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Southeastward photographic view of National Wild Horse and Burro Placement Center and irrigated
land in Warm Springs Valley (from lat 39°47'55", long 119°40'38"; November 14,1997).

Northward photographic view of northern Warm Springs Valley and Winnemucca Valley
(from lat 39°47'55", long 119°40'38"; November 14,1997).
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Hydrogeology and Simulated Effects of Development in
Warm Springs Valley, Washoe County, Nevada

ABSTRACT

Warm Springs Valley in southern Washoe County is the largest of three valleys that compose the Warm
Springs Valley drainage basin. Average annual precipitation on the basin is about 160 hm3 (130,000 acre-ft).
Surface-water drainage is toward the center of the valley, through Mullen Pass to Pyramid Lake. The basin fill
thickness ranges from a thin veneer at the valley margins to about 1000 m (3,280 ft) along the axis of the val
ley. The volume of saturated basin-fill sediments is estimated to be about 46,000 hm3 (37;300,000 acre-ft). The
basin-fill aquifer is in hydraUlic contact with ground water in Spanish Springs Valley to the southwest, and with
Pyramid Lake Valley to the northeast. Based on the chloride content of local precipitation and ground water,
the average annual recharge from precipitation is estimated to be about 2.9 hm3 (2,350 acre-ft). An unquanti
fied amount of geothermal water discharges at the base of Dogskin Mountain on the northwest side of Warm
Springs Valley. Some of this water might originate from precipitation that falls outside the basin. Assuming
complete capture of evapotranspirative losses from the natural discharge area, the maximum amount of ground
water that can be withdrawn indefinitely from the basin-fill aquifer is about 2.9 hm3/yr (2,350 acre-ft/yr) to 3.7
hm3/yr(3,000 acre-ft/yr).

A null1erical ground-water flow model was used to simulate the hydrogeology of Warm Springs Valley. The
predevelopment condition (prior to 1967) was simulated with a steady-state model. On the basis of model
simulations, average annual inflows to the basin-fill aquifer consist of 2.86 hm3 (2,320 acre-ft) of recharge from
precipitation, and 0.14 hm3 (110 acre-ft) of subsurface infiow from Spanish Springs Valley. Annual outflows
consist of 2.85 hm3 (2,310 acre-ft) of evapotranspiration and 0.15 hm3 (120 acre-ft) of outflow to Pyramid Lake
Valley.

Prior to 1967, ground-water extraction in the valley was limited to a few domestic wells. The first irrigation
wells in the valley were drilled in 1967. From 1967 to 1995 about 128hm3 (104,000 acre-ft) of ground water
was pumped for irrigation of potatoes, garlic, alfalfa, turf, and other crops. A transient model was used to
simulate the response of the hydrologic system to pumping stresses since 1967. Simulated annual evapotran
spiration decreased from the predevelopment level of 2.85 hm3/yr (2,310 acre-ft/yr) to 0.58 hm3/yr (470 acre
ft/yr) in 1995 in response to water-level declines associated with irrigation pumping. By 1995, over 91 hm3

(74,000 acre-ft) of ground water had been removed from storage, and simulated water-levels were lower in all
parts of the valley. Simulated subsurface infiows and outflows were unaffected by the pumping.

The calibrated ground-water flow model was used to evaluate the effect on the hydrologic system of eight
een development scenarios. In each scenario, it was assumed that land-use changes occurred instantaneously
at the beginning of the simulation, and remained in effect for the duration of the simulation. The total simulation
time of each scenario was 100 years.

INTRODUCTION

In 1991 Washoe County adopted the Truckee
Meadows Regional Plan. The plan "serves as the
unifying framework for the development policies of
the jurisdictions within the Truckee Meadows Re
gion, which include the cities of Reno and Sparks
and much of Washoe County". According to the
plan, ground-water resources should be managed
so that annual use "does not exceed levels sus
tainable at current rates of inflow and recharge".
The plan further states that "local governments
shall not approve land development activities de
pendent upon groundwater supplies which will

cause the groundwater basins to fall below self
sustaining levels as a result of the project's water
consumption or effluent discharge method".

Implementation of this component of the plan
requires a thorough understanding of the hydrology
and hydrogeology of the plan area. For this reason,
Washoe County has initiated hydrologic investiga
tions of several subregions of the plan area. These
subregions include Spanish Springs Valley,
Washoe Valley, Warm Springs Valley, Cold Spring
Valley, and Lemmon Valley. This report documents
the hydrologic investigation of Warm Springs Val
ley.

INTRODUCTION 1



PURPOSE

The primary purpose of this study was to im
prove our understanding of the hydrology of Warm
Springs Valley. The specific objectives of the study
were to identify and quantify the major sources and
sinks of water to and from the alluvial aquifer, to
characterize the hydraulic properties of the alluvial
sediments, and to develop and calibrate a ground
water flow model.

LOCATION AND GENERAL FEATURES OF THE
STUDY AREA

Warm Springs Valley is a northwest trending
valley about 30 km (19 miles) northeast of Reno
(figure 1). The valley is bounded on the northeast
by the Virginia Mountains, on the northwest by
Dogskin Mountain, on the west by Warm Springs
Mountain, and on the south and southeast by the
Pah Rah Range (figure 2). The drainage area, ap
proximately 670 km2 (260 mi2), consists of three
valleys: Warm Springs Valley, Hungry Valley, and
Winnemucca Valley. Surface-water drainage is
towards the center of Warm Springs Valley,
through Mullen Pass, to Pyramid Lake. Vegetation
on the valley floors consists of greasewood, sage,
rabbitbrush, and saltgrass. At higher elevations,
the surface is well covered with sage, juniper, and
pinyon.

PREVIOUS INVESTIGATIONS

The earliest hydrologic studies in the basin
were conducted in the late 1950's and early 1960's
in support of North American Aviation Corpora
tion's efforts to develop industrial water supplies
(Glenn et aI., 1965). Gimlett (1965) used the gra
vimetric method to map subsurface structure in the
valley. In 1967 the United States Geological Sur
vey (USGS) conducted a water resource appraisal
of Warm Springs Valley, one of a series of recon
naissance studies of ground-water resources of
Nevada. Glenn (1968) expanded on his earlier
work for North American Aviation. In the early
1970's, several reports were produced that ad
dressed future water supply and demand issues
(Sharp, Krater, Engstromand Associates, 1973).
Guyton (1986, 1987) evaluated ground-water
availability in the valley in reports prepared for Si
erra Pacific Power Company. Since 1989 consult
ants for the USEPA and Rockwell International
Corporation produced several reports as a part of

a ground-water contamination study at decommis
sioned space engine and propellant test facilities
(Groundwater Resource Consultants, 1991, 1992).
In 1993 Washoe County installed and sampled
wells in the southern part of the valley to determine
the vertical distribution of elevated nitrates in
ground water (Washoe County, 1993). In 1994,
Washoe County Utility Division funded an electro
magnetic/resistivity/magnetic sUNey (Dighem,
1994; Hartley, 1995). The purpose of the sUNey
was to map the geology and geologic structure of
the valley, and to locate freshwater aquifers.
Katzer (1995) developeq a water budget for the
basin as part of a study examining the feasibility of
exporting water from Warm Springs Valley to
neighboring Hungry and Lemmon Valleys.

APPROACH AND METHODS

Fieldwork began in the fall of 1991 and was
completed by winter 1995. It included installing and
maintaining 43 precipitation stations and 13
stream~gaging stations; measuring water levels in
88 wells; determining the measuring-point altitudes
of most of these wells; collecting and analyzing
water samples from 88 wells; installing a continu
ous water-level measuring device in one well; and
collecting and analyzing airborne geophysical data.
The location of the alluvium-bedrock contact was
based on the work of Gimlett (1965). Initial esti
mates of the hydraulic properties of the aquifer
were based on analysis of well logs, geologic
mapping (Bonham,. 1969), and results of aquifer
testing (Washoe County, 1993). Data from Span
ish Springs Valley were used to estimate the aver
age chloride content of precipitation (Berger et aI.,
1997).

A numerical ground-water flow model was de
veloped for the central portion of Warm Springs
Valley. The model was run in two modes: steady
state and transient. In the steady-state simulation,
simulated hydraulic heads were compared to
predevelopment (before 1967) observed hydraulic
heads. In the transient simulation (1967 - 1995),
simulated hydraulic heads were compared to syn
optic data from 1992 and to time-series data from
6 wells. The calibrated ground-water flow model
was then used to evaluate the effect on the hydro
logic system of eighteen development scenarios.

GEOLOGIC SETTING

Warm Springs Valley lies on the western edge
of the Great Basin section of the Basin and Range
Physiographic province (Fenneman, 1931). The

2 Hydrogeology and Simulated Effects of Development in Warm Springs Valley, Washoe County, Nevada
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topography of the area is characterized by north
trending mountain ranges. The intermontane ba
sins typically are filled with relatively permeable
clastic sediments derived from the surrounding
mountains. In the large valleys, valley-fill deposits
are often several hundred meters thick. The
mountains are composed of bedrock, which also
underlies the basins.

Formations in the valley can be grouped into
four hydrogeologic units: intrusive, volcanic, semi
consolidated sedimentary, and unconsolidated
sedimentary. Intrusive rocks, primarily granodiorite,
outcrop on Dogskin Mountain and Warm Springs
Mountain on the northwest side of the valley and at
a few locations in the southern part of the valley
(figure 3). Volcanic rocks bound the valley on the
north, east, and south sides. The Hartford Hill
Rhyolite, predominantly ash-flow tuffs, outcrops in
the northwest corner of the basin, and along the
east side. The Pyramid Sequence outcrops in the
Virginia Mountains at the north end of the basin,
and in the Pah Rah Range in the southeast. The
Pyramid Sequence is composed of basalt, ande
site, and dacite flows, flow breccias, mudflow
breccias, agglomerates, tuffs and associated intru
sives. Semiconsolidated sedimentary rocks of
Pliocene age are found in Hungry Valley and at the
southern end of Warm Springs Valley.

Unconsolidated sediments in the valley are of
three types: pre-Lake Lahontan deposits, alluvial
deposits, and lake deposits. Pre-Lake Lahontan
deposits outcrop in a narrow strip along the axis of
the valley at the north end. These sediments con
sist of terrace, alluvial fan, and pediment gravels.
Recent alluvial deposits can be found at the north
and south ends and along the margins of the val
ley. These deposits consist of talus, slope wash,
alluvial fan and eolian deposits. The center of the
basin is filled with fine to coarse-grained lake de
posits. For most purposes, the intrusive and vol
canic rocks can be collectively referred to as con
solidated rocks, and the semiconsolidated sedi
mentary rocks and unconsolidated sediments can
be referred to as the basin-fill .

Several faults have been mapped in Warm
Springs Valley and the surrounding mountains.
Most notable are a series of northwest trending
faults at the north end of the valley. If sufficiently
permeable, these faults could provide a hydraulic
connection between Warm Springs Valley and
Honey Lake Valley about 25 km (16 miles) north
west. For a detailed discussion of the geology of
Warm Springs Valley see Bonham (1969).

HYDROLOGIC SElTlNG

CLIMATE AND PRECIPITATION

The climate of Warm Springs Valley Basin
ranges from arid on the valley floor to semi-arid in
the upland areas. Most of the precipitation falls in
the winter months as snow, although precipitation
can be locally heavy during summer thunder
storms. The growing season in the valley is about
140 days (Rush and Glancy, 1967). No long term
precipitation stations operate within the study area;
however, precipitation data have been collected at
RenofTahoe International Airport since 1938, at
Stead since 1985, and at Sutcliff since 1967. In
1991, as part of this study, Washoe County estab
lished a precipitation monitoring network in the
Warm Springs Basin (figure 4). Data from the net
work suggest that for a given altitude, average an
nual precipitation amounts are greater in the
northwest part of the basin than in the southeast.

Published reports (Klieforth et aL, 1983) to
gether with in-basin measurements were used to
establish the relation between average annual pre
cipitation and altitude for the study area. Separate
relations were developed for the northwest and
southeast portions of the basin. Using these rela
tions, the average annual precipitation for the ba
sin is about 160 hm3/yr (130,000 acre-ft/yr). This
estimate is in close agreement with Rush and
Glancy (1967). Figure 5 shows the relations be
tween precipitation and altitude developed in this
study. Also shown in figure 5 is the relation used
by Rush and Glancy (1967), and a plot of a re
gression equation developed by the USGS for
nearby Spanish Springs Valley (Berger et aL,
1997).

SURFACE WATER

The study area contains two perennial streams.
Numerous springs issuing from the base of the
Virginia mountains feed a perennial stream in
Winnemucca Valley. At the south end of the basin,
Cottonwood Creek flows perennially from the Pah
Rah Range. Neither stream reaches Mullen Pass
except during periods of rapid snowmelt or heavy
precipitation. Hungry Valley is drained by a small
ephemeral stream that flows only during excep
tionally heavy precipitation. Mullen Creek, the only
surface-water outlet from the basin, has a flow of
about 20 Us (0.71 fe/s) for several days during the
spring (Glenn et aL, 1965). Mullen Creek can also

HYDROLOGIC SETIING 5
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experience high flows of short duration during or
following periods of exceptionally heavy precipita
tion.

SOURCE, OCCURRENCE, AND MOVEMENT OF
GROUND WATER

The source of ground water in Warm Springs
Valley is recharge from precipitation that falls
within the drainage basin and subsurface inflow
from adjacent basins. Ground water leaves the
valley by evapotranspiration, domestic and irriga
tion pumpage, and subsurface outflow. Ground
water in the saturated basin fill occurs under both
confined and unconfined conditions. Prior to agri
cultural development in the valley, ground-water
flow was from recharge areas, principally in the
mountains, to the center of the valley where it dis
charged by evapotranspiration, or by subsurface
flow through Mullen pass. Figure 6 is a contour
map of predevelopment hydraulic head in the val
ley. Data used to construct the map were collected
prior to significant agricultural development in

1967. Wells in this area are typically in hydraulic
contact with the aquifer over much of their length
due to long perforated intervals and/or long filter
packs. Since vertical hydraulic gradients are
known to exist in the valley, hydraulic heads
measured in these wells are "composite heads"
and are therefore a function of the vertical place
ment of well screen and filter pack. Contours
drawn from these measurements are only ap
proximate. Also shown on figure 6 is the approxi
mate direction of ground-water flow, and the natu
ral discharge area.

BASIN-FILL AQUIFER

The basin fill in Warm Springs Valley is com
posed of discontinuous deposits of sand, gravel,
silt, and clay derived from erosion of the sur
rounding mountains. These deposits are very len
ticular with practically no correlation between areas
(Glenn, 1968).
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AREAL EXTENT AND THICKNESS

The basin fill aquifer is bounded on the north
west by the Dogskin Mountains; on the northeast
by the Virginia Mountains; on the southeast, south,
and southwest by the Pah Rah Range; and on the
west by Warm Spring Mountain and the semicon
solidated sediments of Hungry Valley. Water
mov~ment in the igneous formations surrounding
the valley is primarily through faults and fractures
and along bedding planes. The Pliocene sedi
mentary rocks in Hungry Valley, are also in hy
draulic contact with the basin fill in Warm Springs
Valley, and are capable of storing and transmitting
significant amounts of water. The areal extent of
the basin fill aquifer is about 185 km2 (71 mi2), or
about 28% of the total drainage area of Warm
Springs Valley (Figure 7. ).

The structural depression below Warm Springs
Valley is very deep, and few wells, except at the
valley margins, bottom in bedrock. Consequently,
no direct observations of the depth to bedrock
have been made for much of the valley. However,
the thickness of the basin fill has been estimated
using indirect methods. Gimlett (1965) applied the
gravimetric method in Warm Springs Valley to de
termine, among other things, the depth to bedrock.
In 1994, Washoe County conducted an airborne
geophysical survey of the valley. Magnetics and
differential resistivity data were used to map sub
surface structure, including the bedrock contact.
Figure 8 shows the approximate elevation of the
bedrock surface beneath the valley. Figure 9
shows the approximate thickness of the basin-fill
sediments. At its deepest point, the basin-fill is
over 1000 m (3,280 ft) thick. Using Bonham's
(1969) geologic contacts and Gimletts (1965) bed
rock contours, the total volume of basin fill is about
52,000 hm3 (42,174,000 acre-ft).

HYDRAULIC PROPERTIES

HYDRAULIC CONDUCTIVITY

An estimate of the distribution of saturated hy
draulic conductivity of the basin-fill aquifer and sur
rounding bedrock areas was obtained from
lithologic descriptions and specific capacity tests
reported on driller's logs, interpretation of geo
physical data, and the results of aquifer testing.
Figure 10 shows the estimated hydraulic conduc
tivity of the upper 100 m. Because of the hetero
geneous nature of the basin fill, the values in figure

10 generally are not representative of a single aq
uifer material (e.g. a sand or clay), but instead rep
resent the bulk hydraulic character of a larger vol
ume of aquifer. Lenses of fine textured material
are reported in all parts of the valley. Vertical hy
draulic conductivities are therefore believed to be,
on average, much smaller than horizontal conduc
tivities.

STORAGE PROPERTIES

In an unconfined aquifer, water is released from
storage by dewatering soil pores. The hydraulic
property that is used to quantify storage in an un
confined aquifer is specific yield. It is defined as
the volume of water released from storage per unit
area of aquifer per unit decline in the water table,
and usually ranges from 0.01 to 0.3. In a confined
aquifer, water is released from storage by expan
sion of the water, compression of the aquifer, and
compression of clay beds within the aquifer. The
storage term for a confined aquifer is storativity.
Storativity values are much smaller than specific
yields and range from about 0.005 to 0.00005
(Freeze and Cherry, 1979). For the purposes of
this study, it was assumed that no inelastic com
pression of confined sediments occurred, and that
storativity can be estimated by multipl~ing the
thickness of the aquifer, in feet, by 10"6 (Lohman,
1972).

GROUND WATER IN STORAGE

Depth to water in the valley ranges from less
than one meter to over 100 m. The total volume
saturated basin-fill sediments is estimated to be
about 46,000 hm3 (37,300,000 acre-ft). The
amount of water contained in these sediments can
be estimated by multiplying the volume of the
sediments by the porosity; however, not all of this
water is recoverable. The recoverable fraction is
estimated as the product of the volume of satu
rated sediments and the specific yield. To calcu
late the total volume of potentially recoverable
water in storage, the aquifer was divided into a
series of cells. The volume of recoverable water in
each cell was calculated as the product of the vol
ume of the cell and an estimate of the specific
yield for the cell. The total volume for the aquifer is
the sum of the volumes of the individual cells. By
this analysis, the total volume of recoverable water
in the basin-fill aquifer is about 4,000 hm3

(3,200,000 acre-ft). The volume of water that could
be recovered economically would be much less.

10 Hydrogeology and Simulated Effects of Development in Warm Springs Valley, Washoe County, Nevada
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The grid used to calculate aquifer storage is con
siderably larger than the grid used in the numerical
model described in later sections of this report. An
estimated 15% of ground water in storage lies out
side the modeled area.

RECHARGE FROM PRECIPITATION

Most of the precipitation that falls within the
drainage basin returns to the atmosphere through
the processes of evaporation, transpiration, and
sublimation. Only a small fraction of the total pre
cipitation reaches the ground-water reservoir. Sev
eral methods have been developed in recent years
to estimate ground-water recharge (Maxey and
Eakin, 1949; Adar et aL, 1988; Dettinger,
1989; Stoertz and Bradbury, 1989). Two methods
have been applied to the Warm Springs Valley
drainage basin: the Maxey-Eakin method and the
chloride-balance method

MAXEY-EAKIN METHOD

The Maxey-Eakin method has been applied to
over 200 basins in Nevada since its development
between 1949 and 1951. The method consists of
an empirically-derived relation between precipita
tion and recharge. Maxey and Eakin used a pre
cipitation map of Nevada by Hardman (1936) to
delineated zones of equal precipitation in 21 ba
sins in east-central Nevada. Discharge estimates
for the basins were then used to develop recharge
percentages for each of five precipitation zones.
For detailed discussions of the Maxey-Eakin
method see Watson et aL (1976) and Avon and
Durbin (1994).

The Maxey-Eakin method was the primary
method of recharge estimation used by the USGS
in their reconnaissance studies of ground-water
resources in Nevada. In the forty-third report of
that series, Rush and Glancy (1967) applied the
Maxey-Eakin method to Warm Springs Valley. Ta
ble 1 shows the results of that analysis. The esti
mated avera~e annual recharge for the valley was
about 7.4 hm (6,000 acre-ft). For an undeveloped
basin, like Warm Springs during the preparation of
Report 43, the average annual outflow should be
about the same as the average annual recharge
(Le. no change in ground-water storage). Rush and
Glancy's estimate of the average annual outflow
from Warm Springs Valley was about 2.5 hm3

(2,000 acre-ft), an imbalance of 5 hm3 (4,000 acre-

ft). According to the report, the imbalance was
probably due to an inaccurate estimate of re
charge. A value of 3.7 hm3 (3,000 acre-ft) was se
lected to represent both recharge and discharge in
Rush and Glancy's calculation of perennial yield.

CHLORIDE-BALANCE METHOD

Chloride mass balance techniques have been
used to estimate recharge in a variety of hydrologic
settings since the 1960's. The method has been
applied to saturated systems in Israel (Erikksson
and Khunakasem, 1969), Bermuda (Vacher and
Ayers, 1980), the San Juan Mountains of Colorado
(Claassen et aL, 1986), Western Australia (Far
rington and Bartle, 1991), and the Southern High
Plains of Texas and New Mexico (Wood and
Sanford, 1995) ; and to unsaturated systems in
southern Australia (Allison and Hughes; 1978,
1983), western Australia (Johnston, 1987), New
Mexico (Stone, 1992), and Sudan (Edmunds et aL,
1992). In Nevada, the technique was used to esti
mate recharge in at least seventeen basins in
cluding Spanish Springs Valley (Dettinger, 1989;
Berger et aL, 1997).

The chloride-balance method, as applied in this
study, uses measured chloride concentrations in
ground water and in bulk precipitation to calculate
the fraction of the total precipitation that recharges
the ground-water reservoir. The method assumes
that the chloride ion behaves conservatively, that
the only source of chloride is from precipitation,
and that runoff to discharge areas is insignificant
or can be accounted for in the mass balance cal
culations. If direct runoff is negligible, the volume
of recharge (Vr) can be approximated by

Vr=Cp VrJCgw

where Cp is the chloride concentration of the bulk
precipitation, Vp is the volume of precipitation that
falls on the recharge areas, and Cgw is the chloride
concentration of ground water measured near the
recharge areas.

Assuming no recharge occurs in areas with
land-surface elevations below 1524m (5000 ft.),
about 120 hm3 (97,000 acre-ft) of precipitation falls
annually in the recharge areas. The average chlo
ride concentration in 24 samples of bulk precipita
tion collected in adjacent Spanish Springs Valley
was 0.38 mg/L (Berger et aL, 1997). The distribu
tion of chloride measured in ground water near the
recharge areas in Warm Springs Valley are shown
in figure 11. The mean (m) of the 27 chloride val
ues shown in figure 11 is 16.07. The 95% confi
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Table 1. Estimates of average annual precipitation and ground-water recharge

Rush and Glancy (MaxeY-Eakin) This study (chloride balance)
Northwest Southeast

Altitude (feet) Area Estimated annual Estimated Ar!3a Estimated annual Estimated Area Estimated annual Estimated
(acres) orecioitation recharae (acres) oreci itation recharae (acres) creel itation recharae

Range AYe. AYe. %of acre-It feet acre-It acre-It feet acre-It acre-It
(in) (It) (acre-It) oreclo Nr

AboYe8,000 1,950 15-20 1.5 18,000 15 2,700 469 2.09 978 347 2.08 722
7,000-8,000 10,000 2,772 1.58 4,389 8,528 1.42 12,081
6,000-7,000 27,000 12-15 1.1 30,000 7 2,100 7,674 1.31 10,073 18,381 0.92 16,849
5,000-6,000 60,000 8-12 0.8 48,000 3 1,400 17,216 1.15 19,727 43,603 0.75 32,702
Below 5,000 60,800 8- 0.5 30,000 minor - 0 0.5 0 61,114 0.5 30,557

Total (rounded) 159,800 130,000 6,000 28,000 35,000 800 132,000 93,000 1,500

dence interval is 14.22<m<17.92. Thus, assuming
the chloride concentration of precipitation is 0.38
mg/L, and 120 hm3 of precipitation falls annually in
the recharge area, the total average annual re
charge to the basin-fill aquifer is about 2.5 hm3 to
3.2 hm3 (2,000 acre-ft to 2,600 acre-ft). Using the
mean, the average annual recharge is about 2.9
hm3 (2,350 acre-ft). The spatial distribution of re
charge was determined by dividing the drainage
basin into sub-basins based on surface topography
(figure 11).

be 3.45 -6.66 hm3/yr (2,800 - 5,400 acre-ft/yr). By
1987, this level of pumping had resulted in a static
water-level decline near the center of the irrigated
area of about 20m (65 feet). Figure 12 shows es
timated pumping volumes for the years 1967 
1995.

SIMULATION OF GROUND-WATER FLOW

70 75 80 85 90 95
year

FIGURE 12. IRRIGATION PUMPING VOLUMES, 1967-1995

The remainder of this report will present the
development and results of a three-dimensional
numerical ground-water flow model. A steady-state
simulation was calibrated against estimated sys
tem fluxes and measured predevelopment water

DISCHARGE BY EVAPOTRANSPIRATION

About 2,400 hm2 (6,300 acres) of phreatophyte
vegetation (primarily greasewood, rabbitbrush, and
big sage) grew in Warm Springs Valley when Rush
and Glancy did their water-resources appraisal in
1967. According to their report (Rush and Glancy,
1967), about 1.85 hm3 (1,500 acre-ft) of ground
water was discharged annually by these plants. In
1973, consultants for development interests in the
valley estimated the annual discharge by phreato
phytes and evaporation to be 3.8 - 4.43 hm3 (3,079
- 3,591 acre-ft) (Sharp et aI., 1973). Figure 11
shows the distribution of phreatophytes in the val
ley (not all of the phreatophyte vegetation shown in
the figure was included in the numerical analysis

I described in later sections of this report).

GROUND-WATER DEVELOPMENT

Prior to 1967, ground-water extraction in the
valley was limited to domestic pumping for a few
homes. According to Guyton (1987), the first two
large irrigation wells were drilled in 1967. Three
more were drilled in 1973, two in 1.974, two in
1977, one in 1978, and two more in 1980. Guyton
estimated the total pumpage from 1979 to 1985 to
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levels. Transient conditions for the period 1967
through 1995 were simulated and the results com
pared to synoptic water-level data from 1992, and
to time-series data from 6 wells.

CONCEPTUAL MODEL OF THE GROUND-
WATER SYSTEM

The ground-water flow system in Warm Springs
Valley was conceptualized as a three layer system
in which water flows under confined and uncon
fined conditions from areas of recharge, primarily
in the mountains, to the center of the valley where
it is discharged by evapotranspiration or subsur
face flow through Mullen Pass. The top layer rep
resents the upper 100 m (328 ft) of saturated ma
terial. Recharge from precipitation and subsurface
inflow from Spanish Springs Valley enters the ba
sin-fill aquifer in the upper layer at the valley mar
gins. All evaporative and transpirative losses, as
well as subsurface outflow through Mullen Pass
are from the top layer. The second layer repre
sents the next 100 m (328 ft) of saturated basin fill.
Irrigation and domestic pumping are from the up
per two layers. The lower layer extends from the
bottom of the second layer to the bedrock surface
and functions as a reservoir of stored water and as
a conduit for deep flow.

NUMERICAL MODEL OF THE GROUND-WATER
SYSTEM

A numerical ground-water flow model devel
oped by the USGS (McDonald and Harbaugh,
1988) was used to simulate the hydrologic system
beneath Warm Springs Valley. The model, com
monly known as MODFLOW, is capable of simu
lating flow in three dimensions in a heterogeneous,
anisotropic medium. Head-dependent flow
boundaries and external stresses such as evapo
transpiration, pumping from wells, and areal re
charge can be simulated with MODFLOW.

The model area includes Bacon Rind Flat, the
east end of Hungry Valley, and Warm Springs
Valley south of Pradere Spring and north of Cur
now Canyon. The geometry of the aquifer at the
north and south ends of Warm Springs Valley
caused numerical instabilities in preliminary model
runs. Very little is known about the basin geometry,
hydraulic properties, and historical water levels in
these areas. In addition, the ends of the valley
contain losing streams, riparian vegetation, and
numerous springs and seeps. Inclusion of these

areas in the model domain would add additional
complexity and uncertainty to the simulations with
out yielding much useful information about the
primary area of interest (the central portion of the
valley). Consequently, these areas were not in
cluded in the simulations.

The three layers of the model grid are com
posed of 39 rows and 24 columns. Model cells are
square, 500 m by 500m (1640 ft by 1640 ft) and
are oriented N. 35° W. Layer 1 contains 563 active
cells, layer 2 contains 326 active cells, and layer 3
contains 215 active cells (figure 13).

MATHEMATICAL BASIS

Three-dimensional non-steady movement of
ground water of constant density through a hetero
geneous, anisotropic medium can be described by
the partial differential equation:

where W represents sources and sinks to the aq

uifer, Ss is the specific storage, and K;rx' Kyy '

and K zz are values of the hydraulic conductivity

tensor along the x, y, and z coordinate axes. This
form of the equation assumes that the principle
directions of anisotropy coincide with the coordi
nate system axes.

MODFLOW provides an approximate solution
to the flow equation using a block-centered finite
difference approach. A backward-difference ap
proach is used to approximate the time derivative
of hydraulic head.

BOUNDARY CONDITIONS

Model cells were designated as either active or

inactive. Only active cells are included in the finite
difference calculations. The unconsolidated de
posits of the basin-fill aquifer and the semiconsoli
dated deposits of Hungry Valley were represented
by active cells. The igneous rocks that bound the
valley were designated inactive, with the exception
of the volcanics that outcrop at the north end of
Bacon Rind·Flat. Recharge from prec:ipitation that

18 Hydrogeology and Simulated Effects of Development in Warm Springs Valley, Washoe County, Nevada
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falls in the mountains around the valley was ac
counted for in the model with a series of specified
flux cells These recharge cells are in the upper
model layer, adjacent to the mountain block. Sub
surface inflow to the modeled area from the south
(Cottonwood Creek drainage) was distributed ver
tically across that boundary and equalled the re
charge estimated to occur in the Cottonwood
Creek drainage south of the modeled area.

Subsurface inflow from Spanish Springs valley,
was specified at 0.14 hm3/yr (114 acre-ft/yr). Sub
surface outflow through Mullen Pass was treated in
the model as a head-dependent boundary. At this
type of boundary, flow is proportional to the hy
draulic gradient between the model cell containing
the boundary, and some point outside of the model
where the head is specified. The outside head at
Mullen Pass was set at 1241 m. Model boundary
conditions are shown on figure 14

HYDRAULIC CONDUCTIVITY,
TRANSMISSIVITY, AND LEAKANCE

The initial values of the hydraulic conductivity of
the top 2 layers were estimated from lithologies
and specific capacity tests reported on driller's
logs; analysis of geophysical data; and limited aq
uifer testing. These initial estimates were adjusted
during the calibration process to achieve a better
match between simulated and observed aquifer
behavior. Vertical conductivities were 1 to 10 per
cent of the horizontal conductivities. The model
derived horizontal and vertical hydraulic conductiv
ity distributions of layer 1 are shown in figures 15
and 16, respectively. MODFLOW defines the verti
cal leakance of a cell as the vertical hydraulic con
ductivity of the cell divided by the distance from the
node in that cell and the node in the cell below.
The vertical flux between cells is then the product
of the vertical leakance and the hydraulic head
difference between the cells. The verticalleakance
for layers 1 and 2 is shown in figures 17 and 18,
respectively. The transmissivity distribution of lay
ers 2 and 3 are shown in figures 19 and 20, re
spectively. It should be noted that MODFLOW
combines hydraulic conductivity values with cell
dimension information to get the hydraulic con
ductance parameter used in the finite-difference
calculations. If, for example, an inaccurate esti
mate of the depth to bedrock is used to define cell
thickness, and the hydraulic conductivity is ad
justed during calibration, the result may be com
pensating errors.

STORAGE COEFFICIENT

Model layer 1 was simulated as unconfined.
Layers 2 and 3 were simulated as confined. The
model assumed that no inelastic compression of
confined sediments occurred, allowing the stora
tivity of layers 2 and 3 to be estimated by multiply
ing the thickness of the aquifer, in feet, by 10-6

(Lohman, 1972). The maximum thickness of any
layer 2 cell is 100 m. The maximum thickness of
any cell in layer 3 is 855 m. Figure 21 shows the
specific yield of layer 1. Figures 22 and 23 show
the distribution of storativity for layers 2 and 3, re
spectively.

EVAPOTRANSPIRATION OF GROUND WATER

MODFLOW assumes a linear relation between
evapotranspiration rate and depth to ground water.
Evapotranspiration is at a maximum when ground
water is at the land surface and decreases to zero
at the extinction depth. The land-surface elevation,
maximum evapotranspiration rate, and.extinction
depth are specified by the modeler.

Transpiration by phreatophytes in semi-arid
environments is an area of ongoing research.
White (1932) conducted tank experiments to
measure evapotranspiration from alfalfa, saltgrass,
and greasewood in the Escalante Valley in Utah.
Robinson (1970) studied evapotranspiration by
woody phreatophytes (greasewood, rabbitbrush,
willow, and wild rose) in the Humboldt River Valley
near Winnemucca, Nevada. Nichols (1994) used
an energy combination model to develop an equa
tion that describes transpiration of phreatophyte
shrubs as a function of plant density, leaf area in
dex, and depth to ground water. The distribution of
phreatophytes in Warm Springs Valley was
mapped by Natural Resources Consultants in the
early 1970's (Sharp, Krater, Engstrom and Associ
ates, 1973).

The maximum evapotranspiration rate during
the 5-month growing season is estimated to be
about 0.0024 m/day. Ifaveraged over a 12 month
simulation year, the rate becomes 0.001 m/day. A
maximum rate of 0.001 m/day, and an extinction
depth of 10 m (31 ft) was assigned to cells in the
steady-state model containing phreatophytes.
These values result in a phreatophytic discharge
function that roughly approximates Nichols transpi
ration equation (Nichols, 1994) assuming an
equivalent plant density of 20% (figure 24).
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FIGURE 17. VERTICALLEAKANCEOFMODELLAYER 1 (DAy-I).
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FIGURE 21. SPECIFIC YIELD OF MODEL LAYER 1.
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MODEL CONFIGURATION FOR TRANSIENT
SIMULATION

Beginning in 1967, ground-water extraction in
the valley increased to the point where the hydro
logic system was no longer in a state of equilib
rium. Hydraulic heads and flow directions changed
seasonally in response to irrigation pumping, and
downward trends in water levels could be ob
served in wells near pumping centers, A transient
model was used to simulate the nonequilibrium
conditions that have existed since 1967. In a tran
sient model, the time domain is discretized into
time steps and stress periods. A set of heads is
calculated at each time step. Boundary conditions
and hydraulic stresses on the system are constant
for each stress period. A total of 348 stress periods
(5 time steps each) were simulated in this study.
Stress period length was constant and equal to
30.44 days, for a total simulation time of 29 years
(1967 -1995).

An array of pumping wells was simulated for
each stress period. Data from well Tehama # 2
were used to estimate the monthly pumping rates
for irrigation wells when only annual pumping vol
umes were available. The fraction of the total an
nual pumping volume at Tehama # 2 was calcu-

3.0E-003

lated for each month of calendar years 1992 to
1995. The arithmetic average for each month of
the year was multiplied by the annual pumping vol
umes of the irrigation wells without monthly data to
determine monthly pumping rates for the transient
simulation. Figure 25 shows the temporal distribu
tion of pumping at Tehama # 2 for years 1992 to
1995, and the average value applied to the annual
volumes in the transient simulation. Figures 26 and
27 show the 1995 spatial distribution of pumping
for layers 1 and 2, respectively:

It was assumed that evapotranspiration of
ground water occurred only in stress periods 6-10
of each year (approximately June- October) at a
maximum rate of 0.0024 m/day (the steady-state
rate multiplied by 12/5 to account for only 5 months
of evapotranspiration per year).

METHOD OF ANALYSIS OF SIMULATION
RESULTS

Two types of simulation were performed:
steady-state, and transient. The steady-state
simulation represented the predevelopment condi
tion (before 1967), when average inflows to the
hydrologic system iNere approximately equal to the
average outflows. The model-derived steady-state
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RESULTS OF SIMULATION
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head distribution was used as the initial head dis
tribution in a transient simulation of the years 1967
through 1995. Pumping rates in the transient
simulation were from early reports (Guyton; 1986,
1987), Warm Springs Valley pumping inventories
(Nevada Department of Conservation and Natural
Resources), and from field measurements.

Hydraulic conductivities and specific yields
were adjusted during model calibration. Calibration
was discontinued when the following 6 criteria
were met:

FIGURE 25. IRRIGATION PUMPING AT TEHAMA #2

STEADY-STATE SIMULATION

Prior to the drilling of large irrigation wells in
1967, the hydrologic system was in a state of dy
namic equilibrium. Figures 28-30show measured
water-levels from that period together with con
tours of model derived heads. Figure 31 is a plot of
simulated heads vs. observed heads. Simulated
heads were in reasonable agreement with obser
vations with the largest residuals in areas with·
steep hydraulic gradients. Figures 32 -34 showthe
steady-state velocity field.

All simulated budget items were in agreement
with those estimated using empirical techniques.
Recharge from precipitation and inflow from
Spanish Springs Valley were specified flows, and
were equal to the values estimated in earlier sec
tions of this report. Evapotranspiration rates and
outflow through Mullen Pass were a function of
hydraulic heads calculated by the model. The
simulated evapotranspiration was about 2.85
hm3/yr (2,310 acre-ftlyr). This does not include
about 750 hectares (1,875 acres) of phreatophytes
that grow outside the modeled area. The simulated
value is between the rate estimated by Rush and
Glancy (1967), of about 1.85 hm3/yr (1,500 acre
ftlyr), and the rate estimated by Sharp et al. (1973)
of about 4.1 hm3/yr (3,300 acre-ftlyr). Simulated
subsurface outflow through Mullen Pass was about
0.15 hm3/yr (120 acre-ftlyr). This is the same value
estimated by Sharp et al. (1973), but less than
Rush and Glancy's estimate of 0.22 hm3/yr (180
acre-ftlyr).

12106 8
MONTH

42o

-AVERAGE
~1992

-<1-1993
-<0-1994
_1995

0.10

0.30

0.20

TRANSIENT SIMULATION

1. hydraulic properties were within a reasonable
range

2. boundary flows were consistent with the con
ceptual model

3. mass-balance error was .01 % or less
4. observed trends in time-series data were re

produced by the model
5. residual mean was near zero
6. absolute residual mean divided by the ob

served range in head was less than 5%.

Simulated hydraulic heads were in general
agreement with synoptic data from 1992 (figure
35), and with time-series data from 6 wells (figures
36-41).

WATER-LEVEL DECLINES AND CHANGE IN
STORAGE

Criterion # 4 applied only to the transient simula
tion.

Simulated water-level declines were calculated
for the end of calendar years 1975,1980, 1985,
1990, and 1995 and are plotted in Appendix A. All
declines are relative to the simulated steady-state
head distribution. Since these are year-end values,
the declines shown in theapp(3ndix are not the
largest declines of the simulation, which occurred
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at the end of each irrigation season. To prevent
numerical instabilities, a narrow band of saturated
alluvium south of the model grid was not included
in the solution domain. Consequently, drawdown is
over-estimated at the extreme southern edge of
the model near Cottonwood Creek. The total vol
ume of water removed from storage was calcu
lated from the specific yield of layer 1, the storage
coefficients of layers 2 and 3, and the simulated
hydraulic heads in the three layers. Additional stor
age depletion would likely occur south of the mod
eled area.

The maximum simulated water-level decline for
1975 was about 13 m. As expected, the greatest
declines occurred near the center of the irrigated
fields. Outside the irrigated area, water levels were
relatively unchanged. By the end of 1975, about 26
hm3 (21,000 acre-ft) had been pumped and about
23 hm3 (19,000 acre-ft) of water had been re
moved from storage. Water-level declines had· in
creased to a maximum of about 20 m (66 ft) by the
end of 1980, with simulated declines of 1 m (3.28
ft) as far west as Winnemucca Ranch Road, and
as far north as Mullen Pass. Total pumpage by the
end of 1980 was about 50 hm3 (41,000 acre-ft)
and about 42 hm3 (34,000 acre-ft) had been re
moved from storage. At the end of 1985 water lev
els near the center of irrigation had dropped about
27 m. The total volume of water pumped was
about 78 hm3 (63,000 acre-ft), and about 63 hm3

(51,000 acre-ft) had been removed from storage.
By the end of 1990, water levels had dropped to a

maximum of about 30 m. Slight declines were
simulated in all parts of the model domain except
Hungry Valley and Bacon Rind Flat. Total pum
page was about 103 hm3 (84,000 acre-ft), and
about 78 hm3 (63,000 acre-ft) had been removed
from storage. At the end of the transient simulation
(12/31/1995) maximum simulated water-level de
clines were over 37 m. The total volume of water
pumped was about 128 hm3 (104,000 acre-ft), and
over 91 hm3 (74,000 acre-ft) had been removed
from storage. Figures 42 - 45 show simulated wa
ter levels and ground-water flow directions for De
cember, 1995.

CHANGES IN EVAPOTRANSPIRATION AND
BOUNDARY FLUXES

Prior to the development of ground-water re
sources in Warm Springs Valley, about 95% of the
annual recharge to the basin-fill aquifer, 2.85 hm3

(2,310 acre-ft), dischar~ed by evapotranspiration.
The other 5%, 0.15 hm (120 acre-ft), left the val
ley as ground-water discharge through Mullen
Pass. Flow beneath Mullen Pass remained fairly
constant throughout the transient simulation. How
ever, evapotranspiration was substantially reduced
by irrigation pumping. By the end of 1995, simu
lated annual evapotranspiration was 0.58 hm3 (470
acre-ft), or about 20 % of predevelopment levels.
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FIGURE 32. SIMULATED STEADY-STATE VELOCITY FIELD, LAYER 1.
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FIGURE 33. SIMULATED STEADY-STATE VELDCITY FIELD, LAYER 2.
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GROUND-WATER BUDGET AND
SUSTAINABLE YIELD

Table 2 shows the ground-water budget of the
basin-fill aquifer of Warm Springs Valley for the
predevelopment period, and for the years 1975,
1980, 1985, 1990, and 1995. Two sets of numbers
are given for the predevelopment period: esti
mated, and simulated. Estimated values are based
on field observations and empirical analysis.
Simulated values were calculated by (or input to)
the steady-state model. Recharge from precipita
tion, and inflow from Spanish Springs Valley, were
specified model inputs and represent long-term
averages. Evapotranspiration and flow through
Mullen Pass were head-dependent fluxes and
were calculated at each time step. Pumping values
were from early reports (Guyton, 1986, 1987),
Warm Springs Valley pumping inventories (Ne
vada Department of Conservation and Natural Re
sources), and from field measurements.

Long-term average annual inflow to the basin
fill aquifer in Warm Springs Valley is estimated to
be about 3 hm3 (2,400 acre-ft). Approximately 2.9
hm3 (2,350 acre-ft) is recharge from precipitation,
0.14 hm3 (110 acre-ft) is subsurface inflow from
Spanish Springs Valley. Annual subsurface outflow

through Mullen Pass is estimated to be about 0.15
hm3 (120 acre-ft). Prior to irrigation in the Valley,
the average annual volume of evapotranspiration
from the modeled area was about 2.85 hm3 (2,310
acre-ft). An additional, unquantified amount of
evapotranspiration is lost from 750 hectares (1,875
acres) of phreatophytes that grow outside of the
modeled area. Therefore, assuming current rates
of subsurface inflow and recharge, no evapotran
spirative losses outside the modeled area are sal
vaged, and all evapotranspiration from the mod
eled area could be captured, the maximum
amount of ground water that can be withdrawn and
consumed indefinitely is about 2.9 hm3/yr (2,350
acre-ftlyr) to 3.7 hm3/yr (3,000 acre-ftlyr). In their
reconnaissance study of the valley, Rush and
Glancy (1967) estimated the perennial yield of
Warm Springs Valley to be about 3.7 hm3 (3,000
acre-ft).

SENSITIVITY ANALYSIS

The sensitivity of the model solution to changes
in select inputs was determined in a series of
steady-state simulations. One input parameter was
increased 20% or decreased 20% about its cali
brated value in each of the 18 model runs. Model
sensitivity to changes in horizontal and vertical hy-
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Table 2. Ground-water budget. Based on field observations and empirical analysis, and on steady-state
and transient simulations. All data are in hm3

Predevelopment Transient Simulation

Estimated I Simulated 1975 1980 I 1985 I 1990 I 1995
Inflow

Recharae from precipitation 2.86 2.86 2.86 2.86 2.86 2.86 2.86
Inflow from Spanish 0-0.35 0.14 0.14 0.14 0.14 0.14 0.14
Sprinas
Total 2.86-3.21 3.00 3.00 3.00 3.00 3.00 3.00

Outflow

Evapotranspiration 1.85-4.43 2.85" 2.10 1.58 1.16 0.82 0.58
Pumpaae 0 0 4.82 5.13 5.36 4.40 5.45
Flow throuah Mullen Pass 0.15-0.22 0.15 0.15 0.15 0.15 0.15 0.15
Total 2.00-4.65 3.00 7.07 6.86 6.67 5.36 6.17

Change in Storage

Outflow - Inflow 0 0 4.07 3.86 3.67 2.36 3.17

* Does not include evapotranspiration from approximately 750 hectares of phreatophytes outside the modeled area.

(

draulic conductivity, recharge flux, and evapo
transpiration rates and extinction depths was
evaluated. Since the steady-state model was
used in the analysis, changes in pumping rates
and storage properties were not simulated. In
flows from the calibrated steady-state model
were used in all sensitivity simulations except
two runs when recharge rates were varied.
Evapotranspiration and flow through Mullen Pass
were the only two outflows. Since there is no net
change in storage in a steady-state simulation,
any change in evapotranspiration was accompa
nied by change in the flow through Mullen Pass
that was equal in magnitude but opposite in sign
(except the recharge simulations).

Increasing the horizontal hydraulic conductiv
ity of all model layers resulted in a 2.2% increase
in flow through Mullen Pass and a 0.14% de
crease in evapotranspiration (3,900 m3/yr, 3.2
acre-ftlyr) . Decreasing the conductivity of all
layers decreased flow through Mullen Pass
3.4%, and increased evapotranspiration 0.14%
(4,100 m3/yr, 3.3 acre-ftlyr). Increasing the hori
zontal conductivity of layer 1 increased the flow
through Mullen Pass 2.1 %, and decreased
evapotranspiration 0.14% (3,900 m3/yr, 3.2 acre
ftlyr). Decreasing the horizontal conductivity of
layer 1 decreased flow through Mullen Pass
3.1 % and increased evapotranspiration 0.14%
(4,100 m3/yr, 3.3 acre-ftlyr).

Head-dependent boundary flows were rela
tively unaffected by changes in horizontal con
ductivity in layers 2 and 3. Similarly, changes in
the vertical conductivity between layers 1 and 2,

and between layers 2 and 3 had little effect on
the boundary flows.

Increasing the maximum evapotranspiration
rate decreased the flow through Mullen Pass
1.7%, and increased the total volume of evapo
transpiration 0.07% (2,100 m3/yr, 1.7 acre-ftlyr).
Decreasing the maximum evapotranspiration
rate increased flow through Mullen Pass 2.4%,
and decreased total evapotranspiration 0.14%
(3,900 m3/yr, 3.2 acre-ftlyr). Increasing the
evapotranspiration extinction depth decreased
the flow through Mullen Pass 3.9%, and in
creased total evapotranspiration 0.18% (5,100
m3/yr, 4.1 acre-ftlyr). Decreasing the extinction
depth resulted in an increase of 3.6% in the flow
through Mullen Pass, and a decrease of 0.21 %
in the total volume of evapotranspiration (5,900
m3/yr, 4.8 acre-ftlyr). Increasing steady-state
recharge rates increased the flow through Mullen
Pass 1.0%, and increased evapotranspiration
21 % (594,000 m3/yr, 482 acre-ftlyr). Decreasing
the recharge rate decreased flow through Mullen
Pass 1.1 %, and decreased evapotranspiration
about 21% (595,000 m3/yr, 483 acre-ftlyr). The
results of the sensitivity analysis are summarized
in table 3.

LIMITATIONS OF THE MODEL

The numerical model presented in this report
represents a simplification of flow in the basin-fill
aquifer in Warm Springs Valley. Assumptions
were made regarding the hydraulic properties of
the aquifer, the nature of the system boundaries,
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Table 3. Results of sensitivity analysis

Parameter varied Part of Change applied Calibration statistics I Flux at head-deoendent bounderies
model affected ~~~ameter cr(m)' IrI (m) Mlni,Res. Max. Res. Outflow t~~~u9h ~ullen Evapotranspiration

ercenn m) (m) Pass hmo/vi (hmo/vr)

Steady-slale calibration
8.09 6.21 I -6.21 21.85 I 0.15042 I 2.8309

Sensitivity analysis
Horizontal hydraulic conductivity All layers +20 9.98 7.63 -5.01 27.48 0.1538 2.827

-20 5.91 4.51 -7.87 14.00 0.1453 2.835
Layer 1 +20 9.74 7.36 -5.51 26.14 0.1536 2.827

-20 6.20 4.74 -7.05 16.28 0.1457 2.835
Layer 2 +20 8.40 6.46 -5.88 23.41 0.1506 2.830

-20 7.73 5.93 -6.59 20.05 0.1502 2.831
Layer 3 +20 8.04 6.27 -5.96 21.89 0.1505 2.831

-20 8.15 6.14 -6.51 21.81 0.1502 2.831
Vertical hydraulic conductivity Interface between +20 8.44 7.04 -6.13 22.34 0.1505 2.830

lavers 1 and 2 -20 8.37 6.17 -6.42 21.24 0.1503 2.831
Interface between +20 8.09 6.24 -6.18 21.87 0.1504 2.830
lavers 2 end 3 -20 8.09 6.18 -6.26 21.83 0.1503 2.831

Recharge f'\lIlayers +20 6.82 5.58 -8.47 14.47 0.1519 3.425
-20 10.76 9.25 -3.88 29.76 0.1488 2.236

Maximum ET Rale Layer 1 +20 8.Q1 6.37 -5.57 22.29 0.1479 2.833
-20 8.21 5.99 -7.16 21.11 0.1540 2.827

Maximum ET depth Layer 1 +20 7.19 6.58 -5.06 22.63 0.1446 2.836
-20 8.26 6.03 -7.37 21.08 0.1559 2.825

, Residual standard deviation
2 Absolute residual mean
°Minimum residual
4 Maximum residual

and the physical properties of the ground water.
Although a substantial amount of useful infor

mation about the hydrology of the valley was as
sembled by the North American Aviation Corpora
tion in the mid 1960s, little stratigraphic information
was available for many parts of the aquifer, espe
cially below 100 m. Where data were lacking, val
ues were assumed from the conceptual model of
the system, or weredeveloped through the proc
ess of inverse modeling--which can produce non
unique solutions. It is possible that another distri
bution of hydraulic properties would result in an
equally good match between simulated and ob
served heads.

Very little is known about the hydraulics of the
bedrock that bounds the basin-fill aquifer. The
pathWay of recharge frorn precipitation that falls in
the mountainous areas was assumed from surface
topography and does not reflect the complex sys
tem of faults, fractures, and other preferential flow
paths that are believed to control the movement of
recharge to the basin-fill aquifer. Similarly, hydrau
lic-head data were limited. No early synoptic data
were available, and time-series data were limited
to the southern part of the modeled area.

In the derivation of the model's governing
equation, it was assumed that the ground water
was of uniform density. In Warm Springs Valley,
variations in the temperate and chemical quality of
ground water may have a significant local effect on
fluid density. This is not believed to be a large
source of error.

A portion of the aquifer at the southern end of
the valley was not included in the solution domain.

Consequently, simulated water levels near the
southern model boundary were lower than ob
served water levels.

DEVELOPMENT SCENARIOS

The calibrated ground-water flow model was used
to evaluate the effect on the hydrologic system of
eighteen development scenarios. In each scenario,
it was assumed that land-use changes occurred
instantaneously at the beginning of each simula
tion, and remained in effect for the duration of the
simulation. The total simulation time of each sce
nario was 100 years. The final hydraulic heads
from the transient simulation (12/31/1995) were
used as initial conditions for each scenario. Each
simulation consisted of 100 one-year stress peri
ods. Recharge from precipitation was constant and
equaled the long-term average. The distribution of
phreatophytes was the same as in the steady-state
and transient simulations described earlier in this
report. Refer to figure 46 for land-use designations
of Warm Springs Valley parcels.

Description of Scenarios

Scenario 1A: Existing irrigation wells are used to
supply water to 1150 homes in the Specific Plan
Area (SPA). The SPA also contains an additional
160 homes on individual wells. It is assumed that
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each home uses 0.57 acre-ftlyr of water, of which
43% is recharged at the point-of-use through indi
vidual septic systems. All parcels designated rural
residential or general rural have individual wells
pumping 1.12 acre-ft of water annually, of which
43% recharges at the point of use through individ
ual septic systems.

Scenario 1B: Same as 1A except no recharge
from septic systems.

Scenario 2A: Individual domestic wells supply wa
terto 1310 homes in the SPA. All parcels desig
nated rural residential or general rural have indi
vidual wells. Each well pumps 1.12 acre-ft of water
annually, of which 43% recharges at the point of
use through individual septic systems. No irrigation
pumping is assumed.

Scenario 2B: Same as 2A except no recharge
from septic systems.

Scenario 3A1: The SPA is divided into 5-acre par
cels. Each parcel has an individual well that pumps
1.12 acre-ft of water annually, of which 43% re
charges at the point of use through individual sep
tic systems. All parcels designated rural residential
or general rural have individual wells pumping 1.12
acre-ft of water annually, of which 43% recharges
at the point of use through individual septic sys
tems. No irrigation pumping is assumed.

Scenario 3A2: Same as 3A1 except no recharge
from septic systems.

Scenario 3B1: The SPA is divided into 10-acre
parcels. Each parcel has an individual well that
pumps 1.12 acre-ft of water annually, of which
43% recharges at the point of use through individ
ual septic systems. All parcels designated rural
residential or general rural have individual wells
pumping 1.12 acre-ft of water annually, of which
43% recharges at the point of use through individ
ual septic systems. No irrigation pumping is as
sumed.

Scenario 3B2: Same as 3B1 except no recharge
from septic systems.

Scenario 3C1: The SPA is divided into 20-acre
parcels. Each parcel has an individual well that
pumps 1.12 acre-ft of water annually, of which
43% recharges at the point of use through individ
ual septic systems. All parcels designated rural
residential or general rural have individual wells
pumping 1.12 acre-ft of water annually, of which

43% recharges at the point ·of use through individ
ual septic systems. No irrigation pumping is as
sumed.

Scenario 3C2: Same as 3C1 except no recharge
from septic systems.

Scenario 4A: The SPA contains 58 homes on indi
vidual wells. All parcels designated rural residential
or general rural have individual wells. Each well
pumps 1.12 acre-ft of water annually, of which
43% recharges at the point of use through individ
ual septic systems. The difference between the
2,300 acre-ftlyr of estimated perennial yield and
the net domestic pumping (total pumping - septic
recharge) is assumed to be pumped from existing
irrigation wells.

Scenario 4B: Same as 4A except no recharge
from septic systems.

Scenario 5A: SPA contains 1580 homes supplied
by water pumped from existing irrigation wells. The
SPA also contains an additional 160 homes on
individual wells. It is assumed that each home
uses 0.57 acre-ftlyr of water, of which 43% is re
charged at the point-of-use through individual sep
tic systems. All parcels designated rural residential
or general rural have individual wells pumping 1.12
acre-ft of water annually, of which 43% recharges
at the point of use through individual septic sys
tems.

Scenario 5B: Same as 5A except no recharge
from septic systems.

Scenario 6A: All privately-owned land is divided
into 40-acre parcels. Each parcel has an individual
well that pumps 1.12 acre-ft of water annually, of
which 43% recharges at the point of use through
individual septic systems. No irrigation pumping is
assumed.

Scenario 6B: Same as 6A except no recharge
from septic systems.

Scenario 7: The SPA is divided into 5-acre parcels.
Each parcel contains a domestic well that pumps
1.12 acre-ftlyr with 43% septic recharge, and an
irrigation well that pumps 7 acre-ftlyr. All parcels
designated rural residential or general rural have
individual wells pumping 1.12 acre-ft of water an
nually, of which 43% recharges at the point of use
through individual septic systems.
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Scenario 8: The SPA is divided into 2.5-acre par
cels. Each parcel contains a domestic well that
pumps 1.12 acre-ftlyr with 43% septic recharge,
and an irrigation well that pumps 3.5 acre-ftlyr. All
parcels designated rural residential or general rural
have individual wells pumping 1.12 acre-ft of water
annually, of which 43% recharges at the point of
use through individual septic systems.

Discussion· of results

Hydrographsfor four cells in the model grid were
prepared to help illustrate the aquifer response to
the simulated land-use changes. Hydraulic heads
at cells (20,20), (24,7), (26,14), and (29,19) were
plotted at the end of each annual stress period and
are shown on figures 62-75 (Appendix B). Also
shown on the figures are storage and evapotran
spiration rates (in acre-ftlyr), and the cumulative
change in storage (in acre-ft). Storage rates can
be positive or negative. A positive storage rate in~

dicates that the total volume of water in the
ground-water reservoir is increasing. A negative .
storage rate indicates that water is being removed
from storage. Evapotranspiration rates are always
positive. The storage and evapotranspiration rate
plots show how increases in water storage result in
increased evapotranspiration. The results of the
development scenario simulations are summarized
in table 4.

Scenario 1A: The hydrographs show an immediate
recovery of water levels at cells (20,20), (26,14),
and (29,19). As you move away from the historical
pumping center, recovery of water levels is de
layed (nydrograph (24,7)). Water storage in
creased rapidly at first, but leveled off as water
level rise causes an increase in evapotranspiration
rate. The cumulative change in storage reaches a
maximum of about 28,019 acre-ft at about year 80,
then declines slightly.

Scenario 1B: The hydrographs show a similar
pattern of recovery in cells (20,20), (26,14), and
(29,19) only heads level off at a lower elevation. At
cell (24,7), heads continue to decline throughout
the simulation. Storage rates are consistently
negative indicating a constant overdraft of the aq
uifer. At the end of the simulation 20,250 acre-ft of
water had been removed from storage.

Scenario 2A: The hydrographs show recovery of
water levels at cells (20,20), (26,14), and (29,19)
as in scenarios 1A an 1B. Water levels at cell
(24,7) level off at about year 70. For the first half of

the simulation, storage rates are positive. As water
levels rise in the phreatophyte discharge area,
evapotranspiration rates increase and storage
rates become negative. Over 5,000 acre-ft of water
are removed from storage during the last half of
the simulation.

Scenario 2B: Water levels in (20,20), (26,14), and
(29,19) show a slight rebound in the first 30 years
of the simulation, but then show a steady decline
for the next 70 years. Water levels at (24,7) show
a monotonic decline. Evapotranspiration rates de
cline throughout the simulation. Storage rates are
consistently negative, and by the end of the simu
lation over 67,000 acre-ft of water had been re
moved from storage.

Scenario 3A1: Heads at cells (20,20), (26,14), and
(29,19) increase immediately. As you move away
from the historical pumping center, recovery of
water levels is delayed (hydrograph (24,7)). Stor
age rates are positive for the first 70 years, then
become negative as evapotranspiration rates in
crease. At the end of the simulation, over 20,000
acre-ft of water had been added to storage.

Scenario 3A2: Heads rise and quickly level off in
cells (20,20), (26,14), and (29,19). Heads drop
monotonically in cell (24,7). Storage rates are con
sistently negative. At the end of the simulation,
over 30,000acre-ft of water had been removed
from storage.

Scenario 3B1: Heads immediately rebound in cells
(20,20), (26,14), and (29,19). Heads at cell (24,7)
drop for the first 50 years, then recover slightly.
Storage rates are positive for the first 75 years of
the simulation, then become negative. At the end
of the simulation, over 31,000 acre-ft of water had
been added to storage.

Scenario 3B2: Water levels continually increase in
cells (20,20), (26,14), and (29,19), and continually
decrease in cell (24,7). Storage rates are positive
for the first 35 years of the simulation, then remain
negative for the remainder of the simulation. Cu
mulative storage is positive until about year 75,
and is negative for the rest of the simulation. At the
end of the simulation, over 6,000 acre-ft of water
had been removed from storage.

Scenario 3C1: Heads increase immediately in cells
(20,20), (26,14), and (29,19). Heads in cell (24,7)
drop for the first 40 years of the simulation, then
rise slightly. Storage rates are positive for the first
80 years, then become slightly negative for the
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Table 4. Summary of Scenario Results

Run TP SR NP Cumulative Change in Storage (1000 acre-ft)
25 years 50 years 75 years 100 years

1A 2094. 900. 1194. 17.13 25.56 27.97 27.41
18 2094. o. 2094. -2.40 -7.06 -13.43 -20.25
2A 2815. 1210. 1605. 7.59 9.29 7.33 3.93
28 2815. o. 2815. -19.25 -36.69 -52.85 -67.74

3A1 2216. 953. 1263. 15.18 21.67 22.52 20.79
3A2 2216. o. 2216. -5.51 -12.93 -21.56 -30.24
381 1781. 766. 1015. 20.64 30.26 32.12 31.08
382 1781. o. 1781. 4.30 3.40 -0.84 -6.35
3C1 1564. 673. 891. 23.38 34.30 36.64 35.89
3C2 1564. o. 1564. 9.15 11.39 9.08 4.91
4A 2907. 607. 2300. -7.35 -14.34 -21.36 -28.02
48 2300. 0. 2300. -7.00 -14.59 -22.89 -31.08
5A 2339. 1006. 1333. 14.18 21.04 22.86 22.30
58 2339. 0. 2339. -7.88 -16.10 -24.82 -33.33
6A 2725. 1172. 1553. NS NS NS NS
68 2725. 0. 2725. NS NS NS NS
7 7642. 953. 6689. NS NS NS NS
8 8511. 1326. 7185. NS NS NS NS

TP =Total Pumping (acre-ftlyr)
SR =Septic Recharge (acre-ftlyr)
NP = Net Pumping = Total pumping - Septic Recharge (acre-ftlyr)
NS =No Simulation

remainder of the simulation. At the end of the
simulation, over 35,000 acre-ft of water had been
added to storage.

Scenario 3C2: Water levels rise in cells (20,20),
(26,14), and (29,19) for the entire simulation. Wa
ter levels decline at cell (24,7) for the first 60 years,
then level off. Storage rates are positive for the
first half of the simulation, then become negative
for the last 50 years. At the end of the simulation,
almost 6,000 acre-ft of water had been added to
storage.

Scenario 4A: Heads at cells (20,20), (26,14), and
(29,19) increase in the first half of the simulation,
then decline slightly. Heads in cell (24,7) drop
throughout the simulation. Storage rates are con
sistently negative, resulting in a total loss of over
28,00 acre-ft of water in storage.

Scenario 48: Hydrograph shapes are similar to
scenario 4A except heads are slightly higher. This
is because 4A and 48 are the only scenario pair
(one with septic recharge and one without) where
the net pumping (total pumping - septic recharge)
is the same. In 4A, the irrigation wells pump more

water than in 48. The additional water is equal to
the total septic recharge. Storage rates are always
negative. At the end of the simulation, over 31 ,000
acre-ft of water had been removed from storage.

Scenario 5A: Water levels at cells (20,20), (26,14),
and (29,19) rise throughout the simulation. Heads
at (24,7) drop for the first 60 years, then begin to
recover. Storage rates are positive for the first 75
years and are negative for the remaining simula
tion time. At the end of the simulation, over 22,000
acre-ft of water had been added to storage.

Scenario 58: Water levels at cells (20,20), (26,14),
and (29,19) rise for the first half of the simulation
and then decline slightly. Heads at cell (24,7) drop
throughout the simulation. Storage rates are con
sistently negative. At the end of the simulation,
over 33,000 acre-ft of water had been removed
from storage.

Scenarios 6A, 68, 7, and 8: The calibrated flow
model could not be used to evaluate scenarios 6A,
68,7, and 8. In some areas, ground-water with
drawals outside the model grid were greater that
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recharge from precipitation. This led to numerical
instabilities in the model.

SUMMARY AND CONCLUSIONS

The Warm Sprin:ps Valley drainage area, ap
proximately 670 km (260 mi2), consists of three
valleys: Warm Springs Valley, Hungry Valley, and
Winnemucca Valley. Surface-water drainage is
toward the center of Warm Springs Valley and
through Mullen Pass.Average annual precipitation
on the basin is about 160 hm3 (130,000 acre-ft).
Warm Springs Valley appears to be in hydraulic
contact with the basin-fill aquifer in Spanish
Springs Valley to the southwest, and with the
Pyramid Lake Valley to the northeast.

The structural depression that occupies Warm
Springs Valley is filled with discontinuous deposits
of sand, gravel, silt, and clay. The basin-fill covers
i:3,bout 185 km2 (71 mi2), and is about 1000 m
(3280 ft) thick at its deepest point. The total vol
ume of saturated basin-fill is about 46,000 hm3

(37,300,000 acre-ft). A numerical ground-water
flow model was used to simulate flow in the basin
fill aquifer under both steady-state and transient
conditions. The steady-state model was used to
simulate the period prior to 1967 when the hydro
logic system was in a state of dynamic equilibrium,
and long-term inflow was approximately equal to
long-term outflow. The average annual flow
through the basin-fill aquifer prior to 1967 was
about 3 hm3 (2,460 acre-ft). Inflow consisted of 2.9
hm3/yr (2,350 acre-ft/yr) of recharge from precipi
tation, and 0.14 hm3/yr (110 acre-ft/yr) of subsur
face inflow from Spanish Springs Valley. Outflow
consisted of 2.85 hm3/yr (2,310 acre-ft/yr) evapo
transpiration and 0.15 hm3/yr (120 acre-ftlyr) sub
surface outflow through Mullen Pass. An unquanti
fied amount of geothermal water discharges at the
base of Dogskin Mountain on the northwest side of
Warm Springs Valley. Some of this water might
originate as precipitation that falls outside the ba
sin. Additonal evapotranspiration occurs outside
the modeled area from about 750 hectares (1,875
acres) of phreatophytes growing along stream
channels and near spring discharge at the north
and south ends of the valley.

In 1967 the first 2 irrigation wells were drilled in
Warm Springs Valley. Since 1967, ground-water
withdrawals in the Valley ranged from about 2.3
hm3/yr to about 5.8 hm3/yr (1,900 acre-ft/yr to
4,700 acre-ft/yr). A transient ground-water flow
model was used to simulate the period 1967
through 1995. By the end of 1995, water-level de
clines up to 37 m (120 ft) were simulated near the

center of the irrigation pumping, and over 91 hm3

(74,000 acre-ft) had been removed from storage.
The irrigation pumping and resulting water-level
declines had little effect on subsurface outflow
through Mullen Pass; however, annual evapotran
spiration decreased from a predevelopment level
of 2.85 hm3 (2,310 acre-ft) in 1967 to 0.58 hm3

(470acre-ft) at the end of 1995.
Assuming current rates of subsurface inflow

and recharge, that no evapotranspirative losses
outside the modeled area are salvaged, and that
all evapotranspiration from the modeled area could
be captured, the maximum amount of ground wa
ter that can be withdrawn and consumed indefi
nitely is about 2.9 hm3/yr (2,350 acre-ft/yr) to 3.7
hm3/yr (3,000 acre~ft/yr).
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64 Hydrogeology and Simulated Effects of Development in Warm Springs Valley, Washoe County, Nevada



+ + + + + + + + + + + + + + + + + + + + + + + + + + +
0.9 10.9

+ + + + + + + + + + + +
+ + + + + + + + + + + + + + ll.6 0.2 + + + + + +

+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + +
+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + +

+ + + + + + + + + + + + + + 1.2 0.4 IJ 0.4 + + + + + +
+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + +
+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + +

+ .+ + + + + + + + + + + + 0.1 ll.6 0.5 LO 1.2 + + + + + +
+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + +
+ + + + + + + + + + + + + + + + + + + + + + + + + +

D.fj 0.9
+ + + + + + + + + + + +

+ + + + + + + + + + + + + 0.1 1.2 0.3 + + + + + +
+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + +
+ + + + + + + + + + + + + + + + + + + + + + + + Js ll.6

+ + + + + + + + + + + +
+ + + + + + + + + + + + OJ 0.2 IJ IJ + + + + + +

+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + +
+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + +

+ + + + + + + + + + + + 0.5 0.9 0.9 U 0.7 0.7 0.1 + + + + +
+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + +
+ + + + + + + + + + + + + + + + + + + + r + + + + + + + + + +

+ + + + + + + + + + -tl.3 ll.6 0.2 0.7 U 0.0 0.2 0.3 + + + + +
+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + +
+ + + + + + + + + + + + + + + + + + + +

/0.4
+ + + + + + + + + +

+ + + + + + + + + + 0.4 0.4 0.0 0.4 0.7 0.0 0.3 -0.1 + + + + +
+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + +

.+ + + .. + ++ + + + + + + + + + + + + + + oj + + + + + + + +
+ + + + + + + + + + 0.4 0.2 0.4 1.3 0.4 -oJ 0.0 0.6 -o.t + + + +

+ + + + + + + + + + + + + + + + + + + + + + + + + + + +
+ + + + + + + + + + + + + + + + + + + +

-oJ 1/0.3 0.1 0.3 1.2
+ + + + + + + +

+ + + + +. + + + + + 0.0 0.0 0.6 -0.2 0.4 + + + +
+ + + + + + + + + + + + + + + + + + + + + + + + + + + +
+ + + + + + + + + + + + + + + + + + + +

0Jj
+ + + + + + + +

+ + + + + + + + + + 0.0 OJ LO U 0.9 -tl.3 0.4 0.4 -0.2 + + + +
+ + + + + + + + + + + + + + + + + + + + + + + + + + + +
+ + + + + + + + + + + + + + + + + + + + o.2Js + + + + + + + +

+ + + + + + + + + + 0.5 0.6 0.9 0.9 -0.2 0.7 0.3 0.2 + + + +
+ + + + + + + + + + + + + + + + + + + + + + + + + + + +
+ + + + + + + + + + + + + + + + + + + + + + + + + +

+ + + + + + + + + + 0.3 0.4 L2 L3 1.5 L7 IJ 1.3 L7 2.2 1.5 + + +
+ + + + + + + + + + + + + + + + + + + + + + + + + +
+ + + + + + + + + + + + + + + + + + + + is + + + + + +

+ + + + + + + + + + 0.9 L3 L9 1.2 1.5 LB 2.B 2.3 16 L9 + + +
+ + + + + + + + + + + + + + + + + + + + + + + + + +
+ + + + + + + + + + + + + + + + + +

0.91/16 L9 16 2.1+ + + + + + + + + IJ L9 2.4 1.7 L9 2.2 L7 LB 1.2 0.9
+ + + + + + + + + + + + + + + + + +
+ + + + + + +' + + + + +

• + 0.7 J:j 2.6 2.9 2.9 2.4+ + + + + + + LO 14 2.4 2.7 2.1 2.3 2.6 2.1 2.0 1.2 0.9
+ + + + + + + + + + + + " +
+ + + + + + + + + + + +

1.2 /0.9 }7K7
+ +

+ + + + + + 1.0 0.2 1.2 2.B 3.4 2.6 2.7 3.4 2.9 3.2 3.5 2.9 2.3 +
+ + + + + + + + + + + + + +
+ + + + + + + + + + + +

3.9 4.9 4.7 4.91 ;4'i + + + + + +
+ + + + + + 0.3 0.5 1.3 LB 2.2 :3.4 4.6 4.1 4.4 4.7 + + +

+ + + + + + + + + + + + + + + + + +
+ + + + + + + + + + + + F ,a rJ 6.2

+ +
• +

+ +
+ +, + + + + IJ 0.4 L9 2.B 4.5 6.2 5.4 6.3 6.2 6.7 7J 6.3 + + +

++ + + + + + + + + + + + + + + + +
+ + + + + +

LO 1/0.9 9.3A/i
+ +

• +
+ +

-0.2 -OJ 0.3 + • + OJ 2.0 3.5 5.B 9J 9.4 9.4 B.3 B..9 9.2 7.9 + + +
+ + + + + + + +

• +
+ +

OJ -0.4 -0.2 -0.2 0.2 OJ -o.t 0; 1.3 2.3 4.4 7.5 10.6 1IJ 12.1 12.B 12.7 13;- -{3.2 I~ 12.6
+ +

• +
+ +

+ + +
+ +

• +
+ +

OJ -0.2 0.3 fi.5 15.7 16.7 16.9 177 ~9J + +
• +

+ +
0.5 -9.3 0.0 -oJ L7 2.3 5.4 9.4 14.1 17.5 17 15.2 + + +

+ +
• +

+ +

-tl.3 -0.2 0.4 0.3
+ + + + + +

19.3 20.2 ~
+ +

• +
+ +

0.5 0.0 -0.4 OJ 0.7 + + + 19.2 22.4 23.B 20.9 19. 19.6 + + +
+ + + + + + + +

• +
+ +

0.0 of 0.7
+ + + + + + + +

213 ~ 23.2
+ + + + + +

0.0 -0.2 0.5 0.2 0.0 + + + + eM 24J 24.7 e3.2 22. 20.7 + + +
+ • + + + + + + + + + + + +

f9 + • + + + + + +
~

+ + • + + +
0.2 0.2 0.0 ll.6 0.0 0.2 0.4 + + + + e2.3 e3.9 23.5 24J 24.5 24.6 e3. 22.2 + + +

+ + + + + + + + + + + + + +
+ + + + + + + +

~ ~ 107
+ + + + + +

OJ 0.3 0.2 -oJ 0.1 -0.2 0.5 L4 + + + + e3.9 ~4.8 2S.2 25.4 25.5 23.1 + + +
+ + + + + + + + + + + + + +

-0.5 -D.4 -0.1 0.0 IJ L6~
....-;

15J 22.6 25J 25.6 26.0~
+ + + + + +

-0.2 0.3 -= 26.3 26.2 25.2 24J +
+

+ +
+ + + + +

-0.5 -0.1 -D.4 0.2 ll.6 0.9 ~.9 0.0~ 27J 26.9 27.0 I~ + + + + + +
0.3 1.2 2.2 0.0 27.0 26 25.9 24.3 + + +

+ + + + + +

~
+ + + + Jl + + + + + +

0.3 0.3 0.3 0.3 ll.6 0.7 LO 1.2 0.0 0.0 + + 26.7 26.6 26.6 26.6 26.5 26.0 24.6 + + +
+ + + + + + + + + +

y + + + + + +
\!7.o I'r-0

+ + + + + +
0.0 0.0

~~
0.3 0.7 0.0 0.0 + + + 27.0 26.9 26.B 26.7 26.3 e3.9 + + +

+ + + + + + + + + + + +

-~
+ + + + + +

~.7 e\.9 • +
+ +

0.0 0.0 ll.6 0.0 0.0 0.0 0.0 + + + 26.9 e5.9 25.9 e5.B 26J 23.9 19.9 + +
+ + + + + + • + + +

ll.6 /0.0 + + + + + +
~

+ + + +
0.0 0.0 0.4 0.0 0.0 0.0 0.0 + + + 25.0 25.2 e5.5 e5.B e5.B 25.0 e3.7 16.9 + +

+ + + + + + + + + +
+ + + +

0.0/0.0 0.0 0.5 0.0 0.0
+ + + +

23.4 e3.7 24.4 25J pl U.2
+ + + +

+ + 0.0 0.0 + + 24.9 25.B 24.0 22.4 + +
+ + + + + + + + + + + +

0.0 l;{o -0.2 J1'4'1v-oJ 0.0 0.0
+ + + + yI.o 22.7 e3.5 23.6 6.9 /' 6.1± 0.3 0.20.0 0.0 + + 9J
+ + + +

0.2 E 0.2 -oj -B.3 -tl.3 0.0 0.0 0.0 0.0 D.12JS 212 219 22.1 9.6 2.9 f 2.5 16 \7 0.4 0.1 OJ

l.4 ~~
+ +

• +
+ +

0.5~ L4/1.7 ~-OJ -0.1 + + + 0.1 0.0 20.9 eL2 2B.3 5.6 L5 L7 0.9 OJ OJ
+ +

• +
+ +

~+ + +
~r:

+ +
• +

+ + ~ 5.2/LB • + + +
0.3 -0.4 + + + + 0.0 0.0 0.1 19.7 ~9.9 19.8 1.3 L4 16 1.2 B.4 + +

+ + + + + +
• +

+ +
• +

+ +

p + + + + tY. + +
• +

+ + + •
i'lt.6 ~ LO~ • +

+ +
-0.2 • + ~++ + • + 0.0 0.1 19.9 19.9 19.7 1.5 1.7 L7 16 c,..,.+ .• + + + + + + + + + + +

-oj • + + + + + +:" • +
+ + + • + + + +

I~ 0.2 • + .:-"-9.2 + + +
~~++ • + + 19.9 IB.9 UL9 5.2 2.2 1.4 L7 LO 1.5 +

+ + + + + + + • + • + + + + • + + +
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