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CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATED UNITS

Multiply By To obtain
acre 4,047 square meter
acre-foot (acre-ft) 0.001233 cubic hectometer
acre-foot per year (acre-ft/yr) 0.001233 cubic hectometer per year
cubic foot per second (ﬂ3/s) 0.02832 cubic meter per second
foot (ft) 0.3048 meter
foot per day (ft/d) 0.3048 meter per day
foot per mile (ft/mi) 0.1894 meter per kilometer
foot squared per day (f%/d) 0.09290 meter squared per day
gallon per minute (gal/min) 0.06309 liter per second
inch (in.) 25.40 millimeter
mile (mi) 1.609 kilometer
square mile (miz) 2.590 square kilometer

Temperature: Degrees Celsius ("C) can be converted to degrees Fahrenheit (F) by using the formula “F = [1.8("C)]+32. Degrees Fahrenheit
can be converted to degrees Celsius by using the formula °C = 0.556("F-32).

Sea level: In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929, formerly called “Sea-Level
Datum of 1929”), which is derived from a general adjustment of the first-order leveling networks of the United States and Canada.

Metric water-quality and geophysical units:

g/em? (gram per cubic centimeter) mGal (milliGal) mg/L (milligram per liter)
um (micrometer) puS/cm (microsiemens per centimeter at 25° C) mL (milliliter)

permil (part per thousand) nT (nanotesla) pCi/L (picocurie per liter)
pg/L (picogram per liter)
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Table 1. Site number, location, and type of data available for well, precipitation, and surface-water sites,
Spanish Springs Valley area, west-central Nevada

[Available data: GL, geophysical logs; P, precipitation; Q, discharge; QW, water chemistry, WL, ground-water levels. Data from
Hess and others (1993), Washoe County (1993), Emett and others (1994), Clary and others (1995), and Bauer and others (1996)]

U.S. Geological Survey site designations '

Site Available
number Site name
Standard data
(fig. 3) Local identification identification
Well sites
1 84 N22 E20 25DDCAL 394422119404901 Brown, D. WL
2 85 N21 E20 02AAACI 394321119415101 O’Hair WL,QW
3 85 N21 E20 02DDACI 394240119415001 SSP-9 WL,GL
4 85 N21 E20 11DABAI 394202119415301 SSP-10 WL
5 85 N21 E20 12DACDI1 394154119405401 Wardrup WL
6 85 N21 E20 13CAACI 394109119411501 SSP-7 WL
7 85N21 E20 14BDDAI 394117119421501 SSP-8 WL,GL
8 85 N21 E20 15DABBI 394111119430301 Sha-Neva gravel pit WL
9 85N21 E20 22BADD!1 394035119432901 Airport WL,QW
10 85 N21 E20 23ADAALI 394032119414601 Donovan No. | WL
11 85 N21 E20 23BCCD1 394021119424601 SSP-6 WL,GL
12 85 N21 E20 24BDDA1 394023119412001 Donovan No. 2 WL,QW
13 85N21 E20 26CDBDI1 393917119423601 Alyce Taylor School WL
14 85 N21 E20 26DCCB2 393858119421301 SS-la WL
15 85 N21 E20 27CBDAI 393917119434401 SSP-5 WL,GL
16 85 N21 E20 34CDAD!I 393813119425301 Hawco monitoring WL
17 85 N21 E20 34DDCCI1 393812119425701 Washoe Co. Utilities North WL
18 85 N21 E20 35ADBD1 393847119415101 SS-3 WL
19 85 N21 E20 35CCAD!I 393821119423601 Golden West North WL
20 85N21 E20 35CCCD!1 393812119424401 USGS-Park Observation WL,QW
21 85N21 E20 35DCBAI 393819119420501 SS-6 WL,QW
22 85N21 E21 17CDCCI 394120119385601 Cole WL
23 85 N21 E21 20BBCBI1 394040119392801 Cancilla WL
24 85 N21 E21 30ABCClI 393944119400701 Armbruster WL
25 85 N21 E21 30CAAAL 393927119401301 Mack WL
26 85 N21 E21 31ADCCI1 393839119394801 Sanders WL
27 85N21 E21 31BABCl1 393903119402001 Casale WL,QW
28 85 N21 E21 31BCBC1 393849119404001 Brown, W. WL,QW
29 85N21 E21 31CACALl 393828119401601 May WL
30 85N21 E21 31DDCCI 393812119394001 Colby WL,QW
31 85 N20 E20 01AADD1 393800119403601 Washoe Co. Countryside North WL
32 85N20 E20 01CBABI 393743119413601 Huers WL
33 85 N20 E20 01DABAI 393743119411501 Hon WL
34 85 N20 E20 01CACBI 393737119411501 Murray WL,QW
35 85 N20 E20 02DBBAI 393743119420801 USGS-Oppio Observation WL
36 85 N20 E20 03ACDCI1 393738119432101 Washoe Co. Utilities South WL
37 85 N20 E20 03BCCC1 393744119435101 Falk WL
38 85 N20 E20 03CDDCI1 393720119432701 Springwood Utilities monitoring WL
39 85 N20 E20 04BBAD1 393804119443901 Sullivan WL,QW
40 85 N20 E20 04CCBB1 393737119445201 Grube WL
41 85 N20 E20 04DBDBI 393735119441701 Pace WL,QW
42 86 N20 E20 08DBBC1 393643119453401 Kangas WL
43 85 N20 E20 10AACBI 393713119430001 USGS-Lazy5a Observation WL,QW
44 85N20 E20 10AACB2 393713119430002  USGS-Lazy5b Observation WL
45 85 N20 E20 10AACB3 393713119430003 USGS-Lazy5c Observation WL
46 85 N20 E20 10CDABI 393637119432901 Kiley No. 1 WL
47 85 N20 E20 10DBBCI 393649119432301 Kiley No. 2 WL
48 85 N20 E20 10DBBC2 393649119432302 Kiley No. 3 WL
49 85 N20 E20 11BAAAL 393715119422801 Gaspari No. 2 WL
50 85 N20 E20 11BDDAL 393655119421901 Gaspari No. 1 WL
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Table 1. Site number, location, and type of data available for well, precipitation, and surface-water
sites, Spanish Springs Valley area, west-central Nevada—Continued

Site

U.S. Geological Survey site designations !

Available
number Site name
. . . Standard data
(fig. 3) Local identification identification
51 85 N20 E20 12AAAAL 393717119403701 SSP-4 WL,QW,GL
52 85 N20 E20 12BDDA1 393700119411201 Wingfield Ranch No. 1 Qw
53 85 N20 E20 12CAABI 393651119411401 Wingfield Ranch No. 2 QW
54 85 N20 E20 12DBCC1 393643119410401 D’Anna WL,QW
55 85 N20 E20 15DBBB1 393559119430801 Kiley No. 4 WL
56 85 N20 E20 15DBBA2 393559119431902  USGS-Kiley4a Observation WL,QW
57 85 N20 E20 15DBBA3 393559119431903  USGS-Kiley4b Observation WL,QW
58 85 N20 E20 15DBBA4 393559119431904  USGS-Kiley4c Observation WL
59 85 N20 E20 21AAAAL 393527119435701 Springcreek North WL
60 85N20 E20 21AABCI1 393529119441601 Blue Gem WL
61 85 N20 E20 21ADDA1 393515119435701 Springcreek Abandoned WL,QW
62 85 N20 E20 21BDDA1 393513119443501 Bailey WL
63 85 N20 E20 22DBCAL1 393459119432201 USGS-Iratcabal2 Observation WL
64 85 N20 E20 22DCDCI1 393442119431001 Iratcabal No. 1 WL
65 85 N20 E20 27BBCAI 393434119435201  USGS-Capurro Observation WL
66 85 N20 E20 27CACALl 393405119433401 Bria WL,QW
67 85 N20 E20 27CCCB1 393400119435401 Brandsness WL
68 87 N20 E20 34DABBI 393322119430801 Winners Corner Exxon WL
69 85 N20 E21 07CBCB1 393648119403301 Sweger No. 2 WL
70 85 N20 E21 07CCCC1 393631119403401 Sweger No. 1 WL
71 85 N20 E21 07DCCAL 393642119395601 Tucker No. 2 WL
72 85 N20 E21 08BBCAI 393714119393501 SSP-2 WL,QW,GL
73 85 N20 E21 0S8BBCA2 393714119393502 SSP-2a WL
74 85N20 E21 18DABD1 393558119395001 Tucker No. 1 WL
75 85 N20 E21 18DAD 1 393552119394501 Berry Qw
76 85N20 E21 18DADBI 393544119394701 Mills WL
277 83 N20 E22 21CDDDI1 393446119311701 Tracy WL
Precipitation sites
78 84 N22 E21 31ACABI 394401119395401 Bacon Rind Flat P
79 85 N21 E21 09BACCI1 394221119374901 Curnow Canyon PQW
80 85 N21 E20 15CCABI 394100119434801 Hungry Ridge North PQW
81 85 N21 E20 29DCDD1 393903119452501 Hungry Ridge South P,QW
82 85 N21 E21 34DBCD1 393903119423101 Spanish Springs Peak P,QW
83 85 N21 E20 35CCDA1 393824119363401 Fire Station P
84 85 N20 E20 14CDBBI1 393545119423301 Vista P
85 85 N20 E21 22BCBAL 393522119371901 Dry Lakes P
86 85 N20 E20 21ACBCI1 393515119443201 Oasis Trailer Park P
87 85N20 E21 30DAABI 393418119394101 Canoe Hill P,QW
Surface-water sites’
88 85 N20 E20 27CACCI 393358119435101 Orr Ditch Q.QwW
89 85 N20 E20 27CCAD1 393408119433101 North Truckee Drain Q,Qw

1 See report section titled “U.S. Geological Survey Site Designations.”

2 Not shown in figure 3; outside map area.
3 USGS station numbers: 10348220, Orr Ditch at Spanish Springs Valley near Sparks, Nev.; 10348245, North Truckee Drain

at Spanish Springs Road near Sparks, Nev.
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in adjacent basins were measured to provide water-
level information in areas of possible ground-water
movement from or to Spanish Springs Valley (sites 1,
42, 68, and 77).

In cooperation with Washoe County Department
of Public Works, Utility Division, nine observation
wells were drilled in areas of the valley where geologic
and hydrologic information was sparse. The drilled
depths of the observation wells (sites 3, 4, 6, 7, 11, 15,
51, 72, and 73) ranged from 185 ft to 565 ft; differing
lengths of 2-inch slotted-steel pipe were installed for
sampling access. Lithologic and geophysical logs for
these observation wells were described by Washoe
County (1993). In addition, several shallow holes (sites
20, 35, 43, 44, 45, 56, 57, 58, 63, and 65) near the Orr
Ditch and irrigated fields were augered and 2-inch
diameter pipe with 2-ft stainless steel screens was
installed by the USGS.

Precipitation was measured monthly or as neces-
sary at seven can-type collectors and quarterly at three
bulk-storage collectors (sites 78-87, table 1). Each
collector contained a mixture of light oil and ethylene
glycol to prevent freezing and evaporation. Most pre-
cipitation sites were either on low hills or at higher alti-
tudes in mountains that border the study area. Site 83,
however, is on the valley floor (fig. 3) and is maintained
by personnel at the Spanish Springs Valley Fire Station.
Precipitation data were used in developing a precipita-
tion-altitude relation for the study area. The period of
record for most precipitation data is July 1992 through
September 1995. Bulk-precipitation (dry and wet fall)
collectors similar in design to those described by Lik-
ens and others (1977, p. 16) were installed at the pre-
cipitation sites to collect samples for water-chemistry
analyses. Results from the water-chemistry analysis
were used in a chloride-balance technique for estimat-
ing ground-water recharge from precipitation.

Continuous stage-recording devices were used to
compute discharge on the basis of stage and channel
geometries where either instantaneous or mean daily
discharges could be determined. Daily-mean discharge
of the Orr Ditch (site 88) as it enters Spanish Springs
Valley and of the North Truckee Drain (site 89) as it
leaves the valley were computed from April 1992 to
September 1995. In addition, miscellaneous discharge
measurements using a standard USGS wading rod
~ and flow meter were made along the Orr Ditch as it
traverses the valley floor. These measurements were
made to estimate ground-water recharge by transmis-
sion losses from the Orr Ditch.

Water-chemistry data were collected from 22
ground-water, 5 precipitation, and 2 surface-water
sites. Ground-water and surface-water samples were
analyzed for major ions, bromide, stable isotopes of
hydrogen and oxygen, tritium, and selected species
of nitrogen and phosphorus. Samples from 19 ground-
water sites were analyzed for chlorofluorocarbons
(CFC’s). Precipitation samples were analyzed for
selected species of phosphorus, bromide, and major
anions. Results of the ground-water-chemistry analy-
ses, including the results from environmental tracer
samples (stable isotopes, tritium, and CFC’s), were
used to support the conceptualization of the ground-
water flow system determined from ground-water-level
data.

Field procedures for the collection of water sam-
ples were similar to those described by U.S. Geological
Survey (1977, chapters 1, 2, and 5) and by Wood
(1976). Water-quality variables measured onsite
included (1) temperature, by using a hand-held ther-
mometer, accurate to +0.5°C; (2) pH, by using a meter
with digital readout, accurate to +0.1 unit; (3) alkalinity
(reported as calcium carbonate, bicarbonate, and car-
bonate), by incremental-pH titration of 50-mL filtered
sample water with a field instrument, accurate to
+1 mg/L as CaCOs; (4) specific conductance, by using
a meter with digital readout, accurate to 1 pS/cm; and
(5) dissolved oxygen, by digital field instrument, accu-
rate to +0.1 mg/L. Field instruments were calibrated
immediately before each use according to methods
described by Wood (1976). Except for alkalinity,
which is titrated, field measurements of surface-water
chemistry were made instream and measurements
of ground-water chemistry were recorded using a flow-
through cell. At each well, a minimum volume equiva-
lent to three times the volume of water in the well
casing was allowed to discharge prior to sample collec-
tion. Ground water was then pumped through the flow-
through cell and field measurements of water tempera-
ture, electric conductivity, dissolved oxygen, and pH
were recorded to verify that these properties had stabi-
lized. Stable measurements were assumed to indicate
that the discharging ground water was representative of
water from the aquifer. Field-measurement techniques
and instruments were quality-assured through annual
participation in the U.S. Geological Survey National
Field Quality Assurance program (Janzer, 1985).

Samples for determination of calcium, magne-
sium, sodium, potassium, sulfate, chloride, fluoride,
silica, boron, bromide, orthophosphate, and selected
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species of nitrogen (ammonia, nitrite, nitrate) were
passed through 0.45-pm pore-size capsule filters and
collected in clean polyethylene bottles after rinsing
with filtered sample water. Samples for cation analysis
were collected in acid-washed polyethylene bottles and
acidified with nitric acid to pH of about 2. Samples for
determination of nitrogen and phosphorus were col-
lected in opaque polyethylene bottles (to which mercu-
ric chloride was added as a biocide), immediately iced,
and shipped to the laboratory within 5 days to minimize
microbial degradation. Samples for determination of
major ions, boron, bromide, silica, and species of nitro-
gen and phosphorus were shipped to the USGS
National Water Quality Laboratory in Arvada, Colo.,
for analyses (Fishman and Friedman, 1989). Quality-
control procedures used in the laboratory are described
by Friedman and Erdmann (1982) and Jones (1987).

Unfiltered water was collected in 60-mL glass
bottles for stable-isotope analysis (oxygen-18 relative
to oxygen-16 and deuterium relative to hydrogen-1)
and in 1-L high-density polyethylene bottles for tritium
analysis. Polyseal caps were used on these bottles to
prevent evaporation of the sample. Stable-isotope anal-
yses were done by the USGS isotope fractionation
project in Reston, Va. Hydrogen-isotope ratios were
determined using a hydrogen equilibration technique
described by Coplen and others (1991) and oxygen-
isotope ratios were determined using the CO, equili-
bration technique described by Epstein and Mayeda
( 1953). Samples collected for determination of tritium
( H), the radioactive isotope of hydrogen, were ana-
lyzed by the USGS Tritium Laboratory in Reston, Va.
Electrolytically enriched samples were analyzed by the
liquid scintillation counting method (Thatcher and oth-
ers, 1977).

Samples for determination of chlorofluorocarbon
concentrations were collected with an apparatus that
excludes contact with air, and samples were flame-
sealed into borosilicate-glass ampules for transport and
storage prior to analysis (Busenberg and Plummer,
1992, p. 2257-2258). CFC analyses were done by the
USGS Chlorofiuorocarbon Laboratory in Reston, Va.,
using a purge-and-trap gas chromatography procedure
with electron-capture detector (Busenberg and Plum-
mer, 1992, p. 2259-2260). Precautions were taken
regarding the type of pump used for ground-water sam-
ple acquisition and types of material the sample water
might contact prior to its entry into the sampling appa-
ratus. These precautions were necessary because the
use of CFC’s as an age-dating tool is dependent on
atmospheric concentrations and the temperature of

recharge water at the time when infiltrating water no
longer is in contact with air. In general, pumps that
might affect the pressure of sample water and contact
with most plastics, rubbers, greases, and oils were
avoided.

Geochemical Techniques

Water-chemistry characteristics, such as stable
and radioactive isotopes, chloride ions, and CFC’s, that
were determined as part of this study were used to eval-
uate inferred recharge sources and volumes and
ground-water ages using documented geochemical
techniques described in this section. Appropriate data
for application of these geochemical techniques were
collected in Spanish Springs Valley during 1992-94.

The stable 1sotopes evaluated were oxygen-18
relative to oxygen-16 (120/160) and deuterium (hydro-
gen-2) relative to hydrogen-1 (D/'H). Each ratio is
determined for a sampled water and is then related
mathematically to the comparable ratio for an interna-
tional reference standard known as Vienna-Standard
Mean Ocean Water (V-SMOW). By convention, the
computed results are expressed as delta oxygen-18
(8 O) and delta deuterium (8D); the units of measure
are parts per thousand (abbreviated “permil” or %/,).
The terms “isotopically heavier” and “isotopically
lighter” are relative and are used for comparing the
composition of water samples. A negative delta value
indicates that the sample water is isotopically lighter
than the standard (that is, the sample has a smaller pro-
portion of oxygen-18 or deuterium relative to oxygen-
16 or hydrogen-1 than the standard). Because 880 and
8D measure relative isotopic compositions of the two
elements that constitute the water molecule (hydrogen
and oxygen), they are ideal tracers of water movement
where the isotopic fractionation of both are usually
covariant. Isotopic fractionation results from physical,
chemical, or biological processes, which cause the
delta value of the stable isotopes of water to change.
For example during the physxcal process of evapora-
tion, 880 increases because 190 is ll%hter and leaves
water at a faster rate than the heavier '30. Given two
inferred ground-water flowpaths composed of water
with different isotope compositions, the proportion of
flow that each flowpath may have contributed to a
receiving flowpath can be evaluated on the basis of an
isotopic mass balance. In addition, 8'%0 and 8D com-
positions are useful for indicating ground-water source
areas.
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Tritium is a radioactive isotope of hydrogen
with an atomic mass of 3 and a half-life of 12.43 years
(Plummer and others, 1993, p. 257). Tritium is pro-
duced naturally at low levels in the atmosphere by
interaction of cosmic rays with nitrogen and oxygen
(Drever, 1988, p. 379), but thermonuclear-weapons
testing between 1952 and 1969 introduced amounts of
tritium into the atmosphere that produced concentra-
tions in precipitation as much as three orders of magni-
tude greater than natural levels. This increased tritium
concentration serves as a marker of the timing of ther-
monuclear-weapons testing and thus provides a useful
indicator of the age (the time since the water has been
isolated from the atmosphere) of ground water.

In 1993, mean levels of tritium in precipitation
were approaching the pretesting level of about
25 pCi/L (Portland, Oreg., 16 pCi/L; Albuquerque,
N. Mex., 37 pCi/L; Robert L. Michel, U.S. Geological
Survey, written commun., 1995). Tritium generated
prior to thermonuclear-weapons testing would have
decayed to levels of about 1 pCi/L in 57 years. Samples
collected in 1993 from Spanish Springs Valley having
tritium concentrations less than 1 pCi/L are older than
57 years; concentrations between 1 and 10 pCi/L rep-
resent ground water that is either a mixture of pre- and
post-thermonuclear weapons testing water or water
that is about 38 to 57 years old; concentrations between
10 and 100 pCi/L represent water that is either a mix-
ture of pre- and post-thermonuclear weapons testing
water or water that is younger than 38 years; and con-
centrations greater than 100 pCi/L represent water
from 1958-59 or 1962-69 (Welch, 1994, p. 16).

The chloride-balance method was used in the
present study as a reconnaissance effort to complement
other techniques for estimating natural recharge.
Because the concentration of chloride dissolved in
ground water generally is not affected by sorption or
ion-exchange processes, it has been used as a natural
tracer for estimating ground-water recharge from pre-
cipitation, assuming that all sources of chloride are
known (Dettinger, 1989; Claassen and others, 1989).
This method is based on the balance between total
chloride concentration in bulk precipitation (dry and
wet fall) that falls in recharge-source areas and chloride
concentration in ground water in and near recharge
areas. Potential chloride sources to ground water
include (1) dissolution of evaporite minerals, (2)
weathering of nonevaporite minerals, (3) mixing
with formation water, (4) anthropogenic sources
(for example, road salt, wastewater leachate), and

(5) atmospheric sources (both dry and wet fall;
Dettinger, 1989, p. 57). In Spanish Springs Valley,
atmospheric sources of chloride are dominant and
runoff is negligible. Careful sample-site selection and
sample handling were used to avoid interference from
other sources. On the basis of the chloride-balance
method, the volume of recharge can be approximated
as follows:

R =P(CL/CL) (1)

where,
R is recharge, in acre-feet per year;
P is total precipitation that falls in recharge-
source area, in acre-feet per year;
Cl, is chloride concentration in bulk precipitation,
in milligrams per liter; and
Cl, is chloride concentration of recharge water, in
milligrams per liter.

CFC’s are relatively stable, volatile, organic com-
pounds that are present worldwide as a result of contin-
uous releases to the atmosphere since the 1930’s. No
natural sources of CFC’s are known, which makes
CFC’s useful age-dating compounds for hydrologic
investigations (Plummer and others, 1993, p. 268).
Dichlorodifluoromethane (CCl,F, or CFC-12) was
the first CFC compound manufactured. Production of
trichlorofluoromethane (CCI3F or CFC-11) began in
the 1940’s. These two compounds account for about 77
percent of the total CFC production. A third CFC com-
pound—trichlorotrifluoroethane (C,CI5F3, or CFC-
113)—went into production in the 1960’s and accounts
for the remaining 23 percent of the global CFC market.
All CFC’s eventually are released to the atmosphere,
where they become partitioned into the hydrosphere by
gas-liquid exchange equilibria. In 1990, atmospheric
volume fractions of CFC-12, CFC-11, and CFC-113
were about 480, 285, and 77 parts per trillion, respec-
tively, and these levels have been increasing at an aver-
age rate of about 3.7 percent annually (Plummer and
others, 1993, p. 268). Low analytical reporting levels
(1 pg/L for CFC-12 and CFC-11), relatively smooth,
monotonic increase in atmospheric releases, resistance
to degradation and transport retardation, and relative
ease of reconstructing atmospheric concentrations
make CFC’s useful as hydrologic tools for identifying
ground water that has recently received recharge and
estimating the timing of recent ground-water recharge.
Detection of as little as 0.01 percent modern water in
a mixture with pre-1940 ground water is possible
because of the low analytical reporting level.
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The presence of CFC-12 indicates that a portion of the
sample water is composed of water that was recharged
since 1940; CFC-11 indicates recharge since 1945;
and CFC-113 indicates recharge as recent as 1966.

The age (time since infiltrating water recharged
an aquifer) of ground water may be estimated with a
precision of +1-2 years because the relatively smooth,
monotonic increase in atmospheric releases is known
(reconstructed from production records from 1940 to
1975 and from atmospheric measurements since 1975;
Busenberg and Plummer, 1992). This “CFC model” of
recharge age assumes that infiltrating water maintains
equilibrium with air in the unsaturated zone during
recharge—an application of the process of gas solution,
based on Henry’s law solubilities of CFC in water. The
temperature at the base of the unsaturated zone is
required to define the Henry’s law solubility constant
for nonstandard conditions. A recharge temperature of
10°C was assumed for deeper wells sampled for the
Spanish Springs Valley investigation on the basis of the
long-term mean temperature for the weather station
at the Reno-Tahoe International Airport (hereafter
referred to as the Reno airport). Shallow wells (less
than 45 ft below land surface) within irrigated areas
were assigned a recharge temperature of 14°C to reflect
the temperature of infiltrating irrigation water. The
measured CFC concentration of a water sample can
be converted to an equivalent air concentration at the
appropriate recharge temperature by using the solubil-
ity of the compound. By comparing the equivalent air
concentration to an atmospheric air-concentration
curve, the air concentration can be equated to a
recharge date or age (Cook and others, 1995, p. 432).
Details of CFC-model age-dating are described by
Busenberg and Plummer (1992).

Recent efforts to characterize transport properties
of CFC’s indicate that CFC-12 was the most conserva-
tive, CFC-11 shows degradation in an organic-rich
unsaturated zone and in anaerobic ground water, and
CFC-113 shows retardation due to sorption (Cook
and others, 1995, p. 432-433). Soil and aquifer charac-
teristics in Spanish Springs Valley suggest that organic
content is relatively low, but some wells did have dis-
solved-oxygen concentrations of less than 1 mg/L. Rel-
ative agreement between CFC-model ages determined
with CFC-12 and CFC-11 indicates that these com-
pounds act conservatively.

Water recharged in urban areas may contain con-
centrations of CFC’s in excess of expected concentra-
tions due to equilibrium with tropospheric air because

of local industrial releases. Likewise, sewage effluent
and (presumably) septic-system leachate can contain
CFC concentrations that are orders of magnitude
greater than expected concentrations (Plummer and
others, 1993, p. 272) due to domestic use of propellants
in aerosol cans. These sources of CFC’s can result in
CFC-model ages that are younger than the actual age of
ground water. Relatively few CFC-discharging indus-
tries are based in northern Nevada and those that are
have a minimal effect on atmospheric levels. However,
septic systems are relied on for disposal of domestic
waste and wastewater in some parts of Spanish Springs
Valley, representing a potential source of CFC intro-
duction into ground water.

Geophysical Methods

In defining the ground-water flow regime of a
basin-fill aquifer system, the hydrogeologic framework
is described in terms of flow conditions at the bound-
aries of the system, together with the hydrologic prop-
erties of the basin fill. Lateral boundaries lie along the
periphery of the valley floor and the bedrock boundary
lies beneath the basin fill. Because most wells within
the study area do not penetrate through the basin fill to
bedrock, geophysical methods were used to determine
thickness of the basin fill and to improve the knowl-
edge of the bedrock geometry. Geophysical methods
used for this study are gravity, magnetic, and seismic
refraction. Intrinsic differences in density, magnetic
susceptibility, and seismic velocity are used by these
methods to define the contact between hydrogeologic
units. Borehole-geophysical logs also were collected
and used to characterize the hydrogeologic units found
during drilling of observation wells.

Gravity and aeromagnetic data were evaluated by
qualitatively inspecting anomaly maps of the gravity
and magnetic fields within the study area and by geo-
physical profile modeling. The anomaly map of the
gravity data are the complete Bouguer anomaly, which
have been corrected for latitude, elevation, and terrain.
The magnetic data are presented as total magnetic
intensity or field strength. Anomalies within a gravity
or magnetic field are perturbations represented by
highs and lows in an otherwise uniform field. They pro-
vide information about the subsurface distribution and
general geophysical character of hydrogeologic units.
Gravity data obtained during this study and in earlier
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studies (Saltus, 1988) were used in combination with
aeromagnetic data (Hildenbrand and Kucks, 1988) to
create the anomaly maps.

The gravity and aeromagnetic data also were used
in an interactive geophysical profile modeling program
(Webring, 1985) that fits theoretical gravity and
magnetic responses from a geologic model to measured
gravity and magnetic data. A mathematical representa-
tion of the geologic model includes locations of several
rock types as well as physical properties (bulk densities
and magnetic susceptibilities) of the rock. The geo-
physical modeling during this study used three profiles,
across the northern, central, and southern parts of
Spanish Springs Valley. The profiles were selected so
that at least one well penetrating bedrock was inter-
sected along the profile and used as a control point.
Surficial geology at and near land surface and drill-hole
information were used to constrain the model in terms
of basin-fill thickness. Although the model results are
non-unique, additional constraints on the model were
provided by simultaneously using two geophysical
methods—gravity and magnetics—that measure and
respond to different properties of the subsurface geol-
ogy. Once the adjusted modeled profiles coincided with
the conceptualization of the subsurface that was consis-
tent with available data, the profiles were used to guide
the development of a map showing basin-fill thickness.
Additional description of this type of gravity- and
magnetic-profile modeling is presented by Schaefer
and Whitney (1992, p. 5).

Seismic refraction was used at two sites to pro-
vide detailed information about the condition of the
flow boundaries beneath the low alluvial divides at the
north and south ends of the valley. Determining the
thickness of basin fill beneath these areas aided in esti-
mating the possible movement of ground water leaving
or entering the study area through basin fill. A third
seismic refraction line was done to determine depth to
bedrock prior to installation of two observation wells
(sites 72 and 73). Additional information on the use of
seismic refraction in water-resources investigations is
presented by Haeni (1988).

Borehole-geophysical logs were collected in six
observation wells drilled during this study (sites 3, 7,
11, 15, 51, and 72) and are presented in a report by
Washoe County (1993). Borehole geophysics used in
this study include caliper, natural-gamma, spontane-
ous-potential, acoustic, and resistivity logs. In general,
responses on natural-gamma, spontaneous-potential,
and resistivity logs can be used, in part, to determine

changes in relative grain size. These changes in grain
size may represent contacts between different hydro-
geologic units. Units composed of mostly coarse-
grained deposits have a different response on the logs
than fine-grained deposits. This allows a qualitative
estimate on the relative ability of different units to
transmit water. Acoustic transit-time logs can be used
to provide information about lithology and porosity
under a wide range of conditions. Transit times mea-
sured by an acoustic log decrease with an increase in
rock hardness and cementation. Caliper logs provide a
continuous measurement of diameter of uncased drill
holes. Additional information on the application of
borehole geophysics to ground-water investigations is
presented by Keys (1990).

Hydrologic Models

To determine the distribution of precipitation in
Spanish Springs Valley, precipitation data for 34 sta-
tions, including 9 in the study area, were analyzed to
develop a mathematical relation between precipitation
and altitude. Stations range in altitude from 3,900 ft to
6,960 ft. Those stations outside the study area were
selected because they lie in the rain shadow of the
Sierra Nevada, as does Spanish Springs Valley. (Areas
in a rain shadow lie on the lee side of a topographic
obstacle where the rainfall is noticeably less than on the
windward side.) The distribution of annual precipita-
tion was used to estimate the potential for ground-
water recharge from precipitation within the study area.

The U.S. Geological Survey modular finite-
difference model commonly called MODFLOW
(McDonald and Harbaugh, 1988) was used to simulate
ground-water flow through the basin-fill aquifer in
Spanish Springs Valley. The digital model can simulate
flow in three dimensions and was used to test the con-
ceptual model of ground-water flow developed during
this study and to estimate effects of hypothetical
changes in land-use patterns and ground-water with-
drawal. General features of the ground-water flow
model of the basin-fill aquifer in Spanish Springs
Valley are explained in the section “Simulation of
Ground-Water Flow.”

HYDROGEOLOGIC FRAMEWORK

The geologic history of western Nevada and par-
ticularly the Spanish Springs Valley area is complex.
The area is situated in a transitional zone between the
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Basin and Range and Sierra Nevada physiographic
provinces. Structural features associated with these
provinces, in part, define the hydrogeologic framework
of the study area. For purposes of this report, five major
geologic units identified in Spanish Springs Valley
were divided into two general groups on the basis of
their hydrogeologic properties: (1) consolidated rock,
which commonly have low porosity and permeability,
except where fractured; and (2) basin fill, which gener-
ally has high porosity and transmits water readily. The
areal distribution of the five geologic units is shown in
figure 4 and general hydrologic properties are pre-
sented in table 2.

Geologic History and Structural Setting

Outcrops of rocks older than Mesozoic age are
sparse in western Nevada and are not found within the
study area. Consequently, geologic evidence from
adjacent areas is used to describe the region during that
time. Stewart (1980, p. 35-36) suggests that, during
pre-Mesozoic time, western Nevada was the site of
deep-water deposition with little tectonic activity. Dur-
ing most of the Mesozoic era, tectonic activity, which
included compressional folding and thrusting, may
have been continuous. The oldest rocks exposed within
the study area are metavolcanic and metasedimentary
rocks of late to middle Mesozoic age (Triassic and
Jurassic periods) that were regionally metamorphosed
prior to intrusion by granitic plutons during the late
Mesozoic (Cretaceous period; Bonham, 1969, p. 42).
A second period of deformation associated with exten-
sional faulting formed the present-day topographic
features of the study area, including the structural
depressions underlying Spanish Springs Valley. This
period of deformation began during the middle to late
Tertiary period and has continued to the present (Bon-
ham, 1969, p. 42). Tertiary volcanic rocks consisting of
several types of flows and tuffs interbedded with clastic
sediments were extruded and deposited unconformably
on the Mesozoic granitic and metamorphic rocks
within the structural depressions. Most of the basin fill
accumulated as a result of ongoing deposition of detri-
tus from surrounding mountains bordering Spanish
Springs Valley.

The Spanish Springs Valley area lies between
major tectonic structures of the Sierra Nevada Frontal
Fault Zone and the Walker Lane (Bell, 1981, p. 35).
Range-front faulting associated with the formation of
the structural depression beneath Spanish Springs

Valley is indicated by steep increases in basin-fill thick-
ness near the contact between basin fill and consoli-
dated rock along the west side of the study area.
Although extensional faulting is thought to have devel-
oped present-day topographic features, fault systems
associated with the Walker Lane also have created a
high degree of structural deformation. Faults that bor-
der the Dry Lakes area and other faults in the southeast-
ern part of the study area that generally trend northeast
(fig. 4) may be related to the Olinghouse Fault Zone, a
left-lateral conjugate shear zone of the Walker Lane
(Bell, 1981, p. 38). As a result of this combined defor-
mation, bedrock permeability has developed adjacent
to and within highly fractured zones. In other places,
faults may act as barriers to ground-water flow because
of cementation along fault surfaces within basin fill and
because of the offsetting of deposits with contrasting
permeabilities.

General Character of Hydrogeologic Units

Fractured consolidated rock and the unconsoli-
dated sediments that constitute the basin fill together
make up the ground-water reservoirs recognized within
the study area. However, basin fill currently forms the
principal water-bearing hydrogeologic unit.

Consolidated Rock

Tertiary rocks make up most of the consolidated
rock exposed in the study area (fig. 4); they are gener-
ally of volcanic origin and have intercalated lenses of
sedimentary rocks. The Pah Rah Range consists almost
entirely of Tertiary rocks, which can be characterized
by high-amplitude magnetic anomalies (fig. 5). These
rocks generally have little or no interstitial porosity,
except where volcanic-flow units have abundant vesi-
cles. Interbedded sedimentary rocks of the Tertiary unit
consist mostly of fine-grained, partly consolidated
lacustrine deposits with low permeability, but may
store a moderate amount of water.

The complete Bouguer gravity field shown in fig-
ure 6 indicates that the volcanic rocks that compose
most of the Pah Rah Range are relatively less dense
(greater negative Bouguer values) than the intrusive
rocks that make up the western boundary and volcanic
rocks of the southern boundary (fig. 4). This finding
suggests that the northern and central parts of the Pah
Rah Range are composed of a substantial amount of
low-density material. In addition, magnetic signatures
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Recharge from Precipitation

Rush and Glancy (1967, table 8), using a method
described by Maxey and Eakin (1949, p. 40-41) and
Eakin and others (1951, p. 79-80), estimated ground-
water recharge from precipitation in Spanish Springs
Valley to be about 600 acre-ft/yr. This method, called
the Maxey-Eakin method, estimates recharge as a per-
centage of average annual precipitation within speci-
fied altitude zones. The distribution of precipitation
used by Rush and Glancy (1967) was developed by
Hardman (1936) and resulted in an estimated total pre-
cipitation of 30,000 acre-ft/yr (Rush and Glancy, 1967,
p. 23).

A revised precipitation map (fig. 13) was devel-
oped during this study on the basis of a precipitation-
altitude relation constructed from selected stations that
were assumed to represent conditions similar to those
in Spanish Springs Valley. About 33,000 acre-ft/yr
(table 5) of precipitation was estimated from the more
recent map (fig. 13). Although, for this precipitation-
altitude relation, precipitation was estimated to be
somewhat greater at higher altitudes than those deter-
mined from the Hardman (1936) map, the general areal
distribution of precipitation is similar. Areas within
each 1-in. precipitation zone were determined by
superimposing the precipitation data shown in figure
13 onto 7.5- and 15-minute topographic maps. The 1-
inch precipitation zones were then combined into three
zones (less than 8 in., 8 to 12 in., and greater than 12
in.) by using an area-weighted average. Areas within
particular precipitation zones, which differ somewhat
from those presented by Rush and Glancy (1967, table
8), reflect the revised precipitation map and the better
topographic resolution of more recent maps. Applying
the Maxey-Eakin percentages used by Rush and
Glancy to the volume of precipitation in each precipi-
tation zone (1967, table 8) results in an estimated aver-
age recharge of 710 acre-ft/yr in Spanish Springs
Valley and 120 acre-ft/yr in the Dry Lakes area (table
5). Rush and Glancy (1967) did not include the Dry
Lakes subarea in their investigation. However, results
of the current study suggest that recharge within the
Dry Lakes area may provide recharge to basin fill in
Spanish Springs Valley through systems of fractures
within the volcanic rocks of the Pah Rah Range. An
estimated 830 acre-ft/yr was used to represent the total
average annual recharge from precipitation to the
basin-fill aquifer system in Spanish Springs Valley.
Because about 72 percent of normal precipitation fell at

the Reno airport in calendar year 1994, ground-water
recharge from precipitation in the study area for the
same period was assumed to be about 72 percent of the
estimated average, or 600 acre-ft.

Although the Maxey-Eakin method was not ini-
tially developed to estimate annual recharge from pre-
cipitation, annual estimates were made for incor-
poration into the ground-water flow model. The results
from model simulations using a constant annual
recharge were compared to those using recharge esti-
mates that vary annually, as discussed in following sec-
tions of this report.

Ground-water recharge also was estimated on the
basis of chloride balance between precipitation and
ground water for comparison to the Maxey-Eakin
method. On the basis of distribution of precipitation
determined during this study (fig. 13), about 23,000
acre-ft/yr is estimated to fall in recharge-source areas
(areas with greater than 8 in. of annual precipitation;
table 5). Rush and Glancy (1967, p. 23) estimated
about 17,000 acre-ft of precipitation within recharge-
source areas. Average chloride concentration in 24
samples of bulk precipitation collected from five sta-
tions (sites 79, 80, 81, 82, and 87; table 8) is 0.38 mg/L.
Ground-water samples, collected from wells at the
periphery of the basin (sites 2, 9, 12, 27, 28, 30, 39, 41,
and 72; fig. 3, table 8) and assumed to represent locally
derived recharge, had an average chloride concentra-
tion of about 13 mg/L. Estimated ground-water
recharge determined from the chloride-balance method
(eqn. 1) is about 670 acre-ft/yr. Applying the same cri-
teria to 3,500 acre-ft of precipitation estimated to fall
annually in the Dry Lakes area results in an additional
100 acre-ft/yr of recharge for a total of 770 acre-ft/yr.
For 1994 conditions, assumed to be 72 percent of
average, 550 acre-ft of recharge is estimated on the
basis of the chloride-balance technique.

Although these estimates are slightly lower than
those estimated using Maxey-Eakin percentages, they
all indicate relatively low volumes of annual recharge
and are considered to be reasonable. For purposes of
estimating the ground-water budget, the ground-water
recharge component based on the Maxey-Eakin
method was used.

Infiltration of Imported Surface Water

The disposition of surface water delivered by the
Orr Ditch to Spanish Springs Valley was simplified into
four components: (1) transmission losses directly from
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Table 8. Concentration of chioride
in ground water and precipitation at
selected sites in Spanish Springs
Valley area, west central Nevada

. Dissolved
Site
chloride
';;’i'“';e)’ Date (milligrams
9- per liter)
Ground-Water Sites
2 08-19-93 27
9 08-18-93 12
12 08-18-93 11
27 08-17-93 9.0
28 08-17-93 8.4
30 08-17-93 94
39 08-16-93 13
41 08-16-93 18
72 01-13-94 10
Precipitation Sites!
79 12-11-92 0.28
02-09-93 .08
06-03-93 1.3
09-03-93 45
10-18-93 24
80 12-11-92 17
02-18-93 .36
03-01-93 17
06-03-93 23
09-08-93 44
i0-18-93 .30
81 02-09-93 15
09-08-93 39
10-18-93 25
82 03-01-93 24
10-20-93 57
10-20-93 49
87 12-07-92 35
12-11-92 .20
02-09-93 .07
06-02-93 71
09-03-93 .52
09-03-93 .66
10-19-93 43

lSample results with same date at same site
indicate analyses were made from two bulk
collectors at site.

the Orr Ditch, (2) deep percolation of water to applied
fields as flood irrigation, (3) direct evaporation of
ponded surface water, and (4) plant and soil-moisture
evapotranspiration requirements of applied irrigation
water prior to ground-water recharge. In 1994, an
estimated 3,100 acre-ft of imported surface water was

either recharged to the shallow ground-water system or
consumed by evapotranspiration. The estimated dispo-
sition and budget of imported Truckee River water for
1994 conditions are presented in table 9.

Ground-water recharge from imported surface
water takes place seasonally as transmission losses
from the Orr Ditch and as infiltration of water applied
to irrigated fields. To estimate transmission losses, a
series of discharge measurements was made in April
1993 and May 1994 along the length of the Orr Ditch.
Discharge through take-out gates used to provide water
for flood irrigation was measured or estimated between
each measurement of flow in the Orr Ditch. On the
basis of these measurements, a maximum of 10 acre-ft
per irrigation day was estimated to recharge the basin-
fill aquifer as transmission losses directly from the Orr
Ditch along its length. An irrigation day is herein
defined as a day with an average daily discharge of
about 30 ft*/s or more as recorded at site 88 (fig. 3).
From 1979 through 1984, the average number of irriga-
tion days was 170 per year. Because flows in the Orr
Ditch were decreased in 1985 and considering the
effects of below average precipitation, the average
number of irrigation days for 1985 through 1994 was
decreased to about 124. During this study (1992-94),
the number of irrigation days was 58, 158, and 59,
respectively. On the basis of the number of irrigation
days in 1994, an estimated 590 acre-ft of transmission
loss recharged ground water (table 9).

The volume of ground-water recharge beneath
irrigated fields is assumed to be a percentage of the
amount of applied irrigation water. In basins with sim-
ilar irrigation practices, about 40 percent of applied
irrigation is assumed to infiltrate below the root zone
and become ground water (Huxel and others, 1966,

p. 41-42; Malmberg and Worts, 1966, p. 40; Nichols,
1979, p. 22). The remaining 60 percent is lost by
evapotranspiration processes. The amount of applied
irrigation water that potentially was available for
ground-water recharge in Spanish Springs Valley was
assumed to be the difference between the total volume
of imported surface water (5,500 acre-ft), as measured
at site 88, and the sum of transmission losses, evapora-
tion from surface-water bodies, and the overland flow
component entering the North Truckee Drain. The
evaporation of about 460 acre-ft of ponded surface
water was estimated by applying an evaporation rate of
about 40 in/yr (Van Denburgh and others, 1973, p. 53)
to 140 acres of surface-water bodies for 1994 (table 9).
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Although flow in the North Truckee Drain responds
nearly instantaneously to overland flow from flood irri-
gation (fig. 15), about 70 acre-ft in 1994 were estimated
to be contributed from ground water as base flow. Thus,
the overland flow component to the North Truckee
Drain is estimated to be about 2,300 acre-ft in 1994.
Using this simple water budget, approximately 2,200
acre-ft of imported Truckee River water was applied to
the fields in the southern part of the study area in 1994.
Assuming that about 40 percent infiltrated to the
ground water, an estimated 860 acre-ft became ground-
water recharge and nearly 1,300 acre-ft was lost to
evapotranspiration (table 9). On the basis of these
estimates, the total volume of imported surface water
that was either recharged to the shallow ground-water
system or consumed by evapotranspiration was 3,200
acre-ft in 1994; this agrees well with the measured dif-
ference between inflow and outflow at sites 88 and 89.
The estimated total ground-water recharge from
imported Truckee River water (transmission loss

plus infiltration of applied ditch water) was about
1,400 acre-ft in 1994.

Discharge by Evapotranspiration

Prior to ground-water withdrawal for water sup-
ply, evapotranspiration was the principal mechanism of
ground-water discharge from Spanish Springs Valley.
Ground-water discharge by evapotranspiration
includes direct losses from bare-soil evaporation and
transpiration from vegetation. In areas where the water
table is only a few feet below land surface, ground

water can be discharged by evaporation. Under natural
conditions, bare-soil evaporation in Spanish Springs
Valley probably took place in the area surrounding the
springs, where the water table is near land surface.
Transpiration by phreatophytes has been documented
in other arid basins in Nevada to consume relatively
large quantities of ground water (Robinson, 1970; Har-
rill, 1973, table 9; Berger, 1995, p. 35). Vegetation that
grows in areas where the water table or capillary fringe
above the water table lies within reach of their roots are
called phreatophytes (Meinzer, 1927, p. 1).

Estimates of ground-water discharge by evapo-
transpiration under natural conditions (conditions
without the Orr Ditch) were made by Rush and Glancy
(1967, table 14). They estimated that about 1,900 acres
of phreatophytes discharged nearly 900 acre-ft of
ground water annually. On the basis of recent field
observations, about 1,000 acres of greasewood, sage-
brush, and rabbitbrush lie along the outside of the Orr
Ditch with a shrub density of about 20 percent, which
suggests that a perennial source of water is available.
Direct estimates of evapotranspiration using microme-
teorological methods were beyond the scope of this
study. Estimates of ground-water discharge as a func-
tion of shrub density, leaf-area index, and depth to
water have been developed by Nichols (1993, 1994).
Assuming the 1,000-acre area has a leaf-area index of
about 2.5 (W.D. Nichols, U.S. Geological Survey, oral
commun., 1995) and using 15 ft as an average depth to
water, 360 acre-ft of ground water is estimated to dis-
charge annually from areas just outside the Orr Ditch.
Summing the previous estimate of 900 acre-ft (Rush
and Glancy) with the additional 360 acre-ft results in a

Table 9. Estimated disposition and budget of imported Truckee River water for 1994, Spanish Springs Valley

area, west-central Nevada

[Values in acre-feet per year, rounded to two significant figures]

Measured quantity Estimated quantity
InflowinOrrDitch . ...................... 5,500
Surface-water losses and consumption

Transmissionloss ' ... ... ... ... ... ...l 590
Infiltration of applied water ................... 860
Evaporation of ponded surface water ............ 460
Evapotranspiration of applied water . ............ 1,300

Outflow in North Truckee Drain. . ........... 2,400

Difference between measured inflow and outflow 3,100  Total estimated surface-water loss and consumption 3,200

! Transmission loss plus infiltration constitutes ground-water recharge from imported river water (1,400 acre-feet, rounded).
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total estimate of ground-water discharge by evapo-
transpiration of about 1,300 acre-ft for 1994. The
ground-water flow model was used to help quantify
ground-water discharge by evapotranspiration within
the irrigated land area and transpiration from areas of
phreatophytes that lie outside the perimeter of the Orr
Ditch.

Subsurface Flow to Adjacent Basins

Subsurface outflow from Spanish Springs Valley
to the Truckee Meadows was estimated as 100-150
acre-ft/yr by Cohen and Loeltz (1964, p. 23) and Rush
and Glancy (1967, table 16). These investigators eval-
uated subsurface outflow through the basin fill and did
not attempt to estimate flow volumes through fractured
bedrock. Although no attempt was made to directly
estimate subsurface flow to the Truckee Meadows,
flow probably moves through fractured or weathered
bedrock, as indicated by stable-isotope data. The rela-
tive position of the sample from site 66 on the plot of
8'30 versus 8D (fig. 16) suggests that the ground-
water sample is a mixture of locally derived water and
Truckee River water. A mass-balance calculation,
using 8D values of -116 permil for locally derived
water and -82.1 permil for Truckee River water, indi-
cates that the sample from site 66 is composed of about
24 percent Truckee River water and 76 percent local
recharge. Site 66 is just south of the boundary between
Truckee Meadows and the study area and the well pen-
etrates more than 100 ft of bedrock (fig. 3). Conse-
quently, subsurface outflow to Truckee Meadows may
be greater than previously estimated if ground water
flows through bedrock that underlies the boundary and
through the saturated basin fill.

The potential for subsurface outflow to the north
exists because water levels in Warm Springs Valley,
north of the study area, are 200 ft lower than water lev-
els in the northern part of Spanish Springs Valley. Sub-
surface flow may move northward through fractured
bedrock at depth along the base of Hungry Ridge. No
attempt was made to directly estimate ground-water
flow northward from the study area because direct esti-
mates of flow through fractured bedrock require spe-
cialized techniques and because it is likely to be a small
percent of the total basin discharge. During the calibra-
tion of a steady-state flow model (Hadiaris, 1988),
280 acre-ft of subsurface outflow toward Warm
Springs Valley was needed for a favorable statistical
match between measured and simulated water levels.

The steady-state model assumed no ground-water
pumping. However, water levels used for calibration in
the northern part of the basin were measured in the
mid-1980’s and may have been affected by ground-
water withdrawals in the northern part of the study
area. The potential for subsurface outflow toward
Warm Springs Valley was evaluated using the ground-
water flow model discussed later in this report.

Ground-Water Development

Spanish Springs Valley has been the site of agri-
cultural activity for many decades. Ground-water dis-
charge from springs and shallow flowing wells was
used to irrigate small areas of mostly grass near the
springs prior to construction of the Orr Ditch. With the
importation of Truckee River water, the amount of
developed and irrigated land increased. Currently
(1994), about 980 acres in the southern part of the study
area are serviced by the Orr Ditch irrigation system. In
addition, about 60 acres in two areas outside of the area
encompassed by the Orr Ditch are irrigated with
ground water.

Ground-water pumping is seldom used to aug-
ment irrigation during periods when flow in the Orr
Ditch does not provide sufficient water for irrigation
and stock-watering needs (Matthew Allen, Orr Ditch
Company, oral commun., 1996). During periods of
insufficient flow, minimal ground-water withdrawals
are sometimes used for livestock watering; however,
stock generally are moved to another valley and
irrigation is continued from ponded water supplies.
During this study, no ground-water pumping to supple-
ment flow in the Orr Ditch was observed. As a result,
the following estimates of ground-water withdrawals
for irrigation were determined only for active agricul-
tural lands outside the area serviced by the Orr Ditch.
These areas include about 20 acres in the Spanish
Springs Canyon area and about 35 acres in the northern
part of the valley, west of Sugarloaf Peak (fig. 1). Dur-
ing 1994, several acres just east of the springs area, not
previously farmed, were irrigated as a result of exercis-
ing a water right. Currently, no records of irrigation
pumping are maintained. Consequently, ground-water
withdrawals for irrigated areas not associated with the
Orr Ditch system were determined on the basis of
water-rights data, field observations, and discussions
with land owners. Summaries of active ground-water
rights were obtained from the Nevada Division of
Water Resources (Kim Groenewold, written commun.,
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1995). Although the active ground-water rights within
the basin for irrigation purposes, as of 1994, were about
2,300 acre-ft, only 720 acre-ft were estimated as
pumped for irrigation and applied on lands outside the
service area of the Orr Ditch. Estimates of ground-
water withdrawals for 1979 through 1994 are presented
in table 10.

Until 1983, agriculture was the principal user of
ground water, accounting for more than half of the total
withdrawn in the study area (table 10). As population
grew, withdrawals for public supply became the domi-
nant use of ground water. Meter records of ground-
water discharge collected from several municipal water
suppliers, including the Washoe County Utility Divi-
sion, were used in conjunction with water-rights data
to estimate that about 1,400 acre-ft of ground water
was withdrawn for municipal use in 1994. Annual
ground-water withdrawals for non-municipal domestic
purposes were determined from residential water-use
data and number of parcels with domestic wells. Esti-
mates of residential water use range from 0.6 to about
0.8 acre-ft/yr per parcel (Kennedy/Jenks/Chilton,

1991, p. 4.2; Nevada Division of Water Planning, 1992,
p- 36; Washoe County Department of Comprehensive
Planning, written commun., 1995). Estimated ground-
water withdrawals for domestic use increased from 20-
30 acre-ft in 1979 to more than 110 acre-ft in 1994. A
gravel-pit operation in the northern part of the study
area was the principal industrial user of ground water
in the study area, having an estimated withdrawal of
about 300 acre-ft in 1994. An estimated additional 20
acre-ft of ground water was pumped for other industrial
uses. Total ground-water withdrawals for all uses were
estimated to be 2,600 acre-ft in 1994 (table 10).

Part of the ground water withdrawn to irrigate
fields and to support urban development is recycled as
secondary recharge. The amount of applied irrigation
water that infiltrates beyond the root zone and
recharges ground water, in part, depends on the appli-
cation method of irrigation and depth to the water table.
For application methods of either sprinkler or drip sys-
tems, the assumed percentage of pumped water con-
sumed by crops is 65 percent and that lost by spray and
surface evaporation is 10 percent (Harrill, 1968, p. 47).

Table 10. Summary of population and estimated ground-water withdrawals, 1979-94,
Spanish Springs Valley area, west-central Nevada

[Population and withdrawal values rounded]

Ground-water withdrawals

Year Population’

(acre-feet per year)

Irrigation?2  Municipal® Domestic®  Industrial® Total
1979 790 350 120 20-30 20 500
1980 1,080 350 180 20-30 20 600
1981 1,380 350 230 30-40 20 600
1982 1,510 350 260 30-40 20 700
1983 1,750 350 320 40-50 20 700
1984 2,080 350 430 40-60 20 800
1985 2,570 350 550 50-60 20 1,000
1986 2,780 350 610 50-70 20 1,000
1987 2,930 350 640 60-80 120 1,200
1988 3,240 350 640 70-90 610 1,700
1989 3,580 350 680 70-100 610 1,700
1990 4,060 350 820 80-100 610 1,900
1991 4,760 350 960 80-110 610 2,000
1992 6,040 350 930 90-110 610 2,000
1993 7,800 350 1,080 100-130 330 1,900
1994 9,320 720 1,400 110-150 320 2,600

! Estimates of population for 1979-90 from U.S. Bureau of the Census (written commun., 1995) and for
1991-94 from Washoe County Department of Comprehensive Planning (written commun., 1995).

2 Ground-water withdrawals estimated from field observations and State water-rights data.
3 Data from Washoe County Utility Department (written commun., 1995) and metered pumping records.

4 Based on 0.6 and 0.8 acre-foot per parcel.

3 Estimated from State water-rights data; includes estimates of commercial and construction water use.
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The remaining 25 percent is assumed to be recycled
back to the ground-water system. The percentage of
applied irrigation by flooding that recharges ground
water is 40 percent, similar to that assumed earlier for
areas that are flood irrigated with water from the Orr
Ditch. For this study, however, ground-water recharge
from applied irrigation was considered not to be signif-
icant in areas not served by the Orr Ditch and where
depth to water was 100 ft or greater. On the basis of
these considerations, recharge from applied irrigation
of ground water was estimated to be about 170 acre-ft
in 1994 for irrigated lands outside the area encom-
passed by the Orr Ditch.

The amount of ground water recycled from
municipal and domestic uses is assumed to be a per-
centage of the total withdrawals and differs with type
of use and with individual systems, including those
systems that remove wastewater to treatment facilities
outside the study area. Water applied for outdoor uses
(lawn and shrub watering) is mostly consumed by
evapotranspiration and for this study was considered
not to be a significant contributor to ground water.
Secondary recharge from septic systems (indoor uses)
is assumed to be 75 percent of the total amount of water
delivered during winter months, when outdoor water-
ing is at a minimum. This monthly volume of water,
which is assumed to be constant, was then prorated for
an entire year to arrive at an annual estimate of second-
ary recharge. For 1994, secondary recharge from septic
systems was estimated at 450 acre-ft. This estimate of
secondary recharge reflects only that percentage of
delivered water remaining within the basin.

Evaluation of the Ground-Water Budget and
Yield, 1994

This section describes the ground-water budget
and augmented yield under 1994 conditions in Spanish
Springs Valley. The augmented yield represents the
natural yield of the basin fill plus the additional
recharge from imported surface water.

A summary of estimated ground-water recharge
and discharge components to and from the basin-fill
aquifer system in Spanish Springs Valley for conditions
representing 1994 is presented in table 11. On the basis
of field and empirical techniques, total recharge from
all sources was estimated at 2,600 acre-ft, nearly 54
percent of which was estimated to be derived from
imported Truckee River water during 1994. Total

discharge was estimated at 4,300 acre-ft. The imbal-
ance between estimated recharge and discharge was
1,700 acre-ft for 1994 conditions.

The average water-level decline calculated from
December 1993 to December 1994 is about 2 ft. The
volume of water represented by this decline can be
approximated by the product of the area of decline, the
average water-level decline within this area, and an
estimated specific yield of the basin-fill aquifer where
the decline occurred. The area of water-level declines
is about 8,500 acres. Applying specific yields of 10 and
20 percent, the estimated quantity of ground water
removed from storage during 1994 was 1,700 to 3,400
acre-ft. The water-level declines and associated change
in storage support the empirically estimated imbalance
for 1994 conditions.

The perennial yield of a ground-water reservoir
can be defined as the natural maximum amount of
ground water that can be withdrawn and consumed
economically each year for an indefinite period of time
(Harrill, 1968, p. 56). The term commonly is called
safe yield (Bear, 1979, p. 13; Fetter, 1994, p. 518). Fet-
ter further defines safe yield as “the amount of naturally

Table 11. Estimated and simulated components of ground-
water recharge and discharge, 1994 conditions, Spanish
Springs Valley area, west-central Nevada

[Values in acre-feet per year, rounded to two significant figures]

?n:f:::: Based on
Component transient
empirical simuiation
estimates
Recharge
Precipitation 1600 580
Infiltration of imported surface water 1,400 1,300
Recycled irrigation water 170 170
Secondary recharge from septic systems 450 400
Total recharge 2,600 2,400
Discharge .
Evapotranspiration 1,300 1,800
Subsurface outflow
To south 2100-150 190
To north 3280 170
Ground-water withdrawal 2,600 2,400
Total discharge 4,300 4,600
Imbalance (discharge minus recharge) 1,700 2,200

! Estimated from Maxey-Eakin; represents 72 percent of average
annual recharge.

2 From Cohen and Loeltz (1964, p. 23) and Rush and Glancy (1967,
p. 37). Estimate may be greater if ground water flows through fractured
bedrock and through saturated basin fill.

3 From Hardiaris (1988).
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occurring ground water that can be withdrawn from an
aquifer on a sustained basis, economically and legally,
without impairing the native ground-water quality or cre-
ating an undesirable effect such as environmental dam-
age.”

Whenever water is initially withdrawn from a well,
the withdrawal creates an imbalance between ground-
water recharge and discharge, and water is removed from
storage in the aquifer. The imbalance continues and
ground-water levels decline in the aquifer until the with-
drawals are balanced by a decrease in pre-pumping dis-
charge or by an increase in recharge, or by a combination
of the two. Ground-water recharge can increase only
where surface water (a stream or lake) is directly con-
nected to the aquifer (no intervening unsaturated interval)
or where subsurface flow enters the aquifer from adjacent
aquifers. The magnitude of sustained ground-water with-
drawals, therefore, depends on the maximum quantity of
pre-pumping discharge that can be captured for beneficial
use (Bredehoeft and others, 1982) and on the maximum
quantity of increased recharge. This maximum quantity is
dependent partly on the placement of wells with respect to
areas of pre-pumping discharge and to areas where
recharge can be increased, as considerable time may be
required to capture the pre-pumping discharge or to
increase recharge.

The estimated perennial yield for Spanish Springs
Valley for natural conditions, assuming that all the natural
discharge can be captured, is about 1,000 acre-ft/yr (Rush
and Glancy, 1967, table 12).

Because surface water, some of which has been
imported into Spanish Springs Valley since the late 1800’s,
recharges the basin-fill aquifer, the term augmented yield
is used herein to describe the total quantity of potentially
available ground water, assuming that all the pre-pumping
discharge can be captured. Augmented yield is defined as
the perennial yield plus salvable secondary recharge
resulting from the use of imported surface water (Harrill,
1973, p. 77-78). Thus, augmented yield of the basin-fill
aquifer in Spanish Springs Valley is estimated to be about
2,400 acre-ft, assuming that 1,400 acre-ft of ground-water
recharge was salvaged from infiltration of imported Truc-
kee River water in 1994. The estimated augmented yield of
2,400 acre-ft is about the same volume as the total ground-
water pumping estimate. However, if the quantity of
imported surface water or its management changes, the
augmented yield for the basin-fill aquifer must be revised
to account for changes in ground-water recharge.

SIMULATION OF GROUND-WATER FLOW

A mathematical flow model was developed to simu-
late the effects of ground-water withdrawals on the ground-
water flow system in the basin-fill aquifer beneath Spanish
Springs Valley. The model simulation starts in 1979 when
large increases in population and water demand began and
ends in 1994 with the then-current state of urban develop-
ment. The model was calibrated using estimated ground-
water withdrawals from 1979 to 1994 and the resultant
water-level declines. The calibrated model was then used to
simulate changes in water levels that reflect the probable
future response to selected ground-water development sce-
narios.

The accuracy with which the flow model simulates an
actual ground-water flow system depends on how well the
hydrologic processes of the system are understood and sim-
ulated. The accuracy and distribution of input data used to
describe these processes are the determining factors that
limit the model in simulating the actual system. A ground-
water flow model is not necessarily a unique representation
of a flow system; however, by using reasonable hydraulic
properties and boundary conditions, the flow model can
closely simulate the natural flow system of the study area.

Mathematical Basis

The numerical technique used in this study to analyze
ground-water flow and yield of the basin-fill aquifer is a
finite-difference ground-water flow model written by
McDonald and Harbaugh (1988). The model solves the
three-dimensional equation of ground-water flow by using
finite-difference approximations; the equation can be writ-
ten as follows:

0/x (K,,0h/ 0x) + /3y (K,,,0h/dy) +

0/0z (Kzzah/az) —-W = Ssah/at , 2)
where,
K, K, are hydraulic conductivities in the principal hori-
zontal directions, in length per unit time;
K,, is hydraulic conductivity in the vertical direction,
in length per unit time;
h is hydraulic head, in length;
W is volumetric flux of recharge or discharge per
unit volume, in 1/time;
S, is specific storage, in 1/length;
tis time; and
x, y, z are Cartesian coordinates aligned along the major
axes of hydraulic conductivity.
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The finite-difference method is used to obtain
approximate solutions to the three-dimensional flow
equation by replacing the continuous partial deriva-
tives with systems of simultaneous algebraic difference
equations. The difference equations are then solved in
terms of the unknown hydraulic head at discrete points,
or nodes, and time. The time derivative of head, dh/dt,
is approximated by the backward difference procedure
(Remson and others, 1971, p. 78). The approximation
of the time derivative for each node is as follows:

(hy—hy) /At 3

where,
hg is hydraulic head at the beginning of a time
step, in length;
h; is hydraulic head at the end of a time step, in
length, which is unknown; and
At is the time-step interval.

The strongly implicit procedure (McDonald and
Harbaugh, 1988, p. 12-1) is used to solve the system of
difference equations for each time step by iteration.
Solution for each node is achieved when the head
change between each iteration is less than a specified
value. The value specified for the model simulations
for Spanish Springs Valley was 0.03 ft. Each node is
centered in a model-grid cell that has dimensions of x,
y, and z. Hydraulic properties within each cell were
assumed to be homogeneous, so that the model-derived
hydraulic head represents the average head over the
entire cell.

General Features of Flow Model

To translate the conceptual model of the hydro-
logic system into a mathematical flow model and solve
the ground-water flow equation by finite differences, a
block-centered grid was superimposed over a map
view of the study area (fig. 24). The grid for the Span-
ish Springs Valley model contained 37 rows, 28 col-
umns, and 2 layers that divided the saturated basin fill
into discrete three-dimensional model cells. Variable
node spacing was used to provide higher resolution in
areas of ground-water recharge and discharge related to
the importation of Truckee River water Model-cell
size ranged from a mlmmum 0f0.02 mi? (820 ft by 820
ft) to a maximum of 0.10 mi? (1,640 ft by 1,640 ft). Of
the 1,036 cells in each model layer, 625 were active in
layer 1 and 282 were active in layer 2. The top 330 il
of saturated basin fill was generally unconfined and
was represented by layer 1. Processes of ground-water

recharge and discharge were simulated in layer 1.
Layer 2, which functioned as a conduit for deep flow
and as a reservoir of stored water, extends from the bot-
tom of layer 1 to the top of consolidated rock. Layer 2
was simulated by the model as a confined aquifer, but
was allowed to convert to unconfined conditions if
water levels dropped below the bottom of layer 1 due
to simulated ground-water withdrawal. Although con-
solidated rock underlying and adjacent to the basin-fill
aquifer may store and transmit moderate to large
amounts of water, the hydraulic properties of that sys-
tem are unknown. Inclusion of the consolidated-rock
system into the ground-water flow model would add
another level of complexity and uncertainty to the sim-
ulation. Consequently, only model cells representing
saturated basin fill were used in this study.

Selection of Time Periods and Assigned Recharge
and Discharge

The simulation of steady-state conditions in
Spanish Springs Valley was not attempted due to the
lack of predevelopment water-level data needed for
steady-state calibration and the transient nature of
ground-water recharge from imported surface water.
Consequently, the flow model that numerically repre-
sents the basin-fill aquifer system was calibrated under
transient conditions for a 16-year period (1979-94).
Sixteen yearly stress periods were used to represent
each calendar year beginning January 1979 and ending
December 1994. Final heads from the previous annual
stress period were used as initial heads for the follow-
ing annual stress period. Each simulated calendar year
was divided into 12 equal monthly stress periods to bet-
ter represent the effect of seasonal conditions. During
each monthly stress period, all assigned stresses to the
system were held constant. Monthly stress periods
were further subdivided into five time steps with each
step increasing geometrically according to a specified
multiplier. The initial time step was 3.71 days and each
subsequent step was increased by 1.25 times the dura-
tion of the preceding time step. Because the initial con-
ditions were not derived from a steady-state
simulation, model responses in early stress periods of
the transient simulation reflect not only specified

!The model was developed using metric units. Thus, 330 ft
used in this study approximates 100 meters as used in the original
model.
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Sensitivity Analysis

Model sensitivity to the uncertainty in estimates
of hydraulic conductivity, specific yield, and the maxi-
mum rate of evapotranspiration was evaluated by six
simulations using the calibrated transient model (table
12). Each model property was changed from its cali-
brated value to determine the effects on the differences
between measured and simulated heads for 27 model
cells (fig. 34) and flux rates for 1994 conditions at
head-dependent boundaries. Only one modeled prop-
erty was uniformly changed for a given simulation; the
other properties remained constant. The modeled prop-
erties were doubled or reduced by one-half in all the
simulations. Changes in hydraulic conductivity were
made only to the horizontal hydraulic conductivity.
Because solution to the flow model is not unique, the
sensitivity analysis cannot be used to verify the accu-
racy of the model. However, the analysis can be used to
test the response of the model to a range of hydrologic
properties or conditions.

As presented in table 12, changes in evapotrans-
piration had the greatest effect on the final head distri-
bution. The largest absolute difference between
simulated and measured heads was 93.7 ft when the
maximum evapotranspiration rate was decreased by

one-half. These changes in evapotranspiration had a
predictable effect on the distribution of hydraulic head.
Increasing maximum evapotranspiration rate resulted
in lowering the average head (negative bias) and
decreasing the maximum rate raised the average head
(positive bias). Changes in primary storage produced a
change similar in magnitude to the change produced by
variations in evapotranspiration. In addition, the rate of
ground-water discharge to the North Truckee Drain
was affected most when the maximum rate was
decreased by one-half.

Limitations of Flow Model

A numerical ground-water model is a simplifica-
tion of a complex physical system. The model is based
on data that, to varying degrees, are uncertain. Errors in
the conceptual model of the system, hydraulic proper-
ties, boundary conditions, initial conditions, and sys-
tem stresses are reflected in the model results. Some
data used in the model are estimated through the pro-
cess of inverse modeling, whereby values of dependent
variables (such as hydraulic head) are known and inde-
pendent variables are manipulated until agreement is
reached between simulated and measured values of the
dependent variables. However, errors in model data

Table 12. Summary of model-sensitivity simulations at end of 1994 for Spanish Springs Valley area, west-central Nevada

Statistical difference between
measured and simulated head
for 27 model cells (feet)

Percentage of calibrated volume at head-
dependent boundaries (callbrated volume, in
acre-feet per year, in parentheses)

Multi-
Property :for:,:: P ';: ;t::n Subsurface outflow Ground-
varied affected appliedto  Absolute 222:; Evapo- di ;?::: e
property  maximum Bias 2 transpira- 9
difference squared To To tion to North
error south north Truckee
Draln
Calibrated transient simulation results at end of 1994
None All layers 1 10.0 4.1 +40.4 100 100 100 100
(190) 170) (1,800) (170)
Sensitivity analysis
Hydraulic All layers 0.5 9.5 4.8 +63.0 87 68 101 65
conductivity 2 11.9 5.5 4.2 119 115 99 142
Primary storage  All layers 0.5 11.1 4.1 -45.4 98 86 85 111
coefficient 2 12.1 5.1 +90.6 105 108 113 102
Maximum ET Layer 1 0.5 11.0 5.0 +93.7 107 104 84 282
rate 2 93 4.2 -1.4 96 97 106 29

! Average of squared differences between measured and simulated heads (standard deviation).
2 Measurement of feet to which simulated heads are above (positive) or below (negative) measured heads.

3 Primary storage in layer 1 is specific yield and in layer 2 is confined storage coefficient.
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can cancel each other, producing non-unique solutions
to the inverse problem. If a ground-water model con-
tains these compensating errors, the model may suc-
cessfully reproduce measured heads but fail to predict
future aquifer response when system stresses have sig-
nificantly changed (Konikow and Bredehoeft, 1992,

p. 77). Further, Oreskes and others (1994, p. 643) argue
that numerical models of natural systems can be neither
verified nor validated, but only partly confirmed by
agreement with observational data.

The flow model in this report is an approximation
of ground-water movement in the basin-fill aquifer in
Spanish Springs Valley. Some model data were derived
from sparse records, from data of uncertain quality, or
from empirical methods that are inherently uncertain
(such as estimating recharge as a percentage of precip-
itation). Other properties of the system were estimated
without observation or measurement (for example
hydraulic properties of deep basin fill). Ground-water
flow in consolidated rock underlying and adjacent to
basin fill is unqualified and may have significant effects
on hydraulic characteristics of the modeled aquifer.
The nature of the hydraulic connections at the northern
and southern boundaries of the study area are poorly
understood, and hence the boundary conditions
employed in the mode] are uncertain. Land-surface
altitudes also have an associated uncertainty of about
10 ft.

Although substantial information exists on some
system stresses (for example, municipal pumping),
others, such as evapotranspiration rates and septic-
system recharge, were estimated from values in the lit-
erature. Agricultural pumpage was based on quantities
allocated to each user. Irrigation return flows and final
hydraulic conductivities were derived through inverse
modeling, a process that can produce non-unique solu-
tions.

Identifying the uncertainties, or the magnitude of
the uncertainties, in the above model data sets was not
possible and that contributed to the lack of complete
agreement between simulated and measured hydraulic
heads. For this reason, no attempt was made to improve
the head match by locally adjusting hydraulic proper-
ties in the model. Instead, hydraulic properties were
kept general and were assumed to approximate the bulk
character of the basin fill. Similarly, no adjustments
were made to pumping rates or rates of recharge from
precipitation to improve head match.

Simulation of Responses to Hypothetical
Ground-Water Development Scenarios

The hydrologic response of the basin-fill aquifer
system to three hypothetical ground-water develop-
ment scenarios was evaluated using the 16-year
transient model. The hypothetical scenarios were
developed from projected water use within Spanish
Springs Valley and discussions with representatives
from the Nevada Division of Water Resources and
Washoe County.

For each hypothetical scenario, the distribution
and quantity of ground-water withdrawal was speci-
fied. To evaluate effects of changes in Truckee River
importation and related recharge, each scenario was
simulated with and without flow in the Orr Ditch.
Model-computed water-level changes referenced to
December 1994 levels were determined at the end of
5-, 10-, and 20-year periods to illustrate probable
effects of ground-water withdrawal from results of
the simulations. The final hydraulic head distribution
shown in figure 34, which represents December 1994
conditions calculated from the 16-year transient model,
was used as the initial head for each scenario. In all
simulations, every residence was assumed to be con-
nected to a sewer system (no recharge from septic sys-
tems), and the annual precipitation rate was assumed to
be constant and equal to the long-term average esti-
mated by use of the Maxey-Eakin method. The hydrau-
lic properties of the basin fill, boundary conditions,
location and amount of domestic-well pumpage, and
distribution of evapotranspiration remained the same
as in the transient model. Daily flow records of the Orr
Ditch representing near-average conditions also were
used in the simulations. Ground-water pumpage was
specified in layer 1 (but not in layer 2) for each of the
simulations. Stress periods, time-step methodology,
and the transient character of assigned recharge and
discharge used in the 16-year transient model also were
applied in the development simulations.

Selection of Scenarios

Hypothetical development scenario 1 was used to
represent continued ground-water pumping at 1994
rates (2,400 acre-ft/yr) and areal distribution. The loca-
tion of model cells assigned pumpage greater than 10
acre-ft/yr in scenario 1 are shown in figure 27. Hypo-
thetical development scenario 2 represents conditions
resulting from projected maximum municipal pump-
ing, as determined from water-rights data, while all
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other ground-water withdrawals remain at 1994 rates.
Municipal pumpage for scenario 2 is specified to be
3,000 acre-ft/yr (out of about 4,000 acre-ft/yr of total
basin withdrawal). Hypothetical development scenario
3 was used to represent conditions if all available water
rights were used within Spanish Springs Valley to sim-
ulate the effects of maximum total-basin pumping by
all users. The assigned total-basin pumpage was 6,000
acre-ft/yr. The distribution of cells assigned pumpage
greater than 10 acre-ft/yr in scenarios 2 and 3 is shown
in figure 36.

Discussion of Results

Simulation results of the three hypothetical devel-
opment scenarios are presented in figures 37, 38, and
39. Figure 40 shows the cumulative depletion in
ground-water storage within model layer 1 since
December 1994, assuming a total storage of about
450,000 acre-ft. To meet part of the objectives of this
study, the hypothetical scenarios were simulated with
flow in the Orr Ditch (scenarios la, 2a, and 3a) and
without flow in the Orr Ditch (scenarios 1b, 2b, and 3b)
to evaluate the effects of completely removing
imported water. Results of the hypothetical scenarios
demonstrate general basinwide trends and illustrate the
general responses. In several simulations, some model
cells were completely dewatered. When a cell is dewa-
tered, all recharge and discharge simulated in that cell
cease for that annual stress period. For the cell in the
northeast (cell 5,23) and one along the west boundary
(cell 16,4), the initial saturated thickness was less than
the simulated drawdown, causing these cells to go dry.
The recharge and discharge assigned to these cells
totaled about 6 acre-ft/yr and were insignificant. How-
ever, a cell in the southeast (cell 5,23) was dewatered
after 20 years of simulated pumping because of the
large pumping stress assigned to that cell (about 360
acre-ft/yr) and because the cell is within the area of low
hydraulic conductivity used to simulate a possible fault
zone.

Model-computed water levels in figures 374,
384, and 394, which show simulated effects of contin-
ual seasonal flow in the Orr Ditch under the different
pumping scenarios, rose as expected in the south end
of the valley in response to recharge from imported
water. Much of this rise can be attributed to the trend of
below-average conditions simulated in the last several
years of the transient model, as compared with average
conditions used in the hypothetical development
scenarios.

After 20 years of simulated ground-water with-
drawal under 1994 pumping conditions (scenario 1),
water-levels declined 10 to 20 ft in the entire northern
half of the modeled area (fig. 374). For the same sce-
nario, but without simulated flow in the Orr Ditch (fig.
37B), water-level declines of 10 to 20 ft were indicated
after only 5 years, and after 20 years, simulated water-
levels had declined between 20 and 60 ft in a large area
in the north-central part of the modeled area. For con-
ditions represented by scenario 1, cumulative storage
depletion increased about 5 percent (fig. 40) in the
absence of recharge from imported surface water.

For model simulations that represent maximum
municipal pumpage (hypothetical development sce-
nario 2), much of the modeled area has simulated
water-level declines of 20 to 60 ft after 20 years of
pumping and simulated flow in the Orr Ditch (fig. 384).
The greatest decline (60 ft and greater) was in the
southeastern part of the model area and was due to the
location of simulated municipal wells. Without simu-
lated flow in the Orr Ditch, results of scenario 2
(fig. 38B) indicate that nearly the entire modeled area
would have water-level declines of 20 to 60 ft and more
than 16 percent of the basin fill would be dewatered
(fig. 404).

Results of scenario 3 (ground-water withdrawals
for all available water rights) indicate that nearly the
entire modeled area would have water-level declines of
20 to 60 ft after 20 years. As in scenario 2, water-level
declines of 60 ft and greater were simulated within the
southeastern part of the area after 20 years of pumping
(fig. 39) and nearly 20 percent of the area of the mod-
eled aquifers were dewatered (fig. 40).

SUMMARY AND CONCLUSIONS

Infiltration of imported surface water for irriga-
tion is the source of most ground-water recharge to the
basin-fill aquifer in Spanish Springs Valley. As urban
development increases, changes in land use from agri-
cultural to suburban and resultant increases in ground-
water withdrawal are anticipated. These changes may
include reduction or complete elimination of surface-
water importation to the valley. Because of potential
ground-water overdraft associated with urban develop-
ment, the U.S. Geological Survey, in cooperation with
the Nevada Division of Water Resources, made a 5-
year study to evaluate and refine estimates of the water
budget and yield of the basin-fill aquifer in Spanish
Springs Valley.
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Spanish Springs Valley is a north-trending struc-
tural basin in west-central Nevada, about 5 mi north-
cast of Reno, with a total area of about 80 miZ. Sub-
stantial urban development of this valley began in
the late 1970’s. Population of less than 800 in 1979
increased to more than 4,000 in 1990 and was pro-
jected to be about 9,300 in 1994. More than 2,000
homes receive water from municipal suppliers within
Spanish Springs Valley. An additional 200 homes
derive water from domestic wells. Total ground-water
withdrawal from the basin in 1994 was an estimated
2,600 acre-ft—about 2,000 acre-ft more than in 1979.
Secondary recharge from septic systems, estimated
from water-use records for 1994, may be as much as
450 acre-ft.

Several methods of investigation were used dur-
ing this study, including the collection of basic hydro-
logic and geologic data and the application of several
geochemical techniques and geophysical methods.
The distribution of precipitation within the study area
was estimated from a relation between precipitation
and altitude. Estimates of ground-water recharge from
precipitation were based on the distribution of precip-
itation. A flow model was developed to simulate the
movement of ground water and to evaluate the empir-
ical estimates of recharge and discharge. The cali-
brated flow model was then used to estimate effects
of hypothetical changes in land use and ground-water
development.

The study area lies between major tectonic struc-
tures of the Sierra Nevada Frontal Fault Zone and the
shear zone of the Walker Lane. Extensional faulting
is thought to have formed the present-day topographic
features, including the structural depression
underlying Spanish Springs Valley. Tertiary volcanic
rocks, which make up most of the consolidated rock
exposed in the area, underlie much of the eastern part
of the valley. In the southeastern part, a relatively
transmissive connection between basin fill and volca-
nic rocks is suggested by water-level responses to
ground-water pumping. Although detailed investiga-
tion of the hydrologic characteristics of these Tertiary
volcanic rocks was beyond the scope of this study, the
volcanic rocks may be hydrologically significant at a
regional scale. The structural depression underlying
Spanish Springs Valley is filled in part by interbedded
deposits of sand, gravel, silt, and clay with a maximum
thickness of about 1,000 ft as determined by geophys-
ical methods. Hydraulic conductivity of the basin fill in
the upper 330 ft ranges from 0.5 ft/d to about 12 ft/d.

Total amount of recoverable water stored in the basin-
fill aquifer in the upper 330 ft is estimated to be between
300,000 and 600,000 acre-ft.

Annual precipitation on the valley floor is gener-
ally less than 8 in. The surrounding mountains receive
about 9 to 11 in. annually and more than 13 in. may fall
in the higher altitudes of the Pah Rah Range. The total
precipitation estimated within the study area is about
36,000 acre-ft/yr, of which nearly 3,500 acre-ft/yr falls
within the topographically closed Dry Lakes area in the
southern part of the Pah Rah Range. Estimated ground-
water recharge from precipitation ranges from 770 acre-
ft/yr using a chloride-balance method to 830 acre-ft/yr
using the Maxey-Eakin method. In 1994, recharge from
precipitation was estimated at about 600 acre-ft, or 72
percent of the long-term average estimated using the
Maxey-Eakin method.

Surface-water resources in the basin consist
almost entirely of imported Truckee River water con-
veyed by the Orr Ditch to support agriculture in the
southern part of the valley. During this study, the Orr
Ditch was completely shut off by June in 1992 and 1994
in response to below-average precipitation. Flow in the
North Truckee Drain, which removes irrigation return
flow from Spanish Springs Valley to the Truckee River,
fluctuates in direct response to the availability of Orr
Ditch water and the application of water for irrigation.
In 1994, the difference between Orr Ditch inflow and
North Truckee Drain outflow was about 3,100 acre-ft,
which represents the amount of imported surface water
consumed in Spanish Springs Valley. Of the 3,100 acre-
ft of imported surface water consumed in 1994, about
1,400 acre-ft is estimated to have recharged the shallow
basin fill as transmission loss from the Orr Ditch
and infiltration of applied irrigation water. Direct
evaporation from ponded water and evapotranspiration
prior to deep percolation make up the remaining con-
sumed imported water.

Virtually all ground water in Spanish Springs
Valley is derived from imported surface water and pre-
cipitation that falls within the drainage basin. During
the irrigation season, Orr Ditch transmission losses and
infiltration of water applied to fields raise shallow
ground-water levels more than 5 ft, creating a ground-
water mound that dissipates with time after irrigation
ceases. The movement of ground water is generally
from the recharge-source areas in the mountains toward
the valley and a ground-water divide that has developed
beneath the central part of the valley. From the divide,
ground water flows northward toward Warm Springs
Valley and southward to the Truckee Meadows. Locally

76  Hydrogeology and Simulated Effects of Urban Development on Water Resources of Spanish Springs Valley, Nevada



derived ground water is distinguished from imported
Truckee River water on the basis of stable-isotope
compositions and environmental age-dating tech-
niques. Mass-balance calculations suggest that
imported Truckee River water makes up 65 percent of
the discharge from a well 2,000 ft north of the Orr
Ditch.

Estimates of ground-water recharge and dis-
charge to the basin-fill aquifer for 1994 conditions were
made using field and empirical techniques, and were
evaluated using a two-layer mathematical flow model.
The flow model was calibrated under transient condi-
tions using estimated ground-water withdrawals from
1979 through 1994 and the resultant water-level
changes. Model-computed ground-water recharge
from imported surface water agreed well with the
empirical estimate of 1,400 acre-ft for 1994. Field-
derived estimates of evapotranspiration, however, are
500 acre-ft less than evapotranspiration simulated by
the flow model for 1994. Lack of water-level data in the
northern part of the valley precluded empirical esti-
mates of subsurface flow to Warm Springs Valley. On
the basis of the current conceptualization of the flow
system, the calibrated flow model indicates that about
170 acre-ft of water may move northward toward
Warm Springs Valley. In addition, model results indi-
cate that 190 acre-ft of subsurface flow may be entering
the Truckee Meadows to the south. An imbalance
between ground-water recharge and discharge ranging
from 1,700 acre-ft to 2,200 acre-ft was estimated for
1994 conditions.

The augmented-yield concept in this study is
defined as the perennial yield plus salvable secondary
recharge resulting from use of imported surface water.
Augmented yield of the basin-fill aquifer in Spanish
Springs Valley, determined for 1994 conditions, was
estimated to be about 2,400 acre-ft, assuming that
1,400 acre-ft of ground-water recharge was salvaged
from infiltration of imported Truckee River water.
However, if the quantity of imported surface water or
its management changes, the augmented yield for the
basin-fill aquifer must be revised to account for
changes in ground-water recharge.

The hydrologic response of the basin-fill aquifer
system to three hypothetical ground-water develop-
ment scenarios was evaluated using the 16-year tran-
sient model. For each scenario, the distribution and
quantity of ground-water withdrawal was changed and
each scenario was simulated with and without flow in
the Orr Ditch. Simulated responses to the hypothetical

development scenarios suggest that, although recharge
from imported surface water prevents water-level
declines in the southern part of the study area, after 20
years of pumping, water levels may decline between 20
and 60 ft throughout much of the area. For model sim-
ulations without recharge from imported water, 8 per-
cent to nearly 20 percent of the basin-fill aquifer was
dewatered and water-level declines were more than 60
ft in the southeastern part of the valley.
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