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1. INTRODUCTION

Under the Department of Energy (DOE) National Geothermal Data System (NGDS) (Contract DE-
EE0002850) Supplemental Data project to discover new geothermal data, the Arizona Geological Survey
(AZGS) investigated the geochemical makeup of groundwater from select thermal springs and wells
during late 2012 through 2013. In addition, the related geological context was investigated to evaluate
potential groundwater transport mechanism(s) and heat source(s) relevant to geothermal energy
production. Chemical analysis of thermal groundwater may be used to estimate subsurface
temperatures by applying chemical geothermometry techniques, thus attempting to specify reservoir
temperatures and to model possible sources of heat. An exploration program that integrates
geochemical indicators of aquifer geometry and temperature with geology, geophysics, well targeting
and well testing is likely to lower the cost of building sufficient confidence in resource conceptual
models capable to commit to a generation capacity and plan well targets for development (Powell and
Cumming, 2010). This report is intended to discuss the geochemistry and geology in relation to the
select hot springs and wells sampled throughout Southern Arizona. This report presents the data and
our interpretation to the extent of our limited understanding of geochemistry and complex factors that
contribute to the geothermometry. It is meant to provide data for geothermal experts and others
interested in pursuing additional interpretation.

The geothermometry model devised by Tom Powell and William Cumming (Powell and Cumming, 2010)
supports many of the common graphic analyses of water chemistry used to interpret hot spring and
thermal well groundwater in geothermal exploration and development. The model provides
geochemistry interpretative tools with proven value in exploring and characterizing the properties of
both volcanic and forced-convection geothermal reservoirs. Cross-plots and ternary diagrams are
generated from measured concentrations of chemical species using formulas based on equilibrium
reactions and empirical relationships. These geochemistry interpretation tools help integrate
geothermal geochemistry with geoscience data in building resource conceptual models directed at
geothermal exploration and development (Powell and Cumming, 2010). The Powell and Cumming
geothermometry model was used to interpret geochemistry data collected for this project. The report
summarizes our findings and presents supporting data in various tables and ternary diagrams.

The investigation field work was divided into two parts for data acquisition:

1) Investigating thermal groundwater at 20 proposed hot springs throughout Arizona to
acquire new geochemical, isotopic, and temperature data; calculation of water
geothermometry based on analyses; and, speculation on a model for heat sources.

2) Construction of a detailed geologic map at three locations—Agua Caliente Warm Spring Park,
Hooker’s Hot Spring, and the eastern Pinalefio Mountains-Safford Basin region to define
potential thermal water transport mechanism(s) and heat source(s); construction of
geologic cross sections; and, speculation of geologic context of geothermal heat source(s).

An Investigation of Thermal Springs throughout Arizona:
Geochemical, Isotopic, and Geological Characterization, Arizona Basin and Range Province
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The AZGS identified 20 thermal springs and related wells with historical data indicating temperatures
above 35°Celsius (C) at which to collect groundwater samples for geochemical and isotopic analyses.
Only 16 springs and wells were actually sampled (Figure 1.1), several were dry, and one secluded
thermal spring was eliminated where access time and budget prohibited inclusion.

The AZGS reviewed existing reports on the geologic setting surrounding thermal springs in Arizona to
evaluate potential geothermal source scenarios and identify springs that might reflect thermal attributes
for an area. Previous reports for these areas were reviewed to provide insight into the geothermal
resource. Geochemical and isotopic analyses along with measured physical parameters provided data
required for most geothermometry models, while the geological map surveys and field investigations
were used to evaluate faulting as a potential groundwater transport conduit from deep-seated heat
sources. Appropriate analytics were chosen to incorporate results into the Powell and Cumming
geothermometry modeling workbook (Powell and Cumming, 2010).

Background

The earliest known work devoted solely to thermal water was U. S. Geological Survey Bulletin 701,
"Geothermal Data of the U. S." by Darton (1920). About that same time, the first papers were published
on Arizona hot springs. Everit (1925) wrote about Clifton hot springs; Buehrer (1927) wrote about Castle
Hot Spring; and Knechtel (1935) about Indian Hot Spring. In 1937 Stearns, Stearns, and Waring (1965)
compiled "Thermal springs in the United States" which was revised and expanded nearly 30 years later.
Between the mid-1930s and the mid-1960s, only a few heat-flow and geothermal studies were
published in the United States. Basic heat-flow research was carried out the latter part of this period,
but it was not done specifically to aid geothermal exploration (Witcher, 1982).

Publications related to thermal waters of Arizona did not appear until the late 1960s and after. Haigler
(1969) listed 32 selected thermal springs and wells in Arizona in a volume devoted to the mineral and
water resources of the state. Wright (1971) was the first to examine in some detail the thermal waters
of southern Arizona. He concluded that occurrences of thermal springs and wells are related to
structural elements of the Basin and Range province. Other early papers were written by Harshbarger
(1972); Norton and Gerlach (1975); Norton, Gerlach, DeCook, and Sumner (1975); Dellechaie (1975); and
Swanberg, Morgan, Stoyer, and Witcher (1977) (Witcher 1982).

Efforts to explore and develop high-temperature geothermal resources (capable of power production)
began in the Southwest in the early 1970s after the first energy crisis. In response to the American
involvement in the Yom Kippur War in 1973 in the Middle East, the Organization of Arab Petroleum
Exporting Countries (OAPEC) reduced their petroleum production and proclaimed an embargo on oil
shipments to the United States and the Netherlands, the main supporters of Israel. The embargo and
OAPEC limitations on oil production sparked an international energy crisis. Americans faced high price
hikes and fuel shortages, causing lines to form at gasoline stations around the country. A revived
interest in geothermal energy occurred in 1977 when the search for low- to moderate-temperature

An Investigation of Thermal Springs throughout Arizona:
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geothermal resources got underway in Arizona. Funding for this work came from the U. S. Department
of Energy, Division of Geothermal Energy, and for two concurrent years from the U. S. Department of
Interior, Bureau of Reclamation (Witcher, 1982). A comprehensive report was published by Witcher and
Stone (1982) to bring together in a single volume current knowledge and basic data on geothermal
energy resources in the State of Arizona. Since that time, numerous other works were published by
Witcher and Stone, and others throughout Arizona. Most of these reports and data are available
electronically through the AZGS and the National Geothermal Data System (NGDS).

Interest in developing geothermal resources has re-emerged in recent years with new projects proposed
and new drilling performed. In 2010, the DOE provided funding through the AASG NGDS Supplemental
Data project to collect new data through field investigations to identify geothermal resources
throughout the U. S. in an effort to produce clean energy and reduce fossil fuel reliance. The DOE set
priorities for power plant development, on-site electrical production (aka distributed generation), and
direct-use applications (focusing on space and district heating for cities). Under the AASG NGDS project,
existing and new geothermal data from all 50 states were brought together and exposed through the
NGDS for worldwide internet access.

Arizona currently utilizes low and intermediate temperature geothermal resources for Aquaculture,
greenhouses, recreation, district heating, and space heating. Although geothermal hot spring resorts
and spas have operated in Arizona for decades, the utilization of geothermal resources are rather
modest considering Arizona’s overall energy use. Potential geothermal resources can be found
throughout the Basin and Range Province in southern Arizona, where expressions of geothermal
anomalies are exposed at the surface as warm to hot springs and thermal wells with temperatures
exceeding 35 degrees Celsius (°C) [100 degrees Fahrenheit (°F)] in select areas. Over 45 thermal springs
have been identified throughout central and southern Arizona. Thermal springs in Arizona are defined as
having temperatures at least 10°C above mean ambient air temperature (MAT) for warm springs and
wells (Druit, 1976), and 15°C above MAT for hot springs and wells.

Objective of Study

The main focus of this project is to provide additional new geochemistry data for potential geothermal
sources and to investigate related geology in three areas where thermal water surfaces as hot springs in
the Basin and Range Province in Arizona. All data will be made available online for open access. Thermal
groundwater from springs along the basin margins may be transported from deep Paleozoic bedrock
through faulting, or fractures and joints associated with fault zones, from deep basin aquifers by
circulation, convection, or a mixture of both processes. Specific suites of geochemical analyses
combined with isotopic analysis can indicate probable origin(s) for deep sources of thermal waters.
Since many of the thermal springs selected are for the most part separated by significant distances, or in
some cases are within the same basin, each case will be discussed on either an individual basis or as a
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group within a common reservoir system. Geologic context is approached in the same manner and
discussed with the associated thermal spring(s).

In addition to groundwater, surface geology and structure were investigated at three locales with hot
spring activity to better understand the geologic context associated with thermal waters in southern
Arizona. Increased permeability within fault systems provides conduits for circulation of geothermal
fluids. Future geothermal development depends on precise and accurate location of such fluid flow
pathways in order to assess geothermal resource potential and increase the likelihood of drilling
successful geothermal wells. A geothermal analysis to locate potential geothermal fields would look for
1) fault zones that are ideally oriented for slip or dilation under ambient stress conditions, 2) areas with
a high spatial density of fault intersections, and 3) lithologies capable of supporting dense
interconnected fracture networks. Areas in which these characteristics are concomitant with both
elevated temperature and fluids are probable upflow zones where economic-scale, sustainable
temperatures and flow rates are most likely to occur (Siler, 2014).

During this investigation, the geology of the following three areas was investigated:

e Along the southeastern Catalina Mountains metamorphic core complex and detachment
fault in the area of Agua Caliente warm spring (temperatures <50°C) along the basin margin;

e The complex geology of a young volcanic zone abutting Hooker’s Hot Spring (temperatures >
50°C) where basin fill is faulted against bedrock; and

e Areas of enhanced recharge along the eastern Pinalefio Mountains and the western Safford-
San Simeon Basin to document facies changes and faulting that may favor discharge of
thermal waters. The contact between the Safford Basin and the Pinalefio Mountains to the
west is associated with a lineament and fault zone that is not well understood. The Safford
area is known for its numerous hot springs.

The purpose of this report is to present groundwater chemistry data results for select springs and
attempt to define the structural geometry providing a potential mechanism of transport for thermal
groundwater at Agua Caliente Warm Spring, Hooker’s Hot Spring, and the Pinalefio-Safford area hot
springs.

Previous Investigations in Areas of Interest

In a lineament study by Lepley (1978), it appeared that the northeast (N40-60°E) striking lineaments
have a significant relationship with areas of high geothermal potential. Field observations in the volcanic
field immediately west of Springerville, Arizona, tend to support the importance of this northeast
direction. Cinder cones appear to be aligned along relic fissure vents striking N40-45°E (Hahman, 1978).
Another apparently important lineament direction is N40-45°W. Favorable geothermal energy areas
seem to occur in the vicinity of intersections of the northeast and northwest lineaments. The
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geothermal anomalies could result from favorable ground reparation of the basement complex. These
lineament intersections could have numerous, deeply penetrating fractures extending considerable
depths into the earth's crust. Groundwater in the intermontane basins could easily circulate to great
depths, become heated, and rise along these fractures. This action would cause cycling of the
groundwater in aquifers, creating a convection cell or cells similar to one inferred in the Tucson Basin
(Witcher, 1982).

Basin and Range

Hahman (1978) investigated the development of successful economic exploration techniques for the
location, evaluation and development of low- to moderate-temperature geothermal resources for use
by the general public and private industry. The program compiled and published a comprehensive
geothermal energy resource map of the state of Arizona, 1:500,000 scale. Most of the favorable areas
on this map were situated in the Basin and Range physiographic province. Preliminary investigations
indicated that low- to moderate-temperature geothermal energy would be available for use at most of
the populated areas in the Arizona Basin and Range province (Hahman, 1978). The resulting geothermal
map produced from this effort was the initial attempt to present the knowledge to date (1978) on the
geothermal energy potential of the State of Arizona. Water geochemical geothermometers are
reasonably accurate at designating the minimum range for the geothermal reservoir temperatures—the
result of mixing of non-thermal water with thermal water prior to the water reaching the sample site.
Measured thermal gradients were considered the most accurate (Hahman, 1978).

Giardina and Conley (1978) conducted a survey of records from numerous thermally anomalous water
wells in the southern portion of the Basin and Range province of Arizona that indicated most of these
wells are less than 300 meters (m) deep. The temperature and depth data of most of the shallow wells
produce abnormally high computed thermal gradients that are inconsistent with considerably lower
gradients in deeper wells. Thermal water moving vertically from deep-heated crustal rock along faults
into Tertiary, Quaternary, and Recent sediments and then moving outward horizontally in these
sediments from fault zones, appears to be the most probable mechanism effecting the identified
thermal gradient anomalies. A significant number of these anomalies appear to have thermal gradients
potentially adequate for non-electrical energy uses. Those portions of aerially large anomalies exhibiting
abnormally high gradients equal to or greater than 60°C/km below the shallow alluvial Cenozoic
sediments, may be closest to fault zones emitting thermal water. Localities containing such sites offer
some degree of selectivity for initial geological, geophysical, and geochemical exploratory programs
designed to evaluate the geothermal energy potential.

Specific parameters relating to the source of heat and the mode of occurrence of the identified thermal
gradient anomalies remain speculative; however, a synthesis of conclusions derived from geology and
geohydrology studies (Hahman, 1978; Hem, 1970) indicate that the most probable sources of the
shallow heat concentrations found in the Basin and Range province may be summarized as follows:
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1. Upward convection of thermal water along fault zones; primary source of heat not known but
possibly due to heated shallow crust.

2. Heat generated by late Quaternary dikes and sills intruded into Cenozoic sediments.
Heat produced from the exothermic hydration of anhydrite within basins containing extensive
evaporite deposits.

Thermal water is closely associated with major fault zones (Hahman, 1978; Waring, 1965). Stearns and
others (1937) believe that thermal springs throughout the entire Basin and Range province are closely
associated with major fault lines. Hem (1970) suggested that the hot springs and wells in the Coolidge
Dam area result from ground-water movement along faults in the Tertiary and Pleistocene valley-fill
deposits (Giardina and Conley, 1978).

Witcher and Stone (1982) published a single volume, then current knowledge (as of 1982), and basic
data on geothermal energy resources in the State of Arizona. Their thorough report covered background
and historic data for specific areas of investigation, thermal aspects of Arizona, and exploration
methods.

Clifton-San Francisco River

The lower San Francisco River area lies in the transition zone on the southern margin of the Colorado
Plateau and extensive Quaternary basaltic volcanism associated with high regional conductive heat flow
(>2.0 HFU) (Witcher, 1981b). The structure in the Clifton area is dominated by two regional, northwest-
and northeast-striking fault sets. Numerous dikes, intra-formational shear zones and breccia zones are
found in the area. Most of these features follow the northwest-northeast structural fabric of the area.
Controlled Source Audio-frequency Magnetotelurics (CSAMT) cross-sections were performed in 2007 by
Zonge Engineering of Tucson, Arizona. The results of their work confirmed the presence of a major,
previously unmapped fault on the east side of the San Francisco Canyon, in the area of the Clifton hot
springs orifices and other thermal features, and a number of other smaller paralleling faults, both
synthetic and antithetic to the major fault. The structural interpretations from the geophysics by the
Zonge team confirmed the detailed outcrop mapping by David Brown & Associates. It appears this fault
has formed a keystone graben under the San Francisco River, controlling the local geothermal system
(Brown, 2007). Work performed during 1950s-1970s indicated the total thermal flow into the San
Francisco River could be over a thousand gallons per minute (Brown, 2007). There are many springs in
the basin, most of which discharge less than 100 gallons per minute. One spring, about 10 miles
northeast of Clifton, discharged around 200 gallons per minute (gal/min) (Mann, 1980). Most springs
issue from the contact between basalt flows or underlying silt and clay deposits. Insufficient data exists
to determine whether a continuous groundwater system exists or if the area is made-up of several
discontinuous systems.
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Where the Gila River cuts through the Gila Mountains southwest of Clifton, lies Gillard Hot Spring,
reported to be the hottest spring in Arizona, at 80° to 84°C (Witcher, 1981a). The output of hot, saline
water from the springs (TDS 1200-1500 mg/l) is sufficient to raise the temperature of Gila River water
about 2°C (3.6°F ), and raise the chloride content of the river from 25 mg/I upstream from the springs to
30 mg/I below the springs (Hem, 1970; Witcher, 1981a).

Eagle Creek Hot Springs may be on the same fault zone as Clifton hot springs (Witcher, 1981a). Eagle
Creek springs discharge water at about 42°C of a mixed sodium bicarbonate-chloride type.

Safford-San Simon

The crust of southeast Arizona is highly anisotropic and is dominated by a west-northwest to northwest
structural grain which is superimposed on an older northeast grain (Swan, 1982 and Silver, 1978). This
anisotropicity originated during the Precambrian. During the Mesozoic, probable reactivation of west-
northwest structures (Titley, 1976) may have uplifted the Mogollon Highland (Coney, 1978, Turner,
1962, Elston, 1958). Significant erosion during that same period removed Paleozoic and pre-late
Cretaceous rocks to expose Precambrian basement (Elston, 1958), consisting of the Pinal Schist and
large granitic batholiths (Silver, 1978). The Safford area lies astride the Mesozoic Mogollon Highland.
(Witcher, 1982).

The Safford basin, in Graham County, contains at least four proven and potential geothermal reservoirs
of less than 1.2 km depth and three inferred moderate- to high-temperature reservoirs less than 2.5 km
depth (Arizona Geothermal Commercialization Team, 1979). Studies by Witcher (1979b, 1981a,b, 1982)
and Hahman and others (1980) focused on characterizing the nature and extent of geothermal
anomalies in the Safford area (Harris, 1998). One of the surface manifestations of geothermal reservoirs
is the presence of hot springs and hot artesian wells. The relation of natural hot springs and hot wells to
water quality in the upper Gila River was discussed in Harris (1998).

Indian Hot Spring, northwest of Safford, produces about 1000 liters per minute of water at 45 to 48°C
(Witcher, 1981a). The water is a sodium chloride type and travertine (calcium carbonate) deposits are
present at the springs. TDS ranges from 2,570 mg/I to 3,004 mg/I. A high level of sulfate in the spring
water indicates the presence of gypsum in the sediments. Indian Hot Spring is on an alignment of faults
trending NW on the north side of the Gila River flood plain. This zone of faulting extends from Bylas to
northwest of Safford and is thought to be responsible for an alignment of hot springs and hot wells in
that area (Witcher, 1981a). Traces of fault segments and associated deformation of sedimentary units
are exposed at several localities (Houser, 1990; Houser and others, 1985).

Several thermal wells have temperatures > 30°C near Buena Vista (northeast of Safford). One of these is
known to have artesian flow at about 800 gallons per minute (gpm). The 49.5°C water discharges from
around the base of a pump installed over a 24-inch surface casing. Another artesian well northwest of
Safford and north of Thatcher flows at an estimated 500 gpm at 43.5°C from an open surface casing. A
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shallow geothermal resource at 30 to 50°C is found in a basin-fill reservoir of sand and gravel to 215 m
depth beneath Buena Vista. The top of the reservoir is formed by a confining clay and silt unit whose
base ranges from 105 m deep at Sanchez Monument to less than 46 m deep northeast of the
Monument near the Gila River. Apparently this thermal water originates from upward leakage along
fractures and structure in an underlying bedrock structural bench.

A study of soil mercury anomalies in western Safford Basin, frequently associated with high temperature
hydrothermal systems (>150°C), was conducted in an area having wells with anomalous temperatures to
delineate the extent of the anomaly, identify potential structure control of a probable convective
system, and test the applicability of soil mercury on a probable low temperature (<100°C) geothermal
system. These mercury anomalies overlie a major fault zone interpreted from seismic-reflection surveys
(Kruger and others, 1995). An inferred structural intersection of northeast-trending basement faults
(lineations) with the high angle basin-bounding fault zone coincided with the elevated soil mercury
levels and heat flow anomalies. The highest soil mercury anomalies trend east-northeast suggesting
structure control with that orientation. Repetitious Pleistocene faulting on the fault zone may have
created and sustained open fracture permeability at depth. All the above factors point toward a
hydrothermal convection system possibly controlled by basement structure (Witcher, 1982).

The Pinalefio Mountains, a mid-Tertiary metamorphic core complex (Davis and Coney, 1979), defines
the western boundary of the Artesia area in the Safford Basin. This range reaches an altitude over 3,000
m (10,000 feet) and receives significant precipitation (>76.2 cm/year). The impressive mountain front is
dissected by several linear canyons which are deeply eroded into gneiss and mylonitic gneiss. These
canyons coincide with major northeast striking fault zones displaying minor left-lateral strike-slip
movement (Thorman, 1981). Mylonitic foliation in the gneiss dips gently north to northeast near the
base of the Pinalefio Mountains and it dies out rapidly into the range (Thorman, 1981). A large
displacement high angle Basin and Range fault zone is interpreted from gravity data by Wynn (1981).
This fault zone forms the western boundary of the Safford basin, which may contain up to 3 km
(Oppenheimer and Sumner, 1981) of post mid-Miocene basin filling sediments (Scarborough and Pierce,
1978). Pleistocene tectonic activity along the fault zone is observed in multiple and composite fault
scarps displacing Pleistocene geomorphic surfaces up to 30 m (Morrison and others, 1981). A faulting re-
occurrence interval of 100,000 years was estimated by Menges and others (1982) (Witcher, 1982).

While a low angle fault is not observed in the Pinalefio Mountains adjacent to Artesia, outcrops of
mylonitic gneiss at the base of the Pinalefio Mountains suggest that a fault is preserved in the Safford
basin basement. A mid-Tertiary age for cataclasis of the gneiss is unconfirmed (Thorman, 1981), but low-
angle Miocene faults are observed at Eagle Pass (Blacet and Miller, 1978) and near Gillespie Mountain
(Thorman, 1981) on the northwest and southeast ends, respectively, of the Pinalefio Mountains.
(Witcher, 1982). Because the Pinalefio Mountains are a metamorphic core complex, a low angle fault,
overlain by highly deformed pre-Basin and Range tectonism (pre-late Miocene) rocks, is tentatively
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inferred in the Safford basin basement. Such a fault zone may contain significant fracture permeability
and may receive recharge from the Pinalefio Mountains via northeast trending basement fault zones.

The residual aeromagnetic map of Arizona (from Sauck and Sumner, 1974) illustrating major geophysical
lineaments shows that only one out of 15 thermal springs is located farther than 30 km from major
geophysical lineaments (Witcher and Stone, 1983). The single exception, Hookers Hot Spring, lies astride
the Morenci lineament. The apparent association of hot-spring activity with aeromagnetic linears is
probably not coincidental. These aeromagnetic anomalies probably represent ancient, deep-seated
crustal structures that allow deep flow of ground water (Witcher and Stone, 1983).

Tucson Basin

The Tucson Basin is a single intermontane basin in the Basin-and-Range Province of southeastern
Arizona. The basin is a northwest-trending, alluvium-filled valley surrounded by mountain ranges. These
mountains are underlain by the Catalina core complex, which is one of dozens of metamorphic core
complexes in the North American Cordillera. Coney (1980a) described metamorphic core complexes as
“a group of generally domal or archlike, isolated uplifts of anomalously deformed, metamorphic and
plutonic rocks overlain by a tectonically detached (faulted) and distended unmetamorphosed cover.”
Metamorphic core complexes consist of a heterogeneous older metamorphic-plutonic basement
overprinted by lineation, foliation, and gneissic fabrics (Coney, 1980b), faulted, and generally overlain by
younger basin sedimentary rocks and volcanics.

The Catalina detachment fault separates ductile deformed gneissic rocks of the lower plate from brittle
deformed plutonic and sedimentary rocks of the upper plate. The fore-range rises from the basin to mid
elevations; it consists of foliated lineated gneiss and is dissected by numerous canyons and ridges. These
features are thought to correspond to antiforms and synforms, i.e., to undulations in the surface of the
Catalina fault (Dickinson, 1991). Detailed study of rock types, folding, faulting and joints across the
Catalina Mountains indicates numerous faults, folds, and joint patterns (Peterson, 1968; Suemnicht,
1977; Janecke, 1986; Young, 1988). Several large scale lineaments have been inferred that are probably
fractures, both parallel and transverse to lineation in the gneiss. Faults and fractures are potential
conduits for downgradient movement of recharge water and upwelling of thermal waters.

Olson (1982) and Morbacher (1984) used chemical and isotopic data in groundwater in the foothills of
the Santa Catalina Mountains to distinguish two mechanisms of mountain-front recharge. These studies
identified two isotopically and chemically distinct classes of groundwater. Both studies suggested that
one class receives recharge from the infiltration of mountain streams at the basin margin, and the other
class received recharge directly from fractures in the crystalline mountain mass (Olson, 1982;
Mohrbacher, 1984). The two classes of water were mapped with relation to the global meteoric water
line which represents the relationship between hydrogen and oxygen isotope ratios in natural terrestrial
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waters, expressed as a worldwide average. The spring waters data plotted above the line and more
closely resembled the deeply circulated, fracture-flow water of previous studies.

Yuma

Stone et al. (1980) conducted a preliminary assessment of the Yuma area geothermal potential. The
Yuma study area is located in the extreme southwest corner of Arizona. The Yuma area contains three
separate ground-water reservoirs, the Fortuna Basin, the San Luis Basin, and the Yuma Trough. The
Yuma study area (Stone, 1980) falls within the Mojave-Sonora Megashear (Anderson and Silver,
1979).The basins and ranges are superimposed over the 150+ km wide megashear with California and
Arizona basins and ranges paralleling the trend of the earlier structure. Gravity highs in the Fortuna
Basin, magnetic highs, and fault trends coincide with the above-normal temperature gradients, thus
providing specific targets for more definitive exploration. Because of intensive ground-water studies and
nuclear power plant siting studies in the area, data on subsurface conditions for this area are much
more extensive than for most basins in Arizona. There are at least 35 wells with recorded discharge
temperatures in excess of 30°C, even with extensive infiltration of irrigation waters. Temperature
gradient studies are also hampered by the mixing of irrigation water with groundwater (Stone, 1980).

Proximity of the Salton Trough to the Yuma area makes this a favorable geothermal area. The strong
northwest structural trend through this area is seen in the lineaments and in the gravity and magnetic
maps. This trend is a reflection of involvement in the Gulf of California-Salton Trough system, an active
transform fault system along two major plate boundaries to the west and southwest of Yuma. It is
possible that active tectonism of the Salton Trough-Gulf of California system periodically reactivates
fracture permeability in the basement, allowing convective transfer of heat to shallow depths, and thick
insulating basin-fill sediments permit the accumulation of this heat energy (Stone, 1981). Extensive
irrigation and pumping practices have resulted in extensive infiltration of irrigation waters mixing with
groundwater in the Yuma area to such an extent that variations in chemical composition are useless in
detecting geothermal fluids that may be leaking upwards from a deep reservoir (Stone, 1980). Published
and estimated heat flow from the periphery of the Yuma area is normal for the Basin and Range
Province. These values may or may not be indicative of heat flow throughout the entire region.
Presently, the only positive indication of a potential geothermal resource in the Yuma area is the
occurrence of an area of high thermal gradients coincident with a fault-bounded horst block and a
"warm" anomaly (Stone, 1981).

Transition Zone

The boundary of the Mojave section of the Basin and Range Province in northwest Arizona is arbitrary,
but in general lies between the Bill Williams River-Lake Alamo-Santa Maria River to the south and the
Colorado River to the north. The Mojave section is within a transition zone that has characteristics of
both the Basin and Range and the Colorado Plateau. Most of this transition zone resembles the Basin
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and Range geology because it has incurred volcanism and igneous intrusion. Prior to mid-Tertiary
volcanism and plutonism, the Mojave section was structurally high. Precambrian basement consists of
predominantly Precambrian granitic to granodioritic gneiss, which intrude high grade metavolcanic rocks
(Witcher and Stone, 1982). Kaiser Hot Spring, Cofer Hot Spring, and Ringbolt Hot Spring below Hoover
Dam are located in the Mojave section.

Kaiser Hot Spring discharges from a 25 m-wide breccia zone striking N45°W. The breccia zone is in
Precambrian granitic rocks underlying the silicic flows and flow breccias of the Kaiser Spring-Elephant
Head volcanic field (Goff, 1979; Moyer, 1982). Temperatures are reported to be around 37°C.

Castle Hot Spring is the highest temperature hot spring in the Transition Zone northwest of Phoenix
(Swanberg and others, 1977). Although the chemistry of the water is similar to other hot springs within
the Transition Zone, its purity, high sulfate, and high fluorine (Mariner and others, 1977) are anomalous.
The geologic setting of Castle Hot Spring consists of a Precambrian basement of granite and schist that is
overlain by Miocene age volcanic rocks. The emergence of Castle Hot Spring and several other related
springs is controlled by the fault contact between the basement and volcanic rocks (Sheridan et al.,
1980). The generalized stratigraphy of the area consists of Precambrian schist and granitic rocks overlain
unconformably by 300-450 m of basaltic lavas and rhyolitic tuffs which are in turn overlain by
approximately 120 m of latitic epiclastic breccia and lava flows (Sheridan et al., 1979). Hydrothermal
alteration is widespread within the volcanic rocks.

Toward the end of the volcanic cycle, large-scale, NW-trending normal faults formed a series of horsts
and grabens. Large listric faults allowed sheets of Precambrian granite to come to rest on top of volcanic
rocks along the Castle fault system. This structural setting controls the location of the major high-
temperature springs and wells in this system (Sheridan et al., 1980). The thermal system is a steady-
state low-temperature hydrothermal resource. Chemical geothermometry and mixing models indicate a
maximum reservoir temperature of 100°C. The size of the resource is much more extensive than
previously recognized. This regional geothermal system may extend along the entire southeastern flank
of the Bradshaw Mountains. The heat source is not well specified, but may be due to a shallow source
related to radioactive heating or to an abnormally high geothermal gradient. The information presented
favored heating by the geothermal gradient due to deep circulation (Sheridan et al., 1980).

Thermal springs occur on both side of the Colorado River below Hoover Dam. Three springs occur on the
east side of the river, including Ringbolt in the Lake Mead Recreation Area, with an estimated composite
flow rate of 70 L/sec with individual springs that discharge from 2 to 14 L/sec. Temperatures of the
springs range from 32° to 58°C. The springs discharge sodium chloride water from faults and fractures in
mid-Tertiary volcanic rocks which comprise Black Canyon (McKay, 1981).
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Colorado Plateau

The Springerville area in Apache County was a site-specific target for geothermal exploration on the
basis of moderate to high chemical geothermometers, proximity of young volcanics and intersection of
regional lineaments defined by the alignment of young volcanics in the White Mountain volcanic field
(Stone, 1980). A USGS program focused on the area between Springerville and Alpine. Previous data
were reviewed and the geothermal reservoir appeared to be of sufficient magnitude to warrant further
evaluation. In the Springerville area, volcanism had been nearly continuous from 32 m.y. to at least
10,000 years ago. Rock chemistry showed that volcanic activity occurred in three distinct pulses,
suggesting renewed episodes of partial melting in the mantle. The cause of periodic melting events is
unknown, but is probably related to global plate tectonics. Geochemical evidence, locally anomalous
silica concentrations in the groundwater indicative of high heat flow, supported the probability of a
geothermal resource in the Springerville area. Geophysical surveys indicated that a mantle upwarp or
shallow, low-velocity zone exists beneath the area. Aubele and Crumpler (1978) placed a lower age limit
of >10,000 years on all volcanism in their study area. Crumpler confirmed the suspected WNW and NE
orientation of fissures and the alignment of cinder cones along the fissures. Lineaments intersect in the
White Mountain volcanic field and undoubtedly have a dynamic influence on continuing magma
generation and volcanism in the region.
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2. PHYSIOGEOLOGY

Regional

The state of Arizona is divided into two main physiographic provinces divided by a transition zone. The
Colorado Plateau province lies across the northeast portion of the state. The landforms that characterize
this province are broad plains, plateaus, buttes and mesas. These features have been formed by
differential erosion of resistant and nonresistant sedimentary rocks. The Basin and Range province
covers the southwest portion of the state. The complex lithologies and overall structure of the Basin and
Range province are the result of a long history of tectonic activity that commenced during the
Precambrian, over one billion years ago. The physical features visible today— north, northwest and
northeast trending mountain ranges and sediment-filled intermontane basins—are the result of the
most recent complex tectonic activity that commenced approximately 14 million years ago and may
continue in some places. The Colorado Plateau, when compared to the Basin and Range, is tectonically
stable (Hahman, 1978).

The Basin and Range disturbance in late Cenozoic was responsible for the formation of the modern
landscape of Arizona. The Basin and Range disturbance was the latest in a series of tectonic episodes
that have deformed the region since the late Mesozoic era. During the Laramide orogeny, spanning from
late Cretaceous to early Eocene, northeast-southwestward directed compression resulted in folding,
thrust faulting and basement uplift (Drewes, 1976, 1978; Davis, 1978). Intermediate to silicic volcanism
and plutonism accompanied compression. Many Laramide plutons contain significant disseminated
copper-molybdenum mineralization. The region was quiescent from the end of the Laramide orogeny,
from 50 m.y. until the beginning of the Oligocene at about 38 m.y. (Damon and Mauger, 1966;
Livingston and others, 1968; Damon, 1968; Epis and Chapin, 1975; Gilluly, 1956; Hayes, 1970). Detritus
from eroded "Laramide" mountains formed the lower members of the Pantano Formation and other
early to middle Oligocene, coarse-grained, clastic deposits found throughout the region (Shafiqullah and
others, 1978).

Since the beginning of the Oligocene, the region has been subjected to three episodes or stages of
tectonism (Shafiqullah and others, 1976; Damon and others, 1978). The first Stage, a period of heating
and crustal melting, lasted throughout the Oligocene and was characterized by intermediate to silicic
volcanism, emplacement of granitic plutons, and evolving cauldron complexes. The Stage 1 volcanic
rocks range in composition from rhyolite to diorite. Stage 2 covers the 12 m.y. transition between the
magmatism of Stage 1 and rifting of Stage 3. Stage 2 represents a transition from silicic to basaltic
volcanism during a time of complex tectonism. This stage also involved a shift from thin-skin rotation of
the crust to continental rifting. Stage 3, the Basin and Range tectonic event, encompasses the last 12
m.y. ending approximately 6 m.y. in Arizona, during which thin, brittle crust was rifted. This stage is also
characterized by mantle-related basaltic volcanism. The Basin and Range tectonic event is still in
progress and is characterized primarily by basaltic volcanism (Shafiqullah and others, 1978).
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Stage 1 magmatic activity progressed from small eruptions of intermediate composition lavas to massive
effusions of rhyolitic ash-flow tuffs over hundreds of square kilometers. Much of southeastern Arizona
was blanketed with such flows from eruptive centers in the Chiricahua Mountains (Marjaniemi, 1968),
the Tucson-Roskruge mountains (Bikerman, 1968; Eastwood, 1970), the Galiuro Mountains (Creasey and
Krieger, 1978), and the Santa Rita Mountains (Drewes, 1972). In the Chiricahua Mountains alone, about
400 cubic kilometers (km?3) of rhyolitic lavas and ash-flow tuffs were erupted from either cauldron
complexes, fissure systems or isolated vents. The Turkey Creek caldera in the Chiricahua Mountains is
the best exposed and described of these complexes (Marjaniemi, 1968). This caldera is about 20 km in
diameter and contains a sub-volcanic pluton. Coarse-grained, granitic plutons were intruded at many
places in southeastern Arizona either before or simultaneously with eruption of ash-flow tuffs. In
addition, gneissic core complexes such as the Tortolita-Santa Catalina-Rincon Mountains were created
or reactivated (Damon et al., 1963; Mauger et al., 1968; Creasey et al., 1977). During Stage 1, the crust
was heated in some areas with possible attendant melting and extension. This crustal extension is
evidenced by north to north-northwest trending dikes, veins and plutons (Rehrig and Heidrick, 1976)
and the inception of low-angle, normal faulting of a similar trend. Other structural adjustments during
this stage were primarily local, such as the collapse of calderas and the rise of resurgent domes
(Shafiqullah, et al., 1978).

The present-day physiography in Arizona’s Basin and Range Province, characterized by mountains and
basins, was formed primarily by large-scale normal faulting during the Basin and Range tectonic event
14 to 6 m.y. (Scarborough and Peirce, 1978). Structural movement resulted in a series of upthrown and
downthrown blocks throughout a large region in Arizona and nearby States. Block faulting altered
previous drainage patterns, and the subsiding areas became depositional sites for locally derived
sediments. Concurrent with this faulting, erosion and subsequent deposition of basin fill sculptured the
mountains and formed the basins and valleys that now exist. The mountains consist mainly of
consolidated intrusive and metamorphic rocks of Precambrian, Mesozoic, and Tertiary age. Volcanic and
sedimentary rocks of Tertiary age also are common in many ranges. Volcanic and sedimentary rocks of
Paleozoic and Mesozoic age occur in parts of a few ranges, but are less abundant. Most basins in the
study areas contain alluvial deposits and volcanic rocks of late Cenozoic age (Wilson et al., 1969).

The study area includes the Basin and Range province characterized by generally north- to northwest-
trending mountains separated by wide alluvial basins that form a regional topography of alternating
mountains and valleys. Altitudes range from 150 feet (ft) above sea level near Yuma to more than
11,000 ft above sea level in the Central Highlands. Although a common geologic structure prevails
throughout the Basin and Range province, physical differences exist between the Central Highlands and
the Basin and Range lowlands.

The Basin and Range mountain ranges are small, deeply dissected, and rimmed by large pediments. The
valleys in the northwestern and southeastern parts of the Basin and Range lowlands are characterized
by long, north-trending valleys and mountains that are approximately equal in areal extent. The valley
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floors range in altitude from less than 200 ft above sea level to about 4,000 ft in the Willcox basin in the
southeast, with adjacent mountains rising as much as 6,000 ft above the valley floors.

In contrast to the Basin and Range lowlands, the Central Highlands are mountainous and contain shallow
intermontane basins that occupy only a small part of the total area. With the exception of Verde and Big
Chino Valleys, the basins commonly contain little more than thin sequences of alluvium along stream
and river corridors.

Structure

Understanding the structural geology of a geothermal area is important. Most geothermal systems are
controlled by faulting. The faults act as both subsurface barriers and subsurface pathways for fluid
movement. Hot springs, geysers, rock alteration, and ancient hot spring deposits are usually found
associated with faulting. The location of dikes, intrusives, shear zones and breccia zones are also
important. These features tend to follow the local structural fabric and can intrude into existing fault
zones and provide additional fluid pathways (Brown, 2007). Faults and fractures are also potential
conduits for downgradient movement of recharge water. Concentrations of thermal features can
commonly be found at the intersection of two or more structural features. Intersecting faults can create
stress shadows resulting in open conduits in fault zones that can allow fluids to ascend to the surface, or
ascend to an intervening shallow thermal aquifer, where they can be intercepted by a drill hole.
Therefore, understanding the structural geology and locating the “thermal” faults are of uppermost
importance for successful geothermal exploitation (Brown, 2007).

Structural disturbances resulting in faulting, flexing, erosion, deposition of sediments, and volcanic
activity have taken place intermittently and with variable intensity throughout the geologic history of
the Basin and Range Province (Wilson and Moore, 1959). Most of the faulting occurred between 30 and
6 m.y. (Morrison, 1969). The alternating mountains and valleys of the province are the result of large-
scale faulting. The depression of some blocks and subsequent deposition of detritus derived from
adjacent uplifted blocks produced the present day landforms (Giardina and Conley, 1978).

Faulting can create good vertical permeability for deep circulation of water. High-angle faults can
displace permeable rocks to sufficient depth for significant heating by normal heat flow from the earth's
interior, whereas low-angle faults can displace impermeable rock over permeable rock, creating a
"structural trap" reservoir. Low-angle faults in Arizona are frequently characterized by impermeable
zones at or near the fault plane that may overlie fractured and permeable rock. Rock geometries
resulting from tectonic movement, post and syntectonic sediment deposition, and erosion may create
favorable combinations of potential reservoir rocks and cap rocks to form "stratigraphic traps". Similar
traps may also form during volcanism where eruptions result in mud flows and impermeable tuff
overlying permeable volcanic sequences. Impermeable "cap rocks" are as important as the occurrence
of permeable rock. With a cap rock acting as an aquitard, heat will be conserved in a deep reservoir as
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leakage out of the reservoir will occur only along vertical fracture zones or faults and limit flows
(Witcher, 1981a).

Geology
Pre-Cenozoic Rocks

Pre-Cenozoic rocks present in the Basin and Range major mountain ranges are divided into intrusive,
metamorphic, and volcanic rocks. Intrusive rocks of Precambrian age include granite, quartz monzonite,
granodiorite, quartz diorite, and locally, gabbro. Metamorphic rocks of Precambrian age include phyllite,
mica-schist, chlorite-schist, amphibolite, and gneiss. These rocks are most abundant in the Central
highlands and adjacent areas where they partially bound several major basins and are found in the
largest ranges having the highest altitudes (Wilson and Moore, 1959). Intrusive and volcanic rocks of
Mesozoic age are scattered throughout the central, western, and southwestern parts of the study area.
Isolated outcrops of Paleozoic rocks occur in west-central Arizona (Shafiqullah and others, 1980).
Sedimentary rocks of Mesozoic age and continental origin are found in southeastern Arizona. The rocks
were structurally deformed, intruded by magmas, and overlain by younger sedimentary rocks during the
late Mesozoic and early Cenozoic (Paleocene) as a result of the Sevier and Laramide orogenies. Rocks
formed during the Laramide orogeny are extensive and include rich porphyry copper deposits in parts of
south-central Arizona (Wilson et al., 1969; Shafiqullah et al., 1980).

Cenozoic Rocks

Three major geologic events followed the Laramide orogeny during the Cenozoic Era: (1) the Mid-
Tertiary Orogeny, which was accompanied by calc-alkaline volcanism and plutonism and the
accumulation of sediments; (2) the Basin and Range disturbance, which was accompanied by andesitic-
basaltic volcanism, block faulting, basin formation, and sedimentation; and (3) maximum basin filling,
which was followed by minor uplift, river system integration and erosion, and development of terraces
along major rivers (Scarborough and Peirce, 1978).

The Mid-Tertiary Orogeny was characterized by crustal melting, plutonism, and extrusion of
intermediate to silicic lavas. The volcanic rocks formed during the orogeny are extensive and are
predominantly andesitic, rhyolitic, and dacitic in composition. Rhyolitic volcanic rocks form most of the
Chiricahua Mountains and parts of the Galiuro and Winchester Mountains in the southeast, the
Superstition Mountains area near Phoenix, and the Tucson and Roskruge Mountains near Tucson.
Intermediate volcanic rocks, transitional in chemical composition between mafic and felsic rocks, form
large parts of the Galiuro and Winchester Mountains and are predominant in the Sand Tank Mountains
near Vekol Valley and adjacent areas of the Tohono O’odham Indian Reservation (formerly Papago
Indian Reservation) in south-central Arizona (Scarborough and Peirce, 1978.)
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Following the Mid-Tertiary Orogeny, thick sequences of pre-Basin and Range sedimentary rocks of
Tertiary age were deposited in places. These rocks of continental origin range from boulder
conglomerate to mudstone and generally are well indurated. The rocks are moderately deformed,
faulted, and tilted and generally are found at the basin margins in fault contact with older and younger
rocks. These pre-Basin and Range sedimentary rocks are present in many basins beneath younger less-
consolidate basin fill (Laney and Hahn, 1986).

Basin-Fill Deposits

Most of the rocks comprising alluvial basins in the study area were deposited after the Basin and Range
disturbance and are Quaternary to late Tertiary in age. The basins were created in response to an east-
northeast to west-southwest regional extension field that resulted in a network of north- to northwest-
trending horsts and grabens bounded by high-angle normal faults. The subsidence of these grabens and
subsequent erosion resulted in late Cenozoic basin-fill deposits that exceed thicknesses of 8,300 ft
(Scarborough and Peirce, 1978).

Basin-fill deposits include clastic sediments, evaporites, interbedded volcanic rocks, stream alluvium,
and flood-plain deposits. These deposits occur as distinct beds of sand and gravel and as poorly sorted
interbedded clayey silt, sand, and gravel, locally interbedded with volcanic rocks. Deposits near the
basin margins commonly are fanglomerate or alluvial sand and gravel that grade laterally into silt, clay,
and evaporites near the center of the basin. The amount of fine-grained silt and clay deposits and
evaporites that lie in basin centers accumulated in internal or restricted drainage environments.
Deposition of the basin fill was controlled primarily by tectonic processes. Erosion of up-thrown areas
and concurrent deposition of sediments resulted in the basin-ward increase in fine-grained sediments
and occurrences of the thick, fine-grained deposits in the deepest structural parts of the basins. The
transition from coarse-grained to fine-grained deposits generally occurred near fault boundaries, but
vary due to size of the drainage area, amount of precipitation on the drainage area, relief of the
depositional area, structural movement, and shifting of the stream channels during deposition. Many
places likely abruptly changed from closed to open systems. Development of integrated or through-
flowing drainage also influenced grain-size distribution (Robertson, 1991). On the basis of source area,
particle size, age, composition, and degree of cementation, the basin-fill deposits are informally divided
into three general units: (1) lower basin fill, (2) upper basin fill, and (3) stream alluvium (Pool, 1986).
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3. HYDROGEOLOGY

Climate

The climate of the region is semi-arid, with hot, dry summers and mild winters. Temperatures commonly
rise to over 35°C during the summer and fall below freezing in the winter. Southern Arizona receives
much of its precipitation during the months of July and August when intense, short-duration
thunderstorms are common. A rainy period also extends from December to March, and is characterized
by gentle rains and cooler temperatures. The driest months are April, May and June. Mean annual
precipitation ranges from less than 0.25 ft near Yuma to more than 0.8 ft in the higher altitudes of the
central and eastern highlands. Precipitation is highly variable and in any given year may depart greatly
from the mean (Robertson, 1991). Alluvial aquifers in the desert southwest are generally thought to be
recharged along washes near mountain fronts where precipitation is high. At lower elevations, where
precipitation is less intense, evaporation and transpiration are believed to largely restrict groundwater
infiltration.

Regional Hydrology

In southeastern Arizona, the regional groundwater flow system closely parallels the direction of the
surface-water drainage. Groundwater in areas north and south of the Gila River generally flows toward
the Gila and along the Gila River drainage. Groundwater in basins that adjoin the Colorado River flows
toward the river, and groundwater in a few individual basins along the international boundary flows
southward into Mexico. The intrusive and metamorphic rocks and most of the volcanic rocks that
separate the basins, generally, are impermeable and transmit little, if any, water. Where basins are
hydraulically interconnected, groundwater moves from the basin of higher altitude to the basin of lower
altitude. Basins are hydrologically interconnected where the alluvium overlying the consolidated or
other impermeable rocks along groundwater divides is saturated (Robertson, 1991). Most of the basins
in the study area are connected hydraulically; only the Willcox basin is internally drained.

Occurrence of Groundwater

Groundwater occurs in the study area in rocks of all principal types: intrusive, metamorphic, and
volcanic rocks; pre-Basin and Range sedimentary rocks of Tertiary age; and basin-fill sediments. The
water-bearing properties of these rocks, however, vary widely. Well yields range from a few gallons per
minute (gal/min) to more than 6,000 gal/min (Robertson, 1991). The water-bearing characteristics of
the intrusive, metamorphic, and volcanic rocks are dependent on localized joint fractures and
weathering characteristics. In general, well yields of intrusive and metamorphic rocks are limited to a
few gal/min. Volcanic rocks, which can be more porous and fractured, may yield more water and serve
as local sources, but, like intrusive rocks, their water-yielding properties are generally limited. Volcanic
rocks are the source for the municipal water supply for the city of Kingman (Gillespie and Bentley, 1971),
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and groundwater flow through fractured volcanic rocks has been reported on the Tohono O’odham
Nation (formerly the Papago Indian Reservation) (Heindl, 1967). Although the intrusive, metamorphic,
and volcanic rocks generally contain little water, they may indirectly influence the hydraulic conductivity
or recharge of the alluvial aquifers. Intrusive granitic rocks are more likely to weather to permeable
quartz-rich sandy soils, whereas volcanic rocks are more likely to weather to tight clayey deposits. The
weathering process, therefore, may form deposits of differing hydraulic conductivity or deposits that
may enhance or preclude infiltration.

Groundwater Flow System

Depth to the water table varies widely throughout the study area, but in all basins is greater near the
mountain fronts. Depth to water near the mountains is typically 300 to 800 ft or more and decreases
basinwards, partially due to elevation change. Groundwater moves perpendicular to the mountain
fronts toward the basin axis, where it either discharges or blends with existing underflow. The hydraulic
gradient of the water table resembles that of the land surface, but is somewhat gentler. Groundwater
velocities are on the order of a few feet to a few tens of feet per year. Velocities generally are greater
near the mountain fronts, where gradients are steeper and permeabilities are higher than those in the
interior of the basins (Robertson, 1991).

Groundwater generally occurs under unconfined conditions, but confined conditions may exist where
extensive fine-grained facies of the basin-fill deposits are present and form an aquitard. Confined
conditions and flowing wells, some of which discharge more than 600 gal/min, are found extensively in
the eastern part of the study area in the Safford basin, the Benson area, lower San Pedro Valley, San
Bernardino Valley and San Simon Valley. Confined conditions also exist in Verde Valley (Owen-Joyce and
Bell, 1983).

General Chemical Character of the Groundwater

The groundwater in the Basin and Range basins, as indicated by dissolved-solids and trace-element
content, generally is of suitable chemical quality for most purposes but is not without some problems.
Dissolved-solids concentrations range from an average of less than 500 milligrams per liter (mg/l) in 11
of the 28 southern basins to more than 3,000 mg/I in basins along the Gila and Colorado Rivers, and
above 10,000 mg/| in the Safford basin. In several basins, the groundwater contains large concentrations
of the trace elements fluorine, chromium, arsenic, lead, boron, or selenium that exceed standards
established for public supply or certain agricultural uses (Robertson, 1991). In the recent study, A
Summary of Salinities in Arizona’s Deep Groundwater (Gootee, Mahan, and Love, 2012), a total of 270
water-quality well records were retrieved based on a defined salinity criteria. The search identified a
total of 22 wells below 800 m depth with salinity greater than 10,000 mg/| total dissolved solids (TDS),
34 wells below 800 m depth with salinity less than 10,000 mg/I TDS, and 214 wells less than 800 m

An Investigation of Thermal Springs throughout Arizona:
Geochemical, Isotopic, and Geological Characterization, Arizona Basin and Range Province
20



Arizona Geological Survey

depth with salinity greater than 5,000 mg/l TDS. Water with salinity above 5,000 mg/| is considered non-
potable and not suitable for drinking water.

Geothermal Groundwater

Many reports have been written on research conducted during the 1970s and later on geothermal
resources in Arizona. There have been many research efforts throughout Arizona in areas that exhibit
geothermal anomalies as thermal springs and wells, each resulting in site specific theories as to heat
source, groundwater source, structure, and, when warranted, evaluation of groundwater mixing. Some
previous studies pertinent to the study area are summarized below to illustrate different ideas on
geothermal groundwater sources and characteristics, but the research studies are by no means limited
to these summaries.

Numerous wells in southern Arizona discharge thermal water contained in bedrock, sand and gravel
aquifers stacked within, and below extensive silt and clay aquitards. Thermal well and spring
groundwater temperatures can range from 30° to 50°C or higher (Witcher, 1982). The often artesian
geothermal resource appears to be characterized chiefly by a conductive thermal regime in basin fill
sediments, although hydrothermal convective systems apparently exist below the silt and clay in a few
areas (Witcher, 1982).

In the Tucson Basin, tritium was measured in groundwater from approximately 30 wells in the early
1990s (Lindquist, 1992). Bomb pulse tritium concentrations were measured up to 14 tritium units (TU)
adjacent to the Rillito River and contributing drainages in the basin (Cunningham et al., 1998). In several
springs adjacent to the Catalina detachment fault, values range from below detection to 8.2 TU. Pashley
(1966) postulated that water rises along the Catalina detachment fault plane. However, the tritium and
stable-isotope values do not clearly indicate a common source of water. Along the northeastern edge of
the Tucson Basin in the Catalina Mountain foothills, many springs emerge from igneous-sedimentary
contacts, but this is not a consistent pattern and the fault contact in many areas is hidden beneath
basin-fill. Since tritium data did not correlate well, it was postulated that fractures may be an important
control on spring location and age of water. The apparent variation in relative age could be attributed to
fractures of varying size, length and orientation.

The use of § 80 and 8D to identify sources of water and altitude of precipitation is well established. In
the Tucson basin, summer and winter precipitation have different moisture sources, each with
distinctive stable isotope composition. A comprehensive long-term collection of 8D and 60 data in
precipitation and groundwater for Tucson areas corroborates the findings of earlier studies (Kalin,
1994). The weighted average 6D values of summer and winter precipitation were —38 and —58 parts per
thousand (%o), respectively. Winter 6D values clustered between —60 and —80 %.. Summer values had a
much wider range, from =5 to —110 %e.. Several areas within basin groundwater had relatively low 6D (—
65 %o) values. Kalin (1994) suggested that in these areas groundwater is derived principally from
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mountain-front recharge. Many studies support the hypothesis that winter precipitation is the
dominant source of groundwater recharge to the basin, and one study (Kalin, 1994) suggests that areas
with relatively low 8D values represent areas recharged by mountain precipitation (Cunningham, 1998).
Olson (1982) and Morbacher (1984) reported 8D and 580 in groundwater near the Santa Catalina
Mountain front and confirmed a bimodal distribution of isotopic values. Olson (1982) identified two
distinctive chemical classes of water, one of which he interpreted as shallow recharge through
infiltration of mountain streams, and the other as deeply circulated mountain precipitation. Stable
isotopes confirm that these two water types are distinct and support the interpretation of the origin of
each water type. Mohrbacher’s (1984) interpretation of the source of each water type agreed with
Olson’s (1982). In addition, he reported 880 values in a few spring waters from the Santa Catalina
Mountains that were similar to those of the deeply circulated, fracture-flow recharge water
(Cunningham, 1998).

Within the Gila River drainage area, several hot springs are known to produce salty water. Clifton hot
springs are a typical fault-controlled, sodium chloride dominated system. The hot springs emerge from
the bottom and edges of the San Francisco River, where the river has eroded down to intercept hot
fluids ascending through fault zones. These springs issue thermal water at temperatures up to 49°C from
Tertiary volcanic rocks. Total dissolved solids (TDS) are up to 14,548 mg/| and chloride range from 5,800
mg/I to 6,500 mg/| (Witcher, 1981a). Having very high chloride content is usually a good indicator that
there is a hot water resource. Using pre-existing data and industry accepted geothermetric calculations,
the predicted geothermal reservoir temperatures range from about 130°C to as high as 180°C. The wide
range in chloride contents along with the predicted high subsurface temperatures suggested a fracture
controlled and inhomogeneous geothermal reservoir (Witcher, 1979b). The springs were reported as
having high magnesium content, presenting problems concerning geothermometry interpretation
because the solubility of magnesium carbonates is very low at higher temperatures (Mariner, et al.,
1977). Deuterium and chloride data suggested that the spring discharges were mixes of hot and cold
water. The preliminary chemical geothermometry studies of the Clifton hot springs pointed toward a
high temperature reservoir that is greater than 150°C. Total dissolved solids of 25,000 to 50,000 mg/I or
greater are likely in the reservoir (Witcher, 1979c). Eagle Creek Hot Spring, thought to be on the same
fault zone as Clifton hot springs, discharges water at about 42°C with TDS < 1000 mg/I. The water is of a
mixed sodium bicarbonate-chloride type (Witcher, 1981a).

A group of springs and wells, located between Springerville and Alpine on the Colorado Plateau, have
SiO, geothermometers in the range of 80°-90°C. Since the average SiO, geothermometer for the
Colorado Plateau is 53.4°C (Swanberg and Morgan, 1978/1979), and all other SiO, geothermometers in
the study area cluster around this average, the higher values were distinctly anomalous.
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Variation with Depth

The extent of mixing of waters within the aquifers is not known, but the chemistry of waters in the
recharge and discharge areas suggest that vertical variations are less important than lateral variations.
The variation in the water chemistry within basins appears to be a function more of the flow path than
of mixing (Anderson, 1995). Feth et al. (1964) showed that the chemistry of shallow and deep circulating
springs could be related to the mineralogy and weathering of surrounding source rocks and to the
equilibrium with secondary minerals. Garrels (1967) also used solute ratios to predict compositions of
the igneous rocks; however, observed groundwater chemistry of the recharge area did not seem to
reflect all aspects of the primary rock composition. Large silica concentrations suggested that hydrolysis
of primary silicates is a major process, and, in a slowly fluxing system, the formation of secondary clay
minerals would be expected. Analyses of springs also provide indirect evidence of a magnesium
carbonate phase. Springs that emerge near recharge areas commonly have compositions similar to
recharge waters. Spring discharge waters are often controlled by fault or fracture systems, which may
provide a direct route from recharge to discharge, diminishing residence and reaction times. The walls of
fracture systems may become coated with precipitates, which can inhibit the reactions of the silicates
(Anderson, 1995).
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4. GEOCHEMISTRY

Dissolved Species General Chemistry

Water chemistry is used to determine reservoir temperatures (geothermometers) and subsurface
physic-chemical processes (boiling and mixing relations). Geochemical tracers are chemically inert, non-
reactive, conserved constituents, and once added to the fluid phase, remain unchanged and can be used
to infer source characteristics. The tracers commonly used in geothermometry include chloride (Cl),
boron (B), rubidium (Rb), cesium (Cs), and helium (He). Geoindicators are chemically reactive, non-
conservative species and respond to changes in environment. These are used to infer the physico-
chemical processes during ascent of thermal waters to the surface.

Physical parameters, including field pH measurement and sample temperature, are used to determine

changes to sample chemistry between field and lab. Conductance, measured in the field and in the lab,
is used for quality control since conductance reported in microSeimens per cm (uS/cm) is usually about
100 times the sum of cations or anions (in mg/l) (Hem, 1970).

The following descriptions of dissolved species and their sources are taken from Powell and Cumming
(2010). Isotope and Noble gases description sources are as cited.

Calcium (Ca), an alkaline earth, ionizes readily and forms a number of moderately soluble compounds
such as carbonates, fluoride, hydroxides, and phosphates. Weathering of plagioclase and dissolution of
calcite, and probably dolomite, are widespread sources of calcium in all basins. The ferromagnesian
minerals of the pyroxene and amphibole groups are minor sources. Gypsum and anhydrite, although not
as widespread, are the most prolific sources where they occur in playas and evaporate bedding.

Magnesium (Mg), also an alkaline earth, behaves geochemically differently from Ca. Mg is not found in
feldspars, but is incorporated in ferromagnesian minerals during early crystallization of magmas.

Sodium (Na), together with lithium (Li), potassium (K), Rb, and Cs, is part of the alkali metal group. Na is
also found with Ca in silicate minerals. Because of its smaller charge, however, Na does not tend to be
incorporated in the higher temperature ferromagnesian minerals. The most widespread source of
sodium is the weathering of feldspars. Halite (NaCl), where present in the basin fill, can cause large
concentrations of solute sodium.

Potassium (K) forms minerals that are the last to crystallize from cooling magmas. K-feldspar is formed
near the final stages of crystallization and is the major source of K in solution. Micas and feldspathoids
also contain K and may contribute. Although K is nearly as abundant as Na in the rocks, unlike Na, it is
present in groundwater in relatively small concentrations.
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Chloride (Cl) is a member of the halogen family. Cl, the ionized form, is enriched in the last fraction of
cooling magmatic liquids and vapors; consequently, alkali rocks, pegmatites, volcanic emanations, and
hydrothermal solutions are characterized by large concentrations of Cl (Rankama and Sahama, 1950).
Ore deposits or hydrothermal deposits are sources of chloride in most basins. Owing to the high
solubility of most Cl compounds, particularly halite, the compounds are concentrated in evaporites or
playa deposits. Whether they predate the basins or were formed during basin deposition, deposits of
halite, if present, are the source of all large magnitude Cl concentrations.

Sulfur (S) has properties of a non-metal and forms binary covalent compounds with metals and oxides
with oxygen. In high-temperature volcanic and hydrothermal environments, S is present as sulfides, but
when exposed to the atmosphere or oxygenated with water during weathering, the sulfides are oxidized
to sulfates. The sulfates are moderately soluble and can be concentrated in evaporites and playa
deposits as gypsum (CaS04-2H,0) or anhydrite (CaS04). These deposits are the sources of large sulfate
concentrations found in some basins. Ore deposits or hydrothermal deposits are likely sources of sulfate
in most basins.

Carbon (C) is a non-metal. It occurs in the reduced form as methane and organic carbon and in the
oxidized form as carbon dioxide. Carbon dioxide (CO,) is in a stable form where it occurs primarily as the
bicarbonate ion in dilute waters. The principal source of carbon is soil-gas CO; produced by respiration of
plants. Paleozoic carbonate rock may be an additional source.

Silicon (Si) is a metalloid showing properties of both metals and non-metals. Plagioclase, followed by K-
feldspar and the ferromagnesian silicate minerals, are the major sources of dissolved silica in the
groundwater. Quartz, because of its low solubility, and volcanic glass because of a general paucity in
most basin fill, are not major sources.

Light Stable Isotopes

The light stable isotopes (LSIs) of C, hydrogen (H), oxygen (O), nitrogen (N), and S (CHONS) are the most
utilized isotopes in groundwater hydrology. Their mass numbers are low and all are stable — being
neither radioactive nor daughter products of a radioactive parent (radiogenic). Large mass differences
between isotopes in each system, such as 0 and €0, allow fractionation of isotopes by biogeochemical
processes, evaporation, and exchange reactions between water and minerals (Hurst, 2010).

Isotopic Oxygen and Deuterium (D) (630 and 8D). Atmospheric water derived from the ocean is
depleted in the heavy stable isotopes of oxygen and hydrogen. The isotopic composition of precipitation
depends on the fraction of water remaining in the air mass from which the rain or snow is derived, the
first precipitation being the richest in heavy isotopes (Ellis and Mahon, 1977). The isotopic ratios of
oxygen and hydrogen in water are expressed as differences (delta values) from a seawater standard, the
Vienna Standard Mean Ocean Water (SMOW), in terms of per mil (%o). The Vienna SMOW is a water
standard defining the isotopic composition of ocean water. Craig (1961) showed that 6 0 and 8D
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values of normal, minimally re-evaporated precipitation lie along or near the line & D=8* & ¥0+10 %o.
This line is the global meteoric water line and represents the relationship between oxygen and hydrogen
isotope ratios in natural terrestrial waters, expressed as a worldwide average. Precipitation occurring
under cooler conditions (at higher latitudes and altitudes) is has lower 8D values and plots to the left
(above) of the meteoric line. Water that has evaporative loss due to longer exposure at the surface,
especially at low humidity, plots to the right of the meteoric line (Gat and Gonfiantini 1981). The use of
580 and 6D to identify sources of groundwater and altitude of precipitation is well established
(Cunningham et al., 1998).

Groundwater Geochronology

Commercially available methods for determining the geologic age of groundwater rely on either tritium
(3H) for qualitative ages or radiocarbon dating (1*C), if numerical ages are required. Both are cosmogenic
— produced by nuclear interactions in the atmosphere — and each has its place in geochronologic
analysis of groundwater (Hurst, 2010).

Tritium (3H). Tritium, with a half-life of 12.43 years, decays to Helium-3 (3He). Prior to atmospheric
nuclear bomb testing in the 1950s, tritium’s natural average concentrations ranged from approximately
2 to 8 TU (tritium units) (Motzer, 2005), but varied with season and location. Above-ground nuclear
weapons tests in the late 1950s and early 1960s introduced a large spike of tritium and other
radioisotopes into the atmosphere (Eriksson, 1965). Following atmospheric testing of nuclear weapons,
levels of tritium rose to 500 TU, and to more than 1,000 TU by the mid-1960s, but have been decreasing
due to radioactive decay, the cessation of atmospheric detonations of thermonuclear devices, and
removal through rainfall (Hurst, 2010). Because groundwater tritium concentrations reflect atmospheric
tritium levels when the water was last in contact with the atmosphere, tritium can be used to date
groundwater recharge in geologically young groundwater. Measurement of tritium in rainfall was not
systematic until after the onset of atmospheric testing of thermonuclear weapons, so only an
approximation of the natural level of tritium in the environment can be made based upon limited
measurements that were made prior to the 1950s. However, in the period of three half-lives (1963 to
2000), tritium concentrations have been reduced by a factor of 8, and with no further atmospheric
nuclear weapons tests, tritium will continue to drop to near natural background levels. Usage of tritium
for age dating groundwater recharge is approaching an expiration date (Motzer, 2005).

Carbon (}C). The carbon radioisotope, *C (radiocarbon), with a half-life of 5,730 years, is used to date
groundwater up to 50,000 years old (Hurst, 2010). 1*C can be used as a dating tool for materials that
contain carbon compounds derived from atmospheric CO; either by simple mixing processes or by
carbon exchange. The half-life of roughly 6,000 years is ideal for dating of reservoirs that are a few
centuries to tens of thousands of years old. For groundwater, this means that **C dating can be applied
to aquifers that contain water formed during periods that reach well into the past glacial time. *C s a
widely used tool to establish chronologies for groundwater flow systems and climate records for the
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Holocene and Pleistocene. It is considered to be the most important tool for age dating of ‘old’
groundwater. Local groundwater with **C concentrations >100 percent modern carbon (pmC), indicates
the presence of anthropogenic "bomb carbon” (Webb et al., 2008) in groundwater that was recharged
since ~1950.

Stable Radiogenic Isotopes

Strontium (Sr). The stable strontium isotopes #Sr and #’Sr are used in groundwater investigations.
Although delta notations are sometimes employed, it is more common to see the actual isotope ratios
(87Sr/ #5sr) reported. The isotopes of strontium are stable; however, &Sr is also radiogenic, the
abundance increasing over geologic time due to radioactive decay of the rubidium isotope ¥Rb. Rb+
substitutes for K+ in K-bearing minerals like muscovite, biotite, lepidolite, K-feldspar, and in some clay
and evaporate minerals.
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Figure 4.1 Strontium isotopes in sedimentary rocks throughout Phanerozoic time
(modified from Veizer, 1989) (Clark and Fritz, 1997).

Strontium has four stable isotopes: 8Sr, &Sr, 8Sr, and 88Sr. Sr?* substitutes Ca%* in granitic minerals
including plagioclase, feldspar, K-feldspar, hornblende, biotite, and muscovite. Both Rb and Sr are
incompatible in silicate magmatic systems during early stages of fractional crystallization— Rb more
strongly. Ideally, a granite melt begins to crystallize and accumulate an assemblage of plagioclase and
hornblende (i.e., tonalite or diorite), low in K (and hence Rb) but high in Sr (as this substitutes for Ca)
and proportionally enriches the melt in K and Rb. This then causes orthoclase and biotite, both K-rich
minerals into which Rb can substitute, to precipitate later in the crystallization process. The resulting Rb-
Sr ratios and Rb and Sr abundances of both the whole rocks and their component minerals will be
markedly different. This allows a different rate of radiogenic strontium to evolve in the separate rocks
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and their component minerals as time progresses with a degree of differentiation, the highest ratios
exceeding ten in pegmatites, while the lowest ratios are close to zero in carbonates and Ca-rich plutonic
rocks.

Most of Phanerozoic time (the past 540 million years) is characterized by a general decrease in marine
87Sr/88Sr (Figure 4-1) due at least partly to increasing activity along mid-ocean spreading ridges and
interaction of sea water with low &Sr/®Sr basalt that hosts hydrothermal vents on the sea floor. The
late Cenozoic increase in &Sr/%°Sr in marine sediments has been attributed to climate cooling and
increased rates of continental weathering by glaciation (Faure, 1991). This rapid and steady increase
through the Pliocene and Pleistocene provides a high-resolution dating tool for sedimentary rocks. The
strong variation in &Sr/%Sr through Phanerozoic time and between rock types provides for strong
contrasts between differing geological terrains. Modern seawater has &Sr/%¢Sr = 0.709 (Faure, 1991),
which is intermediate between #Sr-depleted ocean basalts (~0.703) and & Sr-enriched continental rocks
(0.710 to 0.740). In spite of the complex history of strontium in the upper crust, the &Sr/8Sr ratio should
be significantly greater than that in the upper mantle (Faure, 1986).

Noble Gases

Helium (He). Regional and local trends in the crustal occurrence of mantle volatiles provide insight into
the coupling between mantle-crust tectonics, heat and mass exchange between the mantle and crust,
and the occurrence and distribution of economic resources such as ore minerals and oil, gas, and
geothermal fluids. Mantle-derived volatiles in the crust are traceable through Helium isotopic
compositions of hydrologic fluids. Once injected into a crustal-fluid system, mantle He will be
continuously diluted with radiogenic helium-4 (*He) acquired from radioactive decay of uranium and
thorium, which is abundant in Earth's crust relative to the mantle. Therefore, in addition to providing
information regarding the heat source (mantle heat sources and magmas derived from the mantle carry
more Helium-3 (3He), He isotopic compositions in near-surface aqueous solutions also provide a
measure of the mantle He flux and the integrated permeability-fluid pressure gradient (flow rate)
through the crust (Kennedy, Christenson, van Soest, 2010).

The *He is a light, non-radioactive isotope of helium. Some of the *He found in the terrestrial
atmosphere is a relic of atmospheric and underwater nuclear weapons testing in the 1960s. Most of this
comes from the decay of H, which decays into *He with a half-life of 12.3 years. Additionally, some
nuclear reactors (land or ship) periodically release some *He and 3He into the atmosphere. The *He
content of deep groundwater frequently exceeds the expected level in equilibrium with atmospheric
helium (3He/*He) by orders of magnitude. This excess helium originates from the a-decay of U and Th
and of their daughter nuclides in the aquifer material, as well as from the *He release from deeper rock
layers of the Earth's crust. This results in a diffusional flux of the crustal helium that penetrates various
groundwater aquifers during migration before eventually entering the atmosphere. Thus, the quantity
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of excess helium accumulated in groundwater bears information on the groundwater mean-residence
time.

He isotope ratios (*He/*He) are reported relative to the atmospheric value (1.39 x 10°%) in the R/Ra
notation:

(®He /* He)r ra= (*He /* He)sample / (®He /* He)atmosphere

The ratio (R) of 3He to *He is often used to represent 3He content. R usually is given as a multiple of the
present atmospheric ratio (Ra) (Rigby, 2014). Helium-4 (*He) is created by radiogenic production (decay
of U/Th-series elements). The continental crust has become enriched with those elements relative to
the mantle and thus more *He is produced in the crust than in the mantle (Figure 4.1).

Table 4.1 Helium abundances and isotopic ratios in different reservoirs

Source He Concentration 3He/*He R/Rair
Atmosphere 5.24 ppmv 1.38*10° 1
Surface Water 4.5%10® cm3STPg! ~1*10° ~1
Crustal Fluids 107 to 10* cm3STPg™* ~108 to <1010 0.007 to 0.022
Mantle He Up to 2.7*10° cm3STPg 1to 3*10° 7to21
Note: R=3He/*He (Clark and Fritz, 1997)

The other noble gases [N, Argon (Ar), Neon (Ne), Krypton (Kr), and Xeon (Xe)] in the continental crust
are generally at low concentrations and dominated by radiogenic components. The two main reservoirs
of noble gases in the Earth are the atmosphere and the mantle. Noble gases in the atmosphere have
uniform isotope ratios and provide a good reference against which mantle values can be compared.
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5. SAMPLING AND ANALYSES (GENERAL)

Permissions and Permits

The AZGS developed a list of 30 select thermal springs based on high-end temperatures and accessibility
with a goal to sample 20 thermal springs or wells. Private property owners or managers were contacted
to obtain permission to access these thermal springs (Table 5.1). A permit was obtained to sample
Ringbolt Hot Spring from the National Park Service, Lake Meade Recreational Area, Permit #LAME 2012,
SCI-0021 (Appendix A). The Investigator Annual Reports presenting investigation methods and findings
were submitted to the National Park Service as required (Appendix A). Permissions were also obtained
to sample the Agua Caliente warm well (Pima County Natural Resources, Parks and Recreation) and
Hooker’s Hot Spring (Mule Shoe Ranch Nature Conservancy). Three springs were on Morenci mine
properties and access was not permitted. Several springs were reported as dry and a few thermal wells
visited were capped. The list was revised as necessary to replace those wells and springs that could not
be sampled. The complete list of proposed and sampled springs with ownership contact for permissions
are listed in Table 5.1 (springs proposed but not sampled are greyed-out). The locations of sampled
thermal springs and wells are mapped in Figure 1.1.

Field Collection Methods

The AZGS developed a Sample and Analysis Plan (SAP) to provide consistent sample collection by
specifying methods, identifying thermal wells and springs for sample collection, providing sample IDs
and listing analytics for each sample. Duplicate samples were collected one per every ten groundwater
samples collected. Pre-cleaned sample containers appropriately preserved for specific analysis were
supplied by the laboratory (Table 5.2). Field sheets were used to record sample ID, date, location in
Lat/Long degrees, elevation, and physical parameters.

One groundwater sample was collected from each of the selected thermal springs or wells with reported
temperatures at least 10°C above mean ambient air temperature. Water samples for general chemistry
analytics were collected using pre-cleaned laboratory-supplied bottles. Bottles for analytical methods
requiring preservatives were prepared by the laboratory. Where necessary, a peristaltic pump was used
to extract spring water from as close to the source as possible. In the case of thermal well sampling,
wells casings were evacuated using the installed pump to produce fresh groundwater for sample
collection. Well samples were collected at the sampling spigot. All sample bottles were stored in ice
during transport and shipping if required by the analytical method. The analytical methods and bottle
size and type are listed in Table 5.2.

For dissolved noble gases measurement, the samples were collected in copper tubes. Copper tube
samples are collected by establishing a pump-generated flow-cell from the source through an inline
copper tube, and sealing the tube off using refrigeration type clamps. The peristaltic pump mechanism
was placed on the outlet end of the copper tube for a relatively undisturbed sample volume.
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Table 5.1 Thermal Spring Locations and Permissions

No. "Popular" or USGS County Land Owner- Owner Name Access Request Status
Spring Name ship Type

TsO1  Agua Caliente Pima Pima County Pima County Pima County contacted to obtain access.

Warm Spring Permission granted; aqueous sample collected
from artesian well head.

Ts02  Hooker’s Hot Cochise Private Nature Letter Sent, permission granted. Call Bob Rogers

Spring Conservancy to schedule; aqueous spring sample collected.

Ts03  Hot Well Dunes Graham BLM Safford BLM Hot Well Dunes BLM office in Safford provided
permission to collect a sample from the
“formerly” artesian Hot Well Dunes. The BLM
staff will turn the pump on for sample collection;
aqueous spring sample collected.

TsO5  Indian Hot Spring Graham Private Indian springs Letter Sent, permission granted; aqueous spring

(Eden) Ranch Inc. sample collected.
Tw05 Watson Well Graham BLM Debbie Morris, Debbie Morris reported that the well, following
Safford BLM capping, continues to discharge to approximately
1 gpm to pool. Spring sample collected from
upgradient pond source.

TsO6  Roper Hot Springs Graham AZ Game & Fish  State of Arizona No Letter sent, State permission granted. Roper

(Dankworth Pond) Lake spring piped; aqueous spring sample
collected at source at Dankworth Pond.

Ts07  Thatcher South Graham Municipal Town of Mike Payne, Town of Thatcher, stated the Well

Thatcher had been capped several years previously.
Collected sample from an alternate flowing spring
south of Thatcher.

Tw07  Willcox Cochise Private Jacques Phoned. Permission granted to sample at

Greenhouse Vanderlelidj Greenhouse thermal well; aqueous spring sample
collected.

Ts08  Potter Hot Spring Greenlee  Private June Potter Letter Sent, permission granted; aqueous spring

Palmer sample collected.

Ts09  Gillard Hot Spring Greenlee BLM Dept of Interior No Letter sent, Federal land. Contacted BLM.
Permission granted; aqueous spring sample
collected.

Twl14 Radium Hot Spring Yuma Private Jerry Cullison Letter Sent, permission granted; aqueous spring
sample collected.

Tsl7  Cofer Hot Spring Mohave BLM Dept of Interior ~ Supervisor Paul Wisely granted permission
contingent on the analytical results are submitted
as a record; aqueous spring sample collected.

Ts18  Ringbolt Hot Mohave NPS, Lake Dept of Interior Permit application submitted with National Park

Spring Mead Nat. Rec Service. Permission granted; aqueous spring
. Area sample collected.

Tw22 Tonopah Well Maricopa Private Permission granted (Property Manager)

Ts23  Castle Hot Spring Yavapai Private Pat Talley Letter Sent, Permission granted from Dave
Headstream (CBRE)- aqueous spring sample
collected

Ts24  Kaiser Hot Spring Mohave Private Charles & Letter Sent, Permission granted; aqueous spring

Mildred Shipp sample collected.
Trust
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Proposed springs and wells listed below not sampled.

04 Salado Springs Apache Private Tri-State/TEP/ Letter Sent, No Response
SRP-AG Improv
10 Antelope Spring Cochise Private Jack Telles Letter Sent, permission granted, Informed that
[Telles the Spring is Dry last 4-5 years.
Enterprises]
11 Mescal Warm Gila Private San Carlos Letter Sent, No Reply, follow-up calls to tribe
spring Apache attny general and legal counsel, no reply
12 Coolidge Dam Pinal Private San Carlos Letter Sent, No Reply, follow-up calls to tribe
Warm spring Apache attny general and legal counsel, no reply
13 Grapevine Spring Graham State Trust Arizona Land Letter Sent, permission granted, "Temporary
Department Right of Entry" issued (Oct 1 - Dec 31/2012).
Spring was not located, may have been dry.
15 Clifton Hot Spring Greenlee  Private Freeport Letter Sent, permission denied
McMoran
16 Eagle Creek Hot Greenlee  Private Freeport Letter Sent, permission denied
spring McMoran
19 Seep Greenlee  Private Freeport Letter Sent, permission denied
McMoran
20 Pioneer Spring Gila BLM Dept of Interior Spring dry, no flow or nearby springs
21 Warm spring [Tom Graham BLM Dept of Interior Spring dry, no flow or nearby springs
Niece Spring]
25 Hannah Hot Spring  Greenlee  Apache- Dept of Interior Removed from sampling plan due to access
Sitgreaves constraints.
National
Forest
26 Roosevelt Dam Maricopa Tonto National  Dept of Interior No Letter sent, Federal land. Permission
Springs Forest requested. No springs found.
27 Verde Hot spring Yavapai Tonto National  Dept of Interior River too high to cross. Inaccessible.
Forest
28 Buena Vista hot Graham BLM Safford BLM Dry, no flow. No adjacent prospects.

well

Analytical Methods

Each groundwater sample was collected and analyzed for physical parameters, general chemistry

anions, dissolved gases, metals and silica (SiO;) for silica thermometry to identify end members, quantify

mixing parameters, and estimate source temperatures. A combination of isotope analyses were

performed on thermal water samples: ¥0/%0 ratio and deuterium (?H) to evaluate the significance of

meteoric water in geothermal water; *C analysis to evaluate the age of the meteoric water component;

87Sr/8%Sr to determine if geothermal waters were derived from deep, Proterozoic bedrock; and 3He/*He

analysis to determine if faults or fractures are allowing mantle-derived He to enter groundwater. These
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analyses should enable qualitative characterization of thermal water systems and evaluation of their

heat-source potential.

Physical parameters were measured in the field using a handheld Hanna 991301 pH/EC/TDS/T

Multiparameter Meter with HI1288 probe for temperature, conductivity, pH, and TDS and recorded on

the field sheets. Physical parameters for agueous samples were also measured in the laboratory for
alkalinity by method SM2320B, specific conductance by method SM2510B, pH and temperature by
method SM4500-H+B.

Table 5.2 Analytics

Analysis Method No. Container Preservative Laboratory
Cations + silica Method 300/SM2320B/ 1 500-ml plastic bottle No preservative Turner Labs
SM4500 Si-D
Anions (Metals) Method 200.7/200.8/ 245.1 1 250-ml plastic bottle HNO3 Turner Labs
CH4 RSK 175 3 50-ml VOAs with HCI Turner Labs
septa seal cap
CO: RSK 175/D5504-08 3 50-ml VOAs with No preservative Turner Labs
septa seal cap
H2S Calculation 1 1-Liter plastic bottle  NaOH | ZnAC Turner Labs
180 /160 Finnigan Delta S 1  included w/ 3He No preservative U of AZ, Dept
(tritium) of Geoscience
2H/H Finnigan Delta S 1 included w/ 3He No preservative U of AZ, Dept
(tritium) of Geoscience
3He (tritium) tritium dating 1 500 ml LDPE No preservative U of AZ, Dept
of Geoscience
¢ radiotopic age/CSM 2 500 ml LDPE filter/refrigerate U of AZ, Dept
of Geoscience
87Sr/36SR isotopic analysis 1  125-mL LDPE bottle  No pres/acid U of Utah,
washed Noble Gas Lab
3He/*He/Noble isotopic method 1 Copper tubing No preservative U of Utah,

gases

sample

Noble Gas Lab

General chemistry analyses were performed by Turner Labs of Tucson, Arizona. ICP metals B, Ca, Cs, iron
(Fe), Li, Mg, K, Rb, and Na were analyzed by EPA method E200.7. Anions Cl, fluorine (F), and sulfate
(SO4) were analyzed by ion chromatography using EPA method E300. Sulfide (S2) was analyzed by
method SM4500-SF and silica as SiO, by method SM4500-Si D. Hydrogen sulfide as S (H2S) was
determined by calculation.

Prepared samples were analyzed for dissolved gases CO; using a gas chromatograph equipped with a

thermal conductivity detector (TCD) and for methane (CH.) using a gas chromatograph equipped with a

flame ionization detector (FID). The amount of carbon dioxide and methane in the original sample was
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calculated using Henry’s Law. This method was performed with guidance from EPA test method RSKSOP-
175. The CO; and CH, analyses were performed by ALS Environmental in Simi Valley, California.

To evaluate groundwater characteristics related to age and source, several isotopic analyses plus
rubidium and cesium were performed on each sample.

The ¥0/**0 ratio, 2H/*H, and tritium analyses were conducted to evaluate the significance and age
correlation of meteoric water in geothermal water. Analysis for 1*C was conducted to evaluate the age
of the meteoric water component. These analyses were conducted by the University of Arizona,
Department of Geoscience, Geophysics Laboratory.

Analysis for 8Sr/%Sr was conducted to determine if geothermal waters were derived from deep,
Proterozoic bedrock. Analysis for Rb and Ce was performed for use in the Powell and Cummings (2010)
geothermometry worksheets and ternary plots. These analyses were conducted by the University of
Utah, Department of Geology and Geophysics lab in Salt Lake City, Utah.

Analyses for dissolved noble gases were conducted by the University of Utah Dissolved and Noble Gas
Laboratory. The majority of the lab’s research involves isotopic measurements of noble gases for
groundwater age dating and thermometry. Analysis for noble gases, including *He—a stable isotope—
was conducted to determine if faults or fractures at springs associated with high-angle normal faults or
volcanics (magma source) are allowing mantle-derived helium to enter groundwater. The thermal water
sample for dissolved noble gases analysis was extracted from copper collection tubes by the lab using an
extraction line. Under a high-vacuum, closed system, the water is transferred from the copper tube into
a large stainless steel flask. The flask is heated while a smaller flask is chilled. This creates a flux of gas
from the large flask into the small flask. The small flask is then sealed before being transferred to the
mass spectrometry input line.

Analysis for other noble gases included nitrogen, argon, neon, krypton, and xenon by use of a
guadrupole mass spectrometer (MS). The quadrupole mass spectrometer uses four, parallel, charged
rods that isolate specific ions with given mass/charge ratios. Different electrical charge’s radio
frequencies allow different ions to pass through the quadrupole to a detector. The quadrupole MS is
used to quickly determine the abundance and isotopic analysis of most atmosphere gases using a
Stanford Research SRS — Model RGA 300 quadrupole mass spectrometer. Measurements for all gases
except helium are made using this instrument. These include: 2N,, 3°Ar, *°Ar, Ne, 22Ne, "8Kr, #Kr, &Kr,
126¥ e, 129X e, 131Xe, 132Xe, 13%Xe, 13Xe. Like the quadrupole, the sector-field mass spectrometer uses ions'
mass/charge ratios, but in this case, a magnet is used to deflect the ions into separate detectors— Mass
Analyzers Products — Model 215-50 Magnetic Sector Mass Spectrometer. This is used to precisely
measure abundances of 3He and *He. An electron multiplier is used to measure low-abundance ions with
high-precision, while a Faraday cup measures more abundant ions.
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6. GEOCHEMISTRY RESULTS

Laboratory analytical reports are included as Appendix B. Data is presented in the Summary of Results
Tables (Appendix C) and in the Powell and Cumming geothermometry workbook (Appendix D) and
summarized herein. Analytical results are summarized below and the complete data tables 6.1-6.11 are
included as Appendix C. The aqueous chemistry results were also entered into the Powell and Cumming
(2010) geothermometry model (Section 7) to provide insight as to thermal water sources and its value to
geothermal exploration.

Geochemistry data were added to the Arizona Aqueous Chemistry Data collection as interoperable
interchange data for the NGDS repository, providing online accessibility and interoperability for web
map services (AZGS, 2014). Well and spring feature headers were provided under the NGDS project and
cross referenced with chemistry observations using FeatureURls.

Physical Parameters

Physical parameters were collected in the field at each location prior to collecting the groundwater
sample for laboratory analysis. Field measured physical parameters are summarized in Table 6.1.

Table 6.1 Summary of Field Physical Parameters

Label Field pH Field Temperature Field Conductivity Total Dissolved Solids
(°Q) (nS/cm) (mg/l)
Ts01 7.92 311 1,110 560
Ts01 7.82 31.5 970 500
Ts02 9.24 44.6 490 250
Ts02 9.15 47.8 610 na
Ts25 9.24 44.6 490 250
Ts06 8.94 355 1,790 900
Ts03 8.56 37.5 1,960 970
Tw07 9.52 40.3 420 230
Ts09 7.56 >60 3,040 1,520
Ts07 8.08 36.4 13,420 6,690
Tw05 7.85 31.4 5,333 2,680
Twi4 7.57 50.5 4,740 2,350
Ts18 7.56 48.7 4,860 2,430
Ts17 7.31 32.6 1,590 790
Ts08 6.47 46.6 19,820 9,740
Ts05 7.57 44.4 5,690 2,960
Tw22 8.74 30.1 650 320
Ts23 8.12 40.0 1,260 630
Ts24 7.62 33.9 1,330 660
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The pH values ranged from 6.47 to 9.52 with all but one sample being alkaline (pH >7.0). Hot springs
with boiled geothermal solutions typically have a neutral to alkaline pH, and low dissolved gas content.
On the other hand, hot springs that effuse geothermal solutions that have been cooled by conduction
on the way to the surface, generally have a lower pH because they have not lost their dissolved COzand
HaS (Fridriksson and Armannsson, 2004).

Field measured temperatures ranged from 31.1°C to greater than 50°C at two locations —Radium Hot
Spring (50.5°C) and Gillard Hot Spring (>60°C). Temperatures were consistent with previously reported
temperatures (Witcher, various) for those springs and wells.

Field measured conductivity ranged from 420 to 19,820 uS/cm. Conductivity is the measure of a
solution’s ability to carry an electric current. This ability depends on the ions present and on
temperature. Total dissolved solids (TDS) ranged from 230 to 9,740 mg/I. TDS and conductivity are
related by TDS (mg/l) = conductivity (mS/cm) * K mg/l / uS/cm (where K is an empirical constant
ranging from 0.5-0.9, depending on the ions in solution and the temperature). Results are consistent
with this assumption.

Major-lon Geochemistry

Aqueous major-ion geochemistry for spring and well groundwater are used in calculating
geothermometry for thermal waters (see Section 7). Geochemistry analyses were mainly performed by
Turner Labs in Tucson. The University of Utah performed analyses for Rb and Cs with method detection
limit at 0.00002 mg/l and 0.00003 mg/|, respectively, to meet the minimum detection limit required for
geothermometry calculations.

Cations

The groundwater samples were analyzed for cations most often used in geothermometry calculations
and ternary plots. A summary of analytical results for these metals are reported in Table 6.2. A summary
of the analytical results are as follows:

e boron (B) was detected at concentrations ranging from 0.12-3.0 mg/|

e calcium (Ca) was detected at concentrations ranging from 7.2 — 870 mg/|

e iron (Fe) was detected at concentrations ranging from 2.0 mg/I

e lithium (Li) was detected at concentrations ranging from 0.32 — 6.1 mg/|

e magnesium (Mg) was detected at concentrations ranging from 4.7 — 20 mg/I

e potassium (K) was detected at concentrations ranging from 5.2 — 220 mg/|

e sodium (Na) was detected at concentrations ranging from 59 — 3,100 mg/I
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e rubidium (Rb) was detected at concentrations ranging from 0.0013 — 1.31 mg/I )
e cesium (Cs) was detected at concentrations ranging from 0.0001 — .6828 mg/I

Relatively high boron values in a condensate may indicate high formation temperatures. Boron is
considered a mobile component since it does not take part in rock forming reactions and its
concentration in the geothermal fluids is controlled by the leaching rate from the reservoir rocks (Kanda,
2011).

Table 6.2 Summary of Results for Metals

Label B Ca Fe Li Mg K Na Rb Cs
PQL: 0.1 4.0 0.3 0.2 3.0 5.0 5.0 0.00002 0.00003
Ts01 0.12 23 ND 0.34 ND ND 140 0.0349 0.0098
Ts02 ND ND ND ND ND ND 59 0.0040 0.0046
Ts25 ND ND ND ND ND ND 59 0.0042 0.0045
Ts06 0.54 7.3 ND 0.87 ND ND 310 0.0013 <0.00003
Ts03 0.37 7.2 ND 0.41 ND ND 340 0.0161 0.0039
Tw07 ND ND ND ND ND ND 63 0.0041 0.0028
Ts09 0.45 20 ND 0.89 ND 13 450 0.121 0.0524
Ts07 2.0 150 ND 31 9.5 13 2,900 0.0358 0.0029
Tw05 1.2 33 ND 1.4 4.7 11 1,200 0.0515 0.0130
Twl4 3.0 180 ND 0.43 5.9 11 680 0.0331 0.0032
Ts18 1.3 250 ND 0.59 11 13 620 0.0656 0.0054
Ts17 1.1 46 ND 0.33 15 7.8 200 0.0325 0.0051
Ts08 1.2 870 2.0 6.1 20 220 3,100 1.31 0.683
Ts05 0.63 74 ND 1.3 8.1 13 960 0.0586 0.0159
Tw22 0.72 6.0 ND ND ND ND 110 0.0017 0.0001
Ts23 1.0 29 ND 0.33 ND 5.2 190 0.0258 0.0051
Ts24 1.1 18 ND 0.32 ND 7.9 230 0.0480 0.0093

The cations include those used in the empirical Na-K-Ca geothermometer (Fournier, 1981) which is
found to be consistent with measured well temperatures. Geothermometers work because the relative
equilibrium concentrations of chemical species change with respect to temperature. The rates at which
different species react also vary, with cations like Na and K adjusting more slowly than silica. Cation
geothermometry has a longer “memory” and typically reflects the temperature of a more distant or
deeper source fluid. In contrast, the silica geothermometer reflects the temperature of a nearby aquifer.
The representative ternary graphs (see Section 7) combine species with different sensitivity to
temperature, mixing and other processes in order to resolve trends in geothermal reservoirs and their
shallow manifestations (Powell and Cumming, 2010).
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Anions Chloride, Fluoride, and Sulfate
General chemistry results for anions Cl, F, and SO, are summarized in Table 6.3.

e Chloride (Cl) was detected in all samples at concentrations ranging from 3.3 mg/l to 7,500 mg/I.
e Fluoride (F) concentrations ranged from 0.92 mg/l to 13 mg/I.

e Sulfate (S04) concentration ranged from 13 mg/l to 980 mg/I. Sulfate was not detected in two
groundwater samples above the detection limit of 5 mg/I.

Very high Cl values in a steam condensate would represent a water dominated system, while extremely
low values would be expected to originate from a vapor dominated system since chlorides are not
known to partition into steam phase at any temperatures (Kanda 2011). A relatively high F content in a
steam condensate may indicate deep crustal water circulation.

Table 6.3 Summary of Results for Anions Chloride, Fluoride, and Sulfate

Label Cl F SO,
PQL: 1 0.50 5
Ts01 26 5.5 170
Ts02 3.4 1.8 ND
Ts25 3.3 1.8 ND
Ts06 260 13 210
Ts03 190 9.1 280
TwO07 6.4 3.6 13
Ts09 470 8.7 160
Ts07 4,000 6.4 950
TwO05 1,200 7.8 510
Twil4d 730 4.0 980
Ts18 1,100 2.2 600
Ts17 150 3.7 180
Ts08 7,500 0.92 69
Ts05 1,400 3.2 420
Tw22 51 8.8 70
Ts23 140 8.8 210
Ts24 65 8.0 95

Note: PQL — Practical Quantitation Limit
Dissolved Gases

Dissolved gases CO,, CH4, and hydrogen sulfide as S results are summarized in Table 6.4.
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e Carbon dioxide (CO was not detected above the method reporting limit of 1,000 pg/l in eight
groundwater samples. In the remaining nine groundwater samples, concentrations ranged from
1,300 pg/l to 24,000 pg/l, with significantly higher concentrations detected in groundwater
samples from 3 locations—Ts17 (Cofer) at 20,000 pg/|, Ts08 (Potter) at 24,000 pg/l, and Ts24
(Kaiser) at 23,000 pg/I.

e Methane (CH4) was detected at low concentrations in groundwater samples from only 3
locations, Ts09 (Gillard) at 3.6 pg/l, TsO7 (Thatcher) at 22 pg/l, and Tw05 (Watson) at 2.1 pg/I.
Methane was not detected in any of the other samples above the detection limit of 1.3 pg/I.

e Hydrogen sulfide as S was detected at low concentrations in 2 groundwater samples: Ts07
(Thatcher) at 48 pg/l and Ts18 (Ringbolt) at 100 pg/l. Hydrogen sulfide was not detected in any
of the other groundwater samples.

Table 6.4 Summary of Results for Dissolved Gases (pg/l)

Label CO; CH. Hydrogen Sulfide
asS
MRL: 1000 1.3 0
Ts01 4,000 ND ND
Ts02 ND ND ND
Ts25 ND ND ND
Ts06 ND ND ND
Ts03 ND ND ND
TwO07 ND ND ND
Ts09 5,400 3.6 ND
Ts07 ND 22 48
TwO05 3,400 2.1 ND
Twil4 2,100 ND ND
Ts18 ND ND 100
Tsl7 20,000 ND ND
Ts08 24,000 ND ND
Ts05 2,500 ND ND
Tw22 ND ND ND
Ts23 1,300 ND ND
Ts24 23,000 ND ND

Various different subcategories of mixed solutions can be found in and around geothermal areas. CO,-
rich waters can form where gas rich steam condenses in shallow aquifers. Similarly, CO,-rich waters can
form when unboiled (and undegassed) geothermal solutions mix with cold groundwater. Mixtures of
boiled geothermal solutions and groundwaters result in mixtures with low gas content, but have
temperatures and concentrations of non-volatile components that are intermediate between those of
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the groundwater and the geothermal solutions. CO,-rich waters are commonly found on the boundaries
of active volcanic geothermal systems (Arnérsson et al., 2007) and around volcanoes (Aiuppa et al.,
2003). Very high concentrations of CO, are sometimes observed in the reservoir fluids in old and cooling
geothermal systems (i.e. Haedarendi and Leir3, Iceland). Other types of “mixed solutions” are found in
and around geothermal areas where the groundwater table is high. The mixed solutions tend to be most
common on the peripheries of geothermal systems where there are steep temperature and chemical
gradients between the geothermal system and the adjacent groundwater systems (Fridriksson and
Armannsson, 2004).

Alkalinity

Total alkalinity ranged from 32 to 420 mg/I. Alkalinity results are summarized in Table 6.5. Alkalinity
measures the ability of a solution to neutralize acids to the equivalence point of carbonate or
bicarbonate.

Table 6.5 Summary of Results for Alkalinity

Label Alkalinity, Alkalinity, Alkalinity, Alkalinity, Alkalinity, Alkalinity,
Bicarbonate  Carbonateas Hydroxide as Total as Bicarbonate as Carbonate as
as CaCO3 CaCo3 CaCo3 CaCo3 HCO3" Cco3"
PQL: 2.0 2.0 2.0 2.0 1.22*Bicarbonate | 0.6*Carbonate
as CaCO3 as CaCo3
Ts01 170 ND ND 170 207.4 ND
Ts02 56 80 ND 140 68.32 48
Ts25 50 80 ND 140 61 48
Ts06 30 48 ND 78 36.6 28.8
Ts03 100 60 ND 160 122 36
Tw07 30 92 ND 120 36.6 55.2
Ts09 170 ND ND 170 207.4 ND
Ts07 50 ND ND 50 61 ND
TwO05 160 ND ND 160 195.2 ND
Twl4 58 ND ND 58 70.76 ND
Ts18 32 ND ND 32 39.04 ND
Ts17 280 ND ND 280 341.6 ND
Ts08 68 ND ND 68 82.96 ND
Ts05 84 ND ND 84 102.48 ND
Tw22 60 36 ND 96 73.2 21.6
Ts23 110 ND ND 110 134.2 ND
Ts24 420 ND ND 420 512.4 ND

In the natural environment carbonate alkalinity tends to make up most of the total alkalinity due to the
common occurrence and dissolution of carbonate rocks, and presence of carbon dioxide in the
atmosphere.
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Sulfide and Silica

Sulfide (S;) and silica as SiO; results are summarized in Table 6.6. Sulfide was not detected in 8 samples

and was detected below the practical quantitative limit in 6 samples. Sulfide was detected in 3 samples

at a low concentration of 1.0 mg/I. Silica was detected at concentrations ranging from 15 to 94 mg/I.

Table 6.6 Summary of Results for Sulfide and Silica

Label Sulfide Silica as SiO2
PQL: 0.5 10
Ts01 ND 50
Ts02 ND 40
Ts25 ND 39
Ts06 ND 20
Ts03 ND 57
Tw07 ND 41
Ts09 ND 94
Ts07 1 15
TwO05 <0.7 61
Twl4 1 41
Ts18 <0.8 36
Ts17 1 38
Ts08 <0.6 85
Ts05 <1.1 (Apparent 0.5) 38
Tw22 <1.0 (Apparent 0.4) 19
Ts23 <0.6 48
Ts24 ND 43

The silica geothermometer reflects the temperature of a nearby aquifer, as opposed to the cation

geothermometer that reflects a more distant or deeper source fluid. Geothermometer temperatures

can be calculated for amorphous silica, chalcedony, quartz via conductive cooling, and quartz via

adiabatic cooling (see Section 7).
Stable Isotope Chemistry

Tritium

Tritium results ranged from an apparent 0.4 to 1.0 TU (Table 6.7). Groundwater age estimation using

tritium only provides semi-quantitative estimates for a range of values. Tritium value ranges and

interpretations are listed below (ranges given may vary slightly dependent on research reference).
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e <0.8 to<1.2 TU indicates submodern water (prior to 1950s)

e 0.8(1.2) to 4 TU indicates a mix of submodern and modern water
e 5to 15 TU indicates modern water (<5 to 10 years)

e 15t030TU indicates some bomb tritium

e >30TU: recharge occurred in the 1960s to 1970s

Tritium results <1.2 TU indicate all groundwater were accumulated prior to 1950s (submodern).
Submodern waters may be indicative of deep basin aquifers or waters derived from deep bedrock and
transported through fractures and faults to basin aquifers or to the surface as thermal springs. As deep
seated water migrates through fractures and along faults, it may mix with more recent water stored in
aquifers as permeability permits.

Table 6.7 Summary of Results for Tritium in Thermal Springs and Wells

Label Tritium TU Error TU Indicator
MDL: 0.6
Ts01 <1.2 (apparent 0.6) na prior to 1950s
Ts02 0.7 0.33 prior to 1950s
Ts25 0.8 0.30 prior to 1950s
Ts06 <1.2 (apparent 0.6) na prior to 1950s
Ts03 0.9 0.35 prior to 1950s
Tw07 1.0 0.33 prior to 1950s
Ts09 0.9 0.34 prior to 1950s
Ts07 <1.0 (apparent 0.4) na prior to 1950s
Tw05 <1.0 na prior to 1950s
Twl4 <0.7 na prior to 1950s
Ts18 0.7 0.31 prior to 1950s
Ts17 <0.8 na prior to 1950s
Ts08 0.9 0.31 prior to 1950s
Ts05 <0.6 na prior to 1950s
Tw22 <1.1 (Apparent 0.5) na prior to 1950s
Ts23 <1.0 (Apparent 0.4) na prior to 1950s
Ts24 <0.6 na prior to 1950s
14 Carbon

Results for **C in groundwater range from 2.8 to 40.4 percent modern carbon (pMC) (Table 6.8). 100
pMC is defined as the radiocarbon concentration of the atmosphere in 1950 AD (Stuiver and Polach,
1977). The radiometric age of a sample is calculated by assuming a time-independent atmospheric **C
level in all past times. Using a Cambridge?® half-life of 5,730, the conventional (uncorrected) radiocarbon
age (t) of a sample before 1950 AD is given by
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t =-8267 * In(F/100)

The uncorrected conventional radiocarbon age for the thermal spring and wells are calculated and
represent the oldest possible date. Ages are rounded according to the convention of Stuiver & Polach
(1977). The corrected radiocarbon age was calculated and provided as a comparison between the
“conventional” and the “calculated” ages. The corrected radiocarbon age is given by

t =-8267 * In(fMC) =-8267*In(fM/90)
where fM is the true fraction of modern *C (corrected) of the sample.

The corrected ages were based on dissolved inorganic carbonate (DIC) measured 83C values which were
only readily available for the Tucson Basin (Ts01) and Safford Basin (Ts03, Ts05, Ts06, and Ts07). In both
cases, the assumption was made that the C3:C4 ratio of organic matter contributing to soil gas is 3:1;
and that infiltration occurs under alkaline conditions (Eastoe, 2014). Actual data for the 63C of rock
carbonate was available for Agua Caliente in Tucson at -1 per mil based on caliche beds and for Safford
at -4 per mil on the basis of measured carbonate in river sand (Eastoe, 2014). For comparison, the
‘corrected’ values differed from 10% to 48% lower than the ‘uncorrected’ dates. These results reflect
the bulk *C for groundwater. Groundwater is usually a mixture of two or more genetically and
chemically distinct groundwater components, often of different ages (Geyh et al., 2000).

The conventional (uncorrected) *C results show that these samples represent maximum groundwater
ages originating at least several thousand to tens of thousands of years ago (Table 6.8). The maximum
groundwater age dates to the Pleistocene glacial period (colder climate) transitioning into a Holocene
interglacial period (warmer climate). The Wisconsin ice age lasted from 85,000-11,000 years ago with
the Last Glacial Maximum (LGM) set at around 26,500 - 19,000 years ago. The Holocene marks the onset
of the most recent interglacial period and warming trend (Table 6.8).

1 This half-life was estimated by Libby. Later on (1960s) an improved value of the half-life came into use, the
Cambridge half-life, (T1/2)c=5730+40 years. Even though the Libby half-life is not correct, it is still often used to
obtain radiocarbon age (which is further converted to calendar years: this process is called calibration). Moreover,
neither may the Cambridge half-life be entirely correct (Chiu et al., 2007).
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Table 6.8 Summary of Carbon 14 in Groundwater from Select Thermal Springs and Wells

Label Cci4 Error 613C Uncorrected Corrected Estimated glacial period
pMC pMC %0 Max Age Age

Ts01 40.4 0.3 -11.5 7,500 3,900 Holocene

Ts02 17.0 0.2 -13.1 14,600 Late Wisconsin-Holocene
Ts25 17.2 0.2 -12.4 14,500 Late Wisconsin-Holocene
Ts06 4.0 0.1 -10.0 26,600 23,700 Last Glacial Maximum
Ts03 3.4 0.1 -6.2 28,000 19,700 Last Glacial Maximum
TwO07 12.1 0.2 -9.6 17,500 Wisconsin

Ts09 8.0 0.2 -4.0 20,900 Wisconsin

Ts07 2.8 0.1 -7.4 30,000 23,400 |[ast Glacial Maximum
TwO05 4.1 0.1 -5.2 26,400 Last Glacial Maximum
Twl4 5.9 0.1 -7.7 23,400 Wisconsin

Ts18 19.1 0.2 -9.1 13,700 Late Wisconsin-Holocene
Ts17 29.0 0.2 -7.6 10,200 Holocene

Ts08 8.9 0.2 -6.2 20,000 Wisconsin

Ts05 15.3 0.2 -2.5 15,500 10,300 Holocene

Tw22 23.3 0.2 -11.9 12,000 Late Wisconsin-Holocene
Ts23 21.2 0.2 -9.0 12,800 Late Wisconsin-Holocene
Ts24 3.0 0.1 -5.8 29,000 Last Glacial Maximum

Notes: pMC — percent modern carbon
%o — one per thousand

The 613C values reflect chemical interaction with the aquifer rock. The isotopic composition of carbon in
the dissolved carbon constituents of groundwater is very variable. The sources of dissolved carbon are
soil CO,, CO, of geogenic origin or from magmatic CO> (from deep crustal or mantle sources) or in fluid
inclusions, and living and dead organic matter in soils and rocks, methane and carbonate minerals, and
vary with source type and elevation (Table 6.9).

Table 6. 9 Dissolved Inorganic Carbon Sources for §13C in Groundwater

Carbon Origin Range of 613C %o
Terrestrial Plants -30to -20
Soils CO, -22
Tropical Soils CO, -20to -11
Magmatic -6
Metamorphic Carbon (sedimentary / Marine -4 to +4
Carbonate)

Evaporate Carbonates (sedimentary basins) +10

(Geyh et al., 2000)
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Each of these sources has a different carbon isotopic composition and contributes to total dissolved
carbon in various proportions; therefore, the isotopic composition of DIC compounds in groundwater
has a wide range of §3C values (Geyh et al., 2000). Most southeast Arizona marine carbonate is mid-
Cambrian to Permian.

Soil carbon dioxide usually has a value of about —22 %o.; in tropical soils it may be more positive to about
—11 %o. Carbon dioxide of a magmatic origin has §'3C values of about —6 %.. Metamorphic carbon from
sedimentary rocks is usually close to zero (-4 to +4) if it is derived from marine carbonates. The organic
carbon of terrestrial plants has §3C values between —30 and —20 %.. The heaviest carbon-isotopic
composition is found in evaporate carbonates with 10 %o. Such carbonates occur in sedimentary basins
where the §%3C values of DIC of fresh groundwater might have elevated §*3C values (Geyh et al., 2000).

The 8%C results (Table 6.8) range from -13.1 to -2.5 %o. The 8C values for groundwater samples Ts01
(Agua Caliente), Ts02 (Hooker), Ts06 (Dankworth), and Tw22 (Tonopah) range in value from -13.1 to -
10.0 %o indicating CO, derived from tropical soils (warmer climate, lower elevation). The §'3C values for
groundwater samples from Ts03 (Dunes), Tw05 (Willcox), TwO7 (Watson), Ts07 (Thatcher), Ts08 (Potter),
Tw14 (Radium), Ts17 (Cofer), Ts18 (Ringbolt), Ts23 (Castle), and (Ts24 (Kaiser) range from -9.6 to -5.3 %o
and are likely associated with an endogenetic or magmatic source, and mixed interaction in carbonate
rocks. Groundwater samples Ts08 (Potter), Ts17 (Cofer), and Ts24 (Kaiser) were also very high in CO,
(20,000 to 24,000 pg/l) suggesting CO,-rich waters that are commonly found on the boundaries of active
volcanic geothermal systems and around volcanoes, or from reservoir fluids in old and cooling
geothermal systems (Arndrsson et al., 2007) (Aiuppa et al., 2003). Groundwater §3C values for Ts05
(Indian), and Ts09 (Gillard) range from -2.5 to -4.0 %o and closely reflect that of sedimentary marine
carbonates.

Light Stable Isotopes
Oxygen and Hydrogen Isotopes

Results for 80 and & 2H (D) are presented in Table 6.10 and plotted on Figure 6.1. The 6D values range
from -61 to -91 %o. Results for §'80 range from -8.4 to -12.2 %o.. Values are consistent with those
reported for the same springs by Mariner et al. (1977). The concentrations of stable isotopes D and 20
in water from different sources are used to characterize and indicate the origin and mixing patterns of
individual waters. During passage through an aquifer, thermal and non-thermal groundwater retains the
D composition characteristic of precipitation in the recharge area. Unlike oxygen, an isotope shift does
not occur in hydrogen because rock minerals contain little hydrogen and because the water-to-rock
ratios of geothermal systems are seldom so low that the hydrogen of rock minerals is a significant
fraction of the total hydrogen (Truesdell and Hulston, 1980). The isotopic 0 content in thermal water is
usually enriched (becomes less negative) to varying degrees during circulation within the system, due to
reaction with the more enriched isotopic 0 of the confining rock.
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Table 6.10 Summary of Results for 6 ¥0xygen and 6 Deuterium Isotopes

Label T°C S 180 %o & D %o
Analytical Precision: 0.08 0.9
Ts01 31.5 -10.1 -73
Ts02 47.8 -11.7 -84
Ts25 44.6 -11.7 -83
Ts06 355 -12.2 91
Ts03 375 -11.3 -82
TwO07 40.3 -11.1 -79
Ts09 >60 -10.9 -83
Ts07 36.4 -11.5 -86
Tw05 31.4 -11.2 -85
Twil4d 50.5 -8.4 -61
Ts18 48.7 -11.2 -89
Ts17 32.6 -10.1 -75
Ts08 46.6 -11.5 -86
Ts05 44.4 -11.3 -86
Tw22 30.1 9.6 -70
Ts23 40 -11.2 -82
Ts24 33.9 -11.4 -85

Aquifers recharged by precipitation from lower altitudes have higher 60 and &D values, plot higher on
the trend lines, and are more likely to have evaporative loss. Water that has evaporative loss (low
humidity), plots to the right of the meteoric line. Aquifers recharged by precipitation from higher
altitudes have lower 80 and 8D values, plot low on the meteoric water line, and condensed at cooler
temperatures—at a higher altitude or in a cooler climate long ago. Precipitation occurring under cooler
conditions (higher latitudes and altitudes) is more negative in D values (Gat and Gonfiantini 1981). An
increase over time in 60 and 8D can be attributed to recharge from aquifers fed by precipitation from
lower altitudes or by subsurface boiling and vapor separation.

A worldwide study of freshwater samples by Craig (1963) showed that the isotopic compositions of cold
meteoric waters were related by the equation 6 D=8*6 80+10 per mil. This straight line, commonly
referred to as the Standard Meteoric Ocean Water (SMOW) line, is shown in figure 6.1. The slope of the
trendline varies regionally. For this reason the Arizona (Flagstaff) Local Meteoric Water Line (LMWL) has
been added; the primary reason for the relatively lower slope is the partial evaporation of falling
droplets in Arizona’s arid climate.
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Figure 6.1 60 and 8D plotted against the SMOW and LMWL trend lines
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A plot of stable-isotope 60 and 6D values, in standard & values (%o) relative to the SMOW and LMWL,
is shown in Figure 6-1. Most of the thermal spring water 6D - §'80 values fall adjacent to and to the right
of the SMOW indicating groundwater that has had evaporative loss which is consistent with inland
basins (Figure 6.1). The tightly clustered results low on the SMOW indicate accumulation at cooler
temperatures and higher altitudes (or cooler climate) and more likely to be transported through bedrock
to deep aquifers. The springs higher up the SMOW indicate surface evaporative loss before infiltration,
more likely associated with summer precipitation events. The later results could also indicate
precipitation during a warmer climate or lower altitude, or some mix of deeply circulated groundwater
and shallow basin groundwater. Only the result from Ts14 (Radium) lies to the left of and higher up the
trendline which indicates deeply circulated waters.

The plot of 880 versus 1*C age (uncorrected) (Figure 6.2) provides a first glance dating tool for maximum
groundwater ages. If corrected ages had been used, the data plots would all shift right by varying
number of years (an estimated 10-48% younger for corrected *C ages). The temperature dependence of
the isotopic composition for precipitation is preserved in fossil groundwater of Pleistocene and
Holocene age (Figure 6.2) recharged under different climatic conditions. During the Pleistocene glacial
period, the precipitation was isotopically lighter because of a lower temperature of about 5°C (Stute,
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Figure 6.2 Deviation of 620 values of Pleistocene and Holocene Groundwater in Arizona
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1989). In Europe the 80 values for groundwater of these two periods differ by 1.5 to 2.0 %o (Bath,
Edmonds, and Andrews, 1978) which is consistent with plotted data in Figure 6.2. Sample Tw14
(Radium) is an anomaly with much higher than expected 60 value.

Strontium

The strontium concentrations measured in groundwater from thermal springs and wells range from
0.002 mg/I to 9.63 mg/| (Table 6.11). The #Sr/2%Sr ratios range from 0.70799 to 0.72558. The variations
of strontium isotope ratios in bedrock result from original strontium isotopic variations and from
differences in the amounts of radiogenic &Sr that have accumulated since rock genesis by sedimentary
or igheous processes. The rate of 8Sr accumulation varies greatly due to differences in rubidium
concentration and in the geologic age of the rocks. Similar 8Sr/8®Sr ratios suggest similar rock
composition and age. All samples have relatively high &Sr/%Sr ratios in a range that suggests
groundwater circulation in continental crust origin rocks and some have accumulated significant

amounts of &Sr due to their great age.

A summary of Sr and 8Sr/8¢Sr results is presented in Table 6.11.
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Table 6.11 Summary of Results for Strontium and #’Sr/%Sr Isotopes

Label Sr (mg/l) 87Gr [86Sr
Ts01 0.295 0.71942
Ts02 0.002 0.71175
Ts25 <0.002 0.71112
Ts06 0.138 0.71691
Ts03 0.046 0.71741
TwO07 0.004 0.71486
Ts09 0.429 0.72048
Ts07 9.424 0.71826
Tw05 0.607 0.71631
Twl4 1.634 0.71137
Ts18 2.836 0.71125
Tsl7 0.52 0.71771
Ts08 9.63 0.72508
Ts05 0.57 0.71549
Tw22 0.012 0.70799
Ts23 0.288 0.71276
Ts24 0.171 0.72558

Strontium concentrations are plotted against Sr/2®Sr (Figure 6.3). There appear to be three groups with

potential similar age characteristics. Springs Ts07 (Thatcher) and Ts08 (Potter) have relatively high Sr
concentrations at 9.424 mg/l and 9.63 mg/I, respectively, suggesting long duration circulation during
which high strontium concentrations developed. Groundwater samples Ts18 (Ringbolt) and Tw14
(Radium) can be grouped as having higher than average Sr concentration (2.8 mg/l and 1.6 mg/I,
respectively) and similar 8Sr/%Sr ratios close to surface water ratios (0.709). This suggests moderate
duration circulation for the groundwater.

The remaining samples show relatively low Sr concentrations suggesting short-term circulation of
groundwater, and a wide range of 8Sr/2%Sr ratios, as expected, considering locations throughout the
state with a large range of source rock compositions and origins.
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Figure 6.3 Plot of Strontium versus 87Sr/%6Sr for Thermal Groundwater in Arizona
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Helium Dating

Helium concentrations were reported for each sample as *He and also as R/Ra, the ratio of sample
3He/*He to atmospheric *He/*He. Helium is measured in cubic centimeter of volume at standard
temperature and pressure per gram of water (cm3STP/g). He concentrations in the range of 107 to 10
represent a source of crustal fluids with long circulation times in deep rocks, with large accumulation of
radiogenic *He (see Table 4.1). The common R/Ra value for crustal fluids range from 0.007 to 0.022,
while the R/Ra for a source derived from surface water would reach approximately 1.0 (recent
precipitation and infiltration).

All groundwater samples contained large amounts of excess “He indicating an enriched continental crust
source (Table 4.1). The R/Ra values in Table 6.12 fall in between the two source indicators, suggesting
the groundwater has components of both deeply circulated, long-resident time crustal fluids and more
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recently accumulated (younger) groundwater. Mixing can occur when thermal deep groundwater seeps
into basin aquifers through fractures or faults, and the mixed waters are circulated in the basin. Even in
the case of a more direct transport mechanism, deep thermal groundwater could be diluted with basin

meteoric groundwater as it migrates upward along faults.

Table 6.12 Summary of Results for Helium Isotopes

Label He4 (ccSTP/g) R/Ra Notes

Ts01 3.25E-06 0.07 Large amount of excess *He
Ts02 1.67E-07 0.18 Large amount of excess *He
Ts25 - - Extraction failed - sample leaked (Ts02 Dup)
Ts06 5.41E-07 0.41 Large amount of excess *He
Ts03 - - Extraction failed - sample leaked
Tw07 1.85E-07 0.41 Large amount of excess *He
Ts09 3.57E-06 0.27 Large amount of excess *He
Ts07 2.43E-06 0.02 Large amount of excess *He
Tw05 1.85E-06 0.31 Large amount of excess *He
Twl4 1.35E-06 0.11 Large amount of excess *He
Ts18 4.41E-06 0.57 Large amount of excess *He
Ts17 1.86E-05 0.91 Large amount of excess *He
Ts08 7.22E-06 0.28 Large amount of excess *He
Ts05 3.36E-07 0.39 Large amount of excess *He
Tw22 1.77E-07 0.24 Large amount of excess “He
Ts23 1.95E-06 0.48 Large amount of excess *He
Ts24 3.75E-05 0.87 Large amount of excess “He

Both water samples Ts17 (Cofer) and Ts24 (Kaiser) show higher *He concentrations with R/Ra ratios
closest to those for surface water, suggesting mixing of long term circulated waters (large amount of
excess *He) with younger meteoric groundwater (high R/Ra) is likely.

Other Noble Gases

In addition to the Helium noble gas data, results for other noble gases including N, Ar, Ne, Kr, and Xe
were reported for use in gas geothermometry interpretation, but not discussed further in this report.
Noble gas results are summarized in Table 6.13.
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Table 6.13 Summary of Results for Other Noble Gases

Label N total Ar total Ne total Kr total Xe total
(ccSTP/g) (ccSTP/g)  (ccSTP/g)  (ccSTP/g)  (ccSTP/g)
PQL:

Ts01 1.56E-02 2.90E-04 1.84E-07 6.85E-08 9.21E-09
Ts02 7.48E-03 2.07E-04 1.11E-07 4.36E-08 7.77E-09
Ts25 - - - - -
Ts06 1.23E-02 4.04E-04 4.07E-07 7.06E-08 7.80E-09
Ts03 - - - - -
Tw07 1.12E-02 2.97E-04 2.66E-07 5.54E-08 7.01E-09
Ts09 2.33E-03 1.44E-04 1.05E-07 3.27E-08 4.77E-09
Ts07 2.98E-02 8.91E-04 1.32E-06 1.62E-07 1.75E-08
TwO05 4.77E-03 2.55E-04 1.77E-07 3.68E-08 5.23E-09
Twl4 6.15E-03 1.88E-04 1.64E-07 3.47E-08 5.22E-09
Ts18 7.08E-03 1.73E-04 1.50E-07 2.99E-08 3.84E-09
Ts17 1.78E-02 6.60E-04 9.14E-07 1.12E-07 1.16E-08
Ts08 2.24E-03 1.45E-04 9.56E-08 2.89E-08 4.13E-09
Ts05 1.35E-02 1.91E-04 2.97E-07 1.90E-08 1.85E-09
Tw22 7.97E-03 2.31E-04 1.59E-07 4.16E-08 6.14E-09
Ts23 6.56E-03 2.36E-04 1.67E-07 4.78E-08 6.06E-09
Ts24 5.28E-03 3.06E-04 1.81E-07 4.12E-08 6.06E-09
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7. GEOTHERMOMETRY

Chemical geothermometers have been available since the 1960s. They are very useful as a prospecting
tool to provide estimates of the temperature of a geothermal reservoir during exploration and
development, and during on-going management of a resource. Careful consideration should be given to
geothermometry data during interpretation and it is important to consider that the geothermal fluids
are coming from a deep reservoir where the most important process is water-rock interaction,
dependent mainly on temperature, and has a great influence on the chemical composition of the fluids.
Geothermometers work because the relative equilibrium concentrations of chemical species change
with respect to temperature. The rates at which different species react also vary, with cations like
sodium and potassium adjusting more slowly than silica. Therefore, the cation geothermometry has a
longer “memory” and typically reflects the temperature of a more distant or deeper source fluid. In
contrast, the silica geothermometer reflects the temperature of a nearby aquifer. Deep-reaching
groundwater circulation, separated from the shallow local flow system, is characterized by long
residence times (e.g. thermal groundwater) (Geyh et al., 2000).

As geothermal fluids are transported to the surface, they can cool by conductive heat loss as they pass
through cooler rocks or by adiabatic cooling which is boiling due to decreasing pressure. All of these
processes produce changes in the composition of the rising fluids. Conductive cooling can cause some
modifications in the chemical composition by mineral dissolution or precipitation, causing changes in
the degree of saturation with respect to both primary and secondary minerals that can affect an
estimated temperature. The boiling processes invariably cause change in the composition of rising
geothermal fluid and affects the estimated temperature. The temperature decrease and saturation
degree varies and mineral dissolution or precipitation can occur. Another very important process that
occurs in the upper part of the geothermal system is mixing with groundwater, which causes dilution
and cools the geothermal fluids.

Ternary Diagrams

The Powell and Cumming (2010) worksheets provide a way to quickly plot chemical analyses on many
commonly used geothermal geochemistry plots. Most of these plots were developed in the 1980s—
1990s by Werner Giggenbach, based on his work and the research of many others (Arnérsson, 2000;
Fournier, 1989). Owing to Giggenbach, the graphics included in these worksheets generally remain
state-of-the-art for the conceptual interpretation of geothermal geochemistry directed at the
exploration of geothermal reservoirs (Powell and Cumming, 2010).The graphs combine species with
different sensitivity to temperature, mixing and other processes in order to resolve trends in geothermal
reservoirs and their shallow manifestations (Powell & Cumming, 2010). The interpretation for our data is
more qualitative due to project constrictions and limited data collection. We did not attempt to
incorporate previous research data, although that would make a more remarkable argument.
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Geothermometry calculators and geoindicators used in the Powell and Cumming (2010) charts
incorporate both silica and cation geothermometers derived through previous work by Giggenbach,
Fournier, Fournier and Potter, and Arnorsson. We have attempted here to follow the Powell and
Cumming (2010) geothermometry worksheets as appropriate to investigate potential thermal water
sources for each of the springs investigated for this project. Thermal groundwater samples were
analyzed for stable isotope analyses 680 and 6D, *C, tritium, and 3He/*He. Analytes used to plot the
geothermometry ternary charts and diagrams include Na, K, Li, Cl, F, B, Rb, Cs, Mg, SO4, HCO3, and SiO,.
The various ternary diagrams using the Powell & Cumming geothermometry spreadsheets are presented
and discussed below. The complete workbook is included as Appendix D.

Tcsh

The CI-SO4-HCOs ternary plot illustrates the proportions of the major anions present in geothermal
water based on Giggenbach, (1991a). Labels (Peripheral Water, Mature Water, Volcanic Water, Steam
Heated Water) indicate associations with either different parts or different types of geothermal systems.
Figure 7.1 plots CI-SO4-HCOs for groundwater samples collected from the thermal springs and wells.

Figure 7.1 Tsch - SO4-CI-HCO; Ternary
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A hot spring with significant Cl, moderate HCO3 and minimal SO, is consistent with outflow from a
geothermal reservoir and is more likely to provide reliable cation geothermometry than a spring that is
mainly bicarbonate or sulfate. Results related to this scenario fall within the upper sector of the ternary
diagram. Based on this criteria, thermal water reflecting this balance include samples Ts07 (Thatcher),
Ts05 (Indian), Tw05 (Watson), Ts08 (Potter), Ts09 (Gillard), Ts06 (Dankworth), and Ts18 (Ringbolt). The
TS08 (Potter) groundwater has very high chloride with minimal sulfur and bicarbonate, and also falls
within the criteria for mature waters. The source of the sodium chloride is not readily apparent because
there is no evaporite deposit observed in the area; however, the salt may be from brines discharged
from a high temperature reservoir (>150°C) (Witcher, 1979d). All the samples plotted in the upper
sector of the ternary diagram, except Ts18 (Ringbolt), were collected in the Safford-Clifton area, which
has been previously mapped as an area with high chemical geothermometry (Witcher, 1979d).

In a volcanic context, a bicarbonate hot spring with high HCO3 and some SO and no Cl is more likely
related to groundwater heated by steam from a deeper reservoir. Samples Ts02 (Hooker), TsO1 (Agua
Caliente), Tw07 (Watson), and Ts24 (Kaiser) meet the criteria as a bicarbonate hot spring having both
very low Cl and some SO4. Other thermal water samples falling within this sector although with
increasing Cl are Ts22 (Tonopah) and Ts17 (Cofer). Groundwater sample Ts02 (Hooker) and Tw07
(Watson) have CI-HCOs-S0O4 balances associated with peripheral waters.

A spring with high SO, is likely to be associated with a deeper boiling zone. Possible associations are
more definitive when combined with analyses of other water and gas constituents and with other
geoscience data sets, including geology and structure. Thermal water samples falling within the SO,
sector, although not considered very high in SO, are Ts14 (Radium), Ts03 (Dunes), and Ts23 (Castle).
Groundwater sample Ts14 (Radium) is more closely related to values associated with volcanic waters.

Tclb

The ternary of chloride, lithium and boron (Giggenbach, 1991a) is used to distinguish fluids from
different sources, reveal fractionation associated with boiling or mixing with fluids that have boiled, or
differentiate fluids generated by unique sources of high temperature steam (Powell and Cumming,
2010). The ternary Tclb (Figure 7.2 ) plots CI-Li-B results for sampled thermal springs.

Chloride and boron concentrations in a geothermal field should have a linear relationship if very low-
concentration cold water mixes with high-concentration hot water (Witcher, 1979d). Chloride and boron
are not assumed to be involved in water-rock reactions after the hot water has left the reservoir. Due to
the distance between most sample locations, you would not expect there to be a linear relationship
between these sample results.
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Figure 7.2 Tclb - Cloride-Lithium-Boron Ternary
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Results suggest spring water at Ts02 (Hooker) (dup Ts25) and Tw07 (Watson) likely circulate a diorite
rock source. Ts01 (Agua Caliente) shows some association with granitic rock circulation, but being
higher in chloride may indicate circulation in a basin with granitic detritus. Most of the other spring
water samples appear to be more saline (higher chloride content) and possibly due to long term
circulation of groundwater in deep source rocks and/or mixing with basin groundwater where gypsum
and halite are deposits in basin fill and absorbed in solution.

Tcfb

This ternary of CI-F-B is useful in tracing sources of water, because, in the absence of relatively rare
fluorite with which to re-equilibrate, F can be expected to be conservative. The Tcfb ternary (Figure 7.3)
was used to illustrate potential varying sources of thermal spring groundwater. Springs and wells were
sampled throughout Arizona with only a few within close enough proximity to share source reservoirs;
therefore, one would not expect the fluoride concentrations to be similar across the samples, and
indeed they are not. All groundwater samples were low in B.
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Figure 7.3 Tcfb - Chloride-Fluoride-Boron Ternary

25B

There were several springs along the transition zone from Safford and Clifton areas that plotted with
high Cl and low F values, as circled in green, and may share similar source bedrock. The group with the
lowest F and highest Cl concentrations are Ts08 (Potter), TsO7 (Thatcher), Ts05 (Indian), and Ts18
(Ringbolt). Thatcher and Indian thermal springs locations near Safford are along the base of the Gila
Mountains and Transition zone, and may share the same source geothermal reservoir. Interestingly,
Ts08 (Gillard) in Clifton and Ts18 (Ringbolt) collected in the Lake Mead Recreation Area in the NW
portion of the state, share similar chemistry and are also at the base of the Transition zone.

The two samples Ts03 (Dunes) and Ts06 (Dankworth) circled in blue are from springs which are both in
the Safford-San Simon Basin and share very similar F-CI-B values suggesting a similar source reservoir.

TwO07 (Willcox) and Ts02 (Hooker) circled in purple plot with high F-low CI-B values and are both in
basins adjacent to the Winchester Mountain and have similar volcanic geology (See Section 8.3).

Tnkm

The Na-K-Mg graphic is probably the most widely used cation geothermometry plot, a ternary
combining the sodium-potassium (Na-K) geothermometer with the potassium-magnesium (K-Mg)
geothermometer. It is the most widely utilized version used of many effective cross-plots developed by
Giggenbach, (1991a). This type of plot is known as a “geoindicator” because it organizes the plotted data
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points in a manner that illustrates both the evidence that supports the interpretation of equilibrated
water at high temperature and the influence of shallow processes, and possible equilibration at lower
temperature (Powell and Cumming, 2010). Numerous case histories have illustrated the utility and
limitations of this plot for interpreting the chemistry of neutral water from thermal springs and
exploration wells. Barnett et al (2005), Mariner and Janik (1995) and Maturgo et al (2000) demonstrate
that extrapolations of a geothermometer trend based on shallow samples can have excellent agreement
with both geothermometers and measured temperatures from produced wells in the reservoir (Powell
and Cumming, 2010).

On the ternary for Na-K-Mg (Figure 7.4), data plotted for several spring samples fall within the
‘immature waters’ sector. Since the cations for these samples are not in partial equilibrium, the waters
are assumed to be from shallow sources or mixed, and temperatures likely are not accurate as plotted
on this geothermometer grid. Several samples fall within this category: Ts17 (Cofer), Tw07 (Willcox),
Ts22 (Tonopah), Ts02 (dup Ts25) (Hooker), Ts23 (Castle), and Ts01 (Agua Caliente).

Figure 7.4. Na-K-Mg Ternary

~Sandstone Im %@KL&;@K\/\/ate rs
ranite o =

] Shale
]

10 K

Waters that have been deeply circulated at high temperatures have cations in ‘partial equilibrium’ and
plot on the geothermometer grid to estimate temperatures in the geothermal reservoir. The thermal
water samples that plot in partial equilibrium and their approximate reservoir temperatures are: Ts06
(Dankworth, 120°C), Ts24 (Kaiser, 130°C), Ts18 (Ringbolt, 135°C), TsO3 (Dunes, 120°C), Ts09 (Gillard,
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150°C), Ts14 (Radium, 120°C), Ts05 (Indian, 110°C), TwO05 (Watson, 95°C), and Ts08 (Potter, 205°C). Ts07
(Thatcher) plots in equilibrium suggesting that the geothermometer temperature of approximately 85°C
may not be accurate as plotted on this grid and would likely be higher.

Piper

On the basis of water chemistry results, hot waters can be classified as Na-5S0,-HCOs; type and cold
waters Ca-HCO; type. In the Piper diagram (plotted in meg/kg; Powell and Cumming, 2010) (Figure 7.5),
all samples have high Na+K and low Ca-Mg concentrations. Na+K are dominant cations plotting above
65% for all samples. Most samples [with the exception of Ts01 (Agua Caliente)] show Cl as the dominant
anion. The Ts01 (Agua Caliente) artesian well groundwater is a sodium sulfate-bicarbonate type with low
Cl. Results for two locations, Ts09 (Gillard) and Ts08 (Potter), show groundwater as a sodium
bicarbonate-sulfate with equal parts SO, and HCO3; with Cl as the dominant anion. Other groundwater
types can be distinguished as being HCOs depleted and CI-SO, enriched or, HCOs enriched and CI-SO,
depleted. Groundwater samples Ts02/25 (Hooker), Tw07 (Wilcox), Ts17 (Cofer), and Ts24 (Kaiser) plot as
a sodium chloride-bicarbonate dominant groundwater type where HCO3; > SO4. Other groundwater from
Ts03 (Dunes), TSO5 (Indian) Ts06 (Dankworth), TsO7 (Thatcher), Tw05 (Watson), Tw14 (Radium), Ts18
(Ringbolt), Ts22 (Tonopah) and Ts23 (Castle) are of the sodium chloride-sulfate type where SO4> HCOs

Figure 7.5 Piper Trilinear
(plotted in meq/kg)
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In this group Na* is the major cation and CI is the major anion. The prevalence of sodium can be
attributed to an increased potential of water to dissolve the aluminosilicate minerals of basement rocks
due to increased CO; concentration (Ellis and Mahon, 1977). It is assumed that the high salt
concentrations are the result of mixing between thermal fluids from greater depths and connate colder
saline waters trapped in shallow sediments. Thermal Na-Cl waters generally have a higher mineralization
(TDS > 1,000 mg/l) with concentrations sometimes exceeding 10,000 mg/l. TDS >1,000 mg/| was
measured in 7 out of 17 groundwater samples. The origin of this fingerprint is two-fold. It could be due
to the mixing of old, deep, strongly mineralized seawater and fresh water at different depths in the
crystalline basement and Tertiary deposits, and by water-rock reactions with an increasing mineral
dissolution due to the presence of CO; (Sonney, 2010). In more saline groundwater samples, the
reduction of Ca?*/Na* is typical of ion exchange, but a greater magnitude of Na+ enrichment compared
to the Ca®* decline suggests an additional source of Na+. In this case, the sources could be related to
dissolution of basin evaporate minerals, such as halite (NaCl) (Al-Charodeh, 2013).

Thermal waters that have Na-SO, type water and a high TDS (> 1,000 mg/l) likely may circulate in
crystalline rocks, their sulfate concentrations due to the dissolution of sulfide minerals or anhydrite
veins and their sodium mainly from reactions with feldspars (Al-Charodeh, 2013). These include Ts07
(Thatcher), TwO5 (Watson), Tw14 (Radium), Ts18 (Ringbolt), and Ts05 (Indian). Spring waters with much
higher mineralization and TDS such as Ts07 (Thatcher - 6,990 mg/l) and Ts08 (Potter - 9,740 mg/l) may
be strongly influenced by the dissolution of formation evaporates. A decrease in HCOs is consistent with
the loss of CO; during recycling (O Dochartaigh et al., 2010), and therefore, a tendency toward calcite
precipitation.

Silica

Silica geothermometers are determined by experiment and temperature dependent variation in the
solubility of silica in water. Geothermometer temperatures have been calculated for crystobalite,
chalcedony, amorphous silica, and quartz via conductive cooling and via adiabatic cooling (boiling). The
Fournier and Potter (1982) quartz geothermometer is used in the Powell and Cumming (2010)
worksheets due to its accuracy in comparison to measured well temperatures. The quartz maximum
steam loss geothermometer, based on the 1981 quartz formula, is more appropriate for boiling hot
springs than the formula for conductive cooling. The amount of conductive heat loss of ascending
geothermal waters is proportional to the distance travelled and inversely proportional to the flow rate.
For vertical pipe flow, Truesdell et al., (1977) calculated that temperatures are reduced by half for
waters flowing at 0.4 |/s from a 1 km deep reservoir. Conductive cooling can be expected to be
important for isolated springs with flow of less than 1 I/s. In the case of closely spaced springs, trying to
envisage the amount of conductive cooling in the upflow, the aggregate flow should be considered
(Karingithi, 2009). When geothermometers are applied to estimate subsurface or aquifer temperatures,
a basic assumption is made that temperature dependent chemical or isotopic equilibria prevail in the
source aquifer—that chemical and isotopic reactions do not significantly modify the composition of the
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fluid as it ascends from the source aquifer to the point of sampling, whether it is a thermal spring, vent,
or wellhead.

The most important water geothermometers are silica (quartz and chalcedony) and K-Mg-Ca. In most
geothermal systems, deep fluids at temperatures >180°C are in equilibrium with quartz; it is stable up to
870°C and has the lowest solubility compared to other silica polymorphs. Quartz is common as a primary
and secondary (hydrothermal) rock-forming mineral. Silica polymorphs with a less ordered crystal
structure (i.e. chalcedony, opal CT, cristobalite) have higher solubilities than quartz and form at cooler
temperatures of < 180°C. The quartz geothermometer is best for reservoir conditions > 150°C.

If the quartz geothermometer or other geothermometers indicate temperatures of 120-180°C, it is
possible that chalcedony may control silica solubility. If the chalcedony geothermometer gives
temperatures of 100-120°C, it may represent the true deep temperature. However, if the calculated
temperature is below 100°C, the amorphous silica may control the solubility (Karingithi, 2009).

Xkms

This cross-plot of the K-Mg geothermometer and the quartz (conductive) geothermometer is from
Giggenbach and Goguel (1989). The plot uses the chalcedony geothermometer, which is often more
appropriate to use than quartz for water from a lower temperature source. By comparing two low
temperature geothermometers, it increases confidence in both if they agree. The quartz
geothermometer calculations assume conductive cooling of the water after it leaves the reservoir.
Disagreement between these two geothermometers might be due to dilution, equilibration with
amorphous silica, or perhaps some residual effect of an acid zone that invalidates the geothermometry,
even though the water has been neutralized (Powell and Cumming, 2010).

Figure 7.6 is a plot of silica versus temperature. Most groundwater samples give geothermometer
temperatures ranging from 65°C to 79°C. Ts17 (Cofer) plots as a lower temperature at 57°C, whereas
Ts09 (Gillard) gives a geothermometer at a slightly higher temperature of 88°C. An anomalous
temperature is noted for Ts08 (Potter) which gives a geothermometer at 144°C. Both Gillard and Potter
hot springs are located adjacent to the Clifton Hot Springs Known Geothermal Resource Area along the
San Francisco River north of Clifton. Preliminary chemical geothermometer studies of the Clifton hot
springs point toward a high temperature reservoir that is greater than 150°C (Witcher, 1979d).
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Figure 7.6 SiO2-K/Mg Geothermometry
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Giggenbach and Goguel (1989) refer to this cross-plot as a “geoindicator” rather than a geothermometer
plot because it juxtaposes the potassium-magnesium geothermometer with a measure of the partial
pressure of CO, based upon equilibrium between K-feldspar, calcite and K-mica on one side and
dissolved Ca*2 and K* on the other. The purpose of the cross-plot is to determine the partial pressure of
CO; at the last temperature of the water equilibration with rock, as determined by the K-Mg
geothermometer. In that values of the CO; partial pressure (Pcoz2) assume equilibrium between calcite
and the other mineral phases, Pco. of analyses plotting outside the “calcite formation” envelope can
only be interpreted qualitatively. This being the case, this plot is probably limited to assessments of
whether the sampled fluid is likely to be in equilibrium with calcite in the subsurface (Powell and
Cumming, 2010).
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Figure 7.7 K-Mg-Ca Geothermometry
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Sample results that plot on Figure 7.7 within the “calcite formation” envelope and likely in equilibrium
with calcite in the subsurface are Ts03 (Dunes), Tw05 (Watson), Ts06 (Dankworth), Ts22 (Tonopah), and
Ts24 (Kaiser) with geothermometer temperatures between 57°C and 79°C, Ts09 (Gillard) at 88°C, and
Ts08 (Potter) at 144°C.

Liquid Geothermometers Report

The Liquid Geothermometry Report (Table 7.1) shows temperatures calculated using the common
geothermometers discussed herein and by Powell and Cumming (2010). Fournier (1989) provides an
excellent introduction to the models, derivations and assumptions used for the most widely used silica
and cation liquid geothermometers. As a recap, the cation geothermometry has a longer “memory” and
typically reflects the temperature of a more distant or deeper source fluid. In contrast, the silica
geothermometer reflects the temperature of a nearby aquifer. The graphs (Figures 7.1-7.7) combine
species with different sensitivity to temperature, mixing and other processes in order to resolve trends
in geothermal reservoirs and their shallow manifestations. Table 7.1 lists the calculated temperatures in
degrees C using the various geothermometers presented in this section and on the Powell and Cumming
spreadsheets (Appendix D).
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Table 7.1 Liquid Geothermometry Report (temperatures in degrees C)

Not accurate below 150C and commonly greater than max temps in boreholes

Chalcedany Quar auarts Na-K-ca NaK-CaMd o Foumier 1079 Trll\::;ﬁell Gig::rj:t()ach Hase Tepant Nievgl :'fvieva Arr:“oar!sKson Gig::a“r’:gach
Sample Name conductive  conductive adiabatic comr 1976 1988 1980 1987 1983 1986
Ts01 Aqua Caliente 72 102 103 77 77 142 98 162 123 131 109 65
Ts02 Hooker 61 92 94 167 26 203 170 219 204 190 179 65
Ts25 (Dup Ts02) 60 91 93 167 26 203 170 219 204 190 179 65
Ts03 Dunes 79 108 108 111 50 94 45 115 65 84 57 65
Ts06 Dankworth 31 64 69 113 50 98 50 119 70 88 62 65
Tw07 Willcox 62 93 95 165 27 198 164 215 196 185 173 65
Ts09 Gillard 107 134 130 136 99 130 84 149 108 118 95 88
Ts07 Thatcher-S 21 53 60 76 76 44 -6 66 g 35 6 74
Tw05 Watson 82 112 111 99 96 73 22 94 40 63 35 79
Ts14 Radium 62 93 95 75 75 99 50 119 70 88 62 76
Ts18 Ringbolt 56 88 90 72 72 112 64 132 86 101 76 72
Ts17 Cofer 59 90 92 80 62 148 104 167 130 136 115 57
Ts08 Potter 101 128 125 180 176 189 153 206 185 177 162 144
Ts05 Indian 59 90 92 106 102 90 41 111 60 80 53 76
Ts22 Tohonopah 29 62 67 144 39 158 116 176 143 146 126 65
Ts23 Castle 70 100 101 76 76 126 80 146 104 115 92 66
Ts24 Kaiser 64 95 97 134 89 140 95 159 120 128 107 76
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8. GEOLOGICAL MAPPING

8.1 Pinalefio Mountains-Safford Basin Geologic Investigation

By Brian Gootee and Joe Cook, Arizona Geological Survey, 2014

Geologic setting of the Cactus Flat, Buena Vista and Indian Hot Springs, Safford Basin

The Safford basin lies in a region of highly extended crust within the Basin and Range tectonic province.
The Cactus Flat hot springs lie on the south-central margin of the Safford basin, bound by the Pinalefio
Mountains to the south (Figure 8.1.1). The Buena Vista and Indian hot springs are found along the
northeastern margin of the basin at the base of the Gila Mountains. The Pinalefio Mountains are
composed of Precambrian metamorphic and plutonic granitoid rocks and Laramide-age granitoid
plutonic rocks (Thorman et al., 1981; Long et al., 1995). The Gila Mountains are composed of mostly
mid-Tertiary volcanic rocks with minor Laramide-age volcanic and intrusive rocks. In the Safford basin a
thick accumulation of unconsolidated to semi-consolidated basin-fill sediment overlies the mid-Tertiary
sequence. Overlying the basin-fill deposits are a relatively thin sequence of alluvial deposits related to
the development of the through-flowing Gila River.

The Safford basin initially formed from crustal extension during the mid-Tertiary. Extension led to
normal faulting, uplift and exposure of ranges, and tectonic subsidence of adjoining basins. Extension
was accommodated primarily along low-angle detachment faults separated into an upper-plate hanging
wall and a lower-plate footwall (Spencer and Reynolds, 1989). The Pinalefio Mountains represent the
footwall, where exhumed crystalline basement is overprinted by a gently-dipping mylonitic fabric
indicating a top-to-northeast sense of shear (Naruk, 1987; Long et al., 1995). Paleozoic, Mesozoic and
early- to mid-Tertiary rocks generally form the upper plate or hanging wall of the detachment fault, and
are present as faulted blocks in the Santa Teresa, Dos Cabezas and Chiricahua mountains to the west
and south, and mid-Tertiary volcanic rocks in the Gila, Whitlock and northern Peloncillo Mountains to
the north, northeast, and southwest (Figure 8.1.1). Initially, mid-Tertiary volcanic and sedimentary rocks
were deposited during early Safford-basin formation, followed by non-volcaniclastic mid- to late-
Miocene basin-fill sediment. Continued high-angle normal faulting on the southwest margin of the
Safford basin during the Miocene and Pliocene allowed thick sequences of basin-fill sediments to
accumulate in an asymmetric sedimentary half-graben (Kruger et al., 1995). Basin-fill strata consists of
alluvial, playa and lacustrine sediments deposited in a closed basin, although fluvial deposits from the
ancestral Gila River area are locally present in the Upper basin-fill (UBF) sequence.
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Figure 8.1.1 Geologic Map of the Pinalefio Mountains and Safford Basin including Cactus Flat, Buena Vista, and Indian Hot Springs
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Structure

The Safford Basin is largely an asymmetric basin, bound on its southwest margin by a high-angle listric
normal fault zone, referred to herein as the Pinalefio fault. The Pinalefio fault has been interpreted to
represent a reactivated secondary-breakaway fault as part of a splay or continuation of the mid-Tertiary
Pinalefio detachment fault (Spencer, 1984). The Pinalefio fault zone also coincides with the North and
South Safford fault zones and Cactus Flat fault, most recently active during the late to latest Pleistocene
(Houser et al., 2004). Several concealed faults in basin fill identified from seismic surveys lie between the
Pinalefio fault and Gila and Whitlock Mountains to the northeast (Figure 8.1.1). Proximal fan deposits in
basin-fill units appear to be restricted to within a few kilometers from basin margins, and mid- to distal-
fan, playa and lacustrine facies lie toward basin centers.

The Pinalefio fault was active throughout basin-fill deposition between approximately 17 and 12 m.y.,
with the subsiding basin half-graben center located near the southwest margin of the Safford basin
(Kruger et al., 1995). A southwest-dipping limb on the northeastern portion of the half-graben allowed
the accumulation of proximal to distal alluvial fan facies to gradually thicken to the southwest in basin-
fill units. However, basin-fill facies and depocenters interpreted from seismic profiles reveal both lateral
and vertical changes throughout the basin-fill sequence. These changes are interpreted to be primarily
driven by tectonism associated with the Pinalefio fault, more so than sedimentation rates, although the
stratigraphy and structural history is not fully resolved (Kruger et al., 1995).

By ~12 m.y., low-magnitude, high-angle faulting associated with the Basin and Range disturbance
became active in southern Arizona (Menges and Pearthree, 1989). Faults active during the mid-Tertiary
event may have been reactivated during the Basin and Range event (Menges and Pearthree, 1989), with
relatively minor offset, although faults may have had a significant effect on facies changes (Kruger et al.,
1995). Faults may provide impermeable and/or permeable conditions. Fault-zone permeability would
allow for mixing between downward-percolating meteoric/agriculture groundwater and upward
endogenic magmatic groundwater flow. Basin-fill strata continued to thicken and aggrade towards the
southern and western portions of Safford basin.

Quaternary faults are present along the southwest and northeast margins of the Safford basin (Houser
et al., 2004) (Figure 8.1.1). Cactus Flat, Indian and possibly Buena Vista hot springs appear to be closely
related to the trace of these faults, although exposures of the fault zones in these areas are concealed
beneath Holocene alluvium. These faults offset upper basin-fill strata and Pleistocene alluvial fan
pediments. Some of the faults on the northeast margin of the basin offset fluvial deposits associated
with the ancestral Gila River, indicating the most recent activity was during the late to latest Pleistocene,
prior to Holocene (Houser et al., 2004).

Stratigraphy

A sequence of mid-Tertiary volcanic and sedimentary rocks is present north and south of the Safford
basin. The mid-Tertiary sequence which makes up a large part of the Gila Mountains projects
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southwestward beneath basin-fill sediments in Safford basin towards the Pinalefio fault zone. Thickness
of the mid-Tertiary sequence is unknown, although it is estimated from seismic reflection to be between
700 and 1,500 m (Kruger et al., 1995). The mid-Tertiary rocks are interpreted to be non-conformable
with underlying Proterozoic basement, although older Mesozoic, Paleozoic, and/or Precambrian
sedimentary and volcanic rocks found in nearby ranges may also be present beneath mid-Tertiary rocks.

Immediately overlying the mid-Tertiary sequence is a thick succession of basin-fill deposits, separated
into the Lower basin-fill (LBF) and Upper basin-fill (UBF) sequences which formed in a closed-basin
setting. A mid-Miocene erosional surface between mid-Tertiary and LBF sequences may be present
along margins of the Safford basin, although sediments probably continued to aggrade in basin centers
and may be conformable with mid-Tertiary strata. Younger basin-fill deposits are interpreted to on lap
older basin-fill deposits and embayed piedmonts along basin margins (Kruger and Johnson, 1994). The
LBF and UBF are distinguished primarily by differences in lithology and consolidation as revealed
primarily by seismic-reflection profiling and scant well logs, although little is known about the LBF unit
otherwise. The LBF generally consists of locally-sourced alluvial gravel, sand and clayey silt along basin
margins, laterally grading into fine-grained distal alluvial sediments, evaporite sediments (gypsum and
halite), and lacustrine deposits towards basin centers. Degree of consolidation and deformation
(fractures, faults and folds) are more abundant in the LBF than the UBF. The UBF unit is unconsolidated
to weakly consolidated, generally non-deformed, and consists of thicker and more extensive alluvial,
playa and lacustrine deposits than interpreted in the LBF.

Cross Sections

Geologic cross-sections A-A” and B-B’ were constructed in the vicinity of Cactus Flat-Buena Vista and
Indian Hot spring areas, respectively (Figures 8.1.2 and 8.1.3), modified from Gootee (2012). Cross-
sections are derived from existing well data, geologic mapping (Houser et al., 1985; Cook and Youberg,
2013; and Cook, 2013), seismic-reflection surveys (Kruger and Johnson, 1994; Kruger et al., 1995; and
Kruger and Johnson, 2001), and modeled gravity data (Lysonski et al., 1981; Richard et al., 2007).
Lithology and geophysical-log data for wells displayed in cross-sections are summarized and discussed
further in Gootee (2012).

Cactus Flat Hot Springs

Information about stratigraphy and structural geology in the Cactus Flat hot springs area is derived
largely from a cluster of five seismic lines, two deep oil and gas wells, and numerous shallow water wells
and thermal wells. Basin-fill units are continuous across the Safford basin, and are interpreted to overlie
mid-Tertiary volcanic and sedimentary rocks (Figure 8.1.2). The Safford basin is largely asymmetric,
bound by the Pinalefio fault on the southern margin of the basin. Basin fill and possibly mid-Tertiary
units along the southwest margin of the basin consist of predominantly coarse-grained sediments
derived from the Pinalefio Mountains. These coarse-grained Pinaleo facies grade laterally into fine-
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Figure 8.1.2. Geologic Cross-section A-A' across Safford Basin, Cactus Flat to Buena Vista Hot Springs.
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Figure 8.1.2 Geologic Cross Section A-A’ Across Safford Basin, Cactus Flat to Buena Vista Hot Springs
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grained sand, silt, clay and evaporite facies ~4 to 7 km from the mountain front in closed-basin distal-
fan, playa and lacustrine environments.

Interbedded with the Pinalefio facies in the UBF is a bluish-reddish-brown facies derived from the Gila
Mountains, part of the 111-Ranch beds (Houser et al., 1985). Proximal middle and distal fan, playa, and
lacustrine facies are all present in the UBF. Across from the Gila Box between Buena Vista and Cactus
Flat, a sequence of fluvio-lacustrine siliciclastic deposits derived from the ancestral Gila River makes up
the upper part of the UBF. This distal fan sequence is also referred to as the Bonita Creek fan delta
(Houser et al., 1985) (Figure 8.1.2). In the area of Cactus Flat, the Pinalefo facies consist of massive,
light gray-green silty, micaceous sand with sparse lenses of poorly sorted pebble conglomerate. Grains
consist of quartz, muscovite and biotite mica, mafic minerals, and alkali feldspars. The Bonita Creek fan
facies contains generally well-sorted clasts, largely derived from volcanic rocks in the Gila Mountains,
but also granite and sedimentary rocks from Precambrian and Paleozoic sources located outside the
Safford basin. Sediment in these facies is noticeably more sorted than the Pinaleno facies and contains
various well-formed sedimentary bedforms associated with a distal fan system. Quartz, mafic grains and
feldspar grains are abundant in this facies. Basin-fill sediments in both facies are locally fractured and
cemented with selenite gypsum, calcite and less commonly silica. Fractures are typically oriented N35W
with near-vertical dips.

Alternating fine- and coarse-grained deposits from both facies likely create permeable and confining
conditions for groundwater flow in the vicinity of the hot springs. Varying degrees of artesian flow are
associated with the hot springs. Underlying the fluvio-lacustrine facies of the 111 Ranch beds are
predominantly fine-grained siliciclastic and evaporite deposits formed in a more restricted deposition
environment, referred to as the Sanchez beds (Houser et al., 1985) (Figure 8.1.2). Underlying the
Sanchez beds the LBF sequence appears to be more coarse-grained with less abundant fine-grained
basin deposits (Kruger et al., 1995). Much of the LBF is identified from few oil and gas wells and seismic
reflection data. Data from these sources have been used to support a closed-basin model with coarse-
grained fan facies grading laterally into fine-grained basin centers (Kruger et al., 1995). Facies and basin
centers are largely asymmetric, hinged on the northeastern side of the basin, tilted toward the
southwestern margin against the Pinalefio fault zone (Figure 8.1.2).

Basin-fill strata are gently tilted towards northeast - and southwest-dipping faults in the vicinity of
Cactus Flat. The Cactus Flat hot springs lie between the North Safford and Cactus Flat fault zones, and
may be associated with other concealed faults immediately beneath surficial Quaternary deposits
(Figures 8.1.1 and 8.1.2). Basin-fill deposits are generally tilted west towards the Pinalefio fault zone, as
much as 6 to 10 degrees, although northeast-tilts are present also. The North Safford and possibly
Cactus Flat fault zones are interpreted to have been active during the late Miocene. Gently-folded LBF
strata are also visible from a seismic-reflection profile ~10 km south of the Cactus Flat hot springs
(Kruger and Johnson, 1995). Although relationships between tectonic uplift of the Pinalefio range,
subsidence of the Safford basin, and on lap sedimentation are not fully resolved, folds and tilted bedding
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are expressed in the Pliocene UBF, and at least as much in the LBF and mid-Tertiary strata (Kruger et al.,
1995).

Deep-seated geothermal groundwater flow to the Cactus Flat hot springs is likely following major high-
permeability fault zones, fractures, and conglomeratic strata along the Pinalefio fault zone. Low-
permeability features such as fine-grained siliciclastic, evaporite and lacustrine deposits, fault gouge,
and fold traps, are all present, and further complicate pathways for upward-migrating geothermal
water. Downward-percolating meteoric groundwater derived from mountain-front recharge likely
mixes with upward-migrating groundwater flow in mixing zones. Southwest-tilted permeable
fanglomerate strata in the hanging wall could redirect upward-migrating geothermal groundwater
towards impermeable fault zones, faults juxtaposing with permeable/impermeable strata, against
abrupt facies changes, or a combination of these boundary conditions (Figure 8.1.2).

Buena Vista Hot Springs

The Buena Vista hot springs are located northeast of Safford near the town of San Jose in the Gila River
floodplain where the Gila River exits the Gila Mountains (Figure 8.1.1). The Buena Vista hot springs were
previously characterized by Witcher (1979, 1981, and 1982) and Witcher and Stone (1983).

Wells in the Buena Vista hot springs have thermal-artesian and saline groundwater conditions with
temperatures ranging from 30° to 50° C. Geothermal groundwater in these wells is derived at various
depths from modern Gila River floodplain deposits, basin-fill deposits, and mid-Tertiary and Laramide
volcanic and intrusive rocks (Witcher, 1981). Thermal water is present in permeable gravels that are
concealed beneath an aquiclude and are interpreted to be within basin-fill sediments. UBF facies
associated with the formation of the 111-Ranch beds (Houser et al., 1985) are interpreted to truncate
older basin-fill deposits and the upper part of mid-Tertiary (Miocene and Oligocene) volcanic rocks
(Figure 8.1.2). LBF deposits beneath the hot springs may be present but are not shown. Basal
conglomerate near the basin-fill/mid-Tertiary boundary may provide hydraulic connectivity to
geothermal groundwater in basin-fill sediments further basinward (Witcher, 1981).

Geochemical analyses of thermal water suggest geothermal sources may be greater in extent and depth
than the cluster of wells that define the spring area (Witcher, 1981). Geochemistry also indicates
geothermal water has dissolved constituents derived from sulfur- and calcium-bearing rocks/sediment,
which may suggest groundwater flow to wells has had contact with gypsum-bearing basin-fill sediment
(Witcher, 1981a).
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The Buena Vista hot springs may be associated with geophysical lineaments, fracture and shear zones,
and Laramide/mid-Tertiary intrusive and volcanic centers (Witcher, 1981; Lepley, 1978). Northwest of
the Buena Vista springs, a major northwest-southeast trending fault, the Butte fault, offsets mid-
Tertiary, Laramide volcanic stocks, and older rocks, and may project southeast in the vicinity of the
Buena Vista hot springs (Figures 8.1.1 and 8.1.2). A combination of these structures may allow for
geothermal groundwater to migrate upward into rocks and sediment to the spring area. High-angle
normal block faults similar to the Butte fault with down-to-the-west displacement may be major
antithetic faults to the main detachment fault (Kruger et al., 1995). If so, geothermal groundwater flow
may migrate along such structures into overlying basin-fill deposits and ultimately to the hot spring area
(Figure 8.1.2).

Indian Hot Springs Area

Indian Hot Spring is one of several springs located on the northeast margin of the Safford basin (Figure
8.1.1). Indian Hot Spring discharges from basin-fill deposits with temperatures ranging from 45°C to 50°C
(Witcher, 1981). Calcium and sodium-bearing salts are deposited at the surface. Modern Gila River
floodplain deposits that host the hot springs may also discharge thermal waters mixed with shallow
groundwater.

The Pinalefio/Eagle Pass Detachment Fault system is considered to be the main basin-forming fault in
the basin (Figure 8.1.3). Indian Hot Spring is associated with an alignment of Quaternary faults along the
northeast side of the Gila River floodplain (Figure 8.1.1) (Davis and Hardy, 1981; Kruger et al., 1995).
Basin-fill deposits are locally deformed, and offset with down-to-southwest displacement. Other hot
springs and seeps in the area are associated with this lineament (Witcher, 1981). The steep slope in
bedrock on the northeastern margin of the basin is interpreted to represent faults antithetic to the main
detachment fault (Kruger et al., 1995), considered to be active during deposition of the LBF. However,
dominant movement along the Pinalefio range-bounding fault produced a largely asymmetric basin-fill
distribution in both the LBF and UBF. Basin-fill sediment at the surface consists of flat-lying, fine-grained
gypsiferous sand, silt and clay deposited in a playa setting. Playa deposits extend northeast to within 2
to 3 km of bedrock, which may indicate the presence of a range-bounding fault that controlled basin
subsidence and created abrupt facies changes on the northeast margin of the basin (Figure 8.1.3).

Basin-fill strata are relatively non-deformed with horizontal to gently-dipping strata, and are interpreted
to unconformably overlie early Miocene volcanic and Precambrian crystalline bedrock along basin
margins (Kruger and Johnson, 1994). Upper and Lower basin-fill units were deposited in a largely
asymmetric basin with significant range-bounding faults on the northeastern and southwestern basin
margins active throughout deposition of basin fill. The upper 300 m of the UBF is dominated by clay and
silt across the width of the basin and is interpreted to be equivalent to the clay-rich 111-Ranch beds
known to create confined conditions for artesian flow from deeper, saline-rich basin-fill sediments.
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Stratigraphy and facies characteristics of the LBF were not discernible in this portion of the basin;
however, seismic data suggest alluvial fan, playa and possibly lacustrine deposits were also deposited in
an asymmetrically-closed basin. Basin-fill deposits near the gravity low closer to the Pinalefio Mountains
remains untested, and may contain more extensive, thick evaporite and/or lacustrine deposits (Figures
8.1.1and 8.1.3).

Geochemical analyses of the Indian Hot Spring during this study indicates geothermal water may be
derived from deep-crustal sources. Geothermal groundwater flow may migrate upwards along the Eagle
Pass-Pinalefio detachment fault primarily, through fractured crystalline bedrock along the fault contact,
and subsequently into overlying mid-Tertiary and basin-fill units through tilted bedding, fracture zones,
and secondary block-faults in the upper plate (Figure 8.1.3). Laramide volcanic and intrusive rocks,
Mesozoic and Paleozoic sedimentary rocks, and Precambrian sedimentary and volcanic rocks may
underlie the mid-Tertiary sequence, which if present, may provide reservoirs for geothermal
groundwater and enough permeability for groundwater migration, although faults would likely provide
conduits into overlying rocks. Upward-migrating geothermal water with high-temperatures and/or long-
term residence in Paleozoic/Mesozoic bedrock, or flowing through saline-rich evaporite deposits in
basin-fill units, particularly the UBF, can create high-saline groundwater conditions. Elevated salinity in
the Safford basin has been identified as being derived from a combination of agricultural recharge and
artesian leakage from underlying basin-fill sediments with elevated connate saline groundwater (Harris,
1999; Towne, 2009). In addition, fine-grained clay and evaporite deposits, limestone, fault traps, and
gently-folded strata create confining conditions for groundwater, and artesian flow to the surface
through permeable strata, Quaternary fault zones, and springs and wells, basinwards from Indian Hot
Spring.
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8.2 Geohydrology of Agua Caliente Regional Park Vicinity, Northeastern Tucson
Basin, Arizona

By Jon Spencer and Diane Love, Arizona Geological Survey, 2014
Introduction

The Roy P. Drachman-Agua Caliente Regional Park, located in northeastern Tucson Basin at
approximately 841meter (m) elevation (2760 feet), is ~150 m (~450 feet) west of exposed bedrock at the
foot of the southeastern Santa Catalina Mountains (Figure 8.2.1). The Santa Catalina Mountains include
Agua Caliente Hill, a massif with a summit at 1,636 m elevation (5,369 feet) elevation that is only ~6 km
(~4 miles) east-northeast of Agua Caliente Regional Park. Other springs in Tucson Basin are similarly
located at the foot of the Santa Catalina Mountains, but these are not warm springs. This brief report is
intended to outline the geologic setting of Agua Caliente Regional Park vicinity and identify geologic
features that are possibly responsible for discharge of geothermal waters at the spring.

Geologic setting

The Santa Catalina and Rincon Mountains, which form the northern and eastern margins, respectively,
of Tucson Basin, comprise a large metamorphic core complex (Davis, 1980; Keith et al., 1980; Spencer
and Reynolds, 1989; Dickinson, 1991; Force, 1997; Fornash et al., 2013). Granitic and gneissic rocks that
make up the southern side of the Santa Catalina Mountains and the western and southern side of the
Rincon Mountains are characterized by mylonitic foliation that dips gently to moderately beneath
Tucson Basin. Crystal-plastic deformation that produced the mylonitic foliation occurred during
Oligocene to early Miocene shearing down-dip from the Catalina detachment fault (e.g., Davis, 1983;
Davis et al., 1986; Spencer, 2006). Slip on the normal fault and its down-dip, mid-crustal continuation as
a ductile shear zone, caused tectonic uplift (exhumation) and tilting of the ranges, as well as subsidence
of Tucson Basin. Displacement on the detachment fault is estimated at 30 +/- 10 km.

The Catalina detachment fault was last active at ~10-15 m.y., and has since been partially buried by
younger sediments. In areas where it is exposed, especially around the western Rincon Mountains, it is
located at the foot of the mountain range (Drewes, 1977; Pain, 1985; Davis, 1987; Dickinson, 1999;
Richard et al., 2004). In areas where it is buried, as at Agua Caliente Regional Park, the buried trace of
the fault is probably within a few hundred meters of exposed bedrock and could be present only a few
meters or tens of meters directly below the spring.

Hydrology

Groundwater generally occurs in Tucson Basin in rocks of all principal types: intrusive, metamorphic, and
volcanic rocks; pre-Basin and Range sedimentary rocks of Tertiary age; and basin-fill sediments. The
water-bearing properties of these rocks, however, vary widely. Well yields range from a few gal/min to
more than 6,000 gal/min. The water-bearing characteristics of the intrusive, metamorphic, and volcanic
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rocks are dependent on localized joint fractures and weathering characteristics. In general, well yields
from intrusive and metamorphic rocks are limited to a few gallons per minute. Volcanic rocks, which can
be more porous and fractured, may yield more water and serve as local sources, but, like intrusive rocks,
their water-yielding properties are generally limited. Depth to the water table in Arizona’s basins varies
widely, but is greater near the mountain fronts where ground elevation is higher. Velocities generally
are greater near the mountain fronts, where gradients are steeper and permeability higher than those in
the interior of the basins (Robertson, 1991).

Olson (1982) and Morbacher (1984) used chemical and isotopic data in groundwater in the foothills of
the Santa Catalina Mountains to distinguish two mechanisms of mountain-front recharge. These studies
identified two isotopically and chemically distinct classes of groundwater. Both studies suggested that
one class receives recharge from the infiltration of mountain streams at the basin margin, and the other
class received recharge directly from fractures in the crystalline mountain mass (Olson, 1982;
Mohrbacher, 1984).

Agua Caliente Warm Spring and Well

Agua Caliente Regional Park is located in Quaternary alluvium. All older rocks and structures are buried
at the spring, and there are no local geomorphic, structural, or lithologic indications of the geologic
factors responsible for the presence of the only warm-water spring in Tucson basin, although numerous
warm wells (>30) are reported in the Tucson basin several miles southwest of the park (Witcher and
Stone, 1983). Inferences about the origin of spring water and geologic factors affecting spring water
location and temperature must be derived from groundwater geochemistry and knowledge of regional
geology and hydrogeology. A temperature of 31.5°C in was measured in October 2012 at the Agua
Caliente artesian well within the park. Water quality sampling of the Agua Caliente warm spring and on-
site well strongly suggests the waters are from the same source (Pima County Regional Flood Control
District, 2014). The well is drilled to a total depth of 799 ft below ground surface (bgs) and is screened in
[decomposed] granite from 659 to 699 ft bgs and from 739 to 799 ft bgs with a pea gravel pack from 550
to total depth (ADWR, 2014). Groundwater was first encountered during drilling at 675 ft bgs. The Pima
County Natural Resources Parks and Recreation reported that the flow has diminished in the past
several years and the pools are not maintaining their previous levels.

Analysis of tritium in water from Agua Caliente warm spring in the 1990’s determined that water derived
from precipitation in the previous 30 years had not mixed with the spring water (Eastoe et al., 2004).
Analytical results from artesian well water collected in October 2012 (Table 6.7) show tritium apparent
concentration at less than 0.6 TU, confirming Eastoe’s (2004) results and indicating that the water
accumulated at least prior to the 1950s.

Analysis of carbon-14 indicates that the water has not interacted with the atmosphere or with plants for
probably thousands of years (Eastoe et al., 2004), which is consistent with its inferred long residence
time and heating deep underground. The corrected *C results for the artesian well water samples
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collected in October 2012 (Table 6.8) provides an age at ~3,900 years (BP 1950), again confirming
Eastoe’s (2004) estimate that the water accumulated thousands of years ago.
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Figure 8.2.1. Geologic map of the southwestern flank of Agua Caliente Hill.

Low concentrations of deuterium and oxygen-18 in Agua Caliente artesian well groundwater indicate
that the water was ultimately derived from precipitation at higher elevations, where rainwater is more
depleted in heavy isotopes of oxygen and hydrogen (Cunningham et al., 1998).

Structural Geology of Agua Caliente Hill

Bedrock at Agua Caliente Hill near Agua Caliente Regional Park was mapped in the field and examined
with aerial imagery in order to determine if it contained fault zones or other features with possibly
elevated permeability (Figure 8.2.2). A single north-south striking fault was identified based on the
presence of a linear zone where rocks are less resistant to erosion, presumably because of fault-zone
crushing. Minor iron staining also characterizes some rocks along the fault zone, as would be expected
for a zone of enhanced permeability, although no evidence of hydrothermal activity was identified. A
mylonitic fabric is common in the area depicted on Figure 8.2.1, as shown by foliation measurements,
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but this high-temperature deformation fabric did not obviously influence fracturing or other features
that would elevate permeability. Force (2002) mapped a fault extending southwestward along the
approximate bottom of the canyon containing “Cat Track Tank” (Fig. 8.2.1). We examined rocks
downstream from Cat Track Tank, but found no evidence of faulting in extensive outcrops of bedrock. In
summary, field mapping revealed no features in the granitic and gneissic rocks of Agua Caliente Hill that
would provide a permeable pathway for flow of groundwater to Agua Caliente Warm Spring.
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Figure 8.2.3. Cross sections of the northeastern corner of Tucson basin

Catalina detachment fault

The fracture permeability of granitic and gneissic rocks that make up the Santa Catalina and Rincon
Mountains is not well characterized and is assumed to be low. Similarly, the Pantano Formation in
Tucson Basin is not a particularly productive aquifer, unlike younger, unconsolidated to poorly
consolidated basin-filling sand and gravel. The granitic and gneissic rocks that form the mountains and
the Pantano Formation in Tucson Basin are juxtaposed by the Catalina detachment fault in the basin
subsurface (Figures 8.2.2 and 8.2.3). The fault zone is known to contain crushed rocks that are the
source of water for at least two water wells located north of the Tortolita Mountains (Spencer et al.,

2002).

Where permeable rock overlies rock of much lower permeability, a contact spring may result. Faulting
may also create a geological control favoring spring formation. In addition, joint or fracture springs may
occur from the existence of joints or permeable fault zones in low-permeability rocks. It is difficult to
determine the origin of the Agua Caliente spring due to buried subsurface geology. Discharge at springs
along the foot of the Santa Catalina and Rincon Mountains is inferred to be derived from water in
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fractures at higher elevations in the mountains. Springs discharge along the trace of the Catalina
detachment fault at the northern edge of the Tucson Basin where it abuts the Catalina Mountains.

The force potential is the driving impetus behind groundwater flow and is the product of the hydraulic
head and gravity. The hydraulic head (force per unit weight) drives water downward from the recharge
surface, increasing pressure head as elevation decreases, and flows through pore space toward lower
elevation aquifers where the water pressure in pore space is now higher. Although generally under
hydrologically unconfined conditions, silts and clays are interlayered in the basin units creating localized
semi-confined conditions. Change in size of pore space from one rock type to another changes
permeability rates and also affects the pressure at lower elevations. Where water reaches sufficient
bedrock depths it is warmed by ambient heat.
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Figure 8.2.4 Water Wells in the Area Surrounding Agua Caliente Park
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At least 30 wells are reported to produce thermal (>30°C) water in the Tucson basin. Thermal wells in
the basin range from 64 to 959 m in depth. The deeper thermal wells pump up to 6,100 L/min of 57°C
groundwater. A notable concentration of thermal wells exist in T15 S, R14 E (about 12 miles southwest
of Agua Caliente) where the highest temperature thermal water known in the basin occurs. Chemical
quality of the water is good except for high fluoride concentrations (Witcher and Stone, 1983).

Flow of warm water laterally and upward into Tucson basin will likely be affected by the buried Catalina
detachment fault. If the fault channels groundwater flow because of higher permeability in crushed fault
zone rocks, then ascending groundwater could reach the surface at springs that are above the buried
trace of the fault, possibly including the Agua Caliente warm spring. In this context, warm water at Agua
Caliente warm spring would be the result of a deep flow path or paths moving groundwater quickly with
little heat loss during ascent to the surface, maintaining its elevated temperature (Fig. 8.2.3 A-A’).
Furthermore, upward flow along the broadly corrugated Catalina detachment fault (Fig. 8.2.2) would
converge along the axes of these gently plunging corrugations (Fig. 8.2.3 B-B’). We suggest that the
warm water at Agua Caliente warm spring results from such flow paths.
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Numerous water wells have been drilled in the populated areas surrounding the Agua Caliente Warm
Spring (Figure 8.2.4). Driller’s logs were obtained from Arizona Department of Water Resources.
Although driller’s logs report rock types that are often ambiguous, they can provide insight as to the
formation unit encountered during well emplacement. Driller’s logs reporting borehole lithology were
reviewed (Table 8.2.1) and modeled using Aquaveo software. Cross sections A-A’ and B-B’ were
generated and formation tops defined (Figures 8.2.4 and 8.2.5). Cross section lines closely overlay those
in Figure 8.2.2. A comparison of the mapped geology cross section structure in Figure 8.2.3 and the cross
sections from well lithology reported in driller’s logs and modeled using Aquaveo (Figure 8.2.5), suggests
a close correlation between structure configurations, confirming the corrugation effect in cross section
B-B’ and potential thermal upwelling potential culminating at the Agua Caliente warm spring. Note that
the bedrock annotated for the well between Agua Caliente Spring and B’ location is granite from the
upper plate, not the granitic and gneissic rocks of the lower plate.

Conclusion

The Agua Caliente warm spring is located adjacent to bedrock at the foot of Agua Caliente Hill. Geologic
mapping of granitic and gneissic rocks near the spring revealed no faults or other structures that could
be linked to groundwater discharge. The Catalina detachment fault is the dominant structural feature in
the northeastern Tucson basin. It separates granitic and gneissic rocks in its footwall block from
moderately lithified clastic strata of the Oligocene to middle Miocene Pantano Formation. The fault is
largely buried by younger, post-faulting alluvial deposits at the foot of the Santa Catalina Mountains, but
the buried trace is suspected to be located below Agua Caliente warm spring. Groundwater flowing
through fractures in the Santa Catalina Mountains and Rincon Mountains likely migrates downward, in
some cases to depths where ambient geothermal temperatures are significantly elevated (many
hundreds of meters to perhaps 1-2 km). We suggest that these geothermal waters flow into the buried
Catalina detachment fault and ascend within the fracture zone along the fault to enter alluvial deposits
just below Agua Caliente warm spring. The Agua Caliente warm spring is conspicuously located above
the plunging crest of a corrugation in the Catalina detachment fault (Fig. 8.2.2), as would be expected if
the spring is associated with converging hot groundwater migrating up along the detachment fault
contact toward the axis of the corrugation (Fig. 8.2.3).
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Table 8.2.1 Agua Caliente Warm Spring Surrounding Wells and Lithology

Table 8.2.1 Wells Surrounding Agua Calinte Hot Springs

From To Depth From To Depth | Top Elev. | Bottom Thick- HGU
\Well Label| Elev. (ft) | Elev. (m) | Depth (ft) (ft) Depth (m) (m) (m) Elev. (m) | ness (ft) Description HGU ID Code
221247 2760 841 0 17 0 5 841 836 17 loose broken rock clay and sand 1 BF
221247 2760 841 17 480 5 146 836 695 463 Pantano 2 Pantano
221247 2760 841 480 622 146 190 695 652 142 Granite 3 Bedrock
85463 2740 835 0 2 0 1 835 835 2 top soil 1 BF
85463 2740 835 2 15 1 5 835 831 13 sand 1 BF
85463 2740 835 15 300 5 91 831 744 285 clay 1 BF
85463 2740 835 300 640 91 195 744 640 340 Granite 3 Bedrock
85463 2740 835 640 710 195 216 640 619 70 broken granite with water 3 Bedrock
200410 2735 834 0 30 0 9 834 824 30 gray sandy clay 1 BF
200410 2735 834 30 145 9 44 824 789 115 brown clay 1 BF
200410 2735 834 145 799 44 244 789 590 654 decomposed granite 3 Bedrock
221900 2690 820 0 15 0 5 820 815 15 loose sandy soil 1 BF
221900 2690 820 15 500 5 152 815 668 485 Pantano 2 Pantano
221900 2690 820 500 770 152 235 668 585 270 black rock layers throughout Pantano 2 Pantano
221900 2690 820 770 880 235 268 585 552 110 semi-consolidated rock green white 3 Bedrock
517735 2710 826 0 18 0 5] 826 821 18 sand and gravel 1 BF
517735 2710 826 18 530 5 162 821 664 512 clayand sandstone 1 BF
517797 2730 832 0 35 0 11 832 821 35 decomposed granite and silts 1 BF
517797 2730 832 35 305 11 93 821 739 270 clay and sandstone 1 BF
540083 2722 830 0 3 0 1 830 829 3 clayey sand 1 BF
540083 2722 830 3 35 1 1 829 819 2 quf/‘sand with some cobbles and auger refrusal at 1 BF
544938 2795 852 0 60 0 18 852 834 60 clay 1 BF
544938 2795 852 60 100 18 30 834 821 40 clay 1 BF
544938 2795 852 100 160 30 49 821 803 60 rock water 3 Bedrock
544938 2795 852 160 220 49 67 803 785 60 rock water 3 Bedrock
544938 2795 852 220 240 67 73 785 779 20 white rock 3 Bedrock
544938 2795 852 240 260 73 79 779 773 20 pink rock fractured 3 Bedrock
544938 2795 852 260 280 79 85 773 767 20 white rock 3 Bedrock
544938 2795 852 280 300 85 91 767 760 20 black and shite granite 3 Bedrock
544938 2795 852 300 320 91 98 760 754 20 white rock 3 Bedrock
544938 2795 852 320 340 98 104 754 748 20 white rock 3 Bedrock
544938 2795 852 340 360 104 110 748 742 20 pink rock 3 Bedrock
544938 2795 852 360 380 110 116 742 736 20 black rock 3 Bedrock
544938 2795 852 380 400 116 122 736 730 20 white rock 3 Bedrock
544570 2770 844 0 10 0 3 844 841 10 clayand cobble 1 BF
544570 2770 844 10 35 3 11 841 834 25 ecelitile or unknown 4 Unknown
544570 2770 844 35 125 11 38 834 806 90 dark brown rock 2 Pantano
544570 2770 844 125 212 38 65 806 780 87 granite fractured 3 Bedrock
570719 2790 850 0 20 0 6 850 844 20 dirtand rock 1 BF
570719 2790 850 20 160 6 49 844 802 140 broken limestone 4 Unknown
570719 2790 850 160 460 49 140 802 710 300 granite first water at 190 ft 3 Bedrock
572197 2820 860 0 1 0 0 860 859 1 sand 1 BF
572197 2820 860 1 350 0 107 859 753 349 granites 3 Bedrock
576616 2675 815 0 28 0 9 815 807 28 loose sand and rock 1 BF
576616 2675 815 28 1085 9 331 807 485 1057 |Pantano shale 2 Pantano
576616 2675 815 1085 1125 331 343 485 472 40 white gray and green quartzand flowing 56 gpm 3 Bedrock
577059 2740 835 0 30 0 9 835 826 30 sand and gravel 1 BF
577059 2740 835 30 100 9 30 826 805 70 very clayey 1 BF
577059 2740 835 100 205 30 62 805 773 105 bedrock green firstwater at 130 ft 3 Bedrock
589706 2700 823 0 20 0 6 823 817 20 dirtand clay 1 BF
589706 2700 823 20 180 6 55 817 768 160 clay 1 BF
589706 2700 823 180 515 55 157 768 666 335 Pantano Formation 2 Pantano
589706 2700 823 515 560 157 171 666 652 45 granite first water at 520 ft 3 Bedrock
590352 2690 820 0 15 0 5 820 815 15 weathered granite 1 BF
590352 2690 820 15 705 5 215 815 605 690 brown clay 1 BF
590352 2690 820 705 910 215 277 605 543 205 brown andesite 4 Unknown
590352 2690 820 910 920 277 280 543 540 10 decomposed granite 4 Unknown
592093 2715 828 0 14 0 4 828 823 14 loose sand and gravel 1 BF
592093 2715 828 14 1085 4 gL 823 497 1071 [Pantano shale ie clay 2 Pantano
592093 2715 828 1085 1140 331 347 497 480 55 \white gray and green rock water indicated 3 Bedrock
597391 2680 817 0 10 0 3 817 814 10 top soil sandy 1 BF
597391 2680 817 10 40 3 12 814 805 30 sandy gravel with thin clay layers 1 BF
597391 2680 817 40 404 12 123 805 694 364 consolidated sandy clay with minor cobbles 2 Pantano
640502 2805 855 0 40 0 12 855 843 40 clayand sand 1 BF
640502 2805 855 40 250 12 76 843 779 210 decomposed granite 1 BF
640502 | 2805 | 855 250 605 76 184 779 671 355 Zal‘oa"';‘if;'::j :;‘;?:g;;“ streaks and fractures 3 | Bedrock
807361 2805 855 0 40 0 12 855 843 40 clayand sand 1 BF
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8.3 Geology of Hooker’s Hot Spring, Galiuro Mountains, southeastern Arizona

By Jon E. Spencer and Bradford J. Johnson, Arizona Geological Survey, 2014

Introduction

Hooker’s Hot Spring is located approximately 70 km (40 miles) east of Tucson, Arizona, and is within the
Hooker’s Hot Spring 7.5’ Quadrangle in the southern Galiuro Mountains. The hot spring itself is on the
southwest flank of the wide wash in Hot Springs Canyon, east of the San Pedro River. Water
temperature is reported at 52°C. Hooker’s Hot Spring and surrounding land are part of the Nature
Conservancy’s Mule Shoe Ranch Preserve. Arizona Geological Survey geologists were granted permission
to access the area in 2014. Jon E. Spencer and Bradford J. Johnson of the Arizona Geological Survey
mapped the geology of approximately 18 km? (7 mi?) to identify geologic features that potentially
influence groundwater hydrology. Specifically, it was hoped that geologic features could be identified
that are responsible for the hot water emanating from the spring. Ultimately, this geologic study was
intended to provide better understanding of the geothermal resources in the area.

Regional geology

The largest and possibly most important structure with bearing on the subsurface geology is the
Pinalefio metamorphic core complex. Metamorphic core complexes occur in a belt from Idaho through
western Nevada and across central Arizona (Crittenden and others, 1980; Davis, 1980; Davis and Coney,
1979; and Dickinson, 1991). Core complexes were accompanied by intense thin-skinned extension prior
to Basin and Range rifting. Extension occurs along a low-angle "detachment" fault that is overlain by
relatively closed-spaced planar and listric normal faults that rotate progressively downward as extension
proceeds (Spencer and Reynolds, 1989). The overall thinning of the crust results in tectonic denudation
and erosional unroofing of much deeper crustal rocks below the detachment fault through isostatic
compensation and uplift (Spencer and Reynolds, 1989). The important feature for geothermal in the
northern Willcox basin is the potential for fracture permeability in the upper plate rocks and syntectonic
sediments above the detachment. The breakaway fault for the Pinalefio metamorphic core complex is
probably at the base of the Winchester and Galiuro Mountains (Witcher, 2008). Mount Graham in the
northern Willcox Basin represents the tectonically denuded and uplifted block of deeper crust beneath
the detachment (Witcher, 2008). Upper plate faulted and rotated volcanics and syntectonic core
complex alluvial fill packages with possible fracture permeability would be found below undeformed
Neogene Basin and Range basin fill in the subsurface (Witcher, 2008). Significant vertical uplift and
erosion during and post Mesozoic has removed any potential reservoir rocks in the Paleozoic and
Mesozoic section in the Willcox Basin (Sulfur Springs Valley). Highly-fractured Precambrian fault zones
involved in Mesozoic deformation have potential for reservoirs where Neogene tectonism might have
created permeability in older fractures zones (Witcher, 2008).
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Volcanic rocks in the range are older than ~20 m.y.—consequently, there has been no geologically
recent magmatic activity that would provide heat to a thermal reservoir and thus produce hot springs,
and no young igneous rocks were identified in this study. Few geochronologic analyses have been done
in the southern Galiuro Mountains, however, so it is not known for certain that the area lacks young
volcanic rocks.

Geology of the Hooker’s Hot Spring area

Hooker’s Hot Spring is within the basin west of the southern end of the Galiuro Mountains, a ~100 km
long, north-northwest trending mountain range that consists primarily of 20-30 million-year-old volcanic
rocks (Dickinson and Shafiqullah, 1989; Dickinson, 1991; Richard et al., 2000). The range itself resembles
a typical Basin and Range fault block (horst), with flanking normal faults dipping outward from the
range. Many of the bounding normal faults, however, dip gently rather than steeply away from the
range (Davis and Hardy, 1981; Dickinson et al., 1987; Goodlin and Mark, 1987; Dickinson, 1991).

The Galiuro Mountains bifurcate southward into two narrow ranges separated by an intramontane basin
that includes Allen Flat and upper Hot Springs Canyon (Allen Flat basin of Burtell, 1989). The western
range includes the Johnny Lyon Hills, while the Winchester Mountains form the eastern range. Hot
Springs Canyon drains much of the area in this intramontane basin, crosses the western side of the
Galiuro Mountains, and empties into the San Pedro River. Hooker’s Hot Spring is located about a half
kilometer upstream from the point where Hot Springs Canyon Wash flows from the intramontane basin
to cut across bedrock of the southwestern Galiuro Mountains. The boundary between these two
geographic features is a steeply east-dipping, east-side-down normal fault located ~600m downstream
from Hooker’s Hot Spring (Figure 8.3.1). The basin sediments incised by upper Hot Springs Canyon and
its tributaries consist of poorly to moderately lithified, poorly sorted, sandy pebble and cobble
conglomerate with generally crudely defined bedding (map unit Tcg on Figure 8.3.1). Beds in the
conglomerate are generally gently dipping, but near the basin-bounding normal fault west and south of
Hooker’s Hot Spring, bedding steepens to approximately 30° to the west-southwest and projects down-
dip into the normal fault with a bedding-fault intersection angle of ~90° (Figure 8.3.2B). Clasts in the
conglomerate are derived from the older volcanic units eroded from the nearby Winchester Mountains.
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Figure 8.3.2. Geologic cross sections of the Hooker’s Hot Spring area (See Fig. 1 for location.)

North of Hot Springs Wash the steep normal fault dies out into a steeply east-dipping depositional
contact. Beds in the basin-filling conglomerate unit dip moderately to steeply eastward near the
depositional contact, with bedding dips decreasing up section to the east so that more than ~1km away
beds are gently dipping (Figures 8.3.1, 8.3.2A). Based on cross section A (Fig. 8.3.2A) we estimate that
the preserved thickness of the conglomerate unit is ~400m. The northward transition from a normal
fault with adjacent west dipping beds to a depositional contact with adjacent east dipping beds is
unusual, and we are not aware of a similar structure anywhere. Conglomerate beds in northern
exposures are folded, reflecting horizontal shorting, whereas to the south, a normal fault offsets
conglomerate beds, reflecting horizontal extension. The implication of this structural contrast is that
fault blocks on opposite sides of the fault were rotated relative to each other about a pivot point ~1km
north of Hooker’s Hot Spring, with shortening to the north and extension to the south. The fact that the
areal extent of east-tilted beds increases northward is consistent with this interpretation, and suggests
that a reverse fault in the subsurface accommodates shortening in basement rocks.
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The Tertiary conglomerate is presumed to be underlain by Tertiary mafic volcanics (Figure 8.3.2). The
conglomerate, on the flanks of the Winchester Mountain, includes clasts derived from erosion of
Winchester Mountain volcanic rocks. Where the normal fault trends north along the western edge of
the basin, west-side up, the conglomerate unit is offset against the underlying Tertiary rocks, exposing
east-dipping beds of mafic volcanics, bedded tuff, banded rhyolite, and bedded pyroclastic volcanics
(Figures 8.3.1 and 8.3.2). No wells have been drilled deep enough in this basin to confirm the formation
sequence underlying the conglomerate; however, similar stratigraphy can be found to the east of
Winchester Mountain, where the Wilcox Greenhouse geothermal well was drilled to 4,004 feet depth
(Witcher, 2008). Upper basin fill was encountered in the first 2,230 feet followed by lower basin fill
consisting of gravely, coarse sand and coarse sand with rounded basalt, andesite, and rhyolite clasts
(clasts provenance from the west) to 2,770 feet depth. Below the basin fill, Tertiary rhyolite
encountered from 2,770 feet to 3,750 feet depth was reported to be fractured and water producing,
and is the reservoir for the geothermal water. This fractured zone is underlain by rhyolitic welded ash-
flow tuff to total depth which is likely impermeable. It would appear that the same rhyolitic fractured
zone also underlies the conglomerate at Hooker’s Hot Spring area at depth.

Geohydrology of the Hooker’s Hot Spring area

As a consequence of its poor cementation and coarse grain size, the conglomerate unit in the Hooker’s
Hot Spring area is porous and permeable. The unit hosts approximately 20 springs in the study area
(Figure 8.3.1). The simplest explanation for the abundance of springs in basin-filling sediments near and
north of Hooker’s Hot Spring is that the conglomerate unit contains much groundwater, and this
groundwater is driven to the surface by elevated hydrostatic head resulting from recharge in the
eastern, elevated side of the basin on the flank of the Winchester Mountains. Basically, the basin is like a
tilted bowl of sand, with water flowing to the surface at the lowest part of the bowl (and spilling out to
the west across bedrock in Hot Springs Canyon).

Most of the springs, and the highest density of springs, are near lower Bass Canyon, in the area where
bed dips change along strike. Only one spring is noted as thermal (warm) and the others are cold
springs. We suggest that enhanced permeability and high spring density in this area is due to structural
disruption associated with the along-strike twisting deformation of beds. Small faults and crushed rocks
in this zone, expected as a consequence of deformation where bedding dips reverse direction along
strike, is not apparent but may be concealed by abundant disaggregated conglomerate and derivative
soil.

Hooker’s Hot Spring area discharges one hot and one cold spring, with the two only ~10m apart. The
only other thermal spring is ~1km due north of Hooker’s Hot Spring, and it is only a warm seep. Thus, of
~20 springs in the area, only one is a significant hot spring. The most obvious potential source of thermal
water in the area is the fault along the west side of the basin, which should provide a pathway for water
flow to great depths (~1-3 km) where temperatures are naturally elevated; however, the four springs
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that are on or near the fault are not thermal springs. Heating due to magma intrusion in the past 1-2
million years is another potential source of heat. Although we did not identify any obviously young
igneous rocks, three samples of nearby volcanic rocks were collected and submitted for *°Ar/3°Ar
geochronologic analysis in order to evaluate the age of past igneous activity. The cold springs are likely
originating from shallow basin aquifers. Possibly another buried fault intercepts the normal fault
creating a preferred conduit at the confluence and is supplying thermal water from a deeper source,
such as the fractured rhyolitic reservoir. In conclusion, we were not able to definitively determine, on
the basis of the surficial geology of the area, why Hooker’s Hot Spring and one other are thermal
springs, whereas others in the same area are not.
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Appendix. Hooker’s Hot Spring map unit descriptions

Qs — Surficial deposits, undivided (Quaternary) — Unlithified streambed sediments and incised soil and
alluvial deposits on the flanks of streambeds.

Qtc — Hillslope talus and colluvium — Talus on steep slopes, and unsorted hillside deposits that have not
been sorted by alluvial processes and have not been displaced significantly from bedrock sources.

Tcg — Conglomerate and conglomeratic sandstone (Oligocene to lower Miocene) — Conglomerate and
pebbly lithic sandstone containing pebbles, cobbles, and locally boulders of mafic, intermediate, and
felsic volcanic rocks in poorly sorted, medium- to coarse-grained, lithic sandstone matrix. The unit is
thick-bedded, weathers light tan, and forms resistant ledges although some conglomerate intervals high
in the section are poorly indurated and form recessive slopes. Conglomerate near the base of the
section contains clasts apparently derived from underlying volcanic units, including cobbles and sparse
boulders of altered-pyroxene basalt and cobbles of phenocryst-rich and flow-laminated rhyolites. Within
the lower 70 to 150 m, basal conglomerate grades upward to an interval of medium- to fine-grained
sandstone and pebbly sandstone that is medium-bedded with local cross bedding. This grades upward
into conglomerate and pebbly sandstone in which most of the pebbles and cobbles are of mafic to
intermediate volcanic rocks. Felsic volcanic cobbles reappear higher in the section. Generally, pebbles
and cobbles in the lower part of the section range from well-rounded to subangular, with subrounded
being the mode. Cobbles in the upper part of the exposed section in the northern part of the map area
are well-rounded.

Tx — Sedimentary breccia (Oligocene to lower Miocene) — Breccia composed of subangular to
subrounded (some rounded) cobbles, pebbles, and boulders of altered-pyroxene basalt, evidently
derived from the underlying volcanic unit Tm. The breccia is a local unit, up to 30 m thick. It is massive,
showing no internal stratification. It overlies basalt of unit Tm in depositional contact and is overlain
depositionally by thick-bedded conglomerate of unit Tcg, which contains mainly basalt cobbles and
pebbles but other clast types as well. The breccia and conglomerate both have medium-grained sandy
matrix, light tan in color.

Tm — Mafic volcanic rocks (Oligocene to lower Miocene) — Undivided mafic lavas including aphyric
basalt or andesite, pyroxene basalt, and olivine basalt. Most of the unit in this map area consists of
pyroxene basalt, containing 2-4% light-green-altered phenocrysts, 2-4 mm across, that apparently are
pseudomorphs of pyroxene replaced by epidote or uralite. Aphyric, vesicular, mafic lava apparently
underlies the pyroxene basalt in the southwestern most part of the unit and is in fault contact with ash-
flow tuff of unit Tt. Olivine basalt, containing Iddingsite pseudomorphs after olivine phenocrysts, is
present in the extreme north.

Tt — Rhyolite ash-flow tuff (Oligocene to lower Miocene) — Phenocryst-rich rhyolite ash-flow tuff,
containing 20-30% sanidine phenocrysts (1-4 mm), 1-2% biotite phenocrysts (<1 to 2 mm, rarely 3-4
mm), and 5-10% flattened pumice and volcanic-lithic fragments, in a light-orange-brown groundmass.
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Tr - Flow-banded rhyolite and rhyolite autobreccia (Oligocene to lower Miocene) - Flow-banded
rhyolite and rhyolite autobreccia with 2-3%, <1mm quartz, <1%, <1mm biotite, and 1-2%, <1mm
sanidine. Locally includes vitrophyre. In some areas autobreccia contains flow-banded and flattened
rhyolite clasts. Subvertical flow banding and irregular outcrop areas in southern exposures suggest that
this unit is partly intrusive.

Thbp - Bedded pyroclastic rocks (Oligocene to lower Miocene) — This unit consists primarily of pale gray,
bedded tuff containing 6-10%, <1mm, generally fresh biotite, ~15%, <1lmm quartz, and 2-5%, <lmm
hornblende. Layering in this unit is defined by minor variations in resistance to weathering and by
aligned pits that are not flattened and so can’t be interpreted as flattened pumice fragments (hence, no
eutaxitic foliation, but rather bedding). Locally the unit is interlayered with volcanic-lithic conglomerate
in which clasts contain much less biotite and hornblende.

Tap - Porphyritic andesite (Turkey-Track porphyry) (Oligocene to lower Miocene) — Rocks of this unit
commonly contain 40-60%, <25 mm plagioclase in dark gray matrix. Some rocks of this unit lack
megacrysts but are otherwise similar.

Kc - Sandstone and conglomerate of the Cascabel Formation (upper Cretaceous) - Dark reddish brown,
interbedded sandstone and siltstone, and dark reddish brown, matrix supported conglomerate with high
silt content. Subrounded to subangular cobbles in conglomerate consist at least locally of primarily
volcanic rocks. Some sandstone is quartz rich.

Km - Muleshoe volcanics (upper Cretaceous) — Gray to tan to brown volcanic rocks with up to 4%,
<1mm biotite, up to 8%, <2mm sanidine, and up to 15%, <2mm plagioclase (mostly acicular and
generally altered).

TKsv - Volcanic and sedimentary rocks, undivided (upper Cretaceous to lower Miocene) — Rocks of the
Muleshoe volcanics, Cascabel Formation, and porphyritic andesite, undivided.
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9. DISCUSSION

Summary

The AZGS collected thermal spring water samples from 16 springs and wells throughout Arizona’s Basin
and Range Province and Transition Zone. The samples were analyzed for analytical suites incorporated
into the Powell and Cumming (2010) geothermometry workbook to better understand heat sources for
these thermal waters in relation to the geology of the region. The study of hot springs and discharge
temperatures is important as they represent the surface leakage of thermal water from a subsurface
geothermal reservoir. As geothermal waters percolate to the surface, various forms of cooling and
precipitation of some minerals can occur. Thermal waters can cool by mixing with meteoric water near
the surface or by conductive or convective cooling methods. Geothermometers and geoindicators can
be used to predict such things as the likely source of thermal waters, if mixing occurs, or if conductive
cooling has occurred. Geothermometry models, when used in combination, can also provide indicators
of the thermal water temperatures at depth. This report presents the data and our interpretation to the
extent of our limited understanding of geochemistry and complex factors that contribute to the
geothermometry. It is meant to provide data for geothermal experts and others interested in pursuing
additional interpretation.

Geological mapping was conducted at three locations in southeast Arizona. At two locations, Agua
Caliente and Hooker’s Hot Spring, thermal springs are suspected to be associated with subsurface
fractures and faults, but lack mapped geological detail. The third location is the Safford basin between
the Gila Mountains and the Pinalefio Mountains, where lineations and faulting are believed to be major
structural factors controlling geothermal groundwater movement. Structural disturbances resulting in
faulting, flexing, erosion, deposition of sediments, and volcanic activity have taken place intermittently
and with variable intensity throughout the geologic history of the Basin and Range Province (Wilson and
Moore, 1959). On a regional scale, Arizona thermal springs are controlled by ambiguous crustal
inhomogeneity and structure. Springs occur where topographic relief is greatest, and most often in
areas with relatively large exposures of crystalline basement rocks. Over 75 percent of Arizona thermal
springs lie in a 120-km wide, NW-trending belt that coincides with the Transition Zone, a region that has
some characteristics of both the Colorado Plateau and the Basin and Range province (Stone and
Witcher, 1983). In Arizona, thermal waters are closely associated with major fault zones (Hahman, 1978;
Waring, 1965). Thermal water moving vertically from deep-heated crustal rock along faults into Tertiary,
Quaternary, and Recent sediments and then moving outward horizontally in these sediments from fault
zones, appears to be the most probable transport mechanism (Giardina and Conley, 1978).

Mapping

Geological mapping was conducted at Safford Basin situated between the Pinalefio Mountains and the
Gila Mountains (Figure 8.1.1). The Safford Basin is largely an asymmetric basin, bound on its southwest
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margin by the Pinalefio fault. The Pinalefio fault zone coincides with the North and South Safford fault
zones and Cactus Flat fault. Thermal groundwater likely transported along faults is believed to migrate
into fractured or permeable basin sediments and mix with older meteoric basin groundwater before
surfacing as springs and through artesian wells. Deep-seated geothermal groundwater flowing to Indian
hot spring and Cactus Flat hot springs are likely following major high-permeability fault zones, fractures,
and conglomeratic strata along the Pinalefo fault zone. Low-permeability features such as fine-grained
siliciclastic, evaporite and lacustrine deposits, fault gouge, and fold traps are all present, and further
complicate pathways for upward-migrating geothermal water.

Agua Caliente Warm Spring is located along the northeastern edge of the Tucson Basin adjacent to
bedrock at the foot of Agua Caliente Hill (Figure 8.2.1). The Catalina detachment fault, the dominant
structural feature in the northeastern Tucson Basin, separates granitic and gneissic rocks in the footwall
block from moderately lithified clastic, Oligocene to middle Miocene Pantano Formation in the upper
block (Figure 8.2.2). The Catalina detachment fault is largely buried by younger, post-faulting alluvial
deposits at the foot of the Santa Catalina Mountains, but the fault trace is buried although suspected to
be located below Agua Caliente Warm Spring. Corrugated grooves in the footwall are a common feature
of low-angle detachment faults (Figure 8.2.3). Groundwater flowing through fractures in the Santa
Catalina Mountains and Rincon Mountains likely migrates downward, in some cases to depths where
ambient geothermal temperatures are significantly elevated (many hundreds of meters to perhaps 1-2
km). Agua Caliente Warm Spring is located above the structural plunging crest of a groove in the
Catalina detachment fault (Fig. 8.2.2). Potentially, geothermal groundwater flows into the buried
Catalina detachment fault at depth and ascends along the detachment fault within the fracture zone to
enter alluvial deposits just below Agua Caliente Warm Spring. The spring may be associated with hot
groundwater migrating up along detachment fault grooves and converging toward the crest of the
corrugation (Fig. 8.2.3).

Hooker’s Hot Spring is west of the southern Galiuro Mountains (Figure 8.3.1) which consists primarily of
20-30 million-year-old volcanic rocks (Figure 8.3.1) (Dickinson and Shafiqullah, 1989; Dickinson, 1991;
Richard et al., 2000). The range itself resembles a typical Basin and Range fault block (horst), with
flanking normal faults dipping outward from the range. Many of the bounding normal faults, however,
dip gently rather than steeply away from the range (Davis and Hardy, 1981; Dickinson et al., 1987;
Goodlin and Mark, 1987; Dickinson, 1991). Volcanic rocks in the range are older than ~20 m.y.—
consequently, there has been no geologically recent magmatic activity that would provide heat for hot-
spring activity, and no young igneous rocks were identified in this study. Few geochronologic analyses
have been done in the southern Galiuro Mountains, however, so it is not known for certain that the area
lacks young volcanic rocks. Samples were submitted to the University of Arizona for geochemistry
analysis, but results have not been received before publication.

Of numerous springs in the Hooker’s Hot Spring area, only one is a significant hot spring. The most
obvious potential source of thermal water here is the fault along the west side of the basin, which could
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provide a conduit for water flow to great depths (~1-3 km) where temperatures are naturally elevated;
however, the four springs that are on or near the fault are not thermal springs. The cold springs are
likely originated from basin groundwater aquifers. Potentially, another fracture or preferred pathway is
supplying the thermal waters from a deeper source. Magma intrusion in the past 1-2 million years is
another potential source of heat, although no obvious young igneous rocks were identified.

Characterization of Thermal Springs

Tritium values ranged from an apparent 0.4 TU to 1.0 TU and indicate submodern water for all springs
(Table 6.7). Tritium results <0.8 TU indicate all sampled groundwater was accumulated prior to 1950s
(submodern), indicative of deep basin aquifers or waters derived from deep bedrock.

The uncorrected *C age dates were calculated for the thermal springs groundwater (Table 6.8). The
range of uncorrected ages indicates maximum ages from 7,501 years old at TsO1 Agua Caliente to as old
as 29,010 years at Ts07 (Thatcher) (corrected dates are expected to be younger by 10% to 48%). Results
indicate that groundwater has been stored for at least several thousand years to over 20,000 years,
whether in deep basin aquifers or bedrock reservoirs. Groundwater younger than 11,700 years
accumulated during the interglacial Holocene epoch and warmer climate. Older groundwater
accumulated during the Wisconsin glaciation period spanning from 80,000 years ago to 12,000 years
ago. Mixed groundwater may have source components older or younger than the ages given.

The 8D / 80 values are consistent with those reported for the same springs by Mariner et al. (1977)
(Table 6.10). Most of the thermal groundwater 8D - §'80 values plot adjacent to or to the right of the
SMOW and LMWL indicating groundwater that has had evaporative loss consistent with inland basins
(Figure 6.1). The tightly clustered results low on the LMWL indicate accumulation at cooler
temperatures or higher altitudes. The springs higher up the SMOW indicate surface evaporative loss
before infiltration, more likely associated with precipitation during a past warmer climate or lower
altitude and include Ts01 (Agua Caliente), Ts11 (Cofer), and Ts22 (Tonopah) which were also interpreted
using 1*C dating to be Holocene (post glacial and warmer climate) groundwater (Figure 6.2). All other
groundwaters dated to the late Pleistocene glacial period (colder climate) and clustered lower on the
LMWL. The results are consistent with the *C age dates (even as uncorrected) relating groundwater
with older ages to a colder climate and younger ages to a warmer climate.

All samples have relatively high 8Sr/8Sr ratios in a range that suggests groundwater circulation in rock
with continental crust origins (Table 6.10). Springs Ts07 (Thatcher) and Ts08 (Potter) have high Sr
concentrations suggesting long duration circulation (Figure 6.3). Samples Ts18 (Ringbolt) and Tw14
(Radium) can be grouped as having higher than the average Sr concentration and similar &Sr/%Sr ratios
closer to surface water ratio (0.709) which suggests deeply circulated meteoric groundwater. The
remaining samples show relatively low Sr concentrations suggesting younger groundwater, and a wide
range of 8Sr/8Sr ratios, as expected considering locations throughout the state with a large range of
source rock compositions and origins.
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All groundwater samples contained large amounts of excess “He indicating groundwater circulation in a
He enriched continent crust material (Table 6.12). The R/Ra values fall in between two source indicators
(Figure 4.1), suggesting the groundwater has components of both deeply circulated, long-resident time
crustal fluids and younger groundwater. Both groundwater samples Ts17 (Cofer) and Ts24 (Kaiser) show
highest *He concentrations (10°) and the R/Ra ratio closest to that of surface water, indicating mixing of
long term circulated waters (large amount of excess *He) with younger meteoric groundwater (high
R/Ra).

Clifton Area

Geothermal studies show a complex structure and distribution of temperatures in the shallow crust,
which are favorable for geothermal resources in the Clifton area. The lower San Francisco River area lies
in the transition zone on the southern margin of the Colorado Plateau and extensive Quaternary basaltic
volcanism associated with high regional conductive heat flow (Witcher, J.C., 1981b). Thermal springs in
this area probably originate from predominantly forced convection, which circulates water through
fractured Precambrian granite and Paleozoic rocks that have been displaced by Cenozoic volcano-
tectonic processes and faulting. Thick sequences of volcanic flows and clastic sediment cap these
aquifers. With groundwater transverse along the fault zone to regional ground-water flow, this hot
water leaks to the surface with flow rates as high as 200 gpm (Mann, 1980). It is reported that a
magmatic heat source is not indicated for this area; rather, above-normal mantle heat flow or
radiogenic crustal heat production provides heat to hydrothermal systems in the Clifton-Morenci region
(Stone and Witcher, 1983). Potential exists for geothermal resources between 90°C and 140°C (Stone
and Witcher, 1983). Both Potter and Gillard Hot Springs are located in the Clifton area. Measured
temperatures and geothermometers indicate these springs potentially have the highest reservoir
temperatures in Arizona.

At Potter Hot Spring (Ts08), the uncorrected age of groundwater using isotopic 8'C (19,741 years)
correlates to accumulation during the Pleistocene. The isotopic §*3C value (-6.2) indicates a potential
endogenetic or magmatic source (Table 4.1). Both the #Sr/%6Sr and 3He/ *He ratios indicate long duration
circulation. The strontium result for Ts08 (Potter) was the highest measured at 9.6 mg/I, an indication of
a deep bedrock fluid source. High Na and TDS (9,740 mg/l) values may be associated with mixing of old,
deep, strongly mineralized sea water and fresh water at different depths in the crystalline basement and
Tertiary deposits, and by water-rock reactions with an increasing mineral dissolution due to the high
dissolved CO, content (24,000 mg/l). Ts08 (Potter) is a sodium-chloride sulfate water consistent with
outflow from a geothermal reservoir. The CI-S0,-HCO; ternary shows Ts08 as mature water and more
likely to provide reliable cation geothermometry. The Na-K-Ca (cation) geothermometer indicates a
deeper source temperature calculated at 180°C. The Quartz conductive (silica) geothermometer
(temperatures >150°C) gives 128°C for a near reservoir temperature.
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At Gillard Hot Spring (Ts09), the §*C data gives an uncorrected age of 20,634 years and accumulation
during the Pleistocene glacial period and colder climate. The*He/*He ratio indicates long term
circulation of groundwater, while the &Sr/®Sr ratio (0.718) indicates younger groundwater or a bulk mix
of older deep groundwater and young groundwater. This groundwater has moderate concentrations of
CO> (5,400 pg/L) and TDS (1,520 mg/l). Ts09 (Gillard) is a sodium-chloride sulfate water with significant
Cl and minimal SO. consistent with outflow from a geothermal reservoir. The CI-SO,-HCO; ternary shows
Ts09 as matured water and should provide reliable cation geothermometry. The Na-K-Ca (cation)
geothermometer indicates a deep source temperature calculated at 136°C. The Chalcedony conductive
(silica) geothermometer (temperatures >100°C) gives 107°C for a near reservoir temperature.

Safford Area

A summary of the geochemistry data for Safford-San Simon Basin springs shows that those springs in
close proximity of each other had similar data results and mineral equilibrium: Ts05 (Indian), Ts07
(Thatcher), and TwO05 (Watson); Ts03 (Dunes) and Ts06 (Dankworth); and Ts02 (Hooker) and Tw07
(Willcox). Surface temperatures measured for these springs ranged from 31.4°C to 44.6 °C.

TwO05 (Watson) and Ts05 (Indian) are located in the upper Safford basin and show similar geochemical
characteristics. The uncorrected '*C age dates the groundwater at 26,400 and 29,600 years, respectively.
The 8Sr/®Sr ratios (0.715-0.716) are similar and indicate similar rock source and age. The low Sr
concentration (0.607 and 0.57 mg/l) can be attributed to short-duration circulation or a source rock
depleted in strontium. Moderate concentrations of dissolved CO, were detected in both Ts05 (Indian)
(2,500 pg/l) and Tw05 (Watson) (3,400 pg/l). Moderate TDS (2,680 and 2,960 mg/I) and Cl (1,200 and
1,400 mg/l) and increased Na (1,200 and 960 mg/I) for TwO5 and Ts05, respectively, infer dissolution of
basin evaporate minerals, such as halite (NaCl) or water-rock reactions with an increasing mineral
dissolution due to moderate concentrations of dissolved CO,. The CI-SO4-HCOs3 ternary shows Tw05
(Watson) and Ts05 (Indian) as matured water and should provide reliable cation geothermometry. The
Na-K-Ca (cation) geothermometer indicating deep source temperatures gives 99°C for Tw05 (Watson)
and 106°C for Ts05 (Indian). The Chalcedony conductive (silica) geothermometer (temperatures >100°C)
at Ts05 (Indian) gives 59°C for a near reservoir temperature. The Chalcedony conductive (silica)
geothermometer at Tw05 (Watson) gives 82°C for near reservoir temperature.

Ts03 (Dunes) and Ts06 (Dankworth) are located in the Cactus Flats area of the Safford basin and show
geochemistry characteristics similar to Tw05 (Watson) and Ts05 (Indian). The uncorrected *C age dates
the groundwater at 26,600 and 28,000 years old, respectively. The &Sr/%Sr ratios (0.715-0.716) indicate
rock source and age similar to Tw05 (Watson and Ts05 (Indian). The Sr concentrations (0.046 and 0.138
mg/|) are very low and indicate short-duration circulation or a source rock depleted in strontium. Unlike
dissolved CO, at TwO05 (Watson) and Ts05 (Indian), dissolved CO, was not detected in either Ts03
(Dunes) or Ts06 (Dankworth). Moderate TDS (900-970 mg/I1), and low CI (190 and 260 mg/I) and Na (310
and 340 mg/l) content infer low water-rock reactions perhaps due to lack of dissolved CO,. The CI-SO4-
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HCOs ternary shows the Ts03 (Dunes) reservoir associated with volcanic waters and Ts06 (Dankworth)
with mature waters. The Na-K-Ca (cation) geothermometer gives 111°C for Ts03 (Dunes) and 113°C for
Ts06 (Dankworth) for a deep source temperature. The Chalcedony conductive (silica) geothermometer
(for temperatures >100°C) gives 71°C and 31°C for near reservoir temperatures.

For TsO7 (Thatcher), the data varies from that of nearby Tw05 (Watson), Ts05 (Indian), Ts03 (Dunes) and
Ts06 (Dankworth) on several levels. The uncorrected *C age of groundwater at Ts07 (Thatcher) is 15,200
years (10,300 yrs. corrected), much younger than given for the other nearby springs. Similar to Ts05 and
TwO05, Ts07 (Thatcher) shows somewhat higher 8Sr/%Sr ratios (0.718) and a Sr concentration (9.424
mg/1) indicating long-duration circulation. No dissolved CO, was detected in Ts07 (Thatcher)
groundwater. Ts07 (Thatcher) plots as “matured water” on the CI-S04,-HCOs; ternary and should provide
reliable cation geothermometry. The Na-K-Ca (cation) geothermometer for Ts07 (Thatcher) for deep
source temperatures gives only 76°C and the Chalcedony conductive (silica) geothermometer
(temperatures <100°C) for a near reservoir temperature gives 21°C. By all indications, it appears that
Thatcher groundwater is derived from a separate reservoir or has much more mixing with colder
groundwater than the other nearby hot springs, given the age, geochemistry, and temperature
differences.

Willcox Area

The Hooker’s Hot Spring is located to the west and the Willcox Greenhouse is located to the east of the
Winchester Mountain range in the southern Galiuro Mountains. Winchester Mountain area stratigraphy
comprises Tertiary conglomerate and conglomerate sandstone underlain by Tertiary mafic volcanics,
ashflow tuff, flow-banded rhyolite and rhyolite autobreccia (fractured and water-bearing), bedded
pyroclastic rocks, and porphyritic andesite. Although faulted and tectonically disrupted, the geology
near the Winchester Mountain is generally similar on the west and east flanks. The Hooker’s Hot Spring
and Willcox thermal well are located in two separate unconnected basins, but the geochemistry of the
spring groundwater is remarkably similar.

Geologic mapping at the Hooker’s Hot Spring area (See Section 8.3) shows approximately 400 feet of
Tertiary conglomerate underlain by mafic volcanics (Figure 8.3.2) in the basin to the west of Winchester
Mountain. The conglomerate has volcanic clasts presumably eroded from the Winchester Mountain
volcanics. A normal fault, west side up, trends north along the western edge of the basin, offsetting the
conglomerate section against the underlying Tertiary rocks, exposing east-dipping beds of mafic,
rhyolite, and bedded pyroclastic volcanics (Figures 8.3.1 and 8.3.2). No wells have been drilled deep
enough in this basin to confirm the formation sequence underlying the conglomerate; however, similar
stratigraphy can be found to the east of Winchester Mountain, at the Willcox Greenhouse geothermal
well drilled to 4,004 feet depth. Upper basin fill was encountered in the first 2,230 feet followed by
lower basin fill to 2,770 feet depth. Below the basin fill, Tertiary rhyolite encountered from 2,770 feet to
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3,750 feet depth was reported to be fractured and water producing, and is the reservoir for the
geothermal water. This fractured zone is underlain by rhyolitic welded ash-flow tuff to total depth.

Since the geochemistry and isotopic data of the two groundwater samples, Ts02 (Hooker) and Tw07
(Willcox), are so similar, we might assume that the geothermal reservoir for the thermal water surfacing
at Hooker’s Hot Spring is the same fractured and water producing banded rhyolite unit as logged at the
Willcox well. We might also assume that the Hooker spring water is being transported through deep
fractures, and flows to the surface from a focused conduit along the normal fault on the west side of the
basin. The cold springs in the area are likely the results of the shallower aquifer within the conglomerate
and artesian seeps due to elevated hydrostatic head resulting from recharge in the eastern-elevated
side of the basin on the flank of the Winchester Mountains.

The uncorrected *C ages of groundwater at Ts02 (Hooker) and Tw07 (Willcox) are 14,600 years and
17,500 years, respectively. The Sr/®Sr ratios (0.711 and 0.714) indicate continental crust rock sources
and similar age. The Sr concentrations (0.002 and 0.004 mg/l) are of the same low magnitude and
indicate short-duration circulation or source rock depleted in strontium. Dissolved CO, was not detected
in either Ts02 (Hooker) or TwO7 (Willcox). Low TDS (250 and 230 mg/l), very low Cl (3.4 and 6.4 mg/l), F
(1.8 and 3.6 mg/l), and very low Na (59 and 63 mg/I) also indicate similar groundwater source
conditions. The Cl-SO4-HCOs; ternary plots both Ts02 (Hooker) and Tw07 (Willcox) chemistry as balanced
in reservoirs associated with (volcanic) peripheral waters. Groundwater at Hooker and Willcox well are
of the sodium chloride-bicarbonate type. The Na-K-Ca (cation) geothermometer for Ts02 (Hooker) gives
167°C for a deep source temperature and the Quartz conductive geothermometer gives 92°C for a near
reservoir temperature. The Na-K-Ca (cation) geothermometer for Tw07 (Willcox) gives 165°C for a deep
source temperature and the Quartz conductive geothermometer gives 93°C for a near reservoir
temperature. With the similarity in geology, geochemistry and isotoptic data, as well as deep source
temperatures, the thermal reservoirs for Ts02 (Hooker) and Tw05 (Willcox) could well be within the
same rhyolite formation.

Yuma

The Yuma area is a favorable target for geothermal exploration. The area is proximate to and probably
actively involved in the Gulf of California-Salton Trough tectonic regime, which has numerous associated
geothermal anomalies in neighboring California and Mexico. 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, making them potential geothermal
reservoirs (Stone, 1981). Zones of anomalously warm water and a geothermal-gradient anomaly along
northwest-trending faults suggest the occurrence of hydrothermal systems (Stone, 1981).

The geochemistry results show the uncorrected *C age of groundwater at Tw14 (Radium) is 23,400
years. The &Sr/%Sr ratio (0.711) and the Sr concentration (1.634 mg/I) indicate source rock depleted in
strontium. Dissolved CO, for Tw14 (Radium) was detected at a moderate concentration of 2,100 pg/I.
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Moderate TDS (2,350 mg/l), Cl (730 mg/l), and Na (680 mg/I) were also detected. The CI-SO4-HCO;
ternary plots Tw14 (Radium) as a reservoir associated with volcanic waters. The Na-K-Ca (cation)
geothermometer for Tw14 (Radium) gives 75°C for a deep source temperature and the Chalcedony
conductive geothermometer gives 62°C for a near reservoir temperature.

Kaiser and Cofer Hot Springs

Kaiser Hot Spring, Cofer Hot Spring discharge thermal water in the Big Sandy River drainage area. Kaiser
Hot Spring discharges thermal water at 37°C from a 25m-wide breccia zone striking N 45° W. The breccia
zone is in Precambrian granitic rocks underlying the silicic flows and flow breccias of the Kaiser Spring-
Elephant Head volcanic field (Goff, 1979; Moyer, 1982).

Geochemistry data for Ts24 (Kaiser) gives an uncorrected **C age of groundwater at 29,000 years. The
plotted 60-6D indicates inland accumulation at lower altitude or during a warmer climate. The
87Sr/%5Sr ratios (0.726) and the Sr concentration (0.171mg/1) indicate source rock depleted in strontium.
The dissolved CO, was detected at a very high concentration of 23,000 pg/|. Kaiser Hot Spring discharges
as a sodium chloride-bicarbonate water with high fluoride (8.0 mg/I) and relatively low TDS (660 mg/I).
The CI-SO4-HCOs ternary plots Ts24 (Kaiser) as associated with peripheral waters. The Na-K-Ca (cation)
geothermometer for Ts24 (Kaiser) gives a deep source temperature of 134°C and the Chalcedony
conductive geothermometer gives a near reservoir temperature of 95°C.

Ts17 (Cofer) discharges at temperatures about 32.6°C from clastic sediments in the Big Sandy Valley
southeast of Wikieup. Results for Ts24 (Kaiser) gives an uncorrected *C age of groundwater at 10,200
years. The plotted §0-8D indicates inland accumulation at lower altitude or during a warmer climate.
The #Sr/®6Sr ratios (0.718) and the Sr concentration (0.310mg/I) indicate source rock of continental crust
origin and short duration circulation and depleted in strontium. The dissolved CO, was detected at a
very high concentration of 20,000 pg/|. Cofer Hot Spring has a sodium chloride-bicarbonate water with
low TDS (790 mg/l), Cl (150 mg/I), and Na (200 mg/I). The CI-SO4-HCOs ternary plots Ts24 (Kaiser) as
associated with peripheral waters. The Na-K-Ca geothermometer gives a temperature of 80 °C for Ts17
(Cofer), while the Chalcedony geothermometer gives a temperature of 59°C.

Studies by Los Alamos scientists indicated that no high temperature convection systems exist in the
Mohave region; rather, several widely scattered low to intermediate temperature systems (120°C)
occur. The systems are probably the result of forced convective flows of meteoric water to sufficient
depth to be heated by the regional geothermal gradient (Witcher and Stone, 1983). The chemical quality
of these thermal waters is good, making them suitable for direct-heat applications.

Ringbolt

Ringbolt Hot Spring discharges from faults and fractures in mid-Tertiary volcanic rocks below the Hoover
Dam area within the Lake Mead Recreation Area.
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The uncorrected *C age for Ts18 (Ringbolt) groundwater is 13,700 years. The plotted §'®0-6D indicates
inland accumulation at a higher altitude or during a colder climate. The &Sr/2%Sr ratio (0.711) indicates
continent crust rock origins and relatively high Sr concentration (2.836 mg/I) can be attributed to long-
duration circulation or a source rock rich in strontium. No dissolved CO, was detected. Ts18 (Ringbolt)
groundwater is a sodium chloride-sulfate with high fluoride (8.8 mg/l), and moderate TDS (2,430 mg/I).
Mg was detected at high concentration of 11 mg/I. The CI-SO4-HCOs; ternary plots Ts18 (Ringbolt) as
mature waters. The Na-K-Ca Mg corrected (cation) geothermometer for Ts18 (Ringbolt) gives a deep
source temperature of 72°C. The Chalcedony conductive geothermometer gives a near reservoir
temperature of 56°C.

Castle Hot Spring

Castle Hot Spring is located in the transition zone at the southeastern flank of the Bradshaw Mountains.
The spring issues water at a rate of about 1,300 L/min (Witcher and Stone, 1982).

The uncorrected *C age for Ts23 (Castle) groundwater is 12,800 years. The plotted 6¥0-6D indicates
inland accumulation at higher altitude or during a colder climate. The #Sr/2%Sr ratio (0.713) indicates a
continental crust rock source and the low Sr concentration (0.288 mg/I) can be attributed to short-
duration circulation or a source rock depleted in strontium. Moderate concentrations of dissolved CO;
were detected at 1,300 pg/l. Ts23 (Castle) groundwater is a sodium chloride-sulfate with high fluoride
(8.8 mg/l), and relatively low TDS (630 mg/l). Mg was not detected above the reporting limit. This
coincides to previously identified “Group I” thermal water emanating from the related fault system
(Sheridan et al., 1980). The CI-SO4-HCOs ternary plots Ts23 (Castle) as associated with volcanic or steam
heated waters. The Na-K-Ca geothermometer for Ts23 (Castle) gives a deep source temperature of 76°C.
The Chalcedony conductive geothermometer gives a near reservoir temperature of 70°C.

The heat source for the low-temperature spring at Castle Hot Spring is most likely heating by deep
circulation along normal faults. The thermal water rises along the fault where it cools conductively and
mixes with colder groundwater from shallow aquifers, emerging at a temperature around 40°C.

Tonopah

Tonopah thermal well is in the western Phoenix Basin in Maricopa County. The uncorrected *C age for
Tw22 (Tonopah) groundwater is 12,000 years. The plotted §'80-8D indicates inland accumulation at
lower altitude or during a warmer climate. The #Sr/%Sr ratio (0.708) and low Sr concentration (0.012
mg/1) can be attributed to continental crust rock origin and short-duration circulation or a source rock
depleted in strontium. No dissolved CO, was detected. Tw22 (Tonopah) groundwater is a sodium
chloride-sulfate with high fluoride (8.8 mg/l), and low TDS (320 mg/I). Mg was not detected. The CI-SO4-
HCOs ternary plots Tw22 (Tonopah) as associated with peripheral waters. The Na-K-Ca cation
geothermometry for Tw22 (Tonopah) gives a deep source temperature of 144°C and a Quartz
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conductive geothermometry (>150°C) gives a near reservoir temperature of 62°C, while the Chalcedony
conductive geothermometer (100°C - 120°C) gives a near reservoir temperature of 29°C.

Agua Caliente Tucson

The Agua Caliente Park well is one of over 30 wells that produce thermal water >30°C in Tucson Basin.
Agua Caliente discharges water at 30 to 32°C.

The uncorrected *C age dates Ts01 (Agua Caliente) groundwater at 7,493 years; the corrected *C age at
3,900 years. The plotted §'0-6D indicates inland accumulation at lower altitude or during a warmer
climate. The 8Sr/8Sr ratio (0.719) and low Sr concentration (0.295 mg/l) can be attributed to short-
duration circulation or a source rock depleted in strontium. Moderate concentrations of dissolved CO,
were detected at 4,000 pg/I. TsO1 (Agua Caliente) groundwater is a sodium-sulfate-bicarbonate with
moderately high fluoride (5.8 mg/l), and low TDS (560 mg/l). Mg was not detected. The CI-SO4-HCO;
ternary plots TsO1 (Agua Caliente) as associated with peripheral waters. The Na-K-Ca cation
geothermometer for TsO1 (Agua Caliente) gives a deep source temperature of 77°C and a Chalcedony
conductive geothermometer for a near reservoir temperature of 72°C.

Conclusion

The geochemistry and isotopic data were input into the Powell and Cummings (2010) geothermometry
worksheets to investigate potential sources of geothermal waters and related geology for thermal
springs throughout Arizona. The Powell and Cummings (2010) report calculates temperatures using
various geochemical reactions and balance equilibrations. The report is included as Figure 7.1. The
difference between the deep source and near reservoir temperatures most likely reflects cooling due to
convection during upward movement to the near reservoir where mixing with cold meteoric water
occurs.

Confirming results of numerous previous works by Witcher, Stone, and others, the Clifton geothermal
reservoir shows the most promise for geothermal energy production, pointing toward a high
temperature reservoir ranging from 128°C to 180°C. Wilcox well and Hooker’s Hot Springs thermal
water also reflect high temperatures for near reservoir geothermal water. The thermal waters in these
areas are presumed to be fault controlled, allowing deep heated water to be transported to near source
reservoirs and discharged from springs.

The Safford area has moderately-high temperature, deep source water, but cooler reservoir
temperatures due to mixing with meteoric cold water, recharged through fractures in the surrounding
mountains and from the Gila River.

Kaiser Hot Spring in the Transition zone shows high, deep source temperatures. Both Kaiser Hor Spring
and Castle Hot Spring have thermal waters controlled by fault contact between basement rock and
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volcanic rocks. The volcanic rock is fractured and serves as a near source reservoir. This is also reported
to be the case for some of the other springs in or near the Transition zone.

Further study of some of the less sensitive (conservation or private) properties is warranted.
Development of geothermal resources may provide hot water for electricity where temperatures exceed
100°C, while space heating and cooling, and industrial applications, including mining operations, are
appropriate for temperatures less than 100°C. The inflow of saline water discharged into rivers from
large volumes of high TDS thermal seeps could be reduced during power production, thereby improving
water quality downstream and providing improved quality water supplies.
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