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Figure 4.5. (top) Cross-section showing the Squaw Creek substrate. Note the Squaw Creek
alluvium overlaying older outwash sand and gravel (from Nicklin, 1974). (bottom) Bedrock
topography DEM overlain by the surface topography-derived hill-shaded relief map. Note the
deepest bedrock is approximately underneath Squaw Creek (based on work by Christianson,

2008 and Simpkins, 2011).
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Figure 4.1i. Map showing area 1 km southwest of Nevada, 1A. Longitdinal crevasse-fill
moraines (red) are among washboard moraines (yellow).
E. Inferred genesis of washboard moraines

In Story County, well-preserved washboard moraines provide insight into the sequence of
events required for moraine formation. Most fundamental of these was the surge-like advance of
the Des Moines Lobe.

In the face of widespread warming, the Des Moines Lobe (circa ~14-15 k radiocarbon years)
rapidly advanced in a surge-like state (Clayton et al., 1985; Patterson, 1997). Although strict
classification of the Des Moines Lobe as a “surge-type” glacier is unwarranted because the term
implies periodic rapid motion, surge-like behavior is indicated. Radiocarbon dates show the lobe

advanced very swiftly at a rate of ~ 1700 m/yr (Clayton et al., 1985). Reconstructions
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demonstrate that the lobe was thin and low-sloping, associated with very small basal shear
stresses (Mathews, 1974; Clark, 1992; Hooyer & lverson, 2002). Small basal shear stresses are
usually characteristic of slow-flowing glaciers, but pre-consolidation data indicate the lobe was
nearly floating (similar to modern glaciers when surging) (Hooyer & lverson, 2002;
Ankerstjerne, 2010). Pore-water pressure near the ice overburden pressure at the base of the lobe
allowed it to quickly advance despite low basal shear stresses (Clayton et al., 1985).

The advancing Des Moines Lobe extended longitudinally, similar to modern surge-type
glaciers, which resulted in transverse crevasses. Transverse crevasses that extend to the bed
require longitudinal extension and basal water pressures close to the overburden pressure
(Christofferson et al, 2005; Golledge & Phillips, 2008; Luckman et al, 2011). The crevasses that
formed at the base of the Des Moines Lobe, which were uniformly spaced (Fig 3.4), served as
the voids into which sediment could intrude. The average spacing of the crevasses in Story
County (91-110 m) was comparable to the reconstructed ice thickness in the area (Hooyer and
Iverson, 2002). Aspects of basal crevasse morphology were then preserved as washboard
moraines. For example, heterogeneity beneath the glacier led to the up-glacier deflection of
crevasses in areas where the substrate was composed of hydraulically conductive sediment
(sand/gravel) (Fig 4.6), which slowed local ice flow by lowering pore-water pressure in the
substrate. Crevasses formed in these areas of slower flow were deflected to form cusps.

Washboard moraines were formed as crevasse fills after surge stagnation. Contrary to
previous studies (e.g. Gwynne, 1942, 1951; Stewart et al., 1988), the Des Moines Lobe did not
“actively” retreat like a typical glacier; forward ice movement during an active retreat would
have likely destroyed any existing washboard moraines. Upon stagnation, water-saturated till

was extruded into the stationary crevasses (Foster & Palmquist, 1969; Stewart et al., 1988). This
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upward “squeezing”, as indicated by evidence of pure shear (Ankerstjerne, 2010) and a lack of
asymmetry (Fig. 3.6), was a likely a result of local gradients in effective pressure created by the

weight of the adjacent ice.

F. Implications

The washboard moraines of Story County cannot be used to infer annual retreat rates.
Annual moraines formed proglacially during an active retreat would allow for retreat rate
determination by simply counting moraines (Gwynne, 1941, 1952; Lawrence and Elson, 1953).
However, calculations of the Des Moines Lobe retreat rate based upon washboard moraines are
incorrect because the moraines formed neither annually nor proglacially, but rather concurrently
and subglacially. These results bear on the similar use of West Antarctic corrugation ridges to
calculate ground line retreat rates (Ottesen et al., 2005; Dowdeswell et al., 2008); this thesis
disputes the assumption that transverse moraines must form at an ice margin. As a result,
additional study of basal processes in Antarctica is necessary to further qualify statements on
grounding line retreat because basal crevasses could lead to similar features.

The crevasse-fill origin of washboard moraines supports their use in reconstructions of the
Des Moines Lobe’s morphology. Washboards have been used as the primary flow-direction
indicator in reconstructions. They have been assumed to have developed transverse to flow, to
have formed subglacially, and to have formed when the lobe was at its maximum extent (e.g.
Mathews, 1974; Clark, 1992; Hooyer & Iverson, 2002). The crevasse-fill hypothesis, advocated
herein, provides support for these assumptions.

Finally, the characterization of the Des Moines Lobe as surge-like (Clayton et al., 1985;

Colgan, 1996) is supported by the conclusion that washboard moraines formed as subglacial
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crevasse fills. The high water pressures that weakened the till (enabling upward deformation)
also allowed the lobe to surge in spite of low driving stresses (Kamb et al., 1985; Kamb, 1987;
Boulton et al., 1996). The basal crevasses, into which sediment extruded to form the washboard
moraines, are characteristic of surge-type glaciers undergoing longitudinal extension (Boulton et
al., 1996; Herzfeld & Mayer, 1997). The Des Moines Lobe also advanced out of balance with
climate forcing and stagnated upon reaching its maximum extent, as would be expected from a
surge-type glacier (Sharpe, 1988; Boulton et al., 1996). This stagnation allowed time for till to
squeeze upward between blocks of stagnant ice and also prevented resultant ridges from being

destroyed by slip at the glacier base.
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The spacings of the washboard moraines of Story County indicate they formed as subglacial

crevasse fills and not as annual push moraines at the lobe margin. The ridges are evenly-spaced,

with an average spacing of 90-110 m. This suggests washboard moraines formed in crevasses,

as periodic crevasse patterns have been observed on modern surging glaciers and ice streams
(Garvin & Williams, 1993). Annual push moraines would not be periodically spaced, as
seasonal mass balance forcing would vary from one year to the next.

The average flow-parallel profile of Story County washboard moraines also favors the
crevasse-fill hypothesis. The profile displays no asymmetry, consistent with subglacial
formation beneath stagnant ice. Moraines formed by pushing at the margin would be
asymmetrical, with distal slopes exceeding proximal slope, and crevasse fills formed beneath
actively sidling ice would be asymmetrically sheared by the crevasse’s trailing edge.
Furthermore, the preservation of washboard moraines is also dependent upon stagnation, as
forward ice movement during an active retreat would have modified or erased the moraine
ridges.

Cusps, with outwash at their axes, formed as crevasse-fill ridges in deflected transverse
crevasses and not as push moraines along a retreating lobate margin. The outwash supported
lower pore-water pressures, locally slowing glacier slip and deflecting the crevasses. Till
commonly overlies the outwash at cusp axes, indicating that the glacier advanced over the
outwash and precluding supraglacial outwash deposition (and associated push moraine

formation) at a retreating lobate margin.

The spacing, shape, and locally-cuspate characteristics of washboard moraines indicate that

they formed as subglacial crevasse fills after the stagnation of a surge-like Des Moines Lobe
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advance. Longitudinal ice extension, caused by the rapid advance of the lobe on a bed under
high pore-water pressure, created large tracts of transverse crevasses. In some locations, the
glacier advanced over outwash, locally slowing slip and deflecting the crevasses. After surge
stagnation, till weakened by high pore-water pressure was deformed by the weight of adjacent
ice into the transverse crevasses. The ridges were then exposed as the surrounding stagnant ice
melted.

The conclusion that washboard moraines formed as crevasse fills has diverse implications.
The hypothesis of a surge-like Des Moines Lobe advance, as advocated by Clayton et al. (1985),
is supported by evidence of rapid advance and stagnation associated with crevasse-fill moraine
shape and preservation. A crevasse-fill origin for washboard moraines improves the veracity of
lobe reconstructions dependent upon washboard moraine formation being both subglacial and
perpendicular to flow (e.g. Clark, 1992; Hooyer & Iverson, 2002). The existence of transverse
crevasse-fill moraines also prompts reassessment of conclusions regarding transverse moraines
in other areas of the world, particularly those on the sea floor adjacent to ice sheets (e.g. Ottesen
et al., 2005; Dowdeswell et al., 2008): the assumption that these moraines formed sequentially at
the grounding line by seasonal or tidal forcing, rather than simultaneously in transverse basal

crevasses, may prove to be invalid.
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APPENDIX A: LIDAR DATA CONVERSION

The LiDAR converter script, written by Chris Harding in the coding environment Python and
available for download on Google Code (code.google.com/p/geoinformatics), linked together
several ArcGIS tools (Fig. AA.1). Elevation points representing each LiDAR tile were
downloaded and stored locally in a binary file format called LAS (Log ASCII Standard). The
ArcGIS tool ‘LAS to Multipoint’ was used to read the bare earth returns from the LAS file and
then store them as a 3-D multi-point shapefile. The 3-D points were then converted into a surface
of irregular, non-overlapping triangles called a TIN (Triangulated Irregular Network) (Lee,
1991) using the ‘Create TIN” and the ‘Edit TIN” tools (Fig AA.2). Each triangle corner within

the TIN, called a “node”, contained the x,y and z coordinates of a single LiDAR elevation point.

Ve
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Figure AA.1. Visual representation of the Python script used to process LAS files. The input
LAS file is blue, ArcMap tools used by the script are yellow, and output files are green.
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Figure AA.2. (left) Example LIDAR points superimposed upon a 1 m grid. (right) The same
LiDAR data points connected into triangles to form a TIN.
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This TIN surface was then converted into a raster with a 1 m cell size using the ‘TIN to
Raster’ tool. In general, raster cells of a digital elevation map reflect the z (elevation) value of
their center point. The ‘TIN to Raster’ tool interpolates the elevation value for each cell center
using the natural-neighbors interpolation algorithm, which weights the elevations of the closest
TIN nodes by the cell area covered by each respective triangle (Fig. AA.3). The final product is
a DEM raster with a 1 m resolution. Although this sequence of tools could have been operated
manually using the ArcMap interface, the Python script was written to process all .LAS files

with limited user input.

Figure AA.3. Maps displaying a location on the west side of the Squaw Creek river valley,
northwest of Ames, lowa. a. TIN surface, as generated from the bare-earth returns. The surface,
made entirely of triangles, is almost recognizable as topography. b. Raster image with 1 m
resolution, as generated from the TIN (Fig AA.3a). Pixel color reflects elevation, increasing
from green to red.
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APPENDIX B: PROFILE CREATION

After the locations of the profiles were finalized following the delineation criteria (see
Chapter 2), each elevation profile went through a series of processing steps within ArcGIS to
allow for further analysis with separate programs. First, a separate shapefile for each profile was
created from the delineation template. Individual profiles (and all associated files) were named
based upon the profile’s starting position within the county’s PLSS (Public Land Survey System,

grid, which is downloadable from the lowa DNR (Fig. AB.1a).

0 50 100 150 200 250 300 350 400 450
C Distance from NW end of profile (m)

Figure AB.1. a. Single profile, drawn in Story County PLSS grid 298. b. Profile swath
consisting of five parallel profiles spaced 20 m apart. c. Line graph of the 3-D profile swath
derived from b., as generated within ArcMap. Note the sinusoidal nature of the washboard
moraines and the difference between the scales of the axes; elevation varies only ~2 m over the
% km long profiles.
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Additional profiles, spaced 20 m and 40 m away from the initial profile, were generated on
both sides of the original profile using the ‘Copy Parallel’ tool within the Editor Toolbar. This
created sets of five parallel profiles within a single shapefile, referred to herein as swaths (Fig.
AB.1b), which were later averaged for analysis. The averaging of the profiles contained within a
swath reduced data contamination from post-glacial surface modification; a topographic anomaly
contained within a lone profile was buffered by averaging with the other four swath profiles.
Elevation data were then added to the profile swaths using the ‘Convert Features to 3D’ tool
within the 3D Analyst Toolbar (in ArcGIS 10, the tool is referenced as Functional Surface —
Interpolate Shape). During execution of this tool, elevation values from the DEM were added to
the profiles, raster cell by raster cell, along the entire length of each profile to create 3-D profiles.

After each profile swath was created, it was exported for analysis outside of ArcGIS. Using
the ‘3D Analyst — Create Profile’ tool, each swath was exported into a spreadsheet file (.csv).
For each elevation point along the profile, the exported file contained an x value (corresponding
to the horizontal distance of each point from the start of the profile) and a y value (corresponding
to the elevation of each data point). The result was a file containing the x and y values for the

five profiles of a swath, which was then compatible with any basic plotting software.
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APPENDIX C: FOURIER ANALYSIS

Fourier analysis determines the principal components of complex waveforms and has been
commonly used within various scientific disciplines for decades, including applications to
topographic waveforms (eg. Pike & Rozema, 1975; Perron et al., 2008). The wave
decomposition process involves a Fourier transform that converts data from the spatial (or time)
domain to the frequency domain. The complex waveform is fit by least squares to sinusoidal
waves of varying wavelength and orientation phase, and then ‘transformed’ from the original x-y
array to a new array (Chorley, 1972). The new array, called the spectrum, is the frequency-
domain representation of the original complex wave and is the same size as the original array,
but now reflects the amplitude and phase of the fitted constituent sine and cosine functions
(Chorley, 1972).

The finite lengths of the elevation profiles described within this study required the use of a
specific type of transform, called a discrete Fourier transform (DFT). A DFT requires at least
one full period of the waveform to compute its spectrum (Jenkins & Watts, 1968). However, data
covering multiple periods typically improve the quality of the analysis. The elevation profiles
analyzed in this thesis contained 4-20 periods, and thus were well-suited for a DFT.

A discrete Fourier transform is efficiently calculated by a fast Fourier transform (FFT)
algorithm, such as the Cooley & Tukey FFT algorithm (Cooley & Tukey, 1965). Normally, a
discrete Fourier transform is computed with a single but often cumbersome series of operations.
A fast Fourier transform breaks down a large DFT into smaller, more easily-computable DFTs;
computing the regular DFT for a data set with N number of points requires N2 operations,
whereas computing the same DFT with the FFT algorithm requires only N log N operations

(Cooley & Tukey, 1965). Depending upon the size of the data set, this can reduce the number of
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required operations by an order of magnitude or more (Chatfield, 2004). The only caveat with
using the FFT is that the number of data points within the waveform’s data set must be equal to a
power of two (256, 512, 1024, etc.), so profiles with less samples must, therefore, be padded to

the next higher power of two with zero-value samples.
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APPENDIX D: FOURIER ANALYSIS MATLAB SCRIPT

A MATLAB script performing spatial domain Fourier analysis was written by Chris
Harding, based upon code written by Perron et al. (2008) and Meko (2011). This script created a
smoothed periodogram from a swath of five elevation profiles in five steps:

1) Detrending

2) Padding

3) Tapering

4) Fast Fourier transform computation

5) Smoothing

1) Detrending

A basic assumption when using a Fourier transform is that the mean, variance and frequency
of the waveform are constant throughout the entire profile. In order for this assumption to hold,
any background trend present within the data must be removed by detrending. As a result,
detrending effectively serves as a high-pass filter to remove low-frequency artifacts that would
clutter the Fourier spectrum.

After calculating an average profile from the five profiles of the swath, the MATLAB script
fits a series of polynomial functions to the average profile to approximate large-scale variations
and isolate the washboard moraine undulations. Once the best-fitting polynomial is determined
by the user, it is applied to the profile as a detrending function; the program subtracts the
polynomial function from the profile. The result is a “detrended” waveform that is devoid of the

large-scale polynomial (Fig. AD.1).
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Figure AD.1. Example of detrending by polynomial. a. Synthetic waveform, composed of 2
constituent waves (wave 1: wavelength(A)=50m, amplitude(A)=2 m; wave 2: A=10m, A=1 m)
superimposed upon a larger, linear trend (y=0.5x +1). b. Same synthetic waveform, after

removal of the linear trend by the MATLAB program.

2) Padding

Before performing the Fourier transform, it is necessary to “pad” the data with zeros so that
the total number of samples is the next higher power of two (e.g. 947 samples would need to be
padded up to 1024 samples) (see Appendix C). The detrended elevation data are already centered
about 0, so adding 0-elevation samples does not change the character of the data and does not
alter the resulting spectrum (Bloomfield, 2000). The power of 2 also determines the precision of
the Fourier analysis by increasing resolution: padding to even higher powers of 2 (e.g. padding

947 to 2048 or 4096 samples, instead of 1024) may result in a more detailed spectrum.

3) Tapering
A technique called “tapering” was used to reduce the effects of profiles with an incomplete

cycle at either end. Sometimes profiles were generated a few samples too short or long, which

convoluted the resulting spectrum with “spectral leakage” (Fig AD.2). Tapering minimized the
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leakage by multiplying the data by a Hanning window (basically the positive portion of a cosine

wave), ultimately serving to sharpen the Fourier spectrum.

400
3 50 steps, f0=1 (2.0), f1=5(1.0) 3.31 full cycles, tapered

3 300
2
&
£
©
°
L)
&
=
g
c 200
©
Q
=

e Spectral

_3 i Leakage
0 20 40 60 aoTiméoo 120 140 160 180 (untapered)
[ |
oV | \) l
0 50 100
Wavelength

Figure AD.2. (left) An example waveform with an incomplete cycle at the right end of the wave
(blue) and the same waveform after being tapered with a Hanning window (green).
(right) The spectrum computed from the untapered waveform (blue) and the spectrum computed
from the tapered waveform (green). The tapered spectrum has much less leakage on either side
of the peaks.
4) Fast Fourier transform computation

The script next calculated the Discrete Fourier transform (DFT) using the Fast Fourier
Transform method (FFT). The result was a frequency domain plot called a periodogram (Fig
2.11b). A periodogram shows the strength of periodic components (spectral power) (y-axis) over
distance (x-axis) (Chatfield, 2004). The unit on the y-axis is mean squared-amplitude of the

variance; it has been normalized so that the sum of the spectral power of all components

corresponds to the variance of the data.
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In addition to plotting the periodogram, a baseline was required for determining which peaks
were sufficiently high to be statistically significant. Red noise (Brownian noise) is the integral of
white noise and displays increasing power with decreasing frequency (Torrence & Compo,
1998); generally, increasing power with decreasing frequency characterizes topographic
variations (Perron et al, 2008). The spectrum of red noise can thus be used as a baseline, or null
continuum, to indicate which peaks are high enough to be non-random. Assuming that the
spectral power follows a chi-square distribution with 2 degrees of freedom, a 95 % confidence
interval was constructed from the variance (total area under the curve) of the washboard-derived
spectrum and plotted as a line above the baseline (Perron et al, 2008). This 95 % confidence line
parallels the red noise baseline and represents a significance boundary: any washboard-derived
spectral peak above the significance level represents has only a 5 % probability to exist purely by

chance (Fig. 2.11b).

5) Smoothing

Periodograms created from real-world waveforms are typically less clear than the periodograms
generated from synthetic waveforms, and therefore require smoothing to clarify results.
Smoothing (filtering a raw peridogram with a low-pass filter) removes high-frequency variations,
serving to reduce the overall spectral variance and remove minor peaks (Fig. AD.3). Repeated
filtering and/or wider filters increase the degree of smoothing. Through trial and error,
sufficiently-smoothed periodograms (for the purposes of this thesis) were obtained after 5 passes
with a binomial filter of size 3. The resulting smoothed periodograms clearly identified the
statistically significant length(s) of the wave components that were present in the elevation

profile. This multi-step process was performed for each profile, ultimately leading to the visual
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identification and cataloging of statistically significant spacings revealed from each elevation

profile.
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Figure AD.3. Periodogram showing the effects of smoothing. The x-symbols show the raw

spectral power for each spectral frequency and the red line shows a smoothed version of those
raw data.
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