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Quantifying Seepage Using Heat as a Tracer in Selected
Irrigation Canals, Walker River Basin, Nevada, 2012

and 2013

By Ramon C. Naranjo and David W. Smith

Abstract

The Walker River is an important source of water for
western Nevada. The river provides water for agriculture and
recharge to local aquifers used by several communities. Farm-
ers began diverting water from the Walker River in the 1860s
to support growing agricultural development. Over time, the
reduced inflows into Walker Lake from upstream reservoirs
and diversions have resulted in 170 feet of lake level decline
and increased dissolved-solids concentrations to levels that
threaten aquatic ecosystems, including survival of Lahonton
cutthroat trout, a native species listed in the Endangered Spe-
cies Act. Investigations of the water-budget components in the
Walker River Basin have revealed uncertainty in the recharge
to aquifers from irrigation canals. To address this need, the
U.S. Geological Survey conducted an extensive field study
from March 2012 through October 2013 to quantify seepage
losses in selected canals in the Smith Valley, Mason Valley,
and Walker Lake Valley irrigation areas.

The seepage rates estimated for the 2012 and 2013 irriga-
tion seasons in the Smith Valley transect sites (Saroni and
Plymouth canals) ranged between 0.01 to 2.5 feet per day
(ft/d) (0.01 to 0.68 cubic feet per second per mile [ft*/s-mi]).
From 2012 to 2013, the average number of days the canals
had flowing water decreased from 190 to 125 due to drier
climate and lack of water available for diversion from the
Walker River. The nearly 50-percent reductions in volumetric
loss rates between 2012 and 2013 were associated with less
than average diversions into canals from the Walker River
and reductions in infiltration rates following routine canal
maintenance.

Models developed for the Saroni canal in 2012 were
recalibrated in 2013 to evaluate changes in seepage as a result
of siltation. Just prior to the 2012 irrigation season, nearly the
entire length of the canal was cleared of vegetation and debris
to improve flow conveyance. In 2013, following the first
year of maintenance, a 90-percent reduction in seepage was
observed at one of the transect sites. The removal of sediment-
clogged layers during canal maintenance may have more
profound effects on seepage rates beyond what was observed
at the transect sites. The seepage rates for the Saroni canal in

2012 ranged from 0.02 to 1.6 ft/d (0.03 to 0.4 ft*/s-mi). The
total seepage loss in the Saroni canal for the 2012 and 2013
irrigation seasons was estimated to be 1,100 and 590 acre-feet
(acre-ft), respectively.

Seepage rates on the Plymouth canal in Smith Valley in
2012 were among the lowest, ranging from 0.01 to 0.2 ft/d
(0.01 to 0.1 ft*/s-mi). In 2013, the seepage rate on the Plym-
outh canal was similar to 2012; however, the volumetric loss
was reduced by 50 percent due to the 50-percent reduction
in number of canal flow days. Lower rates of seepage on the
Plymouth canal for the 2012 and 2013 irrigation seasons were
estimated to be 210 and 130 acre-ft, respectively.

The seepage rates estimated for the 2012 and 2013 irriga-
tion seasons in the Mason Valley transect sites (Fox, Mickey,
and Campbell ditches) ranged from 0.1 to 3.3 ft/d (0.2 to
1.3 ft*/s-mi). The influence of water-table declines on seepage
was observed at the Mickey and Campbell ditches. In 2012,
the estimated seepage on the Mickey ditch was 1.6 ft/d during
a period when the water-table altitude was at or above the
canal altitude. Following extensive declines in the water table,
the hydraulic gradient increased between the canal and the
shallow aquifer, thereby increasing the seepage rates to 3.2 ft/d
in 2013. During the period of hydraulic disconnection, seep-
age rates increased to 9.5 ft/d during intermittent periods of
canal flow. For the Mickey ditch, the seepage loss in 2013 was
1.5 times the rate estimated in 2012 despite the canal having
45 days less flow. Similarly, the Campbell ditch seepage loss
increased slightly from 660 to 700 acre-ft, a factor of 1.1, with
49 days less flow. The seepage loss for the Fox ditch did not
exhibit significant year to year variability. The annual seepage
loss estimated for 2012 and 2013 in the Fox ditch was 2,100
and 2,200 acre-ft, respectively.

The seepage rates estimated for the 2013 irrigation season
in the Walker Lake Valley transect sites (Schurz Lateral
Canals 1A and 2A, and Canal 2) ranged from 0.7 to 0.9 ft/d
(0.4 to 1.3 ft¥/s-mi). In Walker Lake Valley, diversions into
Lateral Canals 1A and 2A during the 2013 irrigation season
were highly intermittent, a characteristic common of lateral
diversions. The annual estimated seepage loss in Walker Lake
Valley ranged between 50 and 725 acre-ft among the transect
sites.
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Introduction

The 3,950-square mile (mi*) Walker River Basin is a topo-
graphically closed basin in west-central Nevada where surface
water drains toward Walker Lake, the lowest point in the basin
and the terminus of the Walker River (fig. 1). The Walker
River Basin is defined by seven hydrographic areas (HAs),
consisting of Antelope Valley (HA 106), Smith Valley (HA
107), Mason Valley (HA 108), East Walker Area (HA 109),
and Walker Lake Valley (HA 110) with three sub-areas. Most
of the HAs are in Nevada; however, the 25 percent of the basin
in California contributes to most of the surface flow from
snowmelt in the Sierra Nevada Mountains. The Walker River
is the main source of inflow, but small tributaries from adja-
cent mountains and groundwater also discharge into Walker
Lake (Everett and Rush, 1967; Schaefer, 1980). The only
outflow from Walker Lake is evaporation from the lake surface
(Lopes and Allander, 2009b). Farmers began diverting water
from the Walker River in the 1860s to support agricultural
development based primarily on alfalfa. The areas of intensive
agriculture are principally in Bridgeport Valley, Antelope Val-
ley, Smith Valley, and Mason Valley.

Federal support has facilitated the investigation of water
resources and the purchase of water rights to restore Walker
Lake levels and improve water quality. Defined in Section
2507 of Public Law 107-171 (the 2002 Farm Bill) the alloca-
tion of $200 million used by the Secretary of the Interior, act-
ing through the Commissioner of Reclamation, was intended
to provide water to at-risk natural desert terminal lakes. The
bill was later amended under Public Law 108-7, section 207 to
include this language: “Restoration of fish, wildlife, and asso-
ciated habitats in watersheds of certain lakes.” The amend-
ment specified that only Pyramid, Summit, and Walker Lakes
in Nevada were to be considered under Section 2507, Public
Law 107-171. In 2009, the National Fish and Wildlife Founda-
tion began efforts to purchase water rights and water leasing,
provide water management initiatives and community-based
conservation and stewardship, and to support applied research
to reduce upstream usage and increase flows into Walker Lake
as part of the Walker Basin Restoration Program established
by Congress under Public Law 111-85 (http://www.walkerpro-
gram.org/).

The U.S. Geological Survey (USGS), in cooperation with
the Bureau of Reclamation (Reclamation), began a series of
investigations of water resources in the lower Walker River
Basin below Wabuska (fig. 1) from 2004—09. This work has
resulted in updated Walker Lake bathymetry (Lopes and
Smith, 2007), revised estimates of precipitation in west-central
Nevada including the Walker Lake Basin (Lopes and Medina,
2007), a study on evapotranspiration of native vegetation and
agricultural areas in the lower Walker River Basin includ-
ing Walker Lake (Allander and others, 2009), basin hydrol-
ogy (Lopes and Allander, 2009a), water budgets (Lopes
and Allander, 2009b), and the use of an integrated model to
simulate changes in water management on water quantity and
quality to Walker Lake (Allander and others, 2014).

Researchers with the University of Nevada, Reno, and the
Desert Research Institute have developed a Decision Support
Tool for the purpose of evaluating management scenarios con-
sisting of water right transfers, improved water-use efficien-
cies and potential water-quality improvements in the Mason
Valley agricultural area (Boyle and others, unpub. data, 2013).
A USGS effort is underway in the upper Walker River Basin to
evaluate seasonal and decadal changes in groundwater levels
and storage, changes in irrigated land and native vegetation,
and seasonal changes in Walker Lake water quality. The topic
of the current report, quantifying recharge from irrigation
canals, is critical for the estimation of water budgets in devel-
oped valleys and for the evaluation of management scenarios
that involve irrigation efficiency from the transfer of water
rights within agricultural areas of the Walker River Basin.

The USGS conducted an extensive field study from March
2012 through October 2013 to quantify canal seepage losses
in the Smith Valley, Mason Valley, and Walker Lake Valley
irrigation areas, in cooperation with Reclamation, the Walker
River Irrigation District (WRID), and the Walker River Paiute
Indian Reservation (WRPIR). Instrumentation was installed
in eight irrigation canals and ditches: Saroni, Plymouth, Fox,
Mickey, Campbell, and Schurz Lateral Canals 1A and 2A, and
Canal 2. A total of 23 transects were monitored across a wide
range of soil types, flow conditions, and depth to groundwater.


http://www.walkerprogram.org/
http://www.walkerprogram.org/
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Purpose and Scope

The objective of this study was to estimate the seepage
rates within selected irrigation canals in the Walker River
Basin. Seepage was estimated for irrigation canals in the
Smith Valley, Mason Valley, and Walker Lake Valley HAs.
Instruments were installed at 11 transect sites in 2012, and in
2013, an additional 12 transects were monitored. This report
presents information used to estimate the canal seepage rates
along with descriptions of the instrumental and numerical
methods used. The seepage rates were converted and scaled to
units of cubic feet per second per mile (ft*/s-mi) and annual-
ized to acre-feet (acre-ft) based on the number of days water
was flowing in the canal, defined as irrigation days. The
report includes plots of the observed and simulated tempera-
tures during calibration, residual errors during the prediction
period, and canal stage and seepage rates for each of the study
transects in appendixes 1-3. Lithologic descriptions of sedi-
ment cores, including core depth and textural classification are
provided in appendix 4. Model parameters used in the seepage
estimation are provided in appendix 5. Observed temperature
and stage data are provided in appendix 6.

Description of Study Area

The hydrology and associated climate of the Walker River
Basin have been described in detail in USGS reports (Lopes,
2005; Lopes and Allander, 2009a, b). About 23 percent
(920 square miles (mi?)) of the Walker River Basin is in
California with most streamflow originating as snowmelt in
the Sierra Nevada, the crest of which reaches an altitude of
12,300 feet (ft). Snowmelt from the Sierra Nevada and other
ranges flows down the East and West Walker Rivers, which
merge in southern Mason Valley, Nevada (fig. 1). Outflow
from Mason Valley (inflow to the lower Walker River Basin)
is recorded at the USGS Wabuska streamflow-gaging station
(USGS 10301500 WALKER RV NR WABUSKA, NV) in
northern Mason Valley. Stored water at Bridgeport and Topaz
Lake is used to irrigate crops in Smith and Mason Valleys
and to sustain a minimum streamflow of 26.25 cubic feet per
second (ft*/s) at the Wabuska gage to support the senior-most
water right allocated to the WRPIR.

Mean minimum and maximum temperatures in the Walker
River Basin range from —4 to 35 °C, respectively, in Haw-
thorne, Nevada, and from —14 to 25 °C, respectively, in Bodie,
Calif. The minimum recorded air temperature is about —30 °C
and the maximum is 43 °C. July is the hottest month and
December typically is the coldest month. Average wind speed
is from about 3 to 5 miles per hour (mi/h) on the valley floor
of the lower Walker River Basin and 9 mi/h on Walker Lake.

A total of 88,600 acres of irrigated land was mapped in
the Walker River Basin (Lopes and Allander, 2009b). Total
irrigated land included 39,100 acres (44 percent) in Mason
Valley, 18,900 acres (21 percent) in Smith Valley, 15,900 acres
(18 percent) upstream from Bridgeport Reservoir, 7,700 acres

(9 percent) in Antelope Valley, 3,500 acres (4 percent) along
the East Fork of the Walker River below Bridgeport Reser-
voir, 3,000 acres (3 percent) on the Paiute Tribe Reservation,
and 500 acres (less than 1 percent) in Whisky Flat south of
Hawthorne, Nevada. The primary crop in the basin is alfalfa,
except upstream from Bridgeport Reservoir where fields are
irrigated for pasture grass. Many of the agricultural areas rely
on surface-water irrigation, but in low water years the demand
for groundwater increases.

The canal seepage study began at the start of the 2012 irri-
gation season and ended in 2013; the study involved selected
canals in Smith Valley, Mason Valley, and Walker Lake Valley
(table 1). Canal locations were selected based primarily on
access and permission given by the WRID and the WRPIR.
The transect locations for each of the irrigation canals instru-
mented are shown in figure 2. The two canals investigated in
Smith Valley were the Saroni and Plymouth. The three ditches
studied in Mason Valley were the Fox, Mickey, and Campbell.
The three canals in the Walker Lake Valley area were the Lat-
eral 1A, Lateral 2A, and Canal 2; these canals are located in
the small rural community of Schurz, Nevada, on the WRPIR.

Previous Investigations of Seepage Losses from
Irrigation Canals

Past studies of seepage losses in the Walker River Basin
are limited. Seepage investigations were typically included
in early water-resources reports (1953—76) by the State of
Nevada Engineers Office and the USGS. The method used
for seepage estimation during this time relied on instanta-
neous flow measured at multiple locations along the canal.
The seepage loss was determined by flow differencing
(instantaneous inflow-outflow) during a relatively steady
period of canal flow. In Smith Valley, seepage losses on the
Saroni canal were reported to be 1.25 ft*/s—mi, as estimated
by inflow-outflow measurements made in 1949 when 47 {t*/s
were flowing in the canal (Leoltz and Eakin, 1953). On the
basis of discussions with water managers in 1948, volumetric
losses were reported to be about 800 acre-ft for about 100 days
of irrigation (Leoltz and Eakin, 1953). In 1976, a water-
resource investigation estimated canal seepage on Saroni
and Plymouth canals to be about 4 and 5 percent of flow,
respectively (Rush and Schroer, 1976), with instantaneous
flow measurements in Saroni and Plymouth canals of 55 and
20 ft’/s, respectively. These reported estimates were quali-
fied by the inability to differentiate return flow contributions.
Seepage measurements for the irrigation canals in Mason and
Walker Lake Valleys are lacking. Seepage estimates in Mason
Valley for a groundwater-flow model assumed losses were
20 percent of volumetric diversion equally over the length of
the canal (Carroll and others, 2010).
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Table 1. Monitoring locations and measurement periods for canal seepage transect sites in the Walker River Basin, Nevada.
[Abbreviation: ID, identifier; dd, decimal degrees; NAD83, North American Datum of 1983; NAVD88, North American Vertical Datum of 1988; —, no map identifier]

M Latitud Longitud Altitude Measurement
ap . . . atitude ongitude period
D Site ID Site name Site type (dd, NADS3)  (dd, NADS3) (meters,

NAVDS8) 2012 2013

1 384503119231401 SARONI CANAL 1 SW/GW-CANAL SW Canal 38.75083  -119.38722 1,503.60 X X
2 384456119222101 SARONI CANAL 1.1 SW/GW-CANAL SW Canal 38.74889 -119.37250 1,502.70 X
3 384432119212801 SARONI CANAL 1.2 SW/GW-CANAL SW Canal 38.74222 -119.35778 1,501.97 X
4 384421119202601 SARONI CANAL 1.3 SW/GW-CANAL SW Canal 38.73917 -119.34056 1,501.44 X
5 384426119195401 SARONI CANAL 2 SW/GW-CANAL SW Canal 38.74056 -119.33167 1,500.98 X X
6 384428119191301 SARONI CANAL 2.1 SW/GW-CANAL SW Canal 38.74111 -119.32028 1,500.01 X
7 384448119182701 SARONI CANAL 2.2 SW/GW-CANAL SW Canal 38.74667 -119.30750 1,500.57 X
8 384514119180801 SARONI CANAL 3 SW/GW-CANAL SW Canal 38.75389  -119.30222 1,499.67 X X
9  384542119175401 SARONI CANAL 4 SW/GW-CANAL SW Canal 38.76167 -119.29833 1,499.06 X X
10 384520119224401 PLYMOUTH CANAL 1 SW/GW-CANAL SW Canal 38.75556 -119.37889 1,480.77 X X
11 384523119215501 PLYMOUTH CANAL 2 SW/GW-CANAL SW Canal 38.75639 -119.36528 1,477.97 X X
12 385252119085001 FOX DITCH 1 SW/GW-CANAL SW Canal 38.88111 -119.14722 1,361.76 X X
—  385252119085002 FOX DITCH 1 SW/GW-BANK PIEZO 1 Hyporheic-zone well 38.88111 -119.14722 1,362.87 X X
— 385252119085003 FOX DITCH 1 SW/GW-BANK PIEZO 2 Hyporheic-zone well 38.88111 -119.14722 1,362.84 X X
13 385253119085101 FOX DITCH 1.1 SW/GW-CANAL SW Canal 38.88139 -119.14750 1,363.26 X
14 385407119093001 FOX DITCH 2 SW/GW-CANAL SW Canal 38.90194 -119.15833 1,354.45 X X
15 385256119085001 MICKEY DITCH 1 SW/GW-CANAL SW Canal 38.88222 -119.14722 1,359.45 X X
—  385256119085002 MICKEY DITCH 1 SW/GW-BANK PIEZO 1 Hyporheic-zone well 38.88222 -119.14722 1,360.43 X X
— 385256119085003 MICKEY DITCH 1 SW/GW-BANK PIEZO 2 Hyporheic-zone well 38.88222 -119.14722 1,360.97 X X
16  385344119091501 MICKEY DITCH 1.1 SW/GW-CANAL SW Canal 38.89556 -119.15417 1,356.45 X
—  385951119104001 CAMPBELL DITCH 1 SW/GW-WELL Well 38.99750 -119.17778 1,335.78 X X
17 385952119103901 CAMPBELL DITCH 1 SW/GW-CANAL SW Canal 38.99778 -119.17750 1,333.45 X X
— 385952119103902 CAMPBELL DITCH 1 SW/GW-BANK PIEZO 1 Hyporheic-zone well 38.99778 -119.17750 1,334.51 X X
18 390023119103101 CAMPBELL DITCH 1.1 SW/GW-CANAL SW Canal 39.00639 -119.17528 1,332.71 X
— 390058119102001 CAMPBELL DITCH 2 SW/GW-WELL Well 39.01667 -119.17222 1,332.62 X

19 390059119102001 CAMPBELL DITCH 2 SW/GW-CANAL SW Canal 39.01639 -119.17222 1,331.45 X

— 390059119102002 CAMPBELL DITCH 2 SW/GW-BANK PIEZO 1 Hyporheic-zone well ~ 39.01639  -119.17222 1,33236 x
— 390059119102003 CAMPBELL DITCH 2 SW/GW-BANK PIEZO 2 Hyporheic-zone well ~ 39.01639  -119.17222 1,332.80 x
— 390059119102004 CAMPBELL DITCH 2 SW/GW-BANK PIEZO 3 Hyporheic-zone well ~ 39.01639  -119.17222 1,332.84 x

Walker Lake Valley

20 385742118503301 SCHURZ 1 LATERAL 1A SW/GW-CANAL SW  Canal 38.96167  -118.84250 1,262.84 X
21 385722118491601 SCHURZ 2 LATERAL 1A SW/GW-CANAL SW  Canal 38.95611  -118.82111 1,260.79 X
22 385713118480501 SCHURZ 3 LATERAL 2A SW/GW-CANAL SW  Canal 38.95361  -118.80139 1,259.28 X

23 385535118460101 SCHURZ 4 CANAL 2 SW/GW-CANAL SW Canal 38.92639  -118.76694 1,253.77 X
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Figure 2.  Soil permeability along irrigation canals in A, Smith Valley, B, Mason Valley, and C, Walker Lake Valley, Nevada.
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Soil Permeability

Seepage of water through soil is controlled by the
hydraulic properties. Soil permeability in the Walker River
Basin has been previously estimated by using mapped soil
properties and landforms such as alluvial fan deposits, stream
channels, valley floor alluvium, floodplain or lake deposits,
or playa sediments (Maurer and others, 2004). Generalized
classifications of soil permeability by Maurer and others
(2004) were used to delineate the spatial distribution of soil
permeability along canals (fig. 24—C). The soils at lower
altitudes such as in the Schurz HA are generally derived from
granitic and volcanic parent material that consists of sandy
loams and decomposed granite, and have higher infiltration
rates than soils in the Smith and Mason HAs. Sandy loam
is the most common texture in the valley, but rock content
is commonly up to 35 percent, especially on steeper slopes
(Maurer and others, 2004). Fine sediments with low hydraulic
conductivity deposited in canals and subsurface heterogeneity
are not considered in the permeability maps. Therefore,
the dynamic behavior of soil development (siltation and
scour) and canal maintenance done periodically to improve
conveyance efficiency are important factors to consider in the
estimation of permeability in irrigation canals.

Water-Table Levels

The use of groundwater has been historically relied on for
agriculture as a supplement to surface water during dry years.
Regional water-table altitude maps interpolated by observed
data from monitoring wells in the Walker River Basin were
used to construct depth-to-water surface maps along irrigation
canals (Lopes and others, 2006). The depth-to-water maps
along canals were made by subtracting the water-table altitude
from the canal-surface altitude. The distances to the shallow
aquifer from the base altitudes of canals help to emphasize the
extent of hydraulic connectivity between the canals and the
shallow aquifer system (fig. 3), although in some areas of the
basin, groundwater altitudes can change seasonally as a result
of groundwater pumping and irrigation recharge. This affects
the depth to water beneath the irrigation canals and the seep-
age rates by changing the hydraulic gradient between surface
water and groundwater. The depth to water in the Smith Valley
irrigation canals is greater at higher land-surface altitudes near
the base of hillslopes near the mouth of Hoye Canyon and
along the valley south of the West Walker River (fig. 34). In
Mason Valley, the segments of canals near the river are among
the shallowest, with less than 10 ft to the water table for most
of the canals south of Yerington (fig. 3B). The depth to the
water table increases in canals north of Yerington as a result of
irrigation pumping and land-surface altitude, with sections of
canals greater than 10 ft to the water table. In the Walker Lake
Valley irrigation canals, the depth to groundwater is greater
than 16 ft even in those canals closest to the Walker River

(fig. 30).
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Methods of Investigation

The methods described in this report have been applied
to selected irrigation canals in Smith Valley, Mason Valley,
and Walker Lake Valley on the WRPIR. Direct approaches
for measuring seepage losses such as differencing measured
flow (inflow-outflow) at two points in the canal, or pond-
ing experiments, were deemed costly and uncertain due to
measurement error and unsteady flow (for example, Alam
and Bhutta, 2004; Martin and Gates, 2014). In this study, the
collection of instantancous flow measurements for seepage
estimates was impractical given the number of diversions and
return flows along a canal reach and temporally varying canal
flow. The seepage rate can also be influenced by the water
table in hydraulically connected canals. At each transect study
site, hourly temperature and water-level data were used as
inputs to the variably saturated heat transport model VS2DH
(Healy and Ronan, 1996; Hsieh and others, 2000) to indirectly
estimate continuous seepage losses by adjusting hydraulic and
thermal properties to match observed temperatures. This indi-
rect approach is more advantageous as measurements can be
obtained without disrupting irrigation schedules, and tempera-
ture, a natural tracer, is relatively inexpensive to measure. The
seepage estimates are based on simulating heat advection and
conduction using observed temperature data as calibration tar-
gets. In hydraulically connected canals, continuous head data
from bank piezometers and monitoring wells were included
in the seepage estimation. Lithologic descriptions and depth
of sediment cores taken from each canal transect are provided
for qualitative comparisons to textural properties assigned
during model calibration (appendix 4). The parameters used in
the VS2DH transect models are provided in appendix 5. Data
collection for this study began in April 2012 and was com-
pleted in November 2013 (appendix 6). Monitoring sediment
temperatures over the irrigation period was done by using a
newly developed temperature probe designed specifically for
this investigation given the need for long-term continuous data
during variable flow conditions.

Field Data Collection

The use of heat as a tracer for seepage estimation requires
monitoring of the diel amplitude and attenuation of tempera-
ture at multiple depths below the canal, and monitoring of
frequency and duration of flow in the canal. A temperature
probe (referred to as TROD, after temperature rod) was devel-
oped by the USGS and Alpha Mach, Inc., to permit accurate,
detailed, and systematic determinations of heat and water flux
in variable sediment textures in the Walker River Basin. The
TROD was designed to be low-profile and enables the user to
retrieve data from the banks of canals through a communica-
tions cable (see description in Naranjo and Turcotte, 2015).
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Figure 3. Depth to groundwater along irrigation canals in A, Smith Valley, B, Mason Valley, and C, Walker Lake Valley, Nevada.
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The installation of equipment was similar for each transect
where TRODs were installed in the channel and along the
bank to monitor sediment temperature gradients (fig. 4). In
the center of the channel, the temperature probes consist of a
sensor array 1.0-meter (m) long with sensors spaced at 0, 0.10,
0.20, 0.50, 0.75, and 1.0 m, connected to a communications
cable that allowed for downloading data along the canal bank
without removing equipment to retrieve data. At transects with
a bottom width greater than 1 m, an additional temperature
probe was installed to capture potential differences in ther-
mal gradients and seepage. The temperature probes have a
resolution of 0.125 °C, a range of —5 to 26 °C, an accuracy of
+1.0 °C and can store 2,048 measurements. The accuracy of
the temperature probe was improved by calibration to 0.1 °C
as discussed below.

The installation of the TRODs into canal sediments
involved piloting a hole with a 1-in. diameter rock bar. The
piloted hole was used to loosen sediments and to determine if
the desired depth of 1.0 m was achievable given the presence
of rocks in the subsurface. The piloted hole was filled with
bentonite slurry to seal the area between the TROD and the
sediments and to avoid preferential flow downward along the
probe. The communications cable was buried in canal sedi-
ment to avoid debris entrainment and secured along the bank
of the canal. During the first week of canal flow, data were
downloaded and inspected for temperature anomalies associ-
ated with preferential flow.

Along the banks of the canals, piezometers were driven
to a depth that varied between 1 and 2 m below the bottom
altitude of the canal (fig. 4). The bank piezometers were
constructed of 2.54-centimeter (cm) diameter schedule 40
PVC pipe with a solid PVC drive point. A series of verti-
cal holes were drilled through the pipe 0.2 m in length and
0.10 m from the drive point to allow water flow in and out of
the piezometer (fig. 4). A string of three to four independent
water-resistant temperature sensors (Alpha Mach, Inc. IBCOD

Bank Bank
piezometer piezometer
(BP1) (BP2)

Stilling
well

Figure 4. Instrumentation monitoring design for seepage
estimation in the Walker River Basin, Nevada.
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TYPE Z) were placed inside the piezometers to monitor the
temperature gradients created by lateral seepage away from
the canals. Soil temperature at the base of the piezometers
slightly below the land surface was monitored by using similar
type sensors (Alpha Mach, Inc. IBCOD TYPE L) for thermal
gradients between the land surface and at depth inside the
piezometers along the banks of the canals. In canals where the
bank piezometers transected the water table, a Schlumberger
Water Services Micro-Diver pressure transducer and tempera-
ture data logger was installed above the slotted interval on the
piezometer.

Stage and temperature of the flowing water in the
canal were monitored inside a stilling well by also using a
Schlumberger Water Services Micro-Diver pressure transducer
and temperature data logger. The data logger was placed near
the bottom to capture the low flow but high enough to avoid
contact with the ground surface (fig. 4). Periodic clearing of
the sediment at the bottom of the stilling well was necessary
to avoid build-up of sediment on the pressure transducer. The
accuracy of the pressure transducer measurements is 1.0 cm,
with a resolution of 0.2 cm. The temperature readings have an
accuracy of 0.1 °C and a resolution of 0.01 °C.

Temperature and pressures were monitored every
30 minutes during the 2012 and 2013 agricultural seasons.
Data were retrieved from data loggers on a monthly basis.
Manual measurements of canal stage, and piezometer and
monitoring well heads were taken to evaluate and correct pres-
sure transducer readings. Barometric pressure was measured at
three transects in Mason, Smith, and Walker Lake Valleys by
using a Schlumberger Water Services Baro-Diver to compen-
sate measured pressure for barometric fluctuations.

The accuracy of the temperature sensors was improved
through calibration with a NIST-certified traceable digital ther-
mometer with a resolution of 0.0001 °C and an accuracy of
0.05 °C in a circulating water bath. Temperature sensors were
evaluated at target bath temperatures of 5, 10, 15, and 20 °C,
and a linear regression equation was developed between the
NIST thermometer readings and the individual temperature
sensor values. The raw data from each temperature tempera-
ture sensor were then corrected by using each individual
regression equation, which improved the accuracy from
+1.0 °C to £0.1 °C. The corrected temperatures were then used
for model calibration.

Two monitoring wells were constructed on the banks of the
Campbell ditch (Campbell 1 and 2) to monitor the water table
and its effects on canal seepage. Altitude data for each cross
section, monitoring well, bank piezometer, and temperature
sensor were obtained through level RTK GNSS survey tech-
niques (Rylund and Densmore, 2012). The difference between
the altitude of the water table and the canal stage, along with
the hydraulic conductivity, which is dependent on soil mois-
ture content, determines the extent of connectivity.
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Canal Bed Soil and Texture Analysis

Sediment cores were collected near the TRODs from 23
canal sites (appendix 4) to characterize the textures and depth
variability of canal-bed sediments. Visual inspection of the
canal sediment helped to describe the general extent of the
soil zones used in the model, and core textural classification
helped to identify the extent of layered deposits. For many
of the canals, sharp contrasts in the soil types were visible
through the soil coring tube with some sites having a distinct
layering of coarse sands, and fine-silt and clay sediments.
Results of particle size distribution and textural analysis at
discrete changes in soils were differentiated into two groups,
less than 0.25 m (shallow) and greater than 0.25 m (deep)
depths, to further distinguish potential clogging layers near
the sediment-water interface (fig. 5; appendix 4). Particle size
analysis at discrete depths in the sample core tubes was done
by the Colorado State University Soil Testing Laboratory (Fort
Collins, Colorado) by hydrometer.

The majority of 34 soil cores from the Smith Valley canals
were classified as a sandy clay loam texture; samples consisted
of high percentages of sand (22 to 78 percent) and clay (16
to 48 percent), and low percentages of silt (0 to 14 percent)
(fig. 54; appendix 4). In the Saroni canal, the sandy clay loam
texture was uniform at both depths, with the exception of that
at the Saroni 1.2, 2.1, and 3 sites, where the soil contained
high percentages of clay (44 to 48 percent) at the shallow
depths. In the Plymouth canal, a clear distinction between
depths was observed with the shallow canal soils classified
as sandy clay loam, and the deeper soils classified as a low-
permeability clay texture.

Forty-six sediment cores collected from Mason Valley sites
were classified primarily as sandy clay loam, although the
core samples had a larger range of textural classification than
the samples from Smith and Walker Lake Valleys (fig. 5B;
appendix 4). The variability in textural classification is due
to a higher concentration of silt (0 to 50 percent), whereas
percent ranges of sand (4 to 79) and clay (16 to 56) are similar
to those in Smith and Walker Lake Valleys. The soils in the
Campbell and Mickey ditches generally had uniform sandy
clay loam texture at shallow and deep depths, with the excep-
tion of the deep cores from the Campbell 1 and Mickey 1.1
sites. The sediments in the Fox ditch have an abrupt change in
textural classification from sandy clay loam at shallow depths
to an increase in silt composition (28 to 56 percent) at deep
soil depths.

The majority of the 17 sediment cores from Walker Lake
Valley were classified as sandy clay loam texture. The soil
core composition of sand (28 to 78 percent), clay (21 to 48
percent), and silt (0 to 28 percent) was similar to that in cores
collected from canals in Smith Valley (fig. 5C; appendix 4).
Soils from Lateral Canals 1A and 2A were generally uniform
in texture and classified as a sandy clay loam for both shallow
and deep depths. The cores from Canal 2 had a low-permea-
bility clay composition for the shallow samples, whereas the
deeper samples had a low silt composition characteristic of
sandy clay loam.
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Seepage Estimation Using Heat as a
Tracer and Inverse Modeling (VS2DH)

This section of the report describes the numerical meth-
ods used in estimating canal seepage rates. Included in this
section is the model setup, rationale for soil textural class
representation, model discretization, initial conditions, param-
eter sensitivity, and model calibration. The model used for
estimation of seepage is a variably saturated two-dimensional
groundwater flow model (VS2DH) that has been modified to
simulate heat transport by advection and conduction, and uses
the advection-dispersion equation to model energy transport
(Healy and Ronan, 1996; Hsieh and others, 2000). VS2DH is
a finite-difference model that uses a modified version of the
advection-dispersion equation expressed in terms of water
temperature (Healy and Ronan, 1996). The model simulates
flow through the unsaturated zone by using a modified version
of the Richards equation that assumes hydraulic conductivity is
a temperature-dependent variable because of viscosity effects.

The use of heat as a natural tracer to estimate seepage
across the sediment-water interface has been widely accepted
because temperature, the measure of thermal energy, is easy
to measure and relatively inexpensive to record. Moreover,
natural thermal forcing at the land surface provides typically
large diel signals in dry environments during the irrigation
season. Heat tracer techniques have been used to estimate
hydraulic and thermal properties of streambeds (Stonestrom
and Blasch, 2003; Naranjo and others, 2012), quantify stream-
bed scour (Tonina and others, 2014), quantify seepage losses
in unlined agricultural canals (Mihevc and others, 2002; Hobza
and Andersen, 2010; Shanafield and others, 2010) and ephem-
eral stream channels (Constantz and others, 2003), and evalu-
ate recharge to aquifers (Taniguchi, 1993). For more examples
using this technique, refer to extensive reviews by Stonestrom
and Constantz (2003), Andersen (2006), Constantz and others
(2008), and Rau and others (2014).

Canal seepage is affected by many factors, including
depth to groundwater, canal flow depth and flow duration, and
hydraulic conductivity of clogging layers. The hydraulic con-
nection between the canal and the aquifer is important to mea-
sure as the infiltration rate is controlled by the head difference
between the aquifer and the canal. Hydraulically connected
systems can periodically become disconnected as a result of
declining water tables (Brunner and others, 2009). The stages
of connectivity are important to consider when measuring
seepage losses as the rates may be influenced by the timing and
occurrence of water-table declines by groundwater pumping. In
hydraulically connected canals, the sediments beneath the canal
are fully saturated, and the seepage rates are largely controlled
by the dynamic behavior between changes in canal stage and
the water table (fig. 64). As the water table declines, an unsatu-
rated zone develops beneath the canal, and the infiltration rate
is no longer influenced by the water table and more controlled
by the soil hydraulic properties and capillarity (fig. 6B8). Further
declines in the water table will result in an increase in thickness
of the unsaturated zone, and the canal becomes hydraulically
disconnected from the aquifer (fig. 6C). In this condition, the

seepage rates are dependent on the depth of flow, hydraulic
conductivity of the sediments, and the thickness of the clog-
ging layer near the sediment-water interface (Brunner and
others, 2009).

Model Setup

For each transect, a model was created by defining the
model domain or cross-sectional representation of the canal,
initial conditions, boundary conditions, and locations of
observations (fig. 7). The physical characteristics of the model
were based on a number of data types collected at each site,
including soil cores, continuous water temperature, canal
stage, cross-sectional survey altitude, and depth to the water
table. The stage and temperature measured at the sediment-
water interface were specified as an upper boundary condition.
The lateral and horizontal lower boundaries were specified as
a total head boundary if the water table was measured in the
bank piezometers. If the water table was lower than the depth
of the piezometer, the lateral and lower horizontal boundaries
were specified as a gravity drainage boundary condition. The
two-dimensional VS2DH transect models were based on a par-
simonious conceptual model consisting of an upper and lower
zone. The upper zone represents soils near the sediment-water
interface, and the lower zone represents a uniform homoge-
neous soil environment.

Soil Textural Class Representation

Canal sediments that represent the soil textural classes
must be defined for each transect in the model domain. Tex-
tural classes associated with thermal and hydraulic properties
are provided in the graphical user interface for VS2DH as a
starting point in the parameterization process. These param-
eters are based on values reported in the literature (Carsel and
Parrish, 1988). Parameters that define each zone of texture
consist of hydraulic and thermal properties such as saturated
hydraulic conductivity, porosity, the vertical to horizontal ratio
of saturated hydraulic conductivity (hence referred to as the
anisotropy), and the thermal conductivity at residual moisture
content and at saturation. The units of hydraulic conductivity
used in the model are in meters per hour (m/h), which requires
thermal-conductivity values as reported in the literature to be
converted for unit consistency from watts per meter-degrees
Celsius (W/m-°C), an equivalent of joules per second per
meter-degrees Celsius (J/s/m-°C), to joules per hour per meter-
degrees Celsius (J/h/m-°C) (Richard Healy, U.S. Geological
Survey, oral commun., 2012).

Near the sediment-water interface, some canal transects
were indicated by an upper zone representing a clogging layer
designed to limit the rate of infiltration into the model domain.
This zone was assumed to have a lower permeability and
ultimately control the rate of seepage. In some circumstances,
two zones were delineated along the interface if two tempera-
ture probes were present. The sediment that represents the soil
beneath this zone was also assumed to represent the general
native soil and was defined to have a separate set of hydraulic
and thermal properties.
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saturation of canal sediments in a A, hydraulically connected, B, transition, and C, disconnected canal.
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Figure 7. Generalized two-dimensional VS2DH model showing

water and heat transport through canal-bed sediments. A no-flow
and gravity drainage boundary was specified in hydraulically
disconnected transect models, and a total head boundary
condition was specified in hydraulically connected transect
models.

Model Discretization

For each of the transect sites, each model represents a
two-dimensional cross section of the canal oriented perpen-
dicular to canal flow. The model grids defined in VS2DH
have refined spacing near the canal boundary and temperature
observations. Variable grid spacing was used in the horizontal
direction between 0.2 and 1.0 m and in the vertical direction
between 0.1 and 1 m. The total model domain varied accord-
ing to transect depending on canal width, location of bank
piezometers, and depth to groundwater. The width and depth
of the model domain varied for each model to avoid boundary
condition edge effects on the simulations. The model extent
in the horizontal and vertical direction varied between 20 and
50 m, and 10 and 20 m, respectively. Vertical boundaries along
the sides of the models were placed at a distance that resulted
in no influence to model simulations.

Initial Conditions

The VS2DH transect models require initial conditions
for the specification of the hydraulic condition used and
the general thermal gradients of the model area. The initial
hydraulic condition was specified as “initial moisture content”
option, which allows the user to define the moisture content of
the soils relative to the pore space of the material. The value

specified for each model was defined by assuming moisture
contents were slightly above the residual moisture content

of the soil textures defined by the general soil database in
VS2DH. The initial moisture content among the different
cross-sectional models ranged from 0.05 to 0.15 for the upper
zone near the sediment-water interface. The initial temperature
for each model was based on the interpolation of the observed
temperature measurements at the start of the simulation.

Parameter Sensitivity Analysis

The value of a rigorous sensitivity analysis is to
help identify sensitive parameters and their influence on
predictions, determine the number of parameters needed for
the formal parameter estimation procedure, and possibly
guide the need for additional data collection. Reducing the
number of parameters simplifies the calibration procedure and
also makes the simulations run more efficiently. Sensitivity
of individual parameters was tested by adjusting values
by 25, 50, and 75 percent from a calibrated model and
within the feasible parameter range for saturated hydraulic
conductivity in the horizontal direction (Kh), porosity (Por),
van Genuchten Alpha (VG Alpha) and Beta (VG Beta),
longitudinal dispersion (DL), soil heat capacity (Cs), and
thermal conductivity at residual moisture content (Ktr) and at
saturation (Kts). The ratio of vertical to horizontal hydraulic
conductivity, or anisotropy ratio (Kz/Kh), was specified as 1.0
or assumed isotropic conditions. This was justified to evaluate
the relative contribution of hydraulic conductivity and thermal
properties to the seepage rate and temperature simulations.

The baseline model used in the sensitivity analysis
assumed a single uniform sandy loam texture. The feasible
values of the VG Beta parameter do not vary beyond plus or
minus 25 percent from the average value (1.89) of a sandy
loam soil (appendix 5). Porosity of a sandy loam was initially
assumed to be 0.40 and increases beyond 25 percent were not
evaluated. The sensitivity of the individual parameters on the
transport of heat was calculated by comparing the observed
and simulated temperatures and calculating the percent bias
(PBIAS). PBIAS is commonly used as an objective function
that measures the average tendency of the simulated data to
be more or less than the observed. Positive values of PBIAS
indicate overestimation, and negative values indicate underes-
timation. The results clearly show the number of parameters
that influence heat transport and may not necessarily influ-
ence seepage estimation (fig. 8). The Kh parameter is the most
important and sensitive parameter in estimating heat transport
and seepage estimation as indicated by the linear response to
adjustments. Other parameters such as Por, Kts, and Cs only
influence heat transport. The retention parameter VG Alpha
is sensitive to the seepage estimation at adjustments greater
than —50 percent from a sandy loam (1.88 to 3.75 per meter).
Based on the results of the sensitivity analysis, the parameters
used in the PEST optimization simulations were Kh, Ktr, Kts,
and Kz/Kh. The Kz/Kh parameter was included in the param-
eter estimation process to simulate anisotropic conditions in
transect models.
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Model Calibration Using PEST

Once initial hydraulic and thermal properties for the
transect models have been defined, model calibration is
performed to refine the most sensitive parameter values. This
is typically achieved by manual adjustments to parameters or
through the use of separate programs designed to automate the
process by making comparisons. In this study, the model was
calibrated by using PEST (Parameter ESTimation; Doherty,
2007) code to refine the initial estimates for Kh, Kz/Kh, Ktr,
and Kts for each of the textural classes or zones in the VS2DH
transect models. PEST is an independent model that executes
the VS2DH model and adjusts the model parameters using
the Gauss-Marquardt-Levenberg optimization algorithm
(Doherty, 2007) by comparing the simulated temperatures
to the observed through a weighted least-squares objective
function. PEST automatically re-runs the VS2DH model until
the objective function is minimized and provides the final set
of estimated parameters. PEST allows the use of observation
and time varying weights to allow greater importance to data
points or specific behaviors in the data such as daily fluctua-
tions of temperature. To emphasize the daily minimum and
maximum temperatures, the observations near the sediment-
water interface were given non-zero weights to avoid simulat-
ing temperatures that approximated the average temperatures.
Applying weights to the minimum and maximum daily
temperatures assigns more emphasis on the amplitude of the
temperature signal, which is directly related to the hydraulic
and thermal properties of the soils. The time varying weights
were defined by using a modified version of Series SEE
(v1.12; Halford and others, 2012) with the Period Function on
the 0.10 m observation of the temperature probe. The observed
temperature data between the daily maximum and minimum
were given a weight of zero. PEST allows the user to specify
prior relations between the zones, called Regularization,
to limit the numerical instability caused by parameter non-
uniqueness. Regularization avoids overfitting (and instabil-
ity therefrom) by penalizing complexity. This is achieved by
defining a set of relations among the set of parameters esti-
mated between zones that avoid large contrasts in heterogene-
ity, typically defined as the log difference equal to zero.

To help facilitate the parameter estimation process,
manual calibration was performed for each transect based
on 1,000 hours of canal flow to initialize the model param-
eters needed for the execution of PEST. Default values were
specified for soil properties not estimated in PEST based on
reported values in Carsel and Parrish (1988) for general soil
textural classifications included in VS2DH. PEST was allowed
to only adjust the most influential parameters that affect seep-
age. The parameter values and ranges used in PEST were
derived from values reported in the literature (table 2). The Kh
was allowed to adjust multiple orders of magnitude with an
assumed Kh/Kz ranging from 0.1 to 1. The range in Kts was
assumed to vary between organic matter and a general sand
texture.
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Figure 8. Sensitivity of hydraulic and thermal parameters to

A, temperature error as indicated by percent hias (PBIAS),

and B, canal seepage. Sensitivity of individual parameters was
tested by adjusting values by 25, 50, and 75 percent within the
feasible parameter range for saturated hydraulic conductivity in
the horizontal direction. Saturated hydraulic conductivity (Kh),
porosity (Por), van Genuchten Alpha (VG Alpha) and Beta (VG
Beta), longitudinal dispersion (Alpha-L), soil heat capacity (Cs), and
thermal conductivity at residual (Ktr) and at saturation (Kts).

The 2012 and 2013 irrigation seasons were divided into
60-minute intervals called recharge periods, each having
unique upper and lower boundary conditions based on mea-
sured canal stage and water temperature data. Start date for
model simulation periods for each temperature monitoring site
was indicated for each irrigation season by a recorded rise in
canal levels and change in thermal gradients induced by canal
flow.
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Table 2. Summary of hydraulic and thermal parameters used as input into PEST to calibrate the VS2DH transect models.

[Abbreviation: m hr', meters per hour; m™', per meter; m, meter; J m= °C™', joules per cubic meter per degree Celsius; J h™' m™ °C™', joules per hour per meter per degree

Celsius; —, unitless]

Parameter description

Symbol

Units Values Source

Hydraulic parameters

Saturated horizontal hydraulic conductivity Kh
Anisotropy Kz/Kh
Saturated vertical hydraulic conductivity Kz
Porosity n
Residual moisture content j
van Genuthen Alpha a
van Genuthen Beta b

m hr! 0.0001-10 Calibration
— 0.1-5.0 Calibration

m hr! 0.0001-10.0 Kz = Kh*(Kz/Kh)
— 0.3-0.45 Carsel and Parrish (1988)*
— 0.034-0.1 Carsel and Parrish (1988)
m’! 2-14.5 Carsel and Parrish (1988)
— 1.4-2.6 Carsel and Parrish (1988)

Thermal parameters

Longitudinal dispersivity al
Transverse dispersivity aT
Volumetric heat capacity Cs
Thermal conductivity of sediments at residual moisture content Ktr
Thermal conductivity of saturated sediments Kts

m 0.01 Niswonger and Prudic (2003)

m 0.01 Niswonger and Prudic (2003)

Jm3eC! 1.0 x 10°~1.3 x 10°  Niswonger and Prudic (2003)
Jh'm™°C! 300-936 Calibration
Jh'm™e°C! 300-9,720 Calibration

 Specified in each textural class within VS2DHI (Heish and others, 2000) as reported in Carsel and Parrish (1988).

Modeling Results

PEST

The parameters Kh, Kz/Kh, Ktr, and Kts were optimized
with PEST based on simulated and measured subsurface
temperatures. The PEST estimates for Kh and Kts were the
most variable between transects (appendix 5). A single set of
model inputs was chosen for each textural class for the entire
irrigation period or prediction period, extending from the
model calibration period (1,000 hours) to the duration of canal
flow during 2012 to 2013 except for the Saroni canal where
siltation was significant. Prior to the 2012 agricultural season,
routine maintenance on the Saroni canal was performed by
heavy machinery where fine sediments were excavated and the
canal was reshaped into a trapezoid to improve flow convey-
ance. At the end of 2012, deposition of fine sediments or silt-
ation in the canal reduced the permeability of the sediments,
which was evident in the VS2DH model’s inability to match
temperatures during the 2013 water year with fixed parameters
from model calibration during 2012. Therefore, additional
model calibration was completed on Saroni sites 1—4 during
2013. Although it is possible that siltation occurred in other
canals during the 2012 season, the residual error computed for
the 2013 season for other transects was not significant enough
to warrant recalibration. Therefore, no other transect sites
required recalibration based on the comparable residual errors
between the 2012 and 2013 simulation periods.

VS2DH Modeling

The objective of model calibration was to simulate the
thermal amplitude of canal sediments while matching long-
term trends and thermal gradients caused by seasonal changes.
Each transect was represented by a simple conceptual model
of the subsurface sediments. Comparisons between measured
and simulated subsurface temperatures are the primary indica-
tion of model accuracy, and during the calibration period, the
transect models capture the diel temperature signal reasonably
well. Larger errors in model simulations were likely caused by
several factors, namely changes in permeability resulting from
scour or siltation, and during intermittent periods of canal
flow. Wetting and drying of canal sediments influence the heat
transport in canal sediments by gravity drainage and evapora-
tion. Simulated and observed temperatures for each transect
are provided in appendixes 1A-3C along with residual error,
or the difference between the observed and simulated tempera-
ture for each simulated hour in 2012 and 2013.

A measure of the goodness of fit or root mean square error
(RMSE) between simulated and observed temperatures for
each observation depth was calculated to indicate how well
the model simulates observed temperatures at each observa-
tion during the calibration and prediction periods (table 3).
The median RMSE values for calibration range from 0.35 to
0.76 °C for all transect models. The median RMSE values
increase from 0.46 to 1.41 °C during the prediction period due
to changes at the sediment-water interface from processes such
as siltation or scour and during periods of intermittent canal
flow. The transect models tend to poorly simulate the tempera-
ture observations along the canal bank piezometer locations
during the calibration period as a consequence of the slow
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Table 3. Summary statistics of the calculated root mean square error (RMSE) and percent bias (PBIAS) for the calibration and
prediction periods.

[Abbreviation: °C, degrees Celsius; %, percent]

Depth, in meters below canal bottom

0.1 0.2 0.5 0.75 1.0

Bank piezometers

Minimum 0.1 0.1 0.1 0.1 0.1 0.1
Median 0.4 0.4 0.4 0.4 0.5 0.8
Maximum 1.0 1.1 1.3 1.2 1.1 4.8
Calibration PBIAS (%)

Minimum -6 -3 —11 =5 —4 —46

Median 0.2 0.2 -0.5 -0.3 -0.1 -0.6
Maximum 3 4 3 2 2 26

Minimum 0.1 0.1 0.1 0.2 0.2 0.5
Median 0.5 0.6 0.6 0.7 0.7 1.4
Maximum 1.5 1.7 1.8 2.0 2.0 5.9

Prediction PBIAS (%)

Minimum -3 —4 -10 —11 -9 =33
Median 0.5 0.6 0.0 0.7 0.8 -0.1
Maximum 3 4 5 7 9 25

lateral movement of soil moisture not necessarily arriving at
the bank piezometers during the 1,000 hours of calibration.
That is, at some transects, more than 1,000 hours would have
been necessary to estimate sediment hydraulic and thermal
properties of bank sediments based on temperature patterns
alone due to the slow movement of the lateral wetting front.
For each transect, the models were calibrated during
1,000 hours of canal flow, and heat transport was more influ-
enced by hydraulic and thermal conductivity. During the pre-
diction period, many of the canals had periods of intermittent
flow, causing the heat transport model to become very sensi-
tive to other parameters not used in the calibration process
such as retention properties, and van Genuchten Alpha and
Beta parameters. Included in table 3 are the calculated RMSE
and PBIAS values during the calibration and prediction peri-
ods, which include intermittent periods of no flow. The time
series of residual errors during the prediction period, observed
stage, and the estimated seepage are provided in appendixes
1A-3C. Further improvements to model performance could
have been achieved by estimating retention properties in PEST
or by calibration of multiple periods during the agricultural
season as done on the Saroni canal. The improvements to
model performance were not necessary during periods of no
flow because this effort would not have resulted in improved
estimates of seepage, and estimating changes in permeability
(hydraulic conductivity) is beyond the scope of this work.
Canal seepage rates are directly related to the magnitude
of the vertical and horizontal hydraulic conductivity of the
soils. The layering of soils beneath canals will promote lateral
subsurface flow and, in general, a reduction in vertical hydrau-
lic conductivity as a function of depth is common where clay

materials and alluvial deposits tend to facilitate subsurface
flow in the horizontal direction. Anisotropy caused by layered
sediments was predicted by PEST as transport simulations
(Kz/Kh less than 1.0) resulted in better fits with distinctly
enhanced permeability in the horizontal direction at some sites
(appendix 5).

Overall, the median hydraulic-conductivity values
shown in table 4 for the study areas were between 0.001 and
0.03 meter per hour (m/h) and on the low end of the range
reported for unconsolidated sediments along lower altitude
alluvial slopes (0.00025 to 1.88 m/h, 0.02 to 140 ft/d; Mau-
rer and others, 2004, p. 6). The lower estimates of hydraulic
conductivity are likely related to fine sediments deposited at
the surface of the canals and subsurface layered deposits. As
discussed earlier, the Saroni canal had undergone maintenance
prior to the 2012 season where fine materials on the canal
bottom were removed to improve conveyance. During the
2012 model calibration, the PEST model estimated an average
hydraulic conductivity of 0.0022 m/h in the upper sediments
(zone 1) at Saroni 1 (appendix 5). After recalibration with
2013 observation data, the average hydraulic conductivity
decreased by a factor of 20 to 0.00011 m/h. The reduction
in hydraulic conductivity was discovered by evaluating the
residual error between observed and simulated temperatures
throughout the 2012 and 2013 seasons. By the end of 2012
and through 2013, the residual errors were greater than 2.0 °C
in the shallow 0.10- and 0.20-m observations using a fixed set
of model parameters from the 2012 calibration. Recalibration
with 2013 data resulted in better fits to the observed data and
lower estimates of hydraulic conductivity.
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Table 4. Median hydraulic and thermal conductivity of canal sediments estimated by PEST.

[Abbreviation: m hr !, meter per hour; J h™' m™! °C™, joules per hour per meter per degree Celsius]

Smith Valley Mason Valley Walker Lake Valley
Parameter Units
Saroni Plymouth Mickey Fox Campbell Lateral 1A Lateral 2A Canal 2
Saturated horizontal hydraulic m hr! 0.004 0.001 0.03 0.03 0.02 0.008 0.03 0.004
conductivity
Saturated vertical hydraulic conductivity m hr! 0.002 0.001 0.03 0.01 0.008 0.008 0.03 0.02
Thermal conductivity of saturated Jhi'm'eC! 3,456 3,780 9,720 9,720 5,364 2,077 2,302 4,986

sediments

Seepage Estimates

The objective of the modeling was to estimate the seep-
age through canals at selected locations in the Walker River
Basin. The seepage rate at every hourly time step in the model
and the total seepage loss for each year are reported. A sum-
mary of the model simulation period, the number of days the
canal was flowing, estimated seepage rates, and volume of
loss for each transect for 2012—13 are provided in tables 5
and 6, respectively. Simulated seepage rates, canal stage, and
residual error for each transect are provided in appendixes
1A-3C. The seepage losses for each transect were averaged
for each year and summarized for the canal in table 7. Flow
rates diverted into canals were not available to quantify the
“percent loss”; however, the seepage rates are reported in
units of feet per day (ft/d) and cubic feet per second per mile
(ft/s-mi) of canal, and seepage loss is reported in acre-feet per
mile per day (acre-ft/mi/d) and acre-feet per mile per agricul-
tural year (acre-ft/mi/ag yr). Agricultural year is defined as
the total number of days per year the canal had flow and was
used to estimate the annual volume loss due to the reduction in
water availability between 2012 and 2013. Simulated results

for irrigation seasons 2012 and 2013 are shown in figure 9 for
each of the transect sites.

Smith Valley (Saroni and Plymouth Canals)

The Saroni and Plymouth canals divert surface water from
the West Walker River near the mouth of Hoye Canyon. The
transect locations and the estimated seepage rates are shown
in figure 94. The Saroni and Plymouth canals are hydrauli-
cally disconnected from the aquifer and seepage rates were not
affected by the position of the water table or regional ground-
water pumping. The simulated and observed temperatures
for the Smith Valley canals for the 2012 and 2013 irrigation
seasons are shown in appendix 1A and 1B. During the 2013
irrigation season, additional transects were added to the Saroni
canal (Saroni 1.1, 1.2, 1.3, 2.1, and 2.2). In 2013, the aver-
age number of irrigation days the canals had flowing water
decreased to 125 from 190 in 2012 due to persistent drought
conditions.

In 2012, the range of seepage from the Saroni canal was
0.02 to 1.6 ft/d (0.03 to 0.6 ft*/s-mi; table 5). The highest rates
of seepage were estimated at Saroni 4 (1.6 ft/d or 0.4 ft*/s-mi),

Table 5. Seepage estimates for canal transect sites simulated in 2012 in Smith and Mason Valleys, Nevada.

[Abbreviation: ft/d, feet per day; ft*/s-mi, cubic feet per second per mile; acre-ft/mi/d, acre-feet per mile per day; acre-ft/mi/ag yr, acre-feet per mile per agricultural year;

°C, degrees Celsius; RMSE, root mean square error]

Simulation Canal flow
Site name Date of simulation period
(days)
(days)

Seepage rate Seepage loss

RMSE*®

. . (acre-ft/mi/ (°C)
(ft/d) (ft/s-mi) (acre-ft/mi/d) agyr)

Saroni Canal 1 4/16/2012 to 10/26/2012 193 193 0.6 0.6 1.1 220 2.8
Saroni Canal 2 4/15/2012 to 11/1/2012 199 193 0.04 0.05 0.1 20 1.2
Saroni Canal 3 4/26/2012 to 10/7/2012 165 165 0.02 0.03 0.03 9 1.3
Saroni Canal 4 5/1/2012 to 10/24/2012 177 172 1.6 0.4 0.9 150 1.3
Plymouth Canal 1 ~ 3/23/2012 to 10/26/2012 217 217 0.2 0.1 0.2 40 0.8
Plymouth Canal 2 4/5/2012 to 10/20/2012 198 198 0.01 0.01 0.01 2 0.6
Mickey Ditch 1 3/29/2012 to 11/9/2012 225 163 1.6 0.6 1.3 210 1.6
Fox Ditch 1 3/26/2012 to 10/31/2012 219 190 0.3 0.2 0.4 76 2.2
Fox Ditch 2 4/1/2012 to 10/6/2012 188 118 1.6 0.9 1.8 210 1.8
Campbell Ditch 1 3/26/2012 to 10/31/2012 220 172 0.15 0.2 0.4 60 1.5
Campbell Ditch 2 3/26/2012 to 5/7/2012 42 42 0.5 0.6 1.2 50 1.1

* Calculated for entire model simulation period inclusive of dry periods and non-weighted.
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Table 6. Seepage estimates for canal transect sites simulated in 2013 in Smith, Mason, and Walker Lake Valleys, Nevada.

[Abbreviation: ft/d, feet per day; ft*/s-mi, cubic feet per second per mile; acre-ft/mi/d, acre-feet per mile per day; acre-ft/mi/ag yr, acre-feet per mile per agricultural year;
°C, degrees Celsius; RMSE, root mean square error; >, greater than; —, no data]

Simulation Seepage rate Seepage loss

Site name Date of simulation period Ca(r:’?‘,fsl;)w RI(!I(S:)E‘
(days) (ft/d) (ft3/s-mi) (acre-ft/mi/d) (acre-ft/mi/ag yr)
. SmthValley |
Saroni Canal 1 4/23/2013 to 10/18/2013 178 178 0.05 0.05 0.1 20 1.2
Saroni Canal 1.1 5/7/2013 to 10/14/2013 160 98 0.6 0.5 0.9 90 0.6
Saroni Canal 1.2 5/20/2013 to 10/18/2013 142 142 0.5 0.5 0.9 130 0.5
Saroni Canal 1.3 5/6/2013 to 9/25/2013 142 142 0.6 0.5 1.0 140 0.4
Saroni Canal 2 4/22/2013 to 9/6/2013 137 137 0.03 0.04 0.1 10 1.6
Saroni Canal 2.1 4/25/2013 to 7/31/2013 97 94 0.04 0.03 0.1 6 0.2
Saroni Canal 2.2 4/25/2013 to 8/13/2013 110 102 0.1 0.1 0.1 10 0.8
Saroni Canal 3 4/5/2013 to 10/18/2013 176 176 0.04 0.05 0.1 15 1.1
Saroni Canal 4 5/13/2013 to 8/22/2013 101 48 2.5 0.7 1.3 65 1.2
Plymouth Canal 1 3/20/2013 to 7/26/2013 129 129 0.2 0.1 0.2 24 0.8
Plymouth Canal 2 3/20/2013 to 8/30/2013 163 133 0.01 0.01 0.01 2 1.3
Mickey Ditch 1 3/9/2013 to 8/17/2013 161 127 32 1.3 2.5 320 2.6
Mickey Ditch 1.1 4/10/2013 to 9/28/2013 171 109 33 1.3 2.6 290 0.9
Fox Ditch 1 Moved to 1.1 — — — — — — —
Fox Ditch 1.1 5/4/2013 to 8/14/2013 102 59 1.7 1.0 2.0 120 2.0
Fox Ditch 2 3/27/2013 to 9/6/2013 163 102 1.6 0.9 1.8 180 1.8
Campbell Ditch 1 3/14/2013 to 8/17/2013 156 123 0.1 0.2 0.3 40 1.4
Campbell Ditch 1.1 5/5/2013 to 7/12/2013 67 67 1.8 0.6 1.2 80 0.3

Campbell Ditch 2 Not simulated —

Walker Lake Valley

Schurz 1 Lateral 1A 5/14/2013 to 5/19/2013 5 >5.0 0.7 0.4 0.8 ®) 0.8
Schurz 2 Lateral 1A 4/24/2013 to 10/4/2013 163 67 0.8 0.5 1.0 70 1.4
Schurz 3 Lateral 2A  4/17/2013 to 10/6/2013 171 26 0.9 0.7 1.4 5 0.8
Schurz 4 Canal 2 4/15/2013 to 10/6/2013 173 95 0.8 1.3 2.6 240 0.6

# Calculated for entire model simulation period inclusive of dry periods and non-weighted.
b Can not estimate due to pressure transducer failure resulting in loss of continuous stage record.

Table 7. Annual average seepage loss for selected irrigation
canals in Smith, Mason, and Walker Lake Valleys, Nevada.

[Abbreviation: acre-ft, acre-feet; acre-ft/mi/ag yr, acre-feet per mile per agricultural year;

—, no data]
2012 2013
. Length Average seepage loss Average seepage loss
Site name (miles) [— [—
mi/ag yr) (acre-ft) mi/ag yr) (acre-ft)
Saroni Canal 11 100 1,100 50 590
Plymouth Canal 9.7 22 210 13 130
Mickey Ditch 7.3 200 1,500 300 2,200
Fox Ditch 14.9 140 2,100 150 2,200
Campbell Ditch 11.5 60 660 60 700
Walker Lake Valley
Schurz Lateral 1A 3.0 © — 68° 200
Schurz Lateral 2A 1.5 — — 35 50
Schurz Canal 2 3.0 — — 240 725

* Not measured.
b Estimated using duration from Schurz 1 Lateral 1A.
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a lateral from the main Saroni canal. The high rate of seep-
age at Saroni 4 may be due to the settling of fine sediments
upgradient of the site where a gate structure that diverts water
into this segment of the canal is located. During the equipment
installation and soil core sampling effort, very little accumula-
tion of fine sediments transported by the surface water was
present at this site (fig. 10). For comparison, rates reported by
Loeltz and Eakin (1953) for the upper section of the Saroni
canal near transect sites Saroni 1 and 2 was 1.25 ft*/s-mi dur-
ing an inflow-outflow measurement of 47 ft3/s. Flow rates in
the canal were not measured during this study; however, the
canal flow rate, methodology, and associated uncertainty may
explain in part these differences in seepage rates.

The total loss per year is directly related to the frequency
and duration of canal flow, and from 2012 to 2013 the number
of days the Saroni canal had water decreased by an average
of 57 to 124 (tables 5 and 6). For comparison, in an average
water year, the number of days of irrigation typically reported
is 208. In 2013, the seepage rate from the Plymouth canal was
similar to 2012 (table 6); however, the volumetric loss was
reduced by 50 percent due to the 50-percent reduction in the
number of canal flow days. The seepage rates on the Plymouth
canal in 2012 were among the lowest, ranging from 0.01 to
0.2 ft/d (0.01 to 0.1 ft*/s-mi).

The calibrated model for the Saroni canal was able to
reasonably match the subsurface temperatures measured in
2012; however, the simulations for the 2013 season did not
produce satisfactory results. The sediment diurnal tempera-
ture data were much more dampened compared to simulated
temperatures (not shown). The dampened temperature cycles
indicate reduced leakage rates through canal-bed sediments.
A reduction in leakage may have been caused by fine sedi-
ments with low hydraulic conductivity deposited near the
sediment-water interface. During site visits between diversion
periods, evidence of localized deposition of fine sediment on
the canal bed was observed at Saroni 1 (fig. 94). Deposition of
fine sediment over sensor arrays likely would dampen diurnal
sediment temperature cycles and potentially could reduce
canal leakage. Following recalibration with 2013 temperature
data, the estimated seepage rate was reduced by 90 percent at
Saroni 1 due to localized siltation, resulting in a loss rate of
0.05 ft/d (0.05 ft3/s-mi). Sediment deposition may be localized
such that it may not affect the leakage rates of an entire reach
as indicated by the negligible reduction in seepage at Saroni 2
from 0.04 ft/d in 2012 to 0.03 ft/d in 2013. The rates of seep-
age increased by a factor of 2 at Saroni 3 between 2012 and
2013, from 0.02 to 0.04 ft/d, respectively. The change in rates
are minor compared to other sites on the Saroni canal (0.03 to
0.5 ft/d), and the difference in seepage may be due to uncer-
tainty in recalibration given the differences in estimated ther-
mal and hydraulic conductivity for canal sediments in 2012
and 2013 (appendix 5). Uncertainty in thermal parameters can
cause greater errors in seepage estimates where heat transport
is dominated by conduction such as those in lower hydraulic
conductivity soils (Constantz and others, 2003).

At Saroni 4 the rates increased by a factor of 1.5 from 1.6
to 2.5 ft/d between 2012 and 2013. Although rates increased

in 2013, the volumetric loss was 57-percent lower due to the
reduction in water use during 2013. At this site, the differ-
ence in canal usage between 2012 and 2013 was 124 days,
which further translates to a reduction of 86 acre-ft/mi/ag yr.
The increase in loss rates at Saroni 4 also may be due to the
greater variability in canal flow and the predominant soil
moisture conditions following prolonged periods of no flow
in the canals. At Saroni 4 in 2012, the flow in the canal was
nearly continuous, and in 2013, flow was very intermittent
(appendix 1A, figs. 1A-62B and 65B). The unsaturated proper-
ties, namely the hydraulic conductivity, are higher at low soil
moisture contents than at saturation. Therefore, the simulated
seepage rates are sensitive to the variable moisture conditions
in canal sediments, especially at early stages of canal flow fol-
lowing prolonged periods of dry conditions.

Mason Valley (Fox, Mickey, and
Campbell Ditches)

The Fox and Mickey ditches are located along the East
Walker River near the northern portion of the Wassuk Range
(fig. 2B). Downgradient from the confluence of East and West
Walker River near the city of Yerington and just north of the
95A bridge is the diversion structure for the Campbell ditch.
The extent of connectivity between canals in Mason Valley
and the alluvial aquifer may depend on location, the depth
of canal incision, and timing of groundwater-level declines
due to pumping. For example, the base altitude of the Mickey
ditch is 15-20 ft below the adjacent land surface and was
hydraulically connected. In contrast, the Fox ditch is 2—6 ft
below the adjacent area and was hydraulically disconnected.
Groundwater pumping results in a lowering of the water table
despite increased infiltration and mounding due to seepage
and agricultural use from nearby canals and fields. The
transect locations and the estimated seepage rates are shown
in figure 9B. The simulated and observed temperatures for
the Mason Valley canal sites for the 2012 and 2013 irrigation
seasons are shown in appendix 2A to 2C. During the 2013
irrigation season, additional transect sites were added to
the Fox (Fox 1.1), Mickey (Mickey 1.1), and Campbell
(Campbell 1.1) ditches.

Flow in the Fox ditch was very dynamic and sediment
deposition and scour around the temperature probes was
persistent, thus potentially contributing to uncertainty in seep-
age estimation. During extended periods of canal flow, 0.1 to
0.2 m of sediment would periodically erode from the tem-
perature probes located in the canal at the Fox 1 transect. This
was evident by physical observation and by anomalies in the
observed temperature data at multiple depth observations such
as those at 0 to 0.20-m depths would be similar (no thermal
gradient or lag). The first 1,000 hours of irrigation in 2012
were used for model calibration during a time that sediment
movement around the temperature probes was not an issue.
The residual errors increased in 2012 (simulation period 500
to 2,500 hours) as changes in the amplitudes of the observed
temperatures at 0.10- and 0.20-m depths occurred due to
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Figure 10. SARONI CANAL 1 site TROD T10 A, during site installation on 3/12/2012, B, showing closeup of TROD T10 head about 0.40
foot above canal bottom, C, during canal flow on 2/13/2013 (TROD head about 0.10 foot above canal bottom), and D, approximate location
of buried TROD T10 on 1/30/2014 (TROD head about 0.10 foot below canal bottom).

scour (appendix 2A, fig. 2A-64). Assuming constant model
parameters from calibration, the estimated seepage rate for the
Fox ditch 1 during 2012 was 0.3 ft/d (0.2 ft*/s-mi). In 2013,
equipment from Fox 1 was moved 50 ft down the canal, away
from the diversion gate on the Mickey ditch. The seepage esti-
mates at the new location of Fox 1.1 were 1.7 ft/d, an estimate
similar to Fox 2 (1.6 ft/d; table 6). Prior to the 2013 irrigation
season, a concrete structure was constructed to control flow
and sediment into the Fox ditch that helped alleviate sediment
transport issues at Fox 1.1.

In 2012, the estimated seepage from Mickey ditch 1 was
1.6 ft/d (0.6 ft’/s—mi) (table 5); the rates increased in 2013 to
3.2 ft/d (1.3 ft*/s—mi). During early spring of 2012, the Mickey
ditch 1 transect was hydraulically connected to the alluvial
aquifer, and following extensive lowering of the water table in
May 2012, the canal was disconnected continuously through
the 2013 agricultural season (fig. 114). The estimated seepage
shown in figure 2B-7B of appendix 2B for the Mickey ditch
shows that during the period when the canal was hydrauli-
cally connected, the seepage rates were an average of 0.82 ft/d
(0.25 meter per day (m/d)) during March to May (simulation
period 0—1,500 hours). The declines in the aquifer in July 2012
resulted in greater seepage losses as the canal was no longer
hydraulically connected. During the period from July to Octo-
ber 2012 (simulation period 2,500—-4,500 hours), the seepage
rates increased to an average of 3.1 ft/d (0.94 m/d). From July
to October and in 2013, there were periods when the canal was

not flowing and the aquifer declined more rapidly. The seep-
age rates increased abruptly to as high as 9.5 ft/d (2.9 m/d)
during the initial periods of canal flow. The highest rates of
seepage were estimated at Mickey 1.1 (3.3 ft/d or 1.3 ft¥/s-mi)
and were comparable to Mickey 1 (3.2 ft/d or 1.3 ft*/s-mi)
(table 6).

On the Campbell 1 transect, the extent of hydraulic con-
nectivity between the canal and the shallow aquifer varied
throughout 2012 and 2013 (fig. 11B). The head in bank
piezometer BP1 decreased 1.15 m from April to October 2012
as a consequence of water-table declines due to groundwater
pumping. Lowering the water table resulted in an increase
in seepage rates from 0.05 to 0.1 m/d at the end of the year
(appendix 2C, fig. 2C-6C). During the period when the water
table drops below the canal altitude, the aquifer responds to
rapid increases in canal stage as shown by abrupt changes in
head in the well. The aquifer recovers by April 2013 and then
declines 1.6 m between May and October 2013 (fig. 11B8). The
effect of rises in the water table reduces the seepage rates esti-
mated in the model. However, as shown in the Mickey ditch 1
(fig. 114), and conceptualized in figure 6, when the water table
declines to an altitude where the canal is no longer affected
by the aquifer head, the seepage rates increase and following
prolonged periods of no flow, even greater rates occur during
the initial periods of canal flow. During the early irrigation
season of March 2012 when the canal was hydraulically con-
nected to the aquifer, the seepage rates were approximately
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Figure 11.

Measured stage and piezometric head in 2012-13 at site 1 on the A, Mickey ditch, and B, Campbell ditch. At the Mickey

site, the water table dropped below the bottom of piezometer BP1 intermittently in both 2012 and 2013.

0.25 m/d (appendix 2B, fig. 2B-7B, simulation period 0 to 500
hours) at approximately 0.25 m of stage. Following declines
in the water table and a prolonged period of no flow, the canal
became hydraulically disconnected by the end of the simu-
lation period in August 2013 (fig. 114), and the estimated
seepage rate was 1.2 m/d for an equivalent stage (appendix
2B, fig. 2B-8B, simulation period 3,700 to 3,900 hours). This
corresponds to a 380-percent increase (a factor of 5) in seep-
age due to loss of hydraulic connectivity between the water in
the canal and the water table.

Walker Lake Valley (Schurz Canals 1A, 2A, and
Canal 2)

The network of canals on the WRPIR is located just down-
gradient of the Weber Reservoir at a diversion structure known
as Little Dam in the rural community of Schurz (fig. 2C). The
canal transects investigated were hydraulically disconnected
from the aquifer, and seepage rates were not affected by a high
water table or regional groundwater pumping. The transect
locations and the estimated seepage rates are shown in figure
9C. The simulated and observed temperatures for the Walker
Lake Valley Schurz canal sites (referred to as Schurz) during
the 2013 irrigation season are shown in appendix 3A to 3C.
Data collected on the Schurz sites began at the start of the
2013 irrigation season.

Diversions into Lateral Canals 1A and 2A during the
2013 irrigation season were very intermittent. The average
seepage loss from the Schurz 1 Lateral 1A canal was 0.7 ft/d
(0.4 ft’/s-mi) (table 6). The highest rates of seepage were esti-
mated to be 0.9 ft/d (0.7 ft3/s-mi) at the Schurz 3 Lateral 2A
canal. The duration of continuous flow has significant impact
on the rate of seepage in the canals, and in disconnected sys-
tems, canal stage can be used as a predictor for seepage rates
as head in the canal primarily drives seepage loss. However,
the relation between stage and seepage can be non-linear if
persistent periods of no flow exist and the canal loses soil
moisture through gravity drainage and evaporation. For lateral
canals in the Schurz study area, this is often the case, as flows
are diverted from the main canal for a few days, then dry
for several weeks. The seepage rates in figure 12 show two
contrasting sites where stage-seepage relations are non-linear
and linear. At Schurz 3 Lateral 2A, there were very frequent
periods of no flow (appendix 3B, fig. 3B-6B). During 2013,
171 days of simulation were used to capture periods of flow
that summed up to 26 total days of flow (table 6). At Schurz
4 Canal 2, there were slightly more consistent days of canal
flow, and the seepage losses increased linearly with canal
stage (fig. 12B). Identifying the frequency and duration of flow
in canals and the effect of early seepage losses is critically
important when estimating volumetric losses.
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Figure 12. Canal seepage loss rates in relation to stage in the Schurz study area for A, a lateral canal with intermittent periods of no
flow, and B, a main canal with consistent flow. The seepage rates in the lateral canal are greatly affected by initial periods of canal flow

followed by prolonged periods of no flow.

Seepage Rate Comparisons

The seepage estimates for each transect represent a detailed
monitoring and modeling effort to determine the temporal and
spatial variability at one location. However, the seepage loss
along each transect needs to be scaled up to the entire length
of the canal to be more meaningful to water managers. Diver-
sion data were not available for irrigation seasons 2011-12
so comparisons to seepage estimates by Carroll and others
(2010) could not be made. In this report, the annual loss rate
was determined by calculating the average seepage loss by
the canal length during the period of canal flow for the 2012
and 2013 irrigation seasons (table 7). For the Smith Valley
canal sites, the nearly 50-percent reductions in volumetric
loss rates between 2012 and 2013 were associated with less
than average diversions into canals from the Walker River and
reductions in infiltration rates following routine canal mainte-
nance. The total seepage losses from the Saroni canal for the
2012 and 2013 irrigation seasons were estimated to be 1,100
and 590 acre-ft, respectively. Lower rates of seepage from

the Plymouth canal for the 2012 and 2013 irrigation seasons
were estimated to be 210 and 130 acre-ft, respectively. For

the Mason Valley canal sites, the rate increases between 2012
and 2013 are likely due to the increase in canal seepage loss
resulting from lowering of the water table in hydraulically
connected canals. The seepage loss for the Fox ditch did not
exhibit significant year to year variability. The annual seep-
age losses estimated for 2012 and 2013 in the Fox ditch were
2,100 and 2,200 acre-ft, respectively. For the Mickey ditch, the
seepage loss was 1.5 times the rate estimated in 2012 despite
having 45 days less canal flow. Similarly, the Campbell ditch
seepage loss increased slightly from 660 to 700 acre-ft, a fac-
tor of 1.1, with 49 days less flow. The 2013 loss rates esti-
mated for the WRPIR canals were variable due to canal flow
duration and length of the canal. The annual estimated seepage
loss in Walker Lake Valley ranged between 50 and 725 acre-ft
among the transect sites. The loss rates estimated for Schurz
Canal 2 were relatively high compared to other sites, such as
the Campbell ditch, given that the total length of unlined canal
is only 3 mi.
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Seepage rates estimated for the Walker River Basin irriga-
tion canals have both spatial and temporal uncertainty that
were indirectly evaluated for this study. The uncertainty of
model simulations was not directly evaluated because of the
computational time needed to address parameter uncertainty at
22 locations. Uncertainty was considered in the experimental
design by the collection of data at multiple transects along
the canals and during multiple irrigation seasons to address
aspects of the spatial and temporal variability of seepage
losses. Spatial uncertainty arises primarily from the variability
of soil hydraulic properties along the canals, namely hydraulic
conductivity, and physical controls such as gate structures that
control sediment. The seepage rates estimated at each transect
along the canal were applied along a 1-mi segment of canal
assuming similar soil hydraulic properties, wetted perimeter,
and hydraulic connectivity.

To address the spatial uncertainty in soil hydraulic proper-
ties, a number of additional monitoring sites were added in
2013 based on permission granted by the WRID, to evaluate
the spatial heterogeneity of seepage rates along the canals,
such as those in the Saroni canal, and Mickey and Campbell
ditches. The seepage rates among the studied transects provide
insight into the range of uncertainty along the canals. For
example, in 2013, the large range in seepage rates along the
Saroni canal (0.03-2.5 ft/d) (table 6) was attributed to physi-
cal controls on surface-water flow and siltation caused by
the gate structure upgradient of Saroni site 4. Accounting for
the wetted perimeter of each transect, the estimated seepage
along Saroni transect sites 1-3 was consistently low, between
0.03 and 0.5 ft*/s-mi. The higher seepage rates at Saroni site
4 (0.68 ft*/s-mi) were due to the settling of fine sediments
behind a gate structure upgradient that reduced sediment clog-
ging along this lateral canal site.

The temporal uncertainty in seepage loss is primarily
caused by sediment transport (scour and siltation) and differ-
ences in interannual diversions into each canal. For example,
the differences in seepage rates from the Saroni canal between
2012 and 2013 were largely attributed to siltation following
canal maintenance. Differences in seepage rates for the Mason
Valley canals between 2012 and 2013 were largely due to the
influence of water-table declines on seepage loss. Annual seep-
age loss was also variable due to the decrease in diversions
and number of canal flow days.

Summary and Conclusions

Since the 1860s, water diverted from the Walker River has
been an important resource for agriculture. The reduced flows
into Walker Lake have resulted in lake-level declines, loss of
storage, and degraded water quality, threatening the freshwa-
ter ecosystems. The efforts to refine water budgets within the
Walker River Basin and purchase water rights to restore the
lake levels and improve water quality have contributed to new
investigations to evaluate the effects of changing water use at

the farm-scale and efficacy of management options on increas-
ing flows into Walker Lake. This study is part of the efforts by
the U.S. Geological Survey in collaboration with the Bureau of
Reclamation to refine recharge estimates for water budgets and
to provide baseline data to evaluate changing water use. The
data collected can also be useful for managers of the Walker
River Irrigation District (WRID) and the Walker River Paiute
Indian Reservation (WRPIR) to obtain seepage rates related

to the temporal variability, canal flow duration, groundwater
pumping, and frequency of canal use. This report presents an
extensive data and model effort used to characterize seep-

age losses in selected canals in the Walker River Basin. The
number and location of study sites were determined based on
permission of farmers, the WRID, and the WRPIR. The study
was conducted during the 2012 and 2013 irrigation seasons in
both hydraulically connected and disconnected canals. Multi-
depth observations of temperature using heat as a tracer were
incorporated in a numerical model to quantify seepage rates as
a function of varying stage and groundwater levels.

Hydraulic and thermal properties of canal sediments were
estimated using an inverse modeling approach, assuming a
multi-layered conceptualization of soil textures. Comparisons
between simulated and measured temperatures and ground-
water-level measurements were used to evaluate the VS2DH
models during a calibration period and then used to predict
seepage rates for both irrigation seasons. Deviations in model
performance helped determine changes in seepage rates due to
canal siltation where reduction in permeability of canal sedi-
ments occurred following routine canal maintenance. A newly
designed temperature probe used in this study helped provide
a continuous record of subsurface temperatures that were
useful in monitoring diel temperature variations as well as
long-term seasonal changes in temperature caused by weather
conditions. The ability to monitor the duration and frequency
of flow in the canals help to refine the estimates of total canal
loss as year to year variability of available water influences
seepage rates. The use of heat as a tracer in this study dem-
onstrates the value of long-term monitoring and modeling
seepage variations that can improve an understanding of link-
ages and feedbacks between groundwater and surface-water
systems.

The connectivity of groundwater and surface-water
systems is critical for understanding water resources in the
Walker River Basin. A significant source of groundwater
recharge in parts of the Walker River Basin is from irrigation
canal leakage; therefore, changes in water availability have
direct implications on recharge. Less surface water available
for irrigation will increase the reliance on pumping ground-
water, thus impacting the conveyance and delivery of water in
canals that are hydraulically connected. Lowering of the water
table in these systems causes the canals to become hydrauli-
cally disconnected from the aquifer, effectively increasing
seepage rates and reducing delivery efficiency.
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Figure 1A-1. Photograph of SARONI CANAL 1 site, Wellington, Nevada. Photograph
taken by Steven Clarke, U.S. Geological Survey, looking downstream on 2/22/2012.
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Figure 1A-2. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments at
SARONI CANAL 1 site with soil textural zones (Zones 1-3), locations of temperature observations below ground surface within the canal
(T10 and T14) and along the banks (BP1), and specified vertical and horizontal boundary conditions.
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Figure 1A-3. Measured and simulated thermographs for canal sediments for T10 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2012 calibration period.
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Figure 1A-4. Measured and simulated thermographs for canal sediments for T14 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2012 calibration period.
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Figure 1A-5. Measured and simulated thermographs for canal sediments for Bank Piezometer 1 (BP1) at depths of A,0.70 m, B, 1.0 m,
C, 1.30 m, and D, 1.60 m for the 2012 calibration period.
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Figure 1A-7. Measured and simulated thermographs for canal sediments for T10 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2013 calibration period.
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Figure 1A-8. Measured and simulated thermographs for canal sediments for T14 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,

and E, 1.0 m for the 2013 calibration period.
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Figure 1A-10.

Photograph of SARONI CANAL 1.1 site, Wellington, Nevada. Photograph

taken by David W. Smith, U.S. Geological Survey, looking downstream on 4/8/2013.
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Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments

Ly

at SARONI CANAL 1.1 site with soil textural zones (Zones 1-3), locations of temperature observations below ground surface within the

canal (TAA10 and TAA13), and specified vertical and horizontal boundary conditions.
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Figure 1A-12. Measured and simulated thermographs for canal sediments for TAA10 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m,
D, 0.75m, and E, 1.0 m for the 2013 calibration period.
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Figure 1A-13. Measured and simulated thermographs for canal sediments for TAA13 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m,
D, 0.75m, and E, 1.0 m for the 2013 calibration period.
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Figure 1A-15.

Appendix 1A Temperature and Model Results for Saroni Canal 1.2, Smith Valley, Nevada

Photograph of SARONI CANAL 1.2 site, Wellington, Nevada. Photograph

taken by David W. Smith, U.S. Geological Survey, looking downstream on 4/8/2013.
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Figure 1A-16. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments
at SARONI CANAL 1.2 site with soil textural zones (Zones 1-2), locations of temperature observations below ground surface within the

canal (TAA3 and TAA7), and specified vertical and horizontal boundary conditions.
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Figure 1A-17. Measured and simulated thermographs for canal sediments for TAA3 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m,
D, 0.75m, and E, 1.0 m for the 2013 calibration period.
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D, 0.75m, and E, 1.0 m for the 2013 calibration period.

Measured and simulated thermographs for canal sediments for TAA7 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m,
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Figure 1A-19. Temperature residual for each depth below the canal at location A, TAA3 and B, TAA7, and C, measured stage and
simulated seepage for the 2013 prediction period.
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Figure 1A-20. Photograph of SARONI CANAL 1.3 site, Wellington, Nevada.
Photograph taken by David W. Smith, U.S. Geological Survey, looking downstream on
4/8/2013.
Horizontal distance, in meters
-10 -5 0 5 10 15
I I I I I
Temperature and ~ Temperature boundary
0= Temperature boundary pressure boundary
1 —
2 0.75m 0.75m
g ,L =2 1.00m 1.00m
£ 3 =
oy c o
£ 5 n
e | 2 2
i o g
L 3 % =]
- o >
5 | = g
= Zone 2
4 —
5 —
Gravity drainage boundary
| |
6

Figure 1A-21. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments
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at SARONI CANAL 1.3 site with soil textural zones (Zones 1-2), locations of temperature observations below ground surface within the
canal (TAA8 and TAA11), and specified vertical and horizontal boundary conditions.
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Figure A1-22. Measured and simulated thermographs for canal sediments for TAA8 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m,
D, 0.75m, and E, 1.0 m for the 2013 calibration period.
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Figure 1A-23. Measured and simulated thermographs for canal sediments for TAA11 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m,
D, 0.75m, and E, 1.0 m for the 2013 calibration period.
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Figure 1A-24. Temperature residual for each depth below the canal at location A, TAA8 and B, TAA11, and C, measured stage and
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Figure 1A-25. Photograph of SARONI CANAL 2 site, Wellington, Nevada. Photograph taken by
David W. Smith, U.S. Geological Survey. View of right stream bank on 3/12/2013.
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Figure 1A-26. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments at
SARONI CANAL 2 site with soil textural zones (Zones 1-3), locations of temperature observations below ground surface within the canal
(T8 and T18) and along the banks (BP1), and specified vertical and horizontal boundary conditions.
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Figure 1A-27. Measured and simulated thermographs for canal sediments for T8 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2012 calibration period.
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Figure 1A-28. Measured and simulated thermographs for canal sediments for T18 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,

and E, 1.0 m for the 2012 calibration period.
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Figure 1A-29. Measured and simulated thermographs for Bank Piezometer 1 (BP1) at depths of A, 0.60 m, B, 0.75m, C, 1.50 m, and
D, 2.30 m for the 2012 calibration period.
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Figure 1A-30. Temperature residual for each depth below the canal atlocation A, T8 and B, T18, and C, measured stage and simulated
seepage for the 2012 prediction period.
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Figure 1A-31. Measured and simulated thermographs for canal sediments for T8 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2013 calibration period.
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Measured and simulated thermographs for canal sediments for T18 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2013 calibration period.
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Figure 1A-33. Measured and simulated thermographs for Bank Piezometer 1 (BP1) at depths of A, 0.60 m, B, 0.70 m, C, 1.50 m, and
D, 2.30 m for the 2013 calibration period.
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Figure 1A-34. Temperature residual for each depth below the canal at location A, T8 and B, T18, and C, measured stage and simulated

seepage for the 2013 prediction period.
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Appendix 1A Temperature and Model Results for Saroni Canal 2.1, Smith Valley, Nevada

Figure 1A-35. Photograph of SARONI CANAL 2.1 site, Wellington, Nevada.
Photograph taken by David W. Smith, U.S. Geological Survey, looking downstream on

4/9/2013.
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Figure 1A-36. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments
at SARONI CANAL 2.1 site with soil textural zones (Zones 1-2), locations of temperature observations below ground surface within the
canal (TX and T2S), and specified vertical and horizontal boundary conditions.
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Figure 1A-37. Measured and simulated thermographs for canal sediments for TX at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2013 calibration period.
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Figure 1A-38. Measured and simulated thermographs for canal sediments for T2S at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2013 calibration period.
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Figure 1A-39. Temperature residual for each depth below the canal at location A, TX and B, T2S, and C, measured stage and
simulated seepage for the 2013 prediction period.
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Appendix 1A Temperature and Model Results for Saroni Canal 2.2, Smith Valley, Nevada

Figure 1A-40. Photograph of SARONI CANAL 2.2 site, Wellington, Nevada. Photograph taken by David W.
Smith, U.S. Geological Survey, looking downstream on 4/9/2013.
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Figure 1A-41. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments
at SARONI CANAL 2.2 site with soil textural zones (Zones 1-2), locations of temperature observations below ground surface within the
canal (T5 and T10B), and specified vertical and horizontal boundary conditions.
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Figure 1A-42. Measured and simulated thermographs for canal sediments for T5 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,

and E, 1.0 m for the 2013 calibration period.
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Figure 1A-43. Measured and simulated thermographs for canal sediments for T10B at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m,

D, 0.75m, and E, 1.0 m for the 2013 calibration period.
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Figure 1A-44. Temperature residual for each depth below the canal at location A, T5 and B, T10B, and C, measured stage and
simulated seepage for the 2013 prediction period.
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Appendix 1A Temperature and Model Results for Saroni Canal 3, Smith Valley, Nevada

Figure 1A-45. Photograph of SARONI CANAL 3 site, Wellington, Nevada. Photograph taken by David W.
Smith, U.S. Geological Survey, looking downstream on 3/4/2013.
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Figure 1A-46. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments at
SARONI CANAL 3 site with soil textural zones (Zones 1-4), locations of temperature observations below ground surface within the canal
(T13, T15, and T17) and along the banks (BP1), and specified vertical and horizontal boundary conditions.
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Figure 1A-47. Measured and simulated thermographs for canal sediments for T13 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2012 calibration period.
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Figure 1A-48. Measured and simulated thermographs for canal sediments for T15 at depths of A, 0.20 m, B, 0.50 m, C, 0.75 m, and
D, 1.0 m for the 2012 calibration period.
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Figure 1A-49. Measured and simulated thermographs for canal sediments for T17 at depths of A, 0.20 m, B, 0.50 m, C, 0.75 m, and
D, 1.0 m for the 2012 calibration period.
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Figure 1A-50. Measured and simulated thermographs for Bank Piezometer 1 (BP1) at depths of A, 0.50 m, B, 1.10 m, and C, 1.70 m for
the 2012 calibration period.
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Figure 1A-51. Temperature residual for each depth below the canal atlocation A, T13, B, T15, and C, T17, and D, measured stage and
simulated seepage for the 2012 prediction period.
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Figure 1A-52. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments at
SARONI CANAL 3 site with soil textural zones (Zones 1-4), locations of temperature observations below ground surface within the canal
(T17, T13, and T15) and along the banks (BP1), and specified vertical and horizontal boundary conditions.
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Figure 1A-53. Measured and simulated thermographs for canal sediments for T17 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,

and E, 1.0 m for the 2013 calibration period.



78 Quantifying Seepage Using Heat as a Tracer in Selected Irrigation Canals, Walker River Basin, Nevada, 2012 and 2013

2%
A 0.10m !

0 100 200 300 400 500 600 700 800 900 1,000

20 — —

0 100 200 300 400 500 600 700 800 900 1,000

25 |

20 — —

Temperature, in degrees Celsius
&
[

0 100 200 300 400 500 600 700 800 900 1,000

D * T

20 — —

0 100 200 300 400 500 600 700 800 900 1,000

1.00 m

5 I I I I I I I I I
0 100 200 300 400 500 600 700 800 900 1,000

Simulation time, in hours

EXPLANATION
Measured
Simulated

Figure 1A-54. Measured and simulated thermographs for canal sediments for T13 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2013 calibration period.
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Measured and simulated thermographs for canal sediments for T15 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
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Figure 1A-56. Measured and simulated thermographs for Bank Piezometer 1 (BP1) at depths of A, 0.50 m, B, 1.10 m, and C, 1.70 m for
the 2013 calibration period.
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Figure 1A-57. Temperature residual for each depth below the canal atlocation A, T17, B, T13, and C, T15, and D, measured stage and
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Appendix 1A Temperature and Model Results for Saroni Canal 4, Smith Valley, Nevada

Figure 1A-58. Photograph of SARONI CANAL 4 site, Wellington, Nevada. Photograph taken by Steven
Clarke, U.S. Geological Survey, looking downstream on 2/25/2013.
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Figure 1A-59. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments at
SARONI CANAL 4 site with soil textural zones (Zones 1-2), locations of temperature observations below ground surface within the canal
(T11) and along the banks (BP1), and specified vertical and horizontal boundary conditions.
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Figure 1A-60. Measured and simulated thermographs for canal sediments for T11 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,

and E, 1.0 m for the 2012 calibration period.
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Figure 1A-61. Measured and simulated thermographs for Bank Piezometer 1 (BP1) at depths of A, 0.70 m, B, 1.40 m, and C, 2.30 m for
the 2012 calibration period.
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Figure 1A-62. Temperature residual for each depth below the canal at location A, T11, and B, measured stage and simulated seepage
for the 2012 prediction period.
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Figure 1A-63. Measured and simulated thermographs for canal sediments for T11 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2013 calibration period.
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Figure 1A-64. Measured and simulated thermographs for Bank Piezometer 1 (BP1) at depths of A, 0.70 m, B, 1.40 m, and C, 2.30 m for
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Figure 1A-65. Temperature residual for each depth below the canal at location A, T11, and B, measured stage and simulated seepage
for the 2013 prediction period.
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Figure 1B-1. Photograph of PLYMOUTH CANAL 1 site, Wellington, Nevada. Photograph
taken by Steven Clarke, U.S. Geological Survey, looking downstream on 2/13/2013.
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Figure 1B-2. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments at
PLYMOUTH CANAL 1 site with soil textural zones (Zones 1-2), locations of temperature observations below ground surface within the
canal (T9) and along the banks (BP1), and specified vertical and horizontal boundary conditions.
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Figure 1B-3. Measured and simulated thermographs for canal sediments for T9 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2012 calibration period.
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C, 1.40 m, and D, 1.80 m for the 2012 calibration period.
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Figure 1B-5. Temperature residual for each depth below the canal at location A, T9, and B, measured stage and simulated seepage for
the 2012 prediction period.
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Figure 1B-6. Temperature residual for each depth below the canal at location A, T9, and B, measured stage and simulated seepage for
the 2013 prediction period.
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Appendix 1B Temperature and Model Results for Plymouth Canal 2, Smith Valley, Nevada

Figure 2B-7. Photograph of PLYMOUTH CANAL 2 site, Wellington, Nevada. Photograph
taken by David W. Smith, U.S. Geological Survey, looking upstream on 2/12/2013.
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Figure 1B-8. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments at
PLYMOUTH CANAL 2 site with soil textural zones (Zones 1-3), locations of temperature observations below ground surface within the
canal (T16) and along the banks (BP1), and specified vertical and horizontal boundary conditions.
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Figure 1B-9. Measured and simulated thermographs for canal sediments for T16 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2012 calibration period.
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Figure 1B-10. Measured and simulated thermographs for Bank Piezometer 1 (BP1) observations at depths of A, 0.90 m,B, 1.10 m,
C, 1.60 m, and D, 2.50 m for the 2012 calibration period.
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Figure 1B-11. Temperature residual for each depth below the canal at location A, T16, and B, measured stage and simulated seepage
for the 2012 prediction period.
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Figure 1B-12. Temperature residual for each depth below the canal at location A, T16, and B, measured stage and simulated seepage
for the 2013 prediction period.
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Appendix 2A Temperature and Model Results for Fox Ditch 1, Mason Valley, Nevada

Figure 2A-1. Photograph of FOX DITCH 1 site, Yerrington, Nevada. Photograph taken
by Steven Clarke, U.S. Geological Survey, looking downstream on 2/12/2013.
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Figure 2A-2. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments at
FOX DITCH 1 site with soil textural zones (Zones 1-3), locations of temperature observations below ground surface within the canal (T3)
and along the banks (BP1 and BP2), and specified vertical and horizontal boundary conditions.
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Figure 2A-3. Measured and simulated thermographs for canal sediments for T3 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,

and E, 1.0 m for the 2012 calibration period.



Appendix 2A Temperature and Model Results for Fox Ditch 1, Mason Valley, Nevada 101

A 30 |
25 — 0.95m —

20 — —

0 100 200 300 400 500 600 700 800 900 1,000

30 |

95 |- 140 m |

20 — —]

0 100 200 300 400 500 600 700 800 900 1,000

30 I

2.00m
2% — —

Temperature, in degrees Celsius

20 — —]

0 100 200 300 400 500 600 700 800 900 1,000

30 |

2.50m
2% [— —

20 — —]

I I I I I I I I I
5
0 100 200 300 400 500 600 700 800 300 1,000

Simulation time, in hours

EXPLANATION

Measured

Simulated

Figure 2A-4. Measured and simulated thermographs for Bank Piezometer 1 (BP1) observations at depths of A, 0.95 m, B, 1.40 m,
C, 2.0 m, and D, 2.50 m for the 2012 calibration period.
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Figure 2A-5. Measured and simulated thermographs for Bank Piezometer 2 (BP2) observations at depths of A, 1.50 m, B, 1.95 m,
C, 2.30 m, and D, 2.60 m for the 2012 calibration period.
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Figure 2A-6. Temperature residual for each depth below the canal at location A, T3, and B, measured stage and simulated seepage for
the 2012 prediction period.
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Figure 2A-7. Photograph of FOX DITCH 1.1 site, Yerrington, Nevada. Photograph
taken by David W. Smith, U.S. Geological Survey, looking upstream on 3/13/2013.

Horizontal distance, in meters
-10 -5 0 5 10

Temperature and
Temperature boundary pressure boundary

Temperature boundary —

Zone2 —_ BP2
0.10 .10m e 0.90 m \
S0 m E 020m —125m
o 020mE  .ghom oo 1M |
i “075m —1-65m
%gm " 1y 0om ™= 1.95m memm195m Zone 1
: BH200M e 250 m
[«})
E s
E. 4 — = E_; |
bt s :
f = :
[3°] = O
k7] 5 :
E s Zone 3 =
S S i
Eo2 _
> =2

Gravity drainage boundary

Figure 2A-8. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments at
Fox Ditch 1.1 site with soil textural zones (Zones 1-3), locations of temperature observations below ground surface within the canal (T7B
and T24) and along the banks (BP1 and BP2), and specified vertical and horizontal boundary conditions.
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Figure 2A-9. Measured and simulated thermographs for canal sediments for T7B at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2012 calibration period.
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Figure 2A-10. Measured and simulated thermographs for canal sediments for T24 at depths of A, 0.10 m, B, 0.20 m,C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2013 calibration period.
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Figure 2A-12. Measured and simulated thermographs for Bank Piezometer 2 (BP2) observations at depths of A, 0.90 m, B, 1.35 m,
C, 1.95m, and D, 2.50 m for the 2013 calibration period.
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Figure 2A-14. Photograph of FOX DITCH 2 site, Yerrington, Nevada. Photograph
taken by David W. Smith, U.S. Geological Survey, looking downstream on 4/18/2013.
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Figure 2A-15. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments at
FOX DITCH 2 site with soil textural zones (Zones 1-2), locations of temperature observations below ground surface within the canal (T6)
and along the banks (BP1 and BP2), and specified vertical and horizontal boundary conditions.
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Figure 2A-16. Measured and simulated thermographs for canal sediments for T6 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2012 calibration period.
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Figure 2A-17. Measured and simulated thermographs for Bank Piezometer 1 (BP1) observations at depths of A, 0.50 m, B, 0.70 m,
C, 1.50 m, and D, 2.15 m for the 2012 calibration period.
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Figure 2A-18. Measured and simulated thermographs for Bank Piezometer 2 (BP2) observations at depths of A, 1.20 m, B, 1.70 m,

C, 2.30 m, and D, 2.75 m for the 2012 calibration period.



114 Quantifying Seepage Using Heat as a Tracer in Selected Irrigation Canals, Walker River Basin, Nevada, 2012 and 2013

0.10 |— — 2.0
15
020 [— _|
v 10 o
2 2
[Tl £
€= @
c 9 105 9
e @
o @
£e S
o o 050 — — {0 )
- =]
5% <
s £ 1-05 3
o= =]
w w
S 0B — 2
1-1.0
{-15
1.00 —
— 20
| | | | | | | | | |
0 200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000
B 0.4 1.0
— 08
03 |—
z
=]
@
Q o
Ier) w
2 —o0s 5
qé @
£ E
s 02 £
g g
» S
c —04 2
© w
© =
o
©
(&b}
01 —
— 02
0 | | | | | | | | | | 0
0 200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000

Simulation time, in hours

EXPLANATION

Measured stage

Simulated seepage

Figure 2A-19. Temperature residual for each depth below the canal at location A, T6, and B, measured stage and simulated seepage
for the 2012 prediction period.
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Figure 2A-20. Temperature residual for each depth below the canal at location A, T6, and B, measured stage and simulated seepage

for the 2013 prediction period.
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Appendix 2B Temperature and Model Results for Mickey Ditch 1, Mason Valley, Nevada

Figure 2B-1. Photograph of MICKEY DITCH 1 site, Yerrington, Nevada.
Photograph taken by David W. Smith, U.S. Geological Survey, looking
downstream on 2/22/2012.
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Figure 2B-2. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments at
MICKEY DITCH 1 site with soil textural zones (Zones 1-3), locations of temperature observations below ground surface within the canal
(T11) and along the banks (BP1 and BP2), and specified vertical and horizontal boundary conditions.
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Figure 2B-3. Measured and simulated thermographs for canal sediments for T11 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,

and E, 1.0 m for the 2012 calibration period.
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Figure 2B-4. Measured and simulated thermographs for Bank Piezometer 1 (BP1) observations at depths of A,0.75m, B, 1.15m,
C, 1.65m, and D, 2.10 m for the 2012 calibration period.
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Figure 2B-5. Measured and simulated thermographs for Bank Piezometer 2 (BP2) observations at depths of A, 0.85m, B, 1.40 m,
C, 1.90 m, and D, 2.25 m for the 2012 calibration period.
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Figure 2B-6. Measured and simulated total head for Bank Piezometer (BP) observations at A, BP1 and B, BP2 for the 2012 calibration
period.
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Figure 2B-7. Temperature residual for each depth below the canal at location A, T11, and B, measured stage and simulated seepage
for the 2012 prediction period.
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Figure 2B-9. Photograph of MICKEY DITCH 1.1 site, Yerrington, Nevada. Photograph taken
by David W. Smith, U.S. Geological Survey, looking downstream on 4/9/2013.
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Figure 2B-10. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments at
MICKEY DITCH 1.1 site with soil textural zones (Zones 1-3), locations of temperature observations below ground surface within the canal
(TAA14 and T9B), and specified vertical and horizontal boundary conditions.
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Figure 2B-11. Measured and simulated thermographs for canal sediments for TAA14 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m,
D, 0.75m, and E, 1.0 m for the 2013 calibration period.
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Figure 2B-12. Measured and simulated thermographs for canal sediments for T9B at depths of A, 0.10m, B, 0.20 m, C, 0.50 m, D, 0.75 m,

and E, 1.0 m for the 2013 calibration period.
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Figure 2B-13. Temperature residual for each depth below the canal at location A, TAA14 and B, T9B, and C, measured stage and

simulated seepage for the 2013 prediction period.
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Figure 2C-1. Photograph of CAMPBELL DITCH 1 site, Yerrington, Nevada. Photograph
taken by Steven Clarke, U.S. Geological Survey, looking downstream on 4/18/2013.
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Figure 2C-2. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments at

CAMPBELL DITCH 1 site with soil textural zones (Zones 1-4), locations of temperature observations below ground surface within the

canal (T7 and T20) and along the banks (BP1), and specified vertical and horizontal boundary conditions.
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Figure 2C-3. Measured and simulated thermographs for canal sediments for T7 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2012 calibration period.
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Figure 2C-4. Measured and simulated thermographs for canal sediments for T20 at depths of A, 0.20 m, B, 0.50 m,C, 0.75m, and D, 1.0 m
for the 2012 calibration period.
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Figure 2C-5. Measured and simulated thermographs for Bank Piezometer 1 (BP1) observations at depths of A, 0.75 m,B, 1.45 m, and
C, 2.60 m for the 2012 calibration period.
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seepage for the 2012 prediction period.



132 Quantifying Seepage Using Heat as a Tracer in Selected Irrigation Canals, Walker River Basin, Nevada, 2012 and 2013

n

o
S
[
|

Observation depth, in meters
(Interval not to scale)
o
3
[
|

3
075 —
2
100 —
w
E
| | | | | | | ], 2
o
0 500 1,000 1,500 2,000 2,500 3,000 3,500 2
[+
>
10 B
£
=
3
S .
B >
010 — =
w
5 )
23 020 — No data ]
@©
[y &)
'_‘(/J
g2 No d -
e o data
28 050 [ —
o,
T
€ 075 [— —
L=
w
fe)
o
100 —
| | | | | | |
0 500 1,000 1,500 2,000 2,500 3,000 3,500
c 10 05
z
08 — — 04 °
o 5
@ o
® 4
E f<b)
£ 06 [— T 03 *QE-,'
[«}) =
g =
] <
5 0s |- Ho 2
© (=%
g [
S &
02 H o1 2
©
o
) | | | | pel .
0 500 1,000 1,500 2,000 2,500 3,000 3,500

Simulation time, in hours

EXPLANATION

Measured stage

Simulated seepage
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seepage for the 2013 prediction period.
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Figure 2C-8. Photograph of CAMPBELL DITCH 1.1 site, Yerrington, Nevada.
Photograph taken by Steven Clarke, U.S. Geological Survey. View of right bank on
7/12/2013.
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Figure 2C-9. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments at
CAMPBELL DITCH 1.1 site with soil textural zones (Zones 1-3), locations of temperature observations below ground surface within the
canal (TAA2 and TAAG), and specified vertical and horizontal boundary conditions.
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Figure 2C-10. Measured and simulated thermographs for canal sediments for TAA2 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2013 calibration period.
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Measured and simulated thermographs for canal sediments for TAA6 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2013 calibration period.



136 Quantifying Seepage Using Heat as a Tracer in Selected Irrigation Canals, Walker River Basin, Nevada, 2012 and 2013

n

Observation depth, in meters
(Interval not to scale)
o
3
[

600

800

1,000

1,200

1,400

1,600

o

Observation depth, in meters
(Interval not to scale)
o
g
[

600

800

1,000

1,200

1,400

1,600

1.50

125 |—

1.00 |—

050 [—

Canal stage, in meters
o
~
(&2]

025 —

600

800

1,000

Simulation time, in hours

EXPLANATION

Measured stage

Simulated seepage

1,200

1,400

1,600

1.50

1.25

1.00

0.50

0.25

05

Canal seepage, in meters per day
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simulated seepage for the 2013 prediction period.
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Figure 2C-13. Photograph of CAMPBELL DITCH 2 site, Yerrington, Nevada. Photograph
taken by Steven Clarke, U.S. Geological Survey, looking upstream on 4/18/2013.
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Figure 2C-14. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments
at CAMPBELL DITCH 2 site with soil textural zones (Zones 1-4), locations of temperature observations below ground surface within the
canal (T1) and along the banks (BP1 and BP2), and specified vertical and horizontal boundary conditions.
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Figure 2C-15. Measured and simulated thermographs for canal sediments for T1 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2012 calibration period.
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Figure 2C-16. Measured and simulated thermographs for Bank Piezometer 1 (BP1) observations at depths of A, 0.30 m, B, 0.85 m,
C, 1.50 m, and D, 2.20 m for the 2012 calibration period.
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Figure 2C-17. Measured and simulated thermographs for Bank Piezometer 2 (BP2) observations at depths of A, 0.65 m, B, 0.95 m,
C, 1.30 m, and D, 1.90 m for the 2012 calibration period.
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Appendix 3A Temperature and Model Results for Schurz 1 Lateral 1A Canal, Walker Lake Valley, Nevada

Figure 3A-1. Photograph of SCHURZ 1 LATERAL 1A site, Schurz, Nevada. Photograph taken by
David W. Smith, U.S. Geological Survey, looking downstream on 3/26/2013.
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Figure 3A-2. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments at
SCHURZ 1 LATERAL 1A site with soil textural zones (Zones 1-3), locations of temperature observations below ground surface within the
canal (TAA12) and along the banks (BP1 and BP2), and specified vertical and horizontal boundary conditions.
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Figure 3A-3. Measured and simulated thermographs for canal sediments for TAA12 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2013 calibration period.
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Figure 3A-5. Measured and simulated thermographs at Bank Piezometer 2 (BP2) at depths of A, 0.30 m, B, 0.75 m, and C, 1.75 m for the

2013 calibration period.
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Figure 3A-6. Temperature residual for each depth below the canal at location A, TAA12, and B, measured stage and simulated
seepage for the 2013 prediction period.
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Figure 3A-7.

Photograph of SCHURZ 2 LATERAL 1A site, Schurz, Nevada. Photograph

taken by David W. Smith, U.S. Geological Survey, looking downstream on 3/26/2013.
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Figure 3A-8. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments at
SCHURZ 2 LATERAL 1A site with soil textural zones (Zones 1-2), locations of observations below ground surface within the canal (TAAT1)
and along the banks (BP1 and BP2), and specified vertical and horizontal boundary conditions.



148 Quantifying Seepage Using Heat as a Tracer in Selected Irrigation Canals, Walker River Basin, Nevada, 2012 and 2013

A 25
0.10m I I I I I I
2 \—/\/\/_W |
15 — —
10 — -]
5 I I I I I I
0 20 40 60 80 100 120 140

25
B 0.20m I I I I I I

? M
15

0 20 40 60 80 100 120 140

25

0.50 m

Temperature, in degrees Celsius

0 20 40 60 80 100 120 140

25
D 0.75m
20 —

0 20 40 60 80 100 120 140

25
E 1.00 m
20 — —]

5 | | | | | |
0 20 40 60 80 100 120 140

Simulation time, in hours

EXPLANATION
Measured
Simulated

Figure 3A-9. Measured and simulated thermographs for canal sediments for TAA1 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2013 calibration period.
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Figure 3A-10. Measured and simulated thermographs for canal sediments for Bank Piezometer 1 (BP1) at depths of A, 0.70 m, B, 1.0 m,

C, 1.50 m, and D, 2.40 m for the 2013 calibration period.
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Figure 3A-11. Measured and simulated thermographs for canal sediments for Bank Piezometer 2 (BP2) at depths of A, 1.0 m, B, 1.40 m,
C, 1.80 m, and D, 2.60 m for the 2013 calibration period.
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Appendix 3B Temperature and Model Results for Schurz 3 Lateral 2A Canal, Walker Lake Valley, Nevada

Figure 3B-1. Photograph of SCHURZ 3 LATERAL 2A site, Schurz, Nevada. Photograph taken by
David W. Smith, U.S. Geological Survey, looking downstream on 3/26/2013.
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Figure 3B-2. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments at
SCHURZ 3 LATERAL 2A site with soil textural zones (Zones 1-3), locations of temperature observations below ground surface within the
canal (TAA9) and along the banks (BP1 and BP2), and specified vertical and horizontal boundary conditions.
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Figure 3B-3. Measured and simulated thermographs for canal sediments for TAA9 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2013 calibration period.
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Figure 3B-4. Measured and simulated thermographs for canal sediments for Bank Piezometer 1 (BP1) at depths of A, 1.20 m, B, 1.35 m,
C, 1.65m, and D, 1.95 m for the 2013 calibration period.
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Figure 3B-5. Measured and simulated thermographs for canal sediments for Bank Piezometer 2 (BP2) at depths of A, 1.30 m, B, 1.60 m,

C, 2.0 m, and D, 2.80 m for the 2013 calibration period.
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Figure 3B-6. Temperature residual for each depth below the canal at location A, TAA9, and B, measured stage and simulated seepage
for the 2013 prediction period.
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Appendix 3C Temperature and Model Results for Schurz 4 Canal 2, Walker Lake Valley, Nevada

Figure 3C-1.

Photograph of SCHURZ 4 CANAL 2 site, Schurz, Nevada. Photograph taken by

David W. Smith, U.S. Geological Survey, looking upstream on 3/27/2013.
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Figure 3C-2. Schematic cross section of two-dimensional VS2DH model of water and heat transport through canal-bed sediments at

SCHURZ 4 CANAL 2 site with soil textural zones (Zones 1-3), locations of temperature observations below ground surface within the

canal (TAA4 and TAA5) and along the banks (BP1 and BP2), and specified vertical and horizontal boundary conditions.
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Figure 3C-3. Measured and simulated thermographs for canal sediments for TAA4 at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2013 calibration period.
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Figure 3C-4. Measured and simulated thermographs for canal sediments for TAAS at depths of A, 0.10 m, B, 0.20 m, C, 0.50 m, D, 0.75 m,
and E, 1.0 m for the 2013 calibration period.
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Figure 3C-5. Measured and simulated thermographs for canal sediments for Bank Piezometer 1 (BP1) at depths of A, 0.70 m, B, 0.90 m,
C, 1.20 m, and D, 1.60 m for the 2013 calibration period.
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Figure 3C-6. Measured and simulated thermographs for canal sediments for Bank Piezometer 2 (BP2) at depths of A, 0.90 m, B, 1.20 m,

C, 1.50 m, and 1.80 m for the 2013 calibration period.
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Figure 3C-7. Temperature residual for each depth below the canal at location A, TAA4 and B, TAA5, and C, measured stage and
simulated seepage for the 2013 prediction period.
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Appendix 4. Textural classification of soil cores collected from selected irrigation canals in the Walker River Basin, Nevada.
[Abbreviation: no., number; cm, centimeters; %, percent; CL, clay loam; SC, sandy clay; SCL, sandy clay loam; SL, sandy loam; SyC, silty clay; SyCL, silty clay loam]

Site
no.

Site name

Collection
date

Corresponding
temperature probe

Depth of core
interval
(cm)

Depth
classification

Organic
matter
(%)

Sand
(%)

Silt
(%)

Clay
(%)

Textural
classification

Smith Valley transect sites

1

Saroni Canal 1

Saroni Canal 1.1

Saroni Canal 1.2

Saroni Canal 1.3

Saroni Canal 2

Saroni Canal 2.1

Saroni Canal 2.2

Saroni Canal 3

Saroni Canal 4

Plymouth Canal 1

Plymouth Canal 2

Fox Ditch 1

2/13/2014

2/13/2014

2/13/2014

2/13/2014

2/19/2014

2/19/2014

2/19/2014

2/19/2014

2/19/2014

2/19/2014

2/19/2014

2/11/2014

14
14
14
10
10
10
AA13
AA13
AA10
AA07
AA07
AA03
AAll
AAll
AA08
AAO08
18
18
08
08
25
25

05
10B
15
13
13
17
11
11

09
09
16
16

07B

07B
24
24
24
24

0-22
22-51
51-57.5
0-7.5
7.5-22.5
22.5-53
0-8
8-41.5
0-36
0-5.5
5.5-41
0-47
0-11
11-29
0-25.5
25.5-40.5
0-12
12-37
0-9
9-23.5
0-41
41-48.5
0-27
27-44
0-41
0-46.5
0-42.5
0-23
23-42
0-37
0-10
10-40
40-46
0-28
28-35
0-8
8-29.5
0-12
12-37.5
0-7
7-33.5
0-4
426

Shallow
Deep
Deep
Shallow
Shallow
Deep
Shallow
Shallow
Shallow
Shallow
Shallow
Shallow
Shallow
Shallow
Shallow
Deep
Shallow
Deep
Shallow
Shallow
Shallow
Deep
Shallow
Deep
Shallow
Shallow
Shallow
Shallow
Deep
Shallow
Shallow
Deep
Deep
Shallow
Deep
Shallow
Shallow
Shallow
Deep
Shallow
Shallow
Shallow
Deep

0.4
0.1
0.1
0.2
0.1
0.1
0.3
0.4
0.3
1.1
0.3
0.2
0.2
0.1
0.2
0.1
1.2
0.6
0.3
0.7
0.2
0.1
0.4
0.1
0.4
0.3
0.3
0.5
0.1
0.2
0.4
0.1
0.2
0.3
0.1
0.5
0.2
0.2
0.3
0.1
0.3
0.1
0.2

52
76
68
58
56
64
52
56
56
40
64
54
62
72
58
62
42
28
68
48
58
64
37
56
52
54
22
56
72
58
63
78
32
62
43
60
36
72
24
78
16
64
36

16

8
13
10
12
12
16

8
12
12

8
18
18

4
10
10
20
36

4
16
12

8
15
16
20
20
34
14

4
10

7

0
36
12
13
12
22

2
34

6
45
10
28

32
16
19
32
32
24
32
36
32
48
28
28
30
24
32
28
38
36
29
36
30
28
48
28
28
26
44
30
24
32
30
2
32
26
44
28
42
26
42
16
39
26
36

SCL
SL
SL

SCL

SCL

SCL

SCL
SC

SCL

Clay

SCL

SCL

SCL

SCL

SCL

SCL
CL
CL

SCL
SC

SCL

SCL

Clay

SCL

SCL

SCL

Clay

SCL

SCL

SCL

SCL

SCL
CL

SCL

Clay

SCL

Clay

SCL

Clay
SL

SyCL

SCL

CL
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Appendix 4. Textural classification of soil cores collected from selected irrigation canals in the Walker River Basin, Nevada.—Continued
[Abbreviation: no., number; cm, centimeters; %, percent; CL, clay loam; SC, sandy clay; SCL, sandy clay loam; SL, sandy loam; SyC, silty clay; SyCL, silty clay loam]

Depth of core Organic

Site Site name Collection Corresponding interval D_epth . matter Sand Silt Clay Te)_(t_ural_
no. date temperature probe (cm) classification (%) (%) (%) (%) classification
13 Fox Ditch 1.1 2/11/2014 07B 0-21.5 Shallow 0.1 74 5 21 SCL
07B 21.5-38 Deep 0.1 36 36 28 CL
07B 38-51.5 Deep 0.3 20 44 36 SyCL
24 0-17 Shallow 0.1 68 10 22 SCL
24 17-45 Deep 0.3 22 50 28 CL
14 Fox Ditch 2 2/11/2014 06 0-7.5 Shallow 0.1 72 7 21 SCL
06 7.5-15 Shallow 0.1 68 11 21 SCL
06 15-45 Deep 0.2 18 26 56 Clay
06 0-5 Shallow 0.1 76 6 18 SL
06 5-21 Shallow 0.3 60 12 28 SCL
06 21-44.5 Deep 0.3 18 38 44 Clay
15 Mickey Ditch 1 2/11/2014 02 0-11 Shallow 0.1 78 1 21 SCL
02 11-36 Shallow 0.1 68 10 22 SCL
02 36-50 Deep 0.1 62 14 24 SCL
16 Mickey Ditch 1.1 2/11/2014 09B 0-38.5 Shallow 0.1 78 6 16 SL
09B 38.5-51 Deep 0.2 54 22 24 SCL
AAl4 0-10 Shallow 0.1 76 5 19 SL
AAl4 10-49 Deep 0.1 76 5 19 SL
AAl4 49-59 Deep 0.2 28 48 24 Loam
17 Campbell Ditch 1 2/20/2014 12B 0-15 Shallow 0.1 76 0 24 SCL
12B 15-38 Deep 0.3 70 6 24 SCL
12B 38-44 Deep 0.1 42 19 39 CL
14B 0-12 Shallow 0.1 79 0 21 SCL
14B 12-16 Shallow 0.1 66 10 24 SCL
14B 16-27.5 Deep 0.3 4 46 50 SyC
20 0-18 Shallow 0.1 78 0 22 SCL
20 18-27 Shallow 0.5 48 20 32 SCL
20 27-34.5 Deep 0.2 8 44 48 SyC
18 Campbell Ditch 1.1 2/20/2014 AA02 0-10 Shallow 0.2 70 6 24 SCL
AA02 10-43 Deep 0.1 66 10 24 SCL
AA06 0-9.5 Shallow 0.1 68 8 24 SCL
AA06 9.5-17 Shallow 0.3 39 18 43 Clay
AA06 17-38.5 Deep 0.1 76 3 21 SCL
19 Campbell Ditch 2 2/20/2014 T1 0-24 Shallow 0.1 64 12 24 SCL
T1 24-33 Deep 0.1 76 3 21 SCL
T1 33-44.5 Deep 0.5 68 8 24 SCL
T1 0-19 Shallow 0.1 72 7 21 SCL

T1 19-44.5 Deep 0.2 54 20 26 SCL
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Appendix 4. Textural classification of soil cores collected from selected irrigation canals in the Walker River Basin, Nevada.—Continued
[Abbreviation: no., number; cm, centimeters; %, percent; CL, clay loam; SC, sandy clay; SCL, sandy clay loam; SL, sandy loam; SyC, silty clay; SyCL, silty clay loam]

Depth of core Organic

TS N e M . (O I R T
20 Schurz 1 Lateral 1A 2/7/2014 AA12 0-25 Shallow 0.4 52 14 34 SCL
AA12 0-27.5 Shallow 0.7 52 16 32 SCL
AA12 0-17 Shallow 0.5 64 8 28 SCL
AA12 17-36 Deep 0.1 68 6 26 SCL
AA12 36-53 Deep 0.3 48 20 32 SCL
21 Schurz 2 Lateral 1A 2/7/2014 AA01 0-17 Shallow 0.3 44 18 38 CL
AAO01 17-33.5 Deep 0.1 50 20 30 SCL
AA01 0-26 Shallow 0.2 52 20 28 SCL
AA01 0-19.5 Shallow 1.0 44 14 42 Clay
AAO01 19.5-37 Deep 0.1 52 20 28 SCL
22 Schurz 3 Lateral 2A 2/7/2014 AA09 0-34 Shallow 0.1 72 4 24 SCL
AA09 34-57.5 Deep 0.1 78 0 22 SCL
23 Schurz 4 Canal 2 2/7/2014 AAO05 0-36.5 Shallow 22 28 28 44 Clay
AA05 36.5-45.5 Deep 0.1 72 7 21 SCL
AA05 45.5-53 Deep 0.1 66 10 24 SCL
AA04 0-34 Shallow 0.6 32 20 48 Clay

AA04 34-48 Deep 0.1 74 5 21 SCL
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Appendix 6

Table 6 is distributed as part of this report in Microsoft® Excel 2010 format and is available for download at Azp.//dx.doi.
org/10.3133/sir20165133.



For additional information, contact:

Director, Nevada Water Science Center
U.S. Geological Survey

2730 N. Deer Run Rd.

Carson City, NV 89701

http.;//nevada.usgs.gov/
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