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Conversion Factors and Datums

Multiply By To obtain

Length

meter (m) 3.281 foot (ft)

kilometer (km) 0.6214 mile (mi)

kilometer (km) 0.5400 mile, nautical (nmi)

meter (m) 1.0949 yard (yd)
Area

square meter (m?) 0.0002471 acre

square kilometer (km?) 247.1 acre

square meter (m?) 10.76 square foot (ft?)

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

Resistivity
ohm-meter (ohm-m) 3.281 ohm-foot (ohm-ft)

Vertical coordinate information is referenced to the North American Vertical Datum of 1988
(NAVD 88).

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

Elevation, as used in this report, refers to distance above the vertical datum.
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Continuous Resistivity Profiling Techniques, Interstate
and Tri-State Canals, Western Nebraska and Eastern

Wyoming, 2004

By Lyndsay B. Ball', Wade H. Kress', Gregory V. Steele', James C. Cannia? and Michael J. Andersen'

Abstract

In the North Platte River Basin, a ground-water model is
being developed to evaluate the effectiveness of using water
leakage from selected irrigation canal systems to enhance
ground-water recharge. The U.S. Geological Survey, in coop-
eration with the North Platte Natural Resources District, used
land-based capacitively coupled and water-borne direct-current
continuous resistivity profiling techniques to map the lithology
of the upper 8 meters and to interpret the relative canal leak-
age potential of 110 kilometers of the Interstate and Tri-State
Canals in western Nebraska and eastern Wyoming. Lithologic
descriptions from 25 test holes were used to evaluate the effec-
tiveness of both techniques for indicating relative grain size.
An interpretive color scale was developed that symbolizes
contrasting resistivity features indicative of different grain-
size categories. The color scale was applied to the vertically
averaged resistivity and used to classify areas of the canals as
having either high, moderate, or low canal leakage potential.

When results were compared with the lithologic descrip-
tions, both land-based and water-borne continuous resistivity
profiling techniques were determined to be effective at dif-
ferentiating coarse-grained from fine-grained sediment. Both
techniques were useful for producing independent, similar
interpretations of canal leakage potential.

Introduction

The water supply of the North Platte River Basin in the
Nebraska Panhandle has been designated as fully appropriated
by the Nebraska Department of Natural Resources (DNR),
and the entire alluvial valley floor, as well as some uplands,
have been declared over-appropriated areas, meaning permit-
ted water uses exceed the estimated water supply (North Platte

'U.S. Geological Survey

2 North Platte Natural Resources District

Natural Resources District, 2004). The North Platte Natural
Resources District (NRD) and the Nebraska DNR are develop-
ing an Integrated Management Plan (IMP) for water use in the
North Platte NRD area. Necessary components of the IMP are
a clear understanding of the ground-water and surface-water
systems to be managed and the development of management
tools that can be used by the participating agencies.

As part of the supporting work being done for the IMP,
a ground-water-flow model is being developed to evaluate the
effects of using water leakage from selected, unlined irriga-
tion canals and laterals to enhance ground-water recharge. For
the ground-water flow model to accurately simulate current or
predict future conditions, specific inputs, such as the spatial
distribution of canal leakage, are essential (Merry and others,
2003). However, canal leakage in a model often is estimated
based on lithologic data from boreholes that may be several
kilometers apart and not in the proximity of the canals. The
estimation of model inputs using distant lithologic data may
introduce potential errors in the ground-water-flow model.

The nature of the near-surface geology in the North Platte
River Valley is highly variable. Previous drilling activities in
the area have recorded grain sizes ranging from silt to coarse
gravel and boulders above the local bedrock (Dreeszen and
others, 2002). The surface of the bedrock has been incised
by a number of shallow, narrow paleochannels, and a series
of large, buried paleochannels that pass through the study
area were described by Swinehart and others (1985). At the
current land surface, many alluvial channels can be seen
passing below the canals. These alluvial channels and buried
paleochannels can contain various sediment types. Coarse-
grained deposits can have substantially higher permeabilities
(orders of magnitude) than fine-grained deposits, making them
more amenable to the passage of water (Freeze and Cherry,
1979, p. 29). Because highly permeable coarse-grained depos-
its typically convey more water than finer-grained deposits,
canal sections underlain by coarse-grained sediment will typi-
cally leak more than canal sections underlain by finer-grained
sediment (Driscoll, 1986).
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Lithologic information generally is collected by drilling
test holes, which can be time-consuming and expensive. In
addition, the lithologic data represents a single location, and
lateral changes in grain-size distribution must be estimated
between distant points. Surface geophysical methods, used in
combination with strategic test drilling, provide more com-
plete areal coverage than test drilling alone. Surface geophysi-
cal methods measure the physical properties of the subsurface,
such as electrical conductivity (or its inverse, electrical resis-
tivity), dielectric permittivity, magnetic permeability, density,
or elasticity (Grant and West, 1965). These measurements can
be influenced by chemical and physical properties of minerals,
soil, rock, and pore fluids. Interpretations from these mea-
surements can be used to estimate the distribution of physical
properties in the subsurface.

Sediment displays a wide range of electrical resistivity
values. For example, resistivity values for clay minerals can
be less than 1 ohm-m (ohm-meter), whereas the resistivity of
dry sand and gravel can exceed several thousand ohm-meters
(Zohdy and others, 1974). In most near-surface rocks and sedi-
ments, electricity is conducted electrolytically through pore
fluids, and the overall resistivity is controlled more by grain
size, water content, and water quality than by the mineralogy
of the matrix. Clay minerals, however, are capable of conduct-
ing electricity electronically through the exchange of cations.
This causes the flow of current in clay to be both electronic
and electrolytic, leading to a substantial decrease in the overall
resistivity of the rock or sediment (Zohdy and others, 1974;
Keller and Frischknecht, 1966). Because fine-grained sedi-
ments tend to contain more connected water and clay than
coarse-grained sediments in partially saturated zones, finer-
grained sediments typically are less electrically resistive than
coarser-grained sediments. Because of this contrast in electri-
cal properties, resistivity techniques can be used to map the
extent of coarse-grained and fine-grained deposits.

To provide information needed for the ground-water-flow
model and to improve the general understanding of ground-
water recharge in support of the IMP, the U.S. Geological Sur-
vey (USGS), in cooperation with the North Platte NRD, used
continuous resistivity profiling techniques to map near-surface
lithologies of the Interstate and Tri-State Canals in western
Nebraska and eastern Wyoming. Test holes were then drilled
at multiple locations in both canals to verify the results of the
resistivity surveys, to compare the effectiveness of the two
techniques, and to develop an interpretive scale that was used
to estimate the relative canal leakage potential.

Purpose and Scope

This report presents the results of a surface geophysi-
cal investigation performed in 2004 in the North Platte River
Valley to determine canal leakage potential. Both land-based
capacitively coupled and water-borne direct-current continu-
ous resistivity profiling techniques were used to map the
relative grain size in the upper 8 m (meters) of selected parts

of the Interstate and Tri-State Canals. Resistivity results were
used in conjunction with lithologic descriptions from test holes
drilled in the canal beds to create interpretive color scales for
each technique that could be used to infer the relative canal
leakage potential.

Capacitively coupled and direct-current resistivity data
were compared to lithologic descriptions, and the overall
effectiveness of each technique at mapping near-surface
lithology was evaluated. This report also documents several
technical obstacles unique to large-scale continuous resistivity
profiling surveys that were encountered throughout data col-
lection, processing, and interpretation.

Description of Study Area

The study area is located in the western part of the North
Platte NRD in the Nebraska Panhandle, in Scotts Bluff and
Sioux Counties and extending into Wyoming in Goshen
County, and specifically within the Interstate and Tri-State
Canals from approximately 10 km (kilometers) west of the
Nebraska-Wyoming State line to about 4 km east of Scotts-
bluff, Nebraska (fig. 1). Alluvial and eolian sediments of Qua-
ternary age vary in thickness across the majority of the area.
The Brule Formation of Tertiary age, generally composed of
siltstone and mudstone, crops out in the northern part of the
study area and near the North Platte River along Highway 26
and serves as the predominant bedrock formation. The local
terrain is characterized by riparian bottomlands, stream ter-
races, foot slopes, and uplands (Verstraeten and others, 2001).

Land cover near the canals is dominated by rangeland and
cropland, with the major crops being irrigated corn, dry edible
beans, sugar beets, and alfalfa (Verstraeten and others, 2001).
Additional land uses in the study area are urban, including
the communities of Scottsbluff, Mitchell, Morrill, and Henry
(fig. 1), light industry, recreation, and livestock operations.
Irrigation water is supplied predominantly from canals as
surface water, although ground-water irrigation wells also are
common. The Interstate and Tri-State Canals are the largest
of several canals in the study area used to irrigate cropland,
supporting approximately 47,400 and 20,300 hectares, respec-
tively (Dennis Strauch, Pathfinder Irrigation District, written
commun., November 14, 2005).

The Interstate Canal, operated by Pathfinder Irrigation
District, begins diverting water from the North Platte River
about 55 km west of the Wyoming-Nebraska State line and
ends at its delivery point to the High Line Canal and Lake
Alice, where additional diversions supply water to cropland
and lakes east of the study area. The Interstate Canal intersects
multiple outcrops of the Brule Formation, and typically is
bordered by dry rangeland to the north and irrigated cropland
to the south.

The Tri-State Canal, operated by Farmers Irrigation
District, diverts water from the North Platte River about
10 km northwest of Morrill, Nebraska, and ends at its delivery
point to North Port Irrigation District east of the study area.
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Irrigated cropland and dry rangeland are present on both sides
of the canal. Several streams intersect the Tri-State Canal in
the study area, including Sheep Creek, Dry Sheep Creek, Dry
Spottedtail Creek, and Spottedtail Creek (fig. 1). Although
some drainages pass below the canal, when the canal is not
diverting water from the North Platte River, Akers Draw, Spot-
tedtail Creek, and Tub Springs Drain discharge into the canal
and flood its bottom. During the irrigation season, this surface
water is captured and used for irrigation.

Hydrogeology

Previous investigators described the geology and occur-
rence of ground water in the study area (Darton, 1903a, 1903b;
Wenzel and others, 1946; Babcock and Visher, 1951; Souders,
1986; Verstraeten and others, 1995; Verstraeten and others,
2001). Additional information, including a map showing the
surficial geology along with geologic sections, and a more
thorough discussion on the ground-water system of the Dutch
Flats area are presented by Verstraeten and others (2001).

The shallowest ground-water system is the unconfined
alluvial aquifer (table 1). In the Dutch Flats area, between the
Tri-State and Interstate Canals north of the town of Morrill
(fig. 1), Verstraeten and others (2001) divided the alluvial
aquifer into a northern and southern component separated by
a bedrock high formed by the Brule Formation. The bedrock
high separates the paleochannels of the ancestral North Platte
River Valley north of the bedrock high (the upland) from the
present North Platte River Valley (the bottomland). The bed-
rock high, which separates the northern and southern aquifers,
runs parallel to the North Platte River and generally is just
north of the Tri-State Canal. The valley wall provides a distin-
guishable topographic relief of as much as 30 m.

In the northern aquifer, the water table typically is
between 1.5 m to 25 m below the land surface. In the southern
aquifer, the water table typically is less than 6 m below the
land surface, and when the Tri-State Canal operates, the water
table can be near or at the land surface (Verstraeten and others,
2001). The saturated thickness of the alluvial aquifer in the
study area varies from less than 1.5 m near the valley walls to
more than 60 m near the present day North Platte River.

Ground-water movement in the study area generally is
toward the North Platte River or its tributaries (Verstraeten
and others, 2001). In the northern alluvial aquifer, partial local
obstructions of ground-water movement by the bedrock high
causes ground-water movement to deviate from the predomi-
nant north-south direction of flow. In the part of the south-
ern alluvial aquifer north of the North Platte River, ground
water moves predominantly from north to south from areas
recharged by ground water from the northern alluvial aquifer
toward the North Platte River.

Recharge to the northern and southern alluvial aquifers
in the study area predominantly is from irrigation canals
(Babcock and Visher, 1951; Verstraeten and others, 2001).
The two primary canals in the study area, the Interstate and
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Tri-State Canals, contribute substantial amounts of recharge to
the alluvial aquifers, and this recharge eventually reaches the
North Platte River. Verstraeten and others (2001) reported that
water moving downward through canal beds affects the move-
ment of ground water by increasing the hydraulic head in the
aquifer near the canals. As the ground-water hydraulic head
near the canal increases, the overall gradient of the system also
increases and ground water moves from areas near the canals
to the discharge areas. Most monitoring wells in the study area
experience water-level rises during the irrigation season and
declines after the canals empty. A more thorough discussion
on the surface-water/ground-water interaction is presented by
Verstraeten and others (2001).
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Methods

Capacitively coupled (CC) and direct-current (DC)
resistivity data were collected over approximately 110 km
(68 miles) of the Interstate and Tri-State Canals in Sioux and
Scotts Bluff Counties (fig. 1) during the spring and summer of
2004. Before water delivery began in the canals, CC resistivity
data were collected using a land-based continuous resistivity
profiling (CRP) technique. CC resistivity data were not col-
lected in some parts of the canals because of the flooded con-
ditions caused by streams that flow into the Tri-State Canal,
or because of the proximity to obstructions, such as siphons
and control structures. The Interstate Canal began diverting
water from the North Platte River on May 25 (Dennis Strauch,
Pathfinder Irrigation District, oral commun., June 30, 2005),
and the Tri-State Canal began diverting water from the North
Platte River on July 3 (Kevin Adams, Farmers Irrigation Dis-
trict, oral commun., June 29, 2005). Shortly after the begin-
ning of water delivery, DC resistivity data were collected using
a water-borne CRP technique. DC resistivity data were not
collected in some parts of the canals because of the proximity
to obstructions, such as siphons, control structures, and low
bridges.

Test holes were drilled at 20 random locations and
5 selected locations in the bottom of the canals in November
2004, to provide control data for the resistivity results and to
determine the effectiveness of each CRP technique in map-
ping near-surface lithology (fig. 1). Random locations were
selected by compiling a table of the shared coordinates of
both the CC and DC resistivity surveys, assigning a randomly
generated number to each coordinate, and selecting the first
20 locations. The resistivity sections were examined near each
random test-hole location, and 5 additional test-hole locations
were selected to ensure repeated sampling of all major types
of resistivity features. At each test-hole location, continuous
core samples were collected from the dry canal bed using a
Geoprobe direct-push system. Detailed, qualitative lithologic
data were continuously described at each test hole from the
core samples.

The CC and DC resistivity data were processed, inter-
preted, and georeferenced to create a three-dimensional
database for each technique. The databases allowed for an
accurate and efficient comparison of CC and DC resistivity
data and provided the ability to directly compare lithologic
data from test holes to the resistivity data. The databases also
facilitated the consistent interpretation of resistivity data, in
which resistivity data near test holes were simultaneously
compared to lithologic information, and unique interpretive
color scales were developed for each resistivity technique.
These scales were then applied to resistivity data between test
holes, allowing canal leakage potential to be interpreted for the
entire study area.

Methods 7

Resistivity Method

Resistivity measurements are made by transmitting cur-
rent into the subsurface and measuring the resulting voltage
at the ground surface. The resistance, R, is then calculated by
dividing the measured voltage by the transmitted current, as
described by Ohm’s Law (Zohdy and others, 1974):

R =AV/l (1)

Where AV represents the potential difference measured
by the potential electrodes and / represents the current applied
through the current electrodes. The apparent resistivity of the
subsurface is calculated by multiplying each resistance by a
geometric factor determined by the geometry and the spacing
of the electrode array (Zohdy and others, 1974). By increasing
the distance between electrodes, deeper apparent resistivity
measurements can be obtained. The resistivity technique is
described in detail by Grant and West (1965) and Zohdy and
others (1974).

Resistivity data can be collected using different tech-
niques. Traditionally, individual resistivity measurements are
made by using a set of four electrodes (two current electrodes
and two potential electrodes), known as an array, to make
a measurement. The central point of the array is kept at the
same location and the electrode spacing is increased to obtain
measurements at increasing depths, a technique known as
resistivity sounding. The central point of the array is then
moved, and the process repeated until the desired area is
covered. An alternative to resistivity sounding is resistivity
profiling, in which a large number of electrodes are connected
to a multiconductor cable and controlled by an automatically
switching resistivity meter. The resistivity meter uses an initial
set of four electrodes (two current electrodes and two potential
electrodes) to make a measurement, switches to another four
electrodes, and then continues until all electrodes have been
used in a sequence of different spacings to create a two-dimen-
sional (2-D) section of apparent resistivity.

Advanced resistivity meters allow multiple measurements
to be made simultaneously. Multiple data channels are used to
measure the voltages between potential electrodes with various
spacings using a single current transmission from two current
electrodes. Therefore, the apparent resistivity at multiple depth
intervals can be determined simultaneously, and data can be
collected while the array is slowly pulled using the CRP tech-
nique. CRP allows rapid collection of resistivity data with high
horizontal resolution.
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Capacitively Coupled Continuous Resistivity
Profiling

Four antennas are required to make a CC resistivity
measurement: two antennas are for the transmitter and two
are for the receiver. The transmitter generates a known current
which induces current flow in the subsurface through capaci-
tance, using an alternating current at a fixed frequency, and the
receiver measures the resultant voltage. Resistance is calcu-
lated using Ohm’s Law and is converted to apparent resistiv-
ity by applying the appropriate geometric correction factor
(Zohdy and others, 1974).

The depth of investigation can be altered by increas-
ing the separation distance between the transmitter and the
receiver, similar to the changing of electrode spacing in more
traditional resistivity measurements. By using multiple receiv-
ers simultaneously with a single transmitter, data at different
depth intervals can be collected simultaneously, allowing a
vertical resistivity profile to be collected with a single cur-
rent transmission. Because the electrical relation with the
ground is developed through capacitance, electrical contact
can be achieved without driving electrodes into the subsurface.
Therefore, measurements can be made while an array is pulled
slowly along the ground surface, allowing the more efficient
CRP technique to be used.

CC resistivity data were collected over about 110 km of
the Interstate and Tri-State Canals during 6 days in late April
2004 (fig. 1A) prior to the start of the irrigation season. The
CC resistivity survey was performed with the Geometrics
OhmMapper TR-5, a CC resistivity meter with one transmit-

Global positioning system

10 meters

ter and five receivers. The TR-5 was towed across the bed of
the center of both canals with an all-terrain vehicle (ATV)
(fig. 2). Array details are described in table 2. A differentially
corrected global positioning system (GPS) was used to collect
geospatial data during the resistivity survey. Magmap2000
version 4.56 (Geometrics, 2004) was used for initial process-
ing, and data were then exported for further processing and
inversion.

Table 2. Field parameters used during continuous resistivity
profiling.

Capacitively Direct-current
Property coupled resistivity resistivity
Array type Dipole-dipole Dipole-dipole
Dipole length (a) 10 meters 3 meters
Dipole separation 0.25,0.75, 1.25, 1,2,3,4,5,6,7,8,
factor (n) 1.75,2.25 9,10
Approximate depth 8 meters 8 meters

of investigation

Direct-Current Continuous Resistivity Profiling

Four electrodes are required to make a DC resistivity
measurement: two current electrodes and two potential elec-
trodes. A known current is transmitted through the current
electrodes, and the resulting voltage is measured between the
potential electrodes. Resistance is calculated using Ohm’s Law

10 meters 2.5 meters

|
[ Rope

Canal

bed

Not to scale EXPLANATION

e—m= QOptical wand and weight

3 Receiver unit

= Transmitter unit

Figure 2. Capacitively coupled continuous resistivity profiling survey layout.



and converted to apparent resistivity by applying the appropri-
ate geometric correction factor (Zohdy and others, 1974).
Using multiple channels in the resistivity meter, multiple
potential electrode pairs can be used simultaneously with a
single current electrode pair. This allows a vertical resistivity
profile to be collected using a single current transmission. By
deploying the electrodes in water, electrical contact can be
maintained without driving electrodes into the subsurface, and
data can be collected while the array is pulled slowly using
the CRP technique. A floating array is pulled at a relatively
constant speed, continuously collecting data. Water-borne
CRP eliminates the need for extensive electrode installation
and reduces the time required to survey large areas.
Water-borne DC resistivity data were collected during
3 days beginning on June 14, 2004, over 55 km of the Inter-
state Canal and during 4 days beginning on July 12, 2004, over
45 km of the Tri-State Canal (fig. 1B), both within the first
3 weeks of the irrigation season. Data collection was repeated
in both canals during 6 days in August 2004, toward the end of
irrigation season. Data were collected using the IRIS Instru-
ments Syscal Pro 10-channel resistivity meter. A water-proof
multiconductor cable with graphite electrodes was towed
upstream in the canals using a floating dipole-dipole array,
with 2 current electrodes directly behind the boat followed
by 11 potential electrodes, resulting in 10 measurements for
every current transmission (fig. 3). Array details are described
in table 2. A differentially corrected GPS was used to collect
real-time position information during data collection. A depth
sounder was used in conjunction with the GPS to collect water
depth information. DC resistivity data were initially processed

Resistivity meter
Global positioning system

Depth sounder
3 meters

1

Methods 9

using Prosys version 09.05.00 (IRIS Instruments, 2003) and
were exported for further processing and inversion.

Two-Dimensional Inverse Modeling

Apparent resistivity, as calculated from the field mea-
surements, is the electrical resistivity over an equivalent
electrically homogeneous and isotropic subsurface, and is
used to represent the average resistivity of a more realistic,
heterogeneous subsurface (Loke, 2000). To help determine the
“true” distribution of electrical resistivity in the subsurface, an
inversion program develops a 2-D model consisting of rect-
angular blocks of individual resistivity values. The inversion
program then determines the calculated system response over
that model, referred to as the “calculated apparent resistiv-
ity,” based on the field data-collection parameters. These
parameters include the type of array utilized, the distance
between electrodes, and the number of measurements taken.
The root mean square (RMS) difference between the measured
and calculated apparent resistivities is used to determine the
accuracy of the model. The inversion program then attempts
to reduce the RMS difference by altering the model resistivity
values and recalculating the apparent resistivity; this alteration
is known as an “iteration.” When the RMS difference between
the calculated and measured apparent resistivity no longer
improves more than one percent between iterations, a solution
is reached. This final model represents a non-unique estimate
of the “true” 2-D distribution of electrical resistivity within
the subsurface. This inversion process is described in detail by
Loke (2004).

/Water surface

Oo—

Canal bed

Not to scale

EXPLANATION

® Current electrode

O Potential electrode

Figure 3. Direct-current continuous resistivity profiling survey layout.
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Both CC and DC resistivity data were inverted using the
finite-element method with the least-squares approximation
using RES2DINV version 3.54w (Loke, 2004). Because RES-
2DINV requires 2-D sections, all data were assumed to be col-
lected in straight lines, although the canal is somewhat sinuous
within individual sections. Because the geometric factor used
to calculate apparent resistivity is dependent on maintaining
a consistent length between electrodes, and the array pulled
behind the boat or ATV was able to remain relatively straight
throughout data collection, these calculations are considered
correct and the inversion process was considered to be valid
for the majority of sections.

Georeferencing of Resistivity Data

The CC and DC resistivity data were processed, inverted,
and georeferenced to create a three-dimensional database
for each resistivity technique. A procedure was developed to
convert the individual, local coordinate systems of the inverted
resistivity sections to georeferenced coordinates on a section-
by-section basis. The original GPS-derived latitude and longi-
tude coordinates were compiled into a line, and that line was
divided into the same number of points as there were model
cells in the final inverted resistivity model section. Latitude
and longitude coordinates were then converted to projected
Universal Transverse Mercator coordinates and were joined to
the inverted resistivity value and depth from the correspond-
ing model cell. These georeferenced resistivity data were
compiled into databases, allowing for an accurate and efficient
comparison of CC and DC resistivity data and providing the
ability to directly compare lithologic data from test holes with
the resistivity data.

Interpretation of Canal Leakage Potential

Results from analyzing resistivity profiles were used to
interpret the potential for canal leakage throughout the study
area. The inverted resistivity sections near test holes were
evaluated, and two interpretive color scales—one for each
resistivity technique—were created that correspond to the
relation between resistivity and the relative grain size of
unconsolidated sediment. The color scales were modified
iteratively, were applied to the selected inverted resistivity
sections, and the results were compared to test-hole lithology
until scales were obtained that most reasonably represented
the lithologic descriptions.

Although substantial variations in resistivity existed
laterally, resistivity values at each measurement point typically
were uniform vertically within the depth of investigation for
this study. Because of this vertical consistency, a single value
was used to represent a single geographic coordinate. The
arithmetic average was taken of the inverted resistivity values
for the vertical column of model cells corresponding to each
geographic coordinate. In the inversion model, model cells
increased in thickness by 10 percent with each depth level,

causing the average resistivity calculation to be more heav-
ily weighted towards the surface. This was considered to be

a more useful representation of the subsurface than a linear
average for the sections where resistivity did change with
depth, because it was assumed that leakage is predominantly
controlled by the sediments directly underlying the canal bed.
To minimize the effect of the water column on the average
DC resistivity, the cells in the upper 2.5 m of the inverted
resistivity section were not used in the calculation of the aver-
age resistivity, although they were included in the inversion
process. The same color scales developed for each technique
during the profile analysis were then applied to the average
resistivity, and the accuracy of these scales were reevalu-
ated by comparing them with the lithologic logs. The two
color scales were revised until the interpretation of vertically
averaged resistivity from each technique corresponded to the
relative grain size of the sediment.

Canal Leakage Potential

CC and DC resistivity data were collected in the spring
and summer of 2004 in selected sections of the Interstate and
Tri-State Canals (fig. 1). Although resistivity data distribu-
tion was mostly continuous, CC resistivity data could not be
collected in three sections of the Tri-State Canal because of
flooding from the intersections of Tub Springs Drain, Spot-
tedtail Creek, and Akers Draw. CC and DC resistivity data
could not be collected from other small sections because of
proximity to control structures, low bridges, and siphons.

Resistivity data were processed and inverse modeling was
used to develop a possible interpretation of the “true” resistiv-
ity of the subsurface. The inverted resistivity sections of both
CC and DC resistivity data near test holes were georeferenced
based on the original GPS data collected during field surveys.
Data from each technique were then compiled into databases
for interpretation. Figures 4 through 27 (in Supplemental Data
Section in the back of this report) show profiles of selected
inverted resistivity sections of both CC and DC resistivity
data near test holes. These profiles are presented in order from
downstream to upstream, first for the Interstate Canal and then
for the Tri-State Canal. Depth is displayed in meters below the
bottom of the canal in both the CC and DC profiles. For the
DC resistivity data, an average water depth of 2.5 m was used,
and 0 references the bottom of the canal. This causes the depth
of the resistivity sections to be approximately 4 to 6 m below
the canal, instead of the 8 m seen in the CC resistivity data.
These profiles were compared to each other and to the qualita-
tive lithologic descriptions of the continuous core samples
(table 3, fig. 28).

During the profile comparison, two interpretive color
scales were developed separately for CC and DC resistivity
results because of the substantial difference in resistivity val-
ues between the two techniques; however, sufficient contrasts
were consistently found in both CRP techniques to indicate



differences in relative grain-size. Low resistivity features
typically were associated with well-sorted, very fine sand and
silt, and the siltstone of the Brule Formation, and are repre-
sented as light and dark blue. Moderate resistivity features
typically were associated with moderately to well-sorted fine
and medium sand with some occasional coarser sand and are
represented by green and yellow. High resistivity features
typically were associated with coarse sand and poorly sorted
sediments containing gravel, and are represented by orange
and red.

The final color scale for each technique, when applied to
the corresponding average resistivity, was interpreted to be an
accurate representation of the relative canal leakage potential
(fig. 29). Red and orange areas represent high average resistiv-
ity areas that were associated with coarse-grained sediments
such as coarse or mixed sand and gravel; yellow and green
areas represent moderate resistivity features that were found
to be associated with moderately to well-sorted medium and
fine sand; and blue areas represent low resistivity features that
were found to be associated with fine-grained sediments such
as well-sorted, very fine sand and silt, as well as the siltstone
of the Brule Formation. Typically, coarse-grained alluvial
sediments possessed higher average resistivity values than that
of fine-grained sediments and consolidated rocks. Because of
the relation between the average resistivity and relative grain
size, the average resistivity was considered to be directly
proportional to the canal leakage potential, and could be used
to estimate the spatial distribution of canal leakage throughout
the study area.

Because of the similar features found in the selected
inverted resistivity sections and the correlation of both tech-
niques to the lithologic logs, it was determined that either tech-
nique could be used to develop a similar interpretation of canal
leakage potential. The CC resistivity data were selected to
represent the majority of the study area because of the greater
overall area covered by the CC resistivity survey (fig. 1), the
greater depth of investigation below the bed of the canals
compared to the DC resistivity data, and because the data
displayed a wider range of resistivities than the DC resistivity
data (figs. 4-27). All CC resistivity data were georeferenced,
and the final color scale, developed using the selected inverted
resistivity sections near test-hole locations, was applied to
the full final database (fig. 29). Additional sections of the
DC resistivity data collected in July 2004 were georeferenced
and compiled into a database to provide data coverage in the
sections of the Tri-State Canal that were flooded during the
CC resistivity survey (fig. 29).

Interstate Canal

Both CC and DC resistivity sections were compared to
lithologic logs (table 3). After an interpretive color scale was
developed based on this analysis, the average resistivity of the
CC resistivity data was used to develop interpretations of the
comparative canal leakage potential (fig. 29). DC resistivity

Canal Leakage Potential 1"

data were not used to interpret canal leakage potential for
the Interstate Canal because of the greater coverage of the
CC resistivity survey.

A wide range of canal leakage potential values was
found throughout the Interstate Canal (fig. 29). The high-
est canal leakage potential in the Interstate Canal was found
west of the Wyoming-Nebraska State line. Moderately high to
moderate canal leakage potential was found between Lateral
No. 14 and about 2 km north of Lateral No. 8, as well as
between about 600 m west of Highway 79a and Lateral No. 2.
Between Dry Spottedtail Creek and Lateral No. 14, a wide
variety of leakage potentials were found, including high leak-
age potential where at least one alluvial channel was found,
moderate leakage potential that dominated the 3 km directly
southwest of Dry Spottedtail Creek, and low leakage potential
in areas where the Brule Formation outcropped. Low canal
leakage potential was found between Highway 71 and Spot-
tedtail Creek, as well as between about 2 km north of Lateral
No. 8 and about 600 m west of Highway 79a. The Brule For-
mation was within the depth of investigation in both of these
areas of the Interstate Canal.

Highway 71 to Spottedtail Creek

The eastern surveyed part of the Interstate Canal, between
Highway 71 and Spottedtail Creek, generally showed low
average resistivity. Test hole (TH) 18 (fig. 4; table 3) and TH9
(fig. 6; table 3) had tightly packed, very fine sand or weath-
ered siltstone indicative of the Brule Formation, and both
holes reached drilling refusal (Geoprobe could not be pushed
deeper) before completing the full 9-m depth of investigation.
TH25 (fig. 5) was drilled to the full investigation depth and
contained very fine silty sand, silt, and silty clay, although
some siltstone fragments appeared below 7 m (table 3). CC
and DC resistivity sections near TH18 and TH9 showed
mostly low-resistivity features, whereas resistivity sections
near TH25 showed a combination of moderate- to low-resistiv-
ity features. The tightly packed, fine-grained sediments found
at the test holes support the conclusion that these low average
resistivity values are indicative of low canal leakage potential
(fig. 29).

Dry Spottedtail Creek to Lateral No. 14

The part of the Interstate Canal between Lateral No. 14
and Dry Spottedtail Creek showed a wide range of resistivity
features. The northeastern 3 km of this area showed moderate
average resistivity, whereas the western length of this part of
the canal showed a combination of high and moderate average
resistivity values. A length of about 1 km separated these two
areas and contained low average resistivity values interlaced
with high average resistivity values. TH22 and TH22A (fig. 7)
were within this 1-km length and showed these high- and
low-resistivity features. Siltstone cropped out at the surface,
and at the location of the high-resistivity feature, a dry alluvial
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channel was found cutting through siltstone on both sides of
the canal. TH22 contained sand and gravel and reached weath-
ered siltstone at a depth of 5.2 m (table 3). TH22A, about

300 m southwest of TH22, was in a low-resistivity part of the
canal and siltstone was reached at 0.3 m.

TH4 (fig. 8) was in a small section of moderate average
resistivity in the western length of this part of the canal, and
contained sand and gravel, poorly sorted sand, and two layers
of moderately to well-sorted medium to fine sand (table 3).
The CC resistivity section near this test hole contained mod-
erate- to moderately high-resistivity features, whereas the
DC resistivity section showed more high-resistivity features
below the water column. The sand and gravel layers seen
in TH4 usually would be associated with higher-resistivity
features than expressed in the CC resistivity section at this
location. More than one-half of the total depth of investigation
was composed of moderately to well-sorted sand layers. These
layers could be reducing the resistivity of the CC section.
Because these moderately to well-sorted sand layers could be
less susceptible to leakage than continuous sand and gravel,
the moderate average resistivity and canal leakage potential
were considered to be reasonable for this location.

TH20A (fig. 9) was in a high average resistivity area
about 200 m southeast of Lateral No. 14. The test hole con-
tained sand and gravel and moderately sorted mixed sand until
a depth of 4.6 m, where dense silt and fine sand associated
with a weathered part of the Brule Formation were found, and
drilling refusal was met at 5.1 m (table 3). The CC resistivity
section at TH20A showed high-resistivity features in the upper
4 m of the section. The decreased resistivity at depth was
most likely caused by the transition from sand and gravel to
weathered siltstone. The DC resistivity section showed only
the high-resistivity feature associated with the sand and gravel
layer, and the depth of investigation ended just before reaching
a depth of 5 m.

Lateral No. 14 to Lateral No. 8

The part of the Interstate Canal between Lateral No. 14
and about 2 km north of Lateral No. 8§ was dominated by mod-
erate average resistivities. TH26 (fig. 10) was in a moderate
average resistivity area that was representative of the nearly
6-km stretch of the canal between Lateral No. 14 and Lat-
eral No. 11. TH26 contained moderately to well-sorted very
fine sand, with some small lenses of coarser sand fragments
(table 3). Both CC and DC resistivity sections near this
location showed continuous moderate-resistivity features.
THO (fig. 11), in a moderately high average resistivity area,
contained fine to medium sand with some gravel fragments
mixed with coarser sand and gravel (table 3). TH15 (fig. 12)
had moderate-resistivity features and contained mostly well-
sorted, very fine and fine sands, with a thin (0.4 m) band of
coarse gravel near the 3-m depth (table 3). TH26 and TH15
were both dominated by fine-grained sediments and were both
characterized by similar resistivity sections, whereas THO
contained coarse-grained sediments and had a higher resistiv-

ity section than the surrounding area, making the higher canal
leakage potential surrounding THO a reasonable interpretation
(fig. 29).

Lateral No. 8 to Highway 79a

The part of the Interstate Canal between 2 km north of
Lateral No. 8 and 600 m west of Highway 79a had low aver-
age resistivity values. TH12 (fig. 13) mostly contained tightly
packed silt and fine sand with some siltstone fragments until
drilling refusal was met at 3.4 m (table 3), probably indicat-
ing Brule Formation below that depth. In the CC resistivity
data section, the initially moderate resistivity decreased below
a depth of 4 m, supporting the change in lithology indicated
by drilling refusal. The DC resistivity section also showed
low-resistivity features. The tightly packed material found in
this test hole is consistent with the low canal leakage potential
(fig. 29).

Highway 79a to Lateral No. 2

The part of the Interstate Canal between about 600 m
west of Highway 79a and Lateral No. 2 was dominated by
moderate average resistivity values. TH16A (fig. 14), in an
area with moderate average resistivity, contained sand and
gravel to a depth of 2.7 m and silty fine sand with siltstone
fragments to a depth of 3.2 m, where siltstone was found and
drilling refusal occurred (table 3). The CC resistivity section
at this location indicated a moderately high- to moderate-
resistivity layer above 4 m, and a low-resistivity layer below
4 m. THI1A (fig. 15), also in a moderate average resistivity
area, contained mostly well-sorted silt, fine sand, and sand.
Coarse sand and gravel layers occurred between 4.6 m and
7.3 m, and siltstone was found at 7.9 m (table 3). Both CC and
DC resistivity sections showed continuous moderate-resistiv-
ity features at this location. TH1 (fig. 16) also was in an area
with moderate average resistivity. The top 4 m of the test
hole contained sand and gravel, and the lower part consisted
of well-sorted very fine and silty fine sand (table 3). TH19
(fig. 17) consisted of well-sorted, very fine and silty sand
interbedded with sand and gravel (table 3). The CC resistivity
section showed a moderately high-resistivity layer over a
moderate-resistivity layer. The quality of DC data at TH19 and
to the west was compromised by the breakdown of electrode
connections in the water-borne resistivity cable, and the data
were not used for interpretations.

The two layers seen in the selected CC resistivity sections
near TH16A and TH19 cause the overall average resistivity to
be moderate despite the higher-resistivity layer in the upper
4 m. It should be noted that the majority of the CC resistivity
data in this part of the Interstate Canal, which had moderate
average resistivities, commonly showed a similar two-layer
configuration, and canal leakage potential in this area may be
higher than other sections of the canal with similar average
resistivity values.



West of Lateral No. 2

CC data collection on the Interstate Canal continued
west of Lateral No. 2 for approximately 11 km into Goshen
County, Wyoming. DC data were not collected west of Lateral
No. 2, and no test holes were drilled in this area. This area
of the canal showed a 2-km long moderate average resistiv-
ity section between two high average resistivity sections. The
CC resistivity sections in the area with moderate average
resistivities showed a single resistivity layer, in contrast to the
two-layer configuration seen in the previous moderate average
resistivity zone between Highway 79a and Lateral No. 2. The
westernmost section of the study area displayed the high-
est average resistivity values for the Interstate Canal; there-
fore, this section also has the highest canal leakage potential
(fig. 29).

Tri-State Canal

Both CC and DC resistivity sections were compared to
lithologic descriptions (table 3). After an interpretive color
scale was developed based on this analysis, the average resis-
tivity of the CC resistivity data was used to develop interpreta-
tions of the comparative canal leakage potential for the major-
ity of the canal, whereas sections that were flooded during CC
data collection were filled in using the average resistivity from
the DC resistivity survey (fig. 29).

The part of the Tri-State Canal between Sunflower Drain
and Spottedtail Creek showed the highest canal leakage poten-
tial (fig. 29). East of this area, canal leakage potential was
moderately high, with some areas of higher and lower leakage
potential. West of Spottedtail Creek, canal leakage potential
was generally moderate, although some small areas less than
1 km in length showed a high leakage potential. Some small
areas of less than 2 km in length in the western part of the
study area showed a low canal leakage potential.

Durham Andrews Drain to Sunflower Drain

The section of the Tri-State Canal between Durham
Andrews Drain and Sunflower Drain showed a combination
of high and moderate average resistivity values. THS (fig. 18)
was in a section of high average resistivity and contained
medium and coarse sand, as well as sand and gravel (table 3).
High-resistivity features were seen in both the CC and
DC resistivity sections near THS.

THI17A (fig. 19), TH3 (fig. 20), and TH24 (fig. 21) were
in areas with moderately high to high average resistivity.
TH17A contained well-sorted fine sand and sand above 1.2 m,
and mostly sand and gravel in the remaining depth of inves-
tigation (table 3). The CC resistivity section at this location
showed a thin, moderately high-resistivity layer at the surface
and more resistive features below, whereas the DC resistivity
section showed high-resistivity features below the influence
of the water column. TH3 and TH24 contained moderately to
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well-sorted sand and silty sand with some coarser fragments
(table 3). The CC resistivity section near TH3 showed high-
resistivity features throughout the majority of the depth of
investigation, leading to a high average resistivity. Based on
the lithologic description of TH3, a moderate average resistiv-
ity would have been expected based on the results from other
test hole comparisons; however, the interpretive color scales
could not be adjusted to make this location appear moderate
without altering the interpretation throughout the majority of
the canals. Therefore, the high average resistivity near TH3 is
not representative of the sediments at this individual loca-
tion. Moderately high-resistivity features were found in the
CC resistivity section near TH24. Because sediments from
TH24 were predominantly composed of moderately sorted
sand with some coarser sand, the moderately high average
resistivity was considered reasonable for TH24.

Sunflower Drain to Spottedtail Creek

The part of the canal between Sunflower Drain and
Spottedtail Creek showed the highest continuous average
resistivity features for the Tri-State Canal, and, therefore,
the highest canal leakage potential (fig. 29). TH13 (fig. 22),
TH14 (fig. 23), and TH21 (fig. 24) were in these high aver-
age resistivity features about 3 km west of Sunflower Drain.
TH13 contained mostly moderately to well-sorted coarse sand
with well-sorted fine sand occurring from 7 m to 8.5 m. TH14
contained mixed sand and gravel interbedded with well-sorted
fine sand with coarse sand occurring slightly below a depth
of 8 m. TH21 contained mixed sand and gravel (table 3). CC
and DC resistivity sections for all three test holes were highly
resistive, which is consistent with the interpretation of the
lithologic logs.

Between the easternmost intersection of the Tri-State
Canal with U.S. Highway 26 and Spottedtail Creek, water in
the canal prevented collection of CC resistivity data. In this
location, DC resistivity data were used to develop the canal
leakage potential (fig. 29), which showed a continuation of
the high average resistivity values and high canal leakage
potential, whereas the 3-km stretch of canal downstream from
Spottedtail Creek displayed some moderately high average
resistivities, causing a small reduction in canal leakage poten-
tial.

Spottedtail Creek to U.S. Highway 26

The remaining part of the study area along the Tri-State
Canal between Spottedtail Creek and the intersection with
U.S. Highway 26 west of the town of Morrill displayed a wide
variety of average-resistivity values, although the majority
of the area was classified as moderate (fig. 29). Some small
areas (less than 2 km in length) of low average resistivity were
found; however, these values were typically not as low as
areas on the Interstate Canal where the Brule Formation was
found within the depth of investigation. Some small, isolated
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high average resistivity features were found in this part of the
Tri-State Canal. Because of flooding water in the canal east of
Akers Draw, a 2.5-km section of the canal leakage map was
filled in using the DC resistivity data (fig. 29). TH23 (fig. 25)
and THS (fig. 26) were both in moderate average resistivity
areas and contained very fine and fine silty sand with some
small layers of coarser sand in the lower one-third of the

test holes (table 3). The CC and DC resistivity sections both
showed moderate-resistivity features. TH 7 (fig. 27) was in a
moderately high resistivity area and contained mixed sand to
a depth of 1.8 m, silt from 1.8 to 3.2 m, and sand and coarse
sand and gravel in the lower one-half of the depth of investi-
gation (table 3). The CC and DC resistivity sections showed
moderate-resistivity features above a depth of 2 m, and both
showed an increase in resistivity in the lower part of the depth
of investigation.

Assessment of Continuous Resistivity
Profiling Techniques

The CRP technique allows large quantities of resistivity
data to be collected quickly in both terrestrial and under-water
environments. Resistivity surveys were performed three times
during 2004 to compare the effectiveness of DC and CC CRP
techniques in characterizing near-surface lithology below the
Interstate and Tri-State Canals. The water-borne DC CRP
technique was used twice to represent different stages of the
irrigation season as well as to assess the repeatability of the
tool. Although the speed of data collection for both the CC and
DC techniques is a great benefit when compared to traditional
2-D resistivity surveys, several difficulties were encountered
during data collection and processing that were unique to
large-scale CRP surveys.

Effectiveness at Mapping Lithology

Both CC and DC resistivity techniques were determined
to be efficient at collecting shallow resistivity data over large
areas. The depth of investigation for this study was controlled
predominantly by the sinuosity of the canal system and not by
the specific technique deployed, and the maximum depth of
investigation for each tool was not assessed. Similar survey
distances could be covered with each technique in any given
day. The DC resistivity technique could be used over the entire
length of the canal because of the water-borne nature of the
system, whereas the CC resistivity technique was restricted to
parts of the canal that were not flooded during the non-irriga-
tion season.

Typically there was a high correlation between the CC
and DC resistivity data, although there were some variations
between the two techniques. For areas where high resistivity
was measured using the DC resistivity technique, there consis-
tently was a narrower range of resistivity than was measured

using the CC resistivity technique. As water infiltrates the
sediment below the canal, void spaces originally filled with
air become filled with water, which could cause the resistiv-
ity of coarse-grained sediment, such as sand and gravel, to be
reduced; therefore, less contrast would exist between saturated
sand and gravel and the well-sorted finer-grained sediment.
This also would account for the moderate-resistivity layer
between 0 to -2 m that is not usually seen in the CC resistivity
sections (figs. 4-27). Another possible cause of the reduction
in the range of resistivity is the influence of the water column
itself on the inversion results. The measured apparent resistiv-
ity of the water column was typically 16 ohm-meters, which
would be classified as a low-resistivity feature. Because about
30 percent of the DC resistivity section depth was occupied by
the water column, this feature could have a substantial effect
on the inversion process, and, therefore, on the calculated
resistivity distribution.

When compared to the lithologic descriptions from the
core samples, both CC and DC resistivity techniques were
effective at differentiating between resistive and conductive
sediments based on differences in relative grain size. Either
technique could be used to develop a comparable interpreta-
tion of canal leakage potential (figs. 4-27).

In comparing the earlier and later sets of DC resistivity
data, substantial changes were not observed in the co-located
selected resistivity sections near test holes. Resistivity features
detected at the beginning of the irrigation season in June and
July were found in similar locations with similar depths and
resistivity values during the August survey, when the canals
had been delivering water for a minimum of 30 days (fig. 30).
The DC CRP technique displayed excellent repeatability, and
the duration of the irrigation season did not noticeably affect
the resistivity of the subsurface. For example, there was no
detectible reduction in resistivity in the high-resistivity feature
seen between UTM Northings 4,657,100 m and 4,657,350 m
in the Interstate Canal between June and August (fig. 30A).
Similarly in the Tri-State Canal, there was no detectible
change in resistivity values, and the same moderate-resistivity
“valley” was found during both surveys centered near UTM
Easting 608,650 m (fig. 30B). It is likely that most of the
coarse-grained sediment became fully saturated early in the
irrigation season before the first DC resistivity survey began,
which could explain the similar resistivity values.

Technical Obstacles to Continuous Resistivity
Profiling

Several difficulties were encountered during the deploy-
ment of the water-borne resistivity cable during DC data
collection. Weakness in the construction of the cable led to
the eventual breakdown of the electrode connections during
the initial DC resistivity survey in June 2004. After repair of
the cable, the addition of an external support rope reduced
additional breakdown during the following two surveys.

This external rope was not an ideal solution, as it frequently



snagged floating debris, increased drag on the cable, and
easily became tangled. The addition of an internal support
member that is not part of the electrical connection would
eliminate the need for external support and reduce the associ-
ated difficulties.

For the inversion of the water-borne DC resistivity data,
RES2DINYV has a specific option that allows the water column
to be constrained using a constant, user-assigned apparent
resistivity value for all data occurring above the bed of the
canal. However, for high-resistivity parts of the canals, it was
found that this technique did not provide the lowest RMS
difference and frequently caused instabilities in the inversion
model, with developed calculated resistivity values exceeding
100,000 ohm-m. These problems were most likely caused by
the thickness of the water column, which represented more
than one-third of the total depth of investigation in some loca-
tions. By forcing this part of the resistivity section to a low
resistivity value of 16 ohm-m, small increases in the apparent
resistivity values below the canal bed were interpreted as very
large increases in the calculated resistivity, leading to unrea-
sonable resistivity values and instability (M.H. Loke, Geotomo
Software, written commun., November 2004). Substantially
improved results were achieved without the water column
constraint. Also, the 3-m current electrode separation was not
adequate for areas of the canals where water depth exceeded
3 m, and the penetration of current into the subsurface was not
optimal, resulting in smaller potential differences and a lower
signal-to-noise ratio. By increasing the current electrode spac-
ing to a distance that always exceeds the thickness of the water
column and by selecting an array with higher signal strength
than the dipole-dipole, the total depth of investigation and sig-
nal-to-noise ratio could both be increased, possibly alleviating
both of these problems.

Interpreting individual inverted resistivity sections with
unique local coordinate systems is cumbersome for large-scale
surveys, particularly for comparing co-located resistivity data.
Because of the 2-D limitation of most inversion programs,
georeferenced coordinates, such as the latitude and longitude
coordinates collected during the resistivity surveys, cannot
be used as locational information during the inversion pro-
cess. However, because of the inability of inversion software
to use these coordinates or carry them through the inversion
process, a lengthy procedure was necessary to reunite the
inverted resistivity data with the georeferenced coordinates.
As the inverted resistivity section represents a possible “true”
resistivity of the subsurface, it is the most useful result of the
resistivity survey for making reasonable interpretations about
the properties of the subsurface. Dramatic improvements in
the efficiency and quality of interpreting inverted resistiv-
ity sections were made by looking at the data in a geospatial
analysis environment. Advancements in inversion software to
allow coordinates to be carried through the inversion proce-
dure would alleviate the need for repetitive, time-consuming
georeferencing procedures. If these advancements could be
made, it would be necessary for the georeferenced location
associated with each point in the raw data file to correspond to
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the apparent resistivity measurement location, not the position
of the GPS antenna when the apparent resistivity measurement
was made. In the case of this study, the GPS antenna was at
the location of the boat or ATV, possibly more than 25 m from
the actual measurement position. The development of an algo-
rithm that adjusts coordinates to accurately reflect this offset
would allow the correct location of the apparent resistivity
value to be carried through the process.

Summary

A ground-water-flow model is being developed in the
North Platte River Valley to evaluate the effects of using leak-
age of water from selected irrigation canal systems to manage
ground-water recharge. For the ground-water-flow model to
accurately simulate current or predict future ground-water and
surface-water conditions in the North Platte River Valley, input
of specific variables, such as canal leakage, is imperative.
However, canal leakage in a model often is estimated based
on lithologic data that are collected from boreholes that can be
kilometers apart and not in the proximity of the canals. There-
fore, canal leakage estimates based on data collected from
distant sites may not be representative of actual conditions,
and errors in the ground-water-flow model can be caused by
incorrect estimates.

The U.S. Geological Survey, in cooperation with the
North Platte Natural Resources District, used capacitively
coupled (CC) and direct-current (DC) continuous resistivity
profiling techniques to map near-surface lithologies of parts of
the Interstate and Tri-State Canals in the spring and summer of
2004. Test holes were then drilled in the fall of 2004 at several
locations in both canals to verify the results of the resistivity
surveys, to provide a benchmark for determining the effective-
ness of each technique, and to develop an interpretive scale
that was used to represent the relative canal leakage potential.

Both CC and DC resistivity data were collected, pro-
cessed, inverted, and georeferenced to create a three-dimen-
sional database containing results for each technique for
both the Interstate and Tri-State Canals. This facilitated the
consistent interpretation of resistivity data, in which resistiv-
ity sections near test holes were simultaneously compared to
lithologic information, and a single interpretive color scale
was developed for each resistivity technique. This scale was
then applied to resistivity data where test holes did not exist,
creating a uniform interpretation for the entire study area.

A vertically averaged resistivity value for each geo-
graphic location where data exist was calculated, resulting in
a single resistivity value that was used to represent the overall
resistivity at that location. The interpretive color scale devel-
oped from the comparison of resistivity data to lithologic logs
was then applied to this single resistivity value, and this was
then evaluated against the lithologic information and deter-
mined to accurately represent the data. The average resistivity
was then used to interpret the relative canal leakage potential.



16

The highest canal leakage potential in the Interstate
Canal occurred west of the Wyoming-Nebraska State line.
Moderately high to moderate canal leakage potential occurred
between Lateral No. 14 and Lateral No. &, as well as between
Highway 79a and Lateral No. 2. Between Dry Spottedtail
Creek and Lateral No. 14, a wide variety of leakage potentials
were found, including high leakage potential where the canal
crossed alluvial channels, moderate leakage potential values
from Dry Spottedtail Creek and extending 3 km directly south-
west, and low leakage potentials in areas of Brule Formation
outcrops. Low canal leakage potential was found between
Highway 71 and Spottedtail Creek, as well as between Lateral
No. 8 and about 600 m west of Highway 79a. The Brule For-
mation was found within the depth of investigation in both of
these areas.

Determination of Canal Leakage Potential Using Continuous Resistivity Profiling Techniques

The highest canal leakage potential in the Tri-State Canal
was between Sunflower Drain and Spottedtail Creek. East
of this area, canal leakage potential was moderately high,
although some areas of higher and lower potential were found
in this section. West of Spottedtail Creek, canal leakage poten-
tial was generally moderate, although some small areas less
than 1 km in length had a high leakage potential. Some small
areas less than 2 km in length west of Spottedtail Creek had a
moderate to low canal leakage potential.

Both CC and DC continuous resistivity profiling tech-
niques, when compared to the lithologic descriptions, were
determined to be effective at differentiating coarse-grained
sediment from fine-grained sediment. Results from both tech-
niques could be interpreted to develop similar spatial distribu-
tions of canal leakage potential, although different interpre-
tive scales were developed for each technique because of the
different ranges of resistivity values.
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Figure 28. Legal land-description numbering system for test holes listed in table 3.



Table 3. Lithologic descriptions for test holes.
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[TH, test hole; %, percent; >, greater than; <, less than; T24N R55W S28 AADC, legal description (see fig. 28 for diagram of legal-description numbering

system)]

Depth (meters)

Lithology

Munsell color

TH18, N 42.02797°, W 103.69998°, Sioux County, Nebraska, T24N R55W S28 AADC

0-0.1 well sorted medium sand, 5% matfic, arkosic, well rounded, mostly quartz 10 yr 5/3
0.1-1.5 silty to very fine sand, siltier with depth, weathered Brule Formation
1.5-3.0 same as above—siltier, moist 10 yr 5/3
3.0-4.9 same as above—slight darkening in color, increase in clay content

TH25, N 42.03783°, W 103.72546°, Sioux County, Nebraska, T24N R55W S20 ACCD
0-0.6 fine sand with some medium to coarse sand, subrounded, moderately sorted, arkosic, mostly quartz,

10% mafic, loosely consolidated

0.6-1.2 very fine silty sand, well sorted, moist with coarser sand lenses 10 yr 4/3
1.2-1.8 very fine silty sand, well sorted
1.8-2.7 same as above
2.7-3.7 same as above
3.7-4.6 same as above—more silt at bottom 10 yr 4/3
4.6-5.5 silt
5.5-6.4 same as above
6.4-7.3 silty clay, moist 10 yr 4/4
7.3-8.2 same as above—some siltstone fragments, moist
8.2-9.1 silty sand with siltstone fragments, well sorted, 5-10% matic 10 yr 4/4

TH9, N 42.05612°, W 103.76061°, Sioux County, Nebraska, T24N R56W S13 AACC
0-0.3 medium sand with silt lenses, poorly sorted with coarse sand/gravel, arkosic, mostly quartz, subrounded 10 yr 4/4
0.3-1.2 siltstone, more weathered at top, Brule Formation

TH22, N 42.04215°, W 103.83305°, Sioux County, Nebraska, T24N R56W S21 BBCA
0-0.9 medium to coarse sand, moderately sorted, subrounded, arkosic, mostly quartz, 5% mafic
0.9-1.2 loamy clay with fine sand, moderately sorted, moist 10 yr 4/3
1.2-1.8 medium to coarse sand with small gravel, poorly sorted, subangular, arkosic
1.8-2.7 fine to medium sand with coarse sand/gravel, coarsening downward 10 yr 5/3
2.7-3.7 very fine sand, silt, well sorted 10 yr 4/3
3.7-4.6 same as above—few medium sand grains
4.6-5.2 same as above—saprolitic layer
5.2-6.4 weathered siltstone, Brule Formation 10 yr 5/4
6.4-7.3 same as above

TH22A, N 42.04004°, W 103.83474°, Sioux County, Nebraska, T24N R56W S20 ADAA

0-0.3 medium sand, poorly sorted, with coarse sand, arkosic, mostly quartz, 5% mafic 10 yr 6/3
0.3-1.2 siltstone, weathered at top, Brule Formation 10 yr 5/4

TH4, N 42.02430° W 103.86261°, Sioux County, Nebraska, T24N R56WW S30 ACBC
0-0.3 medium sand with coarse sand/gravel, poorly sorted, subangular, arkosic, mostly quartz, < 5% mafic
0.3-0.9 fine sand with silt, medium coarse sand, moderately sorted, 5-10% mafic 10 yr 4/3
0.9-1.8 fine sand with silt, few coarse sand grains, well sorted
1.8-2.7 fine sand with silt, medium coarse sand, moderately sorted, 5-10% mafic, moist 10 yr 5/4
2.7-3.4 same as above—becoming coarser with depth
3.4-3.7 medium sand with coarser sand, poorly sorted
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Table 3.

Lithologic descriptions for test holes.—Continued

Depth (meters)

Lithology

Munsell color

TH4, N 42.02430°, W 103.86261°, Sioux County, Nebraska, T24N R56W S30 ACBC—Continued

3.7-4.3 medium sand with coarse sand/gravel, poorly sorted, subangular, arkosic, becoming finer with depth 10 yr 6/3
4.3-4.6 fine/medium sand, well sorted arkosic, 5% mafic
4.6-5.5 fine/medium sand, well sorted subrounded, arkosic, 5% mafic, coarsening downward, well packed
5.5-6.1 fine sand, moderately well sorted, arkosic, 5% mafic, coarse sand/gravel 10 yr 6/3
6.1-6.4 medium sand with coarse sand/gravel, subangular, poorly sorted, arkosic, mostly quartz, <5% mafic
6.4-7.0 loose fine sand with coarse sand/gravel, very poorly sorted, subangular
7.0-7.6 same as above
7.6-8.2 same as above—more consolidated 10 yr 6/3
8.2-8.8 same as above
TH20A, N 42.03291°, W 103.89057°, Sioux County, Nebraska, T24N R57W S24 CBDC
0-1.2 fine sand with coarse sand/gravel, moderately sorted, arkosic, 10% mafic, subrounded 10 yr 4/3
1.2-1.8 same as above-slightly darker
1.8-2.7 same as above—clay lenses 10 yr 6/3
2.7-3.7 medium sand with coarse sand, moderately sorted, arkosic, 5% mafic, subangular, fining downward,
saprolitic siltstone lense
3.7-4.6 same as above—10-15% matfic
4.6-4.8 silt and fine sand, siltstone, Brule Formation 10 yr 6/4
4.8-5.1 silt and fine sand, siltstone, Brule Formation
TH26, N 42.05470°, W 103.94499°, Sioux County, Nebraska, T24N R57W S16 BDBA
0-0.3 medium sand, poorly sorted, subrounded, arkosic, 10% mafic 10 yr 5/3
0.3-1.2 very fine sand, moderately sorted, subrounded, arkosic, up to 20% mafic, some coarse sand 10 yr 4/3
1.2-1.8 same as above—with more coarse sand lenses
1.8-2.7 very fine sand, well sorted, subrounded, arkosic, up to 20% matic 10 yr 5/3
2.7-3.7 very fine sand, subrounded, arkosic, 10-15% mafic, moderately sorted, some coarse sand, some silt
3.7-4.6 same as above
4.6-5.5 same as above
5.5-6.4 same as above
6.4-7.3 same as above 10 yr 5/4
7.3-8.2 same as above—more silt
8.2-9.1 same as above 10 yr 5/3
THO, N 42.06280°, W 103.96209°, Sioux County, Nebraska, T24N R57W S8 CADD
0-0.3 coarse to medium sand, poorly sorted, subangular, 5-10% mafic, arkosic-fill
0.3-1.2 very fine sand with coarse sand, 5-10% mafic, arkosic, moderately sorted 10 yr 6/3
1.2-1.8 fine sand with 25% coarse sand/gravel, subangular, poorly sorted
1.8-2.7 same as above—Iess coarse sand/gravel-siltstone lense
2.7-3.7 same as above
3.7-4.6 same as above—coarse sand/gravel 10 yr 5/3
4.6-5.5 medium sand with coarse sand/gravel, poorly sorted, subrounded, arkosic, up to 20% mafic, mostly
quartz
5.5-5.8 coarse sand with some gravel, poorly sorted, subrounded, arkosic, mostly quartz
5.8-6.4 fine sand with coarse sand to gravel, subrounded, moderately sorted, subangular, mostly quartz 10 yr 7/3

6.4-7.0

same as above
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Depth (meters)

Lithology

Munsell color

THO, N 42.06280°, W 103.96209°, Sioux County, Nebraska, T24N R57W S8 CADD—Continued

7.0-7.6 same as above—more coarse sand/gravel
7.6-8.2 same as above
8.2-8.8 coarse sand, well sorted, subangular, mostly quartz
8.8-9.1 same as above
9.1-9.4 very fine sand, well sorted, 5% mafic 10 yr 7/3
TH15, N 42.06912°, W 103.97354°, Sioux County, Nebraska, T24N R57W S7 ADBD
0-0.3 medium grained sand with some coarse sand, subrounded, 5% mafic arkosic, mostly quartz 10 yr 5/3
0.3-1.2 very fine sand to loamy sand, well sorted, some coarse sand, <5% gravel, slight increase in clay content 10 yr 4/3
towards bottom
1.2-1.8 same as above
1.8-2.7 sandy clay loam 10 yr 4/2
2.7-3.0 same as above—increasing sand towards bottom
3.0-3.4 coarse to very coarse gravel with some sand, arkosic, very poorly sorted 10 yr 4/3
3.4-3.7 very fine sand, very well sorted 10 yr 5/4
3.7-4.6 same as above—with some silt, coarser sand
4.6-5.5 same as above
5.5-6.7 same as above—coarser material near top, darker color 10 yr 4/3
6.7-7.0 fine sand, poorly sorted, some coarse sand to fine gravel, lightening in color
7.0-7.6 very fine sand, well sorted, moist 10 yr 4/3
7.6-8.2 same as above
8.2-8.8 same as above-up to 20% mafic
TH12, N 42.10240°, W 104.00989°, Sioux County, Nebraska, T25N R57W S29 CCDA
0-0.3 medium to coarse sand, poorly sorted, subrounded, arkosic, mostly quartz, 10-20% mafic 10 yr 4/3
0.3-1.2 silt with some fine sand and siltstone fragments 10 yr 5/3
1.2-1.8 same as above—up to 20% medium grain sand, 5% matic
1.8-2.4 same as above
24-3.0 same as above
3.0-3.4 same as above—Iless sand 10 yr 5/3
TH16A, N42.14680°, W 104.05243°, Sioux County, Nebraska, T25N R58\W S12 CCBC
0-0.6 coarse sand with gravel, subrounded, poorly sorted, arkosic, mostly quartz, 5-10% mafic 10 yr 5/3
0.6-1.2 fine sand with coarse sand/gravel, moderately sorted, subrounded, arkosic 10 yr 4/3
1.2-2.7 same as above—more coarse sand/gravel
2.7-3.2 silty fine sand with weathered siltstone fragments 10 yr 5/6
3.2-34 siltstone, Brule Formation
TH11A, N 42.12312°, W 104.05290°, Goshen County, Wyoming T25N R60W S22 DADA
0-1.2 sandy loam, well sorted, 10% mafic 10 yr 4/3
1.2-1.8 same as above—few coarse sand/gravel, more sand at bottom
1.8-2.7 silt, well sorted, 10% mafic
2.7-3.7 same as above—some coarse sand/gravel 10 yr 5/4
3.7-4.6 same as above
4.6-5.5 coarse sand, poorly sorted, subrounded, gravel, arkosic, mostly quartz, 5% mafic 10 yr 5/3

5.5-5.8

same as above
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Table 3.

Lithologic descriptions for test holes.—Continued

Depth (meters)

Lithology

Munsell color

TH11A, N 42.12312°, W 104.05290°, Goshen County, Wyoming T25N R60W S22 DADA—Continued

5.8-6.4 silty fine sand, well sorted, 5% matfic, more silt at top
6.4-7.0 silty fine sand, well sorted, 5% mafic
7.0-7.3 coarse sand, moderately sorted, subrounded, arkosic, mostly quartz
7.3-7.9 silty loam with siltstone fragments, well sorted, moist, 5% mafic 10 yr 4/4
7.9-8.4 siltstone, Brule Formation, weathered at top
TH1, N 42.11501°, W 104.05220°, Sioux County, Nebraska, T25N R58W S25 BBBB
0-1.2 coarse sand with gravel, poorly sorted, subangular, arkosic, mostly quartz 10 yr 6/3
1.2-1.8 same as above—more fine fraction
1.8-2.7 same as above—silt near top
2.7-3.2 same as above—moist, some silt lenses
3.2-4.0 fine sand with coarse sand to gravel, subangluar, moderately sorted, mostly quartz 10 yr 7/3
4.0-4.6 very fine sand, well sorted, 5-10% mafic 10 yr 4/3
4.6-5.2 same as above
5.2-5.8 same as above—medium sand, siltstone fragments present near bottom
5.8-6.4 silty fine sand, 5% mafic, well sorted, siltstone fragments present 10 yr 4/3
6.4-7.0 same as above
7.0-7.6 same as above
7.6-8.2 same as above
8.2-8.8 same as above—moist
8.8-9.4 same as above—moist 10 yr 4/4
TH19, N 42.10041°, W 104.04540°, Sioux County, Nebraska, T25N R58W S36 BABD
0-1.2 fine sand, subrounded, medium to coarse sand, moderately sorted, coarser sand/gravel towards bottom 10 yr 4/4
1.2-1.8 fine sand with clay lenses, poorly sorted, coarse sand/gravel, subrounded, arkosic, mostly quartz
1.8-2.0 silty sand with coarse sand/gravel, poorly consolidated, subangular, arkosic
2.0-2.4 gravel and fine sand, subangular, arkosic, mostly quartz, very fine sand at bottom 10 yr 6/3
2.4-2.77 fine sand, moderately sorted, medium to coarse sand
2.7-3.7 fine sand with coarse sand to gravel, poorly sorted, arkosic, mostly quartz, silt lenses
3.7-4.3 very fine sand, well sorted, 5% mafic, some coarser sand
4.3-49 silty sand with medium to coarse sand 10 yr 7/3
4.9-5.5 same as above—medium to coarse sand near top
5.5-6.1 very fine sand, well sorted, consolidated, arkosic, mostly quartz, with medium coarse sand, subrounded,
5% mafic, silt at bottom
6.1-6.7 silty sand, moist, well sorted 10 yr 7/3
6.7-7.3 same as above
7.3-7.9 fine sand with medium to coarse sand, arkosic, mostly quartz, subrounded, poorly sorted
7.9-8.5 same as above—consolidated at top
8.5-9.1 same as above 10 yr 7/3
TH5, N 41.90801°, W 103.65293°, Scotts Bluff County, Nebraska, T22N R55W S1 BCDD
0-1.2 medium sand with coarse sand/gravel, poorly sorted, subrounded, arkosic, mostly quartz, 5% mafic, iron 10 yr 5/3
staining towards bottom
1.2-1.8 same as above—iron staining
1.8-2.7 same as above—silty loam towards bottom
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Depth (meters)

Lithology

Munsell color

TH5, N 41.90801°, W 103.65293°, Scotts Bluff County, Nebraska, T22N R55W S1 BCDD—Continued

2.7-3.7 fine sand, moderately sorted, coarse sand/gravel, arkosic, mostly quartz, subrounded
3.7-4.6 medium sand with coarse sand/gravel, moderately sorted, arkosic, mostly quartz, subrounded, 5% mafic 10 yr 7/3
4.6-5.5 coarse sand with gravel, moderately sorted, arkosic, mostly quartz, subrounded, 5% mafic, iron staining
at bottom
5.5-6.4 medium sand with coarse sand, subrounded, moderately sorted, arkosic, mostly quartz, 5% mafic
6.4-7.3 same as above—more coarse sand, iron staining
7.3-8.2 coarse sand with gravel, moderately sorted, moist, arkosic, mostly quartz, subrounded
8.2-9.1 medium sand with coarse sand/gravel, moderately sorted, arkosic, mostly quartz, subrounded 10 yr 7/4
TH17A, N 41.91409°, W 103.68825°, Scotts Bluff County, Nebraska, T22N R55W S3 BAAB
0-0.6 fine sand, well sorted, few coarse sand, mostly quartz, arkosic, 5% mafic, subrounded 10 yr 6/2
0.6-1.2 silty sand, 5-10% mafic, well sorted, moist, clay lenses 10 yr 4/4
1.2-1.8 fine sand, poorly sorted, with coarse sand/gravel, subrounded, arkosic, mostly quartz
1.8-2.7 same as above—coarser
2.7-3.7 coarse sand, gravel, poorly sorted, arkosic, mostly quartz, 5% mafic, subangular
3.7-4.6 same as above 10 yr 6/3
4.6-5.5 same as above—poor recovery, poorly consolidated
5.5-6.2 same as above—iron staining
6.2-7.0 fine sand, moderately sorted, coarse sand, arkosic, mostly quartz, subrounded, <5% mafic, unconsoli- 10 yr 6/2
dated
7.0-7.6 very fine sand, moderately sorted, coarse sand/gravel, arkosic, mostly quartz, <5% mafic, unconsolidated
7.6-8.2 same as above
TH3, N 41.92512°, W 103.69208°, Scotts Bluff County, Nebraska, T23N R55W S34 BDBB
0-0.6 fine sand, well sorted, few coarse sand, subrounded, arkosic, mostly quartz, 5% mafic 10 yr 6/3
0.6-1.2 silty sand, well sorted, moist 10 yr 5/4
1.2-1.8 silty sand, moderately sorted
1.8-2.7 very fine sand, 5-10% mafic, well sorted, coarser at top
2.7-3.7 same as above 10 yr 6/4
3.7-4.3 same as above—moist
4.3-4.6 medium sand with coarse sand
4.6-5.5 medium sand with coarse sand, moderately sorted, arkosic, mostly quartz subrounded, finer sand near 10 yr 6/3
bottom
5.5-6.4 same as above
6.4-7.3 fine sand with few medium coarse sand, well sorted, arkosic, mostly quartz, subrounded
7.3-8.2 very fine sand, arkosic, mostly quartz, 5-10% mafic, coarsening near bottom 10 yr 4/2
8.2-9.1 same as above
TH24, N 41.92904°, W 103.71304°, Scotts Bluff County, Nebraska, T23N R55W S28 CCDC
0-0.9 fine sand, well sorted, arkosic, mostly quartz, 5% mafic, subrounded, few medium course sand grains 10yr7/2
0.9-1.2 loamy sand, well sorted, moist 10 yr 4/3
1.2-1.8 fine sand, subrounded, arkosic, mostly quartz, 5% mafic, medium coarse sand, moderately sorted
1.8-2.7 same as above—more coarse fraction
2.7-3.7 same as above 10 yr 6/3

3.7-5.5

same as above
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Table 3.

Lithologic descriptions for test holes.—Continued

Depth (meters)

Lithology

Munsell color

TH24, N 41.92904°, W 103.71304°, Scotts Bluff County, Nebraska, T23N R55W S28 CCDC—Continued

5.5-6.1 very fine sand, moderately sorted, some medium coarse sand, arkosic, mostly quartz, subrounded, 5% 10 yr 7/3
mafic

6.1-6.7 same as above—more coarse fraction

6.7-7.3 same as above

7.3-7.8 same as above—silt lenses

7.8-7.9 silty sand

7.9-8.5 medium sand, moist, arkosic, mostly quartz, 5% mafic, subangular, coarse sand, moderately sorted

8.5-9.1 same as above—iron staining, more coarse fraction 10 yr 6/4
TH13, N 41.93284°, W 103.74490°, Scotts Bluff County, Nebraska, T23N R55W S30 DBCC

0-1.2 coarse sand, well sorted, arkosic, mostly quartz, 5% mafic, subangular, iron rich band 10 yr 6/3

1.2-1.8 same as above

1.8-2.7 same as above—moderately sorted

2.7-3.7 same as above—fine/medium sand at bottom

3.7-4.6 same as above—fine, well sorted at top; coarser, poorly sorted sand at bottom

4.6-5.8 same as above—moist and very compact 10 yr 5/2

5.8-7.0 same as above—poor recovery, siltstone at bottom

7.0-8.5 fine sand, well sorted, few coarse sand grains, arkosic, mostly quartz, 5% mafic, well rounded

8.5-9.8 coarse sand, well sorted, few gravel fragments, arkosic, mostly quartz, 5% mafic, subrounded, silt lenses 10 yr 5/2
TH14, N 41.92905°, W 103.75206°, Scotts Bluff County, Nebraska, T23N R55W S30 CCDD

0-1.2 coarse sand, moderately sorted, gravel, subrounded, arkosic, mostly quartz, more silt in the upper 0.3 10 yr 4/3

meters

1.2-1.8 coarse sand, moderately sorted, gravel, subrounded, arkosic, mostly quartz

1.8-2.7 same as above

2.7-3.7 fine sand, coarse sand/gravel at top and bottom, well sorted, rounded, 5% matfic, arkosic, mostly quartz 10 yr 6/2

3.7-4.6 same as above—few coarse sand/gravel grains

4.6-5.5 same as above—moist, moderately sorted

5.5-6.4 coarse sand, poorly sorted, moist, subrounded, gravel, arkosic, mostly quartz, 5% mafic 10 yr 4/4

6.4-7.3 same as above—moderately sorted

7.3-8.2 same as above—fine sand at top

8.2-8.3 silty coarse sand, arkosic, poorly sorted, mostly quartz, well rounded, weathered siltstone fragments
TH21, N 41.92797°, W 103.76222°, Scotts Bluff County, Nebraska, T23N R55W S36 ABAC

0-1.2 coarse sand, well sorted, subrounded, some gravel, arkosic, mostly quartz, 5% mafic, darker at top 10 yr 6/3

1.2-1.8 same as above

1.8-2.7 same as above—fine/medium sand at bottom

2.7-3.7 same as above—fine, well sorted sand at top

3.7-4.6 same as above 10 yr 6/3

4.6-5.3 same as above—silt lenses

5.3-6.1 coarse sand, poorly sorted, subangular, arkosic, mostly quartz, 5% mafic, gravel

6.1-6.7 very fine sand, poorly sorted, coarse sand/gravel, arkosic, mostly quartz, 5% matic 10yr 7/2

6.7-7.3 same as above

7.3-7.9 same as above—coarse sand at bottom with gravel
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Depth (meters)

Lithology

Munsell color

TH21, N 41.92797°, W 103.76222°, Scotts Bluff County, Nebraska, T23N R55W S36 ABAC—Continued

7.9-8.5 coarse sand, poorly sorted, subrounded, gravel, arkosic, mostly quartz, 5% mafic

TH23, N 41.97089°, W 103.82750°, Scotts Bluff County, Nebraska, T23N R56W S16 BABD
0-0.6 coarse sand, well rounded, well sorted, gravel, arkosic, mostly quartz, <5% mafic 10 yr 6/2
0.6-1.2 silty, fine sand, well sorted, few coarse sand grains, 5% mafic 10 yr 4/4
1.2-1.8 same as above
1.8-2.7 silty loam, well sorted
2.7-3.7 silty fine sand, well sorted, few coarse sand grains, 5% mafic
3.7-4.6 silt, well sorted, moist 10 yr 4/3
4.6-5.5 silty fine sand, moderately sorted, few medium coarse sand grains, 5% mafic, coarser at bottom, liquid/

saturated

5.5-6.4 medium sand, moderately sorted, few coarse sand grains, 5% mafic, subrounded, liquid/saturated 10 yr 5/3
6.4-7.3 coarse sand, poorly sorted, subrounded, gravel, arkosic, quartz, poor recovery, saturated
7.3-8.2 fine silty sand, well sorted, arkosic, poor recovery, silty water/saturated
8.2-9.1 same as above—silty water/saturated

TH8, N 41.96270°, W 103.83604°, Scotts Bluff County, Nebraska, T23N R56W S17 DABD
0-0.6 fine sand, well sorted, rounded, arkosic, mostly quartz, 5% mafic, few coarse sand grains 10 yr 6/3
0.6-1.2 very fine silty sand, well sorted moist 10 yr 4/3
1.2-1.5 same as above—becoming fine dry sand, arkosic, rounded, mostly quartz
1.5-1.8 silt, well sorted
1.8-2.7 same as above—darker at top 10 yr 4/4
2.7-3.7 same as above
3.7-4.6 very fine silty sand, 5% mafic, well sorted 10 yr 4/3
4.6-5.5 same as above—medium to coarse sand lenses, few medium and coarse sand grains
5.5-6.4 medium sand, poorly sorted, arkosic, mostly quartz, subrounded, coarse sand, fine silty sand at top 10 yr 5/3
6.4-7.3 same as above—more silt towards bottom
7.3-7.6 fine silty sand, well sorted, moist
7.6-8.2 coarse sand, poorly sorted, arkosic, quartz, 5% mafic, subrounded
8.2-9.1 silty fine sand—well sorted, some coarse sand, 5% matfic, moist, lense of coarse sand at 8.8 meters 10 yr 4/3

TH7, N 41.96839°, W 103.85554°, Scotts Bluff County, Nebraska, T23N R56W S18 AACD
0-0.6 medium sand, well sorted, arkosic, mostly quartz, 5% mafic, rounded 10 yr 6/3
0.6-1.2 fine silty sand, coarse sand, medium sorted 10 yr 4/3
1.2-14 same as above
1.4-1.7 coarse sand, poorly sorted, arkosic, subangular
1.7-1.8 fine silty sand, coarse sand, moderately sorted
1.8-3.2 silt, well sorted
3.2-3.7 medium sand, poorly sorted, coarse sand, arkosic, 5% mafic, subangular
3.7-4.6 coarse sand, moderately sorted with gravel, arkosic, mostly quartz, subrounded, 5% mafic
4.6-5.5 same as above 10 yr 5/3
5.5-6.4 same as above
6.4-7.3 same as above—more medium/fine sand
7.3-8.2 same as above—fine, well sorted sand at bottom
8.2-9.1 medium sand, well sorted, arkosic, mostly quartz, subrounded, 5% mafic, some gravel
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Supplemental Data Section

Figures 4—27. Comparisons of lithologic data to inverted capacitively coupled and
direct-current resistivity sections and average resistivity curves. Because of the sinu-
osity of the canals, some distortion of the inverted resistivity sections may occur when
displayed in a two-dimensional environment. Test holes have been plotted with respect
to their relation to the inverted resistivity sections and not the displayed geographic
coordinate.
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Figure 5. Comparison of A, lithologic data from test hole 25 (TH25) drilled in the bed of the Interstate Canal, to B, inverted capacitively

coupled and direct-current resistivity sections and average resistivity curves.
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Figure 6. Comparison of A4, lithologic data from test hole 9 (TH9) drilled in the bed of the Interstate Canal, to B, inverted capacitively
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Figure 7. Comparison of A4, lithologic data from test holes 22 and 22A (TH22 and TH22A) drilled in the bed of the Interstate Canal, to
B, inverted capacitively coupled and direct-current resistivity sections and average resistivity curves.
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Figure9. Comparison of A, lithologic data from test hole 20A (TH20A) drilled in the bed of the Interstate Canal, to B, inverted
capacitively coupled and direct-current resistivity sections and average resistivity curves.
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Figure 10. Comparison of A, lithologic data from test hole 26 (TH26) drilled in the bed of the Interstate Canal, to B, inverted capacitively

coupled and direct-current resistivity sections and average resistivity curves.
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Figure 11. Comparison of A, lithologic data from test hole 0 (THO) drilled in the bed of the Interstate Canal, to B, inverted capacitively
coupled and direct-current resistivity sections and average resistivity curves.
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Figure 12. Comparison of A, lithologic data from test hole 15 (TH15) drilled in the bed of the Interstate Canal, to B, inverted capacitively

coupled and direct-current resistivity sections and average resistivity curves.
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Figure 13. Comparison of A, lithologic data from test hole 12 (TH12) drilled in the bed of the Interstate Canal, to B, inverted capacitively

coupled and direct-current resistivity sections and average resistivity curves.
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Figure 14. Comparison of A, lithologic data from test hole 16A (TH16A) drilled in the bed of the Interstate Canal, to B, inverted

capacitively coupled and direct-current resistivity sections and average resistivity curves.
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Figure 15. Comparison of A, lithologic data from test hole 11A (TH11A) drilled in the bed of the Interstate Canal, to B, inverted

capacitively coupled and direct-current resistivity sections and average resistivity curves.
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Figure 16. Comparison of A, lithologic data from test hole 1 (TH1) drilled in the bed of the Interstate Canal, to B, inverted capacitively

coupled and direct-current resistivity sections and average resistivity curves.
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Figure 17. Comparison of A, lithologic data from test hole 19 (TH19) drilled in the bed of the Interstate Canal, to B, the inverted

capacitively coupled section and average resistivity curve. The direct-current resistivity data were severely compromised by

breakdowns in the electrode connections of the water-borne resistivity cable and are not shown.
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Figure 18. Comparison of A, lithologic data from test hole 5 (TH5) drilled in the bed of the Tri-State Canal, to B, inverted capacitively
coupled and direct-current resistivity sections and average resistivity curves.
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Figure 19. Comparison of A, lithologic data from test hole 17A (TH17A) drilled in the bed of the Tri-State Canal, to B, inverted

capacitively coupled and direct-current resistivity sections and average resistivity curves.
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Figure 20. Comparison of A, lithologic data from test hole 3 (TH3) drilled in the bed of the Tri-State Canal, to B, inverted capacitively

coupled and direct-current resistivity sections and average resistivity curves.
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Figure 21. Comparison of A, lithologic data from test hole 24 (TH24) drilled in the bed of the Tri-State Canal, to B, inverted capacitively
coupled and direct-current resistivity sections and average resistivity curves.



48 Determination of Canal Leakage Potential Using Continuous Resistivity Profiling Techniques

A B
TH13 Inverted capacitively coupled resistivity section TH13
. . D L R B R I T rrr~ro+o| rr 1 Jfrrr+ 1| &t . 1t [ Tt 1T T ]I T . 5[]0 g:)
. 2 i
e 5
: 2 o 3
b — =
| o) L=
= =
1 — Q'E: -4 E
- =
i w6 B 5
-1 f..', . 8 PR T SR T T S S N BN - 10 é’
603,850 603,900 603,950 604,000 604,050 604,100 604,150 604,200 604,250
] EASTING, IN METERS
-2 —
=4 " Capacitively coupled average resistivity TH13
e . 10, : T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T : .
4. - E E ; High
. =
A » I~~~ ] _
: E & 1,000 —\,\_/\/\/_W
= B T
-3 — LI o w
: B 100 — Moderate
- w S C ]
o T
. <o
a4 Gz 10g E
Ny = " IN |
7 '.c 'I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 . LOW
-4 — 603,850 603,900 603,950 604,000 604,050 604,100 604,150 604,200 604,250
e | EASTING, IN METERS
=
= —
= Inverted direct-current resistivity section TH13
= St 1)
—~ —. . . 2 T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T ! 70 E
T | | —
B 5. 2 02
w . E §-
B & w oz
4. = 0 =
i £ 0 E
=
. L =
6—.-- e i 0 5
N L S T T B N B S . 0 2
ETIN 603,850 603,900 603,950 604,000 604,050 604,100 604,150 604,200 604,250
ot EASTING, IN METERS
Direct-current average resistivity TH13
10,000 = T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T B H h
> - 1 M Hio
=
= 21,000 _
= = 3
@ r b
w
L= = = Moderate
w E C ]
(4]
o
= 0F E
> - -
<
‘I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 . LOW
] 603,850 603,900 603,950 604,000 604,050 604,100 604,150 604,200 604,250
R EASTING, IN METERS
EXPLANATION
" Medium coarse

Fine Sand

CANAL LEAKAGE POTENTIAL

CANAL LEAKAGE POTENTIAL

Figure 22. Comparison of A, lithologic data from test hole 13 (TH13) drilled in the bed of the Tri-State Canal, to B, inverted capacitively

coupled and direct-current resistivity sections and average resistivity curves.
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Figure 23. Comparison of A, lithologic data from test hole 14 (TH14) drilled in the bed of the Tri-State Canal, to B, inverted capacitively
coupled and direct-current resistivity sections and average resistivity curves.



50 Determination of Canal Leakage Potential Using Continuous Resistivity Profiling Techniques

A B
Inverted capacitively coupled resistivity section TH21
T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T 500 ‘é)
2 B .
2 =
: -
o 00 X
z z
= z
=
8 - b
-8 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 . 10 ié
602,350 602,400 602,450 602,500 602,550 602,600 602,650 602,700 602,750
EASTING, IN METERS
Capacitively coupled average resistivity TH21
10,000 : T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T : ngh 2‘
o £ 7 =
= z
=200 P ——————~— T~ —— [ T " =
2B - °
B 100 — Moderate 2
w S C ] <
£z ]
'I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 . LOW g
602,350 602,400 602,450 602,500 602,550 602,600 602,650 602,700 602,750
4] EASTING, IN METERS
=
w
E Inverted direct-current resistivity section TH2 ”
- oc
~ w
. -
o =
w w 0
(=) 5 E
= o
z z
z >
£ E
o =
= %
n
=
602,350 602,400 602,450 602,500 602,550 602,600 602,650 602,700 602,750
EASTING, IN METERS
Direct-current average resistivity TH21
10,000 = T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T B H 3‘
o i E . igh =
= =
= 221,000 = = =
= E ] =)
@ = B 1 &
w
W= g = Moderate &
wZ F i =
o w
= 0F = >
2 f : £
‘I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 . LOW 5
EXPLANATION 602,350 602,400 602,450 602500 602,550 602,600 602,650 602,700 602,750
Sand and EASTING, IN METERS
= gravel

Figure 24. Comparison of A, lithologic data from test hole 21 (TH21) drilled in the bed of the Tri-State Canal, to B, inverted capacitively
coupled and direct-current resistivity sections and average resistivity curves.
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Figure 25. Comparison of A, lithologic data from test hole 23 (TH23) drilled in the bed of the Tri-State Canal, to B, inverted capacitively
coupled and direct-current resistivity sections and average resistivity curves.
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Figure 26. Comparison of A, lithologic data from test hole 8 (TH8) drilled in the bed of the Tri-State Canal, to B, inverted capacitively
coupled and direct-current resistivity sections and average resistivity curves.
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Figure 27.
coupled and direct-current resistivity sections and average resistivity curves.
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