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SUMMARY

The Papago Indian Reservation in south-central Arizona comprises
11,000 km2 in the Basin and Range province. The region is typically one
of fault-bounded ranges separated by deep, sediment-filled basins.

A reconnaissance geothermal assessment of the Papago Indian Reser-
vation indicates that a geothermal anomaly exists at the Papago Farms
and that one perhaps exists at Sells.

More detailed analysis of existing geologic, geophysical, and geo~
chemical data definitely confirms the existence of a geothermal anomaly
at the Papago Farms. Chemical geothermometers predict a minimum reser-
voir temperature of 80°C. Geochemical mixing models suggest that the
maximum probable rescrvoir-temperature may be as high as 140°c. Depth
to the geothermal reservoir is uncertain, but may be as shallow as 1.5
to 2 km. The possible existence of two intersecting fault zones is sug-
gested by gravity data and dinterpretations of water chemistry. The sus-
pected fault zones trend N, 81° W. and N. 18° W. and intersect at the
northeast corner of the Papago Farms, in the area of well PF-7. The
fault intersection would comprise highly fractured basement rock, aﬁ
ideal reservoir for geothermal fluids.

Additional resource assessment is necessary. Temperature logging
of all wells at the Farms would facilitate identification of the area
where warm water is rising to the surface. A shallow-depth (500 ft.)
heat-flow survey should assist in defining the areal extent of the res-
ervoir. Finally, a magnetotelluric survey should aid in predicting

depth to the reservoir,
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At the Papago Farms, 980 acres currently are under cultivation. All
irrigation water is lifted several hundred feet to the surface from the
ground water aquifer, using diesel-driven pumps. Diesel-run generators
supply all other power at the Farms. The development of geéthermal en~-
ergy at the Farms would reduce diesel-fuel requirements, thereby making
the Farms operation more seclf-sufficient and possibly more cost effec-
tive.

Geothermal energy can be used two ways at the Farms., 1) Off-the~-
shelf technology and equipment exist that use low~temperature geothermal
flulds to heat and cool bulldlngs. This technology can be applied to
all offices, workshops, and bunkhouses at the Farms. 2) Sperry Research
Center, corporate rescarch facility of Sperry Corporation, has designed
and is field testing a downhole geothermal pump that uses the energy of
the geothermal fluid to 1ift (pump) the water to the surface. The geo-
thermal fluid in this system arrives at the surface cold and usually 1s
reinjected into the ground through a separate well. The "working fluid"
in the system (usually TFreon) arrives hot at the surface where it can be
passed through another turbine to generate electricity.

Because the new Sperry system can generate one-third more electri-
city than a conventional geothermal plant from the same reservdir, lower~
temperature reservoirs can be exploited more economically. It is antic-—
ipated that the Sperry system can be used efficilently in hot water wells
with temperatures as low ag 100 to 120°C. The system should be commer-
cially available by 1983. Currently, representatives from the Sperry
Corporation are seeking a suitable demonstration site in Arizona or Ida-
ho.

At the Papago TFarms, the cold "geothermal' fluids pumped to the sur-
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face by the Sperry system could be used for irrigation rather than being
reinjected into the ground. Electricity could be used for lighting and
operating tools and appliances.

Numerous federal assistance programs are avallable fdf developing
direct~use geothermal energy. These programs are detailed at the end
of this report. Probably the program that would be most helpful at'this
time for developing the Papago Farms resource is the Department of En-
ergy's Technical Assistance Program. This program provides up to 100
hours of free consulting services to potential users with limited ex-
perience, The consulting services currently include projects or studies
to provide:

1) Evaluation of engineering feasibility

2) Resource evaluation

3) Economic evaluation

4) Conceptual design

5) Assistance for locating and applying for grant money or loans

6) Referrals or consultation to equipment vendors and consulting

engineers

7) Informal seminars.

For additional information on this program, contact Gene Culver,
Oregon Institute of Technology, Geo-Heat Utilization Center, Klamath
Falls, Oregon 97601; phone (503) 882-6321.

A second valuable program is the Department of Energy, User Coupled
Confirmation Drilling Program. This program provides federal cost shar-
ing for exploration, drilling, and testing to confirm hydrothermal reser-
voirs for direct heat applications. It is necessary to submit a proposal,

which must be approved by the Department of Energy, to partilcipate in
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this cost-sharing program.
For more information, contact Susan Prestwich, Idaho Operations Of-
fice, U. S. Department of Energy, Idaho Falls, Idaho 83401; phone (208)

526-1147.




Table

1

4

w

LIST OF TABLES

- Page

Chemical analyses of ground water, Papago 17
Farms and surrounding areas ‘

Ratlos of selected chemical constituents, 27
chemical gcothermometers, total dissolved

solids, temperatures, well depths, and geo-

thermal gradients for 26 wells, Papago Farms

and surrounding areas

Chemical geothermometers and predicted mini- 29
mum reservoir temperatures from selected
wells, Papago Farms and surrounding areas

Tnthalpies of liquid water and chalcedony 32
solubilities at selected temperatures

X and X N values at specified temperatures 33
and silica concentrations for mixing model
calculations, Papago Farms

Geothermal gradients calculated by three 37
different methods




LIST OF ILLUSTRATIONS

TFigure ' Page
1 Map of Arizona showing Papago Indian Reservation 3
2 ) Interpretative geologic sketch map of the Papago 5

Indian Reservation

3 Heat flow map of the Papago area 9
4 Frequency histogram of silica heat flow 11
5 Areas of anomalous silica heat flow, Papago 12

Indian Reservation

6 Map of Papago Indian Reservation showing the 13
Papago Tarms and major surface drainage

7 Map of total dissolved solids, southern Papago 15
area

8 Well locations, Papago Farms area 18

9 Tmeas versus Cl(mg/l) diagram showing distinct 19

groups of waters in the Papago Farms area

10 F(mg/l) versus Cl(mg/l) diagram showing distinct 20
groups of waters in the Papago Farms area

11 Mg(mg/1) versus Ca(mg/l) diagram showing distinct 21
groups of waters in the Papago Farms area

12 K(mg/1l) versus Na(mg/l) diagram showing distinct 22
groups of waters in the Papago Farms area

13 Temperature(®C) versus $10;(mg/l) diagram showing 25
that chalcedony controls silica concentrations in
ground water {rom the Papago Farms area

14 TNa-g-ca Vversus Tgyg, diagram showing correlation 28
between chemical geothermometers of ground waters
from the Papago Farms and surrounding area

15 Fraction of cold water relative to temperature 31
for well PF-8, Papago TFarms

vi



Figure

16

17

18

20

21

Temperature versus depth profile for PF-18,
PID-A, and PI-5

Geothermal gradient map, Papago Farms and sur-"
rounding arca

Depth to bedrock map
Second order residual gravity anomaly map

§ilica heat flow map, Papago Farms and surround-
ing area

Proposed fault zones, N, 18° W, and N. 81° W.,
and fault intersection, Papago Farms

Page

35

39

40
41

43

vii







CEOTHERMAL RESOURCE ASSESSMENT

Introduction

The United States has ten percent of the world's population and.con-—
sumes a third of the world's energy. 1In recent years increasing world
demand for and dwindling supplies of fossil fuels have driven up fuel
prices to such an extent that our nation is suddenly conscious of and
concerned about the availability of energy. To this end the U. S. De-
partment of Energy is encouraging and funding the development of alter-
nate energy resources. Geothermal energy, which is above-normal heat
occurring at very shallow depths in the earth, is one such resource.

Arizona is situated in the southern Basin and Range province, where
the occurrence of low- to moderate-temperature geothermal resources
( < 150°C) are not uncommon. Most often the geothermal resources in this
province occur as hydrothermal (hot water) convection systems, a result
of deeply circulating ground water that is heated by the normal geother-
mal gradient and then rises toward the surface along fractures such as
fault planes, fault intersections, or joint sets. Frequently, geother-
mal energy in such geologle settings is manifested at the surface by bot
springs. Where surface expressions are absent, however, geologic, geo-
chemical, and geophysical techniques can be employed to detect hydro-
thermal systems suspected in the subsurface., Occasionally domestic or
irrigation wells encounter warm water at shallow depths in the subsurface.

In order to be economic, a low- to moderate-temperature geothermal

resource must have an adequate temperature and fluid volume, and must oc-




cur at a reasonably shallow depth (less than about 1.5 km). In addition,
the resource must be located near the user. On the Papago Indian Reser-
vation most villages arce small and often are located many miles from one
another, so that development of a geothermal resource may ﬁbt be economic,
At the Papago Farms, however, or near the town of Sells, a geothermal
system might be economic since a large enough user would be availablg.
Warm wells at the Papago Farms and other subsurface indicators suggest
that a low- to moderate-temperature geothermal resource does exist at the
Farms and that another may cxist at Sells. This paper reviews relevant
data for the Papago Indian Reservation generally, and for the Papago
Farms in particular, and recommends follow-up exploration that would de~
fine the resource more specifically. A short section is appended indi-
cating possible uses of geothermal energy at the predicted temperatures
and suggesting procedures for developing the resource in a timely man-
ner. A report on the geothermal potential at Sells will be available

at a later date.

Papago Indian Reservation

Location and Access. The Papago Indian Reservation comprises about
11,000 km2 in south-central Arizona, largely in Pima County, with small
arecas In Maricopa and Pinal Counties. The reservation includes most of
the region west of Tucson to Ajo and from Casa Grande south to the inter-
national boundary with Mexico (Fig. 1). About 7,000 Papago Indians re-
side on the reservation, of which 3,100 live in or near the principal
town of Sells, 30 km southwest of Tucson on Arizona Highway 86. Villages
on the reservation generally have populations of 40 to 100 people, but

many are smaller. Several larger villages have populations ranging up
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to about 1,000 people. The cconomy of the reservation is based largely
on ranching and agriculture.

The climate is semiarid., Precipitation ranges from about 5 inchesl
in the southwestern part of the reservation to about 20 iAChes in the
Baboquivari Mountains (lleindl and others, 1962). Nearly half the rain-
fall occurs during the hard summer thunderstorms in July and August
(U. 8. Dept. of Commerce, 1973). At Sells the mean annual air tempera-
ture is 20°C. During summer months, however, temperatures on the reser-
vation often excced 38°C.

Previous Studies. PBarly investigations of the Papago region were

reconnaissance surveys mA;;ly concerned with ground water and mineral
resource evaluations (Bryan, 1925; Clotts, 1915; Coates, 1954; Denton
and Haury, 1946; Hadley, 1944; Heindl and Cosner, 1961; Matis, 1970;
Romslo, 1950; Tenney, 1934; and Yost, 1953)., Prior to the early 1970s,
little geologic mapping was accomplished on the reservation (Bryan,

1920 and 1925; Bryner, 1959; Fair, 1965; Heindl, 1965a and b; Heindl and
Fair, 1965; Heindl and McClymonds, 1964; McClymonds and Heindl, 1964).

Since the mid 1970s, nine 15-minute quadrangle reconnaissance geo-
logic maps of the Papago Indian Reservation have been published by the
U. S. Geological Survey, and ten of the 14 remaining maps are in prepa-
ration (Haxel and others, 1980).

General Geology. The Papago Indian Reservation is in the southern
Basin and Range province, Sonoran Desert section or subprovince (Hayes,
1969). While this province is largely charactierized in southern Arizona
by northwest-trending, fault-bounded mountain ranges, separated by deep
sediment-filled basins, most of the ranges and basins on the Papago reser-

vation trend north-south. 1In the Sonoran Desert section of the Basin
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and Range province the ranges are lower and narrower than those in the
Mexican Highland section to the east, and make up less than a fourth of
the area of the section. Many of the ranges and peaks in the Sonoran
Desert section are rugped and rise abruptly from the surroﬁﬁding desert.
Haxel and others (1980, p. 20) divided the Papago reservation and
immediate areas to the east into a southern terrane and a northern ter-

"significantly different rock assemblages

rane (Fig. 2) on the basis of

and geologic histories.”
Generally, the northern Papago terrane has a Precambrian through

early Tertiary history similar to that of the Globe-Phoenix-Tucson re-

gion and southeastern Arizona. Haxel and others stated (p. 20);

",..in the area of Slate, Vekol and Cimar Mountains...
the Pinal Schist is intruded by the Oracle Granite...
and these older Precambrian crystalline rocks are over-
lain by the younger Precambrian Apache Group, which is
intruded by diabasc sills and dikes. The Precambrian
rocks are overlain by Paleozoic sandstone, limestone,
dolomite, and siltstone...and by unmetamorphosed Meso-
zoic volcanic and sedimentary rocks,..All of these
rocks are intrvuded by Late Cretaceous and (or) early
Tertiary biotite= and--(or) hornblende-bearing grano-~

diorites, granites, and related porphyries."

In the southern terrane Precambrian rocks appear to be nearly ab-
sent and Paleozolc rocks are sparse. Mesozoic sedimentary and volcanic
rocks were affected by regional metamovphism during the Late Cretaceous.
The "Laramide" (Late Crectaceous—early Tertiary).magmatic episode of
southern Arizona is represented by muscovite- and garnet-bearing granitic
plutons.

The reader is referred to laxel and others (1980) for a more detailed




description of the southern Papago reservation geology and for selected
references,

Hydrology. An investigation of the ground water supply of the Pa-
pago Indian Reservation was mqgg”py members of U, S. Geoloéical Survey
in the late 1950s {Héindi and Cosner, 1961; Heindl and others, 1962;
Heindl, 1958). Matis (1970) studied the hydfogeology of the Sells area.

Heindl and others (1962) differentiated four types of ground water
areas based on thcvwater—bearing characteristics o% the principal‘rock
types. These arcas are composed of "...(l) essentially non-water-bear-—
ing materials largely comprised of granitoid and metamorphic rocks but
also including some indurated sedimentary and volcanic rocks; (2) locally
water-bearing Paleozoic limestone; (3) locally water-bearing volcanic
rocks; and (4) generally water-bearing alluvial deposits." They pointed
out that the deep alluvial aquifers iIn the central parts of most basins
on the reservation have the greatest probability of yielding sufficient
amounts of water for irrigation. Depth to water in these deep sediment-
filled basins varies from about 30 to 200 m (Heindl and cothers, 1962).
Principal drainage on the reservation is north to the Gila River and
south to the Rio Sonoyta, with the surface-water and ground-water divides
generally coincident.

Presently an updated, detailed evaluation of the ground-water re-
sources and basin hydrology of the reservation including water quality
and hydrologic modeling is being made by members of the U. S. Geological

Survey (Hollett, personal commun., 1980), Préliminary hydrologic maps

1
should be available in mid to late 1980.

Gravity. Hargan (1978) made a regional gravity survey of the Papago

Indian Reservation. He showed five areas on the reservation having nega-




tive gravity anomalies that are probably a result of deep basins fllled
with less-dense, unconsolidated or semi-consolidated sedimentary mate-
rial. These areas are Santa Rosa, Quijotoa, Baboquivari and Tecolote
valleys, and the Great Plain. The Sells area sits atop a éfavity high,
which Hargan interpreted as a possible high~density Precambrian basement
that is much closer to the surface there than under some other ranges.
Hargan attempted to correlate positive and negative second order residual
Bouguer gravity anomalies with structures that are potentially favorable
for the occurrence of hot dry rock and hydrothermal geothermal resources,
respectively.

Greenes (1980) made a detailed gravity survey of the Papago Farms
area, which will be discussed in more detail under that section.

Heat Flow. Average heat flow for the southern Basin and Range pro-
vince is 84 me_Z, about 20 me_2 greater than the world average (Sass
and others, 1980). This elevated heat flow in the Basin and Range pro-
vince is generally attributed to the effects of thinner crust and to pos-
sible igneous intrusions into the crust in the southwestern United States.

On the Papago Indlan Reservation two heat flow measurements were
made, one at Roadside Mine (92 me~2) and a second at Gunsite Hills
(87.8 me_Z). A third measurement is being made in the Quijotoa Mountains
by the U. S. Geological Survey, but the value is not yet available. Pub-
lished heat flows ranging between 35,5 and 108,7 me-.2 exist ayxound the
margins of the reservation (Fig. 3). Nearly all heat flow in the Papago
region exceeds the average for the Basin and Range province, and is a re-
sult of "convective transfer associated with ground-water circulation"
(Lachenbruch and Sass, 1978).

Swanberg and Morgan (1978/79) showed a linear relationship between



heat fiow data in preparation (USGS, Menlo Park,Ca.)

Fig. 3: Heat flow map of the Papago area.Published data from Roy and others,1968;
Sass and others, 1971. Unpublished data from Shearer, I980; Bureau of
Geology and Mineral Technology, Tucson, Arizona.
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regional heat flow and temperatures based on the silica content of ground
water. Their method was applied to 254 chemical analyses of ground water
from the Papago reservation, with a resulting mean silica heat flow of
113 + 24.9 mem2 (Fig. 4). On this basis I consider valueéAexceeding
130 me"2 anomalous for this region, Figure 5 shows five areas with
nearly linear bands of anomalous silica heat flow and numerous other
single-value anomalies. The five anomalous areas are the Papago Farms,
Sells, south of the Ko Vaya Hills, south of the Brownell Mountains, and
west of an area from Bell Mountain to La Tortuga Butte.

Because of the slze of the Papago Indlan Reservation, T selected the
Papago Tarms and Sclls for more detailed evaluation on the basis of high
silica heat flow, the occurrence of warm wells and the proximity of both

to users. The remainder of this report discusses the geothermal poten-

tial at the Papago I'arms. A second report will cover the . Sells area.

The Papago Farms

In 1977 the Papago Indian Trlbe started a farming operation at the
site of the old Papago larm, about 40 miles southwest of Sells., Currently
980 acres of farmland are under cultivation (Hollett, personal commun.,
1980). Intense idrrigation is required for the farming operation.

Geology and Hydrology. The Papago Farms is located at the southeast
end of the Mesquite Mountains in a broad, nearly flat region called the
Molenitus area (ileindl, 1958) or the Great Plain (Fig. 6), The Great
Plain is at the head of a north-south valley that extends about 40 km
into Mexico. 1In Arizona the study area is bounded on the east by the
north-trending La Lesna Mountains, a low range of Tertiary intermediate

volcanic rocks that continue south into Mexico. The Kupk Hills, com-
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posed of late Cretaccous-carly Tertiary gneiss, comprise the northern
boundary of the Great Plain, The western edge of the area follows the
south—-flowing San Simon Wash, and the southern margin, for';his study,
coincides with the international boundary with Mexico.

Major surface drainage in the study area is the south-flowing San
Simon Wash. Chukut Kuk Wash cast of the La Lesna Mountains (Fig. 6) and
Vamori Wash even farther to the east both trend northwestward out of
Mexico and then west. Together with numerous smaller washes, they join
San Simon Wash north and west of the Great Plain. All surface water
then flows south into Mexico and joins Rio Sonoyta.

Ground water under the reservation moves largely along theiaxes of
the valleys and generally moves in the same direction as the surface
water (Heindl and others, 1962). Hollctt (personal commun., 1980) pointed
out from recent unpublished studies that ground water moves northwest
principally beneath the Vamori and Chukut Kuk washes towards Kots Kug
ranch and the Kupk Hills. North of the Great Plain, two arms of flow
join the south-flowing ground water beneath San Simon Wash, while a third
arm flows beneath the Chukut Kuk wash to join the flow beneath San Simon
Wash near the international boundary. Ground water low In total dissolved
solids (TDS) can be seen in Figure 7 to mimic the surface drainage of both
Vamori and Chukut Kuk washes as they f[low west to join San Simon Wash.

To the south and north along San Simon Wash this pattern is disrupted by
an area of exceedingly high TDS that Hollett (personal commun., 1980)
suggests may be related to a shallow evaporiterr lake-bed deposit.

Water Chemisctry. Cround-water chemistry is a reliable, cost-effec~
tive and useful method of assessing the physical and chemical characteris-

tics of a hydrologic system. Cation and anion ratios are good indicators
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of ground water similaritics and differences, reflecting origin, age,
direction of movement, and possible mixing with deep thermal waters.
Chemical analyses of water from 26 wells in the study area and surround-
ing reglon are given in Table L. Well locations are Shown“in Figure 8.
Unless otherwisc noted the data were taken from the most recent entry
for each well listed in the U. S. Geological Survey's WATSTORE water .
quality file (USGS, WRD, Tucson, 1980).

Ground water with similar chemical affinities can be detected in a
number of ways, two of which (a Piper diagram and Stiff diagrams) make
use of HCOB—SOA—Cl and Na-Ca-Mg ratios. These methods are especially
useful in‘characterizing dissimilar waters, but where chemical composi-
tions are very similar it is more-difficult by these methods to distin-
guish groups of water with like characteristics. Ground waters in the
Papago Farms study area are largely similar in chemistry. For this rea-
son a series of X-Y plots were generated (Figs. 9 through 12); waters
plotting together in the same fields were placed in the same group. By
this method three distinct groups of water were identified. The charac-
teristics of these groups ave outlined in Table 2.

Group T waters are mostly nonthermal (T<3106) and include ground
water from wells at or near the east side of the Papago Farms (CGroup Ia:
Toro-3 (T-3), GS-1, Pr-3, P¥-6, and PF-15) and north of the study area
(Group Ib: DW-15, DW-32, DW-73, and DW-46). Group I waters have well-
head temperatures in the raange 25“320C, high C1/F and Mg/Ca ratios, low
Na/Ca and Na/K ratios, and generally low (323 + 37 mg/l) total dissolved
solids. These waters largely reflect ground water moving west beneath
the Great Plain to join the south-flowing water beneath San Simon Wash.

A full chemical analysis of PF-4 was available, too late to include in



TABLE 1. Chemical Analyses of Ground Water, Papago Farms and Surrounding Areas

(Chemical constituents in milligrams per liter)

Sample
No. Location pH Na K Ca Mg Si0» Cl SOy HCO3 F B TDS
*JSGS-1 D-19-01 11BBB 7.9 87 3.1 11.0 2.8 41 36 23 190 2.3 0.21 308
USGS-2 C-19-01 3BACC - 170 0.9 3.2 0.4 27 59 45 270 12.0 0.68 450
USGS-3 C-19-01 28ADC - 790 2.9 0.8 0.2 18 280 160 1140 54.0 16.0 1885
USGS-4 C-19-01 14DDD - 150 0.8 1.8 0.3 43 31 24 300 7.9 0.5 409
USGS-5 C-18-01 35CDhA - 120 4.0 8.2 2.5 42 40 33 200 8.3 0.31 377
USGS—6 D-19-01 28CBC - 110 0.6 13.0 5.9 45 59 37 200 4.0 0.22 375
DW-2 D-19-01 05CBC 7.7 110 3.2 8.1 1.5 37 31 26 ZQO 9.2 0.52 335
PF-1 D-19-01 07DBB 8.0 110 3.2 8.1 1.2 53 31 30 220 11.0 0.32 356
PF-2 C-19~01 12DAA 7.7 110 2.5 6.8 1.1 50 30 30 220 9.3 0.27 348
PF-3 D-19-01 8DaA - 94 3.3 13.0 2.3 52 26 22 210 4.3 0.24 327
PF-4 C-19-01 18ADA - - - 14.0 3.3 55 40 31 224 12.0 - 390
PF-5 D-19-01 18DDD 7.9 110 2.6 8.8 1.9 38 33 24 210 8.4 0.22 331
PF-6 D-19-01 17AAA 7.9 g9 3.4 11.0 3.8 57 23 20 240 7.6 0.24 351
PF-7 D-19-01 08DBB 8.3 120 4.5 7.5 1.8 61 30 30 220 9.4 0.31 374
Pr-8 D—-19-01 O8CEB - 120 3.1 12.0 1.6 60 30 29 210 8.8 0.75 375
PF-15 D-19-01 08ABD - 96 3.7 13.0 1.5 53 23 22 220 4.3 0.23 330
PF-18 D-19-01 07BAD - - - - - - - - - - - -
PFD-A D-19-01 07ABD 8.7 110 2.9 5.0 1.4 31 2 23 - 8.0 0.30 329
DW-30 C-19-01 04DAA - 140 1.5 3.6 0.3 77 23 23 250 10.0 0.37 353
DW-31 C-18-01 28ABB 7.9 150 3.4 6.8 2.3 32 68 63 200 2.9 0.45 444
DW-53 C-19-02 03ADD - 1400 11.0 160.0 100.0 35 2100 850 400 1.4 1.40 4880
+Toro-3 D-18-02 31BDA 8.1 72 2.5 13.0 2.9 31 22 18 180 1.6 0.20 258
DW-15 C-17-01 11BCA 7.4 113 3.0 3.4 0.9 28 15 20 222 2.6 0.34 318
DW-32 C-17-01 33BAC -~ - - 13.0 2.8 30 128 91 170 1.8 - 565
DW-73 D-17-01 03BAA - 100 2.1 22.0 4.4 32 21 17 220 1.5 0.17 302
DW-46 D-18-01 07ACA 7.4 - - 17.0 6.4 38 43 45 237 2.0 -~ 384

*USGS wells in text, maps, and other tables are hereafter referred to by the shorter designation GS.

+Toro-3 in text, maps, and other tables is hereafter referred to as T-3.

LT



18

;. 6 3 /pm~wozrm38 15 | 400 000 FEET
o Y S S AN
- Vo _;V “Water . .
- oy j va/) \ // :\;
ce X \
\ &i »,@_Q/_ }( / )cab.nf A it
‘ N e “‘
: - R SR U Sy
s Cabin )\ R .,Cem~i}£‘f’1L<C13,.:"/
- e e \ | 7
:—': \\Muﬁk\ \_“'/ ' ’
/’3:/ % f /o/ N /ua\-.‘:j §
<, _2i -— e
i A g A PN
RN %* SN N - ° g ) Choot
‘ PR < .ﬁ;;ﬁ;i?ii\J g PR S Chmegﬂo} gfj? !
° ~aa ; R NG - My 3
’OQ‘/ 'Q F;Ke-/gf\" Z o \( / \=~ DW 46 “.\”.-"i‘/’as?
3 - rfq\\i\“‘/ o AN s \ /
g \1-‘\\\ xfm) \lngE&Eerv A,;rl 0. N
L . —%\. 'Z __,/\.,-
S Y. o DW- /o\\%r-/ vl _ff;jj
1k v 0 .
* gty “//cfbwf_._‘_:f‘if—
b — N\ Stan Shuatuk !
N\ ' @ ..0 \'\
OW-53°~ ~DW-30 ~DWLB o ___ SRR SN
The = %‘5‘-/ SN
’ I 1 AN -
See Inse.t N
/ ~ 05?‘\ \ $v\u p
X’giv i/\\<:
mi,F\ChUth
\
e%xﬁ' \\ 0!
PAPAGO "K\\ \\
INDIAN
; RESERVATION
STUDY AREA 0 2
{ A i

PFIB®  *FFD-A PFI5°

PF2e FPFGe __8  dPF-3
Prp  PFT
PF-6
PF-4e

PF-5,

£

Fig. 8:

PAPAGO FARMS

Well locations, Papago Farms area.




19

TOW
60 1
e
<
N2
P 50‘" ¢
e / Qk}
" { I'S\
: !
£ A L
40 QQ {\g{/ //Q/
R
/u \
&) o)
N Q—\ ’
((/ /! &
X, L0 > 9
304 re—0-_,Q0 _ 5’3‘—‘—(90-7 7 7 AN
s g
EL‘ 2 /\-r/ q/ ///
Rt ¢ &
G C
2.0 T T T T Y
20 30 40 50 60 70

Cl{mg/{)

Fig. 9: T eqs VErsus Cl (mg//) diagram showing distinct groups of waters
in the Papago Farms area.




o

T
/100

!
/20

Cltmg/A4)

F(mg/4) versus Ci{mg/f ) diagram showing distinct groups of waters in the Papago Farms area.

Fig, 10:

20




So
61 &°
5_
~~ {(,Q)
NI s
g — x
~ — 43‘2((
S 3+ o ros K=
A O P @ —~
&2 9 ‘ >
ar el — ©
v Ir LY l , l T
y A1 D——X
4 ﬂ Sl s
/- <ol ]2k
Jto c),b‘ COo_;q’ o
‘g(:) Zég?‘/i/?/%$ 1 I ! ! ] L 1 A J
0 2 g 6 & /0 2 /4 /6 /8 20

ca (mg /) |

Fig. 11: Mg(mg//) versus Ca(mg// ) diagram showing distinct groups of waters in the Papago Farms area.

1¢



K(mg/¥)

5

\
Q\é Q*XAD
@Z[&ZQZ[Z@’)

A S
- © o
g" @Q@@g\? 12 S
1 ! i 1 I 1 ] I ! 1
70 80 90 00 Ji0 120 130 140 150 160 170
Na(mg/l)

Fig. 12:,K(mg/f) versus Na(mg//) diagram showing distinct groups of waters in the Papago

Farms area.

(A4




this report, but it is evident that this water will most likely resemble
other Group T waters, with perhaps a small component of Group II water.
Group II waters occur slightly west of Group la and are thermal

(T>310C). Well~head temperatures range between 38 and Sloé. Group II
includes DW-2, Pr-1, Pr-2, Pr-7, PF-8, and PFD-A, all of which are lo-
cated in proximity, at or near the north end of the Farms. The waters
have low C1/I' and Mg/Ca ratios and moderate Na/Ca and Na/K ratios rela-
tive to Croups T and 116L. Mean total dissolved solids is slightly higherx

than that of Group I: 353 + 19 mg/l versus 320 + 35 mg/l for Group I.

Group III waters ((S-2, GS-3, GS-4, GS-6, DW-30, and DW-53) exhibit

fewer similarities as a group than do Groups I and II. Group III waters
are nonthermal. They arce distinguished by very high Na/K and Na/Ca ra-

tios, both of which exceed Group I ratios by a factor of five or more

(Table 2). These waters are the most westerly group and thelr chemistry

is strongly influenced by the possible evaporite deposit mentioned above.
A chemical analysis and well-head temperature from PF-18 are not
available, but the above-normal temperature, 35.4°C at 120 m depth, and
its proximity to the other thermal wells suggest that it belongs in Group
IT. GS-5 and PF-5 have temperaturés less than 3lOC, but are chemically

similar to the Group IT thermal waters. They may reflect Group II

waters that have cooled, DW-31 does not show an affinity for any group.

Chemical characteristics of PF-6, PF-8, PF-4, PF-5, GS-5, GS-4, and
DW-30 waters suggest mixing in the subsurface as their atomic ratios
show an affinity for two groups.

Chemical Geothermometers., LExperimental evidence has established
that the solubility ol silica in water -is largely a function of temper-

ature and the silica specics being dissolved. Fournier and Row (1966)

23
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proposed a mecthod of cstimating subsurface temperatures in hot aquifers
based on the concentration of silica in thermal water, assuming that
there is equilibration of dissolved silica with quartz minerals in high-
temperature aquifers and that the equilibrium is largely pféserved as the
thermal water flows to the surface. Their method appears to be the most
accurate and uscful for thetmal waters in the temperature range 150 to
225°¢C (Fournier, 1977). Arnorsson (1970; 1975) found that chalcedony
rather than quartz gevecrally controls the silica concentration in Ice-
land's thermal waters when temperatures are below lOO—llOOC. Figure 13
is a plot of temperaturcs (OC) versus silica concentrations (mg/l),
which shows that chalcedony controls silica concentrations in the study
area. Between 110-150°C cither specles can be the controlling factor.

The sodium-potassium—~calcium geochemical thermometer was devised by
Fournier and Truesdell (1973) to estimate aquifer temperatures based on
the molal concentrations of Na, K, and Ca in thermal waters. Fournier
and Potter (1978) devisced a method to correct the Na-K-Ca temperature -
for the effects of magnesium.

Many basic assumptions are made in using the geochemical thermome-
ters to estimate subsurface temperatures. These were discussed in de-
tail by Fournier, White, and Truesdell (1974) who emphasized that it is
unlikely that all assumptions will be fulfilled everywhere. The basic
assumptions are: (1) the chemical reactions are temperature dependent;
(2) there is an adequate supply of all reactants; (3) water-rock equilibj
rium occurs at the reservoir temperature; (4) hot water ascends rapidly
to the surface so no re-equilibration of the "indicator" constituents
occurs; and (5) thermal and nonthermal waters do not mix during flow to

|
the surface or evaluation of such mixing is possible. These assumptions;




(C?)

Temperature

PAPAGO FARMS, Si0z GEOTHERMOMETRY

@QQ, s o

A [l

40 45 50 55 60 65 0O 75
Si0, (mg/f )
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usually cannot be veriflied in the field so that geochemical thermometers
must be applicd with caution and with a full understanding of the uncer-
tainties involved.

The chalcedony geochemical thermometer and the sodium—ﬁotassium«
calcium geochemical thermometer with magnesium correction were used to
estimate deep aquifer tcemperatures at the Papago Farms (Table 2). The

most reliable temperaturcs arce those where the silica temperature (T

SiOz>

and the sodium-potassium—calcium temperature (T ) for a given well

Na~K~Ca
agree within 20°C or less. It is cvident Ffrom Figure 14 that this con-
dition exists for 12 wells (Table 3), the four highest temperatures of
which are from Group II thermal waters. The geochemical thermometers
predict a minimum rescrvoir temperature of about 8o°c.

Mixing Models. Dilution of thermal waters rich in sildca with cool
ground waters containing low silica concentrations would effectively low-
er the silica concentration of the thermal water and would indicate a
lower reservoir temperature., Fournler and Truesdell (1974) suggested
that mixing of thermal and nonthermal waters should be suspected where

(1) the Na-K-Ca gecochemical thermometer (T ) varies from the sur-

Na~K-Ca
face temperature by more than ZOOC, indicative of nonequilibrium, and
(2) regular variations in surface temperatures with non-reactive chemical
constituents such as chloride and boron are observed from several wells
in an area. Both conditions occur at the Papago Farms,

Fournier and Truesdell (1974) developed a method of predicting the
maximum probable temperature of the hot-water component before mixing and
the fraction of cold water in the mixed-water sample. They assumed that

enthalpy (heat content) (HC) of the cold water multiplied by the fraction

of cold water (X), plus the enthalpy of the hot water (Hh) multiplied by




27

TABLE 2. RATIOS OF SELECTED CHEMICAL CONSTITUENTS, CHEMICAL GEOTHERMOMETERS,
TOTAL DISSOLVED SOLIDS, TEMPERATURES, WELL DEPTHS, AND GEOTHERMAL
GRADIENTS CALCULATED BY METHOD 1 (SEE TEXT) FOR 26 WELLS AT THE
PAPAGO FARMS AND SURROUNDING AREAS,
SAMPLE MEAS. DEPTH GRADIENT T510, T Na-K~Ca
NG, T(°C) (M) (OC/KM) CusF! NasCa'  MesCal NasK! (°c) (°cH Tps?
GROUP TA
T-3 25 91.5 43,7 7.4 4.8 0.37 48.9 49,5 8.6 258
GS-1 27 1863.7 39.0 8.4 6.9 0,42 47.8 62.6 71.8 " 308
PF-3 28 280.8 24.9 3.2 6.3 0.29 48.7 73.9 71.0 330
PF-6 27 170.7 36,1 1.6 7.8 0.56 49 .4 78.6 56.3 327
PF-15s 30 91,5 46,9 2.9 6.4 0.18 43,9 74.8 75.5 351
GrouP I8
DVl-18 25 110.,0 36.3 3.1 26.9° 0.4 66,0 05,1 63.4 318
DW-32 ~ 97.9 - 38.0° - 0.35 - 48.1 - 565’
DW-73 32 - ~ 7.5 4.0 0.33 80,6 50,9 hE L3 302
D¥-ac¢ 30 96,6 93,2 11,5 o 0.63 - 58.7 - 384
X = 2842.5 37.647.8 713.5  6.0%1.4 ,374.10 47.7%2.2 60.2412.9 63.3410,4 323437
Group 11
pDWl~2 46 128,0 195,13 1.8 12,0 0.30 58,3 57,4 81,4 335
PF-1 44 218.0 105.5 1.5 12.0 0.25 50.3 74,8 81,4 356
PF-~2 3g 290.2 58,6 1.7 14,1 0.26 74,7 77.9 76.9 348
PF-7 39 283.5 63.5 1.6 1441 0.41 45,4 82.1 17.6 374
PF-8 51 193.6 155,0 1.7 8.7 0.22 66.1 81,3 73.3 375
PFD-A 30 120.0 141.7 1.9 19.1 0.48 64,6 42,5 84,5 329
X = 43+5,3 119,9+53,9 L7414 13,340,4 L 324,10 61,2+9.8 70.5+13,7 79,244,0 353319
Group 111
GS-2 25 152, 4 26.2 2.6 46,2 0.19 321.3 43,5 65,8 450
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 72,46 0.22 310.5 64.5 72.3 409
GS-¢ 28 153.7 45,5 7.9 7.4 0.75 318.7 66.7 25.9 375
DW-30 26 78.4 63.8 1.2 33.8 0.11 160.3 95.0 77.2 353
DW-53 28 86.9 80.6 800.3° 7.6 1.03 216.6 $4.9 35,2 4880°
X = 26+1.,7 43,6424, 2,942.9 33,5+27.5 .47+,36 298,5+1064 S58.7+23 56,7421 397442
Misc,
GS-5 29 153.7 52.0 2.6 12.7 0.51 50.1 63.4 63,3 377
PF—g4 27 290.2 20.6 1.4 22.7 0.35 106,3 64,5 79.4 350
PF-5 27 289.6 20.7 2.1 10,9 0.36 71.3 58,7 81,1 331
DW~31 30 95,1 94,6 12.7 19.2 0.56 74,9 50.9 60,6 G
PF-18 35" 105,0 - - - - - - - -~
1. ATOMIC RATIOS
2, MILLIGRAMS PER LITER
3. ANOMALOUS CONCENTRATION, EXCLUDED FROI1 HEAN-VALUE ESTIMATE

4, TEMPERATURE AT 120 M DEPTH

L i
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Fig. 14: Tyg_k.coversus Tgig, diagram showing correlation between chemical geothermometers of

ground waters from the Papago Farms and surrounding areas.
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TABLE 3. Chemical gecothermometers and predicted minimum reservoir t em—
peraturcs [or selected wells, Papago Farms and surrounding

areas.
Temperature (OC)

Well Name ‘ Eéifﬁljikp TNa—K—Ca (OC) ‘Predicted® Measured
PF-7 82.1 77.6 79.9 + 3.1 39.0°
Pr-1 74.8 81.4 78.1 + 4.7 45.0 |
PF-2 77.9 76.9 77.4 + 0.7 38.0
PF-8 81.3 73.3 ~77.3 + 5.7 51.0
PF-15 74.8 75.5 75.2 + 0.5 30.0
PF-3 7.9 71.0 72.5 + 2.1 28.0
GS-1 62.2 71.8 67.0 + 6.8  27.0
GS-2 64.5 72.3 68.4 + 5.5  24.0
GS-5 63.4 63.3 63.4 + 0.1 29.0
DW-31 50.9 60.06 55.8 + 6.9  30.0
-3 49.5 58.6 54.1 i 6.4 25.0
DW~73 50.9 46.3 48.6 + 3.3 32.0
*Predicted temperaturcs are an average of TSioz and TNa~K—Ca.

the fraction of hot water (1-X) is equal to the enthalpy of the emerging

warm water (Hw). This 1s represented by:
Hw = (HC) (X) + (Hh) {(1-X)
The same conditions are assumed for silica content:

Siw = (Sic) (X) = (Sih) (1-X)

where SiC is silica content of cold water, Si, is silica content of hot

h

water, and Siw is silica content of the mixed-water sample.

(1

(2)
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TABLE 4. linthalpies of liquid water and
chalcedony solubilities at selected tem-
peratures. (Temperature and enthalpy data .
from lFournier and Truesdell, 1974, Chal-
cedony solubtlltiles, this veport.)

Temperaturce Enthalpy Chalcedony
% i cal/gm mg/l
50 50.0 31.4
75 75.0 53.2
100 100.1 84.0
125 125.4 125.3
150 151.0 178.3
175 177.0 243.9
200 203.6 322.8
225 230.9 415.3

to be the same as the mean annual temperature in this region, 21°c.

Table 5 gives calculated Xt and XSL values at selected temperatures
and silica contents for the four wells showing mixed waters. Also shown
In Table 5 are the maximum probable temperatures of the hot-water compo-
nent before mixing and the estimated fractions of cold water.

Mixing was not indicated in other wells in the study area, However,
Fournier and Truesdell (1974) cautioned that additional dissolved silica
in the mixed water, owing to contact with amorphous silica or rock con-
taining glass, could result in the two curves not intersecting or in
their intersection at an unreasonably high temperature. They further
pointed out (p. 266), '"if either the temperature or silica content of the
cold water were higher than the assumed value, the resulting estimated
temperature of the hot-water component would Bé toco high." Tt is likely
that oﬁé or both of thesc conditions may be influencing mixing in PF-7,
resulting in an unrcasonably high temperature; and in PFD-A, DW-2, PF-3,

PF-4, and PF~6, preventing the two curves from intersecting. Drill cut-
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TABLE 5. Xt and Xgy values at specified temperatures and silica concentrations
for mixing model calculations, Papago Farms, Papago Indian Reservation,

Arizona. (Background silica = 32 mg/l. Mean annual temp. = 219C.)

PF-1 PF-2

Well temperature = 45°C Well temperature = 380C

Silica = 53 mg/1 : Silica = 50 mg/l
O 4

T (®C) X Xgi T (°C) X¢ Xqy
75 .55 - 75 .69 .15
100 .70 .60 100 .78 .65
125 77 .77 125 .84 .81
150 .81 .86 150 .87 .88
175 .84 .90 175 .89 .92
200 .87 .93 200 .91 ’ .94
225 .88 .95 225 .92 .95

Temperature of unmixed water = 125°C Temperature of unmixed water = 142°C

Percent of cold water = 77% Percent of cold water = 86%

PrF-7 PF~8

Well temperature = 390 Well temperature = 51°¢C

Silica = 61 mg/l Silica = 60 mg/l

T (°C) X, Xg i T (°C) X, Xg4
75 .67 - 75 b4 _—
100 .77 b 100 .62 .46
125 .83 .09 125 .71 .70
150 .86 .80 150 .77 .81
175 .88 .86 175 .81 .87
200 .90 .90 200 .83 .90
225 .91 .92 225 .85 .93

Temperature of unmixed water = 200°C Temperature of unmixed water = 131°

Percent of cold water = 90% Percent of cold water = 73%
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tings reveal that PT-7 penctrates a section of volecanic rock greater than
200 feet in thickness (llollett, personal commun., 1980), which probably
contains a high percentage of glass, thus supporting the inference of
excess silica in this sample,

Pr-1, PF-2, and PF-8 have estimated maximum temperatures of 1250C,
l&ZOC, and 13100, respectively. The general agreement of these temper-
atures suggests that the maximum probable temperature of the aquifer
supplying the hot-water component is about 140°¢.

Geothermal Gradients., The geothermal gradient is a measure of the
rate at which temperature increases with depth in the earth., The gradi-
ent is a result of conductive heat flow, thermal conductivity of rock
through which the heat travels, hydrothermal convection, or some combina-
tion of these. The worldwide "no;mal” geothermal gradient is 30°¢/ km.

In geothermal exploration, gradients are typically extrapdlated,to
some great depth in an attempt to predict depth to the hot aquifer.

There are several ways to calculate such gradients, depending upon the
available data. The results vary from reliable to erroneous.

Method 1 is used to estimate the geothermal gradient when only &ell-
head temperature and well depth are known. The gradient is calculated
by:

AL/ANZ = T -~ MAT (6)
meas

R 7z 1073

. . o
thermal gradient, C/km

0
measured well-head temperature, C

where AT/A 7

i

il

meas
o
MAT = mean annual temperature, (21°C at the Farms)

Z well depth, meters

I

This method assumes that (1) the temperature increases linearly wilth

depth and (2) the well-~head temperature is the hottest and deepest tem-—
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perature in the well. Cenerally one or both assumptions are not valid
when shallow ground water is cncountered in a system. PFD-A 1s an exam-
ple of a well that disproves the second assumption. The well-head tem-
perature for PFD-A is 3806, but the measured bottom-hole témperature‘at
120 m is 43.7°C. The temperature-depth (T-D) profile of PF-18 (Fig. 16)
shows that the first assumption at times is not valid either. 1In fact
it can be seen that between 105 and 110 m the temperature of PF-18 actu-
ally decreases.

The second method of calculating the geothermal gradient also uses

equation 6 but Tm is the measured bottom-hole temperature. This meth-

eas
od is somewhat morc accurate than using the well-head temperature, but
the same assumptions apply to this method as apply to the first method.
The most accurate way to obtain a geothermal gradient is to measure
temperatures down a borcehole at discrete intervals and then fit a straight
line to the data using the statistical method of linear regression. This
method allows calculation of the standard deviation and the correlation
coefficient (a measure of how well the data fit the linear regression).
Three wells at the Papago Farms were temperature logged at S5-meter
intervals and the geothermal gradients were calculated by the linear re-
gression method. Table 6 shows the geothermal gradients for these wells,
calculated by the three methods described. The discrepancy between meth-
ods 1 and 2 and method 3 is largest in PF-5, which has a nearly isothermal
T-D profile, and smallest in PIFD-A, which appears to have a nearly linear
T-D profile (Fig. 16). Unlortunately, since there is no way of knowlng
which wells are isothermal and which approach linearity without having
downhole temperature logs, it is nearly impossible te evaluate the reli-

ability of calculated geothermal gradients for predicting depth to the
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hot aquifer.

A problem ariscs in using even lincar geothermal gradients to esti-
mate depth to a rescrvoir, because linear gradients can be.expected to
change at depth when influenced by ground water or by changing rock ther-
mal conductivity. A closer look at the T-D profile of PFD-A (Fig. 16)
reveals that the true shape of thils curve 1s really convex-upward, in-
dicative of warm water rising toward the surface. The profile shows that
the temperature is increasing at an ever slower rate. When the maximum
temperature of the system is reached the gradient will become zero. Most
likely the T-D profiles of the other thermal wells have similar shapes.
The gradient measured in PID-A suggests that the maximum reservoir tem-

perature may be encountered at 1.5 to 2 km depth,

TABLE 6. Geothermal gradients calculated by three different methods.
(See text for explanation.)

Well Method 1 Method 2 Method 3
9C/km O¢/km ¢/t
PF-5 20.7 26,1 4.5 + 0.17
Pr-18 120.3 66.1 F 1.02
PFD-A 141.7 188.8 165.0 ¥ 5.18

*Well-head temperature not available.

Geothermal gradients in a hydrothermal system are less reliable in
predicting temperatures at depth than they are when used in a relative
context, that is, in comparing the gradient in one well with those in
surrounding wells. At the Papago Farms the higﬁest geothermal gradiehts
occur in the wells producing Group II thermal waters (Table 2). The gra-
dient map (Fig. 17) slhiows a distinct northwest trend but it does not

quite coincide with the trends seen in the gravity and silica heat flow
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maps discussed fu the next scction.

T-D profiles of the threce wells logged at the Farms show that warm
water is rising in PID-A and that water is descending in PF-5 and prob-
ably in PF-18. It can be inferred from these profiles thaf PFD-A is lo-
cated within the geothermal anomaly and PF-5 1s situated outside of it,
The location of PF-18 with respect to the anomaly is less certain, but
may be on the margin.

Cravity. Depth to bedrock In the Great Plain was modeled by Greenes
(1980) (Fig. 18) who showed that it increases to the south towards Mexico,
reaching a maxdimum depth In Ardzona of about 2,700 m. The basin may be
deeper in Mexico. Greenes also showed that the Papago Farms basin is asym-~
metrical with a subsurface bedrock scarp along the eastern pediment edge.
He suggested that this scarp, indicated by the strong gravity gradient
seen in his second order residual gravity anomaly map (Fig. 19), is prob-
ably due to faulting. CGeochemical evidence, namely the distinct chemical
and thermal differences between PF-15, PF-3, and PF-6 waters at the east-
ern edge of the Farms and DW-2 and PF-7 waters immediately to the west of
them, suggests a northwvest extension of this scarp through the Papago
Farms, between these groups of wells. The presence of a fault or some
other structural control between these wells helps explain the observed
differences in water chemistry and temperatures.

Across the north cnd of the Papago basin the abruptly steepening
gravity gradient (Fig., 19) suggests the presence of another scarp that
may be due to faulting also. Intersection of the two proposed subsurface
bedrock faults could explain (1) the anomalous bulge in the second order
residual gravity at the north end of the Farms as being the result of

highly fractured basement rocks and (2) the fact that PF-7, which sits
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in the bulge, is the hottest well at the Farms according to the geochem-
ical indicators. This postulated fault intersection suggests that the
geothermal fluids are held in a reservoir with fracture permeability.
While the silica heat flow wethod is generally considéfed to reflect
areas of anomalous heat flow on a regional scale, use of such data local-
ly is of questionable valuc. Nonetheless the contoured data at the Papago
Farms and surrounding avea (I'ig. 20) show two distinct trends, N, 18O W.
and N, 81° W., that coincide exactly with the faults and fault intersec-
tion suggested by the gravity data. T suggest that the fault zones arve
each about 1 km wide and intersect in the area of PF-7 (Fig. 21). The
south and west margins of the fault zones are constrained by PF-<2, PF-1,
PF-4, and PF-5, which do not penetrate the volcanic sequence that the
other wells penetrate (Hollett, personal commun., 1980). The east margin
of the N. 18° W. fault zone is constrained by the thermal and chemical
differences between bW-2, 1'F-7 waters and PF-3, PF-6, PF-15 waters. The
northern boundary of the N. 81" W. fault zonme is somewhat arbitrary.
Temperatures. Decrcascs in ground-water temperatures have been re-
corded at the Papago Farms over a 20-year peviod (USGS, WATSTORE, 1980).
Between about 1958 and 1978 all wells for which data are available show
an average temperaturc decrease of 2.200, with declines ranging between
0.5 and 5.0°C for individual wells. Two processes could account for the
temperature decreases. The deep hot aquifer or reservoir is cooling off
by hydrothermal convection. This is certainly occurring to some slow ex-
tent, but it is unlikely to be happening at as fast a rate as observed.
The second and more likely explanation is that prolonged, large-volume

irrigation pumping is introducing a larger fraction of cold water into

the mixed waters that cmerge at the surface.
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Conclusions

Geochemical data show that waters from a group of anomalously warm

wells at the north cond of the Papago Farms are similar to one another
but are chemically distiuct from waters in surrounding nonthermal wells.
Chemical geothermometers and mixing models indicate that the reservoir

. . 0
fluid temperatures are in the range 80 to 140°C.

Geophysical evidence suggests that two fault zones, each about 1 km

wlde and trending N. 18° N;74JCV&17810 W., Intersect in the area of PF—7.
This fault dintersection probably has generated an area of intensely frac-
tured basement rocks that provides a fractured reservoir for the geother-
mal fluids.

Depth to the geothermal reservoir is unknown but may be as shallow

as 1.5 to 2 km.
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RECOMMENDATIONS 1'0R SITE-SPECIFIC RESOURCE ASSESSMENT

Additional resource asscssment is necessary to identify the areal
extent of and depth to the reservoir. More definitive exploration is
also necessary to constrain rescrvolr temperatures to a smaller more use-
ful range.

The areal extent of the anomaly can be constrained by temperature
logging all water wells at the Papago Farms and surrounding area. The
temperature versus depth (T-D) profiles that result can be interpreted
in terms of wells with rising (discharging) warm water and wellg.with de~
scending (recharging) cold water. T-D profiles also reflect zones of in-
flowing and outflowing hot and cold water., Thus aquifer conditions can
be identified at least to the depth of the well bottom, It 1s necessary,
however, to pull pumps for access and to allow wells to sit idle for sev=-

eral weeks to allow non-pumping, equilibrium conditions to return to the

well bores. Shallow (lSOrft.) heat flow holes may also aid in defining
the areal extent of the anomaly and occasionally are successful in identi-
fying the rescrvoir itsclf. Sometimes, however, shallow ground-water con-
ditions make a heat-flow survey of questionable value by attenuating. the
heat flux from depth. lleat flow holes are drilled to a specified depth,
after which plastic tubing that is sealed at the bottom, is run into the
hole and filled with clear water, This assembly i1s allowed to sit for

several weeks to restore pre-drilling thermal equilibrium.  The well is
[

then temperature logged. Because heat flow is a result of heat fluxing

from the earth and the thermal conductivity of the rocks through which
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it moves, it is also nccessary to measure the thermal conductivity of
drill cuttings from cach hole.

Depth to the rescrvoir is an important factor to know in assessing
a geothermal reservoir. A magnetotelluric survey across the Farms would
likely be successful in déﬁg;éiﬁihé this parameter.

Finally, a deep test well (2,000-3,000 ft.) in the center of thetgeo—
thermal anomaly would confirm the reservoir temperatures that can presently
only be inferred from the geochemistry. Best use of the geothermal energy
can be achieved only Dby knowing the maximum reservoir temperatures accurate-
ly. A deep test well could also support and confirm the results of the mag-
netotelluric survey in predicting the depth to the reservolr., Other tests

on a deep well would provide valuable information about pressures, volumes,

permeability, etc. that are necessary for reservoir engineering.




POTENTIAL USES OI" CEOTHERMAL ENERGY AT THE PAPAGO FARMS

Direct use of geothermal energy was originally limited to hydro-
thermal systems with temﬁeratures in the range of 90 to l80?C. Today
technological advances allow thermal [lulds as low as about 50°C to be
used economically and efficiently in certain agri-business and space
heating applicationé. The use of "heat pumps" permits the economic use
of geothermal fluids with temperatures lower than 50°¢, Moreover, heat
pumps and heat exchangers can be purchased "off the shelf' thereby en-
abling low~temperature resources to be brought on line in a timely manner,

Space conditioning offices, work shops, and bunkhouses 1s possibly
one of the most efficient ways to use the geothermal resource at the Pa-
pago Farms. Space hecating can be achieved two basic ways: (1) with geo-
thermal f£luids higher in temperature than the required room temperature,
a heat exchanger transfers the geothermal heat to the room air heat, much
the same as running hot water through a radiator., Heat exchangers are
uneconomic at temperaturcs below about 50°C and increase in efficlency as
fluid temperatures increase above 50°¢C. (2) When geothermai fluid tem-
peratures are lower than the required room air temperature,‘a heat pump
transfers or "pumps' heat from a low temperature to a high temperature
medium. The principal is identical to the operation of a refrigerator,.
The 28-story Mormon Church Office Building in Salt Lake City, Utah, is
completely heated and cooled year round using 53¢ fluids and heat pumps.

Geothermal Ffluids can also cool buildings, using an absorption re-~

frigeration process. A geothermal absorption system substitutes the

N
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geothermal f£luid (hot watcer) for the gas or electrically produced heat.
Fluid temperatures in the range of 80 to 150°C are sufficiently hot for
the absqrption refrigeration process. Offices, workshops,‘and bunkhouses
would bénefit from geothermally cooled air during the summéf months.
Gréenhouse heating is a common usc of low-temperature geothermal
energy. At the Papago TFarms it may be possible to use the geothermal fe—
source for greenhouse cooling, thus enabling the production of fruits
and vegetables that otherwise cannot be grown there because of the severe
summer heat. Irrigation pumping and the generation of electricity are
much less likely to result from the geothermal energy at the Papago Farms,
but the potential does exist because of a new down-hole pump developed by
the Sperry Corporation, The patented Sperry gravity head system uses a
pump and turbine, coupled together and placed about 2,000 ft, down a geo-
thermal well beneath a string of concentric tube and heat exchaﬁger sec~—
tions that arve Installed from 800 to 2,000 ft. below the surface. The
system takes advantage of the vertical shape of the wells to achieve more
efficient energy conversion and pumping. Thié system enables exploita-
tion of lower-temperature geothermal resources, possibly with tempera-
tures as low as 100 to 120°C. The Sperry Corporation presently 1s seek-
ing a demonstration site in Arizona or Idaho. It is expected that the

system will be commercially available by 1983.







