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ABSTRACT 

Sources of high nitrate concentrations in ground water from the western part 

of the Salt River Valley in central Arizona historically have not been well identified. 

This thesis presents chemical and isotopic data for surface and ground water 

collected in the study area during 1990. These data are used to characterize general 

ground-water chemistry in the study area and to evaluate the applicability of 

87Sr/86Sr, <S7Ii, and <5nB data to identify different types of nitrate sources. 

Ground water from northern and southern regions in the study area are 

differentiated by major ion compositions, metal concentrations, pH, and 3H, <SD, 

5180, 67Li, and ^Sr/^Sr data. ^Sr/^Sr data identify ground-water flowpaths in the 

study area. <5nB and $7Li values are useful for the identification of sewage treatment 

outflow. <S7Li data may also identify leachates from manure. Effects from a halite 

deposit on ground water are also distinctive. 
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CHAPTER 1 

INTRODUCTION 

Ground water from the western part of the Salt River Valley in central 

Arizona has been an important resource to the Phoenix metropolitan area and 

surrounding agricultural communities since development began in the area. The 

quantity and general water quality of the ground water have been previously 

investigated to characterize the availability of this resource. Nitrate concentrations 

in the ground water over large parts of the study area that are higher than the 

maximum contaminant level of 10 milligrams per liter (mg/L) N03 as N (U.S. 

Environmental Protection Agency, 1991) have been measured since chemical analyses 

of the ground water in the study area began. The cause of these high concentrations 

is of great concern to the entities that manage the ground-water resources. Previous 

investigations have evaluated the anthropogenic activities in the study area that are 

suspected to affect the ground-water quality, but techniques to determine the spatial 

extent and specific sources of adverse ground-water quality conditions caused by 

these activities have not been developed. 

In an attempt to determine adequate techniques of identifying specific nitrate 

sources, isotopic compositions of hydrogen, oxygen, strontium, lithium, and boron in 

ground water from the study area were analyzed in addition to other chemical 

parameters. This thesis presents a discussion of the chemical and isotopic 

compositions of water samples collected in the study area and includes an evaluation 
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of the isotopic compositions of strontium, lithium, and boron as identifiers of nitrate 

sources. 

Protect Description 

The U.S. Geological Survey, in cooperation with the Arizona Department of 

Environmental Quality, designed a project with two objectives in an attempt to better 

understand the ground-water nitrate problem in the western part of the Salt River 

Valley. The first objective is to develop a geochemical technique to identify sources 

of nitrate in ground water through the analysis of the chemical and isotopic 

compositions of potential types of sources and associated ground water. The second 

objective is to establish the best geostatistical methods for unbiased and reproducible 

spatial estimates of existing contamination of ground water. 

This thesis will focus on a portion of the analyses done to complete the first 

objective of the project described above. The goal of this thesis is to better 

characterize the chemical and isotopic distributions of hydrogen, oxygen, strontium, 

lithium, and boron in the study area by examining the data for 25 samples collected 

during the summer of 1990 and to evaluate the applicability of strontium, lithium, 

and boron isotopes as an identifier of nitrate sources. Additional data and 

interpretation are currently being studied by personnel at the U.S. Geological Survey. 



Background of Study Area 

The study area (Figure 1) is a large alluvial basin located in central Arizona 

and includes a large part of the city of Phoenix and smaller communities to the west 

and northwest of the large metropolitan center. The study area is defined by the 

Arizona Department of Water Resources as the West Salt River Sub-basin of the 

Phoenix Active Management Area. It is bounded by mountains and hills to the 

north, south, east, and west. Rivers flow into the basin from the southern, eastern, 

and northern parts of the study area and converge into the Gila River, which flows 

out of the basin in the western part of the study area. 

Climate 

The climate of the West Salt River Valley is characterized by high temper

atures in the summer and mild temperatures in the winter accompanied by a small 

amount of rain concentrated in the summer and winter. The average annual 

temperature for 1985-1990 was 24 degrees Celsius (°C) for the Phoenix area and 

22°C for the town of Buckeye located in the southwestern part of the study area 

(U.S. Department of Commerce, 1985, 1986, 1987, 1988, 1989, 1990). The average 

monthly temperatures for the same time period for January were 13°C for the 

Phoenix area and 12°C for Buckeye, and for June were 34 and 32°C, respectively 

(U.S. Department of Commerce, 1985,1986,1987,1988,1989,1990). Some scientists 

have suggested that the Phoenix metropolitan area is being affected by a heat island 

effect which accounts for some of the variation in the temperature throughout the 
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Figure 1.—Location of study area. 
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basin (Sargent, 1988). The average annual rainfall for 1985-1990 was 18.5 

centimeters (cm) and 21.6 cm for Phoenix and Buckeye, respectively (U.S. Depart

ment of Commerce, 1985, 1986,1987, 1988, 1989, 1990). From these numbers, it is 

apparent that rainfall is not uniform throughout the basin. 

Historical Changes 

The development of the Salt River Valley has been summarized here from 

information presented by Sargent (1988). In the late 1860s, the Salt River Valley was 

initially developed as an agricultural area. Agricultural activity in the study area was 

initiated to provide goods for local mining ventures and the new territorial capital 

of Prescott. By 1880, 4,050 hectares north of the then-perennial Salt River were 

irrigated by a canal system originally designed by the Hohokam Indians. Crops 

cultivated in the valley during this period included barley, wheat, corn, sorghum, 

potatoes, various vegetables, and some cotton and tobacco. During the mid-1890s, 

extensive orange orchards were planted when railroad transportation became 

available. During World War I, the acreage used to cultivate cotton increased in 

response to an increased demand for Arizona long-staple cotton. Since the 1950s, 

the decline of agriculture in the area has been accompanied by the growth of urban 

and industrial areas. In the western part of the Salt River Valley, as in many 

communities in the western part of the U.S., urbanization is spreading outward from 

the urban center, displacing areas previously used for agricultural purposes. In areas 
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that are presently agricultural, cotton is the main crop. Citrus, vegetables, alfalfa, 

and other crops are also cultivated in the study area today. 

The mild climate and increased economic opportunities in the western part 

of the Salt River Valley have resulted in increasing populations through time. The 

population of the Phoenix metropolitan area increased from approximately 300 in 

1871 to about 5,500 by 1900 (Sargent, 1988). In 1890, nearby towns and rural areas 

had a compiled population of approximately 14,000 (Sargent, 1988). Between 1940 

and 1950, the population in the Salt River Valley increased dramatically from 

185,000 to 330,000 (Sargent, 1988). By 1990, an estimated 2,100,000 people inhabited 

the varied land use areas of the Salt River Valley (1990 Census). 



16 

CHAPTER 2 

PREVIOUS WORK 

Many studies that characterize and quantify both the surface and groundwater 

resources in the western part of the Salt River Valley have been performed because 

of the importance of the water resources in the arid climate of the study area. The 

first of these studies was completed by Lee (1905) because researchers at the time 

recognized that the water supply was linked to the prosperity of the region. Lee 

compiled well records and information about lithology and structure of various 

formations within the Salt River Valley. Economic analyses were also performed by 

Lee that included information about quality and quantity of ground water in the Salt 

River Valley. In these analyses, some areas in the western part of the Salt River 

Valley contained wells with high nitrate concentrations. 

As the population of the valley increased, the importance of water-quality and 

quantity issues increased in the region. As a result, numerous studies have been 

conducted to examine these issues. The Arizona State Land Department (Kam et 

al., 1966) compiled basic ground-water data that included well logs, discharge rates, 

and drawdown measurements in addition to available water-quality data for wells in 

the western part of the Salt River Valley. Kister (1974) developed a map portraying 

the dissolved-solids content of the ground water in the Phoenix area. These data 

indicate that the dissolved-solids content decreases with increasing distance from the 

Salt and Gila rivers. Osterkamp (1974) presented a map of the Phoenix area 

portraying regions with high concentrations of fluoride, hardness, nitrate, and 
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dissolved solids in the ground water. Detailed maps by Osterkamp (1974) that 

display the nitrate distribution in ground water indicate elevated nitrate concentra

tions in three distinct areas: (1) Deer Valley to the Salt River, (2) the metropolitan 

area of Phoenix to Goodyear, and (3) around the town of Buckeye. Distribution of 

recoverable ground water in the Phoenix area was described in maps by Osterkamp 

and Ross (1976). At the time of the report, large areas of recoverable ground water 

were present north of the Glendale area from Interstate 10 to Luke Air Force Base 

and along the Gila River between the towns of Buckeye and Avondale. Ross (1978) 

developed maps of the western part of the Salt River Valley, showing that the depth 

to ground water increases as distance from the Salt and Gila rivers increases. 

Other studies have primarily focused on the hydrogeology of the region. 

Eberly and Stanley (1978) included the western part of the Salt River Valley in a 

stratigraphic and geologic study of southwestern Arizona. Included in the report by 

Eberly and Stanley (1978) is a description of a "shallow, large, domelike salt mass" 

mapped by Exxon, which is likely an important component to the water quality in the 

region. A more complete reconnaissance study of this halite deposit, referred to as 

the Luke salt body, was completed by Eaton et al. (1972). The origin and extent of 

this halite deposit are discussed in addition to some possible models explaining the 

emplacement mechanism of the deposit. A comprehensive study of the hydrogeology 

of the western part of the Salt River Valley was completed by Brown and Pool 

(1989). This report includes descriptions of the structure, lithology, and definitions 

of the various sedimentary units which make up the aquifer system. Characterization 
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of the chemical evolution and areal and vertical distributions of some water-quality 

components is attempted by Brown and Pool in this report. A source of high nitrate 

concentrations in ground water was described as water that "percolates to the upper 

unit and moves downward within the saturated zone" due to pumping (Brown and 

Pool, 1989). Brown and Pool (1989) listed other possible sources of the elevated 

nitrate concentrations as sewage outflow, irrigated agricultural lands, and "natural or 

geologic origins". 

The enactment of Section 208 of the Water Pollution Control Act Amend

ments of 1972 (Public Law 92-500) resulted in additional comprehensive ground

water quality studies in the region. The Maricopa Association of Governments was 

designated by the Environmental Protection Agency to assess the various potential 

non-point sources of pollution in Maricopa County. The formal investigation was 

conducted in four phases by Kenneth Schmidt, of Ken Schmidt and Associates. The 

first phase (Maricopa Association of Governments, 1978), a general literature review 

of studies done within Maricopa County, summarized the known general subsurface 

geology and ground-water hydrology and mapped the chemical characteristics of the 

ground water in the region. For the second phase of the Section 208 program 

(Maricopa Association of Governments, 1979), a list was compiled of possible regions 

affected by non-point sources of pollution in Maricopa County, and the pollution 

problem in the study area was evaluated. Areas with high nitrate concentrations 

were noted, and an attempt was made to explain the nitrate source. Phase III of the 

program (Maricopa Association of Governments, 1981) included a compilation of 
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data for urban storm runoff (one year of record), specific depth sampling of ground 

water, municipal landfills, and location and extent of perched ground water in the 

Salt River Valley. The final phase of the program (Maricopa Association of 

Governments, 1983) focused on an evaluation of the effect of irrigation practices on 

ground-water quality. Most of the data compiled in this phase were derived from the 

eastern part of the valley; however, the results may be applicable to areas in the 

western part of the valley as well because land use, lithology, and structure of the two 

areas are similar. This four-phase program attempted to identify the contamination 

problems in the region, as well as speculate on the sources of contamination in the 

Salt River Valley. 

Salt River Project (SRP), a private corporation, services the electrical and 

water supply needs of a large portion of the Salt River Valley. SRP has been 

collecting water-quality data from water wells, surface-water canals, and rivers for 

approximately 70 years. SRP services an area with a western boundary that coincides 

with the Agua Fria River. The study area for this thesis extends beyond this 

boundary; therefore, data collected by SRP do not include all of the area examined 

in this thesis. SRP has compiled the water-quality data for the company's service 

area and has published it in reports. Data from specific indicator wells were used 

in the first of these studies (SRP, 1982) in an attempt to interpret the broad water-

quality characteristics in the service area. Included in this report are more than 60 

years of data for a 34,000 square kilometer (km2) region. The data include historical 

changes of irrigated acreage and water levels, in addition to generalizations of 
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water-quality information analyzed for regions within the study area. Generally, 

portions of the western part of the service area have elevated nitrate concentrations 

in the ground water, with the exception of areas located close to the Salt River. The 

report links many of the areas with high nitrate values in the ground water with 

irrigated farmland in the same areas. Changes in ground-water composition during 

this 60-year time period are presented in the second of these studies (SRP, 1986). 

This was the first attempt by SRP to perform a regional time-trend analysis of 

groundwater quality for the Salt River Valley. The zone of high nitrate concentra

tions was found to correspond with the location of a fine-grained unit in the basin-fill 

units in the area. In the southwestern part of the service area, elevated nitrate 

concentrations appear to decrease in the time period studied (1922-1982). Discussion 

of the migration of nitrate downward from shallow ground water to deeper ground 

water is included. These reports summarize a large amount of water-quality and 

hydrogeologic information for areas in both the eastern and western parts of the 

valley. 

Some areas in the Salt River Valley have been intensively irrigated and 

fertilized for decades. One ground-water sample containing 83 mg/L of nitrate was 

reported by Hem (1985) from one of these areas. Hem speculated that the high 

levels of nitrate could be the result of leaching of irrigated farmland. An alternative 

explanation presented by Hem (1985) included leaching by precipitation of an 

accumulation of nitrate in the soil. This accumulation is from bacterial fixing of 

nitrogen that is associated with desert legume growth. Rice et al. (1989) examined 
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water samples extracted from the vadose zone in the Salt River Valley to determine 

differences in water-quality characteristics in three areas affected by desert, irrigated, 

and urban land uses. Rice et al. (1989) calculated that the total nitrogen measured 

in soil samples from irrigated areas represented 25% of the nitrogen fertilizer applied 

to the field in a 19-year period. This amount in the soil was thought to be leached 

out from percolating irrigation water. This percentage was verified by measuring 

nitrate concentration in the water used to leach the samples of soil collected below 

the root zone (3-22 meters (m)). A nitrate concentration of 24 mg/L of nitrate as 

N was measured on average from these samples. Assuming a few parameters for a 

40,000 hectare area in the Salt River Valley, it was determined that this concentra

tion represents 25% of the nitrogen fertilizer applied to the field. Therefore, Rice 

et al. (1989) determined that an average of 25% of nitrogen fertilizer applied to 

fields is leached out by the soil and is available for percolation to ground water as 

nitrate. Robertson (1991) included the western part of the Salt River Valley in a 

general overview of geology and geochemistry of alluvial basins in Arizona. In that 

study, it was noted that anomalously high nitrate values occurred in the area. 

Determining the origin of nitrate found in ground water in other study areas 

has been attempted in many investigations. Some studies applied correlations of 

nitrate with other dissolved constituents to delineate nitrate sources. Orthophosphate 

and chloride were used to determine whether fertilizers or septic tanks were the 

primary source of localized and elevated nitrate levels in ground water in Nebraska 

(Piskin, 1973). Robertson (1979) used chloride and nitrate concentrations to 
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determine that high nitrate concentrations in ground water were associated with local 

poultry operations. Steenvoorden (1976) proposed that a correlation might exist 

between phosphate and nitrate in areas with fertilized farmland. This correlation was 

determined from a study of nitrogen, phosphate, and biocide relationships in 

agricultural areas of the Netherlands. 

Other studies focused on the relationship between land use and nitrate 

concentrations. Tinker (1991) determined that lawn fertilizer and septic-tank soil 

adsorption systems caused large nitrate concentrations in ground water beneath 

unsewered subdivisions in western Wisconsin and used computer models to delineate 

the amount of nitrate from each source. As part of the U.S. Geological Survey's 

Toxic-Waste-Ground-Water Contamination Program, evaluations of regional 

ground-water quality were presented from New York, New Jersey, Connecticut, 

Florida, Nebraska, and Colorado (Cain et al., 1989). In general, water samples 

collected from areas used primarily for agricultural purposes had higher levels of 

nitrate in the ground water than in samples collected from other land-use types. In 

contrast, ground water from residential areas in New Jersey and Connecticut had 

elevated levels of nitrate; this was determined to be the result of leaking sewer and 

septic systems and residential application of fertilizers. 

Sources of nitrate in ground water have been successfully identified by 

nitrogen isotopic values in some previous investigations for other study areas (Jones, 

1973; Kreitler, 1975; Kreitler and Jones, 1975; Gormly and Spalding, 1979; Kreitler, 

1979; Spalding et al., 1982; Kreitler and Browning, 1983). Other investigators 
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(Edwards, 1973; Heaton, 1986; Cravotta, 1992) concluded that the successful 

application of nitrogen isotopes as identifiers of sources of nitrate in ground water 

depends upon a thorough understanding of the hydrologic system being studied. 

The successful application of nitrogen isotopes as an identification tool was 

doubted for the western part of the Salt River Valley because the hydrologic system 

is not sufficiently well understood. Isotopes of strontium, lithium, and boron were 

tested during this project as alternate identifiers of sources of nitrate in ground water. 

If the sources of these elements could be identified by their isotopic characteristics, 

the source of nitrate in the same solution would be identified, assuming that changes 

in the isotopic composition of these elements are limited and predictable. 

Similar to the application of nitrogen isotopic compositions to determine the 

source of nitrogen in ground water, ^Sr/^Sr compositions have been used to 

distinguish between various sources of solutes in both surface and ground water. 

Historically, the use of strontium isotopic measurements has been limited to geologic 

investigations. Recent applications of the "Sr/^Sr ratios in water are determination 

of sources of solutes and interpretations of water-rock interactions. Starinsky et al. 

(1983) used ^Sr/^Sr ratios to determine the source of carbonate-sulfate fractions in 

ground water in the southern Sinai, Egypt. The authors examined the strontium 

isotopic ratio of several possible sources of solute in the area, and attributed the 

source of the ground-water salts to air-borne salts derived from more distant coastal 

sands and sediments and not to rocks in the area. This was one of the first 

applications of this isotopic technique as an identification method for the solutes in 
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ground water. The evolution of oil-field brine waters in central Kansas was 

evaluated with strontium isotopic compositions used by Chaudhuri et al. (1987). The 

authors concluded that the 87Sr/86Sr value in oil-field brine waters was an identifier 

of a reaction between the waters and K-feldspar minerals. 

Several studies conducted in Scandinavia have used strontium isotope ratios 

in surface water investigations. Wickman and Aberg (1987) examined the variations 

in the ^Sr/^Sr ratio in lakes located in central Sweden. Large differences were 

determined between strontium composition in rain water and the Precambrian rocks 

in the region. Strontium isotope ratios were identified as an adequate tool to 

determine the mixing of waters and exchange reactions between water and mineral 

matter. Aberg and Wickman (1987) measured the 87Sr/86Sr ratio in surface water 

samples for streams discharging into the Bothnian Bay of the Baltic Sea. Strontium 

isotope ratios apparently retained the signature of Proterozoic-aged rocks. Strontium 

both dissolved in the pore water and adsorbed to the rock surface reflected the 

isotopic ratios of a combination of minerals in the host rock. Weathering rates of 

soils in Sweden were determined using the ^Sr/^Sr ratio by Aberg et al. (1989). 

Strontium has a chemical behavior similar to calcium in geological and biological 

cycles; consequently, it was possible to use strontium isotopic changes to identify the 

rates of weathering of soils. 

Isotopic compositions of boron and lithium were measured to evaluate the 

extent to which these values would be useful to distinguish between different nitrate 

sources. Anthropogenic sources of boron (i.e., detergents) may have notably different 
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«5uB values that could help to distinguish between different sources of solutes in 

ground water (Bassett, 1990). Isotopic compositions of lithium were also believed 

to vary in ground water affected by different anthropogenic and natural inputs. 

Previous applications of both <SnB and <S7Li compositions have been few. 

Bassett (1990) summarized the available boron isotope data excluding those 

data determined by ICP-MS or gas source mass spectrometers. Different rock types 

were characterized by ranges of the boron isotopic ratios. The natural range of <5nB 

encompasses values from -31 to +40 per mil (°/oo)- The application of these isotopic 

ratios to environmental studies is proposed because 5nB values include a large range, 

and boron exists in all types of materials, including different rock types and 

anthropogenic sources. If isotopic differences between anthropogenic inputs of boron 

(i.e., detergents) to the ground water and natural inputs are large enough, the sources 

of boron could be distinguished. If the source of boron could be identified, then the 

nitrate from those same sources would be identified. 

Chan (1987), Chan and Edmond (1988), and Chan et al. (1992) have 

examined lithium isotopic variations in the marine environment. Chan and Edmond 

(1988) included investigations of the alteration of lithium isotopic compositions in the 

oceans during interactions between seawater and basalt, hydrothermal solutions and 

sediments, exchange of lithium in the oceans, and in non-marine lake water. The 

most recent work by these investigators (Chan et al., 1992) included additional 

lithium isotopic compositions for basalts of various ages sampled from the oceans. 

A range of <56Li values between -32.3 °/oo in ocean water to -3.4 °/0Q in young basalts 
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from the mid-Atlantic Ridge and the East Pacific Rise was reported in this work. 

Chan et al. (1992) concluded that, during the formation of secondary minerals, 6Li 

is preferentially removed from the liquid fraction. 

Current investigations by Dr. Tom Bullen with the U.S. Geological Survey 

(Menlo Park, California) including lithium isotopic compositions for ground and 

surface waters, as well as a variety of geologic materials, have included lighter and 

substantially heavier lithium isotopic compositions than values summarized by Chan 

et al. (1992). Prior to these investigations, the application of lithium isotopic 

compositions to environmental studies has been limited. 
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CHAPTER 3 

GEOHYDROLOGY 

The western part of the Salt River Valley lies within the Basin and Range 

Province of the western United States. The basin fill is composed of alluvial material 

derived mostly from surrounding mountains during and after a period of high-angle 

block-faulting in the late Cenozoic. These extensive alluvial deposits form the water

bearing units that produce the primary ground-water supplies of the region. Three 

major rivers enter the valley, join, and flow out of the basin as the Gila River. The 

hydrogeology of the study area is discussed in detail by Brown and Pool (1989). 

Included in this chapter is background information relevant to interpretations of the 

chemical data found in this report. 

Geology 

The basin and range structural style of the region was formed 15 to 8 million 

years ago during a period of high-angle block-faulting (Shafiqullah et al., 1980). The 

study area is bordered by mountains composed primarily of Precambrian to middle 

Tertiary metamorphic and granitic rocks and Tertiary to Quaternary volcanics 

(Reynolds, 1988) (Figure 2). 

The ages of the mountains that surround the study area have been included on 

a geologic map of Arizona by Reynolds (1988). The Buckeye Hills border the study 

area on the southwest and are middle to early Proterozoic granitic rocks. The Sierra 

Estrellas are in the southern part of the study area and are early Proterozoic granitic, 
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metamorphic, and metasedimentary rocks. South Mountain is composed of early 

Proterozoic metamorphic and late Tertiary granitic rocks and borders the study area 

on the southeast. The White Tank Mountains border the study area on the west and 

are composed of Proterozoic metamorphics and Proterozoic and early Tertiary to late 

Cretaceous granites. The Hieroglyphic Mountains and Hedgpeth Hills that border 

the study area on the north include Proterozoic granitic, metasedimentary, and 

metavolcanic rocks and middle Tertiaiy volcanics. Camelback Mountain forms the 

eastern border of the study area and is the divide between the western and eastern 

parts of the Salt River Valley. It is composed of metamorphic and metavolcanic 

rocks of Proterozoic age. These mountains border the study area and are also the 

source of the basin fill that is found in the western part of the Salt River Valley. 

The aquifer in the study area consists of this basin-fill material that will affect some 

of the water chemistry characteristics in the ground water. 

In addition to the basin-fill material, structural features within the study area 

may also affect the water chemistry characteristics of the ground water. The major 

structural feature within the basin is a possible fault that separates the valley into 

northeast and southwest sections (Brown and Pool, 1989) (Figure 2). Brown and 

Pool (1989) characterized the northeast section as northwest-trending crystalline 

block structures with less than 610 m of basin fill and the southwest section as a large 

structural graben with basin fill greater than 3,600 m in most areas. A gravity low 

in the southwest section near the center of the basin identifies a structural depression 

in the center of this graben (Figure 2). 
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Within the structural depression in the southwest section of the study area is a 

halite deposit that has been included in many previous investigations (Eaton et al., 

1972; Peirce, 1976; Brown and Pool, 1989). This deposit is referred to in previous 

reports as the "Luke salt body" (Eaton et al., 1972; Peirce, 1976; Brown and Pool, 

1989). Eaton et al. (1972) described the deposit as "an exceedingly thick, steep-sided 

sedimentary prism representing long-lived evaporite deposition in the center of a 

clastic sedimentary basin. Its crest is marked by several local domes which have 

bowed and compacted the overlying sedimentary cover, but this phenomenon may 

be localized and without structural significance for the entire body." A possible 

origin of the salt body is salt accumulation in a long-standing saline lake during the 

middle Tertiary period (Eaton et al., 1972). Pierce (1976) proposed that "the Luke 

halite deposit seems to be related to relatively rapid basin subsidence". The 

subsidence mechanism is related to structural development in the central part of the 

state which resulted in southerly drainages from that area of the state more than 10 

million years ago (Peirce, 1976). Because conclusive evidence of the origin of this 

salt deposit is negligible, a complete theory of its origin has not been produced. 

The lithology of the salt deposit and surrounding basin-fill deposits is not 

continuous in the region containing the salt deposit. In research reported by Eaton 

et al. (1972), the shallowest depth to the top of the deposit was located in an 

exploratory well approximately 2 kilometers (km) from Luke Air Force Base. The 

depth to an anhydrite layer identified as the top of the deposit was 241 m, with halite 

found at 268 m at this location. The greatest depth to the top of the deposit 



reported by Eaton et al. (1972) was 716 m at a well approximately 1.5 km southwest 

of Luke Air Force Base. At this location, no anhydrite was found above the halite. 

Eaton et al. (1972) estimated the bottom of the salt deposit at more than 2,100 m 

and the volume between 63 and 125 cubic kilometers (km3). Rate of ground-water 

flow in the region above the salt deposit is restricted by the fine-grained deposits 

which directly overlie the salt deposit. Surrounding this area are coarse-grained 

deposits that have greater transmissivity values (Anderson, 1968). 

Effects from the salt deposit on the chemical character of the ground water have 

been previously identified by elevated total dissolved solids (TDS) values (5,300 

mg/L) in ground water located 50 to 80 m above the top of the halite deposit and 

at greater depths near the salt deposit (500 to 9,000 mg/L) (Eaton et al., 1972). An 

explanation of the elevated TDS values analyzed in ground water near the salt 

deposit was not given. 

Excluding the area in the center part of the basin where the halite deposit is 

located, most aquifers in the western portion of the Salt River Valley are composed 

of alluvial material. Knowledge of the composition and mineralogy of this material 

is critical in order to gain an understanding of the ground-water chemistry. 

Discussion of the various units is included here as background information. Alluvial 

deposits have been divided by Brown and Pool (1989) into four units that correspond 

with different periods of geologic activity in the area. In order of deposition, these 

units are: the red unit, the lower unit, the middle unit, and the upper unit (Figure 3). 

The depositional environments of these units resulted in different sediments in the 
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alluvial material that help to distinguish between them. The red unit, distinguished 

by its color, was deposited prior to the period of faulting in the basin (Laney and 

Hahn, 1986). The lower unit, that is divided into upper and lower parts, was 

deposited in a closed basin system during high-angle normal faulting (Peirce, 1976). 

The middle unit was deposited while the drainage system through the area was 

developing (Brown and Pool, 1989). The upper unit was deposited after the surface 

water drainage system was developed (Brown and Pool, 1989). 

The depositional environments in the study area resulted in varying geologic 

material within each unit. Each type of alluvial deposit can affect the chemistry of 

the ground water differently in distinct parts of the study area where they occur. The 

red unit consists of "well-cemented breccia, conglomerate, sandstone, and siltstone 

and containing granitic and rhyolitic detritus" (Laney and Hahn, 1986). Detritus from 

the red unit is found at the base of the lower unit in the southeastern part of the 

study area (Brown and Pool, 1989). 

The lower unit "consists of playa, alluvial-fan, fluvial, and evaporite deposits" 

(Brown and Pool, 1989). The lower unit, as mentioned above, was divided by Brown 

and Pool (1989) into a lower and upper part differentiated by stratigraphy. The 

lower part of the unit is differentiated from the upper part by the more consolidated 

and homogeneous clast type and stratigraphy. In general, the composition of 

sediments in this part is 20-80% sand and gravel. The thickness of the lower part 

ranges from 305 m at the margins of the basin to 3,048 m within the graben near the 

center of the basin (Brown and Pool, 1989). The halite deposit discussed above and 
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other evaporite deposits of anhydrite, halite, and gypsum are found in the lower part 

of the lower unit (Brown and Pool, 1989). The upper part of the lower unit is 

described by Brown and Pool (1989) as a fine-grained unit (<10% sand and gravel) 

"in a general arcuate pattern from northwest Phoenix to Tolleson and southeast of 

the White Tank Mountains". In other parts of the study area, the upper part is 

characterized as 20-80% sand and gravel. The area described with more fine-grained 

deposits in this unit may be the cause of some elevated chemical components 

discussed below. The thickness of this part ranges from more than 305 m in a trough 

oriented north-south located between the major halite deposit and the White Tank 

Mountains, to less than 152 m in the Buckeye Valley, and is not found along some 

of the mountain fronts (Brown and Pool, 1989). 

The middle unit is described by Brown and Pool (1989) as "playa, alluvial-fan, 

and fluvial deposits of silt, clay, siltstone, and silty sand and gravel", commonly 

cemented by calcium carbonate. The thickness of this unit ranges from 244 m in the 

center of the basin to not being found near the mountain fronts. More than 40% of 

the sediments are sand and gravel in most of the study area, with localized areas near 

the cities of Glendale and Goodyear composed of less than 20% sand and gravel 

(Brown and Pool, 1989). 

The upper unit is characterized by Brown and Pool (1989) as "channel, 

floodplain, and alluvial-fan deposits". The sediments are mostly unconsolidated 

gravel, sand, and silt with some consolidation by caliche occurring near the mountain 

fronts and underlying terraces near major streams (Brown and Pool, 1989). The 



35 

thickness of this unit varies from approximately 61 m near the margins of the basin 

to 122 m near the confluence of the Salt and Gila rivers (Brown and Pool, 1989). 

The sediments include more than 80% sand and gravel in the northeast portion of 

the study area, in an east to west band located along the Salt and Gila rivers, and 

northwest of the halite deposit (Brown and Pool, 1989). Finer-grained deposits were 

located by Brown and Pool (1989) (<40% sand and gravel) in this unit southwest of 

Camelback Mountain, east of the White Tank Mountains, and in the southwest edge 

of the study area. These finer-grained deposits may explain some of the dissimilar 

water chemistry in various parts of the study area. 

Brown and Pool (1989) found extrusive material in the alluvial deposits that 

resembled extrusive material in the mountains which surround the study area. This 

material may be a source of strontium in the ground water. In well cuttings from the 

north and northeast portions of the study area, volcanic material older than middle 

Miocene were documented by Brown and Pool (1989). Late Miocene volcanics were 

identified by Brown and Pool (1989) in cuttings from wells near the center of the 

study area. In wells located in the extreme southwestern end of the study area, late 

Tertiary and Quaternary basalts have been found interbedded with basin-fill 

materials (Brown and Pool, 1989). 

Ground Water 

Ground water occurs in the study area in all of the units described above which 

act as a single unconfined aquifer in the study area. The following information 



regarding the occurrence of ground water in the study area is compiled from Brown 

and Pool (1989). Prior to their investigation little information was available. These 

data provide important background information for interpreting the ground-water 

chemistry. All units transmit and store water; however, significant ground-water 

withdrawals limit the amount of available water and fine-grained sediments limit the 

rate at which ground water can be withdrawn from the aquifer. 

The geological structure of the study area has affected the location of ground 

water. The fault described by Brown and Pool (1989) that separates the study area 

into northeast and southwest regions also defines regions with different hydrologic 

characteristics. In the northeast region, thickness of the basin-fill deposits is smaller 

(610 m), and the depths to water are greater. The lower unit is the "main water

bearing unit" (Brown and Pool, 1989) in the northeast region because the middle and 

upper units are generally thin. In the southwest region, all of the basin-fill units are 

significant water-bearing units. Total thickness of the basin-fill units in this region 

at its thickest part is more than 3,600 m. The fine-grained units control the rate of 

ground-water flow in the aquifer throughout the study area. The crystalline rocks 

form the boundaries of the aquifers in the study area. 

The hydraulic conductivity values of each hydrogeologic unit of the aquifer are 

dependent upon the basin-fill deposits and structure of each unit. Although most of 

the wells sampled for this project are completed in the upper and middle units, 

hydraulic conductivity values for all significant water-bearing basin-fill units in the 

study area are included here for completeness. Because the red unit is found only 
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in the far southwestern portion of the study area, it is not considered a significant 

source of ground water in the western part of the Salt River Valley, and the hydraulic 

conductivity value is not included here. The two parts of the lower unit, as described 

above, have different hydraulic conductivity values due to the different lithologic 

characteristics of the deposits. The lower part of the lower unit has a range in 

hydraulic conductivity of 1.8-2.7 meters per day (m/day) that is controlled by the 

amount of fracturing or cementation within this unit. The upper part of the lower 

unit has a range in hydraulic conductivity of 0.9-7.3 m/day that is dependent on the 

particle size of the sediments. The structural style of the fine-grained deposits in the 

middle unit results in a range of hydraulic conductivity of 1.2-18 m/day. Unconsoli

dated and coarser-grained sediments in the upper unit results in the largest hydraulic 

conductivity values in the study area between 54.9-518.2 m/day. 

Ground-water levels in the study area were monitored by various public and 

private organizations for approximately 70 years. Prior to intense urban and 

agricultural development in the study area, the general ground-water gradients were 

from east to west in the southern part of the basin and northeast to southwest in the 

eastern part of the basin (Figure 4). Recent water levels (Figure 5) indicate a 

change in the flow of ground water in the southeastern part of the study area from 

east and southeast to a northwesterly flow and depressions in the water table in areas 

north and west of Luke Air Force Base and in Deer Valley. Ground-water pumpage 

and recharge from irrigation, canals, and rivers are the cause of these changes in the 

ground-water levels (Brown and Pool, 1989; SRP, 1982). Complete dewatering of the 
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upper unit has been recorded by Brown and Pool (1989) in areas north and west of 

Luke Air Force Base and in between Phoenix and Deer Valley. It is apparent from 

Figures 4 and 5 that anthropogenic activities have affected ground-water levels in the 

last 70 years throughout the study area. 

Recharge areas for the ground water are along the mountain fronts and within 

the river beds of the study area (Brown and Pool, 1989). Stream losses in the river 

beds have been documented during large flow events and classified as ground-water 

recharge. For example, during February 1978 to June 1980, streamflow losses along 

the Salt and Gila rivers of at least 1.1 x 108 cubic meters (m3) were documented 

between a dam located near the east boundary of the study area and a dam located 

several kilometers southwest of the west (Brown and Pool, 1989) boundary of the 

study area. In conjunction with these significant streamflow losses, groundwater 

levels stabilized or rose (Brown and Pool, 1989). Ground-water discharge points do 

not occur at the surface within the study area. 

Surface Water 

Surface water in the western part of the Salt River Valley is transported by 

three major intermittent rivers that flow through the area. Flow originates for all 

three rivers outside the basin boundaries. The Salt River enters the study area from 

the east and converges in the southeast part of the basin with the Gila River that 

enters from the south. The Agua Fria River flows into the study area from the north 

and converges with the Gila River in the southcentral part of the basin. The Gila 
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River flows out of the study area in the southwest part of the basin. Other smaller 

drainages within the basin flow after or during a sufficient amount of precipitation. 

The major rivers are all controlled by reservoirs outside the basin boundaries. This 

restricts flow of water in the rivers, although some flow does occur as the result of 

large precipitation events and from releases of water from the reservoirs. 

The relative contributions of each river in the study area are important because 

surface water in this study area has been documented to recharge the ground water 

(Brown and Pool, 1989; Robertson, 1991). The mean annual flow for water year 

1990 in the Salt River measured at a point in the southeast part of the study area 

was 18.1 cubic meters per second (m3/s) (USGS, 1991). The mean annual flow in 

the Gila River near Buckeye for water year 1990 was 3.1 m3/s (USGS, 1991). Part 

of the flow recorded at this gauge is outflow from the 91st Avenue sewage treatment 

plant located 32 km upstream (USGS, 1991). Mean annual inflow to Waddell Dam 

on the Agua Fria River located north of the northern boundary of the study area was 

0.3 m3/s (USGS, 1991). In the southern part of the study area, irrigation return flow 

is transported down this river in addition to water deliveries from SRP to the 

Buckeye Irrigation District (Oral Communication, Jim Krause, SRP). From these 

data, it is apparent that recharge from the Salt River is greater than that from the 

other rivers in the study area. It is also important to recognize that, in addition to 

surface water from outside the study area, there are anthropogenic inputs to the river 

beds which may be recharging the ground water as well. 
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In addition to anthropogenic inputs to the rivers, other anthropogenic surface-

water sources in the area may also be sources of recharge to the ground water in the 

study area. Other surface water sources in the study area include irrigation canals 

operated by SRP that divert water from the Salt River in the eastern part of the 

valley and also receive ground water throughout the study area. The Buckeye 

Irrigation District and the Roosevelt Irrigation District also operate irrigation canals 

in the southern part of the study area. These canals receive water from sewage 

treatment outflow, the SRP system, and ground-water supplies. The Beardsley canal 

flows across the northern part of the study area. Water in the canal is derived from 

the Agua Fria River. The canal which transports water from the Colorado River for 

the Central Arizona Project (CAP) is also a surface water source in the northern part 

of the study area. Irrigation return flow that is captured in basins at the downgra-

dient edges of fields may also be supplying recharge for the ground water. All of 

these surface-water sources in the river beds, canals, and catchment ponds could 

greatly alter the ground-water quality in the study area. 
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CHAPTER 4 

METHODS 

Sampling Procedure 

At each sampling location, a consistent sampling procedure was used to collect 

a water sample. If ground water was being collected, three casing volumes of water 

had to be removed prior to collection of a sample. pH, specific conductance, 

dissolved oxygen, and temperature of the water were monitored prior to collection 

of a sample. These parameters were measured using individual meters for each 

parameter or a single device that measured the parameters simultaneously. When 

these parameters stabilized and three casing volumes had been evacuated, water was 

collected for analyses. If surface water was being collected, the parameters listed 

above were monitored. When these stabilized, water was collected for analysis. 

Sampling Locations 

The scope of the U.S. Geological Survey project included the collection of 

approximately 60 samples obtained during two consecutive summer sampling trips 

(1990 and 1991) from the western part of the Salt River Valley near Phoenix, 

Arizona. This thesis relies on the results obtained from 25 samples collected during 

the summer of 1990. The selected sampling locations included the following: sites 

affected by local sources of nitrate, one location affected by a natural source of 

nitrate, ground water near a halite deposit present in the study area, and ground 

water from a deep aquifer system. Land use in the study area was reviewed in order 
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to assure that areas containing possible sources of nitrate would be sampled. The 

baseline sampling location chosen to represent natural nitrate was located in a basin 

adjacent to the study area because areas in this basin appeared to have no 

anthropogenic inputs of nitrate to the ground water. Sampling locations associated 

with agricultural areas, concentrated cattle feeding operations, and sewage-affected 

areas were identified and sampled throughout the study area (Figure 6). Wells with 

screened intervals specifically in the upper and middle units were sampled unless 

only deeper wells were available near the site. Sampling locations are identified 

throughout this report by a site number within the text in parentheses which are 

sequenced by the local well number. The site number is included in Figure 6 and 

in the appendices located at the end of this thesis. The local well numbers follow 

the system used by the U.S. Geological Survey in Arizona. 

Agriculture 

Sampling locations associated with agricultural areas are limited to two of the 

major crops in the study area, cotton and citrus. One citrus location and two cotton 

farms were chosen as sampling locations for the summer of 1990. Although the 

amount of cultivated land in the valley dedicated to citrus has decreased in recent 

years, the crop has had a great historical impact in the northern part of the study 

area. The sample associated with citrus (15) was collected from an irrigation well 

in a citrus grove in the northwestern part of the study area; depth to ground water 

was approximately 122 m (Brown and Pool, 1989). 
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Samples associated with cotton farming were located in the western part of 

the study area. Cotton farming requires the application of large quantities of 

nitrogen fertilizers (approximately 300 kg/hectare/year) to the ground in most areas 

of the study area (Rice et al., 1989). Ground water at the sample location in the 

westcentral part of the study area is found approximately 38 m below land surface 

(Brown and Pool, 1989). Nitrogen fertilizer in liquid form that was 32% urea was 

added to the irrigation water prior to application on the fields. Irrigation water (14), 

the fertilizer (22), and runoff (20) were collected for analysis. 

The second cotton site was located in the southwestern part of the basin; 

depth to ground water was approximately 4.6 m (Brown and Pool, 1989). This field 

was not fertilized because sufficient nitrogen was present in the irrigation water 

diverted from a canal that is supplied with some sewage treatment plant outflow. 

Water samples at this location were collected from a well located at the downgradi-

ent edge of the field (16) and from runoff (21). 

Cattle 

Samples were collected from two dairies and one feedlot, all located in the 

southern part of the study area. Manure samples collected at all three sites were 

used as representative end-member samples because manure represents a possible 

nitrate source. A large dairy operation located in the southcentral part of the study 

area, near the confluence of the Salt and Gila rivers, was chosen as a sampling site. 

Because many dairies are located near this operation, it was thought that the ground 
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water in the area might be affected by leached nitrate. Depth to ground water in this 

location was approximately 12 m (Brown and Pool, 1989). Water samples were 

collected from a well located on the property (2) and from a well located downgradi-

ent from the holding pens (1). 

The second dairy site was located farther west on the banks of the Gila River. 

The depth to ground water in this area was approximately 6.1 m (Brown and Pool, 

1989). Ground-water samples were collected from two wells located on the dairy 

property (8,9). 

The feedlot sampling site was located in the southwestern part of the study 

area, north of the dairy locations. The depth to ground water in this area was about 

30.5 m (Brown and Pool, 1989). Water was collected from a well located on the 

property (7) and from a well thought to be downgradient, located off the feedlot 

property (6). 

Manure leachates. The manure samples collected at the dairies and the 

feedlot were leached with distilled water (23,24,25), according to an accepted 

leaching procedure (American Society of Agronomy, Inc., 1982). Leaching of the 

manure samples was done at manure to distilled water ratios of 20:1 by weight. 

After the mixture had been shaken for one hour, the liquid was centrifuged to 

separate suspended solids from the liquid fraction. Because filtering of the leachate 

through a 0.45 micrometer ifxm) filter was difficult, some isotopic analyses on the 

leachates could not be performed. 
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Sewage 

The two locations chosen for the sample associated with sewage were selected 

to include a range in the depth to ground water. Samples from both locations 

included outflow from the sewage treatment plant and two wells associated with the 

plant. The 91st Avenue sewage treatment facility is located on the banks of the Salt 

River in the southcentral part of the study area. The average depth to water in the 

area was approximately 6 m (Brown and Pool, 1989). Water samples were collected 

from a dewatering well on the plant property (4), from a well down the hydraulic 

gradient from the plant outflow (3), and from the secondarily treated sewage outflow 

(18). 

The Luke Air Force Base sewage treatment facility is located on the banks 

of the Agua Fria River in the central part of the study area. The average depth to 

water in the area was approximately 55 m (Brown and Pool, 1989). Water samples 

were collected from a well at the sewage treatment plant (10), a well down the 

hydraulic gradient from the plant outflow (13), and from the secondarily treated 

sewage outflow (19). 

Other Locations 

In an attempt to collect ground water with high nitrate concentrations from 

an area that is not affected by human activity, ground water from outside the study 

area boundaries was collected. The site is located in the basin adjacent to the south 

of the study area, Rainbow Valley. The geologic, lithologic, and hydrologic setting 
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of Rainbow Valley is similar to that found in the western part of the Salt River 

Valley. The depth to ground water in this location was approximately 168 m. The 

ground water had been tested and found to include high nitrate concentrations prior 

to our sampling effort. Only one sample (17) was collected in this valley because 

other wells in the region were dry. 

Ground water was also collected near the halite deposit (11,12) thought to be 

an important component to the chemistry of the ground water. The depth to ground 

water in this region was approximately 61 m (Brown and Pool, 1989). These two 

wells are owned and operated by the Morton Salt Company at their solution mining 

operation of the halite deposit. Ground water was also collected from a well 

completed more than 366 m below the surface (5) in the southwestern part of the 

study area. Ground water from this deeper aquifer might come into contact with 

ground water from the upper aquifer, affecting the chemistry; hence, an analysis of 

the water from this system was important. 

Analytical Program 

Inorganic Chemistry 

The sampling program for inorganic species was designed to include the 

measurement of unstable field parameters, dissolved forms of common ions, metals, 

and metalloids, and dissolved and total forms of nutrients (Table 1). Field 

parameters, such as pH, specific conductance, dissolved oxygen, and temperature, 

were measured with either a Hydrolab Surveyor II (Hydrolab Corporation) or 
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Table 1. Summary of Analyses for Ground Water and End-Member Samples. 

Maior Ions (dissolved only) 

Bromide 

Calcium 

Chloride 
Fluoride 

Mangesium 

Potassium 

Silica 

Sodium 

Sulfate 

Nutrients (dissolved and total) 

Carbon 

Carbon, organic 

Nitrogen 

Nitrogen. NH1 + Org, as N (total only) 

Nitrogen. NH^ as N 

Nitrogen. NO, + NQ3 as N 

Nitrogen. NO-, as N 

Nitrogen, nitrate 

Phosphorus 

Phosphorus 
Phosphorus, ortho as P 

Field Parameters 

Alkalinity 

m 
Dissolved oxygen 

Specific conductance 

Temperature 

Other • 

Total dissolved solids 



Table 1—Continued 

15N/14N 

Metals and Metalloids (dissolved ontv) 

Aluminum 

Arsenic 

Barium 

Beryllium 

Boron 

Cadmium 

Chromium hexavalent 

Chromium 

Cobalt 

Copper 

Iron 

Lead 

Lithium 

Manganese 

Mercury 

Molybdenum 

Nickel 

Selenium 

Silver 

Strontium 

Vanadium 

Zinc 
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individual meters, depending on which instruments were available. During sampling 

of ground water, measurements of field parameters were made in the flow-through 

chamber of the Hydrolab. The flow-through chamber was attached by silicone tubing 

to the discharge pipe of the well. For measurements of surface water, the Hydrolab 

Surveyor II was lowered into the surface water to make measurements. An Orion 

pH meter, a YSI dissolved oxygen meter, a Lab-line lectro mho-meter, and a 

thermometer were used when the Hydrolab Surveyor II was not available to make 

field measurements. The Hach titration method was used in the field to determine 

the alkalinity of filtered samples. 

Sample collection for the chemical analyses involved a variety of filtering and 

preservation techniques performed in the field. All dissolved constituents were 

analyzed in samples filtered through a 0.45 fim cellulose filter excluding samples for 

dissolved organic carbon analyses that were filtered through a 0.45 /im silver filter 

in a stainless steel cylinder pressurized with nitrogen gas. All samples collected for 

metals and metalloid analyses, excluding mercury, were acidified to pH<2 with 

Ultrex HN03 and collected in acid-rinsed polyethylene bottles. Water collected for 

mercury analyses was preserved with a potassium dichromate-nitric acid solution in 

an acid-rinsed glass bottle. Samples collected for both dissolved and total nitrogen 

and phosphorus analyses were preserved with HgCl2 and chilled immediately after 

preservation until the analyses were performed. Analyses of common ions, nutrients, 

metals, and metalloids were performed at the National Water Quality Laboratory 

(NWQL) operated by the U.S. Geological Survey in Arvada, Colorado. The same 
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types of analyses were performed on the leachates and fertilizer samples by 

ENSECO, Inc. of the Rocky Mountain Analytical Laboratories located in Arvada, 

Colorado. 

Isotopic Chemistry 

The isotopic measurements performed for this study are shown in Table 1. 

Samples were collected for isotopic measurements of oxygen and hydrogen by filling 

a 125-milliliter (mL) glass bottle with unfiltered water so that little or no air space 

was present in the bottle. Tape was used to secure the lid and prevent evaporation 

of the sample during shipment. The analyses of oxygen and hydrogen isotopes were 

determined at a laboratory operated by Tyler Coplen, U.S. Geological Survey, Water 

Resources Division, through the NWQL. 

Tritium analyses were performed on unfiltered water obtained directly from 

the discharge. The sample volume (1000 mL) was collected in a polyethylene bottle. 

These analyses were performed by Bob Michel, U.S. Geological Survey, Water 

Resources Division, through the NWQL. 

Water collected for nitrogen isotopic determinations consisted of 1000 mL of 

sample filtered through a 0.45 /xm cellulose filter, collected in a glass bottle, and 

preserved with H2S04. The sample was chilled immediately after preservation and 

until the analyses were performed. The nitrogen isotopic ratios were determined by 

Globalgeochemistry, Inc., through the NWQL. 
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Samples collected for sulfur isotopic analyses included the collection of 1000 

mL of water in a glass bottle, filtered through a 0.45 /xm filter, and preserved with 

HgCl2. The samples were chilled immediately after preservation and until the 

analyses were performed. The sulfur isotopic values were determined by Pat Shanks, 

U.S. Geological Survey, Geologic Division, through the NWQL. 

Samples for boron isotopic measurements consisted of 1000 mL of filtered 

(0.45 /xm) water collected in polyethylene bottles at the site. Prior to measuring the 

boron isotopic composition, a volume of sample containing 100 micrograms (/xg) of 

boron was prepared for analysis. The sample was passed through a column 

containing a resin that preferentially removed boron from the sample. Elution of 

boron off the resin was performed by passing 0.1N HN03 through the resin. To 

ensure that all of the boron was removed from the resin, 100 mL of nitric acid was 

passed through the column after pH of the eluent was <2.0. The eluent was 

collected and evaporated to approximately 3 mL. Methanol (50 mL) was added to 

this 3-mL sample volume and distilled into 50 mL of deionized water. This step 

removes the boron from the water and nitric acid, purifying the solution. The 

distillate was then evaporated to dryness after distillation. During the final step, the 

solid sample was loaded into a tantalum filament for the solid-source mass 

spectrometer by hydrating the solid with NaC03 and placing the solution on the 

filament where it was heated to dryness. The sample was analyzed on a solid-source 

mass spectrometer to determine the boron isotopic composition. The boron isotopic 
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values were determined by Dr. Randy Bassett at the Department of Hydrology and 

Water Resources at The University of Arizona. 

Samples for lithium and strontium isotopic measurements consisted of 1000 

mL of sample that had been filtered (0.45 /xm), collected in an acid-rinsed 

polyethylene bottle, and acidified with Ultrex HN03. Sufficient water to yield 

approximately 2 tig each of lithium and strontium was passed through a column 

packed with Biorad AGSOX8 cation resin. lithium was quantitatively stripped from 

the resin using 2N HC1 as eluent; most remaining cations other than strontium were 

then washed out. Finally, strontium was collected as a purified fraction. Both the 

lithium and strontium fractions were evaporated to dryness. The strontium fraction 

was converted to a nitrate form with 7N HN03, and a drop of 0.15N H3P04 was 

added for loading onto a tantalum filament. The lithium fraction was re-dissolved 

with 0.5N HN03, and loaded on to a second, larger column packed with AGSOX8 

resin. Using 0.5N HN03 as eluent, lithium was stripped from the resin to the point 

of Na-breakthrough. The lithium fraction was evaporated to dryness and loaded with 

water onto one side of a double rhenium filament assembly. Lithium and strontium 

isotopic compositions were determined with a solid-source mass spectrometer 

operated by Dr. Tom Bullen at the U.S. Geological Survey in Menlo Park, California. 



56 

Isotopic Measurements 

All of the isotopic quantities listed above, excluding the strontium isotopic 

ratios and tritium concentrations, are reported in this thesis in per mil (°/oo) units. 

These values are the result of the following calculation: 

5 (per mil) = R(sample) ' R(reference) x 1000 
R(reference) 

where: 

R = the ratio of isotope concentrations. 

The reference compounds used for the calculation described above vary for 

each isotopic system. The reference compound for oxygen and hydrogen isotopes is 

Vienna Standard Mean Ocean Water (V-SMOW). The reference compound for the 

nitrogen isotopes is air, and the reference compound for sulfur isotopes is Canyon 

Diablo Trilobite (CDT). The reference compounds for boron and lithium are from 

the National Institute of Standards and Technology, NBS-951 and L-SVEC, 

respectively. All per mil (°/oo) values reported in this thesis are referenced to these 

compounds. 

Strontium isotopic analyses have been corrected for natural and machine 

fractionation by exponential adjustment of the measured isotopic abundance to give 

^Sr/^Sr = 8.37521. Ten analyses of strontium standard, SRM-987, averaged 0.71025 

for ^Sr/^Sr during the course of this study, with an external precision of 0.00002 at 

the 95% confidence level. 
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CHAPTER 5 

CHEMICAL AND ISOTOPIC CHARACTERISTICS 

Chemical and isotopic characteristics of both surface and ground water in the 

western part of the Salt River Valley are discussed in this chapter. The chemical 

characteristics examined for this thesis include major ions, field parameters (tempera

ture, dissolved oxygen, pH, and specific conductance), nutrients, metals, and 

metalloids. The isotopic compositions used to characterize the ground and surface 

water in this thesis are <SD, 3H, $lsO, ̂ Sr/^Sr, 67Li, and <SnB. Many of the chemical 

and isotopic parameters discussed below characterize ground water from different 

geographic regions within the study area, from the deep aquifer system, and in the 

region of the halite deposit. It is important to point out that the following 

interpretations are based on a small sample set in a large study area. Additional 

data would help to support or refute these theories. Samples are identified in this 

chapter by a site number in parentheses within the text. These numbers correspond 

to site numbers in the appendices and in the figures. All data discussed in this 

chapter are included in Appendices B and C. 

Chemical Distribution 

Major Ions 

The concentrations of major ions can be used to describe and classify the type 

of water present in a region. One method of presentation is the trilinear diagram 

presented by Piper (1944). A trilinear diagram displays the equivalent percent of the 



major ion composition and has been used to display the water analyzed at the 

NWQL for this project. These plots primarily display the variability within the 

sample group and will be used to make some interpretations that are supported by 

additional information presented within this chapter. Geographical and source 

differentiations, cation exchange, mixing, and dissolution of aquifer material can be 

identified with the major ion compositions of the waters in the study area. Ground 

water from the deep aquifer system and in the region of the halite deposit have 

major ion compositions which are unlike other ground water collected for this 

project. Unexpected differences in ground-water composition are also displayed in 

the trilinear diagram for water at one sampling location. 

Water from the northern part of the study area (10,13,14,15,19,20) is discernible 

from water in the southern part of the study area (1,2,6,7,8,9,16,21) on the trilinear 

diagrams shown in Figures 7 and 8. Designation of northern and southern sites is 

indicated in Appendices B and C. In general, water from the northern part of the 

study area is more heterogeneous than water from the southern part. Ground water 

in the southern part of the study area can be identified as a sodium-chloride type 

water, and water from the northern part can be identified as a mixed-type of water. 

This separation is distinguishable in the diamond portion of the trilinear diagrams. 

Ground water and sewage treatment plant outflow in the northern part of the study 

area (10,13,15,19) are separated from water from other parts of the study area in 

both the diamond portion and the lower right triangle of this diagram. The anion 

content of the waters displayed in the lower right triangle of the diagrams identify 
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the most obvious difference between water from the northern and southern parts of 

the study area. Waters from the northern part have larger percentages of bicarbon

ate than water from the southern part of the study area. This may be the result of 

dissolution of CaC03. The thickness of the middle unit is greater in the northern 

part of the study area and contains CaC03 that would act as a source of carbon for 

the ground water in the area and result in larger percentages of bicarbonate in the 

water. 

Two samples (14,20) from one site, designated as a northern sampling location, 

have different major ion compositions from other samples collected in the northern 

part of the study area. This difference is displayed in all portions of the trilinear 

diagram. These sites are the southernmost locations of all sites in the northern 

group, which may explain the difference in the major ion compositions compared to 

the northern sites and similarities to the major ion composition of the southern 

waters (Figure 8). Sites 14, 20, 6, and 7 may better characterize a middle group that 

does not geographically fit into either the northern or southern groups of water; 

however, for the sake of simplicity and due to some similar chemical and isotopic 

characteristics, these are identified as northern or southern sites in this document. 

The data displayed in Figures 7 and 8 have dissimilar cation content that is 

displayed as a linear relationship in the lower left triangle of the diagram. This 

relationship could be the result of (1) various sources of ground water in these 

regions, (2) dissolution of aquifer matrix materials, (3) cation exchange processes, or 

(4) mixing of different water types. 



Various sources of water could contribute to the variability of the cation content. 

Sources in the northern part of the study area include recharge through the mountain 

fronts in that portion of the study area, streamflow through the river beds, and 

ground-water inflow from outside the basin. Similar sources of water (mountain-front 

recharge, infiltration through river beds, and ground-water inflow) contribute to the 

water in the southern part of the study area as well. The major ion compositions 

may be reflecting the different lithologic units in the basin fill. Dissolution of 

feldspars may be contributing calcium and magnesium to the ground water that 

results in a linear relationship of the relative cation content. Although the 

knowledge of the mineralogy of the basin-fill material is limited, it seems likely that 

the surrounding granitic mountains would contribute feldspars to the basin-fill 

material. Cation exchange reactions may be causing the linear relationship of the 

relative cation compositions between these sites. Cation exchange processes could 

result in the addition of calcium and magnesium ions to the ground water. This 

addition would change the relative percent of the cations and result in a linear trend 

in the lower left triangle of the trilinear diagram. Additional discussion of cation 

exchange processes is included below. Mixing of different water types in the study 

area would also be displayed as a linear relationship on the diagram. The linearity 

of the points would represent the mixing of two initial water types, represented by 

the points at the end of the line, to create a final water type that is a mixture of the 

two initial waters. 
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If mixing was occurring, a linear relationship of the points would be displayed 

in all portions of the trilinear diagram, and a relationship of the points along a 

ground-water gradient would be necessary. Neither of these conditions apply to the 

samples collected for this project. Dissolution of aquifer materials may explain the 

locations of some of the waters on these diagrams, but the linearity in the lower left 

triangle would require the dissolution of a mineral composed of equal amounts of 

calcium and magnesium. This possibility is unlikely due to the probable variability 

of the minerals in the basin fill. Various sources of recharge would be displayed by 

variations in all portions of the trilinear diagram. This variation is not discernible. 

It is probable that some chemical reactions would affect the water during and after 

recharge and eliminate the variability due solely to different sources. The 

elimination of these possibilities identifies cation exchange as the probable 

explanation of the linearity of these samples as displayed in Figures 7 and 8. 

In addition to the comparison of waters from the different geographical regions 

in the study area and the linear trend of the cations in the trilinear diagrams, the 

effect from salt is displayed in some of the water samples. A comparison of sites 10, 

15, and 19 in Figure 7 and sites 11 and 12 in Figure 9 identifies a similarity of the 

cation content of water from these sites. All of these samples have large percentages 

of sodium in the water. Sites 11 and 12 are samples collected closest to the salt 

deposit, and sites 10, 15, and 19 are located in the northern part of the study area 

near sites 11 and 12. This similarity of the cation content may be a reflection of salt 

on this ground water. Although the ground water at these sites was collected from 
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Figure 9. Trilinear diagram showing compositions of water from miscellaneous 
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depths above the location of the salt deposit, possible pathways exist for the salt to 

affect more shallow ground water in the study area. The most likely potential 

pathway is the pumping of deeper, more saline ground water to the surface for 

various purposes, followed by recharge of this water to the more shallow ground 

water in the study area. 

Outflow (18) from the 91st Avenue sewage treatment plant and shallow ground 

water (4) below the plant have major ion compositions displayed in Figure 10 that 

plot between the northern and southern waters (Figures 7 and 8) in the diamond 

portion of the trilinear diagram (Figure 10). Determination of these waters as 

northern or southern is difficult because this treatment facility receives sewage from 

the Phoenix metropolitan area which includes both northern and southern parts of 

the study area. Outflow from the plant (18) may represent a mixture of water types 

within the basin, thereby plotting between the northern and southern ground waters 

in the diamond portion of the diagram. Shallow ground water, approximately 6 m 

deep, collected from a dewatering well at the sewage treatment plant (4), has a 

composition similar to the outflow from the plant (18). If outflow discharged into 

an unlined canal is recharging the ground water in the vicinity near the plant, this 

similarity may indicate that plant operations are affecting shallow ground water near 

the plant. Ground water from a site down the hydraulic gradient (3), located 

approximately 0.8 km to the west of the plant and approximately 61 m below the 

surface, has a major ion composition similar to water from the southern part of the 

study area (Figure 8). This may indicate that outflow from the sewage treatment 
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plant is not affecting the major ion composition of ground water at this distance from 

the plant. 

Some waters are distinctive only in the lower right triangle of the trilinear 

diagram. Five samples have elevated sulfate concentrations (Figure 11) compared 

to the bulk of data displayed in Figures 7 and 8. Water that has elevated sulfate 

concentrations includes water from the deeper aquifer system (5), ground water near 

the feedlot (6,7), and ground water collected at cotton fields (14,16). The elevated 

sulfate concentration in water from the deep aquifer may be related to a hydrother-

mal system at depth. According to Brown and Pool (1989), the large sulfate values 

for ground waters in the study area may indicate the effects of irrigation return flow. 

The linear relationship of the cation content shown in Figure 11 may be due to the 

same causes as discussed above. 

Within the data collected for this project, there are some unique major ion 

compositions. Major ion compositions of ground water from the deep aquifer system 

and ground water in the region of the halite deposit are easily discernible on the 

trilinear diagram (Figure 10). Ground water from the deep aquifer system (5) is 

separated from other data in the lower right triangle and the diamond portion of the 

figure because of the large percentages of sodium and chloride in the water. Ground 

water in the region of the halite deposit (11,12) is distinctive in the lower left triangle 

because the anion content of the waters is predominantly chloride. These distinctive 

compositions may help to determine the extent to which ground-water quality in the 

region of the halite deposit is affected by salt. The major ion compositions in water 
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from the deep aquifer system are distinctive from the other waters collected for this 

project. Knowledge of the major ion composition of ground water from the deep 

aquifer system would be useful to identify mixing of ground water from the deep 

aquifer system with more shallow ground water, assuming mixing is a conservative 

process in this area. 

The major ion compositions of two samples collected from separate wells near 

the same feedlot (6,7) are different, although the available data indicate that the 

depths to water and well construction for the two wells are similar. The two sites are 

less than 480 m apart. One would expect similar major ion compositions for these 

two samples due to these similarities. Surprisingly, in all portions of the trilinear 

diagram (Figure 8), ground water at the feedlot (7) corresponds with the majority of 

the data, but ground water downgradient from the feedlot (6) is separate from all of 

the data in the diamond and lower left portion of the trilinear diagram. The 

difference in chemical composition downgradient from the feedlot (6) may be 

attributed to the construction of the well or the underlying lithology. Upward or 

downward movement of water within the annular spacing of the well or packing the 

well with local dolomitic rock may increase the percentage of calcium and 

magnesium in solution through dissolution or cation exchange. These possibilities 

would explain the position of this water on the trilinear diagram. Downward 

movement of water is disproved below in the discussion of the tritium analyses. The 

smaller length of open casing at site 6 collects ground water from a more restricted 

zone in the aquifer and may account for these chemical differences. Most wells in 



the study area have open casing for larger lengths which results in a mixture of 

waters from different depths of the aquifer. This may explain the uniformity of other 

samples in this data set. 

In addition to the use of the trilinear diagram, synthesis of the concentrations 

of major ions is a useful tool to identify areas with elevated concentrations relative 

to other ground water in the study area. Ground water in the southwestern part of 

the study area (6,7,8,9,14) has higher concentrations of calcium and magnesium than 

ground water in other parts of the study area (Figure 12). The elevated concentra

tions of these cations are the result of the lithologic material in the same region. 

The region of elevated concentrations coincides with an area of fine-grained deposits 

in the upper and middle basin-fill units. 

Cation exchange is a possible cause of the higher concentrations of calcium and 

magnesium in this area. This process may be described as calcium ions exchanging 

off a smectite clay material for other cations and magnesium ions exchanging off a 

montmorillonite clay material for other cations. Robertson (1991) identified cation 

exchange on these materials as an important process in some alluvial basins in 

southwest Arizona. The dissolution of feldspars and other aquifer materials that are 

likely constituents of the basin fill would also increase the concentrations of these 

cations in solution. This theory is refuted in the discussion of the trilinear diagrams 

presented above. Detailed knowledge of the mineralogy of the fine-grained material 

in this region of the study area, which is presently unavailable, would be required to 

prove or disprove these theories. 
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Field Parameters 

Temperature, dissolved oxygen, pH, and specific conductance of the water were 

monitored at the sampling location prior to collecting water for analyses to determine 

when the parameters had stabilized. Stabilization of the field measurements 

indicated that a representative sample could be collected. These monitoring data can 

also be used to describe the ground water. The water temperature measured in the 

deep aquifer system (5) was the highest measured (+45.6°C) during this project. 

This sampling located is in a region of a geothermal anomaly identified by Geldon 

and Ross (1981). Other wells completed at depths similar to the well tested have 

historically had elevated temperatures in relation to other ground water in the study 

area (Geldon and Ross, 1981). 

Dissolved oxygen measurements were made in the field when possible. At one 

location (1), it was not feasible to measure the dissolved oxygen due to a mechanical 

problem with the pump. In cases when this parameter was measured, all dissolved 

oxygen concentrations were >0.1 mg/L. Less oxygenated ground water with values 

from 0.2 to 1.2 mg/L was measured near the 91st Avenue sewage treatment plant 

(3,4), near the dairy sampling sites (2,9,8), outside the basin (17), and from the deep 

aquifer system (5). More oxygenated ground waters with values from 4.1 to 8.1 mg/L 

are located in the northern part of the study area (10,11,12,13,15), near the feedlot 

sampling site (6,7), and at the cotton field locations (14,16). All of the sewage 

treatment outflows and the irrigation return flows had high concentrations of 

dissolved oxygen due to exposure to the atmosphere. 
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No single explanation for the variability of the dissolved oxygen in the ground 

water is applicable. Historically, small dissolved oxygen concentrations in the ground 

water have been attributed to removal of oxygen by organic matter in the soil during 

infiltration of water to the aquifer (Winograd and Robertson, 1982). High dissolved 

oxygen concentrations in the ground water in arid environments have been linked by 

Winograd and Robertson (1982) to water recharged through arroyo bottoms which 

have little unoxidized soil organic matter, or older waters deposited during oxidizing 

conditions and continued exposure to oxidizing conditions through time. Introduction 

of air by turbine pumps that exist in most of the wells sampled for this project may 

explain some of the larger dissolved oxygen values as well. It is difficult to 

hypothesize which scenario explains each dissolved oxygen value for this project. 

Therefore, these data may be useful only on an individual site basis to explain 

specific scenarios of the evolution of the ground water. 

pH values of the ground water in the basin are generally close to 7.0. Similar 

to the major ion distribution, geographic differentiations of the waters into northern 

and southern groups can be made with the pH data (Figure 13). Ground water from 

the northern part of the study area has higher pH values (7.1-7.9 _+. 0.1) than water 

from the southern part of the study area (6.5-7.2 0.1). A high pH value (7.8 _+. 

0.1) was also measured in water from the deep aquifer. This variability may be the 

result of different sources of recharge or varying geochemical processes within the 

aquifer. The higher pH values in the northern part of the study area may be caused 

by chemical reactions between the ground water and the aquifer material. The 
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middle unit, which is commonly cemented by calcite (CaC03(s)), is thickest in the 

northern part of the study area. Because the depth to ground water is greater in the 

northern part and coincides with the middle unit, the CaC03(s) may be dissolved by 

the ground water, resulting in higher pH values. 

Measurement of specific conductance and total dissolved solids (TDS) in a water 

is important to many agricultural and human consumption uses. A linear relationship 

between the two measurements was defined by Hem (1985) for water from the Gila 

River near the study area; therefore, it is acceptable to describe the distribution of 

these parameters using only the TDS value. Specific conductance will be mentioned 

if similar distributions between the two parameters are not apparent. 

The general distribution of the TDS values is higher in ground water from the 

southern part of the study area in comparison to ground water from the northern 

part of the study area, excluding ground water in the region of the halite deposit. 

Findings from past investigations in the study area by Kister (1974) and Brown and 

Pool (1989) correspond with this pattern and identified a general decrease of TDS 

values in a northerly direction through the study area and dependence on the depth 

of the ground water. 

The high TDS values analyzed in ground water in the region of the halite 

deposit indicate that the ground water has been affected by salt possibly derived from 

the halite deposit. Ground water collected closest to the halite deposit (11,12) had 

the highest TDS values (41,900 and 55,000 mg/L, respectively) recorded for this 

project. The ground water may be affected by dissolution of the halite directly or by 
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saline water that was originally pumped from deep in the aquifer, at depths 

equivalent to the location of the salt, and applied to the surface where infiltration 

and recharge to more shallow ground water would be possible. Unexpectedly, 

ground water near the Luke Air Force Base sewage treatment plant (10,13) and 

surface water from the sewage treatment outflow (19), which is in the vicinity of the 

halite deposit, contained the smallest TDS values in the study area. Because of the 

close proximity of the sites and the similarities of other chemical (see major ion 

section) and isotopic parameters between sites 11 and 12 and 10, 13, and 19, it was 

expected that the TDS values would be similar. 

Nutrients 

Nutrients were analyzed to address the nitrate contamination objective of the 

main project. The results will be included here for completeness of the water 

chemistry information. The range of values for various carbon, nitrogen, and 

phosphorus species and possible explanations for these values will be included in this 

discussion. 

Dissolved and total organic carbon in the samples varied considerably between 

ground water and other types of samples. Ground waters contained low concentra

tions of organic carbon, primarily in the dissolved form. Lower concentrations of 

organic carbon are the result of adsorption of organic carbon onto a solid phase in 

the aquifer (Hem, 1985). High concentrations of both TOC and DOC were found 

in the sewage treatment outflow, irrigation return flow, leachates, and fertilizer 



samples, primarily as DOC. The organic matter in these samples is the source of the 

higher concentrations of organic carbon. 

Concentrations of dissolved and total ammonia, nitrite, and nitrate were 

determined to identify the species of nitrogen in the water. In general, ground water 

in this study area has low ammonia concentrations (<0.18 mg/L as N). The highest 

ammonia concentrations (0.96 and 1.0 mg/L) were measured in ground water 

collected closest to the halite deposit (11,12). Sewage treatment outflows, irrigation 

return flows, leachates, and the fertilizer have the highest levels (4.6 to 117,000 mg/L 

as N) of ammonia, primarily occurring as dissolved ammonia. 

Within the study area, nitrogen in the ground water primarily occurs in the form 

of nitrate, even where nitrite was measurable. The primary drinking water standard 

for the maximum contaminant level (MCL) for nitrate is 10 mg/L as nitrogen (U.S. 

Environmental Protection Agency, 1991). Of the 13 ground-water samples collected 

near suspected sources of nitrate within the study area, five have concentrations over 

this limit (6,7,8,9,14). Of these five, four of the samples were collected from wells 

at or near feedlot and dairy operations, and one was collected from a well at a cotton 

field. 

Concentrations of dissolved and total phosphorus and orthophosphate were 

evaluated as indicators of some suspected sources of nitrate. Concentrations of 

phosphorus and orthophosphate in the ground water are generally non-detectable 

(<0.01 mg/L as P) within the study area. Measurable concentrations were detected 

in ground water at the 91st Avenue sewage treatment plant (4). Outflows from both 
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sewage treatment plant sampling sites contain moderate amounts of phosphorus and 

orthophosphate that may be from detergents (McCarty et al., 1970). The presence 

of these components in the outflow may be related to the amount present in the 

ground water at the 91st Avenue sewage treatment plant. Additional chemical and 

isotopic parameters discussed below also relate the outflow and ground water at this 

site. High concentrations of phosphorus and orthophosphate were also detected in 

the manure leachate and fertilizer samples for this project. Higher concentrations 

in the manure leachates are expected because phosphorus has been analyzed in 

animal waste (McCarty et al., 1970). The presence of phosphorus in the fertilizer 

was expected because many crops require this element as a primary nutrient for 

adequate growth of crops. 

Metals and Metalloids 

Dissolved forms of several metals and metalloids were analyzed to better 

characterize the ground-water type in addition to determining any chemical 

relationships with nitrate. Some of the metals analyzed did not have concentrations 

higher than the detection limit of the analyses. Metals that had detectable 

concentrations displayed localized regions with elevated concentrations of some 

metals and extremely high concentrations of some metals in ground water from the 

deep aquifer system and ground water in the region of the halite deposit. 

Concentrations of strontium (>3,700 mg/L) and boron (>790 mg/L) are high 

in ground water from the southwestern part of the study area in comparison to other 



ground water in the study area (Figure 14). The highest concentrations of these 

metals in samples for this project occur specifically in the southwest portion of the 

study area. This region coincides with an area identified by Brown and Pool (1989) 

where the middle unit of the basin fill is less than 20% sand and gravel. If this fine

grained material is composed of clay minerals, it is possible that strontium is present 

in the clay structures and is available for cation exchange processes. If strontium is 

available in the solid material to exchange with other cations in the ground water, 

it is plausible that the increased strontium concentrations in this region of the study 

area are the result of cation exchange. The hypothesis that cation exchange is taking 

place in this region of the study area is also discussed in the major ion section of this 

thesis to explain the higher concentrations of calcium in the ground water. The 

strontium available for cation exchange in this region may be originally derived from 

the halite deposit. This relationship is displayed in the 87Sr/86Sr ratios discussed 

below. It is possible that, through time, strontium from the halite deposit had 

exchanged onto the clay material in the southern part of the study area and is now 

available for exchange off of these sites. The 87Sr/86Sr values presented below 

support this theory. The limited data set included in this thesis does not allow for 

a complete theory to be proven here; however, additional data of the composition 

of the halite deposit and the fine-grained material would help to prove or disprove 

this theory. 

The elevated concentrations of boron in this region cannot be explained by 

cation exchange. Boron may be derived from the dissolution of local evaporite 
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deposits in the area, but no such deposits have been identified in this area by 

previous investigators (Brown and Pool, 1989). Boron may have been concentrated 

in the fine-grained material (evaporitic clay material) during deposition (Goldschmidt 

and Peters, 1932) and may presently be a source of boron to the ground water in the 

region of the fine-grained deposits. A boron-rich source would also add boron to the 

ground water through dissolution, if such a deposit was located in this part of the 

study area. As was stated above, knowledge of the mineralogy of the fine-grained 

material is critical to a better understanding of the source of these higher concentra

tions. 

Ground water collected from the deep aquifer system (5) has the highest levels 

of arsenic (120 jug/L), lithium (440 fxg/L), molybdenum (280 ng/L), and vanadium 

(140 Mg/L) in the data obtained for this project, excluding ground water in the region 

of the halite deposit. The boron concentration (3,500 ng/h) in this ground water is 

the second highest concentration in the data collected for this project. The elevated 

temperature and high concentrations of these metals may identify a hydrothermal 

system at depth at this sampling location (Hem, 1985). High concentrations of boron 

could also be the result of the dissolution of presently unknown evaporite deposits 

present at greater depths in the basin fill (Robertson, 1991). Although the lithium 

concentration is elevated in relation to other ground water in the study area, it is not 

as high as expected for hydrothermal waters which usually contain 2.0 to 5.0 mg/L 

(Hem, 1985). 
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Ground water collected in the region of the halite deposit (11,12) has higher 

concentrations of aluminum (400 and 40 |xg/L), barium (3,600 and 4,000 /ig/L), 

lithium (6000 fig/L), iron (390 and 550 /ig/L), manganese (110 and 130 jug/L), 

strontium (74,000 and 130,000 ng/L), vanadium (310 and 430 ng/L), and zinc (60 

and 150 ng/L) in comparison to these components in other ground water collected 

for this project. Effects from salt may account for the high barium, lithium, iron, and 

strontium concentrations. The ground water in this area may be affected by salt in 

recharge water originally derived from deeper water in contact with the salt deposit. 

Ground water at these sites (11,12) has low sulfate concentrations (20 and 140 fi g/L, 

respectively) that may be explained by Hem (1985), who related high barium 

concentrations to sulfate reduction near brines. High concentrations of lithium may 

be originally derived from the halite deposit (Hem, 1985). High iron concentrations 

may be the result of deteriorating casing within the well at these sites indicated by 

the high TDS values of this ground water (Hem, 1985). Ground water in the region 

of the halite deposit (11,12) has the highest strontium concentration of all the ground 

water collected for this project. The elements in this region that have elevated 

concentrations may indicate that the ground water at sites 11 and 12 is affected by 

salt originally derived from the halite deposit, pumped to the surface, and transported 

by recharge to the ground water in the region near the halite deposit. 
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Isotonic Distribution 

Discussion of the isotopic distribution of waters within the western part of the 

Salt River Valley will include SD, <5180, 3H, 87Sr/86Sr, S1Li, and <5nB. Although 615N 

and analyses were done on these samples, only these six isotopic ratios will be 

included in this discussion. Data for the isotopes discussed in this thesis are included 

in Appendix C. 

Hydrogen and Oxygen 

Distributions of SD and <S180 are displayed in Figure 15. Included in this figure 

are both surface and ground-water data obtained for this project and data collected 

by another investigator (Tyler Coplen, Oral Communication, 1992). At the present 

time, no one has published a local meteoric water line based on data available for 

the Salt River Valley basin; therefore, the global meteoric water line (GMWL) is 

included as a reference. The equation used for this relationship is (Craig, 1961): 

6D = 85180 + 10 (per mil) 

<SD and 6180 values for the Salt River near Roosevelt Lake analyzed by Tyler Coplen 

(Oral Communication, 1992) (Table 2) are also included in Figure 15 to aid in the 

interpretation. 



-78-

Global Meteoric Water Line 

Northern sampling locations 

Southern sampling locations 

Salt River samples 

-10.7 -10.4 -10.1 -9.8 -9.5 -9.2 -8.9 -8.6 

5lsO 

-8.3 

Figure 15. 8D and 8lsO compositions in ground water and surface 
water, 1990. 

EXPLANATION 

• Northern sites with 
2 site number 

a Southern sites with 
8 site number 

x Miscellaneous sites 
5 with site number 

— Global Mean Water 
Line (Craig, 1961) 

-7.7 

00 



85 

Table 2. fi2H and £180 Data for the Salt River Near Roosevelt Lake (Coplen, 
Oral Communication, 1992). 

Date S2  H 6180 

12/30/86 -73.0 -10.55 

2/24/87 -72.0 -9.95 

8/18/87 -75.0 -10.65 

The ranges of isotopic values for surface and ground water collected for this 

project are -76.5 to -63.0 °/OQ for <5D and -10.45 to -8.15 °/OQ for <SlsO. The lightest 

values collected for this project were analyzed in ground water from the well that 

penetrates the deep aquifer (5), which may be affected by a hydrothermal system at 

depth. The heaviest <5D and <S180 values were analyzed in irrigation return flow from 

a cotton field (20), possibly affected by evaporation. 

The majority of the data can be separated into two groups identified by the 

geographical locations of the sampling sites. Ground water and surface water from 

the northern part of the study area can be distinguished from ground water and 

surface water in the southern part of the study area by using the 6D and 5180 data 

collected for this project. The northern group of data lies along a general 

ground-water gradient from north to south, and the <5D and S180 values generally 

become heavier in a downgradient direction along this flowpath. The southern group 

of data lies along a general ground-water gradient from southeast to southwest. 

Similar to the 5D and <S180 data for the northern sites, the isotopic values generally 

become heavier down this gradient. 



Data from the Salt River (Tyler Coplen, Oral Communication, 1992) are 

included with the southern data because the river is located in the southern part of 

the basin and may be a significant source of recharge for ground water in that area. 

Possible sources of recharge in the southern part of the study area include (1) surface 

water from the Salt River, (2) irrigation return flow, or (3) canal water. If recharge 

from these sources is occurring without chemical reactions or mixing that affect the 

<SD and <S180 content, and if the local precipitation has <SD and <SlsO values that lie 

along the GMWL, it is plausible to interpret that the positions of the SD and <S180 

data for this project indicate that evaporation may be affecting the water prior to or 

during recharge to the ground water (Gat and Gonfiantini, 1981). The <SD and <5180 

values of the waters for this project generally become heavier for sites located down 

the general ground-water gradient and may indicate that evaporation is occurring 

during the water's movement through the study area. 

The separation of these two groups of data may indicate that there are different 

sources of water for each geographical region; however, determining these sources 

may be difficult with these data alone. 6D and S180 data for local precipitation 

would be a useful tool to identify if recharge to the aquifer was derived from local 

precipitation or if evaporation is affecting the 5D and S180 values of water 

recharging the aquifer or if local precipitation defines a local meteoric water line 

significantly different from the GMWL. Because isotopic data for precipitation in 

the area are not available, information from previous investigations must be used to 

identify areas of ground-water recharge. In general, Brown and Pool (1989) 
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identified the mountain fronts and river bottoms as locations of ground-water 

recharge in the study area. Using this information, the source of recharge for ground 

water in the northern part of the study area may be mountain-front recharge from 

the Hedgpeth Hills, Hieroglyphic, or White Tank mountains or recharge through the 

bottom of the Agua Fria River, and the source of recharge for ground water in the 

southern part of the study area may be mountain-front recharge from South 

Mountain or the Sierra Estrellas or recharge through the bottom of the Salt and/or 

Gila rivers. Inflow of ground water from outside the basin may also be a source of 

ground water in the study area. Irrigation in the southwestern part of the study area 

may also be recharging the aquifer. This activity would increase the possibility of 

evaporation, which would result in heavier 6D and <5180 values for ground-water 

recharge in that part of the study area. 

Headwaters for two major rivers that enter the study area and that account for 

some ground-water recharge are located in areas with different elevations which may 

explain the variation in the fiD and $180 values between the two groups of data for 

this project. Precipitation at the headwaters for the Agua Fria River, which are 

located at a lower elevation than the headwaters of the Salt River, should have 

heavier 6D and 6180 values than precipitation at the headwaters of the Salt River. 

This is related to a fractionation process that preferentially removes the heavier 

isotope during condensation of water vapor in the clouds (Gat and Gonfiantini, 

1981). This difference may explain variation in the <SD and <5180 values that 
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distinguish waters in the northern part of the basin from waters in the southern part 

of the basin. 

Tritium 

Tritium (3H) concentrations were analyzed to approximate the ages of ground 

water within the basin. This information may help to better differentiate waters in 

the study area. Most of the ground water contained concentrations of tritium > 2.5 

tritium units (TU), indicating that this ground water contains a large volume percent 

of water which was exposed to the atmosphere between 1960 and 1965. A few 

ground-water samples contain small amount of 3H (<1.4TU) (5,10,11,12,15,17). 

These ground waters either have not been exposed to the atmosphere since the 1950s 

or contain a small volume percent that is recent water. The lower concentrations of 

3H were measured in ground water from the deep aquifer system (5), ground water 

from a well at the Luke Air Force Base sewage treatment plant (10), ground water 

in the region of the halite deposit (11,12), ground water collected from a well at a 

citrus grove (15), and ground water from outside the basin (17). Most of these sites 

(10,11,12,15) are located in the northern part of the basin. From these data, it is 

appropriate to interpret that, in general, ground water in the northern part of the 

study area contains less 3H and has not been exposed to the atmosphere as recently 

as ground water from the southern part of the study area (Figure 16). The cause of 

elevated 3H concentrations in ground water from the southern part of the study area 
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may be indicative of contributions from irrigation water and recent river recharge to 

the ground water in this part of the study area. 

A few outliers of high 3H concentrations exist within the northern group of data. 

Ground water down the hydraulic gradient from the Luke Air Force Base sewage 

treatment plant (13) and ground water at the cotton field (14) have more tritium 

than other water in the northern part of the study area. Ground water near the 

sewage treatment plant (13) may be affected by recently recharged water from the 

Agua Fria River or downward drainage through the annular space within the well. 

Ground water from the cotton field (14) may be affected by recharge from irrigation 

activities in the area or downward drainage through the annular space in the well. 

In addition to identifying differences in ground water from large regions within 

the study area, 3H concentrations also identify differences in ground water at a single 

sampling location. The two wells associated with the feedlot (6,7) discussed 

previously in the major ion section have dissimilar 3H values. The two wells (6,7) 

have similar construction and are in close proximity to one another; however, ground 

water from the well located downgradient from the feedlot (6) has a lower 3H 

concentration (2.5 TU) than ground water collected from the well located at the 

feedlot (7) (8.6 TU). Previous discussions in this thesis regarding possible 

explanations of the different major ion compositions in ground water from these two 

wells included the possibility that downward drainage within the annular space of the 

well is occurring at the well downgradient from the feedlot (6). If downward 

drainage is occurring, the 3H concentrations would be higher in ground water from 
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the well downgradient from the feedlot (6) in comparison to 3H concentrations in 

ground water collected at the feedlot (7). These 3H data collected for this project 

do not indicate that downward drainage is occurring in the well downgradient from 

the feedlot. Another scenario presented above must account for the differences 

between ground water from these two wells. Because ground water at site 6 is from 

a limited zone of the aquifer (casing openings 49-87 m), the well may not remove 

water that has a higher percentage of recent water from the aquifer. This difference 

may be the best explanation of the varying 3H concentrations at these sites and helps 

to support the theory that the casing openings are the cause of the different 

compositions of waters from sites 6 and 7. 

Strontium 

The strontium isotopic distribution is similar to the <SD and <S180 values in that 

it is possible to delineate ground water from different regions within the basin. The 

range in ^Sr/^Sr for water, fertilizer, and leachate samples is 0.7059 to 0.7134. A 

differentiation between ground water from the northern and southern parts of the 

study area is displayed in a plot of strontium concentration versus 87Sr/86Sr values 

(Figure 17). The identification of a sample location as northern or southern is 

identical to that used in previous discussions in this thesis. In addition to a 

geographical separation of the ^Sr/^Sr values, there appears to be higher strontium 

concentrations in the southwestern end of the study area. The possible causes of 

these elevated concentrations are discussed above in the metals section. 
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Ground water from the northern part of the study area in a general downgradi-

ent direction along the western edge has a relatively constant ̂ Sr/^Sr value of about 

0.7090. Ground water along the southern edge of the study area has a gradual 

change in 87Sr/86Sr values from 0.7125 in the eastern part of the study area, which 

reflects more radiogenic material, to 0.7090 in the western part of the study area, 

which reflects less radiogenic material. The gradual change of 87Sr/86Sr values in 

ground water along the southern edge may be the result of a source of strontium in 

the fine-grained material in the southwestern part of the basin. Because the 

concentration of strontium increases and the ^Sr/^Sr values are uniform in this 

region of the study area, it seems likely that the additional strontium is composed of 

a different ^Sr/^Sr composition that is controlling the isotopic signature in the 

ground water. The source of less radiogenic strontium in this area may be (1) less 

radiogenic strontium in the basin-fill material in the southwestern part of the basin 

that is available for dissolution, or (2) less radiogenic strontium available for cation 

exchange from the fine-grained material. 

The first possible source listed above would require a strontium-rich source that 

is available for dissolution with a ^Sr/^Sr composition of about 0.709, the value 

measured in the ground water. If the lateral extent of the salt body extends to this 

location and the salt has a ^Sr/^Sr value of 0.709, the halite deposit may be the 

source of strontium; however, to be present in the more shallow ground water, 

ground water with strontium that originated from depths closer to the halite deposit 

would have to be available for recharge. Although the 87Sr/86Sr value of ground 



water collected closest to the halite deposit (11,12) is in the correct range (0.7089 

and 0.7091) to support this theory, previous investigations (Eaton, 1972) have not 

located the halite deposit in this region of the study area. 

An alternate explanation for the strontium distribution is cation exchange 

processes that involve strontium in the region of fine-grained material. Because the 

87Sr/86Sr value in this region is similar to those values analyzed in ground water 

collected closest to the halite deposit (11,12), it seems likely that the original source 

of strontium in the southwestern part of the study area is the halite deposit. To 

support the theory of cation exchange, the pathway of strontium from the halite 

deposit to the shallow ground water would require strontium from the halite deposit 

to exchange onto the fine-grained material through time. This strontium, with a 

^Sr/^Sr signature of 0.709, would presently be available to exchange off of the fine

grained material and enter the ground water. The result of this scenario would 

include ground water in the area with higher concentrations of strontium that had 

^Sr/^Sr values of 0.709. Additional information about the composition of the halite 

deposit and the composition of the fine-grained material is necessary to support this 

theory. ^Sr/^Sr values for ground water in other parts of the study area would also 

identify whether the ̂ Sr/^Sr value of the ground water collected closest to the halite 

deposit is distinctive for the study area and could be used as an identifier of water 

affected by the halite deposit. 

The large strontium isotopic difference for water collected in the eastern (3,4) 

and northern (10,13) parts of the basin may be related to (1) varying origins of the 
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water, or (2) differing aquifer matrix materials. The origins of the water in the 

northern and southern parts of the study area are different. In the northern part of 

the study area, recharge may occur as mountain-front recharge from mountains in the 

northern part of the study area, or as infiltration through the bottom of the Agua 

Fria River and other small streambeds in that part of the study area. The Agua Fria 

River and ground-water inflow to the northern part of the study area origniate 

outside the area and may have 87Sr/86Sr values that affect the ^Sr/^Sr value in 

ground water from that part of the study area. In the southern part of the study 

area, recharge may occur as mountain-front recharge from mountains in the southern 

part of the study area, or as infiltration through the river beds of the Salt and Gila 

rivers. The Salt River and ground-water inflow to the southeastern part of the study 

area originate outside the study area and may result in the 87Sr/86Sr value for ground 

water in this part of the study area. These sources may also affect the strontium 

distribution in the ground water in this area. It seems unlikely that local recharge 

is the cause of the different ^Sr/^Sr values in the northern and southeastern parts 

of the study area because the crystalline rock material that surrounds the study area 

is generally uniform, which would result in a uniform source of strontium in the basin 

fill and a uniform isotopic composition in the ground water. Local recharge would 

be uniform in these conditions; therefore, different origins of the river water and 

ground-water inflow to the study area are better explanations for the strontium 

isotopic differences between the northern and southeastern parts of the study area. 



Geochemical reactions in the basin fill are likely controls on the compositions 

of ground water in the study area and would mask the strontium isotopic content of 

the sources of ground water. This would identify differing aquifer material as the 

likely cause of the different 87Sr/MSr values in water from the eastern and northern 

parts of the study area. From the discussion above regarding the possibility of cation 

exchange and the strong influence of strontium originally derived from the halite 

deposit in the ground water, it is likely that the differences are due to these processes 

and sources of strontium. Additional 87Sr/86Sr data for other portions of the study 

area are critical to determine the variability of the ^Sr/^Sr values throughout the 

study area. This information would support or refute the theories presented here 

that are based on a limited amount of data. 

^Sr/^Sr compositions in ground water sampled for this project are valuable in 

determining general ground-water flowpaths in the study area, differentiating regions 

of ground water, and identifying water affected by salt from the halite deposit. 

Determining flowpaths of the ground water may be useful to determine the flowpath 

of the nitrate in the ground water and to determine the influence of salt on ground 

water in the study area. Identification of regions of different water may also be 

helpful to explain the nitrate distribution in the ground water in the study area. 

Because the ^Sr/^Sr values are controlled by the aquifer material, they may not be 

a good identifier of nitrate from different sources. Unlike some of the other isotopic 

distributions discussed below, strontium isotopic characteristics are extremely 
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dependent on the aquifer material. Identifying nitrate from a specific source may not 

be as successful with this isotopic tool as the others described in this thesis. 

lithium 

The measurements of S1Li compositions were analyzed in samples for this 

project because lithium is considered to be a conservative element that would not be 

affected by reactions in the aquifer or during recharge. It was thought that, if the 

<S7U compositions were different for different nitrate sources, then the nitrate from 

those sources could be identified. Some of the S7Ii values (1) identify relationships 

for some groups of samples, (2) are distinctive for some sources of nitrate, and (3) 

are unique within the sample set. The range in the 57U values for water, fertilizer, 

and manure leachate samples is from -17.6 to +19.2 °/00. The precision of the 57Li 

values in this thesis is, in general, 1 0/oo. 

The lithium isotopic data do not distinguish as clearly between waters from the 

northern and southern parts of the study area (Figure 18) as other isotopes and some 

of the general chemical characteristics discussed above. In Figure 18, the northern 

sites have, in general, smaller concentrations of lithium. The <S7li values do not vary 

for different geographic regions, but when plotted with the lithium concentrations, 

a region for the northern and southern groups is displayed. The reason for this is 

unclear. This relationship may simply be a characteristic of this data set. Additional 

data would clarify whether this relationship was unique to this data set or if different 

lithium sources existed in the study area. 
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In general, the lighter 57Li values in this data set occur in the sewage treatment 

outflows (18,19). The lightest S1Li values (-5.3, -17.6 °/OQ) were analyzed in outflow 

from both sewage treatment plants (18,19). Ground water collected at the sewage 

treatment plants (4,3 and 10,13) display some relationship to the outflow. For both 

sewage treatment plant locations, as the distance from the plant increases, the 67Li 

values are heavier. Shallow ground water collected from wells on the sewage 

treatment plant property (4,10) have lighter <S7Li values (-2.0 and +2.5 °/00) than 

most of the ground water collected for this project. These <57Li values may represent 

effects from outflow that has recharged the local ground water or may simply be the 

result of the local hydrologic environment. Ground water collected from wells 

located downgradient from the plant (3,13) has heavier values than either the outflow 

or ground water closer to the plant. The 57Li values for these downgradient samples 

are not distinctive from most of the water collected for this project. The gradual 

change in the fi7Li values may be the result of mixing of sewage outflow with 

background ground water in the aquifer. 

The reason for the uniqueness of the 57Li values in the sewage outflow is 

unclear. The possibilities are (1) a source of lithium is added during the treatment 

process, (2) the isotopic composition of lithium is changed during the treatment 

process, and (3) the inflow to the sewage treatment plant contains lighter lithium. 

Because the <S7Li values in groundwater sampled for this project lie within a range 

of +2.5 to +20 °/00, and the ground water is the major source of water for the 

population in the study area, it seems unlikely that the inflow would be significantly 
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different than ground water in the study area. Although no known lithium is added 

during the treatment process, it is possible that additional lithium with a different 

$7Ii value takes place. No known fractionation processes of lithium would be taking 

place during the treatment process,; however, there is not enough evidence to 

support or refute this theory. It is critical that additional knowledge of the effect of 

the treatment process on lithium is collected to identify the cause of the lighter 57Li 

values in sewage treatment outflow. It is important to recognize the possible 

application of <57Li values as indicators of nitrate originating from sewage treatment 

outflows as displayed in these data. 

For dairy and feedlot sampling locations where both ground water and manure 

were collected, a relationship exists between the <S7Li values for the manure leachate 

and the ground water. For each of these sites, the leachates derived from the 

manure have a heavier 61Li value than the ground water associated with that site. 

For example, leachate from manure collected at the feedlot (24) has the heaviest 

<57Li value measured for this project (+19.2 °/oo)» an(* ground waters near the feedlot 

(6,7) have <57Li values of +1.0 and +14.9 °/OQ. The reason for this difference is 

unclear; however, it may imply that (1) the sources of ground water do not come into 

contact with manure at these sites and background lithium controls the 57Li value, 

or (2) that some process is occurring within the aquifer or the unsaturated zone, 

which alters the fi7Li value. 

The 67Li values in ground water in the region of the halite deposit may reflect 

the influence of salt on the ground-water quality, which corresponds with data 
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presented in the major ion section of this thesis and by previous investigators (Eaton 

et al., 1972; Kister, 1974; Brown and Pool, 1989). This effect is displayed in the S7Li 

and <S180 values for surface and ground water (Figure 19). 57Li and SlsO values for 

ground water collected closest to the halite deposit (11,12) and near the Luke Air 

Force Base sewage treatment plant (10,13) are similar. Ground water collected 

closest to the halite deposit (11,12) has s\i values of +2.9 and +11.9 °/oo and <5180 

values of -9.6 and -9.2 °/Q0, and ground water at the Luke Air Force Base sewage 

treatment plant (10,13) has <S7Ii values of +2.5 and +10 °/OQ and oxygen isotopic 

values of -9.6 and -9.05 °/0Q. The cation contents of these four ground-water samples 

are displayed in trilinear diagrams (Figures 17 and 11) in the major ion section of 

this thesis. These diagrams display similar cation content distributions for these 

samples and are additional evidence of the similarity between these samples. The 

similarity in the cation content and the ^Sr/^Sr values discussed above support the 

isotopic evidence presented here. 

From the lithium isotopic data presented here, it is apparent that the <S7Li values 

identify some sources of nitrate and are useful to identify the effects from salt. 

These data may be most useful in identifying the effects of sewage treatment outflow 

and manure leachates on the ground water in the study area. Light <S7Li values in 

sewage treatment plant outflow and the relationship between the ground water and 

the outflow is evidence of the usefulness of 67Li values as identifiers of sewage in 

ground water. The heavy <S7Li values in the manure leachate samples and the 

relationship between the leachates and the ground water from the same site may be 
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a useful parameter to identify the effects of manure on ground water. Additional 

data will help to clarify the importance of these S111 values as indicators of some 

sources of nitrate. 

Boron 

Isotopic ratios of boron were determined for samples in this project to 

distinguish between water containing nitrate from various sources, because it is 

suspected that boron occurs with nitrate in some anthropogenic sources (Bassett, 

1990). Because boron is considered to be a conservative element, it was believed 

that boron would identify boron from a specific source, if a difference in the <5nB 

values between the source and the ground water existed. If the source was a specific 

source of nitrate, the source of nitrate would be identified. The range of values of 

the <SnB values is -14.1 to +47.3 °/OQ for samples collected for this project. The 

precision of these values is, in general, less than 0.5 °/00 for most of the analyses. 

These data are mean values based on multiple analyses. The «5nB values proved to 

be useful to identify some nitrate sources in the study area, although a regional 

relationship between <5nB values and boron concentrations is not apparent (Figure 

20). 

Ground water from the deep aquifer system (5) and near the feedlot sampling 

location (6) had the lightest (-14.1 °/oo) a"d heaviest (+47.3 °/oo) values, respectively. 

Ground water from the deep aquifer system (5) has a <SnB value within the range of 

non-marine evaporite deposits (-31 to +7 °/oo) tabulated by Bassett (1990). <5nB 
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values presented by Bassett (1990) for Japanese hot springs which represent geother-

mal systems are heavier (+9.5 to +12 °/oo) than <5nB values for ground water from 

site 5. Other investigators found that thermal waters in Yellowstone National Park 

contain 6nB values of -9.3 to + 4.4 °/00 (Palmer and Sturchio, 1990). Information in 

the review by Bassett (1990) contradicts previous interpretations in this thesis of a 

hydrothermal system at this sampling site; however, the values analyzed at 

Yellowstone support the theory of a thermal system at depth. Additional data will 

help to better determine whether a hydrothermal system is affecting the deep aquifer 

system in the study area. 

The heaviest 5nB value for this project was measured in ground water near the 

feedlot sampling location (6). This <SnB value is similar to 5UB values of sea water 

(Bassett, 1990). An explanation for this anomaly within the data set is not apparent; 

however, in a previous study conducted near El Paso, Texas, contaminated ground 

water was sampled that had similar 6nB values (+44 + /- 1.5) (Buszka and Bassett, 

1991). Ground water from the feedlot sampling location (6) was collected again in 

1991 and is currently being re-analyzed to check the precision of the value. Marine 

evaporite deposits may be present at depth and affecting the <5nB values; however, 

past research in the study area has not located any marine deposits in the alluvial 

material (Brown and Pool, 1989). 

The <5nB value measured in ground water downgradient from the feedlot (6) is 

different than the <SnB value measured in ground water at the feedlot (7), although 

the wells are completed at approximately the same depth and are geographically 
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close. This difference is similar to other differences between ground water from 

these wells discussed above in this thesis. Ground water collected at the feedlot (7) 

contains the highest concentration of boron (4,900 fig/L) in the data obtained for this 

project and a 6nB value (+3.8 °/oo) similar to the bulk of the data for this project. 

Ground water collected near the feedlot (6) contains more boron (2,700 /ig/L) than 

a majority of the data; however, the 6nB value (+47.3 °/ao) is heavier than any <5nB 

value obtained for this project. The explanation for these differences is not certain; 

however, the depth and length of the casing openings in the well located off the 

property (6) may account for the differences. This theory is proposed in the major 

ion section. 

<5nB values of water in the region of the halite deposit are similar to each other, 

but different from most of the data obtained for this project. Ground water near the 

Luke Air Force Base sewage treatment plant (10) and outflow from the plant (19) 

have <SnB values of -2.4 °/OQ and +1.1 °/00, respectively, which are similar to SnB 

values measured in ground water collected closest to the halite deposit at sites 11 

and 12 (+0.7 and +1.2 °/oo). Data presented in this thesis and by previous 

investigators (Eaton et al., 1972; Kister, 1974; Brown and Pool, 1989) identify effects 

from salt on nearby ground-water quality. As discussed above, the pathway of higher 

salinity water to the more shallow ground water in the region of the halite deposit 

is likely the result of the recharge of water originally derived from ground water 

present in the aquifer at a depth similar to the halite deposit. The light <SnB values 

in these samples are different from most of the ground water in the study area, which 
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is evidence that water at these sites is unique from other ground water in the study 

area. Additional data to determine the range of 5nB values for ground water in the 

study area are necessary to determine the uniqueness of the <SnB values in the region 

of the halite deposit. 

Concentrations of boron and <5NB values in ground water (2,4) and outflow (18) 

at the 91st Avenue sewage treatment plant are linearly related (Figure 20). For sites 

near this sewage treatment plant, the boron concentrations increase from 570 to 990 

jug/L, and the 5NB values increase from +5.5 to +28 0/oo, as the distance from the 

plant increases along the general ground-water flowpath. This may be evidence that 

the ground-water composition changes as ground water flows along the general 

flowpath near the plant. This interpretation of 6NB values is supported by 

interpretations of the samples made with the major ion distribution and the <S7Li 

values discussed above. The <SNB value in the outflow from the 91st Avenue sewage 

treatment plant (+5.5 °/Q^ may be the result of detergents containing boron in the 

sewage that have a lighter 6NB signature than boron in ground water from the study 

area. The increase of the <5NB values down the ground-water gradient away from the 

plant (3,4) may be the result of mixing with background water. Although the boron 

concentration in the sewage outflow (18) is lower (350 ng/L) than nearby ground 

water (3,4) (990 and 720 ng/L,), the <SNB value distinguishes boron in the sewage 

outflow from boron in the ground water in the study area. Concentrations of boron 

in these samples would not identify this difference. These interpretations indicate 

that <SNB values in the sewage outflow vary from the local ground water so that 
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detection of sewage outflow in ground water may be accomplished using this type of 

data. 

From these data, it appears that <5nB values are useful to identify ground water 

in the region of the halite deposit and water affected by sewage outflow. Because 

effects from salt in the region of the halite deposit appear to control the isotopic 

composition of boron in the water, it is impossible to identify the effects of sewage 

in the <5nB values in water collected at the Luke Air Force Base sewage treatment 

plant. The <5UB values of water from sites 10,11,12, and 19 help to characterize 

water affected by salt from the halite deposit, but do not identify the effects from 

sewage outflow. 5nB values from ground water at sites associated with the 91st 

Avenue sewage treatment plant are useful indicators of sewage-affected water. These 

relationships between <SnB and the salt and 5nB values and the sewage may help to 

identify nitrate from these sources. Additional data will help to prove or disprove 

the applicability of <SnB values as identification tools for nitrate from these sources. 
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CHAPTER 6 

CONCLUSIONS 

Chemical and isotopic compositions were used in this project to characterize 

ground water in the western part of the Salt River Valley and to evaluate the 

applicability of strontium, lithium, and boron isotopes as indicators of various nitrate 

sources. This chapter summarizes the research presented in this thesis and includes 

recommendations for future work related to the characterization of ground water in 

this study area. 

Summary 

(1) Geographical differentiations of the water collected for this project 

were displayed in the major ion compositions and pH, TDS, 3H, 6D, 

518Of ^Sr/^Sr, and S7Ii data. These differentiations grouped the 

waters by geographical regions within the study area. Waters from 

northern and southern parts of the study area were distinguished. 

In general, the major ion compositions identified water in the northern part 

of the study area as more homogeneous than water from the southern part. Water 

collected at the 91st Avenue sewage treatment plant appeared to be a mixture of 

water from these different regions. Specifically, the major ion compositions display 

(1) a difference in the anion content in the different regions, and (2) a relationship 

of the cation content that may represent cation exchange as an important geochemi-

cal process controlling the chemical and isotopic composition of the ground water in 
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the study area. The different relative anion compositions are likely the result of 

more CaC03 in the aquifer material in the northern part of the study area. The 

cation exchange processes are displayed as a linear relationship of the cation content 

in the water. 

The pH, TDS, and 3H data are also distinctive for each geographical group 

of the data. pH values are higher in the northern part of the study area, possibly due 

to CaC03 in the aquifer materials. TDS values are generally higher in the southern 

part of the study area, excluding the region near the halite deposit. 3H values are 

generally greater in water from the southern part of the study area, indicating that 

water in this area contains a larger percent of more recent water. The difference in 

both the TDS and the 3H data may be the result of more irrigation water recharging 

the ground water in the southern part of the study area. 

SD and <S180 values for water from different geographical regions in the study 

area (northern and southern) are separated in this data set. These data may indicate 

that two different sources of ground water supply water to the study area. These 

different sources may be the northern and southern rivers. The two groups of 

isotopic values correlate with the different elevations of the headwaters of these river 

systems. Other water sources (mountain-front recharge, recharge from irrigation, and 

local streambed recharge) are also plausible sources of water that may explain the 

two groups of isotopic values in the study area. 

87Sr/86Sr values are different for water from different geographical regions in 

the study area. The various sources of water in the study area may be the cause of 
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the distinctive values in water from the southeastern and northern parts of the study 

area. It is more likely that the distinctive isotopic values for each area are due to the 

basin-fill material. Effects from salt originally derived from the halite deposit may 

be the cause of the constant and distinctive ^Sr/^Sr values for ground water along 

the western edge of the study area from the northern to southern parts of the basin. 

^Sr/^Sr values in the southeastern part of the study area probably represent the 

alluvial material in that part of the study area. 

S1Li values in conjunction with lithium concentrations identify geographical 

groups of ground water in the study area. Although the distinction is not as obvious 

as other chemical and isotopic indicators, these data could be used to identify waters 

from different parts of the study area. The cause of these differences is unclear, but 

it is likely due to the composition of the basin fill in the study area. 

(2) In addition to identifying water from different geographical regions in 

the study area, the chemical and isotopic data were useful in identify

ing specific hydrogeologic environments in the study area. 

A region of fine-grained material in the basin-fill deposits in the southwestern 

part of the study area was determined to have different chemical and isotopic 

characteristics than other parts of the study area. Concentrations of calcium, 

magnesium, strontium, and boron in ground water from this area were higher than 

in ground water from other parts of the study area. Cation exchange in the fine

grained material, which is likely to be composed of clay minerals, was identified as 

the cause of the higher concentrations of calcium, magnesium, and strontium. The 
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original source of the strontium available for cation exchange processes is believed 

to be the halite deposit and was identified by the ^Sr/^Sr values. The elevated 

concentrations of boron in this area are not due to cation exchange processes, but 

may be due to a boron-rich source material in this region. 

The halite deposit located in the lower part of the lower unit of the basin fill 

was uniquely identified by some chemical and isotopic characteristics. Although the 

ground water collected for this project is located above the mapped location of the 

halite deposit, it is possible that ground water pumped from depths where the halite 

deposit is located and applied to the surface would recharge more shallow ground 

water in the study area. If this recirculation of the water is talcing place, major ion 

compositions, elevated metal and metalloid concentrations, and 87Sr/86Sr, <SnB, and 

<S7Li values are unique identifiers of water affected by salt from this deposit. The 

strontium from this deposit may be the best identification tool of water affected by 

salt from this deposit, because its isotopic composition is distinctive for the data 

presented here. 

Water from a deep aquifer system in the study area also has different 

chemical and isotopic characteristics in comparison to other water collected for this 

project. 5D, $180, 5nB, temperature, major ion compositions, and elevated 

concentrations of some metals and metalloids are distinctively different for ground 

water collected from this system. All of these data suggest that a hydrothermal 

system is affecting ground water from this system, if <5nB data collected at 

Yellowstone National Park are characteristic of a hydrothermal system. 



(3) 6D and <SlsO data identify additional information about ground water 

in the study area. These data are generally heavier for sampling 

locations in a downgradient direction in the study area. This pattern 

is true for both a general ground-water flowpath from the southeast to 

southwest parts of the study area and for a general ground-water 

flowpath from the northern to southern parts of the study area. This 

pattern implies that evaporation is affecting the water as it flows 

through the study area. This could be the result of more evaporated 

recharge water in the downgradient end of the study area. Evapora

tion could occur during irrigation activities and other applications to 

the surface and during transport down irrigation canals or river beds. 

The SD and filsO data for this data set are useful indicators of different 

sources of water in the study area and may be useful to identify the source of nitrate 

by successfully identifying the source of ground water with high concentrations of 

nitrate. 

(4) 87Sr/86Sr data in the sample set presented in this thesis identify ground

water flowpaths in the study area. A plot of 87Sr/86Sr versus strontium 

concentrations displays two linear relationships: (1) a flowpath from 

the southeastern to southwestern parts of the study area, and (2) a 

flowpath from northern to southern parts of the study area. Strontium 

concentrations in ground water along both flowpaths increase as the 

distance from the southeastern and northern parts of the study area 
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increases. In the same directions, the isotopic compositions become 

more uniform, generally equal to 0.709. The isotopic shift and higher 

concentrations are likely due to the effect of cation exchange of 

strontium, originally derived from the halite deposit, off of the clay 

material in the southwestern part of the study area. 

87Sr/MSr data are useful tools to identify ground-water flowpaths in the study 

area. This information, in addition to other chemical and isotopic data, may help to 

identify sources of nitrate in the study area. If the ground-water flowpaths in the 

study area are better understood, the path of nitrate would also be better understood 

and more predictable. 

(5) 57Li data in this data set are useful indicators of nitrate derived from 

sewage outflow and manure leachates as well as identifying water 

affected by the halite deposit. The lightest S1Li values (-5.3 and -17.6 

°/oo) were analyzed in sewage outflow. The ground water collected at 

the sewage treatment plants and downgradient from the plants have 

<S7Li values that get heavier as the distance from the plant increases. 

This gradual change may be the result of mixing with ground water not 

affected by sewage treatment outflow. 

57Li values in the manure leachate samples (+8.9, +19.2, and +13.8 °/00) are 

some of the heaviest values recorded for this project. The ground water collected 

at the feedlot and dairies, where the manure was collected, contained 67Li values 

that were lighter than the values analyzed in the leachates from manure at those 
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sites. This relationship may indicate that ground water and leachate from manure 

at these sites do not come into contact with each other and that background lithium 

in the ground water is controlling the S1Ii composition or that some process is 

occurring that affects the lithium isotopic composition. 

From these relationships and the unique values analyzed in water near the 

halite deposit (see #2 above), it is apparent that 61Li values may be adequate 

indicators of nitrate from sewage outflow and manure leachates and water affected 

by salt from the halite deposit. Because <S7Li values from the sewage outflow are 

lighter than other ground water in this data set, an identification of ground water 

affected by sewage may be possible. The same application could be made with S7Li 

values for ground water affected by manure, although the distinction is admittedly 

not as clear as the sewage-affected water. 

(6) <SnB data in the samples presented in this thesis are useful indicators 

of nitrate from sewage outflow and are distinctive for water in the 

region of the halite deposit. These data analyzed in three water 

samples from one of the sewage treatment plants were linearly related. 

Outflow from the plant had one of the lightest 5nB values (+5.5°/00) 

analyzed for this project. For ground-water samples collected at the 

same plant, the <SnB values are heavier as the distance from the plant 

increases. This gradual change in the boron isotopic value may be the 

result of mixing with ground water not affected by sewage. Samples 

included in this thesis from another sewage treatment plant did not 
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contain 6nB values that were linearly related. This result was 

probably due to the influence of boron from the halite deposit that is 

in the region of this sewage treatment plant. 

The data presented in this thesis identify <5UB values as useful indicators of 

sewage-affected waters in the study area. The influence of the halite deposit on the 

<SnB values is also discernible in this data set (see #2 above). If boron in sewage 

outflow is discernible due to the presence of detergents, it would be possible to 

identify nitrate from sewage treatment plants with these data. 

Possible Future Work 

(1) Better information for the chemical composition of the basin-fill 

material and soils in the study area is critical to better characterize the 

possible geochemical reactions taking place in the aquifer. This 

information would be extremely useful in the southwestern part of the 

study area. 

(2) 6D and 6lsO data for local precipitation would be extremely useful to 

define a local meteoric water line for the study area. These data could 

be used to determine the extent to which recharge water in the study 

area is affected by evaporation. This information would clarify the 

identification of ground- water sources in different parts of the study 

area. 



(3) Additional strontium isotopic data from portions of the study area 

where the halite deposit could not be affecting the ground water would 

be useful to determine if 87Sr/86Sr values of 0.709 are indicative of 

water affected by the halite deposit. These data would also help to 

better characterize ground-water flowpaths in these portions of the 

study area. 

(4) More localized information for each type of nitrate source would be 

critical to better characterize the effects from these sources. For 

example, chemical and isotopic data for ground water upgradient from 

the site would be very useful to identify effects from the site. 

(5) Additional 5nB and S7Li data are necessary to determine whether the 

distinctive values analyzed in water affected by the salt deposit and in 

sewage treatment outflow are truly distinctive in this study area or are 

only distinctive in this data set. 

(6) Detailed information about the sewage treatment process would help 

to explain the distinctive isotopic values in the outflow. This informa

tion would help to determine the applicability in other study areas of 

fiuB and <S7Li as identification tools of sewage outflow. 

(7) More chemical and isotopic data for ground water from the deep 

aquifer system could be used to better characterize the hydrologic 

environment of this system and perhaps determine the source of 

ground water in this system. 
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(8) Additional studies could be attempted to better characterize ground 

water affected by the halite deposit in the study area. This information 

would be useful to determine the extent to which effects from halite 

dissolution are identifiable in the ground water. 

The research presented in this thesis provides a better understanding of the 

chemical, and isotopic composition of ground water in the western part of the Salt 

River Valley. The suggested future work presented in this section represents 

research directions that should result in a clearer understanding of the geochemical 

processes and anthropogenic activities affecting ground water in this area. 
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APPENDIX A 

SAMPLE LOCATION INFORMATION 

Tabulated identification, well construction, water-level, and owner information 

for sampling locations referenced in this thesis are presented in Appendix A. Also 

included is a figure (Figure Al) which explains the local well-numbering system used 

in Arizona. 



Appendix A -- Sample location information 

SITE LOCAL WELL 
NUM NUMBER OR 
BER OTHER IDENTIFIER SITE-ID 

DEPTH 
OF WELL 
(M) 

WATER 
LEVEL 

(M) 

1 A-0I-01 30AAB 332418112172901 118 --

2 A-01-01 30AAD 332414112172101 195 — 

3 A-01-01 33AAD 332323112151301 152 -

4 A-01-01 34BBB 332330112144901 43 6 

5 B-01-02 01CCC 332704112253101 579 79 

6 B-01-02 09ACC 332631112280701 92 44 
7 B-01-02 09CBD 332630112282801 91 27 
8 B-01-02 34AAA 332325112264501 54 — 

9 B-01-02 34AAB 332325112264701 59 — 

10 B-02-01 01CCC2 333213112192001 182 62 

11 B-02-01 02CBB 333236112201801 196 „ 

12 B-02-01 02CCB2 333233112201801 195 -

13 B-02-01 12BCC 333151112191801 293 70 
14 B-02-01 33BDD2 332819112220001 282 33 
15 B-02-02 24BAA 333029112250401 281 57 

16 C-01-03 07ADD 332122112353101 37 __ 
17 C-01-04 32CDD 330524112232701 189 170 
18 91st Outflow 332320112151300 N/A N/A 
19 LAFB Outflow 333212112191500 N/A N/A 
20 Rosario Outflow 332806112214400 N/A N/A 

21 Black Outflow 332135112352700 N/A N/A 
22 Cotton Fertilizer 332838112222700 N/A N/A 
23 Tumbleweed Leachate 332325112264300 N/A N/A 
24 Bonelli Leachate 332632112282500 N/A N/A 

25 Odle Leachatc 332408112172700 N/A N/A 

26 Filter Blank 332749112142800 N/A N/A 

* perforated, 
screened, or 
open interval 

DIAMETER 
OPENING OF 

OF CASING* INTERVAL 
(M) (CM) 

61-118 

183-195 
46-76 8 
27-43 9 

372-457 6 
494-579 6 

49-87 8 
0-91 

4.6-54 
45-59 

110-179 3 

107-196 
107-244 
91-290 6 
59-278 8 
71-277 8 

3-32 8 
158-189 2 

N/A N/A 
N/A N/A 
N/A N/A 

N/A N/A 
N/A N/A 
N/A N/A 
N/A N/A 
N/A N/A 

N/A N/A 



Appendix A — Sample location information 

SITE LOCAL WELL 
NUM NUMBER OR 
BER OTHER IDENTIFIER OWNER 

I A-01-01 30AAB HILLCREST DAIRY 
2 A-01-01 30AAD HILLCREST DAIRY 
3 A-01-01 33AAD SALT RIVER PROJECT 
4 A-01-01 34BBB CITY OF PHOENIX - WATER-WASTEWATER DEPT. 

5 B-01-02 01CCC ROOSEVELT IRRIGATION DISTRICT 

6 B-01-02 09ACC ROOSEVELT IRRIGATION DISTRICT 
7 B-01-02 09CBD BONELLI CATTLE COMPANY 
8 B-01-02 34AAA TUMBLEWEED DAIRY 
9 B-01-02 34AAB TUMBLEWEED DAIRY 

10 B-02-01 01CCC2 LUKE AIR FORCE BASE - SEWAGE TREATMENT PLANT 

11 B-02-01 02CBB MORTON SALTCOMPANY 
12 B-02-01 02CCB2 MORTON SALT COMPANY 
13 B-02-01 12BCC GOODYEAR FARMS/SUNCOR 
14 B-02-01 33BDD2 GOODYEAR FARMS/SUNCOR 
15 B-02-02 24BAA GOODYEAR FARMS/SUNCOR 

16 C-01-03 07ADD BUCKEYE IRRIGATION COMPANY 
17 C-01-04 32CDD ENSCO INC. 
18 91 st Outflow CITY OF PHOENIX-SEWAGE TREATMENT PLANT 
19 LAFB Outflow LUKE AIR FORCE BASE-SEWAGE TREATMENT PLANT 
20 Rosario Outflow WHITE TANK FARMS-COTTON IRRIG. RETURN FLOW 

21 Black Outflow COTTON IRRIGATION RETURN FLOW 
22 Cotton Fertilizer COTTON FERTILIZER - 32% UREA 
23 Tumbleweed Leachate LEACHATE FROM MANURE - TUMBLEWEED DAIRY 
24 Bonelli Leachate LEACHATE FROM MANURE - BONELLI FEEDLOT 
25 Odle Leachate LEACHATE FROM MANURE - HILLCREST DAIRY 

26 Filter Blank 

* perforated, 
screened, or 
open interval 

OTHER 
IDENTIFIER 

3.0E-0.5N 
WELL NO. 11 

7W-5N 

9.5W-4.5N 

EAST WELL 
WEST WELL 

SW1 
SW2 
15AL 
33C 
24D 

6D 
M-l/B-1 
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The well numbers used by the Geological Survey in Arizona 

are in accordance with the Bureau of Land Management's system 

of land subdivision. The land survey in Arizona is based on 

the Gila and Salt River Meridian and base line, which divide 

the state into four quadrants. These quadrants are designated 

counterclockwise by the capital letters A, B, C, and D. All 

land north and east of the point of origin is in A quadrant, 

that north and west in B quadrant, that south and wast in c 

quadrant, and that south and east in D quadrant. The first 

digit of a well nuaber indicates tha township, the second the 

range, and the third the section in which the well is 

situated. The lowercase letters a, b, c, and d after the 

section nuaber indicate the well location within the section. 

The first letter denotes a particular 160-acre tract, the 

second the 40-acre tract, and tha third the 10-acre tract. 

These letters also are assigned in a counterclockwise 

direction, beginning in tha northeast quarter. If the 

location is known within the 10-acre tract, three lowercase 

letters are shown in the well nuaber. In tha example shown, 

wall number (D-4-5)19caa designates the well as being in the 

NEiNEISWi sec. 19, T. 4 S., R. 5 E. Where aore than one well 

is within a 10-acre tract, consecutive nuabers beginning with 

1 are added as suffixes. 

Figure Al. Well-numbering system in Arizona. 



123 

APPENDIX B 

FIELD AND CHEMICAL DATA 

Tabulated field measurements and chemical data collected for this project for 

sampling locations referenced in this thesis are included in Appendix B. 



Appendix B — Field and Chemical Data 

SITE LOCAL WELL 
NUM- NUMBER OR 
BER OTHER IDENTIFIER SITE-ID STATION NAME 

1 A-01-01 30AAB 332418112172901 Odle Off-site 
2 A-01-01 30AAD 332414112172101 Odle On-site 
3 A-01-01 33AAD 332323112151301 91st Off-site 
4 A-01-01 34BBB 332330112144901 91st On-site 
5 B-01-02 01CCC 332704112253101 Hot well 

6 B-01-02 09ACC 332631112280701 Bonelli Off-site 
7 B-01-02 09CBD 332630112282801 Bonelli On-site 
8 B-01-02 34AAA 332325112264501 Tumbleweed East 
9 B-01-02 34AAB 332325112264701 Tumbleweed West 
10 B-02-01 01CCC2 333213112192001 LAFB On-site 

11 B-02-01 02CBB 333236112201801 Morton SW1 
12 B-02-01 02CCB2 333233112201801 Morton SW2 
13 B-02-01 12BCC 333151112191801 LAFB Off-site 
14 B-02-01 33BDD2 332819112220001 Rosario On-site 
15 B-02-02 24BAA 333029112250401 Citrus On-site 

16 C-01-03 07ADD 332122112353101 Black Off-site 
17 C-01-04 32CDD 330524112232701 ENSCO - Natural 

18 91st Outflow 332320112151300 — 

19 LAFB Outflow 333212112191500 -

20 Rosario Outflow 332806112214400 -

21 Black Outflow 332135112352700 — 

22 Cotton Fertilizer 332838112222700 — 

23 Tumbleweed Lcachate 332325112264300 --

24 Bonelli Leachate 332632112282500 — 

25 Odle Leachate 332408112172700 -

26 Filter Blank 332749112142800 --

* Computed value 
& Dissolved value is 

greater than total 
value 

SAMPLE 
DESIG-

ALKA-
LINITY 

DIS
SOLVED 

TEMPERA
TURE 

OTON SAMPLE (mg/Las OXYGEN (DEGREE 
OR (S) DATE CaC03) pH (mg/L) CELCIUS) 

S 08-29-90 294 7.1 _ _  24.0 
S 08-09-90 163 7.0 2.0 25.3 
S 08-02-90 302 6.8 1.0 23.9 
S 07-26-90 254 7.1 0.6 22.6 
- 08-09-90 69 7.8 0.6 45.6 

s 08-07-90 127 6.7 6.2 28.0 
s 08-03-90 286 7.2 6.2 25.8 
s 08-03-90 298 6.5 0.6 23.4 
s 08-02-90 314 6.7 1.2 22.4 
N 07-24-90 129 7.6 8.1 29.1 

N 08-21-90 34 7.3 4.3 32.0 
N 08-21-90 39 7.4 6.8 32.5 
N 07-31-90 202 7.1 6.2 26.0 
N 08-01-90 238 6.0 5.6 29.4 
N 08-09-90 93 7.9 4.1 33.1 

S 08-20-90 285 7.1 7.6 23.8 
— 09-05-90 100 6.6 0.2 29.6 
S 07-26-90 192 7.0 4.7 32.0 
N 07-25-90 202 7.3 3.4 32.0 

N 07-31-90 164 7.7 7.3 35.5 

S 08-29-90 264 7.9 6.1 31.3 
— 08-14-90 2890 6.8 — — 

— 09-01-90 270 7.8 - « 

— 09-01-90 434 7.3 — — 

-- 09-01-90 219 7.5 - --

07-27-90 — 7.6 — .. 



Appendix B — Field and Chemical Data 

TOTAL 
DIS-

SITE 

NUM
BER 

LOCAL WELL 
NUMBER OR 

OTHER IDENTIFIER 

SOLVED 

SOLIDS 
(mg/L) 

BROMIDE CALCIUM 
DISSOLVED DISSOLVED 
(mg/L as Br) (mg/L as Ca) 

CHLORIDE 
DISSOLVED 
(mg/L as CI) 

1 A-01-01 30AAB 2520 0.78 190.0 930 

2 A-01-01 30AAD 1790 0.50 120.0 810 
3 A-01-01 33AAD 1910 0.66 160.0 690 
4 A-01-01 34BBB 1070 0.30 72.0 360 
5 B-01-02 01CCC 3570 0.27 99.0 1300 

6 B-01-02 09ACC 2960 1.40 350.0 930 
7 B-01-02 09CBD 2990 1.80 220.0 1200 
8 B-01-02 34AAA 2020 0.82 230.0 640 
9 B-01-02 34AAB 2380 1.30 230.0 780 
10 B-02-01 01CCC2 344 0.17 23.0 84 

11 B-02-01 02CBB 41900 1.20 2300.0 24000 
12 B-02-01 02CCB2 55800 1.80 3300.0 2800 
13 B-02-01 12BCC 460 0.32 61.0 80 
14 B-02-01 33BDD2 2380 1.80 260.0 620 
15 B-02-02 24BAA 361 0.39 16.0 79 

16 C-01-03 07ADD 3410 1.60 210.0 1100 
17 C-01-04 32CDD 946 1.10 78.0 330 
18 91st Outflow 910 0.12 57.0 340 

19 LAFB Outflow 488 0.24 25.0 130 
20 Rosario Outflow 1370 1.60 120.0 440 

21 Black Outflow 2150 0.83 180.0 880 

22 Cotton Fertilizer 335000 0.07 <100.0 2020 
23 Tumbleweed Leachate 935 0.28 24.2 134 
24 Bonelli Leachate 1260 0.24 53.2 44 
25 Odle Leachate 744 0.50 31.2 88 

26 Filter Blank <1 __  — — 

* Computed value 
& Dissolved value is 

greater than total 
value 

FLUORIDE 
DISSOLVED 
(mg/L as F) 

MAGNESIUM 
DISSOLVED 
(mg/L as Me) 

POTASSIUM 
DISSOLVED 
(mg/L as K) 

SILICA 

DISSOLVED 
(mg/L as Si02) 

<0.100 72.0 6.0 26.0 
0.100 59.0 5.7 21.0 
0.100 61.0 7.7 28.0 
0.300 31.0 5.2 10.0 

15.000 11.0 4.4 26.0 

0.300 160.0 9.3 23.0 
1.300 120.0 6.2 24.0 
1.200 76.0 6.2 29.0 
0.500 78.0 7.1 30.0 
1.500 11.0 2.3 20.0 

2.200 880.0 340.0 17.0 
8.800 1200.0 42.0 43.0 
0.300 28.0 2.8 29.0 

<0.100 110.0 6.8 30.0 
1.400 5.8 1.9 18.0 

4.600 no.o 5.2 43.0 
2.400 7.7 7.6 22.0 
2.000 24.0 14.0 60.0 
2.300 10.0 10.0 41.0 
0.700 56.0 12.0 26.0 

0.700 78.0 13.0 26.0 
315.000 12.7 18.6 <100.0 
<0.500 32.2 137.0 11.0 

2.000 47.5 39.8 2.4 
0.590 28.8 86.8 12.1 

.. <0.01 <0.1 <0.01 



Appendix B — Field and Chemical Data 

SITE LOCAL WELL SODIUM SULFATE ALUMINUM 
NUM NUMBER OR DISSOLVED DISSOLVED DISSOLVED 
BER OTHER IDENTIFIER (mg/L as Na) (mg/L as S04) (ug/L as Al) 

1 A-01-0I 30AAB 540.0 350.0 20 
2 A-01-01 30AAD 400.0 160.0 10 
3 A-0I-01 33AAD 440.0 310.0 <10 

4 A-01-01 34BBB 270.0 160.0 10 
5 B-01-02 01CCC 1100.0 820.0 20 

6 B-01-02 09ACC 290.0 640.0 <10 
7 B-01-02 09CBD 580.0 890.0 <10 
8 B-01-02 34AAA 350.0 280.0 <10 
9 B-01-02 34AAB 420.0 320.0 <10 

10 B-02-01 01CCC2 86.0 32.0 10 

11 B-02-01 02CBB 11000.0 140.0 100 

12 B-02-01 02CCB2 14000.0 20.0 40 
13 B-02-01 12BCC 52.0 56.0 <10 
14 B-02-01 33BDD2 330.0 530.0 <10 

15 B-02-02 24BAA 100.0 54.0 30 

16 C-01-03 07ADD 920.0 770.0 <10 
17 C-01-04 32CDD 200.0 100.0 10 
18 91st Outflow 240.0 150.0 20 
19 LAFB Outflow 120.0 110.0 120 
20 Rosario Outflow 240.0 230.0 <10 

21 Black Outflow 530.0 410.0 20 
22 Cotton Fertilizer 127.0 707.0 37700 
23 Tumbleweed Leachatc 34.7 35.9 45 
24 Bonelli Leachatc 9.3 5.5 43 
25 Odle Leachatc 32.6 17.5 31 

26 Filter Blank <0.2 <10 

* Computed value 
& Dissolved value is 

greater than total 
value 

ARSENIC BARIUM BERYLLIUM BORON 
:d DISSOLVED DISSOLVED DISSOLVED 

• )  (ug/L as Ba) (ug/L as Be) (ug/L as B) 

3 <100 <10.0 930 
2 200 <10.0 500 
8 <100 <10.0 990 
6 <100 <10.0 720 

120 <100 <10.0 3500 

2 200 <10.0 2700 
2 <100 <10.0 4900 
6 <100 <10.0 790 
7 <100 <10.0 880 

15 <100 <10.0 100 

6 3600 10.0 390 
2 4600 10.0 300 
5 <100 <10.0 170 
2 <100 <10.0 1100 

23 <100 <10.0 220 

11 <100 <10.0 3100 
<1 <100 <10.0 480 
4 <100 <10.0 350 

12 <100 <10.0 570 
8 200 <10.0 730 

8 100 <10.0 1300 
72 220 <100.0 <1000 

5 18 <1.0 350 

3 34 <1.0 260 
5 37 <1.0 100 

<1 <2 <05 <10 



Appendix B — Field and Chemical Data 

CHROMIUM 
SITE LOCAL WELL CADMIUM HEXAVALENT CHROMIUM 
NUM NUMBER OR DISSOLVED DISSOLVED DISSOLVED 
BER OTHER IDENTIFIER (ug/L as Cd) (ug/L as Cr) (ug/L as CO 

1 A-01-01 30AAB <1 6.00 4.0 
2 A-01-01 30AAD <1 6.00 10.0 
3 A-01-01 33AAD <1 4.00 <1.0 

4 A-01-01 34BBB <1 4.00 <1.0 
5 B-01-02 01CCC <1 1.00 <2.0 

6 B-01-0209ACC <1 5.00 10.0 
7 B-01-02 09CBD <1 <1.00 7.0 
8 B-01-02 34AAA <1 5.00 3.0 
9 B-01-02 34AAB <1 3.00 4.0 
10 B-02-01 01CCC2 <1 12.00 20.0 

11 B-02-01 02CBB <10 6.00 10.0 
12 B-02-01 02CCB2 <10 7.00 10.0 
13 B-02-01 12BCC <1 2.00 4.0 
14 B-02-01 33BDD2 <1 3.00 5.0 
15 B-02-02 24BAA <1 11.00 34.0 

16 C-01-03 07ADD <1 9.00 10.0 
17 C-01-04 32CDD <1 <1.00 <1.0 

18 91st Outflow <1 4.00 1.0 
19 LAFB Outflow <1 <1.00 3.0 
20 Rosario Outflow <1 <1.00 3.0 

21 Black Outflow <1 6.00 4.0 
22 Cotton Fertilizer 5 0.01 2100.0 
23 Tumbleweed Leachate <1 <0.02 12.0 
24 Bonelli Leachate <1 <0.10 19.0 
25 Odle Leachate <1 <0.05 2.3 

26 Filter Blank <1 <1.00 <5.0 

* Computed value 
& Dissolved value is 

greater than total 
value 

COBALT COPPER IRON LEAD 
DISSOLVED DISSOLVED DISSOLVED DISSOLVED 
(ug/L as Co) (ug/L as Cu) (ue/L as Fe) (ug/L as Pb) 

<1.0 2.0 30 <1.0 
<1.0 3.0 20 <1.0 

1.0 2.0 40 <1.0 
<1.0 2.0 20 1.0 

1.0 2.0 20 <1.0 

1.0 5.0 30 <1.0 
<1.0 1.0 30 <1.0 

1.0 1.0 60 <1.0 
<1.0 6.0 20 <1.0 
<1.0 3.0 10 <1.0 

<10.0 <10.0 390 <10.0 
<10.0 <10.0 550 <10.0 
<1.0 2.0 10 1.0 
<1.0 2.0 50 <1.0 
<1.0 1.0 10 <1.0 

1.0 2.0 30 <1.0 
8.0 <1.0 18000 <1.0 

<1.0 8.0 80 <1.0 
<1.0 21.0 40 <1.0 

2.0 5.0 20 <1.0 

2.0 5.0 20 <1.0 
10.0 <1100.0 25000 15.0 
6.0 22.0 310 1.6 

46.0 <11.0 520 <1.0 
7.2 <11.0 600 1.6 

<3.0 <10.0 <3 <1.0 



Appendix B — Field and Chemical Data 

SITE LOCAL WELL LITHIUM MANGANESE MERCURY 
NUM- NUMBER OR DISSOLVED DISSOLVED DISSOLVED 
BER OTHER IDENTIFIER (ug/L as Li) (ug/L as Mn) (ug/L as Hg) 

1 A-01-01 30AAB 250 <10.00 0.10 
2 A-01-01 30AAD 180 <10.00 0.10 
3 A-01-01 33AAD 230 <10.00 . 0.30 
4 A-01-01 34BBB 160 <10.00 0.10 
5 B-01-02 01CCC 440 <10.00 <0.10 

6 B-01-0209ACC 100 10.00 <0.10 
7 B-01-02 09CBD 80 <10.00 1.20 
8 B-01-02 34AAA 150 <10.00 0.20 
9 B-01-02 34AAB 170 <10.00 0.40 
10 B-02-01 01CCC2 40 <10.00 <0.10 

11 B-02-01 02CBB 6000 110.00 0.70 

12 B-02-01 02CCB2 6000 130.00 1.00 
13 B-02-01 12BCC 210 <10.00 0.10 
14 B-02-01 33BDD2 110 10.00 1.70 
15 B-02-02 24BAA 30 <10.00 0.10 

16 C-01-03 07ADD 230 <10.00 <0.10 
17 C-01-04 32CDD 100 2600.00 <0.10 

18 91st Outflow 110 30.00 0.20 

19 LAFB Outflow 60 20.00 <0.10 

20 Rosario Outflow 90 20.00 <0.10 

21 Black Outflow 190 30.00 <0.10 

22 Cotton Fertilizer <100 0.11 <0.001 
23 Tumbleweed Leachate 21 70.00 <0.0002 

24 Bonelli Leachate 7 240.00 <0.0002 

25 Odle Leachate 15 200.00 <0.0002 

26 Filter Blank <4 <1.00 <0.10 

* Computed value 
& Dissolved value is 

greater than total 
value 

MOLYBDENUM NICKEL SELENIUM SILVER 

;d DISSOLVED DISSOLVED DISSOLVED 
o) (ug/L as Ni) (ug/L as Se) (ug/L as Ag) 

<1.0 1 2 <1 

1.0 1 <1 <1 
<1.0 4 3 <1 

1.0 3 <1 <1 
280.0 I <2 <1 

<1.0 1 15 <1 
36.0 1 19 <1 
2.0 2 3 <1 
1.0 2 3 <1 
5.0 <1 <1 <1 

4.0 <10 3 <10 
<1.0 <10 3 <10 
<1.0 2 <1 <1 
<1.0 <1 6 <1 

6.0 1 <1 <1 

10.0 1 16 <1 
5.0 7 2 <1 

17.0 4 <1 <1 

45.0 1 <1 <1 

2.0 2 3 <1 

8.0 7 3 <1 

78.0 200 47 0.011 
2.5 21 <4 <1 

2.3 50 <4 <1 
6.4 31 6 <1 

<10.0 <10 <1 <1 



Appendix B — Field and Chemical Data 

SITE LOCAL WELL STRONTIUM VANADIUM ZINC 

NUM NUMBER OR DISSOLVED DISSOLVED DISSOLVED 

BER OTHER IDENTIFIER (ug/L as Sr) (ug/L as V) (ug/L as Zn) 

1 A-01-01 30AAB 1900 33.0 <10 

2 A-01-01 30AAD 3500 22.0 <10 

3 A-01-01 33AAD 1500 20.0 <10 
4 A-01-01 34BBB 690 12.0 <10 
5 B-01-02 01CCC 4700 140.0 <10 

6 B-01-02 09ACC 8100 33.0 20 
7 B-01-02 09CBD 5400 21.0 30 
8 B-01-02 34AAA 3700 21.0 <10 
9 B-01-02 34AAB 4100 26.0 <10 

10 B-02-01 01CCC2 370 27.0 <10 

11 B-02-01 02CBB 74000 310.0 60 
12 B-02-01 02CCB2 130000 430.0 150 
13 B-02-01 12BCC 880 12.0 <10 
14 B-02-01 33BDD2 3800 27.0 <10 

15 B -02-02 24BAA 410 40.0 <10 

16 C-01-03 07ADD 4100 430.0 <10 
17 C-01-04 32CDD 680 8.0 4300 
18 91st Outflow 690 10.0 20 
19 LAFB Outflow 370 18.0 20 

20 Rosario Outflow 2200 34.0 <10 

21 Black Outflow 2500 38.0 20 

22 Cotton Fertilizer 1100 1900.0 630 
23 Tumblcweed Leachate 520 5.1 79 
24 Bonelli Leachate 1000 9.2 62 
25 Odle Leachate 530 3.8 80 

26 Filter Blank <1 <6.0 <3 

* Computed value 
& Dissolved value is 

greater than total 
value 

ORGANIC 
CARBON 

DISSOLVED 
(mg/L as C) 

ORGANIC 
CARBON 

TOTAL 
(mg/L as C) 

NH4+ORG. 
AS N 

TOTAL 
(mg/L as N) 

NH4 
AS N 

DISSOLVED 
(mg/L as N) 

0.70 0.80 0.5 0.010 
& 0.30 0.20 0.8 0.010 

1.20 1.20 - — 

1.10 1.10 0.9 0.050 
0.40 0.40 0.9 & 0.030 

0.90 0.90 1.0 0.021 
1.30 1.40 0.8 <.010 
0.80 0.80 0.9 0.010 
1.00 1.00 0.7 <.010 

& 0.30 <0.10 0.4 & 0.021 

0.30 0.60 0.3 0.901 
& 1.20 0.50 0.5 & 1.700 
& 0.40 0.30 0.4 <.010 

0.80 0.80 0.7 0.041 
& 0.30 0.20 1.1 0.010 

0.50 1.40 0.7 0.010 
0.40 0.30 0.6 0.180 

10.00 13.00 20.0 & 17.000 
10.00 20.00 27.0 & 19.000 
9.80 11.00 23.0 5.300 

5.70 6.70 6.6 4.600 
& 86800.00 86000.00 — 117000.000 

143.00 367.00 — 10.300 
417.00 748.00 — 38.700 
237.00 249.00 — 5.700 

0.060 



Appendix B — Field and Chemical Data 

NH4 N02+N03 N02+N03 
SITE LOCAL WELL AS N AS N AS N 
NUM NUMBER OR TOTAL DISSOLVED TOTAL 
BER OTHER IDENTIFIER (mg/L as N) (mg/L as N) (mg/L as N) 

1 A-01-01 30AAB 0.010 8.700 8.900 
2 A-01-01 30AAD 0.021 & 3.800 3.600 
3 A-01-01 33AAD — 7.100 — 

4 A-01-01 34BBB 0.090 2.700 2.700 
5 B-01-02 01CCC <.010 & 3.000 2.900 

6 B-01-02 09ACC 0.021 20.000 21.000 
7 B-01-02 09CBD <.010 14.000 14.000 
8 B-01-02 34AAA 0.021 12.000 13.000 
9 B-01-02 34AAB <.010 13.000 13.000 
10 B-02-01 01CCC2 0.010 2.500 2.500 

11 B-02-01 02CBB 0.960 4.100 4.200 

12 B-02-01 02CCB2 1.000 4.900 5.700 
13 B-02-01 12BCC <.010 & 5.100 4.900 
14 B-02-01 33BDD2 0.050 17.000 18.000 
15 B-02-02 24BAA 0.021 6.100 6.200 

16 C-01-03 07ADD 0.041 0.300 21.000 
17 C-01-04 32CDD 0.180 & 13.000 12.000 

18 91st Outflow 16.000 4.600 4.600 
19 LAFB Outflow 10.000 0.400 0.400 
20 Rosario Outflow 6.200 & 25.000 21.000 

21 Black Outflow 6.400 8.300 9.200 

22 Cotton Fertilizer 96000.000 & 111000.000 95300.000 
23 Tumbleweed Leachate 11.800 0.058 0.150 

24 Bonelli Leachate 40.400 <0.050 <0.050 
25 Odle Leachate 5.800 <0.050 <0.050 

26 Filter Biank <0.100 

* Computed value 
& Dissolved value is 

greater than total 
value 

NH4 NH4 N02 N02 
AS N AS N AS N AS N 

DISSOLVED TOTAL DISSOLVED TOTAL 
(mg/L as N) (mg/L as N) (mg/L as N) (mg/L as N) 

0.010 0.010 <0.010 <0.010 
0.010 0.020 <0.010 <0.010 

- 15.000 0.940 — 

0.050 0.090 <0.010 <0.010 
0.030 <0.01 0.021 0.021 

0.020 0.020 <0.010 <0.010 
<0.01 <0.01 <0.010 <0.010 
0.010 0.020 <0.010 <0.010 
<0.01 <0.01 <0.010 <0.010 
0.020 0.010 <0.010 <0.010 

0.900 0.960 0.030 0.030 
1.700 1.000 0.021 0.030 
<0.01 <0.01 <0.010 <0.010 
0.040 0.050 & 0.021 <0.010 
<0.01 0.020 <0.010 <0.010 

0.010 0.040 <0.010 <0.010 
0.180 0.180 0.090 0.090 

17.000 16.000 3.100 3.200 
19.000 10.000 — 0.110 
5.300 6.200 1.200 1.200 

4.600 6.400 & 1.000 0.260 
117000.000 96000.000 0.100 — 

10.300 11.800 <0.010 0.058 
38.700 40.400 <0.010 — 

5.700 5.800 0.013 -

0.060 _ _  



Appendix B -- Field and Chemical Data 

N03 N03 
SITE LOCAL WELL AS N AS N PHOSPHORUS 
NUM NUMBER OR DISSOLVED* TOTAL* DISSOLVED 

BER OTHER IDENTIFIER (mg/L as N) (mg/L as N) (mg/L as P) 

1 A-01-01 30AAB 8.700 8.900 0.010 

2 A-01-01 30AAD & 3.800 3.600 0.020 
3 A-01-01 33AAD 6.160 — — 

4 A-01-01 34BBB 2.700 2.700 0.040 
5 B-01-02 01CCC & 2.979 2.880 <0.010 

6 B-01-02 09ACC 20.000 21.000 <0.010 
7 B-01-02 09CBD 14.000 14.000 <0.010 
8 B-01-02 34AAA 12.000 13.000 <0.010 
9 B-01-02 34AAB 13.000 13.000 <0.010 
10 B-02-01 01CCC2 2.500 2.500 & 0.021 

11 B-02-01 02CBB 4.070 4.170 0.010 
12 B-02-01 02CCB2 4.879 5.670 0.010 
13 B-02-01 12BCC & 5.100 4.900 <0.010 
14 B-02-01 33BDD2 16.980 18.000 0.020 
15 B-02-02 24BAA 6.100 6.200 <0.010 

16 C-01-03 07ADD 0.300 21.000 & 0.030 
17 C-01-04 32CDD & 12.910 11.910 <0.010 
18 91st Outflow 1.500 1.400 0.040 
19 LAFB Outflow — 0.290 1.100 
20 Rosario Outflow & 23.800 19.800 2.900 

21 Black Outflow 7.300 8.940 2.800 
22 Cotton Fertilizer 97200.000 — 1060.000 
23 Tumbleweed Leachate 0.058 0.092 10.900 

24 Bonelli Leachate <0.500 — 174.000 
25 Odle Leachate <0.500 - 14.200 

26 Filter Blank 0.021 

* Computed value 
& Dissolved value is 

greater than total 
value 

PHOSPHORUS PHOSPHORUS 
PHOSPHORUS ORTHO ORTHO 

TOTAL DISSOLVED TOTAL 
(mg/L as P) (mg/L as P) (mg/L as P) 

<0.010 0.01 0.02 
0.020 <0.01 0.01 

0.06 
0.040 & 0.03 0.02 

<0.010 <0.01 <0.01 

<0.010 <0.01 <0.01 
<0.010 <0.01 <0.01 
<0.010 <0.01 <0.01 
0.010 <0.01 <0.01 

<0.010 & 0.03 <0.01 

0.020 <0.01 <0.01 

0.010 <0.01 <0.01 
<0.010 <0.01 <0.01 
0.040 & 0.04 0.03 
<0.010 <0.01 <0.01 

0.020 <0.01 0.02 
0.100 <0.01 0.01 
5.300 <0.55 4.70 
2.400 1.00 2.00 
2.900 1.20 2.90 

3.200 2.20 3.10 
2010.000 1140.00 1100.00 

23.900 9.80 11.20 
28.400 9.10 12.80 
19.000 10.10 11.60 

<0.01 
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APPENDIX C 

ISOTOPIC DATA 

Tabulated isotopic data for sampling locations discussed in this thesis are 

presented in Appendix C. 



Appendix C - Isolopic Data 

SITE LOCAL WELL 
NUM- NUMBER OR 

BER OTHER IDENTIFIER SITE-ID STATION NAME 

I A-01-01 30AAB 332418112172901 Odle Off-site 
2 A-01-01 30AAD 332414112172101 Odle On-site 
3 A-01-01 33 A AD 332323112151301 91st Off-site 
4 A-01-01 34BBB 332330112144901 91st On-site 
5 B-01-02 01CCC 332704112253101 Hot well 

6 B-01-02 09ACC 332631112280701 Bonelli Off-site 
7 B-01-02 09CBD 332630112282801 Bonelli On-site 
8 B-01-02 34AAA 332325112264501 Tumbleweed East 
9 B-01-02 34AAB 332325112264701 Tumbleweed West 
10 B-02-01 01CCC2 333213112192001 LAFB On-site 

11 B-02-01 02CBB 333236112201801 Morton SWI 
12 B-02-01 02CCB2 333233112201801 Morton SW2 
13 B-02-01 I2BCC 333151112191801 LAFB Off-site 
14 B-02-01 33BDD2 332819112220001 Rosario On-site 
15 B-02-02 24BAA 333029112250401 Citrus On-site 

16 C-01-03 07ADD 332122112353101 Black Off-site 
17 C-01-04 32CDD 330524112232701 ENSCO - Natural 
18 91st Outflow 332320112151300 — 

19 LAFB Outflow 3332121I2I91500 — 

20 Rosario Outflow 332806112214400 -

21 Black Outflow 332135112352700 
22 Cotton Fertilizer 332838112222700 — 

23 Tumbleweed Leachate 332325112264300 --

24 Bonelli Leachate 332632112282500 — 

25 Odle Leachate 332408112172700 " 

26 Filter Blank 332749112142800 _ _  

NORTHERN 
OR SOUTHERN H-3 

ATION SAMPLE H-2/H-1 0-18/0-16 (tritium 
or fS") DATE (oer mil) (nermil) units) 

S 08-29-90 -66.5 -8.95 10.4 
S 08-09-90 -69.0 -9.50 3.9 
S 08-02-90 -65.0 -8.55 9.8 
S 07-26-90 -63.5 -8.45 10.9 
- 08-09-90 -76.5 -10.45 0.9 

S 08-07-90 -62.9 -8.35 2.5 
S 08-03-90 -64.0 -8.55 8.6 
s 08-03-90 -65.4 -8.75 9.6 
s 08-02-90 -65.4 -8.70 9.9 
N 07-24-90 -66.5 -9.60 1.4 

N 08-21-90 -69.0 -9.60 0.4 
N 08-21-90 -64.5 -9.20 0.9 
N 07-31-90 -65.4 -9.05 6.3 
N 08-01-90 -63.0 -8.60 5.7 
N 08-09-90 -66.5 -9.25 -0.3 

S 08-20-90 -64.0 -8.35 4.1 
— 09-05-90 -65.5 -8.95 0.3 
s 07-26-90 -63.5 -8.15 8.3 
N 07-25-90 -63.4 -8.85 3.0 
N 07-31-90 -59.4 -7.85 4.3 

S 08-29-90 -66.5 -8.40 2.1 
— 08-14-90 — — -0.3 
— 09-01-90 — — — 

— 09-01-90 — — — 

~ 09-01-90 - - -

07-27-90 -78.5 -10.90 



Appendix C - Isotopic Data 

SITE LOCAL WELL 
NUM NUMBER OR Li-7/Li-6 B-ll/B-10 
BER OTHER IDENTIFIER Sr-87/Sr-86 (nermil) fner mill 

1 A-01-01 30AAB 0.7113 6.6 20.3 
2 A-01-01 30AAD 0.7109 0.3 15.5 
3 A-01-01 33AAD 0.7124 8.0 28.0 
4 A-01-01 34BBB 0.7126 -2.0 22.8 
5 B-01-02 01CCC 0.7098 9.2 -14.1 

6 B-01-0209ACC 0.7091 1.0 47.3 
7 B-01-02 09CBD 0.7090 14.9 3.8 
8 B-01-02 34AAA 0.7104 -0.4 15.8 
9 B-01-02 34AAB 0.71,04 3.0 14.7 
10 B-02-01 01CCC2 0.7091 2.5 -2.4 

11 B-02-01 02CBB 0.7089 2.9 0.7 
12 B-02-01 02CCB2 0.7091 11.9 1.2 
13 B-02-01 12BCC 0.7090 10.0 14.5 
14 B-02-01 33BDD2 0.7093 15.2 27.0 
15 B-02-02 24BAA 0.7084 8.6 8.4 

16 C-01-03 07ADD 0.7093 18.1 21.1 
17 C-01-04 32CDD 0.7134 1.0 21.6 
18 91st Outflow 0.7124 -5.3 5.5 
19 LAFB Outflow 0.7089 -17.6 1.1 
20 Rosario Outflow 0.7090 6.5 20.3 

21 Black Outflow 0.7105 13.9 17.8 
22 Cotton Fertilizer 0.7059 -4.5 — 

23 Tumble weed Leachate 0.7100 8.9 — 

24 Bonelli Leachate 0.7096 19.2 — 

25 Odle Leachate 0.7101 13.8 — 

26 Filter Blank u> 
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