
lo-, = Milli (m) 

= Centi (c) 
= Kilo (K) 

10 = Mega (M) 
lo3 = Gila (G) 

Temperature Table 

41 
50 
59 
68 
77 
86 
95 
104 
113 
122 

5 
10 
15 
20 
25 
30 
35 
40 
45 
50 

131 
140 
149 
158 
167 
176 
185 
194 
203 
212 

55 
60 
65 
70 
75 
80 
85 
90 
95 
100 

221 
230 
239 
248 
257 
266 
275 
284 
293 
302 

105 
110 
115 
120 
125 
130 
135 
140 
145 
150 

Properties of Water 

Density = 1 g/cm3 = 62.83 lb/ft3 = 8&345 lb/gal 
Specific Heat = 1 cal/g C = 1 btu/lb F 

Well Depth Table 

5 1.52 
10 3.05 
25 7.62 
50 15.24 
100 30.48 
200 60.96 
300 91.44 
400 121.92 
500 152.40 
600 182.88 
700 213.36 
800 243.84 

L 

311 
320 
329 
338 
34 7 
356 
365 
374 
383 
392 

155 
160 
165 
170 
175 
180 
185 
190 
195 
200 

L 
L 
L 

Flow Rate Table 

L 

Feet Meters Feet Meters Feet Meters 

900 
1000 
1100 
1200 
1300 
1400 
1500 
1600 
1700 
1800 
1900 
2000 

274.32 
304.80 
335.28 
365.76 
396.24 
426.72 
457.20 
487.68 
518.16 
548.64 
579.12 
609.60 

2100 
2200 
2300 
2400 
2500 
3000 
4000 
5000 
6000 
7000 
8000 
9000 

640.08 
670.56 
701.04 
731.52 
762.00 
914.40 
1219.20 
1524.00 
1828.80 
2133.60 
2438.40 
2743.20 

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

(gpm) (L/s) gpm L/sec gpm L/sec 

5 0.32 300 18.92 2500 157.70 
10 0.63 4Q0 25.23 3000 189.24 
25 1.58 500 31.54 3500 220.78 
50 3.15 1000 63.08 4000 252.32 
100 6.31 1500 94.62 
200 12.62 2000 126.16 

L 

L 
L 
L 


	CHAPTER
	Well and Spring Location System
	Climate
	Use of Geothermal Energy
	Environmental Concerns
	Geothermal Legislation regulations and Taxes
	Introduction
	Colorado Plateau
	Northeastern Arizona
	Flagstaff Region
	East-central Arizona

	Mexican Highland Section
	San Manuel Area
	San Bernardino Valley
	Gila Valley from Safford to Indian Hot Springs
	Buena Vista Area
	Bowie Area
	Cactus Flat -- Artesia Area
	San Simon Area
	Clifton and Gillard Hot Springs

	Sonoran Desert Section
	Tucson Basin
	Avra Valley
	Coolidge Area
	Castle Hot Springs Area
	central and northeastern Arizona (from Brown
	Topographic map of northeastern Arizona
	cluster near the Petrified Forest
	others,
	Physiographic map of the Flagstaff region
	Stratigraphy of the Flagstaff region
	volcanic centers
	Physiographic map of east-central Arizona
	Land status of east-central Arizona
	divide (dotted line
	indicated by open circles with dots
	Arizona Well locations are given in Table 2.1
	Arizona Well locations are given in Table 2.1
	Arizona Well locations are given in Table 2.1



	with dots
	with dots represent wells that are also thermal
	field east-central Arizona
	Lysonski and others 1980 Contour interval is 5 milligals
	Highlands subprovince
	2.30 Location map of Willcox area
	2.31 Generalized geology of the Willcox area

	Willcox basin
	1 wells in the Willcox area
	2.34 Stratigraphic cross sections of the Willcox basin
	2.34
	2.36 Location of anomalous thermal well in the Willcox basin
	37 Piper diagram of thermal well hemistry Willcox area
	San Manuel area
	Manuel area
	2.40 Thermal wells in the San Manuel area
	San Manuel area
	2.43 Physiographic map of San Bernardiqo Valley
	2.44 Location of the Pedregosa basin
	Generalized geologic map of the San Bernardino Valley
	Willow Spring Wash
	2.47 Basin-fill stratigraphy in the Safford basin
	Safford area
	Safford area
	2.51 Physiographic map of the Buena Vista area
	2.52 Subsurface geology of the Buena Vista area
	2.53 General geology of the Buena Vista area
	2.54 Selected thermal wells in the Buena Vista area
	(from Reiter and Shearer
	2.57 Physiographic map of the Bowie area
	Map of selected thermal wells in the Bowie area
	Bowie area
	2.61 Physiographic map of the Cactus-Flat-Artesia area
	Generalized geology of the Cactus-Flat-Artesia area
	Artesia area
	versus carbonate species
	Flat-Artesia area
	Distribution of mercury in soil Cactus-Flat-Artesia area
	Flat-Artesia
	Temperature-depth profiles of heat flow holes
	2.69 Heat fl t the Artesia geothermal anomaly
	and heat flow in the Cac us-Flat-Artesia area
	Map of the San Simoh area
	'Structure contour map of the base of the blue clay unit


	Structure contbur map of the top of the blue clay unit
	San Simon area
	2.75 Plot of well depths versus surface discharge temperatures
	Simon area
	Map of the Clifton and Gillard Hot Springs region
	80 Boron vers
	showing mixing and cooling relationships
	Location map of the Tucson basin Arizona
	Water table elevations in the Tucson basin
	Map of heat-flow measurements in the Tucson area
	basin
	Temperature since last mud circulation in the fkmble (Exxon)
	State 1 well in the Tucson basin
	than 30 C) in.the Tucson basin
	than 30 C) in the Tucson basin
	Pumping level changes in Tucson Eiectric Power wells 5 and
	Location map of Avra Valley Arizona
	Generalized geologic map of Avra Valley Arizona
	anomalous mercury and residual Bouguer gravity
	temperatures ( C) and thermal gradients ( C/km)
	temperatures at 100 m depth ( C and heat flow (mW/m2)
	deep geothermal oil and gas exploration tests Coolidge
	area...........................................................b


	Farms 1 geothermal test well
	Physiographic map of the northern Hassayampa plain
	Locations of samples collected for mercury-soil survey

	Hassayampa area
	Hassayampa plain
	Isothermal cross sections northern Hassayampa plain
	Aeromagnetic map of the northern Hassayampa plain
	2.113 Residual Bouguer grav orthern Hassayampa plain
	drainage
	Well locations for San Simon Wash area and Papago Farms
	surrounding area (from Greenes
	due to ground water moving up the borehole
	due to ground water moving down the borehole
	Map showing major Arizona lineaments and discontinuities
	preliminary seismic source regions
	200 millidarcies and a hydraulic gradient of 0.1 percent
	flow patterns
	flow patterns
	Locations of Arizona thermal springs
	Residual aeromagnetic map of Arizona showing major lineaments
	and historical earthquakes
	Chapter
	temperature
	phase
	1.3 Classification of geothermal energy based on heat source
	Criteria for defining thermal springs and wells in Arizona
	1.5 Climatic data for selected Arizona cities
	drilled in Arizona
	Arizona
	2.2 List of the n the Willcox area
	2.5 Thermal wells in th an Manuel area
	2.6 Chemistry of therma
	Chemistry of selected wells in the Buena Vista area
	Selected thermal wells in the Bowie area
	2.9 Chem of ea


	D- 13- 29- 24CD
	D-13-29-24DCC
	D-13-30-03B '
	D-1330-15DAA
	D-13-30-27AD
	D-13-30-25CCD
	36 --
	D-13-30-30B4-
	D-13-30-30BCB
	50
	59
	68
	77
	95
	104
	113




