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FOREWORD

The mission of the U.S. Geological Survey (USGS) is to assess the quantity and quality of the earth 
resources of the Nation and to provide information that will assist resource managers and policymakers at 
Federal, State, and local levels in making sound decisions. Assessment of water-quality conditions and trends is 
an important part of this overall mission.

One of the greatest challenges faced by water-resources scientists is acquiring reliable information that will 
guide the use and protection of the Nation’s water resources. That challenge is being addressed by Federal, State, 
interstate, and local water-resources agencies and by many academic institutions. These organizations are 
collecting water-quality data for a host of purposes that include: compliance with permits and water-supply 
standards; development of remediation plans for a specific contamination problem; operational decisions on 
industrial, wastewater, or water-supply facilities; and research on factors that affect water quality. An additional 
need for water-quality information is to provide a basis on which regional and national-level policy decisions can 
be based. Wise decisions must be based on sound information. As a society we need to know whether certain 
types of water-quality problems are isolated or ubiquitous, whether there are significant differences in conditions 
among regions, whether the conditions are changing over time, and why these conditions change from place to 
place and over time. The information can be used to help determine the efficacy of existing water-quality policies 
and to help analysts determine the need for and likely consequences of new policies.

To address these needs, the Congress appropriated funds in 1986 for the USGS to begin a pilot program in 
seven project areas to develop and refine the National Water-Quality Assessment (NAWQA) program. In 1991, 
the USGS began full implementation of the program. The NAWQA program builds upon an existing base of 
water-quality studies of the USGS, as well as those of other Federal, State, and local agencies. The objectives of 
the NAWQA program are to:

• Describe current water-quality conditions for a large part of the Nation’s freshwater streams, rivers, and 
aquifers.

• Describe how water quality is changing over time.

• Improve understanding of the primary natural and human factors that affect water-quality conditions.

This information will help support the development and evaluation of management, regulatory, and 
monitoring decisions by other Federal, State, and local agencies to protect, use, and enhance water resources.

The goals of the NAWQA program are being achieved through ongoing and proposed investigations of 60 
of the Nation’s most important river basins and aquifer systems, which are referred to as study units. These study 
units are distributed throughout the Nation and cover a diversity of hydrogeologic settings. More than two-thirds 
of the people served by public water-supply systems live within their boundaries.

National synthesis of data analysis, based on aggregation of comparable information obtained from the 
study units, is a major component of the program. This effort focuses on selected water-quality topics using 
nationally consistent information. Comparative studies will explain differences and similarities in observed water-
quality conditions among study areas and will identify changes and trends and their causes. The first topics 
addressed by the national synthesis are pesticides, nutrients, volatile organic compounds, and aquatic biology. 
Discussions on these and other water-quality topics will be published in periodic summaries of the quality of the 
Nation’s ground and surface water as the information becomes available.

This report is an element of the comprehensive body of information developed as part of the NAWQA 
program. The program depends heavily on the advice, cooperation, and information from many Federal, State, 
interstate, Tribal, and local agencies and the public. The assistance and suggestions of all are greatly appreciated.

Robert M. Hirsch
Associate Director for Water
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In this report, temperatures are given in degrees Celsius (°C), which can be converted to degrees Fahrenheit (°F) by using the 
following equation:

°F = 1.8(°C) + 32

ABBREVIATED WATER-QUALITY UNITS

Chemical concentration and water temperature are given only in metric units. Chemical concentration in water is given in 
milligrams per liter (mg/L) or micrograms per liter (µg/L). Milligrams per liter is a unit expressing the solute per unit volume 
(liter) of water. One thousand micrograms per liter is equivalent to 1 milligram per liter. For concentrations less than 
7,000 milligrams per liter, the numerical value is about the same as for concentrations in parts per million. Specific conductance 
is given in microsiemens per centimeter (µS/cm) at 25°C. Microsiemens per centimeter at 25°C is a unit expressing the amount 
of electrical conductivity of a solution as measured between opposite faces of a centimeter cube of solution at a specified 
temperature of 25°C. Turbidity is given in nephelometric turbidity units (NTU). A nephelometric turbidity unit is a unit 
expressing the intensity of light scattered by suspended particles at 90° from the path of incident light source. Radioactivity is 
given in picocuries per liter (pCi/L). Picocuries per liter is a unit expressing the amount of radioactive decay producing 
2.2 disintegrations per minute in a unit volume (liter) of water. One picocurie per liter is approximately equivalent to 
0.3125 tritium units.

VERTICAL DATUM

Sea level: In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929—A geodetic datum derived from 
a general adjustment of the first-order level nets of the United States and Canada, formerly “Sea Level Datum of 1929”.

ABBREVIATIONS

ADEQ Arizona Department of Environmental Quality NWIS National Water-Information System

ADHS Arizona Department of Health Services NWQL National Water-Quality Laboratory

BQS Branch of Quality Systems QAPP Quality Assurance Project Plan

CAP Central Arizona Project SMCL Secondary Maximum Contaminant Level

CAZB Central Arizona Basins USEPA U.S. Environmental Protection Agency

MCL Maximum Contaminant Level USGS U.S. Geological Survey

MRL Minimum-reporting level WWTP Wastewater-treatment plant

NAWQA National Water-Quality Assessment 
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Ground-Water Quality in the Upper Santa Cruz Basin, Arizona, 1998

By Alissa L. Coes, D.J. Gellenbeck, Douglas C. Towne1, and Maureen C. Freark1

Abstract

Fifty-eight ground-water samples were collected and analyzed in 1998 by the U.S. Geological Survey 
and the Arizona Department of Environmental Quality to assess ground-water quality and to identify 
factors affecting ground-water quality in the Upper Santa Cruz Basin. In addition, pre-existing ground-
water quality data for six wells were analyzed to determine changes in the ground-water quality of the 
basin over time.

Twenty-nine percent of the ground-water samples collected had concentrations of at least one 
constituent that exceeded a Federal or State water-quality standard. The Maximum Contaminant Levels of 
the U.S. Environmental Protection Agency and the aquifer water-quality standards of the State of Arizona 
were exceeded for arsenic, fluoride, and nitrite plus nitrate. The Secondary Maximum Contaminant 
Levels of the U.S. Environmental Protection Agency were exceeded for fluoride, iron, manganese, pH, 
sulfate, and dissolved solids.

Ground-water quality in the basin is affected by natural factors and human activities. The natural 
factors that have the most effect on ground-water quality in the basin are depth in the aquifer and distance 
from major faults. Ground-water temperatures and pH significantly increased with well depth (p≤0.05). 
Concentrations of dissolved solids, alkalinity, calcium, potassium, chloride, and sulfate were significantly 
higher in samples collected from wells less than 2 kilometers from major faults than in samples from 
wells greater than 2 kilometers from major faults (p≤0.05). Previous studies have attributed this relation to 
the upward migration through faults of ground water from gypsiferous mudstones. Ground-water quality 
was not significantly different among the various basin-fill units; between parts of the basin fill that differ 
in thickness, lateral extent, and composition north and south of an inferred fault; or among areas that 
differ in distance from stream alluvium (p>0.05).

Human activities have a substantial effect on ground-water quality in the basin. Ground water that 
contained recent (post-1953) recharge from urban areas had significantly higher concentrations of nitrite 
plus nitrate than ground water that did not contain recent recharge from the land surface (p≤0.05). Ground 
water that contained recent recharge from present agricultural areas had significantly higher concen-
trations of nitrite plus nitrate, calcium, and potassium than ground water that did not contain recent 
recharge from the land surface (p≤0.05). Ground water that contained recent recharge from present 
agricultural areas also had significantly higher concentrations of calcium, potassium, alkalinity, and 
dissolved solids than ground water that contained recent recharge from urban areas (p≤0.05).

1Arizona Department of Environmental Quality, Phoenix, Arizona.
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Pre-existing ground-water quality data for 
six wells indicated that from the 1980s to 1998, 
concentrations of nitrite plus nitrate and dissolved 
solids significantly increased at a well in an 
agricultural area, concentrations of nitrite plus 
nitrate significantly increased at a well where the 
land use had changed from rangeland to urban, 
and concentrations of nitrite plus nitrate and 
dissolved solids significantly decreased at a well in 
an urban area (p≤0.10). Constituents did not 
significantly increase or decrease from the 1980s 
to 1998 at an additional well in an agricultural 
area, at an additional well where the land use had 
changed from rangeland to urban, and at a well 
where the land use had changed from agricultural 
to urban (p≤0.10).

INTRODUCTION

Ground water is the primary source of water for 
public-supply, household, agricultural, and industrial 
needs in the Upper Santa Cruz Basin (fig. 1). 
Historically, the basin has been substantially affected 
by agricultural and urban development. A population 
increase of 44.5 percent from 1998 to 2020 for the 
cities in the basin, as projected by the Arizona 
Department of Economic Security (1997), would result 
in an increase in ground-water use. Increased 
development and use of ground water in the basin may 
affect ground-water quality.

Several U.S. Geological Survey (USGS) studies 
have identified the effects of agricultural and urban 
development on ground-water quality in the western 
United States (Bevans and others, 1998; Dubrovsky 
and others, 1998; Wentz and others, 1998). 
These studies have detected anthropogenic organic 
compounds and concentrations of nutrients above 
background levels in agricultural and urban areas. 
The USGS and the Arizona Department of 
Environmental Quality (ADEQ) designed a cooperative 
study to characterize the current (1998) ground-water 
quality in the Upper Santa Cruz Basin, identify the 
natural controls on the ground- water quality, identify 
the effects of human activities on the ground-water 
quality, and provide a baseline against which future 
water-quality data can be compared to determine the 
effects of increased basin development.

Collection of ground-water samples in the Upper 
Santa Cruz Basin by the USGS was part of the National 
Water-Quality Assessment (NAWQA) program in the 

Central Arizona Basins (CAZB) study area (fig. 1). 
The CAZB study area is one of 60 study units selected 
for the NAWQA program. Long-term goals of the 
program include providing a nationally consistent 
description of current water-quality conditions for a 
large part of the Nation’s water resources, defining 
long-term trends in water quality, and understanding 
the natural and human factors that affect water quality 
(Gilliom and others, 1995). In 1994, the USGS began 
ground-water, surface-water, and biological studies in 
the CAZB study area. Ground-water studies within the 
CAZB study area generally are focused on basins in 
which water quality has been, or has the potential to be, 
substantially affected by human activities. The Upper 
Santa Cruz Basin was chosen for study because it has 
historically been affected by human activities (Water 
Resources Research Center, 1999) and because there is 
potential for a change in ground-water quality in the 
future.

Sampling by the ADEQ was completed as a part of 
the Ambient Groundwater Monitoring Program, which 
is based on the legislative mandate in the Arizona 
Revised Statutes §49-225 (Arizona Department of 
Environmental Quality, 1995) that authorizes the 
“ongoing monitoring of the waters of the state, 
including...aquifers.” Objectives of this mandate 
include determining the presence of pollutants and 
compliance with applicable water-quality standards, 
evaluating the effectiveness of best management 
practices and the effects of pollutants on public health 
and the environment, and identifying water-quality 
trends. Basinwide random sampling is used in the 
Ambient Groundwater Monitoring Program to 
determine regional ground- water quality. Targeted 
higher-density sampling is being done to determine 
effects of specific land uses on ground-water quality.

Purpose and Scope

This report presents results from a ground- water 
quality assessment of inorganic constituents in the 
Upper Santa Cruz Basin by the USGS and the ADEQ 
in 1998. Analyses of 5 general properties; 6 major ions, 
3 nutrients, and 15 trace elements; and the isotope of 
hydrogen-3 (tritium) from 58 wells were used in the 
assessment. In addition, pre-existing ground-water 
quality data for six wells were analyzed to determine 
changes in the ground-water quality in the basin over 
time. This report includes discussions of (1) present 
(1998) ground-water quality conditions, (2) natural 
controls on ground-water quality, and (3) effects of 
human activities on ground-water quality. 
2 Ground-Water Quality in the Upper Santa Cruz Basin, Arizona, 1998



EXPLANATION
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Figure 1. Location of study area and the Upper Santa Cruz Basin, Arizona.
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This study provided a unique opportunity to 
combine ground-water quality sampling efforts of the 
USGS and the ADEQ. The cooperative effort increased 
the quantity of data available for the study and tested 
the validity of combining ground-water quality data 
from the two agencies. Descriptions of field and 
laboratory methods used by the two agencies are 
included in this report, and data compatibility was 
tested and verified.

Acknowledgments

Many private well owners allowed access to their 
wells for measurements of water levels and collection 
of water samples. Henry Sanger, David Graham, Julie 
Rees, Karen Beaulieu, Joe Capesius, Ken Galyean, and 
Rodrigo Morales of the USGS assisted in the collection 
of field data.

Physical Setting

The Upper Santa Cruz Basin encompasses about 
7,430 km2 in northern Sonora, Mexico, and in Pinal, 
Pima, and Santa Cruz Counties, Arizona (fig. 1). About 
1,150 km2 of the basin lies south of the international 
boundary in Mexico and was not included in this study. 
The basin consists of a northward-sloping alluvial 
valley that ranges from 8 to 32 km wide. Altitudes of 
the valley floor vary from about 750 to 1,200 m above 
sea level.

The Upper Santa Cruz Basin is bounded on the 
west by the Pajarito, Atascosa, Tumacacori, Cerro 
Colorado, Sierrita, Tucson, and Tortolita Mountains; on 
the east by the Patagonia, San Cayetano, Santa Rita, 
Rincon, and Santa Catalina Mountains; and on the 
north by Black Mountain (fig. 1). The southern 
boundary of the study area is the international 
boundary between Arizona and Mexico.

The Santa Cruz River flows northward to 
northwestward through the Upper Santa Cruz Basin 
(fig. 1). The river is mostly ephemeral, flowing only in 
direct response to rainfall or snowmelt (Condes de la 
Torre, 1970); however, the river is perennial in two 
reaches downstream from effluent releases from the 
Nogales International Wastewater-Treatment Plant 
(WWTP) and the Roger Road and Ina Road WWTPs 

(fig. 2). Major tributaries of the Santa Cruz River 
within the study area also are ephemeral, except 
Nogales Wash, which is perennial. Nogales Wash is fed 
by springs, rainfall, and uncontrolled sewage 
discharges from Mexico (International Boundary and 
Water Commission, 1998).

The Upper Santa Cruz Basin has an arid to 
semiarid climate. Temperatures above 32°C prevail 
from May through September (U.S. Department of 
Commerce, 1998b). In 1998, the average temperature 
at Tucson was 20.5°C, and the total precipitation was 
35.0 cm; the average temperature at Nogales was 
16.1°C, and the total precipitation was 45.7 cm 
(U.S. Department of Commerce, 1998a). Generally, 
more than 50 percent of the annual precipitation occurs 
during the summer monsoon season (usually July 
through September), and over 20 percent occurs in the 
winter months (December through March; U.S. 
Department of Commerce, 1998b).

Land Use and Population

The major land use (about 60 percent) in the Upper 
Santa Cruz Basin is rangeland (figs. 2 and 3; Anderson 
and others, 1976). Other land uses are urban, 
22.5 percent; forest, 14.3 percent; agricultural, 
2.2 percent; and transitional (mines, quarries, bare 
rock, gravel pits, and sandy areas), 0.7 percent. A small 
percentage of land use is wetlands (Anderson and 
others, 1976).

Agricultural land in the Upper Santa Cruz Basin 
historically covered a greater area than it does today. 
Irrigated acreage in Pima County, which includes a 
large part of the Upper Santa Cruz Basin, reached a 
plateau in 1955 and remained fairly constant until 
1975; the cropped acreage was about 202 to 243 km2 
(Water Resources Research Center, 1999). The cropped 
acreage declined after 1975 as agricultural land was 
retired or developed for urban use, particularly in the 
Tucson and Marana areas and along the Santa Cruz 
River (Water Resources Research Center, 1999). 
In 1997, irrigated acreage in Pima County had declined 
to about 93 km2 (Water Resources Research Center, 
1999).  
4 Ground-Water Quality in the Upper Santa Cruz Basin, Arizona, 1998
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Figure 2. Generalized land use (1990) and locations of sampled wells in the Upper Santa Cruz Basin, Arizona. Digital data 
modified from Anderson and others (1976); urban digital data for 1990 land use is unpublished data from Pima County and the 
University of Arizona.
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Several historical and present land-use activities in 
the Upper Santa Cruz Basin (fig. 2) have locally 
affected the ground-water quality (in terms of inorganic 
constituents). Prior to 1994, chromium concentrations 
in ground water near the Raytheon Systems Company 
(previously the Hughes Aircraft Company) and the 
Tucson International Airport exceeded the Maximum 
Contaminant Level (MCL; 100 µg/L) of the U.S. 
Environmental Protection Agency (USEPA; Graham 
and Monical, 1997). Cleanup procedures for chromium 
were completed in this area in 1994 when measured 
chromium concentrations were below the USEPA 
MCL. Ground water near the open-pit copper, silver, 
and molybdenum mines south of Tucson (fig. 4) has 
concentrations of dissolved solids and sulfate that 
exceeded USEPA Secondary Maximum Contaminant 
Levels (SMCLs; 500 and 250 mg/L, respectively; Pima 
Association of Governments, 1983). Ground water 

downgradient from treated-effluent releases to the 
Santa Cruz River from the Roger Road and Ina Road 
WWTPs (fig. 5) has concentrations of nitrate that 
exceeded the USEPA MCL (10 mg/L). The historical 
agricultural areas surrounding the Roger Road and Ina 
Road WWTPs were irrigated for decades with treated 
effluent from the WWTPs (Martin, 1980). Ground 
water downgradient from uncontrolled sewage 
discharges to Nogales Wash from Mexico (fig. 6) has 
concentrations of nitrate that exceeded the USEPA 
MCL (10 mg/L; International Boundary and Water 
Commission, 1998). This site was listed on Arizona’s 
Water-Quality Assurance Revolving Fund Priority List 
in 1987 for nitrate and volatile organic compounds 
(Arizona Department of Environmental Quality, 1996).

About 86 percent of the Upper Santa Cruz Basin 
contains less than 50 people per square kilometer (Hitt, 
1994). Tucson (fig. 7), the largest city in the basin, had 
a population of 468,500 in 1998 (Arizona Department 
of Economic Security, 1998). By the year 2020, the 
population of Tucson is expected to be about 
589,900 (Arizona Department of Economic Security, 
1997). The population of other cities in the basin in 
1998 were: 25,500 in Oro Valley, 21,200 in Nogales, 
10,000 in Marana, 5,700 in South Tucson, and 2,900 in 
Sahuarita (Arizona Department of Economic Security, 
1998). By the year 2020, populations of other cities in 
the basin are expected to rise: 59,400 in Oro Valley, 
27,800 in Nogales, 76,600 in Marana, 7,200 in South 
Tucson, and 10,600 in Sahuarita (Arizona Department 
of Economic Security, 1997).

Geohydrologic Setting

The Upper Santa Cruz Basin is a northward- to 
northwestward-trending alluvial basin bounded by 
block-faulted mountains (fig. 8). The basin’s alluvial 
deposits, which are derived from the surrounding 
mountains, are referred to collectively as the basin fill. 
The basin fill of the Upper Santa Cruz Basin differs in 
thickness, lateral extent, and composition north and 
south of an inferred fault that is believed to connect the 
Sopori Wash and Elephant Head-Pantano Wash Faults 
(Halpenny and Halpenny, 1988). The basin fill north of 
the inferred fault may be as much as 6,000 m thick, and 
the basin fill south of the inferred fault is less than 
1,000 m thick (Oppenheimer and Sumner, 1980).   

Figure 3. Example of rangeland, Oro Valley, Upper Santa 
Cruz Basin, Arizona.
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Figure 4. Open-pit copper mine near Green Valley, Upper Santa Cruz Basin, 
Arizona. The pit is about 2.8 kilometers across and 365.7 meters deep.

Figure 5. Effluent release to the Santa Cruz River from the Roger Road 
wastewater-treatment plant, near Tucson, Arizona.
Figure 6. Uncontrolled sewage flow in Nogales Wash near 
Nogales, Arizona.
The difference in the geology between the two areas probably 
is the result of downfaulting of the basin fill north of the 
inferred fault at some time after the basin-fill deposition. 
Subsequent additional downward movement of the northern 
basin fill resulted from continued compaction of basin-fill 
sediments (Halpenny and Halpenny, 1988). For purposes of 
this report, the geology of the basin fill north of the inferred 
fault will be discussed separately from the geology of the 
basin fill south of the inferred fault. The basin fill north and 
south of the inferred fault is hydrologically connected to form 
a single basin-fill aquifer (Davidson, 1973); therefore, the 
hydrology of the basin will be discussed as one unit.

Geology

The mountains surrounding the Santa Cruz Basin consist 

of igneous, metamorphic, and sedimentary rocks of 

Precambrian to Tertiary age (fig. 8). The mountains are 
largely composed of granite, andesite, rhyolite, basalt, mon- 

zonite, granodiorite, gneiss, limestone, quartzite, 
conglomerate, sandstone, and shale (Davidson, 1973; 

Anderson, 1988; Halpenny and Halpenny, 1988). The 
igneous, metamorphic, and sedimentary rocks generally are 

impermeable; however, secondary fractures can store water 
locally. 
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North of the Inferred Fault.—The Pantano 
Formation is a consolidated to semiconsolidated 
conglomerate of Tertiary age and overlies the basal 
bedrock in the basin north of the inferred fault 
(Davidson, 1973). The formation ranges from hundreds 
to thousands of meters in depth, consists of silty 
sandstone to gravel, and is strongly tilted and offset by 
faulting (Davidson, 1973). The Pantano Formation 
crops out along the southern slopes of the Santa 
Catalina Mountains, the western slopes of the Rincon 
Mountains, and the northeastern slopes of the Sierrita 
Mountains. The outcrops also contain interbedded 
volcanic flows and tuffs (Anderson, 1987).

The Tinaja beds overlie the Pantano Formation. 
The Tinaja beds are of Tertiary age, range from 
hundreds to thousands of meters in depth, are coarse 
grained along the margins of the basin, and grade into 
finer-grained sediments and evaporite deposits in the 
center of the basin (Anderson, 1988). Davidson (1973) 
interpreted the Tinaja beds as a sedimentary detrital 
filling of a subsiding basin. The Tinaja beds comprise 
three unconformable units—the lower, middle, and 
upper beds. The lower Tinaja bed consists of gravel and 
conglomerate to clayey silt and mudstone and ranges in 
thickness from tens to hundreds of meters thick. 
The middle Tinaja bed lies mainly in the center of the 
basin, consists of gravel and conglomerate to 
gypsiferous and anhydritic clayey silt and mudstone, 

and ranges in thickness from tens to hundreds of meters 
thick. The upper Tinaja bed consists of gravel, sand, 
and clayey silt and is tens of meters thick (Anderson, 
1988). The Tinaja beds crop out along the southern 
slopes of the Santa Catalina Mountains, the western 
slopes of the Rincon Mountains, and the eastern slopes 
of the Tucson and Sierrita Mountains (Anderson, 
1987).

Loosely packed to weakly cemented sediments of 
Quaternary age, known collectively as the Fort Lowell 
Formation, unconformably overlie the Tinaja beds. The 
Fort Lowell Formation grades from silty gravel near the 
edges of the basin to silty sand and clayey silt in the 
center of the basin and ranges in thickness from 100  m 
in the center of the basin to a few meters near the edges 
of the basin (Davidson, 1973). The formation crops out 
extensively in the foothills of the Santa Catalina and 
Rincon Mountains (Davidson, 1973). For the purposes 
of this study, the Fort Lowell Formation is shown as 
basin fill over most of the valley floor north of the 
inferred fault on the surficial geology map (fig. 8); 
however, throughout most of this area, it is commonly 
overlain by a veneer of alluvium (Anderson, 1987).

Stream alluvium unconformably overlies the 
Fort Lowell Formation along the Santa Cruz River and 
its tributaries north of the inferred fault. The stream 
alluvium is of Quaternary age, consists mainly of 
gravel and gravelly sand, and ranges in depth from a 
few meters to tens of meters thick (Davidson, 1973).

South of the Inferred Fault.—The Nogales 
Formation is a consolidated conglomerate of Tertiary 
age and overlies the basal bedrock in the basin south of 
the inferred fault (Halpenny, 1963). The Nogales 
Formation consists of sandstone, claystone, and 
conglomerate derived from limestone, granite, and 
volcanic material and is at least 450 m thick (Halpenny, 
1963). The lower Tinaja bed north of the inferred fault 
is thought to be correlative with the Nogales Formation 
(Anderson, 1987). The formation crops out between 
the Santa Cruz River and Nogales Wash and on the 
southern slopes of the San Cayetano Mountains 
(Simons, 1974).

Older alluvium consists of deposits of weakly 
cemented gravel, sand, and silt and overlies the 
Nogales Formation (Halpenny and Halpenny, 1988). 
The older alluvium is of Tertiary and Quaternary age 
and forms terraces that mark the old, inner valley of the 
Santa Cruz River south of the inferred fault. 
The terraces disappear along the edges of the inner 
valley north of the inferred fault (Halpenny and 
Halpenny, 1988). For the purposes of this study, the 
older alluvium is shown as basin fill over most of the 
valley floor south of the inferred fault on the surficial 
geology map (fig. 8). 

Figure 7. View of downtown Tucson, Arizona, looking 
northeastward from the Tucson Mountains.
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South of the inferred fault, stream alluvium of 
Quaternary age has been deposited along the Santa 
Cruz River. The alluvium is composed of gravel, sand, 
and occasional lenses of silt and ranges in thickness 
from about 25 to 35 m (Halpenny and Halpenny, 1988).

Hydrology

North of the inferred fault, the stream alluvium is 
not part of the basin-fill aquifer because the water table 
is below the base of these deposits; however, the stream 
alluvium north of the inferred fault may become 
saturated for as long as several weeks after sustained 
streamflow (CH2M Hill, 1988). South of the inferred 
fault, the water table is above the base of the stream 
alluvium; in this area, the stream alluvium is the most 
productive part of the basin-fill aquifer (Halpenny, 
1963).

The Fort Lowell Formation is the most productive 
part of the aquifer north of the inferred fault—
hydraulic-conductivity values range from about 6 m/d 
to as much as 29 m/d (Davidson, 1973). In some areas, 
however, pumping has lowered the water table below 
the base of the formation (CH2M Hill, 1988). 
The Tinaja beds form the thickest part of the aquifer 
north of the inferred fault, and hydraulic-conductivity 
values range from about 0.4 to 16 m/d (Davidson, 
1973). Hydraulic- conductivity values of the Pantano 
Formation range from about 0.2 to 4 m/d (Davidson, 
1973). North of the inferred fault, computed 
transmissivity values for the basin-fill aquifer range 
from about 12 to almost 6,200 m2/d and generally are 
less than 620 m2/d (Anderson, 1972). South of the 
inferred fault, computed transmissivity values for the 
older alluvium range from 120 to 270 m2/d (Halpenny 
and Halpenny, 1988). The Nogales Formation does not 
yield a substantial quantity of ground water to wells 
(Halpenny, 1963).

The basin-fill aquifer of the Upper Santa Cruz 
Basin is unconfined or partly confined (Davidson, 
1973; Halpenny and Halpenny, 1988). North of the 
inferred fault, water levels range from about 25 to 70 m 
below land surface along the Santa Cruz River and are 
as much as 160 m below land surface near Vail (Tucson 
Water, 1998). South of the inferred fault, water levels 
generally are less than 10 m below land surface along 
the Santa Cruz River and may exceed 100 m below 
land surface near the base of mountain ranges (Murphy 

and Hedley, 1984). A zone of perched water near the 
southeast slope of the Tucson Mountains has been 
reported (Tucson Water, 1998).

Recharge to the basin-fill aquifer of the Upper 
Santa Cruz Basin primarily occurs from infiltration of 
winter precipitation and surface flow in the Santa Cruz 
River and its tributaries (Halpenny, 1963; CH2M Hill, 
1988). Other sources of recharge to the basin-fill 
aquifer include infiltration of precipitation along the 
mountain fronts, infiltration of effluent in the Santa 
Cruz River from the Roger Road and Ina Road 
WWTPs and the Nogales International WWTP, 
infiltration of effluent in the Santa Cruz River and in 
percolation ponds from the Green Valley WWTP, 
infiltration of reclaimed effluent from the Sweetwater 
Effluent Recharge Basins, infiltration of Central 
Arizona Project (CAP) water from the Pima Mine 
Road Recharge Project, infiltration of sewage return 
flows in the Nogales Wash, infiltration of agricultural 
return flows from irrigated fields adjacent to the 
Santa Cruz River, and infiltration of mine return flows 
as seepage from tailing ponds (fig. 2; Pima Association 
of Governments, 1983, 1985; CH2M Hill, 1988; 
Hanson and Benedict, 1994). Discharge of effluent to 
the Santa Cruz River from the Roger Road and 
Ina Road WWTPs began in 1950, and discharge of 
effluent from the Nogales International WWTP began 
in 1972 (Schmidt and Associates, 1988; Hanson and 
Benedict, 1994). Discharge of effluent to the Santa 
Cruz River from the Green Valley WWTP began in 
1964 and ended in 1981 when recharge of effluent 
began from a percolation pond (Pima Association of 
Governments, 1985). Recharge of effluent from the 
Sweetwater Effluent Recharge Basins began in 1987, 
and recharge of CAP water from the Pima Mine Road 
Recharge Project began in 1998 (Mitch Basefsky, 
Public Information Supervisor, City of Tucson, oral 
commun., 1999). Agricultural return flows have been 
decreasing since 1965, and mine return flows have 
been decreasing since the 1980s (Hanson and Benedict, 
1994).

Ground-water movement generally is from the 
mountain-front areas toward the valley floors, and then 
northward in the southern part of the Upper Santa Cruz 
Basin and northwestward in the northern part of the 
basin (Murphy and Hedley, 1984). Ground-water 
discharge in the Upper Santa Cruz Basin occurs as 
underflow beneath the northwest boundary of the 
basin, as evapotranspiration, and as pumping from 
wells (CH2M Hill, 1988).
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The hydrologic system in the Upper Santa Cruz 
Basin was considered to be in approximate equilibrium 
prior to 1940 (Anderson, 1972), which means that 
recharge from natural sources equaled discharge from 
the basin. Coates and Halpenny (1954) reported that in 
the early to mid-1800s, the ground-water table was 
shallow enough for the Santa Cruz River to be a 
perennial stream through much of its course and for 
phreatophytes to be more plentiful along the river 
banks than they were in 1954. From the 1930s until 
about 1975, ground-water pumping steadily increased 
in the central and northern parts of the basin, and 
ground-water levels began to decline substantially in 
these areas (CH2M Hill, 1988). Extensive pumping 
from the basin-fill aquifer has resulted in ground-water 
level declines of more than 40 m in the central part of 
the basin near Green Valley and more than 60 m in the 
northern part of the basin in the Tucson area (Tucson 
Water, 1998). Ground-water level declines in the basin 
have had several effects—shifting of natural ground-
water flow paths toward pumping centers; increased 
vertical-hydraulic gradients; reduction in perennial 
streamflow in the Santa Cruz River and its tributaries as 
water levels are lowered below the river bottom; 
reduction in evapotranspiration as water levels are 
lowered below plant roots; development of perched 
zones in the aquifer as water levels are lowered below 
nonpermeable layers; and compaction of the aquifer, 
resulting in land subsidence near Tucson of as much as 
0.15 m from 1951 to 1980 and as much as 0.06 m from 
1980 to 1996 (Anderson, 1988; Hanson and Benedict, 
1994; Evans and Pool, 2000). South of the inferred 
fault, the aquifer has not been affected by ground-water 
level declines because less ground water is pumped 
from the basin-fill aquifer in this area than in the 
northern part of the basin, and because the narrow, 

shallow river valley in the southern part of the basin is 
conducive to rapid recharge to the basin-fill aquifer 
(Halpenny and Halpenny, 1988). 

METHODS OF INVESTIGATION 

Ground-water samples were collected in the Upper 
Santa Cruz Basin by the USGS and the ADEQ and 
analyzed for general properties; concentrations of 
major ions, nutrients, and trace elements; and tritium to 
characterize ground-water quality (table 1). In addition 
to the analyses listed in table 1, the USGS analyzed 
ground-water samples for dissolved oxygen (field), 
silica, bromide, ammonia plus organic nitrogen, nitrite, 
orthophosphorus, cobalt, molybdenum, nickel, 
strontium, uranium, dissolved organic carbon, and 
isotopes of hydrogen-2 and oxygen-18 (Tadayon and 
others, 1999). The ADEQ analyzed ground-water 
samples for phenol alkalinity, total Kjeldhal nitrogen, 
boron, mercury, and thallium. Both the USGS and the 
ADEQ additionally analyzed ground-water samples for 
turbidity, hardness, radon, pesticides, and volatile 
organic compounds; however, the data were not 
included in this study because field-collection and (or) 
analytical procedures of the two agencies were 
dissimilar.

The data of the USGS and the ADEQ for the 
analyses were combined to increase the quantity of 
data available to characterize the ground-water quality 
in the Upper Santa Cruz Basin. To ensure that data 
from the two agencies could be combined and that an 
acceptable quality of data would result, similar field-
collection, analytical, and quality-assurance procedures 
were used by the USGS and the ADEQ and individual 
and joint quality-control samples were collected.
Table 1. Ground-water analyses by the U.S. Geological Survey and the Arizona Department of Environmental Quality, Upper Santa Cruz 
Basin, Arizona, 1998

General properties Major ions Nutrients Trace elements Isotopes

Temperature
pH
Specific conductance
Alkalinity
Dissolved solids

Calcium
Magnesium
Sodium 
Potassium
Chloride 
Sulfate

Nitrite plus 
nitrate

Ammonia
Phosphorus

Aluminum
Antimony
Arsenic
Barium
Beryllium

Cadmium
Chromium
Copper
Fluoride
Iron

Lead
Manganese
Selenium
Silver
Zinc

Tritium
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The quality-assurance procedures and quality-control 
samples for the USGS and the ADEQ are discussed in 
detail in the section entitled “Quality Assurance and 
Quality Control” at the end of the report. Analysis of 
field-blank samples collected by the USGS indicated 
systematic contamination by ammonia, aluminum, and 
zinc; therefore, these constituents were omitted from 
the data analysis. Analysis of replicate samples 
collected by the USGS indicated variability of 
phosphorus concentrations, and analysis of replicate 
samples collected by the ADEQ indicated variability of 
sodium concentrations. Analysis of standard-reference 
samples identified high bias for fluoride from both the 
USGS National Water-Quality Laboratory (NWQL) 
and the Arizona Department of Health Services 
(ADHS) laboratory and high bias for magnesium and 
zinc from the ADHS laboratory. Analysis of split 
samples collected by both agencies generally verified 
that combining the ground-water quality data was 
acceptable; however, differences were identified 
between the USGS and the ADEQ laboratory data for 
alkalinity, magnesium, and potassium. Consideration 
of specific constituent bias and variability was taken 
into account when analyzing the water-quality data 
collected for this study. 

Statistical Methods

A variety of methods were used to complete 
statistical analyses of the ground-water quality data 
collected by the USGS and the ADEQ during 1998. 
To determine summary statistics for the data, specific 
methods were used to handle data sets that had values 
below the laboratory minimum-reporting level (MRL). 
Data sets that included concentrations below one or 
both of the laboratory’s MRLs and for which less than 
80 percent of the concentrations were below the MRLs 
were tested for log-transformed normality using the 
Kolmogorov- Smirnov one-sample test (SSPS Inc., 
1997). Values representing the 10th, 25th, 50th, 75th, 
and 90th percentile concentration were calculated for 
each constituent using either the maximum-likelihood 
estimation method (Cohen, 1959) for normal log-
transformed data, or the probability-regression method 
(Cohen, 1959) for nonnormal log-transformed data. 
If more than 80 percent of the concentrations for a 
constituent were below the MRLs, no calculations were 
completed.

Kendall’s tau-b test statistic (Helsel and Hirsch, 
1992)—a nonparametric measure of the association 
between two variables—was calculated for 
(1) correlations between concentrations of different 
constituents, (2) correlations between concentrations of 
constituents and well depth, and (3) correlations 
between concentrations of constituents and time. 
The null hypothesis of no association between 
variables was rejected if the probability of obtaining 
the correlation by chance was less than or equal to 0.05 
(less than or equal to 0.10 for correlations between 
concentrations of constituents and time). 
Concentrations of a constituent less than or equal to 
either of the agencies’ MRL for that constituent were 
raised to the highest MRL.

Kendall’s tau-b test statistic is not valid for data 
sets that have more than 20 percent of concentrations 
below the MRL (Helsel and Hirsch, 1992). Because of 
this, the Kendall’s tau-b test statistic was not calculated 
for phosphorus, antimony, beryllium, cadmium, 
copper, iron, lead, manganese, selenium, and silver. 
For arsenic, barium, chromium, and zinc, more than 
20 percent of the data collected by both the USGS and 
the ADEQ were below the highest MRLs, but less than 
20 percent of the USGS data were below the USGS 
MRLs. Consequently, Kendall’s tau-b test statistic was 
calculated for these constituents using data collected 
only by the USGS.

The Wilcoxon rank-sum test statistic—a non-
parametric measure of the association between 
two independent sets of data—was used to test the null 
hypotheses that (1) concentrations of constituents in 
water from wells less than 2 km from major faults was 
the same as concentrations in water from wells more 
than 2 km from major faults, (2) that concentrations of 
constituents in water from wells less than 2 km from 
the stream alluvium was the same as concentrations of 
constituents in water from wells more than 2 km from 
the stream alluvium, and (3) that concentrations of 
constituents in water from wells north of the inferred 
fault was the same as concentrations of constituents in 
water from wells south of the inferred fault. The null 
hypothesis of identical median values for both data sets 
was rejected if the probability of obtaining identical 
medians by chance was less than or equal to 0.05. 
Concentrations of constituent data less than or equal to 
either of the agencies’ MRL for that constituent were 
raised to the highest MRL.
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The Kruskal-Wallis test statistic (Helsel and 
Hirsch, 1992)—a nonparametric measure of the 
association between several independent sets of data—
was used to test the null hypothesis that concentrations 
of constituents in water from wells that represent 
different basin-fill units and recharge from different 
land uses were the same. The null hypothesis of 
identical median values for all data sets was rejected if 
the probability of obtaining identical medians by 
chance was less than or equal to 0.05. If the null 
hypothesis was rejected for any of the tests conducted, 
the Tukey method of multiple comparisons was applied 
on the ranks of the data set (Helsel and Hirsch, 1992). 
This test identified significant differences between 
constituent concentrations when compared to each 
possibility within each test. The null hypothesis of 
identical median values for two possibilities in each 
test was rejected if the probability of obtaining 
identical medians by chance was less than or equal to 
0.05. Concentrations of constituent data less than or 
equal to either of the agencies’ MRL for that 
constituent were raised to the highest MRL.

The Tukey method uses the harmonic mean of the 
group sample size to identify significant differences. 
If one group sample size is much smaller than the other 
group sample sizes, the mean sample size is lowered 
and the smallest difference necessary to declare 
significance increases. In the “Land Use” section of the 
report, wells in areas that have received recent recharge 
from rangeland were not included in the analysis 
because of the small sample size of the group.

The Wilcoxon rank-sum test statistic, the Kruskal-
Wallis test statistic, and the Tukey method are not valid 
for data sets that have more than 50 percent of 
concentrations below the MRL (Helsel and Hirsch, 
1992). Because of this, these test statistics and this 
method were not used to analyze phosphorus, 
antimony, beryllium, cadmium, copper, lead, selenium, 
and silver data. For arsenic, barium, chromium, iron, 
manganese, and zinc, more than 50 percent of the 
concentration data collected by the USGS and the 
ADEQ were below the highest MRLs; however, less 
than 50 percent of the USGS concentration data were 
below the USGS MRLs. Consequently, the Wilcoxon 
rank-sum test statistic, the Kruskal-Wallis test statistic, 
and the Tukey method were used to analyze only the 
constituent data for samples collected by the USGS.

Selection of Sample Locations

The USGS and the ADEQ each planned to sample 
30 wells in the Upper Santa Cruz Basin to characterize 
the ground-water quality. Wells were chosen using a 
statistically based stratified-random approach. 
Computer software (Scott, 1990) was used to divide the 
basin into 30 equal-area polygons that are referred to as 
cells. Within each cell, primary, secondary, and tertiary 
points were randomly assigned by the computer 
software. Different sets of random points within each 
cell were used by the USGS and the ADEQ for well 
selection.

Wells within about a 1.6-kilometer radius of each 
primary point were identified from a data base of wells 
registered with the Arizona Department of Water 
Resources. These wells were then randomly ordered. 
The wells were visited sequentially to determine if they 
were suitable for sampling. If none of the wells within 
a 1.6-kilometer radius of the primary point were 
adequate, wells around the secondary point were 
identified, randomly ordered, and visited. If none of the 
wells within a 1.6-kilometer radius of the secondary 
point were adequate, wells around the tertiary point 
were identified, randomly ordered, and visited. A well 
was suitable for sampling if it had a submersible pump, 
a sampling point between the pump and any treatment 
system and (or) storage tanks, and a measuring point to 
determine depth to water; if construction information 
(depth, perforated interval, casing diameter, and 
driller’s log) was available; and if the well owner gave 
permission to sample. Water from the wells selected 
was being used for domestic, public, irrigation, and 
commercial supply. Wells open to the basin-fill aquifer 
were targeted for this study. In some areas, it was 
difficult to locate wells open to the basin-fill aquifer; 
therefore, some wells open to bedrock water-bearing 
units were sampled. 

The USGS and the ADEQ each sampled one well 
in 29 of the 30 cells; no suitable well was found in the 
thirtieth cell on the western boundary of the basin 
between the Sierrita and Tucson Mountains.

Field Methods

The USGS followed NAWQA ground-water 
sampling protocols and procedures (Koterba and 
others, 1995). The ADEQ followed the “Quality 
Assurance Project Plan” (QAPP; Arizona Department 
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of Environmental Quality, 1991) and the “Field Manual 
For Water-Quality Sampling” (Water Resources 
Research Center, 1995).

U.S. Geological Survey 

The USGS used equipment and procedures that 
were designed to minimize potential bias and 
variability. Before samples were collected, the depth to 
water was measured within the well casing, and wells 
were pumped to purge at least three casing volumes of 
water. During the purging of water, temperature, pH, 
specific conductance, turbidity, and dissolved-oxygen 
concentrations were measured using individual meters 
(table 10 in the section entitled “Basic Data” at the 
back of the report). A flow-through chamber was used 
for measurements of temperature, pH, and dissolved-
oxygen concentrations to isolate the samples from 
contact with the atmosphere. During the last 
25 minutes of purging, measurements were made every 
5 minutes. After stabilization of field measurements 
(table 2), samples were collected inside the field 
vehicle using teflon tubing attached at a location near 
the wellhead before water entered treatment equipment 
or storage tanks (fig. 9). During collection of ground 
water, the samples were in contact with materials 
within the well and pump system, teflon tubing, and 
stainless-steel connectors. Samples were not analyzed 
for trace elements if the measured turbidity was greater 
than 10 nephelometric turbidity units (NTU). 

 

Chambers were used to isolate samples from 
potential atmospheric contamination during sample 
collection and preservation. Samples for the 
determination of some general properties and all major 
ions, nutrients, and trace elements were collected after 
they had passed through a 0.45-micrometer in-line 
cartridge filter. One milliliter of nitric acid (70 percent) 
was used to preserve 250-milliliter samples for trace-
element analysis and some major-ion analysis. Samples 
for nutrient analysis were kept chilled until they were 
analyzed at the laboratory.

Arizona Department of Environmental Quality

The ADEQ used equipment and procedures that 
were designed to minimize potential bias and 
variability. Wells were pumped before sample 
collection to purge at least one to three casing volumes 
of water. During well purging, temperature, specific 
conductance, and pH were measured using a Hydrolab 
(table 10 in the section entitled “Basic Data” at the 
back of the report). About 5 to 10 measurements were 
made before the samples were collected; at most wells, 
this equated to one measure- ment every 5 minutes. 
Temperature, specific conductance, and pH were 
considered stable when values from repeated 
measurements were within 10 percent of one another. 
After field measurements stabilized, samples were 
collected close to the wellhead before water entered 
treatment equipment or storage tanks. 

Table 2. Differences that indicate stability in field 
measurements of the U.S. Geological Survey 
[Koterba and others (1995). ±, plus or minus; °C, degrees Celsius; ≤, less 
than or equal to; >, greater than; µS/cm, microsiemens per centimeter at 
25°C; mg/L, milligrams per liter; <, less than; NTU, nephelometric turbidity 
units]

Property Allowable difference or value

Temperature ± 0.2 °C

pH ± 0.05 standard units

Specific conductance (SC) ± 5 percent for SC ≤ 100 µS/cm
± 3 percent for SC > 100 µS/cm

Dissolved oxygen ± 0.3 mg/L

Turbidity ± 10 percent for turbidity
<100 NTU

Figure 9. Dedicated water-quality sampling vehicle used by 
the U.S. Geological Survey.
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A 0.45−micrometer in-line cartridge filter was used 
to filter samples for trace-element analysis by attaching 
the filter directly to an adaptor attached to the sampling 
point or by attaching the cartridge filter to a positive-
pressure filtering apparatus attached to a bottle filled 
with unfiltered sample water. The 1-liter samples 
collected for trace-element constituent analysis were 
preserved with 5 mL of concentrated nitric acid 
(70 percent). The 1-liter samples for nutrient analysis 
were preserved with 2 mL of concentrated sulfuric acid 
(95.5 percent). Samples for major-ion, nutrient, and 
trace-element analysis were kept chilled until they were 
analyzed at the laboratory. The chain-of-custody 
procedures for ADEQ were followed during handling 
of the samples.

Laboratory Methods

With the exception of samples collected for the 
determination of tritium, samples collected by the 
USGS were analyzed by the NWQL, and samples 
collected by the ADEQ were analyzed by the ADHS 
laboratory (table 3). Samples collected by the USGS 
and the ADEQ for the determination of tritium were 
analyzed by a USGS laboratory in Menlo Park, 
California. Laboratory alkalinity and specific-
conductance values are reported because both agencies 
did not measure these properties in the field. For the 
USGS data, the difference between laboratory and field 
measurements of alkalinity and specific conductance 
were less than 15 and 5 percent, respectively. For some 
properties and constituents, the analytical methods and 
(or) MRLs (table 3) used by the laboratories were 
different. Differing MRLs made interpretation of the 
data difficult because some measurable concentrations 
were below one MRL and above the other MRL.

GROUND-WATER QUALITY

General properties and concentrations of major 
ions, nutrients, trace elements, and isotopic 
compositions vary in ground-water samples collected 
in the Upper Santa Cruz Basin (table 4). On the basis 
of the cations and anions that contribute more than 
50 percent of the ions in solution, ground water in the 
basin is a calcium bicarbonate type (fig. 10).

Comparisons of the ground-water quality data 
(table 10 in the section entitled “Basic Data” at the 
back of the report) with drinking-water regulations and 
aquifer water-quality standards (table 5) indicate that 
ground water in the Upper Santa Cruz Basin generally 

is suitable for municipal, agricultural, and irrigation 
uses. The USEPA MCLs for drinking water are health-
based standards that define the maximum concentration 
of a constituent that is allowed in a public-water system 
(U.S. Environmental Protection Agency, 1996). 
The State of Arizona aquifer water-quality standards 
apply to aquifers classified for drinking-water use 
(State of Arizona, 1996). The USEPA SMCLs are 
unenforceable guidelines that defines the maximum 
concentration of a characteristic or constituent that can 
be present without unpleasant taste, color, odor, or 
other aesthetic effects on drinking water (U.S. 
Environmental Protection Agency, 1996). Of the 
58 samples collected in the Upper Santa Cruz Basin in 
1998, 17 samples had concentrations of at least one 
constituent that exceeded a Federal or State water-
quality standard. The USEPA MCLs and State of 
Arizona aquifer water-quality standards were exceeded 
for arsenic, fluoride, and nitrite plus nitrate; USEPA 
SMCLs were exceeded for fluoride, iron, manganese, 
pH, sulfate, and dissolved solids (table 5).

In June 2000, the USEPA proposed to lower the 
arsenic MCL to 5 µg/L (U.S. Environmental Protection 
Agency, 2000). At least 10 samples had arsenic 
concentrations that exceed the proposed MCL. 
The ADEQ MRL for arsenic, however, was 10 µg/L; 
additional samples may have concentrations that 
exceed the proposed MCL.

The sample that exceeded the USEPA SMCL for 
iron (site 55) had an aluminum concentration higher 
than any other sample (2,700 µg/L) and a pH below the 
USEPA SMCL range (6.5 to 8.5 standard units). 
The high iron and aluminum concentrations were most 
likely derived from the well casing, which is black steel 
and iron pipe.

Natural Controls on Ground-Water Quality

Natural controls on ground-water quality in the 
Upper Santa Cruz Basin must be understood before the 
effects of human activities on ground-water quality in 
the basin can be determined. Natural controls on 
ground-water quality were examined by identifying 
variations in ground-water quality related to well depth 
and geology (basin-fill units, distance from faults, 
distance from stream alluvium, and location north or 
south of the inferred fault; fig. 8; table 11 in the section 
entitled “Basic Data” at the back of the report). 
Well depth was determined using well-drillers’ logs. 
Locations of fault zones, basin-fill units, and stream 
alluvium were determined using geologic maps and 
well-drillers’ logs.
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Table 3. Laboratory methods used by the U.S. Geological Survey National Water-Quality Laboratory and the Arizona Department of 
Health Services Laboratory for analyses of ground water, Upper Santa Cruz Basin, Arizona 

[Constituents are dissolved and are reported in milligrams per liter unless otherwise noted. ICP, inductively coupled plasma; AES, atomic emission 
spectroscopy; AA, atomic absorption; MS, mass spectroscopy; LS, liquid scintillation counting method; µS/cm, microsiemens per centimeter at 25 degrees 
Celsius; µg/L, micrograms per liter; pCi/L, picocuries per liter; N/A, not available]

Property
or constituent

U.S. Geological Survey
National Water-Quality Laboratory

Arizona Department of Health Services
 Laboratory

Method
Minimum-

 reporting level Method
Minimum- 

reporting level

General properties

Specific conductance (µS/cm) Wheatstone bridge 1.0 Wheatstone bridge 1.0

Alkalinity Electrometric titration 1.0 Electrometric titration 2.0

Dissolved solids Gravimetric 1 Gravimetric 10

Major ions

Calcium ICP .02 ICP-AES 1.0

Magnesium ICP .01 ICP-AES 1.0

Sodium ICP .2 ICP-AES 5.0

Potassium Flame AA .1 Flame AA .5

Chloride Ion chromatography .1 Potentiometric titration 1.0

Sulfate Ion chromatography .1 Colorimetric 10

Nutrients

Nitrite plus nitrate Colorimetric .05 Colorimetric .02

Ammonia Colorimetric .010 Colorimetric .020

Phosphorus Colorimetric .010 Colorimetric .020

Trace elements

Aluminum (µg/L) ICP-MS 1.0 ICP-AES 500

Antimony (µg/L) ICP-MS 1.0 Graphite furnace AA  5.0

Arsenic (µg/L) Hydride generation 1 Graphite furnace AA  10

Barium (µg/L) ICP-MS 1.0 ICP-AES  100

Beryllium (µg/L) ICP-MS 1.0 Graphite furnace AA .5

Cadmium (µg/L) ICP-MS 1.0 Graphite furnace AA 1.0

Chromium (µg/L) ICP-MS 1.0 Graphite furnace AA 10

Copper (µg/L) ICP-MS 1.0 Graphite furnace AA 10

Fluoride Ion selective electrode .10 Ion selective electrode .20

Iron (µg/L) ICP 10 ICP-AES 100

Lead (µg/L) ICP-MS 1.0 Graphite furnace AA 5.0

Manganese (µg/L) ICP-MS 1.0 ICP-AES 50

Selenium (µg/L) Hydride generation 1 Graphite furnace AA 5

Silver (µg/L) ICP-MS 1.0 Graphite furnace AA 1.0

Zinc (µg/L) ICP-MS 1.0 ICP-AES 50

Isotopes

Tritium, total (pCi/L) LS 2.5 N/A N/A
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Table 4. Summary statistics for ground-water quality data, Upper Santa Cruz Basin, Arizona, 1998

[Constituents are dissolved and are reported in milligrams per liter, unless otherwise noted. N/A, not available; °C, degrees Celsius; µS/cm, microsiemens per 
centimeter at 25°C; mg/L, micrograms per liter; pCi/L, picocuries per liter; >, greater than]

Property
or constituent

Number Minimum-reporting level Percentile

Samples
Detec-
tions Highest Lowest 10th 25th

50th
(median) 75th 90th

General properties

Temperature (°C) 58 58 N/A N/A 19.6 21.6 24.9 27.0 29.8

pH (standard units) 58 58 N/A N/A 6.9 7.1 7.3 7.5 7.7

Specific conductance 
(µS/cm)

58 58 1.0 N/A 250 325 462 709 905

Alkalinity 58 58 2.0 1.0 100 120 158 227 271

Dissolved solids 58 58 10 1 169 218 305 478 621

Major ions

Calcium 58 58 1.0 .02 19 31 47 73 111

Magnesium 58 58 1.0 .01 2.1 4.5 8.1 16 21

Sodium 58 58 5.0 .2 16 26 37 49 90

Potassium 58 58 .5 .1 1.2 1.6 2.2 3.1 3.9

Chloride 58 58 1.0 .1 6.1 7.9 11 24 40

Sulfate1 58 54 10 .1 27.6 11 54 117 187

Nutrients

Nitrite plus nitrate 58 58 .05 .02 .44 .68 1.50 3.10 6.90

Phosphorus1 58 18 .020 .010 3.0003 3.001 3.005 .030 .110

Trace elements

Antimony (µg/L) 55 1 5.0 1.0 (4) (4) (4) (4) (4)

Arsenic (µg/L)5 55 27 10 1 3.7 22 23 26 12

Barium (µg/L)5 55 27 100 1.0 27.1 217 227 248 102

Beryllium (µg/L) 55 0 1.0 .5 (4) (4) (4) (4) (4)

Cadmium (µg/L) 55 0 1.0 N/A (4) (4) (4) (4) (4)

Chromium (µg/L)1 55 26 10 1.0 21.6 22.0 22.4 23.0 23.6

Copper (µg/L)5 55 11 10 1.0 3.4 3.6 3.9 21.2 21.8

Fluoride5 58 54 .20 .10 2.17 .35 .48 .65 1.2

Iron (µg/L)5 55 19 100 10 31 33 211 223 255

Lead (µg/L) 55 3 5.0 1.0 (4) (4) (4) (4) (4)

Manganese (µg/L)1 55 17 50 1.0 3.2 3.5 21.4 24.5 212

Selenium (µg/L) 55 10 5 1 (4) (4) (4) (4) (4)

Silver (µg/L) 55 0 1.0 N/A (4) (4) (4) (4) (4)

Zinc (µg/L)5 55 49 50 1.0 225 238 86 150 320

Isotopes

Tritium, total (pCi/L)5 58 32 2.5 N/A 31.1 32.4 4.5 17 25
1Summary statistics calculated using maximum likelihood estimation method (Cohen, 1959).
2Values are extrapolated between the two reporting levels.
3Values are extrapolated below the lowest reporting level.
4More than 80 percent data reported below both MRL’s.
5Summary statistics calculated using probability plot method (Cohen, 1959).
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ENVIRONMENTAL SAMPLE—U.S.
   Geological Survey and Arizona
   Department of Environmental
   Quality

SPLIT SAMPLE—U.S. Geological
   Survey and Arizona Department of
   Environmental Quality
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Figure 10. Relative composition of ground-water samples, Upper Santa Cruz Basin, Arizona, 1998.
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Table 5. Wells in which ground water exceeds drinking-water regulations and (or) aquifer water-quality standards for selected 
constituents, Upper Santa Cruz Basin, Arizona, 1998

[Site numbers correspond to figures 2 and 8 and table 10. Constituents are dissolved and are reported in milligrams per liter unless otherwise noted. µg/L, 
micrograms per liter; SMCL, Secondary Maximum Contaminant Level; MCL, Maximum Contaminant Level]

Property or constituent Site number
Value 

exceeded

U.S. Environmental 
Protection Agency 

drinking-water 
regulation

State of Arizona 
aquifer water-

quality standard

General properties

pH (standard units) 8, 55 6.5–8.5  SMCL1

Dissolved solids 5, 6, 12, 14, 16, 18, 19, 20, 28, 42, 45, 49, 52, 56 500  SMCL1

Major ions

Sulfate 6, 14 250  SMCL1

Nutrients

Nitrite plus nitrate 12, 16, 28, 42, 45 10 MCL1  (2)

Trace elements

Arsenic (µg/L) 8 50 MCL1,3 (2)

Arsenic (µg/L) 8, 15, 21, 24, 25, 34, 45, 46, 53, 54 5 MCL4 

Fluoride 34 4 MCL1,3 (2)

Fluoride 8, 34 2 SMCL1,3 

Iron (µg/L) 55 300 SMCL1

Manganese (µg/L) 28 50 SMCL1

1U.S. Environmental Protection Agency (1996).
2State of Arizona (1996).
3Under review.
4Proposed (U.S. Environmental Protection Agency, 2000).
Depth

The sampled wells ranged in depth from 12 to 
259 m. Only one well was perforated exclusively below 
213 m; therefore, the basin’s “deep ground water” 
(at depths greater than 213 m) described by Laney 
(1972) generally was not sampled. This study focused 
on the chemical quality of Laney’s “shallow ground 
water” (at depths less than 213 m).

Temperature and pH were found to significantly 
correlate with well depth throughout the entire basin 
(fig. 11). The temperature generally increased 4°C per 
100 m of well depth, and the pH generally increased 
0.15 standard units per 100 m of well depth. 
The increase in ground-water temperature with depth 
in the aquifer was described by Laney (1972).

Geology

This study focused on ground-water quality in the 
basin-fill aquifer. The majority of the sampled wells 
were perforated in the Fort Lowell Formation, the 

upper Tinaja bed, or the older alluvium. Six of the 
sampled wells were perforated in consolidated rock 
near the edges of the basin, and there were no 
perforation data for 10 of the sampled wells. Ground-
water quality was not significantly different among the 
three basin-fill units. A significant difference was not 
identified with the Kruskal-Wallis test statistic. 
Previous investigations did not compare the ground-
water quality of the different basin-fill units. 

Previous investigations identified high 
concentrations of bicarbonate, sulfate, calcium, nitrate, 
and fluoride in ground water along the Santa Cruz 
River (Laney, 1972). For this study, ground-water 
quality was examined in relation to distance of the 
sampled wells from the stream alluvium. The quality of 
ground water less than 2 km from the stream alluvium 
was not significantly different than the quality of 
ground water more than 2 km from the stream 
alluvium. A significant difference was not identified 
with the Wilcoxon rank-sum test statistic.
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Figure 11. Temperature and pH as functions of well depth, Upper Santa Cruz Basin, Arizona, 1998.
Ground-water quality north of the inferred fault 
was compared to ground-water quality south of the 
inferred fault to identify water-quality variations 
related to the structural and compositional differences 
of the basin fill north and south of the fault. 
The ground-water quality north of the inferred fault 
was not significantly different than the ground- water 
quality south of the inferred fault. A significant 
difference was not identified with the Wilcoxon rank-
sum test statistic. Previous investi- gations did not 
compare ground-water quality north and south of the 
inferred fault.

Dissolved solids, alkalinity, calcium, potassium, 
chloride, and sulfate concentrations were higher in 
samples collected from wells less than 2 km from 
major faults in the basin fill than in samples collected 
from wells more than 2 km from major faults. 
A significant difference was identified using the 
Wilcoxon rank-sum test statistic (fig. 12). High 
concentrations of dissolved solids, alkalinity, calcium, 
chloride, and sulfate in ground water near the Santa 
Cruz Fault was identified by Laney (1972). Laney 
attributed these concentrations to upward migration of 
ground water through faults from gypsiferous 
mudstones of the Tinaja beds. 
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Figure 12. Concentrations of dissolved solids, alkalinity, calcium, potassium, chloride, and sulfate in wells relative to location of 
major faults, Upper Santa Cruz Basin, Arizona, 1998.
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The dissolved-solids concentrations in ground-
water samples significantly correlate with calcium and 
sulfate concentrations (fig. 13). This correlation 
suggests a gypsiferous source of the ground water. 
Dissolved-solids concentrations above the USEPA 
SMCL (500 mg/L) at sites 5, 6, 12, 14, 16, 18, 19, 20, 
28, 42, 45, 49, 52, and 56, and the sulfate 
concentrations above the USEPA SMCL (250 mg/L) at 
sites 6 and 14 can be partially attributed to the upward 
migration of ground water. Ground- water samples 
from many of these wells also had high (greater than 
100 mg/L) calcium concentrations.

In addition to upward migration of ground water 
along faults, the high concentrations of dissolved solids 
and sulfate at site 14 also may be attributed to a zone in 
the basin fill first described by Laney (1972). Laney 
described a zone containing high concentrations of 
dissolved solids, calcium, and sulfate that extended 
from near Vail northwestward toward central Tucson. 
The high concentrations in this area were attributed to 
movement of ground water through gypsiferous rocks 
of the Pantano Formation and (or) older rocks in the 
headwaters of Pantano Wash.

The high dissolved-solids concentrations at some 
sites can be attributed to geology; however, at some 
sites, it also may be attributed to human activities near 
the wells. The Upper Santa Cruz Basin is east of an 
area of massive evaporite deposits in the basin fill and 
high specific-conductance values in the ground water 
that is called the “Gila Low” (Pierce, 1974). Specific-
conductance values (which are related to dissolved-
solids concentrations) measured in 1998 in the Upper 
Santa Cruz Basin are higher than would be expected for 
a basin outside the “Gila Low” (Gellenbeck and Coes, 
1999). In addition, dissolved-solids concentrations in 
the Upper Santa Cruz Basin generally are higher than 
those of the eastward neighboring basin of Sierra Vista, 
which has less urban and agricultural development 
(Coes and others, 1999). 

One ground-water sample had a fluoride 
concentration greater than the USEPA MCL (4 mg/L; 
site 34; figs. 2 and 8), and one ground-water sample 
had a fluoride concentration greater than the USEPA 
SMCL (2 mg/L; site 8; figs. 2 and 8). Laney (1972) 
attributed fluoride concentrations in ground water in 
the Upper Santa Cruz Basin to chemical reactions 

between the aquifer material and the ground water. 
Site 8 is at the base of the Tucson Mountains, which are 
primarily volcanic in origin (Davidson, 1973). 
Fluoride-bearing minerals are common in these 
volcanic rocks, and clays in the basin-fill deposits 
downgradient from the Tucson Mountains probably 
have fluoride weakly attached to cation-exchange sites. 
The ground-water sample collected at site 8 had a pH 
above the USEPA SMCL range (6.5 to 8.5 standard 
units). The high pH may contribute to conditions that 
allow fluoride ions to be replaced by hydroxyl ions in 
clays, consequently, fluoride ions are released into 
solution. The ground-water sample from site 34 did not 
have a high pH, and samples from two wells near site 
34 (sites 4 and 33) had fluoride concentrations of less 
than 1 mg/L; thus, the source of the high fluoride 
concentration at site 34 is not clear. Analyses from the 
NWQL and the ADHS laboratory were biased toward 
high concentrations of fluoride; therefore, the high 
concentrations in these two samples may be a factor of 
laboratory bias.

The ground-water sample from site 8 had an 
arsenic concentration almost double the current 
USEPA MCL (50 µg/L; U.S. Environmental Protection 
Agency, 1996). The high concentration at site 8 may be 
attributed to arsenic compounds in the basin fill; 
however, it also may be attributed to human activities 
near the well. Robertson (1991) attributed high arsenic 
concentrations in ground water in southern Arizona to 
oxidized arsenic compounds in the basin-fill sediments, 
which are originally derived from sulfide and arsenide 
deposits in the surrounding mountains. The volcanic 
rocks in the Tucson Mountains may be a source of 
arsenic to the basin-fill sediments near site 8.

Effects of Human Activities on Ground-Water 
Quality

Effects of human activities on ground-water quality 
in the Upper Santa Cruz Basin were examined by 
identifying variations in present ground-water quality 
among areas of different land use and by changes in 
ground-water quality over time. 
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Figure 13. Concentrations of sulfate and calcium in wells as a function of concentrations of dissolved solids, Upper Santa Cruz 
Basin, Arizona, 1998.
Ground-Water Quality 23



Land Use

For ground-water quality to be affected by land 
use, the ground water must have received recharge 
from the land surface after that land use was 
established. To determine if wells received recharge 
from specific areas of existing or previous land uses, 
well depths, water levels, well locations, and tritium 
concentrations were analyzed (tables 10 and 11 in the 
section entitled “Basic Data” at the back of the report).

Tritium, a radioactive isotope, can be used to 
estimate time of recharge and distinguish younger 
ground water from older ground water. Large quantities 
of tritium were released to the atmosphere during 
thermonuclear-weapons testing from 1952 until the late 
1960s. Atmospheric tritium is incorporated into water 
molecules that form precipitation and recharge ground 
water. The amount of tritium in ground water at a given 
time is controlled by the amount of tritium in the 
atmosphere when recharge occurs and by the 
radioactive-decay rate of tritium. Ground water that 
does not contain detectable tritium can be assumed to 
have been recharged before 1953, and ground water 
that does contain detectable tritium can be assumed to 
have some component of ground water that was 
recharged after 1953 (fig. 14).

For this study, a well in which ground water had 
less than 2.5 pCi/L (the MRL) of tritium was 
considered to yield water that had been recharged 
before 1953 (old recharge), and a well at which ground 
water had more than 2.5 pCi/L of tritium was 
considered to yield some component of ground water 
that was recharged after 1953 (recent recharge). 
The land-use type for the area surrounding the wells 
that contained recent recharge was then identified from 
figure 2; the wells that contained recent recharge were 
surrounded by areas in which the land use was urban, 
agricultural, or rangeland. Data from wells that 
contained old recharge were compared to data from 
wells that contained recent recharge from urban areas 
and to wells that contained recent recharge from 
agricultural areas. Agriculture, however, was practiced 
in the basin before 1953, and some of the wells defined 
as containing “old recharge” may contain some 
component of recharge from areas of historical 
agricultural activities. As previously described, wells 
that contained recent recharge from rangeland areas 
were not included in the analysis because of the small 
sample size.

The sample from well 25 had less than 2.5 pCi/L of 
tritium; however, this well is considered to be in an area 
that had received recent recharge because this well is 
only 24.4 m deep, has a water level of 9.6 m, and is 
adjacent to the Santa Cruz River, which is a major 
recharge source. 
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Figure 14. Tritium in precipitation, decayed to 1998, Upper Santa Cruz Basin, Arizona. Data from Robert L. Michel (research 
chemist, U.S. Geological Survey, written commun., 2000).
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Urban Activities.—Concentrations of nitrite plus 
nitrate (as nitrogen) were higher in ground water that 
contained recent recharge from urban areas than in 
ground water that contained old recharge (fig. 15). 
A significant difference was identified with the 
Kruskal-Wallis and the Tukey test statistics. Major 
nitrogen sources in the urban areas include fertilizers 
applied to lawns and effluent discharges from WWTPs. 
Additionally, many present-day urban areas were 
historically agricultural areas, some of which were 
irrigated with wastewater. Of the five ground-water 
samples that exceeded the USEPA MCL and State of 
Arizona aquifer water-quality standards for nitrite plus 
nitrate, two samples were from wells in urban areas 
(sites 45 and 28; fig. 2).  

The ground-water sample from site 45, west of 
Green Valley at the base of the Sierrita Mountains, 
exceeded the USEPA SMCL for dissolved solids 
(500 mg/L) and the USEPA MCL and State of Arizona 
aquifer water-quality protection standard for nitrite 
plus nitrate (10 mg/L). Because this well did not have a 
detectable level of tritium, however, the ground water 
near the well probably had not received recent recharge 
from the land surface. High dissolved-solids and nitrate 
concentrations in this area have been previously 
identified by the Pima Associations of Governments 
(1983). This well is perforated in consolidated rock, 
and flow through fractures may be contributing some 
recharge. In addition, this well is near open-pit mines; 
therefore, the source of the high dissolved- solids 
concentration may be leachate from nearby mining 
activity (Pima Association of Governments, 1983). 
The amount of information available is insufficient to 
determine a source for the high nitrite plus nitrate 
concentration. 

The ground-water sample from site 28, which is 
north of Nogales next to Nogales Wash, exceeded the 
USEPA MCL and State of Arizona aquifer water-
quality standards for nitrite plus nitrate (10 mg/L) and 
the USEPA SMCLs for manganese (50 µg/L) and 
dissolved solids (500 mg/L). The ground-water sample 
from site 56, which also is next to Nogales Wash, 
exceeded the USEPA SMCL for dissolved solids 
(500 mg/L) and had a nitrite plus nitrate concentration 
higher than the 75th percentile value for the nitrite plus 
nitrate data (5 mg/L; table 4). High nitrogen 

concentrations in the Nogales Wash area have been 
identified by the ADEQ (Arizona Department of 
Environmental Quality, 1996). High manganese and 
dissolved-solids concentrations, however, have not 
been previously identified in this area. The sources of 
the high concentrations of nitrite plus nitrate, 
dissolved-solids, and manganese probably are 
uncontrolled releases of untreated wastewater to the 
Nogales Wash south of the international boundary.

Agricultural Activities.—Nitrite plus nitrate, 
calcium, and potassium concentrations were higher in 
ground water that contained recent recharge from 
present agricultural areas than in ground water that 
contained old recharge (fig. 15). Calcium and 
potassium concentrations also were higher in ground 
water that contained recent recharge from present 
agricultural areas than in ground water that contained 
recent recharge from urban areas. Significant 
differences were identified with the Kruskal-Wallis and 
the Tukey test statistics. The major sources of nitrogen 
and potassium in agricultural areas are fertilizers 
applied to irrigated fields. The major source of calcium 
in agricultural areas is the dissolution of calcite 
concentrated by evaporation during irrigation of 
agricultural areas. This irrigation water then recharges 
the ground water. Of the five ground-water samples 
that exceeded the USEPA MCL and State of Arizona 
aquifer water-quality standards for nitrite plus nitrate, 
three samples were from wells in present agricultural 
areas (sites 12, 16, and 42; fig. 2). Laney (1972) 
suggested that high nitrate concentrations along the 
Santa Cruz River also may result from the 
decomposition of organic matter in former marshes.

Alkalinity and dissolved-solids concentrations 
were higher in ground water that contained recent 
recharge from present agricultural areas than in ground 
water that contained recent recharge from urban areas 
(fig. 15). Significant differences in concentrations were 
identified with the Kruskal-Wallis and the Tukey test 
statistics. The major sources of alkalinity and dissolved 
solids in agricultural areas are the dissolution of salts 
and calcite concentrated by evaporation during 
irrigation of agricultural areas. This irrigation water 
then recharges the ground water.
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The arsenic concentration at site 8 that exceeded 
the current USEPA MCL (50 µg/L; fig. 2) could be 
related to human activities rather than natural factors. 
The tritium value for site 8 indicates that the well 
contained some component of ground water that was 
recharged from 1954 to 78 (table 10 in the section 
entitled “Basic Data” at the back of the report; fig. 14). 
The ground-water sample also contained several 
anthropogenic compounds including pesticides 
(Tadayon and others, 1999). Presently (1998), site 8 is 
in an area of urban land use, but historically, agriculture 
was predominant in this area (Water Resources 
Research Center, 1999), and contamination of the local 
aquifer from historical agricultural drainage is possible. 
Various arsenic compounds were used as pesticides in 
this area (Pima Association of Governments, 1989); 
however, analysis of arsenical pesticides was outside 
the scope of this study. Although the use of most 
arsenical pesticides has been discontinued in the 
United States (Reigart and Roberts, 1999), the arsenic 
compounds may still be present in the ground water 
near areas in which arsenical pesticides were used. 
Arsenic concentrations in wells less than 1 km from 
site 8 are about an order of magnitude lower than the 
arsenic concentration at site 8 (U.S. Geological Survey 
National Water-Information System; Bryn Enright, 
hydrologist, City of Tucson, oral commun., 1999; 
Nancy Peterson, Environmental Project Coordinator, 
City of Tucson, oral commun., 1999). The high arsenic 
concentration in the sample from site 8 probably is 
indicative of a localized condition.

Historical Conditions

Historical ground-water quality data available in 
the USGS water-quality data base—the National 
Water-Information System (NWIS)—for the Upper 
Santa Cruz Basin were used to determine changes in 
the ground-water quality of the basin over time. Six 
wells in the basin that were not sampled as part of this 
study were sampled annually by the USGS from 1985 
or 1988 to 1998. Data for general properties and major-
ion and nutrient constituents were compiled from the 
historical analyses in the NWIS for these six wells. 
Trace-element data were available for fluoride, iron, 

manganese, and zinc. All constituent concentrations in 
samples collected from the six wells were below the 
USEPA MCLs and SMCLs.

The six wells used for the historical analysis are 
distributed over the entire basin (fig. 16). Data were not 
available to directly determine if these wells have 
received recent recharge from the land surface, but all 
six wells are near the Santa Cruz River and its 
tributaries—major recharge sources— and (or) are near 
one or more of the 58 wells sampled for this study that 
are perforated at similar depths and contained recent 
recharge (table 6). During the period of historical 
record for the six wells, the area of urban land use in 
the basin has increased (fig. 16). Data for the urban 
area shown in figure 16 in the Nogales area was not 
updated from 1974–83 to 1990, but the city of Nogales 
did increase in size during this time. Analysis of the 
ground-water quality of the six wells during the period 
of historical record may indicate the long-term effects 
of agricultural and urban land uses and the effects of 
changes in land use. Rates of recharge to ground water 
near these wells, however, are unknown, and the 
ground-water quality may not yet be affected by the 
changes in land use shown in figure 16.

For the period of historical record, land use around 
sites D and E has been agricultural, and land use 
around site C has been urban (fig. 16). Concentrations 
of nitrite plus nitrate and dissolved solids at site D 
significantly increased from 1985 to 1998; however, 
concentrations did not significantly increase or 
decrease at site E from 1988 to 1998 (fig. 17). 
At site D in Sahuarita, agriculture has been the 
dominant land use since the 1930s (Pima Association 
of Governments, 1985). Concentrations of nitrite 
plus nitrate and dissolved solids were higher at site D 
than at the other five sites for the period of historical 
record, and agricultural areas probably are affecting the 
ground-water quality. Although the well depth and the 
water level are much more shallow at site E than at 
site D (table 6), agriculture has not been practiced for 
as long at site E as at site D, and the ground-water 
quality at site E does not seem to have been affected 
by the land use during the period of historical record.  
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Table 6. Site information and well-construction data for wells used for historical analysis, Upper Santa Cruz Basin, Arizona

[mbls, meters below land surface; km, kilometer; --, no data]

Site
identifier 

(see 
figure 16)

Well-identification 
number

Well 
depth 
(mbls)

Open interval 
(mbls)

Date of 
most recent 
water-level 

measurement

Most 
recent 
water- 
level 
depth 
(mbls)

Closest site 
(see 

table 11)

Approximate 
distance to 
closest site 

(km)

Recent 
recharge at 

closest 
site1From To

A (D-11-14)32ccc 159.1 48.8 159.1 12–03–87 37.3 31 5 Yes

B (D-12-12)16ddd 71.3 20.7 68.6 12–13–89 34.5 34 3 No

C (D-14-14)02bbb 76.5 45.7 76.5 12–07–87 69.2 7 2 Yes

D (D-17-14)07ddd 457.2 45.7 457.2 09–06–90 99.1 16 3 Yes

E
(D-23-13)34add 

unsurv
61.0 9.1 61.0

12–28–81
3.6 56 5

Yes

F (D-24-14)05adb2 167.6 -- -- 02–22–82 7.5 28 4 Yes

1Data from table 11.
Site E is downgradient from effluent releases to the 
Santa Cruz River from the Nogales International 
WWTP; however, not enough data are available to 
determine the long- term effects of effluent recharge on 
the ground- water quality in this area. Concentrations 
of nitrite plus nitrate and dissolved solids significantly 
decreased at the well surrounded by urban land use in 
Tucson (site C) from 1985 to 1998 (fig. 17). The 
decrease could be indicative of a decrease in recharge 
from agricultural areas as historical (pre-1974) 
agricultural land in this area was retired for urban 
development.

During the period of historical analysis, land use 
around sites A and F changed from rangeland to urban, 
and land use around site B changed from agricultural to 
urban (fig. 16). At site A, concentrations of nitrite plus 
nitrate significantly increased, and concentrations of 
dissolved solids did not significantly increase or 
decrease from 1988 to 1998; however, at site F, 

concentrations did not significantly increase or 
decrease from 1985 to 1998 (fig. 17). A possible source 
of nitrogen to ground water at site A is fertilizers 
applied to lawns. Although the depth to water at site F 
is much less than it is at site A (table 6), urban 
development at site F in Nogales has not been as rapid 
as it has at site A in Oro Valley, and on the basis of 
inorganic chemical analyses, the ground-water quality 
at site F was not affected by the land use during the 
period of historical record. Concentrations of nitrite 
plus nitrate and dissolved solids did not increase or 
decrease from 1985 to 1998 at the well in Marana 
where the land use changed from agricultural to urban 
(site B; fig. 17). Site B is downgradient from effluent 
releases to the Santa Cruz River from the Roger Road 
and Ina Road WWTPs; however, not enough data are 
available to determine the effects of effluent recharge 
on the ground-water quality in this area. 
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Figure 17. Concentrations of nitrite plus nitrate and dissolved solids in wells as a function of time, Upper Santa Cruz Basin, 
Arizona 1985–98. A, Nitrite plus nitrate. B, Dissolved solids.
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SUMMARY AND CONCLUSIONS

Ground-water quality of the Upper Santa Cruz 
Basin was assessed in 1998 by the USGS and the 
ADEQ. The study included analyzing ground-water 
quality data collected by the two agencies from 
58 wells and analyzing pre-existing ground-water 
quality data for 6 wells to: (1) characterize present 
(1998) conditions; (2) analyze natural controls on 
ground-water quality; and (3) analyze the effects of 
human activities on ground-water quality. Individual 
and combined quality-control data collected by the 
USGS and the ADEQ confirmed the validity of 
combining the ground-water quality data collected by 
the two agencies.

Twenty-nine percent of the ground-water samples 
collected had concentrations of at least one constituent 
that exceeded a Federal or State water-quality standard. 
The USEPA MCLs and State of Arizona aquifer water-
quality standards were exceeded in 1 sample for 
arsenic, 1 sample for fluoride, and 5 samples for nitrite 
plus nitrate; the USEPA SMCLs were exceeded in 
1 sample for fluoride, 1 sample for iron, 1 sample for 
manganese, 2 samples for pH, 2 samples for sulfate, 
and 14 samples for dissolved solids. In addition, at 
least 10 samples had arsenic concentrations that exceed 
a proposed lower arsenic MCL; additional samples 
may also have concentrations that exceed the proposed 
MCL—the ADEQ MRL for arsenic was higher than 
the proposed MCL.

Ground-water quality in the Upper Santa Cruz 
Basin is affected by natural factors and human 
activities. The natural factors that have the most effect 
on ground-water quality in the basin are depth in the 
aquifer and distance from major faults. Ground-water 
quality was not significantly different among the 
various basin-fill units; between parts of the basin fill 
that differ in thickness, lateral extent, and composition 
north and south of an inferred fault; or among areas 
that differ in distance from stream alluvium. Ground-
water temperatures and pH significantly increased in 
relation to the depth of the well from which the sample 
was collected. Concentrations of dissolved solids, 
alkalinity, calcium, potassium, chloride, and sulfate 
were significantly higher in samples collected from 
wells less than 2 km from major faults than in samples 

collected from wells more than 2 km from major faults. 
Laney (1972) attributed this difference to upward 
migration through faults of ground water from 
gypsiferous mudstones. Fluoride concentrations above 
the USEPA MCL are attributed to fluoride-bearing 
volcanic rocks in the Tucson Mountains, which 
probably are the source of local basin-fill deposits; pH-
dependent ion exchange on clay minerals contributes to 
the high concentrations of fluoride in this area.

Human activities were found to have an effect on 
ground-water quality in the Upper Santa Cruz Basin. 
Ground water that contained recent recharge from 
urban areas had significantly higher concentrations of 
nitrite plus nitrate than ground water that did not 
contain recent recharge from the land surface. Major 
sources of nitrogen in urban areas are fertilizers and 
discharges from WWTPs. A sample from one well in 
an area that contained recent recharge from an urban 
area had concentrations of nitrite plus nitrate above the 
USEPA MCL. Water quality at the well probably is 
affected by uncontrolled wastewater releases to the 
Nogales Wash south of the international boundary. 
Ground water that contained recent recharge from 
present agricultural areas had significantly higher 
concentrations of nitrite plus nitrate, calcium, and 
potassium than ground water that did not contain recent 
recharge from the land surface. The major source of 
nitrogen and potassium in agricultural areas is 
fertilizers, and the major source of calcium in 
agricultural areas is the dissolution of calcite 
concentrated by evaporation during irrigation of 
agricultural areas. This irrigation water then recharges 
the ground water. Samples from three wells in areas 
that contained recent recharge from agricultural areas 
had concentrations of nitrite plus nitrate above the 
USEPA MCL. Ground water that contained recent 
recharge from agricultural areas also had higher 
concentrations of calcium, potassium, alkalinity, and 
dissolved solids than ground water that contained 
recent recharge from urban areas. The major source of 
these constituents in agricultural areas is the 
dissolution of salts and calcite concentrated by 
evaporation during irrigation of agricultural areas. 
This irrigation water then recharges the ground water. 
One well had an arsenic concentration above the 
current USEPA MCL, and water quality at this well 
probably is affected by pesticides that were in historical 
agricultural return flows.
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Human activities also had an effect on ground-
water quality from the 1980s to 1998 in the Upper 
Santa Cruz Basin. Concentrations of nitrite plus nitrate 
and dissolved solids significantly increased at a well in 
an area of agricultural land use; historical and present 
agricultural areas probably have contributed to the 
ground-water quality at this site. Concentrations of 
nitrite plus nitrate significantly increased at a well 
where the land use has changed from rangeland to 
urban; an increase in the use of fertilizers on lawns may 
be affecting the ground-water quality at this site. 
Concentrations of nitrite plus nitrate and dissolved 
solids significantly decreased at a well in an urban area. 
The decrease in concentrations may be indicative of a 
decrease in recharge from agricultural areas as 
historical agricultural land was retired for urban 
development. Constituents did not significantly 
increase or decrease at another well in an agricultural 
area, at another well where the land use has changed 
from rangeland to urban, and at a well where the land 
use has changed from agricultural to urban. All of the 
constituent concentrations in samples used for the 
historical analyses were below USEPA MCLs and 
SMCLs.
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Table 7. Water-quality data for field-blank samples, Upper Santa Cruz Basin, Arizona, 1998

[Site numbers correspond with sites shown in figures 2 and 8 and table 11. Constituents are dissolved and are reported in milligrams per liter unless otherwise 
noted. °C, degrees Celsius; µS/cm, microsiemens per centimeter at 25°C; µg/L, micrograms per liter; <, less than]

Property
or constituent

U.S. Geological Survey Arizona Department of Environmental Quality 

Site numbers Site numbers

11 21 28 12 35 41 43 45 57

General properties

Specific conductance 
(µS/cm)

2.0 2.0 2.0 1.5 0.9 2.3 1.1 1.2 2.2

Alkalinity 1.7 1.3 2.1 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0

Dissolved solids <10 <10 <10 <10 <10 <10 <10 <10 20

Major ions

Calcium <.02 <.02 .1 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0

Magnesium <.01 <.01 .005 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0

Sodium <.2 <.2 <.2 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0

Potassium <.1 <.1 <.1 <.5 <.5 <.5 <.5 <.5 <.5

Chloride <.1 <.1 <.1 1.7 <1.0 <1.0 <1.0 <1.0 3.3

Sulfate <.1 <.1 <.1 <10 <10 <10 <10 <10 <10

Nutrients

Nitrite plus nitrate <.05 <.05 <.05 <.02 <.02 <.02 <.02 <.02 <.02

Ammonia .048 .034 .037 <.020 <.020 <.020 <.020 <.020 <.020

Phosphorus <.010 <.010 .010 <.020 <.020 <.020 <.020 <.020 <.020

Trace elements

Aluminum (µg/L) 4.8 4.1 4.1 <500 <500 <500 <500 <500 <500

Antimony (µg/L) <1.0 <1.0 <1.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0

Arsenic (µg/L) <1 <1 <1 <10 <10 <10 <10 <10 <10

Barium (µg/L) <1.0 <1.0 <1.0 <100 <100 <100 <100 <100 <100

Beryllium (µg/L) <1.0 <1.0 <1.0 <.5 <.5 <.5 <.5 <.5 <.5

Cadmium (µg/L) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0

Chromium (µg/L) <1.0 .3 <1.0 <10 <10 <10 <10 <10 <10

Copper (µg/L) <1.0 .2 <1.0 <10 <10 <10 <10 <10 <10

Fluoride <.10 <.10 <.10 <.20 <.20 <.20 <.20 <.20 <.20

Iron (µg/L) <10 <10 <10 <100 <100 <100 <100 <100 <100

Lead (µg/L) <1.0 <1.0 <1.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0

Manganese (µg/L) <1.0 <1.0 <1.0 <50 <50 <50 <50 <50 <50

Selenium (µg/L) <1 <1 <1 <5 <5 <5 <5 <5 <5

Silver (µg/L) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0

Zinc (µg/L) 6.8 1.1 1.7 <50 230 <50 <50 <50 <50
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Table 8. Water-quality data for replicate samples and associated environmental samples, Upper Santa Cruz Basin, Arizona, 1998

[Site numbers correspond with sites shown in figures 2 and 8 and table 11. Constituents are dissolved and are reported in milligrams per liter unless otherwise 
noted. °C, degrees Celsius; µS/cm, microsiemens per centimeter at 25°C; µg/L, micrograms per liter; pCi/L, picocuries per liter; --, no data; <, less than]

Property
or constituent

U.S. Geological Survey Arizona Department of Environmental Quality

Site numbers Site numbers

8 11 15 21 28 39 41 43 44 52

General properties

Temperature (0C) 126.8 127.8 127.0 128.5 122.2 126.1 126.5 121.6 124.5 122.0

pH (standard units) 18.7 17.6 17.3 17.2 17.1 17.7 17.5 17.4 17.4 17.0

Specific conductance
(µS/cm)

1549 244
243

1463 374
378

801
800

500
510

440
430

570
580

550
550

900
900

Alkalinity 1133 113
113

1139 183
183

266
266

140
140

150
150

200
200

220
220

270
260

Dissolved solids 1356 158
156

1299 245
246

511
505

350
350

280
280

360
380

310
310

630
630

Major ions

Calcium 11.5 27
27

142 35
39

81
80

63
62

44
42

59
59

58
56

130
130

Magnesium 1.03 4.9
4.8

14.4 6.6
7.2

17
17

12
12

9.2
8.8

18
18

24
24

21
18

Sodium 1120 14
14

149 31
32

67
67

35
35

38
36

48
47

34
34

60
41

Potassium 1.6 1.5
1.7

13.0 4.5
4.5

1.9
1.9

1.8
1.6

1.8
1.8

3.2
3.2

2.0
2.1

3.8
3.9

Chloride 111 4.7
4.5

117 7.9
7.5

51
53

13
12

10
11

7.8
7.4

13
13

30
30

Sulfate 194 4.1
4.1

157 3.5
3.5

35
37

120
120

54
58

110
100

53
55

190
170

Nutrients

Nitrite plus nitrate 13.84 .62
.54

11.41 1.00
1.00

13.2
13.0

1.10
1.00

.62

.64
1.80
1.70

.44

.44
3.30
3.20

Ammonia 1.030 <.020
2.021

1,2.059 2.020
2.030

2.047
2.047

<.020
<.020

<.020
<.020

<.020
<.020

<.020
<.020

<.020
<.020

Phosphorus 1<.010 <.010
<.010

1<.010 <.010
1.24

.081

.091
<.020
<.020

.030

.040
.150
.140

<.020
<.020

<.020
<.020

See footnotes at end of table.
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Table 8. Water-quality data for replicate samples and associated environmental samples, Upper Santa Cruz Basin, Arizona, 
1998—Continued

Property
or constituent

U.S. Geological Survey Arizona Department of Environmental Quality

Site numbers Site numbers

8 11 15 21 28 39 41 43 44 52

Trace elements

Aluminum (µg/L) 18.1 24.6
24.7

23.8
23.9

26.2
26.5

24.1
24.1

<500
<500

<500
<500

<500
<500

<500
<500

<500
<500

Antimony (µg/L) 1<1.0 <1.0
<1.0

<1.0
<1.0

<1.0
<1.0

<1.0
<1.0

<5.0
<5.0

<5.0
<5.0

<5.0
<5.0

<5.0
<5.0

<5.0
<5.0

Arsenic (µg/L) 94
100

4
4

7
7

6
6

2
2

<10
<10

<10
<10

<10
<10

<10
<10

<10
<10

Barium (µg/L) 1<1.0 37
38

24
24

14
14

102
103

<100
<100

<100
<100

<100
<100

<100
<100

<100
<100

Beryllium (µg/L) 1<1.0 <1.0
<1.0

<1.0
<1.0

<1.0
<1.0

<1.0
<1.0

<.5
<.5

<.5
<.5

<.5
<.5

<.5
<.5

<.5
<.5

Cadmium (µg/L) 1<1.0 <1.0
<1.0

<1.0
<1.0

<1.0
<1.0

<1.0
<1.0

<1.0
<1.0

<1.0
<1.0

<1.0
<1.0

<1.0
<1.0

<1.0
<1.0

Chromium (µg/L) 11.8 1.3
<1.0

2.4
2.4

3.7
3.2

3.3
3.8

<10
<10

<10
<10

<10
<10

<10
<10

<10
<10

Copper (µg/L) 1<1.0 <1.0
<1.0

<1.0
<1.0

<1.0
<1.0

1.2
1.2

<10
<10

<10
<10

<10
<10

<10
<10

<10
<10

Fluoride 12.50 .43
.46

1.71 .41
.46

.67

.66
.22
.22

.45

.47
.65
.78

1.80
1.80

.41

.40

Iron (µg/L) 1<10 <10
<10

1<10 <10
<10

14
14

<100
<100

<100
<100

<100
<100

<100
<100

<100
<100

Lead (µg/L) 1<1.0 <1.0
<1.0

<1.0
<1.0

<1.0
<1.0

<1.0
<1.0

<5.0
<5.0

<5.0
5.3

<5.0
<5.0

<5.0
<5.0

<5.0
<5.0

Manganese (µg/L) 11.7 <1.0
<1.0

9.0
9.2

<1.0
<1.0

400
400

<50
<50

<50
<50

<50
<50

<50
<50

<50
<50

Selenium (µg/L) 1<1 <1
<1

<1
<1

<1
<1

1
1

<5
<5

<5
<5

<5
<5

9
9

5
<5

Silver (µg/L) 1<1.0 <1.0
<1.0

<1.0
<1.0

<1.0
<1.0

<1.0
<1.0

<1.0
<1.0

<1.0
<1.0

<1.0
<1.0

<1.0
<1.0

<1.0
<1.0

Zinc (µg/L) 16.9 37
40

110
110

110
110

38
44

<50
<50

440
410

420
420

<50
<50

320
310

Isotopes

Tritium, total (pCi/L) 159 <2.5
<2.5

1<2.5 <2.5
<2.5

17
16

--
--

--
--

--
--

--
--

--
--

1Only one value is available.
2Sample may have been contaminated during collection; actual value is less than or equal to value shown.
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Table 9. Water-quality data for split samples, Upper Santa Cruz Basin, Arizona, 1998

[Field methods: Field method used by the collection agency. Collection agency: Agency that collected the split sample. ADEQ, Arizona Department of 
Environmental Quality; USGS, U.S. Geological Survey. Site numbers correspond with sites shown in figures 2 and 8 and listed in table 11. Constituents are 
dissolved and are reported in milligrams per liter unless otherwise noted.  °C, degrees Celsius; µS/cm, microsiemens per centimeter at 25°C; µg/L, 
micrograms per liter; <, less than; --, no data]

Property or constituent

Site where split samples were collected

1 5 12

Field method ADEQ USGS ADEQ USGS USGS ADEQ USGS ADEQ USGS

Collection agency ADEQ USGS ADEQ USGS ADEQ USGS

General properties

Temperature (°C) 25.7 -- 25.9 -- 21.3 22.5 24.2 -- 24.0 --

pH (standard units) 7.3 -- 7.2 -- 7.8 7.3 6.9 -- 7.1 --

Specific conductance
(µS/cm)

340 340 357 358 970 992 970 990 1,030 1,040

Alkalinity 160 160 162 162 240 236 270 260 271 275

Dissolved solids 210 220 229 229 600 620 690 680 718 740

Major ions

Calcium 45 46 44 46 81 79 140 150 150 150

Magnesium 5.2 5.1 4.9 5.1 15 15 21 22 21 21

Sodium 24 24 22 22 110 110 50 51 50 50

Potassium 2.4 2.5 2.4 2.3 3.4 3.1 4.1 4.0 3.9 3.9

Chloride 7.4 11 9.3 9.5 90 91 40 40 39 40

Sulfate <10 <10 4.8 4.8 120 120 180 200 180 190

Nutrients

Nitrite plus nitrate 2.20 2.10 2.05 2.06 4.30 4.88 12.0 13.0 12.0 12.2

Ammonia <.020 <.020 1.049 1.021 <.020 .033 <.020 <.020 1.024 1.027

Phosphorus <.020 <.020 <.010 <.010 <.020 .032 <.020 <.020 <.001 <.010

Property or constituent

Site where split samples were collected

14 20 25

Field method USGS ADEQ USGS ADEQ USGS ADEQ USGS ADEQ USGS

Collection agency ADEQ USGS ADEQ USGS ADEQ USGS

General properties

Temperature (°C) 25.8 24.6 23.5 -- 22.6 -- 27.0 -- 25.0 --

pH (standard units) 7.4 7.4 7.2 -- 6.9 -- 7.8 -- 7.4 --

Specific conductance
(µS/cm)

950 895 740 740 764 765 240 240 257 257

Alkalinity 140 131 230 230 232 232 100 100 105 105

Dissolved solids 620 636 540 540 522 503 180 180 155 177

Major ions

Calcium 110 100 110 110 100 100 29 30 26 25

Magnesium 20 19 16 16 16 16 2.8 2.8 2.6 2.6

Sodium 60 57 38 39 39 38 22 23 23 22

Potassium 2.5 2.2 4.4 4.4 4.3 4.3 2.4 2.4 2.4 2.3

Chloride 25 23 23 22 20 20 7.9 7.6 6.1 6.2

Sulfate 300 290 120 130 120 120 11 11 11 11

Nutrients

Nitrite plus nitrate 2.00 2.15 5.30 5.20 5.24 5.51 .55 .53 .54 .56

Ammonia <.020 1.027 <.020 <.020 1.041 1.072 <.020 <.020 1.042 1.050

Phosphorus <.020 <.010 .030 .020 .041 <.010 <.020 <.020 <.010 <.010

See footnote at end of table.
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Table 9.  Water-quality data for split samples, Upper Santa Cruz Basin, Arizona, 1998—Continued

Property
or

constituent

Site where split samples were collected

1 5 12

Field method ADEQ USGS ADEQ USGS USGS ADEQ USGS ADEQ USGS

Collection agency ADEQ USGS ADEQ USGS ADEQ USGS

Trace elements

Aluminum(µg/L) <500 <500 14.7 14.3 <500 14.6 <500 <500 13.9 14.3

Antimony (µg/L <5.0 <5.0 <1.0 <1.0 <5.0 <1.0 <5.0 <5.0 <1.0 <1.0

Arsenic (µg/L) <10 <10 3 3 <10 4 <10 <10 3 3

Barium (µg/L) <100 <100 23 22 <100 38 <100 <100 69 70

Beryllium (µg/L <.5 <.5 <1.0 <1.0 <.5 <1.0 <.5 <.5 <1.0 <1.0

Cadmium (µg/L <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0

Chromium (µg/L) <10 <10 2.8 2.6 <10 3.5 <10 <10 3.3 3.4

Copper (µg/L <10 <10 <1.0 <1.0 <10 <1.0 <10 <10 2.0 1.2

Fluoride <.20 <.20 .16 .18 1.19 1.29 .33 .33 .36 .36

Iron (µg/L) <100 <100 <10 <10 <100 <10 <100 <100 12 12

Lead (µg/L) <5.0 <5.0 <1.0 1.6 <5.0 <1.0 <5.0 <5.0 1.9 <1.0

Manganese (µg/L) <50 <50 <1.0 <1.0 <50 14 <50 <50 <1.0 1.0

Selenium (µg/L) <5 <5 <1 <1 <5 <1 <5 <5 2 2

Silver (µg/L) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0

Zinc (µg/L) 60 100 60 81 140 110 <50 <50 32 34

Property
or

constituent

Site where split samples were collected

14 20 25

Field method USGS ADEQ USGS ADEQ USGS ADEQ USGS ADEQ USGS

Collection agency ADEQ USGS ADEQ USGS ADEQ USGS

Trace elements

Aluminum (µg/L) <500 14.9 <500 <500 13.8 13.5 <500 <500 14.4 13.7

Antimony (µg/L) <5.0 <1.0 <5.0 <5.0 <1.0 <1.0 <5.0 <5.0 <1.0 <1.0

Arsenic (µg/L) <10 1 <10 <10 4 3 14 14 11 12

Barium (µg/L) <100 36 120 120 114 110 <100 <100 3.0 2.7

Beryllium (µg/L) <.5 <1.0 <.5 <.5 <1.0 <1.0 <.5 <.5 <1.0 <1.0

Cadmium (µg/L) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0

Chromium (µg/L) <10 2.0 <10 <10 2.3 2.5 <10 <10 2.3 2.4

Copper (µg/L <10 <1.0 <10 10 1.0 <1.0 <10 <10 <1.0 <1.0

Fluoride .50 .54 .42 .36 .43 .42 .43 .43 .47 .45

Iron (µg/L) <100 27 <100 <100 14 <10 <100 110 79 110

Lead (µg/L <5.0 <1.0 <5.0 <5.0 <1.0 <1.0 <5.0 <5.0 <1.0 <1.0

Manganese (µg/L) <50 3.8 <50 <50 <1.0 <1.0 <50 <50 2.7 3.1

Selenium (µg/L) <5 <1 5 6 1 1 <5 <5 <1 <1

Silver (µg/L) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0

Zinc (µg/L) <50 8.1 <50 <50 20 20 <50 <50 23.6 25.0

1Sample may have been contaminated during collection; actual value is less than or equal to value shown
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Table 10.  Ground-water quality data, Upper Santa Cruz Basin, Arizona, 1998

[Site numbers correspond with sites shown in figures 2 and 8 and in table 11. Constituents are dissolved and are reported in milligrams per liter unless 
otherwise noted. °C, degrees Celsius; µS/cm, microsiemens per centimeter at 25°C; NTU, nephelometric turbidity units; µg/L, micrograms per liter; pCi/L, 
picocuries per liter; --, no data; <, less than]

Site 
identifier

Well-identification 
number Sample date

Temperature, 
field (°C)

pH, field 
(standard 

units)

Specific 
conductance, 
field (µS/cm)

Specific 
conductance, 
lab (µS/cm)

Alkalinity
(as CaCO3)

Oxygen, 
field

Turbidity, 
field (NTU)

Solids, 
residue at 

180°C

1 (D-10-14)06dca 05–12–98 25.9 7.2 353 358 162 4.7 0.0 229

2 (D-11-13)34add 05–28–98 27.6 7.2 389 378 170 4.9 1.0 236

3 (D-11-14)10dab2 04–29–98 17.0 7.6 279 285 105 6.6 4.0 186

4 (D-12-12)01cda 05–28–98 28.7 7.4 357 356 156 3.8 3.0 221

5 (D-13-13)18acb 04–02–98 22.5 7.3 973 992 236 .6 1.0 620

6 (D-13-13)18cbd 06–04–98 24.6 6.8 1,300 1,250 300 2.7 .0 890

7 (D-13-14)35aad3 04–30–98 19.9 7.0 308 308 96 3.9 4.0 210

8 (D-14-13)23aca 06–01–98 26.8 8.7 560 549 133 4.3 6.0 356

9 (D-15-14)02ddc 06–15–98 26.3 7.3 541 537 149 6.5 .0 356

10 (D-15-16)06aac 05–14–98 25.6 6.9 265 269 109 4.5 1.0 195

11 (D-15-16)34cba 05–13–98 27.8 7.6 240 244 113 4.2 .0 158

12 (D-16-14)06cdc2 05–11–98 24.0 7.1 1,080 1,040 275 4.4 1.0 740

13 (D-16-14)11bca 05–26–98 28.3 7.2 432 432 167 3.1 1.0 271

14 (D-16-16)04dab1 04–01–98 24.6 7.4 877 895 131 3.7 7.0 636

15 (D-17-13)11dcd2 06–16–98 27.0 7.3 462 463 139 4.9 2.0 299

16 (D-17-14)21bbb 05–27–98 23.5 6.9 902 859 225 4.7 .0 601

17 (D-17-15)09bbb 04–27–98 30.7 7.5 496 488 148 3.1 21 326

18 (D-17-15)23add 05–14–98 29.2 7.0 820 808 164 4.3 22 579

19 (D-18-16)01bcc 06–20–98 24.8 8.0 1,010 945 375 .4 22 601

20 (D-19-12)36cbb 06–17–98 22.6 6.9 780 765 232 -- 2.0 503

21 (D-19-13)07abc2 06–03–98 28.5 7.2 381 374 183 3.1 .0 245

22 (D-19-13)22cac 06–02–98 25.6 7.3 413 408 146 4.9 3.0 267

23 (D-19-13)22ddd 06–02–98 33.3 7.1 644 633 167 2.9 2.0 345

24 (D-21-13)19cdb 06–18–98 26.5 7.6 244 247 108 -- 2.0 172

25 (D-21-13)30cda 06–18–98 25.0 7.4 250 257 105 -- 4.0 177

26 (D-22-13)09c unsurv 07–08–98 20.4 6.9 662 642 233 1.3 1.0 422

27 (D-23-14)26cbd 07–06–98 18.0 7.0 452 451 144 8.1 1.0 299

28 (D-23-14)30baa 07–09–98 22.2 7.1 830 801 266 1.7 .0 511

29 (D-23-15)31cbb 07–07–98 21.6 6.9 568 553 178 6.0 1.0 369

See footnotes at end of table.
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Table 10.  Ground-water quality data, Upper Santa Cruz Basin, Arizona, 1998—Continued

Site 
identifier

Well-identification 
number Sample date

Temperature, 
field (°C)

pH, field 
(standard 

units)

Specific 
conductance, 
field (µS/cm)

Specific 
conductance, 
lab (µS/cm)

Alkalinity
(as CaCO3)

Oxygen, 
field

Turbidity, 
field (NTU)

Solids, 
residue at 

180°C

30 (D-09-14)20adb 08–12–98 31.8 7.5 -- 390 160 -- -- 240

31 (D-11-13)35cbb 08–12–98 26.7 7.6 -- 350 150 -- -- 220

32 (D-11-14)02aab2 08–27–98 21.0 7.1 -- 290 100 -- -- 180

33 (D-12-12)12aca 08–11–98 29.9 7.6 -- 330 150 -- -- 220

34 (D-12-12)14aad 08–11–98 30.2 7.6 -- 380 120 -- -- 240

35 (D-13-13)10cdd 06–19–98 22.2 7.3 -- 250 90 -- -- 200

36 (D-13-14)29bda2 12–02–98 21.6 7.8 -- 250 110 -- -- 160

37 (D-13-15)33aaa 05–28–98 19.6 6.9 -- 150 55 -- -- 120

38 (D-14-15)27dac 04–29–98 25.2 7.3 -- 460 170 -- -- 310

39 (D-15-14)02caa 04–30–98 26.1 7.7 -- 500 140 -- -- 350

40 (D-15-16)17bca 04–30–98 19.6 6.8 -- 200 64 -- -- 140

41 (D-16-14)11bdb 08–18–98 26.5 7.5 -- 440 150 -- -- 280

42 (D-16-14)18dbd 04–30–98 23.4 7.2 -- 1,100 320 -- -- 780

43 (D-16-16)16abd 10–20–98 21.6 7.4 -- 570 200 -- -- 360

44 (D-16-17)20add2 09–10–98 24.5 7.4 -- 550 220 -- -- 310

45 (D-17-13)18cdb 08–28–98 25.4 7.7 -- 780 240 -- -- 510

46 (D-17-14)22acd 08–28–98 27.6 8.4 -- 250 100 -- -- 170

47 (D-17-15)26bca2 09–09–98 29.8 7.5 -- 600 140 -- -- 410

48 (D-17-17)31bdd2 09–09–98 23.1 7.4 -- 640 230 -- -- 390

49 (D-19-12)26cdd 05–27–98 22.1 7.0 -- 820 250 -- -- 560

50 (D-19-13)05ccc 04–29–98 27.0 7.4 -- 370 190 -- -- 230

51 (D-19-13)22dba 06–18–98 26.7 7.4 -- 490 160 -- -- 360

52 (D-20-12)01ada 05–27–98 22.0 7.0 -- 900 270 -- -- 630

53 (D-20-13)31aac2 03–10–98 20.2 7.2 -- 690 230 -- -- 470

54 (D-21-12)13aaa 05–13–98 25.9 7.8 -- 260 120 -- -- 180

55 (D-23-13)31bbc 03–10–98 16.6 6.3 -- 140 44 -- -- 160

56 (D-23-14)19bba 03–11–98 21.6 7.1 -- 890 320 -- -- 570

57 (D-23-14)27aad2 03–11–98 17.3 7.2 -- 480 180 -- -- 320

58 (D-23-15)31dda2 03–09–98 19.6 7.3 -- 340 140 -- -- 230

See footnotes at end of table.
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Table 10. Water-quality data for ground water, Upper Santa Cruz Basin, Arizona, 1998—Continued

Site 
identifier

Well-identification
number Sample date

Calcium (as 
Ca)

Magnesium 
(as Mg)

Sodium 
(as Na)

Potas-
sium
(as K)

Chloride 
(as Cl)

Sulfate
(as SO4)

Nitrogen, 
NO2+NO3 

(as N)

Nitrogen, 
ammonia 

(as N)
Phosphorus 

(as P)

1 (D-10-14)06dca 05–12–98 46 5.1 22 2.3 9.5 4.8 2.06 20.021 <0.010

2 (D-11-13)34add 05–28–98 31 7.5 40 1.5 11 5.5 3.00 2.034 <.010

3 (D-11-14)10dab2 04–29–98 38 6.0 12 1.5 5.7 27 .85 2.024 .025

4 (D-12-12)01cda 05–28–98 28 5.2 41 1.6 10 6.1 2.42 2.045 .010

5 (D-13-13)18acb 04–02–98 79 15 110 3.1 91 120 4.88 2.033 .032

6 (D-13-13)18cbd 06–04–98 120 20 150 3.8 46 320 1.65 2.046 <.010

7 (D-13-14)35aad3 04–30–98 41 2.1 20 1.2 11 30 2.23 2.022 <.010

8 (D-14-13)23aca 06–01–98 1.5 .03 120 .6 11 94 3.84 2.030 <.010

9 (D-15-14)02ddc 06–15–98 62 11 36 1.9 10 100 1.10 2.051 <.010

10 (D-15-16)06aac 05–14–98 25 4.6 26 .9 9.3 10 .87 <.020 .033

11 (D-15-16)34cba 05–13–98 27 4.9 14 1.5 4.7 4.1 .62 <.020 <.010

12 (D-16-14)06cdc2 05–11–98 150 21 50 3.9 40 190 12.2 2.027 <.010

13 (D-16-14)11bca 05–26–98 39 8.4 38 1.7 7.3 44 .45 2.028 <.010

14 (D-16-16)04dab1 04–01–98 100 19 57 2.2 23 290 2.15 2.027 <.010

15 (D-17-13)11dcd2 06–16–98 42 4.4 49 3.0 17 57 1.41 2.059 <.010

16 (D-17-14)21bbb 05–27–98 110 17 46 3.7 32 140 15.1 2.053 .043

17 (D-17-15)09bbb 04–27–98 45 6.2 50 3.2 13 79 .77 2.062 <.010

18 (D-17-15)23add 05–14–98 98 19 50 2.0 36 200 .56 2.056 <.010

19 (D-18-16)01bcc 06–20–98 4.6 1.5 220 2.0 37 80 .06 2.075 <.010

20 (D-19-12)36cbb 06–17–98 100 16 38 4.3 20 120 5.51 2.072 <.010

21 (D-19-13)07abc2 06–03–98 35 6.6 31 4.5 7.9 3.5 1.00 2.020 <.010

22 (D-19-13)22cac 06–02–98 53 8.1 20 1.4 11 46 .70 2.029 <.010

23 (D-19-13)22ddd 06–02–98 69 15 36 3.1 11 150 .14 2.026 <.010

24 (D-21-13)19cdb 06–18–98 22 1.4 26 2.3 5.4 6.4 .50 2.048 <.010

25 (D-21-13)30cda 06–18–98 25 2.6 22 2.3 6.2 11 .56 2.050 <.010

26 (D-22-13)09c unsurv 07–08–98 76 13 42 4.1 29 59 1.01 2.031 .164

27 (D-23-14)26cbd 07–06–98 52 6.6 30 2.9 11 61 1.84 2.037 .200

28 (D-23-14)30baa 07–09–98 81 17 67 1.9 51 35 13.2 2.047 .081

29 (D-23-15)31cbb 07–07–98 59 10 45 2.2 14 80 1.55 2.034 .077

30 (D-09-14)20adb 08–12–98 40 8.1 37 1.9 13 11 3.40 <.020 <.020

31 (D-11-13)35cbb 08–12–98 34 7.6 33 2.6 10 <10 2.30 <.020 <.020

See footnotes at end of table.
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32 (D-11-14)02aab2 08–27–98 34 8.5 16 2.0 6.8 31 1.50 <.020 .076

33 (D-12-12)12aca 08–11–98 26 5.0 43 1.9 8.7 <10 2.40 <.020 <.020

34 (D-12-12)14aad 08–11–98 12 1.5 73 1.9 11 30 1.10 <.020 <.020

35 (D-13-13)10cdd 06–19–98 38 3.1 14 1.1 6.9 19 2.80 <.020 .021

36 (D-13-14)29bda2 12–02–98 33 2.1 25 1.2 3.5 10 1.70 <.020 <.020

37 (D-13-15)33aaa 05–28–98 15 2.7 18 1.0 6.3 11 .45 <.020 .150

38 (D-14-15)27dac 04–29–98 72 7.8 21 2.7 7.0 49 6.30 <.020 <.020

39 (D-15-14)02caa 04–30–98 63 12 35 1.8 13 120 1.10 <.020 <.020

40 (D-15-16)17bca 04–30–98 30 2.6 11 1.0 7.1 22 2.30 <.020 .047

41 (D-16-14)11bdb 08–18–98 44 9.2 38 1.8 10 54 .62 <.020 .031

42 (D-16-14)18dbd 04–30–98 170 26 54 2.7 44 220 14.0 <.020 <.020

43 (D-16-16)16abd 10–20–98 59 18 48 3.2 7.8 110 1.80 <.020 .150

44 (D-16-17)20add2 09–10–98 58 24 34 2.0 13 53 .44 <.020 <.020

45 (D-17-13)18cdb 08–28–98 50 25 91 4.2 24 130 20.0 <.020 <.020

46 (D-17-14)22acd 08–28–98 19 1.9 35 2.3 5.7 18 .44 <.020 <.020

47 (D-17-15)26bca2 09–09–98 68 16 42 2.2 18 150 1.30 <.020 <.020

48 (D-17-17)31bdd2 09–09–98 55 30 45 1.2 30 62 4.40 <.020 <.020

49 (D-19-12)26cdd 05–27–98 130 18 41 4.1 26 160 4.50 <.020 <.020

50 (D-19-13)05ccc 04–29–98 48 7.2 28 3.1 9.3 <10 .60 <.020 .034

51 (D-19-13)22dba 06–18–98 68 13 26 2.4 10 88 .30 <.020 <.020

52 (D-20-12)01ada 05–27–98 130 21 60 3.8 30 190 3.30 <.020 <.020

53 (D-20-13)31aac2 03–10–98 92 16 45 3.4 24 120 1.10 <.020 .110

54 (D-21-12)13aaa 05–13–98 21 2.3 36 3.1 7.6 <10 .52 <.020 <.020

55 (D-23-13)31bbc 03–10–98 17 2.3 11 1.3 9.3 13 1.60 <.020 .250

56 (D-23-14)19bba 03–11–98 82 27 90 1.6 66 71 5.00 <.020 <.020

57 (D-23-14)27aad2 03–11–98 67 9.5 31 2.1 16 61 1.30 <.020 <.020

58 (D-23-15)31dda2 03–09–98 40 6.9 30 2.2 10 29 1.00 <.020 <.020

See footnotes at end of table.

Table 10. Water-quality data for ground water, Upper Santa Cruz Basin, Arizona, 1998—Continued

Site 
identifier

Well-identification
number Sample date

Calcium (as 
Ca)

Magnesium 
(as Mg)

Sodium 
(as Na)

Potas-
sium
(as K)

Chloride 
(as Cl)

Sulfate
(as SO4)

Nitrogen, 
NO2+NO3 

(as N)

Nitrogen, 
ammonia 

(as N)
Phosphorus 

(as P)
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Table 10. Water-quality data for ground water, Upper Santa Cruz Basin, Arizona, 1998—Continued

Site 
identifier

Well-identification
number Sample date

Aluminum 
(µg/L as Al)

Antimony 
(µg/L as Sb)

Arsenic 
(µg/L as As)

Barium
(µg/L as Ba)

Beryllium 
(µg/L as Be)

Cadmium
(µg/L as Cd)

Chromium 
(µg/L as Cr)

Copper 
(µg/L as Cu)

1 (D-10-14)06dca 05–12–98 24.3 <1.0 3 22 <1.0 <1.0 2.6 <1.0

2 (D-11-13)34add 05–28–98 24.8 <1.0 2 24 <1.0 <1.0 2.7 <1.0

3 (D-11-14)10dab2 04–29–98 24.5 <1.0 <1 45 <1.0 <1.0 1.7 <1.0

4 (D-12-12)01cda 05–28–98 24.3 <1.0 2 20 <1.0 <1.0 2.4 1.3

5 (D-13-13)18acb 04–02–98 24.6 <1.0 4 38 <1.0 <1.0 3.5 <1.0

6 (D-13-13)18cbd 06–04–98 23.3 <1.0 4 23 <1.0 <1.0 4.1 1.8

7 (D-13-14)35aad3 04–30–98 22.3 <1.0 <1 24 <1.0 <1.0 1.7 <1.0

8 (D-14-13)23aca 06–01–98 28.1 <1.0 94 <1.0 <1.0 <1.0 1.8 <1.0

9 (D-15-14)02ddc 06–15–98 23.8 <1.0 2 60 <1.0 <1.0 1.6 1.0

10 (D-15-16)06aac 05–14–98 24.1 <1.0 <1 22 <1.0 <1.0 1.5 <1.0

11 (D-15-16)34cba 05–13–98 24.6 <1.0 4 37 <1.0 <1.0 1.3 <1.0

12 (D-16-14)06cdc2 05–11–98 24.3 <1.0 3 70 <1.0 <1.0 3.4 1.2

13 (D-16-14)11bca 05–26–98 25.7 <1.0 3 59 <1.0 <1.0 3.4 1.3

14 (D-16-16)04dab1 04–01–98 24.9 <1.0 1 36 <1.0 <1.0 2.0 <1.0

15 (D-17-13)11dcd2 06–16–98 23.8 <1.0 7 24 <1.0 <1.0 2.4 <1.0

16 (D-17-14)21bbb 05–27–98 23.3 <1.0 2 130 <1.0 <1.0 2.9 2.0

17 (D-17-15)09bbb 04–27–98 -- -- -- -- -- -- -- --

18 (D-17-15)23add 05–14–98 -- -- -- -- -- -- -- --

19 (D-18-16)01bcc 06–20–98 -- -- -- -- -- -- -- --

20 (D-19-12)36cbb 06–17–98 23.5 <1.0 3 110 <1.0 <1.0 2.5 <1.0

21 (D-19-13)07abc2 06–03–98 26.2 <1.0 6 14 <1.0 <1.0 3.7 <1.0

22 (D-19-13)22cac 06–02–98 23.6 <1.0 <1 27 <1.0 <1.0 2.1 <1.0

23 (D-19-13)22ddd 06–02–98 24.5 <1.0 2 32 <1.0 <1.0 2.1 1.3

24 (D-21-13)19cdb 06–18–98 24.1 <1.0 17 2.3 <1.0 <1.0 3.6 <1.0

25 (D-21-13)30cda 06–18–98 23.7 <1.0 12 2.7 <1.0 <1.0 2.4 <1.0

26 (D-22-13)09c unsurv 07–08–98 23.8 <1.0 5 100 <1.0 <1.0 3.2 1.1

27 (D-23-14)26cbd 07–06–98 24.1 <1.0 4 39 <1.0 <1.0 2.0 1.2

28 (D-23-14)30baa 07–09–98 24.1 <1.0 2 100 <1.0 <1.0 3.3 1.2

29 (D-23-15)31cbb 07–07–98 24.5 <1.0 3 35 <1.0 <1.0 2.1 2.5

30 (D-09-14)20adb 08–12–98 <500 <5.0 <10 <100 <.5 <1.0 <10 <10

See footnotes at end of table.
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31 (D-11-13)35cbb 08–12–98 <500 <5.0 <10 <100 <.5 <1.0 <10 <10

32 (D-11-14)02aab2 08–27–98 <500 <5.0 <10 <100 <.5 <1.0 <10 <10

33 (D-12-12)12aca 08–11–98 <500 <5.0 <10 <100 <.5 <1.0 <10 <10

34 (D-12-12)14aad 08–11–98 <500 <5.0 15 <100 <.5 <1.0 <10 <10

35 (D-13-13)10cdd 06–19–98 <500 <5.0 <10 <100 <.5 <1.0 <10 <10

36 (D-13-14)29bda2 12–02–98 <500 <5.0 <10 <100 <.5 <1.0 <10 <10

37 (D-13-15)33aaa 05–28–98 <500 <5.0 <10 <100 <.5 <1.0 <10 <10

38 (D-14-15)27dac 04–29–98 <500 <5.0 <10 150 <.5 <1.0 <10 <10

39 (D-15-14)02caa 04–30–98 <500 <5.0 <10 <100 <.5 <1.0 <10 <10

40 (D-15-16)17bca 04–30–98 <500 <5.0 <10 <100 <.5 <1.0 <10 <10

41 (D-16-14)11bdb 08–18–98 <500 <5.0 <10 <100 <.5 <1.0 <10 <10

42 (D-16-14)18dbd 04–30–98 <500 5.4 <10 <100 <.5 <1.0 <10 <10

43 (D-16-16)16abd 10–20–98 <500 <5.0 <10 <100 <.5 <1.0 <10 <10

44 (D-16-17)20add2 09–10–98 <500 <5.0 <10 <100 <.5 <1.0 <10 <10

45 (D-17-13)18cdb 08–28–98 <500 <5.0 46 <100 <.5 <1.0 <10 <10

46 (D-17-14)22acd 08–28–98 <500 <5.0 10 <100 <.5 <1.0 <10 <10

47 (D-17-15)26bca2 09–09–98 <500 <5.0 <10 <100 <.5 <1.0 <10 <10

48 (D-17-17)31bdd2 09–09–98 <500 <5.0 <10 130 <.5 <1.0 <10 <10

49 (D-19-12)26cdd 05–27–98 <500 <5.0 <10 <100 <.5 <1.0 <10 <10

50 (D-19-13)05ccc 04–29–98 <500 <5.0 <10 <100 <.5 <1.0 <10 <10

51 (D-19-13)22dba 06–18–98 <500 <5.0 <10 <100 <.5 <1.0 <10 <10

52 (D-20-12)01ada 05–27–98 <500 <5.0 <10 <100 <.5 <1.0 <10 <10

53 (D-20-13)31aac2 03–10–98 <500 <5.0 12 <100 <.5 <1.0 <10 <10

54 (D-21-12)13aaa 05–13–98 <500 <5.0 11 <100 <.5 <1.0 <10 <10

55 (D-23-13)31bbc 03–10–98 2,700 <5.0 <10 <100 <.5 <1.0 <10 <10

56 (D-23-14)19bba 03–11–98 <500 <5.0 <10 <100 <.5 <1.0 <10 <10

57 (D-23-14)27aad2 03–11–98 <500 <5.0 <10 <100 <.5 <1.0 <10 <10

58 (D-23-15)31dda2 03–09–98 <500 <5.0 <10 <100 <.5 <1.0 <10 <10

See footnotes at end of table.

Table 10. Water-quality data for ground water, Upper Santa Cruz Basin, Arizona, 1998—Continued

Site 
identifier

Well-identification
number Sample date

Aluminum 
(µg/L as Al)

Antimony 
(µg/L as Sb)

Arsenic 
(µg/L as As)

Barium
(µg/L as Ba)

Beryllium 
(µg/L as Be)

Cadmium
(µg/L as Cd)

Chromium 
(µg/L as Cr)

Copper 
(µg/L as Cu)
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Table 10. Water-quality data for ground water, Upper Santa Cruz Basin, Arizona, 1998—Continued

Site 
identifier

Well-identification
number Sample date

Fluoride
(as F)

Iron 
(µg/L as Fe)

Lead
(µg/L as Pb)

Manganese 
(µg/L as 

Mn)
Selenium 

(µg/L as Se)

Silver 
(µg/L as 

Ag)
Zinc 

(µg/L as Zn)
Tritium, total 

(pCi/L)

1 (D-10-14)06dca 05–12–98 0.17 <10 1.6 <1.0 <1 <1.0 81 2.6

2 (D-11-13)34add 05–28–98 .49 22 <1.0 2.0 <1 <1.0 127 <2.5

3 (D-11-14)10dab2 04–29–98 .32 13 <1.0 6.3 <1 <1.0 130 31

4 (D-12-12)01cda 05–28–98 .50 12 <1.0 <1.0 <1 <1.0 83 <2.5

5 (D-13-13)18acb 04–02–98 1.2 <10 <1.0 14 <1 <1.0 113 20

6 (D-13-13)18cbd 06–04–98 1.4 14 <1.0 1.7 2 <1.0 113 <2.5

7 (D-13-14)35aad3 04–30–98 .12 200 <1.0 9.5 <1 <1.0 215 18

8 (D-14-13)23aca 06–01–98 2.5 <10 <1.0 1.7 <1 <1.0 26.9 59

9 (D-15-14)02ddc 06–15–98 .26 <10 <1.0 <1.0 <1 <1.0 130 <2.5

10 (D-15-16)06aac 05–14–98 .46 23 <1.0 1.3 <1 <1.0 73 <2.5

11 (D-15-16)34cba 05–13–98 .43 <10 <1.0 <1.0 <1 <1.0 37 <2.5

12 (D-16-14)06cdc2 05–11–98 .36 12 <1.0 1.0 2 <1.0 34 11

13 (D-16-14)11bca 05–26–98 .41 29 <1.0 2.0 <1 <1.0 86 <2.5

14 (D-16-16)04dab1 04–01–98 .54 27 <1.0 3.8 <1 <1.0 28.1 <2.5

15 (D-17-13)11dcd2 06–16–98 .71 <10 <1.0 9.0 <1 <1.0 106 <2.5

16 (D-17-14)21bbb 05–27–98 .47 13 <1.0 <1.0 2 <1.0 92 8.3

17 (D-17-15)09bbb 04–27–98 .56 <10 -- -- -- -- -- <2.5

18 (D-17-15)23add 05–14–98 .42 39 -- -- -- -- -- <2.5

19 (D-18-16)01bcc 06–20–98 1.7 <10 -- -- -- -- -- <2.5

20 (D-19-12)36cbb 06–17–98 .42 <10 <1.0 <1.0 1 <1.0 20 12

21 (D-19-13)07abc2 06–03–98 .41 <10 <1.0 <1.0 <1 <1.0 114 <2.5

22 (D-19-13)22cac 06–02–98 .23 13 <1.0 1.1 <1 <1.0 37 <2.5

23 (D-19-13)22ddd 06–02–98 .35 49 <1.0 6.4 1 <1.0 70 <2.5

24 (D-21-13)19cdb 06–18–98 .79 <10 <1.0 <1.0 <1 <1.0 26 <2.5

25 (D-21-13)30cda 06–18–98 .45 100 <1.0 3.1 <1 <1.0 25 <2.5

26 (D-22-13)09c unsurv 07–08–98 .55 13 <1.0 1.0 <1 <1.0 50 15

27 (D-23-14)26cbd 07–06–98 .48 <10 <1.0 <1.0 <1 <1.0 29 14

28 (D-23-14)30baa 07–09–98 .67 14 <1.0 400 1 <1.0 38 16

29 (D-23-15)31cbb 07–07–98 .68 11 <1.0 1.4 <1 <1.0 25 9.0

30 (D-09-14)20adb 08–12–98 .72 <100 5.5 <50 <5 <1.0 150 <2.5

31 (D-11-13)35cbb 08–12–98 .54 <100 <5.0 <50 <5 <1.0 150 3.5

See footnotes at end of table
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32 (D-11-14)02aab2 08–27–98 .34 <100 <5.0 <50 <5 <1.0 230 46

33 (D-12-12)12aca 08–11–98 .50 <100 <5.0 <50 <5 <1.0 58 <2.5

34 (D-12-12)14aad 08–11–98 7.5 <100 <5.0 <50 <5 <1.0 54 <2.5

35 (D-13-13)10cdd 06–19–98 <.20 <100 <5.0 <50 <5 <1.0 230 27

36 (D-13-14)29bda2 12–02–98 .15 <100 <5.0 <50 <5 <1.0 <50 16

37 (D-13-15)33aaa 05–28–98 .47 <100 <5.0 <50 <5 <1.0 140 22

38 (D-14-15)27dac 04–29–98 <.20 <100 <5.0 <50 <5 <1.0 56 6.1

39 (D-15-14)02caa 04–30–98 .22 <100 <5.0 <50 <5 <1.0 <50 <2.5

40 (D-15-16)17bca 04–30–98 <.20 <100 <5.0 <50 <5 <1.0 <50 23

41 (D-16-14)11bdb 08–18–98 .45 <100 <5.0 <50 <5 <1.0 440 <2.5

42 (D-16-14)18dbd 04–30–98 .37 <100 <5.0 <50 6 <1.0 58 10

43 (D-16-16)16abd 10–20–98 .65 <100 <5.0 <50 <5 <1.0 420 66

44 (D-16-17)20add2 09–10–98 1.8 <100 <5.0 <50 9 <1.0 <50 4.5

45 (D-17-13)18cdb 08–28–98 .48 <100 <5.0 <50 5 <1.0 370 <2.5

46 (D-17-14)22acd 08–28–98 1.2 <100 <5.0 <50 <5 <1.0 67 4.2

47 (D-17-15)26bca2 09–09–98 .48 <100 <5.0 <50 <5 <1.0 260 7.4

48 (D-17-17)31bdd2 09–09–98 .61 <100 <5.0 <50 <5 <1.0 610 <2.5

49 (D-19-12)26cdd 05–27–98 .46 <100 <5.0 <50 <5 <1.0 <50 24

50 (D-19-13)05ccc 04–29–98 .24 <100 7.7 <50 <5 <1.0 170 <2.5

51 (D-19-13)22dba 06–18–98 .21 240 <5.0 <50 <5 <1.0 130 <2.5

52 (D-20-12)01ada 05–27–98 .41 <100 <5.0 <50 5 <1.0 320 21

53 (D-20-13)31aac2 03–10–98 .58 <100 <5.0 <50 <5 <1.0 <50 20

54 (D-21-12)13aaa 05–13–98 .94 <100 <5.0 <50 <5 <1.0 <50 4.5

55 (D-23-13)31bbc 03–10–98 <.20 740 <5.0 <50 <5 <1.0 320 16

56 (D-23-14)19bba 03–11–98 .75 <100 <5.0 <50 <5 <1.0 <50 20

57 (D-23-14)27aad2 03–11–98 .48 <100 <5.0 <50 <5 <1.0 <50 18

58 (D-23-15)31dda2 03–09–98 .57 <100 <5.0 <50 <5 <1.0 <50 15

1Well-identification number previously published as (D-16-16)04adc.
2Sample may have been contaminated during collection; actual value is less than or equal to value shown.

Table 10. Water-quality data for ground water, Upper Santa Cruz Basin, Arizona, 1998—Continued

Site 
identifier

Well-identification
number Sample date

Fluoride
(as F)

Iron 
(µg/L as Fe)

Lead
(µg/L as Pb)

Manganese 
(µg/L as 

Mn)
Selenium 

(µg/L as Se)

Silver 
(µg/L as 

Ag)
Zinc 

(µg/L as Zn)
Tritium, total 

(pCi/L)
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Table 11. Site information and construction data for wells, Upper Santa Cruz Basin, Arizona, 1998

[Site numbers correspond with sites shown on figures 2 and 8. Collection agency: USGS, U.S. Geological Survey; ADEQ, Arizona Department of 
Environmental Quality. mbls, meters below land surface. Geologic Unit: UT, upper Tinaja bed; FL, Fort Lowell Formation; C, consolidated rocks; OA, older 
alluvium. Alluvium: T, well located more than 2 kilometers from stream alluvium; R, well located less than 2 kilometers from stream alluvium. Inferred fault: 
N, well located north of the inferred fault; S, well located south of the inferred fault. Faults: A, well located more than 2 kilometers from a major fault; F, well 
located less than 2 kilometers from a major fault. Land use: Rg, well contained recent recharge from rangeland; Nr, well did not contain recent recharge from 
the land surface; Ur, well contained recent recharge from urban areas; Ag, well contained recent recharge from agricultural areas. --, no data.]

Site 
identifier

Well- identification
number

Collection 
agency

Depth 
(mbls)

Open interval (mbls)

Date of 
water level

Water-level 
depth (mbls)

Geologic
unit

Allu-
vium

Inferred 
fault Faults Land useFrom To

1 (D-10-14)06dca USGS 143.2 -- -- 05–12–98 131.0 -- T N A Rg

2 (D-11-13)34add USGS 189.0 167.6 185.9 05–28–98 153.2 UT T N A Nr

3 (D-11-14)10dab2 USGS 67.1 48.8 61.0 04–29–98 24.2 FL T N A Ur

4 (D-12-12)01cda USGS 161.5 138.7 158.5 05–28–98 128.4 UT T N A Nr

5 (D-13-13)18acb USGS 106.7 76.2
85.3
94.5

82.3
91.4

100.6

04–02–98 33.1 UT R N F Ur

6 (D-13-13)18cbd USGS 91.4 63.4 88.4 06–04–98 51.2 UT R N F Nr

7 (D-13-14)35aad3 USGS 75.6 43.6 
72.5

69.5
75.6

04–30–98 44.8 UT R N A Ur

8 (D-14-13)23aca USGS 62.2 32.9
61.0

57.3
62.2

06–01–98 36.8 UT R N F Ur

9 (D-15-14)02ddc USGS 100.6 79.2 94.5 06–15–98 69.9 FL T N F Nr

10 (D-15-16)06aac USGS 103.6 91.4 103.6 05–14–98 68.4 C R N A Nr

11 (D-15-16)34cba USGS 167.6 153.9 167.6 05–13–98 134.5 UT R N F Nr

12 (D-16-14)06cdc2 USGS 83.8 45.7 79.2 05–11–98 36.3 FL R N F Ag

13 (D-16-14)11bca USGS 119.5 100.3 119.5 05–26–98 60.6 FL T N A Nr

14 (D-16-16)04dab1 USGS 182.9 152.4 182.9 04–01–98 137.4 UT R N F Nr

15 (D-17-13)11dcd2 USGS 152.4 131.1 149.3 06–16–98 99.7 UT R N A Nr

16 (D-17-14)21bbb USGS 91.4 64.0 90.2 05–27–98 65.8 FL T N F Ag

17 (D-17-15)09bbb USGS 181.3 161.5 181.4 04–27–98 124.6 UT T N F Nr

18 (D-17-15)23add USGS 243.8 207.3 243.8 05–06–95 173.7 UT T N A Nr

19 (D-18-16)01bcc USGS 152.4 117.0
151.5

147.5
152.4

06–20–98 119.6 C T N A Nr

20 (D-19-12)36cbb USGS 70.1 54.9 70.1 06–17–98 51.5 OA R S F Ag

21 (D-19-13)07abc2 USGS 118.9 97.5 118.9 06–03–98 86.9 UT T N F Nr

22 (D-19-13)22cac USGS 91.4 61.0 91.4 06–02–98 53.7 OA R N F Nr

23 (D-19-13)22ddd USGS 108.8 85.3 108.8 06–02–98 75.0 OA R N F Nr

24 (D-21-13)19cdb USGS 45.7 30.5 42.7 06–18–98 30.4 OA R S A Nr

25 (D-21-13)30cda USGS 24.4 10.7 22.9 06–18–98 9.6 OA R S A Ag

26 (D-22-13)09c unsurv USGS 30.5 7.0 28.4 07–08–98 6.6 OA R S A Ag

27 (D-23-14)26cbd USGS 12.2 6.1 12.2 07–06–98 5.9 OA R S A Ag

28 (D-23-14)30baa USGS 45.7 10.7 45.7 07–09–98 15.8 OA R S A Ur

29 (D-23-15)31cbb USGS 35.1 7.6 35.1 07–07–98 5.7 OA R S A Ag

See footnote at end of table.
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Table 11. Site information and construction data for wells, Upper Santa Cruz Basin, Arizona, 1998—Continued

Site 
identifier

Well-identification
number

Collection 
agency

Depth 
(mbls)

Open interval (mbls)
Date of

water level
Water-level 
depth (mbls)

Geologic 
unit

Allu-
vium

Inferred 
fault Faults Land useFrom To

30 (D-09-14)20adb ADEQ 201.2 -- -- -- -- -- T N A Nr

31 (D-11-13)35cbb ADEQ 213.3 169.5 206.0 09–13–93 147.8 UT T N A Ur

32 (D-11-14)02aab2 ADEQ 61.0 30.5 58.8 -- -- FL T N A Ur

33 (D-12-12)12aca ADEQ 158.5 140.2 158.5 -- -- UT T N A Nr

34 (D-12-12)14aad ADEQ 137.2 100.6 131.1 10–06–95 88.4 UT T N A Nr

35 (D-13-13)10cdd ADEQ 92.0 54.9 85.3 06–22–94 48.8 FL R N A Ur

36 (D-13-14)29bda2 ADEQ 61.0 -- -- -- -- -- R N A Ur

37 (D-13-15)33aaa ADEQ 62.5 30.5 61.0 07–21–94 29.0 UT R N A Ur

38 (D-14-15)27dac ADEQ 121.9 100.6 118.9 05–02–95 76.8 UT R N A Ur

39 (D-15-14)02caa ADEQ 109.7 68.0 107.6 04–30–98 62.2 FL T N F Nr

40 (D-15-16)17bca ADEQ 73.1 54.0 73.2 09–22–93 44.2 FL R N A Ur

41 (D-16-14)11bdb ADEQ 119.5 100.3 119.5 05–06–97 79.2 FL T N A Nr

42 (D-16-14)18dbd ADEQ 91.4 -- -- 06–29–93 41.1 -- R N F Ag

43 (D-16-16)16abd ADEQ 217.9 205.7 217.9 06–24–92 195.1 UT R N A Ur

44 (D-16-17)20add2 ADEQ 182.9 91.4 182.9 -- -- C T N A Rg

45 (D-17-13)18cdb ADEQ 121.9 109.7 121.9 -- -- C T N A Nr

46 (D-17-14)22acd ADEQ 97.5 -- -- -- -- -- T N A Rg

47 (D-17-15)26bca2 ADEQ 259.1 228.6 259.1 -- -- C T N A Rg

48 (D-17-17)31bdd2 ADEQ 129.5 30.5 137.2 -- -- C T N A Nr

49 (D-19-12)26cdd ADEQ 61.0 45.7 61.0 -- -- OA R S F Ag

50 (D-19-13)05ccc ADEQ 112.8 88.4 112.8 -- -- FL T N F Nr

51 (D-19-13)22dba ADEQ 91.4 73.2 91.4 09–18–96 62.5 OA R N F Nr

52 (D-20-12)01ada ADEQ 36.6 18.3 36.6 05–27–98 15.2 OA R S F Ag

53 (D-20-13)31aac2 ADEQ 30.5 -- -- -- -- -- R S A Ag

54 (D-21-12)13aaa ADEQ 67.1 -- -- -- -- -- R S F Rg

55 (D-23-13)31bbc ADEQ 91.7 -- -- -- -- -- T S A Rg

56 (D-23-14)19bba ADEQ 54.9 38.1 54.9 03–11–98 18.3 OA R S A Ur

57 (D-23-14)27aad2 ADEQ 61.0 -- -- -- -- -- R S A Ag

58 (D-23-15)31dda2 ADEQ 36.6 -- -- -- -- -- R S A Ag

1Well-identification number previously published as (D-16-16)04adc.
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QUALITY-ASSURANCE PLANS AND QUALITY-CONTROL DATA



U.S. Geological Survey

The USGS followed quality-assurance procedures 
to minimize the potential for bias and variability of the 
environmental data during sample collection and 
analysis. Design of the USGS quality-assurance plan 
and quality-control sample collection was based on 
requirements described by Koterba and others (1995). 
The USGS collected three field-blank samples and 
three replicate samples for some general properties and 
major ions, nutrients, and trace elements at 3 of the 
29 wells sampled (sites 11, 21, and 28; figs. 2 and 8; 
tables 7 and 8). An additional replicate sample for 
trace-element analysis was collected at site 15 and an 
additional replicate sample for arsenic was collected at 
site 8. Three replicate samples for isotope analyses 
were collected at 3 of the 29 wells sampled (sites 11, 
21, and 28). For quality control of water-level data, 
measurements were repeated until successive 
measurements were within 0.03 m of one another.

Field-blank samples were collected subsequent to 
collection of the environmental samples and cleaning 
of the sampling equipment by passing water free of the 
constituents of interest through the sampling 
equipment. These samples were analyzed to determine 
if bias existed in the data from contamination during 
sample collection and (or) analysis. Systematic 
contamination was positively identified if more than 
50 percent of the field-blank samples for a particular 
sample population contained measurable quantities of 
the constituent of interest. For this study, the sample 
population for trace elements, nutrients, and major ions 
consisted of the three field-blank samples collected in 
the Upper Santa Cruz Basin in 1998. All ammonia and 
aluminum analyses were determined to be affected by 
systematic contamination (D.J. Gellenbeck, 
hydrologist, USGS, written commun., 1998) and were 
not used to characterize the water quality. In addition, 
concentrations of zinc less than 16.7 µg/L were 
determined to be affected by systematic contamination 
(D.J. Gellenbeck, hydrologist, USGS, written 
commun., 1998).

Replicate samples were obtained by sequentially 
collecting an additional sample from the same site and 
for the same constituents as the environmental sample. 

Data from these samples provide a measure of the 
variability that resulted from the combined effects of 
field and laboratory procedures (table 12). Variability 
in constituent concentrations between the replicate 
sample and the environmental sample is shown in table 
12 in units of absolute concentration and as percent 
difference, which is the absolute difference between 
concentrations in the replicate sample and the 
environmental sample divided by the sum of the 
concentrations in the replicate samples multiplied by 
100. A sample pair (consisting of one replicate sample 
and one environmental sample) was used in this 
analysis if the concentration in at least one sample was 
greater than the MRL. The results indicate that the 
maximum percent difference between the paired 
samples for most of the constituents and compounds 
was less than 5 percent. The maximum percent 
differences for ammonia, phosphorus, and chromium 
were more than 5 percent. The maximum differences in 
absolute concentration units for ammonia (0.01 mg/L) 
and chromium (0.50 µg/L) were within one standard 
deviation of the mean for these constituents in the 
29 environmental samples collected by the USGS. This 
result indicates that variation in the environmental data 
was not greatly affected by analytical procedures. The 
maximum difference in concentration units for 
phosphorus (1.23 mg/L) was greater than one standard 
deviation of the mean of the environmental data, which 
indicates that some variation in the environmental 
phosphorus data may be caused by analytical 
procedures.

The USGS NWQL maintains an internal program 
that includes the use of data from blank, replicate, and 
spike samples to ensure that the laboratory is 
accurately analyzing water-quality samples (Pritt and 
Raese, 1995). The Quality Assurance Unit of the 
NWQL routinely submits blind reference and blank 
samples to the NWQL. The USGS Branch of Quality 
Systems (BQS), which operates independently of the 
NWQL, also submits blind samples to the NWQL.
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Table 12. Summary results of the analyses of replicate samples and associated environmental samples collected by the U.S. Geological 
Survey and the Arizona Department of Environmental Quality, Upper Santa Cruz Basin, Arizona, 1998 

[N, number of replicate-environmental sample pairs with at least one value greater than the minimum-reporting level. Constituents are dissolved and are 
reported in milligrams per liter unless otherwise noted. Values in bold type are greater than 5-percent different.  µS/cm, microsiemens per centimeter at 
25 degrees Celsius; µg/L, micrograms per liter; pCi/L, picocuries per liter; --, no data]

Property or 
constituent

U.S. Geological Survey Arizona Department of Environmental Quality

Replicate samples Replicate samples

N

Difference, in percent
Difference, 

in concentration units

N

Difference, in percent
Difference,

in concentration units

Minimum Maximum Median Minimum Maximum Median Minimum Maximum Median Minimum
Maximu

m Median

General properties

Specific conduc-
tance (µS/cm)

3 0.03 0.27 0.10 1.0 4.0 1.0 5 0.00 0.57 0.43 0.00 10 10

Alkalinity 3 .00 .00 .00 .00 .00 .00 5 .00 .94 .94 .00 10 10

Dissolved solid 3 .10 .32 .30 1.0 6.0 2.0 5 .00 1.4 1.4 .00 20 .00

Major ions

Calcium 3 .00 2.7 .31 .00 4.0 1.0 5 .00 1.2 .40 .00 2.0 1.0

Magnesium 3 .00 2.2 .52 .00 .60 .10 5 .00 3.8 .00 .00 3.0 .00

Sodium 3 .00 .79 .00 .00 1.0 .00 5 .00 9.4 .53 .00 19 1.0

Potassium 3 .00 3.1 .00 .00 .20 .00 5 .00 2.9 .65 .00 .02 .10

Chloride 3 .96 1.3 1.1 .20 2.0 .40 5 .00 2.4 1.3 .00 1.0 .40

Sulfate 3 .00 1.4 .00 .00 2.0 .00 5 .00 2.8 1.8 .00 20 4.0

Nutrients

Nitrite plus 
nitrate

3 .00 3.5 .38 .00 .20 .08 5 .00 2.4 .79 .00 .10 .10

Ammonia 3 .00 10 1.2 .00 .01 .001 0 -- -- -- -- -- --

Phosphorus 2 2.9 49 26 .01 1.2 .62 2 1.7 7.1 4.4 .01 .01 .01

Trace elements

Aluminum 
(µg/L)

4 .00 1.2 .60 .00 .30 .10 0 -- -- -- -- -- --

Antimony (µg/L) 0 -- -- -- -- -- -- 0 -- -- -- -- -- --

Arsenic(µg/L) 5 .00 1.5 .00 .00 6.0 .00 0 -- -- -- -- -- --

Barium (µg/L) 4 .00 .67 .12 .00 1.0 .50 0 -- -- -- -- -- --

Beryllium (µg/L 0 -- -- -- -- -- -- 0 -- -- -- -- -- --

Cadmium (µg/L) 0 -- -- -- -- -- -- 0 -- -- -- -- -- --

Chromium 
(µg/L)

4 .00 6.5 3.6 .00 .50 .40 0 -- -- -- -- -- --

Copper (µg/L) 1 .00 .00 .00 .00 .00 .00 0 -- -- -- -- -- --

Fluoride 3 .38 2.9 1.7 .01 .05 .03 5 .00 4.5 .62 .00 .13 .01

Iron (µg/L) 1 .00 .00 .00 .00 .00 .00 0 -- -- -- -- -- --

Lead (µg/L) 0 -- -- -- -- -- -- 1 1.5 1.5 1.5 .30 .30 .30

Manganese 
(µg/L)

2 .00 .55 .28 .00 .20 .10 0 -- -- -- -- -- --

Selenium (µg/L) 1 .00 .00 .00 .00 .00 .00 2 .00 .00 .00 .00 .00 .00

Silver (µg/L) 0 -- -- -- -- -- -- 0 -- -- -- -- -- --

Zinc (µg/L 4 .00 3.7 .95 .00 6.0 1.5 3 .00 1.8 .79 .00 30 10

Isotopes

Tritium, total 
(pCi/L)

1 .94 .94 .94 .60 .60 .60 0 -- -- -- -- -- --
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Arizona Department of Environmental Quality

The ADEQ followed quality-assurance procedures 
to minimize the potential for bias and variability of the 
environmental data during sample collection and 
analysis. Design of the ADEQ quality-assurance plan 
and quality-control sample collection was based on 
recommendations included in the QAPP (Arizona 
Department of Environmental Quality, 1991). 
The ADEQ collected six field-blank samples at sites 
12, 35, 41, 43, 45, and 57 (figs. 2 and 8; table 7). 
The samples to be analyzed for some general 
properties, major ions, and nutrients were collected by 
directly pouring water free of the constituent of interest 
into the sample bottles. Field-blank samples for trace-
element analyses were collected by placing water free 
of the constituent of interest into the same bottle used 
to transfer the unfiltered environmental sample, and 
then filtering the water using a positive-pressure 
filtering apparatus fitted with a 0.45-micrometer in-line 
cartridge filter. The bottle used to transfer water to the 
filtering apparatus was cleaned according to the QAPP 
recommendations (Arizona Department of 
Environmental Quality, 1991). Of the six field-blank 
samples, one sample had measurable concentrations of 
chloride, and one sample had measurable 
concentrations of zinc. Because less than 50 percent of 
the field-blank samples were affected, contamination 
during sampling and analysis was not likely.

Replicate samples were collected at sites 39, 41, 
43, 44, and 52 (figs. 2 and 8; table 8) by sequentially 
collecting an additional sample for some general 
properties, major ions, nutrients, and trace elements 
after the environmental sample was collected.   
The results indicate that the maximum percent 
difference between paired samples for most of the 
constituents was less than 5 percent (table 12). 
The maximum percent differences for sodium and 
phosphorus were more than 5 percent. The maximum 
difference in absolute concentration for phosphorus 
(0.01 mg/L) was within one standard deviation of the 
mean of the environmental data. This result indicates 
that variation in the environmental data was not greatly 
affected by analytical procedures. The maximum 
absolute difference in concentration for sodium 
(19 mg/L) was greater than one standard deviation of 
the mean of the environmental data. This result 
indicates that some variation in the environmental data 
for sodium may be caused by analytical procedures. 

Replicate results for 12 constituents were below the 
MRL for the ADHS laboratory; therefore, no analysis 
of variability was completed for these constituents.

During sampling by the ADEQ in 1996–97 in the 
Sierra Vista subbasin, standard-reference samples for 
general properties, major ions, nutrients, and trace 
elements were received from the USGS BQS and 
analyzed by the ADHS laboratory (Coes and others, 
1999). Data from these samples provide a measure of 
the bias of the ADHS laboratory compared with other 
laboratories, including the NWQL, that participate in 
the interlaboratory evaluation program that the USGS 
BQS designs and operates (Farrar and Long, 1997). 
Results from this earlier study identified high bias for 
fluoride analyses from the NWQL and ADHS 
laboratory and high bias for magnesium and zinc 
analyses from the ADHS laboratory. 

Combined Quality-Control Data

Joint quality-control samples were collected by the 
USGS and the ADEQ to ensure that environmental data 
could be combined and analyzed as one data set. 
Combined quality-control data were necessary to 
determine the variability in the data caused by differing 
laboratory-analytical procedures and field procedures 
used by each agency. To measure the variability, the 
USGS and the ADEQ simultaneously collected 
environmental samples (one sample collected by each 
agency) as split-sample pairs for analysis of some 
general properties, major ions, nutrients, and trace 
elements at six sites (sites 1, 5, 12, 14, 20, and 25; 
figs. 2 and 8; table 9). Split-sample pairs were not 
collected for isotope analyses because all the samples 
collected by both agencies were analyzed by a USGS 
laboratory. Wells selected for collection of split 
samples were spatially distributed and were in areas 
that had different ground-water chemistry (fig. 10). At 
all six sites, one set of split-sample pairs was collected 
(one sample collected by each agency) using NAWQA 
ground-water sampling protocols and procedures to 
determine differences between the laboratory analytical 
procedures. At four of the six sites, another set of split-
sample pairs (one sample collected by each agency) 
was collected using the ADEQ ground-water sampling 
protocols to determine differences between field-
collection procedures (sites 1, 12, 20, and 25; 
figs. 2 and 8; table 9).
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Statistical analyses of data from joint quality-
control samples were completed to determine if there 
were differences in constituent concentrations related 
to differences in laboratory and (or) field procedures 
used by each agency. The exact form of the sign test 
(Helsel and Hirsch, 1992) was used to identify 
significant differences in constituent concentrations at 
a significance level of 0.05.

Comparison of Laboratory-Analytical Procedures

To increase the sample population for the 
determination of variability owing to laboratory-
analytical procedures, split-sample data for the USGS 
and the ADEQ produced from sampling completed in 
the Sierra Vista subbasin, Arizona, during 1996–97 
(Coes and others, 1999) were combined with split-
sample data collected in the Upper Santa Cruz Basin 
during 1998. The combination of these split-sample 
data increased the maximum number of split-sample 
pairs from 10 to 17. 

Few significant differences were identified 
between ground-water quality data determined by the 
USGS NWQL and the ADHS laboratory (table 13). 
Among the general properties, significant differences 
were found in alkalinity concentrations. The alkalinity 
concentrations determined by the ADHS laboratory 
were lower than those determined by the USGS 
NWQL. Within the major-ion constituents, significant 
differences were identified for magnesium and 
potassium data from the ADHS laboratory and the 
USGS NWQL. Concentrations of magnesium and 
potassium determined by the ADHS laboratory were 
higher than those determined by the USGS NWQL. 

This high bias corresponds with results for magnesium 

and potassium in a standard-reference sample analyzed 

by the ADHS laboratory (Coes and others, 1999).

Because some nutrient and trace-element 

concentrations determined by at least one agency were 

below the MRL for that agency’s laboratory, a limited 

number of statistical analyses were possible to 

determine the variation between laboratory analytical 

procedures. No significant differences were identified 

between results from the USGS NWQL and the ADHS 

laboratory for nitrite plus nitrate, arsenic, barium, 

fluoride, and zinc concentrations.

Comparison of Sample-Collection Procedures

To determine if significant variability existed in 

environmental data because of differences in sample-

collection procedures, eight split-sample pairs were 

collected at four wells using sample-collection 

techniques of both agencies. Only 11 of the 27 general 

properties and constituents could be analyzed because 

of the small sample population and lack of 

concentrations above MRL’s for one or both agencies. 

Split-sample pairs for temperature and pH were not 

measured during this sample collection. No significant 

differences were identified for those characteristics or 

constituents that were analyzed (table 14). On the basis 

of these results, variability between data collected by 

the USGS and the ADEQ was not affected by sample-

collection procedures.
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Table 13. Summary results of the analyses of split samples collected by the U.S. Geological Survey and the Arizona Department of 
Environmental Quality for comparison of laboratory-analytical procedures, Upper Santa Cruz Basin and Sierra Vista subbasin, Arizona, 
1996–97 and 1998 

[N, number of split-sample pairs with at least one value greater than the minimum-reporting level. Constituents are dissolved and are reported in milligrams 
per liter unless otherwise noted. °C, degrees Celsius; µS/cm, microsiemens per centimeter at 25°C; --, no data; µg/L, micrograms per liter; ADEQ, 
Arizona Department of Environmental Quality; USGS, U.S. Geological Survey. ADEQ < USGS, ADEQ values are significantly lower than USGS values; 
ADEQ > USGS, ADEQ values are significantly higher than USGS values. Properties or constituents in bold indicate a significant difference between data of 
the ADEQ and the USGS]

Property or constituent N

Absolute difference, in percent
Absolute difference, 

in concentration units
Significant difference in 

laboratory- analytical 
procedures between ADEQ 

and USGS (α=0.05)Minimum Maximum Median Minimum Maximum Median

General properties

Temperature (°C) 17 0.10 11 3.9 0.10 2.1 0.9 No

pH (standard units) 17 .00 6.6 2.6 .00 .50 .20 No

Specific conductance (µS/cm) 17 2.2 8.7 5.2 9.0 58 24 No

Alkalinity 17 .40 6.6 2.8 1.0 15 4.0 Yes
(ADEQ<USGS)

Dissolved solids 17 1.2 15 4.0 3.0 60 16 No

Major ions

Calcium 17 .00 18 5.6 .00 10 2.8 No

Magnesium 17 .00 70 5.1 .00 1.0 .20 Yes
(ADEQ>USGS)

Sodium 16 .00 14 3.1 .00 12 1.0 No

Potassium 16 .00 35 9.2 .00 .40 .20 Yes
(ADEQ>USGS)

Chloride 17 .00 26 9.0 .00 3.0 1.1 No

Sulfate 13 .00 13 1.5 .00 10 1.0 No

Nutrients

Nitrite plus nitrate 17 .00 20 6.2 .00 1.0 .06 No

Ammonia 0 -- -- -- -- -- -- --

Phosphorus 1 19 19 19 .01 .01 .01 --

Trace elements

Aluminum (µg/L) 0 -- -- -- -- -- -- --

Antimony (µg/L) 0 -- -- -- -- -- -- --

Arsenic (µg/L) 4 8.0 24 12 1.0 3.0 3.0 No

Barium (µg/L) 5 .80 7.1 5.1 2.0 33 7.0 No

Beryllium (µg/L) 0 -- -- -- -- -- -- --

Cadmium (µg/L) 0 -- -- -- -- -- -- --

Chromium (µg/L) 0 -- -- -- -- -- -- --

Copper (µg/L) 0 -- -- -- -- -- -- --

Fluoride 15 2.4 19 8.2 .01 .19 .03 No

Iron (µg/L) 1 4.6 4.6 4.6 5.0 5 5 --

Lead (µg/L) 0 -- -- -- -- -- -- --

Manganese (µg/L) 0 -- -- -- -- -- -- --

Selenium (µg/L) 2 140 140 140 4.0 4.0 4.0 --

Silver (µg/L) 0 -- -- -- -- -- -- --

Zinc (µg/L) 5 .00 22 21 .00 27 14 No
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Table 14. Summary results of the analyses of split samples collected by the U.S. Geological Survey and the Arizona Department of 
Environmental Quality for comparison of sample-collection procedures, Upper Santa Cruz Basin, Arizona, 1998 

[N, number of split-sample pairs with at least one value greater than the minimum-reporting level. Constituents are dissolved and are reported in milligrams 
per liter unless otherwise noted. ADEQ, Arizona Department of Environmental Quality; USGS, U.S. Geological Survey.  µS/cm, microsiemens per centimeter 
at 25 degrees Celsius; µg/L, micrograms per liter; --, no data]

Property
or constituent N

Absolute difference, 
in percent

Absolute difference, 
in concentration units

Significant difference in 
sample-collection

 procedures between ADEQ 
and USGS 
(α=0.05)

Mini-
mum

Maxi-
mum

Me-
dian

Mini-
mum

Maxi-
mum

Me-
dian

General properties

Specific conductance (µS/cm) 8 0.00 2.0 0.10 .00 20 .00 No

Alkalinity 8 .00 3.8 .20 .00 10 .00 No

Dissolved solids 8 .00 13 2.2 .00 22 10 No

Major ions

Calcium 8 .00 6.9 1.9 .00 10 1.0 No

Magnesium 8 .00 4.6 1.1 .00 1.0 .10 No

Sodium 8 .00 4.4 2.3 .00 1.0 1.0 No

Potassium 8 .00 4.1 1.1 .00 .10 .00 No

Chloride 8 .00 39 2.0 .00 3.6 .30 No

Sulfate 6 .00 10 .6 .00 20 .60 No

Nutrients

Nitrite plus nitrate 8 .50 8.0 4.2 .01 1.0 .10 No

Ammonia 14 12 80 36 .003 .03 .02 --

Phosphorus 2 40 120 81 .01 .03 .02 --

Trace elements

Aluminum (µg/L) 14 7.2 18 10 .30 .70 .50 --

Antimony (µg/L) 0 -- -- -- -- -- -- --

Arsenic (µg/L) 5 .00 29 .00 .00 1.0 .00 --

Barium (µg/L) 5 .00 8.8 1.1 .00 1.0 .00 --

Beryllium (µg/L) 0 -- -- -- -- -- -- --

Cadmium (µg/L) 0 -- -- -- -- -- -- --

Chromium (µg/L) 4 1.8 8.0 6.0 .00 .20 .10 --

Copper (µg/L) 3 .00 48 .00 .00 .80 .00 --

Fluoride 6 .00 15 2.2 .00 .06 .01 No

Iron (µg/L) 4 4.6 28 16 .60 26 13 --

Lead (µg/L) 12 47 60 53 1.0 1.0 1.0 --

Manganese (µg/L) 2 .00 15 7.6 .00 .40 .20 --

Selenium (µg/L) 3 3.7 8.4 7.9 1.0 1.0 1.0 --

Silver (µg/L) 0 -- -- -- -- -- -- --

Zinc (µg/L) 5 2.4 150 17 .50 21 11 --

1Measurable values available only for samples from the U.S. Geological Survey.
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