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Abstract

Over the winter and spring of 2009, the U.S. Geologi-
cal Survey conducted a general assessment of the capabilities
of several geophysical tools to delineate buried paleochannel
aquifers in the glacial terrain of eastern Nebraska. Mapping
these paleochannels is an important objective for the East-
ern Nebraska Water Resources Assessment group. Previous
attempts at mapping these channels included a helicopter
electromagnetic survey flown over an area near the town of
Oakland, Nebraska, in March 2007. This survey had limited
success in imaging the paleochannels due to the restricted
depth of investigation of the system in the clay-rich till
overburden. The purpose of this study was to investigate
whether other airborne electromagnetic or surface geophysi-
cal techniques, including audio-magnetotelluric, time-domain
electromagnetic, gravity, and magnetic methods, could be used
to image the paleochannels in the clay-rich tills of eastern
Nebraska. This report releases the results of testing the ability
of selected geophysical techniques to map aquifers in glacial
deposits near the town of Oakland, Nebraska.

Surface audio-magnetotelluric and time-domain electro-
magnetic methods achieved sufficient depth of penetration and
indicated that the paleochannel was much more complex than
the original geological model. Simulated and observed gravity
anomalies indicate that imaging sand and gravel aquifers near
Oakland, Nebraska, would be difficult due to the complex
basement density contrasts. Interpretation of the magnetic data
indicates no magnetic sources from geologic units above the
bedrock surface. Based upon the analysis and interpretation of
the four methods evaluated, we suggest a large-scale survey
using a high-powered time-domain airborne system. This is
the most efficient and cost-effective path forward for the East-
ern Nebraska Water Assessment group to map paleochannels
that lie beneath thick clay-rich glacial tills.

Introduction

The State of Nebraska requires annual evaluation of the
river basins within the State to determine whether the water
resources available exceed or meet demand. A component
of this evaluation is mapping aquifer location, extent, and
hydrologic connection to streams and rivers. The eastern por-
tion of Nebraska is covered by glacial till of varying thickness
(fig. 1). Constraining the location and geometry of sand- and
gravel-filled paleochannels within and beneath this glacial till
is of primary importance in understanding the hydrogeologic
framework and developing hydrologic models of this region.
The U.S. Geological Survey (USGS), in cooperation with the
Eastern Nebraska Water Resources Assessment (ENWRA)
organizations, evaluated surficial geophysical methods to
define the deep alluvial paleochannels that are the main aqui-
fers of this area.

Natural Resources Districts (NRDs) in eastern Nebraska,
including Lewis and Clark, Lower Elkhorn, Lower Platte
North, Lower Platte South, Nemaha, and Papio-Missouri River
NRDs, created ENWRA to study and map the hydrogeology
of their management areas. ENWRA also works in coopera-
tion with the USGS, University of Nebraska—Conservation
and Survey Division (CSD), and Nebraska Department of
Natural Resources. The objectives of ENRWA are to develop
a three-dimensional geologic framework and water budget
for the glaciated region, which includes the eastern one-fifth
of Nebraska (Korus and Divine, 2007). This region contains
70 percent of the State’s population but is the most limited in
terms of the State’s groundwater supplies. Locally governed
NRDs, charged with groundwater management in Nebraska,
seek to improve their management plans in response to grow-
ing populations, hydrologic drought, and new conjunctive
management laws. Because of limited groundwater resources
in this region of Nebraska, improved hydrogeologic mapping
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Figure 1. The Oakland, Nebraska, study area with respect to major rivers and areas of glacial till in eastern
Nebraska. Modified from Smith and others (2008).



and characterization techniques are needed to delineate
aquifers, assess their degree of hydrologic connection with
streams and other aquifers, and better predict water quality
and quantity. As part of the development of the hydrogeologic
framework, the USGS has been cooperating with ENWRA to
develop appropriate methodology and surveys to accomplish
these tasks.

The USGS performed surface geophysical surveys along
a 7-km transect over a presumed paleochannel in a study area
west of the town of Oakland, Nebr. Seventeen test holes within
the Oakland area broadly define a deep paleochannel about
5 km northwest of Oakland (fig. 2). This inferred paleochan-
nel trends southwest to northeast and is estimated to be about
1 km wide. The objectives of the surveys were to evaluate and
compare the capabilities of several geophysical methods—
time-domain electromagnetic (TDEM), audio-magnetotelluric
(AMT), gravity, and magnetic field—to detect and delineate
this paleochannel. The Oakland area was investigated previ-
ously using helicopter electromagnetic (HEM) survey data
collected in 2007 as part of the first ENWRA study (Smith and
others, 2008). The HEM data were collected within a 9,324-ha
area west of Oakland. The airborne geophysical system imaged
the near-surface sediment; however, it was unable to image the
deep alluvial paleochannels, because they are buried beneath
thick clay-rich glacial tills. This report describes the evalua-
tion of other surficial geophysical methods by the USGS to
map the deeper aquifers.

Purpose and Scope

This report presents the analysis and interpretation of
data from several different geophysical methods applied at
the Oakland study area (figs. 1 and 2). These methods include
a combination of airborne techniques (electromagnetic (EM)
and magnetic) and ground-based techniques (time-domain
electromagnetic (TDEM), audio-magnetotelluric (AMT), grav-
ity, and magnetic). This study has four major objectives: (1) to
present the methodology used to evaluate the airborne geo-
physical data, (2) to refine the geometry of the paleochannel,
(3) to evaluate the effectiveness of a range of ground-based
geophysical techniques in this thick glacial-till environment,
and (4) to determine the effectiveness of alternative airborne
techniques in mapping hydrogeology in glaciated terrains with
thick till deposits.

Description of Study Area

The Oakland study area comprises an area of about 6.4
by 14.4 km near the town of Oakland in Burt and Cuming
Counties, Nebr. (figs. 1 and 2). This site lies in the “Rolling
Hills” topographic region of Nebraska (Flowerday, 1998) and
within the Northeast Nebraska Glacial Drift Area, Ground-
water Region 10, (Gosselin and others, 1996). This part of
Nebraska is characterized by rolling, stream-dissected terrain
with about 20 to 30 m of relief eroded out of thick glacial
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deposits overlain by multiple loess units. The site is incised by
Logan Creek (fig. 2); remnant terrace deposits extend to the
eastern side of the site and rolling glaciated hills extend to the
west. The dominant land use is rural farm land with a mix of
groundwater-irrigated and nonirrigated row-crop agriculture
and pastureland. Rainfall averages about 740 mm and average
annual temperatures range from —6.6 to 24.4°C (High Plains
Climate Center, 2011).

Hydrogeology

The regional aquifer primarily is composed of intermixed
sand and gravel units of limited extent underlying regional
glacial deposits. Depth to the regional water table ranges from
15 to 60 m, but locally perched groundwater is also present
(Gosselin and others, 1996). Well yields locally can exceed
3,785 L/min, but due to limited saturated thickness of the
aquifer, yields often are less than this (Nebraska Department
of Natural Resources, 2009). Most registered large-capacity
wells at the Oakland study area are screened in either an
uplands paleochannel aquifer or in younger sand and gravel
deposits present beneath Logan Creek valley and its terraces.
In areas not underlain by these aquifers, locating adequate
supplies of potable water can be challenging. During 2005,
total groundwater withdrawals in Burt County for all public
supply approximated 3.9 million L/day (Kenny and others,
2009). Some domestic and stock water supplies in the Oak-
land study area are provided by rural water systems such as
Logan East Rural Water Systems. Wells withdraw water from
the paleochannel aquifer and supply about 4,000 domestic
customers east of Logan Creek.

The uppermost bedrock beneath the Oakland study area
is the Cretaceous Dakota Formation (Bentall and others, 1971).
In this area, complex sequences of shale, siltstone, and sand-
stone layers with varying degrees of cementation are present
(Ellis, 1984; Burchett and Smith, 1991, 1993). In upland areas,
data from test holes and registered wells indicate the pres-
ence of a southwest- to northeast-trending paleochannel. The
paleochannel deposit comprises 15 to 20 m of sand and gravel
that historically were mapped at a coarse scale of resolu-
tion. Glacial till and multiple loess units including the Peoria,
Gilman Canyon, and Loveland Loesses, along with possibly
older loess units (Mason and others, 2007), overlie the sand
and gravel deposits. Thicknesses of these loess units vary from
less than 15 m to greater than 46 m depending on topographic
position. The thickest sequences of sediments generally under-
lie hilltops.

Multiple episodes of erosion and deposition have
occurred in Logan Creek valley. Early erosional episodes cut
a channel along the west edge of the uplands. Data from test
holes and registered wells indicate that this channel, along
with probable subsequent channels, did not erode all of the
Dakota Formation between the uplands and present day Logan
Creek. Some test-hole logs (48-A-50 and 49-A-55; Burchett
and Smith, 1993) indicate a bedrock high beneath the Logan
Creek terrace and the presence of silt that filled much of this
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channel. Later, shallow channels were eroded into these sedi-
ments and 12 to 20 m of sand or sand and gravel was depos-
ited (test holes 48-A-50 and 47-A-50). Loveland and Peoria
Loesses blanket the stream terrace with as much as 15 m of
silt-size sediments.

The Dakota Formation presents a challenge for electrical
resistivity interpretation because groundwater derived from
this formation can have high total dissolved solids (TDS)
(Bentall and others, 1971). Lawton and others (1984) indicate
that TDS concentrations range between 400 and 1,500 mg/L.
Heavy use of high-capacity wells in the sand and gravel
deposits overlying the Dakota Formation may introduce
poorer quality water from the Dakota Formation into the upper
aquifers used for public supply.

Eastern Nebraska Water Resources Assessment
Test-Hole Drilling

Eighteen test holes were drilled by Conservation and
Survey Division (University of Nebraska—Lincoln) (CSD)
with assistance from USGS and ENWRA scientists using
direct rotary methods during 2006—07 and 2009 (table 1).
The five test holes drilled in 2006 were located so as to
target the broadest range of geologic units for use as variable
control points for geophysical surveys. In 2007, test holes
were concentrated in selected areas to provide additional
subsurface information. Six of these test holes are within the
target area for the geophysical work (fig. 2B). A lithologic
description of sediments cut by drilling was recorded in
the field, and samples were bagged at a minimum of 1.5-m
intervals or at major lithologic changes. A suite of borehole
geophysical logs was collected immediately after drilling,
including natural gamma, resistivity, spontaneous potential,
and temperature logs.

The sediments beneath the terrace are very complex.
Preliminary results confirmed the presence of a bedrock high
near hole 04-EN-06 (fig. 2). New lithologic data indicate the
existence of a relatively steep-sided incision into this bedrock
high between test holes 33-EN-07 and 03-EN-06. The bedrock
surface is 15.3 m lower in hole 03-EN-06, about 1 km to the
west of hole 33-EN-07. Local landowners to the south have
noted this incision into the bedrock during other test-hole drill-
ing campaigns for irrigation-well development.

Prior to the drilling program, it was conceptualized
that an erosional channel on top of the Dakota Formation
created a southwest- to northeast-trending paleochannel
that was in-filled with sand and gravel. New data reveal a
more complex geologic relation that includes an additional,
deeper paleochannel trending to the east-northeast. Litho-
logic samples and down-hole geophysical logs indicate two
sand and gravel deposits within the deeper paleochannel.
The lower unit is 9.1 m thick and generally contains few silt
lenses. The upper unit is 15.2 to 18.3 m thick and exhibits
four depositional cycles transitioning between silt and sand
and gravel.
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Table 1. Simplified lithologic descriptions from Eastern Nebraska
Water Resource Assessment (ENWRA) drilled test holes used

in the geophysical investigation of the Oakland, Nebraska, study
area.

[Coordinates relative to the North American Datum of 1983, Universal Trans-
verse Mercator projection, Zone 14. Elevation relative to the World Geodetic
System of 1984 ellipsoid; m, meters]

Upper depth Lower depth
(meters) (meters)

Hole 01-EN-06, Cuming County, Nebraska
Easting 698090.9 m, Northing 4636801.6 m, Elevation 386.3 m

Lithologic classification

0 9.1 Siltand clay

9.1 15.9 Clay
15.9 18.3 Silt and clay
18.3 18.9 Sand and gravel
18.9 22.9 Silt and clay
229 24.4 Sand and gravel
24.4 32.6 Silt and clay
32.6 37.2 Silt and sand
37.2 38.7 Sand and gravel
38.7 41.2 Silt and clay
41.2 47.9 Shale

Hole 02-EN-06, Cuming County, Nebraska
Easting 701339.4 m, Northing 4636969.2 m, Elevation 406.3 m

0 11.3 Silt

11.3 47.9 Silt and clay
47.9 61.6 Sand and gravel
61.6 78.3 Shale

Hole 03-EN-06, Burt County, Nebraska
Easting 704936.5 m, Northing 4633794.8 m, Elevation 370.5 m

0 9.8 Silt

9.8 30.5 Silt and clay
30.5 335 Clay
335 37.5 Sand and gravel
37.5 52.1 Clay
52.1 55.8 Sand and gravel
55.8 56.4 Clay
56.4 57.0 Sandstone
57.0 72.2 Shale

Hole 04-EN-06, Burt County, Nebraska
Easting 707426.3 m, Northing 4633062.5 m, Elevation 364.1 m

0 6.1 Silt

6.1 15.5 Silt and clay
15.5 223 Silt and sand
22.3 28.7 Sand
28.7 30.2 Silt and sand
30.2 35.1 Clay
35.1 354 Sandstone
35.4 54.3 Shale
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Table 1. Simplified lithologic descriptions from Eastern Nebraska Water Resource Assessment (ENWRA) drilled test holes used in the
geophysical investigation of the Oakland, Nebraska, study area.—Continued

[Coordinates relative to the North American Datum of 1983, Universal Transverse Mercator projection, Zone 14. Elevation relative to the World Geodetic Sys-
tem of 1984 ellipsoid; m, meters]

Upper depth  Lower depth Upper depth  Lower depth

(meters) (meters) Lithologic classification

(meters) (meters) Lithologic classification

Hole 05-EN-06, Burt County, Nebraska
Easting 709837.9 m, Northing 4631479.7 m, Elevation 358.5 m

Hole 26-EN-07, Burt County, Nebraska
Easting 704253.5 m, Northing 4635650.6 m, Elevation 388.9 m

0 55 Silt
55 11.6 Sand
11.6 13.1 Gravel
13.1 48.2 Shale

Hole 22-EN-07, Cuming County, Nebraska
Easting 700943.8 m, Northing 4639433.1 m, Elevation 416.6 m

0 0.6 Soil

0.6 51.2 Silt and clay
51.2 67.7 Silt and sand
67.7 72.5 Shale

0 0.3 Soil

0.3 22.2 Silt and clay
222 26.8 Silt and sand
26.8 42.1 Sand
42.1 43.6 Silt and sand
43.6 52.7 Sand and gravel
52.7 62.5 Sand
62.5 725 Shale

Hole 27-EN-07, Burt County, Nebraska
Easting 704197.8 m, Northing 4632146.2 m, Elevation 371.6 m

Hole 23-EN-07, Cuming County, Nebraska
Easting 700220.6 m, Northing 4635511.5 m, Elevation 403.3 m

0 0.6 Soil

0.6 421 Silt and clay
42.1 49.7 Clay
49.7 52.4 Silt and sand
524 68.6 Sand and gravel
68.6 78.6 Shale

0 0.6 Soil

0.6 421 Silt and clay
42.1 45.7 Sand
45.7 51.2 Shale
51.2 60.3 Silt and sand!

Hole 28-EN-07, Burt County, Nebraska
Easting 710733.8 m, Northing 4631311.8 m, Elevation 378.8 m

Hole 24-EN-07, Cuming County, Nebraska
Easting 702195.3 m, Northing 4634037.5 m, Elevation 382.3 m

0 0.6 Soil

0.6 28.1 Silt and clay
28.1 57.0 Sand and gravel
57.0 66.1 Shale

Hole 25-EN-07, Burt County, Nebraska
Easting 704109.9 m, Northing 4636884.0 m, Elevation 380.9 m

0 1.5 Soil

1.5 17.7 Silt and sand
17.7 29.9 Silt and clay
29.9 35.0 Silt and sand
35.0 414 Shale
41.4 48.8 Sand'
48.8 49.7 Sand and gravel'
49.7 54.2 Sand!

0 0.3 Soil

0.3 20.1 Silt and clay
20.1 25.3 Silt and sand
25.3 36.0 Sand
36.0 433 Sand and gravel
433 45.1 Silt and clay
45.1 57.9 Sand and gravel
57.9 66.4 Shale

Hole 29-EN-07, Burt County, Nebraska
Easting 707674.4 m, Northing 4629420.6 m, Elevation 354.2 m

0 0.9 Soil

0.9 5.8 Silt

5.8 17.7 Sand and gravel
17.7 26.8 Silt and sand
26.8 36.0 Shale
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Table 1. Simplified lithologic descriptions from Eastern Nebraska Water Resource Assessment (ENWRA) drilled test holes used in the
geophysical investigation of the Oakland, Nebraska, study area.—Continued

[Coordinates relative to the North American Datum of 1983, Universal Transverse Mercator projection, Zone 14. Elevation relative to the World Geodetic Sys-
tem of 1984 ellipsoid; m, meters]

Upper depth  Lower depth Upper depth  Lower depth

Lithologic classification Lithologic classification

(meters) (meters) (meters) (meters)
Hole 30-EN-07, Burt County, Nebraska Hole 33-EN-07, Burt County, Nebraska
Easting 705680.3 m, Northing 4638026.0 m, Elevation 383.6 m Easting 706061.3 m, Northing 4633787.1 m, Elevation 366.8 m
0 0.3 Soil 0 0.6 Soil
0.3 11.6 Silt 0.6 28.1 Silt and clay
11.6 31.7 Silt and clay 28.1 32.9 Silt and sand
31.7 35.7 Silt and sand 329 345 Siltand clay
35.7 51.2 Sand 34.5 37.2 Sand
51.2 55.2 Sand and gravel 37.2 40.6 Silt and clay
55.2 55.8 Siltand clay 40.6 41.1 Sand
55.8 56.4 Silt and sand 41.1 47.2 Shale
56.4 58.8 Sand and gravel Hole THO1, Burt County, Nebraska
58.8 59.1 Clay Easting 704127.7 m, Northing 4635267.6 m, Elevation 387.2 m
59.1 70.4 Sand 0 0.9 Silt
70.4 78.6 Silt and sand 0.9 4.6 Siltand clay
78.6 84.7 Shale 4.6 6.1 Silt
Hole 31-EN-07, Burt County, Nebraska 6.1 13.7 Silt and clay
Easting 705783.2 m, Northing 4635595.0 m, Elevation 369.2 m 13.7 15.2 Clay
0 0.3 Soil 152 16.8 Silt
0.3 17.7 Silt and clay 16.8 18.3 Silt and clay
17.7 26.2 Silt and sand 18.3 19.5 Sand
26.2 32.0 Silt and clay 19.5 19.8 Clay
32.0 36.0 Silt and sand 19.8 22.9 Silt and clay
36.0 40.6 Sand 22.9 24.4 Silt and sand
40.6 442 Silt and sand 24.4 29.0 Silt and clay
44.2 51.2 Silt and clay 29.0 30.5 Sand and Clay
51.2 51.8 Sandstone 30.5 32.6 Silt and sand
51.8 54.2 Shale 32.6 35.1 Sand and gravel
Hole 32-EN-07, Burt County, Nebraska 35.1 35.7 Silt and sand
Easting 704114.4 m, Northing 4638960.3 m, Elevation 396.1 m 35.7 41.1 Sand and gravel
0 0.3 Soil 41.1 42.7 Gravel
0.3 439 Siltand clay 42.7 52.4 Sand and gravel
43.9 52.7 Silt and sand 52.4 53.6 Silt and clay
52.7 65.8 Sand 53.6 54.9 Sand
65.8 725 Shale 54.9 56.4 Silt and clay
56.4 70.1 Sand and gravel
70.1 77.7 Clay
7.7 131.7 Sandstone

'Likely poorly lithified material within the Dakota Formation.
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During drilling in 2006-07, only 6 to 18 m of the Dakota
Formation was penetrated. The Dakota consisted of shale or
clay, siltstone, and very fine to fine-grained sand and sand-
stone with many lignite lenses. The top of the Dakota For-
mation was often difficult to identify during field operations
because the sediments were generally not well cemented and
inspection without the availability of a microscope did not
readily distinguish these materials from overlying sediments.
Additional laboratory examination is needed to finalize the
depth of this stratigraphic unit.

Methods of Investigation

A suite of geophysical techniques have been applied at
the Oakland study area (fig. 2). Helicopter electromagnetic and
magnetic data were collected in a series of parallel lines and tie
lines during the spring of 2007. TDEM, AMT, and gravity data
were collected during the late winter and spring of 2009 along
a 7-km profile across the paleochannel interpreted from test
hole data. Data were processed and compared to lithologic and
borehole geophysical data available from the ENWRA drilled
test holes. The fundamentals of each technique applied at the
Oakland study area are discussed in the following sections.

Electrical Methods

Electromagnetic geophysical methods detect variations
in the electrical properties of rocks, in particular, electrical
resistivity, or its reciprocal, electrical conductivity. Electrical
resistivity can be correlated with geologic units on the surface
and at depth using lithologic logs to provide a three-dimen-
sional (3-D) picture of subsurface geology. In the upper crust,
the resistivities of geologic units are largely dependent upon
their fluid content, pore-volume porosity, effective porosity,
and conductive mineral content (Keller, 1989). Although there
is not a one-to-one relation between lithology and resistivity,
there are general correlations that can be made using typical
values, even though values can be found at other localities
that may fall outside of the ranges presented herein (Palacky,
1987). Fluids within the pore spaces and fracture openings
can reduce electrical resistivities in what would otherwise be
a resistive rock matrix, especially if the fluids are high in total
dissolved solids. Resistivity can also be lowered by the pres-
ence of electrically conductive clay minerals, graphitic carbon,
and metallic mineralization. For example, it is common for
altered volcanic rocks to contain replacement minerals that
have resistivities 10 times lower than those of the surround-
ing rocks (Nelson and Anderson, 1992). Fine-grained sedi-
ments, such as clay-rich alluvium, marine shales, and other
mudstones, are normally conductive from a few ohm-meters
to a few tens of ohm-meters (Keller, 1987; Palacky, 1987).
Metamorphic rocks (nongraphitic) and unaltered, unfractured
igneous rocks are normally moderately to highly resistive (a
few hundreds to thousands of ohm-meters). Carbonate rocks

can have similarly high resistivities depending on their fluid
content, porosity, and impurities (Keller, 1987; Palacky, 1987).
Fault zones may be moderately conductive (tens of ohm-
meters) when composed of rocks fractured enough to have
hosted fluid transport and consequent mineralogical altera-
tion (Eberhart-Phillips and others, 1995). Higher subsurface
temperatures cause higher ionic mobility that reduces rock
resistivities (Keller, 1987; Palacky, 1987). Tables of electri-
cal resistivity for a variety of rocks, minerals, and geological
environments are in Keller (1987) and Palacky (1987).

Helicopter Electromagnetic Method

HEM surveys have been increasingly employed to
characterize groundwater aquifers and their geologic settings
(Smith and others, 2008). These data can be used to map sub-
surface electrical and magnetic properties of the Earth that can
be related to geologic and hydrologic features. One objective
of the HEM survey at the Oakland study area was to define the
paleochannel identified by the test-hole drilling program.

The main part of the frequency-domain electromagnetic
(FDEM) geophysical system used at the Oakland study area is
housed in a cylindrical tube, or “bird,” that is towed beneath
the helicopter. The bird contains transmitter and receiver coils
that operate at different frequencies. Modern birds use five or
six frequencies spanning the range from 100 hertz (Hz) to over
100 kilohertz (kHz) (Smith and others, 2008). As a general
rule, lower frequencies probe deeper than higher frequencies.
Because the depth of penetration depends on the electrical con-
ductivity of the Earth layers, the frequencies used for any given
survey are tailored for the local geology. The EM measurements
made by the receivers—along with total magnetic field, global
positioning system (GPS), altitude, and sometimes radiometric
data—are sent over a power and signal cable to a processing
and digital recording system in the helicopter. Discrete measure-
ments of the geophysical data (FDEM and total field mag-
netic) are made approximately every 3 m along the flight line,
resulting in high data density along a flight line and sparse data
density across flight lines. Details on the data acquisition and
processing can be found in Smith and others (2008).

Each of the HEM frequencies yields an apparent resistiv-
ity for the corresponding depth of penetration. Low frequencies
penetrate a conductive Earth more than higher frequencies. For
a uniform Earth, the depth of penetration of a normally incident
electromagnetic wave is described by the skin depth, ¢,which is
a function of frequency and Earth conductivity:

where
s is skin depth [m],
® is angular frequency [radian per second (rad/s)],
also o = 2xf, where f is frequency in Hz,
n is magnetic permeability [Henry per meter
(H/m)], and
c is electrical conductivity [siemens per meter (S/m)].



The skin depth is the depth at which the amplitude of the
incident EM wave is attenuated to 1/e (about 37 percent) of
its initial amplitude. This characterizes the ohmic loss of the
material. Secondary (induced) fields must diffuse back through
the electrically lossy material to reach the receiver coil,
thereby suffering another, equivalent loss.

At the Oakland study area, a total of 385 km (239 mi)
of data were collected over 26 flight lines (Smith and others,
2008). The flight-line pattern consisted of a series of narrowly
spaced parallel traverse lines connected by two widely spaced
tie-lines (fig. 2, table 2). The nominal frequencies of opera-
tion were 385, 1,500, 3,300, 6,200, 25,000, and 115,000 Hz
(table 3). Note that the operational frequencies increase by
about a factor of four. Accordingly, each successively higher
frequency probes about half as deep into the Earth.

Time-Domain Electromagnetic Method

The time-domain electromagnetic method (TDEM)
technique is used to constrain subsurface electrical resistivity
structure, typically in the depth range from 50 to 500 m. As
such, it fills an important gap between near-surface tech-
niques (for example, direct-current resistivity and capacitively
coupled resistivity) and deeper techniques such as the mag-
netotelluric method (Sharma, 1997). For this reason it finds
frequent use in hydrologic studies, especially in regions where
deep hydrologic data are needed (Fitterman and Stewart, 1986;
Fitterman, 1988).

TDEM is an active-source inductive electromagnetic
technique that provides subsurface resistivity constraints
by passing current through a relatively large, rectangular,
ungrounded wire loop on the ground surface, which gener-
ates a primary magnetic field (Fitterman and Labson, 2005)
according to Ampere’s law. This primary current is rapidly
turned off, thereby causing a change in magnetic flux that
induces an electromotive force according to Faraday’s law. In
TDEM, secondary magnetic fields are produced by the decay
of subsurface eddy and galvanic currents, and are typically
measured as a voltage on a horizontal (level) receiver coil at
the surface. Via Faraday’s law a horizontal receiver coil senses
the time rate of change of the vertical (Z) component of the
magnetic field.

An apparent resistivity, p,, can be calculated from the
measured voltage. The apparent resistivity is solely a math-
ematical transform; however, it serves two important purposes.
First, subtle differences in the measured receiver voltage due
to changes in subsurface resistivity are accentuated by the
power-law dependence of apparent resistivity on time and

Table 2.

Flight-line direction and spacing for the Oakland, Nebraska, study area.
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Table 3. Coil orientations, frequencies, and sensitivities for the
helicopter electromagnetic surveys (adapted from Fugro Airborne
Surveys Corporation (2007) and Smith and others (2008)).

. Coil Nominal Actual Sensitivity
Coil .
configuration separation frequency frequency (parts per
(meters) (hertz) (hertz) million)

Coplanar 7.9 385 380 0.12
Coplanar 7.9 1,500 1,760 0.12
Coaxial 9.0 3,300 3,270 0.12
Coplanar 7.9 6,200 6,520 0.24
Coplanar 7.9 25,000 26,640 0.60
Coplanar 7.9 115,000 116,400 0.60

voltage. Second, the TDEM response of a homogeneous, iso-
tropic half-space is such that the late-stage apparent resistivity
is time dependent, but asymptotic to the true half-space resis-
tivity at late times of the transient decay. For more compli-
cated, heterogeneous Earth structure, the variation of apparent
resistivity with time can be viewed as a proxy for the variation
of true Earth resistivity with depth. The actual electrical resis-
tivity distribution in the Earth is computed from the apparent
resistivity via the process of inversion. Additional details on
the TDEM sounding method can be found in Nabighian and
Macnae (1991), Christiansen and Christensen (2003), Dan-
ielsen and others (2003), and Fitterman and Labson (2005).

TDEM data were collected at a total of 29 sites along
the 7-km profile with nominal 250-m site spacing (fig. 2).
Data were collected using two systems: the Geonics ProTEM
system and the TerraTEM instrument from Monex GeoScope.
Data were collected using these two systems in an interleaved
fashion, with adjacent sites collected with different instru-
ments. This approach resulted in higher productivity and
permitted a comparison between the two instruments. Station
locations are given in table 4.

All data were collected using a 100- by 100-m transmit-
ter loop. The depth of investigation scales with the transmitter
moment (transmitter current X transmitter loop area), with a
rule-of-thumb placing the depth of investigation at 2 to 3 times
the transmitter loop length, which here corresponds to 200 to
300 m. ProTEM data were collected in a central loop configu-
ration, whereas TerraTEM data were collected in a coincident
loop configuration. The use of different configurations stems
from limitations in the design of each system and necessitates
some differences in data processing. In theory, however, the
resulting inverse resistivity models are directly comparable
between the two systems.

Calibration of a TDEM system is essen-
tial to an accurate recovery of near-surface
resistivity structure. Calibration, as referred

to here, applies to a particular combination

of data logger, transmitter, and receiver, and
involves the characterization of system filters,
measurement of the transmitted waveform, an

Traverse .. .. Traverse -
Traverse - . Tie line . Tie line
. Tie line line . line . Total
line . . spacing . distance .
- azimuth spacing distance . (kilometers)
azimuth (meters) , . (kilometers)
(meters) (kilometers)
127°/307° 37°/217° 270 14,000 371.0 14.0 385.0

assessment of system bias, and correction for
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timing and normalization errors. The ProTEM system used

in this study was calibrated in 2009 at an established test site
in Lyngby, Denmark (Geological Institute, 2002a, b). The
TerraTEM system has not undergone rigorous calibration; as
such the early-time data and hence the near-surface resistivity
structure should be treated with caution.

Table 4. Time-domain electromagnetic station locations in the
Oakland, Nebraska, study area.

[Coordinates relative to the North American Datum of 1983, Universal
Transverse Mercator projection, Zone 14]

Station (?:tt::g) I(\I"(:;::;? Instrument
0 706234 4633836 TerraTEM
250 706113 4634060 ProTEM
500 705991 4634275 TerraTEM
750 705848 4634394 ProTEM
1000 705654 4634646 TerraTEM
1250 705517 4634847 ProTEM
1500 705424 4635045 TerraTEM
1750 705350 4635173 ProTEM
2000 705038 4635426 TerraTEM
2250 704879 4635587 ProTEM
2500 704979 4635815 TerraTEM
2750 704870 4636027 ProTEM
3000 704736 4636259 TerraTEM
3250 704608 4636469 ProTEM
3500 704484 4636682 TerraTEM
3750 704359 4636906 ProTEM
4000 704239 4637120 TerraTEM
4250 704132 4637338 ProTEM
4500 703987 4637679 TerraTEM
4750 703842 4637806 ProTEM
5000 703736 4637982 TerraTEM
5250 703646 4638248 ProTEM
5500 703500 4638429 TerraTEM
5750 703360 4638654 ProTEM
6000 703244 4638853 TerraTEM
6250 703120 4639074 ProTEM
6500 703066 4639390 TerraTEM
6750 702779 4639613 ProTEM
7000 702684 4639857 TerraTEM

For ProTEM stations, data were collected at a range of
base frequencies (285, 75, 30, 7.5, and 3 Hz) using a combina-
tion of high- and low-frequency receivers together with low-
and high-current transmitters. Average current was 2.5 and
8.5 ampere (A) for the low- and high-current transmitters,

giving rise to an average transmitter moment of 25,000 A-m?
and 85,000 A-m?, respectively. All data were collected with air
coil receivers with moments of 31.4 m? and 200 m? for high-
and low-frequency coils, respectively. At each base frequency,
readings were averaged between 4 and 15 seconds. A minimum
of 20 such readings were taken to permit robust error calcula-
tion. Noise measurements were also taken at each station by
acquiring data with the transmitter off. Such noise measure-
ments are used during processing to determine the time at
which actual data fall below the measured noise envelope.

For TerraTEM stations, data were collected using two
different transmitters at three different current settings ranging
from 0.5 to 25 A, giving rise to transmitter moments ranging
from 5,000 A-m? to 250,000 A-m?2. In all cases, a coincident
loop receiver with an area of 10,000 m? was employed. At
each current setting, 10 to 15 readings were taken, each being
the stack average of 250 transient decays. Noise measurements
were also taken at each station.

Audio-Magnetotelluric Method

The magnetotelluric (MT) method is a passive surface-
geophysical technique that uses the Earth’s natural electromag-
netic fields to investigate the electrical resistivity structure of
the subsurface. The MT method can be used to probe the crust
from depths of tens of meters to tens of kilometers (Vozoff,
1991). Natural variations of the Earth’s magnetic and electric
field are recorded in two orthogonal, horizontal directions at
each MT station. An optional third magnetometer measuring
the vertical component of the magnetic field can help delin-
eate some variations in resistivity related to different geologic
materials and structures. The recorded time-series signals are
used to derive apparent resistivities and phases. For a two-
dimensional (2-D) Earth, the MT fields can be decoupled into
transverse electric (TE) and transverse magnetic (TM) modes;
2-D modeling generally is done to fit both modes. When the
geology satisfies the 2-D assumption, and the survey transect
is oriented perpendicular to the geologic strike of interest, the
MT data for the TE mode are for the electric field parallel to
geologic strike (or perpendicular to the survey transect), and
the data for the TM mode are for the electric field across strike
(parallel to the survey transect). The MT method is well suited
for studying complicated geological environments because
the electric and magnetic relations are sensitive to vertical and
horizontal variations in resistivity. An introduction to the MT
method and references for a more advanced understanding are
in Dobrin and Savit (1988) and Vozoff (1991).

High-frequency AMT signals are MT signals that range
from approximately 10 Hz up to 100 kHz. Variations in
ground electrical conductivity can be investigated from a few
tens of meters to several hundreds of meters depth. The AMT
technique images the shallow stratigraphy, alluvium-bedrock
contacts, and bedrock structures associated with fracture
zones. Traditionally the AMT technique was limited by a
natural weakness of MT signal from around 1 kHz to 5 kHz.
However, the natural MT fields in this band can be augmented



by providing additional signal power with a small battery-
powered transmitter (the controlled source) that reduces the
potential loss of resolution at what can be critical depths of
investigation.

An AMT survey was performed along a profile at the
Oakland study area (fig. 2) from April 20 to 24, 2009, using
the Geometrics EH-4 STRATAGEM system (Geometrics,
2007). A total of 34 AMT soundings were recorded progress-
ing from southeast to northwest (fig. 2, table 5). AMT data
were nominally acquired every 250 m using the standard
orthogonal E-H arrangement (fig. 3). STRATAGEM does not
utilize a third magnetometer to measure the vertical com-
ponent. The survey X-direction was set along the general
northwest trend of the line (N.30°W.) and the Y-direction was
set perpendicular to the line (N.60°E.). The general rule of
thumb in magnetotelluric surveying is to use the right-hand
rule (X goes into Y using your right hand) with Z-positive in
the downward direction. Electric fields were measured using
15-m dipoles, and the magnetic fields used EMI BF-6 high-
frequency magnetic induction coils (Geometrics, 2007). Time-
series data are recorded and field-processed into cross-powers
in real time by the STRATAGEM acquisition software. This
allows for almost immediate quality control field checks of
the acquired data. Each station required about 10 minutes for
setup, 20 minutes for data acquisition, and about 10 minutes
for demobilization and moving to the next station.

The collection of high-quality AMT data requires an
awareness of the physical surroundings. Cultural features can
affect the measured AMT responses, depending on where the
station is sited. These features include fences, pipelines, com-
munication lines, railways, and other manmade conductors.
Buried power lines along roads resulted in some stations (for
example, station 15 and 28) being relocated. Some poor-
quality data were also recorded between stations 10 to 14.
These data were impacted by large overhead power lines
(stations 10, 11, and 12) and a sprinkler pivot (stations 12
and 13) that was not known to be powered until the TDEM
and AMT data were acquired. The stations with more electro-
magnetic noise required more time because data acquisition
had to be repeated several times so that more data could be
stacked during processing. The effects of near-surface resistiv-
ity anomalies can cause what are known as static shifts in the
data (Sternberg and others, 1988). Stations 30, 31, and 32 are
repeats of stations 2, 3, and 4. On the first day of data acquisi-
tion, the STRATAGEM transmitter was not working properly.
This problem was resolved by the second day and the stations
repeated at the end of the survey. The survey and data acqui-
sition ended when selected sites south of stations 33 and 34
could not be accessed due to active crop planting.

Potential Field (Gravity and Magnetic) Methods

Gravity surveys, whether conducted on the ground or
in the air, measure the gravity field of anomalous density
variations within the Earth. Geologic interfaces having large
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density contrasts and large relief, such as the topographic
surface and the crystalline basement surface, produce the larg-
est gravity anomalies. Interfaces between sedimentary units
generally produce small gravity anomalies. The subject of
gravity exploration and application has been covered in much
of the geophysical literature and information can be found in
many text books including Dorbin and Savit (1988), Telford

Table 5. Audio-magnetotelluric station locations used in the
Oakland, Nebraska, study area.

[Coordinates relative to the North American Datum of 1983, Universal Trans-
verse Mercator projection, Zone 14. do, same as above]

Station Date (f:::::g) '(\In(:(:‘ttlrl:)’
1 20-Apr-09 706135 4633818
2 do 706004 4634026
3 do 705866 4634244
4 do 705817 4634494
5 21-Apr-09 705596 4634761
6 do 705414 4635065
7 do 705225 4635230
8 do 704975 4635482
9 do 704955 4635750

10 do 704956 4636007
11 do 704699 4636178
12 do 704551 4636356
13 do 704349 4636503
14 22-Apr-09 704198 4636700
15 do 704013 4636497
16 do 704021 4636782
17 do 703896 4636997
18 do 703893 4637251
19 do 703853 4637494
20 do 703755 4637743
21 do 703672 4637963
22 do 703607 4638201
23 do 703482 4638395
24 do 703358 4638645
25 23-Apr-09 703220 4638850
26 do 703103 4639073
27 do 703091 4639281
28 do 702688 4639454
29 do 702723 4639714
30 do 706009 4634031
31 do 705886 4634211
32 do 705802 4634504
33 24-Apr-09 703901 4636480
34 do 703901 4636267
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Figure 3. Schematic illustration of system layout for audio-magnetotelluric survey using STRATAGEM
EH-4 system. Hx and Hy represent magnetic field receivers, and Ex and Ey represent the orthogonal ends
of the dipoles used to measure the Earth’s electric field. STRATAGEM transmitter usually was placed from
130 to 225 meters away from receiver station, depending on local near-surface geology.

and others (1990), Kearey and Brooks (1991), Blakely (1996),
and Sharma (1997).

As discussed in a following section, the gravity anomaly
produced from a sand and gravel paleochannel is small and a
high-resolution meter is required to detect the feature. Ground-
based gravity meters can resolve 1 to 5 microgallileo (uGal).
Airborne gravimeters can achieve precisions of 0.5 to 1.0 mil-
ligallileo (mGal). Airborne gravity-gradiometer (AGG) systems
have recently been applied to geological mapping (Dransfield
and others, 2010; Murphy and Brewster, 2007). The precision
achieved by the commercially available AGG systems is on the
order of 3 eotvos (E) (Murphy, 2010). The E is the industry-
accepted unit for AGG data (Lane and others, 2010). Currently
all of the systems that are commercially available are within
airborne platforms. Although these platforms are extremely
good at mapping large areas, the cost of fielding an airborne
system precluded its use in this study. For this study a high-
precision ground-based gravity meter was selected.

Magnetic total field intensity changes are produced by
variations in the magnetic mineral content of the geologic
units and variations in the time varying diurnal field. The
primary magnetic mineral found in the Earth is magnetite.
Sedimentary rocks usually have low concentrations of mag-
netite in comparison to volcanic rocks or crystalline basement
rocks. However near-surface sedimentary rocks can produce
measurable magnetic anomalies if they contain sufficient
magnetite and are folded, faulted, or truncated at an erosional
surface. Ground or airborne magnetic surveys measure the
total intensity of the Earth’s magnetic field as the ground or
airborne sensor follows survey lines either in the air or on the
surface. The measured magnetic-field data are typically pro-
cessed to remove time-varying diurnal fields and, if acquired
from and airborne sensor, are corrected for noise from aircraft
movements. The effects of Earth’s primary magnetic field
are removed to produce “magnetic anomaly data” that isolate
subtle variations related to geology.



The subject of magnetic exploration and application has
been covered in much of the geophysical literature, and infor-
mation can be found in many text books including Dobrin and
Savit (1988), Telford and others (1990), Kearey and Brooks
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[Hz, hertz; o, electrical conductivity; S/m, siemens per meter]

Table 6. Helicopter electromagnetic frequencies and theoretical
skin depths for two different layer conductivities.

(1991), Blakely (1996), and Sharma (1997). For this study an

airborne magnetometer was used in conjunction with the HEM Frequency s(kl:l';:ie‘:';;h s(kl::;:i;';;h
survey. Information on the magnetometer configuration and (Hz) 6=01S/m 6=02S/m
processing can be found in Smith and others (2008). 380 ” 1' 5 5'7 7
1,760 37.9 26.8
. . 6,520 19.7 13.9
Results of Investigation 26,640 0.8 6.9
116,400 4.7 33

For organizational purposes, this section discusses the
results of each geophysical method separately.

Helicopter Electromagnetic Results

The data from the Oakland study area were originally
released as part of Smith and others (2008). This data release
includes raw data, processed data, metadata, and the contrac-
tor’s report. Apparent resistivities for each of the frequencies
were provided by the HEM contractor and are included in
Smith and others (2008). Cultural noise can have substantial
impacts on EM data quality. Figure 4 shows the power-line
noise channel in the HEM data; it reveals the extent of power
lines in the survey area and how they are distributed along
roadways.

As discussed in a following section, a 5- to 15-m thick
layer with a conductivity of 0.1 to 0.2 S/m (5 to 10 ohm-m) is
observed in the top 20 m of the surface. Table 6 gives cal-
culated skin depths for the HEM frequencies for a medium
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with conductivity equal to 0.1 S/m (10 ohm-m). From this
we can see that the thick layer of conductive (low resistiv-
ity) Earth encountered in the survey area severely limits the
ability of the HEM method to image materials below it. In the
worst case, only the lowest two frequencies can be expected
to see through a 15-m layer of 0.2 S/m (5 ohm-m) Earth.
This exercise illustrates that it is likely that the HEM signal
will become too attenuated in the near-surface conductor to
resolve geological layers below it. Nonetheless, HEM data
were inversely modeled to better understand the distribution
of subsurface resistivity and to more thoroughly evaluate the
depth of investigation.

Inversion of Electromagnetic Data

In-phase and quadrature responses at all five frequencies
were inversely modeled using the code EM1DFM developed
at the University of British Columbia Geophysical Inversion

EXPLANATION

60-Hz monitoring channel, © ENWRA-drilled well

in parts per million

6.87
2.57
1.26
0.66
0.41
0.26
0.15
0.06
-0.02
-0.09
—0.16
-0.23

Figure 4. Power-line (60 Hz) noise
channel in the helicopter electromagnetic
data. Hz, hertz; ENWRA, Eastern
Nebraska Water Resource Assessment.
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Facility (Vancouver, B.C., Canada) to estimate the electrical
resistivity structure of the subsurface. EM1DFM is a one-
dimensional (1-D) inversion program that seeks the simplest
resistivity model that adequately fits the observed in-phase
and quadrature observations (Farquharson, 2000). The inverse
problem is solved through an optimization scheme that
iteratively seeks to minimize the model objective function,

@, through the following simplified equation (Farquharson,
2000):

© =9, Bo,,

where @, is the data misfit between the observed and cal-
culated responses and ¢, is a measure of the simplicity of

the calculated model compared to a user-defined reference
model. The trade-off parameter, 3, ultimately weights the
effects of the reference model and data misfit. Each sounding
is interpreted without consideration to neighboring data and
then profiled together to form a composite 2-D model. The
theoretical background for EM1DFM is discussed in detail by
Farquharson (2000).

EMI1DFM requires several data and user-provided inputs.
Data are compiled into an input file containing the frequencies,
height of the sensor from the ground surface, in-phase and
quadrature values, and estimates of the measurement noise.
The user then creates a starting resistivity model that defines
the initial resistivity estimates and layer distribution. Once
these files are created, additional inversion parameters must
be defined, including the type of inversion, reference model
value, weighting factors, model norm components, tolerance,
and the number of iterations.

All data were inverted for resistivity using the fixed
trade-off parameter algorithm with a single-value reference
model. The B value, model norm components, tolerance, and
the number of iterations were identical for the entire study
area. A 25-layer starting resistivity model was used to define
the initial model domain. A site-specific single resistivity value
was chosen based on the most common background resistivity
values observed in the differential resistivity sections for each
study area. Model settings are provided in table 7.

Table 7. Final parameters used during inverse modeling of
helicopter electromagnetic data.

[Data were inverted using the fixed trade-off parameter algorithm with a 25-layer,

120-meter-thick starting conductivity model. Model parameters defined in

Farquarson (2000). acs, weight for the layer in the smallest component of the con-
ductivity portion of the model norm; acz, weight for the difference between layers

in the flattest component of the conductivity component of the model norm]

Starting Reference

resistivity resistivity Fixed

trade-off Maximum

Model norm

model model . . Tolerance components
(ohm- (ohm- parameter iterations (acs, acz)
meters)  meters) (beta) ’

10 33,10 1,000 15 0.01 0.01, 1

Selection of the Trade-Off Parameter

Choosing an appropriate trade-off parameter, B, is critical
to finding a geologically realistic final solution to the inverse
problem (Farquharson and Oldenburg, 2004; Lipinski, 2007).
For the HEM data, the fixed trade-off parameter algorithm was
used, in which f is a user-defined value that remains constant
for all soundings. Through a trial-and-error process, a B value
is sought that results in calculated responses that honor the
observed data within a reasonable range of the noise while not
introducing unnecessarily complex resistivity structures.

Logarithmic values of B between 1 and 100,000 were
attempted. Inversion results for selected lines from each study
area were then manually examined for over-fitting to both
the reference model (resulting in oversimplified models) and
the measurement noise (resulting in unreasonably complex
models). Results were compared to co-located lithologic logs
and TDEM soundings to evaluate the positioning of electri-
cal layers. Differential resistivity sections (Smith and others,
2008) from the HEM data were also used to evaluate the
model complexity. Based on these comparisons, a 8 value of
1,000 was determined to be appropriate.

Figure 5 illustrates the effect of changing B values on the
model results from a single flight line from the Oakland study
area, line 10010. All other model settings were held constant,
and a reference model of 10 ohm-m was used. As the B value
is increased from 10 to 10,000, the appearance of noise inher-
ited from the observed data is reduced, and the model appears
more consistently like the single-value reference model. Some
features, such as the high-resistivity layer centered near East-
ing 708,100, remain present regardless of the B value used;
this indicates that this layer is relatively robust, and even
with a heavily weighted reference model, the observed data
demand its presence. The moderate-resistivity (50 ohm-m)
layer throughout the remainder of the profile is less consistent
between B values. This layer appears most strongly in the
scenario with the B value of 10 (fig. 5C). Because this layer
is more resistive than the reference model and more clearly
expressed as the observed data are more strongly weighted,
it is interpreted as a weakly resolved geologic contrast.
Limited borehole data exist for the Oakland study area, and
although throughout the site a glacial till layer is inconsistently
described near the top of this electrical layer, the geologic
source of this feature is uncertain.

Sensitivity-Based Approach to Exploration Depth
Estimation

Exploration depth is dependent on both the transmitted
frequency and the resistivity of subsurface, as approximated

by skin depth, z, (Telford and others, 1990, p. 309):

2,=500 (p/f)"?
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where p is the subsurface resistivity (ohm-m), and f is the EM
frequency (Hz). As the transmitted frequency increases, the
signal attenuates more quickly in the near surface resulting

in a decrease in exploration depth. However, skin depth also
shows that decreasing subsurface resistivity can also substan-
tially reduce exploration depth. Therefore, as resistivity struc-
ture changes throughout the study area, the sensitivity with
depth also changes. Here we present a differencing approach
that allows us to evaluate the sensitivity of the inversion
process to the observed data. This facilitates the removal of
regions where the user-defined model settings are controlling
the final calculated resistivity.

To better evaluate the sensitivity-limited exploration
depth of the final inversion model, all data were inverted
using two different reference models (table 7). Where the final
model is relatively insensitive to the observed data, the refer-
ence model dominates the final model resistivity. If there is
greater than 40 percent difference in model resistivity between
the two inversions at any given model cell location, the model
cell is removed. In effect, this technique leaves the robust data
unaltered and removes low-sensitivity areas. This provides
the ability to determine a more realistic exploration depth,
and data below the region where the majority of the signal has
been attenuated do not show and are thus not interpreted.

This differencing approach is illustrated in figure 6 for a
single line from the Oakland study area, line 10010. Figures
6A and 6B show that, though the majority of the resistivity
structure remained nearly identical, model values in the lower
70 m of the profiles were inherited from the reference model,
33 ohm-m and 10 ohm-m, respectively. The resistivity value of
each model cell location was compared between the profiles,
and where the difference exceeded 40 percent, the model cell
was removed from the final profile (fig. 6C).

Interpretation

The differencing procedure allows a thorough examina-
tion of the HEM system’s ability to define the paleochannel
observed in the lithologic descriptions from the ENWRA
drilled wells. Figure 7 shows the inverted HEM section of the
northwestern portion of flight line 10010. Lithologic records
from the two wells closest to the line, 32-EN-07 (about 65 m
northeast) and 30-EN-07 (about 250 m northeast) illustrate
that the shale layer defining the bottom of the paleochannel is
at least 10 m deeper than the HEM system was able to resolve
using this analysis approach.

Examination of all inverted flight lines shows some basic
trends in resistivity (figs. 7-9). In general, a thin, low-resistiv-
ity layer overlies a thicker, moderate- to high-resistivity layer
that is underlain by a thicker, low-resistivity layer. The bottom
of the inverted sections hints at a higher resistivity layer at
depth that may represent the Dakota Formation, but this layer
is poorly resolved due to the thickness and resistivity of the
overlying material (figs. 7 and 8). The most prominent feature
seen in the inverted data is the high-resistivity material in the
immediate vicinity of Logan Creek (fig. 9). The Logan Creek

valley sediments are characterized by silt and clay units that
overlie sand and gravel deposits. Hole 29-EN-07 was drilled
in an area where the HEM survey indicated highly resistive
material at depths of about 6.0 to 27.4 m. Lithologic samples
and down-hole geophysical logs confirmed the presence of
sand and gravel deposits from 5.5 m to 26.5 m overlying a
shale bedrock. Resistive units identified in the HEM survey
4.82 km north of this site were confirmed from analysis of a
CSD test hole drilled in 1950.

Time-Domain Electromagnetic Results

TDEM soundings were collected in a profile across the
suspected paleochannel in the northwestern portion of the
Oakland study area. Data quality is highly variable and pri-
marily reflects proximity to cultural noise. Inductive coupling,
due to metallic subsurface conductors, was identified within
the central segment of the profile in close proximity to a
series of underground natural gas transmission lines. At these
locations data quality is compromised at late times (oscilla-
tory behavior in the dB/dt decay curves), but removal of the
late-time data results in interpretable data. Stations strongly
affected by inductive coupling to the pipeline include 2000,
2250, 2500, and 2750 (fig. 2). More problematic is galvanic
coupling, commonly associated with power lines (fig. 4),
which results in a smooth, yet artificial, enhancement of the
dB/dt decay curve. Galvanic-coupled data can only be identi-
fied by jointly examining a number of nearby stations and
cannot be effectively corrected. Stations 0, 1500, 1750, 4500,
6750, and 7000 all show evidence of galvanic coupling (fig. 2)
and have therefore been excluded from further analysis.
Finally, stations 3000 and 3750 have decay curves that deviate
significantly from neighboring stations; this behavior is attrib-
uted to cultural noise of unknown origin, and these sites have
been excluded. In total, 21 of the 29 measured stations were
deemed acceptable for further processing and inversion.

Analysis of Time-Domain Electromagnetic Data

Data analysis for all soundings consisted of data for-
mat conversion, statistical analysis and averaging, forward
modeling, data inversion, and model assessment. Data were
processed and inverted using the SiTEM data processing
and Single-site Electromagnetics Data Inversion (SEMDI)
software packages (Auken and Nebel, 2001). The SEMDI
inversion permits full waveform specification, the modeling
of system filters, and the incorporation of data errors. Further-
more, it provides error bounds on inverted layer thicknesses
and resistivities. Data were inverted for two end-member
model classes—minimum-layer models and 20-layer smooth
inverse models. The former class of models seeks to fit the
measured data with as few distinct layers as possible, whereas
the latter seeks to fit the data with a large number of thin
layers under the constraint that the resistivity varies slowly
between adjacent layers. Minimum-layer models may be more
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study area. Lithologic data from Eastern Nebraska Water Resource Assessment drilled wells are shown for comparison.

appropriate in settings where sharp variations in resistivity
are expected, whereas smooth inverse models may be more
realistic when gradational changes are expected. Independent
knowledge from geologic mapping, borehole lithology, and
geophysical borehole logs are typically used to assess which
of the above model classes may be more appropriate in inter-
preting subsurface structure.

The modeling and inversion of TDEM data are com-
monly 1-D. This assumption is reasonable given the nature
of the regional geology (laterally expansive glacial deposits)
and the limited depth of investigation (100 to 300 m). Fur-
thermore, lithologic logs from surrounding drill holes show
correlation across the study area. Finally, the layered-earth
assumption appears validated by the final 1-D inverse models,
which, at least in the upper 100 m, generally show smooth
variation in interface depths from station to station.

All geophysical inverse problems exhibit a degree of
non-uniqueness, the TDEM method included. The non-
uniqueness stems from both inherent resolution limitations
and incomplete and inexact data. Thus, for any measured

dataset, a range of models can typically be found that ade-
quately fit the data. For most electrical methods, equivalence
exists between models with equal conductance or integrated
conductivity. Thus, for example, a model with a 10 ohm-m,
50-m-thick layer produces nearly identical measured data as
a 25-m-thick layer of 20 ohm-m resistivity. Additionally, the
TDEM method has difficulty resolving resistive layers due to
the low current densities induced within them as compared to
conductive layers.

Looking to the minimum-layer models, the data generally
support a four-layer resistivity structure with a near-surface
conductive layer of 12 + 1 ohm-m (fig. 10A). The thickness of
this layer varies across the profile (50 + 20 m) but is thickest
at the north and south ends of the profile (approximately 90 m)
and thinnest in the central portion of the profile (approxi-
mately 25 m). A second, more resistive layer appears seg-
mented along profile, with a northern section (sites 4500—
6500) characterized by a resistivity of 20 + 3 ohm-m, a central
section (sites 3000—4250) by a resistivity of 34.7 + 10.4 ohm-m,
and a southern section (sites 250-1250) by a resistivity of
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36 £ 9 ohm-m. The structural connection between the northern
and central sections cannot be unambiguously determined by
the TDEM data. This is due to the degradation in data qual-

ity at stations 2000-2750 attributed to cathodic protection on
natural gas pipelines running beneath these sites. This resistive
layer shows some thickness variation, thinning from approxi-
mately 100 m in the north to approximately 80 m in the south.
Beneath the resistive layer is a highly conductive layer with
an average resistivity of 9 + 3 ohm-m. The high-conductivity
zone appears thickest beneath the thick resistive packages and
thins out considerably where these resistive zones similarly
thin. Beneath all the above structure is a resistive zone at
depths ranging from 100 to 300 m. The resistivity of this deep-
est structure is largely unconstrained.

Interpretation

Stitched 1-D model sections are shown in figures 10A
and 10B for the minimum-layer and smooth inverse models,
respectively. Both model sections suggest continuous layer-
ing in the near surface. Using the minimum-layer model as a
guide, a thin veneer (3 to 4 m) of moderately resistive mate-
rial (60 + 30 ohm-m) overlies a highly conductive layer (11 +
1 ohm-m) across the entire profile. This conductive layer is
approximately 30 m thick on the north and south ends of the
profile, thinning to less than 15 m beneath the central profile.
The high conductivity likely reflects clay and silt within the
thick glacial till, whereas the more resistive capping layer may
reflect a rather thin unsaturated zone.

Beneath the conductive glacial till, a layer of vari-
able resistivity is imaged; beneath the north and south ends,
this layer has a resistivity of 15-20 ohm-m, but increases to
60—70 ohm-m beneath the central profile. Both smooth and
minimum-layer model sections suggest the resistive zone
pinches out to the north. However to the south, the minimum-
layer model sections show a gradual thinning, whereas the
smooth model sections suggest it pinches out. This resistive
zone to first order agrees with the sand and gravel region
identified from borehole lithology. It is unclear if this repre-
sents changes in grain size and sorting within a continuous
depositional layer or the emplacement of sand and gravel
within a paleochannel. Beneath this layer, at approximately
130 m deep, is a relatively flat conductive layer (8—15 ohm-m)
that extends across the profile. The conductance of this layer,
combined with its depth, makes it difficult to resolve struc-
ture much below 200-m depth. There is some indication of an
increase in resistivity at greater depth (not shown), but this is
poorly constrained.

Comparison of the model section to test-hole lithologic
data shows a clear correspondence with the transition from
silt and clay (glacial till) to sand and gravel. The strongest
mismatch occurs between the model and test hole 32-EN-07
and likely reflects its distance from the profile (about 1 km,
fig. 2). Interpolation of the full set of test-hole lithologic
data indicates a thickening of the glacial till northeast of the
profile, consistent with the thicker till section present in test

hole 32-EN-07. Below the glacial till, correspondence begins
to diverge between the model and the lithologic logs. The
model section favors a thick layer of variable resistivity atop

a highly conductive layer at approximately 130-m depth. In
contrast, the lithologic logs indicate a layer of sand and gravel,
as much as 50 m thick, atop a clay-shale layer at 70- to 80-m
depth that was not penetrated by any of the test holes. It is
noted, however, that both the model section and the lithologic
logs suggest that the resistive sand and gravel are thickest
beneath the central profile and thin to the north and south.

The mismatches between the TDEM models and the
test-hole data are due to several factors. Layer conductance
and the elevation of the top of a strong conductor are the two
best resolved parameters using electrical and EM methods.
We are confident that the top of the conductor is about 130 m
deep. Between the base of the glacial till and this layer there
is roughly 100 m of material, which according to the TDEM
sections is no less than 20 ohm-m (0.05 S/m); this corresponds
to a conductance of 5 siemens (S). The lithologic logs indi-
cate at most 50 m of sand-gravel with 50 ohm-m (0.02 S/m)
resistivity, or a conductance of 1 S. The underlying clay-shale
layer is approximately 5 to 10 m thick; however, this esti-
mate is based on only one test hole (THO1) that penetrated
through to sandstone. Based on borehole log resistivities of
10-20 ohm-m (0.05-0.01 S/m), this clay zone contributes
another 0.5 S. Thus to the depth that the borehole logs sample,
1.5 S can be accounted for. This suggests several things. First,
there are more conductive layers below the depth of the clay
shale encountered at 70 to 80 m at the bottom of the test holes.
Second, the TDEM models do not have the resolution to dif-
ferentiate the thin clay-shale from the overlying sand-gravel
package. Instead, a bulk resistivity that averages both of these
units as well as a deeper source of conductivity was recovered.
The lack of resolution can be attributed both to the thickness-
to-depth ratio of the target and the overlying thick conductive
till, which attenuates the induced subsurface currents. Thus,
though the configuration of the sand-gravel package cannot be
well constrained, the TDEM models do recover along-profile
variations in sub-till resistivity that correlate with the loca-
tion of the sand-gravel as identified in lithologic logs. Ground
TDEM surveys can thus provide a means for identifying
regions of sand and gravel beneath thick conductive till.

Audio-Magnetotelluric Results

AMT soundings were collected in a profile across the
suspected paleochannel in the northwestern portion of the
Oakland study area in a line similar to that of the TDEM data.
The recorded AMT time-series data were transformed to the
frequency domain and processed to determine a 2-D appar-
ent resistivity and phase tensor at each station. Time-series
datasets were selected for optimal signal-to-noise charac-
teristics prior to the cross-power calculations. Noisy data in
the time-series, spectral, and resistivity data were culled out.
Cross-power and MT impedance data files were created with
the STRATAGEM data acquisition program IMAGEM. These



files are used as input to the 2-D inversion modeling program.
Since the STRATAGEM is a single-station MT sounding
system, remote reference processing, as discussed in Gamble
and others (1979), and then more advanced multistation
processing (Egbert, 1997) could not be utilized. Several of the
noisier sites would have clearly benefited by the use of remote
reference stations.

During the 2-D analysis and interpretation process, each
station was rotated to a fixed angle (60°) determined by the
perpendicular direction to the given nominal profile orienta-
tion of N.30°W. Rotation of the impedance tensor allows for
decoupling into the TE and TM modes.

A measure of the dimensionality for MT data is pro-
vided by the impedance skew of the impedance tensor
(Vozoff, 1972). If the effective measured resistivity response
to the geology beneath an AMT station is truly 1- or 2-D,
then the skew will be zero. Instrument and environmental
sources of electrical noise can cause nonzero skew values.
Skew values typically are small (about 0.1) for relatively low
noise recordings. Higher skews (above 0.2) are an indication
of either the resistivity response to 3-D geology or higher
levels of noise. Manmade electrical noise, such as power
lines, power generators, and moving vehicles and trains, can
have a negative effect on AMT data quality. All of these local
disturbances can produce incoherent noise that mainly affects
frequencies above 1 Hz. Other manmade electrical noise, such
as direct-current electric trains and active cathodic protection
of pipelines, produces coherent electromagnetic signals that
mainly affect frequencies below 1 Hz.

Analysis of Audio-Magnetotelluric Data

A 2-D inverse and forward modeling analysis of the
Oakland AMT data was performed. Wannamaker (1983)
found that although some AMT responses are fundamentally
3-D in nature, for elongated structures, 2-D modeling could
be used to construct reasonable estimates of the resistivity
cross sections along each profile. Wannamaker and oth-
ers (1984) demonstrated that approximating 3-D structure
beneath a centrally located profile with 2-D modeling is best
achieved when fitting the TM curve, even at the expense of
a poor fit of the TE curve. However, because TM data are
relatively insensitive to the depth extent of a subsurface body
(Eberhart-Phillips and others, 1995), the depths to the base
of the bodies in the model are not well constrained. Hence,
mixed mode analysis (modeling the TM/TE mode) may help
clarify the modeling results.

Two-dimensional resistivity models were constructed for
the 7-km-long profile. Not all soundings were included in the
inversion analysis, because of the separation distance between
stations that is required by the inversion program. The projec-
tion of stations 15, 33, and 34 onto the survey transect puts
stations 15 and 33 almost directly on top of each other and right
next to station 14 (fig. 2). Station 34 becomes too close to sta-
tion 13. Station 14 was selected for use in the inversion because
it was closest to the survey transect. Since station 13 was
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somewhat contaminated by the powered sprinkler pivot, it was
not used in the inversion, and station 34 was used in its place.

The 2-D inversions of the AMT data were conducted
using the computer program RLM2DI (Mackie and others,
1997; and Rodi and Mackie, 2001) from within GEOTOOLS
(Geotools, 1998), a shell program specifically designed to
process and interpret MT and AMT data. This was followed
by the application of the 2-D forward modeling algorithm pro-
gram, PW2D, developed by Wannamaker and others (1987).
The results of the RLM2DI 2-D inversion were used as the
initial input model for the forward modeling, PW2D, where a
sensitivity analysis was performed on the conductive struc-
tures derived from the inversion results.

RLM2DI uses a finite-difference network analog to the
Maxwell’s equations governing the magnetotelluric method to
calculate the forward solution and a nonlinear conjugate-gradi-
ent-optimization approach that is applied directly to the mini-
mization of the objective function for the inverse problem.
PW2D is a stable finite-element algorithm that simulates trans-
verse electric and magnetic fields using a linear basis across
each finite element. The inversion algorithm, RLM2DI, was
usually allowed to batch run 25 iterations in order to reduce
to a reasonable value the root-mean-square error between the
field data and the numerical model. The number of iterations
of forward modeling (PW2D) necessary depended on how
complex the profile inversion results were from RLM2DI.

The RLM2DI inversion model for the Oakland AMT data
used 92 horizontal cells and 59 vertical cells. The number of
horizontal and vertical nodes necessary for the iterative forward
modeling (PW2D) algorithm to accurately model the subsur-
face resistivity distribution in the Oakland area was greater
than the number of cells required by the inversion algorithm.
This is a function of some fundamental differences between
how finite-difference and finite-element algorithms handle the
numerical boundary conditions and, subsequently, how the
electric and magnetic fields were calculated across the mesh.
The forward model used 134 horizontal and 62 vertical cells.

The edges of the forward model were extended horizon-
tally and vertically to minimize edge effects. The resolution
of the resistivity boundaries used for each model is somewhat
subjective. If different resistivities were used, then bound-
ary positions and layer depths would have to be adjusted to
achieve similar fits to the observed data. The extreme case
would be to use a model with a “continuous” resistivity
gradient from low to high resistivities. The resolution of the
resistivity boundaries is also, in part, a function of the model
grid-mesh design. The models’ depths were assigned relative
to the Earth’s surface. Nine additional vertical nodes are usu-
ally added to model the overlying air layer.

Interpretation

The results for the TM-mode inverse modeling are pre-
sented in figure 11A. This allows for a better spatial perspec-
tive on the relations between the different resistivity distribu-
tions. From the ground surface, there is a 5-10 ohm-m layer
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that is 515 m thick extending along the entire transect. On
the northwest end of the line, between stations 25 to 28, this
conductive zone is thickest. It begins at the ground surface and
extends down to about 25-m depth. Elsewhere the depth to the
top of this conductive zone is about 10 m.

There is an electrically resistive zone (50-200 ohm-m) in
the center of the profile between 25-m and 60-m depth. This
zone begins just northwest of station 10 and ends just south-
east of station 16. This zone may in fact be two different mate-
rials as it is more resistive on the northwest side (stations 34
and 14) and less resistive on the southeast side (stations 11
and 12). The zone under stations 34 and 14 extends deeper
than that under stations 11 and 12. At around 130-m depth, the
resistive zone under stations 34 and 14 begins to spread out,
and then below 150-m depth, the zone extends laterally from
beneath station 24 to station 11.

The resistive zone beneath stations 18, 19, 20, and 21
between 25-m and 60-m depth may be the same material as in
the center of the profile (figs. 2 and 11). Similarly, a smaller
resistive zone is located beneath stations 6 and 7 beginning
at 40-m depth and extends to greater depths with a slight
northwesterly dip. A third resistive zone is located beneath sta-
tions 1, 30, 31, and 32 at depth with resistivities ranging from
50-200 ohm-m.

There are also two conductive zones of interest. One is
beneath stations 22, 23, 24, 25, and 26 and the other beneath
stations 30, 31, 32, and 5 (figs. 2 and 11). The northwest con-
ductive zone is between around 50-m and 100-m depth, and the
southeast conductive zone lies between 40-m and 80-m depth.

The inversion results for the TE-mode data are presented
in fig. 11B. The results are similar and different in comparison
to the TM-mode results in fig. 11A. The resistive zone beneath
stations 11, 12, 34, 14, and now 16 are clearly divided into
two separate resistive zones. The 50 ohm-m zone, between
stations 10 and 12, begins at shallower depths (perhaps 10 m
deep). The second zone with resistivities of 50-200 ohm-m is
beneath stations 34, 14, and 16 and again extends to depth.

Athird resistive zone on the southeast end of the line,
similar to that observed in the TM-mode data, is more clearly
delineated in the TE-mode inversion results. Examination of
the section suggests that there may be some periodicity to the
resistive zones at depth. The shapes are similar and the centers
of the three large resistive zones are regularly separated by
approximately 2,000 m. This indicates that they may be related
in some fashion through geologic deposition, composition, or
structure.

The mixed mode TM/TE inversion modeling results are
presented in fig. 11C. This figure represents some combination
of the resistivity distributions depicted in figs. 1A and 11B.
The general features of both sets of data are clearly delineated.
The shallow, near-surface conductive layer is apparent as are
the two conductive zones on the northwest and southeast ends
of the lines. The central resistive zone beneath stations 10
through 16 in the TM-mode model is clearly separated here
into two separate zones with two distinct resistivities. One is
beneath stations 9, 10, 11, and 12 between depths of 25 and
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60 m with a resistivity of approximately 50 ohm-m. The other
is beneath stations 34, 14, 16, and 17, has resistivities ranging
from 50 to 200 ohm-m, and extends to at least 300-m depth.
The periodicity of the three resistive zones at depth is also
observed in these TM/TE results.

In geophysical exploration, verification of an interpreta-
tion takes the form of agreement between the results from
multiple techniques. One of those multiple techniques usu-
ally includes, if they are available, information from borehole
logging measurements. The Oakland study area has 16-inch
short-normal and 64-inch long-normal borehole resistivity
logs available from several test holes close to the AMT profile
(fig. 2B). Only boreholes 33-EN-07 and 25-EN-07 are almost
directly on the profile. The other borehole locations have been
orthogonally projected onto the profile and are placed near the
closest AMT stations. These are listed in table 8. The 16-inch
short-normal borehole resistivity measurements are overlain
on the AMT inversion modeling sections shown in fig. 11.

Table 8. List of test holes in the Oakland, Nebraska,
study area with 16-inch short-normal resistivity logs
projected on audio-magnetotelluric (AMT) profile.

Hole name CIosesf
AMT station
33-EN-07 1
31-EN-07 7
26-EN-07 10
25-EN-07 16
32-EN-07 23

The AMT inversion results and those of the borehole
resistivity logging generally match quite well taking into
account the locations of the test holes relative to the AMT pro-
file. The near-surface resistivities in the borehole logs indicate
low electrical resistivities (in the range of 20-30 ohm-m) and
the resistivities in the lower sections of the borehole logs gen-
erally indicate more resistive material (as much as 100 ohm-m). The
AMT sections also indicate low resistivities in the near-surface
(in the range of 5-10 ohm-m) and more resistive material at
depth (50-100 ohm-m). However, at the bottom of boreholes,
the logs indicate generally more conductive material, which is
not consistently observed at similar depths in the AMT results.
The low resitivity zone is observed in the AMT results near
test hole 32-EN-07 but not for 25-EN-07, which is closest to
the AMT profile. This would suggest that the geology along
the profile exhibits a large degree of lateral heterogeneity. It
is also then likely that what could be considered one single
paleochannel based only on borehole information in fact prob-
ably consists of multiple smaller channels and lenses of more
porous alluvium material.

Magnetotelluric impedance polar plots or diagrams
provide a measure of MT data dimensionality (Reddy and oth-
ers, 1977). Figure 12 is a polar plot of stations 14, 16, 25, and
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30 at 50 Hz. The purpose of this figure is to provide a spatially
located comparison of the change in the nature of the polar
diagrams along the survey transect. For 1-D resistivity struc-
tures, the principal impedance polar diagram (yellow-green
line, fig. 12) is a circle. For 2-D or 3-D resistivity structures,
the principal impedance polar diagram (yellow-green line)
elongates either parallel or perpendicular to strike direction.
Over resistors, the principal impedance polar diagram elon-
gates perpendicular to strike direction, and over conductors,

it elongates parallel to strike direction. For 2-D resistivity
structures, the off-diagonal impedance polar diagram (brown
lines, fig. 12) attains the shape of a symmetric cloverleaf. Note
that in electromagnetic exploration, high frequencies sample
shallow depths and low frequencies sample deeper depths. The
ultimate depth of penetration depends on the ground electrical
conductivity.

These plots will now be discussed in conjunction with
the TM, TE, and TM/TE inversion model results. Beginning
with station 30 on the southeast end of the line, the principal
impedance polar diagrams (yellow-green lines) indicate pre-
dominantly 2-D geology, and the additional impedance polar
diagrams (brown lines) indicate a little 3-D character in the
subsurface. This is all inferred by the shape of the polar plots.
As mentioned in the AMT data analysis section above, over
resistors, the principal impedance polar diagrams elongate
perpendicular to geologic strike, and over conductors, the prin-
cipal impedance polar diagrams elongate parallel to the strike
direction. At station 30 the principal impedance polar diagram
is elongated in a northwesterly direction, which indicates a
southwest—northeast geologic strike direction. The additional
impedance polar diagrams are generally low in amplitude but
do have some small amount of elongation in the north-north-
west direction. The polar diagram for station 30 is interpreted
as indicating the resistive zone shown in figure 12C beneath
station 1 and stations farther southeast.

Station 14 sits on about 20 m of conductive material and
then resistive material down to at least 300-m depth (fig. 11C).
The polar diagram (fig. 12) must be interpreted in terms of
a conductive material response, and the diagram should be
interpreted in terms of a resistive material response. The dia-
gram indicates 2-D structure oriented southwest—northeast and
moderate 3-D structure.

There is a substantial change in the character of the struc-
ture indicated at stations 14 and 16. Although the near surface
regions at both stations are basically 1-D to 2-D, the deeper
subsurface at station 16 indicates a much different structure
than at station 14 (fig. 12). The polar diagram indicates a
very strong 3-D structure is present (larger brown lines of the
additional impedance polar diagram) (fig. 12). Whereas the
2-D strike at station 16 is now more northerly in direction, the
3-D structure still has a predominantly southwest to northeast
orientation.

The polar diagram at station 25 indicates mostly 1-D
to 2-D with almost no 3-D resistivity distributions present
(fig. 12). These all correlate very well with what is depicted in
the TM-, TE-, and TMTE-mode inversion results (fig. 11).

Results of Investigation 27

Potential Field (Gravity and Magnetic) Results

An airborne geophysical survey of the study area was
undertaken in an attempt to map the buried channel system
(Abraham and others, 2007). As discussed elsewhere in this
report, the airborne electromagnetic system was unable to pen-
etrate the thick conductive till layer forming the topography. In
addition to the EM sensors, the airborne system incorporated a
precision total field magnetometer. A description and prelimi-
nary interpretation of the high-resolution aeromagnetic data it
collected is presented later in this section. Also discussed in
this section is a study of the feasibility of using airborne grav-
ity or gravity-gradiometer measurements to map the buried
channels. The feasibility study, which consisted of 3-D density
modeling along with some ground-based gravity profile mea-
surements, was necessary because of the high cost of conduct-
ing an airborne gravity survey.

Gravity and magnetic investigations of glacial deposits
in this area are complicated by several factors. If they exist
at all, the gravity and magnetic anomalies arising from the
thickness and compositional variations of the glacial sands
and gravels would likely be extremely small. Both gravity
and magnetic fields are dominated by high-amplitude, longer
wavelength anomalies produced by density and magnetization
contrasts in the basement rocks, which are located several
hundred meters below the bedrock surface. Lateral variations
in the bedrock geology may produce magnetic and gravity
anomalies that are significant enough to be detectable by
qualitative interpretation methods. The till unit produces a
topographic surface that may introduce signal into the aero-
magnetic data and will certainly generate up to 90 percent of
the signal power in any measured gravity anomaly. Success in
removing the topographic signal from the gravity will depend
on how uniform the density of the till is and how well this
density is known. Finally, the aeromagnetic data are contami-
nated by short-wavelength anomalies produced by cultural
features such as power lines, pipelines, radio towers, and
cased boreholes—all of which obscure the signal produced
by subtle geologic features. This section first presents the
results of the gravity modeling feasibility study, followed by
the analysis of the ground-gravity and airborne magnetic-field
surveys.

Gravity Modeling

Radar altimeter and global positioning system data from
the airborne geophysical survey (fig. 2) were used to create
a digital terrain model for the study area (fig. 13). The total
relief of the terrain in this area is 72.35 m. Lithologic logs
from ENWRA-drilled test holes (fig. 2) were then used to
identify the elevations of the interfaces between the upper till
unit, the intermediate sand and gravel unit, and the underly-
ing bedrock shale unit (table 9) relative to the digital terrain
model. Grids of these interfaces were created using minimum
curvature gridding to extrapolate away from and interpolate
between the borehole picks (figs. 14A and 14B). The bedrock
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Table 9. Basic borehole data showing picks on the base of till
and base of sand for the Oakland, Nebraska, study area.

[In this simplified model, the till unit extends from the ground surface to its
base (base till). The sand and gravel unit extends from the base of till to the
bedrock surface (base sand)]

Base till Base sand
Hole name elevation elevation

(meters) (meters)
01-EN-06 368 345
02-EN-06 358 345
03-EN-06 337 314
04-EN-06 349 329
05-EN-06 353 345
22-EN-07 365 349
23-EN-07 351 332
24-EN-07 352 323
25-EN-07 358 320
26-EN-07 366 325
27-EN-07 327 324
28-EN-07 348 343
29-EN-07 347 326
30-EN-07 356 309
31-EN-07 350 316
32-EN-07 348 326

33-EN-07 336 323

EXPLANATION
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Figure 13. Shaded-relief map showing

the digital terrain model of the Oakland,
Nebraska, study area. ENWRA, Eastern
Nebraska Water Resource Assessment.

surface (fig. 14B) forms a broad, northeast-trending depres-
sion through the center of the study area flanked by higher
bedrock on the east and northwest. The apparent total relief
of the bedrock surface is 42.16 m. Subtracting the bedrock
elevation surface from the top-of-sand elevation surface
yields the thickness of the sand and gravel unit (fig. 14C).
The sand and gravel unit is thickest along the northwest
side of the bedrock depression, forming a northeast-trending
mound or channel that is the target of the geophysical
investigations.

The three gridded interfaces—terrain, base of till, and
base of sand—were used to create a voxel model of the study
area geology. This model was used to calculate theoretical
gravity fields on the terrain surface and at aircraft altitude
in order to evaluate the feasibility of using ground-based or
airborne gravity surveys to map the buried channel deposits.
The individual voxel elements measured 25 m by 25 m by
10 m thick. Calculations were done using 3-D Fast Fourier
Transforms (Caratori Tontini and others, 2009) and tri-linear
interpolation.

Densities were assigned to the till, sand and gravel, and
bedrock shale units as shown in table 10 (column 2). The cal-
culated vertical gravity field on the terrain surface (fig. 15A)
has a range of 4.86 mGal, and is dominated by the effect
of the terrain itself. A terrain-corrected gravity field can be
calculated by subtracting the gravity field of uniform-density
terrain from the uncorrected gravity field. This is equivalent
to assigning the densities shown in table 10, column 3 to
the model. The terrain-corrected gravity field on the terrain
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Figure 14. Maps of the Oakland, Nebraska, study area showing the elevation of A, base of till (or top of sand) and

B, base of sand (or bedrock surface) as estimated from lithologic data from Eastern Nebraska Water Resource
Assessment (ENWRA) drilled wells using minimum-curvature gridding; C, sand thickness (isopach) is estimated using
the till and sand bases.
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Table 10. Density values assigned to the gravity model for the
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Oakland, Nebraska, study area.

[g/cm?®, gram per cubic centimeter]

surface (fig. 15B) has a range of only 0.40 mGal, and is
dominated by the signal produced by the bedrock surface. The
target sand and gravel channel does not produce an obvious
gravity signal. The terrain-corrected vertical gravity gradient,
calculated on the terrain surface (fig. 15C), also fails to image
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Vertical gravity Terrain-corrected Vertical gravity

field, in gravity field, gradient, in

milligals (A) in milligals (B) milligals (C)
79 0.59 216
16 0.57 24.8
14 0.55 21.9
11 0.53 19.1
6.9 0.51 16.3
6.6 0.49 135
6.4 0.47 10.7
6.2 0.45 78
5.9 0.43 5.0
5.7 0.41 2.2
5.4 0.38 0.6
5.2 0.36 -34
49 0.34 -6.3
47 0.32 -9.1
44 0.30 -11.9
42 0.28 -14.7
39 0.26 -17.5
3.7 0.24 -20.4
34 0.22 -23.2
3.0 0.18 -26.8

Figure 15. Maps of the Oakland, Nebraska, study area showing A, calculated vertical gravity field on the terrain,

B, calculated terrain-corrected gravity on the terrain (this is the estimated gravity field of the sand unit and the
underlying bedrock), and C, calculated terrain-corrected vertical gravity gradient on the terrain. The apparent stepping
is an artifact of the 10-meter vertical resolution of the density voxel model.



Gravity Survey

Available gravity data for the Oakland study area include
regional gravity station data and a gravity profile collected on
the ground across the target paleochannel as part of this study
(figs. 2 and 16). This profile followed a drainage in order to
minimize the effect of terrain on the gravity data. The gravity-
station spacing along the profile was 250 m. Eleven regional
gravity stations exist within the boundary of the study area
(shown as black plus symbols in fig. 16). Additional stations
lie just outside the study area. The regional gravity field is
dominated by elliptical gravity highs produced by dense mafic
rocks in the Precambrian basement.

The complete Bouguer gravity anomaly was computed
using a standard density of 2.67 g/cm?® for the terrain correc-
tion (fig. 16). The resulting gravity profile displays a 9-mGal
linear trend that follows that of the regional gravity field.
After removal of this trend, the residual gravity anomalies
have an amplitude range of less than 2 mGal (fig. 17A). This
residual gravity field does not show any obvious correla-
tion with the target sand and gravel body as modeled using
the borehole data (model 1). Applying the standard terrain-
corrected density contrasts (table 10, column 4), the calcu-
lated field of model 1 has a root-mean-squared misfit of over
0.5 mGal (fig. 17B).

In order to reproduce the residual gravity field using relief
on the bedrock surface, nearly 100 m of relief would be required
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if a large density contrast of 0.5 g/cm?® was used (model 2,

fig. 17C). A more realistic density contrast of 0.2 or 0.3 g/cm’
would require around 200 m of relief on the bedrock surface.
The borehole data do not support bedrock relief of more than
50 m within the study area. It follows that the residual gravity
field along the profile is most likely produced primarily by den-
sity variations within the bedrock, with secondary contributions
from the overlying sand-gravel and till units. Because the scale
and distribution of density variations within the bedrock units
are completely unknown, meaningful interpretation of sand and
gravel thickness variations from a ground-based microgravity
survey would likely prove impossible.

Magnetic Survey

As part of the airborne geophysical survey, aeromagnetic
data were collected along flight lines spaced 250 m apart
(fig. 2) and at a ground clearance of about 30 m. The gridded
aeromagnetic data (fig. 18) display a combination of high-
amplitude, long-wavelength anomalies produced by geologic
sources at depth and short-wavelength anomalies produced
by cultural sources, such as wells and power lines. Due to the
extremely low altitude and wide flight-line spacing, the anom-
alies due to cultural sources are badly aliased by the gridding.
These anomalies appear to have power at unrealistically long
wavelengths, and thus are difficult to separate from anomalies
generated by geologic sources at bedrock depths.

EXPLANATION
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Figure 16. Observed complete Bouguer
gravity anomaly from regional gravity
stations. The black box outlines the
Oakland, Nebraska, study area.
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Figure 17. Graphs showing A, observed gravity profile and calculated gravity profiles from B, density

model based on the lithologic data from the Eastern Nebraska Water Resource Assessment drilled test
holes (model 1), and C, idealized density model that attempts to recreate the observed gravity profile
(model 2). The standard terrain-corrected density contrasts are shown for each model layer. The relief of
model 2 bedrock surface would be even greater if a more realistic (lower) bedrock density contrast was
used. p, densities; g/cm?, gram per cubic centimeter.
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The long-wavelength magnetic anomalies are similar to
regional gravity anomalies attributed to mafic rocks in the Pre-
cambrian basement. However, the magnetic anomalies do not
correspond directly to the gravity anomalies, and some of the
highest amplitude magnetic anomalies occur over parts of the
sand and gravel channel. In order to eliminate the possibility
that the long-wavelength magnetic anomalies are produced by
extremely magnetic sands at shallow depth, magnetic suscep-
tibility measurements were made on cuttings from borehole
THO1 (shown on fig. 19). The magnetic susceptibility mea-
surements (fig. 19) demonstrate that that the sand and gravel
units are essentially nonmagnetic, and the overlying till units
are only slightly magnetic.

In order to further investigate the distribution of magnetic
sources with depth, matched bandpass filtering (Syberg, 1972;
Phillips, 2001) was applied to the gridded acromagnetic data.
The matched filtering approach involves constructing a math-
ematical model out of equivalent magnetic layers, such that
the power spectrum of the model matches the power spectrum
of the aeromagnetic data. Each equivalent layer in the model
corresponds to a bandpass filter, which when applied to the
aeromagnetic data, reveals the portion of the magnetic field
produced at the depth of the equivalent layer.

The results of matched bandpass filtering will depend
on the number and type of equivalent layers used to fit the
power spectrum. Layers may be either thin “dipole” layers or
thick magnetic half-spaces. Because the finite widths of the
magnetic sources are ignored, depths to the equivalent layers
are usually overestimates of the true depth. Normally, the
power spectrum of an aeromagnetic dataset should be mod-
eled using one or more thin equivalent layers at shallow depth
to fit the flight-line noise and the cultural sources, and one or
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EXPLANATION
Residual magnetic anomaly, O ENWRA-drilled well
in nanotesla
713
320
188
135
99
61
10
—-106
-230  Figure 18. Aeromagnetic anomalies
376 observed along the airborne geophysical
flight lines from the Oakland, Nebraska,
-571  study area. The location of borehole THO1

Depth, in meters below ground surface

\J
C‘@ﬁ
0. 3¢
322
I

is indicated. ENWRA, Eastern Nebraska
Water Resource Assessment.

Magnetic susceptibility,
in 10 Sl units Lithology

20

30

|

50

60

70

80

Figure 19. Magnetic susceptibility
measurements on cuttings from borehole THO1.



34 Evaluation of Geophysical Techniques for the Detection of Paleochannels in the Oakland Area of Eastern Nebraska

A Universal Transverse Mercator (UTM) Easting, in meters
700,000 705,000 710,000
I I I
:uej J r.n
g -I_|.rr"I h"-.
= 4,640,000 — S
;3 'H' H‘lh'
£ ...
S Iy L!h"h._
= ‘ L
5 . Th
5 4635000 A t
S \‘ L
g M e :{
8 b
E ‘l_!“ i\j‘
% ﬁqﬁ fn‘
= = Iy
= 4630000 A oF
w -,
g "“-..__“1 a
S 1 r.r‘r
| | |
c
I I I
® Sy
2 .
E 1640000 [ - ok
= -
- L h
g ' 'J hl-»
£ ol 7\1
= ;-“! e
= T .... S
) " .
= 4635000 “..% ."- '
§ ““ I L'L_
(5} -
= LI |4
3 RN E
s ~ ol
2 T ,
© s
= 4630000 ‘i.g, .r"'r
p "
g ., By
= 5 F
5 [
| | |

Universal Transverse Mercator projection, Zone 14
Horizontal datum is North American Datum of 1983

EXPLANATION

Residual magnetic Residual magnetic

anomaly, anomaly,
in nanotesla (A) in nanotesla (B)
0.80 8.4
0.26 4.2
0.14 3.0
0.09 22
0.06 1.6
0.04 1.1
0.03 0.8
0.02 0.4
0.01 0.2
0.00 -0.1
-0.01 0.4
-0.02 -0.7
-0.03 -1.0
-0.04 -1.4
-0.06 -1.8
-0.09 -2.4
-0.13 -3.2
-0.22 4.3
-0.44 6.4

Residual magnetic
anomaly,
in nanotesla (C)

284
16.2

Residual magnetic
anomaly,
in nanotesla (D)

515
320
233
190
158
136
117
102
83
64
40

9
-29
-104
-170
-229
-304
=375
—446

B Universal Transverse Mercator (UTM) Easting, in meters
700,000 710,000
I I I
AN
K ‘1&&
" L
T \.\
4 -
— -“-"‘ . —
"\q‘ 8
n B
"'..q“ 4
. r
"!“’i' .lj
. )
— - ; —
T, .
~r
LT - r"
| | |
D

-u'"

2.5 5 KILOMETERS
|

o—o0o

|
25 5MILES

Figure 20. Shaded-relief maps of the Oakland,
Nebraska, study area showing A, highpass-filtered
aeromagnetic anomalies produced near the ground
surface, B, bandpass-filtered aeromagnetic anomalies
produced near an equivalent depth of 98 meters
(these may represent the aliased long wavelengths
from the cultural anomalies as well as any magnetic
signals from the bedrock surface), C, bandpass-
filtered aeromagnetic anomalies produced near

an equivalent depth of 620 meters (the amplitudes

of these anomalies suggest that they represent

the shorter wavelength components of anomalies
produced by Precambrian basement sources), and

D, lowpass-filtered aeromagnetic anomalies produced
near an equivalent depth of 1,956 meters (these
represent the longer wavelength anomalies produced
by sources at the Precambrian basement surface).



more magnetic half-spaces at greater depth to fit the geo-
logic sources. In the case of the Oakland aeromagnetic data,
the aliasing of the cultural anomalies required that magnetic
half-spaces be used for all the equivalent layers. Four equiva-
lent layers were used, at depths of 24, 98, 620, and 1,956 m
below the flight surface. The magnetic anomalies produced
by the 24-m equivalent layer (fig. 20A) represent the residual
flight-line noise, the short-wavelength cultural anomalies,
and any magnetic signal from the glacial till, which forms the
topographic surface. Topographic anomalies are not appar-
ent, indicating that the till is not a significant magnetic source.
The magnetic anomalies produced by the 98-m equivalent
layer (fig. 20B) represent the aliased long wavelengths from
the cultural anomalies as well as any magnetic signals from
the bedrock surface. Magnetic sources in the bedrock appear
to strike east—west and east—northeast in the northern part of
the study area. A northeast-trending magnetic channel system
may be present within the bedrock in the southeast third of the
area. The magnetic anomalies produced by equivalent layers
at depths of 620 and 1,956 m (fig. 20C, 20D) likely represent
sources near the Precambrian basement surface.

Summary and Discussion

The U.S. Geological Survey performed surface geophysical
surveys along a 7-km transect over a presumed paleochannel in
a study area west of Oakland, Nebraska, which was the subject
of a helicopter electromagnetic study in 2007. Because of very
limited groundwater resources in this region, improved hydro-
geologic mapping and characterization techniques are needed to
delineate aquifers, assess their degree of hydrologic connection
with streams and other aquifers, and better predict water quality
and quantity. The objectives of the surveys were to evaluate
and compare the capabilities of several geophysical methods—
time-domain electromagnetic (TDEM), audio-magnetotelluric
(AMT), gravity, and magnetic field—to detect and delineate
paleochannels in the glacial deposits of eastern Nebraska.

The HEM method proved to have insufficient depth of
penetration to reveal buried paleochannels. The TDEM and
AMT methods achieved sufficient depth of penetration, but did
not detect the assumed 1-km-wide paleochannel. It is also then
likely that what could be considered one single paleochannel
based only on borehole information, in fact, probably con-
sists of multiple smaller channels and lenses of more porous
alluvium material. Simulated gravity anomalies indicate
that thickening of an important sand and gravel aquifer near
Oakland, Nebraska, would be difficult to detect using ground-
based or airborne gravity measurements. Even with perfect
correction for terrain effects, the gravity anomaly produced
by the thickness variations observed in boreholes would only
have an amplitude of 0.4 mGal at the ground surface.

TDEM measurements reveal subsurface resistivity struc-
ture to depths of 200 m. Inversion of data along a 7-km profile
define a layer of conductive glacial till of variable thickness
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(1540 m) atop a layer of variable resistivity that represents

a volume average of gravel and sand, one or more clay and
shale layers, and a deeper sandstone layer, as defined in part

by lithologic data. All the above overlie a flat-lying conductive
horizon at 130-m depth, attributed to a clay-shale unit within the
Cretaceous Dakota Formation. Although the TDEM models are
unable to define the geometry of the sand-gravel package, they
do indicate an increase in resistivity that is spatially coincident
with the package. Thus TDEM measurements offer the ability
to identify resistive regions beneath thick glacial till that may
be related to sand and gravel lenses or paleochannels. Sensitiv-
ity studies modeled upon commercial airborne TDEM systems
suggest that such resistive lenses or paleochannels are resolv-
able beneath thick conductive till to depths of 100-150 m. Such
modeling is idealized and does not account for system bias,
cultural noise, spatial aliasing, and the effects of incomplete or
erroneous system characterization (sensor altitude and orienta-
tion, system filters, and relative timing). The spatial coverage
offered by airborne systems, however, provides opportunities to
identify resistive lenses and (or) paleochannels that cannot be
easily discerned from limited ground data.

After correction for the regional gravity field, a gravity
profile measured across the thickened sand and gravel unit
displays a residual amplitude range of less than 2 mGal. The
residual anomalies are uncorrelated with the thickened aquifer
unit and cannot be explained by the observed relief on the bed-
rock surface, and most likely are produced by density varia-
tions within the bedrock shale units. Any such bedrock density
variations would further impede detection of the thickened
aquifer unit using gravity measurements.

Magnetic susceptibility measurements on borehole
cuttings indicate that the sand and gravel unit is effectively
nonmagnetic, and the overlying till unit is only weakly mag-
netic. High-resolution acromagnetic data collected 30 m above
ground are dominated by high-amplitude, long-wavelength
anomalies produced at the Precambrian basement surface and
short-wavelength anomalies produced by cultural sources near
the ground surface. Filtered aeromagnetic anomalies indicate
no contributions from geologic units above the bedrock sur-
face, and only weak contributions from susceptibility varia-
tions within the bedrock shales.

Based on these results, neither gravity measurements nor
magnetic measurements are likely to detect the thickened aqui-
fer unit that is the target of these investigations.

According to forward models TDEM and AMT should
have located a paleochannel in the glacial till deposits. If a
paleochannel exists in the study area, it is probably in the
Dakota Formation underlying the glacial till deposits, and it
probably does not intersect the geophysical transect.

Future Work

This research was focused on identifying a geophysical
technique capable of detecting the aquifers within the heavy
tills of eastern Nebraska. The Oakland area was chosen as a
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test area for the evaluation of four geophysical methods. Of
the methods that were evaluated, TDEM has the ability to be
deployed from an airborne platform. Airborne TDEM methods
have found considerable use throughout the world (Auken and
others, 2007; Fountain, 2008; Siemon and others, 2009). Air-
borne methods are particularly useful for mapping large areas
in a time efficient manner.

In order to evaluate the suitability of the airborne platform
to identify the location of aquifers within the heavy tills of east-
ern Nebraska, a numerical study was performed using Earth
models derived from the ground TDEM that was collected over
the Oakland study area. Three electrical Earth models were uti-
lized in this numerical modeling study: (1) southern end of the
TDEM profile, (2) center of the TDEM profile, and (3) north
end of the TDEM profile (table 11) (fig. 21).

Two general airborne TDEM systems were modeled that
would perform moderately well in the environment of the
heavy tills of eastern Nebraska. These systems do not repre-
sent specific single commercial systems but are representative
of several of the systems available and represent their capa-
bilities (table 11). Airborne system 1 represents a collection
of systems that are typically found in the mineral exploration
industry. Airborne system 2 represents a collection of systems
that are designed for near-surface characterizations and typi-
cally found in groundwater studies.

As a comparison, the electrical Earth models were mod-
eled using a ground TDEM system configuration (fig. 21). The
ground system indicates that the response curves (two curves
from each model due to duty cycle from modeled ground sys-
tem) from the three models indicate a low resistivity (northern
model), moderate resistivity (central model), and low resistiv-
ity (southern model). To simulate actual data more accurately,
10-percent noise was added to the signals and is represented
as error bars in figure 21B. For the ground modeling, a clear
separation can be seen in the response curves from the central
model from both the northern and the southern models. There
is no clear separation between the northern and southern
model. The modeling of the ground TDEM system is solely to
serve as a reference for the airborne system modeling results.
Results of modeling airborne system 1 indicate that there is

Table 11.

a detectable separation in the response curves between the
central model and both northern and southern models (fig. 21).
As with the ground system, there is no detectible difference

in the northern and southern models. Results of modeling
airborne system 2 indicate that there is a detectable separation
in the response curves between the central model and both the
northern and southern models (fig. 21). As with the ground
system and airborne system 1, there is no detectible difference
in the northern and southern models. All modeling results are
indicating that the electrical Earth models from the central
area of the Oakland TDEM profile can be distinguished from
both the northern and southern ends.

Although the detection of the moderate resistivity zone
represented by the central model is achievable at the surface
and by both systems modeled, it needs to be cautioned that due
to the non-uniqueness of the inversions, accurately modeling
the thickness and absolute resistivity of the moderate resis-
tivity layer is unlikely. As explained in the above section on
the TDEM method, the resolution of resistors is much more
challenging than detecting conductive features. Due to the low
electrical resistivity contrast of the sand and gravel deposits
within the central section of the Oakland TDEM profile, it is
unlikely that without additional data (resistivity of the materi-
als from borehole measurements) those inversions of airborne
data could accurately determine the layer thickness. This is
not all bad news because the modeling effort, as well as the
ground-data collection, show that the detection of the lateral
position of these sand and gravel deposits are achievable from
an airborne TDEM system.

Based upon the analysis and interpretation of the four
methods evaluated and the numerical modeling of the airborne
TDEM system, future work could include large-scale recon-
naissance survey using a well-calibrated TDEM airborne
system. This method would

a. achieve sufficient depth of penetration,
b.  have high signal-to-noise ratio,
c. provide calibrated, quantitative, invertible data, and

d. allow spatial correlation of conductivity anomalies.

General system characteristics of modeled airborne time-domain electromagnetic systems.

[Hz, hertz; A, amp; m?, square meter; m, meter; ps, microsecond; ms, millisecond; LM, low moment; HM, high moment]

: Sensor
Base Current Transmitter -
Number Moment height
System Type Waveform frequency  Spectrum peak area )
of turns : (A-m?) average
(Hz) (A) (m?)
(m)
Airborne Rigid frame central loop  Bipolar triangular 90 58 s to 3.2 ms 5 397 460 237.000 48 +/- 8
system 1 receiver wave
i iqi - i 1 (LM 10 314 3,000
Airborne Rigid frame null-coupled  Bipolar square 30 10psto7 ms (LM) 345
system 2 Z receiver, dual moment  wave 4 (HM) 100 314 120,000
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