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Conversion Factors

SI to Inch/Pound
Multiply By To obtain

Length

centimeter (cm) 0.3937 inch (in.)

millimeter (mm) 0.03937 inch (in.)

meter (m) 3.281 foot (ft)

kilometer (km) 0.6214 mile (mi)

Area

hectare (ha) 2.471 acre

hectare (ha) 0.003861 square mile (mi?)

square kilometer (km?) 0.3861 square mile (mi*)
Volume

cubic meter (m?) 0.0008107 acre-foot (acre-ft)

cubic hectometer (hm?) 810.7 acre-foot (acre-ft)

Flow rate

cubic meter per second (m?/s) 35.31 cubic foot per second (ft*/s)

liter per minute (L/min) 0.2642 gallon per minute (gal/min)

centimeter per year (cm/yr) 0.3937 inches per year (in/yr)
Velocity

kilometer per hour (km/hr) 0.6214 mile per hour

Hydraulic conductivity
meter per second (m/s) 3.281 foot per second (ft/s)
Frequency
hertz (Hz) 1 cycle per second
kilohertz (kHz) 1,000 cycles per second

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F=(1.8x°C)+32.

Vertical coordinate information is referenced to the North American Vertical Datum of 1988

(NAVD 88).

Nebraska Public Power District Datum is 0.264 m (0.866 feet) above the North American Vertical

Datum of 1988.

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above the vertical datum.



Capacitively Coupled and Direct-Current Resistivity
Surveys of Selected Reaches of Cozad, Thirty-Mile,
Orchard-Alfalfa, Kearney, and Outlet Canals in Nebraska,

201213

By Christopher M. Hobza, Bethany L. Burton, Jeffrey E. Lucius, and Ryan E. Tompkins

Abstract

Understanding the spatial characteristics of leakage from
canals is critical to effectively managing and utilizing water
resources for irrigation and hydroelectric purposes. Canal
leakage in some parts of Nebraska is the primary source of
water for groundwater recharge and helps maintain the base
flow of streams. Because surface-water supplies depend on
the streamflow of the Platte River and the available water
stored in upstream reservoirs, water managers seek to mini-
mize conveyance losses, which can include canal leakage.
The U.S. Geological Survey, in cooperation with the Central
Platte Natural Resources District and Nebraska Public Power
District, used capacitively coupled (CC) and direct-current
(DC) resistivity techniques for continuous resistivity profiling
to map near-surface lithologies near and underlying the Cozad,
Thirty-Mile, Orchard-Alfalfa, Kearney, and Outlet Canals.
Approximately 84 kilometers (km) of CC-resistivity data were
collected along the five canals.

The CC-resistivity data were compared with results
from continuous sediment cores and electrical conductivity
logs. Generally, the highest resistivities were recorded at the
upstream reaches of the Cozad, Thirty-Mile, and Orchard-
Alfalfa canals where flood-plain deposits of silt and clay
mantle coarser channel deposits of sand and gravel. The finer
grained deposits gradually thicken with increasing distance
away from the Platte River. Consequently, for many surveyed
reaches the thickness of fine-grained deposits exceeded the
8-meter depth of investigation.

A detailed geophysical investigation along a 5-km reach
of the Outlet Canal southwest of North Platte, Nebraska,
used CC and DC resistivity to examine the condition of a
compacted-core bank structure and characterized other poten-
tial controls on areas of focused seepage. CC-resistivity data,
collected along the 5-km study reach, were compared with
continuous sediment cores and DC-resistivity data collected
near a selected seep near Outlet Canal mile post 15.55 along
5 separate profiles. DC-resistivity results were compared to

a schematic cross section of the Outlet Canal north embank-
ment that include the original surfaces and modifications to the
compacted-core bank structure.

Along the canal road south line, there is a transition
from high resistivity at land surface to much lower resistivity
near the estimated depth of the northern slope of the original
compacted-core bank; however, the surveyed elevation of the
water surface in the canal also is at this elevation. Along the
canal road north line, there is a transition from high resistiv-
ity near land surface to lower resistivity at depth. Although
the transition is rapid near the estimated depth of the first-
modified bank slope, it also is coincident with the groundwater
level measured in piezometer PZ—4. Currently (2013), it is
unknown if the indicated changes in resistivity at these eleva-
tions was the effect of saturation of the underlying sediments
or caused by the compacted-core bank.

Introduction

Understanding the spatial characteristics of leakage from
canals is critical to effective management and use of water
resources for irrigation and hydroelectric purposes. Canal
leakage in some parts of Nebraska is the primary source of
water for groundwater recharge and helps maintain the base
flow of streams (Hobza and Andersen, 2010; Luckey and
Cannia, 2006). In these areas, canal leakage helps maintain
groundwater supplies for domestic and agricultural uses.

In other instances, surface-water supplies depend on the
streamflow of the Platte River and the available water stored
in upstream reservoirs, so water managers seek to minimize
conveyance losses, including canal leakage, which can be
critical in times when surface water is in short supply. In both
cases, mapped geology beneath canals allows managers to
better predict locations prone to canal leakage. Knowledge of
leakage-prone areas facilitates planning and design of mitiga-
tion and management strategies, such as the placement of an
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impermeable canal liner to minimize conveyance losses or
intentional groundwater recharge.

The U.S. Geological Survey (USGS), in cooperation with
the Central Platte Natural Resources District (CPNRD) and
Nebraska Public Power District (NPPD), used capacitively
coupled (CC) resistivity techniques for continuous resistivity
profiling to map near-surface lithologies near and underlying
the Cozad, Thirty-Mile, Orchard-Alfalfa, Kearney, and Outlet
Canals. In addition, direct-current (DC) resistivity surveys
were used along a stretch of the Outlet Canal to identify poten-
tial seepage mechanisms. The near-surface lithologies beneath
the Thirty-Mile, Cozad, Orchard-Alfalfa, Kearney, and Outlet
Canals (fig. 1) can have large ranges in hydraulic conductiv-
ity and leakage potential. Mapping the sediments underly-
ing irrigation canals can help Federal, State, and local water
managers better understand the spatial variability of the canal
leakage and potential for embankment seepage.

Background

The CPNRD has been involved in the development of an
integrated water-management plan (IMP) to balance surface-
water and groundwater supply and demand. The IMP was
first adopted in 2009 and later revised in 2012 (Central Platte
Natural Resources District, 2012). As part of their IMP, the
CPNRD (fig. 1) has been involved with ongoing numerical
groundwater-flow modeling efforts to understand the effects
of specific groundwater-management practices on streamflow.
The Platte River Cooperative Hydrology Study (COHY ST,
http://cohyst.dnr.ne.gov/) was begun as a major component
of a three-State Cooperative Agreement between Nebraska,
Colorado, and Wyoming. Tasks of COHYST included collec-
tion of additional hydrologic data and construction of numeri-
cal groundwater-flow models for use in support of regulatory
and management decisionmaking along the Platte River valley.
Objectives of COHYST were to develop tools and datasets
that will assist water managers in meeting their obligations for
streamflow, analyzing proposed activities to improve stream-
flows for endangered and threatened species, assisting Natural
Resources Districts (NRDs) with regulation and management
of groundwater, and to provide a basis for Nebraska to estab-
lish and implement integrated groundwater and surface-water
policies and procedures (Cooperative Hydrology Study, 2013).
In addition to the COHY ST modeling effort, a local Dawson
County groundwater model was constructed by the CPNRD to
address groundwater-management issues in the western part
of the CPNRD, which has been declared “over-appropriated”
with respect to groundwater use. The Dawson County ground-
water model stretches from Kearney, Nebr., to west of the
CPNRD western boundary on both sides of the Platte River
(fig. 1).

For any groundwater-flow model to accurately simulate
current or future groundwater and surface-water interactions in
the central Platte River valley, understanding the distribution
of canal leakage is imperative. Estimates of irrigation-system

loss for many of the canal systems in the central Platte River
valley are not well-constrained, and the interaction between
irrigation canals and the groundwater system within the central
Platte River valley at this time is not well-understood. For
some canal systems in the COHYST model area, estimates

for canal leakage were based only on an annual total system
loss, which either was estimated from diversion data (Carney,
2008) or was assumed to be 40 percent of the total diversions
(Peterson, 2007). Recharge from canal leakage was, in these
cases, assumed to be distributed uniformly along the entire
length of the canal. During wet years, some canal reaches may
receive inflow from groundwater near their diversion points
(Duane Woodward, Central Platte Natural Resources District,
oral commun., 2011).

Some canals in the study area supply both hydroelectric
and irrigation projects; therefore, such canals are maintained
to minimize conveyance losses. The NPPD owns and operates
a series of dams, reservoirs, and canals along a 240-kilometer
(km) stretch of the Platte River valley (Nebraska Public
Power District, 2013). Focused seepage along the bank toe
(lowest part of the canal embankment) of some canals not
only increases water losses, but may also be a safety concern.
Areas of focused seepage have raised concerns among NPPD
water and canal managers, and without knowledge of the
subsurface, applying mitigation actions, such as the installa-
tion of an impermeable liner or a slurry wall over the affected
canal reach, can be extremely expensive (Edward Dekleva Jr.,
Nebraska Public Power District, oral commun., 2013).

Reaches of Kearney Canal, within the City of Kearney,
and of Outlet Canal, southwest of North Platte, Nebr. (fig. 1),
have been identified by NPPD personnel as having seepage
through canal embankments that poses a potential hazard:
bank instability. Focused embankment seepage at Kearney
Canal prompted the installation of a drain at the toe of the
canal bank. This drain has alleviated the hazard, but nearby
monitoring wells still indicate seasonal rises of 1 meter (m).
Because the seepage area along Kearney Canal is located
within a populated area, mitigation may be needed to prevent
potential safety hazards (Jeffrey Shafer, Nebraska Public
Power District, oral commun., 2012).

NPPD also has identified locations along the Outlet
Canal (fig. 1), of focused seepage through canal embankments
downgradient of the canal. A relation between seepage rates
and canal-flow rates is suspected. The Outlet Canal originally
was constructed with compacted local materials creating what
was locally referred to as a “core bank.” In 1938 and 1945,
the canal was widened to increase the conveyance capacity.
Each time the canal was widened, the width and height of the
compacted-core bank were reduced. Starting in August 2010,
the size of seeps at the northern toe of the canal bank have
increased, inundating adjacent areas. Increased seepage may
be the result of the reduced width of the compacted core, or
preferential flow paths or macropores that may have developed
during drier periods (Edward Dekleva Jr., Nebraska Public
Power District, written commun., 2012).



41°15" 1~

101° 100°30° 100° 99°30°
T T
L l _ _ _ _ _ _ _ - — _I

|

l CUSTER COUNTY

|
Boundary of Central Platte

l | Natural Resources District

| Nort Platte River

e (= ——

Sutherland
Reservoir

LINCOLN COUNTY

@y
Orchard-Alfalfa Canal ~% ~

DAWSON COUNTY

ko)

O,
Lexington % N
p G
Ry
&

40°45"
— 1 — - — - 1
KEARNEY
COUNTY
HAYES COUNTY
40°30° |- GOSPER COUNTY ' _
I |
| — _IJ | | | [
Shaded relief from Esri, 2013b 0 10 20 30 40 KILOMETERS
Lambert Conformal Conic projection } L —t L L T )
Horizontal coordinate information is referenced to the 0 10 20 30 40 MILES NEBRASKA
North American Datum of 1983 (NAD 83) Boundary of Central Platte
EXPLANATION Natural Resources District

Figure 1.

|:| Dawson County groundwater model

Surveyed canal

Other canal

Platte River Cooperative Hydrology
Study (COHYST) area

Location of study area and canals, where capacitively coupled and direct-current resistivity profiles were collected.

uonanpou|

€



4 Resistivity Surveys of Cozad, Thirty-Mile, Orchard-Alfalfa, Kearney, and Outlet Canals in Nebraska

Purpose and Scope

This report presents the final results from CC resistivity
surveys acquired along 84 linear kilometers (km) of canals
in the study area collected from the spring of 2012 and 2013.
The CC-resistivity results are presented as two-dimensional,
layered-earth resistivity cross sections that extend to approxi-
mately 8 m below land surface.

A more detailed geophysical investigation was completed
in April 2012 along a 5-km reach of Outlet Canal southwest of
North Platte, Nebr., and CC- and DC-resistivity was used to
examine the condition of the compacted-core bank structure
and characterized other potential controls on focused areas of
seepage. CC-resistivity data collected along the 5-km study
reach are compared with DC-resistivity data collected near
a selected seep [Outlet Canal mile post (MP) 15.55] along
3 separate profiles. DC-resistivity results are compared to a
schematic cross section showing the original Outlet Canal
north embankment and modifications to its compacted-core
bank structure. The inverted-resistivity data collected at
selected reaches of all canals are compared with continuous
sediment cores and direct-push electrical conductivity (EC)
measurements. Continuous sediment-core descriptions and
direct-push EC logs also are provided in this report.

Previous Studies

The approach used in this report is similar to previous
studies conducted in western Nebraska. Ball and others (2006)
used CC and water-borne DC resistivity to assess the spatial
variability of canal leakage on Tri-State and Interstate Canals
in the North Platte Natural Resources District (not shown on
map). Burton and others (2009) expanded the study to include
more than 635 km of CC resistivity-surveyed irrigation canals
and reprocessed previously collected CC resistivity data using
newly developed, in-house processing software, which greatly
aided in the quality control and analysis of large amounts of
georeferenced data collected along a sinuous path.

Other studies have applied similar tools and approaches
to assess the integrity of engineered structures, such as levees,
and to map the subsurface beneath these structures (Burton
and Cannia, 2011; Gillip and Payne, 2011; Asch and others,
2008). Asch and others (2008) used DC and CC resistivity
to identify the extent and thickness of sand and clay lenses
underlying levees along the American River at Sacramento,
California. Gillip and Payne (2011) collected CC resistivity
data and continuous sediment cores on top of a levee near
Conway, Arkansas, along the Arkansas River.

Description of Study Area

The study area includes reaches of selected irrigation
and hydroelectric supply canals in Kearney, Dawson, and
Lincoln Counties, Nebr. The study area extends from approxi-
mately 13 km southwest of North Platte, Nebr., to Kearney,

approximately 160 km to the east (fig. 1). The study area lies
within the Great Plains physical province (Fenneman and
Johnson, 1946), and is located within the Platte River val-
ley (fig. 1), with edges extending to the adjacent uplands to
the north and south, and with west-east extent from Lincoln
County to Kearney County, respectively (fig. 1). The Platte
River valley is the predominant landform in the study area,
whereas a major subdominant landform is the loess-covered
upland that flanks the Platte River valley to its north and
south. These loess-covered uplands (hereinafter referred to as
“uplands”) consist of dissected plains, sand hills, and bluffs.

Land use within the study area primarily is agricultural
with much of the cropland being irrigated. Groundwater-fed
center-pivot or gravity irrigation systems supply corn and
soybean production that dominates all water use in the central
Platte River valley. Surface-water irrigation also is prevalent
but primarily located in the western part of the study area.
Major surface-water canals providing water for irrigation or
hydropower, or both, include Cozad, Kearney, Thirty-Mile,
Orchard-Alfalfa, Outlet, Gothenburg, Dawson County, E65,
E67, Phelps (fig. 1), EIm Creek (Peterson, 2007), and Cen-
tral Nebraska Public Power and Irrigation District (CNPPID)
Supply Canal (not shown on map) (Carney, 2008).

The climate is characterized by cold winters and warm
summers typical of mid-continent locations (Carney, 2008).
Mean monthly temperatures ranged from -3.7 degree Celsius
(°C) in January to 24.3 °C in July at Gothenburg, Nebr., during
1895 to 2009 (National Oceanic and Atmospheric Administra-
tion, 2010). Low humidity, abundant sunshine, and persistent
winds contribute to high rates of evaporation (Gutentag and
others, 1984). Precipitation is variable from east to west across
the study area with more arid conditions occurring to the west.
Gothenburg, Nebr. (fig. 1), which is approximately in the
center of the study area, had an average annual precipitation of
55.7 centimeters per year (cm/yr) from 1895 to 2009 (National
Oceanic and Atmospheric Administration, 2010). Approxi-
mately 70 percent of the precipitation is received during the
growing season from April through August (Carney, 2008).

Description of Irrigation Canals

This section of the report describes the physical and flow
characteristics, including the estimated seepage, of each irriga-
tion canal that was surveyed. Unless stated below, all relevant
information for each canal is summarized in table 1. The
actual acres irrigated may be less than those reported in table 1
because crop water demands are at times supplemented with
groundwater irrigation instead of surface water.

The NPPD operates two of the canals surveyed in this
study. Kearney Canal is operated by NPPD for the purposes
of irrigation and power production. Outlet Canal is part of the
Sutherland project, which is supplied by water diverted from
the North Platte River at Keystone Diversion (not shown on
map) for energy production at the Gerald Gentleman Power
Station (not shown on map) and a hydroelectric plant at North
Platte (Carney, 2008). Outlet Canal begins at the eastern



Table 1.
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Irrigated area, maximum flow rate, average annual diversion, and estimated seepage of selected canals in

[Data from Lindburg (2005). NA, not applicable; >, greater than; not calculated, diversion data not compiled or calculated]

Irrigated area,

Maximum flow rate,

Average annual diversion,  Estimated seepage,

Canal in hectares in cubic meters per second in cubic meters in cubic meters
Cozad 6,550 7.93 2.60 x 107 9.62 x 10°
Thirty-Mile 5,340 9.06 445x 107 1.36 x 107
Orchard-Alfalfa 1,750 2.41 1.03 x 107 3.33x 10°
Kearney 1,970 9.77 2.32x 107 1.16 x 107
Outlet NA >42.5 not calculated 3.70 x 107

end of Sutherland Reservoir and ends approximately 31 km
downstream at Lake Maloney (fig. 1). Outlet Canal typically
has peak flows that exceed 42.5 cubic meters per second
(m?/s) [1,500 cubic feet per second (ft*/s)]. Flows are gradu-
ally increased in spring and typically are maintained through
September. Between peak flow periods, flows typically are
maintained at about 14.0 m*/s (500 ft¥/s) or less; however,
drought conditions prompted managers to decrease flows to
nearly zero during 2004 to 2010 (Tetra Tech, 2012).

Geology and Hydrogeology

Previous investigations have described the geology and
occurrence of groundwater within the study area (Darton,
1898, 1905; Lugn and Wenzel, 1938; Waite and others, 1949;
Peckenpaugh and Dugan, 1983; Goeke and others, 1992).
Condon (2005) described the geologic history of the Platte
River Basin, which includes the study area. Cannia and others
(2006) created a hydrostratigraphic framework and character-
ized underlying aquifers of the CPNRD and surrounding areas
that was used in recently published COHYST groundwater-
flow models (Carney, 2008; Peterson, 2007), which include all
or parts of the study area.

The study area overlies the High Plains aquifer system,
which consists of hydraulically connected deposits of Qua-
ternary and Tertiary age (Gutentag and others, 1984). The
Tertiary-age deposits in the study area consist of the Ogal-
lala Group (hereinafter referred to as the Ogallala) and may
include the upper part of the White River Group. Quater-
nary-aged deposits within the Platte River valley primarily
are alluvium, which includes flood-plain deposits, but also
include windblown deposits of loess and eolian sand. In the
study area, the High Plains aquifer system is underlain by the
regional confining units composed of the Brule Formation of
the White River Group, the Cretaceous-age Pierre Shale, and
the Niobrara Formation of the Colorado Group.

The Ogallala is a poorly sorted mixture of sand, silt, clay,
and gravel (Condra and Reed, 1943). The Ogallala generally is
unconsolidated or weakly consolidated but can contain layers
of sandstone cemented by calcium carbonate. The Ogallala
reaches a maximum thickness in the study area of more than
120 m in western Dawson County (Irons and others, 2012).
Multiwell, 96-hour aquifer tests conducted in Dawson County
showed that the hydraulic conductivity of the Ogallala in
Dawson County was about 3.5x10” to 3.9%10 meters per
second (m/s) (Irons and others, 2012).

The near-surface geology of the uplands consists of wind-
blown deposits of loess or eolian sand that overlie localized
alluvium or directly in contact with the Ogallala. Depths to
groundwater in the upland areas can vary from less than 10 m
in isolated small sand-and-gravel pockets to more than 50 m
(Irons and others, 2012). In the lowlands, the near-surface
geology consists of Quaternary-age deposits of alluvial sand
and gravel with discontinuous lenses of silt and clay and flood-
plain deposits. Groundwater typically is present throughout
the alluvium and can vary in depth from less than 1 m near
the major rivers to more than 10 m near the walls of the Platte
River valley.

Where sufficient saturated deposits are present in the
central Platte River valley, the Quaternary alluvium forms the
primary aquifer because of their widespread distribution, shal-
low depths, and their ability to yield sufficient groundwater
supplies to high-capacity wells. Quaternary-age deposits often
overlie deposits of Pliocene-age sand and gravel, which cover
much of the study area (Condon, 2005). These older fluvial
deposits exist locally beneath some of the upland deposits but
have not been extensively mapped. Multiwell, 96-hour aquifer
tests indicate the hydraulic conductivity of the alluvium is
roughly an order of magnitude greater than the Ogallala at
8.5%10* m/s to 1.0x10 m/s (Irons and others, 2012). Wells
completed in the alluvial aquifer underlying the Platte River
valley sustain yields ranging from about 3,000 to 5,700 liters
per minute (L/min) (800 to 1,500 gallons per minute) (Waite
and others, 1949).
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Methods of Investigation

Overview of Resistivity Method

Resistivity is an intrinsic material property that is defined
by resistance to the flow of electric current in that material.
Measurements of this property are made by injecting a known
current into the subsurface using two current electrodes and
measuring the resulting voltage difference between two
potential electrodes. Based on Ohm’s Law, the resistance is
computed by taking the ratio of the measured voltage and the
transmitted current. The apparent resistivity of the material,
expressed in ohm-meters (ohm-m), can then be determined
by multiplying each resistance value by the corresponding
geometric factor, which is based on the electrode geometry
and spacing.

The main factors that affect the resistivity of a mate-
rial are the amount of interconnected pore water present, the
water quality [level of total dissolved solids (TDS)], and the
amount of mineralogical clay present. In the unsaturated zone,
if no mineralogical clay is present, a fine-grained material (for
example, silt or fine sand) generally will retain more inter-
connected pore water because of capillary forces than does a
coarse-grained material (for example, coarse sand or gravel).
The fine-grained material will therefore have a lower resistiv-
ity compared to coarser-grained materials. Water quality is an
important factor because the concentration of ions in the water
affects its ability to conduct electricity. Materials containing
water with high TDS will have a lower resistivity compared
to materials containing water with low TDS. The presence
of even a small amount of clay minerals can dramatically
decrease the overall bulk resistivity of a material because cur-
rent is conducted both through the pore fluids (electrolytically)
as well as through cation exchange (electronically). Because
of the relations among grain size, clay content, and resistivity,
the resistivity method can be a useful tool in differentiating
lithologies, and thereby enables one to predict relative rates
of recharge to an unconfined, alluvial aquifer. Butler (2005),
Reynolds (1997), and Sharma (1997) provide more detailed
descriptions of the resistivity method and resistivity values for
common geologic materials.

Capacitively Coupled Resistivity Methods

Data Acquisition

All CC resistivity datasets were acquired in spring 2012
before the onset of water delivery for Cozad, Thirty-Mile,
Orchard-Alfalfa, and Kearney Canals, with one exception: the
eastern end of Thirty-Mile Canal was surveyed in spring 2013
(fig. 2). With the exception of reaches of Cozad Canal and
Outlet Canal, all CC resistivity data were collected when the
canals were dry. For the excepted reaches, CC resistivity data
were collected on top of the canal embankment. In the spring
0f 2012, CC resistivity data at Outlet Canal were collected

along a 5-km reach near the seep at Outlet Canal MP 15.55
(fig. 34). Two passes were collected along the north and south
edges of the north access road along the canal and a third pass
was collected along the toe of the north bank of Outlet Canal
(fig. 3B).

The CC resistivity data were acquired with the Geomet-
rics OhmMapper TR5 (Geometrics, Inc., San Jose, Calif.)
towed behind an all-terrain vehicle (ATV). This dipole-dipole
array system comprised five receiver dipoles, equivalent to
five potential electrode pairs, and one transmitter dipole,
equivalent to a current electrode pair (fig. 4). Each dipole
consisted of a 5-m cable attached to each end of an electron-
ics unit, yielding dipole lengths of 10 m. The resultant towed
array length was on the order of 50 m.

The transmitter, located at the rear of the array, was
attached to the receivers by a nonconductive rope (5 m long
for this survey), and transmitted an alternating current at a fre-
quency of 16.5 kilohertz (kHz). Current was transmitted into
the ground through the use of capacitance, which negates the
need for the electrodes to be in direct contact with the ground
and thus allows for more efficient and faster data acquisition.
With the wire in each dipole cable and the ground acting as
the opposing conductor “plates” of a capacitor, the insulating
sheath enclosing the wire and the air space between the dipole
cable and the ground functioned as the insulator between the
plates (Geometrics, 2001).

Each receiver dipole sampled the subsurface to a particu-
lar depth based on its length and distance from the transmitter
dipole. To attain the survey objective, the survey was designed
for the optimal compromise between vertical and horizontal
resolution and maximum depth of investigation by varying the
geometry (dipole and rope lengths) of the array. The CC resis-
tivity and differential global positioning system (DGPS) data
were acquired at a rate of 1 hertz (Hz) with the ATV traveling
from 3 to 5 kilometers per hour. For further details on the CC
resistivity method and acquisition system, refer to Ball and
others (2006), Geometrics (2001), Lucius and others (2008),
and Timofeev and others (1994).

All CC resistivity data were acquired using an inte-
grated DGPS. All DGPS data were collected with a Trimble
DSM 232 (Trimble Navigation Ltd., Sunnyvale, Calif.) with
the OmniSTAR (OmniSTAR, Inc., Houston, Texas) High
Precision (HP) subscription service. The vertical and hori-
zontal accuracies provided by the HP service typically are
less than +15 centimeters (cm) and =10 cm, respectively
(OmniSTAR, 2005).

There were several obstacles to acquiring continuous data
along canals. For data acquired from the bed surface within
the canals (as opposed to from the top of the canal bank),
the obstacles included concrete check structures (removable
dams used to manage water levels in the canals) and weirs,
low or impassible bridges, fences, underground siphons
(located where canals cross surface-drainage features), and
extended sections of rough or sharp concrete blocks or trash
that could cause damage to the system. If these obstacles were
so frequent that efficient acquisition of data was impeded
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Figure 4. Capacitively coupled resistivity-system setup and geometry (modified from Ball and others, 2006).

along an area within the canal, then small sections of the canal
were bypassed. Standard operating procedures for concrete
checks, weirs, and extended areas where it would be unsafe
for the towed array to be pulled over (that is, instances where
it was not necessary to winch the ATV completely out of the
canal channel) were to reel the array onto the back of the ATV,
drive the ATV across the obstacle, and lay out the array on

the other side. At each siphon, the section between the intake
and outflow was bypassed. For surveys along the top of the
canal bank, coverage gaps exist because of county road or
highway crossings.

Data Processing and Inversion

The raw binary data files were downloaded from the
OhmMapper instrument using Geometrics Magmap2000
software, version 4.94 (Geometrics, 2013). The binary files
were imported into a pair of unpublished USGS GPS and
OhmMapper data-processing software programs (GPSpathtool
and OhmBin, respectively; Joseph Vrabel, written commun.,
2012). Upon initial import of a raw binary file, GPSpathtool
allowed the user to enter the GPS antenna height, to define
the nature of the survey (for example, a single pass with a
single geometry or multiple passes over the same line with
multiple geometries), and to edit the array geometry (for
example, GPS-array offset, dipole lengths, or rope length).
The geographic coordinates in the binary file automatically
are projected to the appropriate Universal Transverse Merca-
tor (UTM) zone in North American Datum of 1983 (NAD 83)
meters, and the position and elevation of the center of each
transmitter-receiver pair for every measurement is interpolated

and extrapolated from the DGPS data stream. Bad locational
data were rejected based on the GPS quality factor and by
graphically selecting data points. A single path was then fitted
to the accepted GPS data. The discrete points were mapped,
or projected, to the path fit. The typical processing procedure
used was to remove data with a GPS quality factor of zero
(indicative of complete loss of signal lock because of overhead
obstructions such as tree cover and bridges) and selective
removal of data with a GPS quality factor of two (indicative
that DGPS location had not converged to a horizontal accuracy
less than 30 cm) based on position relative to the general path
trend. A quality factor of 4 is the optimal GPS quality factor,
indicating that horizontal accuracy ranges from 5 to 30 cm.
Outputs from GPSpathtool were imported into the
OhmBin program, where the resistivity data were viewed
and processed. Within the OhmBin program, all data can
be viewed as either horizontal, down-distance line plots for
each receiver or as contoured pseudosections of the apparent
resistivity, measured voltage, calculated resistance (millivolts
per milliamp), and transmitted current levels. The data were
processed by (1) automatically removing data spikes using
a single data-point-spike width and factor of 1.5 (defined
below), (2) manually removing obvious data spikes in the volt-
age and resistance data, and (3) binning (or averaging) the data
to a 5-m horizontal bin size. A single data-point-spike factor is
defined as the ratio of a data point with its neighboring points.
If a preset threshold is exceeded, then the point is removed.
A single data-point-spike width and factor of 1.5 was chosen
based on the high-frequency noise characteristics observed
in the data. These parameters essentially created a low-pass
filter that allowed for removal of the higher-frequency noise



created by the movement of the system during acquisition and
by nearby electromagnetic interferences (for example, electric
fences). The 5-m bin size was chosen as a good compromise
between the lateral heterogeneity expected in the subsurface in
the survey area and the practical lateral resolution of CC resis-
tivity measurements acquired with a 5-m half-dipole length.
The binned data were exported in a RES2DINV (Loke,
2009) file format that also can be read into the EarthImager
2D (Advanced Geosciences, Inc., 2008) inversion program.
All CC resistivity data were inverted using the robust, finite-
element inversion method in EarthImager 2D (version 2.4.0,
build 617; Advanced Geosciences, Inc., 2008). The robust
method is based on the assumption of exponentially distrib-
uted errors and minimizes the combination of the data misfit
and model instability (L1-norm parameter). The method typi-
cally works well on noisy datasets, which were common in
this study because of cultural features such as electric fences
and overhead powerlines. This method also resolves abrupt
changes in resistivity (lithology) (Advanced Geosciences, Inc.,
2008), which are common in alluvial systems. The inverted
resistivity sections were then imported into Encom Profile
Analyst (Pitney Bowes Software, North Sydney, Australia,
http://www.encom.com.au/template2.asp?pageid=16), along
with the lithologic and EC logs, for analysis and interpretation.

Direct-Current Resistivity

As part of a more detailed geophysical investigation, DC-
resistivity surveys were completed near the seep near Outlet
Canal MP 15.55 in the spring of 2012. DC-resistivity measure-
ments were collected along five profiles near Outlet Canal
(fig. 3B). Three longitudinal profiles are parallel to the canal
road, one on the south side of the road, one on the north side
of the road, and one at the toe of the north embankment. Two
transverse profiles were collected perpendicular to the canal to
tie together the first three profiles. The two roadside profiles
are about 300 m long, the toe profile is about 210 m long, and
the two transverse profiles (each crossing three other profiles)
are about 30 m long. The longitudinal profiles had electrodes
at 1-m spacing, and the two transverse profiles had electrodes
at 0.5-m spacing.

The SuperSting R8 (Advanced Geosciences, Inc., Austin,
Tex.) is a galvanically coupled, direct-current resistivity
system with a digital data-collection system. Electrodes are
driven about 20 cm into the ground with a constant distance
separating the electrodes along a relatively straight line.
Electric current is applied to two of these electrodes, which
produces an electric field in the earth. The potential of the
electric field is measured between one or more pairs of other
electrodes. Increasing the electrode spacing achieves a greater
depth of investigation, but at a reduced resolution (Lucius and
others, 2007). The Wenner-Schlumberger electrode configu-
ration was used, with the longitudinal profiles having 112
electrodes and the transverse profiles about 64 electrodes.

For parts of the longitudinal profiles extending beyond the

Methods of Investigation 1"

available 112 electrodes, 28 electrodes were “rolled” (picked
up from the trailing end of the line of electrodes and moved to
the advancing end). The same control-unit acquisition settings
were used for all five profiles.

The five profiles were topographically surveyed using a
real-time kinematic (RTK) Leica System 1200 GPS system
(Leica Geosystems, Norcross, Georgia). The first and last
electrode of each line were surveyed, and additional electrode
locations were surveyed along the line to capture horizontal
trend and vertical relief. In addition to the electrode locations,
other relevant features such as piezometer locations, water-
surface elevations, and seeps also were surveyed. The GPS
latitude and longitude coordinates were projected into UTM,
zone 14N (NAD 83), as meters and into Nebraska State Plane
Coordinate System (NAD 83) as U.S. survey feet. Elevations
were tied to NPPD Outlet Canal Reference Monument no. 3,
which uses the NPPD datum [which is offset 0.264 m above
the North American Vertical Datum of 1988 (NAVD 88)].
Complications with GPS base-station configuration limited the
achieved horizontal and vertical accuracies to £10 cm.

The same version of EarthImager 2D (as used for
CC resistivity data inversion) was used to process the
SuperSting R8 measurements and the positional coordinates
along the profiles to produce inversion models, which are esti-
mates of the two-dimensional (2-D) distribution of subsurface
electrical resistivity beneath the profile lines. The same inver-
sion settings were used for all five DC-resistivity profiles. The
unpublished USGS software ConvertToPA (Jeffrey Lucius,
written commun., 2012) assigned Nebraska State Plane Coor-
dinate System coordinates, in U.S. survey feet referenced to
NAD 83, to the inversion model data. As was done with the
CC-resistivity datasets, the inverted DC-resistivity sections
were then imported into Encom Profile Analyst for analysis
together with the CC resistivity, lithology, and EC logs.

Continuous Sediment Cores and Direct-Push
Electrical Conductivity Logging

Fourteen continuous sediment cores were collected
for ground-truthing and quality-assurance purposes using a
tractor-mounted Geoprobe coring rig (Model 54TR, Geoprobe
Systems, Salina, Kans.) (figs. 2 and 3B). Safety considerations
led to core collection at the top of the canal bank rather than
at the canal bed. Horizontal offsets (distance between the core
and CC resistivity data) typically were less than 10 m, and ver-
tical offsets ranged from 0.5 to 3.5 m. All cores were collected
to the maximum depth, or refusal depth, of approximately 8 m
below land surface (at the location where the core was col-
lected). Coring locations were selected on the basis of trends
or anomalies observed in the CC-resistivity sections to capture
variability along each canal. Because the CC resistivity data
were used as a reconnaissance tool, the cores were located in a
more logical, strategic manner rather than a random sampling.
A strategic coring plan ensured that the lateral variability
observed in the resistivity profiles could be verified at core
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locations and interpreted accordingly; moreover, areas of con-
cern were more properly sampled and visually characterized.
Cores were collected, labeled, and later visually inspected and
lithologically described. Detailed lithologic descriptions were
later categorized into broader classifications using the Uni-
fied Soil Classification System (ASTM International, 2011)

to facilitate the visual comparison of results. Differential

laser leveling was completed to determine the elevation offset
between the land surface on top of the canal bank (core loca-
tion) and the canal bed.

After each core was collected, a direct-push electrical
conductivity log was acquired in an undisturbed area near the
core location using the Direct Image® EC system (Geoprobe
Systems, Salina, Kans.) attached to the Model 54TR Geo-
probe. The EC logging tool measured subsurface conductivity
and probing speed simultaneously. A sensor was attached to
the end of a steel drive rod, which was driven into the sub-
surface using a percussion hammer and a hydraulic slide. The
deployed sensor consisted of a four-electrode Wenner array
configuration with a total array length of 76 millimeters (mm).
The vertical resolution was 2 cm with a 20-Hz sampling rate
(Kejr, Inc., 2009). For graphical display in this report, vertical
profiles collected as EC logs were converted from conductiv-
ity to resistivity units.

Before the collection of each EC log, a standard quality-
control test was performed on the field computer and the EC
probe, consisting of an instrument calibration test and probe
continuity and isolation tests. Before and after each test hole,
an EC load test was completed using a test jig that simulates
three different soil electrical conductivity values. The thresh-
old limit for a successful test, indicating the EC system was
functioning properly, was +5 percent of each tested load value.

Capacitively Coupled and Direct-
Current Resistivity

Results of the CC data collected for Cozad, Thirty-Mile,
Orchard-Alfalfa, Kearney, and Outlet Canals are presented as
inverted resistivity sections near sediment coring locations in
figures 5 through 16. All CC-resistivity data, including the 5-m
binned and vertically averaged data sets are available electron-
ically with this report at http.//pubs.usgs.gov/of/2014/1007/
downloads/. Inverted CC and DC data collected near Outlet
Canal are presented in the Outlet Canal section of this report.

Maps of the vertically averaged resistivity (from CC
resistivity surveys) are presented for Cozad, Thirty-Mile, and
Orchard-Alfalfa Canals in figure 174, and for Kearney Canal
in figure 17B. The vertical average includes all resistivity data
in the surveyed section, including the partial section extending

from the top of the canal bank to the elevation of the canal
bed, as well as the lower partial section beneath the canal-bed
elevation. Maps of the vertically averaged resistivity can be
used to interpret the relative leakage potential along the canals.
Low leakage potential tends to be correlated with low aver-
age resistivity because it is often associated with finer grained
materials (such as clay and silt), which have lower hydraulic
conductivities. Highly resistive materials, on the other hand,
are considered to have high leakage potential because higher
resistivity tends to be associated with coarse-grained materials,
such as coarse sand, that have higher hydraulic conductivities.

The results for all lithology and EC logs (displayed
as resistivity) are shown alongside the corresponding CC
resistivity data in figures 5 through 16. The detailed lithologic
descriptions for all 14 cores are presented in table 2. The
detailed lithologic descriptions were combined into broader
categories for display in figures 5 through 16 to aid in the
visual comparison with and interpretation of the CC resistivity
and EC log results. The broader lithological categories were
coded using the Universal Soil Classification System (ASTM
International, 2011) and follow a similar classification scheme
that was used in Ball and others (2006) and Burton and others
(2009). The CC resistivity data, when compared to the EC logs
(presented as resistivity), typically were well-correlated. In
general, the EC logs show greater detail than the CC resistiv-
ity data can depict because the EC logs recorded data at depth
increments of 2 cm. Conversely, the CC resistivity data com-
prise five data points over an 8-m depth range, and because
of the 5-m bin size, each data point is a lateral average across
5 m. This relatively coarse sampling has a “smearing” effect
on the positioning of the resistivity boundaries.

Since the data collection and processing variables used
in this report match those used by Burton and others (2009)
for canals surveyed in western Nebraska, comparisons of
resistivity and therefore leakage potential can be made across
the study areas. Common variables include the CC resistivity
data-collection geometry and the 5-m horizontal bin size. The
vertically averaged resistivity data, using a common resistivity
scale that enables the direct comparison of the resistivity val-
ues, and an assessment of the relative leakage potential for all
surveyed canals are shown in figures 174 and 17B. In general,
the alluvial sediments underlying canals in central Nebraska
are finer-grained compared to western Nebraska, and therefore
have a lower resistivity.

Generally, the highest measured resistivities in this report
were recorded at the extreme upstream reaches of the canals
where flood-plain deposits of silt and clay mantle coarser
alluvial deposits of sand and gravel. The finer grained depos-
its gradually thicken as canals continue eastward and move
further away from the Platte River. Across many surveyed
reaches, the thickness of these finer grained deposits exceeded
the 8-m depth of investigation.
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Figure 6. Comparison of capacitively coupled resistivity section and lithologic and electrical conductivity (EC) data from core C2. Survey results showing (A) vertical profiles
of lithologic and EC log data from core C2 collected on the canal bank near Cozad Canal; (B) location of canal, surveyed reaches, and displayed results; and (C) inverted
capacitively coupled resistivity section and vertically averaged resistivity profile.
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A C3Lithology and electrical conductivity-derived resistivity log
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of lithologic and EC log data from core C3 collected on the canal bank near Cozad Canal; (B) location of canal, surveyed reaches, and displayed results; and (C) inverted
capacitively coupled resistivity section and vertically averaged resistivity profile.
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A TM1 Lithology and electrical conductivity-derived resistivity log B
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Figure 8. Comparison of capacitively coupled resistivity section and lithologic and electrical conductivity (EC) data from core TM1. Survey results showing (A) vertical profiles

of lithologic and EC log data from core TM1 collected on the canal bank near Thirty-Mile Canal; (B) location of canal, surveyed reaches, and displayed results; and (C) inverted
capacitively coupled resistivity section and vertically averaged resistivity profile.
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A TM2 Lithology and electrical conductivity-derived resistivity log B
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Figure 9. Comparison of capacitively coupled resistivity section and lithologic and electrical conductivity (EC) data from core TM2. Survey results showing (A) vertical profiles
of lithologic and EC log data from core TM2 collected on the canal bank near Thirty-Mile Canal; (B) location of canal, surveyed reaches, and displayed results; and (C) inverted
capacitively coupled resistivity section and vertically averaged resistivity profile.
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A TM3 Lithology and electrical conductivity-derived resistivity log
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Figure 10. Comparison of capacitively coupled resistivity section and lithologic and electrical conductivity (EC) data from core TM3. Survey results showing (4) vertical profiles
of lithologic and EC log data from core TM3 collected on the canal bank near Thirty-Mile Canal; (B) location of canal, surveyed reaches, and displayed results; and (C) inverted
capacitively coupled resistivity section and vertically averaged resistivity profile.
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A 0A1 Lithology and electrical conductivity-derived resistivity log
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of lithologic and EC log data from core 0A1 collected on the canal bank near Orchard-Alfalfa Canal; (B) location of canal, surveyed reaches, and displayed results; and (C)
inverted capacitively coupled resistivity section and vertically averaged resistivity profile.

Comparison of capacitively coupled resistivity section and lithologic and electrical conductivity (EC) data from core OA1. Survey results showing (A) vertical profiles
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Figure 12. Comparison of capacitively coupled resistivity section and lithologic and electrical conductivity (EC) data from core 0A2. Survey results showing (A) vertical profiles
of lithologic and EC log data from core 0A2 collected on the canal bank near Orchard-Alfalfa Canal; (B) location of canal, surveyed reaches, and displayed results; and (C)
inverted capacitively coupled resistivity section and vertically averaged resistivity profile.
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Figure 13. Comparison of capacitively coupled resistivity section and lithologic and electrical conductivity (EC) data from core K2 (Buckle). Survey results showing (A) vertical
profiles of lithologic and EC log data from core K2 (Buckle) collected on the canal bank near Kearney Canal; (B) location of canal, surveyed reaches, and displayed results; and

(O

nverted capacitively coupled resistivity section and vertically averaged resistivity profile.
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Figure 14. Comparison of capacitively coupled resistivity section and lithologic and electrical conductivity (EC) data from core K1. Survey results showing (A) vertical profiles
of lithologic and EC log data from core K1 collected on the canal bank near Kearney Canal; (B) location of canal, surveyed reaches, and displayed results; and (C) inverted
capacitively coupled resistivity section and vertically averaged resistivity profile.
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Figure 15. Comparison of capacitively coupled resistivity section and lithologic and electrical conductivity (EC) data from cores G4 and G1. Survey results showing vertical
profiles of lithologic and EC log data from (A) core G4 and (B) core G1 collected on the south line along the north access road of Qutlet Canal; and (C) inverted capacitively

coupled resistivity section and vertically averaged resistivity profile.
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Table 2. Detailed lithologic descriptions from continuous sediment cores.

[Munsell color classification codes are explained in Munsell Color (1992). For example, 2.5Y 4/2 gives the hue, value, and chroma of each color; where 2.5Y is
the hue, 4 is the value, and 2 is the chroma. Elevation in meters above North American Vertical Datum of 1988 (NAVD 88); horizontal coordinate information

referenced to Universal Transverse Mercator projection zone 14; m, meter; E., easting; N., northing; --, no data; %, percent; cm, centimeter|

Depth below land

surface (in meters)

Lithology

Munsell color

Continuous sediment core C1; 405,783 m E.; 4,530,094 m N.; 779.94 m above NAVD 88

0-0.22 No sample --
0.22-0.63 Sandy silt,very fine, soft, roots, small calcareous nodules, slightly calcareous 2.5Y 4/2
0.63-1.16 Sandy silt, very fine, soft, small roots, slightly to moderately calcareous 2.5Y3/3
1.16-1.31 No sample --
1.31-1.88 Silt,very fine, soft, slightly calcareous 2.5Y 4/2
1.88-2.18 Silt,very fine, sticky, calcareous nodules, darker than above 2.5Y 3/2
2.18-2.32 Silty clay, soft, with organic matter, very dark in areas, slightly calcareous 2.5Y2.5/1
2.32-2.51 No sample --
2.51-3.48 Silty clay, soft, slightly calcareous 2.5Y5/3
3.48-3.59 No sample --
3.59-3.97 Clayey silt, very fine, soft, slightly calcareous 2.5Y5/3
3.97-4.31 Clayey silt, minor silt content, soft 2.5Y 4/2
4.31-4.64 Sand, medium, moderately to well sorted, well rounded to subrounded, coarse towards the bot- 2.5Y 5/4

tom, with occasional fine to medium gravel (subrounded), 80% quartz, 15% feldspar, 5% maf-
ics
4.64-4.93 No sample --
4.93-5.80 Sand, medium to coarse, poorly sorted, rounded to subrounded, interbedded medium to coarse 2.5Y 5/4-5/3
gravel (subrounded), 75% quartz, 15-20% feldspar, 5% mafics
5.80-5.92 No sample --
5.92-6.96 Sand, medium to coarse, poorly sorted, subrounded to rounded, pebble at bottom (about 5 cm, 2.5Y 6/3
subangular), 75% quartz, 20% feldspar, 5% mafics
Continuous sediment core C2; 413,022 m E.; 4,530,594 m N.; 778.09 m above NAVD 88

0-0.21 No sample --
0.21-0.64 Clayey silt, stiff, very fine, organics, dark, roots, slightly calcareous 2.5Y 3/1
0.64-1.16 Silt, soft, very fine, slight clay content, small amounts of organics varying in color (2.5Y 3/1) 2.5Y 5/3
1.16-1.51 No sample ==
1.51-2.32 Clay, minor silt, very fine, soft, sticky, saturated at 1.81, very pliable 2.5Y 4/3
2.32-2.42 No sample --
2.42-3.48 Silt, very fine, soft, saturated, slightly calcareous 2.5Y 5/3
3.48-4.16 Silt, very fine, soft, saturated, slightly calcareous 2.5Y 4/4
4.16-4.44 Clayey silt, fine, with minor mudstone fragments, soft to stiff, very pliable, sticky 2.5Y 4/2-3/2
4.44-4.64 Silty clay, soft, fine, very pliable 2.5Y 5/3
4.64-4.83 No sample --
4.83-5.10 Silty clay, soft, fine, high silt content, very pliable, calcareous nodules, sticky 2.5Y 5/3
5.10-5.80 Silty clay, stiff, very fine, iron staining, a little darker than above, slightly calcareous 2.5Y 5/3-4/3
5.80-5.84 No sample --
5.84-6.67 Silty clay, soft to medium stiffness, very fine, frequent iron staining, interbedded calcareous 2.5Y 5/3

deposits (uncommon but present towards top), trace shells
6.67-6.96 Silty clay to clay, soft, very pliable, iron staining 2.5Y 5/3
6.96-7.09 No sample --
7.09-8.12 Silty clay to clay, occasional calcareous nodules, trace shells, soft, pliable, frequent iron staining 5Y 5/2
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Table 2. Detailed lithologic descriptions from continuous sediment cores.—Continued

[Munsell color classification codes are explained in Munsell Color (1992). For example, 2.5Y 4/2 gives the hue, value, and chroma of each color; where 2.5Y is
the hue, 4 is the value, and 2 is the chroma. Elevation in meters above North American Vertical Datum of 1988 (NAVD 88); horizontal coordinate information
referenced to Universal Transverse Mercator projection zone 14; m, meter; E., easting; N., northing; --, no data; %, percent; cm, centimeter|

Depth below land

surface (in meters) Lithology Munsell color

Continuous sediment core C3; 427,241 m E.; 4,524,262 m N.; 754.77 m above NAVD 88

0-0.19 Sandy silt, very fine, well sorted, well rounded, organic, roots, silty clay lens (2.5Y 4/2-4/3), 10YR 2/1

slightly calcareous

0.19-0.52 Silty sand, very fine to fine, well sorted, well rounded, small amounts of interbedded roots, soft, 2.5Y 5/4-4/4
mostly quartz, moderately calcareous

0.52-1.07 Silty sand, very fine to fine, well rounded, well sorted, mostly quartz, clayey silt lens from 2.5Y 3/1
0.60-0.66 (very stiff, slightly organic, 10YR 3/2)

1.07-1.16 Slightly clayey silt, very fine, organic, black in color, hard, small interbedded roots 7.5YR 2.5/1

1.16-1.55 Silty clay, soft, very fine, minor amounts of plant material, organic 7.5YR 3/1

1.55-2.16 Clayey silt, soft, very pliable, rolls easy 2.5Y5/3

2.16-2.32 Silt, soft, very fine, slight clay content 2.5Y5/3

2.32-2.86 Clayey silt, soft, sticky, very pliable, slight silt content, calcareous nodules throughout internal 2.5Y5/3

2.86-3.48 Clayey silt, very fine, very soft, start of saturation 3.01 m, slightly calcareous 2.5Y5/3

3.48-3.78 No sample --

3.78-4.64 Sandy silt, very fine, soft, sand content increases towards bottom, very fine, mostly quartz, satu- 2.5Y 5/3
rated, slightly calcareous

4.64-5.39 Sandy silt, very fine, soft, saturated, slightly calcareous 2.5Y 5/3

5.39-5.80 Silt, very fine, soft, slight sand content, very fine, small siltstone fragments, friable, sticky, satu- 2.5Y 5/3
rated

5.80-6.55 Sandy silt to silty sand, very fine, soft, saturated, mostly quartz, silty clay lens at bottom 2.5Y5/3
6.47-6.55 m (2.5Y 3/3), slightly calcareous

6.55-6.80 Silty clay, soft, moderately friable, slightly to moderately calcareous 2.5Y 5/3

6.80-7.47 Clayey silt to silty clay, soft to stiff, iron staining 2.5Y5/3

7.47-8.12 Sand, fine, well sorted, well rounded, iron staining, possible organics near bottom, at bottom 2.5Y5/3
interbedded medium to coarse gravel (rounded to subrounded), 85% quartz, 10% feldspar, and
5% mafics

8.12-9.28 Sand, fine, well sorted, well rounded, iron staining, possible organics near bottom, at bottom 2.5Y 5/4
interbedded medium to coarse gravel (rounded to subrounded), 85% quartz, 10% feldspar, and
5% mafics

Continuous sediment core TM1; 390,318 m E.; 4,533,589 m N.; 800.86 m above NAVD 88
0-0.20 No sample 2.5Y 3/2

0.20-0.35 Organic sandy silt, very fine, interbedded very fine sand, rich in organic material, roots frequent, 2.5Y 3/2-2.5/1
very dark grayish brown, soft-medium stiffness

0.35-0.59 Same as above, darker, slight clay content 2.5Y5/3

0.59-0.66 Clayey silt to silty clay, very fine, interbedded very fine sand, roots, light olive brown, minor clay 2.5Y 5/3
content

0.66-1.16 Clayey silt to silty clay, soft, very fine, roots, slightly calcareous, slightly lighter in color than 2.5Y 5/3
above, moist towards bottom, moderate clay content, occasional calcareous nodules

1.16-1.57 No sample --

1.57-2.32 Silty clay, minor silt content, very slightly to slightly calcareous, calcareous nodules, soft, moist, 2.5Y 4/3
pliable, roots, very fine, dark grayish brown, more calcareous towards bottom

2.32-3.07 No sample --

3.07-3.48 Silty clay, high silt content, soft, saturated, very fine, medium to coarse gravel sized calcareous 2.5Y 5/3-4/3
nodules, sticky, slightly calcareous, very fine sand (mostly quartz) at 3.43—-3.48 m

3.48-4.46 Silty sand, very fine, minor silt content, 10% mafics, 5% feldspar, 85% quartz, soft, saturated, 2.5Y 5/3

well sorted, in parts slightly calcareous
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Table 2. Detailed lithologic descriptions from continuous sediment cores.—Continued

[Munsell color classification codes are explained in Munsell Color (1992). For example, 2.5Y 4/2 gives the hue, value, and chroma of each color; where 2.5Y is
the hue, 4 is the value, and 2 is the chroma. Elevation in meters above North American Vertical Datum of 1988 (NAVD 88); horizontal coordinate information

referenced to Universal Transverse Mercator projection zone 14; m, meter; E., easting; N., northing; --, no data; %, percent; cm, centimeter|

Depth below land

surface (in meters)

Lithology

Munsell color

Continuous sediment core TM1; 390,318 m E.; 4,533,589 m N.; 800.86 m above NAVD 88—Continued

4.464.64 Silty clay, soft, very fine, moderately sorted, pliable, moist, slightly calcareous in parts 2.5Y 4/2

4.64-4.99 Silty clay, soft, very fine, moderately sorted, pliable, moist, slightly calcareous in parts, interbed- 2.5Y 4/2
ded medium to fine sand at bottom, 15% feldspar, 85% quartz, darker color towards bottom
(2.5Y 3/2), subrounded to rounded

4.99-5.52 Clay, interbedded fine to medium sand, 15% feldspar 85% quartz, poorly sorted, soft clay, moist, 2.5Y 2.5/1
lens of fine sand mostly quartz, 5% mafics, 10% feldspar, from 5.47-5.50

5.52-5.66 Sand, fine to medium, moderately well sorted, 90% quartz, 5% feldspar, 5% mafics, gray clay at 2.5Y 5/2
5.65 t0 5.66 m

5.66-5.80 Sand, fine to medium, poorly sorted, 90% quartz, 5% feldspar, 5% mafics, interbedded, subround- 2.5Y 6/4-6/6
ed coarse sand (85% quartz, 15% feldspar), very slight clay content

5.80-6.16 Sand, fine, grades to medium towards bottom, 85% quartz, 10% feldspar, 5% mafics, well sorted, 3.5Y 6/4
light yellowish brown, subrounded to rounded

6.16-6.96 Sand, medium, mostly quartz, 15% feldspar, trace mafics, interbedded coarse sand to fine gravel, 2.5Y 6/4-6/6
subrounded to rounded, 80% quartz, 20% feldspar, from 6.65 to 6.75 m, mostly fine sand,
85% quartz, 10% mafics, 5% feldspar

6.96-8.12 Sand, medium to coarse, 5% mafics, 10—15% feldspar, mostly quartz, well sorted, some very 2.5Y 6/4-6/3
fine sand content, subrounded to rounded, interbedded fine gravel occasionally (subrounded-
rounded)

8.12-8.94 No sample --

8.94-9.09 Sand, very fine, well sorted, 85% quartz, 10% mafics, 5% feldspar, small sandstone pieces, 2.5Y 5/3
saturated

9.09-9.28 Very fine sand, interbedded with fine to coarse gravel sized sandstone chunks, angular, mostly 2.5Y 5/3
quartz

Continuous sediment core TM2; 400,104 m E.; 4,524,870 m N.; 798.68 m above NAVD 88
0-0.16 No sample --

0.16-0.25 Organic silt with very fine sand, medium stiffness, friable, interbedded coarse sand grains, suban- 2.5Y 3/2
gular to subrounded, roots, very dark grayish brown, slight clay content, very fine sand mostly
quartz, coarse grains, 70% quartz, 30% feldspar

0.25-1.16 Silty sand to sandy silt, very fine, well sorted, mostly quartz, moist, very slight clay content, soft, 2.5Y 3/2
slightly lighter than above in color, roots

1.16-1.38 No sample --

1.38-1.47 Silty sand to sandy silt, very fine, well sorted, mostly quartz, moist, very slight clay content, soft, 2.5Y 3/2
slightly lighter than above in color, roots

1.47-2.17 Silty sand, soft, well sorted, slightly calcareous, moist, very fine, mostly quartz, dark grayish 2.5Y 4/2
brown

2.17-2.32 Silty sand, soft, well sorted, slightly calcareous, moist, very fine, mostly quartz, dark grayish 2.5Y 4/3
brown

2.32-2.55 No sample --

2.55-3.48 Silty sand, soft, well sorted, very fine, mostly quartz, moderately calcareous, olive brown to light 2.5Y 5/4-4/4
olive brown, trace roots, moist

3.48-3.65 No sample --

3.65-4.64 Silty sand, soft, well sorted, very fine, mostly quartz, moderately calcareous, olive brown to light 2.5Y 5/4-4/4
olive brown, moist

4.64-4.70 No sample --

4.70-4.96 Silty sand, soft, well sorted, very fine, mostly quartz, moderately calcareous, olive brown to light 2.5Y 5/4-4/4

olive brown, moist
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Table 2. Detailed lithologic descriptions from continuous sediment cores.—Continued

[Munsell color classification codes are explained in Munsell Color (1992). For example, 2.5Y 4/2 gives the hue, value, and chroma of each color; where 2.5Y is
the hue, 4 is the value, and 2 is the chroma. Elevation in meters above North American Vertical Datum of 1988 (NAVD 88); horizontal coordinate information
referenced to Universal Transverse Mercator projection zone 14; m, meter; E., easting; N., northing; --, no data; %, percent; cm, centimeter|

Depth below land
surface (in meters)

Lithology

Munsell color

Continuous sediment core TM2; 400,104 m E.; 4,524,870 m N.; 798.68 m above NAVD 88—Continued

4.96-5.80 Silty sand to clayey sand, well sorted, more moist than above, soft, mostly quartz, olive brown to 2.5Y 5/4-4/4
light olive brown, slightly calcareous

5.80-5.89 No sample --

5.89-6.74 Silty sand, very fine, soft, slightly calcareous, mostly quartz, moist to near saturated, slight clay 2.5Y 5/4-4/4
content, well sorted

6.74-6.96 Silty sand, very fine, medium stiff, mostly quartz, slightly calcareous, saturated, slight clay 2.5Y 5/4-4/4
content

6.96-8.12 Sand, very fine, 85% quartz, 10% mafics, 5% feldspar, soft, saturated, well sorted 2.5Y 5/4-4/4

8.12-8.52 No sample --

8.52-9.24 Sand, very fine, 85% quartz, 10% mafics, 5% feldspar, soft, saturated, well sorted, some black silt 2.5Y 5/4-4/4
streaks

Continuous sediment core TM3; 409,098 m E.; 4,517,364 m N.; 794.81 m above NAVD 88
0-0.27 No sample --

0.27-0.42 Organic clayey silt, medium stiffness, roots, trace very fine sand, very dark grayish brown 2.5Y 3/2

0.42-0.93 Silty sand, silt is moderately to very stiff, friable, various colors (2.5Y 5/3—4/3) calcareous nod- 2.5Y 5/3-4/3
ules common, roots, slightly calcareous, 90% quartz, 7% feldspar, 3% mafics

0.93-1.16 Silty sand, soft, more moist than above, moderately calcareous, well-sorted, 90% quartz, 2.5Y 5/4
7% feldspar, 3% mafics, roots, trace calcareous nodules

1.16-1.34 No sample --

1.34-1.50 Silty sand, very fine, medium stiffness, trace clay, mostly quartz, moderately sorted, occasional 2.5Y 5/3-4/3
roots

1.50-2.07 Clayey silt, very dark brown, very fine, trace clay, friable, possible organic material 2.5Y 3/2

2.07-2.32 Silty clay, dry, olive brown, sticky and moderately pliable when wet 2.5Y 4/4

2.32-2.57 No sample --

2.57-2.92 Silty clay, dry, olive brown, sticky and moderately pliable when wet 2.5Y 4/4

2.92-3.48 Silty clay to clayey silt, some small calcareous nodules, dry, friable, sticky and moderately pli- 2.5Y5/3
able when wet, moderately calcareous, trace very fine sand, mostly quartz

3.48-3.69 No sample --

3.69—4.64 Silty clay to clayey silt, some small calcareous nodules, dry, friable, sticky and moderately pli- 2.5Y 5/3
able when wet, moderately calcareous, more very fine quartz sand at bottom

4.64-4.86 No sample --

4.86-5.80 Silty sand, very fine, 85% quartz, 10% mafics, 5% feldspar, well sorted, moderately calcareous, 2.5Y 5/3
soft to medium stiffness, slightly moist, trace clay

5.80-6.04 No sample --

6.04-6.96 Silty sand, very fine, soft, mostly quartz, well sorted, moist, trace clay, moderately calcareous, 2.5Y 5/3
light olive brown

6.96-7.10 No sample --

7.10-8.12 Silty sand, very fine, soft, mostly quartz, more moist towards bottom, slightly to moderately 2.5Y5/3
calcareous, well sorted, light olive brown, trace clay, trace calcareous nodules

8.12-8.25 No sample -

8.25-8.37 Silty sand, very fine, soft, mostly quartz, more moist towards bottom, slightly to moderately 2.5Y 5/3
calcareous, well sorted, light olive brown, trace clay, trace calcareous nodules

8.37-9.28 Silty sand, very fine, soft, well sorted, mostly quartz, trace clay, moist, slightly calcareous, 2.5Y 5/3

slightly darker than above
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Table 2. Detailed lithologic descriptions from continuous sediment cores.—Continued

31

[Munsell color classification codes are explained in Munsell Color (1992). For example, 2.5Y 4/2 gives the hue, value, and chroma of each color; where 2.5Y is

the hue, 4 is the value, and 2 is the chroma. Elevation in meters above North American Vertical Datum of 1988 (NAVD 88); horizontal coordinate information
referenced to Universal Transverse Mercator projection zone 14; m, meter; E., easting; N., northing; --, no data; %, percent; cm, centimeter|

Depth below land
surface (in meters)

Lithology

Munsell color

Continuous sediment core 0A1; 412,917 m E.; 4,521,392 m N.; 765.08 m above NAVD 88

0-0.19 No sample --

0.19-0.29 Sandy clay, interbedded very fine sand, mostly quartz, low to medium stiffness, moderately pli- 2.5Y 2.5/1
able, black, organic, roots present

0.29-1.16 Silty clay, soft, slightly moist, roots, moderately pliable 2.5Y 3/1-3/2

1.16-1.34 No sample --

1.34-1.44 Clay to silty clay, soft, moist, slightly calcareous at bottom, possible small roots, pliable 2.5Y 4/2

1.44-1.57 Clayey sand to sandy clay, trace silt, moderately pliable, moist, soft, very fine quartz sand, well 2.5Y 4/2
sorted, trace calcareous nodules

1.57-1.90 Clayey sand, very fine sand, soft, pliable, saturated, mostly quartz, calcareous nodules, roots, well 2.5Y 5/3-5/4
sorted, slightly calcareous, trace silt

1.90-2.12 Clay, trace silt, trace very fine sand, soft, pliable, many calcareous nodules moist, slightly calcar- 2.5Y 5/3-4/3
eous, soft to medium stiffness, moderately pliable, roots

2.12-2.32 Clay, trace silt, roots, moderately pliable, moist, medium stiffness 2.5Y 4/2

2.32-2.62 No sample --

2.62-3.08 Clayey sand to sandy clay, soft, pliable, sand is very fine and well sorted, mostly quartz, moist, 2.5Y5/3
roots, trace calcareous nodules

3.08-3.48 Clayey sand to sandy clay, soft, pliable, sand is very fine and well sorted, mostly quartz, moist, 2.5Y 5/3
roots, frequent calcareous nodules, lens of very fine to fine well sorted sand (2.5Y 5/3—-4/3)
from 3.44 to 3.48 m, 85% quartz, 10% mafics, 5% feldspar

3.48-4.20 Sand, very fine, well sorted, occasional interbedded subrounded medium sand grains, 10% maf- 2.5Y5/3
ics, 5% feldspar, 85% quartz

4.20-4.56 Sand, very fine to fine, saturated, 85% quartz, 10% mafics, about 5% feldspar, interbedded, sub- 2.5Y 5/3
rounded coarse sand grains, moderately well sorted

4.56-5.50 Sand, fine to medium, 80% quartz, 10% mafics, 10% feldspar, occasionally interbedded coarse 2.5Y 5/3-5/4
sand—fine gravel subangular to subrounded towards bottom, well sorted

5.50-5.72 Sand, fine to medium, 80% quartz, 10% mafics, 10% feldspar, interbedded coarse sand to fine 2.5Y 5/3-5/4
gravel at 5.65-5.72 m, subangular to subrounded

5.72-6.58 Sand, fine to coarse, interbedded fine to coarse gravel, subangular to subrounded, 80% quartz, 2.5Y 6/3-5/3
15% feldspar, 5% mafics, poorly sorted, lens of fine sand (85% quartz, 10% mafics, 5% feld-
spar, 2.5Y 6/3)

6.58-7.67 Sand, fine, 10% mafics, 10% feldspar, 80% quartz, interbedded coarse sand subrounded, occa- 2.5Y 6/3
sional fine gravel: subrounded, well sorted

7.67-8.75 Sand, medium to coarse, rounded to subrounded, 75% quartz, 10% mafics, 15% feldspar, inter- 2.5Y 6/3
bedded subrounded fine gravel, 80% quartz, 20% feldspar

Continuous sediment core 0A2; 416,670 m E.; 4,514,037 m N.; 764.56 m above NAVD 88
0-0.32 No sample --

0.32-0.89 Silty sand, very fine, moderately to well sorted, mostly quartz, soft, lens of organic silt 2.5Y5/3
(2.5Y 3/1-3/2, many roots in first 4 cm)

0.89-1.16 Silty sand, very fine, well sorted, soft, mostly quartz, slightly calcareous, trace calcareous 2.5Y 4/4
nodules, lens of silty clay to clayey silt (2.5Y 2.5/1, black, moist, low pliability, soft, slightly
calcareous) from 1.12 to 1.16 m

1.16-1.41 No sample --

1.41-1.65 Silty clay, minor silt content, moist, pliable, soft to moderately stiff, very dark grayish brown 2.5Y 3/2

1.65-2.09 Silty clay, moderate silt content, moist, slightly pliable, soft, medium stiffness, very fine, grayish 2.5Y 5/2-4/2

brown to dark grayish brown
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Depth below land

surface (in meters) Lithology Munsell color

Continuous sediment core 0A2; 416,670 m E.; 4,514,037 m N.; 764.56 m above NAVD 88—Continued

2.09-2.32 Silty clay, moderate silt content, moist, slightly pliable, soft, medium stiffness, very fine, grayish 2.5Y 5/2-4/2
brown to dark grayish brown, slightly calcareous

2.32-2.50 No sample ==

2.50-2.80 Silty clay, moderate silt content, sticky, saturated, soft, pliable, slightly calcareous 2.5Y 3/1-3/2

2.80-3.48 Sandy clay to clayey sand, soft, very fine, 85% quartz, 10% mafics, 5% feldspar, pliable, well to 2.5Y5/3
moderately sorted, very moist, trace silt, saturated, slightly calcareous in parts

3.48-3.57 No sample --

3.57-4.64 Sandy clay to clayey sand, soft, very fine, 85% quartz, 10% mafics, 5% feldspar, pliable, well to 2.5Y5/3

moderately sorted, very moist, trace silt, saturated, slightly calcareous in parts, lens of slightly
calcareous from 3.57 to 3.66 m

4.64-5.65 Clayey sand to sandy clay, very fine, soft, pliable, sand is mostly quartz, some calcareous nodules 2.5Y 5/2

5.65-5.80 Clayey sand to sandy clay, very fine, soft, pliable, sand is mostly quartz, more calcareous nodules 2.5Y 3/1
than above

5.80-5.86 No sample --

5.86-6.45 Clay, soft, frequent calcareous nodules, some iron staining, slightly calcareous, moist, lens of clay 2.5Y5/3
(gray, pliable, soft, moist) from 5.86 to 5.90 m

6.45-6.96 Clayey sand to silty sand, moderately pliable, sand is very fine and predominantly quartz, moist, 2.5Y5/3
soft, slightly calcareous, iron staining, calcareous deposits less common than above, some clay

6.96-7.10 No sample --

7.10-8.12 Silty sand, soft, very fine, mostly quartz, slightly to moderately calcareous, well sorted, iron 2.5Y 6/3-5/3

staining, trace clay at bottom

Continuous sediment core K1; 487,893 m E.; 4,505,579 m N.; 677.42 m above NAVD 88

0-0.15 No sample -

0.15-0.23 Clayey sand, fine to coarse grained sand interbedded in the soil, fine sand interbedded grades 2.5Y3/2
heavily into clay towards bottom, rich in organic material, soil thick with roots, dark, odorous,
mostly quartz sand

0.23-0.49 Organic clay, minor silt content, grades into fine sand at bottom, roots present, medium stiffness, 2.5Y 5/1
slightly calcareous, low plasticity
0.49-0.74 Clayey sand, fine grained sand, 15% feldspar, 3% mafics, 82% quartz, clay lens (0.57-0.64, 2.5Y 5/3

slightly to medium calcareous, soft, pliable, dark grayish brown 2.5Y 4/2, with olive yellow
2.5Y 6/8 staining), medium to fine sand towards bottom, poorly sorted, subangular to rounded,
slightly calcareous

0.74-0.84 Clay, soft-medium stiff, pliable, very slightly calcareous, patches of very dark grayish brown 2.5Y 4/2
(2.5Y 3/2), small amount of plant matter

0.84-0.98 Sandy silt, possible organics, interbedded coarse-medium sand grains (mostly quartz, 15% feld- 2.5Y 3/2
spar, moderately calcareous), patches of yellowish orange staining (very slightly calcareous),
soft, fine silt

0.98-1.16 Clayey silts, low plasticity, soft to medium stiffness, interbedded fine gravel sized concrete clasts 2.5Y 3/2-2.5/1

grading to interbedded coarse-medium sand (15% feldspar, 85% quartz, uncommon mafics,
subangular to subrounded), concrete moderately calcareous

1.16-1.56 No sample --
1.56-1.69 Concrete, coarse gravel sized, moderately calcareous 2.5Y5/2
1.69-2.32 Clay, very slight silt content, very pliable, high plasticity, soft, stiffer towards bottom 2.5Y 3/2
2.32-2.55 No sample --

2.55-2.79 Silty sand, very fine, saturated, mostly quartz, very soft, well sorted 2.5Y 4/2
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referenced to Universal Transverse Mercator projection zone 14; m, meter; E., easting; N., northing; --, no data; %, percent; cm, centimeter|

Depth below land
surface (in meters)

Lithology

Munsell color

Continuous sediment core K1; 487,893 m E.; 4,505,579 m N.; 677.42 m above NAVD 88—Continued

2.79-3.28 Silty clay, soft, pliable, interbedded very fine sand (mostly quartz), very fine sand lens at 2.5Y 3/2
3.15-3.18 (mostly quartz), clay to silt ratio increases towards bottom and grows a little stiffer,
a little darker than above
3.28-3.40 Clay, soft-medium stiff, pliable, very fine, very slightly to slightly calcareous, slight iron staining, 2.5Y 5/2-4/2
very minor silt content
3.40-3.48 Clayey silt, soft, very fine, small clay content, interbedded very fine sand (mostly quartz) 2.5Y 4/3
3.48-3.55 No sample --
3.55-3.67 Clayey silt, medium stift-stiff, low plasticity, fine, interbedded very fine sand 2.5Y 4/2
3.67-3.86 Silt, minor clay content, soft, very low plasticity, fine gravel size calcareous nodules 2.5Y5/2
3.86-4.64 Clayey sand-silty sand, very fine, frequent calcareous nodules, slightly-moderately calcare- 10YR 5/6
ous, low plasticity, somewhat pliable when damp but crumbles otherwise, slight iron staining
towards bottom, high silt content
4.64-4.92 No sample --
4.92-5.80 Clayey sand-silty sand, very fine sand grains (5% mafics, 15% feldspar, 80% quartz), well sorted, 10Y 5/3
interbedded calcareous deposits, very slightly calcareous to non-calcareous, iron staining, soft,
minor clay content to cause minor plasticity
5.80-6.96 Silt sand, very fine (5—-10% mafics, 15% feldspar, 75—-80% quartz), minor clay content, minorly 10YR 5/3-5/4
pliable, minor calcareous deposits, towards top, well-medium sorted
6.96-7.07 No sample --
7.07-8.12 Silty sand, very fine (5—10% mafics, 15% feldspar, 75-80% quartz), soft, well sorted, brown silty 10YR 5/4-5/6
clay lens at 8.06-8.12 (medium stiff, medium pliable)
Continuous sediment core K2 (Buckle); 490,566 m E.; 4,505,631 m N.; 676.44 m above NAVD 88
0-0.24 No sample --
0.24-0.47 Organic silty clay, soft, low plasticity, much plant material, roots 10YR 3/2-2/2
0.47-0.75 Silty clay, medium stiffness, moderately pliable, roots, slightly calcareous, trace calcareous 10YR 4/3
nodules
0.75-1.01 Silty clay to clayey silt, soft, pliable, brown (10YR 4/3) zones slightly calcareous, roots common 10YR 4/2
1.01-1.16 Silty clay, soft, moderate stiffness, pliable, medium plasticity, slightly calcareous, roots present, 2.5YR 5/2
black silt lens (2.5YR 2.5/1) from 1.14-1.16 m, stiff, not pliable
1.16-1.65 No sample =
1.65-1.88 Clay, soft, very pliable, slightly calcareous 2.5Y 6/3-5/3
1.88-2.18 Clay, stiff, medium plasticity, slightly calcareous, some black zones 2.5Y 6/3-5/3
2.18-2.32 Silty clay, pliable, low to medium stiffness, marbled color, trace iron staining 2.5Y 4/2-3/2
2.32-2.52 No sample --
2.52-2.70 Clayey sand, soft, pliable, marbled color, zones of very dark gray (2.5Y 3/1), very fine sand 2.5Y 5/3-4/3
(80% quartz, 15% feldspar, 5% mafics), trace iron staining, slightly calcareous
2.70-3.24 Silty sand to clayey sand, low plasticity, soft, interbedded with well sorted very fine sand (mostly 2.5Y 3/2
quartz)
3.24-3.48 Silty sand, medium stiffness, friable, some mafic grains, trace calcareous nodules, predominantly 10YR 5/4
quartz sand, 15-20% feldspar, about 5% mafics
3.48-3.85 Silty sand, medium stiffness, friable, some mafic grains, trace calcareous nodules, predominantly 10YR 5/4
quartz sand, 15-20% feldspar, about 5% mafics
3.85-4.64 Silty sand, stiff, moderately calcareous, friable, very fine, calcareous nodules 2.5Y 5/4
4.64-4.73 No sample --
4.73-5.80 Silty sand, stiff, moderately calcareous, friable, very fine, calcareous nodules 2.5Y 5/4
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Depth below land

surface (in meters) Lithology Munsell color

Continuous sediment core K2 (Buckle); 490,566 m E.; 4,505,631 m N.; 676.44 m above NAVD 88—Continued

5.80-5.86 Silty sand, stiff, moderately calcareous, friable, very fine, calcareous nodules 2.5Y 5/4

5.86-6.51 Silty clay to clayey silt, very fine, friable, low to medium stiffness, moderately calcareous, calcar- 2.5Y 5/4
eous nodules

6.51-6.96 Silty clay to clayey silt, moderate stiffness, calcareous zone from 6.84 to 6.95, friable, trace very 2.5Y 5/4
fine sand

6.96-7.88 Silty clay to clayey silt, moderate stiffness, moderately calcareous, slightly calcareous towards 2.5Y 5/4
bottom, calcareous zone from 6.96 to 7.16 m, trace very fine sand

7.88-8.12 Silty clay to clayey silt, trace very fine sand, some calcareous nodules, low to moderate stiffness 2.5Y 5/4

Continuous sediment core G1; 343,567 m E.; 4,547,063 m N.; 920.25 m above NAVD 88
0-0.47 No sample --
0.47-0.70 Sand, fine, moderately sorted, well rounded, interbedded coarse sand to fine to medium gravel, 2.5Y 5/3

rounded to subangular, roots throughout the interval, 90% quartz, 5% feldspar, 5% mafics

0.70-1.16 Sand, fine, well sorted, well rounded, occasional interbedded fine to medium gravel, rounded 2.5Y 5/3
to subrounded, poorly sorted lenses from (0.93-0.98), contains much fine to medium gravel,
rounded to subrounded, 90% quartz, 5% feldspar, 5% mafics

1.16-1.71 No sample --
1.71-2.32 Sand, fine, rare medium, well sorted, well rounded, soft, 90% quartz, 5% feldspar, 5% mafics 2.5Y 6/3
2.32-2.63 No sample --
2.63-3.48 Sand, fine, rare medium, well sorted, well rounded, soft, 90% quartz, 5% feldspar, 5% mafics 2.5Y 5/4
3.48-3.63 No sample --
3.63-4.14 Sand, fine, rare medium, well sorted, well rounded, soft, saturated, 85% quartz, 5% feldspar, 2.5Y5/3
10% mafics
4.14-4.64 Sand, fine, few medium, well sorted, well rounded, soft, saturated, varying colors 2.5Y 4/2-5/3, 2.5Y 4/2-5/3

90% quartz, 5% feldspar, 5% mafics

Continuous sediment core G2; 343,574 m E.; 4,547,069 m N.; 919.78 m above NAVD 88

0-0.16 No sample --
0.16-0.86 Sand, very fine to fine, slightly silty, well sorted, well rounded, moderately calcareous, predomi- 2.5Y 5/4
nantly quartz
0.86-1.01 Sand, fine, well sorted, well rounded, soft, 90% quartz, 5% feldspar, 5% mafics 2.5Y 5/4
1.01-1.16 Sand, very fine to fine, slightly silty, well sorted, well rounded, moderately calcareous, predomi- 2.5Y 5/4
nantly quartz
1.16-1.32 No sample --
1.32-1.96 Sand, very fine to fine, slightly silty, well sorted, well rounded, moderately calcareous, calcium 2.5Y 6/4
carbonate nodules, mostly quartz, small lenses of darker slightly silty sand, very fine to fine
2.5Y 3/2
1.96-2.32 Sand, fine, well sorted, well rounded, soft, 90% quartz, 5% feldspar, 5% mafics 2.5Y 5/4
2.32-2.54 No sample --
2.54-3.48 Sand, fine, well sorted, well rounded, soft, 90% quartz, 5% feldspar, 5% mafics 2.5Y 5/4
3.48-3.62 No sample --
3.62-4.19 Sand, fine, well sorted, well rounded, soft, 90% quartz, 5% feldspar, 5% mafics 2.5Y 5/4
4.19-4.64 Sand, fine, well sorted, well rounded, soft, 90% quartz, 5% feldspar, 5% mafics, varying in color 2.5Y 4/2-5/3
2.5Y 4/2-5/3, more moist than above
4.64-4.83 No sample -

4.83-5.04 Sand, fine, well sorted, well rounded, soft, varying in color, mostly quartz, moist 2.5Y 3/2-4/2
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Continuous sediment core G2; 343,574 m E.; 4,547,069 m N.; 919.78 m above NAVD 88—Continued

5.04-5.43 Sand, fine, well sorted, well rounded, soft, moist, 90% quartz, 5% feldspar, 5% mafics 2.5Y 6/3

5.43-5.80 Sand, fine, well sorted, well rounded, soft, moist, varying in color, grades into a darker grayish 2.5Y 4/2-5/2
brown slightly silty sand toward the bottom, very fine

5.80-6.10 Sand, fine, well sorted, well rounded, soft, saturated, 85% quartz, 5% feldspar, 10% mafics 2.5Y 5/4

6.10-6.76 Silty sand, very fine to fine, well sorted, well rounded, dark gray to black, saturated, mostly 2.5Y 3/1
quartz

6.76-6.96 Silty sand, very fine to fine, well rounded, well sorted, saturated, mostly quartz 2.5Y5/3

6.96-8.12 Silty sand, very fine, well sorted, well rounded, saturated, soft, mostly quartz 2.5Y 6/3

Continuous sediment core G3; 343,555 m E.; 4,547,089 m N.; 919.56 m above NAVD 88
0-0.18 No sample --
0.18-1.16 Silty sand, very fine to fine, well sorted, well rounded, calcium carbonate streaks throughout 2.5Y5/3

interval, roots, slightly to moderately calcareous, more sand towards bottom, 90% quartz,
5% feldspar, 5% mafics

1.16-1.33 No sample --
1.33-2.32 Sand, fine, well sorted, well rounded, soft, 90% quartz, 5% feldspar, 5% mafics 2.5Y 5/4
2.32-2.61 No sample --
2.61-3.48 Sand, fine, well sorted, well rounded, soft, 90% quartz, 5% feldspar, 5% mafics 2.5Y 5/4
3.48-4.64 Sand, fine, few medium, well sorted, well rounded, moist, 85% quartz, 5% feldspar, 10% mafics 2.5Y 5/3
Continuous sediment core G4; 343,549 m E.; 4,547,083 m N.; 919.70 m above NAVD 88

0-0.30 No sample -

0.30-0.53 Sand, fine, few medium, moderately sorted, well rounded, interbedded coarse sand to fine gravel, 2.5Y 5/4
rounded to subrounded, 90% quartz, 5% feldspar, 5% mafics
0.53-1.16 Sand, fine, well sorted, well rounded, soft, 90% quartz, 5% feldspar, 5% mafics 2.5Y 5/4
1.16-1.65 No sample --
1.65-2.32 Sand, fine, well sorted, well rounded, soft, 90% quartz, 5% feldspar, 5% mafics 2.5Y 5/4
2.32-2.64 No sample --
2.64-3.48 Sand, fine, well sorted, well rounded, soft, 90% quartz, 5% feldspar, 5% mafics 2.5Y 5/4
3.48-3.73 No sample --
3.73-4.24 Sand, fine, well sorted, well rounded, soft, moist, 85% quartz, 5% feldspar, 10% mafics 2.5Y 5/3
4.24-4.64 Sand, fine, well sorted, well rounded, soft, moist, varying in color, 2.5Y 4/2-5/4, 90% quartz, 2.5Y 4/2-5/4
5% feldspar, 5% mafics

4.64-5.80 Sand, fine, well sorted, well rounded, soft, saturated, 85% quartz, 5% feldspar, 10% mafics 2.5Y5/3
5.80-5.93 No sample --
5.93-6.96 Sand, fine, few medium, well sorted, well rounded, soft, saturated, grades to very fine sand to- 2.5Y 5/3

ward the bottom, 85% quartz, 5% feldspar, 10% mafics
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Cozad Canal

CC resistivity data were collected from the eastern edge
of Gothenburg eastward to where Cozad Canal empties into
Dawson County Canal (figs. 1 and 174). Because the canal
bed remained submerged during the spring of 2012, all CC
data west of the crossing at Road 421 were collected along
the canal bank. All data east of the crossing at Road 421 were
collected on top of the canal bed (fig. 174). Small sections
of canal were omitted because of low bridge crossings and
weirs or other structures. In April 2012, before the onset of
diversions into the canal, an RTK GPS survey of the elevation
of the canal bed westward from the Road 421 crossing was
completed. At the time of the survey the canal bed remained
inundated but was wadeable.

The CC resistivity results are presented as a map of verti-
cally averaged resistivity of materials underlying Cozad Canal
(fig. 174). For the western part of Cozad Canal, this average
resistivity includes the partial section from the top of the canal
bank to the elevation of the canal bed, which is typically finer-
grained, as well as for the remainder of the section deeper than
the canal bed. It is important to note that including the upper
section above the canal bed may bias the vertically averaged
resistivity low for this upstream part. The authors have chosen
to average the entire vertical section, as was done in Burton
and others (2009), because inverted resistivity depth sec-
tions are composed of seven depth samples that are spaced at
increasingly greater distances with depth. Selecting the correct
upper bounding sample for the average resistivity can be prob-
lematic. Examining the inverted resistivity sections displayed
in figures 5C and 6C, the resistivity above the canal bed and
below display similar resistivity patterns and values, and there-
fore this biasing would appear to be minimal. The upstream
part of Cozad Canal was the most resistive, as exemplified
near the location of core C1 (figs. 5 and 174). The upper 4.3 m
of core C1 was described as finer deposits of sandy silt,silty
clay, and clayey silt, which overlie a mix of medium to coarse
sand (fig. 5 and table 2). The elevation of the canal bed (indi-
cated as the black horizontal line in fig. 5C) roughly coincides
with the top of the coarser deposits in core C1. In general, the
zones with the highest resistivity, and therefore the coarsest
deposits, were west of core C1 along the upper end of the
surveyed reach (fig. 174). To the east of core C1, the deposits
mapped were fairly uniform and generally had lower resistiv-
ity compared to the reach to the west. Core C2 was described
as a mix of silt and clay to silty clay (fig. 6 and table 2). In this
middle reach, the canal courses in an easterly direction and
is more distant from the modern Platte River, which courses
southeast (fig. 174). It appears that the thickness of finer, over-
bank deposits of silt and clay increases as distance from the
Platte River lengthens. To the east of core C2, to the Road 421
crossing, the average resistivity generally remained low
(less than 30 ohm-m). East of Road 421, zones of increased
resistivity were surveyed. Core C3 was collected 450 m from
the eastern end of the surveyed reach (figs. 7 and 174). The
upper 7.47 m of core C3 is described as a mix of finer grained

sediments, which overlie well sorted fine sand (fig. 7 and table
2). The zones of increased vertically averaged resistivity from
the Road 421 crossing and C3 are interpreted to be zones of
increased sand content.

Thirty-Mile Canal

In spring 2012, CC resistivity data were collected on top
of the canal bed, beginning approximately 3.2 km downstream
from the diversion point and extending approximately 27 km
to the southeast (figs. 2 and 174). Within the surveyed reach,
short lengths of canal were omitted because of low bridge
crossings, weirs or check structures, or short reaches of pon-
ded water on the canal bed. An 11-km reach toward the lower
end of Thirty-Mile Canal was not surveyed because the canal
banks were extremely steep and high, presenting difficulty
and safety concerns with lowering the ATV safely into the
bottom of the canal. This reach of the canal is located against
the south valley wall and is frequently crossed by siphons and
check structures. Furthermore, county roads do not cross the
canal as frequently, making access more difficult. At its lower
end, a shorter reach of Thirty-Mile Canal turns north from the
valley wall and crosses the Platte River valley. In spring 2013,
CC resistivity data were collected along this lower reach,
with surveying along the top of the canal bank because the
frequency of check structures on the canal bed would have
prevented a continuous dataset, and because the canal in most
locations was narrower than the width of the ATV. No GPS
data were collected along the canal bed of this lower reach to
determine its elevation. Generally speaking, the difference in
elevation between the canal bed and the top of the bank was
less than 1 to 2 m.

The CC resistivity results are presented as a map of
vertically averaged resistivity of materials underlying Thirty-
Mile Canal (fig. 174). In general, the subsurface of the upper
3 km of Thirty-Mile Canal was more resistive compared to
that for most of the surveyed reaches to the east (fig. 174).
Core TM1 exemplifies and was collected within this more
resistive zone; core lithology was described as 5.52 m of finer
grained material overlying an interval of fine to medium sand
(fig. 8 and table 2). Lower average resistivities were measured
eastward beyond the initial 3 km until reaching the vicinity of
core TM2. Vertically averaged resistivities ranged from 15 to
30 ohm-m in the area of core TM2. Core TM2 was described
as 7 m of silty sand overlying well sorted, very fine sand
(fig. 9 and table 2). East of core TM2, the reach extending
to core TM3 generally had average resistivities that ranged
from 10 to 40 ohm-m with the highest average values in the
1-km stretch immediately upstream from core TM3 (fig. 174).
Core TM3 was described as having 1.50 m of silty sand
grading into about 3.2 m of silty clay. This sequence of finer
material overlies 4.4 m of silty sand (fig. 10 and table 2). The
3-km reach east of core TM3 also had average resistivities
ranging from 10 to 40 ohm-m (fig. 174). Near the eastern end
of the canal, the second, or lower, surveyed reach of the canal



courses north and east from the valley wall toward the Platte
River. This reach generally had higher average resistivity (up
to 80 ohm-m) than did the upper reach, despite the canal bank
material contributing to the average for the lower reach.

Orchard-Alfalfa Canal

CC resistivity data were collected along Orchard-Alfalfa
Canal, extending from the upper reach near the historical south
bank of the Platte River, about 3.2 km west of Highway 21
downstream to a point directly south of the Cozad Interchange
at Interstate 80 (fig. 174). All data were collected on top of the
canal bed. Short lengths of the canal were omitted because of
low bridge crossings, weirs or check structures, or thick tree
cover that limited the accuracy of the GPS data.

Generally, the vertically averaged resistivity ranged from
15 to 30 ohm-m for the surveyed reach of Orchard-Alfalfa
Canal (fig. 174). Core OA1 was collected at the upper end
of the surveyed reach. The upper 3.5 m of core OA1 was
described as clayey sand to sandy clay and had a resistivity
of less than 20 ohm-m (fig. 11 and table 2). This finer-grained
interval overlies fine sand that grades into coarse sand at
the bottom of the cored interval. The EC log indicates low
resistivity deposits just beneath this sampled interval. Mea-
sured CC resistivity data also indicate this low resistivity
layer may extend laterally at a depth of approximately 8 m
below the canal bed, though uncertainty about this layer is
large, because it lies at the extreme bottom of the inverted
section (fig. 11). Eastward, the vertically averaged resistiv-
ity was fairly uniform before decreasing at approximately
1.5 km downstream from core OA1 (fig. 174), where the
canal enters a reach of lower average resistivity (less than
20 ohm-m) that extends to approximately 5 km upstream from
core OA2. From core OA2, to further downstream, the aver-
age resistivity increased slightly (20 to 30 ohm-m); this reach
extends downstream 2.5 km before encountering less resistive
bed materials. Core OA2 was collected near the end of the
surveyed reach in an area with the lowest average resistivities
(less than 20 ohm-m) and at greatest distance from the Platte
River (figs. 12 and 174). Below the upper 1.4 m to a depth of
5.8 m, core OA2 is composed mostly of silty and sandy clay
to clayey sand with varying amounts of very fine sand (fig. 12
and table 2). Results from the EC log indicated a uniformly
low resistivity (10 to 20 ohm-m) to a depth equal to the cored
interval, indicative of fine-grained deposits, which agrees well
with the inverted CC resistivity data (fig. 12).

Kearney Canal

CC resistivity data were collected from the hydroelectric
plant in the City of Kearney to Dove Hill Road approximately
8 km to the west (fig. 17B). The western 5 km of the surveyed
reach of the Kearney Canal is situated at the north valley wall
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of the Platte River valley. The eastern 3 km of the canal was
cut into Quaternary loess deposits north of the valley. For this
survey, all data were collected on top of the canal bed. Short
lengths of canal were omitted because of low bridge crossings,
city streets, and county roads. Cultural noise from overhead
power lines and buried utilities also resulted in some omit-

ted sections, where it produced elevated noise levels in the
measured data.

The purpose of this survey was to investigate the extent
of a known focused seepage area. The area of focused seep-
age is less than 100 m to the west of core K2 (Buckle).
CC-resistivity profiles indicated a consistent resistivity pat-
tern: a 4- to 5-m thick section of more resistive material (50
to 90 ohm-m) overlies 3 or 4 m of lower-resistivity material
(less than 15 ohm-m) (figs. 13 and 14). This trend of more
highly resistive material overlying less resistive material
generally continued across the entire 8-km reach, with some
short interruptions (figs. 13 and 14). Slightly higher vertically
averaged resistivities were indicated along the western part of
the surveyed reach where the Kearney Canal lies at the north
edge of the Platte River valley (fig. 17B). Given the generally
consistent trend of the inverted CC-resistivity data, evidence
for a focused seepage area is absent. The inverted data cannot
indicate whether small, hydrologically significant features,
such as macropores, may be present; such features are small
and rare enough as to be unresolvable with this technique.
The inconclusive results also indicate that the CC-resistivity
method is more suitable for mapping general leakage trend
where lithology is the primary control rather than small dis-
crete features.

The resistivity measured with the EC logging system (10
to 20 ohm-m) is roughly one-fifth of the resistivity values in
the average inverted CC-resistivity sections near both cores
along Kearney Canal (figs. 13 and 14). Sediment cores were
collected on the canal bank in April 2012, after river water
had been diverted into Kearney Canal. The CC-resistivity
data, however, had been acquired before the diversion, when
sediments are assumed to have been drier, and therefore more
resistive. The difference in moisture content between the
surveys could explain the discrepancy between the measured
resistivity values in EC logs and inverse modeling results.
The presence of water in the canal and surrounding materi-
als would also explain the more muted resistivity structure
(the resistivity features are less distinct) observed at depths
lower than the canal bed in the EC logs as compared to the
EC logs from the other canals. The water introduced into the
system can have a sufficiently low resistivity to reduce the
overall resistivity contrast between lithologic layers. A similar
hypothesis also was noted in Ball and others (2006), where
comparisons of dry and wet (flowing) canals were shown to
affect the subsurface resistivity values, but resistivity contrasts
and resistivity structures were accurately recovered in both
scenarios.
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QOutlet Canal

CC- and DC-resistivity data were collected at Outlet
Canal along a 5-km reach near the seep near Outlet Canal MP
15.55 (fig. 34). Two lines of CC-resistivity data were col-
lected, along the north and south edges of the north access
road of the canal, and one line was collected at the toe of the
north canal bank. DC-resistivity measurements were collected
along five lines near Outlet Canal (fig. 3B).

Four continuous sediment cores were collected at the
intersections of the two canal roadside lines with the two tie
lines (fig. 3B). The location of the EC logs were superimposed
on the canal roadside resistivity sections and profiles (figs. 15
and 16). The EC logs show good agreement with the inverted
CC-resistivity sections. For the canal roadside north model
(G2 and G3; fig. 16), the general trend is lower resistivity in
the top 1.5 m, then high resistivity for the next 3 m or so, and
a transition to lower values for the last 4.7 m. For the canal
roadside south model (G1 and G4; fig. 15), the general trend
is a gradual transition from high resistivity near the surface to
lower resistivity at depth. A comparison of the DC-resistivity
and CC-resistivity inversion models is shown in figs. 18 and
19. Generally, both sets of inversion models agree with one
another.

One of the objectives of these surveys was to ascer-
tain the depth, and possibly the condition, of the original
compacted-core bank structure. The NPPD provided a
schematic diagram (Edward Dekleva Jr., written commun.,
2012) showing a cross section through the embankment near
piezometer PZ-5, intersecting the two surveyed canal road-
side lines (fig. 20). Piezometer PZ-5 is roughly in the middle
between the two tie profiles. From the schematic diagram,
the depth was estimated to the northern sloping surface of
the original compacted-core bank beneath the canal roadside
lines. Also, the depth to the northern slope of the buried bank
surface after its first modification was estimated beneath the
north canal road lines. The depth to water in piezometer PZ—4
(fig. 3B), located approximately 120 m southeast of PZ-5
along the canal road, was measured 3.85 m below land surface
on April 18, 2012. For display purposes this water level was
superimposed on the DC-resistivity inversion models (fig. 21).

Along the canal road south line (fig. 21E), there is a
transition from high resistivity at land surface to much lower
resistivity near the estimated depth of the northern slope of the
original compacted-core bank; however, the surveyed eleva-
tion of the water surface in the canal on April 20, 2012, also
was at this elevation, about 917 m (NPPD datum). Currently
(2013), it is unknown if the indicated change in resistivity at

this elevation was the effect of saturation of the underlying
sediments or caused by the compacted-core bank. If the core
bank caused the detected contrast, then the lack of substantial
variation in resistivity beneath the surface of the compacted-
core bank suggests the compacted-core bank material was
relatively homogeneous at this location.

Along the canal road north line (fig. 21D), there is a tran-
sition from high resistivity near land surface to lower resistiv-
ity at depth. Although the transition is rapid near the estimated
depth of the first-modified bank slope, it is not clear that this
change is related to either the original core bank structure or
its later modifications. There is substantially more horizontal
and vertical variation in resistivity in the north profile relative
to the south inversion models.

Water-surface elevations were surveyed at the time of the
resistivity survey. The water level in PZ—4 was measured as
915 m (NPPD datum), which is about 2 m lower than the sur-
veyed water level in the canal. PZ—4 is within a meter of the
north roadside line (for both CC- and DC-resistivity profiles).
The water ponded at the base of the embankment has a water-
surface elevation of about 913 m (NPPD datum).

The inverted CC-resistivity models for the two canal-
roadside lines on either side of the seep near Outlet Canal MP
15.55 were compared visually and evaluated (figs. 22 and 23).
Resistivity features in the area of the seep at MP 15.55 do not
seem substantially different than those located elsewhere in
the modeled CC-resistivity sections along this reach.

The results of the surface resistivity surveys were
inconclusive regarding identification of resistivity features in
the embankment that are related to canal seepage at low-flow
levels. Because NPPD personnel have noticed an appar-
ent relation between seepage rates and canal flow rates, it
may be advantageous to resurvey the same areas again when
water level in the canal is higher. The groundwater level at
the time of the surveys was similar in elevation beneath the
compacted-core bank beneath the north resistivity roadside
line. Furthermore, the canal water level was similar in eleva-
tion to the compacted-core bank beneath the south roadside
profile. Above these elevations on both profiles, the resistivity
is much higher. During times when the water-surface eleva-
tion of the canal is higher, focused seepage may occur through
these areas of higher resistivity. With saturation, the resistivity
therein is expected to decrease, potentially making a detect-
able contrast with drier areas. An additional DC-resistivity
survey could identify features or zones of preferential flow
within the canal bank provided the electrode spacing was short
enough to resolve the vertical and horizontal extents of these
preferential flow zones.
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Figure 18. Section showing results from an inverted capacitively coupled resistivity model and an inverted direct-current resistivity model along Outlet Canal access
road north line. Small arrows indicate lower-lateral extent of the direct-current resistivity model. X, y, and z are easting, northing, and elevation in meters.
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Figure 19. Section showing results from an inverted capacitively coupled resistivity model and an inverted direct-current resistivity model along Outlet Canal access road south
line. Small arrows indicate lower-lateral extent of the direct-current resistivity model. X, y, and z are easting, northing, and elevation in meters.
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Figure 20. Schematic cross-sectional diagram of north bank of Outlet Canal near mile post 15.55 showing remnant of original
compacted-core bank and its modifications with respect to location of direct-current resistivity lines along canal roadside south and
north lines. Adapted from original drawing provided by Nebraska Public Power District (Edward Dekleva Jr., written commun. 2012).
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Figure 21. Inverse modeling results showing direct-current resistivity profiles at the seep near Outlet Canal mile post 15.55 along the canal access road and near piezometers
PZ—-4 and PZ-5. Vertical black lines indicate intersection with other survey lines. Map of direct-current resistivity lines are shown in figure 3B. Vertical exaggeration varies, but
is about 5.2x for A, tie line west and B, tie line east; about 0.74x for C, canal toe line; and about 0.6x for D, canal road north line and E, canal road south line.
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Figure 22. Inverse modeling results showing capacitively coupled resistivity profile for Outlet Canal access road south line near the seep near mile post 15.55. X, y, and z are
easting, northing, and elevation in meters. (East one-half of surveyed line is shown. Vertical exaggeration is 10x.)
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Figure 23. Inverse modeling results showing capacitively coupled resistivity profile for Outlet Canal access road north line near the seep near mile post 15.55. X, y, and z are
easting, northing, and elevation in meters. (East one-half of surveyed line is shown. Vertical exaggeration is 10x.)
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Summary

Understanding the spatial characteristics of leakage from
canals is critical to effectively managing and utilizing water
resources for irrigation and hydroelectric purposes. Canal
leakage in some parts of Nebraska is the primary source of
water for groundwater recharge and helps maintain the base
flow of streams. Because surface-water supplies depend on the
streamflow of the Platte River and the available water stored in
upstream reservoirs, water managers seek to minimize convey-
ance losses, which can include canal leakage. Mapped geology
beneath canals allows water managers to better understand the
spatial variability and predict locations prone to canal leakage.

The USGS, in cooperation with the Central Platte Natural
Resources District (CPNRD) and Nebraska Public Power
District (NPPD), used capacitively coupled (CC) and direct-
current (DC) resistivity techniques for continuous resistivity
profiling to map near-surface lithologies near and underly-
ing the Cozad, Thirty-Mile, Orchard-Alfalfa, Kearney, and
Outlet Canals. This report presents inverse modeling results
from resistivity surveys acquired along 84 kilometers (km) of
canals, presented as two-dimensional, resistivity cross sections
that extend to approximately 8 meters (m) below land surface.
The inverted resistivity data collected at selected reaches of
all canals are compared with continuous sediment cores and
paired direct-push electrical conductivity (EC) logs at loca-
tions selected on the basis of resistivity structure or anomalies
in the surveyed CC-resistivity sections. Maps of the vertically
averaged resistivity, which were used to interpret the relative
leakage potential along the canals, also are presented.

Generally, the highest measured resistivities were
recorded at the upstream reaches of the Cozad, Thirty-Mile,
and Orchard-Alfalfa canals where flood-plain deposits of silt
and clay mantle coarser alluvial deposits of sand and gravel.
The finer grained deposits gradually thicken with increas-
ing distance away from the Platte River. Consequently, for
many surveyed reaches the thickness of fine-grained deposits
exceeds the 8-m depth of investigation.

CC resistivity data were collected along Kearney Canal
from the hydroelectric plant in the City of Kearney to Dove
Hill Road approximately 8 km to the west. The purpose of the
survey was to investigate the extent of a known focused seep-
age area. CC-resistivity profiles indicated a consistent resistiv-
ity pattern: a 4- to 5-m thick section of more resistive material
(50 to 90 ohm-m) overlies 3 or 4 m of lower-resistivity mate-
rial (less than 15 ohm-m). Given the generally consistent trend
of the inverted CC-resistivity data, evidence for a focused
seepage area is absent. The inverted data cannot indicate
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whether small, hydrologically significant features, such as
macropores, may be present; such features are small and rare
enough as to be unresolvable with this technique. The incon-
clusive results also indicates that the CC-resistivity method is
more suitable for mapping general leakage trends where lithol-
ogy is the primary control rather than small discrete features.

NPPD has identified locations along the Outlet Canal
where seepage occurs through canal embankments down-
gradient of the canal. A detailed geophysical investigation
along a 5-km reach of Outlet Canal southwest of North
Platte, Nebraska, used CC- and DC-resistivity to examine the
condition of the compacted-core bank structure and charac-
terized other potential controls on areas of focused seepage.
CC-resistivity data, collected along the 5-km study reach, were
compared with continuous sediment cores and DC-resistivity
data collected near a selected seep at Outlet Canal mile post
15.55 along 5 separate profiles. DC-resistivity results were
compared to a schematic cross section of the Outlet Canal
north embankment that plotted the original surfaces and modi-
fications to the compacted-core bank structure.

Along the canal road south line, there is a transition
from high resistivity at land surface to much lower resistivity
near the estimated depth of the northern slope of the original
compacted-core bank; however, the surveyed elevation of the
water surface in the canal on April 20, 2012, also was at this
elevation. Along the canal road north line, there is a transition
from high resistivity near land surface to lower resistivity at
depth. Although the transition is rapid near the estimated depth
of the first-modified bank slope, it is also coincident with the
groundwater level measured in piezometer PZ—4. Currently
(2013), it is unknown if the indicated changes in resistivity at
these elevations was the effect of saturation of the underlying
sediments or caused by the compacted-core bank. If the core
bank caused the detected contrast, then the lack of substantial
variation in resistivity beneath the surface of the compacted-
core bank suggests the compacted-core bank material was
relatively homogeneous near this location.

The results of the surface resistivity surveys were
inconclusive regarding identification of resistivity features in
the embankment that are related to canal seepage at low-flow
levels. Because NPPD personnel have noticed an apparent
relation between seepage rates and canal flow rates, it may be
advantageous to resurvey the same areas again when water
level in the canal is higher. During times when the water-
surface elevation of the canal is higher, focused seepage may
occur through these areas of higher resistivity. With saturation,
the resistivity therein is expected to decrease, potentially mak-
ing a detectable contrast with drier areas.
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