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A B S T R A C T

Early and early Middle Pleistocene glaciations in midcontinental USA are poorly understood relative to more
recent Illinoian and Wisconsinan glaciations, largely because pre-Illinoian glacial landforms and deposits are
eroded and buried. In this paper, we present a new interpretation of buried, pre-Illinoian glacial features along the
Laurentide glacial margin in northeastern Nebraska using Airborne ElectroMagnetics (AEM) supplemented with
borehole logs and 2m LiDAR elevation data. We detect and map large-scale (101–102 km) geological features
using contrasts in electrical resistivity. The Laurentide glacial limit is marked by a continuous (>120 km) contrast
between conductive (<15Ω-m), clayey tills and resistive (>40Ω-m) sandy sediments. Several smaller (102 km2)
till salients extend 10s of km westward of this margin. We recognize a lithologically heterogeneous zone char-
acterized by variable resistivity and complex geophysical structures extending as much as 17 km west of the
glacial limit. This zone is interpreted as a glaciotectonic thrust complex, and it is analogous to a similar thrust
complex in Denmark where structural analysis of co-located seismic and AEM surveys provides a standard for
comparison. Our study suggests that the maximum advancement of pre-Illinoian glacial ice into Nebraska
involved extensive deformation of sedimentary strata, local overriding of these deformed strata by smaller ice
tongues, and emplacement of tills as much as 30 km west of the principal Laurentide ice margin. These insights
provide the first glimpse of the large-scale stratigraphic architecture of glacial sediments in Nebraska and point to
future clarifications of the geology and geomorphology of the Laurentide glacial limit.

1. Introduction

Glacial landforms constitute fundamental evidence of ancient glaci-
ations and ice-marginal positions (Bickerdike et al., 2016; Chandler et al.,
2018; Clark et al., 2004; Dyke and Prest, 1987; Kleman et al., 1997; Sollid
and Sørbel, 1994). Constructional sediment-landform assem-
blages—such as till plains, push and hummocky moraines, outwash
plains, proglacial fans, eskers, and kames—characterize the glacial
margin environment (Bennett, 2001; Evans et al., 1999; Evans and Rea,
1999). Sediments deposited in this zone are distinctive and exhibit
abrupt lateral facies changes indicative of large energy gradients

(Brodzikowski and van Loon, 1987). Geomorphic evidence of glacial
margins during the Last Glacial Maximum, or LGM (26.5–19 ka)(Clark
et al., 2009), is readily discernible in both landforms and sediments in the
Northern Hemisphere (Antevs, 1929; Grosswald and Hughes, 2002;
Margold et al., 2018; Prest et al., 1968), including the American Midwest
(e.g. Syverson and Colgan, 2011). Middle Pleistocene (Illinoian) glacial
landforms have also been described in that same part of the USA,
although some of them are partially eroded or buried by loess (Leighton,
1959; Leighton and Brophy, 1961; Stiff and Hansel, 2004). In compari-
son, Early and early Middle Pleistocene (pre-Illinoian, or pre MIS-6)
glacial landforms are sparse and subdued. Only the most pronounced
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geomorphological characteristics of these older landforms are preserved
on the modern land surface. Most of the evidence has been removed by
younger glaciations, is concealed by erosional overprinting, or is buried.

There were multiple Pleistocene ice advances in the Northern
Hemisphere prior to 0.6Ma, including at least seven advances into
midcontinental USA (Balco and Rovey, 2010; Balco et al., 2005; Bare-
ndregt and Duk-Rodkin, 2004; Batchelor et al., 2019; Ehlers and Gibbard,
2007; Haug et al., 2005). Pre-Illinoian tills have been recognized from
approximately 97.5� in Nebraska to near 75� W in Pennsylvania (Balco
and Rovey, 2010; Braun, 2004; Stiff and Hansel, 2004; Szabo and
Chanda, 2004). Ice lobes have been proposed on the basis of modern
drainage patterns and from the geographic distributions of certain er-
ratics (Aber, 1999; Aber and Apolzer, 2004; Reed and Dreeszen, 1965;
Wayne, 1985; Willard, 1980). Likewise, preglacial and pre-Illinoian
ice-marginal streams have been inferred from maps of the buried
bedrock surface and the distributions of coarse-grained fluvial deposits
(Dreeszen and Burchett, 1971; Heim and Howe, 1963; Howe, 1968;
Lugn, 1935; Todd, 1911; Witzke and Ludvigson, 1990). There is also
sedimentary evidence for pre-Illinoian ice-marginal lakes (Ramage et al.,
1998; Stanley, 1974) and glacial outburst channels (Bjornstad et al.,
2001). Nevertheless, the positions of ice margins and the spatial distri-
bution of ice-marginal landforms has remained mostly conjectural and
key aspects of pre-Illinoian glaciations remain poorly understood.

Buried glacial landforms can be investigated by mapping the archi-
tecture of glacial deposits and erosional bedrock surfaces (R€as€anen et al.,
2009). Traditional sources of data, such as drill cuttings, cores, soil sur-
veys, isolated outcrops, topographic maps, and land-based geophysics,
supply most of the evidence for pre-Illinoian glaciations in the USA
midcontinent (Aber, 1999; Aber and Apolzer, 2004; Jennings et al., 2013;
Reed and Dreeszen, 1965; Roy et al., 2004; Soller, 1992; Wayne, 1985).
But these methods are problematic for mapping heterogenous and
structurally complex strata because the sample density is often too sparse
to resolve key aspects of geological variability. Geophysical methods
offer a solution for mapping heterogeneous strata and buried landforms
that have little to no topographic expression on the modern land surface
(Jørgensen et al., 2003; Sharpe et al., 2003). Recent developments in
airborne electromagnetics (AEM), in particular, have made it possible to
rapidly map large areas at high lateral resolution for comparatively low
cost (Auken et al., 2017; Robinson et al., 2008). AEM has been used to
map complex subsurface geology, including buried valley networks
(Høyer et al., 2015; Korus et al., 2017; Oldenborger et al., 2013) and
glaciotectonic structures (Høyer et al., 2013; Jørgensen et al., 2012). A
decade of AEM surveys in eastern Nebraska has emphasized regional

hydrogeologic mapping (Divine et al., 2009), but these surveys have also
revealed details of Pleistocene stratigraphy over large areas of north-
eastern Nebraska. Here, the Laurentide Ice Sheet advanced over pre-
glacial and proglacial deposits, creating a complex arrangement of
heterogeneous stratigraphic units that could not have been mapped from
borehole data alone. Therefore, we utilize recent AEM data to map
multiple glacial margin positions and a zone of buried glaciotectonic
structures over an area of 6200 km2, providing new insights into the
extent and dynamics of the Laurentide ice sheet at its maximum extent
during the Early to early Middle Pleistocene in midcontinental North
America. Our study is the first major advance in understanding the
large-scale (101–103 km) architecture of glacial sediments in Nebraska in
a century and a half of geologic research.

2. Geographic and geologic setting

A large region of Illinoian and pre-Illinoian glacial deposits exists
south of the Wisconsinan ice limit in the central U.S.A. (Fig. 1). Pre-
Illinoian glacial deposits are widespread and well-known in most of
southern Iowa, northern Missouri, northeastern Kansas, and eastern
Nebraska, to which Illinoian and Wisconsinan advances did not extend.
Unlike other Midwestern states, there is no stable set of stratigraphic
names for individual tills in Nebraska. Instead, letter designations have
been applied to tills of different relative ages and magnetic polarities
(Fig. 2). There were as many as seven advances of the Laurentide ice
sheet in eastern Nebraska from ~2.5–0.6Ma (Balco et al., 2005; Boell-
storff, 1978a, b; Roy et al., 2004). The maximum number of tills visible in
one place, however, ranges from 1 to 3 (Roy et al., 2004).

The Dissected Till Plains of eastern Nebraska is characterized by
rolling hills, flat plains flanked by hilly, dissected uplands and valley side-
slopes, and flat bottomlands along stream valleys (Fenneman, 1946;
Korus et al., 2013; Luman et al., 2002; Prior, 1976). A series of parallel,
semi-continuous, linear to broadly arcuate upland divides in glaciated
eastern Nebraska (Fig. 3) have been interpreted by a few others as
morainal ridges (Dreeszen, 1970; Reed and Dreeszen, 1965). Aber (1999)
and Aber and Apolzer (2004) considered these ridges to be Laurentide
ice-margin positions, but they conceded that an absence of constructional
geomorphology hinders more specific genetic interpretations. In any
event, the specific ages of the ridges are unknown.

Bedrock in the study area comprises both Cretaceous and Neogene
strata (Fig. 2). Lithologically variable Cretaceous strata in the study area
dip gently (~0.1�) to the west-northwest, whereas the erosion surface on
the Cretaceous System slopes gently (<0.1�) to the east. In ascending

Fig. 1. Extent of Pleistocene glacial maximum in the northern hemisphere and map of the central and eastern U.S.A. showing approximate extent of pre-Wisconsinan
and Wisconsinan glaciations. Red box, including eastern Nebraska (NE) and environs, shows extent of maps in Fig. 3. Abbreviations for state names are standard U.S.
Postal Service usage.
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Fig. 2. Stratigraphic charts. A. Generalized bedrock stratigraphy of northeastern Nebraska. The unconformity atop the Cretaceous is regionally angular (bedrock strata
dip ~0.1� west-northwest), such that the bedrock surface is composed of progressively older units to the east. B. Detailed stratigraphy of Pleistocene strata in the study
area. Formal stratigraphic naming schemes have not been defined in the area. C. Stratigraphic correlation chart (including geomagnetic polarity timescale) for tills in
eastern Nebraska (eNE), western Iowa (wIA), eastern Iowa (eIA), and northern Missouri (nMO), after Balco et al. (2005); Boellstorff (1978a, 1978b); Roy et al. (2004).

Fig. 3. Previously mapped glacial margin features in eastern Nebraska (NE) interpreted from topography and boreholes: map includes parts of adjacent South Dakota
(SD), Iowa (IA), and Missouri (MO). A. Shaded relief map of eastern Nebraska and surrounding states. B. Interpreted glacial features from Aber and Apolzer (2004) and
Reed and Dreeszen (1965). Purple lines are moraines interpreted by Reed and Dreeszen (1965): S ¼ Santee, C ¼ Clarkson, CB ¼ Cedar Bluffs, N ¼ Nickerson.
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stratigraphic order, the Cretaceous succession is: (1) the Dakota Group
(sandstones, siltstones, and shales), (2) Graneros Shale, (3) Greenhorn
Limestone (chalky shales and chalky limestones), (4) Carlile Shale, (5)
Niobrara Formation (chalky shale, chalky limestone, and argillaceous
chalk) and (5) Pierre Shale. The Neogene Ogallala Group—consisting of
semiconsolidated sandstones, siltstones, and claystones—is a fundamental
part of the High Plains aquifer. It is present atop the Cretaceous in the
northern part of the study area. The Ogallala Group extends across several
Great Plains states, but its easternmost extent is in northeastern Nebraska:
the only place where the High Plains aquifer abuts glacial deposits.

Glacial deposits rest unconformably atop bedrock or, locally, atop the
fills of Pliocene to early Pleistocene paleovalleys incised into bedrock.
Glacial sediments attain a total thickness of as much as 90m (Dreeszen,
1970) and comprise matrix-rich, clayey tills and interspersed, sorted
sands and gravels, as well as paleosols (Rovey and Bettis, 2014; Roy et al.,
2004; Wayne, 1985). Outcrops of glacial sediment near the Laurentide
glacial margin in eastern Nebraska are rare, particularly in the present
study area, where no details of stratigraphic architecture can be ascer-
tained from them. In northeastern Kansas, however, isolated outcrops
have exposed small-scale structural deformation features (Aber, 1988,
1991; Aber et al., 1989; Dellwig and Baldwin, 1965; Dort Jr, 1987; Roy
et al., 2004).

3. Materials and methods

Geophysical and geological data were assembled from multiple da-
tabases and integrated into a 3D virtual environment using the com-
mercial software GeoScene3D. The depths of boreholes and geophysical
inversion models were referenced to a digital elevation model generated
from 2m-resolution LiDAR. The coordinate system of all project data is
Nebraska State Plane Meters (EPSG 32104).

3.1. Airborne Transient Electromagnetics (TEM)

Airborne Transient Electromagnetic (TEM) investigations provide
characterization of subsurface electrical properties using electromagnetic
induction (Christiansen et al., 2006). To collect TEM data, an electrical

current is sent through a transmitter (Tx) coil—a large loop of wire
consisting of multiple turns—generating an electromagnetic (EM) field.
After the EM field produced by the Tx coil is stable, it is switched off as
abruptly as possible. The EM field dissipates and decays with time,
traveling deeper and spreading wider into the subsurface (Fig. 4A). The
rate of dissipation is dependent on the electrical properties of subsurface
geologic materials. These properties, in turn, are determined by the
amount of mineralogical clay, water content, ionic composition of pore
water, metallic mineralization, and percentage of void space in the
subsurface (Kirsch, 2006; Paine and Minty, 2005; Palacky, 1988). At the
moment of turnoff, a secondary EM field is generated within the sub-
surface, and as it decays, it generates a current in a receiver (Rx) coil per
Ampere's Law. This current is measured in several different time bands
known as gates (Fig. 4B). Measurements of the induced current deter-
mine the time rate of decay of the magnetic field (dB/dt). When compiled
in time, these measurements constitute a “sounding” at one location
(Fig. 4C). The spacing between soundings depends on flight speed and
measurement interval, but it is typically a few tens of meters. The
sounding curves are numerically inverted to produce a model of sub-
surface resistivity as a function of depth (Fig. 4D). Inversion relates the
measured geophysical data to probable physical earth properties.

TEM surveys in eastern Nebraska have been flown with the SkyTEM
508, 304M, and 312 systems, which are rigid frame, dual-magnetic
moment (Low and High) TEM systems (SkyTEM, 2018; Sørensen and
Auken, 2004). The systems vary in terms of the area of the Tx coil,
number of turns of wire, and peak currents and magnetic moments for
Low and High moments (Table 1). The 304M system is configured for
greater sensitivity of near-surface layers compared to the 508 and 312
systems; however, the latter systems have greater depths of penetration.
The systems utilize an offset Rx positioned slightly behind the Tx
resulting in a ‘null’ position, which is where the intensity of the primary
field from the system transmitter is minimized, increasing the receiver's
sensitivity to the secondary fields. Each system is equipped with a Total
Field magnetometer and data acquisition system, an AEM data acquisi-
tion system, two laser altimeters, two inclinometers, and three differen-
tial global positioning system (DGPS) receivers (two for the frame and
one for the magnetometer).

Fig. 4. Generalized description of SkyTEM system, measurements, and inversion model. A. Basic system geometry and electromagnetic field. B. Relationship between
transmitter (Tx) and receiver (Rx) currents, as well as time gates within which voltage measurements are made. C. Example of a single sounding made from voltage
measurements. D. 1D resistivity-depth model produced from numerical inversion of voltage sounding.
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3.2. Airborne TEM data acquisition and processing

Multiple airborne TEM surveys were completed in eastern Nebraska
during 2014–2018 as part of a multi-agency collaboration known as
Eastern NebraskaWater Resources Assessment (ENWRA), which includes
six Natural Resources Districts, or NRDs (Fig. 5). A total of 23,370 line-
km of data were acquired over eastern Nebraska using a combination
of the three SkyTEM systems described above. Surveys were designed to
address local groundwater management issues of the NRDs, so the Sky-
TEM system configuration, flight line spacing and orientation, and
inversion parameters vary according to the objectives of each group of
surveys (Table 2). The first surveys were flown with SkyTEM 508 system
in a rectilinear grid pattern with ~4.8 km line spacing and as recon-
naissance lines spaced~32 km apart. Later, detailed surveys in grids with
0.25–4.8 km line spacing were flown with the SkyTEM 304M system, and
more sparingly, the 312 system.

All AEM data were processed to remove electromagnetic coupling

Table 1
Specifications of the SkyTEM instruments used in this study.

SkyTEM
508

SkyTEM
304M

SkyTEM
312

Area of Tx coil (m2) 536 337 337
Low moment
Tx

Turns of wire 1 1 2
Peak current (A) 8.6 9 6
Peak magnetic
moment (A*m2)

4600 3000 4100

High
moment
Tx

Turns of wire 8 4 12
Peak current (A) 127 120 110
Peak magnetic
moment (A*m2)

540,000 160,000 450,000

Area of Rx coil (m2) 105 105 105

Fig. 5. Map of eastern Nebraska showing AEM flight lines grouped by year of acquisition.
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(EM Coupling) impacts and other noise associated with aircraft move-
ment and excessive ground clearance due to the flying over tall power
lines. The AEM data were inverted with Aarhus Workbench software
using the Spatially-Constrained Inversion (SCI) option (Viezzoli et al.,
2008) and a smooth model with 30–40 layers, each with a starting re-
sistivity of 10Ω-m (equivalent to a 10Ω-m half space). Inversion pa-
rameters and layer thicknesses varied according to available inversion
codes appropriate to each system (Table 2). The thickness of the layers
increases with depth because the resolution of the induction technique
decreases with depth.

3.3. Borehole data

We used borehole data from water wells registered at the Nebraska
Department of Natural Resources (NDNR) and from geologic test holes
drilled by the Conservation and Survey Division (CSD). The DNR well
registrations contain descriptions of cuttings collected during the drilling
of water wells. Most of these descriptions were made by water-well
contractors with cursory training in the description of cuttings. These
data vary in quality and reliability, and the lithological descriptions are
not assigned to formal stratigraphic units. These descriptions still have
value when they are interpreted in the context of CSD test holes, which
were drilled as part of a statewide geological investigation program and
were planned, described, and archived by professional geologists. Most
CSD test holes were drilled with mud rotary techniques and logged with
wireline geophysical instruments. Only a few cores were drilled in certain
locations. Although there are many fewer CSD test-hole logs than DNR
well logs, their quality and reliability is much greater. Furthermore, the
CSD database contains records of the stratigraphic units encountered in
each test hole.

3.4. Interpretation of resistivity-depth profiles

An understanding of the principal controls on subsurface electrical
properties in the region of interest is a prerequisite to interpreting

geophysical images (Knight and Endres, 2005). In areas of eastern
Nebraska without saline porewater, which includes the present study
area, previous research has established that the volume of mineralogical
clay in the subsurface is the chief control on resistivity of unconsolidated
materials above bedrock (Carney et al., 2015a; Korus, 2018; Korus et al.,
2017). This relationship is consistent with findings in other places with
similar geology, such as Denmark (Barfod et al., 2016) and Manitoba
(Oldenborger et al., 2013). Tills in eastern Nebraska are rich in clay
(Rovey and Bettis, 2014; Roy et al., 2004; Wayne, 1985) and thus, have
relatively low electrical resistivity (<20Ω-m). Clay-poor silts, sands, and
gravels, in comparison, have relatively high electrical resistivity
(>50Ω-m). Mixed lithologies of clay and sand have resistivity values
ranging from ~20 to 50Ω-m. Comparisons of co-located borehole li-
thology, borehole resistivity, and AEM resistivity data for a geological
test hole in the study area confirms this relationship (Fig. 6). We
continually compared resistivity values to the logs of nearby boreholes to
verify the resistivity-lithology relationship, finding it consistent
throughout the study area. Thus, we used contrasts in resistivity to
identify geological interfaces (e.g. bedding contacts, faults, un-
conformities) and correlate them along and between profiles, starting in
areas of high-density AEM data (200–300m spacing between flight lines)
and then extending into areas of low-density AEM data (~5 km spacing
between flight lines). The positions of the features of interest were
digitized in the profiles and 3D views, and then we used GIS to produce
maps showing the extents of subsurface features.

4. Results

We recognize two types of large-scale (101–102 km) features—till
margins and a heterogeneous zone—near the glacial margin in the study
area (Fig. 7). Other, smaller features can be identified locally in the AEM
profiles. Nevertheless, we focus on the geophysical and geological
characteristics of features relevant to mapping the glacial margin.

Table 2
Details of AEM surveys and inversion models.

LENRD 2014 ENWRA Phase 1
2014

ENWRA Phase 2
2015

ENWRA 2016 ENWRA 2018 LCNRD
2018

Acquisition dates October
11–19, 2014

October 11–19,
2014

April 16–21, 2015 July 4 – August 3, 2016 June 13 – July 26, 2018 July 18–26,
2018

Acquisition length
(km)

1471 889 550 9300 9829 1331

Approximate grid
spacing (km)

4.8 32 32 variable (0.25–4.8) variable (0.45–1.5) 4.8

SkyTEM system(s) 508 508 508 304M 304M 312
Inversion type SCI (smooth) SCI (smooth) SCI (smooth) SCI (smooth) SCI (smooth) SCI

(smooth)
Spatial reference
distance (m), power
laws

100, 0.5 100, 0.5 100, 0.5 30, 0.5 30, 0.75 100, 0.75

Vertical constraints 2.0 2.0 2.0 2.7 2.4 2.4
Lateral constraints 1.3 1.3 1.3 1.6 1.4 1.4
Initial resistivity (ohm-
m)

10 10 10 10 10 10

Workbench version 4.2.7.2 4.2.7.2 4.2.7.2 5.2.0.0 5.8.3.0 5.8.3.0
Number of inversion
layers

30 30 30 30 40 40

Thickness of top layer
(m)

5.0 5.0 5.0 3.0 1.0 3.0

Factor by which layer
thickness increases

1.1 1.1 1.1 1.08 1.08 1.07

Thickness of bottom
layer (m)

40.7 40.7 40.7 25.9 8.62 28.3

Depth of bottom layer
(m)

500 500 500 311.8 324.9 548.9

References Carney et al.
(2015a)

Carney et al.,
(2015b), Carney
et al., (2015c)

Carney et al.,
(2015b); Carney
et al., (2015c)

AGF 2017a; AGF 2017b; AGF 2017c;
AGF 2017d; AGF, 2017e; AGF, 2017f;
AGF, 2017g; AGF, 2017h

AGF 2018; AGF 2019a; AGF
2019b; AGF 2019c; AGF
2019d; AGF 2019e

AGF
(2019d)
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4.1. Till margins

Till margins are marked by a dramatic contrast in resistivity across the
previously mapped Laurentide glacial limit. This contrast is between the
generally conductive (<15Ω-m), thick (>40m), clay-rich diamicton
(till) in the eastern part of the study area and the laterally equivalent, but
comparatively resistive (>40Ω-m) sand, gravel, and silt (including
comparatively thin, clayey diamicton) in the western part of the study
area (Fig. 8). These two lithofacies are separated by an abrupt resistivity
contrast (~25Ω-m/10m) defining an eastward-dipping (<5�) surface
with vertical relief of as much as 60m (Fig. 8). In most places, this surface
is listric at depth, becoming horizontal and merging with the bedrock
surface. It is not possible to determine whether one or more tills are
present east of the resistivity contrast. Nevertheless, this distinctive

interface defines the boundary of widespread, continuous till in the study
area, and so its western boundary is referred hereafter as the principal till
margin (PTM). The PTM is mapped as a generally straight, NNW-SSE line
120 km in length (Fig. 7).

In some areas, the till lithofacies overlaps the sand lithofacies west of
the PTM, resulting in a configuration of thin (<40m) till sheets that
protrude slightly westward (Fig. 9). These thin till sheets form three
distinct “salients” or lobate extensions in map view (Fig. 7). The west-
ernmost till salient (2 in Fig. 7) extends at least 18 km west of the PTM,
and the till salient in the southern part of the study area (3 in Fig. 7)
extends 30 kmwest. The PTM can be traced westward within profiles as a
horizontal to gently (<1�) west-dipping surface. The surface rises
abruptly, forming additional east-dipping till margins (Figs. 9–10). These
multiple till margins exist at successively higher elevations westward

Fig. 6. Borehole lithology and geophysical resistivity log of a geologic test hole drilled by the Conservation and Survey Division (CSD), compared with co-located AEM
resistivity-depth model.
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such that the thickness of the sand lithofacies increases at the expense of
the till lithofacies (Fig. 9). Isolated, high-resistivity sand bodies exist
within and above the westward-protruding till salients (i.e. “buried val-
ley” in Fig. 10). The till salients do not correspond directly to any modern
landforms.

4.2. Heterogeneous zone

There is a zone of heterogeneous resistivity and highly variable li-
thology extending westward 6–17 km from the PTM (Fig. 7). This zone
comprises vertically and horizontally discontinuous resistivity structures

Fig. 7. Map of study area showing locations of profiles (green lines) shown in this paper and boundaries of interpretive glacial margin features.
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that are difficult or impossible to correlate between widely spaced
(>1 km) AEM profiles. These structures consist of high-resistivity sand
and gravel bodies (~0.5–2 km wide, 20–50m thick) separated by thin
(10–30m) layers of low-resistivity, clay-rich sediments (including
possible tills), and they appear to be tilted upward in imbricate stacks
separated by steep (10–20�), eastward-dipping surfaces (Figs. 10–12).
The upper parts of these structures are commonly truncated along a
horizontal or a shallow-dipping (<1�) surface (Figs. 10 and 11). In these
cases, till salients overlie the heterogeneous zone and the imbricate
structures are truncated at the base of the till sheet (Figs. 10 and 11). In

other areas, the structures are truncated by the present land surface
(Fig. 12A) or beneath the thin loess cover (Fig. 12B). The base of the
heterogeneous zone generally corresponds to the bedrock surface, but in
some profiles, it rises atop a gently sloping (<1�), eastward-dipping
surface (Fig. 11) that downlaps onto and merges with the bedrock sur-
face eastward. The bedrock surface may exhibit a relatively abrupt
change in elevation (20–30m over distances of ~1–5 km), or “step”, at
the location of convergence (Figs. 10–12). At its western edge, the lower
surface of the heterogeneous zone is horizontal and lies ~20–30m above
the bedrock surface (Fig. 12A).

Fig. 8. Profile showing boreholes, interpretive geological features, and portion of AEM profile along flight line 100701 from 2014 SkyTEM 508 survey. See Fig. 7
for location.

Fig. 9. Profile showing boreholes, interpretive geological features, and portion of AEM profile along flight line 124900 from 2016 SkyTEM 304M survey. See Fig. 7 for
location and Fig. 8 for legend.

Fig. 10. Profile showing boreholes, interpretive geological features, and portions of AEM profile along flight lines 121301 from 2016 SkyTEM 304M survey and
908300 from 2018 SkyTEM 304M survey. See Fig. 7 for location and Fig. 8 for legend.
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In areas of closely spaced (~0.25 km) flight lines, 3D grids of AEM
resistivity reveal the shape and continuity of the structures (Fig. 13).
Near the land surface (0� 3m in depth) there is a repeating, heteroge-
neous pattern of alternating low- and high-resistivity units. Each of these
units is ~1–2 km wide in the E-W direction and ~3–4 km long in the N–S
direction. Conductive bodies in this zone generally correspond to ridges
between small stream valleys. Resistive bodies generally outcrop on the
west-facing sides of valleys and are continuous beneath the valley
bottoms.

Individual subsurface structures are, in most cases, difficult to

correlate between widely spaced profiles. Nevertheless, it is possible to
map the heterogeneous zone continuously (except where it is eroded in
a river valley) for ~100 km from the southern border of the study area
to the location of the till salient in the north (Fig. 7). The eastern
boundary of the heterogeneous zone is uniformly prominent because it
is well-defined by the PTM (1 in Fig. 7). The western boundary of the
zone is inconspicuous because its constituent structures gradually give
way to laterally continuous, horizontally stratified resistivity bodies
(Fig. 12A).

Fig. 11. Profile showing boreholes, interpretive geological features, and portions of AEM profile along flight lines 110901 from 2016 SkyTEM 304M survey and
908700 from 2018 SkyTEM 304M survey. See Fig. 7 for location and Fig. 8 for legend.

Fig. 12. Interpretive thrust complexes. A. Profile showing boreholes, interpretive geological features, and portion of AEM profile along flight line 904301 from 2018
SkyTEM 304M survey. B. Profile showing boreholes, interpretive geological features, and portion of AEM profile along flight line 112901 from 2016 SkyTEM 304M
survey. See Fig. 7 for location and Fig. 8 for legend.

Fig. 13. Block model of AEM resistivity in thrust complex. Vertical exaggeration¼ 15. See Fig. 7 for location.
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5. Discussion

5.1. Interpretation of ice-marginal features

We interpret the PTM as the terminal position of the main body of the
Laurentide ice sheet during its maximum pre-Illinoian extent. Thick
successions of clayey till to the east were deposited primarily in the
glacial environment where a continuous ice sheet existed during one or
more glacial advances. The stratified, high-resistivity (>20Ω-m) deposits
lying west of the PTM formed in terminal and proglacial environments,
where multiple depositional and deformational processes give rise to
heterogeneous assemblages of coarse and fine sediments (Brodzikowski
and van Loon, 1987). Although the interpretive ice margin does not
precisely correspond to any particular landforms, it roughly parallels the
‘moraine ridges’ described by Dreeszen (1970) and Reed and Dreeszen
(1965)—and particularly the so-called Cedar Bluffs “moraine.” We
refrain from using the term “moraine”, however, because the Laurentide
ice margin we describe is not defined by a constructional landform.
Nevertheless, it is common for moraines to consist chiefly of diamicton
(Johnson and Menzies, 2002). Moreover, the series of ridges and
drainage divides in the vicinity of the Laurentide ice margin, although
heavily modified by post-depositional erosion, is likely a composite
depositional fabric developed by multiple glacial advancements into the
same area.

High-resistivity (>40Ω-m) sand and gravel bodies 20–50m thick and
3–15 km wide from east to west are common along the proposed ice
margin. These sediment bodies are elongate and oriented parallel to the
ice margin, and they also thin and fine away from the margin, hence
becoming less resistive westward (Figs. 8 and 9). These characteristics
are consistent with an interpretation as proglacial outwash fans or ice-
marginal meltwater stream deposits (Brodzikowski and van Loon,
1987; Eyles and Eyles, 2010). Following Korus et al. (2017), we also
interpret isolated sand lenses as the buried valleys of glacial meltwater
streams (Fig. 10). The till salients are interpreted as smaller ice margins
formed by local ice-lobe advances, possibly due to glacial surges (e.g.
Evans and Rea, 1999; Ing�olfsson et al., 2016). The ice overrode the
proglacial sandy lithofacies and emplaced—either by subglacial till
deposition or glaciotectonics—sheets of till extending as much as 30 km
from the PTM.

We interpret the zone of heterogeneous resistivity and lithology as a
glaciotectonic thrust complex. This complex contains imbricate thrust
stacks, and folded, faulted, and truncated strata, forming a complex zone
of heterogeneous geology. The abrupt eastern boundary, eastward-
dipping thrust planes, and the gradual decrease in complexity west-
ward suggests that the principal stress direction imposed by advancing
glacial ice was from the east to east/northeast. Some of the imbricate
thrust planes originate from a gently inclined (<1�) surface ramping
upward some 100m from the bedrock surface (Fig. 11). This geometry
suggests that the ramped surface is a basal d�ecollement. The d�ecollement
is rooted in the base of the Quaternary succession, or in some places, at
the location of a “step” in the bedrock surface. The bedrock steps are
linked to bedrock lows on the up-glacier side of the thrust.

5.2. Comparison to glaciotectonic complexes in Denmark

We compare our AEM interpretations in Nebraska to those made in
geologically similar settings in Denmark. Danish AEM surveys were
complemented by high-resolution seismic surveys, making them a stan-
dard for comparison (Høyer et al., 2013). Glaciotectonic structures are
common in Denmark, which experienced several ice advances. Some of
these structures can be observed directly in coastal outcrops (e.g. Klint
and Pedersen, 1995; Pedersen, 1996; Pedersen, 2005) but they can also
be recognized in seismic (e.g. Andersen, 2004) and electromagnetic
images (Jørgensen et al., 2012). Furthermore, AEM data acquired over
much of Denmark has revealed complex glacial stratigraphy and
structures.

The Ølgod area in western Denmark lies near the western limit of the
Saalian Warthe glacial advance. Complex glaciotectonic structures have
been mapped there using multiple methods (Høyer et al., 2011, 2013),
including AEM, high-resolution reflection seismic and borehole infor-
mation including a deep investigation borehole with palynological ana-
lyses. These features include a sealed, large-scale cupola-hill-type
glaciotectonic complex deeply rooted in a two-phase thrust-fault complex
(Høyer et al., 2013). It formed during the Saalian glaciation and was
truncated by subglacial erosion. A gridded 3D resistivity cube produced
from the AEM data facilitated the construction of geologic cross sections.

The glaciotectonic complex could be discerned in both AEM and
seismic sets from Ølgod, although in different ways (Fig. 14). The com-
plex includes electrically conductive clay layers and resistive sand layers,
providing a resistivity contrast that permits the mapping of structural
features. Due to limitations in the resolution of AEM, only the larger folds
and thrust structures were visible. Nevertheless, the dense data coverage
and 3D grid allowed the structures to be mapped in three dimensions. A
random cross section through the 3D resistivity grid shows a high degree
of complexity with interspersed low resistivities (<20Ω-m) representing
meltwater clay and Miocene clay and medium to high resistivities (50-
100Ω-m) representing sandy Miocene and glacial sediments. The in-
terpretations of folds and thrust faults is based on analysis of the 3D
volume where neighboring data are included, thus providing clearer
evidence of the presence of the structures (Høyer et al., 2013). The in-
terpretations are also guided by relatively dense borehole information,
which show Miocene and Eocene sediments atop Quaternary sediments
in some locations (Fig. 14b). The root of the complex is at a depth of
180m. The wavelength of the structures is approximately 300–700m.

High-resolution seismic provided 2D structural information, which
was compared with AEM from the 3D cube (Fig. 14b). The seismic re-
flections on the left side of the profile are rather chaotic and difficult to
interpret, likely because of high complexity in the thrust fault complex.
Thrust planes on the right half of the profile are recognized by
displacement of the otherwise clear and coherent reflections. The
displacement is not revealed by the AEM data, probably due to the lack of
distinct resistivity contrasts among the layers in the dissected succession.
The root of the thrust faults is difficult to decipher but it is likely deeper
than 150m. A previously published seismic section (Fig. 7 in Høyer et al.,
2013) provides a clear picture of the glaciotectonic setting, including
hanging-wall ramps and anticlines, detachment surfaces and folded
sediments, and a thin-skinned thrust fault complex composed of pri-
marily Miocene deposits deformed to depths of 160m.

AEM data fromØlgod is a useful analog for interpreting glaciotectonic
deformation in Nebraska. AEM surveys have significantly lower resolu-
tion than seismic surveys, but they still capture such complexes in 3D,
reveal the orientations and lateral extents of structures, and provide in-
formation about the sedimentary properties of the complex.

5.3. Dynamic and stratigraphic considerations

Thrust complexes arise by two mechanisms: (1) the “pushing” of
sediments in front of the ice margin (proglacial thrusting), and (2)
thrusting within the glacial ice itself, which, upon melt-out, forms
stacked sediment masses (englacial thrusting) (Bennett, 2001). The
abrupt lateral change from clayey tills to sandy deposits at the PTM in our
study area is compatible with deformation driven principally by the
proglacial thrusting of a glaciofluvial sediment wedge formed in front of
the Laurentide ice sheet. Thus, the abrupt resistivity contrast indeed
delineates an ice margin. Englacial thrusting cannot be dismissed as a
mechanism of deformation in the glaciotectonic zone because the rela-
tionship between thrust complexes and the ice margin is commonly
indistinct (Aber et al., 1989; Bennett, 2001). Because tills can originate
from the ablation of debris-rich ice masses, it seems likely that englacial
thrusting would result in stacked, alternating masses of till and sand,
forming an indistinct margin, not a sharp margin like we have docu-
mented here.
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Regardless of the mechanism of thrust emplacement, it is clear that
advancements of smaller ice tongues (till salients) in our study area post-
date the main phase of thrust development at the ice margin. Imbricated,
thrust-faulted sediment bodies are undoubtedly truncated at the base of
the overriding till sheets (Figs. 10 and 11). This relationship suggests
that, where overridden, the proglacial thrust complex was subglacially
modified in a subsequent ice advance. This scenario, which is typical of
glacial margin environments, frequently produces cupola-hills, which are
irregular hills with dome-like morphology and truncated internal struc-
tures (Aber et al., 1989). Nevertheless, any such landforms in the present
study area are now buried by till and loess.

Bedrock lows up-glacier of steps in the bedrock surface (Figs. 10–12)
present an interesting interpretational problem. If these steps were
caused by thrust displacement of bedrock masses, then the upthrusted
bedrock would be present as allochtonous masses atop younger strata.
Nevertheless, we have not identified any upthrusted or displaced bedrock
masses in the glaciotectonic complex. It is entirely possible that hypo-
thetical upthrusted bedrock masses would be indistinguishable in rotary
boreholes, and there are exceedingly few cores of surficial sediment in
the study area. Moreover, in the absence of prior accounts of glaciotec-
tonic deformation in Nebraska, geologists and drillers have labored
under the assumption that bedrock strata are everywhere undeformed,
leading to possible dismissal of thrusted bedrock by the interpreter and
final description of them as layers of hard sediment. Finally, it is possible

that the basal d�ecollement soles out at the bedrock surface, that there is
no displacement of bedrock, and that the steps are buried, preglacial
relief features such as cuestas. Because the ice advanced toward a reverse
slope, such features would have promoted compressional deformation of
the proglacial sediment mass at it was being squeezed between the ice
and the bedrock barrier (Bennett, 2001). It is suggested that future in-
vestigations, including the drilling of intact cores, be conducted in the
glaciotectonic zone to examine these possibilities in more detail.

One of the biggest challenges to studying the pre-Illinoian record is
understanding the chronology of glaciation based on subsurface data. In
the central U.S., such studies are often conducted by mapping and dating
multiple tills in cores and widely scattered exposures (e.g. Boellstorff,
1978a; Roy et al., 2004). Because of the newly presented evidence for
glaciotectonic deformation, which includes large-scale thrusting with
decollement surfaces seated as much as 150m below ground level, it is
now evident that several stratigraphic considerations must be taken into
account: inversion, repetition, thickening, and missing strata are poten-
tial complications in the analysis of till chronology near the glacial
margin.

6. Conclusions

1. Airborne ElectroMagnetic (AEM) surveys permit the mapping of pre-
Illinoian ice-margin features and glaciotectonic structures at the

Fig. 14. A glaciotectonic complex in Denmark. A. Profile through a 3D resistivity grid. B. AEM superimposed on a co-located seismic line. Interpretive structural
features are shown as dotted and solid lines. C. High-resolution seismic profile. D. Interpretation of seismic profile in C. After Hoyer et al. (2013).

J.T. Korus et al. Quaternary Science Advances 4 (2021) 100026

12



Laurentide glacial margin in Nebraska. Our interpretation of these
features is facilitated through comparisons to AEM surveys in
geologically-similar Denmark, where seismic sections have
augmented the interpretation of AEM. The glaciotectonic complexes
in Denmark and Nebraska are strikingly similar. There are clear
parallels terms of scale and complexity. Heterogeneous resistivity
patterns, alternating resistive and conductive bodies, and inclined
layers provide evidence of extensive glaciotectonic deformation.

2. The newly mapped principal till margin in this paper marks an abrupt
juxtaposition of resistivity and lithology and corresponds roughly to
the limit of the advance associated with the so-called Cedar Bluffs till
(Dreeszen, 1970; Reed and Dreeszen, 1965; Swinehart et al., 1994).
We interpret this feature as the main Laurentide ice margin. We also
show that smaller till salients extend as far west as the pre-Illinoian
glacial limit mapped by previous authors. Thus, the maximum
extent of pre-Illinoian glaciation may actually reflect a series of
smaller (102 km2), irregularly spaced ice tongues that protruded
~20–30 kmwest from the Laurentide ice margin, rather than a single,
continuous ice front.

3. The 10 km-wide, 100 km-long glaciotectonic complex that we iden-
tify is the first to be described in Nebraska. This complex appears in
AEM as a zone of heterogeneous resistivity some ~100m thick, be-
tween the bedrock surface and overlying till, loess, or the land sur-
face. It includes imbricated thrust stacks and one or more d�ecollement
surfaces, sometimes coincident with stepped bedrock surfaces. Dis-
placed bedrock masses cannot be identified, however, suggesting that
the bedrock steps were pre-existing features that promoted
compressional push-thrusting of unconsolidated sediments above
them.

4. Future conceptualizations of the extent of pre-Illinoian glaciation in
North America must consider that complex ice-margin environments
probably existed then as in Wisconsinan times and around extant
glaciers today. Maps of the ice margin must account for the possibility
of glaciotectonic deformation and glacial surges extending 10's of km
beyond the ice margin. Furthermore, stratigraphic inversion, repeti-
tion, thickening, or the removal of strata by glaciotectonic deforma-
tion are all complicating possibilities worthy of consideration.

5. Our interpretation of the Laurentide glacial margin provides a new
model for the genesis of aquifers and confining units in northeastern
Nebraska. This conceptualization provides a robust means of pre-
dicting the heterogeneity, continuity, and interconnectedness of
aquifers. Such information is critical to managing water resources,
remediating contaminated groundwater, designing aquifer recharge
systems, and developing water supplies.
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