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EXECUTIVE SUMMARY 

The Truckee River Water Quality Agreement of 1997 settled longstanding litigation between 
the Pyramid Lake Paiute Tribe (PLPT) and the U.S. Environmental Protection Agency (EPA), State 
of Nevada and the Cities of Reno and Sparks (“Cities”), respectively. A key element of this 
agreement was a commitment by the Cities and the Department of the Interior to spend up to $24 
million to purchase Truckee River water rights from downstream of Sparks. Water would 
subsequently be sorted in upper basin reservoirs for release under low-flow conditions to help the 
Cities meet water quality objectives, particularly those related to nutrients and dissolved oxygen.  It 
was further anticipated that a reduction in irrigated agriculture within the Fernley area would result 
in an associated decrease in high total dissolved solids (TDS) groundwater discharge to the river, 
helping to mitigate salinity loading to Pyramid Lake. 

A hydrogeologic investigation was undertaken to characterize the groundwater system in the 
Fernley Basin and to determine the TDS loading to the Truckee River between the towns of 
Wadsworth and Nixon. A groundwater flow and transport model was constructed to integrate all of 
the available data and to predict the potential loadings under various management alternatives.  

The groundwater flow model was calibrated using historical and newly acquired data. Model 
calibration was achieved by matching simulated hydraulic heads with the observed hydraulic heads. 
The groundwater model has a root-mean-squared-error of 5.3 m, which is less than 10 percent of the 
total head change in the region.  Although the optimal solution is most likely in a probabilistic sense, 
the solution is non-unique, which indicates that there are numerous parameter sets that are nearly as 
likely. The model predicts higher heads in the southern portion of the basin, with values near 1,260 
m. A hydraulic divide occurs between the western edges of the Fernley area toward the toe of the 
Truckee Range, which causes two potential flow directions from the irrigated area. Heads decrease 
toward the east and also toward the Truckee River. Gradients steepen near the eastern boundary and 
also in the region between Fernley and the Truckee River. The shallower groundwater system is 
influenced by the Truckee River, especially in the north.  

The groundwater budget as determined from the calibrated flow model inputs is dominated 
by canal seepage and irrigation recharge with fluxes of 33,506 (9,915 Acre-ft/year) and 30,394 
m3/day (8,994 Acre-ft/year). The total flux attributed to natural recharge is 7,508 m3/day (2,222 
Acre-ft/year), of which 6,409 m3/day (1,896 Acre-ft/year) is derived in the southern portion of the 
Virginia Range. Outflows from the model include 7,189 m3/day (2,127 Acre-ft/year) from municipal 
pumping within the City of Fernley. The groundwater model predicts a net fluid gain to the Truckee 
River of 32,161 m3/day (9,517 Acre-ft/year or 13.1 cfs). The model also predicts a groundwater 
discharge of 19,768 m3/day (5,850 Acre-ft/year) along the northwestern boundary toward the 
Pyramid Lake region and a 33,194 m3/day (9,822 Acre-ft/year) discharge along the southeastern 
boundary.  

A comparison of the flowpaths inferred from the mixing cell model and the numerical flow 
model indicates that they are in general agreement. The fluid that originates in the western portion of 
the Fernley Agricultural area initially moves northwest, then just before intersecting the Truckee 
River the flowpaths are oriented northward. The pathlines finally intersect the Truckee River north  
of Wadsworth in the region associated with the first significant solute loading. The mixing cell 
model shows similar behavior with groundwater entering the river system at approximately the same 

 ii



location. Both models indicate that the fluid flux initiating in the southern portion of the basin either 
moves eastward or enters the Fernley productions wells.  

Groundwater chemistry in the Fernley Basin is relatively complex, consisting of (1) high 
TDS sulfate and chloride native groundwater south of the Fernley irrigation area; (2) more dilute 
groundwater from mixing native groundwater with low TDS irrigation water beneath the Fernley 
irrigated area; (3) high TDS sodium-sulfate water north of the irrigated area from dissolution of 
unsaturated zone salts from the irrigated area and from unsaturated zone salts north of the irrigated 
area because of a rise in water levels; and (4) high TDS chloride dominated groundwater in the Dead 
Ox Meadows area. Groundwaters in the basin are a mixture of high TDS native groundwater and 
relatively dilute irrigation water as shown by the stable isotopic data, deuterium and oxygen-18. 
Shallow wells in the irrigated area generally contain greater than 90% irrigation water, and wells 
kilometers north of the irrigated area generally contain greater than 50% irrigation water. Leachate 
of soluble salts, chloride and sulfur isotopic data, and sulfate-to-chloride ratios from cores of 
unsaturated zone sediments collected in irrigated and non-irrigated areas support the leaching of 
unsaturated zone salts from the irrigated area as the source of high TDS sodium-sulfate dominated 
groundwaters in the Fernley Basin. 

Groundwater inflow from four sources is contributing salts to the lower Truckee River. Low 
flow surveys in 1979 (Bratberg, 1980) and in April 2001 (this project) show that these sources are 
(1) native groundwater that originates in the southern part of the basin, (2) groundwater from the 
Dodge Flat area west of the Truckee River, (3) groundwater from the Dead Ox Meadows area, and 
(4) infiltration of irrigation water that mixes with native groundwater and flows to the Truckee 
River. A comparison of the two low-flow surveys suggests that total salt loading to the river may 
have decreased from 1979 to 2001. A comparison of the two surveys also shows that the high 
chloride salt load originating as high TDS groundwater in the Dead Ox area, between the S-Bar-S 
Ranch and the U.S. Geological Survey gage site at Nixon, has remained the same from 1979 to 2001 
indicating that this salt load is not related to past or present irrigation in the Fernley area. However, 
the April, 2001 low-flow survey may not be directly comparable to the December 1979 survey 
because of several factors, including pre-survey conditions, seasonality, and changes in irrigated 
acreage. 

The independent estimates of TDS loading to the Truckee River (exclusive of Dead-Ox 
Meadows contributions) based on two low-flow surveys, and groundwater chemistry and flux data 
indicate a range between 143 and 314 g/sec (27,239— 59,810 lbs/day) which are in excellent 
agreement with the groundwater transport model predictions range between 75 — 330 g/sec (14,286 — 

62,858 lbs/day). 

Initial conditions show the largest TDS concentrations near the center of the Forty Mile 
Desert, with lower concentrations extending in nearly concentric circles around the edge of the 
model domain. As one moves forward in time, the TDS plume tends to elongate in the 
northwest/southeast directions primarily due to the larger fluid fluxes that exist between the Fernley 
irrigated area and the Truckee River. By the end of the simulation (50 yrs), the leading edge of the 
salt plume begins to intersect the Truckee River. The smaller hydraulic conductivities in the region 
associated with higher TDS concentrations keep the bulk of the plume rather stationary. Most of the 
temporal changes occur along the perimeter as fluid from the Fernley area mixes and transports 
some of the salts toward the Truckee River.  
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The results of the management alternative simulations indicate that the reduction in fluid flux 
leads to a reduction in TDS flux to the Truckee River.  The magnitude of the predicted TDS flux 
after 50 years is 180 g/sec (34,286 lbs/day) under current hydraulic conditions. Combined decreases 
in irrigation recharge and Truckee Canal seepage lead to the most significant reductions in TDS 
loading to the Truckee River. A full reduction in canal seepage and irrigation recharge led to a 
decrease of nearly 155 g/sec (29,524 lbs/day). There appears to be little advantage in removing the 
irrigation recharge in the western portion of the Fernley agricultural area, as the associated loading 
reductions are minimal. Increased pumping (up to 200 percent of current conditions) in the Fernley 
area for municipal supplies has little effect on TDS loading in the Truckee River. Interestingly, 
forced hydraulic remediation via pumping in the Forty Mile Desert has a relatively small impact on 
the TDS loading.  
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1.0  INTRODUCTION

Long-term water quality monitoring data in the lower Truckee River Basin indicate that
during low-flow conditions, total dissolved solids (TDS) increase between the towns of
Wadsworth and Nixon, respectively (Figure 1.1). While surface returns from agricultural
activities are thought to be one source of this increase, previous studies from the 1960s (Sinclair
and Loeltz, 1963) and the 1970s (Bratberg, 1982) make a compelling case for additional
contributions from high TDS groundwater discharge to the river. These investigators further
suggested that groundwater conditions in the Fernley area were controlled at least partially by
agricultural activities within the region.

The Truckee River Water Quality Agreement of 1996 settled longstanding litigation between
the Pyramid Lake Paiute Tribe (PLPT) and the U.S. Environmental Protection Agency (EPA),
State of Nevada and the Cities of Reno and Sparks, respectively. A key element of this agreement
was a commitment by the Cities and the Department of Interior to spend up to $24 million to
purchase Truckee River water rights from downstream of Sparks. Purchased water would

Figure 1.1. Location of the Truckee River through Reno, Sparks, Wadsworth and Nixon, Nevada.
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subsequently be stored in upper Basin reservoirs for release under low-flow conditions to help the
Cities meet water quality objectives, particularly those related to nutrients and dissolved oxygen.
It was further anticipated that a reduction in irrigated agriculture within the Fernley area would
result in an associated decrease in the aforementioned high-TDS groundwater discharge to the
river, helping to mitigate salinity loading to Pyramid Lake.

Note that under extreme low-flow conditions in the lower Truckee River (<100 cfs), in-
stream TDS concentrations are not particularly alarming in and of themselves; i.e., low-flow TDS
concentrations in the range of 500 to 600 mg/L are not believed to pose an ecological risk to
aquatic life in the River’s mainstem. However, because the receiving water body for the Truckee
River is terminal Pyramid Lake, TDS loading is a major concern, particularly within the context
of the Lake’s status as important habitat for two listed species: Lahontan cutthroat trout and cui ui.
With this and other ecological considerations in mind, the TDS standard for Pyramid Lake, as
established by the PLPT, is 5,900 mg/L. The TDS standard for that portion of the Truckee River
varies from 245 mg/L for the Wadsworth/Dead Ox reach to 415 mg/L for the Dead Ox/Nixon
reach. It is important to note that these guidelines have not yet been approved by the
Environmental Protection Agency. As stated in the Tribe’s Water Quality Control Plan (PLPT,
2001), this is the value required “for the protection of aquatic life in Pyramid Lake.”

Because future management decisions, including those related to upstream dischargers, will
be based on our ability to accurately characterize all sources of TDS (point and non-point) within
the lower Basin, there was a broad-based belief among stakeholders that we needed to improve
our understanding of groundwater-surface water conditions between Wadsworth and Nixon.
Thus, in 1998, the Desert Research Institute (DRI) contracted with the Regional Water Planning
Commission through the Washoe County Department of Water Resources to help quantify the
impacts of land- and water-use changes in the Fernley area on Truckee River water.

1.1  Objectives

The objective of this report is to summarize and interpret the hydrogeologic conditions in the
Fernley area as they relate to potential TDS loading to the Truckee River. A wide range of
hydrogeologic scenarios (natural, anthropogenic, and a combination thereof) can potentially
control the solute discharge to the lower Truckee River. This study served to investigate all of the
physical processes that govern the potential sources of fluid and solutes to the river. The specific
goals of the project are fourfold:

1. Develop a baseline conceptual model for current hydrologic conditions in the Fernley
area, particularly as they relate to the Truckee River, Truckee Canal, and irrigated
lands.

2. Identify the origin(s) and sources of high TDS groundwater in the study area.
3. Quantify the relative contributions of these sources in the context of TDS mass load-

ing in the lower Truckee River Basin.
4. Develop a groundwater flow and transport model that can predict the impact of vari-

ous land-use scenarios on TDS mass loading to the Truckee River.
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1.2  Report Organization

This study can be broken down into three basic components:

1. Construction of the flow model;

2. Analysis of the geochemistry; and

3. Development of the solute transport model.

Each of these components is addressed in detail in the subsequent sections. In an effort to
fully characterize each component, the data are first evaluated for quality, then appropriate
analysis techniques are applied. In some cases, physically based models are used to understand
the important mechanisms in more detail.  

Section 2 provides a general overview of the modeling approach. There are numerous
approaches to a modeling exercise, so the point of this section is to outline the tools used to
construct the entire flow and transport model.

Section 3 provides information on the Fernley/Wadsworth area. Specifically, topics in this
section include history of the area, a site description, and previous research on the Fernley Basin.

Section 4 describes all of the components of the flow model construction. There are
numerous components required to construct a flow model including geologic and hydraulic
information, boundary conditions, model geometry, governing equations, and details of the
numerical implementation. This section discusses a novel approach used to calibrate the
stochastic model, which is defined by not one but many simulations. Details on how the mixing
cell model was used to verify the modeling approach are also given. The results focus on the
groundwater budget and a pathline analysis under uncertainty. 

Section 5 presents the geochemical data and analysis. The geochemical data includes major
ion chemistry, stable isotope chemistry, and groundwater salt loading to the Truckee River. After a
presentation of the data, each component is analyzed in the context of understanding the sources
of water and solutes.

Section 6 uses the information gained in previous sections to build the solute transport
model. This section also includes the details on the construction of the three-dimensional map of
TDS concentration, which is a critical component of the solute transport model. Details of the
governing equations and construction of the solute transport model are also provided. The results
are presented in terms of TDS loading to the Truckee River and maps of TDS concentration
versus time.

Section 7 provides a summary and conclusions for the research report. This section also
provides recommendations for future characterization activities to reduce prediction uncertainty
and recommendations for a monitoring plan that would aid in the verification of the modeling
results.

Section 8 provides recommendations for further characterization efforts.
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Section 9 provides references.

Appendices A through I provide detailed information on the wells drilled within the scope of
this project including lithologic logs, engineering logs, hydraulic analysis, preliminary water
budget, temperature logs, analysis of bedrock elevations, and hydraulic head data. Additional
information on the GIS database and flow and transport model user’s guide is provided.

2.0  GENERAL MODELING APPROACH

A suite of numerical models are used to aid in the characterization process of the
groundwater system and prediction of TDS loading to the Truckee River.  A significant amount of
data was collected throughout the project and the modeling environment serves to integrate all
available data for analysis purposes. The goal of the modeling process was to: 

1. Use state of the art tools to provide a basic understanding of the hydrogeologic system
via testing of various hypothetical conceptual models,

2. Evaluate the relative importance of model parameters and determine how uncertainty
in these parameters propagates to uncertainty in model predictions,

3. Refine the water budget that controls the groundwater system, and

4. Develop a better understanding of how changes in the groundwater system (e.g., land-
use practices) will impact the transport of solutes within the lower Truckee Basin.

To achieve these goals a suite of models was used including:

• Numerical geologic model: The geologic environment was interpreted using hundreds
of wells and their associated lithologic logs. The logs were standardized such that the
same lithologic classes were used to describe each borehole. Geostatistical methods
were used to estimate the spatial correlation structure of the lithologic units via indica-
tor variograms. The variogram information was used to interpolate lithology at unsam-
pled locations on the model grid using indicator kriging. The final product is a
description of the lithologic class at each grid node within the model domain.  

• Numerical flow model: The geologic model, hydraulic analysis, and boundary condi-
tion information were used to construct a numerical groundwater flow model. The
U.S. Geological Survey (USGS) model MODFLOW was used to solve the equations
of flow, which provides a field of hydraulic head values.  The hydraulic head field is
used to calculate the fluid flux via Darcy’s Law. The flux field describes the direction
and magnitude of the flow, which is then used by the transport model.

• Numerical solute transport model: The fluid fluxes are used in combination with initial
and boundary conditions describing the current distribution of TDS and solute sources,
respectively.  The MT3D model was used to solve the advection/dispersion equation,
which describes the movement of solutes. The model allows one to predict the future
migration of TDS within the Fernley area and the spatial and temporal pattern of TDS
loading to the Truckee River.
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• Interpolation of TDS: A novel approach was used to construct a three-dimensional
map of TDS in the model domain. A combination of TDS data from wells and airborne
resistivity was used in a co-kriging algorithm to interpolate the TDS field. The bore-
hole data provides extremely accurate TDS measurements, yet these data have a lim-
ited spatial coverage (hundreds of points). The resistivity is used as a surrogate for
TDS measurements and as such contains more uncertainty than actual TDS measure-
ments, but the spatial resolution is much larger (many thousands of points).

• Monte Carlo analysis: Uncertainty analysis is a critical component to any type of mod-
eling analysis. A Monte Carlo-style analysis provides a framework in which the uncer-
tainty of the model predictions is evaluated in a rigorous manner.

3.0  FERNLEY/WADSWORTH AREA

3.1  History of the Area

Humans have inhabited the Truckee and Carson river basins for over 10,000 years. Before
Europeans, the primary residents were Paiute Indians, who hunted and fished in these areas. In
1827, Jedediah Strong Smith was among the first Europeans to enter the area. He, along with
several other trappers from the Rocky Mountain Fur Company, traversed through nearly 75 miles
of Truckee Meadows in search of pelts (Simonds, 1996). In the following years, several
Europeans explored the Truckee and Carson rivers and surrounding areas, but settlement in these
lands did not occur until gold was discovered near Virginia City, in Storey County, in 1859
(Simonds, 1996). The ore body became known as the Comstock Lode, which attracted many
settlers to northern Nevada. 

The sudden increase in population placed heavy demands on the area's natural resources.
Water was diverted from the Truckee River and Lake Tahoe basins to accommodate the Comstock
Lode operations. The first irrigation ditches were built in 1860s to divert water from the Truckee
River to the Truckee Meadows (Simonds, 1996). Several small-scale dams were constructed
along the Truckee River, as well as at the outlet at Lake Tahoe throughout the late 1800s. As the
population in the region increased, the Truckee River became seriously polluted as a result of
wastewater flowing freely into the river and the demand for irrigated water increased. To address
irrigation demand, the Reclamation Service created the Newlands Project in 1903 (Nevada
History Website).

The Newlands Project was implemented to improve the irrigation system from the Truckee
and Carson rivers. The project's goals included reclamation of over 300,000 acres in western
Nevada, as well as diversion of water from the Truckee River through the Truckee River Canal to
the Carson River, where water would be used to irrigate land in the Carson River Basin. The
Truckee River diversion would also include the construction of Derby Dam to divert the water
into the canal, as well as the construction of a dam at the Lake Tahoe outlet and at the confluence
of the Truckee Canal and the Carson River (Simonds, 1996).

By 1905, the Derby Dam, Truckee Canal, and Carson River Diversion Dam were completed
(Nevada History Website). Derby Dam, located 20 miles east of Reno, is 31 feet (ft) high and
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1,300 ft long and has a diversion capacity of 1,500 cubic feet per second (cfs) (Simonds, 1996).
The Truckee Canal has a capacity of 1,500 cfs and is 31.2 miles long (Simonds, 1996). The
Carson River Diversion Dam is located five miles downstream of the Truckee Canal and Carson
River confluence and is 31 ft high, 241 ft long, and has a capacity of 1,950 cfs (Simonds, 1996).
During the first irrigation season of 1905, 108 farms were operating and 674 people occupied the
area. 

For several years after the completion of the Newlands Project, farms experienced water
shortages during the summer months and insufficient drainage in the earlier months, which often
caused farmlands to become saturated. The Lake Tahoe Dam and the Lahontan Dam were
completed in 1913 and 1915, respectively, to rectify summer water shortages (Nevada History
Website). Lake Tahoe Dam is 18 ft high and 109 ft long with a storage capacity of 730,000 acre
feet (af). Lahontan Dam is located near the Truckee Canal and Carson River confluence and is
162 ft high, 1,300 ft long, and has a storage capacity of 273,600 af (Simonds, 1996). In 1917, the
Truckee-Carson Irrigation District was formed to contract projects to excavate a new drainage
system (Nevada History Website). By 1928, 230 miles of drains were excavated, and farms were
once again in full operation. After the Lahontan Dam, the Lake Tahoe Dam and drainage system
were completed, and the amount of farmland receiving project water began to rise significantly
each year. In 1915, approximately 43,000 acres were under irrigation, with 571 farms receiving
project water (Simonds, 1996). By 1940, 47,363 acres were under irrigation with 729 farms,
averaging 108 acres each, receiving water. The estimated total crop value in 1940 was $742,270,
with forage crops being the primary products (Simonds, 1996). 

During the 1920s and early 1930s, the Truckee-Carson region experienced severe droughts,
leading to a lack of irrigation water. Water users were forced to look for alternate sources of water,
such as pumping Lake Tahoe. In 1924, 4,603 af of water was pumped from Lahontan Dam, and in
1929, approximately 34,000 af had to be pumped from Lake Tahoe. A year later, an additional
25,000 af were needed to relieve the conditions in the Truckee-Carson region (Simonds, 1996). In
1935, the Truckee River Agreement was ratified to prevent over-pumping of Lake Tahoe by
establishing the natural rim of the lake and allowing six feet of storage (Nevada History Website).
Boca Dam was completed on the Little Truckee River in 1939, which supplemented irrigation by
allowing 41,000 af of water storage (Nevada History Website). 

By 1967, Pyramid Lake, located northeast of Reno, had reached its lowest levels as a result
of the Truckee River diversion at Derby Dam. During this time, approximately 990 farms were
operating, with nearly 73,000 acres receiving project water (Simonds, 1996). The Newlands
Project Operating Criteria was enacted during this time to reduce diversions from the Truckee
River and use more water from the Carson River (Nevada History Website). The total water
diversion was set at 406,000 af/yr, which allowed more water to flow into Pyramid Lake;
however, the Pyramid Lake Paiute Tribe felt this was not enough to save the declining fish
populations. In 1968, the tribe began filing lawsuits against the Truckee-Carson Irrigation District
to save the declining lake. The lawsuits eventually led to the release of the Gesell Opinion in
1973, which reduced the diversions at Derby Dam from 406,000 af to 288,129 af/yr (Nevada
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History Website). During this year, the Endangered Species Act was passed, which helped in
eventual acquisition of water rights for endangered fish species in Pyramid Lake. 

Newlands Project water is still primarily used for agriculture. The current irrigation system
can provide water for 66,700 acres on the north and south sides of the Carson River, as well as
6,200 acres along the Truckee Canal (Simonds, 1996). Alfalfa is the primary crop, grown on
35,500 acres, followed by cereal crops, which are grown on 9,950 acres. The irrigation system
also provides water for 4,000 acres of pastureland. In 1992, the total crop value was estimated at
$13,291,921 (Simonds, 1996). The number of people receiving project water was approximately
18,000 (Simonds, 1996). The Newlands Project also provides water for recreation, such as
boating and fishing at Lahontan Reservoir.

The lower Truckee River flows past an irrigated farming district in Fernley, Nevada. The
economy of the Fernley area has historically been based on agriculture (Van Denburgh and
Arteaga, 1979). Derby Dam was completed in 1905 and historically diverted almost half of the
annual flow of the Truckee River into the Truckee Canal, approximately 240,000 af/yr (Bratberg,
1980). Diversions into the Truckee Canal are generally less than 100,000 af/yr (Bratberg, 1980).
The Truckee Canal, located south of the Fernley Farm District, is 32.5 miles long and unlined for
the majority of its length. Surface water, from the Truckee Canal, used for irrigation is the major
source of recharge in the lower Truckee Basin. 

Groundwater pumping for industrial and public supply purposes has increased since the
1960s. The Nevada Cement Co. uses groundwater to run its facility and has been the primary
industry in the Fernley area since operations began in 1964 (Van Denburgh and Arteaga, 1985).
The population in the Fernley area has been steadily growing for the past 40 years. According to
Van Denburgh and Arteaga, the population more than doubled each decade from 1960 to 1980.
From 1990 to 2000, the population in Fernley grew from 5,188 to 8,543 people (U.S. Census
Bureau, 2001) The population increase in Fernley suggests that there is a shift from agriculture to
a more urbanized setting. This economic shift results in fewer acres of irrigated land supplying
surface water as recharge to the basin. Additionally, the population growth increases the domestic
water usage and the amount of groundwater pumped from the aquifer.

3.2  Site Description

The study area for this project is the lower Truckee River Basin (Figure 3.1), which is
bounded on the east and west by the Truckee and Pah Rah Ranges, respectively. The Virginia
Range is located south of the Truckee Canal and is the southern boundary of the lower Truckee
River Basin. The Pah Rah Range is believed to be the northern extension of the Virginia Range
(Bonham, 1969). These uplifted fault-block ranges expose Mesozoic volcanic and
meta-sedimentary rocks overlain by Tertiary lava flows and breccias (Bonham, 1969). Andesite,
rhyolite and basalt are the primary rocks in these formations. The formations also contain deposits
of tuff and diatomite (Willden and Speed, 1974). Figure 3.2 shows the surficial geology in the
Fernley area. The primary minerals found in the ranges are quartz, plagioclase, andesite and
olivine. Gypsum, calcite, chlorite, hematite and magnetite are also found in these ranges (Willden
and Speed, 1974).
7



The lower Truckee River Basin is a broad alluvial basin. The alluvium in the basin is derived
from volcanics from the surrounding ranges which have been reworked by Pleistocene Glacial
Lake Lahontan. Lake Lahontan deposited up to 1,000 feet of lacustrine sediments in the floor of
the basin. The alluvium on the floor of the Truckee Basin is overlain by these Pleistocene
lacustrine sediments. Deep lake deposits are composed primarily of silt and clay, although these
deposits are interbedded with sand and gravel lenses. Lake Lahontan had no outlet, therefore all
of the lake water evaporated. As Lake Lahontan evaporated, its waters became saline and soluble
minerals precipitated out of solution and were deposited with the lake sediments (Sinclair and
Loeltz, 1963). The predominant salt present in the vadose zone is miribalite. Gypsum and
magnesite are also present in lesser amounts.

The channel of the lower Truckee River has meandered across the valley reworking the
lacustrine deposits of the lower basin. A series of river channels are buried in the sediments of the
lower basin creating complex hydrofacies within the basin. In areas not affected by the river, the
geology is more or less homogeneous between the confining mountain ranges, with volcanic
gravel piles on the slopes of the mountains overlain by lacustrine sediments. Clay layers from
glacial Lake Lahontan act as aquitards, causing confined aquifers at depth, some of which are
artesian. 

West of Fernley, there is a series of north-northwest-trending faults called the Walker Lane
fault zone (Figure 3.2). This zone of faulting and deformation is described as approximately 4 to 5 

Figure 3.1. Location of the Fernley study area and borehole locations.
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Figure 3.2. Fernley area surficial geologic map. 
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miles wide (Bell, 1981). The Walker Lane fault system has an unknown impact on groundwater
flow. Mixing cell modeling suggests that the fault has significant control as a barrier to horizontal
flow and a conduit to vertical flow (Cook, 2000).

The primary sources of water in the Truckee River are discharge from Lake Tahoe and
snowmelt from the Sierra Nevada Mountains. This study is concerned with the lower Truckee
River Basin, which is the contributing area below the USGS Vista Gauge to Pyramid Lake. The
Truckee River is contained in a narrow canyon from the Vista gauge to Derby Dam. The canyon
widens into the Dodge Flat Basin below Derby Dam.

The lower basin is in the rain shadow of the Sierra Nevada. The climate is semi-arid with an
average annual precipitation of only 4.5 inches on the basin floor. The majority of the
precipitation in the basin occurs in the surrounding mountains during the winter months (Sinclair
and Loeltz, 1963). The banks of the lower Truckee River are lined with irrigated agriculture, not
all of which is part of the Fernley Farm District.

3.3  Previous Research

Numerous investigations have been performed to characterize the geology, hydrogeology,
and geochemistry in the Fernley area. Table 3.1 shows the primary investigations and associated
scope.

Sinclair and Loeltz (1963) mapped the phreatic surface of groundwater in the Fernley area.
Their investigation showed that groundwater in the Fernley aquifer moves north, toward the river.
Bratberg (1980) has shown the lower Truckee River to be a gaining stream during low-flow
conditions, by examining increases in electrical conductivity (EC) along the river. Groundwater
entering the Truckee River along this stretch is high in dissolved solids, relative to the river water,
and degrades the quality of the river. In addition, diversions into the Truckee Canal reduce the
amount of water in the lower Truckee River. Van Denberg et al. (1973) measured flow at the
Wadsworth and Nixon USGS gages to understand flow increases in the lower Truckee River.
They concluded that the highest increase in river flow was attributed to the Fernley groundwater
flow system. Cockrum (1994) examined nutrient contributions to the lower Truckee River from
irrigation return-flow ditches and groundwater contributions. Electrical conductivity data
collected for his thesis show that surface water irrigation return flow is only slightly higher in EC
than water in the lower Truckee River. This suggests that irrigation surface return-flow
contributions to the river are not a significant contributor of salts to the river. Van Denberg and
Arteaga (1979) determined that under pre-canal conditions, natural recharge and groundwater
discharge to the river and northern basin was on the order of 600 af/yr. Median groundwater gains
to the river are typically on the order of 14.4 cfs and 10.2 cfs for the Derby Dam to Wadsworth
and Wadsworth to Nixon reaches, respectively (Wateresource Consulting Engineers Inc., 1998).
10
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Table 3.1. Primary investigations and scope.

Author Date Title Description

Bonham, Harold F. 1969 Geology and Mineral Resources
 of Washoe and Storey Counties, 
Nevada

Description of geology in Washoe and Storey counties, 
Nevada

Bratburg, David 1980 Hydrogeology of Dodge Flat 
and its Relation to Flow and 
Quality Changes in the Truckee 
River

Hydrogeology of Dodge Flat: the Fernley groundwater 
system and discharge from Dead Ox Meadow affect the 
quality of the lower Truckee River

Bureau of Reclamation 2001 Newlands Project Website History of the Newlands Project

Simmons 1996 Final Report of the Secretary 
of the Interior to the Congress 
of the United States of 
Newlands Project Efficiency 
Study

Analysis of structural improvements and changes in 
operations that can raise the efficiency of the Newlands 
Project to a 75% efficiency level

Cockrum, D.K. 1994 Characterization of the Impact 
of Agricultural Activities on 
Water Quality in the lower 
Truckee River

Water quality of lower Truckee River: point surface 
return-flows from agriculture significantly raise the 
nutrient, periphyton, and oxygen concentrations in the 
lower Truckee River

CH2M Hill 1990 Investigation of Potential 
Groundwater Recharge and 
Rapid Infiltration and 
Extraction Projects at 
Dodge Flat

Waste water infiltration project at Dodge Flat: 
recharging 20 million gallons of wastewater per day 
into the subsurface via infiltration is feasible 

University of Nevada, 
Reno

1971 Newlands Project Water Study 
Progress Report: Water Year 
1970

First year of three-year-long study on Newlands 
Project: description and analysis of soil types, water 
table, irrigation, and water requirements in Project Area

University of Nevada, 
Reno

1972 Newlands Project Water Study 
Progress Report: Water Year 
1971

Second year of three-year-long study: study was 
expanded to include large acreages in Stillwater, 
Sheckler, and Fernley Bench areas

University of Nevada, 
Reno

1972 Newlands Project Water Study: 
Water Year 1971

Results of study are the same as those stated in the 
progress report for the 1972 water year

University of Nevada, 
Reno

1973 Newlands Project Water Study: 
Water Year 1972

Third year of three-year-long study: changes in soil 
moisture content, surface irrigation water 
measurements, and water requirements from 1970 to 
1972

Guitjens, J.C. 1999 Modeling Management 
Alternatives for Efficient 
Water Use and Drainage 
Reduction

An example of how hydrodynamic modeling can be 
used to determine the optimal use of irrigation water.

Katzer, T., Leising, J.F., 
Brothers, K, and Ball, G..

1998 Hydrogeological Evaluation and 
Groundwater Modeling of the 
Wadsworth-Dodge Flat Area, 
Washoe County, Nevada

Evaluation of three resource options for the town of 
Fernley: a flood plain aquifer next to the Truckee River, 
use of the Dodge Flat groundwater system for artificial 
recharge, storage, and distribution of Truckee River 
water through wells, and the use of the Dodge Flat 
aquifer as a groundwater resource

Klotz, J.R. 1997 Riparian Hydrology and 
Establishment of Woody 
Riparian Vegetation

Evaluation of the water requirements for Cottonwoods 
along the Truckee River
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4.0  FLOW SIMULATION

4.1  Conceptual Flow Model

The first step is to develop a conceptual model of the groundwater system of interest. The
purpose of building a conceptual model is to simplify the field problem and organize the
associated field data so that the system can be analyzed more readily (Anderson and Woessner,
1992). An effective conceptual model is one that is simple enough to be manageable, yet one that
maintains enough complexity to achieve the goals required of the model.

4.1.1 Groundwater Flow Equations

There are several basic laws governing the motion of fluid in a porous medium. For a
thorough review of groundwater flow concepts, the reader is referred to Hydraulics of
Groundwater (Bear, 1979). Henry Darcy, in 1856, showed that the rate of flow (Q [L3T-1]) through
a porous medium is proportional to the cross-sectional area (A [L2]) and the head difference (h
[L]), and inversely proportional to the length l (L) over which the head difference occurs.
Equation 1, known as Darcy’s Law, presents this relationship mathematically:

Table 3.1 Primary investigations and scope.
Author Date Title Description

Mahannah, C.N., 
Guitjens, J.C., and York, 
C.R.

1975 Western Nevada Water 
Controversy

Summary of the physical, political, and legal 
ramifications associated with the Truckee and Carson 
Rivers and Pyramid Lake, and Newlands Project 
efficiency and water requirements

Nevada Division of Water 
Planning

2001 Truckee River Chronology 
Website

History of the Truckee River and associated water 
projects

Rollins, M.B. 1965 Water Quality of the Newlands 
Reclamation Project

Analysis of irrigation and drainage water quality in the 
Newlands Project Area: irrigation water is of relatively 
good quality and drainage water in some areas is of 
poor quality

Sinclair W.C. and Loeltz, 
O.J.

1963 Groundwater Conditions in the 
Fernley-Wadsworth Area, 
Churchill, Lyon, Storey, and 
Washoe Counties, Nevada

Sources of groundwater recharge and the groundwater 
quality in the Fernley area

Strathorn, A.T. and Van 
Duyne, C.

1911 Soil Survey of the Fallon Area, 
Nevada

Description of soils in the Fallon Area

Van Denburgh, A.S., 
Lamke, R.D., and Hughes, 
J.L.

1973 A Brief Water-Resources 
Appraisal of the Truckee River 
Basin, Western Nevada

Factors influencing inflow and outflow rates in 1973 
for the Fernley area

Van Denburgh, A.S. and 
Arteaga, F.E.

1979 Revised Water Budget of the 
Fernley area, West-Central 
Nevada, 1979

Factors influencing inflow and outflow rates in 1979 
for the Fernley area

Wilden, R. and Speed, 
R.C.

1974 Geology and Mineral Deposits 
of Churchill County, Nevada

Description of the geology in Churchill County, 
Nevada
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where K [LT-1] is a coefficient of proportionality referred to as the hydraulic conductivity.

Using Darcy’s Law and the conservation of mass results in equation 4.2:

where W represents the sum of sources to the system, K is the hydraulic conductivity, h is the
hydraulic head, and x,y,z are the Cartesian coordinates.

Equation 4.2 is used to represent the system under steady-state conditions.  A thorough
review of the hydraulic head data (see Appendix D) indicates that the system is in a state of
dynamic equilibrium.  For example, wells within the Fernley Agricultural area (Wells 6 and 7)
show a sinusoidal fluctuation with an annual period and a 1 - 2 m amplitude and no long term
trend.  Groundwater systems with sinusoidal variations in hydraulic head with small amplitude
and no apparent long term trend can be adequately simulated with a steady-state model.  The use
of a steady-state flow groundwater flow model is further justified considering the fact that the
annual water level fluctuations of 1 - 2 m are less than the expected errors associated with a
regional model of this type and an overall head loss of over 60 m.

4.1.2 Model Selection

The MODFLOW computer program (McDonald and Harbaugh, 1988; Harbaugh and
McDonald, 1996) is used to quantify the groundwater system in the Fernley/Wadsworth/Dodge
Flat area. MODFLOW uses a finite difference scheme to solve the groundwater flow equations.
The model domain is discretized into a series of finite difference cells at which the model solves
for the hydraulic head value based on the selected boundary conditions, hydraulic parameters, and
source-sinks. Certain parameters required by the model are uncertain and are determined via an
automated calibration procedure. The calibration process is controlled by the external program
Parameter ESTimation (PEST, Watermark Computing, 1998). PEST not only provides the set of
parameters that yields a minimum difference between observed and simulated hydraulic head
values, but it also provides the sensitivity of the model results to each calibration parameter. Three
primary components of a conceptual model are characterization of the hydrostratigraphy, a water
budget, and identification of the flow system.

4.1.3 Hydrostratigraphy

The relevant and available geologic and hydraulic information for the model domain was
compiled to define the hydrostratigraphic units and parameterize the model. Most of the
information was obtained from historic and recent well logs. For this study, well information was
obtained from four sources: 1) domestic wells from the State Engineer’s Office; 2) the Truckee
Meadows Water Reclamation Facility (TMWRF); 3) the Town of Fernley; and 4) Washoe County.

(4.2)
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4.1.3.1 Well Logs

Approximately 300 wells were used to characterize the hydrostratigraphy of the area. Figure
4.1 shows the location of all wells. The well logs from the State Engineer’s Office were located to
the nearest ¼ - ¼ section. Some of those wells were surveyed to obtain their location; others were
assumed to fall in the center of the documented ¼ - ¼ section. The majority of the wells were
domestic wells that only penetrated the top 20 meters. In addition to the domestic wells, there are
three wells used by the Town of Fernley for municipal water supply, eight wells along the river
used by TMWRF, and 21 wells drilled in 1998 and 1999 by Washoe County. The database of all
wells used for this project is in Appendix B-4.

The lithology type noted on the driller’s logs for each well was simplified for this project. In
cases where the lithology was a combination of soil textures (e.g., sandy-loam or gravel with
clay), best scientific judgment was used to assign a single lithology type to the soil unit. The
lithology types used for the model were: clay, sand, gravel, shale, fractured rock, and bedrock.

Figure 4.1. Well locations.
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Values from the model above that were used in kriging are: 
• nugget:  0.125 
• sill:   0.23 
• correlation length: 24,000 meters 

 
The indicator kriging program IK3D (Deutsch and Journel, 1992) was used to interpolate the 

data. The difference between indicator kriging and ordinary kriging is that, in indicator kriging, 
values may only exist as part of a discrete group, not as a combination of groups. For example, if the 
kriging program estimates that a value lies between a clay and a sand, the soil type with the greatest 
likelihood of occurrence at that location will be chosen, not some combination of the two soil types. 
The kriging results at an elevation of 1,205 m are shown in Figure 4.3. The distribution of soil 
shown in Figure 4.3 was used with an estimate of the hydraulic conductivity of the soil type to 
characterize the groundwater flow model. 
 

 
Figure 4.3. Simulated map of lithologic units at an elevation of 1,205 m. 

4.2 Boundary Conditions 
The boundary conditions describe the hydraulic behavior at the model boundaries. Various 

types of boundary conditions are employed throughout the model domain and were determined 
through a combination of analysis techniques. The following is a brief description of each boundary 
type used in the model. 



• The Type I boundary is a boundary of prescribed potential. Also called a Dirichlet
boundary or specified head, the hydraulic head (h) is prescribed for all points of this
boundary. Type I boundaries are usually used for bodies of open water or in areas a
great distance away, and therefore relatively unaffected by activities in the system.

• The Type II boundary is one of prescribed flux. Also called a Neumann boundary or
specified flux, the flux perpendicular to the boundary is known for all points. A no-
flow boundary, such as that occurring at the aquifer/bedrock interface, is a subset of
the Type II boundary, that is, the flux perpendicular to this boundary is specified at
zero.

• The Type III boundary is used as a semipervious boundary. Type III boundaries, called
general head or Cauchy boundaries, occur when there is a layer of low permeability
separating two domains of water—for example, a river and the aquifer. In MOD-
FLOW, the low permeability layer is represented by a conductance term. The conduc-
tance incorporates the permeability and the thickness of the medium.

The following boundaries are included in the model and are shown in Figure 4.4.

Figure 4.4. Fernley groundwater model--boundaries, sources, and sinks.
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1. Specified head (Type I) boundary along the eastern boundary. This accounts for fluid
flow migrating toward Brady Hot Springs to the east. Groundwater levels indicate that
a portion of the groundwater flows to the east. Heads along the eastern boundary were
estimated using nearby wells. Since the specified heads are lower than heads directly
to the west, flow is induced eastward and out of the system.

2. Specified head (Type I) boundary along the northwestern boundary surrounding the
Dodge Flat area. This boundary accounts for fluid flow derived from the Pah Rah
Range as determined from the Dodge Flat model (Wateresource Consulting Engineers,
1998). The model of the Dodge Flat region was used to define the general groundwater
flow behavior in this region and has been modified to match to resolution and com-
plexity of the DRI model.

3. Specified flux (Type II) boundary along the southern boundary. This boundary is mod-
eled by a recharge area that represents fluid flow migrating from the south to the study
area. It should be noted that this source of water is a relatively recent development as
derived from the geochemical analysis. Although the geochemistry suggests that flow
is entering the model domain from the south, the exact flow rate is uncertain. As such,
the magnitude of the southern fluid flux will be treated as a calibration parameter.

4. General head boundary (Type III) along the Truckee River. The longitudinal distribu-
tion of river stage is specified by average flow conditions (29 m3/s) and the associated
rating curves (flow vs. stage relationship) developed by DRI at five locations along the
Truckee River. Though head is fixed in the river itself, head in the model cells identi-
fied as ‘river cells’ is computed using the river head and the conductance of the chan-
nel bottom. The difference between using a general head boundary and a fixed head
boundary is that the effect of the river on the aquifer is moderated by the channel sedi-
ments (reflected in the conductance term).

5. Specified flux surface boundary (Type II) within irrigated areas. The exact magnitude
of the net drainage due to irrigation and seepage from laterals is uncertain, so the mag-
nitude of the fluid flux will be treated as a calibration parameter. Analysis of irrigation
drainage was conducted using first-order uncertainty analysis combined with vadose
zone modeling.

6. Seepage from the Truckee Canal is modeled as a specified flux surface boundary
(Type II). It is treated as a line source resulting in recharge values for each model cell
varying with the length of canal in the cell.

7. Specified flux surface boundary (Type II) associated with mountain block recharge.
Although the magnitude of this fluid flux is small relative to other sources, it is
included for completeness. The range of the recharge flux is determined via a combi-
nation of the Maxey-Eakin (1949) and prism approaches.

8. Specified flux internal boundary (Type II) associated with consumptive use for munic-
ipal, commercial, and domestic uses are treated as withdrawal wells. The magnitude of
the consumptive use is taken as the average rates specified in the 1993 and 1996 Fern-
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ley Hydrographic Area Water Budget- Draft Report (Broadbent and Associates, 1999).
Although numerous domestic wells exist within the model domain, the domestic well
withdrawal is extremely small relative to other terms in the water budget. Therefore,
there is no advantage in simulating all domestic wells within the system. As such, all
well withdrawals will be integrated into three locations associated with City of Fernley
production well locations (see Figure 4.5).

9. No-flow specified flux (Type II) boundaries along the base of the model not described
above. No appreciable amount of groundwater flow is known to flow into or out of the
Fernley groundwater system from consolidated rocks that are not associated with
higher elevation recharge (Van Denburgh and Arteaga, 1979).

4.2.1 Specified Head Boundary Condition

To run the model, it is necessary to specify initial conditions and boundary conditions. Head
(or energy) at the boundaries was estimated using water levels at the approximately 300 wells in
or near the model domain (well information is presented above in section 4.1). The kriging
method (described above) was used to interpolate water levels from known locations to the model
domain. The locations identified as specified head boundaries were assigned heads that remain
constant throughout all model simulations.

Figure 4.5. Location of town of Fernley wells.
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The method used to determine specified heads at the boundaries was also used to provide the
initial conditions, or starting heads, for the remaining portion of the model domain. However,
because data were only available for the top portion of the model domain, the bottom layers were
assumed equal to the bottom-most layer for which there is information. A complete description of
the model domain is provided below.

4.2.2 Town of Fernley Wells

The Town of Fernley operates several wells for municipal water supply. The three primary
wells (Figure 4.5) extract approximately 7,200 m3/d (2100 acre-ft/yr) from the aquifer.

4.2.3 Natural Recharge Boundary Conditions

The purpose of this study is to present mountain front recharge estimates for the Fernley,
evada, hydrographic area. Since previous studies, newly acquired precipitation data and
ethods for estimating runoff and subsurface flow have been derived for the Humboldt River
asin, making the reevaluation of the system warranted. 

The study includes estimations of average annual:

• Water yield (surface and subsurface flow) from mountain block areas, using methods
developed for the Middle Humboldt River Basin (Berger, 2000);

• Distribution of precipitation for the Fernley hydrographic area, developed from Daly
et al. (1994), precipitation-elevations regressions on independent slopes model
(PRISM);

• Groundwater recharge in mountain block areas using revised Maxey-Eakin methods
(Nichols, 2000); and

• Groundwater recharge in mountain block areas using a mass balance approach, where
the difference between water yield and surface runoff equal subsurface flow.

• The reference period of the study is based from the PRISM precipitation map, which is
from 1961-1990. A steady-state approach is used where inflow equals outflow from
the mountain block area. Annual net change in groundwater storage is negligible due
to the assumption that the hydrologic system is in equilibrium. For the Fernley moun-
tain block areas, inflow from precipitation, Pmb, equals outflow through runoff,
ROmb, subsurface flow, SBmb, and sublimation and evapotranspiration of soil mois-
ture and precipitation, ETmb. Subsurface flow and revised groundwater recharge esti-
mations from the mountain block are considered mountain front recharge in this study. 

.2.3.1 Estimation of Annual Precipitation 

The PRISM model (Daly et al., 1994) for estimating precipitation distributions, was used to
evelop annual precipitation distributions for Nevada, (Oregon Climate Service, 1997). The
istribution of annual precipitation was derived from weather station data throughout Nevada for
he period of 1961-1990. Within the Fernley mountain block area, the PRISM precipitation
istribution was used to calculate the depth and volume of average annual precipitation (Figure
.6).
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4.2.3.2 Estimation of Runoff and Water Yield

A previous study in Eagle Valley (Berger ,2000) estimated subsurface flow below
streambeds at eight stations. Estimates of subsurface flow were derived from the use of test holes,
slug tests, geophysical tools, Darcy’s Law and chloride-balance methods. These estimates were
assumed to be representative of subsurface outflow from mountain block areas in Eagle Valley.
As part of the same study (Berger, 2000), water yield estimates were derived by adding annual
subsurface flow to mean annual surface runoff at five stations located at the mountain front. The
annual volume of subsurface and surface flow estimated (acre-ft/yr) was divided by the watershed
area at each study site to make a correlation between precipitation and water yield. Least-squares
regression analysis of mean water yield (dependent variable) and precipitation (independent
variable) found a good correlation, R2 of 0.93. Least-squares regression analysis of mean annual
surface runoff (dependent variable) and precipitation (independent variable) also found a good
correlation, R2 of 0.91. Berger, (2000) found that estimates of runoff from ungauged watersheds
using methods described by Moore (1968) provided reasonable estimates of runoff when
compared to gauged watersheds. These estimates of runoff from ungauged watersheds were also
found to plot close to the best-fit curve of the regression model for mean annual runoff. 

To transfer these regression equations to the Middle Humboldt River Basin, modifications to
the equations correlating average annual water yield and runoff to precipitation were made by

Figure 4.6. Fernley hydrographic boundary, mountain block area and PRISM precipitation 
distribution.

Precipitation

Zones
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using gauged runoff data in north-central Nevada to adjust constants and coefficients (Berger,
2000). 

Regression equations that were modified to represent the Middle Humboldt River Basin are
applied to PRISM precipitation within the mountain block zones of the Fernley area: 

where W = average annual water yield from mountain block, in/yr; Pmb = average annual precipi-
tation on mountain block, in/yr

and

where ROmb = average annual runoff from mountain block, in/yr; Pmb = average annual precipita-
tion, in/yr.

A geographic information system (GIS) was used to calculate the mountain block area
within precipitation zones.  Precipitation, mountain block area, and modified regression equations
were input into a spreadsheet to calculate the depth of water yield and runoff. The area of
mountain block associated with different precipitation zones was multiplied by the depth of runoff
and water yield to equal annual discharge. 

4.2.3.3 Mountain Block Recharge

Mountain block recharge estimates are derived using two approaches. The first is a mass
balance approach, in which a number of budget components are analyzed. The second approach
uses the Maxey-Eakin method. 

The first method uses a simple mass balance approach, where infiltration of precipitation
and runoff are the major mechanisms of recharge on the mountain block areas. Assuming a
steady-state system, mountain block recharge was determined as the residual between estimates
of runoff and water yield (Figure 4.6) as described in 4.2.3.2.

The second method has been widely used within the Great Basin (Maxey and Eakin, 1949).
Since this method was developed, evapotranspiration studies have been made in 16 basins in
eastern Nevada (Nichols, 2000) and were used to revise the Maxey-Eakin method by analyzing
groundwater discharge rates. Statistical analysis was used to describe recharge as a fraction of
precipitation. PRISM was used in the development of the revised Maxey-Eakin method. Nichols
(2000) found that the regression equation that best fits the relation between precipitation and
recharge is,

where Rgw = average annual groundwater recharge, af/yr, Pa = average annual volume of precip-
itation within 8-12 in of precipitation; Pb = average annual volume of precipitation within 12-16

W = 0.00273 Pmb
2.56          R2 of 0.86 (4.4)

ROmb = 0.0000228 Pm
4.34      R2 of 0.89 (4.5)

Rgw = 0.008(Pa) + 0.130(Pb) + 0.144(Pc) + 0.158(Pd) (4.6)
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in of precipitation; Pc = average annual volume of precipitation within 16-20 in of precipitation;
and Pd = average annual volume of precipitation within 20-34 in of precipitation. 

This revised relation (Nichols, 2000) between precipitation and recharge was applied to the
mountain block areas of the Fernley watershed to estimate average annual mountain front
recharge (Table 4.1).

Table 4.1. Natural recharge estimates by region and methodology.
Region Area

(acre)
Mtn. Prec.

(in)
Runoff

(in)
Water Yield

(in)
Recharge

(af)
Maxey-Eakin

(af)

"northern" 243.88 9.00 0.1370 0.7569 12.60 1.46328

"northern" 42.39 9.00 0.1370 0.7569 2.19 0.25

"northern" 1228.90 13.00 0.5877 1.9402 138.51 173.07

"northern" 3773.43 9.00 0.1370 0.7569 194.92 22.64

"northern" 315.70 9.00 0.1370 0.7569 16.31 1.89

"northern" 13.17 7.00 0.0506 0.3978 0.38 0.06

"northern" 50.27 7.00 0.0506 0.3978 1.45 0.23

"northern" 3.02 7.00 0.0506 0.3978 0.09 0.01

"northern" 0.87 7.00 0.0506 0.3978 0.03 0.00

"northern" 79.61 7.00 0.0506 0.3978 2.30 0.37

TOTAL 368.78 200.01

"southern" 2713.79 7.00 0.0506 0.3978 78.50 12.66

"southern" 6376.71 9.00 0.1370 0.7569 329.39 38.26

"southern" 12316.65 7.00 0.0506 0.3978 356.27 57.48

"southern" 3006.12 11.00 0.3033 1.2651 240.95 22.04

"southern" 2382.52 13.00 0.5877 1.9402 268.54 335.54

"southern" 2180.19 15.00 1.0358 2.7987 320.30 354.28

"southern" 1726.74 17.00 1.7002 3.8558 310.17 352.25

"southern" 668.37 19.00 2.6412 5.1259 138.39 152.39

TOTAL 2042.51 1324.91

"western" 4194.78 19.00 2.6412 5.1259 868.58 956.41

"western" 4519.60 17.00 1.7002 3.8558 811.84 922.00

"western" 1902.03 11.00 0.3033 1.2651 152.45 139.48

"western" 2621.36 15.00 1.0358 2.7987 385.11 425.97

"western" 243.30 9.00 0.1370 0.7569 12.57 14.60

"western" 1656.60 21.00 3.9258 6.6228 372.33 458.05

"western" 0.71 23.00 5.6283 8.3596 0.16 0.22

"western" 0.06 23.00 5.6283 8.3596 0.01 0.02

"western" 1.63 17.00 1.7002 3.8558 0.29 0.33

"western" 1008.68 11.00 0.3033 1.2651 80.85 73.97

"western" 864.41 15.00 1.0358 2.7987 126.99 140.47

"western" 5.42 9.00 0.1370 0.7569 0.28 0.33

"western" 96.28 9.00 0.1370 0.7569 4.97 5.78

"western" 0.32 9.00 0.1370 0.7569 0.02 0.02

TOTAL 2816.46 3137.63
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4.2.4 Truckee Canal Leakance

In an effort to refine the Truckee Canal seepage estimates and the uncertainty associated
with these estimates, the analysis of seepage presented in the preliminary water budget (section
4.1.2.3) was refined.  The regression analysis of Van Denburgh and Arteaga (1979) was re-
evaluated using seepage data derived via discharge differences on the canal over the period 1968 -
1979. In an effort to linearize the previously identified non-linear relationship between Truckee
Canal discharge (at Wadsworth) versus canal seepage, the seepage estimates were converted to
seepage rates per mile of canal. The flow records over the previous 20 years were used with the
developed regression equation to determine mean and variance of the seepage rates. 

Figure 4.7 shows the discharge along the Truckee Canal versus the estimated seepage rate
per mile. This regression analysis provides a linear model for estimating the canal seepage based
on the discharge in the canal. The linear model also allows one to estimate the seepage rates at
flow rates below 100,000 acre-ft/yr, which was not possible with the Van Denburgh and Arteaga
(1979) analysis. The revised seepage regression was used to bound the range of probable seepage
ranges but the value utilized in the groundwater flow model was determined via the calibration
exercise.  

To determine the variability in the seepage rates, the Truckee Canal discharge rates over the
period 1969 - 1995 were used with the regression equation to determine the distribution of
seepage rates (Figure 4.8). 

Figure 4.7. Discharge along the Truckee Canal vs. the estimated seepage rate per mile.
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4.2.5 Irrigation Recharge

4.2.5.1 Calculation of Infiltration Beneath Irrigated Fields

A key element of this study was to estimate the quantity of water that infiltrates beneath an
irrigated field in the Fernley region for one growing season and the uncertainty in that estimate.
The uncertainty in the infiltration rate (recharge) through the vadose zone is assumed to be caused
by the uncertainty in the parameters of the soil moisture retention models that are fit to the
measured soil water retention data. A first-order analysis approach that includes covariances
between the parameters is used to quantify the infiltration uncertainty. The volume of
groundwater recharge caused by infiltration beneath the irrigated fields for the growing season
was estimated based on the one-dimensional infiltration estimate and the number of irrigated
acres for the Fernley region.

4.2.5.2 General Approach to Vadose Zone Modeling at Fernley

To investigate the uncertainty in infiltration caused by the uncertainty in the soil water
retention parameters, a one-dimensional vadose zone model based on HYDRUS-2D was
developed that includes three soil layers, vegetative cover and irrigation periods during a six-
month growing season. Although no site-specific data were available for the soil texture, general
information on soil types was obtained from Mahannah and Guitjens (1972) and Albright (DRI,
personal communication, 2000) such that the soils assumed to occur beneath the modeled
irrigated field were sandy loam and sandy clay loam. The modeled soil column was assumed to be
four meters in depth based on the average depth to groundwater for the region. The variation of
soil type with depth was generally based on a measured water content with depth profile obtained
for this study. The assumed soil profile consisted of sandy loam from the land surface to a depth
of 200 cm, sandy clay loam from a depth of 200 cm to 270 cm, and sandy loam from a depth of

Figure 4.8. Distribution of canal seepage rates over the period 1969 - 1995.
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270 cm to 400 cm. The vegetative cover was assumed to be alfalfa with a maximum root depth of
130 cm. The amount of water applied in an irrigation season was 137 cm distributed in nine
applications of a total of 15.25 cm each over a 12-hour period. The total quantity of applied water
is 14% larger than the top of the range of values given in Mahannah and Guitjens (1972) but
representative of the water rights in the region. Irrigation was assumed to occur once a month in
April, May and September and twice a month in June, July and August. Information about
potential crop requirements (potential evapotranspiration) was obtained from Mahannah and
Guitjens (1972) and the actual evapotranspiration was determined by multiplying the weekly
values of potential evapotranspiration by the corresponding Blaney-Criddle crop coefficients
presented in Mahannah and Guitjens (1972).

4.2.5.3 Soil Water Retention Characteristics and their Statistics

The parameters of the soil moisture retention models for soil types of sandy loam and sandy
clay loam are available as defaults in HYDRUS-2D, however, only the mean values are included.
Carsel and Parrish (1988) presented the joint probability distributions of soil water retention
characteristics for various soil types including the two used in this study. They used the van
Genuchten model to express the soil water content as a function of pressure head and the variation
of the hydraulic conductivity as a function of water content. They presented information about the
transformation of the variables such that the transformed variable is normally distributed and
listed the mean values, corresponding standard deviations and covariances for the transformed
variables. Two transformations needed for the various parameters are SB and LN as given below
where X is the untransformed variable and Y is the transformed variable.

 The transformation and corresponding statistics are given as follows for the sandy loam and
the sandy clay loam (Carsel and Parrish, 1988).

(4.7)

(4.8)

Table 4.2. Distribution parameters for sandy loam (with  = 0.41).

Variable A B Transformation Mean of Y Standard Deviation of Y

Ks 0.0 30.0 SB -.249 1.530

θr 0.0 0.11 SB 0.384 0.700

a 0.0 0.25 SB -0.937 0.764

N 1.35 3.00 LN 0.634 0.082

Yx
X A–
B X–
------------- 

 ln=SB transformation ; A < X < B

Yx X( )ln=LN transformation ; A < X < B
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because there are three layers and four variables per each layer and  represents the covariance
between the yi and yj transformed variables.

In the first-order analysis approach, the calculation of the variance requires an estimation of
the first derivative of the infiltration with each of the parameters. These first derivatives are
usually approximated in discrete form by running the model with small changes about the mean
value for each parameter and dividing by the change in the parameter. The best application of the
first-order analysis approach requires that the response (i.e., infiltration) be linear about the mean
value, thus the “smaller” the change in parameter about the mean, the more likely the linearity
condition will hold. The approximation of the first derivatives obtained from adding and
subtracting 1/16 of the standard derivation of the transformed variable (assuming a normal
distribution, this corresponds to 2.5% of the area under the distribution on either side of the mean)
was determined to yield satisfactory results. The variance of the infiltration was obtained
considering the covariance of the transformed parameters and the standard deviation of the
infiltration was found to be 15.6 cm.

The expected value of the infiltration should include the second term in the equation that
considers the second derivatives and the covariance in the transformed variables. However,
estimating first derivatives by taking differences between model runs is difficult enough that
when second derivatives were attempted, the results were not meaningful. Thus, the second term
in the equation of the expected value of I was not considered and the mean infiltration of 65.7 cm
was considered to represent the expected value. 

4.3  Model Domain

The model domain was chosen to encompass the areas affected by irrigation, municipal
water supplies, and river dynamics.  Once the area of interest is defined a three-dimensional finite
difference grid was developed.  The grid resolution was chosen to match the resolution of the
available data.  Most of the geologic and hydraulic data is focused from the water table to
approximately 90m below the water table, but the bedrock is as much as 990 m thick in the center
of the basin.  To accommodate the varying scales of information, the grid was chosen such that
each cell is 250 m by 200 m in the east-west and north-south directions, respectively, for a total of
101 by 101 cells. The horizontal grid resolution was chosen the appropriately simulate the
variability in the geology.  The vertical resolution was refined to 10m thickness in the upper nine
layers and 100m thickness in the bottom nine layers to properly account for the increased
information in the upper portion of the model domain.

Those cells that fall below the estimated bedrock elevation or above the water table are made
inactive.  A complete description of the development of the bedrock surface is provided in
Appendix I and Figure 4.9 shows the bedrock surface.  MODFLOW allows for different types of
layers (confined, unconfined, or convertible) depending on the flow system being modeled.
Although the Fernley/Wadsworth groundwater system acts as an unconfined aquifer, one can use
the confined option to simulate the system if the water grid resolution is sufficient enough to
capture the gradients (Anderson and Woesner, 1992; Mary Hill, personal communication).  In
effect, this eliminates the non-linearities introduced by the unconfined option by adopting an
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Figure 4.9. Bedrock contours and data points.

Figure 4.10. Grid frame and active cells.
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 In MODFLOW, the initial heads do act as the values for all constant head cells. In this way,
the constant head boundaries are defined by the interpolation of measured hydraulic head values.
The constant head cells are located in the western Dodge Flat area and along the southeastern
boundary. 

4.6  Uncertainty Analysis

In an effort to quantify the uncertainty in the model predictions, a Monte Carlo-type analysis
was used. Monte Carlo analysis is a method to propagate the uncertainty in the input parameters
through the modeling environment such that the prediction uncertainty can be quantified. To
achieve this goal, input parameter distributions are specified to quantify the input parameter
uncertainty. A uniform distribution is used for all parameters to describe the range of
equiprobable parameter values. The model is run numerous times while selecting from the input
parameter distributions. Each simulation is referred to as a realization in which the parameters are
selected randomly.  In this way, one can present the most probable values (i.e., mean) and the
associated uncertainty about the mean (i.e., variance).  

4.7  Flow Model Results

Included here are the results for the (1) deterministic hydraulic head field, (2) deterministic
groundwater budget, (3) parameter estimation, and (4) verification. 

4.7.1 Deterministic Hydraulic Head Field

The groundwater flow model MODFLOW solves for the hydraulic head at every node in the
model domain.  The hydraulic head values presented are for the optimal flow solutions, which
utilize the parameter set described in section 4.8.3. Although this solution produces a minimum
error between observed and simulated head values, there are other parameter sets and solutions
that provide an adequate level of error. The nuances of each solution are investigated within the
uncertainty analysis, but for presentation purposes only, the hydraulic head field from optimal
solution is presented. Also, the head fields are presented at selected x-y layers within the model
for visual clarity such that each map represents the predicted head at a given elevation within the
aquifer. The results do not necessarily represent water table conditions.

Figure 4.11 shows the predicted hydraulic head distribution at an elevation of 1,225 m,
which is near the top of the model domain. Higher heads are found in the southern portion of the
basin, with values near 1,260 m. A hydraulic divide occurs between the western edges of the
Fernley area toward the toe of the Truckee Range, which causes two potential flow directions
from the irrigated area. Heads decrease toward the east and also toward the Truckee River.
Gradients steepen near the eastern boundary and also in the region between Fernley and the
Truckee River. The increased hydraulic gradients located between the Fernlely Agricultural area
and the Truckee River are due to a combination of lower hydraulic conductivities and a decreased
width in basin sediments. At this elevation, the Truckee River has an influence on the hydraulic
head patterns, especially in the very most northern portion of the basin. 
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Figure 4.12 shows the predicted hydraulic head distribution at an elevation of 1,205 m.
Again, higher heads are found in the southern portion of the basin, with values near 1,260 m. The
hydraulic divide exists at this level but it shifts westerly due to the influence of the deeper
production wells in the Fernley area. The Truckee River appears to have an influence on the head
patterns in the northern portion of the basin. 

Figure 4.13 shows the predicted hydraulic head distribution at an elevation of 1,185 m,
which is near the middle of the model domain. The head patterns are very similar to the 1,205-m
elevation, with the production wells having an influence in the Fernley area.

At an elevation of 780 m (Figure 4.14), which is near the lowermost portion of the domain,
the head patterns are similar to the upper layers, with higher heads to the south moving toward
lower heads in the north and east. The primary difference in the lower portion is the lack of
influence of the river at these greater depths, which suggests that the gradients direct flow to the
north. The assumed homogeneity in these deeper layers produces a more evenly distributed
gradient than observed in the upper layers, which are controlled more so by lithologic differences.  

Figure 4.15 shows the hydraulic head distribution in the Fernley area at an elevation of
1,085 m. Drawdown cones due to the Fernley production wells are seen in both the western and
eastern portions of the domain, again causing a perturbation to the flow divide

Figure 4.11. Predicted hydraulic head distribution at 1,225 m. Contour interval is 1 m.
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Figure 4.12. Predicted hydraulic head distribution at 1,205 m. Contour interval is 1 m.

Figure 4.13. Predicted hydraulic head distribution at 1,185 m. Contour interval is 1 m.
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4.7.2 Deterministic Groundwater Budget

The automated calibration procedure as described in Section 4.4 was used to determine the
boundary condition fluxes.  The "best-fit" groundwater flow solution serves to further refine the
preliminary water budget (Appendix H) .  It is also important to note that the water budget
determined from the flow model has a different control volume that is defined by the model
domain and is smaller than the entire hydrographic basin that was used for the preliminary water
budget.  The groundwater budget as determined by the flow modeling represents the most
probable budget for the system, yet there are other parameter sets and associated water budgets
that may be nearly as likely.

Figure 4.16 shows the general location of the individual components of the water budget.
Table 4.4 shows the fluid mass balance for the groundwater system. It is important to note that the
terms in Table 4.4 represent the net flux for a particular component, so some of the terms may
actually be both sources and sinks. For example, the Truckee River as simulated is both a gaining
and losing stream, but the net flux is from the aquifer to the river, so it is represented as an output
in terms of the water budget.

Figure 4.14. Predicted hydraulic head distribution at 780 m. Contour interval is 1 m.
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Figure 4.15. Predicted hydraulic distribution head at 1,085 m. Contour interval is 0.33 m.
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The groundwater budget inputs are dominated by the canal seepage and the Fernley area
irrigation recharge with fluxes of 33,506 (9,920 acre-ft/year) and 30,394 (8,999 acre-ft/year) and
m3/day, respectively. The irrigation recharge estimate is slightly larger than the average of the
1993/1996 estimates of 26,514 m3/day (7,846 acre-ft/year), which is based upon the difference
between the irrigation diversions and evapotranspiration in the preliminary water budget
estimates. The Truckee Canal seepage estimate is lower than the previous estimate of 45,589 m3/
day (13,490 acre-ft/year). The southern flux of 6,409 m3/day (1,898 acre-ft/year), which is
essentially derived from local recharge in the southern Virginia Range, is much larger than
previous estimates. The preliminary water balance estimated the total natural recharge to be 2,026
m3/day (600 acre-ft/year), yet the current model has increased this value to 8,357 m3/day (2,473
acre-ft/year), based on new methodologies to estimate natural recharge (see section 4.2.3).

The groundwater model is utilized to determine the fluid flux at model boundaries including
the Truckee River (which acts as an internal boundary), and the northwestern and southeastern
boundaries. The municipal pumping within the City of Fernley is also included as an output, but
the magnitude (7,189 m3/day) (2,128 acre-ft/year) is small compared to other terms. The
groundwater model predicts a net fluid gain to the Truckee River of 32,161 m3/day (9,522 acre-ft/
year or 13.1 cfs). It is important to note that this estimate is based on a steady-state model that
represents average discharge conditions in the Truckee River. The temporally varying flows
within the river cause both spatial and temporal variations in the fluid transfer between the aquifer
and river. It is expected though, that on average, the river will achieve a net fluid gain of
approximately 32,161 m3/day (9,522 acre-ft/year or 13.1 cfs). This estimate is in general

Table 4.4. Groundwater flow model fluid budget for the optimal solution.

Input m3/day acre-ft/year cfs

Fernley Irrigation Recharge 30,394 8,999

Wadsworth Irrigation Recharge 20,148 5,965

Southern Flux 6,409 1,898

Truckee Range Recharge 961 285

Virginia Range Recharge 987 292

Canal Recharge 33,506 9,920

Total: 92,405 27,358

Output

River Discharge 32,161 9,522 13.1

Northwest Boundary Discharge 19,768 5,853

Southeast Boundary Discharge 33,194 9,828

Fernley Pumping 7,189 2,128

Total: 92,312 27,331

Difference: 93 27

Relative Error: 0.1% 0.1%
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agreement with measured gains during low-flow events when the relative flow changes along the
Wadsworth region are large enough to accurately estimate the groundwater influx. The model also
predicts a groundwater discharge of 19,768 m3/day (5,853 acre-ft/year) along the northwestern
boundary toward the Pyramid Lake region. Likewise, 33,194 m3/day (9,828 acre-ft/year)

discharges along the southeastern boundary. It is difficult to directly compare these groundwater
discharge estimates to that of the preliminary fluid budget as the control volume is different.

4.7.3 Parameter Estimation

The calibration procedure utilized all available hydraulic head data representing current
conditions (1998 - present) to reduce the error between the simulated and observed head values.
The automated calibration algorithm (Section 4.4) provides a single set of hydraulic parameters
that statistically more likely than other parameter sets.  The algorithm also incorporates a rigorous
uncertainty analysis which allows for an assessment of the prediction uncertainty and model
uniqueness. 

Figure 4.16. Fernley Basin area showing the components of the groundwater flow model fluid budget.
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Table 4.5 shows the hydraulic parameters that yielded the optimum results. This parameter
set yielded an RMSE of 5.3 m, which is approximately 8% of the total head drop. Typically,
models with relative errors less than 10 percent are deemed acceptable for predictive purposes. 

The uncertainty analysis provides a measure of the output and input uncertainty as well as
the sensitivity of the model to the input parameters. A total of 1,100 realizations were performed
on the flow model to determine the likelihood weights. The likelihood weights (section 4.4.4) are
plotted against the input parameters to determine if a particular parameter is highly sensitive or if
the parameter combinations cause significant correlation to interrupt any single parameter
sensitivity. Figures 4.17, 4.18, 4.19, 4.20 and 4.21 show this relationship for the river hydraulic
conductivity, vertical anisotropy, and conductivity of sand, clay, and gravel, respectively. The lack
of any correlation in the figures suggests that the model solution is highly non-unique, which
indicates that there are numerous parameter sets that provide an adequate solution. 

A similar analysis was performed on the fluid fluxes that makeup the inputs to the water
balance including the southern flux, irrigation recharge and the Truckee Canal seepage. Again, no
distinct pattern is found in the likelihood functions, indicating that the model is not sensitive to the
input fluxes. 

4.7.4 Flow Model Verification

A relatively new procedure known as mixing cell analysis was utilized to verify the accuracy
of the groundwater flow model.  Recent advances in mixing-cell models allow for the use of
geochemical data determine the relative fluid flux and direction within the study area. This
independent analysis of fluid migration via a chemical analysis is then compared  to advective
flowpaths as determined from the groundwater flow model and pathline analysis to ensure that the
flow model is in general agreement with the mixing cell model analysis.

The mixing cell modeling approach applies a concept under which the chemical and isotopic
composition of a small region (described as a “cell” within the mixing cell model) is affected from
the chemical and isotopic composition of the upstream sources that flow to the cell. In general, the
specific chemical and isotopic composition of a cell is driven directly from the relative flux
flowing from each of the different sources into the cell. This concept assumes that the chemistry
of each cell represents perfect mixing of the sources flowing through the cell, and the chemical
and isotopic constituents used for the model are conservative and can be used as tracers. Since the

Table 4.5. Optimal hydraulic parameters for the groundwater flow model.

Parameter Value Units

River cell hydraulic conductivity 5 m/day

Sand hydraulic conductivity 1.7 m/day

Clay hydraulic conductivity 0.60 m/day

Gravel hydraulic conductivity 54 m/day

Bottom layer hydraulic conductivity 1 m/day

Vertical anisotropy 0.5 ( )
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number of environmental tracers that can be considered as fully conservative is very limited, it is
possible to increase the number of tracers used in the analysis by applying an optimization
technique over the entire range of chemical constituents used.

To apply the mixing cell model in the Fernley area, all available data on the water chemistry
of the basin were screened such that only the most reliable data from selected wells are used in the
analysis. Finally, a set of data that contains only recent sampling (1998-2001) were selected to
represent the basin under current conditions. Discrete water groups were selected from the
geochemical database according to similar chemical and isotopic characteristics.  Average
concentrations were calculated from within each group to remove the impacts of temporal and
spatial variability. 

The chemical and isotopic groupings were used to identify subregions within the Fernley/
Wadsworth area. Again, these subregions are defined as “cells” within the mixing cell model.
Source fluid is identified as being unique to a particular point of origin.  For example, the fluid
originating from the Truckee Canal is considered a source. With the subregions and sources
defined, the model is executed to determine potential migration pathways.  Certain constraints are
used to ensure that fluid cannot migrate from regions of lower hydraulic head to higher hydraulic
head.. The process is iterative in nature and allowed only one new cell to be introduced into the
system per iteration.

The model domain (Figure 4.22) included all the wells bounded by the Truckee River in the
west, well 15d in the north, well 10d in the east and the Truckee Canal in the south. However,
some of the sources are external to the model domain (e.g., Virginia Range). The source area
includes the Virginia Range from the southwest, south, and southeast, and the Truckee Range
from the northeast. 

The general area where TDS increases in the Truckee River (north of Wadsworth) is
coincident with the discharge area as determined from the mixing cell model. The mixing cell
model suggests the movement of water from the northwest part of the irrigated area, flowing west
and northwest to the area near the river between well 16d and well 17d. This is a depression area
in terms of the hydraulic gradient, where irrigated water and water from the river mix and then
discharge to the area represented by well fgw21 (near the Paiute Pit). Consequently, the area
between Paiute Pit and well 15d to the north is the main discharge area from the Fernley Basin
towards the Truckee River, discharging water that is mainly a mixture of water from the irrigation
area, Virginia Range and the river itself.

The deeper zones beneath the irrigated area are composed mainly of mixed water from
theVirginia Range in the south and Truckee Canal water, either from irrigation or from direct
seepage. The mixing pattern under the irrigated area between irrigation water and southern water
can be found in different degrees in different locations.  This mixing pattern is in general
agreement with the isotope mixing analysis shown in Figure 5.9 and Table 5.5.

The area represented by the Fernley Utility Pumping wells No.11 and 4 show
differentmixture pattern. Well #4 toward the south tends to contain similar amounts of Truckee
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Canal andsouthern water, while the northern well #11 contains a larger percentage of water from
the irrigated area.

A comparison of the flowlines developed from the mixing cell model and the numerical
flowmodel indicates that they are in general agreement. Figure 4.22 and Table 4.6 show the
mixing cells used and the inferred flowpaths. Figure 4.23 shows the advective particle paths as
calculated from the groundwater flow model and a particle path analysis. Particles are placed in
the southern region and in the Fernley agricultural area and allowed to migrate according to the
simulated flux field. The fluid that originates in the western portion of the Fernley agricultural
area, initially moves northwest, then just before intersecting the Truckee River the flowpaths are
oriented northward. The pathline finally intersectsthe Truckee River in the region associated with
the first significant solute loading (Figure 4.24). The mixing cell model shows similar behavior
with groundwater entering the river system at approximately the same location. According to the
flow model predictions, fluid initiating in the southern portion of the basin, either moves eastward
or enters the Fernley productions wells. Not shown are a few flowpaths that bypass the production
wells and traverse northward to the Forty Mile Desert. The mixing cell model is in general
agreement with the movement of southern waters, with the major difference being that the mixing
cell model indicates that a larger proportion of the fluid may bypass the Fernley production wells.
Likewise, the low-flow loading analysis is in agreement with the particle tracking. The particle
tracking shows fluid fluxes intersecting the Truckee River where the loading rates increase
(Figure 4.24)..

Figure 4.17. Likelihood weights vs. river conductivity.
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Figure 4.18. Likelihood weights vs. vertical anisotropy.

Figure 4.19. Likelihood weights vs. sand hydraulic conductivity.
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Figure 4.20. Likelihood weights vs. clay hydraulic conductivity.

Figure 4.21. Likelihood weights vs. gravel hydraulic conductivity.
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Figure 4.22. Cell to cell flow lines as defined by the mixing cell model. The flow rate from each source 
to each cell and in between the cells is represented in Table 4.6. It is presented as 
percentage of the total outflow.
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Figure 4.23. Advective particle paths as calculated from the groundwater flow model.

Figure 4.24. Location of solute loading on the Truckee River.
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Table 4.6. The relatieve flow from each contributing source or cell to each of the receiving cells as percentage of the total outflow of each of the flow
charts as it is presented in Figure 4.22.

Contributing Source or CellR
eceiving C

ell

W
est

S
outhw

est

S
outh

S
outheast

Irrigation

Irrigation salty

F
orty M

ile D
esert

T
ruckee R

ange

T
ruckee

R
iver

T
ruckee C

anal

10d

11d

12d

14d

4d 5d 6d 7d fdo10

fdo8

fgw
39

fgw
40

fgw
41

fgw
42

fgw
43

fgw
44

bb5 A
verage

15d Average 15.14 0.15 8.38 57.53
11d 0.80 2.10
12d 6.20 1.60 3.35
14d 6.64 34.34
4d 3.80 1.70 0.80
5d 2.72 5.25
6d 0.10 0.20 0.10
7d 3.40
8d
fdo1
fdo10 1.40 0.48 0.80

fdo8 0.80 4.20

fgw21 6.30 13.50 36.02 44.73

fgw39 0.90 0.30

fgw44 5.40 25.60 7.36

fuw11 10.00 4.30 7.20 42.00

fuw4 5.50 19.52 9.93 25.00 27.00

fuw8 48.75 27.30 2.19 13.60

fuw9 Average 18.25 26.55 3.58 3.00 44.83 4.38

bb5 Average 18.40 15.00 6.46 3.08 0.74



5.0  GEOCHEMISTRY

Several hydrogeochemistry studies of the Fernley Basin have been conducted over the past
90 years. An initial survey of soil conditions in the Fallon and Fernley areas at the onset of the
Newlands Project was compiled by Strahorn and van Duyne (1911). The study mentions the
widespread occurrence of non-carbonaceous salts (“alkali”) in these desert soils, and that the salts
are being leached by irrigation whenever the soil drainage characteristics permit. Hardman and
Venstrom (1941) estimated Truckee River runoff over a period of 100 years, based on lake level
changes in Pyramid and Winnemucca lakes. Rollins (1965) provided an extensive assessment of
the water quality status of the Newlands Reclamation Project, which included the water quality of
irrigation water and drainage water, changes in water quality as water moves through the system,
seasonal changes in water quality, and changes in soil properties due to changes in water quality. 

Since the early 1970s, hydrologic studies of the Fernley Basin and surrounding areas
increasingly identify high TDS groundwater in the Fernley area as affecting the water quality of
the Truckee River. Van Denburgh et al. (1973) identified an increase in Truckee River flow
between the Wadsworth and Nixon USGS gage sites and attributed this increase in flow to inflow
of Fernley groundwater. Brown et al. (1986) performed an extensive assessment of the water
quality status of the Carson and Truckee river systems. This report describes the fundamental
hydrologic parameters that determine water quality of these river basins. Bratberg (1980) and
Bratberg et al. (1982) conducted a study of the hydrogeology of Dodge Flat to help explain the
flow and water quality changes in the Truckee River below Wadsworth. During a low-flow TDS
survey conducted in 1979, Bratberg found that groundwater from the Fernley area entering the
river near Wadsworth and discharge from Dead Ox Meadow were the main contributors to inflow
and water quality changes in the river. Chesley et al. (1990) reviewed Truckee River water
chemistry data and gave a detailed description of the water quality data for the year 1988,
although no interpretation of the water quality trends is provided. In a brief feasibility analysis of
a groundwater supply study for the Pyramid Lake Fish Hatchery, Campana (1979) compiled
hydrochemistry data, which reveal the presence of high TDS chloride groundwaters in the Dead
Ox Wash area. Of great importance in developing a working hypothesis for this study was the
extensive hydrogeologic evaluation of Dodge Flat hydrogeology by Katzer et al., (1994). In this
study, the occurrence of high TDS groundwaters was studied in great detail. The results of this
study indicated the possibility of unsaturated zone salts being a source of high TDS groundwaters.
Unfortunately, the study was limited by the lack of cores from the subsurface formations in the
Dodge Flat area. 

In their assessment of non-point source pollution on the Pyramid Lake Paiute Indian land,
Lebo et al. (1994) identified Fernley groundwater as being a significant source of salt loading to
Pyramid Lake. Cockrum et al. (1995) studied the impact of agricultural activities on water quality
of the lower Truckee River, and showed that a significant portion of agricultural diversions
returned to the river as surface water and diffuse groundwater flow.

Sinclair and Loeltz (1963) analyzed the groundwater conditions in the Fernley/Wadsworth
area, and identified high TDS groundwaters resulting from readily soluble minerals in the
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lacustrine deposits of the Fernley Basin. As part of a detailed study of irrigation drainage near the
Fernley wildlife management area, Rowe et al. (1991) present a wealth of water quality data for
groundwater and surface water in the east Fernley area. Lico (1992) presented a detailed analysis
of these data. The Lico study determined that sediment in drains and lakes of the Fernley Wildlife
Management Area are accumulating trace elements from the overlying water column. The
chemical composition of groundwater in this area is controlled by evapotranspiration, dissolution
of sedimentary organic matter, calcite, silicate minerals, and precipitation of calcite and gypsum.
However, the study does evaluate how the presence of unsaturated zone salts may become a
source of high TDS in groundwater and surface water.  

Wateresources Consulting Engineers of Reno provided an extensive compilation of well data
and contaminant source data in their project for designing a wellhead protection program for the
Town of Fernley (Wateresources Consulting Engineers, 1994a). Additionally, nitrate and arsenic
data are provided in another report by Wateresources Consulting Engineers (1994b).

5.1  Geochemical and Isotopic Data

Initial data base development relied on a vast body of existing groundwater chemistry from
various engineering reports and the technical literature (see previous section), and the files of the
State Health Laboratory. This initial database constituted almost 400 data sets. These data from
the Fernley-Wadsworth area include mostly data for domestic wells and a limited number of
Fernley Town Utility’s wells. Unfortunately, more than 80% of these data proved to be of little use
because their exact location could not be determined, due to poor field data documentation. 

Geochemical interpretations in this report relied on 247 data chemistry sets collected
specifically for this project and 87 historical data sets. The data sets used in this study are
tabulated in Table 5.1.

5.1.1 Historical Groundwater and Surface Water Chemistry Data

All available historical data were entered into spreadsheets and merged into a single
database. Thereby, a total of 394 historical data sets were accumulated from the Fernley-
Wadsworth area, covering a time period from 1931 to 1998. Coverage is sporadic and incomplete,
both in time and space, yet at the initial stages of the project these data were helpful to obtain a
cursory insight into some basic trends in time and space. Moreover, they provided the basis for
formulating working hypotheses during the initial project meetings.

5.1.2 River Survey, Summer 1998

On July 23, 1998, a total of 14 river miles were surveyed by boat for electrical conductivity
(EC) changes (preceded by a pilot survey). Samples were taken at regular intervals. Due to the
relatively high river stage, variations in EC remained rather low, and ranged from 120
microsiemens per centimeter just below the Truckee Canal, to 156 microsiemens per centimeter
in some downstream locations. This survey was ended at a point just above Dead Ox Wash. A
total of 4foursamples from this survey were analyzed for both major ion chemistry and
environmental isotopes.
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The purpose of this survey was to duplicate the results of Bratberg’s stream EC survey of
December 5, 1979 (Bratberg, 1980). It was hoped that by the results of this survey the nature of
groundwater discharge into the stream could be better characterized. However, the data were not
sufficient to characterize groundwater inflow due to the high river stage. 

5.1.3 Monthly River Sampling

Given the inconclusive results of the summer 1998 survey, the river was continuously
monitored throughout the project. As part of TMWRF’s and DRI’s regular Truckee River
sampling routine, major ion chemistry and environmental isotope data were also collected on a

Table 5.1. Number of samples collected and literature data used for this project.

Samples collected specifically for this project Comments

Domestic wells located south of the Truckee 
Canal

8

Truckee River, monthly sampling 39 Samples collected between Wadsworth & Nixon

Paiute Pit area 7 6 Domestic wells, 1 Paiute Pit Aggregate Mine

Dead Ox Wash area 12 8 samples from 4 TMWRF monitoring wells,  4 
springs

Fernley Town Utility Wells 10

Deep and shallow TAC Wells 82

Domestic Wells, Fernley 22

TMWRF Wells 20

Canal/Ditch waters 6

Truckee Range 3

Truckee River survey 1998 4

Truckee River survey 2001 11

Virginia Range 2

Pah Rah Range, western Dodge Flat Basin 4 2 samples from monitoring wells, 2 springs

Duplicate samples collected 17 Duplicate samples collected for quality assurance

Percent of duplicates 7%

Total number of samples collected 247

Literature Data

East Fernley Wells 10 Data from Rowe et al., 1991 (USGS)

Fernley Sink 2 Data from Rowe et al., 1991 (USGS)

Geothermal Waters 3 Data from Rowe et al., 1991 (USGS) and Garside 
and Schilling, 1979.

Dodge Flat 14 Data from Katzer et al., 1994.

Fernley Town Utility Wells 58 Data from the files of Fernley Town Utilities

Total number of current data sets used in this 
study

334

Total number of historical data sets gathered 394 Engineering reports, and State Health Lab

Number of historical data with reliable location 
data

87 Useful data only
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monthly basis. This effort is ongoing. All samples were analyzed for major ions, but only a
selected number of samples from late 1998 and the summer of 1999 were analyzed for the stable
isotopes deuterium and oxygen-18.

5.1.4 Low Flow River Survey, April 2001

In the spring of 2001, due to extreme low-flow conditions in the Truckee River below Derby
Dam, a unique opportunity arose to repeat the Bratberg survey of 1979. This survey was
completed from Wadsworth to about 6 miles above Nixon. A total of 11 samples were collected
from 11 stations and analyzed for major ion chemistry. Unfortunately, no stable isotope samples
were collected. Given the significance of the results of this survey, the survey will be repeated at
the next opportunity when river flows are low (less than 100 cfs). Stable isotope samples will be
included in this new survey. 

5.1.5 Well Sampling

A number of domestic wells in the Fernley Town area and the area along Hill Ranch Road
(herein after referred to as the Paiute Pit area), and the Fernley Town Utility’s wells, were sampled
for major ion chemistry and isotopes. Ten wells were also sampled for trace elements. Thereby,
the area of the currently assumed groundwater flow system is taken into consideration, including
source waters, covering the area from the airport (south of the Truckee Canal), and ending near
the Truckee River in the north.

5.1.6 Irrigation Water Sampling

A number of samples have been collected from several irrigation ditches and from the
Truckee Canal. These samples are grab samples taken from the surface of the water body, i.e.,
they are not depth integrated samples, so they may not represent well-mixed samples.

5.1.7 Vadose Zone Leachate Sampling

The hypothesis throughout this project has been that the high TDS groundwaters in the
Fernley aquifer system are derived from soluble salts that had accumulated in the unsaturated
zone. Thereby,the original source could have been either atmospheric salts or accumulation of
salts due to evaporation. To investigate these possibilities, a number of soil cores were obtained
from seven locations in the Fernley Basin. Core depths are given in Table 5.2 and the core
locations are shown on Figure 5.1. VZ-1 and VZ-2 are located next to each other and plotted as a
single point on Figure 5.1.

In a preliminary survey, two shallow cores were collected in the summer of 1999. Core VZ-1
was obtained from an area that was reportedly never irrigated. Core VZ-2 was obtained from an
irrigated area near VZ-1. The other five (deeper) cores were also obtained in the summer of 1999,
three from irrigated and two from non-irrigated areas. Information about the cores is given in
Table 5.2. 
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Cores VZ-1 and VZ-2 were obtained with a hand auger. Cores 4, 6, 7 and 11 were obtained
with a water well drilling rig, and Core 13 was obtained with a sonic coring rig. All cores, except
those from 13, were taken as continuous 2-inch cores and stored in transparent 2- to 4-ft plastic
tubes. Hole No. 13 was sampled by a sonic drill rig and samples were collected in 4-ft long plastic
bags.

Soluble salt concentrations were measured in the laboratory, after taking subsamples at 12-
or 24-inch depth intervals. Soil moisture was measured by difference in a separate subsample,

after oven drying at 105  C for 24 hours. The other subsample was weighed, and then mixed with
a known volume of deionized water, such that the dry weight and water were equal (1:1 in the
mixture). The sample was initially shaken for an hour, allowed to stand for 22 hours, and then
shaken again for one hour. Then the water was separated from the mixture by centrifuging,
decanting, and filtration. The aqueous solution was analyzed for sulfate, chloride, and nitrate by
ICP at the DRI Analytical Chemistry Laboratory. Electrical conductivity (EC) of the sample
solution was also measured. The major cations calcium (Ca), magnesium (Mg), sodium (Na), and
potassium (K) were measured by TMWRF laboratories using a standard atomic absorption
method. TDS in the solution were estimated by multiplying EC by 0.7, except for the top meter of
core VZ-1, in which EC was multiplied by 1 to obtain the TDS because of the high EC values
(when EC exceeds 4,000 microsiemens per centimeter). Calculated TDS values, by summing the

Figure 5.1. Location of unsaturated zone cores.

Table 5.2. Unsaturated zone cores collected in the Fernley Basin and their depths.

Core Total Depth (m) Location Comments

VZ-1 2.9 Near shallow TAC well FSW-6 not irrigated

VZ-2 4.4 Near shallow TAC well FSW-6 irrigated

4 22 Shallow TAC well FDW-4 irrigated, flood plain

6 8.8 Shallow TAC well FSW-6 irrigated

7 8.2 Shallow TAC well FSW-7 irrigated

11 22.6 Shallow TAC well FSW-11 not irrigated

13 32 NE corner of section 3, T20N R24E not irrigated

°
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dissolved major ion concentrations in the core extracts, were compared to TDS values calculated
from EC measurements to determine the appropriate EC/TDS conversion factor. The solute
weights per sample interval per square meter were calculated by considering the sample weight,
moisture content, and volume of deionized water added. 

5.2  Major-Ion Chemistry

The distribution of high concentrations of major ions in the Fernley Basin provides an
indication of the sources and geochemical processes affecting the water chemistry in the Fernley
aquifers. The following section describes the distribution of high concentrations of some major
ions in the Fernley Basin. The ions discussed in this section are bicarbonate, chloride, sulfate, and
sodium. 

Groundwater beneath the irrigated area of the Fernley Basin has high bicarbonate
concentrations (Figure 5.2). The high bicarbonate concentrations in groundwater beneath the
irrigated area are the result of irrigation water that has infiltrated through the unsaturated zone,
which contains high CO2 gas concentrations from root respiration and organic matter decay, and

through soil with high organic matter content. Water passing through the unsaturated zone
dissolves soil zone CO2 gas and oxidizes organic matter, both adding bicarbonate to the

infiltrating water. Farther north in the basin, the bicarbonate concentrations are also high and are
derived from soil zone CO2 gas and oxidation of organic matter. In contrast, bicarbonate

concentrations are generally low south of the irrigated area and in the northern part of the basin,
compared to groundwater in the irrigated area and the area just north of the irrigated area.

Chloride concentrations in groundwater beneath the irrigated area are fairly low as compared
to other groundwaters in the basin (Figure 5.3). This is a result of irrigation with Truckee River
water, which is low in chloride as compared to the native groundwater in the basin. South of the
Truckee Canal, chloride concentrations are high. These high chloride concentrations are the
natural signature of the native groundwater in the basin. High concentrations of chloride in the
northern part of the basin are located in playa areas or adjacent to the Truckee Range. The
concentration of chloride increases due to evaporation in the playa areas. Groundwater
discharging along the flanks of the Truckee Range is generally high in chloride.

Sulfate concentrations in groundwater beneath the irrigated area are fairly low as compared
to other groundwaters in the basin (Figure 5.4). This is a result of irrigation with Truckee River
water, which is low in sulfate as compared to the native groundwater in the basin. In the irrigated
area, there are some groundwaters with very low sulfate values (8 to 46 mg/L). These low sulfate
values indicate that the chemical signature of the groundwater is dominated by the chemistry of
the irrigation water, or near the Truckee River the aquifer is gaining water from the river. North of
the irrigated area, the sulfate values increase to higher concentrations (15 to 362 mg/L) than those
found beneath the irrigated area. This indicates that the groundwater is gaining sulfate through the
dissolution of salts and minerals in the aquifer. Some of this increase in concentration may be due
to evaporative concentration. However, many of the high sulfate values are from groundwaters
that have corresponding low chloride values. Therefore, it is not likely that the high sulfate values
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Figure 5.2. Bicarbonate concentrations in the Fernley Basin.

Figure 5.3. Chloride concentrations in the Fernley Basin.
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in the northern part of the basin are due to evaporation alone. This conclusion is supported by
stable isotopes, which indicate little evaporation (see later section on stable isotopes). Native
groundwater in the southern part of the basin has highly variable sulfate concentrations ranging
from 62 to 2,740 mg/L. Sulfate concentration of northern groundwaters that are along the flanks
of the Truckee Range are generally low as compared to other groundwaters in the basin. 

The most dominant cation in the sediments of the Fernley Basin is sodium. Therefore, the
distribution of sodium concentration in groundwater in the Fernley Basin gives an indication of
areas where sodium-dominated salts are dissolving, or where water that previously dissolved Na-
rich salts has migrated. In the irrigated area, sodium concentrations in groundwater are generally
low as compared to other groundwaters in the Fernley Basin (Figure 5.5), which is consistent with
the chemical signature of the infiltrated irrigation water. North of the irrigated area, sodium
concentrations increase in the groundwater. This increase in sodium concentration suggests that
some of the salts leached from the irrigated area have moved north to this portion of the basin, or
a rise in groundwater level in this area has resulted in the dissolution of Na-rich salts from the
unsaturated zone. Native groundwater in the southern part of the basin has generally low sodium
concentrations. Sodium concentration of northern groundwaters that are along the flanks of the
Truckee Range are highly variable, being both some of the lowest and highest concentrations of
sodium observed in groundwaters in the basin.

5.2.1 Analysis of Historical Groundwater Chemistry Data

Available historical geochemical data are substantial, however, due to inadequate location
data their use is limited. A further limitation of these data is that the data mostly cover the Fernley
and Wadsworth areas and the areas east of Fernley, covering an elongated east-west area along the
Truckee Canal. No historical data are available from the Forty Mile Desert area. Most historical
water sample locations are given as a township, range, and section, which have a 1-square-mile
spatial resolution. 

Nevertheless, in the early phases of this study, these data were relied upon to formulate
initial working hypotheses. To develop preliminary geographic trends, the data were lumped by
section numbers. General water quality trends were then examined for each section. The results of
this historical data review is summarized as follows:

1. Two types of groundwater chemistry end-members characterized groundwater compo-
sition in the Fernley area. Low TDS bicarbonate waters show the impact of irrigation
infiltration on the shallow aquifer. Infiltration of irrigation water is most dominant at
shallow depths. High TDS sulfate-chloride waters are present in the Fernley Basin
aquifers at depth and outside the irrigated areas.

2. Mixing between high TDS sulfate-chloride water and low TDS bicarbonate water
(Truckee River irrigation water) is evident in the historical data. However, the mixing
trends are vague, probably due to the effect of dissolution of unsaturated zone salts
during infiltration of irrigation water and less dissolution in aquifer sediments.
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Figure 5.4. Sulfate concentrations in the Fernley Basin.

Figure 5.5. Sodium concentrations in the Fernley Basin.
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The deuterium and oxygen-18 composition of native groundwater in the Lower Truckee
River Basin represents precipitation that falls on the Virginia Range and recharges aquifers in the
basin. The isotopic signature of the irrigation water is derived from precipitation in the Sierra
Nevada Mountains and outflow from Lake Tahoe, which flows down the Truckee River into the
lower Truckee Basin and the Truckee Canal. Table 5.3 shows the isotopic values used to calculate
the native groundwater and irrigation water (infiltrating irrigation water and canal seepage)
end-members. Wells used to determine the native groundwater end-member are all located south
of the Truckee Canal. In addition two small (flow less than 10 gallons per minute) springs in the
southern part of the Valley (FGW-31 and FGW-32 in Table 5.3) were included in this average.
These two springs represent recharge from the Virginia Range and are similar in isotopic
composition to nearby wells in the southern part of the basin, so they are included in the isotopic
average of the native groundwater. Irrigation water is applied north of the canal and groundwater
generally flows from south to north in the basin. The irrigation water end-member isotopic
composition was calculated using samples collected from the Truckee Canal and the Truckee
River upstream of the canal during the irrigation season. End member values were calculated by
simply averaging the isotopic values of the samples.

Figure 5.6 shows the two end-member values and values for samples collected from wells in
the Fernley Basin. All data points plot to the right of the Global Meteoric Water Line (GMWL),
indicating that all samples from the lower basin have undergone evaporation. This includes
evaporation of the native groundwater prior to recharging aquifers in the basin. Truckee River
water has also undergone evaporation before the water was applied to the fields as irrigation
water. Most of the samples collected in the basin plot in a relatively straight line between the two
end-members, suggesting that minimal evaporation is occurring prior to infiltration of the
irrigation water. If significant evaporation were occurring, then samples would plot to the right of
a line connecting the two end-member waters.

Table 5.3. Isotope values used to calculate native groundwater and irrigation water end-members.

Native groundwater end member Irrigation end-member

Well O-18 Deuterium Date O-18 Deuterium
FGW-12 -15.1 -120.0 09/02/98 -11.2 -89
FGW-31 -14.6 -115 09/02/98 -11.3 -88
FGW-32 -15.0 -115 05/05/99 -8.2 -75
FGW-33 -14.8 -119 05/05/99 -9.6 -78
FDO-6 -13.8 -119.0 06/02/99 -11.0 -83.0
Hay1 -14.8 -124 06/02/99 -11.5 -88.0
FDO-7 -14.5 -124.0 07/07/99 -11 -88
FGW-13 -15.6 -124.0 07/07/99 -10 -82
Average -14.8 -120.0 08/04/99 -9.6 -76
Standard Deviation 0.5 3.8 08/04/99 -9.7 -78.0

09/01/99 -9.9 -78.0
09/01/99 -9.9 -82
Average -10.0 -82.0

Standard Deviation 0.97 5.2
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Figure 5.6. Distribution of isotopic values from samples in the Fernley Basin plotted with the global 
meteoric water line. Native is the average for the native groundwater and irrigation is the 
average for the Truckee River irrigation water.

Figure 5.7. Wells for which mixing of irrigation infiltration and native groundwater has been 
calculated.
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Using deuterium and oxygen-18 as tracers in the Fernley flow system requires the
assumption that recharge of the native groundwater and infiltrated irrigation water have had the
same isotopic signatures over the time it takes the infiltrating irrigation water to infiltrate and flow
to the Truckee River. The flow model shows that most of the groundwater beneath the western
irrigation area, where groundwater flows to the Truckee River, flows to the river from this area in

Table 5.4. Isotopic mixing calculations for wells sampled in the Fernley Basin based on end-member
averages of native groundwater and irrigation water.

Irrigation Water %  Native Groundwater %   Oxygen-18  Deuterium 

End-members

Irrigation Water 100 0 -10 [0.97] -82 [5.2]

Native Groundwater 0 100 -15 [0.5] -120 [3.8]

Irrigated Area

FDW-2 76 24 -11 -91

FDW-5 87 13 -11 -86

FDW-7 98 2 -10 -83

FSW-7 100 0 -10 -79

Wells North of the Irrigated area

FDW-10 63 37 -12 -95

FDW-12 63 37 -12 -96

FSW-12 80 20 -11 -89

FDW-15 69 31 -12 -93

FDW-17 69 31 -12 -94

FDW-17 58 42 -12 -98

FGW-18 68 31 -12 -94

Wells South of the Irrigated area

FGW-11 83 17 -11 -87

FUW-4 55 45 -12 -99

FUW 13 9 91 -14 -119

Wells East of the Irrigated area

FUW-9a 42 58 -13 -104

FUW-9 58 42 -12 -96

Wells Influenced by Truckee River

TJR-1 89 11 -11 -86

TPP-1 71 29 -12 -92

TBB-4 72 28 -11 -92

TBB1 68 32 -12 -93

TPL-2 94 6 -10 -84

TBB-2 96 4 -11 -85
Note: Numbers in brackets indicate the standard deviation for the end-member average
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 member deuterium value calculated in this study. Therefore, deuterium values in the lower Truc-
kee River appear to be fairly insensitive to upstream conditions. However, if isotopic composition
of the Truckee River has not remained relatively constant over time (become more enriched
because of reservoir storage), then the mixing calculations in this study could underestimate the
proportion of irrigation water sampled in the wells. Thus, the mixing calculations are conservative
in predicting the amount of irrigation water observed in groundwater in the Fernley area. 

5.4  Geochemical Processes

The chemistry of groundwater in the Fernley Basin aquifers results from dissolution of salts
and minerals in the aquifer materials and dissolution of salts in the unsaturated zone from
infiltrating irrigation water and rising water levels in non-irrigated areas. To determine the source
of salts dissolved in groundwater in the study area the major ion composition and amount of
unsaturated zone salts had to be determined. 

Table 5.5. Isotopic mixing of native groundwater and irrigation water in the Fernley Basin, corrected
for evaporation.

Water Removed 
by Evaporation %

Irrigation 
Water %

Native 
Groundwater %

Oxygen-18 Deuterium

End-Members

Irrigation Water 5 100 0 -9.2 -77.9

Irrigation Water 7 100 0 -8.9 -76.3

Irrigation Water 10 100 0 -8.4 -73.7

Irrigation Water 15 100 0 -7.4 -69.3

Irrigation Water 20 100 0 -6.5 -64.6

Irrigation Water 40 100 0 -1.9 -42.4

Native Groundwater 0 100 -14.7 [0.5] -120.0 [3.8]

Irrigated Area

FDW-4 7 71 29 -11 -89

FSW-6 5 70 30 -11 -90

Wells North of the Irrigated area

FSW-10 40 26 74 -11 -99

FDW-11 7 41 59 -12 -102

FSW-11 10 63 37 -11 -91

FDW-14 15 51 49 -11 -94

FDW-16 5 73 27 -11 -93

Wells South of the Irrigated area

FDW-1 20 13 87 -14 -114

FUW-11 5 75 25 -11 -88

Wells East of the Irrigated area

FDW-9 20 44 56 -11 -96

FDW-8 7 55 45 -12 -96

Note: Numbers in brackets indicate the standard deviation for the end member average
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Figure 5.9. Cross sections showing percentages of surface water infiltration in the groundwater. The top 
cross section is A-A1, the middle cross section is B-B1, and the bottom cross section is C-C1
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5.4.1 Unsaturated Zone Geochemistry

As noted earlier in section 5.1 of this report, cores were taken of the unsaturated zone
sediments in irrigated areas and nearby non-irrigated areas in the Fernley Basin. For this
discussion, non-irrigated areas are defined as areas identified by landowners as having no
historical irrigation since the Newlands Project inception. The chemical composition of the salts
in these cores was determined by mixing subsamples from the core with deionized water and
allowing the salts in the sediments to dissolve into the water. This water was captured and filtered
and analyzed for major dissolved ions. From these analytical data the TDS content per depth
increment volume was determined for the seven cores (Table 5.2 and Figures 5.10). TDS is
calculated for kilograms (kg) per increment volume. The increment area chosen here is one square
meter, whereas the depth increment chosen is 1 ft. Thus, the weight of salt in the sediment is given
as kg per square meter per foot. The depth increment was kept in feet since the coring subsamples
were collected at 1- or 2-ft intervals.

Figure 5.10. Fernley Basin, TDS with depth for soil cores VZ-1, VZ-2, 4, 6, 7, 11, and 13. Core 
locations are shown on Figure 5.1.
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The differences in kg solute concentrations (TDS) between sediments from irrigated and
non-irrigated areas are dramatic. The laboratory results are summarized in Table 5.6. In cores 11
and 13 (samples from non-irrigated areas), TDS per increment varied significantly, between about
.01 and 5 kg per ft per square meter. Below one meter in the cores from the non-irrigated areas,
TDS decreases to less than 0.01 kg/ft at about 10 meters, and then increases on average to about 1
kg/ft per square meter. In contrast, TDS is much less in the irrigated areas, ranging between .01
and 0.1 kg per ft per square meter. 

In shallow cores VZ-1 and VZ-2 (non-irrigated and irrigated, respectively), the major
difference in TDS occurs in the uppermost meter of soil. The likely reason for the decrease in
TDS below 1 meter in VZ-1 is lateral migration of dilute irrigation water that has dissolved salts
from the sediments below 1 meter. For this reason, comparison between VZ-1 and VZ-2 will
focus only on the uppermost meter of soil. TDS loading is over 7 kg/ft per square meter in the top
meter of VZ-1 (non-irrigated), while it is not more than .02 kg/ft per square meter in the irrigated
areas (VZ-2). The sulfate-to-chloride ratio of salts from the non-irrigated area cores (Table 5.6)
averages between 17 and 22, however, the sulfate to chloride ratio of the top meter of VZ-1 is
only 5.5. 

In the Fernley aquifer system, chloride and sulfate are the primary anions of interest. Figure
5.11 shows the distribution of chloride and sulfate in the non-irrigated sediment cores. The
amount of chloride and sulfate in cores 11 and 13 is expressed in grams per interval volume. Both
core 11 and 13 have very low chloride concentrations. The only significant chloride in these cores
is located at elevation 1,263 meters in core 11. Sulfate concentrations in soluble salts from the
non-irrigated sediment cores are much higher than chloride, and show a wide variability with
depth.

The primary cations in the basin are calcium, magnesium and sodium. Figure 5.12 shows the
distribution of these cations with depth for the cores from the non-irrigated area. Concentrations
of water-soluble calcium and magnesium are low in the shallower depths and their concentrations
increase slightly with depth. The concentration of sodium is much higher than calcium or

Table 5.6. Average solute load per increment volume, Fernley Basin, Nevada. 

Load per foot per sq-meter
Depth (m) TDS (kg) SO4 

(kg)
Cl 

(kg)
NO3

(kg)
SO4/Cl

Core-11 22.9 0.309 0.169 0.009 0.0002 17.6

Core-13 32.6 0.563 0.331 0.015 0.0014 21.6

Core-4 22.3 0.020 0.006 0.001 nd 4.3

Core-6 9.1 0.025 0.003 0.001 nd 2.1

Core-7 8.5 0.026 0.003 0.002 nd 1.7

* VZ-1 1 4.658 3.150 0.573 0.0000 5.5

VZ-2 4.4 0.032 0.011 0.002 0.0002 5.7
* Only the chemistry of the top 1 meter of VZ-1 is presented in this table, because the upper meter is the portion of the core 
that represents non-irrigated sediments.
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Figure 5.11. Sulfate and chloride profiles for cores 11 and 13 from the non-irrigated areas.

Core 11: Anions

1240

1245

1250

1255

1260

1265

1270

0 500 1000 1500 2000 2500 3000

Grams per interval volume

E
le

va
ti

o
n

 (
fe

et
)

Cl

SO4

 

Core 13: Anions

1230

1235

1240

1245

1250

1255

1260

1265

1270

0 500 1000 1500 2000 2500 3000

Grams per interval volume

E
le

va
ti

o
n

 (
fe

et
)

Cl

SO4

 

66



Figure 5.12. Calcium, magnesium, and sodium profiles for cores 11 and 13 from the non-irrigated 
areas.
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magnesium, showing that sodium is the dominant cation in the sediment. The distribution of the
cations in the cores displays a wide variability with depth. However, increases and decreases in
concentration of cations in the leachate occur at the same depths for each cation. This behavior
indicates that the thin beds of evaporite minerals and salts in the sediment all have been derived
from the same source water, because the chemistry of these evaporative salts is consistent with
depth. 

The coring results suggest that the unsaturated zone contains high concentrations of water-
soluble salts, and that unsaturated zone salts are indeed a source of high solutes in infiltrating
irrigation water. The results also suggest that almost all salts in the irrigated areas have been
flushed into the underlying aquifer, i.e., salt dissolution is no longer an active process in the
irrigated area unsaturated zone. Although the mineralogy of these salts has not been investigated,
the sample chemistry with its high sulfate (Figure 5.11) and sodium (Figure 5.12) concentrations
and high sulfate-to-chloride ratios (Figure 5.13) suggests predominant presence of sodium-sulfate
salts. The same high sulfate-to-chloride ratios are evident in the groundwater chemistry north of
the irrigated area (shallow TAC wells FSW 11 and FSW 12), again suggesting that the origin of
the high TDS in groundwater is most likely salt dissolution by irrigation water in the unsaturated
zone.

Figure 5.13. Sulfate-to-chloride ratios with depth, soil cores 4, 6, 7, 11, and 13 in the Fernley Basin. 
Core locations are shown on Figure 5.1.
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5.4.2 Chloride and Sulfur Isotopes

Isotopes of chloride-37 and sulfur-34 were collected in the Fernley Basin from sediment,
groundwater, and surface water samples to determine the origin of evaporative salts in the
sediment and the source of sulfate and chloride dissolved in the groundwater and surface water
(Figure 5.14). These isotopic signatures were compared to published values for various source
rocks (Clark and Fritz, 1997). All isotopes of chloride-37 collected are within a narrow range
typically indicative of terrestrial evaporites. The isotopes of sulfur-34 are not as well constrained
as the chloride isotopes. In the soil and groundwater samples (except for Dead Ox Spring), sulfur-
34 ranged from -5 to 8 permil. Sulfur-34 of river samples fall within a very narrow range. Sulfur-
34 values in the range of -5 to 8 permil suggest terrestrial evaporites are the source of these salts
in the sediments and dissolved in the water. Dead Ox Spring has an anomalous sulfur-34 value as
compared to the rest of the samples. The Dead Ox Spring sulfur-34 value indicates that the source
of sulfate dissolved in this water is from a marine evaporative salt rather than a terrestrial
evaporative salt. With the exception of Dead Ox Spring, all waters sampled generally have similar
chloride-37 and sulfur-34 values as the salts in the sediments. This is further evidence that the
salts dissolved in the groundwater and river are from dissolution of salts in the unsaturated zone
of the sediments in the Fernley Basin.

5.4.3 Summary of Geochemical Processes

1. There are significant amounts of water-soluble salts in the unsaturated zone. The sul-
fate-to-chloride ratios in these salts range from 18 to 22, which is similar to ratios
observed in the high TDS groundwaters under the Forty Mile Desert (ratios range

Figure 5.14. Chloride and sulfur isotopes for sediment, groundwater, and surface water samples.
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from 18 to 26). This is strong evidence that the high TDS in groundwater was indeed
derived from dissolution of unsaturated zone salts. This conclusion is also supported
by chloride-37 and sulfur-34 isotopic values of evaporative salts and groundwaters in
the basin, which are similar.

2. There are significant differences in the amounts of solutes between irrigated and non-
irrigated area unsaturated zone sediments. The soluble salt content in the unsaturated
zone of the irrigated areas is insignificantly small when compared to that in the non-
irrigated areas. 

5.5  Groundwater Salt Loading to the Truckee River

5.5.1 Loading Analysis using Historical Data

The lower Truckee River is a gaining stream between the stream flow gages at Wadsworth
and Nixon during low to moderate flows (U.S. Geological Survey stream flow data). The sources
of inflow to the lower Truckee River are groundwater inflow from the western Dodge Flat Basin,
groundwater from the Fernley flow system and inflow from the Dead Ox Wash area. The
groundwater gained by the river has significantly higher concentrations of TDS than the river
water. Therefore, the inflowing groundwater degrades the water quality of the lower Truckee
River. Water chemistry and flow data have been collected for the lower Truckee River from 1968
to present by the DRI and the TMWRF. The earliest data do not contain complete water chemistry
analyses. However, these data will be used to discuss groundwater influx and subsequent loading
to the lower Truckee River between the Wadsworth and Nixon gaging sites. 

This loading analysis will focus on the sulfate, chloride and TDS concentrations in the lower
Truckee River. These data have been selected because they have the longest record. Prior to 1973,
water quality samples were not collected the same day at the two gaging sites. Therefore, only
data collected after 1973 are used in this loading analysis. Estimating fluxes from each source will
not be possible with this data set because samples were only collected at two locations on the
river, one before the salt loading and one after the salt loading.

The distribution of TDS values sampled at Wadsworth and Nixon is shown in Figure 5.15.
Wadsworth has a unimodal distribution with the peak frequency of TDS at 100 to 200 mg/L.
Whereas, downstream at Nixon, there is a bimodal distribution of TDS with the largest peak at
100 to 200 mg/L and a smaller peak at 400 to 500 mg/L. In general, the TDS concentration of
samples collected at Nixon is significantly higher than the TDS concentration of samples
collected at Wadsworth.

Groundwater gains to the lower Truckee River are a function of flow in the river. However,
the relationship between river stage and groundwater gains is poorly understood. At higher flows,
the groundwater gained by the river is readily diluted. Errors in flow measurement and analytical
error associated with chemical analyses make flux calculations less reliable at higher flows.
Figure 5.16 shows the relationship between flow and TDS at Wadsworth and Nixon. From this
figure it is clear that at flows of less than 600 cubic feet per second (cfs), the difference in TDS
values between the two sites is more distinct than at higher flows. The same pattern is observed
when either chloride or sulfate are plotted versus flow in the river (Figures 5.17 and 5.18).
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Figure 5.15. Distribution of TDS values for samples collected at the Wadsworth and Nixon USGS 
gaging sites from 1973 to present.

Figure 5.16. Total dissolved solids concentration in the lower Truckee River at various flows for 
samples collected at the Wadsworth and Nixon USGS gaging sites. Data are from 1973 to 
2001
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Figure 5.17. Chloride concentration at various flows at Wadsworth and Nixon. Data are from 1973 to 
2001.

Figure 5.18. Sulfate concentrations at various flows at Wadsworth and Nixon. Data are from 1985 to 
2001.
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At high flows, some reaches of the river lose water to the aquifer, while other reaches gain
water from the aquifer. This behavior complicates flux calculations. Therefore, the data set has
been restricted to measurements taken when flow in the lower Truckee River was less than 600
cfs. Any data that showed a decrease in flow in the river from Wadsworth to Nixon were also
eliminated from the data set. During the irrigation season, there are some unmeasured surface
water irrigation return flow channels from individual farms. This surface water returning to the
lower Truckee River increases flow in the river. To minimize the effect of this irrigation water
returning to the river on the data interpretations, any data showing gains in the river greater than
60 cfs were also eliminated from the data set. However, surface water entering the lower Truckee
River through irrigation ditches is not a primary concern because the chemistry of this water is
very similar to the river water (McKenna, 1990). 

The mass flux of any given solute to the river can be calculated by from the difference
between the mass of the solute at Wadsworth and Nixon by using a simple mass balance equation: 

Fmass = (Qo x Co x K)-(Qi x Ci x K) = Mass/time

where Fmass is solute mass flux

Qo is the flow at Nixon

Qi is the flow at Wadsworth

Co is the concentration of some conservative ion at Nixon

Ci is the concentration of some conservative ion at Wadsworth

K is a conversion factor to cancel out units of volume.

Figure 5.19 shows the TDS flux between Wadsworth and Nixon for the period 1973 to 2001.
The values on this figure represent the increase in TDS between the two sites in grams per second.
The data used for this figure were subject to the restrictions previously stated for the data set.
Figures 5.20 and 5.21show the chloride and sulfate flux to the river between Wadsworth and
Nixon. None of these figures shows a distinct increase or decrease in salt flux to the river between
1973 and 2001. There appears to be a slight decrease in salt flux to the river in the TDS and
sulfate figures, however, the decrease is not significant. The average TDS flux to the river from
1973 to 2001 is 454 g/sec (86,478 lbs/day), the average flux of chloride is 107 g/sec (20,381 lbs/
day) and of sulfate is 88 g/sec (16,762 lbs/day).

The data set was then further restricted to only the months when there would be no surface
water irrigation return flows (November through February). Figures 5.22, 5.23, and 5.24 show the
flux of TDS, chloride and sulfate, respectively. These figures also lack a trend in the salt flux over
time. The average TDS flux to the river is 505 g/sec (96,192 lbs/day), the average flux of chloride
is 115 g/sec (21,905 lbs/day) and of sulfate is 90 g/sec (17,143 lbs/day). These average values are
slightly higher than the previous averages calculated from all of the months, although it is not a
significant difference.
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Figure 5.19. Flux of TDS between Wadsworth and Nixon from 1973 to 2001. Values for 2000 to 2001 
were calculated by multiplying HCO3 by 0.4916 to make comparable to a residue upon 
evaporation value, and adding this value for HCO3 to the sum of ions measured in 
solution. Data restricted to flows less than 600 cfs in the lower Truckee River and flow 
gain between the gages of less than 60 cfs.

Figure 5.20. Flux of chloride between Wadsworth and Nixon from 1973 to 2001. Data restricted to 
flows of less than 600 cfs in the lower Truckee River and flow gains between the gages of 
less than 60 cfs.
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Figure 5.21. Flux of chloride between Wadsworth and Nixon from 1973 to 2001. Data restricted to 
flows of less than 600 cfs in the lower Truckee River and flow gains between the gages of 
less than 60 cfs.

Figure 5.22. Flux of sulfate between Wadsworth and Nixon from 1985 to 2001 (sulfate data are not 
available for 1973 to 1984). Data restricted to flows of less than 600 cfs in the lower 
Truckee River and flow gain between the gages of less than 60 cfs.
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5.5.2 Low-flow Survey

TDS in the lower Truckee River increases as the river flows past the Fernley Farm District
and Dead Ox Meadows. At low flows this increase in TDS is more noticeable than at high flows.
In April 2001, a low-flow survey was conducted on the lower Truckee River to quantify the
loading along this reach of the river and to estimate the loading contribution from the three
potential groundwater sources. These sources are a mixture of native groundwater and infiltrated

Figure 5.23. Flux of chloride between Wadsworth and Nixon, November thru February 1973-2001.

Figure 5.24. Flux of sulfate between Wadsworth and Nixon, November thru February 1985-2001.
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irrigation water that had increased TDS due to salts present in the Fernley Basin, water from Dead
Ox Meadows, and Dodge Flat groundwater west of the Truckee River that originates as recharge
in the Pah Rah Range.

Water flowing from springs in Dead Ox Meadows likely originates as recharge to the
adjacent Truckee Range. As the water infiltrates, reaction with the sediments in the Truckee
Range produces a distinct signature. Water discharging from the Dead Ox springs is very high in
TDS, ranging from 2,500 to 5,500 mg/L. The high TDS water that discharges from these springs
is characterized by high sodium and chloride, and only moderate sulfate. 

Groundwater in the Fernley area that moves into the lower Truckee River is difficult to
characterize. A wide range of TDS concentrations and dominant water types is present in
groundwater samples collected from the Fernley aquifer. Unfortunately, the recharge from Dodge
Flat that contributes to the lower Truckee River has a similar chemical signature as the Fernley
groundwater. Therefore, the relative contributions of salt loading from groundwater inflow to the
lower Truckee River can only be separated into the Dead Ox area contribution and the Fernley/
Dodge Flat area contribution. 

On April 9, 2001, a low-flow survey was conducted on the lower Truckee River. Flows
recorded at Wadsworth and Nixon gages were 42 and 45 cfs, respectively. Measurements of
electrical conductivity (EC, a surrogate for TDS) were taken along the lower Truckee River.
Samples for major-ion analysis were collected each time a significant change in EC was noted.
Major ions were analyzed by the DRI Analytical Chemistry Laboratory. 

David Bratberg conducted a similar low-flow water quality survey for his Master’s thesis
(Bratberg, 1980). In December 1979, Bratberg collected major-ion samples during low-flow
conditions in the lower Truckee River. In addition, flow was measured at each sampling location
using a Pygmy current meter. Flows recorded at Wadsworth and Nixon for this survey ranged
from 19 to 35 cfs, respectively. Using data from his survey, Bratberg concluded that the
contribution of Dodge Flat groundwater from the west to the lower Truckee River was much
lower than the contribution from the Fernley flow system to the east.

5.5.3 April 2001 Low-flow Survey

Data for the DRI April 2001 low-flow survey and sampling locations are presented in Table
5.7 and Figure 5.25. The data presented in Table 5.7 show an increase in all major-ion
concentrations as the lower Truckee River flows towards Pyramid Lake. Table 5.8 shows the
calculated ion fluxes in the river in grams per second (g/sec). This table corrects for differences in
flow and allows for comparison with data collected by Bratberg (1980) in a following section.
Figure 5.26 shows the increase in TDS (in g/sec) with distance downstream in the lower Truckee
River. The sampling began in the river upstream of the diversion at Derby Dam, and the values
presented at this first location are based on the concentrations in the Truckee River prior to any
groundwater loading from groundwater inflow from the Fernley and Dodge Flat areas.
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Two ions can be used to discriminate between the two loading sources, sulfate and chloride.
The major increase in sulfate occurs between 30 and 34 miles downstream of the gage at Vista
(Figure 5.27, sites A-6 to A-9 in Table 5.8). This reach of the lower Truckee River is where
groundwater from the Fernley aquifer system is believed to flow into the river. There is only a
minor increase in sulfate further downstream as the river flows through Dead Ox Meadows. The
pattern of sulfate increase in the lower Truckee River found by this survey is expected due to the
distribution of groundwater types in the lower Truckee River Basin.

There is a small increase in the amount of chloride in the river between 29.5 and 31.5 miles
downstream of Vista (Figure 5.28, sites A-6 to A-8 in Table 5.8). This is followed by a 26 g/sec
(4,952 lbs/day) increase before the river enters Dead Ox Meadows. The chloride concentration
then stabilizes briefly before entering Dead Ox Meadows. As the lower Truckee River gains water
from Dead Ox Meadows, the chloride concentration in the river increases dramatically. There is a
70 g/sec (13,333 lbs/day) increase in the river water along the Dead Ox Meadows reach of the
lower Truckee (sites A-12 and 1-B to 10-B). The slight increase in chloride in the reach of the
river affected by Fernley groundwater is consistent with the groundwater chemistry. The 26 g/sec
(4,952 lbs/day) increase in chloride that follows between sites A-8 and A-9 is not consistent with
Fernley groundwater chemistry. The source of the chloride is most likely groundwater from the
Dead Ox Meadows area. Sulfate also shows a significant increase between sites A-8 and A-9. The
sulfate increase is consistent with loading from the Fernley Groundwater system, but not with
input from the Dead Ox Meadows area. Therefore, between sites A-8 and A-9, there is likely a
transition of loading to the river from the Fernley groundwater source to the Dead Ox Meadows
groundwater source.

5.5.4 Comparison of the Bratberg 1979 and April 2001 Low-flow Surveys

A comparison between the 1979 low-flow survey (Bratberg, 1980) and April 2001 survey
(this study) is valuable because it can indicate trends of increased or decreased loading to the
lower Truckee River. Figure 5.29 shows TDS, sulfate, and chloride loading to the Truckee River.
The values plotted on these figures are fluxes to the Truckee River in g/sec. The starting 

Table 5.7. Concentration of ions (mg/L) in the lower Truckee River sampled during low flows in the
river. Sampling date: April 9, 2001.

Sample Miles below
Vista gage

EC pH HCO3 Cl SO4 Na K Ca Mg TDS

A-1 22 215 7.97 86 15.3 16.3 19.2 3.1 16.4 5.93 140

A-6 30 229 8.21 96 15.9 18.1 20.2 3.2 17.7 6.43 147

A-7 31 283 8.23 105 17.8 34.7 23.9 3.4 22.3 8.31 189

A-8 32 287 8.22 104 18.0 35.4 24.0 3.5 22.6 8.41 184

A-9 34.2 392 7.99 110 38.8 51.0 36.2 4.3 27.9 11.0 240

A-12 37 394 8.11 112 38.0 52.0 36.7 4.3 27.9 11.2 248

1-B 38 394 7.91 114 38.3 51.8 36.0 4.3 28.2 10.8 249

A-13 39 437 8.05 114 51.9 52.9 43.1 4.6 29.2 11.5 270

3-B 39 436 7.96 115 50.6 52.9 41.5 5.3 29.5 11.5 272

10-B 42 559 8.04 113 92.0 56.0 61.9 5.8 32.1 13.2 342

6-B 44 555 8.12 114 91.6 55.9 60.8 5.7 32.5 13.2 343
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Figure 5.25. Location of samples collected during the April 9, 2001, low-flow survey and Bratberg’s     
1979 low-flow survey. 

 

Table 5.8.  Flux of ions (g/sec) in the lower Truckee River sampled during low flows (given in cfs) in the 
river. Sampling date: April 9, 2001.  

Sample Flow est. HCO3 Cl SO4 Na K Ca Mg TDS 
A-1 42 102 18.2 19.4 22.8 3.6 19.5 7.1 167 
A-6 42 114 18.9 21.5 24.0 3.8 21.1 7.6 175 
A-7 42.5 126 21.4 41.8 28.8 4.1 26.8 10.0 227 
A-8 43 127 21.9 43.1 29.2 4.2 27.5 10.2 224 
A-9 43.5 136 47.8 62.8 44.6 5.3 34.4 13.6 296 
A-12 44 140 47.4 64.8 45.7 5.3 34.8 14.0 309 
1-B 44 142 47.7 64.5 44.9 5.3 35.1 13.5 310 

A-13 44.5 144 65.4 66.7 54.3 5.8 36.8 14.5 340 
3-B 44.5 145 63.8 66.7 52.3 6.6 37.2 14.5 343 

10-B 45 144 117.2 71.4 78.9 7.4 40.9 16.8 436 
6-B 45 145 116.7 71.2 77.5 7.3 41.4 16.8 437 
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Figure 5.26. Increase in flux of TDS (g/sec) with distance downstream.

Figure 5.27. Increase in flux of sulfate (g/sec) with distance downstream from Vista.
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concentration in the river is plotted on the left of the figure, which is different between the two
surveys. Sample locations for the two surveys are not identical and locations have been displayed
on Figure 5.25. Data from the 1979 survey are presented in Tables 5.9 and 5.10. 

The December 1979 survey shows an increase in TDS of 428 g/sec (81,525 lbs/day) as the
lower Truckee River flows through the Fernley Basin and Dead Ox Meadows. This is
significantly higher than the 270 g/sec (51,429 lbs/day) increase from the samples collected in
April 2001. There is obviously a difference in loading to the river between these two sampling
events. 

A comparison of the sulfate data from the two sampling events shows that the loading of
sulfate to the river has decreased approximately 40% since the 1979 sampling event. This is
significant because the majority of the sulfate loading is a result of groundwater inputs from the
Fernley irrigated area. The chloride data from the two surveys are almost identical, suggesting
that the inputs from Dead Ox Meadows have remained fairly constant over the past 22 years.

 There may be a number of reasons for the decreased loading to the river noted by these two
low-flow surveys. The 1979 low-flow survey was conducted during a drought period, a naturally
slow decrease in flow in the Truckee River (Bratberg, 1980). The 2001 survey was conducted
when the majority of the flow in the Truckee River was suddenly diverted to the Truckee Canal.
Thus, with Bratberg’s survey, the influx to the river from the surrounding aquifer was most likely
steady state, that is, groundwater from the areas adjacent to the river, whereas, in the 2001 survey,
there may have been significant release of water from bank storage. This bank storage water may
have been mostly Truckee River water, which is dilute compared to groundwater from the 

Figure 5.28. Increase in flux of chloride (g/sec) with distance downstream from Vista.
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Figure 5.29. Comparison of flux of TDS (A), sulfate (B), and chloride (C) between 1979 and 2001 low-
flow surveys on the lower Truckee River.
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irrigated area of Fernley. Additionally, the 1979 survey was during the winter months and the
2001 survey was during the spring. There may be a seasonal flux to the movement of water
through the Fernley aquifer system due to the seasonal nature of water applied to fields that
recharges the aquifer. Thus, a direct comparison of the two surveys may not be completely valid
for estimating a potential change in salt loading to the lower Truckee River from groundwater.
However, as noted earlier in this section the change in the chloride flux as the river flows through
the Dead Ox area is essentially the same for both surveys, so bank storage return flow of river
water may not be an important factor in the April 2001 survey.

 There may be a number of reasons for the decreased loading to the river noted by these two
low-flow surveys. The 1979 low-flow survey was conducted during a drought period, a naturally
slow decrease in flow in the Truckee River (Bratberg, 1980). The 2001 survey was conducted
when the majority of the flow in the Truckee River was suddenly diverted to the Truckee Canal.
Thus, with Bratberg’s survey, the influx to the river from the surrounding aquifer was most likely
steady state, that is, groundwater from the areas adjacent to the river, whereas, in the 2001 survey,
there may have been significant release of water from bank storage. This bank storage water may
have been mostly Truckee River water, which is dilute compared to groundwater from the
irrigated area of Fernley. Additionally, the 1979 survey was during the winter months and the
2001 survey was during the spring. There may be a seasonal flux to the movement of water
through the Fernley aquifer system due to the seasonal nature of water applied to fields that
recharges the aquifer. Thus, a direct comparison of the two surveys may not be completely valid
for estimating a potential change in salt loading to the lower Truckee River from groundwater.
However, as noted earlier in this section the change in the chloride flux as the river flows through
the Dead Ox area is essentially the same for both surveys, so bank storage return flow of river

Table 5.9. Flux of ions (g/sec) in the lower Truckee River sampled during low flows (given in cfs)
in the river December 1979 (Bratberg, 1980).

Location Flow HCO3 Cl SO4 Na K Ca Mg TDS

Tracy 16 41 7 8 9 1 7 3 85

Derby Dam 16 52 7 10 10 2 10 4 106

Wadsworth 19 70 10 19 16 2 14 5 144

S-S Ranch 31 125 51 91 46 4 39 16 388

Nixon Bridge 35 143 115 99 83 6 48 20 534

Table 5.10. Concentration of ions (mg/L) in the lower Truckee River sampled during low flows in the
river December 1979 (Bratberg, 1980).

Location HCO3 Cl SO4 Na K Ca Mg TDS

Tracy 90 15 17 20 3 16 6 187

Derby Dam 115 16 22 22 4 22 9 233

Wadsworth 130 18 36 30 4 26 9 267

S-S Ranch 143 58 104 53 5 45 18 445

Nixon Bridge 144 116 100 84 6 48 20 539
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groundwater inflow to the lower Truckee River between Wadsworth and near the S-bar-S Ranch.
The model estimates the groundwater flux to the lower Truckee River in this area to be 9,000 af/
yr, similar to the long-term average inflow for the longer stretch of the river between Wadsworth
and Nixon. Using the groundwater flow model groundwater influx of 9,000 af/yr, because the
model includes the area of infiltrated irrigation groundwater inflow to the river and does not
include the lower amount of inflow from the Dead Ox Meadows area, the addition of salts from
the infiltrated irrigation water alone (without any salt dissolution) would range from range 33 g/
sec to 35 g/sec (6,286 - 6,667 lbs/day). Thus, the average salt load from dissolution of salts and
minerals in the unsaturated zone (primarily) and the saturated aquifer sediments would range
from 195 to 231 g/ses (37,143 - 44,000 lbs/day).

The average TDS flux from all groundwater sources to the lower Truckee River between
Wadsworth and Nixon from 1990 to the present is 389 g/sec (74,096 lbs/day). Assuming the same
flux contribution from the native groundwater and Dead Ox Spring as stated above (190 to 224 g/
sec), the contribution attributed to the leached salts is 165 to 199 g/sec (31,829 - 37,905 lbs/day)
The contribution for dissolved salts only, not including the salt load due to irrigation water is 130
- 166 g/sec (24,762 - 31,620 lbs/day). This average estimate of loading due to infiltrated irrigation
water carrying leached salts over the past ten years is lower than the average estimate of loading
for the past 25 years. This decrease in the average TDS flux may not be a direct reflection of
decreasing solutes in the Fernley aquifer. It is possible that decreases in irrigated acreage in the
Fernley Farm District could contribute to a decrease in loading. However, this estimate of loading
from the Fernley aquifer would suggest that the peak of the plume of dissolved solids in the
Fernley aquifer has discharged to the river at some point in the past.

Finally, the low-flow survey conducted in April 2001 estimated a 283 g/sec (53,906 lbs/day)
increase in TDS between Derby Dam and Nixon. This may be the current flux of TDS to the
lower Truckee River, however, it is only a single point in time. This value of TDS flux to the river
is close to the background flux to the lower Truckee River that would be expected in the absence
of irrigation (190 to 224 g/sec or 36,191 to 42,667 lbs/day). Thus, the infiltrated irrigation water
would be carrying a load of 25 to 59 g/sec (4,761 - 11,238 lbs/day) of salts from infiltrated
irrigation water to the lower Truckee River. The average flux from the irrigation water alone is 33
to 35 g/sec (6,286 - 6,667 lbs/day), so this low range in infiltrated irrigation water salt flux
suggests that the majority of the salts leached from the irrigated area have been flushed through
the Fernley aquifer. As stated previously, this flux estimate is based on one sampling effort on
April 9, 2001, yet many other variables may be responsible for this low flux estimate from
irrigation water (see discussions earlier in this section). Another low flow (< 100 cfs) survey
needs to be conducted to confirm the fact that salts leached from the irrigated area near Fernley
may no longer be a major source of TDS to the lower Truckee River.
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6.0  SOLUTE TRANSPORT MODEL

The purpose of the solute transport model is to predict the migration of TDS under current
hydraulic conditions and under various irrigation management practices. The solute transport
model utilizes the results obtained from the groundwater flow model predictions, which predict
the advective groundwater fluxes. Additional information is required to simulate groundwater
transport behavior including initial and boundary conditions. The initial and boundary conditions
are determined via an analysis of the TDS concentrations from various fluid sources and an
analysis of the current TDS three-dimensional distribution.  

This purpose of this chapter is to present the underlying conceptual understanding of the
groundwater transport system, provide the background for the estimation of the initial and
boundary conditions, and present the results of the model predictions.  The chapter is organized
into the following subsections:

•6.1 Conceptual Model – The purpose of this section is to provide a conceptualization of
the groundwater system in the in Fernley/Wadsworth area.   Specifically, this section
presents a hypothesis of the history of the TDS migration throughout the basin.  An
understanding of the history provides insight into the mechanisms of transport.  An
important component of this analysis includes an understanding of the sources of TDS
which continue to play a role in TDS loading to the Truckee River.

•6.2 Numerical Model – In order to properly simulate the transport conditions assumed in
the conceptual model, one must capture all of the physical processes into a well posed
mathematical solution.  This section describes the underlying mathematical model,
known as the advection/dispersion equation and each of its components and how they
play a role in the Fernley/Wadsworth model.

•6.3 Initial Conditions – In order to solve the advection/dispersion equation presented in
Section 6.2, one must specify initial conditions.  Initial conditions provide a starting
point for the model which describe the spatial distribution of TDS concentration in
2001.  The model then predicts the migration of TDS from its current state to 50 years
into the future.  Therefore, the initial conditions play a critical role in the modeling
process.  This chapter describes how the TDS data and airborne resistivity were used
to construct the TDS concentration distribution.

•6.4 Calibration/Uncertainty Analysis – There are many parameters required by the model
and these parameters need to represent the system with as much accuracy as possible
or the predictions will be in error.  This section describes the difficulties involved in
the calibration process and how uncertainty analysis provides a useful tool to quantify
the accuracy of the predictions.  Uncertainty analysis is a method that allows one to
quantify the errors in the input parameters and then describes how these errors result in
errors in the model predictions.  The uncertainty analysis becomes an important tool in
the Fernley/Wadsworth modeling as the calibration difficulties allow a certain degree
of uncertainty in the input parameters.  The uncertainty analysis becomes an effective
tool to describe how the lack of calibration data influences the model predictions.

•6.5 Transport Model Results – The TDS predictions are presented in two sections, the
first being the results of the transport modeling under current conditions.  The second
section presents the results of the model predictions under proposed variations to the
fluid management practices.  Both scenarious present results from the year 2001 (cur-
rent conditions) to the year 2051.  
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6.1  Conceptual Model

The analysis of the hydraulic and geochemical data led to a series of hypothesis on the
previous and current distribution and migration potential of the TDS within the Fernley Basin.
The following describes the evolution of the TDS distribution from the inception of the
Newland’s Project in 1905 to the present. These conceptualizations become the framework for the
solute transport model and any predictions made with such a model.

Figure 6.1 suggests a timeline for the occurrence of the major processes controlling solute
transport in the Fernley area. At the inception of the project in 1905, irrigation water was applied
to soils that previously had little to no natural recharge. The irrigation water began to leach salts in
the vadose zone. The salts were formed as evaporative deposits as Lake Lahontan recessed. 

The large amount of water being applied to the fields most likely caused rapid removal of the
salts. The dissolution process caused a significant increase in TDS in the saturated zone.
Assuming the flowpaths are similar to the current system state, then the groundwater system
transported solutes toward the east and north to the Truckee River. A certain portion of the fluid
and solute flux would have migrated to the Forty Mile Desert in the north, but lower hydraulic

Figure 6.1. Timeline for the occurrence of the major processes controlling solute transport in the 
Fernley area.
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conductivities in this region indicate that advective fluxes are small compared to elsewhere in the
region.

The order-of-magnitude increase in groundwater recharge attributed to irrigation practices
caused an increase in water levels in the basin. Numerical experiments using the current
groundwater flow model suggest that the water levels increased approximately 10 to 20 m.
Although fluid fluxes in the Forty Mile Desert may have been small, the increased water levels
would have caused fluid to encroach salt-bearing zones in the vadose zone. Increased water levels
would have caused significant dissolution in the 10 to 20 m that was previously unsaturated. The
lower hydraulic conductivities in this region would have inhibited rapid migration of salts toward
the Truckee River.

The rapid dissolution and advective fluxes from the irrigated area toward the Truckee River
caused a relatively fast removal of salts from beneath the irrigated area, which was then
transported to the Truckee River. Once the salts were removed and transported, the TDS loading
in the river would have decreased.

The TDS loading in the Truckee River doesn’t stop completely after the removal of salts
beneath the Fernley area. Loading continues due to a large TDS plume beneath the Forty-Mile
Desert as described above. The plume doesn’t appear to be moving rapidly toward the Truckee
River, but it still acts as a source. The fluid flux from the Fernley area acts to remove salts from
the western edge of the salt plume. 

The solute transport model is constructed to determine the future migration of solutes. The
model’s initial conditions represent the system as it is currently and model predictions are used to
determine how the solute migration may behave under various management conditions.

6.2  Numerical Model 

The MT3DMS model has been selected to simulate the movement of TDS in the Fernley
area. The flow model is used to solve for the hydraulic head distribution and to calculate the
advective fluid flux at all nodes within the model domain. This information is used by MT3DMS
to solve the advection/dispersion equation. The following is an abbreviated description of the
governing transport equation used by MT3DMS. For a full discourse on all important transport
mechanisms and their defining parameters please refer to the MT3D manual (DRI can send a
digital copy to interested parties).

Three basic processes occur to move solutes through a porous medium. First, advection is
the process by which solutes are transported by moving groundwater. Second, the process of
diffusion accounts for chemical gradients and the resulting movement of dissolved ionic and
molecular species from regions of higher concentration to regions of lower concentration. Third,
the process of mechanical dispersion accounts for:

1. Variable velocity within the pores.

2. Variable pathline lengths due to larger scale heterogeneity.
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3. Fluid that travels through larger pores will travel faster than fluid moving in smaller
pores. The processes of diffusion and mechanical dispersion are difficult to separate
and are lumped into a single term labeled hydrodynamic dispersion. 

The advection/dispersion equation (6-1) governs the movement of solutes within the aquifer system.

where Ck is the dissolved concentration of species k, ML-3; is the porosity of the subsurface
medium, dimensionless; t is time, T; xi is the distance along the respective Cartesian coordinate
axis, L; Dij is the hydrodynamic dispersion coefficient tensor, L2T-1; vi is the seepage or linear pore
water velocity; LT-1; it is related to the specific discharge or Darcy flux through the relationship, vi

= qi/; qs is the volumetric flow rate per unit of volume of aquifer representing fluid sources (posi-
tive) and sinks (negative), T-1; is the concentration of the source or sink flux for species k, ML-3; is
the chemical reaction term, ML-3T-1.

For the purposes of this study, only a subset of the processes listed in equation (6.1) will be
utilized. Specifically, advection is considered to dominate the transport process. Hydrodynamic
dispersion is assumed to be controlled by the large-scale heterogeneity, so the explicit dispersion
term is effectively replaced by variability derived from the geologic model. Retardation processes
are neglected owing to the fact that TDS is being simulated. One cannot account for the sorptive
properties of all solutes that makeup the TDS. Consequently, the first and fourth terms on the right
side of equation (6.1) are effectively disregarded in model computations. The sources and sinks
term within the governing equation, qsvs, represents a change in solute mass due to sources and
sinks. Sources and sinks can be classified as aerially distributed or as point locations. Areally
distributed sources/sinks include recharge and evapotranspiration while point sources/sinks
include wells, drains, rivers, constant head boundaries and general head dependent boundaries.

Solving equation (6.1) has been notoriously difficult and MT3DMS offers several solution
schemes, each with its own advantages and disadvantage. In brief, these techniques can be
classified as Eulerian, Lagrangian, mixed Eulerian-Lagrangian and total-variation-diminishing
(TVD). Eulerian techniques have typically been associated with standard finite-difference or
finite-element methods. They are considered mass conservative and allow for a fixed grid and
tend to effectively handle dispersion/reaction-dominated problems. Unfortunately, numerical
dispersion and artificial oscillation may become issues for advection-dominated systems unless
small grid spacing and time-steps are utilized. Lagrangian approaches solve the governing
transport equation by either deforming the grid or using particle tracking approaches. Solutions
are efficient for advection-dominated problems, but numerical instability and mass balance errors
can arise, especially with heterogeneous media and/or problems involving multiple sources and
sinks. TVD schemes are typically appropriate for advection-dominated systems and to remove
numeric oscillations. MT3DMS offers a third-order TVD with a universal flux limiter. Most likely
this approach will be used as it is typically more efficient than other solution algorithms. 
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Boundary conditions are necessary to solve the governing transport equation. Mirroring the 
hydrodynamic model, three types of boundary conditions may be considered in the transport model. 
Dirichlet Boundary Condition (Type I): This boundary condition requires the solute concentration to 
be specified along the boundary for the entire duration of the simulation. This boundary conditions 
acts as a source providing solute mass to the model domain, or as a sink taking solute mass out of the 
model domain. Note that a specified-head boundary in the flow model may or may not be a 
specified-concentration boundary in the transport model. Neumann Boundary Condition (Type II): 
This boundary condition requires the concentration gradient to be specified across the boundary. 
Similar to the flow model boundary condition, a special subset of no-dispersive-mass-flux may be 
designated. Cauchy Boundary Condition (Type III): This boundary condition requires the 
specification of both the concentration value and the concentration gradient. All transport boundary 
conditions will be simulated with a Type I boundary. While designation of these boundaries is 
accomplished by assigning a specified concentration, mass flux is implied due to the fluid flux 
occurring at the flow model boundary condition. In essence, the model is attributing a mass flux of 
material across these surface boundaries. The transport boundary conditions are determined from 
nearby monitoring wells or surface water samples depending on the type of boundary. If multiple 
samples are available, then the arithmetic average is used to estimate the boundary condition 
concentration. Figure 6.2 shows the concentrations of TDS (mg/L) for the boundary conditions used 
within the model. 

Figure 6.2. Boundary conditions for solute transport model concentration of TDS (mg/L) for source 
fluid. 

 

34
00

10
00

Southern Virginia 
Range Recharge

Truckee Range Recharge

Irrigation Recharge

Truckee Canal Recharge

Truckee River

90
0

55
0

24
0

120

120

240



 92 

6.3 Initial Conditions 
For the solute transport model, concentrations of TDS are needed at all grid points (number?). 

However, there are only 60 TDS values known, including four measurements outside the model 
domain (Figure 6.3). TDS values were derived using an airborne resistivity survey that encompassed 
the area of the model domain. This survey was part of an airborne geophysical survey flown by 
Dighem, Inc. (Toronto, Ontario, Canada) and contracted by Washoe County and the City of Fernley 
(Dighem, 1996). There is an inverse correlation between TDS and electrical resistivity due to the 
highly conductivity nature of water that contains moderate to high concentrations of salts. The 
resistivity survey provides over 10,000 measurements along evenly spaced flight lines (667 meters 
apart) that can be used to improve the estimation of TDS values within the model domain. The 
resistivity mapping consists of three different frequencies that resolve resistivity at different depths 
where the depth of measurement is given by:r 

f
aρδ 503=  

where δ is the depth of measurement (skin depth), ρa is the apparent resistivity, and f is the 
frequency (either 56,000 or 7,200 or 900 Hz). 

Resistivity was estimated at specific well locations where TDS was measured in order to 
establish the correlation between TDS and resistivity. This was done with 2D kriging and parameters 
determined from the semivariogram of the resistivities (Figure 6.4). At these locations the 
resistivities were interpolated based upon the three frequencies estimated for those locations (Figure 
6.5). 

 
Figure 6.3. Location of model grid points and TDS measurements. 

(6.2) 



Figure 6.4. Semivariogram for resistivities at frequencies of 56K Hz, 7200 Hz, and 900 Hz.

Figure 6.5. Algorithm to estimate resistivities at TDS measurement locations and model grid points.
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The TDS values are estimated using standardized ordinary collocated co-kriging described by
Deutsch and Journel (1998). Collocated co-kriging uses values of the secondary parameter (resistivity)
at the estimate locations along with the primary parameter (TDS), whose value is known only
atmeasurement points. Resistivity values are estimated at the model grid points using the same
technique as used for estimating resistivity at TDS measurement locations. These gridded
resistivities are shown in Figure 6.6 for three layers of the model grid. The TDS and resistivity
values are standardized to have a mean of zero and a variance of one using a normal score
transform, a requirement for standardized ordinary co-kriging where the sum of the kriging
weights for both the primary and secondary parameter are constrained to equal one. Standardizing
the parameters this way transforms the parameters into normal distributions, which is an
assumption in kriging. This is particularly helpful for the TDS values whose distribution is
skewed by a few very large values.

The normalized TDS is plotted against the normalized resistivities for the 56 points with both
TDS and resistivities in Figure 6.7. The normalized TDS and resistivity values found to have a
covariance of about -0.2, a negative value since the two are inversely correlated. The cross
semivariogram of the normalized TDS and the negative of the normalized resistivities (Figure 6.8)
also confirm this. It was found that this value had a large impact on estimates where the TDS
measurements are very sparse and a value of -0.1 was found to produce a more realistic estimate. The
vertical correlation length for the TDS values is an important factor, since the TDS varies over
vertical distances much more than horizontally. Semivariograms indicate a horizontal range of about
3,200 m.

There is only six locations where shallow and deep TDS measurements are available to assess
the vertical correlation distance. A value of 50 m is used for the vertical correlation length, which is
consistent with available measurements. A range of values from 32 to 160 m has been tested and the
value of 50 m provides a realistic variation of TDS with depth.

Results from kriging using no resistivity measurements (Figure 6.9) and co-kriging (Figure 6.10)
are presented at various depths along with maps of the difference between these estimates (Figure
6.11). The kriged maps show a much smoother TDS than the co-kriged, since the TDS measurements
are very sparse, especially in some of the remote regions of the model. The 1,230-m elevation co-
kriged map has much higher TDS estimates in the southwest corner of the model area due to a lack of
TDS measurements and a region of low resistivity.

6.4  Calibration/Uncertainty Analysis

The purpose of the calibration process is to adjust the model parameters such that a
reasonable level of agreement exists between the observed and simulated responses. In this case,
the response is primarily TDS loading to the Truckee River and the distribution of TDS within the
aquifer system. According to Konikow (1978), a model is verified “if its accuracy and predictive
capability have been proven to lie within acceptable limits of error by tests independent of the
calibration data.” As noted in the calibration/verification sections for the flow model, one can
more easily obtain both calibration and verification datasets to achieve this task for flow
simulations, but transport simulations are somewhat more difficult. The difficulty lies in the fact
that groundwater transport moves relatively slowly, so one needs a very long period of high
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Figure 6.6. Resistivities estimated at model grid points for three layers at 1,190 m, 1,210 m and     

1,230 m elevations. 

resolution data to properly calibrate/verify the model. The Washoe County Regional Water Planning 
Commission Technical Advisory Committee agreed to a stochastic verification process for this 
model using data prior to 1980. After a thorough, examination of the pre-1980 chemistry data in the 
Fernley area, it was determined that a verification exercise could not be performed. A query of the 
database for samples within the Fernley area that contained accurate location information TDS 
measurements prior to 1980 led to only eight samples. Extending the search to 1985 increased the 
number of samples to 24, with most of the values being clustered in the irrigated area. There were 
not enough data to create an accurate initial condition distribution for the verification simulations, so 
the verification will rely solely on the flow model verification and the analysis of uncertainty. As 
Konikow (1978) notes, “The accuracy of a model’s predictions is the best measure of a model’s 
reliability.” Therefore, one can make decisions about the reliability based on the quantitative 
measure of the TDS loading uncertainty. 
Transport Model Results 

The groundwater transport model was used to predict TDS migration from present conditions 
(2001) to the year 2051. Two general scenarios were simulated with the first being predictions under 
current hydraulic conditions (Section 6.5.1) and the second being under various fluid management 
practices (Section 6.5.2).   

The simulated TDS migration under current conditions was performed within a Monte Carlo 
framework or uncertainty analysis. The uncertainty analysis investigates the error associated with 
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the model’s input parameters to quantify the error in the predicted TDS concentrations. Advanced
statistical methods (Monte Carlo Bayesian Analysis) are used in the uncertainty analysis which
provides a variety of statistical measures to evaluate the predictions. In an effort to provide
concise results that convey the most information about the behavior of the system two general
types of results are presented. Predicted TDS flux to the Truckee River and plots of the TDS
concentration within the Fernley/Wadsworth area are presented for the current hydraulic
conditions (Section 6.5.1). The results of the fluid management scenarios are limited to TDS flux
values for the year 2051 and are limited to deterministic (i.e. uncertainty analysis is not included
in the analysis).

To quantify the uncertainty of the predicted TDS flux a total of 1,100 realizations of the flow
model were performed. A realization is simply a single model simulation with a randomly
selected set of parameters as described in Section 4.6. Each realization is weighted according to
the algorithm described in Section 4.4. In an effort to limit the computational overhead, only 62
groundwater flow realizations were used for the transport model. These realizations are selected
based on the likelihood weights such that the most probable solutions are included in the analysis.
This statistical analysis allows one to calculate the mean and confidence intervals about the mean
of the predicted TDS loading to the Truckee River. The weighting algorithm also provides a
single model which is most probable in terms of its ability to most accurately represent the
system. One can think of the deterministic solution as the “best-fit” or “calibrated” solution. The
parameters used to describe the deterministic solution are provided in Tables 4.4 and 4.5 for the
fluid source/sinks and hydraulic parameters, respectively. Therefore, the TDS flux predictions are
presented in terms of the mean, confidence intervals about the mean, and the deterministic
solution. In the interest of brevity, only the deterministic solution is used to present the predicted
spatial distribution of TDS concentrations from 2001 to 2051 in 10 year intervals.  

The fluid management scenarios utilize the hydraulic parameters that are described in Table
4.5 and incorporate variations in the fluid sources and sinks relative to those described in Table
4.4.  

6.5.1 Current Condition Scenario

The transport results focus on the TDS flux to the Truckee River and the spatial distribution
of TDS concentration throughout the 50-year prediction period. Although 1,100 realizations were
performed for the flow solution, this was not possible for the transport simulation, as each
realization required over six hours of computer time. Therefore, the weighting procedure outlined
in section 4.4 was used to choose the flow realizations that would be used for the transport
calculations. The best (those with the largest likelihood weights) 62 flow realizations were used in
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Figure 6.7. Normalized resistivity verses normalized TDS at TDS measurement locations.

Figure 6.8. Semivariograms and cross semivariogram for normalized TDS and normalized negative 
resistivities.
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Figure 6.9.   TDS estimates at model grid points using kriging of TDS measurements for three layers at 1,190 m, 1,210 m and 1,230 m elevations. 
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Figure 6.10. TDS estimates at model grid points using co-kriging of TDS measurements and resistivities for three layers at 1,190 m, 1,210 m and 

1,230 m elevations. 
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Figure 6.11.   Difference of TDS estimates at model grid points using kriging and co-kriging.
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the transport analysis, to assess the uncertainty in the TDS flux predictions. The optimal deter-
ministic solution was used to present the spatial distribution of the TDS concentration. It is also
important to note that the TDS flux presented calculated using the solute transport model, repre-
sents a flux multiple sources within the modeled area. Sources originating from the Dead Ox
Spring are not included in the model as this region is to the north of the model domain. 

Figure 6.12 shows the predicted TDS flux versus time over the 50-year prediction period.
The geometric mean, 90 percent confidence levels and the optimal deterministic solution are
presented for comparison purposes. The geometric mean is calculated over the 62 realizations and
shows current TDS fluxes of approximately 215 g/sec (40,953 lbs/day). The mean solution shows
relatively stable TDS fluxes over the next 15 years, and then a gradual increase to approximately
285 g/sec (54,286 lbs/day) after 50 years. The 90 percent confidence intervals range between 75
and 330 g/sec (14,286 - 62,858 lbs/day) presently, with the uncertainty gradually increasing to 90
to 450 g/sec (17,143 - 85,716 lbs/day) after 50 years. The deterministic solution is a single
realization with the largest likelihood weight, and shows a relatively stable TDS flux of
approximately 175 g/sec (33,333 lbs/day) over the entire 50-year simulation period. 

Figure 6.13 shows the distribution of TDS flux during the first year of the simulation.
Therefore, the distribution shows the predictions over the 62 realizations. The distribution is left
skewed,with more realizations in the 225 to 300 g/sec (42,858 - 57,143 lbs/day) range.
Interestingly, there is an increased number of realizations in the range of 160 to 170 g/sec (30,477
- 32,382 lbs/day). 

The predicted TDS fluxes are in excellent agreement with those calculated in sections 5.5.3
- 5.5.5. The independent estimates of TDS loading to the Truckee River (exclusive of Dead-Ox
Meadows contributions) based on two low-flow surveys, and groundwater chemistry and flux
data indicate a range between 143 and 314 g/sec (27,239 — 59,810 lbs/day). The groundwater
transport model predictions range between 75 — 330 g/sec (14,286 — 62,858 lbs/day).

The predicted distribution of TDS concentration at an elevation of 1,215 m is shown in
Figures 6.14, 6.15, 6.16, 6.17, 6.18, 6.19, for 0, 10, 20, 30, 40, and 50 years into the future,
respectively. The initial conditions show the largest concentrations near the center of the Forty
Mile Desert with lower concentrations extending in nearly concentric circles around the edge of
the model domain. As one moves forward in time, the TDS plume tends to elongate in the
northwest/southeast directions, primarily due to the larger fluid fluxes that exist between the
Fernley irrigated area and the Truckee River. By the end of the simulation (50 yrs), the leading
edge of the salt plume begins to intersect the Truckee River. The smaller hydraulic conductivities
in the region associated with higher TDS concentrations keep the bulk of the plume rather
stationary. Most of the temporal changes occur along the perimeter, as fluid from the Fernley area
mixes and transports some of the salts toward the Truckee River. 
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Figure 6.12. Predicted TDS flux vs. time over the 50-year prediction period.

Figure 6.13. Distribution of TDS flux during the first year of the simulation.
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6.5.2 Predictive Scenarios of Water Management Options

The groundwater flow and transport model is used to ascertain potential changes to the TDS
loading to the Truckee River under various management alternatives. Two of the most critical
parameters that are influenced by changing the land use include the seepage from the Truckee
Canal and the infiltration from the irrigated area. The irrigated recharge was divided into the
western and eastern region with the approximate division being alternate Highway 95. Variations
in irrigated recharge were investigated for both regions within the Fernley Agricultural area to
determine the potential impact on the hydraulic divide. Therefore, including a reduction in the
western recharge may have the impact of reducing TDS loading more so than irrigation seepage
reductions in the east. For completeness, various combinations of Truckee Canal seepage, and
eastern and western recharge are simulated (see Table 6.1).  

The City of Fernley is a growing community and as such may require additional water
supplies. To account for a growing population, the analysis included four simulations that
investigated the impact of increased pumping on the TDS loading to the River. The City of
Fernley pumping was increased in 25 percent intervals, with the maximum of 200 percent. 

The final alternative that was simulated includes the installation of ten wells in the Forty
Mile Desert. The purpose of this alternative is to investigate the impact of pumping, which would
essentially capture a significant portion of the northern groundwater flow n this region to reduce
the TDS loading. 

Table 6.1. Description of the management alternatives used in the predictive simulations to
determine the impact on TDS loading to the Truckee River. All numbers represent
the percentage flux relative to the mean base simulation.

Simulation 
Number

Truckee Canal 
Seepage

Eastern 
Recharge

Western 
Recharge

City of Fernley 
Pumping

Hydraulic Remedia-
tion

1 100 100 100 100 No

2 50 100 100 100 No

3 0 100 100 100 No

4 100 50 50 100 No

5 50 50 50 100 No

6 0 50 50 100 No

7 100 0 0 100 No

8 50 0 0 100 No

9 0 0 0 100 No

10 100 100 0 100 No

11 50 100 0 100 No

12 0 100 0 100 No

13 100 100 100 125 No

14 100 100 100 150 No

15 100 100 100 175 No

16 100 100 100 200 No

17 100 100 100 100 Yes
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Figure 6.14. Predicted TDS concentration (mg/L) at 0 years.
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Figure 6.15. Predicted TDS concentration (mg/L) at 10 years.
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Figure 6.16. Predicted TDS concentration (mg/L) at 20 years.
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Figure 6.17. Predicted TDS concentration (mg/L) at 30 years.
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Figure 6.18. Predicted TDS concentration (mg/L) at 40 years.



109

Figure 6.19. Predicted TDS concentration (mg/L) at 50 years.



Table 6.2 shows the value of the TDS flux (Flux50) at 50 years from the present (2051).

Alternative 1 is simply the base case which represents current hydraulic conditions (i.e. irrigation,
canal seepage, natural recharge are as described in section 4.2).  The magnitude of the Flux50 for

the basecase is 180 g/sec (34,206 lbs/day). If the Truckee Canal seepage is decreased by 50
percent (Alternative 2) the magnitude of Flux50 is predicted to decrease to 124 g/sec (23,665 lbs/

day).  Alternative 3 represents the case of no canal seepage, and the predicted Flux50 is 102 g/sec

(19,356 lbs/day). 

Management alternatives 4 – 6 show the impact of combined decreases in canal seepage and
irrigation recharge. As expected, the Flux50 values decrease with decreased fluid flux.  Alternative

4 represents 100 percent canal seepage and 50 percent decrease in irrigation recharge with the
predicted Flux50 being reduced to 85 g/sec (16,213 lbs/day).  Alternative 5 represents a combined

50 percent reduction in canal seepage and irrigation recharge with the Flux50 being reduced to 69

g/sec (13,128 lbs/day). Alternative 6 represents a zero canal seepage and a 50 percent reduction in
irrigation recharge with the Flux50 being reduced to 59 g/sec (11,175 lbs/day).   

Management alternatives 7 - 9 represent the impact of complete removal of irrigation
recharge. The significant decrease in fluid flux again translates into a significant decrease in
Flux50 for all three cases. Alternative 7 represents current canal seepage rates with no irrigation

flux and the predicted Flux50 is 40 g/sec (7,611 lbs/day).  Alternative 8 represents a 50 percent

Table 6.2. Predicted TDS flux for the 17 fluid managment alternatives.

Alternative Truckee 
Canal

Seepage

Eastern
Recharge

Western 
Recharge

City of
Fernley

Pumping

Hydraulic
Remediation

TDS Flux
(2051) 
(g/sec)

TDS Flux
(2051) 

(lbs/day)

1 100 100 100 100 No 180 34206

2 50 100 100 100 No 124 23665

3 0 100 100 100 No 102 19356

4 100 50 50 100 No 85 16213

5 50 50 50 100 No 69 13128

6 0 50 50 100 No 59 11175

7 100 0 0 100 No 40 7611

8 50 0 0 100 No 32 6039

9 0 0 0 100 No 25 4724

10 100 100 0 100 No 128 24407

11 50 100 0 100 No 103 19652

12 0 100 0 100 No 90 17235

13 100 100 100 125 No 147 28001

14 100 100 100 150 No 144 27436

15 100 100 100 175 No 141 26913

16 100 100 100 200 No 139 26443

17 100 100 100 100 Yes 121 23029
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reduction in canal seepage with no irrigation flux and the predicted Flux50 is 32 g/sec (6,039 lbs/

day). Alternative 9 represents a full reduction in canal seepage with no irrigation flux and the
predicted Flux50 is 25 g/sec (4,724 lbs/day).  

Management alternatives 10 – 12 investigate the impact of combined fluid flux reductions of
the canal seepage and western irrigated recharge. These cases were investigated to determine if
there was a direct source of TDS flux from the western portion of the irrigated lands, as this area
shows rather direct advective fluid migration toward the Truckee River. Alternative 10 shows
only minor reductions in the TDS flux assuming current canal and eastern irrigation recharge, but
with no western recharge.  The predicted Flux50 for Alternative 10 is 128 g/sec (24,407 lbs/day).

Alternative 11 represents a 50 percent reduction in the canal seepage and current infiltration rates
used for the eastern irrigation recharge and no western recharge. The predicted Flux50 for

Alternative 11 is 103 g/sec (19,652 lbs/day).  Alternative 12 represents complete removal of the
canal seepage and western irrigated recharge, while including eastern recharge at the current rate.
The predicted Flux50 for Alternative 12 is 90 g/sec (17,235 lbs/day). Management Alternatives 13

– 16 show the impacts of increased pumping in the Fernley area with no changes to the irrigation
recharge and canal seepage. Increased pumping in Fernley has only a minor impact on the TDS
flux with the predicted Flux50 results being 147, 144, 141, 139 g/sec (28,001,  27,436, 26,913, and

26,442 lbs/day) for increased pumping rates of 125, 150, 175, and 200 percent, respectively.   

The final management alternative is to install a hydraulic remediation program to essentially
pump the high concentration fluid located in the northeastern portion of the basin before it reaches
the Truckee River. The results indicate that the hydraulic remediation plan asproposed has little
effect on the TDS flux to the Truckee River with Flux50 being 121 g/sec (23,029 lbs/day). The
most likely explanation for this is the proposed placement of the well field. It appears that the
fluid fluxes are greater in the western portion of the basin due to higher hydraulic conductivities.
The northeastern portion of the basin contains higher TDS concentrations, but the fluid fluxes are
lower due to lower hydraulic conductivities. Therefore, pumping in the northeastern region only
serves to slowly remove the salts in this area, but the TDS flux to the river will remain elevated
until the majority of the salts are removed as the fluid flux remains high in the western portion of
the basin, thereby enhancing the migration of the TDS plume from the western perimeter.

7.0  SUMMARY/CONCLUSIONS

7.1  Summary

In an effort to understand the causes of the current TDS loading to the Truckee River
between the towns of Wadsworth and Nixon, respectively, a comprehensive hydrogeologic
investigation was undertaken. The investigation was multi-disciplinary in nature and included
scientists from the Desert Research Institute, University of Nevada, Reno, Washoe County,
Plumas Geo-Hydrology, and Broadbent and Associates. To achieve the above-stated goal, a multi-
faceted approach was undertaken, including the following:
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1. Drilling program: This effort was undertaken to further characterize the hydraulic and
geochemical processes in undersampled locations within the basin.

2. Geophysical logging and analysis: Airborne and borehole geophysics were used to aid
in the interpretation of the spatial patterns of lithology and TDS concentrations. 

3. Groundwater flow modeling: A numerical groundwater flow model was constructed
as a method to integrate all available data and to come to closure in the most probable
conceptualization of the groundwater flow system. The flow model also provides a
method to predict current and future advective fluxes under various management alter-
natives.

4. Geochemical analysis: The analysis of the geochemical processes is critical for the
understanding of the sources of fluid and solutes in the Fernley/Wadsworth area. The
use of mixing cell models provides an independent methodology to verify the results
of the groundwater flow model.

5. Solute transport modeling: The results of the flow modeling and TDS distribution are
used within the transport model to determine how solutes migrate and to estimate the
future TDS loading under various management scenarios.

6. Uncertainty analysis: The uncertainty analysis provides a methodology to quantify the
prediction uncertainty based on the uncertainty in the groundwater flow model’s input
parameters.

The drilling program provided a wealth of data to describe the subsurface hydraulic and
geochemical processes. The vadose zone cores and associated leachate analysis showed
significantly more salts in the areas that have not been irrigated, which indicates that most of the
salts have been leached from beneath the Fernley agricultural areas. 

The geophysical logging and analysis provided high resolution information, which proved to
be invaluable in the mapping of TDS distributions. The three-dimensional map of the TDS
concentration was derived using co-kriging, of TDS measurements and airborne resistivity. This
map provides initial conditions for the solute transport model. Geophysics also proved useful for
the mapping of the bedrock surface, which ultimately defined the bottom surface of the model
domain.

The groundwater flow model incorporates all geologic and hydraulic information such that
advective fluid fluxes can be calculated. A three-dimensional geologic model was created using
indicator kriging and the lithologic logs from hundreds of boreholes in the region. The pumping
tests and an automated inverse algorithm were used to determine the hydraulic parameters for the
individual lithologic classes. Boundary conditions were derived from a variety of innovative
methodologies. New regression equations were used to estimate the seepage from the Truckee
Canal. An unsaturated zone model and first-order uncertainty analysis was used to estimate the
net recharge beneath irrigated areas. Recent advances in estimation techniques for natural
recharge proved useful for the estimation of the southern flux, Truckee Range and Virginia Range
recharge. Municipal pumping was also included in the groundwater flow model. Constant head
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boundary conditions were utilized in the northwest and southeastern portions of the model
domain, which act primarily as discharge points. 

The groundwater flow model is in reasonable agreement with the observed hydraulic heads.
The optimal solution was simulated with a root-mean-squared-error of 5.3 m, which is less than
10 percent of the total head change in the region. Although the optimal solution is most likely in a
probabilistic sense, the solution is non-unique, which indicates that there are numerous parameter
sets that are nearly as likely. The model predicts higher heads in the southern portion of the basin,
with values near 1,260 m. A hydraulic divide occurs between the western edges of the Fernley
area toward the toe of the Truckee Range. This causes two flow directions from the irrigated area.
Heads decrease toward the east and also toward the Truckee River. Hydraulic Gradients steepen
near the eastern boundary and also in the region between Fernley and the Truckee River. The
shallower system is influenced by the Truckee River, especially in the north. 

The groundwater budget as determined from the optimal flow model inputs is dominated by
the canal seepage and the Fernley area irrigation recharge with fluxes of 33,506 (9,920 acre-ft/
year) and 30,394 (8,999 acre-ft/year) and m3/day, respectively. The total flux attributed to natural
recharge is 8,357 m3/day (2,473 acre-ft/year), of which the majority is derived in the southern
portion of Virginia Range (6,409 m3/day or 11,898 acre-ft/year). Outflows from the model include
7,189 m3/day (2,728 acre-ft/year) from municipal pumping within the City of Fernley. The
groundwater model predicts a net fluid gain to the Truckee River of 32,161 m3/day ( 9,522 acre-ft/
year or 13.1 cfs). The model also predicts a groundwater discharge of 19,768 m3/day (5,853 acre-
ft/year) along the northwestern boundary toward the Pyramid Lake region and a 33,194 m3/day
(9,828 acre-ft/year) discharge along the southeastern boundary. 

A comparison of the flowpaths inferred from the mixing cell model and the numerical flow
model indicate that they are in general agreement. The fluid that originates in the western portion
of the Fernley agricultural area initially moves northwest, then just before intersecting the
Truckee River the flow paths are oriented northward. The pathlines finally intersect the Truckee
River in the region associated with the first significant solute loading. The mixing cell model
shows similar behavior with groundwater entering the river system at approximately the same
location. Both models indicate that groundwater recharge from the southern portion of the basin
either moves eastward or enters the Fernley productions wells. 

The geochemical interpretations in this report are based on a total of 334 chemical analyses,
of which 247 were collected specifically for this project. These data include historical
groundwater and surface water chemistry. Groundwater chemistry includes samples from
domestic, irrigation, and Fernley Town Utility wells. Surface water geochemistry data include
data from a river survey from the summer of 1998, monthly sampling by TMWRF and DRI since
the summer 1998 river survey, a 1979 low-flow survey, and a 2001 low-flow survey. Additionally,
seven cores of unsaturated zone sediments were collected from irrigated and non-irrigated areas
and processed to determine the concentration of easily soluble salts.
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Analysis of major-ion chemistry shows that high TDS sulfate and chloride native
groundwater south of the Fernley irrigation area is diluted by low TDS infiltrating irrigation
water. North of the irrigated area and in the Dead Ox Meadows area high TDS groundwaters are
present. The source of the high TDS waters north of the irrigated area is dissolution of unsaturated
zone salts, dominated by sodium and sulfate. These waters gained most of their dissolved salts
from unsaturated zone salts in the irrigated area that were dissolved as the irrigation water
infiltrated the more than 30 - 100-ft-thick unsaturated zone to the water table and then flowed out
of the irrigated area. A further increase in TDS resulted when rising water levels north of the
irrigated area, in response to irrigation infiltration, dissolved more unsaturated zone salts as the
water level rose. In the Dead Ox area, still farther to the north, the high TDS groundwaters are
chloride-dominated waters from dissolution of chloride salts in this area and are not related to the
high TDS sulfate-dominated waters that originate partly from infiltration of irrigation water.

Groundwater in the Fernley Basin is a mixture of high TDS native groundwater (south of the
irrigated area) and relatively dilute irrigation water. The mixture of these two waters is shown by
the stable isotopic data, deuterium and oxygen-18. Groundwater in the Fernley Basin is
dominated by the isotopic signature of the irrigation water, particularly at shallow depths in the
aquifer. Shallow wells in the irrigated area generally contain greater than 90 percent irrigation
water and even groundwater from wells kilometers north of the irrigated area generally contain
greater than 50 percent irrigation water.

Geochemical processes in the Fernley Basin are, at least historically, dominated by the
dissolution of salts and minerals by infiltrating irrigation water creating high TDS sodium-sulfate
water. Currently, a rise in the water table north of the irrigated area results in additional salt
dissolution from unsaturated zone sediments. Leachate of soluble salts, chloride and sulfur
isotopic data, and sulfate-to-chloride ratios from cores of unsaturated zone sediments collected in
irrigated and non-irrigated areas support the leaching of unsaturated zone salts from the irrigated
area as the source of high TDS sodium-sulfate groundwaters in the Fernley Basin.

Analysis of historical data from the Wadsworth and Nixon USGS gages indicates that salt
loading is occurring in the lower Truckee River from groundwater inflow. Low-flow surveys in
1979 (Bratberg, 1980) and in April 2001 (this project) of the lower Truckee River suggest that
four major sources are contributing to the salt loading in the lower Truckee River. These sources
are (1) native groundwater that originates in the southern part of the basin, (2) groundwater from
the Dodge Flat area west of the Truckee River, (3) groundwater from the Dead Ox Meadows area,
and (4) infiltration of irrigation water that mixes with native groundwater and flows to the
Truckee River. The infiltrating irrigation water has a salt load that is added to by the dissolution of
salts from the unsaturated zone sediments. A comparison of the two low-flow surveys indicates
that total salt loading to the river has decreased from 1979 to 2001. This may indicate that the
majority of the high TDS plume generated by dissolution of unsaturated zone salts has discharged
to the lower Truckee River at some point in the past. A comparison of the two surveys also shows
that the high chloride salt load originating as high TDS groundwater in the Dead Ox area, between
the S-Bar-S Ranch and the USGS gage site at Nixon, has remained the same from 1979 to 2001.
This salt load to the lower Truckee River is not related to past or present irrigation in the Fernley
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area. The April low-flow survey may not be directly comparable to the December 1979 survey
because the 1979 survey was conducted after a long period of flows less than 100 cfs, whereas the
April survey was conducted immediately after flows were reduced below 100 cfs by diversions
upstream in the river. Thus, before the apparent drop in TDS groundwater loading to the Truckee
River can be affirmed, another low-flow survey needs to be conducted at the same time of year
and under similar conditions as the December 1979 low-flow survey.

The independent estimates of TDS loading to the Truckee River (exclusive of Dead Ox
Meadows contributions), which are based on two low-flow surveys, and groundwater chemistry
and fluid flux data indicate a range between 143 and 314 g/sec (27,239 - 59,810 lbs/day) which is
in agreement with the groundwater transport model predictions that range between 75 - 330 g/sec
(14,286 - 62,858 lbs/day).

The initial conditions show that the largest TDS concentrations are near the center of the
Forty Mile Desert with lower concentrations extending in nearly concentric circles towars around
the edge of the model domain. The model predicts that over the next 50 years, the TDS plume
tends to elongate in the northwest/southeast directions primarily due to the larger fluid fluxes that
exist between the Fernley irrigated area and the Truckee River. By the end of the simulation (50
yrs), the leading edge of the salt plume begins to intersect the Truckee River. The smaller
hydraulic conductivities in the region associated with higher TDS concentrations keep the bulk of
the plume rather stationary. Most of the temporal changes occur along the perimeter as fluid from
the Fernley area mixes and transports some of the salts toward the Truckee River. 

Table 6.2 shows the value of the TDS flux (Flux50) at 50 years from the present (2051).

Alternative 1 is simply the base case which represents current hydraulic conditions (i.e. irrigation,
canal seepage, natural recharge are as described in section 4.2).  The magnitude of the Flux50 for

the basecase is 180 g/sec (34,206 lbs/day). If the Truckee Canal seepage is decreased by 50
percent (Alternative 2) the magnitude of Flux50 is predicted to decrease to 124 g/sec (23,665 lbs/

day).  Alternative 3 represents the case of no canal seepage, and the predicted Flux50 is 102 g/sec

(19,356 lbs/day). 

Management alternatives 4 – 6 show the impact of combined decreases in canal seepage and
irrigation recharge. As expected, the Flux50 values decrease with decreased fluid flux.  Alternative
4 represents 100 percent canal seepage and 50 percent decrease in irrigation recharge with the
predicted Flux50 being reduced to 85 g/sec (16,213 lbs/day).  Alternative 5 represents a combined

50 percent reduction in canal seepage and irrigation recharge with the Flux50 being reduced to 69

g/sec (13,128 lbs/day). Alternative 6 represents a zero canal seepage and a 50 percent reduction in
irrigation recharge with the Flux50 being reduced to 59 g/sec (11,175 lbs/day).   

Management alternatives 7 - 9 represent the impact of complete removal of irrigation
recharge. The significant decrease in fluid flux again translates into a significant decrease in
Flux50 for all three cases. Alternative 7 represents current canal seepage rates with no irrigation

flux and the predicted Flux50 is 40 g/sec (7,611 lbs/day).  Alternative 8 represents a 50 percent
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reduction in canal seepage with no irrigation flux and the predicted Flux50 is 32 g/sec (6,039 lbs/

day). Alternative 9 represents a full reduction in canal seepage with no irrigation flux and the
predicted Flux50 is 25 g/sec (4,724 lbs/day).  

Management alternatives 10 – 12 investigate the impact of combined fluid flux reductions of
the canal seepage and western irrigated recharge. These cases were investigated to determine if
there was a direct source of TDS flux from the western portion of the irrigated lands, as this area
shows rather direct advective fluid migration toward the Truckee River. Alternative 10 shows
only minor reductions in the TDS flux assuming current canal and eastern irrigation recharge, but
with no western recharge.  The predicted Flux50 for Alternative 10 is 128 g/sec (24,407 lbs/day).

Alternative 11 represents a 50 percent reduction in the canal seepage and current infiltration rates
used for the eastern irrigation recharge and no western recharge.   The predicted Flux50 for

Alternative 11 is 103 g/sec (19,652 lbs/day).  Alternative 12 represents complete removal of the
canal seepage and western irrigated recharge, while including eastern recharge at the current rate.
The predicted Flux50 for Alternative 12 is 90 g/sec (17,235 lbs/day). Management Alternatives 13

– 16 show the impacts of increased pumping in the Fernley area with no changes to the irrigation
recharge and canal seepage. Increased pumping in Fernley has only a minor impact on the TDS
flux with the predicted Flux50 results being 147, 144, 141, 139 g/sec (28,001,  27,436, 26,913, and

26,442 lbs/day) for increased pumping rates of 125, 150, 175, and 200 percent, respectively.   

The final management alternative is to install a hydraulic remediation program to essentially
pump the high concentration fluid located in the northeastern portion of the basin before it reaches
the Truckee River. The results indicate that the hydraulic remediation plan asproposed has little
effect on the TDS flux to the Truckee River with Flux50 being 121 g/sec (23,029 lbs/day). The
most likely explanation for this is the proposed placement of the well field. It appears that the
fluid fluxes are greater in the western portion of the basin due to higher hydraulic conductivities.
The northeastern portion of the basin contains higher TDS concentrations, but the fluid fluxes are
lower due to lower hydraulic conductivities. Therefore, pumping in the northeastern region only
serves to slowly remove the salts in this area, but the TDS flux to the river will remain elevated
until the majority of the salts are removed as the fluid flux remains high in the western portion of
the basin, thereby enhancing the migration of the TDS plume from the western perimeter.

7.2  Conclusions

1. The largest sources of groundwater in the Fernley area include 33,506 and 30,394 m3/
day for Truckee Canal seepage and Fernley area irrigation recharge, or a total of
63,900 m3/day. Natural recharge is significantly less at approximately 7,189 m3/day
(2,127 acre-ft/year), which is predominately derived from the southern Virginia
Range.

2. The largest groundwater outflows in the region include 33,194 m3/day (9,822 acre-ft/
year) along the southeastern model boundary, 32,161 m3/day (9,517 acre-ft/year or
13.1 cfs) to the Truckee River, 19,768 m3/day (5,850 acre-ft/year) to the northwestern
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boundary toward Pyramid Lake, and 8,357 m3/day (2,473 acre-ft/year) from municipal
pumping within the City of Fernley.

3. Fluid that originates in the Fernley area has two potential migration paths, (1) north
toward the Truckee River and (2) east toward the Carson Sink.

4. The flow model is in agreement with the independent loading analysis and mixing cell
modeling results which lends support that the flow medel is verified.

5. High TDS sodium-sulfate groundwaters in the Fernley Basin result primarily from
infiltration of irrigation water and rising water levels that dissolve unsaturated zone
sodium-sulfate salts. High TDS chloride groundwaters in the Dead Ox Meadows area
derive their dissolved salt content primarily from dissolution of chloride salts in sedi-
ments in this area, and the TDS of these groundwaters are not related to irrigation-
derived TDS.

6. An estimate of the average TDS flux to the Truckee River from groundwater inflow
between Wadsworth and Nixon, based on water chemistry and recharge estimates, is
454 gm/s (86,478 lbs/day) for the period 1973 to 2000. A similar salt flux estimate for
1990 to 2000 is 389 gm/s (74,096 lbs/day). If the input of TDS from groundwater in
the Dead Ox area is not included in the total salt flux, 140 gm/s (26,667 lbs/day), then
the groundwater salt flux from native groundwater and infiltration of irrigation to the
lower Truckee River is about 250 gm/s (47,620 lbs/day).

7. The solute transport model predicts a current TDS flux (exclusive of Dead Ox Mead-
ows) of 175 g/sec (33,333 lbs/day) with a 90 percent confidence interval of 75 – 330 g/
sec (14,286 - 62,858 lbs/day), which is in agreement with observed loading rates.

8. Individual model realizations show a potential decrease in the TDS loading initially,
and then a small increase through the end of the 50-year-simulation. The variability is
well within the uncertainty bounds.  

9. The highest TDS concentrations are located in the Forty Mile Desert and evolve in
response to the adjacent fluid fluxes that are primarily derived in the Fernley agricul-
tural area. The TDS plume begins as a circular feature, then becomes elongated during
the 50-year simulation. The northwestern edge of the plume begins to intersect the
Truckee River by the end of the simulation. 

10. Combined decreases in irrigation recharge and Truckee Canal seepage lead to the most
significant reductions in TDS loading to the Truckee River. A full reduction in canal
seepage and irrigation recharge led to a decrease of nearly 155 g/sec (29,524 lbs/day)
at year 2051.

11. There appears to be little advantage in removing the irrigation recharge in the western
portion of the Fernley agricultural area, as the loading reductions are minimal.

12. Increased pumping (up to 200 percent of current conditions) in the Fernley area for
municipal supplies has little effect on TDS loading in the Truckee River.
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13. Interestingly, forced hydraulic remediation via pumping in the Forty Mile Desert has a
relatively small impact on the TDS loading. 

8.0  RECOMMENDATIONS

The characterization activities significantly reduced the uncertainty in the assessment of the
TDS loading to the Truckee River and the potential sources of salts. The groundwater flow and
transport models used to characterize and predict the loading contain a certain degree of
uncertainty due to uncertainties in the input parameters. Although the uncertainties may be
deemed acceptable to make strategic decisions regarding water management activities within the
Fernley agriculture area, there are certain characterization activities that would continue to reduce
the uncertainty. The following represents some of the characterization activities that may aid in
this process:

1. Additional sampling of fluid in the Forty Mile Desert is recommended. The majority
of the salt load is located in this region so further assessment of its distribution would
be helpful. Additionally, water samples greater than 200 ft below ground surface
would aid in the delineation of the vertical distribution of TDS.

2. An additional low-flow survey (less than 100 cfs) in the Fall months would be helpful
to confirm the results. The low-flow survey conducted in April 2001 provided an
excellent suite of loading data, which has been critical for the understanding of the
system. The temporal history of the Truckee River discharge raises some questions
regarding the information gained during the survey. Specifically, the increase in diver-
sions to the Truckee Canal just before the sampling period may have caused a certain
amount of dilution due to bank storage effects. 

3. Additional characterization may highlight the importance of transient effects. The
steady-state assumption for a regional flow model is appropriate as the water levels in
the region do not change enough to impact regional flow patterns. The temporal
impacts may become more important to the groundwater/surface water interaction
near the Truckee River. 

4. Additional characterization of the impact of faults on flow patterns would be help-
ful.The Walker Lane fault system intersects a large component of the regional flow
system in the Fernley area. Although efforts were made to investigate the impacts of
fault structures on the hydrogeology, the results were inconclusive.

5. Additional deep boreholes, especially in the center of the basin, would be helpful to
verify the sediment thicknesses. In an effort to not artificially constrict flow to the
shallow subsurface, the model domain was enlarged to incorporate the entire basin to
the bedrock contact. Geophysical tools and analysis were used to estimate the bedrock
surface, but the technique contains a certain degree of uncertainty. 

6. Further refinement in the water balance will serve to decrease the non-uniqueness
found in the calibration of the groundwater flow model. The two largest sources of
groundwater in the basin include seepage from the Truckee Canal and irrigation
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recharge. All efforts were made to accurately quantify these terms in the water budget,
but ongoing projects will be refining these estimates (primarily the canal seepage esti-
mates). 

7. Additional drilling along the margins of the Truckee Range would be helpful to further
characterize the TDS flux into the main part of the basin. The current conceptualiza-
tion assumes that fluid recharging from the Truckee Range contains elevated concen-
trations of TDS, yet the samples were taken in regions external to the primary flow
system.

8. Additional characterization of the potential sources for this high TDS fluid would be
beneficial. Dead Ox Meadows appears to be a significant contributor to the TDS flux
in the river. Evidence suggest that this flux has remained relatively constant during the
last 20 years, but its origin is not clear. 
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APPENDIX A:  HYDRAULIC CONDUCTIVITY ANALYSIS 
Table 1.  Summary of hydraulic parameters for Fernley wells. 

Well Name ∆h (ft) Q (gpm) K (m/day) 
Test Well 1 (d) 0.12 85.4 254.78 
Test Well 1 (rc) 0.08 85.4 407.65 
Test Well 4 (d) 3.01 83.3 9.91 
Test Well 4 (rc) 2.95 83.3 11.93 
Test Well 5 (d) 4.50 81.7 6.09 
Test Well 5 (rc) 4.95 81.7 5.91 
Obs. Well 5 (d) 0.63 81.7 47.5 
Obs. Well 5 (rc) 0.59 81.7 49 
Test Well 6 (d) 10.23 17.4 0.61 
Test Well 6 (rc) 8.90 17.4 0.7 
Test Well 7 (d) 0.80 84.8 25.3 
Test Well 7 (rc) 1.08 84.8 28.1 
Test Well 8 (d) 14.50 25.0 0.61 
Test Well 8 (rc) 14.80 25.0 0.61 
Test Well 9 (d) 0.08 36.8 25.9 
Test Well 9 (rc) 0.49 36.8 27.16 
Test Well 10 (d) 1.35 82.9 23.8 
Test Well 10 (rc) 2.00 82.9 22.3 
Test Well 11 (d) 4.76 50.0 3.76 
Test Well 11 (rc) 5.00 50.0 3.58 
Test Well 12 (d) 2.00 33.1 9.88 
Test Well 12 (rc) 1.46 33.1 8.12 
Test Well 14 (d) 2.21 84.8 13.7 
Test Well 14 (rc) 2.20 84.8 13.8 
Test Well 15 (d) 5.64 86.0 5.46 
Test Well 15 (rc) 5.02 86.0 6.13 
Test Well 16 (d) 0.21 133.0 226.7 
Test Well 17 (d) 63.95 20.0 0.112 
Test Well 17 (rc) 17.90 20.0 0.4 
Note:  D = pumping/drawdown 
 RC = recovery 
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Pump test: Well 6
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Pump test: Well 7
February 11, 1999 

0

5

10

15

20

1 10 100 1000

Time (min)

D
ra

w
do

w
n 

(ft
)

K=25.3m/day
Q=84.8gpm

 
 
 

Recovery: Well 7
February 11, 1999

0

0.5

1

1.5

2

2.5

3

1 10 100 1000

t/t' (min/min)

R
es

id
ua

l d
ra

w
do

w
n 

(ft
)

K=28.1m/day
Q=84.8gpm

 A-7
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Pump test: Well 14
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Pump test: Well 15
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Pump test: Well 16
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APPENDIX B: LITHOLOGIC LOGS 

Well Completion Diagram11
250 Pack Description Casing DescriptionRock DescriptionDepth (ft) Lithology

Neat cement
seal between
0ft. and 110ft.

Gravel pack
between 110ft.
and 160ft.

Blank casing:
overall length of
130ft., 4in.
diameter, 0.188in.
wall thickness

Slot wire screen:
overall length of
30ft., 4in.
diameter, 0.188in.
wall thickness

60% gravel and
cobbles, 20%
clay, and 20%
sand
80% gravel,
cobbles,
boulders, 10%
sand, and 10%
clay
85% gravel,
cobbles,
boulders, 10%
clay, and 5%
sand
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Well Completion Diagram11
150 Pack Description Casing DescriptionRock DescriptionDepth (ft) Lithology

Neat Cement
seal between
0ft. and 50ft.

Gravel pack
between 50ft.
and 90ft.

Blank casing:
overall length of
60ft., 4in.
diameter, 0.188in.
wall thickness

Slot wire screen
casing: overall
length of 20ft.,
4in. diameter,
0.188in. wall
thickness

70%
multicolored
gravel, 20%
sand, 5% silt,
and 5% clay

70% reddish
brown to
orange gravel,
15% sand,
10% clay, and
5% silt

65% dark
gravel, 15%
sand, 10% silt,
and 10% clay

Volcanic
bedrock
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Well Completion Diagram11
300 Pack Description Casing DescriptionRock DescriptionDepth (ft) Lithology

Neat cement
seal between
0ft. and 140ft.

Gravel pack
between 140ft.
and 190ft.

Blank casing:
overall length of
160ft., 4in.
diameter, 0.188in.
wall thickness

Wire wrap screen:
overall length of
30ft., 4in.
diameter, 0.188in.
wall thickness

90% sand, 5%
silt, and 5%
clay
75% gravel,
20% sand, and
5% clay

50% sand,
40% clay, and
10% silt

75% clay, 15%
sand, and 10%
silt
80% clay, 10%
sand, and 10%
gravel

35% clay, 35%
gravel, and
30% sand

50% sand,
35% gravel,
and 15% clay
75% sand, and
25% silt
50% clay, 30%
sand, and 20%
silt

Metamorphic
and volcanic
gravels and
cobbles
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Well Completion Diagram11
240 Pack Description Casing DescriptionRock DescriptionDepth (ft) Lithology

Neat cement
seal between
0ft. and 100ft.

Gravel pack
between 100ft.
and 150ft.

Blank casing:
overall length of
120ft., 4in.
diameter, 0.188in.
wall thickness

Slot wire screen:
overall length of
30ft., 4in.
diameter, 0.188in.
wall thickness

55% sand and
45% gravel

60% sand,
30% clay, and
10% silt
85% clay, 10%
silt, and 5%
sand

60% clay 35%
sand, and 5%
silt

Dark gray to
blue clay
60% clay, 25%
gravel, and
15% sand

50% sand and
50% clay

70% gravel
and 30% sand

40% clay 30%
sand, 20%
gravel, and
10% silt
90% clay, and
10% sand
45% clay, 35%
sand, and 20%
gravel
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Well Completion Diagram11
210 Pack Description Casing DescriptionDepth (ft) Rock Description Lithology

Neat cement
seal between
0ft. and 85ft.

Gravel pack
between 85ft.
and 130ft.

Blank casing:
overall length of
100ft., 4in.
diameter, 0.188in.
wall thickness

Slot wire screen
casing: overall
length of 30ft.,
4in. diameter,
0.188in. wall
thickness
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85% sand,
10% fine
gravel, and 5%
clay

50% sand, 40
% clay, and
10% silt

85% sand and
15% clay

60% clay, 35%
sand, and 5%
silt

85% clay and
15% sand

50% clay, 45%
gravel, and 5%
sand

Well 6

 B-5



Well Completion Diagram11
220 Pack Description Casing DescriptionDepth (ft) Rock Description Lithology

Neat cement
seal between
0ft. and 82ft.

Gravel pack
between 82ft.
and 130ft.

Blank casing:
overall length of
100ft., 4in.
diameter, 0.188in.
wall thickness

Slot wire screen:
overall length of
30ft., 4in.
diameter, 0.188in.
wall thickness
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60% sand,
20% clay, and
20% fine
gravel

50% clay, 45%
sand, and 5%
silt

Gravel of
volcanic origin
70% clay, 25%
sand, and 5%
silt

70% sand,
20% clay, and
10% fine
gravel

50% sand,
30% clay, and
20% fine
gravel

Gravel of
volcanic origin

Well 7
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Well Completion Diagram11
230 Pack Description Casing DescriptionDepth (ft) Rock Description Lithology

Seal between
0ft. and 98ft.

Gravel pack
between 100ft.
and 140ft.

Blank casing:
overall length of
110ft., 4in.
diameter, 0.188in.
wall thickness

Wire wound
screen: overall
length of 30ft.,
4in. diameter,
0.188in. wall
thickness
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70% clay, 25%
sand, and 5%
silt

60% clay, 35%
sand, 5% silt

Volcanic and
metamorphic
gravel
Clay and minor
gravel

Clay

55% clay and
45% sand
Clay

55% clay, 25%
sand, and 20%
gravel

Well 8
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Well Completion Diagram11
310 Pack Description Casing DescriptionDepth (ft) Rock Description Lithology

Neat cement
seal between
0ft. and 155ft.

Gravel pack
between 155ft.
and 190ft.

Blank casing:
overall length of
160ft., 4in.
diameter, 0.188in.
wall thickness

Wire wound
screen: overall
length of 30ft.,
4in. diameter,
0.188in. wall
thickness
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Sand and
minor gravel

Sand and
minor clay

55% clay, 40%
sand, and 5%
slit

Sand

50% sand,
45% clay, and
5% silt

50% clay and
50% sand

50% clay, 40%
sand, and 10%
silt

75% clay, 15%
silt, and 10%
sand

80% sand,
15% clay, and
5% silt
Sand and
gravel
Metamorphic
and volcanic
gravel
Clay

Well 9

 B-8



Well Completion Diagram11
320 Pack Description Casing DescriptionRock DescriptionDepth (ft) Lithology

Neat cement
seal from 0ft. to
10ft.  Benseal
from 10ft. to
170ft.

Gravel pack
between 170ft.
and 200ft.

Blank casing:
overall length of
170ft., 4in.
diameter, 0.188in.
wall thickness

Slot wire screen:
overall length of
30ft., 4in.
diameter, 0.188in.
wall thickness

Aeolian sand

60% sand,
35% clay, and
5% silt

50% clay and
50% sand

70% clay and
30% sand

55% sand ,
30% clay, and
15% gravel
70% gravel
and cobbles,
25% sand, and
5% clay
60% clay and
40% sand

60% blue clay
and 40% sand

70% gravel,
15% sand, and
15% clay

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

110.0

120.0

130.0

140.0

150.0

160.0

170.0

180.0

190.0

200.0

Well 10
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Well Completion Diagram11
280 Pack Description Casing DescriptionRock DescriptionDepth (ft) Lithology

Neat cement
seal between
0ft. and 130ft.

Gravel pack
between 130ft.
and 180ft.

Blank casing:
overall length of
150ft., 4in.
diameter, 0.188in.
wall thickness

Slot wire screen:
overall length of
30ft., 4in.
diameter, 0.188in.
wall thickness

Aeolian sand
and minor silt

50% sand and
50% gravel

50% clay and
50% sand

90% sand and
10% clay

70% sand and
30% clay

85% clay and
15% sand

70% clay, 20%
gravel, and
10% sand

35% clay, 35%
sand, and 30%
gravel

90% clay and
10% sand

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

110.0

120.0

130.0

140.0

150.0

160.0

170.0

180.0

Well 11
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Well Completion Diagram11
370 Pack Description Casing DescriptionRock DescriptionDepth (ft) Lithology

Neat Cement
Seal between
0ft. and 190ft.

Gravel pack
between 190ft.
and 240ft.

Blank casing:
overall length of
210ft., 4in.
diameter, 0.188in.
wall thickness

Slot wire screen:
overall length of
30ft., 4in.
diameter, 0.188in.
wall thickness

Aeolian sand

70% sand, 20%
silt, and 10%
clay
50% sand and
50% clay
Gravel
70% sand and
30% clay

Sand

55% sand and
45% clay

80% clay and
20% sand
65% sand, 25%
clay, and 10%
gravel
Coarse sand
85% sand, 10%
fine gravel, and
5% clay

70% sand and
30% clay
80% clay and
20% sand

65% clay and
35% sand

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

110.0

120.0

130.0

140.0

150.0

160.0

170.0

180.0

190.0

200.0

210.0

220.0

230.0

240.0

Well 12
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Well Completion Diagram11
375 Casing DescriptionPack DescriptionLithologyRock DescriptionDepth (ft)

Blank casing:
overall length of
205ft., 4in.
diameter, 0.188in.
wall thickness

Slot wire screen:
overall length of
30ft., 4in.
diameter, 0.188in.
wall thickness

Seal between
0ft. and 190ft.

Gravel pack
between 190ft.
and 235ft.

80% sand, 15%
fine gravel, and
5% silt

80% clay and
20% sand

90% sand and
10% silt
60% clay, 30%
sand, and 10%
silt

65% sand, 20%
gravel and
cobbles, and
15% clay

75% sand and
25% gravel

55% clay, 30%
sand, and 15%
silt

Clay

75% sand and
25% gravel
55% sand, 25%
gravel, and
20% clay

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

110.0

120.0

130.0

140.0

150.0

160.0

170.0

180.0

190.0

200.0

210.0

220.0

230.0

240.0

Well 14
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Well Completion Diagram11
320 Pack Description Casing DescriptionRock DescriptionDepth (ft) Lithology

Seal between
0ft. and 150ft.

Gravel pack
between 150ft.

and 200ft.

Blank casing:
overall length of
160ft., 4in.
diameter, 0.188in.
wall thickness

Slot wire screen
casing: overall
length of 30ft.,
4in. diameter,
0.188in. wall
thickness
Blank casing:
overall length of
10ft., 4in.
diameter, 0.188in.
thickness

90% sand
and 10%
gravel and
cobbles
90% gravel
and 10%
sand
70% clay,
15% sand,
and 10%
gravel
85% gravel
and 15% clay

85% sand
and 15%
gravel

70% clay,
10% sand,
20% fine
gravel

60% clay,
20% fine
gravel, 20%
sand

50% sand,
40% clay, and
10% gravel

50% sand,
30% clay, and
20% fine
gravel

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

110.0

120.0

130.0

140.0

150.0

160.0

170.0

180.0

190.0

200.0

Well 15
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Well Completion Diagram11
225 Pack Description Casing DescriptionRock DescriptionDepth (ft) Lithology

Neat cement
seal between
0ft. and 102ft.

Gravel pack
between 102ft.

and 140ft.

Blank casing:
overall length of
110ft., 4in.
diameter, 0.188in.
wall thickness

Slot wire screen:
overall length of
30ft., 4in.
diameter, 0.188in.
wall thickness

50% sand,
50% gravel
and cobbles

60% gravel
and cobbles,
40% clay
60% sand and
40% clay

50% sand,
30% clay, and
20% gravel

60% gravel
and cobbles,
and 40% clay

70% gravel
and cobbles,
20% clay, and
10% sand

60% gravel
and cobbles,
and 40% sand

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

110.0

120.0

130.0

140.0

Well 16
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Well Completion Diagram11
225 Pack Description Casing DescriptionRock DescriptionDepth (ft) Lithology

Neat cement
seal between
0ft. and 102ft.

Gravel pack
between 102ft.
and 140ft.

Blank casing:
overall length of
110ft., 4in.
diameter, 0.188in.
wall thickness

Slot wire screen:
overall length of
30ft., 4in.
diameter, 0.188in.
wall thickness

95% sand and
5% gravel and
cobbles
90% gravel
and 10% sand

60% gravel,
25% clay, and
15% sand

80% clay and
20% gravel

gravel and
cobbles of
volcanic origin

cobbles and
boulders of
volcanic origin
50% gravel,
30% clay, and
20% sand

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

110.0

120.0

130.0

140.0

Well 17
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APPENDIX C: GEOPHYSICAL LOGS 

220 SP (millivolts)0 675 Gamma (counts/sec)20 85 Temperature (C)17.2 18.3 R8 (ohm-meter_0 100Depth (ft)

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

110.0

120.0

130.0

140.0

150.0

160.0

Well 1

 

 C-1



250 SP (millivolts)200 950 Gama (counts/sec)25 110 Temperature (C)21 23.5 R8 (ohms-meter)0 275Depth (ft)

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

110.0

120.0

130.0

140.0

150.0

160.0

170.0

180.0

190.0

Well 4

 C-2



210 SP (millivolts)280 620 Gama (counts/sec)35 90 Temperature (C)15.1 16.8 R8(ohm-meter)0 210Depth (ft)

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

110.0

120.0

130.0

140.0

150.0

Well 5

 C-3



200 SP (millivolts)0 440 Gama (counts/sec)30 85 Temperature (C)20.6 21.4 R8 (ohm-meter)0 290Depth (ft)

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

110.0

120.0

130.0

Well 6

 C-4



175 SP (millivolts)0 495 Gamma (counts/sec)35 90 Temperature17.8 18.9 R8 (ohm-meter)0 190Depth (ft)

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

110.0

120.0

130.0

Well 7

 C-5



200 SP (millivolts)170 575 Gama (counts/sec)30 90 Temperature (C)24.3 25.7 R8 (ohm-meter)0 45Depth (ft)
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100.0

110.0
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130.0

140.0
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275 SP (millivolts)0 620 Gamma (counts/sec)35 85 Temperature (C)22 23 R8 (ohm-meter)0 175Depth (ft)
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180.0

190.0
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11
300

SP (millivolts)0 710 Gama (counts/sec)35 95 Temperature (C)17 19 R8 (ohm-meter)0 90Depth (ft)
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190.0
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210.0

Well 10
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350 SP (millivolts)0 1200 Gama (counts/sec)35 90 Temperature (C)12.5 15.4 R8 (0hm-meter)0 300Depth (ft)
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210.0

220.0

230.0

240.0
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360 SP (millivolts)0 730 Gama (counts/sec)35 90 Temperature (C)18.9 19.5 R8 (ohm-meter)0 210Depth (ft)
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150.0

160.0

170.0

180.0

190.0

200.0

210.0

220.0

230.0

240.0

Well 14

 C-10



275 SP (millivolts)0 500 Gama (counts/sec)30 90 Temperature (C)17.5 19.2 R8 (ohm-meter)0 70Depth (ft)
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180.0

190.0

200.0
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160 SP (millivolts)0 400 Gamma (counts/sec)30 85 Temperature (C)19.4 20.7 R8 (ohm-meter)0 55Depth (ft)
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90.0

100.0

110.0

120.0
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 C-12



175 SP (millivolts)0 495 Gamma (counts/sec)35 90 Temperature17.8 18.9 R8 (ohm-meter)0 190Depth (ft)
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APPENDIX D: HYDRAULIC HEAD DATA 
Well 1 

1265.4

 
Well 2

 

1264.0

1264.2

1264.4

1264.6

1264.8

1265.0

1265.2

11/1/98 2/9/99 5/20/99 8/28/99 12/6/99 3/15/00 6/23/00 10/1/00

Date

W
at

er
 L

ev
el

 (m
)

 

1269.0
1266.0

1266.5

1267.0

1267.5

1268.0

1268.5

11/1/98 2/9/99 5/20/99 8/28/99 12/6/99 3/15/00 6/23/00 10/1/00

Date

W
at

er
 L

ev
el

 (m
)

D-1



Well 4 

 
 
Well 5 

1241

1242

1243

1244

1245

1246

1247

1248

1249

1250

1251

1252

1253

1254

1255

11/1/98 2/9/99 5/20/99 8/28/99 12/6/99 3/15/00 6/23/00 10/1/00

Date

W
at

er
 L

ev
el

 (m
)

Deep
Shallow

1245.0

1245.5

1246.0

1246.5

1247.0

11/1/98 2/9/99 5/20/99 8/28/99 12/6/99 3/15/00 6/23/00 10/1/00

Date

W
at

er
 L

ev
el

 (m
)

 D-2



Well 6 

 
 
 
Well 7 

1259

 

1252

1253

1254

1255

1256

1257

1258

11/1/98 2/9/99 5/20/99 8/28/99 12/6/99 3/15/00 6/23/00 10/1/00

Date

W
at

er
 L

ev
el

 (m
)

Deep
Shallow

1262
1245

1246

1247

1248

1249

1250

1251

1252

1253

1254

1255

1256

1257

1258

1259

1260

1261

11/1/98 2/9/99 5/20/99 8/28/99 12/6/99 3/15/00 6/23/00 10/1/00

Date

W
at

er
 L

ev
el

 (m
)

Deep
Shallow

D-3



Well 8 

 
Well 9 

1243.0

1243.5

1244.0

1244.5

1245.0

1245.5

1246.0

11/1/98 2/9/99 5/20/99 8/28/99 12/6/99 3/15/00 6/23/00 10/1/00

Date

W
at

er
 L

ev
el

 (m
)

1232.2

1232.3

1232.4

1232.5

1232.6

11/1/98 2/9/99 5/20/99 8/28/99 12/6/99 3/15/00 6/23/00 10/1/00

Date

W
at

er
 L

ev
el

 (m
)

 

 D-4



Well 10 

 
Wel

1236

 

l 11 

1232

1233

1234

1235

11/1/98 2/9/99 5/20/99 8/28/99 12/6/99 3/15/00 6/23/00 10/1/00

Date

W
at

er
 L

ev
el

 (m
)

Deep
Shallow

1250
1236

1237

1238

1239

1240

1241

1242

1243

1244

1245

1246

1247

1248

1249

11/1/98 2/9/99 5/20/99 8/28/99 12/6/99 3/15/00 6/23/00 10/1/00

Date

W
at

er
 L

ev
el

 (m
)

Deep
Shallow

D-5



Well 12 

 
Well 14 

1232

1233

1234

1235

1236

11/1/98 2/9/99 5/20/99 8/28/99 12/6/99 3/15/00 6/23/00 10/1/00

Date

W
at

er
 L

ev
el

 (m
)

Deep
Shallow

1230.0

1230.5

1231.0

1231.5

1232.0

11/1/98 2/9/99 5/20/99 8/28/99 12/6/99 3/15/00 6/23/00 10/1/00

Date

W
at

er
 L

ev
el

 (m
)

 D-6



Well 15 

1227.0

1227.5

1228.0

1228.5

1229.0

11/1/98 2/9/99 5/20/99 8/28/99 12/6/99 3/15/00 6/23/00 10/1/00

Date

W
at

er
 L

ev
el

 (m
)

 
Well 16 

1231.0

1231.5

1232.0

1232.5

11/1/98 2/9/99 5/20/99 8/28/99 12/6/99 3/15/00 6/23/00 10/1/00

Date

W
at

er
 L

ev
el

 (m
)

 

 D-7



Well 17 

1235.0

1235.5

1236.0

1236.5

11/1/98 2/9/99 5/20/99 8/28/99 12/6/99 3/15/00 6/23/00 10/1/00

Date

W
at

er
 L

ev
el

 (m
)

 

 D-8



APPENDIX E: TEMPERATURE PROFILES 
 

Well 1 deep

40

50

60

70

80

90

100

110

120

130

140

150

160

14 14.5 15 15.5 16 16.5 17 17.5 18 18.5 19 19.5 20

Temperature (C)

D
ep

th
 (f

t)

31-March-99
May 6, 1999 
23-Jul-99
24-Aug-99
20-Sep-99
19-Oct-99
17-Nov-99
29-Dec-99

 

Well 4 deep

80

90

100

110

120

130

140

150

160

170

180

190

14 14.5 15 15.5 16 16.5 17

Temperature (C)

D
ep

th
 (f

t)

25-Mar-99
29-Apr-99
6-May-99
14-May-99
23-Jul-99
24-Aug-99
20-Sep-99
19-Oct-99
17-Nov-99
29-Dec-99

 E-1



Well 5 deep

50

60

70

80

90

100

110

120

130

140

150

14 14.5 15 15.5 16 16.5 17

Temperature (C)

D
ep

th
 (f

t)

31-Mar-99
29-Apr-99
6-May-99
23-Jul-99
24-Aug-99
20-Sep-99
19-Oct-99
17-Nov-99
29-Dec-99

 E-2

 
 

 

Well 6 shallow

50

52

54

56

58

60

62

64

66

68

70

14 14.5 15 15.5 16

Temperature (C)

D
ep

th
 (f

t)

25-Mar-99
29-Apr-99
15-Apr-99
29-Apr-99
6-May-99
14-May-99
23-Jul-99
24-Aug-99
20-Sep-99



 E-3

 

 

Well 6 deep

30

40

50

60

70

80

90

100

110

120

130

14 14.5 15 15.5 16 16.5 17 17.5 18

Temperature (C)

D
ep

th
 (f

t)

25-Mar-99
31-Mar-99
8-Apr-99
15-Apr-99
29-Apr-99
6-May-99
14-May-99
23-Jul-99
24-Aug-99
20-Sep-99
19-Oct-99
17-Nov-99
29-Dec-99

 

Well 7 deep

60

70

80

90

100

110

120

130

13 13.5 14 14.5 15 15.5 16

Temperature (C)

D
ep

th
 (f

t)

25-Mar-99
31-Mar-99
8-Apr-99
15-Apr-99
29-Apr-99
6-May-99
14-May-99
23-Jul-99
24-Aug-99
20-Sep-99
19-Oct-99
17-Nov-99
29-Dec-99



Well 8 deep

 

50

60

70

80

90

100

110

120

130

140

13 13.5 14 14.5 15

Temperature (C)

D
ep

th
 (f

t)

31-Mar-99
April 15, 199
29-Apr-99
6-May-99
14-May-99
23-Jul-99
24-Aug-99
20-Sep-99
19-Oct-99
17-Nov-99
29-Dec-99

Well 9 deep

18 18.5 19 19.5 20 20.5 21 21.5 22

Temperature (C)

120

130

140

150

160

170

180

D
ep

th
 (f

t) 31-Mar-99
6-May-99
23-Jul-99
24-Aug-99
20-Sep-99
19-Oct-99
29-Dec-99

 E-4

 



Well 10 shallow

 

90

95

100

105

110

115

120

125

17 17.5 18 18.5 19

Temperature (C)

D
ep

th
 (f

t) 6-May-99
23-Jul-99
24-Aug-99
20-Sep-99

Well 10 dee

80

90

100

110

120

130

140

150

160

170

180

190

200

16.5 17 17.5 18 18.5 19 19.5

Temperature (C)

D
ep

th
 (f

t)

p

31-Mar-99
6-May-99
23-Jul-99
24-Aug-99
20-Sep-99
19-Oct-99

 E-5



Well 11 shallow

60

65

70

75

80

85

90

16 16.5 17 17.5

Temperature (C)

D
ep

th
 (f

t)

6-May-99
23-Jul-99
24-Aug-99
20-Sep-99
29-Dec-99

 

Well 11 deep

90

100

110

120

130

140

150

160

170

180

16 16.5 17 17.5 18

Temperature (C)

D
ep

th
 (f

t)

1-Apr-99
6-May-99
23-Jul-99
24-Aug-99
20-Sep-99
19-Oct-99
29-Dec-99

 E-6

 



Well 12 shallow

110

115

120

125

130

135

140

17.5 18 18.5 19

Temperature (C)

D
ep

th
 (f

t)

6-May-99
23-Jul-99
24-Aug-99
20-Sep-99
29-Dec-99

 

Well 12 deep

100

120

140

160

180

200

220

240

17 17.5 18 18.5 19

Temperature (C)

D
ep

th
 (f

t)

1-Apr-99
6-Jun-99
23-Jul-99
24-Aug-99
20-Sep-99
19-Oct-99
29-Dec-99

 E-7



Well 14 deep

100

110

120

130

140

150

160

170

180

190

200

210

220

230

240

16.5 17 17.5 18 18.5 19

Temperature (C)

D
ep

th
 (f

t)

9-Apr-99
6-May-99
23-Jul-99
24-Aug-99
20-Sep-99
17-Nov-99
29-Dec-99

 

 Well 15 deep

0

25

50

75

100

125

150

175

200

16.5 17 17.5 18 18.5 19

Temperature (C)

D
ep

th
 (f

t)

1-Apr-99
6-May-99
23-Jul-99
24-Aug-99
20-Sep-99
17-Nov-99
29-Dec-99

 E-8

 



Well 16 deep

10

35

60

85

110

135

12 12.5 13 13.5 14 14.5 15 15.5 16 16.5 17 17.5 18
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APPENDIX F:  FLOW AND TRANSPORT USER’S GUIDE 
 To perform the model simulations for this study, it was necessary to develop pre- 
and post-processing programs to prepare the data for model runs.  Figure F-1, below, is a 
flow chart of the files necessary to complete each model simulation.  Included in the flow 
chart are the files and programs necessary to perform the Monte Carlo analysis.  For 
single simulations, those files and programs should be excluded. 
 The following is a brief description of the files and programs used in this study. 
 To run MODFLOW using different parameters, it is necessary to create new 
MODFLOW input files for each parameter set.  For example, to change the recharge rate 
in the irrigated areas, one must change the value at every cell in the .RCH file.  An easier 
way to make these changes is to develop a program that builds all the MODFLOW files.  
The program mm5.exe was developed to perform such tasks.  mm5.exe (which stands for 
make modflow files, version 5) reads the preliminary MODFLOW files (e.g., bcf file, bas 
file), several files describing the system (e.g., allbedelevs2.out describes the bedrock 
elevation and each cell), and a file called infile5.in.  Infile5.in, an example of which is 
shown below in Figure F-2, is the only file that needs changing to run simulations for 
changing parameters. 

Infile5.in identifies initial MODFLOW files, output files, river cell conductance, 
recharge rates for irrigation and the Truckee Canal, and hydraulic conductivity for each 
soil type.  To change a value like Kclay for the entire model domain, one needs only to 
change the value in infile5.in, run the program mm5.exe, and the appropriate MODFLOW 
files will be created. 

 Then the program mf96lk.exe can be run.  mf96lk.exe is a modified version of 
MODFLOW96 that creates the files necessary to subsequently run MT3D.  The results of 
the mf96lk.exe run are a head file (.hed), a flow budget file (.bud), a cell by cell flow file 
(.ccf), a text output file (.out), and a mt3d link file (.lmt).  At this point it is possible to 
read the MODFLOW output files and pull out the results needed to evaluate the success 
of the model.  The program writewse.exe reads the location of several wells, and the 
corresponding observed water level, and the simulated head from the MODFLOW run.  
writewse.exe then writes a file (e.g., fernTDSa.wse) listing the simulated water level at 
each well.  The program compwsel.exe then compares the simulated and observed water 
levels, computes the root mean squared error, and reports the values to comparewsel.out.  
comparewsel.out also contains the parameters found in infile5.in responsible for the 
simulation. 
 The program zonebdgt.exe is a companion program to MODFLOW that computes 
the fluid flux into or out of each zone identified.  Results from this program are used in 
extract.exe to determine the TDS flux to the river. 
 MT3DMS.EXE is the multi-species version of MT3D.  MT3DMS.exe uses 
standard MT3D input files (.btn, .adv, etc.), along with the LMT file developed by 
mf96lk.exe.  The results of MT3D, specifically the file MT3D001.UCN, are used by 
extract.exe to determine the TDS flux to the river. 
 EXTRACT.EXE is a program that simply extracts the relevant information from 
the zone budget, modflow, and mt3d files to develop a series of summary files (summary, 
rivTDS.000x, and CHFlux.000x). 
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Figure F-  Flow chart of model structure.
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Figure F-1. Flow chart of model structure (continued).
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fernTDS.bas          !MODFLOW BASIC file                                            
fernTDS.bcf          !MODFLOW BCF file                                              
fernTDS.rch          !MODFLOW RCH file                                              
out.out              !dump file                                                     
lith.lth             !lithfile                                                      
lith2.lth            !carved ibound/lith file                                      
fernTDS.riv          !river file                                                    
fernTDS.wel          !well file                                                     
muniwells.txt        !municipal wells file                                          
fernTDS.dsf          !data storage file                                             
f                    !write to data storage file?  (t or f)                         
aquiferbdry.txt      !file with elevations to carve out boundary in bas file        
sheads2.hed          ! binary file with the previous run's heads                    
1180.0               !zmin (m)                                                     
10.0                 !delta z (m)--layers 1-9                                       
  5.14400768      !river cell conductivity                                          
  0.00182607      !irrigfern -- recharge rate in irrigated areas of Fernley (m/day) 
  0.00182607      !irrigriv -- recharge rate in irrig areas near river (m/day)      
  0.00224903      !rchsouth -- southern flux recharge (m/day)                       
  0.00012112      !merchtruck -- maxey-eakin recharge, truckee range (m/day)        
  0.00011973      !merchvirg -- maxey-eakin recharge, virginia range (m/day)        
  0.00870291      !canal recharge rate (m/day)                                      
  0.48225734      ! vertical conductance anisotropy                                 
1       0.566     ! clay  ! lith,K(lith) (units ...) -- must be sequential (1, 
2       1.703     ! sand                                                           
3      54.574     ! gravel                                                        
4       4.216     ! shale or mudstone                                              
5       8.896     ! bedrock                                                        
6       5.682     ! fractured rock                                                  
7       5.684     ! indicator geology for inverse solution                          
8       1.312     ! bottom layer                                                   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure F-2. Infile5.in. 
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APPENDIX G: GEOGRAPHICAL INFORMATION                       
SYSTEM DATABASE 

GIS Data Acquisition 

The Fernley groundwater GIS database consists of both general base map data (i.e., 
roads, topography, streams and ditches) and specific well information (water quality, downhole 
lithology, etc.) in GIS format.  ArcView 3.2 GIS software and Arc/Info version 8.0.1 software 
were used to construct the database.   

Base map data were collected from public domain sources such as the USGS, BLM, 
Nevada Bureau of Mines and Geology, as well as DRI archives.  Well data were collected from 
the State Engineer’s office, the State Health Laboratory, newly drilled TAC monitoring  wells, 
TMWRF, and Fernley Utility.  Whereas most, if not all, of the base data were in electronic 
format, almost all of the well data had to be digitally generated from analog well logs and other 
descriptions provided by the State Engineer’s office, State Health Laboratory, Fernley, and 
Washoe County.  DRI constructed database files based on the attributes found on the well log 
sheets.  Spatial and attribute components of the historical and water quality data were entered into 
a structured database within ArcView.  Table 1 lists both the base and well data used in this 
project.   

Table 1. Base and well data used in project report. 
                           Base Data                                        Well Data 
  
Township and Range ¼ ¼ sections TAC monitoring wells 
Township and Range sections TMWRF wells 
Roads Fernley Utility wells 
Hydrography (rivers, streams, and ditches) Historical wells (State Engineer’s office) 
Groundwater levels Water quality monitoring wells  
Geology DRI compilation well data set 
Soils  
Digital Elevation Model (DEM) (30 m)  
Landsat Thematic Mapper imagery (30 m)  
SPOT imagery (10 m)  
  

 

A majority of the base data collected from public domain sources and DRI’s archives 
were already projected into the Universal Transverse Mercator (UTM) coordinate system, based 
on the NAD83 datum.  A decision was made early on in the project to maintain this coordinate 
system as the development projection system, then convert the database files to State Plane, 
NAD83, US Survey Feet, ground coordinates, Washoe County’s standard coordinate system, 
upon delivery to Washoe County’s Water Division. 

GIS Database Development 

All of the base data were already attributed and geocoded, so little work had to be 
performed on these data sets other than several simple coordinate reprojections to get all of the 
data into the same coordinate system.  A majority of the database development work involved the 
conversion of the analog well information to digital format so that the well data could eventually 
be used for groundwater modeling in the study area. 

The historical data from the State Engineer’s office was first entered into Microsoft 
Excel, then transferred into dBase format for incorporation into ArcView.  The water quality data 
from the State Health Laboratory was entered in a similar manner.  The most significant issue 
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related to developing a geographic database of these data was the lack of quality location 
information for the wells.  The historical data derived from the Excel spreadsheets lacked precise 
point location coordinates, and also were not associated with street addresses.  Therefore, the data 
had to be positioned based on the one piece of offered location data, the ¼ ¼ section numbers. 
Historical well locations were placed at the centroid of the ¼ ¼ section that was identified with 
each well log.   

Although many of the water quality monitoring well logs obtained from the State Health 
Laboratory did not have location information, a small number did have street addresses as 
attribute data, and these were located in ArcView using the address geocoding function.  Well 
locations were placed based on interpolated street address locations in the road database.   A total 
of 39 wells were located. 

Both deep and shallow TAC monitoring wells were GPS’d in the field, and thus provided 
the most accurate positional information of all the wells used for the project.   

TMWRF and Fernley domestic and utility well locations were obtained from their 
respective organizations as coordinate pairs that could be converted into UTM coordinate 
positions.  Subsequent fieldwork, however, revealed that some of the locations were inaccurate.  
Field GPS surveys conducted by DRI and Washoe County attempted to correct some of these 
location errors.   

To perform groundwater modeling tasks for the project, a database of a suitable number 
of accurate well locations was needed.  DRI integrated TAC wells, Fernley domestic wells, 
Fernley groundwater wells, Fernley Utility wells, State Health Laboratory wells, TMWRF wells, 
and other miscellaneous wells considered to be the most reliable record of wells for the area into 
a central well database called the DRI compilation well database.   A total of 76 wells were 
combined in this data set.  All of the wells were either GPS’d or verified as having an accurate 
X,Y location.  Attributes associated with these wells include a correction field that indicates if a 
well record has been corrected either because the original data were unreliable and/or the existing 
well information was combined with newer, more accurate information.  Other significant fields 
include an indicator field for accurate elevation measurement, i.e., whether the subsequent surface 
elevation calculated for the wellhead was measured via GPS or derived from the surface elevation 
model.   Screen (top and bottom), bottom of well, well depth, water level, date drilled, address, 
owner, comments, and over 42 geochemical constituent fields are contained in the attribute table 
for the DRI compilation data set.  A detailed description of the data fields for all of the delivered 
spatial well data can be found in the metadata file on the companion data CD that will be 
delivered to Washoe County. 

 Two other database tables containing descriptive attributes of the well spatial data 
described above were also created.  A dBase table containing the lithology data downhole for the 
TAC monitoring wells was developed, which includes the ztop, zbottom, zmean, lithology code 
and lithology for the TAC wells.  This table can be linked to the TAC wells spatial attribute table 
using the well identification common field.  A dBbase table containing the lithology data 
downhole for the State Engineer’s office historical well data was also developed, which includes 
the zmean, lithology code, lithology and lognumber for each well in the historical well spatial 
data set.  This table can be linked to the historical wells spatial attribute table using the lognumber 
common field.   

GIS Spatial Analysis and Modeling Input 

Once the entire GIS database was constructed, specific data, primarily from the well 
databases, were extracted and transferred to other members of the project team for use in 
groundwater modeling efforts.  The Landsat TM image was exported to GMS as a backdrop for 
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the modeling grid.   Surface elevations derived from the DEM were converted to ASCII format 
for integration into GMS, as were calculated water levels and the lithology for selected wells.   

GIS Data Output 

Numerous map overlays were created for reporting purposes and presentations 
throughout the life of the project, as well as for inclusion in this report.  All maps were created in 
ArcView using standard and custom layout extensions and ArcPress.   A data CD-ROM 
containing the TAC, TMWRF, Fernley Utility, historical, water quality, and the DRI compilation 
spatial and tabular well data has been created, complete with metadata.  The data sets are in 
Arc/Info coverage format, projected to State Plane, NAD 83, US Survey Feet, ground 
coordinates.  Based on discussions with Washoe County Water Division GIS personnel, a 
decision was made not to include the base data, as these data already exist in-house at Washoe 
County.  If any of these data sets are required at a later date, they can be easily transferred to 
Washoe County.  
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APPENDIX H: WATER BUDGET 
Preliminary Water Budget 
Introduction 

This analysis presents mass water balance information for the Fernley area based on 
existing data, as this component of the overall investigation did not include collection of field 
data. The Revised Water Budget for the Fernley Area, West-Central Nevada, 1979 document, 
published by Van Denburgh and Arteaga in 1985 (USGS Open File Report 84-712), was relied 
upon for baseline information. This preliminary water budget was calculated to determine the 
water balance for the entire Fernley Hydrographic Basin. These estimates provide an initial 
estimate for the purpose of groundwater modeling, but as the model is calibrated and verified 
some of the items in the water budget are adjusted. Therefore, the results of the groundwater 
modeling may indicate slightly different budget estimates than are presented in this section. 

In lieu of providing a historical water budget for the Fernley area, it was decided that an 
evaluation of recent operating conditions would be most beneficial to the project. Accordingly, 
the calendar years 1990 – 1996 were initially evaluated. Based upon that evaluation, the years 
1993 and 1996 were selected, for two primary reasons: 1) they represent relatively recent 
operating conditions in the Fernley area; and 2) the most complete set of data was available for 
these two years. Additionally, 1993 represents a near average Truckee River flow year 
(following five years of low flow), while 1996 represents a relatively high-flow year (see 
Appendix H for a Truckee River Hydrograph). Project area and estimated water budget details 
are provided below. 

Project Area Description 
The project area comprises a significant portion of the Fernley Hydrographic Area 

(FHA), and so for the purpose of conducting this water budget, the FHA (~120 square mile area) 
was utilized as the study area boundary. Figure H-1 depicts the FHA/project area boundary. The 
area is bounded to the north by the Truckee Range, to the south by Virginia Range, to the east by 
the Hot Springs Mountains, and to the west by the Truckee River Basin. Included within the 
FHA is the southern half of the Fernley Sink and two small reservoirs located directly south of 
the Fernley Sink (see Figure 4). 

Flow in the Truckee Canal (TC) through the Fernley area is monitored by the U.S. 
Geological Survey (USGS) via gages installed in the canal in the Wadsworth area (see Figure 1) 
and Hazen area (located approximately 11 km south-southeast of the intersection of the TC and 
the eastern boundary of the FHA). There are 13 main diversions connected to the TC and 
numerous direct diversions located between the Wadsworth and Hazen gages. A main diversion 
is an irrigation ditch initiated at the TC that supplies water to numerous users, while a direct 
diversion is a single-user diversion taken directly from the TC.  

Within the project area, there are 10 main laterals (TC-1 through TC-10) and 25 direct 
diversions (T-TC1 – T-TC25). Figure xx depicts the TC-1 through TC-10 diversion locations. 
Annual acres farmed (primarily alfalfa) typically varies from 1,500 – 3,000 acres. Hydrogeologic 
conditions within the FHA have previously been described by Sinclair and Loeltz (1963) and by 
Van Denburg et al. (1973). Geologic and hydrogeologic conditions within the FHA will be more 
closely evaluated as part of the overall project being conducted on behalf of the RWPC.  
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Figure H-1. Fernley, Nevada, hydrographic area with basic irrigation infrastructure. 

 

As indicated above, the calendar years 1993 and 1996 were selected for water budget 
evaluation. Table H-1 provides an estimated water budget for each year. Details regarding 
generation of each system input and output parameter are provided below. 

System Inputs 

System inputs consist of: 1) natural recharge via precipitation; 2) treated effluent 
groundwater recharge via Fernley Town Utility’s (FTU) rapid infiltration basins; 3) natural 
groundwater inflow from adjacent basins; 4) TC diversions (includes measured diversions, 
irrigation recharge, and lateral seepage); and 5) TC seepage. A brief discussion regarding 
generation of each parameter value follows below. 
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Table H-1. 1993 and 1996 mass balance water budgets for the Fernley Hydrographic Area, Fernley, NV. 
              
Budget Component 1993 (AF/YR) 1996 (AF/YR)  
INFLOW 
Natural Recharge (Ppt): 600 600 
 (V&A, 1985; utilizing Eakin Method, 1951) 
Treated Effluent Recharge: 300 500 
 (G. Ball/F.T.U.) 
Groundwater Inflow: 0 0 
 (V&A, 1985, Van Denburgh et al., 1973; S&L, 1963) 
Canal Diversions (TC1-TC10): 13,850 13,350 
 (Data provided by BOR&TCID for 1993) 
 (Data provided by TCID for 1996) 
Canal Seepage: 15,900 11,100 
 (1,434 af/mi * 11.1 miles for 1993) 
 (1,000 af/mi * 11.1 miles for 1996) 
Total Inflow (rounded): ~30,700 ~25,500 
OUTFLOW 
Groundwater Outflow to: 
   (taken from multiple publications including V&A, 1985; Harrill, 1970; and USGS, 1972) (generally accepted 
values) 
 Truckee River Basin: 9,000 9,000 
 Brady's Hot Springs: 1,000 1,000 
 Carson Desert: 400 400 
Surface Water Outflow: 
   (taken from multiple publications including V&A, 1985; and Harrill, 1970) (generally accepted values) 
 Tracy segment of Truckee River: minor minor 
 Brady's Hot Springs: 4,000 4,000 
Net Lake Surface Evaporation: 1,000 1,500 
Net Evapotranspiration: 
 Croplands: 6,100 5,400 
    (Net Crop ET = 2.27 af/ac; irrigated crop acreage = 2,690 ac for 1993) 
    (Net Crop ET = 2.21 af/ac; irrigated crop acreage = 2,440 ac for 1996) 
 Native Veg. & Playa: 5,200 4,200 
    (modified from V&A, 1985; and Van Denburgh et al., 1973) 
Consumptive Use: 
 Municipal/Commercial: 2,200 2,300 
    (includes 1,700 af from F.T.U., and 500 af from NV Cement for 1993) 
    (includes 1,800 af from F.T.U., and 500 af from NV Cement for 1996) 
 Net Domestic (pumpage – leach field seepage): 50 56 
    (taken from well data provided by F.T.U.) 
Total Outflow (Rounded): ~29,000 ~27,900 
     
Estimated Imbalance (rounded): ~1,600 ~ -2,300   
 
 
Natural Recharge via Precipitation 

The value of estimated potential groundwater recharge to the FHA from natural 
precipitation is taken from Van Denburgh and Arteaga (1985), as it is believed to be relatively 
accurate number. Estimated recharge was generated via methodology established by Eakin 
(1951), which calculates potential recharge based upon acreage within certain altitude zones for 
eastern Nevada. Approximately 80 percent of the acreage within the FHA is located in the 4,005 
to 5,000 ft elevation zone. Average annual precipitation in the Fernley area is 5.71 inches (for the 
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years 1974 – 1997). Therefore, there is very little potential groundwater recharge generated in 
the FHA from natural precipitation. Van Denburgh et al. (1973) estimated natural recharge at 
600 af/yr in 1973, and Van Denburgh and Arteaga (1985) considered this estimate to be accurate 
in 1979. Additionally, Sinclaire and Loeltz (1963) estimated precipitation recharge at 
approximately 500 af/yr for the FHA. Based upon this information, 600 af/yr of natural recharge 
to the local groundwater aquifer were utilized for the purpose of this report. 

Treated Effluent Groundwater Recharge 
FTU operates a small waste water treatment plant in the Fernley area. Treated effluent 

from the plant is discharged to a series of evaporation ponds and rapid infiltration basins (RIBs) 
located in the Fernley Wildlife Management Area where it becomes a source of recharge to the 
local groundwater aquifer. 

To evaluate the volume of waste water recharge, total in-flow to the evaporation ponds 
and RIBs and water surface evaporative losses had to be determined. FTU provided monthly data 
regarding total inflow to their treatment facility. Evaporative losses were estimated by applying 
an evaporative loss rate of 3.6 af/ac/yr (taken from Van Denburgh and Arteaga (1985), and 
discussed below in Section 3.2.3) to the evaporative pond and RIB water surface area. 
Approximately 20 acres of surface area were estimated to be present in both 1993 and 1996. 
Appendix H provides monthly and annual treatment plant monitoring discharge data for both 
1993 and 1996. Based upon these discharge numbers and estimated evaporative losses, the net 
groundwater recharge from treated effluent discharge was 300 and 500 af/yr for 1993 and 1996, 
respectively. Treated effluent total dissolved solids (TDS) concentrations range from 1,000 – 
1,500 mg/l, as per verbal communication with Mr. Kurt Krammer of the Fernley Town Utilities. 

Natural Groundwater Recharge from Adjacent Basins 
Groundwater inflow to the FHA from adjacent basins is considered negligible, as 

documented by several earlier publications, including Van Denburgh et al. (1973), Van 
Denburgh and Arteaga (1985), and Sinclaire and Loeltz (1963). The primary reason for assumed 
negligible recharge to the FHA from adjacent basins is that a groundwater mound exists in the 
Fernley area due to local irrigation practices. Consequently, ground water tends to flow out of 
the FHA, away from this groundwater mound. Recent verbal correspondence with Mr. Jim 
Lively of the BOR - Fallon Field Office, however, has indicated that there may be a geothermal 
groundwater recharge source emanating from the Virginia Range to the south. Additionally, it is 
possible that FTU groundwater pumping activities hve created a localized cone-of-depression 
that could in turn contribute to drawing water into the FHA from the south. 

To date, there has been no verification or quantification of a potential groundwater 
recharge source. The current solute transport project being conducted by Washoe County is to 
include installation of several piezometers/groundwater monitoring wells on the south side of the 
TC. These new monitoring wells should provide insight into the prospect of groundwater 
recharge to the Fernley area from the Virginia Range. Until then, natural groundwater recharge 
to the FHA is assumed negligible.  

Truckee Canal Diversions 
Total flow through the TC varies from year to year, ranging from 46,400 af in 1996 to 

334,600 af in 1978. Flow variation is the result of variation in natural precipitation (both in the 
FHA area and the Sierra Nevada Mountains) and variation in Carson River system delivery to 
Carson Division annual irrigation demands. Application of 1988 and 1996 Newlands Project 
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Operating Criteria and Procedures (OCAP) has created a relatively tight control on TC annual 
flow. As a result of OCAP, the TC is essentially operated as an irrigation water supply source for 
the Truckee Division and as a supplemental irrigation supply for the Carson Division. During 
years of high water flow in the Carson River system, when Carson Division demands are met by 
the Carson River system, water diverted to the TC is for the Truckee Division only. Therefore, 
during high water years, there will be low flow in the TC, as evidenced by TC flow in 1996, 
which was a high water year and low TC flow year. 

 For the years 1967 – 1995, the average annual diversion rate from the TC to farms in the 
Truckee Division was approximately 26,000 af/yr, as per a data base provide by Mr. David 
Overvold of the Truckee Carson Irrigation District (TCID). To determine the volume of water 
diverted to the FHA (11.1 mile region between TC-1 and TC-10), the volume of water diverted 
to TC-11, TC-12, and TC-13 (main diversion laterals located outside the FHA) had to be 
subtracted from diversion totals for the entire Truckee Division. Total diversion to the Truckee 
Division for 1993, as derived from farm delivery data provided by the TCID, was 20,850 af, 
while the total diversion to TC-11, 12, and 13 was approximately 7,000 af (1,088 af, 1,884 af, 
and 4,043 af, respectively). Accordingly, the total diversion to the FHA (TC-1 through TC-10) 
was approximately 13,850 af for 1993.  

For 1996, total Truckee Division diversion, as derived from farm delivery data provided 
by the TCID was 20,350 af, while diversion to TC-11, 12, and 13 was again approximately 7,000 
af. Therefore, total diversion to the FHA was 13,350 af for 1996. 

Truckee Canal Seepage 
 The amount of groundwater recharge to the FHA from TC seepage has long been 
debated. Values of 10,000 af/yr to greater than 25,000 af/yr have been suggested in various 
documents and publications (U.S. Dept. of Interior - Bureau of Reclamation [1994], Van 
Denburgh and Arteaga [1985], University of Nevada, Reno [1971], Van Denburgh et al. [1973], 
and Sinclair and Loeltz [1963]). Van Denburgh and Arteaga (1985) evaluated TC seepage for the 
years 1968 - 1978 (excluding 1970 and 1977) via basic mass balance principle where they 
estimated an average annual TC seepage value of 24, 000 af. A similar approach was adopted for 
the investigation provided herein for deriving a TC seepage value for 1993 and 1996.  

Seepage from the TC was determined by conducting a mass water balance on the canal 
for the years 1993 and 1996 (i.e., total flow through the canal minus outputs = net seepage). 
Total flow through the canal was derived from the difference between total flow at the 
Wadsworth and Hazen gages. Canal outputs considered were documented lateral and direct 
diversions from the canal. Based upon this approach, net TC seepage between the Wadsworth 
and Hazen gages was calculated as approximately 23,950 af for 1993 and 16,680 af for 1996 (see 
Appendix C for seepage calculations). It should be noted that the degree of accuracy associated 
with annual flow measurements taken from the Wadsworth and Hazen USGS gages is 
questionable. Accordingly, a discussion relative to accuracy associated with these gages is 
provided below. 

To evaluate TC seepage losses within the FHA area only, a per mile rate of seepage loss 
was determined, and then that per mile rate was applied to the 11.1 mile reach of the TC within 
the FHA. The per mile seepage rate for 1993 was calculated at 1,434 af/mi, and therefore, the 
total net TC seepage within the FHA for 1993 was estimated to be approximately 15,900 af (see 
Appendix H for calculations). For 1996, the per mile TC seepage rate was 1,000 af, and 
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therefore, the total TC seepage within the FHA was approximately 11,100 af (see Appendix C 
for calculations). 

 As a means of comparative analysis, net TC seepage rates calculated above were 
compared to the non-linear least squares regression analysis conducted by Van Denburgh and 
Arteaga (1985), and their generated seepage function (equation) for the years 1968 – 79. Figure 
H-2 is a copy of their graph and generated function. Applying the 1993 total flow of 154,200 af 
to the Van Denburgh and Arteaga generated graph and function (S = 43.2 – [3590]/Q), a seepage 
rate of approximately 19,920 af for 1993 was estimated for the 16.7 mile reach of the TC 
between the Wadsworth and Hazen gages. The per mile rate for this estimate is, therefore, 1,193 
af/mi of canal. Accordingly, the net seepage rate for the 11.1 mile reach of TC within the FHA is 
estimated to be 13,242, while the calculated seepage for 1993 was 15,900 af. While these two 
numbers can not be considered similar, they can be considered within the same general range. 

Net TC seepage for 1996 could not be compared to the Van Denburgh and Arteaga 
(1985) regression analysis, as total flow through the TC during 1996 was less than the lowest 
flow rate utilized to generate Figure X and the resulting seepage function (please see Figure H-
2). Further review of Figure X indicates at lower TC seepage rate estimates, i.e. less than 
approximately 17,000 af/yr, there is poor correlation to canal flow. This may be a result of TCID 
maintaining hydraulic head in the canal, via a series of check dams, even during low flow 
periods/years, which may also explain the difference in the 1993 seepage rate versus the 
calculated rate utilizing the Van Denburgh and Arteaga seepage function. 

Figure H
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-2.  Canal flow vs. estimated canal seepage for 1968-69, 1971-1976, and 1978, as generated by 
Van Denburgh and Arteaga (1985). 
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consumptive use; and 6) domestic consumptive use. A brief discussion regarding generation of 
each parameter value follows below. 

Natural Groundwater Outflow to Adjacent Basins 
There are three areas of groundwater outflow from the FHA: a) the Truckee River Basin 

(Dodge Flat and the Tracy segment); b) Brady's Hot Springs; and c) the Carson Desert. Van 
Denburgh and Arteaga (1985) took a very close look at this component of the water budget as 
part of their investigation. A brief discussion of their conclusions for each area follows below. 

Regarding groundwater outflow to the Truckee River, Van Denburgh et al., (1973) 
documented an approximate annual flow of 2,100 af/yr to Dodge Flat and 2,100 af to the Tracy 
segment, which was derived on the basis of Darcy’s Law. However, that report also documented 
that the estimates may be low due to recognized seepage gains observed during low Truckee 
River flow periods. The Van Denburgh and Arteaga (1985) investigation incorporated work done 
by Murray et al. (1980) (unpublished document) and Bratberg (1980), along with additional field 
work conducted by the USGS. The collaborative results of these investigations indicates 
groundwater flow from east of the Truckee River, between the Wadsworth gage and the S-S 
Ranch, is approximately 8.0 ft3/s, or approximately 6,000 af/yr, which is a significant increase 
over the original estimate of 2,100 af/yr. For the 1993 and 1996 water budgets presented herein, 
the 6,000 af/yr estimation was utilized, as this appears to be the most accurate estimation 
available at present. 

Regarding groundwater flow to the Tracy segment of the Truckee River, the original Van 
Denburgh, et al. (1973) estimate of 2,100 af/yr was also considered low by Van Denburgh and 
Arteaga (1985). Inflow from southeast of the river was estimated by Van Denburgh and Arteaga 
(1985) as approximately 8.0 ft3/s, or approximately 6,000 af/yr. Approximately one third of that 
quantity is estimated to originate northeast of the river. Therefore, inflow from southeast of the 
river (Tracy segment) would be approximately 4,000 af. The source of that groundwater flow is 
primarily TC seepage between the Wadsworth gage and the Fernley area. The first 0.75 miles of 
that reach of the TC are outside the FHA. Therefore, to determine groundwater flow to the Tracy 
segment from the FHA, the portion of seepage from the TC outside of the FHA must be 
subtracted from the estimated total seepage. Van Denburgh and Arteaga (1985) utilized a TC 
seepage rate of 1,600 af/mi of canal to determine that approximately 1,200 af/yr flow from the 
TC reach outside the FHA (0.75 miles * 1,600 af/mi = 1,200 af). Therefore, the estimated total 
groundwater flow to the Tracy segment from within the FHA was estimated as approximately 
3,000 af (rounded) (4,000 af/yr – 1,200 af/yr = 2,800 af/yr rounded to 3,000 af/yr). The rate of 
TC seepage varies from year to year, as discussed below. Therefore, the annual groundwater 
flow to the Tracy segment varies with annual variations in TC seepage. For the purpose of the 
1993 and 1996 budgets provided herein, and to simplify matters, the Van Denburgh and Arteaga 
(1985) estimation of 9,000 af/yr (6,000 af/yr to Dodge Flat and 3,000 af/yr to the Tracy segment) 
groundwater outflow from the FHA to the Truckee River basin was utilized, but it is recognized 
that this may vary from year to year. Implementation of OCAP restrictions and subsequent 
reduction of annual TC flow will not likely reduce groundwater outflow from the FHA due to the 
TCID maintaining hydraulic head in the canal, as discussed above. 

Regarding groundwater underflow to Brady’s Hot Springs, both the Van Denburgh and 
Arteaga (1985) and Harrill (1970) investigations concluded that average annual groundwater 
underflow from the FHA is approximately 1,000 af. That value is assumed to be the most 
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accurate estimation available at present, and therefore, was utilized in the 1993 and 1996 water 
budgets presented herein. 

Regarding groundwater underflow to the Carson Desert, Van Denburgh et al. (1973) 
estimated flow to be approximately 800 af/yr, based upon a form of Darcy’s Law and an 
estimated transmissivity for the valley-fill deposits for this area. Van Denburgh and Arteaga 
(1985) revised the estimated flow to 400 af/yr for two reasons: 1) a lower transmissivity value 
determined for similar valley-fill deposits in the Fernley area; and 2) results of a 1984 
geophysical investigation conducted by the USGS, which suggested lower underflow rates for 
the valley-fill deposits. For the purpose of this investigation, the value of 400 af/yr was utilized. 
However, it should be noted that recent verbal communication with Mr. Norm Saake, State 
Waterfowl Biologist with the Nevada Division of Wildlife (NDOW), indicated that there may be 
considerably more flow to the Carson Desert than estimated by Van Denburgh and Arteaga 
(1985). Mr. Saake felt that flow to the Massey Slough (located in the Carson Desert area) from 
the FHA in 1993 was probably between 500 – 1,000 af, and that the flow in 1996 was 3,000 – 
4,000 af. These estimates are qualitative and based upon Mr. Saake’s visual observation of water 
in the Massey Slough.  

 Natural Surface Water Outflow to Adjacent Basins 
Surface water outflow from the FHA is assumed to be towards the Brady's Hot Springs 

area only. Review of several documents, including Van Denburgh and Arteaga (1985) and 
Harrill (1970) indicates that average annual surface water flow to the Brady's Hot Springs area is 
approximately 4,000 af. For the purpose of preparing the 1993 and 1996 water budgets, the 4,000 
af/yr value was utilized. However, it should be noted that during recent communication between 
Mr. Mike Widmer of Washoe County and Mr. Dick Jackson of Fernley, NV (long-time Fernley 
Area farmer), Mr. Jackson indicated that prior to implementation of OCAP restrictions in the 
Fernley area there was a great deal more surface water present in the northeastern portion of the 
FHA. Accordingly, it is possible that surface water flow to the northeast, towards Brady’s Hot 
Springs, has been reduced as a result of OCAP. 

Fernley Sink Evaporation 
Lake surface evaporation must be considered part of the FHA water budget, as the 

southern half of the Fernley Sink resides within the FHA, as do two small reservoirs just south of 
the Fernley Sink. Van Denburgh and Arteaga (1985) reported average annual evaporative losses 
of 6,100 af/yr for these water bodies, based upon an estimated 1,700-acre surface area and an 
annual evaporation rate of 3.6 ft/ac/yr. The surface area estimation was generated by Van 
Denburgh and Arteaga utilizing the Two Tips USGS 15 minute quadrangle (photo revised in 
1957), and the evaporative rate was taken from Van Denburgh et al. (1973). To evaluate Fernley 
Sink evaporation for 1993 and 1996, both the sink water body surface area and the rate of 
evaporation must be closely considered. A discussion of each follows below. 

As a means of evaluating the accuracy of the 3.6 ft/yr evaporative rate utilized by Van 
Denburgh and Arteaga (1985), the rate was compared to a value of 70 percent of measured pan 
evaporation for the subject area, a generally accepted methodology for lake surface evaporation 
estimation. Pan evaporation in the Fernley/Fallon/Wadsworth area is estimated at approximately 
60 inches per year, as derived from pan evaporation data collected on the S-S Ranch for the 
period 1984 – 1986 (Kimbell, 1987). Therefore, the estimated lake surface evaporation rate 
would be 3.5 ft/yr (0.7 * 60 inches = 42 inches * 1.0 ft/12 inches = 3.5 ft). Accordingly, the rate 
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of 3.6 ft/yr utilized by Van Denburgh and Arteaga (1985) appears to be similar to that of 
generally applied methodology for determining lake surface evaporation. However, it could be 
argued that due to the shallow nature of surface water present in the Fernley Sink, that 
evaporation is in fact 100 percent of pan evaporation. Mr. Norm Saake of NDOW, during recent 
verbal communication, indicated that the surface water present in the Fernley Sink is ususally 
less than six inches deep and that 100 percent of pan evaporation would be a reasonable measure 
of water surface evaporation for the Fernley Sink. Given this information, for the purpose of 
preparing the 1993 and 1996 water budgets provided herein, it is assumed that water surface 
evaporation from the Fernley Sink is 100 percent of pan evaporation, or 5.0 ft/ac/yr. 

To evaluate evaporative losses for the Fernley Sink area for 1993 and 1996, an estimation 
of the water surface area had to be generated. Attempts to obtain photographic coverage of the 
Fernley Sink area during the irrigation seasons of 1993 and 1996 were unsuccessful, without 
significant cost expenditure. Therefore, the lake surface area was estimated via general 
knowledge of the Fernley Sink for the years 1993 and 1996 and utilization of photographs for 
1992 and 1995. 

Review of available satellite imagery for the Fernley Sink during 1992 (drought year) 
indicates that the sink was nearly dry, as the water surface area was not measurable from the 
imagery. Precipitation total for 1993 in the Fernley area was 4.64 inches, which was 1.07 inches 
below the average of 5.71 inches/year. This time period represents the ending of a seven-year 
drought period, and therefore, Fernley Sink surface water area was low. Recent verbal 
communication with Mr. Norm Saake of NDOW indicated that there was probably only 
approximately 200 acres of surface water present in the Fernley Sink in 1993. Based upon this 
information, the water surface area in the Fernley Sink for 1993 was 200 acres, and the estimated 
total evaporative loss for 1993 is 1,000 af (200 ac * 5.0 af/ac = 1,000 af). 

During 1995 and 1996, precipitation was high in the Fernley area (7.66 and 9.14 inches, 
respectively). However, review of a June 1995 aerial photograph of the Fernley Sink (provided 
by Ms. Laura Richards of NDOW, Reno, NV) indicated that there was very little surface water 
present in the Fernley Sink. Furthermore, recent verbal communication with Mr. Norm Saake of 
NDOW indicated that the surface water acreage in the Fernley Sink area was probably only 
around 300 acres. Based upon this information, it is assumed that only 300 acres of surface water 
were present in 1996, and therefore, that the evaporative loss from the Fernley Sink in 1996 was 
approximately 1,500 af (300 ac * 5.0 af/ac = 1,500 af). 

Evapotranspiration – Crops 
The amount of gross evapotranspiration (ETcrop) generated by alfalfa in western Nevada 

is somewhat controversial in that estimates of ET range from approximately 3.0 af/ac/yr to close 
to 6.0 af/ac/yr. Van Denburgh and Arteaga (1985) utilized an ETcrop rate of 4.3 af/ac/yr, which 
was taken from Pennington (1980). W.O. Pruitt of the University of California, Davis was 
contracted by the TCID in 1979 to provide an estimate of expected normal year ETcrop for 
alfalfa (and other crops) within the Newlands Project. Pruitt (1979) generated an estimate 3.83 
af/ac for the period April – October. Kimbell et al. (1990) developed an ETcrop rate for alfalfa in 
the Wadsworth area (S-S Ranch) of 3.875 af/ac/yr for maximum production at an optimal level 
of applied water, based upon on a three year (1984 – 86) detailed investigation for alfalfa 
production in the Wadsworth area. The Kimbell et al. investigation is one of the more detailed 
investigations regarding ETcrop in the Wadsworth/Fernley area. 
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Based upon the above information, and ETcrop value of 3.875 af/ac/yr generated by 
Kimbell et al. was selected for the purpose of generating the 1993 and 1996 water budgets, 
primarily due to its detailed nature, applicability to the Fernley area, and the fact that it was 
based on three years of data, and not a single year. However, this ETcrop value is for maximum 
production, assumed to be approximately 8 – 10 tons/ac/yr. Nevada Agricultural Statistics annual 
publications indicates that the average alfalfa production for Lyon County was 4.7 tons/ac for 
1993 and 5.2 tons/ac for 1996. These yields would suggest that production was less than optimal 
for the Lyon County area. To determine a rate of ETcrop for this level of production, the 
production function generated by Kimbell, et al (1990) was utilized. At 4.7 and 5.2 ton/ac 
production rates, the gross ETcrop was calculated to be 2.56 af/ac and 2.78 af/ac, respectively 
(see Appendix H for calculations). To determine Net ETcrop, the amount of effective 
precipitation was subtracted from the gross ETcrop, resulting in a Net ETcrop of 2.27 af/ac and 
2.21 af/ac for 1993 and 1996, respectively. These values were utilized in the 1993 and 1996 
budgets. 

Estimated cultivated acreage within the project area for 1993 was 2,690 acres and 2,440 
acres for 1996 (provided by Mr. David Overvold, TCID, Fallon, NV). Therefore, total Net 
ETcrop for 1993 was estimated at 6,100 af, while the estimated ETcrop total for 1996 was 5,400 
af.  

It should be noted that the average yield values of 4.7 and 5.2 tons/yr for 1993 and 1996 
are likely low, as it is probable that the reported yields are low for tax purposes. Therefore, actual 
yields may be higher, meaning actual Net ETcrop is likely higher than the values utilized in the 
1993 and 1996 budgets. At present, the resources are not available to more accurately define 
actual yields in the Fernley area. It is also possible that the “hobby farming” effect is why 
average yields are lower than would be expected. That is, the smaller, non-high-yield production 
oriented farming operations (“hobby” farms) in the Fernley area typically produce low yields, 
which reduce the overall county yield average. If this is the case, then the reported county yield 
average may be relatively accurate. 

Evapotranspiration – Bare Playa and Natural Vegetation 
Evapotranspiration occurs from both soil surface area and from native vegetation, 

especially in areas of shallow ground water. To evaluate total ET from these areas, an acreage 
estimate for bare playa and native vegetation must be generated. Van Denburgh and Arteaga 
(1985) determined that there were approximately 700 acres of bare playa within the FHA, and 
that there were three major native vegetation types within the project area: low, medium, and 
high water-consuming phreatophytes. They determined the acreage, via use of August 1973 U.S. 
National Aeronautics and Space Administration vertical color infrared aerial photographs, for 
each of these plant types to be approximately 8,700, 900, and 1,400 acres, respectively. ET rates 
for the bare playa and vegetation types were estimated by Van Denburgh and Arteaga (1985) as 
follows: 0.1 af/ac/yr for bare playa; 0.3 af/ac/yr for low-consumption phreatophytes; 0.8 af/ac/yr 
for medium-consumption phreatophytes; and 3.0 af/ac/yr for high-consumption phreatophytes. 
These ET rates were generated in earlier USGS publications (Harrill, [1973] and Van Denburgh 
[1981]) regarding areas with hydrologic and vegetative settings similar to that of the FHA. 

Utilizing the above acreage and ET rates, Van Denburgh and Arteaga (1985) estimated 
the total volume of gross ET from bare playa and native vegetation within the project area to be 
approximately 7,600 af (70 af from bare playa, and 2,600 af, 700 af, and 4,200 ac from low-, 
medium-, and high-consumption phreatophytes, respectively). 
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If net ET is to be determined for the playa and native vegetation, then the amount of ET 
satisfied by local precipitation must be determined. If it is assumed that the most significant 
portion of ET occurs during the months March – October, and if it is assumed that 100 percent of 
the precipitation is utilized for ET, then total precipitation during this period should be applied 
towards meeting ET demands. Total precipitation for 1993 for the period March – October was 
2.58 inches (0.215 ft), while total precipitation for 1996 during March – October was 4.1 inches 
(0.342).  

Applying these numbers to the estimated annual ET rates for 1993 for playa and low-, 
medium-, and high-consumption phreatophytes indicates that the following percentage of ET 
demand is met by natural precipitation: 100 percent for the playa area; 71.7 percent for the low 
consumption phreatophytes; 26.9 percent for the medium-consumption phreatophytes; and 7.2 
percent for the high-consumption phreatophytes. Accordingly, the total net ET for bare playa and 
low, medium, and high consumption phreatophytes is approximately 5,200 af, based upon the 
assumed acreage for each of these features. Table 3 provides a breakdown of the calculated total 
net ET. 

Applying these numbers to the estimated annual ET rates for 1996 for playa and low, 
medium, and high-consumption phreatophytes indicates that the following percentage of ET 
demand is met by natural precipitation: 100 percent for the playa area; 100 percent for the low 
consumption phreatophytes; 42.8 percent for the medium-consumption phreatophytes; and 11.4 
percent for the high-consumption phreatophytes. Accordingly, the total net ET for bare playa and 
low-, medium-, and high-consumption phreatophytes is approximately 4,200 af, based upon the 
assumed acreage for each of these features. Table H-2 provides a breakdown of the calculated 
total net ET. 

 
Table H-2. Bare playa and natural vegetation evapotranspiration estimation for the Fernley hydrographic 

area for 1993 and 1996, Fernley, NV. 
 

Calendar 
Year 

Estimated 
Acreage 
(af/ac) 

Estimated 
Annual ET 

(af/ac) 

Estimated Annual 
ET Supplied by Ppt. 

(af/ac) 

Estimated 
Net ET 
(af/ac) 

Percent ET 
Supplied by 

Ppt. 

Total Net 
ET  

(af/ac) 
1993       

Bare Playa 700 0.1 0.1 0.00 100 0.0 
Low CU Veg. 8,700 0.3 0.215 0.085 71.7 740 
Med. CU Veg. 900 0.8 0.215 0.585 26.9 527 
High CU Veg. 1,400 3.0 0.215 2.785 7.2 3,900 

Total (rounded): 12,000     ~5,200 
1996       

Bare Playa 700 0.1 0.1 0.00 100 0.0 
Low CU Veg. 8,700 0.3 0.3 0.00 100 0.0 
Med. CU Veg. 900 0.8 0.342 0.458 42.8 412 
High CU Veg. 1,400 3.0 0.342 2.658 11.4 3,721 

Total (rounded): 12,000     ~4,200 

 
Municipal Consumptive Use 

Municipal consumptive use within the project area, via groundwater pumpage, is from 
two primary users: 1) Fernley Town Utilities; and 2) Nevada Cement. Groundwater usage by 

 H-11



FTU has steadily increased over the years, while Nevada Cement usage has remained relatively 
constant. Pumpage data provided by FTU for 1993 and 1996 indicates that approximately 1,700 
af and 1,800 af were withdrawn from the local groundwater aquifer in 1993 and 1996, 
respectively by FTU. Verbal communication with Mr. Edward Rajki of Nevada Cement 
indicated that average annual groundwater withdrawal for Nevada Cement is approximately   
500 af. Therefore, total estimated groundwater withdrawal from the local groundwater aquifer is 
approximately 2,200 af and 2,300 af for 1993 and 1996, respectively. 

Domestic Consumptive Use 
Domestic consumptive use in the FHA is difficult to quantify. Data provided by FTU, 

and subsequent analysis indicated that there were approximately 200 domestic water supply 
wells present in 1993 and that the average net usage for each well was 0.25 af/yr/domestic well. 
Net usage is groundwater pumpage (0.5 af/yr/well) minus leach field seepage (0.25 af/yr/well). 
Therefore, the estimated net domestic usage in the FHA is approximately 50 af for 1993. 

It is estimated that approximately 225 domestic wells were actively in use in 1996. 
Applying the same usage and seepage rates as discussed above, the estimated net usage for 1996 
is approximately 56 af. 

Discussion 
As documented above and presented in Table 3, there appears to be a groundwater 

surplus of approximately 1,600 af in 1993 and a groundwater deficit of approximately 2,300 af 
for 1996. While it is recognized that there are potential inaccuracies and/or variations associated 
with individual system input and output parameters, it is also recognized that the potential for an 
overall annual system deficit for the FHA groundwater aquifer is real, especially in light of 
OCAP restrictions and resulting reduced TC flow and seepage.  

Review of the 1993 and 1996 budgets indicates that the primary difference between the 
two budgets is the amount of TC seepage, as there is a 5,100 af difference. This difference is 
likely a result of reduced flow in the TC as a result of OCAP restrictions. Van Denburgh and 
Arteaga (1985) established a direct correlation between TC stage and TC seepage. However, that 
relationship does not appear to be applicable to low TC seepage and flow rates, which is likely 
due to TCID maintaining a minimum stage in the TC via a series of check dams on the canal.  

Three additional parameters than can have a significant effect on overall water budget 
estimation are: 1) evaporation from the Fernley Sink, which includes accurate evaluation of the 
surface water body present during calculated water budget periods and accurate evaluation of the 
rate of evaporation from that surface water body; 2) accurate estimation of annual crop yields 
and the corresponding ETcrop; and 3) groundwater outflow to the Carson Desert. To refine 
estimation of these parameters, a detailed evaluation would be required, including acquisition of 
appropriate satellite imagery, and conduct of field activities, records review, and personal 
interviews with local farmers. 

Regarding potential inaccuracies in parameter values, there is concern relative to the 
degree of accuracy associated with measured flow through the TC and measured diversions from 
the TC. Total flow measurements at the USGS gages at Wadsworth and Hazen have been 
questioned for years. The April 1994 Newlands Project Efficiency Study, prepared by the BOR, 
indicates that the Wadsworth gage is rated as “poor,” meaning that fewer than 95 percent of daily 
discharges are within 15 percent of their true values. The same document indicates that the 
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Hazen Gage is rated as “fair,” meaning that about 95 percent of daily discharges are within 15 
percent of their true values. Therefore, the total flow measurements for the TC for 1993 and 1996 
could be greater than 15 percent in error.  

For this investigation, TC lateral diversion totals were derived from farm delivery data 
provided by TCID and applying a 75 percent delivery efficiency. This approach is acceptable 
and confirmed by recent TCID data collection activities (verbal communication with Mr. David 
Overvold, TCID). This approach was adopted primarily because of recognized inaccuracies 
associated with individual diversion gages. To further improve upon the accuracy of diversion 
records in the future, the individual diversion gages will have to be improved. Until then, an 
overall delivery efficiency of 75 percent should be considered acceptable for conduct of water 
budget calculations. 

Domestic consumptive use rates were generated from an estimated number of active 
wells and estimated usage rates in the Fernley area. Actual usage may vary from year to year and 
the utilized rates may be in error by 15 – 25 percent. However, this component of the overall 
water budget for both 1993 and 1996 is small and the possible degree of error in these numbers 
will have little effect on the overall budget. 

Conclusions 
This investigation indicates that there is a minor surplus of water in 1993 and a minor 

deficit in 1996. It is possible that the 1996 imbalance is the result of OCAP restrictions and 
corresponding reduced flows in the TC. However, there are several parameters that could 
significantly effect this conclusion, if more accurate data were available. These data include: 1) 
accurate calculation of the Fernley Sink water body; 2) accurate determination of crop yields and 
corresponding ETcrop; 3) accurate determination of annual TC diversion and corresponding TC 
seepage; and 4) accurate evaluation of groundwater outflow to the Carson Desert (Massey 
Slough) area. 
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APPENDIX B
Fernley Town Utilities Rapid Infiltration Basin Recharge Calculations

1996 1993
Total Total

Month mg/d days mg/mo Month mg/d days mg/mo
Jan 0.534 31 16.55 Jan 0.228 31 7.07
Feb 0.534 28 14.95 Feb 0.385 28 10.78
March 0.534 31 16.55 March 0.327 31 10.14
April 0.534 30 16.02 April 0.289 30 8.67
May 0.51 31 15.81 May 0.348 31 10.79
June 0.519 30 15.57 June 0.345 30 10.35
July 0.534 31 16.55 July 0.211 31 6.54
Aug 0.379 31 11.75 Aug 0.161 31 4.99
Sept 0.534 30 16.02 Sept 0.393 30 11.79
Oct 0.534 31 16.55 Oct 0.574 31 17.79
Nov 0.534 30 16.02 Nov 0.398 30 11.94
Dec 0.534 31 16.55 Dec 0.417 31 12.93

Total 1996 Discharge (mg): 189 Total 1996 Discharge (mg): 124
Total 1996 Discharge (af): 580 Total 1996 Discharge (af): 380

EVAPORATION LOSSES EVAPORATION LOSSES

16 acres of ponds (2 8 acre ponds) 16 acres of ponds (2 8 acre ponds)
4 acres of Infiltration Basin 4 acres of Infiltration Basin

Therefore, 20 acres of surface area Therefore, 20 acres of surface area
Using an evap. Rate of 3.6 AF/ac Using an evap. Rate of 3.6 AF/ac
Total Evap. = 20 ac * 3.6 AF/ac = Total Evap. = 20 ac * 3.6 AF/ac =
 72 AF/YR ~75 AC/YR Evap. Loss 72 AF/YR ~75 AC/YR Evap. Loss

NET GROUND-WATER RECHARGE NET GROUND-WATER RECHARGE

Input = 580 AF/YR Input = 380 AF/YR
Output = 75 AF/YR Output = 75 AF/YR
Net Input = 505 AF/YR Net Input = 305 AF/YR

Therefore, 500 AF/YR Recharge to GW Therefore, 300 AF/YR Recharge to GW 
 for Treated Effluent for 1996 for Treated Effluent for 1993
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TRUCKEE CANAL SEEPAGE CALCULATIONS 
1993 TRUCKEE CANAL SEEPAGE CALCULATIONS 
 Total 1993 Flow at Wadsworth gage:  = 154,200 af 
 Total 1993 Flow at Hazen Gage: = 109,400 af 
 Total Estimated Truckee Division Diversion: = 20,850 af 
 Calculated Truckee Canal Seepage between the  
 Wadsworth and Hazen Gages (16.7 miles): = 23,950 af 
 
 Therefore, 23,950 af/16.7 miles: = 1,434 af/mile 
 
 Given that 11.1 miles of the Truckee Canal are  
 within the FHA, then the calculated TC seepage 
 with the FHA is: = 15,920 af = ~ 15,900 af 

 

Notes: Total flow at Wadsworth and Hazen is taken from data provided by the USGS, 
Carson City, NV. Total estimated Truckee Division diversion was taken from data 
provided by the Truckee Carson Irrigation District (TCID), Fallon, NV (10,384 af farm 
delivery/0.75 efficiency = 13,845 + 7,000 af diversion to TC-11, 12, and 13 = 20,845 af). 
 

1996 TRUCKEE CANAL SEEPAGE CALCULATIONS 
 Total 1996 Flow at Wadsworth gage:  = 46,420 af 
 Total 1996 Flow at Hazen Gage: = 9,390 af 
 Total Estimated Truckee Division Diversion: = 20,350 af 
 Calculated Truckee Canal Seepage between the  
 Wadsworth and Hazen Gages (16.7 miles): = 16,680 af 
 
 Therefore, 16,680 af/16.7 miles: = 1,000 af/mile 
 
 Given that 11.1 miles of the Truckee Canal are  
 within the FHA, then the calculated TC seepage 
 with the FHA is: = 11,100 af 

 

Notes: Total flow at Wadsworth and Hazen is taken from data provided by the USGS, Carson 
City, NV. Total estimated Truckee Division Diversion was taken from data provided by the 
Truckee Carson Irrigation District (TCID), Fallon, NV (10,000 af farm delivery/0.75 efficiency = 
13,333 af + 7,000 af diversion to TC-11, 12, and 13 = 20,350 af). 
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NET ETCROP CALCULATIONS 

1993 CALCULATIONS

Average Alfalfa Yield for Lyon County for 1993 = 4.7 T/A (10.53 Mg/Ha)(as reported by NV Agric. Statistics)
Therefore, estimated Etcrop for the 1993 yield is 2.56 ft (78.15 cm).
Assuming that 75% of precipitation is utilized as Etcrop, and given that the precipitation total for 1993 was
4.64 inches (0.387 ft), the net Etcrop for 1993 is 2.27 ft (2.56 ft - 0.387(.75)).

1996 CALCULATIONS

Average Alfalfa Yield for Lyon County for 1996 = 5.2 T/A (11.65 Mg/Ha)(as reported by NV Agric. Statistics)
Therefore, estimated Etcrop for the 1996 yield is 2.78 ft (84.82 cm).
Assuming that 75% of precipitation is utilized as Etcrop, and given that the precipitation total for 1996 was
9.14 inches (0.762 ft), the net Etcrop for 1996 is 2.21 ft (2.78 ft - 0.762(.75)).

Yield vs ETcrop, as taken from Kimball, et.al (1990)
(Mg/Ha/2.24 = Tons/Ac)
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APPENDIX I: BEDROCK ELEVATIONS 
 
EXECUTIVE SUMMARY 
Purpose 

A groundwater flow and transport model of the Fernley-Wadsworth Hydrologic Basin is 
currently being constructed by the Desert Research Institute, University of Nevada, Reno under 
contract with Washoe County and the U.S. Bureau of Reclamation. This model will be used to 
estimate the groundwater resources of the basin, delineate regional flow and solute 
characteristics and for use in future groundwater management activities. One component of the 
model construction is determining the bedrock surface elevation within the model domain. The 
use of potential fields (gravity and magnetic field measurements) modeling can provide a 
reasonable depiction of that surface. This report documents the development, by the Washoe 
County Department of Water Resources, of geologic models that are used to estimate the 
bedrock-alluvial contact, as a three-dimensional surface, within the 518 km2 (200 mi2) study area 
(Figure 1). 

Geologic and Geophysical Data Sets 
Geologic maps of the study area, prepared by the USGS and the Nevada Division of 

Mines and Geology (Green et al., 1991; Bonham and Papke, 1969), have been digitized (ADGIS, 
2001) and are used in this modeling effort. Two gravity surveys have been conducted (Carpenter, 
1998 and 2000) to provide a 214-station coverage of the area. Figure 3a shows these station 
locations and contours of the gridded data (0.5 mGals). Washoe County contracted an airborne 
geophysical survey of the area, which yielded total field magnetic data and resistivity mapping 
(DIGHEM, 1996) along 345 flight-line miles. Forty-four flight lines were flown at a spacing of 
666 meters (2,000 feet). Figure 6 shows the gridded results of the Total Field Magnetic data (100 
nTeslas) and flight-line locations. 

Methodology 
Potential fields modeling was accomplished using the software package GM-SYSTM 

(Northwest Geophysical Associates, 1996). The gravity and magnetic data were formatted for 
modeling using Oasis MontajTM software (Geosoft, 1999). Data sets for magnetic, gravity, 
topographic elevation and magnetometer “bird” elevation were gridded. Nineteen profile lines 
were generated and modeled as shown in Figure 8. Mapped surface geology was strictly honored 
as control for each model cross section. Where possible, lithologic data from water well drilling 
were also used in constraining the modeling effort. The observed and modeled gravity data were 
fit as closely as possible whereas the magnetic data were fit to a lesser degree. The results should 
be considered “best-fit” models for the purpose of determining the bedrock elevation (see 
Figures 9-11). 

Assumptions and Model Accuracy 
Locations of major structures are well defined as are positions of relative depth to 

bedrock. In the absence of deep well depth to bedrock information, the absolute depths remain 
uncertain to perhaps ± 30 percent. This uncertainty stems from an imprecise knowledge of the 
basin-fill and bedrock densities. 
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Results 

Figure 12 is a color shaded relief image of the contoured bedrock elevation surface as 
derived from the modeling. The most prominent feature is the steeply dipping surface in the 
north-central portion of the figure. This surface represents an assumed fault structure related to 
the Walker Lane Fault Zone. Maximum thicknesses of sediment are found immediately to the 
east of this structure and range from 800 to 900 meters thick (2,600 to 2,950 feet). Lesser, but 
prominent bedrock slopes are found on the western and southern boundaries of this basin and are 
also assumed to be the result of faulting. Immediately south of the Town of Fernley, thick 
sequences of Tertiary gravels, are mapped (Greene et al., 1991) and are assumed to be uplifted as 
a result of reverse faulting. The horizontal gradients, indicated in the figure, were derived from 
the gravity data and help delineate basin boundary faults. 

INTRODUCTION 
The Washoe County Regional Water Planning Commission and the U.S. Bureau of 

Reclamation are currently conducting water resources investigations in the Fernley/Wadsworth 
basin (see Figure 1). These investigations will result in the development of a groundwater 
numerical model. This model will provide a conceptual understanding of the occurrence and 
movement of groundwater primarily in the alluvial aquifers. Therefore. it is important that the 
subsurface alluvium-bedrock configuration of these valleys is understood and delineated. which 
is the primary focus of this report.  

Geophysical methods can provide a useful image of subsurface geologic structure. These 
methods include seismic reflection and refraction, magnetic surveys, and gravity surveys. 
Gravity and magnetic surveys were chosen for this investigation because of the relative ease in 
collecting the data as well as the reasonable cost of acquiring the data. The interpretation of the 
total magnetic field and the gravitational field (sometimes referred to as potential fields 
modeling) can be used to locate the subsurface alluvium-bedrock interface and its high-angle 
contacts. This is done through a forward modeling process that involves constructing geologic 
cross sections, evaluating their calculated magnetic and gravity responses, and comparing them 
to the actual measured data. The modeling of magnetic and gravity responses is, however, non-
unique, as two or more differing geologic models can describe the measured potential fields data.  

Washoe County and the Town of Fernley contracted an airborne geophysical survey 
(DIGHEM, 1996) to map the total magnetic field and electrical resistivity response of these 
basins. The Town of Fernley also contracted land based gravity surveys (Carpenter, 2000, 1998). 
To constrain the geologic models, surface data from geologic maps and subsurface data from 
water well drilling logs are used to guide the potential fields modeling. The Nevada Bureau of 
Mines and Geology published regional geological mapping of these areas and provide geologic 
constraint on the potential fields modeling. 

GEOLOGIC SUMMARY 
The location map (Figure 1) is a color shaded, digital elevation model (DEM) of the 

study area. The most prominent topographic features are the Truckee Range in the northeast, the 
Pah Rah Range on the west, and the Virginia Range on the south. Elevations range from 1,229 
meters (4,000 feet) at the Truckee River to 2,450 meters (8,035 feet) in the Pah Rah Range, 
2,150 meters (7,074 feet) in the Truckee Range, and 2,135 meters (7,000 feet) in the Virginia 
Range. The Truckee River enters the study area from the west, flows to Wadsworth and then 
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flows 32 kilometers (20 miles) north to Pyramid Lake. The Truckee River flood plain is the 
prominent, flat-lying region within the northwest area of Figure 1. Alluvial fans are not as easily 
discerned except along the eastern front of the Pah Rah Range, most notable being Dodge Flat, 
located in the upper west-central portion of the study area. Most of the valley-fill area is 
relatively flat-lying land that was formed from the Pleistocene Lake Lahontan (Morrison, 1964). 

There are few published reports on detailed geology of this specific area (Rose, 1969). 
The U.S. Geological Survey and the Nevada Bureau of Mines and Geology are currently 
working in the area and have published geologic maps (Greene et al., 1991; Bonham and Papke, 
1969). Figure 2 represents mapped geology taken from these published maps. Generally, the 
study area can be described with five geologic units (Table 1), Cretaceous granodiorite, 
Mesozoic metavolcanics, Tertiary volcanics, Tertiary sediments, and Quaternary alluvium. 

 
Table 1. Generalized geologic units. 

Qal Quaternary Alluvium 
Ts Tertiary Sediments 
Tv Tertiary Volcanics 
Mzv Mesozoic Metavolcanics 

 

The oldest, predominately exposed rocks are the Tertiary volcanics associated with the 
Pyramid sequence. These rocks are primarily mafic to intermediate volcanic extrusives and 
detritus. They have been intruded by Cretaceous granodiorite associated with the Sierra Nevada 
batholiths, dated at 90.7 million years (m.y.) (Bell and Garside, 1987). However, the uplift has 
only recently occurred within the last 2 to 3 m.y. (Schweickert, oral communication, Mackay 
School of Mines 1999). Other Tertiary (Miocene age) volcanics are comprised of basalt to 
rhyolite flows, intrusives, and ash-flow tuffs, which are also mapped in other areas of Washoe 
and Storey counties. Tertiary sedimentary rocks are known to exist and are at least found within 
the Pyramid sequence of volcanic rocks. Tertiary sediments are assumed to form the basal unit of 
the basin-fill deposits that underlie Quaternary alluvium. Lake Lahontan sediments cover the 
majority of the alluvial surface deposits and are estimated at 76 meters (250 feet) thick in some 
places (Morrison, 1964). 

Little is known of the geologic structure prior to Basin and Range tectonic events or the 
Sierra Nevada orogeny that occurred in the last 3 to 4 m.y. In northwestern Nevada, normal 
faulting during the formation of the Basin and Range created north-south trending mountain 
ranges comprised of granodiorite and volcanic rocks with volcanic and alluvial filled basins. 
Bisecting the study area is the Walker Lane Fault Zone that trends south-southeast to north-
northwest (Bell and Slemmons, 1979). The study area has also been described as wrench faulted 
(Bonham and Papke, 1969) with mapped antithetic and synthetic faults relative to the Walker 
Lane. This major fault structure is described as right lateral strike slip that extends from southern  
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Nevada to northern California. This structure also appears to have normal faulting where the 
western slope of the Truckee Range is inferred to be the fault plane. Also mapped in the area is 
the left lateral strike slip Olinghouse Fault that extends from the Walker Lane west-southwest to 
Reno (Sanders and Slemmons, 1979). 

Figure 2 shows currently mapped and inferred fault structures of the study area (ADGIS, 
2001). The inferred faulting is comprised of lineations derived from geophysical and topographic 
data that were generally oriented in directions parallel, antithetic, or synthetic to the strike of the 
Walker Lane. A possible example of an antithetic fault to the Walker Lane is the Olinghouse 
Fault. 

POTENTIAL FIELDS DATA 
Gravity Data 

Gravity information was compiled from two surveys. The Town of Fernley contracted 
Tom Carpenter for a gravity survey in 1998 in which 78 gravity stations were measured and in 
2000 where 136 gravity stations were measured (Carpenter, 1998, 2000). The data were collected 
using a LaCoste and Romberg Model G-230 gravimeter with a precision of 0.01 mGal. Positions 
were located by rapid static GPS survey methods using a WILD GPS – System 300 
manufactured by Leica. The elevation accuracy is believed to be better than ±20cm. The 
International Gravity Reference Network base at the James G. Scrugham Engineering Mines 
Building at the University of Nevada, Reno served as the local reference gravity value. The 
measured data were reduced to Complete Bouguer values using 2.20 g/cm3 as the slab density.  

Magnetic Data 
DIGHEM, Inc. was contracted by Washoe County and the Town of Fernley to conduct 

the airborne geophysical survey (DIGHEM, 1996). Instrumentation was installed in an 
Aerospatiale AS350B turbine helicopter (Skydance Helicopters, Inc.) which flew at an average 
airspeed of 100 kph (62 mph) with a magnetometer bird height of 50 meters (165 feet) above 
ground level. The survey consisted of 510 kilometers of traverse line (317 miles) oriented at 
90o/270o to geographic north with 667 meters (2,000 feet) line spacing. The tie lines (45 
kilometers or 28 miles) were oriented at 0o/180o to geographic north. The magnetic data were 
collected with a Picodas 3340 optically pumped cesium vapor magnetometer. The sampling rate 
was 10 per second with a sensitivity of 0.01nT. Navigation and positioning consisting of a Sercel 
NR 106 real-time differential global positioning system with <5 meter accuracy. A Scintrex 
MEP-710 cesium vapor magnetometer was operated at the survey base to record diurnal 
variations. The base station clock was synchronized with that of the airborne system to permit 
subsequent removal of diurnal drift. Data processing by DIGHEM Inc. consisted of corrections 
for diurnal variations and leveling. Data processing by Washoe County consisted of reduction to 
pole and 100 meters of upward continuation (Geosoft, 1999). 
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Potential Field Maps 
Figure 3a is a contoured grid of the Complete Bouguer Anomaly (CBA) gravity data 

overlain onto a color-shaded USGS digital elevation model (DEM) or topographic relief map. 
Also plotted are the gravity stations. The gridding was accomplished with a minimum curvature 
routine (Geosoft, 1999). The total range of gravity anomaly variation within the study area is       
-124 to -152 mGals or -28 mGals and is common for basin and range structure adjacent to the 
eastern Sierra Nevada. In eastern and central Nevada, variations in gravity anomalies can be as 
high as 60 mGals in basins as deep as 3 kilometers (10,000 feet).  

This figure clearly shows that the low gravity anomalies are coincident with the lower 
topographic elevations and high gravity anomalies correlate with the high topographic 
elevations. The strong gravity gradients correspond to steep drops in the hard rock surface and 
are assumed to represent thickening alluvium overlying normal faults. Figure 3b is a color 
shaded relief map of the CBA, where the low gravity anomaly represents a relatively deep 
alluvial basin. This "trough" is oriented northwest to southeast. The basin is deepest north of 
Wadsworth. North of Fernley, the basin thins to the northeast and appears to be truncated at the 
eastern end of the study area. A small sub-basin is inferred in the south-central portion of the 
figure, south of Fernley.  

Figure 4 is a color-shaded relief map of the total horizontal gradient of the gravity data. 
The contours are of the gravity anomalies (0.5 mGals interval). The total horizontal gradient is 
the maximum horizontal rate of change of the strength of gravity anomalies (first horizontal 
derivative of the gravity field). It is a useful analytic tool to determine where gravity slopes have 
their maxima. Fault structures can be inferred where gravity gradients reach their maxima. 
Figure 4 illustrates this where the steepest rate of change in gravity is delineated with blue lines 
parallel to these trends. Figure 5 shows these "gradient lineations" and mapped faults (see Figure 
2) plotted onto the DEM where a good correlation is seen. The lineations are good indicators of 
basin boundary faults and are so inferred here. Of note is the south-central lineation that plots up 
slope of the Virginia Range in the Fernley area. 

Figure 6 shows the total magnetic data on the DEM of the study area. The gridding was 
accomplished using a minimum curvature routine (Geosoft, 1999). The magnetic data were 
reduced to pole and upward continued to 100 meters. The range between the low and high 
magnetic values is 2,200 nT (50,800 to 53,000 nT). The structure of the magnetic signatures is 
somewhat subtle where relatively "stable" signatures are found within the valley and relatively 
"unstable" signatures are found parallel to the mountain range fronts. Unstable is explained as 
magnetic signatures in the same rock type that quickly change from high to low anomalies within 
a short lateral distance. A variable cooling and mechanical flow history is thought to be the cause 
of the chaotic patterns of reverse and normal magnetization. A better display of the "stable 
versus unstable" magnetic signatures is found with a shaded relief map of the magnetic 
susceptibility (Figure 7). It is interesting to note the apparent northwest oriented contrast between 
"stable" and "unstable" susceptibility in this figure is coincident with inferred basin boundary 
faults. Perhaps this is also an influence from the Walker Lane Fault Zone. 
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Figure 6.  DEM as shaded relief with total field magnetics (100 nTesla contour interval) and flight lines. 



 

 

GEOLOGIC MODELS 
Description of Units 

Table 2 lists the major lithologic units found in the study area and their associated density 
range and magnetic susceptibility used in the modeling. These densities and magnetic 
susceptibilities were taken from similar rocks measured in the Sierra Nevada Carson Range, 
Washoe County, Nevada, approximately 30 miles to the southwest (Skalbeck, 1998). The 
alluvial values of density are assumed to be within the range of water-saturated alluvium. 
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Table 2. Listing of lithologic units, densities and magnetic susceptibilities. 
 

Lithology Density 
(g/cm3) 

Susceptibility 
(dimensionless cgs) 

Quaternary Alluvium 2.07 0 
Tertiary Sediments 2.17 0-0.004 
Tertiary Volcanics 2.37 – 2.57 0.001-0.008 
Cretaceous Granodiorite 2.67 – 2.77 0.002 

 
Potential fields modeling is non-unique. By changing the density and/or susceptibility of 

lithologic units, the model thickness of these units will change and vice versa. The practice of the 
present modeling effort was to keep density and susceptibility estimates within a very tight range 
of values. No consideration was given to lithologic units of reversed magnetization because there 
was no direct evidence for these types of units although they probably exist and have been noted 
in the South Truckee Meadows (Skalbeck, 1998). The model separation of the Quaternary 
alluvium from the Tertiary sediments was arbitrarily set at 250 meters below land surface. The 
Quaternary unit is assumed to be a result of alluvial fan and lacustrine depositional 
environments, however, the thickness is not known. The Tertiary sediments are assumed to be 
semi-consolidated to consolidated fine-grained sediments, again the thickness unknown. Taken 
together, they had influence on the gravity interpretation, but their thickness relative to each 
other could not be resolved. The Tertiary sediments were further divided into a unit with no 
magnetic susceptibility and a lower unit with a magnetic susceptibility of 0.004. An assumption 
was made that a magnetized tuff unit was located in the Tertiary sediments that solved a 
modeling problem common to most cross sections in this study. Tuffs are mapped within the 
study area. 

The dominant rock units within the study area are Tertiary volcanics that occur as 
capping units in the three mountain ranges in the study area. Here again, the relative thicknesses 
of the volcanic units are subjectively modeled to render best fits to the gridded magnetic and 
gravity data. Their physical properties are assumed to be constant but probably vary widely. The 
Cretaceous granodiorite is considered basement rock. No consideration was given to the 
Mesozoic metavolcanics because of the lack of mapped outcrop though this unit probably exists 
within the study area. 

Modeling Approach 
Potential fields modeling was accomplished using the software package GM-SYSTM 

(Northwest Geophysical Associates, 1996). The gravity and magnetic data were formatted for 
modeling using Oasis MontajTM software (Geosoft, 1999). Coincident line data were needed for 
the magnetic, gravity, topographic elevation and magnetometer sensor elevation data. Data sets 
for each were gridded and coincident profiles were generated. The elevation data came from the 
30-meter USGS Digital Elevation Model. The sensor height elevation was recorded during the 
aeromagnetic survey. Mapped surface geology was strictly honored as control for each model 
cross section. The "gradient lineations" were mapped onto the profiles with the assumption made 
that they represented basin boundary faults. Where possible, lithologic data from water well 
drilling were also used in constraining the modeling. The observed and modeled gravity data 
were fit as closely as possible whereas the magnetic data were fit to a lesser degree, especially 
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with the mountain ranges. It should be re-emphasized that the purpose of the modeling was to 
configure a bedrock elevation model. Consequently, the results should be considered “best-fit” 
models where importance was placed, in descending order, on mapped geology, gravity and then 
magnetic data. Cross section orientation was chosen perpendicular to gravity gradients to 
maximize lithologic density contrasts. 

Results 
This section will discuss only three of the 19 model cross sections. All modeled lines are 

contained in the appendix (where derrick symbols represent the locations of mapped faults and 
well sites). The discussion will start with a northern cross section and continue southward. Figure 
8 shows the location and number of the model cross sections. Figures 9-11 illustrate the geologic 
cross sections based upon the gridded gravity data and observed magnetic data, which are also 
shown. The magnetic curve (top section) plots the observed data (dots) and the calculated (solid 
line) data based upon the model geologic cross section. The middle section is the gravity data, 
again the observed (dots) versus the calculated (line). The lower section is the model geologic 
section where lithologic symbols (Table 1 and Figure 2) are shown. A distance scale is at the 
bottom and will be referred to in the discussion for each cross section.  

Line C9 

Figure 9 shows a geologic model for the northern portion of the study area. This 
represents a section from the western part of the study area in the Pah Rah Range, east to the 
Truckee Range in the northern part of the study area. At the left or west end of the model 
(distance = 8,000), volcanics are underlain by near-surface basement granodiorite. The gradient 
lineament seen (distance = 10,000) does not appear to be significant in terms of a density 
contrast. The contact with the volcanics and the alluvium slopes moderately to the basin floor. 
The sediment is thickest (>1,000 m or 3,300 ft) in this part of the study area. The vertical 
alluvial/volcanic contact at the northwest end of the model is very steep (80o?) and is well 
modeled as a basin boundary fault (gradient at 17,500). Note the two different volcanic units at 
the northeast (right) side of the basin where the horizontal contact is arbitrary. Tba represents 
Tertiary basalt/andesite and Tvol, undifferentiated Tertiary volcanics. At the left, Tp is the 
Pyramid sequence and Th, the Hartford Hill rhyolite. Overall, the gravity match of the calculated 
to observed is excellent and the magnetic match reasonable. 

 
Line C1 

Figure 10 shows a geologic model for the central portion of the study area. This 
represents a section from the southwestern most part of the study area in the Virginia Range 
northeast to the Truckee Range in the central part of the study area. The granodiorite basement is 
much deeper and not shown in this cross section. Volcanics underlay all of the sediments. These 
sediments are estimated at >800 meters thick (2,600 ft). At a distance of 8,000 m a well is plotted 
that penetrates the bedrock. Immediately east of this location the gradient lineament is shown 
and the geology is well modeled by a basin boundary fault. At the north end of the cross section 
profile (distance = 13,500), the gradient lineament or basin boundary fault does not appear to be 
steeply dipping. Overall the observed to calculated gravity fit is excellent and the magnetic fit is 
good. 
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Line B1 

Figure 11 shows the geologic model for the east side of the study area. The geology is 
much more complicated. This section profile, starting from the left, is from the Truckee Range, 
south to the Virginia Range adjacent and southeast of Fernley. A peninsular-shaped mass of rock 
extending southward from the Truckee Range, called the "Gooseneck," is bounded by alluvium 
and therefore modeled at a 2.5 dimension (NGA, 1996). Consequently, the volcanics were 
modeled as two units with a third underlying the basin. The alluvium is estimated at 600 m thick 
(2000 ft) and abruptly terminated at the Virginia Range by an inferred reverse fault. However, 
this fault is not well documented and may not exist, although supported by the gradient lineation 
(noted at distance = 16,500). The Quaternary/Tertiary gravel unit is shown to be juxtaposed 
between the alluvial units and the Tertiary volcanics. In greater detailed sections, the gravity data 
do support this relatively thick sequence of sediment. The volcanics were divided into three units 
to try and satisfy the observed magnetic data (better seen in cross sections B2 and B3). The 
calculated gravity and magnetic match to the observed is excellent throughout this section. 

Model Accuracy 

It is important to note that the depth of the alluvium modeled in these cross sections is 
highly dependent upon the density contrast between the alluvium and the igneous rocks. 
Absolute values assigned to the different lithologies are not as important as the absolute contrast 
between them. For example, if the contrast between units is modeled at 0.3 g/cm3 but physically 
is 0.1 g/cm3, then the relative thickness would actually be 1/3 less. Likewise, if the contrast is 
actually 0.4 g/cm3, but modeled at 0.3 g/cm3, the relative thickness would actually be greater. 
Therein lies the uncertainty of this modeling project. 

To resolve this issue, a number of boreholes drilled to bedrock would be needed to 
confirm the actual alluvial thickness. Few wells have been drilled to confirm alluvial thickness 
and those are located at the margins of the basin. These wells have been used in the modeling 
effort. The shape of the basin is only as accurate as the lithologic mapping because the contacts 
mapped were strictly adhered to in the modeling effort. However, the gravity and magnetic data 
strongly support the lithologic mapping and deep basin structure. Therefore, it is felt that an 
accurate model of the basin shape has been accomplished and that depths are reasonably 
accurate, probably to ± 30%. 
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Configuration of Basin Bedrock 
Once all 19 cross sections were finalized, the bedrock-alluvial contact elevation was 

estimated at 250-meter intervals along each profile. These "data points" were then gridded and 
contoured. Figure 12 is a shaded-relief image of the modeled bedrock elevation (in meters above 
sea level). The contour interval is 50 meters (164 feet). The locations of the "gradient lineations" 
and modeled cross-section profiles are also visible. Figure 13 shows the results on a digital 
elevation model for topographic reference. Figure 14 is a map of the sediment thickness (50 m 
contours). 

The bedrock elevation contours reveal a more steeply dipping bedrock surface coincident 
with the inferred basin boundary faults ("gradient lineations") particularly along the western 
slope of the Truckee Range as well as the surface immediately west of Wadsworth. Here, 
sediment thickness is as much as 900 meters (2,950 feet). Although the Walker Lane Fault Zone 
is primarily a strike-slip fault structure, there appears to be significant dip-slip movement as well 
in this area on both sides of the Wadsworth basin. Northward, the basin narrows to 2,500 meters 
in width (8,200 feet). To the southeast, the basin broadens in width and rises in elevation to 750 
meters above sea level (2,460 feet) where land surface elevation is generally 1,250 meters (4,100 
feet). 

At the northwest portion of the study area the gradient lineation is oriented antithetic 
(perpendicular) to the Walker Lane Fault Zone direction and oriented on strike to the Olinghouse 
Fault. To the southeast of this lineation, the bedrock is estimated to be much higher in elevation. 
This would reflect thicker volcanic deposits than at the other boundaries or that the granodiorite 
has been uplifted more relative to other boundaries. At the extreme western edge of the study 
area, the Truckee River enters the basin from a canyon that appears to be very shallow, but there 
is little gravity data to support this estimation. South of Fernley, the sediment thickness shallows 
quickly. Also noteworthy is a relatively steep slope on the Virginia Range southeast of Fernley. 
This indicates that the Quaternary/Tertiary (QTg) gravels mapped in this area are relatively thick. 
At the far southeastern study area (at the gradient lineation), there appears to be a near-surface, 
reversely magnetized volcanic unit that truncates the basin, but this not well illustrated. There is 
no estimation of sediment thickness to the east-northeast of the study area. 

DISCUSSION AND CONCLUSIONS 
The magnetic and gravity data are complementary and consistent with the geology and 

topography. The gravity data displayed in Figures 3a and 3b define basin structure where gravity 
gradients highlight the steep basin structure. The magnetic data also reflect lithologic and basin 
structure as seen in Figures 6 and 7. The use of the total horizontal gradient map gave good 
insight on the presence and location of basin boundary faults that were consistent with mapped 
faults. This interpretation was useful in the geologic cross-section modeling effort. 

At several boundaries of the basin the magnetic data were not modeled. As stated earlier, 
the magnetic behavior of the volcanics changes rapidly over a relatively short distance. The 
magnetic signatures are most likely a result of lava flow "roll-over" during the depositional 
period. No structural sense can be made of this. It is interesting to note that total field magnetics 
are relatively stable within the confines of the alluvial basin (see Figure 7). 

Constructed geologic cross sections are consistent throughout the study area with minor 
differences within the three mountain ranges. Actual depths to bedrock are uncertain and can  
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only be verified through drilling methods. Accurate density contrasts between the sediment and 
bedrock, which vary horizontally and vertically, are not available, therefore, average values must 
be used. To compensate for the natural increase in density with depth in the alluvial sequence a 
second sedimentary unit with a 5 percent increase in density was modeled. Differentiation of 
volcanic units was not possible and was not within the scope of this study, but mapped units 
were recognized. The assignment of density and susceptibility to the individual volcanic units 
was subjective and varied by 10 percent. The contact between the basement granodiorite and the 
volcanics was also subjective. Further, the magnetic susceptibility assigned to the basal alluvial 
unit (Tal) is based upon the assumption that ash fall was likely in the Tertiary. This assumption is 
supported by tuff units mapped in the study area (Greene et al., 1991). This assumed 
susceptibility greatly assisted in the modeling effort for most, but not all, of the cross sections. 
Finally, an attempt was made to model the gravity gradient lineations as normal fault structures 
and this interpretation was mostly successful.  

The reverse fault modeled in the Virginia Range is purely hypothetical. It is based upon a 
Tertiary/Quaternary sedimentary unit found in this part of the range not found elsewhere. This is 
best seen in Figure 11. The unknown dip of this structure (at the contact Qa/QTa) was highly 
constrained by the gravity and magnetic data, but should be considered subjective. This 
configuration appeared to give the best result. The orientation of the strike of this hypothetical 
reverse fault is consistent with a wrench-fault model proposed for this basin, antithetic to the 
Walker Lane. However, compression to the basin must have occurred for reverse faulting and 
this has not been fully worked out to date. 

The bedrock elevation model conforms to the surface topography and generally continues 
these slopes in topography at depth. Modeled depths to bedrock do not appear to be surprising or 
to conflict with any of the data used. As noted earlier, actual depths to bedrock probably become 
less accurate as the basin deepens. Drilled water wells that actually penetrated all the alluvium to 
bedrock are lacking and are mostly located near the alluvial basin margins. This information was 
also honored in the modeling effort. An exception to this was at the southeastern portion of the 
Virginia Range whhere depths to bedrock were reported to be relatively shallow. This 
information greatly conflicted with the gravity data.  
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APPENDIX 

The appendix contains the potential fields modeling of nineteen geologic cross sections 
of Fernley/Wadsworth Basin oriented from west (left) to east (right). The first cross section is 
C11 and is the most northern. The cross sections continue southward to A2. See Figure 8 for the 
orientation of the cross sections. 
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	1.0 Introduction
	Long-term water quality monitoring data in the lower Truckee River Basin indicate that during low...
	The Truckee River Water Quality Agreement of 1996 settled longstanding litigation between the Pyr...
	Figure 1.1. Location of the Truckee River through Reno, Sparks, Wadsworth and Nixon, Nevada.
	Note that under extreme low-flow conditions in the lower Truckee River (<100 cfs), in- stream TDS...
	Because future management decisions, including those related to upstream dischargers, will be bas...
	1.1 Objectives

	The objective of this report is to summarize and interpret the hydrogeologic conditions in the Fe...
	1. Develop a baseline conceptual model for current hydrologic conditions in the Fernley area, par...
	2. Identify the origin(s) and sources of high TDS groundwater in the study area.
	3. Quantify the relative contributions of these sources in the context of TDS mass loading in the...
	4. Develop a groundwater flow and transport model that can predict the impact of various land-use...
	1.2 Report Organization

	This study can be broken down into three basic components:
	1. Construction of the flow model;
	2. Analysis of the geochemistry; and
	3. Development of the solute transport model.

	Each of these components is addressed in detail in the subsequent sections. In an effort to fully...
	Section 2 provides a general overview of the modeling approach. There are numerous approaches to ...
	Section 3 provides information on the Fernley/Wadsworth area. Specifically, topics in this sectio...
	Section 4 describes all of the components of the flow model construction. There are numerous comp...
	Section 5 presents the geochemical data and analysis. The geochemical data includes major ion che...
	Section 6 uses the information gained in previous sections to build the solute transport model. T...
	Section 7 provides a summary and conclusions for the research report. This section also provides ...
	Section 8 provides recommendations for further characterization efforts.
	Section 9 provides references.
	Appendices A through I provide detailed information on the wells drilled within the scope of this...
	2.0 General Modeling Approach

	A suite of numerical models are used to aid in the characterization process of the groundwater sy...
	1. Use state of the art tools to provide a basic understanding of the hydrogeologic system via te...
	2. Evaluate the relative importance of model parameters and determine how uncertainty in these pa...
	3. Refine the water budget that controls the groundwater system, and
	4. Develop a better understanding of how changes in the groundwater system (e.g., land- use pract...

	To achieve these goals a suite of models was used including:
	• Numerical geologic model: The geologic environment was interpreted using hundreds of wells and ...
	• Numerical flow model: The geologic model, hydraulic analysis, and boundary condition informatio...
	• Numerical solute transport model: The fluid fluxes are used in combination with initial and bou...
	• Interpolation of TDS: A novel approach was used to construct a three-dimensional map of TDS in ...
	• Monte Carlo analysis: Uncertainty analysis is a critical component to any type of modeling anal...
	3.0 Fernley/Wadsworth Area
	3.1 History of the Area

	Humans have inhabited the Truckee and Carson river basins for over 10,000 years. Before Europeans...
	The sudden increase in population placed heavy demands on the area's natural resources. Water was...
	The Newlands Project was implemented to improve the irrigation system from the Truckee and Carson...
	By 1905, the Derby Dam, Truckee Canal, and Carson River Diversion Dam were completed (Nevada Hist...
	For several years after the completion of the Newlands Project, farms experienced water shortages...
	During the 1920s and early 1930s, the Truckee�Carson region experienced severe droughts, leading ...
	By 1967, Pyramid Lake, located northeast of Reno, had reached its lowest levels as a result of th...
	Newlands Project water is still primarily used for agriculture. The current irrigation system can...
	The lower Truckee River flows past an irrigated farming district in Fernley, Nevada. The economy ...
	Groundwater pumping for industrial and public supply purposes has increased since the 1960s. The ...
	3.2 Site Description

	The study area for this project is the lower Truckee River Basin (Figure 3.1), which is bounded o...
	17
	Figure 3.1. Location of the Fernley study area and borehole locations.
	The lower Truckee River Basin is a broad alluvial basin. The alluvium in the basin is derived fro...
	The channel of the lower Truckee River has meandered across the valley reworking the lacustrine d...
	West of Fernley, there is a series of north�northwest-trending faults called the Walker Lane faul...
	Figure 3.2. Fernley area surficial geologic map.

	miles wide (Bell, 1981). The Walker Lane fault system has an unknown impact on groundwater flow. ...
	The primary sources of water in the Truckee River are discharge from Lake Tahoe and snowmelt from...
	The lower basin is in the rain shadow of the Sierra Nevada. The climate is semi�arid with an aver...
	3.3 Previous Research

	Numerous investigations have been performed to characterize the geology, hydrogeology, and geoche...
	Sinclair and Loeltz (1963) mapped the phreatic surface of groundwater in the Fernley area. Their ...
	Table 3.1. Primary investigations and scope.
	Author
	Date
	Title
	Description
	Bonham, Harold F.
	1969
	Geology and Mineral Resources
	of Washoe and Storey Counties, Nevada
	Description of geology in Washoe and Storey counties, Nevada
	Bratburg, David
	1980
	Hydrogeology of Dodge Flat
	and its Relation to Flow and
	Quality Changes in the Truckee River
	Hydrogeology of Dodge Flat: the Fernley groundwater system and discharge from Dead Ox Meadow affe...
	Bureau of Reclamation
	2001
	Newlands Project Website
	History of the Newlands Project
	Simmons
	1996
	Final Report of the Secretary
	of the Interior to the Congress
	of the United States of
	Newlands Project Efficiency
	Study
	Analysis of structural improvements and changes in operations that can raise the efficiency of th...
	Cockrum, D.K.
	1994
	Characterization of the Impact
	of Agricultural Activities on
	Water Quality in the lower
	Truckee River
	Water quality of lower Truckee River: point surface return-flows from agriculture significantly r...
	CH2M Hill
	1990
	Investigation of Potential Groundwater Recharge and
	Rapid Infiltration and
	Extraction Projects at
	Dodge Flat
	Waste water infiltration project at Dodge Flat: recharging 20 million gallons of wastewater per d...
	University of Nevada, Reno
	1971
	Newlands Project Water Study Progress Report: Water Year
	1970
	First year of three-year-long study on Newlands Project: description and analysis of soil types, ...
	University of Nevada, Reno
	1972
	Newlands Project Water Study Progress Report: Water Year
	1971
	Second year of three-year-long study: study was expanded to include large acreages in Stillwater,...
	University of Nevada, Reno
	1972
	Newlands Project Water Study: Water Year 1971
	Results of study are the same as those stated in the progress report for the 1972 water year
	University of Nevada, Reno
	1973
	Newlands Project Water Study: Water Year 1972
	Third year of three-year-long study: changes in soil moisture content, surface irrigation water m...
	Guitjens, J.C.
	1999
	Modeling Management
	Alternatives for Efficient
	Water Use and Drainage
	Reduction
	An example of how hydrodynamic modeling can be used to determine the optimal use of irrigation wa...
	Katzer, T., Leising, J.F., Brothers, K, and Ball, G..
	1998
	Hydrogeological Evaluation and Groundwater Modeling of the Wadsworth-Dodge Flat Area, Washoe Coun...
	Evaluation of three resource options for the town of Fernley: a flood plain aquifer next to the T...
	Klotz, J.R.
	1997
	Riparian Hydrology and Establishment of Woody
	Riparian Vegetation
	Evaluation of the water requirements for Cottonwoods along the Truckee River
	fmsect4.pdf
	Table 3.1 Primary investigations and scope.
	Mahannah, C.N., Guitjens, J.C., and York, C.R.
	1975
	Western Nevada Water
	Controversy
	Summary of the physical, political, and legal ramifications associated with the Truckee and Carso...
	Nevada Division of Water Planning
	2001
	Truckee River Chronology
	Website
	History of the Truckee River and associated water projects
	Rollins, M.B.
	1965
	Water Quality of the Newlands Reclamation Project
	Analysis of irrigation and drainage water quality in the Newlands Project Area: irrigation water ...
	Sinclair W.C. and Loeltz, O.J.
	1963
	Groundwater Conditions in the Fernley-Wadsworth Area,
	Churchill, Lyon, Storey, and Washoe Counties, Nevada
	Sources of groundwater recharge and the groundwater quality in the Fernley area
	Strathorn, A.T. and Van Duyne, C.
	1911
	Soil Survey of the Fallon Area, Nevada
	Description of soils in the Fallon Area
	Van Denburgh, A.S., Lamke, R.D., and Hughes, J.L.
	1973
	A Brief Water-Resources
	Appraisal of the Truckee River Basin, Western Nevada
	Factors influencing inflow and outflow rates in 1973 for the Fernley area
	Van Denburgh, A.S. and Arteaga, F.E.
	1979
	Revised Water Budget of the Fernley area, West-Central
	Nevada, 1979
	Factors influencing inflow and outflow rates in 1979 for the Fernley area
	Wilden, R. and Speed, R.C.
	1974
	Geology and Mineral Deposits
	of Churchill County, Nevada
	Description of the geology in Churchill County, Nevada
	4.0 Flow Simulation
	4.1 Conceptual Flow Model

	The first step is to develop a conceptual model of the groundwater system of interest. The purpos...
	4.1.1 Groundwater Flow Equations

	There are several basic laws governing the motion of fluid in a porous medium. For a thorough rev...
	(4.1)
	where K [LT-1] is a coefficient of proportionality referred to as the hydraulic conductivity.
	Using Darcy’s Law and the conservation of mass results in equation 4.2:
	(4.2)
	where W represents the sum of sources to the system, K is the hydraulic conductivity, h is the hy...
	Equation 4.2 is used to represent the system under steady-state conditions. A thorough review of ...
	4.1.2 Model Selection

	The MODFLOW computer program (McDonald and Harbaugh, 1988; Harbaugh and McDonald, 1996) is used t...
	4.1.3 Hydrostratigraphy

	The relevant and available geologic and hydraulic information for the model domain was compiled t...
	4.1.3.1 Well Logs

	Approximately 300 wells were used to characterize the hydrostratigraphy of the area. Figure 4.1 s...
	Figure 4.1. Well locations.
	The lithology type noted on the driller’s logs for each well was simplified for this project. In ...
	4.1.3.2 Aquifer Tests

	Aquifer tests were performed on the 15 deep wells drilled for this project. An aquifer test consi...
	4.1.3.3 Characterization of Model Domain

	The next step in characterizing the hydrostratigraphy of the domain is to use the available infor...
	Kriging is a statistical interpolation method that chooses the best linear unbiased estimate for ...
	(4.3)
	where g(h) is the semi-variogram value, h is the lag distance, c is the sill, and a is the correl...
	A plot of semi-variogram value vs. distance is shown below in Figure 4.2.
	Figure 4.2. Semivariogram vs. distance for soil type.

	Values from the model above that were used in kriging are:
	• nugget: 0.125
	• sill: 0.23
	• correlation length: 24,000 meters
	The indicator kriging program IK3D (Deutsch and Journel, 1992) was used to interpolate the data. ...
	Figure 4.3. Simulated map of lithologic units at an elevation of 1,205 m.
	4.2 Boundary Conditions

	The boundary conditions describe the hydraulic behavior at the model boundaries. Various types of...
	• The Type I boundary is a boundary of prescribed potential. Also called a Dirichlet boundary or ...
	• The Type II boundary is one of prescribed flux. Also called a Neumann boundary or specified flu...
	• The Type III boundary is used as a semipervious boundary. Type III boundaries, called general h...
	The following boundaries are included in the model and are shown in Figure 4.4.
	Figure 4.4. Fernley groundwater model--boundaries, sources, and sinks.
	1. Specified head (Type I) boundary along the eastern boundary. This accounts for fluid flow migr...
	2. Specified head (Type I) boundary along the northwestern boundary surrounding the Dodge Flat ar...
	3. Specified flux (Type II) boundary along the southern boundary. This boundary is modeled by a r...
	4. General head boundary (Type III) along the Truckee River. The longitudinal distribution of riv...
	5. Specified flux surface boundary (Type II) within irrigated areas. The exact magnitude of the n...
	6. Seepage from the Truckee Canal is modeled as a specified flux surface boundary (Type II). It i...
	7. Specified flux surface boundary (Type II) associated with mountain block recharge. Although th...
	8. Specified flux internal boundary (Type II) associated with consumptive use for municipal, comm...
	9. No-flow specified flux (Type II) boundaries along the base of the model not described above. N...
	4.2.1 Specified Head Boundary Condition

	To run the model, it is necessary to specify initial conditions and boundary conditions. Head (or...
	Figure 4.5. Location of town of Fernley wells.

	The method used to determine specified heads at the boundaries was also used to provide the initi...
	4.2.2 Town of Fernley Wells

	The Town of Fernley operates several wells for municipal water supply. The three primary wells (F...
	4.2.3 Natural Recharge Boundary Conditions

	The purpose of this study is to present mountain front recharge estimates for the Fernley, Nevada...
	The study includes estimations of average annual:
	• Water yield (surface and subsurface flow) from mountain block areas, using methods developed fo...
	• Distribution of precipitation for the Fernley hydrographic area, developed from Daly et al. (19...
	• Groundwater recharge in mountain block areas using revised Maxey-Eakin methods (Nichols, 2000);...
	• Groundwater recharge in mountain block areas using a mass balance approach, where the differenc...
	• The reference period of the study is based from the PRISM precipitation map, which is from 1961...
	4.2.3.1 Estimation of Annual Precipitation

	The PRISM model (Daily et al., 1994) for estimating precipitation distributions, was used to deve...
	Precipitation
	Zones
	Figure 4.6. Fernley hydrographic boundary, mountain block area and PRISM precipitation distribution.
	4.2.3.2 Estimation of Runoff and Water Yield

	A previous study in Eagle Valley (Berger ,1997) estimated subsurface flow below streambeds at eig...
	To transfer these regression equations to the Middle Humboldt River Basin, modifications to the e...
	Regression equations that were modified to represent the Middle Humboldt River Basin are applied ...
	W = 0.00273 Pmb2.56 R2 of 0.86
	(4.4)
	where W = average annual water yield from mountain block, in/yr; Pmb = average annual precipitati...
	and
	ROmb = 0.0000228 Pm4.34 R2 of 0.89
	(4.5)
	where ROmb = average annual runoff from mountain block, in/yr; Pmb = average annual precipitation...
	A geographic information system (GIS) was used to calculate the mountain block area within precip...
	4.2.3.3 Mountain Block Recharge

	Mountain block recharge estimates are derived using two approaches. The first is a mass balance a...
	The first method uses a simple mass balance approach, where infiltration of precipitation and run...
	The second method has been widely used within the Great Basin (Maxey and Eakin, 1949). Since this...
	Rgw = 0.008(Pa) + 0.130(Pb) + 0.144(Pc) + 0.158(Pd)
	(4.6)
	where Rgw = average annual groundwater recharge, af/yr, Pa = average annual volume of precipitati...
	This revised relation (Nichols, 2000) between precipitation and recharge was applied to the mount...
	Table 4.1. Natural recharge estimates by region and methodology.
	Region
	Area
	(acre)
	Mtn. Prec.
	(in)
	Runoff
	(in)
	Water Yield
	(in)
	Recharge
	(af)
	Maxey-Eakin
	(af)
	"northern"
	243.88
	9.00
	0.1370
	0.7569
	12.60
	1.46328
	"northern"
	42.39
	9.00
	0.1370
	0.7569
	2.19
	0.25
	"northern"
	1228.90
	13.00
	0.5877
	1.9402
	138.51
	173.07
	"northern"
	3773.43
	9.00
	0.1370
	0.7569
	194.92
	22.64
	"northern"
	315.70
	9.00
	0.1370
	0.7569
	16.31
	1.89
	"northern"
	13.17
	7.00
	0.0506
	0.3978
	0.38
	0.06
	"northern"
	50.27
	7.00
	0.0506
	0.3978
	1.45
	0.23
	"northern"
	3.02
	7.00
	0.0506
	0.3978
	0.09
	0.01
	"northern"
	0.87
	7.00
	0.0506
	0.3978
	0.03
	0.00
	"northern"
	79.61
	7.00
	0.0506
	0.3978
	2.30
	0.37
	TOTAL
	368.78
	200.01
	"southern"
	2713.79
	7.00
	0.0506
	0.3978
	78.50
	12.66
	"southern"
	6376.71
	9.00
	0.1370
	0.7569
	329.39
	38.26
	"southern"
	12316.65
	7.00
	0.0506
	0.3978
	356.27
	57.48
	"southern"
	3006.12
	11.00
	0.3033
	1.2651
	240.95
	22.04
	"southern"
	2382.52
	13.00
	0.5877
	1.9402
	268.54
	335.54
	"southern"
	2180.19
	15.00
	1.0358
	2.7987
	320.30
	354.28
	"southern"
	1726.74
	17.00
	1.7002
	3.8558
	310.17
	352.25
	"southern"
	668.37
	19.00
	2.6412
	5.1259
	138.39
	152.39
	TOTAL
	2042.51
	1324.91
	"western"
	4194.78
	19.00
	2.6412
	5.1259
	868.58
	956.41
	"western"
	4519.60
	17.00
	1.7002
	3.8558
	811.84
	922.00
	"western"
	1902.03
	11.00
	0.3033
	1.2651
	152.45
	139.48
	"western"
	2621.36
	15.00
	1.0358
	2.7987
	385.11
	425.97
	"western"
	243.30
	9.00
	0.1370
	0.7569
	12.57
	14.60
	"western"
	1656.60
	21.00
	3.9258
	6.6228
	372.33
	458.05
	"western"
	0.71
	23.00
	5.6283
	8.3596
	0.16
	0.22
	"western"
	0.06
	23.00
	5.6283
	8.3596
	0.01
	0.02
	"western"
	1.63
	17.00
	1.7002
	3.8558
	0.29
	0.33
	"western"
	1008.68
	11.00
	0.3033
	1.2651
	80.85
	73.97
	"western"
	864.41
	15.00
	1.0358
	2.7987
	126.99
	140.47
	"western"
	5.42
	9.00
	0.1370
	0.7569
	0.28
	0.33
	"western"
	96.28
	9.00
	0.1370
	0.7569
	4.97
	5.78
	"western"
	0.32
	9.00
	0.1370
	0.7569
	0.02
	0.02
	TOTAL
	2816.46
	3137.63
	4.2.4 Truckee Canal Leakance

	In an effort to refine the Truckee Canal seepage estimates and the uncertainty associated with th...
	Figure 4.7 shows the discharge along the Truckee Canal versus the estimated seepage rate per mile...
	Figure 4.7. Discharge along the Truckee Canal vs. the estimated seepage rate per mile.

	To determine the variability in the seepage rates, the Truckee Canal discharge rates over the per...
	Figure 4.8. Distribution of canal seepage rates over the period 1969 - 1995.
	4.2.5 Irrigation Recharge
	4.2.5.1 Calculation of Infiltration Beneath Irrigated Fields

	A key element of this study was to estimate the quantity of water that infiltrates beneath an irr...
	4.2.5.2 General Approach to Vadose Zone Modeling at Fernley

	To investigate the uncertainty in infiltration caused by the uncertainty in the soil water retent...
	4.2.5.3 Soil Water Retention Characteristics and their Statistics

	The parameters of the soil moisture retention models for soil types of sandy loam and sandy clay ...
	SB transformation
	(4.7)
	LN transformation
	(4.8)
	The transformation and corresponding statistics are given as follows for the sandy loam and the s...
	Table 4.2. Distribution parameters for sandy loam (with = 0.41).
	Variable
	A
	B
	Transformation
	Mean of Y
	Standard Deviation of Y
	Ks
	0.0
	30.0
	SB
	-.249
	1.530
	qr
	0.0
	0.11
	SB
	0.384
	0.700
	a
	0.0
	0.25
	SB
	-0.937
	0.764
	N
	1.35
	3.00
	LN
	0.634
	0.082
	(4.9)
	Table 4.3. Distribution parameters for sandy-clay-loam (with = 0.39).
	Variable
	A
	B
	Transformation
	Mean of Y
	Standard Deviation of Y
	Ks
	0.0
	20.0
	SB
	-4.04
	1.85
	qr
	0.0
	0.12
	SB
	1.65
	0.439
	a
	0.0
	0.25
	SB
	-1.380
	0.823
	N
	1.0
	2.00
	LN
	0.388
	0.086
	(4.10)
	4.2.5.4 Calculation of Mean Infiltration and Corresponding Uncertainty

	The first step in obtaining an estimate of the infiltration was to run the HYDRUS-2D using the so...
	The next step was to quantify the uncertainty in the infiltration using the first-order analysis ...
	(4.11)
	(4.12)
	All partial derivatives are evaluated at the mean values of the transformed variables as indicate...
	In the first-order analysis approach, the calculation of the variance requires an estimation of t...
	The expected value of the infiltration should include the second term in the equation that consid...
	4.3 Model Domain

	The model domain was chosen to encompass the areas affected by irrigation, municipal water suppli...
	Those cells that fall below the estimated bedrock elevation or above the water table are made ina...
	The resulting grid has 38,560 active grid cells. A two-dimensional representation of the maximum ...
	It is important to note that the grid definition used is different from the older style "layer- c...
	4.4 Model Calibration

	There are many parameters required to perform model simulations in MODFLOW. Unfortunately, not al...
	In an effort to honor site-specific data throughout the modeling process, the Generalized Likelih...
	(4.13)
	Figure 4.9. Bedrock contours and data points.
	Figure 4.10. Grid frame and active cells.

	where
	(4.14)
	and, is the likelihood of the vector of outputs, , knowing , the vector of random inputs; hiSIM i...
	The likelihood weights are calculated for each realization based on Equation (1). At the completi...
	(4.15)
	where is the prior probability of the input parameters as determined by the Monte Carlo process, ...
	The boundary conditions and hydraulic parameters were used as calibration parameters and assumed ...
	4.5 Initial Conditions

	Although initial conditions are required for numerical reasons, they are not significant in terms...
	In MODFLOW, the initial heads do act as the values for all constant head cells. In this way, the ...
	4.6 Uncertainty Analysis

	In an effort to quantify the uncertainty in the model predictions, a Monte Carlo-type analysis wa...
	4.7 Flow Model Results

	Included here are the results for the (1) deterministic hydraulic head field, (2) deterministic g...
	4.7.1 Deterministic Hydraulic Head Field

	The groundwater flow model MODFLOW solves for the hydraulic head at every node in the model domai...
	Figure 4.11 shows the predicted hydraulic head distribution at an elevation of 1,225 m, which is ...
	Figure 4.11. Predicted hydraulic head distribution at 1,225 m. Contour interval is 1 m.

	Figure 4.12 shows the predicted hydraulic head distribution at an elevation of 1,205 m. Again, hi...
	Figure 4.12. Predicted hydraulic head distribution at 1,205 m. Contour interval is 1 m.

	Figure 4.13 shows the predicted hydraulic head distribution at an elevation of 1,185 m, which is ...
	At an elevation of 780 m (Figure 4.14), which is near the lowermost portion of the domain, the he...
	Figure 4.15 shows the hydraulic head distribution in the Fernley area at an elevation of 1,085 m....
	Figure 4.13. Predicted hydraulic head distribution at 1,185 m. Contour interval is 1 m.

	.
	Figure 4.14. Predicted hydraulic head distribution at 780 m. Contour interval is 1 m.
	Figure 4.15. Predicted hydraulic distribution head at 1,085 m. Contour interval is 0.33 m.
	4.7.2 Deterministic Groundwater Budget

	The automated calibration procedure as described in Section 4.4 was used to determine the boundar...
	Figure 4.16 shows the general location of the individual components of the water budget. Table 4....
	Figure 4.16. Fernley Basin area showing the components of the groundwater flow model fluid budget.

	Table 4.4. Groundwater flow model fluid budget for the optimal solution.
	Input
	m3/day
	Acre-ft/year
	cfs
	Fernley Irrigation Recharge
	30,394
	8,999
	Wadsworth Irrigation Recharge
	20,148
	5,965
	Southern Flux
	6,409
	1,898
	Truckee Range Recharge
	961
	285
	Virginia Range Recharge
	987
	292
	Canal Recharge
	33,506
	9,920
	�
	Total:
	92,405
	27,358
	Output
	River Discharge
	32,161
	9,522
	13.1
	Northwest Boundary Discharge
	19,768
	5,853
	Southeast Boundary Discharge
	33,194
	9,828
	Fernley Pumping
	7,189
	2,128
	�
	Total:
	92,312
	27,331
	�
	Difference:
	93
	27
	Relative Error:
	0.1%
	0.1%
	The groundwater budget inputs are dominated by the canal seepage and the Fernley area irrigation ...
	The groundwater model is utilized to determine the fluid flux at model boundaries including the T...
	4.7.3 Parameter Estimation

	The calibration procedure utilized all available hydraulic head data representing current conditi...
	Table 4.5 shows the hydraulic parameters that yielded the optimum results. This parameter set yie...
	Table 4.5. Optimal hydraulic parameters for the groundwater flow model.
	Parameter
	Value
	Units
	River cell hydraulic conductivity
	5
	m/day
	Sand hydraulic conductivity
	1.7
	m/day
	Clay hydraulic conductivity
	0.60
	m/day
	Gravel hydraulic conductivity
	54
	m/day
	Bottom layer hydraulic conductivity
	1
	m/day
	Vertical anisotropy
	0.5
	( )
	The uncertainty analysis provides a measure of the output and input uncertainty as well as the se...
	A similar analysis was performed on the fluid fluxes that makeup the inputs to the water balance ...
	4.7.4 Flow Model Verification

	A relatively new procedure known as mixing cell analysis was utilized to verify the accuracy of t...
	The mixing cell modeling approach applies a concept under which the chemical and isotopic composi...
	To apply the mixing cell model in the Fernley area, all available data on the water chemistry of ...
	The chemical and isotopic groupings were used to identify subregions within the Fernley/ Wadswort...
	The model domain (Figure 4.22) included all the wells bounded by the Truckee River in the west, w...
	The general area where TDS increases in the Truckee River (north of Wadsworth) is coincident with...
	The deeper zones beneath the irrigated area are composed mainly of mixed water from theVirginia R...
	The area represented by the Fernley Utility Pumping wells No.11 and 4 show differentmixture patte...
	A comparison of the flowlines developed from the mixing cell model and the numerical flowmodel in...
	Figure 4.17. Likelihood weights vs. river conductivity.
	Figure 4.18. Likelihood weights vs. vertical anisotropy.
	Figure 4.19. Likelihood weights vs. sand hydraulic conductivity.
	Figure 4.20. Likelihood weights vs. clay hydraulic conductivity.
	Figure 4.21. Likelihood weights vs. gravel hydraulic conductivity.
	Figure 4.22. Cell to cell flow lines as defined by the mixing cell model. The flow rate from each...
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	Flat
	Figure 4.23. Advective particle paths as calculated from the groundwater flow model.

	Forty-Mile
	Desert
	Figure 4.24. Location of solute loading on the Truckee River.

	Table 4.6.

	fmsect5.pdf
	5.0 Geochemistry
	Several hydrogeochemistry studies of the Fernley Basin have been conducted over the past 90 years...
	Since the early 1970s, hydrologic studies of the Fernley Basin and surrounding areas increasingly...
	In their assessment of non-point source pollution on the Pyramid Lake Paiute Indian land, Lebo et...
	Sinclair and Loeltz (1963) analyzed the groundwater conditions in the Fernley/Wadsworth area, and...
	Wateresources Consulting Engineers of Reno provided an extensive compilation of well data and con...
	5.1 Geochemical and Isotopic Data

	Initial data base development relied on a vast body of existing groundwater chemistry from variou...
	Geochemical interpretations in this report relied on 247 data chemistry sets collected specifical...
	5.1.1 Historical Groundwater and Surface Water Chemistry Data

	All available historical data were entered into spreadsheets and merged into a single database. T...
	5.1.2 River Survey, Summer 1998

	On July 23, 1998, a total of 14 river miles were surveyed by boat for electrical conductivity (EC...
	Table 5.1. Number of samples collected and literature data used for this project.
	Samples collected specifically for this project
	Comments
	Domestic wells located south of the Truckee Canal
	8
	Truckee River, monthly sampling
	39
	Samples collected between Wadsworth & Nixon
	Paiute Pit area
	7
	6 Domestic wells, 1 Paiute Pit Aggregate Mine
	Dead Ox Wash area
	12
	8 samples from 4 TMWRF monitoring wells, 4 springs
	Fernley Town Utility Wells
	10
	Deep and shallow TAC Wells
	82
	Domestic Wells, Fernley
	22
	TMWRF Wells
	20
	Canal/Ditch waters
	6
	Truckee Range
	3
	Truckee River survey 1998
	4
	Truckee River survey 2001
	11
	Virginia Range
	2
	Pah Rah Range, western Dodge Flat Basin
	4
	2 samples from monitoring wells, 2 springs
	Duplicate samples collected
	17
	Duplicate samples collected for quality assurance
	Percent of duplicates
	7%
	Total number of samples collected
	247
	Literature Data
	East Fernley Wells
	10
	Data from Rowe et al., 1991 (USGS)
	Fernley Sink
	2
	Data from Rowe et al., 1991 (USGS)
	Geothermal Waters
	3
	Data from Rowe et al., 1991 (USGS) and Garside and Schilling, 1979.
	Dodge Flat
	14
	Data from Katzer et al., 1994.
	Fernley Town Utility Wells
	58
	Data from the files of Fernley Town Utilities
	Total number of current data sets used in this study
	334
	Total number of historical data sets gathered
	394
	Engineering reports, and State Health Lab
	Number of historical data with reliable location data
	87
	Useful data only
	The purpose of this survey was to duplicate the results of Bratberg’s stream EC survey of Decembe...
	5.1.3 Monthly River Sampling

	Given the inconclusive results of the summer 1998 survey, the river was continuously monitored th...
	5.1.4 Low Flow River Survey, April 2001

	In the spring of 2001, due to extreme low-flow conditions in the Truckee River below Derby Dam, a...
	5.1.5 Well Sampling

	A number of domestic wells in the Fernley Town area and the area along Hill Ranch Road (herein af...
	5.1.6 Irrigation Water Sampling

	A number of samples have been collected from several irrigation ditches and from the Truckee Cana...
	5.1.7 Vadose Zone Leachate Sampling

	The hypothesis throughout this project has been that the high TDS groundwaters in the Fernley aqu...
	Figure 5.1. Location of unsaturated zone cores.
	In a preliminary survey, two shallow cores were collected in the summer of 1999. Core VZ-1 was ob...
	Cores VZ-1 and VZ-2 were obtained with a hand auger. Cores 4, 6, 7 and 11 were obtained with a wa...
	Table 5.2. Unsaturated zone cores collected in the Fernley Basin and their depths.
	Core
	Total Depth (m)
	Location
	Comments
	VZ-1
	2.9
	Near shallow TAC well FSW-6
	not irrigated
	VZ-2
	4.4
	Near shallow TAC well FSW-6
	irrigated
	4
	22
	Shallow TAC well FDW-4
	irrigated, flood plain
	6
	8.8
	Shallow TAC well FSW-6
	irrigated
	7
	8.2
	Shallow TAC well FSW-7
	irrigated
	11
	22.6
	Shallow TAC well FSW-11
	not irrigated
	13
	32
	NE corner of section 3, T20N R24E
	not irrigated
	Soluble salt concentrations were measured in the laboratory, after taking subsamples at 12- or 24...
	5.2 Major�Ion Chemistry

	The distribution of high concentrations of major ions in the Fernley Basin provides an indication...
	Groundwater beneath the irrigated area of the Fernley Basin has high bicarbonate concentrations (...
	Chloride concentrations in groundwater beneath the irrigated area are fairly low as compared to o...
	Sulfate concentrations in groundwater beneath the irrigated area are fairly low as compared to ot...
	Figure 5.2. Bicarbonate concentrations in the Fernley Basin.
	Figure 5.3. Chloride concentrations in the Fernley Basin.

	The most dominant cation in the sediments of the Fernley Basin is sodium. Therefore, the distribu...
	5.2.1 Analysis of Historical Groundwater Chemistry Data

	Available historical geochemical data are substantial, however, due to inadequate location data t...
	Nevertheless, in the early phases of this study, these data were relied upon to formulate initial...
	1. Two types of groundwater chemistry end-members characterized groundwater composition in the Fe...
	2. Mixing between high TDS sulfate-chloride water and low TDS bicarbonate water (Truckee River ir...
	Figure 5.4. Sulfate concentrations in the Fernley Basin.
	Figure 5.5. Sodium concentrations in the Fernley Basin.

	3. In some areas, high TDS waters seem to dominate at shallow depths, in other areas not. One set...
	4. Groundwater temperatures are unusually high in the Fernley area, ranging between 16 and 32 deg...
	5. A vertical stratification of groundwater quality can be discerned from these data. Aerial vari...
	6. Some of the historical data also show consistent seasonal variations of TDS, suggesting the im...

	Unfortunately, due to the wide scatter in the data and inadequate location and well depth informa...
	5.3 Stable Isotope Chemistry and Mixing of Waters

	For this study, mixing of different waters in the Fernley Basin has been calculated using the sta...
	The stable isotopes of water, deuterium (2H/1H) and oxygen�18 (18O/16O), are part of the water mo...
	Deuterium and oxygen-18 are expressed with reference to a standard, Vienna Standard Mean Ocean Wa...
	(5.1)
	The deuterium and oxygen�18 composition of native groundwater in the Lower Truckee River Basin re...
	Table 5.3. Isotope values used to calculate native groundwater and irrigation water end-members.
	Native groundwater end member
	Irrigation end-member
	Well
	O-18
	Deuterium
	Date
	O-18
	Deuterium
	FGW-12
	-15.1
	-120.0
	09/02/98
	-11.2
	-89
	FGW-31
	-14.6
	-115
	09/02/98
	-11.3
	-88
	FGW-32
	-15.0
	-115
	05/05/99
	-8.2
	-75
	FGW-33
	-14.8
	-119
	05/05/99
	-9.6
	-78
	FDO-6
	-13.8
	-119.0
	06/02/99
	-11.0
	-83.0
	Hay1
	-14.8
	-124
	06/02/99
	-11.5
	-88.0
	FDO-7
	-14.5
	-124.0
	07/07/99
	-11
	-88
	FGW-13
	-15.6
	-124.0
	07/07/99
	-10
	-82
	Average
	-14.8
	-120.0
	08/04/99
	-9.6
	-76
	Standard Deviation
	0.5
	3.8
	08/04/99
	-9.7
	-78.0
	09/01/99
	-9.9
	-78.0
	09/01/99
	-9.9
	-82
	Average
	-10.0
	-82.0
	Standard Deviation
	0.97
	5.2

	Figure 5.6 shows the two end-member values and values for samples collected from wells in the Fer...
	The proportion of the two end�member waters needed to produce the mixed water can be quantified b...
	(5.2)
	This equation can be used with either d18O or dD to determine the proportion of irrigation water ...
	The calculations that were not within 5% represent evaporation prior to infiltration of irrigatio...
	(5.3)
	where, R = isotope ratio in a diminishing reservoir; R0 = initial isotopic ratio of the reservoir...
	Using this equation, the amount of evaporation of irrigation water prior to infiltration was esti...
	The irrigation water percentage shown in Tables 5.4 and 5.5 indicates that a groundwater mound un...
	The isotopic signature of the irrigation water dominates groundwater in the Fernley Basin. The va...
	Figure 5.6. Distribution of isotopic values from samples in the Fernley Basin plotted with the gl...
	Figure 5.7. Wells for which mixing of irrigation infiltration and native groundwater has been cal...

	Table 5.4. Isotopic mixing calculations for wells sampled in the Fernley Basin based on end-membe...
	Irrigation Water %
	Native Groundwater %
	Oxygen-18
	Deuterium
	End-members
	Irrigation Water
	100
	0
	-10
	[0.97]
	-82
	[5.2]
	Native Groundwater
	0
	100
	-15
	[0.5]
	-120
	[3.8]
	Irrigated Area
	FDW-2
	76
	24
	-11
	-91
	FDW-5
	87
	13
	-11
	-86
	FDW-7
	98
	2
	-10
	-83
	FSW-7
	100
	0
	-10
	-79
	Wells North of the Irrigated area
	FDW-10
	63
	37
	-12
	-95
	FDW-12
	63
	37
	-12
	-96
	FSW-12
	80
	20
	-11
	-89
	FDW-15
	69
	31
	-12
	-93
	FDW-17
	69
	31
	-12
	-94
	FDW-17
	58
	42
	-12
	-98
	FGW-18
	68
	31
	-12
	-94
	Wells South of the Irrigated area
	FGW-11
	83
	17
	-11
	-87
	FUW-4
	55
	45
	-12
	-99
	FUW 13
	9
	91
	-14
	-119
	Wells East of the Irrigated area
	FUW-9a
	42
	58
	-13
	-104
	FUW-9
	58
	42
	-12
	-96
	Wells Influenced by Truckee River
	TJR-1
	89
	11
	-11
	-86
	TPP-1
	71
	29
	-12
	-92
	TBB-4
	72
	28
	-11
	-92
	TBB1
	68
	32
	-12
	-93
	TPL-2
	94
	6
	-10
	-84
	TBB-2
	96
	4
	-11
	-85
	Note: Numbers in brackets indicate the standard deviation for the end-member average

	Using deuterium and oxygen�18 as tracers in the Fernley flow system requires the assumption that ...
	Truckee River water is used for irrigation in the Fernley Basin. In the past, the Truckee River r...
	Figure 5.8. Cross-section locations showing percent of surface water infiltration in the groundwa...

	Since 1937, four reservoirs have been constructed on the upper Truckee River. These reservoirs ar...
	Additional support for the assumption that the isotopic composition of the Truckee River has chan...
	Table 5.5. Isotopic mixing of native groundwater and irrigation water in the Fernley Basin, corre...
	Water Removed
	by Evaporation %
	Irrigation
	Water %
	Native
	Groundwater %
	Oxygen-18
	Deuterium
	End-Members
	Irrigation Water
	5
	100
	0

	-9.2
	-77.9
	Irrigation Water
	7
	100
	0

	-8.9
	-76.3
	Irrigation Water
	10
	100
	0

	-8.4
	-73.7
	Irrigation Water
	15
	100
	0

	-7.4
	-69.3
	Irrigation Water
	20
	100
	0

	-6.5
	-64.6
	Irrigation Water
	40
	100
	0

	-1.9
	-42.4
	Native Groundwater
	0
	100

	-14.7 [0.5]
	-120.0 [3.8]
	Irrigated Area
	FDW-4
	7
	71
	29

	-11
	-89
	FSW-6
	5
	70
	30

	-11
	-90
	Wells North of the Irrigated area
	FSW-10
	40
	26
	74

	-11
	-99
	FDW-11
	7
	41
	59

	-12
	-102
	FSW-11
	10
	63
	37

	-11
	-91
	FDW-14
	15
	51
	49

	-11
	-94
	FDW-16
	5
	73
	27

	-11
	-93
	Wells South of the Irrigated area
	FDW-1
	20
	13
	87

	-14
	-114
	FUW-11
	5
	75
	25

	-11
	-88
	Wells East of the Irrigated area
	FDW-9
	20
	44
	56

	-11
	-96
	FDW-8
	7
	55
	45

	-12
	-96
	Note: Numbers in brackets indicate the standard deviation for the end member average

	member deuterium value calculated in this study. Therefore, deuterium values in the lower Truckee...
	Figure 5.9. Cross sections showing percentages of surface water infiltration in the groundwater. ...
	5.4 Geochemical Processes

	The chemistry of groundwater in the Fernley Basin aquifers results from dissolution of salts and ...
	5.4.1 Unsaturated Zone Geochemistry

	As noted earlier in section 5.1 of this report, cores were taken of the unsaturated zone sediment...
	Figure 5.10. Fernley Basin, TDS with depth for soil cores VZ-1, VZ-2, 4, 6, 7, 11, and 13. Core l...

	The differences in kg solute concentrations (TDS) between sediments from irrigated and non-irriga...
	In shallow cores VZ-1 and VZ-2 (non-irrigated and irrigated, respectively), the major difference ...
	Table 5.6. Average solute load per increment volume, Fernley Basin, Nevada.
	Load per foot per sq-meter
	Depth (m)
	TDS (kg)
	SO4
	(kg)
	Cl
	(kg)
	NO3
	(kg)
	SO4/Cl
	Core-11

	22.9
	0.309
	0.169
	0.009
	0.0002
	17.6
	Core-13

	32.6
	0.563
	0.331
	0.015
	0.0014
	21.6
	Core-4

	22.3
	0.020
	0.006
	0.001
	nd
	4.3
	Core-6

	9.1
	0.025
	0.003
	0.001
	nd
	2.1
	Core-7

	8.5
	0.026
	0.003
	0.002
	nd
	1.7
	* VZ-1

	1
	4.658
	3.150
	0.573
	0.0000
	5.5
	VZ-2

	4.4
	0.032
	0.011
	0.002
	0.0002
	5.7
	* Only the chemistry of the top 1 meter of VZ-1 is presented in this table, because the upper met...
	In the Fernley aquifer system, chloride and sulfate are the primary anions of interest. Figure 5....
	The primary cations in the basin are calcium, magnesium and sodium. Figure 5.12 shows the distrib...
	Figure 5.11. Sulfate and chloride profiles for cores 11 and 13 from the non-irrigated areas.
	Figure 5.12. Calcium, magnesium, and sodium profiles for cores 11 and 13 from the non-irrigated a...

	The coring results suggest that the unsaturated zone contains high concentrations of water- solub...
	Figure 5.13. Sulfate-to-chloride ratios with depth, soil cores 4, 6, 7, 11, and 13 in the Fernley...
	Figure 5.14. Chloride and sulfur isotopes for sediment, groundwater, and surface water samples.
	5.4.2 Chloride and Sulfur Isotopes

	Isotopes of chloride-37 and sulfur-34 were collected in the Fernley Basin from sediment, groundwa...
	5.4.3 Summary of Geochemical Processes
	1. There are significant amounts of water-soluble salts in the unsaturated zone. The sulfate-to-c...
	2. There are significant differences in the amounts of solutes between irrigated and non- irrigat...

	5.5 Groundwater Salt Loading to the Truckee River
	5.5.1 Loading Analysis using Historical Data


	The lower Truckee River is a gaining stream between the stream flow gages at Wadsworth and Nixon ...
	This loading analysis will focus on the sulfate, chloride and TDS concentrations in the lower Tru...
	The distribution of TDS values sampled at Wadsworth and Nixon is shown in Figure 5.15. Wadsworth ...
	Groundwater gains to the lower Truckee River are a function of flow in the river. However, the re...
	Figure 5.15. Distribution of TDS values for samples collected at the Wadsworth and Nixon USGS gag...
	Figure 5.16. Total dissolved solids concentration in the lower Truckee River at various flows for...
	Figure 5.17. Chloride concentration at various flows at Wadsworth and Nixon. Data are from 1973 t...
	Figure 5.18. Sulfate concentrations at various flows at Wadsworth and Nixon. Data are from 1985 t...

	At high flows, some reaches of the river lose water to the aquifer, while other reaches gain wate...
	The mass flux of any given solute to the river can be calculated by from the difference between t...
	Fmass = (Qo�x�Co�x�K)-(Qi�x�Ci�x�K) = Mass/time
	where Fmass is solute mass flux
	Qo is the flow at Nixon
	Qi is the flow at Wadsworth
	Co is the concentration of some conservative ion at Nixon
	Ci is the concentration of some conservative ion at Wadsworth
	K is a conversion factor to cancel out units of volume.
	Figure 5.19 shows the TDS flux between Wadsworth and Nixon for the period 1973 to 2001. The value...
	The data set was then further restricted to only the months when there would be no surface water ...
	Figure 5.19. Flux of TDS between Wadsworth and Nixon from 1973 to 2001. Values for 2000 to 2001 w...
	Figure 5.20. Flux of chloride between Wadsworth and Nixon from 1973 to 2001. Data restricted to f...
	Figure 5.21. Flux of chloride between Wadsworth and Nixon from 1973 to 2001. Data restricted to f...
	Figure 5.22. Flux of sulfate between Wadsworth and Nixon from 1985 to 2001 (sulfate data are not ...
	Figure 5.23. Flux of chloride between Wadsworth and Nixon, November thru February 1973-2001.
	Figure 5.24. Flux of sulfate between Wadsworth and Nixon, November thru February 1985-2001.
	5.5.2 Low-flow Survey

	TDS in the lower Truckee River increases as the river flows past the Fernley Farm District and De...
	Water flowing from springs in Dead Ox Meadows likely originates as recharge to the adjacent Truck...
	Groundwater in the Fernley area that moves into the lower Truckee River is difficult to character...
	On April 9, 2001, a low-flow survey was conducted on the lower Truckee River. Flows recorded at W...
	David Bratberg conducted a similar low-flow water quality survey for his Master’s thesis (Bratber...
	5.5.3 April 2001 Low-flow Survey

	Data for the DRI April 2001 low-flow survey and sampling locations are presented in Table 5.7 and...
	Table 5.7. Concentration of ions (mg/L) in the lower Truckee River sampled during low flows in th...
	Sample
	Miles below
	Vista gage
	EC
	pH
	HCO3
	Cl
	SO4
	Na
	K
	Ca
	Mg
	TDS
	A-1

	22
	215
	7.97
	86
	15.3
	16.3
	19.2
	3.1
	16.4
	5.93
	140
	A-6

	30
	229
	8.21
	96
	15.9
	18.1
	20.2
	3.2
	17.7
	6.43
	147
	A-7

	31
	283
	8.23
	105
	17.8
	34.7
	23.9
	3.4
	22.3
	8.31
	189
	A-8

	32
	287
	8.22
	104
	18.0
	35.4
	24.0
	3.5
	22.6
	8.41
	184
	A-9

	34.2
	392
	7.99
	110
	38.8
	51.0
	36.2
	4.3
	27.9
	11.0
	240
	A-12

	37
	394
	8.11
	112
	38.0
	52.0
	36.7
	4.3
	27.9
	11.2
	248
	1-B

	38
	394
	7.91
	114
	38.3
	51.8
	36.0
	4.3
	28.2
	10.8
	249
	A-13

	39
	437
	8.05
	114
	51.9
	52.9
	43.1
	4.6
	29.2
	11.5
	270
	3-B

	39
	436
	7.96
	115
	50.6
	52.9
	41.5
	5.3
	29.5
	11.5
	272
	10-B

	42
	559
	8.04
	113
	92.0
	56.0
	61.9
	5.8
	32.1
	13.2
	342
	6-B

	44
	555
	8.12
	114
	91.6
	55.9
	60.8
	5.7
	32.5
	13.2
	343
	Two ions can be used to discriminate between the two loading sources, sulfate and chloride. The m...
	There is a small increase in the amount of chloride in the river between 29.5 and 31.5 miles down...
	5.5.4 Comparison of the Bratberg 1979 and April 2001 Low-flow Surveys

	A comparison between the 1979 low-flow survey (Bratberg, 1980) and April 2001 survey (this study)...
	Figure 5.25. Location of samples collected during the April 9, 2001, low-flow survey and Bratberg...

	Table 5.8. Flux of ions (g/sec) in the lower Truckee River sampled during low flows (given in cfs...
	Sample
	Flow est.
	HCO3
	Cl
	SO4
	Na
	K
	Ca
	Mg
	TDS
	A-1

	42
	102
	18.2
	19.4
	22.8
	3.6
	19.5
	7.1
	167
	A-6

	42
	114
	18.9
	21.5
	24.0
	3.8
	21.1
	7.6
	175
	A-7

	42.5
	126
	21.4
	41.8
	28.8
	4.1
	26.8
	10.0
	227
	A-8

	43
	127
	21.9
	43.1
	29.2
	4.2
	27.5
	10.2
	224
	A-9

	43.5
	136
	47.8
	62.8
	44.6
	5.3
	34.4
	13.6
	296
	A-12

	44
	140
	47.4
	64.8
	45.7
	5.3
	34.8
	14.0
	309
	1-B

	44
	142
	47.7
	64.5
	44.9
	5.3
	35.1
	13.5
	310
	A-13

	44.5
	144
	65.4
	66.7
	54.3
	5.8
	36.8
	14.5
	340
	3-B

	44.5
	145
	63.8
	66.7
	52.3
	6.6
	37.2
	14.5
	343
	10-B

	45
	144
	117.2
	71.4
	78.9
	7.4
	40.9
	16.8
	436
	6-B

	45
	145
	116.7
	71.2
	77.5
	7.3
	41.4
	16.8
	437
	Figure 5.26. Increase in flux of TDS (g/sec) with distance downstream.
	Figure 5.27. Increase in flux of sulfate (g/sec) with distance downstream from Vista.
	Figure 5.28. Increase in flux of chloride (g/sec) with distance downstream from Vista.

	concentration in the river is plotted on the left of the figure, which is different between the t...
	The December 1979 survey shows an increase in TDS of 428 g/sec (81,525 lbs/day) as the lower Truc...
	A comparison of the sulfate data from the two sampling events shows that the loading of sulfate t...
	There may be a number of reasons for the decreased loading to the river noted by these two low-fl...
	Figure 5.29. Comparison of flux of TDS (A), sulfate (B), and chloride (C) between 1979 and 2001 l...

	Table 5.9. Flux of ions (g/sec) in the lower Truckee River sampled during low flows (given in cfs...
	Location
	Flow
	HCO3
	Cl
	SO4
	Na
	K
	Ca
	Mg
	TDS
	Tracy

	16
	41
	7
	8
	9
	1
	7
	3
	85
	Derby Dam

	16
	52
	7
	10
	10
	2
	10
	4
	106
	Wadsworth

	19
	70
	10
	19
	16
	2
	14
	5
	144
	S-S Ranch

	31
	125
	51
	91
	46
	4
	39
	16
	388
	Nixon Bridge

	35
	143
	115
	99
	83
	6
	48
	20
	534
	Table 5.10. Concentration of ions (mg/L) in the lower Truckee River sampled during low flows in t...
	Location
	HCO3
	Cl
	SO4
	Na
	K
	Ca
	Mg
	TDS
	Tracy

	90
	15
	17
	20
	3
	16
	6
	187
	Derby Dam

	115
	16
	22
	22
	4
	22
	9
	233
	Wadsworth

	130
	18
	36
	30
	4
	26
	9
	267
	S-S Ranch

	143
	58
	104
	53
	5
	45
	18
	445
	Nixon Bridge

	144
	116
	100
	84
	6
	48
	20
	539
	irrigated area of Fernley. Additionally, the 1979 survey was during the winter months and the 200...
	There may be a number of reasons for the decreased loading to the river noted by these two low-fl...
	5.5.5 Historical Average Loading Estimates

	As previously mentioned, there are four sources of groundwater salt loading to the lower Truckee ...
	Table 5.11.
	Item #
	Methodology
	Region #1
	Increase in TDS
	Flux (g/sec)
	Region #2
	Increase in TDS
	Flux (g/sec)
	Total TDS
	Flux (g/sec)
	Groundwater Inflow (cfs)
	1
	"Bratberg, 19801"
	282
	146
	428
	16
	2
	"DRI April, 20012"
	143
	140
	283
	3
	3
	Southern Flux Native
	Groundwater3
	21
	0
	21
	1
	4
	"Dodge Flat Flux from
	Bratberg, 19804"
	34
	0
	34
	2
	5
	1973 - 2000 Truckee
	River Average5
	n/a
	n/a
	454
	variable
	6
	Infiltrated Irrigation Water6
	42
	0
	42
	12
	7
	Leached Vadose Zone
	Salts (1973 - 2000)7
	238
	0
	238
	variable
	8
	1990 - 2001
	Truckee River Average8
	n/a
	n/a
	389
	variable
	9
	Leached Vadose
	Zone Salts (1990 - 2001)7
	173
	0
	173
	variable
	1Based soley on the Bratberg low flow survey on the Truckee River in December, 1979. Region #1 is...
	2Based soley on the DRI low flow survey on the Truckee River in April, 2001. Region #1 is based o...
	3Assumes 50% of the southern flux flows toward the Truckee River. Analysis based on average TDS c...
	4Assumes 1.9 cfs entering in Region #1 from Dodge Flat with an average TDS concenration of 631 mg/l.
	5Estimate based on monthly Truckee River samples taken by DRI and TRWRF between Wadsworth and Nix...
	6Estimate based on an average irrigation water TDS concentration of 120 mg/l and irrigation infil...
	7Estimate determined from the total of Item #5 minus the Dead-Ox component (140 g/sec), Dodget Fl...
	8Estimate based on monthly Truckee River samples taken by DRI and TRWRF between Wadsworth and Nix...
	9Estimate determined from the total of Item #8 minus the Dead-Ox component (140 g/sec), Dodget Fl...
	Estimates of groundwater recharge to the southern Fernley Basin (native groundwater) range from 1...
	In David Bratberg’s thesis (1980), he estimated that groundwater flow from western Dodge Flat to ...
	Groundwater inflow to the lower Truckee River from Dead Ox Meadows is another source of salt load...
	Now that these background sources of salt loading to the Truckee River have been estimated, it is...
	Estimates of groundwater inflow between Wadsworth and Nixon are about 11,000 af/yr (Bratberg, 198...
	The average TDS flux from all groundwater sources to the lower Truckee River between Wadsworth an...
	Finally, the low-flow survey conducted in April 2001 estimated a 283 g/sec (53,906 lbs/day) incre...
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	6.0 Solute Transport Model
	6.1 Conceptual Model
	The analysis of the hydraulic and geochemical data led to a series of hypothesis on the previous ...
	Figure 6.1 suggests a timeline for the occurrence of the major processes controlling solute trans...
	Figure 6.1. Timeline for the occurrence of the major processes controlling solute transport in th...

	The large amount of water being applied to the fields most likely caused rapid removal of the sal...
	The order-of-magnitude increase in groundwater recharge attributed to irrigation practices caused...
	The rapid dissolution and advective fluxes from the irrigated area toward the Truckee River cause...
	The TDS loading in the Truckee River doesn’t stop completely after the removal of salts beneath t...
	The solute transport model is constructed to determine the future migration of solutes. The model...
	6.2 Numerical Model

	The MT3DMS model has been selected to simulate the movement of TDS in the Fernley area. The flow ...
	Three basic processes occur to move solutes through a porous medium. First, advection is the proc...
	7. Variable velocity within the pores.
	8. Variable pathline lengths due to larger scale heterogeneity.
	9. Fluid that travels through larger pores will travel faster than fluid moving in smaller pores....

	The advection/dispersion equation (6-1) governs the movement of solutes within the aquifer system.
	(6.1)
	where Ck is the dissolved concentration of species k, ML-3; is the porosity of the subsurface med...
	For the purposes of this study, only a subset of the processes listed in equation (6.1) will be u...
	Solving equation (6.1) has been notoriously difficult and MT3DMS offers several solution schemes,...
	Boundary conditions are necessary to solve the governing transport equation. Mirroring the hydrod...
	Figure 6.2. Boundary conditions for solute transport model concentration of TDS (mg/L) for source...
	6.3 Initial Conditions

	For the solute transport model, concentrations of TDS are needed at all grid points (number?). Ho...
	(6.2)
	where d is the depth of measurement (skin depth), ra is the apparent resistivity and ¶ is the fre...
	Resistivity was estimated at specific well locations where TDS was measured in order to establish...
	Figure 6.3. Location of model grid points and TDS measurements.
	Figure 6.4. Semivariogram for resistivities at frequencies of 56K Hz, 7200 Hz, and 900 Hz.
	Figure 6.5. Algorithm to estimate resistivities at TDS measurement locations and model grid points.

	The TDS values are estimated using standardized ordinary collocated co-kriging described by Deuts...
	The normalized TDS is plotted against the normalized resistivities for the 56 points with both TD...
	There is only six locations where shallow and deep TDS measurements are available to assess the v...
	Results from kriging using no resistivity measurements (Figure 6.7) and co-kriging (Figure 6.8) a...
	6.4 Calibration/Uncertainty Analysis

	The purpose of the calibration process is to adjust the model parameters such that a reasonable l...
	Figure 6.6. Resistivities estimated at model grid points for three layers at 1,190m, 1,210m and 1...

	resolution data to properly calibrate/verify the model. The Washoe County Regional Water Planning...
	6.5 Transport Model Results

	The groundwater transport model was used to predict TDS migration from present conditions (2001) ...
	The simulated TDS migration under current conditions was performed within a Monte Carlo framework...
	To quantify the uncertainty of the predicted TDS flux a total of 1,100 realizations of the flow m...
	The fluid management scenarios utilize the hydraulic parameters that are described in Table 4.5 a...
	6.5.1 Current Condition Scenario

	The transport results focus on the TDS flux to the Truckee River and the spatial distribution of ...
	Figure 6.7. Normalized resistivity verses normalized TDS at TDS measurement locations.
	Figure 6.8. Semivariograms and cross semivariogram for normalized TDS and normalized negative res...
	Figure 6.9. TDS estimates at model grid points using kriging of TDS measurements for three layers...
	Figure 6.10. TDS estimates at model grid points using co-kriging of TDS measurements and resistiv...
	Figure 6.11. Difference of TDS estimates at model grid points using kriging and co-kriging.

	the transport analysis, to assess the uncertainty in the TDS flux predictions. The optimal determ...
	Figure 6.12 shows the predicted TDS flux versus time over the 50-year prediction period. The geom...
	Figure 6.13 shows the distribution of TDS flux during the first year of the simulation. Therefore...
	The predicted TDS fluxes are in excellent agreement with those calculated in sections 5.5.3 - 5.5...
	The predicted distribution of TDS concentration at an elevation of 1,215 m is shown in Figures 6....
	Figure 6.12. Distribution of TDS flux during the first year of the simulation.
	Figure 6.13. Predicted TDS concentration at 0 years.
	6.5.2 Predictive Scenarios of Water Management Options

	The groundwater flow and transport model is used to ascertain potential changes to the TDS loadin...
	Table 6.1. Description of the management alternatives used in the predictive simulations to deter...
	Simulation Number
	Truckee Canal Seepage
	Eastern Recharge
	Western Recharge
	City of Fernley Pumping
	Hydraulic Remediation
	1

	100
	100
	100
	100
	No
	2

	50
	100
	100
	100
	No
	3

	0
	100
	100
	100
	No
	4

	100
	50
	50
	100
	No
	5

	50
	50
	50
	100
	No
	6

	0
	50
	50
	100
	No
	7

	100
	0
	0
	100
	No
	8

	50
	0
	0
	100
	No
	9

	0
	0
	0
	100
	No
	10

	100
	100
	0
	100
	No
	11

	50
	100
	0
	100
	No
	12

	0
	100
	0
	100
	No
	13

	100
	100
	100
	125
	No
	14

	100
	100
	100
	150
	No
	15

	100
	100
	100
	175
	No
	16

	100
	100
	100
	200
	No
	17

	100
	100
	100
	100
	Yes
	The City of Fernley is a growing community and as such may require additional water supplies. To ...
	The final alternative that was simulated includes the installation of ten wells in the Forty Mile...
	Figure 6.14. Predicted TDS concentration at 0 years.
	Figure 6.15. Predicted TDS concentration at 10 years.
	Figure 6.16. Predicted TDS concentration at 20 years.
	Figure 6.17. Predicted TDS concentration at 30 years.
	Figure 6.18. Predicted TDS concentration at 40 years.
	Figure 6.19. Predicted TDS concentration at 50 years.

	Table 6.2 shows the value of the TDS flux (Flux50) at 50 years from the present (2051). Alternati...
	Table 6.2.
	Alternative
	Truckee Canal
	Seepage
	Eastern
	Recharge
	Western
	Recharge
	City of
	Fernley
	Pumping
	Hydraulic
	Remediation
	TDS Flux
	(2051)
	(g/sec)
	TDS Flux
	(2051)
	(lbs/day)
	1
	100
	100
	100
	100
	No
	180
	34206
	2
	50
	100
	100
	100
	No
	124
	23665
	3
	0
	100
	100
	100
	No
	102
	19356
	4
	100
	50
	50
	100
	No
	85
	16213
	5
	50
	50
	50
	100
	No
	69
	13128
	6
	0
	50
	50
	100
	No
	59
	11175
	7
	100
	0
	0
	100
	No
	40
	7611
	8
	50
	0
	0
	100
	No
	32
	6039
	9
	0
	0
	0
	100
	No
	25
	4724
	10
	100
	100
	0
	100
	No
	128
	24407
	11
	50
	100
	0
	100
	No
	103
	19652
	12
	0
	100
	0
	100
	No
	90
	17235
	13
	100
	100
	100
	125
	No
	147
	28001
	14
	100
	100
	100
	150
	No
	144
	27436
	15
	100
	100
	100
	175
	No
	141
	26913
	16
	100
	100
	100
	200
	No
	139
	26443
	17
	100
	100
	100
	100
	Yes
	121
	23029
	Management alternatives 4 – 6 show the impact of combined decreases in canal seepage and irrigati...
	Management alternatives 7 - 9 represent the impact of complete removal of irrigation recharge. Th...
	Management alternatives 10 – 12 investigate the impact of combined fluid flux reductions of the c...
	The final management alternative is to install a hydraulic remediation program to essentially pum...
	7.0 Summary/Conclusions
	7.1 Summary

	In an effort to understand the causes of the current TDS loading to the Truckee River between the...
	1. Drilling program: This effort was undertaken to further characterize the hydraulic and geochem...
	2. Geophysical logging and analysis: Airborne and borehole geophysics were used to aid in the int...
	3. Groundwater flow modeling: A numerical groundwater flow model was constructed as a method to i...
	4. Geochemical analysis: The analysis of the geochemical processes is critical for the understand...
	5. Solute transport modeling: The results of the flow modeling and TDS distribution are used with...
	6. Uncertainty analysis: The uncertainty analysis provides a methodology to quantify the predicti...

	The drilling program provided a wealth of data to describe the subsurface hydraulic and geochemic...
	The geophysical logging and analysis provided high resolution information, which proved to be inv...
	The groundwater flow model incorporates all geologic and hydraulic information such that advectiv...
	The groundwater flow model is in reasonable agreement with the observed hydraulic heads. The opti...
	The groundwater budget as determined from the optimal flow model inputs is dominated by the canal...
	A comparison of the flowpaths inferred from the mixing cell model and the numerical flow model in...
	The geochemical interpretations in this report are based on a total of 334 chemical analyses, of ...
	Analysis of major-ion chemistry shows that high TDS sulfate and chloride native groundwater south...
	Groundwater in the Fernley Basin is a mixture of high TDS native groundwater (south of the irriga...
	Geochemical processes in the Fernley Basin are, at least historically, dominated by the dissoluti...
	Analysis of historical data from the Wadsworth and Nixon USGS gages indicates that salt loading i...
	The independent estimates of TDS loading to the Truckee River (exclusive of Dead Ox Meadows contr...
	The initial conditions show that the largest TDS concentrations are near the center of the Forty ...
	Table 6.2 shows the value of the TDS flux (Flux50) at 50 years from the present (2051). Alternati...
	Management alternatives 4 – 6 show the impact of combined decreases in canal seepage and irrigati...
	Management alternatives 7 - 9 represent the impact of complete removal of irrigation recharge. Th...
	Management alternatives 10 – 12 investigate the impact of combined fluid flux reductions of the c...
	The final management alternative is to install a hydraulic remediation program to essentially pum...
	7.2 Conclusions
	1. The largest sources of groundwater in the Fernley area include 33,506 and 30,394 m3/ day for T...
	2. The largest groundwater outflows in the region include 33,194 m3/day (9,822 Acre-ft/ year) alo...
	3. Fluid that originates in the Fernley area has two potential migration paths, (1) north toward ...
	4. The flow model is in agreement with the independent loading analysis and mixing cell modeling ...
	5. High TDS sodium-sulfate groundwaters in the Fernley Basin result primarily from infiltration o...
	6. An estimate of the average TDS flux to the Truckee River from groundwater inflow between Wadsw...
	7. The solute transport model predicts a current TDS flux (exclusive of Dead Ox Meadows) of 175 g...
	8. Individual model realizations show a potential decrease in the TDS loading initially, and then...
	9. The highest TDS concentrations are located in the Forty Mile Desert and evolve in response to ...
	10. Combined decreases in irrigation recharge and Truckee Canal seepage lead to the most signific...
	11. There appears to be little advantage in removing the irrigation recharge in the western porti...
	12. Increased pumping (up to 200 percent of current conditions) in the Fernley area for municipal...
	13. Interestingly, forced hydraulic remediation via pumping in the Forty Mile Desert has a relati...
	8.0 Recommendations


	The characterization activities significantly reduced the uncertainty in the assessment of the TD...
	1. Additional sampling of fluid in the Forty Mile Desert is recommended. The majority of the salt...
	2. An additional low-flow survey (less than 100 cfs) in the Fall months would be helpful to confi...
	3. Additional characterization may highlight the importance of transient effects. The steady-stat...
	4. Additional characterization of the impact of faults on flow patterns would be helpful.The Walk...
	5. Additional deep boreholes, especially in the center of the basin, would be helpful to verify t...
	6. Further refinement in the water balance will serve to decrease the non-uniqueness found in the...
	7. Additional drilling along the margins of the Truckee Range would be helpful to further charact...
	8. Additional characterization of the potential sources for this high TDS fluid would be benefici...
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	Figure 3.2. Fernley area surficial geologic map.
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	Table 4.6. The relatieve flow from each contributing source or cell to each of the receiving cell...
	Contributing Source or Cell
	Receiving Cell
	West
	Southwest
	South
	Southeast
	Irrigation
	Irrigation salty
	Forty Mile Desert
	Truckee Range
	Truckee
	River
	Truckee Canal
	10d
	11d
	12d
	14d
	4d
	5d
	6d
	7d
	fdo10
	fdo8
	fgw39
	fgw40
	fgw41
	fgw42
	fgw43
	fgw44
	bb5 Average
	15d Average
	�
	15.14
	�
	�
	�
	�
	0.15
	�
	�
	�
	8.38
	�
	�
	57.53
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	11d
	�
	0.80
	2.10
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	12d
	�
	6.20
	1.60
	�
	�
	�
	�
	�
	�
	�
	�
	3.35
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	14d
	�
	�
	�
	�
	6.64
	�
	�
	�
	�
	�
	34.34
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	4d
	�
	�
	�
	�
	3.80
	�
	�
	�
	�
	1.70
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	0.80
	�
	�
	�
	�
	�
	5d
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	2.72
	�
	5.25
	�
	�
	�
	�
	�
	�
	�
	6d
	0.10
	�
	�
	�
	�
	�
	�
	�
	�
	0.20
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	0.10
	�
	�
	�
	�
	7d
	�
	�
	�
	�
	3.40
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	8d
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	fdo1
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	fdo10
	1.40
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	0.48
	�
	�
	�
	�
	0.80
	�
	�
	�
	�
	�
	fdo8
	�
	�
	�
	0.80
	4.20
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	fgw21
	�
	�
	�
	�
	�
	�
	6.30
	�
	�
	�
	�
	�
	13.50
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	36.02
	44.73
	fgw39
	�
	�
	0.90
	�
	�
	�
	0.30
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	fgw44
	�
	�
	5.40
	�
	25.60
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	7.36
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	fuw11
	10.00
	�
	�
	4.30
	7.20
	�
	�
	42.00
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	fuw4
	�
	5.50
	19.52
	9.93
	25.00
	�
	�
	�
	�
	27.00
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	fuw8
	�
	�
	48.75
	�
	�
	�
	27.30
	2.19
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	13.60
	�
	�
	�
	fuw9 Average
	�
	18.25
	26.55
	3.58
	�
	�
	�
	3.00
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	44.83
	4.38
	�
	�
	bb5 Average
	�
	�
	�
	�
	18.40
	�
	�
	�
	15.00
	�
	�
	�
	�
	�
	6.46
	�
	�
	�
	3.08
	�
	0.74
	�
	�
	�
	�
	�
	�
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	6.0 Solute Transport Model
	6.1 Conceptual Model
	The analysis of the hydraulic and geochemical data led to a series of hypothesis on the previous ...
	Figure 6.1 suggests a timeline for the occurrence of the major processes controlling solute trans...
	Figure 6.1. Timeline for the occurrence of the major processes controlling solute transport in th...

	The large amount of water being applied to the fields most likely caused rapid removal of the sal...
	The order-of-magnitude increase in groundwater recharge attributed to irrigation practices caused...
	The rapid dissolution and advective fluxes from the irrigated area toward the Truckee River cause...
	The TDS loading in the Truckee River doesn’t stop completely after the removal of salts beneath t...
	The solute transport model is constructed to determine the future migration of solutes. The model...
	6.2 Numerical Model

	The MT3DMS model has been selected to simulate the movement of TDS in the Fernley area. The flow ...
	Three basic processes occur to move solutes through a porous medium. First, advection is the proc...
	7. Variable velocity within the pores.
	8. Variable pathline lengths due to larger scale heterogeneity.
	9. Fluid that travels through larger pores will travel faster than fluid moving in smaller pores....

	The advection/dispersion equation (6-1) governs the movement of solutes within the aquifer system.
	(6.1)
	where Ck is the dissolved concentration of species k, ML-3; is the porosity of the subsurface med...
	For the purposes of this study, only a subset of the processes listed in equation (6.1) will be u...
	Solving equation (6.1) has been notoriously difficult and MT3DMS offers several solution schemes,...
	Boundary conditions are necessary to solve the governing transport equation. Mirroring the hydrod...
	Figure 6.2. Boundary conditions for solute transport model concentration of TDS (mg/L) for source...
	6.3 Initial Conditions

	For the solute transport model, concentrations of TDS are needed at all grid points (number?). Ho...
	(6.2)
	where d is the depth of measurement (skin depth), ra is the apparent resistivity and ¶ is the fre...
	Resistivity was estimated at specific well locations where TDS was measured in order to establish...
	Figure 6.3. Location of model grid points and TDS measurements.
	Figure 6.4. Semivariogram for resistivities at frequencies of 56K Hz, 7200 Hz, and 900 Hz.
	Figure 6.5. Algorithm to estimate resistivities at TDS measurement locations and model grid points.

	The TDS values are estimated using standardized ordinary collocated co-kriging described by Deuts...
	The normalized TDS is plotted against the normalized resistivities for the 56 points with both TD...
	There is only six locations where shallow and deep TDS measurements are available to assess the v...
	Results from kriging using no resistivity measurements (Figure 6.7) and co-kriging (Figure 6.8) a...
	6.4 Calibration/Uncertainty Analysis

	The purpose of the calibration process is to adjust the model parameters such that a reasonable l...
	Figure 6.6. Resistivities estimated at model grid points for three layers at 1,190m, 1,210m and 1...

	resolution data to properly calibrate/verify the model. The Washoe County Regional Water Planning...
	6.5 Transport Model Results

	The groundwater transport model was used to predict TDS migration from present conditions (2001) ...
	The simulated TDS migration under current conditions was performed within a Monte Carlo framework...
	To quantify the uncertainty of the predicted TDS flux a total of 1,100 realizations of the flow m...
	The fluid management scenarios utilize the hydraulic parameters that are described in Table 4.5 a...
	6.5.1 Current Condition Scenario

	The transport results focus on the TDS flux to the Truckee River and the spatial distribution of ...
	Figure 6.7. Normalized resistivity verses normalized TDS at TDS measurement locations.
	Figure 6.8. Semivariograms and cross semivariogram for normalized TDS and normalized negative res...
	Figure 6.9. TDS estimates at model grid points using kriging of TDS measurements for three layers...
	Figure 6.10. TDS estimates at model grid points using co-kriging of TDS measurements and resistiv...
	Figure 6.11. Difference of TDS estimates at model grid points using kriging and co-kriging.

	the transport analysis, to assess the uncertainty in the TDS flux predictions. The optimal determ...
	Figure 6.12 shows the predicted TDS flux versus time over the 50-year prediction period. The geom...
	Figure 6.13 shows the distribution of TDS flux during the first year of the simulation. Therefore...
	The predicted TDS fluxes are in excellent agreement with those calculated in sections 5.5.3 - 5.5...
	The predicted distribution of TDS concentration at an elevation of 1,215 m is shown in Figures 6....
	Figure 6.12. Distribution of TDS flux during the first year of the simulation.
	Figure 6.13. Predicted TDS concentration at 0 years.
	6.5.2 Predictive Scenarios of Water Management Options

	The groundwater flow and transport model is used to ascertain potential changes to the TDS loadin...
	Table 6.1. Description of the management alternatives used in the predictive simulations to deter...
	Simulation Number
	Truckee Canal Seepage
	Eastern Recharge
	Western Recharge
	City of Fernley Pumping
	Hydraulic Remediation
	1

	100
	100
	100
	100
	No
	2

	50
	100
	100
	100
	No
	3

	0
	100
	100
	100
	No
	4

	100
	50
	50
	100
	No
	5

	50
	50
	50
	100
	No
	6

	0
	50
	50
	100
	No
	7

	100
	0
	0
	100
	No
	8

	50
	0
	0
	100
	No
	9

	0
	0
	0
	100
	No
	10

	100
	100
	0
	100
	No
	11

	50
	100
	0
	100
	No
	12

	0
	100
	0
	100
	No
	13

	100
	100
	100
	125
	No
	14

	100
	100
	100
	150
	No
	15

	100
	100
	100
	175
	No
	16

	100
	100
	100
	200
	No
	17

	100
	100
	100
	100
	Yes
	The City of Fernley is a growing community and as such may require additional water supplies. To ...
	The final alternative that was simulated includes the installation of ten wells in the Forty Mile...
	Figure 6.14. Predicted TDS concentration at 0 years.
	Figure 6.15. Predicted TDS concentration at 10 years.
	Figure 6.16. Predicted TDS concentration at 20 years.
	Figure 6.17. Predicted TDS concentration at 30 years.
	Figure 6.18. Predicted TDS concentration at 40 years.
	Figure 6.19. Predicted TDS concentration at 50 years.

	Table 6.2 shows the value of the TDS flux (Flux50) at 50 years from the present (2051). Alternati...
	Table 6.2.
	Alternative
	Truckee Canal
	Seepage
	Eastern
	Recharge
	Western
	Recharge
	City of
	Fernley
	Pumping
	Hydraulic
	Remediation
	TDS Flux
	(2051)
	(g/sec)
	TDS Flux
	(2051)
	(lbs/day)
	1
	100
	100
	100
	100
	No
	180
	34206
	2
	50
	100
	100
	100
	No
	124
	23665
	3
	0
	100
	100
	100
	No
	102
	19356
	4
	100
	50
	50
	100
	No
	85
	16213
	5
	50
	50
	50
	100
	No
	69
	13128
	6
	0
	50
	50
	100
	No
	59
	11175
	7
	100
	0
	0
	100
	No
	40
	7611
	8
	50
	0
	0
	100
	No
	32
	6039
	9
	0
	0
	0
	100
	No
	25
	4724
	10
	100
	100
	0
	100
	No
	128
	24407
	11
	50
	100
	0
	100
	No
	103
	19652
	12
	0
	100
	0
	100
	No
	90
	17235
	13
	100
	100
	100
	125
	No
	147
	28001
	14
	100
	100
	100
	150
	No
	144
	27436
	15
	100
	100
	100
	175
	No
	141
	26913
	16
	100
	100
	100
	200
	No
	139
	26443
	17
	100
	100
	100
	100
	Yes
	121
	23029
	Management alternatives 4 – 6 show the impact of combined decreases in canal seepage and irrigati...
	Management alternatives 7 - 9 represent the impact of complete removal of irrigation recharge. Th...
	Management alternatives 10 – 12 investigate the impact of combined fluid flux reductions of the c...
	The final management alternative is to install a hydraulic remediation program to essentially pum...
	7.0 Summary/Conclusions
	7.1 Summary

	In an effort to understand the causes of the current TDS loading to the Truckee River between the...
	1. Drilling program: This effort was undertaken to further characterize the hydraulic and geochem...
	2. Geophysical logging and analysis: Airborne and borehole geophysics were used to aid in the int...
	3. Groundwater flow modeling: A numerical groundwater flow model was constructed as a method to i...
	4. Geochemical analysis: The analysis of the geochemical processes is critical for the understand...
	5. Solute transport modeling: The results of the flow modeling and TDS distribution are used with...
	6. Uncertainty analysis: The uncertainty analysis provides a methodology to quantify the predicti...

	The drilling program provided a wealth of data to describe the subsurface hydraulic and geochemic...
	The geophysical logging and analysis provided high resolution information, which proved to be inv...
	The groundwater flow model incorporates all geologic and hydraulic information such that advectiv...
	The groundwater flow model is in reasonable agreement with the observed hydraulic heads. The opti...
	The groundwater budget as determined from the optimal flow model inputs is dominated by the canal...
	A comparison of the flowpaths inferred from the mixing cell model and the numerical flow model in...
	The geochemical interpretations in this report are based on a total of 334 chemical analyses, of ...
	Analysis of major-ion chemistry shows that high TDS sulfate and chloride native groundwater south...
	Groundwater in the Fernley Basin is a mixture of high TDS native groundwater (south of the irriga...
	Geochemical processes in the Fernley Basin are, at least historically, dominated by the dissoluti...
	Analysis of historical data from the Wadsworth and Nixon USGS gages indicates that salt loading i...
	The independent estimates of TDS loading to the Truckee River (exclusive of Dead Ox Meadows contr...
	The initial conditions show that the largest TDS concentrations are near the center of the Forty ...
	Table 6.2 shows the value of the TDS flux (Flux50) at 50 years from the present (2051). Alternati...
	Management alternatives 4 – 6 show the impact of combined decreases in canal seepage and irrigati...
	Management alternatives 7 - 9 represent the impact of complete removal of irrigation recharge. Th...
	Management alternatives 10 – 12 investigate the impact of combined fluid flux reductions of the c...
	The final management alternative is to install a hydraulic remediation program to essentially pum...
	7.2 Conclusions
	1. The largest sources of groundwater in the Fernley area include 33,506 and 30,394 m3/ day for T...
	2. The largest groundwater outflows in the region include 33,194 m3/day (9,822 Acre-ft/ year) alo...
	3. Fluid that originates in the Fernley area has two potential migration paths, (1) north toward ...
	4. The flow model is in agreement with the independent loading analysis and mixing cell modeling ...
	5. High TDS sodium-sulfate groundwaters in the Fernley Basin result primarily from infiltration o...
	6. An estimate of the average TDS flux to the Truckee River from groundwater inflow between Wadsw...
	7. The solute transport model predicts a current TDS flux (exclusive of Dead Ox Meadows) of 175 g...
	8. Individual model realizations show a potential decrease in the TDS loading initially, and then...
	9. The highest TDS concentrations are located in the Forty Mile Desert and evolve in response to ...
	10. Combined decreases in irrigation recharge and Truckee Canal seepage lead to the most signific...
	11. There appears to be little advantage in removing the irrigation recharge in the western porti...
	12. Increased pumping (up to 200 percent of current conditions) in the Fernley area for municipal...
	13. Interestingly, forced hydraulic remediation via pumping in the Forty Mile Desert has a relati...
	8.0 Recommendations


	The characterization activities significantly reduced the uncertainty in the assessment of the TD...
	1. Additional sampling of fluid in the Forty Mile Desert is recommended. The majority of the salt...
	2. An additional low-flow survey (less than 100 cfs) in the Fall months would be helpful to confi...
	3. Additional characterization may highlight the importance of transient effects. The steady-stat...
	4. Additional characterization of the impact of faults on flow patterns would be helpful.The Walk...
	5. Additional deep boreholes, especially in the center of the basin, would be helpful to verify t...
	6. Further refinement in the water balance will serve to decrease the non-uniqueness found in the...
	7. Additional drilling along the margins of the Truckee Range would be helpful to further charact...
	8. Additional characterization of the potential sources for this high TDS fluid would be benefici...
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	Hydraulic Remediation
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	100
	100
	100
	No
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	50
	100
	100
	100
	No
	3

	0
	100
	100
	100
	No
	4
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	50
	50
	100
	No
	5

	50
	50
	50
	100
	No
	6

	0
	50
	50
	100
	No
	7

	100
	0
	0
	100
	No
	8

	50
	0
	0
	100
	No
	9

	0
	0
	0
	100
	No
	10

	100
	100
	0
	100
	No
	11

	50
	100
	0
	100
	No
	12

	0
	100
	0
	100
	No
	13

	100
	100
	100
	125
	No
	14

	100
	100
	100
	150
	No
	15

	100
	100
	100
	175
	No
	16

	100
	100
	100
	200
	No
	17

	100
	100
	100
	100
	Yes
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	Table 6.2 shows the value of the TDS flux (Flux50) at 50 years from the present (2051). Alternati...
	Table 6.2.
	Alternative
	Truckee Canal
	Seepage
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	Recharge
	Western
	Recharge
	City of
	Fernley
	Pumping
	Hydraulic
	Remediation
	TDS Flux
	(2051)
	(g/sec)
	TDS Flux
	(2051)
	(lbs/day)
	1
	100
	100
	100
	100
	No
	180
	34206
	2
	50
	100
	100
	100
	No
	124
	23665
	3
	0
	100
	100
	100
	No
	102
	19356
	4
	100
	50
	50
	100
	No
	85
	16213
	5
	50
	50
	50
	100
	No
	69
	13128
	6
	0
	50
	50
	100
	No
	59
	11175
	7
	100
	0
	0
	100
	No
	40
	7611
	8
	50
	0
	0
	100
	No
	32
	6039
	9
	0
	0
	0
	100
	No
	25
	4724
	10
	100
	100
	0
	100
	No
	128
	24407
	11
	50
	100
	0
	100
	No
	103
	19652
	12
	0
	100
	0
	100
	No
	90
	17235
	13
	100
	100
	100
	125
	No
	147
	28001
	14
	100
	100
	100
	150
	No
	144
	27436
	15
	100
	100
	100
	175
	No
	141
	26913
	16
	100
	100
	100
	200
	No
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	26443
	17
	100
	100
	100
	100
	Yes
	121
	23029
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	In an effort to understand the causes of the current TDS loading to the Truckee River between the...
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	2. Geophysical logging and analysis: Airborne and borehole geophysics were used to aid in the int...
	3. Groundwater flow modeling: A numerical groundwater flow model was constructed as a method to i...
	4. Geochemical analysis: The analysis of the geochemical processes is critical for the understand...
	5. Solute transport modeling: The results of the flow modeling and TDS distribution are used with...
	6. Uncertainty analysis: The uncertainty analysis provides a methodology to quantify the predicti...
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	The independent estimates of TDS loading to the Truckee River (exclusive of Dead Ox Meadows contr...
	The initial conditions show that the largest TDS concentrations are near the center of the Forty ...
	Table 6.2 shows the value of the TDS flux (Flux50) at 50 years from the present (2051). Alternati...
	Management alternatives 4 – 6 show the impact of combined decreases in canal seepage and irrigati...
	Management alternatives 7 - 9 represent the impact of complete removal of irrigation recharge. Th...
	Management alternatives 10 – 12 investigate the impact of combined fluid flux reductions of the c...
	The final management alternative is to install a hydraulic remediation program to essentially pum...
	7.2 Conclusions
	1. The largest sources of groundwater in the Fernley area include 33,506 and 30,394 m3/ day for T...
	2. The largest groundwater outflows in the region include 33,194 m3/day (9,822 Acre-ft/ year) alo...
	3. Fluid that originates in the Fernley area has two potential migration paths, (1) north toward ...
	4. The flow model is in agreement with the independent loading analysis and mixing cell modeling ...
	5. High TDS sodium-sulfate groundwaters in the Fernley Basin result primarily from infiltration o...
	6. An estimate of the average TDS flux to the Truckee River from groundwater inflow between Wadsw...
	7. The solute transport model predicts a current TDS flux (exclusive of Dead Ox Meadows) of 175 g...
	8. Individual model realizations show a potential decrease in the TDS loading initially, and then...
	9. The highest TDS concentrations are located in the Forty Mile Desert and evolve in response to ...
	10. Combined decreases in irrigation recharge and Truckee Canal seepage lead to the most signific...
	11. There appears to be little advantage in removing the irrigation recharge in the western porti...
	12. Increased pumping (up to 200 percent of current conditions) in the Fernley area for municipal...
	13. Interestingly, forced hydraulic remediation via pumping in the Forty Mile Desert has a relati...
	8.0 Recommendations


	The characterization activities significantly reduced the uncertainty in the assessment of the TD...
	1. Additional sampling of fluid in the Forty Mile Desert is recommended. The majority of the salt...
	2. An additional low-flow survey (less than 100 cfs) in the Fall months would be helpful to confi...
	3. Additional characterization may highlight the importance of transient effects. The steady-stat...
	4. Additional characterization of the impact of faults on flow patterns would be helpful.The Walk...
	5. Additional deep boreholes, especially in the center of the basin, would be helpful to verify t...
	6. Further refinement in the water balance will serve to decrease the non-uniqueness found in the...
	7. Additional drilling along the margins of the Truckee Range would be helpful to further charact...
	8. Additional characterization of the potential sources for this high TDS fluid would be benefici...
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	Table 6.2 shows the value of the TDS flux (Flux50) at 50 years from the present (2051). Alternati...
	Table 6.2. Predicted TDS flux for the 17 fluid managment alternatives.
	Alternative
	Truckee Canal
	Seepage
	Eastern
	Recharge
	Western
	Recharge
	City of
	Fernley
	Pumping
	Hydraulic
	Remediation
	TDS Flux
	(2051)
	(g/sec)
	TDS Flux
	(2051)
	(lbs/day)
	1
	100
	100
	100
	100
	No
	180
	34206
	2
	50
	100
	100
	100
	No
	124
	23665
	3
	0
	100
	100
	100
	No
	102
	19356
	4
	100
	50
	50
	100
	No
	85
	16213
	5
	50
	50
	50
	100
	No
	69
	13128
	6
	0
	50
	50
	100
	No
	59
	11175
	7
	100
	0
	0
	100
	No
	40
	7611
	8
	50
	0
	0
	100
	No
	32
	6039
	9
	0
	0
	0
	100
	No
	25
	4724
	10
	100
	100
	0
	100
	No
	128
	24407
	11
	50
	100
	0
	100
	No
	103
	19652
	12
	0
	100
	0
	100
	No
	90
	17235
	13
	100
	100
	100
	125
	No
	147
	28001
	14
	100
	100
	100
	150
	No
	144
	27436
	15
	100
	100
	100
	175
	No
	141
	26913
	16
	100
	100
	100
	200
	No
	139
	26443
	17
	100
	100
	100
	100
	Yes
	121
	23029
	Management alternatives 4 – 6 show the impact of combined decreases in canal seepage and irrigati...
	Management alternatives 7 - 9 represent the impact of complete removal of irrigation recharge. Th...
	Management alternatives 10 – 12 investigate the impact of combined fluid flux reductions of the c...
	The final management alternative is to install a hydraulic remediation program to essentially pum...
	7.0 Summary/Conclusions
	7.1 Summary

	In an effort to understand the causes of the current TDS loading to the Truckee River between the...
	1. Drilling program: This effort was undertaken to further characterize the hydraulic and geochem...
	2. Geophysical logging and analysis: Airborne and borehole geophysics were used to aid in the int...
	3. Groundwater flow modeling: A numerical groundwater flow model was constructed as a method to i...
	4. Geochemical analysis: The analysis of the geochemical processes is critical for the understand...
	5. Solute transport modeling: The results of the flow modeling and TDS distribution are used with...
	6. Uncertainty analysis: The uncertainty analysis provides a methodology to quantify the predicti...

	The drilling program provided a wealth of data to describe the subsurface hydraulic and geochemic...
	The geophysical logging and analysis provided high resolution information, which proved to be inv...
	The groundwater flow model incorporates all geologic and hydraulic information such that advectiv...
	The groundwater flow model is in reasonable agreement with the observed hydraulic heads. The opti...
	The groundwater budget as determined from the optimal flow model inputs is dominated by the canal...
	A comparison of the flowpaths inferred from the mixing cell model and the numerical flow model in...
	The geochemical interpretations in this report are based on a total of 334 chemical analyses, of ...
	Analysis of major-ion chemistry shows that high TDS sulfate and chloride native groundwater south...
	Groundwater in the Fernley Basin is a mixture of high TDS native groundwater (south of the irriga...
	Geochemical processes in the Fernley Basin are, at least historically, dominated by the dissoluti...
	Analysis of historical data from the Wadsworth and Nixon USGS gages indicates that salt loading i...
	The independent estimates of TDS loading to the Truckee River (exclusive of Dead Ox Meadows contr...
	The initial conditions show that the largest TDS concentrations are near the center of the Forty ...
	Table 6.2 shows the value of the TDS flux (Flux50) at 50 years from the present (2051). Alternati...
	Management alternatives 4 – 6 show the impact of combined decreases in canal seepage and irrigati...
	Management alternatives 7 - 9 represent the impact of complete removal of irrigation recharge. Th...
	Management alternatives 10 – 12 investigate the impact of combined fluid flux reductions of the c...
	The final management alternative is to install a hydraulic remediation program to essentially pum...
	7.2 Conclusions
	1. The largest sources of groundwater in the Fernley area include 33,506 and 30,394 m3/ day for T...
	2. The largest groundwater outflows in the region include 33,194 m3/day (9,822 acre-ft/ year) alo...
	3. Fluid that originates in the Fernley area has two potential migration paths, (1) north toward ...
	4. The flow model is in agreement with the independent loading analysis and mixing cell modeling ...
	5. High TDS sodium-sulfate groundwaters in the Fernley Basin result primarily from infiltration o...
	6. An estimate of the average TDS flux to the Truckee River from groundwater inflow between Wadsw...
	7. The solute transport model predicts a current TDS flux (exclusive of Dead Ox Meadows) of 175 g...
	8. Individual model realizations show a potential decrease in the TDS loading initially, and then...
	9. The highest TDS concentrations are located in the Forty Mile Desert and evolve in response to ...
	10. Combined decreases in irrigation recharge and Truckee Canal seepage lead to the most signific...
	11. There appears to be little advantage in removing the irrigation recharge in the western porti...
	12. Increased pumping (up to 200 percent of current conditions) in the Fernley area for municipal...
	13. Interestingly, forced hydraulic remediation via pumping in the Forty Mile Desert has a relati...
	8.0 Recommendations


	The characterization activities significantly reduced the uncertainty in the assessment of the TD...
	1. Additional sampling of fluid in the Forty Mile Desert is recommended. The majority of the salt...
	2. An additional low-flow survey (less than 100 cfs) in the Fall months would be helpful to confi...
	3. Additional characterization may highlight the importance of transient effects. The steady-stat...
	4. Additional characterization of the impact of faults on flow patterns would be helpful.The Walk...
	5. Additional deep boreholes, especially in the center of the basin, would be helpful to verify t...
	6. Further refinement in the water balance will serve to decrease the non-uniqueness found in the...
	7. Additional drilling along the margins of the Truckee Range would be helpful to further charact...
	8. Additional characterization of the potential sources for this high TDS fluid would be benefici...
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	1.0 Introduction
	Long-term water quality monitoring data in the lower Truckee River Basin indicate that during low...
	The Truckee River Water Quality Agreement of 1996 settled longstanding litigation between the Pyr...
	Figure 1.1. Location of the Truckee River through Reno, Sparks, Wadsworth and Nixon, Nevada.
	Note that under extreme low-flow conditions in the lower Truckee River (<100 cfs), in- stream TDS...
	Because future management decisions, including those related to upstream dischargers, will be bas...
	1.1 Objectives

	The objective of this report is to summarize and interpret the hydrogeologic conditions in the Fe...
	1. Develop a baseline conceptual model for current hydrologic conditions in the Fernley area, par...
	2. Identify the origin(s) and sources of high TDS groundwater in the study area.
	3. Quantify the relative contributions of these sources in the context of TDS mass loading in the...
	4. Develop a groundwater flow and transport model that can predict the impact of various land-use...
	1.2 Report Organization

	This study can be broken down into three basic components:
	1. Construction of the flow model;
	2. Analysis of the geochemistry; and
	3. Development of the solute transport model.

	Each of these components is addressed in detail in the subsequent sections. In an effort to fully...
	Section 2 provides a general overview of the modeling approach. There are numerous approaches to ...
	Section 3 provides information on the Fernley/Wadsworth area. Specifically, topics in this sectio...
	Section 4 describes all of the components of the flow model construction. There are numerous comp...
	Section 5 presents the geochemical data and analysis. The geochemical data includes major ion che...
	Section 6 uses the information gained in previous sections to build the solute transport model. T...
	Section 7 provides a summary and conclusions for the research report. This section also provides ...
	Section 8 provides recommendations for further characterization efforts.
	Section 9 provides references.
	Appendices A through I provide detailed information on the wells drilled within the scope of this...
	2.0 General Modeling Approach

	A suite of numerical models are used to aid in the characterization process of the groundwater sy...
	1. Use state of the art tools to provide a basic understanding of the hydrogeologic system via te...
	2. Evaluate the relative importance of model parameters and determine how uncertainty in these pa...
	3. Refine the water budget that controls the groundwater system, and
	4. Develop a better understanding of how changes in the groundwater system (e.g., land- use pract...

	To achieve these goals a suite of models was used including:
	• Numerical geologic model: The geologic environment was interpreted using hundreds of wells and ...
	• Numerical flow model: The geologic model, hydraulic analysis, and boundary condition informatio...
	• Numerical solute transport model: The fluid fluxes are used in combination with initial and bou...
	• Interpolation of TDS: A novel approach was used to construct a three-dimensional map of TDS in ...
	• Monte Carlo analysis: Uncertainty analysis is a critical component to any type of modeling anal...
	3.0 Fernley/Wadsworth Area
	3.1 History of the Area

	Humans have inhabited the Truckee and Carson river basins for over 10,000 years. Before Europeans...
	The sudden increase in population placed heavy demands on the area's natural resources. Water was...
	The Newlands Project was implemented to improve the irrigation system from the Truckee and Carson...
	By 1905, the Derby Dam, Truckee Canal, and Carson River Diversion Dam were completed (Nevada Hist...
	For several years after the completion of the Newlands Project, farms experienced water shortages...
	During the 1920s and early 1930s, the Truckee�Carson region experienced severe droughts, leading ...
	By 1967, Pyramid Lake, located northeast of Reno, had reached its lowest levels as a result of th...
	Newlands Project water is still primarily used for agriculture. The current irrigation system can...
	The lower Truckee River flows past an irrigated farming district in Fernley, Nevada. The economy ...
	Groundwater pumping for industrial and public supply purposes has increased since the 1960s. The ...
	3.2 Site Description

	The study area for this project is the lower Truckee River Basin (Figure 3.1), which is bounded o...
	17
	Figure 3.1. Location of the Fernley study area and borehole locations.
	The lower Truckee River Basin is a broad alluvial basin. The alluvium in the basin is derived fro...
	The channel of the lower Truckee River has meandered across the valley reworking the lacustrine d...
	West of Fernley, there is a series of north�northwest-trending faults called the Walker Lane faul...
	Figure 3.2. Fernley area surficial geologic map.

	miles wide (Bell, 1981). The Walker Lane fault system has an unknown impact on groundwater flow. ...
	The primary sources of water in the Truckee River are discharge from Lake Tahoe and snowmelt from...
	The lower basin is in the rain shadow of the Sierra Nevada. The climate is semi�arid with an aver...
	3.3 Previous Research

	Numerous investigations have been performed to characterize the geology, hydrogeology, and geoche...
	Sinclair and Loeltz (1963) mapped the phreatic surface of groundwater in the Fernley area. Their ...
	Table 3.1. Primary investigations and scope.
	Author
	Date
	Title
	Description
	Bonham, Harold F.
	1969
	Geology and Mineral Resources
	of Washoe and Storey Counties, Nevada
	Description of geology in Washoe and Storey counties, Nevada
	Bratburg, David
	1980
	Hydrogeology of Dodge Flat
	and its Relation to Flow and
	Quality Changes in the Truckee River
	Hydrogeology of Dodge Flat: the Fernley groundwater system and discharge from Dead Ox Meadow affe...
	Bureau of Reclamation
	2001
	Newlands Project Website
	History of the Newlands Project
	Simmons
	1996
	Final Report of the Secretary
	of the Interior to the Congress
	of the United States of
	Newlands Project Efficiency
	Study
	Analysis of structural improvements and changes in operations that can raise the efficiency of th...
	Cockrum, D.K.
	1994
	Characterization of the Impact
	of Agricultural Activities on
	Water Quality in the lower
	Truckee River
	Water quality of lower Truckee River: point surface return-flows from agriculture significantly r...
	CH2M Hill
	1990
	Investigation of Potential Groundwater Recharge and
	Rapid Infiltration and
	Extraction Projects at
	Dodge Flat
	Waste water infiltration project at Dodge Flat: recharging 20 million gallons of wastewater per d...
	University of Nevada, Reno
	1971
	Newlands Project Water Study Progress Report: Water Year
	1970
	First year of three-year-long study on Newlands Project: description and analysis of soil types, ...
	University of Nevada, Reno
	1972
	Newlands Project Water Study Progress Report: Water Year
	1971
	Second year of three-year-long study: study was expanded to include large acreages in Stillwater,...
	University of Nevada, Reno
	1972
	Newlands Project Water Study: Water Year 1971
	Results of study are the same as those stated in the progress report for the 1972 water year
	University of Nevada, Reno
	1973
	Newlands Project Water Study: Water Year 1972
	Third year of three-year-long study: changes in soil moisture content, surface irrigation water m...
	Guitjens, J.C.
	1999
	Modeling Management
	Alternatives for Efficient
	Water Use and Drainage
	Reduction
	An example of how hydrodynamic modeling can be used to determine the optimal use of irrigation wa...
	Katzer, T., Leising, J.F., Brothers, K, and Ball, G..
	1998
	Hydrogeological Evaluation and Groundwater Modeling of the Wadsworth-Dodge Flat Area, Washoe Coun...
	Evaluation of three resource options for the town of Fernley: a flood plain aquifer next to the T...
	Klotz, J.R.
	1997
	Riparian Hydrology and Establishment of Woody
	Riparian Vegetation
	Evaluation of the water requirements for Cottonwoods along the Truckee River
	fmsect4.pdf
	Table 3.1 Primary investigations and scope.
	Mahannah, C.N., Guitjens, J.C., and York, C.R.
	1975
	Western Nevada Water
	Controversy
	Summary of the physical, political, and legal ramifications associated with the Truckee and Carso...
	Nevada Division of Water Planning
	2001
	Truckee River Chronology
	Website
	History of the Truckee River and associated water projects
	Rollins, M.B.
	1965
	Water Quality of the Newlands Reclamation Project
	Analysis of irrigation and drainage water quality in the Newlands Project Area: irrigation water ...
	Sinclair W.C. and Loeltz, O.J.
	1963
	Groundwater Conditions in the Fernley-Wadsworth Area,
	Churchill, Lyon, Storey, and Washoe Counties, Nevada
	Sources of groundwater recharge and the groundwater quality in the Fernley area
	Strathorn, A.T. and Van Duyne, C.
	1911
	Soil Survey of the Fallon Area, Nevada
	Description of soils in the Fallon Area
	Van Denburgh, A.S., Lamke, R.D., and Hughes, J.L.
	1973
	A Brief Water-Resources
	Appraisal of the Truckee River Basin, Western Nevada
	Factors influencing inflow and outflow rates in 1973 for the Fernley area
	Van Denburgh, A.S. and Arteaga, F.E.
	1979
	Revised Water Budget of the Fernley area, West-Central
	Nevada, 1979
	Factors influencing inflow and outflow rates in 1979 for the Fernley area
	Wilden, R. and Speed, R.C.
	1974
	Geology and Mineral Deposits
	of Churchill County, Nevada
	Description of the geology in Churchill County, Nevada
	4.0 Flow Simulation
	4.1 Conceptual Flow Model

	The first step is to develop a conceptual model of the groundwater system of interest. The purpos...
	4.1.1 Groundwater Flow Equations

	There are several basic laws governing the motion of fluid in a porous medium. For a thorough rev...
	(4.1)
	where K [LT-1] is a coefficient of proportionality referred to as the hydraulic conductivity.
	Using Darcy’s Law and the conservation of mass results in equation 4.2:
	(4.2)
	where W represents the sum of sources to the system, K is the hydraulic conductivity, h is the hy...
	Equation 4.2 is used to represent the system under steady-state conditions. A thorough review of ...
	4.1.2 Model Selection

	The MODFLOW computer program (McDonald and Harbaugh, 1988; Harbaugh and McDonald, 1996) is used t...
	4.1.3 Hydrostratigraphy

	The relevant and available geologic and hydraulic information for the model domain was compiled t...
	4.1.3.1 Well Logs

	Approximately 300 wells were used to characterize the hydrostratigraphy of the area. Figure 4.1 s...
	Figure 4.1. Well locations.
	The lithology type noted on the driller’s logs for each well was simplified for this project. In ...
	4.1.3.2 Aquifer Tests

	Aquifer tests were performed on the 15 deep wells drilled for this project. An aquifer test consi...
	4.1.3.3 Characterization of Model Domain

	The next step in characterizing the hydrostratigraphy of the domain is to use the available infor...
	Kriging is a statistical interpolation method that chooses the best linear unbiased estimate for ...
	(4.3)
	where g(h) is the semi-variogram value, h is the lag distance, c is the sill, and a is the correl...
	A plot of semi-variogram value vs. distance is shown below in Figure 4.2.
	Figure 4.2. Semivariogram vs. distance for soil type.

	Values from the model above that were used in kriging are:
	• nugget: 0.125
	• sill: 0.23
	• correlation length: 24,000 meters
	The indicator kriging program IK3D (Deutsch and Journel, 1992) was used to interpolate the data. ...
	Figure 4.3. Simulated map of lithologic units at an elevation of 1,205 m.
	4.2 Boundary Conditions

	The boundary conditions describe the hydraulic behavior at the model boundaries. Various types of...
	• The Type I boundary is a boundary of prescribed potential. Also called a Dirichlet boundary or ...
	• The Type II boundary is one of prescribed flux. Also called a Neumann boundary or specified flu...
	• The Type III boundary is used as a semipervious boundary. Type III boundaries, called general h...
	The following boundaries are included in the model and are shown in Figure 4.4.
	Figure 4.4. Fernley groundwater model--boundaries, sources, and sinks.
	1. Specified head (Type I) boundary along the eastern boundary. This accounts for fluid flow migr...
	2. Specified head (Type I) boundary along the northwestern boundary surrounding the Dodge Flat ar...
	3. Specified flux (Type II) boundary along the southern boundary. This boundary is modeled by a r...
	4. General head boundary (Type III) along the Truckee River. The longitudinal distribution of riv...
	5. Specified flux surface boundary (Type II) within irrigated areas. The exact magnitude of the n...
	6. Seepage from the Truckee Canal is modeled as a specified flux surface boundary (Type II). It i...
	7. Specified flux surface boundary (Type II) associated with mountain block recharge. Although th...
	8. Specified flux internal boundary (Type II) associated with consumptive use for municipal, comm...
	9. No-flow specified flux (Type II) boundaries along the base of the model not described above. N...
	4.2.1 Specified Head Boundary Condition

	To run the model, it is necessary to specify initial conditions and boundary conditions. Head (or...
	Figure 4.5. Location of town of Fernley wells.

	The method used to determine specified heads at the boundaries was also used to provide the initi...
	4.2.2 Town of Fernley Wells

	The Town of Fernley operates several wells for municipal water supply. The three primary wells (F...
	4.2.3 Natural Recharge Boundary Conditions

	The purpose of this study is to present mountain front recharge estimates for the Fernley, Nevada...
	The study includes estimations of average annual:
	• Water yield (surface and subsurface flow) from mountain block areas, using methods developed fo...
	• Distribution of precipitation for the Fernley hydrographic area, developed from Daly et al. (19...
	• Groundwater recharge in mountain block areas using revised Maxey-Eakin methods (Nichols, 2000);...
	• Groundwater recharge in mountain block areas using a mass balance approach, where the differenc...
	• The reference period of the study is based from the PRISM precipitation map, which is from 1961...
	4.2.3.1 Estimation of Annual Precipitation

	The PRISM model (Daily et al., 1994) for estimating precipitation distributions, was used to deve...
	Precipitation
	Zones
	Figure 4.6. Fernley hydrographic boundary, mountain block area and PRISM precipitation distribution.
	4.2.3.2 Estimation of Runoff and Water Yield

	A previous study in Eagle Valley (Berger ,1997) estimated subsurface flow below streambeds at eig...
	To transfer these regression equations to the Middle Humboldt River Basin, modifications to the e...
	Regression equations that were modified to represent the Middle Humboldt River Basin are applied ...
	W = 0.00273 Pmb2.56 R2 of 0.86
	(4.4)
	where W = average annual water yield from mountain block, in/yr; Pmb = average annual precipitati...
	and
	ROmb = 0.0000228 Pm4.34 R2 of 0.89
	(4.5)
	where ROmb = average annual runoff from mountain block, in/yr; Pmb = average annual precipitation...
	A geographic information system (GIS) was used to calculate the mountain block area within precip...
	4.2.3.3 Mountain Block Recharge

	Mountain block recharge estimates are derived using two approaches. The first is a mass balance a...
	The first method uses a simple mass balance approach, where infiltration of precipitation and run...
	The second method has been widely used within the Great Basin (Maxey and Eakin, 1949). Since this...
	Rgw = 0.008(Pa) + 0.130(Pb) + 0.144(Pc) + 0.158(Pd)
	(4.6)
	where Rgw = average annual groundwater recharge, af/yr, Pa = average annual volume of precipitati...
	This revised relation (Nichols, 2000) between precipitation and recharge was applied to the mount...
	Table 4.1. Natural recharge estimates by region and methodology.
	Region
	Area
	(acre)
	Mtn. Prec.
	(in)
	Runoff
	(in)
	Water Yield
	(in)
	Recharge
	(af)
	Maxey-Eakin
	(af)
	"northern"
	243.88
	9.00
	0.1370
	0.7569
	12.60
	1.46328
	"northern"
	42.39
	9.00
	0.1370
	0.7569
	2.19
	0.25
	"northern"
	1228.90
	13.00
	0.5877
	1.9402
	138.51
	173.07
	"northern"
	3773.43
	9.00
	0.1370
	0.7569
	194.92
	22.64
	"northern"
	315.70
	9.00
	0.1370
	0.7569
	16.31
	1.89
	"northern"
	13.17
	7.00
	0.0506
	0.3978
	0.38
	0.06
	"northern"
	50.27
	7.00
	0.0506
	0.3978
	1.45
	0.23
	"northern"
	3.02
	7.00
	0.0506
	0.3978
	0.09
	0.01
	"northern"
	0.87
	7.00
	0.0506
	0.3978
	0.03
	0.00
	"northern"
	79.61
	7.00
	0.0506
	0.3978
	2.30
	0.37
	TOTAL
	368.78
	200.01
	"southern"
	2713.79
	7.00
	0.0506
	0.3978
	78.50
	12.66
	"southern"
	6376.71
	9.00
	0.1370
	0.7569
	329.39
	38.26
	"southern"
	12316.65
	7.00
	0.0506
	0.3978
	356.27
	57.48
	"southern"
	3006.12
	11.00
	0.3033
	1.2651
	240.95
	22.04
	"southern"
	2382.52
	13.00
	0.5877
	1.9402
	268.54
	335.54
	"southern"
	2180.19
	15.00
	1.0358
	2.7987
	320.30
	354.28
	"southern"
	1726.74
	17.00
	1.7002
	3.8558
	310.17
	352.25
	"southern"
	668.37
	19.00
	2.6412
	5.1259
	138.39
	152.39
	TOTAL
	2042.51
	1324.91
	"western"
	4194.78
	19.00
	2.6412
	5.1259
	868.58
	956.41
	"western"
	4519.60
	17.00
	1.7002
	3.8558
	811.84
	922.00
	"western"
	1902.03
	11.00
	0.3033
	1.2651
	152.45
	139.48
	"western"
	2621.36
	15.00
	1.0358
	2.7987
	385.11
	425.97
	"western"
	243.30
	9.00
	0.1370
	0.7569
	12.57
	14.60
	"western"
	1656.60
	21.00
	3.9258
	6.6228
	372.33
	458.05
	"western"
	0.71
	23.00
	5.6283
	8.3596
	0.16
	0.22
	"western"
	0.06
	23.00
	5.6283
	8.3596
	0.01
	0.02
	"western"
	1.63
	17.00
	1.7002
	3.8558
	0.29
	0.33
	"western"
	1008.68
	11.00
	0.3033
	1.2651
	80.85
	73.97
	"western"
	864.41
	15.00
	1.0358
	2.7987
	126.99
	140.47
	"western"
	5.42
	9.00
	0.1370
	0.7569
	0.28
	0.33
	"western"
	96.28
	9.00
	0.1370
	0.7569
	4.97
	5.78
	"western"
	0.32
	9.00
	0.1370
	0.7569
	0.02
	0.02
	TOTAL
	2816.46
	3137.63
	4.2.4 Truckee Canal Leakance

	In an effort to refine the Truckee Canal seepage estimates and the uncertainty associated with th...
	Figure 4.7 shows the discharge along the Truckee Canal versus the estimated seepage rate per mile...
	Figure 4.7. Discharge along the Truckee Canal vs. the estimated seepage rate per mile.

	To determine the variability in the seepage rates, the Truckee Canal discharge rates over the per...
	Figure 4.8. Distribution of canal seepage rates over the period 1969 - 1995.
	4.2.5 Irrigation Recharge
	4.2.5.1 Calculation of Infiltration Beneath Irrigated Fields

	A key element of this study was to estimate the quantity of water that infiltrates beneath an irr...
	4.2.5.2 General Approach to Vadose Zone Modeling at Fernley

	To investigate the uncertainty in infiltration caused by the uncertainty in the soil water retent...
	4.2.5.3 Soil Water Retention Characteristics and their Statistics

	The parameters of the soil moisture retention models for soil types of sandy loam and sandy clay ...
	SB transformation
	(4.7)
	LN transformation
	(4.8)
	The transformation and corresponding statistics are given as follows for the sandy loam and the s...
	Table 4.2. Distribution parameters for sandy loam (with = 0.41).
	Variable
	A
	B
	Transformation
	Mean of Y
	Standard Deviation of Y
	Ks
	0.0
	30.0
	SB
	-.249
	1.530
	qr
	0.0
	0.11
	SB
	0.384
	0.700
	a
	0.0
	0.25
	SB
	-0.937
	0.764
	N
	1.35
	3.00
	LN
	0.634
	0.082
	(4.9)
	Table 4.3. Distribution parameters for sandy-clay-loam (with = 0.39).
	Variable
	A
	B
	Transformation
	Mean of Y
	Standard Deviation of Y
	Ks
	0.0
	20.0
	SB
	-4.04
	1.85
	qr
	0.0
	0.12
	SB
	1.65
	0.439
	a
	0.0
	0.25
	SB
	-1.380
	0.823
	N
	1.0
	2.00
	LN
	0.388
	0.086
	(4.10)
	4.2.5.4 Calculation of Mean Infiltration and Corresponding Uncertainty

	The first step in obtaining an estimate of the infiltration was to run the HYDRUS-2D using the so...
	The next step was to quantify the uncertainty in the infiltration using the first-order analysis ...
	(4.11)
	(4.12)
	All partial derivatives are evaluated at the mean values of the transformed variables as indicate...
	In the first-order analysis approach, the calculation of the variance requires an estimation of t...
	The expected value of the infiltration should include the second term in the equation that consid...
	4.3 Model Domain

	The model domain was chosen to encompass the areas affected by irrigation, municipal water suppli...
	Those cells that fall below the estimated bedrock elevation or above the water table are made ina...
	The resulting grid has 38,560 active grid cells. A two-dimensional representation of the maximum ...
	It is important to note that the grid definition used is different from the older style "layer- c...
	4.4 Model Calibration

	There are many parameters required to perform model simulations in MODFLOW. Unfortunately, not al...
	In an effort to honor site-specific data throughout the modeling process, the Generalized Likelih...
	(4.13)
	Figure 4.9. Bedrock contours and data points.
	Figure 4.10. Grid frame and active cells.

	where
	(4.14)
	and, is the likelihood of the vector of outputs, , knowing , the vector of random inputs; hiSIM i...
	The likelihood weights are calculated for each realization based on Equation (1). At the completi...
	(4.15)
	where is the prior probability of the input parameters as determined by the Monte Carlo process, ...
	The boundary conditions and hydraulic parameters were used as calibration parameters and assumed ...
	4.5 Initial Conditions

	Although initial conditions are required for numerical reasons, they are not significant in terms...
	In MODFLOW, the initial heads do act as the values for all constant head cells. In this way, the ...
	4.6 Uncertainty Analysis

	In an effort to quantify the uncertainty in the model predictions, a Monte Carlo-type analysis wa...
	4.7 Flow Model Results

	Included here are the results for the (1) deterministic hydraulic head field, (2) deterministic g...
	4.7.1 Deterministic Hydraulic Head Field

	The groundwater flow model MODFLOW solves for the hydraulic head at every node in the model domai...
	Figure 4.11 shows the predicted hydraulic head distribution at an elevation of 1,225 m, which is ...
	Figure 4.11. Predicted hydraulic head distribution at 1,225 m. Contour interval is 1 m.

	Figure 4.12 shows the predicted hydraulic head distribution at an elevation of 1,205 m. Again, hi...
	Figure 4.12. Predicted hydraulic head distribution at 1,205 m. Contour interval is 1 m.

	Figure 4.13 shows the predicted hydraulic head distribution at an elevation of 1,185 m, which is ...
	At an elevation of 780 m (Figure 4.14), which is near the lowermost portion of the domain, the he...
	Figure 4.15 shows the hydraulic head distribution in the Fernley area at an elevation of 1,085 m....
	Figure 4.13. Predicted hydraulic head distribution at 1,185 m. Contour interval is 1 m.

	.
	Figure 4.14. Predicted hydraulic head distribution at 780 m. Contour interval is 1 m.
	Figure 4.15. Predicted hydraulic distribution head at 1,085 m. Contour interval is 0.33 m.
	4.7.2 Deterministic Groundwater Budget

	The automated calibration procedure as described in Section 4.4 was used to determine the boundar...
	Figure 4.16 shows the general location of the individual components of the water budget. Table 4....
	Figure 4.16. Fernley Basin area showing the components of the groundwater flow model fluid budget.

	Table 4.4. Groundwater flow model fluid budget for the optimal solution.
	Input
	m3/day
	Acre-ft/year
	cfs
	Fernley Irrigation Recharge
	30,394
	8,999
	Wadsworth Irrigation Recharge
	20,148
	5,965
	Southern Flux
	6,409
	1,898
	Truckee Range Recharge
	961
	285
	Virginia Range Recharge
	987
	292
	Canal Recharge
	33,506
	9,920
	�
	Total:
	92,405
	27,358
	Output
	River Discharge
	32,161
	9,522
	13.1
	Northwest Boundary Discharge
	19,768
	5,853
	Southeast Boundary Discharge
	33,194
	9,828
	Fernley Pumping
	7,189
	2,128
	�
	Total:
	92,312
	27,331
	�
	Difference:
	93
	27
	Relative Error:
	0.1%
	0.1%
	The groundwater budget inputs are dominated by the canal seepage and the Fernley area irrigation ...
	The groundwater model is utilized to determine the fluid flux at model boundaries including the T...
	4.7.3 Parameter Estimation

	The calibration procedure utilized all available hydraulic head data representing current conditi...
	Table 4.5 shows the hydraulic parameters that yielded the optimum results. This parameter set yie...
	Table 4.5. Optimal hydraulic parameters for the groundwater flow model.
	Parameter
	Value
	Units
	River cell hydraulic conductivity
	5
	m/day
	Sand hydraulic conductivity
	1.7
	m/day
	Clay hydraulic conductivity
	0.60
	m/day
	Gravel hydraulic conductivity
	54
	m/day
	Bottom layer hydraulic conductivity
	1
	m/day
	Vertical anisotropy
	0.5
	( )
	The uncertainty analysis provides a measure of the output and input uncertainty as well as the se...
	A similar analysis was performed on the fluid fluxes that makeup the inputs to the water balance ...
	4.7.4 Flow Model Verification

	A relatively new procedure known as mixing cell analysis was utilized to verify the accuracy of t...
	The mixing cell modeling approach applies a concept under which the chemical and isotopic composi...
	To apply the mixing cell model in the Fernley area, all available data on the water chemistry of ...
	The chemical and isotopic groupings were used to identify subregions within the Fernley/ Wadswort...
	The model domain (Figure 4.22) included all the wells bounded by the Truckee River in the west, w...
	The general area where TDS increases in the Truckee River (north of Wadsworth) is coincident with...
	The deeper zones beneath the irrigated area are composed mainly of mixed water from theVirginia R...
	The area represented by the Fernley Utility Pumping wells No.11 and 4 show differentmixture patte...
	A comparison of the flowlines developed from the mixing cell model and the numerical flowmodel in...
	Figure 4.17. Likelihood weights vs. river conductivity.
	Figure 4.18. Likelihood weights vs. vertical anisotropy.
	Figure 4.19. Likelihood weights vs. sand hydraulic conductivity.
	Figure 4.20. Likelihood weights vs. clay hydraulic conductivity.
	Figure 4.21. Likelihood weights vs. gravel hydraulic conductivity.
	Figure 4.22. Cell to cell flow lines as defined by the mixing cell model. The flow rate from each...

	Dodge
	Flat
	Figure 4.23. Advective particle paths as calculated from the groundwater flow model.

	Forty-Mile
	Desert
	Figure 4.24. Location of solute loading on the Truckee River.
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	fmsect5.pdf
	5.0 Geochemistry
	Several hydrogeochemistry studies of the Fernley Basin have been conducted over the past 90 years...
	Since the early 1970s, hydrologic studies of the Fernley Basin and surrounding areas increasingly...
	In their assessment of non-point source pollution on the Pyramid Lake Paiute Indian land, Lebo et...
	Sinclair and Loeltz (1963) analyzed the groundwater conditions in the Fernley/Wadsworth area, and...
	Wateresources Consulting Engineers of Reno provided an extensive compilation of well data and con...
	5.1 Geochemical and Isotopic Data

	Initial data base development relied on a vast body of existing groundwater chemistry from variou...
	Geochemical interpretations in this report relied on 247 data chemistry sets collected specifical...
	5.1.1 Historical Groundwater and Surface Water Chemistry Data

	All available historical data were entered into spreadsheets and merged into a single database. T...
	5.1.2 River Survey, Summer 1998

	On July 23, 1998, a total of 14 river miles were surveyed by boat for electrical conductivity (EC...
	Table 5.1. Number of samples collected and literature data used for this project.
	Samples collected specifically for this project
	Comments
	Domestic wells located south of the Truckee Canal
	8
	Truckee River, monthly sampling
	39
	Samples collected between Wadsworth & Nixon
	Paiute Pit area
	7
	6 Domestic wells, 1 Paiute Pit Aggregate Mine
	Dead Ox Wash area
	12
	8 samples from 4 TMWRF monitoring wells, 4 springs
	Fernley Town Utility Wells
	10
	Deep and shallow TAC Wells
	82
	Domestic Wells, Fernley
	22
	TMWRF Wells
	20
	Canal/Ditch waters
	6
	Truckee Range
	3
	Truckee River survey 1998
	4
	Truckee River survey 2001
	11
	Virginia Range
	2
	Pah Rah Range, western Dodge Flat Basin
	4
	2 samples from monitoring wells, 2 springs
	Duplicate samples collected
	17
	Duplicate samples collected for quality assurance
	Percent of duplicates
	7%
	Total number of samples collected
	247
	Literature Data
	East Fernley Wells
	10
	Data from Rowe et al., 1991 (USGS)
	Fernley Sink
	2
	Data from Rowe et al., 1991 (USGS)
	Geothermal Waters
	3
	Data from Rowe et al., 1991 (USGS) and Garside and Schilling, 1979.
	Dodge Flat
	14
	Data from Katzer et al., 1994.
	Fernley Town Utility Wells
	58
	Data from the files of Fernley Town Utilities
	Total number of current data sets used in this study
	334
	Total number of historical data sets gathered
	394
	Engineering reports, and State Health Lab
	Number of historical data with reliable location data
	87
	Useful data only
	The purpose of this survey was to duplicate the results of Bratberg’s stream EC survey of Decembe...
	5.1.3 Monthly River Sampling

	Given the inconclusive results of the summer 1998 survey, the river was continuously monitored th...
	5.1.4 Low Flow River Survey, April 2001

	In the spring of 2001, due to extreme low-flow conditions in the Truckee River below Derby Dam, a...
	5.1.5 Well Sampling

	A number of domestic wells in the Fernley Town area and the area along Hill Ranch Road (herein af...
	5.1.6 Irrigation Water Sampling

	A number of samples have been collected from several irrigation ditches and from the Truckee Cana...
	5.1.7 Vadose Zone Leachate Sampling

	The hypothesis throughout this project has been that the high TDS groundwaters in the Fernley aqu...
	Figure 5.1. Location of unsaturated zone cores.
	In a preliminary survey, two shallow cores were collected in the summer of 1999. Core VZ-1 was ob...
	Cores VZ-1 and VZ-2 were obtained with a hand auger. Cores 4, 6, 7 and 11 were obtained with a wa...
	Table 5.2. Unsaturated zone cores collected in the Fernley Basin and their depths.
	Core
	Total Depth (m)
	Location
	Comments
	VZ-1
	2.9
	Near shallow TAC well FSW-6
	not irrigated
	VZ-2
	4.4
	Near shallow TAC well FSW-6
	irrigated
	4
	22
	Shallow TAC well FDW-4
	irrigated, flood plain
	6
	8.8
	Shallow TAC well FSW-6
	irrigated
	7
	8.2
	Shallow TAC well FSW-7
	irrigated
	11
	22.6
	Shallow TAC well FSW-11
	not irrigated
	13
	32
	NE corner of section 3, T20N R24E
	not irrigated
	Soluble salt concentrations were measured in the laboratory, after taking subsamples at 12- or 24...
	5.2 Major�Ion Chemistry

	The distribution of high concentrations of major ions in the Fernley Basin provides an indication...
	Groundwater beneath the irrigated area of the Fernley Basin has high bicarbonate concentrations (...
	Chloride concentrations in groundwater beneath the irrigated area are fairly low as compared to o...
	Sulfate concentrations in groundwater beneath the irrigated area are fairly low as compared to ot...
	Figure 5.2. Bicarbonate concentrations in the Fernley Basin.
	Figure 5.3. Chloride concentrations in the Fernley Basin.

	The most dominant cation in the sediments of the Fernley Basin is sodium. Therefore, the distribu...
	5.2.1 Analysis of Historical Groundwater Chemistry Data

	Available historical geochemical data are substantial, however, due to inadequate location data t...
	Nevertheless, in the early phases of this study, these data were relied upon to formulate initial...
	1. Two types of groundwater chemistry end-members characterized groundwater composition in the Fe...
	2. Mixing between high TDS sulfate-chloride water and low TDS bicarbonate water (Truckee River ir...
	Figure 5.4. Sulfate concentrations in the Fernley Basin.
	Figure 5.5. Sodium concentrations in the Fernley Basin.

	3. In some areas, high TDS waters seem to dominate at shallow depths, in other areas not. One set...
	4. Groundwater temperatures are unusually high in the Fernley area, ranging between 16 and 32 deg...
	5. A vertical stratification of groundwater quality can be discerned from these data. Aerial vari...
	6. Some of the historical data also show consistent seasonal variations of TDS, suggesting the im...

	Unfortunately, due to the wide scatter in the data and inadequate location and well depth informa...
	5.3 Stable Isotope Chemistry and Mixing of Waters

	For this study, mixing of different waters in the Fernley Basin has been calculated using the sta...
	The stable isotopes of water, deuterium (2H/1H) and oxygen�18 (18O/16O), are part of the water mo...
	Deuterium and oxygen-18 are expressed with reference to a standard, Vienna Standard Mean Ocean Wa...
	(5.1)
	The deuterium and oxygen�18 composition of native groundwater in the Lower Truckee River Basin re...
	Table 5.3. Isotope values used to calculate native groundwater and irrigation water end-members.
	Native groundwater end member
	Irrigation end-member
	Well
	O-18
	Deuterium
	Date
	O-18
	Deuterium
	FGW-12
	-15.1
	-120.0
	09/02/98
	-11.2
	-89
	FGW-31
	-14.6
	-115
	09/02/98
	-11.3
	-88
	FGW-32
	-15.0
	-115
	05/05/99
	-8.2
	-75
	FGW-33
	-14.8
	-119
	05/05/99
	-9.6
	-78
	FDO-6
	-13.8
	-119.0
	06/02/99
	-11.0
	-83.0
	Hay1
	-14.8
	-124
	06/02/99
	-11.5
	-88.0
	FDO-7
	-14.5
	-124.0
	07/07/99
	-11
	-88
	FGW-13
	-15.6
	-124.0
	07/07/99
	-10
	-82
	Average
	-14.8
	-120.0
	08/04/99
	-9.6
	-76
	Standard Deviation
	0.5
	3.8
	08/04/99
	-9.7
	-78.0
	09/01/99
	-9.9
	-78.0
	09/01/99
	-9.9
	-82
	Average
	-10.0
	-82.0
	Standard Deviation
	0.97
	5.2

	Figure 5.6 shows the two end-member values and values for samples collected from wells in the Fer...
	The proportion of the two end�member waters needed to produce the mixed water can be quantified b...
	(5.2)
	This equation can be used with either d18O or dD to determine the proportion of irrigation water ...
	The calculations that were not within 5% represent evaporation prior to infiltration of irrigatio...
	(5.3)
	where, R = isotope ratio in a diminishing reservoir; R0 = initial isotopic ratio of the reservoir...
	Using this equation, the amount of evaporation of irrigation water prior to infiltration was esti...
	The irrigation water percentage shown in Tables 5.4 and 5.5 indicates that a groundwater mound un...
	The isotopic signature of the irrigation water dominates groundwater in the Fernley Basin. The va...
	Figure 5.6. Distribution of isotopic values from samples in the Fernley Basin plotted with the gl...
	Figure 5.7. Wells for which mixing of irrigation infiltration and native groundwater has been cal...

	Table 5.4. Isotopic mixing calculations for wells sampled in the Fernley Basin based on end-membe...
	Irrigation Water %
	Native Groundwater %
	Oxygen-18
	Deuterium
	End-members
	Irrigation Water
	100
	0
	-10
	[0.97]
	-82
	[5.2]
	Native Groundwater
	0
	100
	-15
	[0.5]
	-120
	[3.8]
	Irrigated Area
	FDW-2
	76
	24
	-11
	-91
	FDW-5
	87
	13
	-11
	-86
	FDW-7
	98
	2
	-10
	-83
	FSW-7
	100
	0
	-10
	-79
	Wells North of the Irrigated area
	FDW-10
	63
	37
	-12
	-95
	FDW-12
	63
	37
	-12
	-96
	FSW-12
	80
	20
	-11
	-89
	FDW-15
	69
	31
	-12
	-93
	FDW-17
	69
	31
	-12
	-94
	FDW-17
	58
	42
	-12
	-98
	FGW-18
	68
	31
	-12
	-94
	Wells South of the Irrigated area
	FGW-11
	83
	17
	-11
	-87
	FUW-4
	55
	45
	-12
	-99
	FUW 13
	9
	91
	-14
	-119
	Wells East of the Irrigated area
	FUW-9a
	42
	58
	-13
	-104
	FUW-9
	58
	42
	-12
	-96
	Wells Influenced by Truckee River
	TJR-1
	89
	11
	-11
	-86
	TPP-1
	71
	29
	-12
	-92
	TBB-4
	72
	28
	-11
	-92
	TBB1
	68
	32
	-12
	-93
	TPL-2
	94
	6
	-10
	-84
	TBB-2
	96
	4
	-11
	-85
	Note: Numbers in brackets indicate the standard deviation for the end-member average

	Using deuterium and oxygen�18 as tracers in the Fernley flow system requires the assumption that ...
	Truckee River water is used for irrigation in the Fernley Basin. In the past, the Truckee River r...
	Figure 5.8. Cross-section locations showing percent of surface water infiltration in the groundwa...

	Since 1937, four reservoirs have been constructed on the upper Truckee River. These reservoirs ar...
	Additional support for the assumption that the isotopic composition of the Truckee River has chan...
	Table 5.5. Isotopic mixing of native groundwater and irrigation water in the Fernley Basin, corre...
	Water Removed
	by Evaporation %
	Irrigation
	Water %
	Native
	Groundwater %
	Oxygen-18
	Deuterium
	End-Members
	Irrigation Water
	5
	100
	0

	-9.2
	-77.9
	Irrigation Water
	7
	100
	0

	-8.9
	-76.3
	Irrigation Water
	10
	100
	0

	-8.4
	-73.7
	Irrigation Water
	15
	100
	0

	-7.4
	-69.3
	Irrigation Water
	20
	100
	0

	-6.5
	-64.6
	Irrigation Water
	40
	100
	0

	-1.9
	-42.4
	Native Groundwater
	0
	100

	-14.7 [0.5]
	-120.0 [3.8]
	Irrigated Area
	FDW-4
	7
	71
	29

	-11
	-89
	FSW-6
	5
	70
	30

	-11
	-90
	Wells North of the Irrigated area
	FSW-10
	40
	26
	74

	-11
	-99
	FDW-11
	7
	41
	59

	-12
	-102
	FSW-11
	10
	63
	37

	-11
	-91
	FDW-14
	15
	51
	49

	-11
	-94
	FDW-16
	5
	73
	27

	-11
	-93
	Wells South of the Irrigated area
	FDW-1
	20
	13
	87

	-14
	-114
	FUW-11
	5
	75
	25

	-11
	-88
	Wells East of the Irrigated area
	FDW-9
	20
	44
	56

	-11
	-96
	FDW-8
	7
	55
	45

	-12
	-96
	Note: Numbers in brackets indicate the standard deviation for the end member average

	member deuterium value calculated in this study. Therefore, deuterium values in the lower Truckee...
	Figure 5.9. Cross sections showing percentages of surface water infiltration in the groundwater. ...
	5.4 Geochemical Processes

	The chemistry of groundwater in the Fernley Basin aquifers results from dissolution of salts and ...
	5.4.1 Unsaturated Zone Geochemistry

	As noted earlier in section 5.1 of this report, cores were taken of the unsaturated zone sediment...
	Figure 5.10. Fernley Basin, TDS with depth for soil cores VZ-1, VZ-2, 4, 6, 7, 11, and 13. Core l...

	The differences in kg solute concentrations (TDS) between sediments from irrigated and non-irriga...
	In shallow cores VZ-1 and VZ-2 (non-irrigated and irrigated, respectively), the major difference ...
	Table 5.6. Average solute load per increment volume, Fernley Basin, Nevada.
	Load per foot per sq-meter
	Depth (m)
	TDS (kg)
	SO4
	(kg)
	Cl
	(kg)
	NO3
	(kg)
	SO4/Cl
	Core-11

	22.9
	0.309
	0.169
	0.009
	0.0002
	17.6
	Core-13

	32.6
	0.563
	0.331
	0.015
	0.0014
	21.6
	Core-4

	22.3
	0.020
	0.006
	0.001
	nd
	4.3
	Core-6

	9.1
	0.025
	0.003
	0.001
	nd
	2.1
	Core-7

	8.5
	0.026
	0.003
	0.002
	nd
	1.7
	* VZ-1

	1
	4.658
	3.150
	0.573
	0.0000
	5.5
	VZ-2

	4.4
	0.032
	0.011
	0.002
	0.0002
	5.7
	* Only the chemistry of the top 1 meter of VZ-1 is presented in this table, because the upper met...
	In the Fernley aquifer system, chloride and sulfate are the primary anions of interest. Figure 5....
	The primary cations in the basin are calcium, magnesium and sodium. Figure 5.12 shows the distrib...
	Figure 5.11. Sulfate and chloride profiles for cores 11 and 13 from the non-irrigated areas.
	Figure 5.12. Calcium, magnesium, and sodium profiles for cores 11 and 13 from the non-irrigated a...

	The coring results suggest that the unsaturated zone contains high concentrations of water- solub...
	Figure 5.13. Sulfate-to-chloride ratios with depth, soil cores 4, 6, 7, 11, and 13 in the Fernley...
	Figure 5.14. Chloride and sulfur isotopes for sediment, groundwater, and surface water samples.
	5.4.2 Chloride and Sulfur Isotopes

	Isotopes of chloride-37 and sulfur-34 were collected in the Fernley Basin from sediment, groundwa...
	5.4.3 Summary of Geochemical Processes
	1. There are significant amounts of water-soluble salts in the unsaturated zone. The sulfate-to-c...
	2. There are significant differences in the amounts of solutes between irrigated and non- irrigat...

	5.5 Groundwater Salt Loading to the Truckee River
	5.5.1 Loading Analysis using Historical Data


	The lower Truckee River is a gaining stream between the stream flow gages at Wadsworth and Nixon ...
	This loading analysis will focus on the sulfate, chloride and TDS concentrations in the lower Tru...
	The distribution of TDS values sampled at Wadsworth and Nixon is shown in Figure 5.15. Wadsworth ...
	Groundwater gains to the lower Truckee River are a function of flow in the river. However, the re...
	Figure 5.15. Distribution of TDS values for samples collected at the Wadsworth and Nixon USGS gag...
	Figure 5.16. Total dissolved solids concentration in the lower Truckee River at various flows for...
	Figure 5.17. Chloride concentration at various flows at Wadsworth and Nixon. Data are from 1973 t...
	Figure 5.18. Sulfate concentrations at various flows at Wadsworth and Nixon. Data are from 1985 t...

	At high flows, some reaches of the river lose water to the aquifer, while other reaches gain wate...
	The mass flux of any given solute to the river can be calculated by from the difference between t...
	Fmass = (Qo�x�Co�x�K)-(Qi�x�Ci�x�K) = Mass/time
	where Fmass is solute mass flux
	Qo is the flow at Nixon
	Qi is the flow at Wadsworth
	Co is the concentration of some conservative ion at Nixon
	Ci is the concentration of some conservative ion at Wadsworth
	K is a conversion factor to cancel out units of volume.
	Figure 5.19 shows the TDS flux between Wadsworth and Nixon for the period 1973 to 2001. The value...
	The data set was then further restricted to only the months when there would be no surface water ...
	Figure 5.19. Flux of TDS between Wadsworth and Nixon from 1973 to 2001. Values for 2000 to 2001 w...
	Figure 5.20. Flux of chloride between Wadsworth and Nixon from 1973 to 2001. Data restricted to f...
	Figure 5.21. Flux of chloride between Wadsworth and Nixon from 1973 to 2001. Data restricted to f...
	Figure 5.22. Flux of sulfate between Wadsworth and Nixon from 1985 to 2001 (sulfate data are not ...
	Figure 5.23. Flux of chloride between Wadsworth and Nixon, November thru February 1973-2001.
	Figure 5.24. Flux of sulfate between Wadsworth and Nixon, November thru February 1985-2001.
	5.5.2 Low-flow Survey

	TDS in the lower Truckee River increases as the river flows past the Fernley Farm District and De...
	Water flowing from springs in Dead Ox Meadows likely originates as recharge to the adjacent Truck...
	Groundwater in the Fernley area that moves into the lower Truckee River is difficult to character...
	On April 9, 2001, a low-flow survey was conducted on the lower Truckee River. Flows recorded at W...
	David Bratberg conducted a similar low-flow water quality survey for his Master’s thesis (Bratber...
	5.5.3 April 2001 Low-flow Survey

	Data for the DRI April 2001 low-flow survey and sampling locations are presented in Table 5.7 and...
	Table 5.7. Concentration of ions (mg/L) in the lower Truckee River sampled during low flows in th...
	Sample
	Miles below
	Vista gage
	EC
	pH
	HCO3
	Cl
	SO4
	Na
	K
	Ca
	Mg
	TDS
	A-1

	22
	215
	7.97
	86
	15.3
	16.3
	19.2
	3.1
	16.4
	5.93
	140
	A-6

	30
	229
	8.21
	96
	15.9
	18.1
	20.2
	3.2
	17.7
	6.43
	147
	A-7

	31
	283
	8.23
	105
	17.8
	34.7
	23.9
	3.4
	22.3
	8.31
	189
	A-8

	32
	287
	8.22
	104
	18.0
	35.4
	24.0
	3.5
	22.6
	8.41
	184
	A-9

	34.2
	392
	7.99
	110
	38.8
	51.0
	36.2
	4.3
	27.9
	11.0
	240
	A-12

	37
	394
	8.11
	112
	38.0
	52.0
	36.7
	4.3
	27.9
	11.2
	248
	1-B

	38
	394
	7.91
	114
	38.3
	51.8
	36.0
	4.3
	28.2
	10.8
	249
	A-13

	39
	437
	8.05
	114
	51.9
	52.9
	43.1
	4.6
	29.2
	11.5
	270
	3-B

	39
	436
	7.96
	115
	50.6
	52.9
	41.5
	5.3
	29.5
	11.5
	272
	10-B

	42
	559
	8.04
	113
	92.0
	56.0
	61.9
	5.8
	32.1
	13.2
	342
	6-B

	44
	555
	8.12
	114
	91.6
	55.9
	60.8
	5.7
	32.5
	13.2
	343
	Two ions can be used to discriminate between the two loading sources, sulfate and chloride. The m...
	There is a small increase in the amount of chloride in the river between 29.5 and 31.5 miles down...
	5.5.4 Comparison of the Bratberg 1979 and April 2001 Low-flow Surveys

	A comparison between the 1979 low-flow survey (Bratberg, 1980) and April 2001 survey (this study)...
	Figure 5.25. Location of samples collected during the April 9, 2001, low-flow survey and Bratberg...

	Table 5.8. Flux of ions (g/sec) in the lower Truckee River sampled during low flows (given in cfs...
	Sample
	Flow est.
	HCO3
	Cl
	SO4
	Na
	K
	Ca
	Mg
	TDS
	A-1

	42
	102
	18.2
	19.4
	22.8
	3.6
	19.5
	7.1
	167
	A-6

	42
	114
	18.9
	21.5
	24.0
	3.8
	21.1
	7.6
	175
	A-7

	42.5
	126
	21.4
	41.8
	28.8
	4.1
	26.8
	10.0
	227
	A-8

	43
	127
	21.9
	43.1
	29.2
	4.2
	27.5
	10.2
	224
	A-9

	43.5
	136
	47.8
	62.8
	44.6
	5.3
	34.4
	13.6
	296
	A-12

	44
	140
	47.4
	64.8
	45.7
	5.3
	34.8
	14.0
	309
	1-B

	44
	142
	47.7
	64.5
	44.9
	5.3
	35.1
	13.5
	310
	A-13

	44.5
	144
	65.4
	66.7
	54.3
	5.8
	36.8
	14.5
	340
	3-B

	44.5
	145
	63.8
	66.7
	52.3
	6.6
	37.2
	14.5
	343
	10-B

	45
	144
	117.2
	71.4
	78.9
	7.4
	40.9
	16.8
	436
	6-B

	45
	145
	116.7
	71.2
	77.5
	7.3
	41.4
	16.8
	437
	Figure 5.26. Increase in flux of TDS (g/sec) with distance downstream.
	Figure 5.27. Increase in flux of sulfate (g/sec) with distance downstream from Vista.
	Figure 5.28. Increase in flux of chloride (g/sec) with distance downstream from Vista.

	concentration in the river is plotted on the left of the figure, which is different between the t...
	The December 1979 survey shows an increase in TDS of 428 g/sec (81,525 lbs/day) as the lower Truc...
	A comparison of the sulfate data from the two sampling events shows that the loading of sulfate t...
	There may be a number of reasons for the decreased loading to the river noted by these two low-fl...
	Figure 5.29. Comparison of flux of TDS (A), sulfate (B), and chloride (C) between 1979 and 2001 l...

	Table 5.9. Flux of ions (g/sec) in the lower Truckee River sampled during low flows (given in cfs...
	Location
	Flow
	HCO3
	Cl
	SO4
	Na
	K
	Ca
	Mg
	TDS
	Tracy

	16
	41
	7
	8
	9
	1
	7
	3
	85
	Derby Dam

	16
	52
	7
	10
	10
	2
	10
	4
	106
	Wadsworth

	19
	70
	10
	19
	16
	2
	14
	5
	144
	S-S Ranch

	31
	125
	51
	91
	46
	4
	39
	16
	388
	Nixon Bridge

	35
	143
	115
	99
	83
	6
	48
	20
	534
	Table 5.10. Concentration of ions (mg/L) in the lower Truckee River sampled during low flows in t...
	Location
	HCO3
	Cl
	SO4
	Na
	K
	Ca
	Mg
	TDS
	Tracy

	90
	15
	17
	20
	3
	16
	6
	187
	Derby Dam

	115
	16
	22
	22
	4
	22
	9
	233
	Wadsworth

	130
	18
	36
	30
	4
	26
	9
	267
	S-S Ranch

	143
	58
	104
	53
	5
	45
	18
	445
	Nixon Bridge

	144
	116
	100
	84
	6
	48
	20
	539
	irrigated area of Fernley. Additionally, the 1979 survey was during the winter months and the 200...
	There may be a number of reasons for the decreased loading to the river noted by these two low-fl...
	5.5.5 Historical Average Loading Estimates

	As previously mentioned, there are four sources of groundwater salt loading to the lower Truckee ...
	Table 5.11.
	Item #
	Methodology
	Region #1
	Increase in TDS
	Flux (g/sec)
	Region #2
	Increase in TDS
	Flux (g/sec)
	Total TDS
	Flux (g/sec)
	Groundwater Inflow (cfs)
	1
	"Bratberg, 19801"
	282
	146
	428
	16
	2
	"DRI April, 20012"
	143
	140
	283
	3
	3
	Southern Flux Native
	Groundwater3
	21
	0
	21
	1
	4
	"Dodge Flat Flux from
	Bratberg, 19804"
	34
	0
	34
	2
	5
	1973 - 2000 Truckee
	River Average5
	n/a
	n/a
	454
	variable
	6
	Infiltrated Irrigation Water6
	42
	0
	42
	12
	7
	Leached Vadose Zone
	Salts (1973 - 2000)7
	238
	0
	238
	variable
	8
	1990 - 2001
	Truckee River Average8
	n/a
	n/a
	389
	variable
	9
	Leached Vadose
	Zone Salts (1990 - 2001)7
	173
	0
	173
	variable
	1Based soley on the Bratberg low flow survey on the Truckee River in December, 1979. Region #1 is...
	2Based soley on the DRI low flow survey on the Truckee River in April, 2001. Region #1 is based o...
	3Assumes 50% of the southern flux flows toward the Truckee River. Analysis based on average TDS c...
	4Assumes 1.9 cfs entering in Region #1 from Dodge Flat with an average TDS concenration of 631 mg/l.
	5Estimate based on monthly Truckee River samples taken by DRI and TRWRF between Wadsworth and Nix...
	6Estimate based on an average irrigation water TDS concentration of 120 mg/l and irrigation infil...
	7Estimate determined from the total of Item #5 minus the Dead-Ox component (140 g/sec), Dodget Fl...
	8Estimate based on monthly Truckee River samples taken by DRI and TRWRF between Wadsworth and Nix...
	9Estimate determined from the total of Item #8 minus the Dead-Ox component (140 g/sec), Dodget Fl...
	Estimates of groundwater recharge to the southern Fernley Basin (native groundwater) range from 1...
	In David Bratberg’s thesis (1980), he estimated that groundwater flow from western Dodge Flat to ...
	Groundwater inflow to the lower Truckee River from Dead Ox Meadows is another source of salt load...
	Now that these background sources of salt loading to the Truckee River have been estimated, it is...
	Estimates of groundwater inflow between Wadsworth and Nixon are about 11,000 af/yr (Bratberg, 198...
	The average TDS flux from all groundwater sources to the lower Truckee River between Wadsworth an...
	Finally, the low-flow survey conducted in April 2001 estimated a 283 g/sec (53,906 lbs/day) incre...
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	6.0 Solute Transport Model
	6.1 Conceptual Model
	The analysis of the hydraulic and geochemical data led to a series of hypothesis on the previous ...
	Figure 6.1 suggests a timeline for the occurrence of the major processes controlling solute trans...
	Figure 6.1. Timeline for the occurrence of the major processes controlling solute transport in th...

	The large amount of water being applied to the fields most likely caused rapid removal of the sal...
	The order-of-magnitude increase in groundwater recharge attributed to irrigation practices caused...
	The rapid dissolution and advective fluxes from the irrigated area toward the Truckee River cause...
	The TDS loading in the Truckee River doesn’t stop completely after the removal of salts beneath t...
	The solute transport model is constructed to determine the future migration of solutes. The model...
	6.2 Numerical Model

	The MT3DMS model has been selected to simulate the movement of TDS in the Fernley area. The flow ...
	Three basic processes occur to move solutes through a porous medium. First, advection is the proc...
	7. Variable velocity within the pores.
	8. Variable pathline lengths due to larger scale heterogeneity.
	9. Fluid that travels through larger pores will travel faster than fluid moving in smaller pores....

	The advection/dispersion equation (6-1) governs the movement of solutes within the aquifer system.
	(6.1)
	where Ck is the dissolved concentration of species k, ML-3; is the porosity of the subsurface med...
	For the purposes of this study, only a subset of the processes listed in equation (6.1) will be u...
	Solving equation (6.1) has been notoriously difficult and MT3DMS offers several solution schemes,...
	Boundary conditions are necessary to solve the governing transport equation. Mirroring the hydrod...
	Figure 6.2. Boundary conditions for solute transport model concentration of TDS (mg/L) for source...
	6.3 Initial Conditions

	For the solute transport model, concentrations of TDS are needed at all grid points (number?). Ho...
	(6.2)
	where d is the depth of measurement (skin depth), ra is the apparent resistivity and ¶ is the fre...
	Resistivity was estimated at specific well locations where TDS was measured in order to establish...
	Figure 6.3. Location of model grid points and TDS measurements.
	Figure 6.4. Semivariogram for resistivities at frequencies of 56K Hz, 7200 Hz, and 900 Hz.
	Figure 6.5. Algorithm to estimate resistivities at TDS measurement locations and model grid points.

	The TDS values are estimated using standardized ordinary collocated co-kriging described by Deuts...
	The normalized TDS is plotted against the normalized resistivities for the 56 points with both TD...
	There is only six locations where shallow and deep TDS measurements are available to assess the v...
	Results from kriging using no resistivity measurements (Figure 6.7) and co-kriging (Figure 6.8) a...
	6.4 Calibration/Uncertainty Analysis

	The purpose of the calibration process is to adjust the model parameters such that a reasonable l...
	Figure 6.6. Resistivities estimated at model grid points for three layers at 1,190m, 1,210m and 1...

	resolution data to properly calibrate/verify the model. The Washoe County Regional Water Planning...
	6.5 Transport Model Results

	The groundwater transport model was used to predict TDS migration from present conditions (2001) ...
	The simulated TDS migration under current conditions was performed within a Monte Carlo framework...
	To quantify the uncertainty of the predicted TDS flux a total of 1,100 realizations of the flow m...
	The fluid management scenarios utilize the hydraulic parameters that are described in Table 4.5 a...
	6.5.1 Current Condition Scenario

	The transport results focus on the TDS flux to the Truckee River and the spatial distribution of ...
	Figure 6.7. Normalized resistivity verses normalized TDS at TDS measurement locations.
	Figure 6.8. Semivariograms and cross semivariogram for normalized TDS and normalized negative res...
	Figure 6.9. TDS estimates at model grid points using kriging of TDS measurements for three layers...
	Figure 6.10. TDS estimates at model grid points using co-kriging of TDS measurements and resistiv...
	Figure 6.11. Difference of TDS estimates at model grid points using kriging and co-kriging.

	the transport analysis, to assess the uncertainty in the TDS flux predictions. The optimal determ...
	Figure 6.12 shows the predicted TDS flux versus time over the 50-year prediction period. The geom...
	Figure 6.13 shows the distribution of TDS flux during the first year of the simulation. Therefore...
	The predicted TDS fluxes are in excellent agreement with those calculated in sections 5.5.3 - 5.5...
	The predicted distribution of TDS concentration at an elevation of 1,215 m is shown in Figures 6....
	Figure 6.12. Distribution of TDS flux during the first year of the simulation.
	Figure 6.13. Predicted TDS concentration at 0 years.
	6.5.2 Predictive Scenarios of Water Management Options

	The groundwater flow and transport model is used to ascertain potential changes to the TDS loadin...
	Table 6.1. Description of the management alternatives used in the predictive simulations to deter...
	Simulation Number
	Truckee Canal Seepage
	Eastern Recharge
	Western Recharge
	City of Fernley Pumping
	Hydraulic Remediation
	1

	100
	100
	100
	100
	No
	2

	50
	100
	100
	100
	No
	3

	0
	100
	100
	100
	No
	4

	100
	50
	50
	100
	No
	5

	50
	50
	50
	100
	No
	6

	0
	50
	50
	100
	No
	7

	100
	0
	0
	100
	No
	8

	50
	0
	0
	100
	No
	9

	0
	0
	0
	100
	No
	10

	100
	100
	0
	100
	No
	11

	50
	100
	0
	100
	No
	12

	0
	100
	0
	100
	No
	13

	100
	100
	100
	125
	No
	14

	100
	100
	100
	150
	No
	15

	100
	100
	100
	175
	No
	16

	100
	100
	100
	200
	No
	17

	100
	100
	100
	100
	Yes
	The City of Fernley is a growing community and as such may require additional water supplies. To ...
	The final alternative that was simulated includes the installation of ten wells in the Forty Mile...
	Figure 6.14. Predicted TDS concentration at 0 years.
	Figure 6.15. Predicted TDS concentration at 10 years.
	Figure 6.16. Predicted TDS concentration at 20 years.
	Figure 6.17. Predicted TDS concentration at 30 years.
	Figure 6.18. Predicted TDS concentration at 40 years.
	Figure 6.19. Predicted TDS concentration at 50 years.

	Table 6.2 shows the value of the TDS flux (Flux50) at 50 years from the present (2051). Alternati...
	Table 6.2.
	Alternative
	Truckee Canal
	Seepage
	Eastern
	Recharge
	Western
	Recharge
	City of
	Fernley
	Pumping
	Hydraulic
	Remediation
	TDS Flux
	(2051)
	(g/sec)
	TDS Flux
	(2051)
	(lbs/day)
	1
	100
	100
	100
	100
	No
	180
	34206
	2
	50
	100
	100
	100
	No
	124
	23665
	3
	0
	100
	100
	100
	No
	102
	19356
	4
	100
	50
	50
	100
	No
	85
	16213
	5
	50
	50
	50
	100
	No
	69
	13128
	6
	0
	50
	50
	100
	No
	59
	11175
	7
	100
	0
	0
	100
	No
	40
	7611
	8
	50
	0
	0
	100
	No
	32
	6039
	9
	0
	0
	0
	100
	No
	25
	4724
	10
	100
	100
	0
	100
	No
	128
	24407
	11
	50
	100
	0
	100
	No
	103
	19652
	12
	0
	100
	0
	100
	No
	90
	17235
	13
	100
	100
	100
	125
	No
	147
	28001
	14
	100
	100
	100
	150
	No
	144
	27436
	15
	100
	100
	100
	175
	No
	141
	26913
	16
	100
	100
	100
	200
	No
	139
	26443
	17
	100
	100
	100
	100
	Yes
	121
	23029
	Management alternatives 4 – 6 show the impact of combined decreases in canal seepage and irrigati...
	Management alternatives 7 - 9 represent the impact of complete removal of irrigation recharge. Th...
	Management alternatives 10 – 12 investigate the impact of combined fluid flux reductions of the c...
	The final management alternative is to install a hydraulic remediation program to essentially pum...
	7.0 Summary/Conclusions
	7.1 Summary

	In an effort to understand the causes of the current TDS loading to the Truckee River between the...
	1. Drilling program: This effort was undertaken to further characterize the hydraulic and geochem...
	2. Geophysical logging and analysis: Airborne and borehole geophysics were used to aid in the int...
	3. Groundwater flow modeling: A numerical groundwater flow model was constructed as a method to i...
	4. Geochemical analysis: The analysis of the geochemical processes is critical for the understand...
	5. Solute transport modeling: The results of the flow modeling and TDS distribution are used with...
	6. Uncertainty analysis: The uncertainty analysis provides a methodology to quantify the predicti...

	The drilling program provided a wealth of data to describe the subsurface hydraulic and geochemic...
	The geophysical logging and analysis provided high resolution information, which proved to be inv...
	The groundwater flow model incorporates all geologic and hydraulic information such that advectiv...
	The groundwater flow model is in reasonable agreement with the observed hydraulic heads. The opti...
	The groundwater budget as determined from the optimal flow model inputs is dominated by the canal...
	A comparison of the flowpaths inferred from the mixing cell model and the numerical flow model in...
	The geochemical interpretations in this report are based on a total of 334 chemical analyses, of ...
	Analysis of major-ion chemistry shows that high TDS sulfate and chloride native groundwater south...
	Groundwater in the Fernley Basin is a mixture of high TDS native groundwater (south of the irriga...
	Geochemical processes in the Fernley Basin are, at least historically, dominated by the dissoluti...
	Analysis of historical data from the Wadsworth and Nixon USGS gages indicates that salt loading i...
	The independent estimates of TDS loading to the Truckee River (exclusive of Dead Ox Meadows contr...
	The initial conditions show that the largest TDS concentrations are near the center of the Forty ...
	Table 6.2 shows the value of the TDS flux (Flux50) at 50 years from the present (2051). Alternati...
	Management alternatives 4 – 6 show the impact of combined decreases in canal seepage and irrigati...
	Management alternatives 7 - 9 represent the impact of complete removal of irrigation recharge. Th...
	Management alternatives 10 – 12 investigate the impact of combined fluid flux reductions of the c...
	The final management alternative is to install a hydraulic remediation program to essentially pum...
	7.2 Conclusions
	1. The largest sources of groundwater in the Fernley area include 33,506 and 30,394 m3/ day for T...
	2. The largest groundwater outflows in the region include 33,194 m3/day (9,822 Acre-ft/ year) alo...
	3. Fluid that originates in the Fernley area has two potential migration paths, (1) north toward ...
	4. The flow model is in agreement with the independent loading analysis and mixing cell modeling ...
	5. High TDS sodium-sulfate groundwaters in the Fernley Basin result primarily from infiltration o...
	6. An estimate of the average TDS flux to the Truckee River from groundwater inflow between Wadsw...
	7. The solute transport model predicts a current TDS flux (exclusive of Dead Ox Meadows) of 175 g...
	8. Individual model realizations show a potential decrease in the TDS loading initially, and then...
	9. The highest TDS concentrations are located in the Forty Mile Desert and evolve in response to ...
	10. Combined decreases in irrigation recharge and Truckee Canal seepage lead to the most signific...
	11. There appears to be little advantage in removing the irrigation recharge in the western porti...
	12. Increased pumping (up to 200 percent of current conditions) in the Fernley area for municipal...
	13. Interestingly, forced hydraulic remediation via pumping in the Forty Mile Desert has a relati...
	8.0 Recommendations


	The characterization activities significantly reduced the uncertainty in the assessment of the TD...
	1. Additional sampling of fluid in the Forty Mile Desert is recommended. The majority of the salt...
	2. An additional low-flow survey (less than 100 cfs) in the Fall months would be helpful to confi...
	3. Additional characterization may highlight the importance of transient effects. The steady-stat...
	4. Additional characterization of the impact of faults on flow patterns would be helpful.The Walk...
	5. Additional deep boreholes, especially in the center of the basin, would be helpful to verify t...
	6. Further refinement in the water balance will serve to decrease the non-uniqueness found in the...
	7. Additional drilling along the margins of the Truckee Range would be helpful to further charact...
	8. Additional characterization of the potential sources for this high TDS fluid would be benefici...
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	Figure 3.2. Fernley area surficial geologic map.
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	Table 4.6. The relatieve flow from each contributing source or cell to each of the receiving cell...
	Contributing Source or Cell
	Receiving Cell
	West
	Southwest
	South
	Southeast
	Irrigation
	Irrigation salty
	Forty Mile Desert
	Truckee Range
	Truckee
	River
	Truckee Canal
	10d
	11d
	12d
	14d
	4d
	5d
	6d
	7d
	fdo10
	fdo8
	fgw39
	fgw40
	fgw41
	fgw42
	fgw43
	fgw44
	bb5 Average
	15d Average
	�
	15.14
	�
	�
	�
	�
	0.15
	�
	�
	�
	8.38
	�
	�
	57.53
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	11d
	�
	0.80
	2.10
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	12d
	�
	6.20
	1.60
	�
	�
	�
	�
	�
	�
	�
	�
	3.35
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	14d
	�
	�
	�
	�
	6.64
	�
	�
	�
	�
	�
	34.34
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	4d
	�
	�
	�
	�
	3.80
	�
	�
	�
	�
	1.70
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	0.80
	�
	�
	�
	�
	�
	5d
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	2.72
	�
	5.25
	�
	�
	�
	�
	�
	�
	�
	6d
	0.10
	�
	�
	�
	�
	�
	�
	�
	�
	0.20
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	0.10
	�
	�
	�
	�
	7d
	�
	�
	�
	�
	3.40
	�
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	�
	�
	�
	�
	�
	�
	�
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	�
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	�
	�
	�
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	�
	�
	�
	�
	0.80
	�
	�
	�
	�
	�
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	�
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	�
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	�
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	�
	�
	�
	�
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	�
	�
	�
	�
	�
	13.50
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	�
	36.02
	44.73
	fgw39
	�
	�
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	�
	�
	�
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	The analysis of the hydraulic and geochemical data led to a series of hypothesis on the previous ...
	Figure 6.1 suggests a timeline for the occurrence of the major processes controlling solute trans...
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	The large amount of water being applied to the fields most likely caused rapid removal of the sal...
	The order-of-magnitude increase in groundwater recharge attributed to irrigation practices caused...
	The rapid dissolution and advective fluxes from the irrigated area toward the Truckee River cause...
	The TDS loading in the Truckee River doesn’t stop completely after the removal of salts beneath t...
	The solute transport model is constructed to determine the future migration of solutes. The model...
	6.2 Numerical Model

	The MT3DMS model has been selected to simulate the movement of TDS in the Fernley area. The flow ...
	Three basic processes occur to move solutes through a porous medium. First, advection is the proc...
	7. Variable velocity within the pores.
	8. Variable pathline lengths due to larger scale heterogeneity.
	9. Fluid that travels through larger pores will travel faster than fluid moving in smaller pores....

	The advection/dispersion equation (6-1) governs the movement of solutes within the aquifer system.
	(6.1)
	where Ck is the dissolved concentration of species k, ML-3; is the porosity of the subsurface med...
	For the purposes of this study, only a subset of the processes listed in equation (6.1) will be u...
	Solving equation (6.1) has been notoriously difficult and MT3DMS offers several solution schemes,...
	Boundary conditions are necessary to solve the governing transport equation. Mirroring the hydrod...
	Figure 6.2. Boundary conditions for solute transport model concentration of TDS (mg/L) for source...
	6.3 Initial Conditions

	For the solute transport model, concentrations of TDS are needed at all grid points (number?). Ho...
	(6.2)
	where d is the depth of measurement (skin depth), ra is the apparent resistivity and ¶ is the fre...
	Resistivity was estimated at specific well locations where TDS was measured in order to establish...
	Figure 6.3. Location of model grid points and TDS measurements.
	Figure 6.4. Semivariogram for resistivities at frequencies of 56K Hz, 7200 Hz, and 900 Hz.
	Figure 6.5. Algorithm to estimate resistivities at TDS measurement locations and model grid points.

	The TDS values are estimated using standardized ordinary collocated co-kriging described by Deuts...
	The normalized TDS is plotted against the normalized resistivities for the 56 points with both TD...
	There is only six locations where shallow and deep TDS measurements are available to assess the v...
	Results from kriging using no resistivity measurements (Figure 6.7) and co-kriging (Figure 6.8) a...
	6.4 Calibration/Uncertainty Analysis

	The purpose of the calibration process is to adjust the model parameters such that a reasonable l...
	Figure 6.6. Resistivities estimated at model grid points for three layers at 1,190m, 1,210m and 1...

	resolution data to properly calibrate/verify the model. The Washoe County Regional Water Planning...
	6.5 Transport Model Results

	The groundwater transport model was used to predict TDS migration from present conditions (2001) ...
	The simulated TDS migration under current conditions was performed within a Monte Carlo framework...
	To quantify the uncertainty of the predicted TDS flux a total of 1,100 realizations of the flow m...
	The fluid management scenarios utilize the hydraulic parameters that are described in Table 4.5 a...
	6.5.1 Current Condition Scenario

	The transport results focus on the TDS flux to the Truckee River and the spatial distribution of ...
	Figure 6.7. Normalized resistivity verses normalized TDS at TDS measurement locations.
	Figure 6.8. Semivariograms and cross semivariogram for normalized TDS and normalized negative res...
	Figure 6.9. TDS estimates at model grid points using kriging of TDS measurements for three layers...
	Figure 6.10. TDS estimates at model grid points using co-kriging of TDS measurements and resistiv...
	Figure 6.11. Difference of TDS estimates at model grid points using kriging and co-kriging.

	the transport analysis, to assess the uncertainty in the TDS flux predictions. The optimal determ...
	Figure 6.12 shows the predicted TDS flux versus time over the 50-year prediction period. The geom...
	Figure 6.13 shows the distribution of TDS flux during the first year of the simulation. Therefore...
	The predicted TDS fluxes are in excellent agreement with those calculated in sections 5.5.3 - 5.5...
	The predicted distribution of TDS concentration at an elevation of 1,215 m is shown in Figures 6....
	Figure 6.12. Distribution of TDS flux during the first year of the simulation.
	Figure 6.13. Predicted TDS concentration at 0 years.
	6.5.2 Predictive Scenarios of Water Management Options

	The groundwater flow and transport model is used to ascertain potential changes to the TDS loadin...
	Table 6.1. Description of the management alternatives used in the predictive simulations to deter...
	Simulation Number
	Truckee Canal Seepage
	Eastern Recharge
	Western Recharge
	City of Fernley Pumping
	Hydraulic Remediation
	1

	100
	100
	100
	100
	No
	2

	50
	100
	100
	100
	No
	3

	0
	100
	100
	100
	No
	4

	100
	50
	50
	100
	No
	5

	50
	50
	50
	100
	No
	6

	0
	50
	50
	100
	No
	7

	100
	0
	0
	100
	No
	8

	50
	0
	0
	100
	No
	9

	0
	0
	0
	100
	No
	10

	100
	100
	0
	100
	No
	11

	50
	100
	0
	100
	No
	12

	0
	100
	0
	100
	No
	13

	100
	100
	100
	125
	No
	14

	100
	100
	100
	150
	No
	15

	100
	100
	100
	175
	No
	16

	100
	100
	100
	200
	No
	17

	100
	100
	100
	100
	Yes
	The City of Fernley is a growing community and as such may require additional water supplies. To ...
	The final alternative that was simulated includes the installation of ten wells in the Forty Mile...
	Figure 6.14. Predicted TDS concentration at 0 years.
	Figure 6.15. Predicted TDS concentration at 10 years.
	Figure 6.16. Predicted TDS concentration at 20 years.
	Figure 6.17. Predicted TDS concentration at 30 years.
	Figure 6.18. Predicted TDS concentration at 40 years.
	Figure 6.19. Predicted TDS concentration at 50 years.

	Table 6.2 shows the value of the TDS flux (Flux50) at 50 years from the present (2051). Alternati...
	Table 6.2.
	Alternative
	Truckee Canal
	Seepage
	Eastern
	Recharge
	Western
	Recharge
	City of
	Fernley
	Pumping
	Hydraulic
	Remediation
	TDS Flux
	(2051)
	(g/sec)
	TDS Flux
	(2051)
	(lbs/day)
	1
	100
	100
	100
	100
	No
	180
	34206
	2
	50
	100
	100
	100
	No
	124
	23665
	3
	0
	100
	100
	100
	No
	102
	19356
	4
	100
	50
	50
	100
	No
	85
	16213
	5
	50
	50
	50
	100
	No
	69
	13128
	6
	0
	50
	50
	100
	No
	59
	11175
	7
	100
	0
	0
	100
	No
	40
	7611
	8
	50
	0
	0
	100
	No
	32
	6039
	9
	0
	0
	0
	100
	No
	25
	4724
	10
	100
	100
	0
	100
	No
	128
	24407
	11
	50
	100
	0
	100
	No
	103
	19652
	12
	0
	100
	0
	100
	No
	90
	17235
	13
	100
	100
	100
	125
	No
	147
	28001
	14
	100
	100
	100
	150
	No
	144
	27436
	15
	100
	100
	100
	175
	No
	141
	26913
	16
	100
	100
	100
	200
	No
	139
	26443
	17
	100
	100
	100
	100
	Yes
	121
	23029
	Management alternatives 4 – 6 show the impact of combined decreases in canal seepage and irrigati...
	Management alternatives 7 - 9 represent the impact of complete removal of irrigation recharge. Th...
	Management alternatives 10 – 12 investigate the impact of combined fluid flux reductions of the c...
	The final management alternative is to install a hydraulic remediation program to essentially pum...
	7.0 Summary/Conclusions
	7.1 Summary

	In an effort to understand the causes of the current TDS loading to the Truckee River between the...
	1. Drilling program: This effort was undertaken to further characterize the hydraulic and geochem...
	2. Geophysical logging and analysis: Airborne and borehole geophysics were used to aid in the int...
	3. Groundwater flow modeling: A numerical groundwater flow model was constructed as a method to i...
	4. Geochemical analysis: The analysis of the geochemical processes is critical for the understand...
	5. Solute transport modeling: The results of the flow modeling and TDS distribution are used with...
	6. Uncertainty analysis: The uncertainty analysis provides a methodology to quantify the predicti...

	The drilling program provided a wealth of data to describe the subsurface hydraulic and geochemic...
	The geophysical logging and analysis provided high resolution information, which proved to be inv...
	The groundwater flow model incorporates all geologic and hydraulic information such that advectiv...
	The groundwater flow model is in reasonable agreement with the observed hydraulic heads. The opti...
	The groundwater budget as determined from the optimal flow model inputs is dominated by the canal...
	A comparison of the flowpaths inferred from the mixing cell model and the numerical flow model in...
	The geochemical interpretations in this report are based on a total of 334 chemical analyses, of ...
	Analysis of major-ion chemistry shows that high TDS sulfate and chloride native groundwater south...
	Groundwater in the Fernley Basin is a mixture of high TDS native groundwater (south of the irriga...
	Geochemical processes in the Fernley Basin are, at least historically, dominated by the dissoluti...
	Analysis of historical data from the Wadsworth and Nixon USGS gages indicates that salt loading i...
	The independent estimates of TDS loading to the Truckee River (exclusive of Dead Ox Meadows contr...
	The initial conditions show that the largest TDS concentrations are near the center of the Forty ...
	Table 6.2 shows the value of the TDS flux (Flux50) at 50 years from the present (2051). Alternati...
	Management alternatives 4 – 6 show the impact of combined decreases in canal seepage and irrigati...
	Management alternatives 7 - 9 represent the impact of complete removal of irrigation recharge. Th...
	Management alternatives 10 – 12 investigate the impact of combined fluid flux reductions of the c...
	The final management alternative is to install a hydraulic remediation program to essentially pum...
	7.2 Conclusions
	1. The largest sources of groundwater in the Fernley area include 33,506 and 30,394 m3/ day for T...
	2. The largest groundwater outflows in the region include 33,194 m3/day (9,822 Acre-ft/ year) alo...
	3. Fluid that originates in the Fernley area has two potential migration paths, (1) north toward ...
	4. The flow model is in agreement with the independent loading analysis and mixing cell modeling ...
	5. High TDS sodium-sulfate groundwaters in the Fernley Basin result primarily from infiltration o...
	6. An estimate of the average TDS flux to the Truckee River from groundwater inflow between Wadsw...
	7. The solute transport model predicts a current TDS flux (exclusive of Dead Ox Meadows) of 175 g...
	8. Individual model realizations show a potential decrease in the TDS loading initially, and then...
	9. The highest TDS concentrations are located in the Forty Mile Desert and evolve in response to ...
	10. Combined decreases in irrigation recharge and Truckee Canal seepage lead to the most signific...
	11. There appears to be little advantage in removing the irrigation recharge in the western porti...
	12. Increased pumping (up to 200 percent of current conditions) in the Fernley area for municipal...
	13. Interestingly, forced hydraulic remediation via pumping in the Forty Mile Desert has a relati...
	8.0 Recommendations


	The characterization activities significantly reduced the uncertainty in the assessment of the TD...
	1. Additional sampling of fluid in the Forty Mile Desert is recommended. The majority of the salt...
	2. An additional low-flow survey (less than 100 cfs) in the Fall months would be helpful to confi...
	3. Additional characterization may highlight the importance of transient effects. The steady-stat...
	4. Additional characterization of the impact of faults on flow patterns would be helpful.The Walk...
	5. Additional deep boreholes, especially in the center of the basin, would be helpful to verify t...
	6. Further refinement in the water balance will serve to decrease the non-uniqueness found in the...
	7. Additional drilling along the margins of the Truckee Range would be helpful to further charact...
	8. Additional characterization of the potential sources for this high TDS fluid would be benefici...
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	Figure 6.10. TDS estimates at model grid points using co-kriging of TDS measurements and resistiv...
	Figure 6.11. Difference of TDS estimates at model grid points using kriging and co-kriging.

	the transport analysis, to assess the uncertainty in the TDS flux predictions. The optimal determ...
	Figure 6.12 shows the predicted TDS flux versus time over the 50-year prediction period. The geom...
	Figure 6.13 shows the distribution of TDS flux during the first year of the simulation. Therefore...
	The predicted TDS fluxes are in excellent agreement with those calculated in sections 5.5.3 - 5.5...
	The predicted distribution of TDS concentration at an elevation of 1,215 m is shown in Figures 6....
	Figure 6.12. Distribution of TDS flux during the first year of the simulation.
	Figure 6.13. Predicted TDS concentration at 0 years.
	6.5.2 Predictive Scenarios of Water Management Options

	The groundwater flow and transport model is used to ascertain potential changes to the TDS loadin...
	Table 6.1. Description of the management alternatives used in the predictive simulations to deter...
	Simulation Number
	Truckee Canal Seepage
	Eastern Recharge
	Western Recharge
	City of Fernley Pumping
	Hydraulic Remediation
	1

	100
	100
	100
	100
	No
	2

	50
	100
	100
	100
	No
	3

	0
	100
	100
	100
	No
	4

	100
	50
	50
	100
	No
	5

	50
	50
	50
	100
	No
	6

	0
	50
	50
	100
	No
	7

	100
	0
	0
	100
	No
	8

	50
	0
	0
	100
	No
	9

	0
	0
	0
	100
	No
	10

	100
	100
	0
	100
	No
	11

	50
	100
	0
	100
	No
	12

	0
	100
	0
	100
	No
	13

	100
	100
	100
	125
	No
	14

	100
	100
	100
	150
	No
	15

	100
	100
	100
	175
	No
	16

	100
	100
	100
	200
	No
	17

	100
	100
	100
	100
	Yes
	The City of Fernley is a growing community and as such may require additional water supplies. To ...
	The final alternative that was simulated includes the installation of ten wells in the Forty Mile...
	Figure 6.14. Predicted TDS concentration at 0 years.
	Figure 6.15. Predicted TDS concentration at 10 years.
	Figure 6.16. Predicted TDS concentration at 20 years.
	Figure 6.17. Predicted TDS concentration at 30 years.
	Figure 6.18. Predicted TDS concentration at 40 years.
	Figure 6.19. Predicted TDS concentration at 50 years.

	Table 6.2 shows the value of the TDS flux (Flux50) at 50 years from the present (2051). Alternati...
	Table 6.2.
	Alternative
	Truckee Canal
	Seepage
	Eastern
	Recharge
	Western
	Recharge
	City of
	Fernley
	Pumping
	Hydraulic
	Remediation
	TDS Flux
	(2051)
	(g/sec)
	TDS Flux
	(2051)
	(lbs/day)
	1
	100
	100
	100
	100
	No
	180
	34206
	2
	50
	100
	100
	100
	No
	124
	23665
	3
	0
	100
	100
	100
	No
	102
	19356
	4
	100
	50
	50
	100
	No
	85
	16213
	5
	50
	50
	50
	100
	No
	69
	13128
	6
	0
	50
	50
	100
	No
	59
	11175
	7
	100
	0
	0
	100
	No
	40
	7611
	8
	50
	0
	0
	100
	No
	32
	6039
	9
	0
	0
	0
	100
	No
	25
	4724
	10
	100
	100
	0
	100
	No
	128
	24407
	11
	50
	100
	0
	100
	No
	103
	19652
	12
	0
	100
	0
	100
	No
	90
	17235
	13
	100
	100
	100
	125
	No
	147
	28001
	14
	100
	100
	100
	150
	No
	144
	27436
	15
	100
	100
	100
	175
	No
	141
	26913
	16
	100
	100
	100
	200
	No
	139
	26443
	17
	100
	100
	100
	100
	Yes
	121
	23029
	Management alternatives 4 – 6 show the impact of combined decreases in canal seepage and irrigati...
	Management alternatives 7 - 9 represent the impact of complete removal of irrigation recharge. Th...
	Management alternatives 10 – 12 investigate the impact of combined fluid flux reductions of the c...
	The final management alternative is to install a hydraulic remediation program to essentially pum...
	7.0 Summary/Conclusions
	7.1 Summary

	In an effort to understand the causes of the current TDS loading to the Truckee River between the...
	1. Drilling program: This effort was undertaken to further characterize the hydraulic and geochem...
	2. Geophysical logging and analysis: Airborne and borehole geophysics were used to aid in the int...
	3. Groundwater flow modeling: A numerical groundwater flow model was constructed as a method to i...
	4. Geochemical analysis: The analysis of the geochemical processes is critical for the understand...
	5. Solute transport modeling: The results of the flow modeling and TDS distribution are used with...
	6. Uncertainty analysis: The uncertainty analysis provides a methodology to quantify the predicti...

	The drilling program provided a wealth of data to describe the subsurface hydraulic and geochemic...
	The geophysical logging and analysis provided high resolution information, which proved to be inv...
	The groundwater flow model incorporates all geologic and hydraulic information such that advectiv...
	The groundwater flow model is in reasonable agreement with the observed hydraulic heads. The opti...
	The groundwater budget as determined from the optimal flow model inputs is dominated by the canal...
	A comparison of the flowpaths inferred from the mixing cell model and the numerical flow model in...
	The geochemical interpretations in this report are based on a total of 334 chemical analyses, of ...
	Analysis of major-ion chemistry shows that high TDS sulfate and chloride native groundwater south...
	Groundwater in the Fernley Basin is a mixture of high TDS native groundwater (south of the irriga...
	Geochemical processes in the Fernley Basin are, at least historically, dominated by the dissoluti...
	Analysis of historical data from the Wadsworth and Nixon USGS gages indicates that salt loading i...
	The independent estimates of TDS loading to the Truckee River (exclusive of Dead Ox Meadows contr...
	The initial conditions show that the largest TDS concentrations are near the center of the Forty ...
	Table 6.2 shows the value of the TDS flux (Flux50) at 50 years from the present (2051). Alternati...
	Management alternatives 4 – 6 show the impact of combined decreases in canal seepage and irrigati...
	Management alternatives 7 - 9 represent the impact of complete removal of irrigation recharge. Th...
	Management alternatives 10 – 12 investigate the impact of combined fluid flux reductions of the c...
	The final management alternative is to install a hydraulic remediation program to essentially pum...
	7.2 Conclusions
	1. The largest sources of groundwater in the Fernley area include 33,506 and 30,394 m3/ day for T...
	2. The largest groundwater outflows in the region include 33,194 m3/day (9,822 Acre-ft/ year) alo...
	3. Fluid that originates in the Fernley area has two potential migration paths, (1) north toward ...
	4. The flow model is in agreement with the independent loading analysis and mixing cell modeling ...
	5. High TDS sodium-sulfate groundwaters in the Fernley Basin result primarily from infiltration o...
	6. An estimate of the average TDS flux to the Truckee River from groundwater inflow between Wadsw...
	7. The solute transport model predicts a current TDS flux (exclusive of Dead Ox Meadows) of 175 g...
	8. Individual model realizations show a potential decrease in the TDS loading initially, and then...
	9. The highest TDS concentrations are located in the Forty Mile Desert and evolve in response to ...
	10. Combined decreases in irrigation recharge and Truckee Canal seepage lead to the most signific...
	11. There appears to be little advantage in removing the irrigation recharge in the western porti...
	12. Increased pumping (up to 200 percent of current conditions) in the Fernley area for municipal...
	13. Interestingly, forced hydraulic remediation via pumping in the Forty Mile Desert has a relati...
	8.0 Recommendations


	The characterization activities significantly reduced the uncertainty in the assessment of the TD...
	1. Additional sampling of fluid in the Forty Mile Desert is recommended. The majority of the salt...
	2. An additional low-flow survey (less than 100 cfs) in the Fall months would be helpful to confi...
	3. Additional characterization may highlight the importance of transient effects. The steady-stat...
	4. Additional characterization of the impact of faults on flow patterns would be helpful.The Walk...
	5. Additional deep boreholes, especially in the center of the basin, would be helpful to verify t...
	6. Further refinement in the water balance will serve to decrease the non-uniqueness found in the...
	7. Additional drilling along the margins of the Truckee Range would be helpful to further charact...
	8. Additional characterization of the potential sources for this high TDS fluid would be benefici...
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