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CONVERSION FACTORS, ABBREVIATED WATER-QUALITY UNITS, AND VERTICAL DATUM

Multiply By To obtain
acre 04047 square hectometer
acre-foot (acre-ft) 1,223 cubic meter P
acre-foot per acre (care-ft/acre) 3022 cubic meter per square hectometer
acre-ft per day (acre-ft/d) 0001233 cubic hectometer a day
acre-foot per year (acre-ft/yr) 0001233 cubic hectometer per year
cubic foot (ft3) 002832 cubic meter S
cubic foot per second (ft3/s) 002832 cubic meter per second
cubic foot per second per mile ((fe3/s)/m) 001760 cubic meter per second per kilometer
foot (ft) 03048 meter

foot per day (ft/d) 03048 meter per day

foot per mile (ft/m1) 01894 meter per kilometer

foot per year (ft/yr) 03048 meter per year

gallon per minute (gal/min) 006309 liter per second
mnch (in) 2540 centimeter
inch per year (in/yr) 2540 centimeter per year
mile (mi) 1 609 kilometer
square foot per day (ftzld) 009290 square meter per day
square mile (mlz) 2 590 square kilometer
ton per acre (ton/acre) 2242 metric ton per square hectometer
ton per day (ton/d) 09072 metric ton per day

For temperature, degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) by using the formula F=[1 8(C)]+32]

Abbreviated Water-Quality Units Used in this Report

pug/L (microgram per liter)

mg/L. (milligram per liter)

Sea Level In this report "sea level" refers to the National Geogetic Vertical Datum of 1929 (NGVD of 1929)—a
geodetic datum derived from a general adjustment of the first-order level nets of both the united States and Canada,

formerly called Sea Level datum of 1929
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Hydrogeology and Potential Effects of Changes in
Water Use, Carson Desert Agricultural Area,

Churchill County, Nevada

By Douglas K. Maurer, Ann K Johnson, and Alan H. Welch

Abstract

Operating Criteria and Procedures estab-
lished 1n 1988 for delivery of water for irmngation
in the Newlands Project area include regulations
and methods to increase Project efficiency Public
Law 101-618 of 1990 includes a target of 75-per-
cent Project efficiency and a program of water-
rights acquisition for wetlands maintenance The
directives could result 1n large reductions 1n water
used for irngation 1n the Carson Desert, poten-
tially affecting ground-water supphes Previous
studies of the area have been evaluated to deter-
mune the current understanding of how aquifers
are recharged, what controls the flow and quality
of ground water, potential effects of changes 1n
water use, and what additional information would
be needed to quantify further changes 1n water use

Inflow of surface water to the basin from
Lahontan Reservoir averaged about 370,000 acre-
ft/yr (acre-feet per year) from 1975 to 1992, sup-
plying water for imgation of more than 50,000
acres More than half of the water released from
the reservorr 1s lost to seepage, operational spills,
and evaporation before delivery of about 170,000
acre-ft/yr to farm headgates The volume of water
delivered to farms that does not contribute to crop
consumptive use (on-farm loss) 1s poorly known
but could be as much as 60,000 acre-ft/yr Con-
sumptive use on 1rrigated land may be about
180,000 acre-ft/yr, of which 50,000 acre-ft/yr may
be dertved from the shallow aquifer Outflow from
unigated land 1s a mixture of operational spill,
runoff from wrmigated fields, and ground-water

seepage to drains Total outflow averages about
170,000 to 190,000 acre-ft/yr This water flows to
wetlands at Carson Lake, Stillwater Wildlife Man-
agement Area, and Carson Sink

Three sedimentary aquifers were previously
defined 1n the basin a shallow aquifer having
highly vaniable lithology and water quality, an
termediate aquifer containing principally fresh
water, and a deep aquifer having water of poor
quality The deep aquifer could possibly be
divided into sedimentary and volcanic zones In
addition, a near-surface zone may exist near the
top of the shallow aquifer where vertical flow
1s inhibited by underlying clay beds A basalt aqu1-
fer near the center of the basin 1s the source
of public supply and 1s recharged by the shallow,
intermediate, and deep aquifers Water levels 1n
the basalt aquifer have declined about 10 feet from
pre-pumping levels, and chlonde and arsenic con-
centrations 1n the water have increased The aver-
age depth to ground water has decreased beneath
large areas of the Carson Desert since 1904 as a
result of recharge of surface water used for irriga-
tion Ground water generally flows from west to
east, and dissolved-solids concentrations increase
greatly near areas of ground-water discharge,
where State of Nevada drinking-water standards
commonly are exceeded

Uncertainties 1n the rates of recharge to
and discharge from the basin cause an imbalance
1n the calculated water budget Estimates for total
recharge range from 400,000 to 420,000 acre-ft/yr,
whereas estimates for discharge range from
630,000 to 680,000 acre-ft/yr Esumates of inflow
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to and outflow from aquifers of the study area are
as follows shallow aquifer, more than 120,000
acre-ft/yr, intermediate aquifer, possibly more
than 25,000 acre-ft/yr, deep aquifer, unknown, and
basalt aquifer, about 4,000 acre-ft/yr Estimates for
flow volumes to and from the shallow and interme-
diate aquifers are based on assumed aquifer prop-
erties and could be 1n error by an order of
magnitude or more Relict channels of the Carson
Ruver probably are important avenues for ground-
water recharge to the shallow aquifer (where the
channels underlie canals and irnigated fields), and
to the intermediate and basalt aquifers

Conceptual models of the basin show that
ground-water flow 1s downward from the shallow
aquifer to the intermediate aquifer 1n the western
part and near the center of the basin, and 1s upward
1n the eastern part of the basin Little 1s known
about flow 1n the deep aquifer Near-surface clay
beds inhibit vertical flow near the center and east-
ern part of the basin except where breached by
relict sand-filled channels of the Carson River

Conceptual models of the basin show that
changes 1n water use 1n the western part of the
basin probably would affect recharge to the sedi-
mentary and basalt aquifers Near the center of the
basin, water-use changes could affect the shallow
and basalt aquifers but might have less effect on
the intermediate aquifer In the eastern part of the
basin, changes could affect the shallow aquifer,
but would probably not affect the intermediate or
basalt aquifers

If seepage 1s decreased by lining canals, and
land 1s removed from production, water-level
declines 1n the shallow aquifer could be greater
than 10 feet as far as 2 mules from the lined canals
Depending upon the distribution of specific yield,
decreasing recharge by 25,000 to 50,000 acre-ft/yr
beneath 30,000 acres could cause water levels to
decline from 4 to 17 feet Where ground water sup-
plements crop consumptive use, water levels could
temporarily rise when land 1s removed from pro-
duction Where water 1s pumped from a near-sur-
face zone of the shallow aquifer, water-level

declines might not greatly affect pumped wells
where the near-surface zone 1s thickest, but could
cause wells to go dry where the zone 1s thin

The understanding of surface-water and
ground-water relations, recharge and discharge
of ground water, ground-water movement, and
the potential effects of changes 1in water use 1n
the Carson Desert can be refined by studying
(1) the extent of potable water 1n the intermediate
and basalt aquifers, (2) hithology and specific yield
of aquifer materials, (3) data on ground-water lev-
els and quality, and (4) data on surface-water flow
and quality, as well as monitoring the effects of
changes 1n water use as they take place

INTRODUCTION

Public law, Federal agency directives, and court-
decreed operating criteria could result 1n a significant
reduction 1n agricultural water use in the Newlands
Project near Fallon, Nev The Operating Critenia
and Procedures (OCAP) currently 1n place for the
Newlands Project establish a potential target of 68 4-
percent efficiency 1n the delivery system (U S Depart-
ment of the Interior, 1988, p 4) In addition, Public
Law 101-618, signed on November 16, 1990, directs
the Bureau of Reclamation (BOR) to study methods of
increasing Project delivery efficiency to 75 percent
within 12 years of the date of enactment of the legisla-
tton This public law also directs the U S Fish and
Wildlife Service (USFWS) to acquire water rights from
willing sellers sufficient to mamtain 25,000 acres of
wetlands in Lahontan Valley With increased Project
efficiency, the volume of water available to wetland
areas 1s estimated to decrease by 25 to 55 percent
because Project outflow 1s the sole source of water for
wetland supply (Bureau of Reclamation, 1987a, p 2-
29) To accomplish these goals, large areas of imgated
land would need to be taken out of production The
water-rights acquisition program could reduce water
delivered for irmgation by as much as 125,000 acre-
ft/yr (U S Fish and Wildlife Service, 1992, p 6)

The effect of water-use changes on local ground-
water supplies 1s not known and 1s a major public con-
cern The complex ground-water system in the area
has been divided nto four separate aquifers shallow,
intermediate, and deep alluvial aquifers and a basalt
aquifer (Glancy, 1986) The shallow and intermediate

2 Hydrogeology and Potential Effects of Changes in Water Use, Carson Desert Agricultural Area, Churchill County, Nevada
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aquifers are tapped by more than 5,000 wells supplying
rural domestic users, and the basalt aquifer 1s the main
source of supply for the city of Fallon and the U S
Naval Air Station near Fallon Changes 1n the yield of
these aquifers or in their water quality could affect a
large part of the local population In February 1992,
the U S Geological Survey (USGS), 1n cooperation
with the BOR, began a synthesis of previous hydro-
logic studies 1n the basin to summarize what 1s known
about the hydrologic system

Purpose and Scope

This report provides a summary of the hydrology
of the Carson Desert It 1s intended to help water man-
agers make informed decisions about resource man-
agement 1n the Carson Division of the Newlands
Project (inset, pl 1) The study area was limited to the
Carson Division of the Newlands Project and surround-
ing areas 1n the Carson Desert hydrographic area that
are 1rrigated with releases from Lahontan Reservoir

A literature search was made to determine the
extent of existing data and to compile the results of
reports discussing hydrogeology, ground-water and
surface-water flow, and ground-water and surface-
water quality 1n and near the Carson Desert The com-
piled Iiterature describes work from the early 1900's
to reports 1n progress at the USGS and the BOR

Concepts described 1n these reports on hydrogeo-
logy, movement of surface water and ground water,
recharge to aquifers, and geochemustry of surface water
and ground water are summarized and used to develop
a conceptual model of the entire system Data com-
piled for this study were analyzed to (1) determine nat-
ural processes important 1n controlling the flow of
surface water and ground water in the Carson Desert,
(2) develop a conceptual model of hydrologic relations
in the Carson Desert, and (3) determine if detailed anal-
ysis of existing data or additionat study would provide
further understanding of the processes controlling
water movement in the Carson Desert Detailed analy-
sts of all existing data 1s beyond the scope of this study

The conceptual model developed 1s used to
describe potential effects of water-use changes on aqui-
fer yield and ground-water quality Limutations of the
model are discussed, and these limitations are consid-
ered 1n formulating data-collection networks and
detailed studies that would help to further quantify
the effects of changes in water use

Details regarding the location of existing canals
and drains and the direction of flow in the surface-
water distribution system are not currently available
(June 1993) Therefore, this report does not provide
precise locations for sites 1n proposed data-collection
networks

Geographic Setting

The Carson Desert hydrographic area covers
about 2,000 mi2 in Churchill County near Fallon, Nev ,
about 60 mi east of the State capitol, Carson City (inset,
pl 1, Glancy and Katzer, 1975, p 2) The basin 1s the
natural termius of the Carson River As used i this
report, the term "Carson Desert" applies to the entire
hydrographic area shown on plate 1 and excludes
Packard Valley The floor of the Carson Desert lies at
an altitude of about 3,900 ft and 1s bounded on the east
by the Stillwater Range, which reaches an altitude of
about 8,800 ft, and the Lahontan Mountains at an alti-
tude of about 4,400 ft (pl 1) The basin 1s bounded on
the south by several discontinuous mountain blocks
the Desert, White Throne, Blow Sand, Cocoon, and
Bunejug Mountains, which range 1n altitude from
about 4,800 to 6,400 ft The Salt Wells Basin extends
about 15 mu1 to the southeast from the Carson Desert,
between the Bunejug and Lahontan Mountains The
basin 1s bounded on the west by the Hot Springs and
Dead Camel Mountains, both about 5,300 ft in altitude,
and on the north by the West Humboldt Range, which
1s about 5,500 ft 1n altitude

The Carson River and the Truckee Canal enter the
basin from the west between the Hot Springs and Dead
Camel Mountains, where the combined flow 1s stored
in Lahontan Reservoir During extremely wet years in
the Humboldt River Basin, the Humboldt River flows
into the Carson Desert from the north through a gap
between the West Humboldt Range and the Hot
Springs Mountains

The area 1n and near irrigated land of the Carson
Division 1n the southern end of the Carson Desert 1s
called Lahontan Valley, although 1t 1s not topographi-
cally separated from the Carson Desert

The Newlands Project, constructed from 1903 to
1915, was one of the first reclamation projects in the
United States Diversion and impoundment of surface
water for the Newlands Project begin in the headwaters
of the Truckee and Carson Rivers Flow 1s routed
through the natural channels of the rivers and by way
of the Truckee Canal to Lahontan Reservoir Since

Introduction 3



about 1915, some flow from the Truckee River has
been diverted to Lahontan Reservoir through the
Truckee Canal Since the mid-1960's, the diversion
has totaled about 40 percent of the Truckee River flow
(Hess and others, 1993, p 355, 363) The Truckee
Division of the Newlands Project (inset, pl 1) com-
prises about 3,000 acres 1rmigated near Fernley and
about 900 acres 1migated 1n the Carson Desert using
water from the Truckee Canal The average area 1irr1-
gated 1n the Carson Division of the Newlands Project
from 1984 to 1990 was about 56,000 acres (fig 1)
(Charles Johnson, Bureau of Reclamation, written
commun , 1993)

Alfalfa 1s the predominant crop grown on land
irrigated by the Newlands Project and accounts for
about 53 percent of the Project area Pasture and other
forage crops account for 23 percent, and cereal and
vegetable crops account for the remainder (Bureau of
Reclamation, 1992b, p 37)

The Carson Desert lies 1n the rainshadow of the
Sierra Nevada (inset, pl 1) The floor of the basin
annually receives about 5 1n of precipitation and the
Stllwater Range receives from 8 to 12 in (Nevada
Division of Water Resources, 1971) Potential evapo-
ration rates are more than 10 times this amount, aver-
aging about 60 1n/yr (Bureau of Reclamation, 1987a,
p 2-24) Temperatures range from an average mini-
mum of about 17°F to an average maximum of about
90°F (period of record, 1941-70, Dollarhide, 1975,

p 3) The normal frost-free growing season starts
about mid-May and ends about mid-September
(Guiyyens and Mahannah, 1976, p 3)

Agniculture 1s a major source of income 1n the
Fallon area Most water used for agriculture 1s released
from Lahontan Reservorr, very few wells supply
ground water for irngation The basalt aquifer beneath
Fallon (see fig 12) 1s the sole source of water for
municipal use and for use at the Naval Air Station,
which 1s the largest employer 1n Fallon More than
5,000 domestic wells, which tap the shallow and inter-
mediate aquifers, supply the rural population of the
area

Associated with the irrigated lands are wetlands
of Carson Lake, the Stillwater Wildlife Management
Area (WMA) and National Wildlife Refuge, and the
Fallon National Wildhife Refuge (pl 1) Sand dunes,
playas, and areas vegetated with phreatophytes such as
greasewood, rabbitbrush, saltgrass, and marsh grasses
cover the remainder of the Carson Desert lowlands
(fig 1) The Carson Sink covers the northern part of

the Carson Desert During years of extremely high
flows, outflow from the Stillwater wetlands reaches the
Carson Sink along with flow from the Humboldt River
The extremely wet years 1983 and 1984 caused the
Carson Sink to become, temporarily, the largest water
body in the State of Nevada, covering about 212,000
acres (Rowe and Hoffman, 1990, p 37)

The Stillwater wetlands are jointly managed by
the USFWS and the Nevada Department of Wildlife
(NDOW) The Stillwater wetlands are divided into the
Stillwater WMA, covering about 200,000 acres, and
the Stillwater National Wildlife Refuge, covering
about 77,500 acres Carson Lake wetlands are man-
aged by the NDOW and cover about 34,000 acres, with
about 13,000 acres supporting community pasture
lands leased to local ranchers for grazing (Hallock and
Hallock, 1993, Bureau of Reclamation, 1992b, p 37)

Prior to the Newlands Project, the Stillwater and
Carson Lake wetlands totaled a maximum of about
60,000 acres and wetlands of the Fallon National Wild-
ife Refuge covered about 26,000 acres (Hoffman and
others, 1990, p 5) Diversion and consumptive use of
surface water by crops has completely dried up wet-
lands of the Fallon National Wildhfe Refuge in most
years and reduced the wetland areas at Stillwater
WMA and Carson Lake Some wetland areas were
produced within the Newlands Project area, including
regulatory reservoirs and numerous small wetlands
scattered throughout the Project area

From 1986 to 1991, wetland areas near urrigated
land 1n the Carson Desert ranged from more than
45,000 acres in wet years to less than 7,000 acres 1n
dry years (Norman A Saake, U S Fish and Wildlife
Service, written commun , 1993)

Before operation of the Newlands Project, about
14,000 acres of land were 1rmigated using natural flows
of the Carson River (Lee and Clark, 1916, p 670)
Since 1926, the Project has been operated and main-
tained by the Truckee-Carson Irrigation District
(TCID) Numerous lawsuits over the diversion of
Truckee River water have centered on the use of
Truckee River flows to maintain Lahontan cutthroat
trout and endangered Cui-ut lake sucker fisheries in
Pyramid Lake (inset, pl 1) Between 1909 and 1968,
the level of Pyramid Lake dropped 80 ft in response to
diversions from the Truckee River (Harris, 1970)
Subsequently, the level of Pyramid Lake was 25 ft
higher 1in 1986, then declined 15 ft by 1992 (Hess and
others, 1993, p 4) Court decisions and task forces
convened by the U S Department of the Interior led to

4 Hydrogeology and Potential Effects of Changes in Water Use, Carson Desert Agricultural Area, Churchill County, Nevada
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Figure 1. Discharging playas, phreatophytes, and irrigated land in Carson Desert hydrographic area.
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implementation of OCAP for the Newlands Project to
reduce the need for Truckee River diversions The
OCAP were mitiated 1n 1967, and the most recent ver-
ston took effect in April 1988 (Bureau of Reclamation,
1992b, p 40)

Project efficiency, as defined by OCABP, 1s the
total annual headgate delivery, divided by the total
annual diversions for the Project (Bureau of Reclama-
tion, 1987a, p 1-6) Thus, the efficiency 1s defined
only for the conveyance of water to the farm headgate
and does not address on-farm efficiency Project effi-
ciency ranged from 53 to 63 percent from 1981 to 1990
(Bureau of Reclamation, 1992b, p 15) Since imple-
mentation of OCAP 1n 1988, the area has been under
extreme drought conditions Because OCAP regula-
tions are mandated only for years with more than 70-
percent delivery, operation of the Project as envisioned
by OCAP has not been achieved
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HYDROGEOLOGIC FRAMEWORK

Ground-water movement 1n the Carson Desert 1s
in part controlled by the hithology and geometry of the
geologic units through which ground water flows The
lithology of a geologic unit depends partly on the envi-
ronment in which it was deposited The geometry of a
unit depends on depositional environment, along with
the local and regional geologic and structural history
The following sections summarize available informa-
tion on the geologic history, structural setting, and
lithology and geometry of hydrogeologic units of the
Carson Desert

Geologic History

Rocks and sediments 1n the Carson Desert hydro-
graphic area record two geologic eras the Mesozoic,
which spanned about 240 to 66 Ma (million years ago),
and the Cenozoic, which spans 66 Ma to the present
The Mesozoic Era 1s divided into three periods (from
oldest to youngest) Tnassic, Jurassic, and Cretaceous
The Cenozoic Era 1s divided 1nto two periods (from
older to younger) Tertiary and Quaternary The oldest
rocks preserved 1n the Carson Desert (pl 1) are Late
Triassic (about 225 Ma) 1n age (Johnson, 1977, pl 1)
From this time until Middle Jurassic time (about 170
Ma), the study area was covered by a sea that deposited
marine sediments (Stewart, 1980, fig 32 and p 65-67)
The study area (and much of west-central Nevada) was
uplifted and subjected to gentle folding, faulting, and
erosion above sea level during Middle Jurassic time
(Stewart, 1980, fig 36,and p 71, 76) Mafic volcanic
and plutonic rocks were emplaced at this time (Speed,
1966) During the Cretaceous (138 to 66 Ma), the Car-
son Desert was probably above sea level and eroding,
as evidenced by the paucity of sedimentary and volca-
nic rocks preserved from that time period (Stewart,
1980, p 73) Plutonism occurred throughout the study
area during Cretaceous time (Willden and Speed, 1974,
p 1)

Very few rocks of early Tertiary age (66 to
34 Ma) are preserved 1n the study area (Stewart, 1980,
p 98-100) The Carson Desert probably had substan-
tial relief at this time and was eroding faster than the
rate of mountain building (Stewart, 1980, p 5) During
the middle Tertiary, from 34 to 17 Ma, voluminous
felsic volcanic eruptions occurred across the eastern
part (pl 1) of the study area (Burke and McKee, 1979,
p 183) Atabout 17 Ma, the Great Basin began a
period of extensional faulting that has continued to
the present, creating the north-trending basin-and-
range topography of today (Stewart, 1980, p 110)
The total amount of extension across the Great Basin
1s estimated to be between 10 and 50 percent, with
local extension exceeding 100 percent (Stewart, 1978,
p 1) From 17 to 12 Ma, volcanic rocks (pl 1) were
extruded, and extensional block faulting formed shal-
low basins, which contained ephemeral lakes that
collected sediments (Axelrod, 1956, p 97, Hastings,
1979, p 520) From about 12 Ma to about 5 Ma,
mafic and mmnor felsic eruptions accompanied the
block faulting, since about 5 Ma, however, only infre-
quent mafic volcanism has accompanied the faulting
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(Hastings, 1979, p 520, Stewart, 1980, p 5) Begin-
ning at about 17 Ma, the downfaulted basins trapped
sedimentary deposits and volcanic rocks more than
6,000 ft thick (Garside and Schilling, 1979, p 14,
Stewart, 1980, p 5, 110)

Biogeographic evidence indicates that 1n late Ter-
tiary time, from 17 to 1 6 Ma, the valleys of the Great
Basin were near 2,000 ft above sea level and the Sierra
Nevada stood near 4,000 ft above sea level (Axelrod,
1956, p 2, 1962, p 183) At that time the Carson
Desert was larger than 1t 1s today and probably still
drained to the ocean (Axelrod, 1956, fig 16, Morrison,
1964, p 96-97) The central Sierra Nevada was
uphifted 4,000 to 7,000 ft and tilted westward during
late Tertiary and early Quaternary time (Axelrod, 1962,
Huber, 1981, Winograd and others, 1985) This uphft
cut off Nevada's drainage to the ocean and increased
the rainshadow effect on the Great Basin, changing the
climate from subhumid to semiarid (Morrison, 1964,
p 97) While the Sierra Nevada was being uplifted,
the entire Great Basin was uplifted 1,000 to 3,000 ft
(Gable and Hatton, 1983) and the Carson Desert area
was tilted slightly northward (Mifflin and Wheat, 1971,
1979)

Quaternary time 1s divided into two epochs the
Pleistocene, 1 6 Ma to 10 ka (thousands of years ago),
and the Holocene, 10 ka to the present In the Carson
Desert during Pleistocene time, lakes formed,
expanded, and shrank (Axelrod, 1956, Morrison,
1964) Several times, under the influence of Pleis-
tocene glacial climates, these lakes coalesced to form
ancient Lake Lahontan, which covered much of the
northwestern Great Basin (Morrison, 1964) and had
a history simular to that of Lake Bonneville in Utah
(Morrison and Frye, 1965, Thompson and others,
1986, Morrison, 1991) Ancient Lake Lahontan was
probably one large, deep lake for most of the time from
about 1 2 Ma to 850 ka, 650 to 600 ka, 400 to 130 ka,
and again from 25 to 10 ka (Benson, 1991, p 115,
Benson and others, 1990, p 241, Morrison, 1991,
fig 6) Atits highest stand, ancient Lake Lahontan
had a maximum area of 8,300 mi and was more
than 500 ft deep in the Carson Desert (Davis, 1978,

p 2, Morrison, 1991, p 288) When water levels fell
below the 4,290-ft altitude, Lake Lahontan began
shrinking into separate lakes (Benson, 1978, fig 2,
Davis, 1982, figs 4-6)

The rivers flowing into ancient Lake Lahontan
changed course at various times during the Pleistocene
During middle and late Pleistocene time (800 to 10 ka),

the Walker River usually flowed into the Carson River
and the Carson Desert, rather than into Walker Lake as
it does today (Benson and Thompson, 1987, p 84,
Morrison, 1991, p 288) Sometime from 11 to 7 ka,
the Walker River changed 1ts course and flowed into
Walker Lake (Davis, 1982, p 63, 66-67) This rerout-
ing of the Walker River contributed to desiccation of
Lake Lahontan and extensive formation of dunes from
about 7to 5 ka (Davis, 1982, p 66) Frequently during
Pleistocene time, the Humboldt River flowed into the
Black Rock Desert instead of into the Humboldt Sink-
Carson Sink area (Davis, 1982, 1990) At least once
during late Pleistocene time (200 to 10 ka), the Truckee
River flowed nto the Carson Desert instead of into the
Pyramid Lake Basin (Jones, 1933, p 105-6, pl 16,
Morrison and Davis, 1984a, p 253)

According to Morrison (1964, p 28-71), thick
clay beds were deposited 1n the deeper parts of ancient
Lake Lahontan Rivers flowing into the lake deposited
sand, gravel, silt, and minor amounts of clay on deltas
in delta-front, channel, swamp, and flood-overbank
areas In the Carson Desert, deltas were formed prima-
rily in the west where the Carson River flowed into
Lake Lahontan Sand and gravel beaches and bars
were formed by wave action along the shorelines
of Lake Lahontan and, during dry periods when the
lake level was low, large sand-dune and sand-sheet
complexes formed extensively along the lakeshore
Alluvial-fan deposits are preserved in highland valleys
where streams left the mountains and spread out onto
the Carson Desert floor Basaltic volcanism occurred
sporadically 1n several 1solated areas (pl 1) of the
Carson Desert during Quaternary time

Ancient Lake Lahontan began drying up after
its last high stand about 14 ka (Benson, 1991, p 115)
Since the last high stand of Lake Lahontan, the Carson
Desert area 1s believed to have rebounded 1sostatically
by 40 to 55 ft (Mifflin and Wheat, 1971) By about
7 ka, Lake Lahontan had almost completely dried up
(Morrison, 1991, p 300) After that time several tem-
porary, shallow lakes (maximum depth, 20-85 ft) grew
and receded in the Carson Desert (Morrison, 1964,
p 75-87) Wet periods have alternated with dry peri-
ods throughout the last 4,000 years, with the last 100
years being dry (Davis, 1982, p 66-68)

Hydrogeologic Framework 7



Structural Setting

Three major regional fault systems intersect in
the Carson Desert the Walker Lane, the Midas
Trough, and the basin and range Walker Lane faults
trend northwest, Midas Trough faults trend northeast,
and basin-and-range faults trend north-northeast

The Walker Lane 1s a system of northwest-trend-
ing right-lateral strike-shp faults that 1s 80 to 120 mi
wide and extends about 400 m1 along the Nevada-
Califorma border from near Las Vegas to northwest of
Reno (Locke and others, 1940, Rowan and Wetlaufer,
1973, Stewart, 1980, p 86, Morrison, 1991, p 285)
This fault system has been active since 15 Ma or earlier
(Stewart, 1980, p 86) Large-scale displacement of as
much as 120 m1 along the Walker Lane fault system has
been suggested by some geologists (Stewart, 1980,
p 86) The Carson Desert lies near the eastern margin
of the Walker Lane In the Carson Desert (pl 1), faults
that parallel the Walker Lane are common 1n the Salt
Wells Basin and 1n the area west of the Bunejug and
Cocoon Mountains (Bruce, 1981, fig D4)

The Midas Trough system 1s oriented northeast,
perpendicular to the Walker Lane, and extends from
near Carson City, Nev , through Idaho and Yellowstone
National Park into Montana (Rowan and Wetlaufer,
1973) In the Carson Desert area, the Midas Trough
system crosses the Hot Springs Mountains and bounds
the West Humboldt Range (Bruce, 1981, fig D4)
Rowan and Wetlaufer (1973) infer that the Midas
Trough system has been active since about 15 Ma as
a wide zone of left-lateral faulting

The basin-and-range structures generally trend
north-northeast but range from north-northwest to
northeast These structures are superimposed on both
the Walker Lane and Midas Trough structures (Bruce,
1981, p 167) and formed during the past 15 million
years (Axelrod, 1957, Stewart, 1980, p 114-115) A
complex system of horsts (upthrown blocks, such as
the Sierra Nevada) and grabens (downthrown blocks,
such as Lake Tahoe) was created 1n the Carson Desert
by the intersection of the three structural trends (fig 2)
Intersections of the various fault systems probably
form extensive zones of crushed rock within the Ceno-
zoic volcanic rocks and the Mesozoic rocks, providing
the necessary fracture permeability to transmit and
store geothermal water (Morgan, 1982, p 28) Faults
throughout the Carson Desert are commonly marked
by springs, seeps, and scarps (Morrison, 1964, p 92)

The basin-and-range fault system 1s still active
In 1954, three earthquakes of magnitude 6 6 to 6 8 that
had epicenters 2 8 mi east-northeast of Salt Wells
occurred between the south ends of the Stillwater
Range and the Lahontan Mountains (Morrison, 1964,
p 95-96, Ryall, 1977) The fault zone along which
these earthquakes occurred, informally named the
Rainbow Mountain Fault, can be traced (pl 1) in anen
echelon pattern that 1s parallel to the western scarp of
the Stillwater Range This fault zone begins near Salt
Wells and continues for more than 19 m1 north, nto the
Sullwater Marsh area (Mornison, 1964, p 95, Morgan,
1982, p 28)

The overall effect of basin-and-range faulting in
the Carson Desert area has been to lift the surrounding
mountains and to drop the Carson Desert The Carson
Desert 1s still being downdropped A second-order
leveling survey of the Hot Springs Mountains in June
1983, and repeated 1n May 1984, found subsidence of
024 to 06 1n 1n that year (CH2M Hill, 1984, p IV-4,
Chevron Resources Company, 1987, p 2-2) During
the 1954 earthquakes, benchmarks were dropped as
much as 7 ft (Bureau of Land Management, 1975,

p 19

Several horsts and grabens have been 1dentified in
the subsurface (fig 2) by seismic surveys, gravity sur-
veys, and drilling (Phillips Petroleum Company, 1973,
Erwin and Berg, 1977, Chevron Geophysical Com-
pany, 1977, Chevron Resources Company, 1979a,
1979b, 1987, Hastings, 1979, Reynolds and associates,
1975) Because of these buried horsts and grabens, the
thickness of the Tertiary and Quaternary sections
beneath the floor of the Carson Desert varies from
2,000 to 12,000 ft (Morrison, 1964, Chevron
Resources Company, 1979a, 1979b, 1987, Garside and
Schilling, 1979, Hastings, 1979, Union 76 Geothermal
Division, [19797]) The largest graben delineated in
the Carson Desert (fig 2) extends from east of Lone
Rock south-southwestward into the central Stillwater
Marsh area, where Mesozoic rocks are greater than
12,000 ft below land surface (Hastings, 1979) Two
other possible grabens have been 1dentified under
Carson Lake and under the southeastern part of the
Soda Lakes area (Morrison, 1964, p 94, Chevron
Geophysical Company, 1977) Horsts have been
delineated (fig 2 and pl 1) just west of Lone Rock,
east of the Timber Lake well, and possibly under
Upsal Hogback (Hastings, 1979, fig 2, Chevron
Geophysical Company, 1977)
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Description and Distribution of
Hydrogeologic Units

Available geologic information for the Carson
Desert 1s summarized on plates 1-3 Plate 1 1sa
generalized geologic map of the Carson Desert hydro-
graphic area Simular rock types are grouped together
from the geology described by John H Stewart
(U S Geological Survey, written commun , 1987)
and Morrnison (1964) To further simplify plate 1, only
Quaternary faults in basin-fill deposits are shown (Bell,
1984, Greene and others, 1991) Depths to the tops of
the Tertiary section (generally sedimentary rock), the
Tertiary volcanic section, and the Mesozoic section are
shown on plate 1 for 22 drillholes

Plate 2 shows geologic sections across the Carson
Desert The geologic sections are based on rock
descriptions 1n drillers' and geologists' logs of 12 of the
22 wells on plate 1 that were dnlled to depths greater
than 800 ft Holes that were not drilled vertically are
projected to vertical for these geologic sections Most
of the contacts used for these geologic sections are
poorly defined The contact between the early and late
Lake Lahontan sediments 1s speculative The contact
between the youngest Tertiary sediments (or sedimen-
tary rocks) and the oldest Quaternary sediments 1s gra-
dational and difficult to discern The Quaternary
sediments contain only minor amounts of volcanic
material, whereas the Tertiary sediments (or sedimen-
tary rocks) contain major amounts of volcanic material
For these geologic sections, the top of the Tertiary sec-
tion was defined by a change from dominantly nontuf-
faceous to dominantly tuffaceous matenal in the dnll
cuttings, or by a change from dominantly unconsoli-
dated to dominantly consohdated materials Dates
based on the ages of fossils were used to define the top
of the Tertiary in two drillholes—the Halbout Federal
No 1 and the Standard-Amoco SP Land No 1 The
Tertiary sedimentary and mafic volcanic rocks are
irregularly interbedded, the number, thickness, and lat-
eral extent of the interbeds vary greatly beneath the
Carson Desert The contact between sedimentary and
mafic volcantc units 1s found at varying depths 1n the
Tertiary section and 1s generally repeated Because
these Tertiary rock sequences differ widely from place
to place, correlation of individual units over large areas
1s not possible

Plate 3 shows the relative age and permeability of
Quaternary sediments deposited from 130 ka to present
and shows exposed channels formed by the Carson

River that are younger than 11 ka The map was gen-
erated from data presented by Morrison (1964, pls 3-6,
11) and Dollarhide (1975) Areas greater than 0 5 to 1
mi? were grouped by age and relative permeability,
which was estimated by assuming that sand 1s perme-
able and that silt and clay are relatively impermeable

Consolidated Rocks

In the Carson Desert, consolidated rocks consist
of Mesozoic (about 240 to 66 Ma) and Cenozoic
(66 Ma to present) sedimentary and 1gneous rocks
Mesozoic rocks are exposed widely along the north-
east, northwest, and southeast margins of the Carson
Desert, elsewhere they are exposed only 1n small
windows eroded through the overlying Cenozoic
deposits (Willden and Speed, 1974, p 5) The entire
Carson Desert 1s thought to be underlain at depth by
Mesozoic rocks (Hastings, 1979, p 517) Mesozoic
rocks exposed 1n the Carson Desert include sedimen-
tary rocks, felsic intrusive 1gneous rocks, and mafic
intrusive and extrusive igneous rocks (Page, 1965,
Willden and Speed, 1974, pl 1,p 7-10, 13-18, Benout
and others, 1982, p 7, John H Stewart, 1987, written
commun , Greene and others, 1991)

Consolidated Cenozoic rocks are common 1n the
Carson Desert, they include Tertiary (66 to 1 6 Ma)
felsic and mafic volcanic rocks, Tertiary sedimentary
rocks, and Quaternary (1 6 Ma to present) mafic volca-
nic rocks Semiconsohidated and unconsolidated Cen-
ozoic material 1s abundant in the Carson Desert and
consists of Tertiary and Quaternary sediments Wide
variations 1n the thickness and areal extent of Tertiary
units were caused by tectonic activity during and after
deposition of the Tertiary rocks During Tertiary time,
different areas of the basin were alternately uplifted or
downdropped, uphifted areas were eroded and provided
sediment to the downdropped areas, where sedimen-
tary and volcanic material accumulated (Axelrod,
1956)

In the Carson Desert, a mafic volcanic unit and
a complexly interbedded tuffaceous sedimentary unit
generally underlie Quaternary deposits The mafic
volcantc unit, which 1s Tertiary 1n age, consists of the
volcanic parts of the Chloropagus and the Desert Peak
Formations of Axelrod (1956) and of the Truckee For-
mation (King, 1878) and the entire Bunejug Formation
(Morrison, 1964, p 11-14) These volcanic rocks,
which have an aggregate thickness of more than
4,900 ft, consist of basalt and andesite flows and tuffs
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(Axelrod, 1956, p 95-101, Page, 1965) The sedimen-
tary sequence, which 1s Tertiary, includes parts of the

Chloropagus and Desert Peak Formations of Axelrod

(1956) and part of the Truckee Formation (King, 1878)

This sedimentary sequence, which 1s tuffaceous, has an
aggregate thickness of more than 2,300 ft and consists
of shale, siltstone, sandstone, conglomerate, limestone,
and diatomite (Axelrod, 1956, p 95-101) The Truckee
and Bunejug Formations are locally interbedded, but

basalt of the Bunejug Formation generally overlies tuf-
faceous sediments and tuffs of the Truckee Formation
(Morrison, 1964, p 14) The Bunejug Formation caps
many of the low mountains nmming the southern Car-
son Desert (Morrison, 1964, p 14-15) but 1s missing 1n
many drillers' logs of wells in the Carson Desert (pl 2)

Consolidated rocks of Quaternary age (1 6 Ma to
present) are uncommon in the study area Mafic volca-
nic activity occurred 1n four areas of the Carson Desert
during the Pleistocene Rattlesnake Hill, Upsal Hog-
back, Lone Rock, and Soda Lakes Deposits 1n the first
three are consolidated, but the Soda Lakes volcanic-
sand complex 1s semiconsolidated

Rattlesnake Hill 1s a volcanic cone composed of
basalt that was dated by whole-rock potassium-argon
analysistobe 1 03 £0 05 Ma (Evans, 1980,p 20) The
cone has been eroded and 1s partially buried by ancient
Lake Lahontan sediments (Morrison, 1964,p 23) The
basaltic eruptions from this cone were quiet except for
a final explosive phase, which plugged the throat of the
cone with agglomerate (Morrison, 1964, p 23)

Upsal Hogback, 10 mi1 north of Fallon, 1s a volca-
nic complex dated at 35 to 11 ka The complex consists
of seven overlapping, well-indurated basaltic cinder-
tuff cones that are nmmed with unconsolidated basaltic
sand (Morrison, 1964, p 38, Davis, 1978, p 24)
Upsal Hogback basaltic tuffs are interbedded with
ancient Lake Lahontan sediments (Davis, 1978, p 41)

Lone Rock, which 1s 1n the northeastern part
of the Carson Desert, 1s a basalt cinder cone that 1s
thought to be about the same age as the basalt of
Rattlesnake Hill (Hastings, 1979, p 519)

Semiconsolidated and Unconsolidated Sediments

In the Carson Desert, sediments of Quaternary
and some of Tertiary age are either semiconsolidated or
unconsolidated The consolidated and semiconsoli-
dated Tertiary sediments are discussed 1n the previous
section Quaternary deposits are the most widely
exposed geologic units (pls 1 and 3) in the Carson

Desert They mainly consist of lacustrine (clay and
silt), alluvial-fan (sand and gravel), and eolian (sand)
deposits (Morrison, 1964, Willden and Speed, 1974)
Morrison (1964, 1991) mapped Quaternary sediments
in the southern Carson Desert 1n detail and described
the stratigraphy of lake and interlake sequences Ben-
son (1978), Lao and Benson (1988), Benson and others
(1990), and Thompson and others (1986) refined the
stratigraphy and resolved some conflicts among abso-
lute-age determinations for the ancient Lake Lahontan
sediments Davis (1978, 1982), Sarna-Wojcick: and
Davis (1991), and Sarna-Wojcicki and others (1991)
mapped and radiometrically dated volcanic ash beds in
the Quaternary sediments Their work further refined
the relative ages of the sediments and provided useful
marker beds

The thickness of Quaternary sediments in the
southern and northeastern Carson Desert ranges from
zero to thousands of feet (pl 1) The contact between
Quaternary and Tertiary sediments (pl 1) 1s difficult to
identify in drillholes unless the Bunejug Formation
overlies Tertiary sediments or abundant volcanic frag-
ments are present in the Tertiary sediments Plate 2
shows the thickness of Quaternary units on geologic
sections across the study area

Quaternary sediments in the Carson Desert record
the history of ancient Lake Lahontan as 1t grew and
receded over more than 1 million years Sediments
were deposited during three distinct times 1n the Qua-
ternary early Lake Lahontan, late Lake Lahontan, and
post-Lake Lahontan Exposures of sediments from
early Lake L.ahontan time are rare in the Carson Desert,
but the unit 1s commonly encountered in wells (Morri-
son, 1964, p 98), where thicknesses locally exceed
2,000 ft (Melhorn, [19747], p 3-5) Deposition of the
lower Lake Lahontan sediments (LLL on pl 2) in early
Lake Lahontan time, which began before 1 Ma and
ended about 350 ka, records two deep-lake cycles and
two shallow-lake cycles (Morrison, 1991, fig 6) The
Paiute Formation, which consists pnnmarnly of alluvial
sediments, was deposited while Lake Lahontan was at
a low stand and 1s the youngest of the lower Lake
Lahontan sediments (Morrison, 1964, 1991)

Sediments of the Lahontan Valley Group (ULL
on pl 2) were deposited in late Lake Lahontan time,
from about 350 to 7 ka, and overlie the Paiute Forma-
tion (Morrison, 1991, fig 6) The upper Lake Lahontan
sediments deposited in late Lake Lahontan time consist
of lacustrine and subaenal deposits that record a series
of five deep-lake cycles, alternating with partial or
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complete lake recession (Morrison, 1964, p 28, Morri-
son, 1991, p 297-299) The generalized distribution of
the sediments of the Lahontan Valley Group 1n the
southern Carson Desert can be seen on plate 3 and
figure 3, which show upper Quaternary sediments and
ancient river channels (Morrison, 1964, pls 3-6, 11)
Major formations that make up the Lahontan Valley
Group are the Eetza, Wyemaha, and Sehoo Formations
(Morrison, 1964, p 28) The Eetza and Sehoo Forma-
tions consist primarily of deep-lake sediments, whereas
the Wyemaha Formation consists primarily of shallow-
lake and subaerial sediments (Morrison, 1991, p 297-
299) In the subsurface, the Lahontan Valley Group
(pls 1 and 2) 1s thought to be 185 to 1,300 ft thick near
the town of Stillwater (Union 76 Geothermal Division,
[19797], Union O1l Company of California, 1981,
Morgan, 1982, p 24-27), 500 ft thick in the northeast-
ern Carson Sink area (Melhorn, [19747], p 2), about
600 ft thick west of Fallon (Horton, 1978, p 14,20-22),
and from 100 to more than 1,000 ft thick in the Carson
Lake area (Garside and others, 1988, p 10-11, Dames
& Moore, 1988, fig 4-9)

The oldest unit of the Lahontan Valley Group 1s
the Eetza Formation, which records two deep-lake
cycles (Morrison, 1964, p 99) Deposition of the Eetza
Formation 1s estimated to have begun about 350 ka and
to have lasted until about 130 ka The Eetza Formation
overlies the basalt of Rattlesnake Hill (Morrison, 1964,
p 23,1991,p 297) Itconsists primarily of deep-lake,
deltaic, alluvial-fan, and shoreline deposits (Morrison,
1964, p 28-34,99) Deep-lake facies, primarily clay
beds, of the Eetza Formation are not exposed but have
almost certainly been penetrated by drillholes on the
floor of the Carson Desert (Morrison, 1964, p 33, Mel-
horn, [19747], p 2-3, Dames & Moore, 1988, fig 4-9)
A delta of the Carson River, which formed 12 m1 west
of Fallon during this time, consists of sand, gravel, silt,
and minor clay (Morrison, 1964, p 99) Coarse allu-
vial-fan and shoreline facies occur primarily around
the perimeter of the Carson Desert (Morrison, 1964,

p 28-34) The Eetza Formation was deposited simulta-
neously with the Tahoe glaciation 1n the Sierra Nevada
(Birkeland, 1968, table 2) The Eetza Formation was
deposited during the stormiest part of ancient Lake
Lahontan history (Morrison, 1964, p 99), shoreline
depostts of the Eetza Formation are coarser grained
and are associated with deeper erosion into pre-exist-
ing topography than any units that were deposited
thereafter (Morrison, 1964, p 99)

The Wyemaha Formation, which 1s widely
exposed 1n the Carson Desert (pl 3), was deposited
after ancient Lake Lahontan receded during a relatively
long period when the Carson Desert was nearly or
completely dry (Morrison, 1964, p 34, 39, 99) It
was deposited from 130 to 35 ka and 1s thought to
have formed during the interglacial period between
the Tahoe and Tioga glaciations in the Sierra Nevada
(Birkeland, 1968, p 477, Morrison and Davis, 1984b,
figs 2,3) The maximum thickness of the Wyemaha
Formation 1s unknown, but it exceeds 150 ft in the sub-
surface (Morrison, 1964, p 38)

The Wyemaha Formation consists of eolian and
alluvial sediments n the highlands (above 3,900 to
4,100 ft in altitude), whereas 1n the lowlands 1t consists
of shallow-lake and minor interbedded eolian sedi-
ments (Morrison, 1964, p 34, pls 3-6) Eolian sand
deposits of the Wyemaha Formation are 0 to 100 ft
thick, alluvial sand and gravel deposits of the Wye-
maha Formation are 2 to 10 ft thick, and shallow-lake
sand, silt, and clay deposits in the Wyemaha Formation
are as thick as 160 ft (Morrison, 1964, p 36, 148-151)

The shallow-lake sediments are the most wide-
spread of the Wyemaha Formation facies Sand of the
shallow-lake facies 1s thickest in the western part of the
study area and 1s as much as 50 ft thick near the town
of Stillwater (Morrison, 1964, p 37, Morgan, 1982,

p 26) Where the shallow-lake sand of the Wyemaha
Formation 1s exposed, the water table 1s generally
within a few feet of the surface (Morrison, 1964, p 36)

On the basis of subsurface data (Morrison, 1959)
from more than 100 locations 1n the southern Carson
Desert (including data from Stabler, 1904, and Lee and
Clark, 1916), Morrison (1964, p 37) concluded that the
uppermost 5 to 30 ft of the Wyemaha Formation 1s gen-
erally unconsolidated, well-sorted lake sand On the
Carson River delta that formed just west of Fallon
between 130 and 7 ka, this uppermost sand consists pri-
marily of clean, clastic grains with little or no organic
material Away from the delta, toward the low-lying
areas of the Carson Desert, the sand grades laterally
into silt, clay, and organic material in the shallow-lake
deposits (fig 3) As aresult of this lateral change, the
uppermost Wyemaha Formation consists of highly
organic black clay and silt in the Carson Lake, eastern
Carson Sink, Stillwater Slough, Stillwater Marsh, and
Eightmile Flat areas (Morrison, 1964, p 37)

In the subsurface, the uppermost Wyemaha
Formation shallow-lake sand beds are generally under-
lain by a thick zone (possibly more than 100 ft) of
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alternating thin beds (about 1 ft thick) of sand and clay
(Morrison, 1964, p 37, 148-149) Where the upper-
most Wyemabha 1s highly organic black clay and silt,
clay of the Sehoo Formation can easily be distin-
guished from the Wyemaha Formation 1n drillholes
(Morrison, 1964, p 38, 43) The clay of the Sehoo
Formation 1s commonly gray and contains very little
organic material This sequence of gray clay of the
Sehoo Formation overlies black, organic-rich clay of
the Wyemaha Formation 1n the Carson Lake, Stillwater
Slough, Stillwater Marsh, Eightmile Flat, and south-
east Carson Sink areas (Morrison, 1964, p 38) The
highly organic black clay and silt beds of the Wyemaha
Formation contain small amounts of natural gas in the
Stillwater Marsh and Carson Lake areas (Morrison,
1964, p 37, Morgan, 1982, p 26)

The Sehoo Formation overlies the Wyemaha
Formation and consists primanly of deep-lake sedi-
ments, which are widely exposed throughout the Car-
son Desert (Morrison, 1964, p 41) In the lowlands,
exposed deep-lake and shoreline sediments are as
much as 68 ft thick and consist of clay with small
amounts of silt, sand, tufa, hhmestone, and volcanic ash
In the highlands, exposed shoreline sediments, which
are at least 65 ft thick, consist of sand and gravel
(Morrison, 1964, p 51, 59, 61-62) The lower part
of the Sehoo Formation and the Wyemaha Formation
(pl 3) are interbedded with basaltic tuffs at Upsal Hog-
back (Davis, 1978, p 41) The basaltic tuffs were not
mapped as part of the Wyemaha or Sehoo Formations
by Morrison (1964) On plate 3, consolidated basaltic
tuff of Upsal Hogback 1s shown as consolidated volca-
nic rock, whereas the unconsolidated basaltic sand that
1s exposed around the tuff 1s included as part of the
Wyemaha Formation because of 1ts similar permeabil-
ity and age

The Sehoo Formation records the last three deep-
lake cycles of ancient Lake Lahontan (Morrison, 1964,
p 41) On the basis of numerous radiometric-age
determinations, deposition of the Sehoo Formation
began about 40 ka and ended about 7 ka (Broecker and
Orr, 1958, Benson and Thompson, 1987, p 69, Davis,
1978, table 8) The Sehoo Formation is believed to
be correlative with the Tioga glaciation 1n the Sierra
Nevada, which reached i1ts maximum between 22 and
12 ka (Birkeland, 1968, Curry, 1969)

The Sehoo Formation 1s subdivided into four
members that differ primartly 1n the lithology and dis-
tribution of gravel and tufa (Morrison, 1964, p 41-65)
From oldest to youngest, these units are the lower,

thinolite, dendritic, and upper members of the Sehoo
Formation The three oldest members are largely deep-
lake clay (locally bentonitic), whereas the youngest
(upper) member 1s primarily shallow-lake sand
(Morrison, 1964, p 43, 57) The four depositional
eptsodes appear to have been separated by periods of
nearly complete desiccation (Davis, 1978, p 8)

The lower member of the Sehoo Formation con-
sists of lacustrine clay, silt, sand, gravel, tufa, and vol-
canic ash (Morrison, 1964, p 51) Inthe highlands, the
lower member consists mainly of well-sorted sand with
small amounts of gravel and 1s as much as 50 ft thick,
in the lowlands, the lower member consists mainly of
clay and silt and 1s as much as 30 ft thick, with the max-
imum thicknesses on a delta that was formed just west
of Fallon by the Carson River (Morrison, 1964, p 51,
57,59) Clay of the lower member 1s generally much
thicker than any of the other members, 1t 1s 3 to 15 ft
thick, with maximum thicknesses in the eastern low-
lands of the Carson Desert (Morrison, 1964, p 59)
This lower member clay 1s essentially nonsaline and
noncalcareous (Morrison, 1964, p 59) Sand of the
lower member, which 1s reworked from the Wyemaha
Formation on the ancient Carson River delta and in the
highlands, 1s more widespread than gravel (Morrison,
1964, p 57)

The thinolhite member of the Sehoo Formation,
which 1s consistently less than about 5 ft thick, consists
of lake clay, silt, and a type of tufa called thinolite
(Morrison, 1964, p 59) The dendritic member, like
the lower member, consists of well-sorted sand and
small amounts of gravel in the highlands, clay in the
lowlands, and tufa along the ancient shorelines
(Morrison, 1964, p 61) The sand of the dendnitic
member 1s as much as 20 ft thick on the Carson River
delta west of Fallon, but elsewhere 1t 1s generally less
than 5 ft thick (Morrison, 1964, p 61) The clay of this
member 1s less silty, more calcareous, and more saline
than the clay of the lower member (Morrison, 1964,

p 61) The dendritic member has been eroded from
large areas in the central Carson Desert (Morrison,
1964, p 62)

The upper member of the Sehoo Formation 1s
generally 1 to 5 ft thick but 1s as thick as 16 ft in places
(Mornison, 1964, p 62) Sand 1s more widespread than
clay or gravel in the upper member, particularly where
sediments of the upper Sehoo formed deltas west and
north from Fallon (Morrison, 1964, p 62) The sand 1s
thinner than n older deltaic and shoreline deposits but
1s considerably thicker than any lake-sand deposits of
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post-Lake Lahontan time (Morrison, 1964, p 62)
Plate 3 shows some of the channels formed by the
Carson River during and after deposition of the upper
member of the Sehoo Formation

Two ancient Carson River deltas that are part of
the upper member of the Sehoo Formation contain rel-
atively voluminous sand deposits (Morrison, 1964,

p 62-63) The west delta extends about 10 m1 from
Soda Lake eastward to Oles Pond and 5 m1 northward
and southward from Fallon (pls 1 and 3) The Indian
Lakes delta, about 10 m1 northeast of Fallon under
Indian Lakes (pls 1 and 3), 1s about 4 m1 wide and 6 m1
long (Morrnison, 1964, p 62) The sand of the upper
member grades laterally away from the deltas nto silt
and then clay (Morrnison, 1964, p 63) In deposits of
the two deltas, the silty transition zone from beach sand
to deep-lake clay commonly exceeds 1 m1 1n width and
15 2 to S ft thick (Morrison, 1964, p 63) Elsewhere,
near ancient shorelines, the silty transition zone 1s less
than O 5 m1 wide and less than 1 ft thick Clay of the
upper member 1s thickest (as much as 4 ft) near Indian
Lakes and from the Stillwater Slough to the Carson
Lake area (Morrison, 1964, p 63)

The largely unconsohdated Soda Lake volcanic-
sand complex, 6 mi northwest of Fallon (pls 1 and 3),
was deposited simultaneously with the Sehoo Forma-
tion (probably between 11 and 6 ka) The complex was
not mapped as part of the Lahontan Valley Group by
Morrison (1964, pl 6) because of its volcanic origin,
but 1s included with the Sehoo Formation on plate 3
because of its similar permeability and age The craters
that contain Soda Lakes were formed by explosive vol-
canism and are now filled with water (Morrison, 1964,
p 71,101)

Post-Lake Lahontan sediments (fig 3) overlie the
Sehoo Formation and are thinner and more restricted in
distribution than the upper Lake Lahontan sediments
(Morrison, 1964, p 79) Post-Lake Lahontan sedi-
ments have been divided into two units, older to
younger Turupah Formation and Fallon Formation
(Mormison, 1964, p 75,79, 1991, 299-300) The
Turupah Formation was deposited between about 7 and
4 ka (Holocene) Davis (1978, p 56) concluded that
the Turupah might be considered part of the Fallon For-
mation rather than a distinct formation The Turupah
Formation was deposited when ancient Lake Lahontan
was completely dry for an extended period of time
(Morrison, 1964, p 102) The unit primarily consists
of eolian sand as thick as 30 ft, with local alluvial sand
as thick as 15 ft, and volcanic ashbeds less than 1 1n

thick (Morrison, 1964, p 76-78) Morrison (1964,

p 102) estimates that half a cubic mile of sediment
was deflated from the Carson Desert while the Turupah
Formation was being deposited—during an extremely
windy and dry pertod Deflation was most intense n
the western lowlands, where 1t locally removed the
Sehoo Formation and part of the Wyemaha Formation
(Morrison, 1964, p 102)

The Fallon Formation, which overlies the
Turupah Formation, consists of eolian, alluvial, deltaic,
and shallow-lake sediments (Morrison, 1964, p 79-84,
table 7) The Fallon Formation records a series of
five shallow-lake cycles—with water depths of 20 to
85 ft—in the Stillwater Marsh to the Stillwater Slough
area and 1n the Carson Lake area during the last 4,000
or 5,000 years (Morrison, 1964, p 103, Davis, 1978,
p 8,1982,p 67) Each of the five lakes was smaller
than the preceding lake (Morrison, 1964, p 86, pl 11)
After the first two Fallon lake cycles, the Stillwater
Slough to the Stllwater Marsh area and Carson Lake
area became separate bodies of water (Mormson, 1964,
p 103-104, pl 11) The last of the five lakes dried up
Just before Euro-Americans entered the area in the
1800's (Davis, 1978, p 8)

Each of the five lake cycles 1s preserved as a sep-
arate geologic unit that contains mainly deltaic sand,
lake sand, silt, and clay, and contemporaneous eolian
sand, and small amounts of lake gravel, tufa, and vol-
canic ash (Morrison, 1964, table 7) Each of the lake
units 1s generally 2 to 4 ft thick, but ranges from less
than 1 to rarely 10 ft thick (Morrison, 1964, table 7)
Sediments deposited during interlake cycles (between
the main lacustrine cycles) consist of beds of eolian
sand, alluvium, and very shallow lake sediments less
than 5 ft thick (Morrison, 1964, table 7)

Plate 3 shows exposed channels mapped by
Morrison (1964) and Dollarhide (1975) The channels,
which locally cut older sediments, were formed by the
Carson River during deposition of the Fallon, Turupah,
and upper Sehoo Formations Most of these channels
are contemporaneous with the Fallon Formation Dur-
ing each lake cycle of the Fallon Formation, the Carson
River built two or three deltas out into the lake(s), these
deltas formed 1n different places during successive
cycles (Mornison, 1964, p 87 and table 7) The Carson
Lake and Stiliwater Marsh areas received sediment
throughout most of the time the Fallon Formation was
forming In the center of each of these areas, the Fallon
Formation consists almost entirely of lake silt, sand,
and clay (Morrison, 1964, p 87) Carson Sink, which
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1s the lowest part of the Carson Desert today, contains
almost no sediments of the Fallon Formation (Morri-
son, 1964, p 87) This indicates either that the Carson
Ruver rarely drained into Carson Sink during deposi-
tion of the Fallon Formation, that sediments of the
Fallon Formation were removed by deflation, or both
(Morrison, 1964, p 87)

SURFACE WATER

Description of Surface-Water Flow System

Surface-water flow to the Carson Division of the
Newlands Project 1s controlled at Lahontan Reservoir
(inset, pl 1), which has a maximum storage capacity of
about 317,000 acre-ft (Bureau of Reclamation, 1992b,
p 35) The Truckee Canal 1s about 32 m1 long, extend-
ing from Derby Diversion Dam on the Truckee River to
Lahontan Reservorr, and has an average flow near
Hazen of about 143,000 acre-ft/yr for the period from
1966 to 1991 (USGS gaging station, Truckee Canal
near Hazen, pl 1, Garcia and others, 1992, p 330)
Flow 1n the main stem of the Carson River above
Lahontan Reservoir averaged about 266,000 acre-ft/yr
from 1911 to 1991 (USGS gaging station, Carson River
near Fort Churchill, inset, pl 1, Garcia and others,
1992, p 155) Outflow from Lahontan Reservoir, mea-
sured 1n the Carson River below the reservorr, averaged
about 385,000 acre-ft/yr for the period from 1966 to
1991 (USGS gaging station, Carson River below
Lahontan Reservorr, pl 1, Garcia and others, 1992,

p 159)

Some water released from Lahontan Reservorir 1s
diverted for irmigation at Rock Dam Datch, which 1s
upstream from both the gage recording outflow from
the reservoir and the Carson Diversion Dam Most of
the released water 1s diverted at the Carson Diversion
Dam 5 mi1 below the reservorr into the T-Line and
V-Line Canals for irngation of lands north (20 percent
of total Project lands) and lands south (65 percent of
total Project lands) of the Carson River (Bureau of
Reclamation, 1986, p IV-41) Regulating reservoirs—
Sheckler, S-Line, Old River, Harmon, and Stillwater
Point—further control flow through the extensive canal
system and to wetlands Stillwater Point Reservoir and
Indian Lakes are managed by the U S Fish and Wild-
life Service to control inflow to wetland areas

Irmmgated lands 1n the Carson Division are divided
into 10 subdistricts, each supplied by one or two sys-
tems of distribution canals About 340 mi of canals and
laterals serve an estimated 1,500 farm headgates, and
about 25 mu of the canals and laterals are lined with
concrete (Carol Grenier, Bureau of Reclamation, oral
commun , 1993) About 350 m1 of open drains route
irrigation return flow and shallow ground-water seep-
age to the Carson River and wetlands at Stillwater
WMA and Carson Lake Subsurface tile drains proba-
bly make up less than 5 percent of the drain system
(Peggy A Hughes, US Soil Conservation Service,
oral commun , 1993)

Routing of surface water in the distribution sys-
tem 1s complex It changes daily during the irrigation
season to meet delivery demands, and also changes
from year to year Deliveries to TCID headgates are
managed and measured by TCID Headgates for indi-
vidual fields are at varying distances downstream from
TCID headgates Thus, additional losses can take
place between the point where delivery 1s measured
and where the water 1s applied to irngated fields Run-
off from fields flows into drains or sometimes returns
to the canal from which the rrigation water came and
1s redistributed Drain flow can be routed to regulating
reservoirs and blended with "prime” water (water in
main canals and laterals containing minimal return
flow) for redistribution, routed to main canals and
blended for redistribution, or routed directly to the wet-
lands Drains commonly are near canals, and subsur-
face seepage from the canal to the drain can take place
Outflow from the distribution system 1s a mixture of
(1) release of prime water, (2) runoff, or return flow,
from irmigated fields, and (3) ground water that has
seeped 1nto the drain system

Outflow from the main area of irrigated lands 1s
used to 1rmigate pasture lands, within both the Stillwater
WMA and the Carson Lake areas, and to maintain wet-
land habatat

Surface-Water Budget

The present-day hydrologic system 1n the Carson
Desert 1s dominated by the effects of 90 years of sur-
face-water irigation  Estimated recharge from precip-
itation 1s small compared with the volume of surface
water moving through the basin

This section presents reported estimates of the
volume of surface water transmitted and consumed
through the 1rrgation system to gain insight regarding
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the distribution of water and the relative importance of
processes that affect the overall hydrologic budget
These values may not be representative of conditions
that will prevail under 1988 OCAP regulations Poten-
tial effects of the OCAP regulations will be discussed
in a later section of this report

Although some components of the surface-water
budget are measured or can be calculated from mea-
sured values with reasonable accuracy, other compo-
nents are estimated or have unknown accuracy

Factors that Affect Estimates of Flow Volumes

The reports referenced 1n this section summarize
data collected during different time periods with vary-
ing amounts of annual flow and categorize and calcu-
late losses in different ways This results in differences
in reported estimates of flow volumes Some differ-
ences exist between values reported for the same time
periods at the same locations from records of the
USGS, BOR, TCID, and USFWS Detailed descrp-
tions and evaluations of how the author(s) of each
report obtained estimates for flow volumes or resolving
differences among those estimates are beyond the
scope of this study

Few studies state whether reported values were
calculated using water years (October 1 through
September 30), imgation years (historically, March 15
through November 15), or calendar years (January 1
through December 31) The time period used could
contribute to differences 1n reported estimates of flow
volumes It 1s assumed, unless stated otherwise 1n the
cited report, that the calendar year was used 1n reported
estimates, unless otherwise noted, the calendar year 1s
used 1n this report

Large variations 1n annual runoff reported for
different time periods can cause variations 1n the long-
term average value For example, the long-term aver-
age flow for the Carson River below Lahontan Reser-
vorr ranged from 415,900 acre-ft/yr for water years
1966-86 (Pupacko and others, 1988, p 144) after the
wet years of the mid 1980's, to 375,100 acre-ft/yr for
water years 1966-92 (Hess and others, 1993, p 164)
after an extended drought Thus, reported average
flows at the same site using different periods of record
can be expected to differ greatly

In many of the studies, measured quantities of
water at different points in the system were used to
compute an unknown quantity by subtracting one
value from the other, assuming a net balance 1n the

hydrologic system Thus, the accuracy of the calcu-
lated values depends on the accuracy of the assumed
"known" values

When records of the USGS for streamflow of the
Carson River below Lahontan Reservorr are listed as
good (Garcia and others, 1992, p 18, 159), it means
that 95 percent of the daily values of flow are assumed
to be within 10 percent of their true value Thus, the
average discharge of 384,700 acre-ft/yr for water years
1966-91 at that site has an uncertainty of about 38,000
acre-ft/yr  When records for USGS gaging stations
recording outflow from irrgated areas are reported
as fair or poor, fair means that 95 percent of the daily
values at those sites are within 15 percent of the true
value, and poor means that 95 percent of the daily
values may differ by more than 15 percent from their
true values (Garcia and others, 1992, p 18, 160, 165,
167, 168) The accuracy of other gaged and estimated
flow to wetland areas 1s estimated to be within 20 per-
cent of the true values, at best (Norman A Saake, U S
Fish and Wildhife Service, written commun , 1993)

Some gaging stations operated by TCID and
the BOR are reported by the Bureau of Reclamation
(1992b, p 5) to have preliminary ratings that cannot
yet predict flows with good accuracy Estimates of
gage accuracy are not available

Headgate deliveries to farms have been reported
to be underestimated by an average of about 15 percent
(Bureau of Reclamation, 1990, p 32) Prior to 1986,
flows at farm headgates were rounded down to the
nearest cubic foot per second, thus underestimating
delivered flow (Bureau of Reclamation, 1992b, p 22)
Also, delivery start-and-stop times to farm headgates
were rounded to the nearest hour about 70 percent of
the time prior to 1988 Thus creates an additional
source of potential error in reporting the volume of
water delivered to farms However, there 1s no indica-
tion that rounding of delivery times resulted in consis-
tently under- or over-estimated actual flow volumes
(Bureau of Reclamation, 1992b, p 23)

Thus, when the measured headgate delivery 1s
subtracted from the measured releases from Lahontan
Reservorr to obtain the value for conveyance loss, the
resulting value 1s uncertain  Also, small differences
tn estimated rates such as consumptive use and farm
efficiency, applied to thousands of acres of land and
acre-feet of water, can make large differences in the
resulting volume estimates For the above reasons, an
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inherent uncertainty 1s associated with each estimate
discussed below Recognizing these uncertainties, the
reported values are used as the best available estimates

Finally, changes 1n operating procedures during
the Newlands Project have affected the magnitude of
some values over time, and new procedures outlined by
the final OCAP will no doubt further change the mag-
nitude of some values

In the following section, flow volumes averaged
over the longest and most recent time period are con-
sidered to be the most representative of flow in the
Carson Division The most reliable data available are
from about the mid-1960's to 1992 This time period 18
considered to represent historic conditions Extended
drought conditions since the 1988 OCAP have been in
effect have not allowed normal operation of the system
as envisioned in the OCAP regulations For purposes
of this report, the drought period from 1988 to 1992
will be considered to represent pre-1988 OCAP condi-
tions

Estimates of Historical Surface-Water Flow
Volumes

In this section, previously reported estimates of
surface-water flow volumes are summarized, and esti-
mates thought to be most representative of historical
(pre-1988 OCAP) conditions were selected Surface-
water volumes from reports summarized in this section
were obtained from records of the USGS, TCID, and
BOR, few studies involved collection of detailed sur-
face-water measurements Notable exceptions are as
follows studies summarized by Guitjens and Mahan-
nah (1976), a study by the Bureau of Reclamation
(1971), the study by CH2M Hill (1973), which used
detailed inflow and outflow measurements at three
representative areas to obtain estimates for the entire
Newlands Project, and the study by MacDiarmid
(1988), which used detailed flow measurements col-
lected by TCID during the 1985 1rrigation season

Table 1 shows annual surface-water flows ob-
tamed from records of the USGS, BOR, TCID, and
USFWS from 1975 to 1992, that are considered to rep-
resent the best available measurements and estimates
for annual surface-water flow volumes through the
Carson Division for that time period

Table 2 summarizes the surface-water budget by
showing the reported range of average annual flow
volumes, the selected representative estimates of flow
and their relative accuracy, and net volumes of flow

through the Carson Division Figure 4 depicts the flow
volumes using arrows whose widths are proportional to
the volume of flow In the following discussion, the
time period for which an estimate of surface-water vol-
ume was calculated will be enclosed by brackets—for
example [1930-70]—for purposes of comparison
CH2M Hill (1973) and Mahannah and others (1975)
report values summarized for the entire Newlands
Project (both Truckee and Carson Divisions) Their
values are presented in the text for comparison with
reported flows 1n the Carson Division Reported flows
not labeled as reported for the entire Newlands Project
are for the Carson Division only Because of the uncer-
tainties mnherent 1n the volume estimates, the represen-
tative estimates are reported to the nearest 10,000 acre-
ft/yr
Measured values listed 1n table 2 include
(1) values recorded at stream-gaging stations operated
by the USGS, BOR, or TCID, (2) values measured and
estimated at farm headgates by TCID or BOR, and,
(3) values obtained from measured precipitation rates
applied to areas that can be determined accurately
Values listed as having uncertain accuracy were
obtamned indirectly from estimated or undocumented
rates from measurements of local conditions on small
plots within the Carson Division and over a short
period of time
Reported average releases from Lahontan Reser-
vorr include
* 332,000 acre-ft/yr [1987] (Bureau of Reclama-
tion, 1987a, p 1-8),
346,000 acre-ft/yr [1970-79] (Brown and
others, 1986, p 30),
e 370,000 acre-ft/yr [1975-92], table 1, this
report,
* 374,000 acre-ft/yr [1972-91] (Pahl, 1992,
table 1),
* 384,700 acre-ft/yr [1967-91 water years]
(Garcia and others, 1992, p 159),
* 400,000 acre-ft/yr [1930-70] (Clyde-Criddle-
Woodward, 1971, fig 2), and
403,000 acre-ft/yr [1967-74] (Green and
others, 1976, fig 2)
Reported releases and diversions for the entire
Newlands Project are
e 420,000 acre-ft/yr [1970-73] (Mahannah and
others, 1975, p 26), and
* 465,000 acre-ft/yr [1967-72] (CH2M Hull,
1973, fig 1)
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Table 1 Measured and estimated surface-water flows in Carson Division of Newlands Project, 1975-92

[All values 1n acre-feet per year (rounded) Abbrevianion WMA, Wildhife Management Area]

Release from Delveries to Loss above  Carson River Flow to Flow to Total loss below
Calendar year Lahontan 2 farm above Carson 5 ¢ Total outflow’ Lahontan
Reservoir' farm headgates headgates® Sinid Stillwater WMA Carson Lake Reservoir®
1975 397,000 195,000 202,000 13,600 79,000 38,000 131,000 267,000
1976 263,000 147,000 117,000 2,900 40,000 40,000 83,000 180,000
1977 211,000 110,000 100,000 140 19,000 59,000 78,000 133,000
1978 336,000 184,000 152,000 4,900 45,000 66,000 115,000 221,000
1979 397,000 198,000 200,000 23,800 56,000 77,000 158,000 240,000
1980 493,000 191,000 302,000 102,000 71,000 84,000 257,000 236,000
1981 324,000 192,000 132,000 1,200 56,000 72,000 129,000 194,000
1982 538,000 167,000 371,000 139,000 149,000 94,000 382,000 156,000
1983 785,000 178,000 607,000 335,000 162,000 104,000 600,000 184,000
1984 471,000 197,000 274,000 99,300 93,000 66,000 259,000 212,000
1985 347,000 193,000 154,000 3,900 62,000 59,000 125,000 222,000
1986 579,000 206,000 373,000 109,000 102,000 59,000 270,000 309,000
1987 325,000 186,000 139,000 4,800 56,000 53,000 114,000 212,000
1988 234,000 145,000 89,000 4,900 36,000 35,000 76,000 158,000
1989 318,000 196,000 122,000 6,100 42,000 41,000 89,000 229,000
1990 255,000 148,000 107,000 4,700 39,000 32,000 76,000 180,000
1991 179,000 98,000 80,000 2,900 19,000 21,000 43,000 136,000
1992 118,000 63,000 55,000 1,500 9,100 8,800 19,000 99,000
Average (rounded) 370,000 170,000 200,000 50,000 60,000 60,000 170,000 200,000

! Data from U S Geological Survey, 1975-92, Carson River below Lahontan Reservorr Includes gaged flow of Rock Dam diversions from Truchee-Carson Irmngation District for 1985-92,
and estimated flow of Rock Dam diversions for 1975-84

2 Data from Truckee-Carson Imgauon District (Wilhis Hyde, Truckee-Carson Irngation District, written commun , 1993)

3 Release from Lahontan Reservoir, minus delivenies to farm headgates

4 Data from U S Geological Survey Carson River below Fallon, 1975-84, Carson River at Tarzan Road near Fallon, 1985-92

5 Data from U S Geological Survey and Truckee-Carson Imigation District gaging stations, summanzed for 1975-1986 by Norman A Saake (U S Fish and Wildhfe Service, wntten commun ,
1993) and for 1987-92 by Willis Hyde (wntten commun , 1993)

6 Data from U S Geological Survey, Truchee-Carson Irngation District, and Bureau of Reclamation gaging stations, estimated for 1975-1986 by Norman A Saake (written commun , 1992) and
summarized for 1987-92 by Willis Hyde (written commun , 1993)

7 Flow to Stllwater Wildlife Management Area and Carson Lake, plus Carson River above Carson Sink (rounded)

8 Release from Lahontan Reservoir, minus total outflow



Table 2 Surface-water budget for Carson Division of Newlands Project

[Values 1n thousand of acre-feet per year Minus sign, loss of flow volume, ?, representative value not assigned, >, greater than]

Surface-water losses

Budget component Reponﬁd Representa;nve available for outflow to
range estimate wetlands
Lahontan Reservorr releases 332-403 370*
Precautionary drawdown and spill from reservoir 29-44 -30~ 30
Net diversions for irrigation 300-380 340*
Conveyance losses
Operational spills from distribution system 50-65 -50** 50
Seepage loss 52-105 -100** 100
Evaporation 20-25 -20*
Total loss 143-175 -170**
Net available for headgate delivery 166-195 170*
Precipitation on 1rrigated lands 18-23 20*
Total available for on-farm use 190 *
On-farm loss 48-70 -60 ** 60
Net available for consumptive use 130 ** 240
Consumptive use requirements on 1rngated lands
Crop use 125-130 ?
Non-crop use 11-20 ?
Total use 136-250 -180*
Deficit -50**
Ground-water use 17-87 350 -50
Net available for flow to wetlands 0Q** 190
Outflow to wetlands and Carson Sink 146-188 170*
Precipitation on wetlands 21 20*
Net available for consumptive use at wetlands 190 *
Non-crop consumptive use and evaporation at wetlands 149-213 >210**

! Rounded to the nearest 1,000 acre-feet per year

2 Rounded to the nearest 10,000 acre-feet per year Single asterisk denotes measured value, double astenisk denotes estimated value of

uncertain accuracy

Representative estimate 1s amount required from surface-water losses to meet consumptive use

Whether flow diverted at Rock Dam Ditch 1s
included 1in many of the reported average values of
Lahontan Reservorr releases 1s not known Measure-
ments of flow diverted at Rock Dam Ditch began n
1985 and averaged about 4,500 acre-ft/yr [1985-91]
(Willis Hyde, TCID, written commun , 1992) The
gaged flow from 1985 to 1991 diverted at Rock Dam
Ditch and measured at the Carson River below Lahon-
tan Reservoir were used to estimate diversions at Rock
Dam Ditch and total releases from Lahontan Reservoir
for the period 1975-92 (table 1) The average for total
releases 1s about 370,000 acre-ft/yr {1975-92]

The gaged flow at the Carson River below Lahon-
tan Reservorr 1s reported to average 384,700 acre-ft/yr
[1967-91, water years] (Garcia and others, 1992,

p 159) Assuming an average of 4,500 acre-ft/yr for
diversions at Rock Dam Ditch, an average total of
about 390,000 acre-ft/yr was released during water
years 1967-91—an increase of 20,000 acre-ft/yr over
the pertod 1975-92 The best gaged and estimated val-
ues are available for outflow to wetland areas from
1975-92 For this reason, the total release for that
period, 370,000 acre-ft/yr (table 1) 1s used as the repre-
sentative estimate for historical releases from Lahontan
Reservorr (fig 4, table 2)

Water has been released from Lahontan Reservoir
during winter months as precautionary drawdown dur-
ing years with high runoff to allow ample storage
capacity for upstream flood waters Also, prior to
1967, about 40,000 acre-ft/yr was released for winter
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power generation (U S Department of the Interior,
1976, p 1-17) Some water released from Lahontan
Reservoir during winter months can be stored 1n regu-
lating reservours for use during the 1rrigation season
However, because the combined storage capacity of
regulating reservorrs 1s only about 17,000 acre-ft
(Bureau of Reclamation, oral commun , 1993), the
excess water flows to wetlands at Stillwater WMA
and Carson Lake during dry years, or to the Carson
Sink during wet years

Estimates of streamflow lost to precautionary
release from the reservoir are

» 28,900 acre-ft/yr [water years 1967-92] (U S

Geological Survey, 1968-75 and 1976-93,
flow during non-irrigation months),

* 30,000 acre-ft/yr [1930-70] (Clyde-Criddle-

Woodward, 1971, p 6), and
* 44,000 acre-ft/yr [1967-74] (Green and others,
1976, fig 1)

Estimate of streamflow lost from the entire New-
lands project are

e 28,000 acre-ft/yr [1970-73] (Mahannah and

others, 1975, p 26), and

* 59,000 acre-ft/yr [1967-72] (CH2M Hill,

1973, fig 1)
Present OCAP regulations place a spring storage
limuat of 215,000 acre-ft for Lahontan Reservoir (U S
Department of the Interior, 1988, p 8), which will
reduce the diversion of flow from the Truckee River
In future operation, this will tend to eliminate precau-
tionary release from the reservorr in all but the most
extremely wet water years
A value of 30,000 acre-ft/yr 1s used as most rep-
resentative of historical precautionary release from
Lahontan Reservorr (fig 4, table 2)
Some reports cite a value of total diversions for
irrigatton  This value ts assumed to represent Lahontan
Reservorr releases minus precautionary releases Esti-
mates of total diversions for irngation vary consider-
ably
e 299,500 acre-ft/yr [1975-84] (Bureau of
Reclamation, 1986, p IV-50),

¢ 321,400 acre-ft/yr [1981-91] (Bureau of
Reclamation, 1992b, p 15),

e 350,000 acre-ft/yr [1985] (MacDiarmid, 1988,
p 52),

¢ 359,000 acre-ft/yr {1967-74] (Green and
others, 1976, fig 1),

* 370,000 acre-ft/yr [1930-70] (Clyde-Criddle-
Woodward, 1971, p 6), and

* 380,000 acre-ft/yr [1901-80] (Barnes and
Jorgenson, 1987, p VI-2)

Subtracting the representative estimate for
precautionary release of 30,000 acre-ft/yr from the
representative estimate for releases from Lahontan
Reservorr of 370,000 acre-ft/yr yields 340,000 acre-
ft/yr (fig 4, table 2) This value 1s used as representa-
tive of the historical diversions for irrigation of the
Carson Division p

Operational spills from the distribution system
are a normal consequence of all open-channel delivery
irngation systems Estimates of this loss of surface
water are

* 50,000 acre-ft/yr [1930-70] (Clyde-Criddle-
Woodward, 1971, p 65), and

* 65,400 acre-ft/yr [1987] (Bureau of Reclama-
tion, 1987a, p 1-8)

Estimates of this loss of surface water for the

entire Newlands Project are
* 50,000 acre-ft/yr [1967-72] (CH2M Hull,
1973, p 4-4), and
* 88,000 acre-ft/yr [1987] (U S Department of
the Interior, 1988, p 5)

Green and others (1976, fig 1) do not specifically
include operational spills 1n their water budget How-
ever, 1t could be included 1n their category for distribu-
tion system losses of 166,000 acre-ft/yr [1967-74] or in
their category called undefined loss of 59,000 acre-ft/yr
[1967-74] for outflow 1n the Carson Division

A value of 50,000 acre-ft/yr 1s probably most rep-
resentative for historical operational spills from the
distribution system (fig 4, table 2) This value 1s also
subject to change under 1988 OCAP regulations

Total loss from Lahontan Reservoir includes
seepage and evaporation The Bureau of Reclamation
(1987a, p 1-8) estimates that 400 acre-ft/yr 15 lost as
seepage Estimates of total reservoir loss are

¢ 61,000 acre-ft/yr [1967-74] (Green and others,
1976, fig 1), and

* 40,000 acre-ft/yr [1973-87] (Al Olson, Bureau
of Reclamation, oral commun , 1993)

Estimates of evaporation are in the same range as

estimates for total reservorr loss
* 45,000 to 55,000 acre-ft/yr [time period not
stated] (Barnes and Jorgenson, 1987,
p VIII-5), and
* 44,500 acre-ft/yr [1987] (Bureau of Reclama-
tion, 1987a, p 1-8)

Thus, the amount of reservoir storage that 1s lost

to seepage appears to be minor
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Some part of seepage from the reservorr 1s proba-
bly consumed by evapotranspiration from vegetation
surrounding the reservoir However, annual averages
of inflow, outflow, and evaporation rates used to esti-
mate potential seepage losses from the reservoir could
be misleading because evaporation and evapotranspi-
ration rates are low during winter months, while seep-
age from the reservoir continues Detailed monthly
analysis of reservoir volumes and surface area, evapo-
ration rates, inflow and outflow rates, and consumptive
use by phreatophytes surrounding the reservoir would
allow a refined estimate for seepage loss from the res-
ervolr

Seepage 1s a major component of loss from the
surface-water distribution system Estimates of flow
lost to seepage from canals and reservours are

e 52,000 acre-ft/yr [1987] (Bureau of Reclama-

tion, 1987a, p 1-8),

« 70,000 acre-ft/yr [1992] (Bureau of Reclama-
tion, written commun , 1993, includes only
V-Line, T-Line, S-Line, L-Line, and A-Line
Canals), and

* 105,000 acre-ft/yr [1930-70], (Clyde-Criddle-
Woodward, 1971, p 6)

Estimates of flow lost to seepage from canals and
reservoirs for the entire Newlands Project are

* 57,000 acre-ft/yr [1987] (U S Department of

the Interior, 1988, p 5), and

* 120,000 acre-ft/yr [1967-72] (CH2M Hull,

1973, fig 1)

Clyde-Criddle-Woodward (1971, p 62) applied
published seepage rates for soil types and the measured
wetted perimeters of canals and laterals at 50 sites to
obtain their estimate for total seepage loss CH2M Hill
(1973) used actual measurements of seepage rates for
different soil types within the Project The BOR used
seepage rates measured during ponding tests to allow a
preliminary estimate of seepage only from the main
canals used during the entire 1rrigation season, thus,
70,000 acre-ft/yr probably 1s a minimum seepage
value

Other studies include seepage under more generic
categories such as distribution system losses or system
and lateral loss and might include evaporation and
operational spill

* 143,000 acre-ft/yr [1985] (MacDiarmid, 1988,

p 52), and

* 166,000 acre-ft/yr [1967-74} (Green and

others, 1976, fig 2)

Estimates of losses from the distribution system
from the entire Newlands Project are

* 22,000 acre-ft/yr [1970-73] (Mahannah and

others, 1975, p 26)

Green and others (1976, p 13) imply that,
because seepage 1s controlled by wetted perimeter
and stage, seepage loss 1s relatively constant regardless
of flow rate through the canal system The amount of
seepage 1s also dependent on the length of time that
flow 1s present 1n canals and laterals Also, ponding
tests show that, on imtial wetting of canals, seepage
rates are significantly higher (Bureau of Reclamation,
written commun , 1993) Thus, the total amount lost to
seepage from the distribution system 1s a complex
function of the seepage rate beneath the canals, the
length of time that canals and laterals are used, and
number of times that a canal or lateral 1s wetted during
the irrigation season Detailed studies of seepage
losses from the distribution system are needed to refine
estimates of this loss

A value of 100,000 acre-ft/yr 1s assumed to be
representative of the historical seepage loss through the
distribution system (fig 4, table 2)

Estimates of streamflow lost to evaporation in the
distribution system from regulating reservoirs, canals,
laterals, and drains are

* 20,000 acre-ft/yr {1930-70] (Clyde-Criddle-

Woodward, 1971, p 6),

* 20,800 acre-ft/yr [1987] (Bureau of Reclama-

tion, 1987a, p 1-8), and

* 24,700 acre-ft/yr [1985] (MacDiarmid, 1988,

p 52)

From the entire Newlands Project

e 21,000 acre-ft/yr [1987] (U S Department of

the Interior, 1988, p 5), and

* 25,000 acre-ft/yr [1967-72] (CH2M Hull,

1973, fig 1)

A value of 20,000 acre-ft/yr 1s assumed to be rep-
resentative of historical evaporation losses from canals
and reservortrs within the distribution system (fig 4,
table 2)

Estimates of the total conveyance losses reported
from rngation releases between Lahontan Reservorr
and farm headgates are

* 143,300 acre-ft/yr [1985] (MacDiarmid, 1988,

p 52),

* 166,000 acre-ft/yr [1967-74] (Green and oth-

ers, 1976, fig 1), and

* 175,000 acre-ft/yr [1930-70] (Clyde-Cnddle-

Woodward, 1971, p 6)
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This range of values compares well with the total
of representative estimates of operational spill, seepage
loss, and evaporation—170,000 acre-ft/yr (fig 4,
table 2)

An important value 1s the reported delivery to
farm headgates 1n the Carson Division, from which
estimates of streamflow loss between Lahontan Reser-
vorr and farm headgates are calculated by difference
This value 1s also important because, along with total
Project diversion from Lahontan Reservorr, it 1s used to
calculate the Project efficiency set by OCAP (Bureau
of Reclamation, 1987a, p 1-6) The delivery to farm
headgates 1s measured by TCID, and reported values
are averaged over different time periods Reported
values are

¢ 170,000 acre-ft/yr [1975-92] table 1, this

report,
173,500 acre-ft/yr [1972-91] (Pahl, 1992,
table 1),
189,200 acre-ft/yr [1985], (MacDiarmid,
1988, p 52),
193,000 acre-ft/yr [1967-74] (Green and
others, 1976, fig 1), and
195,000 acre-ft/yr [1930-70] (Clyde-Criddle-
Woodward, 1971, p 6)
For the entire Newlands Project
* 186,500 acre-ft/yr [1981-91] (Bureau of
Reclamation, 1992b, p 15),
* 204,100 acre-ft/yr [1963-85] (Bureau of
Reclamation, 1986, p 1V-49), and
e 211,000 acre-ft/yr [1967-72] (CH2M Hill,
1973, fig 1)

Estimates of headgate delivery to the Truckee
Division range from about 20,000 acre-ft/yr [1987]
(Bureau of Reclamation, 1987a, p 1-8) to 30,000 acre-
ft/yr [1967-74] (Green and others, 1976, table 3)
Thus, the more recent estimates of flow to the entire
Newlands Project by the Bureau of Reclamation
(1992b and 1986) histed above could be reduced to a
range from about 160,000 to 180,000 acre-ft/yr for the
Carson Division

A value of 170,000 acre-ft/yr 1s estimated to be
representative of historical headgate delivery (fig 4,
table 2) This value compares well with the difference
between representative values for net irrigation diver-
sions of 340,000 acre-ft/yr and conveyance losses of
170,000 acre-ft/yr Because the estimates for opera-
tional spill from the distribution system and for seep-
age losses are based upon calculated differences and
few actual measurements, their representative values

could be 1n error However, the total for operational
spill, seepage, and evaporation should equal the differ-
ence between irrigation diversions and headgate deliv-
ery—170,000 acre-ft/yr

The maximum allowable water delivery to irmiga-
ble lands with water rights 1s set by the Alpine Decree
(Bureau of Reclamation, 1992a, p 15) The Alpine
Decree allows annual diversions of 4 5 acre-ft/acre for
bench lands and 3 5 acre-ft/acre for bottom lands,
although the exact amount applied by individual 1rriga-
tors may be somewhat different Bench and bottom
lands have been designated by Bureau of Reclamation
(1992a), based on soil characteristics determined by
Dollarhide (1975) The historical designation of bench
and bottom lands 1s subject to change, pending a deci-
sion by the Nevada Federal District Court Under the
proposed designation, bench lands are generally west
of Fallon, near Soda Lake (sometimes referred to as
Big Soda Lake), and the Swingle Bench Bottom lands
cover almost all remaining irrigated land of the Carson
Division

The Bureau of Reclamation (1987a, p 1-5) used
estimates of 4,270 acres of bench land and 49,890 acres
of bottom land to obtain a headgate requirement of
193,840 acre-ft/yr in the Carson Division of the Project
in 1987 Bench land totaling 3,400 acres and bottom
land totaling 53,200 acres were delineated 1n the Car-
son Division using remote sensing to determine lands
umigated one or more years from 1984 to 1990 (Bureau
of Reclamation, 1992c) Applying the Alpine Decree
allocations, a total of 201,500 acre-ft/yr 1s the resulting
headgate requirement These values are somewhat
greater than the representative estimate for historic
headgate delivery From field measurements, Guitjens
and Mahannah (1973) and the Bureau of Reclamation
(1971) documented that, i the 1970's, actual field
applications differed from the bench/bottom-land
diversion rates and varied considerably with location

In addition to surface water delivered to head-
gates, precipitation on irrigated land 1s a source of
water available for consumptive use by crops Because
studies have shown that consumptive use takes place
during the non-trrigation season and annually averages
more than 1 acre-ft/acre (Guitjens and Mahannah,
1976, p 3), the total annual precipitation 1s used to esti-
mate precipitation available for consumptive use Esti-
mates of the volume of precipitation available for
consumptive use on wrngated lands are

¢ 18,000 acre-ft/yr [1985] (MacDiarmid, 1988,

p 54), and
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* 23,400 acre-ft/yr [1930-70] (Clyde-Criddle-
Woodward, 1971, p D-8)

For the entire Newlands Project

* 19,000 acre-ft/yr [1970-73] (Mahannah and
others, 1975, p 26), and

* 27,000 acre-ft/yr [1967-72] (CH2M Hull,
1973, fig 1)

A value of 20,000 acre-ft/yr 1s assumed to be the
most representative for the volume of precipitation
available for consumptive use on irrigated lands (fig 4,
table 2) Annual precipitation, combined with the rep-
resentative value for headgate deliveries, totals
190,000 acre-ft/yr, which 1s available for on-farm con-
sumptive use

Part of the water applied to fields runs off as
return flow to the distribution or drainage systems The
amount lost as runoff from three irrigated plots was
measured by CH2M Hill (1973, p 4-16to 4-18) to vary
from 42 to 48 percent of farm delivery Similar mea-
surements reported by Guitjens and Mahannah (1976,
p 11) ateight sites in the Carson Division showed from
0 to 20 percent runoff The Bureau of Reclamation
(1971, p 9-19) measured runoff from six farms 1n the
Carson Division that varied from 0 to 33 percent In all
of these studies, runoff from bench land was minimal,
and bottom land had the largest percentage Also, part
of the water applhed to fields replenishes soil-moisture
storage and percolates to the water table to be con-
sumed by crops or, over time, discharges to drains No
estimates of the proportion of applied water that even-
tually discharges to drains have been reported Farm
efficiency has been used to account for total on-farm
loss, which 1s not often measured

Farm efficiency 1s defined as the ratio between
crop consumptive use and headgate delivery Some-
times an additional volume of water required to leach
accumulated salts from the soil profile 1s included 1n
the on-farm loss estimate Mahannah and others (1975,
p 27) use a value of 15 percent of consumptive use, or
0 6 acre-ft/acre of applied water per year to leach salts
Farm efficiencies used to estimate on-farm loss of
delivered water range from 67 percent (MacDiarmid,
1988, p 24, Lyford and Townsend, 1985, p 23) to 75
percent (Mahannah and others, 1975, p 27, Green and
others, 1976, p 11) Using the definition above, farm
efficiencies are also reported to be as much as 230 per-
cent at locations where crops derive water for con-
sumptive use from the water table (Mahannah and
others, 1975, p 21)

The wide range in runoff and farm efficiencies
discussed above shows that the total on-farm loss and
components of on-farm loss of water vary greatly and
are poorly known More direct measurements of these
components of the surface-water flow budget are
needed to determine realistic estimates of on-farm loss
and seepage to the water table beneath irrigated land
Reported estimates of total on-farm loss of water
are
* 48,000 acre-ft/yr [1967-74] (Green and others,
1976, fig 1),

* 62,500 acre-ft/yr [1985] (MacDiarmud, 1988,
p 54), and

* 70,000 acre-ft/yr [1930-70] (Clyde-Criddle-
Woodward, 1971, p 6)

For the entire Newlands Project

* 81,000 acre-ft/yr [1967-72] (CH2M Huill,
1973, fig 1), and

* 131,000 acre-ft/yr [1970-73] (Mahannah and
others, 1975, p 26)

A value of 60,000 acre-ft/yr 1s assumed to be rep-
resentative of historical on-farm loss (fig 4, table 2)

Subtracting on-farm loss from representative
values for headgate delivery and precipitation on 1rmi-
gated lands, about 130,000 acre-ft/yr 1s available for
consumptive use (table 2) In addition to this amount,
an unmeasured part of the surface-water losses—oper-
ational spill from the distribution system, seepage, and
on-farm losses—totaling 240,000 acre-ft/yr, recharges
the shallow aquifer and 1s available for crop consump-
tive use

Estimates of consumptive use of water by 1rri-
gated crops have a wide range depending on the
assumed consumptive-use rate and the number of
urigated acres to which the rate 1s apphed

* 25,000 [1930-70] (Clyde-Criddle-Woodward,

1971, p 51),

e 162,000 [1967-74] (Green and others, 1976,
fig 2),

* 167,000 [1985] (MacDiarmid, 1988, p 53),
and

226,000 [1984-90] (reported area of rrigated
lands times 4 O acre-ft/acre)

For the entire Newlands Project

* 245,000 [1967-72] (CH2M Hull, 1973, fig 1),
and

e 258,000 [1970-73] (Mahannah and others,
1975, p 26)
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MacDiarmud (1988, p 52) used a farm efficiency
of 67 percent to obtain his estimate of crop consump-
tive use Mahannah and others (1975, p 24) and
CH2M Hill (1973, p 3-7) used an average annual con-
sumptive-use rate of 4 0 acre-ft/acre for alfalfa man-
aged for maximum crop production (Guitjens and
Mahannah, 1976, p 4) The estimates are based on
several years of direct measurement using lysimeters
at the University of Nevada, Reno, Newlands Field
Laboratory (pl 1) The Alpine Decree applies an aver-
age annual consumptive-use rate for alfalfa of 3 25
acre-ft/acre (Lyford and Townsend, 1985, p 21)
Green and others (1976) and Clyde-Criddle-Woodward
(1971) also applied lower annual rates for consumptive
use by alfalfa 3 2 and 2 33 acre-ft/acre and apphed
lower rates for other types of crops on 57,000 and
56,000 irrigated acres, respectively Applying an
annual consumptive-use rate of 4 0 acre-ft/acre to the
56,600 irnigated acres [1984-90] reported by the
Bureau of Reclamation (1992c) results in 226,000
acre-ft/yr of crop consumptive use as reported 1n the
previous paragraph

Water 1s also consumed by non-crop vegetation
and phreatophytes near irrigated lands of the Carson
Division The Bureau of Reclamation (1987a, p 2-28)
provides data allowing an estimate of 11,200 acre-ft/yr
lost to phreatophytes along the distribution system and
assumes that phreatophytes cover 5 percent of irmgated
acres and use 4 0 acre-ft/acre annually CH2M Hill
(1973, p 4-4) estimates that losses to non-crop vegeta-
tion on 1rngated lands below Lahontan Reservoir are
18,000 to 20,000 acre-ft/yr Clyde-Cnddle-Woodward
(1971, p 63 and D-8) estimate that almost 17,000 acre-
ft/yr 1s consumed by phreatophytes surrounding the
regulating reservorrs 1n the distribution system, and
that about 9,000 acre-ft/yr 1s lost to non-crop vegeta-
tion along canal and ditch areas over the entire New-
lands Project

The total loss of water between Lahontan Reser-
vour and points where outflow from irrigated land 1s
measured has averaged about 200,000 acre-ft/yr [1975-
92] (table 1, column 8) If, from 1975 to 1992, the net
change n ground-water storage was small, as reported
by Seiler and Allander (1993), 200,000 acre-ft/yr rep-
resents the net volume of water lost to evaporation and
total consumptive use by vegetation upstream from the
points where outflow 1s measured If the representative
value for evaporation from canals and reservorrs of
20,000 acre-ft/yr 1s correct and 1s relatively constant

from year to year, the total consumptive use by both
crops and non-crop vegetation above the points of
outflow must be about 180,000 acre-ft/yr

Applying a volume of 180,000 acre-ft/yr to
56,600 acres of land wrrigated within the Carson
Davision from 1984 to 1990 (Bureau of Reclamation,
1992c¢), an annual consumptive-use rate of about
3 2 acre-ft/acre results This value 1s less than the
4 0 acre-ft/acre obtained for alfalfa from lysimeter
studies by Guitjens and Mahannah (1976, p 4) Some
reasons for this discrepancy could be that (1) gaged
flows used to calculate the net loss of 200,000 acre-
ft/yr are inaccurate, (2) maximum production 1s not
usually achieved within the Carson Division, (3) con-
sumptive use by crops other than alfalfa or non-crop
vegetation reduces the average consumptive-use rate,
or (4) overall crop production decreases 1n years hav-
ing a hmited supply of water To resolve the discrep-
ancy In crop-consumptive-use rate, continued and
accurate measurements of crop consumptive use and
surface-water flow rates are needed, along with studies
to refine the extent and consumptive-use rates of non-
crop vegetation on urigated lands For purposes of this
study, a value for total consumptive-use requirements
on 1rrigated land of 180,000 acre-ft/yr 1s used as repre-
sentative of historical conditions (fig 4, table 2)

The consumptive-use requirement of 180,000
acre-ft/yr results 1n a deficit of about 50,000 acre-ft/yr
when compared with the total amount available for
consumptive use from surface water and precipitation
This deficit could be supplied from upstream surface-
water losses that recharge the shallow aquifer

Several investigators have recognized that some
water consumed by crops 1s derived from the shallow
aquifer Two proposed mechanisms for supplying
ground-water subirrigation are (1) seepage lost
through coarse-textured soils on bench-land areas 1s
assumed to move downgradient and 1s available for
subirrigation on bottom-land areas, and (2) over-appli-
cation of surface water early 1n the 1rrigation season
increases ground-water storage which 1s available for
consumptive use later 1n the season when there 1s an
under-application of surface water (CH2M Hill, 1973,
p 3-12, Mahannah and others, 1975, p 25, Green and
others, 1976, p 12, MacDiarmud, 1988, p 54) Also,
water lost to seepage from nearby canals and laterals
could provide ground water for crop consumptive
use on adjacent fields Some combination of these
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mechanisms probably takes place, but one mechanism
could be more dominant than the other, depending
upon location in the basin

Estimates of the amount of water derived from
the water table by crops vary considerably Lyford and
Townsend (1985, p 23) use a value of 22 percent for
the portion of crop consumptive use that 1s derived
from ground water Guitjens and Mahannah (1973,
p 6) report data showing that ground water supplies
as much as 29 percent of the crop consumptive use 1n
some areas Mahannah and others (1975, p 26) show
that a large amount of water 1s supplied for crop use
from seepage losses and subirrigation, but they do not
estimate the amount CH2M Hill (1973, p 4-12) use
a value of 33 percent for crop consumptive use from
ground water over the entire Newlands Project Lyford
and Townsend (1985, p 25, 26) also cite several
reports showing that consumptive use derived from a
shallow water table can be greater than 90 percent of
total use, and that it can take place under saline ground-
water conditions and from fluctuating water tables
Conversely, Marston (1989) reports that, at the New-
lands Field Laboratory, ground water does not supply
sufficient water to maintain crop production when sur-
face-water sources are lacking Thus, whether ground
water contributes to crop consumptive use 1S uncertain

The amount of water supplied to crops from the
water table 1s reported to vary depending upon the
depth to water Using lysimeters 1n the Reno area,
Tovey (1963, p 8) showed that consumptive use was
23 to 26 percent higher when depth to water was 2 ft
below land surface, compared with sites with a water-
table depth of 8 ft and greater Using measurements
of inflow and outflow from two areas 1n the Carson
Desert, CH2M Hill (1973, p 4-12) show that where
depth to water was 4 to 7 ft below land surface, 23 per-
cent of the water used by crops was derived from
ground water Where depth to water was 1 to 4 ft below
land surface, the value increased to 46 percent The
Bureau of Reclamation (1986, p 32) assumes that 22
percent of consumptive use 1s derived from the water
table in areas designated as bottom land, and that the
water table does not supply consumptive use on bench
lands Seiler and Allander (1993, fig 4) report that the
depth to water ranges from 5 to 10 ft below land surface
beneath most irrigated land 1n the Carson Division

Estimates of consumptive use derived from
ground water on 1rrigated lands range widely

¢ 17,000 acre-ft/yr [1967-74] (Green and others,

1976,p 9),

27,800 acre-ft/yr [1985] (MacDiarmd, 1988,
p 54),
53,200 acre-ft/yr [1987] (Bureau of Reclama-
tion, 1987a, p 2-27), and
86,600 acre-ft/yr [1967-72] (CH2M Hill,
1973, adjusted from value for entire New-
lands Project using data from CH2M Hill,
1973, table 1 and p 3-10)
For the entire Newlands Project
» 88,000 acre-ft/yr [1967-72] (CH2M Huill,
1973, p 3-12)

The discussion above shows that the ground-
water contribution to, and mechanisms that supply
ground water for consumptive use on, irrigated lands
are not well known In table 2, the volume of ground
water required to meet consumptive use would change
if on-farm loss 1s actually different from 60,000 acre-
ft/yr, or if the total consumptive-use requirement is
actually different from 180,000 acre-ft/yr The esti-
mate for on-farm loss 1s based on few measurements,
and a small change 1n the consumptive-use rate results
1n a large change in the consumpttve-use requirement
Further study of on-farm losses and the proportion of
surface-water and ground-water use by crops is
required to refine the surface-water budget

Using the representative estimates for historical
surface-water flows shown 1n table 2, 50,000 acre-ft/yr
1s required from the shallow aquifer to supply the defi-
cit 1n consumptive use (fig 4, table 2)

If 50,000 acre-ft/yr of shallow ground water,
derived from surface-water losses from the distribution
system, is used by crops, then 50,000 acre-ft/yr can be
subtracted from the 240,000 acre-ft/yr available from
surface-water losses This leaves 190,000 acre-ft/yr
available for outflow from 1rmgated lands to wetland
areas and the Carson Sink (fig 4, table 2)

Surface water enters the wetland areas through
many drains, making measurement of total outflow dif-
ficult Measurements of inflow to the Stillwater WMA
at major drains 18 available from the late 1960's (Green
and others, 1976, table 4) In contrast, measurements
of inflow to Carson Lake at major drains have been
made since only the early 1980's (Bureau of Reclama-
tion, 1987a, p 2-24)

Reported inflows to wetland areas vary because,
as stated above, until recent years estimates of inflows
were based on gaged records for only part of the drain
flow entering the wetlands In some reports, estimates
include a correction factor for ungaged flow, and other
reports do not state whether a correction factor was

Surface Water 27



used Also, within both the Stillwater WMA and Car-
son Lake wetlands, water 1s used to irrigate pasture,
and some reports do not state whether this flow 1s
included 1n wetland inflow In this report, total outflow
includes flow to wetland areas 1n Carson Lake, Stillwa-
ter WMA, Carson Sink, and irrigated pasture 1n the
Carson Lake area, but does not include flow to irrigated
land 1n the Stillwater WMA

Estimates of flow to Carson Lake and Stillwater
WMA from Carson Division lands are

* 95,500 acre-ft/yr [1987] (Bureau of Reclama-

tion, 1987a, p 2-27),
* 99,600 acre-ft/yr [1972-91] (Pahl, 1992,
table 1),

* 120,000 acre-ft/yr [1975-92] table 1, this

report, and

* 149,000 acre-ft/yr [1967-74] (Green and

others, 1976, fig 1)

About 120,000 acre-ft/yr 1s assumed to be the best
estimate of flow to the Stillwater WMA and Carson
Lake areas

Estimates of flow to the Carson Sink are based
upon flow of the Carson River gaged by the USGS
This gage has been operated at two different sites
From 1967 to 1985, the site was downstream from 1rri1-
gated lands (USGS gaging station, Carson River below
Fallon, pl 1) Since 1985, the site has been operated
upstream from some wrrigated lands and may not
include return flow from these lands (USGS gaging sta-
tion, Carson River at Tarzan Road, pl 1)

Flows of the Carson River below Fallon reported
over different time periods are

e 22,200 acre-ft/yr [1985-91, water years]

(Garcia and others, 1992, p 167),
* 39,000 acre-ft/yr [1967-74] (Green and others,
1976, fig 1),

* 50,000 acre-ft/yr [1975-92] table 1, this report,

and

* 54,600 acre-ft/yr {1967-85, water years]

(Frisbie and others, 1985, p 137)

About 50,000 acre-ft/yr 1s assumed to be the best
estimate of flow to the Carson Sink from the Carson
River

Reported estimates of total outflow from the
Carson Division range from

* 146,200 acre-ft/yr [1929-46] (Bureau of

Reclamation, [19517], p 10),

¢ 170,000 acre-ft/yr [1975-92], table 1, this

report,

173,300 acre-ft/yr [1985] (MacDiarmid, 1988,
p 54),

185,000 acre-ft/yr [1930-70] (Clyde-Criddle-
Woodward, 1971, p 6), and

188,000 acre-ft/yr [1967-74] (Green and
others, 1976, fig 1)

From the entire Newlands Project

¢ 181,000 acre-ft/yr [1970-73] (Mahannah and

others, 1975, p 26), and

e 202,000 acre-ft/yr [1967-72] (CH2M Hill,

1973, fig 1)

About 170,000 acre-ft/yr 1s assumed to be repre-
sentative of the historical outflow from the Carson
Division (table 1, table 2)

This value 1s slightly less than the representative
estimate of water available for outflow, 190,000 acre-
ft/yr (fig 4, table 2), assuming that the representative
estimates for operational spills, seepage losses, on-
farm losses, and consumptive use from ground water
are correct Ungaged outflow not accounted for in
table 1 or inaccuracies n the representative estimates
could explain this difference

Surface-water outflow from irngated lands 1s
consumed by evaporation and evapotranspiration at
wetlands or near the Carson Sink During normal years
most outflow 18 directed to wetland areas to maintain
wildlife habitat Reported estimates for consumptive
use at wetland areas near Carson Lake and Stllwater
WMA provide a check on the estimate of outflow from
irrigated lands

Clyde-Cniddle-Woodward (1971, p D-8) esti-
mates 21,000 acre-ft/yr of precipitation at wetland
areas near Carson Lake, Stillwater WMA, and the
Carson Sink This results 1n a total of about 190,000
acre-ft/yr (table 2) to 210,000 acre-ft/yr (fig 4) avail-
able for consumptive use near the wetlands

Clyde-Criddle-Woodward (1971, p D-8) esti-
mate that consumptive use by non-crop vegetation at
the wetlands 1s about 155,000 acre-ft/yr Their con-
sumptive-use rates for the vegetation at wetland areas
near Carson Lake, Stillwater WMA, and the Carson
Sink ranged from about 2 8 to 4 8 ft/yr for cattails,
tules, sedges, and saltgrass of varying plant densities
These rates were applied to about 51,000 acres of veg-
etation near wetland areas However, maps showing
the location of the 51,000 acres are not available In
addition, Clyde-Criddle-Woodward (1971, p D-8)
estimate about 58,000 acre-ft/yr for evaporation from
about 15,000 acres of open-water bodies 1n the same
areas The total loss resulting from evapotranspiration
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and evaporation 1n wetland areas and the Carson Sink
1s about 213,000 acre-ft/yr Green and others (1976,

p S) estimate that 149,000 acre-ft/yr 1s lost to evapora-
tion from wetland areas near the Carson Lake and Sull-
water WMA based on an evaporation rate of 4 5 ft/yr
for about 33,000 wetland acres However, they did not
include estimates for consumptive use of water by veg-
etation near wetland areas

Estimates of the current amount of open-water
area at Stillwater WMA, Carson Lake, and Indian Lake
wetlands total about 29,000 acres at full capacity (Gary
Shellhorn, U S Fish and Wildlife Service, written
commun , 1993) During the 1970's, wetlands at
Carson Lake covered from 4,000 to 5,000 additional
acres (Norman A Saake, U S Fish and Wildlife Ser-
vice, written commun , 1993) Using an evaporation
rate of 5 ft/yr, from 165,000 to 170,000 acre-ft/yr was
consumed from the mid-1970's to 1992 with wetlands
at full capacity Lico (1992, p 8) states that most open-
water bodies in Stillwater WMA recharge the shallow
aquifer In addition to evaporation losses, an unknown
volume of surface water recharges the shallow aquifer
and 1s consumed by phreatophytes surrounding wet-
land areas Thus, discharge by both evaporation and
evapotranspiration near wetland areas could total more
than 210,000 acre-ft/yr (fig 4, table 2)

The discussion above summarizes available
estimates of flow rates describing the historical distri-
bution of surface water and rates for processes that
control the distribution of surface water 1n the Carson
Division Uncertainties in many of the values do not
allow for a complete accounting of surface water
released from Lahontan Reservoir

Values of several water-budget components are
uncertain operational spills and seepage loss from
the distribution system, on-farm loss, consumptive
use of ground water by 1rmgated crops, and non-crop
consumptive use on urigated lands and wetland areas
Refinement of these values would provide a better
approximation of the distribution of water in the
Carson Division and allow closer estimation of the
effects of changes in water use

Annual Variations in Surface-Water Flow

Analysis of the annual variations n flow rates
through the system listed in table 1 can provide further
insight into processes that are important in controlhing
the distribution of surface water The values presented
in table 1 represent the best available estimates for the

distribution of surface-water flow under the conditions
present from 1975 to 1992 in the Carson Division
Although values for outflow are estimated or denved
from gaging station records with uncertain accuracy,
they can be used (1) to determine approximate relations
between flow at different points in the surface-water
system, (2) to gain greater understanding of how the
system works, and (3) to determine data that are needed
to refine that understanding Given the uncertain accu-
racy of some of the values 1n table 1, the annual rela-
tions discussed below should not be considered exact,
but do show general trends

Regression equations shown 1n figures 5-7 were
developed using the principle of least squares and,
except for figure 7, data from years when releases from
Lahontan Reservoir were less than 350,000 acre-ft/yr,
R? 1s a measure of the variability accounted for by the
regression equation, with a perfect relation having an
R? equalto 1 The rehability of the regression equation
can be evaluated by comparing the difference, or resid-
ual, between values calculated using the equation and
observed values (Iman and Conover, 1983, p 366-
372) Comparisons for the equations n figures 5-7
show an even scatter of points above and below zero
residual, implying that assumptions of the least-squares
method have not been violated

Figure 5 shows the relation between total releases
from Lahontan Reservoir and headgate deliveries For
releases less than about 350,000 acre-ft/yr, headgate
delivery has ranged from about 60,000 acre-ft/yr in dry
years to about 200,000 acre-ft/yr in normal and wet
years, and 1s shightly more than half of the total volume
released For releases greater than 350,000 acre-ft/yr,
headgate delivery 1s generally about 200,000 acre-ft/yr
or less For years with releases from Lahontan Reser-
vorr greater than 350,000 acre-ft/yr, a large part of the
losses above farm headgates flows directly to wetlands
and the Carson Sink during winter and early spring
Less water was delivered in the wet years of 1982 and
1983 when winter and spring precipitation decreased
the demand for surface-water 1rrigation

Figure 6 shows (1) the loss from the distribution
system between Lahontan Reservoir and the farm
headgates and (2) the total outflow as a function of the
volume released from Lahontan Reservoir The vol-
umes of loss upstream from farm headgates and total
outflow increase at similar rates with increasing
amounts of water released from Lahontan Reservoir
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Figure 5 Headgate deliveries as function of releases from Lahontan Reservoir, R is measure of

vanability accounted for by regression equation

For releases greater than 350,000 acre-ft/yr, losses
above farm headgates and total outflow increase at a
rate about equal to the increase in releases

As shown 1n table 1 (column 8), more than
300,000 acre-ft/yr was lost from the surface-water
distribution system 1n 1986—a considerable increase
over other years In 1986, annual precipitation was
low 1n the Fallon area, 2 55 in was received at the
University of Nevada, Reno, Newlands Field Labora-
tory (National Oceanic and Atmospheric Association,
1986, p 3) However, runoff from the Carson and
Truckee Rivers was high because of above-normal pre-
cipitation 1n the Sierra Nevada Although the precau-
tionary release 1n 1986 was routed through the entire
distribution system, the large amount of loss implies

that so1l-moisture conditions prior to the irrigation sea-
son have some control over the volume of seepage
losses

For annual releases less than 350,000 acre-ft/yr
from Lahontan Reservorr, losses upstream of farm
headgates and total outflow are each about 40 percent
of the volume of released water (fig 6) The relation
between total outflow and releases shown 1n figure 6
implies that releases greater than about 70,000 acre-
ft/yr are required before outflow takes place from 1rri-
gated lands (release of 70,000 acre-ft/yr, times 0 44,
minus 30,000 equals approximately zero, see equation,
fig 6) Asnoted by Glancy (1986, p 39), water levels
in the shallow aquifer near irrigated lands rise at the
start of the irrigation season The value of 70,000 acre-
ft/yr could represent the amount of seepage required to
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saturate the distribution system, and thus, represent the
potential recharge to the shallow aquifer at the start of
the umgation season Figure 6 also shows that total
outflow 1s generally less than losses from the distribu-
tion system Average values for these two volumes 1n
table 1 differ by about 30,000 acre-ft/yr

A linear relation exists between the losses
upstream from farm headgates and total outflow
(fig 7) For releases from Lahontan Reservoir greater
than 350,000 acre-ft/yr, the general one-to-one relation
1s expected For flows less than 350,000 acre-ft/yr, the
relation 1n figure 7 implies either that a large part of the
total outflow 1s operational spill from the distribution
system or that there 1s a hydrologic connection that
supplies water lost to seepage upstream from farm
headgates to drains where outflow 1s measured

Detailed flow measurements within the distribution
system could determine whether outflow consists of
operational spill or water that has moved quickly
through the shallow aquifer

Because the outflow consists of a mixture of
water lost above farm headgates and on-farm losses,
the volume of water lost to seepage and consumptive
use from the distribution system 1s difficult to deter-
mine relative to the volume lost to seepage and con-
sumptive use from irngated fields More accurate
estimation of on-farm use of delivered water and net
losses 1s not possible without measurements showing
the proportion of operational spill and on-farm losses
that make up total outflow
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For years in which less than 350,000 acre-ft/yr are
released from Lahontan Reservoir, most of the releases
are made during the urigation season Analysis of flow
volumes through the distribution system during these
years could provide further instght into how water
moves through the distribution system and into pro-
cesses that control the movement of water between the
surface-water and ground-water systems near 1rrigated
land

Analyses of flow volumes at monthly, or shorter,
time ntervals would permit a more accurate determina-
tion of the relations between flow at various positions
in the surface-water distribution system This detailed
analysis 1s beyond the scope of this investigation

GROUND WATER

Occurrence of Ground Water

The major ground-water resources in the Carson
Desert are found 1n unconsolidated sediments and vol-
canic rocks beneath the floor of the valley Rocks of
Mesozoic age that make up the bulk of the Stillwater,
West Humboldt, and Sand Springs Ranges probably
store and transmit water 1n fracture systems as shown
by geothermal studies, but the total volume 1s probably
small In this study, these rocks are assumed to form a
boundary to most interbasin flow along the east and
north sides of the basin, and a lower boundary to most
ground-water flow beneath the entire Carson Desert
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Mesozoic rocks are also present along the northwest
edge of the basin, beneath the Hot Springs Mountains,
at depths from 600 to 4,500 ft below land surface
(Benoit and others, 1982, figs 11,25) Mesozoic
rocks probably are present at depths greater than
2,000 ft beneath the Desert, White Throne, Blow Sand,
Cocoon, and Bunejug Mountains (Willden and Speed,
1974, Morrison, 1964, p 9-15) Tertiary volcanic
rocks capping these mountain blocks could be perme-
able to ground-water flow

However, water-level data are lacking along
topographic divides to determine if interbasin flow
might be taking place Saturated sediments and volca-
nic rocks beneath alluvial fans and the valley floor store
and transmit large volumes of ground water and are the
most important aquifers 1n the Carson Desert

The depth to water beneath alluvial fans sur-
rounding the valley ranges from more than 400 ft
below land surface near the mountain blocks to tens
of feet below land surface near the toe of the alluvial
fans, as indicated in dnllers' logs The depth to water
beneath most of the valley floor 1s generally less than
25 ft below land surface and, near wrrigated areas, gen-
erally less than 10 ft below land surface Ground water
1s confined throughout much of the Carson Desert
Wells that penetrate to significant depths below the
water table have water levels that are higher than land
surface (Olmsted and others, 1984, p 27, Morgan,
1982, p 26, Glancy and Katzer, 1975, p 16)

Since the turn of the century, surface-water irriga-
tion 1n the Newlands Project area has changed the
depth to water over large areas of the valley floor In
1904, Stabler (1904) nstalled more than 300 shallow
wells and borings to measure depth to water and deter-
mine water quality (fig 84) Seiler and Allander
(1993, fig 4) compared the pre-imigation water levels
of Stabler (1904) with water levels measured 1n 1992
(fig 8B) In 1904, the depth to water increased with
distance from the natural channels of the Carson River
Depth to water was less than 10 ft below land surface
within 1 to 2 m1 of the channels and generally increased
to at least 25 ft in areas more than 2 mi1 from the chan-
nels north of Fallon and ranged from 10 to 25 ft more
than 2 m1 from the channels south of Fallon In 1992,
the water table had risen more than 15 ft over large
areas northeast of Fallon and, near Soda Lake, 25 to 40
ft (Seiler and Allander, 1993, p 11) Also, few areas
had water levels less than 5 ft below land surface 1n
1992 The distribution of surface water over urigated
areas of the valley floor has decreased the depth to

water in large areas, and 1nstallation of drains has
increased the depth to water near old channels of the
Carson River Both processes made the depth to water
more uniform, ranging from 5 to 10 ft below land sur-
face over much of the valley floor

Depth-to-water information 1s also available from
thousands of shallow holes drilled from 1955 to 1968
by the U S Soil Conservation Service to produce soils
maps of irrigated land in the Carson Desert Dollarhide
(1975) gives a range for the depth to seasonal high
water table for more than 100 so1l types in the Carson
Desert The Bureau of Reclamation (1992a, p 8) has
summarized these data to produce the bench- and bot-
tom-land designations for water allocation Figure 9
shows the distribution of soils with a seasonal high
water table more than 5 ft and less than 5 ft below land
surface Generally, the depth to seasonal high water
table 1s more than 5 ft below land surface 1n areas that
have not been 1rrigated (fig 1) Exceptions are the
Swingle Bench area and small sections of irrigated land
around Soda Lake The V-Line, T-Line, N-Line, and
D-Line Canals all cross soils with a seasonal high water
table deeper than 5 ft These canals have a high poten-
tial for flow loss to seepage and for recharge to the
shallow aquifer

Description of Aquifers

An aquifer 1s defined as "a formation or part of a
formation that contains sufficient saturated permeable
maternal to yield significant quantities of water to wells
and springs” (Lohman and others, 1972, p 2) In gen-
eral usage, the term aquifer often implies a discrete
hydrogeologic unit In the Carson Desert, boundaries
between aquifers are indistinct, and stresses imposed
on one aquifer can be transmitted to the other aquifers
In this report, the term aquifer 1s used to describe a
hydrogeologic unit that has lithologic or water-quality
characternistics that allow 1t to be distinguished from
other hydrogeologic units

The most comprehensive description of aquifers
in the study area 1s given by Glancy (1986), who delin-
eated three alluvial aquifers and a basalt aquifer in the
Fallon area of the Carson Desert The alluvial aquifers
described by Glancy (1986) consist of (1) a shallow
aquifer present from the water table to 50 ft below land
surface, (2) an intermediate aquifer extending from 50
ft to between 500 and 1,000 ft below land surface, (3)
a deep aquifer extending from 500 to 1,000 ft below
land surface to between 3,000 and 8,000 ft below land

Description of Aquifers 33
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surface Glancy (1986) does not correlate all of these
aquifers with geologic units However, the shallow
aquifer probably extends to the bottom of the Sehoo
Formation and the intermediate aquifer correlates with
the Wyemaha, Eetza, and Paiute Formations

Glancy's (1986) alluvial aquifers were defined for
irngated areas near Fallon and immediately down-gra-
dient The same definitions may not apply 1n areas of
the Carson Desert distant from 1rrigation

The term alluvial implies aquifer materials that
were deposited by moving water Because much of the
aquifer matenal n the Carson Desert was deposited in
a lake environment, the term alluvial 1s not applied to
the shallow, intermediate, and deep aquifers 1n this
report

The basalt aquifer 1s a mushroom-shaped body
of basalt near Fallon (fig 12) that 1s exposed at Rattle-
snake Hill but generally 1s from 200 to 600 ft below
land surface and extends to more than 1,000 ft below
land surface (Glancy, 1986, p 6)

Several reports suggest that at some locations,

a near-surface zone could exist 1n the uppermost part
of the shallow aquifer of Glancy (1986) Previous to
the Glancy (1986) report, Clyde-Criddle-Woodward
(1974) divided ground water 1n the Newlands Project
into three zones zone | extends from the top of satu-
rated sediments downward to a clay layer in the Sehoo
Formation, zone 2 1s beneath the Sehoo clay and con-
sists of stratified units including many other clay lay-
ers, and zone 3 1s the basalt described by Glancy
(1986) These zones are analogous to Glancy's (1986)
shallow, intermediate, and basalt aquifers, except that
zone 1 covers only the uppermost part of Glancy's
(1986) shallow aquifer

The Bureau of Reclamation (1987b, p 21) reports
that a shallow water table 3 to 5 ft below land surface
forms above clay of the Sehoo Formation during the
peak of the irrigation season, dropping to between 6 to
12 ft 1in depth after the irngation season Clay of the
Sehoo Formation 1s breached to depths greater than
30 ft where old channels of the Carson River now filled
with sand have eroded through 1t, allowing downward
flow (Marty Townsend, U S Soil Conservation Ser-
vice, oral commun , 1993)

About 10 mi south of Fallon, an impermeable
clay unit of the Sehoo Formation greater than 30 ft
thick 1s found at depths of 20 to 25 ft below land sur-
face (Lico and others, 1987, p 97) The clay impedes
downward ground-water flow They describe shallow,
itermediate, deep, and evapotranspiration zones in the

shallow aquifer, at this site CH2M Hill (1989, p 4-1)
also report a clay barrier controlling shallow ground-
water flow below the Fallon Indian Reservation near
the town of Stillwater, from 7 to 20 ft below land sur-
face

Morgan (1982) delineated seven hydrogeologic
units near the town of Stillwater in the upper 200 ft
of unconsolidated sediments From land surface
downward, the units as described by Morgan (1982,
p 24-27) are (1) two upper aquifers of sand from the
Fallon Formation and Carson River channel sediments,
(2) a confining bed of clay of the Sehoo Formation, (3)
an aquifer consisting of sand of the Wyemaha Forma-
tion, (4) a confining bed tentatively correlated to the
Eetza Formation, (5) a composite aquifer comprised of
several thin aquifers separated by thin confining beds,
and (6) a lower, poorly defined confining bed Thick-
nesses shown by Morgan (1982, pl 2) suggest that the
upper aquifers and confining bed extend to depths of
about 50 ft, which correspond to Glancy's (1986) shal-
low aquifer The remaining hydrogeologic units corre-
spond to Glancy's intermediate aquifer

Tokunaga and Benson (1991) describe a similar
sequence of aquifers and confining beds beneath the
Fallon Indian Reservation (pl 1) From the surface
downward, the sequence comprises a near-surface
aquifer having poor water quality from land surface to
about 16 ft deep, a massive unit of Sehoo clay from 16
to 60 ft deep, a sandy aquifer, having somewhat better
water quality than the near-surface aquifer, from 60 to
about 100 ft deep, and that correlates with the Wye-
maha Formation, a clay unit from about 100 ft to 160 ft
deep, and an irregular sequence of sand, clay, and silt
beds from 160 ft to 300 ft deep, correlative with the
Paiute Formation and grading to massive clay below
300 ft Again, the near-surface aquifer and confining
bed correlate with Glancy's (1986) shallow aquifer, and
the lower sequence cor-relates with Glancy's (1986)
intermediate aquifer

Olmsted and others (1984) also defined shallow,
intermediate, and deep ground-water flow systems 1n
studies of geothermal systems in the Soda Lake and
Upsal Hogback areas Their shallow system extends to
about 800 ft deep, represents flow 1n the Quaternary
alluvial deposits, and corresponds to Glancy's (1986)
shallow and intermediate aquifers Their intermediate
system extends from about 800 ft to about 4,200 ft in
depth, represents flow i semiconsolidated sediments
of Tertiary age, and corresponds to Glancy's (1986)
deep aquifer The deep system extends from about
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4,200 ft to about 20,000 ft deep and represents flow
Tertiary volcanic rocks and pre-Tertiary consohdated
rocks These depths apply specifically to the Soda
Lakes geothermal area, but the flow-system boundaries
are based on ages, lithologies, and hydrologic proper-
ties of geologic units that are found throughout the Car-
son Desert

Although the flow systems described by Olmsted
and others (1984) extend to greater depths than those of
Glancy (1986), the boundary between unconsolidated
Quaternary deposits and semiconsolidated Tertiary
deposits could be used to define the boundary between
Glancy's intermediate and deep aquifers throughout the
Carson Desert Because Glancy's deep aquifer was
described as alluvial, Tertiary volcanic rocks could rep-
resent a volcanic zone at the base of the deep aquifer
that 1s interbedded with an upper sedimentary zone of
the deep aquifer

The above descriptions show that, although other
aquifer systems can be delineated, Glancy's (1986)
description of aquifers in the Carson Desert 1s common
to most and 1s used 1n this report as the basis for con-
ceptual models of the ground-water flow system The
near-surface zone overlying clay units of the Sehoo
Formation can be an important refinement of Glancy's
(1986) shallow aquifer because interaction between the
surface-water and ground-water systems and evapo-
transpiration take place 1n this zone A detailed compi-
lation of lithologic and hydrologic data would refine
the boundaries of this near-surface zone and determine
its role 1n controlling shallow ground-water flow

Shallow Aquifer

On the basis of water chemistry, Glancy (1986,
p 41) defined the shallow aquifer to extend from the
water table, generally less than 10 ft below land sur-
face, to a depth of 50 ft Glancy (1986, p 41-46) noted
that water from the shallow aquifer 1s generally hard
(hardness greater than 70 mg/L dissolved CaCO3)
This contrasts with generally soft ground water (hard-
ness less than 25 mg/L dissolved CaCO3) 1n the inter-
mediate aquifer deeper than 50 ft below land surface
Using 1980 census data, Glancy (1986, p 33) esti-
mated that from 3,000 to 4,000 wells pumped water
from the shallow aquifer From 1985 to 1993, records
of the Nevada State Engineer show that an additional
300 wells were drilled into the shallow aquifer If
about 200 wells were drilled from 1980 to 1985, in
1993, as many as 4,500 wells could pump from the

shallow aquifer The Churchill County Health Depart-
ment maintains records of domestic wells but has not
tabulated the number of active wells (Richard Elloyas,
Churchill County Health Department, oral commun
1993)

The aquifer 1s characterized by abrupt changes n
lithology and water quality, both horizontally and ver-
tically These characteristics are inherited from the
constantly changing depositional environments during
Pleistocene time that produced a complex mixture of
river-channel, delta, flood-plain, shoreline, lake-bed,
and sand-dune deposits Because deltas of the Carson
River formed 1n the western part of the basin, sedi-
ments 1n the shallow aquifer are coarser to the west and
become increasingly finer toward the east

In general, near the center of the basin, sediments
of the Fallon and Sehoo Formations form the shallow
aquifer This generalization does not apply near the
perimeter of the basin where older formations of Qua-
ternary age are exposed (pl 3)

Glancy (1986, p 38) used data from about 430
wells 1n the shallow aquifer to show that the maximum
specific capacity 1s generally less than 50 gal/min for
every foot of drawdown east of Fallon, and 1s as high
as 70 gal/min for every foot of drawdown, although
variable, west of Fallon Glancy (1986, p 37) reports
that transmisstvities of the shallow aquifer also vary
greatly, ranging from less than 2,000 ft?/d to 15,000
ft2/d, and could be less than 2,000 ft2/d at many loca-
tions Using the relation applied by Glancy (1986, p
37) between specific capacity of a well and aquifer
transmissivity, data from 63 wells drilled since 1985
show that aquifer transmissivity 1s less than 2,000 ft%/d
at about 90 percent of the wells

Water-level altitudes 1n the shallow aquifer deter-
mined by Seiler and Allander (1993, pl 1) for 1992
are shown n figure 10 and show virtually the same
configuration determined by Glancy (1986, p 42) for
the period 1975 to 78 The contours show that shallow
ground water flows northeastward 1n areas north of
Fallon, with an average gradient of about 9 ft/m1, and
flows southeastward in areas south of Fallon, with an
average gradient of about 6 ft/m1 (Seiler and Allander,
1993, p 17) However, detailed studies have shown
that directions of shallow ground-water flow vary
greatly and are controlled locally by the presence of
canals and drains and by 1rrigation practices on individ-
ual fields (Lico and others, 1987, p 93, Lico, 1992,
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p 8) Also, Seiler and Allander (1993, p 17) indicate
that in the Carson Desert, faults can locally control the
configuration of the water table

The configuration of the water table in 1992
(fig 10) indicates that recharge from the Carson River
and irngated lands drives flow from west to east and
that the Carson Lake and Stillwater/Carson Sink areas
are locations of regional discharge of shallow ground
water Carson Lake receives flow from irrigated
lands to the northwest and flow from Bass Flat and
surrounding mountains from the south and east A
broad ground-water divide exists just east of the Naval
Aur Station near Fallon (fig 10) Springs south of Salt
Wells are higher than ground-water levels in the Carson
Desert, indicating that shallow ground water does not
flow east past the low topographic divide between
the Carson Desert and Salt Wells Basin (Seiler and
Allander, 1993, p 17) The Sullwater/Carson Sink
area receives flow from irrigated lands to the southwest
and from the Stillwater Range, indicating that the Still-
water Range 1s a barrier to eastward ground-water flow
in the shallow aquifer

Water-level fluctuations show that the shallow
aquifer 1s recharged by surface-water seepage during
the irrigation season Lico (1992, p 8) states that, even
near areas of ground-water discharge, canals and drains
recharge the shallow aquifer Water-level fluctuations
in the shallow aquifer closely match the seasonal
fluctuation 1n surface-water flow for wrrigation, but
decrease 1n amplitude and lag behind fluctuations 1n
surface-water flow with increasing distance from dis-
tribution channels and irrigated lands (Glancy, 1986,
figs 18-21)

Near irngated lands, seasonal water-level fluctu-
ations are generally greater than 2 ft and as much as 4
to 6 ft in amphitude However, few measurements of
ground-water fluctuations beneath irigated fields are
available, so the timing of seasonal water-level maxi-
mums directly beneath irngated fields 1s not well
known Near Carson Lake, Lico and others (1986,
fig 4) show that the vertical gradient within the shal-
low aquifer 1s downward during the irrigation season,
but that the gradient decreases and then reverses to
upward during winter months Water-level decline
during winter months 1s generally limited by the depth
of drains, which ranges from 4 to 8 ft below land sur-
face over most 1rrigated areas (Bureau of Reclamation,
1992a, p 12) During drought years, ground-water
levels drop below drain depths, and many drains cease
to flow In areas distant from stream channels and

urigated lands, seasonal water levels fluctuate from
0 5 to less than 2 ft (Glancy, 1986, p 39) Similar
ranges of fluctuations were measured 1n the Carson
Desert during 1992 (Seiler and Allander, 1993, p 14)

A large part of seepage losses from canals and lat-
erals, and percolation to the shallow aquifer beneath
irngated fields could take place through relict channels
of the Carson River, locally called "Fernley sand
stringer” channels These channels act as drains and
convey water considerable distances (Bureau of Recla-
mation, 1987b, p 21) Dollarhide (1975, p 27, 28)
mapped a Fernley Series soi1l, which consists of sand
channels to depths of 60 in below land surface in the
Fallon Formation (pl 3) The sand stringers produce
notable areas of decreased crop production during
times of drought, providing evidence that they are
zones of low water retention and could act as drains 1n
the near-surface zone of the shallow aquifer

Relict channels of the Carson River are also
found 1in deeper formations of Quaternary age Plate 3
shows channels formed during deposition of the Fallon
and Sehoo Formations as mapped by Morrison (1964,
pl 11) The channels mapped by Morrison (1964) are
generally larger than those mapped by Dollarhide
(1975) and thus could extend to greater depths Buried
channels similar to those mapped on the surface are no
doubt present beneath the valley floor The relict chan-
nels probably represent preferential zones of shallow
ground-water flow and are important avenues for distri-
bution of recharge to deeper aquifers

Seiler and Allander (1993, p 11-14) noted that
water-level changes from the mid-1970's to 1992 have
been small 1n most areas of the Carson Desert In both
the Sierra Nevada and the Carson Desert, precipitation
in 1979 and 1981 was normal or below normal In
1982 and 1983, precipitation was above normal, and,
since 1986, runoff from the Sierra Nevada has been
below normal Accordingly, water levels rose shightly
more than 2 ft from 1977 to 1984, followed by water-
level declines of about 1 ft in most areas and shightly
more than 4 ft in the Stillwater area from 1988 to 1992
Water levels in 1992 declined less than 1 ft in most
areas and more than 2 ft at one location about 5 m
northeast of Fallon compared with 1977 water levels

Water-level changes have been documented after
changes were made 1n the 1rrigation distribution sys-
tem About 13 mi south of Fallon, water levels were
about 4 ft higher in 1992 compared to the 1977 water
level, possibly because of increased use of a nearby
canal (Seiler and Allander, 1993, p 14) Water levels
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declined more than 10 ft from 1984 to 1992 adjacent to
the T-Line Canal after a I 5-mile section was lined with
concrete (Seiler and Allander, 1993, p 15) Thus,
changes 1n the use of irrigation canals can affect water
levels 1n the adjacent shallow aquifer

Intermediate Aquifer

The intermediate aquifer 1s estimated to store
about 2 5 million acre-ft of fresh ground water (Glancy,
1986, p 51), which makes 1t possibly the largest aqui-
fer containing potable ground water 1n the Carson
Desert Before the mid-1970's, water from the interme-
diate aquifer was not generally known to be suitable for
domestic use, and therefore, most domestic wells
tapped the shallow aquifer Glancy (1986, p 51),
reports that only about 100 wells tapped the intermedi-
ate aquifer in 1979 Data from drillers' logs stored in
USGS data bases show that from 1985 to 1993, more
than 500 wells were drilled into the intermediate aqui-
fer Thus, 1f 400 wells were dnlled into the intermedi-
ate aquifer from 1979 to 1985, as many as 1,000 wells
might exist that withdraw water from the intermediate
aquifer

The boundary between the shallow and interme-
diate aquifer was based on an observed change from
hard ground water 1n the shallow aquifer to soft ground
water n the intermediate aquifer, generally at depths of
about 50 ft below land surface (Glancy, 1986) How-
ever, Glancy (1986, pl 2) shows that ground water
west of Soda Lake in the intermediate aquifer 1s almost
as hard as that 1n the shallow aquifer (Glancy, 1986,
pl 1) This suggests that a distinct boundary between
the shallow and intermediate aquifers may not exist
west of Soda Lake or that 1t could be deeper than 50 ft

The boundary between the intermediate and deep
aquifers 1s also based on an observed change in water
quality The intermediate aquifer, as defined by Glancy
(1986), contains primarily fresh ground water, whereas
the deep aquifer contains more saline ground water
(Glancy, 1986, p 51) The boundary between the inter-
mediate and deep aquifers ranges from 500 to 1,000 ft
below land surface The large range given by Glancy
(1986) for the lower boundary of the intermediate aqui-
fer 1s caused by the lack of wells, and, thus, lack of data
on water quality deeper than 500 ft Lico and Seiler
(1994) report that water quahty at a depth of 1,700 ft
near the Naval Air Station, Fallon, 1s similar to nearby
wells 1n the intermediate aquifer Thus, the lower

boundary of the intermediate aquifer, as defined by
water quality, could be more than 1,000 ft below land
surface

As discussed previously, the boundary between
sediments of Quaternary and Tertiary age could also be
used to define the bottom of the intermediate aquifer
Because the Tertiary deposits are semiconsolidated to
consolidated, effective porosity and permeability of
these deposits are lower than those of the unconsol-
dated Quaternary sediments (Olmsted and others,
1984, p 25,26) Thus, ground water could move more
slowly through the Tertiary deposits, mcreasing the
time for ground water to react with aquifer materials
and increasing the resulting dissolved-solids concen-
tration of the ground water More data might determine
whether water quality changes as lithology and age of
the basin-fill deposits change If water quality depends
on the composition and age of basin-fill deposits, the
top of the Tertiary basin-fill deposits could be used to
define the bottom of the intermediate aquifer and delin-
eate the extent and volume of potable ground water n
the basin

The boundary between Quaternary and Tertiary
deposits 1s difficult to determine  However, it can be
distinguished by an increase 1n induration and amount
of reworked tuffaceous volcanic material or by fossils
found in dnll cuttings Such information, shown on
plate 1, 1s used to generate the geologic sections, shown
on plate 2, which indicate that the base of Quaternary
basin-fill deposits could be about 1,600 ft below land
surface near Soda Lake (pl 2, section A-A’), as deep
as 2,500 ft near the town of Stillwater (pl 2, section
B-B’), and could range in depth from 1,800 to possibly
2,500 ft below land surface near Carson Lake (pl 2,
section D-D’)

Glancy (1986, p 54) suggests that the upper part
of the intermediate aquifer correlates with deposits of
the Wyemaha Formation Morrison (1964, p 117)
states that this formation yields large amounts of pota-
ble water to wells from sandy gravel near the Carson
River west of Fallon Toward the center of the basin,
these deposits become more sandy Near Carson Lake
and Sullwater WMA, they become silty and clayey,
and yield small amounts of nonpotable water Most
wells drilled into the intermediate aquifer before 1980
were perforated from 90 to 120 ft deep (Glancy, 1986,
p 50) Glancy suggests that the consistent interval of
perforation indicates a zone of permeable materials in
this depth range
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Data from 544 wells drilled into the intermediate
aquifer since 1985 show that more than 90 percent
have open intervals of less than 10 ft This suggests
that drillers attempted to perforate wells near thin per-
meable zones Figure 11 shows the locations of wells
perforated from 50 to 200 ft deep since 1985 In gen-
eral, wells perforated from 50 to 80 ft below land sur-
face are west of Fallon (fig 11A) and wells perforated
from 80 to 200 ft below land surface are located 1n the
western part of the basin along the channel of the Car-
son River up to 5 mi southeast of Soda Lake (fig 11B)
The majority of wells near the center of the basin are
perforated from 80 to 140 ft below land surface No
wells were drilled 1n the intermediate aquifer near the
Stillwater or Carson Lake areas Zones of high perme-
ability in the intermediate aquifer and, thus, zones of
preferential ground-water flow could be present at
depths from 50 to 200 ft along the channel of the Car-
son River west of Fallon and from 80 to 140 ft near the
center of the basin

Glancy (1986, p 54) reports that transmissivities
1n the intermediate aquifer are generally less than
2,000 ft>/d The relation between specific capacity
of a well and aquifer transmissivity used by Glancy
(1986, p 37) was applied to data from drillers' logs
for 132 wells drilled since 1985 Just as reported by
Glancy (1986), aquifer transmissivity was less than
2,000 ft?/d at more than 90 percent of the wells

In the intermediate aquifer, water-level altitudes
measured by Glancy (1986, p 53) have a configuration
similar to that of the shallow aquifer Thus, ground
water 1n the intermediate aquifer flows n the same gen-
eral direction as that in the shallow aquifer However,
the horizontal gradient 1s not as steep as in the shallow
aquifer (Glancy, 1986, p 51)

In the intermediate aquifer, water-level fluctua-
tions also were shown by Glancy (1986, p 43) to
closely follow fluctuations in surface-water flow near
niver channels and major canals However, the ampli-
tude of the fluctuations was much less than 1n the shal-
low aquifer, usually less than 1 ft Few measurements
of water levels in the intermediate aquifer have been
made since the mid-1970's  Seiler and Allander (1993,
Appendixes 1 and 3) measured water levels at several
wells tapping the intermediate aquifer during 1992
These measurements show that water-level changes
from the mid-1970's to 1992 1n the intermediate aquifer
also were small West of Fallon and north of Soda

Lake, water levels declined as much as 3 ft In areas
distant from 1rrigation, water levels declined less than
1 ft, remained about the same, or rose less than 1 ft

Differences 1n water-level altitude between
potentiometric maps of the two aquifers (Glancy, 1986,
p 54) demonstrate potential for downward ground-
water flow from the shallow to the intermediate aquifer
1n the western part of the basin, and potential for
upward ground-water flow from the intermediate aqui-
fer to the shallow aquifer in the remainder of the basin
Areas having potential for upward and downward flow
between the shallow and intermediate aquifers are
shown on figure 12, although exceptions exist to this
general trend Ground-water ages, calculated by car-
bon-14 dating, show that water in the intermediate
aquifer 1s on the order of hundreds of years old west of
Soda Lake, slightly more than 1,000 years old near Fal-
lon, and several thousand years old more than about 5
mi northeast of Fallon (Lico and Seiler, 1994)

Glancy (1986, p 55) shows that water levels west
of Fallon are 10 ft higher 1n the shallow aquifer than in
the intermediate aquifer However, no value for the
gradient was calculated Vertical gradients near the
Soda Lake/Upsal Hogback area range from about 0 01
to 0 07 fuft for downward flow and from 0 02 to 0 2
ft/ft for upward flow (Olmsted, 1985, table 2) Near the
Stullwater WMA, except at one site just north of Still-
water Point Reservorr, vertical gradients reported by
Morgan (1982, pl 3) are upward and range from 0 03
to 0 2 ft/ft Data presented by Seiler and Allander
(1993, appendixes 1 and 3) allow calculation of vertical
gradients 1n 1992 similar to those calculated by Olm-
sted (1985) 1n the Soda Lake/Upsal Hogback area
Vertical gradients in 1992 ranged from O 1 to 0 09 fu/ft
in the downward direction about 2 m1 southwest of
Soda Lake and north of Rattlesnake Hill and were
about 0 16 ft/ft in the upward direction near the Naval
Aur Station, Fallon

Unpublished data (Frank Olmsted, written com-

mun , 1992) show that the vertical gradient in both the
downward and upward directions increases during wet
years, suggesting that a direct hydraulic connection
exists between the two aquifers The vertical gradient
1s thought to increase with depth in the intermediate
aquifer near the town of Stillwater (Morgan, 1982,
p 44) Franklin H Olmsted (U S Geological Survey,
written commun , 1992) states that both the magnitude
and direction of vertical flow 1n the intermediate aqui-
fer can change with depth
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Areally, few measurements of vertical gradient
exist between the area with a downward potential for
vertical flow and areas near Upsal Hogback, the town
of Stillwater, and Carson Lake where a potential for
upward flow has been documented by Olmsted (1985),
Morgan (1982), and Seiler and Allander (1993, pl 1)
However, vertical gradients are probably transitional
from downward to upward Additional data would
allow more precise determination of the direction and
magnitude of the vertical gradient and the location of
ground-water flow between the shallow and intermedi-
ate aquifer

Deep Aquifer

Information about the deep aquifer 1s mited by
the number of deep wells drilled in the basin  Glancy
(1986, p 60) states that the deep aquifer underlies the
entire basin at depths greater than 500 to 1,000 ft below
land surface and ranges from a few hundred feet to
greater than 8,000 ft in thickness Glancy (1986, p 60)
also states that the deep aquifer contains more than
1,000 mg/L and locally more than 5,000 mg/L dis-
solved solids

If a sedimentary zone of the deep aquifer corre-
lates with semiconsohdated sediments of Tertiary age,
dnll-hole data used to develop geologic sections on
plate 2 indicate that the depth to the sedimentary zone
could range from about a few hundred feet near the Hot
Springs Mountains to more than 3,000 ft near Carson
Lake Its thickness could range from 400 to more than
2,000 ft The base of the sedimentary zone of the deep
aquifer 1s poorly defined because the unit 1s interbed-
ded with underlying volcanic rocks of Tertiary age
The underlying Tertiary volcanic rocks could represent
a volcanic zone over 4,000 ft thick at the base of the
Tertiary sediments within the deep aquifer However,
additional data are needed to confirm this possibility

Basalt Aquifer

The basalt aquifer 1s the main source of water for
municipal wells of Fallon and the Naval Air Station,
Fallon, and for industrial use by Kennemetal, Incorpo-
rated Glancy (1986, p 10) showed the approximate
three-dimensional limits of the basalt aquifer, using
geophysical data and the locations of wells that tap the
aquifer (fig 12) The basalt that forms the aquifer 1s
exposed at Rattlesnake Hill It 1s found at depths of 400
to 600 ft to the south, west, and northwest of Rattle-
snake Hill, at depths of about 200 to 300 ft 5 mi north-

east of Rattlesnake Hill, but has not been encountered
by wells more than 700 ft deep south and east of Rat-
tlesnake Hill (Glancy, 1986, p 8, 10) Direct informa-
tion about the aquifer 1s limited to only 1ts shallowest
part because no wells tap the basalt to depths greater
than about 600 ft below land surface Geophysical data
show the approximate lateral extent of the basalt aqui-
fer at 600 ft below land surface, however, the data are
uncertain toward the northwest (Glancy, 1986, p 15)
Between 1,000 and 4,000 ft, the basalt decreases 1n lat-
eral extent to a vertical volcanic neck about 1 mi 1n
diameter

Basalt forming the aquifer ranges from dense,
fractured lava flows to basalt rubble and cinders in
zones between the flows Wells tapping the aquifer
produce more than 1,000 gal/min with about 3 ft of
drawdown, with little or no measurable drawdown at
nearby observation wells The unit as a whole has a
high transmisstvity, which ranges from about 4,000 to
170,000 ft*d (Glancy, 1986, p 15, 18)

In the mid-1970's, water levels in the basalt aqui-
fer indicated a nearly flat potentiometric surface at an
altitude ranging from 3,920 to 3,922 ft above sea level,
with possibly a small gradient toward the northeast
Lico and Seiler (written commun , 1993) present car-
bon-14 data for ground water 1n the basalt aquifer
showing that the estimated age increases from less than
4,000 years to about 8,000 years old toward the north-
east This also indicates flow in that direction Water
levels 1n both the shallow and intermediate aquifers
ranged from 30 ft above to as much as 20 ft below those
in the basalt aquifer in the mid-1970's  The distribution
of these water levels indicates a potential in the south-
western part of the basalt aquifer for recharge from the
shallow and intermediate aquifers, and a potential 1n
the northeastern part of the basalt aquifer for discharge
to the shallow and intermediate aquifers (fig 12)
(Glancy, 1986, p 18, 27)

Water-level fluctuations 1n the basalt aquifer
show annual declines caused by pumping 1n summer
months, followed by annual recoveries during winter
In the mid-1970's, the fluctuations ranged from 1 to 2
ft Seasonal fluctuation also was measured at wells
north of Rattlesnake Hill more than 5 m1 from heavily
pumped wells, indicating the high transmissivity of the
basalt Figure 13 shows a long-term decline of about
10 ft, from a pre-pumping altitude of about 3,927 ft
(Glancy, 1986, p 30) to about 3,917 ft in 1992 Thus,
the area with downward vertical gradient from the shal-
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Figure 11. Wells drilled in intermediate aquifer since 1985, grouped on basis of depth of open interval.
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Downward vertical gradient from shallow aquifer to
intermediate aquifers in late 1970's; beneath valley floor
outside this area, vertical gradient was upward from
intermediate aquifer to shallow aquifer in late 1970's and
1992 — Modified from Glancy (1986, fig. 26)

Downward vertical gradient from shallow and intermediate
aquifers to basalt aquifer in late 1970's — From Glancy
(1986, fig. 10)

1

Upward vertical gradient from basalt aquifer to shallow
and intermediate aquifers in the late 1970's — From Glancy
(1986, fig. 10)

—4,200—

Hydrographic area boundary — From Rush (1968)

Topographic contour — Shows altitude of land
surface. Contour interval, 1,000 feet, with
supplemental contour at 4,200 feet. Datum is
sea level

Extent of basalt aquifer at depth of 600 feet —
From Glancy (1986, fig. 2)

Well in basalt aquifer where water-level
fluctuations have been measured from 1971 to
1992 (see fig. 13)

Well where withdrawals are made from the basalt
aquifer for municipal and industrial use

46 Figure 12. Areal extent of basalt aquifer and directions of vertical gradient among shallow, intermediate, and

basalt aquifers.
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shown in figure 12

low and intermediate aquifer to the basalt aquifer 1s
probably larger than that determined by Glancy (1986)
n the mid-1970's, as shown on figure 12

Withdrawals from the basalt aquifer have
increased from about 1,700 acre-ft/yr in the 1970's to
about 3,000 acre-ft/yr in 1992 (Larry White, City of
Fallon, and Richard Fields, Naval Air Station, Fallon,
written commun , 1993) A relation developed by
Glancy (1986, p 30) between pumpage and head
decline 1n the basalt aquifer 1s 1n agreement with the
observed pumpage and water-level decline in 1992
(fig 14) These data support Glancy's (1986, p 30)
analysis and the relations among pumpage, recharge
to the basalt aquifer, pumping-induced recharge, and
discharge from the basalt aquifer

The continued decline of water levels in the basalt
aquifer, combined with only slight declines 1n water
levels 1n the shallow and intermediate aquifers, have
increased the potential for recharge from the shallow
and intermediate aquifers to the basalt aquifer

Basalt forming the aquifer was emplaced contem-
poraneously with the deposition of basin-fill sediments
of Quaternary age Thus, during high lake stands,
deposits directly in contact with the basalt were
probably well-sorted beach sands and gravel These
sedimentary deposits could provide conduits for

in well completed in basait aquifer Well location

recharge to the basalt aquifer Relict channels of the
Carson River could also be pathways for recharge from
the shallow and intermediate aquifers However, the
actual flow paths for recharge to the basalt aquifer
remain largely unknown

Geothermal Aquifers

Geothermal aquifers 1n the Carson Desert have
been 1dentified 1n the Soda Lake/Upsal Hogback area
(Olmsted and others, 1984), near Stillwater WMA
(Morgan, 1982), near Carson Lake (Katzenstein and
Bjornstad, 1987), and near Salt Wells (Geothermal
Resources Council, 1985) The geothermal flow
systems at Soda Lake/Upsal Hogback and Stillwater
WMA have been described 1n detail by Olmsted and
others (1975, 1984) and Morgan (1982) Total geother-
mal upflow beneath the floor of the Carson Desert
could be as much as 4,000 acre-ft/yr

Near Soda Lake, geothermal water rises from
depths of greater than 10,000 ft, into the intermediate
aquifer, and to within 65 ft of land surface Geothermal
water 1s then mixed with nonthermal water of the inter-
mediate aquifer and moves toward the Carson Sink
(Olmsted and others, 1984, p 1) Near Soda Lake,
upward flow of geothermal water 1s an estimated 800
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acre-ft/yr (Olmsted and others, 1984, p 31) Near
Upsal Hogback, an estimated 700 acre-ft/yr of geother-
mal water rises to about 800 ft below land surface,
where 1t then moves laterally through basalt flows asso-
ciated with Upsal Hogback (Olmsted and others, 1984,
p 2) The source of geothermal water at both areas 1s
ground water that was subjected to considerable evap-
oration before deep circulation (Olmsted and others,
1984, p 76) Near Soda Lake the period of circulation
1s estimated to be from 3,400 to 34,000 years, and geo-
thermal water was dated to be from 25,000 to 35,000
years old at Upsal Hogback (Olmsted and others, 1984,

p 2

In the Stullwater area, geothermal water also rises
from depths of greater than 10,000 ft, into both the
shallow and intermediate aquifers, to depths as shallow
as 30 ft below land surface (Morgan, 1982, pl 2) The
source of the geothermal water 1s probably local pre-
cipitation that was recharged along the front of the
Stillwater Range and that rises along fault conduits to
shallow depths (Morgan, 1982, p 88-89) Olmsted and
others (1975, p 96) estimate geothermal upflow to be
about 2,500 acre-ft/yr, whereas Morgan (1982, p 82)
estimates 1t to be about 1,400 acre-ft/yr

Much less 1s known about the geothermal sys-
tems near Carson Lake and Salt Wells Near Carson
Lake. geothermal water rises from depths of greater
than 8,000 ft upward into the deep and intermediate
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aquifers along fault planes to 1,000 to 1,500 ft below
land surface (Katzenstein and Bjornstad, 1987, p 17)
Near Salt Wells, a well tapped geothermal water at a
depth of 700 ft, but little else 1s known about the sys-
tem

WATER QUALITY

Surface-Water Quality

The quality of surface water 1n the irmigation dis-
tribution system does not change greatly below Lahon-
tan Dam until drain water enters the canal system
(Rollins, 1965, p 8) The dissolved-solids concentra-
tion of water leaving Lahontan Reservoir ranges from
150 to 500 mg/L, generally increasing during lower
flows and decreasing during higher flows (Lico, 1992,
p 16, Rollins, 1965, p 10) Rollins (1965, p 9)
reported no measurable increase 1n dissolved-solids
concentrations in the S-Line Canal as far as 5 mi east of
Fallor, and only small increases 1n dissolved solids in
the L-Line Canal until downstream from U S Route
95 Rollins (1965, p 10) also noted that water in drains
near the center of irrigated lands was only slightly
higher in dissolved-solids concentration than in canals
However, a rapid increase in dissolved-solids concen-
tration was noted in drains nearer to the Carson Lake,
Sullwater WMA, and Carson Sink areas More recent
work by Sertic and others (1988, p 47) shows a similar
distribution of dissolved solids in the L-Line Canal
during 1986 Hoffman and others (1990, p 29) note
about a nine-fold increase in dissolved solids from
Lahontan Reservoir to the Stillwater WMA

The quality of water in drains near the ground-
water discharge areas of the Carson Sink, Stillwater
WMA, and Carson Lake 1s generally poor Tabael
(1991, p 46) suggests that the water quality of the
nearby shallow aquifer has an effect on the quality of
drain water Hoffman (1994) suggests that deeper
drains generally intercept a greater proportion of shal-
low ground water and have higher dissolved-solids
concentration than shallower drains Newly 1nstalled
drains are noted to have poor water quality (Bureau of
Reclamation, 1987c, p 19, Rollins, 1965, p 8, CH2M
Hill, 1989, p 4-35) The authors of these reports spec-
ulate that water quality will improve over time as 1rT1-
gation leaches salts from soils and drives poor-quality
ground water toward drains

The Bureau of Reclamation (1987c¢, fig 5) reports
that the dissolved-solids concentration 1n drain water
on the Fallon Indian Reservation ranges from about
500 to 800 mg/L 1n the Paiute Drain and from about
8,000 mg/L to 16,000 mg/L in the TJ Drain Lico
(1992, p 14) reports that drain water entering Stillwa-
ter WMA contained from 300 to 120,000 mg/L dis-
solved solids and that concentrations of arsenic, boron,
and uranium commonly exceeded Nevada drinking-
water standards or criteria for agricultural use and ben-
eficial use by wildhife Hoffman and others (1990,

p 36-37) report selenium concentrations 1n surface
water near Stillwater WMA were below the detection
himit, however, the Bureau of Reclamation (1987¢,

p 2) report concentrations as high as 24 pg/L near the
Fallon Indian Reservation Dissolved mercury in sur-
face water ranged from less than 0 1 to 1 1 ug/L near
Stullwater WMA (Hoffman and others, 1990, p 36)
Rollins (1965, p 9) reports a maximum dissolved-
solids concentration of 5,000 mg/L 1n the Carson River
upstream from the Carson Sink Rowe and others
(1991, p 96-97) report maximum dissolved-solids con-
centrations of 2,000 to 3 000 mg/L for drains entering
Carson Lake

The quality of water flowing in drans fluctuates
seasonally Rollins (1965, p 10) notes that the concen-
tration of dissolved solids was low during 1rmigation
months, increasing sharply at the end of irrigation, and
continuing to increase until the start of irrigation in the
following spring Similar seasonal fluctuations, along
with large daily fluctuations in dissolved-solids con-
centrations, have been measured more recently by
Rowe and others (1991, p 16), Lico (1992, p 15), and
Tokunaga and others (1990) Drain flow during the
1rrigation season contains water from operational
spills, irngation return flow, and ground-water seepage
During the non-1rrigation season, ground-water seep-
age supplies drain flow (Hoffman, 1994) Ground
water near the discharge areas of the basin 1s generally
high 1n dissolved solids, increasing the dissolved-
solids concentration of drain water during the non-
irngation season Lico (1992, p 18) estimates that
ground water contributes about 30 percent of the
dissolved-solids load 1n the TJ Drain

Rollins (1965, p 14) also noted that during a
period of three drought years, dissolved-sohds concen-
tration increased markedly after the end of 1rmgation
He suggested that decreasing drainage flow by chang-
ing water use and Project efficiency could produce sim-
tlar decreases 1n the water quality in drain flows leaving
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irrigated lands  Given the large daily fluctuations n
dissolved solids noted in drain flow, continuous records
at the same location could have determined whether
similar increases in dissolved solids took place during
the most recent drought These data do not exist Con-
tinued water-quality monitoring of drain flow would
increase the understanding of how quality might
change with changes 1n water use

The load of dissolved solids leaving 1rrigated
lands of the Carson Division was estimated by Clyde-
Criddle-Woodward (1971, p 27) to be about 1 ton/acre
during 1966 Recent measurements by Lico (1992, p
19) showed that the load of dissolved solids from indi-
vidual drains entering Stillwater WMA ranges from 3
to 50 ton/d with a total of about 122 ton/d 1n 1989
Hoffman (in press) showed that TJ and Hunter Drains
supplied about 28 percent of the total load, although
they supplied only about 5 percent of the flow volume

Ground-Water Quality

Ground water 1n the Carson Desert varies greatly
i composition and quality, ranging from a dilute cal-
ctum bicarbonate type n the western part of the basin
and beneath 1rrigated lands, to a saline, sodium chlo-
ride type beneath areas of ground-water discharge near
Carson Sink, Stillwater WMA, and Carson Lake (Lico
and Seiler, 1994)

Processes controlling ground-water quality in the
Carson Desert have been ongoing for many thousands
of years Prior to the Newlands Project, large volumes
of fresh water carrying sediments and dissolved solids
from the Carson River annually flooded the western
part of the basin Before diversion of this water for 1rr1-
gation, most surface-water flow was restricted to the
main natural channels of the Carson River Some water
was lost to seepage 1n the western part of the basin, but
most probably flowed to the Carson Sink, Carson Lake,
and Stillwater areas and was lost to evaporation, leav-
ing behind the dissolved solids Water lost to seepage
was discharged by transpiration and evaporation,
resulting 1n an accumulation of dissolved solids in the
sotl profile and 1n the shallow aquifer The distribution
of sulfate, chloride, and alkalinity in the shallow aqui-
fer under these conditions was documented by Stabler
(1904)

Stabler (1904) documented the distribution of
chlonide (an indirect measure of the dissolved-solids
concentration) 1n the shallow aquifer He shows that,

in the western part of the basin, near the center of the
basin, and along channels of the Carson River, shallow
ground water contained less than 1,000 mg/L of chlo-
ride Between the river channels 5 to 6 mi1 downgradi-
ent from Fallon, concentrations increased to more than
5,000 mg/L and increased to more than 10,000 mg/L
near Carson Lake, more than 25,000 mg/L near Still-
water WMA, and more than 50,000 mg/L near the
Carson Sink

The natural processes controlling water quality
were altered by 1rmigation for the Newlands Project
Today, under normal flow conditions, large volumes of
water seep from distribution canals and irmigated fields
on the western and central parts of the basin, driving
subsurface ground-water flow toward drains installed
for the Project and toward ground-water discharge
areas in the northern, eastern, and southern parts of the
basin

However, the overall distribution of dissolved
solids 1n ground water shown by Lico and Seiler (1994)
1s similar to that shown by Stabler (1904) Dissolved-
solids concentrations 1n the shallow and intermediate
aquifers are generally less than 1,000 mg/L within 5 to
6 m1 downgradient from Fallon More than 5 to 6 mi
downgradient from Fallon, concentrations increase to
more than 1,000 mg/L and to more than 10,000 mg/L
near discharge areas

Water-quality characteristics distinguishing the
shallow, intermediate, and deep aquifers have been
described 1n previous sections Welch and others
(1989, figs 35A-D) described the general distribution
of water quality in comparison with drinking-water
standards for the State of Nevada They show that con-
centrations of sulfate, chloride, fluoride, and dissolved
solids exceed standards near the Upsal Hogback, Still-
water WMA, and Carson Lake areas, north, east, and
south of a radius about 9 to 10 mi1 from Fallon Stan-
dards for arsenic and manganese are exceeded at sites
throughout the Carson Desert and standards for iron are
exceeded 1n areas generally west of U S Route 95
(Welch and others, 1989, fig 35E-G) Proposed stan-
dards for uranium are exceeded most commonly 1n the
shallow aquifer near ground-water discharge areas
(Lico and Seiler, 1994)

The rise in water levels from 1rrigation has caused
previously unsaturated sediments to become saturated,
changing the geochemical environment Processes
associated with saturation of previously unsaturated
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sediments may be the cause of high concentrations of
iron, manganese, and uranium in the Carson Desert
(Lico and Seiler, 1994)

The following sections describe water quality of
the individual aquifers 1n greater detail

Shallow Aquifer

Water quality changes greatly in the shallow aqui-
fer from west to east Dissolved-solids concentrations
in the shallow aquifer range from less than 250 mg/L
west of Fallon to more than 1,000 mg/L east of Fallon
(Glancy, 1986, pl 1), more than 40,000 mg/L near
Carson Lake (Lico and Seiler, 1994), and more than
90,000 mg/L near Stillwater (Lico, 1992, p 20)

Lico and Seiler (1994) have shown that shallow
ground water has a median pH of 7 4 and substantiate
Glancy's (1986) statement that ground water 1n the
shallow aquifer 1s generally hard, contrasting with
water 1n the intermediate aquifer that has a higher pH
and 1s soft Concentrations of dissolved arsenic gener-
ally exceed the drinking-water standard for the State
of Nevada, and range from less than 50 pg/L to over
150 pg/L (Glancy, 1986, pl 1)

Superimposed on these general trends, water
quality within the shallow aquifer has been shown to
vary dramatically over short distances both lateraily
and vertically Glancy (1986, p 50) attributes this vari-
ation to the uneven redistribution of naturally occurring
salts 1n the soi1l profile that have been flushed laterally
and vertically by irmigation  The complex lithology of
the shallow aquifer has influenced the redistribution of
these salts and produced the present distribution of
water quality Lico and Seiler (1994) and Lico and oth-
ers (1987) note that these abrupt changes are also, 1n
part, controlled by proximity to canals, drains, irngated
fields, and by evapotranspiration

Water quality of the shallow aquifer near areas
of ground-water discharge 1s generally unacceptable
for human consumption, commonly exceeding drink-
ing water standards for the State of Nevada for some
constituents Near Stillwater WMA concentrations of
dissolved solids, arsenic, and uranium exceeded drink-
ing-water standards for the State of Nevada and criteria
for agricultural use and beneficial use by wildlife  dis-
solved-sohds concentrations ranged from about 13,000
to 70,000 mg/L, arsenic concentrations 1anged from
37 to 730 pg/L, boron concentrations ranged from
22,000 to 120,000 pg/L, uranium concentrations
ranged from 16 to 950 pg/L, and both mercury and

selenium concentrations were below detection fimuts
(Hoffman and others, 1990, p 32-39) Near the Fallon
Indian Reservation, dissolved-solids concentrations
ranged from 23,000 to 109,000 mg/L (Tokunaga and
others, 1990, p 13), concentrations of arsenic, boron,
and manganese all exceeded standards for drinking
water or recommended standards for agricultural crops
(Tidball and others, 1991, p 18) Near Carson Lake,
concentrations of dissolved solids, sulfate, arsenic,
boron, manganese, and uranium exceeded existing and
proposed standards for drinking water and agricultural
use Measured concentrations were dissolved solids,
25,000 to 49,000 mg/L, sulfate, 5,600 mg/L, arsenic,
61 pg/L, boron, 22,000 pg/L, manganese, 1,500 ug/L,
and uranium, 310 pg/L (Hoffman and others, 1990,

p 116, Lico and Seiler, 1994)

Intermediate and Deep Aquifers

Ground water 1n the intermediate aquifer 1s gen-
erally of acceptable quality for human consumption
beneath inhabited areas near Fallon The area where
water quality 1s acceptable extends at least 12 mi west-
northwest of Fallon and at least 10 m1 north-northeast
of Fallon along the Carson River, but perhaps only
about 5 m1 to the southeast of Fallon (Glancy, 1986,

p 54) Within this area, the concentration of dissolved
solids ranges from about 100 up to 1,000 mg/L In
areas distant from Fallon, dissolved-solids concentra-
tions are about 6,000 mg/L near Soda Lake, from 1,000
to about 5,000 mg/L near Upsal Hogback, from 4,000
to 8,000 mg/L near Stillwater WMA, and about 1,000
mg/L. 2 m1 north of Carson Lake (Lico and Seiler,
1994) No samples from the intermediate aquifer
directly beneath Carson Lake have been analyzed

As discussed previously, water in the intermedi-
ate aquifer 1s generally soft except west of Soda Lake
The pH of the intermediate aquifer 1s higher than that
of the shallow aquifer, with a median value of 9 | near
Fallon (Lico and Seiler, 1994) Concentrations of dis-
solved arsenic are generally less than 25 ug/L. west of
Fallon, increasing to more than 150 pg/L beneath and
southeast of Fallon, and range from 2 to 1,400 pg/L
near Stillwater WMA (Glancy, 1986, pl 2, Rowe and
others, 1991, p 190) State of Nevada drinking-water
standards for manganese are exceeded at several loca-
tions near and west of Fallon, and standards for dis-
solved solids and chloride are exceeded near Upsal
Hogback, Stillwater WMA, and Carson Lake (Lico and
Seiler, 1994)
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Little 1s known about the quality of water in the
deep aquifer Glancy (1986, p 21) infers that 1t 1s prob-
ably mostly saline, based on 1ts electrical resistivity
near the basalt aquifer He further states that dissolved-
solids concentrations are probably greater than 1,000
mg/L n all parts of the aquifer, may average about
5,000 mg/L, and locally could greatly exceed 5,000
mg/L

Basalt Aquifer

Ground-water quality in the basalt aquifer 1s dis-
tinctively different from the sedimentary aquifers, and
its characteristics vary over a much narrower range It
1s a sodium bicarbonate chloride water with concentra-
tions of dissolved solids ranging from about 300 to
almost 700 mg/L It has a median pH of 9 3, and 1s uni-
formly soft with a hardness from 3 to 11 mg/L (Glancy,
1986, table 5) Both of these characteristics are similar
to those in the intermediate aquifer Arsenic concentra-
tions exceed drinking-water standards for the State of
Nevada and range from about 70 to over 140 pg/L

Glancy (1986, p 20) noted that concentrations
of dissolved solids, sodium, alkalinity, chloride, and
boron increase from the southwest to the northeast in
the basalt aquifer Glancy (1986, p 20) used this as
evidence for flow in that direction, as also suggested
by water-level data

Glancy (1986) suggests that ground water in the
basalt aquifer represents a blend of fresh and saline
water, possibly caused by mixing of saline water from
the deep aquifer and fresh water from the intermediate
aquifer If the salimity of the deep aquifer ranges from
1,500 to 10,000 mg/L, ground water 1n the basalt aqui-
fer could represent a blend of 73 to 96 percent water
from the intermediate aquifer and 27 to 4 percent water
from the deep aquifer, respectively (Glancy, 1986,

p 2h)

Data from 1962 to 1992, which are discussed
later, suggest that chloride and arsenic concentrations
in the basalt aquifer are increasing near areas of pump-
ing The source of chloride and arsenic 1s assumed to
be inflow of water from the surrounding aquifers

Existing wells 1n the basalt aquifer and in nearby
sedimentary aquifers extend to only 500 to 600 ft
below land surface and data on water quality deeper in
the aquifer do not exist Continued use of the basalt
aqutfer for public supply could be mited 1f nonpotable
water 1s present at depth within the aquifer Water-
quality data for depths greater than 500 ft in and near

the basalt aquifer would determine the amount of pota-
ble water available 1n the basalt aquifer and refine the
understanding of recharge mechanisms to the basalt
aquifer

Geothermal Aquifers

Dissolved-solids concentration 1n geothermal
water near the Soda Lake/Upsal Hogback area ranges
from 4,000 to 6,000 mg/L (Olmsted and others, 1984,
p 143) In the Stillwater area, geothermal water 15
more dilute than ground water 1n the shallow and inter-
mediate aquifers, having an average dissolved-solids
concentration of about 4,000 mg/L (Morgan, 1982,

p 53) Inboth areas, geothermal water 1s distinguished
by higher concentrations of silica and, at some sites,
fluoride when compared with non-geothermal water
(Olmsted and others, 1984, table 17, Morgan, 1982,
table 7, Lico and Seiler, 1994)

Variation in Quality

In this section, variations in ground-water quality
are statistically analyzed to (1) determine if 1rmigation
has measurably affected ground-water quality,

(2) evaluate the existing data set for its usefulness in
determining the potential effects of reduced 1rrigation
on ground-water quality, and, if possible, (3) estimate
the potential effects of reduced irrigation on ground-
water quality Presumably, changes in the quantity of
water applied for irngation would affect water quality
in the shallow aquifers to a greater degree and more
quickly than water 1n the deeper aquifers Because
water 1n the shallow aquifer system 1s the primary
source of recharge to the deeper aquifers, any changes
in the shallow ground-water quality may lead to
changes in the other aquifers

To determine the effects of wrrigation, the basin
was divided nto four hydrologic zones that are thought
to have similar dominant processes controlling ground-
water flow and quahty In and near irmigated lands, the
shallow ground-water flow system 1s thought to be
dominated by the process of downward and lateral
flushing by fresh surface water Areas of ground-water
discharge are thought to have dominantly upward
ground-water flow, and processes controlling water
quality are thought to be dominated by evaporative
concentration Upgradient from ground-water dis-
charge areas and away from irrigated lands, ground-
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water flow 1s thought to be dominantly lateral, although
the water quality can nonetheless be affected by evapo-
transpiration

The four hydrologic zones are (1) irrigated areas
having dominantly lateral ground-water flow (termed
lateral-flow/irrigated areas), (2) non-trrigated areas
having dominantly lateral flow (lateral-flow/non-1rri-
gated areas), (3) wrrigated areas where ground-water
discharge dominates (discharge/irngated areas), and
(4) non-irngated areas where discharge dominates
(discharge/non-imigated areas) The irrigated and non-
irngated areas, and overlapping lateral-flow and dis-
charge areas, are shown 1n figure 15 Because data on
vertical gradients are sparse, marshlands depicted on
USGS 1 100,000-scale Fallon and Carson Sink quad-
rangle maps were used to delineate the ground-water
discharge areas The irnigated areas shown in figure 15
are generalized from digital data obtained from the
Bureau of Reclamation (fig 1) and include small, 1so-
lated tracts that are not irrigated but are surrounded by
irrigated lands

Existing water-quality data for wells 1n each zone
were statistically analyzed to determine 1f significant
differences (as defined in following section) 1n ground-
water quality were discernible Also analyzed were
water-quality differences for depth zones within the
shallow aquifer, between the shallow and intermediate
aquifers, before and after large-scale Project irrigation
began in the early 1900's, and 1n the basalt aquifer from
the early 1960's to 1992

Three approaches that might yield useful infor-
matton about the effects of irrigation on the shallow
ground-water quality have been considered First,
shallow water quality within the four hydrologic zones
1s compared because differences in water quality
between irrigated and non-trmigated areas may reflect
the effects of irrigation A second approach would be
to compare water quality beneath irmgated land during
a period of reduced irrigation-water deliveries with
water quahity during more typical periods The number
of multiple analyses from individual wells, however, 1s
not sufficient for a statistical comparison using this
approach The third approach 1s a comparison of water
quality 1n the shallow aquifer before and after wide-
spread Project irrigation began, because the removal of
irngation water presumably would eventually lead to
water-quality conditions similar to those present prior
to widespread 1rrigation

The data set used 1n this analysis 1s that stored 1n
the USGS National Water Information System data
base, largely assembled by the Carson Basin National
Water-Quality Assessment (NAWQA) Program of the
USGS (Welch and others, 1989, Whitney, 1994) The
data include samples analyzed by the USGS, the
Nevada State Health Services Laboratory, and private
laboratories since about 1975, and data collected and
analyzed by Stabler (1904) prior to widespread Project
rrigation

Constituents selected for comparison are calcium,
sodium, sulfate, chloride, arsenic, iron, and manga-
nese, along with dissolved-solids content Concentra-
tions of these constituents and of dissolved solids can
be used to delineate the effects of evapotranspiration
and oxidation-reduction reactions on ground-water
quality 1n the Carson Desert

The major constituents—sodium, calcium, sul-
fate, and chloride—dominate the dissolved solids 1n
the shallow aquifers and are largely affected by evapo-
rative concentration (Lico and Seiler, 1994) The
other constituents discussed, which are present at
much lower concentrations, are included because they
are important 1n relation to Nevada drinking-water
standards and are in solution primarily as a result of
oxidation-reduction reactions rather than evaporative
concentration Oxidation-reduction, or redox, reac-
tions occur when one or more electrons move from one
atom to another, and the reactions are affected by the
amount of oxygen dissolved in ground water The
resulting change in oxidation state of some elements,
such as 1ron and manganese, greatly affects their solu-
bility in water Iron and manganese are only sparingly
soluble 1n water containing oxygen, whereas higher
concentrations are common 1n water containing little or
no oxygen The presence of moderate to high concen-
trations of these two metals can be taken as evidence of
chemically reduced conditions Oxides of these met-
als, which are commonly present as coatings on aquifer
sediments, can act as a host for sorbed arsenic The
arsenic can be released to ground water either through
dissolution of the oxides or by desorption (Welch and
Lico, 1988)

Display of Water-Quality Data and Statistical Analysis

Boxplots are used to display the large number of
data points included in this analysis Boxplots, like
those 1n figure 16, display summary statistics regarding
the distribution of reported concentrations (Tukey,
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1977, p 39-41) The staustical components are repre-
sented visually by features known as "boxes" and
"whiskers " The box defines the spread of the middle
50 percent of the data (concentrations that he between
the 25th and 75th percentlles) The median value (the
50th percentile) 1s shown by a horizontal line within the
box Vertical lines, which extend from the ends of the
box to the maximum and mimimum values, are called
whiskers

Nonparametric rather than parametric statistics
are presented because water quality and other environ-
mental data commonly do not, or cannot, be proved to
fit some known and common numerical distribution
Additionally, extreme values are common 1n water-
quality data Extreme values can greatly affect esti-
mates using parametric statistics Nonparametric
approaches use data ranks rather than actual values and
do not require any assumptions regarding the numeri-
cal distnibution of the data Nonparametiic approaches
also avotd problems with extreme values that can
greatly influence estimates of central tendency Non-
parametric tests are only slightly less efficient than
parametric approaches when the data are normally dis-
tributed, and are more efficient when the data are not
normally distributed (Hollander and Wolfe, 1973,p 1)

For a comparison of medians, or central tendency,
the Mann-Whitney U-test (Conover, 1980) 1s used
The Mann-Whitney test yields a test statistic called a
p-value For the purposes of this report, the difference
between median values 1s considered to be statistically
significant only 1if the p-value 1s less than0 1 The
confidence level 1s equal to one minus the p-value,
expressed as a percentage Accordingly, a p-value of
0 1 1s equal to a 90-percent confidence level Compar-
1sons of groups of data are reported only when five or
more values are present for each group

The Mann-Whitney test allows comparison of
medians (1) among the four hydrologic zones for the
shallow and intermediate aquifers, (2) between the
shallow and intermediate aquifers, and (3) for the
shallow aquifer before and after widespread irrigation
began 1n the early 1900's

Results of the Mann-Whitney U-tests are dis-
played using schematic diagrams that are map and
cross-sectional views of the hydrologic zones and aqui-
fers delineated 1n the Carson Desert In the map-view
diagrams (such as fig 17), arrows indicate constituents
having median concentrations that are significantly
higher in the zone where they are listed than 1n the zone

from which the arrow originates In the cross-sectional
diagrams (fig 22), comparisons are made between the
shallow and intermediate aquifers, with constituents
having significantly higher median concentrations in
the aquifer where they are listed than in the other aqui-
fer

The data include multiple analyses for some
wells To avoid statistical bias toward such wells, only
the most recent analyses are used in comparisons of the
hydrologic zones Simularly, in areas with closely
spaced wells, the analytical results for only one of the
wells are included in comparisons among aquifers and
hydrologic zones The most recent analysis since 1975
1s used because analytical precision and accuracy gen-
erally have improved Major-10n analyses were not
used if the absolute value of the difference between the
milliequivalents per hiter of the cations and anions,
divided by the sum of the two, 1s greater than 10 per-
cent

Statistical evaluation of water-quahty data for
time trends used the program ESTREND (Schertz and
others, 1991), which produces a p-value for the Mann-
Whitney test (Kendall, 1975) This method 1s a non-
parametric approach The data for the basalt aquifer
include results of analyses for samples collected from
about 1962 through 1992 For the few sites where
more than one analysis 1s available for a single year, the
median value was used

Comparison of Present-Day Water Quality in the
Hydrologic Zones

The comparison of ground-water quality in the
shallow aquifer beneath the four hydrologic zones
1s based on the assumption that ground water in the
uppermost 50 ft beneath the irnigated land was
recharged by irmigation To test this assumption, com-
parisons were made of water quality from wells tap-
ping different depth ranges within 50 ft of the land
surface beneath the lateral-flow/irmigated zone The
comparisons suggest that water from wells tapping the
upper 20 ft below land surface has median concentra-
tions similar to water from wells tapping depths from
20 to 50 ft below land surface An exception 1s arsenic
concentrations, which are significantly higher in the
uppermost 20 ft Thus, the water from land surface to
depths of 50 ft has probably had a similar genesis and
1s presumably a product ot recharge by trrigation water
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Median concentrations of most of the selected
constituents are generally higher in the discharge zones
than in the lateral-flow zones (figs. 16, 17). Higher
concentrations are expected because water in the dis-
charge zones is affected to a greater degree by evapora-
tive concentration (Lico and Seiler, 1994).
Additionally, upflow from the intermediate aquifers
beneath the discharge zones contributes water with
higher dissolved-solids concentrations than the irriga-
tion water. The higher arsenic, iron, and manganese
concentrations are likely a result of low dissolved-oxy-
gen concentrations, causing dissolution of iron and
manganese oxides.

 Lateral-flow/
~ Irrigated zone

Of the selected constituents, only chloride has
significantly different median concentrations within
the two lateral-flow zones of the shallow aquifer, with
higher medians in the non-irrigated areas (fig. 17).
Otherwise, water quality in the lateral-flow/non-irri-
gated zone appears similar to that in the lateral-
flow/irrigated zone. This suggests that irrigation has
lowered chloride concentrations in the irrigated zone,
possibly due to dilution. If this conclusion is correct,
then irrigation has had only a minor effect on the over-
all water quality in the shallow aquifer.

Among data for the two discharge zones, only
manganese has significantly different median concen-
trations (fig. 17). However, only five analyses are

Ca, Na, Cl. SO, DS
As, Fe, Mn

[ ca, Na, CI, SO., DS
As 5

‘ Ca; Na, CI, SOQ, DS
As, Fe

Figure 17. Differences in ground-water quality in shallow aquifer beneath four hydrologic zones after
about 1975. Median concentrations of dissolved solids and indicated constituents are significantly
higher statistically in labeled zones than in zones from which arrow points. As, arsenic; Ca, calcium;
Cl, chloride; DS, dissolved solids; Fe, iron; Mn, manganese; Na, sodium; SOy, sulfate.
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available for the discharge/imigated zone, making any
conclusions based on this comparison tenuous The
higher manganese concentrations in the discharge/non-
irngated zone may reflect a greater influence of upflow
from the intermediate aquifer that contains little or
no oxygen More samples obtained from the dis-
charge/irngated zone would provide a firm basis for
this conclusion

The conclusion that irrigation has had only a
minor effect on water 1n the shallow aquifer could be
complicated by differences between the two lateral-
flow zones The lateral-flow/irrigated zone 1s generally
closer to surface-water sources of recharge, and soils
with extremely low permeabilities may have been
unsuitable for crop production Thus, recharge within
the 1rrigated zone may be associated with more perme-
able deposits to a greater degree than within the non-
irmngated zone

To evaluate the possible associations of water
quality with permeabulity, data for areas with high and
low permeability in the Fallon Formation (pl 3) were
compared 1n all four hydrologic zones The median
arsenic concentration in wells located where less per-
meable sediments are exposed 1s higher than in wells
located where more permeable sediments are exposed
No other selected constituent has statistically different
median concentrations in the two groups of analyses

Near-surface channel deposits mapped by Morri-
son (1964) also indicate the presence of sediments with
relatively high permeabilities Median concentrations
of selected constituents 1n ground water less than 30 ft
below land surface were grouped by determining
whether a well 1s underlain by a mapped channel
deposit The 30-ft depth was arbitrarily chosen as an
estimate of a reasonable limit for the thickness of chan-
nel deposits In the lateral-flow/irrigated zone, how-
ever, less than five sampled wells are at locations
underlain by channel deposits Additional samples
obtained from channel deposits would provide a means
to evaluate thetr effect on the distribution of water
quality

Water Quality Before and After Widespread Project
Irrigation Began

A complicating factor in the comparison of water
quality before and after widespread Project irrigation
began 1s that the same wells were not sampled before
and after the onset of irrigation (fig 15) The statistical
effect of the two sets of sample locations cannot be
determined Nonetheless, a few differences 1n the

distnbution of the sampled wells may be pertinent
First, a greater proportion of the pre-irmgation sites
were near the Carson River in the lateral-flow zones
Because the dilute water of Carson River was a major
source of recharge to the shallow aquifer prior to irriga-
tion, the older data might be expected to represent sam-
ples with lower concentrations than the more recent
data Second, many of the wells sampled before New-
lands Project irngation n the discharge/irrigated zone
are near the town of Stullwater (fig 15A), compared
with a more evenly distributed set of wells sampled n
that zone after the onset of wrigation (fig 158) Third,
at the time the Newlands Project began, about 1903,
approximately 14,000 acres were already under culti-
vation (Lee and Clark, 1916, p 670) Therefore, some
of the water sampled by Stabler (1904) may have
already been affected by irngation Samples collected
prior to widespread irrigation were analyzed for sul-
fate, chlonide, and dissolved sohids (Stabler, 1904)

A comparison of median concentrations of sul-
fate, chloride, and dissolved solids prior to Project irri-
gation indicates differences between the four zones at
that time (figs 18, 19), including higher sulfate and dis-
solved-solids concentrations 1n the lateral-flow/irri-
gated zone compared to the lateral-flow/non-1rrigated
zone In contrast, post-irrigation data are not signifi-
cantly different, except for chlonde (fig 17) Higher
concentrations prior to widespread irrigation imply that
sulfate and dissolved solids in the lateral-flow zone
decreased in response to irrigation practices (fig 20A)
The median suifate, chloride, and dissolved-solids con-
centrations prior to widespread irrigation are greater in
both discharge zones than 1n the two lateral-flow zones
(fig 19) Data collected after widespread irrigation
began generally indicate the same relations

The comparisons suggesting that sulfate has
decreased since the onset of irrigation have the comphi-
cating factor that the sampling and analysis technques
reported by Stabler (1904) might not be directly com-
parable to those presently used Of particular concern
1s that most samples used for evaluation of current con-
ditions were filtered prior to analysis, whereas the pre-
irngation samples almost certainly were not  Unfil-
tered samples may produce greater values if samples
contain suspended material Therefore, even if the ana-
lytical techniques produce comparable results, the ear-
lier samples could contain maternal that would not pass
through the filters currently being used

Ground-Water Quality 59



60

EXPLANATION

43 Number of analyses

— Maximum

— 75th percentile
- — 50th percentile (median)
1 25th percentile

—— Minimum

1v0001000 F ] T T T T T T T T T T T
100,000 -
o =
T C
N = B
oz =i -
5 = 10,000E
Lo F
[0 7)) -
=
z2  1.000E
1] k=
S E
R,
o= 100 -
= g
Z E
105—
E
=
1 1 1 1

1 1 Il 1 1 1 1 L
1

LN LI DI DN LN LI DI DN
CHLORIDE SULFATE

LN LI DI DN
DISSOLVED
SOLIDS

Figure 18. Summary statistics for concentrations of chloride, sulfate, and dissolved solids in ground water of
shallow aquifer beneath four hydrologic zones before widespread irrigation began. Abbreviations: LI, lateral-
flow/irrigated zone; LN, lateral-flow/non-irrigated zone; DI, discharge/irrigated zone; DN, discharge/non-irrigated

zone.

On the basis of only six to seven samples
(fig. 20B), median concentrations of sulfate, chloride,
and dissolved solids in the shallow aquifer of the dis-
charge/irrigated zone appear to have increased since
the beginning of irrigation. As noted above, the clus-
tering of pre-irrigation sample sites around the town of
Stillwater makes this comparison problematic.

Water Quality in the Shallow and Intermediate Aquifers

Most of the measured constituents and dissolved
solids have higher median concentrations in the shal-
low aquifer than in the intermediate aquifer (figs. 21
and 22). These higher concentrations are consistent
with a greater influence of evapotranspiration in the
shallow aquifer. One notable exception is that of iron
in both lateral-flow zones, where the median concen-
trations are greater in the intermediate aquifer than in
the shallow aquifer (figs. 21 and 22). The higher iron
concentrations imply low dissolved-oxygen concentra-
tions (more reduced conditions) in the intermediate
aquifer in these two zones. Generally higher concen-
trations of other constituents in the shallow aquifers
than in the intermediate aquifers suggest recharge of
the intermediate aquifers by relatively dilute surface
water moving downward along preferential flow paths.
This flow is either on the west side of the basin or

through relict channel deposits near the center of the
basin, rather than by diffuse downward flow from the
shallow aquifer.

Median concentrations of sodium and chloride
in the intermediate aquifer are greater in the dis-
charge/non-irrigated zone than in either lateral-flow
zone (fig. 23). Discharge-zone ground water probably
has a greater residence time than water in the lateral-
flow zones, resulting in higher dissolved-solids con-
centrations. Similarly, water in the lateral-flow/non-
irrigated zone is farther away from the probable
recharge areas than water in the lateral-flow/irrigated
zone, which may contribute to the higher concentra-
tions of calcium, sodium, chloride, and dissolved solids
in the non-irrigated zone.

Among the three zones having more than five
sampled sites in the intermediate aquifer, the lateral-
flow/irrigated zone has water with the highest median
arsenic concentration (fig. 23). Additionally, the
median iron concentration is higher in the lateral-
flow/irrigated zone than in the lateral-flow/non-
irrigated zone. The higher arsenic in the lateral-
flow/irrigated zone may be a result of release from
iron oxides.
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Analysis of Time-Trend Data

The only wells that have been repetitively sam-
pled over a period greater than a few years are those
completed in the basalt aquifer. Among these wells,
three have chloride concentrations, determined by
several different laboratories, that show a statistically
significant increase between about 1962 and 1992
(fig. 24). Chloride concentrations at these three closely
spaced wells (Navy wells 1-3, fig. 12) increased from
about 90 mg/L in the early 1960's to about 110 mg/L
in 1992, arange greater than the analytical uncertainty.
Taken together, the same general range in concentra-
tion, the proximity of these three wells, and the rela-

tively low statistical p-values combine to strongly
suggest that the increase truly reflects increasing chlo-
ride concentrations in the basalt aquifer.

The cause of the chloride increase in the vicinity
of the Navy wells is not known. Considering the
lengthy period of increase (about 30 years), the cause is
unlikely to be the short-term decrease in delivered irri-
gation water during the drought years from 1988 to
1992. A more likely cause is a decrease in the hydrau-
lic head (fig. 13), which could in turn cause increased
flow from adjacent aquifers in which water contains
higher chloride concentrations. The Navy wells are
more likely to be affected by flow from adjacent

Cl, SOy, DS |

Figure 19. Differences in ground-water quality within shallow aquifer beneath four hydrologic
zones before widespread irrigation began. Median concentrations of dissolved solids and indicated
constituents are significantly higher statistically in labeled zones than in zones from which arrow
points. Cl, chloride; DS, dissolved solids; SOy, sultate.
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of chloride, sulfate, and dissolved solids in ground
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zone before and after widespread irrigation
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irrigation.

aquifers than are other public-supply wells, because the
Navy wells tap the basalt aquifer near its edge. Avail-
able data from surrounding wells in the intermediate
aquifer show that water in most of the wells has chlo-
ride concentrations of less than 15 mg/L. This suggests
that the intermediate aquifer is not the source of chlo-
ride. Aquifers that underlie the basalt are a possible
source of the chloride. Because the distribution of
water quality at depths greater than about 600 ft within
the basalt aquifer is not known, the chloride source
could also be within the basalt aquifer itself.

Concentrations of calcium in water from the
Navy wells may have decreased during the same period
that chloride increased, although the statistical evi-
dence is weak. At all three wells, the initially reported
concentrations were 2.2 mg/L. Since 1977, nearly all
calcium analyses indicate a concentration of 1.0 mg/L
in all three wells. The cause of the calcium decrease
may be related to the inflow of water from intermediate
or deeper aquifers.

Reported arsenic concentrations in the Kenne-
metal well (fig. 12) near the west-central edge of the
basalt aquifer were 95 pug/L in 1974 compared to
112 pg/L in 1992. Arsenic concentrations for 12 sam-
ples collected from the Kennemetal well over this same
period yield a p-value of about 0.04. This p-value sug-
gests that the increase is statistically significant. As for
chloride in the water from the Navy wells, the cause of
the difference is not known but may be the inflow of
water into the basalt aquifer in response to pumping.

Discussion of Statistical Comparisons

The statistical comparisons of water quality in the
four hydrologic zones and before and after Project irri-
gation began must be interpreted with caution because
of the complicating factors discussed above. The sep-
aration into the four hydrologic zones may, in fact, be
more useful as a guide for the design of future investi-
gations than as definitive evidence of changes in water
quality due to irrigation. Despite the limitations
imposed by the availability of data, the variations in
concentrations seem to be statistically important and
hydrologically reasonable.

A reduction in irrigation could potentially
increase or decrease concentrations of dissolved
constituents in the shallow aquifer. Since widespread
irrigation began, the relatively dilute irrigation water
may have caused a decrease in the concentrations of
dissolved constituents in the shallow aquifers through
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Figure 21. Summary statistics for concentrations of dissolved solids and constituents in
ground water of shallow and intermediate aquifers beneath (A) lateral-flow/non-irrigated
zone, (B) lateral-flow/irrigated zone, and (C) discharge/non-irrigated zone after about
1975. Abbreviations: S, shallow aquifer; |, intermediate aquifer.

flushing or dilution of more saline water. Application
of irrigation water also has raised the water table,
which can increase rates of evapotranspiration and
thereby increase concentrations. The available data do
not provide a definitive indication of which process is
more important, although the statistical evidence sug-
gests that irrigation has led to lower concentrations of
sulfate, chloride, and dissolved solids in the lateral-
flow zone.

Concentrations of arsenic are higher in the upper
20 ft of the shallow aquifer than from 20 to 50 ft below
land surface in the lateral-flow/irrigated zone, and are
higher in less permeable deposits than in permeable
deposits. The statistical comparisons do not indicate
that irrigation has affected median concentrations of
arsenic, iron, and manganese in the shallow aquifer in
the lateral-flow zones. These results appear to conflict
with conclusions of other geochemical studies (Welch
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Figure 21. Continued.

and Lico, 1988; Lico and others, 1986). These studies
concluded that these constituents are mobilized by
water applied for irrigation. The apparent conflict may
be because the data sets used in these comparisons are
not truly representative of ground water unaffected by
irrigation. A direct comparison of water quality before
and after the onset of irrigation cannot be made because
of a lack of data for these trace constituents. Conse-
quently, the effects of irrigation on arsenic, iron, and
manganese concentrations cannot be addressed with
certainty.
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Additional sampling, including data collected
over time and in areas receiving decreased irrigation
applications, would be required to determine if irriga-
tion has really produced more dilute water in the shal-
low aquifers, and if removing land from irrigation will
increase or decrease the concentrations of dissolved
constituents in the g<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>