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Foreword

The U.S. Geological Survey (USGS) is committed to providing the Nation with reliable scientific information that helps to
enhance and protect the overall quality of life and that facilitates effective management of water, biological, energy, and
mineral resources (http://www.usgs.gov/). Information on the Nation's water resources is critical to ensuring long-term
availability of water that is safe for drinking and recreation and is suitable for industry, irrigation, and fish and wildlife.
Population growth and increasing demands for water make the availability of that water, measured in terms of quantity and
quality, even more essential to the long-term sustainability of our communities and ecosystems.

The USGS implemented the National Water-Quality Assessment (NAWQA) Program in 1991 to support national, regional, State,
and local information needs and decisions related to water-quality management and policy (http://water.usgs.gov/nawqa). The
NAWAQA Program is designed to answer: What is the quality of our Nation's streams and groundwater? How are conditions
changing over time? How do natural features and human activities affect the quality of streams and groundwater, and where
are those effects most pronounced? By combining information on water chemistry, physical characteristics, stream habitat, and
aquatic life, the NAWQA Program aims to provide science-based insights for current and emerging water issues and priorities.
From 1991 to 2001, the NAWQA Program completed interdisciplinary assessments and established a baseline understanding of
water-quality conditions in 51 of the Nation's river basins and aquifers, referred to as Study Units (http://water.usgs.gov/nawaqa/
studies/study units.html ).

In the second decade of the Program (2001-2012), a major focus is on regional assessments of water-quality conditions and
trends. These regional assessments are based on major river basins and principal aquifers, which encompass larger regions
of the country than the Study Units. Regional assessments extend the findings in the Study Units by filling critical gaps in
characterizing the quality of surface water and groundwater, and by determining water-quality status and trends at sites

that have been consistently monitored for more than a decade. In addition, the regional assessments continue to build an
understanding of how natural features and human activities affect water quality. Many of the regional assessments employ
modeling and other scientific tools, developed on the basis of data collected at individual sites, to help extend knowledge of
water quality to unmonitored, yet comparable areas within the regions. The models thereby enhance the value of our existing
data and our understanding of the hydrologic system. In addition, the models are useful in evaluating various resource-
management scenarios and in predicting how our actions, such as reducing or managing nonpoint and point sources of
contamination, land conversion, and altering flow and (or) pumping regimes, are likely to affect water conditions within a region.

Other activities planned during the second decade include continuing national syntheses of information on pesticides, volatile
organic compounds (VOCs), nutrients, trace elements, and aquatic ecology; and continuing national topical studies on the fate of
agricultural chemicals, effects of urbanization on stream ecosystems, bioaccumulation of mercury in stream ecosystems, effects
of nutrient enrichment on stream ecosystems, and transport of contaminants to public-supply wells.

The USGS aims to disseminate credible, timely, and relevant science information to address practical and effective water-
resource management and strategies that protect and restore water quality. We hope this NAWQA publication will provide you
with insights and information to meet your needs, and will foster increased citizen awareness and involvement in the protection
and restoration of our Nation’s waters.

The USGS recognizes that a national assessment by a single program cannot address all water-resource issues of interest.
External coordination at all levels is critical for cost-effective management, regulation, and conservation of our Nation’s water
resources. The NAWQA Program, therefore, depends on advice and information from other agencies—Federal, State, regional,
interstate, Tribal, and local—as well as nongovernmental organizations, industry, academia, and other stakeholder groups. Your
assistance and suggestions are greatly appreciated.

William H. Werkheiser
USGS Associate Director for Water
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Conversion Factors, Datum, and Abbreviations and Acronyms

Conversion Factors

Multiply By To obtain
Length
inch (in.) 254 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
acre 4,047 square meter (m?)
acre 0.004047 square kilometer (km?)
square mile (mi?) 2.590 square kilometer (km?)
Volume
gallon (gal) 3.785 liter (L)
gallon (gal) 0.003785 cubic meter (m3)
million gallons (Mgal) 3,785 cubic meter (m?3)
acre-foot (acre-ft) 1,233 cubic meter (m?3)
Flow rate
acre-foot per year (acre-ft/yr) 1,233 cubic meter per year (m3/yr)
cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s)
gallon per minute (gal/min) 0.06309 liter per second (L/s)
million gallons per day (Mgal/d)  0.04381 cubic meter per second (m3/s)
foot per year (ft/yr) 0.3048 meter per year (m/yr)
inch per year (in./yr) 254 millimeter per year (mm/yr)
Mass
pound, avoirdupois (Ib) 0.4536 kilogram (kg)
ton per year (ton/yr) 0.9072 metric ton per year
Hydraulic conductivity
foot per day (ft/d) 0.3048 meter per day (m/d)
Hydraulic gradient
foot per mile (ft/mi) 0.1894 meter per kilometer (m/km)

Radioactivity
picocurie per liter (pCi/L) 0.037 becquerel per liter (Bg/L)

Transmissivity*
foot squared per day (ft?/d) 0.09290 meter squared per day (m?/d)

*Transmissivity: The standard unit for transmissivity is cubic foot per day per square foot times
foot of aquifer thickness [(ft3/d)/ftZ]ft. In this report, the mathematically reduced form, foot
squared per day (ft%d), is used for convenience.

Temperature in degrees Celsius (°C) and degrees Fahrenheit (°F) may be converted by using the
following equations:

°F=(1.8x°C)+32
°C=(°F-32)/1.8



vii

Conversion Factors and Datum—~Continued

Datum

Vertical coordinate information is referenced to the North American Vertical Datum of 1988
(NAVD 88), except as otherwise noted on some figures where the National Geodetic Vertical
Datum of 1929 (NGVD 29) was used or a vertical datum was not specified. Altitude, as used in
this report, refers to distance above the vertical datum. Horizontal coordinate information is
referenced to the North American Datum of 1983 (NAD 83).

Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius
(uS/cm at 25°C).

Concentrations of chemical constituents in water are given either in milligrams per liter
(mg/L) or micrograms per liter (ug/L).

Milligrams per liter is equivalent to parts per million (ppm) and micrograms per liter is equivalent
to parts per hillion (ppb).

Tritium content in water is reported as tritium units or picocuries per liter. The ratio of 1 atom of
tritium to 10'® atoms of hydrogen is equal to 1 tritium unit or 3.2 picocuries per liter.

Abbreviations and Acronyms

CAP Central Arizona Project

CERCLA Comprehensive Environmental Response, Compensation, and Liability Act

CFC chlorofluorocarbon

CUP Central Utah Project

ET evapotranspiration

GAMA Groundwater Ambient Monitoring and Assessment (California program)

InSAR Synthetic aperture radar interferometry

LRL laboratory reporting level

MCL Maximum Contaminant Level

MRL minimum reporting level

NAWQA National Water-Quality Assessment (USGS program)

NLCD National Land Cover Database (USGS)

NWIS National Water Information System (USGS)

RASA Regional Aquifer-System Analysis (USGS program)

SWPA Southwest Principal Aquifers (NAWQA)

TANC Transport of Anthropogenic and Natural Contaminants to Public-Supply Wells
(NAWOQA topical study)

VoC volatile organic compound

WWTP wastewater treatment plant
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Conversion Factors and Datum—~Continued

Organizations

ADEQ
CDWR
USEPA
USGS

Arizona Department of Environmental Quality
Colorado Division of Water Resources
U.S. Environmental Protection Agency

U.S. Geological Survey

Selected Chemical Names

CFC-1
CFC-12
CFC-113
BTEX
DBCP
DDE
DDT
3H-*He
MTBE
PCE
TCA
TCE

Trichlorofluoromethane

Dichlorodifluoromethane

Trichlorotrifluoroethane

Benzene, Toluene, Ethylbenzene, Xylene
1,2-Dibromo-3-chloropropane
1,1-Dichloro-2,2-bis(chlorophenyl)ethylene (degradation product of DDT)
1,1,1-Trichloro-2,2-bis(chlorophenyl)ethane
Tritium-helium-3

Methyl tert-butyl ether

Perchloroethene, tetrachloroethylene, tetrachloroethene
1,1,1-Trichloroethane

Trichloroethene
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Executive Summary

The National Water-Quality Assessment (NAWQA)
Program of the U.S. Geological Survey (USGS) has been
conducting a regional analysis of water quality in the principal
aquifer systems in the southwestern United States (hereinafter,
“Southwest”) since 2005. Part of the NAWQA Program, the
objective of the Southwest Principal Aquifers (SWPA) study is
to develop a better understanding of water quality in basin-fill
aquifers in the region by synthesizing information from case
studies of 15 basins into a common set of important natural
and human-related factors found to affect groundwater quality.

The synthesis consists of three major components:

1. Summary of current knowledge about the groundwater
systems, and the status of, changes in, and influential
factors affecting quality of groundwater in basin-fill
aquifers in 15 basins previously studied by NAWQA
(this report).

2. Development of a conceptual model of the primary
natural and human-related factors commonly affecting
groundwater quality, thereby building a regional
understanding of the susceptibility and vulnerability of
basin-fill aquifers to contaminants.

3. Development of statistical models that relate the
concentration or occurrence of specific chemical
constituents in groundwater to natural and human-related
factors linked to the susceptibility and vulnerability of
basin-fill aquifers to contamination.

As illustrated by the sections in this report describing
the groundwater and water-quality characteristics of the
15 case-study basins, similarities in the hydrogeology,
land- and water-use practices, and water-quality issues for
the SWPA study area enable a regional analysis of those
characteristics. Regional analysis begins by determining the
primary factors that affect water quality—and the associated
susceptibility and vulnerability of basin-fill aquifers to

contamination—on the basis of data and information from

a subset of information-rich, basin-fill aquifers in the study
area. Conceptual and mathematical models formed for these
basins can then be used to provide insight on areas that are
hydrologically similar, but that are lacking groundwater-
quality data and interpretive studies, or on areas where water
development has not progressed as far as in the modeled
basins. Regional-scale models and other decision-support
tools that integrate aquifer characteristics, land use, and
water-quality monitoring data will help water managers to
evaluate water-quality conditions in unmonitored areas,

to broadly assess the sustainability of water resources for
future supply, and to help develop cost-effective groundwater
monitoring programs.

Basin-fill aquifers occur in about 200,000 mi? of the
410,000 mi2 SWPA study area and are the primary source of
groundwater supply for cities and agricultural communities.
Four of the principal aquifers or aquifer systems of the United
States are included in the basin-fill aquifers of the study area:
(1) the Basin and Range basin-fill aquifers in California,
Nevada, Utah, and Arizona; (2) the Rio Grande aquifer system
in New Mexico and Colorado; (3) the California Coastal
Basin aquifers; and (4) the Central Valley aquifer system in
California. Because of the generally limited availability of
surface-water supplies in the arid to semiarid climate, cultural
and economic activities in the Southwest are particularly
dependent on supplies of good-quality groundwater. Irrigation
and public-supply withdrawals from basin-fill aquifers in
the study area account for about one quarter of the total
withdrawals from all aquifers in the United States.

Basin-fill aquifers in the Southwest consist primarily of
sand and gravel deposits that partly fill structurally formed
depressions and are bounded by mountains. In some areas,
fine-grained deposits of silt and clay are interbedded with the
more permeable sand and gravel deposits, forming confining
units that impede the movement of groundwater. The primary
source of natural recharge to the deep parts of most basin-fill
aquifers is precipitation on the surrounding mountains.
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Mountain runoff seeps into the coarse-grained stream-channel
and alluvial-fan deposits near the basin margins or enters

the basin as subsurface inflow from consolidated rock. Low
precipitation rates combined with high evaporation rates

in the Southwest result in a relatively small contribution

of groundwater recharge from precipitation that falls on

the basin floor (generally less than 5 percent of annual
precipitation). Before human development of water resources
began in the alluvial basins, discharge from the groundwater
systems typically resulted from evapotranspiration from

the lowest parts of the basins and along stream channels,
from springs, and as seepage to streams flowing through the
basin. Artesian conditions exist in the groundwater discharge
areas of several basins where the upward flow of water is
impeded by low-permeability layers of clay, creating large
vertical hydraulic gradients. Constrictions in the surrounding
consolidated rock and faulting restrict groundwater flow out of
many of the basins.

Although there are many similarities between the SWPA
case-study basins and their aquifers, there are also major
differences. For example, basin areas range from about
23 mi? for Eagle Valley in Nevada, to about 20,000 miZ for
the Central Valley in California. Population densities in 2005
ranged from about 15 people/mi2 in the San Luis Valley in
Colorado and New Mexico to about 7,000 people/mi? in the
Santa Ana Coastal Basin in California. The area of irrigated
agriculture in the case-study basins in 2001 ranged from less
than 1 percent in Las Vegas Valley in Nevada and in the Upper
Santa Cruz Basin in Arizona to about 60 percent in the Central
Valley.

Water development has caused considerable change
in some basin groundwater systems in the Southwest.
Imported surface water and the redistribution of water from
within the basin to areas that previously did not receive
recharge have resulted in increased flow velocities, greater
saturated thicknesses, and changes in flow directions for
some basins. Recharge from excess irrigation water and
discharge by pumping groundwater for irrigation and public
supply are much greater than natural sources of recharge
and discharge in some basins. For example, groundwater
recharge under modern conditions is about seven times
that of predevelopment conditions in the West Salt River
Valley (Phoenix area) in Arizona and about six times that
of predevelopment conditions in the Central Valley. The
infiltration of pumped groundwater and surface water
applied for irrigation has resulted in recharge water that has
been exposed to agricultural chemicals and natural salts
concentrated by evapotranspiration. Infiltration of this water
changes the chemistry of groundwater in the shallow part of
the aquifer system. Other artificial or human-related sources
of recharge to Southwest basins include seepage of water

applied to lawns; seepage from canals, leaky distribution and
sewer pipes, and septic systems; infiltration at retention basins,
recharge basins, and dry wells used to receive storm runoff;
and seepage of treated wastewater through irrigated fields

and through streambeds as a means of disposal or artificial
recharge.

Withdrawal from wells has become the primary source of
groundwater discharge from many of the basins at the expense
of discharge to streams and evapotranspiration. Water-level
declines and changes in flow directions and magnitudes occur
where groundwater withdrawals are large. Water levels in
the west-central part of West Salt River Valley have declined
between 300 and 400 ft since the early 1900s. Recharge and
discharge associated with water development have resulted
in an increase in the flow of water through parts of many
basin-fill groundwater systems, especially flow from the
land surface to shallow and unconfined parts of the aquifer.
Water development, therefore, typically results in aquifers
being more susceptible to water-quality degradation by
human activities at the land surface and more vulnerable to
contamination where contaminant sources are present.

Many factors influence the quality of groundwater in
the 15 case-study basins, but some common factors emerge
from the basin summaries presented in this report. These
factors include the chemical composition of the recharge
water, consolidated rock geology and composition of aquifer
materials derived from consolidated rock, and land and
water use. Groundwater is generally oxic (oxygen-rich)
in the coarser grained alluvial-fan deposits and is usually
anoxic (oxygen-poor) in the finer grained deposits that are
predominant near the centers of the basins. Geochemically
reduced conditions commonly occur in discharge zones where
long flow paths terminate and residence time and organic
matter content increase.

The amount of coarse-grained sediments near the
land surface can be a major factor in the susceptibility of
groundwater to nitrate contamination. Sediment texture
influences rates of infiltration and groundwater flow, which
in turn control how rapidly water at the land surface (which
may have elevated concentrations of nitrate as a result of
human activities) can infiltrate the soil and move downward
into the aquifer. Elevated concentrations of nitrate have been
measured in shallow groundwater in many of the case-study
basins. Probable sources of nitrate in the groundwater include
leaching of applied nitrate fertilizers, flushing of natural
vadoze-zone deposits, irrigation using treated sewage effluent,
leaking sewer pipes, infiltration of water contaminated by
animal waste, and septic-system effluent.

The effects of human activities on groundwater quality
are most commonly observed in shallow parts of the basin-fill
aquifers. Where the vertical hydraulic gradient is downward



and where confining layers are discontinuous, the potential
exists for contaminants from the land surface to be transported
through shallow saturated sediment to deeper parts of the
aquifer. Pumping and resulting alterations of hydraulic
gradients can cause changes in groundwater quality by
enhancing the downward movement of shallow groundwater
and the vertical or lateral movement of water from adjacent
bedrock to parts of the basin-fill aquifer used for water supply.
Chloroform, a byproduct of the chlorination of water for
drinking, was the most frequently detected volatile organic
compound (VOC) in groundwater sampled from urban areas
of the case-study basins. Possible sources of chloroform in
shallow groundwater include leaky water distribution lines
and sewer pipes and the use of disinfected public-supply
water to irrigate lawns and gardens. The pesticide atrazine
and its degradation product deethylatrazine were among
the most frequently detected pesticides in groundwater
samples collected from the case-study basins. Although the
concentrations of these compounds are typically very small
and not a health concern, their presence in the aquifer indicates
the potential for their movement from the land surface and the
possibility that higher concentrations may occur in the future.
The major water-quality issues in many of the developed
case-study basins are increased concentrations of dissolved
solids, nitrate, and VOCs in groundwater as a result of human
activities. For instance, most of the recharge to the three
Santa Ana groundwater basins in southern California occurs
artificially at facilities that receive local streamflow, treated
municipal wastewater, or imported surface water, all of which
have influenced groundwater quality. The addition of water
to the basin-fill deposits in the Coastal Basin of the Santa
Ana Basin by artificial recharge and the removal of water by
pumping have increased the lateral rate of groundwater flow
through the system, resulting in a widespread distribution
of chemicals in the recharge areas. Although the Coastal
Basin is a highly urbanized area, wells downgradient from
the recharge areas are screened in confined aquifers that are
generally insulated from the effects of overlying land uses.
The confining layers impede the vertical movement of water
from the land surface and make this part of the aquifer less
vulnerable to contaminant sources in the immediate area.
Water imported from Lake Mead has enabled population
growth in Las Vegas Valley. Recharge to the shallow
groundwater system, mostly from excess landscape irrigation
water (known as secondary recharge), is increasing with the
expansion of urban areas in the valley, especially onto the
areas underlain by coarse-grained sediments near the mountain
fronts. This recharge water has to move through natural
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barriers of fine-grained sediment and caliche to recharge the
deeper groundwater system. The mixing of secondary recharge
water and artificially recharged, imported surface water with
native groundwater could potentially result in an increase in
concentrations of dissolved solids in parts of the basin-fill
aquifer.

In the Salt Lake Valley in Utah, seepage of excess water
from irrigated crops and urban turf areas, and from leaking
canals, water distribution pipes, sewer lines, storm drains,
and retention basins are now sources of recharge to the
basin-fill aquifer. This valley recharge is more susceptible
to transporting man-made chemicals than is runoff from the
mountains (mountain-front recharge) and subsurface inflow
from the adjacent mountains (mountain-block recharge).
Dissolved-solids concentrations have increased more than
20 percent in some areas near the Jordan River and on the
east side of the valley over approximately a 10-year period.
Groundwater pumping has caused the vertical and lateral
groundwater-flow gradients to change, which could allow
shallow groundwater or water from other parts of the deeper
aquifer with higher concentrations of dissolved solids to reach
the wells in these areas.

Changes in urban water-supply strategies through time
to ensure efficient use of limited regional water sources
can introduce new potential effects on groundwater quality.
For example, because of limited groundwater availability, a
water-supply strategy was recently (during 2008) implemented
in the Middle Rio Grande Basin of New Mexico to replace
most groundwater pumping for public supply to Albuquerque
residents with direct use of surface water. Additional strategies
being implemented or planned to reduce groundwater
withdrawals include the use of treated municipal wastewater,
recycled industrial wastewater, and nonpotable surface water
to irrigate urban turf areas. These water sources have the
potential to impact groundwater quality in new ways if an
unconsumed (excess) component recharges the basin-fill
aquifer.

The information presented and the citations listed in
this report serve as a resource for those interested in the
groundwater-flow systems in the NAWQA case-study basins.
The summaries of water-development history, hydrogeology,
conceptual understanding of the groundwater system under
both predevelopment and modern conditions, and effects of
natural and human-related factors on groundwater quality
presented in the sections on each basin also serve as a
foundation for the synthesis and modeling phases of the
SWPA regional study.
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Section 1.—Conceptual Understanding and Groundwater
Quality of Selected Basin-Fill Aquifers in the
Southwestern United States—Background and Study

Approach

By Susan A. Thiros, Laura M. Bexfield, David W. Anning, Jena M. Huntington, and Tim S. McKinney

Introduction

The National Water-Quality Assessment (NAWQA)
Program of the U.S. Geological Survey (USGS) has been
conducting a regional analysis of water quality in the principal
aquifer systems in the southwestern United States (hereinafter,
“Southwest”) since 2005. The Southwest Principal Aquifers
(SWPA) study within the NAWQA Program is building a
better understanding of the factors that affect water quality in
basin-fill aquifers in the region by synthesizing the baseline
knowledge of groundwater-quality conditions in basin-fill
aquifers previously studied by the Program. Resulting
improvements in the understanding of the sources, movement,
and fate of contaminants are assisting in the development
of tools that water managers can use to help assess aquifer
susceptibility and vulnerability to contamination. Regional
assessments are being done across the country that focus on
water-quality issues of concern at the principal-aquifer scale
(Lapham and others, 2005).

The ease with which water enters and moves through
an aquifer is described as its intrinsic susceptibility (Focazio
and others, 2002). Aquifer susceptibility is dependent on the
aquifer properties and other characteristics such as recharge
rate, the presence or absence of an overlying confining unit,
vertical hydraulic gradient, groundwater travel time, thickness
and characteristics of the unsaturated zone, and pumping.

The vulnerability of groundwater to contamination is the
probability for contaminants to reach a specified part of an
aquifer after being introduced, usually at the land surface.
Vulnerability to contamination is dependent on the properties
of the groundwater system (susceptibility), the existence

of contaminant sources, and the contaminant’s chemical
characteristics.

Purpose and Scope

This report documents and provides a review of the
conceptual models and water-quality conditions for basin-fill
aquifers in 15 case-study basins in the SWPA study area.

Specifically, each basin summary describes the following:

1. A conceptual model of the groundwater-flow system in
the basin, how it has been modified by development,
and groundwater quality conditions that are based
on published reports of NAWQA studies and other
investigations.

2. Effects of components of the groundwater-flow
system and other natural and human-related factors on
groundwater quality in the basin-fill aquifers, with a
focus on factors that contribute to the susceptibility of
the aquifer and the vulnerability of the groundwater to
contamination.

The information presented and citations listed in
this report serve as a resource for those interested in the
groundwater-flow systems in the NAWQA case-study basins.
The basin summaries also serve as a foundation for subsequent
development of regional-scale conceptual models and
statistical models of the primary factors affecting water quality
of basin-fill aquifers in the Southwest.

Background on the Southwest
Principal Aquifers Study

Basin-fill aquifers occur in about 200,000 mi? of the
410,000 mi2 SWPA study area and are the primary source of
groundwater supply for cities and agricultural communities.
In several areas, these aquifers provide baseflow to streams
that support important aquatic and riparian habitats. When
aggregated across the study area, the basin-fill aquifers
comprise four of the principal aquifers or aquifer systems
of the United States: (1) the Basin and Range basin-fill
aquifers in California, Nevada, Utah, and Arizona; (2) the Rio
Grande aquifer system in New Mexico and Colorado; (3) the
California Coastal Basin aquifers; and (4) the Central Valley
aquifer system in California (fig. 1; U.S. Geological Survey,
2003a).
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Figure 1.
Southwest Principal Aquifers (SWPA) study area.

About 46.6 million people live in the SWPA study
area (Oak Ridge National Laboratory, 2005), mostly in
urban metropolitan areas; a smaller percentage live in rural
agricultural communities that tend about 14.4 million acres
of cropland (U.S. Geological Survey, 2003b). Other rural
areas have small communities with mining, retirement,
and(or) tourism- and recreational-based economies. Because
of the generally limited availability of surface-water supplies
in parts of the Southwest, cultural and economic activities
in the region are particularly dependent on good-quality
groundwater supplies. In the year 2000, about 33.7 million
acre-ft of surface water was diverted from streams and about
23.0 million acre-ft of groundwater was withdrawn from
aquifers in the SWPA study area, mostly for agricultural uses
(U.S. Geological Survey, 2004). Withdrawals from basin-fill
aquifers in the study area for irrigation and public supply in
the year 2000 were about 18.0 million acre-ft and 4.1 million
acre-ft, respectively, and together account for about one
quarter of the total withdrawals from all aquifers in the United
States (Maupin and Barber, 2005, table 1). Although irrigation
and public supply are the primary uses of groundwater in the
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study area, water use varies locally by basin, and withdrawals
for industrial, mining, and electric power generation are also
significant in some areas.

Basin-Fill Aquifers

Basin-fill aquifers in the Southwest consist primarily of
sand and gravel deposits that partly fill structurally formed
depressions that are commonly bounded by mountains
(fig. 2). In some areas, silt and clay layers interbedded with
the more-permeable sand and gravel deposits form confining
units that impede the vertical movement of groundwater.
Most basins contain thousands of feet of deposits, and the
sediments become more compacted and less permeable with
depth and in the topographically lower parts of basins. Many
basins are drained by a stream that flows through a gap in
the surrounding consolidated rock or they coalesce with a
topographically lower basin, although some are closed basins
from which groundwater and surface water are removed
naturally only by evapotranspiration.
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Generally, high-energy streams form alluvial fans of
coarse-grained deposits along the mountain fronts, where a
thick unsaturated zone is underlain by an unconfined aquifer.
Steep alluvial fans transition to a relatively flat valley floor,
where lacustrine and fluvial depositional environments
commonly have created layers of fine-grained sediment
interbedded with more permeable layers of sand and gravel.

In groundwater discharge areas in the topographically lowest
parts of some basins, this depositional sequence results in
confined and artesian conditions as the upward flow of water
is impeded by fine-grained layers of sediment. Somewhat
continuous clay layers typically occur within about 100 ft of
the land surface in many basins, forming the base of a shallow
aquifer system that can be perched or that can contribute to or
receive water from the underlying confined aquifer.

The primary source of natural recharge to the deeper
parts of most Southwest basin-fill aquifers is precipitation
on the surrounding mountains. Mountain runoff seeps into
the coarse-grained stream-channel and alluvial-fan deposits
near the basin margins. Precipitation also can infiltrate
the consolidated rock of the mountains where the rock is
fractured or weathered and move into the basin-fill deposits as
subsurface inflow. Low precipitation rates combined with high
evaporation rates in the Southwest result in a relatively small
contribution of groundwater recharge from precipitation that
falls on the basin floor (generally less than 5 percent of annual
precipitation). Mountain-front recharge to the basin-fill aquifer
includes both the runoff and subsurface inflow components.

Before human development of water resources began in
the alluvial basins, sources of discharge from the groundwater
systems typically were evapotranspiration, springs, and
seepage to streams flowing through the basin. Constrictions
in the surrounding bedrock and faulting restrict groundwater
flow out of many of the basins. Playa lakes or wet playas were
present in the topographically low areas of basins with no
through-flowing drainage. Artesian areas existed in several
basins where groundwater flowed to the land surface through
layers of less permeable material. The cities of Las Vegas
(Nevada), Tucson (Arizona), and San Bernardino (California)
owe their locations to the availability of groundwater that
historically discharged to streams or springs throughout the
year.

Changes to the Basin-Fill Aquifers

Some basin groundwater systems in the Southwest have
changed considerably with water development. Imported
surface water and the redistribution of water from various
sources to areas that previously did not receive recharge
have resulted in increased flow velocities, greater saturated
thicknesses, and changes in flow directions for some basins.
New sources of recharge include seepage of excess irrigation
water applied to crops and lawns; seepage from canals,
leaking water-distribution and sewer pipes, and septic systems;
infiltration of stormwater runoff from retention basins,

recharge basins and wells used to receive runoff (dry wells);
and seepage of treated wastewater through streambeds or
irrigated fields as a means of disposal, artificial recharge, or
as excess irrigation water. As an example of the effects of
water development on an aquifer, the change in groundwater
recharge and discharge in the Middle Rio Grande Basin from
predevelopment to modern conditions is shown in figure 2.
Withdrawal from wells has become the primary path of
groundwater discharge from many of the basins at the expense
of discharge to streams and evapotranspiration. Water-level
declines and changes in flow directions and magnitudes occur
where groundwater withdrawals are large. The recharge and
discharge quantities associated with water development have
resulted in the acceleration of flow through parts of many
basin-fill groundwater systems, especially from the land
surface to the shallower parts of the aquifer. Groundwater
withdrawals from relatively deep wells that are typically used
for public supply also have resulted in enhanced movement
of groundwater from shallower to deeper parts of basin-fill
aquifers. Water development and urbanization, therefore,
typically result in aquifers that are more susceptible to
water-quality degradation by human activities occurring at
the land surface and more vulnerable to contamination where
contaminant sources are present. Changes in flow directions,
geochemical conditions, or vertical mixing in a groundwater
system that has small rates of flow, long residence times, and
slow rates of contaminant degradation can make treatment
of contaminated groundwater difficult. Contamination can
affect whether the groundwater resource can feasibly be used
as a drinking-water supply for many years. Therefore, it is
imperative to understand the natural and human-related factors
associated with the susceptibility and vulnerability of these
aquifers to contamination, allowing water managers to plan for
their optimal protection and utilization.

Regional Analysis

Similarities in the hydrogeology, land- and water-
use practices, and water-quality issues within the SWPA
study area allow for regional analysis. Regional analysis
begins by determining the primary factors that affect water
quality—and the associated susceptibility and vulnerability
of basin-fill aquifers to contamination—on the basis of data
and information from a subset of information-rich basin-fill
aquifers in the study area. Conceptual and mathematical
models formed for these basins can then be used to provide
insight on areas that are hydrologically similar, but that are
lacking groundwater-quality data and interpretive studies, or
on areas where water development has not progressed as far
as in the modeled basins. Regional analysis, therefore, is a
cost-effective means of providing water managers of multiple
basins with information that could be used to determine the
likely level of susceptibility and vulnerability of their aquifers
to contamination.



During its first data-collection and analysis phase from
1991 to 2001, NAWQA Program scientists sampled wells and
established baseline water-quality conditions for basin-fill
aquifers in 15 basins across the study area (fig. 1 and table 1).
Groundwater quality also was evaluated for its relation to
natural and human-related factors on the basis of a wide suite
of constituents, including major ions, nutrients, trace elements,
pesticides, and volatile organic compounds (VOCs). These
studies resulted in the identification and detailed understanding
of local conditions and factors affecting groundwater quality
in each basin. The SWPA study described here develops a
regional understanding by synthesizing information from the
15 case-study basins into a common set of important natural
and human-related factors found to affect water quality in
basin-fill aquifers across the Southwest. The synthesis consists
of the following major components:

1.  Summary of current knowledge about the groundwater
systems, and the status of, changes in, and influential
factors affecting groundwater quality of basin-fill aquifers
in the 15 basins previously studied by NAWQA (this

Section 1.—Background and Study Approach

2. Development of a conceptual model of the primary
natural and human factors commonly affecting
groundwater quality, thereby building a regional
understanding of the susceptibility and vulnerability
of basin-fill aquifers to contaminants.

Development of statistical models that relate the
concentration or occurrence of specific chemical
constituents in groundwater to natural and human-related
factors linked to the susceptibility and vulnerability of
basin-fill aquifers to contamination.

Regional-scale models and other decision-support
tools that integrate aquifer characteristics, land use, and
water-quality monitoring data will help water managers to
evaluate water-quality conditions in unmonitored areas,
to broadly assess the sustainability of water resources for
future supply, and to help develop cost-effective groundwater
monitoring programs.

report).
Table 1. Alluvial basins in the southwestern United States described in this report.
Section Case-study alluvial basin Principal aquifer system

2 Salt Lake Valley, Utah Basin and Range basin-fill aquifers
3 Truckee Meadows, Nevada Basin and Range basin-fill aquifers
4 Eagle Valley, Nevada Basin and Range basin-fill aquifers
4 Carson Valley, Nevada Basin and Range basin-fill aquifers
5 Spanish Springs Valley, Nevada Basin and Range basin-fill aquifers
6 Las Vegas Valley, Nevada Basin and Range basin-fill aquifers
7 West Salt River Valley, Arizona Basin and Range basin-fill aquifers
8 Upper Santa Cruz Basin, Arizona Basin and Range basin-fill aquifers
9 Sierra Vista Subbasin of the Upper San Pedro Basin, Arizona Basin and Range basin-fill aquifers

10 San Luis Valley, Colorado and New Mexico Rio Grande aquifer aystem

11 Middle Rio Grande Basin, New Mexico Rio Grande aquifer aystem

12 San Jacinto Basin of the Santa Ana Basin, California California Coastal Basin aquifers

12 Inland Basin of the Santa Ana Basin, California California Coastal Basin aquifers

12 Coastal Basin of the Santa Ana Basin, California California Coastal Basin aquifers

13 Central Valley, California Central Valley aquifer system
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Previous Regional Investigations of Basin-Fill
Aquifers in the Southwest

Previous NAWQA SWPA reports have described
groundwater quality in the Southwest from a regional
perspective. Anning and others (2007) studied the spatial
distribution of dissolved solids in basin-fill aquifers and
streams in the Southwest, along with sources of dissolved
solids and the factors that affect observed concentrations. The
effects of agricultural and urban land use on the quality of
shallow groundwater was evaluated by Paul and others (2007)
using data collected by the NAWQA Program for the SWPA
study area from 1993 to 2004. Other USGS studies of large
areas in the Southwest include those of the Regional Aquifer-
System Analysis (RASA) and the Regional Groundwater
Availability programs. In many of these studies, computer
models were used to develop estimates of water availability at
the time of the study and into the future. The National Ground
Water Atlas, which was compiled using RASA findings
(Miller, 1999), includes maps and information on the principal
aquifer systems described in this report.

Publications that describe components of the groundwater
budgets for several basin-fill aquifers in the Southwest
include those by Hogan and others (2004), Anning and
Konieczki (2005), Paschke (2007), Stonestrom and others
(2007), and Reilly and others (2008). Hogan and others
(2004) and Stonestrom and others (2007) focus particularly
on arid and semiarid recharge mechanisms and quantities.
Anning and Konieczki (2005) focus on classification of basins
based on hydrogeologic characteristics, whereas Reilly and
others (2008) focus on groundwater availability. Paschke
(2007) includes discussion of regional groundwater budgets,
general groundwater quality characteristics, and areas that
groundwater-flow models simulated as contributing recharge
to public-supply wells in four basins within the SWPA study
area.

Study Approach

For each of the NAWQA case-study basins, information
needed to understand the basin’s groundwater system and its
water-quality characteristics was compiled and presented in an
individual section on the basin in this report (table 1). A spatial
dataset of natural and human-related factors that may affect
groundwater quality in the basin-fill aquifers of the Southwest
was developed for the SWPA study (McKinney and Anning,
2009) and was used as the basis for describing the case-study
basins. This dataset includes physical characteristics of the
region such as geology, elevation, and precipitation, as well as
human-related factors, such as population, land use, and water
use.

Each section contains a basin overview and a description
of the water-development history, hydrogeology, conceptual
understanding of the groundwater system under both
predevelopment and modern conditions, and the effects of
natural and human-related factors on groundwater quality
in the basin. The information was gathered from existing
publications and summarized to provide a complete
conceptual model for use in the next phase of the SWPA
study, which is to synthesize the compiled information for the
individual basins to provide a regional perspective on how
water quality in Southwest basin-fill aquifers is affected by
various natural and human-related factors. Some of the basins
have more information available on the groundwater system
and water quality than others, resulting in longer and more
detailed sections.

The conceptual models presented in this report are
formed from the results of previous studies, some of which
included the construction of a numerical groundwater-flow
model. Recharge to and discharge from the case-study
basin-fill aquifers were separated into budget components that
were generally consistent across the basins, such as recharge
from precipitation on the basin and along the mountain front;
subsurface inflow from bedrock and other basins; seepage
from excess applied irrigation, canals, and artificial recharge
facilities; and discharge from evapotranspiration, springs,
wells, seepage to streams, and subsurface outflow from the
basin. Estimates for groundwater recharge and discharge
components under predevelopment and modern conditions
are based, whenever possible, on flow-model simulations
that utilize some measured data, such as water levels and
engineered recharge amounts, and a calibration process
to determine unmeasured components, such as subsurface
inflow and outflow. For basins without available flow models,
groundwater budgets have been compiled from information
gleaned from other reports or were estimated for this study.
The estimated budgets do not represent a rigorous analysis of
individual budget components, and some estimates may be
less certain than others. The groundwater budgets presented in
this report are intended only to provide a basis for comparing
the overall magnitude of recharge and discharge between
predevelopment and modern conditions in a basin and to allow
for comparisons across the case-study basins.

Concentrations of selected constituents and compounds
in groundwater from the case-study basins were compared
with drinking-water standards established by the U.S.
Environmental Protection Agency (2009). Primary
drinking-water standards limit the concentration levels
of specific contaminants that can adversely affect public
health. Examples of primary drinking-water standards
are 10 milligrams per liter (mg/L) for nitrate (measured
as nitrogen), 0.010 mg/L for arsenic, and 0.003 mg/L for
the pesticide atrazine. These standards are the maximum
contaminant levels (MCL) that are legally allowed in public



water systems to protect drinking-water quality. Secondary
drinking-water standards are non-enforceable guidelines for
contaminants that may cause changes in cosmetic or aesthetic
effects such as taste, odor, or color. Examples of secondary
drinking-water standards are 500 mg/L for total dissolved
solids and 250 mg/L for sulfate.

A variety of environmental tracers were used in many
of the case-study basins to help determine the susceptibility
of groundwater to the effects of human activities at the land
surface. Most commonly, these tracers were used to estimate
groundwater “age,” which is defined as the time since the
water being sampled reached the water table. The presence
of at least a fraction of groundwater less than about 50 years
old typically indicates parts of an aquifer that are susceptible
to water-quality effects from human activities at the land
surface. The quality of older groundwater that does not
contain a discernable fraction of water that recharged within
the past 50 years typically is considered not to have been
affected by human activities, but rather by natural factors.
One environmental tracer, tritium, which occurs naturally in
precipitation, is a radioactive isotope of hydrogen with a half
life of 12.4 years. Large amounts of tritium were introduced
into the atmosphere by nuclear testing beginning in the early
1950s (atmospheric testing was banned in 1963). The presence
of tritium in groundwater above a threshold concentration is
used as an indicator that at least a component of the water was
recharged since the early 1950s, and therefore, is “young.”

The presence of chlorofluorocarbons (CFCs) in
groundwater also is used as an indicator of young water
and as a tool for estimating specific groundwater ages.

CFCs are man-made organic compounds that are used in
industrial processes and in the home. After their introduction
in the 1930s, atmospheric concentrations increased nearly
exponentially until the 1990s (Plummer and Busenberg,
2000). Three specific CFCs—CFC-11, CFC-12, and CFC-
113—have long residence times and uniform concentrations
in the atmosphere, making them valuable groundwater tracers
once incorporated into the hydrologic cycle (Solomon and
others, 1998; Cook and Herczeg, 2000). In populous areas,
CFC contamination from leaking sewage systems and other
sources besides the atmosphere is a good indicator of aquifer
susceptibility to human activities, even though a specific

age cannot be estimated for groundwater that has been
contaminated with urban sources of CFCs.

Carbon-14 is a naturally occurring radioactive isotope
of carbon that can be useful to estimate the age of “old”
groundwater, or water that recharged an aquifer between
about 1,000 and 40,000 years ago (Coplen, 1993). Most
carbon-14 present in water that recharges an aquifer results
from contact with carbon dioxide in the soil zone and(or)
atmosphere. Knowledge of groundwater flow paths and the
geochemical processes likely to affect carbon-14 along flow
paths is necessary to properly adjust the carbon-14 measured

Section 1.—Background and Study Approach 1"

in a groundwater sample prior to estimating an age through
half-life calculations. Other factors, such as the addition of
carbon-14 to the atmosphere through thermonuclear testing,
also must be taken into account to arrive at an appropriate
age estimate. Detailed discussions of the use of carbon-14 in
estimating groundwater age can be found in Kalin (2000) and
Kazemi and others (2006).
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Section 2.—Conceptual Understanding and Groundwater
Quality of the Basin-Fill Aquifer in Salt Lake Valley, Utah

By Susan A. Thiros

Basin Overview

Salt Lake Valley is an alluvial basin bounded by the
Wasatch Range, the Oquirrh and Traverse Mountains, and
Great Salt Lake in the northern part of Utah (fig. 1). The basin
is about 28 mi long and 18 mi wide (about 417 mi?) and is
open at its northern end, where both surface and ground water
drain to Great Salt Lake. Altitudes range from about 4,200 ft
at Great Salt Lake to about 5,200 ft at the basin-fill deposit/
mountain boundary. The hydrogeologic basin that surrounds
the valley extends to the crests of the surrounding mountains
and covers about 740 mi2. Salt Lake Valley is within the
Basin and Range Physiographic Province of Fenneman
(1931) and is characterized by generally parallel, north- to
northeast-trending mountain ranges separated by broad
alluvial basins that are a result of regional extension. The
normal faulting and subsequent mountain uplift and deposition
of basin fill began in Miocene time and is ongoing (Mabey,
1992, p. C6). Topographic relief between the Wasatch Range
and Salt Lake Valley along the Wasatch Fault is as much as
7,000 ft.

The climate in Salt Lake Valley is semiarid. Analysis of
modeled precipitation data for 1971-2000 (PRISM Group,
Oregon State University, 2004) resulted in an estimated
average annual precipitation of about 17 in. over the alluvial
basin as a whole (McKinney and Anning, 2009). Precipitation
in the mountains can exceed 50 in/yr, falling mostly as
snow in the winter. Recharge to the groundwater system is
dependent primarily on the spring snowmelt runoff from
the mountains. Water in the major mountain-front streams
is diverted for municipal and agricultural use under current
conditions. Lawns and gardens in the valley require irrigation
to supplement precipitation during the growing season. The
demand for water peaks during July through August, when
lawns and gardens require more irrigation because of the
summer heat. Public water systems that use surface-water

sources also use groundwater during the summer to meet
the increased demand. Water systems without surface-water
sources rely on water from wells throughout the year.

Salt Lake Valley generally coincides with the populated
part of Salt Lake County, which contains the Salt Lake City
metropolitan area. The population in Salt Lake County in
2000 was about 898,000 (U.S. Census Bureau, 2002), and is
growing rapidly. The population almost doubled between 1963
and 1994, corresponding to a large increase in land developed
for residential and commercial use. Population in Salt Lake
County is projected to be about 1,884,000 in 2050 (Utah
Governor’s Office of Planning and Budget, 2008). Analysis
of LandScan population data for 2005 (LandScan Global
Population Database, 2005) indicated a population of 944,000
for the alluvial basin as a whole (McKinney and Anning,
2009), equating to a population density in the valley of about
2,260 people per mi2. Because the natural boundaries of the
valley restrict much expansion of residential areas, population
growth will occur mainly through increased population density
and will include urbanization of the remaining agricultural and
rangeland areas.

The area of agricultural land in Salt Lake Valley
decreased from 145 mi? in 1960 to 44 mi? in 2002, while the
area of urban land increased from 89 to 270 mi2 during the
same period (Utah Department of Natural Resources, Division
of Water Resources, 1999, 2007). Many of the developed
residential/commercial areas are along the mountain front
bounding the east side of the valley (fig. 2) and more recent
development is also replacing agricultural areas on the west
side of the valley. The main crop types mapped in 2002 were
grains, pasture, and alfalfa. Historically, much of the industrial
land use in Salt Lake Valley was near the Jordan River, with
the urban area centered in the northeastern part of the valley
in Salt Lake City and agricultural land primarily near the
mountain-front streams or downgradient from irrigation
canals. A major industry in the valley was processing ore
mined from the Wasatch Range and Oquirrh Mountains
beginning in about 1870 (Calkins and others, 1943, p. 73).
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Figure 1. Physiography, land use, and generalized geology of Salt Lake Valley, Utah.
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Salt Lake Valley

Figure 2. View of Salt Lake Valley, Utah, with Big and Little Cottonwood Canyons in the Wasatch Range in
the background. Image acquired on May 28, 2000 with credit to the NASA/GSFC/METI/ERSDAC/JAROS and
U.S./Japan ASTER Science Team (http://asterweb.jpl.nasa.gov/gallery-detail.asp?name=SaltLakeCity)

Changes in land use and water use in Salt Lake Valley
have affected groundwater quality through changes in the
sources, amount, and quality of water that recharges the
basin-fill aquifer system. Human-related compounds such
as volatile organic compounds (VOCs) and pesticides, and
elevated concentrations of nitrate have been frequently
detected in shallow ground water and to a lesser degree in the
deeper basin-fill aquifer in areas of residential land use. Water
that enters the aquifer in the valley (basin or valley recharge)
is more susceptible to transporting man-made chemicals than
is both surface flow and subsurface inflow from the adjacent
mountains (mountain-front and mountain-block recharge).
Seepage of excess water from irrigated crops, lawns, gardens,
parks, and golf courses; and from leaking canals, water
distribution pipes, sewer lines, storm drains, and retention
basins are now sources of recharge to the basin-fill aquifer.

Water Development History

Salt Lake Valley was settled by Mormon pioneers
beginning in July 1847 when they arrived in the valley and
started building an irrigation system to distribute water from
the mountain-front streams to croplands. City Creek, in what
became downtown Salt Lake City, was the first stream to
be diverted. By 1860, many farming communities had been
established near the perennial Wasatch Range streams and the
Jordan River. The 44-mi long Jordan River passes through
the center of Salt Lake Valley, connecting two remnants
of prehistoric Lake Bonneville: Utah Lake in Utah Valley
to the south and Great Salt Lake to the north. Streamflow
in the Jordan River averaged about 295,000 acre-ft/yr from
1914-1990 at the Jordan Narrows, just downstream from
where the river enters the valley (Utah State Water Plan
Coordinating Committee, 1997, p. 5-9).


http://asterweb.jpl.nasa.gov/gallery-detail.asp?name=SaltLakeCity
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As the population in Salt Lake City grew, a larger supply
of mountain stream water was required to be transferred from
agricultural use to municipal use. The farmers, however,
needed a more consistent source of irrigation water through
the summer months, when flow from the mountain streams
diminished. Agreements were made to exchange water rights
between Salt Lake City and area farmers that resulted in the
diversion of Jordan River/Utah Lake water to the east side of
the valley beginning in 1882. Water from the Jordan River is
acceptable for irrigation, but not for potable uses because of
turbidity and mineral content. Water in the Jordan River at
the Jordan Narrows has higher concentrations of dissolved
solids higher (1964-68 discharge-weighted average of 1,120
mg/L) than water that enters the valley from the major streams
draining the Wasatch Range (196468 discharge-weighted
averages range from 120 to 464 mg/L) due primarily to
evaporation from Utah Lake. The effect of the water-rights
exchanges was to spread water with higher concentrations
of dissolved solids over a large part of the east side of Salt
Lake Valley for irrigation and to distribute water with lower
concentrations of dissolved solids from the mountain streams
to residential areas along the east side of the valley rather than
just along the natural stream channels.

Historically, water has been diverted from the Jordan
River into a series of canals for subsequent diversion to
irrigated land: four parallel canals traverse the west side of the
valley and three parallel canals traverse the east side. Most
of the canals were in operation by 1910. Parallel distribution
systems allow for runoff from higher altitude irrigated areas
to be collected and distributed by lower altitude canals. Canal
companies generally start delivery of water for irrigation in
May and end in October.

Surface water from local streams draining the Wasatch
Range and imported from outside of the local drainage basin
provided about 70 percent of the public supply in 2000 in
Salt Lake Valley. This water is chlorinated and distributed
for use across the valley. Under modern conditions, about
68,000 acre-ft/yr of water from local Wasatch Range streams
is used for public supply, which is about 40 percent of the
average streamflow rate (Utah State Water Plan Coordinating
Committee, 1997, p. 9-7; table 5-4). About 75 percent
(130,000 acre-ft) of the annual flow comes during the spring
snowmelt runoff period from mid-April to mid-July. Most of
this water ultimately discharges to the Great Salt Lake because
of limited reservoir storage and treatment plant capacity. The
feasibility of constructing surface reservoirs on the mountain
streams is limited mainly because of environmental and safety
concerns. The average annual flow for streams draining the
Oquirrh Mountains on the west side of Salt Lake Valley is
only about 4,400 acre-ft (Utah State Water Plan Coordinating
Committee, 1997, table 5-4). Water rarely flows in these
stream channels all the way to the Jordan River.

Water from the Weber and Duchesne Rivers is imported
into the Utah Lake drainage basin as part of the Provo River
Project and the Central Utah Project (CUP) to supplement
surface-water supplies in Salt Lake and Utah Counties. The
Salt Lake Aqueduct began conveying water from the Provo
River drainage to Salt Lake Valley for public supply in
1951. The CUP consists of numerous diversions, dams, and
conveyance systems that allow Utah to use a portion of its
allotted share of Colorado River water under the Colorado
River Compact. An average of about 111,000 acre-ft/yr
was imported to the valley for public supply from these
surface-water sources from 1997-2003 based on information
provided by Isaacson (2004) and the Utah Division of Water
Rights.

Richardson (1906, p. 35) speculated that the first flowing
well was drilled in Salt Lake Valley in about 1878. Marine
and Price (1964, p. 49) estimated that 7,700 flowing wells
supplied about 35,000 acre-ft of water in 1957, mainly for
domestic use. Many of the flowing wells have since been
capped or abandoned and replaced by municipal water
systems. Lowering the hydraulic head in the confined aquifer
has caused a small decrease in the area of artesian conditions
with time.

Large-yielding wells used for public supply in Salt Lake
Valley were first installed in 1931 to supplement surface-water
supplies. The estimated withdrawal of water from wells in
the valley in 2000 was about 144,000 acre-ft: 93,800 acre-ft
for public supply, 25,000 acre-ft for domestic and stock,
23,400 acre-ft for industry, and only 2,200 acre-ft for irrigation
(Burden and others, 2001, table 2). Groundwater withdrawal
from wells in 2000 was about 28 percent of that used for
public supply. Springs and tunnels in the Wasatch Range
provided about 2 percent of the water used in the valley for
public supply.

Artificial recharge of some of the spring runoff water
from mountain-front streams and from imported surface water
to the basin-fill aquifer in the southeastern part of the valley
is being done through injection wells. About 6,000 acre-ft/
yr of water is planned to be injected (Utah Division of Water
Rights, written commun., January 5, 2010) for use during
periods of peak demand in the summer months. Potential
future sources of water to supply the municipal needs of Salt
Lake Valley include treated water from the Jordan River and
adjacent shallow aquifer, and surface water imported from
other areas outside the hydrogeologic basin, such as the Bear
River near the Idaho border. Treated wastewater could be used
for municipal irrigation and is another possible future water
source in the valley.
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Hydrogeology

The basin-fill deposits in the Salt Lake Valley consist
of unconsolidated to semiconsolidated Tertiary-age deposits
overlain by unconsolidated Quaternary-age deposits. The
Tertiary-age sediments that crop out along the western and
southern margins of the valley were deposited mainly as
alluvial fans, in lakes, and as volcanic ash and are estimated
to have a hydraulic conductivity of about 1 ft/d (Lambert,
1995, p. 15). On the basis of geophysical studies by Mattick
(1970), the contact between these deposits and underlying
consolidated rock is estimated to be as deep as 4,000 ft below
land surface in areas near the Great Salt Lake and north of
Salt Lake City. The permeable Tertiary-age deposits of sand
and gravel yield water to wells in the Kearns area, and near
Murray, Herriman, and Riverton (Hely and others, 1971, p.
107).

The unconsolidated sediments of Quaternary age were
deposited mainly as alluvial fans, by streams, and as deltas and
other lacustrine features associated with Lake Bonneville and
older paleolakes that once covered the valley. The hydraulic
conductivity of coarser grained deposits is estimated to be
about 200 ft/d, compared to a value of about 1 ft/d for shallow
lake-deposited clays (Lambert, 1995, p. 14). The Quaternary-
age sediments are considerably more permeable than those
of Tertiary age, but are thought to be less than 1,000 ft thick
across most of Salt Lake Valley based on well data (Arnow
and others, 1970; Lambert, 1995, fig. 4). The Quaternary-
age deposits are thinnest along the margins of the valley
and are less than 150 ft thick in the Kearns area. Nearly all
the water wells in the valley are open to the Quaternary-age
deposits. Lake-deposited clay layers occur throughout the
valley, except near the mountain-front canyons, where coarser
grained deposits predominate. Lake Bonneville covered
much of the western half of Utah and the southeastern corner
of ldaho during the late Pleistocene Epoch, with a water
level about 1,000 ft above the present-day altitude of its
remnant, Great Salt Lake (which is about 4,200 ft). As Lake
Bonneville receded, wave-cut terraces on the lower slopes of
the mountains and deposits of sand and gravel within the basin
were exposed. Interlayered clay, silt, sand, and gravel were
deposited as deltas in the lake by major streams as they flowed
out of the mountains and are now deeply incised by modern
stream channels emanating from the adjacent mountain blocks.

The consolidated rocks in the Wasatch Range
bounding the northeastern part of Salt Lake Valley, from
Mill Creek Canyon northward, are dominantly sedimentary
Triassic-age shale and mudstone with bedding planes striking
approximately perpendicular to the mountain front. The
Wasatch Fault is inside of the valley west of the mountain
front in this area, resulting in shallow depths to bedrock

between the fault and the mountain front. This position of the
fault is in contrast to that farther south, where it bounds the
mountain front. The mountain block along the southeastern
part of the valley consists of Precambrian-age quartzite and
Tertiary-age intrusive rocks (quartz monzonite) that Hely
and others (1971, plate 1) characterized as “rocks of lowest
permeability.”

The Oquirrh and Traverse Mountains are made up mostly
of Late Paleozoic-age carbonate and quartzite (Oquirrh
Formation) and Tertiary-age volcanic rocks. Tertiary-age
igneous rocks intruded the Oquirrh Formation in the Oquirrh
Mountains, forming deposits of copper and other metals
that have been extracted in the Bingham mining district.
Consolidated volcanic rocks crop out along the base of the
Oquirrh Mountains and underlie the basin-fill deposits on
the west side of the valley. The transmissivity of these rocks
is dependent on the presence or absence of fractures and is
highly variable. Hely and others (1971, plate 1) characterized
the volcanic rocks as “rocks of lowest permeability.”

Conceptual Understanding of the
Groundwater System

The groundwater system in Salt Lake Valley’s basin-fill
deposits includes a shallow aquifer that is separated from
a deeper aquifer by discontinuous layers or lenses of
fine-grained sediment. A generalized model of the deeper
basin-fill aquifer shows an unconfined part near the mountain
fronts that becomes confined toward the center of the valley
by clay lenses and layers (fig. 3). The extent of the unconfined
part of the aquifer corresponds to that of the primary recharge
area in the valley (fig. 4) and includes the area near the
mountain fronts where no substantial layers of fine-grained
materials impede the downward movement of water. The
depth to water in the unconfined part of the deeper basin-fill
aquifer is typically from 150 to 500 ft below land surface. The
transmissivity of the basin-fill deposits is generally highest
near the mountains where streams entering the valley deposit
the coarsest-grained materials.

Ground water moves laterally from the unconfined part
of the basin-fill aquifer to the adjacent confined part, and from
the overlying shallow aquifer to the deeper basin-fill aquifer,
where the hydraulic gradient is downward and the confining
layers are discontinuous. The latter conditions can exist in
the secondary recharge area and were mapped by Anderson
and others (1994, p. 6). The distinction between the shallow
and deeper basin-fill aquifers is not clear in some parts of the
valley. Many domestic wells and some public-supply wells are
in the secondary recharge area, where water levels are about
100 ft below land surface.
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Figure 3. Generalized diagrams for Salt Lake Valley, Utah, showing the basin-fill deposits and components of the groundwater
flow system under (A) predevelopment and (B) modern conditions.
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Groundwater discharges in areas where there is an
upward hydraulic gradient from the confined part of the deeper
aquifer toward the overlying shallow aquifer; such areas are
generally in the center of the valley along the Jordan River and
in the topographically lowest parts of the valley. This upward
gradient and the presence of confining layers prevent water
with relatively high concentrations of dissolved solids or other
contaminants from moving downward. The confined part of
the aquifer can still be susceptible to contamination where
the confining layers are discontinuous or where the hydraulic
gradient has been reversed (is downward), allowing water
from the shallow aquifer to move downward to the confined
aquifer. This reversal can result from withdrawals from wells
(pumpage) over time and can permit the downward movement
of water around an improperly completed well or over a larger
area. Both the confined and unconfined parts of the deeper
basin-fill aquifer are important sources of drinking water for
Salt Lake Valley.

Shallow groundwater is either local in extent because it
is perched on fine-grained materials or is laterally continuous
and forms a more extensive aquifer. Perched groundwater
can occur near the mountains where saturated discontinuous
strata of sand and gravel are underlain by fine-grained material
and lie above the regional water table. The shallow aquifer is
typically present within the upper 50 ft of basin-fill deposits
and therefore is vulnerable to contamination because of its
proximity to human activities at the land surface. Low yields
and poor quality (unacceptable for intended use) limit the use
of shallow groundwater in Salt Lake Valley at the present time.

Water Budget

Recharge to and discharge from the basin-fill aquifer
system in Salt Lake Valley has been estimated in studies by
Hely and others (1971), Waddell and others (1987a), and
Lambert (1995). Lambert used a steady-state numerical model
to specify or compute an average annual recharge rate of
about 317,000 acre-ft to the basin-fill groundwater system
under modern conditions (table 1). Estimates of the total
groundwater budget have decreased with each successive
study. The amount of recharge to the groundwater system
affects the amount of water that can be withdrawn from wells
without affecting other types of discharge and places a greater
emphasis on recharge that originates at the valley surface and
therefore is vulnerable to contamination.

Although the amount of water that was recharged
and discharged from the basin-fill aquifer before water
development began in the valley is not known, estimates were
made on the basis of the conceptual model of the system.
Mountain-front recharge is estimated to have comprised
about 70 percent of recharge to the basin-fill aquifer under
predevelopment conditions and includes subsurface inflow
from consolidated rocks in the adjacent mountains, underflow
in channel fill at the mouths of canyons, and infiltration of
streamflow and precipitation runoff near the mountain front
(fig. 3). Information is not available to distinguish between

water entering the basin-fill aquifer in the subsurface and
precipitation runoff at the mountain front, but environmental
tracers indicate that subsurface inflow from the mountain
blocks may be a substantial component of recharge. Inflow
from consolidated rock along the mountain front and from
precipitation on the valley floor was specified at 142,000 and
67,000 acre-ft/yr, respectively, in the steady-state simulation
by Lambert (1995, table 5), and these rates are assumed to be
representative of predevelopment conditions.

Infiltration of excess irrigation water from croplands,
lawns, and gardens, and seepage from canals became
major sources of recharge to the groundwater system
(about 27 percent of estimated average annual recharge)
under modern conditions (Lambert, 1995, table 5; table 1).
Groundwater discharge to the Jordan River and other
streams (about 43 percent of estimated average annual
discharge), withdrawals from wells (about 33 percent),
and evapotranspiration (about 11 percent) are the main
components of discharge under modern conditions.
Groundwater discharge to the Jordan River and its tributaries
and by evapotranspiration has been reduced from that under
predevelopment conditions as a result of lowered groundwater
levels caused by withdrawals from wells (table 1).

Recharge to the basin-fill aquifer as subsurface inflow
from the mountain block on the east side of Salt Lake Valley
is greater than that to the west side, primarily because the
west face of the Wasatch Range receives greater amounts
of precipitation than does the east side of the Oquirrh
Mountains. Infiltration of precipitation in the primary
recharge areas of the valley has likely decreased with time
because of urban development and the installation of storm
drains. Excess irrigation water applied to lawns and gardens
is now a major source of infiltration to the basin-fill aquifer
in the recharge areas, and much of this water is imported
from outside the drainage basin. Losses from major canals
diverting water from the Jordan River were estimated to be
about 21,000 acre-ft/yr in the southwestern part of the valley
(Lambert, 1996, p. 8) out of about 30,000 acre-ft/yr estimated
valley wide (Lambert, 1995, table 5). Seepage losses from
canals can recharge both the shallow and deeper parts of the
basin-fill aquifer because the canals flow mainly through
secondary recharge areas. Groundwater recharge has increased
by almost one-third from that of predevelopment conditions,
primarily due to the addition of canal seepage and excess
irrigation water (table 1).

The recharge of excess irrigation water and canal
losses has greatly modified the groundwater flow system in
the southwestern part of Salt Lake Valley, where there was
relatively little recharge prior to irrigation. Canals in this area
transport water primarily from the Jordan River, resulting in
water with higher concentrations of dissolved solids being
recharged to the basin-fill aquifer. Stable isotope data indicate
that the shallow unconfined aquifer (Thiros, 1995, p. 51;
Thiros, 2003, p. 35) and parts of the deeper basin-fill aquifer
(Thiros and Manning, 2004, p. 36) receive substantial recharge
from water diverted for irrigation from the Jordan River.
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Table 1. Estimated groundwater budget for the basin-fill aquifer in Salt Lake Valley, Utah, under predevelopment and modern
conditions.

[All values are in acre-feet per year and are rounded to the nearest thousand. Estimates of groundwater recharge and discharge under predevelopment and
modern conditions were derived from Hely and others (1971); a steady-state numerical simulation of the basin-fill aquifer (Lambert, 1995); or were estimated
as described in the footnotes. The budgets are intended only to provide a basis for comparison of the overall magnitudes of recharge and discharge between
predevelopment and modern conditions, and do not represent a rigorous analysis of individual recharge and discharge components. Percentages for each water
budget component are shown in figure 3]

Change from

Predeve_lt_)pment Mm_il?rn predevelopment to
conditions conditions modern conditions

Budget component Estimated recharge

Subsurface inflow from mountain blocks 1142,000 1142,000 0
Infiltration of precipitation on valley floor 167,000 167,000 0
Infiltration of streamflow and underflow in channel fill near mountain fronts 218,000 116,000 3-2,000
Underflow at Jordan Narrows 12,000 12,000 0
Infiltration of streamflow in valley 11,000 11,000 0
Canal seepage 0 130,000 30,000
Infiltration of excess irrigation water 0 147,000 47,000
Infiltration of excess irrigation water from lawns and gardens 0 110,000 10,000
Infiltration from reservoirs 0 12,000 2,000
Total recharge 4230,000 317,000 87,000
Budget component Estimated discharge

Discharge to streams 5145,000 1137,000 -8,000
Well withdrawals 0 1105,000 105,000
Evapotranspiration 660,000 136,000 -24,000
Discharge to springs 119,000 119,000 0
Discharge to drains 75,000 110,000 5,000
Subsurface outflow to Great Salt Lake 11,000 11,000 0
Discharge to canals 0 19,000 9,000
Total discharge 230,000 317,000 87,000
Change in storage (total recharge minus total discharge) 0 0 0

! Estimates from steady-state numerical simulation of the basin-fill aquifer described by Lambert (1995).

2 Hely and others (1971, p. 56) evaluated the relation of channel loss in Wasatch Range streams to runoff during 1964-68. They noted that the magnitude
of losses changed with fluctuations in runoff and generally ranged from 8 to 16 percent of runoff. Recharge from streams and underflow in channel fill near the
mountain fronts under predevelopment conditions was estimated to be 10 percent of an average streamflow of about 178,000 acre-feet per year for 1940-80
(Utah State Water Plan Coordinating Committee, 1997, p. 5-4).

3 The change from predevelopment to modern conditions may be the result of the different methods used to estimate the component rather than an actual
change over time.

4 Hely and others (1971, p. 143) estimated that natural recharge was about 234,000 acre-feet per year.

5 Hely and others (1971, p. 84) estimated average annual groundwater discharge to the Jordan River from 1943-68 to be 154,000 acre-feet. About 147,000
acre-feet per year of the gross gain in river flow during this period is assumed to be from the confined part of the deeper aquifer because it is unaffected by
seasonal changes (Hely and others, 1971, p. 136). The estimate used for groundwater discharge to the Jordan River under predevelopment conditions in this
table is the residual amount needed to balance the other recharge and discharge components.

6 Hely and others (1971, p. 179) estimated evapotranspiration from areas of natural and cultivated vegetation and from bare ground in 1964-68 at about
60,000 acre-feet per year. It is assumed here that natural vegetation would have grown in cultivated areas and discharged a similar amount of groundwater under
predevelopment conditions.

" Hely and others (1971, p. 179) estimated groundwater discharge from the shallow part of the aquifer to drains in the northwestern part of the valley from
measurements of low flows during water years 1964—68. It is assumed here that this shallow groundwater discharged under predevelopment conditions also.
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This water is isotopically heavier because of evaporation.
Richardson (1906, p. 41) reported that groundwater levels

in the area downgradient from the Utah and Salt Lake Canal
(completed in 1882) on the west side of Salt Lake Valley

had risen as a result of canal seepage. Several wells in the
area were reported to have water levels 30-65 ft nearer to

the land surface then before the construction of the canal.
Richardson stated that “... the quality of groundwater in the
area has deteriorated in recent years, containing now much
more alkali than formerly. So marked has this change been
that surface wells are but little valued, and generally water for
domestic use is obtained from deep wells.” Recharge from
excess irrigation water and canal seepage also affected water
levels in the discharge area south-southeast of Salt Lake City
that is traversed by Parleys, Mill, Big Cottonwood, and Little
Cottonwood Creeks. Taylor and Leggette (1949, p. 23) noted
local reports of increasing flow from artesian wells nearest to
the recharge area soon after irrigation on higher altitude lands
began.

Under present-day conditions, the groundwater system
in Salt Lake Valley is greatly affected by withdrawals from
wells, which has ranged from about 38,000 acre-ft in 1938 to
165,000 acre-ft in 1988. Withdrawals from wells are about
one-third of the total estimated discharge from the modern
groundwater system (table 1). Most of the pumping occurs on
the east side of the valley because of higher yields and lower
concentrations of dissolved solids. In some areas of the valley,
groundwater is blended with water from other sources to
improve its quality.

In 2000, utilized water rights and approved applications
for rights show approximately 400,000 acre-ft/yr of
potential groundwater withdrawal from the deeper
basin-fill aquifer compared to an estimated “safe yield” of
165,000 acre-ft/yr (Robert Morgan, Utah Division of Water
Rights, written commun., May 17, 2000, http://nrwrtl.nr.state.
ut.us/meetinfo/m051700/slvplan.pdf). As a result, the Utah
Division of Water Rights has implemented a groundwater
management plan for the valley that provides guidelines on
withdrawal limits in order to protect existing water rights and
water quality.

Groundwater Movement

The potentiometric surface for the basin-fill aquifer
indicates that groundwater generally moves from recharge
areas near the mountain fronts toward the Jordan River and
Great Salt Lake (fig. 4). Groundwater moves downward in the
primary and secondary recharge areas from the land surface to
the shallow unconfined aquifer (where it exists) and then to the
deeper basin-fill aquifer. Groundwater moves upward in the
discharge area through the confined aquifer, into and through

overlying confining layers, and into the shallow unconfined
aquifer, where it can discharge to the Jordan River, to drains,
or by evapotranspiration or seepage to Great Salt Lake, which
is minor. The steeper slope of the potentiometric surface on
the west side of the valley indicates less recharge and lower
transmissivities due to thinner saturated deposits or less
permeable material when compared to the less steep surface on
the east side. Faults within and bounding the basin-fill deposits
may affect the hydraulic gradient and groundwater movement,
and water from wells near faults in the northwestern part of the
valley generally is warmer than water more distant from faults,
indicating movement from greater depths. Most measured
water levels in the deepest parts of the basin-fill aquifer have
declined from spring 1975 to spring 2005 (Burden and others,
2005, fig. 14), with the largest decline of about 53 ft in a well
in the southeastern part of the valley. This is an area with large
withdrawals for public supply because of high yields and good
water quality from the wells.

An approximate recharge rate was derived for the
southeastern part of Salt Lake Valley from the mouth of Mill
Creek Canyon southward to about 2 mi south of the mouth of
Little Cottonwood Canyon. The typical age gradient of about
7.5 years/mi (along the groundwater flow path) in this area
corresponds to an average linear groundwater flow velocity
of 1.9 ft/d (Thiros and Manning, 2004, p. 54). Assuming a
porosity of 0.2 (20 percent), an average saturated thickness
of 330 ft (generally ranges from 150 to 500 ft), and a north-
south cross-section length of 10 mi, the approximate recharge
rate for the southeastern part of the valley is about 55,000
acre-ft/yr. Results of age dating using chlorofluorocarbons
indicate an average groundwater flow velocity of between 1.4
and 1.8 ft/d in the southwestern part of the valley (Kennecott
Utah Copper, 1998, p. 3-18).

Apparent tritium/helium-3 ages determined for water
from 64 public-supply wells completed in the basin-fill
aquifer in Salt Lake Valley range from 3 years to more than
50 years (Thiros and Manning, 2004, fig. 22) (fig. 5). See
Section 1 of this report for a discussion of groundwater age
and environmental tracers. Because public-supply wells
generally have long open (screened or perforated) intervals
(typically 150-500 ft), the samples likely contain mixtures
of water with different ages. Water recharged before large
amounts of tritium were introduced into the atmosphere by
nuclear testing in the early 1950s is considered to be pre-bomb
water. Interpreted-age categories were determined from
the initial tritium concentration for each sample (measured
tritium plus measured tritiogenic helium-3) and its relation
to that of local precipitation at the apparent time of recharge
(Thiros and Manning, 2004, fig. 21). Water sampled from the
public-supply wells was divided into dominantly pre-bomb,
modern or a mixture of pre-bomb and modern, or dominantly
modern interpreted-age categories.
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Tritium concentrations in water sampled from the
shallow part of the basin-fill aquifer in secondary recharge
areas within Salt Lake Valley indicate that most or all of the
water was recently recharged from the land surface with little
or no mixing with older groundwater. The apparent tritium/
helium-3 age for water sampled from 24 monitoring wells
ranged from 1 year or less to 38 years (Thiros, 2003, table 5).
Water from most of the monitoring wells was contaminated
with chlorofluorocarbons, which also indicates that the water
has been in contact with human-derived compounds at the
land surface.

Ages of groundwater in the primary and secondary
recharge areas are generally younger on the east side of the
valley than on the west side (Thiros and Manning, 2004,
fig. 24), indicating that recharge rates are generally greater
on the east side. Groundwater on the east side of the valley
generally becomes older with distance from the mountain
front, the oldest water being that in the discharge area. On
the west side of Salt Lake Valley, the median apparent age
of water from wells in the secondary recharge and discharge
areas is younger than that of water from wells in the primary
recharge area. This age difference is probably affected by the
primary recharge area on the west side of the valley being
upgradient from two major components of recharge in the area
under modern conditions: losses from canals and infiltration
from irrigated fields.

Effects of Natural and Human Factors
on Groundwater Quality

The occurrence and concentrations of contaminants in
water within the basin-fill aquifer system in Salt Lake Valley
are influenced by the locations and sources of recharge, the
vertical hydraulic gradient, and aquifer properties. Water that
enters the basin-fill aquifer in the valley (valley recharge)
is more susceptible to transporting man-made chemicals
than is subsurface inflow from the adjacent mountains
(mountain-block recharge) and surface flow at the mountain
front and in major mountain streams. Seepage of excess water
from irrigated crops, lawns, gardens, parks, and golf courses;
and from leaking canals, water distribution pipes, sewer lines,
storm drains, and retention basins are modern-day sources of
groundwater recharge in many parts of the valley.

Data were collected as part of three National
Water-Quality Assessment (NAWQA) Program studies in
Salt Lake Valley to characterize and determine the effects of
natural and human factors on groundwater quality. A study
to evaluate the occurrence and distribution of natural and
human-related chemical constituents and organic compounds
in shallow groundwater underlying recently developed
(post-1963) residential and commercial areas in the valley was
done in 1999 (Thiros, 2003). Thirty monitoring wells were
installed and sampled in areas where there was a downward

gradient between the shallow and deeper aquifers. Although
the aquifers are separated by layers of fine-grained deposits,
there is potential for water in these wells to move deeper

to parts of the basin-fill aquifer used for public supply. The
occurrence and distribution of natural and human-related
compounds in groundwater used for drinking and public
supply in Salt Lake Valley were evaluated by analyzing
water-quality data collected from 31 public-supply wells in
2001 (Thiros and Manning, 2004). An additional 19 wells
completed in the primary and secondary recharge areas,
mostly used for domestic and public supply, also were
sampled to characterize water quality in the deeper basin-fill
aquifer in the valley.

General Water-Quality Characteristics and
Natural Factors

The inorganic chemical composition of groundwater
largely depends on its recharge source, the type of rocks and
associated minerals it has contacted, and how long the water
has been in contact with the aquifer material. Generally, the
most mineralized groundwater is in the northwestern part
of the valley near the Great Salt Lake. This area is at the
downgradient end of the overall Salt Lake Valley groundwater
flow path, and on the basis of stable isotope data (Thiros,
1995, p. 51), the water is possibly thousands of years old.
Stable isotope data also indicate that evaporation is not a
factor contributing to mineralization of the deeper aquifer;
sulfate-reducing conditions and the presence of sodium
and chloride ions in pore water left from the desiccation
of paleolakes contribute to chemical processes that result
in a sodium-chloride-type groundwater. Dissolved-solids
concentrations in groundwater from this part of the valley are
generally greater than 1,000 mg/L (fig. 6).

Groundwater in the northeastern part of the valley
generally has more dissolved sulfate relative to bicarbonate
than water in upgradient areas and from local mountain-front
streams. Dissolved-solids concentrations there are greater than
500 mg/L (fig. 6), primarily as a result of the contact of the
water with easily eroded Triassic-age shale and mudstone in
the mountain block and in the basin-fill deposits in the area.

Basin-fill deposits in the southeastern part of the valley
are derived from rocks such as quartzite and quartz monzonite,
which are more resistant to weathering and include less easily
soluble material than the rocks further north. The groundwater
in this area is predominantly a calcium-bicarbonate type,
similar to that of water in local mountain-front streams, and
concentrations of dissolved solids are generally less than
500 mg/L (fig. 6). A relatively large area of groundwater with
concentrations of dissolved solids less than 250 mg/L extends
northwestward from the mountain front toward the Jordan
River following regional flow paths. Age-dating of this water
indicates that it moves rapidly through coarse-grained deposits
near the mountain front (Thiros and Manning, 2004, fig. 23).
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Groundwater quality in the southwestern part of Salt
Lake Valley, Utah, is influenced by reactions between
the basin-fill deposits derived from rocks of the Oquirrh
Mountains and the different types of water recharged in
the area. The Oquirrh Mountains are composed primarily
of carbonate rocks that locally have undergone sulfide
mineralization. Prior to development in the valley, the main
source of recharge to the basin-fill aquifer was subsurface
inflow from the mountain block along with seepage from the
mountain-front streams and infiltration of precipitation on
the valley floor. Geochemical reactions between the basin-fill
deposits and the naturally recharged water probably resulted
in groundwater with dissolved-solids concentrations less
than 1,000 mg/L. Under modern conditions, canal seepage
and infiltration of excess irrigation water have contributed
to higher concentrations of dissolved solids (greater than
1,000 mg/L) in some areas in this part of the valley (fig. 6).
Infiltration of mine drainage and wastewater (most seepage
from mining related sources was stopped in 1992) has resulted

in an area with high concentrations of sulfate in groundwater
downgradient from the Bingham Canyon mining operations
(Waddell and others, 1987b, p. 16).

Concentrations of dissolved oxygen in groundwater
sampled as part of the NAWQA studies ranged from 0.3 to
11.6 mg/L, and pH ranged from 6.8 to 8.0 standard units.
Dissolved-oxygen concentrations in pre-bomb era water from
the deeper part of the aquifer in the discharge area indicate
reducing conditions; otherwise, groundwater in the valley is
generally oxic (contains dissolved oxygen).

Concentrations of dissolved arsenic in groundwater
sampled as part of the NAWQA studies ranged from 0.4
to 23 pg/L, with a median value of 2.0 pg/L, in the deeper
part of the basin-fill aquifer, and from less than 1.0 to
19.6 ug/L, with a median of 7.3 pg/L, in the shallower
part. The drinking-water standard for arsenic is 10 pg/L
(U.S. Environmental Protection Agency, 2008). Arsenic
concentrations in water from wells in most of the western part
of the valley generally were higher than in groundwater from
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other areas (Thiros and Manning, 2004, fig. 9). Human-related
factors in addition to natural factors may be affecting arsenic
concentrations in this area. More arsenic-bearing minerals
associated with the sulfide-mineralized zone in the Oquirrh
Mountains may be present in the fine-grained basin-fill
deposits coupled with less recharge available to transport
arsenic through the system. Groundwater sampled from near
the water table that contained arsenic at concentrations greater
than 10 pg/L may be affected by dissolved organic carbon

and oxygen present in recharge water from excess irrigation
and canal losses. This source of recharge may have mobilized
arsenic from the aquifer material through the dissolution of
pyrite or by desorption from iron oxides bound to the basin-fill
sediments in the western part of the valley. The proximity

of faults, and the potential for geothermal water from deep
sources to move into the basin-fill deposits also is a potential
factor in the elevated concentrations of arsenic in groundwater
in some areas.

Concentrations of dissolved uranium in groundwater
sampled as part of the NAWQA studies ranged from 0.04 to
15.1 pg/L in the deeper part of the basin-fill aquifer and from
less than 1.0 to 93 pg/L in the shallower part, with a composite
median value of 4.9 pg/L. The drinking-water standard for
uranium is 30 pg/L (U.S. Environmental Protection Agency,
2008). Uranium is soluble under oxic conditions and is
concentrated in the sediment in reducing environments as a
result of mineral precipitation. The highest concentrations of
dissolved uranium were measured in water from wells in the
southeastern part of the valley and may result from proximity
to uranium-rich intrusive rocks in the Wasatch Range coupled
with oxic conditions. Uranium ore processed from 1951 to
1964 at a site in the central part of the valley and its mill
tailings were a source of contamination to the basin-fill aquifer
(Waddell and others, 1987b, p. 29). Withdrawals from wells
in the area are small, so that the naturally upward hydraulic
gradient is not affected. A reversal in the gradient could allow
contaminated shallow water to move downward to the deeper
confined part of the aquifer.

Potential Effects of Human Factors

Agricultural and urban development in the Salt Lake
Valley has brought additional sources and processes of
recharge to and discharge from the basin-fill aquifer system,
which together have acted to accelerate the movement of
water from the land surface to parts of the system. This results
in the aquifer being more susceptible to activities at the land
surface and more vulnerable to contaminants if their sources
are present in the valley.

Comparison of analyses of groundwater from the deeper
basin-fill aquifer in the valley sampled during 1988-92
and again during 1998-2002 shows a reduction (during the
latter period) in the extent of the area with dissolved-solids
concentrations of less than 500 mg/L (fig. 6). Dissolved-solids

concentrations increased more than 20 percent in some

areas near the Jordan River and on the east side of the valley
between the two periods (Thiros and Manning, 2004, p. 22).
Withdrawals from wells may have caused the vertical and(or)
lateral groundwater flow gradients to change, which could
allow water with higher concentrations of dissolved solids
from the shallow aquifer or from other parts of the deeper
aquifer, both from the west and from greater depths, to reach
the wells in these areas.

A long-term trend of increasing concentration of
dissolved solids, mainly in the form of chloride, approximately
corresponds with rising water levels through time at a
flowing well in the northeastern part of the valley (fig. 7).
Most valley wells show a declining water-level trend over
time (Burden and others, 2005, fig. 10) that is related to
groundwater pumping. Although in a discharge area, this well
is near urbanized recharge areas. New sources of water and
contaminants used in the recharge area likely have moved
downgradient along the groundwater flow path to this well on
the basis of the occurrence of human-related compounds in
water from the well and a modern tritium/helium-3 determined
age. Waddell and others (1987b, p. 11) suggested that a
possible cause for the increase in chloride is the storage and
use of road salt in recharge areas along the east side of the
valley.

Although nitrate can occur naturally in groundwater,
concentrations greater than an estimated background level of
about 2 mg/L are generally thought to be related to human
activities (Thiros and Manning, 2004, p. 24). Nitrate (as
nitrogen) concentrations in water sampled from 26 of the
30 monitoring wells (87 percent) completed in the shallow
aquifer in residential/commercial land-use areas were
greater than 2 mg/L, indicating a likely human influence.
Concentrations ranged from less than 0.05 to 13.3 mg/L with
a median value of 6.85 mg/L. The drinking-water standard for
nitrate is 10 mg/L (U.S. Environmental Protection Agency,
2008). Nitrate (as nitrogen) concentrations in water from 12
of the 31 public-supply wells sampled for the drinking-water
study (39 percent) also were greater than 2 mg/L. The source
of nitrate at concentrations above the background level may be
the application of fertilizers, other agricultural activities, and
leaking or improperly functioning septic systems and sewer
pipes in the valley.

Pesticides and (or) VOCs were detected, mostly at very
low concentrations, in water from 23 of the 31 public-supply
wells sampled for the drinking-water study (Thiros and
Manning, 2004). Produced and used exclusively by humans,
pesticides and VOCs are known as human-related compounds.
Although the measured concentrations of these compounds
are not a health concern, their widespread occurrence indicates
the presence of water young enough to be affected by human
activity in much of the deeper basin-fill aquifer in Salt Lake
Valley. Detection of these compounds in water from a well
indicates the possibility that water with higher concentrations
may enter the well in the future.
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Figure 7. Relation of dissolved-solids concentration to water levels in a flowing well in the northeastern

part of Salt Lake Valley, Utah.

At least one pesticide or pesticide degradation product
was detected in water from 28 of the 30 monitoring wells
completed in the shallow aquifer in residential/commercial
land-use areas. The herbicide atrazine and its degradation
product deethylatrazine were the most frequently detected
pesticides in the NAWQA land-use and drinking-water studies
(Thiros, 2003, p. 26, and Thiros and Manning, 2004, p. 27),
detected in samples from 23 and 21 of the 30 monitoring
wells, respectively, and in 7 and 10 of the 31 public-supply
wells, respectively. Atrazine is a restricted-use pesticide
that is used primarily on corn and along roads, railroads,
other right-of-ways, utility substations, and industrial lots to
control weeds and undesired vegetation. It is not intended
for household use. The high detection frequency of atrazine
in shallow groundwater in residential areas on the west side
of the valley may be the result of its application in formerly
agricultural or industrial areas that have been converted to
residential uses, or the herbicide was applied to agricultural or
industrial land upgradient from the residential areas and was
transported to these areas in groundwater.

Eleven of the 85 VOCs for which water samples
collected for the drinking-water study were analyzed
were detected in one or more of the samples. The most
frequently detected VOCs were chloroform (54.8 percent
of the samples), bromodichloromethane (35.5 percent), and
1,1,1-trichloroethane (19.4 percent). These compounds, along
with tetrachloroethylene (PCE, a solvent), also were the most
frequently detected VOCs in shallow groundwater in the
valley. Chloroform and bromodichloromethane are byproducts

of chlorinated groundwater and surface water that has reacted
with organic material in the water and aquifer material.
Widespread occurrence of these compounds in both shallow
and deeper basin-fill aquifers is likely a result of recharge of
chlorinated public-supply water used to irrigate lawns and
gardens in residential areas of Salt Lake Valley.

Leaking underground gasoline storage tanks commonly
are a source of shallow groundwater contamination from the
VVOCs benzene, toluene, ethylbenzene, and xylene (BTEX
compounds). These gasoline-derived compounds typically
were not detected in water samples from the shallow aquifer
monitoring wells or the public-supply wells in the valley.
Natural attenuation enhanced by oxygen-rich (oxic) conditions
likely removes most of the BTEX compounds before they
reach the deeper aquifer.

Drinking-water study wells in which low levels of VOCs
(mainly chloroform) and pesticides (mainly atrazine and (or)
its degradation products) were measured at concentrations
greater than laboratory or minimum reporting levels (LRLs
or MRLs) are shown in figure 8. Also shown are wells that
contain water with nitrate concentrations greater than an
estimated background level of 2 mg/L. Wells with water that
contain human-related compounds above reporting levels
and (or) nitrate concentrations above 2 mg/L are referred to
as “affected wells.” Wells that meet these criteria thus have
a reasonably high level of susceptibility to receive water that
has been affected by human activities. Eighteen of the 31
public-supply wells (58 percent) sampled for the drinking-
water study are considered affected wells.
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The presence of human-related compounds and elevated
concentrations of nitrate in the deeper basin-fill aquifer is
strongly correlated with the distribution of interpreted-age
categories (fig. 8). Nearly all of the affected wells (17 of 18)
have either dominantly modern water (generally water less
than 20 years old) or a mixture of modern and pre-bomb
era waters (Thiros and Manning, 2004, p. 63). Most of the
unaffected wells (10 of 13) contain dominantly pre-bomb era
water and thus contain little modern water. All of the wells
(10 of 10) with dominantly modern water were affected while
only 1 of the 11 wells with dominantly pre-bomb era water
was affected. These results indicate that most of the modern
groundwater in Salt Lake Valley contains human-related
compounds at concentrations above reporting levels and
(or) has nitrate concentrations greater than the estimated
background level of 2 mg/L, and that pre-bomb era water
generally is free of these human effects.

The relation between chloroform and atrazine and
prometon in water from the shallow aquifer monitoring
wells, although not statistically significant, was opposite
for the two herbicides. The three highest concentrations of
chloroform detected corresponded to three of the four highest
concentrations of prometon, likely because of the presence
of both of these compounds in residential areas (Thiros,
2003, p. 42). Prometon is registered for use by homeowners
to control vegetation. Relatively low concentrations of
chloroform corresponded to the four highest concentrations
of atrazine and its degradation products; this may be a result
of atrazine use on agricultural or nonirrigated industrial and
vacant land.

The number of human-related compounds detected in
water sampled from the drinking-water study public-supply
wells is inversely correlated with the apparent tritium/
helium-3 age. This dataset includes concentrations that are
considered estimates because they are less than the reporting
limit for the analytical method and therefore have a greater
relative uncertainty, but have met the identification critera
for the compound. Human-related compounds were not
detected in water with an apparent age older than 50 years,
with one exception. Concentrations of nitrate in water from
the 31 sampled public-supply wells is correlated with many
factors. Generally, nitrate concentration in water from the
sampled wells increased as the depth to the top of the well’s
open interval became shallower; as the delta oxygen-18 ratio
became heavier (more evaporated); as the apparent age of the
water became younger; and as the number of human-related
compounds detected in water per well increased (Thiros and
Manning, 2004, p. 65). On the basis of these correlations,
the concentration of nitrate in water from many of the
public-supply wells is related to the occurrence of modern
valley recharge, which has the potential of being influenced by
human activity.

Water-quality data for 80 wells sampled in Salt Lake
Valley as part of the NAWQA studies were separated into
8 classes of wells and compared to hydrogeology, water
use, and land use (table 2). The well classes represent major
components of the conceptual groundwater flow system:
the shallow aquifer in the secondary recharge area divided
into east and west sides of the valley, the deeper aquifer in
the primary and secondary recharge areas divided into east
and west sides of the valley, and the deeper aquifer in the
discharge area divided into pre-bomb era and modern or
mixed-age groundwater.

Groundwater sampled from the shallow basin-fill aquifer
on the east side of the valley (class A) is recharged mainly by
seepage from mountain-front streams, from canals originating
at the Jordan River, and from the infiltration of imported
surface water and pumped groundwater used for public supply.
The major source of recharge to the shallow aquifer on the
west side of the valley (class B) is seepage from canals and
fields irrigated with water from the Jordan River. Water from
class A (east side) wells had lower median concentrations
of dissolved solids, nitrate, and arsenic than did water from
the class B (west side) wells. Although most of the class B
wells are in residential areas, the detection of agricultural or
industrial use pesticides in all of the wells likely indicates
groundwater movement from upgradient areas.

Water samples from wells in the unconfined aquifer in
primary recharge areas generally had modern or a mixture
of modern and pre-bomb era ages, and VOCs were detected
in samples from many of the wells. The greatest median
depth to water was in wells in the primary recharge area
on the east side of the valley (class C), but the surrounding
land use is mostly urban, and the groundwater is dominantly
modern. VOCs were detected in water from all five wells
sampled in this class. Pesticides or VOCs were detected at a
higher frequency and median concentrations of nitrate were
higher in Class C wells than in wells in the primary recharge
area on the west side of the valley(class D), which includes
undeveloped range, agricultural, and urban land. Nine of the
10 class D wells are west (upgradient) of any irrigation canal
and therefore are not subject to recharge derived from that
source. The thicker unsaturated zones in the primary recharge
areas (where class C and D wells are located) lessen the
susceptibility of the aquifer to the movement of contaminants
from the land surface, but the presence of contaminant
sources associated with urban land use increases the aquifer’s
vulnerability to contamination.

Wells completed in the deeper aquifer in secondary
recharge areas of the valley (classes E and F) had shallower
median depths to water than did wells in the primary recharge
areas (classes C and D), and contained water of modern
or mixed age. Water from wells in the secondary recharge
area on the east side of the valley (class E) had lower
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Table 2. Summary of physical and water-quality characteristics for eight classes of wells sampled in Salt Lake Valley, Utah.
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[per mil, parts per thousand; TU, tritium units; mg/L, milligrams per liter; pg/L, micrograms per liter; %, percent; pesticide and volatile organic compound
(\VOC) detections include estimated values below the laboratory reporting level]

Well class A B C D E F G H
Number of wells 11 19 5 10 15 9 5 6
IPart of basin-fill aquifer Shallow Shallow Deeper Deeper Deeper Deeper Deeper Deeper
Recharge or discharge area Secondary Secondary Primary Primary Secondary Secondary . .
recharge area | recharge area | recharge area | recharge area | recharge area | recharge area DUSE TG EEA | BISHIERE A
IAquifer confinement Unconfined Unconfined Unconfined Unconfined Confined Confined Confined Confined
Head gradient Downward Downward Downward Downward Downward Downward Upward Guegl\zglc:y
General location East side West side East side West side East side West side Near the East and west
of valley of valley of valley of valley of valley of valley Jordan River | sides of valley
and near the
Jordan River
Interpreted age category of Dominantly | Dominantly | Dominantly | Dominantly Modern or Modern or Dominantly Modern or
water modern modern modern pre-bomb era mixed age mixed age pre-bomb era mixed age
with some
modern or
mixed age
Land use Mostly Mostly Mostly Mostly Mostly Urban and Urban and Mostly
urban urban urban agricultural urban agricultural [industrial areas urban
areas areas areas areas areas areas areas
Dominant sources of water Mountain-front| Jordan River |Mountain-front| Groundwater |Mountain-front| Jordan River | Jordan River |Mountain-front

'\VOCs were detected

used for irrigation of crops, streams, streams, streams, streams,
lawns, and gardens in area Jordan River, groundwater Jordan River, Jordan River,
groundwater groundwater groundwater
Physical characteristics
Median well depth, feet 185 67.5 510 306 544 440 935 318
Median depth to top of well 62.5 57 266 208 265 290 395 115
screen, feet
Median depth to water, feet 58.7 49.7 194 162 136 105 5 1
Median deuterium 1112.9 -102.1 -117.0 -118.6 -120.4 -111.2 -124.2 -113.5
concentration, per mil
Median tritium 12.4 12.3 21.3 1.0 7.6 10.7 0.2 11.7
concentration, TU
Water-quality characteristics
Median pH, standard units 7.3 7.3 7.1 7.2 7.5 7.4 7.7 7.4
Median dissolved-oxygen 5.3 5.3 7.4 7.9 58 56 0.5 48
concentration, mg/L
Median dissolved-solids 414 1,300 562 696 316 615 345 675
concentration, mg/L
Median nitrate concentration, 4.45 7.05 3.34 2.96 1.21 3.06 0.04 3.14
mg/L
Median arsenic concentration, 11 11.7 0.9 15 0.5 5 19 15
Ho/L
Number of different pesticides 14 10 2 3 8 4 0 3
detected
Number of pesticide detections 23 100 5 5 4 11 0 7
Percentage of wells where 82% 100% 60% 30% 20% 56% 0% 83%
pesticides were detected
Number of different VOCs 13 18 12 4 7 8 0 5
detected
Number of VOC detections 42 73 22 10 225 1312 0 12
Percentage of wells where 91% 95% 100% 67% 80% 67% 0% 100%

1 One well in this classification was not sampled for this constituent or constituent group.
2 Two samples in this classification were analyzed for a smaller set of compounds.
3 One sample in this classification was analyzed for a smaller set of compounds.
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median concentrations of dissolved solids and nitrate and a
lower frequency of pesticide or VOC detections compared

to upgradient wells in the unconfined part of the aquifer
(class C). This is likely due to fine-grained beds impeding
the downward flow of water in the aquifer in the secondary
recharge area. Water from wells completed in the deeper
aquifer in the secondary recharge area on the west side of the
valley (class F) had more frequent pesticide detections and
an isotopically heavier median concentration of deuterium,
indicating that it has undergone some evaporation, than water
from wells in classes D and E. The area of class F wells
includes the last large parcels of agricultural land in the valley
and receives a significant amount of recharge from water
diverted from the Jordan River for irrigation.

Water samples from deeper wells in the discharge area
that were composed predominantly of pre-bomb era water
(class G) had no pesticide or VOC detections and a very low
median concentration of nitrate. Although the wells in class G
are generally surrounded by urban or industrial land, they have
the deepest median depth to the top of the well screen (open
interval) and are in areas with a dominantly upward hydraulic
gradient. Water from three of the five wells had dissolved
oxygen concentrations equal to or less than 0.5 mg/L,
indicative of reducing conditions. In contrast, wells completed
in the deeper aquifer in a discharge area, but with modern or
mixed age water (class H), had higher median concentrations
of dissolved solids and nitrate and pesticides and VOCs were
frequently detected. This indicates that class H wells produce
a component of water recharged in the valley. The median
depth to the top of the interval open to the aquifer in class
H wells was the shallowest of the well classes representing
the deeper basin-fill aquifer in the valley. These wells were
probably completed in the upper part of the confined aquifer
because of the artesian conditions present when they were
drilled. Changes in the vertical hydraulic gradient at and in
the area of class H wells have likely occurred as a result of
pumping, so that some water recharged at the land surface has
moved downward past the confining layers and into the deeper
aquifer.

Summary

Changes in land use and water use in Salt Lake Valley,
Utah have affected groundwater quality through changes
in the sources, amount, and quality of water that recharges
the basin-fill aquifer system. Water that enters the aquifer in
the valley (basin or valley recharge) is more susceptible to
receiving man-made chemicals than is both surface flow and
subsurface inflow from the adjacent mountains. Seepage of
excess water from irrigated cropland, lawns, gardens, parks,
and golf courses; and from leaking canals, water distribution
pipes, sewer lines, storm drains, and retention basins are now
sources of recharge to the basin-fill aquifer. The diversion
of water from Jordan River/Utah Lake to the east side of

the valley began in 1882. Water from the Jordan River is
acceptable for irrigation, but not for potable uses because

of turbidity and mineral content. Surface water from local
streams draining the Wasatch Range and imported from
outside of the local drainage basin provided about 70 percent
of the public supply in 2000. This water is chlorinated and
distributed for use across the valley. Groundwater withdrawal
from wells in 2000 was about 28 percent of the total used for
public supply.

The basin-fill deposits in the valley consist of
unconsolidated to semiconsolidated Tertiary-age deposits
overlain by unconsolidated Quaternary-age deposits. The
groundwater system in the valley includes a shallow aquifer
that is separated from a deeper aquifer by discontinuous
layers or lenses of fine-grained sediment. The deeper basin-fill
aquifer consists of an unconfined part near the mountain
fronts that becomes confined toward the center of the valley.
Groundwater discharges in areas where there is an upward
gradient from the confined part of the deeper aquifer to the
overlying shallow aquifer, generally in the center of the valley
along the Jordan River and in the topographically lowest parts
of the valley. Both the confined and unconfined parts of the
aquifer are important sources of drinking water for Salt Lake
Valley.

Under predevelopment conditions, recharge occurred
along the mountain fronts and from the infiltration of
precipitation. Mountain-front recharge is estimated to have
comprised more than 70 percent of recharge to the basin-fill
aquifer system under predevelopment conditions, and includes
subsurface inflow from consolidated rocks in the adjacent
mountains (mountain-block recharge) and seepage from major
streams and precipitation runoff near the mountain front.
Under modern conditions, infiltration of excess irrigation
water from croplands, lawns, and gardens, and seepage from
canals became major sources of recharge to the groundwater
system (about 27 percent of estimated average annual
recharge). Groundwater recharge has increased by almost
one-third from that of predevelopment conditions, primarily
due to the addition of canal seepage and excess irrigation
water.

The inorganic chemical composition of groundwater
depends largely on its recharge source, the type of rocks and
associated minerals it has contacted, and how long the water
has been in contact with the aquifer material. Major factors
related to the occurrence of contaminants within the basin-fill
aquifer include the locations and sources of recharge, vertical
direction of groundwater movement, and aquifer properties.
Water that enters the basin-fill aquifer in the valley (valley or
basin recharge) is more susceptible to receiving man-made
chemicals than is subsurface inflow from the adjacent
mountains (mountain-block recharge). Widespread occurrence
of chloroform and bromodichloromethane in both the shallow
and deeper basin-fill aquifers is likely a result of recharge of
chlorinated public-supply water used to irrigate lawns and
gardens in residential areas of Salt Lake Valley.
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The presence of human-related compounds and elevated
concentrations of nitrate in the deeper basin-fill aquifer is
strongly correlated with the distribution of interpreted-age
categories. Nearly all of the public-supply wells where a VOC
or pesticide was detected or where the nitrate concentration
was greater than 2 mg/L, have either dominantly modern
water (water less than 20 years old) or a mixture of modern
and pre-bomb era (pre-1950) waters. With one exception,
human-related compounds were not detected in groundwater
with an apparent age of older than 50 years.
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Section 3.—Conceptual Understanding and
Groundwater Quality of the Basin-Fill Aquifer in

Truckee Meadows, Nevada

By Jena M. Huntington

Basin Overview

Truckee Meadows is a north-south trending basin
covering about 94 mi2 in western Nevada that is undergoing
the urbanization of its rangeland and irrigated agricultural
areas. Groundwater quality in the basin is influenced by both
natural and human-induced factors. Truckee Meadows is
bordered on the west by the Carson Range, a spur of the Sierra
Nevada Range; on the east by the Virginia Range; on the north
by volcanic hills related to the Carson and Virginia Ranges;
and on the south by the Steamboat Hills and Pleasant Valley
(fig. 1). While the average elevation of the basin is 4,500 ft,
Mount Rose to the west soars to 10,778 ft, Peavine Mountain
to the north rises to 8,266 ft, and the Steamboat Hills to the
south reach an elevation of 6,181 ft.

The Truckee River, which originates at Lake Tahoe in the
Sierra Nevada Range, flows from west to east across Truckee
Meadows and exits the valley through a deeply incised canyon
within the Virginia Range. Steamboat Creek, which has the
Truckee River’s largest tributary area (Stockton, 2003), flows
northward from Pleasant Valley. The basin experiences the
“rain shadow” effect due to it’s location on the leeward side
of the Sierra Nevada Range. This effect, coupled with the
elevation of the valley floor, generates an arid desert climate
with low humidity (Gates and Watters, 1992). Analysis of
modeled precipitation data for 1971-2000 (PRISM Group,
Oregon State University, 2004) resulted in an estimated
average annual precipitation of about 10.4 in. over the
alluvial basin as a whole (McKinney and Anning, 2009). Up
to about 40 in. of precipitation falls each year in the adjacent
mountains, mostly as snow.

Truckee Meadows is home to the cities of Reno and
Sparks and expanding suburbs. Analysis of LandScan
population data for 2005 (Oak Ridge National Laboratory,
2005) indicated a population of about 263,000 for the alluvial
basin as a whole (McKinney and Anning, 2009) and a
population density of about 2,750 people/mi2. Land cover for
the alluvial basin in 2001 was about 3 percent agricultural,

55 percent urban, 24 percent range, and about 18 percent for
other uses (fig. 1; U.S. Geological Survey, 2003).

The movement of water through the geologic materials
of the basin, coupled with anthropogenic activities and
recharge from the land surface to the aquifer, results in
elevated concentrations of some chemical constituents and
organic compounds in groundwater. Groundwater-quality
issues identified in Truckee Meadows and described later in
this section include naturally occurring arsenic and elevated
concentrations of other dissolved constituents, and the
presence of nitrate, volatile organic compounds, and pesticides
associated with human activities and land-use practices in the
basin.

Water Development History

The Washoe Native American tribes were the first people
to inhabit the Truckee Meadows area. Fur trading expeditions
arrived in the basin in the 1820s and army expeditions began
coming through Truckee Meadows en route to Sacramento,
California in the 1840s. It was then that a Paiute Indian guide
whose name sounded like “Truckee” became the namesake of
the Truckee River (Rowley, 1984; Gates and Watters, 1992).
Wagon trains followed the Truckee River Trail to California
over what was to be called Donner Pass in the Sierra Nevada
Range after the Donner Party starvation tragedy during the
winter of 1846-47 (Gates and Watters, 1992). Gold was
discovered in the Comstock Lode to the southeast of Truckee
Meadows in 1859, and the town of Reno was formed to
provide supplies (Rowley, 1984; Land and Land, 1995).

During the 1860s, livestock production and agriculture
spread in the basin and Reno became the crossroads for the
Transcontinental and Virginia and Truckee Railroads (Land
and Land, 1995). Several irrigation ditches were constructed
to divert water from the Truckee River to the western,
southern, and northern parts of the basin. Electric companies
also diverted water from the river into wooden aqueducts
that hugged the canyon walls until they reached turbines
downstream.
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EXPLANATION

[0 Agricultural land use
I Urban land use

Geology

Metamorphic or intrusive igneous rocks
Sedimentary-dominated rocks of all ages
Volcanic rocks

Basin-fill sediments

———- Approximate boundary of basin-fill sediments
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Geology derived from Truner and Bawic, 1996
Figure 1. Physiography, land use, and generalized geology of Truckee Meadows, Nevada.
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Drinking water used in Truckee Meadows historically
came from the Truckee River, although contamination
problems started as early as development did. Raw sewage
was discharged directly into the river, and during the late
1880s, upstream sawmills began dumping sawdust into the
river. Although the Truckee River served as the sole source
of drinking water through the turn of the 20th century, the
population in the basin grew quickly, and groundwater
pumping was initiated in the late 1950s for municipal supply
when a focused effort to provide a back-up source for surface
water was implemented (Christopher Benedict, Washoe
County Department of Water Resources, written commun.,
1999). Most of the land previously used for agriculture in the
basin has been urbanized. Currently, very little land is used for
raising livestock or growing crops.

Hydrogeology

Truckee Meadows, like most basins in the Basin and
Range Physiographic Province, is a structural depression
bounded by fault-block mountains. The Carson Range to the
west is made up of diverse metavolcanic and metasedimentary
rocks that were intruded by granitic rocks. This sequence of
rocks was mostly covered by thick flows of Tertiary volcanic
rocks that include rhyolite and andesite. The geology of the
Virginia Range is similar, although extrusive rocks almost
completely cover the granitic base rocks (Bateman and
Scheibach, 1975). Most of the consolidated rocks bordering
Truckee Meadows are of low permeability and do not store
or transmit appreciable amounts of water (Cohen and Loeltz,
1964, p. S8). Volcanic rocks protrude from within the basin
at the Huffaker Hills and Steamboat Hills. Normal faults,
generally trending north, northwest, and northeast, have been
mapped through much of the basin. Geothermal water occurs
in association with these faults in the Reno area and in the
Steamboat Hills area (Bateman and Scheibach, 1975).

Basin-fill deposits in the Truckee Meadows basin have
been divided into three general units—sedimentary rocks
of Tertiary age, older alluvium of Quaternary age, and
younger alluvium of Quaternary age (Cohen and Loeltz,
1964, p. S11). The Tertiary material was deposited mainly
in a fluvial environment and consists of unconsolidated to
partly consolidated diatomaceous sediments interbedded
with coarse-grained sandstones, shales, gravels, and tuffs
(Bonham and Rogers, 1983; and Trexler and Cashman, 2006).
Tertiary sedimentary rocks are considered to be relatively
close to land surface, within 1,150 ft, especially in the eastern
parts of the basin, and are thickest in the northwest, where
sediment thickness is in places more than 2,000 ft (Widmer
and others, 2007). On the basis of well yield data, these rocks
are considered to be of low permeability, but recent research
has indicated the presence of intervals within the Tertiary

sediments that are capable of transmitting appreciable volumes
of water. This is particularly true in the eastern parts of the
basin, where it is likely that several municipal water-supply
wells have been completed in these sediments (Widmer and
others, 2007; and Trexler and others, 2000).

During the Quaternary period, glacial outwash—silt,
sand, gravel, and boulders—from the mountains to the
west was deposited in the Truckee Meadows basin along
with poorly sorted pediment and alluvial-fan deposits. This
alluvium unconformably overlies the Tertiary sediments
and is exposed on the Mount Rose alluvial fan complex in
the southwestern part of the basin and along the Truckee
River. Younger alluvial deposits are present mostly in the
valley lowlands along the floodplains of the Truckee River
and Steamboat Creek, along the stream channels of tributary
drainages entering the basin, and along the base of alluvial
fans as thin, sheet-like aprons of reworked sediment (Bonham
and Rogers, 1983). Compared to the thick deposits on the
west side of the basin, a relatively thin section of Quaternary
age alluvial-fan deposits skirts the base of the Virginia Range,
and in the central part of the basin the maximum thickness of
Quaternary age deposits is thought is be less than about 650 ft
(Abbott and Louie, 2000).

Deposits of highest hydraulic conductivity to transmit
water lie to the north of the Huffaker Hills (Cohen and Loeltz,
1964, p. S14). Hydraulic conductivity of the basin-fill material
estimated from pumping-test data ranges from about 12 to 28
ft/d. Estimates of transmissivity for the basin-fill aquifer from
pumping-test data listed by Cohen and Loeltz (1964, table 4)
range from 200 to 7,000 ftZ/day.

Conceptual Understanding of the
Groundwater System

Truckee Meadows is an open basin drained by the
Truckee River. The basin-fill aquifer system is made up
primarily of unconsolidated Quaternary deposits and Tertiary
sediments, although fractured bedrock influences groundwater
flow and quality in some areas. Both semiconfined and
unconfined conditions exist in the basin-fill aquifer. Relatively
thick unsaturated zones underlie the alluvial fans to the south
and north and become thinner toward the basin lowlands.
Fine-grained flood plain deposits are interbedded with coarser
grained stream channel deposits in the lower parts of the basin.
In general, the occurrence of fine-grained sediment increases
with depth due to the much lower depositional energy that was
present prior to the uplift of the Sierra Nevada approximately
2 million years ago (Christopher Benedict, written commun.,
2009). Because of aggradation and erosion, confining layers
can be discontinuous, of variable thickness, and interbedded
with more permeable deposits. Discontinuous, fine-grained
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fluvial deposits create confined conditions mostly in the
northeastern part of the basin north of the Huffaker Hills,
where they overlie saturated coarse-grained deposits. Flowing
wells are present in this area, although more recent municipal
well pumpage has reduced the number of flowing wells and
(or) their discharge rates.

The aquifer is recharged naturally by the infiltration of
precipitation falling on the surrounding mountains and basin
margins and from human-related sources in the valley, such
as seepage from surface-water diversions, excess irrigation
water, and pumped groundwater from municipal wells that is
discharged to the Truckee River and subsequently infiltrates
(fig. 2). Groundwater generally flows from recharge areas in
the west and south toward the Truckee River and Steamboat
Creek, which may receive relatively minor amounts of
groundwater seepage, and to discharge areas in the center
and eastern parts of the valley, where evapotranspiration (ET)
occurs. Geothermal water also enters the basin-fill aquifer
along faults within the valley.

Water Budget

Recharge to the basin-fill aquifer in Truckee Meadows
is from the infiltration of precipitation on the surrounding
mountains and alluvial slopes (mountain-front recharge),
infiltration of precipitation on the basin floor, seepage of
excess irrigation water, losses from the Truckee River and
ditches that divert water from the river onto the margins of
the basin, artificial recharge through injection wells, and
by subsurface inflow from adjacent basins (table 1). Van
Denburgh and others (1973, table 12) estimated recharge
from precipitation along the mountain fronts above 5,000
ft to be about 24,400 acre-ft/yr using the Maxey-Eakin
method ((Maxey and Eakin, 1949; Eakin and others, 1951),
which applies a percentage of average annual precipitation
within specified altitude zones to estimate recharge. Most
of the natural recharge originates as precipitation at high
altitudes on the western part of the drainage area and enters
the basin-fill aquifer as seepage from snowmelt runoff. An
unknown fraction of the precipitation eventually enters the
basin-fill aquifer as subsurface inflow from the surrounding
consolidated rocks where they are permeable or fractured.
Recharge from the infiltration of precipitation on the
basin floor was estimated to be 5 percent of the average
precipitation, or about 2,100 acre-ft/yr (\Van Denburgh and
others, 1973, table 12).

Seepage from the Truckee River to the basin-fill aquifer
was estimated by Cohen and Loeltz (1964, p. S21) to be about
4,000 acre-ft/yr. Subsurface inflow to Truckee Meadows from
adjacent basins was estimated by Van Denburgh and others
(1973, table 13) to be about 300 acre-ft/yr from Pleasant
Valley to the south and 700 acre-ft/yr through the Truckee
Canyon area to the west. Rush and Glancy (1967, p. 37)
estimated about 100 acre-ft/yr from Spanish Springs Valley
and 25 acre-ft/yr from Sun Valley to the north. Thus the

total subsurface inflow from adjacent basins is estimated to
be about 1,125 acre-ft/yr, and all of the natural recharge to
the Truckee Meadows basin-fill aquifer, including that from
infiltration of precipitation and inflow from adjacent basins,
totals about 31,600 acre-ft/yr (table 1).

Groundwater discharges naturally by ET and by seepage
to the Truckee River and Steamboat Creek (both to the north
and south of the Huffaker Hills). Under predevelopment
conditions, the relative quantity of discharge equaled that of
recharge because the system was assumed to be in equilibrium
(no change in the average volume of storage). Although the
quantities associated with the components of recharge to
the basin-fill aquifer listed in table 1 are based on several
assumptions and few data, they are considered to be within
the correct order of magnitude and thus indicate the degree to
which each component recharged the groundwater system.

Human related changes to the groundwater flow system
beneath Truckee Meadows began in the late 1800s, when
water diverted from the Truckee River for irrigation began
recharging the aquifer (fig. 2). Inflow to Truckee Meadows
from the Truckee River and its principal diversions averaged
about 530,000 acre-ft/yr from 1919-69 (Van Denburgh
and others, 1973, p. 30). Cohen and Loeltz (1964, p. S20)
estimated that about 88,000 acre-ft/yr of Truckee River water
was diverted and applied to 22,000 irrigated acres during
the 1950s and early 1960s and that about 6,000 acre-ft/yr of
canal losses recharged the basin-fill aquifer. They assumed
that 25 percent of the applied irrigation water (mainly by
flooding) recharged the aquifer, about 25,000 acre-ft/yr during
that time. The recharge from excess irrigation water and canal
losses to the groundwater system almost doubled the quantity
of recharge from that of predevelopment conditions. This
additional recharge resulted in a rise in groundwater levels,
an increase in the volume of water stored in the aquifer, and
an increase in groundwater discharge from ET and seepage to
streams (Cohen and Loeltz, 1964, p. S27).

The area of irrigated agriculture in the basin has
decreased since the 1960s in response to the expansion
of urban land. An estimated 7,800 acre-ft/yr of water
was applied to approximately 2,120 acres of irrigated
fields in 2001 (McKinney and Anning, 2009). Assuming
25 percent of this amount infiltrates past the root zone, about
2,000 acre-ft/yr of excess irrigation water recharges the aquifer
in agricultural areas under modern conditions. This estimate
is less than one-tenth of the recharge from excess irrigation
to the groundwater system in the 1960s. Only a fraction of
the once expansive irrigated land remained in 2001 and even
less acreage is irrigated today (2010), although diversions
to ditches in the western and northern parts of the basin still
averaged about 67,000 acre-ft/yr for the period from 1989 to
2002 (Regional Water Planning Commission, 2005, fig. 2-11
and p. 2-22). Many of these ditches are now lined (Christopher
Benedict, written commun., 2009) and therefore the 6,000
acre-ft/yr of ditch losses, as estimated by Cohen and Loeltz,
(1964) is likely less than 500 acre-ft/yr.
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Figure 2. Generalized diagrams for Truckee Meadows, Nevada, showing the basin-fill deposits and components of the groundwater
system under (A) predevelopment and (B) modern conditions.
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Table 1. Estimated groundwater budget for the basin-fill aquifer in Truckee Meadows, Nevada, under predevelopment and modern
conditions.

[All values are in acre-feet per year and are rounded to the nearest hundred. Estimates of groundwater recharge and discharge under predevelopment and modern
conditions were derived from the footnoted sources. The budgets are intended only to provide a basis for comparison of the overall magnitudes of recharge

and discharge between predevelopment and modern conditions, and do not represent a rigorous analysis of individual recharge and discharge components.
Percentages for each water budget component are shown in figure 2. <, less than]

Provovelopmort  Modem prdeveiopmont o
conditions conditions modern conditions
Budget component Estimated recharge
Mountain-front recharge 124,400 124,400 0
Infiltration of precipitation on alluvial basin 12,100 91,600 -500
Infiltration of streamflow from the Truckee River 24,000 24,000 0
Subsurface inflow from adjacent basins 131,100 131,100 0
Infiltration of excess irrigation water and canal seepage 0 11,82 500 2,500
Infiltration from public supply lines 0 122,100 2,100
Infiltration of excess urban lawn water 0 111,700 1,700
Artificial recharge from injection wells 0 4,101,000 1,000
Total recharge 31,600 38,400 6,800
Budget component Estimated discharge
Evapotranspiration and discharge to streams 531,100 613,800 -17,300
Subsurface outflow to adjacent basins 2< 500 2< 500 0
Well withdrawals 0 724,400 24,400
Total discharge 31,600 38,700 7,100
Change in storage (total recharge minus total discharge) 0 -300 -300

1 Van Denburgh and others (1973).
2 Cohen and Loeltz (1964).
3 Rush and Glancy (1967).

4 Regional Water Planning Commission, Washoe County Department of Water Resources (2005).

5 Assumed to equal the recharge total for predevelopment conditions minus estimated subsurface outflow.

6 Assumed to be the residual between total recharge and discharge from wells under modern conditions minus estimated subsurface outflow.
7 Lopes and Evetts (2004).

8 Written communication from Christopher Benedict, Washoe County Department of Water Resources, 2009.

9 Estimated as 75 percent of predevelopment conditions, due to 49 percent urban land use in 2001 (McKinney and Anning, 2009).

10 Truckee Meadows Water Authority (2009).

1 calculated from McKinney and Anning (2009).

12 CDM and Bouvette Consulting (2002).
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In 2000, about 68,000 acre-ft of water from streams
and wells was supplied for public use to about 29,500 acres
of urban land in Truckee Meadows (McKinney and Anning,
2009). Some of this water is used to irrigate vegetation in
urban/residential areas, and depending on how efficiently the
water is used, a small fraction likely infiltrates to the aquifer.
Assuming that one half of the publicly supplied water is used
for irrigation by sprinklers and that 5 percent of this water
infiltrates into the subsurface past the root zone, then recharge
from excess irrigation water in urban areas is estimated to be
about 1,700 acre-ft/yr. Water also leaks from the pipes used
to distribute water throughout the urban area and about 2,100
acre-ft/yr was estimated to recharge the aquifer in the central
part of the basin (CDM and Bouvette Consulting, 2002).

Since 1993, chlorinated surface water has been injected
during the winter months into several public-supply wells
in the central part of the basin. The aquifer is used to store
the injected water until it is needed during summer months
when demand is highest, or during drought, when the
groundwater is pumped. The total amount of water artificially
recharged through injection wells from 1993 (81 acre-ft) to
2003 (2,400 acre-ft) was 10,800 acre-ft, and averaged about
980 acre-ft/yr (Regional Water Planning Commission, 2005,
p. 2-13; Truckee Meadows Water Authority, 2009, p. 69).

The extraction and artificial recharge of groundwater
for geothermal production in the basin is not listed in
table 1. Geothermal water is pumped for power generation
and then reinjected after use to approximately the same
depth from which it was removed. Typically there is little
or no loss between extraction and reinjection. In 2000,
about 39,600 acre-ft of geothermal water was pumped and
37,700 acre-ft was reinjected (Lopes and Evetts, 2004,
table 1). Steamboat Creek receives natural discharge from the
Steamboat Springs geothermal area that is not included in this
groundwater budget.

The Truckee River is the main source of water for public
supply to the central part of Truckee Meadows. Groundwater
is used to supplement the surface-water supply in the basin
with about 21,200 acre-ft pumped from public-supply wells
and about 2,800 acre-ft from domestic wells in 2000 (Lopes
and Evetts, 2004, table 1). Withdrawals for irrigation and
stock watering under modern conditions are minimal (about
380 acre-ft in 2000).

Groundwater Movement

Groundwater moves from topographically high recharge
areas to lower areas of Truckee Meadows, where under natural
conditions the water discharges. The general direction of
groundwater flow in the basin is from southwest to northeast,

toward the Truckee River (fig. 3) (Covey and others, 1996,

p. 58). Groundwater naturally discharges to the Truckee River
and Steamboat Creek and in areas north of the Huffaker Hills
and near the Reno International Airport. Water-level contours
indicate that the consolidated rock of the Huffaker Hills may
transmit water through fractures.

The presence of chlorofluorocarbons (CFCs) in
groundwater is used as an indicator of young water and as
a tool for estimating specific groundwater ages. CFCs are
man-made organic compounds that are used in industrial
processes and in the home. After their introduction in
the 1930s, atmospheric concentrations increased nearly
exponentially until the 1990s (Plummer and Busenberg, 2000).
Chlorofluorocarbons were detected in samples collected
from ten wells in the Truckee Meadows from 2002 to 2008
(table 2). The ten wells ranged in depth from 14 to 760 ft,
and all contained CFCs at a concentration(s) that indicates a
fraction of modern water recharged less than about 50 years
ago. A more specific age date is not reported because no other
forms of age-dating (i.e. tritium, carbon-14) were conducted to
interpret a more refined recharge date.

Additional sources and paths of recharge and discharge
under modern conditions have had an effect on groundwater
levels in the Truckee Meadows. Water-level declines in
domestic wells in the southern part of the basin have been
attributed to diminished recharge from excess irrigation
in the area as agricultural land is urbanized (Regional
Water Planning Commission, 2005, p. 2-19). Groundwater
pumping for public supply has resulted in several changes
to the groundwater flow system, primarily on a local scale.
Vertical hydraulic gradients near pumping centers seasonally
change from an upward to a downward gradient. Municipal
well pumping has also likely caused water-level declines
in parts of the basin-fill aquifer and consequently increased
water loss from the Truckee River to the groundwater system
(Christopher Benedict, written commun., 2009), although the
volume of such loss has not been quantified.

Although the estimated groundwater budget for modern
conditions (table 1) does not show a significant overall change
in storage in the basin, the reduction in recharge from excess
irrigation water and the increase in discharge from well
withdrawals would result in the removal of water from storage
in areas where other processes of discharge or recharge have
not changed. Under these conditions, groundwater levels
would decline, and in areas of natural discharge, ET and
seepage to streams would be reduced before any water would
be removed from storage. These effects are observed more
frequently in areas further away from the Truckee River, as
the river tends to buffer changes in storage near its channel
(Christopher Benedict, written commun., 2009).
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EXPLANATION
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Figure 3. Generalized groundwater levels in 1962 in Truckee Meadows, Nevada.
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Table 2. Designation of groundwater age in selected wells in
Truckee Meadows, Nevada.

[Modern, groundwater sample contained chlorofluorocarbons at
concentrations that indicate a fraction of modern water recharged less than
about 50 years ago]

Well depth

Station identifier (feet) Sample date = Water age
392837119485901 159 06-03-2002 Modern
392918119464901 21 06-27-2002 Modern
392944119440301 20 06-06-2002 Modern
392937119452601 14 06-12-2002 Modern
393023119513701 49 08-26-2006 Modern
393108119415102 26 08-30-2006 Modern
392506119462201 530 10-29-2003 Modern
392414119474701 760 11-13-2003 Modern
392231119501901 236 11-30-2003 Modern
393053119445601 191 04-08-2008 Modern

Effects of Natural and Human Factors
on Groundwater Quality

Groundwater quality in the Truckee Meadows basin is
influenced by both natural and human-induced factors. The
movement of water through the geologic materials in the
basin, coupled with the movement of water from the land
surface to the aquifer, results in elevated concentrations
of some constituents and compounds in groundwater. The
addition of recharge sources at the land surface and increased
pumping from wells facilitates the movement of water and
contaminants to parts of the aquifer used for water supply.
Avreas in the basin most susceptible to movement of water
between the land surface and the aquifer are in the western
part and near the Truckee River, where confining layers are
likely to be thin, discontinuous, or not present. Groundwater
withdrawals also can induce the lateral movement of poor
quality water to parts of the basin-fill aquifer used for water
supply in the basin.

The following description of groundwater quality in
Truckee Meadows is based mainly on results of the analyses
of samples collected in 1994 and 1995 from 28 shallow
monitoring wells and 18 water-supply (principal) wells as part
of the NAWQA Program (Covay and Bevans, 1997; Bevans
and others, 1998) and from other water-quality data from the
basin reported by Cohen and Loeltz (1964, table 5) and Van
Denburgh and others (1973, table 18). The shallow monitoring
wells, which range in depth from 15 to 78 ft, were in an urban
setting. The water-supply wells were from 185 to 760 ft deep.
Many of these wells were resampled in 2002 and 2003, and
in addition to a few wells sampled by the program for the first
time, are shown on figure 4 (data listed in Berris and others,
2003; Stockton and others, 2003).

General Water-Quality Characteristics and
Natural Factors

The general water-quality characteristics as well as
the occurrence and concentrations of individual chemical
constituents and organic compounds of groundwater
in Truckee Meadows varies areally across the basin.
Groundwater near the Truckee River and other streams
entering the basin is generally a calcium bicarbonate type
with dissolved-solids concentrations typically less than
300 mg/L. Away from streams and upland recharge areas,
dissolved-solids concentrations increase and sodium
bicarbonate becomes the dominant water type. Sulfate-
rich groundwater is associated with hydrothermally altered
consolidated rocks at several places along the margins
of the basin. Sodium-chloride groundwater with high
dissolved-solids concentrations occurs in the geothermal area
near Steamboat Hills in the southern part of the basin. Radon
concentrations (or activities) in water from the public-supply
wells ranged from 300 to 1,500 pCi/L, with a median of 760
pCi/L, and uranium concentration ranged from less than
1.0 to 7.0 pg/L (Covay and Bevans, 1997). Other natural
contaminants, such as iron, manganese, boron, and antimony
have been detected in both shallow monitoring wells and in
several public-supply wells, although concentration data are
not yet available (John Hulett, Washoe County Department
of Water Resources and Paul Miller, Truckee Meadows Water
Authority, written commun., 2009).

Concentrations of dissolved-oxygen concentrations
in water from the water-supply wells sampled by NAWQA
ranged from 0.4 to 5.5 mg/L, with a median of 3.8 mg/L;
pH ranged from 7.0 to 8.1, with a median of 7.6; and
dissolved-solids concentrations ranged from 149 to 548 mg/L,
with a median of 228 mg/L. Dissolved-oxygen concentrations
in water from the shallow monitoring wells ranged from 0.1 to
6.6 mg/L, with a median of 0.3 mg/L; pH ranged from 6.5 to
8.1, with a median of 7.1; and dissolved-solids concentrations
ranged from 137 to 1,460 mg/L, with a median of 420 mg/L
(Covay and Bevans, 1997).

Geothermal activity in the Truckee Meadows area has an
effect on the temperature and chemistry of the groundwater.
The temperature of water in the sampled public-supply wells
ranged from 58°F to 104°F, with the higher temperatures
probably owing to geothermal activity. Geothermal systems
in Truckee Meadows have contributed to naturally high
concentrations of arsenic in water from the basin-fill deposits.
Arsenic in groundwater (and springs) also can come from
the volcanic rocks bounding the basin and from the sediment
derived from these rocks. Arsenic in water samples from
wells in the basin has been reported at concentrations
as high as 640 pg/L (Bateman and Scheibach, 1975).
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EXPLANATION
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Figure 4. Location of wells in Truckee Meadows, Nevada, sampled by the NAWQA Program.
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In samples collected by NAWQA investigators, concentrations
of dissolved arsenic ranged from less than 1 to 92 pg/L, with a
median of 5.5 pg/L, in water from 18 water-supply wells,

and from less than 1 to 230 pg/L, with a median of 7.0 pg/L,
in water from the 28 shallow monitoring wells (Covay and
Bevans, 1997). Arsenic concentrations in water from 23 wells
(7 used for water supply and 16 used for monitoring),
primarily in the central and northeastern parts of the basin

and sampled by the NAWQA Program between 1994 and
2003, exceeded the U.S. Environmental Protection Agency’s
(USEPA) maximum contaminant level (MCL) of 10 pg/L

for arsenic in drinking water (U.S. Environmental Protection
Agency, 2008; each time “MCL” is mentioned in this chapter,
it denotes the citation USEPA, 2008). Pumping from the
basin-fill groundwater system may change flow directions

and gradients, resulting in the potential for movement of such
arsenic enriched geothermal water to supply wells in the basin.

Potential Effects of Human Factors

The major chemical constituents and organic
compounds detected in groundwater in Truckee Meadows
and the processes or sources that affect their presence and
concentrations are summarized in table 3. Concentrations of
nitrate plus nitrite (as nitrogen) ranged from less than 0.05
to 3.6 mg/L with a median of 0.88 mg/L in water from the
water-supply wells, and from less than 0.05 to 10 mg/L with

a median of 1.85 mg/L in water from the shallow monitoring
wells. The MCL for nitrate plus nitrite as nitrogen in drinking
water is 10 mg/L, which is enforceable only in public-supply
systems (USEPA, 2008). Reducing conditions caused by
denitrification likely affect nitrate concentrations in some of
these wells. Elevated concentrations of nitrate measured in
groundwater in the southern part of Truckee Meadows were
attributed to the recharge of septic system effluent (Regional
Water Planning Commission, 2005, p. 2-3).

At least one pesticide was detected in 68 percent (19
of 28) of the shallow monitoring wells and in 44 percent
(8 of 18) of the water-supply wells in the basin sampled by
NAWQA (Covay and Bevans, 1997). The herbicide atrazine
was detected in 10 monitoring wells and 3 supply wells
and its degradation product deethylatrazine was detected in
11 monitoring wells and 6 supply wells, all at concentrations
one to three orders of magnitude smaller than the MCL for
atrazine (3 pg/L). The herbicides prometon and simazine
also were detected at small concentrations in water from
5 and 7 shallow monitoring wells, respectively. Although
the concentrations of these compounds are very small and
not currently a health concern, their presence in the aquifer
indicates the potential for their movement from the land
surface and the possibility that higher concentrations may
occur in the future. It is not known what proportion of
pesticide contamination is residual from agricultural activities
that have since decreased in extent compared to domestic and
municipal landscaping activities.

Table 3. Summary of selected constituents in groundwater in Truckee Meadows, Nevada, and sources or processes that affect their

presence or concentration.

[mg/L, milligrams per liter]

General

Constituent .
location

Median value or
detections

Possible sources or processes

Shallow aquifers

Dissolved solids Mostly in the north 420 mg/L
Sulfate Basin margins 61 mg/L
Nitrate Highest in the south 1.85 mg/L
\olatile organic compounds Basin wide 19
Pesticides Mostly in the north 19

Evapotranspiration and dissolution.

Associated with altered consolidated rocks.

Natural sources, fertilizers, treated wastewater, leaky sewer pipes,
septic systems.

Point sources including underground gasoline tanks & solvents
from repair & dry cleaners.

Lawn fertilizer.

Principal aquifers

Dissolved solids Mostly in the north 228 mg/L
Sulfate Central 21 mg/L
Nitrate Highest in the south 0.88 mg/L
\olatile organic compounds Mostly in the north 10
Pesticides Mostly in the north 8

Evapotranspiration and dissolution.
Associated with altered consolidated rocks.

Natural sources, fertilizers, treated wastewater, leaky sewer pipes,
septic systems.

Potential downward movement from shallow aquifers.
Potential downward movement from shallow aquifers.
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\olatile organic compounds (VOCs) were detected in
water from 68 percent of the shallow monitoring wells and
55 percent of the water-supply wells sampled by NAWQA
in the basin (Covay and Bevans, 1997). These compounds
originate near land surface, usually in urban areas, such as
at gasoline stations with leaking underground-storage tanks
and at dry cleaners that use solvents. The most commonly
detected compounds were chloroform, tetrachloroethylene
(PCE), and methyl tert-butyl ether (MTBE). Chloroform,
a trinalomethane, was detected in samples from 6 shallow
monitoring wells and 5 water-supply wells. Its presence in the
aquifer is most likely from the recharge of chlorinated water
used for public supply through seepage from distribution lines
and infiltration of excess landscape irrigation water. PCE was
detected at concentrations ranging from 0.8 to 20 ug/L in
samples collected as part of NAWQA studies in 1994-95 from
4 shallow monitoring wells and from 3 water-supply wells; the
MCL for PCE is 5 pg/L. Studies conducted as part of a study
by the Central Truckee Meadows Remediation District have
documented PCE in groundwater (fig. 4) to depths greater than
350 ft in an area of about 16 mi? (Regional Water Planning
Commission, 2005, p. 2-17). Remediation plans and treatment
facilities are in place to remove the PCE from the water
supply. MTBE, a gasoline additive that is water-soluble and
therefore can readily reach the water table through permeable
sediments, was detected in samples from 6 shallow monitoring
wells. Although MTBE is an unregulated compound, the
U.S. Environmental Protection Agency (1997) advises that
concentrations of MTBE in drinking water should be less than
20 to 40 pg/L to avoid an unpleasant taste and odor as well as
the potential for adverse health effects. Water samples from
two shallow monitoring wells had MTBE concentrations of
140 and 220 pg/L, but MTBE was not detected in samples
collected from the deeper water-supply wells (Covay and
Bevans, 1997).

Summary

The Truckee Meadows basin in western Nevada is
undergoing the urbanization of its rangeland and irrigated
agricultural areas. The Truckee River provided most of
the water used in the basin in 2000 while groundwater
supplied about 27 percent. The complex basin-fill aquifer
system, consisting of both unconsolidated Quaternary
and Tertiary sediments, is under both leaky-confined and
unconfined conditions. The aquifer is recharged naturally by
the infiltration of Truckee River water, precipitation falling
on the surrounding mountains and basin margins, and by
human-related sources of water in the valley, such as seepage
from surface-water diversions and excess irrigation water.
Natural recharge to the basin-fill aquifer in Truckee Meadows
is estimated at about 31,600 acre-ft/yr. Groundwater generally

flows from recharge areas in the west and south toward the
Truckee River and Steamboat Creek, which may receive
relatively minor amounts of groundwater seepage, and to
discharge areas in the center of the valley where the water is
lost to ET.

Human-related changes to the Truckee Meadows
groundwater flow system began in the late 1800s when water
diverted from the Truckee River for irrigation increased
recharge to the basin-fill aquifer. By the early 1960s,
seepage from excess irrigation water and canal losses to the
groundwater system almost doubled the quantity of recharge
from that of predevelopment conditions and resulted in a rise
in groundwater levels, an increase in the volume of water
stored in the aquifer, and an increase in groundwater discharge
through ET and seepage to streams. The area of irrigated
agriculture in the basin has decreased since the 1960s,
resulting in a decrease in recharge associated with irrigation,
although this decrease was accompanied by an increase in
municipal groundwater pumping since the late 1950s.

Groundwater quality in the Truckee Meadows basin is
influenced by both natural and human-induced factors. The
addition of recharge sources at the land surface and increased
pumping from wells facilitates the movement of water and
contaminants to parts of the aquifer used for water supply.
Areas most susceptible to the movement of water and any
included contaminants from land surface are in the western
part of the basin and near the Truckee River, where the
confining layers are likely to be thin, discontinuous, or not
present.

Groundwater near the Truckee River and other streams
entering the basin typically has dissolved-solids concentrations
less than 300 mg/L. Sodium-chloride groundwater with high
dissolved-solids concentrations occur in geothermal areas
within the basin. These geothermal systems have contributed
to naturally high arsenic concentrations in water from the
basin-fill deposits and from springs issuing from volcanic
rock. Arsenic in groundwater also can come from the volcanic
rocks bounding the basin and from the sediment derived from
these rocks. Concentrations of arsenic in water from 23 wells
sampled by the NAWQA Program, mostly in the central and
northeastern parts of the basin, exceeded the drinking-water
standard for arsenic of 10 pg/L.

Reducing conditions in the aquifer likely affect nitrate
concentrations through denitrification, although elevated
concentrations measured in groundwater in the southern
part of Truckee Meadows were attributed to the recharge of
septic system effluent. At least one pesticide was detected in
68 percent of the shallow monitoring wells and in 44 percent
of the water-supply wells in the basin sampled by NAWQA.
\olatile organic compounds were detected in water sampled
from 50 percent of the shallow monitoring wells and 39
percent of the supply wells sampled. Remediation plans and
treatment facilities are in place to remove tetrachloroethylene
from groundwater in the central part of the basin.
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Section 4.—Conceptual Understanding and Groundwater
Quality of the Basin-Fill Aquifers in Eagle and Carson

Valleys, Nevada

By Jena M. Huntington

Basin Overview

Eagle Valley is a small valley about 30 mi south of
Reno, Nevada that has undergone rapid urban development.
The valley is bounded to the north by the Virginia Range, to
the east by Prison Hill, and to the west by the Carson Range
(fig. 1). These mountains rise to altitudes of about 8,000 ft,
5,700 ft, and greater than 9,200 ft, respectively (Maurer and
others, 1996). To the south, the boundary between Eagle
Valley and Carson Valley is marked by a subtle alluvial divide
(Welch, 1994). The Eagle Valley floor has an area of about
15,000 acres (23 mi2) and lies at an altitude of about 4,700 ft
(Maurer and Berger, 1997).

Carson Valley is adjacent to and south of Eagle Valley
(fig. 1). The Pine Nut Mountains bound the valley to the east
and rise gradually to altitudes of about 8,000 to 9,000 ft.
Like Eagle Valley, the Carson Range borders Carson Valley
to the west rising abruptly to altitudes between 9,000 and
11,000 ft. The valley floor is oval-shaped with an area of
about 104,000 acres or 162 mi2, and slopes northward from an
altitude of about 5,000 ft at its southern end to about 4,600 ft
at its northern end (Maurer and others, 2004).

Eagle and Carson Valleys have a semiarid climate as a
result of their location within the rain shadow of the Sierra
Nevada Range. Annual precipitation on the floor of Eagle
Valley averages about 10 in., while along the crest of the
Carson Range precipitation averages about 38 in/yr. The
Virginia Range receives much less precipitation than the
Carson Range—slightly more than 14 in/yr (Schaefer and
others, 2007). Annual precipitation on the floor of Carson
Valley averages 8.4 in. (period of record 1971-2000; National
Oceanic and Atmospheric Administration, 2002, p. 12).
However, the Carson Range in this area receives 25.5 in. of
precipitation per year (period of record 1971-2000, Western
Regional Climate Center, 2003) and precipitation on the
Pine Nut Mountains averages 15.7 in/yr (period of record
1984-2002; Dan Greenlee, Natural Resources Conservation
Service, written commun., 2003). In both mountain ranges,
most precipitation falls as rain or snow during November
through April. Snow in the Carson Range accumulates to

depths of many feet during most winters and melts in early
spring to early summer. Other climatic characteristics of Eagle
and Carson Valleys are prevailing westerly winds, large daily
temperature fluctuations, and infrequent, but severe storms
(Garcia and Carman, 1986).

Urban land occupies more than half of Eagle Valley while
irrigated agricultural land and rangeland makes up nearly
half of Carson Valley, according to the National Land Cover
Database (NLCD) dataset for 2001 (U.S. Geological Survey,
2003). Analysis of LandScan population data for 2005 (Oak
Ridge National Laboratory, 2005) indicated a population for
the alluvial basin as a whole to be about 48,000 for Eagle
Valley and 36,000 for Carson Valley (McKinney and Anning,
2009). This equates to a population density of about 2,055 and
220 people/mi? for Eagle and Carson Valley, respectively. The
increase in population in Eagle Valley beginning in the early
1960s has slowly expanded Carson City’s initial city limits
in all directions and has caused a shift from a historically
agrarian society to a more urban society (Covay and others,
1996). Eagle Valley supports about 1,100 acres of irrigated
agricultural land, mostly consisting of pasture. This shift
in land use from agriculture to urban will likely affect the
basin-fill groundwater system due to changes in sources and
quality of recharge. Total water use in the Eagle Valley in
2000 was about 20,000 acre-ft; 81 percent of which was for
public supply (McKinney and Anning, 2009). Groundwater
provides about 61 percent of public supply. In Carson Valley,
diversions from the Carson River, which runs south to north,
and pumped groundwater is used to irrigate about 45,000 acres
of agricultural land, primarily alfalfa, pasture and flax.
Groundwater is the sole source of public supply in Carson
Valley.

The movement of water through geologic materials of the
basins coupled with movement of water from the land surface
to the basin-fill aquifers results in elevated concentrations
of some constituents and compounds in groundwater.
Groundwater-quality issues identified in Eagle and Carson
Valley and described later in this section include naturally
occurring uranium and other dissolved constituents, and the
presence of nitrate, volatile organic compounds, and pesticides
associated with anthropogenic sources in the basins.
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Figure 1. Physiography, land use, and generalized geology of Eagle and Carson Valleys, Nevada.



Water Development History

Eagle Valley

Accounts of early travelers through Eagle Valley in
June 1859 describe it as being a small but fertile valley along
the towering snow-covered Carson Range. A few acres of
green meadows and cultivated fields irrigated with water from
a small stream gave an inviting appearance upon entering the
valley. Carson City was the only development within Eagle
Valley and consisted of about a dozen small houses and two
stores at that time (Simpson, 1876). Carson City expanded
gradually to serve ranching, irrigated farming, and silver and
other mineral mines in the area.

With the increase in population in Eagle Valley (fig. 2),
water use has shifted from agricultural to domestic purposes.
Historically, surface water was the major source of public
supply and groundwater was used only intermittently.
Groundwater has since become the major source of municipal
supply, accounting for about 80 percent of that supply in 2004
(Kenneth Arnold, Carson City public works, oral commun.,
2006) and public-water systems serve most of the population
in Eagle Valley. Most homes are served by a wastewater-
treatment plant that exports treated effluent to a reservoir in
the Pine Nut Mountains (Schaefer and others, 2007). Since
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1997, some of the effluent has been returned to Eagle Valley
for irrigation of golf courses and alfalfa fields (Maurer and
Thodal, 2000).

Carson Valley

Carson Valley was inhabited by the Washoe Indians in
1848, when a small party of Mormons arrived with plans
to cut a shorter wagon route from Salt Lake City, Utah
to Sacramento, California over the Sierra Nevada Range.
The wagon route that they created, otherwise known as the
California Trail, the Carson River Route, or the Emigrant
Trail, became a highly traveled route that brought immigrants
and prosperity to Carson Valley (Dangberg, 1972). In
August 1853, a local newspaper reported that in May of that
year at least 1,000 wagons and 300,000 cattle and sheep
traveled through Carson Valley on the California Trail
(Dangberg, 1972).

Diversions from the East and West Forks of the
Carson River aided in turning southern Carson Valley into
a productive agricultural area. Only 260 acres of land were
irrigated in 1852, but more acres were added as an increased
number of people traveled through the valley. Large mining
operations on the Comstock Lode in Virginia City and
Gold Hill to the northeast were accompanied by an increase
in population and in irrigated acreage in Carson Valley
(Dangberg, 1972).
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Figure 2. Population in the Carson City area of Eagle Valley, Nevada from 1860 to 2005.
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Three main towns lie within Carson Valley: Genoa, the
first settlement along the Sierra Nevada front; Gardnerville,
established in the 1860s as an agricultural town in the
center of the valley; and Minden, adjacent to Gardnerville
and established in 1905 as the railroad hub for the valley
(Toll, 2008). Captain Simpson of the U.S. Army Corps of
Topological Engineers described Carson Valley during a visit
to Genoa in 1859. He stated that Carson Valley was beautiful,
“fenced off, as it appears, into inclosures, and dotted with
cattle” (Simpson, 1876).

Although Carson Valley has been a major agricultural
area since the 1850s, urbanization around Gardnerville,
Minden, Genoa and subdivisions around Johnson Lane,
Indian Hills, and Gardnerville Ranchos have grown steadily
(fig. 3). Development is also increasing along the eastern
and western sides of the valley. Most of the newly urbanized
land was historically agricultural land. Factors responsible
for population increases are available residential property,
desirable aesthetic qualities, and growth in Nevada’s gaming
industry (Thodal, 1996).

Surface water, in the form of treated effluent, has been
imported to Carson Valley from the Lake Tahoe Basin since
the late 1960s and from Eagle Valley since 1988 (Maurer and
Berger, 2006; Nevada State Demographer’s Office, accessed
on September, 11, 2006). Imported effluent is applied as
irrigation water and is stored in reservoirs and wetlands
(Maurer and Berger, 2006). Groundwater is exported from
Washoe Valley to the north into Eagle Valley to supply Carson
City’s municipal uses (Nevada State Water Plan, 1999).

Hydrogeology

The mountains surrounding Eagle and Carson Valleys
were created during Basin-and-Range faulting, which began
about 17 million years ago (Stewart, 1980). They consist of
consolidated rocks that have been uplifted by extensional
tectonics near the base of the mountains while the valley floor
was dropped. This faulting formed a basin that is partly filled
with sediments eroded from the surrounding mountains during
the Quaternary period. Movement along some faults within the
last 300 to 12,000 years (Trexler, 1977) indicates that uplift of
the mountains is continuing (Maurer and others, 1996).

Mesozoic-age granite and metamorphosed rocks crop out
to the north and west of Eagle Valley and near Prison Hill, and
most likely underlie most of the valley floor (Moore, 1969).

In the Virginia Range, Tertiary sandstone and volcanic rocks
consisting mostly of rhyolite, andesite, and basalt flows, flow
breccias, and tuffs overlie the granite and metamorphosed
rocks (Moore, 1969; Trexler, 1977).

Quaternary sediments of two ages are present in Eagle
Valley. The older sediments form fans at the mouths of deeply
incised canyons on the western side of the valley. Small
individual fans merge into one wide fan extending as much as
1 mi eastward into the valley from the mountain front and are
made up of partly consolidated to unconsolidated gravel, sand,
and silt, with discontinuous clay layers (Maurer and others,
1996). Similar fans are present at the base of the Virginia
Range to the north and Prison Hill to the east (Trexler and
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Figure 3. Population in Gardnerville, Minden, and Genoa, Nevada from 1996 to 2005 and annual

groundwater pumping in Carson Valley, Nevada and California, 1983-2005.



others, 1980). The discontinuity of clay layers in the central
part of the basin enable a direct hydraulic connection from
the land surface to the basin-fill aquifer and make the aquifer
susceptible to contamination from sources at the surface (Lico,
1998, p. 1). The younger sediments in the valley lowlands
consist of fine-grained sands, silty and muddy sands, and clay
(Arteaga, 1986; Trexler and others, 1980). Overall, basin-fill
sediments are coarse-grained near the base of the mountains
and finer grained near the center of the valley. The basin-fill
sediments are estimated to be about 1,200 ft thick at a point
1.5 mi west of Lone Mountain, about 400 to 800 ft thick
beneath the northeastern and southern parts of Eagle Valley,
and about 2,000 ft thick about 1 mi northwest of Prison Hill
(Arteaga, 1986). In general, the deepest part of the alluvial
basin is in the center of the Eagle Valley (Schaefer and others,
2007).

Similar to the rocks in Eagle Valley, exposed consolidated
rocks in Carson Valley are mostly granitic, metavolcanic, and
metasedimentary, and make up most of the Carson Range
and the Pine Nut Mountains (Covay and others, 1996). These
same rocks underlie the floor of Carson Valley (Moore,

1969, p. 18). Volcanic rocks are exposed on the northeastern
and southeastern end of the valley; westward dipping,
semiconsolidated rocks are exposed on the eastern side of the
valley (Maurer and Berger, 2006).

Both semiconsolidated Tertiary sediments and
unconsolidated Quaternary basin-fill sediments are present
in Carson Valley (Maurer, 1986). Poorly sorted coarse- to
fine-grained unconsolidated sediments deposited by tributary
streams form alluvial fans at the base of the mountain blocks
(Maurer and Berger, 2006). The alluvial aquifer is made up
of Quaternary sediments that were deposited on the valley
floor by the Carson River and its tributary streams. Most of
those sediments are well-sorted sand and gravel, interbedded
with fine-grained silt and clay from overbank flood deposits
(Maurer, 1986; Maurer and Berger, 2006). Thickness of the
basin-fill sediments generally exceeds 1,000 ft (Maurer,
1986). Due to the downward tilting to the west of the Pine Nut
Mountains relative to the uplift along the eastern margin of the
Carson Range, the thickest section of the basin-fill deposits,
more than 5,000 ft, lies west of the valley axis (Moore, 1969;
Maurer, 1986).

Estimated hydraulic conductivities of the basin-fill
sediments in Eagle Valley, those values used in the most
recent groundwater flow model, range from about 1 to 31 ft/d
in shallow sediments and from 0.03 to 155 ft/d in the deeper,
coarser sediments that constitute the more transmissive part
of the aquifer (Schaefer and others, 2007). In Carson Valley,
hydraulic conductivity values estimated from pump-test data
range from 14.7 to 16.4 ft/d (U.S. Bureau of Reclamation,
written commun., 1981). Maurer (1986) calculated hydraulic
conductivity values ranging from about 1 to 9 ft/d in sediments
between 300 and 500 ft deep and from 86 to 865 ft/d in
sediments less than 300 ft deep on the basis of proportions of
coarse- and fine-grained material indicated in well logs.
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Conceptual Understanding of the
Groundwater System

Eagle Valley is small open basin with no surface-water
drainage, although the Carson River flows just beyond the
southeastern basin boundary (fig. 1). The river acts as both a
recharge and discharge boundary to the groundwater system
on the south and east sides of the basin, respectively. The
mean annual flow in the Carson River from 1979-2001 was
501 ft3/s at the streamgaging station at Deer Run Road (fig. 1)
(Schaefer and others, 2007).

Carson Valley is an open basin drained by the Carson
River. The East and West Forks of the river enter Carson
Valley from the south, join near Genoa and continue north.
Along period of record, dating back to the turn of twentieth
century, is available to determine the mean annual inflow of
the Carson River (Maurer and others, 2004). The East Fork
inflow (period of record 1890-2002) was 276,400 acre-ft and
the West Fork inflow (period of record 1901-2002; Berris and
others, 2003, p. 178 and 185) was 80,320 acre-ft, which totals
to 356,720 acre-ft. Mean annual outflow of the mainstem of
the Carson River for the period 1940-2002 (Berris and others,
2003, p. 191) was 296,500 acre-ft.

Water Budgets
Eagle Valley

Prior to agricultural and urban development, recharge to
the basin-fill aquifer in Eagle Valley was from the infiltration
of precipitation—on the surrounding mountains, the alluvial
slopes (mountain-front recharge), and the basin floor—and
by infiltration of flow through the channels of canyon creeks
entering the valley from the west (fig. 4 and table 1). Worts
and Malmberg (1966, table 2) used the method of Maxey and
Eakin (1949) to estimate recharge from precipitation along
the mountain fronts at about 8,300 acre-ft/yr. The method
applies a percentage of the average annual precipitation
within specified altitude zones to estimate recharge. The bulk
of this natural recharge from precipitation originates at high
altitudes on the western part of the drainage area and enters
the basin-fill aquifer as seepage from snowmelt runoff. The
aquifer is also recharged by an estimated 3,000 to 6,000
acre-ft/yr of snowmelt that infiltrates consolidated rocks where
they are permeable or fractured and moves along flow paths
into basin fill (Maurer and Berger, 1997, p. 32). Recharge from
the infiltration of precipitation on the basin floor was estimated
to be about 400 acre-ft/yr (Worts and Malmberg, 1966).
Infiltration of water from the channels of canyon creeks to the
basin-fill aquifer was estimated by Maurer and Thodal (2000)
to be about 2,600 acre-ft/yr based on an estimated average
conditions (table 1).
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Figure 4. Generalized diagrams for Eagle Valley, Nevada, showing the basin-fill deposits and components of the groundwater
system under (A) predevelopment conditions and (B) modern conditions.
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Table 1. Estimated groundwater budget for the basin-fill aquifer in Eagle Valley, Nevada, under predevelopment and
modern conditions.

[All values are in acre-feet per year (acre-ft/yr) and are rounded to the nearest hundred. Estimates of groundwater recharge and discharge
under predevelopment and modern conditions were derived from the footnoted sources. The budgets are intended only to provide a basis
for comparison of the overall magnitudes of recharge and discharge between predevelopment and modern conditions, and do not represent a
rigorous analysis of individual recharge and discharge components. Percentages for each water budget component are shown in figure 4]

Prodovolopment  Modern tokEL
conditions conditions modern conditions
Budget component Estimated recharge
Mountain-front recharge 512,800 112,900 100
Infiltration of preciptation on basin 2400 4100 -300
Infiltration of streamflow 462 400 462 600 200
Infiltration of excess irrigation water 0 41,800 1,800
Total recharge 15,600 17,400 1,800
Budget component Estimated discharge
Subsurface outflow to adjacent basins 45100 45,100 0
Evapotranspiration 310,300 14,500 -5,800
Well withdrawals 0 17,500 7,500
Discharge to streams 46200 162 200 2,000
Total discharge 15,600 19,300 3,700
Change in storage (total recharge minus total discharge) 0 -1,900 -1,900

! Simulated by calibrated groundwater flow model for 1997-2001 average conditions (Schaefer and others, 2007).

2 Estimated natural conditions by Worts and Malmberg (1966).

3 Assumed to equal estimated residual between predevelopment recharge and discharge.

4 Estimates from Maurer and Thodal (2000), averages are shown here where estimated ranges of values were documented.

® Maurer and Berger estimated recharge from snowmelt infiltrating consolidated rock and moving along flow paths into the basin fill from
3,000 to 6,000 acre-ft/yr (1997, p. 32), an average of 4,500 acre-ft/yr was assumed here, in addition to the 8,300 acre-ft/yr estimated by Worts
and Malmberg (1966, table 2) using the Maxey-Eakin method.

6 Net stream loss is represented in figure 4A & B and was calculated as gross stream loss - gross stream gain; under predevelopment
conditions 2,400 acre-ft/yr - 200 acre-ft/yr = 2,200 acre-ft/yr net stream loss; under modern conditions 2,600 acre-ft/yr — 2,200 acre-ft/yr =
400 acre-ft/yr net stream loss.

Groundwater discharges in Eagle Valley out of the valley beneath the upper part of the Clear Creek
through subsurface outflow to adjacent basins and by watershed. Maurer and Berger (1997) also estimated about
evapotranspiration (ET). Maurer and Thodal (2000) 2,200 acre-ft/yr of subsurface outflow to Dayton Valley to the
estimated that 2,900 acre-ft/yr of subsurface outflow from east. Under predevelopment conditions, the relative quantity
Eagle Valley enters Carson Valley to the south—about 400 of discharge equaled that of recharge because the system
acre-ft/yr of outflow beneath Clear Creek and, based on was assumed to be in equilibrium (no change in the average

water yield deficiencies, an additional 2,500 acre-ft/yr flows volume of storage).
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Human-related changes to the Eagle Valley groundwater
flow system first began when mountain creeks were diverted
for irrigated agriculture and more recently as a consequence
of the conversion of farmlands to urban use. This land-use
change resulted in a reduction in ET by phreatophytes
(phreatophyte-area reductions from 7.7 mi2 in 1964 to about
1.7 mi2 in 2000) and an increase in recharge from irrigated
lawns, infiltration of treated waste-water effluent on golf
courses, and effluent from septic tanks (Maurer and Thodal,
2000; McKinney and Anning, 2009; Schaefer and others,
2007). Infiltration of excess urban irrigation was estimated
by Maurer and Thodal (2000) to range from 1,300 to
2,300 acre-ft/yr. Increases in groundwater pumping since the
1970s, mostly for municipal supply, has diverted groundwater
that was historically discharged by phreatophytes or flowed to
the Carson River. Therefore the decrease in ET is attributed
to both fewer phreatophytes and increases in groundwater
pumping (table 1; Schaefer and others, 2007).

Additional groundwater (not indicated in table 1) is
imported to Eagle Valley from other basins, including Washoe
Valley to the north, Dayton Valley to the east, and Carson
Valley to the south (Nevada Division of Water Resources,
1999). Surface-water transfers are received from the Lake
Tahoe Basin to the west and from the Carson River in Dayton
Valley. All transferred water is used for Carson City municipal
supply. Beginning in 1991, artificial recharge (through
infiltration beds) was initiated in Vicee Canyon on the
northwestern side of Eagle Valley.

Groundwater pumping has caused water-level declines in
the northwestern and southern parts of Eagle Valley (Maurer
and Thodal, 2000; Schaefer and others, 2007; Arteaga, 1986,
fig. 3), whereas water-level fluctuations in the center of the
valley reflect variations in annual precipitation. Although
water levels have increased in a few wells, no change in
hydraulic gradients in the valley have been detected. Of the
wells with higher water levels, a few are near golf courses and
the increases are probably a response to irrigation, whereas
water-level increases in other wells may be a consequence of
land-cover changes from native vegetation (phreatophytes) to
residential development (Maurer and Thodal, 2000).

Carson Valley

Prior to agricultural and urban development, the basin-fill
aquifer in Carson Valley was recharged by subsurface inflow
from adjacent basins, the infiltration of precipitation on the
surrounding mountains and alluvial slopes (mountain-front
recharge), infiltration of precipitation on the basin floor, and

infiltration of stream water from the Carson River (fig. 5 and
table 2). Maurer and Thodal (2000) estimate approximately
2,900 acre-ft/yr of groundwater inflow from Eagle Valley

to the north. Four methods have been used to estimate the
amount of recharge to the aquifer from the mountains and
alluvial slopes of Carson Valley:

Method Recharge Reference
(acre-ft/yr)
Water yield 22,000 Maurer and Berger, 2006
Chloride balance 40,000 Maurer and Berger, 2006
Altitude precipitation 25,000 Glancy and Katzer, 1976
Watershed modeling 35,000 Jeton and Maurer, 2007

For the purposes of this report, a value of
30,500 acre-ft/yr, the average of the four estimates, is
used to represent mountain-front recharge (table 2).
Precipitation that falls near the valley floor is recharged
on the western alluvial fans (about 300 acre-ft/yr) and in
Quaternary gravels and eolian sand deposits (at an average
rate of 500 acre-ft/yr, Maurer and Berger, 2006, table 6).
Infiltration of water from the Carson River and other smaller
streams is difficult to quantify, as most estimates were made
after diversion of streamflow began for irrigation in the basin.
Maurer and Berger (2006, table 22) estimate a minimum
of 10,000 acre-ft/yr of groundwater recharge by infiltration
through stream channels, mostly during summer months, when
groundwater levels are low; for the purposes of this report,
about one-fourth of that value, or 2,500 acre-ft/yr, is assumed
to occur. These components of groundwater recharge to the
Carson Valley groundwater system under pre-development
conditions total about 36,700 acre-ft/yr (table 2).

Natural groundwater discharge in Carson Valley occurs
by means of discharge to streams, ET, and springs (table 2).
Very little groundwater, less than 100 acre-ft/yr, flows from
Carson Valley into Dayton Valley to the northeast (Glancy
& Katzer, 1976). Groundwater discharge to streams from
the basin-fill aquifer (mainly to the Carson River), about
15,000 acre-ft/yr, occurs mostly during winter months, when
groundwater levels are high (Maurer and Berger, 2006,
table 22). Spring discharge was calculated on the basis of
flow rates reported in Glancy and Katzer (1976, table 27) as
about 1,000 acre-ft/yr. Under predevelopment conditions,
the relative quantity of discharge was assumed to equal
that of recharge because the system was considered to be in
equilibrium; therefore, the estimate of ET calculated here
represents the residual of 20,600 acre-ft/yr (table 2).
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Figure 5. Generalized diagrams for Carson Valley, Nevada, showing the basin-fill deposits and components of the groundwater
system under (A) predevelopment conditions and (B) modern conditions.
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Table 2. Estimated groundwater budget for the basin-fill aquifer in Carson Valley, Nevada, under predevelopment and modern

conditions.

[All values are in acre-feet per year (acre-ft/yr) and are rounded to the nearest hundred. Estimates of groundwater recharge and discharge under
predevelopment and modern conditions were derived from the footnoted sources. The budgets are intended only to provide a basis for comparison
of the overall magnitudes of recharge and discharge between predevelopment and modern conditions, and do not represent a rigorous analysis of
individual recharge and discharge components. Percentages for each water budget component are shown in figure 5. <, less than]

Predsvolopment Modom L mentto
conditions conditions modern conditions
Budget component Estimated recharge
Subsurface inflow from adjacent basin 12,900 12,900 0
Mountain-front and mountain-block recharge 530,500 530,500 0
Infiltration of precipitation on basin 2800 2800 0
Infiltration of excess irrigation water and canal seepage 0 26,000 6,000
Infiltration of streamflow 82,500 210,000 7,500
Infiltration of excess urban irrigation water and septic tanks 0 74,100 4,100
Total recharge 36,700 54,300 17,600
Budget component Estimated discharge
Evapotranspiration 420,600 211,000 -9,600
Springs 61,000 61,000 0
Well withdrawals 0 227,400 27,400
Discharge to streams 215,000 215,000 0
Subsurface outflow to adjacent basin 3< 100 3<100 0
Total discharge 36,700 54,500 17,800
Change in storage (total recharge minus total discharge) 0 -200 -200

1 Maurer and Thodal (2000, table 9).

2 Maurer and Berger (2006, table 22).

% Glancy and Katzer (1976).

4 Assumed to equal estimated residual between predevelopment recharge and discharge.

5 Averaged value of estimates using different methods from Maurer and Berger (2006), Glancy and Katzer (1976) and Jeton and Maurer (2007).
6 Calculated from spring discharge estimates (Glancy & Katzer, 1976, table 27).

" Average of range given in Maurer and Berger (2006, table 18) for secondary recharge from lawn watering and septic tanks.

8 Estimated as one-quarter of 10,000 acre-ft/yr published in Maurer and Berger (2006).

Human-related changes to the Carson Valley groundwater  predevelopment conditions, when areas of natural wetlands,
flow system started as early as 1850, when the Carson greasewood, and riparian vegetation were more extensive,
River was first diverted for irrigated agriculture. Maurer and prior to construction of the irrigation-ditch system and
and Berger (2006) estimate about 6,000 acre-ft/yr of return the clearing of fields. Total groundwater pumping in Carson
flow from irrigation pumping and about 4,100 acre-ft/yr of Valley was about 27,400 acre-ft/yr in 2005 (fig. 3; Maurer and
urban irrigation return from lawn watering and seepage from Berger, 2006). Because of the uncertainty in the estimates of
septic tanks (table 2). Groundwater discharge by ET was these groundwater budget components, a numerical model of
estimated to be about 11,000 acre-ft/yr (Maurer and Berger, groundwater flow in Carson is being developed by the U.S.
2006). This is considerably less than the estimated ET under Geological Survey to help refine the estimates.




The largest change since the early 1900s in Carson Valley
that affects the groundwater system has been the conversion of
agricultural land or areas of natural phreatophytic vegetation
to residential or commercial use. Other changes are those in
water use and use patterns, for example, increased application
of treated wastewater and groundwater for irrigation, and
changes in the configuration of the surface-water irrigation
distribution system (Maurer and Berger, 2006). Converting
agricultural land to residential or commercial land would have
the effect of decreasing ET (table 2) as well as increasing flow
in the Carson River—uvia runoff from impervious surfaces—
that subsequently discharges from Carson Valley. Water levels
on the eastern side of Carson Valley have declined by nearly
20 ft since the early 1980s due to changes in the configuration
of the irrigation distribution system, namely the discontinued
use of a reservoir that was active since the early 1900s
(Maurer and Berger, 2006). No groundwater gradient reversals
have been observed.

Groundwater Movement

Eagle Valley

In the northern part of the Eagle Valley, groundwater
flows eastward and southeastward beneath the topographic
divide into Dayton Valley (fig. 6; Worts and Malmberg, 1966;
Arteaga, 1986; Maurer and Berger, 1997). In the southern part
of the Eagle Valley, some groundwater flows northeastward
around the northern end of Prison Hill and southeastward
beneath the topographic divide into Carson Valley (Worts and
Malmberg, 1966; Arteaga, 1986). Unconfined to confined
conditions are present in the basin-fill sediments. Clay lenses
throughout Eagle Valley separate the shallow water-table
aquifer from the one or more deeper confined alluvial aquifers
(Arteaga, 1982). The degree of confinement varies spatially
through the valley due to the clay lenses being discontinuous
at different depths. The area of thickest basin-fill sediment,
northwest of Prison Hill, has the most pronounced confined
conditions. It is here that groundwater flow from the north,
northwest and southwest converge and generally move east
toward the Carson River (Welch, 1994).

Modern groundwater (less than about 50 years old)
typically indicates an aquifer is susceptible to human activities
at the land surface. Chlorofluorocarbons (CFCs), an indicator
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of young groundwater, were analyzed in samples collected
from 13 wells ranging in depth from 20 to 700 ft in Eagle
Valley from 2002—-2008. Table 3 shows that water from the
wells contained concentrations of CFCs such that each has a
fraction of modern water recharged less than about 50 years
ago. A more specific age date is not reported because no
other forms of age-dating (such as tritium, carbon-14) were
conducted to interpret a more refined recharge date.

Carson Valley

Depth to groundwater is generally deeper to the east and
west, near the mountain ranges, and shallower in the center
of Carson Valley. The shallow groundwater table of about 5 ft
below land surface along the center of the valley is maintained
by infiltration of Carson River water that is diverted across the
valley floor through canals, ditches, and flood-irrigated fields
(Maurer and Peltz, 1994, sheet 2). Beneath alluvial fans to
the west, depth to water is greater than 200 ft within 1 mi of
the Carson Range, and groundwater moves eastward (fig. 7).
Depth to water beneath alluvial fans to the east is about 200 ft
within 3 mi of the Pine Nut Mountains, and groundwater
moves westward (Maurer and Peltz, 1994, sheet 2).
Groundwater, therefore, moves generally toward the Carson
River (fig. 7) and then continues northward parallel to the river
(Berger and Medina, 1999).

Samples collected from seven wells in Carson Valley in
2003 were analyzed for CFCs. Samples from all of the wells
contained concentrations of CFCs such that each has a fraction
of its water recharged less than about 50 years ago (table 3).

A more specific age date is not reported because no other
forms of age-dating were conducted to interpret a more refined
recharge date. The presence of such young groundwater
indicates relatively rapid infiltration and downward movement
from the land surface, and the potential for any contaminants
in the water to move deeper into the aquifer.

Although groundwater exists under both confined and
unconfined conditions in Carson Valley, no single confining
layer extends across the entire valley (Covey and others,
1996). Rather, the confining layers occur mainly as scattered,
discontinuous clay beds, 30 to 70 ft thick, at a depth of 200 to
300 ft. Artesian conditions exist on the west side of the valley,
although at shallower depths of about 100 ft (Maurer and
Berger, 2006).
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Table 3. Designation of groundwater age in selected wells in Eagle and Carson Valleys, Nevada.

[Modern, groundwater sample contained chlorofluorocarbons at concentrations that indicate a fraction of modern water
recharged less than about 50 years ago]

Station identifier We(lfLit:)plh Sample date Water age
Eagle Valley
391030119480701 185 05-28-2002 Modern
390943119474801 108 06-26-2002 Modern
391110119460601 98 05-13-2002 Modern
391110119460602 20 05-13-2002 Modern
390834119450701 28 06-11-2002 Modern
390708119450301 140 08-29-2006 Modern
391127119442501 32 08-29-2006 Modern
391231119442901 238 10-15-2003 Modern
391231119442903 130 08-31-2006 Modern
391111119481901 117 07-07-2003 Modern
390637119472301 312 07-02-2003 Modern
390637119472303 120 07-02-2003 Modern
391014119450701 700 07-29-2008 Modern
Carson Valley
385606119412201 245 07-15-2003 Modern
385304119460601 27 05-30-2003 Modern
385612119464101 20.5 05-30-2003 Modern
385655119413101 200 07-09-2003 Modern
385815119500301 16 05-01-2003 Modern
385816119482401 21 05-02-2003 Modern

390315119403201 64 07-15-2003 Modern
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Effects of Natural and Human Factors
on Groundwater Quality

The occurrence and concentrations of contaminants
in water within the basin-fill aquifer system in the Eagle
and Carson Valleys are influenced by both natural and
human-related factors. The movement of water through
geologic materials of the basin coupled with movement of
water from the land surface to the aquifer results in elevated
concentrations of some constituents and compounds in
groundwater. Water diverted from the Carson River, which
enters the groundwater system by infiltration along irrigation
canals and ditches and as excess irrigation water, as well as
seepage from septic-tank systems, are new sources of recharge
to the basin-fill aquifer that accompanied development.
Although the shallow aquifer intercepts, stores, and transports
some of this water, with a consequent increase in the
concentration of nitrate and other dissolved constituents within
that aquifer, the concern is for the deeper aquifer, which is a
source of drinking-water supply in this growing residential
area. Groundwater withdrawals also can induce the movement
of poorer quality water laterally and from underlying strata
into the area and depth interval of the basin-fill aquifer used
for water supply in the valley.

The following description of groundwater quality in
Eagle and Carson Valleys is based primarily on the results of
analyses of samples collected from about 30 wells (shallower
monitoring and domestic wells and deeper wells typically
used for public supply) in each valley from 1987 to 1990 as
part of the U.S. Geological Survey’s National Water-Quality
Assessment (NAWQA) Program (fig. 8; Welch, 1994). Other
data used in the interpretation of water quality were collected
prior to the NAWQA sampling and can be found in Garcia
(1989). A report by Schaefer and others (2007) focuses on the
effect of urbanization on water quality in the principal aquifers
in Eagle Valley.

General Water-Quality Characteristics and
Natural Factors

Generally, the waters in the principal aquifers in
Eagle and Carson Valleys are dilute, with dissolved-solid
concentrations less than 1,000 mg/L, and are acceptable
for drinking on the basis of standards set by the U.S.
Environmental Protection Agency (2008; each time a
drinking-water standard is mentioned in this section, it denotes
this citation). The chemical characteristics of groundwater on
the west side of Eagle and Carson Valleys most likely reflect
the composition of the minerals in the igneous rocks and the
natural geochemical reactions between the water and those
minerals. Groundwater in an isolated area in northeastern
Carson Valley has elevated concentrations of sulfate (greater
than 50 mg/L) and fluoride (0.8 to 1.8 mg/L) and a higher
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proportion of sodium than does groundwater in the rest of the
valley. This may be due to low-temperature reactions of the
water with aquifer sediments derived from local metamorphic
rocks that include marine evaporites containing gypsum.

Dissolved oxygen was detected at concentrations
less than 1 mg/L in 6 of 37 (about 16 percent) wells on
the western sides of Eagle and Carson Valleys, and in 9 of
18 wells (50 percent) on the eastern sides of the valleys
(Welch, 1994, p. 43). The pH in groundwater in both valleys
ranged from approximately 6.5 to greater than 8 pH units.
Oxidation-reduction conditions in the basin-fill aquifer in
Eagle Valley generally are controlled by the chemistry of the
water entering the aquifer from the surrounding mountain
blocks, with the most oxygenated water near recharge areas
around the edges of the basin and less oxygenated water near
the center of the basin (fig. 9; Schaefer and others, 2007).
Chloride concentrations in groundwater along the Carson
Range were lower (4 to 6 mg/L) than in water at sites farther
east into the valleys (11 to 64 mg/L) (Welch, 1994, p. 41).
This higher range in chloride to the east may be due to the
interaction of groundwater with weathered granitic bedrock in
that area.

Few groundwater samples collected in Carson and Eagle
Valleys by NAWQA in 1988-89 exceeded the drinking-water
standard of 30 pg/L for uranium (1 of 26 wells in Carson
Valley and 4 of 23 wells in Eagle Valley) (Welch, 1994,
table 11). The highest measured concentrations generally
were along the western edges of Eagle and Carson Valleys.

In these areas, uranium-222 seems to be concentrated on iron
and manganese oxides that coat grains and fractures in granitic
bedrock and in organic matter within the basin-fill sediments.
Arsenic exceeded the drinking-water standard in less than

1 percent of samples collected from wells completed in the
principal aquifer throughout Eagle and Carson Valleys (Welch,
1994, p. 58). Water samples from most of the sites exceeded
the proposed drinking-water standard for radon of 300 pCi/L
(97 of 103 sites; Welch, 1994, p. 72).

Potential Effects of Human Factors

Selected chemical constituents and organic compounds
detected in groundwater in Eagle and Carson Valleys and
the processes or sources that affect their presence and
concentrations are summarized in table 4. Concentrations of
dissolved solids in water in Eagle Valley’s principal aquifer
range from about 100 mg/L to more than 500 mg/L, with an
average of about 270 mg/L (Anning and others, 2007). The
use of treated sewage effluent to irrigate a golf course in the
northeastern part of Eagle Valley has caused locally higher
concentrations of dissolved solids in groundwater in that part
of the valley (Anning and others, 2007). Sewage effluent used
as recharge was found to be one of the most likely sources of
groundwater contamination among all sources of recharge in
Eagle Valley (Maurer and Thodal, 2000, p. 42).
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Figure 8. Location and completion interval (aquifer) of wells sampled in Eagle and Carson Valleys, Nevada, by the NAWQA Program.
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Figure 9. Oxidation-reduction classification zones in Eagle Valley, Nevada.
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Table 4. Summary of selected constituents in groundwater in Eagle and Carson Valleys, Nevada, and sources or processes that affect
their presence or concentration.

[All data from Welch (1994) unless otherwise noted. mg/L, milligrams per liter; n/a, not applicable]

Median value or

neral location .
General locatio detections

Constituent Possible sources or processes

EAGLE VALLEY

Shallow aquifers

Dissolved solids Western and central basin 434 mg/L Evapotranspiration and dissolution

Sulfate Western basin 57 mg/L Associated with altered consolidated rocks

Nitrate West-central basin 0.17 mg/L Treated wastewater, leaky sewer pipes, septic systems

\olatile organic compounds Near urban areas 10 Point sources including underground gasoline tanks
and solvents from repair shops and dry cleaners

Pesticides Near irrigated land 9 Irrigated crop fertilizers

Principal aquifers

Dissolved solids Eastern basin 160 mg/L Evapotranspiration and dissolution
Sulfate Eastern basin 10 mg/L Associated with altered consolidated rocks
Nitrate North-western basin 0.49 mg/L Natural sources, fertilizers, treated wastewater, leaky
sewer pipes, septic systems
\olatile organic compounds Northern basin 5 n/a
Pesticides North-eastern basin 2 n/a
CARSON VALLEY

Shallow aquifers

Dissolved solids North-western basin 451 mg/L Lawn irrigation, agricultural runoff, and sewage
effluent

Sulfate North-western basin 54 mg/L Associated with altered consolidated rocks

Nitrate North-western basin 0.36 mg/L Natural sources, fertilizers, treated wastewater, leaky

sewer pipes, septic systems

Principal aquifers

Dissolved solids Eastern basin 179 mg/L Evapotranspiration and dissolution

Sulfate Eastern basin 25 mg/L Associated with altered consolidated rocks

Nitrate West-central basin 0.97 mg/L Natural sources, fertilizers, treated wastewater, leaky
sewer pipes, septic systems

\olatile organic compounds n/a nla

Pesticides n/a n/a

 From Berris and others (2003).
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Groundwater contamination as a result of human activity
is more common (and commonly detected) in the shallow
rather than the deeper (principal) aquifer, although nitrate
concentrations exceeded the drinking-water standard in water
from 3 percent of sampling sites (wells) in the principal
aquifer throughout Eagle and Carson Valleys (Welch, 1994,

p. 58). Those sites with elevated nitrate concentrations were in
areas in which septic systems were in use and may have been
leaking to deeper groundwater (Welch, 1994; Rosen, 2003).

Shallow aquifers in Eagle and Carson Valleys contained
arsenic, fluoride, and nitrate concentrations that exceeded
drinking-water standards, and concentrations of dissolved
solids, iron, manganese, and sulfate all locally exceeded
secondary drinking-water standards (Welch, 1994). The
drinking-water standard for arsenic was exceeded in samples
from 3 of 39 sampling sites, and the standards for fluoride and
nitrate were exceeded in samples from 2 of 40 and 41 sites,
respectively (Welch, 1994, p. 58-60). Manganese had the most
common exceedance of the secondary standard of 0.1 mg/L,
in samples from 21 of 40 sites, followed by iron, which
exceeded the secondary standard of 0.6 mg/L in samples from
8 of 40 sites (Welch, 1994, p. 60). Elevated concentrations of
manganese and iron may be a result of irrigation water wetting
previously dry sediments that have oxide coatings. The rise in
water level resulting from excess irrigation water may have
allowed the dissolution of organic matter, which reacted with
oxygen from the recharge water and in turn the oxide coating
on the sediments.

Urban development in Eagle and Carson Valleys has
been accompanied by an increase in use of, and amounts of,
fertilizers, pesticides, and other manmade chemicals applied
to the land. These chemicals can enter and degrade the quality
of the shallow aquifer and move downward through the
groundwater system, particularly in areas with shallow depth
to water. Eagle Valley had 10 and 5 detections of a volatile
organic compound (VOC) in water from shallow and deep
wells, respectively, and 2 and 9 detections of a pesticide in
water from shallow and deep wells, respectively (Berris and
others, 2003). Volatile organic compounds were detected most
frequently in wells near urban areas and pesticides in wells
near irrigated areas. The most frequently detected VOC was
trichloromethane, better known as chloroform. Chloroform, a
byproduct of the reaction of organic material in source water
with chlorine added during treatment, can potentially be found
in groundwater as a result of infiltration of treated wastewater
used to irrigate lawns and golf courses (Rosen and others,
2006). The herbicide atrazine and its degradation product,
deethylatrazine, were the most frequently detected pesticide
compounds. Atrazine is commonly used to control broadleaf
and grassy weeds.

67

Summary

Eagle and Carson Valleys are hydraulically connected
adjacent basins along the eastern front of the Sierra Nevada
Range in northwestern Nevada and east-central California.
The Carson River bisects Carson Valley from south to north
and acts as a groundwater discharge zone for Eagle Valley
as the river skirts its southern border. Precipitation that falls
mostly as snow in the mountains recharges the basin-fill
aquifers by infiltration within the mountain blocks and along
the mountain fronts. Under natural conditions, groundwater
discharges as evapotranspiration in the central part of the
basins. The Carson River acts as both a source and a sink for
groundwater in Carson Valley. In both valleys, clay lenses
that commonly form confining layers are discontinuous and
groundwater occurs under confined and unconfined conditions.
Depth to water is typically deeper along the basin margins
than near the basin center of the basin.

Both Eagle and Carson Valley have historically been
agricultural basins, and although Carson Valley still supports
agriculture, urban development has resulted in a reduction
in irrigated acreage and a substantial increase in areas of
impervious surfaces. Consequently, groundwater discharge by
evapotranspiration has been reduced. Limited surface-water
supplies have forced the use of groundwater as the main
source of municipal supply and groundwater discharge in both
valleys.

Water in the principal aquifers in Eagle and Carson
Valleys is fairly dilute, and with few exceptions meets
established quality standards for drinking water. The effects
of urbanization on groundwater quality are most apparent
in the shallow aquifer. Wastewater effluent from the Lake
Tahoe basin is applied as irrigation water in Carson Valley
and treated wastewater in Eagle Valley is used to irrigate
golf courses and parks. Chlorine used in the treatment of
wastewater can react with organic material in the source water
to create chloroform before application to the land surface,
and, as a result, chloroform is the most frequently detected
volatile organic compound in samples of groundwater.
Infiltration of treated wastewater has degraded the quality
of water within the shallow aquifer, which poses the risk of
consequent downward movement into the principal aquifer.
Elevated levels of nitrate also were detected in water in the
principal aquifers throughout Eagle and Carson Valleys in
areas where septic systems were in use and may have been
leaking to the deeper aquifers.
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Section 5.—Conceptual Understanding and Groundwater
Quality of the Basin-Fill Aquifer in Spanish Springs Valley,

Nevada

By Jena M. Huntington

Basin Overview

Spanish Springs Valley is a relatively small basin about
5 mi northeast of Reno, Nevada within the Truckee River
Basin (fig. 1) that is undergoing rapid population growth.

The valley is bounded on the east by the Pah Rah Range,
whose highest summit, Spanish Springs Peak, reaches an
altitude of about 7,400 ft. To the west are Hungry Ridge and
an unnamed extension that approaches an altitude of 6,000 ft.
The northern border of the valley is a bedrock outcrop that
creates a topographic divide less than 0.5 mi long between
Hungry Ridge and the Pah Rah Range, while shallow bedrock
marks the southern boundary (Berger and others, 1997). The
drainage area for Spanish Springs Valley is about 77 mi2, of
which basin fill covers about 29 mi2. The valley is about 11 mi
long and 3 to 4 mi wide, and slopes from an altitude of about
4,600 ft in the north to about 4,400 ft in south.

Spanish Springs Valley has an arid to semiarid climate
as a result of its location within the rain shadow of the Sierra
Nevada Range. Summers are hot and dry, with daytime
temperatures occasionally exceeding 100°F, and winters are
cool, with temperatures sometimes falling below 0°F (Berger
and others, 1997). Analysis of modeled precipitation data for
1971-2000 (PRISM Group, Oregon State University, 2004)
resulted in an average annual precipitation value of about
9 in. over the Spanish Springs Valley floor (McKinney and
Anning, 2009). The surrounding mountains receive 9 to 11 in.
of precipitation in an average year, and more than 13 in. may
fall at the higher altitudes of the Pah Rah Range (Berger and
others, 1997). There are no naturally perennial streams in the
valley.

Rangeland covers much of Spanish Springs Valley, while
only a small part is agricultural land (U.S. Geological Survey,
2003). The Orr Ditch, a diversion from the Truckee River
used for irrigation, flows into the valley from the south and
terminates near its center. Water from the diversion, combined
with minor amounts of water from springs and wells, irrigated
about 550 acres of agricultural land in 2001, primarily alfalfa
and pasture. Irrigation return flow and some groundwater
discharge is collected in the North Truckee Drain and returned
to the Truckee River in the Truckee Meadows basin to the
south.

In 2008, the population of Spanish Springs Valley
was calculated as about 47,000 within the alluvial basin, of
which about 18.5 mi2, or about 23 percent, was residential
land (Christian Kropf, Washoe County Department of Water
Resources, written commun., 2009). Groundwater pumped
from the basin-fill aquifer is an important source of drinking
water in the valley, although plans are for future population
growth to be supported by imported water from the Truckee
River (Truckee Meadows Water Authority, 2004).

Infiltration from septic-tank systems has become a
source of groundwater recharge in some residential areas in
the valley as more than 2,000 systems were installed from the
early 1970s to 1995 (Rosen and others, 2006a); in 2009, more
than 2,300 such systems were in use (Christian Kropf, written
commun., 2009). The Nevada Division of Environmental
Protection has issued directives to ensure that existing homes
currently on septic systems and new homes in the valley be
connected to centralized sewage disposal systems because
of increasing nitrate concentrations in groundwater (Rosen
and others, 2006a). Elevated concentrations of nitrate in
groundwater are an important water-quality concern for the
valley.

Water Development History

Spanish Springs Valley was named after several springs
on the south central part of the valley floor (fig. 1). A land
survey in 1872 noted that the main spring area was about 66 ft
long by 33 ft wide and was surrounded by smaller springs
(Berger and others, 1997). Early agricultural activity in the
valley used the water from these springs and from shallow
flowing wells for irrigation. The amount of irrigated land
increased in the southern part of the valley after construction
of the Orr Ditch in 1878. Agricultural land use within the area
serviced by the Orr Ditch has remained relatively unchanged
based on comparisons of aerial photographs taken in 1956,
1977, and 1994 and of assessor parcel maps, although since
1994, agricultural acreage has decreased as new homes have
been built in the southwestern part of the valley (Berger and
others, 1997).
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Groundwater was used primarily for agriculture
until 1983, when it accounted for about half of the total
amount pumped (Berger and others, 1997, table 10). Urban
development has increased significantly since the late
1970s due to the proximity of Spanish Springs Valley to the
expanding Reno-Sparks metropolitan area to the south. The
addition of residential subdivisions and mobile home parks
sharply increased the valley population of 790 in 1979 to
9,320 in 1994 (Berger and others, 1997, table 10), mostly in
the central and southeastern parts of the valley. Homes also are
now scattered to the north and near the mountain fronts with
population estimates nearing 50,000. Because groundwater
is the primary source for public and domestic supply in the
valley, its use has increased with population growth. Depths of
supply wells range from 200 ft to more than 800 ft, and depths
to water range from 20 ft to nearly 200 ft below land surface
(Christian Kropf, written commun., 2009).

Hydrogeology

Present-day topographic features, including the structural
depressions that underlie Spanish Springs Valley, were formed
by extensional faulting that began in the middle to late Tertiary
period. The mountains surrounding the valley are composed
of Mesozoic-age granitic and metamorphic rocks overlain by
Tertiary-age volcanic rocks than contain lenses of sedimentary
rocks (fig. 1). These consolidated rocks commonly have low
porosity and permeability except were fractured and faulted.
Although the volcanic rocks are mainly tuffs and volcanic
flows and have little to no interstitial porosity, the interbedded
sedimentary rocks are mostly fine-grained, partly consolidated
lacustrine deposits with low permeability that may store
moderate amounts of water. Connection between the basin-fill
deposits and underlying consolidated rocks is suggested by
an upward hydraulic gradient in the southeastern part of the
valley (Berger and others, 1997).

Erosion from the surrounding mountains during
Quaternary time was accompanied by the filling of the valley
with interbedded, unconsolidated deposits of sand, gravel, clay
and silt. The basin-fill deposits are thickest, at least 1,000 ft
thick, on the western side of Spanish Springs Valley along a
northeast trending trough-like feature, and become thinner to
the east, based on geophysical data and drillers’ logs (Berger
and others, 1997; Makowski, 2006). The deposits are less
than 50 ft thick along the topographic divide that forms the
northern boundary of the valley. The basin-fill deposits in the
southern part of Spanish Springs Valley are less than 100 ft
thick and become less than 20 ft thick along the southern
boundary with Truckee Meadows (Berger and others, 1997).

Conceptual Understanding of the
Groundwater System

The basin-fill aquifer in Spanish Springs Valley is under
mostly unconfined or water-table conditions. Although the
basin is topographically closed and has a playa in the central
part, the groundwater system is considered to be open, with
subsurface outflow at both the northern and sourthern ends
(fig. 2). The aquifer is recharged naturally by the infiltration
of precipitation falling on the basin margins and on the
surrounding mountains, and from human-related sources in the
valley such as imported surface water, excess irrigation water,
and effluent from septic-tank systems (fig. 2).

Basin-fill deposits originating from volcanic rocks
are generally fine grained, and thus have lower hydraulic
conductivity than coarser grained deposits derived from
granitic rocks. In a groundwater flow model of the basin-fill
aquifer, the top layer of the model, representing the upper
330 ft of saturated deposits, was assigned values of hydraulic
conductivity ranging from less than 0.03 to 30 ft/d (Schaefer
and others, 2007). In most of the central part of the valley,
however, the top layer of the model was assigned a hydraulic
conductivity of less than 3 ft/d.

Water Budget

Prior to any groundwater development in Spanish Springs
Valley, the basin-fill aquifer was recharged by precipitation
falling on the surrounding mountains that moved into the
basin fill through subsurface fractures or by the infiltration
of runoff at the mountain front (fig. 3A). Berger and others
(1997) estimated this mountain-front recharge at about
830 acre-ft/yr using the Maxey-Eakin method (Maxey and
Eakin, 1949 and Eakin and others, 1951), which applies a
percentage of average annual precipitation within specified
altitude zones to estimate recharge.

Rush and Glancy (1967, table 20) estimated that recharge
to the valley under natural (predevelopment) conditions
was about 1,000 acre-ft/yr, based on the assumption that
the groundwater system was in equilibrium. They estimated
groundwater discharge by evapotranspiration prior to
construction of the Orr Ditch to be about 900 acre-ft/yr
(table 1) (Rush and Glancy, 1967, table 14). Groundwater
from Spanish Springs Valley may flow south to Truckee
Meadows through a thin layer of basin-fill deposits or through
the underlying fractured bedrock (Berger and others, 1997).
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Figure 3. Generalized diagrams for Spanish Springs Valley, Nevada, showing the basin-fill deposits and components of the
groundwater system under (A) predevelopment and (B) modern conditions.
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Table 1. Estimated groundwater budget for the basin-fill aquifer in Spanish Springs Valley, Nevada, under predevelopment

and modern conditions.

[All values are in acre-feet per year and are rounded to the nearest hundred. Estimates of groundwater recharge and discharge under predevelopment
and modern conditions were derived from the footnoted sources. The budgets are intended only to provide a basis for comparison of the overall
magnitudes of recharge and discharge between predevelopment and modern conditions, and do not represent a rigorous analysis of individual
recharge and discharge components. Percentages for each water budget component are shown in figure 3]

Prodovelopment  Mode ST
conditions conditions modern conditions
Budget component Estimated recharge
Mountain-front recharge 1500 1500 0
Infiltration of precipitation on alluvial basin 2800 2800 0
Canal seepage 0 2600 600
Infiltration of excess irrigation water 0 21,000 1,000
Septic-system seepage 0 6600 600
Total recharge 1,300 3,500 2,200
Budget component Estimated discharge
Evapotranspiration and springs 3900 21,300 400
Well withdrawals 0 55,400 5,400
Drains 0 2100 100
Subsurface outflow to south 3100 %100 0
Subsurface outflow to north 4300 4300 0
Total discharge 1,300 7,200 5,900
Change in storage (total recharge minus total discharge) 0 -3,700 -3,700

L Assumed to equal estimated residual between predevelopment recharge and discharge.

2 Estimated for 1994 conditions by Berger and others (1997).
3 Rush and Glancy (1967, table 14).

4 Hadiaris (1988).

5 Lopes and Evetts (2004, table 1).

6 Rosen and others (20063, p. 10)

Rush and Glancy (1967) used Darcy’s Law to estimate about
100 acre-ft/yr of subsurface outflow to the south. A hydraulic
gradient between Spanish Springs Valley and Warm Springs
Valley may allow subsurface outflow to the north (Berger

and others, 1997). About 280 acre-ft/yr was simulated in a
steady-state flow model as subsurface outflow through the
northern boundary (Hadiaris, 1988), and about 170 acre-ft was
simulated under 1994 conditions (Berger and others, 1997,
table 11). For this report, total recharge to the basin-fill aquifer
in Spanish Springs Valley under predevelopment conditions

is assumed to have been in equilibrium with natural discharge
through evapotranspiration and estimated subsurface outflow
to adjacent basins, and is estimated to have been about

1,300 acre-ft/yr (table 1).

The groundwater budget for Spanish Springs Valley
changed with construction of the Orr Ditch in 1878 and the
expansion of residential development since about 1979. Many
of the estimates of recharge and discharge for the valley
presented in this report are for conditions studied in 1994 by
Berger and others (1997). In that year transmission losses
from the 7-mile long, unlined Orr Ditch locally recharged an
estimated 590 acre-ft of Truckee River water to shallow parts
of the basin-fill aquifer. In basins similar to Spanish Springs
Valley, about 40 percent of applied irrigation is assumed
to infiltrate far enough to reach the groundwater system.
Therefore, assuming that 40 percent of the water applied for
irrigation infiltrates to the water table, about 860 acre-ft of
water applied for irrigation from the Orr Ditch recharged
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shallow parts of the aquifer in 1994 (Berger and others, 1997,
p. 47). Recharge from excess (unconsumed) groundwater
applied for irrigation outside the area encompassed by the
Orr Ditch was estimated to be about 170 acre-ft (Berger and
others, 1997, p. 50). Precipitation in 1994 was below normal,
resulting in less than the usual amount of water being diverted
to the Orr Ditch. More recharge (than in 1994) to the shallow
groundwater system from canal seepage and from excess
irrigation water likely occurs during average and above
average precipitation conditions.

Rapid population growth in Spanish Springs Valley
resulted in a large increase in the use of individual septic-
tank systems. Seepage from septic system leach fields was
estimated to be 75 percent of the total amount of water
delivered to homes during the winter months (Berger and
others, 1997, p. 50). This equated to about 450 acre-ft of
seepage in 1994. Rosen and others (20064a, p. 10) used an
estimate of 227 gallons per day for septic tank discharge
per household. With continued residential development in
the valley, more than 2,300 homes now use septic systems
(Rosen and others, 20063, p. 3), and an estimated 585 acre-ft
of seepage from septic-tank systems enters the basin-fill
aquifer each year. Residential developments built since 2006
are connected to centralized sewage disposal systems (Joseph
Stowell, Washoe County Department of Water Resources,
written commun., 2009).

Water pumped from wells increased from about
500 acre-ft in 1979 to 2,600 acre-ft in 1994 (Berger and
others, 1997, table 10). About 5,400 acre-ft was pumped
in 2000; 56 percent from domestic wells, 43 percent from
public-supply wells, and only one percent from irrigation
wells (Lopes and Evetts, 2004, table 1). The 6 public-supply
wells completed in basin-fill deposits and pumped in 2007
(Washoe County Department of Water Resources, 2008), are
located within or near residential areas to the west and north
of the Orr Ditch. Prior to residential development, these areas
were rangeland, in which the only source of groundwater
recharge was from the surrounding mountains. When wells are
pumped, the natural directions of groundwater flow near these
wells are likely affected, and some water recharged by losses
from the Orr Ditch or from excess irrigation water may be
intercepted by the wells nearest to the ditch.

Recharge to the shallow part of the basin-fill aquifer
from canal seepage and infiltration of excess irrigation water
has been accompanied by discharge to the North Truckee
Drain and an increase in discharge through evapotranspiration
compared to predevelopment conditions (table 1). The
difference between estimated recharge and discharge under
conditions in 1994, or the amount removed from aquifer
storage, is about 3,700 acre-ft/yr. Most of the discharge from
the basin-fill aquifer under modern conditions is from wells
at least 200 ft deep, whereas most of the recharge is now to

shallower parts of the aquifer system. The vertical connection
between shallow and deep parts of the aquifer is dependent on
the confining layers separating them and the hydraulic gradient
between them, although there is little evidence to support
laterally extensive confining layers in Spanish Springs Valley.

Groundwater Movement

Under predevelopment conditions, groundwater flowed
predominantly from the west and east toward the center of the
valley where it is was discharged by evapotranspiration and
to springs (fig. 2A). North of the Orr Ditch, water also flowed
north where it discharged from the valley into an adjacent
basin. Following basin development, groundwater flows