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ABSTRACT

Moderate-temperature (30-50°C) ground waters which discharge 

from many basins in the Basin and Range Province could be either ves

tiges of hot reservoirs or artesian discharges of deep-circulating 

ground water in normal-temperature systems. Geologic, hydrologic, 

major-ion and isotope geochemical evaluations were conducted on 

moderate-temperature waters from the Safford Basin, Arizona. Stable 

isotopes, which did not show compositional shifts characteristic in 

economic geothermal systems, indicate that the Safford thermal waters 

are produced by deep circulation and that the mountain ranges surround

ing the basin were the most likely source areas for the thermal waters. 

Confined conditions in the thermal reservoir prevented hydrologic de

termination of flow rates, but radiocarbon ages show progressively 

older waters from mountain to basin center. Thermal waters change from 

calcium carbonate, kaolinite-saturated waters at the mountain margins to 

sodium chloride, montmorillonite-saturated waters at the basin center. 

Similar studies can be applied throughout this geologic province.

x



CHAPTER 1

INTRODUCTION

Approximately twenty-one percent of the geothermal waters that 

have been discovered in the United States are in the Basin and Range 

Province (Muffler, 1978). Many of these geothermal waters have moderate 

temperatures (30-35 °C) and are found in areas devoid of geologic 

phenomena such as Quaternary volcanism and strong seismicity which are 

ubiquitous in geothermal regions along plate margins (e.g. The Geysers, 

California; Wairaike, New Zealand; Rekjavik, Iceland). Because thermal 

waters in the Basin and Range setting make up a significant portion of 

the known geothermal resources of the United States, an understanding of 

the mechanisms by which these waters are heated and whether they are 

indicative of higher-temperature geothermal resources at depth is 
important.

One area in which low to moderate temperature geothermal waters 
are found in the Basin and Range Province is the Safford Basin in 

southeastern Arizona (see Figure 1). Saline, sulfate-rich waters with 
temperatures up to 50 °C issue by artesian pressure from wells and 

springs in the basin sediments. Determination of the heating mechanism 

and the temperature-depth relationships of these waters can be 

complicated by interactions of these thermal waters (which rise from 

depths of 600 to 3000 feet below ground) with waters from shallow 

aquifers. Therefore, the hydrogeologic system of the Safford Basin will

1
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be discussed first in this report; then, the geothermal waters will be 

analyzed within the framework of the basin's hydrogeology and 

geochemistry.
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Geography

The study area, depicted in Figure 2, includes portions of the 

Safford and San Simon basins and the surrounding mountain ranges. The 

Safford-San Simon Basin is a northwest-trending, intermontane trough 

through which the Gila River and its tributary, San Simon Creek, flow. 

The Gila River enters the basin from the northeast, flows toward the 

southwest, and gradually turns to the northwest as it is joined by San 

Simon Creek just east of Safford. The Gila River then continues flowing 

northwestward, receiving additional recharge from the intermittent, 

northeast-southwest trending tributaries fed by the mountains which 
bound the basin.

The basin is bounded on two sides by mountain chains. Along the 

south and west, the Santa Teresa and Pinaleno ranges ascend to heights 

as great as 10,715 feet (3,050 meters) above sea level. On the north 

and east, the Gila and Peloncillo Mountain ranges ascend to a maximum 

height of 6,500 feet (1,550 meters) above sea level.

Most of the Basin's 14,000 residents live in the municipalities 

of Fort Thomas, Pima, Safford, Solomon, and Thatcher. Most residents 

work in agriculture or agriculture-related activities (Resnick and 

DeCook, 1975), although some of the residents commute to Morenci to work 

in the copper mine. Irrigated agricultural lands extend from one-half

to three and one-half miles from the Gila River.
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Geology

Geology and Hydrology

Regional Setting. The Safford Basin is in the Basin and Range 

Province near its transition to the Colorado Plateau Province. Basin 

and Range structure is characterized by alternating horsts (which form 

mountain blocks) and grabens (which form valleys) separated by high- 

angle normal faults. Modification of these structures by wind, water, 

gravity and ice has produced the denuded mountains and the 

detritus-filled valleys that are seen at the surface today. Because the 

alternating ranges and basins are generally elongated and parallel, the 

river systems in this province (including the Gila River and its 

tributaries) have developed rectangular drainage patterns.

Local Geology. Figure 3 is a geologic map of the Safford area. 

The patterns show the three major lithologic groups in the study area:

the basin fill sediments

the volcanics of the Gila Range, the Peloncillo 
Range, and the Whitlock Hills

the intrusives and the metamorphic complexes of the 
Pinaleno Range, the Santa Teresa Mountains, and 
Mount Turnbull.

Basin Fill Sediments. The stratigraphy of the basin-fill 

sediments has been studied and described by Harbour (1966). As shown in 

Figure 4, Harbour has divided the sediments into the Lower Basin Fill, 

which consists of a basal conglomerate, an evaporite facies, and a green 

clay facies, and the Upper Basin Fill, which consists of some tuffaceous
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and calcareous lacustrine beds, conglomerates, and alluvium. 

Biostratigraphic dating using vertebrates and lacustrine invertebrates 

(Harbour, 1966) indicates that the Lower Basin Fill was deposited during 

the Pliocene and the Upper Basin Fill during the Pleistocene. The 

thick, extensive layers of clays and evaporites included in the Lower 

Basin Fill indicate that an extensive lake (nearly as wide as the 

present valley) filled the basin for a significant fraction of the 

Pliocene. This lake formed because the low, western end of the Safford 

Basin was closed by the Mescal Mountains. In the Upper Basin Fill 

sediments, coarse elastics predominate while clays and evaporites occur 

only in small, localized pods. Harbour (1966) attributes these changes 

in lithology between the Lower and Upper Basin Fill sediments to 

climatic changes which caused the basin-wide lake to recede into small, 

localized lakes in which the clays and evaporites were deposited.

A large volume of the sediments which existed in the late 

Pleistocene have been eroded and/or reworked. Figure 5 illustrates the 

maximum level of basin fill and the volume of sediments that have been 

eroded or reworked since the late Pleistocene, when the Gila River 

system began to evolve in the late Pleistocene as a result of the 

transection of the Mescal Mountains which had formed a closure at the 

lower end of the basin (Harbour, 1966). Erosion of the original fill, 

deposition of the degradational sediments, and the development of the 

present morphology occurred as the Gila River evolved. In the Safford 

Basin, a few isolated hills are all that remain of the Upper Basin Fill; 

the rest has been removed by erosion. In a few locations near the 

center of the basin, the uppermost beds of the Lower Basin Fill also
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have been eroded, but, throughout most of the study area, this unit 

remains intact. Figure 5 compares the present profile of the Safford 

Basin to the original level of basin filling.

Geology of the Mountain Blocks. Separated from the basin 

sediments by normal faults are the Gila Range, the Peloncillo Mountains 

and the Whitlock Hills to the north and east, and the Pinaleno and Santa 

Teresa Mountain ranges to the south and west. The mountains to the 

north and east are composed of volcanic rocks, and the mountains to the 

south and west are composed of metamorphic and plutonic rocks of 

predominantly granodioritic composition.

Volcanics of the Gila Mountain Range. The volcanic rocks of the 

Gila Mountains include a range of compositions, from rhyolite domes and 

breccia pipes to andesitic basalt flows (Richter, 1981). These units 

intrude the oldest of the basin sediments, but are separated from the 

main body of the basin sediments by high-angle normal faults associated 

with the post-Laramide period of extensional deformation that formed the 

mountains of the Basin and Range Province. The Gila Mountains are 

highly permeable because they are pervaded by closely-spaced, vertical 

fractures. Potassium-Argon dating indicates that the youngest of the 

volcanic units in the Gila Range is approximately 28 million years old 

(Richter, Shaffiquillah, and Lawrence, 1981).

Plutonic Rocks of the Pinaleno and Santa Teresa Ranges. The 

plutonic rocks of the Pinaleno and Santa Teresa Mountains are 

predominantly gneissic in texture and granodioritic in composition, 

except the "Gneiss of John's Dam" which is presumed to be a 

metamorphosed sandstone (Thorman, in preparation). Diabase dikes of
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late Tertiary age intrude the gneisses, which Thorman suspected to be of 

Precambrian age. The rocks of the Pinaleno and Santa Teresa Mountains 

are fractured, but not nearly as pervasively or on as fine a scale as 

the volcanics of the Gila and Peloncillo Mountains. Fractures are 

concentrated in the fault zones; deep canyons commonly form in these 

zones. Along these permeable zones, large volumes of water can be 

conducted to great depths while maintaining hydrologic continuity with 

the high-standing column of ground water in the mountains. The fracture 

porosity of these zones may produce very high hydraulic conductivities.

Hydrology
The stratigraphic and erosional features of the Safford Basin 

produce a double aquifer system (Muller et al., 1973). Coarse clastic 

layers in the Upper Basin Fill and in the degradational deposits form a 

system of shallow, unconfined aquifers, and the basal conglomerate forms 

a deep, artesian (confined) aquifer system (Muller, et al., 1973). A 

thick aquiclude of dense lacustrine clays and evaporites separates the 

two types of aquifer systems. Because the shallow, unconfined aquifers 

are hydrologically connected to surface waters in the basin, the quality 

of these waters is affected by human activities. For example, the 

salinity of water in the shallow aquifers has increased by as much as 

400 mg/1 in 28 years, a trend consistent with the increase in irrigation 

in the Safford Valley (Muller, et al., 1973). In addition to recharge 

by irrigation return water, a large volume of water infiltrates into the 

aquifers in the Safford Basin as mountain front recharge. Some
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residents in the valley fear that the rising salinity will soon cause 

this shallow ground water to become unsuitable for domestic or 

agricultural uses because it is too saline (1500 mg/1 Cl ) and 

sulfate-rich (610 mg/1 SO^). Waters from the deep aquifer, although 

even more saline and sulfate-rich, are used for health spas and hot 

baths in the area and for heating green houses because they attain 

temperatures of 30 to 50 °C (see Table 1 in Chapter 4).

Previous Investigations

Previous investigators of water chemistry in the Safford Basin 

(Knetchel, 1939; Hem, 1950; Muller, et al., 1973) have observed the 

following hydrological and hydrochemical phenomena;

1. The upper, unconfined aquifer system contains less dissolved 
material than the deep, artesian aquifer system (Knetchel, 1939).

2. Salinity generally increases from southeast to northwest in the 
basin (see Figure 6).

3. Hydraulic head has dropped over time in the shallow aquifer (see 
Figure 7).

4. Salinity of the shallow ground water has increased by between 5 
and 60 mg/1 per year (Muller, et al., 1973) (see Figure 8).

5. Water pumped from wells in the Larson well field cools as pumping 
time increases (Muller, et al. 1973).

6. Thermal waters tend to be high in total dissolved solids 
(Knetchel, 1939).

7. Thermal waters are usually under significant artesian pressure.

In a quantitative geochemical study, Muller, et al., (1973) 

attempted to trace the movement of various chemicals in the basin, but 

their conclusions were non-unique because chemicals (especially salts)
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Figure t>. 1944 ISO-ELECTRICAL CONDUCTIVITY. —  Map of Safford Valley, Arizona (after Muller et al., 1973).
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FIGURE 7:
1969-1972 WATER TABLE CHANGE 

of SAFFORD V A L L E Y ,  A R I Z O N A
( a f t e r  Mul ler,  et  al., 1 9 7 3 )

figure 7. 1969-1972 WATER TABLE CHANGE. —  Map of Safford Valley, Arizona (after Muller et al., 1973).
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have multiple sources in the basin. Salt could be derived from 

evaporites in the sediments or from irrigation return flow, which has 
high salinity.



CHAPTER 2

METHODS OF INVESTIGATION

A number of techniques, hydrology, major-ion and stable- 

isotope geochemistry, and radiocarbon analysis, are integrated to 

analyze the Safford hydrological and geothermal systems. Basic 

hydrologic measurements, such as hydraulic head were measured to 

characterize the basin hydrology.

Major-ion Chemistry

Major-ion chemistry of water samples collected from the study 

area was analyzed so that each of the aquifers could be characterized by 

their chemistry. The primary source of chemical data was the article by 

Muller et al., 1973. However, subsequent attempts at compiling these 

data revealed that some of these data may be of inadequate precision for 

the more sensitive analyses used in this investigation. Therefore, the 

data for the present study were screened by using two criteria: charge

balance and specific conductivity. The difference between the sum of 

the cations and the sum of the anions reported in the analyses had to be 

5 percent or less. For specific electrical conductivity screening, 

specific electrical conductivity was plotted versus the sum of the total 

number of cations in solution. Samples which deviated by more than 5

18
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percent from a best-fit line on this plot were excluded. The samples 
for which the analyses met the criteria described above are listed in 

Table 1 of this report.

In addition to analyses published by Muller, et al. (1973), 

additional samples for chemical analysis were collected in cooperation 

with the South Western Arid Basin Regional Aquifer Studies and Analysis 
(SWAB/RASA) program being conducted by the U.S. Geological Survey 

(Robertson, in preparation). These samples were collected and treated 

in accordance with standard U.S.G.S. procedures (Brown, Skougstad, and 

Fishman, 1974) and analyzed for concentrations of dissolved constituents 

in the central laboratory of the U.S.G.S. in Denver, Colorado. Results 

of these chemical analyses are given in Table 3 of this report.

Stable-Isotope Geochemistry

The second facet of the study was the collection and analysis
18of water samples for their stable-isotope composition (6D and 6 0).

Stable isotopes can be used to determine the source areas of the ground 

water in the Safford area derived from precipitation because the 

isotopic composition of precipitation varies with elevation. A number 

of investigators (Fontes and Olivry in Mt. Cameroun, Africa (1976), 

Turner in the Tucson Area, Arizona (written communication ),

Siegenthaler and Oeschger in the Alps, (1980)) have detected a change in 

the isotopic composition of precipitation with elevation. The elevation 

of the Gila River in the lowest part of the Safford Basin averages about
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2800 feet (860 meters) above sea level, but the peaks of the Pinaleno 

Range ten miles to the south ascend to elevations of nearly 11,000 feet 

(3,380 meters). In an area of such pronounced relief, the fractionation 

of the stable isotope composition of precipitation also should be 

pronounced. Turner's study indicated that the oxygen isotope 

composition of precipitation decreased by 0.04 per mil per 100 meter 

increase in elevation while studies by the other authors sited detected 

decreases in 6*80 between 0.16 and 0.5°/oo per 100 meter increase in 

elevation in less and regions. If similar changes occur in the Safford 

area, the 25 to 30 inches of precipitation which fall annually on top of 

the Pinaleno Range (Simms, 1983 personal communication) should be 0.8 

per mil lighter (isotopically) than the precipitation in Safford which 

averages 8.25 inches per year (Sellers, 1978).

Generally, elevation-isotopic composition relationships are 

complex. For example, ground waters which now reside in the aquifers of 

the Safford Basin were probably precipitated over a range of elevations 

and the isotopic composition of the precipitation at any given 

elevational interval probably changes seasonally. Because ground-water 

is recharged over a long period of time, ground-water composition 

represents an integrated composition over seasonal variations).

However, if some physically distinct area, such as the high standing 

Pinaleno Range contributes water of detectably different composition 

than the rest of the in the ground water system, stable isotope 

compositions can be used to differentiate ground water which originated 

in the anomolous source area (i.e. the Pinalino Range) from ground water 

which originated in other source areas (i.e. the basin or the smaller 
mountain ranges rimming the basin).
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Flow Path Indicators

Hydrologic data (location and depth of well, aquifer 
sampled,...) and concentrations of the predominant dissolved species can 

be used to identify and characterize the water in the horizon sampled, 

and the stable-isotope composition of the water can be used to determine 

its source area. Because source areas with the same elevation (e.g. the 

peaks of the Gila Range and the 6,000 ft. level on the Pinaleno Range) 

would produce ground waters with the same isotopic composition, the flow 

path of the waters in the basin must be established in order to 

establish the source of the ground waters in the various aquifers in the 

basin. There are two indicators of the flow paths of water precipitated 

in the study area. First, the volume of isotopically light water 

precipitated on the Pinaleno Range to the south of the Safford Basin is 

more than three times that of the isotopically heavy water precipitated 

on the basin. The influx of such a large volume of isotopically light 

water should produce changes in the basin water isotope composition 
which would help to identify the flow paths of the light waters derived 

from the mountain ranges.

The concentrations of chemical species dissolved in the 

waters are the second indicator of flow paths taken by ground waters in 

the basin to travel from their sources to the locations where they are 

sampled. The concentration of chemical species dissolved in the ground 

water is controlled by the state of equilibrium between the circulating 

ground water and the minerals in the aquifers through which they flow.
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If the condition of equilibrium can be established, the identity of the 

minerals which the waters encountered along the flow path (i.e. the 

rocks that the waters flowed through) can be determined by plotting the 

activity of the chemical species in the ground water. If the stability 
fields of the minerals in the aquifer are also shown on the 

activity-activity diagram, the composition of the water should plot in 

the stability field of the minerals it was in contact with in the 

aquifer. For such water-mineral equilibria studies to be valid, there 

must be some indication that the waters resided in the aquifers for 

adequate times for equilibrium to be established.

Radiocarbon Techniques

The fourth facet of this study, radiocarbon analysis, was

conducted to evaluate the length of time that a sample of water has

resided in the ground-water system (Long, Smalley and Muller, 1982).

Radiocarbon ages cannot directly define the amount of time that ground

water has been in contact with each mineral assemblage along a flow path

and thus define the existence of mineral-water equilibrium. If
14residence times (ages indicated by C) are much longer than 

equilibration times for water and minerals observed in the aquifers as 

measured in the laboratory, then the residence times indicate that 

ground waters have been in the aquifers for adequate amounts of time to 

reach equilibrium with minerals within these aquifers. This agrument is 

strengthened if successively older radiocarbon dates are observed at a 

sequence of well points along the flow path of the ground water and 

geologic logs indicate the aquifer is fairly homogeneous in mineralogy.
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Stable isotope equilibrium is separate from and not 

necessarily correlative with mineral-water equilibrium. Generally, 

temperatures on the order of 200°C or higher are necessary for a state 

of isotopic equilibrium to be established between water and minerals.

Besides serving as an indicator of equilibrium, residence 

times determined from radiocarbon analyses can be used as a check of the 

reliability of flow paths deduced from water-mineral equilibria studies. 

Velocities along the hypothesized flow paths can be calculated by 

dividing the length of the flow path by the residence time (age) of the 

ground water. Velocities calculated in this manner can be compared with 

velocities expected in the geologic formations encountered along the 

flow path. If the velocities calculated from radiocarbon ages are 

similar to the velocities expected in these formations (given the 

hydraulic gradients present), this confirms that the hypothesized flow 

paths are realistic with respect to time.



CHAPTER 3

TECHNIQUES USED 

Hydrologic Data

Sample points were chosen by field inspection, location on 

U.S.G.S. topographic maps, or from references in existing literature. 

Each sample was located on the appropriate topographic sheet using 

conventional U.S.G.S. designation (township, range, section, and quarter 

section —  where discernible). For all sample points, elevation was 

determined (including water levels in wells) and temperature (°C) and pH 

were also determined. These measurements are listed in the "Data" 
section of this report.

Major-Ion Chemistry

In the present investigation, five water samples were collected 

for analysis of their dissolved constituents by the central laboratory 

of the U.S.G.S. Each of these samples was pumped through 0.04 mm filter 

paper using a peristaltic pump. pH and alkalinity of each of these 

samples were determined in the field. Alkalinity was determined by the 

HgSO^ end-point titration method. Samples for metal analysis were 

acidified after filtration.

24
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Stable - Isotope Geochemistry

In every locality where samples were collected for analysis of

the major dissolved species, and in other strategic localities, water

samples were collected for analysis of their stable-isotope composition.

Samples for stable-isotope analysis were collected in three-ounce,
amber, glass bottles which were prerinsed with sample prior to filling.

After filling the bottle with sample, the bottles were capped tightly

and sealed with paraffin wax to prevent evaporation or isotopic exchange

with the atmosphere. For oxygen isotope analysis, the samples were

equilibrated with a measured volume of carbon dioxide gas of known

composition for forty hours in a 25°C water bath (c.f. Epstein and

Mayeda, 1963). For deuterium analysis, a 5 microliter aliquot of sample

first was frozen with liquid nitrogen so that the dissolved gases could

be pumped away (Friedman and Hardcastle, 1970). The water sample

aliquot was reduced to hydrogen by hot uranium, and the hydrogen

transferred to the inlet system of and analyzed on a Micromass 602C

isotope ratio mass spectrometer. The precision of the isotope analyses
18are ±0.2 per mil for a 6 0 and ±3. per mil for 6D. All values are

expressed relative to standard mean ocean water (SHOW).
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Radiocarbon Sampling

Five wells were chosen as sample points for radiocarbon analysis 

conducted in conjunction with the U.S.G.S. SWAB/RASA (Robertson, in 

Preparation). Samples for radiocarbon analysis were collected by the 

following procedure. First, the carbon content of the sample was 

determined by field titration using phenolphtalein for carbonate and 

methyl orange for bicarbonate. Second, the minimum sample size was 

determined using the following equation:

L = [(b x 1.2 x 10 2) + (c x 6 x 10 ^)]

where, L is the minimum sample size
b is the bicarbonate concentration (meq/1) 
c is the carbonate concentration (meq/1).

The minimum sample size was between 50 and 150 liters for samples

collected in the Safford Basin. Third, the sample was filtered into a
sample-prerinsed bottle of appropriate volume. Fourth, Na(OH) (about 50

grams) was added to the water to make the pH greater than 11 (pH was

verified with litmus paper). In brines, about 5 grams of FeSO^ * 7 H^0

was added to enhance flocculation. Barium chloride was then added to

combine with the carbonate and sulfate by the reaction:
.2-  _____BaCl2 + C03 BaCOg + 2 Cl

BaCl2 + s c f  BaS04 + 2 Cl"

The optimum dose of BaCl2 is four times the minimum dose needed to react 

with the carbon present in solution and is given by:

W (BaCl2) = 0.104 (c - 2b) 4L
where the variables are as defined above.
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After the calculated amount of barium chloride was added to each sample,

the containers were shaken well to insure mixing, then allowed to stand

to insure completion of the reaction. After a minimum of one-half hour

of equilibration, the flocculant, Praestol (by Stockhausen), was added

to the sample. The resultant precipitate was collected in one-liter

plastic bottles and taken to the Laboatory of Isotope Geochemistry at
14the University of Arizona where the C content was determined using 

gas-proportional counting methods. The precipitate collected from each 

sample was also analyzed for its content (analytical results are 

listed in the Data section of this report).



CHAPTER 4

DATA

Table 1 summarizes the hydrologic and stable-isotope data 

collected for this project. Table 2 is a summary of the major-ion 

chemical data which were used, and Table 3 is a summary of the radio

carbon data.
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TABLE 1

Description

Well, Dryden Well North of 
Thatcher

Well, Lebanon Hot Springs

Well @ 2-26-17cc

River, Gila River above Buena 
Vista

Spring, Indian Hot Springs 
Geronimo Bath

Spring, Eden Spring

Spring, Bear Spring

Spring, Big Springs above 
Pima Springs

Spring, Indian Hot Spr. Cold 
Spr. at Entrance

Spring, Indian Hot Spr. Cold Spr. 
at Entrance

Well, Collins Hot Springs at 
Lebanon

ANALYTICAL DATA FOR SAMPLES COLLECTED FOR STABLE ISOTOPE ANALYSIS

Water
Sample
Number PH

Temp
(°C) Depth

Jfeet) 6180 6D Local ID Collection
Depth
of Table

ElevationDate Bowles (feet)
W-125 - 8.2 -57.4 4/21/79 NAW-126 42 1235 -11.4

-11.6
—81.0 D-8-26-07bd 4/21/79 3,000

W-127 — 8.6 -55.8 D-2-26-17cc 10/18/79

W-128 -11.6 -79.5 D-6-27—36cca 4/21/78 NA
W-142 7.5 47 600 -10.8

-10.6
-77.7 D-5-24-17aaa 4/22/78 2,800

W-143 -10.4 -65.3 D-5-24—28ab 4/22/79
W-144 -11.4 -78.4 D-7-23-lad 4/22/79

W-171 -10.4 -72.9 D-5-24-17a 4/22/79 *

W-172 - 9.5 -69.1 D-5-24-16 4/21/79

W-173 -10.6
-10.4

-72.1 D-5-24-17 4/21/79

W-176 1,382 -11.4 -86.2 D—8—26—07ddb 4/21/79 3,173
(artesian)



TABLE 1

ANALYTICAL DATA FOR SAMPLES COLLECTED FOR STABLE ISOTOPE ANALYSIS
(Continued)

Water
Depth Table

Description
Sample
Number PH

Temp
°C

Depth
(feet) 6180 6D Local ID

Collection
Date

of
Bowles

Elevation
(feet)

Well, Indian Hot Spr. New Spring W-177 48.7 600 -10.7 -76.1 D-5-24-17 4/22/79

Well, Safford Fair Ground W-178 — 8.6 -63.4 D-8-25 4/21/79

Well, Dr. Lukat's Office W-486 42 -11.5
-11.3

-92.4 D-&-26-18add 2/2/80 3,173

Well, Dr. Lukat's Irrigation W-487 -11.4
-11.9

-80.7 D—8—26—18add 2/2/80

Well, Collins Health Spa W-488 42 1,382 -12.0 -89.4 D-8-26-7ddb 2/2/80 i 3,173
Well, Lebanon Hot Springs W-489 42 1,235 -11.1 -79.5 D-8-26-07bd 2/2/80 3,200
Well, Larson Field Well £4 W-490 - 7.5 -56.0 D—7—27—Olbaa 2/2/80
Well, Larson Field Well #8 W-491 - 7.9 -57.4 D-7-27-01b 2/2/80
River, Gila River at Ford above 

Buena Vista W-492 - 8.5 -65.0 D—6—27—36ccc 2/3/80

Creek, Ash Creek Camp W-493 6.0 -10.4 -63.0 D—8—24—2 2/3/80

Lake, Cluff Reservoir SI W-494 - 8.6 -62.5 D—7—24—23 2/3/80

Spring, Mud Springs West W-495 - 9.9 
-10.0

-62.4 D-7-24-23 2/3/80

Well,. Artesian Warm Well on Route 
to Cluff Reservoir W-496 29.8 900 -10.5

-10.5
-77.3
-73.6

D-7-25-7ccc 2/3/80 3,026



TABLE 1

ANALYTICAL DATA FOR SAMPLES COLLECTED FOR STABLE ISOTOPE ANALYSIS
(Continued)

Water

Description
Sample
Number PH

Temp
(°C)

Depth
(feet) 6180 6D Local ID

Collection
Date

Depth
of

Bowles
Table

Elevation
(feet)

Well, Bear Springs SI Stock Well
by Camper W-497 600 -11.5 -77.9 D—7—23-lad 2/3/80 . 3,120

Well, Bear Spings #2 W-498 - 9.3 -59.0 D—7—23—lad 2/3/80 3,120
Well, Bear Springs Site #2, SI W-499 -11.6 -82.1 D-7-23 2/3/80 3,120
Well, Bear Springs, Palmer S2 W-500 - 9.5 -63.7 D-7-23 2/3/80 3,120
Well, Bear Springs Site S2, S2 W-501 -11.6 -76.7 D-7-23 2/3/80 ■ 3,120
Well, Az S3 W-852 - 9.4 -63.0 D- 11/7/80
Well, Ratlif Farms W-853 - 8.4 -58.5 D- 11/8/80
Well, Hat Farms W-854 - 7.2 -67.1 D- 11/8/80
Well, Lebanon Hot Springs Domestic -

Well W-855 19.0 60 -11.5 -85.1 D—8—26—07bdb 11/8/80
Well, Lebanon Hot Springs Shallow

Well W-856 39.4 1,235 -11.0 -82.8 D—8—26—07bdb 11/8/80 3,195
Well, Lebanon Hot Springs Deepest

Well W-857 42.2 1,521 -11.1 -86.0 D—8—26—07bdb 11/8/80 3,200
River , Gila River at Ford above

Buena Vista VI-858 0 - 7.8 —63.6 D-6-27-36cca 11/9/80
Creek , Ash Creek at 94201

Elevation W-739 0 -11.0 -77.2 D-8-24 9/13/80



TABLE 1

ANALYTICAL DATA FOR SAMPLES COLLECTED FOR STABLE ISOTOPE ANALYSIS
(Continued)

Water
Depth Table

Description
Sample
Number pH

Temp
(°C)

Depth
(feet) 6180 6D Local ID

Collection
Date

of
Bowles

Elevation
(feet)

Creek, Ash Creek at 9000' 
Elevation W-740 0 -10.1 -76.0

-76.9
D-8-24 9/13/80

Creek, Ash Creek at 80001 
Elevation W-741 N.A. -10.8 -79.7 D-8-24 9/13/80

Creek, Ash Creek at 70001 
Elevation W-742 N.A. -10.5 -79.2 D—8—24—16 9/13/80

Creek, Ash Creek at 60001 
Elevation W-743 0 -10.6 -81.5 D—8—24—19o 9/13/80

Creek, Ash Creek at 53501 
Elevation W-744 0 -10.1 -75.9

-76.8
D—8—24—10 9/13/80

Tank, 111 Ranch Evaporated W-891 8.1 22.5 720 - 9.2 —68.6 . 
-67.6

D—8—28—22ccc 1/24/81 1,937

Spring, Bear Wallow Spring 
Mt. Graham W-892 6.8 5 0 -12.5 -80.7 D-8-24 1/26/81 10,425

Well, Saline H^O from Lloyd 
Owen's Trailer W-893 8.5 21.5 85 -10.0 -70.8 D—5—23—4dda 1/27/81 . | 2,715

Well, Construction Well for 
New Dam Site, 111 Ranch W-894 33.0 -10.6 -74.4 D-8-28-9bbd 1/24/81

i

3,273
Spring, Spring West of Bear 

Wallow Spring W-895 6.8 3.0 0 -11.9 -83.8 D-8-24 1/26/81 10,300



TABLE 1

ANALYTICAL DATA FOR SAMPLES COLLECTED FOR STABLE ISOTOPE ANALYSIS
(Continued)

Water
Depth Table

Description
Sample
Number PH

Temp
(°C)

Depth
(feet) 6180 6D Local ID

Collection
Date

of
Bowles

Elevation
(feet)

Well, Game Preserve Estate Well 
E. of Artesia W-896 6.8 23.0 200 -10.3 - D—8—26—34b 1/25/81 150-180' 3,220

Well, Windmill S.W. of Williams 
Well VI-897 7.05 17.0 - 5.8 -40.8 D-7-30-31ddd 1/25/81

Spring, Indian Hot Spr.(Sourcepool 
for house) W-898 7.5 47.0 600 -10.6 -80.7 D—5—24—17aaa 1/27/81 2,800

Creek, Ground-Water Recharge at 
Mody Ranch W—899 8.0 18.5 0 - 9.5 -64.2 D-6-22-31cbd 1/28/81 N.A.

Well, W.H. Mofield Well S.W. of 
Ft. Thomas W-900 6.7 18.0 85 -10.9 -77.7 D-5-23—lOd 1/27/81 78

Well, 111 Ranch Fresh Sample W-901 8.1 22.5 720 -12.0 -72.2 D-8-28-22ccb 1/24/81
Well, Artesian Warm Well in 

Stockton Wash W-902 7.9 35.0 -13.0 -89.0 D-8-26-28acc 1/23/81 N.A.
Well, Hog Flats Trailer Well W-903 7.5 12.0 200 - 9.9 -70.6 D—8—26—2bcc 1/25/81
Well, Diann Cook Domestic Well W-904 7.2 19.0 85 -11.4 -73.6 D—8—26—28acb 1/28/81 80 3,010

Well, P. Ranch, Artesia Quad W-905 7.1 19.25 -10.0 -70.5 D—9—26—18dad 1/23/81 3,395.5
Well, William's Ranch, Shoat 

Tank Wash W-906 7.8 15.0 - 8.1 -61.0 D-7-29—28d 1/25/81 none 4,451
Spring, Spring @ Hairpin Turn 

on Heliograph Peak Road W-907 6.9 3.0 N.A. -11.6 -72.5 ,D—8—24 1/26/81 N.A. 9,300
-75.1



TABLE 1

ANALYTICAL DATA FOR SAMPLES COLLECTED FOR STABLE ISOTOPE ANALYSIS
(Continued)

Description
Sample
Number pH

Temp
(°C)

Depth
(feet) 6180 6D Local ID

Collection
Date

Depth
of

Bowles

Water
Table

Elevation
(feet)

Well, Bill Hawkins Jr., Hand 
Dug Well S.E. of trailer W-908 7.4 20 37 - 8.2 -73.8 D—5—24—33bbd 1/27/81 | none 2,713

Well, Windmill @ Eastern Most 
"Y" in Black Rock Canyon W-909 N.F. N.F. 80 -10.0 -74.8 D—5—23—30ab 1/27/81

j
s

Well, Windmill South of Solomon W-910 8.0 20.0 -10.6 -79.2 D-8-26-12bc 1/23/81 !! 3,024

Well, Santa Teresa Mountain 
Windmill W-911 7.0 20.0 - 6.9 -61.6 D-5-21-32abb 1/27/81

i;

Well, Windmill along B.L.M.
Road 17 miles South of Rt. 70 W-912 N.F. N.F. 150 — 8.6 -67.5 D-9-28-31dad 1/24/81

;
1

Well, Pinal Oil Company 
Whitlock #1 W-913 8.0 42.0 1,925 -10.7

-10.9
-83.0 D-10-28-36 1/24/81 none

Spring, Teaque Spring, Ft. 
Thomas Quad. W-914 7.4 25.0 N.A. - 9.9

- 9.7
-75.4 D—4—24—28aa 1/24/80 none

Well, Hackberry Ranch, Dry Mtn. 
Quad W-915 7.9 18.0 -10.1

-10.1
-77.4 D-9-29-13bc 1/24/80

Well Expl. Well along BLM Rd. 
to 111 Ranch W-916 7.9 25.0 -11.1 -84.2 D—8—26—4aba 1/24/80 none

Well, Windmill in Marijida Wash W-917 7.7 19.0 70 - 9.8 -74.8 D—8—26—4aa 1/24/80 N.A. 3,010
9.8



TABLE 1

ANALYTICAL DATA FOR SAMPLES COLLECTED FOR STABLE ISOTOPE ANALYSIS
(Continued)

Description

Well, Windmill S.E. of Solomon

Spring, Spring Below Plainview 
Pt., Mt. Graham

Well, Smith Ranch Well S.E. of 
L.D.S. Rec. Center

Well, Windmill @ Eleven 111 
Ranch Artesia N.E. Quad.

River, Gila River @ Ford Above 
Buena Vista

Well, Windmill S. of Geronimo

Well, Tom Kilpatrick Well (Old 
Lamb Hotel Site)

Well, Artesia N.E., Windmill on 
Fork on "Y"

Well, Earl Black Farm N.of 
Historical Marker, Geronimo

Tank, Rock House Ranch

Well, Ranch E. of Aresia 
Fish Hatchery

Sample Temp Depth
Number pH (°C) (feet)
W-918 8.1 20.5 70'

W-919 6.7 7.0 N.A.

W-920 7.2 19.5 55'

W-921 8.0 22.0

W-922 8.2 13.5 N.A.
W-923 8.0 18.0 48

W-925 8.0 3.0 45

W-926 8.1 22.0

W-927 7.2 20.0 85
W-928 N.F. N.F.

W-929 6.8 21.0

6180 6D Local ID

-10.7
-10.4

-83.8 D-8-25-7

-11.9
-11.9

-82.3
-81.9

D-8-24

- 7.9
- 8.0

-65.3 D-24-24

0H1 -78.4 D-8-27-23dab

- 8.5 -66.5 D-6-27-37ccc

0H1 —80.8 D-4-23-19bcb

-10.9 —86.4 D-7—24—09 abc

-10.1 -85.9 D-8-27-21abb

-10.6 -77.2 D-4-23—18dcc
- 3.68 -51.63 D-9-27—09add

-10.1 -77.8 D-8-26-15dbd

Water
Collection

Date
Depth
of
Bowles

Table
Elevation
(feet)

1/23/81 3025.4

1/26/81 none 10,300

1/30/81 40

1/30/81

1/29/81 none
1/29/81 2,738.3

1/29/81

1/30/81 3,050.4

1/29/81 84
1/22/81 none 3,135

1/25/81 3,100



TABLE 1

ANALYTICAL DATA FOR SAMPLES COLLECTED FOR STABLE ISOTOPE ANALYSIS
(Continued)

Description
Sample
Number pH

Temp
(°C)

Depth
(feet) 6180 SD Local ID Collection

Date
Depth
of

Well, Bryce Farm Irrig Well • W-930 7.4 20.0 - 7.8 -71.2 D-6-24-llcac 1/28/81
ouwxes

Well, Bryce Farm Old Windmill W-931 7.5 17.5 - 7.7 —68.0 D-5-24-llcbc 1/28/81
Spring, Oliver Spring, Ft. Thomas W-932 7.5 22.0 N.A. - 9.7 -79.2 D-4-24-24ca 1/29/81 none
Spring, Spr. below sand tank. 

Cottonwood Wash W-933 6.9 7.0 N.A. - 9.6 -73.9 D-6-21-04dd 1/28/81 N.A.
Well, Mesquite Well Jackson 

Mtn. Quad W-934 8.1 21 500 -10.2 -85.2 D-6-23-30cc 1/28/81 400
Spring, Norton Springs, 

Cottonwood Canyon W-935 7.0 10.0 N.A. - 9.9 -72.5 D-7—21-llbcc 1/28/81 none
Windmill S.W. of Cotton Gin @ 

Eden Turnoff W-936 8.1 20.5 -10.6 -89.0 D-6-23-03ccb 1/28/81 N.A.
Well, Pima Municipal Wells, 

Roger's Well W-937 8.2 20.0 296 -11.6 -81.0 D-7—24-08abd 1/29/81
Spring, Spring above Moody Ranch, 

Jackson Mtn. Quad. W-938 6.8 17.0 N.A. -11.1 -79.6 D-6-22-31cbd 1/28/81 none
Well, New Well S.of Power Line, 

Artesia N.E. W-939 8.1 22.0 -10.4 -84.7 .D-8-26-13d 1/30/81 N.A.
Well, P.D. Exploration Well, 

Gila Mtns. W-948 6.6 19.0 — 8.0 -66.9 D-5-26-21dac 12/20/80 none

Water
Table

Elevation
(feet)

2,730.1

2,730

5,025

4,450

3,050

4,439-65.9



TABLE 1

ANALYTICAL DATA FOR SAMPLES COLLECTED FOR STABLE ISOTOPE ANALYSIS
(Continued)

Water

Description
Sample
Number pH

Temp
(°C)

Depth
(feet) 6180 6D Local ID

Collection
Date

Depth
of
Bowles

Table
Elevation
(feet)

Spring, Big Springs Below 
Pima Pass W-949 18.0 20 - 6.9 -63.7 D—5—26—5abb 12/20/80 none

Tank, Black Point Tank W-950 N.F. N.F. - 9.2 -75.6
-72.6

D—5—25—14a 12/20/80 none

Well, Bryce Corral, Gila Mountains W-951 7.25 17.0 - 8.2 -77.3 D—5— 26—8bcd 12/20/80
Spring, Coyote Springs W-952 7.42 12.0 N.A. - 6.1 -65.8 D-5-25 12/20/80 none
Spring, Road Fork Spings, Gila 

Mountains W-953 7.09 12.0 N.A. - 8.7 -66.9
-69.5

D-5-26-21bcb 12/20/80 none

Well, Windmill @ Coral S.W. of San 
Juan Mine W-954 8.15 24.5 -10.1 -87.5 D—6—25—02dbb 12/20/80 N.A.

Well, Geer Old Irrig. Well, 
Artesia W-955 7.53 30.0 250 -10.6 -77.5 D—8—26—30ccc 12/17/80 120 3,275

Well, Lavore Reed Farm by Artesia 
Airstrip W-956 7.93 25.0 225 -10.3 -83.5 D—9—26—18dad 12/17/80 3,294

Well, Artesian Wm Well @ Fish 
Hatchery W-957 8.16 31.5 -10.9

-10.9
-99.22 D—8—26—16dcc 12/18/80 ARTES. 3,090

Well, Tom Clontz's Farm Hand's 
Well W-958 19.5 - 8.2 -66.2 D—6—28—30 11/9/80

-77.6



TABLE 1

ANALYTICAL DATA FOR SAMPLES COLLECTED FOR STABLE ISOTOPE ANALYSIS
(Continued)

Water

Description
Sample
Number pH ^

 
»-3
 

o 
(D Depth

(feet) 6180 6D Local ID Collection
Date

Depth
of

Bowles
Table 

Elevation 
(feet)

Well, Walnut Springs Gila 
Mountain W-959 6.0 18.0 15.0 - 8.3 -67.1 D—5—26—26dad 11/9/80 none

Well, Jesus Trillo, West Ranch W-960 6.0 19.25 15.0 - 8.2 -63.3 D—5—26—25abb 11/8/80 none 4,720
Well, Windmill @ Boggs Ranch, 

Gila Mtns. W-961 23.5 - 6.5 -55.8 D—6—27—16cbd 11/9/80
Rain, Ladybug Saddle, Mt. 

Graham (elev. = 8500) W-1156 - 6.00 -33.6 7/25/81
Rain, Turkey Flats, Mt. 

Graham (elev. = 4700) W-1157 -5.91 -30.2 7/25/81
Rain, Rope Lake, Artesia 

(elev. = 3100) W-1158 - 3.68 -22.16 7/25/81
Rain, 5425 - foot elevation 

on Mt. Graham W-1159 4.24
4.38

-21.92 7/25/81

Rain, High Peak on Mt. j

Graham (elev. = 10680) W-1160 - 5.72 -33.82 7/25/81 ;



TABLE 2

Location pH .
Temp
(°C)

Depth
(ft.)

Ca++
(meq/1)

Mg++
(meq/1)

Na+
(meq/1)

K
(meq/1)

Well, Town of 
Bryce, Thatcher, 
Quad

7.4 N.A. 40 5.99 5.92 63.51 -

Well, West of 
Dublin

8.7 N.A. N.A. 7.68 4.70 . 22.62 -

Well Field SW 
of Algers 
School

7.6 N.A. N.A. 5.04 1.88 9.44 —

7.4 N.A. N.A. 5.89 3.06 14.22 -

Well WNW of 
Solomon Along 
Rt. 70—666

7.6 N.A. N.A. 4.59 2.00 14.27 —

Well NE of 
"Furness Canal"

7.6 N.A. N.A. 3.99 1.35 11.14 -

Well, ENE of 
Buena Vista on 
Earvin Mt. Flat

7.6 N.A. N.A. 3.49 1.48 7.26 —

Well, NNE of 
San Jose

7.5 N.A. . N.A. 5.69 2.25 10.22 -

Well, South of 
Hollywood

7.6 N.A. N.A. 9.48 3.87 27.40 -

Well, E. of 
Solomon Cemetary

7.5 N.A. N.A. 5.49 2.47 12.61 -

Well, NE of 
Lebanon Reservoir

8.0
#2

N.A. N.A. 0.26 0.04 10.79 -

Cl- NO
(meq/1) (meq/1)

41.74 1.07

20.48 0.47

6.94 0.29

11.57 0.56

10.16 0.00

9.65 0.08

7.11 0.00

9.37 0.35

23.13 0.63

9.73 0.45

6.15 0.10

SO HCO-
(meq/1) (meq/1)

22.90 11.60

6.45 8.52

2.50 5.52

4.16 6.80

3.96 6.00

2.71 4.33

1.46 3.88

3.33 5.83

9.58 8.80

5.21 6.51

3.12 0.16

(meg^l) (meq/1)

0.00 0.27

0.00 0.09

0.00 0.09

0.00 0.13

0.00 0.12

0.00 0.11

0.00 0.07

0.00 0.08

0.00 0.17

0.00 0.13

0.32 0.47

Local
Identifier

6—27—07

6- 24-23add

7— 27—04daa

6— 27—34daa

7- 26-13cdd

7-27-02aca

6- 28-31dac

7- 27-09abb 

7-26-16add

7- 27-19aaa

8- 25-12dba



Location pH
Temp
(°C)

Depth
(ft.)

Ca++
(meq/1)

Mg 4-4- 
(meq/1)

Na+
(meq/1)

Well, East 
of San Jose

9.0 N.A. N.A. 6.44 2.38 8.35

Well, South 
of Glenbar

7.5 N.A. N.A. 7.19 7.15 22.40

Well, South of 
Earwin Flat

7.8 N.A. N.A. 5.89 2.38 6.74

Well, East of 
Solomon

7.6 N.A. N.A. 5.49 2.63 12.57

Well, West of 
Safford

7.5 N.A. N.A. 9.13 4.36 16.75

Well, East 
of Pima

7.8 N.A. N.A. 6.99 4.77 31.10

Well, NE of 
Solomon

7.7 N.A. N.A. 5.34 2.38 13.38

Well, West of 
Thatcher

7.6 N.A. N.A. 4.69 6.17 18.05

Well, North 
of Safford

7.6 N.A. N.A. 4.44 1.73 8.26

Well, North 
of Buena Vista

7.7 N.A. N.A. 3.44 1.23 7.09

Spring, at 
Hairpin Turn 
on Helilograph 
Peak Road

6.6 6.0 0 5.90 0.97 3.20

40

TABLE 2 
(Continued)

K Cl- z NO SO HCO- _ F Local
(pieq/l) (meq/1) (meq/1) (meq/1) (meq/l) (meq/1) (meq/1) Identifier

N.A. 6.66 0.41 3.54 6.33 0.00 0.09 7-27-17dbd

N.A. 22.00 0.55 9.37 4.92 0.00 0.06 6-24-14baa

N.A. 6.83 0.36 2.50 4.88 0.00 0.06 6-28-31ccb

N.A. 9.87 0.48 5.21 6.60 0.00 0.15 7-27-19aaa

N.A. 15.80 1.06 6.77 7.60 0.00 0.05 7-25-12dcd

N.A. 23.14 0.93 11.76 9.60 0.00 0.17 6-25-21aaa

N.A. 9.87 0.39 4.68 6.80 0.00 0.12 7—27—18cdc

N.A. 14.67 0.63 6.77 8.80 0.00 0.07 7-25-03cbd

N.A. 7.33 0.25 2.50 4.64 0.00 0.08 7-26-05dac

N.A. 6.15 0.17 1.46 4.00 0.00 0.05 7-27-10aad

0.60 1.80 0.53 7.00 13.20 0.00 0.10 D—09—24 .



TABLE 2 
(Continued)

Location pH
Temp
(°C)

Depth
(ft.)

Ca++
(meq/l)

Mg++
(meq/l)

Na+
(meq/1)

K
(meq/l)

Cl-
(meq/1)

NO
(meq/l) S°4(meq/l)

HCO-
(meq/1) (meq?lL

F~
(meq/l)

Local
Identifier

Well, Artesian* 
on Road to 
Cluff Reservoir

7.8 29.5 900 16.0 2.30 156.60 0.31 129.77 1.00 37.48 0.57
f.

0.00 0.31 D-07-25 07

Wells, Bear* 1
Springs 8.3 24.8 0 0.75 0.16 2.74 0.17 0.82 0.02 0.33 1.97 0.00 0.10 D-07-23 1
Well, Indian* 
Hot Springs 
Deep Well

8.5 42.0 1521 4.00 0.20 52.00 0.20 42.32 N.A. 12.70 0.20 0.03;

!

0.05 D—08—26 07bcc

Well, Indian* 
Hot Springs 
Shallow Well

9.2 32.0 1235 0.12 0.01 21.32 0.07 12.13 0.08 6.04 2.49 1.00 0.05 D—08—26 07bcc

Well, Mt.* 7.8 45.5 1949 6.00 0.67 130.00 0.26 112.84 N.A. 14.99 1.29 0.00 0.35 D-06-25 36ebb
Graham Mineral 
Bath NE of- 
Thatcher

N.A. means data not available 
* Indicates silica analysis available

Artesian Well on Road to Cluff Reservoir. Concentration of total SiO^ =17. mg/1.

Mt. Graham Mineral Bath Deep Well.Concentration of total SiO^ = 58. mg/1.

Lebanon Hot Springs. Concentration of total SiO^ = 20. mg/1.

Shallow Well at Lebanon Hot Springs. Concentration of total SiO^ = 18. mg/1.

Well, Bear Springs. Concentration of Total SiO^ = 31. mg/1.

Spring at Margin turn on Heliograph Peak Road (Pinaleno Mountains). Concentration of total SiO^ =13. mg/1.



TABLE 3

RADIOCARBON DATA

Sample # Location
Act!vity 
(% Modern)

(6/o8
vs PDB) -EtL

Temp
m

Local
Identifier

W-125 Well, Dryden Well N. of 
Thatcher

121.5 ±0.6 -11.7 7.3 19°C ?

W-898 Well, Indian Hot Springs 10.4 ±0.8 - 6.8 7.5 49°C D-5-24-17aaa

W-857 Well, Lebanon Hot Springs 21.8 ±2.6 -21.1 8.39 42.2°C D-8-36-0bd

W-496 Well, Artesian Well on 
Road to Cliff Reservoir

22.2 ±2.7 - 6.6 7.78 29.8°C D-7-25-7ccc

W-499 Bear Springs 3.4 ±0.7 -12.2 8.25 25.8°C D-7-23

A-2596 Well, Mt• Graham Mineral 
Baths, HE of Thatcher

<1.8 - 7.7 7.8 45.5 D-06-25-36cbb

(data from Long, Smalley, and Muller, 1982)



CHAPTER 5

INTERPRETATION

The concentrations of major ions dissolved in the waters sampled 

indicates that there are three principal groups of waters in the study 

area. These three groups are referred to as mountain, shallow basin, 

and deep basin thermal waters; they are distinctly different in bulk 

composition, temperature, and isotopic composition (Figures 9, 10, 11). 

The relative composition diagram for these samples indicates that the 

deep basin thermal samples are relatively concentrated in Na + K and S0^ 

+ Cl relative to other cations and anions (Figure 9). These samples 

have temperatures ranging from 30 to 50°C (Figure 10) and are used in 

the hot mineral baths in the Safford Basin. The deep basin thermal 

samples also have the highest ionic strengths, 0.06 molal.

Only one sample analysis was available for characterization of 

the major-ion chemistry of the mountain waters. However, additional 

measurements of the temperature, pH, and isotopic compositon of other 

water samples from the mountain ranges indicate that this composition is 

representative of typical ground waters in the Pinaleno Range. The 

mountain waters have a relatively higher proportion of Ca + Mg and HCO^ 

+ SO^ than the deep basin waters and their temperatures are

43
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SYMBOLS USED
Shallow Basin O 

Deep Basin Thermal X  

Pinaleno Mountain □

ca ' * a
CATIONS PERCOTOfiE RCACTW6 VALUES ANIONS

WATER-ANALYSIS DIAGRAM

Figure 9: Piper Diagram fo r Safford Basin Waters
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characteristically low, 6 to 10°C. The ionic strength of these waters
- 4is the lowest measured in the study area, 7 x 10 molal.

In terms of bulk chemistry, the shallow basin waters are 

intermediate in composition between the mountain waters and the deep 

basin thermal water— slightly more enriched in Ca + Mg than the deep 

basin thermal waters and slightly more enriched in HCO^ than either the 

deep basin thermal or the mountain waters. The ionic strength of the
-3shallow basin waters is also between the other two types, 4 x 10 

molal.

On the basis of major-ion chemistry, the mountain and deep basin 

thermal waters represent two extremes in water composition, and the 

shallow basin waters are produced by mixing of these two "end member" 

waters. However, the stable-isotope compositions of these three groups 

of water indicate that the shallow basin waters are not formed by mixing 

of the other two waters, but represent a third, distinct water type.

Stable-Isotope Chemistry

The stable isotope compositions of waters sampled in the Safford 

area are plotted in very large scale in Figure 11. 6180 ranges from

“3.7°/oo to -12.5°/oo and 6D ranges from -51.6 to -99.2°/oo. Note that 

despite exaggeration due to the large scale of the plot, each of the 

sample points on Figure 11 lies near the meteoric water line (Craig, 

1961)? this indicates that the water in the Safford system has been 

derived from precipitation. Figure 12, which shows the compositional 

fields of metamorphic and primary waters, suggests that little, if any,



18Figure 12: A plot of 6D versus 6 0 showing the compositional fields

for waters from the Safford study area and for magmatic 

waters (White, 1974) and primary waters (Taylor, 1974a). 

The close correlation of the Safford samples with the 

meteoric line indicated that water in this system is 

meteoric. Samples shifted to the right of the meteoric 

line are samples which were noted during collection as 
having a high potential for being evaporated.
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of the water in the Safford system has been derived from metamorphic or 

primary sources.

The correlation of sample points in Figure 11 with the meteoric 

water line also suggests that temperatures throughout the Safford system 

are relatively low. Figure 13 illustrates isotopic shifts resultant 

from common isotope-exchange reactions. In a high temperature system, 

the isotopic composition of the waters would be shifted off the meteoric 

line —  to the right, if isotope exchange reactions between minerals and 

water had occurred, and to the left, if vaporization and recondensation 

had taken place.

Waters from many geothermal areas have isotopic compositions 

which are shifted to the right of the meteoric line; as an illustration, 

the shifts observed in waters from Steamboat Springs, Nevada, and the 

Salton Sea, California, are plotted in Figure 14. This type of shift is 

called the "oxygen shift" and is caused by high-temperature (usually 

200°C to 500°C) reactions between minerals and water (e.g. oxygen 

exchange between quartz and water). Because the "oxygen shift" is 

absent from the waters collected in the Safford area, the temperatures 

in this geothermal system may be too low to permit isotope-exchange 

reactions between water and minerals.

Note that the composition of some of the samples from the 

Safford Study area plot to the left of the meteoric line. This shift 

may be due to one of several causes. First, the meteoric water line is 

a regression line to data points collected by Craig (1961a). Some of 

the scatter (perhaps most of it) is normal scatter about the best-fit.
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- 20 -

METEORIC WATERLINE

- 3 0 -
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EQUILIBRIUM
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OPEN SURFACE (KINETIC EFFECTS, 
NONEOUIUBRIUM CONO)- 6 0 -

EXCHANGE WITH ROCK MINERALS
-7 0 - AfAPORIZATION FROM 

GEOTHERMAL WATERS

Figure 13: 6D vs. 8 O Plot Showing Trends in 

Isotope Compositional Change Resulting from 

Common Physical and Chemical Processes
(modified from Fritz, 1982)



18Figure 14: A plot of 6D versus 6 0 showing the compositional field of

thermal waters from the Safford study area. Horizontal 

bars show the "oxygen shifts" in the compositions of hot 

spring, fumarole, and drillhole fluids in five other 

geothermal systems. Data sources: Lanzarote - Arana and

Panichi (1974); Lardarello - Panichi, et al. (1974); Salton 

Sea - Craig (1966); Steamboat Springs - Craig (1963); 

Yellowstone - Rye and Truesdell (unpublished data, 1976).
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Note that the composition of some of the samples from the

Safford study area plot to the left of the meteoric line. This shift

may be due to one of several causes. First, the meteoric water line is

a regression line to data points collected by Craig (1961a). Some of

the scatter (perhaps most of it) is normal scatter about the best fit

line as visual comparisons between Craig's data and data plotted on

Figure 11 show similar deviations from the best-fit line. Second, the

scatter may be due to analytical errors, but the maximum error is shown

by the error bars included in Figure 11. Third, this shift may indicate

that these waters were precipitated under climatic condition different
14then those at the present time (e.g. during the last glacial age). C 

ages indicate that ground waters in the deep thermal aquifer may indeed 

be as old as 26,000 years and that the isotopically light composition of 

ground water in the deep aquifer may be vestige of water precipitated 

under very different climatic conditions during the last glacial age.

Thermal waters from the Safford Basin do not show extremely 

strong shifts to the left of the meteoric line. The absence of such 

shifts may indicate (consistent with temperature measurements and 

chemical geothermometers) that waters in this system do not exceed the 

boiling point of water. If the thermal waters were a condensate of 

vapor boiled off a liquid phase at greater depth such a shift to the 

left of the meteoric water line might be observed.

Estimates of water temperature derived by the method of silica 

geothermometry (c.f. Fournier and Rose, 1966) also suggest that 

temperatures in the Safford system do not exceed the boiling point of
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water. The method of silica geothermometry assumes that the 

concentration of silica in the water is controlled by quartz-water 

equilibrium, which is a function of temperature. The temperature of the 

geothermal reservoir is found by determining the temperature at which 

the measured silica concentration in a sample would be in equilibrium 

with quartz. Uncertainties in the method of silica geothermometry 

include: dissolution of silica from minerals other than quartz,

precipitation of silica due to cooling, and the inability of the method 

to predict the precise depth at which the calculated temperature would 

be observed. Consistent with inferences made from isotope data that 

water temperatures are below boiling, silica geothermometry indicates 

that temperatures in the reservoir are on the order of 70 to 80°C.

The most important implication of the close correlation between 

the Safford waters and the meteoric water line is that the isotopic 

compositions of the ground waters sampled have not been altered in the 

reservoir. As stated above, temperatures in the system are too low to 

facilitate isotopic reactions between water and minerals or cause the 

water to boil. In the absence of such changes, the isotopic composition 

of waters sampled from the Safford system should reflect the isotopic 

composition of water in their source areas.
18Figures 15 and 16 are contour maps of the 6 0 and 6D

compositions of waters sampled in the Safford area. Note that the
18isotopic compositions of shallow basin waters vary extensively; 6 0

ranges from -7.5°/oo 0 to -10.9°/oo, and 6D ranges from -56 to -78°/oo. 

Most of these variations can be explained by the differences in the 

hydrogeologic settings of the sample sites.



18Figure 15: 6 0 Contour Map. Contour lines show compositional trends
in the upper aquifer while shaded areas show compositions 

of the deep aquifer.
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Figure 16: 6D Contour Map. Contour lines show compositional trends in
the upper aquifer while shaded areas show compositions of 

the deep aquifer.
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In waters from shallow sampling points in the center of the 

basin, 6 0 ranges from -7.5 to -8.6 /oo and 6D ranges from -56 to

-74°/oo; thus, these waters are the heaviest observed in the Safford 

area (i.e. they contain the most and D relative to 1^0 and H). The 

main reason that these waters are heavy is that the shallow aquifer in 

the center of the basin receives most of its recharge from "heavy" 
waters, including:

(1) rain which falls on the basin and infiltrates

(2) infiltration of surface water along the Gila River and irrigation 
canals

(3) irrigation return flow.

A fourth source of recharge to the shallow basin aquifer is isotopically 

light water which leaks upward from the deep, confined aquifer in the 

basin. However, because the permeability of the thick lacustrine clay 

layer between the two aquifers is extremely low (Knetchel, 1939) the 

amount of water contributed by this source is insignificant compared 

with the amount contributed by the three main sources of recharge.

In waters from shallow sampling points along the margins of the 

basin and in the "shoestring" aquifers which extend from the stream-cut 

mountain canyons into the basin, 6 ^ 0  ranges from -8.6°/oo to -10.9°/oo 

and 6D ranges from -74°/oo to -78°/oo. These shallow ground waters are 

isotopically lighter than those from the center of the basin because the 

mountain streams provide most of the recharge to the shoestring aquifers 

and sediments at the basin's margins. Samples collected from streams 

which drain either the Pinaleno or the Santa Teresa Mountains had an
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average composition of -10.1°/oo for 6^0 and -73 to -89°/oo for 6D.

Refer again to Figures 15 and 16 and note that the thermal waters from
18deep in the basin are isotopically light, with 6 0 between -10.5 and

-12°/oo and 6D between -75 and -90 °/oo. As discussed earlier, the

isotopic composition of the Safford thermal waters should be nearly the

same as the isotopic composition of the water which recharges the deep,

thermal aquifer. And according to the data obtained to date, the only
18potential source of recharge that is isotopically light (i.e. 6 0 less

than -ll°/oo and 6D less than -80°/oo) is the water at the top of the 

Pinaleno Mountains.

Like other researchers (Pontes and Olivry, 1976; Siegenthaler

and Oeschger, 1980), I have found that the concentration of heavy

isotopes in precipitation decreases with increasing elevation. This

phenomenon produced a corresponding decrease in the heavy isotope

concentration in ground water with increased elevation. Figures 17 and 
1818 show 6 0 and 6D as a function of altitude for two sets of samples

collected in the Safford area. On each of these figures, the upper line

represents the isotopic composition of rain samples collected at various

elevations during a rain storm on July 25, 1981. The slope of these

lines indicates that the shift in isotopic composition with elevation is

-0.38°/oo per 1000 feet increase for 6*®0 and -2.4 and per 1000 feet

increase for a 6D. Figures 17 and 18 also show that the rain sample

collected at the highest elevation (10,680 feet) on July 25, 1980 (6D =

-33.8°/oo, 6180 s  -6.0°/o o ) is much heavier than surface and shallow
18ground water on the Pinaleno Range (6D s -80, 6 0 s  -11). However,
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storms of the type which occurred on July 25, 1981 are not the

predominant sources of water for the Pinaleno Range. These particular

samples probably fell from vapor masses with uncharacteristically heavy

isotope composition. Such heavy compositions would be observed if a

cloud mass yielded very little precipitation between its source

(probably the Gulf of Mexico) and the sample location. Samples of

surface water collected during the fall and winter indicate that the
18average precipitation composition is approximately 6D =  -80 and 6 O s  

-11. Because aquifers are recharged over a period of time, ground water 

integrates short-term events; thus, the isotopic composition of ground 

water represents an average of the isotopic compositions of storms 

throughout the year.

The lower line on Figures 17 and 18 indicates that the isotopic 

compositions of springs sampled in the Pinaleno Range change by 

-0.32°/oo in 6̂ "®0 and -2.8°/oo in 6D per 1000 feet increase in 

elevation. Similar plots were made for springs on the Gila Mountains 

but no close correlation between isotopic composition and elevation was 

found. This may have been because the elevation of the Gila Mountains 

is not adequate to produce a clear elevation - composition signal over 

the noise of other natural variations or that ground water is shallow 

and may have reequilibrated with the atmosphere at various points along 

its flow path.

Waters from the deep, confined aquifer may be isotopically light 

because they originated as precipitation when the climate of the Safford 

Basin was different; indeed, radiocarbon data (Long, Smalley, and
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Muller, 1982) indicate that these waters are very old and thus, may have 

been precipitated during the last glacial age. The isotopic composition 

of waters which precipitated during the last glacial age could be 
different than those precipitated today because the ambient air 

temperatures were different or because the predominant storm directions 

were different. However, for precipitation in the basin to recharge the 

deep aquifer, it must have had a lower head than the shallow aquifer, 

and such a condition is not likely given the geometric configuration of 

the basin. The deep basin thermal waters were probably derived from the 
isotopically light precipitation which fell on and infiltrated into the 

shallow ground water system of the Pinaleno Range. This water probably 

percolates through the sediments on the flanks of the mountain blocks 

and discharges into the deep, confined aquifer without coming into 
contact with the atmosphere, where its isotopic composition would be 

changed by reequilibration.

Water - Mineral Equilibria

Given an adequate amount of time, the water and minerals in an 

aquifer will reach chemical equilibrium. If the water is then sampled 
and analyzed, its bulk chemical composition when plotted on 

activity-activity diagrams, should plot in the stability fields of the 

minerals in the aquifer. For this study, activity-activity diagrams 

were used to determine the mineral compositions of the aquifers sampled 

in the Safford area. By relating water samples to particular minerals
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or groups of minerals, the flow paths of ground waters in the Safford 

system could be defined better.

The flow path of special importance in this study is that of the 

water which recharges the deep thermal aquifer. Because the source of 

this recharge, as indicated by the stable isotope data, is precipitation 

on the peaks of the Pinaleno Range, ground-water samples from several 

locations in and near the mountains and from a series of wells in the 

thermal aquifer were selected for water-mineral equilibria analyses. 

Radiocarbon ages indicate time since recharge and cannot directly 

determine if ground water has been in contact with a distinct mineral 

phase assemblage (i.e. a rock) long enough to obtain equilibrium. 

However, if radiocarbon dates at sequential points along a flow path 

indicate that ground water has been in contact with minerals in the 

aquifer for times much longer than corresponding water-mineral 

equilibration times measured in the laboratory, then the assumption of 

water mineral equilibrium (which is made here) is reasonable.

Water-mineral equilibria were evaluated in this study not only 
with activity-activity diagrams but also with the computer program 

WATEQF (Plummer, Jones, and Truesdell, 1978). Activity-activity 

diagrams were extrapolated from diagrams constructed by Norton and 

Panichi (1978) for the Abano geothermal system, a system in Italy which 

has chemical thermodynamic characteristics (i.e. fugacity of COg, 

pressure, temperature - silica concentration relationships) similar to 

those of the Safford system. Because aluminum concentrations were not 

measured in the Abano study, Norton and Panichi did not construct any
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activity-activity diagrams which depict the changes in mineral stability 

with aluminium concentration. Thus, to examine the role of aluminium in 

the Safford system, calculations were made using WATEQF. Like activity 

- activity diagrams, the program WATEQF compares the activity of ions in 

solution (e.g. Ca, Si, Al) which could form common minerals (e.g. 

kaolinite) with the expected concentration of these ions in solution is 

equal to or greater than the activity of these ions when the water is 

saturated with respect to the mineral. If the activity of ions in 

solution is equal to (or greater than) the activity of these ions when 

the solution is saturated with the product mineral, the water is assumed 

to be in equilibrium (or super saturated with) with this mineral in the 

aquifer. Activity - activity diagrams provide a graphical comparison of 

solution and mineral activities, whereas WATEQF provides a numerical 

comparison.

Mineral equilibria evaluations made using both WATEQF and 

activity-activity diagrams define the mineralogic environments which the 

thermal waters encountered in flowing from their mountain source to the 

point where they were sampled in the basin. WATEQF calculations made 

for the three samples with measured aluminium concentrations indicate 

that the Safford Basin waters were in equilibrium with either kaolinite 

or montmorillionite (water-kaolinite equilibration is more rapid than 

water-montmorillionite equilibration). For the samples with 

undetermined aluminium concentrations, compositions projected onto Ca-Mg 

activity diagrams (see Figures 19 and 20) plot in the stability field of 

kaolinite (mountain waters and shallow basin waters) or montmorillonite 

(deep basin thermal waters).
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Figure 19$ Theoretical activity diagram for the system CaO - MgO - 
Al^O^ - Si02 - CO  ̂- HgSO^ - HC1 - H^O in the presence 
of an aqueous phase.at 25 °C, 1 "bar, unit activity of 
HgO and the mineral phases, log H^SiO^s -4.0. Dashed 
lines represent saturation surfaces of calcite and 
dolomite at ^q o 2= ^ "bar. Compositions of samples
collected from localities in the Safford Study Area 
(designated "by symbols) are projected onto the equi
librium diagram (after Norton and Banichi, 1978)



Figure 20: Theoretical activity diagram for the system CaO - MgO -

Al^Og - SiOg - COg - HgSO^ - i n  the presence of an 

aqueous phase at 50eC, 1 bar, unit activity of the mineral 

phases, and log a (H^SiO^) = -0.34. Dashed lines represent 

the saturation surfaces of calcite and dolomite at PC02 = 
10"2 bar. Compositions of samples collected from 

localities in the Safford area (designated by symbols) are 

projected onto the equilibrium diagram, (interpolated from 
Norton and Panichi, 1978).
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Figure 20 shows that the compositions of samples from the deep 

thermal aquifers plot along the Ca-Montmorillonite - Mg- Montmorillonite

phase boundary and near the calcite-dolomite saturation surface for P 2
-5= 1 0  . Figure 19 shows that the sample of shallow ground water from

the Pinaleno Mountains plots entirely within the kaolinite stability 
field and far below the saturation surface at = 10 The plots of

the various sample compositions generally fall along a line whose slope 

is equal to the charge ratios of the cations represented on the axes of 

the activity-activity diagrams. Similar compositional trends have been 

recognized in other groups of natural waters (Norton and Panichi, 1978; 

Norton, 1974; Paces, 1972; Garrels and Mackenzie, 1967). This 

compositional trend (i.e. slope = cation charge ratio) indicates that 

the ground-water chemistry reflects the stoichiometry of irreversible 

water-rock reactions in the aquifer.

Because of the range of temperatures of samples collected in the 

study area and the variations of temperature with depth, diagrams are 

constructed in temperature-activity coordinates as well as 

activity-activity coordinates.

The thermal samples are slightly to moderately supersaturated 

with quartz. This indicates that the reservoir for the thermal wells 

and springs in the Safford Basin may be warmer (several °C) than the 

water flowing from these wells and springs. Because silica concentra

tion, which partially controls the stability of alumino-silicate min

erals, is a function of temperature, subsequent temperature-activity 

diagrams are constructed using log a ^  SiO^ = f (T), defined by line A-A' 

in Figure 21 (Norton and Panichi, 1978).
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Figure 21: Theoretical activity - temperature diagram for the Si02 - H^O 
system relating the saturation surface to the aqueous phase 
at P= 1 tar. a (H^SiO^) for all samples except the Lebanon 
Hot Springs shallow sample show slight to moderate super- 
saturation with respect to quartz. The supersaturation is 
somewhat greater at lower temperatures. Line A-A' shows 
the relationship of a (H^SiO^) =f(T) for the Abano waters, 
(adapted from Norton and Fhnichi, 1978)
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The composition of ground water evolves through a series of 

states of equilibrium with the different mineral assemblages encountered 

along the flow path between the mountains and the deep thermal aquifer. 

When projected on activity-activity diagrams, this series of equilibrium 

states defines the "reaction path" (path of changes in water chemistry) 

of waters as they traverse different aquifers along the flow path. To 
determine how changes in temperature, pH, a , and a (theVcl'T*r rlg++

controlling variables in this system) affect the reaction path, the 

compositions of several samples are plotted in T - W coordinates, where 

T is the temperature in degrees Celsius and

W = [(Log aCa++ / a ^ ) 2 + (Log aMg++ / a ^ ) 2^

The diagrams in T - W coordinates, referred to as temperature - 

activity diagrams, show trends in the data which are similar to the 

trends observed on activity-activity diagrams. Line A-B in Figure 22 

shows a temperature - concentration trend from the kaolinite stability 

field in the shallow basin waters to the montmorillonite stability field 

in the deep thermal waters.

Some authors (Swanberg, et al. 1977; Norton and Panichi, 1978) 

have suggested that thermal waters in the basin and Range Province have 

been produced by the heat released during the hydration of anhydrite to 

gypsum. In the Safford area, the anhydrite - gypsum heating mechanism 

seemed like a possible explanation because of the relatively high 

concentrations of sulfate in the thermal waters and because the maximum 

observed temperatures were about 49°C which is approximately the "cross 

over point" at which gypsum instead of anhydrite is the stable phase.
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Figure 22: Temperature - composition projection for the theoretical
activity diagrams, Figures 19 through 21,in the CaO - 
MgO - AlgO^ ™ SiOg — HG1 - H^SiO^ - COg — HgO system at 
log a(H^SiO^) alO”2;- 4.2, 1 bar, and unit activity of 
water and the mineral phases. Compositions of samples 
collected from various parts of the Safford area (design
ated by symbols) define a temperature - reaction path shown 
by line A-B. After Norton and Panichi, 1978)
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If this hydration reaction had heated the thermal waters in the Safford 

Basin, the solutions would be saturated with respect to anhydrite and/or 

gypsum. However, Figure 23 shows that the thermal waters sampled from 

the Safford area are too undersaturated in calcium and sulfate for these 

minerals to be stable. Therefore, exothermic hydration reactions and/or 

solution reactions involving anhydrite and gypsum probably are not the 
source of heat for thermal waters sampled in the basin.

Although none of the samples is saturated with respect to 

calcite or dolomite, the samples from the shallow basin aquifer are much 

nearer to saturation than samples from the other groups. The higher 

calcium and carbonate concentrations in the waters from the shallow 

basin aquifer are the result of waters infiltrating into the basin and 

percolating through a layer of caliche (Ca and Mg carbonates) which 

characteristically forms in the infiltration zones of soils in arid
climates.



71

ANHYDRi
(MX

Pinaleno Mountain

Shallow Basin

Thermal

TEMPERATURE (* C)

Figure 23: Theoretical temperature - activity diagram for the CaO - H^SO^- 
HC1 - HgO system at 1 bar and unit activity of H^O and the 
mineral phases. The saturation surface for anhydrite at 
log (aSO/f)(a^ )z -16,-17,-18,-19,-20 is shovm. The compos
ition of samples tirom the Safford area are shown with their 
respective log (a^ )(a^) values. The samples from near 
Bear Springs and '• ^ duff Reservoir are nearly saturated 
in anhydrite, but samples from other points are undersatur-Y 
ated by at least two log units.



CHAPTER 6

SUMMARY AND CONCLUSIONS 

Summary

Integration of geologic, hydrologic, major-ion chemical, stable 
and radio isotope data reveals that the moderate temperature thermal 
waters observed in the Safford Basin are not a masked vestige of 
high-temperatures at depth, but are discharges of thermal water produced 

in pressure-driven, deep circulation systems. Most fundamentally, the 
stable isotope compositions of the thermal waters indicate that they are 
meteoric waters, not waters exsolved from magma bodies or juvenile 
waters.

Variations in the major-ion and stable-isotope chemistry of 
waters sampled in the study area help to identify the sources and flow 
paths of water moving through the basin. Projections of the major-ion 
chemistry of samples on trilinear diagrams indicate that shallow ground 
waters in the mountains define an end-member solution, enriched in Ca 
and HCOg while the deep basin thermal waters define another endmember 
solution, enriched in Na + K and Cl. The shallow basin waters have 
concentrations of Ca + HCO^ and Na + K and Cl between the two end-member 
solutions and, solely on the basis of major-ion chemistry, appear to be 
a mixture of waters from the mountains and deep in the basin. However,

72
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the stable-isotope composition of the shallow basin waters is signifi

cantly heavier than either of the other groups of waters; because the 

two isotopically light solutions could not mix to produce an isotopic- 
ally heavy solution, the shallow basin waters must represent a third, 

distinct water type. The major-ion composition of shallow waters is 
between the other two because these waters permeate limited evaporite 
deposits (from which Na + K and Cl are derived) while the mountain 
waters permeate almost none (represents "pure water” composition) and 
the deep basin thermal waters permeate extensive evaporite deposits.

Besides indicating the meteoric source of the Safford waters, 
the close approximation of the stable-isotope compositions of these 
waters to the meteoric line indicates that high-temperature reactions 
which would change the stable-isotope compositions of water (i.e. • 

isotope exchange between minerals and rocks) do not occur. Field 

measurements and silica geothermometry (Witcher, unpublished data) also 
indicate that temperatures in the Safford system are too low to permit 
phenomena such as solid state diffusion which are necessary for isotope 
exchange between water and rocks.

If the stable-isotope compositions of ground waters are not 
altered in the aquifers, the stable-isotope composition of water samples 
from the basin sediments should reflect the composition in the source 
area. Samples of precipitation and water from springs and streams in 
the Safford area indicate that these types of waters are isotopically 
lighter at higher elevations. Ground waters sampled in the Safford area 

show variations in isotopic composition similar in magnitude to those
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observed in precipitation, springs and streams. By matching the 

composition of ground water with the composition of infiltrating water 
in different recharge areas, the provenance of ground water can be 

inferred. Shallow basin waters show a wide range in isotopic composi

tion and are generally heavier than either mountain or deep basin 
thermal waters. The shallow basin waters are recharged by a mixture of 

isotopically heavy rain which falls on the basin, irrigation return 
water, and mountain-front recharge. Because all available data preclude 
boiling of thermal waters in the Safford system, (which is probably the 

only important mechanism which could produce isotopically light water 

from isotopically heavy water) the source area for the thermal waters is 
the mountain ranges at the basin margins.

Radiocarbon data (Long, Smalley, and Muller, 1982) indicate that 
ground waters in the Safford area have had time to equilibrate with 

minerals in the aquifers. Projection of sample chemical compositions 
onto activity-activity and temperature-activity diagrams indicates that 

samples collected from shallow aquifers in the study area are in 
equilibrium with kaolinite, and that samples of hot water from the deep 

aquifers are in equilibrium with montmorillonite. The position of 
shallow ground waters in the kaolinite field suggests that these waters 
infiltrate through a kaolinite-bearing soil zone; however, another 
possibility is that the shallow waters flow through some Ca - Mg clay 

but do not have time to equilibrate with it. In arid areas such as the 
Safford Basin, kaolinite is commonly a stable mineral phase, produced 

perhaps by leaching of Ca and Mg by infiltrating precipitation. More
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detailed soil investigations would be required to determine whether a 

kao1inite-water equilibrium or montmorillonite-water disequilibrium is 
the actual phenomenon occurring in infiltration zones in the Safford 
Basin.

Although a detailed analysis of ground-water flow rates in the 

Safford system is beyond the scope of this investigation. Preliminary 
calculations based on measured radiocarbon ages and distance measured 
along hypothesized flow paths indicates that ground-water flow 
velocities were on order of 1 to 10 feet per year. These velocities 
would easily be obtained in the aquifers in the Safford area.

The effect paleoclimatic and meterological variations have on 
the isotopic composition of ground water in the deep thermal aquifer in 

the Safford Basin is not entirely understood. Additional 
investigations, notably measurement of noble gas ratios, would be 

required to evaluate whether ancient climatic and/or meterological 
variations affected the isotopic composition of water in the Safford
Basin.
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Conclusions

On the basis of all available data from the Safford area, the 
model illustrated in Figure 24 is proposed for the Safford hydrogeologic 

system. The shallow aquifers in the basin are recharged by isotopically 

heavy precipitation which infiltrates through kaolinitic soils and a 
caliche layer, where the concentration of calcium carbonate is 
increased, before reaching the water-table aquifer. During infiltration 
and during flow through the aquifer, the shallow ground waters permeate 
randomly distributed lenses of evaporites, inches to tens of feet thick; 
on passage through such zones, the waters leach evaporites and become 
enriched in Na + K and Cl. Because the shallow aquifers near the 

margins of the basin receive a significant amount of mountain-front 
recharge, waters from these aquifers have lighter isotopic values and 
lower concentrations of Ca and HCO^ than other shallow waters in the 

basin.
The invariant relationship that thermal waters have isotopic 

compositions similar to isotopic compositions of water in the Pinaleno 
Mountains indicates that the occurrence of thermal waters is limited to 
flow regimes which are in hydrologic continuum with mountain source 
waters. Water begins its journey to the deep basin thermal aquifer when 
isotopically-light precipitation falls on the mountain ranges and 
infiltrates to produce the isotopically-light water collected in springs 
high in the mountains. However, much of the water which falls on the 
Pinalenos flows rapidly down the mountain sides in streams. A lesser
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volume of water flows downward through joints and fractures in the 

mountain rocks or through veneers of soil, talus, and other stream 
valley sediments. Water following any of these paths undergoes no 

significant change in isotopic composition before reaching the 

Pleistocene lake terraces which lap high onto the flanks of the 

mountains, and, therefore, such water retains approximately the same 
isotopic signature as the source area when the water infiltrates into 

the aquifer. After recharge into the lake terraces at high altitudes, 
these waters continue to flow laterally and downward, through great 

thicknesses of interlayered fluvial and lacustrine elastics and 
evaporites perhaps as as 1000 feet. Ground waters flowing through these 

lacustrine sediments dissolve halite and gypsum that produces the high 

concentrations of Na + K and Cl that are observed in the thermal waters. 
These waters continue to move deeper, become warmer, and more 
concentrated in Na + K and Cl until they reach the deep, confined 

aquifer where they remain in storage.

The anomolous temperatures observed in water flowing from hot 
springs and deep wells in the basin apparently results from a forced 

convection system which is driven by pressure provided by ground-water 
recharge into confined aquifers at high elevations (see Figure 24).
These waters are warmed in the normal geothermal gradient, which is 
about 256C/km in the Basin and Range Province, as they circulate to 

depths as great as 3600 feet. Exothermic reactions between anhydrite 
and circulating water cannot be the source of the thermal energy because 

the solutions are not in equilibrium with anhydrite, a requirement for
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heat production by anhydrite hydration. The volcanic rocks in the area 

are of Tertiary age and would have cooled too much to serve as the 
source of thermal energy. These thermal waters remain at the 

temperature and pressure of and in equilibrium with the minerals in the 

deep, confined aquifer until they encounter a breach in the confining 
layer, such as a well or a fault zone. Thermal waters are then forced 

up to the surface where their temperatures seem anomolous when compared 
with the temperatures of waters in the unconfined aquifer.
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